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1. Introduction

1.1 Peptide

[
° LN
A peptide is a short chain of amino L) A
acids linked together by peptide P ““ ‘gf
bond, typically between two and 50 °
amino acids in length. g.: Q
o] y O R O N
0 Bto = XYY — e
\J‘N N R R T o R
H L-amino aicd Peptide Protein

Peptide Bond common configuration _ : : > 50 amino acids
in nature (2-50 amino acids) with secondary structure

1.2 Functions of Peptide

2. Neurotransmitters
e.g. Enkephalin (1975)

1. Hormones
e.g. Insulin (1922)

- First peptide drug - Regulate pain sensation in the body

- Regulate blood sugar : :
lever . - - :
H \J. . ”/\WNQLu N S H
" HO NHe OIO\H/ "
3. Antibiotics : 4. Enzymes
e.g. Nisin (1930s) e.g. Trypsin (1876)

- Used as a food
preservative

- Inhibit the growth of
bacteria

into smaller peptides

: - Break down proteins * = (.

 msesesesesesssssssssan,

1.3 Current State of Peptide Drug Market'2

a Global pharmaceutical market (2019) b Peptide drug approvals
52

s— Biologics
+ 5% of the global pharmaceutical market

29 .7

$1.2 59 — Peptides

trillion

- Us$50 billion in 2019

- average growth rate of 7.7% - in;f;lc_ule 5 .
drugs

T T T
1960-1979 1980-1999 2000-2019

- around 80 peptide drugs on the global market

Biologics

Reptides - over 150 peptides in clinical development

[} 1 - distribution of length in top 19 peptide drugs by sales®:

Advantages fI Advantages

Low stability High Specificity immunogenicity ‘( 9 oligopeptides
? Low stability |
Short half-ife Good efficacy { p"gf';‘“:;;ifl‘:y . . .
' ; [ srouranie 10 polypeptides
Low membrane O —

permeability

1) Muttenthaler, M.; King, G.F.; Adams, D.J. et al. Nat Rev Drug Discov, 2021, 20, 309.
2) Wang, L.; Wang, N.; Zhang, W. et al. Sig Transduct Target Ther, 2022, 7, 48.
3) Sources: 2019 company financial reports, https://www.fda.gov, and global sales analysis reports.
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1. Introduction

1.4 Development of Approaches Accessing Peptide

1. Historical timeline of key milestones in peptide synthsis*

— 1882 First N-protected dipeptide synthesis by T. Curtius®

Ag

Silver salt of GI@ine Benzoyl chloride

o]

H JL
12 2
+ Ph)LI_>Ph

N-protected Gly-Gly

Glycine ester

................................................................................................

1-2 days
+ HO — 3

rt

HCI
—»
Hydrolysis

Piperazine-2,5-dione

Photo from the Nobel
Foundation archive

Vincent du Vigneaud

—— 1963 Solid-phase peptide synthesis (SPPS) by R. B. Merrifield?

1984 The Nobel Prize in Chemistry 1984 was awarded to Robert Bruce Merrifield

"for his development of methodology for chemical synthesis on a solid matrix"

Novel Methods:

1. Chemical ligation

2. Catalytic reaction (e.g. B, Ta, Se, etc.)

3. Flow chemistry

2. Sustainable Development Goals (SDGs)

s 2
Effective
+ High yield
+ High purity
* No epimerization
§ J

Photo from the Nobel
Foundation archive
Robert Bruce
Merrifield

( N (
Practical Green
+ Simple procedure » Mild conditions
+ Broad substrate scopes * Less waste & low-cost
- Easy purification - Safe
& _/ g

4)
5)
6)
7)
8)

Jaradat, D.M.M. Amino Acids. 2018, 50, 39.
Curtius T. J Prakt Chemie. 1882, 26, 145.

Fischer, E.; Fourneau, E. European Journal of Inorganic Chemistry. 1901, 34, 2868.
Du Vigneaud, V.; Ressler, C.; Swan, J. M.; Roberts, C. W.; Katsoyannis, P. G. J. Am. Chem. Soc. 1954, 76, 3115.
Merrifield, R. B. J. Am. Chem. Soc. 1963, 85, 2149.
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2. Classical Methods

Principle of Peptide Synthesis?*

COUPLING DEPROTECTION
o STEP STEP
H
Activation of
N%J\OH . zNy)k- ctivation o m\ /'\If \)J\- Removal 2N)ﬁ1/ %
H R? COOH group
29 28 30 31
o Rr? w0
R I HyN N
E/ %OH Activation of -/ \)J\ /'\[( JK- emova 2 \)J\NJ\H/
R3 COOH group of PG, R3 B 5 R!
32 33 34

Repetition of
Coupling and R"

Deprotection Steps v 9 R® H 9 RC u 9 R* y O R? H 9
- many times 2 H N\)J\N/'\WN\)J\N)\H/NVU\N/'\WN\)J\N&(N
e — s = B : H 1
_— o RY H © R H o) RS H (o) R3 H o) R!

