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Abstract

Several polyketopiperazines represent the simplest heterocyclic compounds found in nature, acting as a vital
base-structure for many bioactive compounds. They are widely distributed in microorganisms, food, and
beverages with diverse bioactivities, such as antiviral, anticancer, antioxidant, and neuroprotective properties.
Focusing on triketopiperazines and tetraketopiperazines; triketopiperazines possess important biological
properties and used for production of the valuable molecular scaffolds in synthetic biology, whereas
tetraketopiperazines are economically beneficial for chemical engineering. Noteworthy, they have extra-rigid
conformations and are more resistant to degradation by enzymes. Therefore, they represent an interesting
subclass of heterocycles with high potential to be used in the production of new effective therapeutic motif and
sustainable energy storage structures.

FsCn ~ "N

NH»,
H

- 4—
T =2 [ b
e No ) 07N o/\
Tetra-KP TKP o
|
S
\

<

N N—| 2 NH,

O/’ O )-Halodendrin
EtO O(‘:

Photoelectric device Bioactive substances
EtO OC

Keywords: Polyketopiperazines; triketopiperazines; tetraketopiperazines; synthesis; reactions; bioactivities;
applications

DOI: https://doi.org/10.24820/ark.5550190.p011.735 Page 221 ©AUTHOR(S)



https://doi.org/10.24820/ark.5550190.p011.735
mailto:nabawia.eldeen@pharm.tanta.edu.eg

Arkivoc 2022, i, 221-261

Table of Contents

1. Introduction
2. Piperazinones (2-Oxypiperazines, 2-Ketopiperazines)
3. Diketopiperazines (Cyclo-Peptides, cyclo[Gly-Gly)
4. Triketopiperazines
4. 1. Historical background
4. 2. Synthesis of 2,3,5-triketopiperazines

4. 2. 1. Via the reaction of oxalic acid derivatives with amino acid amid
4. 2. 2. via amino amide with oxalyl diimidazole or oxalyl 1,1’-dibenzotriazole

4. 2. 3. Conversion of DKP derivatives into TKP derivatives
4. 3. Reaction

4,

4
4
4.
4.
4
4
4

3.

3
3
3
3.
3
3
3

ua b WON R B

L

The formation of C—C bonds

. 1. Acylation of triketopiperazines

. 2. Michael-addition reactions

. Reduction of the C-3 position

. Rearrangement of TKP to bicyclo[2.2.2]diazaoctane

. Rearrangement of TKP to diazabicyclo- [2.2.1]heptane
. Reaction with Grignard reagent

6.

Aldol condensation

4. 4, Bioactivity of TKP derivatives and applications
5. Tetraketopiperazines
5. 1. Synthesis
5. 2. Reaction
5. 2. 1. Salt formation
5. 2. 2. Hydrazone formation
5. 2. 3. Reduction
5.3. Applications and uses

6. Conclusions

7. Abbreviations
8. References

1. Introduction

Sharafeldin, N. A.

Nitrogen containing heterocycles have a vital role in life sciences, because they occur in many natural products,
such as vitamins, hormones, antibiotics as well as in numerous approved and marketed medicines.'® Further,
the N-heterocycles are considerably used as a building blocks for a number of medications, owing to the ability
of the nitrogen atom to form hydrogen bonding with biological receptors.”!! In addition, several nitrogen-
containing heterocycles are well known to have a broad array of bioactivities.'?>'® Hence, these compounds have

always been desirable objectives to synthetic organic chemists and researchers.

Most importantly, piperazine is an essential heterocyclic motif in many biologically active compounds with
various pharmacological activities.>?’ For example, clozapine 1 is strongly sedative and has muscle-relaxant
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properties, amoxapine 2 has antidepressant activity, trimetazidine 3 is an antischemic agent and cyclizine 4 is
used to treat nausea and vomiting?®?° (Figure 1).
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Figure 1. Structures of some piperazine-based drugs.

Structurally, piperazine has a six-membered saturated ring with two nitrogen atoms at 1- and 4-positions.
This feature gives large polar surface area and relative rigidity with both hydrogen bond acceptor and donor
leading to enhanced activities, water solubility, oral bioavailability, and ADME (absorption, distribution,
metabolism, and excretion) properties.3%3! Interestingly, the solubility of diosgenin was improved by the
formation of cocrystals with piperazine in 2:1 stoichiometry (the solubility value was approximately 1.5 times
more than the parent material in 0.2% SDS solution) due to the formation of hydrogen bonds.3> Moreover, the
salt of piperazine with chloroacetic acid has been created and structurally explored. The two hydrogen-bonding
patterns (a small R [12] ring 5a as well as a large R [18] ring 5b) were formed. (Figure 2) The hydrogen-bonding
structure 5b is a quite stable supramolecular synthon which may be required further investigations in the fields
of chemical engineering and pharmaceutical applications due to its rigidity and having a several synthons.3?
Finally, tetrameric hydrogen bonding structure was produced by linking two molecules of piperazines with two

water molecules.?*
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Figure 2. The hydrogen bond between piperazinediium and carboxylates.

Interestingly, the bioactivity of many hybrid molecules of bioactive natural products with piperazine moiety
has been improved, for example, flavone derivative 6 displays potent antibacterial activity (2 to 2.5-fold more
potency than ciprofloxacin).?> Coumarin derivative 7 exhibits significant activity and good selectivity for
acetylcholinesterase (AChE).3 Similarly, the derivative 8 shows considerable antiarrhythmic activity with an EDso
value of 0.69 mg/kg in adrenaline-induced arrhythmia comparing to EDso values of 1.05 mg/kg for propranolol.3’
The same was observed with myrrhanones B, the chemical modification of side chain of naturally occurring
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myrrhanones B with piperazine moiety enhances the cytotoxicity and anti- inflammatory activities (N- methyl
piperazine analogue 9 in Figure 2 exhibits about 12—13 folds higher activity against DU145 than myrrhanone B)38
(Figure 3).

o \ o MeO

Figure 3. Some hybrid molecules of bioactive natural products with piperazine moiety.

Amongst piperazine derivatives, the oxo- or keto-forms (mono-keto- A, diketo- B1, B2 and B3, triketo- C and
tetraketopiperazines D) are shown in Figure 4.

H H H H H H
OTN] N_ _O O\l\:NTO N O J;NIO OINIO
N [NIO N O/I/iNT 07 °"N” =0 O °N” ~0
H H H H H H
A B1 B2 B3 C D

Figure 4. Polyketopiperazines.

