Subscriber access provided by UNIV OF CAMBRIDGE

Zn-Catalyzed Nicotinate-Directed Transamidations in Peptide Synthesis

Karlijn Hollanders, Evelien Renders, Charléne Gadais, Dario Masullo, Laurent Van Raemdonck, Clarence

Chloé Daniélla Wybon, Charlotte Martin, Wouter A. Herrebout, Bert U. W. Maes, and Steven Ballet

ACS Catal., Just Accepted Manuscript « DOI: 10.1021/acscatal.9b05074 « Publication Date (Web): 10 Feb 2020
Downloaded from pubs.acs.org on February 11, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 39 ACS Catalysis

oNOYTULT D WN =

Zn-Catalyzed Nicotinate-Directed Transamidations in

Peptide Synthesis

Karlijn Hollanders, ™ Evelien Renders,* Charléne Gadais, " Dario Masullo,* Laurent Van Raemdonck,
I Clarence C. D. Wybon, ¥ Charlotte Martin,” Wouter A. Herrebout,” Bert U. W. Maes,*? and Steven

Ballet*7

fOrganic Chemistry, Departments of Chemistry and Bioengineering Sciences, Vrije Universiteit Brussel,
Pleinlaan 2, B-1050 Brussels, Belgium

fOrganic Synthesis, Department of Chemistry, University of Antwerp, Groenenborgerlaan 171, B-2020
Antwerp, Belgium

~'Molecular Spectroscopy, Department of Chemistry, University of Antwerp, Groenenborgerlaan 171, B-

2020 Antwerp, Belgium

ABSTRACT

A chemoselective and catalytic transamidation for peptide synthesis is described. Transamidation under
Zn catalysis is chemoselectively achieved by amino acid amide/peptidic amide derivatization with a tert-
butyl nicotinate (/Bu nic) directing group. The directing group could be easily introduced on protected
amino acid amides via Pd-catalyzed amidation with fBu 2-chloronicotinate (rBu nicCl). Under standard
peptide coupling/deprotection conditions, the tBu nic equipped amino acid amides proved to be fully inert
allowing to be easily built-in in complex molecules. The disclosed method was evaluated in the synthesis
of diverse dipeptides, in dipeptide segment coupling, in side chain modification of a solid supported
tetra/pentapeptide, and in the macrocyclization of a heptapeptide.

Keywords: Amide cleavage, Transamidation, Directing group, Peptide, Amino acid amide
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INTRODUCTION

The amide functionality is of utmost importance in both biology and chemistry. Molecules sustaining life,
such as peptides and proteins, are composed of repeating amino acid monomers connected by amide
bonds. Their significance as part of therapeutic compounds is demonstrated by the list of FDA-approved
drugs of 2018 in which 69% features an amide entity.! Consequently, formation of this functional group
is considered to be among the most executed transformations in organic chemistry,”> with a major
application in the synthesis of peptides and peptidomimetics. In the last decades, chemists have made
immense efforts to form amide bonds in an efficient and selective manner. Direct acylation of an amine
with an in situ activated carboxylic acid?-® remains the most common procedure and accounts for 16% of
all reactions in pharmaceutical synthesis (Scheme 1a).24* This manifests in a well-established catalog of
so-called coupling reagents. Nevertheless, amide formation has yet to overcome the inherent limitations
associated with these coupling reagents, such as elevated prices, potentially explosive properties and
(super)stoichiometric amounts.?df Furthermore, the carboxylic acid activation is still linked to risks, like
enolization and oxazolone formation, resulting in the epimerization of chiral centers.?® In certain cases,
such as segment coupling or macrocyclization, activation of a single carbamate N-protected amino acid
is no longer possible which greatly complicates the couplings.?® To address these issues new strategies
focusing on non-classical approaches for amide synthesis have been introduced,* for instance, through
amine activation® or via alternative functional groups.® In the latter strategy major advances involve the

a-ketoacid-hydroxylamine-ligation, introduced by Bode,®d ¢f and the umpolung strategy of Johnston.%?

6g-k
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Scheme 1. Peptide synthesis: (a) Traditional approach: carboxylic acid activation and (b) New

approach: Zn-catalyzed nicotinate-directed transamidation.

a. Peptide coupling through carboxylic acid activation (classical approach)
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Amides themselves have rarely been considered as a carboxylic acid surrogate. Given the prevalence of
the amide functional group, transamidations with amines are potentially interesting reactions to obtain
amides with other substitution patterns. However, these reactions are faced with two main challenges:” 1)
intrinsic stability and poor carbonyl electrophilicity of amides, and ii) the thermodynamically neutral
character of these transformations involving an amine as both nucleophile and by-product as illustrated
by the work of Gellman and Stahl.® Following the work of Bigg and Bertand reporting transamidations
with unfunctionalized amides and amines and (super)stoichiometric AICIs, various efficient preparative
catalytic transamidations at higher temperature have been published.!? Recent important advances involve
amide activation prior to transamidation, typically allowing milder conditions and a broader scope in both
reaction partners. Garg and Szostak reported Ni- and Pd-catalyzed transamidations of tertiary amides by
N-activation of secondary amides through N-Bocylation or N-Tosylation.!!"!4 In some cases transition