35
O RS 0O RS o R* 0O R? 0
Removal of all PGs )\ \)\ h H H H
________ N \)J\ N \)J\ N \)J\ N \)J\
; NJ}( - N/H( - N/'\r( < N ~" “OH
ég H le} R? H le} RS H 0 R3 H o) R

6
2.1 Solid-phase Peptide Synthesis (SPPS)
1.The Concept of SPPS*

Temporary Permanent . . ) .
Linkage Linkage The concept of SPPS is based on attaching the first amino
acid to a resin, then proceeding with peptide chain elongation
l l to ultimately provide the target peptide.
Target Peptide Linker 4‘
Polymeric
Solid Support
2. Merrifield’s original SPPS? (1963)
a Chloromethylated nitropolystyrene polymer abbreviated as
Cl
— Polymer
I I I I l . Robert Bruce Merrifield
NO NO,
Cl Cl
Attaching 15t AA Removal of Z group
b b 1) ,\ to the resin . 10) o)
. o0® Cl Sh2 . Polymer 9 Polymer
z N\g)J\o e .\ S z N\;)l\o/_ y 30%Her/HOA: N L ~—(Poly
37 38 39 40

" 0 Coupling of 2" AA Repetition of the steps of Z group removal &
li Z-Ala-OH & Z-Leu-OH |

3 Z_N\)J\OH DCC. DMF o N/\H/N\/U\ _— Polymer = coupling using a-OH & eu-OH successively

———

43

4 42

Detaching the
peptide from polymer

o o NaOH (saponificati o o
H H ponification) H H
Polymer N N
I Gy N N
o - 0 AL o -

43 44
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2. Classical Methods

2.1 Solid-Phase Peptide Synthesis (SPPS)
3. Developments in SPPS*

1) Protecting strategy?
« Boc strategy by Albertson and McKay in 1957

Deprotection mechanism by acid:

Drawbacks:

b o H%) 5 H
R ® 0 R
L )YOH i BN )\rfOH IS OH
>Lo N — >J\o N <—>>Lo on 24+ 25 _ Repetitive deprotection by TFA after each coupling steps could
— (o} [¢] o
22

= lead to side reactions and alteration of sensitive peptide bonds.
0C by |

protecting group

23

- Dangerous strong acid such as HF is required for the final
cleavage of target peptide from resin and the removal of side-chain

i) o R

o//]\rﬁ)}(cm + jj — Hﬁ)\[(OH Y+ co protecting groups.

i (o) H o]
24 25 26 27

« Fmoc strategy by Han and Carpino in 1970 (Common at present]

Deprotection mechanism by base:

9 “@N Hﬁjkm_‘
O \ujol/ R * Qﬁ &é" os ’ Q O v Advantage:
H

Piperidine 107
Fmoc
protecting group

% - Mild deprotecting conditions
\%)5

Louis Carpino

H .
@ P Disadvantage:

- More than 20 equiv of piperidine is required to remove Fmoc
group.

. 9
HZ”@‘ * & - Unsuitable for solution phase peptide synthesis due to
o GO
109

some potential side reactions such as the reaction between

- the reactive dibenzofulvene and the liberated amine.

2) Coupling reagent

- Purpose: i bbb bbbl
a Acid-base reaction

. . . . . o (o}

a) avoid forming inactive ammonium salt; o ®

’ RJ\OH + HN-R' —— RJ\O HsN-R'

Ammonium Salt

b) activate carboxy group

b Amide formation by philic acyl
(o] O/_\ , o
PN Coupling J\ HNR J R
R OH Reagent R \AC‘ R u
- Risk: 25
o Coupling o] 0o R_0O
racemization R’ H Reagent R’ H RouteA RN Y (¢}
g %OH—> g %Act—> Y)AXB‘H N7):
P P Base P 8
O HR O HR ©Q H R iR
Route B Enantiomeric pure
Base oxazolone, 67
00 iBase

: o

; R@o R\_o R0 o
; 0o R 0 R \r!l;g:o‘—' T\{}O‘—‘\N'/\/%O
: R R R

®
H H@

Route A proposed . H Q Coupling e R Q R Coupling R'\fo
by Goodman and %Act R"—NH, ! é)J\ .R" R"—NH o
Stueben in 1962.70 \[( W ” N

O R O R R
Route B proposed Racemic mixture of D-, L-peptide, 70 Racemic mixture
by El-Faham and activated peptide, 69 of oxazolone, 68
Albericio in 2011." e e e e e e e e e e e et ot o e e n ot mmm e — i m e n i m e m e .

9a) C. McKay, F.; F. Albertson, Noel. J. Am. Chem. Soc. 1957, 79, 4686;
9b) A. Carpino, L.; Y. Han, G. J. Am. Chem. Soc. 1970, 92, 5748.

10) Goodman, M.; C. Stueben, K. J. Org. Chem. 1962, 27, 3409.

11) El-Faham, A.; Albericio, F. Chem. Rev. 2011, 111, 6557.
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2. Classical Methods

2.1 Solid-Phase Peptide Synthesis (SPPS)

3. Developments in SPPS*
2) Coupling reagent

« Carbodiimides’?

O\NaC' \O )\Nac' T cN\/\/('gHP'@

: /\Nr,c
bcc pIC EDC 5
: (Sheehan & Hess, 1955) (Sheehan, 1961) (Sheehan, 1961) !
b y . u o /
: N N R N Jle o r :
: o OH +  NsCNT —— D N :
: H R R HORYL E
H 75 :
: 74 .
! R N N,R ;
: H :
: 80 :
: N A A I B & :
' H H R 0o '
| Symmetric anhydride, 77 78 79 H
1 H
Active ester’3
; & o FF c. cl :
1 HO-Y N
i NND HO—N;\:I HO F HO cl HO@NOz :
H | :
; OH F F c a
E 80: 1-hyroxybenzotriazole 81: N-hyroxysuccunimide 82: Pentafluorophenol 83: Pentachlorophenol 84: p-nitrophenol '
5 (HOB) (HOSu) :
: (Kénig & Geiger, 1970) (Anderson, 1963) (Kovacs, 1967) (Kovacs, 1967)  (Bodanszky & du Vigneaud, 1959) :
. b HN 5
: 0 OH R :
: N%OH Ho-y _carbodiimide _carbodiimide ?)LO R'” L H%N/gfh
. + 7 !
: . EI gy 7N :
: H R H R O ,
: 74 85 79 ,
Phosphonium salts’#
E @FIH{N ] @E’*{N ] ®P{N } '
: ®P(NR2)3 gF 6 (j 3 o (j A 0 s op N(j PyClock (Subirés-Funosas, 2010)
: | 6 N al N NG o N & & , PyAOP (Albericio, 1997) '
' L N, D/@ Nl ) PFs om)'\CN PFg gF PyOxim (Subirés-Funosas, 2010)
: N PR N [ 6 PyBroP (Coste, 1994) ;
. General structure of o :
i phosphonium salts 88: PyClocK 89: PyAOP 90: PyOxim 91: PyBroP '
N { i
: o) P(NRz)s :
: H N PF :
i N ot L\ ° P(NR) HN '
: <o A ;
: H R R" Rn 1 !
' 74 93 :
' Q%re '
; 4 :
E H R™ :
T+ R2N \ NR2 :
: Route B fo) ' /L /ST E
5 /7*"/ e
. ?)( R™! :
E Actwe ester E