The polyketopiperazines have received continuous attention because of their variety of pharmacological
activities including antifungal,®¥4° antiviral,*#? antitumor®** and antibacterial**’ activities. As an example,
DKPs have been used as medicinal agents such as, retosiban 10 (tocolytic therapy) and tadalafil 11 (PDE5
inhibitor);* also, are used in tumor therapy e.g. plinabulin 12 (antitumor).*®* DKPs are not only present in food
e.g. chicken extract, beef and coffee>®*! but also, DKPs have been isolated from a variety of marine

microorganisms (compounds 13 and 14)°2 and several natural products (compounds 15 and 16) as represented
in Figure 5.
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Figure 5. Some drug based DKPs and biologically active DKPs isolated from marine microorganisms and natural
products.

Curiously, not only the diketopiperazine receptors consist of a rigid planar structure but also have functional
groups that allow the formation of hydrogen bonds,>3 ionic and hydrophobic interactions with any predicted
peptide in selective manner. On one side, a hydrogen-bonding ability is considered as a key drive of the self-
assembly of the DKPs. As shown in Figure 6, the intramolecular hydrogen bond structures ¢, d and e were formed
within the DKP derivative 17, both structures ¢ and d (10-membered H bond) were preferred in self-assembly
interactions.”* As well as, the DKP derived from 4-hydroxyproline 18 gives a rigid support and has a two-armed
structure designed for insertion of the peptidic side chains® (Figure 6).

¢ = 10-membered H bond Il 0O 0O
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Figure 6. Some DKP receptors have H bond (17) and two-armed rigid planar structure (18).

To our knowledge, it was noticed that no comprehensive review concerning triketopiperazines and
tetraketopiperazines have been published to date, probably because, they are less common in nature, hence,
need more investigations to study their utility. Thus, the present review focuses on synthesis, reactions,
bioactivities, and possible applications of both triketopiperazines and tetraketopiperazines and will briefly

Page 225 ©AUTHOR(S)



Arkivoc 2022, i, 221-261 Sharafeldin, N. A.

discuss monoketopiperazines and diketoopiperazines which are commonly present in nature and are extremely
well investigated.

2. Piperazinone (2-Oxypiperazine, 2-Ketopiperazine)

2-Oxopiperazines (piperazinones) are oxo-derivatives of piperazine through the oxidation of piperazine, and
they represent essential basic moiety of various natural products such as agelastatin A 19 (Figure 7).%°

Figure 7. Agelastatin A.

The piperazinones were computed as prized intermediates for the formations of peptidomimetic
compounds and natural products. So, many appropriate synthetic methodologies for the preparation of
piperazinone derivatives have been collected.””®! For example, a catalytic enantioselective synthesis of
piperazinone derivatives was explored.®26® The synthesis starts from aldehydes 20 using MacMillan's
catalyst 21 and chloroquinone as the chlorinating reagent. 4% The a-chlorination of heptanal followed by
oxidation producing a-chloroheptanoic acid which was cyclized with N,N’-dibenzylethylenediamine yielding 2-
oxopiperazine 22 in good yield (Scheme 1).47:6

1- 21, 20 mol%, Chloroquinone
THF,25 °C, 30 min.

2- 'BUOH, H,0, NaH,PO, E“ o
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Scheme 1. Catalytic enantioselective synthesis of piperazones.

On the other hand, SAR studies of 2-piperazone derivatives were explored. This study shown that, the
functionalization of amide group as well as C-3/C-6 cis configuration of the piperazinone moiety was essential
for HCV activity. A 10-fold growth in GT-1 activity was detected when the chiral phenylcyclopropyl amide side
chain in compound 23 was replaced with p-fluorophenylisoxazole-carbonyl moiety as in the compound 24%’
(Figure 8).
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Figure 8. Structures of compounds 23 and 24.

3. Diketopiperazine (Cyclo-Peptides, cyclo[Gly-Gly)

2,5-Diketopiperazines (DKPs) are the simplest cyclo-dipeptides in nature and are naturally occurring in several
microorganisms, food, and beverages. Although these compounds have been well recognized since the start of
the 20" century, they have been lately raising the attention due to its diverse bioactivities, such as, anticancer,
antiviral, antioxidant, and neuroprotective properties.®873

Structurally, 2,5-diketopiperazines (DKPs) have six membered saturated rigid ring with two centrosymmetric
s-cis-amide bonds leading to make several hydrogen bonding acceptor and donor positions which give its ability
to create a planar molecular structure through the formation of intermolecular hydrogen bonding.”*’” These
features attract awareness of scientists in diverse fields, such as self-assembly synthesis of cyclic dipeptide
derivatives and their applications’®7° and bio-based mesoporous sponges of DKP derivatives.®’ Furthermore,
supramolecule of DKP derived from hydroxyphenylglycine,® asymmetric catalytic promoted method for the
synthesis of cyclo-peptides,®? as well as, the synthesis and anti-cancer activity of naturally occurring 2,5-
diketopiperazine derivatives were studied.®?3 On the other hand, structural rigidity of DKP may be provide
superior thermal stability and practical handling for the creation of DKPs polymers, such as, polyacetylenes
carrying diketopiperazine moieties,®* tubulin polymerization inhibitors®® of proline-based 2,5-diketopiperazines
by anionic ring-opening polymerization,®® prebiotic thermal polymerization of crystals®” and polymerization of
amino-acid-based diene®® which were synthesized and examined.

