
Telrahcdron: AsymnUry Vol. 4, No. 3, pp. 545-554.1993 
Printed in Great Britain 

09574166,93 $6.COt.O0 
Pergatnon Ress Lad 

Coupled Oscillator Calculations of Circular Dichroism In- 

tensities: Structural Applications in Organic Chemistry”. 
Carlo Rosini, Maurizio Zandomeneghi, Piero Salvadori* 

Cenau CNR hXaaumoleC& SWnerdhute ed Chticatnente A&e, Diparrimcno di Chimica e 
Chin&a Indusuiale, via Riscqimento 35.56126 Piss, ITALY. 

(Received in UK 22 December 1992; accepted 19 January 1993) 

Abstract. ‘rhc ~evoc. m@ed-r appmcb to the cahdath of cinnusr dicbmism 
featunsispnsenrcdanddiscllss#l.particulararteMioahaJbeendevotedu,clarifyingthe 
importance. of many-body effects in de-g the optical activity. Signitkaot examples of 
contigtuationai and conformational assignment carried out by means of this technique are also 
discussaL 

INTRODUCTION 

The circular dichroism spectrum of a compound contains all the stenochemical information concerning that 

molecule: in fact, the energy position, sign and intensity of a single Cotton effect are dependant on the ove- 

rall chemical structure and hence circular dichroism. and more in general chimp&al data, are potential 

reservoirs of structural information. However, the analysis of a circular dichroism ~pectrum’~ very often does 

not allow definitive conclusions to be drawn on the molecular absolute stereochemistry, unless some signifi- 

cant feature (e.g. an exciton couplet13) is present in the spectrum. On the other hand, synthetic organic 

chemists dealing with optically active molecules have need of simple and reliable methods for interpreting 

c.d data in order to avoid long and tedious chemical correlations, which often have to be carried out to 

estabilish molecular absolute con&urations. This problem has been approached several times in the literature 

and empirical methods such as the so called sector rules3” (see, for instance, the octant rule for the saturated 

carbonyl chromophom) have been proposed. Methods am also available which allow spectra-structure 

relationships to be established without any comparison with a reference molecule (non empirical methods). 

It is in fact possible , once a given molecular geometry has been assumed, to calculate, for instance, the 

rotatory strength of a chosen transition employing two different groups of methods: the molecular orbital 

(MO) approach’= and independent-system (IS) approach i3. The former makes use of overall molecular 

wavefunctions to provide theoretical rotatory strengths to be compared with the experimental ones. The 

reliability of this method depends mainly on the quality of the wavefunction of the ground and excited 

states. This aspect can constitute a very difficult task in particular for molecules having complex suuctures: 

* Dedicated to the memory of Professor Gunther Snaztke in recognition of his pioneering 
contribution to circular dichroism. 
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and represents B limitation for the general applicability of this technique. The latter approach is based on the 

so called independent-systems methods: i.e. in a chiral molecule, one (or more) chromophote, where the 

electronic transition under examination is localized, and one (or more) pertuber which “modifies” the above 

transition, are separated. From the interaction chromophore&rturber(s) arks the optical activity. Among the 

independent-system techniques, those based on coupled oscillators or poltuizability models have received 

considerable attentlonlP. Such models have been quite successful for molecules where two identical chro- 

mophores can be separated (e.g. 1,1-binaphthyl derivatives) or that absorb in the same range of wavelengths 

(for instance benzoates of aromatic alcohols). Generally, these approaches, are fornudated in a quantum-me- 

chanical frame1n26, even if some procedures are known, like the DeVoe model’, which largely use the me- 

thods of classical physics. In this model, a molecule is considered to be composed of a set of sub-systems, 

the chromophores: they are polarized by the external electmmagnetic radiation and are coupled each other by 

their own dipolar oscill&%ktu fields. The optical properties (absorption, refraction, optical rotatory dispersion 

and circular dichroism) of the molecule under study can be calculated taking into account the above intera- 

ction of the subsystems. 

