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13C Chemical Shielding Tensors in Ampicillin and Penicillin-V: A Theoretical Study'
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The principal components of tHéC shielding tensors in two antibiotics, ampicillin and penicillin-V, are
calculated using the coupled Hartreeock gauge-including atomic orbital (CHF-GIAO) method as well as
using a hybrid density functional scheme. Calculated results are compared with solid state experimental nuclear
magnetic resonance data. Using the known X-ray structures of these antibiotics, it is demonstrated that the
computed shieldings compare favorably with experiment such that, in some cases, calculations can now be
utilized in assigning shielding tensor data.

Introduction

Penicillin-V and ampicillin, considered glactam antibi-
otics, both have a thiazolidine ring. The conformation of this
ring is believed to influence the biological activity of these
drugs! X-ray structures of both penicillin-V and ampicillin are
already availablé3 Furthermore, isotropit®C nuclear magnetic
resonance (NMR) chemical shifts have been shown to correlate
strongly with the thiazolidine conformatidrSince the shielding
tensor offers additional and independent pieces of information,
Antzutkin and co-workefecently applied the two-dimensional
phase adjusted spinning sideband (2D-PASS)periment in
measuring thé*C shielding tensors in ampicillin and penicillin-

V. Based on these novel data, speculations were made with
regard to the dependence of the shielding anisotropy on the
thiazolidine ring conformation. In addition, new questions have
surfaced with regard to the assignments of the metf@l
resonances in ampicillin.

For the above reasons, it is hoped that ab initio calculations
of the shielding will be of great aid in clarifying the assignments
as well as the correlation seen between the shielding tensors
and molecular structure. Methods of computing shielding have
reached a stage at which the quality of the calculated numbers

is already approaching the precision of the experinfiefor Figure 1. Possible conformations of the thiazolidine ringd)(C-3

example, thé3C shielding tensor components (expressed in the conformation as exemplified by penicillin-VBj S-1 conformation as
icosahedral representatfowhich allows for both magnitude  observed in ampicillin.

and orientation to be evaluated) of all the C sites in zwitterionic
L-threonine can be predicted within an error of only 4 ghm. groups attached to the C-2 position of the ring (Thenethyl
At this level of accuracy, an ab initio shielding computation substituent is always on the same side as the carboxyl group
can easily serve as an additional assignment tool for interpretingon C-3). Not shown in Figure 1 is the carbonyl group (C-7) of
solid state NMR data. the g-lactam ring which is attached to the N-4 position of the
The five-membered (S-1, C-2, C-3, N-4, C-5) thiazolidine thiazolidine ring. This carbonyl group_becosnbA closer (from
fing is nonplanar and can exist in two distinct conformations 4-5 10 3.5 A) to the 28-methyl substituent as one goes from
(shown in Figure 1), called C-3 or S-1. As evident from the the S-1to the C-3 conformation. Clayden et bhve attributed
figure, the notation indicates which atom in the ring is the observed deshielding of tHéC resonance of 2Me in
significantly removed from the plane of the other four atoms. Penicillin-V to this closer separation. Due to this apparent
X-ray studies show that penicillin-V assumes the C-3 conforma- correlation, thé<C chemical shift of 2-Me can effectively serve
tion (the C-3 site carries the carboxyl group) while ampicillin @S an indicator for the conformation of the thiazolidine ring.
takes the S-1 geometry. THEC sites that have been of interest Unfortunately, the assignment for the resonances of the methyl
to NMR spectroscopists are the methyb®le and 2-Me) groups in amp_lc_|II|n has been recently challenged by Antzutkin
et al® The revision has been prompted by a need to preserve
*To whom correspondence should be addressed. E-mail: angel@ the Chemlca.l Shleldlng anls.’o.tmpy (CSA) of the .met’ﬁg] sites
bouman.chem.georgetown.edu. upon changing the thiazolidine ring conformation, an assump-
* Dedicated to the memory of Professor Leonard Kotin (£98299). tion, as noted by Antzutkin et dl.that is not beyond scrutiny.

