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Non-canonical amino acid derivatives are an attractive scaffold for novel drug candidates. Among 
the methods used to prepare this motif, the asymmetric Mannich-type reaction of α-imino carboxylic acid 
derivatives is a preeminent strategy because a wide variety of non-canonical amino acids can be accessed 
by changing only the nucleophile. Preparing the common substrate is difficult, however, which makes this 
method problematic. We developed a convenient method for synthesizing common substrates using MnO2-
mediated oxidation of stable precursors. Peptides bearing non-canonical amino acids are another attractive 
synthetic target. We propose a new approach for synthesizing non-canonical amino acid-containing peptides 
by directly applying various organic reactions to peptidic substrates. Using hydrophobic anchor-supported 
peptides, we directly applied ring-closing metathesis and asymmetric Friedel–Crafts reactions to peptidic 
substrates. We also developed a novel recyclable organocatalyst according to the nature of the hydrophobic 
anchor tagged compound.
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1. Introduction
Non-canonical amino acids and related compounds are 

promising novel drug candidates.1,2) These compounds 
can also be used as chiral building blocks for asymmetric 
catalysts3) or structurally complex natural products,4–6) and in 
this context, much effort has been put forth toward their de-
velopment. α-Hydrazination of carbonyl compounds7) and the 
asymmetric Strecker reaction8) are widely used strategies for 
synthesizing non-canonical amino acid derivatives and several 
asymmetric catalysts for those reactions have been reported. 
These strategies require different substrates for the preparation 
of various non-canonical amino acids with different side-chain 
structures. One example of this is asymmetric α-alkylation of 
the iminoester derived from benzaldehyde and glycinate cata-
lyzed by a phase transfer catalyst.9) This procedure is a robust 
methodology for installing an sp3 carbon-centered substitu-
ent into a side chain structure from a common substrate by 
changing only the electrophiles used. As another example, an 
asymmetric Mannich-type reaction using α-imino ester was 
developed.10–14) Also in this procedure, various types of non-
canonical amino acids are prepared from a common substrate. 
This procedure allows for the introduction of not only the sp3 
carbons, but also sp2 carbons. The present review describes 

our recent progress toward the development of novel methods 
for synthesizing non-canonical amino acid derivatives via 
an asymmetric Mannich-type reaction of α-imino carboxylic 
acids. Achievements toward the development of a novel recy-
clable catalyst based on this research are also described.

2. Synthesis of Small Molecule Non-canonical Amino 
Acid Derivatives

2.1. Synthesis of Non-canonical Amino Acid Deriva-
tives Using N-p-Methoxyphenyl (N-PMP) Imino Carbox-
ylic Acids  One drawback of the conventional strategy using 
an asymmetric Mannich-type reaction of α-imino carboxylic 
acids is the difficulty in preparing the common substrate. The 
common substrate is prepared from glyoxalate, which is easily 
polymerized or hydrolyzed. The aldehyde is condensed with 
one equivalent of the appropriate primary amine, and the 
resulting imine is used without further purification because 
of the instability of this compound under standard silica gel 
column chromatography conditions. Therefore, the purity of 
each lot varies, which hinders the accumulation of a stable 
supply of starting materials for synthesizing the non-canonical 
amino acids. It was recently reported that the same compound 
can be generated by oxidizing relatively stable N-PMP gly-
cinate using a homogeneous oxidant such as 2,3-dichloro-5,6-
dicyanobenzoquinone,15) or tert-butyl hydroperoxide.16) Even 
molecular oxygen can be used for this purpose in the presence 
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Table 1. Preparation of N-PMP α-Imino Carboxylic Acid Derivatives via Oxidation 
of N-PMP Glycine Derivatives Using MnO2

