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Preface 

It is a very great pleasure for me to introduce Volume 38 of Annual Reports 
of NMR Spectroscopy. As in previous volumes in this series, the refulgence of 
NMR in tackling a wide range of molecular problems is amply demonstrated 
by the topics chosen by the authors of the present reports. 

The first chapter by J. C. Lindon, J. K. Nicholson and J. R. Everett covers 
the NMR Spectroscopy of Biofluids This is followed by an account of Studies 
of Biological Ion Transporting Channels from J. F. Hinton. The third chap- 
ter by D. Gudat relates to Applications of Heteronuclear X,Y-correlation 
Spectroscopy in Organometallic and Organoelement Chemistry. B. Wrack- 
meyer reports on Applications of '19Sn NMR Parameters 63Cu NMR 
Spectroscopy is the area covered in the chapter by J. Malito. The penultimate 
account is by W. S. Price on Water Signal Suppression in NMR Spectroscopy. 
In the final chapter, T. Baba and Y. Ono discuss Variable Temperature 'H 
MAS NMR: A Powerful Tool for the Investigation of Dynamic Properties of 
Acidic Protons in Zeolites and Heteropoly Compounds. 

My thanks are due to all of these authors for the efforts which they have 
invested in producing such interesting accounts which suffer neither from 
asperity nor prolixity. I am also extremely grateful for the cooperation of the 
production staff at Academic Press (London) in the timely appearance of this 
volume. 

University of Surrey 
Guildford, Surrey 
England 

G. A. WEBB 
October 1998 
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1. INTRODUCTION 

Analysis of biofluids provides a unique window into the biochemical status of 
a living organism since the composition of a given biofluid will be modulated 
according to the level of function of the cells that are intimately concerned 
with its manufacture and secretion. For that reason the composition of a 
particular fluid carries biochemical information on many of the modes and 
severity of organ dysfunction. Dietary and diurnal variations may also 
influence biofluid compositions, and it is clearly important to differentiate 
these effects if correct biochemical inferences are to be drawn from their 
analysis. Knowledge of the composition of biofluids can also be important in 
toxicological studies and in experiments on the metabolism, disposition and 
fate of drugs and other xenobiotics. One of the most successful approaches to 
biofluid analysis has been the application of NMR spectroscopy' and studies 
can be divided into those that are largely analytical or dynamic in nature. 
Analytical biofluid NMR studies are concerned primarily with the collection, 
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assignment, and quantitation of NMR spectra and their interpretation in 
biochemical terms; such studies are the most numerous by far in the litera- 
ture. Dynamic biofluid NMR studies cover the detailed understanding of 
the interactions of the components in the whole biological matrix. The 
types of dynamic interactions amenable to NMR study include enzymatic 
biotransformations, metal complexation reactions, binding of small molecules 
to macromolecules, and cellular and micellar compartmentation which occur 
in different biofluids to varying degrees 

The information content of biofluid spectra is very high and the complete 
assignment of the 'H NMR spectrum of most biofluids is not possible (even by 
use of 900MHz NMR spectroscopy) due to the enormous complexity of 
the matrix. However, the assignment problems vary considerably between 
biofluid types For instance, seminal fluids are highly regulated with respect to 
metabolite composition and concentrations and the majority of the NMR 
signals have been assigned at 600 and 750 M H z  for normal human individuals. 
Urine composition is much more variable because its composition is normally 
adjusted by the body in order to maintain homeostasis and hence complete 
analysis is much more difficult. There is also enormous variation in the 
concentration range of NMR-detectable metabolites in urine samples Clearly 
those metabolites present in concentration close to the limits of detection for 
1-dimensional (1D) NMR spectroscopy (-100 nM for many metabolites 
at 800 MHz giving a 3 X lo8 metabolite concentration range) pose severe 
NMR spectral assignment problems. With every new increase in available 
spectrometer frequency the number of resonances that can be resolved in a 
biofluid increases and although this has the effect of solving some assignment 
problems, it also poses new ones Furthermore, there are still important 
problems of spectral interpretation that arise due to compartmentation and 
binding of small molecules in the organized macromolecular domains that 
exist in some biofluids such as blood plasma and bile. This does not, however, 
reduce the diagnostic capabilities and potential of the technique, merely 
drawing attention to problems of biological variation and the influence of 
variation on diagnostic certainty. 
All biological fluids have their own characteristic physicochemical 

properties, and these partly dictate the types of NMR experiment that may 
be employed to maximize the biochemical information from each fluid type 
and a summary of some of these is given in Table 1 for normal biofluids. 'H 
NMR spectra of biofluids are usually highly complex with signals from 
protons with a wide range of chemical shifts, scalar couplings and relaxation 
properties, due to differences in molecular structure, mobility and dynamics 
It has been argued' that NMR studies of body fluids should ideally be 
performed at the highest field available to obtain maximal dispersion and 
sensitivity and most work has been performed at 400MHz or greater. 
Although lower field strength measurements can be useful for the detection 
of the most abundant metabolites and, in certain circumstances, give 
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quantitatively accurate results, comparable higher field 'H NMR measure- 
ments are generally more accurate. Even the dispersion gain on going from 
600 M H z  to 800 MHz is significant in 'H NMR spectroscopy of biofluids and 
allows more signals to be assigned, considerably easing the analysis of 
complex biofluid spectra. An illustration of the complexity of biofluid 
spectra, and hence the need for ultra-high-field measurements, is given in 
Fig. 1 which shows 8OOMHz 'H NMR spectra of normal human urine, bile 
and blood plasma. 

There are two types of noise that may be evident in 'H NMR spectra of 
biological fluids namely instrument noise and chemical noise. Unlike instru- 
ment noise, chemical noise is related to the sample itself and is the result of 
the extensive overlap of signals from compounds that are low in abundance in 
the matrix and, individually, close to the detection limits of the spectrometer. 
Nonetheless, they give rise to apparently broad and weakly featured 'H NMR 
responses due to their frequency superimposition. It is generally true that for 
'H NMR work on biofluids it is the chemical noise rather than instrument 
noise that usually limits the amount of recoverable spectral information. 
Normally only increasing the NMR frequency can allow recovery of the 
information that was in the chemical noise at lower frequencies Furthermore, 
the problem of chemical noise interference varies in severity according to the 
biofluid type and chemical shift ranges that are under consideration for each 
fluid. 

There are also two types of accessible information available in an NMR 
experiment on a biological fluid. These have been termed latent and patent 
biochemical information.2 Patent biochemical information is defined as being 
that which can be measured quantitatively in a single pulse experiment. 
Latent information in an NMR spectrum measured at a particular field is not 
available in the single pulse spectrum and the biochemical data contained 
therein can only be obtained by careful selection of appropriate multipulse 
sequences to achieve either spectral editing or frequency dispersion in a 
second or higher dimension. Latent information can also be transformed into 
patent data by increasing the measurement field strength. Biochemical infor- 
mation can be latent in two ways, namely, through multiple peak overlap and 
by undergoing some type of dynamic molecular interaction resulting in the 
lack of resolved signals for a compound present at levels in the NMR 
detection range for the spectrometer involved. On increasing the frequency at 
which an NMR experiment is performed there is a consequent increase in 
sensitivity and so signals from molecules in solution that were too dilute to be 
measured may become measurable at higher frequency and become latent or 
patent information. Thus there is an effective increase in the amount of 
information of all levels on increasing field strength, thereby increasing the 
amount of useful biochemical data in the NMR spectrum. 

It is clear that at even the present level of technology in NMR, it is not yet 
possible to detect many important biochemical substances, e.g. hormones, in 
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body fluids because of problems with sensitivity, dispersion and dynamic 
range and this area of research will continue to be technology-limited. With 
this in mind, it would seem prudent to interpret quantitative 'H NMR 
measurements of intact biological materials and assignment of resonances in 
1 D spectra with considerable caution even when measured at ultrahigh 
field. 

2. RESONANCE ASSIGNMENT IN NMR SPECTRA OF BIOF'L.UIDS 

Usually in order to assign 'H NMR spectra of biofluids, comparison is made 
with spectra of authentic materials and by standard addition to the biofluid 
sample. This has served to assign the major peaks in biofluids. Additional 
confirmation of assignments is usually sought from the application of 2- 
dimensional (2D) NMR methods, particularly COSY and TOCSY and, 
increasingly, inverse-detected heteronuclear correlation methods such as 
HMQC and HSQC. Thus the application of the 2D J-resolved (JRES) pulse 
sequence is important for spreading out the coupling patterns of the multi- 
tude of small molecules in a biofluid. Even 2D correlation NMR spectra of 
complex biofluids show much overlap of cross-peaks and further editing is 
often desirable. Thus simplification of NMR spectra of biofluids can also be 
achieved using (i) spin-echo methods particularly for fluids containing high 
levels of macromolecules, (ii) relaxation editing in general based on Tl and/or 
T2, (iii) diffusion editing, (iv) multiple quantum filtering. To this end, a 
method based on the separation of 'H NMR resonances into subspectra 
according to whether the protons arise from CH, CH2 or CH, groups via 
use of maximum quantum coherence spectroscopy (MAXY)*' has been 
demonstrated. This has been extended to produce 2D NMR spectra such as 
MAXY-TOCSY, MAXY-NOESY and MAXY-JRES.' Editing of NMR 
spectra based on differences in relaxation rates and diffusion coefficients will 
be covered later in the section devoted to NMR spectroscopy of blood plasma 
(Section 5.6). 

One major advantage of using NMR spectroscopy to study complex 
biomixtures is that measurements can often be made with minimal sample 
preparation (usually with only the addition of 5-10% D20) and a detailed 
analytical profile can be obtained on the whole biological sample.' Hence, 
much effort has been expended in discovering efficient new NMR pulse 
sequence techniques for spectral simplification and water suppression es- 
pecially for biofluids6 

Detailed 'H NMR spectroscopic data for a wide range of metabolites and 
biomolecules found in biofluids are given in Table 2. Many of these have been 
confirmed by addition of authentic material and others are identified by 
2D NMR methods and valuable supplementary information is available in 
several literature compilations of data.',' 
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3. NMR STUDIES OF DYNAMIC INTERACTIONS 

3.1. Introduction 

Although NMR spectroscopy of biofluids is now a well-established technique 
for probing a wide range of biochemical problems, there are still many 
poorly understood physicochemical phenomena occurring in biofluids, par- 
ticularly the subtle interactions occurring between small molecules and 
macromolecules or between organized multiphasic compartments The under- 
standing of these dynamic processes is of considerable importance if the full 
diagnostic potential of biofluid NMR spectroscopy is to be realized. Many 
studies of dynamics require a precise knowledge of the sample temperature, 
and a method of obtaining the true sample temperature, as opposed to the 
thermocouple temperature outside the NMR tube, has been proposed for 
biofluids.’ 

3.2. Enzymatic reactions 

Many biological fluids contain significant amounts of active enzymes. This 
may be because they fulfil a biological function in the fluid, e.g. the esterase 
and peptidases present in prostatic fluid. Additionally, they may have leaked 
into the fluid due to disease or toxin-induced organ damage such as raised 
plasma alanine transaminase levels in liver and kidney disease, or raised 
urinary N-acetylglucosaminidase in kidney disease. When provided with the 
appropriate substrates these enzymes will manufacture new products which 
can be NMR detectable. Collection of sequential NMR data may then allow 
the time-course of this enzymatic conversion to be followed. This may yield 
important kinetic data on the activity of the enzyme in a “real” biological 
medium and may also provide indirect NMR evidence of organ damage. 
Whole blood is a biofluid containing red blood cells that have active metabo- 
lism catalysed by a range of enzymes, mainly the glycolytic cycle. Much study 
of these reactions has been undertaken (see Section 5.9.2). 

3.3. Chemical reactions and biofluid instability 

Many biofluids are not chemically stable and for this reason care should be 
taken in their collection and storage. For example, cell lysis in erythrocytes 
can easily occur. In addition, if the biofluid has been reconstituted into D20 
after freeze-drying or if a substantial amount of D20 has been added 
to provide an NMR field lock, then it is possible that certain ‘H NMR 
resonances will be lost. These include not only NH and OH protons as 
expected but CH groups where the C-H bond is labile such as H2 of 
imidazole moieties (as in histidine or histidinyl-containing proteins such as 
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haemoglobin) or the CH2 groups of acetoacetate which participates in 
keto-enol tautomerism. It should be noted that freeze-drying of biofluid 
samples also causes the loss of volatile components such as acetone. 

3.4. Microbiological activity in biofiuids 

Biofluids are very prone to microbiological contamination, especially fluids 
such as urine, which are difficult to collect under sterile conditions. Samples 
should be stored deep frozen to minimize the effects of such contamination 
but evidence of bacterial growth will be seen in a time-dependent pattern of 
metabolites if NMR spectra are measured over a period of time or if the 
sample is kept at room temperature for extended periods. It has been noticed 
that bacteria can incorporate a 'H atom from D 2 0  into metabolites and the 
presence of isotopically labelled acetate (CH2D. COOH and CD2H. COOH 
observable in the 'H NMR spectrum) for example is a good indication of 
bacterial contamination.'' 

3.5. Macromoledav binding of small molecules 

Some biofluids such as blood plasma contain high levels of proteins and many 
endogenous metabolites are bound to such macromolecules. There are many 
examples of this such as aromatic amino acids binding to serum albumin in 
blood plasma and this has a direct consequence of making the detection and 
quantitation of such species less easy." This is also an important problem for 
detection and quantitation of drug metabolites in such biofluids. In NMR 
terms, the molecule can appear to be in fast, intermediate or slow exchange 
with the macromolecule. Thus interpretation of metabolite levels by NMR 
spectroscopy must always be undertaken after consideration of whether the 
result is perturbed by macromolecule binding with resulting relaxation and 
line width changes. 

Binding of aromatic amino acids to blood plasma appears to occur by both 
non-polar and electrostatic interactions, but electrostatic interactions only are 
important for the binding of lactate,".'* citrate and acetate." These examples 
appear to be nonspecific at mmol 1-' concentration levels and do not appear 
to be stereochemically selected" and so this would appear to preclude specific 
molecular recognition. 

3.6. Membrane-based compartmentation 

Some biofluids, particularly blood, contain cells with intact cell membranes. 
Other fluids such as bile or blood plasma have high levels of lipids organized 
into supramolecular particles such as micelles in bile and lipoproteins in 
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blood plasma. Small molecules can therefore be inside or outside of the lipid 
membrane or even inside the lipid membrane itseK In the extreme case of 
micellar aggregations, e.g. in bile, this can be regarded as compartmentation 
as the small molecule can be outside the micelles, in the micelle wall or within 
the micelle itselE Many small molecules are more freely soluble in biological 
fluids than they are in water alone (e.g. cholesterol and its esters in blood 
plasma). In all cases compartmentation of small molecules results in changes 
in the rotational correlation times and hence relaxation properties of their 
nuclei with respect to free solution conditions, and in some cases chemical 
shift and coupling constant changes as well. Observation of such species may 
be further complicated by chemical exchange. Visualization of the signals 
from compartmentalized molecules usually requires some physical perturba- 
tion of the sample to make the NMR lines sharp enough to be detected, e.g. 
methanolic extraction to observe cholesterol in blood or seminal plasma." 

3.7. Metal complexation 

All biological fluids contain a variety of potential metal-chelating agents, 
sometimes at very high concentrations 'Ihe most ubiquitous metal chelators 
in biofluids are the free amino acids (especially, glutamine, glutamate, cys- 
teine, histidine and aspartate) and organic acids such as citrate and succinate. 
Ca2+, M$+ and Zn2+ are the main endogenous metal ions involved in 
complexation reactions" with organic biofluid components and many of 
these reactions can be studied using NMR. Chelation reactions and the 
physicochemical effects of other metals such as Fe3+/Fe2+ metallodrugs and 
toxic metals such as Cd2+ in red blood cells and whole blood can also be 
studied under certain circumstances (see Section 5.9.2). Paramagnetic ions 
such as Gd2+ and Mn2+ can also be used to effect chemical editing of NMR 
spectra (and spin-echo-based solvent suppression) by selectively binding to 
endogenous metal-chelating agents such as citrate and hence broadening their 
signals13 'Ihe metal-chelating agent ethylenediaminetetraacetic acid (EDTA) 
is very effective for many di- and trivalent metal ions and can be added to 
biological fluids to remove metal from the endogenous chelating species with 
consequent changes in the NMR signal pattern and the appearance of signals 
from metal EDTA complexes." EDTA addition also results in a general 
sharpening of NMR signals from biofluids because it also complexes trace 
levels of paramagnetic ions. 

3.8. Chemical exchange processes 

Biofluids contain many endogenous species that can participate in chemi- 
cal exchange processes covering a variety of exchange time scales These 



20 J. C. LINDON, J. K. NICHOLSON A N D  J. R. EVERETT 

processes may be connected with macromolecular binding or with metal 
complexation reactions or, more simply, involve exchange of protons with 
each other and/or solvent water. Some molecules such as citrate may be 
involved with all three types of chemical exchange phenomena, and hence 
signal positions vary considerably according to solution conditions. Depend- 
ing on the exchange rate, spectral lines may be broadened or shifted from 
their free solution condition. Citrate signals are generally broadened in the 
presence of the metal ions present in biofluids (usually Ca”, Mg+ and Zn”), 
and this broadening is reversed by the addition of EDTA which outcompetes 
citrate for binding of divalent metal ions. 

4 ‘H NMR SPECTROSCOPY OF CEREBROSPINAL F’LUID (CSF‘) 

4.1. Properties and biochemical composition of CSF 

The CSF surrounds the brain and spinal cord, where it acts as a barrier against 
mechanical shock, as a lubricant between the brain surface and the meninges, 
and helps support the weight of the brain. By means of CSF, substances are 
removed from the brain and spinal tissue and returned to the bloodstream. 
Drugs may also be distributed within the brain with the aid of the CSF 
circulation. CSF is a normally crystal-clear, low-viscosity liquid of pH 7.3 to 
7.4. Because CSF is an ultrafiltrate it usually has a much lower protein content 
than plasma, although this may be elevated significantly in various disease 
states. Altered composition and physical characteristics of CSF can reflect 
damage to the central nervous system or meninges, and CSF is often sampled 
for microbiological, haematological, serological and biochemical analysis in 
patients with suspected cerebral disease. In general, the biochemical composi- 
tion of CSF reflects the composition of the ultrafiltered blood plasma, but it 
also contains a number of metabolites that are secreted by the CNS tissue. It 
may also be depleted of certain constituents (e.g. glucose) relative to plasma, 
because of their utilkation by the cerebral cells It is, therefore, good practice 
to compare concentrations of metabolites in CSF with those in the plasma, 
because alterations in the latter may be reflected in the CSF even if cerebral 
metabolism is normal. 

CSF is normally collected for diagnostic purposes by lumbar puncture, with 
a needle being inserted into the subarachnoid space. Given the invasive and 
delicate nature of this intervention, lumbar puncture is only performed with 
good reason and it is extremely rare to obtain CSF from a truly healthy donor. 
CSF may also be collected at postmortem, but the composition may be very 
different to that found antemortem. After collection of CSF, samples can be 
measured directly by NMR or freeze-dried and reconstituted in D20. In the 
latter case, the preconcentration step allows many more minor metabolites to 
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be detected. Unlike plasma, most CSF samples can be concentrated by up to 
10 times after freeze drying because of the low protein content, and this 
allows collection of good-quality NMR data in reasonable times Fluoride can 
be added to the CSF soon after collection where glucose measurements are 
required as this strongly inhibits glycolysis. 

4.2. Assignment of the 'H NMR spectra of CSF 

Due to the low protein content of normal human CSF, it is possible to use 
single-pulse 'H NMR experiments to obtain biochemical information with- 
out recourse to the spin-echo techniques often required for studies on 
blood and plasma (see Section 5). However, where serious cerebral damage 
has occurred, or in the presence of an acute infection, spectra may be- 
come dominated by protein resonances. Problems may also arise from 
protein binding and metal binding of some metabolites, with a consequential 
broadening of their proton resonances. 

There are a number of 'H NMR studies of CSF in the literature. The 
earliest report was by Bales et af.14 and later Petroff ef af.,15 Bell et a1.16 and 
Kriat et af.17 reported the assignment of a number of resonances. Also, Petroff 
and co-workers have shown that high-quality 2D 'H NMR spectra can be 
obtained from human CSF, and that changes in NMR patterns can be roughly 
related to disease states in the donor.15 In addition, many resonances have 
been assigned through the use of 2D JRES spectra and COSY45 spectra's*'9 
and these are listed in Table 2. Examination of a number of ex vivo control 
samples showed high consistency in the aliphatic region of the 1D 'H NMR 
spectra of CSF and many assignments could be made by inspection but 
glutamate and glutamine had distinctly broadened resonances Wevers et af. 
have proposed a standardized method for acquiring NMR spectra of CSF and 
identified 50 compounds in CSF?' In addition, issues relating to sample 
handling have been revie~ed. '~  

4.3. NMR spectroscopy of CSF in disease studies 

Koschorek ef aL2' have measured 'H NMR spectra of CSF from 84 patients at 
360 MHz and quantified the levels of 19 signals, some of which were assigned 
to specific metabolites. For 42 patients with lumbar disk herniations, no 
significant differences from controls were found. However, they observed 
differences between controls and one patient with a medulloblastoma that 
showed a decreased glucose level plus new signals in the 80.8-1.0 and 
61.28-1.42 regions which they assigned to valine and alanine. They also 
reported a 'H NMR study on the CSF of 19 controls, 42 patients with disk 
herniations and 23 with cerebral tumours.22 A semiquantitative analysis 
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of metabolites was conducted but relative metabolite concentrations were 
derived by dividing each metabolite signal intensity by that of lactate, the 
level of which can vary widely. No significant differences were found between 
the CSF of controls and disk herniation patients, but the CSF of the 
tumour patients were found to have significantly lower glucose-lactate ratios 
and higher valine-lactate ratios than in the controls. Population overlap 
prohibited diagnosis based on any one ratio, and so, in a subsequent stud?' 
with an enlarged patient population, discriminant analysis using 16 metabolite 
concentration ratios was performed to investigate the diagnostic potential of 
NMR. The results demonstrated good predictive capability, except for tumour 
diagnosis, in contrast to the previous results." The poor discrimination of 
tumours was ascribed both to their inherent variability and to the fact that the 
tumours will usually contain a good blood supply and hence will tend to be 
confused with bleedings.22 

Petroff and co-~orkers '~  reported a quantitative analysis of the 'H NMR 
spectra of six CSF samples from three patients. These included a 34-year-old 
man presenting with seizures several hours after injecting heroin and cocaine 
while intoxicated with alcohol, and a 7-month-old girl who presented as a 
febrile, cyanotic hypotensive in a coma. The 'H NMR spectrum of the CSF of 
the drug overdose victim showed clear and abnormally elevated signals for 
citrate. myo-inositol, creatininekreatine and lactate. 

Another study" also showed that human cerebrospinal fluid 'H NMR 
spectra were different between normals (three subjects) and mildly diabetic 
people (two subjects), with the spectra of the latter group showing elevations 
in glucose and glycine. This study also included the 'H NMR spectra of CSF 
from three infants with bacterial meningitis and found greatly increased 
lactate, but lowered glucose signals, relative to normal adults, with a complete 
absence of signals from citrate. CSF samples from patients with Huntingdon's 
disease have been compared with that from controls using 'H NMR spectros- 
copy and a significant increase in glycine detected using 11 patients and 12 
controls23 Hiraoka et af. have also studied a number of different neurological 
conditions using 'H NMR spectroscopy of human CSF and identified raised 
glutamine in a case of hepatic encephalitisz4 One study of CSF from rats in a 
model of stroke has been reported using 500MHz 'H NMR spectroscopy 
including 2D COSY methods and a number of spectral changes could be 
observed as a result of the experimentally induced lesion.2s 

NMR spectroscopy of CSF has been used in a number of studies of multiple 
sclerosis (MS). In one study a total of 19 patients with multiple sclerosis, 12 
patients with degenerative dementia and 17 controls were examined. They 
showed increased lactate and fructose levels in multiple sclerosis patients but 
no correlations between NMR spectra and the differentiation of relapsing, 
remitting and primary, progressive multiple sclerosis?6 Another study ex- 
amined 53 cases of multiple sclerosis plus others with a variety of neurological 
disorders and showed that the observed level of lactate correlated with the 
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number of CSF mononuclear cells in patients with clinical activity. Also a 
decrease in formate was detected during active and inactive clinical phases of 
multiple scler~sis.~' A third study examined CSF from 30 patients with 
actively progressing multiple sclerosis and found that acetate levels were 
higher in patients whilst formate levels were lower in patients compared to 
controls. There were no significant differences between spectra from early and 
longstanding MS patients. An unidentified peak, probably from an N-methyl 
compound, was seen in spectra from patients with actively progressing 
disease. However, this was not found in spectra of CSF from patients with 
AIDS dementia complex or Parkinson's disease but it did appear in one out 
of three Creutzfeld-Jakob disease patients and one out of seven patients with 
Guillain-Barre syndrome.= 

Commodari et aLZ9 have detected changes in the 'H NMR spectra of CSF in 
nine patients suffering a variety of conditions including the detection of 
methylmalonate in a patient with vitamin B12 deficiency. 

One stud? has reported 500 and 600 MHz 'H NMR data on the postmor- 
tem CSF from 23 Alzheimer's disease patients and controls. The main 
differences between the spectra of the two groups were found to be in the 
region 62.4-2.9, where the resonances of aspartate, N-acetylaspartate, citrate, 
glutamate and methionine occur. Principal components analysis showed that 
separation of the two groups was possible and that citrate was the principal 
marker with citrate levels in the Alzheimer's disease patients much reduced 
compared with the controls. Patient age and the time interval between death 
and autopsy were examined to see whether these factors might account for 
the differences between the Alzheimer's disease and control groups Allowing 
for these factors, the inter-group differences were reduced but still significant 
(~K0.05).  It was hypothesized that the reduction in CSF citrate found in the 
Alzheimer's disease patients may be due to the reductions in pyruvate 
dehydrogenase (PDH) reported in the parietal cortex and temporal cortex of 
Alzheimer's disease patients. A decrease in PDH activity could result in a 
drop in mitochondrial citrate and a corresponding drop in the secretion of 
citrate to the CSF from the C N S .  

5. 'H NMR SPECI'ROSCOPY OF BLOOD PLASMA AND WHOLE 
BLOOD 

5.1. Properties of blood and blood plasma 

Vertebrate blood consists of cellular elements suspended in a complex fluid 
matrix of proteins, principally of albumin, immunoglobulins, glycoproteins 
and lipoproteins, together with a large number of inorganic and low- 
molecular-weight organic solutes. The functions of blood include the 
transport of oxygen, carbon dioxide, products of metabolism and hormones 
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It is through the medium of the circulating blood that the constancy of the 
internal environment is maintained; disease processes or abnormalities 
anywhere in the body are reflected to various extents in altered blood 
composition. The dominant cell type is the erythrocyte that normally makes 
up about 45-50% of the blood volume. Other cell types normally make up 
only about 1 % of the packed cell volume. The remaining volume of the blood 
is the plasma. “Serum” is the term given to the fluid separated from whole, 
untreated blood by centrifugation, whereas “plasma” is separated from whole 
blood after the addition of an anticoagulant (normally trisodium EDTA or 
lithium heparin). Serum is depleted in fibrinogen (the major clotting protein 
precursor) and is consequently less viscous than plasma. Serum and plasma 
consist mainly of water in which there are a number of distinct domains. 
These include an essentially isotropic, free-solution environment, which 
contains colloidal structures and aggregates of macromolecules including 
proteins, lipids and immunoglobulins. The complex mixture of fatty and 
nonfatty structures has a significant influence on the physicochemical 
behaviour of water itself and the substances dissolved in it. 

The physicochemical complexity of plasma is expressed in its ‘H NMR 
spectra by the range of linewidths of the signals. This means that a number of 
different multiple pulse NMR experiments andor physicochemical interven- 
tions must be applied to extract useful biochemical information. Numerous 
high-resolution ‘H NMR studies have been performed on the biochemistry 
of blood and its various cellular components and plasma. The physical 
properties of whole blood pose serious limitations on direct NMR inves- 
tigations, but packed erythrocytes yield more useful information on cell 
biochemistry. The best resolved spectra are given by plasma, and ‘H NMR 
measurements on blood serum and plasma can provide a plethora of useful 
biochemical information on both low-molecular-weight metabolites and mac- 
romolecular structure and organization. The usefulness of ‘H NMR spectra of 
blood plasma for metabolic studies has been highlighted recentlf’ and the 
difficulties of obtaining quantitative determinations of substances in blood 
plasma using ‘H NMR spectroscopy have been noted.32 However, a quan- 
titative method for determining glucose levels in blood plasma has been 
published.33 The relative benefits of using formate over the more widely used 
trimethylsilylpropionate sodium salt (TSP) as an internal standard has been 
e~aluated.’~ 

5.2. ‘H NMR spectroscopy and comparative biochemistry of blood plasma 

Single-pulse spectra of human blood plasma are very complex, and 
resonances of metabolites, proteins, lipids and lipoproteins are heavily 
overlapped even at 800 MHz ‘H observation frequency (Fig. 1). Most blood 
plasma samples are quite viscous and this gives rise to relatively short TI  
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relaxation times for small molecules compared to simple aqueous solutions 
allowing relatively short pulse repetition cycles without signal saturation. The 
complex spectral profile given in the single-pulse ‘H NMR spectrum of blood 
plasma can be simplified by use of spin-echo experiments with an appropriate 
T2 relaxation delay to allow signals from broad macromolecular components 
and compounds bound to proteins to be attenuated? The effect of applying 
the Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence to blood 
plasma results in a substantial reduction in the contribution from the albumin, 
lipoprotein and lipid. By the early 1980s many metabolites had been detected 
in normal blood plasma using 400 MHz spectrometers; these included alanine, 
isoleucine, valine, lactate, acetate, creatinine, creatine, glutamine, 3-D- 
hydroxybutyrate, choline, glucose, acetoactetate and acetone.’ Assignments 
were, in general, based on the observation of only one or two resonances for 
each metab0lite.3~9~~ In adddition, peaks from certain macromolecules such 
as a1 -acid glycoprotein, N-acetylneuraminic acid and related sialic acid 
fragments36 have been assigned and used diagnostically, in particular their 
N-acetyl groups which give rise to relatively sharp resonances presumably due 
to less-restricted molecular motion.37 In most ‘H NMR studies on blood 
plasma, the occurrence of two major acetyl signals is seen in spin-echo 
spectra. The resolution-enhanced, 750 MHz CPMG spectrum indicates that 
there are many resolved lines from low-molecular-weight species, and 
possibly other glycoproteins, in the region 61.9-2.1.2 These are not resolved in 
400MHz spin-echo spectra and thus use of the “glycoprotein” lines for 
diagnostic purposes observed at lower fields may be unreliable. Furthermore, 
in single-pulse spectra the N-acetyl signal from glycoproteins centred at 62.04 
is also partially overlapped with the broad CH2C=C signals from several 
plasma lipids which will not be resolved at 400MHz (Table 3). The 
signals from some lipid and lipoprotein components, e.g. very-low-density 
lipoprotein (VLDL), low-density lipoprotein (LDL), high-density lipoprotein 
(HDL) and chylomicrons, have also been partially characterized. However, 
the assignment has been limited by the use of lower-frequency spectrometers, 
the extensive chemical shift overlap and the broadness of the signals due to 
the short proton T2 relaxation times of these large supramolecular species.35 
In the single-pulse NMR spectrum of blood plasma in the chemical shift 
region 60.7-1.5, there are many overlapping signals from small organic species 
such as lactate, 3-~-hydroxybutyrate, alanine and branched-chain amino acids 
together with those from terminal CH3 and long-chain (CH,), groups of fatty 
acids and triglycerides integral to the various lipoprotein particles, especially 
VLDL, LDL and HDL?* 

Rvo approaches can be adopted for dealing with the overlap problem. 
Firstly, simple sample preparation such as centrifugal ultrafiltration can be 
used to remove the macromolecules This results in a spectrum of all the 
nonprotein-bound metabolites contributing to the spectrum. Alternatively, to 
avoid sample manipulation, a spectral editing technique can be applied. It has 
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Table 3. Resonances of lipid and macromolecule components found in blood 
plasma. 

Molecule Assignment 

Cholesterol 
Cholesterol 
Cholesterol 
Lipid (mainly LDL) 
Lipid (mainly VLDL) 
Cholesterol 
Lipid 
Lipid 
Lipid (mainly LDL) 
Lipid 
Lipid (mainly VLDL) 
Lipid 
Lipid 
Lipid (mainly VLDL) 
Lipid 
Lipid 
Lipid 
Lipid 
Glycoprotein* 
Lipid 
Lipid 
Lipid 
Albumin lysyl 
Albumin lysyl 
Albumin lysyl 
Choline (lipid) 
Glyceryl of lipids 
Glyceryl of lipids 
Glyceryl of lipids 
Unsaturated lipid 
Unsaturated lipid 
Unsaturated lipid 
Unsaturated lipid 
Unsaturated lipid 

C18 (in HDL) 
C18 (in VLDL) 
C26 and C27 
a3(CH2)n 
CH3CHZCH2C= 
C21 
CH3CH2 
CH3CHZCH2 
(CHdn 
CH3CH2 (CH2)n 
CH2CHZCHzCO 
CH2 
CHZCHZCHZCO 
CHZCHZCO 
CH2.CHZ.C=C 
CHP.C=C 
CHZ.C=C 
CHZ.C=C 
NHCOCH3 
CH2.CO 
C=C. CH2. C=C 
C=C.CH2.C=C 
E-CH~ 
oCH2 
E-CHZ 
NCH2 
CHz.O.COR 
CH*O.COR 
CH .O. COR 
-CH=CH.CHz.CH=CH- 
-CH=CH.CHz.CH=CH- 
=CH.CHZ.CHz 
=CH.CHZ.CHZ 
=CH.CHZ.CHz 

(6)'H Multiplicity (6)"C 
- 

0.66 
0.70 
0.84 
0.84 
0.87 
0.91 
0.93 
1.22 
1.25 
1.26 
1.29 
1.30 
1.32 
1.57 
1.69 
1.97 
2.00 
2.00 
2.04 
2.23 
2.69 
2.71 
2.89 
2.96 
3.01 
3.66 
4.06 
4.25 
5.20 
5.23 
5.26 
5.27 
5.31 
5.33 

m 
m 
m 
t 
t 

m 
m 
m 
m 
m 
m 
m 
m 
m 
m 
m 
m 

m 
m 
m 
t 
t 
t 
m 
m 
m 
m 
m 
m 
m 
m 
m 

S 

12.6 

23.3 
14.7 

19.4 

32.7 
30.6 
23.2 

19.7 

25.6 
27.4 

27.8 

23.0 
34.6 

26.2 
40.3 
40.3 
40.3 
66.7 
62.5 
62.5 

128.6 
128.6 

130.1 

Key: & singlet; t. triplet: rn, multiplet; * mainly a,-acid glycoprotein; chemical shifts referenced to 
H1 and C1 of a-glucose at 85.233 for 'H and at 692.9 for I3C. The bold font denotes the proton 
assignment. 

been shown that Hahn spin-echo (HSE) and CPMG spin-echo methods 
are both highly effective means of editing plasma 'H NMR spectra ac- 
cording to solute T2 relaxation times Many signals from low-molecular- 
weight species are readily detected in the HSE experiment that cannot 
be resolved in the single-pulse experiment (e.g. 3-~-hydroxybutyrate and 
3-~-hydroxyisobutyrate). 
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The HSE spectrum gives phase modulation of signals that is dependent on 
the spin-spin coupling multiplicity so that singlets are always phased upright 
as are triplets when the spin-echo delay is selected to be 1/2J. With a delay of 
about 68 ms, doublets and quartets with coupling constants of approximately 
7.4 Hz appear phase-inverted. The CPMG spin-echo pulse sequence does not 
J-modulate signal phases and losss of signal intensity during the T2 relaxation 
delays by diffusion through field gradients are minimized by virtue of the 
short delays employed. In either type of spin-echo experiment, total spin-spin 
relaxation delays of 4 2 0  ms are usually sufficient to attenuate protein 
resonances by factors of lb and hence allow low-molecular-weight species 
to be measured without interference.' Characteristic signals from many 
molecules are seen in the spectral region to low frequency of the water signal 
plus resonances from the olefinic protons in lipoproteins, aromatic amino 
acids and formate. For normal plasma at pH 7, the largest peak in the spectral 
region to high frequency of water is that of the a-anomeric H1 resonance of 
glucose at 65.223 (which provides a useful internal chemical shift reference). 
Through the increased spectral dispersion available from the use of 600,750 
and 800 MHz 'H NMR rnea~urements~~ and through the use of a variety of 
2D methods, the assignment of resonances in blood plasma spectra in normal 
individuals is now extensive (see Table 2). 

The use of 2D NMR methods is important for spectral assignment. 
The application of the J-resolved (JRES) experiment results in a dramatic 
simplification of the blood plasma spectrum, and hence enables the complex 
overlapped resonances in the chemical shift range 63-4 to be more completely 
resolved.& Furthermore, the protein resonances are attenuated as effectively 
as was seen in the application of the simple spin-echo experiment. The skyline 
projection through the JRES map results in a greatly simplified spectral 
profile of the effectively 'H-decoupled 'H NMR spectrum of the motionally 
unconstrained metabolites in plasma. The skyline projection might therefore 
offer an attractive method for quantitating minor metabolites in plasma 
where attenuation due to T2 relaxation can be accounted for or calibrated. It 
should be noted that signals from any small molecules that are extensively 
protein-bound are also severely attenuated due to constrained molecular 
tumbling and a shortening of the T2 relaxation time. 

'H-'H COSY spectra provide an additional assignment aid enabling the 
confirmation of the presence of a number of amino acid resonances including 
all those of valine, alanine, leucine, isoleucine, threonine and glutamine and 
the majority of the resonances of others especially those in particularly 
diagnostic regions of the spectrum. A number of other small molecules can be 
readily observed in the COSY spectrum and these include the acids 3-D- 
hydroxybutyrate, citrate, taurine and lactate as well as polyols such as 
myo-inositol and all other resonances of a- and @-glucose. In addition, the 
resolving power of the COSY experiment is demonstrated by the connec- 
tivities observed for many of the lipidic resonances which are not observable 
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in the 2D-JRES experiment because of their short T2 relaxation times. The 
total correlation spectrum (TOCSY) of human blood plasma allows the 
assignment of extra metabolites because of the narrower lineshape of the 
TOCSY spectrum and because the coupling connectivity along complete 
chains of protons provided a more certain indication of the molecular identity. 
The 'H-'jC 2D HMQC and HSQC experiments applied to blood plasma are 
also useful for metabolite identification giving information on 13C chemical 
shifts using 'H detection. 

An assay for ethanol in blood plasma has been published4' and a com- 
prehensive listing of the 'H NMR-detectable metabolites observed in the 
various 1D and 2D experiments, together with their spin systems and their 
'H chemical shifts (and 13C shifts where available) in plasma, is given in 
Table 2. 

5.3. Effects of temperature variation on the 'H NMR spectra of blood 
plasma 

With increasing temperature all the lipidic methyl and methylene group 
peaks sharpen and increase in intensity. This is consistent with a general 
reduction in the plasma viscosity and increased motional freedom of the 
lipoprotein particles which also significantly increase the 'H-13C 2D HMQC 
peak intensities. Selective changes are also visible, e.g. the cholesteryl C18 
axial methyl group of HDL progressively sharpens, as do the signals from 
ring current-shifted methyl groups of albumin. The LDL methyl signal also 
increases selectively at higher temperature and dominates the low-frequency 
lipoprotein methyl signal complex at 308 K. This is consistent with the known 
selective temperature dependence of the LDL signal linewidths.4' From these 
measurements it is also apparent that spin-echo spectral editing will be more 
efficient at lower temperatures as the signals from albumin and lipoproteins 
are significantly broader. In effect, this means that a shorter relaxation delay 
period in the spin-echo pulse sequence is required to attenuate the 
macromolecular signals with less T2 relaxation distortion introduced into the 
spectra of the low-molecular-weight metabolites under study (see also 
Section 5.7). 

5.4. Metal complexes in blood plasma 

EDTA forms stable complexes with CaZt and Mg2' ions in aqueous solution. 
Ca2 ' and M2' are present in blood plasma at about 2.2-2.5 mmol I-'  and 
0.6-0.8mmol1-' respectively and about 3040% of both metals is protein 
bound. The 400 MHz 'H NMR spectra of human blood plasma collected using 
an EDTA anticoagulant has been reported to give well-resolved signals from 
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both the octahedral EDTA complexes of Ca2' and Mg? which are in slow 
exchange on the NMR time-scale." EDTA gives rise to two 'H NMR singlets 
in the intensity ratio 2 1  at 63.62 and 63.21 respectively at pH 7. The 
-NCH2CH2N- protons of the Ca-EDTA2- and Mg-EDTA2- complexes give 
singlets at 82.57 and 82.76 respectively (plasma pH 7.4) whereas in the metal 
complexes the NCH,CO protons become magnetically nonequivalent (AB 
spin system) with the shifts for the Ca-EDTA2- and Mg-EDTA2- complexes 
being centred at 63.12 and 63.23 respectively." The changes in shifts and 
magnetic nonequivalence of the EDTA signals are due to the formation of 
octahedral metal complexes. Integrations of the -NCH2CH2N- peaks of the 
Ca-EDTA2- and Mg-EDTA2- complexes in spin-echo spectra of plasma 
when calibrated by standard additions of metal ion give quantitatively 
accurate results for the total Ca2+ and M$+ present in plasma." 

5.5. Protein-ligand binding in blood plasma 

Many plasma components can exist either free in solution or in a more 
organized physicochemical domain such as a micelle or lipoprotein complex. 
On changing from one environment to another, the motional properties of the 
compound under study are altered with a concomitant change in the T2 
relaxation times of their protons Consequently, it is possible to monitor some 
of these transitions by observing line width changes, or by use of spin-echo 
techniques to edit the spectra according to molecular mobility. 

Bell el ~ 1 . 4 ~  have shown that a significant proportion of plasma lactate is 
present in an "NMR-invisible" pool due to binding to transferrin, al- 
antitrypsin and possibly other high-molecular-weight plasma proteins and it 
has been suggested that this may have an important role in lactate transfer in 
plasma. The spin-echo NMR assay of serum lactate is reported to underes- 
timate by about 30% when compared with conventional biochemical proce- 
dures whereas previous studies" have shown that NMR assays of alanine and 
valine give values nearly identical to conventional amino acid analysis 
procedures. Lactate can be liberated from its protein binding site by the 
addition of 0.5 mmol 1-' ammonium chloride or the anionic detergent sodium 
dodecyl sulfate (SDS) and then becomes NMR-detectable in spin-echo 
spectra together with nonprotein-bound lactate; a similar effect was reported 
for 3-~-hydroxybutyrate and acetoacetate. 

In single pulse and spin-echo spectra of normal human and animal plasma, 
there are few resonances in the chemical shift range to high frequency of 65.3 
when measured in the pH range 3 to 8.5. However, on acidification of the 
plasma to pH C 2.5, resonances from histidine and phenylalanine become 
detectable.44 In plasma from patients with Wilson's disease (liver degenera- 
tion secondary to an inborn error of caeruloplasidcopper metabolism), weak 
signals from histidine and tyrosine are seen in spin-echo spectra at pH 7.6, but 
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increase in strength on acidification and signals from phenylalanine appear at 
pH 1.8 or below. Experiments with model solutions suggested that serum 
albumin has a high capacity for binding aromatic amino acids and histidine at 
neutral pH and this is responsible for their NMR-invisibility in normal human 
blood plasma. Serum albumin also binds a large number of other species of 
both endogenous and xeniobiotic origin. Even commercial “purified” bovine 
serum albumin (BSA) can be shown to contain a significant amount of bound 
citrate and acetate which become NMR detectable in BSA solutions at pH 2. 
Acidification (without protein precipitation) of human plasma also renders 
citrate NMR detectable in spin-echo spectra as it becomes mobilized from the 
protein binding sites. 

Blood plasma also has intrinsic enzymatic activities although many of these 
are not stable (particularly if the sample is not frozen immediately on 
collection). It has been noted that under certain pathological conditions, such 
as those following liver or kidney damage, enzymes that are present at 
elevated levels in the plasma because of leakage from the damaged tissue, can 
cause NMR-detectable alterations to spin-echo spectra of plasma. The levels 
of these enzymes, e.g. alanine transaminase (ALT), are often used as primary 
evidence for organ damage. In order to observe the effect of elevated ALT it 
is necessary to freeze dry the plasma sample soon after collection and then to 
reconstitute the sample in D20. The metabolites involved are at equilibrium 
in the plasma when collected. However, reconstitution in D20 is then 
associated with the establishment of an isotopic equilibrium that results in the 
progressive incorporation of deuterons at the a-CH position of ala11ine.4~ 
Consequently, the alanine methyl protons no longer experience the coupling 
to the CH and the signal changes from a doublet to a singlet with a small 
deuterium isotope shift. This is clearly observed in Hahn spin-echo spectra 
because the phase of the signal is shifted by 180” and this can also be 
monitored by adding ALT to normal blood plasma redissolved in DzO. 
More complex signal modulations also occur on enzymatic incorporation of 
deuterons into glutamine. 

5.6. Molecular diffusion in blood plasma 

Molecular diffusion coefficients are parameters that are not related directly to 
NMR spectral intensities under normal conditions However, molecular 
diffusion can cause NMR signal intensity changes when pulsed field gradients 
are applied during the FT NMR experiment.& A number of pulse sequence 
developments, particularly the LED sequence, have meant that measurement 
of diffusion coefficients is relatively r ~ u t i n e . ~ ’ . ~  The editing of ‘H NMR 
spectra of biofluids based on diffusion alone or on a combination of spin 
relaxation and diffusion has been demon~trated.4~”~ This has been termed the 
Diffusion and Relaxation Editing (DIRE) pulse sequence. This approach is 
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complementary to the editing of 'H NMR spectra based on differences in TI 
and T2 first reported by Rabenstein et al. (see Section 5.9). 

New methods for editing TOCSY NMR spectra of biofluids have been 
proposed based on differences in molecular diffusion coefficients and this has 
been termed Diffusion Edited TOCSY (DETOCSY). This approach comple- 
ments the editing of TOCSY NMR spectra based on coherence selection 
and promises to provide an efficient alternative strategy for assignment of 
resonances in complex mixtures such as biofluids and cell extra~ts4~*~'  

The 'H-lH TOCSY NMR spectra of human blood plasma shown in Fig. 2 
were acquired using the DETOCSY pulse ~equence."~ When a very low 
gradient strength is used, the spectrum is similar to that in the absence of 
gradients. Increasing the gradient strength causes the resonances from the 
small molecules to be reduced substantially due to their relatively fast 
diffusion compared to those of the larger molecules that give rise to the broad 
peaks in the spectrum. The various lipoprotein resonances arise from dif- 
ferent positions within the fatty acid chains In a 1-dimensional diffusion 
edited experiment, relatively sharp peaks near 62 arise from the N-acetyl 
groups of the carbohydrate component of glycoproteins, and their appearance 
in this edited spectrum confirms that they are from macromolecular systems. 
Other peaks are observed in the region 63.4-3.9 and these have been assigned 
to the glycerol protons and to the methylene groups of the choline group in 
phospholipids in lipoproteins, based on the measurement of NMR spectra of 
model compounds. The ability to remove the resonances from the small 
molecules may be important in view of the increasing number of studies 
reporting lipoprotein analyses in whole plasma by using lineshape fitting 
algorithms (see Section 5.7). It is possible to combine relaxation and diffusion 
editing in the DIRE pulse sequence such that molecules in a given window of 
mobility give rise to NMR resonances. 

5.7. Lipoprotein analysis in plasma from NMR spectra 

Much study has been devoted to the problem of lipoprotein analysis in blood 
plasma using 'H NMR spectroscopy. This has been comprehensively reviewed 
recently by A1a-Korpela5l and so extensive discussion is not repeated here. 
Lipoproteins are complex particles that transport molecules normally in- 
soluble in water. They are spherical with a core region of triglyceride and 
cholesterol ester lipids surrounded by phospholipids in which are embedded 
various proteins known as apolipoproteins. In addition, free cholesterol is 
found in both the core and surface regions. The lipoproteins are in a dynamic 
equilibrium with metabolic changes going on in vivo. Lipoproteins are usually 
classified into five main groups: chylomicrons, very-low-density lipoprotein 
(VLDL), low-density lipoprotein (LDL), intermediate-density lipoprotein 
(IDL) and high-density lipoprotein (HDL) based on physical separation 
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using centrifugation. Based on the measurement of 'H NMR spectra of the 
individual fractions and using lineshape fitting programs, it has been possible 
to identify the chemical shifts of the CH2 and CH3 groups of the fatty acyl side 
 chain^.^^-'^ Quantification can be carried out using either time domain or 
frequency domain NMR data?5 For example, in the time domain the Hankel- 
Lanczos single-value decomposition method (HLSVD) has been used to 
model the damped sinusoidal signals observed in an FID both to remove the 
residual water resonance and to quantify the lipoprotein  fraction^.'^ Another 
widely used algorithm is VARPRO which also works on the time domain 
~ i g n a l . ~ ~ . ~ ~  Alternatively a frequency domain approach has used the program 
FITPLAs2,s3*57 which uses resonance positions and linewidths from model 
solutions to fit the overall lineshape of the CH2 and CH3 signal region. The 
usefulness of 'H NMR spectra for lipoprotein a n a l y s i ~ ~ ~ * ~  and 31P NMR 
spectroscopy for phospholipid analysis in blood plasma has been explored:' 
More recently, a neural network software approach has been used to provide 
rapid lipoprotein analyses:' 

5.8. NMR spectra of blood plasma in pathological states 

Cancer 

The very first publication on biofluid NMR spectroscopy was concerned with 
the detection of ~ancer.6~ In it Ohsaka et al. reported that 100 MHz 'H NMR 
spectra of human blood serum showed high lactate levels for patients with 
malignant tumours. This method has not been widely used due to two factors: 
(i) lactate is not 100% NMR visible in blood serum or plasma and (ii) 
variability in lactate levels due to many factors other than How- 
ever, Nagasawa et aLM have also reported analogous results for lactate 
elevation in the urine from mice with mammary tumours. 

A good deal of excitement was generated by the publication of a paper 
which reported that 'H NMR spectroscopy of human blood plasma could be 
used to discriminate between patients with malignant tumours and other 
groups, namely normals, patients with nontumour disease and a group of 
patients with certain benign t u m o u r ~ . ~ ~  This paper stimulated many other 
research groups around the world to investigate this approach to cancer 
detection. However, many of these groups were unable to repeat the original 
observations, either wholly or in part, and a major controversy soon erupted. 

Fig. 2. A series of partial 600 MHz 'H-'H DETOCSY NMR spectra of human blood 
plasma. A range of gradient strengths was used to illustrate the progressive signal 
attenuation. Gradients strengths were, (a)-(f), 21.3, 95.8, 170.3, 244.8, 319.3 and 
393.8mTm-'. 
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The test as originally published involved the measurement of the averaged 
width at half signal height of the two composite signals at 61.2 and 80.8 in the 
single-pulse ‘H NMR spectrum of human blood plasma. On comparing the 
averaged signal width, W, for normal subjects with those for patients with a 
variety of diseases and with those for pregnant women, it was reported that 
several statistically significant differences existed between the groups. It was 
proposed that the lowering of W observed in the malignant group was due to 
an increase in the of the lipoprotein signals at 80.8 and 61.2, due in turn to 
“lack of supramolecular ordering of lipoprotein lipids” in the plasma of the 
patients with malignant tumours. However, excitement soon turned into 
controversy as many workers found difficulty in reproducing the results. A 
mass of literature now exists on this subject and it is impossible to thoroughly 
review all of the many important contributions. It was immediately apparent 
that the perfect 100% sensitivity and specificity reported in the early publica- 
tions has never been repeated by any group. 

In addition to the presence of cancer, a number of other factors have been 
found to cause changes in the linewidth index, W. These include diet,M*6s 
70 age and p r e g n a n ~ y ~ ~ . ~ ~  and trauma” as well as hyperlipid- 
aemia.6Y.71 -77 in  all cases the observed changes in Ware caused by alterations 
in the plasma lipoprotein composition, especially the VLDL/HDL ratio. 
These additional factors all contribute to the low specificity and sensitivity 
observed for the test and thus it appears that the changes in W are due to 
elevations in the levels of VLDL in the plasma of patients with cancer. 

Much useful information on the variation of blood plasma lipoprotein 
content as a function of malignancy was obtained during studies on the cancer 
test. After the realization that this test was unlikely to be of any clinical utility, 
attention has again focused on the changes that occur to the profiles of plasma 
metabolites. The Cozzone group has conducted a series of experiments which 
have focused on changes in the ratios of signals from lipoproteins and 
glycoproteins in the ‘H NMR spectra of the plasma from patients with a 
variety of different cancers. A “star plot” pattern recognition method was 
used to distinguish three types of metabolic alterations induced by the cancer 
metabolism: (i) an “inflammatory” pattern, (ii) a “lipid modified” pattern and 
(iii) a “sarcoma” pattern.78 

Other studies of ‘H NMR spectra of blood plasma in cancer have 
included general comparison of NMR and chromatographic 
methods,% testicular cancer? effects on plasma sialic acids:’ use of both 
‘H and I3C NMR lung cancer,% the effect of trauma” and 
dyslipoproteinemia.” 

In 1987, Mountford and c o - ~ o r k e r s ~ ~  reported the isolation by ultra- 
centrifugation of two lipoprotein bands, lying between the HDL and LDL 
bands of the plasma of a patient with a borderline ovarian tumour. These 
bands were later termed “malignancy-associated lipoprotein” (MAL). ‘H 
NMR spectroscopy studies on these bands showed that they contained a 
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methyl signal at 61.3 which correlated in 2D 'H COSY NMR spectra with a 
methine signal at 64.2. The methyl signal had an abnormally long c value 
(>400ms) whilst none of the conventional lipoproteins had a T; of above 
160 ms. The signal was consistent with that of a fucose moiety, a carbohydrate 
that is often found in the antigenic compounds on the surface of cancer cells, 
but this identification is not yet proven." Nine months after surgery the long 

lipoprotein component had disappeared. It was suggested that this MAL 
could provide a noninvasive and specific method of assaying for cancer. A 
simple method for removing the interfering signals from lactate and threonine 
from the fucose region of the spectrum has been developed and this could be 
useful in further work in this area." 

Further results were reported later for a breast cancer patient but, in a 
larger study,% less than 50% of the cancer patients had the MAL band, but so 
did the same number of normal controls. No correlation was found between 
the linewidth index W and the appearance of the MAL, although no 
measurements were made. Mountford and co-workers have presented further 
results on blood serum and plasma from patients with tumours of the colon 
and ovary?6 In this study 85% of the patients had a long value for the 
signal at 61.3 in the spectrum of the MAL band. However, problems were 
reported with the isolation of the MAL. The fractions of interest are dialysed 
for up to two hours to remove KBr and any free lactate prior to analysis. The 
long signal was reported to be removed if the dialysis was too extensive. It 
was suggested that the MAL particle may be disassociating during the dialysis, 
but other explanations are possible. Lipoprotein-bound lactate, which would 
slowly dissociate during dialysis, would be one possibility. Kriat et al.97 failed 
to detect any signals from fucosylated lipids in the 2D 'H NMR spectra of the 
plasma from 12 cancer patients, including three patients with ovarian cancer. 
Until the nature and origin of the MAL band are conclusively defined, its 
significance for cancer detection and diagnosis remains unclear. 

Heart transplantation 

The success of heart transplantation has improved recently with the chronic 
use of cyclosporin A to suppress rejection, and the better treatment of 
acute rejection episodes when they do occur. However, the early detection 
of acute cardiac graft rejection still relies on invasive and iterative right 
ventricular endomyocardial biopsies. In 1988 Eugene et al. reported a new 
application of the measurement of the linewidth index, W; the assessment 
of heart graft rejection after transplantation?* The methodology was exactly 
the same as for the cancer test except that the width at half-height of the 
composite lipoprotein lipid methyl and methylene signals was summed rather 
than averaged, leading to all the results being reported as 2W values rather 
than W. 

A more detailed study on an enlarged patient population was reported 
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shortly after?' and showed similar results. Patients in moderate and severe 
rejection showed 2W values that were significantly different from those of the 
light rejection patients. However, as occurred in the test for cancer, the wide 
overlap between the values observed for each group meant that the 2W value 
alone could not be used to classify the patients into the four rejection grades. 
A third report from the same group'O0 reported the results of 410 measure- 
ments on a total of 46 patients. For these heart transplant patients, and the 
other transplant patients discussed below, it was hypothesized that the altered 
values of 2W observed were due to the presence of a graft-associated 
lipoprotein (GAL), rather than being due to changes in the abundance of 
normal plasma lipoproteins. This GAL would be a direct analogue of the 
MAL proposed by Mountford and co-workers to occur in the plasma of 
cancer patients. 

It has also been reported"' that the areas of two glycoprotein signals in 
the spin-echo 'H NMR spectra of blood plasma from heart transplant 
patients correlated with a standard echocardiography parameter used to 
monitor rejection. The sum of the areas of. the N-acetyl signals of N- 
acetylglucosamine (NAG) and N-acetylneuraminic acid (NANA) moieties of 
plasma glycoproteins (NAG + NANA) was measured and then this area was 
divided by that of the methyl signal of alanine. When this area ratio was 
plotted against isovolumetric left ventricular relaxation times (measured by 
Doppler echocardiography), a good correlation was found in five patients and 
an acceptable correlation in three patients, but only a poor correlation in five 
further patients. It was noted that infections and inflammatory states unre- 
lated to rejection interfered with the correlation. 

Other organ transplants 

Some preliminary results have also been reported on kidney and liver 
transplant patientsw Plasma linewidth measurements were reported on 28 
samples from 10 kidney transplant patients at up to 15 days post-transplanta- 
tion with the lowering of 2W values being ascribed to immunomodulation. 2W 
values were also reported for the plasma of three patients who underwent 
liver transplantation. 

Malaria 

Malaria is caused by several species of Plasmodium parasites which enter the 
human bloodstream after penetration of the skin by anopheline mosquitos. 
Nishina et al. have reportedlm 270 M H z  Wand lactate concentration measure- 
ments on the blood sera from 20 Nigerians seropositive to Plasmodium, 13 
seronegative Nigerians and six healthy Japanese controls. Significantly lower 
W values and high lactate concentrations were reported for the sera of the 
malaria-positive group than for the other two groups. 
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Diabetes 

In human beings diabetes is a relatively common condition which can have 
serious, complex and far-reaching effects if not treated. It is characterized by 
polyuria, weight loss in spite of increased appetite, high plasma and urinary 
levels of glucose, metabolic acidosis, ketosis and coma. The muscles and other 
tissues become starved of glucose, whilst highly elevated levels of glucose are 
found in the urine and plasma. This deficiency in glucose leads to ketosis and 
acidosis and in many cases diabetes can be controlled by the administration of 
insulin. 

there are marked elevations in the plasma levels 
of the ketone bodies and glucose, postinsulin withdrawal. The levels of these 
metabolites, as well as lactate, valine and alanine, were also measured by 
standard clinical chemistry methods, in order to test the accuracy of the NMR 
method. In general, the NMR results were in good agreement with the 
conventional assay results. The CH, and CH, resonances of the lipoproteins 
VLDL and chylomicrons decreased significantly in intensity relative to the 
CH, signal of HDL and LDL, indicating the rapid metabolism of the mobile 
pool of triglycerides in VLDL and chylomicrons. By fluorimetric measure- 
ments, the concentration of the so-called “free fatty acids” rose from 0.33 to 
1.92mmol 1-’ in the period from 0 to 12 hours post withdrawal. However, 
these free fatty acids are immobile (due to binding to albumin) and NMR- 
invisible. 

In the same paper, the ‘H NMR spectrum of the plasma of a non-insulin- 
dependent obese diabetic was shown to be dominated by signals from glucose 
and mobile triglycerides in lipoproteins with no signals visible from the 
ketone bodies. In uncontrolled diabetes, the plasma levels of “free fatty 
acids”, triglycerides and lipoproteins rise markedly due to decreased removal 
of triglycerides from the plasma into fat depots. This effect was also observed 
in the case of a diabetic with hypertriglyceridaemia and ’Qpe IV hyper- 
lipoproteinaemia. The spectra clearly showed the very elevated triglyceride 
levels decreasing as the patient responds to a better diet and insulin regime. 

Based on NMR 

Renal failure 

The ‘H NMR spectra of the blood plasma from nine patients with chronic 
renal failure during dialysis, two patients in the early stages of renal failure 
and six normals have been analysed.’03 For patients on acetate dialysis, the 
method clearly showed how the acetate was accumulated and metabolized 
during the course of the dialysis, as well as allowing changes in the relative 
concentrations of endogenous plasma components to be monitored. In nine 
of the 11 cases it was reported that plasma betaine levels were elevated but 
this is possibly a misassignment for trimethylamine-N-oxide (TMAO) as no 
resonances can be seen for the CH2 group of betaine in the figure published 
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in this paper. It had been shown by Holmes et ~ 1 . ' ~  that the N-CH3 
resonances of betaine and TMAO are very close together at normal plasma 
pH and that it is the TMAO level that is elevated in renal failure patients. A 
subsequent 'H, I3C and 14N NMR study of the plasma and urine from 16 
chronic renal failure patients"' showed that the plasma levels of TMAO 
correlated with those of urea and creatinine, suggesting that the presence of 
'fMAO is closely related to the degree of renal failure. Differences in the 
interaction of lactate with the plasma proteins were also observed in the 
uraemic patients. The study by Holmes et ~ 1 . ' ~  of 15 renal failure patients also 
showed increased levels of lactate in the plasma, ascribed to metabolic 
disturbances (mainly acidoses) associated with decreased renal function. 
Elevated creatinine levels were found in the plasma of renal failure patients 
(levels of >lo00 mmol I- '  are possible, compared with 45-120 mmol I-' for 
normals). The patients undergoing haemodialysis were differentiated by the 
presence of elevated dimethylamine, whilst glycine was predominantly raised 
in the plasma of the peritoneal dialysis patients. Matsushita and coworkerslM 
reported that urinary levels of trimethylamine were elevated in six out of 50 
patients with unspecified renal disease, many of whom may have been renal 
failure patients, but details were not provided. 

A 750MHz *H NMR comparison of blood plasma between a normal 
control and a patient with chronic renal failure has also been described.'" At 
this high field strength, signals for free phenylalanine, tyrosine, histidine, 
3-methylhistidine, 1-methylhistidine, p-hydroxyphenylacetic acid and other 
unassigned molecules were observed in the CPMG spectrum of the plasma 
from the uraemic patient which had not been observed at lower field strengths 
and were absent from the control spectrum. It was hypothesized that some of 
these abnormal molecules could be uraemic toxins but further work is 
necesary in order to substantiate this. 

The uraemic syndrome is associated with a complex set of biochemical and 
pathophysiological changes that remain poorly understood. The first ap- 
plication of 750MHz NMR for studying the biochemical composition of 
plasma has been reported from patients on haemodialysis and peritoneal 
dialysis'08 Increased plasma levels of low-molecular-weight metabolites in- 
cluding methylhistidine, glycerol, choline, TMAO, dimethylamine and formic 
acid were found. The concentrations of these metabolites, and ratios to others, 
varied with the type of dialysis therapy. For example, the biochemical 
composition of plasma from patients on peritoneal dialysis was remarkably 
consistent whereas pre- and post-haemodialysis significant fluctuations in 
the levels of TMAO, glucose, lactate, glycerol, formate and lipoproteins 
(VLDL, LDL and HDL) were observed. Patients who take paracetamol 
(acetaminophen) long term for pain control had abnormally high plasma 
levels of paracetamol glucuronide, which may correlate with the presence of 
anorexia and wasting in this group of patients. Elevated concentrations of 
glycoprotein fragments were also observed and may relate to the presence 
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of high levels of N-acetylglucosaminidase, and other glycoprotein cleaving 
enzymes, in the plasma originating from damaged kidney cells. These observa- 
tions lead to the hypothesis that the biochemical changes associated with 
uraemic symptoms and dialysis therapy include: (i) the elevation, and incom- 
plete removal by dialysis, of a group of toxic methylamine species; (ii) the 
dialysis-dependent alterations in the metabolism of groups of physiologically 
important compounds such as choline and the lipoproteins and (iii) the 
generation of formate. 

5.9. 'H NMR spectroscopy of whole blood and red blood cells 

Introduction 

Single-pulse 'H NMR measurements on whole blood give very little 
biochemical information due to the presence of a broad envelope of 
resonances from haemoglobin and plasma proteins. Spin-echo spectroscopy 
of whole blood can give rise to moderately well-resolved signals from plasma 
metabolites and those present inside erythrocytes, notably glutathione. 
However, whole-blood spectra are not easily reproducible because of 
erythrocyte sedimentation which progressively (within a few minutes) 
degrades the sample field homogeneity during the course of collecting a series 
of FIDs. Furthermore, there are substantial intracellular/extracellular field 
gradients which give a major contribution to the T2 relaxation processes for 
the nuclei of molecules diffusing through those gradients. In spin-echo spectra 
this results in the signal echoes not refocusing at the end of the second delay 
in the pulse sequence and very weak spectra are obtained." Spin-echo NMR 
measurements on packed erythrocyte samples do give rise to well-resolved 
signals from intracellular metabolites and a variety of transport and cellular 
biochemical functions can be followed by this method. 

Erythrocyte metabolism, pH and membrane transport studied using NMR 
spectroscopy 

The first paper which showed that NMR spectra of endogenous small 
molecules could be obtained from erythrocytes appeared in 19771°9 and this 
also showed how, using a spin-echo approach, the large broad haemoglobin 
resonances could be eliminated. In cells which were washed with H 2 0  and 
D20, time courses for the conversion of glucose to lactate were determined. 
In another study, the cells were washed to remove all glucose and lactate and 
the intracellular glutathione (GSH) was oxidized to GSSG and the conversion 
monitored by 'H NMR of the GSH resonances, principally the CH2S and CH2 
of the glycyl residue. After conversion to GSSG, glucose was added to the 
suspension and the reformation of GSH was determined as a function of time. 
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Isotope exchange methods have been developed and used to study the 
kinetic effects of intra-erythrocyte enzymes by adding a labelled compound 
to a suspension of red blood cells and then monitoring the subsequent 
distribution of label with time."'?-''6 Enzymes studied include the lactate 
dehydrogenase interconversion of lactate to pyruvate and the exchange of 
label between lactate and solvent to investigate properties of fructose bis- 
phosphate aldolase, triose phosphate isomerase, glyceraldehyde phosphate 
dehydrogenase and lactate dehydrogena~e."~ F'yruvate-water exchange has 
also been studied"' as has the NAD-dependent lactate-malate reaction1I6 
and alanine aminotransferase reaction for lactate-pyruvate conver~ion."~ 
Reactions of GSH have been studied also. In erythrocytes, GSH and its 
constituent amino acids (cysteine, glycine and glutamate) are in dynamic 
exchange and this has been followed using 2H-labelled glycine."8~"9 

One major parameter which can be obtained from NMR is the intracellular 
pH and the pH inside erythrocytes can be measured using 'H NMR spectros- 
copy using a suitable 'H NMR pH indicator which has an NMR chemical shift 
which varies with pH in the range desired. Candidates include the C2-H 
protons from histidines in haemoglobin109 but also an exogenous compound 
can be added as an indicator and imidazole has been used here.'" 

The transport of substances between the inside and outside of the red cell 
can be monitored using NMR if the resonances from the two environments 
have different chemical shifts or intensities In spin-echo NMR spectra of 
erythrocytes, the intensity of resonances from metabolites inside the cells 
is less than outside because of magnetic susceptibility differences inside 
and outside the cells.'2' Also, resonances outside the cell can be selec- 
tively broadened by the addition of paramagnetic species that do not cross 
the red cell membrane. Those used include the ferric complex of desfer- 
rioxamine, dysprosium-DTPA and the copper-cyclohexanediaminetetraacetic 
acid ~ o m p l e x . ~ ~ ~ ~ ' ~ ~ ' ~ ~  To measure the rate of influx of a compound into red 
cells, the compound is added with the paramagnetic agent to a red cell 
suspension and the intensity of the resonance from the intracellular com- 
ponent is monitored as a function of time. This approach has been used 
to study the transport of glycerol,'22 alanine, lactate and ch~line' '~ and 
glycylglycine.'24 The time scale that can be addressed covers the range of 
milliseconds to hours. 12' 

Kuchel and co-workers have used NMR spectroscopy of erythrocytes to 
study the effect of lithium treatment in manic-depressive 
showing an increase in choline. In heavy-metal poisoning, a considerable 
proportion of the metal is found in the blood and the binding of heavy 
metals inside erythrocytes has received much attention.ln-13' For example, 
methylmercury(I1) was shown to cross the red cell membrane rapidly and be 
complexed principally to the thiol groups of GSH and haem~globin. '~~ The 
anti-arthritic gold drug aurothiomalate has also been studied in intact red 
cells using NMR spectro~copy.'~~ Rabenstein has reviewed much of the work 
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in the area of red blood cell NMR spectros~opy.’~~ More recently diffusion 
coefficient measurement has been used to study the binding between diphos- 
phoglycerate and haemoglobin inside intact red blood cells.” 

Very recently, the Kuchel group has been applying a new form of analysis 
called “diffusion4iffraction” to suspensions of red blood cells. This approach 

demonstrated that the cells are aligned by the static magnetic field of the 
NMR spectrometer. In addition conversion of the intracellular haemoglobin 
caused a predictable change in the diffraction pattern and it was also shown 
that water transport inhibition affected the re~u1t.x’~~ Finally the cell diameter 
and intercell spacing could be measured from the diffraction plots and these 
have been compared with electron  micrograph^.'^^ 

The technique of magic angle spinning (MAS) has also been applied to ‘H 
NMR spectra from red blood cell suspensions and under the MAS conditions 
two water peaks can be observed, corresponding to intra- and extracellular 
water.13’ 

is based on the pulsed-field gradient diffusion NMR experiment46 and 

6. ‘H NMR SPECTROSCOPY OF HUMAN AND ANIMAL URINE 

6.1. Sample details for NMR spectroscopy 

The kidneys have a key role in the maintenance of body homeostasis and 
effectively regulate whole-body biochemistry by the reactive elimination of a 
wide variety of unwanted organic and inorganic compounds in the urine, i.e. 
the constancy of the internal environment is maintained at the expense of 
varying urinary composition. This variation in composition is, therefore, a 
reflection of a large number of biochemical processes taking place both in the 

of enormous diagnostic importance. 
The composition and physical chemistry of urine is complex and highly 

variable both between species and within species according to lifestyle. A 
wide range of organic acids and bases, simple sugars and polysaccharides, 
heterocycles, polyols, low-molecular-weight proteins and polypeptides is 
present together with inorganic species such as Na+, K+,  (=a2+, M&+, HCO?, 
SO$- and phosphates. It is possible to detect large numbers of the organic 
species with modem NMR spectrometers. Many of these moieties also 
interact extensively, forming complexes that may undergo chemical exchange 
reactions on a variety of different time scales, some of which are amenable to 
NMR study. The ionic strength of urine varies considerably and may be high 
enough to affect adversely the tuning and matching of the RF circuits of a 
spectrometer probe, particularly at high field strengths. Therefore, it may be 
necessary to retune the spectrometer probe for each urine sample especially 
at fields of 14.1 T or more. Because of its high ionic strength it is sometimes 

kidney and elsewhere in the body and, as such, NMR urinalysis is potentially 
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counterproductive to concentrate urine samples by freeze-drying and 
subsequent reconstitution in smaller volumes of solvent, unless this is 
performed conservatively. Urinary osmolalities vary from about 150 to 
1300 mOsmoles in normal human urine,'38 but animal urines can have much 
higher osmolarities (up to 2000 mOsmoles in rodents and >3000 mOsmoles in 
dcscrt spccics). Thc viscosity of human urinc samplcs is normally low, but 
may be higher in laboratory rodents that are physiologically proteinuric; this 
will generally shorten relaxation times in comparison with pure aqueous 
solutions of metabolites. The presence of high concentrations of protein in the 
urine, e.g. due to renal glomerular or tubular damage, can result in the 
broadening of resonances from low-molecular-weight compounds which may 
bind to these urinary proteins. 

Urinary pH may vary from pH 5 to 8, according to the physiological 
condition in the individual, but usually lies between 6.5 and 7.5. High urinary 
pH values (>9) may indicate partial decomposition of the sample due to 
contamination by bacteria which secrete the enzyme urease which decom- 
poses urea to release ammonia. Urine samples should, therefore, be frozen as 
soon as possible after collection if NMR measurements cannot be made 
immediately. When experiments involve collections from laboratory animals 
housed in metabolic cages, urine samples should be collected into receptacles 
that are either cooled with dry ice or have a small amount of sodium azide 
present as a bacteriocide. However, both these procedures may inhibit or 
destroy urinary enzymes that may frequently be assayed by conventional 
biochemical methods for assessment of kidney tubular integrity in toxicologi- 
cal experiments. Correction of urinary pH to a standard value of 7.4 can be 
attempted for normalization of chemical shifts. However, pH correction can 
be time consuming and it can be shown experimentally that urinary pH values 
are unstable (even with added strong buffer) because of the progressive and 
highly variable precipitation of calcium phosphates which may be present in 
urine close to their solubility limits. One possible solution to this problem is 
the addition of 100-200 mmol 1-' phosphate buffer in the D20 added for the 
lock signal followed by centrifugation to remove precipitated salts. This has 
the effect, in most cases, of normalizing the pH to a range of 6.7-7.6 which is 
stable for many hours during which NMR measurements can be made. 
Relatively few metabolites show major chemical shift variations over this pH 
range (with the exception of histidine and citrate). 

Good signal-to-noise ratios for the major metabolites can usually be 
obtained in single-pulse spectra of urine by collecting only 16-32 FID on 600 
or 800 MHz spectrometers. The vast majority of urinary metabolites have 'H 
T,  relaxation times of 1 to 4 %  the relaxation process being slightly more 
efficient than in pure aqueous solutions due to the presence of small amounts 
of paramagnetic metal ions in the urine. Given this range of TI values, the 
general rule of applying a 5 X TI relaxation delay between successive 90" 
transients to obtain >99% relaxation and hence quantitative accuracy cannot 
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be applied routinely. Applying this delay to the longest Tl signal in the 
sample unnecessarily compromises the best signal-to-noise ratios for most 
metabolites (unless the measurement of a selected group of metabolites is 
particularly important, in which case the delays are optimized for those). 
Therefore, by using 3045" pulse angles and leaving a total TI relaxation 
delay of 5 s between successive pulses, spectra with good signal-to-noise 
ratios can usually be obtained for most metabolites in 5-10 minutes at high 
field with a generally low level of quantitative signal distortion. Clearly, for 
a particular quantitative problem on a defined set of metabolites, the 
instrumental conditions and relaxation delays would be optimized for those 
measurements But it is the overall speed (and lack of necessity of rigorous 
optimization) with which biofluids can be screened and fingerprinted 
that makes 'H NMR particularly useful in studies on the comparative 
biochemistry and physiology of animals. Recently, it has become standard 
practice to replace simple solvent resonance presaturation with pulse 
methods which either induce such saturation or which leave the solvent 
water resonance unexcited. One popular method involves using simply the 
first increment of a 2D NOESY sequence and, as a consequence, this 
requires the use of only 90" pulses. 

A vast number of metabolites may appear in urine samples, and problems 
due to signal overlap can occur in single-pulse experiments The magnitude of 
the signal assignment problem in urine is also apparent at ultra high field. 
There are probably > 5000 resolved lines in single-pulse 750 or 800 MHz 'H 
NMR spectra of normal human urine (Fig. l), but there is still extensive peak 
overlap in certain chemical shift ranges. Thus chemical noise is still a 
significant feature of NMR spectra of urine even at 800 MHz and many signals 
remain to be assigned. The dispersion gain at 800 MHz even over 600 MHz 
spectra is particularly apparent in 2D (or 3D) experiments that can be used to 
aid signal assignment and simplify overlapped spectra. The endogenous 
compounds that have been detected in NMR spectra of human and animal 
urines are shown in Table 2. 

6.2. NMR comparisons of biochemistry of urine &om different species 

The biochemical composition of urine varies considerably from species to 
species and also with the age of the animal as almost all species have 
age-related changes in renal function. Rats and other rodents have much 
higher levels of taurine, citrate, succinate, 2-oxoglutarate and allantoin than 
humans and this is clearly apparent in the 'H NMR spectra. Rat urine (and 
that of other rodents) is generally much more concentrated than human urine, 
and so NMR signal-to-noise ratios may be better for many metabolites All 
animals have physiological processes which are modulated by biological 
rhythms. This includes excretory processes and the urinary composition of an 
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animai may vary considerably according to the time it is collected. Given 
these types of variation it is obviously of paramount importance to have 
closely matched (and in many cases timed) control samples where toxicologi- 
cal or disease processes are being studied. 

Dietary composition also affects the urinary metabolite profiles of man and 
animals, and it is important to distinguish these from disease-related processes 
in clinical or toxicological studies For example, persons consuming large 
quantities of meat/poultry before urine collection may have NMR-detectable 
levels of carnosine and anserine in their urine; consumption of cherries is 
associated with elevated urinary fructose, and consumption of shellfish and 
fish is associated with high levels of betaine and trimethylamine in the urine.' 
The age of a laboratory animal can also influence the excretion profiles of 
urinary metabolites, for instance the increasing age of a rat is associated with 
increased urinary taurine but a decrease in urinary citrate.' These variations 
due to age or diet must be accounted for in biochemical or toxicological 
studies, in which it is very important to match controls as closely as possible 
to the experimental subjects with respect to age and weight. 

4.3. NMR observation of chemically exchanging species in urine 

In urine samples, T2 relaxation times for some metabolites are dominated by 
chemical exchange contributions and can be variable according to the pH and 
endogenous metal ion concentrations. For example, the T2 of citrate CH, 
protons is dependent on pH, and the relative concentrations of the acid itself 
and the Ca2+ and M$' ions which are present in concentrations ranging from 
1 to 10 mmol 1-'. The T2 relaxation time of water in urine is highly dependent 
both on pH and the presence of the more abundant endogenous species 
which have exchangeable protons. In normal human subjects, the most 
important of these are urea, uric acid (and allantoin in most nonprimates), 
phosphate and ammonium ions. Urea is the most abundant proton-exchang- 
ing solute and is often present at concentrations of up to 0.7mmol 1-1 in 
human urine, and possibly twice this in rodents.'39 The urinary water NMR 
linewidth is typically about 4Hz at 400MHz, broadening to >loHz at 
600MHz. Supplementation of the natural amounts of these compounds in 
urine and adjustment of pH can give water linewidths of >30Hz and allow 
efficient water suppression via the selective augmented T2 relaxation (WATR 
method).'39 At low pH (i.e. < 1) proton-exchange reactions are slower and T2 
relaxation times become longer for water, ammonium and urea protons. 
Ammonium ions (present as an endogenous metabolite in all animal urines) 
can be detected directly in urine at low pH values, as the proton exchange rate 
is slow and the lines sharpen to give a 1 : l : l  triplet (due to the 14N-lH 
coupling) at 67.2. If deuterium oxide is present in the sample (e.g. at 20% for 
a field frequency lock) the ammonium signals may show additional splittings 
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due to the presence of various deuteriuxdproton isotopomers of ammonium 
(i.e. N&+, NH,D+, NH2D; and NHD:). 

In addition, paramagnetic species can be added to urine samples. The 
paramagnetic ions bind to polar species such as the water, causing a consider- 
able shortening of the water T2 relaxation time and a consequent line 
broadening. The water peak can then be eliminated simply by measuring a 
spin-echo spectrum using a suitable delay between the 90" and 180" pulses. 
This process will of course also attenuate the resonances of any other species 
which interacts with the paramagnetic ion. 

6.4. Effects of solvation changes on metabolite spectra in urine 

An effective method of changing the solvation conditions of a biofluid sample 
is to freeze-dry samples and reconstitute with the desired solvent. There are 
several reasons for undertaking such procedures including replacement of 
water with deuterium oxide as a method of avoiding the dynamic range 
caused by the water resonance. This is a facile procedure but may result in 
selective deuteration of exchangeable metabolite protons, mainly NH, NH,, 
SH, COOH, OH but also certain CH or CH, protons can exchange, e.g. CH, 
of acetoacetate, which undergoes keto-enol tautomerism, and the CH2 of 
creatinine which is mildly acidic. Changing to a deuterated aprotic solvent, 
e.g. dimethyl sulfoxide (DMSO), prior to NMR study confers the benefit of 
being able to observe protons which are normally exchange-broadened in 
aqueous solutions or to observe protons which are coincident with the 
water resonance frequency. Yamamoto et al. 140 proposed freeze-drying urine 
samples followed by their reconstitution in deuterated DMSO as a method 
for eliminating the water signal in order to detect signals from glycerol which 
were otherwise masked by the solvent resonance at very low magnetic field. 
One of the problems of such reconstitutions is the differential solubility of 
metabolites in nonaqueous solvents, i.e. the metabolites of interest may not 
dissolve at all. This can be shown by reconstituting freeze-dried rat urine in 
DMSO in which citrate resonances are noticeably absent." The benefit of 
this type of reconstitution lies in the extra information forthcoming in the 
form of, for example, the resolved resonances of NH groups and their proton 
couplings. 

