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Summary. The use of 13C spin-lattice relaxation measurements as a probe of structure in solution is illustrated for flexibi- 
lide. Analysis of quaternary carbon relaxation behaviour indicates that the structure in solution differs from the crystal 
structure. The effects of lanthanide shift and relaxation reagents on 13C spectral parameters are also reported. 

Flexibilide (1), a cembranoid lactone isolated from the soft 
coral Sinularia flexibilis 3'4, exhibits anti-inflammatory and 
anti-arthritic activity in the rat 5. We have examined the 
structure of 1 in solution with the use of 13C NMR spin- 
lattice relaxation measurements, placing particular empha- 
sis on the analysis of quaternary carbon relaxation beha- 
viour as a structural probe. 
Materials and methods. Flexibilide was isolated from 

3 6 S.flexibilis as described previously. Yb(fod)3 and Gd(fod)3 
were obtained from Norell Chemical Co., Landisville, NJ, 
and Eu(fod)3 and Pr(fod)3 from Pierce Chemical Co., 
Rockford, Ill. The solvents CDC13, (CD3)280 and D20 
were all spectroscopic grade (> 99% deuterated). All 
materials were used as received. 
Natural-abundance x3C NMR-spectra were obtained at 
15.04 MHz on a Jeol FX-60 spectrometer operating in the 
pulsed Fourier transform mode, with on-resonance noise- 
modulated proton decoupling and 10 mm OD spinning 
sample tubes. Probe temperature was 32 +_ 1 ~ All spectra 
were accumulated in 8192 time-domain addresses, and 
processed with 0.7-1,2 Hz exponential broadening. Samples 
were degassed by bubbling nitrogen through the solutions 
for at least 1 min, and the NMR-tubes were capped and 
sealed with Parafilm. Spin-lattice relaxation times (T~) 
were measured by the inversion-recovery method 7. The 90 ~ 
pulse width was 17 gsec. 
Results and discussion. The figure shows the 13C-spectrum 
of 1 in CDC13. The table summarizes 13C chemical shifts, 

spin-lattice relaxation times (T1) and integrated intensities 
for the 20 carbons of 1 in CDC13 and DMSO-d 6. Resonance 
assignments are based on chemical shifts s, multiplicities in 
single-frequency off-resonance proton-decoupled spectra, 
and T~-values. In both solvents all carbons (protonated and 
quaternary) have nuclear Overhauser enhancements (NOE) 
of 3.0 + 0.3, indicating that their spin-lattice relaxation is 
dominated by 13C-1H dipolar interactions 9,1~ Furthermore, 
in each solvent the Trvalues of the methine carbons are 
identical within experimental error, and are twice as long as 
the values for the methylene carbons. This indicates 9'1~ that 
1 undergoes essentially isotropic reorientation in CDC13 
and DMSO-d6, and that any internal motions in the mole- 
cule are slow relative to the rate of overall molecular 
tumbling. The exceptions are the methyl groups, which 
would have Tl-Values of 0.33 and 0.13 see in CDC13 and 
DMSO-d6, respectively, in the absence of internal motion. 
The data in the table indicate that all 3 methyl groups 

2o H 17 H 

1~ ~ ~ 1 
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undergo internal  rotation, with C-19 and C-20 undergoing 
essentially free rotation 9,1~ 
With the use of  equations given elsewhere 9-12, and assum- 
ing a C - H  bond length of 1.09 A, the rotational correlation 
times for 1 in CDCI 3 and DMSO-d  6 are calculated to be 
0.05 and 0.11 nsec, respectively. As the quaternary carbon 
resonances have the full NOE (table), we may calculate 
their Tl-Values by assuming that the relaxation of these 
carbons is dominated by dipolar interactions with hydro- 
gens 2 bonds removed 1~ C - H  distances being obtained 
from the X-ray structure 3. These calculated Tl-values are 
given in the table. 
The measured Tl-values for C-4, C-8 and C-12 agree well 
with their calculated values (table). In contrast, the mea- 
sured Tl-values for C-15 and C-16 are significantly shorter 
than those calculated using distances from the X-ray crystal 
structure 13 (table). Taking into account all hydrogens closer 
than 3 A we calculate 9-12 Tl-Values for C-15 and C-16, 
respectively, of  17 and 95 sec in CDC13, and 7.2 and 39 sec 
in DMSO-d 6. This indicates that in solution there are 
hydrogens closer to the/~-methylene lactone moiety than 
in the crystal. These additional contributions could be 
made up as follows14: in CDC13, for C-15, 1 hydrogen 
2.0 A away, 2 at 2.25 A or 3 at 2.4 A, and for C-16, 2.2 (1), 
2.4 (2) or 2.6 (3). Corresponding values for DMSO-d  6 are 
C-15, 2.25 (1) 2.55 (2) or 2.7 (3); C-16, 2.4 (1), 2.7 (2) or 2.9 
(3). In order to determine if the hydroxyl proton is respon- 
sible for enhanced relaxation of  C-15 and C-16, we mea- 
sured their Tl-Values in CDC13 following deuterat ion of  the 
hydroxyl group 11'12. The TI of  C-15 is unaffected within 
experimental  error, while that of  C-16 increases from 37 to 
47 sec (following correction for the slight decrease in  
protonated carbon T rva lues  caused by the presence of  
D20 ). The  NOE of the C-16 resonance is not  measurably  

