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84. The Optical Activity of the Arnide Chromophore, I. 
MO-Theoretical Calculation of the Long-Wavelength 

Optical Activity of y-Lactams and of Related Isoelectronic Molecules 
by Rudolf E. Geiger and Georges H. Wagnihre 

Vhysikalisch-(;hcmiscl~es lnstitut dm Universitat Zurich, CH-8001 Zurich 

(28.1. 75) 

Summavy. The rotatiorla1 strcngth vf thc longest-wavclcngth clcctronic transition in some 
simple y-lactarns and some related isoclcctronic rnnlcculcs is calculatcd using thc C,N I W - C l  
method. Qualitative agreement with experirrienttll values is obtained. In  all invcstigatcd systcms 
the long-wavelength transition corresponds to thc nn* transition. A quadrant rulc sccms t o  
hold for this transition. 

I. Introduction. - The amidc chromophorc is of particular intcrcst, as it is the 
smallest subunit from which the chiroptic properties of polypeptides and proteins 
may be interpreted. For somc general revicws scc rcf [1-3]. Litmarc & Schellman r4] 
appear to havc been the first to measure thc n +n* Cotton cffcct in a simple amide. 
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The optical activity due to the corresponding n + a* band in polypeptides and 
proteins had already been observed and described 151 r.6'1. 

Substituted pyrrolidones are the simplest easily accessible. model compounds 
which are both experimentally and theoretically well suited for an investigation of 
the optical activity of the amide chromopliore. Tho five-membered ring gives these 
molecules a certain rigidity, so that it seems justified to consider merely a single 
predominant conformation for a given molecule. 

If, in order to interpret the n 4 a* Cotton effcct, one considers the molecule as 
bzing composed of a symmetric cliromophore pcrturbcd by an unpolarizable asym- 
metric environment, the 'one-electron theory' of Optical activity should be applicable 
[7]. As the isolated amide chromophore itself has symmetry Cs, one would expect a 
planar sector rule to hold 1-81. Howevcr, as pointed out previously r41 [6], it is rather 
a quadrant rule which is valid, leading to the idea of an effective CB,-symmctry of 
the chromophore with regard to the n + x* transition. 

With modern computer facilities all-valence MO calculations of relatively large 
moleculcs can be efkcted, at least within thc frame of semi-empirical approximations. 
The molecule in question is then no longer considered as a symmetric chromophorc 
with peiturbing substituent(s), but rather as inliercntly dissymmetric. This ap- 
proach, differing from that mentioned above, niay conceivably give added insight into 
the mechanisms determining the sign and absolute value of Cotton cffects. Besides 
considering y-lactams we have, for the sakc of comparison, also performed calcuh- 
tions on homoserine-y-lactone and on 3-methyl-cyclopentanone. All compounds 
chosen for investigation were isoelectronic. 
The aim of our investigation was twofold: Firstly we sought to further test the 

appIicability of different MO procedures to medium-sized molecules [9] [lo], in the 
hope of deriving some practical rules from thcrn 1111. Sccondly, the present study 
was envisaged as a point of departure for the calculation of chiroptic properties of 
polypeptides within the frame of MO theory, a5 outlined by us previously [12]. For 
this reason we chose thc CNDO-SCF-CI procedure, which is the simplest cornputa- 
tional method taking into account all valencc electrons and explicitly electron inter- 
action. 

Some computed results on the n + n* Cottolz effects of y-lactams have been al- 
ready published by us, but with little detailed comment [3]. Since completing thc: 
present study wc have bccome awate of a rccent publication by Richardson et al. 1131 
who have used the INDO method for computing the optical activity of some of the 
compounds considered here; consequently we shall also comparc our results with 
theirs. 

In the experimental part we report the measured CD. spectrum of (-)-4-hydroxy- 
2-pyrrolidone, recently isolated and put at our dispod by Eugster et al. [14]. 

2. Calculations. - The semi-empirical all-valence electron SCF-CI wave func- 
tions are calculated by the CNDO mctliod 1151 (for CI calculations see e.g. [lh]). The 
CNDO-CI program was written by K ~ h n  (171. 'The CI calculation includes the 120 
energetically lowest-lying singly excited configurations. Our parametrization is 
described in the appcndix. 