12a) J. Am. Chem. Soc. 1955, 77, 1067; 12b) J. Org. Chem. 1961, 26, 2525.

13a) Chem. Ber. 1970, 103, 788; 13b) J. Am. Chem. Soc. 1963, 85, 3039; 13c) J. Org. Chem. 1967, 32, 3696; 13d) J. Am. Chem. Soc 1967,
89, 183; 13e) J. Am. Chem. Soc. 1959, 81, 5688.

14a) Org. Biomol. Chem, 2010, 8, 3665; 14b) Tetrahedron. Lett. 1997, 38, 4853; 14c) J. Org. Chem. 1994, 59, 2437.
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2. Classical Methods

2.1 Solid-Phase Peptide Synthesis (SPPS)

3. Developments in SPPS*
2) Coupling reagent

« Uronium / aminium salts’®

.....................................................................................................................................

Side reaction with free N-amino group:

S i

' (H30)2N%N(CH3)2 PFs (H3C):N.@ N(CHz), :

: o © (H3C)N @ N(CHs), o © :

i N BFs \N( N BF o (H3C)2N>_ o :

| > | HoN =N H

o} N 2, . :

o %CN @N@ \/Om/kCN . 7):;{1 — » (HON 7):51 :

: © SN" oo o H H :

: ) TOTU HATU 102 78 104: guandine by-product
' (Breipohl and Konig, 1992) (Carpino, 1993)

Common drawbacks of coupling reagent:
- Toxicity (reagent, solvent, by-product)

- Poor atom efficiency

4. Advantages and Disadvantages of SPPS*% 6

Advantages: : i Disadvantages:

! - Useful for providing large peptide (> 30-mer)?” ' i - Excess of amino acids, coupling reagents and base
; : : to maximize conversion of each step

. - Easier purification than liquid-phase peptide synthesis ! - Excess of base (> 20 equiv) to remove Fmoc group

- Excess of solvent to wash resin

Popular in industry i - Utilization of toxic solvent (e.g. DMF, NMP, DCM)
but ungreen i !

..................................................................

2.2 Liquid-Phase Peptide Synthesis (LPPS)
1. LPPS vs. SPPS
Same synthetic principle as SPPS

Main difference locates at C-PG;, of the first amino acid’é:

(0]
HzN?/LK SPPS: PG; is an insoluble resin
H R " LPPS: PG, is soluble in the reaction

medium

2. Advantages and Disadvantages of LPPS

. . . \

Advantages: Disadvantages:

- Effective for providing short peptide (< 10-mer) i - Repetitive isolation, purification and characterization :
. : i after each coupling step. :
i - Possible to minimize waste and price : : :

15a) Breipohl, G.; Kénig, W. US patent, 1992, 5166394 A. 15b) A.Carpino, L. J. Am. Chem. Soc. 1993, 115, 4397.

16) Isidro-Llobet, A.; N. Kenworthy, M.; Mukherjee, S.; E. Kopach, M.; Wegner, K.; Gallou, F.; G. Smith, A.; Roschangar, F. J. Org. Chem. 2019,
84, 4615.

17) Winkler, D. F. H.; Tian, K. Amino Acids. 2015, 47, 787.

18) Tsuda, Y.; Okada, Y. Hughes AB (ed) Amino acids, peptides and proteins in organic chemistry, pp 203—251.(2011)
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3. Novel methods

a Condensation of protected peptide segments
P
o o CHB o i
H
H protected peptide 1 (o] I s \E protected peptide 2 (0] m N protected peptide 1 u protected peptide 2 O
118 119

Removal of all
protecting groups

b Chemical ligation of unprotedcted peptide segments

(0] Chemoselective

0 (o)
Ligation
H2NX L & Unprotected peptide 2 OH ——————  HoN—[ L EE L L n unprotected peptide 2 OH
121 122 123

3.1 Chemical Ligation

1. Native Cheical Ligation (NCL)

Concept

(@)

0 Transthioesterification H N\)O S-N shift 0
2 H
@s/ 0 ns”

Synthesis of IL-8 by NCL? (Kent, 1994)

0 Q o
"
SH SH SH SH
Stephen B. H. Kent
A 35
E S| S - oo T.:U—JJOOA
g 25 H7.0 g
) P @
® 20 . @
8 Litigation g’
s 1.5 initiation -50 9
£ pH 5.0 o
8 1.0p 5
2 0.54 Control E
{ pr}
0 ST T el
0 100 200 300 400 500 600
Time (s)
IL-8: Interleukin 8 (72 amino acids) At pH 7.0, the reaction essentially complete within 5 min.