a

a The reaction was performed with 1 (1.0 equiv) and MnO2 (20 equiv) in CH2Cl2 at room tem-
perature. b Isolated yield. c 25 equiv of MnO2 was used.
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of a designed N-oxyl radical-type catalyst.17) These reactions 
can be coupled with an asymmetric Mannich-type reaction by 
adding the nucleophile and asymmetric catalyst in a one-pot 
manner.15,17) Although this strategy is excellent for synthesiz-
ing non-canonical amino acids, the asymmetric reaction must 
be applied in the presence of oxidants. Therefore, the catalyst 
system must be tolerant to oxidative conditions. We hypoth-
esized that if the oxidant could be removed from the reaction 
mixture without performing silica gel column chromatogra-
phy, we could readily obtain the α-imino ester substrate and 
use the common substrate in the absence of an oxidant. There-
fore, we performed the oxidation of N-PMP imino ester using 
an easily removable oxidant18) (Table 1). We selected MnO2 
as the oxidant. When we began our research, MnO2-mediated 
construction of the C=N bond by oxidation of an amine sub-
strate had been reported in some cases, such as in the forma-
tion of nitrogen-containing aromatic heterocycles,19,20) but not 

for the synthesis of α-imino esters. When N-PMP glycine 
ethyl ester 1a was treated with MnO2, the oxidation smoothly 
proceeded, and the desired imino ester 2a was obtained by 
simple filtration (entry 1). This reaction was widely applicable 
to various esters and amides (entries 2–5, 9, 10). Using the 
phenyl ester 1f, perfluoroalkyl ester 1g, h, and imides 1k, l as 
the substrates, we prepared highly activated imino carboxylic 
acid derivatives 2f–h, k, l in good yields (entries 6–8, 11, 12). 
Surprisingly, thioester 1m was also tolerated, and the corre-
sponding imino thioester 2m could be obtained quantitatively 
(entry 13).

Having extended the availability of imino carboxylic acids 
bearing various carboxylic acid moieties, we next applied 
the obtained imines 2 to an asymmetric Mannich-type reac-
tion of 1,3-dicarbonyl compound 3 catalyzed by bifunctional 
amino thiourea catalyst 421) developed by Takemoto (Table 2). 
Although the conventional simple ester-type substrate 2a gave 

Table 2. Asymmetric Mannich Reaction Using N-PMP Imino Carboxylic Acid Derivatives Catalyzed by 
Aminothiourea-Type Organocatalyst 4a

a The reaction was performed with 2 (1.0 equiv), 3 (2.0 equiv), and 4 (10 mol%) in toluene at room temperature for 24 h. 
b Isolated yield. c Estimated by chiral HPLC analysis. d Determined by chiral HPLC analysis. e Not detected. f The reaction was 
performed in the presence of MnO2.

Chart 1. Preparation of N-Nps Imino Amide via MnO2-Mediated Oxidation
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adduct 5a with good enantioselectivity, the chemical yield and 
diastereoselectivity were low (entry 1). To improve the yield, 
we tested activated esters 2f–h. The yield was not improved 
by using phenyl ester 2f and no adducts were observed in 
the reaction using perfluoroalkyl esters 2g, h (entries 2–4). 
Imide-type substrate 2k, however, gave the desired adduct 

5k in improved chemical yield with high enantioselectivity 
(entry 5). On the other hand, another imide-type substrate 2l 
did not produce adduct 5l (entry 6). Although the reason for 
the improved result when using 2k is unclear, the position 
and orientation of the carbonyl group on the 5-membered ring 
system might preferentially act to form a ternary complex of 

Table 3. Asymmetric Friedel–Crafts Reaction of N-Nps Imino Amide 7a

a The reaction was performed with 7 (1.0 equiv), 8 (1.5 equiv), MS5Å, and 9 (4 mol%) in CHCl3 at room temperature. b Iso-
lated yield. c Determined by chiral HPLC analysis.

