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to access diverse aryl alanine containing
macrocyclic peptidest
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This manuscript describes a strategy to readily access diverse aryl and homoaryl alanine-containing

pharmaceutically relevant macrocyclic peptides. A two-step sequence involving the late-stage
installation of the pyridinium functionality on macrocyclic peptides followed by reductive couplings was
implemented. These transformations are amenable to microscale high-throughput experimentation
(HTE) and enable rapid access to aryl alanine-containing macrocyclic peptides that would otherwise be
inaccessible via solid-phase peptide synthesis using commercially available amino acids. Numerous aryl
and heteroaryl derivatives can be effectively used in these reactions. In addition, a systematic

investigation was undertaken using an “informer” set of macrocyclic peptides which revealed the
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Introduction

Over the past two decades, the number of peptide drug
approvals has steadily increased.* This is because peptides
enable access to previously undruggable targets by providing
exquisite potency and selectivity akin to that of biologics while
presenting opportunities for tunability of molecular properties
similar to that of small molecules.? The development of peptide
drugs often requires the incorporation of non-canonical amino
acids (ncAAs) to enhance cell permeability, oral bioavailability,
and protease stability. In fact, several peptide drug therapeutics,
including Signifor, MK-0616, and LUNA-18 contain ncAAs
(Fig. 1A).? In particular, aryl alanines are a privileged class of
ncAAs that are prevalent in pharmaceuticals due to their ease of
incorporation through solid-phase peptide synthesis (SPPS) or
genetic code expansion techniques.* Hence, general methods
for efficient incorporation of structurally diverse aryl and het-
eroaryl alanines into complex peptide scaffolds are highly
desirable.

The most widely used method to incorporate aryl alanines
into peptides is using Fmoc-protected building blocks via SPPS.
Notwithstanding the advantages of SPPS, including its amena-
bility with state-of-the-art automated peptide synthesizers, it is
limited by the availability of Fmoc-protected amino acids.
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compatibility of the late-stage diversification with peptides containing diverse side chain functionalities.

Furthermore, SPPS to generate peptide analogs bearing a single
variable mutation requires the redundant repetitive synthesis of
the entire sequence thereby requiring significant quantities of
expensive ncAAs. A more attractive approach to aryl alanine-
containing peptides would entail the late-stage functionaliza-
tion (LSF) of peptides® from a common intermediate using
a diverse, large, and readily available pool of aryl halide building
blocks. As illustrated in Fig. 1B, >5000 aryl alanines can be
uniquely accessed using aryl bromides and iodides from the
MSD Building Block Collection (MBBC) that are otherwise
commercially unavailable as Fmoc-protected amino acid
building blocks. Despite this enormous potential to access
a diverse chemical space, sparse examples exist for the robust
generation of diverse aryl alanine-containing complex peptides
via late-stage arylations using aryl halides.® Notable examples
include the solid-phase decarboxylative arylation of NHP esters
embedded in relatively complex long linear peptides (Scheme
1A).% While this approach represents a significant advance,
published examples are largely limited to the use of electron-
neutral and electron-deficient aryl bromides and no examples
with heteroaryl halides were disclosed. Complementary to this
strategy using NHP esters, recently, a collaboration between
Merck & Co., Inc., Rahway, NJ, USA and the Watson group at the
University of Delaware led to the disclosure of a late-stage ary-
lation of pyridinium containing pharmaceutically relevant
macrocyclic peptides (MPs) (Scheme 1B, Strategy A).”> This
method was suitable for the synthesis of homologated aryl
alanine containing MPs. Key to the success of this method was
the stability of the pyridinium moiety during SPPS to enable
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protected aryl alanine amino acid.