- Direct formation of protein of moderate size

19) E. Dawson, P.; W. Muir, T.; Clark-Lewis, L.; B. H. Kent, S. Science, 1994, 266, 776.
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3. Novel methods

3.1 Chemical Ligation
2. a-Ketoacid Hydroxylamine (KAHA) Ligation

Concept Opr ligation Deprotection 0
oxalic acid Diethylamine HoN
g Al = T (D
OACOOH of T M 9:1 NMP/H20 DMSO oL/
o}
L !
O-N shift w O » -
- N P 7'
:H at
o}
OH
Jeffrey W. Bode
General Reaction decarboxylative amide synthesis
(0] O
HO R2 Solvent /40 °C . _re
OH N o
R + N R! N + COZ + H20
o) H H
a-Keto acid Hydroxylamine Amide
Possible reaction pathway
a) e} H o
: Ph%OH Ph/\‘N( ph I ~_Ph
: o CAR N
Bode’s KAHA Ligation2? (2006) ; 1 15 3
e e e e eoeoemeeoeoeoeoeeeeoeoeoeneoes ¥ “ HO.\ ~Ph ‘ H* ‘1
H E H transfer,
H,N o Ph 40 COSH o ¥ 2 —H,0
H " HO
_N N e - OH OH
mN%u/E{fCOOH +  HO \_)I\H \i)l\OH ¥ Ph%o — Ph YA PR
O Me o) Me (o] \Ph EE Ph/\/N\Q:H 2 Ph/\/N\CI);H -H,0 Ph/\/N
7 8 H 10 H 13 H 1}‘
HN Ph COOH ¥ l
aq. DMF 2 H 9 H © H H “ concerted dehydro-decarboxylation
005 1, 40 °C H,N N\)J\H N\)J\H N~on 9 T Ph| +H,0
15h, 75% O Me O Me :\Ph i Phﬁ(lkOH . Ph%OH /—czN_/—
! -~ -
9 :E Ph/\/y\o‘ ‘O/L\l\/\Ph CO; Pph
--------------------------------------------------------------------------------- 4 | cis-11 trans—11 12
Table 2: Ketoacid—hydroxylamine peptide ligations of selected protected- and unprotected-peptide substrates.
Entry Ketoacid Hydroxylamine Product®! Yield® [96]
1 FmocAlaPro AlaOtBu Fmoc-AlaProAla-OtBu 72
2 FmocAlaVal GlyOEt Fmoc-AlaValGly-OEt 58
3 Fmoclys(Boc)-Glu (¢Bu)PheAla AlaOtBu Fmoc-Lys (Boc)Glu(tBu) Phe-AlaAla-OtBul® 80
4 H,N-LysAlaPhe AlaAsp (tBu) PheOtBu H,N-LysAlaPhe-AlaAsp (tBu) Phe-OtBu 74
5 FmocAspAlaPhe AlaAsp (tBu) PheOtBu Fmoc-AspAlaPhe-AlaAsp (tBu) PheOtBu 74

[a] All reaction performed at 0.02-0.1M in DMF or DMSO containing ca. 5% H,O at 40°C for 10-24 h using 1 equiv ketoacid and 1.2-2 equiv
hydroxylamine oxalates; [b] Yields of pure products following preparative TLC or RP-HPLC. The reported yields include the preparation of the ketoacids

by oxidation of the appropriate cyanoylide followed by coupling with the hydroxylamine; [c] 0.01 m, 48 h.

E a) Me ,, O Ve Me H\)o\ Ve E

1 Cbz. N OH 0.1MDMF _ Cbz, N OfBu H

: z u)\‘r JS( + Ho\N/'\[/OrBu m u)ﬁ( : H/'\r( :

H 0.2 0O Hy O, ~ '

' Ph +oxalate P H

: 4 >151dr 5 6 19:1 dr !

P T N o I f\ . i i Demonstration of preservation of stereochemistry

: ”)\r DXLM‘Y AA wnpurited | | i during the reaction:

H o) o epi-6 [ \/ 1 reaction) '

H Eh J Li, J \/\/\»_A H . . . . - . -
! epi6 107 108 109 1io 111 1i2 107 108 109 tio 111 t1i2 ! Eplmerlzatlonof the ketoacid does not occur durlngthe Ilgatlon
i ta/ min ta/ min 1 reaction.

20) W. Bode, J.;* M. Fox, R.; D. Baucom, K. Angew. Chem. Int. Ed. 2006, 45, 1248.
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3. Novel methods

3.1 Chemical Ligation
3. Ligation Serine / Threonine Ligation (STL)

(0]

Concept
unprotected peptide 1 o o

133

+

HO.__R

H,N unprotected peptide 2

134a: R=H, Ser
134b: R = CHg, Thr

O-to-N

(0]
unprotected peptide 1 N

cL,

137: N,O-benzylidene acetal-ligated Product

@)L o
E Sl UNprotected peptide 1 fe) <Nl) unprotected peptide 2

(0]
acyl transfer 7
unprotected peptide 2 4 TN unprotected peptide 2
unprotected peptide 1 (O HN
R R
0 (0]
+
yk o
unprotected peptide 2
unprotected peptide 1 N
H R
HO

138: Amide-ligated Product

HO.__R

Xuechen LI

H

135

&ndo-trig

136

Li’ s STL2' (2010)
HoN.__NH
HN._O HN
HO., h
v 9 h 9 v 9 w9
HQN]YN E EYN\)LH N\)LH N\)Lu
, 0 ° o = O NAW
o . N=/
H
FmocHhI(NE)J\O/Q NH,
o /:\OH CHO
©)

