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Abstract — 2,5-Diketopiperazines have attracted much attention because of their
biological activities and molecular structure characteristics. Bis-lactim ethers
derived from these 2,5-diketopiperazines include well-known organic molecules
such as Schollkopf chiral auxiliaries, which are used in asymmetric synthesis of
a-amino acids. In this article, we briefly discuss the chemistry of both

heterocyclic compounds.
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1. INTRODUCTION

A number of cyclic peptides occur in natural products. Among them, the cyclic dipeptides known as
2.5-diketopiperazines 1 (2,5-DKPs, piperazine-2,5-diones) have recently attracted much attention from
the standpoint of biological activities and molecular structure characteristics.'” As shown in Scheme 1,

2.,5-DKP 1 is easily converted to the corresponding bis-lactim ether 2 (3,6-dialkoxy-2,5-dihydropyrazine)
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using Meerwein’s salt. The Schollkopf chiral auxiliaries are a kind of bis-lactim ether 2 that can be
flexibly applied to the asymmetric synthesis of o-amino acids.’ The present article provides a brief review
of the chemistry of 2,5-DKP 1 and its bis-lactim ether 2, with a focus on their synthesis, reaction, and

conformation.

O Meerwein's salt (o)
R;OBF, R2_G\L |

r°  R=MeEt

Scheme 1. Heterocyclic core structures of 2,5-DKP 1 and bis-lactim ether 2

2.2 5-DIKETOPIPERAZINE

With respect to the chemical structures of diketopiperazine (DKP) molecules, three kinds of regioisomers
are possible, 2,3-DKP A, 2,5-DKP B, and 2,6-DKP C, as shown in Scheme 2. Among these three
heterocyclic compounds, 2,5-DKP B is perhaps the best known in the field of chemistry.

Scheme 2. Regioisomers of diketopiperazine (A: 2,3-DKP, B: 2,5-DKP, C: 2,6-DKP)
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Scheme 3. The cyclol 4 derived from hexapeptide 3

In 1936, Wrinch proposed a controversial model of protein structure, which was called “the cyclol

hypothesis”.* In this model, a peptide chain such as hexapeptide 3 could be converted by intramolecular
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cross-linking into the corresponding polycyclic derivative 4, which she called the “cyclol” structure
(Scheme 3). The hypothesis proved to be invalid and theoretical calculations have recently confirmed its
untenability from a thermodynamic as well as a kinetic point of view.” But this well-regulated cyclol
theory of protein based on 2,5-DKP structures merited particular attention. This was in part because
2,5-DKPs are ubiquitous organic compounds in our everyday lives, being present in various beverages
and foods such as coffee,” cocoa,” beer,® sake,” bread,” dried squid,'" beef,” chicken,” soy sauce," and

miso paste."

2-1. Synthesis of 2,5-diketopiperazine

The most extensively utilized strategy for the synthesis of 2,5-DKPs is intramolecular cyclization of the
corresponding dipeptide precursors. In 1968, Nitecki and co-workers described intramolecular cyclization
of dipeptide methyl esters 8 (R* = Me) as a simple route to stereochemically pure 2,5-DKPs, as shown in
Scheme 4." Condensation of N-protected a-amino acid 5 and a-amino acid ester 6 afforded N-protected
dipeptides 7. Deprotection of the resulting N-protected dipeptide esters 7 followed by heating gave the
corresponding 2,5-DKPs 1. In most situations, 2,5-DKP is insoluble in reaction solvents and it
precipitates as it is formed. Thus stereochemically pure 2,5-DKP is easily obtained by a simple work-up,
such as filtration and recrystallization of the crude product. However, isolated yields of 2,5-DKPs largely
depend on their chemical structure coming from both amino acids as starting materials. Ordinary amino
protecting groups such as benzyloxycarbonyl (Cbz),'® tert-butoxycarbonyl (Boc),” and
9-fluorenylmethoxycarbonyl (Fmoc)'® are available in this synthetic strategy. However, the reaction
conditions should be appropriately selected in order to avoid racemization.'” A recent example of

2,5-DKP synthesis includes chemo-enzymatic approach without protection of the amino group.”

coupling 0 R2

N._CO,H H,N__CO,R® N o
- 2 2 2 -N
PG" Y + h ——> PG W)J\N CO,R3
R1 R2 R H

5 6 7

deprotiCtiO/ microwave
0 R irradiation

(PG = Boc)

