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Abstract--Optical rotatory properties of models of 6aminopenicillanic acid (6-APA) as obtained from earlier 
molecular orbital and rotatory strength calculations are corroborated by new CD data for 6-APA. The new spectra 
extend down to 180 nm, revealing a positive Cotton effect near 185 nm due 10 carbonyl n -+ ,* transitions. The pH 
sensitivity of the optical a&vity of the p-lactam amide T -) n* and the 203-nm n + ?y* transitions is explainable in 
terms of electrostatic effects and orbital interactions present in cr-aminoketones and Cmembered rings which tend lo 
flatten out the NH, group. These same interactions are responsible for the unusually low p& of 4.75 for the amino 
group; (the carboxyl group of CAP A has a normal pK, of 2.5). ne previous calculational procedures are extended to 
the sulfoxides of &APA, and the predicted CD spectraare compared lo new experimental curves and also lo available 
data for penicillin sulfoxides. The MO’s associated with the principal bands are illustrated with the aid of electron 
density maps. The positive Cotton effect observed and calculated near 23Onm is due lo two charge transfer 
transitions within the asymmetric penam nucleus. Similar lo the situation with the unoxidized penams, the sulfoxide 
of 6-APA displays a very low PK. for the amino group (3.8) and a change toward a less positive CD band at 202 nm 
upon proton&on of this group 

Molecular orbital (MO) calculations on the electronic 
structure of penicillin sulfoxides have not previously been 
described in the literature. These compounds are impor- 
tant in the chemistry of /34actam antibiotics.’ Earlier, the 
electronic structure* and chiroptical properties’ of the 
bicyclic penicillin nucleus, penam, were investigated 
calculationally. Quite reasonable agreement between 
theory and experiment was achieved. Also, something is 
known about the electronic structure of sulfoxides of 
simple model compounds.“.6 It is the purpose of this paper 
to extend our MO and chiroptical studies to rather 
complex sulfoxides, namely, the penam sulfoxides. 

We will lx presenting new experimental UV ab- 
sorption, CD, and pK. data for the parent penicillin 
structure, 6-aminopenicillanic acid (6-APA, 1). Whereas 
previous spectra of this compound and other penicillins 

have been for A 3 I95 nm, our results extend the spectra 
down to 180 nm and allow a previously unobserved band 
to be detected. One of the pK.‘s of 6-APA is rather 
unusual, although not much note of it seems to have been 
made in the literature. A very nice explanation for this 
pK. and for the pH sensitivity of the spectral properties is 
afforded by the MO results because both stem from 

+Paper VI of the series “Electronic Structures of Cephalosporins 
and Penicillins” (see Ref. I for Part V), and paper XIII of the series 
“Mapping Electron Density in Molecules” (see Ref. 2 for Part XII). 

special orbital interactions between the amino group and 
the /34actam CO group. 

The same calculational method which works well in 
predicting the electronic structure of penams will be 
applied to the penam sulfoxides. Several conformational 
and configurational variables will be examined. The 
calculational results, along with earlier experimental CD 
data on penicillin sulfoxides, will be compared to UV and 
CD measurements on an authentic sample of the /3 
sulfoxide of 6-APA, 6-APA (S)-sulfoxide (2). 
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Mutual agreement for the characteristic 230-nm CD 
band is obtained. The orbitals responsible for this and 
other optically active transitions will be shown with 
electron density maps. These orbitals can also be 
expected to play a role in the chemistry of the penicillin 
sulfoxides. 

FXPERIMEhTAL 

'he MO method employed earlier, that is, the extended Hilckel 
(EH) method,‘d is applied lo the penam sulfoxides. Orbital and 
other parameters for- this method are identical lo those used 
before.‘.’ The LCAO-MO coefficients for the high-lying tilled and 
low-lying empty MO’s are used along with the% eigenvalues, 6. 
and the virtual orbital approximation lo evaluate the spectral 
properties. These include the excitation energies in wavelength A, 
the reduced rotatory strengths [RI, dipole strengths D, 
dissymmetry factors g, and oscillator strengths f for each 
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transition. Transition moment integrdk are fully evaluated 
between all the Slater-type orbital basis functions. The rotatory 
strengths and transition energies can be combined with an 
assumption of gaussian-shaped bands to compute molar ellip- 
ticities. Definitions of these quantities and other details of the 
procedure for our quantum mechanical computer experiments can 
be found elsewhere.“’ Based on our previous experience, an 
exponential half-width band parameter 6 of 20 nm works well for 
penams and will be used here loo. 

Molecular geometries for the EH calculations on the model 
penam sulfoxides are based on those previously employed for 
penam.’ The only new feature is the addition of oxygen to either 
the Q or p face of sulfur to make, respectively, the R(3) or S(4) 
sulfoxide. The oxygen is positioned’ with an S-O bond lengtu of 
1.47 A and C-S-O bond angles of 106”. EH calculations were done 

H H H ; 

c,,- 
3 4 

forboththezwitterionicand unionized (6-NH?,3-COOH)formsof3 
and 4. However, in the interest of saving computer time, the 
chiroptical calculations were done on only the zwitterions, since 
these are more relevant to the physically observed forms. Two 
envelope-type conformations of the j-membered ring in penam 
were considered: one with the 3a-COO axial (ax.), and the other 
with it equatorial (eq.). In light of earlier experience’ indicating 
little effect of rotation of the plane of the carboxyl group about the 
C-COO bond, this structural variable was held fixed (at a 
crystallographically observed dihedral angle that we have 
denoted’ 0”). 