6.5. Physiological effects on urine composition by NMR spectroscopy 

Effects of diet 

Dietary composition affects the urinary metabolite profiles, and it is impor- 
tant to distinguish this from disease-related processes in clinical or toxicolo- 
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gical studies. The effects of diet on urinary metabolites can be quite marked 
as for urine from a rat on a standard laboratory diet for rodents to one that 
was fed on a 15% casein diet and a rat that was fed on a diet depleted in sulfur 
amino acids' The sulfur amino-acid-deficient diet leads to low urinary taurine 
because of the depletion of the taurine biosynthetic pathway, whereas the 
casein diet leads to elevated levels of TMAO, and dimethylamine due to the 
catabolism of excess dietary choline. The age of a laboratory animal can also 
influence the excretion profiles of urinary metabolites for instance increasing 
the age of a rat is associated with increased urinary taurine but a decrease in 
urinary citrate.' These variations due to age or diet must be accounted for in 
biochemical or toxicological studies, in which it is very important to match 
controls as closely as possible to the experimental subjects with respect to age 
and weight. 

More subtle interactions of dietary factors with the metabolism of 
xenobiotic compounds can also be studied using 'H NMR spectroscopy of 
urine. For instance rats fed on diets containing 1% paracetamol become 
anorexic, but supplementation of the diet with methionine protects against 
the weight Insight into the biochemical basis of this phenomenon was 
given by 'H NMR urinalysis studies which showed that rats dosed chronically 
with paracetamol excreted large amounts of 5-oxoproline (prevented by 
dietary methionine supplementation) which was consistent with a defect in 
the glutathione cycle. This defect was caused by the chronic depletion of 
sulfur amino acids because of the heavy requirement for these imposed 
by the metabolism of paracetamol to sulfate, glutathione and cysteine 
conjugates.'" 

Fetal renal metabolism 

The study of renal development has major implications for understanding 
further the aetiology of a range of renal disorders that include inherited 
polycystic kidney disease. The stages of development of renal function (i.e. 
glomerular filtration and tubular reabsorptiodsecretion processes) however 
remain ill defined with respect to cellular development and therefore NMR is 
particularly appropriate for the investigation of the metabolite composition of 
valuable microvolumes of fluids that are obtainable from fetuses. 

The 500MHz and 600MHz 'H NMR spectra of neonate urines are 
characterized by strong signals from amino acids, organic acids, amines, sugars 
and p ~ l y o l s . ' ~ ~ . ' ~  In particular, high concentrations of myo-inositol were 
detected in both pre- and full-term urines This is an important intracellular 
organic osmolyte in renal cells, present in high concentrations in the renal 
inner medulla. The turnover of myo-inositol in the human, however, is 
substantially greater than can be accounted for by dietary intake alone. The 
high neonatal urinary excretion of myo-inositol observed, prior to any form of 
nutritional intake, may be significant in understanding further the clinical 
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implications of myo-inositol metabolism. These include, in addition to lung 
immaturity, neonatal growth and development, diabetes mellitus and chronic 
renal disease. Myo-inositol is ultimately synthesized from D-glucose and the 
structural similarity between glucose and myo-inositol results in competition 
for high-affinity myo-inositol transporters. Hyperglycaemic-induced altera- 
tions in polyol metabolism (e.g. depletion of myo-inositol) may be con- 
tributory factors to the development of diabetic renal complications. The 
response of the fetal kidney to hypoxia has also been investigated using NMR 
spectroscopy of urine.14' The levels of betaine in human neonatal urine and in 
developing rat urine have been studied.'& 

Fasting 

Fasting and starvation lead to a condition known as ketosis or metabolic 
acidosis, characterized by high levels of the ketone bodies (acetone, 
acetoacetate and 3-~-hydroxybutyrate) in the biofluids. This condition is 
potentially life threatening due to the impact that high levels of the ketone 
body acids have on the blood plasma bicarbonate buffering system. Thus 
clinical chemistry methods for the analysis of the ketone bodies are important. 
Unfortunately, many of the standard methods for the analysis of the ketone 
bodies are time-consuming and require considerable sample preparation 
steps. In view of this, the utility of 'H NMR spectroscopy of biofluids has been 
investigated as an alternative monitor of clinical condition. 

Following on from initial 'H NMR studies on the serum and urine from a 
single volunteer in 1984, a detailed study of the effects of fasting on the 'H 
NMR spectra of the urines from five normal human volunteers was reported 
in 1986.'47 These volunteers underwent a 48-hour period of fasting. 'H NMR 
analysis was able to detect simultaneously the rise in levels of all three ketone 
bodies as well as those of acetylcarnitine, dimethylamine and creatinine. The 
excretion rates of dimethylamine and creatinine remained relatively constant 
throughout the course of the entire experiment whilst the excretion rate of 
3-~-hydroxybutyrate measured by 'H NMR was in reasonable agreement 
with conventional enzyme assay methods. However, the levels of acetylcar- 
nitine excretion determined by 'H NMR, i.e. up to 600 pmole d-', were much 
higher than those measured by conventional assay. The conventional method 
is complex and involves ion-exchange chromatography, treatment with three 
enzymes and a h a 1  fluorescence assay. 

6.6. NMR spectra of urine in disease 

Inborn errors of metabolism 

Given the serious outcome of many inborn errors of metabolism, if not 
diagnosed and treated at an early stage, there has been a search for a rapid, 
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sensitive and general method for the detection and diagnosis of inborn 
errors of metabolism in neonates. Conventional methods including specific 
enzyme assays and gas chrornatography/mass spectrometry are sensitive 
but time consuming, involve considerable sample preparation and are not 
general. However, NMR spectroscopy of biofluids has been shown to be a 
very powerful and general method for the detection of inborn errors of 
metabolism. 

Many metabolic disorders have been studied by the use of biofluid NMR 
and these are summarized in Table 4 which lists most significant 
Most of the work listed has involved 'H NMR studies on human urine. In 
many cases the disease diagnosis had been made by gas chromatography/mass 
spectrometry and in some cases further confirmed by enzymology on cultured 
skin fibroblasts. For 'H NMR at 250MHz Lehnert and H~nkler '~ '  had 
problems with signal overlap so operation at 360 MHz or above is recom- 
mended. Lehnert and Hunkler also recommended that all urine samples 
should be adjusted to a standard pH of 2.5 in order to avoid the problem of 
chemical shifts varying slightly with the pH of the urine. This approach has 
not been adopted by others. The adjustment of pH should be avoided if 
possible, as it adds to the sample preparation time and can lead to accelerated 
degradation of biofluid components. Changing the pH also interferes with 
subtle intermolecular interactions in biofluids, which may themselves carry 
important biochemical and clinical information. A few key examples serve to 
illustrate the approach. 

In individuals with a deficiency in methylacetoacetyl CoA thiolase 
(MACT), the conversion of 2-methylacetoacetyl-CoA into acetyl-CoA and 
propionyl-CoA is inhibited and an accumulation of abnormal catabolic 
products is observed in the urine. Williams et have successfully used both 
1D and 2D 'H NMR spectroscopy to investigate the urinary metabolites of 
two unrelated patients with this disorder. The urine spectra from both 
patients clearly showed the presence of both 2-methyl-3-hydroxybutyrate and 
tiglylglycine, which is characteristic for M A m  deficiency due to the build-up 
of metabolites close to the position of enzyme deficiency. However, at 
360MHz, the 'H NMR spectra are quite crowded and difficult to interpret 
fully. This difficulty was overcome by the use of the 2D JRES 'H NMR 
experiment, which resolved all the proton-proton couplings into the second 
dimension, allowing much clearer spectral interpretation. In addition to the 
spin-echo and 2D 'H J-resolved NMR spectra, 2D 'H COSY NMR 
spectroscopy was used to determine the spin-spin coupling connectivities 
between the protons in the various urinary components. 

A similar success was observed for studies of branched-chain ketoaciduria 
in which the second stage of the catabolism of leucine, valine and isoleucine 
involves an oxidative decarboxylation. In patients with branched-chain 
ketoaciduria, this step is blocked for all three of these amino acids. The urine 
of these patients takes on the odour of maple syrup and hence this condition 
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is also known as maple syrup urine disease. Iles et a1.lS2 have used ‘H NMR 
spectroscopy to study the urines of three patients with branched-chain 
ketoaciduria. The spectra showed several abnormal metabolites including the 
amino acids leucine, isoleucine and valine and their corresponding transam- 
ination products. It was noted that 2-hydroxyisovalerate levels were very high 
in the urines of all the patients studied and that, as in other inborn errors of 
metabolism, the levels of urinary glycine were elevated. Similar results have 
been reported by Lehnert and Hunkler in ‘H NMR studies at 250MHz.”’ 
Also urine from a patient with maple syrup urine disease has been studied 
using 750 MHz ‘H NMR spectroscopy. The increased dispersion provided at 
this frequency leads to increased confidence in the assignment of the 
abnormal metabolites such as hydroxy and keto acids.ls8 

Iles et a1.165,166 have reported the use of ‘H NMR to monitor the effects of 
carnitine therapy on patients with methylmalonic aciduria and propionic 
acidaemia, disorders characterized by the accumulation of acyl-CoA inter- 
mediates. Acylcarnitine excretion is much increased in these disorders and it 
is likely that this results in intracellular carnitine insufficiency. The administra- 
tion of carnitine in large quantities to these patients is designed to reduce the 
harmful excess of acyl-CoA intermediates by increased excretion of acylcar- 
nitine conjugates. In these NMR studies the adult patients and controls were 
given oral or intravenous L-carnitine at a variety of doses. Spectra from a 
methylmalonic aciduria patient not only showed a fall in methylmalonate 
excretion as a result of therapy but also established that a large fraction of the 
“propionyl pool” had combined with the carnitine to produce propionylcar- 
nitine, which was excreted in the urine. The patient showed a marked clinical 
improvement as the level of propionylcarnitine excretion rose. By contrast, a 
patient with propionic acidaemia exhibited little clinical improvement with 
carnitine therapy. Full results of studies on two boy patients with propionic 
acidaemia and one girl with methylmalonic acidaemia were also rep~rted.’~’ 
The studies describe the response of the patients to both carnitine challenges 
given when the patients were clinically stable and to carnitine therapy given 
in periods of metabolic instability. 

High-field ‘H NMR spectroscopy has shown itself to be a very powerful 
tool with which to diagnose inborn errors of metabolism and to monitor the 
clinical response of patients to therapeutic interventions. Characteristic pat- 
terns of abnormal metabolites are observed in the patient’s urine for each 
disease. The main advantages of using ‘H NMR spectroscopy in this area are 
(i) it is fast, with spectra being obtained in 5 to 10 minutes, (ii) minimal sample 
preparation is required, which again speeds sample throughput, but also 
ensures minimal perturbation to sensitive compounds in the biofluid, and (iii) 
it provides a nonselective detector for all the abnormal metabolites in the 
biofluid regardless of their structural type, providing only that they are 
present above the detection limit of the NMR experiment. The speed 
advantage is of crucial importance in this area of work as the clinical 
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condition of a patient can change very rapidly and correspondingly rapid 
changes must be made to the therapy provided. Overall, the characteristics of 
NMR spectroscopy make it an ideal tool with which to obtain an analytical 
overview of abnormal metabolites in a biofluid and it may therefore be of 
value for large-scale screening for a variety of these diseases in the population 
at large. In addition to the potential for the rapid and accurate diagnosis of 
inborn errors of metabolism, further advantages are associated with the NMR 
approach. In particular, NMR spectroscopy may facilitate the understanding 
of the changes that occur in the profiles of minor, secondary biofluid 
metabolites in many of the disease states. This is of importance in gaining a 
greater insight into the clinical condition. 

Set against these advantages are, however, the drawbacks of insensitivity 
relative to the conventional GCMS assays and the fact that the ‘H NMR 
spectra are rather crowded, even at very high field. Thus ‘H NMR is very 
much complementary to the conventional assay methods, and GCMS will still 
be required for confirmation of diagnosis and the differentiation of variant 
forms of diseases, some of which are characterized by the excretion of low 
levels of diagnostic metabolites. With the advent of even higher-field NMR 
spectrometers with much enhanced sensitivity, it is envisaged that the use of 
NMR spectroscopy in this area, which has already been very successful, will 
increase. 

Discme studies 

Videen and Ross have recently emphasized the usefulness of ‘H NMR 
spectroscopy of urine for disease diagnosis.’68 The use of ‘H NMR spectra of 
mouse urine to monitor the course of spontaneous mammary tumorigenesis 
has been proposed.169 

Knubovets and co-workers reported a statistical analysis of the ‘H NMR 
spectral data from the urines of 52 patients with glomerulonephritis and eight 
healthy volunteers on a pseudonephrological Peak intensities in the 
spectra were normalized relative to the creatinine signal and were given as 
so-called “excretion indices”. This approach was selected because creatinine 
is not secreted or reabsorbed in the renal tubules and is only filtered in the 
renal glomeruli. Thus daily creatinine excretion is stable for each person and 
is independent of external factors such as the protein content of meals. 
Using the excretion indices eliminates the dependence of signal inten- 
sities on the glomerular filtration rate and specifically reveals changes in 
metabolite concentration due to renal tubular dysfunction. The urine of 
glomerulonephritis patients was characterized by increased levels of amino 
acids, ketone bodies, TMAO, dimethylamine and lactate but decreased 
levels of citrate and a-ketoglutarate. The elevated amino acids, TMAO and 
dimethylamine were interpreted as being due to renal tubular interstitial 
changes. Progression of glomerulonephritis was shown to be accompanied by 
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a change in the amino aciduria from involving non-essential amino acids to 
essential amino acids. The 'H NMR urinalysis was found to be more sensitive 
than standard biopsy techniques in certain cases and was capable of establish- 
ing tubular and papillary damage in glomerulonephritis patients with clini- 
cally preserved kidney function, especially those with the nephrotic variant of 
the disease. 

Foxall ef UI."~ used 500 and 600 MHz 'H NMR spectroscopy to study the 
urine samples from 33 kidney transplant patients over a period of 14 days 
postoperation. For each of the patients the NMR data were correlated with 
clinical observations, graft biopsy pathology and conventional renal function 
tests. All of the patients received immunosuppressive treatment, although 
none of the patients showed clinical or histopathological signs of cyclosporin 
A nephrotoxicity. Currently, the assessment of renal graft dysfunction follow- 
ing transplantation relies on plasma creatinine concentration measurements 
(to assess creatinine clearance) and graft biopsy results, which are often 
inconclusive. A statistically significant (p C0.025) increase in urinary TMAO 
was found for patients with graft when compared with either normal controls 
or patients with good graft function. However, there was an overlap between 
the TMAO concentrations of each of the groups, indicating that TMAO 
measurements alone would not be a reliable marker of graft dysfunction. 
Urinary levels of dimethylamine were also elevated in the patients with graft 
dysfunction, but this was not statistically significant. In patients with clinical 
evidence of renal ischaemia and acute tubular necrosis, the 'H NMR of the 
urine showed high levels of lactate, acetoacetate, hippurate and acetoacetate 
but minimal aminoaciduria. 

In a similar study, Le Moyec et ~ 1 . l ~ ~  reported an analysis of the 'H NMR 
spectra of urine and plasma from 39 patients following renal transplantation. 
Peak heights of several urinary metabolite signals were compared with the 
peak height of the creatinine signal for two groups of patients, divided 
according to their renal function (Group 1, creatinine clearance greater than 
or equal to 17 ml min-'; Group 2, less than 17 ml min-'). It was suggested that 
the use of three parameters could provide a means of discriminating between 
patients with rejection, cyclosporin A nephrotoxicity or cyclosporin A over- 
dose. The three parameters were: (i) the ratio TMAOlcreatinine in the urine, 
(ii) the presence of TMAO in plasma and (iii) the ratio of a peak at 63.7 to 
that of creatinine in the urine 'H NMR spectrum. From the above two studies 
it is apparent that urinary TMAO concentrations are an important marker of 
renal transplant dysfunction, although the sensitivity and specificity of the 
measurement are insufficient for clinical diagnosis. Eugene et ~ 1 . ' ' ~  have 
studied urine from fetuses with uropathologies using 'H NMR spectroscopy 
and another study investigated levels of urinary betaine in patients with 
vascular disease.'75 

Paracetamol (acetaminophen) is a very widely used analgesic and anti- 
pyretic and it has little toxicity when taken at therapeutic doses. The 
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metabolism of paracetamol in normal men, after a typical therapeutic dose, 
has been studied by both and 2D NMR ~pectroscopy,’~~ as well as many 
other techniques. The patterns of metabolite excretion determined by NMR 
spectroscopy are in agreement with the results of other methods and show 
that the relative proportions of the glucuronide, sulfate, N-acetyl-L-cysteinyl 
and free drug plus L-cysteinyl metabolites were approximately 50, 38, 3 and 
9% respectively. ’H NMR spectroscopy has also been used to study the 
profiles of both drug and endogenous metabolites in the urine (and plasma) 
from patients suffering from paracetamol self-intoscation after overdose 
with suicidal intent.”* Ingestion of more than l o g  of the drug results in 
centriiobular necrosis of the liver, which can lead to fatal liver failure several 
days postingestion. The toxicity of paracetamol is associated with a reactive 
metabolite produced by the cytochrome P450 mixed-function oxidase system. 
However, after a normal therapeutic dose of paracetamol, the metabolite is 
detoxified by glutathione conjugation, which leads to the formation of the 
L-cysteinyl and N-acetyl-L-cysteinyl metabolites. In cases of paracetamol 
overdose, glutathione depletion occurs If admitted to hospital within 12 
hours of overdose, the toxic damage can be limited by dosing the patient with 
glutathione precursors such as N-acetyl-L-cysteine or L-methionine. The 
pattern of drug metabolites in the urine following a paracetamol overdose is 
very different to that after a normal dose as the excretion of the sulfate 
metabolite is decreased greatly relative to the glucuronide. The spectrum 
from a “massive overdose” patient (admitted to hospital in a coma but 
subsequently recovered) showed a different pattern again. The most abun- 
dant drug-related signals now come from the cysteinyl and N-acetylcysteinyl 
metabolites, and disturbances are evident in the levels of a number of 
endogenous components. For instance, the levels of lactate, tyrosine, alanine 
and other amino acids are elevated, suggesting that hepatic catabolic-trans- 
amination reactions are disturbed: a sign of drug-induced liver failure. Similar 
spectra were obtained on the urines from patients whose overdose was 
subsequently fatal at this timepoint. The ‘H NMR spectrum of the blood 
plasma of the “massive overdose” patient, two days after overdose, showed 
large elevations in plasma amino acid levels, consistent with suffering acute 
liver failure. These elevations in plasma amino acid concentrations would 
cause the high amino acid and organic acid levels observed in the urine of this 
patient , 
‘H NMR spectroscopy has also been used, in conjunction with standard 

clinical biochemical analyses, to monitor renal function in an unusual case 
of phenol p~isoning.”~ A 41-year-old man fell into a shallow vat containing 
40% phenol in dichloromethane, at his place of work. He did not ingest any 
solvent and was partially immersed for only a few seconds However, he was 
found collapsed and badly burned in the nearby shower unit. Subsequently, 
his plasma creatinine levels began to rise, and he did not pass urine. This 
acute renal failure was treated by haemodialysis and the i.v. administration 
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of furosemide. Not only were metabolites of phenol clearly visible in the 
spectra taken within a few days of the incident, but the abnormally high 
levels of lactate, amino acids such as alanine and valine and glucose were all 
indicative of severe proximal tubular damage (see Section 6.7). Recovery 
from these cortical renal lesions was relatively rapid (about four weeks). 
However, levels of dimethylamine and dimethylglycine began to rise after 
two to three weeks. These metabolites are not normally measured in clinical 
chemical studies, but have recently been shown to be markers for experimen- 
tally induced renal papillary lesions (see Section 6.7). The patient was 
discharged from hospital after six weeks, when renal function was judged to 
be normal by standard clinical chemistry criteria (blood plasma levels of 
urea, potassium, sodium, creatinine, calcium, phosphate, and urine levels of 
glucose and protein), but 'H NMR revealed residual renal papillary damage. 
One year after the incident, the patient was still polyuric and passing 3 litres 
of urine per day. 

Verkeersch and co-workers have reportedlm the case of a 4-month-old girl 
who presented with agitation, hyperexcitation, fever, dehydration, polypnea 
and metabolic acidosis. 'H NMR spectroscopy of the lyophilized urine from 
the patient showed the presence of 2-hydroxybenzoic acid (salicylic acid), 
o-hydroxyhippuric acid and 2,5-dihydroxyhippuric acid, which indicated that 
she had been poisoned with salicylate (aspirin). It is notable that this study 
was completed at 80 MHz, a relatively low field strength. 

Malhotra and co-workers'81 reported on the 'H NMR analysis of urine (and 
plasma) from five patients presenting with metabolic acidoses and elevated 
anion gaps at a hospital renal consultation service. Analysis of the biofluids by 
NMR was found to be extremely beneficial in the rapid determination of the 
causes of the metabolic disturbances In three of the patients, alcohol inges- 
tion (paint thinner, antifreeze) was identified in only 10 to 15 minutes 
allowing prompt decisions on treatment to be taken with increased chances of 
patient recovery. Case 1 from this report is typical. A young male in a 
comatose state was brought into the hospital by his wife, who had observed 
him drinking a can of paint thinner (containing methanol, toluene and 
methylene dichloride). Ethanol infusion was begun in order to protect against 
methanol intoxification and a sample of the patient's urine was analysed by 
NMR. Characteristic resonances from the methanol, toluene and methylene 
dichloride in the paint thinner were readily observed confirming the cause of 
thp_ symptoms Signals were also observed from the ethanol in the infusion. 
After haemodialysis the patient recovered and was discharged. 

Pappas er ~ 1 . ' ~ ~  have recently reported a similar 'H NMR application, 
identifying and quantitating ethanol, isopropanol, acetone and methanol in 
biofluids from 15 patients. 

Few cases have been reported of the application of high-resolution NMR 
spectroscopy to the study of clinical toxicological problems However, the 
reports discussed above were so successful that it seems certain that 'H NMR 
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spectroscopy with its attributes of speed, lack of sample preparation and 
detection of a very wide range of metabolites will enjoy much increased usage 
in this area in the future. 

6.7. Evaluation of toxic effects of xenobiotics using NMR spectroscopy of 
urine 

The successful application of 'H NMR spectroscopy of biofluids to study 
a variety of metabolic diseases and toxic processes has now been well 
e ~ t a b l i s h e d ' ~ ~ ' ~ ~  and many novel metabolic markers of organ-specific toxicity 
have been discovered. The method is based on the fact that the biochemical 
composition of a biofluid is altered when organ damage occurs. This is 
particularly true for NMR spectra of urine in situations where damage has 
occurred to the kidney'95203*210 or liver.'s4.201 It has been shown that specific 
and identifiable changes can be observed which distinguish the organ that is 
the site of a toxic lesion. Also it is possible to focus in on particular parts of an 
organ such as the cortex of the kidney and even in favourable cases to very 
localized parts of the cortex. Finally, it is possible to deduce the biochemical 
mechanism of the xenobiotic toxicity, based on a biochemical interpretation 
of the changes in the urine. 

A wide range of toxins has now been investigated including the 
kidney cortical toxins mercury chIoride,188.'92200 p-aminopheno1,20z~21' 
ifo~famide, '~~. '~ the kidney medullary toxins propyleneimine"' and 
2-bromoethanamine hydr~chloride'~~ and the liver toxins hydrazine, ally1 
alcohol, thioacetamide and carbon tetrachloride.'s*lw The testicular toxin 
cadmium chloride has also been investigated in detail.'87*208 The aldose 
reductase inhibitor HOE-843 has also been studied.'94 

68. Use of combined NMR spectroscopy-pattern recognition (NMR-PR) 
to evaluate biochemical changes in urine 

Introduction 

One of the prerequisites for automatic use of NMR spectra as descriptors to 
enable sample classification has been the need to reduce the spectra to a 
series of multidimensional coordinates One way is to segment the spectrum 
and integrate over each segmented region, thereby removing the effects of 
minor chemical shift changes as a result of changes, e.g. in pH.'14 

Studies of xenobiutic toxicity 

The first studies of using PR to classify biofluid samples were those of 
Gartland et Here a simple scoring system was used to describe the 
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levels of 18 endogenous metabolites in urine from rats which were either in a 
control group or had received a specific organ toxin which affected the liver, 
the testes, the renal cortex or the renal medulla. The 'H NMR spectra 
were measured at 400MHz using presaturation for water resonance 
suppression. Scores were generated for acetate, alanine, 3-hydroxybutyrate, 
creatinine, citrate, glucose, glutamine, 2-oxoglutarate, hippurate, lactate, 
succinate, trimethylamine-N-oxide, valine, dimethylamine, lysine, taurine, 
dimethylglycine and creatine. The data were used to construct nonlinear maps 
and various types of principal components scores plots in 2D or 3D. ?he 
samples were divided into two subsets, a training set and a test set. This study 
showed that samples corresponding to different organ toxins mapped into 
distinctly different regions and that in particular the renal cortical and renal 
medullary toxins showed good separation, as can be seen in Fig. 3. Various 
refinements in the data analysis were investigated, including taking scored 
data at three time points after the toxin exposure for the nephrotoxins only 
(this used only 16 metabolites as taurine and creatine were not altered in this 
data subset) as well as using a simple dual scoring system (the time and 
magnitude of the greatest change from control). The maps derived from the 
full time-course information provided the best discrimination between toxin 
classes. 

The study described above was further extended218 to incorporate ac- 
tual metabolite NMR resonance intensities rather than simple scores. This 
was carried out for the nephrotoxins in the earlier group plus additional 
nephrotoxic compounds. The aim was to discover whether the NMR-PR 
approach could also distinguish mechanism of toxicity and site of lesion 
within an organ rather than simply differentiate different organ toxicities. A 
total of 15 different renal cortical and medullary toxins and a control group 
were used and the relative levels of 16 endogenous metabolites in the rat 
urine were quantified. NMR spectral intensities were measured at three time 
points: 0-8 hours, 8-24 hours and 24-48 hours after dosing. A good separation 
of renal medullary from renal cortical toxins was achieved. In addition, it was 
possible to differentiate cortical toxins according to the region of the proximal 
tubule which was affected and also by the biochemical mechanism of the toxic 
effect. A comparison was also made between the use of an added internal 
standard, TSP, and the use of internal glucose which could be calibrated using 
an independent assay for its quantitation; this showed that the derived toxic 
classification was independent of which method was used. 

In order to test the NMR-PR approach further, the time course of 
metabolic urinary changes induced by two renal toxins has been investigated 
in In this case, toxic lesions were induced in Fisher 344 rats by a 
single acute dose of the renal cortical toxin mercury(I1) chloride and the 
medullary toxin 2-bromoethanamine. The rat urine was collected for up to 9 
days after dosing and was analysed using 'H NMR spectroscopy. The onset, 
progression and recovery of the lesions were also followed using histopath- 
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Fig. 3. A plot of principal component scores (PC1 versus P a )  for a set of rat urine 
samples using simple scored levels of 16 metabolites as the descriptor set. A cluster of 
renal cortical toxins is seen at the left, whilst the testicular and liver toxins are to the 
right. At the bottom the two renal papillary toxins (BEA = 2-bromoethanamine; and 
PI = propyleneimine) appear to cluster with liver toxins (ALY = allylalcohol; and 
ANIT = a-napthylisothiocyanate) but are well separated in the third principal com- 
ponent. 

ology to provide a definitive classification of the toxic state relating to each 
urine sample. The concentrations of 20 endogenous urinary metabolites were 
measured at eight time points after dosing using internal TSP as a 
quantitation standard. Principal components analysis (PCA) and nonlinear 
maps (NLM) were used to reduce the data dimensionality. A number of ways 
of presenting the data were investigated and by taking the animal group mean 
value for the 20 metabolite concentrations it was possible to construct 
principal component scores plots which showed metabolic trajectories which 
were quite distinct for the two toxins (Fig. 4). These show that the points on 
the plot can be related to the development o.E, and recovery from, the lesions 
These trajectories allowed the time points at which there were maxi- 
mal metabolic differences to be determined and provided visualization 
of the treated groups of animals The control group animals showed 
no distinct metabolic trajectory and remained in a cluster throughout 
all time points. Unlike the trajectory for mercury, the trajectory for 
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Eig. 4 A plot of PC1 versus PC2 for a set of rat urine samples using levels of 20 
metabolites as the descriptor set. Each point is labelled with the day of collection and 
distinct biochemical trajectories can be seen for the mercury-treated (h) and the 
2-bromoethanamine-treated (b) animals. 

2-bromoethanamine showed different routes for onset 0% and recovery from, 
toxicity. It was suggested that the NMR-detectable biochemical changes after 
mercury toxicity mainly reflect the proportions of functional cells lining the 
nephron, whereas the biochemical abnormalities associated with renal 
medullary damage probably relate to functional integrity. A statistical 
analysis of the NMR-based metabolites which were responsible for defining 
the trajectories was also made. 'Ihese discriminatory metabolites (using a 
paired t-test at p <0.001) included valine, taurine, TMAO, and glucose for 
mercury toxicity and acetate, methylamine, dimethylamine, lactate and 
creatine for 2-bromoethanamine toxicity. In addition a number of other 
resonances were significant in defining trajectories for both toxins and these 
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included citrate, succinate, hippurate, alanine, 2-oxoglutarate and N-acetyl 
resonances from glycoproteins released into the urine. 

A toxicological assessment approach based on neural network software was 
tested by analysing the toxin-induced changes in endogenous biochemicals in 
urine as measured using 'H NMR spectroscopy to ascertain whether the 
methods provide a robust approach which could lead to automatic toxin 
classification.22' The neural network approach to sample classification was in 
general predictive of the sample class. It appears to be reasonably robust and 
once the network is trained, the prediction of new samples is rapid and 
automatic. It is possible to tune the network with respect to improving its 
predictive power and optimizing its architecture (i.e. the number of nodes 
in the hidden layer). However, the principal disadvantage is common to 
all neural network studies in that it is difficult to ascertain from the 
network which of the original sample descriptors are responsible for the 
classification. 

Recently, similar studies have been published using pattern recognition to 
predict and classify drug toxicity effects including lesions in the live?z2 
and kidneyzz3 and using supervised methods as an approach to an expert 
system ?24 

Normal physiological variance of human urine 

The complexity of 'H NMR spectra can make sample classification difficult 
and especially, if one is looking for differences in biochemistry which may be 
the result of a disease process, it becomes necessary to be able to define the 
normal physiological variation in human urine. This is also true for animal 
urines used for toxicological studies especially if the NMR spectroscopic 
approach is used for rapid screening of xenobiotic compounds for possible 
abnormal effects. To this end the variations in human urine caused by water 
loading and deprivation and by diet and exercise have been investigated using 
NMR-PRus with spectra segmented to provide a series of descriptors for 
each sample. In general, the spectra were mapped using NLM or PCA. 

The 600 MHz 'H NMR spectra generated from urine samples were for the 
most part similar. However, some intraperson differences could be observed 
in the spectra. For example one effect could be related to diet in that one 
sample showed a highly elevated level of TMAO following a meal containing 
a high proportion of fish. Several interpersonal differences were observed in 
that two of the volunteers had consistently low urinary citrate, whilst others 
had above-average concentrations of lactate in their urine. The urinary 
metabolites that exhibited the greatest proportional variation between people 
were acetate, citrate, hippurate, lactate and glycine. Spectra obtained from 
urine samples after exercise in general showed a higher concentration of 
lactate when compared to pre-exercise samples, and this could be indicative of 
increased anaerobic metabolism. Both TMAO and taurine showed a variation 
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from sample to sample but no consistent pattern in this variation could be 
deduced which could be attributed to either interperson or physiological 
differences. 

In a principal components (PC) map produced from a selected set of 
descriptors, it was noted that the samples obtained post exercise mapped 
separately to all groups, except for the group of samples classified as 
normal which accounted for all the urines which did not fall into any other 
class. Samples collected from subjects in a water-deprived state could be 
separated from the corresponding samples representing the water-restored 
state. Samples from water-loaded subjects were partially separated from those 
representing water deprivation, with the exception of three samples from the 
water-loaded class, two of which were subsequently found to have os- 
molalities within the normal (non-water-loaded) range. Whereas no appreci- 
able classification was obtained on the basis of subject or physiological status 
using unsupervised PR methods, the application of supervised learning 
procedures proved partially successful both in classifying individual subjects 
and in separating samples obtained under different physiological conditions. 
These supervised procedures also highlighted metabolites responsible for the 
observed class separations.'= 

Inborn errors of metabolism 

The usefulness of the NMR-PR approach to the classification of urine 
samples from patients with inborn errors of metabolism has been 
attempted?= Urine samples from adult patients with inborn errors of 
metabolism were obtained from clinics for metabolic disorders. These 
comprised cystinuria (n = 3), oxalic aciduria (n = 3), Fanconi syndrome 
(n = l), porphyria (n = 1) and 5-oxoprolinuria (n = 1). In this study, each 
600 MHz 'H NMR spectrum was segmented as before. 

PCA mapping produced a condensed grouping for control samples and 
showed a well-defined separation of the inborn errors of metabolism samples, 
with the exception of the samples from oxalic aciduria patients which grouped 
along the edge of the main body of samples in the PC1 versus PC? map. l h o  
of the three oxalic acid samples grouped together, separate from the control 
samples in PC3. The oxalic aciduric samples were classified by conventional 
methods as being of two different types which was supported by their 
separate mapping positions. As with oxalic aciduria, only two of the three 
cystinuria samples mapped closely, a result in agreement with their NMR 
spectra as that of the separated cystinuria was found to be different from the 
other two. The data were also predefined into three classes [(a) cystinuria 
samples (n = 3); (b) oxalic aciduria samples (n = 3) and (c) control samples 
(n = 23)] thereby excluding any samples for which there was only one 
member per class. Descriptors were selected which were significant for class 
separation. The maps generated from these reduced numbers of descriptors 
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showed improved classification. The descriptors principally responsible for 
classification of cystinuria samples corresponded to spectral regions for lysine, 
whereas glyoxalate was found to heavily influence the classification of the 
oxalic aciduria samples. 

Human renal transplantation 

The rapid and unambiguous distinction of the various clinical situations that 
can occur following a kidney transplant remains a problem. For example, it 
is necessary to distinguish rejection which requires increased immunosup- 
pressive therapy such as cyclosporin A (CyA), from tubular necrosis which 
can be caused by too high levels of CyA. At present, kidney function is 
generally characterized using the level of blood plasma creatinine as a 
monitor. However, the balance between rejection and tubular necrosis 
remains a difficult distinction and the only clear diagnosis is an invasive 
kidney biopsy. 

A study of patients after renal transplantation has shown that NMR can 
reveal new markers of abnormality and in particular that high levels of 
TMAO in the urine are correlated with rejection e p i ~ o d e s ' ~ * * ' ~ ~  However, the 
use of TMAO as a single diagnostic marker of rejection is probably not 
sufficiently discriminatory for clinical use because of interpatient variability. 
It is likely that TMAO is only one of a number of potential markers of 
rejection and that a combination of other low-molecular-weight metabolites 
present in urine will provide a new differential diagnosis of rejection and 
CyA toxicity. A combination of high-field 'H NMR urinalysis, automatic data 
reduction and PR methods has been applied to investigate the biochemical 
consequences of renal allograft dysfunction. The specific objectives were to 
evaluate the use of NMR-PR techniques in the differential diagnosis of graft 
rejection and CyA toxicity, to identify novel urinary markers of graft 
dysfunction, and to monitor the biochemical changes occurring with time 
following transplantation? 

Ten patients who received a renal transplant were selected for this study 
because of their clearly defined transplant outcome. All patients were in 
end-stage renal failure at the time of transplantation and had immediate graft 
function within three days of receiving the allograft. After exclusion of 
regions which contained drug metabolite, urea and water resonances, each 
urine 'H NMR spectrum was divided into segments of equal chemical shift 
range, and the total intensity of the signals within each segment was 
calculated. Initially, unsupervised PR analysis, requiring no a priori assump- 
tions regarding patient classification, was performed. A nonlinear mapping 
(NLM) technique was used to display the data in the form of a 2D map. 
Supervised PR techniques were then used to identify the descriptors 
which best separated and defined normal transplant function, acute graft 
rejection and Cy A-toxic episodes, based upon advance knowledge of patient 
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Fig. 5. A nonlinear map (NLM) of 33 human urine samples from patients after kidney 
transplantation based on the levels of six urinary metabolic descriptors The diamonds 
correspond to patients showing good kidney graft function after transplantation, the 
squares are from patients showing cyclosporin nephrotoxicity and the circles are from 
patients with kidney rejection. 

classification, and these were used to provide an improved mapping method. 
Six patients, generating 33 urine samples, were selected to form a training set 
for PR analysis and an NLM showing these urines is given in Fig. 5.  The 
original clinical classification of the cause of the dysfunction is represented 
using diamond symbols for normal function, circles for rejection and squares 
for Q A  toxicity. Quite clearly, supervised NMR-PR is seen to separate these 
samples into three distinct groups with the greatest separation being between 
the CyA toxicity group and the rejection group. It was also notable that, in 
general, the greater the degree of allograft dysfunction (as assessed by 
conventional means) the further the samples plotted away from the control 
group. 
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Identification of the compounds that gave rise to the significant descriptors 
has not been conclusively proven. However, close examination of spectra 
from samples from the various classes using both 600 M H z  and 750 MHz 'H 
NMR spectroscopy suggested that these were 3-hydroxyisovaleric acid, 
N-acetylated glycoproteins, TMAO, hippuric acid and a molecule related to 
N-methylnicotinamide. 

A second object of the exercise was to determine if NMR-PR analysis 
could be used to monitor renal allograft dysfunction as a function of time. 
With the use of NLM techniques, it is possible to construct a plot of the 
longitudinal time course variations in the 'H NMR spectral profile of urine 
from a patient following transplantation, i.e. a trajectory of the pattern of 
renal allograft function. These trajectories were constructed using the six 
descriptors of the spectrum chosen by the NMR-PR method and could be 
used successfully to predict the clinical status of the patients. 

7. 'H NMR SPECTROSCOPY OF SEMINAL FLUIDS 

7.1. Composition of seminal fluids 

Seminal plasma is biochemically distinct from other mammalian body fluids in 
that it contains unusually high levels of small peptides, organic and amino 
acids as well as a range of polyols and compounds with positively charged 
quaternary nitrogen atoms such as choline and glycerophosphorylcholine. 
These substances are secreted by the testis and the other accessory glands of 
the genital tract, particlarly the prostate and seminal vesicles and the reasons 
for the high concentrations of the components are poorly understood. The 
complexity of seminal plasma confers a severe problem in analysis on those 
attempting to define the cornposition of the fluid, and the relationship 
between altered composition and impaired reproductive function. 

Seminal plasma contains many organic compounds and inorganic ions, some 
of which (e.g. Zn'+) and amino acids, spermine and citrate, are present in 
concentrations up to two orders of magnitude higher than any other mam- 
malian body fluid. The protein composition of seminal fluid is also varied and 
complex. The seminal fluid is predominantly formed by the secretions of the 
prostate (45-50%) and the seminal vesicles (45-50%), and to a lesser extent 
the testis (< 5%). The composition of each secretion being biochemically 
distinct and the exact proportion of each varies considerably from subject to 
subject. Seminal vesicle fluid forms the later part of the ejaculate. Obtaining 
pure samples of this can only be achieved by invasive means (surgery or 
aspiration with a wide-bore needle). With the difficulty in obtaining seminal 
vesicle fluid, it then becomes necessary to maximize the information obtained 
through the use of modern analytical methods such as NMR, which are not 
restricted to Q priori selection of analyte and which can give information on 
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molecular dynamics, protein binding and chemical exchange processes. Each 
of the contributory fluids to seminal fluid is biochemically active and a series of 
enzymatic reactions is initiated on mixing (prior to ejaculation) which result in 
major alterations to the biochemical composition. 

7.2. Seminal fluid NMR resonance assignment 

The 750MHz 'H NMR spectra of seminal fluid obtained from a healthy 
individual is complex but many of the signals have been assigned (see Table 
2). Samples are usually left standing for 30 minutes for enzymatic gel 
liquefaction to O C C U ~ ~ ~  prior to freezing and then diluted by 50% with D20 
before NMR measurement. Fresh undiluted seminal fluid gives rise to NMR 
spectra with very broad and poorly resolved signals due to the presence of 
high concentrations of peptides (which are cleaved to amino acids by en- 
dogenous peptidase activity) and the high viscosity of the matrix. The 
complexity of the biochemical composition of seminal fluids together with 
their reactivity poses a number of assignment and quantitation problems 
Some metabolite signals in seminal fluids also appear to have anomalous 
chemical shifts when compared to simple standard solutions measured at the 
same pH or even when compared to other body fluids. The signals from 
glutamate (particularly the -y-CH2) appear to high frequency of the yCH2 of 
glutamine (the reverse of standard solutions). The reason for this is as yet 
unclear but is likely to involve the formation of a stable carbamate complex 
by reaction with bicarbonate under the alkaline conditions (pH 7.5) that 
generally prevail in seminal fluids. 

The application of the JRES experiment on human seminal fluids either at 
600 or 750 MHz results in a dramatic simplification of the spectrum due to the 
dispersion of the chemical shift and coupling constant data in two orthogonal 
frequency domains?" This experiment enables the complex overlapped 
resonances in some of the chemical shift ranges (especially 63-4) to be more 
completely resolved. The 600 MHz 'H single pulse and JRES NMR spectra of 
normal human seminal fluid are shown in Fig. 6, illustrating the levels 
of assignment achieved for the endogenous species. The 600 MHz IH-'H 
TOCSY spectrum of human seminal fluid was particularly useful for showing 
the connectivity maps for arginine and lysine that are extensively overlapped 
with each other and other metabolites. The inverse-detected 'H-'jC HMQC 
spectrum provides dispersion in the 13C frequency domain with its much 
greater chemical shift range. Many of the major amino and organic acid 
signals can be assigned based on their 'H chemical shifts in the 2D ex- 
periments but some are much more easily distinguished and separated in 
the heteronuclear 2D 'H-13C HMQC experiment, e.g. the spermine CH2N 
groups, that from the CH2N group of arginine and the choline N+(CH3)3 
group. Some variation in the exact 13C NMR shifts in 2D 'H-13C HMQC 
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spectra have been noted which are consistent with the normal pH variations 
in that fluid. The combination of the various homonuclear and heteronuclear 
techniques has resulted in the assignment of most of the major and many of 
the minor resonances in the spectrum (see Table 2). Therefore, this provides 
the basis of the use of NMR for probing biochemical interactions of the 
seminal fluid components in the intact matrix or the use of NMR as a 
diagnostic probe of altered male reproductive gland function. 

Seminal fluid contains moderate concentrations of amino acids and these, 
because their a-CH proton resonances fall into a narrow range of chemical 
shifts, contribute to the severe overlap in the NMR spectral region between 
63.5 and 4.2. Although it is possible to investigate this region using 2D 
experiments such as COSY and TOCSY, these require significant data 
accumulation times and need large amounts of computer disk space. On the 
other hand, the 1D TOCSY experiment is rapid and economical of disk space 
and has been used to assign some peaks in the 750 MHz 'H NMR spectrum of 
seminal fluid, namely valine, lactate, glutamate, pyroglutamate, uridine and 
uracil.'*' The simplification of the biofluid 'H NMR spectrum which is 
effected by the application of this pulse sequence is dramatic and highly 
informative. The success of the method, which is rapid and of high sensitivity, 
relies on the molecule under study having a clearly resolved resonance which 
is spin coupled to others in an unbroken chain of couplings. The method 
should be applicable to other biofluids for the assignment of endogenous 
species and is best suited to those molecules which because of extended 
couplings are most difficult to observe in the highly overlapped 1D NMR 
spectrum. 

An investigation of dynamic molecular processes that occur in seminal fluid 
has been undertaken using 'H NMR spectroscopy. Reactions that could be 
followed included hydrolysis of phosphorylcholine and nucleotides and zinc 
c ~ m p l e x a t i o n . ~ ~ ~  

In view of the importance of artificial insemination in farming, it is 
somewhat surprising that so few studies of animal seminal fluid have been 
reported. However, there are studies on boar seminal plasma giving details of 
resonance assignments.230231 

7.3. NMR studies of seminal fluids from infertile men 

The comparison of 'H NMR spectra of seminal fluid from normal controls 
with those from patients with vasal aplasia (obstruction of the vas deferens 

Fig. 6. 600MHz 'H NMR spectra of human seminal fluid: (a) JRES spectrum, (b) 
single-pulse spectrum with assignments as marked. 



n- 
3- 
n- 

- 

U- 

m- 

UI- 

h- 

W- 

N- 

..-- 

- 

uridine 
histidine 

phenylalanine 

ryrosinc 
histidine 

ryrosine 

uridine Hi' 
uridine HS 

a-glucosc 

L 
uridinc H2' 
uridinc H3' 

GPC 

choline 

glutamate 

acetate 
~yxine 

leucine 

alanine 

N-acetyl 

lactate 

vaiine 
isoleucine 
leucine 

N 
0 0 EN 0 



68 J. C.  LINDON, J. K. NICHOLSON AND J. R. EVERETT 

leading to blockage of the seminal vesicles) and those with nonobstructive 
infertility has been r e ~ o r t e d . 2 ~ ~  The 'H NMR spectra of the seminal fluid from 
patients with nonobstructive infertility were similar to those of normal 
subjects. However, the 'H NMR spectra of the seminal fluid from patients 
with vasal aplasia were grossly different from those of normal subjects and 
corresponded closely to those of prostatic secretions from normals, due to the 
lack of seminal vesicle secretion into the fluid. In the 'H NMR spectra of the 
vasal aplasia patients, signals from amino acids were either absent or present 
at very low levels. Similarly, choline is at a low level or absent in the seminal 
fluid from vasal aplasia patients, as it derives (indirectly) from the seminal 
vesicle component. Very significant differences were observed between the 
normal and vasal aplasia patient groups for the molar ratio of citrate : choline 
and spermine : choline. 

Other studies of infertility include a procedure providing automatic diag- 
nosis based on NMR spectroscopy232 and work on azoospermic s u b j e ~ t s ~ ~ ~ , ' ~ ~  
and prostate cancer.'35 In addition 3'P NMR spectroscopy has also been used 
to distinguish semen from healthy and infertile men.236.237 

8. 'H NMR SPECTROSCOPY OF BILE 

8.l. Composition of bile 

One important function of the liver is bile formation. Bile is both a secretory 
and an excretory fluid and, as such, its composition is complex and varies 
according to the nutritional state of the individual. The secretory functions 
most prominently include the delivery to the intestinal tract of bile salts and 
their associated lipids to aid fat digestion and absorption, while the ex- 
cretory functions include the excretion of liver-derived metabolites of poten- 
tially toxic endogenous (e.g. steroid hormones, bilirubin) or exogenous (e.g. 
drugs, environmental chemicals) materials. The analysis of bile by conven- 
tional biochemical techniques is a difficult procedure since it has complex 
physicochemical properties including a micellar substructure with a lipid-rich 
matrix, together with detergent properties The chief emulsifymg action is 
provided by the bile salts that consist of different types of free bile acids and 
each of these acids may in turn conjugate with glycine or taurine to form more 
complex acids and salts. Bile is one of the most complex and least under- 
stood of all the body fluids in terms of physicochemical properties. The 
bile acids are present in a matrix which contains cholesterol, cholesterol 
esters, phosphatidylcholine, neutral fats, fatty acids (all present in micelles) 
and glycoproteins together with inorganic salts including large amounts of 
bicarbonate. 
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8.2. NMR spectroscopy of bile and dynamic interactions of metabolites 

The single-pulse NMR spectra of bile are dominated by broad resonances that 
arise from bile acids that are present in mixed micelles with phospholipids and 
cholesterol (Fig. 1). They are broad as a result of short spin-spin (T,) 
relaxation times reflecting constrained molecular motions within micellar 
particles. On lyophilization and reconstitution with water, the molecular 
mobility of a number of biliary metabolites changes significantly due to 
disruption of the micellar compartments. In particular the T, relaxation times 
of the aliphatic side-chains of lipid moieties are increased in lyophilized bile 
suggesting greater mobility of these molecules. Reduction or disappearance 
of signal intensity reflects loss of volatile or unstable components (e.g. 
acetoacetate and acetone) which occur during the lyophilization process. 
Some compounds may also be unstable under freeze-drying conditions and 
may degrade. Increases in signal intensities that occur on lyophilization 
reflect changes in compartmentation of molecules which is related to the 
disruptionheorganization of the biliary micellar compartments. Interestingly, 
signals from B-hydroxybutyrate, valine and other branched-chain amino acids 
do not contribute significantly to the 'H NMR spectra of nonlyophilized bile, 
but resonances from these components are clearly resolved after lyophiliza- 
tion indicating a dramatic lengthening of their Tz and consequently their 
molecular mobility in untreated bile. The sharper signals in bile give rise to 
well-resolved 2D COSY spectra that allow a comprehensive assignment of the 
bile salt ~ignals.2~~ 

Variable-temperature 'H NMR studies on human bile show that consider- 
able dynamic structural information is available, particularly at very high 
fields, e.g. 600 MHZ.  The micellar cholesteryl esters that are abundant in bile 
appear to show liquid crystal behaviour, and it is possible to use NMR 
measurements to map the phase diagram for the complex biliary matrix. 

A number of studies have used both 'H and 13C NMR spectroscopy of bile 
to aid characterization of its composition and structure. Thus, 13C spectra of 
bile from fish exposed to petroleum have been 31P NMR spectra of 
human bile have also been investigated?& 'H NMR spectroscopy of bile has 
been used to investigate the micellar cholesterol and lipids243 
and both 'H and 31P NMR have been used to study the distribution of lecithin 
and cholesterol?44 

8.3. NMR spectroscopy of bile in pathological states 

The use of 'H NMR spectroscopy of bile as a means of monitoring liver 
function has been propo~ed."~ Khristianovitch and c o - w o r k e r ~ ~ ~ ~  have 
studied the 31P NMR spectra of the bile from 17 patients with primary biliary 
cirrhosis of the liver and from 14 clinically healthy men. Multistage fractional 
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duodenal catheterization was used to obtain the bile and the cystic and 
hepatic portions were examined separately. Also the level of lactate in bile 
from patients with hepatobiliary diseases including cancer has been inves- 
tigated using ‘H NMR spectroscopy?46 

9. ‘H NMR SPECTROSCOPY OF MISCELLANEOUS BODY FLUIDS 

The first study of human amniotic fluid using ‘H NMR spectroscopy detected 
18 small molecule metabolites in samples of human amniotic fluid including 
clinically important glucose, leucine, isoleucine, lactate and ~reatinine.’~~ 
Following this, other studies used a combination of 1D and 2D COSY 
spectroscopy to assign resonances, assess NMR methods of quantitation and 
to investigate the effects of freezing and t h a ~ i n g . 2 ~ ” ~ ~  In addition, NMR 
results have been correlated with other clinical chemical analyses. A total of 
70 samples were measured using ‘H NMR at 600 MHz at different stages of 
gestation and with different clinical complications, and significant correlations 
between the NMR spectral changes and maternal pre-eclampsia and fetal 
open spina bifida were 0bserved.2~~ The effects of various pathological 
conditions in pregnancy were investigated using ‘H NMR spectroscopy of 
human amniotic fluid by Lemoyec et dZ5’ A similar study was also camed out 
at an observation frequency of 300 

Several studies of amniotic fluid using 31P NMR spectroscopy have also 
been carried out, principally to analyse the phospholipid ~ontent .=~-’~~ 

One study of the metabolic profiling of ovarian follicular fluids from sheep, 
pigs and cows has been reported.256 

9.2. Milk 

Surprisingly very little has been published on the NMR spectroscopy of milk 
given that it is both a biofluid and a food substance. The studies generally 
focus on milk as a food and the first spectra were given in 1986257 by Eads and 
Bryant. Since then, Belton has also reviewed the information content of NMR 
spectra of milk.”* Very recently, ‘V NMR spectroscopy has been used to 
detect trifluoroacetic acid in milk.259 

9.3. Synovid fluid 

Williamson and co-workersm have used ‘H NMR to measure the levels of a 
variety of endogenous components in the synovial fluid aspirated from the 
knees of patients with osteoarthritis (lo), rheumatoid arthritis (18) and 
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traumatic effusions (11 patients). The spin-echo 400 MHZ NMR spectrum of 
synovial fluid shows the signals of a large number of endogenous components. 
Many potential markers of inflammation could not be monitored because of 
their low concentrations (e.g. prostaglandins) or because of their slow tum- 
bling (hyaluronic acid, a linear polysaccharide that imparts a high viscosity to 
synovial fluid). The low-molecular-weight endogenous components showed a 
wide patient-to-patient variability and showed no statistically significant 
correlation with disease state. However, correlations were reported between 
the disease states and the synovial fluid levels of the N-acetyl signals from 
acute phase glycoproteins. These molecules have a high molecular weight and 
their signals are not observed in spin-echo 'H NMR spectra. However, most 
glycoproteins contain N-acetylneuraminic acid or N-acetylglucosamine units 
and the N-acetyl signals from these units are NMR detectable, if the carbo- 
hydrate side-chains are sufficiently mobile.37 Correlations between the disease 
state and the levels and type of triglyceride in the synovial fluid were also 
reported. Triglyceride CH3, CH2 and vinylic CH group signals are observed in 
the 'H NMR of synovial fluid. In osteoarthritis, the CH3 and CH2 levels were 
very low compared with rheumatoid arthritis or traumatic effusions, and, in 
addition, the ratio of intensities CH2: CH3 was lower in osteoarthritis than in 
rheumatoid arthritis or traumatic effusions, thus implying a shorter chain 
length for the fatty acid chains. The levels of triglycerides in rheumatoid 
arthritis were slightly lower than in traumatic effusions and thus, on the basis 
of literature data for triglyceride levels in traumatic effusions, the rheumatoid 
arthritis levels are greater than those expected in controls. 

The 'H NMR spectra of the synovial fluid of a female patient with 
seronegative erosive rheumatoid arthritis and of another female patient with 
sarcoidosis and independent inflammatory osteoarthritis were followed over 
the course of several months and standard clinical tests were performed on 
paired blood serum samples taken at the same time. It was found that the 
synovial fluid levels of triglyceride CH3, CH2 and CH, glycoprotein N-acetyl 
signals and creatinine all correlated well with one another, and with standard 
clinical measures of inflammation. The correlation of disease state with 
creatinine level is of particular interest, and the altered triglyceride composi- 
tion and concentration in osteoarthritis were suggested as potential markers 
for the disease in synovial fluid.261 

Parkes and co-workers have also conducted 'H NMR studies on synovial 
fluid from patients with rheumatoid a r t h r i t i ~ . ~ ~ ~ . ~ ~ ~  The nature of the non- 
transferrin-bound iron in the synovial fluid of patients with inflammatory joint 
disease was investigated. Transferrin is an iron ion transport protein. In these 
patients the synovial fluid contains non-transferrin-bound iron which appears 
to be in low-molecular-mass, redox-active complexes of unknown type. This 
form of iron has the adverse effect of stimulating free-radical lipid peroxida- 
tions involving oxygen. 500 MHz spin-echo 'H NMR spectroscopy was used 
to show that the incubation of patient synovial fluid with the powerful Fe(II1) 



72 J. C. LINDON, J. K. NICHOLSON AND J. R. EVERETT 

chelator desferrioxamine resulted in small increases in intensity of the 
resonances from citrate, indicating that at least some of the non-transfemn- 
bound iron is present as Fe(II1) citrate. Furthermore, the addition of Fe(II1) 
ions to these samples resulted in the marked broadening and disappearance 
of the citrate signals from the spectrum. Subsequent addition of excess 
desferrioxamine resulted in the reappearance of the citrate signals in the 
synovial fluid spectrum after 6 hours at ambient temperature. 

Also, 500MHz spin-echo ‘H NMR spectroscopy was used to detect the 
production of formate and a low-molecular-weight, N-acetyl-containing 
oligosaccharide, derived from the oxygen radical-mediated depolymerization 
of hyaluronate, in the synovial fluid of patients with rheumatoid arthritis, 
during exercise of the inflamed joint. Gamma radiolysis of rheumatoid 
synovial fluid and of aqueous hyaluronate solutions was also shown to 
produce formate and the oligosaccharide species It was proposed that the 
hyaluronate-derived oligosaccharide and formate could be novel markers of 
reactive oxygen radical injury during hypoxic reperfusion injury in the 
inflamed rheumatoid joint. 

Albert et afFM showed that 13C NMR could usefully be used to monitor the 
synovial fluids from patients with arthritis. In contrast to the ‘H NMR studies 
discussed above, signals are seen from hyaluronic acid, the main determinant 
of the viscoelasticity of the synovial fluid, even though the molecular weight 
is in the region 500 to 1600 kD. 13C NMR spectra of synovial fluids from 
patients with rheumatoid arthritis, osteoarthritis, traumatic effusions and 
cadaver controls were compared with one another and with spectra of 
authentic hyaluronic acid, both before and after the incubation of the latter 
with hyaluronidase, an enzyme which depolymerizes the hyaluronic acid. 
Depolymerization of the hyaluronic acid was accompanied by a decrease in 
the half-bandwidths of its 13C resonances. The synovial fluid NMR spectra 
from the patients with rheumatoid arthritis had sharper signals for the C-1 
and C-1’ carbons of hyaluronic acid than those from the osteoarthritic 
patients, which in turn exhibited sharper signals than those from the cadavers 
or the joint trauma patients. Thus the degree of polymerization of hyaluronic 
acid was deduced to decrease in the order controlsljoint trauma patients > 
osteoarthritic patients > rheumatoid arthritis patients. Since it is known that 
the consequence of hyaluronate depolymerization may be articular cartilage 
damage, it was concluded that 13C NMR spectroscopy may be a valuable 
method for studying these clinical relevant biophysical changes in synovial 
fluid. 

9.4. Aqueous humour and vitreous humour 

The first study by NMR spectroscopy on aqueous humour was on nine 
samples taken during surgery for other conditions and NMR spectra were 
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measured at 400 M H z . ~ ~ '  A number of metabolites were detected, including 
acetate, acetoacetate, alanine, ascorbate, citrate, creatine, formate, glucose, 
glutamine or glutamate, P-hydroxybutyrate, lactate, threonine and valine. 
Following this, there have been a number of other studies. These include 'H 
NMR spectra from aqueous humour of cod fish,268 31P NMR 
spectra of aqueous and vitreous humour from pigs269 and 23Na NMR spectra 
of vitreous hum0ur.2~' Finally, the penetration of dexamethasone phos- 
phate into the aqueous humour has been followed using 'H and 'v NMR 
spectro~copy.2~' 

9.5. Saliva 

Only limited studies using NMR spectroscopy of saliva have been reported. 
Initially Harada et al. used 'H NMR spectroscopy of human saliva in a 
forensic studyz7' and following this another Japanese group reported that only 
parotid gland saliva gave a well-resolved 'H NMR spectrum showing sig- 
nificant circadian effects. No age- or sex-related differences were observed for 
saliva from healthy subjects but marked differences were observed in cases of 
s ia lodent i t i~ .~~~ Finally, the biochemical effects of an oral mouthwash prepara- 
tion have been studied using 'H NMR 

9.6. Digestive fluids 

The analysis of pancreatic juice and small bowel secretions using 'H NMR 
spectroscopy has been rep0rted.2~' 

9.7. Pathological cyst fluid in polycystic kidney disease 

Foxall and co-~orkers"~ have reported a 'H NMR study of the fluid from the 
cysts of six patients with autosomal dominant polycystic kidney disease 
(ADPKD). ADPKD in adults is characterized by the slow progressive growth 
of cysts in the kidney which are lined by a single layer of renal tubular 
epithelium. When these cysts reach a large size they can significantly distort 
the kidney, and disrupt both the blood supply and renal function. ADPKD is 
one of the commonest causes for renal transplantation in adults. Little was 
known about the exact biochemical composition of cyst fluids prior to this 
study, or about the relationship between cyst fluid composition and the 
pathogenesis of the disease. The 'H NMR spectra of the cyst fluids were 
assigned by standard methods developed earlier for other biofluids and by the 
use of 600MHz 'H spin-echo and 2D J-resolved experiments. The spectra 
revealed a number of unusual features and showed the cyst fluids to be 
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distinct from both blood plasma and urine. Isoleucine, lysine, threonine and 
valine were present at millimolar concentrations. High concentrations of 
acetate, lactate, succinate, creatinine and dimethylamine were also found in 
the cyst fluids, and in ratios different from those of blood plasma or 
urine. Glucose concentrations vaned from 3.4 to 9.6mmol 1-', and the 
majority of the fluids contained signals from the N-acetyl groups of mobile 
glycoprotein sugar side-chains. Unusually, the fluids from all six patients 
contained high levels of ethanol, which was not related to consumption of 
alcoholic beverages or drug preparations. In general there was little variation 
in the composition of the cyst fluids as revealed by 'H NMR, although the 
protein signal intensity did vary somewhat. It was hypothesized that this 
constancy of composition reflected the chronic nature of the accumulation of 
the cyst fluid and a long turnover time of the cyst components, which thus has 
the effect of averaging the compositions. The unique biochemical composition 
of the cyst fluids was ascribed to abnormal transport processes occurring 
across the cyst epithelial wall, reflecting polarity reversal of the cystic 
epithelium. 

10. DRUG METABOLITES IN BIOFLUIDS 

10.1. Drug metabolites in bile 

Several studies have used NMR spectroscopy to determine the number and 
identity of drug metabolites in bile. These include the use of 19F NMR 
spectroscopy to study doxifluridine catabolites in human bile,277 '% and 
13C NMR spectroscopy of perfluorinated fatty acids in rat bile278 and 13C 
NMR for monitoring the formation of formaldehyde from demethylation of 
a n t i ~ y r i n e . ~ ~ ~  'H NMR spectroscopy of rat bile has been used to monitor the 
excretion of paracetamol metabolites?80+28' A combination of 'H and 'H-13C 
2D NMR methods has allowed identification of 4-cyano-N,N-dimethylaniline, 
cefoperazone and benzyl chloride in rat bile.282,283 

10.2. Drug metabolites in urine 

Nicholls et al. have used NMR spectroscopy of urine combined with labelling 
with stable isotopes such as I3C and 2H to monitor the silent process of 
deacetylation and subsequent reacetylation (futile deactylation) in the rat as 
this has implications for the toxicity of p a r a ~ e t a m o l ~ ~ ~ ~ ~  and phenacetin.286 
Hull et al. have monitored the metabolites of 5-fluorouracil in plasma and 
urine using '% NMR spectroscopy in patients receiving ~hemotherapy.'~' 
Akira et al. have used 'H NMR to study the pharmacokinetics of benzoic 



NMR SPECTROSCOPY OF BIOFLUIDS 75 

acid in relation to liver function.288 The metabolism of hydrazine in rats has 
been probed using ”N NMR spectroscopy of urine.289 Often it is advan- 
tageous to carry out a partial extraction of metabolites using a solid-phase 
separation cartridge. In this case, the urine containing the drug metabolites 
is loaded on to a C18 cartridge that is then washed with acidified water to 
remove very polar endogenous components. The metabolites of interest 
can then be selectively washed off using methanol or watedmethanol 
mixtureszw 

10.3. HPLC-NMR studies 

Introduction 

The direct coupling of HPLC with NMR spectroscopy has waited for a 
number of technological developments to make it a feasible routine tech- 
nique. Since then, major advances have made the routine use of on-line NMR 
detection of HPLC fractions a useful adjunct to the armoury of analytical 
 method^?^^-*^^ Experiments can be carried out in one of three modes, direct 
on-line NMR detection of the HPLC eluent (on-flow), a stopped-flow ap- 
proach or finally the eluted fractions can be stored in capillary tubes for later 
recall for detailed NMR spectroscopic studies. No compromise needs to be 
made in the chromatographic conditions, and programmed gradient elution 
profiles can be accommodated. The extension of the method to nanolitre scale 
separations has also been discussed?” 

The simplest of operating modes is continuous-flow detection, but this is 
usually only practicable when using ‘H or ’% NMR for detection unless 
isotopically enriched compounds are available. If the retention times of the 
analytes are known, or there is a good method for their detection on-line, 
such as UV or radioactivity, stop-flow HPLC-NMR becomes a viable option. 
In the stop-flow technique, all the usual techniques available for high- 
resolution NMR become available to the analyst. In particular, these include 
valuable techniques for structure determination such as the 2D NMR experi- 
ments such as TOCSY or HMQC. There are two further special categories of 
stop-flow experiment. Firstly, fractions eluting from the column can be stored 
in capillary loops for later off-line Nh4R study (“peak picking”). Secondly, the 
flow can be halted at short intervals during the passage of the eluting peak 
through the NMR flow cell (“time-slicing”) in a manner analogous to the use 
of diode-array UV detector to obtain spectra from various portions of the 
peak. This allows chromatographic peak purity to be estimated. Time-slicing 
is most useful where the separation is poor, or where the compounds under 
study have weak/no UV chromophores making it difficult to determine the 
retention times. 

The detection limits of HPLC-NMR are continually being revised 
downwards as new technical advances are made. Recently, these have 
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included the use of ultra-high magnetic field strengths (operating at 750 MHz 
and 800MHz for 'H NMR spectroscopy), the incorporation of digital 
filtering and oversampling into NMR data acquisition and the introduction 
of microbore HPLC methods. By combining the use of digital electronics 
with microbore HPLC, it appears that detection limits for structural 
characterization are in the region of 5ng even at lower observation 
frequencies of 500 M H z  and 600 MHz. 

To date, HPLC-NMR spectroscopy has been applied to the profiling and 
identification of the metabolites of a number of drugs and xenobiotics 
present in biofluids such as plasma, urine and in bile samples from rat and 
man.2y3 In general the simple stop-flow approach has predominated in these 
studies. The HPLC-NMR method is most useful for compounds and their 
metabolites, with suitable NMR reporter groups. This includes the use of '!T 
NMR spectroscopy for molecules containing fluorine and diagnostic ' H 
NMR resonances in regions of the NMR spectrum where solvent signals do 
not cause interference. For example, the pattern of NMR resonances from 
glucuronide conjugates is particularly diagnostic. 

Endogenous substances 

HPLC-NMR of biofluids has been employed to identify the unusual en- 
dogenous metabolites found in rat urine after administration of compounds 
that induce liver enzymes leading to elevated urinary levels of a number of 
carbohydrates and related mo1eculeszy7 

Xenob iotic substances 

A wide range of 'H and ''? HPLC-NMR studies has been carried out on 
human and animal biofluids, predominantly urine and bile, to characterize the 
metabolites of exploratory drugs and marketed pharmaceuticals. In some 
cases, the biofluid has been subjected to solid-phase extraction to remove 
many of the very polar materials and which hence facilitates the HPLC 
separation by avoiding overloading the column. These studies include the 
identification and structuring of metabolites of antipyrine?y8 ib~profen?~' 
flurbiprofen,300 paracetamol (a~etaminophen),2~*~~~~~'.~~ the anti-HIV com- 
pound GW524W91?03 i l o p e r i d ~ n e ~ ~  and tolfenamic acid.305 Other studies 
using HPLC-NMR on bile include the identification of a metabolite of 
7-(4-chlorobenzyl)-7,8,13,13a-tetrahydroberberine chloride in rat bile306 and 
metabolites of a drug LY335979, under development to prevent multidrug 
resistance to cancer c h e m ~ t h e r a p y . ~ ~  In addition, 31P HPLC-NMR has been 
used to study metabolites of ifo~farnide,~" and 'H HPLC-NMR has been 
employed to detect metabolites of dirnethylfor~narnide-d,.~~~ 

Many drugs containing carboxylate groups form P-l-O-acyl glucuronides as 
major metabolites. Such ester glucuronides are potentially reactive due to the 
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susceptibility of the acyl group to nucleophilic reactions and they can undergo 
hydrolysis, acyl migration and covalent adduct formation. The acyl migration 
reactions result in positional isomers and anomers and these may be reactive 
towards serum proteins with toxicological consequences. The acyl group 
migrates successively to the 2-, 3- and 4-hydroxyl groups of the glucuronic 
acid moiety, thereby allowing the formation of both a- and P-anomers of the 
positional isomers. The acyl migration of the glucuronide metabolite of the 
model drug 6,11-dihydro-ll-oxo-dibenz(b,e)oxepin-2-acetic acid has been 
investigated in pH 7.4 buffer using directly coupled stop-flow HPLG'H 
NMR spectroscopy and also by studying the isomers present in urine.310 The 
order of elution of the isomers from the C18 column was 4P, 4a, aglycone, lp,  
3a, 3p, 2P and 2a (a and /3 referring to the anomerization state at C1 on the 
glucuronide ring, the numbers referring to the carbon number on the 
glucuronide ring to which the drug moiety has migrated). It is clear that 
directly coupled HPLC-NMR spectroscopy offers a unique analytical ap- 
proach to obtain structural information of interconverting compounds in a 
complex mixture of isomers. This method will be of value in the elucidation of 
the reactivity of drug glucuronides in terms of acyl migration and enable an 
investigation of the potential for protein binding. 

The further coupling of HPLC-NMR with mass spectrometry has also been 
used to analyse drug metabolites in urine for the human excretion of 
paracetamol rnetabolites?l1 This approach has also been used to identify 
metabolites of substituted anilines in rat urine?12*313 

10.4. Other types of separation coupled to NMR spectroscopy 

Capillary electrophoresis, together with related techniques, is a relatively new 
technique but has been shown to be a very powerful addition to the armoury 
of separative methods3I4 The technique is very simple experimentally, with all 
that is required being a length of fused silica capillary with an optical window 
to enable detection, a detector (UV, fluorescence or mass spectrometry), a 
high-voltage source, two electrode assemblies and buffer solutions in suitable 
reservoirs. The technique has been shown to provide very high separation 
efficiencies, with hundreds of thousands of theoretical plates achievable. 
However, the small injection volume available to capillary electrophoresis (a 
few nanolitres) means that high sensitivity can only be achieved if concentra- 
tions of the analyte in the sample are high. Nevertheless, some results have 
been reported using capillary electr~phoresis-NMR~'~ and the method has 
been applied to the identification of paracetamol metabolites in human 
urine.316 Finally the application of capillary electrochromatography directly 
coupled to NMR has been explored using the same paracetamol metabolite 
samp1es?l6 



78 J. C.  LINDON. J. K. NICHOLSON AND J. R. EVERETT 

REFERENCES 

1. J. K. Nicholson and I. D. Wilson, Prog. NMR Spectrosc., 1989,21,449. 
2. J. K. Nicholson, P. J. D. Foxall, M. Spraul, R. D. Farrant and J. C. Lindon, Anal. Chem., 1995, 

3. M. Liu, R. D. Farrant, J. K. Nicholson and J. C. Lindon, J.  Magn. Reson., 1995, 

4. M. Liu, R. D. Farrant, B. C. Sweatman, J. K. Nicholson and J. C. Lmdon, J. Magn. Reson., 

5. M. Liu, R. D. Farrant, J. K. Nicholson and J. C. Lindon, J.  Magn. Reson., 1995, A l U ,  208. 
6. M. Liu, X. Mao, C. Ye, H. Huang, J. K. Nicholson and J. C. Lindon, J. Magn. Reson., 1998, 

7. T. W.-M. Fan, Prog. NMR Specnosc., 1996,28, 161. 
8. D. Y. Sze and 0. Jardetzky, Immunomefhods, 1994,4,113. 
9. R. D. Farrant, J. C. Lindon and J. K. Nicholson, NMR Biomed., 1994,7,243. 

10. B. C. Sweatman, R. D. Farrant and J. C. Lindon, J. Pharm. Biomed. Anaf., 1993,11,169. 
11. J. K. Nicholson, M. J. Buckingham and P. J. Sadler, Biochem. J., 1983,211,605. 
12. J. D. Bell, J. C. C. Brown, G. Kubal and P. J. Sadler, FEBS Len., 1988,235,81. 
13. S. Connor, J. K. Nicholson and J. R. Everett, Anal. Chem., 1987,59,2885. 
14. J. R.  Bales D. P. Higham, I. Howe, J. K. Nicholson and P. J. Sadler, Cfin. Chem., 1984, 

15. 0. A. C. Petroff, R. K. Yu and T. Ogino, J. Neurochem., 1986,47,1270. 
16. J. D. Bell, J. C. C. Brown, P. J. Sadler, A. F. Macleod, P. H. Sonksen. R. D. Hughes and R. 

17. M. Kriat, F. Nicoli, J. Won-Dury, S. Confort-Gouny, P. Dano, F. Grisoli, J. L. Gastaut and 

18. B. C. Sweatman, R. D. Farrant, E. Holmes, F. Y. Ghauri, J. K. Nicholson and J. C. Lindon,J. 

19. N. W. Lutz, S. Maillet. F. Nicoli, P. Viout and P. J. Cozzone, FEES Lett., 1998, 425, 345. 
20. R. A. Weverr U. Engelke, U. Wendel, J. G. N. de Jong, F. J. M. Gabreels and A. Heerschap, 

21. F. Koschorek. H. Gremmel, J. Stelten. W. Offermann and D. Leibfritz, Neuroradiofogy, 1988. 

22. E Koschorek, W. Offermann. J. Stelten, W. E. Braunsdorf, U. Steller, H. Gremmel and D. 

23. E Nicoli. J. Vion-Dury, J. M. Maloteaux, C. Delwaide, S. Confort-Gouny, M. Sciaky and P. J. 

24. A. Hiraoka, I. Miura, M. Hattori, I. Tominaga, K. Kushida and M. Maeda, Biof. Pharm. 

25. M. A. Yates, M. F. James, N. I. Woods D. A. Middleton, L. A. Cottrell and D. G. Reid, J. 

26. E Nicoli. J. Vion-Dury, S Confort-Gouny, S. Maillet. J. L. Gastaut and P. J. Cozzone, 

27. 1. L. Simone, F. Federico, M. Trojano, C. Tortorella, M. Liguori, P. Giannini, E. Picciola, G. 

28. J. Lynch, J. Peeling, A. Auty and G. R. Sutherland, Can. J. Neurolog. Sci., 1993,243,194. 
29. F. Commodari, D. L. Arnold, B. C. Sanctuary and E. Shoubridge, NMR Biomed., 1991, 

30. F. Y. K. Ghauri, J. K. Nicholson, B. C. Sweatman, C. R. Beddell and J. C. Lindon, NMR 

31. R. A. Wevers U. Engelke and A. Heerschap, Cfin. Chem., 1994.40, 1245. 
32. J. C. Lmdon and B. C. Sweatman, 1. Magn. Reson. Anal., 19%,2,66. 

67.793. 

106B. 270. 

1995, AlW, 251. 

132,125. 

30. 426. 

Williams. Cfin. Sci., 1987,72. 56. 

P. J. Cozzone. Annales de Biol, Clin., 1991,49,461-467. 

Pharm. Biomed. Anal., 1993, 11,651. 

Cfin. Chem.. 1995,41,744. 

i 6 7 . m .  

Leibfritz, Neurosurg. Rev., 1993,16,307. 

Cozzone, Neurosci. Lett., 1993, W, 47. 

EuK, 1994.17, 1. 

Mugn. Reson. Anal., 1995, 1, 13. 

Comptes Rendus Ser. 111 - Sci de la Vie, 1996,319.623. 

Natile and P. Livrea. J. Neurolog. Sci., 1996,144, 182. 

4.192. 

Einmed.. 1993, 6, 163. 



NMR SPECTROSCOPY OF BIOFLUIDS 79 

33. S. Y. Fan, W. Y. Choy, S. L. Lam, S. C. F. Au-Yeung, L. Tsang and C. S. Cockram, Anal. 

34. M. Kriat, S. Confort-Gouny, J. Vion-Dury, M. Sciaky, F! Viout and F! J. Cozzone, NMR 

35. J. K. Nicholson, M. F! OFlynn, P. J. Sadler, A. F. MacLeod, S. M. Juul and F! H. Sonksen, 

36. J. D. Bell, J. C. C. Brown and I? J. Sadler, NMR Biorned., 1989, 2, 246. 
37. M. Grootveld, A. W. D. Claxson, C. L. Chander, F? Haycock, D. R. Blake and G. E. Hawkes, 

38. J. D. Bell, P. J. Sadler, A. E Macleod, P. R. 'Amer and A. La Ville, FEBS Lea., 1987, 

39. F! J. D. Foxall, R. D. Farrant, J. C. Lindon, G. H. Neild, M. Spraul and J. K. Nicholson, J. 

40. P. J. D. Foxall, J. A. Parkinson, I. H. Sadler, J. C. Lindon and J. K. Nicholson, J.  Phurm. 

41. A. Davin, J. Vion-Dury, F! Wout and P. J. Cozzone, Alcohol Alcoholism, 1984, 29,479. 
42. J. D. Otvos, E. J. Jeyarah, D. S. Freedman, F! J. Blanche and R. M. Krauss, Circulation, 1993, 

43. J. D. Bell, J. C. C. Brown, G. Kubal and P. J. Sadler, FEBS Letters, 1988, 235, 81. 
44. K. F! R. Gartland, PhD Thesis, University of London, 1988. 
45. M. L. Anthony, C. R. Beddell, J. C. Lindon and J. K. Nicholson, J. Phann Biomed. Anal., 

46. F! J. Stilbs, Prog. NMR Spectrosc., 1987, 19, 1. 
47. S. J. Gibbs and C. S. Johnson Jr, J. Mugn. Reson., 1991, 93, 395. 
48. H. Barjat, G. A. Moms, S. Smart, A. G. Swanson and S. C. R. Williams, J. Magn. Reson., 

49. M. Liu, J. K. Nicholson and J. C. Lindon, Anal. Chem., 1996, 68, 3370. 
50. M. Liu, J. K. Nicholson, J. A. Parkinson and J. C. Lindon, Anal Chem., 1997, 69, 1504. 
51. M. Ala-Korpela, Prog. NMR Spectrosc, 1995, 27, 475. 
52. Y. Hiltunen, M. Ala-Korpela, J. Jokisaari, S. Eskelinen, K. Kiviniitty, M. Savolainen and 

53. M. Ala-Korpela, Y. Hiltunen, J. Jokisaari, S. Eskelinen, K. Kiviniitty, M. Savolainen and 

54. M. Ala-Korpela, A. Korhonen, J. Keisala, S. Horkko, P. Korpi, L. P. Ingman, J. Jokisaari, 

55. A. van den Boogaart, M. Ala-Korpela, J. Jokisaari and J. R. Grifliths, Mugn. Reson. Med., 

56. R. de Beer, A. van den Boogaart, D. van Ormondt, W. W. F. Pijnappel. J. A. den Hollander, 

57. J. W. C. van der Veen, R. de Beer, F! R. Luyten and D. van Ormondt, Mugn. Reson. Med., 

58. Y. Hiltunen, M. Ala-Korpela, J. Jokisaari, S. Eskelinen and K. Kiviniitty, Magn. Reson. 

59. J. D. Otvos, E. J. Jeyarajah and D. W. Bennett, Clin. Chem., 1991, 37, 377. 
60. J. D. Otvos, E. J. Jeyarajah, D. W. Bennett and R. M. Krauss, Clin. Chem., 1992, 38, 

61. S. Bradamante, E. Barchiesi, L. Barenghi and F. Zoppi, Anal. Bwchem., 1990, 185, 299. 
62. Y. Hiltunen, E. Heiniemi and M. Ala-Korpela, 1. Mugn. Reson., 1995, B106, 191. 
63. A. Ohsaka, K. Yoshikawa and T. Matuhasi, Japan. J.  Med. Sci. Biol., 1979, 32, 305. 
64. J. D. Bell, J. C. C. Brown, R. E. Norman, F! J. Sadler and D. R. Newell, NMR Biomed., 1988, 

65. T. Engan. J. Krane and S. Kvinnsland, NMR Biomed., 1991, 4, 142. 

Chem., 1992, 64, 2570. 

Biomed., 1992, 5, 179. 

Biochem 1,1984,217,365. 

FEBS Leaers, 1993,322, 266. 

219, 239. 

Phurm. Biomed. Anal., 1993, 11, 267. 

Biomed. Anal., 1993, 11, 21. 

88, 519. 

1993, 11, 897. 

1995, BlM, 170. 

Y. A. Kesaniemi, Magn. Reson. Med., 1991, 21, 222. 

Y. A. Kesaniemi, NMR Biomed., 1993, 6, 225. 

M. Savolainen and Y. A. Kesaniemi, 1. Lipid Res., 1994, 35, 2292. 

1994,31, 347. 

A. J. H. Marien and P. R. Luyten, NMR Biomed., 1992.5, 171. 

1988,6,92. 

Med., 1992,26, 89. 

1632. 

1, 90. 



80 J. C. LINDON, J. K. NICHOLSON AND J. R. EVERETT' 

66. H. Nagasawa, Y. Fujii, H. Nishiyama, Y. Goto and H. Inatomi, Anticancer Res., 19E, 

67. E. T. Fossel, J. M. Carr and J. McDonagh, New Engl. 1. Med., 1986,315, 1369. 
68. G. N. Chmurny et ul. (18 authors), NMR Biomed., 1988, 1, 136. 
69. M. P. Mixns, J. D. Momsett, C. A. Mattioli and A. M. Gotto, New Engl. J. Med.. 1989, 320, 

70. R. B. Verdery. D. F. Benham, 1. McLennan, M. J. Busby, J. P. Wehrle and J. D. Glickson, 

71. T. Engan, J. Krane. 0. Klepp and S. Kvinnsland, New Engl. J. Med., 1990, 322, 949. 
72. Y. Hiftunen, M. Ala-Korpela, J. Jokisaari. S. Eskelinen and K. Kiviniitty, Mug. Res. Med., 

73. F. G. Herring, P S. Phillips H. Pritchard, H. Silver and K. P Whittal, Mug. Res. Med., 1990, 

74. K. T. Holmes, W. A. Mackinnon, G. L. May, L. C. Wright, M. Dyne, M. H. N. Tattersall, 

75. P. Wilding, M. B. Senior, T. hubushi and M. L. Ludwick, Clin. Chem., 1988, 34, 505. 
76. M. Kriat. J. Vion-Dury, S. Confort-Gouny, R. Favre, P. Viout, M. Sciaky, H. Sari and P. J. 