RBSULTS AND DISCUSSION 

a. The DeVoe oolarlzabilltv atmroach 

The DeVoe treatment of the optical properties of a molecule requite a division of the molecule into a set of 

subsystems which have to be suitably characterized. Therefore, each subsystem is represented in terms of one 

(or mote) oscillator: eaosu oscillator represents an electric dipole allowed transition, defined by the polariza- 

don direction tt, and the wmplex polarizability ~$(a>= R,(fJ)+iI@). I,(6) is obtainable from the experiment, i.e. 

from the absorption batd of the compounds which can be considered good models of the subsystems, R,(Q) 

can be calculated from II(a) by means of a Kronig-Eramers transform. Under the external radiation, each 

sub-unit is polarized depending on the local electric field , this field being the in&lent field E, plus the fl- 

elds from polarizations of other sub-units: 

1) 

G, is the point-dipole point-dipole interaction term. This a system of linear equations, relating the induced 

moment on unit i (m,) ti the induced moments on all the other units. By solving this system, one can obtain 

tbe induced moment on each group as a function of the external field values at the dipole location: 

2) 
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where A is the inverse of mauix B. B,=@&)ffi,. It is then possible to calculate electric polarization and 

the complex &active in&xes for left- and right-circtdsrly polarized radiation, obtaining, after reliable 

approximations, the expression for the circular dichroism ss: 

3) 

where ImAt, means the imaginary part of the element A,,. The DeVoe model is an exact treatment in the 

sense that the mutual action of dipoles, under the external radiation field, is taken into full account. This is 

because it gives an exact (all-order in GU) treatment of the molecular optical properties. The drawbacks are 

two: the first one is that a practical calculation involves inversion of B matrix at every kequency of interest 

and the dimension of B (which depends on the number of the dipoles) grows rapidly with molectdar comple- 

xity. The second is that it is not so easy to estabilish when a coupled oscillator tmatment is the adequate 

one: intrinsically dissymmenic systems exist and asymmetric molecules are expected, in general, to tend to 

such cases when higher and higher energy states are considered. It is possible to understand how two diffe- 

rent units are coupled together due to the action of the external field: the two units are polarixed by the 

external field, with values E(1) at 1 and E(2) at 2, respectively, plus the field due to the other polarized 

oscillator. To a first approximation, to describe the coupling one can think that osc.1 feels the external field+ 

the field of osc.2 perm&ed by the external field only, and cormspondingly, osc.2 feels the external field at 2 

+ the field of osc.1 perturbed by the external field only. To higher otders, one should include other coupling 

terms : for instance, one should consider that osc.1 feels also the field due to osc.2 pertmkd by osc.1 only 

(the same is true for osc.2). Of course this back and forth process should continue ad i&niturn, describing 

the total field at i using a series. The largest part of optical activity treatments retain only the first terms of 

this series (the external field+ the fields of all other oscillators perturbed by the external field only); thus 

they sre first-order treatments in the interaction tetm G,,. In the DeVoe model the use of a perturbation 

series is avoided, by solving the above system of linear equations and obtaining the matrix elements a,,, at 

each frequency. Whilst first order treatments provide additive contributions to the optical activity of the 

chmmophore coming f&n each perturk. additivity of perturher contributions canaot be expected in all- 

order treatments. Since higher onler perturbative (and all-order) treatments introduce a mom complete descrl- 

ption of the interaction, in principle they have to be preferred to simple first-order models, in spite of a 

major computational effort. It is important to stress that in some cases these last techniques have to be used 

because the first order optical activity is zem. A molecule like (-)-(R)-1,3&nethylallene can be used as an 

example. Within the DeVoe model this molecule can be represenud. at the simplest level, in terms of three 

interacting polarlxabilitles (Fig. l), 
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if we are interested in studying the optical activity of the electrically allowed 

‘A,+‘B, transition of the allene chromophom. Owing to the symmetry of the 

chromophore and of the subs&tents. each couple of chromophom/perturber 

interacting dipoles is lying in a plane, giving xero contribution to to CD). 

3 b. A 

In the case of the chiral alkylbenzene, (+)-(S)-2-phenyl-3,3_dimethylbutane 1, 6 

the CD and W absorption in the 200-180 nm spectral region have been cal- 
Figure1 smlctllrc of f-)-(R)- 
1,%hntethy~. -t%e dip&s 

culateds in a DeVoe coupled-oscillator framework. The characteristics of the 
empleyal iu the,dc.scriptien of the 
svsteu, ~ w 

oscillators, which have to represent the polarixability allied to the aroma& 

moiety of the molecule, are &rived from the experimental spectrum of toluene: hence toluene is hem assu- 

med as a chromophore simulating the effective aromatic one. Thus, toluene absorption band centemd at 188 

nm has been split into two components with polarization perpendicular and, respectively, parallel to the C, 