Chart 2. Preparation of N-Nps Imino Phosphonates
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the substrate, nucleophile, and catalyst. Thioester 2m afforded 
comparable results to simple ester 2a (entry 7). We successful-
ly expanded the scope of the reactions for synthesizing non-
canonical amino acid derivatives by extending the availability 
of the precursors. The reaction using 2k as the substrate did 
not proceed in the presence of MnO2 due to decomposition of 
catalyst 4. This result indicates the importance of removing 
the oxidant after forming the imine substrate (entry 8).

2.2. Synthesis of Non-canonical Amino Acid Deriva-
tives Using N-2-Nitrophenylsulfenyl (N-Nps) Imino Car-
boxylic Acids  Another problem in synthesizing amino 
acids using N-PMP imino carboxylic acid derivatives is the 
difficulty in deprotecting the amino group. Harsh oxidative 
conditions, such as using cerium ammonium nitrate22) or 
hypervalent iodane oxidant,23) are used to remove the PMP 
group. Rutjes recently reported that the PMP group could be 
removed using relatively mild oxidants such as periodic acid 
or trichloroisocyanuric acid, but the reaction requires H2SO4 
to progress.24) In this context, we attempted to use a readily 
removable protective group rather than a PMP group. Among 
the protective groups for primary amines, we focused on 
the 2-nitrophenylsulfenyl (Nps) group. The Nps group was 
first introduced by Zervas as a protective group for primary 
amines in 1963.25) The Nps group can be removed by mild 
nucleophilic conditions.26,27) We envisioned that if N-Nps 
imino carboxylic acid could be prepared similarly to N-PMP 
variants, this would provide another option for synthesizing 
non-canonical amino acids.28) Fortunately, oxidation of N-Nps 
glycine amide 6 was achieved similarly to the preparation of 
N-PMP imines 2 (Chart 1). The resulting N-Nps imino amide 
7 was stable under silica gel conditions and could be purified 
by simple column chromatography, unlike the N-PMP vari-
ants.

We applied N-Nps imino amide 7 to an asymmetric Frie-
del–Crafts reaction of indole nucleophiles 8 in the presence 
of 1,1′-bi-2-naphthol (BINOL)-derived chiral Brønsted acid 
catalysts29,30) (Table 3). The reaction of 7 and non-substituted 
indole 8a proceeded smoothly in the presence of 3,3′-SiPh3-
substituted catalyst 9 and the corresponding adduct 10a was 
obtained with good enantioselectivity (entry 1). Both electron-
rich indole 8b, e and electron-deficient indoles 8c, d can be 
used (entries 2–5). We also examined the effect of the sub-
stituent position and found that indoles 8f–h were tolerated 
(entries 6–8). On the other hand, 2-methylindole 8i did not 
give the corresponding adduct 10i with sufficient enantioselec-
tivity (entry 9).

2.3. Synthesis of Chiral Amino Phosphonic Acid De-
rivatives Using N-Nps Imino Phosphoate  Chiral α-amino 
phosphonic acids comprise another example of biologically 
active compounds because the phosphonic acid amide moiety 
acts as a transition state analog of the hydrolyzed intermediate 
of the peptide bond.31) Although several preparative methods 
involving the asymmetric addition of nucleophiles to N-
protected α-imino phosphonates as universal precursors have 
been established, they require unstable substrates and/or haz-
ardous reagents.32–34) We anticipated that our reaction could be 
applied to the synthesis of amino phosphonic acid derivatives 
by switching the carboxylic acid moiety to phosphonate.35) 
The corresponding N-Nps imino phosphonate 11 was readily 
prepared using dialkyl phosphite 12 (Chart 2). A three-compo-
nent Mannich-type reaction of TrtNH2, paraformaldehyde, and 

12 gave N-Trt-protected aminomethyl phosphonate 13 in good 
yields. The Trt group was then exchanged with an Nps group 
by one-pot acid treatment and Nps protection. MnO2 success-
fully oxidized the resulting Nps-protected intermediates 14 to 
afford the corresponding imino phosphonate 11. As expected, 
imino phosphonate 11 was also stable under standard silica gel 
column chromatography conditions, similarly to imino amide 
7 (Fig. 1).

