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Conspectus

This Account describes how attractive interaction of aromatic rings with other groups can
influence and control the stereoselectivity of many reactions. Recent developments in theory have
led to improved accuracy in the modeling of aromatic interactions. Quantum mechanical modeling
can now provide insights into the roles of these interactions at a level of detail not previously
accessible, both for ground-state species and for transition states of chemical reactions. In this
Account, we show how transition-state modeling led to the discovery of the influence of aryl
groups on the stereoselectivities of several types of organic reactions. These reaction types include
asymmetric dihydroxylations, transfer hydrogenations, hetero-Diels–Alder reactions, acyl
transfers, and Claisen rearrangements.

Our recent studies have led to a novel mechanistic picture for two classes of (4+3) cycloadditions,
both of which involve reactions of furans with oxyallyl intermediates. The first class of
cycloadditions, developed by Hsung, features neutral oxyallyls containing a chiral oxazolidinone
auxiliary. Originally, these cycloadditions were thought rely on differential steric crowding of the
two faces of a planar intermediate. Computations reveal a different picture and show that
cycloadditions with furan takes place preferentially through the more crowded transition state,
with furan adding on the same side as the oxazolidinone’s Ph substituent. The crowded transition
state is stabilized by a CH–π interaction between furan and Ph, worth about 2.0 kcal/mol.

Stereocontrol in a second class of (4+3) cycloadditions, involving chiral alkoxy siloxyallyl
cations, also is controlled by attractive interactions with aromatic rings. Alkoxy groups derived
from chiral α-methylbenzyl alcohols are found to favor crowded transition states, where a CH–π
interaction is again present between furan and Ar. The cationic cycloadditions are stepwise, while
the Hsung cycloadditions are concerted. Our results suggest that this form of CH–π-directed
stereocontrol is quite general and is likely to control the stereoselectivities of other addition
reactions in which one face of a planar intermediate bears a pendant aromatic substituent.
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1. Introduction
Aromatic interactions (π-stacking, CH–π, cation–π, and anion–π interactions) underpin
many important structural phenomena, including conformational equilibria, molecular
recognition, self-assembly, and protein–ligand binding.1 Recent developments in quantum
mechanical methodology have permitted increasingly accurate modeling of aromatic
interactions, not only in ground-state species but also in the transition states of chemical
reactions. In this Account, we show how these types of interactions are important in
controlling the stereoselectivities of organic reactions.

The synthetic literature contains many examples of asymmetric reactions whose
stereoselectivities changed unexpectedly upon replacement of an alkyl substituent by an
aromatic group.2 Although “aromatic interactions” are often invoked,3 definitive evidence
for their participation generally requires accurate transition-state modeling. This Account
summarizes contemporary theoretical approaches that have been applied to modeling of
aryl-substituent effects. Quantum mechanical modeling has shown the importance of these
types of interactions in transition states and has provided explanations of a number of
puzzling phenomena. A number of new modes of stereoinduction controlled by CH–π
interactions have been discovered for cycloaddition reactions. Our computations
demonstrate that an aryl group can give steric attractions that lead to product distributions
opposite from those that would be predicted on the basis of steric crowding.

2. Quantum Mechanical Calculations of Aromatic Interactions
Not all commonly used theoretical methods are well suited to the study of aromatic
interactions.4 Modeling of these interactions requires an accurate treatment of dispersion, a
quantum mechanical phenomenon that has long posed a challenge to computation.
Dispersion involves the interactions between instantaneous dipole moments in the electron
distributions of two or more atoms or molecules, and calculations of dispersion-dominated
systems require an adequate treatment of dynamical electron correlation.5 The benchmark
method for calculations of dispersion binding is coupled-cluster theory at the CCSD(T) level
with extrapolation to the complete basis set limit.4,6 This computationally expensive
technique is currently practical only for small systems. The less expensive second-order
Møller–Plesset perturbation (MP2) theory has a tendency to overestimate dispersion.
Grimme’s spin-component scaled MP2 variant (SCS-MP2), however, has shown very good
performance.7

Density functional theory (DFT) approaches are commonly used as an alternative to
wavefunction-based methods. The literature contains numerous cautionary studies
highlighting the fact that many currently popular density functionals, including B3LYP,8

PBE,9 and PBE0,10 yield serious errors for dispersion-dominated systems.4,11 The failures
of DFT include the prediction of too-small binding energies or even entirely repulsive
interaction potentials for known bound systems. Qualitatively correct trends can sometimes
be approximated artificially by use of a small basis set, since a small basis overestimates
binding. However, substantial progress has been made in the development of dispersion-
inclusive functionals, and a variety of economical methods are now available.

