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A Solid-state '*C Nuclear Magnetic Resonance Study of the Conformational

States of Penicillins

Nigel J. Clayden, Christopher M. Dobson,* Lu-Yun Lian, and J. Mark Twyman
Inorganic Chemistry Laboratory, South Parks Road, Oxford OX1 3QR

13C Cross polarization—-magic angle spinning spectra have been obtained for crystalline penicillins in
which essentially all the resonances have been resolved and assigned. Comparison of the spectra of a
series of penicillins of known structure has enabled separation of the effects of intermolecular and
intramolecular interactions to be achieved. Two aspects of particular interest have emerged from the
work. First, dynamic behaviour of the sidechain is evident in the spectra and this has been shown to
depend critically on the crystalline environment of the penicillin molecules. Second, by correlating
chemical shifts in the series of molecules, it has proved possible to predict features in the solid-state
conformations of penicillins of unknown crystal structure. Further, on comparison with solution spectra,
the existence of rapidly interconverting thiazolidine ring puckers in solution is suggested and their
relative populations estimated for the different penicillins studied.

The penicillins are a family of antibiotics with a general
structure of a variable sidechain attached to a fused B-lactam—
thiazolidine ring system (Table 1). A variety of penicillins with
different side-chains have been isolated or synthesized and
shown to have varying pharmacological activities.! Although
many detailed features of the biological action of the penicillins
by inhibiting the final steps of bacterial cell wall synthesis are
well known, the underlying reasons for this variation have
remained unclear.?-3

Many penicillins have known solid-state structures as
determined from single-crystal X-ray analyses (Table 1). Several
distinct conformations of the thiazolidine ring and of the side-
chain have been identified in these studies and attempts have
been made to correlate these features with biological activity.3-*
Solution n.m.r. studies have, however, suggested that the
conformational states of the molecules are not necessarily the
same in solution as in the solid state*’ although a detailed
conformational analysis in solution has not yet been reported.

One approach to a direct comparison of the conformations of
a molecule in a solid and in solution is to compare its n.m.r.
spectra in the two states.® By combining rapid magic angle
spinning (MAS) with high power proton decoupling it is now
possible in favourable cases to obtain spectra of solids with a
resolution approaching that of the solution state.®-!® Although
several examples of this comparative procedure have been
reported,! '~!3 the method has not yet been widely applied. Also,
there have been uncertainties in the separation of intramolecular
and intermolecular influences on the n.m.r. parameters.®~!° In
this paper we report the results of high-resolution '3C n.m.r.
studies of a series of crystalline penicillins. By correlating the
spectral features with structural information available from X-
ray diffraction studies it has been possible to identify the
influence of different structural features on the nm.r.
parameters. It has proved possible to use these correlations to
predict the conformational state of the thiazolidine ring for
crystalline penicillins which have not been studied by single-
crystal X-ray diffraction, and for all the penicillins in solution.

Experimental

The penicillins studied here are listed in Table 1. Sodium salts of
oxacillin, cloxacillin, dicloxacillin, methicillin, amoxycillin, and
ampicillin were kindly donated by Beecham Pharmaceuticals,
Brockham Park, Surrey. Sodium penicillin G, potassium
penicillin G, procaine penicillin G, penicillin V, ampicillin

anhydrate, ampicillin trihydrate, and further sodium ampicillin
were purchased from Sigma Chemicals. 6-Aminopenicillanic
acid (6-APA) was obtained from Fluka Chemicals. All samples
were analysed by low-angle X-ray powder diffraction using a
Phillips PW1720 diffractometer. For those penicillins with
previously reported structures from single-crystal X-ray studies,
the powder diffraction patterns were indexed and the lattice
parameters and unit-cell symmetries determined. Where
necessary, samples were recrystallized until full agreement with
the published values was attained (Table 1). Penicillin atomic
co-ordinates were obtained from the Cambridge Crystal-
lographic Data Base and were displayed, manipulated, and
plotted with the MODEL program of the CHEMGRAF
graphics package on a VAX 11/750 computer.