Observably, there are several reviews reported on DKPs, and will only collect some of them in this review,
such as, Prasad reviewed the synthesis and biological activity in human of cycle(L-His-L-Pro),®° the synthesis of
bicyclomycin has been summarized on the basis of molecular structure and biological activities of DKPs.
Smythe et al! reviewed all structural advantages of the DKP moieties involving their rigidity, stability and diverse
biological activity, another review discussed the methodologies for the formation of cyclic peptides,®? Dismore
and Beshore described the stereoselective methodology for the synthesis of DKP isomers,® and combinatorial
chemistry and many advanced methods for DKPs synthesis were examined.”*

Recently, Borthwick summarized the synthesis, reactions, bioactivities of DKPs in addition to bioactive
natural products.®® Also, Cao et al. reported a chemical diversity and a biologically active indole diketopiperazine
(DKP) alkaloids isolated from fungi,® the structures of DKP dimers from marines and their biological activity
were discussed.’®®” Additionally, Ma et al. reviewed cyclotetrapeptides and new diketopiperzine derivatives
from the marine sponge-associated fungus.®®

Interestingly, the reaction of DKP derivatives under different conditions and reagents were explored. Honzl
and Sorm have been studied the reaction of 1,4-disubstituted 2,6-diketopiperazines with benzenesulfonyl and
benzenesulfenyl chlorides in pyridine producing the mesoionic system with a six-membered ring structure E.%
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Also, the reaction of 1,4-disubstituted 2,6-dioxopiperazines with numerous oxidizing agents, such as selenium
dioxide in dioxane afforded tetraketopiperazine.®® While the a,c-disubstituted sarcosyl chloride has been
isolated from the reaction of N-trifluoroacetyl sarcosine with first thionyl chloride followed by treatment with
sulfuryl chloride.'%?

Furthermore, the reactions of glycine anhydride and its methyl derivatives (sarcosine anhydride) and alanine
anhydride in deoxygenated aqueous solutions in the absence or presence of KsFe(CN)s as oxidant by pulse
radiolysis producing 2,5-diketo-3-hydroxypiperazine were investigated.'%?

Moreover, the photoisomerization of 5, 6-dicholoro-1, 4-dihydro-1, 4-dimethylpyrazine-2, 3-dione was
explored. It was treated with UV irradiation producing the compound F which then was converted into
dimethylimidazolidinetrione by the effect of moisture. This photoisomerization is thermally reversible reaction,
additional, the compound F was hydrolyzed to 1,4-dimethylpiperazine-2,3,5,6-tetrone. 03

Moreover, several studies on the synthesis and biological activities of DKPs were explored. For example, the
spiro-diketopiperazines 27 were synthesized in >90: 10 enantiomer ratios (er). These compounds have been
shown numerous biological activities, including anti-inflammatory, neuroprotective and antiproliferative effects
against drug-resistant human cancer cell lines'%41% (Scheme 2).
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Scheme 2. Synthesis of spiro-dioxopiperazines.

The cyclo(Phe-Cys) and cyclo(Tyr-Cys) were synthesized from protected amino acids using triethylamine and
diethylphosphoryl cyanide as catalyst. The structure and conformation of these derivatives have been
investigated with X-ray crystallographic and spectroscopic methods.1%6:107
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In addition, a number of DKP derivatives were synthesized in good yields using a solid-phase methodology
as shown in Scheme 3,1% as well as the total synthesis of biologically active and naturally occurring
diketopiperazine type indole alkaloids (heoechinulin) was also explored.%®
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Scheme 3. Reagents and conditions: (1) BrCH,COBr, AlCls, nitrobenzene DCM (1:1); (2) Boc-AA-OH, EtsN, DMF;
(3) 3.5N HCI/HOAC; (4) Boc-AA-OH, HOBt, DCC, NMM, DMF; (5) 5% EtsN/ THF: H,0 (8:1).

4. Triketopiperazine

Logically, 2, 3, 5-triketopiperazine C (TKP) is produced by oxidation of one of the methylene groups of DKP.110
The TKP can be produced from the reaction of any aminoamide with oxalic acid derivatives as in Figure 9. Hence,
due to this alteration and modification in starting substances, the properties and reactivity of TKP are
significantly different from DKP. TKPs are six-membered saturated rigid ring that possess only one methylene
group which can be functionalized.!!

H
N (0]
Aminoamide mOietY/l/i I Oxalic acid moiety
(e N (0]
H
C

Figure 9. The TKP produces from the reaction of any aminoamide with oxalic acid derivatives.

Also, the presence of TKP moiety in nature is considered rarely. Only a few examples have been separated
from fungi and usually in combination with epidithiodioxopiperazine (ETP) and DKP derivatives (Figure 10).11?

For example, the metabolites neoechinulin C 32, compound 33 and gliocladin 34!'3 were isolated from

112

Aspergillus amstelodami,''? and from Emericella striata''* respectively. These metabolites showed antibacterial

activity.!’> Additionally, the naturally occurring indole alkaloid gliocladin C 34 was isolated from a strain

of Gliocladium roseum which was obtained from sea hares, Aplysia kurodai.*®
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Neoechinulin 32 33 Gliocladin C 34

Figure 10. Some biologically active compounds contain TKP moiety.

Afterward, first total asymmetric synthesis of gliocladin C 34,17 and the enantioselective organocatalytic
formation of the compound 34 with optimization of the reaction conditions were reported.'!® Further, a general
methodology for making (+)-gliocladin A from triketopiperazine and the cytotoxic activity against persistent
human prostrate (DU145) plus melanoma (A2058) cancer cell lines were described.!'° Finally, the total synthesis
of the compound 34 using visible light-promoted coupling reaction was achieved. It was observed, by using
microwave method, the overall yield was improved and the number of steps of TKP derivatives formation was
reduced.!?°

4. 1. Historical background
It is well known that the TKPs are less common than the DKP and are isolated from some natural products and
microorganisms. In 1917, Bornwater is the first explorer that reported the preparation of a-benzyl-TKP through
the reaction of phenylalanine amide with oxalyl chloride.'?! Bergmann and co-workers in 1927 reported another
synthetic method of TKP but this technique required long sequence of reactions through amide couplings and
ozonolysis.??? Notice that both methods were difficult to reproduce.'?® Until 1953, Williams and co-workers
described the first appropriate methodology for preparation of TKP via the reaction of ethyl oxalate with DL-f3-
phenylalanine amide.'?3

Later, in 1984, Mulliez and Royer reported a convenient method for synthesis of TKPs.'?* The
functionalization of TKP (N- and O- alkylations with different halide derivatives) under mild reaction conditions
was studied.'?> To this time, the biggest challenge would be to create effective methodology for the preparation
of TKP on gram scale; only two methods have been reported to synthesis TKPs under mild conditions. 2% 127
Since, Overman has been described the total synthesis of gliocladin C 34, the TKPs synthesis show increase in
production and evaluation of these derivatives.?8139 We will discuss some of these methods in the synthetic
part.

