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Homoallylic amines are one of the most important intermediates for many useful
compounds because carbon-carbon double bond moiety is readily converted to a variety
of functional groups. Allylation reaction of imines and rearrangement reaction of ene-
imines have been developed for the syntheses of regio- and stereoselective homoallylic
amines. Although these reactions show excellent level of selectivities, it has some
practical limitations to synthesize 2,4,4-substituted homoallylic amino compounds.
Therefore, this study for doctoral thesis is aimed to develop a new method to synthesize
2,4,4-substituted homoallylic amines and their derivatives.

In chapter 1, importance and synthetic methodology of homoallylic amines, our
discovery for formal [1,3]-rearrangement of ene-imines, and scope of this thesis are
summarized as general introduction. In particular, design concept of ene-imine
substrates is exemplified based on literature reviews. Then, the initial discovery of the
formal [1,3]-rearrangement is clearly demonstrated. Importantly, it was found that the
reaction did not provide [3,3]-rearrangement products; only [1,3]-rearrangement
products were obtained (Scheme 1). These initial results were in contrast to previous
reports; therefore, study of my thesis is focused on the development of formal [1,3]-
rearrangement using ene-aldimines and application to 2,4,4-homoallylic amine
synthesis: optimizing reaction condition, achieving broad substrate scope,
demonstrating utilities, and exploring mechanism.
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Scheme 1. Rearrangement reaction of ene-imines. (a) General design in previous

reports; (b) our design of B-substituted ene-aldimine substrate and our discovery of



formal [1,3]-rearrangement

In chapter 2, experimental results for reaction developments are summarized
(Scheme 2). The investigation of electronic effects on aryl group, solvent effects,
Bronsted acid, and reaction temperature were carried out in this study. Brensted acids,
such as trifluoro acetic acid (TFA), phosphoric acid diphenyl ester, and (%)-10-
camphorsulfonic acid (CSA) efficiently promoted the reaction in acetonitrile (MeCN)
and 1,2-dichloroethane (DCE) as solvents under normal or microwave heating method.
Importantly, 1 mol% catalyst loading was realized when microwave heating method was
used. After optimizing the formal [1,3]-rearrangement reaction, scope of substrates was
evaluated. It was demonstrated that a variety of substituents on ene-aldimine substrates
were tolerated and gave corresponding rearrangement products in good to excellent
yields. To establish the utilities of this rearrangement reaction, ene-imine products were
subjected into hydrolysis condition to afford 2,4,4-substituted homoallylic amines.
Furthermore, the obtained 2,4,4-homoallylic amines were used for the synthesis of a
spiro compound and a B-amino acid precursor. Details on reaction optimization,
substrate scope, and derivatization will be described in chapter 2.
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Scheme 2. Development of formal [1,3]-rearrangement of B-substituted ene-aldimines
to synthesize 2,4,4-substituted homoallylic amines

In chapter 3, experimental results for the mechanistic studies are summarized.
Furthermore, details of reaction mechanism are proposed and discussed based on
experimental and computational studies. This rearrangement reaction has not been
reported so far, and the reaction mechanism has been unclear. Therefore, the studies
were conducted to clarify the mechanism of this formal [1,3]-rearrangement. To think
about the reaction pathway: either intra- or intermolecular, crossover experiments of
substrates were initially examined. [t was revealed that two normal- and two crossover
rearrangement products were observed in a ratio of ca. 1:1:1:1 (Scheme 3). When the
two normal rearrangement products were subjected in the presence of (£)-CSA under
the heating condition, the reaction did not give the crossover products. These results
suggest that C(a)—C(3) cleavage occurs during the irreversible rearrangement process,
in other words, C(a)-C(B) cleavage does not proceed after the product formation.
Therefore, intermolecular pathway is proposed for this formal [l,3]-rearrangement
reaction. To propose details of reaction mechanism, collaborative study was carried out



with Dr. Honda in HPC SYSTEMS and Dr. Suzuki in IMS, where enormous DFT
calculations were conducted. Detailed reaction mechanism, chain reaction mechanism
of 2-azaallenium cation as a chain carrier, was proposed based on DFT calculations.
Further discussions for the chain reaction mechanism is also summarized in chapter 3.
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Scheme 3. Crossover experiments of (a) substrates, and (b) products

In chapter 4, studies on asymmetric formal [1,3]-rearrangement of chiral ene-
aldimine substrates is summarized. According to the one of proposed mechanism in
propagation step, asymmetric formal [1,3]-rearrangement of chiral ene-aldimine
substrates may proceed with highly chirality transfer ratio. Furthermore, as far as we
know, highly asymmetric formal [1,3]-rearrangements of ene-aldimines have not been
reported. Therefore, this study gives not only a great insight into the reaction
mechanism of propagation step but also opens the new entry for asymmetric
rearrangement reaction of ene-imines. On the basis of the results in chapter 2,
tetrahydronaphthalene was chosen as substituent on chiral substrate, and this chiral
substrate was synthesized from commercially available 1-cyano-1,2,3,4-
tetrahydronaphthalene. The chirality transfer experiments clearly showed that chirality
at 2-position was transferred, and good to excellent enantioselectivities were obtained
in the cases of both E- and Z-olefin substrates (Scheme 4). Absolute configurations of
the ene-imine substrates and products were determined by single crystal X-ray
diffraction analysis, derivatization, and crystal sponge method. These results supported
the reaction pathway that begins with C-N bond formation in the propagation step.
Moreover, DFT calculation by Dr. Suzuki showed good agreement with the
experimental results of stereochemistries.
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Scheme 4. Asymmetric formal [1,3]-rearrangement of chiral ene-imines with

tetrahydronaphthalene unit at the (3-position

In chapter 5, examinations of catalytic asymmetric formal [1,3]-rearrangement
are described. During the study on chapter 2, 3, and 4, development of the formal [1,3]-
rearrangement was realized in the presence of racemic Bronsted acid such as (£)-CSA.
It is no doubt that catalytic asymmetric version of this reaction by chiral catalyst is
ultimately challenging during the course of this study. According to the plausible
mechanism in chapter 4, a well-designed chiral counter anion as chiral catalysts may
give the asymmetric induction. At this point, chiral Brensted acids were selected as one
of candidates for this study. It was found that although (+)-CSA did not give any
asymmetric induction at all, chiral phosphoric acid with substituents at the 3,3”-position
provided good enantioselectivities of the ene-imine products (Scheme 5). Detailed
studies on catalyst substituents, optimized reaction condition, and mechanistic
consideration of interaction mode will be summarized in chapter 5.
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Scheme 5. Enantioselective formal [1,3]-rearrangement of ene-imine promoted by
chiral Brensted acid

In chapter 6, studies for this thesis are summarized, and perspective of the
formal [1,3]-rearrangement of ene-aldimines is described.
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