ready access to the key LSF substrate B. However, this approach
was not amenable to the synthesis of aryl alanine-containing
MPs largely due to the instability of the corresponding 2,3-dia-
minopropionic acid (Dap) derived pyridiniums (Scheme 1B,
Strategy A, n = 1) during SPPS. Specifically, alkene byproducts
resulting from the elimination of the pyridinium group were
observed under SPPS Fmoc deprotection conditions. To
circumvent this challenge, we envisioned the late-stage intro-
duction of the pyridinium functionality via condensation of the
pyrilium salt with a free amine in MP substrates such as C
(Scheme 1B, Strategy B). Subsequent reductive couplings of
pyridinium-containing MPs with aryl halides would afford the
desired MP analogs (E) bearing diverse aryl alanine motifs.
While there is no report of late-stage incorporation of pyr-
idiniums in Dap-containing MPs (e.g., C, n = 1), there is a report
for the condensation of lysine-containing linear peptides with
pyrilium on solid phase to afford the corresponding
pyridinium-containing linear peptides (Scheme 1C).* This
report coupled with the generality of the previously reported
reductive couplings of pyridinium-containing amino acids,
dipeptides, and tripeptides” lend feasibility to the proposed
two-step strategy B in Scheme 1B. Herein, we describe the
successful implementation of this two-step strategy represent-
ing the first general method for the rapid generation of phar-
maceutically relevant complex macrocyclic peptides bearing
structurally diverse aryl alanines. Notably, microscale high-
throughput experimentation (HTE)® was imperative for both
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(A) Aryl alanine containing macrocyclic peptide. (B) Comparison of aryl alanine diversity via LSF using ArBr/Arl vs.
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the rapid optimization of reaction parameters and investigation
of the reductive coupling substrate scope.

Results and discussion

We began our investigations with the synthesis of Gramicidin S-
derived macrocyclic peptide pyridinium-containing substrates
1a-1c to evaluate the influence of electronics of the pyridinium
moiety on the subsequent reductive cross-couplings (Schemes
2A and 2B). Gramicidin-S analogs are known antibacterial
peptides' and were selected for these studies because: (1) they
adopt a B-sheet secondary structure'* and contain B-turns which
are prevalent in many peptide hits obtained from mRNA display
screening platforms,*” (2) these peptides are comprised of
canonical amino acids which are inexpensive and readily
accessible, and (3) they contain aryl alanine residues thereby
presenting an opportunity to apply the proposed late-stage
pyridinium incorporation and reductive coupling (Fig. 1C,
Strategy B) in pharmaceutically relevant MPs.** The desired MPs
1la-1c were readily prepared following the synthetic sequence
depicted in Scheme 2A. SPPS followed by resin cleavage, cycli-
zation, and Boc deprotection afforded intermediate INT-1.
Gratifyingly, the late-stage condensation of INT-1 with elec-
tronically differentiated pyriliums using microwave irridation
resulted in the desired pyridinium-containing MPs 1a-1c. The
overall yield of 1a-1c over 24-steps starting from SPPS ranged
from 35-44%
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(A) Cross coupling with NHP esters on solid phase. (B) Key innovation. (C) Late stage pyrinidium formation on solid phase bound linear
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Scheme 2

Having 1a-1c in hand set the stage to investigate the late-
stage reductive couplings of these MPs with aryl halides to
access the aryl alanine-containing MP. These optimization
reactions were conducted using HTE (in 1 mL vials secured in
96-well reaction blocks), using 2 pumol of the MP limiting
reagent and 1.5 equivalents of the aryl halide in the presence of
a nickel catalyst and a reductant. The reaction efficiency was
determined by the product LC area percent (LCAP) in the UPLC-
MS chromatograms of the crude reaction mixtures. In addition,
the calibrated assay yields of the desired product MP-1-Br-1 was
also obtained (See ESI section 3.21). As shown in Scheme 2B,
reaction of MP 1a under previously optimized reductive cou-
plings™ with pyridinium containing MPs led to the desired
product MP-1-Br-1 in 42% assay yield (entry 1). Use of 2 vs. 4
equiv. Zn led to comparable yields of product MP-1-Br-1 (entries
1 & 2). Interestingly, the corresponding reactions with electron-
rich pyridinium-containing MP 1b ** led to significant increase
in the assay yield of product MP-1-Br-1 and use of 4 eq. of Zn was
optimal (entries 3 & 4). The use of Mn instead of Zn as
areductant with 1b led to diminished product yields (entries 3 &
4 vs. 5 & 6). Addition of additives such as TBAI did not enhance
the product yields (See ESI for detailst). To elucidate whether
the enhanced yield from the reaction using 1b ** was due to the
electronic difference between 1a and 1b, we investigated the
reaction of MP 1c which is electronically similar to 1a. As shown
in entry 7, the product yield from the reductive coupling using
1c was comparable to that obtained using 1a. These results