10.1021/jp994281c CCC: $19.00 © 2000 American Chemical Society
Published on Web 05/17/2000




5838 J. Phys. Chem. A, Vol. 104, No. 24, 2000 Rich et al.

After all, shielding as a tensor quantity can also be sensitive to 107 10 (26-Me)
molecular conformation. 5§ ” 1 CH,

This paper will make use of presently available methodologies 4 1'O—CH2—C—NH 6 § 32 9 (20-Me)
for shielding computations. With considerable progress in both N2 18 167 15 14 ] ;N CH;
hardware and software, it is now possible to perform shielding o7 43 c/%
calculations on molecules as large as these antibiotics even with & "\OH
large triple< quality basis sets. Both Hartre&ock and density Phenoxymethylpenicillinic acid (penicillin-V) -
functional methods will be explored. The results of these
calculations will be compared to experiment to evaluate the 17
adequacy of the theory in assigning the solid state NMR spectra. 5 g T|’ 1 Gy e
Favorable comparison between theory and experiment will & 1 EGH_C_NH _¢‘_5(5 9
A . . . 2 (20-Me)
indicate that the trends seen in the shielding tensor data are \ , | 1514 | CH;
primarily due to the conformation of a single molecule and not ¥ NH, o077 4 3 0/102
directly from intermolecular effects that arise from the packing 8 & 1\ o
of the molecules in a crystal. D[-]-a-Aminobenzylpenicillin (ampicillin) 13

. . Figure 2. The structures of penicillin-V (top) and ampicillin (bottom

Computational Details wigtjh the numbering and IabFéIing of atofnspl)Jsed in tﬁe textF )
Before comparing theoretical and experimental shielding )

tensor quantities, it is important that the same convention I@%L)Efolr' P(e:ﬁligilﬂﬁt_e\?
describing CSA quantities be applied to both. We have chosen
to follow the conventio# that is convenient to theoreticians as
it pertains to quantities readily taken from the output of quantum carbonno. oisoc 011 022 03  Oso O 022 033
mechanical calculations. First, the principal components of the 2q-methyl 164.4 146.1 162.8 184.4 151.7 129.9 1495 1755

13C Shielding Tensor Components

RHF B3LYP

shielding tensor are defined as follows: 28-methyl 162.5 140.9 158.8 187.7 148.9 123.9 144.2 178.6
16 1255 104.2 110.4 162.0 1088 85.1 93.6 147.7
011 < 0y < 033 (1) 2 131.3 88.6 145.7 159.6 104.2 54.7 119.3 138.6
3 126.4 109.2 131.5 1385 104.8 81.3 112.3 120.8
. . . . . . . 5 125.4 93.6 124.2 158.4 101.0 61.9 102.9 138.2
Since the NMR chemical shift goes in an opposite direction to g 137.0 116.2 140.0 1549 1194 94.8 122.0 141.4
shielding, then the following relationship holds for the chemical & 679 —36.5 61.2 179.1 58.6 —39.4 50.9 164.3
shift tensor components: 5 48,5 —73.1 35.0 1834 42.7 —69.6 29.3 168.3
4 715 —-39.0 67.6 1859 60.3 -458 546 172.2
3 49.0 —73.2 36.6 183.7 44.1 —67.3 31.0 168.5
< <
033 < 05 < Oy @ 2 624 —-435 61.3 169.3 535 -43.9 50.8 153.5
. . . . . ] 1 16.3 —89.8 17.1 1215 53 -80.0 —2.4 983
The isotropic shieldingds,) and chemical shiftdso) are simple 15 -85 —123.3 —4.6 1025 —-7.0 —1095 6.8 818
averages of their respective principal components. The tensorl1l —18.1 —1525 —0.6 989 —-16.9 —1347 39 80.1

can also be described by the sp&),(anisotropy §anis9 and 7 35 -116.7 559 713 -0.9 —109.3 514 552

skew arameters, which are defined as follows: . . .
©p thereby causing wrong conclusions to be drawn. With a large

Q =043~ 0y, =0y, — Os3 () basis set, the differences seen between the results obtained using

RHF and B3LYP can therefore be solely attributed to the

O = Gan— ((Grr + N2 = (5. + 0.)2) — & 4 difference in the level of theory. Thus, penicillin is given 956
aniso = 033~ (011 + 029)/2) = (011 + 029)/2) = 055 (4) basis functions, while ampicillin receives 966 basis functions.