77. J. Vlon-Dury, M. Kriat, M. Sciaky, S. Confort-Gouny, P. Viout, R. Favre, F. Grisoli, J. R. 

78. J. Vion-Dury, R. Favre, M. Sciaky, M. Kriat. S. Confort-Gouny, J. R. Harle, N. Gazziani, P. 

79. S. Berger, K.-H. Pfliiger, W. A. Etzel and J. Flscher, Eur. J. Cancer Clin. Oncol., 1989, 

80. S .  D. Buchtal, M. A. Hardy and T. R. Brown, Am. 1. Med., 1988,85, 528. 
81. .I. M. Nabholtz. A.  Rossignol, M. Famier, P. Gambert, J. C. Tremeaux and J. Guemn, Actu 

Oncol., 1988. 27, 479. 
82. P. Okunieff, M. D. Greenberg, A. Zietman, J. Kahn, S. Westgate and L. J. Neuringer. J. Clin. 

Oncol.. 1990, 8, 906. 
83. P. Okunieff, A. Zietman, J. Kahn, S. Singer, L. Neuringer, R. A. Levine and F. E. Evans, 

NLW Engl. J. Med.. 1990,322,953. 
84. J. D. Otvos, M. C. Coffer, S. Chen and S. Wehrli, Biochem. Biophys Res. Comm., 1987,145, 

1397. 
85. J. D. Otvos, E. J. Jeyarajah, L. W. Hayes, D. S. Freedman, N. A. Janjan and T. Anderson, 

Clin. Chem., 1991. 37, 369. 
86. G. W. Chmurny, M. L. Mellini, D. Halverson, H. J. Issaq, G. M. Muschik, W. J. Urba, 

G. N. McGregor, B. D. Hilton. N. Caporaso, I. C. F? Smith, T. Kroft and J. J. Saunders, J. 
Liq. Chrom., 1988, 11, 647. 

u, 993. 

1452. 

Biochim. Biophys Actu, 1989, 1006, 287. 

1Y92, 26, 89. 

48.3s. 

C. E. Mountford and D. SuIiivain, NMR Biomed., 1988, 1, 44. 

Cozzone. 1. Lipid Res., 1993, 34, 1009. 

Harle, E. Fontanarara, J. Sarrage and P. J. Cozzone, Cancer J., 1991, 4. 131. 

Viout, F. Grisoli and P J. Cozzone, NMR Biomed., 1993, 6, 58. 

2s. 535. 

87. H. Hofeler and M. E. Scheulen, Eur. J. Cuncer Clin. Oncol., 1989, 25, 1141. 
88. M. Kriat, J. Vion-Dury, R. Rafre, D. Maraninchi, J. R. Harle, S. Confort-Gouny, M. Sciaky, 

89. J. Peeling, G. Sutherland, K. Marat, E. Tomchuk and E. Bock, J. Neurosurg., 1988, 

90. J. H. Schuhmacher. D. Conrad, H. G. Manke, J. H. Clorius, E. R. Matys, H. Hauser, I. Zuna, 

91. G. Sutherland and J. Peeling, NMR Biomed., 1989, 2, 66. 
92. E G. Hemng, P. S. Phillips and P. H. Pritchard, 1. Lipid Res., 1989, 30, 521. 
93. C. E. Mountford. G. L. May, L. C. Wright, W. B. Mackinnon, M. Dyne, K. T. Holmes, C. 

van Haaften-Day and M. H. N. Tattersall, Lancer, 1987, 829. 
94. I. C. P. Smith and G. N. Chmurny, Anal. Chem., 1990, 62, 853A. 
95. J. K. Nicholson and F. Nicholson, Luncer, 1987, 280. 
96. C. E. Mountford, K. T. Holmes, W. B. Mackinnon and L. C. Wright, in Mugnetic Resonance 

E. Fontanarava, P Viout and P. J. Cozzone, Biochimie. 1991, 73, 99. 

68, 931. 

W. Maier-Borst and W. E. HuU. Mug. Res Med., 1990, 13, 103. 



NMR SPECTROSCOPY OF BIOFLUIDS 81 

Spectroscopy of Biofiuids; A New Tool in Clinical Biology (ed. J. D. de Certaines), World 
Scientific, Singapore, p. 103, 1989. 

97. M. Kriat, S. Confort-Gouny, J. Vion-Dury, P. Viout and P. J. Cozzone, Biochemie, 1992, 
74, 913. 

98. M. Eugene, J. de Certaines, L. Le Moyec, E. Le Rumeur, M. Desruennes, P. Lechat and 
C. Cabrol, C. R. Acad. Sci. Paris, 1988, 307(m), 41. 

99. M. Eugene, L. Le Moyec and J. D. de Certaines, in Magnetic Resonance Spectroscopy of 
Biofuids; A New Tool in Clinical Biology (ed. J. D. de Certaines), World Scientific, 
Singapore, p. 179, 1989. 

100. M. Eugene, L. Le Moyec, J. D. de Certaines, M. Desruennes, E. Le Rumeur, J. B. Fraysse 
and C. Cabrol, Magn. Reson. Med., 1991, 18, 93. 

101. H. Pont, J. Vion-Dury, M. Kriat, A. Mouly-Bandini, M. Sciaky, P. Viout, S. Confort-Gouny, 
T. Messana, M. Goudart, J. R. Monties and P. J. Cozzone, Lancet, 1991, 337, 792. 

102. M. Nishina, E. Hori, K. Matsushita, M. Takahashi and A. Ohsaka, Physiol. Chem. Phys 
Med. NMR, 1988,20, 269. 

103. H. Grasdalen, P. S. Belton, J. S. Pryor and G. T. Rich, Mag. Res Chem., 1987, 25, 811. 
104. E. Holmes, P. J. D. Foxall and J. K. Nicholson, J.  Pharm. Bwmed. And.,  1990,81, 955. 
105. J. D. Bell, J. A. Lee, P. J. Sadler, D. R. Wilkie and R. H. Woodham, Biochim. Biophys Acta, 

106. K. Matsushita, K. Kato, A. Ohsaka, M. Kanazawa and K. Aizawa, Physiol. Chem. Phys 

107. I? J. D. Foxall, M. Spraul, R. D. Farrant, J. C. Lindon, G. H. Neild and J. K. Nicholson, J. 

108. P. J. D. Foxall, PhD Thesis, University of London, 1993. 
109. F. F. Brown, I. D. Campbell, P. W. Kuchel and D. L. Rabenstein, FEBS Len., 1977, 

110. F. F. Brown and I. D. Campbell, Phil. Trans R. SOC. Lond. B, 1980,289, 395. 
111. R. J. Simpson, K. M. Brindle, F. F. Brown, I. D. Campbell and D. L. Foxall, Biochem. J., 

112. R. J. Simpson, K. M. Brindle, E F. Brown, I. D. Campbell and D. L. Foxall, Biochem. J . ,  

113. R. J. Simpson, K. M. Brindle, F. F. Brown, I. D. Campbell and D. L. Foxall, Biochem. J., 

114. K. M. Brindle, E F. Brown, I. D. Campbell, D. L. Foxall and R. J. Simpson, Biochem. J., 

115. K. M. Brindle, I. D. Campbell and R. J. Simpson, Biochem J. .  1982, 208, 583. 
116. R. J. Simpson, K. M. Brindle and I. D. Campbell, Biochim Biophys Acta, 1982, 

117. K. M. Brindle, J. Boyd, I. D. Campbell, R. Porteous and N. Soffe, Biochem. Biophys Res 

118. A. A. Isab and D. L. Rabenstein, FEBS Letters, 1979, 106, 325. 
119. M. J. York, €? W. Kuchel, B. E. Chapman and A. J. Jones, Biochem. J . ,  1982, 207.65. 
120. D. L. Rabenstein and A. A. Isab, Anal Biochem., 1982, 121,423. 
121. K. M. Brindle, F. F. Brown, I. D. Campbell, C. Grathwol and P. W. Kuchel, Biochem. I. ,  

122. F. F. Brown, I. Sussman, M. Avron and H. Degani, Biochim. Biophys Acta, 1982, 

123. A. J. Jones and P. W. Kuchel, Clin. Chim. Acta, 1980, 104, 77. 
124. G. F. King, M. J. York, B. E. Chapman and P. W. Kuchel, Biochem Biophys Res Commun., 

125. B. E. Chapman, G. R. Beilharz, M. J. York and P. W. Kuchel, Biochem Biophys Res 

1991,109,101. 

Med. NMR, 1989, 21, 3. 

Pharm. Biomed. Anal., 1993, 11, 267. 

82, 12. 

1981, 193, 401. 

1982, 202, 573. 

1982, Un, 581. 

1982, Un, 589. 

707, 191. 

Commun., 1982,109,864. 

1979, 180,37. 

690, 165. 

1983,110,305. 

Commun., 1982, 105, 1280. 



82 J. C. LINDON, J. K. NICHOLSON AND J. R. EVERElT  

126. P. W. Kuchel, G. E. Hunt, G. F. S. Johnson, G. R. Beilharz, B. E. Chapman, A. J. Jones and 

127. D. L. Rabenstein and A. A. Isab, FEBS Lett.. 1980, l21, 61. 
128. D. L. Rabenstein, S. J. Backs and A. A. Isab, 1. A m  Chem. Soc., 1981, 103, 2836. 
129. D. L. Rabenstein, A. A. lsab and R. S. Reid, Biochim. Biophys Acta, 1982,696, 53. 
130. D. L. Rabenstein and A. A. Isab, Biochim. Biophys. Acta. 1982, 721. 374. 
131. D. L. Rabenstein, A. A. Isab, W. Kadima and P. Mohanakrishnan, Biochim. Biophys Acta, 

132. G. Otiko, M. T. Razi, €? J. Sadler, A. A. Isab and D. L. Rabenstein, J. Inorg. Biochem., 1983, 

133. D. L. Rabenstein, J. Biochem Biophys Methods, 1984, 9, 277. 
134. A. J. Lennon, N. R. Scott, B. E. Chapman and P. W. Kuchel, Biophys J., 1994, 67, 2096. 
13.5. P. W. Kuchel, A. Coy and P. Stilbs, Magn. Reson. Med., 1997, 37, 637. 
136. I? W. Kuchel, Magn. Reson. imaging, 1998, 16, 423. 
137. E. Humpfer, M. Spraul, A. W. Nicholls, J. K. Nicholson and J. C. Lindon, Magn. Reson. 

138. J. F Zilva and P. R. PannaU, Clinical Chemistry in Diagnosis and Treatment. 4th edn. 

139. S. C. Connor, J. R. Everett and J. K. Nicholson, Magn. Reson. Med., 1987, 4, 461. 
140. 13. Yamamoto, N. Koda, S. Yarnaguchi, Y. Eto and K. Aoki, Clin. Chem., 1987, 33, 714. 
141. F. Y. K. Ghauri, A. E. M. McLean, D. Beales. I. D. Wilson and J. K .  Nicholson, Physiol. 

142. J. D. Bell. J. C. C. Brown, J. K. Nicholson and P. J. Sadler, FEBS Leners, 1987, 215, 311. 
143. P. J. D. Foxall. S. Bewley, G. H. Neild, C. H. Rodeck and J. K. Nicholson, Arch. Dic 

144. I? J. D. Foxall. J. C. P. Kingdom, C. H. Rodeck, G. H. Neild and J. K. Nicholson. J. Am. 

145. P. J. D. Foxall. L. R. Green. L. Bennet. M. A. Hanson and J. K. Nicholson, J. Am. SOC. 

146. S .  E. C. Davies, R. A. Chalmerq E. W. Randall and R. A. Iles, Clin. Chim. Acra, 1988, 

147. J. R. Bales. J. D. Bell, J. K. Nicholson and P. J. Sadler, Magn. Reson. Med., 1986. 3, 849. 
148. S. Yamaguchi, N. Koda and T. Ohashi, Tohoku J. Exp. Med., 1986, 150, 227. 
149. N. Koda. S. Yamaguchi and T. Mori, Tokyo Jikeikai Med. 1.. 1987, 102, 1269. 
150. W. Lehnert and D. Hunkler, Eur. J.  Pediarr., 1986. 145, 260. 
151. J. E. Rafter, R. A. Chalmers and R. A. lleg Biochem. SOC. Trans., 1990, 18, 551. 
152. R. A. Iles. A. J. Hmd and R. A. Chalmers, Clin. Chem., 1985,31, 1795. 
153. J. C. C. Brown, G. A. Mills, P. J. Sadler and V. Walker, Mag. Res Med., 1989, 11, 193. 
154. R. A. Iles, J. R. Jago, S. R. Williams and R. A. Chalmers, FEBS Lett., 1986, 203, 49. 
155. J. R. Jago, S. R. Williams. R. A. Chatmers and R. A. Iles Biochem. SOC. Trans., 1986, 

156. M. Grootveld, J. D. Bell, B. Halliwell, 0. I. Aruoma, A. Bomford and P. J. Sadler, J. Biol. 

157. J. C. C. Brown, I? J. Sadler, G. A. Mills and V. Walker, Ann. Clin. Biochem., 1987, 

158. J. E. Rafter. R. A. Chalmers and R. A. Ues, Biochem SOC. Trans., 1990, 18, 912. 
159. E. Holmes, I? J. D. Foxall, M. Spraul, R. D. Farrant, J. K. Nicholson and J. C. Lindon, J. 

160. S. R. Williams R. A. Iles and R. A. Chalmers. Clin. Chim. Acta, 1986, l59, 153. 
161. R .  A. [les, R. A. Chalmers and A. J. Hind, Clin. Chim. Acra, 1986. 173, 173. 
162. F. Y. K. Ghauri, H. G. Parkes, J. K. Nicholson. I. D. Wilson and D. P. Brenton, Clin. Chem., 

B. S. Singh, Aflective Disorders, 1984, 6, 83. 

1983, 762, 53 1. 

19, 227. 

Med., 1997, 38. 334. 

Lloyd-Luke, London, 1984. 

Chem Phys Med. NMR. 1993.25, 209. 

Childhood. 1995, 73, F153. 

SOC. Nephrol.. 1995, 6, 361. 

Nephrol., 1996, 7, A2887. 

178. 241. 

14, 731. 

Chem.. 1989, 264, 4417. 

24, 101. 

Pharm. Biomed. Anal., 1997, 15, 1647. 

1991, 39. 1341. 



NMR SPECTROSCOPY OF BIOFLUIDS 83 

163. E Comodari, D. L. Arnold, B. C. Sanctuary and E. Shoubridge, NMR Biomed., 1991, 

164. J. K. Nicholson and I. D. Wilson, NMR Biomed., 1989,2,77. 
165. R. A. Iles, 1. R. Jago, S. R. Williams, T. E. Stacey, C. de Sousa and R. A. Chalmers, Biochem. 

166. R. A. Iles and R. A. Chalmers, Clin. Sci., 1988,74,1. 
167. S. E. C. Davies, R. A. Iles, T. E. Stacey, C. de Sousa and R. A. Chalmers, Clin. Chim. Acta, 

168. J.  S.  Videen and B. D. Ross, Kidney Int., 1994,46, S1224128. 
169. H. Nagasawa, Y. Fujii, H. Nishiyama, Y. Goto and H. Inatomi, Anticuncer Res., 1992, 

170. T. L. Knubovets, T. A. Lundina, L. A. Sibeldina and K. R. Sedov. Mag. Res Imaging, 1992, 

171. T. A. Lundma, T. L. Knubovets, K. R. Sedov, S. A. Markova and L. A. Sibeldin, Clin. Chim. 

172. P. J. D. Foxall, G. J. Mellotte, M. R. Bending, J. C. Lindon and J. K. Nicholson, Kidney Znt., 

173. L. Le Moyec, A. Pruna, M. Eugene, J. Bedrossian, J. M. Idatte, J. E Huneau and D. Tomt, 

174. M. Eugene, F. Muller, M. Dommergues, L. Le Moyec and Y. Dumez, Am. J. Obstet. 

175. P. Lundberg, N. P. B. Dudman, P. W. Kuchel and D. E. L. Wicken, Clin. Chem., 1995, 

176. J. R. Bales, J. D. Bell, J. K. Nicholson, I? J. Sadler, J. A. Tibrell,  R. D. Hughes, P. Bennett 

177. J. R. Bales, P. J. Sadler, J. K. Nicholson and J. A. Tmbrell, Clin. Chem., 1984,30, 1631. 
178. J. R. Bales, J. K. Nicholson and P. J. Sadler, Clin. Chem., 1985,31,757. 
179. P. J. D. Foxall, M. R. Bending, K. P. R. Gartland and J. K. Nicholson, Human Toxicol., 1989, 

180. G. Vermeersch, J. Marko, B. Cartigny, F. Leclerc, F? Roussel and M. L. Hermitte, Clin. 

181. D. Malhotra, J. I. Shapiro and L. Chan, J. Am. SOC. Nephrol., 1991,2,1046. 
182. A. A. Pappas, J. R. nompson, G. L. Fuller, W. H. Porter and R. H. Gadsen, J.  Anal. Toxicol., 

183. M. L. Anthony, C. R. Beddell, J. C. Lindon and J. K. Nicholson, Arch. Toxicol., 1993, 

184. S. M. Sanins, J. K. Nicholson, C. R. Elcornbe and J. A. Timbrell. Arch. Toxicol., 1990, 

185. S. M. Sanins, J. A. Timbrell and J. K. Nicholson, Human ToxicoL, 1986,5,123. 
186. K. P. R. Gartland, J. K. Nicholson, J. A. Timbrell and F. W. Bonner, Human Toxicol., 1986, 

187. J. A. Gray. J. K. Nicholson and J. A. Embrell, Human Toxicol., 1986,5,402. 
188. J. K. Nicholson, J. A. Timbrell, D. P. Higham and P. J. Sadler, Human Toxicol., 1984, 

189. F? J. I). Foxall, J. M. Singer, 1. M. Hartley, G. H. Neild, M. Lapsley, J. K. Nicholson and R. L. 

190. I? J. D. Foxall. J. M. Hartley, J. M. Singer, R. L. Souhami, G. H. Neild and J. K. Nicholson, J.  

191. E. Holmes, F. W. Bonner and J. K. Nicholson, Comp. Biochem. Physiol. C ,  1997, 

192. E. Hohnes, E W. Bonner and J. K. Nicholson, Comp. Biochem. & Physiol. C, 1996,114, 7. 
193. E. Holmes, F. W. Bonner and J. K. Nicholson, Arch. Toxicol., 1995,70,89. 

4, 192. 

SOC Trans., 1986,14,702. 

1991,204,263. 

12, 993. 

10,127. 

Acta, 1993,214, 165. 

1993,43,234. 

Nephron, 1993,65,433. 

Gynecoi., 1994,170,595. 

41, 275. 

and R. Williams, Mag. Res Med., 1988,6,300. 

9,491. 

Chem., 1988,34,1003. 

1993,17,273. 

67, 6%. 

64,407. 

5, 122. 

3, 334. 

Souhami, Clin. Cancer Res., 1997,2,295. 

A m  SOC. Nephrol., 1994,5,392. 

116, 125. 



84 J. C. LINDON, J. K. NICHOLSON AND J. R. EVERETT 

194. V. Hoyle, I? J. Gilbert, J. A. Troke. C. W. Vose and J. K. Nicholson, Biochem. Pharmacol., 

195. E. Holmes F. W. Bonner, K. I? R. Gartland and J. K. Nicholson, J. Pharm. Biomed. Anal., 

196. M. L. Anthony, C. R. Beddell, J. C. Lindon and J. K. Nicholson, Arch. Toxicol.. 1995, 

197. M. L. Anthony, K. P. R. Gartland, C. R. Beddell, J. C. Lindon and J. K. Nicholson, Arch. 

198. M. L. Anthony, K. P. R. Gartland, C. R. Beddell, J. C. Lindon and J. K. Nicholson, Arch. 

199. M. L. Anthony, K. P. R. Gartland, J. C. Lindon, C. R. Beddell and J. K. Nicholson, Hum. 

200. J. K .  Nicholson, J. A. Tunbrell and P. J. Sadler, Mol. Pharmacol., 1985,27,644. 
201. S. Sequeira. P. W. So, J. R. Everett, C. R. Elcombe, A. S. Kelvin and J. K. Nicholson, J.  

202. K I? R. Gartland, F. Bonner, J. A. Timbrell and J. K. Nicholson, Arch. Toxicol., 1989, 

203. K. I? R. Gartland, F. Bonner and J. K. Nicholson, Mol. Pharmacol., 1989,35,242. 
204. M. L. Anthony, K. P. R. Gartland, C. R. Bedell, J. C. Lindon and J. K. Nicholson, Arch. 

205. M. L. Anthony, C.  R. Beddell, J. C. Lindon and J. K. Nicholson, Arch. Toxicol., 1993, 

206. M. L. Anthony, C. R. Beddell, J. C. Lindon and J. K. Nicholson, Arch. Toxicol., 1995, 

207. S. M. Sanins, J. A. Timbrell, C. R. Elcombe and J. K. Nicholson, Arch. Toxicol., 1990, 

208. J. K. Nicholson, D. P. Higham, J. A. Timbrell and P. J. Sadler, Mol. Pharmacol., 1989, 

209. K. P. R. Gartland. M. L. Anthony. C. R. Beddell, J. C. Lindon and J. K. Nicholson, J. Pharm. 

210. K. I? R. Gartland. F. W. Bonner and J. K. Nicholson, Mol. Pharmucol., 1989,35242. 
211. K. F? R. Gartland, C. T. Eason, F. W. Bonner and J. K. Nicholson, Arch. Toxicol., 1990. 

64, 14. 
212. E. Holmes F. W. Bonner, B. C. Sweatman, J. C. Lindon, C. R. Beddell, E. Rahr and J. K. 

Nicholson, Mol. Pharmucol., 1992.42, 922. 
213. E. Holmes S. Caddick. J. C. Lindon, 1. D. Wilson, S. Kryvawych and J. K. Nicholson, 

Biochenr Pharmucol., 1995,49,1349. 
214. M Spraul. P Neidig, U. Klauck, P. Kessler, E. Holmes J. K. Nicholson, B. C. Sweatman, 

S. R. Salman, C. R. Beddell, R. D. Farrant and J. C. Lindon,J. Pharm. Biomed. Anal., 1994, 
12. 1215. 

215. K. P R. Gartland, C. R. Beddell, J. C. Lindon and J. K. Nicholson, Mol. Pharmacol., 1991. 
39.629. 

216. K. P. R. Gartland, S. M. Sanins J. K. Nicholson, B. C. Sweatman, C. R. Beddell and J. C. 
Lindon, N M R  Biomed., 1990,3, 166. 

217. K. P. R. Gartland. C. R. Beddell. J. C. Lindon and J. K. Nicholson, J. Pharm. Biomed. Anal., 
1990,8,963. 

218. M. L. Anthony, B. C. Sweatman, C. R. Beddell, J. C. Lindon and J. K. Nicholson. Mol. 
Phurmacol., 1994.46, 199. 

219. E. Holmes, J. K. Nicholson, E W. Bonner, B. C. Sweatman, C. R. Beddell. J. C. Lindon and 
E. Rahr. N M R  Biomed., 1992,5,368. 

220. E. Holmes F. W. Bonner, B. C. Sweatman, J. C. Lindon, C. R. Beddell, E. Rahr and J. K. 
Nicholson, Mol. Pharmacol., 1992,42,922. 

1992, M, 231. 

1990.8.959. 

69. 99. 

Toxicol., 1992, 66, 525. 

Toxicol., 1994,68,43. 

Experim. Toxicol.. 1990.9,350. 

Pharm. Biomed. Anal., 1990.8.945. 

63. 97. 

Toxicol., 1992,66, 525. 

67, 696. 

69. 99. 

64,407. 

36, 398. 

Biomed. Anal.. 1990, 8, 951. 



NMR SPECTROSCOPY OF BIOFLUIDS 85 

221. M. L. Anthony, V. S. Rose, J. K. Nicholson and J. C. Lindon, J.  P h a m  Bwmed. Anal., 1995, 
13,205. 

222. B. M. Beckwith-Hall, J. K. Nicholson, A. W. Nicholls, I? J. D. Foxall, J. C. Lindon, S. C. 
Connor, M. A M ,  J. Connelly and E. Holmes, Chem. Res Tox., 1998, ll, 260. 

223. E. Holmes, A. W. Nicholls, J. C. Lindon, S. Ramos, M. Spraul, P. Neidig. S. C. Connor, 
J. Comelly, S. J. P. Damment, J. Haselden and J. K. Nicholson, NMR Bwmed., 1998, 
11, 235. 

224. E. Holmes, J. K. Nicholson, A. W. Nicholls, J. C. Lindon, S. C. Connor, S. Polley and J. 
Connelly, Chemomet. Intel. Lab Systems, 44, 251. 

225. E. Holmes, P. J. D. Foxall, J. K. Nicholson, G. H. Neild, S. M. Brown, C. R. Beddell, 
B. C. Sweatman, E. Rahr, J. C. Lindon, M. Spraul and P. Neidig, AnaL Biochem., 1994, 
220,284. 

226. P. J. D. Foxall, G. J. Mellotte, C. R. Beddell, J. C. Lindon and J. K. Nicholson, 
unpublished. 

227. M. J. Lynch, J. Masters, J. P. Pryor, J. C. Lindon, M. Spraul, P. J. D. Foxall and J. K. 
Nicholson, J.  P h a m  Bwmed. Anal., 1994, 12, 5.  

228. M. Spraul, J. K. Nicholson, M. J. Lynch and J. C. Lindon, J.  P h a m  Biomed. Anal., 1994, 
12, 613. 

229. A. M. Tomlins, P. J. D. Foxall, M. J. Lynch, J. Parkinson, J. R. Everett and J. K. Nicholson, 
Biochim Biophys Acta, 1998, W79, 367. 

230. G. Kamp and J. Lauterwein, Biochim. Siophys Acta, 1995, l243, 101. 
231. M. Kalic, G. Kamp and J. Lauterwein, NMR Biomed., 1997, 10, 341. 
232. J. Segalen, J. D. de Certaines, M. le Calve, D. Colleu, J. Y. Bansard and M. Rio, J.  Reprod. 

233. S. Hamamah, F. Seguin, C. Barthelemy, S. Akoka, A. le Pape, J. Lansac and D. Royere, J. 

234. S. Hamamah, F. Seguin, C. Barthelemy, S. Akoka, A. le Pape, D. Royere and J. Lansac, 

235. M. J. Lynch and J. K .  Nicholson, Prostate, 1997, 30, 248. 
236. W. S. M. Arrata, T. Burt and S. Corder, Fertility Sterility, 1978, 30, 329. 
237. A. S. Levine, N. Foster and B. Bean, Ann. NYAcad. Sci., 1987, 508,466. 
238. B. Beckwith-Hall, PhD Tbesis, University of London, 1998. 
239. J. Hellou, J. H. Banoub and J. F. Payne, Chemosphere, 1986,15, 787. 
240. D. S. Khristianovitch, V. I. Reshetnyak, A. S Loginov, V. E. Yushmanov, M. A. 'hmanyan 

241. J. P. M. Ellul, G. M. Murphy, H. G. Parkes, R. Z. Slapa and R. H. Dowling, FEBS Lett., 

242. S.  S.  Sequeira, H. G. Parkes, J. P. M. Ellul and G. M. Murphy, Biochim Biophys Acta, 1995, 

243. S. S. Sequeira, H. G. Parkes, J. P. M. Ellul and G. M. Murphy, Bwchem Soc Trans., 1994, 

244. M. P. Degraaf, A. K. Groen and W. M. M. J. Bovee, Gastroenterology, 1993,104,894. 
245. J. J. Powell, K. P. R. Gartland, M. Lombard, R. Sallie, J. K. Nicholson and R. P. H. 

246. T. Nishijima, M. Nishina and K. Fujiowara, Jap. J. Clin. Oncol., 1997, 27, 13. 
247. T. R. Nelson, R. J. Gillies, D. A. Powell, M. C. Schrader, D. K. Mancbester and D. H. 

Pretorius, Prenatal Diagnosis, 1987, 7,  363. 
248. C. J. Sims, D. T. Fujito, D. R. Burholt, J. Dadok, H. R. Giles and D. A. Wilkinson, Prenatal 

Diagnosis, 1993, W ,  473. 
249. P. E. McGowan, J. Reglinski, R. Wilson, J. J. Walker, S. Wisdom and J. H. McKillop, J.  

Pharm. Biomed. Anal., 1993, 11, 629. 
250. J. L. Bock, Clin. Chem., 1994, 40, 56. 

Fem.l., 1995, 103, 181. 

Reprod. Fertil., 1993,97, 51. 

Contracep. Fertil. Sexualitk, 1993, 21, 374. 

and L. A. Sibeldina, Bull. Exp. Biol. Med., 1988, 106, 1707. 

1992, 300,30. 

1256,360. 

22, S114. 

Thompson, Clin. Sci., 1990, 78, 13. 



86 J. C. LINDON, J. K. NICHOLSON AND J. R. EVERETT 

251. L. Lemoyec, F. MuUer, M. Eugene and M. Spraul, Clin. Biochem., 1994,27, 475. 
252 C. J. Sims, D. T. Fujito, D. R. Burholt, J. Dadok and D. A. Wilkinson, 1. Maternal-Fetal 

253. J. M. Pearce, M. A. Shifman, A. A. Pappas and R. A. Komoroski, M a p .  Reson. Med., 1991, 

254. J. M. Pearce and R. A. Komoroski, M a g .  Reson. Med., 1993, 29, 724. 
255. J. M. Pearce, J. T. Krone, A. A. Pappas and R. A. Komoroski, Magn. Reson. Med., 1993, 

256. R. G. Gosden, I. H. Sadler, D. Reed and R. H. F. Hunter, Experientia, 1990, 46, 1012. 
257. T. M. Eads and R. G. Bryant, J. Agric. Food Chem., 1986.34, 834. 
258. P. S. Belton, Pure Appl. Chem., 1997. 69, 47. 
259. A. Preiss, J. Kruppa and C. Mugge, J.  Pharm. Biomed. Anal., 1998, 16, 1381. 
260. M. P. Williamson, G. Humm and A. J. Crisp, Br. L RheumutoL, 1989, 28,23. 
261. M. C. Grootveld, H. Hem, R. Haywood, G. E. Hawkes, D. Naughton, A. Perera, J. 

262. H. G. Parkes, R. E. Allen, A. Furst, D, R. Blake and M. Grootveld, J.  Pharm. Biomed. 

263. H. G. Parkes M. Grootveld, E. B. Henderson, A. FarreU and D. R. Blake, J. Pharm. 

264. K. Albert, S. Michele, U. Giinther, M. Fial, H. Gall and J. Saal, Magn. Reson. Med., 1993, 

265. J. C. C. Brown. I? J. Sadler, D. J. Spalton, S. M. Juul, A. E MacLeod and P. H. Sonksen, 

266. I. S. Gribbestad and A. Midelfart, Graefes Arch. Clin. Exp. Ophthulmol., 1994, 232, 494. 
267. G. S. Srivatsa, M. F. Chan, D. S. Chien and B. Tobias, Current Eye Res., 1991, 10, 127. 
268. A. Midelfart, I. S. Gribbestad, B. H. Knutsen and L. Jorgensen, Comp. Biochem. Physiol. 

269. J. V. Greiner, L. A. Chanes and T. Glonek, Ophthulmol. Res., 1991, 23, 92. 
270. J. W. Pettegrew, T. Glonek, N. J. Minshew and D. E. Woessner, J.  Magn. Reson., 1985, 

271. A. Midelfart. A. Dybahl, N. Muller, B. Sitter, I. S. Gribbestad and J. Krane, Exp. Eye Res., 

272. H. Harada, H. Shimizu and M. Maeiwa, Forensic Sci. Int., 1987, 34, 189. 
273. A. Yamadanosaka, S. Fukutomi, S. Uemura, T. Hashida, M. Fujishita, Y. Kobayashi and 

Y. Kyogoku. Arch. Oral Biol., 1991, 36, 697. 
274. E. Lynch, A. Sheerin, A. W. D. Claxson, M. D. Atherton, C. J. Rhodes, C. J. L. Silwood, 

D. I? Naughton and M. Grootveld, Free Rad. Res.. 1997, 26, 209. 
275. J. J. Powell, K. P. R. Gartland, J. K. Nicholson, C. C. Ainley and R. P. H. Thompson, Gut, 

1y90,31, A1197. 
276. P. J. D. FoxaU, R. G. Price, J. K. Jones, G. H. Neild, F. D. Thompson and J. K. Nicholson, 

Biochim. Biophys. Acta, 1992, 1l38, 305. 
277. R. Martino, J. Bemadou, M. C. Malet-Martino, H. Roche and J. P. Armand, Biomed. 

Pharmacother., 1987, 41, 104. 
278. C. M. Goeckeflora and N. V. Reo, Chem. Res. Toxicol., 19%. 9, 689. 
274 P. Huetter, K. Albert, E. Bayer, K. P. Zeller and F. Hartmann, Biochem. Pharmacol., 1987, 

36, 2729. 
280. K. P. R. Gartland, C. T. Eason, K. E. Wade, F. W. Bonner and J. K. Nicholson. J. Pharm. 

Bivmed. Anal., 1989, 7, 699. 
281. T. D. Spurway, K. P. R. Gartland, A. Warrander, R. Pickford, J. K. Nicholson and I. D. 

Wilson, J. Phunn. Biomed. Anal., 1990, 8, %9. 
282. D. A. Ryan, J. K. M. Sander$ G. C. Curtis and H. Hughes, J. Phann. Biomed. Anal., 1995, 

13, 735. 

Invest., 1996, 6. 62. 

21, 107. 

30,476. 

Knappitt, D. R. Blake and A. W. D. Claxson, Radiat. Phys Chem., 1994.43, 445. 

Anal., 1991, 9. 29. 

Biomed. Anal.. 1991, 9, 75. 

30, 236. 

Exp. Eye Res., 1986, 42,357. 

B, Biochem Mol. Biol., 1996, 1W. 445. 

63, 439. 

1998, 66, 327. 



NMR SPECTROSCOPY OF BIOFLUIDS 87 

283. D. A. Ryan, J. K. M. Sanders, G. C. Curtis and H. Hughes, J.  Pharm. Bwmed. Anal., 1995, 

284. A. W. Nicholls, S. T. Caddick, I. D. Wilson, R. D. Farrant, J. C. Lindon and J. K. Nicholson, 

285. A. W. Nicholls, R. D. Farrant, J. l? Shockcor, S. E. Unger, I. D. Wilson, J. C. Lindon and 

286. A. W. Nichok, J. C. Lindon, S. Caddick, R. D. Farrant, I. D. Wilson and J. K. Nicholson, 

287. W. E. Hull, R. E. Port, R. Herrmann, B. Britsch and W. Kunz, Cancer Rex, 1988, 48, 

288. K. Akira, R. D. Farrant, J. C. Lindon, S. T. Caddick, A. W. Nicholls and J. K. Nicholson, 

289. N. E. Preece, J. K. Nicholson and J. A. Tibrell,  Biochem Phamcol . ,  1991,41, 1319. 
290. I. D. Wilson and J. K. Nicholson, J. Pharm. Biomed. Anal., 1988, 6, 151. 
291. J. C. Lindon, J. K. Nicholson and I. D. Wilson, Prog. NMR Spectrosc., 1996, 29, 1. 
292. J. C. Lindon, J. K. Nicholson and I. D. Wilson, Adv. Chromurogr., 1995, 36, 315. 
293. J. C. Lindon, J. K. Nicholson, U. G. Sidelman and I. D. Wilson, Drug Metab. Reviews, 1997, 

294. K. Albert, Analusis, 1996, 24, M17. 
295. K. Albert, J.  Chromutogr., 1995, A6%, 1. 
296. B. Behnke, G. Schlotterbeck, U. Tallarek, S. Strohschein, L. H. Tseng, T. Keller, K. Albert 

297. V. Hoyle, PhD Tlesis, University of London, 1995. 
298. I. D. Wilson, J. K. Nicholson, M. Hofmann, M. Spraul and J. C. Lindon, J.  Chromatogr., 

299. M. Spraul, M. Hofmann, P. Dvortsak, J. K. Nicholson and I. D. Wilson, Anal. Chem., 1993, 

300. M. Spraul, M. Hofmann, 1. D. Wilson, E. Lenz, J. K. Nicholson and J. C. Lindon, J.  Pharm. 

301. M. Spraul, M. Hofmann, J. C. Lindon, R. D. Farrant, M. J. Seddon, J. K. Nicholson and 

302. M. J. Seddon, M. Spraul, I. D. Wilson, J. K. Nicholson and J. C. Lindon, J.  Pharm Biomed. 

303. J. l? Shockcor, R. W. Wurm, L. W. Frick, F! N. Sanderson, R. D. Farrant, B. C. Sweatrnan 

304. A. E. Mutlib, J. T. Strupnewski and S.  M. Chesson, Drug Metab. Disp., 1995, 23, 951. 
305. U. G. Sidelmann, U. Braumann, M. Hofmann, M. Spraul, J. C. Lindon, J. K. Nicholson and 

306. N. I? Feng, Z. X. Zhang, D. K. An, W. L. Huang, G. J. Wang, X. W. Han and X. H. Wao, 

307. W. J. Ehlardt, J. M. Woodland, T. M. Baughman, M. Vandenbranden, S. A. Wrighton, 

308. P. J. D. Foxall, E. M. Lenz, J. C. Lmdon, G. H. Neild, I. D. Wilson and J. K. Nicholson, 

309. R. D. Farrant, B. C. Cupid, J. K. Nicholson and J. C. Lmdon, J.  Phamceut. Biomed. Anal., 

310. E. M. Lenz, D. Greatbanks, I. D. Wilson, M. Spraul, M. Hofmann, J. C. Lmdon, J. ?toke 

311. J. F! Shockcor, S. E. Unger, I. D. Wilson, F? J. D. Foxall, J. K. Nicholson and J. C. Lindon, 

312. G. B. Scarfe, B. Wright, E. Clayton, S. Taylor, I. D. Wilson, J. C. Lindon and J. K. Nicholson, 

13,723, 

Biochem Phamcol . ,  1995.49, 1155. 

J. K. Nicholson, J. Pharm. Biomed. Anal., 1997,15, 901. 

Xenobiotica, 1997,27, 1175. 

1680. 

Anal. Biochem., 1994, 221, 297. 

29,705. 

and E. Bayer, Anal. Chem., 19%, 68, 1110. 

1993, 617, 324. 

65, 327. 

Biomed. Anal., 1993, 11, 1009. 

I. D. Wilson, NMR Biomed., 1995, 7, 295. 

Anal., 1994, 12, 419. 

and J. C. Lindon, Xenobiotica, 19%, 26, 189. 

S. H. Hansen, Anal. Chem., 1997, 69, 607. 

Chin. Chem. Letters, 1997, 8, 515. 

J. S. Kroin, B. H. Norman and S. R. Maple, Drug Metab. Disp., 1998, 26, 42. 

Therapeut. Drug Monit., 19%, 18, 498. 

1997,16, 1. 

and J. K. Nicholson, Anal. Chem., 1996.68.2832. 

Anal. Chem., 1996, 68,4431. 

Xenobiotica, 1998, 28, 373. 



88 J. C. LMDON, J. K. NICHOLSON AND J. R. EVERETT 

313. G. B. Scarfe, B. Wright, E. Clayton, S. Taylor, I. D. Wilson, J. C. Lindon and J. K. Nicholson, 

314. M. J. Gordon, X. Huang, S. L. Pentoney Jr and R. N. Zare, Science, 1988, 242,224. 
315. N. Wu, T. L. Peck, A. G. Webb, R. L. Magin and J. V. Sweedler, J. Am. Chem. SOC., 1994, 

ll6, 7929. 
316. K. Pusecker, J. Schewitz, P. Gfrerer, L.-H. Tseng, K. Albert, E. Bayer, I. D. Wilson, N. J. 

Bailey, C. B. Scarfe, J. K. Nicholson and J. C. Lmdon, A n d  Comm., 1998, 35, 213. 

Xenobiotica, in press. 



NMR Studies of Ion-transporting Biological 
Channels 

JAMES F. HINTON 

Department of Chemistry/Biochemistry, University of Arkansas, 
Fayetteville, Arkansas 72701, USA 

1. Introduction 
1.1. Biological membranes 
1.2. Biological membranes and passive ion transport 
1.3. Strategies for studying ion channels 

2. Naturally occurring peptide channels 
3. Peptide channels of authentic protein channels 
4. Minimally designed synthetic peptide channels 
5. Property-directed synthetic channels 

Acknowledgements 
References 

89 
89 
91 
93 
95 

116 
119 
119 
120 
120 

1. INTRODUCTION 

1.1. Biological membranes' 

Eukaryotic cells have both an extracellular plasma membrane and a distinct 
nucleus and various intracellular vacuoles and organelles, each of which is 
contained by its own membrane systems. The viability of these organisms 
depends upon the ability of the membranes to isolate and protect the integrity 
of their contents and to provide regulatory, selective, permeation mechanisms 
for the transport of material in and out of the cellular membrane components. 
Most selective permeation mechanisms that have evolved are mediated by 
membrane-bound proteins that are incorporated into the structure of the lipid 
bilayer of the membrane. Membrane function plays a central role in the 
transformation of metabolic energy into osmotic, electrical and, to some 
extent, mechanical work, in the acquisition and processing of information. In 
living cells an electrical potential difference exists between the cytoplasm and 
the extracellular medium due to the unequal distribution of ions on both sides 
of the plasma membrane surrounding the cell. The electrical resistance of the 
cell membrane is several orders of magnitude smaller than the resistance of the 
lipid membrane. This suggests that cell membranes are equipped with special 
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transport mechanisms (e.g. ion channels) which accelerate the passage of ions 
across the lipid barrier. 

The physical nature of cell membranes was revealed by experiments in the 
late 1890s These experiments showed that nonpolar lipid molecules were 
absorbed by cells more readily than polar molecules. It was proposed that 
molecules enter cells by penetrating or dissolving in a layer of lipid molecules 
that cover cell surfaces 

The first evidence for the arrangement of the lipid molecules on the 
cell surface came from surface area experiments in the 1920s Mammalian 
erythrocytes of uniform size and shape and containing no internal organelles 
or nucleus were used in these experiments The only lipid in these samples, 
therefore, came from the plasma membrane. A comparison of the surface area 
of a lipid monolayer with the surface area of the erythrocytes from which the 
lipid was extracted indicated that sufficient lipid was present to make a layer 
two molecules thick around each cell. It was proposed that the lipid molecules 
of cell membranes occur as a bilayer. 

During the decade of the 1930s to 1940% surface tension experiments were 
used to investigate further the physical nature of cell membranes These 
experiments suggested that if cells were covered with a layer of lipids then the 
surface tension of the cells should be similar to that of triglyceride oil droplets 
Measurements showed that the surface tension of the cells was lower than that 
of oil droplets. However, the surface properties of cells could be mimicked by 
the addition of proteins to the oil droplets Thus, the proteins were thought to 
form a hydrophilic film over the surface of the oil droplets thereby reducing 
the surface tension. To account for the low surface tension of cells it was 
proposed that the bilayer is coated on the internal and external surfaces with 
a layer of unfolded and extended proteins. To account for the unexpectedly 
high rate of water transport through membranes, small pores extending 
through the membrane were included in the model. Later, this model was 
modified by introducing the idea of asymmetric cell membranes having 
glycoproteins coating the extracellular side and proteins coating the cytoplas- 
mic side. 

Experiments in the 1960s showed that as much as 30% of the amino acid 
chains of membrane proteins is twisted into an alpha helix. Thus, it is unlikely 
that membrane proteins could be spread over the membrane surface in 
completely extended form as proposed in the earlier model. The total alpha 
helix content of membrane proteins is typical of a spherical shape rather than 
a flattened one. Spherical proteins were thought to be incompatible with the 
earlier model because placing proteins in this form on both sides of a bilayer 
would create a membrane structure several times thicker than that experimen- 
tally observed. Furthermore, it was noted that unfolding proteins into fully 
extended form on membrane surfaces would expose hydrophobic amino acid 
side-chains to the aqueous environment, a very thermodynamically un- 
favourable condition. 
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Experimental investigation on aqueous phospholipid solutions showed that, 
unlike the triglyceride solutions previously used, the phospholipids can form 
a bilayer in which all of the exposed surfaces are hydrophilic. This structural 
arrangement reduces the surface tension with no requirement for a surface 
protein coat. Freeze-fracture experiments indicated that proteins were actually 
embedded in membranes as globular units rather than extended on membrane 
surfaces 

Finally, Singer and Nicolson produced the fluid mosaic model for membrane 
structure. This model retained the phospholipid bilayer as the basic structure 
underlying biological membranes and proposed that the bilayer is fluid. 
Proteins were considered to be suspended in the fluid bilayer as discrete, 
individual units. The fluid mosaic model is now accepted as an accurate 
representation of the fundamental structure of biological membranes. 

1.2. Biological membranes and passive ion transpod 

Biological membranes have complex effects on passive transport by diffusion 
because they are structured as a mosaic of regions with distinct hydrophobic 
and hydrophilic properties. Consequently, polarity affects the ability of 
molecules to pass through biological membranes by passive diffusion. The 
ability of membrane proteins specifically to admit some polar molecules and 
exclude others dramatically affects the responses of biological membranes to 
concentration gradients. 

Many substances cross biological membranes according to their lipid 
solubility. Other polar molecules, such as amino acids and glucose, cross the 
membranes more rapidly than expected according to their solubility in lipids. 
Cations, such as Na+ and K+, also cross membranes rapidly in spite of their 
hydrophilic nature. This passive transport of substances at higher rates than 
predicted from their lipid solubility is termed facilitated diffusion. That 
proteins are directly involved in facilitated diffusion was shown by comparison 
of experiments with natural membranes and synthetic membranes produced 
with phospholipid films. With phospholipid films all molecules, except water, 
diffuse according to lipid solubility and molecular size. Ions are essentially 
impermeable. The addition of membrane proteins, however, frequently al- 
lowed many polar and charged species to penetrate the membrane at rates 
comparable to natural membranes. 

The transport proteins of natural membranes are integral membrane 
proteins that completely span the lipid bilayer. The hydrophilic channels of 
these proteins are created by an arrangement of amino acid chains that opens 
the channels and lines their sides with polar groups. The channels may be 
formed by a polar opening through a single protein or by several proteins 
that combine to form a channel between them. There are several types of 
transporters that facilitate diffusion across biological membranes. One type 
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found in animal cells is involved with the transport of small organic molecules, 
such as glucose. Another transport protein facilitates the diffusion of anions 
across membranes. A third type forms channels for cation (e.g. Na', K+ and 
Ca2+) transport across membranes. Most of the ion channels are gated. A 
gated channel is one that is controllable and exists in an open or closed 
state. Gated channels are very important in animals because they provide 
the basis for such processes as conduction of impulses along and between 
nerve cells. All of the facilitated diffusion transporters share several structural 
characteristics. 

All of the transporters are integral membrane proteins that contain several 
alpha helical segments that weave back and forth across the membrane. Most 
of the transporters are also glycoproteins with carbohydrate groups directed 
towards the cell exterior. 

Proteins that form ion-transporting channels are quite common among 
eukaryotes. The majority of these channels transport positive ions, such as Na+, 
K' and Ca2+. However, C1- channels have been recently observed. The cation 
channels function in a selective, nonspecific manner. For example, a channel 
may transport Na' ions more efficiently than K+ ions but both cations move 
through the channel. 

The mechanism for selectively transporting ions through a channel is 
complex. It appears to involve a number of factors The shape, size and polar 
nature of the channel surface, the size and charge of the cation, the ther- 
modynamic driving force for the partial dehydration of the cation at the 
channel entrance and the subsequent binding of the cation at the channel 
entrance both of which depend upon cation charge and size, and the interaction 
of the cations with the polar groups that line the channel all have a role in 
determining the selective filter of a channel. 

Most ion channels operate in a gated mode. Conformational changes 
produced by ligand binding, mechanical stress or voltage change open or close 
the channel for ion transport. The ligand-gated channel opens and closes in 
response to the binding of specific molecular species Hormones and molecules 
released by nerve cells as neurotransmitters act as control molecules that open 
and close ligand-gated channels. Voltage-gated channels open and close 
in response to changes in membrane voltage or electrical potential. The 
mechanosensitive-gated channel functions by mechanical stresses on the 
membrane producing conformational changes which open and close the 
channel. Gating can be very rapid. Ion transport rates can change from 
essentially zero to millions of ions per second in a few milliseconds. 

The Na+ voltage-gated channels in cells (i.e. excitable cells) are opened by 
small voltage changes at some point on the plasma membrane and admit large 
inflows of Na+ ions The i d o w  of Na' ions produced when the channels open 
is responsible for much of the voltage change that is involved in conduction of 
nerve impulses. Many neurotoxins in poisons and venoms bind to the Na' 
channels in nerve and muscle. The channels are then blocked in an open or 
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closed state. In this manner the neurotoxins so perturb the channel function 
that their effects are generally fatal. 

Many epithelia (e.g. kidney tubules, colon, lungs, trachea and sweat ducts) 
have ligand-gated Na+ channels. The channels are regulated by hormones. 
Stretch-gated Na+ channels have been found in muscles in mammals. 

Almost all animal cells contain voltage-gated or ligand-gated K+ channels. 
The voltage-gated channels are associated with generation and conduction of 
an impulse along nerve cells. The ligand-gated channels are associated with 
communication between nerve cells. Eukaryotic cells contain voltage-gated, 
ligand-gated and stretch-gated Ca2+ channels The voltage-gated channels can 
serve as links between nerve impulses and the regulation of major cell 
functions such as muscle contraction. Ligand-gated Ca2+ channels are also 
important in many cellular regulatory pathways, especially those triggered by 
the activation of receptors at the cell surface. Stretch-gated Ca2+ channels have 
been found in the epithelia lining blood vessels, where their activity may be 
associated with the regulation of blood pressure. 

Recently, C1- channels have been discovered. These channels have no 
sequence relationship to the voltage-gated Na+ , K+ and Ca2+ channels One 
such channel is involved in the disease, cystic fibrosis. In this disease, regulation 
of the channel is defective. The altered function of the channel in epithelia 
causes elevated levels of sodium and chloride ions in sweat and, through 
unknown processes, the accumulation of mucus in the respiratory tract and 
failure of exocrine secretion in glands, such as the pancreas. Blockage of 
airways leads to chronic lung infections that, with other effects of the C1- 
transport deficiency, can be fatal. 

1.3. Strategies for studying ion channels 

The determination of the correlation between channel structure and function 
is of considerable importance. The peptides of ligand-gated and voltage-gated 
channels from several species have been completely sequenced. The amino 
acid sequence analysis indicates that most ligand-gated channels are related 
proteins that have a cluster of three a-helical segments that extend across the 
membranes and form a hydrophilic channel. The voltage-gated Na+, K +  and 
Ca2+ channels appear to be members of a related group. The K+ channel, the 
simplest of the three, is a relatively small polypeptide that contains a single 
domain. This domain contains six segments of hydrophobic amino acids that 
are capable of folding into membrane-spanning a-helices. The more complex 
channel-forming polypeptides of the Na+ and Ca2+ channels contain four 
domains, each with six transmembrane segments arranged in a pattern that is 
similar to that of the K+ channel. The amphipathic helices are thought to 
associate so that their polar surfaces form an inner channel through the core 
of the protein. Although some of the general features of the structure of 
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channels are known, not a single high-resolution structure of an ion channel 
protein from a eukaryotic cell is available: with the one exception of the 
landmark 3.2 A X-ray crystallographic structure determination of the K+ 
channel from Streptomyces f i v i d ~ n s . ~  A major reason for this is that proteins 
embedded into membrane bilayers are poor candidates for x-ray crystallog- 
raphy. Currently, these proteins are too large to be studied by conventional 
NMR techniques. It is hoped that the next generation of ultra-high magnetic 
field NMR spectrometers will provide the capability of obtaining significant 
structural information concerning ion channels. However, if or until that 
becomes a reality, other strategies are employed to investigate the structure- 
function relationship. 

One strategy is to use small peptides that form channels in membranes or 
to use segments of protein channels that are associated with the channel 
formation. Channel-forming peptides, considered to be minimal models for 
the pore-forming structure of channel proteins, may be classified in three 
~ategories:~ (i) naturally occurring channel-forming peptides, (ii) peptides that 
mimic structural elements predicted to form the channel lining of authentic 
channel proteins and (iii) minimally designed synthetic peptides. Another 
strategy that can be used to obtain information about channels is property- 
directed, nonpeptidic synthesis of channels. 

Naturally occurring peptides, such as gramicidin A, can form channels that 
exhibit a wide range of structure and biological activity. These relatively small 
channels are also very useful in the study of the structure-function relationship 
of channels. Small, synthetic peptides of a limited number of types of 
hydrophobic and hydrophilic amino acids, which bear no relationship to the 
sequence of naturally occurring channels can serve as model channels. These 
systems are useful in the study of the general properties of channels." The third 
class of channel-forming peptides represents part of a strategy involved with 
the design of pore proteins based upon sequence information and the 
oligomeric organization of naturally occurring channels4 This strategy is based 
upon the assumption that given the primary structure of channel proteins it 
may be possible to identify a segment associated with the ion-transporting 
pore. It is then assumed that such a sequence folds into a structure that has the 
channel characteristics of the natural protein channel. 

A comprehension of how a channel structure is formed and how its structure 
affects the function of ion transport across membranes requires knowledge of 
many facets of this relationship. One must understand the interaction between 
a specific peptide or protein and the membrane environment which ultimately 
determines the folded structure that forms a channel. Single amino acid 
substitution in the sequence of the peptide or protein can be used to investigate 
the very delicate balance of forces that must exist between side-chains of the 
residues and the membrane environment to maintain a stable folded structure. 
The structure of these peptide or protein analogues in amembrane environment 
must be obtained to determine if there are structural differences that might 
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affect the transport process. Although the channel dimensions might not change 
with amino acid substitution, the long-range interaction between side-chains, 
such as the indole ring of tryptophan, and the ions to be transported can be 
modulated by substitution and, therefore, influence the binding and transport 
processes. Consequently, binding constants and transport energetics must be 
determined as a function of amino acid substitution. 

There are relatively few physical techniques available for the characteriza- 
tion of the interaction of monovalent cations with biological molecules 
responsible for cation transport. However, nuclear magnetic resonance 
(NMR) spectroscopy has proven to be a very powerful technique for the study 
of the transport process and the molecular systems responsible for the 
transport. NMR techniques can be used to determine the three-dimensional 
structure of the channel, to determine the thermodynamic parameters for the 
incorporation of the transport system into the membrane environment, to 
obtain the thermodynamic parameters for the binding of the cations to the 
channel, to determine the kinetic activation enthalpy for the transport process, 
and to study the internal motion of the peptide or protein that forms the 
channel. 

2. NATURALLY OCCURRING PEPTIDE CHANNELS 

The gramicidin family of linear polypeptides represents a biologically viable 
channel system of related peptides in which specific changes in amino acid 
composition can be correlated with cation binding selectivity and transport. 
The parent molecule of this family of polypeptides, gramicidin A, has the 
amino acid sequence shown in Fig. 1. This relatively simple molecule is 
probably the best characterized ion channel (both structurally and function- 
ally) and has, to date, been the principal proving-ground for many of our ideas 
about the molecular nature of ion conduction in membranes? 

The linear gramicidins A, B (Trp at position 11 in gramicidin A replaced by 
phenylalanine) and C (Trp at position 11 in gramicidin A replaced by tyrosine) 
are the main species synthesized by the aerobic spore-forming bacterium 
Bacillus brevis6 (see Fig. 1). These peptides contain D-amino acids and are 
made in vivo by total enzymatic synthesis without the use of ribosomes or a 
template RNA.7 A mixture of nine pentadecapeptides is synthesized by 
Bacillus brevis, the major component being gramicidin A.%" Six of the 
peptides of the mixture have different amino acids at position 1 (Ile instead of 
Val) and/or at position 11 Phe or Q r  instead of Trp)' while three of the peptides 
are acylated gramicidins A, B and C?-" The relative abundance of the various 
amino acids in the growth medium can affect the amounts of the linear 
gramicidins produced by Bacillus b r e d 3  and, therefore, the proportions of 
gramicidins in different commercial lots. Qpically, an A/B/C ratio of approxi- 
mately 7/1/2 is produced. Further variations in amino acid sequence can 
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1 2 3 4 5 6 
For Val Gly Ala DLeu Ala D-Val 

Ho\/ 

Etn Trp 0-Leu Trp 0-Leu Trp D-Leu 
15 14 13 12 11 10 

1 Gramicidin B I GrarniddinC I 

Phe 
11 

OH 
I I I 

Fig. 1. 'The amino acid sequence of gramicidin A, B and C. 

be produced by either total synthesis or semisynthesis"'6 Because these 
analogues provide subtle but well-defined perturbations of the properties of 
gramicidin, they represent a powerful means of deciphering the structure- 
function relationship of this channel system. Many investigations of the 
properties of the gramicidin channel and the interaction between gramicidin 
and its environment have been facilitated by the availability of naturally 
occurring and chemically synthesized analogues which differ from the parent 
peptide, gramicidin A, by only a single amino acid sub~titution. '~-~~ 

Gramicidin has been shown to induce monovalent cation permeability in 
both natural and artificial lipid membranes. Hladky and Haydon4* found that 
the addition of small amounts of gramicidin A to bilayer membranes caused 
discrete conductance changes because of the formation of gramicidin channels. 
Gramicidin A became the first ion-selective transmembrane channel of known 
molecular structure. This channel is essentially impermeable to anions and 
multivalent cations and displays appreciable selectivity between monovalent 
cations4' Gramicidin A exhibits high single-channel ion fluxes (lo7 Na' s-' at 
25°C 1 M NaCl and 100 mV)42,43 producing a channel conductance of about 
1 0 ~ s . ~  It has a number of characteristics similar to those of physiological 
channels such as monovalent cation selectivity, and blocking, saturation 
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effects, concentration dependence of permeability ratios,"-" multivalent 
anion screening effects& and divalent cation damping of the single-channel 
 current^."^ Gramicidin channels are ideally selective for monovalent cations. 
The single-channel conductance for alkali cations is ranked in the same order 
as the aqueous mobilities of these cations and follows the thermodynamic 
profile that describes the transfer of cations from an aqueous solution to the 
amide binding environment of the channel inte~-ior.~~*'~ Divalent cations, such 
as Ca2+ and Ba2+, block the channel by binding at the channel entran~e.5~"~ 
Monovalent cations move through the channel in single file, as shown by 
tracer-flux m e a ~ u r e m e n t s ~ ~ . ~ ~  and the mole-fraction dependence of the channel 
conductance in the presence of symmetric mixtures of KX, TK and A@?- 
The channel is filled with about six to seven water molecules, some of which 
are displaced when an ion is transported.614 Protons are transported much 
more rapidly than other ions by means of a proton-hopping mechanism with 
no displacement of water molecules63 The gramicidin channel is selective for 
K+ over Na+.'0*51 For 1 O m M  Na' and K+ at 25"C, the bionic potential is 
27.7 mV? This corresponds to a permeability ratio of 2.9, a value which agrees 
with the measured conductance ratio.& 

The structural characteristics of the linear gramicidins remain as a subject 
of considerable interest. If Gly is counted as a D-amino acid, the gramicidin 
sequence consists of an alternating series of L- and D-amino acids. Early x-ray 
patterns associated predominate helical components to the structure of 
grami~idin:~ yet none of the family of a-helices would be stable for an 
alternating L,D sequence of amino acids. In 1971, Urrya proposed that helical 
variations of peptide P sheets could provide stable environments for the 
side-chains of an alternating L,D sequence. In such single-stranded T-(L,D) or 
p helices the intramolecular hydrogen-bonding pattern resembles that of a 
parallel P-pleated sheet. V e a t ~ h ~ ~  showed that various double-stranded P 
helices could be formed by intertwining two (L,D) peptides in either a parallel 
or an antiparallel manner. In all P-type helices, as in P sheet structures, the basic 
repeating unit is a dipeptide. The evidence indicates that gramicidin adopts 
single- andlor double-stranded helical conformations, depending upon the 
environment into which it is placed. Thin-layer chromatography, circular 
dichroism, infrared and NMR spectroscopy have shown that the conformation 
state of gramicidin is solvent, membrane and analogue 

Because gramicidin incorporated into membranes or membrane-like en- 
vironments represents a model for channel activity, considerable interest has 
focused upon the interaction of gramicidin with the lipid membrane environ- 
ment. The influence of gramicidin on the macroscopic organization of the lipid 
environment, the influence of gramicidin on acyl chain order and motion of a 
bilayer, the influence of the lipid environment upon the structure, dynamics 
and aggregation behaviour of gramicidin, the effect of added membrane 
constituents on gramicidin, and conformational transitions of gramicidin in a 
lipid environment have been 
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The circular dichroism spectra of gramicidin incorporated into phospholipid 
vesicles and micelles are quite different than those obtained for gramicidin 
dissolved in nonpolar organic  solvent^,^^^-'^^ indicating that the conformation 
in membrane-like environments is different from those present in solution. 
X-ray crystallographic studies of gramicidin A have been performed;'26143 
however, the structure of gramicidin in the crystalline form is not the same 
as that found in micelles and bilayers Furthermore, the x-ray studies of 
gramicidin A in bilayers were able to provide only the overall dimensions of 
the channel, the helical pitch and the binding sites for mono- and divalent 
cations. Numerous other physical methods have been employed in the study 
of the structure and function of the linear g r a m i ~ i d i n s ? ~ * ' ~ ' ~ ~  One of the first 
steps in defining the conformation of the membrane-bound gramicidin A 
channel was the demonstration that a dimer forms the transmembrane chan- 
ne11Sl-163 and not a tetramer.161"65 High-resolution two-dimensional 1H'66'76 
and "N, I3C, 'H and 2H solid-state NMR s p e c t r o s ~ o p y ' ~ ~ - ~ ~ ~  have been used to 
study the structure of gramicidin A incorporated into micelles and lipid 
bilayers, respectively. As the result of the NMR studies and the use of other 
physical techniques, the generally accepted model is one in which a gramicidin 
A dimer channel is formed by the formyl-to-formyl association of two 
single-stranded, right-handed, P3-helical monomers.68.93*144-230 The dimer 
which spans the lipid bilayer or is incorporated into micelles is approximately 
26 A long and has a diameter of about 4 A. 

The structure of gramicidin A, gramicidin B, gramicidin C, Phe-1 gramicidin 
A, Phe-1 gramicidin C and Gly-15 gramicidin A incorporated into sodium 
dodecyl sulfate (SDS) has been determined in the laboratory of the author. 
Sodium dodecyl sulfate micelles have been used extensively as a model 
membrane for NMR studies of incorporated peptides and  protein^.'^'-^^^ 

A combination of two-dimensional NMR techniques (DQCOSY, TOCSY 
and NOESY) was used to make all proton chemical shift assignments All of 
the NOESY spectra were obtained using a mixing time of 40 ms to avoid spin 
diffusion effects. A delay of 10 s was inserted after each acquisition of an FID 
to allow for relaxation. The distance restraints required for molecular model- 
ling of the dimer channel were obtained from the NOESY spectra. Approxi- 
mately 600 distance restraints were obtained for each gramicidin analogue 
dimer. Of these distance restraints, an average of 12 were associated with 
monomer-monomer interactions in the dimer. These do not count inter- 
molecular hydrogen bond interactions. The backbone torsion angles (0) were 
not fixed. The distance-restrained simulated annealing technique was used to 
obtain 100 dimer structures. The 10 best structures (i.e. lowest penalty 
functions) were then combined to obtain an averaged dimer structure. This 
averaged structure was used with the relaxation matrix technique to generate 
a theoretical NOESY spectrum. The theoretical NOESY spectrum of the 
averaged dimer structure was used to correct experimental cross-peaks, 
particularly those very close to the diagonal, and to resolve cross-peak 
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overlaps. The refined NOESY distance restraints were then used to obtain 100 
new dimer structures, the 10 best structures again being used to obtain an 
averaged dimer structure. The final dimer structure was obtained by subjecting 
the averaged dimer structure to restrained minimization calculation. The dimer 
structure calculations were performed with a dielectric constant of 2 to 
represent the environment of the micelle. Figure 2 shows the structure of the 
gramicidin A dimer obtained by this method. The dimer structure obtained in 
this manner for gramicidin A incorporated into SDS micelles is in good 
agreement with that previously obtained for the identical system using 
essentially the same method.'*176 

Crosszw has pioneered the use of solid-state NMR spectroscopy to obtain 
orientational restraints used with the simulated annealing technique to 
determine the structure of gramicidin A. Isotopically labelled (ZH, 13C and "N) 
gramicidin A is incorporated into planar dimyristoyl phosphatidylcholine 
(DMPC) bilayers held on a very thin glass plate. A number of these plates are 
stacked together, hydrated and then uniformly aligned with respect to the 
direction of the magnetic field of the NMR spectrometer. Each of the restraints 
orients the molecular frame of an atomic site with respect to the magnetic field 
and a unique molecular axis. This molecular axis is the lipid bilayer normal and 
the channel axis, both of which are aligned parallel to the direction of the 
magnetic field. The restraints are derived from the orientation dependence of 
the nuclear spin interactions. Each of these interactions is described in the 
molecular frame by a tensor or coordinate system. 

Each peptide linkage is considered a plane and its orientation is defined by 
two dipolar interactions, '5N-13C1 and 15N-'H. The unique axis of these spin 
interaction tensors is parallel to the internuclear vector (i.e. N-C1 and N-H 
bonds). Therefore, the orientation of each plane is defmed with respect to the 
magnetic field direction. Side-chains for the aliphatic amino acids were 
characterized by 2H NMR. The Val-1 and Val-7 side-chains exhibited large 
amplitude dynamics; however, for the initial structures these side-chains were 
placed in their dominant xl rotomeric state. For the Val4 and Val4 side-chains, 
unique rotomeric states were defined. "he leucine side-chains showed no large 
amplitude dynamics and, therefore, unique x1 values were defined for each 
residue. Also, unique x2 values were defined for Leu-12 and Leu-14. Most 
probable values, based upon torsional energy, for Leu4 and Leu-10, from two 
possible xz values for each, were chosen. Orientational restraints for the indole 
side-chain of the tryptophan residues were obtained from 2H and I5N 
spectroscopy. For each indole side-chain, four possible sets of torsional angles 
(xl and xZ) were found to be consistent with the NMR data. Most probable 
values were used for each one. A total of 120 experimental restraints were 
imposed on the structure during refinement (i.e. 19 "N and 2 13C1 anisotropic 
chemical shifts, 14 '5N-13C1 and 19 "N-'H dipolar splittings, 12 C,-'H and 54 
other quadrupolar splittings) together with intermolecular and intramolecular 
hydrogen distances. 



fig. 2. {A) A view down the channel axis of the gramicidin A dimer. (B) A side 
view of the gramicidin A dimer channel showing the helical conformation of each 
monomer. 
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Initial structures were refined against both the experimental restraints and 
the CHARh4M3@' energy using a novel simulated annealing protocol to define 
the torsion angle solutions to within an error of about 25". Forty refined 
structures were used to obtain an average structure which was then further 
refined. A dielectric constant of 1 was used in the calculations. 

An overlay of the backbone structure of the gramicidin A dimer in oriented 
DMPC bilayers of Cross299 (coordinates deposited in the Protein Data Bank 
with accession code lmag) with that of gramicidin A incorporated into SDS 
micelles obtained in the author's laboratory is shown in Fig. 3. With one 
exception, the structures are quite similar. One would expect to find small 
differences between the two structures for a number of reasons. The tempera- 
ture for the two experiments was not the same, therefore, average side-chain 
positions could be slightly different. The structure determined in SDS micelles 
is that in the presence of 0.25 M Na' ions while no ions are present in the 
oriented bilayer system. There is experimental evidence that suggests Na+ ions 
change the orientation of the carbonyl groups when ion binding occurs within 
the channe1,194~301.302 although there is some disagreement with this.3o3 If the 
cation-carbonyl interaction produces changes in side-chain positions, changes 
in proton-proton distances could also occur. Consequently, one might expect 
small differences in side-chain positions when comparing the structure in the 
presence and absence of Na+ ions. The dimer structure in SDS micelles was 
obtained with the use of proton-proton distances derived from NOESY 
cross-peaks related to protons on one monomer with those on the other 
monomer and not just hydrogen bond links between the two monomers. The 
inclusion of the NOESY-derived distance restraints linking the monomers has 
an effect on the proton positions of residues near the dimer interface. 
Differences in side-chain positions could also result from environmental 
change in going from a planar bilayer to a micelle of rather small radius of 
curvature. The effect of water on the structure must also be considered. The 
micelles containing gramicidin A are in an aqueous solution while the bilayers 
are just hydrated. 

The one major difference in the two structures appears to be in the position 
of the Trp-9 indole ring. The structure of Crosszw has the Trp-9 ring stacking 
with the Trp-15 ring whereas in SDS micelles there is no stacking of these two 
tryptophan indole rings (Fig. 4). 

None of the above reasons for differences in structure in the two systems 
would seem to explain this difference. Other 'H2@' and 13C'807304 solid-state 
NMR results for gramicidin A incorporated into oriented DMPC bilayers 
produced results that were interpreted as being consistent with the structure 
of gramicidin A incorporated into SDS micelles (i.e. no tryptophan 9/15 
stacking). The results of a Raman spectroscopy study of water accessibility to 
the tryptophan indole NH sites of gramicidin A incorporated into a liposome 
(dilauroyl-L-a-phosphatidylcholine) aqueous suspension were interpreted as 
being consistent with the stacked tryptophan structure.M' Obviously, the 



Fig. 3. Overlay of the backbone structure of gramicidin A in SDS micelles (black) and 
that in DMPC bilayers (grey). 
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Fig. 4 Overlay of residues 9 to 15 for gramicidin A in SDS micelles (black) and in 
DMPC bilayers (grey). 

importance of tryptophan residues in determining the structure-function 
relationship of gramicidin channels warrants further investigation of this 
difference in structure. However, in a recent review on the gramicidin channel 
Wallace’ states: “Given the extreme sensitivity of gramicidin’s molecular 
structure to environment, there was some concern that the micelles would 
produce a different structure from that in lipid bilayers. However, those fears 
now appear to be unfounded, since the structure in SDS micelles is very close 
to that found in lipid bilayers” 

The structure of gramicidin B and gramicidin C incorporated into SDS 
micelles has been determined. No significant differences in the backbone of 
the channel are observed. A comparison of the tryptophan region (i.e. 9 to 15) 
reveals some small differences in residue orientation that may be of impor- 
tance in ion binding and transport (Fig. 5) .  With the Gly-15 analogue of 
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9 

Fig. 5. Overlay of residues 9 to 15 for gramicidin A, B and C. 

gramicidin A (Trp-15 replaced by Gly) significant differences are observed in 
the structure of this analogue and gramicidin A. The loss of the Trp-15 anchor 
at the aqueous interface results in an increased freedom of motion of the 
ethanolamine moiety at the end of the channel. These differences are probably 
responsible for the ion binding and transport characteristics of the Gly-15 
analogue being so different from those of gramicidin A as will be discussed. 

A detailed understanding of the transport of the linear gramicidins requires 
not only the structure of the channel but also a knowledge of channel 
properties. The dependence of channel properties on the amino acid residues, 
position in the sequence and side-chain orientation, have been used to assist 
in elucidating the molecular mechanism of ion transport through the channel. 
The side-chains are important contributors to the formation and stability of the 
channel in the membrane-like environments. They are regulators of the 
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channel conductance (i.e. transport), channel lifetime and cation binding at 
the channel entrance. For example, the introduction of a polar side-chain 
at position 1 tends to alter the energy barrier to ion tran~port?’~ while 
the replacement of tryptophan at position 11 by phenylalanine lowers the 
transport rate.18 There have been many studies of the effect of single 
amino acid substitution on the conductance, lifetime behaviour of gramicidin 

For example, channels with branched side-chains at position 
1 have longer lifetimes than channels with a corresponding straight chain. Since 
the movement of ions through a channel involves (i) diffusion of the ion 
through the aqueous medium to reach the channel entrance, (ii) association 
with the channel at the entrance, (iii) transport through the channel, (iv) 
dissociation from the channel and (v) diffusion away from the channel 
entrance, the determination of the binding constant for cation association with 
the channel entrance and the activation enthalpy for the transport process are 
very import quantities to be determined for gramicidin analogues. Although 
the channel is impermeable to divalent cations,41.49,65’319*324’360,361 the channel 
does bind trivalent, divalent and monovalent ~ a t i o n s . ~ ~ , ~ ~ , ~ ~ , ~ ~ ~ ~ ~ ~ ~  The dif- 
ference in binding constants obtained for the monovalent cations has been 
related to the overall cation transport selectivity of the channel. Differences 
in binding constants for the cations have also been related to side-chain 
polarity at the binding site of the channel. It is important to note that it is not 
the binding constant or a rate constant for the transport process at a single 
temperature that is most important to obtain but rather, the enthalpy and 
entropy of binding and transport. One must ultimately attempt to correlate the 
binding parameters, enthalpy of transport and the three-dimensional structure 
of the channel formed by gramicidin A and its analogues to understand more 
completely the structure-function relationship for this channel system. 

Recently, the cation binding “pocket” for monovalent cations was mapped 
for gramicidin A and Phe-1 gramicidin A incorporated into SDS micelles using 
the NOESY11 pulse sequence.392 The binding “pocket” involves the car- 
bony1 groups of residues 10 to 15. These results are in agreement with 
those obtained from solid-state *H and solution-state 13C labelled NMR 
experiments,’94*2307386*39*395 Raman s p e c t r o ~ c o p ~ ~ ~ ~ ~  and molecular dynamics 
calculations?% The binding site for divalent cations is much nearer the channel 
e n t r a n ~ e . ~ ~ ’ . ~ ~ ~  

The NOESY11 experiment also showed that in the presence of Na’ ions, the 
indole NH sites of Trp-15 and Trp-13 are more accessible to water than Trp-9 
and Trp-11. This has recently been confirmed from Raman spectra.301 

To obtain a quantitative measure of cation binding to the gramicidin 
channel, one must determine the enthalpy and entropy for the binding process 
not just an equilibrium constant at a single temperature. These thermodynamic 
parameters (enthalpy and entropy) for the binding of cations to the channel 
entrance have been obtained by using the 205Tl+ NMR-competitive binding 

Briefly, this method involves the measurement of the "'Tit 
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chemical shift as a function of the TI+ thermodynamic activity in the presence 
of a constant amount of gramicidin incorporated into lipid vesicles made with 
lysophosphatidylcholine. The equilibrium binding constant is calculated from 
the chemical shift-activity relationship. The equilibrium binding constant, 
determined at a number of temperatures, is then used to calculate the enthalpy 
and entropy of binding the TI' ion to the channel entrance. This procedure 
is repeated for the system that also contains a cation (e.g. Li', Na+ or K') 
that competes with the T1+ ion for the same binding site at the channel 
entrance. The change in the chemical shift of the TI+ ion in the presence 
and absence of the competing cation at different temperatures is then used 
to calculate the enthalpy and entropy of binding for the competing cation. 
The binding constant and enthalpy of binding for monovalent cations was 
found to increase in the order: Li+ > Na+ > K' > T1+. The binding of a cation 
to the channel entrance requires the removal of waters of hydration and 
replacing them with carbonyl oxygen atoms from the backbone of the channel 
at the binding site. Both the enthalpy and entropy of binding were found 
to correlate very well with the enthalpy and entropy of transfer of these ions 
from water to dimethyiformamide. The binding constants obtained for the 
alkali cations using the 205Tl+ method were corroborated using 13C NMR 
spectroscopy of 13C0 labelled gramicidin A.364 The '05Tl+ chemical shift 
technique was also used to study the binding of divalent cations to the channel 
entrance. The enthalpy of binding for divalent cations was found to be much 
larger than those for monovalent cations, reflecting the effect of ion charge 
on the binding process. The binding enthalpy for monovalent cations has also 
been found to increase proceeding from Gly-15 gramicidin A to gramicidin 
C to gramicidin A. 

Having quantitatively measured the first step in the transport process, 
cation binding, the kinetic activation enthalpy for the transport of Li', Na+ 
and K+ ions can be determined for the same gramicidin A analogues 
using the magnetization inversion transfer (MIT) NMR technique>02416 If a 
membrane impermeable chemical shift reagent417419 [DY(P~O,~)~]- '  is added 
to an aqueous salt solution of large unilamellar vesicles with incorporated 
gramicidin, the internal and external pools of cations (i.e. 7Li+, 23Na+ or 39K+) 
can be distinguished by their individual NMR signals as shown in Fig. 6 for the 
'Lif system. A typical MIT experiment for 7Li+ is shown in fig. 7. The decrease 
in the signal intensity of the inside signal with mixing time can be analysed by 
the method of M ~ C l u n g ~ ~ '  to obtain the unidirectional rate constant for the 
transport of Li' ions through the channel. The MIT experiment is then 
repeated as a function of temperature to obtain the kinetic activation enthalpy 
for the transport process for a given analogue and cation. The activation 
enthalpy of transport through the gramicidin A channel increases in the order 
of cations: 39K+(4.2 kcal mol-'); UNa+(5.4 kcal mol-'); 7Li+(7.2 kcal mol-I). 
This order is consistent with the results of conductance experiments347 
where the conductance order is: K +  (14.0 ps); Na' (6.95 ps); Lif(1.89 ps). 
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Fig. 6. 'Li+ NMR spectrum of the ions on the inside and outside of a vesicle. 

The activation enthalpy of transport for 7Li+ by gramicidin A - gramicidin 
C < gramicidin B was found to be in agreement with conductance data.347 The 
same type of correlation was found for 23Na+ transport by the Phe-15, Phe-13, 
Phe-11 and Phe-9 gramicidin A analogues357A21 The activation enthalpy for 
the 23Na+ ion through gramicidin A and Gly-15 gramicidin A is 5.4 and 
10.0 kcal mol-', respectively. The binding enthalpy for the Naf ion by the 
Gly-15 gramicidin A analogue is significantly less than that with gramicidin A. 
Obviously, the removal of a tryptophan residue at the channel entrance has a 
very significant effect on the transport process Evidence for the transport of 
Xe atoms through the gramicidin A channel has been obtained with lZ9Xe 
NMR spectroscopy:" Based upon the binding and transport NMR data 
obtained thus far, a correlation emerges indicating that the tighter the binding, 
the faster the transport rate. Therefore, the selective monovalent cation filter 
for the transport process involves a combination of the thermodynamics of 
binding and the kinetic barrier to transport. 

The dynamic nature of the gramicidin channel has been the subject of much 
interest. The 15N spin-lattice relaxation time (T , )  of the nitrogen atom at the 
Leu4 position has been used to investigate the local dynamics about the 
Ala-3Uu-4 linkage?'3 Evidence was obtained that suggests a correlation 
between the local dynamics and ion transport through the channel. The 
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Fig. 7. The inside 'Li' NMR signal as a function of increasing mixing time (increasing 
from left to right). 

backbone dynamics of gramicidin A in DMPC bilayers have been studied using 
low-temperature solid-state "N spectroscopy.'w A 'H Tl and T2 study of the 
tryptophan indole ring NH of the gramicidin analogues, gramicidin A, 
gramicidin B, gramicidin C, Phe-1 gramicidin A, Phe-1 gramicidin C, Gly-11 
gramicidin A and Gly-15 gramicidin A, incorporated into SDS micelles showed 
that there is a systematic decrease in the overall motion of the indole ring from 
Trp-15 (at the aqueous interface) to Trp-9 (at the interior of the micelles) for 
all of the anal0gues.4~~ However, a 2H NMR study of the orientation of Tip9  
and Trp-11 in gramicidin A incorporated into oriented bilayers suggested that 
3I-p-9 appears to have greater mobility than Trp-11.2" It is not obvious as to 
why the two experiments appear to contradict one another. 

There are several other areas of research that have provided further insight 
into the properties of the gramicidin channel and its interaction with a 
membrane-like environment. The effect of side-chains on the kinetics of the 
incorporation of gramicidin into a vesicle as a channel has been ~tudied.''~~" 
For example, the enthalpy for the incorporation of gramicidin A and 
gramicidin B into vesicles was found to be 11.8 and 14.6kcalmol-', 
respectively. Photolytic and microwave modulation of gramicidin channels has 
been the subject of several investigations?2g4" The transport of cations by 
gramicidin has been found to be dramatically reduced by photolytic 
degradation."28 Direct observation of differential photolytic degradation 
among the tryptophan residues of gramicidin A in SDS micelles has been 
made!" It was found that Trp-9 degrades the fastest, in agreement with a 
chemical modification while Trp-11 degrades the slowest. Finally, there 
have been numerous theoretical studies of the structure and physical 
properties of the gramicidin ~ h a n n e 1 . 4 ~ ~ ~  These studies range from "N 
chemical shift calculations of the backbone nitrogen atoms, to the structure of 
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monomers and dimers, to molecular dynamics simulations of the motion and 
transport of the channel. 

Finally, one note of caution. The small size and ease of synthesizing single 
amino acid substituted analogues make gramicidin an ideal molecule for 
studying the structure-function relationship for channek, However, recent 
NMR experiments have shown that some analogues produce multiple forms 
of the channel in m i c e l l e ~ . ~ ~ * ~  Consequently, there is the danger of making 
an analogue, incorporating it into some lipid environment, making measure- 
ments related to some physical property of the channel and assuming that only 
one form of the channel exists. The measured physical property may actually 
be an average value if more than one form of the channel exists It would be 
advantageous to determine whether or not one has only a single or multiple 
forms before measuring the physical properties of the channel. The delicate 
balance of interactive forces that must exist between the side-chains of 
gramicidin and the lipid-like environment of the micelles, critical for the 
formation of a single species of the gramicidin channel, is a complex function 
of the type of substitution and position of substitution. 