metal free transamidation reactions of N-activated secondary amides are possible.'> By deprotonation of
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the amine nucleophile with LIHMDS also unactivated tertiary amides have recently been used.'® Mild
transamidation on secondary amides, by activation of primary amides is to the best of our knowledge still
unknown. The cleavage of amides in complex and sensitive molecules such as peptides has been
established in reversible native chemical ligation (N—S acyl shift).!” Nonetheless, a direct transamidation
that introduces an additional degree of orthogonality in peptide synthesis, e.g. for late-stage modification,

segment coupling and macrocyclization, would be exceedingly valuable.!®1?

Recently our group introduced a general protocol for primary amide esterification via derivatization with
a fBu nicotinate (fBu nic) directing group (DG).?° The /Bu nic is easily introduced through a Pd-catalyzed
amidation on a primary amide with commercially available /Bu 2-chloronicotinate (2) (Table 1).
Subsequently, the amide bond is cleaved with alcohols by Zn catalysis. The activation mechanism
involving 7Bu nic amide chelation by a Zn catalyst is biomimetic with metalloproteases. DGs are
commonly used for C-H bond functionalization, but not for amide activation.?! In the esterification
reaction, rBu 2-aminonicotinate is released. This by-product can be easily transformed into reactant 2
through functional group interconversion involving a diazotization reaction.?’ In this work, we disclose
an unprecedented mild transamidation reaction to be used in peptide synthesis which is orthogonal with
classical methods via transamidation of N-protected N “/Bu nic amino acid amides, N-activated primary

amides, with amino acid esters/amides (Scheme 1b).

Results and discussion

Boc-protected directing group-bearing amino acid amides 4 were synthesized via our previously
developed Pd-catalyzed amidation protocol of primary amides with commercially available /Bu 2-
chloronicotinate (1Bu nicCl) (2), based on a Buchwald Pd-G3-dcpf precatalyst with K,CO; or Cs,COs as
base in 2-MeTHF or dioxane at 40-50°C.202> This mild method proved generally applicable for amino
acid amides, also those with protected nucleophiles in the side chain, and can even be applied on peptides
(Table 1).2° Sometimes the use of K,COj is required to avoid epimerization and a larger excess of base is

beneficial for the reaction rate (“base effect”).2? Pd(OAc), in combination with commercially available
ACS Paragon Plus Environment
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Xantphos as ligand could also be used to introduce the directing group provided a higher reaction
temperature (90°C) is applied.?® In this case higher boiling 1,4-dioxane was selected as solvent. Though
good yields were generally obtained only for some Boc-AA-NH, 1 (L-4d and L,L-4n) significant
epimerization could be avoided (see Supporting Information; Table S13). Pd-G3-dcpf precatalyst which
can be used at 40-50°C is therefore generally preferred as it retains the chiral information. Interestingly,
the compounds of type 4 proved to be bench stable and the /Bu nic amide functionality remains untouched
under classical peptide coupling conditions providing full orthogonality as exemplified for the synthesis
of substrates L,L-7, L,L-8, 13, 15.HCI used in the transamidations (see Supporting Information; e.g.
assembly of L,L-7 in Scheme 2a). When L,L-7 was prepared via Pd-catalyzed amidation of Boc-L-Leu-L-
Phe-NH; with #Bu nicCl (2) under the standard conditions a lower yield was obtained (Scheme 2b).
Interestingly, under these conditions without further optimization no epimerization was observed and
unreacted amide was recovered providing a good mass balance. Amides also occur in the side chain of
amino acids and therefore we tested whether the directing group could be introduced on L-glutamine. This
is particularly challenging considering the presence of a free carboxylic acid. Boc-L-GIn(NH-7Bu nic)-
OH (L-40) could be obtained in 60% when the Pd(OAc), / Xantphos precatalyst system was used (Scheme

3). In this case Buchwald Pd-G3-dcpf precatalyst did not provide any reaction product L-40.
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Scheme 2. Synthesis of /Bu nic-functionalized dipeptide L,L-7 via application of Boc-L-Phe-7Bu nic L-4a

in classical peptide synthesis (a) and Pd-catalyzed amidation of Boc-L-Leu-L-Phe-NH, with /Bu NicCl (2)
(b).

