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rotatory properties of S-lactam structwres are calculated using semiempirical Extended Hickel
MCNDOwavdm WMCDMUVWMM:MW
S-epi-1-carbapenam, (5S)-1-azabicycio{3.2.0] heptaa-7-oue, are proposed. This compound lacks the sulfur of a
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proposed between the CD bands of S-epi- S-opi-1-carbapenam and those observed for amother carbocyclic, nonplanar
lactam, 4-azatricyciof4.4.0.0 decan-5-ose. The ongia of the spectroscopically relevaat orbitals of penams, peaam
ﬂo&ﬁ“pﬁu“n-m&hlnmmﬂmmu&

semiempirical methods are eacountored and discussed.

Recent theoretical studies' on penicilling 1 have sug-
gested that the Cotton effect observed® near 203 nm can
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be associated with a transition involving orbitals mainly
localized on the S-lactam amide. At longer wavelengths
nearzwnmthatuapoauveCDhnd(wlmhmm

charge
transfer between and mixing of the sulfide and amide
orbitals. Whereas these assignments are plausibie and fit
the available experimental data, alternate interpretations,
as is often the case in complex amides, are conceivable.
For instance, it has been suggested that the short
waveleagth Cotton effect should be a transition asso-
cisted with sulfur, and the long waveleagth one might be
wammm&eamcbn-or‘
transitions.} Otherfoui:le assignments have beea
summarized before.'
More recontly, awvelmheubhnbeensymhamd
and stodied Mhelpuoehnhe
the assignments. The molecule is (55)-1-azabicy-

tPaper VIII of the series Elsctromic Structures of Cephalos-
porins and Penicillins. For previous papors, see Refs. 1 and 2.

clo{3.2.0}heptan-7-one 2, which will be recognized as a
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Momeavaﬂableﬁomamofmbmmdmcychc
B-hcummhwdtopemcillimwhchhavencenﬂybeen
syuthesized and studied spectropolarimetrically.’
In Light of the continuing interest in the nature of the
chomlpmdﬂ-hehm. extensions of our
carlier theoretical studies are described in this paper.
Molecular orbital and rotatory strength calculations are
preseated for l-carbapenam 3, which is the optical
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isomer of 2 and has the same stereochemistry as natural
penicillins. After taking into account the expected sign
change in the CD bands, noteworthy agreement with the
experimeatal Cotton effects is achieved. Evidence is
found among the new theoretical, as well as experimen-
tal, data for preferring certain assignments over some of

Calculations were also done on monocyclic S-lactams,
N-methyl-38-R-azetidin-2-ones 4, where R is NH, or

NH,". (In4 the conventional azetidin-2-one number system
is used). In penicillins and in 2 or 3, the exocyclic sub-
stituent on the S-lactam nitrogen is forced by the 5-
membered ring to be out of the plane of the S-lactam
The effect of this nonplanarity on the B-actam

on the chiroptical properties was
doing calculations on 4 with the Me group
benttovariousdeumoutoﬂhe
ring. The C;C~N(C;s dibedral
indis tovahmleuthanlwwchtht
thepheeo(themolewlemdmtothﬂp-k

pronounced effect on the CD spectra. Also, the orbitals
of the amide are mixed as shown in a correlation diagram
such that the usual terminology of n and = orbitals, while
still convenient and commonly used, no longer ac-
curately represents the shape of the orbitals. This mixing
of the n and « orbitals is an important point that earlier
papers have not made note of.

The analysis in this paper points out that application of
semiempirical MO methods to spectral problems can be

;
E

EXPERIMENTAL

Atomic coordinates of 3 were determined using the MINDO/3
MO method.® A complete optimiration of all geometrical vari-
ables, except bond lengths and angles to the H's, was carried out.

The B-actam ring of 3 is almost, but not exactly, phnrtbe
S-membered ring is roughly plasar with a CC,-C,C; dihedral
angle of — 7°. The S-lactam nitrogen is pyramidal as indicated by
lheC&-,—N;C,dihednlndeofl”’ and this agrees well with
the 136° found in % Atomic coordimates for the
monocyclic S-lactam 4 are those described previously” aad coc-
respond t0o a blend of standard and MINDO/3-optimized
Mummc,cru.c,mmmwm
180° (planar) to 135° (syn to 38-R) in 15° incremeats.”
Molecular orbitals were computed by the Exteaded Hockel
(ﬂDmﬂbd"ubdm"hMlO‘lmeomM
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by the -of-differential-overiap/spectroscopic
(CNDO/S) method.!' The CNDO/S calculations were carried out
with the Nishimoto-Mataga'? approximation for the y integrals,
Be's from Del Bene and Jaffé, and x = 0.585." CNDOISwith
configuration interaction (3, S, 20 and S0 coofigurations) gave
n- x* transition energies which were much too low. (Examples
of what happens to the A's are seen in the CNDO/S-CI cal-
culations of Bliha and coworkers'>' and others'*'). !
nonstandard variants of the CNDO/S, as well as CNDO/2",
WMMMMWMM
tities were disappointing. Theoretically calculated, as well as
Ohno, values for y were tried in CNDO/S. CNDO/2, with or
without CI, also gave nonsensical transition energies, especially
for 4 with R=NH;*. Consequently, CNDO/S with standard
parameters, but without CI, was tried, and the results, being
satisfactory in some respects, are included in this paper.
Although a full CI treatment would in principle be preferable,
some justification for leaving out Cl comes from the limited
exient that the pertinest excited state configurations (for some of
the structures) mix with other configurations. Precedent for not
usiag CI in CNDO/S cakulations of optical propertics comes
from the work of Bouman."” However, it should be kept in mind
that carlier studies on carbonyls have shown that increasing the
oumber of configurations in CNDO/S-CI calculations can lead to
erratic changes in the sign and magnitude of rotatory streagths
and that the number of configurations must be well above 100
before some convergeace in the predictions is seen in some

