J. Am. Chem. S0d.999,121,9481-9482 9481

Relationship between Chirality Content and wheren are the number of vertexes located at positipnand
Stereoinduction: Identification of a Chiraphore given by symmetry point grou and thef are the corresponding
Daquan Gao, Sabine Schefzick, and Kenny B. Lipkowitz* points in the nearest-symmetric configuration whiled is a
Department of Chemistry distance normalization factor to make the CCM value size-
Indiana Uniuersi?y—Purdue Uniersity invariant. The CCM is a special distance function in that there is
at Indianapolis (IUPUI)402 N. Blackford Street, .nolldeal refgerence structure used for comparison a priori; rat.her,
; ; : it is the distance to the nearest structure with the desired
Indianapolis, Indiana 46202 . h
. . symmetry. The experimental system we apply our analysis to are
_ ~ Receied April 28, 1999 the 2,2-biaryldiol ligands used by Harada et al. for asymmetric
Revised Manuscript Receed August 25, 1999 pjgls—Alder reactions of acrylates with cyclopentadiéne.
In this paper we posit the following fundamental question:
What is the relationship between chirality per se, and enantio-
differentiation? Clearly chirality needs to exist for a stereodif- Lewis Acid Catalysts 1-3

ferentiating task to take place, whether it be chiral recognition @ + /\”/O\R
Seta; R =t-Bu
o]

Z
by a receptor or host molecule or for a catalyst to induce et b R = Mo
asymmetry in a synthetic transformation. But, how much chirality Set ¢; R = CgHyy
is needed? If one considers an unsymmetrically substituted
biphenyl as an example, it is clear that no chirality exists when ) )
the system is completely planar so that no chiral recognition or ~ We use this set of experimental data because a large number
induction can take place. Yet, by twisting the rings out of plane, of catalysts were prepa_red and evalu_ated for their ability to induce
even 1/100th of a degree, a chiral system is generated (P and MASymmetry (in comparison to most literature reports where only
enantiomeric forms). If one could isolate and retain that twisted ONe or two catalysts are usually studied).
form, most chemists would feel confident that neither chiral ~Harada considered the Lewis acid catalystsas well as
recognition nor stereoinduction would be observed because thebiphenyl diols where the asymmetry around the hydroxyl groups
molecule is not twisted enough, i.e., it lacks enough chirality Were controlled by either an alkylenedioxy brid@e or substit-
content to carry out a stereodifferentiating task effectively. uents at the 6 and' gositions,3. Three sets of reactions were
most chemists as a system that would be a suitable candidate fothree sets of reactions are designated as,set andc.
stereodifferentiating tasks, and indeed, there exist a plethora of
such axially chiral biphenyls, binaphthyls, and so on in the
literature capable of expressing chiral recognition.

Thus, somewhere along the twisting coordinate, beginning from
a nonchiral planar form to a chiral twisted form, the chirality
content of the system must increase to a maximum value, but
then it must decrease back to zero as the system again becomes

CO,R

achiral in its planar form. The idea that one should be able to sanes 3R = PO
guantitate chirality has been the focus of a small group of math- 1 2in=4 3eR_Et
ematical chemists who, during the past decade, have developed 2din-6 Pl

a variety of mathematical and computational methods for deter-
mining how chiral an object is, whether that object is a molecule,
a collection of molecules, or even large random supramolecular
structures such as spiral diffusion-limited aggregéfels fact,

Both the yields and the enantiomeric excesses (ee’s) were
variable, but an insightful discovery by Harada was that by

) ; plotting the biphenyl twist angle, derived from quantum mechan-
some of these researchers have already applied their methodoloj.4| calculations of an aluminum chloride complex, one finds a

gies to biphenyl itself.* What we want to accomplish here is to  spjinear, nearly parabolic relationship between the extent of
determine what relationship exists, if any, between computed bipheny! twisting and the experimental ee’s. We have repeated
chirality metrics and a stereodifferentiating task measured from {page calculations and we find a similar, albeit not identical,
experiment. To do this we adopt Avnir's continuous chirality relationship (Figure 1 left side panels).
measure (CCM) to compute the chirality content of molecbfes. These results are both logical and intuitive; as the twisting
The CCM is calculated using eq 1 increases, the stereoinduction increases until a mismatch is created
at which point the ee’s begin to drop. We find for these reactions
120 2 the maximum twist angle is around ®0n this analysis four
SG) = (o —B) (1) atoms, G—C,—C,'—C,, are used to define the twist of the
nD*” = biphenyl, and this internal coordinate alone seems to express well
the relationship between chirality and stereoinduction. Baty
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Figure 1. Left panels: plots of bi-aryl torsion angle versus ee for acrylate

