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This article focuses on our investigation of the molecular structure characteristics of diketopiperazines (DKPs),
and application of these findings to the development of novel functional molecules. DKPs bearing a benzyl moiety are
known to adopt a folded conformation, in which the benzyl moiety is folded over the DKP ring. In order to investigate
the driving force behind the folded conformation, we synthesized DKPs bearing a benzyl moiety with different para-sub-
stituents, and demonstrated that the folded conformation likely arose from intramolecular CH/ 7 interactions, based on
the electronic effects of para-substituents on the benzyl group in 'H NMR spectroscopy. On the other hand, N4-methyla-
tion of DKPs bearing a benzyl moiety was found to change their folded conformation to an extended conformation,
based on single crystal X-ray crystallography and !H NMR spectroscopy analysis. Next, we attempted to synthesize both
hydroxamate-type siderophores containing the DKP ring: rhodotorulic acid and erythrochelin. Facile synthesis of
rhodotorulic acid and its N,N -dimethylated derivative was achieved by microwave-assisted cyclization of the cor-
responding dipeptide precursors. Interestingly, N,N -dimethylated rhodotorulic acid was found to be more soluble in
various organic solvents than rhodotorulic acid. Moreover, erythrochelin was synthesized for the first time, and its
metal-chelating ability with not only Fe (III) but also Mg (II) was confirmed based on electrospray ionization mass spec-
trometry (ESI-MS) analysis. Finally, we synthesized DKPs bearing a primary amino group, and found that they could
catalyze the asymmetric aldol reaction between hydroxyacetone and p-nitrobenzaldehyde.
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Fig. 1. Chemical Structure of Diketopiperazine (DKP)
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Scheme 1. Determining Absolute Configurations of a-Substituted Serine by the DKP Method
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MW (170 °C) O d:X=Cl
10 min X  e:X=NO,
(S)-9a-e: (R' = H) 17-50%
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Scheme 2. Synthesis of DKPs (S)-9 and (S,S)-10

Table 1. 'HNMR (500 MHz, DMSO-d;) Analysis of DKPs (S)-9 and (S,S)-10
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a) H,O was used alone as the solvent in the reaction of (S,S)-15a. b) Initiator™ 60 (Biotage AB).

Scheme 3. Synthesis of N1-Methylated DKPs (S,S) -15a—¢, N4-Methylated DKPs (S,S) -17a—c¢, and N,N’-Dimethylated DKPs (S,S) -

18a—c¢
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Fig. 2. ORTEP Drawing of N1-Methylated DKP (S,S)-15a
with 50% Probability Ellipsoids

(Fig. 3).

KIZ, N-AF )L DKP ORI BT 5 STARED
JEIZDWT, 'THNMR AXY ML Z2fEMT L7z (Fig.
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Fig. 3. ORTEP Drawing of N4-Methylated DKP (S,S)-17a with 50% Probability Ellipsoids
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Fig. 4. Selected Chemical Shifts of (a) N1-Methylated DKPs (S,S)-15a—¢, (b) N4-Methylated DKPs (S,S)-17a—¢, and (c) N,N’-

Dimethylated DKPs (S,S)-18a—c in 'H NMR (500 MHz, CDCIl;) Analysis

Table 2. Vicinal Coupling Constants (J; and J,) between the
Benzylic Protons and the Adjacent Methine Proton of
(a) N1-Methylated DKPs (S,S)-15a—¢, (b) N4-Methylated
DKPs (S,S)-17a—¢, and (c) N,N’-Dimethylated DKPs (S,S) -
18a—c in 'H NMR (500 MHz, CDCl;) Analysis

(a), () (b)

anti

o} Me M
N H ﬁgauche N  Ph
Hol pbn H " ‘HfgiH
R R
/Njg:,) gauche /N H J gauche
R © Me ° a:R=i-Pr
(8,9)-15a-c: R' = H (§,5)-17a-c b:R =i-Bu
(S,9)-18a-c: R' = Me c:R=Me
DKP R Ji J,
(S,S)-15a i-Pr 4.7 5.0
(S,S)-15b i-Bu 3.7 4.6
(8,S)-15¢ Me 3.7 4.6
(S,8)-17a i-Pr 3.2 11.4
(S,S)-17b i-Bu 3.7 8.7
(S,S)-17¢ Me 3.9 7.5
(8,5)-18a i-Pr 4.4 7.7
(S,S)-18b i-Bu 4.6 4.9
(8,S)-18¢ Me 4.2 4.4

