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Chemical peptide synthesis OR Steps are

capitalizes on old-established ® B repeated
chemistry. I patlctnd,

Allows the incorporation of

nonstandard and labeled amino C?o —

acids and nonstandard linkages O H-tbjwtadjom®)
into peptides. ‘

Provides basis for the generation N\%

of combinatorial libraries.
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Peptide Synthesis

e Amide bond formation

e Protection schemes

e Side Reactions

e Solid phase, supports and linkers
* Cleavage and scavengers

e Libraries and other applications

Amide Bond Formation

Peptides and profeins are R o -
linear polymers of amino ., ¢ ¢ H—N—G,~COy
acids linked by amide Lo Lo

“peptide” bonds.

Peptide bonds are amide
bonds between amino N
acids. ?

Formation of peptide bond ¥y
produces a water T
molecule. N0, 2C =G, =007
Carboxylic acid and N M
carboxylate groups are

normally not very reactive.

peptide bond



Amide Bond Formation: A
Synthetic Approach

* Carboxylic acid and
carboxylate groups are

normally not very reactive. R o R o

» Formation of the amide Nt o047 it Al 0dV
(“peptide”) bond requires T R
activation of the carboxylic
acid.

* Controlled synthesis requires
selective protection and toz;
deprotection of the various
functional groups: RO RO

— The a-amino group. P——lil—éqil—l?—(:)a—”—o—'-Y
— The a-carboxyl group. H H H H

— Side chain functional groups.

Activation of Carboxylic
Acid Groups

» Activation involves
converting the O-H/O- of

the carboxylic acid group i T i 0

to a suitable leaving P\NJ\KOWKL“,‘/P P\“ﬂ)\yﬁoﬁ
gI’OUp " ° OAcid Enhydride " ° o

e Approaches to activating

carboxyl groups. -
— Carbodiimide reagents QN_C_N@

Symme’rric thydrides Carbodiimide
Activated esters

Activated Esters

. ~N PFg N/ PFg
- Phosphonlum reagents AN — >C+_O_N/N\\N
— Uronium reagents - @ N @
] N \
 Each has unique
consider-ations and Phosphonium Uronium

capabilities. ]



Additional Reagents

Amine Bases . .
| * Bases: tertiary amine
—<N_/ < (Nj bases. If the base is foo
—/ \ . -
.. . _ stfrong it increases the
N,N-Dnsoplropyl- Triethylamine N-Methylmorpholine . . .
e TEA R risk of racemization.
Additives Phenol active ore
. o R Additives: are often
_;j @ L Q used to reduce side
d S AR reactions and increase
ol ri bonzoiaae vt | Penauerophendl reaction effic]ency_
(HOBY) (HOBY) (HOA)
Solvents Acyaton * Solvents: generally use
atalys
~ anhydrous polar
o Y \Né 5 solvents.
| N
Dichloromethane  N,N-Dimethylformamide N-Methyl- 4-Dimethylamino-
DCM (DMF) pyrrolidone pyridine (DMAP) 7
or Methylene chloride (NMP)

Carbodiimide Reagents

&

and Amide Formation = i« @
d

* Carbodiimides react with protected
amino acids to form O-acylisoureq, Ha— J~, ~COR
an activated intermediate.

* An amide bond is formed when the Q
O-acylisourea undergoes aminolysis. q o

« Common carbodiimides include: -—“’\C\H’T\ozc @
— Dicyclohexylcarbodimide (DCC) AN
— 1-ethyl-3-(3'-dimethylamino propyl) | oo 1

carbodimide (EDC) Unstable Intermediate

— Diisopropylcarbodimide (DIPCDI) E"mi”a”"”l

 Side reaction results in the formation LR
of N-acylurea. T e

e DCMis a good solvent for
activation, less suitable for coupling
reactions.

H
N,N"-Dicyclohexylurea (DCU)



Carbodiimides and Acid
Anhydrides

Carbodiimide reagents
can be used to generate
symmetric anhydride.

Formed when an excess
of N-protected amino
acid is present.

Highly reactive species.
Usually requires lowered
reaction temperatures

Can be isolated and
used as activated amino
acids for peptide
synthesis.