Solid-state !*C n.m.r. spectra were recorded at 50.32 MHz on
a Bruker CXP200 spectrometer. Powdered samples (ca. 150 mg)
were packed in rotors of the Andrew—Beams design constructed
from perdeuteriated poly-methyl (methyl acrylate). MAS fre-
quencies of between 2 and 3 kHz were achieved with these rotors
spinning on a nitrogen gas bearing. Small deviations of the
spinning axis from the magic angle were found significantly to
lower resolution and introduce artefacts.!* The 7°Br magnetic
resonance spectrum of a small quantity of KBr included with
the penicillin sample was therefore used to set accurately the
magic angle for each sample.’> The combined techniques of
high power proton decoupling and single contact cross
polarization (CP) ' were employed. A proton decoupling field of
1.1 mT and contact time of 0.75 ms were used. Free induction
decays were defined typically by 8K data points over a 20 kHz
sweep width. They were accumulated over 500—5 000
transients with a recycle delay of 3 s for an acceptable signal-to-
noise ratio. In certain experiments the non-quaternary
suppression (NQS) pulse sequence was employed to suppress
selectively protonated carbon resonances.’” A delay for 40 ps
prior to acquisition, during which proton decoupling was
suspended, was found to be effective. All ' *C chemical shift data
were externally referenced to the upfield resonance of solid
adamantane at 29.23 p.p.m. relative to tetramethylsilane. All
spectra were recorded at room temperature (ca. 300 K).

Results and Discussion

13C CP/MAS spectra of sodium ampicillin in the amorphous
and crystalline states are shown in Figure 1. In the amorphous
sample it is possible to resolve a number of resonances, but the



1934 J. CHEM. SOC. PERKIN TRANS. 11 1986

Table 1. List of penicillins and related compounds studied
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Figure 1. 50.32 MHz '3C CP/MAS spectra of sodium ampicillin
recorded as described in the text. MAS 3.2 kHz. (a) Amorphous
sample, (b) crystalline sample

linewidths are of the order of 300 Hz. In the crystalline state,
however, a dramatic increase in resolution is evident with
linewidths typically 50 Hz or less. This difference is attributed to
the existence of a range of molecular conformations and
intermolecular interactions in the amorphous material which
give rise to a dispersion of chemical shifts for each resonance.'*
All data reported below are for crystalline penicillins.

The high resolution attainable for the crystalline penicillins is
further illustrated in Figures 2 and 3, where spectra of penicillin
G, ampicillin, and 6-aminopenicillanic acid (6-APA) are shown.
Comparison of spectra recorded at different spinning
frequencies (Figure 2) enables ready identification of spinning
sidebands which occur at multiples of the spinning frequency
from the isotropic chemical shift. This allows clear resolution of
resonances corresponding to virtually all the carbons in each
molecule. Most of these resonances are singlets but a number
are split into apparent doublets.

The assignment of resonances in the spectra of the penicillins
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Figure 2. 50.32 MHz '*C CP/MAS spectra of crystalline sodium
penicillin G at (a) MAS 2.3 kHz, (b) MAS 3.2 kHz, (c) MAS 3.0 kHz
with NQS, (d) spectrum of crystalline 6-APA at MAS 3.0 kHz. The
assignments of the various carbon resonances are indicated: s denotes
spinning sideband and * resonances of the PMMA rotor
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Figure 3. 50.32 MHz '*C CP/MAS spectra of (a) crystalline ampicillin anhydrate at MAS 3.0 kHz, (b) potassium penicillin G at MAS 3.1 kHz.
The assignments of the various carbon resonances are indicated. Note the differences between the spectra of the resonances corresponding to the