We then examined the asymmetric Friedel–Crafts reaction 
of imino phosphonate 11 (Table 4). As when using imino 
amide-type substrate 7, the addition of indole 8a proceeded 
smoothly with good enantioselectivity using a catalytic 
amount of 9 (entry 1). Both electron-rich and electron-deficient 
indoles 8b–e and 8j were tolerated (entries 2–6) and indoles 
8g and 8h having methyl substituents at the 6 or 7 positions 
gave the desired adducts in good yield with sufficient enan-
tioselectivities (entries 8 and 9). In contrast, 2-and 4-methyl 
indoles 8f and i gave diminished stereoselectivities (entries 
7 and 10). Furthermore, not only indoles, but also pyrroles 
8k–m could be used as nucleophiles (entries 11–13). Our ob-
servation that N-methylated indole 8n proceeded sluggishly 
with low enantioselectivity indicates the important role of the 
indole proton in forming the substrate-catalyst complex (entry 
14).

We next attempted to further transform adduct 15a 
(Chart 3). The Nps group of 15a was readily removed using 
2-PySH.36) Introduction of the Fmoc group followed by deben-
zylation mediated by NaI afforded Fmoc amino phosphonic 
acid mono benzyl ester 17, which is a useful intermediate for 
synthesizing various biologically active amino phosphonic 
acid derivatives, without racemization.

3. Synthesis of Non-canonical Amino Acid-Containing 
Peptides via Direct Organic Reactions with Peptides

Peptides have unique biological activities depending on 
their amino acid sequence.37) If the constituent amino acids 
are extended to non-canonical variants, the diversity of the 
chemical structure of the peptide dramatically increases, 
thereby enhancing the potential for obtaining efficient drug 
candidates.38,39) Chemical transformation of the side chain of 
the requisite site of the peptidic substrate is the most straight-
forward strategy for preparing such compounds. Chemical re-
actions to obtain peptidic compounds, however, are limited to 
relatively simple reactions such as the condensation or depro-
tection of certain protective groups, e.g., tert-butoxycarbonyl 
(Boc), 9-fluorenylmethyloxycarbonyl (Fmoc), and benzyloxy-
carbonyl (Cbz) groups. Peptides are relatively polar compared 

Fig. 1. Two-Dimensional TLC Development of 11
(Color figure can be accessed in the online version.)
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with most small molecules; therefore, application to a standard 
liquid phase reaction is difficult, and the classical strategy for 
using a peptidic substrate relies on solid-state synthesis using 

a polymeric resin support.40) Such a synthetic strategy has the 
advantage of purifying the product but the disadvantage of a 
low reaction efficacy, and thus it is difficult to apply to most 

Table 4. Asymmetric Friedel–Crafts Reaction of 11a

a The reaction was performed with 11 (1.0 equiv), 8 (1.2 equiv), and 9 (5 mol%) in toluene at room 
temperature. b Isolated yield. c Determined by chiral HPLC analysis.
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of the standard organic reactions (Fig. 2-A). We hypothesized 
that overcoming the problem of solubility in a standard organ-
ic solvent would address this issue. To realize this, we focused 
on using the hydrophobic anchor reported by Tamiaki et al.,41) 
Takahashi et al.,42) and Chiba and colleagues,43) independently. 
The hydrophobic anchor moiety bearing long alkyl chains 
makes the compound soluble in a less-polar organic solvent 
such as CHCl3, toluene, or tetrahydrofuran (THF). We antici-
pated that the standard chemical reactions would be applicable 
to peptides bearing a hydrophobic anchor (Fig. 2-B).

