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Atomic Contributions to  the 
Optical Rotation Angle as a 

Quantitative Probe of Molecular 
Chirality 

Rama K. Kondru, Peter Wipf, David N. Beratan 

Chiral molecules are characterized by a specific rotation angle, the angle 
through which plane-polarized light is rotated on passing through an enantio- 
merically enriched solution. Recent developments in methodology allow com- 
putation of both the sign and the magnitude of these rotation angles. However, 
a general strategy for assigning the individual contributions that atoms and 
functional groups make to the optical rotation angle and, more generally, to the 
molecular chirality has remained elusive. Here, a method to determine the 
atomic contributions to  the optical rotation angle is reported. This approach 
links chemical structure with optical rotation angle and provides a quantitative 
measure of molecular asymmetry propagation from a center, axis, or plane of 
chirality. 

The rotation of plane-polarized light by a 
solutioli of chiral ~iiolecules arises from tlie 
difference in the index of refraction for left 
and right circularly polarized light (1). Opti- 
cal rotatioli is measured as a function of 
frequency in optical rotatory dispersioli spec- 
tra. It is probed routinely at a single frequen- 
cy in organic laboratory polarimetry mea- 
surenients of the rotation angle. This angle 
depends on chemical bonding and molecular 
conformation in a coniplex and as yet poorly 
understood way. 

Very recently, quantitatively reliable 
quantum computatiolis of molar rotation 
angles have become available (18-21). The 
basic theoretical framexi~ork governing chi- 
roptical phenomena in molecules, however, 
has been known since tlie early days of 
quantum mechanics. Rosenfeld and Con- 
don described the quantum mechanical or- 
igins of tlie optical rotation angle (23). 
Early 11iodels of Kirkwood and others ( 8 ,  
11, 24) were based largely on interacting 
polarizable atoms or chemical groups. 

putations (25, 26j. We use full molecule 
coliiputations to resolve the specific rota- 
tion of a niolecule into its individual atomic 
co~itributions. Our strategy is conceptually 
distinct from previous atom-based analyses 
that extrapolated paraliieters taken from 
single atoms or ~iiolecular fragments (5. 7, 

7 ,, 
11 ) .  

The optical rotatory parameter P is related 
to the angular frequency of the incident radi- 
ation (o )  and the elements of the electric 
dipole-magnetic dipole polarizability tensor 
G' (23) as 

P = 3 - ' ( G : . ,  + G;,, + Giz)i3 (1) 

The specific rotation angle (21) (measured at 
tlie sodium D line), usually reported in units 
of degree [decimeters (g/ml)]-'> is 

[a], = 1 343 X 10-' Pij2 (n2 + 2)/3MW (2) 

where p is in units of ( b ~ h r ) ~ ,  iW1.t' is the 
molar mass in grams per mole, n is the re- 
fractive index of the medium, and i is the 
frequency of the sodium D line in cmp'.  
From [a],, the molar rotation is defined as 
[iw, = [a],MWi100. We calculate G' (14) 
for tlie full molecule using 

Gha = -2wIm 

xi~here Tp) and 'Pa0) denote the ground and 
excited state wave functions, respectively, 
and oeg = we - og is the associated excita- 
tion frequency. I*, and nz, are the electric and 

Linking the rotation angle to n~olecular These models are instructive and may suc- magnetic dipole operators, respectively, ori- 
structure is a challenge of fulldamental as ceed in predicting some rotation angles in ented along the a axis. Equation 3 can be 
well as practical i~iiportance. For example, 
the chemical bollding pattern is often knoxi~n 
for natural and synthetic products of potential 
use in medicine, but it can be challenging to 
determine the absolute handedness of every 
chiral center. When h; stereocenters are 
present, there are 2-v possible stereoiso~iiers 
for a stlllcture. Yet, an unambiguous assign- 
ment of absolute stereochemistry is essential 
for a reproducible laboratory synthesis or a 
mea~ii~igful structure-activity stlldy. The as- 
signment of absolute stereochemistry is par- 
ticularly probleliiatic in large flexible mole- 

