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The precise definition of the hydrogen bonding patterns of natural product organic molecules and 
biopolymers in solution has hitherto been very difficult. It is demonstrated here that proton-carbon n.0.e. 
difference spectroscopy and carbon relaxation rates readily yield carbon assignments, the donor and 
acceptor groups of hydrogen bonds, and the cis- and trans- stereochemistry around C-0 and C-N single 
bonds. 

N.0.e. ratio methods and cross-relaxation rates gave proton-carbon distances that are in good 
agreement with the corresponding crystallographically derived distances. 

The use of proton relaxation rates14 and 'H-'H nuclear 
Overhauser effects (n.0.e.s) '-' to determine molecular and 
biomolecular conformations is now widespread. It has been 
demonstrated that the n.0.e. ratio m e t h ~ d , ~  cross-relaxation 
 rate^,^^^,' and time-dependent n.0.e.s ' yield proton-proton 
distances, and that the last-named method yields conform- 
ational information. Conformational dynamics can also be 
elucidated from these parameters and from carbon relaxation 
rates." lo Most recently, two dimensional n.0.e. methods have 
been introduced "12 but few quantitative results such as 
accurate distances have been obtained from these spectra. 

One of the major remaining problems in studying solution 
conformation is the elucidation of the nature of each of the 
component moieties involved in intramolecular hydrogen 
bonds and of the proton-carbon and proton-nitrogen distances 
characteristic of each hydrogen bond in the molecule. A 
preliminary account of such an investigation for model 
compounds 13*14 and for the natural product rifamycin S ' has 
appeared. Here we present a full account of our proton-carbon 
n.0.e. studies of rifamycin S. (Figure 1). 

Rifamycin S was chosen for the following reasons: (i) its 'H 
and 13C n.m.r. spectra exhibit well-resolved chemical shifts l6 
allowing effective selective proton irradiation and unequivocal 
assignments of observed1H-l3C n.0.e.s (Figures 2 and 3); (ii) 
rifamycin S, like other ansamycin antibiotics, is a molecule of 
considerable biological interest; (iii) the crystal structures of 
some of its derivatives has been determined,' permitting 
comparison with the solution conformation; and (iv) rifamycin 
S is very soluble in chloroform and the 13C n.m.r. sensitivity 
problems can be circumvented by the use of concentrated 
samples. Furthermore, the molecular shape and size of this 
molecule and the viscosity of this solvent should give rise to 
isotropic Brownian motions which are far outside the oczc B 1 
limit. 

CH3 CH, CH3 

CH 36 3 OC 8 35 0 7 M  23* 21 2o 19 

Rifamycin S 

Figure 1. The structure of nfamycin S with the atom numbering used in 
the present discussion. The aromatic and amidic moieties are shown in 
the conformations suggested by their proton-carbon cross-relaxation 
rates 

Selective pre-saturation of a proton Ha, which interacts 
dipolarly through space with a ' 3c nucleus cb at a distance Tab, 
generates an n.0.e. given by: 

where 

Results and Discussion 
Theory.-N.0.e.s generated by broad band decoupling do 

not themselves yield any structural i n fo rma t i~n .~* '~  Determin- 
ations of proton+arbon cross-relaxation rates from spin-lattice 
13C relaxation rates," selective n . O . e . ~ , ' ~ - ~ ~  and 2 D n.0.e.s 21 
for structural analyses have appeared, but the quantification of 
the observed effects to yield proton-carbon internuclear 
distances has not been reported. 

and Rcb is the spin-lattice relaxation rate measured for c b  

under broadband decoupling conditions. [For a definition of 
the quantities in equations (1) and (2) see ref. 5.1 

Thus, by combining selective n.0.e. measurements and spin- 
lattice relaxation rates, information on single proton-carbon 
distances can be obtained from the calculated cross-relaxation 
rates (a). 
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Figure 2. 200 MHz 'H N.m.r. spectrum of rifamycin S in CDCI,. The arrows indicate the frequencies chosen for the low-power decoupler 
irradiations used for the selective proton-carbon Overhauser effect determination 
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Figure 3. 13C N.m.r. spectrum of rifamycin S in CDCI, obtained with the selective low-power decoupler positioned as f, of Figure 2. ( f i  - f,) and 
(f, - f2) are difference spectra obtained by subtracting theyo off-resonance spectrum with the other two recorded during selective decoupling at thef, 
and f2 frequencies shown in Figure 2. In the n.0.e. difference spectra, the assignments of 13C resonances are shown 

(3) NOEc,(H,)&, rC2Ha6 Provided cross-relaxation rates are calculated, two inde- 
pendent methods can be used to determine the proton-carbon 
internuclear distances. NOEc*(H,)R c2 rc 

- 

Method A. When the saturation of Ha results in Overhauser 
effects on two or more carbon resonances, internuclear To evaluate distances from equation (9, no prior knowledge 
distances can be calculated from the following type of of T~ is required, but one of the two distances, that does not 
relations hip: depend on conformation or motion, is needed for calibration. 
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Method B. If both 2,  and 0 can be determined, an absolute 

calculation of distance is possible using the following equation. 

