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Preface 

The protean nature of NMR is amply demonstrated by the contributions to 
this volume of Annual Reports on NMR Spectroscopy. Like many of its 
predecessors Volume 42 consists of timely reports from somewhat disparate 
area of molecular science. Multinuclear NMR Studies of Azo Dyes and their 
Metal Complexes are covered by A. Lycka. Following this is an account of 
Recent Progress in Solid State NMR by C. Ye, S. Ding and C. A. McDowell, 
while the third contribution is from D. J. Craik and M. J. Scanlon and covers 
Pharmaceutical Applications of NMR. 

My gratitude is due to all of these reporters for their timely and interesting 
reports. It also a pleasure for me to record my thanks to the production staff at 
Academic Press (London) for their keen support and cooperation in the 
presentation of this series of reports. 

University of Surrey 
Guildford, Surrey 
England 

G. A. WEBB 
November 1999 



Multinuclear NMR of Azo Dyes and Their 
Metal Complexes 

ANTONiN LY(~KA 

Research Institute for Organic Syntheses CZ-532 18 Pardubice-Rybitvi, Czech Republic 

1. Introduction 
2. NMR spectra of azo dyes in solution 

2.1 1H NMR spectra 
2.2 IH and 13C NMR spectra 
2.3 15N NMR spectra 
2.4 NMR of other nuclei 

3. Solid-state NMR of azo dyes 
4. Azo-hydrazone tautomerism of azo dyes 
5. Metal complexes of azo dyes 

References 

1 
1 
1 
7 

15 
20 
21 
36 
42 
53 

1. INTRODUCTION 

Section 2 of this review covers the literature dealing with N M R  spectra of 
azo dyes measured in solution since the publication of last review 1 in 1993 
and focuses on azo compounds. Hydrazo compounds have been included 
either when prepared by diazonium salt coupling reactions or when they 
are important for azo-hydrazone  tautomerism description. The 13C and 15N 
CP/MAS N M R  spectra are discussed in Section 3. Azo-hydrazone  tautomer- 
ism, a property that is indivisibly linked to azo dyes, is the topic of Section 4. 
N M R  spectra of  metal complexes of azo dyes are reviewed in Section 5. 

2. NMR SPECTRA OF AZO DYES IN SOLUTION 

2.1. 1H N M R  spectra 

Azobenzene exists in the thermodynamically much more stable trans form (1), 
while the cis isomer (2) must usually be prepared by irradiation of  1 and then 
separated chromatographically. The 1H N M R  spectra of  compounds 1 and 2 in 
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2 ANTONiN LY(~KA 

several solvents 2-4 are collected in Table 1. In solution state, there is free 
rotation around the C 1 - N  bond (fast on the N M R  time scale) and, thus, the 
proton chemical shifts of H2 /H6  and H3/H5 pairs are equivalent. 

3 2 4 3 

4 1 N,q ,----, 

N - N  

I l l  121 

Some 4-substituted cis-azobenzene derivatives are stable in aqueous 
solution. 4 An ultrafast photoisomerization of 4-(4~-aminophenylazo)benzoic 
acid 5 was studied and 1H NMR spectra of  products were published. 

IH N M R  spectra are often used by synthetic chemists to characterize azo 
dyes. Sets of  proton chemical shifts and, in some cases, also selected coupling 
constants are published surprisingly frequently without any signal assignment 
or with only partial assignment. 

1H chemical shifts were measured of dyes prepared by diazonium salt 
coupling with 2,U,4,4~-tetrahydroxybenzophenone (mono and bisazo com- 
pounds), 6 3-amino-5-nitro[2,1]benzisothiazole, 7 basic dyes derived from 3- 
(acetoacetamido)- pyridine, 8 5-sulfonylpiperidino- and morpholino-8-hydro- 
xyquinoline, 9 5,6-dichloro- and 6,7-dichloro-2-aminobenzothiazoles, 1° H- 
acid, 11 1-butyl-3-cyano-6-hydroxy-5-methyl-2(1H)pyridone, lz ethyl-2-hydro- 
xyazulenecarboxylate, 13 GM1 synthon, 14 3-cyano-2(1H)-pyridinethiones, 15 2- 
amino-6-(2-chloroethoxy) benzothiazole and 2-amino-4-(2-hydroxyethoxy)- 
benzothiazole, 16 2-aminothiophenes, 17 3-amino-4-methoxyacetanilide, 18 1(4)- 
substituted pyrazol-5-one 19 and barbituric acid. z° Lists of  proton chemical 
shifts were published for analogues of Disperse Red 167, zl products of coupling 

Table 1. IH chemical shifts (ppm) in compounds 1 and 2 in several solvents 

Compound Solvent H-2 H-3 H-4 Ref. 

1 Acetone-d6 a 7.9 7.6 7.6 2 
1 DM SO-d6 7.905 7.599 7.617 3 

7.921 7.648 7.603 4 
1 CDC13 7.922 7.521 7.471 3 
2 Acetone-d6 a 6.85 7.25 7.15 2 
2 DMSO-d6 6.855 7.326 7.207 4 

aValues read from published 1H NMR spectrum. 
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reaction of diazonium salts derived from 2-amino-6-nitrobenzothiazole and from 
2-aminobenzothiazole with dialkylanilines, 22 2,6-diaminobenzothiazole, 23 in 
heterocyclic Hansa Yellow analogues, 24 Azoxine S (8-hydroxyquinoline-5- 
sulfonic acid) azo dyes, 25 4-26 bis-3,3'(p-tolylazo)-2,2'-dihydroxydinaphthalene 
and bis-3,3'-(p-anisylazo)-2,2'-dihydroxydinaphthalene, 27 C.I. Disperse Orange 
29, 28 C.I. Disperse Yellow 23, 29 azo pyridone dyes, 3° chromone azo dyes, 31 6- 
(perfluoroalkyl)benzothiazolylazo dyes, 32 model reactive dyes containing the 
vinylsulfonyl group, 33 substituted 2-thiazolylazoanilines, 34 5-((4-heptyloxyphe- 
nyl)azo)-salicylaldimine 35 and disperse dyes containing a built-in oxalanilide 
stabilizer. 36 

Complete assignment of proton chemical shifts in reaction products of model 
vinyl sulfonyl reactive dyes with methyl-a-D-glucoside 37 39 was published. In 
ref. 39, two basic types, 3 and 4, were separated and 1H NMR spectra were 
measured at 600 MHz and analysed. 

O - - H  

N 
/ /  

R 

~ ~ ) ~  SO2CH2CH2 - O CH 2 

HO O ~ O C H 3  

OH 

131 

CH2OH 

o_ L 
~ N / ~ OH 

I41 
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A series of 25 disperse dyes 5-7  obtained by diazotization of nitroanilines 
and heterocyclic amines and coupling with dialkylanilines was prepared 4° and 
their 1H chemical shifts are given in Table 2. 

R 3 

R1 2 ~ 3  
N(CH2CH3)2 

O2N 

R 4 

5 ~R2 8-10 

151 

Compound R l R 2 R 3 R 4 

5a H H H 
5b Br CN H 
5c Br CN H 
5d Br CN H 
5e Br NO2 H 
5f Br NO2 OCH3 
5g Br NO2 H 
5h Br NO2 H 
5i CN CN H 
5j CN CN n 
5k CN CN H 
51 CN NO2 H 
5m CN NO2 OCH3 
5n CN NO2 H 
50 CN NO2 H 

NHCOCH3 
NHCOCH3 
NHCOCH2CH3 
CH3 
NHCOCH3 
NHCOCH3 
NHCOCH2CH3 
CH3 
NHCOCH3 
NHCOCH2CH3 
CH3 
NHCOCH3 
NHCOCH3 
NHCOCH2CH3 
CH3 

5 6 7 
]R 1 ~ ,CH2CH2OH 

O 2 N ~ N  ~ CH2CH2CN 

'R 2 8 9 4 

161 
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Compound R 1 R 2 

6a Br CN 
6b Br NO2 
6c CN CN 
6d CN NO2 

2 1 
4 R 5 7 8 

~ N  /N N(CH2CH3)2 

R 2 / / ' " x . . ~ " ~  S /  R 3 /  3 

6 
9-11 

171 

Table 2. IH chemical shifts (ppm) in compounds 5 - 7  

Compound H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H l l  

5a 
5b 
5c 
5d 
5e 
5f a 
5g 
5h 
5i 
5j 
5k 
51 
5m b 
5n 
50 
6a 
6b 
6c 
6d 
7a ~ 
7b d 
7e e 
7d 
7e 
7f 

6.52 8 . 5 1  7.77 7 . 8 1  8.34 3.52 1 . 3 0  8 . 5 1  2.29 
6.53 8 . 0 1  8.17 8.49 8.67 3.57 1 . 3 2  9.40 2.32 
6.55 8.02 8 . 2 1  8.49 8.68 3.58 1 . 3 3  9.37 2 . 6 1  1.24 
6.56 7.99 6.60 8.52 8.67 3.52 1 . 2 8  2.76 
6.51 7.90 8.17 8.32 8.65 3.55 1.30 9.40 2.30 

- 7.27 8.15 8.28 8.64 3.64 1.32 9.38 2.30 
6.55 8.03 8.19 8.34 8.65 3.55 1 .31  9.37 2.57 1.26 
6.58 7.93 6 . 5 1  8.40 8.65 3.50 1 . 2 7  2.48 
6.59 8.16 8.22 8.66 8.66 3.63 1 .33  9.36 2.33 
6.58 8.15 8.25 8.64 8.64 3.63 1 . 3 6  9.32 2.62 1.23 
6.64 8.14 6.59 8.68 8.68 3.57 1 . 3 2  2.75 
6.54 7.93 8.17 8.56 8.64 3.60 1.34 9.18 2.33 

- 7.29 8.25 8.55 8 . 6 1  3.76 1 .35  9.22 2.35 
6.58 7.83 8.12 8.48 8.55 3.54 1 .23  9.19 2.54 0.82 
6.60 7.98 6.55 8.58 8.67 3.55 1 . 3 0  2.60 
6.83 8.06 8.55 8.72 3.94 3.78 4.06 3.83 2.80 
6.80 7 . 9 1  8.58 8.72 3.94 3.76 4.07 3.83 2.79 
6.84 8.14 8.76 8.76 3.98 3.65 4.06 3.83 2.84 
6.76 7.26 8.52 8.58 4.05 3.65 4.07 3.90 2.37 
6.50 7.05 8.10 7.27 7.28 7.92 3.53 1 . 2 9  9.25 2.33 
6.50 7.04 7.93 7.27 7.28 7.92 3.53 1 . 2 9  9.26 2.59 1.35 
6.60 7.05 7.99 7.94 6.55 7.28 3.49 1 .27  9.26 2.68 
6.58 7.52 7.86 8.22 - 8.58 3.59 1 . 3 2  9.26 2.32 
6.56 7.28 8.04 8.09 8 . 3 1  8 . 7 1  3.59 1.34 2.63 1.26 
6.58 6.63 8.03 8.07 8 . 3 1  8 . 7 1  3.54 1 . 3 0  2.68 

a-e 6(OCH3 ) = 3.86 a, 3.86 b, 3.89 c, 3.89 a, 3.90 e. 
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Compound R l R 2 R 3 

7a H OCH3 NHCOCH3 
7b H OCH3 NHCOCH2CH3 
7c H OCH3 CH3 
7d CI C1 NHCOCH3 
7e H NO2 NHCOCH2CH3 
7f H NO2 CH3 

The ~H chemical shifts were assigned in C.I. Disperse Yellow 211, 41 in 
sodium 1-(2-,1-(3- and 1-(4-trifluoromethylphenylazo)-2-hydroxy-5-benzene- 
sulfonate, 42 in some o,o'-dihydroxyazo dyes containing the sulfo group 43 and 
l(4)-substituted pyrazol-5-one azoderivatives 8. 44 

H3C 

/ 

181 

5" 4" 

N ">N H 

1 . O  
6 2 

8 7 
(eu3)3C" "~  

3" 

2" 

5' 4" 

2" 
8" w 11" 

N / N ' - H  
I I  

10 
3 I ~  --O 

N ~ N ~  8 

"1- 9 

191 1101 
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5" 4" 8 1 @ 8a 
] " 3' 7 2 

• 2" 6 3 

8" ~ ]1" 

N ~ N \ H  N ~  N 

8 ~ - . . 8 a A  ~O . 8' , 1" 

5 4 5" 4" 

I111 1121 

2.2. 1H and 13C N M R  spectra 

From the author's experience, a combination of one-dimensional (1D) and 
two-dimensional 45-48 (2D) 1H and 13C NMR spectra is very useful in assignment 
of proton and carbon resonances. With only unambiguous assignment of all 
signals, definitive conclusions can be made on various problems. 

Figures 1-6 show selected 2D NMR spectra of compound 11. The H,H- 
COSY spectrum (Fig. 1) reveals proton-proton connectivity mainly via 
3j(1H, 1H); in the long-range H,H-COSY spectrum (Fig. 1) (in naphthalene this 
spectrum is very similar to TOCSY), it is possible to observe connectivity of 
protons due to very small coupling constants, in many cases even due to those 
not resolved in a standard 1D proton spectrum. Many nondiagonal signals in 
11 are observable both in NOESY and COSY spectra (Fig. 2), but the 
mechanism of their creation is completely different (dipolar cross-correlation of 
nuclei in close spatial proximity versus indirect spin-spin interaction). In our 
case, the through-space correlations of protons H4 (6 = 7.74 ppm) and H5 
(6 = 7.61) and protons H4'(~5 = 7.81) and H5' (6 = 7.91) are visible only in the 
NOESY spectrum. Gradient-selected HMQC spectrum (Fig. 3) was used to 
correlate protons and appropriate carbons via lJ(13C, 1H) and the HMBC 
spectrum (Fig. 4) via nj(13C, 1H) coupling constants. In the case of complex 
spectra, gradient-selected HMQC-RELAY (Fig. 5) and gradient-selected 
HMQC-TOCSY (Fig. 6) can be applied. Starting from the HMQC cross- 
peak, one can find in the same row in F1 additional signal(s), which are are 
caused by a RELAY transfer (showing --CH--CH--  arrangement) or by a 
TOCSY transfer (showing --CH--CH--CH ... arrangement). The sequence of 
protons in 1H NMR spectra in Figs 1-6 is as follows: H8, H8', H2', HS', H4', 



I "/I 7 

ppm B 7 

ppm 

Fig. 1. H,H-COSY (upper left part) and H,H-COSYLR (bottom right part) spectra of 
compound 11 in CDC13. 

~ -7 

I I I I 

ppm 8 7 

Fig. 2. NOESY (upper left part) and H,H-COSY (bottom right part) spectra of 
compound 11 in CDCI3. 
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Fig. 3. Gradient-selected HMQC spectrum of compound 11 in CDCI3. 
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Fig. 4. Gradient-selected HMBC spectrum of compound 11 in CDC13. 
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Fig. 5. Gradient-selected HMQC-RELAY spectrum of compound 11 in CDCI3. 
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Fig. 6. Gradient-selected HMQC-TOCSY spectrum of compound 11 in CDCI3. 
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Table 3. lH chemical shifts (ppm) in compounds 9-11 in deuteriochloroform and 12 in 
hexadeuteriodimethyl sulfoxide 

Compound 
Hydrogen 
atom no. 9 10 11 12 

d 
1 . . . .  

2 _a _ _c 7.16 
3 7.06 - 6.92 8.18 
4 7.46 - 7.74 - 
5 - - 7.61 9.06 
6 8.05 - 7.41 7.79 
7 - 7.99 7.57 7.65 
8 1.41 7.48 8.64 8.33 
9 - 7.22 - 
10 - 2.38 - - 

1 '  _ _ b  _ _ 

2 '  7.93 7.69 8.21 8.01 
3' 7.58 7.52 7.60 7.74 
4' 7.93 7.91 7.81 8.12 
5' 7.97 7.87 7.91 8.11 
6' 7.58 7.53 7.57 7.71 
71 7.63 7.61 7.66 7.77 
8' 8.49 8.05 8.33 9.01 

a 6(OH) = 13.08. b 6(NH) = 14.49. c6(OH/NH) = 17.24. a6(OH) = 11.34. 

H4, H7 ' ,  (H5 and  H3') ,  (H7 '  and  H6 ' ) ,  H6, CHC13, and  H 3 .1H  and  13C N M R  
chemical shifts 49 for compounds  9 - 1 2  are given in Tables  3 and  4. 

A n  analogous  approach has been used in assigning 1H and  13C N M R  

chemical shifts in an thracenedione  phenylhydrazones ,  s° 1,3-bis(phenylazo)-2- 
naph tho l  and  its precursors.  51 Azo and  hydrazone  c ompounds  13 derived from 

Fischer base (1,3,3-tr imethyl-2-methylidene-2,3-dihydroindole)  were studied by 
two groups. 52, 53 

X 

 3cC ==¢ 
S Z 

/ \ 
\ H 
CH3 

1131 
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Table 4. 13C chemical shifts (ppm) in compounds 9-11 in deuteriochloroform and 12 in 
hexadeuteriodimethyl sulfoxide 

Compound 
Carbon 
atom no. 9 I0 11 12 

1 137.73 - 131.28 158.07 
2 150.38 - 172.91 108.72 
3 117.65 148.52 124.97 114.63 
4 131.13 129.86 140.46 140.55 
4a - - 128.12 132.96 
5 143.06 158.05 128.71 122.78 
6 129.77 137.98 125.91 127.97 
7 34.17 118.78 129.99 125.59 
8 31.39 128.97 121.83 122.57 
8a - 133.52 124.55 
9 - 125.29 - - 

1 0  - 11.83 - - 

1 '  146.35 136.01 139.96 147.67 
2' 113.21 111.29 112.93 111.86 
3' 126.76 126.01 126.15 126.64 
41 129.37 125.89 127.51 130.56 
4a ~ 134.26 134.04 134.17 134.12 
51 131.29 128.81 128.64 128.13 
6 / 126.69 126.58 126.56 126.08 
7' 127.51 127.08 127.24 127.01 
8' 122.18 119.37 120.75 123.13 
8a ~ 129.47 123.12 125.25 130.66 

Both Buss and Eggers 52 (for R = C3H7) and we 53 (for R = CH3) have 
observed the existence of two conformations existing in dynamic equilibrium, 
the major component having E,E arrangement of substituents on noncyclic 
double bonds. Buss and Eggers 52 proposed Z arrangement on the C ~ C  bond 
in the minor component while we found that 2j(15N, C10) is about 4.3 Hz, 
which lies beyond the expected range for planar molecules, and this value 
corresponds to the arrangement in which the plane of the five-membered ring 
and the plane determined by the = C ( 1 0 ) H - - N - -  group and azo bond are 
roughly perpendicular on average. 

Mustroph and Bach 54 proposed, without having any N M R  results, that the 
reaction of diazonium salts with 1-phenyl-3-methyl-4-(a-acet-ethylidene)- 
pyrazol-5-one gave compounds 14. Detailed analysis of 2D 1H and 13C N M R  
spectra revealed 55 that the reaction gives rise the compound 15, possibly owing 
to nucleophilic attack of nitrogen to carbonyl group. The empirical formulae of  
compounds 14 and 15 are the same and, therefore, the reaction products 
cannot be differentiated using elemental analysis data or the m/z value in the 
mass spectrum. 
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COCH 3 R ~'-~NHN=CH C ~  H3 

i141 

J. 

I151 

Coplanarity in 2,6-dimethylazobenzenes 56 and its effect on the efficiency of 
transmission of electronic effects from one ring to the other was studied by 
Byrne and Happer using 13C chemical shifts. The methyl groups have a 
substantial effect on the planarity of the system, but, surprisingly, a loss of 
planarity has relatively little effect on the efficiency of transmission of both 
polar and resonance effects between the two rings. 1H and 13C NMR studies of 
substituent effects on the molecular planarity was performed by Koleva e t  al. 57 

Jirman 5s was interested in 1H and 13C NMR spectra (Tables 5 and 6) of 2,2'- 
disubstituted azobenzenes (16) and 2,2'-azopyridine (17) suitable for prepara- 
tion of metallized azo dyes. 

4 1 N 

X 

1161 1171 

Compound X 

16a OH 
16b NH2 
16e NHCOCH3 
16d COOH 
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Table 5. IH chemical  shifts (ppm) in compounds  16 and  17 

C o m p o u n d  H3 H4 H5 H6 X ~ 

16a b 7.04 7.35 7.03 7.70 12.21 
16a c 7.13 7.42 7.04 7.89 11.6 
16b b 6.76 7,17 6.78 7.67 5.48 
16b" 6.87 7.15 6.63 7.90 6.42 
16c b 8.66 7.50 7.16 7.63 d 
16c C 8.27 7.57 7.28 7.96 e 
16d c 7.91 7.61 7.69 7.55 6.22 
17 b 8.73 7.42 7.88 7.92 - 
17 c 8.78 7.65 8.11 7.80 - 

a The protons in X group, b In deuteriochloroform, c In hexadeuteriodimethyl sulfoxide. 
d 6(NH) = 9.36, 6(CH2) = 2.29. e 6(NH) = 10.13, 6(CH3) = 2.25. 

Table 6. 13C chemical  shifts (ppm) in compounds  16 and  17 

C o m p o u n d  C 1 C2 C3 C4 C5 C6 

16a ~ 135.21 152.99 118.63 133.19 120.25 131.20 
16a b 137.77 154.11 118.14 133.29 119.89 123.63 
16b a 137.76 143.13 117.03 131.35 117.65 124.21 
16b b 136.74 145.31 115.69 131.28 116.60 121.91 
16ea.c d 137.43 120.55 133.45 123.45 116.54 
16c b'e 141.59 137.35 122.67 132.42 123.98 117.29 
16d b'f 151.99 130.91 130.19 131.17 132.61 118.42 
17 a 162.61 - 149.51 126.00 138.40 115.16 
17 b 162.62 - 149.65 126.63 139.23 113.99 

In deuteriochloroform, b In hexadeuteriodimethyl sulfoxide, c6(CH3) = 25.31; the signal of the 
CONH carbon atom was not observed due to low solubility of the substance, dThe signal was not 
observed because of low solubility of the substance, e6(CONH)= 169.00,6(CH3)=24.32. 
16(COOH) = 168.71. 

13C c h e m i c a l  sh i f t s  in  d i e t h y l  a n d  d i b u t y l  [ a - ( 4 - b e n z e n e a z o a n i l i n o ) - N - 2 -  

h y d r o x y b e n z y l ] p h o s p h o n a t e  we re  s t u d i e d  b y  T u~ek -Bo~ i6  e t  al.  59 H a l l a s  a n d  

T o w n s  6° p r e p a r e d  2 - t h i e n y l a z o  dyes  18 a n d  s i m i l a r  de r i va t i ve s .  61 T h e i r  13C 

c h e m i c a l  sh i f t s  a r e  g i v e n  in  T a b l e  7. 

7 8 13 14 
_ C H 2 C H 3  

A 3 6 /  \ 9  / 

/C ?-N ° CH2C-2cN 
-' "~5 H3 C 15 16 17 

12 

1~81 
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Substituent position 

Compound 3 4 5 

18a CN a a 
18b COOCH3 a a 
18C COOC2H5 a a 
18d COOC2H5 b b 
18e CN CH3 CN 

a __CH2CH2CH2__ ' b__CH2CH2CH2CH2_ 

Selected 13C chemical shifts in azines derived from 4-acetyl-3-methyl-1- 
phenyl-5-pyrazolones, 62 methylol groups in formaldehyde-fast bisazo dyes 63 
and pyridyl-substituted azobenzenes 64 are available. The 13C chemical shifts in 
16 substituted azobenzenes were published by Savarino et al. 65 (however, most 
of them are mentioned in ref. 1) and some additional data can be found in 
ref. 66 by Fedorov et  al. 

The 1H and 13C NMR spectra of azo compounds incorporated into 
monomers and polymers have been measured. 67-73 Chiral methacrylic 
polymers containing azobenzene chromophore, 67'68 epoxy-based polymers 
functionalized with tricyanivinylphenylazo chromophores, 69 4-vinylazobenzene 
and homo- and copolymers, 7° microstructure of t rans -4 -acry looy loxyazo -  
benzene/methyl methacrylate copolymers, 71 optically active poly[(S)-4-(2- 
methacryloyloxypropanoyloxy)azobenzene] 72 and polyetherurethane pendant 
with azo dye by N-substitution 73 have been studied. 

Deuterium isotope effect on t3C NMR spectra has been studied in selectively 
deuterated azobenzene, TM in dyes containing amino and acetamido groups 75 
and on 19F NMR spectra. 76 

2.3 .  tSN N M R  spec tra  

Nitrogen NMR spectra of azo, azoxy and hydrazo compounds have been 
reviewed by J. Mason. v7 

Most published 15N chemical shifts have been measured using 15N-labelled 
compounds; alternatively, a long-term accumulation of 15N NMR spectra at 
the natural abundance level of the 15N nucleus had to be used. 1H inverse- 
detected NMR spectra of 15N-labelled and nonlabelled 1-phenylazo-2-naphthol 
were measured to test the applicability of this method and to determine the 
concentrations of dye necessary to obtaining NMR signals. 78 

The 15N chemical shifts in several anthracenedione phenylhydrazones, 5° in 
1,3-bis(phenylazo)-2-naphthol and its precursors, 51 and compounds 9-12, 49, 
13, 53 15 55 were measured. 
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Omura e t  al.  79 reported 6(15N) chemical shifts in compounds 19 (Table 8). 

X ~ ] ' ~ , I / H  n H'~I/Y 

!191 

Compound X Y 

19a o-SO3Na R 
19b m-SO3Na R 
19e p-SO3Na R 
19d o-SO3Na H 
19e H H 

R = 

CI 

   so2c2 oso3Na 
H 

T a b l e  8. 15N chemical shifts (ppm) in compounds 19 in dimethyl sulfoxide 

Compound Na Nb Nc a Nd a 

19a - 191.1 0.2 -262.5 -266.1 
19h -188.9 3.5 -262.6 -265.8 
19e -189.2 3.8 -262.6 -265.6 
19d -203.8 14.1 -302.0 
19e -200.6 -7 .6  

a The assignment may be interchanged. 
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Omura 8° reported 6(15N) chemical shifts in twice coupled H-acid (20), where 
nitrogen chemical shifts of the arylazo group in the ortho position to the amino 
group are typical of the azo form (tS(15Na~) = 140.3, 6(15Nb)= 81.8 ppm) 
while those of the arylazo group situated in the ortho position to the original 
hydroxy group exist almost completely in hydrazone form (6(i5Nc = )  = -196.2, 
6(15Nd) = 2.5 ppm) in one model compound. The 15N chemical shift assign- 
ment of 15N a and 15Nb should probably be interchanged because we have found 
that nitrogen forming a hydrogen bond is shifted upfield.1 

This conclusion is supported by Stefaniak 81 with 15N chemical shifts in 
compounds 21 again existing in the azo forms. The 15N chemical shifts 
measured are extremely useful in characterization of azo-hydrazone equi- 
librium and they are discussed in Section 4. 

2.4. N M R  spectra of other nuclei 

Suzuki et  al. 82 have performed 2H NMR study of the self-assembly of an azo 
dye-cyclomaltooctaose (7-cyclodextrin) complex. 

Neutral phosphorus(V) compound containing divalent tridentate azo ligands 
were studied by Cavell and coworkers. 83 The 31p and 19F chemical shifts 
and j(31p, 19F) coupling constants are collected in Tables 9 and 10 for 
(2,2'-azophenoxy)trifluorophosphorus (22), t r a n s - ( 2 , 2 ~ - a z o p h e n o x y ) ( t r i f l u o r o  - 

methyl)difluorophosphorus (23) and c i s - ( 2 , 2 ' - a z o p h e n o x y ) ( t r i f l u o r o m e t h y l )  

difluorophosphorus (24). 
The 31p, 13 C and 1H NMR spectra were published 84 for 6-(diphenyl- 

phosphanyl)-l-phenylazonaphthalen-2-ol (25a), 6-(diphenylphosphinoyl)-l- 
phenylazonaphthalen-2-ol (25b) and 6-(diphenylphosphinothionyl)-l-phenyl- 
azonaphthalen-2-ol (25c) (Table 11). 

NaO3S  NaO3S  
t...~ ~ H.. /H  H. ~ / /~ . .  

~ / N a  N O Nc ~ /  "R 
I i N! ~ [[ 

N a O 3 1 ~ N d s o 3 N a  

12Ol 

54.2 ~ H 3  

99.8 _ N ~N H 

1211 

-302.0 
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F., 0 - ~  F O ~  F . O ~  
F--Pc---N, 

I CF3 N 

5 
1221 1231 1241 

18 

N ~N H 
8 i 9 ~  jo 

z 7(" W \"~ 

13 

17 
16 

14 

1251 

Compound E 

25a None 
25b O 
25c S 
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Table 9. 31p and 19F chemical shifts (ppm) a in compounds 22-24 

Compound 31p 19F(CF3)ax 19(F(CFs)rad 19(F(PF3)a x 19F(PF)rad 

22 -143.6 -51.2 -80.0 
23 -148.9 -68.9 -62.1 
24 -146.0 -69.3 -57.7 -82.3 

aPositive valuesindicate resonance to high field;standards:85%H3PO4,CFC13. 

Table 10. j(31p, 19F) and j(19F, 19F) coupling constants (Hz) in compounds 22-24 

IJpF 2JpF 3JFF 3JFF Solvent 

Compound ax rad ax rad cis trans 

22 842 770 47 CD3CN 
23 894 134 10 CD3CN 
24 833 853 128 56 12 4 CD3CN 

Table 11. 31p and 13C chemical shifts (ppm) in compounds 25a-e  and nj(31p, 13C) 
coupling constants (Hz) values in parentheses) 

25a 25b 25c 

6(31P) -5 .2  30.1 43.6 

~(13C) 
C1 129.9 129.4 129.4 
C2 169.5 170.1 170.2 
C3 124.9 125.4 125.3 
C4 139.7 139.3 139.4 
C5 134.3 (22.4) 133.6 (9.9) 133.7 
C6 128.6 (9.5) 128.6 (106.0) 129.8 
C7 133.5 (17.8) 130.7 (9.9) 130.8 
C8 121.8 (6.2) 121.9 (6.8) 121.8 
C9 127.7 127.5 127.3 
CIO 133.8 135.8 135.5 
C l l  137.0 (10.5) 132.3 (108.3) 133.4 
C12 133.7 (16.7) 132.1 (9.9) 132.2 
C13 128.5 (7.3) 128.6 (12.2) 128.6 
C14 128.8 132.1 (2.3) 131.6 
C15 144.9 145.0 145.0 
C16 118.7 119.2 119.1 
C17 129.7 129.6 129.6 
C18 128.4 128.3 

(11.6) 

(lO.5) 
(11.6) 

(lO.5) 
(12.6) 
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3. SOLID-STATE NMR OF AZO DYES 

In contrast to the large number of NMR spectra of azo dyes measured in solution, 
relatively little attention has been paid to high-resolution solid-state NMR studies 
of these compounds. A review article on this subject 85 has been published. 

In the solution state, there is a free rotation around the C(1)--N (fast on the 
NMR time scale) and, thus, average chemical shifts are observed for C2 and C6 
and likewise for C3 and C5 in azobenzene as well as in 4,4'-disubstituted trans- 

azobenzenes. In the solid state, locked planar trans configurations are detected, 
resulting in nonequivalence of C2/C6 and C3/C5 signal pairs. Chippendale 
et al. 86 reported in 1981 the 13C solid-state NMR spectra of azobenzene and 
symmetrically 4,4'-disubstituted t rans -azobenzenes  (26). 13C chemical shifts are 
given in Table 12. 

6 5 

2 3 

1261 

Typical differences in the C2/C6 chemical shifts were found to be 13-18 ppm 
and in the C3/C5 shifts they are about 1-3 ppm in the solid state. Using 2,U- 
dimethylazobenzene as a model compound, it was shown that C6 absorbs at 
higher field than C2 in t rans-azobenzene  (6(C2)= 8(C6)= 122.9 ppm in 
solution, 6(C2)= 130.7, 6(C6)= 117.9 ppm in the solid state). The 13C 
CP/MAS NMR spectrum of Disperse Orange 25 was recorded and proposed 
peak assignments were made. 2 

Maciejewska et aL 87 have published 13C CP/MAS NMR spectra of nine 4 t- 
subst i tu ted-4-dimethylamino- trans-azobenzenes  27 (Table 13). The nonequivalence 
of C2/C6 and of C2'/C6 t was observed and the difference in 13C chemical shifts 
was 14.0-22.0 ppm for C2/C6 and 12.2-22.5 for CU/C6/. The 13C CP/MAS 
NMR spectra of the compound with 4t-CHO substituent were measured in the 
temperature range 298-373 K but the spectra did not exhibit any substantial 
changes except for a small high-frequency shift of all resonances. These results 
confirm the lack of ring dynamics in the above-mentioned temperature range. 