limited families of structures, but no gen- 
eral strategy exists for assigliing the contri- 
butions of individual atonis (or chemical 
groups) to the optical rotation angle. Also, 
no reliable e~iipirical rules exist yet for 
predicting either the sign or order of mag- 
nitude of the optical rotation angle for mol- 
ecules of ltnown structure. Here, we present 
a quantitative niethod to dissect the optical 
rotation angle into its individual ato~iiic 
contributions. This atomic mapping proto- 
col provides a foundation for establishing 
f~~ndamental  relations betxi~een chemical 

simplified in the liliiit where the incident 
radiation frequency is far from promoting any 
resonant electlonlc absorption (27) In that 
case, o2 (( w&. and ~f xire wrlte we, = (EkO) - 
EF)) (xi~here EL0) are the exclted state energles 
and EL0) are the glound state energles of the 
unperturbed wave functions), 

cules of novel stnlcture containing liiultiple structure and optical rotation angles in mol- For a single determinant wave function? first- 
chiral centers. ecules and linlts modern quantitatively re- order changes to the ground state are de- 

Since van't Hoff (2) and Le Be1 (3) related liable computation to nuliierous empirical scribed in terms of perturbations to the niol- 
the phenomenon of optical rotation to the models developed over the past 100 years. ecule's occupied molecular orbitals ($,,) by 
presence of asymmetric carbon atoms, em- Moreover, this analysis provides a precise tlie electric (E) and magnetic (B) fields. 
pirical (4, 5), seliiiempirical (4-9), classical measure for the niagnitude and the decay of These perturbations are closely related to the 
(lo)? and quanhlm niechaliical (11-14) mod- asymmetry in tlie vicinity of an asymmetric two bracketed terms in Eq. 4, 
els have been developed to describe the the- unit in a molecule. The present analysis 
oretical origin of the rotation angle. Valuable complements earlier work from our group 

J*,! ( $ : y l  1 Pa 1 $JO') 
conceph~al advances xirere made, as ii~ell; in (20) and from Polavarapu's group (19, 21) - = C ( (E;o' - Ej;,) 
defining chirality functions (1 7). that assigned absolute stereocheliiistry on aE, , s ,, 

the basis of a comparison of computed and 
~ ~ ~ ~ ~ t ~ ~ ~ t  of chemistry, university of pittsburgh, observed molar rotation angles and demon- = s p,,, qO' (5a) 
Pittsburgh, PA 15260, USA. strated the llu~nerical reliability of the com- 1 6 1 ,  
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= E Q, (5'3) 
j # n  

where n and j represent the occupied and 
unoccupied molecular orbitals, respectively. 
The P and Q elements are computed routinely 
with coupled-perturbed Hartree-Fock meth- 
ods (26). Finally, expanding the molecular 
orbitals Jly) as a linear combination of atomic 

Fig. 1. Atomic contributions to the molar rota- 
tion in oxirane and in four substituted oxiranes: 
(A) oxirane, (B) fluorooxirane, (C) chloroox- 
irane, (D) bromooxirane, and (E) methyloxirane. 
The atoms are colored according to their con- 
tribution to the molar rotation angle. Atoms 
shown in green carry small or no contribution, 
atoms in red have a negative contribution, and 
those in blue have a positive contribution to 
the molar rotation angle. Note the canceling 
hydrogen contributions in oxirane (A). In the 
other molecules, the chiral carbon carries a 
large contribution, and the oxygen in the ring 
carries a smaller contribution. The halogen con- 
tribution increases with the size of the halogen. 
In fluorooxirane (B), the fluorine contribution is 
small, in contrast to the larger bromine contri- 
bution in bromooxirane (D). The sum of all 
atomic contributions shown for each mole- 
cule represents the molar rotation (as calcu- 
lated in the coupled Hartree-Fock analysis 
that leads to these plots). In this series of 
molecules, a 6-31C** basis set was used to 
calculate the optical rotation angles and their 
atomic contributions. 

orbitals (+,) according to $7) = C,q.fi, and fragmentation schemes) and is quantitatively 
substituting I#') into Eq. 5 yield reliable for molecules of modest size (19,21). 