© 2025 The Author(s). Published by the Royal Society of Chemistry

(A) Late stage installation of pyridinium. (B) Optimization of cross coupling.

suggest that the electron rich pyridiniums such as 1b are
optimal for these reductive couplings. Careful analysis of the
UPLC chromatograms of the crude reaction mixtures revealed
that the reaction profile is significantly cleaner with 1b versus 1a
and 1c (See ESI for detailst). Specifically, reactions with 1a and
1c lead to byproducts resulting from reduction of the pyr-
idinium ring or radical addition to the pyridinium ring.
Importantly, these byproducts are not observed in the chro-
matogram for the reaction with 1b suggesting that the
enhanced yields with 1b is likely due to a better match between
the relative rates of radical generation, radical capture, and
oxidative addition steps.”

Having the optimal conditions for both the late-stage pyr-
idinium condensation and the subsequent reductive couplings
we next explored the generality of this two-step strategy with
respect to both the aryl halide and MP substrates leveraging
HTE. These studies commenced with investigating the reduc-
tive coupling of MP 1b with diverse aryl bromides. The reaction
efficiency was determined by the product LCAP in the crude
reaction UPLC-MS chromatograms.

As depicted in Scheme 3, this coupling is compatible with 4-
substituted aryl bromides bearing varied functional groups at
the para position affording the desired products with >20%
LCAP which is generally sufficient to provide adequate quanti-
ties of products for biological assays. Ketone (Br-3), free alco-
hols (Br-15), sulfone (Br-10), sulfonamide (Br-4), carboxylic acid
(Br-2), urea (Br-17), esters (Br-7), amides (Br-11), aldehydes (Br-
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Scheme 3 Initial scan of ArBr functional group compatibility.

20), quinoline (Br-13), oxazole (Br-6), imidazole (Br-22), and
oxadiazoles (Br-5) are well tolerated for this coupling. Further-
more, reaction of boronic acid bearing aryl halide Br-8 affords
the product which can be subsequently elaborated using
Suzuki-Miyaura cross-couplings. These reductive couplings are
also compatible with a range of pharmaceutically relevant het-
eroaryl bromides such as pyridyl (Br-14), pyridazine (Br-19),

pyrimidines (Br-9, Br-16, Br-21 and Br-23), indole (Br-18), pyr-
azole (Br-24) and imidazole (Br-25).'*7%¢

Encouraged by the generality of this transformation we next
leveraged data science methods to objectively select diverse aryl
bromides for these reductive couplings (Scheme 4). Specifically,
we explored the use of aryl bromides that lead to aryl alanine-
containing MPs that cannot be accessed via commercially

‘\(\N HN{NJS)
\(N\)k J\n/ Jﬂ'"

1b R= p-OMeCgHy

MBBCA/Br 4 Selected ArBr

available Fmoc-protected amino acids (5378 ArBr in blue region

)\ A'\ Representative ArBr
20 mol % NiBry DME 3 EL\_,.\ ~ ©
24 mol % L1 H )k'
N N N7 N\
CETS R
Ar—8f ———— 0 %

DMA (0.05 M)

: Joo
o o "{ro ) F. ~
N H O o N H N
o O AL 9 o e
N : 1 : N : 8/ Br Be By
A6 B6 B1 cs

_________ H____.M__ n o
Lowest LCAP Highest LCAP N-_NH, S (’\o
d
HTE-well plate map for coupling of 1b with 96 diverse ArBr® L S "\’ 1B N—§°
1 [ 2 [ 3 a s | 6 | 7 | 8 | o [10] 11| 12 \_J N
81" | 87 | 81 | 0o | o |40 | 7= |0 | a4 | o | 60 | 33 | gf o X
78 | 5 [33* | o | o | 73| a5 | 86 | 73 | 88 | 88 | 85 b3 D6 D9 e