_ _ _ _ Both geometry optimization and shielding computation are

= 3(o, 0,5)/Q = 3(0 0,.)/Q 5
=300~ 02) (022~ 9150 ©) performed using a parallel version of Gaussiaff9Btarting with

Thus, before comparing experimental values, the data reportedn€ X-ray structure, partial geometry optimization of the proton
by Antzutkin et aP were converted first to follow the above positions takes about 1 day. On the other_ hand, the shielding
definitions. The use of the above parameters allows for a direct c@lculation takes about 4 days. All computations were performed
comparison between theoretical and experimental values without®? @1 Origin 2000 workstation equipped with four processors
the additional concern of chemical shift referencing. (Silicon Graphics, Inc.). Shielding computations were also
Ab initio shielding calculations are very sensitive to the performed at the B3LYP level of theory with a smaller basis
set, 6-3%G*. These shielding calculations take less than 8 h

positions of hydrogens in a molecule. Since X-ray structures =, s
on the Origin 2000 workstation. Results from these “smaller

are known to provide inadequate or inaccurate hydrogenb . N . iderably differ h f
positions for shielding computations, a partial geometry opti- PasIS set” computations considerably _|her rom t olse 0
mization of the proton positions in the given X-ray structure is 6-311+G(3d,2p), but upon comparison with experimental data,

performed at the B3LYP (a hybrid method which makes use of they are still generally superior than the RHF results, _and are
the Becke exchange functiodfimixed with Hartree-Fock as nearly as good as the B3LYP/6-31#G(3d,2p) calculations.
contributions and the correlation functionals of Lee, Yang, and
Parf?) level of theory with a 6-31G** basis set prior to the
shielding computation. The shielding is calculated via the gauge- The non-hydrogen atoms in ampicillin and penicillin-V are
including atomic orbital (GIAO) methdé&4with a 6-31H+G- labeled according to Figure 2. The results of the shielding
(3d,2p) basis set. The shielding computations are performed atcomputations are presented in Table 1 (penicillin-V) and Table
two levels of theory, restricted Hartre€ock (RHF) and 2 (ampicillin). Calculated results and comparison with experi-
B3LYP. For a valid comparison of these two different levels ment of 13C CSA parameters for penicillin-V are presented in
of theory, it is necessary to use large basis sets as basis setable 3. The corresponding values for ampicillin are displayed
deficiencies are known to cause fortuitous cancellation of errors, in Table 4. Figure 3 shows a comparison between calculated

Results and Discussion
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TABLE 2: Calculated *3C Shielding Tensor Components
(ppm) for Ampicillin

J. Phys. Chem. A, Vol. 104, No. 24, 2008839

TABLE 4: Calculated2 and ExperimentalP CSA Parameters
for Ampicillin

carbon no. oiso o11 022 033 Oiso O11 022 033

20-methyl 167.3 146.9 166.6 188.5 154.1 131.0 152.6 178.7
2B-methyl 168.5 147.1 166.7 191.6 155.4 131.7 152.3 182.2