2B-Me, C-16 and aromatic carbons; s denotes spinning sideband
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was relatively straightforward. The approach adopted was first
to compare the spectra with previously published solution *3C
n.m.r. data (Table 2). The similarity of chemical shifts between
the solution and solid states permitted immediate assignment of
many of the resonances. In the case of sodium penicillin G, for
example, direct identification of the well resolved C-2, C-3, C-5,
C-6, 2o-Me, and 2B-Me resonances of the fused bicyclic ring
system was possible. Further information concerning the
assignments was available from the NQS spectra in which the
resonances of all protonated carbons, with the exception of the
rapidly spinning methyl groups,®-1° were completely suppressed.
Using sodium penicillin G as an example again, clear identific-
ation of the non-protonated aromatic carbon resonances was
possible; these are entirely consistent with the assignments
referred to above (Figure 2). The major uncertainties remaining
in the assignment of the spectra of sodium penicillin G are the
poorly dispersed carbonyl resonances (C-7, C-11, C-15). Two of
these three resonances are apparent doublets with differing
lineshapes and splittings; the splittings of the asymmetric and
symmetric doublets are 60 and 80 Hz, respectively. The third
resonance is a sharp singlet. Similar splittings could be identified
in other penicillins; these arise from the incomplete suppression
of the >C-'*N dipolar interactions by the MAS experi-
ment.!®-2° The singlet resonance can be directly assigned to C-11,
the only one of these three carbons not immediately adjacent to
a nitrogen atom. Distinction between C-7 and C-15 was
achieved by comparison of the penicillin spectra with the
spectrum of 6-aminopenicillanic acid (6-APA) (Figure 2). The
carbonyl region of the 6-APA spectrum shows a singlet (C-11)
and a resonance asymmetrically split by 65 Hz, which must arise
from C-7. The magnitude of the splitting and the resonance
lineshape will depend on the geometry of the B-lactam ring.'®
This is closely similar in the compounds studied here with N-4
pyramidally disposed towards its three substituents;*2! the
resonance with an asymmetric splitting of 60 Hz was therefore
assigned to C-7 and the resonance with a symmetric splitting of
80 Hz assigned to C-15 for sodium penicillin G. This approach
was employed throughout this study and returned unambiguous
assignments for all spectra with resolvable resonances.
Chemical shifts for the assigned resonances of the various
penicillins are listed in Table 2.

Comparison of the spectra of different penicillins, and of the
data given in Table 2, reveals a number of interesting features
which are exemplifed in Figure 3. The chemical shifts of the
carbons in the common bicyclic ring system (C-2, C-3, C-5, C-6,
and C-7) and of the 2«-Me group are remarkably constant over
the range of compounds and typically vary by ca. 2 p.p.m. about
a mean value (Tables 2 and 4). The chemical shift of C-11 varies
by up to 5 p.p.m. but this can be attributed to the variation in
ionization state of the carboxy group. The sidechains contain
carbons at which substitution takes place and this is reflected in
their chemical shifts. Two other features of this comparison are
shown in Figure 3. First, in certain cases, resonances of several
sidechain aromatic carbons cannot be identified in the spectra.
Second, there is a large variation in the chemical shift of the
resonance of the 2B-Me group within the series of molecules
examined although it is remote from the sites of chemical
substitution. These two features are discussed below.

The aromatic regions of the spectra of ampicillin and
penicillin G in different crystal environments are compared in
Figure 4. A change from sodium to potassium as the counterion
of penicillin G, and from the free acid to sodium salt of
ampicillin has a profound effect on the aromatic resonances. A
closer examination of the aromatic carbon resonances (Figure
4) reveals that although all six resonances can be identified in
the spectra of sodium penicillin G and ampicillin trihydrate,
only two sharp resonances are observed in the spectra of
potassium penicillin G and sodium ampicillin; the other four

1937
ca4r
cr
() (o) O
4'@CH—
Nt
140 120 150 120
c4
(c) (d)
C4 o1
4'@CH2— cr
140 ) 120 140 ) 120
5(p.p.m.)