Which of these two methods is more useful depends on the 
particular system being investigated. In general, they should 
both be used on the same system, thus allowing a double check 
on the calculated r distances and the assumptions involved. 

Complementary approaches to determine the internuclear 
distances involve the determination of the time dependence of 
the n.0.e. 

Relaxation Mechanisms.-A complete study of the 13C spin- 
lattice relaxation rates of rifamycin S carbon resonances was 
carried out; the assignments and chemical shifts were consistent 
with previous reports. Furthermore, in order to gain 
information on relaxation mechanisms and molecular dynamics 
a quantitative analysis of the observed Overhauser effects, 
obtained after continuous broad band proton decoupling, was 
carried out. The interpretation of the data, shown in Table 1, 
was used as a starting point for a further structural 
investigation, as carbon nuclei involved in such a study must 
relax, partially at least, through 'H-' 3C dipolar interactions, 
modulated by molecular motions outside the (aH + ac)zC > 1 
limit. 

In Table 1, the carbon nuclei of rifamycin S have been divided 
into three groups, depending on the number of attached 
protons. Each member of these groups exhibited relaxation 
rates typical of the group. As expected, all protonated carbons 
exhibited similar and fast R values, while quaternary carbons 
relaxed very slowly. Intermediate relaxation behaviour was 
observed for methyl carbon nuclei. 

Before the 13C relaxation rates were analysed in terms of 
molecular motions and proton environments, the measured 
non-selective n.0.e.s and broad band n.0.e.s [NOE(BB)] were 
compared with those theoretically expected for 13C atoms 
totally relaxing through 'H-' 3C dipolar interactions. The fast 
reorientation of the methyl carbon should satisfy the (oH + 

+ 1 limit; hence, for these we would expect the maximum 
n.0.e. NOE,, of 1.988. Thus, the fractional effectiveness of the 
dipolar relaxation of the methyl carbons is given by NOE/1.988. 
The uniformity of the values shown in Table 1 (column 4) 
confirms that the methyl carbons relax essentially through 
dipolar interactions with the bound proton nuclei. 

The analogous methine carbons attached directly to the 
skeleton of rifamycin S appear to relax slightly outside the 
extreme narrowing condition, (aH + oC)z, << 1. A maximum 
theoretical n.0.e. of 1.90 gave, in general, the expected 
NOE(BB)/1.90 ratios of 1. This maximum n.0.e. is consistent 
with T, = 2.0 x 10-l' s, and can be used to determine I3C 
relaxation rates of CH's similar to those in Table I. The 
assumption is made that the methine carbons, like the methyls, 
relax predominantly by a dipolar mechanism. 

Similar correlation times should modulate the methine and 
quaternary carbons of rifamycin S owing to the isotropic 
reorientation of this molecule. The NOE(BB)/1.90 ratios of 
quaternary carbons thus indicate that their poor proton 
environment possibly results in some contributions from non- 
dipolar relaxation. 

Proton-Carbon Internuclear Distances.-As shown in Figure 
3 the selective saturation of the O(2)H and the amide NH 
protons generated a limited number of carbon n.0.e.s of 

Table 1. Observed and calculated relaxation parameters and n.0.e.s for 
rifamycin S in CDCl, 

C(nY 3 

13 
14 
30 
31 
32 
33 
34 
36 
37 

C(n)H 
3 

17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

C(n)H 
1 
2 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
15 
16 
35 

8ip.p.m." 
22.00 

7.31 
19.89 
16.69 
11.48 
8.63 

11.15 
20.86 
56.59 

6 I p . p . m . 
118.88 
133.66 
123.9 1 
141.98 
38.82 
73.24 
32.56 

b 
37.16 
73.24 
37.16 
81.36 

115.55 
144.60 

G1p.p.m. 
184.57 
138.92 
181.88 
110.61 
172.33 
114.31 
166.59 
110.51 
130.66 
191.46 
108.21 
169.3 1 
130.38 
172.83 