@) y 0 N7 | 1) HCI / 1,4-dioxane (4 M) N/
rt, 30 minutes
Boc/N\;)J\N X Boc\N
z H 2)Boc-L-Leu-OH (1.1 equiv) H

B COO1tBu - ) COO1Bu
EtsN (1 equiv)
EDC.HCI (1.3 equiv)
L-4a HOBt.H,0 (1.3 equiv) L,L_7
CH,Cly, rt, 2 h
96 %
(b)
H (0] COO1tBu N7
Boc. N Cl Pd-G3-dcpf (3) (10 mol%) B N
oc H \:)J\NHZ + Y | ocC H
(0] B N K,CO3 (7.5 equiv) COO1fBu
\© 1,4-dioxane
2 50°C, 30 h
(1.1 equiv) 41% L,L-7
55% recovered 50% recovered

Scheme 3. Synthesis of Boc-L-GIn(NH-7Bu nic)-OH (1L-40) via Pd-catalyzed amidation of Boc-L-Gln-
OH with 7Bu NicCl (2).

Pd(OAC), (5 mol? B
O COOtBu Xan(thphczz((m mo/|°°l,) N7 coommu
. Cl\ _~ l Cs,CO5 (1.2 equiv) Ox-NH
Boc\N OH N ;,g;giogjr;]e
H ) 2 610% Boc\N OH
(1.5 equiv) H o
L-40
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Table 1. Synthesis of N-Boc N*“tBu nic amino acid amides (4) via Pd-catalyzed amidation of N-Boc
amino acid / peptidic amides (1) with /Bu nicCl (2).

oNOYTULT D WN =

R COO1Bu R COO1Bu

aa. X H
9 Boc. NH, O A Pd-G3-donf (3) Gmol%) g N
y < N

Cs,CO;3 or K,CO I
$2003 or K,CO3 H o N.

o) N~
11 2-MeTHF (0.16 M)

12 1 2 o
13 (1.1equiv) ... 4 0024h ,,,,,,,,,,,,,,,,,, ‘

Equivalents  Yield
Entry Boc-AA-NH-/Bu nic 4 Base Y%oeel®]
24 of base [%o]La]

27 1 Boc-L-Phe-NH-/Bu nic L-4a K,CO; 7.5 931b] 99
30 2 Boc-L-Ala-NH-7Bu nic L-4b K>CO; 7.5 7101 100
33 3 Boc-L-Tyr(tBu)-NH-Bu nic L-4¢ K,CO; 7.5 941[0] 100
36 4 Boc-L-Pro-NH-7/Bu nic L-4d Cs,CO; 1.2 80 100
39 5 Boc-L-Met-NH-/Bu nic L-4e K»CO; 7.5 93ibel 100
6 Boc-BAla-NH-/Bu nic 4f Cs,CO;4 2 99 -
46 7 Boc-Gly-NH-/Bu nic 4g Cs,CO; 1.2 83 -
49 8 Boc-L-Val-NH-7Bu nic L-4h Cs,CO5 2 96 96
52 9 Boc-L-Ile-NH-/Bu nic L-4i Cs,CO; 2 82 100111

55 10 Boc-L-Ser(rBu)-NH-7Bu nic L-4j K,COs 6 72[b] 99

60 ACS Paragon Plus Environment
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11 Boc-L-Lys(Boc)-NH-7Bu nic L-4k Cs,COs 1.2 79 100
12 Boc-L-Cys(/Bu)-NH-7Bu nic L-41 K,CO; 7.5 891b] 100
13 Boc-L-His(trt)-NH-Bu nic L-4m Cs,CO; 1.2 56 98
Boc-L-Pro-L-Leu-Gly-NH-7Bu nic Cs,COs 2 99 100(f]
14
L,L-4n

[a] Isolated yield. [b] Pd-G3-dcpf (10 mol%) in 1,4-dioxane, 50°C, 30 h. [c] 60°C. [d] Pd-G3-dcpf (10
mol%), 16 h, 50v/v% 2-MeTHF/DMF, 16 h. [e] %ee measured using HPLC with n-hexane:i-propanol on
a Diacel Chiralpak IA column. [f] %de calculated based on 'H NMR analysis.

As model system for the optimization of the transamidation, the synthesis of Boc-L-Phe-L-Phe-OMe (L,L-
6a) from Boc-L-Phe-NH-7Bu nic (L-4a) and H-L-Phe-OMe (L-5a) was selected. The reaction conditions
of the alcoholysis, previously developed in our laboratories, were used as a starting point.2? A solvent
screen revealed THF to be the most suitable solvent with respect to solubility and conversion (Table S1).
With 10 mol% Zn(OAc),, full conversion was obtained in 24 h at 60°C (Table 2, Entry 1-2). a-Amino
esters and derivatives are typically sold as their HCI salts and require liberation of the free amine prior to
the transamidation. /n situ amine release from these salts is therefore desirable. Interestingly, a
combination of L-5a.HCI with DIPEA showed to have no effect on the conversion (Table 2, Entry 3;
Table S3). As a base was not required in our esterification protocol?® a selection of catalysts, featuring
various M'"OAc, (Zn, Co, Ni, Cu) and ZnX, salts (OAc, Acac, formate, OTf, Cl) that performed well in
the alcoholysis was tested with DIPEA as base (Table S5). Interestingly, Zn formate.2H,0, Cu(OAc),
and Ni(OAc), performed well, although less efficient than Zn(OAc),. ZnCl, performed significantly
worse than Zn(OAc), which supports the hypothesis that the acetate ligand contributes to the reaction’s
efficiency by activation of the nucleophile with hydrogen bonding, in accordance with the computed
alcoholysis mechanism (Scheme 1b).2° The best catalysts were then cross-checked with different tertiary
amines as bases (Table 2, Entry 4-5; Table S6). This revealed Zn(OAc),/Et;N as an optimal catalyst/base