Figure 4. Aromatic regions of 50.32 MHz !'3C CP/MAS spectra. (a)
Ampicillin trihydrate, (b) sodium ampicillin, (c) sodium penicillin G,
(d) potassium penicillin G, MAS ~ 3 kHz. Assignments were made on
comparison with the corresponding NQS/MAS spectra and high-resolu-
tion solution spectra

resonances are apparently very broad. Similar line broadening
has been observed for the resonances of aromatic rings in
peptides and proteins, and has been associated with the
dynamic behaviour of the molecules.??=28 In the simplest case
of rotation about the two-fold axis of a symmetric ring, the
environments of C-2",C-6" and of C-3',C-5’ are interchanged. In
the extreme case of fast motion, complete averaging within these
pairs of resonances will give a single resonance in each case; such
a situation occurs in solution. When the rate of rotation is
slower and comparable to the difference in resonant frequencies
of the exchanging sites (ca. 300 Hz) or particularly to the
frequency of the perturbation induced by the proton dipolar
decoupling field (ca. 50 kHz), the lines can broaden
considerably.!* The linewidths of the C-1’ and C-4’ resonances
will be little affected, however, as their environments are not
significantly altered by this motional behaviour. Such a
situation is apparent for potassium penicillin G and sodium
ampicillin; the clear resolution of the resonances in the spectra
of sodium penicillin G and ampicillin trihydrate indicates that
the timescale of any similar motion of the aromatic rings is
much slower. Examination of the crystal structures shows that
intramolecular contacts do not offer a simple explanation for
the differences in motional properties within the pairs of
molecules. It is apparent from the results shown here that the
characteristics of these dynamic processes are profoundly
dependent on the intermolecular contacts between molecules
within the crystals. Further analyses of these phenomena are in
progress, in an effort to provide a full description of the nature of
these crystal packing effects.

The variation in chemical shift of the 2B-Me resonance noted
above is over 6 p.p.m. but is not random. For each penicillin
studied, the shift of this resonance can be placed unambiguously
into one of two categories (Table 3). In one category, denoted U
(upfield), the shift is within 1.5 p.p.m. of 30 p.p.m. and for the
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Table 3. Solid-state parameters of penicillins

13C Chemical shift

(p.p.m.)
Thiazolidine yb
2«-Me 2B-Me  ring pucker® (@)
Penicillin G (K) 26.9 370 C-3 89.5
Penicillin G (Na) 27.0 35.7 C-3 85.1
Penicillin V 271 352 C-3 832
Oxacillin (Na) 25.2 347 C-3 89.2
6-APA 279 36.9 N-4¢ 93.2
Methicillin (Na) 26.5 36.0
Cloxacillin (Na) 253 35.6
Dicloxacillin (Na) 27.6 379
Ampicillin (Na) 299 35.6
Ampicillin trihydrate 28.1 29.1 S-1 144.8
Ampicillin anhydrate 28.4 29.9 S-14 1523
Amoxycillin trihydrate 27.7 28.8 S-1 147.7
Penicillin G (Pro) 29.4 30.8 S-1 136.1

¢ Atom out of best-fit plane defined by remaining four atoms, ® 2B-Me-C-
2-C-3-N-4. ¢ First and second best-fit planes in real space are:

X 4 09023Y + 0.4074Z = 7.0046
X + 0.8881Y + 0.6755Z = 7.1467

defined by S-1-C-2-C-3-C-5 and S-1-C-2-N-4-C-5 respectively.
Perpendicular distances from these planes (A) are S-1 0.03; C-2 —0.03;
C-30.03; N-4 —0.42; C-5 —0.02, and S-1 0.03; C-2 —0.05; C-3 0.36; N-4
—0.09;C-50.11. ¢ Best-fit plane in real spaceis X x 1.0973Y — 0.9760Z
= +5.2781 defined by C-2-C-3-N-4-C-5. Perpendicular distances
from this plane (A) are S-1 —0.75; C-2 0.025; C-3 0.04; N-4 0.05; C-5
—0.03.