cases. /M8

Spectral properties are computed from the EH and CNDO/S
LCAO-MO coefficicnts for the high-lying filled and low-lying
empty MO's along with the corresponding orbital energies (¢) in
mw«wmmm“wmmmm

'wucoﬂdmﬂyufﬂmmawm

the CNDO/S transition energies are computed from AE=
- = Jy+ 2Ky, where J; and Ky are Coulomb and exchange
IWMHO'IIM'A"’TMCNWSMIN

i transformation.?' Then transition
moment integrals are evaluated in the dipole velocity formalism
including all osc- and two-center terms as in earlier work.'*2
Results include the transition energies expressed in terms of -
wavelength A,, reduced rotatory strength [R,], dipole strengths
D,. and oscillator strengths f,. Equations for these are well
known.2 Also, oscillator strengths are calculsted for some

spectra are computed from the EH MO’s assuming that all
transition bands are Gaussian shaped and have the same half-
width & Such spectra are calculated from [R,] (in units of a pure
number®), D, (in Debye?), A, (in nm), and 8 = 20 nm. The fol-
Iown.ummmovathe&rubweuewum
The extinction coeficients are in units of 1 mole™' cm™'.

A)=617 g D':' expl-( - A8

m‘,u‘ expl-(a -2)/8%)

Ae(r)=0.0227 g
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Table 1. Spectral properties for the low energy tramsitions calculated from EH and CNDO/S MO's for 1-
carbaponam

3

Transition A{nm) Dn

fn® P (R,)

232.2 6.92
201.0
176.4

w N

0.1401
0.1159
0.0288

CwDO/8

0.2447
0.1754
0.0571

194.90
-186.51
0.87

1 217.9 4.12
2 209.0

0.0894
0.0978

0.0946
0.1460

155.12
-111.50

aCalculated from dipole velocity integrals.

bcalculated from directly evaluated dipole length integrals in the

case of the EE MO's and dipole length integrals as approximated in Ref.
22 from dipole velocity integrals in the case of the CNDO/S MO's.
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Fig. 1. CD (top) and UV (bottom) spectra of I-carbapenam 3
prodicted from EH MO’s.

with the CD spectrum observed* for 2, which (being the
mirror image of 3) displays a negative Cotton effect at
231 nm (Ae = — 3.8). The predicted Ae(Fig. 1) is about an
order of magnitude too large, but the EH MO's do well at
predicting the first Cotton effect to be at 232 am.

Both EH and CNDO/S predict the second Cotton
eﬂectof3tobenegauve('l‘able 1). Because of the

TET Vel 35, No. 12-C

eventhenthequunonmybeumeubdbecauseofthe
nonuniqueness of fitting Gaussians to curves.® As
explained Iater, we prefer to associate the positive
extremum just below 200 nm with our calculated second
Cotton effect. The predicted sign and wavelength (Table
1 and Fig. 1) are therefore not unrcasonable. The nature
of the intermediate transition is discussed later.

Regarding the absorption spectrum of 3, the two lowest
encrgy transitions are predicted to be dominant as seen
in Table 1 and Fig. 1. The relative size of the f values for
each transition (Table 1) is maintained regardless of
whethetdlpolevdocuyordnpolelewhmteualsm
usedmthezrpwdnchon.l’.xpermtaﬂy 2 has A, at
22nam and e=1100 in methanol.* The simulated UV
spectrum in Fig. 1 shows a peak at about 230 nm with
« =~ 5000, s0 modest agreement is achicved.