L H N 0
8 cyclization %NH
HN_5

Scheme 4. Synthesis of 2,5-DKP 1 from dipeptide precursor 7



1352 HETEROCYCLES, Vol. 91, No. 7, 2015

Recently, microwave irradiation has been shown to be effective for a one-pot conversion of
N-Boc-dipeptide esters 7 (PG = Boc) to 2,5-DKPs 1.*' The mechanistic details of the microwave-assisted
deprotection of the N-Boc group are currently unclear, but it is known that a reaction solvent containing
water must be utilized. 2,5-DKP is also known to be a troublesome by-product in solid-phase peptide
synthesis. In other words, solid-phase synthesis was expected to be more suitable for the preparation of
2.,5-DKPs than liquid phase synthesis, especially for the construction of a compound library.”> As a result,
dipeptides attached to resins can be effectively converted to 2,5-DKPs by microwave irradiation.”

The Ugi four-component reaction has also afforded the acyclic peptide precursor 12 of N-substituted
2,5-DKP 13.* Along with three components (aldehyde 9, primary amine 10, and isocyanide 11),
N-protected a-amino acid 5 is used as a nucleophile in the Ugi reaction, as shown in Scheme 5. One-pot

synthesis of 2,5-DKPs is also achieved using the Ugi reaction under microwave irradiation.”

H
PG’NYCO2H + R2-CHO + R3-NH, + R*-NC
R 9 10 11
5
o}
Ugi reaction 9] R2 cyclization 2 1
§ H A 2NH
— > PG %NJ\( RC T N f'a)\m
R" R O 47
o}
12 13

Scheme 5. Synthesis of 2,5-DKP 13 by Ugi reaction and cyclization

2-2. Conformation of 2,5-diketopiperazine

2,5-DKPs play an important role in conformationally constrained peptidomimetics, and a 2,5-DKP has
recently been reported to function as a reverse-turn inducer in f-hairpin peptidomimetics.”

With regard to conformation, 2,5-DKP rings basically adopt a flat structure in the crystalline state. For
example, the planar conformation of the simplest 2,5-DKP composed of two molecules of glycine
[cyclo(Gly-Gly)] was first revealed by Corey and co-workers by X-ray crystallographic analysis in
1938.”7 The three-dimensional structure of N,N’-diacetyl-cyclo(Gly-Gly) determined by X-ray
crystallography was subsequently reported to be a boat conformation.”® Recently, 2,5-DKPs composed of
natural L-amino acids were shown to adopt a boat conformation by a quantum chemical study utilizing
the DFT B3LYP method.” As a result, the conformation of cyclo(Gly-Gly) in the crystalline state is
somewhat influenced by crystal packing factors. In general, 2,5-DKP rings adopt a boat conformation,

which is finely adjusted depending on the substituents at carbon and/or nitrogen atoms.
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On the other hand, 2,5-DKPs bearing a benzyl moiety have been known to adopt a folded conformation,
in which the benzyl moiety is folded over the 2,5-DKP ring.* The folded conformation of these 2,5-DKPs
in solution was suggested by the strong shielding effect of the benzyl group observed in 'H-NMR
analyses. Based on the unambiguous spectroscopic effect, we proposed a plausible method (the DKP
method) for determining the absolute configuration of a-substituted amino acids.”’ For example, we
developed several non-enzymatic and enzymatic asymmetric syntheses of a-substituted serines.” Thus, a
chiral a-substituted serine 14 of interest was transformed into both of the corresponding diastereomers of
2,5-DKPs 16 by utilizing L- and D-phenylalanine methyl ester hydrochloride [(S)- and (R)-15]. As a result,
the absolute configuration of the original a-substituted serine 14 was determined by 'H-NMR analyses of
the resulting diastereomers [(6S)- and (6R)-16] by the DKP method as shown in Scheme 6. If the
'H-NMR chemical shift of CH, of the hydroxymethyl group of (65)-16 appears at a higher magnetic field
than the corresponding protons of (6R)-16 due to the shielding effect of the benzyl group, the absolute
configuration of 14 is deduced to be S. In other words, the chemical shift difference in ppm (A&**) of
these CH, protons of (65)- and (6R)-16 derived from (S)-14 shows a large negative value. In this regard,
the Ad** value is defined as &(S) — &(R), where 6(S) and &(R) are the chemical shifts of the corresponding
protons in (§)- and (R)-16, respectively.

in the case of (S)-14
. (9
HCI -« HoN X CO,Me . o) shielding
Bn H S)-15
(S) HO%NH effect @
> .oH