3" 2" 

4 " , ~ - ' ~  1" 6 5 

5" 6" ~ S l"~t~n3)2 

2 3 

1271 
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The nonequivalence of some signals that are equivalent in solution NMR 
complicates the interpretation of the 13C CP/MAS NMR spectra of azo dyes, 
even for simple compounds where the chemical shifts measured in solution and 
their interpretation are available. The dipolar dephasing experiment permits 
the selective measurement of nonprotonated carbon (i.e. with no directly 
bound hydrogen). We have used C6D5 deuterated isotopomers 88 in the analysis 
of the 13C CP/MAS spectra of azo dyes. 13C CP/MAS NMR spectra of 4- 
[N,N-bis(2-hydroxyethyl)amino]azobenzene (28), 2-hydroxy-5-tert-butylazo- 
benzene (29) 4-(N,N-dimethylamino)azobenzene (30), 4-methoxyazobenzene, 
(31) and 4-hydroxybenzene (32) were recorded. 

OH H--O 

\ 
OH C(CH3)3 

1281 1291 

1301 1311 

1321 

The appropriate C6D5 deuterated isotopomers of 28, 29 and 32 were also 
studied. C--D carbons in the deuterated isopotomers behave in dipolar 
dephased spectra as quaternary carbons and the changes in spectral patterns of 
nondeuterated and pentadeuterated compounds were used for 13C chemical 
shift assignment. The spectra of 28, 30, 31 and 32 were also recorded at 
elevated temperature. It was found, contrary to Maciejewska's results, 87 that in 
28, 30 and 32 rotation of the aromatic rings is induced at elevated 
temperatures. 

Forber et al. published solution and solid-state NMR spectra of 
symmetrically o,o'-disubstituted azobenzenes. 89 
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13C CP/MAS NMR spectra of 1-(2r-nitro-4r-methylphenylazo)-2-naphthol 
(C. I. Pigment Red 3), 1-(2r-nitro-4r-chlorophenylazo)-2-naphthol (C. I. 
Pigment Red 6) and 1-(4r-nitrophenylazo)-2-naphthol (C. I. Pigment Red 1) 
were published. 9° The results were in agreement with diffraction data, 
confirming the existence of these compounds mainly as hydrazone structures 
in the solid phase. The effect of (13C-14N) residual coupling constants on 13C 
CP/MAS NMR signals was discussed using two different frequencies for 
recording~3C CP/MAS NMR spectra. 

Harris et al. 91 used C. I. Pigment Red 57 : 1 as a model compound in testing a 
pulse sequence for generating 13C CP/MAS NMR spectra of proton-bearing 
carbons only. The sequence is based on difference spectroscopy and enables the 
observation of peaks that are otherwise severely overlapped by others. 

Olivieri et al. 92 have reported the 13C CP/MAS NMR spectra of substituted 
1-phenylazo-2-naphthol derivatives using standard and dipolar-dephased 
experiments and compared the structural results with solution NMR and 
x-ray data. 

Hsieh et al. 93 measured 4-(3~,5'-dinitro-21-hydroxyphenylazo)-3-hydroxy-2 - 
naphthanilide and Fedorov 94 studied 4-(4-nitrophenylazo)-l-naphthol in the 
solid state. The typical feature of all of these spectra is the strong overlapping 
of signals in the aromatic region of the spectra, especially in the range of 6(13C) 
from 110 to 140 ppm. It is therefore difficult to assign 13C resonances in this 
region with certainty. On the other hand, such spectra provide important 
information pertaining to azo-hydrazone tautomerism. The 13C CP/MAS 
NMR signals of C==O/C--OH are shifted downfield from the aromatic region 
and from the values of 6(13C) of this carbon (175.8 ppm in 4-(31,5'-dinitro-2 '- 
hydroxyphenylazo)-3-hydroxy-2-naphthanilide and 184.7 ppm in 4-(4-nitro- 
phenylazo)-1-naphthol)), the authors concluded that the compounds measured 
exist predominantly or completely in the hydrazone form. 

Chromogens of different classes, viz., arylazo derivatives of resorcinol, 
naphthols, naphthylamines, chromotropic acid and its cyclic modification, and 
also some formazans, were investigated by Fedorov et al. 95 using 13C CP/MAS 
NMR. Usually only negligible changes of t~(13C) were found on comparing 
solution and solid-state spectra. Table 14 shows solution and the solid-state 
data for azo resorcinols in alkaline media existing in para-qu ino id i c  structure 
33, not in the ortho one typical of some other compounds. 

H O- 

R--N 
\ 

N O 

6 5 

1331 



Table 14. ~3C chemical shifts (ppm) of arylazo derivatives 33 of resorcinol 

R Conditions C1 C2 C3 C4 C5 C6 

33 R = C6H5 D20 (pH 10-0) 134.5 175.7 106.5 184.4 123.1 135.7 
p-NO2C6H4 D20 (pH 10-7) 137.0 177.0 106.5 186.1 126.1 135.7 
m-SO3NaC6H4 D20 (pH 10-6) 135.1 177.6 106.6 185.1 124.0 135.9 
Py (Na-form) DMSO 136.5 175.2 105.0 183.5 127.8 133.4 

Solid 136.5 177.8 108.2 184.1 126.3 133.3 

0/H N ~ / R  0 H " N / ~ / R  

6 ~ 3  
5 4 

1341 

R R 

N ~N H ~ N~N'~H 

1351 

H 
O / O 

N~ N N\N~H 

+ + 
R R 

1361 



M U L T I N U C L E A R  N M R  OF AZO DYES A N D  THEIR METAL COMPLEXES 2 7  

¢0 

(,.) 

o o  

¢0 

~D 

¢0 

(0 

r.,O 
e ~  

.g 

0 

0 
o 

& * 
r..) 

e.i m 

g- 
eq 
a: 

z ~  

~, Z Z  Z ~ Z  

r~ 
r~ 



28 ANTONiN LYCKA 

In Table 15, 13C chemical shifts in arylazo derivatives of 2-naphthol (34 and 
35) and 1-naphthol (36) are presented. 

The structure of a reagent known under the commercial name 'calcion- 
calcichrom' has been studied 96 in solution and in the solid state using 13C 
CP/MAS NMR. The actual structure of this reagent (37) differs from the 
earlier supposed structure. 

N a O 3 S ~  SO3Na 

H / O  H--- O H/N- - -N  

NaO3~ ~ SO3Na 

[371 

Fedorov and Rebrov 97 studied the 13C CP/MAS NMR spectrum of 
dithiazone and compared the data obtained with those from x-ray studies. 

Table 16. 13C chemical shifts (ppm) of the polymorphs of compound 38 

Carbon atom no. Polymorph A Polymorph B Polymorph C 

1 155.7 155.3 156.0 
2 130.5 130.3 131.4 
6 114.9 115.0 114.9 
3,5 124.2 123.0 123.8, 125.7 
4 147.0 145.3 146.7 
1 ' 130.0 131.7 134.4 
2 r 141.4, 135.2 141.5, 135.9 140.5 
3' 99.0 100.8 106.7 
4' 153.7 155.3 151.4 
5' 107.5 107.6 109.0 
6' 138.8,117.9 138.7, 116.7 118.4 
a 46.0 45.2 49.9, 48.2 
b 33.8, 28.6 31.3, 30.5 33.7, 31.8 
c 172.6 172.6, 172.1 171.4 
d 51.9 51.6, 50.7 52.6, 51.9 
e 26.6 27.0 24.3 
f 170.0 169.7 169.8 
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Polycrystalline powder samples of disperse dyestuff 2t-acetamido-4'-(N,N - 
bis(2-methoxycarbonylethyl)amino)-4-nitroazobenzene 98 (38) have been inves- 
tigated using solid-state and solution-state 13C and 15N NMR spectroscopy in 
an attempt to understand the effect of polymorphism. 13C chemical shifts of 
three polymorphs A, B and C were assigned (Table 16). Assignment of the 13C 
spectra indicates that it is possible to form an intramolecular hydrogen bond 
resulting in two conformations coexisting in the crystal structure of two of the 
polymorphs as well in solution, and differing by internal rotation of a side- 
chain acetamido group. This is clearly evident in the solid-state spectra at 
ambient temperature and in solution at sufficiently reduced temperatures 
(-80 °C). Each polymorph contains a varying amounts of each conformer as a 
result of different crystal interactions and conformer interchange can be shown 
to occur even in the solid state. 

f e 

COCH3 
3 2 / 

4 / - ~ - ~  1 H--N~ 2" 3" 

O2N ~ 5 ~ ~ x ~ 6 / N  ~ ~ 1 "  4" N(~H2CH2COO~H3)2 

6' 5" 

I381 

This remarkable finding is accounted for by the open nature of the crystal 
structures, resulting from the steric effect of substituents, as attested by packing 
coefficients and molecular modelling. 

Maciejewska 99 has published 13C CP/MAS NMR spectra of 2-methyl-4-(4-X- 
phenylazo)imidazoles. Proton transfer phenomena can occur in imidazoles. 
Depending on the nature and orientation of the substituent X it was possible to 
identify one tautomer for X = H, Br and NO2 and two tautomers for 
X = OCH3. Solid 2-methyl-4-(4-X-phenylazo)imidazoles form hydrogen-bonded 
chains with N--H. . .N bonds and C--H..- O or C--H--- N interactions. 

Chippendale eta/. l°° studied 13C and 15N CP/MAS NMR of free acids and 
sodium salts of a series of sulfonated azobenzene dyestuffs (39). In solution the 
spectra of both free acid and salts are characteristic of trans-azobenzene 
structures, as are the spectra of the solid samples of the salts. The spectra of the 
solid free acids are markedly different from those of the corresponding solid 
sodium salts (Tables 17 and 18) and exist as azonium tautomers (three 
resonance structures are shown for 39f). Solid-state structures of this type are 
probably stabilized by the formation of intermolecular bonds. 
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3 2 

4 / - : ~  1 6" 5" 
Z O 3 S ~ \  /)--- N~ / \ 

Y 

1391 

X 

Substituent 39a 39b 39c 39d 39e 39f 39g 

X OH OH OH OH OH OH N(CH3)2 
Y H H CH3 CH3 OH OH H 
Z Na H Na H Na H H 

/ ~  +H 
-O3S----~\ / /~ -  N~ 

I HO 
OH 

H / 
-O3S Na ~ + 

N b = ~ ~  OH 

I .o 
, 

-O3S Na @ 
},Ib OH 

HO 
+ 

139fl 
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The i3c and 19F CP/MAS NMR spectra l°l of two fluorinated pigments and 
the data were compared with their unfluorinated analogues. Law et aL 1°2 
measured 13C CP/MAS NMR spectra of some 'bisazo' pigments prepared by 
coupling starting diamino compounds with 2-hydroxy-3-naphthalanilide. 
Studies of the temperature and substituent effects on the 13C CP/MAS 
NMR spectra indicate that the keto-hydrazone structure is stable and is 
unaffected by electronic and steric effects exerted by the substituents in the 
coupler moieties. The dominance of the hydrazone tautomers is attributable to 
both intra- and intermolecular hydrogen bondings. 

Wasylishen et a/. 103 recorded the dipolar 15N NMR spectrum of a static 
powder sample using high-power decoupling and cross-polarization, and also the 
15N CP/MAS NMR spectrum of (tSN)-enriched trans-azobenzene. The shielding 
anisotropy for the two crystallographically nonequivalent molecules of trans- 

azobenzene is 925 and 880 ppm. The isotropic shielding constants for the two 
nonequivalent molecules are same within experimental error (Wuz < 20Hz). 
Principal components and orientation of the 15 N chemical shift tensor have been 
reported. Several years later, 15N NMR spectrum of thermally unstable 15N 
double-labelled cis-azobenzene 1°4 was studied at the same laboratory. Analysis 
of the 15N NMR spectrum of a static sample yielded three principal components 
of the nitrogen chemical shift tensor: 611 = 1006 ppm, 622 = 469 ppm and 
633 = 112 ppm. A comparison of observed and calculated NMR lineshapes 
indicated that the most shielded component, 633, is perpendicular to the 
C--N~N--C plane, while the least shielded component, 611, is in the 
C--N~N--C plane and oriented at approximately 15 ° with respect to the 
--N--~N-- internuclear vector. The observation of a doublet in the 15N MAS 
spectrum of an 'equivalent' spin pair in 15N doubly-labelled cis-azobenzene is 
due to an effect of spinning rate (changes in both intensity and lineshape of 
isotropic 15N NMR signal) and should not be interpreted erroneously as arising 
from crystallographic nonequivalence. Extensions of the Hamiltonian theory 
and the Floquet theory indicate that as the MAS spinning frequency becomes 
much larger than the chemical shift anisotropy, the 15N NMR lineshape will 
collapse into a singlet. The nitrogen chemical shift tensor in cis-azobenzene was 
compared with shifts in trans-azobenzene (Table 19) and compounds containing 
the X--N~C fragment. The difference observed between the isotropic 15N 
chemical shifts for solid cis- and trans-azobenzene (~ 18 ppm) is practically the 

Table 19. Experimental and theoretical 15N chemical shift parameters (ppm) for cis- 
and trans-azobenzene (value of c~ cs is 90 °) 

Compound 611 622 633 6150 /3 cs, deg 7 cs, deg 

cis-Azobenzene 1006 469 112 528.8 90 15 
trans-Azobenzene (I) 1034 391 109 511.0 83 37 
trans-Azobenzene (II) 1005 400 125 510.0 78 46 
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same as determined for these two isomers in CDCI3 (17.5 ppm). This observation 
suggest that  the structural and conformational  integrity o f  both isomers o f  
azobenzene are maintained in CDC13 solution. 

The lSN C P / M A S  N M R  spectra o f  15N doubly-labelled (Na f rom (15N) aniline, 
Nb from Nal5NO2), 3-methyl-l-phenylpyrazole-4,5-dione 4-phenylhydrazone 
(40), 1-phenylazo-2-naphthol (35, R - - H ) ,  2 - h y d r o x y - 5 - t e r t - b u t y l a z o b e n z e n e  

(29) and 4-hydroxyazobenzene (32) have been recorded and the temperature 
dependence o f  6(~5N) (Table 20) was followed 1°5. For  compound  35 (R = H), 
representing a mixture o f  the azo and hydrazone forms, the hydrazone content 
was calculated from the t5N chemical shifts o f  both nitrogen atoms at various 
temperatures (Table 21). The dependence of  In K (K = [hydrazone form]/[azo 

Table 20. Temperature dependence of g(15N) (ppm) for compounds 40, 32, 29 and 35 in 
the solid state 

Compound Temperature (K) 6(15N,)a ~(15Nb) 

40 

32 
29 

35 (R =H)  

305 -222.9 -37.0 
358 -222.8 -36.9 
305 94.26,57.2 b 102.9b, 69.0 b 
306 53.8 114.4 
323 54.1 114.4 
194 --185.9 b, --190.26 --15.9 b, --20.3 b 
203 --183.96 , --188.66 --14.66 , --19.16 
243 --172.9 b, --178.26 --8.56 , --13.0 b 
305 --156.4 b , --144.0 b --0.26, --3.7 b 
358 --144.06, --149.7 b 7.06,3.6 b 

a Signal of C6HsN(H). b Two signals observed. 

Table 21. Temperature dependence of the hydrazone content and the equilibrium 
constant K ( = [hydrazone form]/[azo form]) for 35 (R = H) in the solid state 

Temperature (K) Hydrazone (%)a K a Hydrazone (%)b K b 

358 71.6 c 2.52 71.0 c 2.45 
73.6 d 2.79 73.2 a 2.73 

305 76.1 c 3.18 75.7 c 3.12 
78.1 a 3.57 78.1 a 3.57 

243 82.0 c 4.56 81.Y 4.35 
83.8 a 5.21 84.2 ̀ / 5.33 

203 86.0 c 6.14 85.3 c 5.80 
87.7 a 6.13 88.2 a 7.47 

194 86.7 C 6.52 86.1 c 6.19 
88.3 a 7.55 89.0 a 8.09 

a Calculated from 6(Na), signal of C6HsN(H). 
b Calculated from 6(Nb). 
c High-frequency signal (see Table 20). 
aLow-frequency signal. 
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Table 22. Thermodynamic data for the azo-hydrazo tautomerism of 35 (R = H) in 
CDC13 solution and in the solid state calculated from - A G / R T  = In K = A H / R T +  
A S / R  (K = [hydrazone form]/[azo form]) 

Nitrogen K A G  a A H  A S  N b r e 
(kJ mo1-1) (kJ mol - l )  (kJ mo1-1) 

Na d 2.11 e -1.92 e (-6.23-4-0.10 ( -13.88±0.35)  6 0.9995 
Nb d 2.19 e --2.02 e (--6.37 + 0.10) (-- 14.00 + 0.34) 6 0.9995 
Na J;g 3.18 h -2.93 h (-3.35-4-0.12) ( -1 .47+0.48)  5 0.9982 
Na j;i 3.57 h -3.23 h (-3.524-0.13) ( -1 .06+0.26)  5 0.9980 
Nb ¢;g 3.12 h --2.89 h ( -3 .23+0.12)  ( -1 .33+0.49)  5 0.9980 
Nb ¢;i 3.57 h --3.23 h (--3.81 +0.12) (--2.04-t-0.50) 5 0.9985 

aCalculated from AG = - R T  In K. 
bNumber of temperature measurements. 
" Correlation coefficient. 
dCDC13 solution; data from ref. 106. 
e310 K. 
/Solid state. 
g Calculated from high-frequency signals (see Table 24). 
h 305 K. 
i Calculated from low-frequency signals. 

form]) is shown in Table  22. Some hydrazone  content  was found in 32 in the solid 
state, in cont ras t  to the measurements  in solution. 

The  15N C P / M A S  N M R  spect ra  o f  c o m p o u n d s  4 1 - 4 3  have also been 
recorded.  107 The  results  ind ica ted  tha t  c o m p o u n d s  41 and  42 exist prac t ica l ly  
comple te ly  in the hyd razone  form. F o r  c o m p o u n d  43, evidence for an 
equi l ib r ium mixture  o f  azo and  hyd razone  forms  was found.  In this case, two 
15N chemical  shifts were detected in the 15N C P / M A S  N M R  spectrum.  A 
poss ible  exp lana t ion  for  this is the existence o f  two molecules  in the unit  cell 
tha t  differ  in their  hyd razone  con ten t  as a result  o f  different  o r ien ta t ions  o f  the 
ester methyl  group.  

0 N/N-H 
II o 

~COR 
[411 R = H; [421 R = NHC6Hs; [431 R = OCH3 
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Harris e t al.1°8 investigated the 15N CP/MAS N M R  spectra of  selectively 15N- 
enriched C.I. Pigment Red 57 : 1 (the monohydrated calcium salt of 1-(2-sulfo-4- 
methylphenylazo)-2-hydroxynaphthalene)-3-carboxylic acid). 15N chemical shifts 
provided direct evidence for the existence of the keto/hydrazone structure. 15N 
CP/MAS NMR  spectra of three 15N-enriched isotopomers of polymorph 
2 ~-acetamido-4 ~-(N,N-bis(2-methoxycarbonylethyl)amino)-4-nitroazobenzene 1°9 
(38) were studied by Harris's group and assignment was established by rotational 
resonance (Table 23). The shielding tensor components were determined, and the 
angles of change between their orientation were established by a two- 
dimensional exchange experiment. Exchange rates were measured both by 
selective polarization inversion and by bandshape analysis. Thermodynamic 
parameters for the barrier are reported. 1°9 

4. A Z O - H Y D R A Z O N E  TAUTOMERISM 

Azo hydrazone tautomerism is a property that is indivisibly linked to azo 
dyes. N M R  techniques used for its characterization were described in the 
previous review.1 Since its publication, data on several model compounds have 
been measured. 

Although 2 - h y d r o x y - 5 - t e r t - b u t y l a z o b e n z e n e  (29) exists as a true azo 
compound, annelation of the benzene ring results in 1,2-naphthoquinone 1- 
phenylhydrazone (35, R = H) and 1,2-naphthoquinone 2-phenylhydrazone 
(34, R = H) being in a prevailing tautomeric form in compounds derived from 
1-naphthol and 2-naphthol. 4-Hydroxyazobenzene (32) and 1-hydroxy-4- 
phenylazonaphthalene (36, R = H) exist in DMSO as true azo compounds. 
Next step in annelation of  the benzene ring in the passive component led to 
anthracene derivatives. These compounds exist almost completely in hydrazone 
tautomeric forms (>95%) irrespective of the fact they were formally derived 
from 1-hydroxyanthraquinone or 2-hydroxyanthraquinone. 5° 15N chemical 
shifts show nicely the dramatic changes for compounds 32, 36, (R = H) and 
1,4-anthraquinone phenylhydrazone (44). 

Table 23. 15N chemical shift assignment for polymorphs B and C of 38 (natural 
abundance samples). Chemical shifts are in ppm relative to the signal for nitromethane 

615N (solid) 315N (solution) 

Nitrogen Polymorph B Polymorph C DMSO-d6 CDC13 

N2 59.3 62.3 
N5 104.7 111.3 
NO2 - 14.3 - 12.4 - 11.9 - 13.2 
NHCOCH3 -249.5 -254.8 -254.7 -253.9 
N(CHzCHzCOOCH3)2 -291 -298.0 -294.4 -294.7 
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Annelation of the benzene ring in active components was also studied. 49 In 
contrast to annelation of the benzene ring in passive components, this effect 
has practically negligible influence on azo-hydrazone equilibrium, comparing 
the results for 1,2-naphthoquinone 1-(1-naphthyl)hydrazone (11) versus 1,2- 
naphthoquinone 1-phenylhydrazone (the increase in hydrazone content in the 
former compound was in the range 1-2.7% calculated from 6(15Na) (nitrogen 
originating from naphthylamine) and 6(15Nb), and 1.2-1.6% using j(15Na, H) 
and 1-hydroxy-4-(1-naphthyl)azonaphthalene versus l-hydroxy-4-phenylazo- 
naphthalene, respectively. 

It was found 51 on the basis of 15N chemical shifts that compound 45 is 
predominant while its precursor 46 exists completely in hydrazone form in 
position 1. Remarkable differences in 6(15N) between azo and hydrazone forms 
in position 3 can be seen. 

-142.4 
15.1 ~ N.N.~H~ 

~N 

131.3 120..9 

-220.6 

N . N .  H~ 

-30.9 -223.6 

1451 1461 
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The values of 6(15N) lead to the conclusion that aminoazo dyes, prepared by 
diazonium salt coupling reactions with aminobenzenes, aminonaphthalenes 
and aminoanthracenes as passive components, exist completely (in contrast to 
analogous compounds containing hydroxy groups) in appropriate azo forms 
over a wide temperature range. 1 A nice example was shown by Omura, 79 who 
reported 6(15N) chemical shifts in twice coupled H-acid, where nitrogen 
chemical shifts of the arylazo group in the ortho position to the amino group 
are typical of the azo form (~5(15Na~) = 140.3, 6(15Nb) = 81.8 ppm), while 
those of the arylazo group situated in the ortho position to the original 
hydroxyl group exist almost completely in the hydrazone form (~5(15Nc=) = 
-196.2, 6(15Na) = 2.5 ppm) in one model compound (20). 

N a O 3 S . . . ~  NaO3S ~ . ~ . . ]  

~ / ~ " N  H " N ~ H  O H ' N ~  

N a o N 3 1 ~ ~ O 3 N a  

R 

[201 

We have succeeded in showing the existence of azo-hydrazone tautomerism 
due to an interaction with nitrogen atom in special amino derivatives: 
compounds prepared by diazonium salt coupling reactions with enaminones 
(47). 11° In both 1H and 13C NMR spectra, 4-(4-Y-phenylimino)-3-(4-X- 
phenylhydrazonopentan-2-one 48 give only one set of data. In 4-(4- 
methoxyphenylimino)-3-phenylhydrazonopentan-2-one the corresponding values 
are tS(15Na H) = -186.2 ppm, lj(15Na, 1H) = 83.2 Hz, 6(15Nb ~ )  -- 6.4 ppm. If 
we consider the values of 6(15Nail) and tS(15Nb~ ) of pentane-2,3,4-trione 
3-phenylhydrazone to be limiting values for the hydrazone form with a 
very close structure, and if we take the chemical shifts 6(15Nail)= 69.4, 
~5(15Nb~)= 126.9 in 2-hydroxy-5-tert-butylazobenzene 11 for the limiting 
values of corresponding nitrogen atoms in the pure azo form, then according 
to ref. 1 it is possible to calculate the proportion of hydrazone form in the 
tautomeric mixture to be 93.6% and 87.4% calculated from 6(15Na) and from 
Ij(15N, 1H), respectively. These conclusions concerning the composition of the 
tautomeric mixture of the compound studied are also supported by the value 
lJ(15Nc, 1H) = 7.6 Hz found for the nitrogen atom of the 4-methoxyphenyli- 
mino group. The 15N chemical shift of nitrogen atom of the 4-methoxyphe- 
nylimino group is -80.6 ppm, which corresponds to a change by ~200 ppm as 
compared with the starting enaminone. 
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The behaviour of compounds 49 where R = H and CH3 from is even more 
complicated. For example, 4-methylamino-3-(4-X-phenylazo)pent-3-ene-2-one 
(49) contains two isomers. The tautomeric form of both isomers was confirmed 
with the help of 2D 1H-15N GHMQC spectra. The minor isomer is very similar 
to the tautomeric form of azo-enamine (iJ(]SN, IH)= 89.6 Hz); the major 
isomer possesses a somewhat stronger character of hydrazono-ketimine form 
(1j(15N, ]H) = 74.5 Hz; about 80% azo and 20% hydrazone). These conclu- 
sions are confirmed by the values of 6(15NH2): in the minor isomer it is 
6(15N) = -269.0 ppm (i.e. almost the same as in the starting enaminone with 
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6(15NH2) = -276 .4  ppm), whereas in the major tautomer it is considerably 
higher (6(15NH2)=-228.9) and closer to 6(lSNH=) of the imino group. 
4-Dimethylaminopent-3-ene-2-one undergo a subsequent diazonium salt 
coupling reaction to give compound 50.111 

g3C"  N/CH3 ~ g3C"N/CH3 

C H 3 / / ~ " ~ / / N  " 1~ ~ C H 3 / ~  ~ / N < - N  ~ / " t ' ~  ) 

N.>N H N..N~H 

15Ol 

Kurasawa et al. 112,113 published two papers on 1H and 13C NMR of 
3-(arylhydrazono)methyl-2-oxo-l,2-dihydroquinoxalines (51), describing the 
existence of hydrazone imine-diazenylenamine tautomerism. 

N -NH N N~.N 

.~. N. /~ .  O ~ /  X X 
"v N J ~  0 " - . / -  

J I 
R R 

ISll 

According to the author of this review, the more probable interpretation is 
that Kurasawa et al. succeeded in studying E / Z  isomerism on the 
C ( R ) ~ N N H  double bond than azo-hydrazone tautomerism because 13C 
chemical shifts of ipso carbons of ~NNHC6H4X/--N ~NC6H4X groups are 
about 144 ppm in both 'tautomers'. This value is typical of ~NNHC6H5 
arrangement, while 13C chemical shift of ipso carbons in - - N ~ N - - C 6 H 5  
group would have to be about 152 ppm. 1 

Mazzola et al. n4 studied azo-hydrazone tautomerism and acid-base 
equilibria of FD&C Yellow 6 (52). The compound exists as a hydrazone 
below pH 9 and as an azo anion species at pH 14. A dynamic NMR effect was 
observed at p H i l 2  (corresponding to pKa according to potentiometric 
titration), where the midpoint of the azo-hydrazone equilibrium occurs. The 
observed NMR line broadening is due to slow proton transfer between 
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hydrazone NH and water. The conclusions are based on 1H, 13C, 15N and 
J(15H, 13C) experimental values. 

@ N a  OH- @ N a  

N/N"H _ N 

I ~ o  H + ~ / O N a  

NaO3S NaO3S 
1521 

Szfintay 115 and co-workers focused on a different approach to solve an 
analogous problem to Mazzola. They studied azo-hydrazone tautomerism in 
two reactive dyes (53,54) using homonuclear and heteronuclear NOE 
measurements by measuring the spectra in DMSO as a solvent so as to 
observe signals of exchangeable protons. The hydrazone form is the strongly 
predominant tautomer over a wide range of pH values. 

~ N/H O NH2 

2 1 ~  SO3" 
I531 

CH30.~ 

H o 

SO3" N.~, II 

- O 3 S ~ N H 2  
1541 

13C chemical shifts of C - - O H / C ~ O  groups were used with the aim of 
determining azo-hydrazone tautomeric equilibrium in derivatives of squaric 
acid and in hydrazones of ortho-hydroxy aldehydes) 16 

Azo-hydrazone tautomerism of pentafulvene derivatives was studied by a 
Spanish group. 117,118 Compounds 55 exist as hydrazones forming hydrogen 
bonds to a carbonyl group. Compounds 56 containing CH(OCH3)2 group exist 
in E and Z hydrazone isomers. 1J(15N, H) coupling constants of NH group in 
15N-enriched compounds were in the range 94.5-96.5 Hz. 
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5. METAL COMPLEXES OF AZO DYES 

Metal-dye complexes play a very important role in dyestuff technology and 
find applications in many other fields, e.g. in analytical chemistry. 119-123 Except 
for copper phthalocyanine, metal-azo compound complexes are the most 
important and the most widely used as dyes and pigments. Typical precursors 
are shown in Scheme 1. 

X 

"", ~ N N Y 

x Y X Y 

OH H OH COOH 
NH2 H OH NH2 
OH OH OH OCH2COOH 

Scheme 1 

The metals commonly used are chromium, cobalt, copper and nickel.l19-123 
More stringent governmental regulations tend to limit their use owing to the 
toxicological and ecological drawbacks of these colorants. There are tendencies 
now to substitute the above-mentioned metals by less toxic ones such as by 
aluminium 124 and to prepare environmentally safer dyes. 
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Single crystal x-ray structure determination would be an ideal tool in 
determining the structure of these compounds. The practical problem is that it 
is very difficult to grow single crystals of the meta l -dye  complexes and the 
number of  structures known is thus very limited. Of the other physical methods 
used for the study of  meta l -dye  complexes, N M R  spectroscopy is a powerful 
technique. The main problems to be solved are as follows. 125 

(a) the existence of meta l -dye  complexes in either the azo (A) or hydrazone 
(B) forms in the sense of the following formulae: 

\ / /  
o ,M\ 

\ /z  
o ,M\ 

A B 

(b) E/Z isomerism 
(c) Na/Nb isomerism of the type shown for the azo group (and analogously 

for the hydrazone forms): 

\ / /  
oz ,\ 

\ \ /  

(d) The fac and mer arrangement of  ligands, ll9 123 

Proton N M R  spectroscopy is usually used for a confirmation of the 
uniformity of  a sample and provides a basic piece of information on a 
symmetry of  complexes. Steiner and Schetty 126 used IH N M R  spectra to show 
the existence of all three possible isomers (Na, Na,, Na, Nb; Nb, Nb). Protons are 
situated on the periphery of the molecules and can hardly provide detailed 
information on the coordination sphere of the metal atom. N M R  spectra of 
nuclei directly involved in coordination - nitrogen and, when possible, also the 
metal - are much more suitable for this purpose. 
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15N NMR  spectroscopy is a very sensitive method for the determination of 
coordination position of nitrogens from - - N a ~ N b - -  bonds. Pregosin and 
Steiner 127 have observed large upfield coordination chemical shifts for 15N in 
platinum complexes 57 (-179.6 ppm) and 58 (-63.8 ppm) in which the starting 
15N mono-labelled substituted 2.2'-dihydroxyazobenzene exists in the azo 
form. 

C1 Pt / / 
5 / /  zp, 

~ C H 3  C1 
(CH3)3C (C/CH3)3 

1571 1581 

We studied so-called 2" 1 cobalt(III) complexes 59 of  azo dye precursors 
existing almost completely in their hydrazone forms. 125 In contrast to Pregosin 
and Steiner's results,127 we found large downfield 'coordination' chemical shifts 
for Na (97.2 ppm) and Nb (53.5 ppm) in 59 (X = C1). Our results can be 
explained in the following way. The changes are due to a combination of two 
effects: the coordination, and the formal change of the hydrazone tautomeric 
form to the azo form. If  we add the 6(15N) difference observed by Pregosin and 
Steiner and those that we obtained, we obtain values of 276.8 (Na) and 
117.3 ppm (Nb). These data are in reasonable agreement, from the viewpoint of 
15N NMR,  with the 15N chemical shifts in the model azo and hydrazone dyes 
having intramolecular hydrogen bonds 1°6 (274 ppm for Na and 143 ppm for 
Nb). This implies that meta l -azo  dye complexes from precursors that are either 
in the azo or hydrazone forms exist in their azo forms in the sense of formula 
59. 1H, 13C and 15N chemical shifts are given in Table 24. 