setsa—c reacting with cyclopentadiene in the presence of axially chiral

catalysts described in the text. Right panels: plots of computed chirality
content (CCM) versus experimental ee’s for the same systems.
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Figure 2. Plot of computed chirality metrics (CCM) versus computed
dihedral angles for the 10 catalytic systems studied.
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the trend. However, this is the simplest and most intuitive function,
and thus we retain it. Second, the curvature of these plots are
slightly different, as are the curves for the biphenyl twist angle,
indicating there exist different sensitivites to chiral induction being
expressed by the catalysts for the slightly different sets of acrylate
esters. Third, several chiraphores were considered including: (a)
the entire catalyst, giving no correlation, (b) randomly selected
parts of the catalyst, also showing no correlation, (c) the bi-aryl
with the aluminum chloride, showing a good correlatichv@lues
are 0.63, 0.89, 0.92 for sets-a respectively) and (d) only the
bi-aryl fragment with its immediately attached atoms (including
the oxygen atoms) which gave the best correlation depicted in
the figure above. Hence we believe this localized part of the cata-
lyst is the fragment that is directly responsible for the stereoin-
duction and as such constitutes the first example of a chiraphore.
Further comments concerning these results are also warranted.
First, while it is satisfying that the trends in torsion angle and
CCM parallel one another, we point out that the CCM offers addi-
tional information not available from a dihedral angle alone. In
particular we find that the bi-aryl ligands become distorted when
ligated to the metal two ways: (1) the axis along the bond con-
necting the two aryl rings is no longer linear but instead is slightly
bent, and (2) the aromatic rings are not planar; instead, they are
somewhat curved and adopt a twist that we find amplifies the
chirality content of these already chiral ligands (the CCM values
reported here are approximately twice as large as those for the
free ligand held fixed at the same dihedfablence, the CCM
can provide additional chirality information that is lacking from
a single torsion angle alone. Second, although the work described
here involves catalysts having an axis of chirality, the treatment
should be applicable to those containing central or planar chiral-
ities. In these cases, however, it may be more difficult to find
the less obvious chiraphore. Third, the experimental ee’s will be
temperature-dependent and depend on both entropic and enthalpic
contributions to the free energy. For the moment we focus only
on the total free-energy result because no data concerning temp-
erature in this system exists. However, we point out that most
Diels—Alder reactions are dominated by enthalpic contributions,

Before presenting our results about the relationship between 4, the results described here are most likely an enthalpy defining

chirality content of these catalysts and experimental stereoinduc-

tion we need to point out that the “most chiral” catalyst need not

the molecular recognition between the catalyst and the reagents.
We anticipate that similar results will be obtained for the same

be the best for stereoinduction. This is because parts of the catalystat of catalysts run at other temperatures with both the maxima

far removed from the reaction site may have no direct influence
on the asymmetric induction taking place at the site of reaction

and the curvature of our plots being shifted.
The goals of this research were 2-fold, both of which were

(they may indirectly influence the outcome by virtue of inducing - syccessful. First we wanted to find what relationship exists be-
more or less twist to the biphenyl, however). Hence we need to tyeen chirality content and enantiodifferentiation; in this case we
address the issue of global versus localized chirality. Not all of consjdered a series of related catalysts and found that a parabolic
a molecule needs be considered for understanding and predictinge|ationship exists between computed chirality metrics and exper-
the properties and behavior of that molecule. The most familiar jmental ee’s. Second, we wanted to bring to the fore the concept
example of this is the idea of functional groups in organic chem- of |ocal chirality versus global chirality and in this regard to
istry where localized collections of atoms embedded in a molecule jhtroduce the concept of the chiraphore. In this catalytic system
are most responsible for the chemistry of that molecule. Likewise, the chiraphore, or key fragment responsible for stereo-induction,
the concepts of chromophores and pharmacophores exist. By anays the biphenyl fragment alone. Finally, more work is certainly
logy we introduce here the concept of thiiraphore In this  needed to further understand the relationship between chirality
paper we focused on the biphenyl fragment as being the chira-content and a molecule’s ability to carry out an enantiodifferen-
phore. This is somewhat obvious but it is also the reason we selec+jating task. Because the literature is so devoid of experimental
ted this particular system for study. studies such as that described here we are asking the scientific
Presented in Figure 1, right side panels, are plots of computed community to assist us by bringing to our attention published or
chirality content versus experimental ee’s. The chirality metric ynpublished works so that other relationships may be evaluated.
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IS Avnlrs_ CCM computed using the r_luclear coordinates Of. the Acknowledgment. This work was funded by a grant from the National
global minimum energy structures derived quantum mechanically scjence Foundation.
for catalysts1—3. What we find is a nonlinear relationship be-
tween chirality content of catalysts and experimental stereoin- JA9913910
duction.In fact, the same relationship between CCM versus ee’s  (9) A reviewer remains skeptical that the chirality metrics offer any
exists as is found for twist angle versus ee's above. Accordingly advantages over the dihedral angle. In addition to providing a quantitative
. - . . ’ ? 7 measure of chirality (something a dihedral angle does not provide) we point
a linear relationship between CCM and twist angle should exist oyt that due to the warping of the aryl rings the value of the dihedral angle
and it does as shown in Figure 2. will change, depending upon which atoms are used to define that internal
Several points need to be made about these results. First thecoordinate (in compound 2a, for instance, the value is°5@&%en the four
| fitted bolic ion for th ke ofill ) .” *“tontiguous atoms are those proximal to the hydroxyls, while it is°54tten
plots are fitted to a parabolic function for the sake of illustrating e four distal atoms are used instead: in another system we have been studying
a relationship only; some other function may better reproduce the differences are as large &.6