HN H

\[ B (S) H (@) H

n HO N

H 1) condensation (6S)-16 O (S (S)
Cbz—y(COQH R H H
2) deprotection of Cbz 0]
Ho— R o o (65)-16
14 3) cyclization R H
HO NH o H 4
* .B HO N
(R) H R H O
H2N\<COQMG (6R)-16 (@)
H Bn shielding
R = Bn, Me, n-hexyl, n-Pr effect (6R)-16

Scheme 6. Determining absolute configurations of a-substituted serine 14 by the DKP method

In order to investigate the driving force of the folded conformation of 2,5-DKPs with aromatic side chains,
we have synthesized 2,5-DKPs bearing a benzyl moiety with different para-substituents and have

demonstrated that these 2,5-DKPs adopt a folded conformation by virtue of the characteristic chemical
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shift of the cis-substituents (cis to the benzyl moiety) in 'H-NMR spectroscopy.” In the 'H-NMR spectra
of (S)-17a-g, the chemical shifts of H, seem to depend on the nature of the para-substituents of the
benzyl groups. In 2,5-DKPs (S)-17f and (S)-17g, which bear the electron-donating para-substituents -OH
and -NH,, the chemical shifts of H, were observed at higher magnetic field than that of (§)-17a. In
contrast, the chemical shifts of H, of the 2,5-DKPs (§)-17d and (5)-17e, which bear electron-withdrawing
para-substituents -Cl and -NO,, were observed at lower magnetic field than that of (S)-17a, as shown in
Scheme 7. In other words, the i electron density of a benzene ring of the benzyl moiety seems to correlate
with the existence of a charge-transfer interaction (5t to 0*) in the 2,5-DKPs (§)-17a-g. In general, a
charge-transfer interaction is considered to be an important factor in the CH-wt interaction.** Thus, the
probable origin of the folded conformation was inferred to be CH-m interactions based on the observed
electronic effects of para-substituents on the benzyl group. On the other hand, the folded conformation of
2,5-DKPs with alkyl side chains has also been predicted by X-ray crystallographic analyses of
cyclo(L-Ser-L-Ser)* and cyclo(L-Met-Gly).”

X
e a: X =H shielding
3 b: X = OMe effect
Ha NHH c:X=0Bn @
HN_ A .
o e: X = NO, %N 'S
X f:X=0H i N H
(5)-17a-g g: X = NH, . o
2,5-DKPs X YGAK 5 (Hg) 2
(S)-17a H 2.77 3.36b
(S)-17b OMe 2.79 3.36b
(S)-17¢ OBn 2.80 3.36b
(S)-17d Cl 3.01 3.46
(S)-17e NO, 3.21 3.52
(5)-17f OH 2.70 3.32b
(S)-179 NH, 2.63 3.26

a Chemical shifts (ppm) in DMSO-dj at 500 MHz.
b After D,O exchange.

Scheme 7. 'H-NMR analysis of 2,5-DKPs (S)-17a-g
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In general, intermolecular hydrogen bond formation between 2,5-DKP rings (C=O -+ H-N) is responsible
for the low solubility of 2,5-DKP in water and various organic solvents.”” For example, atomic force
microscopy (AFM) revealed that cyclo(Gly-Gly) had a mesh-like structure that was dependent on a
hydrogen bonding-mediated assembly.” The deconvoluted FT-IR spectra of the amide regions also
suggested the presence of parallel and anti-parallel [-sheets conformations in the 2,5-DKP
supramolecular structure. In order to overcome the lack of solubility, breaking the intermolecular
hydrogen bonds by mono- or di-methylation of nitrogen of the 2,5-DKP ring is a simple and effective
strategy.” We synthesized N-methylated derivatives of various 2,5-DKPs derived from L-phenylalanine
and observed an improvement of solubility compared to the precursor 2,5-DKPs. Intriguingly, we also
found that 2,5-DKPs bearing a benzyl moiety exhibited a folded or an extended conformation depending
on the position of N-methylation (N1 or N4) according to the analysis of '"H-NMR spectra and the single
crystal X-ray crystallography.” For example, the folded conformation was observed in the crystalline
structure of N1-methylated DKP (35,65)-18a and the intramolecular distance between the benzene ring of
the benzyl group and methine hydrogen of the isopropyl group was 2.3769A. On the other hand,
N4-methylated DKP (35,65)-18b was found to exist in an extended conformation, as shown in Scheme 8.
These conformations were also suggested by the analysis of 'H-NMR spectra in CDCl,. With respect to
the conformation of DKP rings, (35,65)-18a adopted a pseudo twist-boat conformation. In contrast, a

more distorted conformation was found in the DKP ring of (35,65)-18b.