The 2:1 aluminium(III) complexes of azo dyes 60, 61 and 62, as 
environmentally safer (less toxic) dyes, have the advantage that, in addition to 
15N NMR spectra, 27A1 NMR spectral behaviour can also be studied in solution 

128 and in the solid state from the viewpoint of coordination at the aluminium atom. 
The aluminium atom in 2" 1 complexes 60-62 was expected to be four- 

coordinated. 124 This proposal is based on a common structural presentation of 
simple aluminium compounds. In the case of 60, 61 and 62, the increase in 
coordination number might also be due to intramolecular bonding to one 
nitrogen of  - -  N ~ N - -  or - -  N H N  ~ bonds, respectively, per ligand. 
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27A1 N M R  spec t roscopy  is as power fu l  a tool  for  c o o r d i n a t i o n  n u m b e r  
studies o f  a lumin ium 129-m as is 15N N M R  for the same pu rpose  in n i t rogen-  

con ta in ing  molecules.  The  27A1 chemical  shifts in c o m p o u n d s  6 0 - 6 2  were 

found  to be in a very n a r r o w  range  f rom 12.8 to 14.8 ppm.  They  give evidence 
for  the a lumin ium centra l  a t o m  being s ix-coordina ted .  The  differences in 27A1 
chemical  shifts measu red  in D M S O  so lu t ion  and  in the solid state are less than  
10 p p m  (the values  o f  27A1 M A S  spect ra  being shifted upfield,  i.e. in the 
d i rec t ion  o f  ' s t ronger '  s ixfold coord ina t ion) .  Therefore ,  we can  exclude the 
coo r d ina t i on  to D M S O  and,  thus,  c o o r d i n a t i o n  via n i t rogen is necessary.  Very  
s imilar  15N chemical  shifts to those observed  in c o m p o u n d s  59 were measu red  
in c o m p o u n d s  6 0 - 6 2  bo th  in so lu t ion  and  in the solid state,  giving evidence o f  
Na coord ina t ion .  125 IH, 13C, 15N and  27A1 chemical  shifts are given in Tables  

25 -27 .  
2j(15N, 13C) coupl ing  cons tan t s  are  k n o w n  to show stereospecif ic  beha-  

viour.  133 C a r b o n  a toms  in pos i t ion  cis to the n i t rogen  lone pa i r  give 2J(15N, 13C) 

Table  25. IH, 13C, 15N and 27A1 NMR chemical shifts (ppm) in compound 60 and the 
appropriate precursor 60a in DMSO-d6 and nJ(15Nb, 13C) in 60 

60a  a 60 b 

Atom no. 6(IH) 6(13C) t~(1H) 6(13C) nj(t5Nb, 13C) 

1 2.55 25.5 2.62 25.96 1.7 
2 - 198.5 - 197.33 12.0 
3 127.0 - 122.86 1.3 
4 161.7 - 159.46 
NH 11.27 - 12.53 -251.2 c 
5 - 136.8 - 136.48 
6 7.64 120.3 7.22 120.95 
7 7.40 128.7 7.14 128.92 
8 7.18 124.3 7.08 124.97 
11 - 130.8 - 140.77 6.3 
2' 10.60 144.9 - 157.97 2.7 
3' 6.99 117.0 6.49 117.77 
4' 7.21 124.4 6.95 127.11 
5' - 123.9 - 118.47 
6' 7.54 113.8 7.45 112.52 3.6 
Na 14.29 -210.8 c - -103.2 c'd 
Nb - --7.4 c - 46.8 c'd 

46.8c, d 
Nb(solid) - - - 54.5 c,e 

49.6c, e 
A1 - - 12.8 f 
A1 (solid) - - 6.6-8.6 f 

aData taken from ref. 171. bprepared in DMF. c6(15N), dMeasured at the natural abundance level 
of 15N. e 15N_labelled compound, f6(27Al). 
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Table 26. IH, 13C, 15N and 27A1 NMR chemical shifts (ppm) in compound 61 and the 
appropriate precursor 61a in DMSO-d6 and nj(15Nb, laC) in 61 

6 1 a  6 1 a  ~ 

Atom no. 6(1H) (~(13C) ~(IH) t~(13C) nj(15Nb,13C ) 

3 148.95 - 148.44 8.1 
4 - 128.81 - 124.56 2.6 
5 - 156.96 - 150.82 
6 - 137.69 - 137.97 
7 7.93 117.48 7.61 119.13 
8 7.47 128.71 7.33 128.99 
9 7.25 124.70 7.16 125.41 
10 2.33 11.31 2.47 11.73 
1 ' - 130.03 - 139.37 5.3 
21 10.83 144.89 - 158.99 2.9 
3 ' 7.01 117.06 6.52 118.98 
4 / 7.10 125.14 7.05 129.57 
5' - 123.94 - 118.85 
61 7.58 113.66 7.57 113.45 3.8 
Na 1 3 . 4 3  - - - 

Nb _ _26.0 b, c _ 37.7 b, ,. 
Nb(solid) - 38.3 b'c'd 
A1 - - 14.8 e 
Al(solid) - - - 6.6 e 

a Prepared in DMF. b 6(15N). ClSN_labelled compound, aBroad signal. ~ 6(27A1). 

coupl ing  cons tan ts  o f  a b o u t  8 - 1 3  Hz in p l ana r  mode l  compounds ,  while 
ca rbon  a toms  in pos i t ion  'trans' to the n i t rogen lone pa i r  have the 2j(15N, 13C) 
coupl ing  cons tan ts  close to zero. In  l igands o f  61 and  62, there is only  one 
oxygen a t o m  in the py razo lone  or  n a p h t h o l  par t s  o f  the molecules  capable  o f  
complex ing  a luminium.  The  respective par t s  in the complexes  are rigid and  
2j (15Nb,  13C) coupl ing  cons tan t s  can be used as an add i t iona l  and  independen t  

p r o o f  o f  Na versus Nb isomerism.  In l igand 60, there are  two oxygens 
( C H 3 C ( =  O ) - -  and  - - C O N H - - )  in the ace toace tani l ide  pa r t  o f  the molecule  
capab le  o f  complex ing  a luminium.  The complexa t ion  o f  meta ls  via the 
C H 3 C ( = O ) - -  oxygen is presented  in the l i terature,  l 6 Accord ing  to 15N 
chemical  shifts, s imilar  to those in c o m p o u n d s  61 and  62, c o m p o u n d  60 is the 
Na isomer.  2j(15Nb, 13C) is 12.0 Hz for C2 and  <1 Hz  for  for  C4 giving evidence 
that ,  ana logous ly  to the coba l t  c o m p o u n d s  59, the a lumin ium is b o u n d  to 
oxygen or ig inat ing  f rom the amide  g roup  in c o m p o u n d  60 and  not  to the 
oxygen f rom COCH3 group  as usual ly  repor ted .  6 

The  1H and 13C of  1:1  squa re -p lana r  n ickel( I | ) ,  pa l l ad ium(I I )  and  
p la t inum(I I )  complexes  63 of  some o ,o ' - d ihyd roxyazoa renes  were s tudied by 
A b i l a g a a r d  et  a/.  TM Pyr id ine  or  t r ibu ty lamine  were used to increase the 
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Table 27. 1H, 13C, 15N and  27A1 N M R  chemical  shifts (ppm) in c o m p o u n d  62 and  the 
appropr ia te  precursor  62a in DMSO-d6 and  "J(15Nb, 13C) in 6 2  

6 2 a  6 2  a 

A t o m  no. 6( i l l )  ~(13C) ~(IH) 6(13C) nj(15Nb,13C ) 

1 - 130.18 - 130.45 
2 - 174.97 - 158.27 
3 6.80 125.54 6.73 125.52 
4 7.91 141.20 7.81 137.29 
4a - 127.81 - 126.50 
5 7.73 129.04 7.78 128.22 
6 7.45 126.35 7.39 123.47 
7 7.61 129.37 7.65 128.12 
8 8.50 121.68 8.75 120.76 
8a - 132.79 134.08 
1 t - 132.21 - 140.44 
2 '  10.97 147.01 - 160.64 
3'  7.05 117.59 6.52 119.63 
41 7.21 126.85 7.14 131.15 
5'  - 124.35 - 118.98 
6 '  7.91 115.04 7.84 114.33 
N a 16.22 - 156.9 b - 
Nb - - 1 . 5  b - 50.8 b'c 
Nb(solid) - - _ 54.0 b, c 
AI - - - 13.3 d 
AI (solid) - - 6 .3 -9 .4  d 

8.2 
4.9 
2.8 

3.8 

a Prepared in DMF. b6(15N), c 15N_labelled compound, d6(27Al). 

c o o r d i n a t i o n  n u m b e r  o f  m e t a l s  to  4. T h e  1H a n d  13C c h e m i c a l  sh i f t s  in  

c o m p o u n d s  63  p r e p a r e d  f o r m  s y m m e t r i c a l  p r e c u r s o r  a re  l i s t ed  in  T a b l e  28 to  

s h o w  t h e  d i f f e r e n c e s  in  c h e m i c a l  sh i f t s  f o r  n o n e q u i v a l e n t  b e n z e n e  n u c l e i  in  

c o m p l e x e s .  

4 ~  ~ - - - l ~  8 ~  

o-- \ 
L 

1631 
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Table 28. 1H and 13C chemical shifts (ppm) for 5,5'-dichloro-2,2'-dihydroxyazobenzene 
(DCDHAB) and compounds 6 3 a  (M = Ni, L = pyridine), 63a, 63b (M = Pd, 
L = pyridine), 63e (M = Pt, L = pyridine), and 63d (M = Pt, L = tributylamine) 

DCDHAB a 63a b 63b b 63c b 63d c 

Atom no. IH 13C 1H 13C IH 13C 1H t3 C 1H 13 C 

1 139.0 146.9 147.0 147.0 146.7 
2 11.02 154.5 164.5 166.9 167.2 167.7 
3 7.10 119.9 6 .79  117.9 6 .99  119.4 7 .18  118.3 7 .09  118.3 
4 7.43 132.9 7 .14  129.4 7.21 131.6 7 .27  130.8 7 .24  130.4 
5 123.9 121.5 121.5 121.9 121.1 
6 7.97 119.2 8 .03  116.6 8 .08  117.2 8 .29  118.4 8 .26  116.7 
7 140.5 140.6 141.8 141.6 
8 149.2 150.1 148.6 148.3 
9 7.02 121.9 7 .23  122.1 7 .30  122.9 7 .16  123.1 
10 7.22 132.6 7 .33  134.0 7 .50  132.3 7 .45  131.6 
11 122.2 121.6 122.9 122.1 
12 7.85 131.7 7 .96  132.3 8 .17  131.3 8 .12  131.0 
1 re 8.62 d 149.9 8 .69  149.8 8 .96  149.3 9 .19  149.8 3.13 56.6 
2' 7.28 123.7 7 .47  124.5 7 .56  125.2 7 .62  125.4 1.18 26.7 
31 7.68 135.9 7 .88  138.8 7 .96  139.2 8 .02  139.3 1.34 20.5 
4 p 0.94 13.9 

40.1 molL -l in DMSO-d6 at 310 K. bSaturated in CDC13 at 300 K. c0.1 molL -1 in CDCI3 at 
300 K. a0.1 mol L -I py in CDCI3 at 300 K. eThe primes refer to the chemical shifts from pyridine 
and tributylamine. 

The compounds mentioned above are basically metal salts of organic acids, 
the coordination number of the metal being increased by the coordination with 
one nitrogen atom of the - - N ~ N - -  bond. However, some azobenzenes and 
azonaphthalenes are capable of forming organometallic compounds by so- 
called cyclometallation reactions using transition metals (ref. 135 and 
references therein). The great potential of cyclometallation products consists 
in reactions with numerous reagents that provides synthetic chemists with a 
method of preparing molecules that are difficult to obtain by conventional 
preparations. Cyclopalladation 135 has been used very often. Changes in 15N 
chemical shifts of selectively labelled phenylazonaphthalene precursors 136 were 
used with the aim of determining the coordinating nitrogen of the - -  N a - -  Nb - -  
pair. A 151 ppm upfield coordination shift was obtained for nitrogen Na in 
compound 64 (existing as a dimer) and a 195.8 ppm upfield coordination for 
nitrogen Na in compound 65, while ,,~49.9 ppm upfield shift was found for 
nitrogen N b in the same compound. Two selectively 15N-labelled cyclopalla- 
dated compounds had to be prepared, purified and measured. 

We modified the labelling procedure by preparing only one 15N doubly- 
labelled compound ~37 with different degrees of  enrichment of Na and Nb (95 vs. 
15-20% of 15N, respectively). The 15N N M R  spectra were measured in 
cyclopalldated mtoluidine analogues. 138 
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CH3 

H 3 C ~ ~ ] " ~ C H 3  

CH3 

H3c  cH  
NB 

C1 ~ C H 3  

1641 1651 

1H and 13C chemical shifts are very useful in determining the position of 
cyclometallation on aromatic rings in cases where several possible positions 
exist, e.g. in 66 and similar arylazonaphthalenes, 13%142 as well as in the 
characterization of reaction products (ref. 135 and references therein). 

1661 

1H chemical shifts have been published for palladium complexes of dialkyl a- 
anilinobenzylphosphonates, m cyclopalladated substituted azo- and azoxyben- 
zenes) 44 phosphorus-containing palladacycles derived from 2-0xopropio- 
naldehyde phenylhydrazones) 45 2-0xopropionaldehyde, benzoylformaldehyde 
and butane-2,3-dione phenylhydrazones, 146 substituted azobenzenes with 
monoaryliminophosphorane ligands 147 (in last three papers 31p chemical shifts 
were also reported), substituted azobenzenes with N,O-chelators, 148 complexes 
in which palladium is coordinated to one nitrogen of the azo bond and nitrogen 
from imidazole 149' 150 and complexes in which platinum is coordinated to one 
nitrogen of the azo bond and sulfur from a thiother or sulfinyl group. 151 
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Azo compound derivatives have been used quite frequently as ligands 
coordinating a wide variety of metals. These compounds can hardly be used 
as dyestuffs, but their NMR spectra contribute to our knowledge about 
them. Many of these compounds can be used as reagents in analytical 
chemistry.lS2 154 1H chemical shifts have been published, for example, for 
nickel complexes of arylazopyrazo|yl ligands, 155 ruthenium complexes 156-158 
(trans, c i s -Ru(CNS)2(2-ary lazopyr id ine) ,  156 three configurational isomers 157 
of [(2,2'-bipyridine)Ru(2,U-azobispyridine)] and cis- trans-c is -RuII[NCsHaN = 

NC6Ha(R)]2 where R = H, o-CH3/C1, m-CH3/C1 and p-CH3/Cl158). 1H and 
13C chemical shifts have been reported in cobalt complexes 159,16° ([Com-o - 
SC6H4N=NCsHaN)2]C104,159 Con[o-OCsH3(R)N~NCsH4N)2]CIO4 where 
R = H, o-CH3/C1, m-CH3/Ct and p-CH3/C1,16° JH and 13C chemical shifts 
in Zn(II) complexes of 2-(2-thiazolylazo)-l,3-dicarbonyls have been re- 
ported. 161 ~H and 13C chemical shifts in mercury, silver, and gold complexes 
of 4, 4'-disubstituted azobenzenes can be found in ref. 162. ~H NMR spectra of 
tungstenoxodidodecanoylbenzene-diazenylcalix[4]arene and its pyridine com- 
plex were published by Harvey et a/. 163 and evidence for host-guest chemistry 
was demonstrated by 1H NMR spectroscopy. Chisholm eta/.  164 studied the 
reactions of W2(H)(OR)7, W2(OR)6(py)2 and W4(OCH2CC4H7)12 with azoben- 
zene using 1H and 13C NMR spectroscopy. Very extensive sets of proton 
chemical shifts in diaromatic azo derivatives of tungsten and molybdenum were 
published by Coe et al. 165 Chelation of some bisazophenyl-3-diketones with 
lanthanide metal ions was studied by Moustafa and co-workers 166 using 1H 
NMR. Sinha eta/ .  167 published proton chemical shifts in aryazopyridine- 
mercury(II) coordination and organometallic compounds 67 and 68. 

CI\ /C1 
/Hg\ 

, - -N /N---<' 'E--- R 
/ ~ N  ~ ~ - -  

1671 

/ ~ N  z N ~ R  
C1--Hg / f ~ N  / 

1681 

Suitably substituted azo compounds can form organometallic complexes or 
compounds without any participation of azo group nitrogens. 2,2'-Azopyridine 
reacts with diorganotin(IV) compounds 168 to form complexes via pyridine 
nitrogens as clear from 1H and 13C NMR spectra. Willem et al. 169 studied l l9Sn 
and 13C NMR spectra both in solution and in the solid state of compounds 69 
(R = CH3, C2Hs, 1-C4H9, C6H5 and C6HII) in which the tin atom is coord- 
inated by two oxygen atoms of the carboxylic group. 

We observed the same behaviour also for dibutyltin(IV) compounds derived 
from azo dyes existing partially or completely in the hydrazone forms. 17° 
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1. INTRODUCTION 

The purpose of this article is to review the progress of solid-state nuclear 
magnetic resonance over the last 4 years (ca. May 1995-May 1999) and is 
written as a sequel to our previous review. 1 As in that review, the emphasis will 
be placed on the methodological developments. Nevertheless, the applications 
of the technical advances, particularly those that are significant to chemistry, 
biochemistry, biology and materials science, will also be mentioned. 

In general, the overall trend of solid-state NMR, spectroscopy and imaging 
alike is still dependent on improvements in resolution and sensitivity. Higher 
magnetic fields, more intense decoupling power, higher spinning rates, more 
robust pulse sequences and novel designs of RF coils remain the routes pursued 
in achieving better solid-state NMR spectra. For instance, NMR spectrometers 
operating up to 800 MHz and equipped with solid-state accessories have been 
in use in a few laboratories, while a 1 GHz spectrometer with resistive magnet 
has been tested. 2 

RF field strength in solid-state NMR has been reported as high as 300 kHz, 
and this was believed to be particularly powerful for quadrupolar spin 
systems) On the other hand, the magic angle spinning (MAS) rate with 1- 
2.5 mm i.d. rotors has reached 30-35 kHz in several laboratories. 4-1° Pulsed 
gradient field strength up to 12 000 G cm -1 was generated by Zhang and 
Cory,11,12 who observed spin diffusion in a strongly coupled homogeneous spin 
system for the first time. 

These advances, mainly in hardware, along with developments of pulse 
sequences, have tremendous potential in virtually every aspect of solid-state 
NMR and nuclear magnetic resonance imaging. Each will be covered in the 
following sections. 

We begin with the theoretical and computational progress in solid-state 
NMR, which includes calculations of the lineshapes and dynamic processes 
based on density matrix theory or computations of the interaction parameters 
based on quantum (statistical) mechanics. 

Apart from MAS, another popular method for obtaining high-resolution 
NMR spectra is the efficient decoupling of dipolar interactions in solid 
samples. Section 3 is devoted to progresses in this area, which has witnessed 
renewed interests in the past few years. 

Although more powerful hardware is almost always considered as an answer 
to achieving better solid-state NMR spectra, new problems can emerge with the 
improvement of the existing techniques. Most conspicuously, while MAS with 
very high spinning rate serves well in obtaining high-resolution NMR spectra 
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for solids, it may either eliminate crucial information that is desirable in 
structural determinations and dynamic analyses or invalidate certain mech- 
anisms, resulting in less efficient spin dynamics processes such as cross- 
polarization and spin diffusion. This was clearly shown in the past few years 
when much work was devoted to recovering the dipolar and chemical shift 
tensors that had been averaged by MAS. Section 4 summarizes recently 
proposed recoupling schemes. 

The most direct result of higher resolution and higher sensitivity brought 
about by the advances mentioned, as well as those reviewed in previous article, 1 
is perhaps the blossoming of correlation spectroscopy in solid-state NMR. 
Indeed, many recoupling schemes were motivated by implementing certain 
types of correlation spectroscopy. Various types of correlation spectroscopy 
are reviewed in Section 5. 

Section 6 reviews developments in cross-polarization and spin diffusion/ 
exchange. This section is closely related to Section 4 because of the interplay 
between these spin dynamics processes and the recoupling schemes at high- 
speed spinning, which now is almost invariably used for high resolution. 
Actually, many recoupling techniques were motivated by effecting cross- 
polarization and spin diffusion under fast MAS. 

Because of the close connection between spectroscopy and imaging, 
improvements in resolution and sensitivity in solid-state NMR spectroscopy 
may bring parallel progress in imaging. However, the effort invested in solid 
NMR imaging has been much less visible recently than that at the beginning of 
the 1990s. The main achievements are summarized in Section 7. 

Section 8 mentions some of the 'less active' fields in solid-state NMR. 
However, as can be judged by the reader, at least some of these studies 
represent new directions in solid-state NMR. 

2. THEORY AND COMPUTATION 

Floquet theory is increasingly frequently used in solid-state NMR, ranging 
from the calculation of lineshapes, dynamics and analysis of physical processes 
to designing pulse sequences with prescribed functions. It has recently been 
extended to the calculation of proton systems 13 undergoing cross-polarization 
(CP) and spin diffusion (SD) involving both spin-½,13 2H exchange dynamics 14 
and half-integer quadrupolar spin systems] 5 Perturbation expansion based on 
Floquet theory is usually employed for the case of off-rotational resonance. 16 
Nevertheless, with application of a proper rotation transform before 
performing expansion, rotational resonance lineshape can also be calculated. 17 
For spin-½ pair systems, Kundla et al. TM indicated that the lineshape can be 
analytically calculated, and they also reported results that could be compared 
with those based on Floquet theory or exact multistep calculation. 
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It was shown that the three methods - multistep method, perturbation 
expansion and diagonalization of the Floquet matrix - are numerically 
equivalent 19 in treating the time evolution of spin systems, though not equally 
efficient for the different cases. By treating the sample spinning in terms of an 
angular momentum operator, a physical interpretation of the Floquet 
description of MAS experiments in solids was presented by Boender et  al. 2° 

The sample rotation was treated as a continuous 'irradiation' on the spin 
system by the 'phonons' from the RF field; accordingly, the Floquet 
Hamiltonian consisted of the spin-phonon interaction. 

Floquet theory was also combined with the multistep method to develop 
an efficient scheme called COMPUTE 21 and more recently was extended to 
q,-averaged COMPUTEY -25 The COMPUTE scheme, which fully employs the 
periodicity of the Hamiltonian of a spinning spin system, significantly reduces 
the computing time so that the resolution of a solid NMR spectrum is not 
compromised even when the spectral width is very broad. This is extremely 
important when dealing with, for example, a spectrum with very strong 
sidebands where each sideband has complicated structure and requires high 
resolution for parameter elucidation. 21 The "y-averaged COMPUTE 22-25 
further reduces CPU time by integrating 7 analytically, which also usually 
increases accuracy because of the feature of the "y average. Comparison of 
"y-averaged COMPUTE, COMPUTE and the direct multistep method is shown 
in Fig. 1. Much greater saving in time by "~-averaged COMPUTE than by the 
other two methods is clearly seen. 

A simple method for calculating the evolution of many-spin systems was 
proposed 26 that can be used to treat short-time behaviour (e.g. spin diffusion). 
A 10-proton system was studied and the result was compared with those by the 
exact treatment. 

A general treatment of spin ½ coupled with quadrupolar spins was given using 
density matrix theory. 27 This formulation enables one to calculate, on the same 
theoretical basis, the lineshapes of the systems with different ratios of the 
quadrupolar interaction to the Zeeman interaction. Additionally, it includes 
the spinning sidebands very naturally. 

The origin of the SPEDA (Single Pulse Excitation with Delayed Acquisition) 
spectrum was analysed from a fundamental point of view based on long-time 
tail theoryfl 8 The macroscopic memory effect can be attributed to the 
correlation diffusion in the wave vector space. The nuclear spin magnetization 
decays at a rate much slower than exponential, depending on the dimension of 
the spin network embedded in the space. This explanation sheds new light 
on the phenomenon and hints at potential applications of this method 
in determining the dimension of the spin network at the mesoscopic level 
(1-10 nm). Because SPEDA offers high resolution in the simplest way, it may 
also find interesting applications in structural determination of biomolecules 
and imaging in the solids. 
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Fig. 1. (a) Simulation of a 31p MAS NMR spectrum of NiP2C32H3602 corresponding to 
a static field of 7.1 T and a spinning speed of 1111 Hz. The simulation used n = 16"YCR 
angles and rotor divisions, and 256 pairs of (C~CR, flCR) crystallite angles. The simulation 
required only 1.2 CPUs using the "),-COMPUTE algorithm, while 9.7 and 47.3 CPUs 
were needed for COMPUTE and the direct method, respectively. (b) The total number 
of CPUs used for calculating the spectrum in (a) as a function of number n for the direct 
method (crosses), COMPUTE (triangles), and ")'-COMPUTE (squares). (c) The same as 
in (b) but using only Fourier numbers. (Reproduced from Hohwy e t  al.  24 with 
permission.) 
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A systematic investigation o f  the application o f  Lie algebra to N M R  was 
presented. 29 The symmetry  properties o f  the nuclear spin systems were 
naturally included in selection o f  the sets o f  the basis operators.  With this 
theoretical f ramework,  the existing sets o f  basis operators  used for various 
specific purposes can be treated in a unified manner  and their respective 
advantages and disadvantages can be evaluated. A number  o f  2H MAS spectra 
calculated on the basis o f  that  theoretical f ramework are shown in Fig. 2. The 
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Fig. 2. Theoretical 2H MAS NMR spectra calculated with quadrupolar coupling 
constant CQ = 200 kHz, asymmetry parameter ~/Q = 0.10, rotation frequency 
ur = 5.0 kHz (left) and Ur = 10.0 kHz (right). The spectra represent (a) ideal RF 
irradiation conditions with RF field strength URV = 100 kHz and optimum pulse length 
r *=  2.25 #s, and (b,c) nonideal RF irradiation conditions with uRV = 25 kHz and 
r~ 4.25 #s. The phase distortion effects are illustrated in (b), while (c) demonstrates 
the result of performing a first-order phase correction. (Adapted from Kristensen et al. 29 
with permission.) 
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nonideal pulse irradiation case can be treated naturally and the phase 
distortion is effectively corrected. 

With the advances in experimental solid-state NMR and computational 
resources (both software and computing power), it is now possible to use both 
the experimental and computational results (sometimes in a complementary 
way) to study biologically important macromolecules such as proteins. The 
quantum-chemical computation (particularly by density functional theory) of 
NMR parameters in solids has found important application in protein 
structure determination. 3°-36 Tesche and Haeberlen 3v calculated the proton 
chemical shift tensor of the methyl groups in dimethyl terephthalate and found 
the theoretical results were in good agreement with the multiple pulse 
experiment. 

So far, most of the quantum-chemical computations of solid compounds 
have assumed a free molecular model; that is the intermolecular effects are 
initially not considered. Although these second-order effects are minor in many 
cases and do not cause much disagreement with solid-state NMR measure- 
ments, they might become significant and should not be neglected. Recently a 
series of publications has addressed this problem, based on a supercell 
technique. 38-4~ The appealing feature of this new method is that it can deal not 
only with free molecules but also with crystals, amorphous materials or 
materials with defects. 

There have been a few interesting fundamental papers on ergodicity. 42 4s 
The distinction was emphasized between true equilibrium and quasi- 
equilibrium phenomena, which now are frequently observed in NMR. An 
isolated finite system should not be expected to become ergodic. Two other 
fundamentally interesting processes that have been demonstrated with solid- 
state NMR are dephasing caused by randomization of geometric phase, 46,47 
and the possibility of the chaotic behaviour of spin systems. 48'49 

An analytical solution for the DANTE pulse sequence was found by Canet et  

al. 5° that might be useful for designing new selective pulse sequences. Goldman 
et  al. sl analysed the NMR frequency shift induced by sample spinning. For 
spin-½ systems in solids, it was shown that the intensities of the two MAS- 
induced RF fields are only about one-thousandth of the real RF field, hence 
causing no problems in most experiments. However, it becomes important in 
NQR experiments, for example in the appearance of geometric phase, s2 

Two new powder average approaches were proposed, named REPUL- 
SION 53 and SHREWED (spheric harmonic reduction or elimination by a 
weighted distribution), s4 Both techniques need only a few hundred orientations 
for (a, 13) (instead of thousands or more for previous approaches) to obtain 
highly precise lineshapes of powdered (or oriented) samples. REPULSION 
focuses on finding the optimal set of orientations by iteratively determining an 
equilibrium state (minimal energy state) of a group of particles on a spherical 
surface under the repulsive Coulomb-like potential. SHREWED, however, 
may be more efficient because it focuses on reducing the error. More 
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interestingly, a powder (or ordered) spectrum can be improved with 
SHREWED by optimizing the weights without increasing the number of 
orientations. 

A novel spectral processing approach based on information theory and the 
matrix pencil method was proposed by Lin et  al. 55 that enhances sensitivity and 
restores the baseline and phase properties, and hence is particularly useful, for 
example, for delayed acquisition experiments such as SPEDA spectra. 

3. DECOUPL1NG 

3.1. Homonuclear decoupling 

Interesting progress in spin decoupling, both homonuclear or heteronuclear, 
has been made in the past few years. For static and low-spinning-speed MAS 
experiments, WAHUHA, MREV-8 and BR-24 remain the widely used pulse 
sequences in homonuclear decoupling. Prigl and Haeberlen 56 summarized the 
latest development of these multiple-pulse sequences in static solids, including 
the spectrometer requirements, apparatus design and experimental setup as 
well as theoretical calculations with a five-spin system. They identified, by 
experimental results and numerical simulations, that the major contribution to 
the residual linewidth is the finite pulse width. They also offered suggestions on 
how to minimize the effects of the sources that cannot easily be addressed in 
multipulse experiments, such as sample shape and, in the case of single-crystal 
experiments, the crystal orientation in the sample holder. 

The performance of several pulse sequences for line narrowing including 
MREV and WUHUHA under far off-resonance conditions was investigated by 
Chang et  a/. 57"58 Remarkably, it was found that these sequences remain 
effective even with large offsets. Cho 59 showed how to design appropriate 
phase cycling to avoid artefacts in multiple pulse experiments. By combining 
high-speed MAS and rotor synchronization, Larsen e t a / .  60-62 extended the 
CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence to odd-half-integer 
quadrupolar spin systems. It was found that QCPMG (controlled CPMG) 
can be one order of magnitude more sensitive than quadrupolar echo MAS 
experiments. Assisted by numerical simulation, the QCPMG MAS experiments 
can be used to determine the quadrupolar as well as chemical shift tensors. 62 

Usually a homonuclear decoupling pulse sequence does not simultaneously 
decouple heteronuclear dipolar interactions, albeit in many cases the hetero- 
nuclear dipolar couplings need to be retained. With a significantly modified 
magic-sandwich sequence, Schmidt-Rohr proposed a pulse sequence that can 
eliminate both, at least up to first order. 63 This sequence is particularly useful 
for enriched 13C pairs and can be readily combined with 2D experiments. It 
would be interesting to investigate whether such a sequence or similar ones can 
work for other nuclei particularly large-7 species. 
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For high-speed MAS experiments where the spinning period is close to the 
multiple pulse cycle, interference between the sample spinning and RF pulsing 
occurs and the aforementioned sequences might become ineffective unless extra 
care is taken. Hafner and Spiess 64'65 proposed that, using windowless or semi- 
window sequences and synchronization between pulsing and rotation, those 
sequences remain effective and MAS can actually play an important role in the 
averaging of residual dipolar interactions and helping eliminate high-order 
terms so that the resolution can be further improved by MAS. Demco et  al. 66 

showed that the synchronization must be set carefully: only certain ratios of the 
the cycle time of the pulse sequence to the spinning period can be used in order 
to achieve the sample spinning enhanced decoupling. For example, for the 
experiment with one magic-sandwich pulse, the ratio should be 1/3. 

Using time-dependent perturbation theory and taking full account of the 
symmetry and commutation relations for the high-order dipolar Hamiltonians, 
Hohwy eta/. 67-69  gave a systematic analysis of homonuclear decoupling under 
sample rotation and proposed a novel approach to the design of multiple-pulse 
experiments. Based on the theoretical analysis, they proposed a pulse sequence 
that can average dipolar interaction up to the fifth order. One example of these 
pulse sequences is shown at the top of Fig. 3. This sequence is sufficiently 
powerful that it is possible to obtain precise measurement of proton chemical 
shift anisotropies, as shown in Fig. 3. 

Spin decoupling schemes in spin space, i.e. the Lee-Goldburg (LG) scheme, 7° 
or frequency-switched LG (FS-LG) 71'72 have also been used widely in solid- 
state NMR, particularly in multidimensional experiments 73-81 where MAS 
is not used or the evolution time is not allowed to be long enough for MAS 
to be effective. To implement LG or FS-LG in fast spinning experiments, 
several schemes have been designed 82'83 using the RF offset switch and 
rotor synchronized pulsing. These extended synchronization experiments are 
particularly important to recoupling experiments where heteronuclear coupling 
is to be restored as much as possible while the homonuclear dipolar coupling is 
suppressed to the maximum extent. 

