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Development of Peptide Bond Formation Utilizing Novel Dehydrative Condensation Catalyst and

Its Application to the Concise Synthesis of Diketopiperazines
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Peptide bonds are important chemical linkages constituting many natural products and pharmaceuticals. Although
the dehydrative condensation of the amino acids is the most straightforward approach to construct peptide bonds, the
common methods require a stoichiometric amount of coupling reagents, which causes the problems associated with poor
atom economy and practical operation. In contrast, the catalytic direct dehydrative peptide bond formation is an ideal
approache because water is the only byproduct. This article highlights our recent studies on diboronic acid anhydride
(DBAA)-catalyzed dehydrative peptide bond formations. DBAA designed based on a recent mechanism has been identi-
fied as a powerful catalyst for dehydrative condensations of j3-hydroxy- & -amino acids, affording the serine, threonine, or
hydroxy valine-derived peptides in high to excellent yields with high functional group tolerance, minimum epimerization,
and excellent chemoselectivity. The synthetic utility of the catalysis was demonstrated by the concise synthesis of 2,5-dik-

etopiperazines.

Keywords : dehydrative condensation, amide, peptide, diboronic acid anhydride, organoboron catalysis,
chemoselectivity, diketopiperazines, natural product synthesis
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RICHD <ifz/sh o Rl 7 X RALKOR O SO
EBHEI, HTHNICB-O-BiAEAT2 IR0 VR
7k # DBAA: Diboronic Acid Anhydride (1) Z#&ztL, #
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A. Catalytic Synthesis of Hydroxy Amide®

DBAA (1) HO 5-O-g OH
(0.01 mol%)
OH + H,N"Ph - N~ Ph
toluene (0.1 M) H
110°C, 24 h OH
no dehydration Br
1.0 equiv 1.0 equiv protocols MeO TON = 7,500 DBAA (1)

& Z

(Scheme 1B)®, §7ab b, MR TCATFASGRERD ~
ONBEEY P VRERTHHE MY I > EDORIBN,
9 72 0.5 mol % ® DBAAfil i 1 /7 1E FiZB W T
H#EITL, BIERThOENI REERTHIENTE
Feo RRIRIZY T LA —IV TOEBMTTRETH %, E
U2 B Lewis 2R T 2 &M 5, Lewis it %
A9 22RO VEEEKRDAMBEORIENRES NN, B
#4112 H DBAAfil i [ st Lewis i AV ERER ICH &S WVE
REHFFA 2R L 7z,

I 517, DBAAfMI S ISIE, N-AFIV-N-A FF7
K, @FWeinreb 7 2 R O fltii i) & k12 B IS H AT HE T
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BRERIEE T Z v — VIO S & Bt
U Ry MEGGICE > Ta-E ROF o K
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B. Application to the Catalytic Synthesis of Muscarinic Antagonist Pharmaceutical, Tropicamide®

DBAA (1) (0.5 mol%)

Cjﬁi?H " W:miﬁ

AN
~N toluene
reflux, 60 h (0]
1.0 equiv 1.0 equiv no dehydration tropicamide
protocols 1 g scale

C. Catalytic Synthesis of Weinreb Amide and its Application to the Natural Product Synthesis®”)

(0]
DBAA (1) (2.0 mol%)
OH HNMe(OMe) (3.0 equiv)
OH DCE

1.0 equiv reflux, 24 h

l}l’
OH Me

without purification
two reactions in one-pot sequence

D. Catalytic Synthesis of Primary Amide Utilizing Ammonia Aqueous Solution®

MeO
DBAA (1) (5.0 mol%)
aqueous NH3 (3.0 equiv)
CgHsCl
110 C 24 h
1.0 equiv
Scheme 1.