\_CU0) g L)

(35,65)-18a (35,65)-18b
Scheme 8. ORTEP drawings of (35,65)-18a and (35,65)-18b
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2-3. Biological activities of 2,5-diketopiperazine

Most of the natural products containing a 2,5-DKP structure are known to possess interesting
pharmacological properties, such as anti-bacterial, anti-viral, anti-fungal, anti-tumor, phytotoxic, and
siderophoric activities."' In order to show the versatility of 2,5-DKP-class natural products as biologically

active compounds, a few examples are given here (Scheme 9).

MeO

MeO

Me Me

verruculogen (20)

e

g =
HN. A =
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O Me
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R
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H
0] /N—Ac
HO
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rhodotorulic acid (29)

Scheme 9. Chemical structures of naturally occurring 2,5-DKPs 19-29

Spirotryprostatin A (19), which has been isolated as a secondary metabolite from the fermentation broth
of Aspergillus fumigatus, has been shown to inhibit the progression of cells at the G2/M phase.”**’ The

core structure of 19 is a 2,5-DKP unit consisting of two L-proline molecules. Verruculogen (20), first
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isolated from Penicillium verruculosum in 1972, is a potent inhibitor of calcium-activated potassium
channels, as well as a cell cycle inhibitor.* An eight-membered cyclic peroxide is a characteristic
structure of 20. Brevicompanine B (21), isolated from Penicillium brevicompactum and Aspergillus janus,
is known to show pronounced plant growth regulatory activity.” These 2,5-DKPs 19-21 are classified as
prenylated indole alkaloids, which are hybrid natural products from prenyl diphosphates and tryptophan
or its precursors and widely distributed in filamentous fungi, especially in the genera Penicillium and
Aspergillus of ascomycota.*® Phenylahistin (22), which has been isolated from the fermentation broth of
Aspergillus ustus NSC-F038, is also a cell cycle inhibitor."” The fungus produces a racemic mixture of
phenylahistin, but it is interesting to note that the (R)-enantiomer of 22 has no anti-microtubule activity.
Cairomycin B (23), a bicyclic peptide antibiotic containing L-lysine and L-aspartic acid moieties, was
isolated from Streptomyces As-C-19 obtained from the soil of Cairo.” Cairomycin B (23) is mainly active
against Gram-positive bacteria. The antibiotic bicyclomycin (24) was isolated from the fungus,
Streptomyces sapporoensis in 1972.* Bicyclomycin (24) is active against certain Gram-negative bacteria
and widely used as a growth-promoting antibiotic for chickens and pigs. Maculosin-1 (25) and
maculosin-2 (26) were isolated from liquid cultures of Alternaria alternata and are known as
host-specific phytotoxins to spotted knapweed.” Thaxtomin A (27), produced by Streptomyces scabies, is
also a potent phytotoxin and is known as a virulence factor in the common scab potato disease.”’ The
antibiotic gliotoxin (28) has a sulfur bridge on the 2,5-DKP ring, which is called an
epipolythiodioxopiperazine (ETP) ring, and acts as an immunomodulating agent.”> Rhodotorulic acid (29)
is a dihydroxamate siderophore isolated from Rhodotorula pilimanae, and the 2,5-DKP ring of 29 is
assumed to be biosynthesized starting with L-ornithine.”>* Siderophores are defined as iron-chelating
compounds utilized by bacteria and fungi under iron-limiting conditions.”

We have been interested in the iron-chelating ability of rhodotorulic acid [(35,65)-29] and achieved facile
syntheses of (35,65)-29 and its N,N’-dimethylated derivative (35,65)-35 using microwave-assisted
cyclization of the corresponding dipeptide precursors as shown in Scheme 10.° Removal of the Boc
group followed by intramolecular cyclization of the dipeptide precursor (S,5)-32 under microwave
irradiation with a single-mode microwave reactor (Initiator™ 60; Biotage AB) at 170 °C in a mixed
solvent of water/methanol furnished the 2,5-DKP (35,65)-33. Catalytic hydrogenolysis of (35,65)-33 and
the N,N’-dimethylated product (35,65)-34 provided rhodotorulic acid [(35,65)-29] and its
N.N’-dimethylated derivative (35,65)-35. In general, 2,5-DKP derivatives have poor solubility in various
solvents due to their intermolecular hydrogen bonding through the amide moiety of the 2,5-DKP ring.”
Therefore, only a few solvents, including water and dimethylsulfoxide (DMSO), have been found to be
capable of dissolving (35,65)-29. However, (35,65)-35 was found to be soluble in water, DMSO,

methanol, ethanol, chloroform, ethyl acetate, and so on. This enhanced solubility is likely due to the
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disappearance of intermolecular hydrogen bonds as a result of N,N’-dimethylation.
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Scheme 10. Synthesis of rhodotorulic acid (29) and its 1,4-dimethylated derivative 35