system, giving full conversion at 50°C (/;FcasbggrgéoErPlg sSE)ri\;ifr%% excess of'amino acid ester could be reduced
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to 1.1 equivalents providing a higher temperature (70°C) and catalyst loading (20 mol%) were used (Table
2, Entry 6-8). Considering Zn(OAc), is cheap and an authorized food additive (E650) a lower loading of

nucleophile L-5a.HCI is more interesting.

Safeguarding amino acid stereochemistry is crucial in peptide synthesis. The effect of the transamidation
on the chirality of both the rBu nic amide and amino acid ester hydrochloride was therefore evaluated.
Under the optimized reaction conditions, the chirality was jeopardized, showing a mixture of L,L-6a and
D,L-6a in an 88:12 ratio (Table 2, Entry 8; Scheme S1). This led us to further investigate the effect of base
on the reaction (Table S10). Gratifyingly, NaOAc turned out to allow full conversion without

epimerization (Table 2, Entry 9).

Table 2. Selected optimization steps of the transamidation with model system L-4a and L-5a.HCL.[?]

H-L-Phe-OMe.HCI

L-5a.HCI (X equiv) 0
COOBuU Zn(OAc); (Z mol%) H
Boc. H 2 BOC\N N\;)J\OMG
N | X Base (Y equiv) H 5 =
H o N~ THF (0.5 M) \©
L-4a T.24h L,L-6a
Amine Form Zn(OAc), Yield L-4a  Yield 6a
Entry Baselb] T [°C]
(X equiv) (Z mol%) [%] [%]
1 L-5a
- 10 40 23 77
(3 equiv)
2 L-5a
- 10 60 0 quant.
(3 equiv)
3 L-5a.HCl DIPEA 10 60 0 quant.
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(3 equiv)
4 L-5a.HCl
DIPEA
(3 equiv)
5 L-5a.HCl
Et;N
(3 equiv)
6 L-5a.HCl
Et;N
(1.1 equiv)
7 L-5a.HCl
Et;N
(1.1 equiv)
8 L-5a.HCl
Et;N
(1.1 equiv)
9 L-5a.HCl
NaOAc
(1.1 equiv)

ACS Catalysis
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83

quant.

75

86

quant.

(671)

quant.

(7914)

[a] Reaction conditions: Boc-L-Phe-/Bu nic (L-4a) (0.25 mmol), H-L-Phe-OMe.HCI (L-5a) or L-5a.HCI
(X equiv), base (Y equiv), Zn(OAc), (Z mol%), THF (0.5 ml). "H NMR with 1,3,5-trimethoxybenzene as

an internal standard. Isolated yield between brackets. [b] equiv of base in a 1:1 ratio to amine. [¢c] HPLC

with n-hexane:ethanol (65:35) on a Diacel Chiralpak IA column shows a mixture of L,L:D,L-6a (88:12).

[d] HPLC with n-hexane:ethanol (65:35) on a Diacel Chiralpak IA column shows only L,L-6a.

ACS Paragon Plus Environment
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With these optimized conditions in hand (Table 2, Entry 9), we set out to examine the scope of the
transamidation reaction through the synthesis of different dipeptides (Table 3). Amino acid amides and
esters featuring side chains with different sterical hindrance and functional groups, both at the level of the
substrate and nucleophile, were used successfully (Table 3). Transamidation of the challenging proline
amide L-4d (Table 3, Entry 4) as well as a reaction with H-L-Trp-OBn.HCI (L-5e.HCI) nucleophile (Table
3, Entry 5), possessing an unprotected indole in the side chain, were tolerated. When using amino acid
amides as the nucleophile, featuring a primary amide, full conversion could be obtained by prolonging
the reaction time to 48 h (Table 3, Entry 6) or by using 3 equiv nucleophile (Table 3, entry 7 and 8). The
latter conditions were also suitable to perform reactions with rarely used and epimerization sensitive
amino acid amides. Boc-L-Cys(Bu)-NH-7Bu nic (L-41) and Boc-L-His(trt)-NH-7Bu nic (L-4m) smoothly
reacted with H-L-Lys(Cbz)-OMe.HCI (L-5h.HCI) giving 57% and 72% yield (Table 3, entry 10 and 11).
Challenging H-L-Pro-OMe.HCI (L-5g.HC) involving a secondary amine resulted in only 50% conversion
in 24 h with 3 equiv nucleophile. An additional increase in temperature to 100°C was required to obtain
full conversion in 24 h (Table 3, Entry 9). The substrate can also be a peptide as exemplified by coupling
of L,L-41 with H-L-Phe-OMe.HCI (L-5a.HCI) giving the tetramer L,L,L-6k in 88% isolated yield (Table
3, Entry 12). Interestingly, in all the transamidations of Table 3 no sign of epimerization was observed as

judged by HPLC and NMR analysis.