(2)

7 i-BuMgCl I
i-BuMg
OMe (5.0 equiv) | AN
e
THF, t, 24 h ~  OH
sattabacin
1 g scale
MeO
(0] (6]
NH, 1. LiAlH, H
OH 2. BzCl OH
tembamide

DBAA-Catalyzed Dehydrative Amide Bond Formations
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A. Previous Work: Catalytic Amide Bond Formations®®

(0]
R! DBAA (1)
2
*Q%OH Lo O
OoH RO H0
a-/-hydroxy primary amines
carboxylic acids secondary amines
(n=0or1) HNMe(OMe)

aqueous NHj

a-/-hydroxy secondary amides
a-1-hydroxy tertially amides
a-1-hydroxy Weinreb amides
a-1p-hydroxy primary amides

Bt (Scheme 2B)® & UNDBAA filt it < 7 F Rt & /Em
iy & 4> FINBRAE IR & ML A 5 8 7 il e SOR I
25 RERT Y OREEERIEND LA (Scheme
20) WY BEE S OB DOV THET 5
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21 FHBKBEMECLIRTF RES
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XU ®IZ, 2.0 mol% d 7R o > k¥t (DBAA
(1)) F#1EF, ChzSer-OH (2a) &HHNUOlEHL -7
2 /BT X5 )VHGly-OtBu (3a) &DKxZEBF L,
FOFRER, 122700y R, mEBLEmREH T
I TR MIIZHEIT L, AT &9 5 ChzSer-Gly-OtBu
(4a) 7195% D EIHE TTH 5 17z (Scheme 3A)., T,
l?ﬁ%ﬁﬁ%@a¥7:/MIXTW@&@H@WW—
Bu (Ba*HCl) %7 I VHE LT 2 RINICDOVWTHRHZ
fiolke TOME, ELF 27— — T X4ADERMH
T2 BIATIV ORI TH D Z ENHEMNE
20, XIHT 2P XTF RadiElty 2 OB E AN
8a AW R TH 57z (Scheme 3B), 3k
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B. This Work 1: Catalytic Peptide Bond Formations®

0]

RS DBAA (1)-catalyzed
PGHN,, OH )\ dipeptide
\ + H,N" > CO,RS formation

R4 “OH

B-hydroxy-a-amino acids
Ser (R* = H) or Thr (R* = Me)
PG = Boc, Fmoc, Cbz, COR’

RS

(0]
PGHN,,
Ek N /'\COZRS
_ H
R4 "OH
Ser/Thr-derived dipeptides

C. This Work 2: Diketopiperazine Sythesis via Catalytic Peptide Bond Formations!?

OH O

R4 OH
NHPG

B-hydroxy-a-amino acids

OH o R®
om | F 2

~H,0

CO,R®

NHPG

Ser/Thr-derived dipeptides

R* N™ “CO,R®
H 2

DBAA (1)-catalyzed RS
RS dipeptide formation/ NH
cyclization sequences

HN OH
\[

o Rt

Ser/Thr-derived diketopiperazines

]

simple
deprotection/
cyclization

Scheme 2. DBAA-Catalyzed Dehydrative Amide Bond Formations and Peptide Bond Formations
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A. DBAA Catalysis Using Free o-Amino Ester

0}

CbzHN,,
[%LOH +  HNTCOo,Bu

OH
2a 3a
(1.0 equiv) (1.0 equiv)

DBAA (1) (2.0 mol%)

Zz

DCE, reflux, 4 h

0
CbzHN,
z “[%\N/A\Coz%u
H
OH
4a

95%, >99% ee

B. DBAA Catalysis Using HCI Salt of o-Amino Ester with MS4A

0]

Cb: ‘. 0 DBAA (1) ( |°/)
zHN 2.0 mol%
HC"HzN/\002 Bu

OH
2a 3a-HClI
(1.0 equiv) (1.0 equiv)