Table 4. Mean chemical shifts (p.p.m.) and standard deviations (in
parentheses) of the thiazolidine ring carbons

28-Me 22-Me C-2 C3 CS C6 C-7
Solution: all® 317 274 654 741 673 586 1752
05 (03) (04) 04 (02 05 (0.6
Solid: all 339 269 653 734 671 174.8°
@1 (14 (1.6) 08 (1.8 (08 (0.6)
Solid: C-3 359 263 653 734 679 602 175.1¢
©7 @b (1.8 (09) (1.6 (09 (04)
Solid: S-1/ 297 284 653 733 653 e 1744
09 ©7 (1.2) (04 (04 e e

?See Table 2 for data and references. ® Ampicillin trihydrate § 54.3
p.p-m. not included. When included, mean shift = 59.5 p.p.m,; s.d. 2.2.
¢6-APA § 167.1 p.p.m. not included. When included, mean shift = 174.0
p.pm; sd. 2.6. 6-APA § 167.1 p.p.m. not included. When included,
mean shift = 174.1 p.p.m,; s.d. 2.8. ¢ Insufficient data.

other, denoted D (downfield), it is within 2 p.p.m. of 36 p.p.m.
More dramatically, perhaps, the separation of the 2«-Me and
2B-Me resonances is between 1.0 and 1.5 p.p.m. for those
penicillins in class U but between 7.5 and 10.7 p.p.m. for those in
class D (Table 4). Examples of these categories are shown in
Figure 3. The 2B-Me group is conserved in all the penicillins and
is not attached to an atom at which substitution takes place. The
nearest site at which chemical differences exist between the
molecules is at the carboxy group. Neither the state of
ionization of this group nor the nature of the counterion
correlates with the two observed shift classes U and D. For
example, members of class D include penicillin V (protonated
free acid) and potassium penicillin G, whereas ampicillin
trihydrate (zwitterionic free acid) and procaine penicillin G are
members of class U. It is of particular interest to note from the
results for penicillin G that different salts of the same molecule
can fall clearly into different categories (Table 3). This implies

J. CHEM. SOC. PERKIN TRANS. II 1986

8 co, "~co,;
(a) (b)

Figure 5. Penicillin thiazolidine ring conformations (ref. 4). (a) C-3,
(b) S-1

that the shift must reflect a specific intermolecular or intra-
molecular conformational feature. This was directly investigated
by examining the available X-ray crystal structures of the
penicillins.

An examination of the molecular packing within the crystals
reveals that the 28-Me carbon atom has no intermolecular
contacts within 6 A which could in any way be correlated with
the shift classes U and D. One specific interaction considered in
detail was the aromatic ring current shift. The minimum
separation of a 28-Me carbon and the centroid of an inter-
molecular aromatic ring in any of the crystals is ca. 5 A. The
aromatic ring current perturbation of a chemical shift at such a
distance will be <1 p.p.m.>® which is far smaller than the
observed differences between the 28-Me chemical shift classes U
and D. Furthermore, this effect would be expected to induce
similar perturbations in the chemical shifts of the C-2 and
24-Me resonances. The relative orientations of the sidechain
with respect to the fused bicyclic ring system in the different
structures were also examined. Some of the penicillin structures
have an extended molecular conformation but others have the
sidechain folded over the central bicyclic ring nucleus.!®-2! No
obvious correlations could be found between the sidechain
conformations and the shifts of the 2B-Me resonances. For
example, sodium oxacillin and sodium penicillin G have
extended and compact sidechains respectively. Both, however,
have 2B-Me shifts of class D. As with the intermolecular
interactions, the intramolecular separation of the aromatic ring
and the 2B-Me group was insufficiently small for significant ring
current shifts to be anticipated.