R o
H | /
O—N—C(l—C\ N=C=N
4y OH

l Dicyclohexylcarbodiimide (DCC)

O-acylisourea

Symmetric Acid Anhydqride

Carbodiimides and Active Esters

Trapping agents can be used to
reduce side reactions*.

Trapping agents form “reactive
ester intermediates.
Most common trapping agents:
— N-Hydroxybenzotriazole
— N-Hydroxysuccinimide
HOSu was found to suppress

racemization and of N-
acylisourea side reactions.

DCC used in conjunction with
HOBt has been found to be
widely effective for amide bond
formation.

*side reactions associated with
carbodiimide and O-acylisourea.

H
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| Dicyclohexylcarbodiimide (DCC)

HO—N
N-hydroxy-
succinimide ¢

(HOSu)
y (o]
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H |
e-N—C,~C—0—N
|
H 10
o)

H-OSu Ester



* Active esters can be
isolated and used as
preactivated amino
acids in peptide
synthesis.

* Potential advantages:

— Can be isolated and
stored.

— Fewer side reactions/
cross reactivity.

— Isolation of product.

o Commercial availability:
— Pentaflurophenyl esters
(-OPfp)
— Hydroxysuccinimide
esters (-OSu)
o HOSu esters are relatively

stable aqueous
conditions.

N-Hydroxybenzotriazole Ester

Active Esters and
Amide Bonds

Pentafluorophenyl Ester

(Aaa-OBt) (Aaa-OPfp)

e B9
[P FN—C—o—
HoH N-Hydroxysuccinimide

o Ester (Aaa-OSu)
. H R'" O
2 N5
C—C—0 a
e | |
tetrahedral
intermediate
(0]
Il [
N e st At
H H H H
o

Phosphonium and Uronium

Reogenh

e Phosphonium and uronium

reagents are chemically similar.

* Organic soluble salts (PF, and
BF,)

* High reactivity and easy to
handle.

e Frequently used in “one pot”
reactions.

* No significant side reactions
associated with phosphonium

or uronium coupling reactions.

* HMPA is a byproduct of
reactions involving Bop.

* In HATU, the N at 7 positions,
accelerates reaction

benzotriazole-1-yloxytris(dimethylamino)
phosphonium hexafluorophosphate

Phosphonium

/\\

\
N—P—O N

/ ~ | N
CN—TtO—N/ SN
) C}

©

OP)
benzotriazole-1-yloxytrispyrrolidino-
phosphonium hexafluorophosphate
(PyBOP)
Uronium
/ PFe
—N N
CE0—N" SN
N\ / PFg
N\ + N
C—0—N" °N
\N/
2-(1H-benzotriazole-1-yl)-oxy- \ _

1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU)

2-(1H-7-azabenzotriazole; 1-yl)-oxy-
1,1,3,3- tetramethylurl) ium
hexafluorophosphate (HATU)



Phosphonium/Uronium Activation

7N
i ﬁ‘ i T 9 .. T 9
HN—C,~C—X; {PN—C, ;
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Amide Bond Formation: A
Synthetic Approach

* Carboxylic acid and
carboxylate groups are
normally not very reactive.

R O R O

* Formation of the amide Nt o047 it Al 0dV
(“peptide”) bond requires T R
activation of the carboxylic
acid.

» Controlled synthesis requires
selective protection and toz;
deprotection of the various
functional groups: RO RO

— The a-amino group. P"'T Co Jl—',“ Co -”—O*Y
— The a-carboxyl group. H H H o H

— Side chain functional groups. 14



Amino Acid Prcg’c[ec’rion

* The conftrolled synthesis of
peptides and formation of
amide bonds requires the
use of reversible ion of the a-
amino group.

e Three common protection
chemistries are:

— tert-Butoxycarbonyl (tBoc)

— 9-Fluorenylmethyloxycarbonyl
(Fmoc)

— N-Allyloxycarbonyl (Alloc)

* These represent different
protection and deprotection
chemistries.

* |tis also necessary to
reversibly mask reactive side
chain functional groups.

H

H2N—C|)OTC—OH

Ne-Allyloxycarbonyl (Alloc)

terf-Butoxycarbonyl

acid lability.

Used in the standard Merrifield system, which is based on graduated

tert-butoxycarbonyl (Boc) is an acid-labile a-amino protecting group.