Electron density maps were computed for the three highest 
occupied MO’s of one of the penam model structures, 6-NHr3a- 
COOH (@, ax.)-penam (S)-sulfoxide. The EH LCAO-MO 
coefficients? C,, and Slater-type basis function x,, enter in the 
calculation of density according 10 D(r) = 2I,,“C,,C,,X,(r)X,(r) 
for density at points c in selected planes through the molecule.” 
We will be plotting density of the MO’s, rather than the MO’s 
themselves, so that the phase” of each region of the MO will not 
be shown in the figures. The phase of the various lobes separated 
by nodal surfaces may, however, be deduced from the C,, which 
we will be tabulating. 

Additional computer experiments using the new MINDO/3 MO 
method” were carried out to determine the optimized geometries 
and conformational energies for the three H,N-C rotamers of a 
simplified p-lactam model, I-CH,-3-NH,-azetidin-2_one, 5. The 

+It is of interest lo note that no deorthogonalization step is 
necessary, of course, when one is working with EH MO’s because 
the nonorthogonality of the basis functions is accounted for in the 
normalization of the wavefunctions. However, when working with 
neglect+fdifferential-overlap wavefunctions this step is essential 
for obtaining valid density maps (Ref. 10) and is part of the 
computational procedure employed in our programs (Refs. 2 and 
II). 

SThe computer program for the MINDO/3 calculations is one 
adapted by D. B. Boyd to incorporate additional new input/output 
options and to be more efficient. It is based on the IBM double 
precision FORTRAN version by M. L. Olson, which, in turn, is 
based on QCPE 279 by M. J. S. &war, H. Metiu, P. J. Student, A. 
Brown, R. C. Bingham, D. H. Lo, C. A. Ramsden, H. Kollmar, P. 
Weiner and P. K. Bischof. QCPE 279 and 309 are available from 
the Quantum Chemistry Program Exchange, Indiana University, 
Bloomington, IN 47401, U.S.A. 

ST.-S. Chou. unpublished work. 
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geometrical parameters (bond lengths, bond angles and dihedral 
anples) were taken from the standardized fi-lactam values.” 
Hydrogens were added with standard bond lengths and angles,:’ 
and the N-methyl group was positioned with N+ZH, 1.43 A, 
C,N,-C l3T. and O=CrNI-C dihedral angle 0” (cis). The amino 
hydrogen positions were optimized for the three rotamers. 
Standard MINDO/3 proceduret and parameters’% were employed. 

The compounds &APA and 6-APA ,¶-sulfoxide were obtained 
within LilIy Research Laboratories. The absolute configuration of 
the sulfoxide, i.e. S rather than R, was certain. owing to the 
synthetic route of oxidation.8 Subsequent reactions using the 
sulfoxide also proceeded as expected for the ,9 rather than the a 
sulfoxide. Purity of the samples was very high (-99%) as 
determined by 100 MHz NMR and potentiometric titration. 

The pK.‘s and pH’s of the compounds in aqueous solution were 
determined with a Lilly-built automatic titrator, which utilizes a 
Corning Model I2 research pH meter. UV absorption measure- 
ments were run on a thoroughly NI purged Cary 1 l8CX using an 6 
data display mode. The reference cell and baseline runs were 
made with aqueous solvent of exactly the same composition and 
pH as used in the penam solutions. The CD spectra were run on a 
modified JASCO J-IOAS circular dichrometer with data displayed 
in the Ar mode. Dried d-IO-camphor-sulfonic acid (Eastman 
Organic Chemicals). for which A+,= 2.357. was used for 
calibration! Spectral measurements were made at ambient 
temperature on 0.34-0.45 mg/ml aqueous solutions in 0.05 and 
1 cm cells. The pH’s were either buffered (e.g. IO-’ M phosphate) 
or were sufficiently stable within the pH region of interest so as to 
define the ionization state. The experiments were designed to 
avoid serious decomposition problems. Checks on the samples 
indicated that this was mostly successful with the most serious 
problem occurring in the 0.1 M HCIO, &APA p sulfoxide 
solution, where decomposition may have lowered the CD peaks 
by only 2-3%. 

RJSL%TS AND DISCUSSION 

Let us begin by examining the pK,, UV absorption, and 
CD data which we have obtained for 6-APA. The results 
confirm and extend what was previously known about this 
compound and also corroborate our previous predictions’ 
about the penam chromophore. 

Titration of 6-APA reveals a fairly normal pK, of 2.5 
for the carboxyl group, but a curiously low pK. of 4.75 for 
the amino group. The pK,‘s of the a-carboxyl group of 
divalent peptides are ordinarily observed in the range 
2.8-3.5, whereas a-amino group pK.‘s of these com- 
pounds are usually in the range 7.2-9.1.” (Later in this 
section we will present an explanation for the low basicity 
of the amino group of 6-APA.) The pK,‘s suggest that 
appropriate pH’s for observing the high pH (6-NHz, 
3-COW), zwitterionic (6-NH,‘, 3-COO ), and low pH 
(6-NH,‘, 3-COOH) forms of 6-APA are 7.35, 3.9 and 1.1, 
respectively. The absorption and CD spectral data at 
these pH’s are given in Fig. 1. 