4. 2. Synthesis of 2,3,5-triketopiperazines
4. 2. 1. By the reaction of oxalic acid derivatives with amino acid amide. Williams and co-workers described
the initial relevant synthetic method for TKP via the reaction of ethyl oxalate with DL-B-phenylalanine amide in
ethanol in the presence of sodium methoxide yielding 60% product as TKP sodium salt.!?3

In 1984, Mulliez and Royer postulated intramolecular cyclization of amino-amide derivative 35 which was
obtained via the reaction of oxalic acid derivatives with glycine, alanine or phenyl- alanine derivatives
separately'?#131132 (Scheme 4).
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Scheme 4. The formation of TKP via intramolecular cyclization of amino-amide derivative.

While Bailey et al. utilized the same synthetic method using an enantiomerically pure amino amide 37. As
expected, racemization was observed with comparable yield under the given reaction conditions (Scheme 5).
Also, N- and O- alkylation of TKP by different halides were investigated.!?>132

0]

O.__NH, O%oa

N_o

; OFEt Ph/I I
NHz2 ) NaOMe-MeoH 0”>N"0

Ph reflux H

37 2- 1M HCl 38 (63%)

Scheme 5. The formation of TKP from oxalic acid derivatives and amino amide.

The intermolecular cyclization of 5, 6-dihydro-N-methyl-4H-l,2-oxazine-3-carboxamide 39 with oxalyl
chloride yielding bicyclic derivative of TKP 40 was reported (Scheme 6).133

I
c(Nj\fo (cocly,, Et,0 . O\N (0]

N

HN. e oA\( “Me
o}

39 40 (96%)

Scheme 6. Synthesis of bicyclic derivative of TKP.

Moreover, under microwave conditions the TKP 42 was produced from the reaction of amino amide 41 with
chloro-oxalate using hexamethyl disilazine (HMDS) in the presence of EtsN as catalyst at 140 °C as shown in
Scheme 7.12° The intermolecular C-H functionalization of many heteroaromatics with bromo-pyrroloindolines,
e. g. compound 41, was studied. This compound 41 was used for synthesis of gliocladin C 34 and several
biologically active pyrroloindoline alkaloids employing lithium bis-catechol borate (LiB(cat).) as a reductive
quencher in photo redox reaction.'3*
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Scheme 7. Formation of indole derivative of TKP.

Under the same condition using toluene at 150 °C instead of CH2Cl, the TKPs 47 was obtained in 76% yield
as shown in Scheme 8.135136

Chz A cbz
/ o)
_N O| CICOCOE, Et,N N I Me
=/ I\ _Me > A RN
| ” toluene, 150 °C " CIN+ \H OEt
N MW, 0.5 h > \”__\{
] N H
" R
Cbz Cbz
43 45

Cbz

==\ /

N 0}
- EtOH ~ l Me

B - N
N 77)(557
N'H G o)

|
Chz

46

Scheme 8. Synthesis of TKP derivative using MW method.

4. 2. 2. Via the reaction of oxalyl diimidazole or oxalyl 1, 1’-dibenzotriazole with amino amide. It is noteworthy
that, the oxalyl chloride used for cyclization step in the synthesis of TKPs is very reactive toward either reactants
or products. Instead, oxalyl diimidazole 49 is preferred in both solid and in solution conditions. As example,
Makino and co-workers were first pioneers that synthesized TKP 50 on solid support using oxalyl diimidazole 49
as a mild cyclizing agent!?® (Scheme 9).

Also, Overman et al.*'’ synthesized TKP derivatives using amino amide intermolecular cyclization with oxalyl
diimidazole. Afterward, the more applicable methods for total syntheses of TKP derivatives were performed by
Overman, Stephenson, and Movassagui groups separately.’?”136137 Noteworthy, Overman’s group in 2011
synthesized the TKP derivatives under mild conditions in solution. While Stephenson and Movassagui cyclized
the protected amino amide 53 under the same reaction conditions of Tsuji’s group!?’ to create the TKP
derivatives 54 on the solid support (Scheme 10).
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Scheme 9. Synthesis of TKPs using solid support method.
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Sharafeldin, N. A.

Scheme 10. Synthesis of TKP derivative using oxalyl diimidazole.

Additionally, the formation of the TKP system was achieved by the cyclization of protected amino amide with
oxalyl diimidazole'3® under mild conditions producing TKP on gram scale. Noting that, oxalyl 1,1’-
dibenzotriazole!3® was also employed in the preparation of TKPs.4°

4. 2. 3. Conversion of DKP derivatives into TKP derivatives. Under Upjohn-like dihydroxylation conditions, the
DKP derivative 55 was converted to dihydroxy derivative 56. The product was treated with Pb(OAc)s in pyridine
to produce TKP 57 in 67% yield.}41142 (Scheme 11) Additionally, the FeCls-catalyzed photo-oxidation of N,N'-
dimethyl-dioxopiperazine produced N,N’-dimethyl-2-benzylpiperazine-3,5,6-trione.'*

~NH O

Me K,080,, 2H,0, NMO
N/ -
X

aq, THF, rt

o

57 (67%)

Scheme 11. Conversion of DKP to TKP.
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4. 3. Reaction of TKPs
TKP has two imide groups incorporated within the ring structure of the molecule and only one methylene group
accessible for further derivatization.

4. 3. 1. The formation of C—C bonds. 4. 3. 1. 1. Acylation of triketopiperazines. The acylation of protected
DKPs 58 was achieved via reaction with Mander’s reagent/ LIHMDS *** at low temperatures producing 6-acyl
triketopiperazine 59 in pure state with high yields (Scheme 12).14°

Bn . Bn
lll 0 1- LIHMDS, THF MeO.C N o
O N O 0] O0” °N O
Bn 2- \>_:N Bn
MeO
58 59 (87%)
-78°C-0°C

Scheme 12. Acylation of TKPs.

4. 3. 1. 2. Michael-addition reactions. The Michael/conjugate-addition reaction is considered as one of the most
common reactions for the creation of C—C bonds in a stereoselective way.**®'47 Also, it is utilized for the design
of various series of highly functionalized bioactive compounds.

On the other hand, the acidity of the a-proton in cyclic peptides has a vital role in biochemical reactions with
stereochemical control which is important for their biological activities. The acidity of TKPs is 108-times more
acidic than their DKP analogues due to the formation of aromatic transition state 62 during the creation of the
TKP enolate derivative#®12> (Figure 11).

Bn Bn Bn Bn
H N o —  H_N_O Ho N° O "N o
T — T e

—_—
> 0" >N"Y0 0 NN O"

07 NS0 \ 0" N0 07 NS0

Bn Bn Bn Bn

60 61 62 63

Figure 11. Hydrogen-deuterium exchange in the resonance structures of TKP enolate.