Readily removed using TFA in DCM or 4N HCl in dioxane. The Boc
group is stable to basic conditions and nucleophiles.

aqueous 1,4-dioxane and NaOH or TEA.

derivatives of benzyl alcohols.

Usually infroduced onto an amino acid through (Boc),O or Boc-ON in
Side chain protecting groups are usually ether, ester and urethane

Synthesized peptides are cleaved from solid support and side chain

protecting groups are removed using strong acids such as HF or
TFMSA. Scavengers are usually required to minimize side reactions.

Deprotection: i, S0%TFADCM ;

F A

4N HCl in Dioxane

Introducing Boc Protecting Group:

o o0
ﬂ\o)l\o)l\ok (Boc),0

Di-t-butyl-dicarbonate

S "
P
zZ
A
Boc-ON
2-(tert-Butoxycarbonyloxyimino)-
2-phenylacetonitrile 1




?-Fluorenylmethyloxycarbonyl

* This synthetic method employs an orthogonal protection strategy.

* 9-Fluorenylmethoxycarbonyl (Fmoc) is a base labile a-amino
protecting group. Usually removed using 20-50% piperidine in DMF
or NMP (10-18 min).

* Usually infroduced onto an amino acid through the Fmoc
succinimidyl carbonate in an organic/aqueous solvent mixture

and base.
» Side chain protecting groups are usually based on ether, ester
and uretheane derivatives of tert-butanol. O
. Pep’ride; are cleaved from ’rhe.solid support and side chain Pipe’;‘idine
protecting groups removed using strong acid: TFA at RT. o
Scavengers are usually used to minimize side reactions. [ j
Deprotection: 1:1 morpholine/DMF Morpholine

(milder than piperidine) Introducing Fmoc Protecting Group:

0.
R o
1:4 Piperidine/DMF
)I\ )ﬁ‘j{ "H N)ﬁ‘/“{ +C0, + O O)J\O/N
(] b
O \—/ O O Fmoc-OSu

1:4 Piperidine:DMF @ 45°C

N-(9-FI Imethyl |
(for difficult sesquences) (9-Fluorenyime yoxycalt;ony)

oxysuccinimide

Allyloxycarbony!

* Allyloxycarbonyl (Alloc) represents a protection and synthetic
scheme that is orthogonal to both Boc and Fmoc chemistries.

e Alloc is an a-amino protecting group removed by mild
hydrogenation conditions.

* Alloc is stable to acids and bases, and it is resistant to Boc and
Fmoc reaction/deprotection conditions.

e Usually infroduced onto an amino acid by means of the
chloroformate.

» Suitable for the protection of amines and alcohols. Carboxylic

acids can be similarly protected as allyl esters. Avoids the need
for harsh acids such as TFA and HF.

Deprotection:
P Introducing Alloc Protecting Group:

o o
o R BusSnH 1 equiv R
3SnH 1 equiv. PN N

g PdACly(PPhg)p, 2%
\/\o N *HN + CO, +

| (Alloc),0

Ho O © Diallyl-dicarbonate ;\ f

o
18

Allyl chloroformate




Amide Bond Formation: A
Synthetic Approach

* Carboxylic acid and
carboxylate groups are
normally not very reactive.

e Formation of the amide
(“peptide”) bond requires
activation of the carboxylic
acid.

* Controlled synthesis requires
selective protection and
deprotection of the various
functional groups:

— The a-amino group.
— The a-carboxyl group.
— Side chain functional groups.

Lysine:
The g-amino group of lysine is a

potent nucleophile. Side reactions

i S
4 P—:}-lil—Ca—”—O—'.'_Z H—rrn—cail—o—é'fv
| |
H H H H
“0z;

19

Side Chain Side

during the coupling reaction can ReOCﬁO NS
be minimized by use of
appropriate blocking groups.
H iSTid i n e : Boc-compatible Protecting Groups Fmoc-compatible Protecting Groups

Histidine presents
several problems.
Acylation (reversible)

—0—0—0—2Z—2
I I I
oSS

CHs
- e OO0k

Of the hiSﬁdine Side —E—T—E:z—il)—é- 9-Fluorenylmethoxyl-

2-Chlorobenzyl- 4-Methyltrityl tert-Butyloxycarbony!