The peptaibols, a class of small, naturally occumng peptides, have been used 
as models of ion channels which consist of a bundle of transmembrane helices 
surrounding a central pore. Perhaps the most thoroughly studied member of 
this class of peptides is alamethicin. Alamethicin is a 20-residue linear peptide 
from the fungus Trichoderma viride.*' The sequencea of this hydrophobic 
peptide is shown below: 

Ac-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Gly-Leu-~b-Pro-Val-~b-Ai b- 
Glu-Gln-Pheol 

where Ac is an N-terminal acetyl, Aib is a-aminoisobutyric acid and Pheol is 
a C-terminal phenylalaninol. Alamethicin forms voltage-dependent channels 
in planar lipid b i l a y e r ~ . ~ ~ ~ ~  Conformational studies show alamethicin to be 

An x-ray crystallographic study of alamethicin revealed that it is 
predominantly an a-helix with some 3.010-helical content.""The large a-helical 
content of alamethicin permits the coexistence of two regions, one hydrophilic 
and one hydrophobic, resulting in the formation of a channel that agrees with 
the "barrel-stave" mode1.468~470~482*490 The analysis of conductance studies is 
also consistent with the "barrel-stave'' model of channel formation, in which 
a bundle of helices with a varying number of monomers aligned to produce a 
central pore (i.e. 

A number of NMR investigations of alamethicin in SDS micellese1 and in 
methanol or aqueous methanol s o l ~ t i o n ~ ~ ~ ~ ~ ~ ~ ~ ~  have been conducted 
concerning the conformation of the monomers. The results of these investiga- 
tions indicate that the N-terminal region is of a-helical character with several 
3.OI0 parts in the C-terminal region. The NOE distance restrainedsimulated 
annealing study of alamethicin incorporated into SDS micelles produced data 
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that suggested that there was some structural variability between the Aib-10 
and Leu-12 residuesa' It was suggested that conformation rearrangements at 
or near residue 10 may play a role in the voltage gating of alamethicin. 
Heteronuclear NOE measurementsm and 'jC of the dynamics of 
alamethicin in methanol did not confirm a variation in dynamics along the 
length of the ~ e p t i d e . ~ ~  This suggests that alamethicin behaves as a rigid rod, 
at least on the picosecond time scale.489 However, it has been observed that 
these data do not necessarily rule out the interconversion of structural forms 
found in the simulated annealing study of alamethicin incorporated into SDS 
micelle~.~'  If the forms observed in the simulated annealing study are 
interconverting on a slow time scale relative to the tumbling rate of alamethicin 
in methanol (- 1 ns), they would not contribute to the spectral densities 
leading to relaxation and would not be observed. A change in environ- 
ment might also produce the differences observed in mobility. Molecular 
dynamics  simulation^^'"^^ also cast some doubt on the rigid rod character of 
alame t h i ~ i n . ~ ' ~  

An NOE analysis of a methanol solution of an analogue of alamethicin in 
which the Aib residues were replaced by Leu residues showed the analogue 
to be greater in the a-helical content (with no residual 3.01, character) and to 
be shorter in length than alamethicin. This shortening in length was associated 
with a decrease in channel lifetime.a2 Because of the bend introduced in the 
conformation of alamethicin by Pro-14, the role of this residue has been 
assumed to be essential in the "barrel-stave" model for voltage gated ion 
channels. To investigate this, an alamethicin analogue with Abi replaced by Leu 
(as above) and Pro-14 replaced by Ala has been synthesized and studied by 
NMR spectroscopy.4w An NOE distance restrained/molecular modelling study 
of this analogue in methanol showed that this analogue was better ordered 
than the Leu analogue, particularly in the region of the substitution and in the 
C-terminal region. The conductance behaviour and the structure of the Ma-14 
analogue suggest that Pro-14 is not an essential residue in the "barrel-stave" 
model for ion channels formed by alamethicin. 

The transmembrane movement of the C terminus of alamethicin and the Leu 
analogue (i.e. all Abi residues are replaced with Leu) from one bilayer surface 
to the other in a lipid vesicle has been investigated using NMR  technique^.^^' 
One method involved the use of a spin-labelled alamethicin analogue which 
was used in small unilamellar vesicles to produce paramagnetic line-broaden- 
ing of the inside and outside NMe protons of the palmitoyloleoylphosphatidyl- 
choline (POPC) vesicles. Another technique employed the effect of unlabelled 
alamethicin on the 'H NMR quadrupole splitting of POPC deuterated at the 
a position of the choline headgroup in POPCkholesterol vesicles. These 
studies showed that the transmembrane migration rate for alamethicin is about 
100 times slower than that of the Leu analogue. The equilibrium position of the 
Leu analogue was found to be about 3-4 A deeper into the membrane than 
alamethicin."% The slow rate of migration of alamethicin was related to the 
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irregular nature of the helix at the C-terminal end and to hydrogen bonding 
to the solvent and lipid. On the other hand, the relatively fast migration rate 
of the Leu analogue was related to the fact that this analogue is already buried 
within the membrane interface. Consequently, this difference was explained by 
conformational differences between the Leu analogue and alamethicin rather 
than differences in hydrophobicity. 

The membrane orientation of the N-terminal segment of alamethicin has 
been determined by solid-state 15N NMR spectroscopy?w Alamethicin was 
synthesized with 15N incorporated into alanine at position 6 in the peptide 
sequence. Solid-state 15N NMR of the peptide in dispersions of hydrated 
DMPC gave an axially symmetric powder indicating that the peptide reorients 
with a single axis of symmetry when associated with the lamellar lipid. When 
incorporated into bilayers that are uniformly oriented with the bilayer normal 
parallel to the direction of the applied magnetic field, the position of the 
observed I5N chemical shift was found to be at 171 ppm. This chemical shift is 
coincident with the sigma parallel to the edge of the axially symmetric powder 
pattern for the non-oriented sample. Consequently, the axis of motional 
averaging lies along the bilayer normal. lko-dimensional separated local field 
spectra were obtained that provided a measure of the N-H dipolar coupling 
in one dimension and the 15N chemical shift in the other dimension. These data 
gave a dipolar coupling of 17 kHz corresponding to an average angle of 24” for 
the N-H bond with respect to the applied magnetic Eeld axis These results 
were found to be consistent with an a-helical conformation inserted along the 
bilayer normal. NMR studies of other peptaibols have shown that they exhibit 
the characteristic a-helical c ~ n f o r m a t i o n ~ ~ ~ ~ ”  

In summary, x-ray crystallography and spectroscopic studies clearly indicate 
that peptaibols form amphipathic helices when placed in a membrane-like 
environment, and that these helices are kinked in the region of the central 
proline residue. The aggregation state of peptaibols in bilayers is less certain. 
Orientations both parallel to and perpendicular to the bilayer plane appear to 
be possible, at least in the absence of an applied transbilayer p0tentia1.4~~ 

There are other naturally occurring peptides, such as melittin, magainin, 
cecropin and pardaxin, that can aggregate into bundles to produce channels. 
Melittin is a 26 amino acid cytolytic peptide from the Apis meififera honey bee. 
It is known to exist as an a-helical tetramer, as an a-helical monomer, or as a 
monomeric random coil depending on solution c ~ n d i t i o n s ~ ~ . ~ ’  In aqueous 
solution mellitin adopts aggregation states and conformations that depend on 
peptide concentration, pH, ionic strength and the nature of the negative 
counterion since the peptide has a net charge of ‘6. In aqueous solution 
mellitin is either a monomer or tetramer.s077508-513 ’H NMR spectroscopy 
showed that the monomer in aqueous solution exhibits chemical shifts typical 
of an extended flexible form with the fragments 5-9 and 14-20 more highly 
structured than the rest of the amino acid sequence?” CD r e s ~ l t s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  are 
consistent with a random coil state in aqueous solution. 
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NMR studies (i.e. coupling constants, NOES and amide proton exchange) 
showed that in methanol, melittin exists as an a-helical monomer.51G518 The 
absence of NOES characteristic of an a-helix through residues 10-12 suggests 
flexibility of the helical conformation around the Pro-14 r e s i d ~ e . " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  No 
NOES were found that would define the nature of the bend between the two 
helical segments.516 NOE distance restrained/molecular dynamics simulations 
suggest that in the monomeric state the bend in the helical structure may be 
significantly smaller than in the crystal Additional support for the 
importance of the flexibility afforded by the Pro-14 residue to form trans- 
membrane aggregates that are associated with ion transport has been obtained 
from NMR studies of an analogue of melittin in which Pro-14 was replaced by 
Ala-14.519 The Ala-14 analogue in methanol was found to adopt a regular, 
stable a-helical conformation without the flexibility around found with the 
Pro-14 melittin. The Ala-14 analogue was also found to be less able to induce 
voltage-dependent ion conductance in planar bilayers. 

A IH NMR study of amide proton exchange for melittin in methanol 
solution confirmed the conclusions about the structure of the ~eptide.5'~ This 
exchange study also revealed a loosening in the helical structure in the last few 
residues The dynamics of the main chain and side-chains of I3C-enriched 
melittin in solution have been investigated using 13C spin-lattice relaxation 
times ( T I )  and NOE measurements520 From these measurements, the order 
parameter, a measure of the amplitude of internal motion, and an effective 
correlation time for the internal motion for several backbone and side-chain 
positions were obtained. For melittin in the monomeric random coil in water 
at pH 4, monomeric helical conformation in methanol, a tetramer in water and 
the tetramer in water in the presence of phosphate, overall rotational 
correlation times of 1.28, 1.4, 2.8 and 4.211% respectively, were obtained. 
Motion of the backbone in the interior of the residue sequence was found to 
be most restricted in the monomeric helix and least restricted in the tetramer. 
In the monomeric random coil form, relatively less restricted backbone motion 
extending from the N terminus to the fourth residue was observed. Such 
end-effects continued only to the third residue in the monomeric helix and 
were observed just in the amino terminus glycine in the tetramer. The three Lys 
chains of the peptide showed the least restricted motion in the monomers and 
a differential restriction in the tetramers consistent with the tetramer structure. 
The motion of the Trp side-chain was more restricted than that of the Lys 
side-chains and generally as restricted as that of the interior backbone atoms. 
The agreement between the NMR data and Trp fluorescence anisotropy data, 
which also measures dynamics, was good for the monomer but not for the 
tetramer. 

The structure of melittin bound to micelles and vesicles has been studied 
using 'H. ''C and 31P NMR s p e c t r o s ~ o p y . 5 ~ ~ - ~ ~  In general, the structure of 
melittin bound to micelles is the same as that in methanol. Micelle-bound 
melittin is an a-helix that has a relaxation in structure in the central region 
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of the peptide. Order parameters determined from I3C relaxation measure- 
ments of melittin in lysomyristoyl phosphatidylcholine micelles showed that 
the backbone of the peptide is partially, but not completely, immobili~ed.5~~ 
The order parameters were found to be larger for the residues in the 
N-terminal half of the molecule. The amino terminal glycine has about the 
same range of motion as the backbone carbons. The order parameters for 
the Trp side-chain were found to be similar to those of the peptide C, moieties, 
as was verified by 3 - p  fluorescence measurements. The motion of the Lys 
side-chains was found to be less restricted. The pH dependence of the 
dynamics in the micelles indicates that the a-helix lies near the surface of 
the micelle at low-to-neutral pH, but at higher pH its orientation changes, 
accompanied by deeper penetration of the Lys side-chains into the micelle 
interior. Although the vesicle-bound conformation of melittin is similar to 
that occurring in a methanol solution and in micelles, significant differences 
have been found in the conformation of the C-terminal residues and the helical 
bend angle, as determined from NOE distance restrained/simulated annealing 
calculations528 

X-Ray crystallographic analysis of two crystalline forms of tetrameric 
melittin showed that the conformation of the peptide is essentially the same 
in each Melittin was found to adopt a helical conformation in the 
crystalline state. The presence of Pro-14 also caused the helix to bend with an 
angle of about 120” between residues 1-10 and lfj-26. The large helix 
bend allows for the optimal packing of hydrophobic side-chains within the 
tetramer.5°7 Melittin provides a rare example of a membrane-bound peptide 
whose structure has been determined in low dielectric solvents, micelles and 
in the crystalline state and found to be quite similar. The similarities of these 
structures lends confidence to the idea that they represent good models for the 
membrane-bound conf~rmation.~~’ 

Obviously, one would like to be able to understand the mechanism by which 
the melittin monomers aggregate to form the tetramer which contains the 
ion-conducting central pore. Does the tetramer form in the membrane in 
the absence of a membrane voltage or is the membrane voltage necessary 
for the formation of the tetramer? There does not appear to be a definitive 
answer to these questions for the membrane environment. A very interesting 
experimental observation has been made that melittin channels can become 
activated for ion transport in vesicle membranes by the addition of the tricyclic 
tranquillizers, chlorpromazine and imipramine to the vesicle solution.533 The 
dynamic UNa NMR technique of Ridde114” was used to detect the tranquil- 
lizer-induced Na’ transport through the melittin channel. Because the forma- 
tion of a drug-melittin complex was detected by ‘H NMR, the activation of 
melittin channels was assumed to originate from the direct interaction of the 
drug and melittin. The model proposed for the drug activation of the channel 
involves an anchoring effect in which the drug molecule drags the aggregate 
deeper so as to span the membrane bilayer. A ‘H NMR study has also shown 
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that the addition of phosphatidic acid to vesicles containing melittin markedly 
increases ion transport through the Again, this effect was discussed 
in terms of specific interactions between the acid and melittin. The topography 
of the membrane-bound state of melittin, the effect of melittin on lipid 
membranes and the interaction of melittin with lipid membranes have been 
investigated using a number of NMR techniques and Unlike the 
membrane environment, factors affecting the aggregation process in aqueous 
solution have been determined.5“‘s’o’513 The factors that appear to be the most 
important for the ultimate formation of the tetramer are the hydrophobic 
effect that acts to sequester the nonpolar amino acids in the interior of the 
aggregate and the factors opposing aggregation (i.e. high positive charge 
density of melittin and the entropic effect associated with the formation of the 
secondary structure in the tetramer). Factors that suppress ionic charge, such 
as high ionic strength and phosphate binding, promote aggregation. 

Magainins are a family of 21-26-residue peptides isolated from the skin of 
the African clawed frog, Xenopus luevis. These peptides can form cationic 
amphipathic a-helicesM7 and facilitate the transport of ions across protein-free 
phospholipid bi layer~.’~**~~~ Ion transport is proposed to be facilitated by the 
formation of channels composed of aggregated transmembrane a-helice~?~’ It 
has been suggested that ion channel formation by magainin is driven by 
the concentration gradient that exists between the inside and outside of the 
bilayer.’” Magainin is thought to bind initially to the outer surface of 
the vesicles as a-helices, then insert as oligomeric ion channels across the 
bilayer and finally dissociate to the inner surface. Another model proposed has 
magainin peptides initially binding to the bilayer surface as a-helices at low 
peptide to phospholipid ratios and then inserting as transmembrane a-helices 
at higher peptide to phospholipid ratios552 

Using solution and solid-state NMR techniques, the structure of 
magainin and magainin analogues has been determined in aqueous 
trif luoroethan01~’~~~~~ SDS and DPC m i ~ e l l e s ~ ~ ~ ~ ’ ’ ~  and phospholipid 
b i l a y e r ~ . ’ ’ ~ ~ ~  In general, the a-helical structure was found to exist in all of 
these environments. In solution the structure appears to be curved with the 
bend centred at residues Phe-12 and Gl~-13.”~ A solid-state 15N NMR study 
of magainin 2, a 23-residue magainin, incorporated into oriented lipid 
b i i a y e r ~ ~ ~ ~  and a solid-state I3C NMR study using the REDOR technique of 
an analogue of magainin 2 (i.e. Ala replaces glutamic acid at position 19 in the 
amino acid sequence) incorporated into b i l a y e r ~ ~ ~  found the a-helices to be 
lying parallel to the plane of the bilayer. However, the Ala-19 magainin 2 
system exhibited both a-helical peptides and peptides in the @sheet 
conformation while the magainin 2 study revealed only a-helical peptides. A 
recent NMR study of a 21-residue member of the magainin family (PGLa) 
incorporated into SDS and DPC micelles had an a-helical conformation 
between residues 6 and 21.s55 Solid-state ”N NMR experiments of specifically 
labelled PGLa in oriented phospholipid bilayers showed that the axis of the 
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helix is oriented parallel to the plane of the b i l a ~ e r s ~ ~ ~  The "N solid-state 
experiments on unoriented samples provided evidence that the amino terminal 
residues are very mobile and that the fluctuations of backbone sites decrease 
from Ala-6 towards the carboxy terminus 

Cecropins, positively charged antibacterial peptides found in the cecropia 
moth, and synthetic analogues form voltage-dependent ion channels in planar 
lipid membranes?61 The voltage dependence of the conductance has been 
shown to be associated with a flexible hinge between the positively charged 
amphipatic N-terminal segment and the more hydrophobic C-terminal seg- 
ment. The biological activity of cecropins has been associated with the 
aggregation of monomers to form pores in membranes The primary structures 
of the three principal cecropins (i.e. cecropin A, B and D) contain 37,35 and 
36 residues, respectively. The solution conformation of cecropin A has been 
investigated using NOE distance restrainedsimulated annealing.562 The cal- 
culations indicated that there are two a-helical regions extending from residues 
5-21 and from residues 24-37. The long axes of the two helices lie in two planes 
which are at an angle of 70-100" to each other. The conformation of 
an analogue of cecropin B in solution has been determined using NOE 
~onnect iv i t ies~~~ %vo separate a-helices with one amphiphilic in the N- 
terminal domain (residues 5-21) and the other hydrophobic in the C-terminal 
domain (residues 25-35) with a hinge region between were found. The solution 
conformation of porcine cecropin P1 (31 amino acid residues) has been 
determined using NOE and coupling constraints with distance geometry 
calculations with further refinements by energy minimization and restrained 
molecular dynamics561 The conformation obtained is one of an a-helix of 
approximately seven turns along almost the entire length of the peptide. The 
solution structure of porcine cecropoin P1 is quite different from the structures 
of cecropin A and melittin and a hybrid between these Whereas 
cecropin P1 shows a continuous amphipathic a-helix over nearly the whole 
length of the peptide, the other three peptides show structures with two helices 
and a bending hinge in between. In these bent two-helix structures one of the 
helices is amphipathic and the other is essentially hydrophobic. This would 
appear to suggest that a bent or hinged structure in itself might not be essential 
for the function. However, residues 20-21 of cecropin P1 might be a site where 
a bend could be initiated. 

Pardaxin P-2 is a 33 amino acid peptide isolated from the mucosal 
secretion of the Pacific sole, Purduchirus pavoninus, that exhibits surfactant 
properties.566 Pardaxin has been shown to interfere with ion transport in both 
epithelium567 and nerve At concentration below lo-' m o l l - ' ,  
pardaxin forms voltage-dependent, ion-permeable channels in artificial 
l i p o s o m e ~ . ~ ~ ~  The structure of pardaxin P2 in aqueous trifluoroethanol solution 
has been determined using the NOE distance restrainedmolecular dynamics 
meth~d?'~This study showed that the peptide adopts an amphiphilic helix over 
residues 7-11, a bend at residues 12-13 and another helix over residues 14-26. 
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The dipeptide Ser-12-Pro-13 segment connecting the two helices exists as a 
bend or a hinge allowing the two helices to be oriented in an L-shape 
configuration. Pro-13 is a pivot point of the bend between the two helices In 
aqueous solution pardaxin exists as a tetramer. However, it spontaneously 
assembles in membranes to form voltage-gated ion channels or pores. 

3. PEPTIDE CHANNELS OF AUTHENTIC PROTEIN CHANNELS 

Ligand-gated ion channels provide efficient communication between cells of 
the central nervous system, converting a chemical neurotransmitter signal 
released from one cell into an electrical signal that propagates along the target 
cell membrane. At the molecular biochemical level, the nicotinic acetylcholine 
receptor is one of the best characterized membrane p r ~ t e i n s ~ ~ l - ~ ~ ~  and serves 
as a paradigm for a family of ligand-gated ion channels. The receptor 
recognizes and binds acetylcholine and transduces the binding into an increase 
in ion permeability across the membrane. The electrical changes associated 
with the ionic currents represent the primary signal transduction mechanism 
allied with fast synaptic responses. The ligand binding sites and the channel are 
part of the same multisubunit protein complex. 

The nicotinic acetylcholine recept09~~ provided the first detailed description 
of fast synaptic transmi~sion?~~ the first recording of single-ion  channel^'^^.^^^ 
and has the most complete three-dimensional s t r u c t ~ r e . ~ ~ ~ ~ ~ ~  The structure of 
the membrane-spanning part of many ion-transporting proteins contains 
bundles of hydrophobic a-helical polypeptide segments that form a channel 
for ions. Although high-resolution structures of these channels are very 
difficult to obtain, models based upon bundles of a-helices have been 
developed, in particular for the acetylcholine r e ~ e p t o r . 5 ~ ~ 7 ~ ~ ~  The nicotinic 
acetylcholine rcccptor from clectric organs, for example, has four types of 
subunits ( ( ~ ~ p y t i ) , ~ ~ ~  each glycosalated with apparent molecular weights of 40, 
50,60 and 65 kDa. Although high-resolution x-ray structural analysis has not 
been forthcoming, low-resolution analysis with membrane fragments in which 
the receptor spontaneously forms two-dimensional crystalline lattices have 
been used to obtain three-dimensional structures. The picture of the system 
obtained in this manner indicates that the five receptor subunits are arranged 
symmetrically about a central core that is wide at the extracellular domain and 
narrow in the region that traverses the membrane. A large part of the receptor 
is extracellular with the protein extending about 55 A above the surface of the 
membrane. Each of the five subunits traverses the membrane in a linear 
manner that involves little intertwining of the subunits. The structure at 9 A 
resolution, in both the open- and closed-channel forms, has been examined by 
electron microscopy of tubular crystals grown from Torpedo postsynaptic 
membranes584 Binding of acetylcholine to open the channel causes a localized 
disturbance in the extracellular domain and initiates small rotations of the 
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protein subunits, which trigger a change in configuration of a-helices lining the 
membrane-spanning pore. Solid-state NMR spectroscopy was used to obtain 
the 15N chemical shifts of specifically labelled M26 incorporated into lipid 
b i l a y e r ~ . ~ ~ ~  The chemical shift data were used to show that the helical segment 
was perpendicular to the plane of the bilayer. 

The aqueous domains are large enough to permit rapid access of the ions to 
the membrane channel, but sufficiently constrained so that ion selectivity 
effects, as the result of charge interactions, are likely to be important. The 
nicotinic acetylcholine receptor channel is highly selective for cations. How- 
ever, there is less specificity among the cations The permeability sequence for 
monovalent cations, Cs' > Rb+ > K+ > Na+ > Li+ suggests weak interactions 
between the permeant ions and the channel wall. The transmembrane 
segments are referred to as M1, M2, M3 and M4. It is presently thought that 
five M 2  helices, corresponding to one helix from each subunit, form the central 
ion-channel pore. Molecular dynamics simulations have been used to develop 
atomic models of M2 helix bundles forming the pore-lining domains of the 
~hanne1.5~~ It has been suggested that the M 2  helices are tilted to form a 
truncated conical structure that is larger at the extracellular surface than at the 
cytoplasmic ~ u r f a c e . ' ~ ~ ~ ~  

It has been shown that a 23-mer peptide of the same sequence as the 
transmembrane segment of M26 forms ion channels in lipid bilayers 
with single-channel properties that emulate those of the acetylcholine 

The magnetization inversion transfer (MIT) technique, 
previously described, has been used to observe the transport of 23Na+ ions 
through the channel formed by bundles of the 23-mer incorporated into SDS 
micelle~.~~* 

The M 2  protein from the influenza A virus has been shown to function as 
an ion The transmembrane segment of the M 2  protein has been 
incorporated into DMPC lipid bilayers and studied by solid-state "N NMR.603 
Orientational constraints were obtained from the isotopically labelled peptide 
segment aligned between glass plates. The 15N chemical shifts from single-site 
labelled samples constrain the molecular frame with respect to the magnetic 
field. When these constraints are applied to the peptide, modelled as a uniform 
&helix, the tilt of the helix with respect to the bilayer normal was found to be 
about 33". The results of these experiments suggest that the packing of this 
tetrameric protein is in a left-handed, four-helix bundle. 

Structural and functional studies of a synthetic peptide that mimics a 
proposed membrane inserting segment of a Bacillus thuringiensis delta- 
endotoxin have been conducted.m An NMR study of a methanol solution of 
a synthetic 31-mer peptide corresponding to the sequence of a putative 
pore-forming segment of the CrylA(c) toxin showed that the peptide exists as 
an a-helix. The peptide forms discrete, characterizable channels in planar lipid 
bilayers. It is possible that this helix is a component of the transmembrane pore 
formed by Bacillus thuringiensis delta-endotoxins in vivo. 



118 J.EHINTON 

Voltage-gated Na+ channels occur in cells that can respond to stimuli by 
undergoing rapid changes in plasma membrane voltage. Illhe Na+ channels are 
opened by a small voltage change in some region of the plasma membrane 
which permits a large influx of Na+ ions. This influx of Na' ions is responsible 
for much of the voltage change involved in the conduction of nerve impulses. 
Voltage-gated Na+ channels are found in multiple, closely related forms in 
animal cells. For example, mammalian brain cells contain at least three 
different but closely related forms of the voltage-gated Na+ channel. The 
voltage-gated Na+ channel is a large, very complex membrane protein that 
consists of a 260 kDa a-subunit and smaller P-subunits One important feature 
of the a-subunit sequences is the presence of four internal homologous repeats, 
I-IV, each consisting of approximately 250 amino acid residues. Each of these 
repeat domains contains six putative transmembrane a-helices, Sl-S6. S1, S5 
and S6 are composed of hydrophobic and neutral residues, while S2 and S3 
include some charged amino acid residues All S4 segments carry a net positive 
charge and are characterized by highly hydrophobic sequences. It has been 
proposed that S4 segments act as the proteins voltage sensor in vivo. TWO 
shorter hydrophobic stretches between S5 and S6 of each repeat domain are 
involved in toxin binding and probably form the channel lining. The impor- 
tance of Na+ channels in cells is emphasized by the fact that many neurotoxins 
in naturally occurring venoms and poisons target the Na+ channels in muscle 
and nerve. When bound, the neurotoxins lock the channels in a closed or open 
state. 

The S4 peptideh05 and the IS2, IS4, IS34, IVS4 and Islink56 peptidesm of the 
rat brain sodium channel have been synthesized and studied in aqueous 
trifluoroethanol and DPC micelles using the NOE distance restraintkimulated 
annealing technique. All of the peptides were found to have predominantly 
a-helical structures in both types of environment. There was some evidence for 
bending of the longer helices but no discernible evidence for a well-defined 
tertiary structure.m 

Voltage-gated Caz+ channels contribute to the generation of impulses in 
some nerve cells. In muscle cells, for example, a voltage induced by the amval 
of a nerve impulse at the cell surface opens voltage-gated channels, releasing 
Ca2+ ions into the muscle cytoplasm. The resulting increase in Ca2+ ion 
concentration is the immediate trigger for muscle contraction. It has been 
shown that a 22-residue peptide based upon the sequence of one of the putative 
channel-lining a-helices of a membrane-bound calcium channel conducts 
divalent cations in a specific manner.@" Proton NMR and CD studies of the 
peptide in an amphiphlic solvent indicate stable structures that have &-helical 
content. 

A somewhat different approach has been shown to be useful in obtaining 
information about the topology of channels. This approach combines the 
complementary fit of toxin and channel with knowledge of the structure of the 
channel-blocking peptide toxins to map part of the topology of the channel. 
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The channel-blocking peptides become molecular calipers. The three-dimen- 
sional structure of many channel-blocking peptide toxins has been determined 
using the combination of NMR spectroscopy and molecular modelling.60g646 
The NMR-derived structures of a number of scorpion toxins have been used 
as calipers for probing the topology of K+ An interesting 
extension of the use of toxin calipers has been described in which the 
low-resolution experimentally determined geometry parameters, such as that 
obtained from caliper experiments, can be incorporated as restraints within 
simulated annealing calculations to predict the structure of the pore of a 
channel and not just the helical conformation of one segment of a bundle that 
forms a pore.65o 

4 MINIMALLY DESIGNED SYNTHETIC PEPTIDE CHANNELS 

A minimalist approach to peptide design has been used to investigate channel 
pr0perties.6~~~~’~ Minimally designed synthetic peptides are peptides composed 
of a limited number of types of hydrophobic and hydrophilic amino acids and 
bear no specific sequence relationship to naturally occurring channels, yet are 
designed to fold into amphipilic helices which cluster into a bundle motif4 The 
minimalist approach to the formation of a bundle of a-helices that form an 
ion-transporting channel requires that an a-helix peptide of at least 20 amino 
acid residues long, to span a 30 8, lipid bilayer, be used.6” The a-helix should 
be sufficiently hydrophobic to be able to insert into a bilayer in a trans- 
membrane orientation. Furthermore, the individual peptides should be able to 
pack together to produce a well-defined three-dimensional channel. On the 
basis of these criteria, the peptide, H2N-( LeuSerSerLeuLeuSerLeu)3-CONH2, 
was synthesized and found to have ion-channel properties.652 Serine was 
chosen as the pore-lining residue because its hydrophilic side-chain should 
serve to solvate mobile ions. Leucine was chosen for the remaining posi- 
tions since it is hydrophobic and packs very well. The conformation of 
a similar synthetic peptide, CH3CO-(L.euSerLeuLeuLeuSerLeu)3Lys-NH,, 
in aqueous triiluoroethanol has been determined from an NOE distance 
restrained/molecular dynamics s t ~ d y . 6 ~ ~  An a-helical conformation was found 
up to residue 17. 

5. PROPERTY-DIRECTED SYNTHETIC CHANNELS 

Another approach taken to form model channels is that of property-directed 
synthesis>% In property-directed synthesis, the principles of physical organic 
chemistry are applied both to understand the system and to design the 
target molecule. Again, the molecules of interest may bear little structural 
resemblance to the natural systems; however, it is their function that ones seeks 
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to mimic. Synthetic channel systems based upon cy~lodextrin,6~’ polymeric 
crown e t h e r ~ , 6 ~ ~ , ~ ”  bouquet-shaped crown ether and c y c l ~ d e x t r i n ~ ~ ~  and 
self-assembling peptide nanotubes made from the cyclic peptide ~yclo[-Trp-~- 
L e ~ ) ~ G l n - ~ - L e u - ] ~ ’ ~  have been investigated. A =Na+ NMR study, using the 
method previously described,- of a tris-crown ether channel system showed 
the transport of this model channel to be about 50% of that of gramicidin 

While NMR spectroscopy has provided much information about many 
aspects of channel structure and properties, many questions remain un- 
answered. With the advent of ultra-high magnetic field strengths and new 
techniques, such as TROSY,66143 which permits the NMR analysis of the 
structure, dynamics and interactions of proteins whose size is in the 100 kDa 
range and above, the future seems very bright for the application of NMR 
spectroscopy to the study of ion-transporting biological channels. 

~.654,66Q 
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1. INTRODUCTION 

The unique power of NMR spectroscopy as a tool for structure elucidation 
in molecular systems is owing to the fact that it not only provides information 
on the chemically distinguishable atoms within a molecule and allows 
characterization of their environment by using the information available 
from the chemical shifts and perhaps relaxation parameters, but also 
elucidates the connectivity between the different atomic fragments. The 
source of this information is coupling interactions between the different 
nuclei which may either arise from direct dipoledipole interactions or from 
indirect interactions which are transmitted via the electrons in chemical 
bonds. Dipolar couplings operate through space and may occur both inter- 
and intramolecularly, while indirect or J-couplings are strictly intramolecular. 
The analysis of J-coupling networks, which are frequently available from 
high-resolution NMR spectra of molecular systems in solution, allows 
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characterization of the chemical bond pattern and thus provides an effective 
means for the (qualitative) elucidation of molecular constitutions. 

An exceptionally ingenious method for the analysis of such coupling 
networks is multidimensional NMR. In particular, 2D shift correlated 
spectra’T2 offer a means not only for the detection of couplings and the 
determination of their magnitudes, but also for mapping bond paths or 
interatomic distances, and thus allow direct visualization of molecular 
connectivities which are the basis of structure determination? Since the 
recording of multidimensional NMR spectra with high resolution in more 
than one dimension is often time and resource consuming, in the last few 
years alternative strategies to collect the desired connectivity information 
were explored. One frequently used approach relies on a back-transformation 
of an n-dimensional experiment by replacing a hard excitation pulse by a 
frequency-selective “soft” pulse which excites only a single resonance, and 
then recording an (n-1)-dimensional spectrum with a fixed mixing time 
rather than acquiring an array of spectra with incremented mixing times4 In 
the case of a 2D experiment, this procedure boils down to measurement of a 
single 1D cross-section which contains only the connectivities of the 
selectively excited source nucleus To obtain the whole information content of 
the 2D experiment, one needs to record a selective 1D spectrum for each 
chemically distinguishable nucleus. However, since the number of distinguish- 
able heteronuclei in most organometallic and organoelement compounds is 
generally much smaller than the number of increments in a 2D experiment, 
this approach may result in substantial gains in instrument time and storage 
space as compared to recording a complete 2D matrix. In the extreme case, 
viz. for compounds with only one heteroatom, the whole information of a 2D 
spectrum is in principle available from a single 1D experiment, even if only 
“hard” (non-selective) excitation is employed. 

Heteronuclear correlation spectroscopy between different nuclei offers, 
beside the structural information, the further advantage of measuring NMR 
parameters of nuclei with low gyromagnetic ratios y at enhanced sensitivity. 
This enhancement is owing to the fact that the signal-to-noise ratio (Sm) of 
any NMR experiment involving information transfer between two nuclei 
depends on the gyromagnetic ratio of both the excited (yexc) and the detected 
nucleus ( ydet) and can, neglecting relaxation effects, be expressed by Eq. 
(1):s 

Thus, for an IS spin system with yI > ys, a correlation experiment with initial 
excitation of I and detection of S after a single coherence transfer brings a 
gain in sensitivity of the factor y,Iys with respect to a standard one-pulse 
experiment on the S nucleus Further enhancement by an additional factor of 
(xlys)*” can be obtained for an experiment starting with excitation of S and 
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detection of I after a coherence transfer in the reverse direction, while the 
highest efficient scheme would be one which starts and hishes with I 
magnetization and involves two coherence transfer steps, with a further gain 
in S/N of y&. 73~0- and multidimensional experiments of this type have been 
called inverse or indirect NMR spectroscopy because the nucleus S is 
characterized indirectly through its satellites in the I spectrum. 

1D and nD heteronuclear correlations involving either one or two 
coherence transfer steps between 'H and heteronuclear spins "X have been 
widely applied for almost any spin-half Protons as source and/or 
receptor is particularly advantageous for several reasons: protons are 
available in a vast number of molecular systems, so that a wide variety of 
organic and biological as well as inorganic or organometallic samples can be 
studied; protons have, apart from the short-lived isotope 3H, the largest 
gyromagnetic ratio of all nuclei, thus yielding the highest possible signal 
enhancement factors; protons have frequently shorter TI relaxation times, 
thus allowing to speed up experiments by using faster pulse repetition rates; 
and last but not least, these experiments can be carried out with the standard 
equipment of most commercial NMR spectrometers. Even though 'H,"X 
correlations are in principle also possible with quadrupolar nuclei (I("X) > i), 
such experiments are frequently prevented by very high transversal relaxation 
rates 1/T2 of the quadrupole nucleus which are easily smaller than the 
magnitude of "J(H,X) used for coherence transfer and lead to a quantitative 
decay of the correlation signal prior to acquisition? However, correlation 
spectra have been successfully obtained in cases where the quadrupolar 
relaxation is ineffective due to small quadrupole moments (*D, 6Li) or small 
electric field gradient (highly symmetric molecules)? 

In principle, heteronuclear correlation experiments are not confined to the 
combination 'H,"X, but any other nucleus can likewise be used as a source 
or receptor nucleus. The application of such "X,"'Y correlations can be 
desirable for many inorganic or organoelement compounds where the neces- 
sary through-bond communication between protons and heteronuclei is 
absent, either because protons are not present at all, or because "J('H,"X) 
couplings are vanishingly small and the long-range coherence transfer be- 
comes very ineffective due to relaxation-induced magnetization losses. This 
situation occurs frequently in transition metal complexes or in compounds 
which require sterically bulky substituents for the reason of stabilization, 
where protons cover only the surface of a molecule and are separated by long 
bond paths from magnetically active heteronuclei. Last, but not least, "X,"Y 
correlated spectroscopy can be considered an elegant experiment because 
it allows to detect directly the connectivity between magnetically active 
heteroatoms in the molecular skeleton. 

Even if "X,"Y correlation spectroscopy imposes no principle differences 
with respect to 'H,"Y correlations, its widespread use was until recently 
limited by hardware restrictions: recording of such spectra under additional 'H 
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de-coupling requires three independent radio-frequency channels on both 
spectrometer and probe head, whereas the standard equipment contained 
only two channels which were reserved for ‘H and one “X nucleus. A change 
in this situation was triggered during the last years by the introduction 
of multidimensional ‘H, I3C, ‘’N or ‘H, I3C, 31P triple-resonance pulse 
schemes as key experiments for the structure determinations of proteins and 
nucleotide~.~ The booming interest in these studies led to a wider availability 
of spectrometers capable of triple-resonance experiments, and today these 
experiments can be camed out in many laboratories on a routine basis. 

Acknowledging the increasing importance of “X,”Y correlations in inor- 
ganic, organoelement and organometallic chemistry which is reflected, beside 
a large number of original publications, in the fact that certain aspects of this 
topic have attracted attention in several recent review articles,’-14 we will 
focus in this chapter on a discussion of the currently employed techniques and 
their application for compound characterization in these fields. Only solution 
NMR will be considered, and apart from some basic examples, a general 
account on structure determination of biomolecules is considered beyond the 
scope of this article. The material is organized in four principal sections. 
Following this introduction, we will first discuss the methodological aspects of 
experiments which employ heteronuclear coherence transfer for measure- 
ment or assignment of chemical shifts, coupling constants, or relaxation times. 
?his part will not be restricted to heteronuclear 2D- or 3D-shift correlation 
experiments, but includes also selective and non-selective 1 D techniques 
designed in particular for the measurement of heteronuclear couplings and 
chemical shifts of low-y nuclei, spin-echo experiments intended for multi- 
plicity editing, and experiments with “passive” selection of satellite lines. The 
third section contains an overview on the application of these techniques in 
inorganic, organoelement and organometallic chemistry, and finally a short 
resum6 will be given containing concluding remarks and some comments on 
future prospects. 

2. METHODS 

In contrast to biological applications, where “X,”Y correlations are frequently 
executed as three-dimensional experiments with ‘H detection because of 
sensitivity reasons,ls “X,“Y correlation experiments on inorganic or or- 
ganometallic systems are mostly performed by using two- or even one- 
dimensional techniques operating with direct detection of one heteronucleus. 
Considering that there is no general agreement about the nomenclature of 
“X,“Y correlation spectroscopy, we will throughout this review use the 
following conventions: The term ““X,”Y” correlation is applied in a 
somewhat extended context, covering aU one- and multidimensional experi- 
ments involving at least one direct coherence transfer between two different 
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heteronuclei. The detected nucleus is always written first; all other nuclei 
engaged in coherence transfer steps during the experiments follow, separated 
by commas (thus, the second nucleus represents in general the source nucleus 
in a 1D polarization transfer experiment, and the indirectly detected nucleus 
in a 2D experiment). Additional nuclei in { } are decoupled during a particular 
time period in the experiment. Notation of a nucleus in () denotes that the 
corresponding satellite lines are selected passively, i.e. without applying 
pulses to this nucleus; experiments of this type are dubbed “pseudo” triple- or 
quadruple-resonance experiments. 

2.1. Hardware considerations 

Heteronuclear NMR experiments, which can be performed with the standard 
equipment of practically all modern spectrometers, require in general three 
separate radiofrequency (RF) channels for both spectrometer and probe 
head. The first two channels deliver the ‘H (for decoupling) and “X fre- 
quencies to the sample, and the third channel is commonly tuned to 2D and 
operates the field frequency lock. In most standard probe heads, these three 
frequencies are delivered via two concentric coils.16 The inner coil with the 
higher Q factor is generally used for detection, the outer one only for the 
application of pulses and decoupling. ?kro general designs are in use: in 
“normal” or forward probe heads, which are optimized for direct detection of 
X nuclei, the inner coil is a tuneable X coil and the outer coil is normally 
double tuned to ‘H and the lock frequency, while in “inverse” probe heads 
which are optimized for indirect detection of “X resonances via ‘H, this order 
is reversed. 

Considering that, as other “X detected NMR experiments, “X,mY correla- 
tions are preferably recorded under proton decoupling, the experiments 
discussed in this review are generally triple-resonance experiments. The 
integration of an additional RF source in the spectrometer is straightforward 
and is as a consequence of the booming investigation of biological samples 
standard in most NMR spectrometers built in the last decade and has in many 
NMR laboratories been also adapted to older instruments. In contrast, the 
design of probe heads capable to deliver the additional radiofrequency of the 
Y nucleus to the sample requires some more thought. Several different 
architectures are in use, and the selection of a special one generally depends 
on the specific field of research. 

The most simple design for a triple-resonance probe head contains two 
doubly tuned coils adjusted to the frequencies of ‘H, 2D and two different 
heteronuclei (popular combinations include 13C/”N, or l3CI3lP which are 
useful in protein or nucleotide research). Since all frequencies in such a probe 
are fixed, it may easily be optimized and offers the most sensitive anange- 
ment for the acquisition of “X,”Y correlations. However, the drawback of this 



architecture is obvious, since it is restricted to the special spin-triple once 
selected and may thus have only limited applicability for work in or- 
ganometallic and organoelement chemistry. 

An architecture which offers more variability is based essentially on a 
multinuclear probe head whose ‘H coil is triply tuned to deliver the additional 
“‘Y frequency and offers the possibility to perform triple-resonance experi- 
ments with a fixed nucleus “Y, but a choice of “X. ?he selection of the fixed 
channel depends on the intended usage; the most common options are 31P and 
I3C which offer widespread applicability in organometallic and coordination 
chemistry. For a good performance it is mandatory that RF interferences 
between the different channels are eliminated by appropriate filtering. Even 
if this arrangement is still less flexible than a probe head in which both “X and 
“Y are variable, it appears preferable because the presence of two tuneable 
broadband coils would probably lower sensitivity, and the handling would be 
rather difficult because of increased RF interference problems. 

As standard multinuclear probe heads, variable triple-resonance probe 
heads may be constructed in either “forward” or “inverse” architecture. 
“Forward” probe heads are optimized for direct detection of X-nuclei via the 
tuneable inner coil and may yield similar performances as conventional 
broadband probes. As there, observation of nuclei assigned to the outer coil 
is only possible with reduced sensitivity, but this presents no problem for the 
acquisition of *H spectra, and for “Y nuclei of high receptivity such as 31P, “Y 
(‘H} spectra and even “Y?X conelations can be acquired to our experience in 
acceptable time. In “inverse” probe heads, the inner coil is usually triply 
tuned to ‘H, ’D and the additional heteronucleus Although this 
architecture is certainly not the best choice for obtaining optimum sensitivity 
on the “Y channel, it can be easily used to measure ‘H,”X and “X,“Y 
correlations as ‘H detected 2D or 3D experiments, thus combining high 
flexibility with high sensitivity for the acquisition of heteronuclear NMR 
spectra of dilute samples. As in the case of conventional multinuclear probe 
heads, the tuning capability of the broadband X-coil covers normally not the 
whole range of heteronuclei; the standard range includes resonance fre- 
quencies from 31P to ‘09Ag (however, it was found that coils of this type can be 
tuned down to 183W’7 ), a nd for use with very low-y nuclei (57Fe, Io3Rh, lR3W, 

1870s) special probes with dedicated low-frequency coils are a ~ a i l a b l e . ’ ~ ~ ’ ~  
It should be mentioned that in cases where one of the heteronuclei is ”%, ’D 

or 6Li. the use of designated triple-resonance probe heads for “X,”Y correla- 
tions can be avoided, and standard equipment may be used. The resonance 
frequency of 19F is far outside the range of other heteronuclei, but close to the 
’H frequency, so that I%, “X correlations can frequently be performed by 
detuning the proton coil of a standard multinuclear probe head?**’ Even if 
this procedure may result in longer pulses and some loss of sensitivity for 
experiments with ‘v detection, many experiments are still practicable due to 
the high receptivity of fluorine?022 Of course, experiments with this set-up 
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have to be performed without proton decoupling, but this does not represent 
a severe restriction for investigation of many inorganic fluoro compounds 
or perfluorinated organyls where hydrogen atoms are absent anyway. For 
spectrometers which are unable to deliver pulses at the 'T and "X frequencies 
at the same time, a workaround has been suggested in which one of the two 
radiofrequencies is taken from a different spectrometer 

The use of a specially designated triple resonance probe for 2D,"'Y correla- 
tions may be avoided, since in principle pulses on deuterium can be trans- 
mitted through the lock channel of a standard multinuclear Due to 
the similarity of the resonance frequencies of 2D and 6Li, this set-up can 
also be used for 6Li,"Y  correlation^,^"^ even without detuning the probe 
~hannel.~' Naturally, since the lock channel is used for delivering pulses, these 
experiments must be performed either on spectrometers which offer an 
external lock facility (some '3C,6Li correlations with external '9F lock were 
reportedzp), or in unlocked mode. Even if this might result in some 
degradation of the spectra, the field stability of modem superconducting 
magnets is usually sufficient to perform such experiments over a duration of 
several hours. As compared to the use of a dedicated triple-resonance probe, 
the use of the lock channel to transmit pulses results in considerably longer 
pulse widths (6Li 90" pulse widths of several hundredths of a microsecond 
have been mentioned"). 

2.2. Pulse sequences 

(Pseudo)-"X /" Y}-IND OR and selective decoupling experiments 

As early as 1971, McFarlane and co-workers used 1%{31P] and '9 {'"W)- 
INDOR schemes for indirect recording of 31P and lS3W chemical shifts of the 
reaction products of tungsten hexduoride with trimethyl phosphite?' With 
the introduction of FT spectrometers, the INDOR technique became ob- 
solete, but still a combination of selective decoupling and difference spectros- 
copy could be used to produce pseudo-INDOR spectra?' An alternative and 
less complicated approach turned out to be observation of the "X( 'HI signal 
of a scalar coupled "X,"Y spin system under cw-decoupling in the "Y channel 
and stepping the decoupler frequency through the chemical shift range of 
interest until the collapse of the multiplet indicates that the decoupler is on 

Naturally, the described procedure requires that the splitting 
due to J("X,"Y) in the "X spectrum must be resolved and directly observable, 
so that for rare "Y nuclei isotopic enrichment may be necessary. Today, this 
technique has been largely superseded by the more powerful inverse detected 
two-dimensional spectroscopy, even though some recent  application^".^^ 
indicate that this approach may still be useful for special reports. 

Recording of a series of "X{'H] spectra under selective decoupling of one 
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"Y nucleus at a time may also be useful as a simple approach to as- 
sign individual heteronuclear couplings and thus determine intramolecular 
~onnectivities,3~*~~ as long as the number of "Y resonances is small and their 
chemical shifts are known. If the decoupling power is further reduced to 
irradiate only a single line, or a part of a multiplet, this approach may even 
be applied to determine relative signs of heteronuclear "X,"Y coupling 
c o n ~ t a n t s , ~ ~ . ~ ~  

One-dimensional "X," Y pulse experiments 

One-dimensional experiments involving direct heteronuclear "X,"Y 
coherence transfer via scalar couplings can in principle be divided in two 
categories, depending if the excited nucleus or its coupling partner is used for 
signal detection. Experiments of the first type, which involve merely a 
modulation of the excited "X magnetization by heteronuclear couplings, are 
used for spectral editing purposes Experiments in the second category 
proceed under net magnetization transfer and have been applied both for 
spectral editing, and for sensitivity enhancement in NMR spectroscopy of 
low-y nuclei. Heteronuclear "X,"Y magnetization transfer via dipolar 
interactions (heteronuclear NOE) has been studied in one but a more 
widespread use of such experiments is discouraged by the general expectation 
that observable effects will be small to negligible, owing to low contributions 
of "X,"Y dipolar interactions to the overall relaxation rate of most 
heteronuclei. 

Experiments involving net heteronuclear magnetization transfer between 
two spin-half nuclei have been performed using standard I N E m o  and 

pulse schemes. DEPT sequences have been implemented as "X,"Y 
d o ~ b l e - r e s o n a n c e ~ ~ ~  or "X,"Y ('H} triple-resonance  experiment^^*^' (Fig. 
l(a)). While "X,'H DEPT spectra are conventionally recorded under 
decoupling of the source nucleus 'H during acquisition, "Y decoupling in 
bis-heteronuclear DEFT was restricted to a I3C ('v) experiment aimed at 
the generation of isotope-edited 13C spectra for structural assignment 
purposes.* 

"X,"Y INEPT experiments were preferably camed out without decoupling 
of "'Y. This allows to omit a refocusing period and to detect the created 
antiphase magnetization directly after the mixing pulses. Whereas at f ist  no 
proton decoupling was appliedP3.48-50 this was added laterP7 leading to the 
pulse scheme of Fig. l(b). In addition to having a smaller number of pulses 
than a refocused INEPT, this sequence is also shorter, and thus less sensitive 
to relaxation-induced 

Beside the standard implementation, two versions of soft "X,"Y INEPT 
experiments with frequency selective excitation of source nuclei have been 
reported which may be useful as selective 1D analogues of 2D  experiment^.^^ 
In one case, selectivity was introduced by replacing the hard "Y pulses by 

than both the refocused INEPT and DEFT. 
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* . & . . ' 1 . 1 ' 1 - 1 ' 1 ' 1 ' : .  
31 

0 5 10 15 ppm offset of P transmitter 

ng. 2. "N signal of P(NMe& (60% v/v in C6D6) obtained with the pulse sequence of 
Wg. l(d) on a 300 MHz instrument. The transmitter was set on resonance for the first 
spectrum, and was shifted to higher field by 121.5Hz (lppm) for each additional 
increment. Reprinted, with permission, from re€ 51. Copyright 1995 Academic 
Press. 

shaped pulses (Fig. l(c)). A comparison of different wave forms showed that 
the use of Q5 (90") and Q3 (180O) quaternion pulses5' yielded 25-30% higher 
signal-to-noise ratio than simple 90" and 180" gaussian pulses. Alternatively, 
selective excitation of "Y source nuclei was realized by replacing the excita- 
tion pulse of a hard INEPT experiment by a 'H,"Y cross-polarization 
sequence. The latter is a sandwich of a hard 90"('H) pulse followed by 
synchronized WALTZ-17 pulse trains which are simultaneously applied to 'H 
and "Y during a mixing time 7 and represent a heteronuclear spinlock (Fig. 
l(d)). The method exploits the fact that the excitation bandwidth of such 
heteronuclear cross-polarization schemes in liquids is strongly limited due to 
its sensitivity to Hartmann-Hahn mismatch.53 Even if this approach yields a 
lower selectivity than the application of shaped pulses, it is suited for band 
selective excitation of "X nuclei with a large chemical shift dispersion (Fig. 
2).51 An additional advantage is that, as a consequence of the initial 'H,"Y 
magnetization transfer step, an enhancement factor y H / x  (rather than yy/ yx 
as in a simple "X,"Y polarization transfer experiment) is reached. 

A number of "X, "Y coherence transfer experiments involving polarization 
transfer from or to quadrupolar nuclei were performed by using both INEPT 
and the universal polarization transfer (UPT) schemes4 (Fig. l(a)) which is a 
generalization of DEPT. The use of the INEPT method is unproblematic. It 
can be applied without modification for polarization transfer from any 
number of equivalent spin-half nuclei to a nucleus of arbitrary 
and a report on successful measurement of l3C?D INEPT spectra also 
demonstrated its utilization for magnetization transfer from a quadrupolar to 
a spin-half nucleus2' Application of the UPT scheme requires appropriate 
adjustment of the variable pulses + and 8 to the spin and number of the 
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source and target nuclei, respectively. An expression for the calculation of 
optimum pulse angles has been derived theoreticallf5 and its validity was 
experimentally verified for polarization transfer from 'D to 13C and "B, and 
from "B to 2D.56 It should be noted that the particular feature of DEPT 
between spin-half nuclei, i.e. the occurrence of undistorted multiplets in 
coupled spectra, is no longer conserved in UPT as soon as quadrupolar nuclei 
are involved. Thus, 13C, 'D UPT signals of CD3 groups show up as 1:2: 1 
rather than the normal 1 : 1 : 1 triplets, and the 2D, "B UPT signal of [llB]D; 
appeared as a 1 : 2 : 2 : 1 rather than a 1 : 1 : 1 : 1 multiplet?6 

One-dimensional "X,"Y correlated experiments in which "X is both the 
excited and the detected nucleus have been performed with the purpose of 
detection of low abundant "Y satellites (isotope editing), or analysis of the 
number of "Y coupling partners of an individual "X nucleus. Isotope editing 
experiments were generally carried out with a one-dimensional version of the 
two-dimensional HMQC pulse scheme described in the next ~ection.~'-~' 
Frequently less time consuming than a full two-dimensional experiment, the 
one-dimensional pulse scheme is particularly useful to extract low-intensity 
satellites obscured under the base of much more intense parent signals of "X 
nuclei coupled to magnetically inactive isotopes of Y, or to measure accurate 
coupling 

Spin-echo spectroscopy which monitors the modulation of "X magnetiza- 
tion by J(nX,"Y) couplings was employed for spectral editing of resonances of 
CD,-' and C[6Li]:6 groups. The same methods as for 13C,lH spin systems 
were used, introducing amplitude modulation of the 13CrY) signal at the end 
of a 90" (13C)-~-180"('3C)-~ sequence either by decoupling "Y during one half 
of the echo, or by applying a 18O"(Y) pulse simultaneously to the 180" ("C) 
pulse, and it was shown that for CY, groups where Y is a spin-1 nucleus, the 
signal amplitudes are given by I = Z0[1/3 + 2/3 cos(27r J(X,Y)T)]".~~ Even if 
this confirms that for T = ( 2 ~  4-l a phase modulation of the "X signals 
depending on the number of coupled spin-1 nuclei occurs, the large reduction 
in signal intensities (XY, spin systems with n = 1, 2, 3, 4, 6 give echo 
intensities of 33, 11, 3.7, 1.2 and 0.1% of the signal intensity in an "X("Y) 
spectrum) makes this experiment impractical for most applications.' 

Two-dimensional "X,"Y correlations 

Having experienced a continuously increasing importance during the last 
years, two-dimensional experiments represent now the most widespread and 
most frequently employed methods for "X,"Y shift correlation. Similar to 
one-dimensional experiments, both "direct" schemes which excite "Y and 
detect "X magnetization, and "inverse" schemes which start and end with "X 
magnetization, are in use. Most examples of "X,"Y correlations reported so 
far involve cases where the indirectly observed "Y nucleus is a spin-half 
species, while the detected nucleus may be either spin-half or quadrupolar. In 
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these cases, the commonly employed pulse sequences for 'H,"X heteronuclear 
correlation were applied without change, while for indirect detection of 
quadrupolar nuclei in some cases modifications were proposed which will be 
discussed below. 

Apart from a single example of a 13C,6Li HOESY e~periment?~ all 
reported "X,"Y correlations were achieved via scalar couplings. Both 
techniques based on heteronuclear single quantum coherence transfer 
(HETCOR, INEPT, HSQC), and heteronuclear multiple quantum coherence 
transfer (DEPT, HMQC) were used. Cross-polarization schemes, which were 
shown to be a useful alternative for 'H,"X correlation spectros~opy,6~ have as 
yet not been applied for 2D "X,"Y correlations; presumably, their use is 
discouraged by the limited excitation bandwidth achievable with this 
technique.53 A detailed analysis of the basic pulse sequences is found 
elsewhere3 and will not be repeated here. With few exceptions (mainly 19F,"Y 
experiments)?s22 all pulse schemes were generally adapted to additional 
selective (cw)19.64,65 or broadband 'H decoupling'8,66 throughout the experi- 
ment, resulting in the familiar sequences shown in Fig. 3(a-c). 

Phase cycles were in earlier implementations selected to produce mag- 
nitude mode spectra,66 while more recent  version^^'^,^^ use either TPPI or the 
States method to obtain phase-sensitive spectra. Coherence pathway selection 
by pulsed field gradients which is widely used in 'H,"X correlation spectro- 
 copy^'^ was applied but in a few exploratory cases.13 With the exception of 
some 13C?D or '"Li,l3C HETCOR and '?,13C HMQC experiments where 
noises or composite pulse d e c o ~ p l i n g ~ ~ - ~ ~  of I3C or 2D was applied, decou- 
pling of "Y during t2 was generally omitted, whereas heteronuclear couplings 
in ET are normally removed by a 180°("X) pulse during rl because of 
sensitivity reasons. Hence, the correlation signals appear as singlets in Fl, but 
are split by J("X,"Y) in F2. Additional splitting in both dimensions may be 
present as a consequence of further couplings to passive  spin^,'**'^*^' or 
homonuclear c0uplings6~ The conservation of the active coupling in F.2 allows 
direct detection of the transferred antiphase magnetization immediately after 
the mixing pulse so that the refocusing delay prior to acquisition may be 
eliminated. This reduced length of the pulse sequence helps to minimize 
signal losses due to ~e laxa t ion .~~ In combination with phase-sensitive process- 
ing, this approach offers further an easy way for distinction between active 
and passive couplings in a complex multiplet, thus helping spectral analysis 
when "Y is a rare nucleus and "Y satellites in "X spectra are not vi~ible.6~ 

In addition to some practical considerations which will be discussed in 
Section 2.3, the cases of spin systems with several magnetically equivalent "Y 
nuclei need some further consideration. In principle, both DEPT and HMQC 
pulse sequences are in their standard forms designed to detect magnetization 
of spin systems with a single indirectly detected "Y nucleus, which is perfectly 
suited for inverse observation of rare nuclei such as 13C or 15N. However, 
metal complexes may contain heteronuclei with high natural abundance such 
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1H 

1H I dec. I 

dec. 

1H 1 dec. I 
f X  

Fig. 3. Basic pulse sequences for 2D-"X,mY('H] correlations Ihe  same notation as in 
Fig. 1 is used. Minimum phase cycles for selection of correlation signals are given, 
more elaborate schemes for quadrature detection in F1 and phase-sensitive spectra 
may be applied following standard rules.i5 (a) HETCOR (without 180" pulses)/INEFT 
(with 180" pulses), the refocusing delays A are optional in both experiments; setting 
the mixing pulses B to 45"/135" instead of 90" allows to determine coupling signs in 
ABX-type spectra:' (b), HSQC. (c), HMQC; the refocusing delay A2 is optional. 

as (loo%), 19'Pt (33%), or IWAg (52%), and indirect observation of 
these nuclei may require to detect magnetization of species with more 
than one "Y spin (similar problems may arise with isotopically enriched 
~amples'~). A theoretical analysis of the HMQC experiment using the product 
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operator formalism was performed for 12S2 spin systems (I, S = spin-half 
nuclei), and it was shown that the standard pulse sequence yields the desired 
correlation spectra if fixed delay of (4 J(I,S))-' instead of (2 J(I,S))-' is used 
(see Fig. 3) and a modified phase cycle is applied.77 Experimental verification 
of these results was reported for 12S2 spin systems with I nuclei having both 
spin-half7 and ~ p i n - 1 . ~ ~  Acquisition of HMQC spectra with omission of the 
18O0("X) refocusing pulse and a simplified two-step phase cycle was further 
used for simultaneous detection of isotopomers with different numbers of "Y 

Even if these spectra are not suitable for the determination of "Y 
chemical shifts, they contain helpful information related to the determination 
of the number of coupling nuclei and the evaluation of coupling  constant^.'^*^^ 
The use of more complicated phase cycles for filtering of certain multiple 
quantum coherences to simplify larger spin systems was addressed, but not 
experimentally investigated. 

Closely related to the measurement of HMQC spectra of Ins, spin systems 
is the indirect detection of quadrupolar nuclei. While the standard HMQC 
sequence of Fig. 3(c) proved feasible for indirect detection of spin-3/2 nuclei 
such as 11B79 and 61Ni,18 a theoretical analysis of the behaviour of spin systems 
with I(S) = 1 led to suggest a modified HMQC scheme (Fig. 4(a)) for systems 
with a single spin-1 S nucleusz4 Deviations from the standard scheme include 
the use of a shorter defocusing delay (4 J(I,S))-' and of an additional %"(I) 
pulse prior to r l .  Application of the sequence was demonstrated for the case 
of a 13C2D spin system. In addition, it was shown that conelation spectra of 
1,s" spin systems with different numbers of spin-1 S-nuclei can be obtained 
with an HSQC sequence, albeit by paying the price that the correlation signals 
appear at twice their real chemical shift in F1. 

Further modifications of the basic HMQC, HSQC or INEPT pulse se- 
quences were developed for a number of special purposes. The performance 
of the HMQC sequence was improved by replacing the refocusing 18Oo("X) 
pulse by a 90~-240~-90~ composite,80 or by introducing an additional BIRD 
filter for better suppression of unwanted A low pass filter for the 
suppression of direct connectivities was applied to both l9F,l3C and 31P,13C 
multiple bond correlation e ~ p e r i m e n t s . ~ ~ . ~ ~ . ~ ~  A r emedy of the problems of 
long repetition times in "X,"Y correlations was found by replacing the 
excitation pulses of "X,"Y HMQC and HETCOR sequences by 1H,nX83*87 or 
'H,"Yx4 INEPT excitation schemes, respectively, resulting in the pulse se- 
quences shown in Fig. 4(b,c). Here, the use of 'H rather than "X (or "'Y) nuclei 
as polarization source allows not only to apply faster pulse repetition rates 
since T,('H) is generally much shorter than T,("X) or T,("Y), but yields also 
an additional signal enhancement by a factor of yH/yX (or yH/py). Care 
must be taken in the choice of the delay A2 in the INEFT-HMQC experiment 
(Fig. 4(b)) which must compromise between optimal "X,"Y coherence trans- 
fer and optimal refocusing of 'H,"X magnetization vectors and depends thus 
on the magnitudes of both J('H,"X) and J("X,"Y). For 29Si,'3C and 13C,T3e 



IH
 I 

de
c.
 

I 
X.

-X
.-Y

.Y
 

4
 

t2
 

' 
A'4
 

A'
4 

A'
4 

A'
4 

ti
 

h
 

Fi
g.
 4

. 
Sp

ec
ia

l 
ul

se
 sc

he
m

es
 fo

r 
2D

-"
X

,"
Y

('H
} c

or
re

la
tio

ns
. T

he
 s

am
e 

no
ta

ti
on

 a
s 

be
fo

re
 is

 u
se

d;
 A

; 
de

no
te

s 
a 

fix
ed

 d
el

ay
 o

f l
en

gt
h 

(n
J(

'H
,Y

(X
))

- 
. (

a)
 H

M
Q

C
 s

eq
ue

nc
e 

fo
r 

in
di

re
ct

 d
et

ec
ti

on
 o

f 
sp

in
-1

 n
uc

le
i.7

9 (
b)

 I
N

E
IT

-H
M

Q
C

.8
3 

(c
) 

IN
E

F'
T

-H
E

T
C

O
R

.*
' 

(d
) 

H
M

Q
C

-T
O

C
SY

; 
sf 

de
no

te
s 

an
 M

L
E

V
 s

pi
nl

oc
k 

se
qu

en
ce

 o
f 

du
ra

tio
n 
T
 w

hi
ch

 is
 f

ra
m

ed
 b

y 
tr

im
 

P 



154 D.GUDAT 

correlations good results were obtained by adjusting this delay to (2 J(C,X))-' 
and neglecting the incomplete refocusing of the "X magnetization after the 
MEFT transfer step?2ss 

The "X,"Y correlation techniques described so far do not allow to deter- 
mine the number of magnetically equivalent detected "X nuclei. Such infor- 
mation is frequently of importance for structure elucidation; for example, it 
would permit to determine the number of phosphine ligands in a metal 
complex from a 31P-detected phosphorus-metal shift correlation. A remedy to 
this problem has been found by recording fully coupled correlation spectra in 
which the number of X spins can be derived from the multiplet structure in 
F1. This is easily achieved in both HMQC and HSQC pulse schemes by 
omitting the refocusing 180" pulse during tl, and various "X,"Y correlations 
have been performed in this way.77.78*-9 For an interpretation of the results, 
however, it is important to remember that HMQC and HSQC give rise to 
different splitting patterns. In the HSQC experiment, all "X spins are lon- 
gitudinal during tI,  and a group of n magnetically equivalent "X nuclei gives 
rise to an antiphase multiplet of (n + 1) lines with separation of J("X,"Y). For 
a multiplet with an odd number of lines the intensity of the central line is zero 
(see Fig. 5) ,  and in particular an antiphase triplet with an intensity distribution 
of I : 0: -1 (1 : 0: 1 in magnitude mode) will appear as doublet with an 
apparent splitting of twice the value of J("X,"Y).8' In contrast, in the HMQC 
case, a mixture of heteronuclear zero- and double-quantum coherences 
evolves during t1 which requires that one of the n"X spins is transversal. 
Coupling evolves with the remaining (n - 1) spins, and the observed multiplet 
contains only n, rather than (n + 1). lines. Further, the evolution of "X 
chemical shifts during t ,  is no longer refocused, so that the signal position in 
the F1 domain corresponds no longer to the true "Y chemical shifts. 

Two further modifications of pulse schemes for "X,"Y correlation were 
introduced aiming at a special form of multiplicity editing, viz. the ring size 
determination in symmetric cyclic aggregates of type (XY),. Both methods 
were developed for the characterization of lithium organyls and amides, 
respectively, but they should also be applicable to other cyclic (XY), systems. 
Both strategies rely on the fact that, even if each Y atom is regardless of the 
ring size coupled to two adjacent magnetically active X atoms and vice versa, 
higher oEgomers (n > 2) differ from dimers in having additional remote X' 
and Y' nuclei (Fig. 6(a)), and detection of scalar interactions involving 
these chemically, but not magnetically, equivalent spins can be used for a 

Fig. 5. Magnitude mode 31P, *09Ag HSQC spectra of [A~(C~-P~~PCH=CHPP~~)~]NO~ 
measured with (A) and without (B) 180" pulse during fl .  The coupling with four 
phosphorus atoms gives rise to a quintet splitting along Fl in (B) whose central line is 
missing because of the antiphase structure. Reproduced, with permission, from ref. 87. 
Copyright 1990 John Wiley & Sons 
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(4 

o w 2  

(b) 

A I m. t 
I- 

- 
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6 O L i  ( f 2 ,  Hz) 6 'Li (f2, Hz) 6 'Li (f2, Hz) 

Fig. 6. (a) Schematic representation of the different topologies of dimeric and trimeric 
aggregates of lithium amides or lithium organyls Seen from an observed Y* spin, the 
second Y spin in the dimer is magnetically equivalent while the trimer exhibits further 
magnetically inequivalent X' and Y' spins. (b) 6Li-detected "N zero-quantum NMR 
spectra of (A) 0.15 M [6Li,'5N]LDA in THF (-90"C), (B) 0.10 M [6Li,'sN]LiTMP in 
3 : 1 THF/pentane (-ll5OC) and (C) 0.25 M [6Li,''N]LiTMF' in 3 : 1 THFhenzene 
(30°C). The splittings along Fl indicate the presence of dimers for (A) and (B), and of 
a higher oligomer for (C). Reproduced, with permission, from re€ 90. Copyright 1992 
American Chemical Society. 

discrimination between the different topologies. Gilchrist and CollumW sug- 
gested for this purpose an experiment which is based on indirect detection of 
homonuclear zero-quantum coherences of a (Y,,Y,) pair coupled to an 
observed X spin. The pulse scheme is a variation of the basic HSQC pulse 
scheme (Fig. 3(b)), and zero-quantum coherences were prepared by using a 
90" phase shifted mixing pulse 4, and selected after evolution during tl by 
a four-phase cycle applied to the third "Y pulse 8. The basic idea is 
that the precession of the Y-zero-quantum coherence during tl is mod- 
ulated by scalar coupling to X nuclei with an effective coupling constant 
JeH = +(J(Y,,X) - J(Y2,X).91 This value vanishes for all X spins with equal 
couplings to both Yl and Yz, while any spin X' coupled to only one (but not 
both) atoms gives Jen = 2J(Yi,X'). The zero-quantum line of a dimer, which 
contains no such nuclei, appears thus as a singlet in Fl, while higher oligomers 
give rise to splittings whose multiplicity depends on the spin and the number 
of the remote X' spins (Fig. 6(b)). 
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While the above method works only in cases where both "X and "Y are 
abundant spins, B a ~ e ? ~  suggested the HMQC-TOCSY pulse sequence of 
Fig. 4(d) which allows direct detection of magnetically inequivalent X and X' 
nuclei of higher oligomers even in cases where "Y is a rare isotope. The pulse 
sequence works by first selecting the magnetization of "X nuclei adjacent to a 
magnetically active "Y spin by the HMQC part. In the case of a dimer, the 
additional mixing sequence leaves the spectrum unchanged, and the cross- 
peak appears as a multiplet showing the splitting due to J(X,Y); for a higher 
oligomer, magnetization will be transferred to remote X' nuclei whose 
resonances are not split by J-coupling and will therefore give rise to an 
additional singlet cross-peak. 

In addition to the magnitudes of scalar couplings, also their signs are 
frequently a valuable source of information for the analysis and characteriza- 
tion of molecular structures. 2D-NMR techniques have developed into a 
versatile instrument to determine relative signs of individual couplings in 
larger spin systems, and numerous investigations of "X,"Y correlations have 
addressed this issue. In the simplest case, viz. a system of three different, 
mutually coupled heteronuclei "X,"Y,'Z, the sign information can be directly 
extracted from a two-dimensional "X,'"Y shift correlation obtained with any 
of the basic pulse sequences of Fig. 3. Since there is no changes in 'Z spin 
states during the experiment, the "X,"Y correlation signal consists of a 
superposition of subspectra which belong to the different 'Z spin states and 
are split by the passive coupling constants J("X,'Z) in F2 and J("Y,'Z) in F1. 
The whole correlation signal reveals therefore an E.Cosy pattern (see Fig. 7) 
whose tilt (a positivehegative tilt indicates displacement of the subspectra 
paralleYperpendicular to the main diagonal of the correlation map, connect- 
ing the line appearing at highest field in F2 with the one at highestAowest field 
in Fl) characterizes the relative signs of the reduced coupling constants 
K("X,'Z) and K("Y,[Z). Using the definition K(A,B) = 47?J(A,B) (h yAyB)-l 
gives then the relative signs of the J-couplings. Analysis of this type was 
frequently applied to "X,"Y correlation spectra recorded without proton 
decoupling, thus using 'H as the passive spin,'9921*64v65792 b ut also combina- 
tions comprising three different heteronuclei (e.g. 31P,2D, 57Fe,'8 31P, ?F, 57Fe,'9 
'T, 13C, 109Ag,"5 or 'T, '3C,2WPb75) were studied. Decoupling of "Y during 
acquisition which may be desirable to achieve higher signal-to-noise ratios or 
a simplification of crowded spectra is possible, as the sign information is based 
on a comparison of passive couplings to a third nucleus 

A different case of heteronuclear three-spin system which occurs fre- 
quently if isotopes of high natural abundance such as '9, 31P or lo3Rh are 
present, consists of two magnetically inequivalent homonuclear spins 
"Yl,"Y2 coupled to an "X spin. In this case, an "X,"Y correlation experiment 
induces transitions of all three nuclei, and each "X,"Y cross-signal shows 
additional lines due to transitions between the subspectra associated with the 
individual spin-states of the second Y nucleus. Bax and Freemang3 were the 
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-so0 

- so0 

- lo00 

- mw 

4 

Fig. 7. Contour plot and expansion of a 2D-31P,57Fe('H) correlation of exo- and 
endo-[~s-Cp)(q3-1-syn-methylallyl)(PF,). The tilt in the cross-signal of the major 
isomer (bottom) indicates that the passive couplings 'J(P,F) in Fi! and 'J(Fe,F) in FI 
are of opposite sign. Reproduced, with permission, from re€ 79. Copyright 1988 
American Chemical Society. 
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first to show that the E.Cosy pattern which gives rise to the sign information 
is preserved in HETCOR spectra if mixing pulses 8 with much smaller angles 
than 90" are applied. The use of this approach for "X,"Y correlation 
experiments has been demonstrated recently for the analysis of relative signs 
of J(31p,15N) and J(31P,'3C) couplings in phosphorus compounds6' An 
unrefocused 2D-INEPT sequence with a 45" mixing pulse was employed (Fig. 
3(a)), and it was shown both by theoretical analysis using the product 
operator formalism, and by experiment, that the exchange in coherence 
orders induced by the two 180" pulses produces a reverse sense of the tilt 
in the correlation signal as compared to the Bax-Freeman experiment (Fig. 
8). The same tilt as in the original experiment may be restored either by 
returning to the refocused INEPT scheme, or by applying a 135" instead of 
a 45" mixing pulse. Refocusing of the active heteronuclear coupling in F1 by 
a 180"(Y)-pulse during t l ,  which is frequently applied for sensitivity reasons, 
leads to a simplification of the multiplet structure of the correlation signal, 
but has no effect on the sign determination, but "Y decoupling during tz 
which would lead to a collapse of both active and passive heteronuclear 
couplings in F2 must be avoided. 

I H detected nXmY correlation experiments 

Taking the idea of indirect detection to the extreme, the low sensitivity of 
many "X,"Y correlation experiments could be for various organic and 
organometallic compounds remedied by recording the whole correlation 
spectrum indirectly as a 'H-detected three-dimensional experiment. This 
approach was widely applied to investigation of biomolecules, and 'H,l3C,I5N 
and 1H,13C:1P correlation experiments have developed into valuable tools for 
structural studies of proteins and n u c l e ~ t i d e s ? , ~ ~ ~ ~ ~  The success of these 
techniques owes to the combination of high sensitivity, due to the high 
receptivity of 'H, high power to simplify complicated spectra by three- 
dimensional signal dispersion, and high versatility, owing to the availability of 
rational methods to tailor experiments for selective extraction of desired and 
rejection of all other correlations. Today, a variety of multidimensional 
triple-resonance NMR experiments is known which were specially designed 
for the structure elucidation of different kinds of biomolecules A detailed 
account of this topic is beyond the scope of this article, but the main aspects 
have been r e v i e ~ e d ~ , ~ ~ , ~ ~  and the interested reader is referred to these articles. 
Apart from studies on biopolymers, three-dimensional pulse schemes and 
their two-dimensional projections were also applied to characterize syn- 
thetic polymers and low-molecular-weight organophosphorus compounds, 
and the results demonstrate that these experiments may have considerable 
future potential as structural assignment tools in organic and organometallic 
chemistry. 

So far, heteronuclear 3D correlation experiments in these fields were 
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Fig. 8. Expansion of the F,N' correlation signal of the shown azadiphosphiridine in a 
2D-''N:'P shift correlation obtained with (a) a HETCOR (fig. 3(a), all 180" pulses 
and A omitted) and (b) an unrefocused INEPT pulse sequence (Fig. 3(a), only the last 
180" pulses and A omitted), showing the influence of the pulse sequence on the sense 
of the cross-peak tilt. Experimental spectra are shown left and a spectral simulation 
(NMRSIM) right. The observed tilt indicates that the two passive couplings 'J(P2p) 
(in n) and 'J(pN') (in Fl) are of like sign. Reproduced, with permission, €ram ref. 67. 
Copyright 1995 John Wiley & Sons. 
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carried out with the isotope combinations 'H,l3C,3lF', 'H,l3C,'% and 
1H,13C,29Si, and using two cardinal types of pulse sequences based on the 
HNCO and HNCA96,97 experiments which constitute standard schemes 
routinely employed for structure elucidation of peptides and proteins. 
However, whereas work on biomolecules is generally carried out with 
uniformly 13C and "N labelled molecules, these studies were performed in 
natural abundance of isotopes, which required some adaptations of the 
experiments in order to improve the suppression of signals from isotopomers 
with magnetically inactive "C and =Si nuclei. 

The first adaptation of an HNCA-type experiment for a 1H,13C,31P correla- 
tion designated for the characterization of organophosphorus compounds was 
introduced by the group of Berger:8 and a modified version for 1H,13C:9F 
with an additional BIRD nulling sequence before the first excitation pulse 
was later described by the group of Rinaldi.w,'OO Using the product operator 
formalism, the basic principle of the pulse sequence (Fig. 9(a)) can be 
outlined as follows: the sequence starts with an INEPT transfer from 'H to I3C 
to generate antiphase magnetization 2Hz C,, followed by 13C chemical shift 
evolution during tl. The evolution of 31P,13C coupling during the following 
delay Az generates double antiphase magnetization 4H2 C, P, which is then 
transferred into three-spin coherence 4H, C, Py by the simultaneous 90"('H) 
and 90°(31P) pulses 31P chemical shifts evolve in tz, and two 90" pulses on 'H 
and 31P restore a term 4HzC,Pz which refocuses during Az to give antiphase 
magnetization 2H2 C,. This is transferred by a reverse INEPT step to observ- 
able proton magnetization which is detected during t3 under broadband 
GARP decoupling of 13C. 

The second approach to three-dimensional 1H,'3C:'P correlation via a 
transcribed HNCO pulse scheme (Fig. 9(b)) was first developed by Marino et 
~ 1 . ' ~ '  for the characterization of oligonucleotides Modified versions were later 
reported by the Rinaldi group who dropped the originally used constant time 
evolution scheme, but incorporated composite pulsed field gradients for 
coherence selection,''* and adapted the experiment further for 1H,'3C,29Si 
correlations'03 The main difference to the above-mentioned experiment of 
Berger lies in the use of two consecutive INEPT and reverse INEPT steps to 
transfer the magnetization from protons via the intervening carbons to 
phosphorus and back, and the integration of 13C chemical shift evolution into 
a constant delay T~ which also serves to refocus the J(3'P,'3C) couplings, by 
shifting the last pair of 180" pulses on I3C and 31P within T ~ .  

Both types of experiments detect magnetization arising from mutually 
coupled heteronuclear spin-triples. Even if the spectra can in principle be 
displayed in a 3D-cube representation (Fig. lo), the analysis of 2D slices or 
projections is often preferred for the interpretation. Important features can 
be derived as is demonstrated in the example shown in Fig. 10, e.g. from 
inspection of H,C planes taken at the chemical shift of an individual phos- 
phorus atom, which give a two-dimensional H,C correlation of all signals 
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Fig. 9. Pulse sequences for 3D- and 2D-'H,"X,"'Y correlations The same notation as 
in Fig. 1 is used. (a) HNCA-analogue 3D experiment.% (b) HNCO-analogue 3D 
experiment.'" (c) gs-SELTRIP with a selective 180" gauss pulse; the gradient strength 
(for the case 1H,13C?'P) is +/-25, -/+2S, 22.7 for echolantiecho selection.'M 
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Fig. 10. Different representations of the 3D-'H,%?'P correlation of R- 
Ph2PCH2CH(CH3)PPh2 (R-prophos) obtained with the pulse sequence of Fig. 9(a): (a) 
3D-cube representation. (b)-(d) 2D slices of (a) through the H,C plane at 
S(P) = -25.2 (b), through the H,P plane at 6(C) = 132.1 (c), and through the C,P 
plane at 6(H) = 7.4. Reproduced, with permission, from re€ 98. Copyright 1993 John 
Wiley & Sons 

coupled with this atom. Similar slices along the C,P plane reveal directly the 
corresponding C,P correlations 

Regarding the rather simple molecular structures of many organic or 
organometallic compounds, dispersion of resonances in three dimensions is 
generally not needed to obtain analysable spectra. Efforts have therefore 
been made to develop shortcuts which yield the connectivity information of a 
3D spectrum while avoiding the long acquisition time of a complete data 
matrix. Wagner and BergerlW suggested the gradient-enhanced gs-SELTRIP 
sequence for this purpose. The experiment is based on the replacement of 
the 31P frequency domain in a 1H,'3C,31P correlation by a selective 13C,31P 



coherence transfer step and allows essentially to measure a single C,H plane 
of the 3D cube at the position of the selected phosphorus nucleus. The 
pulse scheme (Fig. 9(c)), which replaced the older SELTRIP methodlo5 in 
which essentially all cross-peaks connected with a selected 31P nucleus were 
destroyed, begins with a 'H,I3C INEPT transfer, followed by 13C chemical 
shift evolution during t l .  The magnetization of nuclei connected with a specific 
phosphorus atom is then extracted by a selective 13C,3'P INEPT transfer and 
a 13C:1P double-quantum filter, and finally transferred back to the protons in 
two reverse INEPT steps. Pulsed field gradients have been applied for 
coherence selection, even though their use is not mandatory. 