3.2. Heteronuclear deeoupling 

For heteronuclear decoupling, the TPPM (Two Pulse Phase Modulation) 
sequence 84 is now widely employed in solid-state NMR. It was extended to 
PMFM and FMPM by Gan and Ernst, s5 who also found that the phase 
inversion in TPPM brings about a secondary averaging that further reduces the 
heteronuclear coupling. Eden and Levitt 86 revisited the problem of hetero- 
nuclear decoupling based on the symmetry consideration of the Hamiltonian. 
Based on the property of the lower orders of the interaction Hamiltonians, a 
general theorem on the pulse sequence was conjectured that allows one to 
predict which terms are eliminated and which are symmetry-allowed without 
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Fig. 3. Top: MSHOT-3 homonuclear decoupling sequence. The effective amplitudes of 
the bracketing ((7r/2)± x (filled bars) and (27r)± x (open bars)) pulses are different 
(corresponding to effective 90 ° pulses of duration Tp and ~-p, respectively) to mimic the 
effect of finite pulse rise times; rd = 2 r p -  r~/4 and ¢ represent respectively the 
bracketing delay and overall phase (in addition to the quadrature phases y, x, -x ,  -y)  of 
the three magic sandwich elements constituting the MSHOT-3 sequence. A small delay 
is inserted between adjacent RF pulses to allow accurate quadrature phase cycling. The 
pulse sequence is rotor synchronized to an integral number N (larger than 3) of 
MSHOT-3 cycles within the rotor period T r = 27r/~r and one complex data point is 
sampled prior to each MSHOT-3 cycle. Bottom: IH CRAMPS (400 MHz) spectra of(a) 
Ca(OH)2 (wr =710 Hz, N = 15), (b) malonic acid (~r =751 Hz, N = 14) and (c) 
KHSO4 (~r=697 Hz, N =  15). (d)-(f) are simulations of (a)-(c), respectively. 
(Adapted from Hohwy e t  al.  69 with permission.) 

any detailed calculations. They offered the following general recommendations 
for obtaining good heteronuclear decoupling. (i) The heteronuclear dipolar 
Hamiltonian should be suppressed to the first order. (ii) The second order of  
the heteronuclear dipolar Hamiltonian consists of  the commutat ion terms of 
the homonuclear dipolar Hamiltonian and the heteronuclear dipolar Hamil- 
tonian should be minimized. (iii) The homonuclear dipolar Hamiltonian should 
be retained. 

The new decoupling pulse sequences CN~ as shown in Fig. 4 were found to 
be competitive with TPPM. Furthermore,  as can be seen from Fig. 5, they 
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Fig. 4. (a) RF pulse scheme for acquiring a cross-polarized S-spin spectrum while 
irradiating the I spins with a periodic decoupling sequence CN~N . Cq is shown here as a 
27r pulse, with phase (gq ~-27ruq/N and duration Tc = n~-r/N. (b) Pulse sequence for 
observing 2Q filtered IH spectra. A repeating CN~ sequence of total duration Texc is 
used for transfer of longitudinal magnetization into 2QC. The 2QCs are reconverted 
into longitudinal magnetization by another period ~-exc of CN~ irradiation. After a delay 
T, transverse magnetization is created by a strong ~/2 pulse. Standard phase cycling is 
used to select NMR signals passing through ±2QC between the CN~, sequences, and 
through longitudinal magnetization before the 7r/2 pulse. (Reproduced from Eden and 
Levitt 86 with permission.) 

demonstrated, both theoretically and experimentally, that properly breaking 
the symmetry of the pulse sequence, certain terms that involve the homonuclear 
dipolar Hamiltonian can be recovered and the heteronuclear decoupling can be 
improved. These results are in agreement with the observation by Tekeley et 
al. 87 who found that, to achieve good heteronuclear decoupling, homonuclear 
coupling should be retained as much as possible, as a manifest of self- 
decoupling phenomena. A similar demonstration of self-decoupling was given 
by Ernst et al., ss who observed that the linewidth of the 13C spectrum (without 
heteronuclear decoupling) increases with the spinning speed. When the 
spinning speed is so high that the proton homonuclear dipolar coupling is 
effectively eliminated, the linewidth is largest. 

VanderHart and Campbell 89 pointed out that the linewidth contributed by off- 
resonance irradiation can be effectively removed by TPPM (or its variants), but 
inhomogeneous contributions such as anisotropic bulk susceptibility, 9° which 
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Fig. 5. 13C spectra of calcium formate in a filled 4 mm zirconia rotor at a magnetic field 
of 9.4 T and spinning frequency of 11.7 kHz. (a) CW irradiation; (b) C12 2 l; (c) bC12 21; 
(d) TPPM. The decoupling field was [ a;~ut/27r = 70.2 kHz in each case, and increased 
to 91 kHz every twelfth cycle of the bC12~Jscheme. Each diagram represents an array 
of the proton RF frequency offset, spanning 36 kHz in steps of 1 kHz, specified relative 
to the centre of the proton spectrum. Expanded views of the spectra indicated by 
asterisks are at the right. (Reproduced from Eden and Levitt 86 with permission.) 

may be much larger than that from off-resonance effect, cannot be removed. The 
interference between, for example, the heteronuclear dipolar and chemical shift 
tensors, may lead to recoupling and cause a new source of broadening that 
cannot be removed by TPPM, as has been shown by Ernst et al. 91 Moreover, 
slow molecular motion and MAS-assisted dipolar fluctuation may contribute to 
linewidth that cannot be suppressed with existing pulse schemes. 89'92. 

It is worth pointing out that all of  the above-mentioned decoupling schemes 
focus on manipulating spin-½ systems. It  is not obvious whether they are 
effective or useful for decoupling schemes involving manipulation of 
quadrupolar  spins. Fu et al. 93 showed that by reversing the phase of  the 
irradiation field applied to deuterium, the heteronuclear decoupling (between 
proton and deuterium) can be significantly improved over CW decoupling even 
when a very weak irradiation field is used. They also showed that quadrupolar  
interactions can be refocused with properly frequency-modulated pulses. 94 
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4. RECOUPLING 

Restoring the interactions that are averaged out by (high-speed) MAS has been 
the most active research area in solid-state N M R  in recent years. Novel pulse 
sequences for this purpose, including those can restore heteronuclear dipolar 
coupling, homonuclear dipolar coupling, chemical shift, etc., have been 
continually proposed. Some of these sequences were reviewed in the previous 
article, 1 hence only new developments in this direction will be summarized in 
the following. 

4.1. Rotation echo double resonance (REDOR) 

By using multiple 7r pulses to ensure the maximum amplitude of  the refocused 
signal, it was found that 13p-19F REDOR can be used to measure distances in 
the range of 12-16 m. 95'96 An early version of  RED O R is very useful for 
systems with isolated spin pairs. When more spins (a cluster) are coupled to a 
distant spin, the homonuclear dipolar interaction within the spin clusters may 
cause the R EDOR  to decay very rapidly. A number of approaches to avoid this 
problem have been proposed, for example using fast MAS to suppress the 
intracluster dipolar interaction, 92'97 double-quantum filtering 98 because 2Q 
coherence is independent of  dipolar coupling constant, and using multipulse 
sequences to decouple clusters. 99 REDOR usually offers distance information, 
but it was recently found that by analysing the sidebands orientational or 
molecular motion information might be obtained) °°'l°l To cover these 
developments, a group of general numerical algorithms that can calculate 
RE D OR  signals of multiple-spins in the presence of molecular motion was 
created. 1°1 To enhance the REDOR signal sensitivity and /o r  reduce the errors 
caused by imperfections in the reverse 180 ° pulses, it was found that 4-, 8- or 
16-step phase cycling 1°2 is sufficient in most cases and that supercycling or 
permutation of the phases is unnecessary. 1°3 

A new type of R EDOR experiment (SEDOR) was proposed, 1°4 in which the 
echo amplitude is measured as a function of the spin flip angle S instead of the 
dephasing time as in the original REDOR. This flip angle is stepped from 0 ° to 
180 °. It is found that this 0-REDOR (SEDOR) can be used to determine how 
many S spins couple the observed spin L offering an alternative way of 
counting spins. 

Klug and Schaefer 1°5 extended CEDRA (Controlled-SEDRA, Simple 
Excitation for the Dephasing of Rotation-Echo Amplitude), which was used 
for heteronuclear systems, to homonuclear systems. This is named T-CEDRA. 
Distance can be measured but no definite information about the orientations 
can be obtained with T-CEDRA. 

As shown by Mueller et  al. 1°6-1°8 by so-called 'REDOR transform', i.e. the 
integral transform between the REDOR signal and the coupling constant 
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distribution, the dipolar coupling constant can be read directly from the 
'spectral peaks'. This allows the determination of the coupling distribution 
without a priori assumptions, l°s This inversion problem was given by a more 
general analysis, 1°9'11° which may be equally significant to other MAS 
experiments. 

Echo dephasing as used in REDOR has been incorporated into a series of 
2D chemical shift-dipolar correlation experiments by Hong et al. 11kl12 to 
apparently amplifying the coupling. In addition to the coupling constant, 
which gives the internuclear distance, this 2D spectrum can be used to 
determine the torsion angle q5 over the full range of 360 °. 

It was shown that REDOR or its variants can be used when one coupling 
partner is a quadrupolar spin. 113' 114 However, there are some limitations, such 
as the fact that only a fraction of the spin-½ nuclei are involved in the 
dephasing. 115 Accordingly, more specific dephasing methods have been 
proposed for this type of system. One is T R A P D O R  (transfer of population 
in double resonance), which uses continuous irradiation. 116 The other is 
REAPDOR (rotational-echo, adiabatic passage, double resonance), 117'11s 
which is a more straightforward extension of REDOR. 

4.2. Radiofrequency-driven recoupling (RFDR) 

By applying 7r/2 pulses to a heteronuclear spin, R F D R  can be used to recouple 
the heteronuclear dipolar interaction with frequency selection. 119 This opens a 
way to determine distances in multispin systems rather than spin-pair systems 
only. Both rotational and static samples can be used; the difference being that 
the 7r/2 pulses are synchronized with the sample spinning for the former and 
are synchronized with the R F D R  pulses for the latter. R F D R  was extended to 
homonuclear recouping by Bennett e ta / .  12° The mixing pulse sequence is the 
same as in the original R F D R  experiment. The weak coupling can be 
measured, with advantages including insensitivity to RF pulse errors, 
applicability to systems with large chemical shift tensors and simplicity of 
experimental implementation and data analysis. The technique can also be used 
to measure multispin systems. It is found that distances up to 4.5 A can be 
determined. The constant-time version (to refocus chemical shifts) which can 
be expressed as CP90 + ~- (RFDR)L-90~-900-(RFDR)M-901s0-9090 
- ( R F D R ) N - A C  Q with L + M + N  kept constant, was used to generate 
double-quantum coherence that is minimally affected by residual heteronuclear 
coupling and transverse relation. This method has been demonstrated to be 
technically undemanding and useful for the measurement of torsion angles of 
large molecules. 121 A pulse scheme combining TPPI and time reversal for 
obtaining phase-sensitive 2D R F D R  homonuclear correlation spectra was 
proposed by Boender and Vega. 122 This method can be used to measure 
distances in the range of 4 - 6  .&, as shown with a singly-labelled sample. 123 
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4.3. The CN~ family 

To avoid the shortcomings of early published recoupling schemes, such as the 
exceeding sensitivity to isotropic chemical shifts of R2, low recoupling efficiency 
of DRAMA and its variants, and sensitivity to RF field errors of HORROR, 
Lee et al. 124 proposed a pulse sequence named C7, as shown at the top of Fig. 4, 
which uses phase-shifted pulses spanning two spinning periods with phase 
stepping from 0 to 127r/7. This sequence overcomes the aforementioned 
disadvantages; in particular, it offers the highest double-quantum efficiency so 
far, about 73%. It can also be used to excite triple-quantum coherences 125 in 13C 
systems with an efficiency of 8%. Because of its superiority, C7 has found many 
applications such as elucidating dipolar coupling networks, 126 determining 
torsion angles ~, ~b in peptides, 127-129 obtaining solid-state dipolar INAD- 
EQUATE spectra, 13° and measurement of multiquantum relaxation times. TM 

With a minor modification, it was found to be useful for spin counting with 
multiple-quantum coherence excitation up to 20 quantaJ 32 

As summarized below, several C7 variants have been proposed involving 
permuting pulses, introducing offset and combining with MLEV. It was found 
that if the original basic element C~ 4 = (27r)~27r)~+~ in C7 is replaced by 
cyclically permuted element C~43= (7r/2)~(270~ + ~(37r/2)~, the new sequence, 
termed POST-C7 (permutationally offset stabilized C7), 133 will have better 
tolerance towards isotropic as well as anisotropic chemical offsets and RF 
inhomogeneity. If the permutation is changed into C~ ~3 --(Tr)~(27r)~+~(Tr)+ as 
in MLEV, it is found that the new version of C7, termed CMR7 (combining 
MLEV refocusing and C7), TM offers almost the same high double-quantum 
excitation efficiency as C7 but recouples dipolar interaction over a broad band 
of around + 10 kHz and has tolerance towards RF inhomogeneity as good as 
that of POST-C7. The usefulness of this sequence for multispin systems with 
large isotropic and anisotropic chemical shifts was demonstrated in 13C-13C 
correlation spectroscopy. 135 Furthermore, if the irradiation offsets are 
introduced to the 27r pulses in C7 in the same way as used in the LG scheme, 
it can be used to recouple chemical shift and heteronuclear dipolar interaction 
in spin systems with strong homonuclear dipolar interactionsJ 36 The homo- 
nuclear interaction is removed by LG pulses, while the reintroduced hetero- 
nuclear dipolar coupling and/or chemical shift anisotropy can be used to 
measure distances, the real chemical shift anisotropies and the relative 
orientation of the two tensors. Because of the RF offset, the effective field is 
tilted, hence the sequence is named TCn. 

4.4. Back-to-back (BABA) 

A simple back-to-back (BABA) pulse sequence for generating broadband 
multiquantum excitation was proposed by Feike et a/. 137 This was used to 
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measure dipolar couplings with double-quantum spectra, 138 triple-quantum 
spectra of dipolar solids at fast MAS 139 and up to 12-quantum coherence was 
observed at a spinning speed of 13 kHz and triple-quantum coherence at a 
spinning speed of 35 kHz. 14° 

An extensive analysis of the MQMAS sideband pattern (for both spin-½ and 
half-integer quadrupolar systems) was given by Griedrich e t a / .  141 

4.5. Rotating/laboratory frame-driven transfer (R/L) 

A pulse scheme recovering the zero-quantum Hamiltonian was proposed by 
Baldus and Meier. t42 It is weakly dependent on spectral parameters and a 
faithful measure of internuclear distances. This sequence is based on the former 
rotor-synchronized 'R/L-driven' polarization transfer experiments. 143,144 It 
uses the LG or FS-LG, which is used to decouple the high- 7 spins, and 
combined MAS and RF irradiation of low- 7 spins to decouple the hetero- 
nuclear dipolar interactions, With phase-inversion and amplitude attenuation 
in the rotating frame and refocusing pulses in the laboratory frame part of the 
pulse sequence, a zero-quantum average Hamiltonian can be obtained with 
optimum chemical-shift/offset independence. 

4.6. Frequency-switched Lee-Goldburg (FS-LG 2~2) 

Takegoshi and Terao 145 proposed a heteronuclear recoupling scheme based on 
FS-LG. The pulse sequence consists of pairs of back-to-back FS-LG pulses 
with given phases and frequency offsets. When the sample spinning period is 
equal to one or two cycle times of the pulse sequence, a zero-quantum term of 
the dipolar Hamiltonian is recovered, allowing this sequence to work in the 
spinning speed ranging from a few kilohertz to 30 kHz. 

4.7. Rotational resonance (R2) 

Rotational resonance has become a routine experiment and is now increasingly 
employed in practice. In addition to the conventional situations, its usefulness 
has been expanded recently. Costa et  al. la6 found that while 'n = 1 rotational 
resonance' can be used to determine the internuclear distance, the 'n = 2 
rotational resonance' contains the information for determining the relative 
orientation of the chemical shift and dipolar tensors. 

Rotational resonance of inhomogeneously broadened systems was studied 
by Heller e ta / .  147 With nonlinear least-squares fitting, the distance, the 
inhomogeneous broadening, the zero-quantum relaxation time, and their 
respective errors, can be obtained. For short distances, all three parameters can 
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be obtained from the magnetization curves. Then the optimized zero-quantum 
relaxation time and inhomogeneous broadening obtained from short distances 
are used to determine the longer distances. It is found that zero-quantum 
correlation at R2 can be used to determine distances in systems such as 
compatible polymer blendsJ 48 

R2 has found several new cousins. 149-152 Takegoshi et  al. 149 proposed an 
R2 experiment in the tilted rotating frame, called R2TR. The principle is 
actually the same as the cross-polarization experiment in a fast-rotating 
sample, where the Har tman-Hahn  condition is altered so that the sum or the 
difference of the two effective fields must be a multiple of the sample spinning 
rate. The usual R2 experiment requires large isotropic chemical shift 
difference between the spin pair to be recoupled. In R2TR, because the 
resonance condition is fulfilled in the tilted rotating frame, the sum or the 
difference of the two effective fields is used to match the spinning rate. 
Therefore, this technique can be used for recoupling two spins with small 
chemical shift difference. Moreover, it is easy to switch the spin pairs to be 
recoupled by changing the RF irradiation. This means that multiple spin 
pairs, for example in a multiply labelled sample, can be selected separately 
and the individual distances can be determined. This is illustrated in a 2D 
selective homonuclear polarization transfer experiment.15° The application of 
this feature was demonstrated by determining the complete structure of a 
uniformly labelled molecule. TM 

One problem in normal R2 experiments is that the spin dynamics at 
rotational resonance are influenced by zero-quantum lineshape parameters 
such as transverse relaxation time and chemical shift dispersion. R2 tickling 
(R2T), 152 where a ramped RF field is applied to induce fast passage through the 
resonance condition, can abate this problem. It is found that the tickling 
greatly reduces the dependence of the zero-quantum parameters, and the very 
high-power proton decoupling is not required. However, it is required in order 
to limit signal loss during mixing in other recoupling experiments. The 
parameter fitting is rather simple and the accuracy is increased. 

4.8. Rotary resonance recoupling (R3) 

Rotary resonance recoupling (R3) was used to measure chemical shift 
tensors, 153 and the relative orientation of the shift and the dipolar tensorsJ 54 
It can also be used to conduct a 3D chemical shift correlation experiment to 
investigate molecular rearrangement. 15~ Another interesting application of the 
rotary resonance is to obtain an NMR spectrum with peaks at the principal 
values of the chemical shift tensor. 156 The principle is that the spins in 
principal-value orientations experience an effective field of zero magnitude at 
the rotary resonance, hence their magnetization vectors do not 'oscillate' while 
spins at other orientations may be dephased. 
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4.9. Dipolar recoupling with a windowless sequence (DRAWS) 

Another offset-insensitive scheme, named DRAWS (dipolar recoupling with a 
windowless sequence), was proposed by Gregory et a1.157 It can be regarded as 
the windowless version of DRAMA, and it has the same DQ efficiency. Using 
the DQ build-up curves, the internuclear distance can be measured. 

4.10. Modulation of RF field amplitude, frequency, phase, and sample spinning 
rate 

The multiple-pulse-based recoupling schemes are simple in practice and 
sufficiently powerful in most applications, but they do not necessarily offer the 
best performance in terms of coherence selection efficiency, independence of 
certain interactions and fulfilment of special requirements. Several recoupling 
schemes involving more sophisticated techniques have been invented in recent 
years. Fu et al. 158 used simultaneous modulation of frequency and amplitude 
(SFAM) to recover heteronuclear dipolar interaction at high spinning rate with 
little effect of finite pulse widths. Verel et al. 159 used adiabatic passage through 
rotational resonance (APRR) by continuously changing the spinning rate 
around the resonance condition. APRR was found to have high transfer 
efficiency and to be more broadbanded. Amplitude modulation-induced 
adiabatic passage, 16° termed DREAM (dipolar recoupling enhancement 
through amplitude modulation), to select spin pairs is found to be very useful 
for fast MAS experiments because the recoupling efficiency increases with 
spinning speed. Ishiii and Terao 161 analysed the recoupling schemes with 
phase/frequency/amplitude modulation and found it particularly useful for 
recovering powder lineshape at high spinning rates. 

We point out that here these recoupling schemes follow the same principle as 
the techniques used for improving cross-polarization (in rotating tilted frame) 
at high spinning speeds by adiabatic passing of the Hartman-Hahn matching 
condition ('rotational resonance condition in TR') through properly modu- 
lating amplitudes 162-164 and frequenciesJ 65 Because of its simplicity and 
robustness, ramped amplitude cross-polarization 166 168 has become a routine in 
the experiment that uses cross-polarization. 

4.11. Dipolar exchange-assisted recoupling (DEAR) 

As generally understood, recoupling should be realized by coherent manipula- 
tion as shown by the aforementioned methods. However, in the sense of 
average Hamiltonian theory, recoupling is based on dephasing. As a result, any 
mechanism that effects dephasing can, at least in principle, be used to design 
recoupling schemes. This has been demonstrated by Sachleben eta/ .  169 In this 
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dipolar exchanged-assisted recoupling (DEAR), after the spin to be observed is 
excited by a 90 ° pulse and has evolved for a certain period of time, a second 
90 o pulse is applied and the magnetization is stored in the z-direction. During 
the storage period, the other spin relaxes considerably and therefore the dipolar 
coupling is not refocused after a third 90 ° pulse along with an equal evolution 
time. Hence, recoupling occurs. The advantage of this method is that only one 
of the coupled spins needs to be irradiated. However, the difference between 
the longitudinal relaxation times of the two spins must be sufficiently large. 

5. CORRELATION AND SEPARATION 

5.1. Chemical shift correlation 

Measurement of chemical shift based on the magic-angle turning (MAT) 
experimen070 173 has been extended in several directions. The 5-7r pulse MAT 
experimen0 TM was improved to overcome the resolution limitations in the 
evolution dimension, 175 by incorporating Gan's pseudo-2D sideband suppres- 
sion technique) 76 Furthermore, by using a new multidimensional data- 
processing procedure called TIGER (technique for importing greater evolution 
resolution), 177 the sensitivity and resolution can be increased considerably. The 
5-7r experiment was given the new acronym FIRE-MAT (five 7r replicated 
magic angle turning). 174'175 Gan and Ernst 178 proposed an improved pulse 
sequence MAT ~:, for 2D MAT experiments. The hypercomplex 2D data can be 
obtained with two separate experiments: the first uses the original MAT 
sequence (or MAT-) while the second uses MAT + , which differs from MAT- 
only by a delay of the last pulse by t l / 2 .  MAT e (Fig. 6 top) yields pure-phase 
absorptive spectra free of sidebands at any spinning rate and has higher 
sensitivity than PHORMAT. 

MAT ~: also allows the use of rotational echoes to extend the time-domain 
data in the evolution dimension, which reduces the data acquisition time or 
improves the digital resolution along the evolution dimension. An example of 
chemical shift correlation spectrum using MAT ~: is shown in Fig. 6. By using 
multipulse homonuclear decoupling applied to abundant nuclei such as IH, 31p 
and 19F, Hughes et  a/. 179 showed that MAT can also be used to measure the 
chemical shift tensors for those nuclear species. A 3D version of PHORMAT 
was proposed to measure the isotropic chemical shifts, anisotropies and 
heteronuclear dipolar coupling. 18° It can be regarded as an alternative to the 
PISEMA described by Rammamoorthy et al. 77 

By incorporating MELODRAMA TM (Fig. 7), which restores 13C-13C 

dipolar coupling under high-speed magic-angle spinning, Sun et a1.182 proposed 
a 3D 15N-13C-13C chemical shift correlation method. This is useful for 
dispersing overlapping spectra of biological macromolecules as shown in Fig. 8. 
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Fig. 6. Top: 2D MAT ± sequence for correlating isotopic chemical shift and CSA with 
two separate experiments P÷ and P-.  All pulses following CP are 90 °. A four-step phase 
cycling is used with 01 - - - -y ,  x , - y ,  x. and 02 = - y ,  x, x , - y .  The receiver phases are 
x, - x , - y * ,  - y *  for the P+ pulse sequence and x, - x , y* ,y*  for the P -  pulse sequence. 
(The sign of receiver phases with an asterisk depends on the relation between the pulse 
phase and the receiver phase of the particular spectrometer in use. These receiver phases 
must be changed in sign when the quadrature phase cycle (x, y, - x ,  - y )  of the excitation 
pulse and the receiver phase in a single-pulse test experiment result in a null signal.) 
Phase alternation of the first 1H 90 ° pulse and quadrature phase cycling of the last ~3C 
90 ° pulse can be added to the above phase cycle. The time period T can be any multiple 
of a rotor period except for multiples of 3. Bottom: 2D isotropic chemical shift versus 
CSA spectrum of calcium formate powder with a three-fold MAT echo extension. 
(Taken from Gan and Ernst 178 with permission.) 
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Fig. 7. (a) 2D MELODRAMA sequence for homonuclear (13C-13C) dipolar recoup- 
ling. The 13C RF fields are adjusted to match the condition ~RF = N~r, typically with 
N = 4 or 5. (b) 3D pulse sequence for 15N-13C-13C chemical shift correlation 
spectroscopy. The proton to 15N to ~3C transfers associated with the tl and t2 periods are 
accomplished by RFDRCP or APHH-CP. 13C-lac recoupling is accomplished by the 
MELODRAMA sequence illustrated in (a). Pulse phase detection in all dimensions is 
accomplished by standard phase cycling procedures. High-power on-resonance CW 
decoupling is used during mixing periods, and TPPM decoupling during acquisition. 
(Adapted, with permission, from Sun e t  al.182.) 

5.2. Separation of local fields (SLF) 

Using cross-polarization to establish correlation, and high spinning speed 
and /o r  FS-LG to decouple the dipolar interactions, SLF can be used to 
measure the pro ton/carbon chemical shifts. 183,184 By exploiting the differences 
in the lineshapes of  different groups CH,  (n = 0, 1, 2, 3), a simple MAS-SLF 
scheme 185 was found to be useful for spectral assignment and to offer 
interesting information on local dipolar interactions. However, as with other 
simple MAS-SLF experiments, 186 the distance information from this method 
may not be accurate because it is difficult to take account precisely of the 
effects of  the homonuclear dipolar interaction among the protons as well as the 
dynamical details of  the lineshapes. The SLF experiment has also been 
implemented in 3D 74' 75, 78-81 and 4D TM as well as for triple-channel probes. 81,187 
An example of a 3D correlation spectrum is demonstrated in Fig. 9. SLF that 
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Fig. 8. (a) 3D 15N-13C-13C chemical shift correlation spectrum of [U-13C, 15N]histi- 
dine (shown on top), showing the vertical and horizontal 13C-13C planes. (b, c, d) Slices 
corresponding to the three different tSN nuclei in the molecule (positions 1, 3 and 9). 
Note that the 15N slices show strong cross-peaks to the directly bonded 13Cs and weaker 
cross-peaks to next-nearest neighbours generated by MELODRAMA recoupling. N1 
shows strong diagonal connectivity to C2 and C5, and weaker diagonal peaks 
corresponding to C4 and C6. Negative absorption cross-peaks, indicating next-nearest 
neighbour bonding, are visible between C5 and C4, C5 and C6, and C6 and C7. A weak 
cross-peak between C2 and C4 is also visible. N3 shows strong diagonal connectivities 
to C2 and C4 and weak diagonal peak corresponding to C5. Negative and positive 
cross-peaks between C4 and C5 and between C4 and C6 correspond to nearest and next- 
nearest neighbour dipolar coupling, respectively. N9 shows a strong diagonal 
connectivity to C7 and weaker diagonal peaks corresponding to C6 and C8. (Adapted, 
with permission, from Sun e t  al. 182) 
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Fig. 9. (a) Pulse sequence for 3D experiment that correlates the chemical shifts of I and 
S nuclei and the I - S  coupling. Homonuclear I - I  couplings are suppressed during t 1 and 
t2 by the off-resonance flip-flop LG pulse sequence. Heteronuclear decoupling is 
accomplished with the continuous irradiation of S and I spins during tl and t3 
respectively. In the t2 period, I spin magnetization is selectively transferred to S via 
the I - S  dipolar coupling. 0m is a 54.7 ° pulse. Phase cycling is implemented for spin- 
temperature alternation and tl quadrature detection. (b) 3D IH shiftflH-15N 
coupling/ISN shift spectrum of a 15Nd-tryptophan powder sample. (Reproduced from 
Rammamoorthy et al. 8° with permission.) 

correlates double-quantum coherence (rather than single-quantum coherence 
in usual SLF experiments) and chemical shift was proposed by Schmidt- 
Rohr 188 and was found to be useful for determining the (range of) torsion 
angles. 

Although the SLF experiments described are still widely used when recoupling 
schemes are not necessary, more attention has been paid recently to those cases 
where high-spinning-speed MAS is used. Various kinds of recoupling schemes 
summarized in Section 4 are employed to recover heteronuclear dipolar 
information. For instance, REDOR dephasing schemes were used in dipolar- 
shift correlation experiments by Hong e t  a l . l l l"  112, 189 to determine torsion angle 



82 CHAOHUI YE, SHANGWU DING AND CHARLES A. MCDOWELL 

and spectral assignmentJ 9° Dusald et  al.191 used 'n = 0 rotational resonance' in 
their 1 D MAS and 2D SLF experiments to determine the principal elements as 
well as the relative orientations of the chemical shift, dipolar and J-coupling 
tensors. Fujiwara e t a / .  192 used USEME (unified spin echo and magic echo) to 
assign 13C and 15N signals and also used it in their heteronuclear dipolar 
correlation experiments. 193 The principal values of both the dipolar and chemical 
shift tensors can be determined and the range of the dihedral angles (related to 
the relative orientation of the two tensors) can be delimited. C7 for filtering DQC 
was used to determine H - C - C - H  torsion angle with good precision (20 ° for cis 
and 10 ° for trans geometry, respectively), 194' 195 as demonstrated in Fig. 10. C7 
has also been used to investigate the connectivity through dipolar coupling- 
mediated INADEQUATE experiments. 13° DQ-SLF experiments using other 
double-quantum filtering pulse sequences were also employed, such as 
DRAWS196,197 and MELODRAMA) 98 

5.3. Chemical shift-quadrupolar correlation 

There have been a number of publications on correlation or separation 
experiments involving quadrupolar nuclei. Using switching angle spinning 
(SAS), the correlation of quadrupolar and chemical shift interactions between 
the two spinning axes can be established to extract the quadrupolar and 
chemical shift tensors as well as their relative orientations. 199 

With multiple-quantum coherence MAS, it was found that this correlation 
can be implemented without using SAS. 2°° High-resolution heteronuclear 
correlation spectra between spin-½ and quadrupolar spins can be realized with 
the SAS method 2°1 where the evolution is under dynamic-angle spinning (DAS) 
conditions so that the second-order interaction is averaged out; the correlation 
is through cross-polarization between the quadrupolar spin and spin-½ while the 
spinning axis is flipped to 0 °. During the detection period, the sample is spun at 
the magic angle. 

3D dynamic-angle correlation spectroscopy (DACSY) (Fig. 11) was 
proposed by Medek et a/., 202 which enables one to obtain the correlation of 
the Hamiltonians of various ranks. Clearly, this method offers more 
information than most conventional correlation spectra, so more precise 
determination of the interaction tensors and their relative orientations can be 
achieved. 

5.4. J-coupling 

J-coupling in solids is usually small in comparison with other interactions and 
it has played a much less important role in the studies of solid NMR. The pulse 
sequences widely employed in liquid NMR, such as INEPT and INAD- 
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Fig. 10. (a) Pulse sequence for determination of H - -  C - -  C - -  H torsional angles under 
magic-angle spinning conditions, through heteronuclear dipolar modulation of the 
double-quantum coherences. The pulse sequence requires that the RF carrier is set to 
the mean of the 13C isotropic shift frequencies. C7 is used for homonuclear recoupling. 
(b) Signal amplitudes for [10, l l-13C2]-rhodopsin in a double-quantum heteronuclear 
local field experiment. Filled circles are experimental integrated amplitudes as a function 
of the evolution interval tl. The error bars indicate the standard deviation of the noise. 
Solid line is the simulation for a H - - C - - C - - H  torsional angle of [ ~b[ = 160 ° and 
damping rate constant A=5820 s -1. Broken lines are best-fit simulations for 
H - - C - - C - - H  torsional angles of [~b[ = 180 ° and [ ~[ = 140 °. The damping rate 
constants are A = 7680 s -I and A = 5340 s -l ,  respectively. (From Feng et a l )  95 with 
permission.) 

E Q U A T E ,  can be used in special solid samples, for example where J-coupl ing 
is large or  other  interactions are negligibly weak. 2°3 However,  with the recent 
developments  in solid-state N M R ,  especially very high spinning speed and the 
invention o f  powerful  decoupling techniques as described in earlier sections, the 
gap between solid and liquid N M R  is decreasing. 

A number  o f  pulse sequences that  usually apply to liquid N M R  have now 
been realized in solid N M R .  Lesage e t a / .  204 showed that  the I N A D E Q U A T E  
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Fig. 12. (a) The pulse sequence suitable for the solid-state attached proton test (SS- 
APT). The theoretical evolution of carbon signal intensity is shown in (b) and (c) as a 
function of the delay T. For each CH, group (n = 0, 1,2, 3) the curves were obtained 
with the expression I = I0 cos"(27rJcHT-)e 2~/r2 where I0 is the intensity after CP and T2 
the transverse relaxation time during the period 27 (equal to 1/TrA). The calculations are 
shown for two different values of linewidth A and JCH coupling (1 and 130 Hz 
respectively for panel (b), and 50 and 70 Hz respectively for panel (c)) corresponding to 
the 'ideal liquid state' case and to the equivalent solid-state case. FSGL scaling was 
used. (Taken from Lesage eta/. 2°7 with permission.) 