e . oxycarbonyl
H
c h q I n O C C U rs d U rl n g Lysine Boc-Lys(Fmoc) Boc-Lys(2-ClZ) Fmoc-Lys(Mtt) Fmoc-Lys(Boc)
the coupling reaction
Boc-compatible Protecting Groups Fmoc-compatible Protecting Groups

when unprotected
or temporarily
protected histidine is N—

NO, 4-Toluensulfonyl
Boc-His(Tos)

CHay

R

; CHa
CH, HBC+CH3

. ge e . — ON o o
used. Hisfidineisalso Y R O : ) ke
prone |'O _E_N_E:z_('i_é_ 2,4-Dinitrophenyl '~ 5—g—¢ R=HF;E';'£:Z’:¥:;‘5”W| tert-Butyloxycarbonyl

N . . '|4 removed with thiophenol s~ Benzyloxymethyl R'= CH 4-Methyltrityl
racemlzatlon WhICh Histidine Boc-His(Dnp) Boc-His(Bom) Fmoc-His(Mtt) Fmoc-His(Boc)
can be reduced by
blocking the - 0

nitrogen.




Side Chain Side Reactions

Arginine:
The guanidine group is strongly
nucleophilic and can be easily
acylated during synthesis. Most
protecting groups block the &,
w-nitrogen. '

Asparagine/Glutamine:

R
O; NH R
o7 |

0. NH
%(l:/

i e
—E—T—CH—C—E— —é—lil—CH—C—é—
H H

Fmoc-compatible Protecting Groups

Fmoc-GIn(Trt)
Fmoc-Asn(Trt)

Tripheynylmethyl

Can be incorporated without  Glutamine Asparagine
side chain protection. However, 2 cHy
they can undergo several side 38
reactions. The most common ] ‘g‘é Mesitylene-2-sulfonyl
being dehydration of the | E£ ne CHy
H . el e HN.___NH ° _ Boc-Arg(Mts)

carboxamide forming a nifrile. "¢ 88 o°
Can be minimized by using N a8
HOBTt in the coupling reaction. i: g“a
Blocking the side chain [ o8 o L Fmocaimy o [
carboxamide group also 5 L 1 23
prevents dehydration. Glnis ! 89 o ol HC oHg
prone to pyroglutamate Arginine 85  o=s=o o=s=0

X A 23
fOmeTI(?n, WhICh IS pr,evenTed E‘g‘ 4-Methoxy-2,3,6- 2,2,5,7,8-Pentamethyl-
by altering deprotection and Ca trimethyl- dihydrobenzofuran-5-sulfonyl
coupling conditions in Boc benzenesulfony! Fmoc-Arg(Pb)

chemistry.

Side Chain Side Reactions

Aspartic Acid/Glutamic Acid:

Asp is prone to cyclization
forming succinimide. Opening i

of this ring results in g-aspartyl O*?/
peptides. Blocking the side GHe
chain carboxylate reduces the N_Z:Z_il’%
probability of this. However, it W

still occurs, and this is sequence  Glutamic Acid
dependent. Glu as well can

undergo cyclization and R
subsequent formation of y-Glu N
peptides. Normally prevented bhe 0

by using same blocking groups %E—CH—C%
as used with Asp. Aspartic Acid

Boc-compatible Protecting Groups

CH,

Benzyl

Boc-Glu(OBzl)
Boc-Asp(OBzl)

Fmoc-compatible Protecting Groups

CHj

HaCj":CHs

tert-Butyl

Fmoc-Glu(OtBu)
Fmoc-Asp(OtBu)

22



Side Chain Side Reactions

Serine/Threonine: R
S|de ChOiﬂ hydroxyl groups <:3 Boc-compatible Protecting Groups
may complicate syntheses 9
by functioning as ﬂ_c”'o Q
nucleophiles during coupling Serine
reactions. Use of appropriate R oH, ottt S
protecting groups can He O o Boc-Tyr(Bz)
prevent these side reactions. %N_E:_E 5 Benzy|

Tyrosine: "