The absorption spectra of 6-APA at pH’s 3.9 and 7.35 
are not too revealing, but they do show a slight shoulder 
near 205 MI, which is very close to the 2Wnm A,,, 
predicted’ for the /3-lactam amide n+p* transition. A 
relatively high oscillator strength for this transition was 
calculated,’ which is consistent with the strong absorption 
observed in this region (Fig. I). At pH I.1 where the 
carboxy group is almost fully protonated, the absorption 
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Fig. 1. CD and UV absorption spectra of 6-APA in its three ionization states. The solid curves correspond to the 
cation in 0.1 M HCIO, (pH = 1.1): the dashed curve IO the zwitterion (pH 3.9); and the dotted curves to the anion in 
IO-‘ M phosphate buffer @H 7.35). The UV absorption curve of the pH = 3.90 state is not shown because it is very 
similar lo the pH = 7.35 curve, except for a slower increase in the end absorption below 200 nm. Raising the pH above 

7.35 does not alter the pH = 7.35 curve. 

713 

spectrum changes considerably, so that a broad band at 
193nm emerges which is capable of containing both 
carboxyl and /3-lactam amide n-p* transitions. Pro- 
tonation of the carboxyl group thus diminishes the 
intensity in the far UV region where carboxyl ~T+T* 
transitions usually occur. This effect has been previously 
observed, for example, in acetic acid.‘” 

The CD curves in Fig. 1 reveal that at low pH’s, 6-APA 
displays a positive Cotton effect near 230nm and a 
negative Cotton effect at about 203 nm. These extrema 
have been reported before.‘9.20 Our previous calculations’ 
yielded for penam models not only A,., and signs of the 
Cotton effects in good agreement with the observed 
bands, but even the amplitudes were quite reasonably 
predicted (AC - + 12.7 near 236 nm, and Ae = - 12.1 near 
199 nm). The calculations could thus be used to 
confidently assign, in agreement with certain experimental 
deductions, that the first (230nm) CD band arises from 
charge transfer transitions between two occupied MO’s 
localized in the S-membered ring on S and N (called S n 
and S-NT) and the empty, p-lactam amide 7~* orbital. 
The second band (203 nm) is associated with the p-lactam 
amide n-+a* transition. The CD spectra in Fig. I also 
reveal a third peak which has not been previously 
reported. This positive band near 185 nm almost certainly 
arises from the CO n -+ P* transitions. MO calculations’ 
were not applied to such short wavelengths because the 
virtual orbital approximation becomes less valid for the 
higher energy transitions and because the lower energy, 
occupied MO’s are delocalized over many atoms and are 
not clearly identifiable as part of a specific functionality. 

The CD spectrum for the high pH form of 6-APA (Fig. 
I) differs in the nature of the second and third Cotton 
effects from those for the other two ionic forms. Whereas 
the second Cotton effects in the latter are strong and 
negative, the high pH form, which has an unprotonated 
amino group, shows a positive shoulder at about 210 nm. 
The third Cotton effect (the one due to the in-* ?r* 
transitions presumably) is strongly positive for the NH?’ 
forms of 6-APA, but is only weakly positive for the NH2 
form. We can ask the question why does protonation of 
the amino group affect so greatly the bands arising from 
the /3-lactam carbonyl group. We can answer this question 

TETRA VOL 33 NO. 7-C 

and the question about the low pK, of the amino group at 
the same time. 

The amino group and CO group of the /3-lactam ring of 
6APA are suitably situated spatially for orbital interac- 
tion effects reminiscent of those that have been noted in 
simpler model structures. In particular, we are interested 
in interactions of the lone-pair orbital on the amino 
nitrogen and the orbitals of the Cmembered ring and the 
CO group. For instance, the lowest empty orbitals of 
cyclobutane,” which are the ones appropriate for 
interaction with a n electron-donating substituent like 
NH>, can overlap better in a symmetry-allowed way with 
the NH2 n orbital when the NH] is oriented in what has 
been called” the bisected conformation 6, rather than the 
twisted conformation 7. In addition to this interaction and 
probably considerably more important. is the interaction 

-a, - \ 
tl 

6 7 

between the COT* orbital and the amino lone-pair orbital. 
This type of interaction has been studied in the 
u-substituted ketone? and is known to affect the 
electronic spectra of a-halo ketones.” The origin of this 
effect can be understood in terms of various concepts, 
including hyperconjugation (8) and orbital overlap and 
symmetry arguments.*‘.” These latter show that the NH? 

HzN 
x 

HpN+ 

Ll - II 
+y- .- 
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n orbital prefers to point away from the carbonyl oxygen, 
but be coplanar with it. For instance, ob initio STO-3G 
calculations22 establish that the preferred conformation of 
a-aminoacetaldehyde is 9. 
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We can demonstrate that similar, but slightly different, 
orbital effects are operative in the penam system. 
MIND0/3 MO calculations were done on the three 
rotational isomers of 5. These are shown in 10, 11 and 12, 
which are Newman projections looking down the N-C, 

10 11 12 

bond of 5. The energies obtained by optimizing the amino 
hydrogen positions for these rotamers show that 11 is 
most stable, 12 is less stable by 0.6 kcal/mole, and 10 is 
least stable (2.1 kcal/mole less stable than 11). Thus, the 
rotamer with the axis of the amino lone-pair orbital 
roughly parallel to the GO bond is most stable, and the 
rotamer with the axis antiparallel to this bond (so that the 
orbital lobe on the backside of the lone-pair is directed 
toward the GO) is second most stable. The reason we 
believe that 11 and 12 are most stable is that these allow 
the strongest interactions between the lobes of the NH2 n 
orbital and the carbonyl r* orbital. Note also that 11 and 
12 are well suited for interaction of the NH2 n orbital with 
the low-lying empty cyclobutane-type orbitals because 
the NH1 group is approximately in the bisected ar- 
rangement. 