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis

Page 12 of 39

Table 3. Scope of the transamidation reaction for the synthesis of various dipeptides 6 from L-4 and L-

5.HCL.l2)
3 .
R ! COOBU H-AA-XR®.HCI (1.1 equiv) 5.HCI R o
Zn(OAc), (20 mol%) H
Boc\N N A Boc. /'\H/N 3
H I NaOAc (1.1 equiv) N : XR
0 N& THF (0.5 M) R
4 70°C, 24 h
Entry Boc-AA-NH-/Bu nic 4 Amine 5.HCI 6 Yield [%]™]
Boc-L-Phe-NH-rBunic  H-L-Phe-OMe . HCl L-
! L,L-6a 95
L-4a 5a.HCI >
Boc-L-Ala-NH- #Bu nic H-L-Leu-OAIlLHCI
2 L,L-6b »
L-4b L-5b.HCI1 ’
Boc-L-Tyr(zBu)-NH- H-L-Val-OrBu.HCl
3 L,L-6¢ 85
Bu nic L-4¢ L-5¢.HCl ’
Boc-L-Pro-NH-7Bu nic H-L-Leu-OMe.HC1
4 L,L-6d 95
L-4d L-5d.HCI "
Boc-L-Met-NH-7Bu nic H-L-Trp-OBn.HCI
> L,L-6¢ 80
L-4e L-5e.HCI ’
Boc-BAla-NH-7/Bu nic H-L-Phe-NH,.HC1
6 L,L-6f 72
4f L-5f.HCI ’
Boc-BAla-NH-7Bu nic H-L-Phe-NH,.HCI
7 of 741d]
af L-5£.HCI L,L-
Boc-L-Met-NH-7Bu nic H-L-Phe-NH,.HCI
8 89ld]
L,L-6g

L-4e

L-5f.HCl
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Boc-L-Ala-NH- /Bu nic H-L-Pro-OMe.HCI1
9 6h 68ld-e]
L-4b L-5g.HCI LL-

Boc-L-Cys(fBu)-NH-  H-L-Lys(Cbz)-OMe.HC1
10 L6 579[d]
/Bu nic L-41 L-5h.HCI »L-ol

Boc-L-His(trt)-NH-rBu  H-L-Lys(Cbz)-OMe.HCI
1 . 72941d]
ic L-4 L,L-6j
e L-4m L-5h.HCI

Boc-L-Pro-L-Leu-Gly- H-L-Phe-OMe.HCI
. 88
. L,L,L-6k
NH-7Bu nic L,L-4n L-5a.HCl

[a] Reaction conditions: Boc-L-AA-fBu nic (4), Amine (L-5a.HCI) (1.1 equiv), NaOAc (1.1 equiv),
Zn(OAc), (20 mol%), THF (0.5 M). [b] Isolated yield. [c] 48 h. [d] 3 equiv of the amine and 3 equiv of
NaOAc. [e] T =100°C.

Segment condensation was subsequently studied. Bu nic derivatized dipeptides L,L-7 and L,L-8 were
assembled from the corresponding N-Boc N “fBu nic amino acid amides, L-4a and L-4b, respectively with
standard coupling/deprotection protocols (e.g. Scheme 2a for the synthesis of L,L-7). These dipeptides
were engaged in a segment condensation through transamidation with, respectively, H-L-Leu-L-Val-
O7Bu.HCI (L,L-9.HCI) and H-L-Ala-L-Phe-OrBu.HCI (L,L-10.HCI) under standard conditions (Scheme
4). Both tetramers L,L,L,L-11 and L,L,L,L-12 could be isolated in a good yield, without loss of chiral

information (see Supporting Information, Section 5.4).

Importantly, the methodology’s compatibility with a solid support was also confirmed. The side chain of
GlIn of solid phase assembled and resin-bound tetrapeptide Boc-GIn(/Bu nic)-Phe-Lys(Boc)-Phe-NH-
Rink amide resin (13) was coupled with H-Ala-OrBu.HCI (L-Sh.HCI) (5 equiv) (Scheme 5). By
application of 5 equiv NaOAc as base and 20 mol% of Zn(OAc), in THF as solvent, full conversion was
noted after 48 h reaction time at 90°C. The pentapeptide 14.TFA was isolated upon TFA/TIS/H,O

cleavage of the resin with a yield of 59% (preparative HPLC). Hereafter, the compatibility of the
ACS Paragon Plus Environment
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functionalized amide with Fmoc deprotection was established by using Fmoc-L-GIn(7Bu nic)-OH (L-4p)
in the synthesis of Boc-L-Phe-L-GIn(7/Bu nic)-L-Phe-L-Lys(Boc)-L-Phe-NH-Rink amide resin (15) through
solid phase synthesis (SPPS). Subsequent amide cleavage was demonstrated under the same conditions
as used for 13, yielding peptide 16.TFA in 50% yield (Scheme 5). These examples demonstrate that solid
supported reactions are within reach and chemoselective side chain derivatization, through use of the Boc-
(L-40) and Fmoc-GIn(zBu nic)-OH (L-4p) building blocks, fully orthogonal to classical peptide synthesis

is possible.