. Threonine

As with S_er and Thl’_, use Of Fmoc-compatible Protecting Groups
appropriate blocking groups R
can prevent side reactions. o O
However, care must be taken Mo
in selecting side chain “SCTJ;CH3 Q O
protecting groups so as to .
preven’r possible side _E_N_i:z_(li_é_ tert-Butyl Tripheynylmethy!
reactions that may occur | Fmoc-ThrBu) Fmoc-Ser(Trt)
during removal of the side Tyrosine Fmoc-Tyr(tBu) Fmoo-Thr(TT)

chain protecting group. 23

Tryptophan: Side Chain Side

There are two main side

reactions that Trp may undergo: R e C] C 'I'l O ﬂ S

Oxidation of the indole ring or

alkylation of the indole ring by R 8

carbonium ions formed during N 28 i Boc-Trp(Fon
cleavage. In Boc syntheses, N ig E)‘\H
protecting the Trp with a formyl CHe O §§ Forml orotection
group generally prevents these — #n—ci-c+ § ; indole rng of Trp. -

reactions. It isresistant to these H
conditions. In the case of Fmoc VPP
syntheses, these side reactions

have generally been minimized

by using appropriate scavenger

mixtures during the cleavage

CHj3
HzC CHj3
(o) Fmoc-Trp(Boc)
o

Fmoc-compatible
Protecting Groups

reaction. tert-Butyloxycarbonyl
. . . CH
Methionine: i
N N o . N [
Main side reaction is the acid <::H2 o= GHo
catalyzed oxidation of the thioether CH, O S £ §=0
; - [ 2 20 !
to the sulfoxide. This can be $r—on-o4 g2 He
reversed. durlng Cleovoge by usmg H L 8§ Methionine can be protected as
a reducing scavenger such as Methionine &5 the sulfoxide which is ggguced
,g;_ by thioanisole during cfeavage.

thioanisole.




Side Chain Side Reactions

Cysteine:

The thiol side chain of cysteine
is strongly nucleophilic and is
prone to oxidation. Blocking this
thiol usually prevents these side
reactions. There are some
concerns associated with side
reactions that may occur during
deprotection and cleavage,
but these can be controlled by
using appropriate protecting
groups and deprotection
conditions.

25
Cystel S al C
CHg CHg
CHj; HC CHj3
S “H =
’i‘H TH CHg
O & kg g &
Acetamidomethyl  Trimethylacetamido- 4-Methylbenzyl
sH methyl
Cys(Trt) Cys(Acm) Cys(Tacm) Cys(tBu) Cys(Meb)
He OH N J
N Y
A Removed by strong Resistant to both acid and base Stable to TFA Stable to TFA
Cysteine acid (TFA) o .
Removed oxidatively using Removed by TFMSA Removed by
Hg(ll) acetate, I, or AgBF, also removed by strong acid:
Hg(ll) acetate TFMSA and HF

* Fmoc syntheses: Trt, Acm, tBu and Tacm

* Boc syntheses: Acm, Tacm, tBu and Meb

* Some Cys protecting groups are removed during cleavage: Cys
(Trt), Cys(tbu) and Cys(Meb).

Other Cys protecting groups are stable to these conditions (l.e. Acm
and Tacm) allowing these Cys side chains to be selectively
deprotected after cleavage.

* Selective deprotection of cysteine residues allows controlled 2%
formation of disulfide bonds.



Amide Bond Formation: A
Synthetic Approach

* Carboxylic acid and
carboxylate groups are
normally not very reactive.

e Formation of the amide
(“peptide”) bond requires
activation of the carboxylic
acid.

* Controlled synthesis requires
selective protection and
deprotection of the various
functional groups:

— The a-amino group.
— The a-carboxyl group.
— Side chain functional groups.

Chemical Synthesis
of Peptides

* Chemical peptide synthesis capitalizes
on old-established chemistry.

* Insolid-phase peptides synthesis the
peptide being synthesized is anchored
to an insoluble solid support.

* SPPS allows efficient removal of excess
reagents and soluble byproducts after
each reaction cycle because the
peptide remains anchored to the solid
support.

— Deprotection
— Coupling
- Washes

e This is not the case in solufion-phase
chemistry .

* Both synthetic strategies require the
chemistries be optimized for
efficiency.

i S

4 P—:}-lil—Ca—”—O—'.'_Z H—N—CQJ-I—O—‘.:-Y

| |
H H H H
“0z;

~N
[ |
H H H H
27
Amine
protecting Amino acid
group residue
® ¢ - i resm
T
{ Deprotection of
N—CH-C—OH \ Depre ogop
Actlvatlng Agent
Base HaN- CH c
Steps are
repeated
Formation of
peptide bond
"coupling step"
H II
N— C O
TR F\‘ 7
|—CH-C—NH—CH-C om@ J

~

o
® LIl T8l Ll wl ...