affected, so we can estimate the distance between the 
hydroxyl proton and C-16 directly from the difference in 
Tl-values. We obtain a value of about  2.6 A. The corre- 
sponding distance in the crystal 3 is 3.65 A. However, the 
hydroxyl proton is not  close enough to C-15 and C-16 to 
fully account for the observed Tl-values. It is likely that in 
solution the conformation of  the methylene lactone ring is 
altered in a way that brings (C-3)H a n d / o r  one of  (C-2)H 
closer to C-15 and C-16 than in the crystal. Model  bui lding 
studies confirm that such conformational  changes are pos- 
sible in solution. 
In an at tempt  to obtain further informat ion on the solution 
conformation we examined the effects on the 13C-spectrum 
of the relaxation agent Gd(fod)3 and lanthanide shift 
reagents (LSR) Yb(fod)3, Eu(fod)3 and Pr(fod)3. T rva lues  
were measured at a number  of  Gd(fod)3 concentrations, the 
paramagnetic  contributions (Tl,o) were obtained by sub- 
tracting the diamagnetic values '(~able), and the TI n values 
were expressed as a ratio relative to that of  peak ~(C-16). 
The inverse ratios are given in the last co lumn of  the table. 
LSR effects were measured by adding 1 to a low (and 

16 L da w e constant) amount  of LSR . The SR ta er analyzed as 
described by Armitage et a l )  6 to yield values of AB, the 
lanthanide-induced shift (LIS) in the fully formed complex, 
and KB, the LSR-substrate association constant. The ratios 
of A B for each resonance to AB for peak 1 were then 
calculated for each LSR 17'18. 
Relaxation rate enhancements  induced by Gd(fod)3 are 
proport ional  to r -6 (where r =  Gd-C distance) 17. Thus the 
data in the table indicate that the carbonyl and epoxide 
groups are closest to the metal,  with the hydroxyl slightly 
further away. Analysis of  the LIS data 16 indicates that the 
effects are due to a site 19 with K B ~ 2 0 0  M -1. Thus, 1 
appears to have a single Ln(fod)3 b inding site involving the 

Chemical shifts and spin-lattice relaxation times of the carbons of flexibilide a 

Peak b Multiplicity e Assignment d Chemical shift e Tl(integrated) f Calculated Tl h 1/T~,p 
CDCI3 DMSO-d6 C D C 1 3  DMSO-d 6 C D C 1 3  DMSO-d 6 Ratios 

1 s C-16 167.0 166.3 37 (2.7) 21 (2.9) 95 39 1.00 
2 s C-15 140.0 140.5 12 (3.0) 5.9 (3.0) 17 7.2 0.12 
3 s C-8 134.2 133.1 9 (3.0) 4.4 (3.0) 10 4.1 0.02 
4 t C-17 127.6 126.5 0.45 (3.2) 0.20 (2.8) 0.12 
5 d C-7 125.6 125.7 0.98 (3.1) 0.40 (3.1) 0.02 
6 d C-3 82.6 81.8 0.97 (2.8) 0.37 (2.9) 0.07 
7 s C-4 73.9 72.5 7 (3.3) 3.3 (2.9) 8 3.6 0.13 
8 d C-I1 62.8 61.7 0.99 (3.1) 0.37 (2.9) 0.30 
9 s C-12 58.9 58.3 9 (3.0) 4.4 (3.1) 10 4.1 0.27 