Macrocyclization via our transamidation was demonstrated by the synthesis of an allylated analog of
Stylissatin A. This cyclic heptapeptide natural product, first isolated from the Papua New Guinean marine
sponge, Stylissa massa, was reported to possess inhibitory activity on nitric oxide production.?*
Cyclization of linear precursor Bu nic equipped peptide 17.HCI was smoothly achieved at 100°C. Full
conversion was obtained within 24 h and the cyclic 7-mer 18 was isolated by means of preparative HPLC
purification (Scheme 6). To the best of our knowledge this is the first cyclic peptide synthesis based on a

transamidation.

Scheme 4. Application of the methodology through dipeptide segment condensations.

H-L-Leu-L-Val-OtBu.HCI
O N7 | LL9HCI (1.1 equiv)
H Zn(OAc), (20 mol%)
Boc\N N\;)J\N X oC~\ N\)J\ \)J\OtBu
H g H

z COO#BuU NaOAc (1.1 equlv)
\© THF (0.5 M)
70°C, 24 h

LL-7 83 % LLLL11

H-L-Ala-L-Phe-OfBu.HCI ~ [BY
fBu L.L-10.HCI (1.1 equiv)

o)
0 N7 Zn(OAc); (20 mol%) g H\)?\ “\)OJ\
5 N\)J\ $ %N N 0By
oC~N NaOAc (1.1 equiv) H 5 = H 5§ =
N H coomu  THF (0.5M) \©
L,L-8 700C, 24 h

74 9 LL,LL-12
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Scheme 5. Application of the methodology through solid-phase side chain derivatization of peptide 13

1
2
3 and 15 involving Boc-GIn(#Bu nic)-OH (L-40) (a) and Fmoc-GIn(zBu nic)-OH (L-4p) (b) building blocks
4
5
6 a) Application of Boc-L-GIn(tBu nic)-OH L-40
7
8 X HO
| 1) H-L-Ala-OtBu.HCI
2 NP coomu  HN L-5h (5 equiv) TFAH,N

59%
(preparative HPLC)

0,
10 0w N Zn(OAc), (20 mol%) NH
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12 o Rink amide THF, 90°C, 48 h
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13 N N\)\O 2) TFAITIS/H,0
14 BOC‘H \)LH : )rt 2 TFA.H,N NH2

17 13 14.TFA

X
20 | A |
21 N~ un-Bo° N cootBu

22 O NH 0
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25 Fmoc\N N \)J\ N N \/U\O 1) 4-methylpiperidine Boc” N \)LN
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27 \© \© 2) Boc-L-Phe (3 equiv)
28 HBTU (3 equiv)
29 DIPEA (5 equiv) 15
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36 OH
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45 16.TFA
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Scheme 6. Application of the methodology through macrocyclization of heptapetide 17.HCI

COOtBu
H
| N N
N~ o) o)
0 HN
HN
\/H/& HCIH,N Zn(OAc), (20 mol%) 0 0:2{
;)—<7 O O NH

NaOAc (1 equiv)

THF (0.4 M) N
100°C, 24 h NH

26 %
(preparative HPLC)

OAll
OAll

17.HCI 18
To further demonstrate the chemoselectivity of our transamidation, we selected L,L-19, a substrate
containing five electronically and sterically different amides (primary, secondary and tertiary amides
derived from aromatic and aliphatic carboxylic acids, both N-alkyl and N-aryl variants) (Scheme 7).
Reaction of L,L-19 with H-L-Ala-OMe.HCI (L-5i.HCI) as the nucleophilic partner resulted in full
conversion and an excellent 93% yield. No other amides, even the aromatic, beside the acyl-L-Phe-NH-
fBu nic one cleaved under these reaction conditions. Also, tertiary N-methyl-N-phenylbenzamide, which
is known to be activated under Ni-catalysis,'3* does not cleave. In fact, an aliphatic amide selectively
transamidates in the presence of aromatic amides. Calculations of the resonance energies of the 5 amides
supported the L-Phe-NH-/Bu nic moiety to be the most reactive in transamidation (Scheme 8).2°
Interestingly, conformational analysis in L,L-19 revealed several intramolecular interactions, responsible

for the lowering of the resonance energies in comparison with simple model reference amides.
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Scheme 7. Application of the methodology on an peptide derived oligoamide L,L-19