Cleavage
and side
chain

deprotection

R o R O R O 8
| || || H |l [l
CH-C NH—CHC Hc N—CH-C—NH—CH-C—OH




Resins and Solid Supports

* |n solid-phase peptide synthesis
(SPPS) the growing peptide is

Crosslinked Polystyrene Ofﬂxed .I.O a “SO“d” SUppOI’T, a

%2_2%2_2% crosslinked polymer resin. Such as:
" n H — Crosslinked polystyrene
% — Polyethylene glycol
----- H H dimethylacrylomide (PEGA)
H e Forsuccessful syntheses, the resin
' ; cannot be rigid and static, it must
e 3 be able to swell and shrink
" depending on environment.
o * Much of the actual chemistry takes
) 0(/\/09*)\'% place within the resin bead as well
HN %\/O as on the surface.
ol O?/\o NH, * Resin must be resistant to reaction
)/\ ]L\/ )L/\ Polyethylene glycol COﬂdITIOﬂ.S. ) .
dimethylacrylamide * The growing peptide is attached to
(FEGA) the solid support by means of linker
MeaN units, which provide for release the
o peptide upon completion of ”

assembly of the peptide.

* Anchoring linkages in Boc BOC Compghble

%;Qiheses must be resistant to |_| n ke I’S

e Generally substituted benzyl
ester type linkages are used
when a peptide acid is desired.

4-(hydroxymethyl)phenylacetic
acid (PAM)

* When a peptide C-termial
amide is desired a anchoring
linkage based on
benzhydrylamide is used.

4-methylbenzhydrylamine
(MBHA)

* In both cases, the peptide can
be cleaved from the anchoring
linker using strong acid such as
anhydrous HF or TEFMSA.

* Resins can be purchased with
and without the first amino acid & : LS ;
being attached. 30




Fmoc Compatible Linkers

. Wang Resin
* An assortment of anchoring

linkages are compatible Ho.CHZOo-CHZ

with Fmoc chemistry that
afford peptide acids. Q

 4-alkoxybenzyl alcohol AN
s (Wong = e Ol O-®

» 2-chlorotrityl-chloride resin

*4-(2',4’-dimethoxyphenyl-

2-Chlorotrityl Resin

hydroxymethyl)phenoxy O | o
resin (Rink Acid) o : o N A
* The peptide can be o O 6 1)

cleaved from these :
anchoring linker using TFA e
or in some cases acetic Fmoo. M

acid. Rink Acid Resin o

* Resins can be purchased HO S S
with and without the first "% )< )0 (®) = ne )< )o-(®)
amino acid being 3 :
attached. 00 =

Fmoc__  _H

Additional Linkers s o

e Using Fmoc chemistry and a C- wea )~ y—o~(R) — weq < )—o~(R)
terminal peptide amide is Q Q Q j
desired. hacd ' cd 1

° 4-(2’,4’-dimeThoxythHY|- Safety Catch Resin S
aminomethyl)phenoxy resin N o
(Rink Amide) HQN/S_®_</N-CH2

* Cleavage from the resin is H
achieved using TFA. U

. Re?ins hl)tg nonaclzic(i;c fc:ltecwc:ge. o s .

* Sulfamylbenzoyl (Safety- Q. ¥ )<
Catch) resin. H\Nj}NiH H,N—CHZ

¢ The resin sulfonamide is stable BocorFmod R

to nucleophes and bases. l ICHLON (or Cria!

* The anchoring linkage is
activated by treating with X=CNorH o Oxs//"@ (°
iodoacetonitrile or H\NjN'\_X pronl )~
diazomethane. BocorFmod R

* Peptide can then be released Qm
by treating with a range of R’°“+DMAP/ OHl \
nucleophiles 0 o

Shon NG ;gk £)



Scavengers

During cleavage it is frequently necessary
to include scavengers in the reaction
mixture.

In Foc chemistry--Reagent K cocktail:
TFA/water/phenol/ thioanisole/EDT
(82.5:5:5:5:2.5)

Alternatively, protected amino acids

could be selected so as to minimize
potential side reactions

Fmoc --> TFA/TIS/water (95:2.5:2.5).

