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Classical Reagent-Driven Amidation?)
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« applicable to various substrates
* low atom economy
« wasting much reagents and solvent

> “Non-classical” ways to construct amide bonds avoiding low atom economy
has been pursued.

1) de Figueiredo, R. M.; Suppo, J.-S.; Campagne, J.-M. Chem. Rev. 2016, 116, 12029.



Concept of Atom Economy

molecular weight
(desired product)
atom economy') (%) = x 100

high atom economy low atom economy

A
waste

e.g.) pericyclic reaction, sigmatropic rearrangement e.g.) elimination reaction, condensing reaction

Low atom economy of amide forming reaction has been recognized
as one of the most important issue in green chemistry field.?

1) Trost, B.M. Science 1991, 254, 1471.
2) Constable, D. J.; Dunn, P. J.; Hayler, J. D.; Humphrey, G. R.; Leazer Jr, J. L.; Linderman, R. J.;
Lorenz, K.; Manley, J.; Pearlman, B. A.; Wells, A. Green Chem. 2007, 9, 411.
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“Non-Classical” Amidation Approaches?’)

native chemical ligation (NCL), Staudinger ligation,
keto-carboxylic acids with hydroxyl amines (KAHA),?
potassium acyltrifluoroborates (KATs) 3
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Direct Catalytic Amidation

« boronic acid derivatives?d
Yamamoto (1996)2 N(‘Pr),
* metal calatyst
Williams (2012)3 Adolfsson (2012)4)

« organocatalyst
Schmidt (2005)% ,Awasthi (2015)°)

ZrCl, ZrCl,Cp, Zr(O'Bu), Zr(OEt),
Ti(O'Pr), Zn(O'Bu), Hf(OBu), HfCly

Ti(OBn), Ta(OMe)s Nb(OEt)s
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Developing Catalytic-Driven Peptide Synthesis

« Arora’s strategy = organocatalyst

(metal catalysts have risk of nonspecific coordination with amide bonds.)

» It should have a significant impact to peptide-related industries to
establish catalytic peptide synthesis which is waste-reducing and
compatible with solid-phase.

requirement
B condensing agent-free reaction
B reduction the amount of amino acids
B no racemization
B compatible with Fmoc-based synthesis
(for application to solid-phase synthesis)



Biomimetic Catalyst Design Strategy

Catalytic design was inspired by two biosynthetic precedents.

1. mimicking oxyanion holes in enzymes by urea catalysts
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generally accepted mechanism for serine proteases? idealized depiction of amide bond formation catalyst

1) Zhang, Z.; Schreiner, P. R. Chem. Soc. Rev. 2009, 38, 1187.



Biomimetic Catalyst Design Strategy

2. utilizing amino acid thioesters to access peptide

biosynthesis of non-ribosomal peptides synthetases (NRPS)"

0. phosphopantetheinylation
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1) Stssmuth, D. R.; Mainz, A. Angew Chem., Int. Ed. 2017, 56, 3770.
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Biomimetic Catalyst Design Strategy

utilizing amino acid thioesters to access peptide

biosynthesis of non-ribosomal peptides synthetases (NRPS)V

o activation o transformation o

> _R’
RJ\OH RJ\ —{PCP RJLH

amide

*PCP = Peptydil Carrier Protein

» design biomimetic catalyst that efficiently
« activates carboxylic acids to the more electrophilic thioesters.
« would couple amino acid thioesters to a growing peptide chain.

coupling (o)

1) Franke, J.; Hertweck, C.; Cell Chem. Biol. 2016, 23, 1179.



Design of Urea-based Catalyst
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» Simple urea scaffolds are not sufficient to activation.
* A thiol group was included in 1b to engage a thioester through a thioester-exchange reaction.



Working Hypothesis for Enhancing Efficiency
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complex formation
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Optimization of Catalyst

catalyst
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Catalyst design was optimized as 4a.



Application of Catalyst to Conversions of
Fmoc-Amino Acid Thioesters to Dipeptide

4a (X mol %)

o) R, 0O R
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F HN 3 FmocHN OMe
moc \_)LSPh HZN)\n/OMe —> \)LN)\[]/
: toluene, 22 °C : H
R4 o R o)
(10 pM) (20 pM) t : time for >98% conversion
o o) OL
FmocHN\_)LN OMe FmOCHN\_)LN OMe FmocHN\_)L /\H/OMe FmocHN\_) NJ\H/OMe
: H : H : : H o
: (o) : (o) - N
X =0, t>20 days (estimated) X =0, t> 50 days (estimated) X =10, t=4 h? X=10,t=45h
X=10, t=10 min X=10,t=7h? X=20,t=2h? X=20,t=2h

X=20,t=3h?