Fig. 11. Left: Experimental schemes for the acquisition of 3D DACSY spectra on 
quadrupolar spins. The pulse sequence ((a) top) is analogous to the one used in 2D DAS 
experiment: it contains three 90 ° pulses with relative phase cycled so as to select anti- 
echo coherence transfer pathways, and initial and final sample spinning angles chosen so 
as to average out second and fourth rank anisotropies. (b) Sequence of t-space cross- 
sections that can be sampled by carrying out a series of 2D DAS acquisitions employing 
different pairs of complementary (01,02) spinning angles, t (°), t (2), t (4) are the integration 
of zeroth-, second- and fourth-order Legendre polynomials over the evolution time. 
Right: Schematic representation of the 3D DACSY NMR results obtained on a RbNO3 
sample at 4.7 T. The vertical trace corresponds to the projection of the 3D frequency 
data onto the isotropic w (°) axis; the 2D anisotropic lineshapes on the right correspond 
to the second/fourth-rank correlation distributions extracted at the isotropic fre- 
quencies indicated by the arrows. (Adapted from Medek eta/. 202 with permission.) 
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experiment can be performed for solids of small molecules under conventional 
conditions. With high-power decoupling and RIL-ZQT sequence, Baldus et 
a/. 205'206 realized total through-bond correlation spectroscopy (TOBSY) in 
solids. Using fast sample spinning and FS-LG, it is shown by Lesage et al. 207 
that J-coupling can be well resolved and useful for spectral editing. The basic 
principle of  using p ro ton -ca rbon  J-coupling to assign spectral peaks is 
explained in the caption of Fig. 12. The effectiveness of this method has been 
tested with complicated spin systems as shown in Fig. 13. 

5.5. Multiquantum magic-angle spinning (MQMAS) 

One of the most noticeable areas of  progress in solid-state N M R  in recent years 
is undoubtedly the introduction of the multiquantum magic-angle spinning 
(MQMAS) method proposed by Frydman and Harwood 2°s, 209 that yields the 
high-resolution spectrum of the central transition of odd half-integer 
quadrupolar spins without using dynamic-angle spinning (DAS) or double 
rotation (DOR). Because of its simplicity, acquiring the high-resolution spectra 
of quadrupolar spin systems has become a routine experiment in solid state 
N M R  studies. The original MQMAS correlation pulse sequence 2°8 used three 
pulses, the first two of which were used to excite MQCs. On the other hand, the 
two-pulse version of  MQMAS (Fig. 14(a)), which is experimentally simpler, 
was subsequently found to produce higher sensitivities in addition to yielding 
better spectral lineshapes (pure absorptive). 2°9 217 

Extensive studies involving numerical analysis and experimental verification have 
been devoted to optimizing the pulse sequences, 21°,211,216 by using QCPMG A18,219 
or double frequency sweeping (DSF) 22° to achieve better sensitivities. Although the 
techniques used to obtain pure absorptive lineshapes, such as TPPI, and the hyper- 
complex method or gradient selection of coherences, 221 have been applied in 
MQMAS studies, it has been the case that dispersion was frequently found still to 
be serious, especially for high coherence ([ p [ > 3) cases, because of the asymmetry 
of the coherence transfers 0 ~ +p for quadrupolar nuclear spin systems under RF 
pulse irradiation. This situation can be improved by application of the z-filtering 
method, which ensures the symmetry of the intensities of the coherences before 

Fig. 13. Left: (a) 1D CP spectrum; (b) SS-APT spectrum with 7 = 4.5 ms and (c) SS- 
APT spectrum with ~- = 6 ms of cholesteryl acetate. Right: Expansion of the spectra 
shown on the left between 12 and 45 ppm. The assignments are indicated above the 
peaks: CH and CH3 groups can be distinguished by the fact that the CH resonances give 
intense negative peaks for ~- = 4.5 ms, that diminish in intensity for ~- = 6 ms, whereas 
the opposite effect is observed for CH3 resonances; the CH2 groups give peaks that are 
weakly positive (like those around 27 ppm) or even null (like those around 30 ppm), 
whereas the quarternary carbons give intense positive resonances. (Taken from Lesage 
et a/. 2°7 with permission.) 
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Fig. 14. (a) The two-pulse MQMAS sequence. The refocusing echo occurs at t2 = kq  
(solid line) and the anti-echo at t2 = - k h  (dashed line). (b) The shifted-echo MQMAS 
sequence. An intermediate storage of the p-multiquantum coherence in the (+1) 
quantum coherence leads to a shift of the echo to t2 = ktl + n~-R. Fourier transformation 
of the whole echo gives a pure-absorption multiquantum spectrum. (c) z-Filter 
MQMAS sequence. Symmetrical pathways make the anti-echo and echo intensities 
equal. It allows a pure p-multiquantum spectrum. (Adapted from Charpentier et al. 23 
with permission.) 
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detection. The three-pulse version of the z-filtering method 217 (see Fig. 14(c)) is a 
simpler alternative to its four-pulse counterpart 222 because the former yields higher 
spectral sensitivities and is more easily optimized. Further improvement of the 
spectral lineshapes can be achieved by synchronizing the sample spinning with the 
pulse lengths. 216'223 The presence of the spinning sidebands in the first dimension 
was detected and satisfactorily explained. 224'225 

Systematic comparisons have been made recently between MQMAS NMR and 
VAS (variable-angle spinning), DAS and DOR NMR techniques in the study of 
quadrupolar nuclear spin systems. 226' 227 Moreover, a comprehensive investigation 
was made of the MQMAS experiments performed in various magnetic fields from 
400 to 800 MHz, with spinning rates from 10 to 35 kHz, as well as with different 
RF fields, etc. 22s Although the MQMAS method has rapidly become a favourite 
experimental choice, VAS, DAS and DOR are complementary techniques for 
some systems and can be incorporated with MQMAS. 216'227'229 A time-split 
methodZ22,230 was proposed to avoid the shearing transformation of the spectral 
data that is usually needed as a post-data-processing procedure to enhance the 
resolution in the first dimension of the 2D MQMAS NMR spectra. This renders 
data-processing easier, but the pure absorptivities of the resulting lineshapes are 
generally not as good those obtained by the two-pulse-plus-z-filtering method. 217 

The incorporation of MQMAS with cross-polarization, TM-234 heteronuclear 
correlation 235'236 and REDOR, 237'238 has been demonstrated to be useful in 
certain situations. Because of its experimental convenience, MQMAS has 
found many applications in studies of a wide range of practical chemical 
systems with different complexities, from simple inorganic compounds to 
catalysts and molecular sieves. 209'227-245 The high resolution achieved makes it 
easy to detect weak interactions involving quadrupole spins, e.g. J-coupling 
between spin-½ and spin -3 nuclei. 246 The advantages of MQMAS spectra over 
static and MAS spectra are shown diagrammatically in Fig. 15. 

Based on the results of the investigations mentioned above, MQMAS can 
presently be regarded as an important new 'routine' experimental method in 
solid-state NMR. However, site quantification of nuclei portrayed in the spectra 
acquired by the MQMAS NMR technique is often found not to be wholly 
satisfactory, especially when the magnitudes of the quadrupolar coupling 
constants (QCCs) of the nuclei at different crystal lattice sites in the system under 
investigation vary in a wide range. The common situation is that the intensities of 
the signals from lattice sites occupied by those nuclei with large values of QCCs 
are reduced in magnitude. The quantification can be improved by the use of 
optimized pulse sequences 2°9'212,217 and synchronized data acquisition. 213,22° 

Recently, a method exploiting the nutation characteristics of the coherences 
of quadrupolar spins in rotating solids under RF irradiation, named RIACT 247 
(rotation induced adiabatic coherence transfer), was proposed to yield better 
site-quantitative MQMAS NMR spectra by carefully setting the pulse lengths 
according to the sample spinning speed. Because the adiabatic condition for 
coherence transfer is better satisfied at higher spinning rates for those nuclei 
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with larger QCCs (i.e. the difference between the effective quadrupolar 
frequencies is decreased by sample spinning), the intensities of the signals for 
sites occupied by those nuclei with large values of QCCs can be relatively 
enhanced by using the RIACT method, hence yielding better site quantification 
of the MQMAS NMR spectra. 

Two other solutions to achieving quantitative MQMAS spectra have been 
proposed. 248-25° One is hardware-oriented and uses pulse shaping 248'249 or 
composite pulses. 25° It was found that by using properly shaped pulses for 
excitation or conversion, MQMAS spectra with better quantification than that 
of RIACT can be achieved. The resultant spectra, however, usually remain 
highly nonquantitative even with the best use of these remedial measures. This 
is because the main reasons for the MQMAS spectra being nonquantitative all 
depend on the EFG and/or chemical shift tensors, and the deficiencies cannot 
be fully compensated in a unified way. Because of this, the second method, 
which involves theoretical simulations, was proposed. TM The main reasoning 
behind this method is that the major sources that produce nonquantitative 
MQMAS spectra can be identified as follows: (1) the quadrupolar coupling 
constant (QCC)-dependent multiquantum excitation (0QCs --~pQCs, p >/3) 
and conversion (pQCs---~ 1QCs) efficiencies; 208-212'247-249 (2) the presence of 
rotational sidebands in the first dimension even at high spinning speeds; 2z4 (3) 
the RF offset effects; 246-250 (4) the QCC-dependent transverse relaxation times; 
and (5) the inhomogeneity of the static and RF magnetic fields, the instability 
of the rotor revolution and other experimental imperfections. 

It is noted that, although the causes of nonquantification are multifactorial, the 
effects of sources (1)-(3) are totally computable from the nonquantitative 
MQMAS spectrum, from which the isotropic chemical shifts, 60, quadrupolar 
coupling constants (QCCs), CQ = eZqQ/h, and asymmetry parameters, r/Q, of the 
EFG tensors can be evaluated. The effect of source (5) is assumed to be negligible 
if the experiments are carefully executed. The influence of source (4) is not easy to 
calculate exactly, but its effect can be included by assuming a certain relaxation 
model and experimental relaxation times for each site (for which interactions may 
often be orientation dependent). Good quantification has been obtained for a 
series of compounds. TM We therefore believe that the MQMAS method can be 
enhanced with this quantification procedure and will find many interesting 
applications, particularly if it is implemented with the time-saving simulation 
schemes proposed by Charpentier et al. 25z 253 It is also believed that MQMAS may 
be incorporated with solid NMR imaging and offers better resolution of images 
for quadrupole spin systems. 

5.6. Orientation-orientation correlation (DECODER) 

The properties of many materials such as polymers are affected by the anisotropic 
orientation distribution. The orientation distribution can be altered by various 
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processing techniques such as use of pressure, heating, electric field, ionizing 
irradiation, etc. Generally, the orientation distribution information cannot be 
extracted from the ID N M R  spectrum. This is because 1D N MR experiments are 
axially symmetric around the direction of the static magnetic field. Therefore, 
only the uniaxial average of the orientation distribution can be extracted. 

By flipping the sample between the evolution and detection periods (so that the 
axial symmetry is broken), the correlation spectrum of two sample orientations 
can be established, as shown in the early single-crystal experiment by Carter e t  

al.254, 255 This technique was employed by Henrichs 256 to propose a unique type of 
correlation spectrum in solid-state NMR by which the orientation correlation is 
established and the orientation distribution of ordered samples can be determined. 

This technique was extended by Schmidt-Rohr et  al. 257 and was given the 
acronym DECODER (direction exchange with correlation for orientation- 
distribution evaluation and reconstruction). The pulse sequence of the 2D 
version of this method, which is shown in Fig. 16(a), is basically a typical 2D 
exchange experiment except that the sample is reoriented during the mixing 
time. Consequently, the correlation of, for example, the chemical shift 
interaction at two different sample orientations is obtained. 

(a) 

'HICP DO DD 

13C tl lm t2 
/ /  

(b) ,~( TR/3 .~ ,  TR/3 

Fb 
/ J  

II ' I |3C ~ 1  t2 t m t 3 

till t t l 3  t~13 

Fig. 16. Pulse sequence used in slow-spinning version of DECODER experiment. Each 
of the solid rectangles represents a 90 ° pulse. Standard CYCLOPS and spin- 
temperature alternation were used for phase cycling. (b) Pulse sequence used in the 
3D experiment; the phase cycling for the tl part was similar to Grans 17°. (Adapted from 
Lewis et al. 26° with permission.) 
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Recently, Lewis et a/. 26° simplified the experiment by incorporating slow 
magic-angle spinning (or magic-angle turning, MAT) to replace the sample 
flipping. With this technique, they proposed a general 3D version of  the 
D E C O D E R  experiment (Fig. 16(b)) that can be used to reduce the overlapping 
and thereby make it possible to determine the distribution functions of  
individual sites. By theoretical simulation, the orientation distribution function 
can be calculated from the correlation spectrum, one example of which is 
shown in Fig. 17. It correlates chemical shift interaction and can appropriately 
be called CSA-DECODER.  257'258 Other interactions can also be used and the 

,  -ril-lr-ll-IDl-II-! I-lrnNi-II-II-lr-1 
tl ~ t2 

/~x /ty ~x ~y ~x /~y ~ /l:x Ey /l:x /~y Kx /ty Kx /ty 

s, ',lliliin ,, H I I I I I i , i i  
t t t t 

Stroboscopic sampling 

c( 9 0  ° 

J 0  ° 

Fig. 18. Dipolar DECODER pulse sequence. The chemical shift term is suppressed 
during both the evolution and the detection periods by an x y - 4  sequence. During the 
time delay rf, the orientation of the sample is changed and the magnetization is stored 
with a pair of pulses 13~. (Reproduced from Utz et alf159 with permission.) 

Fig. 19. (a) Sketch of the channel-die apparatus used for the deformation experiment. 
Dimensions are in millimetres. The compression stamp is moved along the deformation 
direction D. The flow of the sample is constrained by the rigid walls of the die in the 
direction C, and free flow is possible in the direction F. (b) Stress (a)-strain(e) diagram 
resulting from channel-die extrusion of bisphenol-A polycarbonate at 300 K and a 
strain rate of ~ = 0.01 s-l.  (c, d) Dipolar DECODER spectra of 13C-labelled bisphenol- 
A polycarbonate before and after deformation. The spectra exhibit a characteristic star- 
like ridge pattern. Each of three types of corners (C, D, F) in the pattern corresponds to 
vectors oriented along a particular direction in the channel-die used for the experiment. 
(e, f) The anisotropy caused by the deformation becomes readily visible in the difference 
spectrum (deformed minus undeformed). For clarity, the negative (f) and positive 
contours (e) have been drawn separately. (Reproduced from Utz e t  a/. 259 with 
permission.) 
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quadrupolar-DECODER 257 and dipolar-DECODER 259 (Fig. 18) were demon- 
strated using quadrupolar and dipolar interactions, respectively. 

Because dipolar interaction is related to the internuclear vector, which is the 
direct description of the molecular framework, the relation between the 
orientation distribution function obtained from a dipolar-DECODER 
spectrum and the molecular frame distribution is simpler than that from 
CSA-DECODER and quadrupolar-DECODER spectrum. One example of the 
2D dipolar-DECODER experimental spectrum is shown in Fig. 19. The change 
of the orientation distribution caused by the deformation can be measured by 
the difference of the spectra before and after deformation. Of course, since the 
dipolar interaction tensor is always axially symmetric, the information content 
of a dipolar-DECODER spectrum is decreased. 

Song eta/.  261 showed that rotor-synchronized 2D PASS experiment can also 
be used to find the orientation distribution function of chemical shift tensors. 
Because it permits the use of MAS, the sensitivity is higher than when static or 
slow-turning samples are used. 

6. CROSS-POLARIZATION (CP) AND SPIN EXCHANGE/DIFFUSION 
(SE/SD) 

In terms of physical mechanism, cross-polarization and spin diffusion are just 
two special cases of zero-quantum coherence (ZQC) transfer, one being 
heteronuclear ZQC transfer and the other homonuclear ZQC transfer. 
However, these two processes hold seemingly disproportionately important 
places in solid-state NMR, not only for historical reasons but also because 
they (particularly CP) are simple to implement and yet powerful in 
application. Moreover, most of the works reviewed in the previous sections 
focus on coherent characteristics of the process and hence on structural 
information rather than dynamic information. Both the coherent and 
incoherent steps during CP and SD/SE can easily be demonstrated and 
offer understanding of the dynamic processes. Because CP involves ZQC 
transfer in a tilted rotating frame while SD/SE takes place in the laboratory 
frame, RF fields are needed for CP experiments but RF is normally 
unnecessary for SD/SE unless high spinning speed is used and recoupling 
techniques must be used. 

6.1. Cross-polarization 

Although CPMAS is the most popular procedure in solid-state NMR, the 
physics of this phenomenon still requires more investigation. Using Floquet 
theory, a theoretical model for the description of CP experiments was proposed 
by Marks and Vega 262 for spin-½ systems and for CP between spin-½ and spin-1 
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systems. 263 Both the static and spinning sample cases were treated. At short 
time (much shorter than cross-relaxation time and Tip of  the abundant spin), 
the process is basically coherent so that the evolution can be 'reversed'. This 
has been demonstrated with the observation of CP echoes. 264'265 Similar 
coherent behaviour was also observed for SD. 266 

Under high-speed MAS, CP might become inefficient because of weaker 
dipolar interaction results. Numerous solutions have been proposed in order to 
improve the CP efficiency, including phase inversion, amplitude modulation 
and frequency/amplitude modulation. 1'267-274 The simplest technique is 
RAMP-CP, 272-274 which is now widely adopted in practice. 

Cross-polarization in tilted frame has been proposed. 275 In this scheme, the 
two effective fields matching the H a r t m a n n - H a h n  condition have a large 
offset comparable to two RF fields. This method was named SPECIFIC CP 
(spectrally induced filtering in combination with cross-polarization; Fig. 20) 
because the matching depends on the resonance offset of the involved nuclei. 
This method is clearly useful for spectral simplification, as demonstrated in 
Fig. 21. Under fast spinning conditions, J-coupling-mediated CP can be 
observed as shown by Verhoeven e t  al. 276 

'H 

S 

i i 

SPECIRC 

CP 

t I t m t2 

~AAA^A,,, . . . . . . .  
VVVVV""  . . . . . . .  

Fig. 20. Experimental setup for applications of the SPECIFIC CP experiment in the 
context of triple-resonance solid-state NMR experiments. After an initial broadband 
adiabatic CP step from protons to the I nuclei, SPECIFIC transfer to the observed S 
nucleus occurs during the mixing time t,n. The resulting signal represents a dipolar and 
chemical shift-filtered spectrum and can be controlled by variation of the carrier 
frequencies and the radiofrequency during the SPECIFIC transfer. A conventional 
HETCOR experiment is obtained by the introduction of an evolution time tl. (Adapted 
from Baldus et  al. 275 with permission.) 
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Fig. 21. 15N (left) and 13C (right) spectra of N-[1-13C]acetyl-[U-13C, 15N]arginine 
dihydrate. Left: Direct proton-to-nitrogen CP (top) and carbon-to-nitrogen SPECIFIC 
CP with experimental parameters ~lc = 17.0 kHz, ~2co = 17.8 kHz, ~lY = 14.0 kHz, 
f~rqo = -1.4 kHz (middle), and WlC = 17.0 kHz, ~2c6 =9.1 kHz, ~IN = 14.0 kHz, 
f~No = 0.2 kHz (bottom). Right: Direct proton-to-carbon CP (top) and nitrogen-to- 
carbon SPECIFIC CP with experimental parameters ~lrq = 4.0 kHz, ~2N, = 5.7 kHz, 
WlC = 1.6 kHz, ~co =0.4 kHz (middle), and wtN =4.0 kHz, f~N, = 5.4 kHz, 
WlC = 1.6 kHz, f~c2< = -0 .2  kHz (bottom). In both experiments, WR = 5.6 kHz and a 
proton frequency of 317 MHz was used. (Adapted from Baldus et al. 275 with 
permission.) 

6.2. Spin exchange/diffusion 

Although the two processes, spin diffusion and spin exchange, are quite 
different in their physics, the experimental techniques used for them in N M R  
are the same. The experimental aspects of  multidimensional exchange spectra 
in static solids were fully analysed by Schaefer e ta / .  277 In particular, the phase 
cycles for various types of  experiments were tabulated. A comprehensive 
theoretical and experimental analysis of  the rotor-synchronized 2D exchange 
spectroscopy with magic-angle spinning was given by Tycko e t a / .  278 The 
theoretical procedure was presented for calculating the amplitudes of  the 
spinning sideband cross-peaks, which contain structural information (such as 
relative orientation of  two isotopicalty labelled chemical groups within a 
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molecule in an unoriented sample). A sensitivity-enhancing method called 
orientationally weighted 2D MAS exchange spectroscopy was introduced by 
Tycko e t  al. 279 (see Fig. 22). Examples of the usefulness of this method in the 
determination of peptide conformation 28° and conformation distribution in 
helical peptides 281 were reported (Fig. 23). 

For slow MAS experiments, it was found 282 that pure-phase spectra without 
unwanted cross-peaks can be obtained simply by combining rotor-synchron- 
ization with whole-echo acquisition (by placing a 180 ° pulse after the 
conversion pulse). This would make data acquisition and processing simpler, 
saving experimental time and permitting use of well-defined mixing times of an 
integer multiple of the rotation period. 

Similarly to EIS (exchange-induced sidebands), the sideband intensities are 
altered during the mixing time. 283 Other 1D exchange experiments were 
proposed, including ODESSA 284 (one-dimensional exchange spectroscopy by 
sideband alteration) and time-reversed ODESSA. 285 ODESSA is suitable for 
samples with magnetically equivalent nuclei only, whereas time-reversed 
ODESSA can be used for multisite exchange experiments. In certain cases, 
these 1D experiments can be complementary to 2D MAS exchange 
experiments. 286 

The temperature dependence of the spectral spin diffusion and cross- 
relaxation was examined by Mueller e t  al. 287' 288 with spin-½ and spin-1 systems. 
They showed that the diffusion rate can be strongly temperature dependent if it 
is motionally driven. It is therefore, unreliable to discriminate spin diffusion 
and chemical exchange by variable-temperature measurement of 2D exchange 
spectra. Mueller et  al.  suggested that the dependence of the polarization 
transfer rate on the spectral difference of the relevant resonances should be 
measured in a single crystal to safely distinguish the two different polarization 
transfer processes (see also ref. 289). They also explained satisfactorily why the 
relaxation of the quadrupolar order is much faster than the Zeeman order. This 

I IL,  I 
180 x 90~ 90y 90~ 90y 

T T T T T 

L 

Fig. 22. Pulse sequence used to obtain orientationally weighted 2D MAS exchange 
spectra, with ( =  :ky or i x  and alternate addition and subtraction of signals. 
Unweighted spectra are obtained by setting A to a value close to zero and ( =  ±y. 
The arrows indicate rotor cycles. (Reproduced from Tycko eta/. 278 with permission.) 
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Fig. 23. Left: Unweighted 2D MAS exchange spectrum of L-alanylglycylglycine 
showing positive (top) and negative (bottom) contours at equal and opposite levels. 
Only the region containing carbonyl sidebands from -2  to +2 is shown. Examples of 
intersite and intrasite cross-peaks are indicated. Right: Orientationally weighted 2D 
MAS exchange spectrum of L-alanylglycylglycine obtained with the pulse sequence in 
Fig. 16 with (=4-y,  showing positive (top) and negative (bottom) contours. 
(Reproduced from Tycko et al. 278 with permission.) 

phenomenon is attributed to a result of the degeneration of spin diffusion into 
cross-relaxation. 29° 

A 2D exchange experiment with temperature jump was employed by Fu 
e t  al. 291 to investigate the phase transition in solids. It was shown that this 
technique may offer significant new insights into the understanding of phase 
transitions in molecular solids. 

A 2D CPMAS exchange experiment in which through-space (site) 
correlation is established via proton spin diffusion was proposed by Wilhelm 
e t  al. 292 for probing the isotropic chemical shift correlations. This technique has 
a number of advantages, including site selectivity, multiple correlations and 
broad spatial correlation range (1-200 nm). It was shown that this technique 
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can be used to characterize quantitatively domain sizes and proximities of a 
spatially heterogeneous material. 

7. IMAGING 

The methodological development and applications of solid-state NMR 
imaging have been progressing steadily, although a substantial gap between 
liquid and solid imaging remains owing to the intrinsic difficulties involved 
with solids. There are a number of excellent reviews 293-295 in this area covering 
the literature published prior to 1995. 

New pulse sequences for solid imaging continue to emerge. Some of them 
focus on removing the limitations in the existing schemes, others on relieving 
certain demanding experimental requirements. Matsui e t a / .  296 showed that 
gradient decoupling 297 may be not necessary if a sinusoidal gradient field 
synchronized with the RF sequence is used or if the gradient is inverted in the 
middle of the RF irradiation (Fig. 24 top). They found as long as the RF field is 
at least 10 times larger than the resonance offset induced by the gradient, the 
spatial resolution is not significantly degraded by the line narrowing 
deterioration due to the gradient applied during the on-resonance RF pulsing 
(Fig. 24 bottom). 

Mastui et  al. 298 proposed a new version of the magic echo (ME) sequence, 
called tetrahedral magic echo (TME), which uses the so-called tetrahedral angle 
0=  109.5 ° instead of 90 ° in the ME or modified ME (MME). This is 
substantially superior to ME or MME line narrowing for solids where 
heteronuclear dipolar interaction between protons and the other nuclear 
species is comparable to the homonuclear proton-proton interaction. 

MAS imaging has been extended to spatially resolved spectroscopy. 299 Many 
NMR parameters such as chemical shift, dipolar interactions and relaxation 
times have been used as contrast parameters; many others remain to be 
investigated. As an exploration of the new contrast parameters in solid 
imaging, Matsui et  a/. 3°° studied the possibility of imaging the second moment. 
Both conventional and fast (like EPI in liquids) imaging methods were 
proposed and may find applications in the study of the mobility of certain 
materials such as polymers because the second moment reflects the degree of 
molecular motion. There is one piece of work concerning the use of second- 
order quadrupolar broadening as the contrast parameter. 3°~ This showed that 
it can be useful for intermediate c a s e s  (UQ//JZeernan ~'~ 1) but may not be useful 
for larger ratios, for which NQR imaging may be more appropriate. 3°2-317. 

Because the stray field offers large static magnetic field gradients that usually 
cannot easily be achieved otherwise, the STRAFI (stray-field imaging) method 
remains a useful imaging technique, particularly where a large static gradient 
field is needed. A comprehensive review on STRAFI was given by 
McDonald. 318 A new method for calibrating the pulse length in high field 
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Fig. 24. Top: Magic-echo sequence, TREV-16TS, for solid-state imaging with: (a) 
ideally pulsed; (b) nonideally pulsed and (c) sinusoidal field gradients. On-resonance RF 
irradiations along x and - x  are sandwiched by 90~ pulses (magic sandwich). The 
hatched magic sandwich consists of four magic sandwiches. Bottom: Projections of the 
one-dimensional test sample (admantane powder) obtained with the TREV-16TS 
sequence 0- = 30 #s) and the field gradients shown in Fig. 18. The RF field was set at 
100 kHz. (Adapted from Matsui et aL 296 with permission.) 
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Fig. 25. Field sweep STRAFI. In a conventional STRAFI experiment the sample is 
moved through sensitive slice, whereas in this method the resonance condition is moved 
through the sample by varying the central magnetic field through its interaction with the 
sweep coil. (a) fs-STRAFI with an internal superconducting sweep coil. (b) The field sweep 
coil is offset from centre of the magnet and is loosely coupled to the main coil. The 
resonance position can be moved by energizing the sweep coil. The loose coupling between 
the coils allows the magnetic field to be modified locally to the sample without gross 
changes of the central field strength. (Reproduced from Mallet eta/. 322 with permission.) 
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gradients was presented by Randall. 319 This method uses a pulse sequence 
a x -  7- -  ( a x -  7- -  e c h o -  7-)n and enables one to estimate the pulse angle 
rapidly. With a stray field gradient of around 58 T m  -1, STRAFI has been 
demonstrated to be applicable to paramagnetic compounds with magnetic 
moments as high as 10 Bohr magnetons. 32° Not surprisingly, it was also found 
that STRAFI can be used to image half-integer quadrupolar spin systems using 
the central transition, since the first-order quadrupolar interaction does not 
affect that transition. 32~ 

A variant of STRAFI,  called fs-STRAFI (field sweep STRAFI),  was recently 
proposed using an additional magnetic field sweep coil so that the sample is 
kept static throughout the experiment. 322 The sweep coil can be an internal 
superconducting coil or it can be placed outside the magnet (Fig. 25). Because 
there is no physical movement of the sample to be studied, this fs-STRAFI 
method has advantages that there are no problems associated with position 
reproducibility, backlash, or misalignment in the sample travel. It is 
particularly suitable to those experiments where it is impractical to move the 
sample during the time scale of the experiment and /or  where the region of 
interest is of the order of  a few millimetres or less, such as with thin films, 
surface effects or boundary layers. The resolution of  fs-STRAFI has been 
shown to be acceptable. 322 Alternatively, STRAFI has been found to be useful 
for films 323 owing to the use of a surface coil. 

It was shown by Balcom eta/. 324 that the disadvantages of  time-inefficiency 
and possibly dangerous gradient vibration of the single point imaging (SPI) 
method 325-328 can be overcome using a ramped field gradient. The new version, 
termed SPRITE (single point ramped imaging with T1 enhancement), can 
greatly reduce experimental times, minimize gradient vibration and enable the 
introduction of quantitative T~ contrast or suppression into a variety of 
images. 329 This method can also be extended to the multiple point imaging case 
where a number of data points rather than only one (as in the original version) 
are sampled after the narrow excitation pulse. 33° 

8. MISCELLANEOUS 

Before closing, we summarize some less active but promising areas of  research 
in or related to solid-state NMR. Some of them certainly point to the path 
leading to new regions of  solid state NMR. Here we cite only important 
references during the reviewed period (1995-1999) in these fledgling areas, 
which include magnetic force imaging, 331 334 SQUID,335 noise excitation, 336-339 
DNP (dynamic nuclear polarization), 34°' 34l DNP imaging, 342 optically detected 
NMR,  343-352 wavelet transform NMR,  353 high-pressure MAS NMR,  354 laser- 
irradiated temperature-jump experiments, 355 MAS-assisted peptide synth- 
esis, 356 and resolution enhancement of  MAS spectra of paramagnetic 
compounds using zero-quantum coherence. 357 
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Although most solid NMR experiments use powder samples, single-crystal 
experiments remain useful and new techniques continue to appear. 358'359 

As has been shown in an ever increasing number of practical systems, 
particularly polymers and biological macromolecular systems, solid state 
NMR/I  is not only useful for 'real' solids but also very important and perhaps 
indispensible for 'neither-solid-nor-liquid' samples or 'both-solid-and-liquid' 
samples, which are nowadays called 'soft materials'. Hence, there is no definite 
boundary between solid state and liquid state NMR/I.  

Finally, due to constraints of space, we have not been able to discuss here the 
wide range of applications for solid state NMR. We recognise that, due to the 
rapid progress in solid state NMR research, we may not have been able to 
cover all the new developments. 
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1. INTRODUCTION 

N M R  continues to be a crucial technology within the pharmaceutical industry, 
with applications ranging from routine identification of newly synthesized 
molecules to fundamental drug design or discovery applications. This review 
updates an earlier one in Annual Reports on NMR Spectroscopy published in 
19961 and focuses on developments since that time. We illustrate the various 
developments with selected examples from the literature and from our own work. 
No attempt has been made to provide an exhaustive coverage of all applications 
of N M R  in drug design; rather, selected examples from key areas are described. 
Other recent reviews have focused on particular aspects, including structure- 
based design, 2 combinatorial chemistry 3,4 and analytical applications. 5,6 

2. OVERVIEW OF DRUG DESIGN AND DEVELOPMENT 

The general scheme involved in the drug development process is illustrated in 
Fig. 1. This process begins with the design or discovery of a lead compound 
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Fig. 1. Overview of the process of drug development. 

possessing a desired bioactivity. Design implies a rational approach to 
obtaining the lead compound. This may be based on the structure of a known 
drug or bioactive molecule, in a process categorized as 'ligand-based' design. 
Alternatively, in 'receptor-based' design the synthesis of lead compounds is 
directed by knowledge of the structure of a biological target. Discovery refers to 
the identification of a lead compound either by screening or by chance 
observation. A wide range of sophisticated screening techniques has been 
developed over recent years and NMR promises to play a significant role in 
some of these. 

Whether it has been designed or discovered, the next stage in the 
development process of a lead molecule is optimization to improve its affinity 
and/or  specificity. This may require several rounds of design, synthesis and 
assay before a suitable candidate is identified and taken forward for more 
extensive testing. Once in vivo studies commence, further chemical modification 
may be required to produce desirable pharmacokinetic properties or to protect 
the compound from enzymatic breakdown and metabolism, before a suitable 
drug candidate emerges. 

3. ROLE OF NMR IN DRUG DEVELOPMENT 

N M R  spectroscopy has been applied at various stages of the drug development 
process. 7 These applications can be broadly categorized as analytical NMR 
(identification and characterization of molecules of less than a few thousand 
daltons in mass); NMR-based screening (the measurement of NMR 
parameters, for a ligand, for mixtures of ligands, or for a macromolecular 
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target, to identify potential lead molecules); NMR structure-based design 
(elucidation of high-resolution structures of macromolecular targets and 
target-ligand complexes); and in vivo NMR (studies of isolated organs or 
whole animals). 