6 o 93 96 44 93 78 0 25* 0 17 33

TsnE2

70 85 61 0 52 63 47* 80 58 0 78 0 o HO
0 14 86 0 32 5* 69
36 79 7 85 75 82 58 6 14 9 0 0
32 o 76 36 4 86 0 60 7 80 84 69

olnimolo|m|>

TsnEL

Chemical Space and selected ArBr

Scheme 4 96-well plate array for coupling

2290 | Chem. Sci, 2025, 16, 2287-2294

H 63 64 40 43 11 8 20 40 | 30* | 86 42 88

*numbers indicate product LCAP determined by analysis of the UPLC chromatograms of the E5 G9
crude reaction mixtures. *product LCAP may be minorly overestimated or underestimated due
to overlap of the product peak with impurities in the UPLC chromatogram.

of 1b with 96 ArBr selected via clustering.
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bearing undesired functional groups (See ESI for detailst). The highlight the impressive functional group compatability of
resulting >3000 aryl bromides were clustered into 96 groups these challenging reductive couplings with macrocyclic

using the K-Means algorithm after featurization (using RDKit) peptides.

and dimensionality reduction (using ¢-SNE). Ninety-six aryl To systematically investigate side chain functional group
halides, one from each cluster, were selected and subjected to compatibility with this method, reaction of pyridinium-
the reductive couplings with 1b using HTE. As shown in Scheme containing MP substrates 1d-1m and 2 were evaluated with
4, 63/96 of these reactions led to the desired products with >20% 12 aryl halides.'® The 12 ArBr's selected for this study exhibited
LCAP. A number of the low yielding reactions include those with  a broad range of reactivity with 1b (Fig. 2, HTE results, column
5-membered hetroaryl or ortho-substituted halides (See ESI for 1). Such “informer set” libraries are powerful for medicinal
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chemistry applications for the rapid interrogation of SAR across
multiple vectors simultaneously.'” Additionally, it enables the
end users to predict whether the observed reactivity and reac-
tion conditions using model substrates (MP 1b, Schemes 3 and
4) would translate to transformations using a diverse range of
MP substrates. Gratifyingly, the pyridinium-containing MPs 1d-
1m & 2 could be readily accessed using the aforementioned
procedure (or a modified procedure, see ESI for detailst) for the
synthesis of 1b (Scheme 2A). MPs 1d-1j contain functionally
diverse amino acids at the position across from the pyridinium
functionality in the B-sheet region while 1k contains the pyr-
idinium group as part of the B-turn to probe conformation
effects at the coupling site. MP 1l was chosen to illustrate the
compatibility of this method for the synthesis of homologated
aryl alanines. MP 1m bears a thioether linker which is present
in many peptides obtained from mRNA display hit finding
campaigns. Finally, 2 represents a MP with the pyridinium
moiety on the side chain of a N-Me amino acid. Additionally, 2
has a core structure different from Gramicidin analogs in that it
lacks the B-sheet secondary motif."® Furthermore, 2 contains the
core structure of known KRAS inhibitor LUNA-18 (Fig. 1A) and
previous studies suggest that the incorporation of different aryl
alanines at the position containing the pyridinium functionality
influences bioactivity.*

As shown in Fig. 2, in general, the reaction of MP 1d-1h, 1k,
and 11 exhibit reactivity trends similar to that observed with MP
1b. These results demonstrate that the method reported herein
is effective for the synthesis of aryl alanine (using 1d-1h, & 1k)
and homologated aryl alanine-containing MPs (1l). The low
yielding aryl halides include 5-membered heteroaryl halides
(Br-112 and Br-60) which are known to be challenging in the
context of nickel-catalyzed cross-couplings with alkyl pyr-
idiniums.”* While electron-deficient ortho-substituted halides
(e.g., Br-87 and Br-111) afford the products with >20% LCAP, the
reactivity is significantly diminished with the relatively more
electron-rich ortho-substituted bromide (Br-88). This observa-
tion is consistent with the known electronic effects of aryl
halides in reductive couplings using alkyl pyridiniums.”>%* The
reaction of MP-1i containing trityl-protected histidine exhibited
diminished product LCAPs with a few ArBr (e.g., Br-47, Br-1, Br-
111 & Br-92) compared to results with MP-1b in part due to the
formation of byproducts resulting from the reduction of the
pyridinium. This differentiated reactivity between 1b and 1i
could be due to the presence of the sterically hindered trityl
group in 1i. Similarly, 1k containing the pyridinium in the B-

