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Abstract

N,N′-Diphenylguanidinium ion associated with the non-coorinating BArF counterion is shown to be
an effective catalyst for the [3,3]-sigmatropic rearrangement of a variety of substituted allyl vinyl
ethers. Highly enantioselective catalytic Claisen rearrangements of ester-substituted allyl vinyl ethers
are then documented using a new C2-symmetric guanidinium ion derivative.

Chorismate mutases catalyze the [3,3]-sigmatropic rearrangement of chorismate to prephenate.
Structural, site-directed mutagenesis, and computational studies have established the
importance of several key hydrogen-bond donating residues in the active site of the enzyme.
Through a combination of transition-state stabilization and restriction of the substrate in a
reactive conformation, chorismate mutase is capable of achieving rate accelerations on the
order of 106 relative to the thermal reaction.1 Acceleration of the Claisen rearrangement has
also been observed in hydrogen-bonding solvents;2,3 using quantum mechanical
computational methods, Jorgensen has advanced a model for the aqueous acceleration of the
Claisen rearrangement involving H-bond interactions between two water molecules and the
core heteroatom of the allyl vinyl ether in the optimized transition state structure.4 Consistent
with this hypothesis, compounds capable of dual hydrogen-bonding such as ureas and thioureas
have been studies in the context of Claisen rearrangement reactions and demonstrated to induce
modest rate accelerations when used in stoichiometric or super-stoichiometric amounts.5
However, negligible rate accelerations have been realized under catalytic conditions. We report
here catalysis of the Claisen rearrangement by simple guanidinium ions, and the development
of chiral variants for highly enantioselective rearrangements of ester-substituted allyl vinyl
ethers.

Approaches to the asymmetric catalysis of the Claisen rearrangement have focused on the use
of Lewis acidic metal complexes based on aluminum,6a–c boron,6d–f magnesium,6g and
copper;6h,i however, in almost all cases, these systems suffer from strong product inhibition
or competing background pathways. To date, only one example of an asymmetric Claisen
rearrangement utilizing catalytic quantities of a Lewis acid has been realized: Hiersemann’s
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highly enantioselective rearrangement of ester-substituted allyl vinyl ethers using copper (II)
bisoxazoline complexes.6h,i

Although urea and thiourea derivatives effectively promote a broad range of important
transformations via H-bonding,7 our evaluation of representative chiral and achiral catalysts
of this class revealed that none provided significant rate acceleration in model Claisen
rearrangement reactions. This result was predictable on the basis of earlier experimental and
computational studies.5 In contrast, the simple N,N′-diphenylguanidinium salt 1 was found to
induce rate enhancements in the rearrangement of a variety of substituted allyl vinyl ethers
(Table 1).8 Substrates bearing electron-donating substituents at the 4- (e.g., 4) or 6-positions
(e.g., 5–6), or electron-withdrawing groups at the 2-position (e.g., 8) all underwent
rearrangement with significant rate acceleration in the presence of catalytic levels of 1. These
observations are aligned with the proposal that transition structures with a high degree of charge
separation are most susceptible to stabilization by hydrogen-bond donors.9 Claisen
rearrangement of aryl ether 7 was also catalyzed by 1 to provide the corresponding ortho-
prenylated phenol in high yield.

Efforts to induce asymmetric rearrangement of substrates 4–6 using chiral guanidinium ion
catalysts proved unsuccessful, with product formation in low-to-negligible enantioselectivities.
In contrast, ester-substituted allyl vinyl ether 8 underwent reaction in moderate
enantioselectivity with a variety of guanidinium catalysts.10 After extensive catalyst
development, we observed that C2-symmetric guanidinium ions derived from trans-1-
pyrrolo-2-aminocyclohexane were particularly effective, and fine-tuning of the pyrrole
substituents led to the identification of 2 as the optimal catalyst (see Supporting Information).

High enantioselectivities were obtained in the rearrangement of a range of substrates in
reactions carried out between 22 and 40 °C over the period of several days (Table 2). Optimal
rates and enantioselectivities were observed in hexanes, despite the fact that catalyst 2 is
virtually insoluble in this solvent; use of dichloromethane or benzene resulted in slightly
suppressed ee’s, and no catalysis was observed in ethereal solvents such as diethyl ether or
TBME.

Substrates bearing methyl- or ethyl-substituents at the 1-position afforded products in high
enantioselectivities (Table 2, entries 1 and 2); however, more sterically hindered isopropyl or
isobutyl derivatives were less reactive and underwent rearrangement with diminished ee’s
(73% and 69% ee, respectively).11 Disubstituted compounds (Table 2, entries 3 and 4)
rearranged to form adjacent tertiary stereogenic centers in high enantio- and
diastereoselectivity with the anti stereochemical relationship predicted by a six-membered
chair-like transition state. Quaternary stereogenic centers could also be generated with good
stereocontrol (Table 2, entries 7 and 8).

X-Ray structural analysis of 2, recrystallized from an isopropanol/water solvent mixture,
reveals a guanidinium functionality disposed in a pseudo-C2-symmetric (Z,Z) conformation
and hydrogen-bonded to two isopropanol molecules (Figure 2a). DFT studies were conducted
in order to probe the mode of catalyst interaction in the transition state of the Claisen
rearrangement of representative substrate 9.12 Calculations were performed using a simplified
N,N′-dimethylguanidinium ion catalyst, and the lowest energy transition structure identified is
depicted in Figure 2b. Transition state stabilization via hydrogen-bonding interactions between
catalyst and both the ether- and ester carbonyl-derived oxygens are evident. As expected, the
computed transition structure of the catalyzed reaction bears greater charge separation between
the allyl and oxallyl fragments relative to the transition structure of the uncatalyzed thermal
rearrangement.
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Although guanidinium BArF species have approximately the same equilibrium acidity as N,N
′-diarylthioureas,13 they possess superior catalytic activity in all of the Claisen rearrangements
we have studied to date. The basis for this unexpected difference and application of chiral
guanidinium ions as hydrogen-bond donor catalysts in other reactions is the focus of ongoing
studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Guanidinium BArF catalysts.
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Figure 2.
(a) ORTEP plot (50% probability ellipsoids for non-hydrogen atoms) of the guanidinium ion
2 (counterion omitted for clarity) as a complex with two isopropanol molecules. (b) Fully
optimized, lowest-energy transition structure for the N,N′-dimethylguanidinium-promoted
Claisen rearrangement of 9 at the B3LYP/6-31G(d) level of theory.
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Table 2
Enantioselective Claisen Rearrangements Catalyzed by 2a

entry substrate product yield,ad ee (%)e

1

9

80 92

2 86 92

3 92
> 20:1 dr

85

4 91
19:1 dr

81

5 73 96

6 89 81

7 89
> 20.1 dr

82

8 73
> 20.1 dr

84

a
Reactions run on a 0.1 mmol scale in 2 mL of hexanes.

b
The absolute configuration for entry 2 was established by comparison to material prepared with [Cu{(S,S)-t-butylbox}](H2O)(SbF6)2 (ref. 6i); all other

products assigned by analogy

c
Isolated yields after column chromatography.

d
Diastereomeric ratios determined by 1HNMR.

e
Enantiomeric excesses determined by GC or HPLC analysis using commercial chiral columns (see Supporting Information).
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