The triketopiperazine structure is considered as operational example of 1,4- addition reaction to enones or
enals using chiral organo-catalysis (Scheme 13).130
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Bn Bn O
OINIRI o 65 (10 mol %) © Nfﬁ
—> 3
07 NS0 + Rz/\/lk rs CH,Cl, -20°C OIN o R? R
Gn 36 h Bn
63 64 67
R? R? R  Yield% ee(%)
COOMe H Me 99 98
COOMe H aryl  87-98 98
H H Me 98 86
Ph H Ph 98 98(a)

(a) Isolated as a single diastereomer.

Scheme 13. Synthesis TKP using cinchona catalyst.

Kinetic resolutions with highly stereoselective reactions of TKPs with both aromatic and aliphatic enones,
and acrolein using a chiral organo-catalyzed Michael addition were described.}***° For example, the 1,4-
additions of alkyl vinyl ketone (MVK) 69 to TKP 68, using chiral cinchona alkaloid derivative 70 as catalyst gave
products with high levels of stereoselectivity and excellent yields; e.g. the products 71 were produced in up to
94:6 er.1°9151 (Scheme 14).

M
OINE \/?J\ 70 (10 mol %) OINMR
. ™ >
07 N0 R CH,Cl, -30°C 07 N"S0 0
Bn 3-6 h B — —
68 7 75 -98 % yield

70 -90 er %

Scheme 14. Michael addition reaction of TKP.

Also, a good to excellent yields with high degrees of enantioselectivity especially for derivatives having either
phenyl, p-substituted phenyl or unsubstituted 5-membered heterocycles moieties separately, were produced.>?
Interestingly, X-ray crystallography study for the reaction of TKP with ortho-bromo chalcone show that the
formation of new asymmetric center at C-6 in the TKP ring has been happened, owing to enolate formation
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through the formation of 1-azabicyclo[2.2.2]octane amine moiety and the creation of hydrogen bond between
the Michael acceptor with the quiuclidine phenol as shown in Scheme 15.145153,154

Y=H 73
R = Ph

Ar = 0-C,H,Br

Scheme 15. Hydrogen bond Michael acceptor and quiuclidine phenol.

Although a good result was observed as shown in Scheme 15, but the use of substituted enones may lead to
decrease in reaction reactivity. However, the Michael additions with enones having electron withdrawing groups
in B-position provide better yields.>> On the other hand, by using another organo-catalyst (thiourea catalyst)
76, the TKP 74 was reacted with a-chloroacrylonitrile 75 producing the product 77 in an excellent yield (Scheme
16).145

7 \)CI\ MeO,C |
\ €L,
MeOZC\/\LN/Bn 75 \\N NwLN/Bn
N -N N
Bn j\/go 10 mol % of 76 ClBn m/LO
o CH,Cl, , - 20 °C o

77 (71 %, 96:4 er)

Scheme 16. Reaction of TKP with chloroacrylonitrile using thiourea catalyst.

The 1,4-addition of methyl vinyl ketone (MVK) 79 to (+)-triketopiperazine 78 using thiourea catalyst 80 in
CHCl; at —158 °C, the derivative 81 was produced in 61-81% yield and 97:3 er, on a 2.5 g scale via compound
82156157 (Scheme 17).
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o} o} o}

, 0 FsC
Fscﬁ/\LN/Bn \/U\Me 79 (1.5 equiv) )\\/SN)LN Bn
Bn/N%o 5 mol % 80, CH,ClI, Me BnN%O
o}
78

-15°C, 16 h

0
then 50 °C, 1 h 81
0
\
L "
z F3C N
/N\ N
o)
80 Ar=3,5CF,)C 82

O F;C
""W/\LNBn .... NBn ,3 NBn

83 (0] Boc

(72%,97:3 er) (61%, 97:3 er) (81%, 94:6 er)

Scheme 17. Catalytic asymmetric Michael addition of CFs-triketopiperazine.

4. 3. 2. Reduction of the C-3 position. Remarkably, the carbonyl group at position C-3 showed the specific
electrophilic properties compared to carbonyl groups at positions C-2 and C-5 due to carbonyl group at C-3
connected to both the imide and the oxalyl moieties. The complete reduction of carbonyl C-3 into methylene
group by NaBH, yielding the chiral DKP was studied. As example, the transformation of derivative 83 into the
ether bridged compound 85, through the diol derivative 84 by using AgOTf*® or TMSOTf*>°® was explored. In
Scheme 18, the chiral compound 85 (>96 : 4 er) exhibits 4-atom ether-bridged DKP similar to that present in the
antibiotic bicyclomycin which was isolated from Streptomyces sapporonensis*®® (Scheme 18).

o] 0
Bn_ O Bn, MeO,C o
HO N)k«’% NaBH, o N)H/OH T™MSOT BN NBD
LA ” NPLA > /
\/\‘\ I_}I\ﬂ/ Bn MeOH \/\‘ J'\H/ Bn CH,CI, o H
H O H O o]
83 84 (70 %) 85 (87 %)

Scheme 18. Reduction of TKP with NaBHa.

Likewise, the reduction of TKPs to the corresponding DKPs, with the retention of configuration, could be
achieved in high yield by reducing agent L-selectride, then treatment with Et3SiH and BFs—OEt,'#* (Scheme 19).

O

0 0
Bn Bn .
N)kfo L-selectride N)H/OH Et,SiH, CH,C, BF;\IJH
th B(N —_— PhY%h H(N —»BF omt Ph N
Bn  THF,-78°C Bn - }\[(
& wH 5 o H HJ e m 4 Bn

o)
86 87 (87 %) 88 (82 %)

Scheme 19. Reduction of TKP with L-selectride.
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Further, the TKPs were reduced using Sml; in THF/water. The diradical reaction intermediate 90 would then
form a new carbon-carbon bond producing bicyclo[2.2.3]diazanonane derivative 91 (Scheme 20).14°

0 Q@ $m OH

Bn o Bn )H/o
4 oy
N Sml,, additives MeO,C N

MeO,C,, . oo R
ol N, ——— | 27 JooON. |- > MeO,C Bn)OH

Bn  THF, nt Bn N

R o} R/ o} BnN 5

89 L. O-gm 90 - 91 (87 %)

Scheme 20. Reduction of TKP with Sml,.