One approach has been to mimic dispersion binding by parameterizing a functional against a
dataset that includes non-covalent interactions. The Minnesota meta-GGA functionals
developed by Truhlar12 (including M05-2X and M06-2X) have attained prominence as
examples of this approach. Although early M0n functionals suffered from grid-related
potential energy surface oscillations,13 the methods have achieved substantial popularity in
the study of various dispersion-dominated systems.14
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A conceptually different approach is dispersion-corrected DFT, a class of procedures often
referred to as “DFT-D”.15–18 Here, a conventional DFT energy is corrected by adding a term
comprising the sum of individual interatomic dispersion energies, efficiently computed
using a set of empirically-derived dispersion coefficients. Increasingly sophisticated
versions of this approach include reparameterization of the underlying functional (e.g. B97-
D), virtual-orbital-dependent terms in the correlation functional (e.g. B2PLYP-D), higher-
order terms, and/or hybridization-specific dispersion coefficients. Grimme’s latest
refinements of this approach, termed “DFT-D3”, performed superbly in benchmarking
against the standard S22 dataset.15b One advantage of DFT-D of relevance to organic
chemists is that one can dissect the total dispersion energy of a system into separate
contributions representing the interactions between particular molecular fragments.

Other approaches to the treatment of dispersion are currently being developed and should
see widespread use once implemented into software packages.19 The approaches mentioned
above are in common use today and are illustrated by the literature examples in the
following section.

3. Theoretical Insights into Aromatic Interactions as Stereocontrol
Elements

A relatively early example where aromatic interactions were recognized to influence
stereoselectivity is the Sharpless asymmetric dihydroxylation. This reaction has been the
subject of numerous computational studies, and the enantiocontrol has been explained using
several different models.20 In an early computational study, Maseras et al.21 analyzed the
asymmetric dihydroxylation of styrene, involving the chiral ligand (DHQD)2PYDZ that
coordinates OsO4 and accelerates reaction (Scheme 1). Experimentally, the R enantiomer of
the diol is obtained in 96% ee. 22 Hybrid quantum mechanics/molecular mechanics
calculations with IMOMM(B3LYP:MM3) suggested that the favored transition state for the
stereodetermining (3+2) cycloaddition step has the structure shown in the box in Scheme 1.
Face-to-face stacking interactions are present between the styrene Ph group and the
quinoline rings of the catalyst, together with an edge-to-face interaction between Ph and the
pyridazine ring. These interactions are represented by the hashed red lines. Out of the three
interactions, the one involving quinoline ring A was shown to contribute approximately half
of the total substrate–catalyst van der Waals interaction energy. By contrast, the
corresponding interactions in the transition state leading to the minor (S) enantiomer were
only half as stabilizing. The S transition state is 2.7 kcal/mol higher in energy than the R
transition state, in good agreement with the experimental enantioselectivity.

Noyori23–25 uncovered the role of CH–π interactions in transfer hydrogenations of aryl
alkyl ketones catalyzed by chiral Ru(η6-arene) complexes (Scheme 2). Complex 1a favored
the formation of S alcohols with ees of up to 98%.26 Calculations on model complexes
revealed a mechanism involving metal–ligand bifunctional catalysis, where the atoms of H2
are transferred in a concerted fashion from a hydrido complex such as 1b. The
enantioselectivity was traced to an edge-to-face interaction between the η6-arene and the
aryl group on the ketone (hashed red line). The transition state shown was favored by 2.1
kcal/mol (MP2) over the less crowded enantiomeric transition state, which lacked such an
interaction. The same enantiomer of the alcohol was favored if the η6-benzene ligand was
replaced by η6-hexamethylbenzene. In this case, the stabilizing CH–π interaction involved
one of the hexamethylbenzene methyl groups rather than the arene ring itself.

Houk and Danishefsky determined that aryl–aryl stacking interactions are the
stereocontrolling element in the hetero-Diels–Alder reactions shown in Scheme 3.27

Experimentally, the cycloadditions of o-xylylenes 2 with benzaldehyde were completely
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endo selective.27,28 Consistent with experiment, MP2 calculations predicted endo
selectivities of ~2 kcal/mol. The endo transition state features a face-to-face arrangement of
the two aryl groups, with an Ar–Ar separation of 3.6–3.7 Å, typical for π-stacking. When
B3LYP calculations, lacking dispersive interactions, were applied, much smaller endo
selectivities were predicted. The reaction of benzaldehyde with an analogous butadiene,
where no aryl–aryl interaction can occur, was predicted to favor the exo product.