MS4A H

(0]
CbzHN,
74 ,_fJ\N/\COZtBU
H
O
DCE, reflux, 4 h
4a

90%, >99% ee

Scheme 3. DBAA-Catalyzed Dehydrative Peptide Bond Formations
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REEZHEIO2AT A VAEARD Y I VB E L TEA
WHETH D, IRTF RAE4h372% -88% DINER TH
57z, A ED X D12, DBAAfMIE R IR A Lewis Hi B
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-7 2 /BTN U TREN L ERIREERTZE®
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Bl & U THMICHEEL 2R TH D LERTES,
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7 2 BABRDOEE RS ENCRATE S 2 L2 E%K
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»o7= (Scheme 6), T72bH5, Y ECKRmKT I/
BRI ET DO RTF RT7E2HIVRCEBEE, NU > H
KDa-7I/BMIATINEET I VHBEET HRIGE
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HEBUKE SR L DR TF MGG RGO L D7 FERT 2> OEE A D it H

HO /OH
o R3 DBAA (1) o jR\3 g-O-
PGHN,, (0.5-5.0 mol%)  PGHN,,
e et Kot Set
- -~ 3
R2" “OH DCE, reflux R2" “OH R
2 3 A B DBAA(1) Br
1.0 equiv 1.0 equiv
: : o 5L
BocHN, FmocHN, BocHN, BocHN,
oc '-ﬁu/\oogn moc "ﬁu/\ooza oc fk CoMe ¢ ﬁ CO,Bu
OH OH OH
4b (2b + 3b) 4c¢ (2¢ + 3¢) 4d (2b + 3d) de (2b + 3e)
88%, >99% ee 81%, 99% ee 71%, dr >99/1 97%, dr 98/2
(2.0 mol%, 4 h) (2.0 mol%, 4 h) (0.5 mol%, 24 h) (5.0 mol%, 24 h)
I
Pbf
& OBu HN™ N b SMe
P I 2 [ ° i
BocHN, BocHN, BocHN, BocHN,, —~
00N “SNTScoMe DOV NI CoMe oS N COMe " SN">C0,8n
H H H H
OH OH OH OH
4f (2b + 3f) 4g (2b + 3) 4h (2b + 3h) 4i (2d + 3b)
88%, dr >99/1 72%, dr >99/1 81%, dr >99/1 68%, >99% ee
(2.0 mol%, 24 h) (5.0 mol%, 24 h)? (2.0 mol%, 8 h) (5.0 Mol%, 24 h)

@Performed with HCI salt of amino ester in the presence of 4A molecular sieves.

Scheme 4. Substrate Scope for the DBAA-Catalyzed Dehydrative Peptide Bond Formations

0 DBAA (1) (2.0 mol%) o] o
CszN,,,f‘\OH CbzHN, o HN"coyBu CP2HN- fk “Sco,Bu CbzhN.. HAcoszu
+ (3a) (1.0 equiv)
OH DCE (0.05 M) (ZH 6
1.0 eaquiv 1.0 :quiv reflux. 4h 88%, 99% ee not detected

Scheme 5. DBAA-Catalyzed Chemoselective Dehydrative Peptide Bond Formation

o)
FmocHN Eu\OH n 2N co,et  PBAA(D (5.0 mol%) FmocHN/¢ ﬁk CO,E
o)

H DCE (0.05 M)

reflux, 24 h
Fmoc-Leu-Ser-OH (7 H-Val-OEt (8)

Fmoc-Leu-Ser-Val-OEt (9)
1.0 equiv 1.0 equiv

67%, dr >99/1
Scheme 6. DBAA-Catalyzed Oligopeptide Synthesis

BRI x T B LB IR 2 %9 % &, DBAAfE R 22 U MERSCUOBEABEANDLR

JRADNERINC CRG T 2/ BRI X T F K1y 7 LD HTH > 7= DBAAMIE1IC L B X TF RiEH

IR TZ D REtE &2 RIB T 2 HERHM A TH 5 RS 2R THZENTELDT, RIT25-V47 b
LEZOND, ZOLDIT, EHSIE, MEICHFEL EXT D2 OEERIEENNZE LUz, DKPIE, £< D4
/K A fil i DBAA (1) 78, X7 F RS IRICH HEVE R R D EEA T TH 2 B/ NEML OBIRR T F R
WTHARNREE S U THEET 2 Z & 26 ML, Thd, Fxld, X TF REREICED ORI F