axis (in the local C, symmetry). A third transition at 204 nm, ‘A,+‘At in character, is assumed to honow its 

intensity from the above ,parallel and near-in-frequency ‘A,+‘A, transitiot~ Finally, a further polarizability, 

orthogonal to the C, local-symmetry axis, has been intmduccd to take into account the observed toluene 

absorption at about 260 mn. All 4 dipoles are located at the centre of the phenyl ring. As far as the alkyl 

part is concerned, methane and 2methylpropane have been assumed as suitable model chromophoms for 

methyl and t-butyl groups. respectively. Thus, 3 dipoles, located on the tertiary carbon of tbutyl, the first 

parallel to local C!, axis and the others perpendicular to the same axis, represent the absorption of methylpro- 

pane in the 165-110 nm range. In the essence, the experimental spectrum of 2methylpropane down to 110 

nm, e,, is split into a pamllel (to C, axis of t.butyl group) and two perpendicular dipoles acccnding to the 

equations: 

Et= e&o&J ; EL= EL. = (EJ2)side 

with 9 the angle between C-C bonds and C, axis. This partition of the vacuum W absorption (which is the 

neatest in frequency to the aromatic absorption) is consequential to the assumption that local electronic 

excitations in the 110-165 nm spectral region can be represented by dipoles oscillating along the C-C bonds 

themselves. Consequently, in addition to the polarixabilities of t.butyl and methyl groups, already considered, 

the polarizability of the C-C bonds connecting the asymmetric carbon to the considered chromophores have 

also to be taken into account. Thus 3 dipoles on this carbon, each directed along a C-C bond from this 

carbon, centred at 134 nm and with the reasonable dipolar strength 2 Us, have been introduced. Using the 

above simplified model for the alkyl group polarisability both CD and W absorption intensity, strictly 

comparable to the observed ones, have been calculated for the most probable molecular conformation of the 

asymmetric alkyl benzene studied. It must be observed that calculated CD intensity is also here mostly due 

to higher-order effects, vi& sypru, which become effective when polarizabilities on the asymmetric carbon 

are introduced: because their “bridge” location they amplify chiral interaction between alkyl and aromatic 
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c. Perturbative r 

In order to formulate more simple correlations between structure and CD proper&s, we use hem the aher- 

native approach of approximating the elements At1 by perturbative methods. This approach presents the fur- 

ther advantage that a physical insight iuto the origin of optical activity is easily gained, Then: 

The Srst term of this series represents the polarization of unit i due to unit j polarized by the external field 

only (pairwise interactions9 or fmt order perturbation, this term gives rise to the so called fast order optical 

activity), the second one is the polarization of unit i due to unit j, which, in turn, is perturbed by any unit k, 

polarixui by the external field (three-way or second order permrbation). Using the perturbation method a 

direct relationship between the induced dipoles and the local external field values is provided. Therefore, the 

elemnts A,, which am necessary to calculate the CD can be quite easily evaluated. In the simple case of a 

molecule constituted by two equal chromophoms, (degenerate coupled oscillator system) having each only 

one electrically allowed trsnsition, the above expansion is usually truncated to first o&r terms. In this way 

the evaluation of ImA,, as well as that of A&(B) is made easier and we ha#‘? 

This formula is similar to those obtained in a quantum-mchanical franret and from it the origin of some 

spe4zal features (i.e., the exciton couplet present in the CD spectra of chiral dim& molecules, llke dibenxo- 

ates and so on) can be easily understood. In fact, AE@) can be considered to derive from the product of a 

geometrical factor, GF = @,X~R12G12 , and a spectroscopic factor, SF = 6’I(QR(Q. GF is determined by 

the relative disposition of the chromophores 1 and 2 and by the orientation of the transition moments g, and 

6 within the chromophores. The spectroscopic factor is the product of two functions I(6) and R(B). The 

former is an even function with respect to a,, , whilst the latter is an odd function with respect to the same 

value. The product of these functions will be an odd function having the typical couplet shape. Themfore the 

sign of the couplet will be determinrxl by the value (positive or negative) of GF. 