2292 | Chem. Sci,, 2025, 16, 2287-2294
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turn region leads to lower product LCAPs with Br-47 and Br-1
relative to the reaction with MP-1b partly due to byproducts
arising from the addition of the radical to the pyridinium ring.
Substrate 2, containing the pyridinium on the N-Me amino acid
side chain also shows lower product LCAP with a few aryl
bromides (e.g., Br-47, Br-1, Br-62, Br-111) relative to MP-1b
suggesting that small steric differences (N-H versus N-Me) and/
or differences in the overall secondary structure can result in
differentiated reactivity in these cross-couplings. Nonetheless,
the success of these couplings to install N-Me aryl alanines in
complex peptides such as 2 is remarkable because the
commercial availability of N-Me-Fmoc-protected amino acids is
even more limited than their N-H counterparts. Finally, we were
delighted to see that the thioether-containing MP-1m also
afforded the products in synthetically useful LCAPs for 10/12
aryl halides. This result is particularly significant because
previously reported reductive couplings” with thioether-
containing MPs were unsuccessful. Taken together the results
in Schemes 3, 4 and Fig. 2 demonstrates the generality of the
reductive coupling with respect to both the aryl bromides and
the MPs on microscale. To demonstrate the scalability of these
couplings, the reactions of select MP pyridinium substrates
with Br-1 were conducted on a 28-44 umol scale (14-22x higher
scale than the HTE experiments, Fig. 3). After purification, the
products were obtained in 39-58% isolated yields which is more
than sufficient for first-tier biological assays. Importantly,
consistent with prior reports,”” a slow addition of the pyr-
idinium substrate and Br-1 for the reaction of 1k significantly
suppressed the formation of byproducts resulting from the
addition of the alkyl radical to the pyridinium ring. As a final
demonstration of the applicability of these reductive couplings,
Scheme 5 depicts the synthesis of a Gramicidin-S analog. The
coupling of bis azide containing MP (3) with Br-1 employing the
slow addition protocol afforded the desired product in 41%
LCAP and 20% isolated yield with concommitant reductive
coupling and azide reduction.

Conclusion

In summary, this manuscript demonstrates the first general
method for the synthesis of pharmaceutically relevant macro-
cyclic peptides bearing structurally diverse aryl and homoaryl
alanines. Efficient late-stage installation of the pyridinium
functionality on a macrocyclic peptide was critical to this
success. The use of microscale HTE enabled the rapid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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assessment of the scope of the late-stage reductive couplings
with respect to both the aryl bromides and the MP substrate.
The remarkable generality of this transformation is illustrated
by the numerous aryl and heteroaryl bromides that are
compatible with these couplings to enable access to MPs that
would be otherwise inaccessible using commercially available
Fmoc-protected aryl alanine derivatives. Although this manu-
script focusses on LSF on MPs in solution, we anticipate that the
strategy outlined herein will apply to the functionalization of
linear peptides both in solution and on solid phase. Further-
more, the late-stage pyridinium installation on complex
peptides could be followed by other radical cross-couplings
(e.g., sp>-sp® couplings and Giese reactions), beyond the sp®~
sp® reactions described herein. Alternatively, we envision
sequential transformations such as Suzuki-Miyaura coupling
followed by subsequent pyridinium formation and cross-
couplings to enable SAR across multiple vectors on complex
peptides. Taken together the late-stage pyridinium installation
provides several avenues to access structurally diverse peptides
that are rich in ncAAs thereby accelerating the SAR studies for
peptide drug discovery.
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