Analytical NMR has been used in the pharmaceutical industry primarily as a 
tool for verification of the structures of synthesized molecules. However, 
analytical NMR methods have more widespread applications, for example in 
quantitative analysis of impurity profiles, in characterizing the composition of 
drug products and in investigating the metabolites of drugs in body fluids. 
These applications are the subject of a recent review. 8 Many new analytical 
NMR applications have resulted from recent developments in the pharmaceut- 
ical industry that have changed the types of samples that require analysis. For 
example, there has been an increasing reliance on high-throughput screening of 
combinatorial libraries for the identification of lead compounds. Such libraries 
typically contain large numbers of compounds, often present in small amounts 
and/or in mixtures and sometimes attached to a solid-phase support. The 
requirement for analysis of these libraries has led to the development of novel 
NMR instrumentation and methodologies. 

In addition to extending the utility of analytical NMR, these developments 
have had a direct impact on screening methodologies, where NMR spectro- 
scopy may now be used directly as a rapid and sensitive method for the 
characterization of binding affinities of mixtures of compounds in combina- 
torial libraries. 3,9 ll A powerful screening method based on observation of 
NMR signals from a protein target has been developed by researchers at 
Abbott laboratories. 12 Termed SAR (structure-activity relationship) by NMR, 
this technique has proved to be extremely valuable for the identification of 
novel lead compounds. 

Structure-based design relies on the techniques of macromolecular NMR 
spectroscopy, and has had its major impact in the determination of the three- 
dimensional solution structures of protein targets. However, with the 
numerous Genome Projects producing new sequences and potential targets 
at a prodigious rate, there has been great pressure to develop faster and more 
effective ways of determining protein structures. Higher-field instruments are 
leading to increased resolution and sensitivity, while novel methods offer the 
potential to extend the utility of NMR to far larger biological systems. For 
example, the study of drugs and ligands bound to membrane-bound receptors 
is the subject of a recent review. 13 In addition, methods for the study of 
molecular motion at the binding site of drug-receptor complexes are 
contributing to an understanding of the dynamics of these interactions 
(reviewed by Robertsl4). 

Finally, in vivo NMR methods have been used to investigate the effects of 
drugs in target organs. These applications will not be discussed further here but 
are the subject of a recent review.15 The remainder of this chapter will cover in 
more detail the recent developments in pharmaceutical applications of NMR, 
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with particular focus on analytical, structure-based and screening applica- 
tions, followed by a few selected examples. 

3.1. Analytical NMR 

The largest single use of NMR in the pharmaceutical industry continues to be 
the identification of molecules synthesized as part of drug discovery and 
development programmes. To a large extent, this application may be regarded 
as of a routine nature based on analysis of well-established NMR parameters 
such as chemical shifts, coupling constants and nuclear Overhauser effects 
(NOEs). The principles of such analyses are well known and need not be 
reviewed here. Instead, we focus on developments in NMR spectroscopy that 
have extended the range of analytical applications to different types of samples 
that are now routinely produced in the pharmaceutical industry. For example, 
developments in combinatorial chemistry, which allow for the simultaneous or 
parallel synthesis of libraries of compounds, often on solid-phase supports, 
have provided a significant challenge for NMR. Conventional high-resolution 
NMR requires the use of homogeneous samples in solution in relatively large 
sample sizes (typically hundreds of microlitres) to achieve acceptable line- 
shapes. Until recently, these requirements have prevented the use of NMR for 
the characterization of compounds while they remain bound to a solid phase 
support. However, recent developments allow for the analysis of complex 
mixtures, combinatorial libraries, bound drugs and small or heterogeneous 
samples. 

3.1.1. Applications of NMR in solid-phase synthesis 

Solid-phase synthesis (SPS) is now a widely used technique in the production of 
large numbers of diverse compounds or libraries that are utilized in the process 
of drug discovery. The widespread use of this technology has driven the 
development of techniques for the analysis of materials while they are still 
attached to the solid-phase support. 4'5' 16 Cleaving the product from the resin 
prior to analysis has a number of drawbacks: the cleavage process has the 
potential to alter the product, it necessarily results in a lowering of the yield, it 
is time-consuming, and the requirement for cleavage before analysis presents 
difficulties for monitoring a reaction in progress. Two distinct methods are now 
available for analysing the products of SPS reactions while they remain 
attached to the solid-phase support. These methods are termed gel-phase and 
magic-angle spinning (MAS) NMR. 

(i) Gel-phase NMR. Gel-phase NMR involves recording spectra on the SPS 
resin in a standard NMR tube. As the compounds of interest remain bound to 
the solid support, their motion is restricted, which results in a broadening of the 
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NMR signals. To alleviate this problem to some degree, the SPS resins are 
swollen as much as possible before the spectra are acquired. The resulting 
slurries are neither fully solid nor fully liquid, hence the term gel-phase NMR 
used to describe the technique. Even in this gel-phase state, the SPS resin slurry 
contains regions of differing magnetic susceptibility, which cause local 
variation in the magnetic field and result in line broadening. For this reason, 
gel-phase NMR is generally limited to the observation of heteronuclei, whose 
lower frequencies lessen the effects of the magnetic susceptibility line 
broadenings. The most commonly observed nucleus in gel-phase NMR is 13C 
and, although the technique of 13C gel-phase NMR is not a new one, it has 
recently been used to monitor the synthesis of both peptides 17 and organic 
compounds18,19 on solid-phase supports (Fig. 2). 

The major drawback of the 13C gel-phase NMR is lack of sensitivity, which 
makes it impractical for fast reaction monitoring as thousands of transients must 
be acquired to obtain a sufficient signal-to-noise ratio. Another approach 
involves the incorporation of 13C labels near the reaction site of interest, 2° which 
compensates for the lack of sensitivity. This 'fast 13C gel-phase NMR' allows 
data to be acquired in ~ 15 min and has proved useful in monitoring the progress 
of reactions. 21' 22 Gel-phase NMR has also been reported using nuclei other than 
13C. 19F NMR has the advantage that its inherent sensitivity is very high and 
most solid supports do not contain fluorine; a number of recent examples have 
described the use of 19F gel-phase NMR in reaction monitoring. 23-26 31p gel- 
phase NMR has also been used for reaction monitoring. 26 Although gel-phase 
NMR has found a number of applications in SPS, its utility is limited in that the 
1H spectra it generates contain very broad lines that prevent determination of 
structures via the acquisition of high-resolution IH NMR spectra. 

(ii) High-resolution magic-angle spinning N M R .  It is well established that 
magic-angle spinning (MAS) has the ability to reduce the line broadening 
caused by residual dipolar interactions and magnetic susceptibility differences 
in heterogeneous samples. 27,28 However, it required the development of 
specialized magnetic susceptibility-matched MAS probes before the first truly 
high-resolution (HR) spectra of organic compounds bound to SPS resins were 
reported. 29 The basic principles behind the technique have been described 3° and 
its development continues. 6,16 

With an increasing interest in peptides as potential lead compounds in drug 
design, the technique has become particularly important in the pharmaceutical 
industry. The utility of HR-MAS NMR for the characterization of peptides 
attached to solid-phase supports has been demonstrated by Jelinek et al. 31 The 
improved resolution afforded by MAS is clearly demonstrated in Fig. 3. In 
fact, the quality of the spectra is such that resonance assignments and structure 
determination of the peptide were accomplished with the peptide still attached 
to the solid-phase support. Similarly, Dhalluin et al. 32 used HR-MAS NMR to 
monitor the progress of a reaction on a solid-phase support. 
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Fig. 2. 13C Gel-phase NMR spectra of modified polystyrene-2%-co-DVB in CDC13 at 
75 MHz. (a) Merrifield resin; (b) epoxy alcohol bound polymer at room temperature; (c) 
epoxy alcohol bound polymer at 50°C; (d) model compound in solution. The solvent 
resonance is marked with an asterisk. (Reproduced from Shapiro and Gounarides 4 with 
permission.) 
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Fig. 3. IH NMR spectra of a hexapeptide bound to tentagel resin. (a) Schematic 
diagram of the peptide-resin complex; (b) stationary sample of the complex swollen in 
DMSO-d6; (c) the same sample recorded with magic-angle spinning at 5 kHz. 
(Reproduced from Jelinek e t  al.  31 with permission.) 

The sensitivity requirements of  HR-MAS N M R  are determined to a certain 
extent by the chemistry used to produce a combinatorial library. In the most 
extreme case, each compound in the library is present only on a single bead of  
the solid-phase support and therefore it is necessary to obtain spectra from a 
single bead. Despite the practical difficulties associated with both the handling 
and data acquisition of single-bead spectra, it has been shown to be a suitable 
technique, both for analysis 33 and reaction monitoring. 34 

The development of HR-MAS probes has resulted in several technical 
developments extending beyond the analysis of SPS products. HR-MAS N M R  
has also been used for structure determination of very small samples containing 
submicrogram quantities of biological molecules; 35 it has been used for the 
biochemical characterization of tissue samples in normal and disease states; 36 
and more recently it has been used in a screening role to identify substances with 
binding activity from a mixture of compounds, 37 as described later in this review. 
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3.1.2. High-throughput and L C - N M R  

Another major challenge for NMR spectroscopy has been the increased use of 
high-throughput screening in the drug discovery process. Although HR-MAS 
NMR has provided a method for analysing the progress of SPS reactions, the 
majority of bioassays are conducted on compounds in solution. Consequently, 
it is also desirable to analyse the structure of the compounds being assayed 
using solution-phase NMR methods. This involves analysis of a large number 
of samples, which often need to be transferred from a microtitre plate to the 
NMR probe and are generally present in small volumes, and usually in aqueous 
solutions. Another problem is posed by the analysis of mixtures of compounds. 
It is very difficult to perform detailed structural analysis of individual 
components in a mixture. Therefore, it is preferable to separate the mixture 
prior to NMR analysis 

Several recent developments in liquid chromatography (LC)-NMR (re- 
viewed in refs 6,38'39) have enabled direct flow applications of pharmaceutical 
mixtures through the NMR probe so that on-line analysis can be carried out. 
Sensitivity problems have been addressed through the use of higher-field 
magnets, improved probe technology and the development of small-volume 
probes. The problem of solvent suppression is twofold: first there is a 
requirement to suppress the large solvent signals arising from the mobile phase; 
second, changes in the composition of the mobile phase result in significant 
variation in the chemical shifts of the solvent resonances. Automated solvent 
suppression schemes have been developed that provide an effective solution to 
these problems. 4°'41 

LC-NMR data may be acquired in either onflow or stopped-flow modes. In 
the onflow mode, effluent flows directly from the column through the probe, 
where spectra are collected at fixed time intervals. Figure 4 shows a typical 
onflow LC-NMR spectrum. 6 In the stopped-flow mode, several fractions are 
collected and analysed individually at a later time. Although mass spectrometry 
continues to be the favoured technique for the analysis of combinatorial 
libraries, the value of LC-NMR was demonstrated in a study by Chin et al. 42 in 
a stopped-flow study of four positional isomers of dimethoxybenzoylglycine. 
Iso-molecular-weight mixtures such as this can be problematic to analyse using 
mass spectrometry; however, in this case assignment of the compounds was 
readily accomplished from the LC-NMR data (Fig. 5). 

The use of LC-NMR as an analytical tool in combinatorial chemistry 
remains limited. Its major application within the pharmaceutical industry is in 
the identification of drug metabolites. 38 For this purpose LC-NMR has been 
further coupled to a mass spectrometer to generate an LC-NMR-MS system. 43 
The combination of the three techniques provides a powerful tool for structural 
characterization. 

An alternative approach for the analysis of combinatorial libraries has been 
to remove the chromatographic column from the LC-NMR system to generate 
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Fig. 4. An onflow gradient LC-NMR spectrum of a mixture ofpeptides separated using 
a CH3CN/D20 solvent gradient. (Reproduced from Keifer 6 with permission.) 
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Fig. 5. A stacked plot of the stopped-flow HPLC NMR data of the four positional 
isomers shown. (Reproduced from Chin e t  al.  42 with permission. Copyright (1998) 
American Chemical Society.) 

a 'columnless' LC-NMR that can be used for high-throughput NMR.  5,6 Such 
systems incorporate an autosampler, which is used to inject samples either into 
a conventional LC port, termed flow injection analysis (FIA)-NMR, or directly 
into the probe for direct-injection (DI)-NMR. These flow injection systems are 
capable of generating high-resolution lH N M R  spectra of 1 mgml -] samples 
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with turnaround times of ~2  min. The results of such an analysis for a series of 
compounds taken from a 96-well microtitre plate are shown in Fig. 6. 

The major bottleneck created by these high-throughput N M R  techniques is 
in the analysis of  the vast amount of  data that is generated. A number of 
commercial packages are now available that use chemical shift/structure 
databases to aid in the interpretation of the spectra. However, fully automated 
spectral analysis systems are still under development. 

3.1.3. Summary 

It is apparent from the above discussion that the major innovations in 
analytical applications of N M R  over recent years have involved overcoming 
the challenges associated with new types of  samples, which have been driven by 
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Fig. 6. 1H NMR spectra of a library of compounds from a 96-well microtitre plate 
acquired by direct-injection NMR. (Reproduced from Keifer 6 with permission.) 
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combinatorial chemistry and high-throughput screening. The importance of 
this analytical 'support' role of NMR should not be underestimated, but the 
remainder of this article will focus on those areas where NMR has played a 
more central role in the drug discovery or development process. These include 
the use of NMR to design or discover new compounds using either structure- 
based or screening approaches. 

3.2. Structure-based design 

The use of NMR in structure-based design has increased substantially over 
recent years, reflecting continuing improvement in NMR technologies, the 
increasing availability of suitably labelled target macromolecules, and pressures 
from within the pharmaceutical industry for faster methods of drug discovery. 

Drug-receptor interactions involve two components - a ligand (the drug) 
and a macromolecular target (the receptor). Structure-based design requires a 
knowledge of one or both of these components: preferably both, and preferably 
in complex with each other. However, in some cases structural information is 
accessible only for one of the components, usually the ligand, and hence it is 
necessary to consider two structure-based approaches to drug design: 'ligand- 
based' drug design, and 'receptor-based' drug design. 

In ligand-based design the structure of a naturally occurring hormone, 
neurotransmitter or other small molecule is determined by NMR and is used as 
a basis for the design of analogues. Usually the intention is to design 
antagonists of the naturally occurring ligand, although in some cases agonists 
may be useful. Provided an assay is available to test the activity of the newly 
designed molecules, this approach may be conducted in complete ignorance of 
the structure of the receptor. If a range of different ligands is available or can 
be synthesized, then it may be possible to use the family of structures to 
develop a pharmacophore model of the receptor site and use this in the design 
of novel ligands, although this is not essential in all ligand-based design 
approaches. 

In receptor-based design, the structure of the biological target site is used to 
design ligands that will interact with and, usually, block that site. Since NMR 
methods are currently limited to the study of proteins with mass <35 kDa, 
receptor-based design requires x-ray crystallographic information for larger 
proteins. Whatever the source of the structural information on the receptor, the 
completely de novo design of ligands based on a target protein structure has so 
far proved an elusive goal. 44 In most examples of receptor-based design it has 
proved easier to generate lead ligands by screening computer databases of 
ligand structures for those that fit the receptor site. This has the advantage over 
the completely de novo design of a ligand from atomic building blocks that at 
least the selected compound is known to be synthetically accessible. More 
successful still has been the use of ligand-macromolecule complexes to guide 
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the design of  ligands with improved binding. Knowledge of how a known 
ligand fits into the receptor site is significantly more valuable than just the 
shape of the unbound receptor site itself. Thus, in the current review, receptor- 
based design will relate largely to the use of  N M R  for understanding the mode 
of  interaction of a ligand with a receptor and the use of the information for 
fine-tuning such interactions in new and improved ligands. 

There are many specific types of information that are useful in ligand-based 
or receptor-based drug design and there are a variety of N M R  techniques that 
can be used to deduce them. These are summarized in Table 1. There is clearly 
overlap in the N M R  methods that may be used in structure-based design but 
they are grouped for convenience under the headings of the ligand, the 
macromolecule and the complex. Within each category, the information types 
are listed in order of  increasing complexity and, potentially, increasing value in 
the drug design process. For example, in ligand-based design, the simplest 
experiment to perform is to determine the solution conformation of  a target 
ligand. Information that adds value to this includes knowledge of  
charge/tautomeric states, and ligand dynamics. Further added value comes 
from a determination of the bound conformation and deduction of a 
pharmacophore model for the receptor based on information from many 
ligands. 

Table 1. Information on ligands, macromolecules and their complexes sought in 
structure-based design and relevant NMR technologies used to derive this information 

Target Information NMR Technology 

Ligand Solution conformation 
Charge/tautomeric state 
Solution dynamics 
Bound conformation 
Pharmacophore models 

Macromolecule 

Ligand- 
macromolecule 
complex 

3D structure 
Macromolecular dynamics 
Structure of articulated 
macromolecules 
(e.g. multimeric or 
membrane-bound receptors) 

Stoichiometry of complex 
Kinetics of binding 
Location of interacting sites 
Orientation of bound ligand 
Structure of complex 
Dynamics of complex 

ID/2D NMR 
Chemical shift 
Line shape/relaxation analysis 
TrNOE 
All of the above, including 
ID/2D of multiple ligands 

2D/3D/4D NMR 
Relaxation time measurements 
TROSY 

Chemical shift titration 
Line width, titration analysis 
HSQC, isotope editing 
NOE docking 
3D/4D NMR 
Relaxation time measurements 
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The summary in Table l is the basis for the following more detailed 
discussion on each of the listed types of information, including specific 
examples of their application. 

3.2.1. Solution conformation of ligands 

Usually only 1D or 2D NMR methods are required to determine the solution 
conformation of bioactive ligands. Useful tools include analysis of chemical 
shifts, coupling constants, and NOEs, and the relevant methods are well 
described in standard NMR texts. An assumption inherent in such studies is 
that the solution conformation will be maintained on binding to the receptor. 
This is justified in the case of relatively rigid ligands, but for potentially flexible 
ligands the possibility of changes in conformation on binding must be 
considered. It is convenient to illustrate this principle, and indeed that of 
ligand-based design in general, using a discussion of endothelin analogues. 

Endothelin (ET) was discovered in 1985 as a peptide-based endothelial- 
derived constricting factor and has since gained prominence as a pharmaco- 
logical target, with more than 2500 papers published describing various aspects 
of its biochemistry, pharmacology and physiology. Interest in the peptide arises 
because of its potent renal, pulmonary and neuroendocrine activities. 
Endothelin and its isoforms have been implicated in a wide variety of disease 
states including ischaemia, cerebral vasospasm, stroke, renal failure, hyperten- 
sion and heart failure. 45 Endothelin exerts its pharmacological effect by acting 
on specific G-protein-coupled receptors. In mammalian species, two receptors 
(ETA and ETB) have been cloned. Both receptors are widely distributed in 
human tissue and are distinguished by different responses to the various ET 
isoforms, ET-1, ET-2 and ET-3 (Fig. 7). 

The 3D structure of this 21-amino-acid peptide consists of several distinct 
regions, including a random coil N-terminus, a ~3-turn over residues 5-8, 
followed by a short helical region and then a flexible C-terminal tail. 1 The 
presence of the flexible tail in solution is not surprising, as may be imagined 
from the sequence shown in Fig. 7. 

While solution structures of endothelin and its analogues a6-6° have been 
valuable in defining the gross conformation of these molecules, the flexibility of 
the tail in solution makes it difficult to extrapolate to the bound state. Indeed, 
an x-ray structure of ET- 1 has a quite different structure for the C-terminal tail 
from that of the random coil arrangement in solution. 6° The bound 
conformation may be different again. There is clearly an advantage to having 
lead molecules with reduced flexibility. Indeed, small cyclic molecules that are 
more rigid have provided more valuable leads to the development of potent 
endothelin antagonists. Early small cyclic peptide inhibitors included BQ123 
and BEI8257B (Fig. 8) which are ETA selective antagonists. ETa selective cyclic 
peptides have also been described (for a review see ref. 1). The discovery and 
applications of these molecules illustrate the principle that cyclic peptides are 
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(a) ET-1 

(b) ET-2  

(e) ET-3 

Fig. 7. Primary sequences and disulfide bond connectivities of endothelin isoforms 
ET-1, ET-2 and ET-3. Shading is used to indicate regions of sequence variability relative 
to ET-1. 
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Fig. 8. (a) Primary structure of the cyclic endothelin antagonist BE18257B and (b) a 
family of 36 NMR structures which demonstrates the well-defined nature of the cyclic 
peptide backbone. (Reprinted with permission from Coles e t  al. 14~ Copyright (1993) 
American Chemical Society.) 
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often more suitable as lead ligands in drug design compared to acyclic 
derivatives. In addition to their generally improved bioavailability and 
resistance to protease attack, they also tend to have better defined and less 
flexible conformations than linear counterparts, and hence determination of 
their structures in solution potentially yields information that may be quite 
similar to that for the bound conformation. 

The rather well-defined solution conformation of BE18257B shown in Fig. 8 
contrasts with the flexibility of the tail region of endothelin, which this peptide 
is thought to mimic. We shall return to endothelin as a target in drug design in 
the following section, in that case in relation to a nonpeptidic antagonist, The 
underlying theme we have attempted to illustrate is that ligand-based design 
often proceeds from initial studies of flexible endogenous molecules 
(particularly peptides) to constrained mimics and often culminates in the 
development of nonpeptidic drug leads. 

3.2.2. Charge state of ionisable groups/tautomeric equilibria 

One of the major advantages of NMR over other structural techniques such as 
x-ray crystallography is that it has the potential to provide information not 
only on structure but also on the electronic properties of molecules. Many 
potential drug leads contain ionizable groups and a determination of their 
charge state in solution and/or at the bound site or, if relevant, their 
tautomeric form, can be important in the design of analogues. 

Such electronic effects are readily deduced from chemical shifts. A recent 
example from our laboratory concerns the antimicrobial peptide drosocin. 61 This 
19-amino-acid peptide is secreted by Drosophila species in response to septic 
injury and is a potent antibacterial. The sequence of the peptide (shown below 
using the one-letter amino acid code) contains a glycosylated threonine at a mid- 
chain position that appears to be important in enhancing antimicrobial activity. 

GKPRPYSPRPTSHPRPIRY 
L 

Gal (/31-3 ) GalNAc (<~i-O) 

A structure determination of the peptide 61 showed that it was largely disordered 
in solution, but there were a significant number of NOE contacts between the 
sugar residues and the peptide backbone (Fig. 9). This suggested the possibility 
that the His residue at position 13 might be potentially masked by the sugar 
residue, perhaps modifying its pKa and possibly accounting for a change in 
activity between glycosylated and nonglycosylated peptides. However, a simple 
NMR titration in which chemical shifts of the His H4 proton were monitored as 
a function of pH for both glycosylated and nonglycosylated peptides (Fig. 10) 
showed no difference in pKa between the two. This simple NMR titration 
experiment thus allowed one possible contributing factor to be eliminated from 
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OH OH 
HO9~2 I HO~H2 I 

H 0 CFI~N H 0 H 0 

Fig. 9. Schematic representation of NOEs between the peptide backbone and the sugar 
moiety of the antimicrobial peptide drosocin. (Reproduced from McManus e t  al.  61 with 
permission. Copyright (1999) American Chemical Society.) 
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Fig. 10. Chemical shift changes for the H4 proton of Hisl3 in drosocin and its 
nonglycosylated derivative as a function of pH, shown to illustrate the principles of pKa 
determination using NMR. Fitting the curves to the Henderson-Hassellbach equation 
yields pKa values of 5.5 and 5.6 for the glycosylated and nonglycosylated derivatives 
respectively. (Reproduced from McManus e t  al.  61 with permission. Copyright (1999) 
American Chemical Society.) 

consideration and focused efforts to explain differences in bioactivity onto other 
factors. 

Tautomerization is a relatively common feature of  drug molecules that is 
equally amenable to simple analysis using chemical shifts or coupling constants 
as probes. This was recently demonstrated in a study of some nonpeptide 
endothelin analogues. 45 

Starting from the modestly active compound 1 (Table 2), derived by 
screening a compound library for ETA antagonists, the nanomolar  inhibitor 2 
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Table 2. Substitution pattern and receptor binding affinity of nonpeptidic endothelin 
antagonists a 

Compound R l R 2 ICso (nmol 1-1) 

ETA ETB 

(1) PD012527 C1 H 430 27000 
(2) PD155080 OCH3 H >0.4 4550 
(3) PD156707 OCH3 3,4,5-OCH3 0.3 780 
(4) OCH3 3,5-OCH3-4-O(CH2)3SO3Na 0.38 1600 

a from refs 45, 62. 

R 2 ~  R1 

° 

was developed. Further optimization via examination of  electronic and 
structural requirements led to the subnanomolar inhibitor 3, which was 
subsequently put forward for evaluation in a number of  preclinical disease 
models for stroke. 

These molecules display ke to-enol  tautomerization as illustrated in Fig. 11. 
The open-form keto-acid salts and the closed-form butenolides exist in a pH- 
dependent equilibrium in solution, and at physiological pH both forms exists. 
In principle, the biological activity could reside in either or both forms. 

The extent of  tautomerization was established by evaluation of N M R  
spectra as a function of pH (from 2.65 to 9.05). 45 At acidic pH, compound 2 
exists essentially completely in the closed butenolide form. As the pH is slowly 
raised by addition of  NaOD, the spectrum begins to exhibit properties 

Base 

Acid 

R 2 ~  R1 

.CO2.Na+ 

Fig. 11. Tautomeric equilibrium in butenolide-based endothelin antagonists. 
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associated with the open-form keto-acid, and at basic pH the compound is 
essentially all in the open form. The coupling pattern shown by the benzylic 
protons is a particular characteristic marker of the tautomeric process. At 
acidic pH, the benzylic protons exhibit an AB quartet pattern consistent with 
the ring-closed structure. As the pH is raised, this pattern coalesces to a singlet, 
broad at neutral pH and sharp at basic pH as would be expected with the open 
form keto-acid structure. After the pH was basic, addition of DCI to acidify the 
solution caused the spectrum to return to its original appearance, consistent 
with a reversible tautomerization process. Identical biological results were 
obtained with the salt and parent in all pharmacological assays, reflecting 
equilibration at physiological pH, thus making it difficult to identify the 
biologically active form. 

Methylation of the OH group in compounds 1-3 results in a loss of activity. As 
these analogues cannot tautomerize to form open keto-acids, it seems likely that 
the open form is responsible for activity, although the other possibility (i.e. that 
the closed form is active and that there may be hydrogen-bonding interactions 
with the OH that are lost on methylation) also needs to be considered. 

In addition to its impact on the biologically active form, the tautomeric 
process has profound implications for formulation of drug candidates, as 
illustrated in some recent further development work on compound 3. 62 While it 
is easy to synthesize and isolate water-soluble salts of the keto-acids, once they 
are placed in aqueous solution the tautomeric equilibrium determines how much 
of each form is present. Indeed, if the closed butenolide tautomer is sufficiently 
water insoluble, it can precipitate out of solution and the equilibrium can drive 
the complete precipitation of the compound. While 3 has good oral activity, its 
intravenous use is limited by the insolubility of the closed-form butenolide 
tautomer without the use of a specific and complex buffered formulation. Thus, 
in recent work Part et al. 62 developed a series of water-soluble butenolides to 
overcome this limitation for parenteral uses. This culminated in the develop- 
ment of 4 (Table 2), currently in preclinical evaluation. 

This description of the development of 4 provides a good illustration of the 
fact that the availability of an active molecule is not the end of the drug 
development pathway, and that formulation considerations can be critical. In 
this case NMR played a significant role in understanding tautomeric processes 
that had a direct bearing on solubility and hence on formulation. 

3.2.3. Ligand dynamics - Lineshape and relaxation data 

Although solution dynamics of drug molecules is not generally the most critical 
factor to consider in drug design, dynamics certainly does have the potential to 
affect binding via entropic contributions to the free energy of binding. In 
general, the more flexible a ligand is, the more unfavourable will be the loss in 
entropy on binding, assuming a relatively rigid bound state of the ligand. 
However, in some cases flexibility of a ligand may be a positive factor. This 
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applies, for example, if a degree of flexibility is required to allow a ligand access 
to a buried active site, or if activation of a receptor requires a conformational 
change mediated by ligand binding. Therefore, a knowledge of the flexibility of 
lead molecules is an important supplement to the structural and electronic 
information available from NMR. 

The two major N M R  methods for obtaining information on ligand flexibility 
are lineshape analysis and relaxation measurements (usually 13C or 15N T1, T2 or 
heteronuclear NOE measurements). In general terms, the former is sensitive to 
motions on the milli- to microsecond time scale and the latter to nanosecond 
time scales. To some extent, structure calculations on peptide-based lead 
molecules can also give an indication of regions of flexibility from an 
examination of local regions of disorder among a family of calculated structures. 
Caution must be exercised in making the connection between disorder and 
flexibility as other factors can contribute to disorder, but in many cases the 
correlation is observed. A recent example concerns the solution structure of three 
isomers of the c~-conotoxin G163 described in Section 4.1. In that case attempts to 
increase structural diversity via the engineering of non-native disulfide bonds 
showed that non-native isomers were not only different in conformation but 
were considerably more flexible than the native isomer. 

In an example that illustrates the application of NMR relaxation measurements 
for studying ligand flexibility, Kessler and colleagues 64 investigated the role of 
disulfide bonds in the a-amylase inhibitor, tendamistat. This small protein 
contains two disulfide bonds, Cysl 1-Cys27 and Cys45-Cys73, and opening of the 
latter is known to reduce the melting temperature of the protein, i.e. To reduce its 
stability, but not to affect its a-amylase inhibitor function. The latter observation 
suggests that this disulfide bond may not affect either the structure or the dynamics 
of the molecule. To investigate this, perhaps surprising, possibility, heteronuclear 
NOE measurements were used to determine the effect of the selective removal of 
the single disulfide bond on the dynamics of the molecule. This was done by 
comparing various NMR parameters for the single disulfide-deficient variant 
Cys45Ala/Cys73Ala and the wild-type protein. To assess structural changes, 
chemical shift differences, intrastrand NOE effects and protected amide protons 
were used to compare the connectivity of the secondary structure elements of 
variant and wild-type proteins. Removal of the Cys45-Cys73 bond by the 
Cys45Ala/Cys73Ala mutation was found to have no influence upon the 13-barrel 
structure of tendamistat, apart from very local changes at the mutation sites. 
Dynamic properties of the wild-type protein were studied by natural-abundance 
13C a heteronuclear NOE experiments. 15N isotope labelling was necessary to 
obtain the relaxation parameters of the variant, because of sample degradation 
during the long data acquisition time required for 13C measurements. 

The relaxation data in Fig. 12 show that the only region of significant 
internal mobility in either the wild-type or variant protein is at the N-terminus. 
Note the sign difference for the different heteronuclear X-{1H} NOEs, with an 
increased mobility leading to an increase in NOE for 13C and a decrease for 15N 
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Fig. 12. Heteronuclear NOE factors for (a) 15N backbone nuclei of tendamistat 
C45A/C73A and (b) 13C~ nuclei of the wild-type protein. Solid bars indicate the 
fl-strands and solid squares positions 45 and 73 in the variant. Disulfide bridges are 
marked by thin lines. (Reproduced from Balbach e t  al.  64 with permission. Copyright 
(1998) Wiley-Liss Inc., a subsidiary of John Wiley & Sons Inc.) 

due to the opposite signs of the gyromagnetic ratios of  the two nuclei. The 
NOE measurements show that there is little difference in internal flexibility 
between the two proteins, consistent with their similar c~-amylase inhibitory 
activity. In this case it appears that the role of  the Cys45/Cys73 disulfide bond 
is more related to thermodynamic stability and the secretion efficiency of the 
protein rather than to limiting its flexibility. 

