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agents from amines and potassium acyltrifluoroborates (KATs)
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Although highly effective for most amide syntheses, the activation of carboxylic acids requires the use of problematic
DOI: 10.1039/x0xx00000 coupling reagents and is often poorly suited for challenging cases such as N-methyl amino acids. As an alternative to both
secondary and tertiary amides, we report their convenient synthesis by the rapid oxidation of trifluoroborate iminiums
(TIMs). TIMs are easily prepared by acid-promoted condensation of potassium acyltrifluoroborates (KATs) and amines and
are cleanly and rapidly oxidized to amides with hydrogen peroxide. The overall transformation can be conducted either as a
one-pot procedure or via isolation of the TIM. The unique nature of the neutral, zwitterionic TIMs makes possible the
preparation of tertiary amides via an iminium species that would not be accessible from other carbonyl derivatives and can
be conducted in the presence of unprotected functional groups including acids, alcohols and thioethers. In preliminary
studies, this approach was applied to the late-stage modifications of long peptides and the iterative synthesis of short, N-

methylated peptides without the need for coupling agents.
a) Traditional amide coupling with carboxylic acids and amines
Introduction 0 coupling reagent o]

OH ~_NH base N/\/Ph
B ; ; e , 2
Amide bonds are the key connections between amino acids in Ph DIF or CH,Cl N

F F

peptides and are present in many marketed drug molecules.?
The synthesis of amides is typically achieved by the reaction of
an activated carboxylic acid with an amine,? a process that

o
employs stoichiometric amounts of coupling reagents and .
[j/ “BFsK Z >
F

b) This work: Tertiary and secondary amides by oxidation of TIMs

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

environmentally concerning solvents, e.g. N,N- H
dimethylformamide or dichloromethane (Figure 1a).3> While KAT
recycling of solvents on large scale can reduce the 1AcOH,CH3CN
environmental impact of peptide synthesis, the use and
handling of coupling agents results in acute safety hazards due @

ref. 8 N This work

to their explosive and allergenic nature.* Current approaches

. . . reduction B oxidation | aq H,O
are therefore suitable for making most amide-based structures, KBH, /@)J\BFa querzEtz
F

but sustainable approaches to peptides and other amides 30 min
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requires new reactions that do not rely on these problematic U tm:::ﬂlr;b&m)e
reagents. NH

N
O/L\Eﬁ o)
As part of a program aimed at new amide-forming methods, our

F F
group has identified potassium acyltrifluoroborates (KATs) as
functional groups that form amide bonds with azides,”
hydroxylamines® or in situ generated N-chloroamines’. These

amide

Figure 1 Amide-forming reaction with potassium acyltrifluoroborates (KATs) and
amines via trifluoroborate iminiums (TIMs).

methods, however, are mechanistically limited to the synthesis
o.A. Schuhmacher, Dr. T. Shiro, Prof. J. W. Bode of secondary amides; the preparation of tertiary amides is not
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KATs to form tertiary and secondary amides from amines via

E-mail: bode@org.chem.ethz.ch trifluoroborate iminiums (TIMs) (Figure 1b). The TIMs are
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carboxylic acids, they are increasingly available from
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Scheme 1 Substrate scope for the amide formation from trifluoroborate iminiums (TIMs). The yields are isolated yields. [a] Reaction time of 2 h.

for conversion of common starting materials to KATs. Inthe past Results and discussion
few vyears, their synthesis from aryl halides,® Grignard
reagents,1® aldehydes,!! vinyl boronic acids,'? alkynes,'?® and
acid chlorides!* have been reported. The important class of
amino acid-derived KATs is expanding and has been shown to
be configurationally stable.®®11b Anticipating that these amino
acid derivatives will become widely available in the near
feature, we sought to identify protocols for peptide synthesis
under conditions where no activating agents are required.

Amines and KATs condense to form TIMs — chromatographically
stable, zwitterionic species that can be reduced with hydride
sources or alkylated with organometallic reagents to give a-
aminoboronates (Figure 1).2 Given their ease of formation, we
hypothesized that TIMs could also serve as intermediates to
secondary and tertiary amides via oxidation. Using TIM 1a as a
model substrate, we screened oxidation conditions and found
successful formation of the desired tertiary amide with several
oxidants and basic additives under a variety of conditions
(detailed screening data can be found in the Supporting

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Information). As TIMs can hydrolyze to give the corresponding
KATs under basic aqueous conditions, we were pleased to find
that the oxidation is fast and occurs without competing
hydrolysis of the TIM.