Catalytic asymmetric hetero-Diels–Alder reactions have also been found to involve aryl–
aryl interactions. Rawal reported that the TADDOL derivative 4 (Scheme 4) catalyzed the
cycloadditions of diene 3 with aromatic aldehydes to afford (after workup) the (S)-
dihydropyrones, 5. The enantioselectivities were better than 96:4.29 Computational studies30

using ONIOM multilayer molecular orbital calculations (B3LYP:AM1), in conjunction with
Monte Carlo conformational searching, indicated that the reaction occurs preferentially
through the transition state shown in the box. The aldehyde is held in position by a
combination of cooperative hydrogen bonding to the carbonyl oxygen and a CH–π
interaction (3.2 Å) between the CHO proton and proximal naphthyl group. This transition
structure was favored over the opposite enantiomer by 1.5 kcal/mol (B3LYP) or 3.4 kcal/
mol (M06-2X). It was also favored by ≥3 kcal/mol over transition structures containing
alternative modes of aryl–aryl interaction that had been proposed earlier by other workers.31

Birman and Houk explained the enantioselectivities of acyl transfer reactions catalyzed by
2,3-dihydroimidazo[1,2-a]pyridines (DHIPs) (Scheme 5).32 These reactions are employed in
kinetic resolutions of secondary benzylic alcohols. The DHIP 6 preferentially catalyzed the
acylation of R alcohols, with selectivity (s) factors up to 85.33 The preferred acylation
transition state was found to have a slipped-stacked geometry. The Ar group of the alcohol
is centered roughly over the pyridinium nitrogen atom (Ph–N distance 3.7 Å). This transition
structure is more stable than that for acylation of the S alcohol, where no aryl–aryl
interaction is present.

The groups of Swager and Houk34 recently reported Diels–Alder reactions in which the
stereoselectivity is controlled by aryl–aryl stacking interactions (Scheme 6). Cycloadditions
of anthracene with dienophile 7 (R = Me, OMe, Br) furnished mixtures of the cycloadducts
8 and 9, where the anthracene has added syn or anti, respectively, to the substituted benzene
ring (B). The syn/anti ratios ranged from 1:3 (for R = Me) to 17:1 (R = Br). The product
distributions were found to correlate with values of ΔΔH‡ computed by several density
functionals. Differential aryl–aryl stacking interactions were shown to be the major
stereodetermining factor, and intriguingly, the stacking interaction was stronger for OMe
than for Me. The substituent effects were suggested not to be due to electron density
changes in the aromatic ring but to arise instead from direct through-space dispersion and
electrostatic interactions between the R groups and the facing aromatic ring of the
anthracene. Extensive studies of such effects by Wheeler et al.35 have shown this conclusion
to be quite general.

Very recently, Jacobsen36 developed a theoretical model of the factors controlling
enantioselectivity in catalytic asymmetric Claisen rearrangements (Scheme 7). The
rearrangement of the O-allyl α-ketoester 10, catalyzed by chiral guanidinium salt 11a (R =
Ph), furnished the S,S product with 73% ee and >20:1 dr. The analogous Me-substituted
catalyst 11b gave only 41% ee. Calculations with DFT and MP2 showed that two NH···O
hydrogen bonds determine the orientation of the substrate relative to the catalyst. The S,S
configuration is preferred because the transition state is stabilized by a CH–π interaction
(3.0 Å) between the positively-charged allyl fragment and the nearby Ph group on the
catalyst. This interaction is absent in the R,R transition state.
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Although not directly related to stereoselectivity, a recent spectacular example of the role of
dispersion is found in the report by Schreiner37 of molecules in which bulky groups stretch
CC bonds but stabilize these distorted molecules by dispersive attractive forces. The
example shown in Scheme 8 has a C–C bond length of 1.65 Å yet is a crystalline solid,
stable up to ≥300 °C. The C–C bond dissociation energy computed with B3LYP-D was 71
kcal/mol.