The thyroid hormones, exemplified by thyroxine, provide another case where 
N M R  relaxation time measurements give an insight into internal flexibility, and 
perhaps mode of action, of pharmaceutically important molecules. Synthetic 
thyroxine, 5, is widely used for the treatment of thyroid disorders, and indeed 
was the second most widely prescribed drug in the United States in 1998. 
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HO I 

I ~ Z ' ~  H2 ' H2N 

H6 O I" "H2 

I51 (Thyroxine) 

The thyroid hormones act by binding to a nuclear receptor and appear to 
control receptor function by inducing a conformational change that directs the 
alignment of  secondary structure elements of  the receptor critical for function. 65 
We have used both relaxation time measurements and dynamic N M R  lineshape 
analysis as tools to define conformational flexibility of  the hormones. 66-68 Table 
3 shows experimental 13C TI and NOE data for thyroxine together with best-fit 
theoretical values for these parameters based on two different models for the 
motion of thyroxine in solution. The simple isotropic model in which the drug is 
regarded as a rigid body tumbling in solution is clearly unable to simultaneously 
fit the T1 and NOE data, while the two-state jump model, which incorporates a 
degree of internal mobility based on rapid flipping between conformational 
states, is better able to account for the experimental data. Although it is difficult 
to define precisely the nature of  the internal motion, it is clear that rapid 
(nanosecond) internal motion is present and this appears to involve small- 
amplitude (4-50 ° ) torsions about the aromatic ring axes. The correlation time for 
overall tumbling of thyroxine was deduced to be approximately 0.35 ns, with the 
internal motion approximately 30-fold faster. 67 

Previous studies of  the 1H N M R  spectrum of thyroxine as a function of  
temperature had demonstrated the presence of additional larger-amplitude, but 
slower ring flips also. 69 At low temperature two signals are seen for the H21 and 

Table 3. 13C NMR chemical shift and relaxation data for thyroxine 

Experimental a Theoretical h 

Isotropic 
motion 

Position Chemical shift TI (s) NOE T1 (s) NOE 
(ppm) 

Two-state 
internal 
motion 

T1 (s) NOE 

C2',6' 127.3 0.63 2.53 0.63 2.96 0.63 2.53 
C2,6 142.6 0.63 2.63 0.63 2.96 0.63 2.58 
Ca 57.1 0.51 2.37 0.51 2.94 0.51 2.57 
Cfl 36.4 0.64 2.29 0.64 2.96 0.64 2.51 

a Measured relaxation data at 75 MHz and 305 K. 67 

Theoretical best-fit values based on the indicated models for molecular motion. 
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H6' protons. These signals broaden with increasing temperature, then coalesce 
and sharpen as the temperature is further increased. This is due to exchange of 
the environments of the two protons brought about by 180 ° rotation of the 
'outer' ring of thyroxine, possibly combined with concerted motion of the 
'inner' ring. Substitution of the observed coalescence temperature (Tc) and the 
shift difference of the two signals at low temperature (6v) allowed the free 
energy of activation for this slow ring-flip process to be established from 
Eq. (1). 68,69 

AG # = 19.14 Tc[9.97 + log(Tc/~Sv)] (l) 

The derived barriers for several thyroid hormones are in the range 36- 
38 kJmo1-1, which corresponds to large-amplitude ring flips on the milli- to 
microsecond time scale. From a combination of the relaxation data and the 
dynamic lineshape analysis data, it was possible to propose a unified model that 
accounts for both the fast and slow internal motions, as summarized in Fig. 13. 

In this model, both aromatic rings of the thyroid hormones jump rapidly 
between two energetically equivalent conformations on a nanosecond time 
scale ((a) *-* (b) and (c) ~ (d) in Fig. 13). The half-angle of the jump varies 
between 27 ° and 55 ° , depending on the solvent, corresponding to an average 
displacement of about 90 ° between the two extreme jump positions. These 
separate states are not detectable on the chemical shift time scale but lead to an 
average proximal environment for Ha and an average distal environment for 
Hb (due to rapid interchange between (a) and (b) in Fig. 13), which are seen in 
the low-temperature spectra. However, these fast motions are detected by 
relaxation studies. While the rate of this motion is rapid, its amplitude is not 
sufficient to average the environment of proximal and distal protons. 
Occasionally (about once every 1000 jumps), the outer ring jumps farther 
than the nominal 90 ° range, exchanging the environments of the proximal and 
distal protons ((a) ~ (c) and (b) ~ (d) in Fig. 13). While the actual rate of an 
individual ring flip is rapid, the effective rate of the process is on the 
microsecond time scale because, on average, a large number of small-amplitude 
jumps occur for every large-amplitude ring flip. It is the exchanging of 
proximal and distal protons on the microsecond time scale that is detected by 
the variable-temperature lineshape studies. 

The fact that thyroxine is apparently able to move so freely over a moderately 
large region of conformational space has implications for receptor binding. The 
crystal structure of the thyroid receptor ligand-binding domain complexed with 
the thyroid agonist 3, 5-dimethyl-3 t-isopropylthyronine65 shows that the thyroid 
hormones bind at the centre of the hydrophobic core of the ligand-binding 
domain and may play a structural role in the conformational changes that 
activate the receptor. The structures of the retinoid-X receptor ligand-binding 
domain 7° and the retinoic acid-retinoic acid-receptor ligand-binding domain 
complex 71 indicate that significant conformational changes accompany ligand 
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Fig. 13. Schematic illustrations of motions of the outer ring of thyroxine. The dotted 
line through the outer ring shows the jump axis about which the ring rotates. (a) Ha is 
shown in the proximal position and is closer to the viewer than Hb owing to the torsion 
angle ~b being greater than 0 °. This conformation corresponds to one of the two states of 
the two-state jump model and agrees with the 'twist' of the outer ring observed in the 
crystal structure. (b) Rotation about the dotted line through the centre of the outer ring 
moves Ha away from the viewer and brings Hb toward the viewer. This corresponds to 
the second state of the outer ring in the two-state jump model. (c) Hb is now in the 
proximal position and closer to the viewer than Ha. (d) Hb is in the proximal position 
and is now farther from the viewer than Ha. Transition from (a) to (b) and from (c) to 
(d) involves small-amplitude jumps on the nanosecond time scale and is detected by 
NMR relaxation measurements. Although not illustrated in the figure, the inner ring 
also exhibits this type of motion. Transitions (a) to (c) and (b) to (d) result in a 180 ° flips 
of the outer ring and exchange of the environments of Ha and Hb. This ring flip occurs 
on a microsecond time scale and is detected by variable-temperature lineshape studies. 
(Reproduced from Duggan and Craik 67 with permission. Copyright (1996) American 
Chemical Society.) 

binding. The conformational flexibility shown by the thyroid hormones may also 
be required for binding. It  has been suggested that the rapid 'wiggling' of  the 
aromatic rings could enable the hormone to work its way to the centre of  the 
ligand binding domain as the protein reorders itself about the ligand and may in 
fact trigger receptor conformational changes. 67 

Another  example of  the application of lineshape analysis to ligand dynamics 
is described in Section 4.3 for the drug trimetrexate, which binds to 
dihydrofolate reductase (DHFR).  From that example it is clear that the 
techniques described above can equally be applied to ligands when bound to 
their receptors. In some cases significant but highly specific mobility appears to 
be present at the bound site. 
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3.2.4. Conformation of bound ligands - Transferred NOEs 

In ligand-based drug design it is not necessary to have knowledge of  the structure 
of  the receptor, or even of  the location of the binding site, but the conformation 
of  the ligand bound to the receptor is crucial. It is clearly better if this can be 
measured directly rather then be inferred from the conformation of  the free 
ligand. In certain circumstances this information on the bound conformation can 
be obtained from the transferred NOE (TrNOE) technique. 72'73 This method 
takes advantage of the fact that NOEs build up more rapidly in a ligand- 
macromolecule complex than they do in free ligand and, given appropriate 
exchange conditions for a mixture of ligand and macromolecule (typically 
satisfied for K~> 10 -1 lmo1-1 for the equilibrium represented by Eq. (2), signals 
from a free ligand may be used to determine the bound conformation. 

L + M ~ L .  M (2) 

The theory of the technique has been reviewed previously 74 and developments 
that minimize potential artefacts from spin diffusion have been described. 14 Since 
it is not necessary to monitor signals from the macromolecule in this technique, it 
is usually present in substoichiometric amounts, thus requiring only minimal 
amounts of what is usually the more expensive component of  l igand- 
macromolecule complexes. In addition, the molecular weight restrictions 
inherent in full 3D structure determinations of  complexes are ameliorated and 
the conformations of  ligands bound to very large macromolecules may be 
determined. For  example, the technique was recently used to determine the 
structure of an antibiotic bound to the ribosome. 75 A range of  other applications 
including enzyme-substrate, protein-carbohydrate and protein-peptide inter- 
actions have recently been summarized. 14 

In addition to its application as a tool for determining bound conformations 
of ligands, this method has also been used recently as a screening aid for the 
identification from mixtures of ligands that bind to a protein of  interest. This 
application is addressed in more detail in Section 3.3. 

3.2.5. Pharmacophore modelling - Conformations of many ligands 

Determination of the conformations of  a range of  ligands that all act at the 
same receptor site can provide significantly more information than just a single 
ligand structure. With a sufficiently broad range of  ligands it is often possible 
to generate a pharmacophore model of the receptor site, deduced on the basis 
of  conserved structural features and conformations of binding ligands. A recent 
example from our laboratory concerns the ~-conotoxins - small peptide 
ligands that bond to voltage-sensitive calcium channels and are potential drug 
leads for conditions including pain and stroke. From structural studies of  a 
range of these w-conotoxins and from literature data on various mutants with 
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altered binding affinities, it was possible to determine that only a localized 
region of the surface of these molecules was involved in receptor binding. 76 
This allowed a pharmacophore model of putative receptor binding pockets to 
be developed. 

The advantage of such a pharmacophore model in this case is that smaller, 
nonpeptide molecules that might have improved stability and bioavailability 
over their peptidic counterparts can, in principle, be designed. The NMR 
approach used in such pharmacophore modelling often involves a combination 
of many of the techniques already described above. Thus, by determining 
information about structure and electronic properties for a range of different 
ligands, all acting at the same receptor site, it is often possible to infer 
information about the binding site even if direct structural studies of this site 
are not possible. The conotoxins are discussed in more detail in Section 4.1. 

3.2.6. 3D studies o f  protein targets - 2D, 3D and 4D multinuclear N M R  

We now move from studies on ligands, in some cases used to infer information 
about receptors, to direct studies of the receptors themselves. N M R  methods of 
determining the structures of proteins of up to 35 kDa have been reviewed 
extensively. 77-79 It suffices to say that for smaller proteins (~<7 kDa) it is usually 
possible to determine the structures, mainly using 2D NMR, without the need 
for isotopic labelling. For proteins in the range 7-14 kDa, 15N labelling and a 
combination of 2D/3D N M R  experiments is usually sufficient, while for larger 
proteins, t3C/15N labelling and 3D or 4D NMR is more or less mandatory. For 
proteins at the top end of the currently accessible range (25-35 kDa), there are 
additional advantages associated with partial deuteration of the protein. 

A number of recently developed methods offer the potential for improving 
the quality of N M R  structures and for increasing the size of proteins that will 
be examined. In particular, the use of residual dipolar couplings and of 
anisotropic contributions to relaxation provide new kinds of restraints that 
promise to lead to more accurate NMR structures. 7s' 80 The recently developed 
TROSY (transverse relaxation optimized spectroscopy) method 81 exploits 
relaxation phenomena to produce spectra with narrow lines, and promises to 
significantly expand the size of protein targets that can be examined by NMR 
from the current limit of ,-~35 kDa to perhaps ,,~150 kDa. 

Most of the discussion on receptors has focused on proteins. DNA 
represents another valuable target in drug design. Most studies in which 
DNA is the target are done using short model oligonucleotides to mimic the 
binding region of DNA. The regular repeating nature of DNA structures 
makes this a more successful approach then similar attempts to dissect out 
binding regions of receptor proteins, when often the whole protein must be 
present to maintain a viable binding site. The principles involved in structure 
determination of nucleic acid targets are similar to those for proteins, but in 
practice nucleic acid structures are somewhat more difficult to solve. 
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In general, most of the macromolecular structures solved to date by N MR 
have been <25 kDa in size. While this is smaller than that achievable by x-ray 
methods, the quality of N M R  structures is generally similar to that obtained by 
x-ray methods. For  either N M R  or x-ray methods, however, the structural data 
merely provides the background information with which a receptor-based drug 
design programme may begin. As already mentioned, the de novo design of 
ligands based on a receptor structure is a very difficult task but one that is 
likely to become more common in the future as computer-based approaches to 
molecular design improve. 44 

3.2.7. Dynamics of proteins 

Proteins exhibit a range of  internal motions from the millisecond to the 
nanosecond time scale and a full understanding of how small drugs might 
interact with such a 'moving target' requires more than just the time-averaged 
macromolecular structure. Thus, over recent years much effort has been 
directed towards defining motions within proteins. 

The most commonly applied approach has been to use 13C or 15N relaxation 
parameters such as Tl, T2 and the heteronuclear NOE to derive correlation times 
for overall motion, together with rates and amplitudes of internal motions. 82 
While the precise interpretation of the N M R  relaxation data in terms of 
motional parameters remains dependent on the appropriateness of the motional 
model chosen, the results from many studies on the dynamics of proteins are 
sufficiently clear to confirm that nanosecond time scale motions in proteins are 
common. Although the existence of such motion is beyond doubt, it is probably 
fair to say that the results of dynamics studies published to date have, in general, 
been more reassuring than informative; that is, in most cases extra internal 
motions are associated with protein termini or in loops, a conclusion that could 
probably have been deduced from inspection of structures alone. The functional 
significance of motions on the nanosecond time scale remains unclear and so far 
there have been few cases where significant differences in motions on this time 
scale between ligand-free and ligand-bound forms of proteins have been 
measured. It will be interesting to assess the functional significance of  such 
motions as more data become available. Slower motions have, however, been 
correlated with function in a number of proteins, with a good example being 
HIV protease, described in more detail in Section 4.2. 

As mentioned earlier, regions of disorder in the spatial ensemble of 
calculated N M R  structures can, in principle, be due to internal motions but 
can also reflect a relative lack of NOEs in such regions. A recent analysis s3 
suggests that ill-defined regions in structural ensembles often do reflect slow, 
large-amplitude motions, and so it is not always necessary to resort to 
relaxation time measurements if only a general idea of  molecular motions is 
required for a particular protein. Even if relaxation measurements are done, it 
is often not necessary to undertake and extensive analysis to derive correlation 
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times, as trends are often apparent from the raw experimental data. For 
example, in the case of tendamistat described above (Fig. 12), it is clear directly 
from the heteronuclear NOE data that significant internal mobility is present at 
the N-terminus. 

3.2.8. Membrane bound receptors 

The majority of targets for currently known drugs are membrane-bound 
receptors, yet this represents the class of proteins for which we know least 
about structures. Membrane proteins are notoriously difficult to characterize 
at a structural level because they are difficult to crystallize, thus inhibiting x-ray 
crystallographic studies, and are both too large and too difficult to reconstitute 
in suitable media for NMR studies. Nevertheless, solid-state NMR methods 
are beginning to show great promise that eventually such targets may be 
structurally characterized, s4 A recent review 13 summarized, for example, the 
significant advances that have been made using rotational resonance solid-state 
NMR measurements to determine precise distances in membrane-bound 
proteins. 

3.2.9. Stoichiometry of complex~kinetics of binding 

The information sought and techniques described so far have related either to 
the ligand or to the macromolecule. In this and the following sections, we focus 
on complexes between the two. One of the most basic pieces of information 
about any complex is its stoichiometry. In many cases the stoichiometry of a 
drug-receptor complex is 1 : 1, but variations in either direction are possible: 
for example, many cytokine ligands involve dimerization of receptors, while 
some receptors have multiple binding sites for ligands. While stoichiometry is 
often best determined from other biophysical or binding studies, NMR does 
provide ways of determining this information if required. This is most often 
done by monitoring the appearance of signals in a titration of ligand versus 
macromolecule. The NMR techniques used in such studies have been reviewed 
previously in Annual Reports TM in an article focusing on macromolecule-ligand 
interactions. 

The kinetics of binding events play a crucial role in determining the 
appearance of NMR spectra of such ligand-macromolecule mixtures, and in 
particular the conditions of fast exchange or slow exchange are crucial in 
determining the types of spectra encountered. In the slow-exchange limit, 
separate signals for free and bound species are observed during the titration. 
This applies for tight-binding complexes and is the situation in which the most 
useful information can be extracted from NMR spectra. Since separate signals 
for the bound state of the ligand and/or macromolecule can be observed, much 
useful information on the nature of the bound state can be derived. In the case 
of fast exchange, corresponding to weaker complexes, only an average signal 
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corresponding to the weighted average of bound and free states is observed. In 
this case chemical shifts and other NMR parameters vary with the mole ratio 
of ligand to macromolecule. While direct information on the complex is more 
difficult to obtain in this case, analysis of the chemical shift titration and 
linewidth trends allows information on stoichiometry and kinetics to be 
obtained. 74 Analysis of 2D HSQC (heteronuclear single-quantum coherence) 
spectra of weakly binding complexes also allows binding sites to be localized 
and has formed the basis for a new lead discovery technique referred to as SAR 
by NMR. This is described in more detail in Section 3.3. 
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 -NH 
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161 (PNU-142373) 

An example of a slow-exchange situation may be seen for the binding of the 
inhibitor PNU-142373, 6, to the enzyme stromelysin. The 19F spectrum in Fig. 
14 illustrates several general principles. First, note that the use of a rare probe 
nucleus such as 19F produces spectra of elegant simplicity. As there is no 
naturally occurring 19F in the macromolecule, there are no interfering signals 
from it. Second, the offset in chemical shift between bound and free signals 
reflects the different environment of the bound and free states. Third, signals 
from bound ligand are broader than those from free ligand owing to the higher 
molecular weight of the complex. This is best illustrated by the free and bound 
signals from the para fluorine of 6. The bound signals from the ortho fluorines 

ortho para 

Free 
Bound 

-140 -145 -150 -155 -160 
19F Chemical Shift (ppm) 

Fig. 14. Region of the 1D]9F NMR spectrum of the stromelysin/PNU-142372 
complex. Signals from the free (sharp) and bound (broad) PNU-142372 (structure 6) 
are observed. (Reproduced from Stockman 2 with permission.) 
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are broader still, and are separated from one another in the bound state but 
degenerate in the free ligand. The additional broadening reflects the fact that 
the fluorinated aromatic ring, while held sufficiently rigidly in the complex to 
yield separate environments on different sides of the ring, is still undergoing a 
degree of flipping, which manifests itself as exchange broadening of the two 
ortho signals. A ring-flip rate of 100 s -1 was estimated from the difference in 
linewidth for the bound para and ortho signals. 85 

3.2.10. Location of &teracting sites 

Once the stoichiometry and kinetics of binding have been established, the next 
piece of useful information in defining a complex is an indication of which 
parts of the ligand interact with which parts of the macromolecule. Simple 
HSQC-type experiments or isotope editing/filtering methods are often used for 
such studies. 86 88 In these experiments, either the ligand or the macromolecule 
is labelled with 15N and/or 13C. Titration with the unlabelled interacting 
species perturbs the spectrum of the labelled species (either by causing chemical 
shift changes if the complex is in fast exchange, or resulting in the addition of 
new signals from bound species if the complex is in slow exchange). Since the 
interaction between ligand and macromolecule usually involves only one face 
of a ligand and one small region of the macromolecule, much of the spectrum 
of each remains unperturbed. The perturbed regions are those involved in the 
interaction, and if assignments have been made then information about the 
interacting sites can readily be obtained from such studies. 

3.2.11. Orientation of bound ligands 

If some information on the location of the binding site is available from either 
NMR or other techniques, then the next level of information about the 
complex that can be useful in drug design is the orientation of the ligand at the 
binding site. In the absence of a full structure determination of the complex, it 
is sometimes possible to gain information on orientation from NOE docking 
experiments. The concept here is that a small number of NOEs between ligand 
and macromolecule that can be unambiguously identified may be valuable in 
orienting the ligand. Often such studies are contemplated when the structure of 
the macromolecule itself, or of a closely related macromolecule, is already 
known and information on the environment and conformation of a ligand is 
desired without the need for resorting to time-consuming full structure 
calculations on the complex. 

Gradwell and Feeney 89 have analysed factors important in such NOE 
docking experiments. In their analysis, a high-resolution x-ray structure of a 
protein-ligand complex was used to simulate loose distance restraints of 
varying degrees of quality that might typically be estimated from experimental 
NOE intensities. These simulated data were used to examine the effect of the 
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number, distribution and representation of the experimental constraints on the 
precision and accuracy of the calculated structures. A standard simulated 
annealing protocol was used, as well as a more novel method based on rigid- 
body dynamics. The results showed some parallels with those from similar 
studies on complete protein N M R  structure determinations, but it was found 
that more constraints per torsion angle were required to define docked 
structures of similar quality. This is because the conformation and orientation 
of the ligand are only defined by NOEs and not by covalent attachment as is 
the case for amino acid side-chains in a protein structure. The effectiveness of 
different NOE-constraint averaging methods was explored and the benefits of 
using 'R -6 averaging' rather than 'centre averaging' with small sets of NOE 
constraints were demonstrated. With these consideration in mind, it appears 
that NOE docking can be a very cost-efficient procedure for defining the 
environment, orientation and conformation of  ligands. 

3.2.12. Structures/dynamics of macromolecule-ligand complexes 

The techniques used to determine the structures of macromolecule-ligand 
complexes are similar to those used to determine the structure of  uncomplexed 
macromolecules. While there are some disadvantages relative to determining 
structures of the uncomplexed macromolecule, including the higher molecular 
weight of the complex, and complications associated with exchange, the fact 
that two species are involved can be used to advantage. For  example, by 
selectively labelling either the ligand or the macromolecule and using various 
isotope editing/filtering techniques, 9°'91 it is possible to simplify the spectra of 
the complex by viewing only one component at a time. 

We will defer describing an example of an N MR determination of a 
macromolecule-ligand complex until Section 4.3, as part of a more general 
overview of DHF R - l i gand  complexes, but it suffices to say that there are now 
many examples in the literature of macromolecule-ligand complexes and some 
of these have recently been reviewed. 2 

Similarly, the techniques already described for determining the dynamics of 
ligands or macromolecules are also directly applicable to complexes. Again, 
specific examples are given in Section 4, including the use of  relaxation data to 
study dynamics in HIV protease/inhibitor complexes and the use of dynamic 
lineshape studies for studying correlated l igand-protein dynamics in D H F R  
complexes. 

3.2.13. Overview of structure-based design 

From the preceding discussion it can be seen that N M R  can provide a vast 
range of information on ligands, macromolecules and their complexes. 
However, within the pharmaceutical industry the value of a particular piece 
of information must be assessed against the cost of obtaining it. As might be 
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expected, the information that is easiest to obtain usually corresponds to that 
which is least expensive, in terms of materials costs, personnel and spectro- 
meter time. Table 4 summarizes resource requirements for various NMR 
techniques. It is stressed that the cost and time estimates are highly variable 
and the figures are presented as rough guidelines only. For example, in cases 
where expression of a particular protein may be difficult, or where a protein is 
unstable and multiple samples are required, the costs could be significantly 
greater. However, the general trend apparent from the table is that the closer 
one gets to a full characterization of a complex, the more expensive in both 
materials costs and spectrometer time the task becomes. 

3.3. Screening 

As is clear from the previous section, many of the applications of NMR in the 
drug discovery process have involved obtaining structural information on drug 
targets or complexes of drug and target. More recently, it has been shown that 
NMR may be used to discover compounds that bind to protein targets. This 
represents a shift away from the more traditional use of NMR as a toot for 
structure characterization and towards a screening role in the generation of 
lead compounds for drug discovery. The general strategy used in the screening 
process is to monitor NMR signals in order to identify small molecules that 
bind weakly to a target protein. This binding information may then be used to 
design tighter-binding compounds, which serve as drug leads. 

The methods that have been developed may be classified into two categories: 
those that monitor NMR signals from the protein target] 2 and those that 
monitor NMR signals from the small-molecule ligand. II The strategy for 
monitoring protein signals, which was first described by the group of Fesik at 
Abbott Laboratories, is widely referred to as SAR by NMR and is described in 
the following section. This is followed by a discussion of several screening 
strategies that involve monitoring ligand signals. 

3.3.1. SAR by NMR 

In this approach to drug discovery, 15N HSQC spectra of a target protein are 
recorded before and after addition of pools of small molecules. If one of the 
ligands within the pool binds to the protein, perturbations to the HSQC 
spectrum are observed. The location of the binding site may be deduced by 
noting which signals are specifically perturbed, as illustrated in Fig. 15. The 
affinity of ligands discovered in this way is often rather modest (in the millimolar 
range), but after optimization by synthesis and screening of analogues of the 
initial hit, improvement to micromolar affinity may readily be achieved. A 
second, unrelated ligand that binds at an adjacent site is then identified and 
optimized in a similar way. A closer analysis of the ternary complex formed by 
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Fig. 15. Schematic illustration of the design of SAR by NMR. The HSQC spectra yield 
a single peak for each backbone amide proton in the target protein. Ligands that bind to 
the protein perturb the chemical shifts of localized regions of the protein, thus 
identifying the binding site. When two proximate binding ligands are identified, they are 
chemically linked to produce a tight-binding lead molecule. 

the two ligands is then used to identity sites at which the two ligands might be 
joined. Synthesis of new bifunctional ligands using a library of linkers is then 
used to identify a compound with high affinity for the target protein. 

The use of pools of ligands in the initial screens and the high sensitivity of 
HSQC spectra allow large numbers of small molecules (~1000/day) to be 
screened. The method is very cost-efficient, and only small numbers of linked 
molecules need be synthesized because selection of linkers can be made on the 
basis of structural information about the complexes. In the first exemplification 
of the technique, a molecule that binds tightly (Kj = 19 nmol 1 1) to the FK506 
binding protein was discovered by linking two quite weakly binding molecules 
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(Kd = 2 #mol 1 -a and 100 #mol 1 1), as illustrated in Fig. 16. The technique has 
since been used to successfully produce novel high-affinity ligands for a range of 
other important drug targets including stromelysin 92 and human papillomavirus 
E2 protein. 93 It appears that this method will become widely used within the 
pharmaceutical industry and many examples of its application are anticipated. 

3.3.2. Monitoring of ligand signals 

Several alternative strategies have been described for the screening of small 
molecules binding to a target protein. These techniques all involve the 
measurement of NMR parameters that exhibit marked dependence on the 
molecular mass, including transferred NOEs, line broadening and diffusion 
measurements. There are certain advantages to the observation of ligand rather 
than protein signals. First, it is possible to identify easily all of the signals from 
a mixture of several small components simultaneously. Therefore, identifica- 
tion of the binding component(s) is straightforward. Second, observation of 
ligand signals removes the need for isotope labelling and allows for the 
screening of targets that cannot be assigned by current NMR methods and are 
therefore not amenable to SAR by NMR. 

o O~ HO'-~N._~OH 

CH3~~OCH3 
OCH3 

19 nlVl 

Fig. 16. Development of a nanomolar inhibitor for FK506 binding protein from two 
micromolar inhibitors using SAR by NMR. (Reproduced from Stockman 2 with 
permission.) 
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(i) Transferred N O E s  in screening. As noted in Section 3.2 the transferred NOE 
technique has been widely used to determine the bound conformation of ligands 
that are in fast exchange on the relaxation time scale. The theory of this 
technique has been described previously 72'73 and pharmaceutical applications 
have been reviewed. 1 The method makes use of the fact that when a small ligand 
binds to a large target molecule, the sign and build-up rate of the NOEs are 
changed. Although this method has most often been used to derive information 
about the bound conformation of a single ligand, it is ideally suited to the task of 
screening, as it provides a sensitive and reliable indication of binding. 

The application of TRNOE to identification of a binding component from 
a mixture, which has been termed 'bioaffinity NMR spectroscopy', was 
demonstrated by Meyer et al., ~° who identified a single component in a mixture 
of oligosaccharides that bound to Aleuria aurantia agglutinin. Libraries con- 
sisting of 6 and 15 polysaccharides, respectively, were screened and in each 
case a single binding component was identified. More recently, the same 
technique has been used to identify an antagonist of E-selectin from a mixture of 
polysaccharides. 94 In this case a single binding component was identified from a 
mixture of 11 components. One of the strengths of this approach is highlighted in 
this study, where the E-selectin target had a molecular mass of approximately 
220 kDa, which is well beyond the accessible range for HSQC spectroscopy and, 
therefore, beyond the scope of SAR by NMR. 

(ii) Relaxation methods. Like the NOE, the transverse relaxation time (T2) 
exhibits a marked dependence on molecular mass and is therefore a suitable 
parameter for the screening of mixtures. When a small ligand binds to a large 
protein target, there is a marked reduction in the ligand T2 value that results in 
a broadening of the NMR signals. Binding components in a mixture can be 
identified, as only the NMR signal of the components in the mixture that bind 
to the macromolecular target are broadened. The extent of broadening is 
related to the affinity of the ligand and may be measured by comparing spectra 
of the ligand in the absence and presence of the protein target. Fejzo et al. 95 
have reported the use of differential line broadening and transferred NOE 
spectroscopy to study the quaternary complex of the immunosuppressant 
FK506 with the immunophilin FKBP-12 and a recombinant fragment of the 
calcineurin receptor. Differential line-broadening effects and transferred NOEs 
were observed for FK506 in the quaternary complex relative to the binary 
complex of FK506/FKBP-12. The line broadening results were compared to 
and found to be consistent with the contacts observed in the x-ray structure of 
the quaternary complex. This study highlighted the utility of differential line 
br6adening measurements for the identification and characterization of 
protein-ligand interactions in higher-molecular-weight systems. 

The application of relaxation-edited detection of ligand binding to screening 
mixtures of ligands has been elegantly demonstrated by Hajduk et al., 9 
also using FKBP. A mixture of nine compounds was prepared containing 
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2-phenylimidazole, 7 (Fig. 17), which binds to FKBP with an affinity of  
200 #mol l  -1, and eight compounds that do not bind. The approach exploits 
the differences in transverse relaxation times of the free and bound ligand. A 
suitable CPMG spin lock time is chosen that maximizes the difference between 
the signals of  bound and unbound species. In order to detect ligand binding, 
several relaxation edited spectra were recorded as shown in Fig. 17. 
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Fig. 17. Analysis of ligand binding to FKBP using the relaxation-edited approach'.- (a) 
Relaxation-edited spectrum of a mixture of compounds in the absence of FKBP. (b) 
Relaxation-edited spectrum of the same mixture in the presence of FKBP after 
correcting for residual protein signals by subtracting a spectrum of FKBP alone. (c) The 
difference spectrum obtained by subtracting (b) from (a). (d) A reference spectrum of 7 
alone. (Reproduced from Hajduk e t  al.  9 with permission.) 
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The relaxation-edited approach is applicable to ligands with a wide range of 
affinities for their target protein. In order to optimize the approach it is 
necessary to know approximate transverse relaxation rates for the ligands and 
the macromolecular target. Short spin locking times preferentially detect high- 
affinity ligands, while longer spin locking times allow the identification of more 
weakly binding species. 

(iii) Diffusion editing. A similar approach has been described that utilizes the 
difference in diffusion coefficients between a small ligand and a macromol- 
ecule-ligand complex. A small molecule diffuses several orders of magnitude 
faster than a large macromolecule in solution. If a small molecule binds to a 
macromolecular target, then its diffusion coefficient will be reduced by an 
amount depending upon the affinity of the small molecule for the target. This 
technique has been described as 'affinity NMR'. The utility of this approach 
has been described by Hajduk et al., 9 who have used diffusion editing to 
identify small molecules that interact with the catalytic domain of the matrix 
metalloproteinase stromelysin. A mixture of nine compounds was prepared 
containing 4-cyano-4~-hydroxybiphyenyl, 8 (Fig. 18), and eight compounds 
that do not bind to the protein. In the presence of acetohydroxamic acid, 8 
binds to stromelysin with a dissociation constant of ~20 #moll -1. The 
diffusion-based experiments employed a pulsed field gradient stimulated echo 
(PFG-STE). At low gradient strengths signals are observed for both the protein 
and the unbound signals, whereas at higher gradient strengths only the protein 
signals are observed. Difference spectra recorded at low gradient strength in the 
absence and presence of protein reveal only signals from the compound that 
binds to stromelysin (Fig. 18). 

An extension to this approach has been used by Gonnella et al. 96 that uses a 
combination of diffusion editing and isotope filtering. Spectra were recorded 
using a 15N/13C-labelled sample of the catalytic domain from stromelysin with 
a mixture of two low-molecular-weight compounds, only one of which binds to 
the protein. A diffusion-edited experiment was recorded at high gradient 
strength to select for the signals from the protein-ligand complex. Isotope 
filtering was then used to remove the protein signals, leaving only signals from 
the bound inhibitor. While this approach has the advantage that it does not 
rely on obtaining difference spectra, the requirement for labelled protein is 
likely to limit its utility as a general screening strategy. 

(iv) The S H A P E S  strategy. A combined approach to screening by monitoring 
the ligand signals to identify components in a mixture that bind to a 
macromolecular target has recently been described by MooreJ 1 The strategy 
uses line broadening and transferred NOE measurements to identify weakly 
binding components in a mixture. The library of small molecules in the mixture 
were selected from the scaffolds or 'shapes' most commonly found in known 
therapeutics. 97 The strategy is used only as a means of identifying weakly 
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Fig. 18. Analysis of ligand binding to the catalytic domain of stromelysin using the 
diffusion-edited approach. (a) PFG-STE spectrum of a mixture of compounds in the 
absence of stromelysin using low gradient strength. (b) PFG-STE spectrum of the same 
mixture in the presence of stromelysin with the use of low gradient strength, after 
correcting for residual protein signals by subtracting a PFG-STE spectrum of the same 
sample recorded with high gradient strength. (c) The difference spectrum obtained by 
subtracting (b) from (a). (d) A reference spectrum of 8 alone Signals arising from 
impurities are marked with an asterisk (*). (Reproduced from Hajduk e t  al. 9 with 
permission. Copyright (1997) American Chemical Society.) 

binding lead compounds to guide the subsequent high-throughput screening 
efforts. 

3.3.3. Summary 

The preceding discussion highlights several areas in which N M R  screening has 
been applied to the drug discovery process. Although the N M R  techniques 
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utilized in these approaches are not new, the approaches themselves have 
provided novel methods for the identification of lead compounds. These 
methods continue to be developed to allow for high-throughput screening of 
large compound libraries. SAR by NMR appears to be the method of choice, 
although its application is currently limited to moderately small targets of 
< 40 kDa. For larger targets, a more suitable approach involves monitoring 
signals from the ligands. These NMR-based approaches provide simple and 
robust assays for the discovery of high-affinity ligands for a range of potential 
targets. It is likely that the availability of these high-throughput NMR-based 
screening techniques will greatly facilitate the process of drug discovery. 