In the case of two different oscillators. we have: 

6) 

If the absorption ranges of the two oscillators am well separated on the frequency scale we have two distinct 

Cotton effects: one centered in the absorption range of the chromophom 1 and the other one corresponding 

to the absorption range of the chmmophore 2. The signs of the two CD bands are determined by 

GFI,(6)Rr(6) (in the first absorption region) and by GFI#)R,(v) (in the second absorption region). Notice 

that, in a sense, the previous couplet has been now split in a positive and a negative branch , each of them 
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centered at the absorption frequency of each chromophore . As an example of a calculation, we &scribe 

here the evaluation of the CD allied to the lowest energy x+x* transition of an optically active cis-diene 

chromophore, (-)-2,3dimethylenebornane I2 This molecule can be considered as a cis-diene chromophore . 

asymmetrically perturbed by a C-CH, bond. Each of these subgroups can be described by a single oscillator: 

the former one polarized along the line joining the terminal diene carbon atoms and the latter polarixe4i along 

the C-M, axis. As far as the values of I,(a) and R,(a) are concerned, a lorentxian polariaability of 25 D2 

centered at 250 nm gives a satisfactory representation of the absorption band of the cisdiene chromphore, 

whilst to describe the pt&uizability of the C-C&, previous wcaic showed that a lorentxian polarizability of 

2D2at 134 nm was reasonable. The geometrical parameters used in the calculations are summari& in Fig. 

2. 

A AE value of -0.57 is calculated at 250 nm, to be compared with an expe- 

rimental value of -0.63, indicating an excellent agreement between theory 

and experiment. 

As it has been recently show#*t4 the CD of the ‘A,+‘B, transition of 1,3- 

dimethylallene, A&(%) can be very easily calculated to 2”d order. within the 

simple polarixability model presented in sec. a-c, employing the expansion 

of A,, of eq. 4. A family of structurally related compounds is that of cyclo- 

hexylidenemethanes: Gedanken and Walborsky have mcently repor&& and 

discussed the CD data of (-)-(R)-(4methyl-cyclohexylidene)ethane. For the 

above molecule, which can be schematized as reported below: 

d 
Figure 2 St~~ture of (-)-2,3-G 
mcthyleaebanaac and the dipoks 
representing the interacting 
SUBS. 

i.e. with three oscillators: e, for the olefin chromophore, e,,$ for the C-C!I$ permrbers. The formula which 

provides CD as a frequency dependent function is the same as previously reported’4, owing to the similar 

structural relationshps in the two cases: 

Aa = -0.014x2~g2(6&@a)&a~,2~,a/,(~)R2(~) 

a negative CD can be calculated, as experimentally observed for the (R) absolute configuration. These 
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results show that even complex molecules can be treated by simple equations. 

OTHER SKMFICANT AF9LICATiONS IN ORGANIC STEREOCHEMISTRY. 

a, Absolute confixmation of acetvlenic carbinols. 

Compounds having general formula 

R1 

constitute an important class of intermediates in the synthesis of natural products. Jn spite of this fact, only 

the empirical method of Mori and Alou? for determining their absolute confignration was known. The main 

obstacle to the use of CD spectroscopy is due to the fact that these molecules do not absorb in the spectral 

range 185-600 nm, accessible to the commercial instruments. In order to introduce an accessible chromopho- 

ric system, these alcohol were transformed” in to the corresponding benzoates which show the well known 

x+ti electrically allowed transition at 230 MI. They all show a positive Cotton effect with AE between +l 

and +3. Taking into account the most stable conformation of simple benxoates proposed’” by Brewster and 

assuming arbitrarily the S absolute conQuration for the chiml center, the following structure can be used for 

a JIeVoe treatment. 

\ \ HO 

Rw * 

b 0 

The 230 nm transition of the benxoate chmmophore was described in tetms of a single oscibamr polar&d 

along the line joining the carbonyl carbon atom to phenyl group, the triple bond has been represented only 

by means of the ‘q++‘, transition polar&d along the axis of acetylenic function, while, for the alkyl 

groups the parameters set up previously 8~’ have been used”. In this way Ae values, for the benzoate 230 , 

nm transition, in the range between +l and +2 are obtained, teprc&cing sign and intensity of the experi- 

mental values. Therefore a non empirical correlation between the S absolute configuration of the chiral 

center and a positive CD band at 230 nm in the spectrum of the acetylenic benxoate has been estabilished. 