3.1. Synthesis of Stapled Peptide via Direct Ring-
closing Metathesis  Since Grubbs reported a highly reactive 
and stable catalyst for ring-closing metathesis (RCM), RCM 
has been regarded as one of the most powerful methods for 
constructing a ring structure.44) This reaction applied to a 
peptide bearing two olefin-containing residues provides access 
to a stapled peptide, in which two of the side chains of the 
peptide are connected via a C–C bond to stabilize the three-
dimensional structure of the peptide, which often possesses 
outstanding biological activities.45–47) These peptides can be 
prepared by RCM of a peptide bearing two olefin structure 
on its side chains, followed by reduction of the resulting 
cyclic olefin. The efficacy of these reactions toward conven-
tional resin-supported peptides, however, is generally low 
due to the heterogeneity of the reactions.48) We applied these 
transformations to hydrophobic-anchor-tagged peptide 18 in 
solution phase49) (Chart 4). We realized RCM using a second 
generation Grubbs catalyst 1950) in CHCl3 under homogeneous 
conditions. The reaction proceeded smoothly within 1 h, and 
peptide 20 was obtained as a mixture of E/Z-isomers. After 
hydrogenation of the olefin moiety followed by global depro-
tection under acidic conditions, we obtained stapled peptide 
21, an analog of the peptide hormone oxytocin51,52) whose S–S 
bond has been replaced with a C–C bond.

3.2. Synthesis of Non-canonical Amino Acid-containing 
Peptides via Direct Asymmetric Addition to Peptides  As 
described in section 2, non-canonical amino acids bearing 
diverse side-chain structures can be prepared by changing the 

nucleophiles of the asymmetric addition to α-imino carboxylic 
acid derivatives. Preparation of peptides having these residues 
can be achieved by installing the units to a growing peptide 
chain. This conventional strategy requires multiple steps, 
however, to prepare the corresponding units into an appropri-
ate form. In addition, the condensation step might suffer from 
epimerization of the non-canonical amino acid unit depending 
on the side-chain structure.53) We envisioned that if an imino 
peptide, which possesses an imine moiety at its N-terminus, 
can be used as substrate instead of α-imino carboxylic acid, 
we could easily access the non-canonical amino acid-con-
taining peptide28) (Fig. 3). This strategy could avoid multiple 
transformation steps and epimerization-prone steps.

An important key to realizing this concept is the prepara-
tion of the imino peptide. We used a mild oxidative condition 
to prepare the N-Nps imine described in Chart 1 to produce 
an N-Nps imino peptide (Chart 5). As expected, the hydro-
phobic anchor-tagged peptide 23 bearing an Nps glycine unit 
at its C-terminus was efficiently converted to the N-Nps imino 
peptide 24. The asymmetric Friedel–Crafts reaction with in-
dole 8a catalyzed by BINOL-derived phosphoric acid 9 can be 
applied to the thus-obtained imino peptide 24 to afford adduct 
25 in the same manner as for the N-Nps imino amide 7. Re-
moving the Nps group, further elongation, and final deprotec-
tion by removing the acid-labile protections by trifluoroacetic 
acid (TFA) treatment and Pd-mediated removal of the Alloc 
moiety, produced the desired peptidic compound 26. Although 
the chemical yield and stereoselectivity were still unsatisfac-
tory, this was the first example of a direct asymmetric reaction 
to an imino peptide.

4. Development of Novel Recyclable Asymmetric Cata-
lyst

Asymmetric organocatalysis is a fundamental strategy for 
synthesizing optically active compounds because they are 
less-toxic, cost-effective and can be readily operated com-
pared with conventional metal catalysis.54,55) In most cases, 
however, the catalysts are discarded after each reaction. Thus, 

Chart 3. Deprotection of 15a for the Synthesis of Fmoc-Protected Phosphonic Acid Monoester 17