REARLEZDE, ) %8R LRELOIRE]
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SrFWNERER 2 ERRICITY 2 & T, B-EROF-
-7 /BEAETDIOT FERT D > OEEGRMNHE
WAL E R /=, 1ZUDIT, HIVR UEHE & LT Chz
Ser-OH (2a), 7 2 > FE & L TH-Leu-OMe (3i) &= F W
THiHI 2175 72 (Scheme 7). 2.0 mol% @ DBAA (1) f#1(£
T, RTF REERREONZITV, PXTF K425,
FWT, JBoNIRTF ROMAERMERET L L
2<, PAd/CHEIEFITXDIMKEREEITS . DK
R BFEChzZEONRENETTL, TREKI0EE2
TEMTE . BRIZ, HRKI0ICHLTY >EZY
KW ERESMFIC X 2 9 FRBRILGEfT o 72,
RN 2 R R IS S N Ak 2 P 7 oo A
UTHEHTHIEIIKD, WMEOWHEDD T FE
NI 11az=TFE80% DRI RIINETEKT 2T &
MTE, UEDXDIZ, KOBZERERY & T Sl
R TF RiEERRR S & A & U7z = TR RS I
K0, HREOEHEEREET LI &R, Y CER
25-07 FERT DV ERBEICAKRTE D ARTFIEEA
e Z &I L 7=,

e TC, HEEMAEE ORI TRE 21>
(Scheme 8), HIViREIE & LT, BALICAFIVIHZE
9 % CbzThr-OH (2e) i fETd U, H-Leu-OMe
@) a7 I EEHETHEBIURICE ST, HkdT 2
T RERT T 11bN3 TRINEE L% TH S Nz, RIT,
fEHICATORTFZ2EOBEREZAT ST I /BEAET
bR ET o/, TOMR, BEEREZEZDY I /K
IZF)IELT, 7z /= ROF EEHGT D
H-Tyr-OMe (3j) V@M P IRETH O, MInT 27 FEX

Zz

T2 11eM3TREINX D ENKRTHS Nz, — I,
AR FMEIC XD R TF REEGERKIGTIE, ik
Tz /e ROF P HEET ST O CFHEARDE
AEREETHZ D, AERIIFECET S, 5
2, ZEEREREZEAVETIJBIZATIVELT,
Lewis i B h 2 R9 77 =2 > H % H 9 % H-Arg(Phi)-
OMe B MHEHATIRETH D, WMIKNTHI T hEXT D
AR T2% O BAFIRINETHSND T ENGNS Tz,
—hHT, MEBREEZEOYI /BIXA7IIELT, H-
Met-OMe (3h) Z W CHEik 2> =Ha1ciE, —
TH2H D Cbz B DR SRR eAT Lisino Tz, DM
HIZ, AFAZDAFIFTF—IVT—TI)VH, HikFE
SRR CRWS NG D0 Al 2 G S/ 5720 ThH
LEEZEZLNDID, BHEEIREL OIS CHRE
PIRE7RBoc T A L TE 2175 2 & & Lz, EEKIT,
IV EEFEE & U TBocThr-OH (2f), 7 I > &
L TH-Met-OMe (3h) # 2N ZTHHWTKIGEITT> /&
ZA, HBETET 25 FERT Y Vllex3 LEE
58% DHIEEDINETEHRT 5 Z LI LTz, 8B,
Boc TR N NIVR VIS &2 W TR ZETT>
EHEICEIERMEL THESNSTY > EZTY OTFAK
32700 xAY > OWHEOHATIIMORS ZENTER
Molz, TDRD, —HY >EZT7OTFAEZ MU T
FINT I OTFABENEZEMU %, Yrnaxsy >
ERHNWTIHREHET D ZEICX0O DT FERS D VN ESN
ST EMHBMNETRS T,

BHRLEDT NEXRS D2 OBES RO ISHFED —
BRELT, IEIFRAEMIEED T NERT D RAY

(6)