R d  
3.57 
1.14 
1.35 
3.57 
1.95 
1.59 
1.93 
1.23 
1 . 1 1  

R 
5.88 
5.88 
5.26 
5 .oo 
5.26 
5.26 
5.88 

b 
5.55 
5.26 
5.55 
5.26 
4.54 
4.76 

R 
0.34 
0.50 
0.3 1 
0.16 
0.43 
0.32 
0.23 
0.23 
0.2 1 
0.2 1 
0.22 
0.40 
0.37 
0.45 

[NOE(BB)~/ 
1.988'1" 

1 .o 
0.9 
1 .o 
1 .o 
0.9 
1.2 
0.9 
1 .o 
0.9 

" OE(BB)i 
1.90 '3 " 

1 . 1  
0.8 
1 .o 
0.9 
1 .o 
1 .o 
1.1 
b 

1.1 
1 .o 
1.1 
1.3 
0.8 
1 .o 

CNOE(BB)/ 
1 .9OC]" 

0.4 
0.6 
0.3 
0.2 
0.2 
0.2 
0.6 
0.3 
0.2 
0.3 
1.1 
0.7 
0.7 
0.6 

[ RDDi3] 
1.19 
0.34 
0.45 
1.19 
0.58 
0.53 
0.64 
0.4 1 
0.33 

[ RDD] 
5.88 
4.70 
5.26 
4.50 
5.26 
5.26 
5.88 

b 
5.55 
5.26 
5.55 
5.26 
3.63 
4.76 

[ RDD] 
0.13 
0.30 
0.09 
0.03 
0.08 
0.06 
0.14 
0.07 
0.04 
0.06 
0.22 
0.28 
0.28 
0.27 

" From internal Me& C-23 overlaps with CDCl, carbon resonances. 
'The 7, value of 2.1 x lO-''s is different from that used for methyl 
groups but was needed to fit the methine data of column 4. R and 
NOE(BB) values were experimentally measured. " NOE(BB)/1.988 etc. 
in column 4 represent the fractional effectiveness of the dipolar 
relaxation mechanisms. RDD/no. of attached protons is the relaxation 
contribution which is the product of columns 3 and 4. 

differing magnitude. A qualitative inspection of these revealed 
some anomalies when NH was irradiated. For example, 
simultaneous detection of n.0.e.s on the C1, C3, and C4 
peaks is not consistent with the molecular structure. Decoupler 
spill-over effects were, therefore, investigated by the frequency 
dependence study shown in Figure 4. The n.0.e. data in Figure 4 
permitted discrimination between real n.0.e.s and those 
generated by the decoupler spill-over. In fact, when the 
decoupler was positioned on-resonance on the NH proton at 
8.35 p.p.m., maximum n.0.e.s were found at the C-1, C-2, C-15, 
and C-16 nuclei while, on shifting the decoupler upfield, the 
n.0.e.s measured for the C-3 and C-4 peaks increased. As the 3- 
H proton resonates upfield from the NH proton, the decoupler 
spill-over was considered to be responsible for the last two 
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Method A .  The geminal distances 13C(2)-NH and 13C(8)- 

O(2)H are both equal to 2.00 A and to a first-order 
approximation are independent of conformation and motion. 
The n.0.e.s obtained by selective irradiation of the 13C(2)-NH 
were used to calculate the distances r shown in Table 2. These 
calculated distances all agreed with the rx and rM entries in 
Table 2 obtained by crystallography, as did those ( rA)  calculated 
from the l3C(8)-O(2)H calibration distances. 

Although the conformation of rifamycin had been previously 
determined by crystallography these results suggest that 
method A can be used to delineate accurately and quantitatively 
the conformation in natural products of unknown structures. 

The success of these results also suggests that, at least for 
rifamycin S ,  a similar correlation time modulates the relaxation 
of the relevant '€i-13C vectors. Hence, if we evaluate this 
correlation time method B should be applicable to distance 
measurement. 

Method B. For this method the correlation time and the cross- 
relaxation rates between the relevant protons and carbons are 
required. The value of 7 ,  was available from three sources. The 
two calibration distances of the previous paragraphs and their 
measured o values (cNHC(2) = 0.210 8') gavez, = 2.1 x IWl's. 
This is the same T, value as was needed to fit the experimental 
and calculated ratios of the broad band continuous methine 
n.0.e.s to the maximum n.0.e.s in Table 1 on the assumption 
that methines relax by dipolar mechanisms. 

This value of z, when used with the various 'H-13C n.0.e.s 
gave the distances rB in Table 2. The latter values agreed with 
the rA values and the crystallographic values. 