4. 3. 3. Rearrangement of TKP to bicyclo[2.2.2]diazaoctane. Remarkably, triketopiperazine (TKP) 92 reacts
with B-substituted enones using cinchona alkaloid catalyst creating bicyclo[2.2.2]diazaoctane 93 with 99 : 1
enantiomeric ratio (er)'>! (Scheme 21).

O\ N/E (0] cinchona catalyst
O;[N 0 : R/\/U\Y CH,Cl,, -30°C
Bn

92
erup to 99:1

Scheme 21. Formation bicyclo[2.2.2]diazaoctane.

Also, some of bicyclo[2.2.2]diazaoctane derivatives obtained from rearrangement of TKPs can be collected
in the following Figure 12 using different catalysts.24°

82%, 93:7 er with 98%, 1:99 er with 84%, 40:60 er with
cinchona catalyst thiourea catalyst thiourea catalyst
91:9 er with cinchona
catalyst

Figure 12. Some of bicyclo[2.2.2]diazaoctane derivatives obtained from rearrangement of TKPs.

Moreover, tricyclic pyrazolopyrimidines 97 and 98 can be produced from the reaction of the triketopiperazine
derivative 96 with 3-aminopyrazole 102 via enamine mediated rearrangement of intermediate 99
(bicyclo[2.2.2]diazaoctane derivatives). (Scheme 22) It was found that, both acetic acid and triethyl orthoacetate
(TEOA) were preferred to use attributing to minimize the formation of regioisomer 98. Hypothesized that this
method may be used to get numerous derivatives of bioactive tricyclic pyrazolopyrimidines in both stereo- and

regiocontrol manner.1>®
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N >
Bn %o TEOA/ACOH/EtOH

o 120°C, 3 h

H
N_ BnH

RN
LN
F3C OBn OH
N
BnN ~0
99

Scheme 22. Formation of tricyclic pyrazolopyrimidines from TKP derivatives.

100(80 %,99:1 er) 101 (77 %,20:1 er)

4. 3. 4. Rearrangement of TKP to diazabicyclo- [2.2.1] heptane. Excitingly, the treatment of compound 103 with
ethanolamine forms an unusual bridged N-acyl derived structures 104 in good to high yields by removing the
oxalyl moiety*? (Scheme 23).

o R Ar
Ar
Bn M HO/\/NH2 BnN
N O > =0
OJ}(NBn THF, 1:1 (0.2 M) N
R Bn

e} Reflux (90 °C). 1h
103 104

Ar = Ph, R=Me, 87 %
Ar = Furan-2-yl, R = Me. 75 %

Scheme 23. Rearrangement of TKP to diazabicyclo- [2.2.1] heptane.

Interestingly, the diazabicyclo- [2.2.1] heptane 105 can be reacted with HCl in dioxane to form derivative 106
which can be converted to prolinamides 107 through the reductive ring opening of 106 (Scheme 24).1%2

Bn

Ph H
N HClI, dioxane _:Ph N—Bn aorb ‘\Ph H—Bn
o —/—= SN —_— N X
N rt,1h _ ! ) fo)
Bn Cl Bn Bn
105 106 107

| Reaction conditions: a) L-selectride, b) LiAIH, |

Scheme 24. Reaction pathway to prolinamides.

4. 3. 5. Reaction with Grignard reagent. Another example indicating that the carbonyl group of C-3 position
shows specific electrophilic properties comparing to carbonyl groups at C-2 and C-5'°! is represented by the
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addition of MeMgCl to the TKP derivative 108 in THF at -78 °C yielding compound 109 (Scheme 25).119:151

MeMgCl
_— =
THF, -78 °C
Boc
108 109 (86 %, 9:1 dr)

Scheme 25. Reaction of THP derivative with Grignard reagent.

4. 3. 6. Aldol condensation. The aldol condensation of aldehyde 112 with lithium enolate derivatives 111 using
lithium diisopropylamide (LDA) achieved a pure Z isomer of compound 113*?7 (Scheme 26).

i
‘ Me # Me
#N/ Me,OBF,, K,CO, N ()-cis-112, THF
= N
+ -

H N\[/Ko CH,Cl,, 1t, 68% j/g LDA, -78 °C
c‘> Li* o
110 111
= NBOC 81% average yield on
=, H scale>0.5¢9
Cf@
N ‘OMe
Boc
()-cis-112

Scheme 26. Aldol reaction of TKP derivatives.

4. 4. Bioactivity of TKP derivatives and applications

Although the triketopiperazine is far less common in nature, but its derivatives have significant biological activity,
such as the TKP (neoechinulin C 32), thione-derivative of TKP (aurantioemestrin) 114 and MPC1001F 115 which
have been confirmed as a potent antimicrobial and antifungal activities.!1#4161-163
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o. O /N 0.0 /\/\\<
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HO CHO
0 : “CHO 0
OMe OMe OMe
114 115
Aurantioemestrin MPC1001F

Moreover, natural product, MPC1001F, 115 was first isolated from the fungus Cladorrhinum sp. KY4922 in
2004.1%4 |t exhibits high antimicrobial activity against Gram positive bacteria but moderate effects towards Gram
negative bacteria.’®® Also, it is about 40 times more active against the human prostate cancer cell line DU145
comparing with etoposide.!®®> The synthesis of MPC1001F was carried out by the cyclization of an a-ketoamide

116 as indicated in Scheme 27.166

OMOM oMOM
N“ScoH & _ N HC02H
cl
0 o}
116 117
OH ococ H,NO,-p

O%(N

Me
(0]

115
MPC1001F

OMOM

QY
N_
o> o

)
118

J s

%o
O)ﬁ( N
O

‘Me
119

cis- and trans- isomers

Scheme 27. Reagents and conditions: (a) MeNH,, THF, -78 °C, 73%. (b) EtsN, MeOH, 45 °C, 1 h, 91% for 118 (c)
Conc. HCI, MeOH, 60 °C, 1 h, 94% for 119 (d) PhsP, p-O,NCsH4CO2H, THF, -78 °C.
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The utility of triketopiperazine moiety in the synthesis of bioactive compounds is described in Scheme 28.
As example, the treatment of the compound 122 first with LIHMDS followed by trapping of the resulting enolate
with Clive’s silyl ether protected reagent achieved the S-substituted TKP 123 in excellent yield on 5 g scale. A
second enolization with LIHMDS followed by the reaction with benzyl bromide afforded the fully substituted
TKP 127 which was cyclized producing hyalodendrin 129 (well known as fungitoxic and anticancer agent).'! In
addition, natural product (dethiosecoemestrin 130) is found in secondary metabolites of fungal species and
exhibits various antimicrobial activities as well as cytotoxic activity.164167-170