The fused bicyclic B-lactam-thiazolidine ring system is
common to all the penicillins. Single-crystal X-ray analyses have
shown the nitrogen (N-4) contained in the strained B-lactam
ring to be pyramidally disposed towards its C-3, C-5, and C-7
substituents and the geometry of this ring to be essentially
unchanged in the series of compounds considered here.*2! In
contrast, the five-membered thiazolidine ring has been found to
exist primarily in one of two non-planar conformations (Figure
5). These are denoted C-3 or S-1 indicating the atom
significantly deviating from the approximate plane defined by
the remaining four atoms.?! The penicillins studied here are
classified by this method in Table 3. Examination of Table 3
shows that all penicillins with C-3 puckers have class D 2B-Me
shifts and all penicillins with S-1 puckers have class U 2p-Me
shifts. However, although we have observed class U and D
2B-Me shifts in ampicillin anhydrate and 6-APA, respectively,
the thiazolidine puckers of these compounds have been
determined to be C-2 and N-4 out-of-the-plane, respectively.
This prevents a more general correlation between 2B-Me shift
class and thiazolidine ring pucker from being established.

In the light of these data, we have re-analysed the atomic
co-ordinates of the thiazolidine ring in ampicillin anhydrate and
have found the ring pucker to be best characterized by the
deviation of S-1 and not of C-2 from the approximate plane
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Figure 6. Solution and solid-state !*C n.m.r. spectra of penicillin G. (a)
50.32 MHz '3*CP/MAS spectrum of crystalline procaine penicillin G, (b)
50.32 MHz '3C CP/MAS spectrum of crystalline potassium penicillin G,
(c) 62.9 MHz proton-decoupled '3C n.m.r. spectrum of a solution of
potassium penicillin G (80 mg cm™3 in D,0)

defined by the remaining four atoms (Table 3). An alternative
criterion for defining the thiazolidine ring pucker is the torsion
angle 2B-Me-C-2-C-3-N-4 (y) and two distinct angular
domains are found. Table 5 shows that 136° < y < 153° is
clearly associated with the S-1 group and 85° < y < 94° with
the C-3 group; we have described these domains as S-1” and C-3’
respectively. Notably, we have y 152.3 and 92.3° in ampicillin
anhydrate and 6-APA, respectively, which are characteristic of
the S-1” and C-3’ pucker groups respectively. An examination of
Table 3 reveals a complete correlation between the 23-Me shift
classes and thiazolidine ring puckers as defined by the torsion
angle 23-Me-C-2-C-3-N-4 (y).

We have observed a few large chemical shift changes in
addition to those of the 2B-Me resonances. In particular, the
C-15 chemical shifts of sodium penicillin G in the solution and
solid states are 174.1 and 166.1 p.p.m. whereas for the potassium
salt the analogous shifts are 173.1 and ca. 174 p.p.m. (exact
assignment was not possible due to partial overlap of the C-15
and C-7 resonances). Similarly, whereas the chemical shift of the
C-6 resonance is typically 60 + 1.5 p.p.m. over the series of
compounds studied here, in ampicillin trihydrate this resonance
is observed at 54.3 p.p.m. These appear to reflect features of the
crystal packing which are unique to the individual compound;
we have at present, however, insufficient data to correlate these
unambiguously with any intramolecular or intermolecular
structural features.

The basis for the much larger dependence of the 28-Me
chemical shift on the thiazolidine ring conformation compared
with the chemical shifts of the other ring carbons is difficult to
establish. Examination of the two different conformations
(Figure 5) suggests that the origin could lie in the different
geometrical relationships between the 2B-Me group and the
B-lactam carbonyl group; the 2B-Me—C-7 separations in the
C-3 and S-1’ puckers are ca. 3.5 and 4.5 A, respectively.
Theoretical understanding of '3C shifts is as yet inadequate
for problems of this type.3° It is, however, possible to make use
of the empirical correlation to predict the conformations of
molecules of unknown structure. On this basis, the thiazolidine
rings in the crystals of sodium methicillin, sodium ampicillin,
sodium cloxacillin, and sodium dicloxacillin are all predicted to
have 85° < y < 94° that is a C-3" pucker (Table 3). A single-
crystal X-ray analysis of the methyl ester of methicillin has
shown the thiazolidine ring conformation to have y 147.8°
(S-1).3! The analysis presented here therefore predicts a
difference between the thiazolidine conformations of the methyl
ester and the sodium salt of this penicillin. We await a single-
crystal analysis of this salt to test this prediction.
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Table 5. '*C Chemical shifts and predicted thiazolidine conformational
populations for penicillins in solution