Consider next the monocyclic S-lactam results from
the EH (Table 2) and CNDO/S (Table 3) MO’s. The
corresponding spectra from the EH MO’s are given for
the protonated (NHs*) and unprotonated (NH,) models
of 4 in Figs. 2 and 3, respectively. For the hypothetical,
nonplanar monocyclic S-lactams there are no experi-
mthDowUVdmforeomparison.Wedomthn
the CNDO/S and EH results for 4 with R=NH,"* and

& = 135° are very similar to those for 3 (Table 1). Also,
weno(eﬂmtheﬁntandwondpudmodmnuom
have opposite sign. Although quantitative differences
between the two MO methods are anticipated, a problem-
exists in regard to the coasistency of the signs of the
rotatory strengths through the range of o (see Tables 2 and
3). We have rechecked the calculations, so the problem
may stem from one or both types of wavefunction simply
not being good enough.

Monocyclic S-actams are known to prefer an sp’
nitrogen (although the energy required to bend the N-
substituent out of coplanarity 15° or so degrees is quite
small® as expected.”). Experimentally, the CD spectra of

monocyclic S-lactams with & = 0” can display a peak at
213-234nm (A¢|<11) depending on the solvent and
the position and nature of substituents.’ >
Frequently, substituents on the 8 face cause the first
Cotton effect to be negative, whereas substituents on the
a face caurse it to be positive.”’ Because the “coplanar”
form of 4 has the 3-R substitvent on the S face, one
would expect the predicted first Cotton effect to be
negative. The CNDOY/S calculations on the two forms of
4 with @ = 130" in Table 3 are qualitatively correct in this
reud.mneondCouoneﬂect(nmem)m
monocyclic S-lactams is observed® to have a sign
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Table 2. Spectral properties for the low coergy transitions calculated from EH MO's for N-methyl-38-R-azetidin-2-
ones 4 with varions CyCr-N C gy dibedral angies »

Structure Transition A{nm) Dp fn [Rn]
wE3, 1800 1 231.6 0.75 0.0152 10.31
2 219.1 12.68 0.2720 -44.02
3 193.8 0.89 0.0216 32.23
MH2, 1650 1 235.4 1.99 0.0397 71.86
2 218.0 11.96 0.2363 -79.46
3 194.4 0.84 0.0203 16.93
wH3z,1500 1 243.1 2.68 0.0519 94.78
2 217.5 9,42 0.1971 -76.59
3 196.5 0.86 0.0205 0.81
NH2,1350 1 253.9 2.63 0.0487 100.44
2 218.2 8.39 0.1593 -37.80
3 200.0 0.93 0.0219 -15.36
w3+, 1800 b 219.2 12.82 0.2751 -9.43
2 211.0 0,99 0.0221 3.49
3 179.1 0.13 0.0033 -18.80
wHqt, 1650 1 222.5 10,26 0.2169 144.71
2 210.3 3,05 0.0681 -150.42
3 179.5 6.41 0.0107 ~14.44
w3+, 1500 1 229.9 7.62 0.1558 173.33
2 209.5 4.56 0.1024 ~175.41
El 180.9 0.96 0.0251 -13.26
wa3+, 1350 1 240.1 5.65 0.1106 169.70
2 209.8 4.99 0.1069 -169. 34
3 183.4 1.80 0.0461 -20.81

Table 3. Spectral properties for the low eneygy transitions calcuisted from CNDO/S MO's for N-methyl-38-R-
azetidin-2-ones 4 with various CsCo-N C oy dibedral angles o

Structure  Transition X (nm) Dn £,® £,P 83}
WH2,180° 1 249.1 0.83 0.0156 0.0075 -19.50
2 170.7 5.46 0.1505 0.329¢ 18.96
wn3,1650 1 222.9 2,40 0.0506 0.0570 110.04
2 184.2 5.00 0.1276 0.2407 -79.46
WE2,1500 1 210,0 3.74 0.0836 0.1257 -106. 50
2 191.0 3.68 0.0904 0.1459 112.26
nM2, 1350 1 230.7 2.44 0.0500 0.06354 -99.92
2 171.9 3.68 0.1080 0.197¢6 87.00
'!3*:1300 1 276.1 0.48 0.0082 0.0013 -11.22
2 179.2 5.48 0.1430 0.3222 1.48
l!3+'155° 1 268.4 1.00 0.0176 0.03%0 58.72
2 182.2 5.19 0.1338 0.2231 ~35.94
ll§+,150° 1 246.6 2.30 0.0438 0.0103 108.30
2 192,2 4.54 6.1110 0.2940 ~69,22
Il3+'135° 1 218.9 3.28 0.0704 0.0042 126.06
2 200.9 3.54 0.089¢ 0.1381 -91.32

2Calculated from dipole velocity integrals.
lculated from dipoles length integrals as approximated in Ref. 212.

opposite to that of the first, and again the CNDO/S
predictions (Table 3) are qualitatively satisfactory. The
EH results (Figs. 2 and 3, Tsble 2) for the planar (» =
1805 structures are nnsanntuckny'fbr reasons to be