From these perturbations, we then compute 
a*?, 
- = C pnjC + 1 =  E P i ,  $1 (64  

the atomic contributions io the I-otation angle 
aEm using Eq. 7 .  

, # "  I 1 - 
As a first demonstration of this strategy, 

a$fl - achiral oxirane and chiral substituted ox- 
aBm - - ', = Qik " (6b) iranes were chosen for their simplicity and 

j # n  k 
rigidity. The atomic contributions to the mo- 

These two wave function derivatives describe lar rotation angles in fluorooxirane, chloroox- 
the way that the molecular orbitals change irane, bromooxirane and methyloxirane were 
upon application of the E and B fields. Insert- computed with 6-3 1G** basis set (29) opti- 
ing these derivatives into Eq. 4 gives an mized geometries; the same basis was used in 
expression for the G' elements in terms of 
atomic orbital overlaps and the computed 
molecular orbital coefficients: 

This expression can be analyzed in a manner 
analogous to Mulliken population analysis 
(28). The diagonal terms (I = k) represent 
pure atomic contributions to the G' tensor. 
Off-diagonal terms (I # k) describe the bond- 
ing and through-space contributions, which 
we divide equally between each pair of con- 
tributing atoms (28). 

The coupled-perturbed Hartree-Fock strate- 
gy computes the ground state wave function 
perturbations (all at once, without the use of 

the rotation-angle calculations. Our analysis 
characterizes each atomic (or group) contri- 
bution to the optical rotation angle. A large 
contribution from the center of asymmetry in 
all molecules and a more modest contribution 
h m  the oxygen atom are demonstrated in Fig. 
1. Even though fluorine is directly bound to the 
asymmetric carbon, it does not contribute sub- 
stantially to the rotation angle itself (Fig. 1B). 
In contrast, the atomic contributions of the more 
polarizable chlorine and bromine atoms are 
large (Fig. 1, C and D). For substituted oxiranes 
for which an experimental value of [MJ, is 
known, the overall computed value is in good 
agreement with the experimental value (19,30), 
indicating that our atomic-level analysis is 
quantitatively reliable. 

Chiral 2,7,8-trioxabicyclo[3.2.1] octanes 
(Scheme 1, 1 to 3) have attracted theoretical 
interest because of their conformational rigid- 
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Fig. 2. For the substituted bicy- 
clic orthoesten 1 to 3, the same 
color scheme as in Fig. 1 is used 
(a 4-31G* basis set was used for 
computation of rotation angles 
and atomic contributions). The 
hydrogen atom connected to the 
bridgehead C1 in 1 carries a very 
small contribution. Similarly, the 
methyl group connected to C1 in 
2 has a small contribution. In 
these compounds, oxygen atoms 
are green, indicating little contri- 
bution to the molar rotation an- 
gle. The twisted butane frag- 
ment, C3-C4-C5-C6, and the 
phenyl ring make an important 
contribution to the sign and 
magnitude of the molar rotation 
angle in these compounds. 
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Scheme 1. 

chanical calculations, in contrast, provide 
excellent agreement with all experimental 
data. 

Applequist suggested that the lack of 
dependence on the type and orientation of 
the bridgehead substituent arose from its 
distance from the gauche C3-C4-C5-C6 
unit, whose contribution to the rotation an- 
gle was suspected to exceed that of the 
bridgehead carbon itself. Our atomic anal- 
ysis is well suited to examine this hypoth- 
esis and to identify the atomic origin of 
optical rotations (Fig. 2). 