5
(1) Pyr/ACOH, 6 h, 9 mM TFAH,0/iPrsSiH, 5 min
HPLC

(2) Removal of solvent

@

HoN_NH
HN._O H\I\T
Ph
QHO. o o o o
H H H H H
F"‘°°“N\/':WN%NJWTNJ\ESW(NJ;)W(N\)LuJW(NJuJ\(G UA
o A, o o \ ° NAWL o
7 N=/

NH;

Summary of chemical ligation methods:

Total chemical synthesis of human erythrocyte
phosphatase protein (98-mer)?? (Li, 2013)
chcHNIm OOQ * HzNj\PKSHIDKANFNNEK\I\LKLDVSDFOIVK oH
. ‘w

HO__Me

Ac—|

ngj +
CHO

Threonine ligation | pyridine:AcOH (1:10), 10 mM, t, 22h;
34% yield then TFAH,0, 10 min

AEGNTLISVOVETFGKVOGVFFRKHTOAEGKKLGLVGWVGNTORG) 1N~ ~{VGALAGPISKVRHMGEWLETRG SPRSHIDKANFNNEKVILKLDYSDFGIVK—OH
i ® 7 ae

The ¢

12 13

Ac—{AEGNTLISVDYEIFGKVQGVFFRKHTQAEGKKLGLVGWVANTDRG-TVQGQLAGPISKVRHMQEWLETRG-SPKSHIDKANFNNEKVILKLDYSDFQIVK]
T E]

-oH

human erythrocyte acylphosphatase (14)

- Common steps: 1) a variable chemoselective capture step

2) invariable rearrangement

- Suitable for synthesis of large peptide

21) Li, X.; Lam, H.; Zhang, Y.; Chan, C. Org. Lett. 2010, 12, 1724.

22) Zhang, Y.; Xu, C.; Lam, H.; Li, X. Proc. Natl. Acad. Sci. USA. 2013, 110, 6657.
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3. Novel methods

3.2 Catalytic condensation of Protected Amino Acids

.......................................................................................................................................

.

o R o)
H catalyst H .
PG’ \)LOH + HzN\)j\ PG 5 PG. /kn«N ~~o-PG Typical catalyst: B, Metal, Se
H =

1. Boron-catalyzed condensation

- Basis: arylboronic acid catalyzed amidation by Yamamoto and Ishihara in 199623

F

F B(OH),
[0}
F (5 mol%
\/\/U\ ( e Ph\/\)LN + H0
toluene
refluxing, 16 h
99 % yield

ArB(OH),

H
0" "o

)I\ B Yamamoto, H

R KO Ar

-H0 .
HNR'R?
Monomeric boron carboxylate

- First boron-catalyzed peptide synthesis by Whiting in 201324

B(OH), B(OH),
w L, CL,

Bn Bn o
(50 mol%) (50 mol%) H

Cbz\N/'\n/OH . HZN\)LOMe - Cbz~N)\[rN\I)L0Me

H iProEtN (100 mol%) H H

o Bn Fluorobenzen (0.07 M) O Bn
MS 3A,65°C,32h 62% yield
Whiting, A
N._-CO;Me ~_-CO,Me total 100 mol% catalyst
CbZHNH j\y( COZMe narrow substrate scope
O low yield
62% P=Ac, 51% 46% no racemization
P = Boc, 55%
« Hall’ s catalyst in 2015%°
HO. __OH
(@) B (0]
o
MeO
e} cat 13 (20 mol%)

Nsdj\ . HzNYcoszU 4A MS (2g/mmol) N \)J\

: OH = toluene (c 0.07 M) CO,fBu

_1 R .

R 50°C, 48 h

36 (1.0 equiv) o
(1.1 equiv) 1R RO =H 62%
= - = 9,
. R_ ZH_’ R®=Me 58% , narrow substrate scope
R'=H; R = CHch(Me)z 50% low y|e|d

R'= Me; R? = CH,CH(Me), 41%
no racemization

23) Ishihara, K.; Ohara, S.; Yamamoto, H. J. Org. Chem. 1996, 61, 4196.
24) Liu, S.; Yang, Y.; Liu, X.; Ferdousi, F. K.; Batsanov, A. S.; Whiting, A. Eur. J. Org. Chem. 2013, 2013, 5692.
25) Fatemi, S.; Gernigon, N.; Hall, D. G. Green Chem. 2015, 17, 4016.

10
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3. Novel methods

3.2 Catalytic condensation of Protected Amino Acids

1. Boron-catalyzed condensation

- Ishihara’ s catalyst in 201826

0O R! .H%I FiC

CFs o R L, O
15 mol%)
)L OH + HzN\)L 3 ( > Jl\ /k[rN\)l\ 3
F3C HJ\H/ Y OR CH,Cl, (0.2 M) F3C N Y OR

H n2
MS 3A (1 g) O R
0.5 mmol 0.5 mmol o
60°C,48 h 9 dipeptides
up to 96% yield
R up to 99:1 dr
+
o/)\o
. .ol
via Ar— B 2B-Ar Ishihara, K
0 20" Confirmed by X-ray analysis
\R( Detected by ESI-MS
- DATB catalyst by Kumagai and Shibasaki in 201827
OH
SMe *HCI SMe
( > fo) (5 mol%) ( 2 H o} . .
Fmoc. OH + HzN\)l\ > Fmoc. N\)LOB Shibasaki, M
H Y OBn toluene (0.1 M) H : n
o Bu MS 3A, 50-80 °C, 48 h O Bu
92% yield
>20:1dr

via 19 examples

up to 92% vyield, d.r.>20 : 1
achieved pepntapeptide
achieved coupling of peptides

Scheme $. Catalytic Assembly of Five a-Amino Acids To Afford Pentapeptide Fmoc-Tyr(‘Bu)-Gly-Phe-Gly-Gly-O‘Bu