Pertinent to understanding the CD and pK, data of 
6-APA, the MINDO/3 wavefunctions of 5 show that the 
amino N2p atomic orbital (AO) character in the empty 
amide n* MO is smallest for 10, increases in 11, and is 
biggest in 12. This orbital mixing has the effect of 
delocalizing to a small extent the amino lone-pair 
electrons, so that electron density is drained away from 
the amino group into the C=O region. The spatial 
arrangement for the NH, n*..amide n* interaction is 
depicted in 13 for 11 and 12. Note that this spatial 
arrangement differs from that in acyclic a-aminoketones, 
such as a-aminoacetaldehyde or glycine, because the NH2 
group is situated out of the plane of the CO group. The 

13 

thfullikeo oet atomic charges computed from the EH wave- 
functions are -0.99 to - 1.00 on the sulfoxide oxygen and +0.94 to 
+O.% on sulfur, depending on the conformer. 

MINDO/3 MO’s also show considerable amino nitrogen 
A0 character in the top three filled orbitals (which include 
the amide n and ?r orbitals). 

Reduced electron density on the amino nitrogen, which 
can be associated with its basicity, is seen in the 
MINDO/3 net atomic charges: -0.1716 in 10, -0.1507 in 
11 and -0.1656 in 12. Reduced negative charge in the 
more stable rotamers can be rationalized in terms of the 
orbital interactions, as well as in terms of hypercon- 
jugation 8. Still another qualitative explanation can be 
cast in terms of Bent’s orbital hybridization arguments.” 
The electrons in the NH, n orbital will prefer to be as 
close as possible to the positively charged CO carbon 
because of electrostatic attraction. The negative charge 
can get closer if the lone-pair hybrid has more N2p A0 
character. This leaves the N-R bonds with more N2s 
character, so that the nitrogen will be less pyramidal. 

Whatever the rationale, the amino group of 6-APA is 
expected to have reduced electron density which should 
show up as a flattening of the amino group in the more 
abundant rotational isomers. Indeed, in the model 
structure 5, the MIND0/3 optimized NH* geometries 
have the two C-N-H bond angles at 111” and 115” in 11 
and 12, whereas they are both 1 I I” in 10 and only 104” in 
NH,. In terms of the dihedral angle necessary to twist one 
H of the HIN-R group into the other’s position, the values 
are 120” in 12 and 118” in 11 uersus 116” in 10 and IO!?’ in 
NHI. Thus, the NH2 group of 6-APA will definitely be 
slightly less pyramidal in its more stable rotamers than 
ordinary amino groups. 

As we have stated, the same orbital effects which result 
in the intriguing pK. and geometrical features of bAPA 
also contribute to the properties of the CD bands for the 
/3-lactam amide n+ r* and n + r* transitions. One other 
factor which should not be overlooked in interpreting the 
CD spectra is the redistribution of the static charge 
around the amide group upon protonation of the proximal 
&amino group of 6-APA. An asymmetric static charge 
distribution results in rotatory strength by the one- 
electron (Condon, Altar and Eyring) mechanism.‘” By this 
mechanism the n-* n* and n--, r* fl-lactam amide 
transitions develop into equal, but oppositely signed, 
rotatory strengths. Because such a couplet is apparent in 
the low pH curves of Fig. 1, the one-electron mechanism 
does seem to be important. Moreover, this interpretation 
lends further support to the assignments of these two 
bands that we have given above. 

Having now compared the experimental and theoretical 
electronic spectra of 6-APA and shown them to be 
harmonious, let us next consider the penam sulfoxides. 
Experimental UV and CD data on the sulfoxides of 
6-APA have not been available previously. Our spectra 
for 2 are presented in Fig. 2. They have been collected at 
pH’s 1.1, 3.23 and 6.1 because titration reveals that the 
PK. of the carboxyl group is below 2.5 (probably 1X-2.0) 
and the pK. of the amino group is 3.8. Thus, the pK.‘s for 
these groups are even lower in 2 than in 1. The low pK. of 
the amino group in 2 is most likely due to an enhancement 
of the orbital interactions we have already discussed for 
6-APA. The low pK, of the carboxyl group presumably 
stems from the electrostatic field effect? of the S--O- 
dipole.? 

In Fig. 2, one observes that the UV curves for the 
various ionic states of &AP A (S)-sulfoxide 2 are quite 
similar to those for the unoxidized peoam (Fig. 1). The 
dependence of the absorption on pH is also similar. The 
UV in Fig. 2 does show a slightly more pronounced 
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shoulder near 225~1. The CD curves of the penam 
sulfoxide in Fig. 2 show the characteristic 230-MI, 
positive (AC = + 12.6 to + 13.8, depending on pH) Cotton 
effect to be very similar to that seen in Fig. 1. Whereas the 
second CD band near 200nm is a trough in the low pH 
forms and a positive shoulder in the high pH form of 
6-.4PA, the second Cotton effect of the /3 sulfoxide is 
positive, in fact, very positive at all pH’s. One con- 
sistency, however, between the spectra of the unoxidized 
and oxidized 6-APA’s is that in both cases the second 
Cotton effect becomes more positive (less negative) in 
going from the low to the high pH forms. One final 
comment about Fig. 2 is that, as noted in its caption, there 
may be an extremely weak and poorly defined, positive 
CD band in the 275-305 nm region. Whether this is a real 
transition of 2, such as a transition of the sulfoxide 
chromophore (see below), or is simply due to a trace of 
impurity (the sample of 2 was slightly yellow) cannot be 
established at present. 