\
have recently been reported for an interesting (o] H
cyclic,

IAAJlG"Tdaaukiooe33’1]ﬁlnuiaadcllknowutnun s

a C!JJW(: dibedral angie at the

hcamC-Nbondchntol . The corresponding dihe- Mutﬁnehcumhondd!koblxved"nwlﬂ‘ud
dral angle is 2° in 3 and 0” in 4 The CC-NH dihedral caiculated by CNDOf2 optimization™ to be near 206°.
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Fig. 2. CD (top) and UV (bottom) spectra of N-methyl-35-NH,*-
azetidin-2-onc 4 predicted from EH MO's as a function of
CyCorN(Conuayi dihedral angle o
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Fig. 3. CD (top) and UV (bottom) spectra of N-methyl-35-NHy-

azetidin-2-onc 4 predicted from EH MO's as a fusction of

CiCorNiCouay dibodral angic s

Smeethundeumlomtodihednludeaml.the
nitrogen is slightly pyramidal (but in the mérror image
configuration compared to 3 and 4). UV results cal-
culated for 4 with & = 150° or 165° should be roughly
comparable to the experimental UV data for §. Bliha &
al” observed Am.. for 5 at 202nm (e =3400) in 3-
methylpeatane and at 204.5 nm (e =2600) in cyclohex-
ane. There is a shoulder visible at 226 nm (e = 310~330) in
these solvents, but not in methanol.”’ These data agree
modestly with the UV curves in Figs. 2 and 3 which have

1503

Auax Dear 220 nm and a shoulder (in Fig. 3 for o = 150"
near 242nm, except that the transitions for 4 are red-
shifted about 20 ne compared to 5.

The availability of CD data for § allows further com-
Mmmemmdﬁememdm
mentioned earfier for I-carbepenam.
theﬁmCmetectoﬂhnammMoﬂhe
extremum just below 200nm. EH and CNDO/S wave-
ﬁmchonsclarlynveopponum('l'lblel)ucxpected
for a pyramidal distortion.'® Molecule S has a negative
Cottonelectatle-ISZm(bpendmgonwlvent)mda
positive Cotton effect at 192-197am.'* The signs are
exactly what one would expect to see for a twisted Iactam
with the same configuration as that of 5-epi-1
2 and opposite to that of 3. Blkha, ef al,'* made the
mmmngdncova'yﬂmsmoshowdawuklynmnve,
intermediate shoulder at 210-215 nm in two nonhydrogen-
bonding solveats. Thus the sign of the shoulder is the same
as that of the first Cotton effect. Their conclusions'” were
reached with experimental data which extended down to
below 190nm and which were resolved with the aid of
computer separation of the individual Gaussian bands.

Wewouldhketomthtthelmcwoneﬂectm
2 (at 231nm) and in § (at 211-232 nm) are analogous
transitions. Furthermore, the third Cotton effect of § (at
192-197)am) corresponds to the positive extremum
occurring just below 200am for 2. This correlation, as
summarized in Table 4, suggests that the peak calculated at
198 nm for 3 (Fig. 1) should correspond to ““Transition 3" of
2 rather than “Transition 2" (see Table 4).

The intermediate Cotton effect in 5 observed at 210-
215 nm could be analogous to that in 2 at 212 nm, espe-
cially if the sign of the Iatter could be interpreted as
negative. The nature of this Cotton effect in 2 is obs-
cured by the fact that it is observed in methanol, whereas
the intermediate band in $ only shows up in aprotic
solvents. Hence it is not yet absolutely clear whether the
2lznmumhonncmallymmfrom2wfmmapoly
meric decomposition product.® The CD data for § (Tabie
4) do rxise the question of what is the nature of the
second Cotton effect.

The existence of an intermediate or so-called “mystery
band” in amides is not new. For over 10 years, it has
been known that in planar amides there exists a band (or
bands) between the usual n—+#* and » - »* bands. ™
However, there remain ambiguities about the origin of
the intermediate band.

Bifha et af, mﬂxnfandtotheintamedhtem-
sition of S as a-» 0*.” However, ab initio calculations™
% generally describe the second lowest excited state of
formamide as a Rydberg state. Hence they switched to
n-»3s a3 a teatative assignment. Even though a Rydberg
excited state may exist at the appropriate wavelength, it

Tabie 4. Summary of EH calculated and experimental CD Az, in nm, and Ae, ia [ mole™'cm™', for various

twisted lactams
2 2 » i
Transition Apgy {(~A€) Agax (Ac) Amax (Ac) Amax Qc)
1 232 (-48) 231 ¢ 220¢(~11.7) 232 (-9.2)
2 - 21: ﬂu ‘n - 210 (~2.3)
] 198 (+38) +1) 197 (+7.7} 187 (+9.5}

aprom Ref. 4 for methanol solvent.
rom Ref. 13 for msthanol solvent,
Orrom Ref. 13 for cyclohexane solvent.



is not known for sure how much such a transition would
contribute to the solution phase optical activity of 5 (or
. In general, Rydberg states are observed in gas phase
and it is usually believed that these CD bands
have appreciable intensity in condensed

HE
;
;
:
;
;
8

theCDofSonlyshowedupmcyclohexmmdneem
trile.' It was not observed in protic solvents. However,
Bikha, et al.,”* discounted the possibility of intermolecular
association for their molecule becauss they observed
concentration independence of their CD spectra and the
presence of the band in acetonitrile as well as cyclohexane.