139 
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The rotational strength of the transition from the ground state to the j-th excited 
state, &J, is calculated according to the procedure developed by Hug & WagniJre [(I] 
[MI. Using real wave functions and expressing the matrix elements of the electric 
and magnetic dipolc operator in atomic units and the energy AEj in eV, R,,j in cgs 
units can be written as 

dEj = Ej - Eo 

where the electric dipole operator i s  used in the gradient form, The evaluation of thc 
integrals in (1) is described in former papers [9] [38]. All interatomic terms are in- 
cluded. The CNDO-MO coefficients are transferred to the computation of the optical 
activity without any transformation. Our test calculations have shown that the 
so-called ‘deorthogonalization’ or LSw& transformation’ of the CNDO-MO’s [18] 
[19] does not essentially affect the computed rotational strengths. Concerning the 
rotational strengths including mixing of singly excited configurations, the computed 
results show clearly that the highly excited configurations with small CI coefficients 
have little physical significance for the longest-wavelength transitions. Therefore 
only all the singly excited configurations with CI coefficients greater than 0.1 are 
taken into account explicitly for a given excited state. The wavefunctions are re- 
normalized accordingly. 

1 2 3 L 5 6 

The geometrical parameters of the molecules to be treated CSS-methyl-2-pyr- 
rolidone (l), L-5-rnethyl-2-pyrrolidone (2) , L-3-amino-2-pyrrolidone (3), L-homo- 
seriney-lactone (4)’ (-)-4-hydroxy-2-pyrrolidonc (5), (4 ~)-3-mcthyl-cyclopentanone 
(6)] were determined according to known experimental data [ZO] [Zl] and generally 
accepted facts (e.g. a staggered conformation is more stable than an eclipsed one). 
The f ive-membered rings of the pyrrolidones and of L-homoseriney-lactone are 
assumed to be planar for two rcasons: 

i) There are two sfiz-centers in the ring with tendency to valence angles much 
greater than 108” (the average value in a planar pentagon). It follows from geomet- 
rical considerations that increasing one or two ring angIe(s) favors a flattening of the 

ii) From X-ray analysis and CD, spectra oi two 5-substituted pyrrolidones (t-5- 
iodomethyl-2-pyrrolidone and ~-2-pyrrolidone-5-carboxamide, [ZI]) it may be 
deduced that the sign of the  rotational strength of the amide n --+ z* transition in 
thcse asymmetrically substituted y-lactams depends on the priphcral molecular 
asymmetry and not on the skeletal geometry, since both lactams have the same ring 
chirality in the solid state but have large and oppositely signed rotational strengths 

ring. 
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in solution. Probably, the ring chirality in the solid state (due to a slight non-planar- 
ity of the ring) disappears in solution owing to a certain flexibility of the molecule. 

It is known that cyclopentanone has a puckered ring [22]. This is quite plausible 
because there is only one spQenter within the ring. Consequently, the present cal- 
culations have been performed on both tlic planar and the non-planar form of 
( +)-3-methyl-cyclopentanone. 

Atom 11 is rotated out of plane (7 ,L,121 by 50" 

y11 

1.51 

Fig. 1. GeomctricaZ parameters of a) ( - )-4-lry~~ory-2-pyvroEdone @lamar) and a) (+)-3-methyZ 
cyclofimknronc (puckered). Bond lengths arc in A, valence angles in degrees 
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Table 1. Cartesian atomic coordiNates (in A )  of (- )-Lhydroxy-2-pyrrolidone and ( +)-3-melhyE 
cycZ@edaflone corr8spond~ing la the gsopnelrakai pa~umsters an Fig. I 

1 0.794 -1.061. 0.0 
2 0.0 0.0 0.0 
3 0.812 1.261) 0.0 
4 2.279 0.791 0.0 
5 2.209 -0.747 0.0 
6 - 1.240 0.0 0.0 
7 2.957 1.263 1.1G8 
8 0.567 -1.890 0.0 
9 0.618 1.803 0.816 

10 0.618 1.803 -0.816 
11 3.076 2.207 1.041 
12 2.753 1.121 -0.816 
13 2.651 -1.119 0.816 
14 2.651 -1.119 -0.816 

1 0.0 0.0 0.0 
2 0.853 -1.234 0.0 
3 2.300 -0.744 -0.198 
4 2.300 0.744 0.198 
5 0.853 1.234 0.0 
6 - 1.210 0.0 0.0 
7 3.263 -1.539 0.703 
8 0.760 -1.751 0.932 
9 0.568 -1.884 -0.800 

t O  2.969 -1.426 1.726 
I 1 3.230 -2.574 0.435 
12 4.259 -1.168 0.576 
13 2.549 -0.857 -1.221 
14 2.594 O.857 1.221 
35 2.961) 1.2% -0.428 
16 0.568 1 I 884 0.800 
17 0.760 1.751 - 0.932 