A 2D method aiming in particular at improvement of 'H-detected 
measurement of J("X,"Y) couplings is J-scaled 'H,"X correlation spectros- 
copy. The method was introduced to measure J(31P,'3C) from the F1 domain 
of a 'H,"C HSQC spectrum even in cases of relatively low time-domain 
resolution.lw Its crucial idea is the application of a scaling factor to the scalar 
couplings by insertion of a sequence of (-7-180°(31P,'3C)-7-) spin-echoes 
before the tl period which allow evolution of heteronuclear couplings, but 
refocus I3C chemical shifts, and thus introduce different effective evolution 
times for S13C and J(31P,13C). Furthermore, the use of triple-resonance 
double-quantudzero-quantum experiments for 'H-detected measurement of 
J(3'P,15N)and J(I5N,l5N) has been ~uggested.'~' 

Pseudo triple-resonance experiments for passive selection of " Y satellites 

The techniques discussed so far rely essentially on the active selection of 
"X."Y coherences by the application of pulses to both heteronuclei. In 
addition. several researchers have also focused on methods which permit 
passive selection of "'Y satellites in an "X spectrum without applying pulses on 
the '*Y channel. Considering that the edited "X spectra are normally acquired 
either directly under proton decoupling, or via 'H-detected inverse detection 
schemes, these techniques are essentially "pseudo" triple-resonance experi- 
ments. Their advantage is without doubt that they require only a single 
X-channel and are therefore easily performed on spectrometers without 
triple-resonance equipment. Limitations are, in addition to the unavailability 
of "Y chemical shifts, that the passive selection schemes may work only for 
spin systems with a single "'X nucleus or rely on special relaxation properties, 
and are possibly not applicable to all samples of interest. Even if, in a rigorous 
sense, these experiments are no true X,Y correlations since they lack an 
"X,"Y coherence transfer step, they have nonetheless proven to be ver- 
satile and powerful tools in the fields of organometallic and organoelement 
chemistry and are particularly suited to measure magnitudes and signs 
of J(X,Y) couplings between two rare heteronuclei in mononuclear or- 
ganometallic complexes. In principle, passive selection of "Y satellite lines 
can be achieved by selective destruction of unwanted magnetization, or by 
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selective excitation. Techniques for suppression of unwanted magnetization 
by heteronuclear z-filters or jump and return (+BIRD) sequences have been 
developed in particular by Wrackmeyer and Kupce.'08-"o Z-filtering was used 
in both 1D- and 2D-"X,'H("Y) polarization transfer experiments, and will be 
explained using the 2D-INEPT sequence"* (Fig. ll(a)). The z-filter, which 
follows a standard refocused INEPT scheme whose X pulses are applied 
exactly at the frequency of the parent "X signal, starts with a delay of 
(2J(X,Y))-' during which antiphase magnetization 2Xy Y, evolves under 
'H-decoupling. At the end of the delay, this term is aligned perpendicular to 
that of the parent signal, and is converted into longitudinal magnetization 
2X,Yz by a 90°(X) pulse of appropriate phase. The still transversal magnet- 
ization of the parent signal is now allowed to evolve into antiphase magnet- 
ization 2H,Xx by switching off the decoupler for a period of (2 J(X,H))-'. 
Switching on decoupling again removes now, in principle, the parent signal, 
while the stored longitudinal magnetization of the satellites is converted to 
observable antiphase magnetization by the final 90°(X) pulse and may be 
observed directly, or after refocusing. 

The $-BIRD filter proved particularly useful for indirect measurement of 
J(X,Y) in 'H,"X("Y) HSQC experiments (Fig. ll(b)).lW The filter cor- 
responds to a 'H jump-and-return pulse with the transmitter set on resonance 
to the signal to be suppressed, and the delay A2 tuned to (26A)-' where 6A is 
the separation of the parent line and the "Y satellites to be excited. The effect 
of this pulse sandwich is in essence to invert magnetization of protons on 
resonance (and at offsets ? 2n 6A) and to return that of protons resonating at 
? n 8A to the +z axis The parent line is then eliminated by adjusting the delay 
T so that the first excitation pulse of the HSQC part is applied when nulling 
of the inverted magnetization occurs. A more elaborate version of a $-BIRD 
HMQC experiment involving additional 'H,"X spinlock and "X jump-and- 
return pulses for better artefact reduction was proposed as we11.'12 

The conceptual elaboration of +BIRD filtering, viz. selective excitation of 
desired satellite lines, was achieved by replacing the hard excitation pulse of 
a normal HMQC sequence by a bi-selective pulse designed for selective 
excitation at two frequencies (Fig. ll(~)).'"~''~ Several proposed schemes 
differ in the utilization of either Dante"' or binomial (1 3 3 T) 
or a phase- and amplitude-modulated soft pulse which caused the least 
problems with unwanted excitation of signals outside the selected region, but 
required strong phase corrections in EL1'* The use of binomial pulses was 
judged as best choice to measure couplings between rare spins on a routine 
basis. The application of this pulse scheme was also reported to measure 
J(57Fe:3C) indirectly in a "pseudo quadruple-resonance'' experiment via 
observation of 57Fe satellites in a 31P,13C('H}(57Fe) correlation."2 

A further scheme designated specially for observation of 15N satellites in "X 
spectra relies on the specific shortening of transverse relaxation times T2 for 
"X nuclei adjacent to a quadrupolar 14N nucleus by scalar relaxation of the 
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Fig. 11. Pulse sequences for pseudo triple-resonance experiments with passive selec- 
tion of Y satellites: (a) z-filtered 2D-"X,'H("'Y) (b) *-BIRD lH,"X(mY) 
HMQC.109 (c) 'H,"X("Y) HMQC experiment with biselective excitation pulse (bis); 
biselective excitation may be achieved with DANTE or *-BIRD sequences, binomial 
pulses or shaped (d) *H,"X(mY) HEED-INEPT.113 
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second kind. This effect can be exploited for relative enhancement of 
''N satellites in "X-detected NMR experiments by inserting a Hahn-echo 
pulse train (~-180O(x)-~), between the last pulse and the beginning of the 
acqui~ition."~ The transversal "X magnetization present at the beginning 
of this delay will decay with a rate proportional to exp(-2~/T;) where 
(~7';)-' = (rT2)-' X yABo/2m and the last term denotes the magnetic field 
inhomogeneity in Hertz. The faster decay of magnetization of I4N than of 15N 
isotopomers will lead to a relative enhancement of the 15N satellite intensity 
after the Hahn-echo by a factor of R, = T;(X - "N)/T;(X - 14N). 

Hahn-echo pulse trains have been implemented by the group of Wrack- 
meyer in conventional 1D- and 2D-polarization transfer schemes, the result- 
ing pulse sequences being referred to as HEED-INEFT (cE Fig. ll(d), 
HEED-DEFT, etc. (HEED = Hahn-echo e~tended)."~ Even if HEED pulse 
sequences work best if the "X nuclei are coupled only to a single nitrogen and 
further quadrupolar nuclei are absent, satellites arising from "N isotopomers 
containing additional quadrupolar I4N or 35/37Cl nuclei have been observed in 
favourable  case^."^*^'^ It should be noted that by tuning the delay 7 spectra 
with incomplete suppression of the parent line may be obtained which allow 
the determination of 14N/"N isotope shifts, and that in the case of very broad 
central lines a standard DEPT sequence may be long enough to grant 
suppression of the parent line even without application of a Hahn e~h0. I '~  

Indirect measurement of relaxation times 

Beside chemical shifts and coupling constants, spin-lattice relaxation times 
provide frequently another important source of information for structure 
elucidation, in particular for metal nuclei. In the same way as indirect 
detection allows effective chemical shift measurement for metal nuclei whose 
direct observation would be very time consuming or not feasible at all, it was 
also applied to relaxation time meas~rernents.'~*' "J" Since most of the 
studied organometallic compounds contained only a single metal nucleus, the 
use of 1D sequences was preferred (however, analogous 2D schemes were 
applied to the characterization of peptideq1'8-'20 and 31P and 'v served beside 
'H as observed nucleus 

Three pulse schemes which were proposed for indirect Tl measurement~~'~ 
and produce the same results as the inversion-recovery sequence are shown in 
Fig. 12. The first method is an inversion-recovery experiment on the insensi- 
tive "Y spin, with a subsequent DEFT transfer to the observed nucleus "X. 
Although successfully applied in model studies, the experiment suffers from 
the necessity of long relaxation delays and was considered to be too insensi- 
tive for application to I5N and insensitive metal nuclei. Higher sensitivity can 
be achieved with double polarization transfer methods which start with "X 
magnetization. 7 3 ~ 0  sequences were employed on the basis of double DEPT 
(Fig. 12(b)) or INEPT transfer (Fig. 12(c)). In order to remove effects of 
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Fie. 12. Pulse sequences for indirect TI measurements:"' (a) Inversion recovery with 
subsequent DEFT transfer. (b) Inversion recovery with double DEFT transfer and a 
series of 180°(X) pulses to suppress cross-relaxation effects. (c) Inversion recovery 
with double INEPT transfer. 

cross-correlation between dipolar and CSA relaxation mechanisms, both 
schemes require application of lWo(X) pulses every 5 ms during the evolution 
delay T. Even if DEFT is generally considered to be less sensitive to 
parameter missettings than INEFT, the INEPT scheme was found to be less 
susceptible to magnetization losses if T2 relaxation tknes were short. The 
resuits obtained with both methods were found to be insensitive to variation 
of the repetition time between different scans. 

2.3. Practicalaspects 

In principle, there is nothing uncommon in performing 1D- or 2D-"X,"Y 
correlation spectroscopy as compared to conventional 'H,"X heteronuclear 
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Fig. 13. Pulse sequences for indirect pulse calibration: (a) 90" pulses," (b) 180" 
 pulse^,'^ (c) modified sequence for indirect calibration of 90" pulses on spin-1 
nuclei." 

experiments. The practical aspects of these methods have been discussed in 
detail in the comprehensive works of Hul1l6 and Berger er al.,l2l and the 
reader is referred to these works for the basic rules. In the following, we will 
focus on some additional aspects and complications which may arise specifi- 
cally for correlations involving two heteronuclei. 

Pulse calibration 

Calibration of "Y decoupler pulses for "X('"Y} experiments can be carried out 
by adapting the procedures for 'H-detected 'H,"X correlations" to "X 
observation under 'H decoupling. When the natural abundance of "Y is not 
exceedingly low, the spin-echo sequence shown in Fig. 13(a) which is essen- 
tially a refocused version of the two-pulse sequence of BaxI2' may be used. If 
"Y is a spin-half nucleus and A = (2 J(X,Y))-', the intensity of the satellite 
lines is cancelled for 8(Y) = 90", while shorter (longer) pulses give residual 
signals of the same (opposite) phase as the parent "X line. To achieve good 
results, the Y transmitter should be close to on-resonance, and the coupling 
should be large enough that the satellites are clearly observable. In cases of 
low abundant "Y nuclei, strong central signals can be suppressed by insertion 
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of an X-filter,'s and for "Y = "N, a HEED pulse sequence may be a~plied."~ 
Even if 180" pulses are generally assumed to be twice as long as 90" pulses, 
exact calibration for high-precision work can be performed with the sequence 
of Fig. 13(b)," once the 90" pulse is known. The same schemes may likewise 
be used for indirect calibration of pulses on spin-n/2 nuclei, but it must be 
borne in mind that for nuclei with integer spins the intensity of the central 
multiplet line remains ~nchanged.'~ Nulling of the complete signal upon 
application of an exact 90°("Y) pulse can be achieved for spin-one nuclei (e.g. 
'D, 6Li) with the sequence shown in Fig. 13(c) if A4 is set to (4J(X,Y))-'.24 Of 
course, X pulses calibrated by 'H,"X inverse methods can be used for "X,"Y 
correlations, provided that the same hardware configuration is used for the X 
channel. 

Chemical ship referencing 

The position of an NMR signal is generally given as the chemical shift with 
respect to the absorption frequency of a reference substance according to 
Eq. (2): 

In heteronuclear NMR work, the position of the reference line is generally 
derived from a separate measurement of an external standard sample under 
identical spectrometer conditions However, the use of such a procedure may 
impose problems if the standard sample is chemically unstable or toxic, 
results are hard to reproduce because of strong temperature or concentra- 
tion dependence of the signal position, or the acquisition of the reference 
spectrum is very time consuming, making frequent measurement of the 
standard impracticable. To avoid these problems, a calibration protocol on the 
basis of standard resonance frequencies has been proposed. For a given 
nucleus X, Z(X) corresponds to the resonance frequency of a standard 
sample in a magnetic field in which the TMS protons (under standard 
conditions) resonate at exactly 100MHz (for some nuclei such as lo3Rh or 
lV5Pt an arbitrary frequency has been taken as reference because of problems 
with standard solutions). Once a reliable value of E(X) has been obtained, it 
can be used to compute chemical shifts according to Eq. (3) which was 
obtained by substituting vok = %s X E(X)/100 in Eq. (2); here, *s  denotes 
the measured absolute frequency of TMS in the sample. 

The value of I A , - ~ ~  is obtained either by measuring the frequency of the TMS 
line in the 'H spectrum (if internal TMS is present), or by calculating its 
position from a secondary reference (e.g. residual 'H signals of deuterated 
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Table l, Standard reference frequencies 2 [MHz]. Data from re€ 124 if not otherwise 
stated. 

shift of 
reference Reference 

Nucleus (Mk) OPm) compound 

'H 100.0000000 0.00 SiMe, 
'OB 10.743657 0.00 BF3.OEt2 
"B 32.083971 0.00 
13c 25.145004 0.00 SiMe, 
14N 7.226455 0.00 MeNO, 
15N 10.136767 0.00 
1 7 0  13.564269 569.0 Acetone 
'T 94.094003 0.00 CFCl, 
29Si 19.867184 0.00 SiMe, 
31P 40.480747 0.00 H$04 (85%) 
53Cr 5.642510 0.00 [Cr04]2-" 
"Fe 3.237798 0.00 Fe(C015 
s9co 23.727 11 8 0.00 K3[CO(a)d 
'"Se 19.071523 0.00 Me2Se 
%Mo 6.516926 0.00 [MoO4I2-aq., 

1 0 3 ~  3.16 0.00 rounded value 
'@'Ag 4.653623 0.00 Ag+ aq., c -+ 0 

'19Sn 37.290665 0.00 SnMe, 
'25Te 31.549802 0.00 TeMe, 

'870s 2.282343 0.00 OsO, in CDCl, 
195pt 21.40 0.00 rounded value 

I I 4  

pH = 11" 

'I3Cd 21.201887 0.00 Cd(ClO& :q., 
0.1 moll- 

1BW 4.166388 0.00 [wo412-" 

'%g 17.870535 0.00 Hg(C104), 0.1 moll-' 
in 0.1 mol I-' HCIO, 

207Pb 20.920597 0.00 PbMe, 

"Data from ref. 14. 

solvents) of known chemical shift. Precise H(X) values have been measured 
for various X nuclei, and the data are given in Table 1. 

2.4. Comparison of experimental methods 

With regard to the wealth of pulse schemes for "X,"Y correlation, some 
consideration has to be put in the selection of the best-suited method for a 
certain application. In 'H,"X correlation spectroscopy, the high receptivity 
of protons makes inverse detection schemes generally the most effective 
protocol from the point of sensitivity. 2D experiments with 'H detection are 
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now in most cases regarded as the method of choice for measuring both 
J("X,'H) and 6(nX), while 1D schemes may serve as time-saving alternatives 
if only coupling constants are to be measured, or spectral editing is desired. In 
contrast, a quite different situation arises for "X,"Y correlations. In theory, 
detecting the nucleus with higher gyromagnetic ratio should still be favoured. 
However, signal enhancement is much smaller due to the lower factor of 
yx/'yy as compared to yHIyy, and its effects may be overcompensated by other 
factors which may then limit the overall performance of an experiment. 
Important influences include details of the pulse sequence, TI and T2 relaxa- 
tion times of the involved nuclei, the required spectral width and resolution in 
both dimensions of a 2D experiment, the number of "X and "Y nuclei, and 
last, but not least, the available hardware configuration. Even if at first glance 
the naturai abundance of a nucleus should offer no arguments (the decisive 
factor for correlation spectroscopy is the product of abundances), the effec- 
tiveness of a pulse sequence to suppress unwanted signals is of high practical 
concern if the more abundant nucleus is to be detected. In the following 
discussion we will assume that the optimum hardware for each experiment is 
available, and neglect effects of instrument configuration. 

Comparison of the performance of different "X,"Y correlation tech- 
niques, with a special focus on 2D methods, was the object of several 
i n v e ~ t i g a t i o n s . ' ~ ~ ' ~ ~ ~ ~ ~ ~ ~ ' ~ ~  Of the 2D schemes with indirect detection, HMQC 
was found to yield better suppression of unwanted magnetization than HSQC 
which was attributed to the fewer number of pulses.125 Further, HMQC was 
also found to be less sensitive to magnetization losses due to pulse 
 imperfection^'^,'^".'^^ which may for example arise from pulse miscalibration, 
or from off-resonance effects. The latter was highlighted in '=W NMR studies 
by Benn et aLw who demonstrated that the transfer amplitude of an INEPT 
step (which is also used in HSQC) decayed practically to zero when a 
transmitter offset of 10kHz on the lS3W channel was used, whereas the 
HMQC technique permitted acquisition of spectra with spectral widths in FI 
up to 50 kHz. That cross-peaks in HSQC spectra, unlike as in HMQC, are not 
broadened by additional homonuclear spin coupling may gain importance in 
systems with several strongly coupled nuclei, but should make no difference 
for the A,X spin systems of many metal complexes, or for "C,"Y correlations 
where both nuclei are isotopically diluted. Polarization transfer schemes use 
in contrast to the indirect detection schemes only a single transfer step and 
may appear favourabte if the heteronuclear magnetization transfer is 
ineffective because of the presence of a range of homo- and heteronuclear 
couplings,'* and if a small n(/yy ratio reduces further the advantage of 
indirect detection. Since the unrefocused HETCOR and the HMQC pulse 
sequences contain the same number of 90" and 180" pulses, both experiments 
can be expected to exhibit similar behaviour with respect to pulse offsets. 

1 D polarization transfer experiments can be a time-saving alternative to 2D 
protocols if only a few X nuclei, or even a single nucleus, are present, or if 
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only multiplicity editing is desired. Most 1D experiments are generally 
recorded with observation of the nucleus with the lower gyromagnetic ratio. 
The only exception has been the use of 13C,2D INEPT spectra for spectral 
editing; here, it was shown that despite the unfavourable enhancement factor 
of yD/y3c = 0.6 similar signal-to-noise ratios as in one-pulse 13C experiments 
were obtained owing to more favourable relaxation parameters of 2D and 
additional 'H?D NOE enhan~ement.2~ 

With respect to relaxation, the best choice for an "X,'"Y correlation should 
be to use the nucleus with the shorter TI relaxation time as source nucleus, 
and to detect the one with the longer T2 in order to minimize sensitivity losses 
associated with the detection of broad lines. Magnetization losses due to rapid 
T2 relaxation during the pulse sequence can best be kept minimal by using the 
shortest available sequence. In order to comply with this need, 2D ex- 
periments are frequently set up with detection of antiphase magnetiza- 
tion immediately after the mixing pulse, thus avoiding an extra refocusing 
period," while in 1D experiments the use of the shorter unrefocused INEPT 
scheme was shown to be preferable over For HMQC and HSQC 
schemes, different relaxation properties of single- and multiple-quantum 
coherences during r, might also be expected, although for most X,Y correla- 
tion these effects appear not predominant." 

In order to reduce the measuring time of a 2D experiment, the number of 
rl increments is normally kept as small as possible. To maintain sufficient 
resolution in the Fl dimension of an "X,'"Y correlation, it may thus appear 
preferable to detect the nucleus with the larger spectral width. Further, 
filtering of signals from outside the observation window is more easy in F2 
than in Fl, so that separation of a spectrum into different parts is more easily 
accomplished. Such an approach may be necessary for correlations involving 
'V or 31P which exhibit both high resonance frequencies and large chemical 
shift ranges so that spectral regions can be too large to allow reasonably 
uniform 180" pulses. As a matter of curiosity it should be noted that in 2D 
"X,"Y correlations obtained under such conditions, an "X nucleus outside the 
excited spectral region behaves as a heteronucleus, and correlation signals 
display E.Cosy patterns which allow sign determinations of couplings to this 
nucleus (cf. Fig. 15). 

A special situation arises frequently in "X,"Y correlations with a transition 
metal nucleus whose low receptivity enforces an indirect detection scheme, 
and the very large shift range of the metal must thus be covered in Fl. In 
order to determine the chemical shift with sufficient accuracy in a short time, 
the measurement is normally carried out in two steps." First, a rough estimate 
of S('"Y) is determined by acquiring a spectrum with a small number of rl 
increments and a large Fl spectral window. The Y-carrier frequency is then set 
near on-resonance, and the experiment repeated with a reduced spectral 
width, which allows to verify that the cross-peaks are not folded and affords 
S("Y) with the desired accuracy. 
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In summary, two rules of thumb emerge for optimum conduction of "X,"Y 
correlations: (i) indirect detection via the HMQC scheme is the method of 
choice if the ratio yx/  yy is high and/or large spectral widths in Fl have to be 
covered; (ii) in all other cases, relaxation and line width aspects turn the scale; 
2D experiments are preferably performed by observing the nucleus with the 
narrower lines, with the use of HMQC, HSQC or polarization transfer 
schemes depending on the individual sample properties, and 1D-INEPT 
schemes may be competitive for systems with few "Y nuclei. The situation of 
case (i) is typically encountered for correlations between highly receptive 
nuclei as '% or 31P and low-y transition metals (57Fe, Io3Rh, '09Ag, la3W, 
'*'OS). Case (ii) applies to correlations between 13C and heteronuclei with 
comparable resonance frequencies (29Si, I9'Pt, lWHg, "'Pb), but also to 
borderline cases such as 31F',13C or 31P,15N where despite considerable en- 
hancement factors (y1Jy3~ 1.61, yip/y% 3.99), detection of the low-y 
nudeus may under special circumstances be competitive with 31P-detected 
experiments.'" 

3. APPLICATIONS OF X,Y CORRELATIONS 

Heteronuclear "X,"Y correlation spectroscopy has been put to use in the last 
years as tool for structure characterization in various fields of organometallic 
and organoelement chemistry, and its application is still growing. If one 
surveys the available literature on "X-detected "X,"Y correlation spectros- 
copy, it emerges that, apart from a single study devoted to methodical aspects 
of polarization transfer between two quadrupolar specieqS6 at least one of the 
four nuclei 6Li, 13C, '% and 31P appears in all studied X,Y combinations, and 
a considerable amount of work involves cases where both nuclear species 
were chosen from this set. Quite obviously, this preference owes both to 
spectroscopic and chemical reasons. '% and, to some lesser extent, "P exhibit 
very high receptivities due to a combination of 100% natural abundance, the 
highest (with exception of the rarely used 203rzosTl) gyromagnetic ratio of all 
heteronuclei, and frequently shorter TI relaxation times than for other 
spin-half heteronuclei. Heteronuclear or 31P,mY correlations are thus 
readily acquired in a comparatively short time and offer large sensitivity gains 
over direct "Y spectroscopy. The easy accessibility and high analytical power 
of these methods were soon recognized and led to their widespread applica- 
tion in studies of phosphorus and fluorine compounds in various areas of 
organic or organometallic chemistry, including species which are of relevance 
in biological systems or in catalysis. In contrast, the 13C nucleus offers far less 
favourable opportunities for NMR detection, but many organometallic or 
heterocyclic compounds possess molecular skeletons consisting of one or few 
heteroatoms embedded in a framework of carbon atoms. Since I3C,"Y 
correlations may detect directly the connectivities between the skeletal atoms, 
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they are expected to be extremely useful assignment tools, and have therefore 
been extensively developed in the last years. The use of correlation spectros- 
copy involving 6Li was mainly triggered by the importance of lithiated species 
as reagents for organic and organometallic synthesis, and 6Li,"Y correlations 
have evolved today as a major source of structural information on or- 
ganolithium reagents. Despite an unfavourable NMR receptivity due to 
rather low gyromagnetic ratio and long Tl relaxation times, correlations with 
6Li are generally readily performed since isotopic enrichment of 6Li is easily 
possible. 

Beside the "true" "X,"Y correlations various studies devoted to the 
analysis of J("X,mY) coupling information were performed by using pseudo 
triple-resonance techniques with passive selection of low abundant "'Y satel- 
lite lines. Even though these methods give no access to "'Y chemical shifts and 
are in most cases inappropriate to solve assignment problems if more than 
one "Y nucleus is present, their application has led to a substantial knowledge 
on systematic trends in couplings from 15N and 13C to other rare heteronuclei, 
which provides an important data base for future structural assignments Most 
of the material has been reviewed,'14 but a short account on recent applica- 
tions of these techniques will also be included in this section. 

3.1. correlations 

Due to the high receptivity of '?F, 19F,"Y correlation spectroscopy became 
available very early in the history of NMR spectroscopy. Using the INDOR 
technique on a cw-spectrometer, McFarlane and coworkers gave the first 
report whatsoever on the use of "X,"Y correlated spectroscopy for in- 
direct observation via '% of the 18,W resonances in complexes of the type 
WF6-,0R,, and WOF4L?9 Beside the first chemical shift determination for a 
low-y transition metal, which was at that time not feasible by any other 
technique, further the indirect determination of J( '"W,3'P), and the assign- 
ment of relative coupling signs, was reported. 

Despite the high sensitivity gain achievable with '% detection, examples of 
correlations between and low-y metals have remained scarce, presumably 
because of difficulties with the hardware set-up." Still, Bourdonneau and 
Brevard demonstrated the application of 'T,'"W HSQC and inverse l9F,lS3W 
DEIT experiments to measure 8(183W) and T1(lmW) of a polytungstate.20 A 
comparison of the indirect and direct Tl ('"W) experiments showed that both 
methods yield the same results, but the indirect scheme used 1.3 instead of 
72 h of instrument time. 1D- and 2D-109Ag,'v polarization transfer experi- 
ments were employed by the group of E ~ j e n ~ ~ * ~ * ~ *  for the characterization of 
CF2H and CF, derivatives of silver(II1). In combination with 13C,'% and 
13C,1H correlations, these experiments aided in the analysis of the extremely 
complicated coupling patterns, and coupling sign determinations allowed to 
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conclude that all reduced couplings involving the metal are positive and no 
sign crossover occurs. A correlation between '% and a main group metal was 
reported for the pair '"F,'17Sn ('I7Sn was chosen because of apparative 
reasons instead of the more familiar 119Sn)'26 and served to confirm the 
assignment of 'T and 117'1'9Sn signals of two conformers of a substituted 
difluorostannane. 

Considerable more attention than correlations of '%with metal nuclei have 
received those with other nonmetals. Even though by far the most work in this 
area has been devoted to '"F,13C correlation spectroscopy of polyfluorinated 
carbon compounds, "N7")F INEPT was used to record "N NMR spectra of 
perfluoropyridine and some perfluoroazines?' and the desire to determine 
relative signs for 2J(mPb,'V) and 1J(207Pb,13C) inspired the use of 2D-19F,13C 
correlations for the characterization of plumbanes (CF3),Pb%-,.75 Interest- 
ingly, the results revealed that sign changes for 'J(Pb,C) may be induced not 
only by different substituents, but also by a change of the solvent. 

Investigations of fluorinated organic compounds by means of 13C,'V 
correlation were triggered by the intention to develop effective analytical 
methods for the identification and characterization of specifically fluorine- 
labelled metabolic products of pesticide or drug models. Giralt ef al. studied 
the prospect of lD-13C,'"F DEPT and INEPT via one- and two-bond coup- 
lings, and demonstrated the sensitivity-enhanced detection of the fluorinated 
carbon in a steroid by this method." 2D-13C,'T HETCOR experiments were 
employed together with I3C,lH correlations by Ribeiro et aL21 to measure and 
assign heteronuclear couplings in the CF3CH, fragments of halothane and 
trifluoroethanol. Successful application of the methodology to an artificial 
compound mixture demonstrated further the potential for the analysis of 
complex blends of fluorinated products which are typical for metabolic 
studies. 

Analysis of poly- and perfiuorinated organic molecules is often hampered 
by the fact that for larger molecules the location and assignment of '% and 
I3C resonances become uncertain, so that the carbon backbones of these 
molecules are frequently very poorly ~haracterized.7~ In consideration of 
the large interest in applications of these compounds, several research 
groups set out to tackle the assignment problem by 2D-13C,'T correlation 
t e c h n i q ~ e s . ~ . ~ ~ . ~ ~ , ' ~ ~  An efficient strategy for resonance assignment in linear 
perfluoroalkyl structures was developed in particular by R i b e i r ~ ~ ~ . ' ~  who 
showed that HMQC experiments are easily optimized for coherence transfer 
via 'J(F,C) (average value -275 Hz) or 'J(F,C) (average value -27-36 Hz), 
and that combination of both experiments allows to correlate a speci- 
fic fluorine nucleus to the directly connected and the adjacent carbon 
atoms in a chain, respectively. Unlike the case of hydrocarbon molecules, 
where *J{C,H) and 3J(C7H) are in the same range, cross-peaks via 3J(F7C) 
(<1  Hz) are normally not detected, and no ambiguities between *J(F,C) and 
'J(F,C) connectivities arise.73 It should be noted, however, that only partial 
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assignment of the spectra is feasible if incomplete sets of two bond connec- 
tivities are observed, presumably due to different magnitudes of 'J(F,C) or 
destructive interference between various co~plings?~ For aromatic fluorine 
compounds where the resonances of adjacent '?F nuclei can be identified on 
the basis of 3J(F,F) couplings, the 13C resonances have been assigned alone 
from 1T:3C HMQC spectra via 1J(F,C).229'27 

Rinaldi et al. introduced the use of 19F,13C correlations for the characteriza- 
tion of microstructures in fluoropolymers by demonstrating that highly 
dispersed 2D-'?F,13C HMQC and HMBC spectra allowed the identification 
of different triads and pentads in a 1-chloro-1-fluoroethylene/isobutylene 
copolymer,lZ8 and 3D-'H,'3C,1T experiments permitted assignment of the 
tacticity in polymeric l-chloro-l-fluoroethylene.99*'00 The latter experiment is 
interesting because it exploits the unique chemical shift dispersion of '9 
nuclei for the separation of resonances originating from different stereo- 
sequences, and then uses the cross-peak multiplicities in the 'H,13C slices 
of the 3D cube at each '9 frequency for the assignment of the local 
stereochemistry, thus allowing to distinguish between mm, mr and rr triads 
(m = meso, r = racemic) (Fig. 14). Analysis of the occurrence of identical 
cross-peaks in more than one '?F slice yields further information on the 
relative stereochemistry of adjacent diads and allows to assign 'H and 13C 
resonances of all possible tetrads in the polymer chain. 

In a recent paper, Gunther er al. demonstrated that 1%:3C correla- 
tion techniques are likewise applicable to the characterization of fluoro- 
substituted aromatics adsorbed on silica and alumina, thus highlighting the 
power of this method for studies of surface reactions which are of possible 
interest, e.g. in heterogeneous cataly~is.''~ 

3.2. 31P,mY correlations 

3'P,mY correlation experiments were initially inspired by the idea to exploit 
the high NMR sensitivity of 31P for the detection of the resonances of low-y 
transition metal nuclei, and still the major part of all activities in the general 
field of "XTY correlations is dedicated to this purpose. The first 3'P,mY 
correlations were performed with '@"109Ag,30*43 183W?*48 s7Fe48 and 103Rh,48 
and the last two together with 1870s1'6 make up the main body of 3'emY 
correlations until today. Further metal nuclei which have been studied include 
the quadrupolar 61Ni,18 195Pt78 and 199Hg.'30 Whereas the first implementa- 
tions of phosphorus-metal correlations used mainly 31P-detected pseudo- 
INDOR29330 or metal detected polarization transfer schemes,48 today the field 
has been taken over by 2D spectroscopy on the basis of 31P-detected HMQC 
or HSQC pulse s ~ h e r n e s . ~ ~ * ' ~ * ~ ~  The main incentives for correlation of 31P with 
metal nuclei have been, beside the elucidation of chemical structures of metal 
complexes, attempts to use systematic studies of trends in transition metal 
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Fig. 14. 3D-'H,13C,'v correlation of poly(1-chloro-1-fluoroethylene) with F, F3 slices 
at s('v) = -98.2 (a), -99.4 (b), -100.7 (c); (d) schematic illustration of the 3D 
spectrum with relative positions of the slices. Each slice in (a)-(c) displays two 
correlation signals representing the two CH2 groups adjacent to a CF moiety. The 
polymer tacticity can be determined as follows:'O0 the splitting of each signal reveals 
the stereochemistry of individual CFCI-CH,-CFCI diads, the two protons at a 
methylene carbon being chemically inequivalent in meso (m) and chemically equiv- 
alent in racemic (r) diads Consequently, the fluorine atoms can be assigned to IT (a), 
rm (h) or mm triads (c). The possible tetrad structures can be determined by looking 
for identical C-H cross-peaks in different "? slices; e.g. the A cross-peaks in (a) do not 
occur in the other two slices; therefore, the methylene group A shows only correla- 
tions with atoms in mm triads and must be centred in an mmm tetrad, etc. 
Reproduced, with permission, from re€ 100. Copyright 1996 American Chemical 
Society. 

chemical shifts, phosphorus-metal couplings, or metal relaxation times to 
analyse differences in the electronic structures of the metal compounds. In 
some cases, also correlations between these NMR parameters and other 
chemical properties were found and used to obtain structure-reactivity 
relationships which may become very important in connection with the 
prediction of chemical reactivitie~'~,~~.'~~*~~* A concise analysis of the origin of 
electronic effects on 6(M), J(M,P) and Tl(M) is complex, and a thorough 
discussion can be found e l s e ~ h e r e . ' ~ ~ - ' ~ ~  However, for understanding the 
basic ideas it is convenient to remember some approximative, but useful 
descriptions of the behaviour of the individual parameters. The metal chemi- 
cal shifts are considered to be dominated by the variation of the Ramsey's 
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paramagnetic shielding term q,136,137 which is for d-block metals commanded 
by the electrons in the metal d orbitals'389139 A frequently used approximation 
to ap is given in Eq. (4); here ( r )  denotes the mean radius of the valence d 
shell, AE is the average electronic excitation energy, and QN is the angular 
imbalance of charge. 

Scalar couplings to metal nuclei are dominated by the Fermi contact term, and 
approximation on a similar level as for the chemical shifts leads to the 
expression in Eq. (9, with 3AE being the mean triplet excitation energy, 
IS(0)lx the s-electron density at the nucleus X, and 7~~ the mutual 
polarizability of the orbital connecting the metal and the ligating atom L.'" 

Application of 3'emM correlations to the structure elucidation of metal 
complexes 

The use of the information from phosphorus-metal correlations as a structure 
assignment tool was the main issue in reports devoted to the study of 
silver c o m p l e x e ~ . ~ * ~ ~ ~ ~ ~ ~ ~ ~  Colquhoun and McFarlanem were the first to 
demonstrate the prospect of 2D-31P,"'M correlations to determine the number 
of phosphite ligands in the complexes [(PhO,P),AgJ+. Sadler et al.43*86 
applied both one-dimensional rwAg,31P DEW3 and 2D 31P,1wAg HSQC to 
the characterization of tetrahedral silver complexes with various bidentate 
phosphine ligands and found that 1J(109Ag,31P) values are readily obtained 
even in cases where 31P spectra contain complicated higher-order multiplets 
which are difficult to interpret. Detection and analysis of dynamic equi- 
libria by 31P,109Ag correlation were demonstrated in the case of the com- 
plexes ( [Ag(d2pype)2],"+ (d2pype = 1,2-bis-(di-2-pyridyl)phosphino)ethane); 
here, the analytic potential of 31P,1wAg correlations showed up not only in the 
detection of monomers, dimers and trimers, but in particular in the successful 
proof of different coordination modes for the d2pype ligands in individual 
0ligomers.8~ Pregosin et ~ 1 . ~ ~  used 2D-31P>wAg correlation as crucial experi- 
ments in the identification of silver complexes which are presumed models for 
intermediates in the Au(1)-catalysed aldol condensation of aldehydes with 
isonitriles 3'P>osAg-HMQC spectra were further used by Gudat et al. to 
identify kinetically unstable complexes formed in the reaction of diazaphos- 
pholene ligands with silver triflate,88 and to corroborate the structural assign- 
ment of silver complexes of a cationic bis-phosphonio-isophosphindolide 
(BPI) ligand;14' in the latter case, the discrimination between complexes of 
composition [(BPI)Ag(OTf),] and [(BPI)Ag(OTf)(THF)]+ by their different 
lWAg chemical shifts is of particular interest as it demonstrates the use of 
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Fig. 15. 31P,183W correlation via long-range 'J(W,P) and 3J(W,P) couplings of the 
shown tungsten carbene compIex (Mes* = 2,4,6-tri-tert-b~tylphenyl).'~~ Both spectra 
were obtained with the HMQC pulse sequence of Fig. 3(c) using TPPI phase cycling 
to obtain a phase-sensitive spectrum, and with the 31P transmitter set on-resonance to 
the signal of the observed PI and atoms, respectively. The Pln,W cross-peaks are 
split b the active J(W,Pln) and the passive J(P',p) couplings in 22 and by the passive 
J(W.J') coupling in F'l. The E.Cosy s litting owes to the fact that due to the large 

offset of 14 kHz) the second phosphorus signal resonance lies outside the excited 
spectral region and behaves in essence as a heteronucleus. The identical tilt of the 
cross-peaks indicates like signs of *J(W,P) and 3J(W,P). 

chemical shift difference between the P P signals (A6 = 140 ppm, corresponding to an 

indirect detection metal NMR to monitor the exchange of a spectroscopically 
"transparent" ligand. 

Strategies for the use of 31F',mM correlations for structure elucidation of 
organometallic compounds of tungsten, iron or rhodium were outlined by 
Benn and c ~ w o r k e r s ' ~ - ~ ~ ~ ~ * ~  who demonstrated elegantly how the rich avail- 
able information content can be utilized to extract coupling signs for both 
'J(M,P) and "J(M,H) (cf. Fig. 7), and to assign resonances in complicated 
organometallic frameworks. The feasibility of 31P,nM correlations via long- 
range couplings is demonstrated by the 31F',183W HMQC spectrum of a 
tungsten carbene complex (Fig. 15) which yielded in addition to the value of 
S(lsJW) the confirmation of like coupling signs for 'J(W,P) and 3J(W,P).141 

In regard of the importance of Rh-complexes as homogeneous catalysts, in 
particular 2 D - 3 1 ~ ' 0 3 ~  correlation has been applied in several cases to the 
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structural characterization of complexes which have importance as model 
compounds in homogeneous catalysis. Lindner et al. determined 6( lo3Rh) 
values for various complexes with hemilabile ether-phosphine l igand~'~*- '~~ 
and concluded that the results allow to distinguish between square- 
planar, square-pyramidal and octahedral metal coordination geometry.'43 
Carlton characterized products and intermediates formed in the reaction of 
tris(ph0sphine)rhodium hydrides with carboxylic acids or thiols in the 
presence of pyridine.'& As some of the intermediates were not isolable but 
may exist only in equilibrium mixtures in the presence of H2, in situ methods 
are required for their characterization. The potential of 31P,103Rh correlation 
for this purpose is demonstrated in Fig. 16. To assist signal assignment, the 
spectrum was acquired without 'H decoupling, thus enabling to identify the 
correlation peaks from hydride-containing products by means of the splitting 
due to 'J(Rh,H) 'J(P,H). 

The benefit of 3'P,mM correlation techniques in cases where direct observa- 
tion of the metal is in principle feasible because of a sufficiently high y-value 
was recently outlined for complexes of '"Pt and 19%g. Ruegger and Moskau 
recorded a 2D 31P,195Pt correlation of a trinuclear platinum-phosphine cluster 
with a modified HMQC sequence and by using long-range couplings 2J(Pt,P) 
for coherence transfer." They demonstrated that, in contrast to lD-31P and 
'95Pt spectra which show complicated patterns due to superposition of 
subspectra from isotopomers with zero to three magnetically active metals, 
the correlation maps are easily interpreted by using a small set of simple rules, 
and both magnitudes and signs of couplings (including the homonuclear 
2J(P,P)) are readily available. Gudat et a1.'30*'47 obtained 31P,1%g HMQC 
spectra of some mercury complexes via both 'J(Hg,P) and J(Hg,P) to support 
structural assignments and noted that avoiding the problems of very broad 
metal resonances by the indirect detection scheme allowed to obtain 6('%g) 
in much shorter time as could be expected alone on the basis of gyromagnetic 
ratios.147 

Application of ''RrnY indirect detection schemes to electronic structure 
correlations in metal complexes 

In theory, proton-detected inverse spectroscopy can be considered the most 
sensitive method for measurement of transition metal chemical shifts and 
should be the method of choice for systematic investigations. Even if the 
higher sensitivity of 'H- over 31P-detected inverse spectroscopy has been 
experimentally confirmed for some  example^,'^^'^@ 31P-detection schemes 
may still be competitive or even advantageous in special circumstances: many 
organometallic and coordination compounds with phosphine ligands exhibit 
large 'J(M,P) couplings and singlet resonances in the 31P(1H} spectra which 
helps to minimize relaxation losses since short defocusing delays can be used, 
and permits easy detection of the satellite lines. In contrast, 'H-detection may 
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Hg. 16 31P:03Rh HMQC spectrum of a reaction mixture of [(PPh3),(H)]Rh with 
cyclohexyl thiol showing the correlation signals of species 1-6. The spectrum was 
recorded without 'H-decoupling to help identification of the correlation peaks from 
hydride-containing products by means of the splittings due to 'J(Rh,H) and 'J(P,H). 
Reproduced, with permission, from re€ 146. Copyright 1997, John Wiley & Sons. 



APPLICATIONS OF HETERONUCLEAR X,Y-CORRELATION SPECTROSCOPY 183 

require to use small long-range couplings for coherence transfer, resulting in 
severe relaxation losses, or M,H coupling may be absent at all; furthermore, 
proton resonances appear often as complicated multiplets, thus reducing the 
sensitivity advantage and making small M,H couplings hard to d e t e ~ t . ' ~ . ~ ~  
Consequently, 'H- and 31P-detected inverse spectroscopy have been used 
complementary to each other in some cases,19*131*148,149 and today a consider- 
able body of systematic studies of metal chemical shifts and phosphorus- 
metal couplings via 31P,"M-correlation in compounds with low-y metals of 
group 6 ('"W), 8 (57Fe,1870s), 9 (lo3Rh) and 10 (61Ni) is known. 

The first use of 31P detection for a methodical investigation on metal 
shieldings was reported by McFarlane et aZ?2*'50 who studied 6('=W) in 
complexes LW(CO)5 and LW(CO), where L is a phosphine or phosphite. 
They observed that the variation in 8('83W) parallels that of 8(95M~) for the 
analogous molybdenum complexes, but is larger than there by a factor of 1.7. 
This was attributed to a larger influence of the electronic imbalance term, 
while the substituent-induced changes in 6(M) were explained by changes in 
the mean excitation energy AE induced by different ligand-metal back- 
donation. A similar parallelism between 'K(M,P) in the two series of com- 
plexes was attributed to the smaller value of IS(0)lz for molybdenum. In a 
more recent investigation on alkenyl-carbyne tungsten complexes of the type 
Ln(CO)3-.W=C-CH=C(CHz), (L = phosphine, halide, MeCN), Lopez-Ortiz 
et ~ 1 . ' ~  concluded that the change in 6(183W) induced by variation of L 
was dominated by electronic factors (higher AE with increasing .rr-bonding 
strength, and increase of (rT3) with increasing charge, of L), while the 
influence of the different ring size of the cyclic C(CH2),,, fragment was 
attributed to both electronic and steric effects 

Detailed investigations on metal shieldings in organometallic iron and 
osmium complexes by means of 31P,57Fe('870s) HMQC schemes were 
performed by the groups of Benn and von Philipsborn. The struc- 
tural types of studied complexes include cyclopentadienyls of the 
types CptFe(L)2X:8*19 CptFe(L)zR,18*19 CptOs(L)zR,19*65 CptFe(L)(olefin)R,19 
CptFe(L')(L)R,la diene complexes (diene)Fe(CO)2(L),'8*'32 and arene 
complexes (arene)O~(L)X~, '~~ and (arene)Os(L')(L)I (Cpt = (substituted) 
cyclopentadienyl, L = phosphine or phosphite, L' = non-phosphorus con- 
taining ligand, R = organyl, X = halogen). The general effects governing the 
variation in 6(57Fe) and 6(lm0s) in all compounds can be summarized as 
follows: (i) substitution of directly bonded atoms (e.g. H vs. C1, Br) induces 
large effects which are explained by assuming that with higher 
electronegativity of the ligand the radial term (r-3) and the deshielding 
increases (normal halogen dependence); (ii) smaller changes following 
structural variation within the ligands L, L' were ascribed to an increase in the 
mean excitation energy AE which led to an increased metal shielding with 
higher .rr-acceptor power of the ligand; (iii) increasing size of the ligands 
produced further deshielding effects of lower or similar magnitude as the 
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electronic effects. The dominance of steric effects was proven for complexes 
CpFe(L)(CO)COMe148 and (~ymene)Os(L)X~~~~  by means of linear 
correlations betweeen 6(M) and Tolman's cone angles of the ligands L. 

Interesting correlations between 6(57Fe) and chemical properties were 
observed for complexes C P F ~ ( L ) ~ R , ~ ~  where the metal shifts show similar 
qualitative trends as thermal stabilities, cyclovoltammetric oxidation poten- 
tials, and reactivity towards ethylene insertion reactions, and for compounds 
( L)Fe(CO)2( v4-diene) where the thermodynamically more stable conformers 
with apical orientation of L with respect to the diene fragment exhibited 
substantially more shielded metal nuclei than the basal  conformer^'^^ A 
linear correlation between S(5'Fe) and Taft's electronic parameter d(Y) 
allowed to rationalize substitution effects in the Cp ring of complexes 
(C5H4Y)Fe(CO)(PPh3)Me.'48 For C ~ ( F ~ , O S ) ( P P ~ ~ ) ~ X ,  6("Fe) and 6( 1870s) 
follow similar trends, but the osmium chemical shift range in these complexes 
seems to be somewhat surprisingly of similar size or even less than that of 
iron.65 

A different class of iron compounds, viz. model haem complexes 
(Por)Fe(PMe,)(L') (Por = substituted porphyrins), were studied by Walker et 
al?435 using a selective double-resonance technique in connection with 
isotopic enrichment of 57Fe. The complexes display a linear correlation 
between SS7Fe and S3'P of the phosphine ligand, and the variation of iron 
chemical shifts could be explained in terms of electronic d-d transition 
energies. 

In particular the groups of Elsevier and von Philipsborn applied 31F',103Rh 
HMQC spectroscopy to investigate metal shieldings in rhodium complexes. 
Most studies focused on square planar Rh(1) complexes of the type 
[(L)2Rh(L')z] * and [(L),Rh]' ,'51*152 (L),(L')RhY and (L)(L')2RhY,1533154 
(Y = H, organyl, halogen), octahedral rhodoximes Rh(~xime),(R)(L),'~~ and 
half-sandwich complexes CP*€UI(L)Y~. '~~*~~~ Even if it turned out that lo3Rh 
shifts are governed by the same factors as those of 57Fe or lE70s, it was 
suggested that electronic influences through the A E  term are less important 
for square-planar Rh(1) complexes than for Rh(II1) compounds, so that 
electronic influences which are transmitted through the (r-3) term (e.g. 
different basicity of phosphines) and, in particular, steric effects d~minate.'~' 
This is highlighted in the case of the complexes (cod)Rh(L)C1lS4 where 
regression analysis showed that 95% of the variability of '03Rh chemical shifts 
could be accounted for by similar contributions from electronic and steric 
influences as were represented by Tolman's electronic parameter v and cone 
angle 9. A correlation of s(""3) with the cone angles of the ligands L 
was also found for CP*R~(L)CI~ , '~~  and 6(lo3Rh) in alkyl rhodoximes 
(oxime)2Rh(L)R correlates with Taft's steric parameters for R.'" 

Two remarkable studies which correlate lo3Rh chemical shifts directly with 
chemical properties were reported by von Philipsborn et af. For chiral 
complexes (P-P*)Rh(enamide) where P-P* denotes an SS-dipamp or 
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SS-chiraphos ligand, they demonstrated that the metal in major diastereomer 
exhibits always the higher shielding. Analysis of this effect led to suggest that 
the enamide ligand in this diastereomer is a better electron donor and renders 
the complex less reactive towards Hz addition, thus supporting the idea that 
the diastereoselectivity of this reaction, which is the basis for the applica- 
tion of such Rh catalysts in asymmetric hydrogenation, is electronically 
contr011ed.'~~ More recently, they reported on a correlation between the rate 
of the PPh3 assisted aryl migration in complexes Cp*Rh(CO)(I)(aryl) to give 
Cp*Rh(PPh,)(C(O)aryl) with S(lo3Rh) of the products, which was interpreted 
by assuming an associative reaction mechanism with a late transition 
state.131 

Cationic Rh(1) species with chelating phosphoraniminato-phosphines were 
further investigated by Cavell et al. ,15' who found it, however, impossible to 
establish any clear ligand effect on 8(lo3Rh). Furthermore, the deshielding of 
compounds with five- as compared to six-membered chelate ring systems 
indicates a behaviour opposite to the results of previous s t ~ d i e s . ' ~ ~ * ' ~ ~  A 
repeatedly noted feature of various types of Rh complexes is the absence of 
a clear relation between 8(lo3Rh) and 1J(Rh,P);154,156 however, in some 
cases linear correlations between 6(lo3Rh) and 8("P) of the ligands were 
menti~ned.'~' 

A single study of 6(61Ni) in complexes (R,P)Ni(CO), by 31P,61Ni correlation 
revealed very small chemical shift differences (A8 - 100 ppm) as compared to 
the known chemical shift range of 2000 ppm for tetrahedral N i 4  complexes 
which were not further interpreted.I8 Unlike as for spin-half metal nuclei, the 
sensitivity advantage of the HMQC scheme over a direct detection experi- 
ment was in in this case small since the sensitivity gain by (y1p/y1Ni)3 was 
essentially compensated by the longer relaxation time of 31P as compared to 
the quadrupolar 61Ni which enforced a lower pulse repetition rate for the 2D 
experiment. 

"8'"Y correlations with nonmetals 

Correlations between phosphorus and main group metals are unknown 
except the case of 31p16Li which will be covered in Section 3.3, but several 
'lP,'"Y correlation experiments with nonmetals, predominantly 13C and 15N, 
have been performed. Apart from some studies where mainly techniques and 
strategies of 1D- and 2D-31P,'3C correlations were explored,51*81*125 analytic 
applications of this technique focused on measurement of sign and magnitude 
of scalar couplings, and the determination of skeletal connectivities 

Grossmann et al. used 2D-13C,3'P HETCOR and DEPT spectra to analyse 
higher-order AA'X spin systems in the 13C isotopomers of symmetrical 
bis-phosphonates with an R03P-C-C-P03R Based on the 
known results of a product operator analysis,lm it was shown that magnitudes 
and signs (relative to 'J(P,C) which is positive) of 3J(F',P) and *J(P,C) can be 



186 D.GUDAT 

reliably determined, even for strongly coupled spin systems. Both 13C,31P and 
15N,31P correlations were employed by Gudat et aL6' to specify skeletal 
connectivities and stereochemistry in the three-membered rings of azadiphos- 
phiridines. Stereochemical assignments were derived from comparison of 
*J(RC) couplings in a pair of diastereomers, by taking the constitution of one 
isomer, whose crystal structure was known, as reference, and appointing the 
other one by using the known dependence16' of 'J(P,C) on the dihedral 
angle between lone-pair axis and P-C bond. The required information on 
signs of 'J(P,C) was obtained by recording I3C,3lP INEPT spectra with 45" 
mixing pulses Comparison of observed coupling patterns allowed to derive 
the conformations of other members of the series and shed light on the 
mechanism of the cycloaddition in which the heterocycles were formed. 

A 3D-'H.13C,3'P correlation (c€ Fig. 10) was used by Berger as the 
key tool to assign the 'H, I3C and 31P NMR signals of R-prophos, 
Ph2PCH2CH(Me)PPh,, which is an important chiral ligand in asymmetric 
catalysis% Similar techniques have been shown useful for constitution 
analysis of oligonucleotidedo' and are now widely applied to the analysis of 
biological phosphorus corn pound^;^*^^ however, a detailed discussion of these 
applications is beyond the scope of this article. Rinaldi et af.lo2 applied a 
gradient-enhanced 3D-shift correlation to identlfy chain-end structures in 
polystyrene materials which were obtained from phosphinyl-radical initiated 
polymerization of styrene. The experiment exploits the high dispersion of 31P 
chemical shifts to distinguish between different topologies of the chain ends 
and works in much the same way as was described in Section 3.1 for 
the characterization of fluoropolymers by 3D-'H,'V,l3C correlation. 1D- 
13C?1P('H) INEPT was used for both sensitivity enhancement and signal 
selection in the characterization of thermolabile phosphavinylidene car- 
benoids Mes*P(=C(SiMe,),)=€(X)(Li( thf),) and Mes*FW( CI)(Li( thf),].'62.'63 
Combination of phase cycle selection of the polarization transfer signal and 
presaturation of strong solvent signals permitted to measure 6(13C), J(P,C) 
and J(C,Li) from singly 6Li-labelled samples at natural abundance level of I3C, 
and in non-deuterated solvents. 

The first report on 3'P-enhanced "N NMR spectroscopy comprised the 
use of the 31P-based INEPT sequence for the characterization of "N- 
enriched phosphine complexes of imido-gold c0mpounds.4~ Later applications 
of 31P, "N-INEPT focused on investigations of samples containing 15N 
at natural abundance, and it was shown that in favourable cases achiev- 
able signal-to-noise ratios are comparable to those of "N, 'H INEPT via 
"J(N,H) long-range couplings47 Consequently, the method was employed 
for the systematic measurement of "N parameters of various phosphorus 
nitrogen compounds with a single phosphorus atom (to render unambiguous 
assignment of couplings possible) and unusual coordination numbers or 
bonding situation, including iminophosphines RP=NRr,479164 bis-imino-phos- 
phoranes RP(=NRr)2,165 tris imido-metaphosphate ions [P(NR)3]-,"7 small 
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ring heterocycles,'66 and phosphazene  derivative^.'^^ Interpretation of the 
data by means of regression analysis andlor comparison with quantum 
chemical model calculations allowed to derive correlations between 6( 15N) or 
'](EN) with E/Z configuration of phosphorus nitrogen double bonds or with 
electronic properties of the sub~t i tuents '~* '~~ 

ZD-31~15N correlations based on both 31p5;8.59,168 or "N d e t e c t i ~ n ~ ~ ~ ' ~ ~  were 
applied in several cases for the characterization of compounds with more 
complex molecular structures. Using 31P,15N[1H] HMQC in combination with 
1D-'5N~1P[1H) INEPT permitted L6pez-Ortiz et ~ l . 5 ~ ~ ~ ~  for the first time to 
obtain a full complement of 15N parameters of cyclotriphosphazenes at 
natural abundance of 15N, including the assignment of signs and magnitude of 
both 'J(P,N) and 3J(P,N) couplings. 'The same methodology served also for 
successful measurement of "N NMR parameters of a linear polyphos- 
phazene. Carlton'68 applied 31P,15N HMQC experiments to the characteriza- 
tion of azido complexes of rhodium and was able to distinguish between two 
different bonding modes of the azide ligand. The particular value of the 
indirect detection scheme for measurement of broadened '5N resonances 
which arise from unresolved couplings to a quadrupolar nucleus such as 
"B is demonstrated in the example depicted in Fig. 17:'69 the 1D-'5N,31P 
INEPT spectrum of a borylated bis-imino-phosphorane displays only the 
resonance of the nitrogen in the arylimino fragment, while in the 31P- 
detected 2D spectrum also the resonance of the borylimino group is clearly 
visible. 2D-"N,3'P('H) INEPT with 90" and 45" mixing pulses was used 
further to determine skeletal connectivities and measure ',*J(P,N) coup- 
lings in azadiphosphiridine and azatriphosphetidine  heterocycle^^^ and for a 
conformational analysis of a phosphino-substituted bis-iminophosphorane 
( ~BU~)P-P(=N~BU)=NM~S*.'~~ 

Correlations between 31P and nonmetals other than 13C or "N include each 
a single example of 31R170 and 31P,77Se correlated spectroscopy. A lD-3'P,'70 
HMQC experiment was used to identlfy the signal of 170-labelled orthophos- 
phate beside unlabelled ADP in a phosphate mixt~re.5~ Despite the dif- 
ficulties of correlation spectroscopy with rapidly relaxing quadrupole nuclei 
such as 1 7 0 ,  such experiments may prove of value for nondestructive analysis 
and diagnostics in biological and medicinal research. 2D-31P,nSe HMQC 
experiments were used for indirect detection of the 77Se signals in a mixture 
of bis-seleno-phosphinates which were hard to observe directly due to 
dynamic exchange br0adeni11g.l~' 

33. %,"Y correlations 

The nearly ubiquitous occurrence of carbon in the molecular backbones of 
organometallic and organoelement compounds has inspired many studies 
on 13ClmY correlations, and to date the diversity of correlation partners 
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Fig. 17. 2D-31E'5N{1H] HMQC and lD-lsN~lP('H) INEF'T (shown as projection 
parallel to Fl) spectra of Mes*P(=NMes*)=N(-9-BBN). Correlation of the phosphorus 
with both nitrogens is clearly visible in the 2D spectrum, whereas the INEPT spectrum 
fails to display the resonance of the nitrogen adjacent to the 9-BBN group which is 
broadened by coupling to the adjacent I'B. Note the markedly different isotope shifts 
of both resonances. Data from ref. 169. 

employed in these experiments is larger than for any other heteroelement. 
Owing to the less favourable NMR receptivity of 13C as compared to 31P or 
'"F. 13C,"'Y correlations have been in the first place used for the measurement 
of signs and magnitudes of scalar couplings and the determination of skeletal 
connectivities in the context of structure elucidation, even though indirect 
detection of insensitive transition metal nuclei via I3C has also been reported 
in special cases. Since most 13C,"'Y correlation methods were developed only 
very recently, many of them by pioneering work in the group of Berger,'o.12 
analytical applications are relatively scarce, and in several cases the known 
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reports have been limited to a demonstration of the feasibility of the 
experiment and basic methodical studies; this holds e.g. for correlations 

and 31P,13C correlations were already described in Sections 3.1 and 3.2, and 
the case of 13C,6Li will be covered in Section 3.4. 

The first examples of correlations between 13C and a second heteronucleus 
were reported during the 'eighties for the case 13C,2D. Rinaldi et dz3 
suggested the use of 13C(2D] INEPT for spectral editing and resonance 
assignment in deuterated organic molecules. Giinther et al. employed both 
one-dimensional J-modulated spin-echo techniquesmp6' and 2D-13C,2D cor- 
relation spec t ro~copy~~ .~~  for the same purpose and gave several application 
examples to demonstrate the potential of these methods as an analytic tool 
in the context of deuterium-labelling studies which are of some interest 
in mechanistic organic and bioorganic chemistry.72 In the late 'eighties, 
also 13C,15N HMQC pulse schemes were repeatedly applied to the struc- 
tural characterization of "N-labelled peptides and  protein^,'^'-'^^ but these 
methods are now no longer in use and were replaced by 'H-detected 
triple-resonance experiments which offer much higher sensitivity. 

m e  usefulness of 13C,29Si correlation in the analysis of silicon contain- 
ing polymers was first demonstrated by Bergef12gs3 who employed the 
INEPT-HMQC technique with an initial 1H,29Si INEPT transfer prior to a 
29Si,13C HMQC element to separate overlapping I3C signals from -OSiMe20- 
moieties in a polymeric silicone oil. More recently, Rinaldi et al. extended 
their approach of analysing polymer tacticityw*102 to the characterization of a 
polysilabutane material by means of gradient-enhanced 3D-1H,'3C,29Si 
spectroscopy.103 

The group of Berger reported some further applications of 2D-13C,"Y 
(INEFT)-HMQC and HETCOR experiments for structure elucidation of 
organometallic compounds, including correlations of I3C with spin-half nuclei 

Correlations involving heavy spin-half nuclei (77Se, '19Sn, lwHg, 'O'Pb) 
are characterized by the presence of many long-range couplings (scalar 
J(13C,207Pb) couplings were observed across up to eight and isotope 
 effect^^'.'^^ which yield a wealth of structural information and make these 
techniques valuable tools for unambiguous solution of even difficult spectral 
assignment problemsss In contrast, the information content of I3C,l1B 
correlations can be limited by rapid relaxation of the quadrupolar llB, and 
even cross-peaks between directly connected I3C,l1B pairs may be missing 
when the T2 relaxation time of the latter is too sh0rt.7~ 

Indirect observation of transition metal chemical shifts via 13C was reported 
for the determination of S(57Fe) in a variety of ferrocenes and ferrocenyl 
carbenium ions,31*178 as well as in a natural myoglobin carbonyl complex and 
two synthetic model compounds33 All measurements were made by 
selective double-resonance methods using either [57Fe]-labelled31*178 or 

between 1 3 ~  and 1111113Cd 12 125T 10 law12 and , e, , 195Pt,10 Applications of 'T,13C 

9 , g,177 and the quadrupolar isotope 11B.79 such as 77Se,85 1 1 9 ~ ~  175 207pb 176 1wH 
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F'ig. 18. 3*P,13C(1H)(57Fe) HMQC spectrum of the complex [(Cp)(PPh3)(COCH3)]Fe 
obtained with the bi-selective HMQC pulse sequence of Fig. ll(c) using a binomial 
excitation pulse. Reproduced, with permission, from re€ 112. Copyright 1996, John 
Wiley 8t Sons. 

['3C,57Fe] doubly labelled samples33 In a more recent study, two-dimensional 
31P,13C{1H} and 1H:7Fe correlations with binomial excitation of 13C satellites 
in the 31P and 'H spectra, respectively, were used to determine signs and 
magnitudes of 'J(Fe,C) and 2J(Fe,C) in some iron cyclopentadienyls at natural 
abundance of both elements (Fig. 18). Reported experiment times for these 
studies were in the order of some 12h and the method was considered 
applicable to routine work, thus encouraging its future use for the 
characterization of different substrates and other metal nuclei than 57Fe.112 
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3.4. correlations 

The application of 6Li,"Y correlation techniques was inspired by the ambition 
for a concise structural characterization of lithium organyls and lithium 
amides which are eminently important as reagents in various fields of 
chemistry. These reagents are frequently formed by metallation (Li-H or Li-X 
exchange) reactions, and it is well known that their chemical reactivity is 
strongly affected by the formation of different aggregates and solvates Hence, 
correlation experiments were set up to elucidate both the site of metallation 
in polyfunctional molecules, and the degree of association and the struc- 
tures of the formed supramolecular aggregates Even though of the two 
naturally occurring isotopes, 7Li has both the higher abundance and the 
higher gyromagnetic ratio, and thus a better receptivity than 6Li, the latter 
is much better suited for correlation spectroscopy because of its much 
smaller quadrupole moment. In fact, 6Li behaves very much like a spin-half 
nucleus, allowing the separation of quadrupolar and dipole4ipole relaxation 
mechanisms (and thus the measurement of NOE to 'Li)?'l and scalar 
couplings to 6Li are despite the scaling by a factor 'y6ti/yLi = 0.38 frequently 
better resolved, owing to substantially longer Tz relaxation times In order to 
improve the NMR receptivity, experiments involving 6Li are routinely per- 
formed with uniformly 6Li-labelled substances (>95 % isotopic abundance), 
and even [6Li,'3C] or t6Li, "N] doubly labelled substrates have frequently 
been used. In some special cases, samples containing both 6Li and 7Li were 
employed." In order to slow down chemical exchange, recording the spectra 
at low temperatures down to -120°C may be required. 

The most used heteronuclear X,Y correlation technique for the charac- 
terization of lithium organyls seems to be lD-i79 and 2D-6Li,13C HMQC 
experimentsz53 which rely on 'J(C,Li) couplings and allow the detection of 
directly connected 6Li,'3C spin pairs. 'Ihe two-dimensional version is par- 
ticularly useful for the characterization of compounds containing several 
distinguishable different 6Li sites and allowed to prove for the first time 
the existence of a dilithiated carbon atom carrying two different lithium 
atomsB 

Two 13C,6Li correlation experiments which were suggested in particular to 
determine the aggregate sizes of lithium organyls include detection of a 
J(13C,6Li)-modulated 13C spin-echo created by a gated-decoupling 13C(6Li] 

and the differentiation between cyclic organolithium dimers and 
trimers by means of 13C,6Li HMQC-TOCSY." The 13C spin-echo experiment 
relies on the fact that the observed 13C,6Li coupling in aggregates (RLi)" 
depends on the total number of metal nuclei and obeys the empirical 
formula's0.181 Jobb = C/n where C is an empirical constant (17 2 2 Hz). The 13C 
magnetization amplitude in a spin-echo spectrum can then be described as 
M(t)  = M0(1/3 + 2/3 cos[2mfC/n)~]~ where T represents the echo time. The 
plot of this function (Fig. 19) reveals that refocusing of the magnetization 
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Fig. 19. Calculated intensities of 13C(6Li) multiplets of fluxional (RLi), aggregates in 
6Li /-modulated spin-echo spectra as a function of evolution time for n = 2 (-), 3 
(..... ), 4 (-.-.-). Data from re€ 26. 

occurs for each aggregate at a different echo time 7, so that evaluation of this 
time from a series of spin-echo experiments allows to determine the aggrega- 
tion number n. The validity of this approach was experimentally verified for 
different aggregates (Bu‘Li),?6 Despite the inherent limitations of both 
experiments (the spin-echo technique works only for fluxional aggregates, 
while HMQC-TOCSY cannot distinguish between trimers and higher ag- 
gregates with more than one “remote” lithium atom) they share the ad- 
vantage of requiring no specific I3C-labelling for their successful application. 

A different approach to locate the metal in a lithium organyl, which 
exploits dipolar rather than scalar interactions, was presented by the group 
of Berge3’ who applied both 2D-I3C,6Li HOESY and 1D-’3C(6Li] dif- 
ference spectroscopy to measure 13C,6Li heteronuclear Overhauser effects 
and demonstrated that the resulting data can be used for C-Li distance 
calculation. The major drawback of this technique is that the use of doubly 
[6Li,’3C]-labelled samples is mandatory to ensure reliable measurement of 
very small NOE effects of some 1%. 

Heteronuclear 6Li,’5N correlations were employed extensively during the 
last years by the group of Collum for investigations on the solution structures 
of Iithium amides The experiments were generally performed with doubly 
[6Li,’5N]-labelled samples, and by using both 6Li,’5N HMQC and 6Li-detected 
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Fig. 20. 2D-6Li,31P('H) INEFT spectra of a mixture of stereoisomeric phos- 
phavinyIidene carbenoids at -40°C and -60°C.'63 The disappearance of the 
cross-peak for one isomer indicates that this species engages at the higher temperature 
in dynamic intermolecular exchange which leads to a loss of the spin-spin coupling. 

"N homonuclear zero-quantum The application of these 
methods gave a wealth of information on the structural complexity of etheral 
or hydrocarbon solutions of lithiated dialkyl amines76,90*182 and lithiated 
hexamethyldisila~ane,~~-~~~ as well as the formation of mixed aggregates 
of lithium amides with lithium halides and a l k o x i d e ~ , ~ ~ . ~  amines,'82*'86 
hexamethylphosphoramide (HMPA),183*187 or lithiated phenylacetonitrile.'88 

While 6Li,13C and 6Li,'sN correlations have so far been successfully per- 
formed only with directly connected spin pairs, 6Li,29Si and 6Li,31P correla- 
tions were also shown to be applicable for long-range couplings. The group 
of C01lum'~~ introduced 31P,6Li HMQC spectroscopy for the characteriza- 
tion of lithium amide-HMPA adducts at temperatures below -115°C and 
demonstrated that cross-peaks which enabled an unambiguous signal assign- 
ment were even observable in cases where the splitting due to 'J(P,Li) was not 
resolved in 1D spectra. Gudat et a1.162.'63 used 6Li,31P HETCOR to determine 
6(6Li) and 'J(P,Li) in a mixture of isomeric phosphoranylidene carbenoids at 
-80°C. Monitoring of cross-peak intensities over a range of temperatures 
allowed further to establish a remarkable difference in the kinetic stability of 
the isomers (one isomer was kinetically stable, while the second one displayed 
intermolecular Li-exchange; see Fig. 20) which was suggested to be the reason 
for the previously observed189 different reactivities. 6Li,% HMQC shift 
correlation was recently introduced by Guntherlw who used this method for 
the assignment of 6Li and "Si resonances and the measurement of small 
(< 1 Hz)'.~J(S~,L~) long-range couplings. 
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Finally, the 'Li,6Li correlation experiment, which has recently been per- 
formed for the first time by Gunther," is of interest as it allows to measure 
couplings between isochronous lithium nuclei and may open up new perspec- 
tives in the analysis of organolithium clusters. 

3.5. Determination of "X,"Y couplings by passive selection techniques 

Pseudo triple-resonance experiments involving the passive selection of "Y 
satellite tines in lD-"X('H)("Y) or 2D-'H,"X("Y) spectra were introduced 
and massively applied by the group of Wrackmeyer. A main focus in these 
studies was the measurement of 'J( 15N,"Y) couplings via Hahn-echo extended 
(HEED) pulse  scheme^"^ Both 1D (HEED-INEPT, HEED-DEPT) and 2D 
experiments (HEED-HETCOR) were applied, the former allowing to deter- 
mine magnitudes of 'J( ''N,"Y) and 14N/15N induced isotope shifts on the "Y 
signals, while the latter yielded additional information on coupling signs. Even 
though HEED experiments work best if the "Y nucleus carries only a single 
nitrogen atom, they were also found applicable in special cases where the "Y 
nucleus was attached to more than one nitr~gen,"~."~ and provided even an 
example for detection of doubly I5N labelled isotopomers in natural abun- 
dance (Fig. 21).*15 The major body of these investigations was devoted to 
measurement of 1J(3'P,"N~"3-''5~'91~192 and couplings between nitrogen and 
various group 14 elements (I3C, 29Si, lI9Sn, 207Pb).1139'93-'95 

Recent applications of pseudo-triple- and -quadruple resonance techniques 
have in particular focused on the use of indirect detection schemes to measure 
heteronuclear couplings with increased sensitivity. The most versatile tech- 
nique for this purpose proved to be 'H,"X("Y) or 3'p,"X(1H}("Y) HMQC 
experiments which use *-BIRD or bi-selective pulses for selective excitation 
of transitions of "Y isotopomers and allow to determine both the magnitude 
of J("X,"Y) and its sign relative to J('H/31P,"X).1''~"2~1% Experiments of this 
type are easily employed to spin systems where J('W3'P,"X) 9J(1H/31P,"Y) 
which is frequently the case if "Y is a I3C nucleus which is directly bound to 
the detected 'H or 31P spin, and have been used in a number of cases to 
measure couplings between 13C and rare spins such as 29Si,'m7"' 57Fe112 or 
i870s'96 A similar q-BIRD-HSQC experiment has also been applied to the 
measurement of 1J(29Si,'5N) in NH-substituted azasilaboroles.'" 

4. CONCLUSIONS 

The more widespread availability of spectrometers equipped with three RF 
channels together with general instrumentation improvements during the last 
years have made it feasible to run "X,"Y correlation triple-resonance experi- 
ments on a routine basis. As is implied by the discussed examples, these 
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Fig. 21. 121.5 MHz 311?,1H('5N) HEED-DEFT spectra of 2-ferr-butyl-1,3-dimethyl- 
1.3.2-diazaphospholidine (-50% in v6) at natural abundance of "N, (a) 400 
transients, Hahnecho delay 0.1 s and (b) 4OOO transients, Hahn-echo delay 0.2 s. The 
first spectrum displays the residual sipal of the [14N], beside the [14N,15N] isotopomer, 
the second one the signal of the [' N], isotopomer. Isotope shifts are marked and 
assigned at the top. Reproduced, with permission, from ref 115. Copyright 1993, John 
Wiley & Sons. 
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techniques have found acceptance in various areas of organometallic and 
organoelement chemistry as an extremely valuable source of information, for 
several reasons. The possibilities of direct observation of heteroatom connec- 
t idies in molecular as well as supramolecular systems, and of rapid indirect 
measurement of chemical shifts of low-y nuclei, have not only had a great 
impact on structure elucidation, but the information gained from such 
experiments provided also useful insight into reaction mechanisms and 
chemical behaviour of organic and inorganic compounds. This is in particular 
true for transition metal complexes, where measurement of chemical shifts 
and coupling constants involving the metal nucleus have been found to 
constitute sensitive probes for small distortions in the electronic structure, 
either of electronic or steric origin. In particular, the possibility to correlate 
transition metal chemical shifts with parameters related to chemical reactivity 
can be envisaged as a tool to derive exact structure-activity relationships 
which may help for example in the design of catalysts with higher efficiencies 
or selectivities, and may grant that the use of "X,"Y correlations for indirect 
detection of transition metal nuclei will continue to receive considerable 
attention in the future. In the area of structure elucidation, "X,"Y correlations 
will continue to have a great potential in particular for a more complete 
characterization of reaction intermediates which are thermally labile (e.g. 
carbenoids) or are merely present as components in dynamic solution equi- 
libria, making in situ characterization directly in the equilibrium mixtures 
mandatory (e.g. lithium organyls and amides). In addition to providing 
"static" structural information, an increased use of variable temperature 
studies can be predicted to allow deeper insight into molecular dynamics and 
to aid in the identification of reaction mechanisms. 

From a methodical point of view, most interesting aspects in future 
evolutions of " X , T  correlation experiments can be foreseen in an increased 
use of (pseudo) 3D experiments with 'H detection for further improvements 
in sensitivity and resolving power, and the incorporation of pulsed field 
gradients, which are now a consolidated strategy for 'H-detected inverse 
experiments. The latter aspect would be particularly interesting since the 
possibility to obtain very "clean" spectra with minimum artefacts should 
enable to extend the application of indirect detection metal NMR studies to 
lower concentration ranges, and improve indirect detection through very 
small coupling constants, thus further increasing the chemical applicability of 
these methods. A further foreseeable field of activity will be the implementa- 
tion of J-cross polarization schemes which should in principle allow a 
magnetization transfer 'H-+"X+ "Y in a single step'97 and are further known 
to give a superior performance to pulse-free precession methods in systems 
with slow chemical e~change,'~' although their general applicability may 
be somewhat limited owing to difficulties to cover the large excitation 
bandwidths which are required for some heteronuclei. A more widespread 
application of correlations via dipolar interactions (HOESY) would certainly 
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offer interesting prospects, although the low inherent sensitivity of such 
experiments will probably limit their application to specially selected ex- 
amples. Still, also these methods could probably benefit from the implementa- 
tion of indirect detection schemes which have been recently developed for 
observation of heteronuclear 'H-"X NOES via 'H.lW 
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1. INTRODUCTION 

The element tin possesses a large number of isotopes of which three (l15Sn, 
l17Sn, '19Sn) are magnetically active spin-l/2 nuclei (see Table 1). The natural 
abundance of l17Sn and I19Sn is fairly high, and their NMR receptivity is 
sufficient (-20 times better as compared to the popular 13C nucleus) in order 
to obtain most '19Sn NMR spectra (and also '17Sn NMR spectra, if desired) 
within reasonable time both in solution and in the solid state. Although there 
are reports on "'Sn NMR,' these measurements are much more time- 
consuming and applications are of limited value. The ever increasing perfor- 
mance of modem NMR spectrometers makes l19Sn NMR an extremely 
valuable routine tool in all fields of tin chemistry. Furthermore, many more 
sophisticated NMR techniques, typical of improving the information from 
NMR measurements of spin-l/2 nuclei, have already been applied or c a ~  be 
applied if necessary? In the last two decades, the progress in l19Sn NMR has 
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Table 1. NMR poperties of the magnetically active isotopes "'Sn, Il7Sn and Il9Sn. 

Natural Magnetic Magnetogyric NMR Relative 
abundance moment ratio .4 frequency rece tivity 

(lo-' rad T-' s-I) ( E ,  Hz)".~ D(k'). 
~ ____ _ _ _ ~ ~  

Isotope (%) W P N )  
- 

"'Sn 0.35 - 1.582 -8.014 32 718 780 0.7 
'I7Sn 7.61 - 1.723 - 9.589 35 632 295 19.5 
"'Sn 8.58 - 1.803 - 10.0318 37 290 665 25.2 

"Values taken from J. Mason (ed.) Multinuclear NMR, p. 627, Plenum Press, New York, 1987. 
'For neat tetramethyltin, Me&: E values refer to the field strength for which the 'H(Me,Si) 
frequency is exact at 1oO.OOOOOO MHZ. 
'Relative to the "C nucleus; see R. K. Hams in NMR and rhe Periodic Table (eds R. K. Harris and 
B. E. Mann), p. 4, Academic Press London, 1978. 

been the subject of several The flood of NMR data, produced in 
the last decade, also includes such a great amount of l19Sn NMR data that the 
present review cannot aim for a complete assessment (sometimes it is rather 
difficult to extract data, e.g. if species are not properly identified in the text 

is intended to provide representative examples, showing the development 
in using and applying Il9Sn NMR parameters in various areas, exclud- 
ing paramagnetic compounds, alloys and inorganic solids. The literature is 
covered and selected for the period from 1985 to the beginning of 1998. Data 
for compounds from previous reviews will be reported only if they are 
relevant for the understanding and classification of new data. 

and tableqm or if just an approximate range of S1l9Sn is given.306*313,376,401 It 

2. EXPERIMENTAL 

2.t Referencing 

It is most convenient, using modern NMR spectrometers, to define a fixed 
frequency as the reference for chemical shifts S of those nuclei where an 
internal reference cannot be generally applied. These frequencies are given in 
Table 1, referring to samples of neat tetramethyltin, Me4Sn. By multiplying 
these frequencies with the appropriate factor, depending on the 'H(Me,Si) 
frequency of the individual NMR spectrometer, the exact reference frequency 
is provided and it is not necessary to handle Me,Sn as a chemical. This 
procedure8 guarantees precise reproduction of 6Sn data and, since there is no 
primary isotope effect (vide infra), the 6 values are the same for all three tin 
isotopes The use of other referencing techniques, some of which are still 
proposed in various text books, should be discouraged. 
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2.2. Techniques for observing ?3n resonances 

As a result of relatively high sensitivity to the NMR experiment (Table 1) 
'19Sn resonance signals can be observed in most cases directly using the PlT 
technique. If 'H decoupling is required, it may prove necessary to use 
inverse gated 'H decoupling in order to suppress the NOE (maximum NOE 
q,, = -1.34) which may partially or completely cancel the '"Sn NMR 
signal. Frequently, there is a significant dependence of the position of the 
'19Sn NMR signal on temperature gradients in the sample. Therefore, the 'H 
decoupling power should be carefully adjusted, and a constant temperature is 
required to ensure that the line width of the '"Sn NMR signal is not 
controlled by experimental conditions. 

If the approximate magnitude of coupling constants 'J("9Sn,1H) is known, 
polarization transfer pulse sequences such as INEpT9*'6' or DEPT" can be 
successfully applied in order to enhance the sensitivity of the NMR experi- 
ments. These techniques, if applied correctly with optimized setting of the 
spectrometer, normally give '"Sn NMR signals for which the line widths 
are mainly governed by natural transverse relaxation processes (see Figs 1 
and 2). 

Indirect detection of '"Sn NMR signals, in general by 'H NMR, using 
various types of techniques' (HMQC, HMBC, HSQC), provides a powerful 
alternative to direct observation of '19Sn resonances. These experiments may 
be further improved by the application of pulsed field One 
major advantage of indirect detection is the dramatic increase in sensitivity: a 
gain by [r('H)ly(1'9Sn)]3" = 4.4, when compared with the INEPT experi- 
ment, and by [r('H)ly("'Sn)]'" = 11.8, when compared with normal detec- 
tion. Furthermore, '19Sn NMR signals may be severely broadened, e.g. by 
partially relaxed scalar coupling of '19Sn with a quadrupolar nucleus, whereas 
the relevant 'H NMR signals remain sharp. Therefore, broad '19Sn NMR 
signals are very easy to record by 'H detection.'' A typical example is shown 
in Fig. 3. 

In the solid state, high-resolution '"Sn NMR spectral2 can be readily 
obtained, in most cases, by using CP/MAS techniques, based on an optimized 
contact time (see Fig. 4) or by using variable contact times. Owing to the high 
NMR sensitivity, even single-pulse techniqueslZb will provide meaningful 
"'Sn NMR spectra within reasonable time. 

3. NUCLEAR SPIN RELAXATION 

Various relaxation mechanisms (DD = dipole-dipole; SC = scalar; 
SR = spin-rotation; CSA = chemical shift anisotropy) have been shown to 
contribute to '"Sn nuclear spin relaxation. In axially symmetrical organotin 
compounds, 'I9Sn nuclear spin relaxation is governed mainly by the 
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1: l3C 

1:" 

l ' ~ ' l . ~ . " * ' I ' ~ ~ l ' ~  

Hz 200 100 0 -100 -200 

Rg. 1. 186.5 MHz "'Sn NMR spectra (recorded by the refocused INEPT pulse 
sequence with CPD 'H decoupling) of tris(trimethy1)stannylamine in, (Me3Sn)3N, 
toluene, labelled partially (-13%) with "N (sample by courtesy of W. Storch, M. 
Vosteen, University of Munich). The broad lines originate from the "'Sn- 
'"N and 11ySn-'4N-117Sn isotopomers. All sharp lines arise from the lI9Sn- 
15N and 1'ySn-15N-''7Sn isotopomers. Note the isotope induced chemical shift 
1A10/'5N(119Sn) = -38.4ppb and the resolved I3C satellites of the sharp lines due to 
3J("ySn,N,Sn,'3C) in the isotopomers containing 15N. 

spin-rotation mechanism, at least at moderate field strength (2.1 1-5.97 T). 
The more frequent use of NMR spectrometers working at very high field 
strength has the consequence that CSA may become the dominant relaxation 
mechanism for "'Sn nuclei in surroundings of low local This may 
cause significant additional broadening of 'I9Sn NMR signals (i.e. short cSA 
values), since the efficiency of this relaxation mechanism increases with Bg. It 
was found that CSA relaxation of Il9Sn is already dominant at moderate field 
strength for two-coordinate tin nuclei in bi~(amino)stannyIenes.'~ 
Nevertheless, for organotin compounds at low temperature or in the case of 
large molecules, dipole-dipole relaxation may become dominant, which 
means that the NOE has to be taken into account (vide supra). 
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a a 

b I b 
a (Me$3n)zB-N'Prz 

b Me3SnB( N'Pr2)OM 

c Me3SnB(OMe)l 

4 
0 0 

0 0 

e 0 
0 

0 
0 0 

1 1 I I 1  

0.35 0.30 0.25 0.20 0.15 

6'H 

I- 70 

- -160 

P@sn 
- 150 

- 140 

Fii. 3. Contour plot of the 2D 500.13 MHz 'H detected 1H/119Sn shift correlation of 
a sam le containing three types of tin-boron compounds" The Fl projection shows 
the "6n NMR spectrum with its broad lines as a result of 1J(119Sn,11B) -1000Hz. 
The overlapping l19Sn resonances are nicely resolved in the contour plot, and the 
unstable species Me,SnB(OMe), can be identified. (Reproduced, with permission, 
from Ref. 11.) 