There have been solution phase CD studies which
d.emomtr.ltedthnanintamedi.uebmdewldbeauo-

cyclobexane, and a new band near 200 nm occurs.*”
Presumably the amide groups are H-boaded together.
The sign of the new CD band is the same as that of the
first Cotton cffect (near 225 nm) and opposite that of the
third Cotton effect (near 193 nm).” All of these three CD
bands are of opposite sign compared to 5. The dimer-
containing solution of the 3-methylpyrrolid-2-one also
shows a fourth Cotton effect below 190 nm with the same
ugnutheﬁm."’

504 D.B. Boyp et al.

pearmceofnewbmdtmmphueabs«pmnwecm
was associated with hydrogen-bonded dimers

.One could nmumewakmwmolecuhruaocnuon
involving stacking of the polar amide carbony! groups
with antiparaliel dipoles. Thednpolemomentohmduu
fairly large and roughly along the C*-O~ axis.®*' Such
stacking of the amide groups would be the main type of
association that 2 could undergo since it is a dialkyl
amide and is totally hydrocarbon except for the amide
group. It would be interesting to determine whether this
molecule dimerizes in nonpolar solvents. Self-association
of 2 in methanol is probably not extensive. Likewise, it
would be unusual if a Rydberg transition were showing
up as the intermediate shoulder in this solvent.

At this point, the nature of the intermediate transition
of § and 2 remains unclear. Further experiments would
be desirable, as would ab initio calculations of optical
rotatory propertics of nonplanar amides and model
dimeric amide structures. In the next section, attention
will be concentrated on the two transitions of the 8-
lactams which are predictable by semiempirical cal-
culations

Molecular orbitals. This section on the MO's of 3 and
4 should be prefaced with the reminder that, although the
discussion will be in terms of orbitals, translation to a
description in terms of spectroscopic excited states is
implicit. In other words, when we describe s transition as
from some orbital n to another orbital, say #°*, the
transition is from the singlet ground state (with
configuration. . . n%) to the singlet excited state described
by the configuration...nw*. (CI, if done, would mix
unalleramountsofothueonﬂanmmmtolhewave-
functions). The problem of using one-electron spin orbi-
tals to describe two-orbital processes, such as electronic
transitions, is well recognized.™ However, the basic MO
approach of using a single determinant of suitable orbi-
tals to describe a many-electron wavefunction can work
in some situations for certain properties. A link between
orbital energies from EH calculations and those from ab
initio calculations involving an “average state” of a
molecule has recently been discovered. ™

The EH MO’s and orbital energies are given in Tables
5-9 for 1-carbapenam 3 and the unprotonated and pro-
tonated forms of the monocyclic S-lactams 4 Included
in each table are the orbital energies and all the large
(»0.25) LCAO-MO coeflicients, which reflect the
general shape of the orbitals. Also included are mne-
monmwhwbmoonvenienthbds.b}nybichinnomy

Mdbeeomhedforabcuudumpnonohheom-
tals.
Forallmucnnu.fonlyonelow-lmemptyotbmlu

occupied MO (HOMO) and next to the highest occupied
MO (NHOMO) are localized on the S-lactam amide, and
the next lower orbitals are o orbitals (Table 5). The same
simaﬁonmliumthemtomledfmof‘;MO’sfor
olthesmmu(u-lw’and 135°) are given as
examples in Tables 8 and 9. For the unprotonated form
of 4, the lone pair orbital on the amino group is at an
energy such that it mixes strongly with the occupied
lmﬂeabitah.ﬂeneein'l‘ableﬂimd?thaemthne
high-lying occupied MO's with amide character. For sake
of convenience, the higher energy MO resulting from this



Table 5. EH orbital energies and MO's of 1-carbapenam 3*

Chiroptical propecties of |-carbapenam

-0.32(Cx2py) +0.35(C )=0.31(C22py)
g! ](:‘1”3'1-) +0.31 (nﬁn) o

40.26(C32py) -0.29

Mobd c,eV Large LCAO-NO Coefficients Nnemonic
LEMO -6.81 -0.47 (Wq2py) +0.93 (C72py) -0.50 (Og2py) amide
BONO -12.15% +0.25 (Wg2pg) -0.29 (Wg2px) +0.55 (Mg

-0.26 (oggpn-o.ao(o.zp,) -0.27(C2pyx) amide W n
wHOMO -12.98 +0.44 (Wg2py) -0.36 (0g2pg) +0.47 (082py)

+0.38 (Cg2px) amide n
WNHONO -13.84

#The Cartesian coordinate system has Ny at the origin, Cy on the +x
axis, and Og in the ++ quadrant of the xz plane.
bremo is the acronym for lowest empty MO; BOMO for highest occupied wO;
¥ for next; and MW next to the next.