These proton-carbon distances obtained from ' 3C relaxation 
parameters can therefore be used with confidence for a 
conformational analysis of rifamycin S .  The experimentally 
derived rC(I)NH = 2.45 A showed that, under our experimental 
conditions, C-3 and the amide proton are predominantly in the 
trans conformation. In fact, in the presence of the two isomers 
under fast exchange conditions, the measured o is an averaged 
value: 
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Figure 4. Variation of the n.0.e. effects on the C atoms of rifamycin S as 
a function of the proton irradiation frequency 

n.0.e.s. The direct 3C3-1 H scalar coupling constant, JC(,,H,,, 
180 Hz, gave two satellite proton resonances at 7.35 and 8.25 
p.p.m., while the small geminal coupling constant 'JC,,,H(,, for 
the 13C(4)13C(3)'H fragment gave satellite peaks close to the 
proton resonance at 7.80 p.p.m. Accordingly, the on-resonance 
decoupler position of a given proton is J modulated by the ' 3C 
nucleus, and this effect must be taken into account in the 
quantitative determination of heteronuclear cross-relaxation 
rates, as the dipolar interactions occur at the frequency of these 
proton satellite resonances. This explains the difference in the 
frequency dependence of the n.0.e.s measured for C-3 and C-4. 

where Pcis and P,,,,, are the fractional populations of the cis- 
and trans-isomers. Therefore, the effective internuclear distance 
is given by: 

Thus, owing to the intrinsic rcis and rtrons values (see Table 2), the 
calculated TC(I)NH can be consistent only with a very small 

Table 2. A comparison of proton-carbon distances obtained by computer modelling ( r M )  and crystallography (rx) with those determined from 'H-13C 
n.0.e.s and "C z1 values using methods A (rA) and B (rB) 

C(n)-NH C(nW(2)H 
A A 

r - l r  > 
Carbon rxa cis rMb trans rMb T1(HC)Me ?'AC 'Bd ha rMb r,(HC)Me rAe rBd 

1 2.453 2.670 * 3.367 2.4, 2.4, 2.383 2.352 2.1, 2.2, 
2 1.91 1 2.141 2.141 0.06 1 2.0, 0.117 
3 3.131 3.367 2.670 0.210 
7 3.266 3.199 3.0, 3.06 
8 2.023 1.938 0.01 6 2.0, 
9 2.541 2.463 0.204 2.34 2.3, 

15 1.934 2.160 2.09 2.0, 0.078 
16 2.47 1 2.757 0.160 2.6, 2.6, 
17 0.037 

a Proton-carbon distance calculated from X-ray data in ref. 13. ' Proton-carbon distance derived from computer modelling. rA Values were 
evaluated using equation (5) and rC(2)NH = rC(g)H0(2) = 2.00 A. rB Values obtained from equation (6), u values and rc = 2.1 x 1&lo s.r.v. 

Cross-relaxation rates (TI s-l) are affected by the errors on n.0.e. and R values 
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fractional population of the cis-isomer, P,,,. It follows that the 
n.0.e. observed at C-3 upon proton irradiation at 8.35 p.p.m. 
must be entirely due to the decoupler spill-over. The presence of 
the intramolecular hydrogen bonding pattern between the 
O(2)H proton and the C(l)--o carbonyl is unambiguously 
delineated from the RC(Ip(2)H value of 2.20 A. As a corollary 
of the present study, the assignment of 13C peaks and the 
sequencing of the C( l)NHC( 15)0C( 16) moiety of rifamycin S 
was confirmed. 

Experimental 
Rifamycin S (Figure 1 )  was purified from the commercially 
available drug and dissolved in deuteriochloroform to yield a 
OS~-solution. A Varian XL-200 n.m.r. spectrometer was used 
for recording the 'H and I3C n.m.r. spectra (see Figures 2 and 
3) .  The partially relaxed I3C n.m.r. spectra were obtained with 
the standard inversion recovery ( 1  80 -~-9o"-T),, pulse sequence. 
The calculation of R values was performed by computer fitting 
of the M ,  value versus relaxation curves. A 5% experimental 
error was estimated for the R values reported in Table 1 .  A low- 
power selective presaturating proton decoupler pulse of 10-s 
duration generated the 'H-' 3C Overhauser effects, as shown in 
Figure 2; a 90" pulse was used for detection. An experimental 
error of 10% was estimated for all measured n.0.e.s The high 
power decoupler was used during this observing pulse and for 
the 0.6 s required for the acquisition of the free induction decay. 
A 40-s delay was used to allow complete relaxation of the 
perturbed spin systems. Broad band non-selective 'H-I3C 
n.0.e.s were measured from fully relaxed spectra obtained 
under continuous and gated proton decoupling, with a 40-s 
delay between each 90" pulse. In all the experiments the 
temperature of the probe was 25 "C & 1 "C. 
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