0 

1 

- I  

- 3  

- 5  t 
Fig. 2. CD. spectra o j 5 .  1.00 x l o 4  mol/l in watcr (-) ; 0.99 X mol/l in ethanol (----- 1 

The computation of Cartesian atomic coordinates from bond lengths, valence 
angles and dihcdrd angles was performed with one of the customary coordinate 
programs1). The redundant internal coordinates of the puckercd cyclopentanonc 

1) Program COORD, M. J .  S. Ucwuw, Quantum ChcmisLry :Program Exchange, No. 136. 
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Fig. 3. CD. spectra of the longest wavelength bum? of 5. 1 .OO x 10” rnol/l in watcr (-) ; 0.99 x 10-3 
m d / l  in cthanol (- -----) ; 0.56 x 10-3 mol/l in hcxanc/otlianol (v/v 1 : 1) (- - - . .-) ; 069 x 10-8 niol/l 

in hcxanc/cthanol (u /v  5 : 1) (. . - - -) 

Fig, 4. U V. spectra of 5. 3 .OO x lo-’ mol/l in watcr (- ) ; 0.99 X lo4 mol/l in cthanol (--.--- 1 

ring have been determined by means of an iterative program written according to  
an algorithm by Vitek [23]. 

As an example the geometrical parameters and pertinent atomic coordinates of 
(-) -4-hydroxy-2-pyrrolidone (planar) and ( I-)-3-rncthyl-cyclopentanonc ( puckcred) 
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are given in Fig. 1 and Table 1 regpectively (see pp. 741-742). The coordinates of the 
other molecules have been determined analogously [24J 

3. (-)-~-Hydroxy-2-pyrrolidone (5). - Exfisrirnental data. Compound 5 furnished by 
Prof. Eugsrer had been isolated from the fungus Amanita mwsearia 1141. Fig. 2-4 (see pp. 742-743) 
show thc CD. and UV. spectra of 5 in diffcrent solvents*). 

,-• Lk’ 4 
Ipig. 5. n, R, and R* MO’s of (-)-4-hydroxy-Z-pyrroIidone obtaiacd by CNDO calculation’) 

The CD. spcctra were recorded on a Rowsd-Jouau nichrograph, Model CD 185, the UV. 
spectra on a Unicam SP. 800 spcctrophotometer. 
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The rcmarkablc cnhancenient of thc long-wavelength Cottm cffect (m*) in wntcr might 
originate from a hindercd rotation of the hydroxyl group due t o  a 'hydrogen bond skeleton' of 
solvent rnoleculcs. 

Computed results together with cxperjmental data are siimrriarized in Table 2. 
Fig. 5 is a pictorial raprcsentation of the typical amide MO's resulting from the 

CNDO calculation. 

Tablc 2. Summary of caicarlated ard exporimeatal lralzsilion 6nsrgie:ies am! votational st+mgths of tho 
nn* transition v f some subslidded 2-@ywvNdon~s and related isor.ledroloic systems 

Molecule Calculated Experimental 

transition rotational transition rotational rctcrcnce 
energy s trcngths cacrgy strcngtlis 

CI not CI CT not Cl' 
inclutlcd included included includccl 

Lev1 [cgs x lo-""] rc v1 regs x 10-401 

1 6.0 4.7 + 24 + 42 5.4-5.9 +6.1 [251 
2 6.4 4.8 + 2b .- (j 

3 5.7 4.6 + 22 -I 34 5.4-5.7 +4 I.z(jJ 
4 5.5 4.3 -t 9.0 -+ 6.4 5.5 + 7  LZl 

+ ) 4.4 + 5  12J 
6 (planar) 4.2 3.8 + 4  
b (puckcrcd) 4.5 3.8 + 56 + 14 

i . C G . 0  -6.5 121 

5 5.1 4.8 -I- 18 + 18 5.6-5.9 + 3  

The absolzcb cofifiigurutkon of 1. Greeltfield & FusmaB [ZS] ,  bascd on [27), assign 
the R configuration to (+)-l. This is not supportcd by (mr calculation (see also l:1.3]). 
By a private communication FZeS has subscqueritly inlorriled us that the R con- 
figuration mentioncd in [27a] and [25] is in crror, and that the correct absolute: con- 
figuration is indced S [27b]. 