10 t 38.7 40.1 0.50 (2.7) 0.22 (-)g 0.06 
11 t 35.8 35.1 0.50 (3.0) 0.22 (-)g < 0.04i 
12 t 34.7 34.4 0.50 (3.1) 0.21 (3.1) 0.13 
13 d C-1 33.7 32.9 0.97 (3.1) 0.38 (3.1) 0.05 
14 t 32.8 32.0 0.49 (3.2) 0.19 (3.2) 0.03 
15 t 27.7 27.3 0.50 (2.8) 0.20 (2.8) 0.05 
16 t 25.3 24.9 0.51 ~ 0.23 (2.8) 0.14 (6.1) 17 q C-18 24.7 23.9 0,84 J 0.53 (3.3) 0.08 
18 t 22.6 22.2 0.49 (2.8) 0.24 (2.8) < 0.01 k 
19 q C-19 15.4 15.1 2"8}(5.9) 1"3}(6.3) } 0.02 
20 q C-20 15.4 15.0 2.8 1.4 

a0.4 m in degassed solvent at 32 ~ bNumbered as in the figure. CMultiplicity of 13C resonance in single frequency off-resonance proton- 
13 d e decoupled C-spectrum (s, singlet; d, doublet; t, triplet; q, quartet). See text. Numbering system is shown in 1. In ppm from internal 

Me4Si. fTl-values in sec and integrated intensities (in parentheses). T 1-values were obtained from 3 sets of inversion-recovery spectra in each 
solvent (l for protonated carbons, 1 for the carbonyl, and 1 for the remaining four quaternary carbons). The quoted Trvalues for 
the protonated carbons and 4 quaternary carbons of flexibilide in CDC13 are the average of values obtained for 2 different 
solutions of the same concentration. Estimated experimental errors are + 10% for protonated carbon resonances and + 15% for quaternary 
carbon resonances. Integrated intensitites are the average of values obtained from 2 spectra in each solvent (the figure shows a typical 
spectrum used for measuring integrated intensities). For CDC13 the arithmetic average of the intensities of all protonated carbon reso- 
nances was set equal to 2.99, whilst for DMSO-d6"the intensities of peaks 10-13 were omitted from the average because of interference 
from solvent resonances, gOverlaps with solvent resonance, hpredicted T1, calculated as described in text. iAverage of ratios obtained at 
Gd(fod)3: flexibilide molar ratios of 0.00057, 0.00092 and 0.00152. JChange in Tl,obs within experimental error at 1 [Gd(fod)3]. kChange in 
Tl,obs within experimental error at 3 [Gd(fod)3]. 
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spectrum of a degassed solution of 
1 (0.4 M) in CDC13 at 32~ 391 
scans were accumulated with a re- 
cycle time of 150 sec. 

carbonyl and epoxide oxygens, and possibly also the 
hydroxyl oxygen. The alternative explanation, that there 
are 2 or 3 separate binding sites with very similar KB- 
values, is possible but  less likely. The LIS ratios are not  
constant from one LSR to the other, indicating that the 
complexes are not  isostructural, that they are not  axially 
symmetric 17'2~ a n d / o r  that scalar interactions 17,2~ cont r ib-  
ute significantly to LIS. Present methods for the separation 
of  dipolar, scalar, and diamagnetic contributions to LIS 2~ 
are not sufficiently accurate to justify an at tempt to use the 
LIS data for structural analysis. Nevertheless,  it should be 
noted that simultaneous binding of  the epoxide and carbo- 
nyl moieties to the lanthanide reagents is not  consistent 
with the crystal structure 3. We cannot, however,  exclude the 
possibility of  a metal- induced conformat ional  change. 
We have shown how 13C spin-lattice relaxation measure- 
ments on quaternary carbons can be used as probes of  
through-space distances and hence o f  conformation.  The 
distance of  any hydrogen from a quaternary carbon can be 
determined by measuring the effect o f  replacement  of  the 
hydrogen by deuter ium on the 13C T r  and NOE-values ,  as 
illustrated for the hydroxyl proton of  I in the present case 15. 

Distances can be obtained fairly accurately by this means 
because of  the 6th power  dependence o f  T r v a l u e s  on 
intemuclear  distances 9-12'15. Thus, quaternary carbon T 1- 
values can be used as conformational  probes, as well as for 
resonance assignments lL21 and covalent  structure determi-  
nations 22-24. 

In the present case the data indicate that the conformations 
o f  1 in CDC13 and DMSO-d6 differ f rom the crystal 
structure, at least in the region of  the methylene lactone 
ring. Further  studies, will be required to define the solution 
structure. The effects o f  Ln(fod)3 reagents on ]3C spectral 
parameters, while not useful for structural analysis, indicate 
that 1 can form a bi- or, possibly, tri-dentate complex with 
Ln(fod)3 in solution. This property may have biological 
significance, as there is evidence to suggest that Cu com- 
plexes of  ant i - inf lammatory agents may be the active 
metabolites 2s. Thus, it may be that a c o m m o n  feature o f  1 
and the non-steroid ant i - inf lammatory drugs is their ability 
to bind metal  ions. Furthermore,  the high solubility o f  1 in 
nonaqueous media 3 may enable it to act as an ionophore,  
with 2 molecules o f  1 binding 1 metal  ion. 
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