Table 6. EH orbital energies and MO's of N-CH;-38-NHy-azetidin-2-one with C;C>-N,C; = 180™

Mo €, eV Large LCAO-MO Coefficients Mnemonic
LEMO -6.93 -0.50 (0g2py) +0.91 (C22py) -0.51 (M) 2py) amide w*
HOMO -12.29 -0*;3;25( 140.27 (Cz!p;)-O.!S(C;!p,)

.36 (M72px) -0.55 (N72py) 2,0 n
WBOMO -12.59 00.42(0521’,)-0.70(!12”) amide *
NWBOMO -13.34 40.56 (0g2px) -0.35 (C32px) -0.54 (N72py) ¥M2.0 n'

2The Cartesian coordinate system used here and in Tables VII-IX has Og at
the origin, C2 on the +z axis, and W) in the ++ quadrant of the xz plane.

Table 7. EH orbital energies and MO's of N-CH;-38-NH azetidin-2-one with CyC-N(C; = 135°

[ o] €, eV Large LCAO~MO Coefficients Mnemonic
LEMO -7.14 -0.51(0g2py) +0.91 (C22py) -0.44 (N1 2py) anide g*
BOMO -12.02 -0.36 (0 )+0.26(C )~0.36 (W )
-0.38‘(!1 )-0.26 (2:'3’39,)4-0.2.](123’;;,)
-0.43(N72py) +0.25 (Ngls) KN2,0 n~derived
MHOMO -12.82 -0.35(0g2py) +0.60 (N3 2py) -0.40 (N72py) amide ¥-~derived -
MNEOMO -13.34 +0.57 (0g2px) -0. 38 (C32pg) -0.50 (W72py) WM2,0 n'

Table 8. EH orbita) enetpu and MO's of N-CH,-38-NH;"-azetidin-2-one with C,Cr-NC; = 180°

Mo s, eV Large LCAO-MO Coefficients Mnemonic
LEMO -6.94 -0.50 (0Og2py) +0.91 (C22py) -0.51 (N12py) amide n*
BONO -12,.59 -0.42(0g2py) +0.79 (M) 2py) amide w
WEHOMO -12.81 -0.68 (0Og2py) +0.33 (C22py) -0. 28 (N] 2py)

+0.35 (C32pg) -0.26 (C32pyx) amide n
WNEOMNO -13.86 -0.32(0g2pg) +0.27 (C42py) +0.40 (C42pyx)
-0.42(C32pg)-0.25(C32py) C3~Cq ©

Table 9. EH orbital encrgics and MO’s of N-CH;-38-NH,*-azetidin-2-one with C,C-NC; = 135°

Mo §,eV ‘Large LCAO Coefficients Mnemonic
LEMO -7.14 +o.51(0529y)-0.91(0229,)00.“0129,) amide w*
BOMO -12.31 -0.37 (0g2pyg) +0.27 (Og2py) ~0.42(N )
-o.sss(ll Py) OePy 17Px amide n-derived
WHOMO -13.05 +0.56 (Og2pyx) -0.45 (W1 2py) -0.37 (C32pg) amide n-derived
WWHOMO  -13.90 +0.43(C42px)-0.37 (C32pg) -0. 26 (C32Py) C3-C4 ©
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mixture is labeled “n"" and the lower one “n™. (As seen in
Tabie 2, o’ does not contribute much oscillator or rotatory
strength to the region of interest.) Protonation of 4 has
almost no effect on the LEMO; hence use of the label
“amide #*" is arelatively good description for this MO.

The shape and energy of filled EHMO's depend on the
degree of pyramidization of the S-actam nitrogen.
Traced in Fig. 4 are the orbital energies of 4 as a function
dihednlwdeu.Ahoshowanu.4m¢bm
orbital energies for formamide®* Formamide, being
nearly planar,'>3*32® can have its high-lying filled MO’s
easily identified as being  or n. The ab initio cal-
culations - place the occupied w orbital above the n
o:me(Ash:beenpomtedombefm,"”theabm
Memoffummdemynotbeuudtoprm

exehn;emtenah)'l‘heEHMO‘sof4mbeusily
labeled when o = 180°, and the labels added to the cur-
ves in the correlation diagram of Fig. 4 apply to tbe
structures with the N-Me carbon coplanar with the
lactam ring. Note that the EH method places
orbital above the n orbital in 4 when R=NH," and
» =180°. When R=NH,, perturbational mixing of the
amino and amide n orbitals splits them apart into n and
n'. The top two occupied MO’s diverge in energy as o
decreases from 180° to 135° regardiess of whether R=
NHJ*“NHz.