ity and the availability of x-ray crystal Note that the atoms in 1 to 3 contribute 
structures (31). On the basis of the calcu- to different degrees. In compounds 1 and 2, 
lated and experimental molar rotation an- the twisted butane moiety, C3-C4-C5-C6, 
gles of 1 to 3, Applequist et al. (31) showed provides the dominant contribution, consis- 
that the rotation angle is apparently insen- tent with Applequist's hypothesis, although 
sitive to substitution at the bridgehead car- the quantitative agreement is substantially 
bon. Applequist's model predicts a modest better in the present study. In contrast, in 
dependence on the ring orientation in 3. We compound 3, both the phenyl group and the 
compared the calculated molar rotation an- twisted butane moiety make substantial 
gles of 1 to 3 according to Applequist's atomic contributions, counter to the predic- 
atom-dipole interaction model (7, 31) and tions of the empirical model. Rather than 
those determined by our ab initio coupled the asymmetric carbon C(l) exclusively, 
Hartree-Fock calculations in the 6-3 1 G, the conformationally locked chiral butane 
6-3 lG*, and 4-31G* basis sets (26) (Table substructure (and the phenyl ring) dominate 
1). The atom-dipole calculations predict the the rotation of plane-polarized light in these 
correct sign of the rotation angle, but the molecules. 
computed magnitude is about four times As a final example, we considered CH, 
the experimental values in all compounds. and CH roup contributions to the optical 

3. Our Hartree-Fock 4-3 lG* quantum me- rotation in a molecule that contains a single 

the carbon chain,atoms that are farther away from the chiral carbon also contribute substantially 
to  the molar rotation angle of this conformer. 

Table 1. Calculated molar rotation angles (in degrees) of 1 to 3 according to Applequist's atom-dipole 
interaction model (7, 31) and our ab initio coupled Hartree-Fock calculations in the 6-31C, 6-31C*, and 
4-31C* basis sets (26). 

Compound Applequist 6-31C 6-31C* 4-31C* Experimental 
values (37) 

chiral center connected to an alkyl chain. 
2-Fluorohexane was analyzed in two con- 
figurations (Fig. 3), one extended and one 
somewhat folded. Van't Hoff s principle of 
optical superposition (2) suggests that 
asymmetric centers separated by several 
single bonds make simple additive contri- 
butions to the molar rotation angle (1, 2). 
The rapid decay of atomic contributions to 
the optical rotation in the extended geom- 
etry accounts qualitatively for van't Hoff s 
observation. The folded geometry introduc- 
es conformational asymmetry in the carbon 
chain, resulting in atoms remote from the 
chiral carbon also making substantial con- 
tributions to the molar rotation angle (Fig. 
4). The atomic maps allow detailed analysis 
of how molecular conformation affects op- 
tical rotation. 

We have introduced a method for calculat- 
ing atomic and group contributions to the opti- 
cal rotational angle of a chiral molecule. The 
resulting atom-based structure-function rela- 
tions can reveal the structural and geometric 
sensitivity of the rotation angle, as well as 
measure subtle substituent and chemical bond- 
ing effects. This correlation between molecular 
structure and macroscopic phenomena may 
help to establish polarization rotation de- 
sign principles for use in materials research 
and may facilitate data analysis in chiropti- 
cal spectroscopy (32). Moreover, atomic anal- 
yses of optical rotation may help to establish - .  

new cpktitative definitions of molecular 
asymmetry and the nature of its propagation 
through bonds and through space. 

Fig. 4. Absolute value of the group (CH, or CHJ 
contributions to the molar rotation angle [qlj') (in 
degrees) in 2-fluorohexane as a function of 
carbon atom distance from the chiral center 
(RU)),  in 3a and 3b. The solid line shows the 
rapid decay of group contributions as a func- 
tion of distance in the extended geometry (34, 
and the dashed line shows the group contribu- 
tions for the gauche conformation (3b) (-60° 
dihedral angle). The rapid decay with distance 
in 3a is consistent with the empirical observa- 
tion that chiral centers separated by several 
single bonds have an additive effect on the 
observed rotation angle. The lack of decay in 3b 
arises from the chain's conformational asym- 
metry, which is spread over the entire folded 
molecule. 
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Auditory Activity in a Vocal 
Motor Svstem 

Amish S. Dave, Albert C. Yu, Daniel Margoliash* 

Neurons of the song motor control nucleus robustus archistriatalis (RA) ex- 
hibited far weaker auditory responses in awake than in  anesthetized zebra 
finches. Remarkably, sleep induced complex patterns of bursts in ongoing 
activity and uncovered vigorous auditory responses of RA neurons. Local in- 
jections of norepinephrine suggested that the changes in response strength 
occur through neuromodulatory control of the sensorimotor nucleus HVc, 
which projects t o  RA. Thus, motor access t o  auditory feedback, which zebra 
finches require for song learning and maintenance, may be regulated through 
neuromodulation. During sleep, the descending motor system may gain access 
t o  sensorimotor song memories represented as bursting patterns of activity. 