" SO O TBSO O
M
N e a S\/\LN/Me b S N/Me
N N
e 7\)%0 Me” o Me”Nj(KO
(@) O 0
123 124
C
Ph,C
s PhiC~g Ph c\
N
[Nig d NV
Oui e o5l o h
5 W(LO
0
127 lf 126 125 (0]
0
" o)
? N~ e g N,Me
} ,N%%H—» N3 or
e cPh Me I S

128 129
(+)-hyalodendrin

Scheme 28. Conditions: (a) LIHMDS, THF, -78 °C, S-[[(tert-butyldimethylsilyl)oxy]methyl] 4-methylbenzene-
sulfonothioate, 85%; (b) LIHMDS, THF, DMPU, 0 °C, BnBr, 84%; (c) TBAF, TrSCIl, THF, 85%; (d) MeMgBr, THF, -78 °C;
(e) PTSA, DCM, 58%; (f) OsO4, NMO, acetone/H,0, 89%; (g) BFs;-OEt,, DCM, -78 °C to rt, 70%.

(0]
| \
Y _o
O H N
© N
/@,OH O)\r( ~
HI(I:I O
(o) (0]
MeO

As reported, numerous natural product classes were obtained from rearrangement of TKP, for example the
bicyclo[2.2.2]diazaoctane moieties which were isolated as the fungal metabolite from stephacidin A, and show
a potent and selective antitumor activity.}’*13 Moreover, diazabicyclo- [2.2.1] heptane 133 was produced from
TKP 131 as illustrated in Scheme 29, the treatment of 133 with HCl achieved the derivative 134 as a single isomer,
which has similar structure as the natural product harmicine 135.152 This natural product 135 has antispasmodic,
antipyretic, and anticancer properties’#17> as well as antileishmanial and antinociceptive activities.!’®
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N MVK, Et,N N
OA}( JINH————= 07 /~NH

o | cHel,n16h o _
132 (63 %)

131
NH,
/\/ THF, 1:1 (0.2 M)
reflux, 1 h
H
N
/ HCl/dioxane
N Ph -—
N Ph o
= reflux, 16 h /
(0] EIH N
134 (63 % n
(63 %) Bn
133 (50 %)
H
N H
Y/
N
135
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Scheme 29. Synthesis of (+)-harmicine.
5. Tetraketopiperazines

Logically, an oxidation of the methylene group in TKP leads to the formation of a tetraketopiperazine. It is a six
membered saturated heterocyclic ring with two nitrogen atoms in opposite positions and four carbonyl groups.
Tetraketopiperazine is slightly soluble in water, soluble in boiling acetic acid and freely soluble in dilute aqueous
sodium hydroxide or carbonate but not reprecipitated by acids. It has two pKss; pKs: = 4.8 and the second pKg2 =
8.2.177

Tetraketopiperazine is one of polyketopiperazines and it has not been found in nature to date. Although it
is a fully synthetic compound from oxalic acid derivatives, but it has a utility for creation of sustainable energy
storage systems 178179 which is the one of the major challenges of the 215t century.

The carbonyl group displays a reversible reductive/oxidative ability. In general, carbonyl containing
compounds require functional moieties to stabilize the negative charge resulting from the resonance structures
of carbon-oxygen groups for electrical energy storage applications (Scheme 30). Such as the compound 136 has

carbonyl groups and two benzene rings needed to stabilize the enolates structures resulting from reduction.8
181

0”070
136

Scheme 30. lllustration of the dianion stabilization by the resonance.
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The resonance over the heterocycle ring can lead to further stabilization depending on the nature of
substituents on nitrogen atom. Therefore, the influence of the nature and type of N-substituted
tetraketopiperazine motifs and their working as the active material in organic batteries were studied'’® (Scheme
31).

o 0 0. 0 o 07?
Yl e ol e | )
—N N— —/—————=> _N N— é& —N N—| 2Li
H - e Ve -€ H
o) (6] (0]

Scheme 31. Dianion stability of tetraketopiperazine.

5. 1. Synthesis of tetraketopiperazine
de Mouilpied and Ruke discovered the first method for the synthesis of tetraketopiperazine with high yield from
the reaction of oxamide with ethyl oxalate in the presence of sodium ethoxide!® (Scheme 32).

H
CONHH EtO.0C O N._O
| — 1 X
CONHiH EtO:0C O H (@]
D

Scheme 32. Formation of tetraketopiperazine.

Additionally, many methodologies can be used for preparation of mono- or di-tetraketopiperazine
derivatives (G or H respectively), such as, the reaction of oxalyl halide 140 with an oxamide 141 or with silylamine
142, then water or an aqueous alkali solution was added to the reaction mixture producing
monotetraketopiperazine G. Also, the monotetraketopiperazine G was obtained via reaction of compound 140
with mixture of oximidyl halide 143 and amine 144. On the other hand, the di-tetraketopiperazine derivatives H
were produced from the reaction of compound 140 with diamine 145 or with the mixture of oximidyl halide 143
and diamine 146 as represented in Figure 13.183 Additionally, tetraketopiperazines were produced from the
reaction of appropriate oxanilyl chloride in the presence of triethylamine in benzene.®*
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X = ClI-, Br-
R, R?, R3, R4 RS RS R7, and R8
Y1, Y2, Y3, and Y4 = H, SiR3R*R5, SIR6R'RS,...