As 3 Sdactam nitrogen becomes more pyramidal, the
amide n and x orbitals mix with each other, so that the
ﬁndabmkaoqmshpesnmihrtotho-eshmm

‘u

bbesonoxmistheO—C—Nphnemthemofthen

qulartotheO-C—Nphnemﬂwr
orbital > Similar directionality is apparent from the
MO coefficients for the w = 180° conformers of 4 in
Tables 6 and 8. The picture is altered when the amide

¥ Ty PP —y Y LJ—

"ww ww A

-l "\ "‘\/
O A T TN

" b&,. ..';&2 ! .
B G 'J:g"é'i‘i

-w...—-:---
\.»"’-N....._, - &

- — / IR -< T
Py * “mits "
ol \ .w-. ~ - __/: ]
. A ::- ' ' A T ’-.- - - - -

F‘ 4. mw(mcwfummmm

Jeft to right, the two sets of levels for formamide are canomical
ab initic values from Refs. 30 and 32, respectively. The orbitals
of the monocyclic S-dactam models 4 are computed by the EH
method. Likewise, the levels of the various bicyclic peoams are
from EH WNC&R‘&-R’M structwres have
R=NH; or NH;* and R'=COOH in the X-ray determined
position described in Refs. 1 and 2. Inciuded are the S(8) and
Ria)-sulfoxides of penam as cakuiated in Ref. 2. The cepham

levels are BH values as reported in Ref. 45.

D.B.Boypetal

moiety is nonplanar. The top two occupied orbitals plot-
wde'u.ﬂorlatlSS'hvelobuonoxymwhchm
tipped with respect to the O-C-N plane. Also the orbital
!obaonnmnchwemﬂyumhybrdm
changes from sp® toward sp®. Because of the mixing of
the orbitals, it is not altogether accurate to refer to
n-«* and »-> r* transitions in nonplanar 8-lactams,
although this terminology may be adequate for small
deformations. CNDO/S cakulations done with
configuration interaction demonstrate that as the nitrogen
becomaqmmpynnﬂdal,theexcitedsmubecomless

configurationally pure.

The orbitals of the 1-carbapenam 3 correspond closely
to the orbitals of protonated 4 when o = 135° as seen in
Fig. 4 and in Table 5 and 9. The two occupied orbitals of
3 have been given the mnemonics “amide Nn” and
“a:mden"in'l’able Thmhbebmcbomfor
consistency with with earfier notations.'® The “amide Nn"
Iabel reflects the fact that about 40% of the electron
population in the HOMO is in the nitrogen orbitals,
However, thest mnemonics can be misleading because
of the conformational mixing described above. In
retrospect, the labels used before were not the best
choices. Perhaps “w-derived™ and “n-derived” as in
Tables 7 and 9 would have been better iabels to describe
the two occupied orbitals localized in nonplanar B-lac-
tams.

Turning now to the assignment of the CD transitions
as suggested by the correlation dingram (Fig. 4), it
becomes apparent that EH calculations in the virtual
orbital approximation gives the w*® state below the n»*
state for the plamar, protomated forms of 4. This
is obviously incorrect in light of the ab initio calculations
and the usual experimental interpretations of the amide
chromophore. The problem with the EH predictions is
notinthco:ﬂainzoftheMO’sbeamcCNDOlSandab
initio (Fig. 4) cakulations give the same sequence.
Rather, the discrepancy arises because the virtual orbital
approximation in the EH framework neglects the con-
tributions from the Coulomb and exchange integrals to
the excitation energy. The CNDO/S predictions (as in
Table 3) do include these contributions. Hence the
CNDO/S results for the monocyclic p-lactams with o =
180" mentioned above give the n—» »* transition at longer
wavelengths than the # — »* transition as expected.

In spite of the problem in the EH framework for some
of the planar or nearly planar S-iactam structures, the
EHMO’savewhatappwtobemmctpmdxcuonsof
chiroptical properties for the “pyramidal” B-lactam
structures. In penams'” the mixing of the n and »
orbitals may be great enough so that the orbital shapes
are apparently fairly well represented by the EH wave-
functions