Kumagai, N
catayic | @) DATB 1 (0.5 mol%), MS 4A, toluene, 90 °C, 48 h O gal,
O (acidramine = 1:1 equiv) T 0L, 62 DATB 1 (5 mol%), MS 4A, toluene, 80 °C, 48 h,
sz/ﬁ/ (5 mol%), toluene, O e O
EtNH, CH,Cly, t, 8 h
H-Gly- O’Bu HCI 12 0.5 mol% FmocHN\)KN/Yo’Bu deprotection @ =

dB,é
@ +a Poic, THE 8 b O
%  Fmoc-Gly-Gl O‘Bu 13 % O oMM O
FmocHN\)J\OH 0% Ve

> /_Lo_’ OH DATB 1
'
Fmoc-Gly-OH 11 5 mol% FmocHNH \/U\ /YO &
oH
FmocHN

5%
o] @ s‘eps, Fmoc-| Phe -Gly-Gly-O'Bu |5
Fmoc-Phe-OH 14

‘BuO.

4

BuO. BuO, 5mol% Ph

5 mol% 00— (it g7
mol% v
Hel O - Fmoc S Ny N\ANWO By
OH *+ N —-0-&- N A o H H
FmocHN o OBn FrmocHN OH o o o
o 84% o

(@ steps)
Fmoc-Tyr((Bu)-Gly-Phe-Gly-Gly-O/Bu
Fmoc-Tyr(Bu)-OH 5¢  H-Gly-OBn-HCI 3a (2 steps) [protected form of OGP(10-14)]

Synthesis of pentapeptide by DATB

Synthesis of DATB
a M PB(OH); (1 equiv) 1.3dioxe5aza-24 0iboriane
Pd(PPh3)4 (5 mol%) Froméa
Na,CO3 (6 equiv.) O B(OH), m-terphenyl
s P
B 5 Tolueno/EOH/H;0 O Br template
fi
| reflux NH, .
2a:X=H 3a:X=H 56% Y (10equiv) N
2b:X=F IbXoF 56% taY=H 72% s \'g
ix=F BBr; (25 equiv.) e X =hia o b:Y=F  70% (') 5
RN T CHCh RT %= Mo 1% 1c:Y = OMe 76%
x o ©
Y
(1 eqmv 5N HCl aq DATB 1
O B Pa(PBus), (20 molth) THF, 50 °C O X
g-NH KaPOy (3 equiv.) ‘l‘!
OH 1.4-dioxane/H,0 HO  OH O
- 0c Ta:X=H
4aX=H 97% 6aX=H 57% T xH
4p:X=F >99% 6b:X=F 40%
40:X = Me 98%

7c: X = Me
6c: X = Me 48%

H From 6a—c
Nogy y without boronic acids
X O v [ | —dimerization— "
o O NH 8a:X=H 76% B

8b:X=F 70%
8c: X = Me 68%

26) Wang, K.; Lu, Y.; Ishihara, K. Chem. Commun. 2018, 54, 5410.
27a) Liu, Z.; Noda, H.; Shibasaki, M.; Kumagai, N. Org. Lett. 2018, 20, 612. 17b) Noda, H.; Furutachi, M.; Asada, Y.; Shibasaki, M.; Kumgai, N
Nat. Chem. 2017, 9, 571.
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3. Novel methods

3.2 Catalytic condensation of Protected Amino Acids
1. Boron-catalyzed condensation

- Gem-DBA by Takemoto in 202028

OH OH

O,B Bso
w OO0

Bn (o] 5 1) Bn H (o]
mol%
Boc\N/'\IrOH s NI . Boc~N/'\[rN\_)LOBn Takemoto, Y
H H Toluene (0.1 M) H H 24 examples
0.2 | 0 23" | MS 5A (200 mg) O Bn up to 97% yield, d.r. > 99 : 1
-2 mmo -2 mmo 65°C,48 h 90% yield achieved tetrapeptide
98:2 dr achieved coupling of peptides
E- --------- ’;' ;‘------------------------------------------------------‘E B) EpimerizationTests
] Jq R\uPho _Ph R linker ] : BocHN___CO,H D (5 mol%) BocHN___CO,H
: : : : - :
: BOCHN/Sro BIB/O NHBoc Nu O\B B/o E Ph/_ 5 A MS, toluene Ph/_
; 0 ¢ ‘os‘ ° |:> e \o\‘ o\ ; 1b (er >99:1) 80°C, 48 h 1b (er >99:1)
: ~ — : Ph Ph
i BocHN\:ZT_l BochN /., : D (5 mol%)
' ~ o H —_—
. R R : H,N“~CO,Bn 5 A MS, toluene H,N“CO,Bn
4a‘ (er >99:1) 80°C 48 h 4a' (er 97:3)
Ph Ph
° /( D (5 mol%) ° /(
BocHN ? BocHN
\_)LH COBN  TEWS, toluene \_)LH COzBn
: . :
Ph" 5pa (dr 982) 80°C, 48 h Ph" 5pa (dr 98:2)
- DBAA by Shimada in 2020%°
HO, ,OH
8-0'B

TR 0 y © mBu
N, H,N Br_(2mol%) Br = N, /kn/ome 35 examples
Cbz 6(0H + T2 \E)LOMe DCE (0.05M) Cbz H up to 99% vyield, d.r. >99 : 1
OH Bu 90°C, 18 h on © achieved tripeptide
0.1 mol 0.1 mol > 99% yield
>99:1dr

Scheme 2. Our Working Hypothesis

2R3 R1 2n3 ° Diboronic acid anhydride catalyst
HNR'R® R \/U\ NR®R®  yith cyclic B-O-B motif
( « Substrate directed reaction

R R |

0 HO.,.O.,.OH / / !
B"7°B :

S 05| roSolp oo |
Rl ~oH o] [ 510 '
— — ~ |HO.,.O. ploNve .