16 136.7 123.5 135.6 151.2 119.3 104.6 119.6 133.8
2 133.7 927 1351 173.3 108.3 62.4 109.0 1535
3 1215 94.7 128.8 140.8 97.0 64.5 107.9 118.7
5 137.0 105.0 1415 164.6 115.7 79.4 120.2 147.5
6 141.0 1125 147.8 162.5 123.7 92.9 129.4 148.8
6' 56.3 —58.5 53.3 174.1 48.3-57.1 44.2 157.7
5 52.0 —66.1 34.3 188.0 44.1-66.9 24.7 174.4
4 50.8 —69.2 324 189.2 43.4-68.6 24.3 174.4
3 52.4 —67.7 36.0 188.9 42.9-70.1 24.8 173.9
2 63.7 —51.3 53.1 189.4 56.9-49.9 45.5 174.9
T 57.6 —48.6 37.6 183.8 455-49.4 21.0 165.0
15 23.8 —65.0 30.5 105.8 20.8-61.9 38.5 85.8
11 26.2 —67.0 61.3 843 20.3-69.7 59.8 70.7
7 17.1 —88.3 534 86.2 14.4-853 579 705

TABLE 3: Calculated? and ExperimentalP CSA Parameters
for Penicillin-V

anisotropy, span,
carbon no. Oaniso(PPM) Q (ppm) skewg
2a-methyl expt 33.0 42.2 0.128
RHF 30.0 38.3 0.125
B3LYP 35.8 45.6 0.145
26-methyl expt 44.4 53.7 0.307
RHF 37.8 46.8 0.237
B3LYP 44.5 54.7 0.258
2 expt 40.7 65.8 —0.529
RHF 42.4 71.0 —0.608
B3LYP 51.5 83.9 —0.540
6 expt 48.8 72.6 —0.314
RHF 26.8 38.7 —0.233
B3LYP 33.0 46.6 —0.167
6' expt 151.5 181.3 0.342
RHF 166.8 215.6 0.093
B3LYP 158.6 203.7 0.113
5 expt 177.8 217.4 0.270
RHF 202.5 256.5 0.158
B3LYP 188.5 237.9 0.169
4 expt 1745 216.3 0.226
RHF 171.6 224.9 0.052
B3LYP 167.8 218.0 0.078
3 expt 177.8 217.4 0.270
RHF 202.0 256.9 0.145
B3LYP 186.7 235.8 0.167
2 expt 143.1 176.0 0.252
RHF 160.4 212.8 0.016
B3LYP 150.0 197.4 0.041
1 expt 135.9 175.3 0.101
RHF 157.9 211.3 —0.011
B3LYP 139.5 178.3 —0.130
15 expt 117.6 161.8 —0.093
RHF 166.4 225.8 —0.052
B3LYP 133.2 191.3 —0.216
11 expt 90.5 151.6 —0.613
RHF 175.5 251.4 —0.208
B3LYP 145.5 214.8 —0.291
7 expt 101.6 160.4 —0.468
RHF 101.7 188.0 —0.836
B3LYP 84.2 164.5 —0.954

2This work.” Experimental data taken from ref SSee text for

definitions.

anisotropy, span,
carbon no. Taniso (PPM) Q (ppm) skewx
2a-methyl expt 34.4 45.1 0.047
RHF 31.8 41.6 0.050
B3LYP 36.9 47.7 0.094
23-methyl expt 42.9 50.9 0.371
RHF 34.7 445 0.121
B3LYP 40.2 50.5 0.184
2 expt 55.5 79.0 —0.190
RHF 59.4 80.6 —0.052
B3LYP 67.8 91.1 —0.023
3 expt 47.4 56.9 0.332
RHF 29.1 46.1 —0.475
B3LYP 325 54.2 —0.603
5 expt 455 66.8 —0.278
RHF 41.4 59.6 —0.227
B3LYP 47.7 68.1 —0.198
6 expt 175.4 212.8 0.296
RHF 176.7 232.6 0.039
B3LYP 164.2 214.8 0.057
5 expt 173.0 214.5 0.225
RHF 203.9 254.1 0.209
B3LYP 1955 241.3 0.241
4 expt 182.9 224.3 0.261
RHF 207.6 258.4 0.214
B3LYP 196.6 243.0 0.236
3 expt 173.0 2145 0.225
RHF 204.8 256.6 0.192
B3LYP 196.5 244.0 0.223
2 expt 156.9 198.2 0.166
RHF 188.5 240.7 0.132
B3LYP 177.1 224.8 0.152
T expt 173.3 208.5 0.324
RHF 189.3 232.4 0.258
B3LYP 179.2 214.4 0.343
15 expt 115.7 166.2 —0.217
RHF 123.0 170.8 —0.118
B3LYP 97.5 147.7 —0.360
11 expt 97.2 131.9 —0.052
RHF 87.2 151.3 —0.696
B3LYP 75.7 140.4 —0.844
7 expt 107.0 164.5 —0.399
RHF 103.6 1745 —0.624
B3LYP 84.1 155.8 —0.838