On the other hand, 2,5-DKPs have been used as naturally occurring privileged structures for drug design
in medicinal chemistry, and several candidate medicinal agents have been developed by this approach
(Scheme 11). In order to develop potent oxytocin (OT) antagonists that are highly selective over the
vasopressin receptors, a research group of GlaxoSmithKline has applied the 2,5-DKP structure as a
template for a structure-based drug design.”’”® As a result, they developed retosiban (36) as a potential
clinical candidate for preterm labor. Retosiban (36) has sub-nanomolar affinity for OT receptors, with
more than 1,400-fold selectivity over the related vasopressin receptors. The spiro-2,5-DKP template has
also been effectively used in the development of CCRS5 antagonists, and aplaviroc (37) was found to be a
promising anti-HIV agent for development as a clinical trial candidate by Ono Pharmaceutical.”® In order
to generate a natural product-like compound collection, the fusion of 2,5-DKPs with other biologically
relevant heterocyclic cores was recently investigated using the strategy of oxidative cleavage and

cyclization of linear peptides.”
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37

Scheme 11. Structures of retosiban (36) and aplaviroc (37)

2-4. 2 ,5-Diketopiperazine as an organocatalyst

A certain type of organic compounds with low molecular weight are able to catalyze organic reactions,
and MacMillan coined the term “organocatalyst” to describe these organic compound in 2000.*' However,
organocatalysts have a long history, and we can find pioneering reports of two organocatalysts,

O-acetylquinine (38)% and L-proline (39)* as shown in Scheme 12.*

38 (0.01 mol eq)
Me

\\I

Ph MeOH (1.1 mol eq) :
>:'=O >  ph /%(OMe
Me 0]
74% ee
[d"
N oH
Me Qo H 39 (0.03moleq) Me O
Me j:lf [ :I:/f
(0] O
© 93% ee OH

Scheme 12. Pioneering asymmetric reactions catalyzed by organocatalysts 38 and 39

Amino acids and short peptides form one of the major families of organocatalysts, and 2,5-DKPs are also
included in this family.”” In 1981, Inoue and co-workers reported that asymmetric hydrocyanation of
various aromatic aldehydes was efficiently catalyzed by 2,5-DKP (35,65)-40 derived from
L-phenylalanine and L-histidine (Scheme 13).% As a possible explanation for this reaction, Schoenebeck
and Houk proposed a dual activation mechanism involving a dimer of (35,65)-40 as the catalytic species

based on computational studies.”’
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Scheme 13. Asymmetric hydrocyanation of aromatic aldehydes catalyzed by 2,5-DKP 40

An enantioselective Strecker reaction using 2,5-DKP (35,65)-41 as a catalyst was reported by Lipton and
co-workers in 1996.°® Stereoselective addition of hydrogen cyanide to a variety of N-substituted imines

was catalyzed by (35,6S5)-41 derived from L-phenylalanine and L-norarginine (Scheme 14).%

H 0

5 NH NH

S

PE J

R N~ “NH,
oM H

O 41 (0.02 mol eq)

HCN (2 mol eq)

N HN
| O MeOH i <
e
| D : ° 99% ee () CN
_ -25°C

Scheme 14. Asymmetric Strecker reaction catalyzed by 2,5-DKP 41

We have designed and synthesized N4-methylated 2,5-DKP (35,65)-42 as a novel organocatalyst and
investigated its preliminary application to an asymmetric aldol reaction. As a result, a moderate
enantioselectivity (44% ee) in anti-adduct was obtained in the reaction of hydroxyacetone and
p-nitorobenzaldehyde as shown in Scheme 15.° There have been few reports on NI1- and/or
N4-methylated 2,5-DKPs as organocatalysts in asymmetric reactions. Lipton suggested that N1- or
N4-methylated 2,5-DKPs derived from (35,65)-40 were more soluble in organic solvents than (35,65)-40,
but they afforded little or no enantioselectivity in the hydrocyanation described above in Scheme 13."" It
is concluded that both amide bonds of (35,65)-40 are critical for enantioselective catalysis in the

hydrocyanation.
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Scheme 15. Asymmetric aldol reaction catalyzed by N4-methylated-2,5-DKP 42