(L’n‘OH —-H0 U Hz0- ‘U .
n=0or1 recognition of activation of :
hydroxy group carboxylic acid :

(o} H

Shimada, N

28) Michigami, K.; Sakaguchi, T.; Takemoto, Y. ACS Catal. 2020, 10, 683.
29) Koshizuka, M.; Makino, K.; Shimada, N. Org. Lett. 2020, 22, 8658
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3. Novel methods

3.2 Catalytic condensation of Protected Amino Acids
2. Ta-catalyzed condensation by Yamamoto in 2019¢

Ta(OMe)s (10 mol%), TMSIM
L-Ala-Ot-Bu (2)

Ta(OMe)s (10 mol%) R' R R' or
L-Ala-Ot-Bu (2) OMe H 9 OTMS L-Ala-Ot-Bu-HCI
PG-AA-OMe HN o — PG\NJ}(N%O,_BU ~— | u o PG-AA-OH
40-70°C, 72 h ] H H i 30-50 °C, 72 h
(5a-x) R/\ko -[Ta] o = R/&o -[Ta] (7a—x)
Methods A and B (6a—x) Methods C and D
59 examples
up tp >99% yield, d.r. > 99 :1
achieved hexapeptide
achieved coupling of peptides
Adcantage:
A. Racemization via active ester during coupling-reagent-mediated reaction B. Novel strategy for substrate-directed catalysis
Active Esters 0 R? Activated Esters
OR! BN, HOBY R10J\N)ﬁ( OR? 2 =L,
o0 R o /g 3N, H Solvent-Free R OR3 o R o
Jg H \)J\ HN S0 Solvent o cat. [M] H Jy H \)]\
R10 NJ\( ~Sort | {0 R — + - N % > RIO N)ﬁr " OR3
H o & R N 0 RO N i H oo &
0 Ney HQN\;)J\ORS = M)
R* Directing Group
- ' v
Racemization OR! )
)?\RzHO L R® ore o R , O
N - N ; . - )\\< ~
RO ”%( \;)J\OR“ o - O Oxazolone Intermediate Seven-Membered Ring TS HN/*\Q x> R‘OJJ\HJ\(N\&)I\ORS
3 1 | 4
° R o RO 0--[M] O R
A. Ligand scope
Ta(OMe)s (10 mol%)
Ligand (10 mol%)
L-Ala-Ot-Bu (2, 2.0 equiv)
Boc-L-Ala-L-Ala-OMe Boc-L-Ala—L-Ala-L-Ala-Ot-Bu
70°C, 48 h
12) (13a, >99:1 dr for all ligands)
Ligand:
_ _ =
VAR N
NSV W N
OH
L1, 66% yield L2, 68% yield L3, 74% yield L4, 71% yield L5, 82% yield (92% yield)?

B. Triply convergent synthesis base on the Ta(OMe)s/L5 complex system

Ta(OMe)s (10 mol%), TMSIM (2.0 equiv) Ta(OMe)s (10 mol%), L5 (10 mol%)
PG-L-AA-OH L-CC-0t-Bu
(7a, 7c, 7h, 70, 7u, 10, 14, 15, 2.0 equiv) (2, 4, 8a, 8c, 8e, 80, 17, 18, 2.0 equiv)
L-BB-OMe PG-L-AA-L-BB-L-CC-0t-Bu
60 °C, 24 h 70°C, 48 h
(16a—d) without purification (13a-n, >99:1 dr)
Boc-L-Ala-L-Ala-L-Ala-Ot-Bu Cbz-L-Ala-L-Ala-L-Ala-Ot-Bu Cbz-Gly-L-Ala-L-Ala-Ot-Bu Boc-L-Leu-L-Ala-L-Ala-Ot-Bu
83% yield (13a) 81% yield (13b) 91% yield (13c) 91% yield (13d)
Boc-L-Phe-L-Ala-L-Ala-Ot-Bu Boc-L-Ala-L-Leu—Gly-Ot-Bu Boc-L-Ala-L-Met-L-Ala-Ot-Bu Boc-L-Ala-L-Ala-L-Leu-Ot-Bu
83% yield (13e) 88% yield (13f) 91% yield (13g) 65% yield (13h)

Boc-L-Ala-L-Ala-L-Val-Ot-Bu Boc-L-Ala-L-Ala-L-Met-Ot-Bu Boc-Gly-L-Phe-L-Ala-Ot-Bu Boc-L-Ala-L-Ala-L-Ala-L-Ala-Ot-Bu
81% yield (13i)° 95% yield (13j) 70% yield (13k) 78% yield (131)ed
Boc-L-Glu(t-Bu)-L-Ala-Gly-L-Ala-Ot-Bu Boc-L-Lys(Boc)-L-Ala-L-Leu-Gly-Ot-Bu
87% yield (13m) 81% yield (13n)

30) Yamamoto, H. J. Am. Chem. Soc. 2019, 141, 12288.
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3. Novel methods

3.2 Catalytic condensation of Protected Amino Acids

3. Se-catalyzed condensation by S. Arora in 202237

1a (4 mol %)

R i thsa'll-EO]4(1Oor2°| o R' O
Pg‘NJ\”/OH + HﬁJ}(O'B“ DIEA (11 oty Pg\NJ\ﬂ/N\;)J\OtBu
H o ci© 0 Air, MeCN, 80 °C H o R
15 dipeptides
up to 94% vyield, >99:1 dr
Tatalyst T Catakytic cycle T

| O

N\
se); Ao
O H,O R!