4. Discussion. - All calculated longest-wavelength transitions in cornputids 
1 to 6 are of m* type; with our parmictrization, Imwcver, the nn* enL 'r g' IPS im:; 
rather low. 

All rotational strengths that have been calculatcd, including configuration ititer- 
action, agree with experimental values with regard to sign. In all compounds cxceyt. 
I-5-methyl-Zpyrrolidone agreemcnt is achieved already without CI. The INDC) 
results of Kichrdson et al. [13] are similar to ours. 

L-~omoseriney-lactone and ~-3-amino-2-pyrrolidonc (which have the sarnc 
absolute configuration) both have a positivc nn* Cottom effcct. Thereforc lactoncs 
do not generally have a longest-wavelength Cotton effect opposite to that of lactams 
with the same configuration, as Uwy [Z] supposed. On the other hand our results 
are not contradictory to the statement by Klyne &Scopes [29] that the CD. rnaxinia 
of the 220 nm bands in lactams and lactones have opposite signs in rigid ring com- 
pounds (Bag. in steroids), but have thc same sign in flexible ring compounds. 

In agreement with experiment tlic calculatcd nn* rotational strength of thc 
(R)-enantiomer of methyl-cyclopcntanonc (6) is positive. Therefore our tileoretical 

y, A computer progmm by Haselboch & ScLmelaev (281 was used to plot thc Mi l  reprcscnlatinns. 
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rcsults also confirm tlie ‘anti-octmt’ (or ‘anti-quadrant’) beliaviour of this molecule 

I t  follows from Table 2 that all our compounds except 3-methyl-cyclopentanone 
obey Schellman’s quadrant rule on the sign of the nn* Cottort effect of amides 141. 
This indeed confirms that the optical activity uf this transition primarily results 
from the perturbation of the chromophore by the substitucnt and not by a deforma- 
tion of thc ring (met hyl-cyclopentanone probably bckves differently in this respcct). 

In interyrcting computed valucs of rotational strengths it is important to take 
into account the angle between the electric and the magnetic transition momcnt. If 
it is mar 90” the results must be used with particular caution as a wry small varia- 
tion of the wave function may immediately reversc the sign of the transition. 

To sum upJ the agrccment between calculation and expcriment is qualitatively 
satisf,actory. Whethcr the results can be quantitatively improved, by variation of 
thc empirical pararncter, remains questionable. I n  any case it is essential that a 
certain set of parameters should be applicable to as many molecules as possible, 
for the metliod to bccome a useful tool in structural chemistry. 

Wc thank Prol. 1%. C. f1. Eu~ster  for supplying a sample of (-)-4-~iydroxy-Z-yyrralidone, 
nrs. E. Huselbwh & A. Schnaelzer for making their plot-program availablc, the Computing Cxnters 
o f  the Univcrsity of Zurich and of E’l‘fl-2 for coinputcr time, and the Schwekerischev Nationalfonds 
zuv mvdermg dsr wissenshaftiichen Forschung for financial support. 

Appendix. - The pararnctrization of the CNlW calcalation 1171. 
The matrix c:lcnimts of the Havtree-FoclL matrix in thc  Basis of s and p atomic orbitals (no’s) 

a.rc calculated as follows: 

ypp ... . 

P j = l  
(on atom A) 

(uj,A is the cocfficient of AO p in MO j) 

&, is the coulomb intcgral evalualed djrcctly from the basis functions ( i . e .  Slutsr type 
atomic orbitals), ct is thc difference bctween thc theoretical and the cmpirical onc-ccnter coulomb 
integral (if A and :I3 arc atoms of diffcrcnt kind, Vie arithmctic mean of tlie empirical intcgrals 
is takcn). 
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Table 3. Snipirical CXDO pwamslers r17J 

747 

Atom Slate? exponcnt IJ, LcVl (410 [eVI Y h A  0; rev-Ki 

1.1 1.200 - 13.595 .- 12.848 - 12.9.59 
C 1.625 - 50.580 - 41.530 10.333 - 17.551 
N 1.950 - 70.093 - 57.848 11,308 - 21.060 
0 2.275 - 101.306 - 84.284 1.3.907 - 24.568 
1: 2.600 - 129.544 - 108,933 15.233 - 28.081 
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