1. DBAA (1) (2.0 mol%) 0
OH o DCE (0.05 M)
reflux, 24 h NH
OH + 2.10% Pd/C (10 wt%) HNWK&OH
. (<] W1%
NHCbz ~ H2N" "COMe ™ 1 iio0n) o
28 ai MeOH (0.10 M) 11a
. . m,2h 80% over 3 steps
1.0 equiv 1.0equiv. 3 7M NHgin MeOH o
(0.10 M) wash only purification
rt, 48 h
DIEAG)) 7 M NHg in MeOH
(2.0 mol%) _H0 (0.10 M)
DCE (0.05 M) 2 it 48 h
reflux, 24 h ’
10% Pd/C (10 wt%)
o o H, (balloon) sl o
R MeOH (0.10 M) b~ CetE
NHCbz 1, 2 h NH,
4j (2a + 3i) 10
without purification without purification
Scheme 7. Concise Synthesis of Diketopiperazine via DBAA-Catalyzed Peptide Bond Formation
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FHUB KR S A K 5 X T F RESERISDORTEE P FEXRT 2 > OBEE kDG A
conditions A (for 2e: PG = Cbz)
1. DBAA (1) (2.0 mol %), DCE (0.05 M), reflux, 24 h 0
OH o A 2. 10% Pd/C (10 wit%), H, (balloon), MeOH (0.10M), 1, 2h R
+ /'\ 3.7.0 M NHz in MeOH, (0.10 M), rt, 48 h NH
Me OH CO,Me or HNW‘)\/OH
NHPG conditions B (for 2f: PG = Boc) O Me
) 1. DBAA (1) (2.0 mol %), DCE (0.05 M), reflux, 24 h T
. 3 2. TFA/DCM (1:1, 0.10 M), rt, 1 h
1.0 equiv 1.0equiv 3 7.0M NHgzin MeOH, (0.10 M), rt, 48 h
(0] (0] NH (0] (0]
)]\ PN MeS
NH NH PbfHN H NH NH
HN\IV)\/OH o HN\H/\/OH HN\[(‘\/OH HN OH
O Me O Me O Me O Me
11b (2e + 3i) 11c (2e + 3j) 11d (2e + 39) 11e (2f + 3h)
84% 90%2 72%2 58%
conditions A conditions A conditions A conditions B

@Performed with HCl salt of amino ester in the presence of 4A molecular sieves (100 mg/0.20 mmol).

Scheme 8. Substrate Scope for the Concise Synthesis of Diketopiperazines

DAEE A E L THI S 15 phomamide (12) DA Rk
% 1T o 7z (Scheme 9), Cbz-Ser-OH (2a) & H-Tyr(Bn)-
OMe (3k) Z HIFEJFERI & L CTHY, MU 7 F RERL
RIBTV, 2R LIREEOIRE, 7 FNERLR G % E
’ﬁE’J frokz&l s, Pk l:f\i“/“‘/ 11433 T.72
% DOPHRTHES Nz, A OMER, HoNERA
%HIJ%WZ!S11f0){i%%?)i'ﬁ"37°l/:)l/1bbi, N,N-2Y AF)
7Y 2 REES, RO NalFET, BEELT
504 BEORENY TAELOLEDOEILTL =)L (13)
ZEHESES ZEICRDMBICETI S 2 &2 /AL,
IV 60% T phomamide (12) Z2 &K T 5 Z &N TET-,