The observation of indirect nuclear ' 19Sn-X spin-spin coupling either in the 
"'Sn or in the X NMR spectrum may be affected by fast relaxation either of 
the Il9Sn or of the X nucleus (see Fig. 1 for X = 14N with rather fast I4N 
nuclear spin rela~ation, '~ Fig. 3 for X = IlB with moderately fast '*B nuclear 
spin relaxation," Figs 5 and 6 for X = 13C1' and 29Si,'3 respectively, with 
moderately fast l19Sn nuclear spin relaxation"). The line shape of ""' 19Sn 
satellites in X NMR spectra, recorded at very high field, indicates isotropic or 
anisotropic surroundings of the tin nu~lei.'~,'' For crystalline solids, these 
properties can be readily verified by solid-state '19Sn NMR spectra." 
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2 9 ~ i  2 9 ~ i  

I3c 

I I I  I , .  

' Lb 20 0 20 Lb 'Hz 

Fig. 5. 75.5 MHz I3C NMR spectrum of the spiro-compound with the given formula 
(shown is the I3C(l) NMR signal with satellites, recorded by usin the refocused 
INEPT pulse sequence based on 3J('3C,Si,C,1H) -3.3 Hz)." The 117111FSn satellites are 
broadened (note the sharp 29Si and ''C satellites) as a result of fast lI9Sn nuclear spin 
relaxation owing to chemical shift anisotropy ACT = 725 ppm, determined from the 
side-band pattern of the 111.9 MHz "'Sn CPMAS NMR spectrum. (Reproduced, 
with permission, from ReE 15.) 
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30 10 0 10 30 Hz 
1 I 1 . a 
I 1 I I I V 1 w 

Bo = 7.05 T 

- 80°C 

30 10 0 10 30 Hz 
1 1 1 1 1 1 1 l a 
8 I . f I I t . 

Fig. 6. 29Si NMR spectra (refocused INEFT) of cyclic bis(amino)stannylene recorded 
at different temperatures and different field strengths ‘Ihe chemical shift does not 
change appreciably, however, the 117’119Sn satellites [due to *J(SII?~S~) = 21.2 Hz] 
disappear owing to increasingly fast CSA relaxation of the 117’119Sn nuclei at low 
temperature and high field strength. (Reproduced, with permission, from Re€ 13.) 
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4. CHEMICAL SHWH $%n 

4.1. General 

l19Sn chemical shifts cover a range of approximately 6500 ppm, from - > 4000 
to -2500 with 8lx9Sn for Me4Sn at zero. The general concept behind chemical 
shifts has already been outlined in previous reviews3" It appears that 
calculations of nuclear shielding of tin are going to be feasible.16 The 
prerequisite is an absolute scale of magnetic shielding for l19Sn, and this has 
been proposed on the basis of relaxation studies on a series of spherical 
molecules such as SnH.,, SnMe, and If the development in theory 
continues (there is little doubt about this), the impact on '19Sn NMR would 
become extremely valuable. The isotropic 8119Sn values measured in solution 
is also obtained for solids. If these data agree, and other direct structural 
information is available, the prominent structural features are the same both 
in solution and in the solid state. Frequently, one observes shifts of the 119Sn 
nuclei to low frequency in the solid state as compared to solutions. This can be 
explained if the tin atom can expand its coordination sphere, and inter- 
actions which are fairly weak in solution become stronger in the solid 

However, in the solid state, additional information is 
provided on the tensor components of nuclear shielding which, in favourable 
cases, can be used to discuss the bonding situation, as has been shown in the 
example of the dimeric stannylene 1.2' 

state. 17-20,291.320.33 1 

4.2. Patterns of lI9Sn chemical shifts 

Coordination number of tin and electronic structure 

Most tin compounds contain tin in the formal oxidation state +2 or +4. In 
both series of compounds the increase in the coordination number is related 
to a significant increase in Il9Sn nuclear shielding. This pattern has been noted 
in the early days of "'Sn NMR, and nowadays we have a vast number of 
examples fitting into this picture. There are also numerous examples where 
changes in the S1I9Sn values, either induced by temperature2223 or by slight 
modification of the steric requirements of sub~t i tuents ,2~~~ reflect more or less 
weak interactions between the tin atoms and potential donor sites (intra- or 
intermolecular). 
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Aro4.-, 

Ar' 
Sn 

2 3 4 

In the case of tin(I1) compounds, the lowest '19Sn nuclear shielding is 
observed for monomeric stannylenes, such as 2'lSN (the monomer of 1) at high 
temperature in solution, or for relatesd compounds such as 3" (which is also 
a monomer in the solid state) or 426 (which exists for Ar = 2,4,6-(CF3),C& 
in two modifications in the solid state, one of which has extremely weak 
Sn-Sn  interaction^'^^). One can assume Sn-F interactions in the CF3- 
substituted compound, since the '19Sn nuclear shielding in the derivative 
without CF3 groups is much more typical of monomeric diorganostannylenes. 
However, the monomeric stannylene ArzSn with Ar = 2,4,6-B&C6Hz has 
been reported to give two '19Sn resonancesza (6'19Sn 961,1105) at rather high 
field, and no explanation had been offered. 

The shielding of '19Sn in monomeric bis(amin~)stannylenes~'~~~~ such as 
5-7 is increased when compared with 24, but it is still fairly low. The 
shielding difference between these stannylenes can be explained by consider- 
ing the relative energies of electrons in the Sn-C and Sn-N v bonds. In the 
bis(amino)stannylenes, this energy is lower and, therefore, the energy dif- 
ference between ground states and relevant excited states is larger, which 
causes a smaller contribution to the paramagnetic shielding term in the tin 
amides 5-7 than in the diorganostannylenes 2-4. This trend is amplified if one 
amino group is replaced by OAr (Ar = 2,6-B&4-Me-GH2):(Me3Si),N-Sn- 
OAr with 6119Sn = 277?l 

The molecular structure of 5 shows that the planes of the N(SiMe3), groups 
are twisted by almost 90" against the SnN, ~ lane .2~  This should also apply to 
the N('Bu)SiMe3 group in 6 in contrast to the situation in 7. However, the 
6'19Sn values of 6 and 7 lie in the same range. Therefore, potential SnN(pp)rr 
bonding must play a minor role and does not contribute to the increase in l19Sn 
nuclear shielding in the amides 5-7 with respect to 24, although, in principle, 
the heterocyclic structure of 7 would be ideal for this type of interaction. It is 
also evident from the l19Sn chemical shifts of transition metal complexes of 
bis(amino)stannylene~,~~*'~~ that the engagement of the lone pair of electrons 
at the tin atom in M-Sn bonds does not induce a dramatic shift of the l19Sn 
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tBU 
6 7 8 5 

s"'s~ +776 273 +850 273 +759 273 +815 J8 (M = Pt) 

+885=M=Pd 

NMR signal (compare the 6119Sn values of 5 and 8). Thus, paramagnetic effects 
as the result of Bo induced charge circulation involving the formally unoc- 
cupied Sn-p, orbital arises mainly from Sn-C or Sn-N bonds and to a minor 
extent from the lone pair of electrons at the tin atom. This explains that the 
dimerization of stannylenes causes a marked increase in l19Sn nuclear shield- 
ing since the Sn-p, orbital is now used in donor-acceptor intera~tion.'~ 

The search for element-element multiple bonds for heavy elements has 
produced numerous unexpected novel compounds. For example, the attempt 
to form an Si=Sn bond has led to heteroleptic silylstannylenes 9 and 
However, there are examples in which multiple bonding was firmly estab- 
lished. In the case of tin, the discussion of multiple bonding is of particular 
interest since the tin atoms tend to avoid a classical double bond like a C=C 
bond, as exemplified in the case of 1. Thus, 6'I9Sn data may contribute to this 
discussion, as shown for 11lU and 12155 (compare also = 932 for the 
stannadiyl Ar-Sn-C(PPh3)-C(0)-Ar with Ar = 2,4,6-(CF3)3C&2).176 The rela- 
tively high *l9Sn magnetic shielding in 12, as compared to 11, points towards 
a greater contribution of the zwitterionic structure, in which the aromatic 
cyclopropenylium cation is retained. 

Another extreme bonding situation in tin(I1) compounds is encountered in 
stannocenes, in which the tin atom has a formal coordination number of 10 
and the highest l19Sn nuclear shielding is realized. Relevant examples are the 
compounds 13-16 for which the molecular structures have been determined 
in the solid state, and the *I9Sn NMR spectra have been measured both in the 
solid state and in solution. 

There is little difference between the 6119Sn values for 13-16 in solution and 
in the solid state, indicating comparable structures in both phases. The crystal 
structure of 1333 reveals that there are two different molecules in the unit cell 
with bond angles centroid-Sn-centroid 143.7" and 148.0'. This is reflected by 
the solid-state l19Sn CP/MAS spectrum (see Fig. 7) which shows markedly 
different side band patterns for the Il9Sn resonances of the two tin sites?' In 
the case of 1431 the centroid-sn-centroid bond angles are almost identical 
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Ar = 2,6-(Me2NkCsH3 

6"OSn +412 +621 

1 110 J( Sn,%) = 749 Hz 

+835.0 

6"OSn 
-2199 -2129 Jo -2188 32 - (solution) 

-2162.8 Jo -2136.6 31 -2288 " -221 5" (solid-state) 

-2224.4 3o -2140.2 31 
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I1 
- 2100 -2200 -2300 S'95" 

Fig. 7. 111.9 MHz Il9Sn CPMAS NMR spectrum of solid dicyclopentadienyltin,m 
showing the two different tin sites in agreement with the x-ray stuctural Note 
the completely different side-band patterns for the two "'Sn NMR signals (isotropic 
shifts are indicated by arrows). (Reproduced, with permission, from Re€ 30.) 

(143.8", 144.6"),34 but the l19Sn CP/MAS NMR spectrum clearly distinguishes 
the two different sites, this time with very similar side-band patterns It should 
be noted that the solid-state 13C CP/MAS NMR of 13 and 14 did not show the 
presence of different molecules in the unit cell.303' As expected from the 
results of the crystal structure determination of 15,35 only a single l19Sn site is 
observed:' whereas the lI9Sn CP/MAS spectrum of 16 shows several central 
lines, very close to each other, indicating polymorphism for the bulk sample 
of Decaisopropylstannocne, ( Q ~ - W & ) ~ S ~ ,  has been shown to exist 
as two diastereomers; although the '19Sn NMR spectrum in solution was 
not reported, the solid-state *I9Sn NMR gave a signal at 6-2362 which 
was interpreted to represent two different tin sites.53 The S119Sn value 
(-2100) of bis( 1,3-di-tert-butyl-cyclopentadienyl)tin also indicates  COO^- 
dinated ligands?" Interestingly, removal of one of the cyclopentadienyl rings 
gives an ionic compound [q5-2,5-B&C,H,]Sn+[BF4]- in which the II9Sn 
nuclear shielding is again rather high (6119Sn -2337.7).434 

There are examples where the cyclopentadienyl groups in 13 are replaced 
by comparable $-bonded ligands. m e  6'19Sn values prove that the electronic 
structure does not change significantly (see 17).15' Although, on a first glance, 
18 seems to belong to the same class of compounds (structural data are very 
similar for l3-18), the S119Sn value of 18 is completely different.15' The 
explanation is straightforward: 18 is a tin(1V) compound. 

Tin(1V) compounds can be obtained with the coordination numbers 4,5,6, 
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Me3si**B 

B U  Me&i 

G"%n -1889.0 -139.2 

and in some cases >6. There are extensive compilations of 6'19Sn 
data available: and in the last decade numerous further new examples 
of each class of compounds have been studied by '19Sn NMR. The 
existence of a new class of organotin(1V) compounds has been firmly 
established. These are zwitterionic species in which a formally positively 
charged tin atom is coordinated by one (19) or two alkynyl groups (20) which 
are part of alkynylborate fragments37 These reactive compounds can be 
stabilized by intramolecular N-Sn (21) or O-Sn co0rdination.3~~ Cyclic 
bis(amin0)organotin cations, stabilized by side-on coordination of the c;.C 
bond to the tin atom, have also been described.lS7 The existence of 
three-coordinate tin cations in solution has been claimed on the basis of 
S119Sn data, but final evidence is still missing.'" 

.I Me .- 
\\ Et, , Me 

19 
Me 

20 21 

+215.4 +165.6 +127.7 GllQS" 37 

Substituent effects and effects of cyclic structures 

The influence of various substituents on S119Sn of tetra-coordinate tin(1V) 
compounds has been shown in previous reviews.36 The larger data set 
available today confirms the trends which have been outlined. There are also 
many new examples which confirm and document the influence of the bond 
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Table 2 l19Sn NMR parameters of some organotin hydrides. 

Compound S119Sn ‘J(’19Sn,’H) J(119Sn,13C) Re€ 

M e & H  -104.5 
Bu’;SnH -91.4 
PhjSnH - 164.5 
C8Ht2Sn(H)Meb -134.5, 142.1 
( PhCMe2CH2)3SnH‘ - 153.2 
(PhCMeJX,),[( -)menthyl]SnH - 137.2 
Me(PhCMe2CH2)[( -)menthyl]SnH -114.0, -117.2 
(CFd3SnH -309.8 
BuliSn(C1)H - 18.3 
Bu;Sn(CI)H-OP(NMe,,), -139.3 
Fe(C5H4-SnMezH)2 - 102.4 

M+SnH2 

He”x2SnH2 
Oct;SnH2 
PhzSnHz 
(CHFCH-CH~),CI-I,CH~S~M~H, 

Fe(CSH&MeH,)2 

MeSnH, 
PhSnH3 
H2C=CH-SnH, 
H2C=C=CH-SnH3 
HW-SnH, 
m3snH3 

Bu”,SnHZ 

~$112SnHZb 
(W3)2snH2 

Fe(cS&-snH3)2 

-225.0 
-202.4 
-202.6 
-203.7 
-234.0 
-227.3 
-256.3 
-303.1 
-210.5 

-346.0 
-320.0 
-361 
-338.4 
- 320.6 
-351.6 
-330.7 

1744 
1604.4 
1935.8 
1720 

n.r. 

2798 
2178 
2389 
1824 

1797 
1669 
1667 
1597.2 
1928 
1744 
1815 
2536 
1876 

1852 
1920 

2010.3 
2242.4 
2207 
1947 

352 

343.3 

912 
451 
547 
371.8 (Me) 
514.4 (C-1) 

- 
c 

n.r. 
n.r. 

777 
387 (Me) 
546.6 (C-1) 

488.0 
517.2 
653 
583.2 

4 
4 
4 

95 

96 
98 
98 
35 

4 
227 
227 
227 

4 
94 
94 
96 
35 

4 
4 

111 
112 
112 
96 
35 

‘See reE 4 for a more extensive compilation; n.r. means not reported. 

’C&il2Sn = 

k s n  
‘Coupling data are wrong. 

angle at the tin atom on 6’I9Sn values: Il9Sn nuclear deshielding is typical of 
five-membered rings when compared with non-cyclic structures or larger 
rings. There are still insufficient data in order to assess the influence of four- 
or three-membered rings with certainty, although it appears that relatively 
high “’Sn nuclear shielding is frequently observed in the case of three- 
membered rings424 

Various new organotin hydrides have been prepared and their ‘”Sn NMR 
parameters are given in Table 2. All data are found in the expected range. 
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There is a steadily increasing number of tetraorganotin compounds for which 
S119Sn values are now routinely measured. A selection of these data is given 
in Table 3. '19Sn NMR spectra, recorded by inverse gated 'H decoupling, 
enables one to determine quantitatively the diastereoisomeric composition of 
diastereomeric tertraorganotin c0mpounds.3~~ 

Pentaalkyl(ary1) tin ate complexes such as 22-24, potential intermediates in 
lithium-tin exchange reactions, were detected by NMR spectro~copy. '~~~'~ 

22 23 

s"'s~ -277.0 "'7l -303.0 ['" 

24 

-44.0 [Iss1 

Data for some new tin haiides are compiled in Table 4. Intra- 
molecular coordination is frequently observed if suitable donor sites 
are available.286293.312.3'6;327.33"33114'161 surP&ingy (see for ex- 
ample the Sn..Cl..Sn bridge in an anionic chloro complex)?78 1,l'- 
bis( trichlorostanny1)ferrocene 25 ( S119Sn -23.2), for which the crystal 
structure has been determined?8 does not possess appreciable intra- or 
intermolecular Sn..Cl..Sn interactions, neither in the solid state nor in 
solution.38 Organotin halides, in general, react as Lewis acids with 
numerous Lewis bases in solution, forming either strong or weak 

tion of octahedral dimethylsulfide adducts of SnC1, has been determined by 
"'Sn NMR, using magnetization tran~fer.3~' 

Table 5 contains selected S119Sn values of tin(1V) compounds with a 
Sn-chalcogen bond. Dialkylstannylene acetals, derived from various carbo- 
hydrates, are shown by "'Sn NMR to exist mainly as dimers in s o l ~ t i o n ? ~ ~ " ~ ~  
but there are also trimers, tetramers and polymers, as found by Il9Sn 
solid-state NMR In the case of suitably tailored diole derivatives, 
intramolecular coordination can also be The complex products 
arising from the hydrolysis of butyltin alkoxides have been studied by '19Sn 
NMR in the liquid and solid state355 (see also the hydrolysis of B U S ~ C I ~ ) ? ~ ~ ~ ~ '  
If salicylaldehydethiosemicarbazone is treated with (Me2SnO), a product 
with coordination number 5 is formed in which oxygen and sulfur occupy the 
axial positions and the amide function is not involved in coordination to tin, 
as shown by x-ray structural analysis (S119Sn -104.7).339 There is an 
enormous amount of data for organotin carboxylates (most of them 
are biologically active) which could not all be implemented in Table 

a d d U C f S , 2 8 1 . 2 9 3 . 2 9 5 . 3 2 4 , 3 3 8 , ~ 9 . 3 5 1 J 5 2 1 6 . 4 1 0  The rate of cis/trans isomeriza- 

~~199.209~32.246,251.~6,285,303,304.3083~,314,315,317,322,326,332,334359,388,3%,~,4~ Fascinating 
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Table 5. *l9Sn NMR parameters of compounds with tin-chalcogen bonds 

Compound 8'19Sn ?I( 119Sn,'3C) 'J(' 19Sn,'3C) Ref. 

Sn(OSO,F), 
Me3SnOEt 
Me3SnOPh 
N(CHzCHzCH2)3SnOH 
Me3Sn-O-SiMe3 
Pr'Sn(OPr'), 
Bu;SnOPr' 
Bu?Sn -0Bu' 
Bu;Sn-OPh 
cy,Sn-OH 

cy3Sn-oxinatef 
(Bu'O),Sn 
[2,4,6-Pf3-C&Hz]zSn(OEtz)CRz 

Rz = fluorenylidene 
Me,Sn-m-Me-trum-ciamate 
Me$n-O-C( 0)-0-SnMe, 

Bu;Sn-OC(0)Me 
Bu~Sn-OC(O)CCl, 
BuiSn-OC(0)-OSnMe, 

Me&-OSOzMe (CDC13) 
Me3Sn-OSOzMe (DMSO) 
Me3&-OC( O)N( benzoy1)-R 
BuYSn-OC(O)CH,OPh 
Bu;Sn-OC(O)-N(acetyl)-R" 
Ph,Sn-OC(0)Ph 
B$Sn Cp-MeO-tram- 

cinnamate), 
(Ph3Sn0),S0 
Ph,Sn-oxinatd 

cy2Sn(glycylgiycinate) 
MqSn-0-Re0, 
Bu$Sn(OCH2), 
BI$.S~OCH~CH,S 

(cy3Sn)ZO 

solid state 

[ Ph3Sn-0-C( CF,),CHSPh] - 
Sn(OPr'), (CDC13) 
Sn(OBu"), (CDCI3) 
Sn(OBu'), 
[(hmp),Sn 'X- (X = C1, Br)* 

(f(Me3SihNIzSn ( P - 0 2 ) ) ~  
Bu;'SnSBu" 
Bu;SnSBu' 

[I-Sn(O ps ) 9 5 &  

- 1534 (solid) 
136.8 
151.0 

-16.9 
121.0 

92.1 
71.7 

119.1 
1.5 

-7.9 
-57.6 
644.4 
288.0 

-217.9 (-364.2 solid) 

129.0 
123.5, -62.2 

solid state 
103.8 
171.8 
101.7 
86.5, -75.1, -96.4 
75.5 
16.9 

130.9 
116.4 (D,L-Ala) 

-114.3 
- 154.6 

142.4 (D,L-Ala) 

-49.7 
-190.1 (-213.2,solid) 

-175.9 
91.8 

-225 (-225 solid) 
-25 (0.45 M) 52 

(0.02 M) (-96, 
- 101 solid) 

-227.9 
- 596 
-583, -616, -629.6 
-373 
-457.6 
-111.5, -191.6 
- 268 

74.1 
50.4 

502.0 
407.7 
866.3 
363.8 
363.8 
353.6 

n.r. 

402.0 

360.1 
337.5 
356.0 

456.0 
517.8 
405.9 
352.2 
361.3 

n.r. 
n.r. 

n.r. 

553 
480.7 

n.r. 
n.r. 

330.7 
330.8 

25.9 

41.9 
19.5 
18.4 
19.9 

n.r. 

18.5 
20.9 

20.8 
22.0 

n.r. 
n.r. 

n.r. 

n.r. 
n.r. 

21.2 
20.8 

311 
343 
343 
368 
198 
19 

332 
332 
201 
249 
408 
408 
207 
319 

359 
199 

332 
332 
199 

357 
357 
246 
254 
209 
251 
256 

268 
291, 
381 
326 
365 
277 
277 

335 
403 
403 
403 
328 
208 
235 
332 
332 
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Table S.-Continued 

Compound P9Sn 1J('19Sn,'3C) zJ(1("9Sn,13C) Ref. 

Bu;SnSPh 
Bu;Sn-ZS-naphthol 
Me3Sn-SC(S)NM@ 
MezSn[SC(S)NMez]z 
Me3SnSFc' 
(Bu;Sn),S 

(H2C=CH)3Sn-SBu" 
Me$n( SCH,CH,S) 

Bu;Sn(SCH& 
Me,Sn(2-S-py1idine)~ 
MezSn[S2P(OCMe&] (solid) 
cy2Sn(2-S-pyridine), 
Ph3Sn[SzP(OPh),] 

(Bu$SnS)z 
[(p-tolyl)zSnS13 
[(4-F-C&)2SnS13 
(Ph,Ga[~-Ssnc~31 12 

( SCHzCH2S)zSn 
Sn(SPh)4 
Sn(S-Fc), 
[ClMe2SnSN+N]- 
Sn(SCH,CH,),PPh 
Me&-Se-Fc' 

(cy3Sn)2S 

(p-&'olylSn)4s6 
(C85Sn)4S6 

(BuiSnSe), 

Ar(Ar')Sn(SeSe) 
Ar(Ar')Sn=Se 
Sn(SePhk 
Sn(Se-Fc)," 
[SnSe3l2- 
[SnSe4I4- 
[SnzSe6]4- 

[SnZSe7l4- 

[Sn4Se,o14- 

[Sn(Se4)3I4- 

84.1(79.5,m5 82.6m) 326.4 21.4 201 
82.2 305 
25.0 n.r. n.r. 258 

-338 n.r. n.r. 258 
91.3 348.9 15.7 39 
81.6 n.r. 205 ('17Sn) 249 
22.6 322 13.0 348 

-73.8 539.0 not found 218 
193.0 (66.9 solid) 372.0, 445.0 2of 

(solid) 
171 (171 solid) n.r. n.r. 277 

- 124.0 598.0 n.r. 346 
-257.1 282 
-160.5 543.0 27.0 325 
-75.5, -128.0, n.r. 211 

124.0 363 114 ('17Sn) 283 
21.0 193.2 (l17Sn) 243 
22.9 200.2 (l"Sn) 243 
43.1, 22.6 348 
86.4 260.7 (l17Sn) 243 
46.4 290.0 243 

277.0 (241.0 solid) 2of 
49.5 238 

-32.1 12.0 39 
26 543 276 

- 113.6 1270 "P) 383 
53.6 333. 19.3 39 

977.6 ("Se) 
28.1 364.1 60.5 266 

491.1 204.8 ('17Sn) 
1133 (77Se) 

51.2 333 17 (l17Sn) 283 
923 ("se) 

-406 (broad) n.r. 424 
440, -556 n.r. 424 

- 132.7 1584 ("se) 238 
-218.3 1700 ("Se) 11.9 39 
-264.3 2951 (77Se) 239 
-476.6 1363 ("Se) 239 
-499.0 2014,873 360 

360 -338.0 2045,1306, 
1130 ("Se) 

- 350.1 2274, 1536 342 (l17Sn) 353 

296 -723 not observed 

-268.5 

("W 

("Se) 
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Table S.-Conrinued 

Compound P9Sn I J( 119 Sn,I3C) zJ("9Sn,13C) Re€ 

- 382.6 
-42.9 

- 125.2 

-570.5 
- 1 170.1 
- 1823.6 
- 1675.0 

- 1344.9 

-988.8 

1128("Se) 790 ('17Sn) 
312.6 16.6 

2654.5('-e) 
289 29 ('17Sn) 

2117('"5Te) 
3379(I2Ve) 
4535 ('"re) 
2851 ('=Te) 
3998,1633 

('"re) 
4023, 2902, 
2319 ('"re) 
2700('"re) 569 ('17Sn) 

310 
39 

283 

238 
239 
239 
360 

360 

310 

"See re€ 4 for more data; n.r. means not reported. 
*Hhmp = 3-hydroxy-2-methyl-pyridin4one. 
T c  = C&FeCp(l-ferrocenyi). 
d S e e  also refs 232,314,315,334 for further data. 
'fc = l,l'-ferrocenediyl. 
%ee refs 373,378 for further NMR data on triorganotin quinolates 

examples are the drum and ladder organooxotin c a r b o ~ y l a t e s ~ * ~ ~ ~  and 
similar compounds derived from phosphorus containing acids!O" Fur- 
ther interesting examples are tungstostannate(I1) heteropolyani~ns.~~~ The 
trimeric dimethyltin chalcogenides have been studied by solid-state CPMAS 
'19Sn NMR,369 and the Sn-Sn couplings have been determined by using the 
INADEQUATE pulse sequence also in the solid state3M (see also 
solution-state NMR data).380 The compound 2639 provides another instructive 
example for the application of solid-state NMR: the "'Sn CPMAS NMR 

Fe Fe 

Q Q 
'StlCc, 

25 26 

-23.2 38 -218.3 (solid: -233) 39 

6"Se + 80.6 (solid: 49.1,106.7,113.1,120.0)39 
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spectrum shows only one signal (slightly shifted by 15 ppm to lower frequency 
as compared to solutions of 26), whereas the 77Se CPMAS NMR spectrum 
shows four different selenium sites for the four selenium atoms, covering a 
range of -70 ppm, the average being close to s7Se for solutions. 

Numerous dynamic problems can be studied in an elegant way by using 2D 
'19Sn NMR exchange spectroscopy, as shown in an early study of this type for 
the fluxional heterocyclic compound CH2[(Ph)Sn(SCH2CH2)2NMe]2.377 The 
neighbourhood of the tin atom to an oxonium (27)17v40 or ammonium-type 
(28)41 oxygen or nitrogen atom causes a marked deshielding of the l19Sn 
nucleus. 

27 28 

6"'Sn 174.5 124.1 

Many tin-nitrogen and tin-phosphorus compounds have been investigated 
by '19Sn NMR. Relevant data are summarized in Tables 6 and 7 (see also Re€ 
41b,437). Rearrangements can be studied very often most conveniently by 
'19Sn NMR, as shown for the 29 to 31.1g9 These examples also serve for 
demonstrating the usefulness of a multinuclear approach, looking at the 
relevant "B and 14N NMR data which are also readily recorded from reaction 
solutions. 

There are many examples of compounds with Sn-Si, Sn-Ge, Sn-Sn and 
Sn-Pb bonds which have been prepared in the last decade, and the majority 
has been characterized by l19Sn NMR (Table 8). More examples became also 
available for compounds with Sn-B, Sn-Li and even Sn-K (in the solid state) 
bonds (Table 8). 

29 

S"'Sn -106.5 

6"B 2.5 

6'" -92.0 

30 

15.2 

-9.6 

-147.0 

31 

77.3 

40.6 

-244.0 
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Table 7. '19Sn NMR parameters of compounds with tin-phosphorus and tin-arsenic 
bonds" 

Compound S119Sn 'J('19Sn?1P) Other Re€ 

Bu:Sn-PH2 
BuSSn-PHBu' 
BuiSn-PHSiMe, 
B U $ S ~ - P ( S ~ M ~ , ) ~  
(BL&~PH),~ 
(BuiSnPMe)z 
Bu;S~(PH')~ 
B&Sn[P(SiMe,),], 
Me3SnPcyz 
Me,SnPPh, 

fc(SnMq)PPh' 
MezSn(PPhz)z 
Me,Sn(Cl)PPh, 
Ph,Sn-Pcy, 

'''P(SnPh2)3P~2'd 

fPr'3SiPSn)6 
I(Me,P),ClzSn 
(2,4,6-Pr',-C&2)zSn=PAf 
[(Me3Si)zCH]zSn=PAf 
{[~z(F)SiIzP)zSnf 
PhzSnClz-PhPcy2 

(Me,Sn),AsBu' 
Me3SnAsB4 
(Me3Sn)3As-Co(CO)zN0 
( Me3Sn)&-Fe( CO)( NO)' 

Et3Sd'Phz 
B u';SnPPhz 

Ph3SnPPhz 

(Me&)& 

32.2 
15.1 
25.6 
30.7 
55.2 

-30.5 
74.9 
96.7 

- 19.0 
6.0 
7.0 

-8.0 
1.3 

-2.0 
- 99 
- 109.0 
-125.0 

235.7 

n.r. 
-258.0 

499.5 
658.3 

1551 
-2% 

6.2 
-21.2 
-48.8 

31.7 
37.8 

626- 
897 
855 

1028 
1028 
1030.8 
672.6 

1030.4 
644 
569 
635 
525 
735.4 
768 
718 
784 
702 

1069.6") 
1294.5"' 
708 
776 

2208 
2295 
1682 
710 

37.5 (29Si) 
27.9 (29Si) 

357 ("'Sn) 

365.4 ("'Sn) 

n.r. 
('J)( "'Sn) 

102 (JJ)(,lP) 

288.8 ("C) 
281.1 ("C) 
257.4 ("C) 
303.3 ("C) 
308.4 ("C) 

284 
284 
219 
219 
219 
300 
300 
300 
393 
393 
393 
393 
265 
279 
279 
393 
393 
428 

390 
62,234 

427 
426 
177 
279 
275 
275 
275 
275 
275 

"See re€ 4 for more data: n.r. means not reported. 
bSee ref. 292 for the x-ray structural analysis of the dimer (Bu;SnPH)*. 
'fc = 1,l'-ferrocenediyl. 
dSee re€ 429 for data of five-membered P,Sn heterocycles 
"Ar = 2,4,6-Bu:GH2. 
(Ar = 2,4,6-W3-CQH,. 

A wealth of new *l9Sn NMR data has become available for transition 
metal complexes with M a n  bonds (Table 9; see also Fig. 2). Many of 
these complexes possess a rigid structure as compared to the NMR time 
scale. Others are fluxional, and l19Sn NMR parameters can be used to 
understand the dynamic processes. An example is the iron complex cis- 
[Fe(CO)4(SnMe3)2], in which the magnitude of the geminal coupling constant 
2J(1 t9Sn,"7Sn) does not change under slow or fast exchange conditions. This 
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indicates that the tin atoms do not change their mutual positions in the 
fluxional process Another example is shown by the 31P NMR spectrum in Fig. 
8 for a bis(stannyl)bis(triphenylphosphane)platinum complex. At room tem- 
perature the Pt(PPh3), fragment rotates about an axis which passes through 
the middle of a line connecting the two tin atoms. At low temperature, this 
process is slow and the expected pattern emerges for the satellites cor- 

2 l17/119sn 31p) . responding to 2J(1'7'"9Sn 3 31P) trans and J( 9 CLP. 

Tin compounds with a formal oxidation state <+2 

The tin nuclei in Zintl anions of the type [Sn$-, [Sn9I4- and others such as 
[Sn8T1I5- and [Sn9-,Pb,I4- are highly shielded ( S119Sn values range from 
around -1100 to around -1900).4*s9 

The least shielded 'I9Sn nuclei so far were found in transition metal 
complexes which contain trigonally planar coordinated tin atoms in the 
formal oxidation state +O (32)49 or -2 (33)." This deshielding is related to the 
presence of an energetically low-lying LUMO available for B,,-induced 
charge circulation by which the paramagnetic contribution to magnetic 
shielding increases. 

32 

6'"Sn 3301 .O 3924.0 

2 -  

4.3. isotope-induced U9Sn chemical shifts 

There are no primary isotope shifts for the magnetically active tin nuclei:' 
However, secondary isotope effects may be quite large and can be readily 
detected. Tri-"butyl tritide has been prepared; the 1A"3H(1'9Sn) value was 
determined as -2.7 ppm, whereas 1A'nH(119Sn) is -1.8 ppm."' In stannane 
SnI&-nDn, the 'A'nH(119Sn) values are --0.403 ppm/D.'= The effect of the 
substitution of 'H against deuterium can be used to verify intramolecular 
(weak) associative bonding to tin, e.g. in an RO(H)-Sn gr0up.4~ Numerous 
data have been collected for 1A'u13C('19Sn).44,45,58,119 These data (Table 10) 
show that the expected shifts of the '19Sn NMR signals to lower frequency for 
the heavy isotopomer are not observed in all cases. In addition to vibrational 
effects, responsible for isotope-induced chemical shifts, there is also a strong 
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* 

25% # 

* 1J('95R,31P) = 2627.9 Hz 

# 1 2J("QSn,3'P) I = 680.0 Hz 

+ 2 115 

2 119 

( S~I,~'P),,, = 1574.5 Hz 
J( S~I,~~P),~, = + 206.0 HZ 

2J(3'P31P) = 16.2 

* 

Fig. I). 101.3 MHz 31P(1H] NMR spectra of the bis(stanny1)platinum complex shown.79 
At room temperature, there is fast exchange of the two phosphorus sites; the 117'1'9Sn 
satellites indicate averaged coupling to 31F! At -40°C this exchange is slow, revealing 
the different coupling constants zJ('19Sn,-"P) of opposite sign, and also the coupling 
constant 2J(31P?1P). (Reproduced, with permission, from Re€ 79.) 
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Table 11. isotope induced chemical shifts 1A'"15N(11ySn)." 

Compound 1A1"'5N(119Sn) (ppb) 1J(11ySn,15N) (Hz) Ref. 

( Me,Sn)2N-Ph -44.4 -41.4 14 
( M e 3 S W  -38.4 -83.7 14 
( Me3Sn),N-SiMeSb -42.0 -59.0 132 
Me3Sn-N(SiMe3), -49.0 -52.5 132 
(Me3Sn)*N-BC8H -42.6 -31.9 14 
1 -Me3Sn-pyrrole" - 38 -37.2 52 

1 -Me,Sn-indole -50.8 -45.3 142 
l-Me3Sn-2-Me-indole -52.5 -40.4 142 
8-Me3Sn-carbazole -56.6 -48.1 142 
I -EtSSn-pyrrole -48 -66.5 142 
1 -BujSn-pyrrole -59.5 -99.9 142 

2-[Me,Sn(Me3Si)N]-pyridine - 55 8.9 134 
2-[Me3Sn(Me3Si)N]-3-Me-pyndine -40.6 24.9 134 

. ~ - .  ~ ~~~~ .- _ _ ~ ~  .. .. . 

1 -Me3Sn-2.5-Me2-pyrrole -46 -25.1 52 

(Me3Sn),N-NMe2 - 37 -45.5 52 

2,6-[Me,Sn(Me,Si)Nl2-pyridine -41.0 14.3 134 

"A negative sign of 1A1"'isN(119Sn) indicates a shift of the heavy isotopomer to lower frequency 
with respect to the lighter isotopomer. 
b2J(1'9Sn,'9Si) = 8.4 Hz, 'J(Z9Si,'5N) = 6.7 Hz; 'A14/15N(29Si) = -9.4 ppb. 
'BC,H,, = 9-borabicyclo[3.3.1]nonyl. 
'See ref. 261 for a bicyclic N-pyrrolyl tin compound: 1A14'1sN(119Sn) = -58.0. 

contribution arising from electronic effectsM The latter effects will become 
increasingly important and noticeably for heavy nuclei. 

Previously it was necessary to use 15N labelled samples in order to 
determine isotope shifts 1A14'15N(X). By the application HEED extended 
pulse it proved possible to determine these parameters for 
numerous compounds in the natural abundance of "N (0.37%). Table 11 lists 
a number of these data and an example for the application of the HEED 
INEPT pulse sequence is shown in Fig. 9. 

5. INDIREm NUCLEAR SPINSPIN COUPLING CONSTANTS 
"J( 'l9Sn,X) 

5.1. General 

A recent review has summarized important aspects concerning coupling 
constants nJ(llySn,X).' The advances in NMR instrumentation allow in many 
cases to determine the signs of these coupling constants [note that 
y("'Sn) < 0; therefore, the signs of J(1'9Sn,X) and of the reduced coupling 
constant K(*I9Sn,X) are opposite if y(X) > 01, and the techniques have been 
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de~cribed.~ Numerous coupling constants are already listed in Tables 2-11, 
and previous reviews2-' also contain compilations of coupling constants 
Therefore, this section will deal mainly with some results which have been 
published in the years 1996,1997 and in part 1998. 

5.2. One-bond couplings, 'J(?h,X) 

All reduced coupling constants 'I((' 19Sn,13C) in tetraorganotin and in most 
organotin(1V) compounds are positive (1J(1'9Sn,'3C < 0), exceptions are 
triorganotin lithium derivatives413 In contrast, the sign of 1K("9Sn,'3C) 
is negative in organotin(I1) compounds273 A roughly linear correla- 
tion exists for numerous values 1J("9Sn,'3C) and 1J(207Pb,'3C) for com- 
parable cornpo~nds.4'~ The magnitude of 'J("9Sn,'3C) has been related 
to the bond angle C-Sn-C(B) (11J(1'9Sn,'3C) I = 10.7(20.5)0 - 778( 264) 
for Me2Sn3w and I 1J("9Sn,'3C) I = 9.99( t0.73)@ - 746( 2100) for Bu",n 
corn pound^).^^^,^^ 

In silylstannanes, the sign of 1K('19Sn,29Si) is p0sitive.4'~ Recently, a positive 
sign of 1K("9Sn?3Ge) in (Me3Sn)4Ge has been determined.'33 

In the case of polystannanes, a sign inversion of 'J("9Sn,"9Sn) from 
positive ( 'K > 0) to negative ('K < 0) has been proposed if the S n S n  bond 
length exceeds 285 pm.401 Examples for negative reduced coupling constants 
1K(mPb,"9Sn) have been rep0rted.4'~ 

Me3Sn-PbMe3 Me3Sn-PbEt, Me,Sn-Pb'Pr, Me3Sn-Pb'Bu, 

'J(2MPb,"9Sn) - 3 5 7 V  - 139S415 +303415 + 1637415 

There are many new data 1J("9Sn,'5N) (Table 11) confirming the trends 
established previ~usly.~"'~ For a given amino group RR'N in aminotin(1V) 
compounds the sign of 'J('19Sn,15N) may change readily, depending on the 
nature of the other substituents at the tin atom. In the case of aminotin(I1) 
compounds a negative sign of 1J(1'9Sn,'5N) ('K also <0, since y(15N) < 0) can 
be safely assumed as the result of negative contributions to the Fermi contact 
term arising from the presence of the lone pairs of electrons at the tin and 
nitrogen atoms."" 

The sign of 1K("9Sn,31P) is negative in all tin-phosphorus compounds 
(dominant influence of the lone pair of electron at the phosphorus 
atom), except of phosphane adducts of tin(1V) halides. Even in transition 
metal complexes of stannylph~sphanes~'~ or in borane complexes of 
stannylph~sphanes~'~ the coupling sign does not change, although the 
phosphorus lone pair of electrons is engaged. 

A negative sign of 'K("gSn,nSe) and 1K('25Te,1'9Sn) is likely for all 
tin-selenium and tin-tellurium compound$ and this can also be assumed for 
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1~ 119 ( S ,'%). In contrast, it appears from the data available so far that all 
'K(l19Sn,M) (M = transition metal nuclei) possess a positive sign. 

5.3. Two-bond (geminal) coupling, zJ('19Sn,X) 

If X = 'H, the majority of data concerns organotin compounds with coup- 
ling across a carbon atom. For intervening aliphatic carbon atoms the 
sign of 2J(119Sn,'H) is positive ('K('19Sn,'H) < 0) with few 
whereas an intervening olefinic carbon atom induces a negative sign of 

of I z5("9Sn,'H) I and the Me-Sn-Me angle 0 has been proposed (0 = 0.016 
12J(1'9Sn,1H) I - 1.32 [zJ(ll9Sn,'H)I2 + 133.4). The analogous behaviour to 'H, 
in principle, is found for zJ(119Sn,'3C), although the magnitude of this coupling 
constant is less predictable. Therefore, it is recommended to determine the 
sign of this coupling constant in order to discuss these data in a proper way. 
This is also true for most nuclei other than 'H or 13C. The most convenient 
techniques for the determination of coupling signs involving lI9Sn have been 
reviewed.' An example for the determination of the sign of 'J(Sn,Sn) is shown 
in Fig. 10. The data zJ(119Sn,"9Sn) have attracted interest with respect to 
correlations with structural features, namely the bond angle Sn-E-Sn?87-421 
However, only few determinations of coupling signs have been carried out 
and, therefore, these relationships should be used with great care. 

2 5  ( 119 S :H). For methyltin compounds, a relationship between the magnitude 

5.4. Three-bond (vicinal) coupling, 3J(119Sn,X) 

The well-known Karplus-type dependence of the magnitude of vicinal coup- 
ling constants on the respective dihedral angle is also evident for numerous 
tin compounds and values 3J(119Sn,X) (X = 'H,11B,13C) have been widely 
exploited in this re~pect:*~*~ So far all signs determined for 3K("9Sn,X) are 
positive, with very few exceptions. If X is a quadrupolar nucleus such as "B, 
differential broadening of the l19Sn NMR signals (as a result of partially 
relaxed scalar '"Sn-''B coupling, can be used to compare the relative 
magnitudes of 13J(119Sn,11B) 

5.5. Long-range coupling, "J(UgSn,X) with n > 3 

Coupling between '19Sn and other nuclei X across four or more bonds is often 
observed. However, these data are still of limited value with respect to 
diagnostic conclusions regarding the bonding situation. As expected, such 
long-range couplings are fairly large and easy to observe if a P system andlor 
a metal is involved. Thus, in most benzyltin compounds (see Tables 2-5) it 
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* 2J("eSn(4') ii7Sn(5')) 

= 158.6 Hr 

* 2J("eSn(4') ii7Sn(5')) 

4119S") 

Fig. 10. Contour plot of the 111.9 MHz 2D '19Sn/'H shift correlation (Me3'lgSn and 
'H(4') signals are shown) of a trimethyltin-substituted stannolene typical 
for comparing the signs of coupling constants as indicated. The Ip:sitive tilt of 
the relevant cross-peaks (dotted line) proves that the signs of *K( Sn,"'Sn) and 
2K("7Sn,'H) are alike. Since the sign of the latter 'K is known to be negative, it follows 
the sign of the former *K is also negative. (Reproduced, with permission, from Ref. 
422.) 

is possible t o  measure sJ(119Sn,'3C). The same is true for 2-picolyltin 
derivatives." Numerous allenyltin compounds have been studied and various 
types of long-range couplings nJ("9Sn,'H), nJ(1'9Sn,'3C) and nJ(119Sn,"9Sn) 
(n = 4.5) have been determined, including the sign.'46 A collection of 
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values V(Sn,Sn) with n > 3  is given by Mitchell and Nette1be~k.l~~ In 
the bis(alkyny1)platinum complex 34,l" 6J("9Sn,'17Sn) = 25 Hz is readily 
resolved. 

p 

6Et 

Me$% = Pt-SnMe3 

34 

Considering the increasing quality of NMR spectra, such long range 
coupling constants nJ('19Sn,X) (n > 3) can become valuable tools for assign- 
ment techniques and for improvement of NMR experiments This becomes 
already evident for X = 'H, as shown in a recent review? Knowing the 
magnitude of nJ("9Sn,'H) various selective 1D and 2D polarkation transfer 
experiments become feasible. 

6. CONCLUSIONS 

The impact of '19Sn NMR parameters, determined either by '19Sn NMR or in 
the NMR spectra of other nuclei, on tin chemistry is remarkable. Our 
understanding of tin chemical shifts, coupling constants and nuclear spin 
relaxation with respect to physical principles is growing. At the same time, the 
application of more or less sophisticated NMR techniques enables one to 
monitor reactions, identify unstable intermediates, discover their relevance 
for mechanistic implications, assign structural features, investigate intra- and 
intermolecular dynamic processes, or to compare structures in the solid and 
liquid state. Clearly, '19Sn NMR parameters, in addition to those of the more 
common nuclei, e.g. 'H, I3C or 31P, add to our attempts at a more complete 
description of the bonding situation. It must be emphasized that the great 
potential of modern NMR spectrometers can be exploited in particular by a 
multinuclear approach in order to obtain a large self-consistent set of NMR 
data. This also includes isotope induced chemical shifts and long-range 
coupling constants which have been neglected in the past. 
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1. COPPER43 NMR 

1.1. lntrodmctory remarks 

There are several good texts and other reference sources for technical 
and/or more detailed information related to multinuclear nuclear magnetic 
resonance,14 but it will be seen that, in general, NMR studies of transition 
metal nuclei can provide direct information about the metal centre in 
different physical and chemical environments. Of particular importance are 
the chemical shift (6, ppm) which can give some indication of the electronic 
environment about the metal nucleus; the linewidth (or width at half height, 
Ayl2,  Hz) which can inform about the degree of symmetry of the electric field 
at the nucleus; and finally, the coupling constants ("J, Hz), which, if resolvable, 
can help to delineate molecular structure and, possibly, intramolecular bond- 
ing. For a given nucleus, there are a few nucleus-specific factors which must be 
considered: resonant frequency and inherent sensitivity, which are ultimately 
related because they each depend on the magnetogyric ratio (y, rad T-' s-'); 
natural abundance, and the nuclear spin, I. 

Nuclei with I = 1/2 have their positive charge distributed symmetrically 
within the nucleus, and so, in the fust approximation, may be regarded as 
uniformly charged spheres. When this electric charge is spinning it creates a 
magnetic field, but because of the prevailing high symmetry, only a simple 
magnetic dipole positioned along the spin axis can arise. For cases where 
I > 1/2, however, the nuclear charge is distributed nonuniformly. This means 
the distribution of charge is no longer spherical but ellipsoidal (either 
flattened or prolate), and since the charge density is uneven, there will be a 
gradient of charge (or an electric field gradient, EFG) within the nucleus. This, 
then, is the origin of a quadrupole, and the nucleus will possess a distinct 
electric quadrupole, moment (Q. mz) because the quadrupole can inter- 
act with any EFG arising from the electric charge distribution within the 
molecule. This interaction, in turn, provides a means by which the nucleus can 
exchange energy with the molecule, thereby leading to certain profound 
NMR effects. A uniform spherical orbital, however, produces zero EFG. 

In general, the quadrupole mechanism is a highly effective means of 
relaxation. The sign of Q relates to the distribution of charge around the 
nucleus while its magnitude depends upon several factors. Thus, observed 
relaxation times can vary over a wide range of values. The effects of the 
quadrupole relaxation mechanism on NMR lineshapes and linewidths have 
already been treated in appreciative detail?-" A very recent theoretical 



COPPER-63 NhfR SPECTROSCOPY 267 

study of relaxation times for spin Z = 3/2 nuclei in the quadrupole nutation 
NMR experiment has confirmed that they are inversely proportional to the 
linewidths of the quadrupole nutation NMR spectra.12 In the end, a useful 
generalization is that, if the relaxation is fast, then the spectral lines will be 
broad.13 Therefore, the relaxation times, Tl and T2, for spin-lattice and 
spin-spin relaxations respectively, can be of very crucial importance as 
parameters in the NMR study of quadrupolar nuclei. 

13. Background and parameters 

Typically, quadrupole relaxation increases rapidly in effectiveness as Q 
increases, but it also depends upon the interaction of the electric quadrupole 
moment with the local EFG. For a fixed value of Q, this interaction is 
essentially geometry dependent for molecules and other structures, and it can 
be reduced by the minimalization of the EFG. The latter may be ac- 
complished by situating the quadrupolar nucleus in a cubic environment (of 
either Td or Oh symmetry). This will lead to slower relaxation rates and, 
therefore, narrower spectral lines with resolvable spin-spin coupling, if the 
latter applies. 

Thus, in the case of quadrupolar nuclei like copper, nuclei of free ions and 
of atoms at the centres of strictly regular tetrahedral molecules formed from 
a single type of ligand will all possess near-zero electric field gradients On the 
other hand, the same quadrupolar nuclei situated in lower symmetry environ- 
ments, including distorted tetrahedra even when all the ligands are the same, 
will have much shorter relaxation times. Such distortions, often due to steric 
effects, are important contributors to electric field gradients It should be 
noted that within this context, lone pair electrons are treated as ligands. 

Of the 11 isotopes (including nuclear isotopes) of copper, ranging in mass 
from 58 to 68, two are NMR active, 63Cu and 65Cu, each having spin Z = 312. 
Their receptivities, or relative sensitivities, relative to either 'H or 13C, are 
quite similar, as are their quadrupole moments (see Table l), and they have 
been described as medium-strength magnetic nuclei? Although the heavier 
"Cu has the more favourable Q value, 63Cu is the significantly more naturally 
abundant isotope. Thus, the latter is usually the isotope of choice for copper 
NMR spectroscopy. Nonetheless, 63Cu and 65Cu NMR data are often both 
measured and/or reported in the same study. It might be noted here that exact 
natural abundance values reported for copper isotopes can be slightly vari- 
able either normally, or due to commercial separation. 

2. SOLUTION-STATE STUDIES 

Although originally the chemical shift reference standards were powdered 
CuCl, or K3[Cu(CN),] in D20: all 63965Cu chemical shifts are now routinely 
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Table 1. Some key properties of NMR-active copper isotopes. 

Property 

Resonance frequency (MHz)  

Spin 
Natural abundance (%) 
Relative sensitivity ('H = 1.00) 
Absolute sensitivity ('H = l.00)c 
Receptivity (I3C = 1.00) 
Quadrupole moment, Q110-28 m2 
Magnetogync ratio, r( X lO'radT-'s-') 

- ~~ - ~ ~~ 

63cu 

106.02" 
26.505' 
312 
69.09 
0.0931 
0.0643 
365 
-0.2114 
7.0965 

6 T U  

113.52" 
28.394' 
312 
30.91 
0.114 
0.0352 
201 
-0.195d 
7.6018 

- ~ -~~ __ 

* 'H resonance frequency = 400 MHz. 
H resonance frequency = 100 MHz. 

' Product of relative sensitivity and natural abundance. 
' Other values have been given: - 0.15 and - 0.1413, and - 0.16 and - 0.15'. for 63Cu and 
''cu respectively. 

h l  

reported relative to an external solution of [Cu(NCMe),]X (X = BF;, PF; or 
C10;) in MeCN (usually 0.1 m o l l - ' )  at ambient temperatures (= 300K). 
The NMR signal for this solution is assigned a resonance position of exactly 
0.00 ppm, and resonances downfield of this signal are given positive chemical 
shift values. The linewidth for the reference standard, at ambient tempera- 
tures, is in the region of 400Hz. (Alternative reference solutions, or varia- 
tions, are noted wherever relevant in this review.) Typically, chemical shifts 
and line-widths which can be measured, are measured to an accuracy of 
-+ 1 ppm and 2 10 Hz respectively. It might be noted that for qualitative 
discussions, solution-state chemical shifts for quadrupolar nuclei can be 
rationalized on the basis of a simplified Ramsey expression; in which instance, 
the electronic and steric properties of ligands signify highly.', In any case, 
discussion of NMR signals for quadrupolar nuclei is often as concerned with 
linewidths and/or lineshapes as it is with chemical shifts. 

Although the natural abundance receptivities for 63365Cu make them each 
readiIy more detectable than some other commonly studied nuclei, like 35Cl, 
prior to 1970 copper resonances were almost exclusively observed only for 
solid-state samples (vide infra). Very few solution studies were carried out, 
and this was in part due to the poor solubilities (in common solvents) 
normally displayed by most copper complexes of the Td symmetry initially 
required for NMR measurements. Another problem, however, is that four- 
coordinate species, which normally at least approach cubic symmetry, tend 
spontaneously to undergo equilibria exchange processes with species of lower 
~ymmetry.'~ The presence of co-existent species of different coordination 
number and/or symmetry will broaden the NMR signals, often beyond 
reasonable limits of detection. It is quite common therefore for the ligand also 
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to be used as the solvent in order to achieve saturated solutions, to overcome 
ligand competition for limited coordination sites, and also to circumvent the 
known concentration dependence of 63Cu res~nances.~' 

Although the two principal oxidation states for copper, Cu(1) and Cu(II), 
are more or less equally common, solution-state NMR is really only feasible 
for complexes of the diamagnetic cuprous centre. The two short general 
review articles which precede the present review, and cover 63*65Cu NMR 
results for both solution- and solid-state systems, will venfy 

2.1. Inorganic compounds 

Most likely the earliest solution work reported was a study of linewidth 
measurements of the 63Cu resonance signal in concentrated hydrochloric acid 
solution containing cuprous and cupric These studies afforded 
reasonable calculations for the bimolecular rate constant for the equilibrium 
electron-exchange process (Eq. 1): 

cu2+ + cu+ = c u +  + cu2+ (1 1 

Other early work involved measurements of a l.Ommoll-' solution of 
K3[Cu(CN),] in D20?' and for aqueous solutions of &(I) cyanides in 
the presence of excess alkali cyanide. The species [Cu(CN),I3- was found 
to resonate at a frequency 820ppm higher than that for the powdered 
CuCl employed as the external reference?' In the latter study, signals were 
only detected when CN- : Cu > 4, and as this ratio was increased the ob- 
served linewidths were seen to decrease. The authors concluded that the 
predominant species in solution, [Cu(CN),I3-, retains its Td symmetry and 
that other lower symmetry species, like [Cu(CN),I2- or [CU,(CN),]~-, make 
little or no contribution to the NMR linewidths. The in situ formation of 
mixed complexes of the type, [Cu(CN),L]('+"'- (L = C1-, Br-, I-, SCN-, 
NH3, (NH,),CO or (NH2),CS) (see Eq. 2a) led to significant line broadening, 
as optimum linewidths as low as 85 Hz were broadened to as high as 5000 Hz. 
On the basis of the linewidth measurements, it was suggested that the 
equilibrium constant (Eq. 2b) for the substitution reaction: 

[Cu(CN),I3- + L"- = [CU(CN)~L](~+"'- + CN- (24 

[CU(CN),L](~+"'- [CN-] 
[Cu(CN),I3- EL"-] 

K =  

increases according to the order, L = (NH2),CS > S C N -  > I- = NH3 > Br- 

The above, in conjunction with the earlier observation that CuBr absorbs at 
> C1- (NH&CO. 
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a position 57 ppm to lower frequency of solid CuCl,u indicated an inverse 
halogen dependence, or that s63Cu is more shielded as Cl- > Br- > [CN]-, 
even though CuI had been observed to absorb 10 ppm to higher frequency of 
CuC1. ?he discrepancy was initially ascribed to inherent errors incurred upon 
dealing with very broad lines 

A solution study of 63Cu NMR signals for several tetrahedrally coordinated 
Cu(1) complexes as a function of temperature, solvent and counteranion 
revealed strong dependencies of linewidths and chemical ultimately 
ascribed to exchange processes with species of lower symmetry. The con- 
centration dependence of copper NMR spectra was further investigated for 
mixed crystal systems of [(CH3NH3)2Cu(C14-xBrx)4] in aqueous  solution."^^ 
NMR lines are distinguishable for all species (i.e. x = W), but chemical shifts 
and linewidths are concentration dependent.= By comparing the relative 
intensities of the lines observed for any given sample, composition ratios of 
the various complexes present in the sample could be determined?' 

Copper-63 spectra recorded for [Cu(NCMe),]X (X = ClO;, BFi or PF;) 
and [ C ~ ( p y ) ~ ] x  (X = C10; or BF;) in MeCN at different temperatures and 
concentrations" showed broadening of the spectral lines, concomitant with 
changes in the chemical shifts, upon lowering of temperature. This in- 
dicates equilibria of the higher-symmetry four-coordinate species with at 
least one other complex of lower symmetry. Preferential solvation of Cu' 
by pyridine over acetonitrile in MeCN/py solvent mixtures was clearly 
dem~nstrated. '~ Solvation of [CU(NCM~),][C~O,]'~ and [CU(NCP~),][C~O,]~' 
in mixed-solvent systems containing acetonitrile or benzonitrile along with 
water,Z6 pr~pionitrile:~.~~ b~tyroni t r i le :~~~ or ~aleroni t r i le~~.~ '  present as co- 
solvents, as well as P(OR)3 (R = Me, Et, B u ) , ~ ~  was also compared by 63Cu 
NMR. In the case of the mixed nitrile systems, linewidths and chemical shifts 
increased almost linearly with increasing co-solvent concentration, indicating 
no preferential solvation of Cu(1). The authors discuss their results in detail, 
taking into consideration coupling of the copper nucleus with the nitrile 14N 
nucleus, differing solvent viscosities, ion-pair influence and the Sternheimer 
antishielding factor.'' 

For a series of complexes of the type, [CuL,][CIO,] (L = NCR, py, RCN, 
ArCN or CN-), the "Cu NMR spectra each show only one signal at ambient 
temperatures under an applied field of 52.92 MHz (4.7 T).29 These signals (see 
Table 2) each correspond to a unique four-coordinate species, and €or the 
entire series, downfield shifting occurs as NCR < py < CN- - RNC < ArNC, in 
agreement with the commonly suggested order for increasing ligand T- 
acceptor capabilities. Sharp 63Cu lines were also observed at room tempera- 
ture, in spite of C3 symmetry, for a series of Cu(1) species having the general 
structure, [CuL3L']. These carbonyl complexes, [LR',RZC~(CO)], contain sub- 
stituted hydrotris(pyrazoly1)borate ligands, where R1 and R2 in L are sub- 
stituents at the 3- and 5-positions of the pyrazole ring re~pectively.~' NMR 
signals were observed over the shift range, 580-730 ppm, and complexes with 



COPPER-63 NMR SPECTROSCOPY 271 

R1, R2 = Me, Me; Pf, Pr'; But, Me: and But, Pr' were observed at lower field 
than those with aromatic derivatives, R1, R2 = Ph, Pr' and Ph, Ph (see Table 
2). Overall, the chemical shifts reflect the relative electron density at the 
copper centre, and correlate well with CO stretching vibrations That is, g3Cu 
moves to lower field as V(C0) increases. Previous attempts to observe trigonal 
geometries were either u n s u ~ c e s s f u l ~ ~ ~ ~ ~  or gave spectra with very broad 
lines.,, 

Copper NMR spectra have also been recorded for complexes containing 
group 15 ligands with donor atoms other than nitrogen. Coupling between 
63Cu and 31P was first observed for the tetrahedral complex, [Cu{P(OMe),J,]+, 
formed from CuI dissolved in P(OMe)3?4 Aithough linewidths for the quintet 
observed are on the order of 200Hz, the quite large (63Cu-31P) value of 
1210 t 10 Hz is an unequivocal one. The same authors found that the 
temperature dependence for the central line was 0.055 ppm K-', 1-2 orders of 
magnitude less than those for 59C0, '03Rh or 195Pt. This is as expected because 
the d'' ion has no ligand-field transitions to affect the paramagnetic term of 
the Ramsey expression. Other early examples include the phosphites, phos- 
phonites and phosphinites, [Cu{P(OR),-,R~)]+(n = &2)31,35 and 65Cu NMR 
for [CU(P~~PCH~CH,PE~~)~]C~  in CD2C12 (Ayn = 5000 Hz).% 

More recent studies have reported chemical shifts for [Cu(dmpe),],[BF4],, 
for which variable temperature 63Cu NMR indicated no dimer-monomer 
rapid equilibrium, suggesting that the dimer remains intact in solution,3' for 
complexes of the types [CuL4][BF4] and [Cu(L-L),][BF4] (L = PMe,, AsMe3, 
SbMe,, SbEt,, SbPh,; L-L = M%Sb(CH2),SbMq, PhzSb(CH2)3SbPh2),38 
and for [CuL4]Y ( L =  PMe,, PMqPh, PMePh,, PPh,, PPh2H, 
PPhH,, AsMe,, AsMe2Ph, AsMePh,, AsPh,, SbMe,, SbEt, or SbPh,; 
L-L = Me2P(CH2)2PMe2, o-C6&(PMeZ),, PhzP(CH,),PPh, (n = llr), cis- 
Ph2PCH=CHPPh2, 0-C6&( PPh,),, 0-C6H4( A s M ~ ~ ) ~ ,  ck-Ph2AsCH=CHAsPhz, 
O-C6&(SbMe2)2; Y = PF; of BF;).39 

Quite detailed multinuclear (including 63Cu) and variable temperature 
NMR studies have been reported for the Group 16 donor atom complexes, 
[Cu(R,E),] [03SCF3] and [Cu{RE(CH2),ER],][PF6] (R = Me or Ph; E = S, 
Se or Te; n = 2 or 3).40 Homoleptic Cu(1) complexes of the type [Cu((o- 
C6H4(EMe)2]2] [PF,] (E = S, Se or Te) were also characterized by several 
methods including 63Cu NMR and x-ray crystallography which showed them 
to be of trigonal geometry?' Only the E = Te species (see Fig. 1) exhibited a 
63Cu resonance over the temperature range 180-300K (see Table 2). 

2.2. Organometallic compounds 

The study of purely organometallic compounds using 63Cu NMR has been 
extremely limited. However, because copper metal and/or ions can activate 
organic molecules, an in situ copper-63 NMR study was undertaken to 
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Table 2. Solution-state %u NMR data for some selected Cu(1) complexes.0 

Compound 

MeCN 

MeCN 

MeCN 
GH5CN 
CMe-py 
3-Me-py 
PY 

HzO 
c4wc 
CdHllNC 
4-CH3c6H4NC 
W s N C  

CH2Cl2 
toluene 
toluene 
toluene 
toluene 
toluene 
toluene 
(2% 
PhCN 
MeCN 
MeCN 
PhCN 
MeCN 
PhCN 
CH~CIJCD~CI~~ 
CH~CYCD,CI,.C 
MeCN 
CH2C12/CDzCl~ 
CH2CI2/CD2Clzk 
CH,CI,/CD~C~,.C 

C H ~ C ~ ~ / C D , C I ~ ~  

C H ~ C ~ ~ / C D ~ C ~ ~ ~  
C H ~ C ~ ~ ~ C D ~ C I ~ ~  

CH&lZ/CD2Cl2' 

CH2C12KD2C12' 
CH2Cl2/CD2C12' 

CD3OD/CD2ClZc 
CH2Clz/CD2C12' 
CH2ClZ/CD2Cl,.C 
C H ~ C ~ ~ / C D ~ C ~ ~  
C H ~ C I ~ / C D ~ C I ~ ~  

0.0 
0.0 
0.0 
0.0 
0.0 

13b 
l0Ob 
1086 
llob 
1116 
499 
451" 
4686 
5476 
549 

5536 
716 
730 
700 
703 
603 
585 
49 
82.6"' 
82 
86' 
90.70 
88 
91.34i 

286' 
287' 
247 
265" 
192 
234" 
25W 
194q 
150 
231 
126 
21w 
186.7d 
20 
20 

- 17 
- 62 

- 

500 
480 
400 
540 

8570 
950 

2440 
2830 
1100 
1560 
940 

4ooo 
880 
320 
300 
690 
230 
110 
205 
70 
75 

2900 
4200 

130 
166 
137 
150 
137 
350 
- 
- 

2750 

6300" 
- 

- 
- 
- 

3000 
-4Ooo 

3000 
- 
- 

6ooo 
700 

1500 
1200 

Re€ 

29 
27 
33 
16 
42 
29 
29 
29 
29 
27 
29 
29 
29 
29 
29 
27 
29 
30 
30 
30 
30 
30 
30 
33 
27 
31 
42 
27 
31 
27 
38 
39 
31 
39 
39 
39 
39 
39 
39 
39 
39 
39 
37 
38 
39 
39 
39 

~ 
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Table 2 (continued) 

Compound 

~ 

6 Qcu h n  
Solvent (PPm) (Hz) Re€ 

- 153 
- 148 
- 63 
-6 

1 
-249 
- 245 
-167 
-197 
- 179 
- 109 

80 
-56 
-56 

-153 
75 
21 
18 
21 

-36' 

4000 39 
- 39 

1600 39 
180 38 
680 38 
250 38 
160 39 
390 38 

1250 38 
700 39 

4500 41 
2500 40 
1500 40 
600 40 

3400 40 
loo0 40 
1500 40 
1500 40 
1500 40 
6Ooo 40 

~ ~ ~~ 

Measured for saturated solutions at ambient temperatures (- 283-300K) relative to 

Shifts are relative to a 0.05 mmol I-' [CU(NCM~)~][CIO,J in MeCN. 
50 : 50 solvent mixture. 
1 : 4 : 6 : 4 : 1 quintet, 1J(63Cu-3'P) = 800 2 10 Hz. 
'J(63Cu-3'P) = 1208 Hz. 
L = hydrotris(pyrazoy1)borate substituted in the 3- and 5-positions of the pyrazolyl ring. 

0.1 mmol 1-' [CU(NCM~)~][CIO~] in MeCN unless otherwise noted. 

8 'J(63CU-31P) = 1220 Hz. 
1,(63CU--3'P) = 1211 Hz. 
1J(63Cu-3'P) = 1215 Hz. 
1J(63Cu-3'P) = 790 -, 1J(65Cu-31P) = 830 Hz. 

* 95 : 5 solvent mixture. 
' 'J(63Cu-3'P) = 7% Hz, from "P NMR spectrum, 1J(6sCu-31P) = 830 Hz. 

" At 183K. 
1J(63Cu-3'P) = 785 Hz. 

Ill-defined coupling, 1J(63Cu-31P) = 750 Hz. 
p 'J(63Cu-31P) = 800 Hz. 
4 'J(63CU-3'P) = 805 Hz. 
' At 273K. 

investigate the interaction between the Cu nucleus in [CU(NCM~)~][BF~] and 
some 2-bromoarylazo molecules in acetonitrile solution?2 Specifically, the 
authors were interested in the copper-assisted nucleophilic substitution of aryl 
halides by cyanide and dialkylphosphonate, intermediate species of which 
they had not been able to isolate. The spectra observed were single lines with 
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I 
Me 

I 
Me 

Eig. 1. Skeletal structure for [Cu(o-CJL(TeMe),],]’ which has been shown by X-ray 
crystallography4‘ to adopt a meso configuration, but one that deviates significantly 
from ideal tetrahedral geometry. 

(1)Y = Me;Z=H 

(2) Y = H Z =  NHCOh 

(3) Y = Me; Z = NHCOMe 

Fig. 2. The skeletal structure for some substituted diarylazo ligands 

‘Bu 

Fig. 3. Idealized structure for [Cu(CO)O-Bu’],. X-ray data indicate trigonally distorted 
tetrahedral geometry.33 

AuID values on the order of 9600 Hz, and chemical shifts of 12,17 and 18 ppm 
for reactions with ligands 1 , 2  and 3 respectively (see Fig. 2). No reaction was 
observed to occur with either benzene or N,N-diethylaniline on the basis of 
NMR tube experiments. 

Carbonylation of planar [CuO-Bu‘], yields [Cu(CO)O-Bu‘], which is shown 
by x-ray crystallography to have a Cu,O, core of cubane form, with each 
copper exhibiting a trigonally distorted tetrahedral geometry (see Fig. 3). The 
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63Cu NMR spectrum, probably the first ever observed for a copper complex 
lacking rigorous Td symmetry, for a sample of the carbonylation product 
prepared with 99% 13C-enriched CO shows a single broad and unstructured 
resonance at ambient temperatures. At 60°C, however, there is an upfield 
shift, from 49 to 40.2ppm, and the relaxation rate is sufficiently slowed to 
allow resolution of a doublet with 'J (63Cu-'3C) = 800 Hz, indicating that the 
tetramer dissolves without fragmenting or otherwise breaking down even at 
relatively high temperat~res.3~ 

3. SOLID-STATE STUDIES 

Solid-state NMR has proven very useful in the study of copper-based 
materials, and although there have not yet been any review articles dealing 
specifically with solid-state copper NMR, there have been several detailed 
reviews of the technique in general for quadrupolar nuclei?- Furthermore, 
a very recent paper4' describes a newer and more efficient way of performing 
numerical calculations of the dynamics of nuclear spin systems in magic-angle 
spinning (MAS) NMR experiments based on time domain integration. A 
more general, yet very comprehensive, treatment of MAS NMR appeared 
several years ago.48 

3.1. Nuclear quadrupole resonance 

Closely related to the NMR of quadrupolar nuclei, and often included within 
the same studies, are both the Knight shift and nuclear quadrupole resonance 
spectroscopy, NQR. The latter technique does not necessarily require an 
external magnet, although it is based on the measurement of transitions 
between allowed orientations of the quadrupole upon application of ap- 
propriate amounts of energy. That is, individual nuclear orientations con- 
stitute different energy levels, and active nuclei can interact with the electric 
field gradients which are already present in the molecule. NQR spectroscopy 
is especially useful for structural, bonding and EFG studies. For example, 
electric field gradients at 63Cu in CuzO and CuO were measured as a function 
of pressure by using the NQR frequency.49 The authors suggest that similar 
measurements, at easily accessible pressures, can be made for high Tc 
superconductors (vide infra). Other NQR studies of some relevance to topics 
in this review include an outline of broadband excitation sequences for NQR 
spectroscopy for Z = 3/2 nuclei?' an effective multinuclear investigation of 
cation diffusion in CuGaBr,?l and the calculation of 63Cu NQR frequencies 
in CuGeO;* which might be compared to an in-depth 63*65Cu NMR study 
carried out for the same 

NQR spectroscopy has proven very useful in studies of lower than cubic 



276 J.MALIT0 

symmetry coordination species which cannot be observed in the solu- 
tion state. Species such as [CUX(P(C&-~M~O)~)], (X = CI or Br),54 
[Cu2X,(PPh3),] (X = C1, Br or [(Cux(PPh,)),] 2CHC1, (X = Br or I)56 
and [~Cu,X,] (L = P(CJ&-oMeO), or P(p-tolyl),; X = C1 or Br)57 have 
been studied in this way. Some 63Cu NQR data have also been reported for 
systems containing substituted pyridines5- and thiones61 Very recently 63Cu 
NQR spectra were also reported for five three-coordinate Cu(1) complexes 
containing isocyanide ligands6' Based upon the comparison of the spectra of 
these isocyanide complexes to those for others of similar geometry, the 
authors determined that partial coupling constants for isocyanide ligands are 
much higher than those for any other ligands thus far studied. They suggest 
that the order for donor atom partial field gradients for terminal ligands is: 
C >  N > C1> P S = Br >I>  0. 

3.2. Inorganic and organometallic compounds 

The earliest solid-state studies included 63765Cu NMR measurements for 
K3[Cu(CN),l6' and for CuX (X = C1, Br, I).- The 63Cu chemical shifts 
measured for these Cu(1) salts, and the trends observed, were later found to 
be in contradiction to expectations based on theoretical calculations of 
i0nicity,6~ and the authors in this case rationalized the apparent aberration by 
taking into account the differing Ir-bonding abilities of the halides. Another 
study to determine the same chemical shifts, but in terms of ionic radii and 
electronegativities, and by CPMAS 63-65Cu at 294K took into account: (i) 
nearest-neighbour interactions; (ii) next-nearest-neighbour interactions; (iii) 
isolation effects; and (iv) covalency effectsa In this particular study, negative 
temperature effects were observed for static samples, and were interpreted in 
terms of lattice vibrations, lattice expansion and cation motion. 

Spin lattice measurements for 63Cu and 65Cu were made over the tempera- 
ture range, 78-300K, for cuprous halides having the zinc blende s t ru~ture .6~*~~ 
Ratios determined for the i", values for the two isotopes were found to be in 
good agreement with the inverse squares of their respective quadrupole 
moments. Continuous-wave NMR measurements in the temperature range, 
77-600K, of CuCI, CuI and CuRhzSe4 were used to determine the ratio 
63 yP5 y = 0.9335232(6).7' 

An investigation of the effects of different spinning rates on 63*6sCu NMR 
for the cuprous  halide^^',^^ showed that with faster spinning the isotropic 
peak positions shifted towards lower frequencies, and that these shifts occur 
in the order, X = C1- < Br- < I-. Furthermore, complementary 79Br and 1271 
NMR spectra showed that the shifts due to changes in spinning rates for the 
halogen signals are of comparable magnitudes but in opposite directions. 
Overall, magnitudes for the spinning-induced shifts were found to be 
proportional to the square of the spinning rate, but also to the strength of 
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the magnetic field. It was proposed that these shifts may have their origin 
in the Lorentz force acting on Cu+ ions being forced to move in a strong 
magnetic field?, 

Mixed [CuBr,I,-,] crystals have also been examined by solid-state NMR,', 
and the broad spectra observed appear to correspond with overlapping peaks 
of [CuBr,], [CuBrJ], [CuBrZIZ], [CuBrI,] and [CuI,]. The various symmetries 
(Td, C1, Gv and C&) are invoked to explain the range observed for the 
quadrupolar coupling tensors Signals in the core-shell-type crystal, however, 
were sharp and obtained over a range of chemical shifts between limits set 
by those for CuI and CuBr. Copper-63 NMR spectra recorded for dimeric 
[Cu(AcO),], * HzO over a temperature range of 20_60°C75T76 afforded one of 
the first observations of indirect nuclear spin coupling as a quartet with 
spacings of 9.6 G was observed. An electric quadrupole coupling tensor of 
117 MHZ and asymmetry parameter of 2.8% were also calculated. 

The NMR data for tetragonal single crystals of [CuAl&] (X = C1, Br) 
were found to be consistent with data from x-ray powder diffraction and 
other structural mea~urements~~ The quadrupole coupling constants were 
determined to be 0.89 and 0.35MHz for the chloro- and bromo-species 
respectively. Observed temperature-dependent behaviour of linewidths and 
lineshapes confirmed a suspected diffusion of the Cu+ ion. The activation 
energies measured for the diffusion process were 48.5 and 46.4 kJ mol-' for 
the chloro- and bromo-species respectively. Diffusion of Cu+ was also found 
to affect the Tl values for both the 35Cl and 81Br NQR signals Related 
systems which had been studied earlier inciude [CUCSCI~],~~ [ C U , H ~ I ~ ] ~ ~  and 
[CuInX,] (X = S, Se, Te).80 

Copper-63 NMRnVQR spectra for CuS, from 4.2K up to ambient 
temperatures, show two distinct lines based on the abrupt change in the 
spectrum at 55K. This is ascribed to a structural phase transition for both the 
powder and the oriented C U S . ~ ~  A more recent study of powdered samples 
at temperatures as low as 1.5K under a magnetic field of 6.5 T revealed more 
detail.82 An intense resonance with satellites was observed at all tempera- 
tures up to the ambient. This peak consisted of two resonance lines above 
60K and four lines below 50K. The splittings observed correspond to crystal 
distortions below 55K. The central peaks with satellites were assigned to the 
metallic Cu(1) and Cu(2) in the crystal structure of CuS, for which 
spin-lattice relaxation times of 4 ms and 55 ms, respectively, were measured 
at 15K. The authors suggest that the anomalously short Tl for Cu(1) is 
indicative of the metallic character in the plane formed by Cu(1)-S bonds. 

Finally, 31P CPMAS spectra for [CuS,CPh(PPh,),], [ ( C U S ~ C - P ~ O ~ J ~ ( P P ~ ~ ) ~ ] ,  
[{CUS~C-P~)~(PP~,),], [CuS,C-Ph(dppm)],, and [Cu02C-Ph(dppm)],, consist- 
ing of distorted quartets due to the magnetically non-equivalent P atoms, have 
allowed for the approximation of spin-spin coupling values for 63Cu with 31P,83 
indicative of the covalency of the dithiocarboxylate-cu bonding. Spacing 
distortions, related to a number of molecular and structural parameters, were 
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employed to estimate the 63Cu quadrupole coupling constant which was found 
to be smaller for the higher-symmetry species.= 

33. Puremetal 

Knight shifts have been measured for 63Cu and 65Cu in metallic c0pper.8~.” 
NMR techniques have been used for the determination of electric field 
gradients in relation to point defects in metallic copper.’6 Copper-65 
NMR and 6sCu-27Al spin-echo, double-resonance measurements from Cu- 
exchanged ZSM-5 catalysts have shown the presence of Cu’ cations. Upon 
heating, auto-reduction of Cu2+ to Cu’ was observed, with further reduction 
to the metal upon exposure to CO at high temperatures8’ Copper NMR was 
used to investigate the nanostructure of ... /Cu/CO/Cu ... layers which had been 
prepared by different methods.= 

Spectra have been measured for small copper particles (<5OA) at low 
temperatures (< 1.5K) and high magnetic field (13 T) as part of a study of the 
size-dependent electronic structure of small s0lids.8~ The linewidths observed 
are very large (100-700kHz) and may have a magnetic origin intimately 
connected with the particle size distribution. The linewidths also appear to 
correlate with T, values, which become larger as the particle size diminishes. 
Other trends in NMR line shapes for nanoparticles of various metals, 
including copper, have also been analysed.% The different electronic environ- 
ments seen by each magnetic nucleus produces a distribution of Knight shifts 
of the NMR frequencies such that an inhomogeneously broadened lineshape 
results. The latter are ultimately appreciated on the basis of some simple 
LCAO models Copper-63 linewidth measurements were also used to inves- 
tigate adsorbed states of hydrogen on Cu surfaces in fine copper powder.” 
The results indicate that the adsorbed states in the powder are the same as in 
the bulk metal. 

3.4. Alloys and other metallic compounds 

Spin-lattice relaxation has been studied by 63Cu NMR for dilute Cu-Mn and 
Cu-Cr alloys at temperatures of 0.32-20KW while the NMR lines in deformed 
Cu alloys with Si, A1 and Ga were investigated as a function of plastic 
deformation.” Variations in 63Cu Knight shifts in Cu-Zn alloys have been 
reported.” Spectra from NMR experiments performed on binary Cu-Au 
ordered alloys and martensitic ternary Au-Cu-Zn alloys in order to study 
crystallographic Cu sites micros~opically~~ have revealed different distribu- 
tions of Cu atoms that change appreciably with Cu content. 

The 63Cu nuclear relaxation rates in Cu-Mn and Cu-Au fine particles of 
mean diameter 60 A have been measured, and rate suppression, due to level 
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quantization of conduction electrons, is eliminated by spin-orbit scattering 
from Mn impurities but not from Au impurities.% For the Cu layers of FelCu 
multilayers, the existence and distribution of an induced spin polarization of 
the conduction electrons in the Cu layers are indicated. Fine structure 
associated with the spin-echo signals of 63365Cu nuclei shows that the spin 
polarization and an associated field oscillate in signw 

Copper NMR was used to gauge the quality of [ N ~ / C U ] ~ ~ ' ~  and [CO/CU]~~ 
superlattices synthesized by the ion sputtering method. The authors noted 
that the shapes of the spectra vary noticeably with the change in angle 
between the interface planes and the external field. This is a unique feature of 
superlattice systems, not observed in bulk metals, and which can offer 
information on the electronic states in the copper layers. A study of CuA1, by 
27Al and 6 3 7 6 5 C u  NMR investigated quadrupole and anisotropic shift interac- 
tions between 3 and 40 MHZ.'~' 

3.5. Other materials 

A copper NMR study using the spin-echo technique has been used to look at 
Cu-Mn-Fe spin glasses.lM A combination of 63,65Cu and 91Zr NMR measure- 
ments for the metallic glass ZrXCul-,CO (0.38 s x s 0.72), in conjunction with 
magnetic determinations, has shown that the d-electron density of states 
increases with increasing value of x.lo3 Temperature and compositional 
dependences of TI and T2 in 63Cu NMR were determined and then used to 
investigate the possible atomic diffusion of copper in glassy Cu-As-Se.'OQ 
Below 300K a weak temperature dependence was observed for T,, and for 
temperatures higher than 300K, sharp declines were observed for both Tl and 
T2, suggesting that the relaxation processes at higher temperatures are 
dominated by an inhomogeneous diffusion of copper atoms. The authors were 
able to fit the magnetization recovery curves to an equation for a well-defined 
stretched exponential. 

Some 63Cu NMR studies have been carried out for the organic conductors 
(DMe-DCNQI),Cu, (DMeO-DCNQI)2Cu, (DBr-DCNQI),Cu and partially 
deuterated (DMe-DCNQI-d2[l, 1:O])2Cu.'05-'07 The results show that the 
metallic and insulating states each possess similar electronic and magnetic 
properties A systematic measurement of (117'') for 63Cu failed to identify any 
specific effect of d-electron correlations near the metal-insulator (Cu-I) 
boundary. 