aThis work.? Experimental data taken from ref 5See text for
definitions.

the slopes obtained from the B3LYP calculations are closer to
the ideal value of-1. The same conclusion is drawn after an
initial inspection of the calculated CSA parameters. B3LYP
yields values closer to experiment for all three parameters:
anisotropy, span, and skew. Figures 3 and 4 indicate that the
outlying points belong to highly deshielded species (Figure 3)
and the two principal components,; andoy, (Figure 4). This
observation clearly points out the dependence of the quality of
the calculation on the type of carbon whose shielding is being
calculated. The most deshield&tC sites in these antibiotics
belong to the carbonyl group (with the exception ofid
penicillin-V, an aromatic C attached to an O atom). Therefore,
in evaluating the quality of the ab initio calculations, it will be
wise to make a distinction between different types of C sites.
Carbonyl and Carboxyl Groups (7, 11, 15).The calculated

isotropic shieldings and experimental chemical shifts, while isotropic shieldings for these sites are not sensitive to the level
Figure 4 is a comparison of theoretical and experimental of theory. The B3LYP values generally differ from those
principal components. The parameters describing the best-fitobtained through RHF by about—2 ppm. The principal
line obtained upon comparing calculated shieldings and experi- components, however, are very sensitive to the choice of
mental shifts are given in Table 5. It is apparent that the hybrid method. As shown in Tables 3 and 4, both anisotropy and span
density functional method, B3LYP, performs better than coupled change significantly as one goes from RHF to B3LYP. These

Hartree-Fock (RHF). For both isotropic and principal values,

dramatic changes do not manifest in the isotropic values since
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Figure 3. Comparison between theoretical (B3LYP/6-31#G-
(3d,2p)) shieldings and experimental shifts for thR€ sites in
penicillin-V and ampicillin.
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Figure 4. Comparison between theoretical (B3LYP/6-31#G-
(3d,2p)) shielding and experimental shift components for*#iesites
in penicillin-V and ampicillin.

TABLE 5: Comparison between Theoretical Shieldings and
Experimental Shifts

intercept regression rmsd
slope (ppm) coeff,R2 (ppm)

isotropic RHF —1.14 2035 0.97 9.2
B3LYP —1.02 179.0 0.97 8.7
principal components RHF —1.15 203.9 0.97 15.9
B3LYP —1.06 183.1 0.97 14.4

Rich et al.

lower (and closer to experiment) with the B3LYP method. Thus,
to evaluate contributions from electron correlation, it is clearly
not sufficient to examine only the isotropic values. Examining
the principal components allows for a more detailed analysis
of electron correlation contributions to shielding. Based on the
calculations, the principal components of the carbonyl carbon
shielding that are sensitive to electron correlation lie perpen-
dicular to the G=O bond, with the most deshielded component
o011 residing on the shplane andrsz lying normal to this plane.
Even with the B3LYP method, agreement between theory and
experiment is still poor, a discrepancy that is evident not only
with the principal components but also with isotropic values.
In fact, if one removes the isotropic shifts of the carbonyl sites
from the comparison between theory and experiment, the root-
mean-square deviation (rmsd) is significantly reduced to 4 ppm
for both RHF and B3LYP calculations. Since the error seems
to be present in both methods, it may not be simply attributed
to the level of theory. Previous calculations on the zwitterionic
amino acids -threonine and-tyrosine showed that the isotropic
shielding and principal components of a carboxyl site are
dramatically influenced by hydrogen bondihdzor carboxyl
sites, the two components;; and o, are very sensitive to
hydrogen bonding. Hydrogen bonding causes the least shielded
componenio; to increase while decreasing,. On the other
hand, theoretical studies on the shielding of carbonyl carbon
sites in model peptides show that the; component is most
susceptible to hydrogen bondifgThe above trends manifest

