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ABSTRACT: C—N cross coupling reactions are widely employed for the construction of carbon—nitrogen bonds. However, control
of chemoselectivity in the presence of the amino functionality in oligonucleotides remains a challenge. Here, we report the
development of a new ruthenium reagent that enables the chemoselective N-arylation of amine—DNA conjugates with distinct
chemoselectivity when compared to conventional palladium-based C—N bond-forming catalysts. The ruthenium reagent activates
commercially available haloarenes in situ via #° z-arene coordination for subsequent SyAr with the amine. The method is compatible
with various commercially available haloarenes and aliphatic amines, and the reaction proceeds under mild conditions.

B INTRODUCTION

DNA-encoded library (DEL) technology combines combina-
torial chemistry and molecular biology to build and evaluate
large chemical libraries. Synthesis of DELs relies on readily
available, diverse building blocks, and robust reactions to
connect them. Cross-coupling reactions, like the Buchwald-
Hartwig amination in which aryl (pseudo)halides linked to
DNA reacts with an external amine have been applied to DEL
synthesis. However, the reverse approach—DNA-linked
amines with external aryl halides—remains unreported. The
main challenge for such chemistry lies in the propensity of aryl
halides to engage in arylation reactions with the amine groups
present in the nucleobases of DNA. We developed an air-stable
acetyl-substituted cyclopentadienyl (CpAc) ruthenium com-
plex (1) for coupling of diverse aryl halides to DNA-
conjugated amines. The ruthenium complex activates aryl
halides via 7-arene coordination for nucleophilic aromatic
substitution (SyAr). The N-arylation is operationally simple,
no organometallic needs to be isolated, unlocking a large
previously inaccessible chemical space for DELs.

The first report that proposed the concept of DNA-encoded
libraries (DELs) involved the formation of an amide between
an amine-DNA conjugate and an amino acid building block."
Since then, various reactions that exploit the intrinsic
nucleophilicity of amines have advanced the field of DEL,
including amidation, reductive amination, heterocycle syn-
thesis, and SyAr reactions, among others.>™* Amines are
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among the most commonly used functional groups in DEL
synthesis.” Analogous to small-molecule medicinal chemistry,’
C—N cross-coupling reactions, such as Ullmann couplings’
and Buchwald—Hartwig aminations,” ™" are valuable for DEL
synthesis due to robust and orthogonal disconnection, along
with the availability of the commercially available aniline and
aryl halide building blocks (Figure 1). Yet, no general N-
arylation reaction has been reported to date, in which the
amine functional group is covalently attached to DNA, with
the aryl halide as the external coupling partner. Because amines
constitute the most commonly found reactive terminus on
DNA for DEL, the inability to perform C—N cross-coupling
with DNA-conjugated amines presents a severe limitation to
structural diversity.'> An alternative approach to C—N bond
formation for aniline synthesis exploits nucleophilic aromatic
substitution (SyAr), which displays chemoselectivity in favor
of the nucleophilic amine functional group,13 while the less
nucleophilic amino groups on the DNA nucleobases remain
unreactive. However, a key limitation of conventional SyAr lies

=JACS

Received: July 11, 2025
Revised:  August 29, 2025
Accepted: September 2, 2025
Published: September 11, 2025

https://doi.org/10.1021/jacs.5¢11842
J. Am. Chem. Soc. 2025, 147, 35011-35018


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suraj+Kanoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eduardo+de+Pedro+Beato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tim+Schulte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lara+Vogelsang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Torkowski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Waldbach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philipp+Hartmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philipp+Hartmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riya+Kayal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karl-Josef+Dietz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+Ritter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.5c11842&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11842?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11842?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11842?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11842?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11842?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11842?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11842?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c11842?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/147/38?ref=pdf
https://pubs.acs.org/toc/jacsat/147/38?ref=pdf
https://pubs.acs.org/toc/jacsat/147/38?ref=pdf
https://pubs.acs.org/toc/jacsat/147/38?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.5c11842?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Journal of the American Chemical Society pubs.acs.org/JACS

a.
(0]
m C-N cross-coupling NN Y.
@ = H Q @ Limited to aryl (pseudo)halides on-DNA
[Pd] or [Cu] H
X= ClI, Br,  and OSO,F
b.
F Nucleophilic aromatic
substitution (SyAr) NO,
WNHz + ® NNO @ Limited to electron deficient haloarenes
H
NO,
c. This work
X
A Ruthenium-mediated SyAr 2 @ Broad scope of amines on-DNA
S kNH2 v R m\ g 7R
N )
[Ru] 390 nm ® Broad scope of aryl halides
Amine-DNA conjugate X=F,Cl Br

Figure 1. N-arylation on-DNA. (a) Palladium and copper-mediated on-DNA C—N cross coupling of DNA-linked aryl (pseudo)halides with amines
as the external reagents. (b) On-DNA nucleophilic aromatic substitution (SyAr) of electron-deficient fluoroarenes. (c) On-DNA ruthenium-
mediated SyAr of aliphatic amine-DNA conjugates with various haloarenes activated via 7-arene coordination.
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Figure 2. N-arylation of DNA-conjugated amines in aqueous media. (a) SyAr of DNA-conjugated aliphatic amines with 7° arene complexes. (b)
Electrophilicity of Ru z-arene complexes 5—7 and N-arylation of DNA-conjugate 2 (see Supporting Information page, $234).