12 _N__O _N_O
13 Ph H-L-Ala-OMe.HCI Ph

14 L-5i.HCI (1.1 equiv)

15 Zn(OAc); (20 mol%)

16 NaOAc (1.1 equiv)

17 2

NH (e} N THF (0.5 M (e} NH (0]
18 H | " (05 M) H\)J\
19 N 70°C, 24 h I NNy OMe
20 %{) ol COO1Bu 93% A
2] \© NH
22 2

23 L,L-19 L,L,L-20

25 Scheme 8. Calculated resonance energies of the amides in L,L-19 and reference amide compounds

28 Oligoamide L,L-19: Reference compounds:

30 Ph\N,Me H
31 E 1.850 o B\
32 0] . 2538 - Ph. _Me Cc \(

~INS

O /
gi O‘TﬂljéN OfBu E H H (0]
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O

0. <

37 ), O Ph

38 Nals N HQ

39 H-N. 2.303 OtBu
D: 84.3 kJ/moI

4 A:9.8 kJimol  B:72.2kJ/imol C: 64.1 kJ/mol ~ E:58.2kJ/mol
43 D: 67.9 kd/mol E: 62.4 kJ/mol A: 27.4 kJ/mol

45 ~<— hydrogen bonds

49 CONCLUSIONS

In summary, we have developed a novel transamidation reaction based on N-Boc amino acid amides
54 equipped with a nicotinate DG 4. The DG can be easily introduced on N-Boc amino acid amides under
56 mild conditions via Pd-catalyzed amidation with commercially available /Bu 2-chloronicotinate (2).

58 Synthesis of dipeptides via transamidation showed that a wide range of /Bu nic-bearing N-Boc-protected
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amino amides 4 were compatible with both amino acid esters and amides 5 as nucleophiles. 4 can be used
as building block under classical peptide coupling conditions, easily allowing complex and challenging
peptide/peptidomimetic substrate synthesis for subsequent transamidation, as illustrated by successful
segment condensations, a reaction on a solid support and a macrocyclization. The protocol is fully
chemoselective for /Bu nic bearing amides leaving even the more reactive amides untouched. The use of
a cheap and non-toxic Zn catalyst, used as a food additive, renders this mild transamidation fit for the

chemical modification of biomolecules.
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a. Peptide coupling through carboxylic acid activation (classical approach)

Coupling
R R2 reagent

PG, A__OH X (Base)
\H/Hr HzN)}r R? Solvent
o]

R! o
pe. o R R?
N <
o R?
2 . HOAct
(' oy
PG, OAct HZN%TX‘FP
(o]

b. Peptide coupling by transamidation (new approach, orthogonal with a)

(o]
2

Commercially available %

R! 0, OBu  pg (cat) R!
PG. L NH, + ¢ base PG., A H
N = — N ~tBu nic
H | Solvent H
N~

L

{Bu nic
X=0,NH
PG = protective group
Act = activator NaNO;, NaCl

Solvent

RZ
+ X OAG) (cat) PG, R3
HZNJ\W R? b
o}

0. OtBu
HoN o
|
N =

HCI (aq.), 0°C to rt

Peptide synthesis: (a) Traditional approach: carboxylic acid activation and (b) New approach: Zn-catalyzed

nicotinate-directed transamidation.
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= . =
PG i U
Boc™ ™ H 2)B(’}C—L—L9U—OH (1.1 equiv) \H : H
COOBU"E¢ N (1 equiv) o &2
EDC.HCI (1.3 equiv) Y
HOBt.H,O (1.3 equiv)
L-4a CH,Cl, tt, 2 h acid

96 %

Synthesis of tBu nic-functionalized dipeptide L,L-7 via application of Boc-L-Phe-tBu nic L-4a in classical
peptide synthesis (a) and Pd-catalyzed amidation of Boc-L-Leu-L-Phe-NH2 with tBu NicCl (2) (b).
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X
Pd(OAc), (5 mol%) |
O~ _NH N~
: COOfBu  Xanthphos (10 mol%) COOBu
. Cl\_~ Cs,CO05 (1.2 equiv) Oy, ~NH
Boc N OH N = I 1,4-dioxane
H 90°C, 24 h
0 2 . BOC\N OH
. 60%
(1.5 equiv) H O
L-4m

Synthesis of Boc-L-GIn(NH-tBu nic)-OH (L-40) via Pd-catalyzed amidation of Boc-L-GIn-OH with tBu NicCl
(2).
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10 o) COOBu NaOAc (1.1 equiv)
11 THF (0.5 M)
12 70°C, 24 h

13 LL-7 83 % LL,LL-11

H-L-Leu-L-Val-OtBu.HCI
’ o N/| L,L-9.HCI (1.1 equiv) B e} H 0
Zn(OAc), (20 mol%)
9 Hoes NS oo A N AAN g,
: H H : H :

15 H-L-Ala-L-Phe-OfBu.HCl  [BY

fBu LL-10.HCI (1.1 equiv) 0
16 o o o © H @
- WO N Zn(OAc), (20 mol%) Boc. | N\ANJ\WN\)J\OIBU
18 Boc. N\AN X NaOAc (1.1 equiv) H § ¢ H § ¢
19 Heo oo B [ oes THEOSM) \©
20 L8 70°C, 24 h