4 SUPERCONDUCTING MATERIALS 

Copper NMR and NQR have been employed extensively over the past five 
years in the study of superconducting cuprates and related materials. In fact, 
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all that can be really presented here is a brief overview to supply leading 
references to the most recent literature. 

In simplest terms, then, superconductivity can occur in many metals, alloys 
and intermetallic compounds If these substances are cooled below a cer- 
tain transition temperature, Tc, their electrical resistances vanish. m i -  
cally, the transition temperature is close to absolute zero, but the system, 
HgBa2Ca2C~308+dr has Tc = 133K, which, to date, appears to be the highest 
observed transition temperature. 63Cu NMR studies of spin-lattice relaxation, 
( l/Tl), were camed out in order to investigate this phenomenon.'Os~'w Several 
other NMR studies have also been reported for this material"' and the related 
material, HgBa2C~04+d.111-113 For copper-based superconductors in general, 
there have been a number of relevant, physical, theoretical and/or application 

and several reviews specifically for the 63*65Cu NMR/NQR of high 
Tc  superconductor^."^'^^ One review'25 covers similar ground for cuprates 
ranging from the antiferromagnetic to the superconducting states. Other 
reviews have covered the use of copper NMR in conjunction with other 
techniques like neutron scattering'26 and microwave ab~orption."~ 

An important family of cuprate superconductors is the YBCO family. 
NMR/NQR studies of YBa2C~307-x 128*129 and YBa2Cu408130*131 with em- 
phases on different aspects have been reviewed, as has the charge dif- 
ferentiation of inequivalent copper sites of YBa2Cu30, (6.0 I y 5 6.91) by 
NMR/NQR.'32 More recently there has been a review of NMR/NQR spectra 
and spin-lattice relaxation measurements for crystals of this material, as well 
as other YBCO-type  superconductor^.'^^ The reviewers have attempted 
to derive some insights into the correlation and spin dynamics of Cu2+ 
ions, and the microscopic mechanisms of high-Tc superconductors. Another 
report which appeared at about the same time was devoted solely to NQR 
 experiment^.'^^ A review for 63Cu/i70 NMR studies of YBa2Cu307 and 
YBa2CU306.63 revealed some temperature-dependent antiferromagnetic Cu 
spin correlations and a spin gap behaviour in the reduced oxygen material.'35 
Each of these phenomena now appears to be a general property for many 
high-Tc cuprates Other multinuclear NMR/NQR investigations, particularly 
of YBa,Cu30, and YBa,Cu408, have also been reviewed,'36 with emphases 
on EFG temperature and pressure dependencies, Tc enhancement by Ca 
doping, and Knight shifts for Cu and 0 nuclei. 

Copper NQR has demonstrated that in the family Y 1-xCaxBaZCu306, 
superconductors are highly two-dimensional and quite different in electronic 
structures from the YBa2Cu306+, A more recent NQR study of 
YBazCu306.95, before and after electron irradiation at 2.76 MeV, as well as 
after annealing at several temperatures up to 440K, has indicated a decrease 
in Tc from 91.8K to 89.5K after irradiati~n.'~' The results are explained in 
terms of a displacement of the O(4) atoms in the Cu-0 chains that results in 
a modification of the Cu(2) atoms in the plane. Recovery of the radiation 
damage sets in during annealing at 300K but is incomplete at 440K. 
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Within the last three years there has been a large number of other 
reports of NQRl3+l4l and NMR/NQR studies of YBCO and 
other copper-based systems like Sr14Cu24041,152-154 S ~ ~ ~ - X ~ Z ~ M O ~ I ,  
La2-xSrxC~04,15s163 La2Cul -,ZnxO~64 and T12Ba2Ca2C~3010~65-168 but to go 
into more detail here would be well outside the scope of the present review. 

155-157 

5. CONCLUDING REMARKS 

Solution-state copper NMR studies have been relatively limited in number, 
but it is clear that the copper species being investigated must be of high 
enough symmetry to slow down relaxation rates sufficiently to allow enough 
narrowing of the NMR lines for observation. Of the Cu(1) species observed, 
most with pseudo-tetrahedral but some with trigonal geometry, trends for the 
63Cu resonances appear to be a deshielding and a line broadening with 
increasing wacceptor capability of ligand (see Table 2). For a homologous 
series, ligand substituent effects (steric and electronic) on metal-ligand 
bonding can be inferred from the @Cu NMR spectra, via analysis of either 
chemical shift or linewidth values. The overall range of 63Cu chemical shifts, of - 980ppm (see Eg. 4), is indicative of satisfactory sensitivity to the metal- 
ligand bonding in spite of the closed d-shell system. 

Ligand 
r l l l l l l l l l l l l  I 1  I 

1000 800 600 400 200 0.0 -200 -400 p.p.m. 

P C U  

Fig. 4 The 63Cu chemical shift range by ligand type. 
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In general, for solution studies, copper NMR seems to be of use primarily 
as a supporting technique. This is less true for the case of solid-state samples, 
where both &(I) and Cu(I1) species can be observed, in conjunction with 
measurements of Knight shifts, copper NQR and/or NMR/NQR spectroscopy 
of some of the other nuclei present in the system. The vast majority of copper 
NMR reports over the last five years have dealt with solid-state studies of 
copper materials, especially those materials recognized as superconductors. 
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The area of solvent suppression has a long history and is an indispensable 
part of almost every NMR experiment conducted in a solvent containing 
nuclei of the type to be detected. This chapter provides a general coverage 
of solvent suppression methodr in NMR with special attention to the 
enormous developments in the past decade that have occurred due to the 
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widespread usage of magnetic field gradients and shaped RF pulses. The 
general considerations and instrumental complications associated with the 
presence of a large signal are first discussed. The complications resulting 
from the radiation damping and demagnetizing fiela3 are considered in 
some detail since their effects are becoming more manifest with the 
increasingly higher field strengths available. The methods of solvent sup- 
pression are then covered including their application to multidimensional 
experiments. Brief coverage is also given to suppression in imaging experi- 
ments, experiments involving high-molecular-weight compounds and also 
"0 NMR. 

1. INTRODUCTION 

Perhaps the most common and unavoidable problem in solution-state NMR 
results from the necessity of dissolving the solute in a solvent which contains 
nuclei of the type to be observed. Even though it is the solute that is the focus 
of the experiment it  is the solvent, which is generally present at a far higher 
concentration, that composes most of the NMR signal. For example, in a 
protein sample the water concentration is about 55 M (i.e. 110 M protons) 
whilst the protein concentration is normally in the millimolar range. In this 
chapter we use solvent and water interchangeably since many of the methods 
were developed with water being the solvent in question (we stress, however, 
that the methods discussed in this chapter are not restricted only to water). 
The need for solvent suppression pervades almost all areas of NMR including 
protein and nucleic acid studies,-3 imaging and organic chemistry. Liquid 
chromatography (LC) NMR4v5 has particularly severe suppression require- 
ments since there is typically more than one solvent resonance (together with 
corresponding 13C satellites) and the flow of the mobile phase means that the 
spins within the RF coil are constantly being replenished by fresh spins and 
the solvent resonances change frequencies during an experiment due to the 
solvent gradients 

Due to the way in which NMR signals are detected, a large solvent 
resonance causes complications. To avoid saturation of the receiver by the 
(unsuppressed) solvent resonance, the gain must be set very small which may 
result in the solute signal being too small to be digitized (note analogue-to- 
digital converters (ADC) are typically 12 or 16 bit) thereby precluding its 
observation (see Fig. 1). Thus, the solvent peak must be suppressed to a level 
adequate to ensure proper digitization of the solute signal. However, the large 
residual solvent peak still distorts the baseline and so generally the suppres- 
sion needs to be much better than that required for the ADC. vpically a 
suppression of at least two orders of magnitude is required and for good 
spectra with only 1 mM of solute, suppression factors of the order of lo3 to lo5 
may be required. In fortunate cases it may be possible to use an inert solvent 
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Fig. 1. 'H NMR spectra of a lysozyme solution ( 1 O m M  in 1O:W 'HzO:H2O, pH 3.7) 
(A) without water suppression and (B) with the water resonance suppressed using the 
Water-PRESS sequence (see p. 305). Both spectra were acquired at 310 K at 300 MHz 
and in both cases a d 2  observe pulse was used. To avoid saturation of the analogue-to- 
digital converter the receiver gain used in acquiring spectrum (A) was 28 dB less than 
that used in acquiring spectrum (B). (From Price et 41."') 

(e.g. 'H'O in the case of 'HNMR), but solvent substitution can be both 
expensive and tedious as well as hindering/preventing the observation of 
exchangeable residues In many cases, such as in vivo studies, it is completely 
impossible. Also due to chemical reasons (i.e. solubility and aggregation) the 
range of allowable solute concentration is strictly limited. This is particularly 
true in the case of macromolecules where the onset of aggregation can occur 
in the millimolar range (e.g. Price et a/.'). 

Solvent suppression is a very difficult problem because it is not generally 
possible to manipulate the solvent resonance independently of the solute 
resonances in the frequency domain. Deeper reflection reveals a myriad of 
associated complications that derive from either chemical, physical or in- 
strumental origins. For example, how to observe signals that resonate close or 
under the water resonance (e.g. protein a-protons) and resonances of nuclei 
that exchange with the solvent without being affected by the solvent suppres- 
sion and problems resulting from the presence of large signals (e.g. radiation 
damping (RD) and demagnetization field effects). Instrumental limitations"" 
including the inhomogeneity of the static magnetic (i.e. Bo) and radio 
frequency (i.e. B , )  fields and the imperfection of selective pulses (frequency 
selectivity and pure phase), can diminish both the selectivity and degree of 
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suppression. Thus, in theory while some suppression methods should work 
very well, in practice they go nowhere near their theoretical predictions. 
Hence in the present chapter although we discuss the pitfalls of different 
methods we try not to be too judgemental since the success of a particular 
method depends on the spectrometer RF capabilities, probe sensitivity, 
sample and field strength. Thus, what will work well in one instance may fail 
dismally in another. 

There exist a vast number of suppression methods, and comprehensive 
reviews covering the earlier development and applications of solvent suppres- 
sion of a general n a t ~ r e ~ * ~ , " - ' ~  and also related to in vivo NMR8,13*15 can be 
found elsewhere. Solvent suppression techniques are intricately linked with 
the progress in both theoretical and technical aspects of many of the 
subdisciplines in NMR from signal-processing to shaped excitation pulses and 
more efficient gradient coils. In the last decade the rapid progress in these 
fields has resulted in suppression techniques undergoing a renaissance, ac- 
cordingly in this review particular attention will be given to developments in 
the last decade, although earlier methods will be briefly covered to put these 
later developments into context. For example, in protein studies it is now 
commonplace to observe all of the spectra required for structural studies in 
water instead of having to go through the tedious process of solvent exchange. 
Working in water has the advantage that water can be used as a magnetization 
reservoir affording the possibility of performing experiments such as the 
reverse detection of 15N in ''N labelled molecules 

Many of the limitations of the different approaches to solvent suppression, 
especially on modern spectrometers, result from the "side-effects" of per- 
forming NMR in the presence of an intense signal. In this chapter we will pay 
special attention to the effects of radiation damping and the demagnetiza- 
tion field since these effects are more troublesome with modern sensitive 
spectrometers and higher magnetic field strengths. Consequently, before 
presenting any of the methods of solvent suppression, we review in Section 2 
the complications arising from NMR in the presence of concentrated samples. 
In Section 3 the basic pulse sequence methods of suppressing solvents are 
discussed with greater emphasis placed on more recent developments. Fur- 
ther reductions of the solvent signal can then be performed using postprocess- 
ing, and these techniques are also considered in this section. Suppression of 
radiation damping effects is considered in Section 4. Finally, the use of solvent 
suppression in multidimensional experiments is discussed in Section 5. Some 
attention is given to suppression in in vivo and imaging studies in Section 6. 
Finally in Section 7 solvent suppression in the presence of high-molecular- 
weight solutes and suppression of "0 is briefly discussed. As all encompass- 
ing as this review might endeavour to be, it is not possible in the space of one 
chapter to give more than a scant overview of the current starus quo. We 
stress that most of what shall be discussed below is equally applicable to any 
strong (i.e. concentrated) solvent resulting in an intense signal. 
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2. COMPLiCATIONS DUE TO LARGE RESONANCES 

2.1. Introduction 

In this section we state more clearly why we want to suppress and/or control 
the behaviour of the solvent resonance beyond the naive viewpoint of solvent 
suppression merely for allowing adequate digitization of the solute signals. In 
the last five or so years in particular, it has more generally been realized that 
the behaviour of small signals and large signals differs for two reasons: (i) 
radiation damping and (ii) the effects of the demagnetizing field (sometimes 
called a “dipolar field” or “bulk susceptibility effect”). Consequently, a 
(theoretically sound) suppression method might fail miserably in practice 
since the solvent effectively sees a different pulse sequence than the solute, 
Both of these two rather different “collective” effects, which both originate 
from strong net magnetization, cause the magnetic field during a pulse 
sequence to become time-dependent. This not only decreases the efficiency of 
solvent suppression sequences but can also generate artifacts. Sobol ef 
~ 1 . ’ ~  have noted that radiation damping and demagnetization field effects 
have serious consequences for difference-type experiments as are commonly 
employed for studying macromolecular hydration. They noted that in spite of 
its small magnitude, the radiation damping field may affect nuclei resonating 
as much as 2 or 3 kHz away from the solvent signal. Such disturbances can be 
of the order of 1% of the equilibrium nuclear spin magnetization; the 
corresponding signals may become visible when using difference techniques. 

The radiation damping field, which points in a direction perpendicular to 
both Bo and the magnetization vector,” acts as a torque on the magnetization 
thereby greatly affecting the apparent relaxation properties (see Fig. 2); 
whereas the demagnetizing field is parallel to the z which results 
in the addition of a very weak field to the externally applied field. 

In the absence of collective effects, the Bloch and Redfield equations are 
linear differential equations for the components of the average spin mag- 
netization and the reduced density operator of the spins in one molecule, 
respectively. However, the presence of an additional magnetic field (i.e. 
demagnetizing field and/or radiation damping) which depends explicitly on 
the average state of the molecules makes these equations nonlinear?’ Both 
of these additional magnetic fields can result in insidious artifacts that 
can be easily confused with multiple-quantum effects in multidimensional 
 experiment^,^^^' such as multiple-quantum-like harmonic peaks along the 
Fl dimension in COSY spectra of liquid water. Possible mechanisms for 
these peaks have included classical radiation damping quantized 
radiation damping fields?’-z3 intermolecular dipole-dipole interactionsz4 and 
demagnetizing field e f f e ~ t s ~ ~ * ~ ~ ~ ~ ~ * ~ ~  As this area is still somewhat controversial 
with much continuing research and discussion aimed at clarifying which 
artifacts result from which of the effects and what theoretical framework 



294 W. S. PRICE 

1 0  _ .............................................................................................. _ _ _ _ _ - - - - -  
c--- 

0 & C O  

- Radiation damping 
0 

0 
/ 

/ 
/ ............................................................................................... 

1 
/ 

/ 
8 
E 

/ M 

-50 - / 
/ 

I /  

-100 

I I I J 
0 5 10 15 

Fig. 2. Radiation damping effects on water longitudinal relaxation versus the T delay 
in an inversion recovery sequence (i.e. IT-T-T/~-Ac~.) in a lysozyme sample (10mM in 
10:90 2H20:H20, pH 3.7) at room temperature at 300MHZ using a 5 mM inverse 
probe. In the absence of radiation damping (---) the water has a relaxation time of 
about 3.8 s. Radiation damping significantly enhances the effective longitudinal relaxa- 
tion of the water (-) and the recovery is clearly nonexponential with the null-point 
of the signal occurring before 0.1 s (i.e. T ,  -140ms). (From Price et af.1’2) 

should be used in describing them, we will not consider it further except for 
noting that as far as the present chapter is concerned, it is important that both 
the radiation damping and demagnetizing field effects be accounted for in 
order to achieve good s~ppress ion .~”~~ We consider in more detail the 
characteristics of the radiation damping and demagnetizing fields in the 
following two subsections. 

22. Radiation damping 

Radiation damping effects have been known since very early times in 
NMR394’ and have recently been re~iewed.’’~~’ Radiation damping results 
from the nonlinear coupling between the RF coil and the transverse 
magnetization.17.30.40,41.43,44 e precessing spin magnetization generates an 
oscillating current in the receiver coil which in turn generates an oscillating 
magnetic field which tends to rotate the magnetization back to its equilibrium 
position without changing the length of the magnetization vector (even 
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though this is implied by the term “damping”). However, the transverse 
magnetization does decay and so it is conceptually easy to realize that it can 
have a significant line-broadening effect. The effect of radiation damping can 
be characterized by a time constant (in CGS ~ n i t s ) ~ . ~ ~ , ~ ~  

where y is the gyromagnetic ratio of the spins, q is the filling factor of the 
probe, Q = wL/R is the quality factor of the probe (where o, L and R are the 
resonance frequency, inductance and resistance of the coil, respectively) and 
Mo is the equilibrium magnetization per unit volume. Importantly, radiation 
damping depends on the total transverse magnetization and is insensitive to 
the exact spatial distribution of this magnetization in the sample. Radiation 
damping is an intrinsic phenomenon in all NMR experiments, but its effects 
are much more prevalent in modem spectrometers with their larger static 
fields and more sensitive probes especially probes with superconducting RF 
coils with their extremely large Q values. Radiation damping effects are 
observable for water concentrations less than 1 mM on a modern 500 MHz 
spectrometer.* Mao and Ye4’ have pointed out that the radiation damp- 
ing time can be determined by measuring the line-width of a d2-excited 
resonance by using the following formula, 

?he nutation induced by an applied RF pulse has a constant angular 
velocity, 

where 8 is the angle between the magnetization and the Bo field. However, the 
nutation induced by radiation damping is not a constant and is given by 

(d6/dt)m = -sin WTm (4) 

It might be reasoned from Eq. (4) that even if the solvent resonance was 
perfectly inverted there would be no radiation damping. However, it has been 
shown that radiation damping can be initiated in magnetization stored along 
the -z-axis by residual RF leakage and even thermal noise from the RF 
coil?’ 

As is evident from Eq. (l), the radiation damping effect is particularly 
severe for large solvent peaks and can make the solvent return to equilibrium 
many times faster than the intrinsic longitudinal relaxation time (see Fig. 
2). Thus, the effects of radiation damping are a major source of difficulties 
in manipulating solvent magnetization and need to be considered in the 
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design and application of solvent suppression schemes, the design of soft 
pulses and of course whole pulse sequences8a20.45p950 Suppression sequences 
which involve periods in which the water magnetization is perpendicular to 
the static field are the worst affected. Further, radiation damping effects may 
vary considerably at different stages of an RF phase cycle” thereby adding 
further complexity to the problem. Magnetization that has been spatially 
encoded has no net transverse magnetic moment and is thus not subject to 
radiation damping. Hence, Bo or B, gradients can be used to purge transverse 
magnetization thereby eliminating and/or delaying the onset of radiation 
damping. 

Neglecting relaxation, the envelope of a strongly radiation-damped free 
induction decay (FID) is given by a hyperbolic secant 

S( t )  = Mo exp(iAwt)sech[t/Tm-ln[tan(6~2)]] ( 5 )  

where AOJ is the chemical shift offset and 6, is the initial angle of the 
magnetization with respect to B,,. Thus, if 0, S d 2 ,  the FID simply decays but 
if @,a d 2  the FID must first reach a maximum before decaying and the phase 
cannot be adjusted to obtain a pure absorption lineshape (see Fig. 3).47*52 This 
effect has been elegantly explained by Mao and Ye17 (see Fig. 4). In the 
absence of radiation damping the magnetization will return to equilibrium by 
simple decay, however, in the presence of radiation damping, the magnetiza- 
tion will return to equilibrium by tracing out the surface of the Bloch 
sphere. 

Given the effects on the FID, it is less than surprising that radiation 
damping hampers the determination of spin-lattice relaxation times using the 
inversion recovery ~equence,5*~’ spin-spin relaxation time 
and also has large effects on lineshapes and i n t e n ~ i t i e s ~ * ~ ~ ~ ~ ~ - ~ ~  Consequently, 
an FID from nuclear spins subject to radiation damping is a poor guide for 
magnetic homogeneity adjustment. Radiation damping during the evolution 
period (tl) and mixing times of 2D experiments such as NOESY and ROESY 
results in broadening of the water cross-peaks along Fl .@ 

Fig. 3. ’The effects of radiation damping on an FID acquired after a single pulse and 
the corresponding Fourier transformed spectrum. The FIDs were simulated using Eq. 
(5) with 2048 points, TRD = 50ms and a spectral width of 400 Hz. The flip angles (i.e. 
e0) were (A) d4, (€3) d 2 ,  (C) 37d4 and (D) 0.99 IT. For &s rr/2 the FID and spectra 
appear normal with the FID simply decaying. However, as Oo> rr/2 the situation 
changes dramatically with the FID first “growing” before it decays and it is no longer 
possible to phase the spectrum into a totally absorption lineshape. As 0, approaches rr 
(FID and spectrum D) the situation becomes particularly severe. Such lineshapes are 
commonly observed when trying to calibrate FW pulse lengths by determining the r 
pulse length using strong signals. 
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RF Pulse 

Fig. 4. An RF pulse initially rotates the magnetization away from the z-axis (i.e. 
thermal equilibrium) by, in this example, an angle of about 170". In the absence of 
radiation damping effects the magnetization follows the normal relaxation pathway 
(-) back to the thermal equilibrium. However, in the presence of radiation damping, 
the magnetization retains its coherence and returns to the equilibrium position on the 
surface of the Bloch sphere (----). (After Mao et ~ 1 . 5 ~ )  

2.3. Demagnetization field effects 

The equilibrium proton (or other highly abundant species) magnetization in 
water at room temperature directly generates a field. This can result in 
nonlinear behaviour and, in fact, was first observed in solid 3He61 and later for 
liquid 'He.6' Depending on whether the bulk magnetization of the water is 
oriented parallel or anti-parallel to the main field, the solute signals can be 
shifted by 1 Hz.h3 This contribution is sufficient to shift slightly the NMR 
frequencies of other species in the sample including those of other isotopes. 
Thus, this effect can be changed nearly instantaneously with RF pulses. This 
effect can be a local effect or through the entire sample and depends strongly 
on the shape of the sample and the spatial distribution of the spin magnetiza- 
tion and is further complicated by the use of magnetic and RF gradients since 
these introduce a spatial modulation of the magnetization. We also emphasize 
that whenever radiation damping effects are strong so are the demagnetiza- 
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tion field effects.17 In fact, in a long cylindrical sample with uniform mag- 
netization, the maximum radiation damping field is of the order of the 
maximum dipolar field multiplied by qQ?O 

The magnitude of the dipolar coupling between two spins has an angular 
dependence of 

3 cos2f3 - 1 (6) 

where 8 is the angle between the interspin vector and Bw For a spin pair 
separated by a short distance R, molecular diffusion will rapidly average this 
to zero. However, for more distant spin pairs the average is incomplete as the 
interspin vector will not sample all possible angles While the couplings 
diminish at RV3, the number of spins at a distance R from a given spin is 
proportional to R2, so the net couplings between (distant) spins can still be 
significant. Ordinarily the orientation of the magnetization vector is uniform 
throughout the sample and so averaging over all spins at a distance R makes 
the net magnetic field vanish. However, the situation changes if magnetiza- 
tion direction is made anisotropic through, for example, the application of 
gradient pulses. In such a case the long-range couplings might not be 
completely averaged. The classical demagnetizing field is embodied in the 
collectivity of these couplings. 

The demagnetizing field can cause a number of puzzling effects, most of 
which have recently been carefully reviewed by Levitt” including multiple 
spin-echoes in liquids.61*62*646s The magnitude of the demagnetizing field is 
5 X of Bo or less and yet this small field can produce a second echo of the 
order of 40% of the size of the main ech0.6~ It is emphasized that large field 
strengths are not necessary for the observation of such effects; they were 
predicted to occur for water with a field strength of only 1Td’ and have 
certainly been observed at a frequency of only 90 M H z . ~ ~  Thus these effects 
are relevant to nearly all modern spectrometers. The demagnetizing field 
effect has been implicated as the cause of unusual phase behaviour in 3H 
NOESY e~periments.6~ 

These effects on NMR can either be described by a classical treat- 
ment of the demagnetization field or by a macroscopic quantum treat- 
ment which removes several important simplifications such as the concept 
of the molecular spin system and the rejection of the high-temperature 
appr~ximat ion?~,~~,~’ ,~~  However, Levitt” has noted that only the classical 
treatment produces quantitative agreement with experiment. 

A means of minimizing the effects of the demagnetizing field can be found 
from inspection of Eq. (6). If pulsed field gradients (PFGs) are applied at the 
magic angle (54.7”, i.e. magic angle gradients or MAGs) with respect to the 
main magnetic field the demagnetizing field effects disappear (or are at least 
r e d ~ c e d ) ? ~ ” ~ ~ ~ * ~ ~  MAGs inhibit the conversion of solvent antiphase mag- 
netization present at the beginning of the acquisition period to in-phase 
magnetization and hence to observable ~ i g n a l ? ~ . ~ , ~ ~  
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3. SUPPRESSION METHODS 

3.1. Introduction 

A suppression method must appeal to some NMR accessible difference 
between the solvent and the solute. The most obvious basis for discrimination 
lies in a difference in chemical shift and, with increasing field strength, this 
becomes a better basis for discrimination. However, the chemical shift fails as 
a basis for discrimination when the solute resonances of interest are too near 
or even under the water resonance (e.g. protein a-protons) or because good 
shimming is impossible (e.g. a magnetically heterogeneous sample). In such 
cases differences in relaxation time (i.e. TI or T2),  translational diffusion ( D )  
or that water has no heteronuclear couplings may be used as the basis of the 
suppression method - these discriminants have the advantage of not requir- 
ing good lineshape. Many methods of suppression have become possible 
only with the advent of magnetic gradients and selective RF pulses, and 
some pertinent aspects with regard to solvent are considered in the follow- 
ing subsection. In the broadest sense, suppression methods can be class- 
ified either as pulse sequence methods or hardware/postprocessing methods. 
Hardware suppression methods, although being inflexible, have the ad- 
vantage of not requiring any user intervention after being set up. Software- 
based postprocessing schemes can be used in addition to pulse sequence 
suppression methods to enhance further the degree of suppression. These 
methods are reviewed in the section on Postprocessing and selective detec- 
tion-based methods (p. 325). 

Many pulse sequence suppression schemes exist and these can be loosely 
classified into three broad classes: (i) saturation based, (ii) magnetization 
destruction based, and (iii) methods avoiding solvent saturation. An ideal 
method would suppress the solvent only with no other effect on the spectrum. 
In reality this is never the case. For example, some suppression sequences 
which involve frequency-selective excitation result in frequency-dependent 
artifacts such as phase shifts and amplitude responses. Sometimes the ap- 
plicability of a suppression method depends on the sample. For example, in 
addition to creating artifacts, caution must be taken when using suppression 
methods that involve saturation since cross-relaxation can result in significant 
signal loss, especially with large molecules 

Suppression sequences are normally used in combination with some form 
of measurement pulse sequence which could be a multidimensional sequence 
(e.g. a NOESY sequence). This may change the requirements (less restrictive 
or more restrictive) of the suppression method. Suppression in multidimen- 
sional experiments is considered in Section 5. Suppression techniques, as we 
have noted above, are influencedrestricted by instrumental limitations and 
the sample itself and we note that simply by confining the sample to a smaller 
volume. for example through the use of susceptibility matched microtubes, 
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many of the problems (e.g. Bo and B1 homogeneity) are reduced. It is 
difficult to decide on a bench mark to enable easy comparisons of perfor- 
mance. GuCron and Plateaug have proposed the use of a standard sample. 
They emphasize that artifacts due to the suppression sequence are perhaps 
more important than the degree of residual solvent signal. Comparisons 
of binomial-type sequences,'* gradient-based sequenced4 and with respect 
to use in magic-angle sample spinning of various unsonicated biological 
membranes and lipid  suspension^^^ and for use in biofluid studies74 have been 
presented in the literature. 

3.2. Gradients and shaped RF pulses 

Gradients 

Due to the great strides in gradient generation technology, most recent 
spectrometers are capable of generating highly constant gradients suitable for 
solvent suppression that have fast rise and fall times and rapidly decaying 
residual  gradient^'^ Gradients provide the basis of new and/or more efficient 
means of water suppression and can effect suppression through either (i) 
coherence selection, (ii) differential diffusion between solvent and solute or 
(iii) by destruction of the magnetization after it has been selectively excited. 
We also note that their ability to provide spatial encoding and spatially 
selective excitation has particular relevance for suppression in in vivo studies. 

All of the gradient-based methods can be understood from the Larmor 
equation and thus for a spin at location r after the application of a gradient 
pulse g of duration 6, the phase 4 will be given by 

4w = v % * r  (7) 

where n is the order of the coherence. Thus, the gradient pulse results in a 
strong positionally dependent phase shift and the magnitude of the shift is 
larger for higher coherence orders. The gradient is generally only directed 
along z although on more sophisticated machines it may be possible to 
generate the gradients along any of the x ,  y or z axes or linear combinations 
of these. For example, 
(i.e. 8 = 54.74" = cos( 

a magic angle gradient with respect to Bo 

Shaped pulses 

The selectivity of a rectangular RF pulse can be increased merely by 
lengthening the pulse and using a reduced power; however, this approach is 
limited as it results in a sinc function-shaped excitation profile. Also, to 
achieve the desired selectivity, the pulse duration will eventually become too 
long and solute and solvent relaxation effects may become significant during 
the pulse. Hence in attempts to keep the pulses short while retaining 
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selectivity, increasingly sophisticated shaped pulses have been developed 
including some that allow multifrequency irradiation with only a single 
transmitter such as shifted laminar pulses (SLP).76 The exact magnetization 
excitation pattern resulting from an RF pulse can, in general, be calculated 
from the Bloch equations. However, the reverse problem of how to find the 
form of the time-domain RF excitation needed to achieve the desired 
frequency domain is not straightforward due to the nonlinearity of the Bloch 
equations. Recently there have been a number of reviews on shaped pulses, 
selective excitation and design  technique^.'^-'^ The choice of the selective 
excitation pulse depends on the required excitation profile and the phase 
requirements of the excited magnetization and this can be particularly 
difficult in in vivo applications due to the greater Bl inhomogeneity, Accurate 
flip angles in the presence of B ,  inhomogeneity can be obtained using 
adiabatic RF pulses.80 Importantly, whenever the selectively excited mag- 
netization is to be subsequently destructed by a gradient pulse, the phase 
requirement is removed.'s~s' 

3.3. Saturation-based methods 

Discrimination by chemical shift 

Presaturation and spin-locking-based methods. The notion behind presatura- 
tion suppression techniquess2 is to selectively saturate the solvent signal 
before the excitation of the spins of interest and subsequent acquisition of 
their signals. The simplest variant of this type of sequence is where a soft pulse 
of constant amplitude (i.e. cw irradiation) is applied at the solvent frequency 
for a period of the order of the solvent Tl to "presaturate" the solvent (see 
Fig. 5A). Often there is a residual baseline hump and some improvement can 
be had by combining the presaturation method with volume selection, since 
the volume selection filters out signal from parts of the sample where Bo or B1 
is less homogeneous. A widely used means of doing this is to combine 
presaturation with a 1D NOESY sequence. This sequence corresponds to the 
first increment of a 2D NOESY experiment with the mixing time set to some 
very short value (see Fig. 5B). l3e  NOESY sequence gives better signal 
suppression mainly due to the volume selection resulting from the phase 
cycling of the pul~es.8~ Apart from the NOESY sequence, many volume 
selection sequences exist, for example the sequence 90~90~90"_90"_,84 is 
equivalent to 90;. Volume selection as part of suppression schemes has also 
been proposed using the GROPE-16 sequence8s and composite refocus- 
ing pulses.% Neuhaus et al.83 have proposed a variation termed FLIPSY 
(FLfP-angle adjustable one-dimensional NOESY) sequence which combines 
presaturation with a low angled pulse for excitation and two n- pulses (see Fig. 
SC). The volume selection is achieved by application of the EXORCYCLE 



A 

B 

C 

D 

WATER SIGNAL SUPPRESSION IN NMR SPECTROSCOPY 303 

T i 2  

Ew 

TI2 

RF 

RF 

n T / 2  

Fig. 5. Various presaturation-based suppression sequences: (A) presaturation, (B) 1D 
NOESY, (C) FLIPSY and (D) SCUBA. The phase cycling for the 1D NOESY and 
FLIPSY sequences can be found elsewhere.= The P pulse in the SCUBA sequence can 
be replaced with a composite IT pulse to ensure more complete inversion. 

phase to one or both of the P pulses. An important difference is that 
with FLIPSY, unlike the 1D NOESY experiment, the excitation pulse angle 
can be varied. 

Presaturation may result in significant bleaching out of the resonances near 
the solvent frequency (e.g. protein C W  protons if irradiating at the water 
frequency) in the resulting spectrum (see Fig. 6). The saturation can also be 
spread to labile protons via chemical exchange and, especially in macro- 



304 W.S.PRICE 

1 '  1 1 I 1 I I I I 

12 10 8 6 4 2 0 -2 

PPm 

Fig. 6. Comparison of the (A) Water-PRESS, (B) WATERGATE and (C) presatura- 
tion methods on a lysozyme sample (10mM in 9o:lO 2H,0:H,0, pH 3.7). All three 
spectra were acquired at 310 K at 300 MHz and under the same conditions as far as 
possible (e.g. receiver gain and number of scans). In acquiring spectrum (C), an 
inversion delay (DNP) of 2.58 s was used with a series of 0.5 ms z-gradient pulses with 
an intensity of about 1 G cm-'. It can be clearly seen that the intensities of the protein 
C H  protons near the water frequency (- 4.5 ppm) are greatly attenuated in (A) and 
nearly absent in (B) compared to those in (C). (From Price et d*") 

molecules, by propagating through the spin system by cross-relaxation (i.e. 
spindiffusion; see Section 7.1). The bleaching and saturation transfer effects 
can be reduced by making the presaturation frequency range more selective 
and/or using a lower-powered presaturation pulse. The degree of attenuation 
of labile protons depends on the proton-water exchange rate.@ The 
exchange rate may be able to be minimized by judicious choice of PH.*~ One 
way of recovering these resonances especially in the case of large macro- 
molecules (i.e. for which T2 < TI) is by using the SCUBA (stimulated 
cross-peaks under bleached alphas) methodw (see Fig. 5D) in which a short 
delay, fp, is placed after the presaturation pulse to allow the resonances (e.g. 
C"H) to equilibrate with their neighbours through dipolar cross-relaxation. 
A composite m pulse in the middle of tp prevents recovery of the water. 

the inhomogeneity of the RF field is 
used to dephase the water magnetization that is not aligned along the 

In spin-locking-based 
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spin-lock (SL) axis. Hence, the effectiveness of the suppression increases with 
the RF strength. High-power spin-lock pulses of 1 to 2msduration are 
sufficient nearly to complete average magnetization in the plane orthogonal 
to the spin-lock axis. If a pair of orthogonal spin-lock pulses is separated by a 
delay T for free precession (e.g. SL+,.-T-SL), only the magnetization at the 
carrier frequency and at multiples of 1/(27) is suppressed. The excitation 
profile is described by 

where Y is the offset from the carrier frequency. Consequently, if there is no 
interpulse delay (i.e. 7 = 0), then all magnetization is suppressed. To avoid 
echo effects SL pulses of different length are generally u ~ e d . 9 ~ ~ '  Sodano and 
Delepierre% have recently reported short-hard pulse and SL pulse combina- 
tions that gave very good suppression and have binomial-like (see Binomial 
sequences, p. 322) frequency responses. They presented examples of NOESY 
spectra of a 0.25 mM DNA sample in 90% H 2 0  acquired using these suppres- 
sion schemes. 

No matter how strong the RF pulse is and how long it is applied for, it is 
difficult to suppress the solvent peak by more than a factor of ld.97 This 
mainly results from the long FW irradiation with fixed phase making some of 
the solvent magnetization align along the direction of the RF field (i.e. 
~pin-locking).~' Taking this as a basis, Mao and Yewvw have proposed the 
phase-shift presaturation technique in which the RF phase is shifted by d 2  
during the cw irradiation. This results in the spin-locked magnetization being 
forced to nutate and be dephased by the RF inhomogeneity. With suitable 
phase-cycling, they have achieved suppressions of the order of 1@-106 using 
this method.w 

Discrimination by relaxation time 

Since the solvent is typically a much smaller molecule than the solute (e.g. 
a protein), its relaxation time is generally much longer than that of the solute 
and this difference can be exploited. However, as the difference in relaxation 
time between the solvent and the solute becomes smaller, there is a 
significant loss of signal of the resonances of interest when relaxation 
differences are used as the basis of suppression. Importantly, relaxation- 
based suppression sequences result in flat baseline responses throughout the 
entire spectrum. 

WATR, WEFT and Water-PRESS. If the transverse relaxation of the water is 
faster than the spins of interest, suppression can be achieved using the 
CPMG-based WATR (water attenuation by T2 relaxation) method.'OO.'O1 The 
T2 relaxation time of the water can be selectively decreased through the 
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A 

Fig. 7. (A) The W E m  sequence; in this sequence the T pulse is applied to rotate all 
of the magnetization (i.e. both solute and solvent) to the -z-axis. A delay (DNp) of 
sufficient length is used to allow the water magnetization to relax to the ongrn 
(DNp = In(2)Tp0) whilst during the same period, by virtue of faster longitudinal 
relaxation, the solute resonances have reached thermal equilibrium. An excitation 
pulse (represented here as a 7r/2 pulse) is then applied and an almost water-free 
spectrum is acquired. However, in the presence of radiation damping the water 
quickly returns nonexponentially to the equilibrium position at a similar rate to the 
solute nuclei (see Fig. 2). However, if during DNp a series of n very weak and evenly 
spaced gradient pulses are applied so as to inhibit the effects of radiation damping, the 
water relaxes according to its natural spin-lattice relaxation rate. This is the basis of 
the Water-PRESS sequence (B). A n  example of a spectrum obtained with Water- 
PRESS is shown in Fig. 1B and Fig. 6. 

addition of molecules that promote exchange such as urea,"" by addition of 
transition metal complexes'02 or through the use of 170-enriched water.Io3 

An elegant suppression technique is to use the difference in relaxation time 
between the water, TFo, and the solute, Tp',  in an inversion recovery 
experiment to suppress the water resonance (also known by the acronym 
WEFT, water eliminated fourier transform spectrurn)'O4~'O5 and variations on 
this In this method (see Fig. 7A) the d 2  pulse is applied at a 
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time DNp after the 7~ pulse which corresponds to the null point of the water 
signal (i.e. DNp = In(2)TPO). Providing that TFo %- TP' the solute mag- 
netization will be acquired with nearly full intensity whilst that of the water 
will be greatly suppressed. WEFT-based techniques are particularly attractive 
for protein studies as they provide one of the best opportunities for observing 
solute resonances close to the water resonance.lo9 Mirau"' has presented a 
method which is a combination of the WATR and WEFT techniques which 
uses selective pulses. If the solvent has a shorter TI than the solute, some 
suppression may be had by preceding the sequence with an inversion recovery 
sequence. 

While the intrinsic longitudinal relaxation time of water is nearly an order 
of magnitude longer than that of most protein resonances, the effects of 
radiation damping, especially at higher magnetic fields and with sensitive 
probes, dominate the effects of the inherent relaxation mechanisms of the 
water protons (see Fig. 2). This results in the water resonance having a very 
similar effective relaxation time to that of the protein resonances. Conse- 
quently the efficiency of the WEFT method is not only compromised but the 
intensity of the solute resonances is distorted by differential relaxation as the 
protein resonances do not have sufficient time to reach thermal equilibrium 
while maintaining the conditions necessary for the nulling of the H,O signal. 
A recent variant of WEFT termed water-presequence suppression (Water- 
PRESS, see Fig. 7B) uses magnetic field gradient pulses to inhibit the 
initiation of radiation damping by dephasing any net transverse magnetiza- 
tion (see Section 4.2).1",112 In Fig. 1 an aqueous solution of lysozyme is used 
to demonstrate water suppression obtained using the Water-PRESS subunit. 
Water-PRESS is compared with presaturation and WATERGATE (see 
WATERGATE and related sequences, p. 314) in Fig. 6. 

An obvious criticism of WEFT-based sequences from a practical viewpoint 
is the (long) delays needed to achieve the null-point. However, it is unneces- 
sary to wait for full solvent relaxation between scans as in reality only the 
difference in the relaxation time between the solvent and solute is important. 
Thus, we can show that the delay required for water relaxation (i.e. the recycle 
delay), DHzo, is given by"' 

where 8 is the flip angle of the excitation pulse and T p o  is in reality only an 
effective relaxation time due to the effects of radiation damping. An example 
of a spectrum of lysozyme acquired with the water in the steady state regime 
is given in Fig. 8. 
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Fix. 8. Water-PRESS sequence under steady-state conditions. The change in the 
longitudinal magnetization of the water protons when D,, 4 5 X TFo is schemati- 
cally shown in (A). We have chosen to present the sequence in this order to make it 
more obvious that the acquisition time is part of DH20. As before (e.g. Fig. 7B) there 
is a series of z-gradient pulses applied during DNp (not shown). The sequence is shown 
contained in brackets with a subscript n (integer) to emphasize the repetition of the 
sequence which in combination with DHIO << 5 X TFo maintains the water in a steady 
state. The spectrum of lysozyme (1OmM in 9o:lO *H2O:H20, pH 3.7) shown in (B) 
was obtained at 310 K and at 300 MHz with D,, = 2.3 s (note this includes the 
acquisition time of 0.8 s) and DNp = 1.363 s. Because the Water-PRESS sequence was 
run in the steady state the effects of radiation damping are largely eliminated 
throughout the entire sequence including the acquisition time and the only remaining 
evidence of the water (including a contribution from the transmitter spike) is the small 
narrow spike at - 4.5 ppm. 
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3.4. Magnetization destruction-based methods 

Randomization 

In the randomization approach, a selective RF pulse is used to excite the 
solvent signal to become a transverse coherence. ‘Ihis transverse coherence is 
then dephased by a gradient pulse (see Fig. 9A). After the randomization of 
the solvent magnetization, a hard 1r/2 pulse may then be used as the h a 1  
excitation pulse, thus resulting in uniform excitation with minimal phase 
distortion.”3-116 Mo re recently this approach has “acquired” the acronym 
RAW (i.e. randomization approach to water suppre~sion).”~ In the imaging 
literature it is referred to as CHESS.118 The randomization technique is both 
frequency and lineshape independent. Conversely, excellent lineshape and 
phase coherence of the selective pulse are not prerequisites to obtaining 
solvent suppression. The method, with appropriate frequency selective pulses, 
has the possibility of suppressing multiple solvent peaks. 

Assuming that the gradient used is oriented in the z direction, then from 
Eq. (7) the phase randomization attenuates the transverse magnetization in a 
homogeneous sample by a factor f, given by15*119 

where z1 and z2 are the volume element dimensions in the gradient direction 
and the phase at position z ,  &, is given by analogy to Eq. (7). It is important 
to realize that the phase randomization occurs in the plane perpendicular to 
the gradient and that the phase only appears random when integrated over 
the sample volume. Magnetization oriented in the direction of the gradient 
is unaffected by the gradient pulse. When gradient pulses are used to 
effect phase randomization they are sometimes referred to as “crusher” or 
“homospoil” gradients. The efficiency of the randomization also depends on 
the local static field homogeneity. Hopkins et a1.12’ have noted that for simple 
sample geometries, maximum signal attenuation occurs when the gradient is 
directed along the body diagonal of the detectable sample, since this cor- 
responds to the maximum length along the gradient and results in a gradual 
increase in sample volume with distance in the gradient direction. Hence the 
best results should be obtained for Bo gradients by simultaneous applications 
of z ,  and x and/or y gradients. 

Apart from the gradient itself, the degree of suppression is related to the 
efficiency of excitation by the selective pulse and thus the choice of selective 
pulse is important with, for example, hyperbolic secant pulses perform better 
than sinc  pulse^."^ If the solvent Tl is very short and on the order of the time 
for the dephasing procedure, then some (unwanted) z-magnetization will be 
re-established prior to the excitation pulse. One method of circumventing this 
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Rg. 9. [A) Selective excitation and destruction of magnetization using a magnetic 
field gradient pulse. PGSE sequences used for diffusional attenuation of the solvent 
signal, based on the Hahn spin-echo sequence (B) and the stimulated-echo sequence 
(C). In the Hahn spin-echo sequence the magnetization is always subject to spin-spin 
relaxation. However, in the stimulated-echo sequence the delays can be set such that 
A is mainly contained in where the relaxation is longitudinal and thus this sequence 
is preferable for large solute molecules since the condition T2 4 TI usually holds. 
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problem is to follow the dephasing gradient by a weak gradient to broaden 
the solvent signal to 100-2OOHz. A noise pulse is then applied and thus, 
following gradient collapse, the remaining solvent magnetization is ran- 
domized and no coherence is read by the final excitation pulse.'15 Another 
more efficient variation is to use a selective (i.e. shaped) pulse with a flip angle 
slightly larger than d 2  to account for this relaxation so that the solvent 
magnetization becomes null at the time of acquisition.'" Nevertheless, a 1 RF 
pulse/gradient pulse combination is extremely sensitive to any missetting of 
the v/2 pulse. The solvent suppression can be improved by using further 
applications of the selective RF pulse/gradient combination before the excita- 
tion pulse.'16 However, it is necessary to take precautions to avoid gradient 
recalled echoes such as halving the gradient strengths in subsequent RF 
pulse/gradient episodes6 or using different gradient directions. 

A combination of the SCUBA (see Discrimination by chemical shift, 
p. 302) and randomization approaches has also been reported under the name 
RAWSCUBA.1'7 In this sequence the solvent resonance is lint randomized 
by a selective d 2  pulse and gradient pulse combination and then the SCUBA 
sequence is applied (i.e. t,,/2-composite ~ 4 4 2 )  and a final gradient pulse in 
the opposite direction to the first to dephase the water further. 

Mobility-based (diffusion) filters. In many instances, the solute is a much 
larger molecule than the solvent. Since (roughly) D a MW-1'3 the solute 
diffusion coefficient is often much less than that of the solvent. For example, 
the diffusion coefficient of proteins is typically at least an order of magnitude 
below that of water?' This difference in diffusion coefficients as pointed out 
by Stilbs'22 can be used as the basis of a solvent suppression method. This 
is now commonly referred to by the acronym DRYCLEAN (diffusion- 
reduced water signals in spectroscopy of molecules moving slower than 
water) The DRYCLEAN method is merely the application of 
the pulse-gradient spin-echo (PGSE) diffusion sequences (see Figs 9B and 
9C)?5*123 For a single diffusing species the signal is given by'"*'25 

S(g) = S(0) exp( - 27/T2) exp( - $8DS2(A - 6/3)) (11) 

where S(0) is the signal in the absence of gradient pulses, A is the separation 
between the gradient pulses and the echo time is given by 27. It is possible to 
normalize out the relaxation attenuation and thereby define the attenua- 
tion of the spin-echo signal giving the well-known Stejskal and Tanner 
relation,124*'25 

When the difference in diffusion coefficients is very large between the solute 
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and the solvent, the experimental parameters can be chosen such that there is 
very little attenuation of the solute resonances but almost complete suppres- 
sion of the solvent resonance. Thus, we can think of the PGSE approach to 
suppression as being a diffusion or molecular weight filter of the signals From 
Eq. (12) it can be shown that, neglecting relaxation effects, the relative 
attenuation of the solvent and the solute is given by, 

However, as the molecular weight of the solute increases, so does generally its 
transverse relaxation rate so that unless strong gradients are available which 
enable the 6, A and consequently T delays to be kept short, the loss of signal 
due to spin-spin relaxation becomes more pronounced. Additionally, the 
diffusional loss in intensity of exchangeable protons, whose effective diffusion 
coefficient contains a contribution from the solvent, will be affected more 
than nonexchangeable protons. Further, any echo-based system such as 
DRYCLEAN will result in unequal losses of the protein resonances accord- 
ing to the T2 relaxation rates of the individual spins and complications due to 
1-modulation. 

To minimize signal loss due to spin-spin relaxation, it is often preferable 
with larger solute molecules to use a stimulated-echo-based sequence (see 
Fig. 9C) in lieu of the Hahn spin-echo sequence, for which the attenuation 
equation is given by 

S(0) S(g) = -exp(-2~~/T~) exp(--T2/TI) exp(-y2DS2(A - 6/3)) (14) 2 

and the delays T~ and T~ are defined in Fig. 9C. After normalization, the 
equation describing the signal attenuation is again given by Eq. (12). Larger 
solute molecules have T2 Q TI and the inherent loss of a factor of two in signal 
(see Eq. (14)) is often more than compensated by the reduced relaxation- 
related signal loss since the magnetization is subject to longitudinal relaxation 
for the majority of the sequence (i.e. during T~). A further consequence of 
keeping the magnetization transverse for a shorter period of time is the 
reduction in J-modulation effects 

So long as there is a significant difference in the relative diffusion coeffi- 
cients, large suppression factors are easily obtained and the method produces 
a flat baseline with no phase errors. Further, the method allows signals under 
the water resonance and exchangeable resonances to be observed and it does 
not depend on the lineshape of the resonances Diffusion filters also afford 
the possibility of suppressing multiple solvents simultaneously (i.e. all of the 
rapidly diffusing species) as demonstrated in a NOESY sequence by Pontsingl 
and Otting.lZ6 This is a very important point since it provides a simple way of 
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WEX Filter 

Fig. 10. WEX filter'= combined with WATERGATE suppression. 'ihe first 1r/2 pulse 
in the W X  filter is selective to the water, the second is nonselective and the third can 
be either hard or, as shown, selective on the NH protons 7, defines the mixing period. 
The grey gradient pulses are used for coherence selection, the mottled gradient pulse 
is a crusher gradient and the two gradient pulses for the WATERGATE subunit are 
coloured black. Ideally three orthogonal directions would be used for the different 
gradient pulses 

removing small-molecular-weight contaminants and buffer resonances from 
NMRspectra. 

Diffusion filtering techniques also allow the separation of inter- 
molecular from intramolecular water-protein NOES in 1D NOE difference 
experiments"' Mori et ~ 1 . ~ ' ~  have developed the WEX filter (see Fig. 10) 
which is based on a stimulated-echo diffusion sequence (see Hg. 9C). The 
filter only allows through those signals that result from exchanged water. The 
nonexchanged water can then be selectively suppressed with, for example, 
WATERGATE (see below), leaving only those resonances that result from 
the exchange of the water. This exchange filter provides efficient water 
suppression, single-scan gradient-coherence selection and clear definition of 
the mixing time in the pulse sequence. 

Diffusion-based methods such as DRYCLEAN are also applicable to cases 
whzre the solute of interest, although not having an inherently small diffusion 
coefficient, has an effectively small diffusion coefficient by virtue of its 
environment (i.e. restricted diffusion such that would occur if the solute were 
in the intracellular matrix). For example, the intracellular solutes of perfusing 
cells were able to be selectively observed whilst the extracellular water and 
solutes in the surrounding medium were suppressed using the stimulated- 
echo ~equence.''~ In a later work Potter et a1.13' used the same idea to 
suppress extracellular water in bacterial suspensions in porous media. 
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Fig. 11. (A) A conceptual diagram of the WATERGATE subunit, the P RF pulse is 
some type of selective T ulse. (B) Multiple solvent suppression using the double- 
pulsed field gradient echo.L The selective T pulses are SLP pulses to enable multiple 
solvent suppression. To avoid breakthrough of undesired coherences, different values 
for the gradients are used in the first and second echo. The phase cycling is given 
elsewhere.’40 

WATERGATE and related sequences The WATERGATE (water suppres- 
sion by gradient tailored excitation) ~equence’~’-’~~ is like a PGSE diffusion 
sequence except that it uses a selective T pulse which (ideally) affects only the 
solute resonances and has zero intensity at the water frequency (see Fig. 
11A). Thus solute resonances are refocused whilst the water resonance is 
destroyed by the two gradient pulses However, magnetization aligned along 
the z- or -z-axis is unaffected by the sequence. The selective T pulse can take 
a number of forms: (i) it can be a hard rX pulse sandwiched by two soft ~ / 2 - ~  
pulses (applied at the water frequency) which gives zero net rotation of the 
waterI3’ with the selectivity being determined by the length of the ~ / 2  pulses, 
(ii) a sophisticated shaped T pulse or (iii) a binomial 7r pulse, for example 
3a-~-9a-~-19a-~-19a-~-9a-~-3a (i.e. a “3-9-19” sequence where a = ~/26).’~’ 
When the phases of the pulses are set as x, x, x, - x ,  -x ,  --x the binomial T 
sequence produces zero net excitation on resonance and at offsets, 

Avzro = nlr, for n = 0 , 1 , 2 , .  . (15) 
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and if the phases of the pulses are set as x, -x ,  x, x, -x, x the binomial ‘TT 

sequence produces off-resonance suppression at offsets, 

Avwro = (2n + 1)/27, for n = 0, 1 ,2  . . .. (16) 

The use of the binomial sequence in WATERGATE has the advantage of 
being more insensitive to errors in pulse amplitudes and phases However, the 
excitation profile is no longer uniform with a broad excitation region around 
the water and at the ends of the spectrum. Although achieving high levels of 
suppression, resonances close to the water resonance are also significantly 
suppressed since the P pulse is not totally selective (see Fig. 6). Recently a 
modified WATERGATE sequence with reduced suppression bandwidths has 
also been deve10ped.I~~ Interestingly, radiation damping effects can actually 
make the half-width suppression profile narrower in WATERGATE when 
using a high-proton concentration water ~amp1e.l~~ This is due to the effects of 
radiation damping providing an efficient decay mechanism for the transverse 
magneti~ation.~~ If the transmitter is set to the water frequency, there is no 
radiation damping and the highest degree of suppression is obtained. The 
degree of suppression is reduced as the transmitter is moved away from the 
water frequency. 

Providing the echo interval in WATERGATE is kept short to minimize 
J-modulation, T2 relaxation and molecular diffusion effects (i.e. note the 
similarity with the Hahn spin-echo-based PGSE sequence in Fig. 9B), the 
desired resonances are retained in the spectrum with near-full intensity while 
the water peak should be suppressed by a factor of at least lo4. Scalar 
coupling evolution can be refocused if the 7~ pulse in the WATERGATE 
sequence excites only some of the solute resonances but not the scalar 
coupled partners (for example amide resonances).lB 

In one-dimensional usage, a d 2  nonselective excitation pulse can be 
applied before the WATERGATE sequence. In cases where it is desired to 
observe exchangeable protons, a selective ?r/2-, pulse (selective of the water 
resonance, for example an EBURP2 pulse’35) can precede the nonselective 
77/2 pulse. WATERGATE can be incorporated into two- and higher-dimen- 
sional experiments (see Section 5). 

Dalvit et al.’36 have recently presented a modified version of the WATER- 
GATE sequence that they have termed “MULTIGATE” which can be used 
to suppress multiple solvent signals. In this modified sequence, the two 
selective d 2  pulses of the WATERGATE sequence are replaced with two 
selective d 2  SLP. These pulses excite two or more solvent signals. Shaka ef 
u1.137J38 have proposed a double gradient pulsed field gradient spin-echo 
(DPFGSE) method which is sometimes referred to as “excitation sculpting” 
(see Fig. llB), which is in effect a double-echo version of the WATERGATE 
sequence and is very tolerant of miscalibrated pulses and gradient strengths. 
Although the double-echo approach allows for better suppression and phase 
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Fig. 12. Example of multiple suppression. (A) Reference spectrum of 4 mM Sandos- 
tatin' at pH 7.6 in 250 pl H,O, 250 pl h6-DMS0 (50 pl 'H20). (B) Spectrum recorded 
with the pulse sequence given in fig. 11B using 16 scans. The length of the rSLp pulses 
was 2.9 rns. The asterisks denote residual solvent signal. (From Dalvit" with permis- 
sion.) 

properties, the suppression profile is somewhat broader and the sequence 
takes twice as long. Parella et have demonstrated that a simple variant of 
the double gradient echo sequence'37 using rectangular-shaped selective 7~ 
pulses can be used to effect multiple solvent suppression. In a related work, 
Dalvit" has presented another modified DPFGSE sequence incorporating 
SLP pulses,'6 based on soft rectangular strongly truncated Gaussian pulses, 
which can be used to affect solvent at multiple frequencies (see Fig. 1lB). The 
SLP pulses contain as many modulations as the number of solvent signals to 
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be suppressed (see Fig. 12). We note that to achieve good multiple suppres- 
sion, some degree of sequence optimization is required. 

Mescher et ~ 1 . l ~ ~  have proposed the MEGA sequence which is related to 
both the WATERGATE and DPFGSE sequences, with the additional ad- 
vantage that signals outside the suppression band are refocused with a single 
pulse, whereas in the DPFGSE sequence more time is required as the signals 
of interest must experience at least two refocusing pulses MEGA, like 
DPFGSE, is less susceptible to flip angle errors of the selective pulses than 
WATERGATE.141 However, while DPFGSE generates constant magnetiza- 
tion phase, MEGA yields uniform magnetization phase only when a constant 
rotation axis is provided by the pulse used to refocus the spins of interest. 

WET. WET (water suppression enhanced through Tl e f f e ~ t s ) ~ , ~ ~ ~  was 
originally proposed for use in localized spectroscopy where Tl and B1 
inhomogeneity can be a problem."' It uses a series of four frequency- 
selective RF pulses each followed by a gradient pulse. If simultaneous 13C 

decoupling is applied at the time of the frequency selective pulses, 13C 
satellites of solvent resonances (e.g. CH30H and CD3CN) are also suppressed 
- this can be especially useful in applications such as LC NMR. The 
four-element pattern is optimized to create a highly effective solvent 
suppression pulse sequence element (see Fig. 13). WET is capable of solvent 
suppression factors in excess of lo4 in a single scan. The use of multi- 
frequency shifted laminar SEDUCE pulses76,143 results in WET being capable 
of suppressing multiple solvent resonances. WET self compensates for 
miscalibrated pulse widths/poorly tuned probes and flowing samples. By 
changing the angles of the selective pulses the WET subunit can be made Tl 
in addition to B1 insensitive. It suppresses in less than 100 ms and can be used 
under both stopped flow and flowing conditions. Although WET is a solvent 
saturation technique, due to its short time scale like WATERGATE, 
resonances undergoing slow or medium exchange will still be observable. 
Smallcombe et a1.6 have presented and demonstrated a variety of 2D and 
pulsed field gradient sequences incorporating the WET suppression subunit. 

Coherence selection 

The use of heteronuclear and homonuclear coherence selection as a means of 
solvent suppression has been reviewed in some detail in the literature 
already.12*'3*15 Thus, we will only note some of the salient features. As noted 
above, water (i.e. 'H2l80) has no heteronuclear couplings and this can often 
be exploited as a means of suppression using pulse sequence editing proce- 
dures such that only those species that contain such couplings are detected. 
Generally, the proton detection of heteronuclei (coupled) containing com- 
pounds (i.e. indirect detection) can be classified into spin-echo or polarization 
transfer and multiple-quantum methods. Since some of these are in effect 
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'H 

Fig. 13. The WET sequence modified for use with 1D LC NMR.6 The four SEDUCE 
RF pulses are 98.2", 80.0;, 75.0; and 152.2: for B,-insensitive WET. Other angles are 
used in the case of B,- and TI-insensitive WET. The gradient pulses are each 2 ms long 
with amplitudes of 32, 16, 8 and 4 G a-', respectively. There is a delay of 2 ms 
between each gradient pulse and the next RF pulse. Carbon decoupling with a field 
strength of 100 Hz is applied during the 'H-selective pulses Instead of a single (hard) 
I&! excitation pulse, a volume selective composite hard 7r/2 pulse schemew (i.e. 
90~90",90'F,900,) can be used which affords a flatter baseline. 

difference techniques, it must be remembered that the signals must first be 
acquired before they can be subtracted so that digitization by the ADC can 
still be a limiting factor. For example, with an A X  spin system the following 
spin-echo sequence shown in Fig. 14A could be used. In the absence of the 
heteronuclear n pulse, both the proton chemical shifts and the components of 
the multiplets will be refocused at t = 27 (note T = (24-I). However, in the 
presence of the heteronuclear m- pulse, only the chemical shifts will be 
refocused and the multiplets will have opposite sign. Hence subtraction of the 
two experiments eliminates uncoupled spins. Bulsing and Doddrell'44 have 
considered the potential of reverse polarization transfer experiments for 
solvent suppression. 

Once a heteronuclear correlation is established, the water resonance can be 
saturated since it is not involved in the ~orrelat ion. '~~ The heteronuclear 
magnetization transfer sequence can be designed so that at some point the 
heteronuclear correlation is oriented along z and the water magnetization is 
transverse. A z-gradient pulse can then be used to purge the water magnetiza- 
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Fig. 14. (A) A spin-echo sequence for water suppression based on heteronuclear 
editing. T = and the heteronuclear n pulse is applied only in alternating 
experiments and the experiments are subtracted. (B) A water suppression module 
based on heteronuclear-coherence selection which results in full sen~itivity.'~~ 

tion (see above). Since the water has no J-coupling this aligning of the water 
magnetization can be accomplished without the need for any frequency 
selective However, homonuclear polarization transfer or any 
homonuclear sequence with n = 0,k 1 cannot be achieved without chemi- 
cal-shift selective pulses, and additional means of suppression must be 
empl~yed. '~ 

The efficiency of various editing sequences has been greatly improved with 
the advent of PFGs as they allow the selection to be performed in one step 
(i.e. not as a difference e ~ p e r i m e n t ) . ' ~ ~ * ~ ~ ~  Starting from Eq. (7) and consider- 
ing all of the applications of the gradient pulses in a sequence, we have 
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where the subscript i denotes the different periods of the pulse sequence. 
Thus, in the general case only those coherences are observed for which the 
cumulative phase factor is zero, and a particular coherence transfer pathway 
can be selected according to the ratios of the gradient pulses used. Hence, if, 
for example, the pulse sequence is designed to detect only double-quantum 
coherence, then the water resonance will be unrefocused (i.e. it is dephased) 
at the end of the sequence, this then is a means of water suppression. 
A disadvantage of water suppression with gradient-based heteronuclear- 
coherence selection is that in general for the same experimental time they 
give lower signal-to-noise than their phase-cycled counterparts (this is not the 
case when the gradients are used as purge pulses). Also diffusional losses are 
often a problem when using gradients for coherence selection. Dotsch et ~ 1 . l ~ ’  
have presented a heteronuclear-coherence-based suppression scheme which 
results in both a normal amplitude modulated signal and full sensitivity (see 
Fig. 14B). 

Gradient selection is also commonly used in homonuclear experiments like 
multiple-quantum COSY experiments, although it has been shown that 
coherence selection alone with a single gradient is insufficient to fully remove 
the H 2 0  signal from a multiple-quantum filtered COSY.’16 More recently Van 
Zijl et al. have shown that the use of MAGS provides superior suppression in 
a DQF COSY.% Similarly, Dalvit and Bohlen15’ have used coherence selec- 
tion in 2D ‘H diffusion-weighted phase-sensitive PFG DQ experiments to 
effect solvent suppression. Although this can be done using only z-gradients 
they found that the use of MAGS gave more efficient suppression. 

BI gradient-based suppression methods 

Although less commonly used than Bo gradients, water suppression is also 
possible using B, gradients. In fact, from geometry  consideration^'^^*'^^ 
transverse gradients across a cylindrical sample, as is normally the case when 
using B1 gradients, give more complete cancellation of magnetization than 
longitudinal gradients Canet and ~o-workers ’~~ have developed the DEBOG 
(DANTE elimination by B-one gradient) sequence in which a DANTE train 
of BI gradient pulses is used to suppress water selectively. The sequence may 
be written as 

where (a)+., is an RF gradient pulse of “mean” flip angle a (note that since the 
B, field is a gradient, a is the flip angle corresponding to the centre of the 
sample) and T is the precession interval which governs the selectivity. The 
suppression results from the selective purge (defocusing) process. A negative 
point of this method is the total duration of the train which may require up to 
several hundreds of cycles if a is small; such a duration can also result in the 
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(unintentional) suppression of protons that exchange with water. Recently, 
Brondeau et a1.'53 proposed a remedy to this in which (a)g, is replaced by 
( 2 ~ ) ~ ~ .  A (274.. pulse has more efficient defocusing properties and thereby 
allows the number of cycles (i.e. n in Eq. (18)) to be reduced by an order of 
magnitude. 

A water suppression technique based on the formation of B1 gradient 
spin-echoes or B1 gradient recalled echoes (i.e. rotary echoes) has been 
developed by Maas and Their technique is reasonably insensitive to 
artifacts such as J-modulation, off-resonance excitation, radiation damping 
and chemical shift evolution, and will allow the observation of exchangeable 
protons. The method is in effect the B1 gradient analogue of the WATER- 
GATE sequence (see Mobility-based filters, p. 311). However, it differs from 
the Bo gradient WATERGATE sequence in that the magnetization to be 
observed rotates in a plane perpendicular to the applied RF field and the 
relaxation is given by an effective Tl defined by 

whereas in the WATERGATE sequence the relaxation of the observed spins 
depends on T2. 

3.5. Methods avoiding solvent saturation 

Jump-and-return sequences 

The jump-and-return (JR) pulse sequence15' consists of two hard 7d2 pulses 
that are opposite in phase, at the solvent frequency. The first d 2  pulse brings, 
in the rotating frame, all of the spins to the + y  direction, then during a 
subsequent delay T the water protons remain directed along + y  whilst the 
other spins rotate in the plane by WT, where w is the frequency offset from the 
water (i.e. pulse) frequency. The second d 2  pulse is then applied to bring all 
of the spins into the z-x plane, thus the amplitude response is sinw. T is 
chosen so that 

where w,,, is the frequency of the spins of interest. Hence the phase is 
constant across the entire spectrum apart for the step of T at the solvent 
frequency. Water suppression is effected since the water magnetization is 
directed along + z .  The JR sequence is thus equivalent to a single rotation of 
WT around y, irrespective of the initial orientation of the magnetization. 
Providing that 7d2 pulses are used, the JR sequence does not cause a linear 
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phase shift. If the pulses are not exactly d 2 ,  whilst the suppression will be 
unaffected, there will be a slight linear phase shift. For pulses longer than d 2 ,  
the JR sequence produces a phase shift corresponding to a negative delay 
which leads to a spin-echo.’56 JR is the shortest known sequence since the 
spins of interest precess by only 7r/2 during the r delay. Since for spins of 
interest, a r value will be chosen such that the rotation angle is approximately 
d 2 ,  JR can easily be incorporated into many pulse sequences involving 97-/2 
pulses by replacing each pulse with a JR pulse sequence. Although JR 
sequences are almost free from phase problems, the amplitude response is still 
a problem. This can be corrected to some extent by multiplying the spectrum 
by Usin wr, however, although the resonances near the solvent frequency will 
be corrected in amplitude, the noise will not be scaled evenly. 

Stonehouse et d5’ have presented a modified jump-and-return sequence 
~/2,-~-d2,-gradient, which may be repeated n times. If n 2 2 both the x and 
y magnetization will be dephased and thus the sequence is less sensitive to the 
initial orientation of the magnetization. To avoid gradient recalled echoes, 
however, the gradient strength or length should be changed in each repeat of 
the sequence. Sklenaf and Bax”’ proposed the 1-1 echo (jump return and 
echo, JRE), T I ~ ~ - ~ - T / ~ - ~ - A - ~ - I  26-2~-~/2-6-A- where the two d 2 - ~ - d 2  ele- 
ments perform as 7r/2 and T pulses, respectively. That is, the sequence acts as 
a sort of spin-echo sequence. The excitation profile is given by sin3(m). 
Addition of PFG pulses to the 1-1 echo sequence during the A delays 
improves the refocusing and the degree of suppression by a factor greater 
than SO. 

The jump-and-return type and binomial sequences (see below) result in 
offset-dependent signal amplitudes. If the sequence is started from full 
relaxation, this dependence can be corrected for relatively easily. However, 
such sequences are often run under partially TI saturated conditions. Conse- 
quently, this causes an offset dependence of the degree of saturation which 
affects the effective excitation profile. This has implications for the use of such 
sequences for their efficiency in solvent suppression, quantitative measure- 
ments and T,  measurements by progressive saturation. Hsu and Gregory”’ 
have examined this effect for the JR and JRE sequences. In particular, they 
show that when using a short repetition time for the JR sequence it might be 
advantageous to place the solvent resonance at 0 7  = t- T rather than 0, since 
the saturation effect gives a broader null at t T. Clearly similar concerns 
apply to any suppression scheme which uses offset-dependent excitation. 

Binomial sequences 

In binomial composite pulse sequences the amplitudes of the pulses are 
proportional to the binomial coefficients of n + 1 square pulses separated by 
equal interpulse delays, r.159*1Mf These sequences provide broad regions of 
near-zero excitation at the solvent frequency while the solute resonances are 
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rotated by d 2 .  There are two possible series using these coefficients each 
with characteristics profiles. Series of hard pulses with constant phase (e.g. 
1-1, 1-2-1, etc.) have a 

while series with a T phase shift for successive pulses (i.e., 1-7, 1-2-1, etc.) 
give the profile 

Clearly these alternating series are related to JR. For the constant phase 
experiments the transmitter is placed on the resonances of interest whereas 
for the alternating series it is placed on the solvent. Alternating sequences are 
more commonly used. 

We consider the 1-1 sequence as an example. The two pulses may be 
thought of as two delta functions of opposite sign at -7 and 0 (i.e. the 
beginning of signal acquisition), respectively. The Fourier transform of this 
sequence is 

cos( WT/ 2) (23) 
2e-i"n 

Hence maximum amplitude occurs when WT = 0 and zero when WT = T with 
the phase varying from 0 to 7d2. Since only hard pulses are used, all of the 
spectrum is equally excited; however, there is a linear phase shift of the 
excitation spectrum. The amplitude modulation can be corrected for; how- 
ever, it results in the noise being unevenly scaled? 

Modified binomial sequences in which a binomial sequence is inserted 
between a - T and a + T pulse have been developed''*161 that significantly 
reduce the phase shift. The phase behaviour of the binomial sequences can 
also be improved using true binomials with a total flip angle of 3 ~ / 2 . ' ~ ' - ' ~  
Morris et aZ.16' considered computer optimization to improve the amplitude 
response of binomial sequences. More complex hard pulse sequences have 
also been developed such as NEROla and others'67 However, as these 
sequences become more complicated so does their experimental setup, for 
example the accurate determination of the pulse lengths required by these 
sequences which are generally not multiples of d 2 .  

Inglis et ~ 1 . ' ~  have presented a BIR-4 (Bl-insensitive rotations; a composite 
adiabatic pulse)-based version of the binomial pulse sequence, 1% ,169 that 
provides excellent water suppression with a symmetric response profile about 
the on-resonance frequency. The sequence has particular relevance to in vivo 
applications due to its B1 insensitivity. 
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Shaped pulses 

Symmetrically shifted pulses have been proposed as a means of solvent 
suppres~ion.’~~ Symmetrically shifted pulses are symmetrically shifted laminar 
pulses76 that contain equal numbers of rectangular pulse components of the 
same phase at ? an offset frequency. The basis of the symmetrically shifted 
pulse family is the SS pulse which is conceptually equivalent to applying 
simultaneous d 2  rectangular pulses with two separate, but in-phase, transmit- 
ters at t offset frequency from the water. On a practical basis an SS pulse is 
obtained by a complete 27r cosine modulation of a single transmitter (see Fig. 
15). An S pulse is half of an SS pulse (i.e. a half-cycle T pulse) which results 
in a narrower null and a 180” phase inversion at the transmitter frequency. 
They are also the soft, continuous equivalent of binomial sequences’70 The SS 
and S pulses have broader excitation maxima than the sinusoidal profile of the 
JR sequence. The method has maximal excitation at an offset frequency 
of 2 w with second-order U-shaped water suppression. The excitation profile 
is related to the maximum amplitude modulation and can be determined by 
numerical evaluation of the Bloch equations. Hence a new pulse shape must 
be used for each excitation window. The SS pulses give better water suppres- 
sion than the JR sequence, but at the expense of poorer excitation of 
resonances closer to the water. Also, there is no phase inversion at zero 
frequency. The S pulse gives better excitation near the water frequency but 
with less water suppression. 

McCoy et al.17’ have proposed a method termed “ERASER” based 
on self-refocused and hard rectangular pulses. The scheme does not gen- 
erate phase roll. Moy et ~ 1 . ~ ~  have demonstrated the use of frequency 
shifted, self-refocused “top hat” pulses135 to observe amide resonances, that 
they termed “selective-excitation-corrected spectroscopy” (SelECSy). This 
method, although not providing exceptional water suppression, overcomes 
the dynamic range problem and produces uniform amide proton excitation 

Fig. 15. SS pulse”0 showing the similarity to the binomial 1-3-1 pulse sequence. An 
S pulse is half of the SS pulse. 
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with no saturation transfer or spin-diffusion effects. However, the method 
requires more time than conventional techniques such as presaturation. 

Liu et ~ 1 . ~ ~ '  have developed shaped self-refocusing 7d2 RF pulses with a 
duration of 1-3 ms that provide a flat null (i.e. a "notch") at a narrow band 
(several hundred hertz) of resonance frequencies with uniform excitation and 
minimum phase distortion at the other frequencies ( 2 5000 Hz). 

Flip-back 

Although, as we will see below, flip-back pulses have most application in 
multidimensional experiments they are nevertheless a (weak) form of 
suppression. Various flip-back te~hniques'~*''' have been proposed to align 
the water along the z-axis. A simple example of a flip-back method is the use 
of a selective T/'-.~ prior to a w/2x read pulse in a NOESY sequence. This 
avoids saturation of the water and allows the pulse sequence to be more 
quickly cycled since it can be done only by taking the solute relaxation time 
into account. This flip-back sequence provides only very limited suppression 
and requires the water magnetization to be longitudinal prior to the 
application of the flip-back pulse. Shaped p ~ l s e s ' ~ ~ * ' ~ ~  and even radiation 

can be used to flip the water back. As a means of water 
suppression, the flip-back method is extremely sensitive to missettings, and 
optimization is tedious."' 

3.6. Postprocessing and selective detection-based methods 

As noted in the previous sections, pulse sequence approaches are incapable 
of totally removing the water resonance. This section considers the various 
postprocessing schemes that can be invoked to provide and/or further reduce 
the water signal. A major difficulty with postprocessing is that the residual 
water peak cannot be described by an analytic function, mainly because its 
shape reflects the pulse sequence suppression method used and also because 
of magnetic inhomogeneity. Further, these correction schemes themselves 
may introduce different forms of artifacts, for example, changing the peak 
areas and phases of peaks lying on the tails of the water resonance making 
it difficult to quantify accurately peaks of interest in the spectrum. 
Postprocessing schemes are often computationally intensive, but with 
increasingly faster computers, this is becoming less of a limitation to both 
their general usage and further development. Sophisticated postprocessing 
schemes are increasingly used to minimize artifacts in in vivo and multi- 
dimensional spectra. 

Postprocessing schemes generally require some degree of prior knowledge 
about the solvent resonance, for example the frequency and lineshape of the 
resonance. Perhaps the simplest approach is to use hardware frequency 
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 filter^."^"^ Using software procedures, the solvent suppression generally 
takes the form of a bandpass filter or by subtracting a synthetic solvent peak. 
These procedures are performed either in the time or frequency domains. 

In multidimensional spectra the phase of the residual water resonance does 
not have a constant relationship with the peaks of interest, and thus it is 
generally better to apply postprocessing methods in the time domain instead 
of in the frequency domain.'% This also allows the use of non-iterative fitting 
procedures such as singular value decomposition (SVD)-type methods.'*' 
Further, since it is the largest peak in the spectrum that contributes most to 
baseline and phase difficulties, for example, a rolling baseline may result from 
linear phase correction on the solvent line, there is some benefit in subtracting 
the residual solvent peak in the time-domain prior to Fourier transformation.' 
Still it should be recalled that any method which works on frequency for 
discrimination will have the effect of removing signals close to the water 
frequency. We note that de Beer et al.'@ have recently considered the use of 
various signal postprocessing schemes for removing unwanted background 
features (e.g. water) from the perspective of quantitative imaging. 

Time-domain methods. Amongst the time-domain methods, Marion and co- 
worker~"~ have described the use of a convolution filter in the time domain. 
In their method a low-frequency component, L(n),  of the FID, S(n) ,  is 
calculated by 

L ( n ) =  [ f ( k ) S ( n  + k ) ] / A  
k = - K  

with 

A = f(k) 
k = - K  

where n is the number of the data point and 2K + 1 is the width of the 
convolution window. The shape of the convolution window, f(k), is typically 
chosen to be Gaussian, i.e. 

f (k) = exp( -4k2/K2) (26) 

or sine-bell shaped, i.e. 

f(k) = cos(k?r/(2K + 2)) (27) 

The averaging of the neighbouring time-domain data points in Eq. (24) is 
equivalent to convolution with a rectangular function. The width of the 
rectangle corresponds to the number of points that are averaged. The 
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generated low-frequency component data, L(n), is then subtracted from the 
original signal, S(n), prior to Fourier transformation. In a related work, 
Friedrichs et a1.'% used a low-frequency convolution filter to remove selec- 
tively the diagonal peaks from COSY spectra. Kuroda et a1.191 have proposed 
a similar but less selective technique than that of Marion et al.,'89 based on 
Fourier transforming the derivative of the FID. A problem with the method 
of Marion et a1.lS9 is that to calculate the first few points of the convolution 
filter, knowledge of the signal prior to t2 = 0 is required. In an attempt to get 
around this problem, Marion and co-workers used linear extrapolation to 
generate the initial time points. However, small errors in the first few points 
led to an imperfect convolution filter and consequently small baseline dis- 
tortions. Since the frequency response of the convolution is known, the 
amplitudes of resonances affected by the filter can be corrected after Fourier 
transformation. Linear prediction methods have been used for dealing with 
the initial data point p r ~ b l e m . ' ~ - ' ~ ~  Waltho and Cavanagh'& have pointed 
out that it is preferable to use a spin-echo and thereby to record these 
"negative-time'' points experimentally. However, the use of an echo has two 
drawbacks: it introduces J-modulation and T2 relaxation problems. Sodano 
and D e l e ~ i e r r e ' ~ ~  proposed the use of a shifted-time-domain-data convolu- 
tion difference to circumvent the problem of the first few points of the FID. In 
their approach they discarded the first K points of the averaged FID. An 
example of their approach applied to a NOESY spectrum is shown in Fig. 16. 
They noted that since the major part of the FID originates from the solvent 
signal which is on resonance, shifting the time-domain data changes only the 
amplitude but not its phase. Interestingly, although these time-domain con- 
volution methods are very successful, their actions do not have a strong 
theoretical basis since the convolution theorem does not Craven 
and W a l t h ~ ' ~ ~  have presented an approximate theorem that allows many of 
the features of these time-domain convolution filters for solvent suppression 
to be understood. 

Singular value decomposition (SVD)-type rnethod~'~~*'~~-~@' represent a 
very promising area of "black box" methods (i.e. requiring little or no prior 
knowledge) for suppressing unwanted strong resonances (e.g. water or lipid). 
SVD-type techniques are able to provide a good fit to the water resonance, 
including the tails. This is then subtracted from the original signal. Since 
these methods are computationally expensive, various modifications have 
been developed such as HSVD (where the H stands for Hanke1)lS7 and a 
faster HSVD method which uses the Lanczos algorithm HLSVD.201 The 
applicability of SVD-type methods for removing the (strong) lipid and water 
resonances in spectroscopic magnetic resonance imaging (MRSI) data sets 
has also been i n ~ e s t i g a t e d . ' ~ ~ ~ ' ~ ~ ~ * ~ ~ ~  Recently, Vanhamme ef aLZw have 
presented a method termed HLR in which the SVD is replaced by a more 
efficient low-rank algorithm. While being as accurate as HSVD, it is much less 
demanding computationally. 
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Fig. 16. (A) The first increment of a NOESY spectrum of a 3mM sample of a 26 
amino acid peptide from the hepatitis B envelope protein recorded in 90% HzO at 
273 K on a 500 MHz spectrometer. (B) Same as (A) but after applying the shifted 
time-domain convolution difference filter. (From Sodano and DelepierrelY5 with 
permission.) 

Mitschang et al?" proposed the use of a Karhunen-Lokve transformation 
to the time-domain signal and the undesired signals are removed on the basis 
of their intensity. They demonstrated its effectiveness in 3D TOCSY-NOESY 
experiments. Small~ombe'~' fitted a low-frequency filtered (i.e. 2 300 Hz) 
FID to an nth-order polynomial. This was then subtracted from the FID to 
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remove the residual water peak. CrosszM has proposed the use of a tangent 
high-pass Butterworth filter. His method is computationally simple and has a 
narrow stop band in the frequency domain and minimal distortion for 
passband frequencies. Lecler~?’~ has proposed a method based on a time- 
domain analysis of the FID using total-least-squares analysis to identify and 
subsequently subtract the water-peak components. Zhu et a1?08,zw have 
presented an alternative simpler SVD approach in which a Toeplitz matrix is 
formed from the FID and the corresponding solvent-suppressed FID is then 
constructed by removing the largest singular value of the Toeplitz matrix. 
They note that when other resonances are close to the solvent peak there is a 
residual solvent peak left after application of their method although the tail of 
the peak is removed and the baseline is much flatter. Recently, Barache et 
~ 1 . ~ ~ ~  have outlined the use of continuous wavelet transforms to suppress large 
spectral lines. 