Because many of the above computational studies were performed prior to the advent of
dispersion-correcting approaches,38 we have re-evaluated the stereoselectivities with the
B3LYP-D3 and M06-2X functionals. The Supporting Information provides a comparison of
predicted stereoselectivities for the reactions in Schemes 1–7, as computed by B3LYP,
B3LYP-D3, and M06-2X. The D3 correction generally increased the computed
stereoselectivities for these reactions by up to 5.3 kcal/mol (ΔΔE‡), while M06-2X/
6-311+G(d,p) gave smaller increases of up to 3.0 kcal/mol.

4. Aromatic Interactions as Stereocontrol Elements in Oxyallyl (4+3)
Cycloaddition Reactions

Our work has involved several different types of cycloadditions where stabilizing
interactions with aryl groups favor one TS. We discovered a novel form of aryl-induced
stereocontrol during collaborative work on (4+3) cycloaddition reactions developed by
Richard Hsung.39–41 The Hsung stereoselective route to 7-membered carbocycles is based
on (4+3) cycloadditions of oxyallyls containing a chiral oxazolidinone.42 As shown in
Scheme 9, the oxyallyl is generated by oxidation of an allenamide and is trapped with a
furan (or pyrrole or diene). While I and II may be formed, reactions of 12 with furan and 2-
methylfuran favored cycloadduct I. The diastereomer ratios were 82:18 and 90:10,
respectively, under thermal conditions and increased to ≥96:4 when ZnCl2 was included in
the reaction mixture. Unexpectedly, however, the reaction with methyl 2-furoate favored the
opposite diastereomer, II (dr 100:0 under thermal conditions).

Originally, the mechanism of stereoinduction in these (4+3) cycloadditions was thought to
resemble that originally proposed by Evans43 for oxazolidinone-directed Diels–Alder
reactions (Scheme 10a). Evans proposed that the dienophile 14 combines with Et2AlCl to
form a chelate. A diene should add most easily to the face opposite iPr, which is less
crowded.44 This type of steric blocking has been invoked in many other oxazolidinone-
directed reactions.45 For Hsung’s (4+3) cycloadditions, there are four analogous transition
states (Scheme 10b). Cycloadduct I can be formed via either TSA or TSD, and cycloadduct
II via TSB or TSC. The I-selectivity obtained with furan and 2-methylfuran was thought to
be explained by the less-crowded TSA. This idea appeared to be supported by the increase
in I-selectivity brought about by ZnCl2, which forms a chelate with the oxyallyl in TSA.
However, this model cannot explain why a 2-CO2R substituent on the furan would lead to
reversal of diastereoselectivity.

Computations at the B3LYP/6-31G(d) level indicated that only 13-E is an energy minimum
(Scheme 11). The Z isomer is destabilized by electrostatic repulsion between the oxygen
atoms, and collapses to the isomeric cyclopropanone 15 upon attempted geometry
optimization. Significantly, coordination to ZnCl2 does not overcome the electrostatic
destabilization of 13-Z; a Z chelate complex does form but it is 6.2 kcal/mol less stable than
the E monodentate complex.

The computed transition structures for the uncatalyzed cycloaddition of 13 with furan are
shown in Figure 1. The transition states that contain the E oxyallyl (TSC and TSD) have
very low activation energies, while the Z transition states (TSA and TSB) are more than 15
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kcal/mol higher in energy (ΔΔH‡). This is true also for the ZnCl2-catalyzed cycloaddition:
coordination to ZnCl2 lowers the cycloaddition barriers, but the Z structures remain at least
5.2 kcal/mol above the E structures.

Most interesting is that the addition of furan to the more crowded face of 13 (TSD) is
favored by 0.2 kcal/mol (ΔΔH‡) over addition to the less crowded face (TSC). The
computed selectivity agrees with experiment, and also persists when modeled in solution by
means of continuum calculations with the conductor-like polarizable continuum model
(CPCM).46

The 0.2 kcal/mol preference for addition to the more crowded face is traced to an edge-to-
face interaction between furan and the oxazolidinone Ph substituent. In TSD, H-3 of the
furan lies 2.85 Å from the centre of the Ph ring – within the typical distance range1a for CH–
π interactions. The value of ΔΔH‡ increases to 0.6 kcal/mol when the larger 6-311+G(d,p)
basis set is used, indicating that the CH–π-directed selectivity is not an artifact of basis set
incompleteness. Most importantly, the stereoselectivities computed with several different
dispersion-inclusive functionals give larger preferences; these results are shown in Figure 2.
B3LYP-D3, B97-D, and M06-2X predict a 1.1–1.7 kcal/mol stronger stabilization of TSD
than does B3LYP. A fragment-based analysis using B3LYP-D estimated that the interaction
between furan and Ph in TSD is worth 2.6 kcal/mol.

