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A combination of lineshape analysis and magnetisation transfer experiments in variable temperature 13C 
cross-polarisation magic-angle-spinning n.m.r. spectroscopy has enabled the determination of rate and activation 
parameters for aromatic ring rotations over a motional frequency range of 10-2-106 Hz in crystalline penicillin 
derivatives. 

In a recent 13C cross-polarisation magic-angle-spinning (c. p.- 
m.a.s.) n.m.r. study of a series of crystalline penicillins we 
observed marked differences in the resonance lineshapes of 
the aromatic carbons.1 We suggested that this was caused by 
differing dynamic properties of the aromatic rings in the 
various compounds, presumably arising from different mole- 
cular packing arrangements in the crystals. Here we report 
variable temperature (v. t.) studies of phenoxymethyl penicil- 
lin (penicillin v) benzyl ester fi-sulphoxide (1) and its sulphide 
(2), which has permitted the dynamic properties of the 
phenoxy and benzyl rings in both molecules to be charac- 
terised in some detail. 

rn x 

( 1 )  x = o  
(2 )  X = Lone pair 

The upfield aromatic regions of the v.t. 13C c.p.-m.a.s. 
n.m.r. spectra of (1) are shown in Figure 1. As the 
temperature is increased between 200 and 240 K, the two 
resonances of the ortho carbons in the phenoxy ring broaden, 
coalesce\ and sharpen. These changes in lineshape are 
characteristic of site exchange effects which depend on the 
relative magnitudes of the rate constant and the frequency 
difference between isotropic chemical shifts describing the 
individual sites; such phenomena are well known in solution 
n.m.r.2 As the temperature increases above 260 K, however, 
the site-averaged metu and ortho isotropic resonances broaden 
to the limits of observability, then sharpen to narrow 
resonances of 16 Hz half-height width at the highest tempera- 
ture. The substantial line broadening observed here can be 
associated with the situation when the motional frequency 
becomes comparable to the W-1H dipolar decoupling 
frequency.3 This dipolar broadening is at a maximum when 
the motional and decoupling frequencies are equal. 

These observations provide an opportunity to obtain 
quantitative kinetic and activation parameters associated with 
the ring dynamic processes in crystalline (1). The lineshapes of 
the ortho phenoxy resonances of (1) in the 200-240 K interval 
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Figure 1. Variable temperature l3C c.p.-m.a.s. n.m.r. spectra of (1). Phenoxy ortho (o) ,  degenerate meta (m), and para (p); 
benzyl ortho ( a ' ) ,  metu (m'), and para (p') carbon resonances as labelled. M.a.s. between 4.0 and 4.2 kHz. Larmor frequencies at our 
field are vk 50.32, v? 200.13 MHz; 13C-1H dipolar decoupling frequency vy =75 kHz. 

could be closely simulated by a single correlation time two-site 
exchange model arising from discrete flips of the phenoxy ring 
about its local C2 axis; this enabled the rate constants for the 
ring flips to be determined over this temperature range. 
Maximum dipolar broadening occurs experimentally at 285 K 
and the flip rate at this temperature could therefore be 
obtained from this experiment. The consistency between rates 
derived from these independent measurements is evident in 
the Arrhenius plot, Figure 2, which indicates that the energy 
barriers defining the phenoxy ring flips in (1) remain 
unchanged over flip rates of 101-106 Hz. The activation 
parameters for (1) within 95% confidence limits are E, 
43 k 3 kJ mol-1 andAo 2 x 1012-5 x 1013 s-1. Additional line 
broadening which follows from subtle interactions of the full 
anisotropic chemical shift, m.a.s. frequency, and motional 
rate4 is not significant at our field and m.a.s. frequency within 
either the site exchange or dipolar broadening rate regimes. 

In the variable temperature spectra of (2), the ortho 
phenoxy resonances undergo site exchange lineshape changes 
qualitatively similar to those observed for (1) but in the higher 
temperature range of 290-330 K. The site exchange line- 
shapes for the ortho phenoxy resonances of (2) were also well 
simulated by a single correlation time two-site exchange 
model. Although maximum dipolar broadened ortho phenoxy 

resonances corresponding to a rapid phenoxy flip rate of 
-75 kHz was not observed in the temperature range 240-330 
K, very slow kinetic behaviour could be probed between 240 
and 260 K by a series of variable mixing time, rotationally 
synchronised, magnetisation transfer (m. t.) experiments.5 
The independently derived but complementary m. t. and site 
exchange rate data are again found to be consistent, Figure 2. 
The activation parameters for the phenoxy ring flip of (2) 
within 95% confidence limits are E, 89 f 1 kJ mol-l and Ao 

The n.m.r. data also provide information on the reorienta- 
tions of the more hindered benzyl rings of (1) and ( 2 ) .  The 
ortho benzyl resonances of (1) coalesce at 298 K, Figure 1. 
Similarly, the meta benzyl resonances of (l), which have a 
greater 'slow' site exchange frequency separation, coalesce at 
310 K. As the temperature increases, the motional frequency 
moves from the site exchange regime to the dipolar broaden- 
ing regime with a concomitant increase in linewidth. An 
estimate of 50 < E, < 80 kJ mol-1 can be made from the 
coalescence temperatures. The benzyl resonances of (2) 
remain in the slow site exchange limit over the temperature 
range 240-330 K and the benzyl ring flip activation energy is 
therefore much greater than that of the motional phenoxy 
ring, E, > 100 kJ mol-1. 

7 x 1017-2 x 1018 S-1. 
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Figure 2. Arrhenius plot of phenoxy ring two-site exchange rates in (2) 
(A = site exchange; A = magnetisation transfer) and (1) (0 = site 
exchange; = maximum dipolar broadening). For the site exchange 
lineshape analysis, an estimate of 19 Hz for the ortho phenoxy 
linewidths of (1) in the slow exchange limit was made from 
measurements of the motionally unmodulated aromatic resonances at 
200 K; the static ortho phenoxy linewidths of (2) were determined 
directly at 240 K to be 23 Hz. The frequency separation of the two 
ortho phenoxy resonances of (2) is 283 Hz; the evolution time and 
m.a.s. frequency in the magnetisation transfer experiments were 883 
ps and 3395 k 3 Hz, respectively, with mixing times ranging from 0.5 
to 12.0 s. 

Aromatic ring rotations have previously been observed by 
13C c.p.-m.a.s. n.m.r. in glassy polymers6 and their precur- 
sors’ although in contrast with the results described above, 
only site exchange phenomena were observed. The transition 
from slow to fast site exchange was, however, over a larger 
temperature range of approximately 150 K.  These dynamic 
processes were best described by distributions of correlation 
times,8 presumably reflecting a distribution of aromatic 
environments in the materials. Our observation of single 
correlation time ring flips raises questions about the mechan- 

ism of such large amplitude motions in densely packed and 
well ordered molecular solids. A recent simulation of ring 
motions in an idealised array of aromatic rings has suggested 
that ring flips may be co-operative events.9 It is interesting 
that the activation parameters of the phenoxy and benzyl ring 
flips are different in both (1) and (2) and consequently the 
phenoxy and benzyl ring flip events apparently occur with no 
direct correlation between these two motions within each 
crystal. 

Our correlation time model and activation energies are 
comparable to results obtained from wide line 2H n.m.r. 
spectra of crystalline amino acids and polypeptides selectively 
deuteriated at motional aromatic sites. 10 The techniques 
described here offer a complementary method for studying 
dynamic processes in solids which is applicable in a direct 
manner over a wide range of motional frequencies. 
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