Our experimental CD data on the penam sulfoxide can 
be compared to data available on the sulfoxides of 
penicillins. It has been previously pointed out that 
acylation of the amino group does not seem to drastically 
affect the characteristic 230-nm penam transition.‘.‘V.20 
Published CD spectra of phenoxymethyl penicillin 
sulfoxide have only covered the region 210-260.” In this 
region there appears the strong, positive Cotton effect at 
227-228 nm (& = +7.l to - 10.3, depending on solvent). 
Note that this band is very similar in wavelength and 
intensity to the first Cotton effect of the corresponding 
penicillin (Ama, = 233-237, & = + 7.3 to + 10.9),” and it is 
also quite similar to what we obtain for the fi sulfoxide of 
6-APA (Fig. 2). There is also a good deal of preliminary 
UV and CD data on penicillin sulfoxides (both (R) and (S)) 
which extend to other wave1engths.t These data may be 
roughly summarized as follows. The a-face (R)-sul- 
foxides give absorption spectra with a broad, low 
intensity band at about 283 nm, a shoulder in the 230 nm 
region, and a strong peak near 200 nm. The CD spectra of 
the (R)-sulfoxides are dominated by a very strong, 
positive Cotton effect near 200nm and a less, but still 
strong peak near 230 nm; there are also a weak trough in 
the 255-265 nm region and a still weaker negative Cotton 
effect near 285 nm. The p-face (S)-sulfoxides of penicillin 
absorb weakly near 272 nm and strongly near 207 nm with 
a slight shoulder in the vicinity of 230 nm. The CD spectra 
of the (S)-sulfoxides, as with the (R)-sulfoxides, are 
characterized by a very strong, positive Cotton effect near 
202 nm and a secondary strong peak near 230; other 
extrema are a trough in the 255-265 nm region and a peak 
near 285 nm, both of which are relatively very weak. 
Thus, one qualitative difference between the (R)- and 
(Stsulfoxides seems to be that the rotatory strength is 
negative in the 280-290 nm region in the former, but is 
positive in the latter. Except for the long wavelength 
275-305 nm region, where our 6-APA (S)-sulfoxide 
spectra are inconclusive, the CD curves for the penicillin 
sulfoxides resemble quite closely the curves in Fig. 2. 

The theoretically calculated CD spectra of the penam 
sulfoxide models 3 and 4 are shown in Figs. 3 and 4. The 
(R)-sulfoxides (Fig. 3) give a weak, negative Cotton effect 
at 266-268 nm, a strong, positive extremum at 230- 
235 nm, and a negative band slightly below 200nm. 

th4. M. Marsh, unpublished work; R. D. Miller, unpublished 
work. 
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Fig. 2. CD and UV absorption spectra of CAPA (SWfoxide. 
The solid curves correspond to the 0. I M HCIO, (pH = 1.1) 
aqueous solution, where tlO-90% of the compound is in the 
cationic form; and the dotted curves to the unbuffered solution 
(pH 6.146). where more than 99% of the compound is in the 
anionic form. Not shown are the curves for the unbuffered 
pH = 3.23 solution, where the composition is roughly 800/c 
zwitterion and 20% anion; the CD curve at pH = 3.23 is very 
similar lo that of the cation, except for a positive minimum at 
187 MI instead of the cation’s negative band; the UV absorption 
curve at pH 3.23 is similar to that of the anion. In all three pH’s 
where the spectra were measured, there is also very weak, 
positive amplitude (Aa less than +0.02) in the region 275-305 nm. 

-80 i 
200 210 210 230 240 250 260 210 280 

xlnml 

Fig. 3. Predicted CD spectra of 6-NH,‘-3cr-CO@-penam (R)- 
sulfoxides. The solid curve corresponds to the conformer with the 
carboxyl group axial; the dashed curve to the equatorial 
conformer. Both curves were computed with a half-bandwidth 
parameter of 2Onm using the 10 lowest energy transitions. The 
difference in extinction coefficients for left and right circularly 
polarized light is related to molar ellipticity by 96 = [0]/32!%, 
where Ac is in 1. mole ‘cm ’ and [0] is expressed in 

degcm’dmol-‘. 

Flipping the penam model 3 between carboxyl-axial and 
equatorial conformers does not greatly alter the spectrum, 
although the first and third bands are slightly weakened at 
the expense of the second in the equatorial form. The 
(S)-sulfoxides (Fig. 4) do not show a negative extremum at 
long wavelengths, but the positive Cotton effect near 
235 nm and the negative Cotton effect at about 200 nm are 
similar to those for the (R)-sulfoxides. In the (S)- 
sulfoxides. the 230-nm band is predicted to become 
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Table 1. Calculated spectral properties for the ten lowest energy transitions of 6-NH,‘-3-C00m(ax.,0”)_pe~ 
CR)-sulfoxide” 