in the CSA parameters as shown in Tables 3 and 4. Since the
calculations in this present paper only employ a single molecule,
hydrogen bonding effects are completely neglected. Conse-
quently, the spans for C-11 of both penicillin-V and ampicillin
are overestimated since the componentis underestimated.
Moreover, errors inr,, will appear in the skew parameta,

The skew of a tensor essentially describes the shape of the
tensor, which is intimately related to the positionet in the
pattern of the tensor. As seen in Tables 3 and 4, both RHF and
B3LYP perform poorly in reproducing the skew for C-7, C-11,
and C-15. For the carbonyl sites, C-7 and C-15, the calculated
B3LYP skews are more negative than the experimental values.
This is to be expected, since without hydrogen bonding,

will be overestimated which makesmore negative. For the
carboxyl site, C-11, the error in the skew comes from two
sourcesoy, and the span. Due to the exclusion of hydrogen
bonding, the span is overestimated, which effectively reduces
the absolute magnitude of the skew. This happens to be the
case for the carboxyl site (C-11) of penicillin-V.

Aromatic Carbons (1'—6'). The value of the most shielded
component for this type of carbon is overestimated in RHF. As
a result, the span is overestimated for all the aromatic carbons
in both antibiotics. Significant improvement is achieved with
the B3LYP method, indicating that electron correlation gives
significant contributions to the most shielded componegy,

This component lies normal to the aromatic plane. Even with
B3LYP, the span is still overestimated by about 20 ppm in some
cases (about 10% of the experimental values). Although the CSA
parameters are reproduced in a semiquantitative manner, the
calculations are unable to predict the relative ordering in terms
of isotropic shieldings of the aromatic carbons. In ampicillin,
for example, the experimental isotropic chemical shifts of the
aromatic carbons encompass a range of only 8 ppm, which is

they involve an increase im; and a simultaneous decrease in  below the rmsd listed in Table 5. Thus, at this level of theory
o33 (see Tables 1 and 2). The changes in the two componentsand quality of X-ray structure, it is not yet possible to rely on
cancel each other such that the isotropic value is only slightly ab initio calculations in assigning isotropic chemical shifts of
varied. The span of the tensor, on the other hand, is clearly aromatic carbons.
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Carbons in Nonaromatic Heterocycles (2, 3, 5, 6)5ome TABLE 6: Calculated® and Experimental Differences in
of these sites are not completely resolved in the 2D-PASS CSA Parameters between Penicillin-V and Ampicillin

spectra, and their tensors have not yet been repdrigdm anisotropy, span,
the B3LYP calculations, the C-6 site of ampicillin has an  carbon no. Oaniso(PPM)  Q (ppm) skewy
isotropic shielding of 123.7 ppm (experimental skif67 ppm) 2a-methyl expt —1.4 —29 0.081
and an anisotropy of 38 ppm. The calculated shielding for the RHF -1.8 -3.3 0.075
C-6 site of penicillin-V is 119.4 ppm (experimental shift61.1 B3LYP -11 —2.1 0.051
ppm). The difference in the calculated shieldings between the 3-methyl F?ﬁl):t 3115 223? _Odoffe
C-6 sites of penicillin-V and ampicillin compares fairly well B3LYP 43 42 0.074
with experiment. This excellent agreement, however, is only » expt ~14.8 ~13.2 —~0.339
fortuitous. As in the aromatic carbons, the ab initio calculations RHF -17.0 -9.6 —0.556
B3LYP —16.3 —-7.2 —0.517