Frequency-domain methods 

Tsang et alF1’ proposed a simple frequency-domain procedure in which the 
spectrum is first phased so that the target signal is absorptive. The solvent 
signal is then eliminated and the imaginary data necessary for rephasing the 
spectrum is generated using a Hilbert transform. Pelcze?” has used a similar 
approach to remove the diagonal from COSY spectra. Adler and Wagne?I3 
have proposed a simple method in which they assume that the distortion 
stems from a dispersive (i.e. residual water) signal at the carrier frequency. 
They then apply a dispersive term to a polynomial baseline correction routine 
to fit directly the dispersive lineshape. In another approach, Deriche and 
Hu2I4 assumed that the shoulders of the residual water peak can be described 
by a broad Lorentzian baseline. A Lorentzian is fitted using a nonlinear 
least-squares method and subtracted from the spectrum to effect suppres- 
sion. 

The recent development of oversampling combined with digital signal 
p r o c e ~ s i n g ~ ~ ~ . ~ ~ ~  improves dynamic range performance resulting in reduced 
noise. Also, there is scope for providing very sharp cutoff filters without 
introducing baseline distortion and to remove aliasing artifacts from solvent 
resonances. 

4. SUPPRESSION OF RADIATION DAMPING 

m e r e  are many methods for suppressing radiation damping and these can be 
roughly divided into hardware and pulse sequence approaches. We stress that 
these methods generally suppress only radiation damping and that the 
demagnetizing field effects will be suppressed only if the magnetization 
is also suppressed. Since radiation damping can have adverse effects on 
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pulse sequence performance, it is generally desirable to suppress its effects 
throughout the entire sequence. 

4.1. Hardware methods 

From Eq. (l), it can be reasoned that for a tuned resonant circuit the simplest 
way of reducing radiation damping is simply to detune the probet' however, 
this is generally an impractical solution. It has also been noted that there is no 
radiation damping in an open, series-resonant Later, Picard et aL217 
demonstrated this approach using a preamplifier presenting a high input 
reflection coefficient and a coaxial cable of suitable length. Although this 
method is easily implemented and maintains a high signal-to-noise ratio, it 
does require a separate circuit for transmission and the preamplifier must be 
noise matched to the impedance presented by the overcoupled probe. 

More sophisticated solutions that require complicated electronics such as 
selective current feedback have been developed.218-220 Such approaches are 
based on creating a magnetization-dependent field in the sample which 
exactly compensates for the radiation damping field. Practically, this approach 
consists of the following operations. First, the total signal is detected in the 
receiver coil. This signal is then transposed to low frequency by demodulation 
with the carrier frequency and filtered to retain only a limited region about 
the solvent frequency. After reverting back to the correct frequency, this 
signal is then fed back to the probe via the decoupling ~ h a n n e l . ~ ' ~ . ~ ~ '  Abergel 
et ~ 1 . " ~  have investigated the possibility of using this form of radiation- 
damping compensation in a time-shared mode and thereby enabling com- 
pensation during acquisition. We note that commercial radiation damping 
compensation units have now become available. 

have also been developed in which the Q factor of 
the radiofrequency coil is high only during pulses and signal acquisition and 
low elsewhere (see Fig. 17), thereby suppressing radiation damping (i.e. see 
Eq. (1)). Such probes are able to switch between the two Q levels in less than 
2 p s U 1  It has been noted that the control of radiation damping and the use of 
Q-switching probes will have increasingly important roles to play in NMR 
experiments designed to detect intermolecular cross-peaks between water 
and protein where the otherwise broad water signal would obscure the 
observation of the c r ~ s s - p e a k s . ~ ~ ' . ~ ~ ~  

Q-switching 

4.2. Pulse sequence methods 

In considering the pulse sequence methods for suppressing radiation damp- 
ing, it is important to realize that in reality Mo in Eq. (1) should really be 
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Fig. 17. Q-switching for suppressing radiation damping during acquisition.221222 The 
Q of the probe is switched high only during the data point acquisition and low during 
the dwell times 

replaced by M.17 Thus as the magnetization becomes smaller, either by 
saturation or relaxation, so does the radiation damping effect. Many pulse 
sequence methods for suppressing radiation damping have been presented 
and the majority of these involve the use of gradients. Although, as has 
recently been n~ted , '~ ,~ '  perhaps the simplest and most effective way to stop 
radiation damping is to use presaturation since as the magnetization is 
gradually saturated, the radiation damping becomes smaller. Further, when 
using presaturation as the basis of water suppression, radiation damping is not 
a problem since the strength of the presaturating field is generally much 
greater than the radiation damping field.45 Presaturation, however, is not a 
good solution if it is the behaviour of the solvent resonance or resonances 
underneath the solvent resonance that you wish to observe. 

Instead of saturating the magnetization that causes radiation damping, 
another obvious alternative is simply to dephase the magnetization using a 
gradient pulse. SklenB? has proposed the use of weak alternating z-gradient 
pulses during the evolution and mixing periods as a means for suppressing the 
effects of radiation damping (see Fig. 18A),224 the idea being that the gradient 
pulses prevent any net magnetization being present in the transverse plane 
but the magnetization is refocused before the next RF pulse. Very weak 
gradient pulses are required to minimize signal losses due to translational 
diffusion. Dalvit and BOhlenz2' have demonstrated that radiation damping 
can be suppressed in the preparation period of 2D and 3D DQ experiments 
by the addition of two very weak gradients of equal sign and intensity in the 
DQ excitation period. In a somewhat related work, except that it is designed 
to prevent radiation damping during acquisition, Zhang and Gorenstein have 
proposed the idea of interleaving pairs of opposed t-gradient pulses between 
the acquisition of FID data points (see Fig. 18B)?26 In this method the 
z-gradient dephases (and rephases) the magnetization between the acquisi- 
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Rg. 18. Pulse sequence methods for controlling radiation damping. (A) Gradient 
recalled echoes in the evolution period.”‘ The bipolar gradient pulse uses only very 
weak 2-gradients (-0.2 G cm-I). (B) Bipolar gradient pulses between the acquisition 
of data points in the FID.n6 

tion of the data points To do this the requirement 

where 1, is the length of the sample, must be met such that the magnetization 
is dephased before there is substantial precession. The alternating gradient 
pulses result in some line broadening which can be reduced by keeping the 
time between subsequent pairs of alternating gradient pulses (denoted by  in 
Fig. 18B) small. However, if there are too many refocusings of the magnetiza- 
tion, the signal will be more affected by radiation damping. 

Otting and L i e p i n ~ h ~ ~ ~  presented a technique for efficient and selective 
excitation of the water resonance, “Q-switched selective pulses”, in which the 
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Fig. 19. An example of the use of the Water-PRESS pulse sequence to control the 
effective water relaxation rate of the water resonance in a lysozyme solution (10 mM 
in 1O:W *H20:H20, pH 3.7) acquired at 310 K at 300 MHz. In this experiment DHIO 
was set to 20 s and DNp was set to 2 s. 'Ihe number of homospoil pulses (0.5 ms, half 
sine with a maximum strength of 1 G cm-') used in acquiring the spectra were (A) 1, 
(B) 21, (C) 31, (D) 41, (E) 51 and (F) 61. As can be clearly seen, after the interval 
between homospoil pulses is decreased to about 40ms (i.e. spectrum E) there is no 
further increase in the effective water relaxation time. Since the effect of radiation 
damping is diminished with increasing number of gradient pulses the line width of the 
water signal decreases (From Price et al."') 

water is excited by a shaped pulse (e.g. Gaussian) represented as a series of 
short pulse elements with DANTE-like zero-amplitude elements between the 
pulse elements. The Q factor of the probe used is switchable=* and is only set 
high during the pulse elements, thus controlling the effects of radiation 
damping. In a related fashion, Biickmann and Guittet2*' have proposed the 
WANTED (water-selective DANTE using gradients) sequence for efficient 
and selective excitation of the water resonance in which gradient echoes are 
applied between the single pulses of a DANTE train to suppress the radiation 
damping. They presented NOESY, ROESY and NOESY-HSQC experiments 
modified to contain the sequence. 

Another way of suppressing radiation is to inhibit its initiation as can be 
understood by considering Eq. (4). As noted in the section on randomization 
(p. 309), a gradient has no effect on magnetization that is collinear with it. 
Consequently, a z-gradient pulse will not eliminate radiation damping com- 
pletely, but while it is being applied it will prevent its onset as it dephases any 
transverse magnetization as in the Water-PRESS sequence.'113112 Thus, the 
Water-PRESS subunit can be used to change the effective water relaxation 
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time from the minimum determined by the effects of radiation damping up to 
the time given by the true TI (i.e. unaffected by radiation damping) by 
changing the ratio [number of gradient pulses]: [duration of DNp] as shown in 
Fig. 19. - 

The various methods considered in this section allow the suppression of 
radiation damping in most parts of pulse sequences 

5. SUPPRESSION IN MULTIDIMENSIONAL NMR 

5.1. Introduction 

Pulse sequence suppression methods can be classified in to “preparation 
methods” or “read pulse methods”. Presaturation, which would be classified 
as a preparation method, is still the most commonly used technique for 
suppression in multidimensional NMR. Read pulse methods are those that 
are selective for the water and they can be used as a replacement for the last 
pulse of a single or multidimensional experiment. Generally the transmitter 
must be set at the water resonance frequency although there are exceptions, 
for example using frequency shifted shaped (see Shaped pulses, p. 
324) or WATERGATE with off-resonance ~uppression’~~ (see WATER- 
GATE and related sequences, p. 314). These off-resonance methods allow 
selective manipulation of the water resonance while keeping the transmitter 
offset in the region of interest. Off-resonance approaches are generally of 
value only if a part of the spectrum, upfield or downfield of the water, is to be 
observed. 

In applying suppression methods to multidimensional sequences, it is 
important to consider what preconditions the suppression scheme makes 
on the water magnetization. For example, multidimensional sequences are 
generally run with a recycle delay less than sufficient to allow the water 
magnetization to relax back to equilibrium before the start of the next scan. 
Thus the water is always at least partially saturated but the theory behind 
most suppression methods assumes that the water magnetization starts from 
thermal equilibrium in each instance. We note in particular that spin-lock, 
WATERGATE and diffusion filters can be used to suppress the water 
irrespective of whether the solvent magnetization is at equilibrium. 

Another complication is that the phase cycling, for example the r,-depend- 
ent phase cycling necessary for quadrature detection in the indirectly detected 
dimen~ions,4~-*~ may result in the water having a different orientation on each 
scan. If WATERGATE is used for suppression and recalling that magnetiza- 
tion aligned along the z or -z-axis is unaffected by the WATERGATE 
sequence, the degree of water suppression will change with each successive 
scan. This situation will be further complicated by the effects of radiation 
damping during the evolution period. In severe cases the ADC might be 
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overloaded on some scans whilst, in less severe cases, the imbalance in the 
water suppression efficiency over the TPPI cycle will result in a tl modulation 
of the baseline resulting in antidiagonal spectral  artifact^.^^ For example, in a 
conventional TOCSY experiment the state of the water prior to the WATER- 
GATE sequence is not so well defined. However, in the WATERGATE- 
NOESY the modulation of the water resonance is generally not a problem, 
since with the assistance of radiation damping the water resonance is likely to 
reach equilibrium during the mixing time for each tl incrernent?l 

Many multidimensional experiments are inherently designed to remove 
solvent signals, for example multiple-quantum filtered experiments, and even 
the gradients used for providing quadrature detection have the added ad- 
vantage of also producing diffusion-based attenuation of the water ~igna1. l~~ 
Also since the interest is the cross-peaks which are generally well separated 
from the water signal, it might appear that the requirements for water 
suppression in multidimensional experiments are less stringent than for 
one-dimensional experiments. However, many homonuclear multidimen- 
sional experiments, for example NOESY studies of peptide hydration, are 
adversely affected by the residual solvent peaks. Not only does the residual 
water resonance cover some of the cross-peaks involving a-protons but also 
the poorly averaged random behaviour of water signals results in a random 
baseline variation in each 1D spectrum obtained by Fourier transformation 
with respect to tz prior to Fourier transform in the tl dimension in the case of 
a two-dimensional experiment. This gives rise to stripes along the Fz axis 
spreading from the Fz position of the water and results in the experiment 
having an artificially poor signal-to-noise ratio?133230 These streaks generally 
have a dispersive character and are difficultlimpossible to remove by conven- 
tional baseline correction routines such as polynomial fits, which in any case 
are hampered, especially in the case of protein spectra, by there being very 
little “free” baseline that can be used as a reference. Thus, in multidimen- 
sional experiments, there is a great need to improve both the solvent 
suppression using better pulse sequence suppression methods and also better 
postprocessing methods. 

Commonly in multidimensional sequences, more than one type of suppres- 
sion method is used. For example, presaturation might be used before the 
start of the sequence and if at some point during the sequence the magnetiza- 
tion of interest is (or can be) aligned along the z-axis, gradient purge pulses 
can be used to improve solvent suppression (see Randomization, p. 309) and 
reduce artifacts by destroying transverse magnetization. 

The number of multidimensional sequences using some form of sol- 
vent suppression is almost without bound. Consequently, we have limited 
the examples drawn from multidimensional sequences to some (randomly) 
chosen examples of the flip-back method and suppression in COSY, TOCSY, 
NOESY and ROESY sequences. A final subsection gives two examples of 
suppression in multidimensional sequences using B ,  gradients. 
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5.2. Flip-back 

The importance of not saturating water in multidimensional NMR experi- 
ments has recently been discussed by Grzesiek and B ~ x . ' ~ ~  Importantly, 
the large molar excess of slowly relaxing water provides a reservoir of 
nuclear spin magnetization and it can be used in measuring water-protein 
NOES or for rapidly restoring the magnetization of exchangeable protons to 
thermal equilibrium. This can provide greater sensitivity in many experi- 

including ROESY233 and J-modulated HMQC and 
3D HNHA ~equences , '~~  'H-I'N HSQC, 15N-('H) NOE and water-protein 
NOE difference constant time 'H-I3C HSQC  experiment^.^'^ However, due 
to the fast repetition times (with respect to the water 7'') in multidimensional 
sequences, methods that scramble the magnetization result in the water being 
maintained in a partially saturated 'Ihis results in significantly 
reduced signal intensities of exchanging amide protons and carbon-attached 
protons.'73 

Mori et al.'" have noted that selective pulses such as those used in flip-back 
pulses in WATERGATE flip-back 'H-"N HSQC'73 can introduce frequency 
losses due to imperfect frequency responses They have proposed a fast 
HSQC sequence (FHSQC, see Fig. 20) that avoids the use of soft pulses. In 
their sequence the dephasing by the first z-filter gradient is refocused by the 
second z-filter. The phase of the second polarization transfer pulse is changed 
so that the water is aligned along the +z-axis and is thereby made insensitive 
to the effects of the WATERGATE sequence. Although the sequence has 

ments174-176,228231 ,232 

nf2 7r 3-9-19 

1 "- ~ 

Waltz 16 

0 n n 
b Z  

Fig. 2Q. A fast fiip-back WATERGATE HSQC (FHSQC) that avoids water 
saturation and radiation dampingm The WATERGATE subunit uses a 3-9-19 
pulse. Details of the phase cycling, delays and gradient strengths can be found 
elsewhere.'" 
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potential for diffusional losses, this turns out not to be a problem since only 
very small gradients are used and for the protons of interest, single-quantum 
15N evolution occurs which, by virtue of its low y, is in any case rather 
insensitive to the effects of the gradient pulses. 

53. COSY and TOCSY 

By prefixing the Water-PRESS subunit to the beginning of a COSY 
sequence, excellent water suppression can be obtained. In Fig. 21 the amide 
regions of COSY spectra of lysozyme acquired using presaturation and 
Water-PRESS are compared. Since Water-PRESS does not bleach out the 
a-protons under the water resonance, there are numerous amide cross-peaks 
close to the water frequency that are only visible in the COSY acquired using 
Water-PRESS. 

John et ~ 1 . l ’ ~  used two gradient randomization episodes to produce 
water suppression before a phase-sensitive gradient-enhanced DQF-COSY. 
Trimble and Bern~te in’~~ have applied WATERGATE in multiple-quantum 
filtered COSY experiments. WATERGATE can also be combined with 
flip-back pulses to take the residual water magnetization back to the z-axis. 
Dhalluin ef ~ 1 . 2 ~ ’  have proposed an improved WATERGATE TOCSY 
experiment with minimal water saturation. Fulton et aZFZ9 have presented a 
WATERGATE TOCSY with flip-back experiment (see Fig. 22) that provides 
apparently better reduction of radiation-damping effects than the sequence 
by Dhalluin ef aLB5 Xu et aLu6 have demonstrated that DPFGSE combined 
with selective 1D homonuclear transfer experiments (i.e. SELCOSY, 
SELRELAY, SELTOCSY) provides water suppression on a par with 
presaturation. Callihan et al.lm have presented a TOCSY sequence using 
excitation sculpting (i.e. DPFGSE) for improved solvent suppression and no 
baseline distortion (see Fig. 23). 

It has been found that the use of MAGS for coherence selection in 
a gradient-enhanced multiple-quantum magic angle DQF gradient COSY 
results in much better suppression of the water This is probably due 
to the reduction in demagnetizing field effects through the use of the 
MAGS?~ 

5.4. NOESY and ROESY 

Many different ways of effecting water suppression in the NOESY se- 
quence have been implemented, for example, presaturation, jump and return, 
l - i - e ~ h o ? ~ ~  SS pulses’70 and excitation sculpting.18* 
The basic NOESY sequence using presaturation and two variations using 
WATERGATE are illustrated in Fig. 24. In the basic NOESY sequence (Fig. 
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Fig. 2L Amide regions of COSY spectra of the lysozyme solution acquired using (A) 
presaturation of the water resonance prior to the COSY sequence and (B) the 
Water-PRESS sequence prefixed to the COSY sequence. The water resonance was at 
4.51 ppm. The effects of presaturation on the resonances near and under the water 
resonance are clearly seen by the absence/diminution of the cross-peaks having 
a-proton resonances around 4.5 ppm. 
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fig. 22. Fingerprint regions of 2D TOCSY spectra of angiotensin (0.7 mM in 90:lO 
'H20:H20, pH 7.0) at 298 K acquired at 500 MHZ. (A) TOCSY with presaturation, 
(B) basic TOCSY-WATERGATE and (C) flip-back TOCSY-WATERGATE. There 
is considerable bleaching of cross-peaks near the water frequency in (A). Spectrum 
(B) is cleaner with some cross-peaks visible at the water frequency. The flip-back 
TOCSY-WATERGATE (C) has improved suppression with increased intensity of 
many of the cross-peaks. (From Fulton et af."' with permission.) 

24A), presaturation during the relaxation delay and mixing time result in the 
water being suppressed to near zero at the beginning of acquisition. In the 
WATERGATE NOESY131 (Fig. 24B), all of the suppression is produced by 
the WATERGATE subunit just prior to acquisition. Hence, for most of the 
NOESY sequence, there is a large water signal which is susceptible to the 
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Fig. 23. Excitation-sculpting TOCSY sequence.'= The shaped pulses have SEDUCE 
profiles. 

effects of radiation damping. Consequently, especially for longer mixing times 
the water is often fully returned to the equilibrium +z direction. In the 
general case, however, there is insufficient time to allow full relaxation and 
consequently the water is almost always semisaturated. In the flip-back 
WATERGATE NOESY sequenceln (Fig. 24C) the third 7r/2 pulse (i.e. the 
final pulse) of the actual NOESY part of the sequence is preceded by a 
water-selective d 2  pulse of the opposite phase. In theory this will result in the 
water magnetization still being directed along +z  after the third pulse; it will 
thus be unaffected by the WATERGATE sequence and thus the magnetiza- 
tion will not have any transverse component during acquisition. In practice 
this approach is not perfect, otherwise the WATERGATE subunit would be 
redundant. Implicit in this sequence is the idea that the radiation damping 
brings the water magnetization to a totally reproducible state at the end of 
the mixing period; however, for short mixing times this may not be true. 
Nevertheless, it is reported that the addition of the water flip-back pulse 
significantly increases the intensities involving NH and/or a protons while 
allowing the use of conveniently short recycle  delay^.'^' 

Amplifying the effects of radiation damping can provide important signal 
enhancement (see Fig. 25). Also the increased RD can be used as a water 
flip-back pulse resulting in considerably improved water suppression (see Fig. 
26). Further, since the lineshape in the indirectly detected domains is that of 
the bulk water, the cross-peaks will be significantly b r ~ a d e n e d . ~ , ~ ~ ~  O t t i ~ ~ g ~ ~  
has discussed the use of solvent suppression in NOESY experiments per- 
formed to detect intermolecular NOES with water. In an earlier work he 
demonstrated that if radiation damping was suppressed during the evolution 
period by defocusing the magnetization before and after the period with a 
pair of spin-lock pulses (which act as B1 gradient pulses) and by suppressing 
radiation damping in the mixing time using Bo gradients, significantly nar- 
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WATERGATE 

B 
RF 

Fig. 24. Various NOESY-water suppression combinations. (A) NOESY using 
presaturation in the relaxation delay and mixing times, B WATERGATE NOESY131 
and (C)  the water flip-back WATERGATE NOESY." s 

rower cross-peaks were obtained.60 He also presented a modified ROESY 
sequence that suppresses the effects of radiation damping. 

Radiation effects and a need to achieve Fl frequency discrimination can 
lead to reduced water suppression in jump-and-return NOESY experiments 
especially at short mixing times?' Stonehouse et aZ?l therefore modified the 
original sequence to include gradient pulses to achieve a constant water 
suppression for all phases and f l  increments. 
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fig. 25. Water exchanging-protons region (i.e. at the water frequency) of a 2D 
NOESY difference experiment of 3 mmol I - '  BPTI at 279 K (mixing time = 90 ms) 
without (A) and with (B) amplification of RD. The amplification of the RD affords 
important signal enhancement. (From Abergel et dZM with permission.) 

5.5. &based suppression 

COSY experiments using B1 gradient-based water suppression have been 
presented.-*@ In a later work Brondeau ef al.lS3 have successfully combined 
B1 gradient suppression (i.e. their DEBOG sequence; see B1 gradient-based 
suppression methods, p. 320) with a NOESY sequence, which they termed 
NOESY-DEBOG (see Fig. 27), 
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Fig. 26. Two-dimensional NOESY experiment (conditions as for Fig. 25), without (A) 
and with (B) RD amplification used as a water "flip-back'' pulse. The spectrum in (B) 
has noticeably better water suppression due to the complete alignment of the water 
magnetization along the + z  axis at the end of the detection period. (From Abergel et 
al."' with permission.) 

the phase cycling can be found in their paper. The h t  DEBOG episode using 
a single-turn gradient coil before the first d 2  pulse largely suppresses the 
water; however, some water magnetization recovers during fm. This water 
magnetization is then suppressed using a second DEBOG episode but using 
a conventional saddle coil (i.e. so that the B1 gradient is in a different 
direction). 
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6. IMAGING AND IN VIVO EXPERIMENTS 

In imaging and in vivo studies, it is often necessary to suppress water and fat 
(triglycerides). It is outside the scope of this chapter to delve deeply into 
suppression in imaging and in vivo experiments and so we will only stress the 
most salient points. Interested readers are referred to the reviews by GuCron 
et al? and Van Zijl and M ~ o n e n . ' ~ . ' ~  

Imaging especially of in vivo system brings new complications. For example, 
heat deposition limits when working with living animals may limit the types of 
suppression techniques used (i.e. spin-lock) and sample movement mediates 
against the use of diffusion-based suppression due to their sensitivity to 
motion. Conversely, the use of gradients over phase cycling for coherence 
selection is particularly advantageous in in vivo studies where motion (e.g. 
whole sample motion or blood flow) can be a problem." Even using 
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Fig. 27. The NOESY-DEBOG experiment for a 2- solution of lysozyme. The 
time domain data processing includes the convolution scheme of Marion et af.Ig9 
(From Brondeau et ~ f . ' ~ ~  with permission.) 

single-scan suppression with gradients, motion is still a problem as it results in 
a phase shift. The possibilities for suppression are further limited by both Bo 
and B1, generally being more inhomogeneous than in high-resolution NMR. 
As a consequence of the Bo inhomogeneity, the water chemical shift range in 
some biological samples can be several ppm which precludes the use of 
chemical-shift-based suppression techniques. Further, due to susceptibility 
differences over the sensitive volume combined with Bo inhomogeneity, water 
in some regions will have resonance frequencies similar to that of the 
metabolites of interest in the region being examined. Moonen and Van Zijl" 
note two consequences of this: first, frequency-based water suppression may 
work in a well-shimmed area but not over the entire volume encompassed by 
the RF coils and second, frequency-based water suppression is only ap- 
plicable when high-quality localization is possible. A more detailed coverage 
of localization techniques can be found in the review by Moonen and Van 



346 W. S. PRICE 

Zijl” and We also note that Tl-based suppression schemes can 
be compromised by the inherent Tl variations and more TI-independent 
methods have been developed.”’ T2-based schemes can be advantageous in 
biological systems since in addition to removing the water peak they can be 
used to remove broad resonances and the J-modulation patterns can be used 
for selecting certain molecules (e.g. lactate). 

The inhomogeneity in B1, especially when using surface coils, can lead to a 
spatially dependent population of desired and undesired coherence pathways. 
Field gradient pulses in combination with shaped RF pulses lead to spatially 
selective excitation or refocusing and, in such cases, localization can be 
viewed as a type of coherence pathway selection. The inherent B1 gradients 
resulting from the inhomogeneous RF fields of surface coils have also been 
used for water suppression in in vivo experiments.z43 

Postprocessing suppression methods (see Postprocessing and selective 
detection-based methods, p. 325) have particular relevance to imaging since 
insufficient apodization and truncation can result in “ringing” over a large 
portion of the spectrum. This is often the case in spectroscopic imaging using 
multiple spin-ech~es’~ 

The suppression methods that can be used to effect fat suppression (mainly 
triglycerides) are more limited than water since triglycerides have many 
resonances which thus precludes the use of frequency-based methods. How- 
ever, three features of fat resonances can be used for suppression  purpose^:'^ 
(i) the fat resonances have short Tl values, (ii) the triglycerides have some 
natural localization and so careful volume selection (or outer volume sup- 
pression) will provide some suppression and (iii) the coupling patterns in 
t riglycerides. 

7. MISCELLANEOUS 

7.L High-moleculwweigbt solutes 

Solvent suppression in samples with very large macromolecules (i.e. MW 9 
10 0o0) such as immunoglobulins presents special difficulties due to the 
unfortunate combination of short relaxation times and high susceptibility to 
~pin-diffusion.~~,~~’  Spin-diffusion causes rapid propagation of the effects 
of the continuous irradiation used for suppression throughout the entire 
spectrum. Thus, the irradiation at the water frequency can result in a severe 
loss of intensity of the protein resonances. Further, the short T2 relaxation 
times of. the resonances24J severely limit the available suppression methods, 
especially those involving echoes or (time-consuming) frequency-selective 
pulses. Spectra of IgG ( M W  - 150 OOO) acquired using presaturation and the 
Water-PRESS sequence are shown in Fig. 28. It can be clearly seen that 
presaturation results in larger signal losses than Water-PRESS. 
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Ffg. 28. One-dimensional 'H spectra of IgG solution (1Omg of protein in 0.4ml of 
H20:'Hz0 90:10, pH 6.9) acquired using (A) the Water-PRESS method and (B) 
presaturation. Both spectra were acquired using a recycle delay of 20s, the same 
receiver gain and averaging 160 transients Spectrum (B) was acquired using 1.5 s of 
presaturation (included as part of the recycle delay) at a field strength of -35 Hz at 
the water frequency. Many of the resonances in the spectrum acquired with presatura- 
tion have lost more intensity due to the effects of spin-diffusion. prom Price et 

7.2. Suppression of "0 NMR signals 

Perhaps surprisingly, solvent suppression can also be required even when the 
observed nucleus is not 'H. In fact, in 170NMR of aqueous solutions the 
intense water resonance hinders the observation of nearby resonances such as 
alcohols and ethers.2467247 A partial, expensive and troublesome solution is to 
use 170-depleted water which provides about a thirty-fold reduction of the 
water intensity. However, this solution fails if it exchanges with the solute 
oxygens Lauterwein and Gerothanassis have developed a steady-state pulse 
sequenceza comprising rapid pulsing with subsequent DC shift and zero- 
filling of the FID to achieve a water suppression factor of 100. However, 
because of the short acquisition time the residual solvent resonance is 
strongly broadened. They were able to achieve a suppression factor of about 
10o0 using the 1-%3-i s e q ~ e n c e . ' ~ ~ * ' ~ ~  WEFT and presaturation were both 
found to be suitable for observing resonances close to the water signal. 
Importantly, they found that it was also possible to combine the WEFT 
technique with techniques for reducing acoustic r ing inp  (see Fig. 29). 
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Fig. 29. A "0 NMR spectrum of O S m M  D-glucose in H20 at 353K recorded at 
48.8 MHz. (A) Reference spectrum acquired using ?r/2 pulses The baseline is distorted 
due to acoustic ringing effects (B) Combination of the inversion-recovery technique 
with the RIDE sequence for acoustic ringing elimination. ?he asterisk denotes the 
water resonance. (From Schulte and LauterweinX9 with permission.) 

8. CONCLUDING REMARKS 

The ideal suppression scheme would be (i) take no time, (ii) only affect the 
solvent resonance(s) leaving the solute resonances unchanged and (iii) be 
experimentally simple to set up and not interact or have bearing on the rest of 
the pulse sequence. N o  suppression scheme exists that meets all of these 
criteria and a judicious choice of suppression technique will thus have an 
enormous bearing on the success of the experiment being attempted. In 
practice, the choice of suppression scheme depends on the characteristics of 
the sample, the solvent and the spectrometer as well, and perhaps more 
importantly, the experiment being attempted and the information desired and 
the time available. The development of suppression techniques is still one 
of the most active areas of research in NMR and the performance will 
be enhanced in unison with developments with shaped RF pulses and 
stronger high-performance magnetic field gradients especially on high-resolu- 
tion probes. These developments will also be spurred on by the need to 
develop efficient suppression schemes suitable for use in applications such as 
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LC NMR and structural NMR studies of higher-molecular-weight proteins 
with their concomitant problems of short T2 and susceptibility to spin- 
diffusion. 
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Pd*/H3PW120m in the presence of hydrogen 

The dynamic nature of the protons in zeolites such as H-ZSM-5, met- 
allosilicates molecular sieves and heteropoly compounds was examined by 
temperature dependence of ' H  MAS N M R  in the range of 298 and 473K. 
The temperature-dependent lineshape of ' H  MAS N M R  spectra of acidic 
protons in zeolites showed the first and unambiguous evidence for proton 
migration in zeolite structure. The dynamic property of protons was a more 
sensitive measure for the activity of protons than the static parameters such 
as N M R  chemical shifi and I R  band position of O H  bonk. 

The temperature-dependent ' H  M A S  N M R  also revealed the mobility of 
protons in heteropoly compounds (H3PWI2O& Ag3PWI2OM and pal- 
ladium metal loaded on H3PWl,0a). This method gave the information of 
the dynamical process between protons and hydrogen molecules in the gas 
phase. 

The variable temperature ' H  M A S  N M R  is a very useful technique for 
understanding dynamic properties of protons in solid acids The dynamic 
property is an important factor infiuencing the catalytic activity of a solid 
acid cataivst. 

1. INTRODUCTION 

Knowledge of heterogeneous catalyst structure and composition is crucial to 
an understanding of the factors that affect the catalyst activity and selectivity. 
Such information plays an important role to determine the catalytically 
active sites and to investigate their properties. Moreover, the study of 
catalytic reaction mechanism and kinetics provides a basis for understand- 
ing the relationships between catalytic structure and catalyst activity and 
selectivity. Among the techniques that can be used for characterization of 
heterogeneous catalysts, solid-state NMR using magic-angle spinning (MAS 
NMR) has become a successful tool to provide information about structure 
and dynamics' For example, 29Si MAS NMR spectra can be used to probe the 
local Si4+ and A13+ distributions in zeolite lattices. A particularly useful 
feature of the spectra is that the Si02/A1203 ratio of the lattice can be 
calculated directly.' 

In this report, we describe the temperature-dependent 'H MAS NMR of 
acidic protons zeolitesM and heteropoly  compound^^-^ in order to examine 
the dynamic properties of their protons. We will show that the variable 
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temperature 'H MAS NMR is a very useful technique for understanding 
dynamic properties of protons in solid acids and that the dynamic property is 
an important factor to have the influence on the catalytic activities of 
protons. 

2. ZEOLITES 

2.1. Structure 

Zeolites molecular sieves are porous inorganic crystals built from TO, 
tetrahedra.'0*'' In zeolites, T represents silicon or aluminium atom. The 
overall composition of zeolites is given by the formula as follows: 

Urn Mm+[(SiOz),A1O;](H,O), 

where n denotes the Si/Al ratio (SiOz/Alz03 = 2n) and z is the number 
of HzO molecules adsorbed on the zeolite. The negative charge of the 
zeolite framework (SiOz), A10; is compensated by exchangeable cations 
M"+ (rn = 1, 2 or 3) as, e.g. Na+, M$+ or La3+. A1-O-Al pairs cannot be 
formed in the zeolites framework (hewenstein's rule"), i.e. the first T- 
coordination sphere of an A1 atom is completely occupied by Si atoms. 

Zeolites are crystalline alumino silicates with a highly ordered crystalline 
structure. Cavities of a definitive size are formed in three-dimensional net- 
work composed of SiO, and AlO, tetrahedra. The lattice contains cavities of 
varying diameters, depending on the type of zeolites. A distinction is made 
between large-, medium- and small-pore zeolites. 

In this report, proton-exchanged mordenite, MCM-22 and ZSM-5 zeolites 
are used. They are denoted as H-mordenite, H-MCM-22 and H-ZSM- 
5, respectively. Mordenite has a one-dimensional system bonded by 12- 
oxygen rings, with crosslinks bonded by eight-oxygen rings. The pore size is 
0.65 X 0.70 nm. MCM-22 contains two independent channel systems with 10- 
and 12-oxygen rings and a large super cage (0.71 X 0.71 X 1.82 nm).13 The 
medium-pore ZSM-5 zeolite consists of intersecting channel formed by 
10-oxygen rings of 0.54nm mean diameter. The unit cell of ZSM-5 is built 
from four-channel intersection and exhibits 96 T atoms and 192 oxygen 
atoms. 

Silicon and aluminium atoms in a framework of zeolite can be substituted 
to some extent by other elements like B and Ga.14*15 In ZSM-5 zeolites, B and 
Ga can be incorporated into the zeolite skeleton instead of Al. These 
metallosilicates molecular sieves are denoted as B-ZSM-5 and Ga-ZSM-5 in 
this report. Moreover, a part of Al atoms in ZSMJ zeolite lattice can be also 
replaced by B atoms. This metallosilicate molecular sieve is denoted as 
[ B- All -ZSM-5. 
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23. Surface hydroxyl groups in zeolites 

The charge compensating cations M"' (see above) may be exchanged by 
NKt ions A thermal treatment at temperature higher than -600K leads to 
the removal of NH3 and consequently to the formation of structural hydroxyl 
groups as follows: 

NH; m+ 
O\ /O\  /O\ /-O\ /O \  /O\ / O  

/si\ /*I\ YSi\ / \ / \ /si\ 
Si Al 

H 

I 

-m3 

H 

which are called bridging OH groups. Formally, the charge-compensating 
cations M'"' have been exchanged by H+ ions but it has to be mentioned that 
the bridging hydroxyl groups do not exhibit a purely ionic bond character. 
Further, zeolites may exhibit other types of surface hydroxyl groups as, for 
example, terminal Si-OH groups at the outer surface of the crystallites, and 
Si-OH groups on the lattice defect. 

2.3. Acidic properties of hydroxyl groups 

Bronsted acid sites 

Zeolites are widely used as solid acid catalysts for a number of organic 
transformations, such as the cracking of n-paraffins which are catalysed by 
Bronsted acid sites.'"'' In the case of zeolites, the so-called bridging hydroxyl 
groups in the Si-OH-Ak configuration as shown in Eq. (1) are known to act 
as Bronsted acid sites and they are responsible for the ability of zeolites to 
catalyse the reactions. Therefore, the characterization of acidic properties of 
solid acids is of great importance in discussing the catalytic properties of solid 
acids. 

Typical test reactions often used for the characterization of zeolites are 
the cracking of n-hexaneZ0,'l and disproportionation of ethylbenzene.'' The 
catalytic activity of a zeolite is determined by the concentration of protons 
and the acid strength. 
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Acid strength 

In the case of zeolites, the acid strength is theoretically correlated with 
Sanderson electron negati~ity?~.” topological densities?’ bond length and 
angles of Al-0-Si  nit^^,^^ and deprotonation energy.2728 The detailed discus- 
sion of these theoretical approaches was reviewed by D ~ y e r 2 ~  and Rabo and 
Gajda.30 

Experimentally, the acid strength has been estimated by various methods 
such as temperature programmed desorption (TPD) of probe molecules 
such as NH3,31732 microcalorimetry of adsorption of base molecules such as 
NH3,33-35 the shift of OH stretching vibrations” and the test reacti0ns.3~ 

Heifer and co-workers demonstrated that the chemical shift value in ‘H 
MAS NMR spectrum of acidic zeolite was a suitable measure of the acid 
strength, since it reflects the electron density at the In general, 
protons with higher chemical-shift values are considered to be more electron 
deficient and more acidic as far as they are not hydrogen?- Furthermore, 
the chemical shift values of protons are correlated with other measures of the 
acid strength. Thus, the chemical shift values due to bridging OH groups are 
correlated with the wave numbers of the infrared spectra of OH 
and their deprotonation energy?’ They are also correlated well with Sander- 
son’s intermediate electronegativity of the lattice of  zeolite^.^^*^^ In general, 
the protons with higher acid strength are expected to be more active as a solid 
acid. 

The interaction of probe molecules with acidic OH groups is also 
even though the detail is not described in this report. Moreover, 

the spinning sidebands analysis in ‘H MAS NMR offers the information on 
the distance between the bridging OH groups and aluminium ions in the 
zeolite 

3. WHY VARIABLE TEMPERATURE ‘H MAS NMR? 

IR spectroscopy has been mainly used to characterize the properties of acidic 
OH groups in zeolites. As mentioned above, the wave numbers of OH 
stretching vibrations measured at room temperature were related with their 
chemical shift values of ‘H MAS NMR. 

The concept of “acid site” is based on the idea that protons are fixed at 
definite position. Thus, the measures of the acid strength, which are described 
so far, are basically based on the static properties of OH groups. However, the 
solid acid catalysed reactions are often carried out at higher temperatures 
than room temperature. In general, the catalysts undergo structural and 
chemical change under reaction conditions. Therefore, the characterization of 
properties of zeolites at high temperatures is more desirable. 

At higher temperatures, there is a high possibility that protons in zeolites 



360 T. BABA AND Y. O N 0  

are mobile and not fixed at the specific “sites”. The concept of “crystal liquid” 
was proposed by Barthome&’ It is important to know whether the protons 
are delocalized or not in solid acid catalysts, in order to understand the 
catalytic activities of zeolites. That is, the activity of mobile protons may be 
different from that of fixed protons on the acid sites. 

IR spectroscopy has been applied to characterize the bridging OH groups 
of zeolites Several authors reported that the integrated intensity of the OH 
bands in H-Y zeolites decreased at elevated temperature.6547 For example, 
the intensity became half when the temperature was raised from room 
temperature to 743K.65 The authors interpreted this intensity decrease in 
terms of proton mobility. However, there is an experimental problem for 
quantitative investigation in IR method. The emission from a sample becomes 
more intense at higher temperatures and it tends to cause the saturation of 
the detector.68 

Since NMR is more a successful tool to investigate the dynamic process on 
the surface as compared with other tools such as IR, we used ‘H MAS NMR 
to characterize the dynamic properties of protons in zeolites and heteropoly 
compounds, 

It has been established that the mobility of protons can be estimated by the 
detailed analysis of NMR line~hape.6~ Brunner described theoretical model 
for the lineshape of ‘H MAS NMR as a function of correlation time when 
proton mobility is a decisive factor for the residual line~idth.~’ 

4. DYNAMIC PROPERTY OF PROTONS IN ZEOLITES 

4.1. Broadline NMR 

The dynamic properties of protons are rarely discussed compared with static 
properties. Relaxation and line width studies with broadline NMR have been 
employed to investigate the proton m~bility.~’-~’ According to Mestdagh ef 
al.,” the temperature dependence of the second moment and the spin-lattice 
relaxation time due to the protons of H-Y zeolites could be ascribed to proton 
motion involving jumps on the lattice oxygen atom. Freude et have 
applied an instationary pulse technique in addition to stationary wideline ‘H 
NMR measurements to investigate the mobility or residence time of the 
protons in A-, X- and Y-type zeolites At 473K, the proton jump frequency 
(i.e. inverse mean life time on the lattice oxygen atoms) was estimated to be 
3 X lo4 s-’ for the Y zeolites. Freude and measured the correlation 
times of the OH groups of Y-type zeolites and the corresponding activation 
energies, which ranged from 26 to 41 kl mol-’. In their study, however, acidic 
protons could not be distinguished from silanol protons; only the average 
behaviour of the two types of protons (the bridging hydroxyl groups and 
terminal Si-OH groups) was observed. 
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42. Variable temperature 'H MAS NMR change of central lineshape by 
thennal motion 

It has been established that the mobility of protons can be estimated by the 
detailed analysis of NMR line~hape.6~*'~ Fenzke et al. theoretically treated the 
influence of isotropic thermal motion upon MAS NMR for spin I = 1/2. 
When the broadening results from an inhomogeneous magnetic dipolar 
interaction, the lineshape is expressed by Lorentzian line with line width 
given by the following equation. 

ps = (M~s/3.1r)(27c/[1+(~7c)2] + &/[1 + (2wrC)*]) (2) 

where w (rads-') is the spinning rate of the sample (o = 2 7 4 ,  Mis (sV2) is 
the second moment for the central Line, and T~ (s) is the correlation time. v, is 
the spinning frequency. 

The linewidth of 'H MAS NMR spectrum expressed by Eq. (2) exhibits a 
maximum as a function of correlation time at (~7,) = 0.8, and a simple 
decrease of the value of ws both at smaller (line narrowing caused by 
thermal motion) and at larger (line narrowing caused by MAS) values of the 
correlation time. Thus, the linewidth increases and though a maximum, it 
decreases upon decreasing the correlation time, T ~ .  The spinning sidebands 
exhibit a larger linewidth than the central line and disappear upon decreasing 
the correlation time. Tkey demonstrated these features by simulating the 
lineshape of MAS NMR spectra as a function of correlation time. 

Brunner described a theoretical model for the lineshape of 'H MAS NMR 
as a function of correlation time when proton mobility is a decisive factor for 
the residual linewidth." Sarv et af. have recently reported the study on the 
mobility of acidic protons of various zeolites including H-ZSM-5 by the 
measurements of 'H MAS NMR spectra at high temperature up to 660 K.76 
The linewidth of the peak attributed to acidic protons narrowed and the 
intensity of their spinning sidebands gradually disappeared upon raising the 
temperature. Sarv et al. analysed the temperature dependence of the second 
moments of the spinning sidebands, which is caused by dipolar interac- 
tion between acidic protons and the neighbouring aluminium nucleus, and 
estimated the activation energy of proton mobility.'6 

5. SAMPLE PREPARATION AND 'H MAS NMR MEASUREMENTS 
OF ZEOLIT,ES 

N&+-exchanged zeolites (0.50 g) was packed in a glass tube with side arms, 
each of which was connected to a glass capsule used for 'H MAS NMR 
measurements. The view of glass apparatus was shown in Fig. 1. The most 
important characteristic of the home-made glass apparatus is that the sample 
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Fig. 1. NMR sample preparation cell. 

can be transferred into the glass capsule from the glass tube, where the sample 
is pre-treated. 

NH;-exchanged zeolites such as NH4-ZSM-5 were calcined to convert into 
Ht-exchanged type zeolites as shown by Eq. (1). The sample was then heated 
under vacuum at 673K for 3 h. After cooling the sample to room temperature, 
it was transferred into a glass capsule under vacuum to fill it completely and 
evenly. The neck of the capsule was then sealed, while the sample itself was 
maintained at 77K. 

'H MAS NMR spectra were recorded on a Chemagnetics CMX-Infinity 
spectrometer operating at 300 MHz equipped with a 5-mm CRAMPS probe. 
Sealed sample in a glass tube was inserted into zirconia rotor (5-mm 
diameter). In order to reduce 'H background signal from probe material, the 
DEPTH2 pulse sequence was The d 2  pulse width, the recycle delay 
were 2.0 ,us, and 20 s, respectively. The rotation frequency of the glass capsule 
was 4.0 kHz as far as otherwise mentioned. The spectra were recorded upon 
raising the sample temperature stepwise from 298 to 473K. The chemical 
shift was expressed relative to tetramethylsilane (TMS) with the usual 
conventions. 
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6. DYNAMIC PROPERTIES OF ACIDIC PROTONS IN SOLID ACIDS 

6.1. Temperature dependence of 'H MAS NMR spectra of H-ZSM-5 

Figure 2 shows the temperature dependence of 'H MAS NMR spectra of 
H-ZSMJ with Si02/A1203 ratio of 39.4 The spectra were recorded upon 
raising the temperature of measurements stepwise from 298 to 473K. A peak 
was observed at (4.2 t 0.1) ppm at 298K (Fig. 2a) while a very small and broad 
peak was observed around 1.8 ppm. The former is attributed to bridging OH 
groups (acidic protons) and the latter is attributed to siianol OH groups 
(Si-OH, nonacidic  proton^)?^ 

The chemical shift values due to acidic protons did not change upon raising 
the temperature (Fig. 2a-i), while the change in the chemical shift value due 
to nonacidic protons is not clear because of its small intensity. 

The lineshape due to acidic protons strongly depended on the temperature. 
Upon raising the temperature of measurements, the linewidth increased and 
through maximum around 390K, it decreased. The change of the lineshape 
with temperature was completely reversible. Upon lowering temperature 
from 473K to 298K, the original spectrum was restored (Fig. 2j). 

The spinning sidebands due to acidic protons were clearly observed at 
298K. Their intensities monotonously decreased and the linewidths were 
broadened upon raising the temperature. At temperature higher than 393K, 
the clear spinning sidebands were not observed. 

The temperature dependence of 'H MAS NMR spectra of H-ZSM-5 with 
SiO2/AI2O3 ratio of 106, is shown in Fig. 3. Two signals were observed at 
(4.3 2 0.1) and (2.0 2 0.1) ppm, which are attributed to acidic and nonacidic 
protons, respectively. 

The chemical shift values of both peaks did not change with temperature. 
On the other hand, the linewidth of the peak at 4.3 ppm increased and 
through a maximum around 353K, it decreased. The variation of the linewidth 
of the peak at 2.0 ppm was not observed upon raising temperature. 

The peaks of 4.3 ppm and 2.0 ppm partially overlapped. To determine the 
linewidth of the peak precisely, the peaks were deconvoluted by using 
Lorentzian lines, as shown in Fig. 4.4 'H MAS NMR spectra of other 
H-ZSMJ zeolites were also deconvoluted similarly. 

The variation of the line width of the peak due to acidic protons was also 
observed in H-ZSM-5 with the Si02/A1203 ratios of 39 and 72 (Fig. 5),  while 
the chemical shift values due to acidic protons in these H-ZSM-5 were 
independent of SiOz/Alz03 ratios as well as the temperature of measure- 
ments 

Since the correlation time decreases with temperature, the spectroscopic 
features of acidic protons in H-ZSMJ as shown in Figs 2, 3 and 5 are in 
conformity with those of the theoretical description. Thus, upon raising 
temperature, the linewidth increases and through a maximum it decreases. 
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Hg. 2. 'H MAS NMR spectra of H-ZSM-5 (SiOz/AI2O3 = 39). (a) 298K, (b) 313K, (c) 
333K. (d) 35313, (e) 373K, (f) 393K, (g) 423K, (h) 453K, (i) 473K3, 6) the sample (i) 
cooled to 298K. The spinning frequency of the sample was 4 kHz. (*) denotes a 
spinning sideband. 
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n 

* *  

Fig. 3. 'H MAS NMR spectra of H-ZSMJ (Si02/A120, = 106). (a) 298K, (b) 333K, 
(c) 353K, (d) 373K, (e) 393K, (f) 423K, (8) 453K3, (h) 473K. (*) denotes a spinning 
sideband. 
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Fig. 4. The peak separation of 'H MAS NMR spectrum. me spectrum of H-ZSMJ 
(Si02/A1203 = 106) recorded at 393K. 
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Fig. 5. Effect of temperature on the linewidth of the peak due to acidic protons in 
H-ZSM-5 zeolites. (e) SiO2/Al2O3 = 24, (0) Si02/A1203 = 39, (A) SiO2/AI2O3 = 72, 
(0) Si02/A1203 = 106. 
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Fig. 6. Linewidth of the peak due to acidic protons in H-ZSMJ (Si02/A120, = 106) 
plotted against the spinning frequency of the sample. (0) 298K, (0) 373K, (A) 423K, 
(0) 473K. 

Equation (2) also shows that the linewidth depends on the spinning 
frequency by the isotropic thermal motion of protons. The 'H MAS NMR 
spectra of H-ZSMJ (Si02/A1203 = 106) were recorded at 298, 373, 423 and 
473K by changing the spinning frequency of the sample from 2.5 to 4.0 kHz. 
As shown in Fig. 6, the linewidth of the peak due to acidic protons was sharply 
influenced by changing the spinning frequency from 2.5 to 4 kHz at 373473K. 
This dependence of the lineshape is further evidence for the contribution of 
thermal motion to the lineshape. The protons may move from one bridging 
oxygen atom to another around A13+ ion. From the dependence of the 
line-width on spinning frequency, the correlation time and the activation 
energy for hopping were estimated as listed in Table 1, where the values for 
H-ZSM-5 with SiO2/AI2O3 ratio of 39 and 72.4 The activation energy was 
17-20 kJ mol-'. Sarv et al. estimated the activation energy of proton mobility 
as 45 kJ mol-' by the lineshape analysis of the spinning sidebands76 Sauer 
gave the activation energy for hopping of 53 kJ mol-' from a theoretical 
calculation.'8 

At 298K, however, the linewidth did not change by changing the spinning 
frequency, being 3.6 X Id Hz as shown in Fig. 6. This result indicates that the 
acidic protons are fixed on the bridging oxygen atoms in the zeolite lattice as 
shown in Eq. (1) and are not mobile at 298K. Brunner also reported that the 
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Table 1. 'H MAS NMR parameters of H-ZSMJ and H-mordenite. 

Material Temperature (K) 7 ( p s )  M 2  ( 1 0 8 ~ - ~ )  E (kJmol-') 

SiO2/AI2O3 = 106 

~ ~ - __ _______  .- - - - 

H-ZSM-5 

373 42 
423 19 
473 13 

1.4 

H-ZSM-5 
Si02A1203 = 72 

393 39 
423 22 
473 14 

1.2 

H-ZSMJ 
SiO21Al2O3 = 39 

393 41 
423 21 
473 14 

1.1 

17 

19 

20 

H-mordenite 
SiO,IAl2O3 = 106 

373 64 
423 26 
453 14 

1.1 28 

linewidth was independent of the spinning rate for the bridging OH groups of 
H-ZSM-5 at room temperat~re.~' 

The linewidth of acidic protons in H-mordenite (Si02/A1203 = 106) de- 
pended also on temperature and spinning frequency. The activation energy 
for hopping of protons in H-mordenite is higher than those in H-ZSM-5 
samples (Table 1). However, the linewidth of acidic protons in H-mordenite 
of Si02/A1,03 = 19 and 40 only slightly depended on temperature and did not 
change with spinning frequency. This indicates that the mobility of protons in 
these zeolites is not a major factor for determining the residual linewidth. 
The protons in all three mordenite samples show the same chemical shift 

The acidic protons in H-MCM-22 (SiOz/A1203 = 31) exhibits the chemical 
shift of 4.1 ppm. As in the case of mordenite samples of SiO21Al2O3 = 19, and 
40 the linewidth of acidic protons in H-MCM-22 slightly depended on 
temperature but did not depend on the spinning frequency. Thus, the mobility 
of protons in H-MCM-22 is much lower than that in H-ZSM-5. 

The linewidth of the peak due to silanol protons in every zeolite did not 

(4.2 PPmL 
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change upon raising temperature. It was also independent of the spinning 
frequency even at higher temperature as expected. These results show that 
silanol protons are fixed and the thermal motion does not contribute to the 
linewidth. 

6.2. Mobility of protons in metallosilicates 

The metallosilicates molecular sieves, [Gal-ZSM-5, [B]-ZSM-5, and [B,Al]- 
ZSM-5 are also used as solid-acid catalysts as well as zeolites. There is a 
possibility that the mobility of protons is intluenced by incorporating Ga and 
B atoms into the ZSM-5 zeolite skeleton instead of A1 atom, because the 
extent of incorporation of the isomorphous replacement affects the catalytic 
properties, e.g. the activities of the ze0lites.7~ Quantification can be attained 
by appropriate test reactionss0 

'H MAS NMR spectra of [Gal-ZSM-5, [B]-ZSM-5, and [B,Al]-ZSM-5 were 
measured by raising the temperature stepwise from 298 to 473K. In the case 
of [Gal-ZSM-5, the chemical shift value of acidic protons is 4.2 ppm, which is 
the same as those in H-ZSM-5. As shown in Fig. 7, the sharp dependence of 
the linewidth on temperature was observed for [Gal-ZSM-5, indicating that 
protons in [Gal-ZSM-5 are mobile. On the other hand, the linewidth did not 
depend on temperature in the case of [B]-ZSM-5 below 473K, indicating that 
protons in [B]-ZSM-5 are not mobile in this temperature range. 

Figure 8 shows the temperature dependence of the 'H MAS NMR 
spectrum of [Al,B]-ZSM-5 (Si02/A1203 = 90, Si02/B203 = 288), where three 
types of protons are observed at 4.2 ppm, 2.2 ppm and 1.8 ppm. These are 
attributed to protons in =Al-OH-Si=, in =B-OH-Si and silanol groups Upon 
raising the temperature of measurements, the chemical shifts of these three 
protons did not change. This indicates that three types of protons are 
apparently independent of each other. No chemical exchange occurs among 
different types of protons in [Al,B]-ZSM-5. As expected, no broadening of 
the signals due to =B-OH-Si and silanols was observed even at 473K. 
Broadening was observed for protons =Al-OH-Si upon raising temperature. 
However, the extent of broadening was small compared with protons in 
H-ZSM-5, indicating that the mobility of Al-originating protons is suppressed 
by incorporating boron atoms in the framework. The mobility of protons is 
affected by subtle difference in zeolite composition. 

6.3. Effect of a small  amount of Na+ cations on properties of protons in 
H-ZSMJ 

Influence of a small amount of Na+ cations on catalytic activity of zeolites 

Hall and co-workers have reported on the poisoning effect of am- 
monia on neopentane cracking over high-silica zeolites, i.e. H-ZSM-5, 
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Fig. 7. Temperature dependence of the 'H MAS NMR spectrum of H-Ga-ZSM-5. 
Si02/Ga203 = 72, (a) 298K, (b) 333K, (c) 373K. (d) 423K, (e) 473K. The spinning 
frequency of the sample was 4 kHz. 

H-mordenite and H-Y at 673K.81,82 They found that poisoning no more 
than 10% of the sites was sufficient to eliminate the catalytic ac- 
tivity. A similar salient feature of the poisoning has been observed also 
by introduction of a small amount of Na' by ion exchange. For ex- 
ample, Friz and Lunsford reported that the introduction of one Na' ion 
was equivalent to removal of the about five aluminium ions from the 
framework in hexane cracking over dealuminated Y-type zeolites at 
623K.83 A similar effect of Na' poisoning was reported also for heptane 
cracking over ZSM-20 at 623K.M These results suggest that the catalytic 
activities are not always proportional to  the number of acid sites (or the 
amount of acidic protons). These poisoning phenomena have often been 
discussed in terms of heterogeneity of the acidic sites. 

We have also studied the dependence of the catalytic activity of H-ZSM-5 
on Nat content of H-ZSM-5.6 
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Fig. 8. Temperature dependence of the 'H MAS NMR spectrum of H-[Al, B]-ZSM-5. 
SiO21Al2O3 = 158, Si02/B203 = 256. (a) 298K, (b) 353K, (c) 373K, (d) 423K, (e) 493K. 
The spinning frequency of the sample was 4 kHz. 

Isomerization of cyclopropane over Na-H-ZSM-5 

The isomerization of cyclopropane was camed out at 373K over H-ZSM-5, 
Na( 1 %)-H-ZSMJ and Na(20%)-H-ZSM-5 under an initial cyclopropane 
pressure of 39 kPa in a conventional gas-circulation system! In every case, the 
cyclopropane conversion linearly increased with reaction time in the low 
conversion range (Fig. 9). The initial rate was plotted against the degree of 
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Fig. 9. The percentage conversion of cyclopropane isomerization into propene over 
H-ZSM-5 (0), Na(1 %)-H-ZSM-5 (A) and Na(20%)-H-ZSM-5 (0). Reaction condi- 
tions: temperature 373K, cyclopropane pressure 40 kPa. 

Na' exchange. Only 1% substitution of Nat for H+ resulted in 80% loss of 
the catalytic activity of the original H-ZSMJ. By increasing the degree of 
Na+ content to 20%, most of the activity was quenched. These results confirm 
that a minute amount of alkali cations in H-ZSMJ is very effective in 
reducing the catalytic activity. 

H MAS N M R  spectra of Na-H- Z S M J  

'H MAS NMR measurements of H-ZSMJ partially exchanged with Na+ ions 
were performed at different temperatures. Figure 10 shows the temperature 
dependence of the linewidth of the 'H MAS NMR signal of H-ZSM-5 
(Si02/A1203 = 106) and the same zeolite where 7% of protons are replaced 
by Na+ ions. The variation of linewidth with temperature is very small as 
compared with that for original H-ZSMJ, as shown in Fig. 10. The suppres- 
sion of the temperature dependence was also observed when only 1% of 
protons of H-ZSM-5 (SiO2/AI2O3 = 42) was replaced by N&+ ions.6 These 
results indicate that a small amount of Na' or NH: ions effectively suppresses 
the thermal motion of the whole of the remaining protons. In other words, a 
long-range interaction exists between Na' ions and remaining protons. 

The chemical shift of acidic protons was not affected by Na+ introduction. 
The dynamic property of protons can be a more sensitive measure for the 
activity of protons than the static parameters such as NMR chemical shift and 
IR band position of OH bonds 
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Fig. 10. Effect of Na+ cations on the linewidth of the peak due to acidic protons in 
ZSMJ. SiOZ/AlzO3 = 106. (0) H-ZSMJ, (A) Na(7%)-H-ZSM-5. 

The variable temperature measurements of 'H MAS NMR offer very 
variable information on the dynamic character of the protons of zeolites as 
solid-acid catalysts. The temperature-dependent lineshape of 'H MAS NMR 
spectra of acidic protons (acidic OH groups) in zeolites shows the first and 
unambiguous evidence for proton migration in zeolite structure. There is a 
possibility that the mobility of protons influences a catalytic activity of 
solid-acid catalysts. 

7. HETEROPOLYACIDS AND RELATED C0MPOUM)S AS SOLID 
ACIDS 

Heteropolyacids such as dodecatungstophosphoric acid (H3PW120W, denoted 
as HTP hereafter) are strongly acidic solids and can be used as catalysts for a 
variety of organic react ion~,8~-~ while their silver salts such as silver salt of 
dodecatungstophosphoric acid (Ag3PW120W, denoted as AgTP hereafter) 
themselves have no catalytic activity as a solid acid." However, AgTP under 
hydrogen atmosphere is more active than the parent acid, HTP for several 



374 T. BABA AND Y. O N 0  

acid-catalysed  reaction^.'^^^ Moreover, the catalytic activity of palladium 
metal (Pd') loaded on HTP (denoted as Pdo/HTP) in the presence of 
hydrogen is also higher than that of HTP?3 In this chapter, the properties of 
protons in HTP, AgTP and Pdo/HTP in the presence of H2 are examined by 
'H MAS NMR. There is a possibility that the dynamic property of protons 
influences their catalytic activities as well as zeolites. 

7.1. Structure of heteropolyacids 

Heteropolyacids are polyoxometalates incorporating anions (hetero- 
polyanions) having metal-oxygen octahedra as the basic structural 
Among a wide variety of heteropoly acids those belonging to the so-called 
Keggin series are the most important for catalysis. They include 
heteropolyanions Xh4120$;8 where X is the central atoms (P", Si4+, etc.), y 
is its oxidation state and M is the metal ion (w"', Mo6+, etc.). These 
heteropolyanions have a well-known Keggin structure which is composed of 
a central tetrahedron X 0 4  surrounded by 12 edge-sharing metal-oxygen 
octahedra M06, as shown in Fig. 11. The M 0 6  octahedra are grouped in four 
M3013 triads, which are connected by common vertices. The radius of the 
heteropoly anion is -0.6 nm. The anion contains 12 quasilinear M-0-M 
linkages between the octahedra forming part of different M3OI3 triads, 12 
angular M-0-M bonds between the octahedra within a single triad, four 
X-0-M bonds whereby the triads are joined to the central atoms, and 12 
terminal M=O bonds. These bonds exhibit characteristic vibration frequency 
in the IR spectrum in the range 600-1100 r311-l.'~ 

Fig. 11. The structure of heteropolyanion XMI2WG8. 
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The Keggin-type heteropoly acids such as H3PW,,0, are stable. In addi- 
tion to their well-defined structure, heteropoly acids have special properties 
which are of great value for catalysis, such as strong Bronsted a~id i ty ,8~-~  
and high solubility in water and oxygenated organic solvents, fairly high 
stability in the solid state, a “pseudoliquid phase”.w90 These properties 
render heteropoly acids potentially promising acid catalysts in heterogeneous 
system. 

7.2. Proton sites and acid strength 

Structural characterization of the proton sites in heteropolyacids is an impor- 
tant step towards understanding the catalytic activity. 1 7 0  NMR date indicates 
that in the polyanion in solution, the bridging oxygen atoms have a higher 
electron density than the terminal oxygen atoms%*97 In the Keggin anion, 
edge-bridging M-0-M oxygens are assumed to be the predominant protona- 
tion sites. In solid heteropolyacids, the protons take part in the formation of 
the heteropolyacid crystal structure, linking the neighbouring heteropoly 
anions In this case, the more accessible terminal oxygens can be protonated. 
Thus, from single-crystal X-ray and neutron diffraction date, the proton sites 
in the crystalline H3PW1204 6Hz0 are represented as diaquahydrogen ions, 
H50:, each of which links four neighbouring PWlzO$ by forming hydrogen 
bonds with the terminal W=O  oxygen^.^* In the dehydrated H3PWI2O4, 
according to 1 7 0  NMR date, the protons are also predominantly localized on 
the terminal oxygens around room temperature.%*97 

The acid strength of Keggin-type heteropolyacids is stronger than such 
conventional solid acids such as Si02-Alz03 and H-Y zeolitesw The acid 
strength of crystalline heteropolyacids decreases in the series.9s 

8. CATALYTIC AND DYNAMIC PROPERTIES OF PROTONS IN 
HETEROPOLY COMPOUNDS 

8.1. Catalytic properties of protons in H8Wu0.,,, 

As mentioned above, H3PWl2Om (I-ITP) is very active solid acid for various 
reactions It is also known that polar molecules are absorbed in the solid bulk 
phase and the polar reactants undergo chemical transformations in the solid 
bulk as well as on the surface.88-90 This behaviour of heteropoly compounds is 
called a “pseudo liquid phase” phenomenon. 

In order to find the behaviour of protons in pseudoliquid phase, the effect 
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Fcg. 12 Influence of the amount of water on the rate of isomerization of cyclopropane 
to propene over H$W,,O,. nH20. Reaction temperature: 354K, cyclopropane 40 kPa. 

of absorbed water on the catalyst was examined. Figure 12 shows the 
change in the catalytic activity for cyclopropane isomerization to propene as 
a function of the amount of water absorbed in The catalytic ac- 
tivity reached its maximum when a small amount of water was absorbed 
(-0.5 mol mol-' H"). Enhancement of the activity by water is plausibly due 
to the increased mobility of protons in HTP. The decline of the activity at 
higher loading of water is ascribed to the decreased activity of protons by 
hydration. 

8.2. Dynamic properties of protons in H#WnOm 

Figure 13 shows 'H MAS NMR of HTP in which water molecules are 
absorbed in a different degree. 'H MAS NMR spectra were measured on 
samples sealed in a glass capsule as in the case of zeolites. 

The spectra of HTP.nH20 were recorded at 298K. The chemical shift of 
protons in HTP was observed at 9.0ppm. Even when the values of n in 
HTPvtH20 were 0.25,0.50,1.0 and 2.0, only a single peak was observed at 9.4, 
9.2,9.0 and 8.9 ppm, respectively, and the signal was sharpened. This indicates 
that rapid exchange of protons occurs between protons in absorbed water and 
those originated from the acid. 
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Rg, l3. 'H MAS NMR spectra of HQW120, and HQW12040.nHz0 at 298K. The 
spinning rate of the sample was 4 kHz. (a) H3PWl2Om, (b) H3PWl20,,,-O.25H20, (c) 
H3PWI20,. 0.5H20, (d) H3PW120, * H20, (e) H3PWI20,. 2H20. (*) denotes a 
spinning sideband. 
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9. PROPERTIES OF PROTONS IN A&PWUOM 

9.1. Generation of acidic protons in A&PWUOM 

Ag3PW,z040 (AgTP) itself has no catalytic activity at all as solid acid catalysts. 
The acidic protons are generated in AgTP when Ag' ions are reduced with 
hydrogen.'@' 

2Ag' + Hz - 2Ag0 + 2H' (3) 

In this chapter, the interaction between H2 molecules and Ag' cations is 
investigated by 'H MAS NMR. 

9.2. 'H MAS NMR measurements of A&PWUOw under hydrogen 
atmosphere 

'H MAS NMR spectra were measured on samples sealed in a glass capsule as 
in the case of zeolites. After the reduction of AgTP, under hydrogen atmo- 
sphere, the sample was transferred to the glass capsule under hydrogen 
atmosphere, and sealed with a flame. AgTP reduced with hydrogen is denoted 
as R-AgTP. The degree of reduction of Ag' in R-AgTP is 33%, which is 
corresponded to reduction of one of the three Ag' ions in AgTR 

'H MAS NMR spectra were recorded between 298K and 373K on a Bruker 
AM 400 or an MSL 270 spectrometer. The repetition time was 20s and the 
rotation frequency of the glass capsule was 4.0 kHz. 

9.3. 'H MAS NMR spectra of A&PWUOM partially reduced with 
by drogen 

'H MAS NMR spectrum of R-AgTP in the presence of hydrogen (40 kPa) 
was recorded at 298K. lbo peaks were observed at (9.320.1) pprn and 
(6.4 5 0.1) ppm, as shown in Fig. 14(a). The peaks observed at 9.3 ppm and 
6.4ppm are hereinafter denoted as H (high frequency) peak and L (low 
frequency) peak, respectively. When hydrogen in the gas phase was evacuated 
at room temperature for 2 h, L-peak disappeared as shown in Fig. 14(b). 

A unique feature of R-AgTP is the effect of hydrogen on the property of 
acidic protons and the catalytic activities. These findings are summarized as 
follows:6.7 

1. The amount of the protons at 6.4 ppm reversibly changed with hydrogen 
pressure, while the amount of protons at 9.3 ppm was independent of the 
hydrogen pressure. 

2. R-AgTP exhibits a catalytic activity for the isomerization of hexane only in 
the presence of hydrogen. 
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Fig. 14. 'H MAS NMR spectra of R-AgTP at 298K. (a) R-AgTP recorded under 
40 kPa of hydrogen. (b) Recorded after evacuating hydrogen at 298K for 2 h. 

3. The activities of R-AgTP for the isomerization of hexane reversibly with 
hydrogen pressure. Thus, the catalytic activity disappears when hydrogen 
is eliminated from the gas phase and reappears upon reintroducing 
hydrogen. 

4. The catalytic activity of R-AgTP in the presence of hydrogen for the 
isomerization of hexane is much higher than that of HTP, whose activity is 
independent of hydrogen pressure. 

These findings indicate that the properties of the protons formed by the 
reduction of AgTP are quite different from those in HTP, and that hydrogen 
molecules are reversibly converted into acidic protons over AgW. Moreover, 
the protons at 6.4 ppm are active for hexane isomerization, but the protons at 
9.3ppm are not active. In general, the protons with chemical shifts higher 
values are considered to be more electron deficient and are expected to be 
more active as solid acids. For example, the chemical shifts attributed to the 
protons in zeolites are correlated with the positions of the IR stretching bands 
of the acidic OH  group^^*^^ The findings in R-AgTP apparently contradict 
with this general rule. Therefore, there must be some other important factors 
which determine the activities of protons, other than the chemical shift or the 
electron density of the protons. A possible factor may be the dynamic 
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property of the protons as well as zeolites. m e  dynamic phenomenon 
between interconversion of hydrogen into protons might be observed by 'H 
MAS NMR. 

9.4. Spinning frequency dependence of 'H MAS NMR of A&PWn04 at 
298K 

In order to know if the thermal motion of the protons contributes to the 
linewidth of 'H MAS NMR spectrum of R-AgTF', the effect of the spinning 
frequency on the linewidths of the two signals was examined at 298K in the 
presence of hydrogen. As shown in Fig. 15, the linewidth of L-peak sig- 
nificantly changes with the spinning frequency, while H-peak does not. 

The linewidth of the L-peak decreased from (6.4k0.4) X 16Hz to 
(3.6 5 0.3) X 16 Hz by increasing the spinning frequency (vr ) from 2.5 kHz to 
4.0 kHz. Moreover, the linewidth was nearly proportional to (y)-', which 
relation is observed at w T~ % 1 in Eq. (2). This implies that the thermal motion 
of protons even at 298K determines the linewidth of L-peak. On the other 

Fig. 15. Dependence of linewidth on the spinning rate for 'H MAS Nh4R signal of the 
protons at 9.3 ppm (0) and 6.4 ppm (0) in R-AgTP in the presence of hydrogen 
(40 kPa). The spectra were recorded at 298K. 
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hand, the linewidth of H-peak in the absence of hydrogen was not influenced 
by the spinning frequency either and was smaller than that measured in the 
presence of hydrogen. Thus, the linewidths in the absence and presence of 
hydrogen were (4.6 2 0.3) X Id Hz and (8.0 2 0.3) X 1d Hz, respectively. 

The results described above indicate that the protons at 6.4 ppm are mobile 
in an NMR time scale even at room temperature, and that the protons at 
9.3 ppm are fixed at PW120z anions. 

9.5. Temperature dependence of ‘H MAS NMR spectra of A&3PWUOI0 in 
the presence of hydrogen 

Further evidence for high mobility of 6.4 ppm protons was obtained from the 
temperature dependence of the spectra in the presence of hydrogen. Figure 
16(a) shows the spectrum at 298K. As described above, two kinds of protons 
were observed at 6.4 ppm and 9.3 ppm. When temperature was raised, both 
peaks shifted, and at the same time, both peaks broadened significantly as 
shown in Fig. 16(b)-(d). The peak at 6.4 ppm shifted to the higher frequency 
field, while the peak at 9.3 ppm to the lower frequency field. At 373K, “6.4 
ppm peak” was further broadened and merged into “9.3ppm peak” as a 
shoulder. The original lineshape was completely reproduced by cooling the 
sample down to 298K again (Fig. 16(e)), indicating that the linebroadening 
phenomenon is reversible. 

The temperature dependence of the spectrum clearly indicates that the 
exchange reaction proceeds between the two types of protons. 

Moreover, the extent of broadening of 6.4 ppm peak was more pronounced 
than that of 9.3 ppm peak, indicating that the mobility of 6.4 ppm protons is 
higher than that of 9.3ppm protons in accord with the conclusion from the 
effect of the spinning frequency at 298K. This suggests that the exchange 
reaction is caused by migration of the mobile protons (6.4 ppm) to the sites of 
nonmobile protons (9.3 ppm). 

To examine further the nature of the protons due to the H-peak, the 
temperature dependence of the linewidth of H-peak was examined. Thus, the 
spectrum of R-AgTP was measured after the system was evacuated for 2 h at 
room temperature. By this treatment, L-peak was completely eliminated and 
thus H-peak could be observed without complication from the effect of the 
proton exchange. 

As shown in Fig. 14(b), a signal of the protons of H-peak was observed at 
9.3 ppm at 298K in the absence of hydrogen. The temperature dependence of 
the spectrum was examined by raising the sample temperature stepwise (Fig. 
17(a)-(e)). The value of chemical shift shifted only slightly; it changed from 
9.3 ppm to 9.1 ppm upon raising the temperature from 298K to 373K. The 
linewidth of the peak was increased only slightly from (4.6 2 0.3) X Id  Hz to 
(6.150.4) X lo2 Hz. This indicates that the mobility of the protons responsible 
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ffig. 16. Change in the 'H MAS NMR spectrum of R-AglT with temperature. Each 
spectrum was recorded by heating the sample stepwise from 298K to 373K under 
hydrogen (40kPa). Temperature: (a) 298K, (b) 333K, (c) 353K and (d) 373K. 'Ihe 
spectrum (e) recorded at 298K, after the spectrum was measured at 373K. 
(*) denotes a spinning sidebond. 
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Fig. 17. Change in 'H MAS NMR spectra of R-AgTP with temperature in the absence 
of hydrogen in the gas phase. R-Agl" was evacuated at 298K for 30 min. Tempera- 
ture: (a) 298K, (b) 313K, (c) 333K, (d) 353K and (e) 373K. 

for H-peak is low even at 373K, and that only protons responsible for L-peak 
have a high mobility. Therefore, it is concluded that the exchange occurs by 
migration of the mobile protons observed at 6.4ppm to immobile protons 
observed at 9.3ppm. Moreover, the linewidth of H-peak in the absence of 
L-peak (Fig. 17(a)) was smaller than that in the presence of L-peak (Fig. 
16(a)). This is probably because the proton exchange contributes to the 
linewidth of H-peak even at room temperature. Only the variable tempera- 
ture 'H MAS NMR gives the information of the dynamic process between 
protons and hydrogen molecules. 
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10. COMPOSlTE CATALYST CONSISTING OF Pdo AND HSPWUO, 

The catalytic activity of a composite catalyst consisting of palladium metal 
(Pd') and H3PWl2Om (denoted as Pd'MTP) was higher than that of HTI?93 
The presence of H2 is necessary to maintain the high activity as well as 
R-AgTP H2 molecules dissociate into hydrogen atoms over Pd', while they 
do not dissociate over Ag' cation and Ago metal. This suggests that the 
mechanism of the generation of protons in Pd'MTP is different from that in 
AgTP and/or the dynamic property of protons in Pd'/HTP might be different 
from that of R-AgTP and that of HTP. In the case of Pd'/HTP, hydrogen atoms 
formed over Pdo spillover and might interact with surrounding heteropoly 
anions. In this chapter, the interaction of hydrogen atoms with PW120$ is 
examined by 'H MAS NMR in the presence and absence of hydrogen. 

10.1. Preparation of Pdo/H3PWUOlo and 'H MAS NMR measurements 

Pdo/HTP was prepared as follows Pd(N03)2 was loaded on http by impregna- 
tion method from the solution of http and Pd(N03)2. Pd(N03)2 loaded on 
H" is denoted as Pd(I1)MTP. Pdo/HTP was prepared by the reduction of 
Pd(I1)MTP with hydrogen. 

10.2, 'H MAS NMR spectra of Pdo/H3PWUO, 

The spectrum of Pd(II)/HTP is shown in Fig. 18(a). The peak at 9.1 ppm due 
to protons in HTP was observed. This means that Pd(II)/HTP is a mixture of 
Pd(NO& and HTP. 

When Pd(II)/HTP was reduced with hydrogen, a small peak was observed 
at 19.8 ppm beside the peaks at 9.1 ppm and 4.7 ppm. The peak at 19.8 ppm 
was assigned to be hydrogen atoms adsorbed on metallic palladium. The 
other two kinds of protons are attributed to acidic protons (9.1 ppm) and 
water molecules (4.7 ppm) (Fig. 18(b)). 

'The intensity of the peak at 9.1 ppm was increased by the reduction of 
Pd(II)/HTP with hydrogen (Fig. 18(b)). The acidic protons are generated by 
following mechanism. 

Pdo 

Hz 2H (4) 

H + PW120z - H' + PW120tG (5) 

Thus, H2 molecules from the gas phase dissociate into hydrogen atoms 
over PdO metal. The hydrogen atoms thus formed spillover and interact 
with surrounding heteropolyanions, PW1202 to be converted into protons. 
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Fig. 18. The reversible generation of protons. (a) Pd(II)/HP, (b) Pdo/HTP in the 
presence of hydrogen (13.3 kPa), (c) Pdo/HTP evacuated at 42313 for 1 h. (d) The 
sample (c) re-exposed to hydrogen (13.3 kPa) at 423K for 30min. The spectra 
measured at 298K. The resonance frequency was 300MHz. (*) denotes a spinning 
sideband. 'Ihe molar ratio of Pd/HTP was 1.5. 

According to the above mechanism, metallic palladium serves as a catalyst for 
the interconversion between hydrogen atoms and acidic protons. 

The protons due to water observed at 4.7 ppm were formed by the 
reduction of HTP with H atom or H,. 

H3PW120.,,, + 2 H (or H,) - H20 + H3PW12039 (6) 

To know how the three types of protons behave with the adsorption- 
desorption cycle of hydrogen, 'H MAS NMR spectra of Pdo/HTP were 
recorded at 298K in the presence and absence of hydrogen. Upon evacuation 
of the sample (b) in Fig. 18 at 42313 for 1 h, the peak due to hydrogen atoms 
on Pdo metal disappeared. The intensity of the peak due to water molecules 
decreased considerably, and the peak intensity of the acidic protons decreased 
to about two-thirds of that before evacuation (Fig. 18(c)). 

The sample (c) in Fig. 18 was then re-exposed to hydrogen (13.3 kPa) at 
423K. As shown in Fig. 18(d), the peak at 19.8ppm due to hydrogen atoms 
dissociated over PdO reappeared, and its intensity was recovered. This result 
indicates that the dissociation of H2 into H atoms over Pdo is reversible. On 
the other hand, the intensity of the peak at 9.1ppm was not completely 
recovered to the original intensity of Fig. 18(b), though it is about 1.3 times 
larger than that of the peak due to Pd(II)/HTP (Fig. 18(a)). The intensity did 
not completely recover to that before hydrogen evacuation. This shows that 
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FTg. 19. The temperature dependence of 'H MAS NMR spectrum of Pdo/HTP in the 
presence of hydrogen. (a) 298K, (b) 333K and (c) 373K. 'Ihe spinning frequency of the 
sample was 5.8 kHz. The resonance frequency was 300 MHz. (*) denotes a spinning 
sideband. The molar ratio of Pd/HTP was 1.5. 

the protons which are reversibly formed, disappear by the desorption of 
hydrogen. Upon re-exposure to hydrogen, the intensity of the peak at 
19.8 ppm was recovered. The reappeared peak at 4.7 ppm shows that the 
reduction of the heteropoly anion further proceeds by the second exposure to 
hydrogen. 

10.3. Influence of temperature on the 'H MAS NMR spectra of 
Pdo/H~WuOa in the presence of hydrogen 

To examine further the conversion of H atoms into protons, the spectra of 
Pdo/HTP under hydrogen atmosphere were recorded by raising the sample 
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temperature (Fig. 19). The peaks at 9.1 and 18.9ppm were broadened by 
raising the temperature to 333K, and further broadened at 373K. The peak at 
19.8 ppm shifted to lower frequency field by raising temperature, and merged 
into the peak at 9.1ppm at 373K. These spectra changes suggest that the 
exchange of the two types of protons occurs at higher temperatures. The 
intensities of the spinning sidebands decreased at 333K and disappeared at 
373K. 

To know whether the thermal motion of the protons contributes to the 
linewidth of 'H MAS NMR spectrum of Pdo/HTP, the effect of the spinning 
frequency on the linewidth of the signal in the presence of hydrogen was 
examined at 298K and 373K. The molar ratio of Pdo to HTP was 0.1. The 
linewidth of the peak at 9.1ppm in Pdo/HTP significantly changed with 
the spinning frequency at 373K, decreasing from (7.4 2 0.3) X Id Hz to 
(5.4 2 0.3) X 102 Hz by increasing the spinning rate from 2.0 kHz to 3.5 kHz. 
The dependence of linewidth on the spinning frequency implies that the 
thermal motion greatly contributes to the linewidth of the peak at 9.1 ppm. 
The values of -rC and Mis are obtained as (31 2 3) p s  and (1.1 5 0.2) X 108s-* 
at 373K, respectively. 

On the other hand, the linewidth was not influenced by spinning frequency 
at 298K, indicating that the thermal motion is not responsible for the 
linewidth at this temperature. 

The linewidth of HTP was independent of the spinning frequency at both 
298K and 373K, being (4.8 2 0.2) X I d  Hz and (5.0 2 0.2) X 16 Hz, respec- 
tively. 

The results described above indicate that the protons in Pdo/HTP under 
hydrogen are more mobile than those in EITP. The difference of the mobility 
between the protons in Pdo/HTP and those of HTP may explain the difference 
in the catalytic activities of the two catalysts for methanol conversion and 
hexane isomerization.85 

11. SUMMARY 

The various experimental facts described above show that the temperature 
variable 'H MAS NMR could reveal the dynamics of protons in solid acids. 
Information obtained by this technique offers new insights, which could not 
be obtained by other means, on the acidic properties of solid acids and their 
catalysis. The significance of proton mobility in catalysts will be able to be 
discussed in the future. 
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