Transition x [RI lgl D P 

1 (29-30) 259.3 -28.92 0.0068 1.569,~ 0.0284 

2 (29-31) 247.7 -26.66 o. 0~64 1.5417 0.0293 

3 (28-30) 244.2 26.44 O.OlPl C.@?lj 0.016E 

4 (26-31) 233.9 @8.C2 0.0120 2.7238 C.C548 

5 (27-30) 220.5 -9.7o 0.0002 15.1426 0.3229 

6 (27-31) 2L2.0 -1z.62 0.0028 1.6771 0.0372 

7 (29-32) 208.9 6.47 o.co17 i. 8849 O.C424 

8 (26-30) 206.4 36.33 o.cocg 15.1737 0.3457 

9 (28-32) I99.0 -123.32 0.01ge 2.3062 3.0545 

10 (26-31) 198.9 -12.49 0.0020 ;.3265 c.c55c 

'units RI-~ "n for unvelength A, lOO.Debye.Bohr magnetons/molecu~e 

for the reduced rotatory strength [I??, 1O-3s esz'*cm2/molecule for 

dlpoie strength D, and dileensioniess for the dissymmetry factor g 

and the osclllntor strength f. 

Table 2. EH eigenvalues and MO’s of &NH,‘-3COO‘(ax.. On)-penam (Rbulfoxide’ 

MO e,ev Lnrge LCAO-MO Coefficie"tsb Mnemonic 

26 - 5.65 +0.45(S13Px)-O.42(S1)d,2) 

+0.44(S~Jd,,)+o.32(S,jd*2_,p) SJd' 

27 - 6. 04 +o.~~(S~~P,)+O.~~(SI~P~) 

+c.32(S~Jd,~)+o.53(S,)dX2-,2) 

-c.33(S13d~z)+c.Jc(0~~2~~) S3d 

28 (NLEMO) - 6.58 -0.35(N12p,)+0.E2(C72p,) 

-o.32(c,2py)-c.46(0,2px) amide .r* 

29 (LEMO) - 6.88 -c.3WC, "~P,)-O.~~(CI"~P,) 

+0.42(0~~2p,)+c.36(01~2~~) carboxyi n* 

30 (HOMO) -11.66 +o.44(S~3PZ)+o.27(S13P~~ 

-0.41(~,3~~)-o.36(0,,2~z) 

+0.29(01Gp~) s-o n 

31 (NHOMO) -11.89 +0.28(~,2p,)-0.46(N,2p~) 

+0.25(~~2p,)-o.26(0~2~~) 

+o.2e(01]2py) amide N n 

32 (NNHOHO) -12.82 -0.33(N~2px)+c.37(Ce2~~) 

+o.4-f(082P,)-c.34(o,2Py) 

-0.25(0,,2py) nmide n 

'(1 sulf"wide show" in 1; the right-handed coordinate system hn6 NI 

at the origin, C, on the +Z axis, nnd C2 in the ++ quadrant of the 

xz plnne. 

bLEMO abbreviates lowest empty MO, 

nnd AN next to the next; see Ref. 

weaker, rather than stronger, when the molecule flips to 
the carboxyl equatorial conformer. 

The prediction of a positive Cotton effect near 230 nm is 
in excellent agreement with the observed spectral data 
summarized above. We compute Ac to be + 10.4 to + 18.4 
for this band depending on the penam conformation and 
sulfoxide configuration. Experimentally, it is +7.1 to 
+ 13.8, depending on the compound. One wonders if it is 
valid to associate the weak, negative band predicted near 

HOMO highest occupied MO, N next, 

1 or 4 for "otatio". 

270nm for the (R)-sulfoxide models and the broad, 
positive tail predicted in this region for the carboxyl- 
equatorial, (S)-sulfoxide model with the weak, long 
wavelength (280-290nm) negative and positive bands, 
respectively, observed in the penicillin sulfoxides. The 
calculations appear to be yielding the A,,. for these 
transitions slightly blue shifted, but the signs of the bands 
are at least consistent with experiment. On the other hand, 
the deep trough (AC = -7.6 to - 12.3) predicted near 
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ilnm) 

Fig. 4. Predicted CD spectra of 6-NH,‘-3a-COO--penam (S)_ 
sulfoxides. The solid curve (carboxyl-axial conformer) and dashed 
curve (carboxyl-equatorial conformer) were computed as in Fig. 3. 

200 nm contrasts with the distinctly positive Cotton effect 
seen experimentally at 203 nm. This discrepancy reflects 
on the reliability of the approximate nature of our 
calculations to predict the sign of the /%ctam amide 
n + n* transition satisfactorily. In any case, the prediction 
of the characteristic 230 nm CD band by our calculations 
is encouraging, and we will next discuss our calculational 
results in more detail. 

Calculated spectral properties for two of our more 
stable penam sulfoxide models are presented in Tables 1 
and 3, and the corresponding EH MO’s are summarized in 
Tables 2 and 4. It can be seen in the Tables that the main 
contribution to molar ellipticity in the 270nm region 
comes from exciting an electron out of the highest 
occupied MO into the lowest empty one (based on the 

Table 3. Calculated spectral properties for the ten lowest energy transitions of 6-NH,‘-3X00 (eq., @penam 