T EEIE, N1-AF )L DKP(S,S)-15a—c DH D &
HWEZERL, 10 7272 ABISARED B DO E S D
RBEINiz. Ay T TERDEWVEZTIVFILHE R
DODREZIICHBELTNWAHELSTHD, DKPED 3
PLIZAF 2 RFDOFEG L2 (S,8)-1Ta IZBNWTHED
R/ 54 (J;=3.2Hz, ,=11.4Hz) ME 5N,
PIEXD, %&£ 513 DKP BRO N4- A F)ULIZ L >
T O Jo T B RINEARED i 2 i R I ST AR B N2
B/5ZEITHRINL 7239

3. DKPIEEZETZS 7071 7DAKHE

& B HEDAEMIAKITHIETR 3 DK F > Z2%h
RICHGAD 72, 507 47 EFHIN 2 gF
L—MEEMZEFEET 5.3 o507 + 7 IE#k1
F > DRI 2 IR EMIEEE AL TWS 2 &
mo, AEEEGTAOIANHfFIN TS, Z
DEOIBBERDOT, £ES5IIDKPHEEEZBFET S E
ROFH LB FO7 47 ThHhd0RMNLT#E
(19) K}y zosr > (200 ZEFEHL K (Fig.
5). ORKLIEE (19) 1% 1968 4F 12 B RF 6
Rhodotorula pilimanae 7 5 BEisi&E SN /-2 50
T+ T THO, O §hF L — NMEWITIARE & 754
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Fig. 5. Chemical Structures of Rhodotorulic Acid (19) and Erythrochelin (20)
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charopolyspora erythraea 7> 5 HgEi&E I /-1
207U > (20044913, D-7 I J %G L
HEERBEINTWED, ZNETIZERENTIRL<
ENESRHATH 7. ZOLHREENS, £5
S5O RMLIEE 19 kOTUZxOas Y > (20)

OEBFRICET L., —HOI T 07 4 7 HRD
OO0 a7 I ) AR 22-24 13, BEAIGRRIEZE
HAEE LU TBoc- Z7IIVY I VEES-RX2PI [(S)-K&
(R)-21] MEITETHRMRLU = (Scheme 4). K
12, o7 2 JEEEER (S)-22 & (S)-23 DK
BRI KV IRE D RTF R 25 2Hk LIz, K-
Ay ) —IVIRBEREF~ 1 7 OjiEs (170°C) %
fro&, 72y b DERHET DKP26 7315 51
To. WARIC, HERUKFRMONICE DR D)V EZ
ifRi&EdT 22 LT, HWETSORMNLIEE (19)

DENEERITRIN U=, 51T, 26 O DKP BR#%
N-AFIAE U BIT R DI HERET S &
T, NNN-AFJHORRMVIE 28) 2807~
(Scheme 5) 4P E£H 51k, o RNV (19 &
NN-CAF)ba R MLVIBE (28) DEMEIZDN
THAELEER, WKL AFIVAINEFTR
72 EDEBPEIRIEIC D AR ET H5DITH L, N,N-
PAFIALFHER 28 1ZKDL P AFIVAIIRF TR
A CTHE DR WA 2 DA HIAIRICAIIE TH D 2
EZERWHL/Z. —f&iC, DKP #EKT DKP 52
D7 2 RIEGITHRT 250 FRIKEREGICLD, &
2 DRBENDBEMENBENZ ENHSNTNS
M, 850 NN A F)ALEEAR 28 IZHB W T+

H
Boc—N_* _CO,H

H
Boc—N_* _CO,H H
H —_—
— > JAc

CO,Bn N
(S)- and (R)-21 OBn
(S)- and (R)-22

TN

Hel - HoN® co,Me HCI - HN5,.cOo,Me

r 7
\LII\I’AC \L 'I\I/Troc
(5-23 0OBn (524 OBn

Scheme 4. Synthesis of Amino Acid Building Blocks 22-24

MIKFBREADHEI N1, A ORI
TRk bDEEZENS., LIRS T,

DKP B2 D N- A F )L ACIZ NI ARED JBEHIHH D A 78 5T,

DKP 3% &R OVEMRYEDHIEIC B W T EEa S
BRI THDZENHLNERS - KRIZ, EHESIZ
ORRMLVIEE 19 OGRfREREEE L TTY X
O U2 (200 OEkZEKRE L7 (Schemes 6
and 7). o7 X JBEFHEAEK (5)-22 & (S)-24 DfE
KEERIBIC XV REDRTFR29 Z2HKL /-
%, ORNMLVIE 19) ERERICST 7 O3
(170°C) 12L& 27 >Ry hTO DKP31 NDA %
AT NHREEONER (58%) ThHoiz. £I T,

EeP1 75 DKP BRASEE 2 Rt L 245 2R, 4 M HCL/
1,4-TFFHY XD 29 @ Boc H % ifri& L T4
5ENZ30%E2MT7 BT/ AY ) —)V TUHET 3
L RAFIRINERT 31 M5 51, Troc # 2 ift#ET %
ZETHPMIATH S DKPI2 N E AL 72
(Scheme 6). XXiZ, DKP32 & Boc-D-t U ik
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HCI + H,N L2 co,Me