2B-Me Predicted populations (%)
Chemical shift A \
Compound (p.p-m.) S-1 C-3
Penicillin G (Na) 31.7 68 32
Ampicillin (Na) 311 77 23
Amoxycillin (Na) 313 74 26
Penicillin V (K) 31.6 69 31
Methicillin (Na) 31.0 79 21
Oxacillin (Na) 32.1 61 39
Cloxacillin (Na) 320 63 37
Dicloxacillin (Na) 325 55 45

“ Based on 2B-Me shifts of § 35.9 and 29.7 p.p.m. for C-3' and S-1’
conformations respectively. 8,,, = Pc_3 8¢y + Pgyn 85y 8oy 1S the
observed 2B-Me shift, 8¢_3., 8¢ ;- are the C-3’ and S-1’ 2B-Me shifts, and
Pc 5, Pg . are the fractional populations of C-3’, S-1" puckers where
Pey + Pgy = 1.

Perhaps the most important use of the solid-state !'3C
chemical shift data of the penicillin crystals is the comparison
with the shifts observed in solution. An examination of the mean
chemical shifts for the various bicyclic ring carbons in the
crystalline and solution states reveals a remarkable correlation
between the two sets of data (Table 4); with the exception of the
2B-Me shift, the agreement is within 1 p.p.m. The 28-Me
chemical shifts observed in solution are, however, intermediate
between the values found in the crystalline state to be character-
istic of the C-3' and S-1" conformations (Figure 6). This
observation is consistent with a rapid equilibrium between the
two conformations for molecules in solution; the observed 2f-
Me chemical shift would thus be a weighted average of the
chemical shifts corresponding to the two puckers. In the light of
the data in Table 4 we can with confidence take values of the 2p-
Me chemical shift in solution to be very close to the mean values
found for molecules with the different puckers in the crystals. It
is therefore possible to estimate the relative populations of the
two conformations for each compound in solution. These data
are given in Table 5 and indicate that the S-1" pucker is
marginally favoured over the C-3’ pucker in solution; the energy
difference of the two ring conformations is therefore ca. 2 kJ
mol. The stability of the S-1" with respect to the C-3’ pucker is
less pronounced for the isoxazole-derived penicillins, but the
differences are small.

Conclusions

Comparison of the !'3C n.m.r. spectra of a series of closely
related molecules in defined crystalline states has proved to be a
powerful method of interpreting the spectra. Differences both in
the conformation of the fused bicyclic ring system and in the
dynamics of the aromatic sidechains have been apparent in the
study of the penicillins reported here. Both differences can be
attributed to the effects of intermolecular interactions within the
crystals rather than to intrinsic differences in intramolecular
interactions. The solid-state spectra enable the n.m.r. parameters
for different conformations to be defined. Indeed, comparison of
the 13C n.m.r. spectra of the crystalline materials with spectra of
the molecules in the solution state has provided strong evidence
that the marked differences in conformation of the bicyclic ring
system observed for different molecules in the solid state do not
exist in solution. Rather, the data are consistent with a rapid
equilibrium in solution between different puckers of the
thiazolidine ring, the relative populations of which can be
estimated. The similarities in the relative populations of the
different thiazolidine ring puckers in solution undermines
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attempts to correlate static crystallographic features of these
molecules with pharmacological activity in solution.
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