] HoH oFs (Catalyst-Se), [SiO]
Jegges |
' ~ N
: S ~ 3
i Fs (@) se
: 1a 2a{0] : @ ¢ 10 mol %
: H H .
' Catalyst-SeH NN CFs [Si]-H
@ I \q R,P=0
F3
O R? 2 -5mol % O
.\/U\ _Catalyst
N v Se
- 2 -
o H R R
Catalytic solid-phase peptide synthesis
(a) NH,
1. 20% piperidine in DMF (4 mL)
+1.0 M TBAF in THF (1 mL), 20 min o o
2. Fmoc-Xaa-OH (1.5 equiv.), 1a (5 mol%) Fmoc.,, n\)\N H\)\N NH,
H 2a-[0] (10 mol%), PhSiH3 (4 x 1.0 equiv.) TFAITIPS/H,0 H i H i H/\g
Emoc-XaaN o : :.r, Metcrtu (11m|_)(,jazo 0%2 h (95/21.5;1/2,5) \©\OH
. Repeat step 1 and 2 wi — L —Y—K—A—G—
(Tentagel S-RAM) different amino acids Fmoc—L—Y—K-A-G—NH,
0.05 mmol « calc. m/z: 772.4028 ([M+H]*)
ﬂ found: 772.4023
A
—_—
0 1 2 3 4 5 6 7 8 9  10min
(b)
H,N [e] [e]
szoc\N n N n\)l\N NH,
H H H H/\g/
T

Fmoc—N—-C—P—L—G—NH,

calc. m/z: 762.2682 ([IM+K]")
found: 762.2649

31) Handoko.; Nihar R. Panigrahi, N.; S. Arora, P. J. Am. Chem. Soc. 2022, 144, 3637.
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3. Novel methods

3.3 Peptide Synthesis in Flow (Fuse, S)32
1. Activating agent: triphosgene (2014)

(o]
85% (HPLC purity 98%) |, HzN\J\o,_Bu (L[ pefd

-p2 = - - )
batch, overall yield 13% sl Im CH,Cly, 1.2 mL/min
reversed-phase column chromatography 6a12equiv ‘=& — o Bn o

] FmocHN N/'\ff \/ ~Ot-Bu

 comentonal SR reerure Ideas:
: > m:, . - Rapid and strong activation increased efficiency.
H electrophile
: o : - Short residence time suppressed racemization.
E PHN\)LOH ) ' ! PHN\)L )}‘/OP i
: H m e"'“’exza‘”“ Achievements:
: HNJ\rrOP - .
. - Fast, efficient and low waste synthesis of small
: P”N\)L peptide
: — H
| Al e rossene - 1 Tetrapeptide (60% yield, < 1% epimer)
1
1 1

o £, 8o o

c1” 0" 0" al Base /7

. X ﬂnw rate A

php  triphosgene (0.4 equiv) Ph solventA ‘| 20°c
o DIEA (Y equiv) (o) triphosgene
BocHN._J OH * HoN OAllyl  DMF/MeCN BocHN N OAllyl an  solvenE y, T-s_hape
- —_— > ~ H Pp—, L mixer
BnO~ 0 activation: 0.5 s R? R' 0 et syrings pump /
amidation: 4.3 s HN)\rrop o R
1 (X' equiv) 2 (1.0 equiv) 20 °C 3: R" = CH,0Bn, R? = H (desired) "”"\)LN/'\[(OP
4:R' = H, R? = CH,0Bn (epimer) solventC R R O
5 z §3 v sladnu%e?ndes Microflow synthetic reactor
- ield: 74%—quant.
Racemization: < 3%

2. Activating agent: N-carboxyanhydrides (NCAs) (2023)
1) i-PrNEt (1.2 equi Q Uone-flow U short reaction time (<minutes)
: ) i-PraNEt (1.2 equiv) : ?‘—O I no column chromatography
: SOCl, (1.2 equiv) : HN\)§
. CH,Cl,,20 °C, 10's ; : 0
: 0 2) a-NCA 1 (1.0 equiv) 2 : 2 J
L N, CHCly, 20 °C, 0.5's PMNjk \ NJJ\ : R
: R TN Y ToP? ) NCAs
; 3(0.30 M) 3) i-ProNEt (1.2 equiv) R , o r ;
: (1.0 equiv) NMI (1.0 equiv) 16 tripentid , o]
! o ripeptides v FmocHN__M
: CHClp, 20 °C, 10's 51%-95% yield : OH
' 4) H-AA-OP< 6 (1.2 equiv) no racemization ; % 108” ) o
: CH,Cl,, 20 °C, 10's : a 1.0 equiv FmochN._J
' flow : i-Pr,NEt 4a gy
KN : 1.2 equiv
i Application: ' socl,
: E 1.2 equiv
i Total synthesis of beefy meaty peptide (overall yield 13%) : o
: : N
: l : o
E I COZP3 E 1a 1.0 equiv
: _COo,P° J 1 :
' (o] (o] 1l
: H o | H [ 8 01 [ H s i-Pr,NEt
H PZHN" i s NTYT o N7 A N™ Yy L ! 1.2 equiv
: H - H :
' o) o] o y O : NMI
H oP ' 1.0 equiv
: COyP? :
TFA,rt,25h — 10a: P? = Boc, P? = t-Bu : B

7a (86%, 3.0 g)
aqueous work up and recrystallization

32a) Fuse, S.; Mifune, Y.; Takahashi, T. Angew. Chem. Int. Ed. 2014, 53, 851.
32b) Sugisawa, N.; Ando, A.; Fuse, S. Chem. Sci. 2023, 14, 6986.
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