21 74 % LLLL12

23 Application of the methodology through dipeptide segment condensations.
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a) Application of Boc-L-GIn(#Bu nic)-OH L-40

‘ 1) H-L-Ala-OtBu.HCI
N-#coomu  HN L-5h (5 equiv) TFAH,N
Zn(OAc), (20 mol%)

Rink amide ?agAgco(Pcei:“g
Ly oo y ° resin _ H
BOC\N N\)LE N% Z)ZFNTISIHEO TFAHzN \)Lﬁ N NHz
REJR-. e
(preparative HPLC)

13 14.TFA

A Q
.Boc N
N#~cooBu HN COO1Bu

(e] NH
Rink amide SPPS o Rink amide
Y o H o] resin H \/u\oresm
N N
Fmoc.. N\/u\N \/U\O 1) 4-methylpiperidine Boc™ Y ﬁ 5
H E (20% in DMF), rt, 20 min 3
\© 2) Boc-L-Phe (3 equiv) \©

HBTU (3 equiv)
DIPEA (5 equiv) 15
DMF, rt, 40 min

ZI

1H-L-Aa-OBUHCI | 2)TFATISH,O
L-5h (5 equiv)
Zn(OAc); (20 mol%)
NaOAc (5 equiv)
THF, 90°C, 48 h

TFAH,N

TFAHZN\):%\H/N\)L 4\)LNH2

O w0

16.TFA

50%
(preparative HPLC)

Application of the methodology through solid-phase side chain derivatization of peptide 13 and 15 involving
Boc-GIn(tBu nic)-OH (L-40) (a) and Fmoc-GIn(tBu nic)-OH (L-4p) (b) building blocks
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12 °©  HN

1 2 \/%/g HCIH,N Zn(OAc), (20 mol%) o 0:8—<-
:8—<7 00 NH

NaOAc (1 equiv)

16 THF (0.4 M) N
17 100°C, 24 h NH
18

26 %
(preparative HPLC)

21 QAll

22 OAll
17.HCl 18

Application of the methodology through macrocyclization of heptapetide 17.HCI

27 151x87mm (300 x 300 DPI)

60 ACS Paragon Plus Environment



oNOYTULT D WN =

0 o = COOBu

LL-19

ACS Catalysis

H-L-Ala-OMe.HCI
L-5i.HCI (1.1 equiv)
Zn(OAc), (20 mol%)

NaOAc (1.1 equiv)
THF (0.5 M)
70°C, 24 h
93%
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L,L,L-20

Application of the methodology on an peptide derived oligoamide L,L-19
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1

2

3

4

5

6

7 Oligoamide L,L-19: Reference compounds:

8 Ph. N’ Me H
9 E 1850 o B N

10 o 2.022 2533 )\]T Y
o]

1 o‘*/

12 2.050 } C:82.6 kJ/mol B: 84.1 kJ/mol
13 ’ﬂH’

14 1

15 cY’ H Ao

6 A3 OfBu
17 H D843 kJ/moI

18 A: 9.8 kJ/mol  B: 72.2 kd/mol C: 4.1 kd/mol E: 58.2 kJ/mol
19 D: 67.9 kJ/mol E: 62.4 kJ/mol A: 27.4 kJ/mol

21 -— hydrogen bonds

23 Calculated resonance energies of the amides in L,L-19 and reference amide compounds
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BOC\NJ\H/NHz Ol Pd-G3-dopf (3) (5 mol%) BOC‘N/H(N §
N I + N| P Cs,CO;5 or K;CO4 H 3 N| P
2-MeTHF (0.16 M)
1 2 o 4

(dequv) e

| Pd-G3-depf }

Q. Ouwry

Synthesis of N-Boc N[OJ-tBu nic amino acid amides (4) via Pd-catalyzed amidation of N-Boc amino acid /
peptidic amides (1) with tBu NicCl (2).
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H-L-Phe-OMe.HCI

L-5a.HCI (X equiv) 0
H
COOBu Zn(OAc); (Zmol%) g N
Boc H - CON \;)LOMe
"N | X Base (Y equiv) H 5 =
H oo N THF (0.5 M) \©
T,24h
L-4a 6a

Selected optimization steps of the transamidation with model system L-4a and L-5a.HCl.[a]
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H-AA-XR3.HCI (1.1 equiv) 5.HCI

i) o oJoOBY Zn(OAc), (20 mol%) R Ho 9
n C mo
BOC\N/kﬂ/N N 2 ’ Boc. N\)]\ 3
H | NaOAc (1.1 equiv) N - XR
O N_= 0O R?
THF (0.5 M)
4 70°C, 24 h 6

Scope of the transamidation reaction for the synthesis of various dipeptides 6 from L-4 and L-5.HCl.[a]
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