33

ScovengemcnmjAddHNes

Alkylation of Aromatics N- and CH3 Mo
S-alkylation (Trp, and Met) "\ S CHs
i
H,C—SH CH, _CHs CH
2 —g— -2, 3
HS—CH, HzC—S—CHj, Hs;C S H30 CH,
Ethandithiol Dimethyl sulfide  Ethyl methyl sulfide Trusopropylsnan Phenol Thioanisole
(EDT) (DMS) (EMS) e (TIS

Sulfonation of Met, Trp,Ser and Thr in Fmoc Addltlonal Addltlves
OH S
; /CHS
; (0)
H,C—SH H
HS—CH, 5
Ethandithiol
(EDT) Phenol g ; CHa CHs
. Anisole i p-cresol p-Thiocresol ~ m-Cresol
Oxidation of Cys or Met HaC—S—CHj Trp oxidation and
HaC__CHs Dimethyl sulfide S/CH3 alkylation
Y CHa (DMS)
S8 /
HoC—SH CHsy CH,__CH
HS—CH, HsC” “CH, HaC™ 287 ° N
Ethandithiol Triisopropylsilane Ethyl methyl sulfide Thioanisole Indgle
(EDT) (TIS) (EMS)




BocC CleCIV(]ge Low-high HF cleavage:

Low

Conditions

Standard HF cleavage:

Resin and scavengers
(anisole/DMS/p-thiocresol
or DMS/anisole)combined
in reaction vessel.

Vessel cooled in dry ice
methanol.

Distil HF into flask (keep
temperature between -5°
and 0°C)

At the end of the reaction,

evaporated HF and DMS
under a stream of N,.

Cool peptide and reaction
vessel in ice bath (5-0°C).

Add m-cresol, TFA, TFMSA (slowly
to avoid warming)

In peptides containing Trp(For)
add EDT.

After 3 hours at 0-5°C filter
reaction, wash and keep resin.

Dry resin.

High

Combine dried resin with EDT
and thioanisole.

Cool to 0-5°C and add TFA, then
slowly add TFMSA.

Allow reaction to warm to RT
and continue for specified tfime.
Filter to remove resin and wash
with TFA. Combine filtrategand
dilute 8-10 fold in cold ether.

Fmoc Cleavage Conditions

* Remove the N-terminal Fmoc group prior

to cleavage.

scavengers.

TFA.

Allow to react at RT.
Remove resin by filtration and wash with

Place dry resin in flask and add TFA and

Combine filtrates and dilute 8-10 fold in

cold diethyl ether. (anticipate
precipitation of peptide)
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Purification of Synthetic Pepftide

* The peptide is usually precipitated from the
cleavage reaction mixture by the addition
of diethyl ether. This removes the acid,
some scavengers and byproducts.

* The peptide/resin mixture can be
suspended in water or aqueous acid and
filtered to remove the resin.

* Many of the salts and remaining
scavengers can be remove by gel-filtration
and/or ion exchange chromatography.

* The target peptide can then be isolated
from other peptide products and impurities
by reversed-phase HPLC. (C4, C8, C18)
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Capping and Double Coupling

Not all coupling steps will
go to completion.

This can complicate
purification and impor

R o PFg
S 2N 6

yield.

:,.F_,I'PNfc—c\,v o
Three options: TN
— Optimize reaction a
condi’r_ions and use N? N-O o
acylation catalyst. @ I\ ./ P e
— Double coupling (triple osr NQE;:; R N&
coupling if necessary) o / B
— Capping o NI G oG X
Various methods to " C} W
monitor reaction R AT
efficiency: e ALt

— Fmoc synthesis monitor
300-320 nm in flow
through. 38



Capping and Double Coupling
Not all coupling steps will
go to completion.
This can complicate
purification and impact l
yield. N j
Three opfions: 3 lo-® FERImYINCY

— Optimize reaction . o

conditions and use ® .

. : (Ac);
acylation catalyst.