'l‘hemxm;ofthcorbiakducﬁononphmityofthe
nm'ozenmbeexpnuedmtamofpam~
bunntheory Hence in essence, a=n-+cw, and o=
» ~cn, where boldface orbitals are the “n-derived™ and
“sr-derived” orbitals, ¢ is a mixing coefficient, and n and
o are the orbitals of a planar amide. Orbital mixing can be
described quite well by the EH method. The divergence of
the energies of the HOMO and NHOMO of 4 as a function
of & in Fig. 4 is consistent with perturbational mixing.
Guided by the semiempirical calculations on the nature
of the orbitals, as well as consideration of available
experimental and other theoretical data, we are led to the
following proposition and conclusion. The 231-nm Cotton
effect of 2 involves an excited state related to the me*
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configuration and which is mixed to some extent with the
aw* and (to a lesser extent) other configurations. The
Cotton effect of opposite sign at just below 200 nm is
probably related mainly to the a* configuration, but
which is also mixed with other configurations by pyrami-
dalization of nitrogen. The assignments we are puiting
forward can be summarized in terms of the wavefunctions
of the two excited states which to a first approximation are:

V(B =c ). . av*)+ 2. . .ox?)
W(I97) = ca¥(. . ax®) — ¥l . . 2w ),

where ¢, and ca2 are coefficients for the singie deter-
minantal wavefunctions on the right. We anticipate that ab
initio calculations will in the future show that multi-
configuration wavefunctions composed of perturbation-
ally mixed MO’s are needed to describe the excited states
of 1-carbapenam and other bicyclic g-lactams.

Relation to electronic structure of other S-lactams. In
the remainder of this article, the orbitals and assignments
reported earlier'*"** for penams, penam sulfoxides, and
cephams will be discussed in light of the new results on
the 1-carbapenam and the monocyclic S-lactams. The
EH orbital energies for these other species are shown in
Fig. 4. The main point to make is that the origin of the
two filled orbitals localized on the g-lactam amide group
is now better understood. In particular, the nonplanarity
of the S-lactam nitrogen in the bicyclic structures mixes
the n and = orbitals. Then one or both of these mixed
orbitals can mix with the orbitals of the other funmc-
tionalities, such as sulfur or an NH; group.

The energy and shape of the virtual amide #* orbital car-
ries through pretty much intact for all structures in Fig. 4.
The =-derived orbital in 1-carbapenam 3 (ie., the orbital
labeled “amide N n” in Table 5) is similar to the HOMO of
the two penam structures (Fig. 4). In the penam sulfoxides,
this orbital character occurs in the NHOMO. (The
NHOMO of the penams is the sulfur lone pair, and the
HOMO of the sulfoxides is an orbital identified® as
“S-0n".) The HOMO of the penams and the NHOMO of
the S(or B) sulfoxide is labeled “S-N n” because the lone
pair orbital lobes on S and N extend below the molecular
plane and overlap in roughly # fashion.*’ In the R(or a)
sulfoxides, such overlap is essentially eliminated, and the
“amide N n” label comes closer to describing the shape of
the orbital. For the cepham, some of the orbitals have
delocalized character so it is not possible to simply
correlate them with those of the other structures. The
NHOMO of 3 (Fig. 4) correlates with the NNHOMO of the
penams and penam sulfoxides.

Regarding the various other assignments that have
been proposed for the penam chromophores, it now
appears that the characteristic Cotton effect near 230 nm
cannot be due exclusively to either a S-lactam amide
transition or a sulfide transition. Rather, there seem to be
two transitions involved as suggested previously.'? One
of these transitions, the one present in 1-carbapenam,
involves the conformationally modified ma*® excited state
that we have been discussing. The second of these is
nsochtedwiththenﬂmgosﬁbtymvolmchnp
transfer to the amide group.’ The 203-am CD band of
peuam:emnotbeduetoamuomlnc’exmedm
Instead, it appears to arisec from the conformationally
modified ax®* S-lactam amide excited state. Although
this band occurs at wavelengths similar to those for
Rydberg and/or dimer-induced transitions, the aqueous
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solution CD spectra of penams are probably not affected
sppreciably by these. 'l'hepmenﬂyavﬁhblemdenee
dounotalovmmdthemtribmou,ifny.
the sulfur chromophore to penam’s 203-nm band. A
theoretical or experimental study of the chiroptical pro-
perties of model structures, such as 2-thia [3.2.0] heptane
and its sulfoxide, may be heipful in this regard.

The assignment for the positive CD band near 185 nm
of 6-aminopenicillanic acid® needs revision. The band is
quite sensitive to pH, but always positive. The band
undergoes its biggest change upon protonation of the
amino group. Akhough no caiculstions were done on it
because of its high coergy, the band was thought to be
due to carbonyl w-»=* transitions.’ A more likely
assignment for the 185-nm band is charge transfer from the
B-lactam amide localized orbitals to the amino group
ol‘bihls.Asinﬁhrm"nmenthsbeenadvmeedfor
3-ammonium-pyrrolidin-2-one.* This excited state being
of high energy would no doubt be quite complex, especially
when described by an accurate wavefunction.

Actnowiedpements—We thank H. Vanderhaeghe for correspon-
dence and preprints, and T. D. Bouman, M. M. Marsh and A. H.
Hunt for discussions.
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