(Sks&oxide 

Transition A [RI 161 D f 

1 (29-30) 254. i 19.89 0. co50 1.4802 0.0274 

2 (29-31) i4e. 1 -4.62 0. 0009 1.9406 o. 0360 

3 (28-30) 237.5 40.68 0.0204 0.7408 0.0147 

4 (28-31) 23?. 2 51.41 0.0083 2.2857 0.0463 

5 (29-32) 213.9 7.26 0.0025 1.0068 0.0239 

6 (27-3c) 713.0 -13.52 0.0004 11.2070 0.2474 

7 (27-31) 206.7 48.66 0.0035 5.1931 0.1170 

8 (26-30) 205.3 -40.55 0.0013 11.3189 0.2593 

9 (28-32) 102.0 .109.42 - 0.0164 2.1619 0.0503 

10 (26-31) 2Oi. 3 38.80 0.0039 3.7215 0.0869 

Table 4. EH eigenvalues and MO’s of 6-NH,‘-3-COW(eq., O”)-penam (S>sulfoxide” 

MO c,ev Large LCPO-MO Coefficients Mnemonic 

26 - 5.77 +o.41(S13Px)-0.37(S13d~~) 

+0.45(Sl3d,,)+C.27(SIjdX2-,2) 

+o.F5(S13dyz) SJd' 

27 - 5.98 +0.25(S,3px)-o.52(S,3~y) 

+o.31(S13d,>)+o.43(S~3dxz_yz) 

-0.E9(S~3dyz)f~.40(SIJdxy) 

-o.25( o,,2py) s3d 

28 - 6.59 -0.34(~~2~,)+0.82(~,2~~~ 

-0.3l(c,fp~)-O.~6(0~2~~) amide Y.* 

29 (LEHO) - 6.93 +0.31(~~02p,)+o.56(c1~,2~~) 

.o.55(c102Py)-".3C(ol,fPx) 

-0.29(0,,2py)-o.f7(0~=2px) 

-o.27(0,>2py ) carboxyl n+ 

30 (AOMO) -11.81 -0.46(~,3p,)+~.Jl(N,2~~) 

+C.37(0>32~,) s-o n 

31 -11.92 -0.43(S,3p,)-o.25(c,2~,) 

-0.&0(N12py)+0. 34(0132pz) S-N n 

32 -12.72 -o.35(Nr2px)+o.35(c.2p,) 

+0.43(0,2p,)-o.37(0,2Py~ amide n 

413-sulfoxide shown in it; the sazne coordinnte system e..6 described In 

Tnble 2 is used. 
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virtual orbital approximation). The LEMO has carboxyl 
n* character. The HOMO is seen in Tables 2 and 4 and 
Fig. 5 to have lone-pair character localized on the S-O 
moiety. The S-O n MO can be described as the 
antibonding combination of the free lone-pair lobe on the 
sulfur and the coplanar, Zp-like lobes on oxygen. This 
shape is similar to the ones described for simpler 
sulfoxides.‘.6 We find that the rotatory strength of our 
longest wavelength transition is negative in the (R)- 
sulfoxide models and it becomes less negative or positive 
in the models with the sulfoxide oxygen in the S 
contiguration. 

The positive Cotton effect near 230nm arises mainly 
from the transitions labeled amide N n + amide ?r* (Table 
2) or S-N n + amide P* (Table 4). The S-O n + amide n* 
transition also contributes a significant amount of positive 
rotatory strength to this characteristic penam band. 

Rather than being a localized sulfur n+a* transition,” 
these excitations involve intramolecular charge transfer 
involving the sulfur and amide portions of the molecule. 
The charge transfer nature of the transitions is similar to 
that for the S-N n +amide rr* and S n+amide r* 
transitions in unoxidized penams.‘.** One difference, 
however, is that in the sulfoxides, the S-O n MO (Fig. 5) 
acts as one of the electron donor orbitals. Another 
difference is that the other donor orbital (the next highest 
occupied MO) is localized on the p-lactam N depending 
on the extent to which other AO’s, especially the ones on 
sulfur, can mix in. In the Q sulfoxides, the free lone-pair 
lobe on sulfur must point “up”, so that it cannot mix well 
with the lone-pair lobes on the p-lactam N which is 
directed “down” (see 14). In fact, the LCAO-MO 
coefficients of the NHOMO in Table 2 show no significant 
contribution from the sulfur orbitals. Hence we use the 
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Fig. 5. Electron density map of the HOMO (MO 30) of 7-NH*-3a-COOH-penam (S)-sulfoxide from EH calculations. 
This view shows the density in the plane through S,, O,,, and C,; S, lies near the center of the map, O,, connected to 
it by the solid line, and C, at the upper right. The fi face of this p sulfoxide is toward the bottom of the figure. In this 
and subsequent maps, positions or projections of positions of nuclei on the plane of the map are denoted by asterisks, 
and projections of internuclear axes are shown as dashed lines. The maps cover 4.8 x 4.8 8, and have contours labeled 
T for 0.09, S for 0.009, and R for O.ooo9 e/bow. Some of the contours appear fused or discontinuous, but this is merely 
an artifact of the limited resolution of the computer printer. Nodal surfaces between the orbital lobes are not drawn, 
but they generally intersect the plane of the map between the “R” contours of adjacent lobes. The phase of the MO’s 

generally change sign across these nodes. 
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label “amide N n” for the NHOMO in the a sulfoxides. 
On the other hand, in the /3 sulfoxides, the large lobes on 
sulfur and nitrogen point toward the same side (see IS) 
and mix in a bonding fashion. Hence. the label “S-N s”. 

719 

transition. The rotatory strength is very large and negative 
as calculated for the unoxidized penams.’ Although 
apparently wrong for penam sulfoxides, the negative sign 
of the n+n* transition is appropriate for unoxidized 
penams,1y.20 and has also been used to identify the 
stereochemistry of substituted monocyclic /I-lactams.29 In 
the latter connection, it is worthwhile to remark that the 
positive sign of both Cotton effects seen in our spectra for 
the 6-APA /3 sulfoxide (Fig. 2) seems to require a 
refinement of a proposedN lactam rule. 