Figure 13. Methodologies for preparation of tetraketopiperazines.
5. 2. Reactions of tetraketopiperazines

5. 2. 1. Salt formation. The tetraketopiperazine contains two slightly acidic N-H bonds. So, tetraketopiperazine
yields a monosodium J with sodium bicarbonate or sodium hydroxide or sodium alkoxide.8

@) N 0]
T T
@) N 0]
H
J
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5. 2. 2. Hydrazone formation. The mono-hydrazone derivative was obtained from the reaction of
tetraketopiperazine with hydrazine.®

5. 2. 3. Reduction of tetraketopiperazine. Reduction of tetraketopiperazine yields triketopiperazine then
diketopiperazine with oxamide and glyocalic acid as byproducts.'”” Furthermore, the polarographic reduction of
tetraketopiperazine at pH 0 and 2 shows three polarographic reduction waves. The first wave represents a
reversible reduction of tetraketopiperazine to 2-hydroxytriketopiperazine 147 which by dehydration gives
triketopiperazine derivative 148 and then under kinetic control decomposes into oxamide and glyoxylic acid.
Second wave shows further electrochemical reduction of triketopyrazine 148 to 2,5-diketopiperazine. While the
last wave indicates reduction of tetraketopiperazine to 2,5-dihydroxydiketopiperazine 149 and by removal two
molecules of water giving 2,5-dioxopyrazine 15077 (Scheme 33).

(Wawe 1)

O O O O O O
Nt re bt H,0 W
HN NH — HN NH ——— = HN /N
> < € 7 H >/_

(0] (0] O OH (0]
147 148 lz H,0
(Wawe 2) HOOC-COOH ~ + NH,COCONH,
O O HO H O 0
HN\ N - HN /N a0 NN
-— _—
>/._// e >/,_// >/._//
(0] (0] (0]
O
(Wawe 3)
O O HO H O /o
4 ve no X
HN NH——= HN NH 27 _ N /N
7N H
o} o} O OH (o)

Scheme 33. Polarographic reduction of tetraketopiperazine at pH 0 and 2.

5. 3. Utility of tetraketopiperazine
In recent years, the growth of photoelectric materials is promoted by replacing inorganics by organic materials.

Tetraketopiperazine derivative (AP) 151 is already used in photoelectric devices and in organic light emitting
diodes (OLEDs).178/186

Figure 14. Structure of AP.
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Moreover, a little information has been found in the literature about the tetraketopiperazine.8”:'88 However,
the four carbons of tetraketopiperazine structure can be produced from oxalic acid derivatives (renewable
resources) which are very common compounds, widely distributed in nature'8® and can be readily produced by
fungi like Aspergilus niger.**°

Figure 15. Tetraketopiperazine derivatives.

In 2008, several tetraketopiperazine derivatives 152 (R = aromatic groups, unsaturated and alkyl functions)
were synthesized. Figure 16 shows some molecular structures of tetraketopiperazine which showed stability in
electroactivity.®’

o O O.E 20, o O
— e Ph-N  N-Ph NS EN_/_
o o o O o O
153 154
N,N-diallyltetraketopiperazine N,N-diphenyltetraketopiperazine N,N-di-n-propyltetraketopiperazine
(AP) (PHP) (PRP)

Figure 16. Some of tetraketopiperazines with electroactivities.

Today, the research on growths of organic electrode materials especially on the conjugated carbonyl
compounds, their monomers and polymers continues,*®*"19 due to the organic-based electrode (OBE) materials
have advantages over inorganic electrodes, such as high specialized capacity, low-cost, environmental safety,
flexibility, and highly adjustable redox reaction without structural changes.®>'% These develop the potential
hopefuls as electrode materials for green lithium ion batteries (LIBs). However, some of them are very toxic, have
low thermal tolerance, poor conductivity, and low mechanical stability.}®92°? Nonetheless the use of organic
substance instead of inorganic electrodes is an essential due to the lower carbon dioxide emissions and
renewable sustainability and also for reducing the price of rechargeable metal-ion batteries.!86:202-204

Therefore, many different synthetic methods for producing monomeric and polymeric derivatives of these
carbonyl containing compounds have been explored.?°>2%8 Especially, the carbonyl-based electrodes that can
hold the charge carrying dynamic deviation comparing to inorganic ones by kinetics of the enolization
reaction!’8209-211 (Scheme 34).
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Scheme 34. Enolization of tetraketopiperazine.

Noteworthy, some polycarbonyl motifs are difficult for derivatization via the enolization reactions because
of the electronic repulsion and steric hindrance causing a wide difference between the calculated and practical
values in the redox processes.!87.205212 Therefore, intensive studies have been performed for the design of
chemical structures containing the carbonyl groups that can be incorporated in the redox processes. Organic
polymers may be decreased these difficulties because of their lower solubility, lower self-discharge rates, high
mechanical strength, flexibility, thermal stability, and versatility.?*31> Such polymeric structure can be illustrated
by N,N’-diallyl-2,3,5,6-tetraoxopiperazine 156 which is stabilized by resonance?'2!7 (Figure 147).

(0] 0]
+\_ ot _/+
N N n
A
(0] (0]
156

Figure 17. N,N -diallyl-2,3,5,6-tetraketopiperazine polymer.

6. Conclusions

Taking all the above into consideration, we can conclude that polyketopiperazines especially triketopiperazines
and tetraketopiperazines are simplest compounds obtained either from natural or synthetic sources. These
heterocyclic skeletons have rigid structural conformation, which can control their stereochemistry.
Triketopiperazines have interesting properties for production of valuable molecular skeletons in synthetic
bioactive derivatives while tetraketopiperazines are economically useful for chemical engineering. In addition,
both are less common in nature and require more research to investigate their utility. Further, these compounds
need additional study and examination in the fields of drug discovery and in sustainable energy storage systems.

Abbreviations

DKP — diketopiperazines

TKP — triketopiperazine

ADME — absorption, distribution, metabolism, and excretion
SDS — Sodium dodecyl sulfate

PDE5 — phosphodiesterase type 5

THF —tetrahydrofuran

MW — microwave
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HCV — hepatitis C virus
GT — gastro tract
er — enantiomer ratios
PD;DBas — Tris(dibenzylideneacetone)dipalladium
Boc — tert-butyloxycarbonyl,
DMF — dimethylformaamide
EtsN — triethylamine
rt —room temperature,
Pb(OAC)4 — lead tetraacetate
NMO — N-methymorpholine-N-oxide
K20s04 — dipotasium osmate
LIHMDS — lithium bis(trimethylsilyl)Jamide
TMSOTf — trimethylsilyl trifluoromethanesulfonate
TEOA —triethanolamine
LDA — lithium diisopropylamide
ETP — epidithiodioxopiperazine
AP — N, N- diallyltetraketopiperazine derivative
PHP — N, N- diphenyltetraketopiperazine derivative
PRP — N, N- di-n-propyltetraketopiperazine derivative
OLEDs — organic light emitting diodes
OBE — organic-based electrode
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