Fig. 2. Comparison of the Resin-Supported Peptide and Hydrophobic Anchor-Tagged Peptide
(Color figure can be accessed in the online version.)
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systems enabling easy recovery of the organocatalysts have 
been developed. Binding the catalyst to a polymer resin is one 
example of these systems.56,57) These catalysts are insoluble 
in the reaction media, so they can be readily recovered by 
simple filtration after the reactions and reused in another batch 
of reactions. Insolubility, however, causes low reactivity. A 
polyethylene glycol-supported catalyst is a soluble polymer-
supported catalyst.58,59) In this case, the high solubility some-
times resulted in low recovery efficacy. Recently, perfluori-
nated alkyl chains were used for a fluorous tag system.60,61) 
Homogenous forms of perfluorinated alkyl chains can be 
used in standard organic solvents and recovered by extraction 
using perfluorinated solvents or chromatography using a per-
fluorinated stationary phase. Although the fluorous tag system 
is an effective strategy, it requires expensive perfluorinated 

compounds to prepare and recover the catalysts. We antici-
pated that the problems encountered with these conventional 
recyclable catalysts could be overcome using a hydrophobic 
anchor as a support for an asymmetric catalyst.62) The concept 
of the hydrophobic anchor-tagged recyclable catalyst is shown 
in Fig. 4. The catalyst bearing hydrophobic anchor is expected 
to be easily prepared from inexpensive starting materials. The 
asymmetric catalytic reaction can be performed in a less-polar 
organic solvent in a homogenous manner. After the reaction, 
removal of the media and addition of a polar solvent would 
precipitate the catalyst. Then, the division of the precipitate 
and supernatant by filtration, we can recover the catalyst as 
the precipitated solid and obtain the desired compound in the 
filtrate. We expected that the recovered catalyst would be re-
usable in another batch of reactions.

Chart 4. Synthesis of the Stapled-Type Oxytocin Analog 21 via Direct RCM of Peptide 18

Fig. 3. Concept of Direct Asymmetric Addition to an Imino Peptide
(Color figure can be accessed in the online version.)
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Fig. 4. Concept of the Hydrophobic Anchor-Tagged Recyclable Organocatalyst
(Color figure can be accessed in the online version.)

Chart 5. Preparation and Direct Asymmetric Friedel–Crafts Reaction of Imino Peptide 24 for the Synthesis of Indolyl–Glycine-Containing Peptide

Chart 6. Asymmetric Aza-Henry Reaction of N-Boc Imine 28 and Nitromethane 29 Catalyzed by Hydrophobic Anchor-Tagged Recyclable Amino 
Thiourea 27
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We prepared the hydrophobic anchor-tagged amino thiourea 
catalyst 27 inspired by Takemoto’s amino thiourea catalyst 421) 
and tested its reactivity and recyclability in the Aza-Henry re-
action of N-Boc imine 28 and nitromethane 29 (Chart 6). Our 
recyclable catalyst gave the adduct 30 in good chemical yield 
with high enantioselectivity, comparable to the case using the 
original catalyst 4.63) As expected, catalyst 27 was recovered 
with high efficacy by solvent exchange and filtration, and the 
recovered catalyst could also be used in another run without 
loss of reactivity or enantioselectivity.

5. Conclusion
We described our recent progress toward the synthesis 

of non-canonical amino acid-related compounds. Using the 
MnO2-mediated oxidation system, we developed a convenient 
method for preparing N-PMP imino carboxylic acid deriva-
tives, a common precursor of non-canonical amino acids. Ap-
plying the same approach to N-Nps imine, which has the 
advantages of better stability and lability for removing the 
protection relative to the N-PMP system. We also achieved the 
synthesis of non-canonical amino acid-containing peptides. 
Using hydrophobic anchor-tagged peptides, we demonstrated 
direct chemical transformations, such as RCM and asym-
metric Friedel–Crafts-type reactions, of peptidic substrates. 
Furthermore, we developed a novel recyclable catalytic system 
using a hydrophobic anchor-tagged catalyst, which could be 
readily prepared and recycled without using expensive materi-
als. Further studies, including the development of genuinely 
efficient novel drug candidates based on non-canonical amino 
acid derivatives provided by our newly devised strategy are 
currently underway.
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