The stereoselectivities involving other oxazolidinone auxiliaries were investigated, and the
results are shown in Figure 3. Our predictions led to a definitive determination of the
stereoselectivities of these reactions by X-ray crystallography. Several reassignments of
stereoselectivity had to be made after it was revealed that different oxazolidinones control
stereoselectivity in different ways. Replacement of the Ph group by Bn (16) eliminates the
potential for a stabilizing CH–π interaction in TSD, and a repulsive steric interaction is
present instead. Accordingly, the predicted selectivity reverts to favor TSC. Experimentally,
there is a corresponding selectivity for II (dr 77:23). Seebach’s oxazolidinone (17) elicits a
different type of CH–π interaction, since now the Ph group is at C-5 of the oxazolidinone.
The stabilizing interaction between furan and the upper Ph group (hashed red line) acts in
concert with the steric effect of the iPr group on the lower face of the oxazolidinone, leading
to a II-selectivity of 94:6. Of the two stereocontrol elements, the CH-π interaction appears
dominant, because when the two C-5 Ph groups are absent, the dr drops to only 55:45.

These calculations also rationalized the unexpected reversal of selectivity obtained with
methyl 2-furoate (Scheme 9). In Figure 4 are shown transition structures analogous to TSD
for ZnCl2-catalyzed cycloadditions of 13 with 2-Me, 2-CN, and 2-CO2Me substituted
furans. Each furan favors a cycloadduct in which the furan substituent lies syn to the
oxazolidinone, but only for 2-CO2Me is II the major stereoisomer. A CH–π interaction of
2.9–3.1 Å is present in each TS. For 2-CO2Me, however, electrostatic repulsion between the
carbonyl oxygen and the Ph π-cloud results in overall destabilization. The uncrowded
transition state (TSC) is preferred instead. The fine balance between the stabilizing CH–π
interaction and the destabilizing electrostatic repulsion is illustrated by the fact that 2-
cyanofuran reacts preferentially via TSD to give I. The cyano nitrogen atom lies 0.3 Å
further from the Ph π-cloud than does the carbonyl oxygen atom.

Our discoveries about Hsung’s cycloaddition led to a re-examination of related oxyallyl
cycloaddition reactions reported by H. M. R. Hoffmann (Scheme 12).47 The allylic acetals
18 undergo stereoselective, Lewis acid-catalyzed (4+3) cycloadditions with furans to give
the diastereomeric cycloadducts 19 and 20. The stereoselectivity is determined by the
configuration of the α-methylbenzyl centre in the alkoxy group. Diastereomer ratios ranged
from 10% to 100% depending on the Ar substituent and the solvent. The best
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stereoselectivity was obtained with a 2-naphthyl group in CH2Cl2. Hoffmann suggested that
the stereoselectivity was determined by the conformation of the intermediate oxyallyl cation.
Two conformers were proposed, 21a and 21b. Both feature a cation–π interaction between
the allyl cation and the Ar group, and an intramolecular RO···SiEt3 interaction. Conformer
21b would be disfavored due to steric clashing between Me and TES. Addition of furan to
the less-hindered face of conformer 21a (opposite the Ar ring) would furnish the major
product.

In collaboration with Michael Harmata, we performed density functional theory calculations
to examine Hoffmann’s cycloaddition reactions.48 B3LYP provided no evidence for the
proposed Si···O-bonded intermediates 21a and 21b, and instead indicated that the O–R*
bond lay in the same plane as the allyl group (21c).

Unlike the cycloadditions of Hsung’s oxazolidinone-substituted oxyallyls, Hoffmann’s
cycloadditions are predicted to be stepwise processes. Bond formation occurs first at the
CH2 terminus of the oxyallyl cation. The issue of concerted vs. stepwise in this type of (4+3)
cycloadditions has been studied previously by Cramer,49 who showed that more
electrophilic oxyallyl cations favor stepwise pathways. Three low-lying transition states
were located for the initial bond formation (Figure 5). The lowest-energy transition state
(TSE) corresponds to the experimental major product, while the other two transition states
(TSF and TSG) both lead to the minor diastereomer.