3. 5B
T4 X DBAAfili 5 1
EHBEETHRTF RiGE

&b B-EhOF-a-7I
TR SO DBFEI S U Tz,

OH o 1. DBAA (1) (2.0 mol%)
DCE (0.05 M)
OH reflux, 24 h
2.10% Pd/C
NHCbz (10 wto%)
2a H, (balloon)
1.0 equiv MeOH (0. 10 M)
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search Systems MPA 100 melting point apparatus. IR
spectra were recorded on an FT/IR460-plus IR spectrom-
eter and absorbance bands are reported in wavenumber
(cm ™ Y. Optical rotation was recorded on a JASCO DIP-
1000 polarimeter and reported as follows: [ @ ]p, concen-
tration (g/100 mL), and solvent. NMR spectra were
recorded on Agilent Technologies 400-MR DD2 (400 MHz
for 'H, 100 MHz for *C) spectrometer. 'H NMR data are
reported as follows; chemical shift in parts per million
(ppm) downfield or upfield from DMSO-dg (6 2.50) inte-
gration, multiplicity (br = broad, s = singlet, d = doublet, t =
triplet, dd = double doublet, and m = multiplet), and cou-
pling constants (Hz). *C NMR chemical shifts are report-
ed in ppm downfield or upfield from DMSO-dg (6 39.5).
High-resolution mass spectra (ESI-TOF) were measured
with JEOL JMS-T100LP spectrometer. Thin-layer chroma-
tography (TLC) was carried out on Merck 60F-254 pre-
coated silica gel plates and were visualized by
fluorescence quenching under UV light, anisaldehyde
stain, followed by heating. Column chromatography was
performed using Silica Gel 60N (spherical, neutral, 63-210
um) (Kanto Chemical Co., Inc.).

4.2 DBAARIERTF RGBT/ BIRE/ 9 FRIRIL
RIEMDOSEBEHRRIGICEB25-PT FERS D

Y ERORRIIZES
A solution of amino ester 3k (285 mg, 1.00 mmol, 1.0
equiv) in DCE (10.0 mL, 0.10 M) was added to a solution
of amino acid 2a (239 mg, 1.00 mmol, 1.0 equiv) and
DBAA 1 (10.5 mg, 0.02 mmol, 2.0 mol %) in DCE (10.0
mL, 0.10 M, total 0.05 M) at rt. After stirring under reflux
(bath temp., 90°C) for 24 h, the reaction mixture was

cooled to room temperature and the solvent was removed

Zz

under reduced pressure to furnish crude dipeptide which
was used to next reaction without further purification. Ten
percent of Pd/C (10 wt %) was added to a solution of
crude dipeptide in MeOH (10.0 mL, 0.10 M) at rt and the
atmosphere was filled with H, (1 atm, balloon). After stir-
ring for 2 h, the reaction mixture was through a pad of
Celite® using MeOH and the resulting filtrate was concen-
trated under reduced pressure to furnish crude amino es-
ter which was used to next reaction without further
purification. NH; (2.0 mL, 7.0 M in MeOH, 14.0 mmol, 14
equiv) was added to a stirred solution of crude amino es-
ter in MeOH (8.0 mL, 0.125 M, total 0.10 M). After stir-
ring at rt for 1.5 h, the reaction mixture was filtered, and
the solvent was removed under reduced pressure. The re-
sulting residue was treated with EtOAc/MeOH (5/1, 12
mL) to give diketopiperazine 11f as a white solid (63 %
yield, 157 mg, 0.628 mmol). Diastereomers were not de-
tected by "H NMR or C NMR analysis. Data for 11f R, =
0.25 (CHCl;/MeOH = 9/1); mp >250°C (decomp.); IR
(KBr) v = 3369, 3185, 2891, 1666, 1520, 1467, 1343, 1107,
822, 445 cm™; 'TH NMR (400 MHz, DMSO-dg) 6 9.20 (s,
1H), 7.93 (br, 1H), 7.85 (br, 1H), 6.94 (d, J = 8.4 Hz, 2H),
6.66 (d, J = 8.4 Hz, 2H), 4.83 (t, / = 5.6 Hz, 1H), 3.98-3.94
(m, 1H), 3.66-3.63 (m, 1H), 3.31-3.28 (m, 1 H), 2.98 (dd, J
= 13.6, 6.0 Hz, 1H), 2.89-2.82 (m, 2H); ®*C{*"H} NMR (100
MHz, DMSO-dg) 0 166.6, 165.7, 156.0, 130.9, 126.5, 114.9,
63.3, 57.2, 55.7, 39.0; HRMS (ESI) m/z calcd for
C.HsN,0, [M+H]* 251.1032, found 251.1037; [ ]%-103.3
(c 1.0, DMF).
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