3. 3,6-DIALKOXY-2,5-DIHYDROPYRAZINE

Both enantiomers of 2-isopropyl-3,6-dimethoxy-2,5-dihydropyrazine [(S)- and (R)-43] are known as the
Schéllkopf chiral auxiliaries or the Schollkopf bis-lactim ethers.*”*” Bis-lactim ether 44 with a second
stereogenic center is easily obtained via diastereoselective addition of various electrophiles, such as alkyl
halides, alkyl sulfonates, acyl chlorides, aldehydes, ketones, thioketones, epoxides, and arynes, to the
deprotonated (S5)- or (R)-43. Subsequently, cleavage of 44 under aqueous acidic conditions liberates the
optically pure a-amino acid methyl ester 45 and (S)- or (R)-valine methyl ester [(S)- or (R)-46] as the

chiral auxiliary (Scheme 16).*

We successfully synthesized a variety of a-substituted serines utilizing
bis-lactim ethers 51 derived from diethyl 2-aminomalonate hydrochloride (47) based on the Schollkopf
synthesis of a-amino acids.”*”’ Synthetic methodologies for the preparation of a-substituted serines are

mainly described here as follows.

n-BuLi - -
H OMe or OMe H OMe
H N\(S) .\|'.| — Nr_ A‘\H - . R N\(S) H
-Pr NPy i-Pr
OMe OMe OMe
(S)-43 ) ) a4
HCl aq H NH,
R\‘YCOQMe N (S)/QH
NH2 MeOQC iPr
45 (S)-46

Scheme 16. The Schollkopf bis-lactim ether method for the synthesis of a-amino acids 45
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3-1. Synthesis of 3,6-dialkoxy-2,5-dihydropyrazine

The general protocol of bis-lactim ether synthesis involves condensation of two amino acids, cyclization
to 2,5-DKP, and bis-lactim ether formation with Meerwein’s salts. Meerwein’s salts, also known as the
Merrwein reagents, refer to trimethyl- or triethyloxonium tetrafluoroborate, which can be prepared from
boron trifluoride etherate, epichlorohydrin, and the corresponding dialkyl ether.”® Scheme 17 represents
the synthesis of bis-lactim ether 51 (R = i-Pr, H) derived from diethyl 2-aminomalonate hydrochloride
(47) and N-Cbz-protected amino acid 48 via the formation of 2,5-DKP 50.*> Enantiomerically pure L- or
D-valine derivative 48a (R = i-Pr) affords 2,5-DKP 50a as a mixture of two diastereomers without
racemization at the C6 position. A racemic mixture of 2,5-DKP S0b is obtained from N-Cbz-protected

glycine [48b (R = H)].

Cbz Cbz NH
“NH condensation 0.C H
Et
NH, « HCl 2 EtO,C O
47 48a,b 49a,b
(0] OEt

cyclization EtO,C ﬁ)} l:lH Meerwein's salt  EtO,C H% N
— >
HN_5 N
4 j(k R 4 ﬁ%\R

o) OEt a:R=iPr
50a,b 51a,b b:R=H

Scheme 17. Synthesis of bis-lactim ether 51 via 2,5-DKP 50

3-2. Asymmetric alkylation of 3,6-dialkoxy-2,5-dihydropyrazine

The Schollkopf synthesis of a-amino acids is versatile and applicable to asymmetric alkylation of chiral
bis-lactim ether (25)-51a for the synthesis of a-alkylated serines in good optical purities.” Deprotonation
of (25)-51a employing sodium hydride or r-butyllithium afforded the sodium or lithium enolate with
planar geometry. Alkylation at the C5 position of the enolate under the direction of an isopropyl group at
the C2 position followed by reduction with diisobutylaluminum hydride (DIBAL) afforded (25,55)-53 in
a diastereoselective manner, as shown in Scheme 18. The absolute configurations of 52 were determined
to be 25 and 5R by a 'H-'H NOE experiment (Scheme 19). Interestingly, a considerable upfield shift of
C2-H of (25,55)-53 (R = Bn) was observed when compared with the chemical shift of (25,5R)-53 (R =
Bn) in the '"H-NMR spectrum. In addition, one of the protons of the methyl group of (25,5R)-53 (R = Bn)
exhibited a significant upfield shift in comparison with the '"H-NMR chemical shift of (25,55)-53 (R =

Bn). Such a phenomenon seems to be rationalized in terms of the shielding effect of the phenyl ring,
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which probably adopts a folded conformation with the bis-lactim ether ring as shown in Scheme 20.%
Acidic hydrolysis of (25,55)-53 gave the corresponding «-alkylated serines (S)-54 as each

enantiomerically pure compound.