fail to predict the relative ordering of sites in terms of shielding.
For example, the calculations suggest that in ampicillin C-5is  aThis work.? Experimental data taken from ref SThe above
more shielded than C-2 by about 7 ppm when the experiment differences were obtained by subtracting a given CSA parameter of
indicates that C-2 is more shielded compared to C-5 (by about ampicillin (Table 4) from its corresponding parameter in penicillin-V
0.5 ppm). After closely examining the CSA parameters for these (Table 3).¢ See text for definitions.
sites, no obvious trend in the discrepancies is evident. Thus, it
is very likely that the poor prediction of the isotropic shieldings likewise nicely reproduces the differences in the shielding caused
for these sites may be due to the quality of the structure by the change in ring conformation, indicating that the confor-
employed in the computation. C-2 is the only site of this kind Mational dependence of tHEC shielding tensors is already
whose tensor has been measured for both penicillin-v and accounted for at the Hartre€ock level of theory.
ampicillin. In qualitative agreement with experiment, calcula-  Future studies will focus on the specific factor(s) responsible
tions show that the anisotropy of the C-2 shielding tensor is for the**C shielding trends irfi-lactam antibiotics. Since only
16.3 ppm lower in penicillin-V than in ampicillin. Experimen-  two of these antibiotics have theffC shielding tensors fully
tally, the skew for this site also dramatically changes from charactt_enz_ed, additional data will be required in order to draw
penicillin-V to ampicillin, which is nicely reproduced by this ~9eneralizations.
theoretical work. Thus, although not perfect, ab initio calcula-
tions can assist in investigating the effect of the ring conforma-
tion on thel®C shielding tensor. One trend worth noting is that, This work examined the use of present shielding computa-
unlike in unsaturated carbons (aromatic and carbonyl), inclusion tional methodologies in understanding shielding tensors of
of electron correlation increases the span of shielding tensorscarhon sites in the antibiotics penicillin-V and ampicillin. Upon
in saturated carbons. In addition, the isotropic shielding for these evaluation of trends seen for each type of carbon site in these
sites changes significantly upon inclusion of electron correlation. molecules, insights on the limitations as well as the capabilities
Methyl Substituents (2o, 248). These sites are of great of ab initio calculations of NMR shieldings are drawn. For
interest since their isotropic chemical shifts display a strong example, it is evident that electron correlation affects the
correlation with the conformation of the thiazolidine ring. principal components of the shielding tensor differently. The
Similar to the saturated carbons in the heterocycles, B3LYP calculations also support the recent reassignment of the methyl
also produces a higher anisotropy and span than RHF does. Alsofesonances in ampicillin. Ab initio calculations have not yet
as for the rest of the carbons, B3LYP values are closer to reached the accuracy required to correctly asSignesonances.
experiment. The anisotropy is smallest for methyl groups, but However, using the full tensor information as summarized by
B3LYP seems to be able to predict the anisotropy and spanthe anisotropy, span, and skew, in addition to the isotropic value,
within 2 ppm or less (about 5% of experimental value). The ab initio calculations can provide valuable assistance in assigning
excellent agreement seen between the calculated and experisideband manifolds and powder patterns in solid state NMR
mental shielding tensor components provides confidence in theSpectroscopy.
calculated isotropic chemical shifts. Therefore, based on both
RHF and B3LYP results, the changes made by Antzutkin et Acknowledgment. This work was supported in part by a
al5 on the previous assignments of the methy| resonances OfCAREER Award from the National Science Foundation under

Clayden et af. are correct. Furthermore, as speculated by Grant No. CHE-9874424. Acknowledgment is made to the
Antzutkin et a|? the aniso[ropy and span are essen[ia"y donors of the Petroleum Research Fund, administered by the

Conclusions

preserved between penicillin-V and ampicillin.

The conformation of the thiazolidine ring can be expected to
influence the shielding tensors of C-2, C-3, C-5, C-6, C-7, C-11,
and the methyl groups. In Table 6, the differences between the
CSA parameters of C-2 and the methyl groups of the two
antibiotics are shown. The values pertaining to C-7 and C-11

American Chemical Society, for partial support of this research.
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