— Double coupling (triple

®
coupling if necessary) @ o-w-@
— Cappin Rof RO
Capping °“"® © (R

Various methods to oL bl ome(®)
monitor reaction | Continue Synthesis |
efficiency: l

— Fmoc synthesis monitor
300-320 nm in flow
through. 39

Disulfide Formafion Jj

2% . %OH _Oxidation __ s

* Many approaches to N s

forming disulfide "o

bonds.

— Air oxidation

— Use of oxidizing agents SH

such as DMSO.

e When mul’riple SH ng Oxidation

disulfide bonds are "3

being formed:
— Combinations of

SH
(0] o H (o]
reduced and oxidized o NL’(NJKOH
Wﬁ T

thiols promote

2 o H NH,
disulfide shuffling. L-Glutathione (red) o )5/11 oH
N
YTy
]
S

— Selective formation of
disulfide bonds.

o H o

AT,

NH, O L-Glutathione (ox)

I—-=




Cleavage Conditions (Boc linkages)

Side Reaction

Precaution Strategies

Cleavage Conditions (Fmoc linkages)

Side Reaction

Precaution Strategies

Tyrosine

Methionine

Tryptophan

Cysteine

Aspartic acid

Glutamic acid

Serine/Threonine

Arginine

Asparagine

C-alkylation of aromatic
ring (i.e. by O-benzyl)

S-alkylation

S-oxidation

N-alkylation

Irrev. Oxidation

Oxidation

Aspartimide formation
with Asp-Gly

Acylation of scavengers
by Glu

substitute thioanisole for anisole as
scavenger

Avoid thioanisole as scavenger
DMS or EMS prevent Met alkylation

DMS or EMS can minimize oxidation
DMS, EMS or 2-mercaptopyridine
reduce Met(O)

Avoid thioanisole as scavenger

Indole as a scavenger minimizes
oxidation and alkylation.

prevent exposure to air and use
scavenger cocktail:
HF/anisole/DMS/p-thiocresol

Asp(OBzl) and Asp(OcHx) cleave
at -5°C or lower.

Decrease cleavage reaction temp
(-5-0°C) and use Glu(OcHx)

tert-butylation
Sulfonation
tert-butylation
Sulfonation

Oxidation to Met(O)

Acid catalyzed ozonolysis
Alkylation by t-butyl

Alkylation by resin bound
benzyl (Wang) or
benzhydryl (Rink)
Sulfonation by Pmc

Modification by EDT-TFA
adduct

Deprotection or Acm and
Bu by thioanisole

Reattachment fo cationic
benzyl type linkers

Incomplete Cys(Trt)
deprotection

Sulfonation by Pmc

Incomlete and sluggish
removal of arylsulfonyls
(Pmc and Pbf)

N-terminal Ast(Trt) is stable
fo TFA

Use EDT as scavenger
Use EDT and phenol as
scavenger

Use EDT and thioanisole as
Scavenger

Use EDT or phenol as
scavenger

Use EMS, EDT and/or
thioanisole as scavenger

Use EDT as scavenger

Use EDT as scavenger

Use EDT as scavenger

Use EDT, TISP and phenol as
scavengers

Use H:0 in combination with
EDT

Avoid thioanisole
Use EDT as scavenger

Used EDT and TISP as
scavengers

use H:O and phenol as
scavengers.

Use thioanisole as a
scavenger to accelerate the
process

Extend reaction time Grvd{lle
TISP to quenche Trt.

SPPS Step by Step:
Deprotection

e Wash: NMP or

Fresh Reagents/Solvents

DMF [3Xx Tmin
each]

Deprotection:
Piperidine/NMP
(or DMF)(1:4)
~20 minutes
Wash: NMP (or
DMF) [3x Tmin
each]

(0] R
oy o~ ()
H (0]

1:4 Piperidine/NMP

R
H
)wr
H (0]

g

Spent Reagents/
Solvents/Waste
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SPPS Step by Step: Coupling

Activation:
Froc- amino
acid (4 equiv.) in
NMP (or DMF);
HBTU (3.6 equiv);
DIEA 97.2 equiv);
HOBt (4 equiv) [5
min.]

Coupling:
combine with
resin [45 min]
Wash: NMP (or
DMF) [3x Tmin
each.]

Process is
repeated....

YN
O

iHBTU, DIEA, HOBt

O JCJ)\N)R%]/O\N/N\\
7T
{ 0) &

Preactivation

Fresh Reagents/Solvents