This correlation is quite general because it is independent of the nature of the substituent (R,) of the acetyle- 

nit group. In fact, it will be valid for all the groups which do not change the polarization direction of this 

chromophore: i.e. a variety of substituents such as alkyl, acetylenic, cyan0 and halogens. The use of this rule 

has been successively extended” to tertiary acetylenic alchols, allowing to solve an interesting con&ratio- 

nal problem. To the levomatory antipode of 3-methyl-l-pentyn-30, 2, was assigned the S absolute con- 

figumtion, whilst the same configuration was assigneda to the dextmrotatorv antipode of 3,4,4-nimethyl-l- 

pentyn-3-ol, 3: this last assignment gave rise to several inconsistencies in the stereochemistry of products 
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correlated to 3, such as allenes and acetylenes. Whilst the S absolute configuration can be safely attributed 

to (-j-2, owing to its chemical correlation to (+I-(S)-2-hydroxy-2methylbutytic acid, the configurational 

assignment of (+I-3 appeared less certain, because it was established only by nreans of the Pmlog rule. The 

two alcohols were then transformed19 in to the corresponding benzoates and the CD of the 230 nm transition, 

measured. The benzoate of (S)-2 showed positive CD at 230 nm. as expected following our CD-based corre- 

lation. On the contrary, the CTI spectrum of the benzoate of the presumed (S)-3 showed a negative CD band 

in correspondence of the same transition, according to an R absolute configuration of the stereogenic center 

of the dcxtromtatory antipode of 3. On this basis the data mported in the literatum can be revisited and any 

difficulty eliminated. 

b. Conf ormarion 

Compounds having the following structure: 

0 

0 O 3 OOR 
were chromatographically separated (separation factor a in the range 1.15-2.5) by means of the chiral statio- 

nary phases derived from (S)-3,5dinitrobenzoylphenylglycine and a chiral discrimination mechanism, by 

which the antipodes of these substances are separated on these phase, proposed”. With this mechanism it 

was also possible to explain why the structum when R is an alkyl group i.e. Me, BtP, PI’) is better separated 

than to the compound where R=H. Such a difference in behaviour has been attributed to a different confor- 

mation of the substitued systems (conformation a) with respect to the UnsubstiNted ones (conformation b). 

‘B 

Coafanaatioa b) 

The antipodes of thd molecules which preferentially assume the structure a) am better “recognked” by tbe 

cbiral phase and the#tthe resolution is mom efficient. In order to &monstrate the existence of such diffemnt 

confommtions, the cutular dicbroism spectra of the phthalide with R=RL (as represemative of the 3-substitu- 

ted compounds) and +f the phthalide with R=H were measured and analyzed The spectrum of the former 

compound does not mow any couplet in the range (200-250 nm) where the coupling between the ‘B, transi- 
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tion of the naphthalcne cbromophore and the ‘L, of the phthalide chromophom should occurt but only a 

single, positive (for the R absolute confignratiort) and ittten~e (AtJ 70 c&) band is obmved. On the contrary 

a strong couplet (negative for the R absolute coniigurati~n) is found in the CD spee&um of the tutsubstituted 

phthalide. A detailed analysis of the CD data has been carded out , by means of coupled oscillator calcula- 

tions, in the DeVoe fnump. The ‘B transition of the uaphthalene chromophore has been described by 

means of a single dipole, located in the center of the naphthalene system and dimcted along the long axis of 

the chromophore. To it has been attributed a dipolar strength of 90 Ds centered at 220 MI. The phthalide 

chromophore shows an allowed transition at 230 mu, polarized along the benxo-carbonyl bond axis. Thus, a 

single polar&ability at 230 nm, dhectal as indicated and located in the center of the benzene ring, has been 

employed to describe this transition Fur&more, other transitions in the phthakie cmhore have tn be 

tahen into account. In the spectrum of the benxoate chromophote (a good model of the phthalide moiety) an 

absorption band is observed at 195 ntn (E 40000 ca). A CNDO/S-CJ calculation on methyl benxoate gave, 

in addition to the 230 nm absorption band, a couple of quasi-degenerate excitation at 190 nm, lying in the 

aromatic plane and polarized along and perper&ularly the the benxenecarbonyl bond axis. Using the above 

dipoles, located in the center of the benzene ring, a good mpmducdon of the CD spectrum of allryl-substim- 

tal phtalides has been obtained by means of confom~~tion a), where the ‘B and IL. transition dipoles ate in 

practice parallel each other and then a CD couplet has not be expected. On the wntraty, an intense negative 

couplet has been obtained for conformation b), in heepiag with a struc.turaJ situation where the above 

dipoles are no longer parallel . Therefore the analysis of the CD spectra allows to establish the prev&ng 

conformation in solution for the two autipcdes, supporting then the pmposed chiral recognition mechanism 
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