In TSE, furan adds to the crowded face of the oxyallyl cation, with an edge-to-face
arrangement (2.7 Å) between furan and Ph. A similar edge-to-face arrangement is present in
TSG, but the associated stabilization is outweighed by steric repulsion between the allyl
cation and Me group (blue line). TSF lacks any Me–H clash, but also lacks a furan–Ph
interaction. When the transition states’ energies are calculated with M06-2X, TSE remains
favored overall, but TSG drops below TSF as this functional captures more strongly the
stabilization associated with the CH–π interaction.

The calculations also capture the increase in stereoselectivity observed with a 2-naphthyl
group. The computed dr in the gas phase for the 2-naphthyl analogue is 95:5 by B3LYP and
99:1 by M06-2X, very close to the experimental value of 100:0. Incorporation of solvent
effects by means of CPCM calculations leads to qualitative agreement with the experimental
stereoselectivities in CH2Cl2 and THF, and the transition-state modeling correctly predicts
the regioselectivities for substituted furans such as 3-Et3Si-furan.

5. Conclusion
Recent advances in theoretical treatments of dispersion have provided the first density
functional methods that can reliably model aromatic interactions. For synthetic chemists,
these computational methods offer previously inaccessible insights into how aromatic
interactions within transition states can influence stereocontrol. Given the large body of aryl-
related effects on stereoselectivity that have been reported in the synthetic literature, new
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mechanisms of stereoinduction remain to be uncovered. Accurate theoretical modeling is
also poised to allow design of new applications of aromatic interactions as stereocontrol
elements. This area presents important opportunities, since aromatic interactions can enable
access to different stereoselectivities from those obtained under simple steric control.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Transition states for the (4+3) cycloaddition of Hsung’s oxyallyl 13 with furan (B3LYP/
6-31G(d), distances in Å, ΔH‡ and ΔG‡ in kcal/mol).
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Figure 2.
Relative energies of TSC and TSD, computed with different functionals. B3LYP/6-31G(d)
geometries were used, and single-point calculations employed the 6-31G(d) basis set except
for the points labeled “a”, which employed the 6-311+G(d,p) basis. ΔE‡

rel in kcal/mol.
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Figure 3.
Experimental and calculated stereoselectivities for different oxazolidinone auxiliaries
(B3LYP/6-31G(d), kcal/mol). Note: the reversed stereochemical designations for the
products from 17 arise from the opposite configuration at C-4 of the oxazolidinone.
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Figure 4.
Top views of the transition states analogous to TSD for 2-Me, 2-CN, and 2-CO2Me
substituted furans (B3LYP/6-31G(d)+LANL2DZ, distances in Å).
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Figure 5.
Transition structures for (4+3) cycloadditions of Hoffmann’s oxyallyl cation 21 (Ar = Ph)
with furan (B3LYP/6-31G(d), distances in Å, ΔH‡ in kcal/mol). The TES group was
modeled by TMS.
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Scheme 1.
Sharpless asymmetric dihydroxylation of styrene, catalyzed by (DHQD)2PYDZ.21,22
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Scheme 2.
Ruthenium-catalyzed asymmetric transfer hydrogenation of ketones.23–2526
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Scheme 3.
Hetero-Diels–Alder reactions of o-xylylenes with benzaldehyde.27,28
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Scheme 4.
Asymmetric hetero-Diels–Alder reactions of Rawal’s diene with aldehydes, catalyzed by a
TADDOL derivative.29,30
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Scheme 5.
Enantioselective acyl transfer catalyzed by DHIPs.32,33
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Scheme 6.
Diastereoselective Diels–Alder reactions of anthracene with aryl-substituted maleic
anhydride derivatives.34
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Scheme 7.
Enantioselective Claisen rearrangements catalyzed by chiral guanidinium salts.36
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Scheme 8.
A strained hydrocarbon stabilized by dispersion interactions.
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Scheme 9.
Hsung’s (4+3) Cycloadditions between Oxazolidinone-Substituted Oxyallyls and Furans.42
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Scheme 10.
(a) Evans’ Oxazolidinone-Directed Diels–Alder Reaction, showing the Proposed Model for
Stereoinduction,43 and (b) Possible Transition Structures for Oxazolidinone-Directed (4+3)
Cycloaddition Reactions.
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Scheme 11.
Possible Oxyallyl Intermediates and ZnCl2 Complexes.
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Scheme 12.
Hoffmann’s Asymmetric (4+3) Cycloaddition, and the Mechanism Originally Proposed to
Explain the Stereocontrol.47
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