We selected aqueous H,0, and N,N-diisopropylethylamine in
1:1 CH3CN/H,0 for 30 min as the standard conditions for further
experiments. This method allows for the fast preparation of
secondary and tertiary amides, including those derived from
aliphatic or aromatic KATs with different primary and secondary
amines. All underwent smooth oxidation to give the amide in
good vyields (Scheme 1). Unprotected functional groups
including alcohols, indoles, and alkynes are not affected by the
oxidation step. The reaction between a KAT and cysteine
yielded the S,N-acetal 1b instead of a TIM. We found that the
oxidation of 1b is possible under slightly modified conditions
using 2 equiv of hydrogen peroxide to achieve full conversion
and adding TCEP before work-up to reduce the disulfide formed
during the reaction.

We also established a protocol for the one-pot preparation of
amides from KATs and amines by TIM formation and
subsequent oxidation (Scheme 2). This one-pot procedure
offers both operational simplicity and slightly higher overall
yields by obviating the isolation of the TIM intermediate. Since
KATs are commercially available or easily prepared by several
routes from commercial starting materials, this one step
protocol offers a practical alternative to the formation of many
simple amides. For substrate 2a, we demonstrated the
applicability of the reaction on a larger scale (3.0 mmol) without

a significant decrease in yield.
o] o]
/©)J\BF3K CNE /©)J\’\E>
H
F F
2a, 95%, 93%/@

1.5 equiv

(@] (0] O
o0 oo OO0
: o
2s, 89%

2e, 93%

2h, 88%

1. AcOH (1.5 equiv)
CHZCN, rt, 1 h

2. H,0, (aq, 1.5 equiv)
iPryNEt (3.0 equiv)
CH3CN/H,0 (1:1), rt, 30 min

2u, 91%

2y, 87%

Scheme 2 Substrate scope for the one-pot amide formation from potassium

acyltrifluoroborates (KATs) and scale-up experiment. The yields are isolated yields.
[a] Yield for the reaction at 3.0 mmol scale instead of 0.2 mmol scale.

The success of the one-pot amide formation from KATs and
amines encouraged us to make preliminary studies towards a
solid-phase peptide synthesis (SPPS) method based on this
chemistry. In standard SPPS, the carboxylic acid is used in excess
and must be activated with a coupling reagent. This activation
step prevents it from being recovered after the coupling
reaction. This both contributes to the large volume of waste
produced during standard SPPS!> and limits the number of

This journal is © The Royal Society of Chemistry 20xx
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equivalents that can be used to drive the reaction;.[heamides
forming reaction between KATs and amifdsldges Aot rathdite
any activating agent and the KAT can be recovered and reused
if used in excess. We hypothesized that SPPS could be
performed using KAT amino acids as monomers by TIM
formation and subsequent oxidation, allowing the excess KAT to
be recycled (Scheme 3a).

In preliminary studies, we achieved coupling between Fmoc-
protected N-methylglycine KAT and solid-supported proline
with full conversion. The conversion was determined after
coupling of the N-methylglycine KAT analogue by Fmoc loading
test of the resin and HPLC analysis after cleavage from the resin
(Scheme 3b).

a) Application of KAT amino acid analogues for solid-phase peptide synthesis

m TIM
o form- H,0
ation 2V2
+
- N W9 (2=l O
BF;K
R = R

HN .

Fmoc HZNO \HLBFs \‘/go
excess HN\Fmoc HN‘Fmoc
\ oy J

LY
recycling
b) Proof of principle solid phase synthesis of peptides via TIMs
v el BAN o
Fmoc” BF 3K Pro—Phe—N—O _— = \ \)I\ HN—Phe—N—O
-N _
Fmoc BF3
3, 100 equiv 4, 1 equiv

100 equiv H,Oyeurea
100 equiv 'PrNEt

H h
Fmoc—N—MeGIy-Pro—Phe—N—O DMF, rt, 15 min

5, 100% conversion

after double coupling
Scheme 3 Preliminary studies toward solid-phase peptide synthesis (SPPS) using
KAT amino acid monomers as monomers. Conversion was determined by Fmoc loading

test and HPLC analysis after cleavage from the resin.
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a) Peptide modification with different KATs on lysine in a GLP-1 analogue
H o
S, > £GTrTsDVSSYLEGQAA BARBERN criawLvRGRG S
Me\/\/\/\/z\/\/\/\/\/r
7a
KAT (2 equiv), ACOH (50 equiv)