14 15 

The electron density map of this MO in Fig. 6 shows that 
some amide oxygen character also mixes in, but by 
comparing this electron density map with the one for the 
amide n MO (in Fig. 7). one notes that the qualitative 
appearance of the two is different. Thus, our amide N n and 
amide n MO’s should not be confused, and the 230-nm 
Cotton effect is contributed to by the former, and not the 
latter. The penam MO shapes are not directly comparable 
to those for formamide” because the latter molecule is 
unstrained and has a plane of symmetry. 

The trough in our calculated CD spectra near 200 nm is 
seen in the tables to arise from the /3-lactam amide n+ II* 

Oscillator strengths of the S-O n-empty S3d tran- 
sitions in Tables 1 and 3 are puzzling because of their 
large size. Previous calculations’,4 showed that the 
localized transitions of unoxidized divalent sulfides give 
rise to only rather weak absorptions. The large values for 
the localized sulfoxide transitions are not supported by 
the UV data in Fig. 2. 

We conclude with a few remarks about the con- 
formational energies for the penam sulfoxides that we 
obtain from the EH MO calculations. There is ample 
evidenceD that the penicillin sulfoxides exist preferen- 
tially in a conformation with the 3a substituent in an 
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Fig. 6. Electron density map of the NHOMO (MO 31) of 7-NH*-3a-COOH-penam (Stsulfoxide from EH 
calculations. This view shows the density in the plane through N, and 0, which is perpendicular lo the plane passing 
through N,, CT, and 0,. N, is in the lower center (between the “T’ contours), C, is near the center, and 0, is at the 

upper center of the map. The fi face of the molecule is toward the left. 
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Fig. 7. Electron density maps of the NNHOMO (MO 32) of 7-NH?-3a-COON-penam (S)-sulfoxide from EH 
calculations. This view shows the density computed in the same plane as Fig. 6. 

equatorial position and that the (S)-sulfoxide is more 
stable than the (R)-sulfoxide. The latter finding follows 
from the possibility of intramolecular H-bonding” 
between the 6-acylamido N-H and the p face sulfoxide 
oxygen because the Hee.0 distance can IX about I.9 A. 
EH MO theory works fairly well at representing some 
hydrogen bonding situations, but does poorly at others.“.” 
Of the zwitterionic GAP A sulfoxide models 3 and 4, the 
(R)-sulfoxides are calculated to be more stable by a few 
kcal/mole, thus showing up the inability of the EH method 
to yield a H-bond stabilization here. However, the 
Mulliken overlap population of about 0.015 between the 
sulfoxide 01, and one H on the -NH,’ group and the 
increased positive net atomic charge on that H (+0.23 vs 
+0.21 or +0.22 on the other -NH>’ protons) are indicative 
of some interaction in 4. The thiazolidine ring conforma- 
tion with the 3a-COO- equatorial is predicted to be 
2.5 kcal/mole less stable than the axial conformer in the 
(R)-sulfoxide model, but 1.3 kcal/mole more stable in the 
(S)-sulfoxide. Only the latter result seems to be consistent 
with the data on penicillin sulfoxides.” A theoretical 
method more reliable than the EH method, such as the 
force field method recently developed for sulfoxides and 

applied effectively to 6-membered ring structures,” seems 
to be required to understand the fascinating con- 
formational preferences of penam sulfoxides. 
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Nole added in proof: In an exchange of preprints with H. 
Vanderhaeghe after this paper had been submitted, we became 
aware of CD studies on some novel and very interesting penams, 
penam (R)- and (S)-sulfoxides. and penam sulfones. which had 
been presented by R. Busson, E. Roets,and H. Vanderhaeghe at the 
Symposium on Recent Advances in the Chemistry of p-Lactam 
Antibiotics, Cambridge. England, June 2g-30, 1976. Although they 
did not study 6-APA (S)-sulfoxide, their spectra for other 
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(S)-sulfoxide\ agree quite well qualitatively with ours in Fig. 2. 

Their discovery that the 230nm CD band splits into two 
overlapping bands in some 6asubstituted penams appears to fit 

well with our calculations which have predicted twoclosely-spaced 

transitions contributing to this band. Their data add further support 
IO the conclusmn that the 3-carboxyl group of penams adds little IO 
the CD spectra Although an alternative interpretation of the 203- 
and 230.nm CD bands was given in their preliminary presentation, 
we feel that our data for the amide T + ?T* and n --) s* couplet and 

for the pH-dependence of these bands point toward the plausibility 
of our assignments. Our calculated predictions, while clearly not all 
infallible, do show II is possible IO oxidize the sulfur of penam and 
still not greatly alter the positive CD band at 230nm. II is 

conceivable tha1 in going from the sulfide to the sulfoxide to the 
aulfone that the large changes they ohserved in the 203~nm band are 

due IO the strong electric dipole of the S-O bonds perturbing the 
nearby amide orbitals of the ,9-lactam ring. Also. their 
observations of significant disturbance of the characteristic 230-nm 

band by a ha-Cl substituent on penams suggests that this band. as 
we believe. is not localized on the sulfur functionality. No doubt 

Professor Vanderhaeghe’s forrhcoming data will provide a more 
complete foundation on which IO draw conclusions, and we thank 
him for sharing with us his preprint. 
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