Changes in behavioral state are accompanied 
by changes in the functional properties of 
forebrain neurons. As animals transition to 
sleep, neurons may exhibit reduced respon- 
siveness to external stimuli, reduced ongoing 
("spontaneous") firing rates. and increased 
bursting and synchronization. The cellular 
mechanisms for such changes are mediated 
by the actions of neuromodulators, including 
norepinephrine (1). Behavioral and compara- 
tive studies have suggested that sleep may 
play a role in the stabilization of certain types 
of memory, including the learning of fine 
motor tasks, but, in general, the behavioral 
implications of sensory gating are not as well 
established (2). Here we report that neuro- 
modulatory regulation within the bird vocal 
motor ("song") system controls the expres- 
sion of activity patterns associated with 
learned auditory information. In contrast to 
the pattern typical for other systems, sensory 
responsiveness increases during sleep. 

Song learning requires auditory feedback, 
and the role of auditory feedback is modulat- 
ed during development (3). In the forebrain, 
the nucleus HVc and its afferents are the 
principal targets of audito~y input to the song 
system (4). Neurons in HVc project to one of 
two pathways, either the descending motor 
pathway through a projection to the forebrain 
nucleus robustus archistriatalis (RA) or the 
anterior forebrain pathway (AFP) that even- 
tually projects back to RA (Fig. 1A). Where- 
as HVc and RA are necessaly for singing, the 
AFP is necessary for the development of 
normal song, but lesions of AFP nuclei in the 
adult have little effect on singing in zebra 
finches (5). 

We recorded single neurons in the HVc 

Department of Organismal Biology and Anatomy, 
Committee on Neurobiology, University of Chicago, 
1027 E. 57th Street, Chicago, IL 60637, USA. 

and RA of awake, freely moving animals (6). 
Numerous previous shldies, mostly conduct- 
ed in urethane-anesthetized animals, have 
shown that HVc (7, 8) and RA and AFP (8) 
neurons have auditory responses that are spe- 
cific for acoustic features of the individual 
bird's own song (BOS) and are selective for 
BOS relative to conspecific songs. U7e also 
observed such selectivity in the auditory re- 
sponses of single HVc neurons in awake 
birds but, surprisingly, failed to observe any 
auditory response whatsoever in RA neurons 
recorded under the same conditions (9). The 
RA neurons exhibited fast regular oscillatory 
spiking patterns that lacked the occasional 
bursts observed in recordings from anesthe- 
tized birds. The complete absence of an au- 
ditory response in RA may have been the 
result of a neuromodulatory response related 
to stress induced during a brief period when 
the animals were manually restrained to 
achieve single-unit isolation (6) (see below). 

Exploring under what behaviorally rele- 
vant conditions RA neurons exhibited the 
auditory responsiveness observed in anesthe- 
tized animals. we discovered that when birds 
fell asleep, b. neurons acquired complex 
bursting in their ongoing activity and, re- 
markably, gained auditory responsiveness to 
BOS. At night, birds prepared for chronic 
recordings of RA neurons were presented 
with continuous playback of BOS (6). U7hen 
the cage lights were turned off. motion in the 
cage (as judged by lack of audible move- 
ments) eventually ceased and the birds fell 
asleep. Without fail, sleep was accompanied 
by slower; less regular firing (14 single units, 
five birds; Fig. 1B) and a dramatic increase in 
the auditory response to BOS (10 of 14 single 
units and six multiple units in four birds were 
tested); the effect was sufficiently reliable to 
be easily seen in multiple unit traces (Fig. 
ID). The RA "sleep" state of ongoing activity 
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14 September 1998; accepted 16 November 1998 mail: dan@bigbird.uchicago.edu ever we sampled RA d~uing the night. The only 
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