4. SELECTED EXAMPLES 

4.1. Conotoxins 

In this section we will focus on some of the applications for structure-based 
drug design undertaken in our laboratory, in particular, making use of small 
disulfide-rich toxins as initial drug leads. We have been particularly interested 
in a family of molecules known as the conotoxins, small peptide-based toxins 
of 13-30 amino acids from cone snails of the genus Conus. These molecules 
are ideal for study by NMR because they are small, they contain multiple 
disulfide bonds and possess a well-defined three-dimensional structure with 
good dispersion of signals, and in general they are relatively rigid molecules. 
Their therapeutic importance arises because they bind specifically to different 
ion-channels as indicated in Table 5. 

Ion channels are regarded as of great importance within the pharmaceutical 
industry as an important class of pharmaceutical targets. Currently, about 100 
ion channels have been identified. Database searching of new genomes is 
revealing the existence of many more ion channels and it is likely that there are 
more than 1000 that will ultimately be identified. Consequently, ligands that 
target these channels selectively are important, both for deducing the 
physiological roles of different subtypes of ion channel and in determining 
structural requirements for selective modulation of the channel activity. 

The conotoxins are divided into several classes depending on their biological 
activity and the number of cystine residues and their connections within the 
sequence, as shown in Table 5. Classes include the a-conotoxins (which target 
the nicotinic acetylcholine receptor), #-conotoxins (which target sodium 
channels), ~-conotoxins (which target voltage-sensitive calcium channels) and 
~-conotoxins (which target potassium channels). In most cases these families, 
as well as being distinguished on the basis of biological activity, are also 
distinguished by common structural features. In particular, the Cys residues are 
highly conserved and the pattern of their spacing in the sequence defines 
several different frameworks. These are often specified according to the 



Table 5. Amino acid sequences of major classes of conotoxins 

a-Conotoxins (2-1oop framework 
Ol 
GIA 
GII 
MI 
SI 
SIA 
SII 
PnlA 
PnlB 
ImI 
El 
MII 
EpI 
AulB 

peptides thatinhibitnicotinicace~lcholine mcepmrs) 
ECCN-PACGRHYS--C* 
ECCN-PACGRHYS--CGK* 
ECCH-PACGKHFS--C* 

GRCCH-PACGKNYS-C* 

ICCN-PACGPKYS--C* 

YCCH-PACGKNFD--C* 

GCCCNOACGPBYG---CGTSCS 
GCCSLPPCAANNPDYC* 

GCCSLPPCALSNPDYC* 

GCCSDPRCAWR .... C* 
RDOCCYHPTCNMSNPQIC* 

GCCSNPVCHLEHSNLC* 
GCCSDPRCNMNNPDY(SO4)C* 

GCCSYPPCFATNPD-C 

~-Conotoxins (3-loop framewo~ that block sodium channels) 
GIIIA RDCCTOOKKCKDRQCKOQRCCA* 

GIIIB RDCCTOORKCKDRRCKOMKCCA* 

GIIIC RDCCTOOKKCKDRRCKOLKCCA* 
PIIIA RLCCGFOKSCRSRQCKOHRCC* 

¢o-Conotoxins (4-loop framework peptides that block calcium channels) 
GVIA 
GVIB 
GVIC 
SVIA 
SVIB 
GVIIA 
GVIIB 
MVIIA 
MVIIB 
MVIIC 
MVIID 
TVIA 

CKSOGSSCSOTSYNCC-RSCNOYTKRCY 

CKSOGSSCSOTSYNCC-RSCNOYTKRCYG* 

CKSOGSSCSOTSYNCC-RSCNOYTKRC* 

CRSSGSOCGVTSI-CCGR-C---YRGKCT* 

CKLKGQSCRKTSYDCCSGSCGRS-GKC* 

CKSOGTOCSRGMRDCC---SCLLYSNKCRRY* 
CKSOGTOCSRGMRDCCT-SCLSYSNKCRRY* 

CKGKGAKCSRLMYDCCTGSCRS---GKC* 

CKGKGASCHRTSYDCCTGSCNR---GKC* 

CKGKGAPCRKTMYDCCSGSCGRR-GKC* 

CQGRGASCRKTMYNCCSGSCNR---GRC* 
CLSOGSSCSOTSYNCC-RSCNOYSRKCY* 

5-Conotoxins(41oopframewo~ peptides thatdelayinactivationofsodium channels) 
TxVIA WeKQSGEMCNLLDQNeeDGY-CIVLVeT 
TxVIB WCKQSGEMCNLLDQNCCDGY-CIVFVCT 

GmVIA VKPCRKEGQLCDPIFQNCCRGWNC-VLFCV 

NgVIA SKCFSOGTFCGIKOGLCCSVR-CFSLFCISFE 

PVIA EACYAPGTFCGIKOGLCCSEF-CLPGVCFG* 

~:-Conotoxlns (4 loop framework peptides that block potassium channels) 
PVIIA CR IONQKCFQHLDDCCRKKCNNRFNKCV 

Other (4 loop framework peptides that block sodium channels 
GS AC SGRGSRCOOQCCMGLRCGRGNPQKC I GAH ZDV 

Amino acid sequences shown with cysteines (bold) aligned within each structural framework. 
* Processed carboxyl terminal. O = hydroxyproline residue. Z = "7-carboxyglutamic acid residue. 
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number of loops in the peptide backbone between Cys residues, as indicated in 
Fig. 19. The structures of a large number of conotoxins have been determined 
by NMR over the last few years and the findings are now illustrated with 
selected examples from these different frameworks. 

4.1.1. c~-Conotoxins 

The a-conotoxins target the nicotinic acetylcholine receptor (nAChR), which is 
responsible for a wide range of physiological functions as well being implicated 
in neuronal growth and development. They are valuable ligands for probing 
structure-function relationships of various nAChR subtypes as they are potent 
antagonists and exhibit marked selectivity between the peripheral and neuronal 
forms of the receptor. Typically, the a-conotoxins are 12-19 residues in length 
and are characterized by two conserved disulfide bonds and two loops in the 
peptide backbone between the cysteines (Fig. 19). The number of amino acids 
in these two intracysteine loops varies, giving rise to the a3/5, a4/3, a4/6 and 
a4/7 subclasses of a-conotoxins. Although we have determined structures 
from all of these subclasses, 63'98-1m we will focus here on two examples: ImI, a 
member of the c~-conotoxin family with selectivity for neuronal nAChRs, 1°2 
and the muscle-specific a-conotoxin GI, which was the first and one of the 
smallest a-conotoxins to be discovered. 

a-Conotoxin ImI is derived from the venom of the vermivorous snail Conus 
imperialis and is the first peptide ligand that binds selectively to the neuronal a7 
homopentameric subtype of the nAChR. This receptor has emerged as an 
important target in several disease states and the potential therapeutic value of 
a highly specific agonist is evident from findings that high doses of nicotine are 
beneficial to sufferers from cognitive and attention deficits, Parkinson's 
disease, Tourette's syndrome, ulcerative colitis and schizophrenia. However, 

Two-loop framework (¢x-conotoxins) 

. . . . .  

Three-loop framework (g-eonotoxins) 

Four-loop framework (c0, ~, r,, GS-conotoxins) 
i I 
c ...... 9 ..... ca..  ...... 

Fig. 19. Cys spacing of common conotoxin frameworks. 
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side-effects arising from high doses of nicotine are often more detrimental than 
the disease state, and alternative specific ligands are of much interest. 
Mutational analyses 1°3 have identified four residues (Asp5, Pro6, Arg6, and 
Trpl0)  in ImI that are crucial for activity. Recent structural studies 99'1°4-106 
show that the functional residues are clustered on one face of the molecule, 
providing clues as to possible binding modes of  this valuable lead molecule, as 
shown in Fig. 20. 

To further probe the structural requirements for activity within the a- 
conotoxin family, a series of  non-natural disulfide bond mutants of conotoxin 
GI was recently examined. 63 The interest in GI is focused on its use as a model 
to explore conformational diversity resulting from disulfide bond engineering. 
As already noted, conotoxins are characterized by their particularly high 
content of cysteine, with the cysteine residues almost invariably connected in 
pairs to form disulfide bonds. In peptide toxins, even more than in larger 
proteins, these disulfide bonds have a crucial bearing on three-dimensional 
structure and function. As the number of cysteine residues in a peptide 
increases, the number of  ways of  connecting them in disulfide bonds increases 
dramatically, leading to a large number of potential isomers. It is interesting 
and significant that invariably only one of  the possible isomers occurs naturally 

- venoms do not normally contain different isomers of the same conotoxin 
with different connections of  the disulfide bonds. However, using solid-phase 
chemical methods it is possible to selectively produce each of the individual 
disulfide bond isomers. We have used this approach to synthesize all three 
possible disulfide bond isomers of the a-conotoxin GI and have determined 
their structures. 63 The three isomers are referred to as GI(2-7;3-13) ,  GI (2 -  
13;3-7), and GI(2-3;7-13) ,  reflecting the respective disulfide bond connectiv- 
ities between cysteine residues at positions 2, 3, 7 and 13 in the GI sequence 
(Fig. 21). The structural findings may be summarized by noting that the native 

Fig. 20. Ribbon and surface representations of the structure of Iml. Functionally 
important residues (dark shading) are clustered close together. 
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connectivity of the four constituent cysteine residues produces a significantly 
more stable and well-defined structure than either of the two alternative 
arrangements of the disulfide bonds. 63 A single solution conformation was 
detected for the native isomer, GI(2-7;3-13), which consists primarily of a 
distorted 310-helix from residues 5 to 11. The two non-native forms exhibited 
multiple conformations in solution, with the major populated forms being 
quite different in structure both from each other and from the native form. 
Thus the disulfide bonds in GI play a major role in determining both the 
structure and stability of the peptide. A trend for increased conformational 
flexibility was observed in the order GI(2- 7; 3-13) < GI (2-13; 3- 7) < GI(2- 3; 
7-13). 

Interest in making non-native isomers arises because peptide analogues are 
widely regarded as valuable drug leads and in recent years there has been much 
effort directed towards the development of peptide libraries. It has been of 
particular interest to develop methods to increase the surface variability of 
peptides because the diversity of peptide libraries is, to some extent, limited by 
the use of the 20 natural amino acids. The study described above shows that the 
use of alternative disulfide bond connectivities provides another way of altering 
molecular conformations without modifying the sequence. 

4.1.2. Sodium channel-binding toxins 

The ~-conotoxins exemplify a case where toxins of similar structure display 
differences in specificity towards different receptor subtypes. However, there are 
also situations in which toxins with completely different structures compete for 
binding at the same ion-channel subtypes, as illustrated by recent structural 

I I 
GI(2-7;3-13) 

I I 
GI(2-13;3-7) 

.~"~...C ..... C 
I I 

Fig. 21. Disulfide isomers of conotoxin GI. 
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findings on two sodium channel-binding peptides. 1°7,108 The piscivorous cone 
snail Conus geographus produces polypeptide neurotoxins that specifically 
inhibit skeletal muscle and eel electroplax sodium channels. These toxins, the #- 
conotoxins and conotoxin GS, are attractive probes of sodium channel structure 
because of their high binding affinity and ability to discriminate between the 
skeletal muscle and the neuronal and cardiac channel isoforms. 1°9'11° It is 
remarkable that, while these peptides belong to the same pharmacological class, 
they have different structural frameworks, as illustrated in Fig. 19. The #- 
conotoxins, a family of highly basic 22-residue polypeptides (GIIIA, GIIIB and 
GIIIC), contain six cysteine residues that are paired in a 1-4, 2-5, 3-6 pattern 
to form three intramolecular disulfide bonds and a three-loop framework. By 
contrast, conotoxin GS has a strikingly different sequence and is 50% larger 
than the #-conotoxins. This polypeptide contains six cysteine residues arranged 
in a similar 1-4, 2-5, 3-6 pattern; however, differences in the spacings between 
cysteine residues results in a four-loop framework rather than a three-loop 
framework. Despite the low sequence identity, conotoxin GS binds competi- 
tively with the /z-conotoxins, suggesting overlapping binding sites on the 
extracellular surface of skeletal muscle and eel electroplax sodium channel)l0 

We recently showed that the three-dimensional structure of GII1B consists of 
a distorted 310-helix, a small /3-hairpin, a cis-hydroxyproline and several 
turns. 1°7 The molecule is stabilized by three disulfide bonds, two of which 
connect the helix and the 3-hairpin, forming a structural core with similarities 
to the CSa/3 motif. 111 This motif is common to several families of small 
proteins including scorpion toxins and insect defensins. Other structural 
features include multiple arginine and lysine side-chains that project into the 
solvent in a radial orientation relative to the core of the molecule. Conotoxin 
GS adopts a structure that consists of a compact, disulfide-bonded core from 
which project several loops and the C-terminus. l°s The main element of 
secondary structure is a double-stranded antiparallel /3-sheet comprising 
residues 17-20 and 26-29 connected by a turn involving residues 21-25 to 
give a 3-hairpin structure. A further peripheral/3-strand involving residues 7-9 
is almost perpendicular to the/3-hairpin, with Ser7 hydrogen-bonded to the 
central/3-strand forming an isolated 3-bridge. The differences between the two 
types of sodium channel blocking peptide are illustrated in Fig. 22. 

The availability of solution structures for several #-conotoxins and 
conotoxin GS forms the basis for the design of analogues that may be used 
to define the binding surface and to undertake complementary mutagenesis on 
the sodium channel to identify the interacting residues. 

4.1.3. a)-Conotoxins 

The ~-conotoxins, which bind to voltage-sensitive calcium channel, are perhaps 
the most extensively studied members of the conotoxin family and comprise a 
six-cysteine/four-loop framework. They are exemplified in Fig. 23 by our 
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(b) 

Fig. 22. Ribbon diagrams of the structures of (a) conotoxin #-GIIIB and (b) GS. 

C1-C16 

MVIIC MVIIA 

C1-C16 

loop 2 loop 4 

Fig. 23. ~-conotoxins MVIIA and MVIIC. The three disulfide bonds that make up the 
cystine-knot motif are indicated, as are the four loops in the peptide backbone. Note the 
small difference in the orientation of loops 2 and 4 between the two molecules. 

recent structure of MVIIA, 76'112,113 which incorporates a triple-stranded /3- 
sheet and several turns. A remarkable feature of  the six-cysteine/four-loop 
framework is the presence of  a cystine knot within the structures. This motif 
consists of an embedded ring formed by two of the disulfide bonds and their 
connecting backbone segments, which is penetrated by the third disulfide 
bond? 14 Four backbone loops protrude from this core. 
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Different ~-conotoxins have a wide range of specificities for different subtypes 
of the voltage-sensitive calcium channels (VSCC) and recent studies have been 
directed at understanding the factors important in determining VSCC subtype 
differentiation. 76 In one study, 112 the structures were determined of MVIIA 
(specific to N-type VSCCs), SVIB (specific to P-type VSCCs), and a synthetic 
hybrid, SNX-202, which has altered specificities to both VSCC subtypes. The 
global folds of SVIB and MVIIA were found to be quite similar, but some subtle 
differences were manifest as orientational differences between loops 2 and 4. We 
found a similar result in a comparison 76 of MVIIA and MVIIC (like SVIB, 
specific to P/Q-type VSCCs), as illustrated in Fig. 23. In the latter study a series 
of chimeric molecules in which each of the four loops in MVIIA and MVIIC was 
substituted for the corresponding loop in the other molecule was synthesized, 
producing a suite of 16 hybrid peptides, i.e. MVIIA, MVIIC and 14 chimeras 
corresponding to all possible loop splice variants. A wide range of different N 
versus P/Q type selectivity was observed for the chimeric molecules, but the data 
can be summarized by noting that homogeneous combinations of loop 2 and 
loop 4 are required simultaneously for specificity to a particular channel subtype, 
i.e. chimeras having loop 2 from MVIIA and loop 4 from MVIIC or vice versa 
were nonselective, while those with both loops 2 and 4 from MVIIA were N-type 
selective, and those with both loops 2 and 4 from MVI1C were P/Q-type 
selective, irrespective of the combinations of loops 1 and 3. 

NMR studies showed no global structural changes across the chimeric 
family, but there were some subtle local structural changes associated with the 
loop splice variations. In particular, there appears to be a significant 
interaction between loop 2 and loop 4, which provides mutual stabilization, 
and an additional stabilizing interaction between Lys2 and Aspl4 that further 
stabilizes loop 2. The latter finding is particularly important as it had 
previously been suggested that Lys2 may be an important binding residue, 
whereas the NMR data 76 suggest it to be involved in structure stabilization 
rather than direct receptor binding. From the above structural studies and 
other studies of molecules within this family, it is apparent that the a~- 
conotoxins form a consensus structure despite differences in sequence and 
VSCC subtype specificity. This indicates that the ~-conotoxin macrosites for 
the N/P/Q-subfamily of VSCCs are related, with specificity for receptor 
targets being conferred by the positions of functional side-chains on the surface 
of the peptides, particularly in loops 2 and 4. 

The w-conotoxins have attracted much recent interest owing to their 
potential application in the treatment of chronic pain, exemplified by the 
success of ~-conotoxin MVIIA (Ziconotide) in phase III clinical trials initiated 
by the US pharmaceutical company Neurex. Ziconotide also has potential 
applications in other conditions associated with regulation of calcium channels. 
As with all peptides, though, bioavailability considerations and possible side- 
effects mean that the mode of delivery needs careful consideration. In the 
current pain trials, an infusion pump is used for delivery of peptide direct into 
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the spinal cord. Second-generation Ziconotide products are likely to involve 
smaller molecules designed on the basis of structures of MVIIA-like peptides. 
The findings from NMR that all of the important binding residues are in loops 
2 and 4 and that these are all located close together in space at least suggests the 
possibility that small molecules that mimic these regions may be designed. 

4.2. HIV protease 

The human immunodeficiency virus (HIV) was identified as the causative agent 
of acquired immune deficiency syndrome (AIDS) in 1983.115 Since that time, 
intensive research efforts have focused on the life cycle of the virus with a view 
to identifying potential targets for the development of drugs for the treatment 
of AIDS. The HIV genome contains three major genes (gag, pol and env) 116 
that encode a total of three structural proteins, two envelope proteins three 
enzymes and six accessory proteins. High-resolution structures have now been 
solved for all of the viral enzymes, structural proteins and envelope proteins as 
well as three of the accessory proteins (Fig. 24). 117 The gag and pol gene 
products are expressed as polyproteins that are processed by a protease enzyme 
to produce essential structural proteins. The HIV-1 protease was first identified 
as a putative aspartic acid protease encoded within the pol gene. 118' 119 In fact, 
the protease is translated as a gag-po! fusion product 12° and released by 
autocatalysis. ~21, z22 Inactivation of the enzyme by either site-directed mutagen- 
esis or chemical inhibition produces a noninfective virus. ~23 Because of this 
essential role in the HIV life cycle, HIV protease has become a major target for 
structure-based drug design. 

The first structures of the HIV protease were modelled on eukaryotic 
aspartic proteases. 119'124 Homology modelling to the structure of a protease 
from Rous sarcoma virus (RSV) 125 refined the initial models. However, more 
detailed structural information became available when the crystal structures of 
native HIV protease were reported by several laboratories. 126-129 There are 
now well over 100 structures of HIV protease and protease inhibitor complexes 
in the HIV-protease structure database. 13°' 131 The availability of this wealth of 
high-resolution structural information has been the driving force behind 
numerous structure-based design programmes.13°-132 The majority of the high- 
resolution structural information on HIV-protease has been obtained from x- 
ray crystallography data. TM Although there are relatively few examples in the 
structure database of HIV-protease/inhibitor complexes that have been 
determined using NMR spectroscopy, the NMR data, taken together with 
the structural data from x-ray experiments, have contributed to an under- 
standing of protease-inhibitor recognition and dynamics. Indeed, studies of 
HIV-protease/inhibitor complexes are a powerful example of the way in which 
complementary information obtained from x-ray crystallography and NMR 
spectroscopy can be utilized to facilitate structure-based drug design. 
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HIV-protease/inhibitor complexes have a molecular weight of  approxi- 
mately 22 kDa. Although NMR spectroscopy is well suited to determination of  
the structure of  molecules in this size range, efforts to determine the solution 
structure of the complex were hampered by the fact that the protease undergoes 
rapid autocatalysis in solution. It required the development of  potent inhibitors 
before N M R  studies of  the complex became feasible. The first solution 
structure of HIV-protease bound to the cyclic urea inhibitor DMP-323 (Fig. 
25) was reported by Yamazaki in 1996.133 The protease exists as a homodimer. 
Each 99-residue monomer contains ten fl-strands and the dimer is stabilized by 
a four-stranded antiparallel ~-sheet formed by the N- and C-terminal strands 
of  each monomer. The active site of  the enzyme is formed at the interface, 
where each monomer contributes a catalytic triad (Asp25-Thr26-Gly27) that is 

TM 

CA ( ~ )  

IN (N4e~m) 

IN (U~4erm) 

Fig. 24. Schematic drawing of a mature HIV virion surrounded by ribbon diagrams of 
the structurally characterized proteins and protein fragments. (Reproduced from Turner 
and Summers It7 with permission.) 
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responsible for cleavage of the protease substrates. The 'flap region' is located 
above the reactive site and is formed by a hairpin from each monomer of two 
antiparallel fl-strands joined by a/%turn. There is little difference between the 
solution and crystal structures of protease-inhibitor complexes, except in those 
regions where the polypeptide chain is disordered. However, experiments in 
solution have allowed access to parameters that are not directly accessible from 
crystal data. These parameters, such as the amplitude and frequency of 
backbone dynamics, the protonation states of the catalytic aspartate residues 
and the rate of monomer interchange, are essential in understanding the 
interaction of HIV-protease with potent inhibitors. 

(a 

Fig. 25. (a) View of the superimposed heavy atom (N, Ca, C) of the ensemble of 
structures of the HIV-I protease/DMP323 complex. (b) Ribbon diagram of the 
minimized average structure of the complex. (Reproduced from Yamazaki et a1.133 with 
permission. Copyright (1996) The Protein Society, Cambridge University Press.) 
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The cyclic urea inhibitor DMP-323 was designed by analysis of crystal 
structures of HIV protease-inhibitor complexes. A feature common to many of 
the complexes of HIV protease is a buried water molecule that bridges the 
inhibitor and Ile50 and Ile150 in the flaps. Interactions with this water 
molecule are thought to induce the fit of the flaps over the inhibitor. 134 In 
contrast, mammalian aspartic-protease/inhibitor complexes are unable to 
accommodate an equivalent water molecule 13°. This observation led to the 
design of a series of cyclic urea-based inhibitors that are capable of displacing 
the buried water molecule. 134 As well as improving the specificity of inhibitors 
to the viral protease, displacement of the water molecule was expected to 
increase the entropic contribution to inhibitor binding and thus enhance the 
affinity of complex formation. The cyclic urea inhibitors have been shown to be 
highly potent and specific inhibitors of HIV-protease. 134 For DMP-323 it has 
been shown in both the crystal structure TM and in solution 135 that the urea 
moiety does indeed replace the buried water molecule. 

Although DMP-323 replaces one buried water molecule, several others are 
observed in the crystal structure of the complex. A more recent NMR study 
investigated the role of these water molecules to determine whether any had a 
structural role in the formation of the HIV-protease/DMP-323 complex. 136 In 
favourable cases, NMR can be used to estimate the residence times of 
hydration water molecules, ~37 thus providing information about the time scale 
of the interaction of buried water with the bulk solvent. This analysis led to the 
identification of a symmetry-related pair of water molecules that may have a 
structural role in formation of the complex. Such information may prove useful 
in the design of future cyclic urea inhibitors. An interesting finding in this study 
was the fact that each of the hydroxyl protons of DMP-323 is in rapid exchange 
with solvent. This is a surprising result since two of these hydroxyl protons are 
completely buried and form a network of hydrogen bonds with the catalytic 
Asp25/Asp125 side-chains. 138 Furthermore, the dissociation rate of DMP-323 
is less than 1 s -l under the conditions of the experiment, which is too small to 
average the chemical shifts of the hydroxyl protons and the bulk water. The 
observation is ascribed to local fluctuations in the complex that allow solvent 
molecules to penetrate into the binding site. This conclusion is supported by the 
observation that the catalytic protons of the Asp25/Asp125 side chains in the 
protease-DMP-323 complex undergo H - D  exchange with solvent even though 
they are buried and hydrogen-bonded to the inhibitor. 138 These studies 
highlight that even well-ordered structures such as the protease/DMP-323 
complex may be flexible on the millisecond to microsecond time scale. 

Interestingly, in the DMP-323 complex, both of the catalytic Asp25/Asp125 
side-chains are protonated over the pH range 2-7.138 The protonated 
Asp25/Asp125 residues form a network of hydrogen bonds with the hydroxyl 
groups of DMP-323. In contrast, it has been shown that in the complex with 
the asymmetric inhibitor KNI-272, the side-chain of Asp25 is protonated, while 
that of Asp125 is not. A suggested explanation for this is that both oxygens of 
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the Asp125 side-chain are deprotonated in order to accept two hydrogen 
bonds, one from a bound water molecule and one from the inhibitor. In 
contrast, the side-chain of Asp25 is protonated so that it can donate a 
hydrogen bond to the inhibitor. 139 Consequently, the protonation state of the 
enzyme is influenced strongly by interaction with specific inhibitors, and this 
knowledge is essential for a detailed understanding of the protease-drug 
interactions. 

NMR has also been used to study the relationship between flexibility and 
enzymatic function for HIV-protease. For the protease/DMP-323 complex, 
15N spin-relaxation studies determined that residues that are flexible correlate 
well with residues that are disordered in the NMR structure of the complex. 14° 
For example, residues in poorly defined loops were found to undergo large- 
amplitude internal motions on the nanosecond to picosecond time scale. In 
contrast, two regions of the molecule were found to execute motions on the 
millisecond to microsecond time scale. The first of these is at the N-terminus of 
the protein around Thr4-Leu5. This is adjacent to the major site of autolysis of 
the protease and it has been suggested that the rate of cleavage may regulate 
HIV-protease activity in vivo. 141 Consequently, the observed flexibility may be 
important for regulation of protein function. The second region found to be 
undergoing millisecond-microsecond motion was the tips of the flaps around 
Ile50-Gly51. In crystal structures, this region of the protease is well ordered 
and not involved in crystal contacts; however, its conformation varies from 
structure to structure. This motion is interpreted as a dynamic conformational 
exchange process, which is fast relative to the chemical shift time scale. Thus, 
when the protease is bound to a symmetric inhibitor in solution, this 
conformational exchange results in the chemical shifts of the flap residues in 
the two monomers being identical. ~33'14° In contrast, when the protease is 
bound to an asymmetric inhibitor, such as KNI-272, crystal structures show 
that each monomer interacts with the inhibitor in a different way. 139 This is 
reflected in the fact that the chemical shifts of the monomers are different when 
asymmetric inhibitors are bound. 136,142 Analysis of spectra from such an 
asymmetric complex has revealed that the inhibitor is capable of 'flipping' its 
orientation with respect to the two monomers without dissociating from the 
complex. 143 These data again highlight the importance of defining both the 
structural and dynamic aspects of binding in order to understand the 
requirements for potent interactions between HIV-protease and its inhibitors. 

The development of inhibitors of HIV protease represents a major success 
for structure-based drug design. When HIV was first identified in the early 
1980s, there were no known drugs effective for treatment of infection. A 
combination of x-ray crystallography, NMR spectroscopy, computer model- 
ling and chemical synthesis has resulted in the development of several effective 
HIV-protease inhibitors. Five drugs are already approved by the US Food and 
Drug Administration, with several more in clinical trials. However, in common 
with other retroviruses, HIV has a high transcription error rate that results in a 
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rapid mutational rate. One of the results is the production of a divergent 
population of viruses in which the sequence of the HIV-protease produced may 
differ substantially.144' 145 As a consequence, drug-resistant strains of the virus 
emerge. Clearly, knowledge of the structural principles that govern inhibition 
of the protease and the mechanism by which the virus develops resistance will 
continue to be important in the development of effective new drugs. 

4 .3 .  D i h y d r o f o l a t e  r e d u c t a s e  

Dihydrofolate reductase (DHFR) is an important intracellular enzyme that 
is the target of several clinically used antifolate drugs. These include 
methotrexate, 9, an anticancer compound, and trimethoprim, 10, an anti- 
bacterial, which act by inhibiting the enzyme in malignant cells or parasites, 
respectively. The small size of DHFR (18-20 kDa) makes it amenable to 
structural studies and there have been numerous complexes determined using 
both x-ray and NMR methods. Many of these studies have been reviewed 
extensively, so the focus here will be on a recent illustrative example on the 
structure of a new complex of DHFR with trimetrexate, 11. Trimetrexate was 
initially investigated as an antimalarial agent but has subsequently been 
found to have antineoplastic activity against breast, neck and head cancers. It 
has also been used as an antibacterial for the treatment of Pneumocystis 
carinii pneumonia (PCP) in AIDS patients. Trimetrexate combines some of 
the features of trimethoprim and methotrexate, as seen from the structures 
illustrated. 
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Fig. 26. Stereoview of a superposition over the backbone atoms (N, Co and C) of 
residues l -162  of the final 22 structures of the DHFR-t r imet rexate  complex. (a) View 
of the protein backbone and the trimetrexate heavy atoms. (b) View of trimetrexate in 
the binding site of enzyme. (c) Conformation of trimetrexate in the binding site of 
enzyme• The orientation of trimetrexate is identical for all three figures (a)-(c) and only 
its heavy atoms are shown. (Reproduced from Polshakov e t  al. 146 with permission• 
Copyright (1999) The Protein Society, Cambridge University Press.) 
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The three-dimensional structure of the complex of DHFR with trimetrexate 
was determined using about 2000 distance restraints, 300 angle restraints and 
100 hydrogen-bonding restraints. 146 Simulated annealing calculations pro- 
duced a family of 22 structures consistent with the constraints. Several 
intermolecular protein-ligand NOEs were obtained using a novel approach 
monitoring temperature effects of NOE signals resulting from dynamic 
processes in the bound ligand. At low temperature (5°C) the trimethoxy ring 
of bound trimetrexate flips sufficiently slowly to give narrow signals in slow 
exchange, which give good NOE cross-peaks. At higher temperature these 
broaden and their NOE cross-peaks disappear, thus allowing the signals in the 
tower-temperature spectrum to be identified as NOEs involving ligand protons. 
Figure 26 shows the structure of the complex, including the orientation of the 
ligand in the binding site. 

The binding site for trimetrexate is well-defined and was compared with the 
binding sites in related complexes formed with methotrexate and trimethoprim. 
No major conformational differences were detected between the different 
complexes. The 2,4-diaminopyrimidine-containing moieties in the three drugs 
bind essentially in the same binding pocket and the remaining parts of their 
molecules adapt their conformations such that they can make effective van der 
Waals interactions with essentially the same set of hydrophobic amino acids, 
the side-chain orientations and local conformations of which are not greatly 
changed in the different complexes. 

The ring flipping of the trimethoxy aromatic ring mentioned above is 
manifest in the spectra shown in Fig. 27. The presence of such dynamic 
processes involving the ligand appear to be not uncommon in macromolecule- 
ligand complexes and the ability of NMR methods to detect such phenomena 

(a) TMQ H-6 (b) 

283 ° 

\ - i ~ - - J ' / \ ~ 3 o 6 ' ~  

6.40 6.20 6.00 ppm 6.40 6.20 ppm 

Fig. 27. (a) IH spectra at 600 MHz of the DHFR-trimetrexate complex (3 mmoll-J; 
D20 buffer) recorded at different temperatures and showing the H6 ~ signal of 
trimetrexate involved in slow exchange with the H2 ~ proton due to ring flipping. (b) 
Calculated line shapes for the H6' signal. This signal is in a noncrowded region of the 
observed spectrum, which facilitates the lineshape analysis. (Reproduced from 
Polshakov e t  a/ .  146 with permission. Copyright (1999) The Protein Society, Cambridge 
University Press.) 
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represents one distinct advantage of N M R  over x-ray methods of  structure 
determination. Relaxation measurements were also used to probe the dynamics 
of the protein and no large-amplitude motions were found, apart from at the 
C-terminus. 146 

The power of N M R  methods for studying dynamics of complexes is beautifully 
illustrated by an earlier study of the complex of D H F R  with methotrexate. 147 In 
this case a correlated dynamic rotation of a carboxylate group on the ligand and 
Arg57 of the protein was detected as illustrated in Fig. 28. 

5. FUTURE P R O S P E C T S  

N M R  has a bright future ahead for continuing contributions to pharma- 
ceutical research. The information available from genomics projects will 
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Fig. 28. Correlated motions of a carboxylate group from methotrexate and Arg57 of 
DHFR detected by NMR. (Reproduced from Nieto eta/. 147 with permission.) 
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tremendously increase the number of  new targets identified and N M R  methods 
for assessing these targets will be required. While the rate at which new 
macromolecular targets are being discovered is exceeding dramatically the rate 
at which their structures can be solved, it is not always necessary to determine 
the full 3D structure to obtain information that is useful to drug design. The 
power of  N M R  spectroscopy will continue to be in the diversity of  information 
it can provide about ligands, macromolecules and their interactions. 
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