FmocHN\)L J\[(OMe FmocHN\)L J\n/OMe
Fmoc”\ J\[rOMe FmocHN\)L J\[(OMe
o J
HNJ\NHZ

NH,

X =0, t>50 days (estimated) X=10, t=10 min X=10, t=30 min X=10, t=60 min

X=10, t=40 min
No epimerization was observed

3 10-15% hydrolysis of Fmoc-Ala-SPh was observed



Investigation of Critical Components
for Catalytic Mechanism

o) O
catalyst (10 mol%)
FmOCHN\:)J\SPh H,N OMe > FmocHN\_)l\H OMe
- P o

toluene, rt
PN o
10 umol 100 umol
CF3 CF3 CF;
5 Jd Qi Pl
N~ N CF N~ N CF3 NJLN CF
H H 3 H H NN 3
7 -~ s
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4a 5.22 X 1072 10,000 « Removal of either of three functional groups (:hiol,
~ , Or tertiary amine) leads to a significant loss in
Sa 1.50 X 10 3 the observed activity.
Sb 1.18 X 10 2 « Itis suggested that the functional groups are
5c 208 X 10-5 6 participating in a cooperative mechanism.
no catalyst 5.03 X 10°° 1



Proposed Catalytic Mechanism
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Biomimetic Catalyst Design Strategy

utilizing amino acid thioesters to access peptide

biosynthesis of non-ribosomal peptides synthetases (NRPS)V

activation transformation o
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amide

*PCP = Peptydil Carrier Protein

» design biomimetic catalyst that efficiently
« activates carboxylic acids to the more electrophilic thioesters.
« would couple amino acid thioesters to a growing peptide chain.

o activation
;
"o () RIS

D Franke, J.; Hertweck, C.; Cell Chem. Biol. 2016, 23, 1179.




Mukaiyama Reduction-Oxidation Condensation

concept:
perform a dehydration condensation by removing H,O as 2[H] and [O] by the use of a combination
of a weak reductant and oxidantV

benzene
O 80 °C, 2-4 h O O
2 J]\ + Ar,Hg + BusP ———— 3 J]\ J]\ + Hg + 2ArH + BuzP=0
R OH R (o) R
3.0M 0.5 eq 0.5 eq 74-87 %

condensation of carboxylic acid to thioester with disulfides and phosphine reagents?

MeCN
reflux, 5 h

o (o)
Ph H =
Jj\ + pp” - + Ph;P > J]\ _Ph* pn” + Ph;P=0
R OH R

0.33 M 1.0 eq 1.0 eq 77-94 %

1) Mukaiyama, T.; Kuwajima, I.; Suzuki, Z. J. Org. Chem. 1963, 28, 2024.
2) Endo, T.; Ikenaga, S.; Mukaiyama, T. Bull. Chem. Soc. Jpn. 1970, 43, 2632.



Mukaiyama Reduction-Oxidation Condensation

condensation of carboxylic acid to thioester with disulfides and phosphine reagents
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Oxidized dimer of 4a (denoted as 6-8) can be utilized as disulfides.



Working Hypothesis

Step 1.2

formation of an amino acid thioester
Step 4 from carboxylic acid
air oxidation to yield disulfide Catalyst-X-X-Catalyst
for the next cycle
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Development of Dimerized Catalyst

catalyst (5 mol %)

HZN/\© PBus (1.5 eq.), 3A MS (50% wlv)
MeCN, rt /\©

2.0 eq. Y % conversion after 20 min

/@\ Pro-Cys ligation using selenoester’
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X=8: 68 Y= 9 SH
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Diselenide 6-Se exhibited a significant overall rate enhancement over 6-S.

1) Durek, T.; Alewood, P. F. Angew. Chem., Int. Ed. 2011, 50, 12042
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Limiting Factor of Catalyst Availability

CF3
slow step Catalyst-Se-Se-Catalyst
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It is postulated that the oxidation of the selenol to the
diselenide might be slow, thus limiting catalyst availability
for the subsequent steps.

©/Se @ not significant difference between 6-Se and 6
“Se >

6’ Y=22



Linker Design for Accelerating Reoxidation

CF3 CF3

CF3
6-Se 7 _
Y % conversion after 20 min catalyst Y (%) Z (%) :
M

Z % conversion after 240 min

6-Se 36 40 e
8a .'ﬁN/\/N\/\N?‘;
7 34 58 H H
8 42 73 Me H
8 8b léN/\/N\/\N/\/N:ﬁ
8h 40 67 H Me
Me H
8c 32 62 8c :eéN/\/N\/\/N\/\N‘;A,’
H H

Catalyst design was optimized as 8a



% Product formation

Optimization of Phosphine Reagent

optimization of phosphine
phosphine reagent

air-sensitive and yet

« electron-rich —]
80- efficient catalyst turnover
* less bulky

after 2 hours
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8a
optimized conditions CFs
O catalyst 8a (5 mol %) o
o H2N/\© PBuj; (3x3 mM), 4A MS (30% wl»v) N
MeCN, H
60°C,1.5h
10 mmol 10 mmol 99% conversion

*PBu; was added in portions every 30 min.