) NaH or
OEt -BuLi OEt Et
nBuli g0 A HO (S)O
EtOzCﬁ)%N 2) RX %N DIBAL NN
R R"
NEOLH ———— NOLH ——— NSl H
i-Pr i-Pr i-Pr
OEt OEt 70-97% de OEt
(25)-51a (25,5R)-52 (25,55)-53
HCl aq NH
HO \_ CO,Et /Kz
R“N(j) EtO,C
2 R = Bn, CH,=CH-CH,-, n-Hex
(5)-54 (5)-55

Scheme 18. Diastereoselective alkylation of chiral bis-lactim ether (25)-51a

Me EtO H
\/

(25,5R)-52 (R = Me) (25,5R)-52 (R = CH,CH=CH,)

Scheme 19. Selected 'H-'H NOE enhancement (400 MHz, CDCI,) for bis-lactim ether (25,5R)-52

Ho— OFt Me Me shielding
=N effect

—~(sH
EtQ H % Me

OEt Me
—N
shielding (R) —_ < H
N
effect HO Et0 H
(25,55)-53 (R = Bn) (25,5R)-53 (R = Bn)

Scheme 20. Folded conformation of (25,55)- and (25,5R)-53

In 2010, Akhmedov and co-workers reported that the dihydropirazine ring of syn- and anti-56 derived
from tryptophan exists in a boat conformation based on detailed analysis of the NMR spectra of 43 and 56
(Scheme 21).*' In addition, it was concluded that the indole group of 56 adopts a folded conformation in

which one diastereotopic face is effectively shielded by the aromatic indole ring in the CDCI; solution.
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OMe

(2S5,5S5)-56 (2S,5R)-56

Scheme 21. Chemical structures of syn- and anti-56

3-3. Asymmetric aldol-type reaction of 3,6-dialkoxy-2,5-dihydropyrazine

Chiral bis-lactim ether 51a is available in a diastereoselective aldol-type reaction with various chiral and
achiral aldehydes. It appeared that tin(II)- or magnesium(ll)-mediated diastereoselective aldol-type
reactions of (25)-51a with chiral aldehyde (R)-57 proceeded in a dual chiral recognition manner. Aldol

reactions of configurationally matched pairs of (25)-51a and (R)-57 are shown in Scheme 22.%

OEt EtO,C OFEt
(A)
EtOzCﬁ/QN 1) MgBr, - Et;N '2"; H(S) KN
NLEAH ~ TBDOPSO N\ NOKH
iPr 2 TBDPSQ | RO H i-Pr 0 Qe
OEt A\ OEt
(25)-51a Me” “CHO  (255R1'S)-58 :R=H
(R)-57 :| silylation
(25,5R,1'S)-59 : R = OTBDMS
OEt 1) Sn(0SOCF3), Et0,C  OFt
EtO,C. -\ - N-Et Me H =(9
N . (R), N
N@\“"Pr TBDPSO 1\ NPT
H 2) TBDPSO RO H H o de
OEt A\~ OEt
(2R)-51a Me” “CHO  (2R55,1'S)-58 : R =H
(R)-57 :| silylation

(2R,55,1'S)-59 : R = OTBDMS

Scheme 22. Diastereoselective aldol-type reaction of chiral bis-lactim ether (25)- and (2R)-51a

The reaction in the presence of magnesium bromide and triethylamine afforded (25,5R,1°5)-59 as the only
diastereomeric product. On the other hand, a similar reaction of (2R)-51a with chiral aldehyde (R)-57
employing stannous trifluoromethanesulfonate and N-ethylpiperidine gave a different diastereomer
(2R,55,1°5)-59 as an exclusive product. This stereochemical outcome may be understood in terms of the
presumed six-membered transition state A [containing Mg(II)-enolate] or C [containing

Sn(II)-enaminate] based on the orbital overlap effect and steric repulsion, as shown in Scheme 23. In the
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case of transition states B [containing Sn(II)-enaminate] and D [containing Mg(II)-enolate], formation of
the mismatched pairs causes the degradation of diastereoselectivity.