DMF (5 mM), 50 °C, 14 h

Oleylation | then H,0, (50 equiv), Pr,NE (70 equiv)

57%

KAT (2 equiv), AcOH (50 equiv)

DMF (5 mM), 50 °C, 14 h

then H,0, (50 equiv), 'ProNEt (70 equiv)
n2h

65%

y ©
NS H-Aib-EGTFTSDVSSYLEGQAA /NWOH

Dye introduction

HN__O

NMe,

b) Modification of a model peptide with a sensitive methionine residue

QW

KAT (2 equiv), AcOH (50 equiv)
DMF (5 mM), rt, 14 h
o then H,0, (2 equiv), ‘Pr,NEt (70 equiv)

rt, 30 min
H,N
NG o

9

Scheme 4

The acidic reaction conditions for TIM formation provides a
unique environment for amide formation on unprotected
substrates, such as peptides. The selective modification of
peptides is important for the development of new peptide
drugs, as most modern peptide therapeutics are modified with
lipids or PEGs to increase their half-life and stability.1® Our
method allows for the direct derivatization of an amine residue
(lysine or N terminus), even when all other side chain functional
groups are unprotected. We chose to investigate the
modification of a lysine residue of an anti-diabetic GLP-1
analogue. Several GLP-1 analogues, e.g. Liraglutide or
Semaglutide, are approved drugs for the treatment of
diabetes.'” In both cases, the peptide is modified with a lipid
side chain for binding to serum albumin.'® We were able to
achieve the introduction of different KATs on Lys12 of peptide
6 with good conversions and yields, including KATs bearing a
PEG chain (7c), an oleyl side chain (7a) and a diazo dye (7b)
(Scheme 4a). Although it was necessary to preserve the N-
terminal Fmoc group, this could be easily removed with Et,NH
in DMSO to give target peptide 8.

Amino acid side chains sensitive to oxidizing conditions in
peptide 6, i.e. tryptophan, tyrosine, or histidine, tolerated the
conditions and we did not observe any oxidation side products.
We also showed that peptide 9, which contains methionine,

4| J. Name., 2012, 00, 1-3
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3k H-Aib-EGTFTSDVSSYLEGQAA /NWOH

N
HN \[‘/@/
8 )
1. KAT (2 equiv), AcOH (50 equiv)
DMF (5 mM), 50 °C, 14 h
then,H,0, (50 equiv), 'ProNEt (70 equiv)
n,2h . :
82 Modification and
2. Et,NH (6 vol%), DMSO (2 mM) Fmoc deprotection
rt, 20 min
81%

\H KAT (2 equiv), ACOH (50 equiv)

NH, DMF (5 mM), 50 °C, 14 h
then,H,0, (50 equiv), 'ProNEt (70 equiv)
n,2h
62%

H o
[Hulelely H-Aib-EGTFTSDVSSYLEGQAA /NW—OH

PEGylation

HN__O

MeO\/\(O 113

7c

c) Modification of a model peptide with a proline residue
KAT (2 equiv), AcOH (50 equiv)
DMF (5 mM), 50 °C, 14 h E
then H,0, (50 equiv), 'ProNEt (70 equiv)
m2h

o]
o
N \)J\w 82% <“/\:)I\—NH2

1" 12

Application of the trifluoroborate iminium (TIM) formation and subsequent oxidation for the modification of different peptides, including a GLP-1 analogue, with KATs.

tolerates slightly modified oxidation conditions. Using only
2 equiv of hydrogen peroxide and quenching the reaction with
Na,SO; after 30 min gave the desired product 10 in good yield.
The oxidized methionine residue was only observed as a minor
side product (Scheme 4b). Since this method allows for the
facile formation of tertiary amides, we furthermore showed
that the modification of an N-terminal proline residue is
possible and peptide 12 was obtained in high yield (Scheme 4c).