N>
K BOP reagent
H (1.5 mol eq) Boc—
Boc—N.°LCO,H I ' oc
e (928 SN EPrNE 5 COeMe
I (1 moleq) OBn (2 mol eq) \L
> JAc
N CH,CI N
] 2bla 25 OB
(5-22 0B n
n r,24 h 05%
OBn A N/OH
Ac—N C—
¢ Q Hy / Pd-C b f
B 0.1 mol e X >NH
(5 NH ( Q) & "
> HN A —_— HN_ A
H,O-MeOH (3 : 1) OBn  MeOH 5 OH
MW (170 °C) @ 0 N it 1 h N\A
. Ac C
10 min 63% 26 80% 19
OBn OH
Ac—N Ac—N 0
" o n’:"j'eq) b 0 H, / Pd-C H y
a) Initiator™ 60 < _Me g Ve
(Biotage AB). NaH s N {0.05 mol eq) o N y
(3 mol eq) N .H EE— _N Lt
Me” (S) Me (S)
/OBn MeOH o
DMF 0 N f,2 h
0 °C, 30 min 27 Ac 28
83% 80%
Scheme 5. Synthesis of Rhodotorulic Acid (19) and Its N,N -Dimethylated Derivative (28)
5
HCI « HzNycone OBn
H™ = N,
H O K Troc
H EDC - HCI (1.5 mol eq) Boc—N (S) )
Boc—N . H \I\ 0C
oC H>:/COQ (S)-24 N/Troc HOB (1 mol eq) 7% IN'(S) CO,Me
S (1 mol eq) Cl)Bn -ProNEt (1 mol eq) \L
IN’AC — > 'I\I,Ac
1 212 29 OBn
(522 OB
n i, 24 h 96%
OBn
*Troc Troc— N 0
4M HCI /1 4-dioxane N /(\/ 2M NH, / MeOH H
(20 mol eq) >)J\ $°COMe (40 mol eq) Tis NH
- HN ..-(\SH)
OB
rt, 30 min \L Ac rt, 20 h o) N/ n
N~ 1
96% 30 OBn 86% 31 Ac
OBn
HN o
Zn (15 mol eq) H
TFA (1 mol eq) : s NHH
—_— HN ..l(\s)
CHQC'Q ,OBn
n,1.5h 0 N
AY
76% 32 Ac
Scheme 6. Synthesis of DKP 32
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H OB
OBn Boc—N.?.co,H i/ "
HN N—" OB
H Q H Boc” (557[\1' " o
Ry (Ry-as O8N & H
i L (2 mol eq) Tie NH
& oBn  EDC-HCI (2.1 mol eq) HN A
o N B OBn
32 ‘Ac CH,Cly © N
m1h 34 Ac
H \/OBn Boc—“ A COM Boc—NH (o] OBn
HQN(E&, 280 H” EDC - HCI i HN*&_ ©OBn
TFA 4 N w9 (1.5 mol eq)
(181 mol eq) \_\—-”%f\NH (Rr22 SN-A°  DMAP \H
- HN, A (1moleq) OBn (0.1 moleq) N(S) coH
rt, 30 min OBn > . OBn
Y N 5 )
\ CHZC|2 N\
74% (2 steps) 35 Ac it 24 h 89% 26 Ac
H.N 0 Ac—NH O
(f%f) e H /OBn () H /OBn
H HN OBn 4 HN=" OBn
TFA YN o 2A°2|O (%71\1' o
(133 mol eq) o H (2 mol eq) A o H
5 A OBn Tis NH > Ac” “OBn T NH
] HN_AH CH,Cl, HN, A
tt, 30 min OBn 40 min QBn
o N o N
78% . ‘e 93% " e
Ac NH
Hp / Pd-C H HN‘S/’ o
(01 mol eq)
/ \OH
MeOH N (\?)
1, 3.5h OH
46% © N
20 Ac
Scheme 7. Synthesis of Erythrochelin (20)
Table 3. Asymmetric Aldol Reaction of Hydroxyacetone (40) and p-Nitrobenzaldehyde (41) Catalyzed by
DKPs (S,S)-39
40
HoNo = N,Me
(S
HN 71/k.“H
(S)
o ) Iw Q HO
Me)l\/OH + H (5,5)-39a-d (20 mol%) Me +
40 NO - NO,
(10 mol eq) a1 2 Xylene syn-42 anti-42
m,1d
. Dr of 422 Ee of 42 (%)?
Entry DKP R Eelfo/")f
° syn . anti syn anti
1 (S,5)-39a i-Bu 22 47 1 53 4 17
2 (S,S)-39b CH,CO,H 62 56 : 44 15 27
3 (S,S)-39¢ CH,CO,Me 5 47 : 53 26 39
4 (S,S)-39d Bn 65 33:67 6 44