Various achiral aldehydes have also been used in magnesium(I)- or tin(Il)-mediated diastereoselective
aldol-type reactions of chiral bis-lactim ether (25)-51a.*’ In addition, these results were successfully
applied to the asymmetric total synthesis of ISP-I (myriocin, thermozymocidin) (63), which is a potent
immunosuppressive compound isolated from the culture broth of the fungus Isaria sinclairii (Scheme
24) .5 Whereas the bulkiest substituent at the C2 position of chiral aldehyde (R)-57 is a TBDPSO group, a
long-chain alkyl group is bulkiest in chiral aldehyde (R)-60. Thus, the magnesium(II)-mediated aldol-type
reaction with excellent diastereoselectivity should be understood by the transition state D’ in Scheme 24.
In this context, it is interesting to note that fingolimod (Gilenya™, FTY720), which is a synthetic
compound derived from ISP-I (63), was approved as a new treatment for multiple sclerosis (MS) in

2010.%

(R)-57 OEt
25)-51a -
excellent A 9) moderate B (25)-51a
diastereoselectivity @ diastereoselectivity @
(25,5R,1'S)-58 (25,5R,1'R)-58

(R)-57 OEt
2R)-51a 2R)-51a
excellent c R) moderate D @R)
diastereoselectivity @ diastereoselectivity @
(2R,55,1'S)-58 (2R,5S5,1'R)-58

Scheme 23. Plausible transition states for Sn(II)- and Mg(II)-mediated aldol-type reactions

Tin(II)-mediated enantioselective aldol-type reaction of achiral bis-lactim ether S1b with various achiral

aldehydes is also available in the presence of (-)-sparteine (64) as an external chiral ligand. Not only a
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stoichiometric amount (1.5 mol eq), but also a catalytic amount (0.3 mol eq) of 64 nicely promoted the
reaction in an enantioselective manner, yielding bis-lactim ether (25,1°R)-65 in up to 94% ee (Scheme
25).% Although the use of stoichiometric amounts of 64 in asymmetric reactions often leads to highly
enantioselective transformation, it is noteworthy that there have been far fewer applications of

(-)-sparteine (64) as an asymmetric catalyst.”’

OEt

Et0,C.. 1) MgBr, - EtzN

N @\\\i-Pr 2 >
H —/\ MOomQ

OEt o. O A\
Me N
(2R)-51a 74 CHO

(R)-60

EtO.C  OFEt

/ \ MOMO H _:(s)

Me

R "*H ., 100%de

(2R,55,1'R)-61 : R=H
j silylation
(2R,5S5,1'R)-62 : R = OTBDMS

excellent
diastereoselectivity

L > (RsS1A
: (R)“i.py

MOM OEt R: long-chain alkyl group
(2R)-51a

Dl
Scheme 24. Asymmetric total synthesis of ISP-I (63)

Finally, some recent papers on organic reactions involving bis-lactim ethers should be mentioned.
Synthesis of orthogonally protected bis-0-amino acids,” 3-aza-4-fluoro-L-phenylalanine,” quaternary
aryl amino acid derivative,” 2-aza-4-deoxypodophyllotoxins,” anthranilimide-based glycogen
phosphorylase inhibitors,”” 4-fluorohistidine,” piperidine imino sugars,” sodium channel blockers,”

histone deacetylase inhibitors,” and 2-amino-4-phosphonobutanoic acids®’ are all notable examples.
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1) Sn(OSO,CF3), (1.5 mol eq)

o OEt EtaN (8 mol o) E0,C OEt
102 SN 64 (0.3 mol eq) ;
N N - :
2) i-PrCHO (2 mol eq) TBDMSO H
OFt 3) silylation OFEt
51b (2S,1'R)-65

H
\kj\/r\O (25%1'R")-65 / (25%1'S%)-65 = 85 : 15
(/N\ |:| (-)-sparteine (64)

Scheme 25. Enantioselective aldol-type reaction of achiral bis-lactim ether 51b

4. CONCLUSION

In conclusion, this review has briefly summarized the chemistry of 2,5-diketopiperazine 1 and its
bis-lactim ether 2 from the perspectives of synthesis, reaction, and conformation. We have also
contributed to this area to some degree. These “classical” heterocycles 1 and 2 have been
well-investigated in terms of organic reactions, but have been less well investigated in other regards,
particularly their conformation, biological activity, and functions as organocatalysts. In the foreseeable
future, as our understanding of the detailed chemistry of 2,5-diketopiperazine 1 and its bis-lactim ether 2
continues to advance, we believe these “classical” heterocycles will again be seen as important “novel”

heterocycles with amazing functionality.
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