in the limited scope of appropriate aryl electrophiles, largely (e.g, —NO,) and a narrow range of electron -poor hetero-
limited to arenes substituted with electron-withdrawing groups cycles, such as triazines'* and pyrimidines."> This constraint
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Figure 3. Chemoselectivity of DNA N-arylation. (a) Reaction of oligonucleotide mimic 10 for C—N bond formation: (i) 1.0 equiv of 10 (¢ = 0.10
M) and 1.0 equiv of 11 in sodium borate buffer (c = 0.50 M, pH 9.4): DMSO (1:9), 40 °C, 16 h; then 390 nm irradiation. (ii) 1.0 equiv of
compound 10 (¢ = 0.10 M) and 1.5 equiv of complex 13 in sodium borate buffer (c = 0.50 M, pH 9.4): DMSO (1:9), 40 °C, 16 h. (b) N-arylation
of DNA fragment 2. (i) Fluorobenzene (¢ = 10 mM) and Ru complex 1 (¢ = 1.0 mM) in DMC, 80 °C, 2 h to form 11 in situ; then DNA conjugate
(2, ¢ =0.10 mM) in sodium borate buffer (c = 0.50 M, pH 9.4): DMSO (1:9), 40 °C, 2—16 h; then 390 nm irradiation in water (¢ = 0.10 mM). (ii)
DNA-AOP-NH, (2, ¢ = 0.10 mM) in sodium borate buffer (c = 0.50 M, pH 9.4): DMSO (1:9), S0 equiv of complex 13 in DMSO (¢ = 5.0 mM),
40 °C, 2—16 h and (see Supporting Information pages, S25—S27 and S235). DMSO, dimethyl sulfoxide.
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Figure 4. Substrate scope of N-arylation of various haloarenes. Aryl halide (¢ = 10 mM) and Ru complex 1 (¢ = 1.0 mM) in DMC, 80 °C, 2 h; then
DNA-AOP-NH, (2, ¢ = 0.10 mM), in sodium borate buffer (¢ = 0.50 M, pH 9.4): DMSO (1:9), 40 °C, 2—16 h; then 390 nm irradiation in water
(c = 0.10 mM). *From fluoroarene. ®From chloroarene. “From bromoarene. “From iodoarene. 40 equiv of 1. ‘HBF,Et,0 was used for the
complexation step. 830 equiv of Ru complex 1 and 10 equiv of arene were used (see Supporting Information pages, S63—S171).

often leads to common core structures in the final library
members and reduces the chemical diversity accessible through
SNAr.

The challenge in applying palladium-catalyzed C—N cross-
coupling to DNA-conjugated amines, and the potential reason
why the reaction remains unreported, is the propensity of aryl

halides to undergo undesired arylation with the amino
functional groups of the nucleobases of the DNA backbone.
The heteroaromatic amino groups in DNA nucleobases
generally exhibit lower pK, values than aliphatic amines.'®"”
As a result, reductive elimination from palladium—DNA amido
complexes may preferentially lead to arylation of nucleobases
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rather than the intended aliphatic amine.'®'” The Buchwald—
Hartwig amination relies on oxidative addition and reductive
elimination as the key steps; we envisioned that an SyAr-type
reaction mediated by z-arene coordination to a metal center
could overcome the current limitations in chemoselectivity.
Upon coordination to the metal center, the haloarene forms an
n° m-arene complex, which increases the electrophilicity of the
arene ring.”’ A key element of our design was the development
of a transition metal reagent (1, Figure 2) that could form the
m-arene complex in situ, so that no organometallic would need
to be prepared and isolated. Instead, a single compound that
could eventually become commercially available (1), can be
added to available aryl halides and the DEL to increase
synthetic utility and practicality for C—N bond formation (3),
with subsequent photolysis to afford the desired anilines (4).