2 Determined by 'H NMR (400 MHz, CDCl;) analysis.
12 : 1, 1.0 mL/min, 254 nm) analysis.

® Determined by HPLC (CHIRALPAK AD-H, n-hexane/2-propanol=
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(R)-33 Dffi s INZ K DS N/ L& 34 D Boc
HEPRETHIETTIISEEMLE 5
IZ, 35 & Boce-D-A IV =F A EMK (R)-22 DfFH
RORIZHE< Boc EDFRETHOSNLT I > 3T %
TEFIMET D ETIUEY I8 ANEEWL /=, &
BT, HEMUKFHRMEBICEOILEY 38 DX D
WHZERRE TS LT, HWET 2T 207
> (200 oeEREER L (Scheme 7) 5V &k
L7220 O NMR A7 MVEXHE E L W—F %
~ L, HHEYEEIX—10.3 (c 1.00, MeOH) T %
ZEMHENE RS, EHSIL, PFaryxT7 &
A A 2 ORIV S NS L 7 hO R
TL—AF M AZXRY O A KU — (ESI-MS)
ERAWT, 2O BRAFHFEEFTD 20 DI AZXNX
7 MIVERIELE. TORRE, 20 &8kED1:10
SEIKE—2 (m/z 679.1879 [(M—3H) +Fe (III) +
Na] * caled: m/z 679.1876) BEIHIE /=, X 51T,
A D BSI-MS EBRICE D, TR TLED L
1 DR — 2 (m/z 648.2449 [(M—2H) +Mg (1I)
+Na]* caled: m/z 648.2456) MBS N En
5, TUAOTY > 20) ZHEEEL kA ReE
ANOF L — MEEE T 5HEROAENHIEINS.
4. DKP BIRNEFFHD FiE D & AR
AR, BREEFMI O FAM R E U TS T
I KD AFRIGANEH SN THBO, L BAHF
fil i1 K 2 @I AGEIR R DB S TV 508,
DKP ##ti 2 H Ak &9 5 AN HH WS TRl O®m 1
TLBBIDOHTHS. 759 22 TEHZSIL, DKP
RIFTRAEZEE S T o & kBT 2 B, 55—
W7 ) HEHT 54D DKP (S,5)-39a-d &
B UARFE 7 )V B —)V Kt O fl 12 7z (Table
3). hbbL, 20mol% ® (S,S)-39a-d F1E T+
PUUEHHRERICT, EROFI TR RS (40)
Ep-=bhaXRIZAT7IVTFER @) ORETIVR—
VRIS Z et U7 fiiR, By I JEEX D))
HEHT D (S,5)-39d filllt FicHBNT, 65% 0%,
syn/anti=33 : 67, 44% ee (anti {k) TV )L R—)VE
B 42 355 7= (Entry 4). HERETIE 97k
SRERMEIR S SN TWRNWHOD, BT I/
EEHT5 (S,8)-39d il FIZARFE T IV E—IV R
N ETTBHZENHASNE RS END,
DKP it 2 H 3 2 FrilA 75 A 5 7l o g8z
M CHERLMETZED TnD.

5. BHYIC

£F 513, DKP 045k id R o M BN N
FRREME S+ & LU COIRHFE %2 HRYITHITE 2 JE
LT&ERE ZFORE, 7)1 7 5= H¥ DKP
D NEARELFEHIEIZ BT 5 43 F N CH/m #HAAE A
I N-AF )AL DAL E D EENEZBH S M L7z,
/-, DKP iz H 9 2 2EDOTTO 747 D
ARREERL, TS OBRMIEREN I SEF
L—hRBICEET 2 L WAHIRZ5/-. 51T, $B—
W7 I ) EEHT S DKP OARFA M) Tk & L
TonfetEzE Rl U, AR THT L 72 DKP
ICBET DR R A AR E LT, SRIZAIER LS
PO EHLZFRA L 72 B2 EH A EERENE > T D Al
FHEHEL TWE0N,

HEE AR ZEEETDICHZOKBTIRED
HEEZ W D X U MR R A R R 3 AT -
Ve R IR ITIR W2 L T, AWFRIRES
REEIE D TRBCFMFREITB W TITONED
DTHY, AMEIZTHITENZZ < OIFEVFEE
DERITOLIOEHNZU KT, K, RHFEDO—
I RHE R B M B & - %5 T8 B OBhRIC L D
fTONZHbDOTHD, TIITHFLHBL RiFxEd

MR PR NEHIZRA TN,
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