Product (mM)
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tion Analysis (Burés Method 1))
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the reaction is first-order with respect to 8a

a=2
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[Cat’*t(mm*s) 1) Burés, J. Angew. Chem., Int. Ed. 2016, 55, 16084.



c) Amine
10+

o
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Product (mM)

Reaction Order Determination
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2 % e
.

n=1
0 10000 20000
£[MePhCOOH]'At (mM' s)

40 60

Time (min)

d) Phosphine
10-
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Product (mM)
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The reaction is first-order with respect to carboxylic acid
and has no rate dependence on amine concentration.
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Reaction Order Determination of PBus

Tri-n-butylphosphine (d =-0.5)

Rate, (MM min-1)

Ln (Ratey) (MM min-t)

2.5+
dp / a - 11b : c d
5 0- Rate = q - k'[8a]?[acid]’[amine]‘[PBus |
Ratey = k'[8a]l[acid]b[amine][PBu, |4
1.5 4
In first 3-minute data, concentration of
1.07 other components are regarded as constants
0.5 4
Rate = k'[8a)¢[acid]}[amine][PBu; ]*
0.0 T T 1
0 50 100 150 In(Rate) = d In([PBus |) + C
[PBuU3]o (MM)
0.8 -
¥ = SERERX + 2456 The reaction order of PBuj is -1/2.
0.6 7 R?=10.99
0.4
0.2
0.0 e ING Rate = k'[8a][acid][PBus]*?
-0.2 T T T T 1
3.0 3.5 4.0 4.5 5.0 5.5

Ln ([PBu;]o) (mMM)



Proposed Catalytic Mechanism

H,0 8a
SeCat) PBus
SeCat
Air [0] @
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Application to Fmoc-Amino Acids Coupling
8a (5.0 % mol)

0 R
PBu; (5x3 umol)
FmocHN X 3 FmocHN X
\_)LOH HZN)\H/ - \_)J\ )\n/
: 4A MS (30% wlv) :

10R1 | . O | 60 °C Ri °

(10 pmol) (11 pmol) MeCN X = -Ot-Bu, -NH,

*PBuj; was added in portions every 30 min

entry dipeptides conversion entry dipeptides conversion
rate rate

1 Fmoc-L-Ala-L-Ala-Ot-Bu 97% (1 h) 8 Fmoc-L-Lys(Boc) -L-Ala-Ot-Bu 90% (1 h)

2 Fmoc-L-Ala-L-Phe-Ot-Bu 95% (1 h) 9 Fmoc-L-Pro-L-Ala-Ot-Bu 90% (2 h)

3 Fmoc-L-Ala-L-Lys(Cbz) -Ot-Bu 99% (1.5h) 10 Fmoc-L-Arg(Pbf) -L-Ala-Ot-Bu  99% (1.5 h)

4 Fmoc-L-Ala-L-Val-Ot-Bu 99% (1 h) 11 Fmoc-L-Val-L-Ala-Ot-Bu 92% (2 h)?

5 Fmoc-L-Ala-L-Pro-Ot-Bu 94% (2 h) 12 Fmoc-L-Aib-L-Ala-Ot-Bu 91% (2 h)

6 Fmoc-L-Ala-L-Trp-NH, 99% (1 h) 13 Fmoc-L-Phe-L-Pro-Ot-Bu 82% (2 h)2

7 Fmoc-L-Phe-L-Ala-Ot-Bu 90% (1 h)

2 Less than 2 % epimerization was observed.
Aib: a-aminoisobutyric acid



Application of Designed Catalyst to
Solid-Phase Peptide Synthesis

1. 20% piperidine in DMF, 20 min
2. Fmoc-Gly-OH (1.1 eq.), 8a (5 mol %)
PBus; (0.5 eq. x3), 4A MS (30% w/v) Boc
MeCN, 40 °C, 1 h (2 cycles) Fmoc,
— i@ HDED DN
03. repeat step 1, and 2 with different amino acids b
t-Bu

(Tentagel S-RAM) TFA: triisopropylsilane: H,0 _

(95:2.5:2.5) - °:|\N @@@@@ NH,

SPPS with HETU

\-

Relatively pure peptide was
— obtained after iterative
synthesis on the solid support.

SPPS with PBu, and 8a

A\

i 2 3 ; : min
HPLC traces of crude peptide
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Summary
Catalyst-Se-Se-Catalyst

(2.5-5.0 % moI) CF;
Air
Catalyst-SeH ;Se—Se Catalyst- Se -PR3
OH
CF |
3 PR,

Se-Catalyst

82-99% yield
(0.5-2 h)
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« compatible with a diverse range of Fmoc-amino acid substrates
with insignificant epimerization

=7
3
(@)
(9]
L
2
m||||<

« provided a lead toward organocatalytic peptide synthesis
without excess reagents

« exhibited a promise for solid-phase peptide synthesis



Future Perspective

B explore phosphine reagents that are less prone to oxidation
« evaluating other phosphine derivatives
« exploring the recycling of the phosphine oxide product

Cat-Se-Se-Cat O=PBuj,

#
Cat-SeH PBu,
B develop solid-phase peptide synthesis(SPPS) methodology
« further optimization of catalyst design to fit SPPS conditions
« substrate scope
 molecular sieves-free system

» The overall aim of this work is to develop organocatalysts that can
replace standard coupling agents and reduce waste in peptide synthesis.