We considered several possible mechanisms for the formation
of amides from TIMs with basic hydrogen peroxide. We showed
with 180-labelled hydrogen peroxide that the oxygen in the
amide is incorporated from the hydrogen peroxide exclusively
and no exchange with water is observed. With this in mind, we
focused our preliminary studies on the two most likely
pathways (Scheme 5, next page). Hydrogen peroxide as well as
other oxidants are well known to oxidize
organotrifluoroborates and organoboronates to hydroxyl
groups, making Path A a viable route. While there are many
reports concerning the oxidation of organoboronates,*® only a
few examples of the direct oxidation of organotrifluoroborates
are known. Hu reported a copper-catalyzed oxidation of
phenyltrifluoroborate,?® Fensterbank a TEMPO-promoted
procedure,?! and Ochiai employed a hypervalent iodonium
complex.?? Of greatest relevance are Molander’s oxidation

This journal is © The Royal Society of Chemistry 20xx
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conditions using Oxone?* and Kandasamy’s report using
hydrogen peroxide in lactic acid for the oxidation of
phenyltrifluoroborate.?* These conditions, however, are
relatively harsh and not consistent with the rapid, clean
oxidations we observed.

As an alternative, we considered nucleophilic attack of peroxide
anion to the TIM (Path B). We have already established that
TIMs are good electrophiles, which would lead to tetrahedral
intermediate 13.7 Loss of BF;0OH-, in a manner similar to the
postulated mechanism of KAT ligations with hydroxylamines,
would lead directly to the amide.? In order to test this, we
attempted the oxidation with NaClO,, which is used in the
Pinnick oxidation via a similar mechanism.?> Upon exposure of
TIMs to standard Pinnick conditions, the amide product was
cleanly formed. We also conducted a competition experiment
between potassium phenyltrifluoroborate and TIM 1a under
our standard oxidation conditions. TIM 1a was oxidized to give
the amide while potassium phenyltrifluoroborate was
recovered unchanged (see Supporting Information for details).
Takemoto and co-workers recently published oxidative amide
formation from a-ketoacids and amines. They propose a similar
mechanism via imine formation and subsequent oxidation via a
tetrahedral intermediate.?® Together, these observations
support Path B as the likely route for amide formation.

()

Path A N
c-B L
oxidation Ar 0
(4 ) { )
N N
o' » o
F F
Path B N
2 Oy,
peroxide Ar” 5 —(F.BOHY
addition BF;  ~(FeBOH)
13

Scheme 5 Possible mechanisms for the oxidative amide formation from trifluoro-

borate iminiums (TIMs).

Conclusions

In summary, we have reported the oxidative synthesis of
secondary and tertiary amides from KATs or TIMs under
aqueous conditions. It offers a unique reactivity and
chemoselectivity profile, features that should make it a viable
alternative to classical methods for amide bond formation and
a promising approach to chemoselective modification of
peptides and proteins. The unique ability to use two stable
precursors — KATs and amines — without any additional reagents
to form the TIM intermediate provides a promising approach to
a new form of iterative peptide synthesis that avoids
problematic coupling reagents.

Experimental section

This journal is © The Royal Society of Chemistry 20xx

Chemical Science

General procedure for the oxidation of TIMs to ,amides: M
(1.0 equiv) was dissolved in CH;CN/H,0 (24; §)209%),09569/30%
aq., 1.2 equiv) and N,N-diisopropylethylamine (1.2 equiv) were
added and the reaction was allowed to stir for 30 min. The
reaction was diluted with H,0 and EtOAc and the aqueous layer
was extracted three times with EtOAc. The combined organic
layers were washed with brine, dried over MgSQy, filtered and
concentrated under reduced pressure. If necessary, the crude
product was purified with flash column chromatography.

General procedure for the one-pot TIM formation and
oxidation: KAT (1.0 equiv) was dissolved in CH3CN (0.5 M),
AcOH (1.5 equiv) and the amine (1.5 equiv) were added and the
reaction was stirred for 1 hour. H,O (0.5 M), H,0, (aq, 30%,
1.5 equiv), and N,N-diisopropylethylamine (3.0 equiv) were
added and the reaction was allowed to stir for an additional
30 min. The reaction was diluted with H,O and EtOAc and the
aqueous layer was extracted three times with EtOAc. The
combined organic layers were washed with brine, dried over
MgSO,, filtered and concentrated under reduced pressure. If
necessary, the crude product was purified with flash column
chromatography.
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Oxidative amidation of potassium acyltrifluoroborates (KATs) and amines via trifluoroborate iminiums
(TIMs) delivers secondary and tertiary amides under mild, agueous conditions without coupling reagents.
This unusual approach to amides occurs in the presence of carboxylic acids, amines, and oxidation sensitive
peptide side chains, enabling late-stage modification of bioactive molecules and preliminary studies toward
application of this method for solid-phase peptide synthesis.
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