B RESULTS AND DISCUSSION

Ruthenium is among the most commonly used transition
metals in z-arene coordination.”’ ™’ We began our inves-
tigation with well-known cyclopentadienyl (Cp)-derived
ruthenium complexes bearing either a Cp or Cp* ligand ($
and 6, respectively) to perform 7-arene chemistry due to their
availability. While arene coordination to both [RuCp-
(MeCN),;]PFs and [RuCp*(MeCN),]PF; is well estab-
lished,”** the respective ° 77-chlorobenzene complexes were
unsuitable for amine arylation on DNA. For example, the
reaction of DNA-AOP-NH, (2) with the Cp* derivative §
showed no conversion, while the reaction with Cp complex 6
resulted in the desired DNA-conjugate in only 11% yield
(Figure 2b), consistent with insufficient electrophilicity of the
electron-rich Cp* ligand-based complex, which could only
marginally be improved with the slightly less electron-rich Cp-
based compound. We rationalized that modifying the Cp
ligand with an electron-withdrawing substituent may result in
sufficient electrophilicity, and evaluated various ruthenium
complexes, which ultimately led to the development of the
novel, air-stable, and DNA-compatible acetyl-substituted
cyclopentadienyl (CpAc) ruthenium complex 1. A computa-
tional study of the global electrophilicity indices of the three
ruthenium complexes 5—7 supports the anticipated electro-
philicity order (Figure 2b). When complex 1 is mixed with
various haloarenes in dimethyl carbonate (DMC) solvent at 80
°C for 2 h, #® ruthenium 7-arene complexes like 7 are formed
in situ. These complexes could be used directly, without
isolation or purification, for subsequent reactions with amine-
DNA conjugates to achieve N-arylation. For example, complex
7 provides N-arylated product in 86% yield (Figure 2b) within
2 h. Analogous to amide coupling reagents such as DMT-MM,
and HATU, which activate carboxylic acids for acylation
reactions,”” our protocol involves activation of haloarenes by
1. The protocol is operationally simple, and utilizes a single
bench-stable ruthenium reagent. Ruthenium complex 1 can be
synthesized on a gram scale as a crystalline yellow solid (see
Supporting Information pages, S15—S17).

Ruthenium #° 7-arene complexes are known to undergo
decomplexation upon irradiation with light.”*~° Prior studies
have shown that DNA conjugates can be stable toward light
irradiation at wavelengths above 360 nm.”* On-DNA 75°-arene
ruthenium complex 3 undergoes clean decomplexation to form
arylamine 4 (Figure 2a) in water within 2 h of 390 nm
irradiation.

To evaluate the regio- and chemoselectivity of ruthenium 7z-
arene complexes in SyAr reactions with aliphatic amines, we

synthesized the oligonucleotide mimic 10 (Figure 3a), bearing
a single adenine residue and both primary and secondary
amine groups. Reaction of amine 10 with ruthenium complex
11 afforded chemoselective arylation at the primary aliphatic
amine and resulted in aniline 12 in 83% yield, with no detected
modification of the adenine nucleobase. Instead, the Buchwald-
type oxidative addition (OAC) complex’”** 13 chemo-
selectively arylated at the nucleobase and resulted in the
formation of product 14 in 87% yield (see Supporting
Information pages, $25—527).

The DNA fragment 2 employed in this study contains all
four canonical nucleobases—adenine (A), guanine (G),
thymine (T), and cytosine (C), all of which, except thymine
contain an NH, group (Figure 3b). The reaction of DNA-
conjugate 2 with an excess of the Buchwald OAC 13 (Figure
3b) resulted in clean and efficient 11-fold arylation, as
confirmed by LC—MS analysis. DNA-conjugate 2 contains
11 heteroaromatic primary amino groups, located on three
adenine, three guanine, and five cytosine nucleobases in the
oligonucleotide backbone, respectively. Exhaustive and chemo-
selective arylation of all A, G, and C nucleobases in the
presence of T and the primary aliphatic amine at the terminus
is consistent with our LC—MS results to form product 16.
Treatment of 2 with 10-fold excess of the ruthenium complex
derived from 1 displayed equally selective but complementary
reactivity to afford a single monoarylated product 15,
established by the LC—MS analysis, and consistent with
exclusive arylation at the single primary amine, as in 12. The
complementary and orthogonal reactivity of ruthenium-based
complex 11 and palladium-based compound 13 may be
rationalized by the distinct mechanism pathways by which the
C—N bond is formed. N-arylation with arylpalladium
complexes proceeds through reductive elimination from a
Pd(II) amido complex, in which the amine has been
deprotonated.'® Because aliphatic amines are less acidic than
the amino groups on nucleobases,'®!” chemoselective
deprotonation occurs on the nucleobases. Amine attack on
m-arene-coordinated ruthenium complexes occurs from the
neutral amine, hence addition of the more nucleophilic, basic
aliphatic amine occurs chemoselectively in preference to the
less nucleophilic aminonucleobases.

Evaluation of different aryl halides for N-arylation of 2
indicated that all four halides are suitable (Figure 4). Even
iodobenzene afforded a 70% yield of the aniline 185, albeit with
a larger excess of the complex and a longer reaction time. The
method is compatible with a variety of differently substituted
aryl fluorides, aryl chlorides, and aryl bromides. Various
haloarenes with ortho (30—35), meta (24—29), and para (17—
23) substitutions, with other halides (17—19, 24—26, 30—33),
carbonyls (21, 36—40), and sulfonamides (41, 42), resulted in
yields over 80%. Additionally, primary amides (35, 44)
resulted in product formation above 50% yield. Electron-
donating groups on the arene ring, such as alkyl (20, 27, 34,
43) and alkoxy (22, 29) substituents are well tolerated, despite
their electron-donating nature, which decreases electrophilicity
of the coordinated arenes. Thioether 23 also resulted in the
formation of the desired product with yields above 50%, with
thiol oxidation as the side product. With more than one halide
on the arene, substitution occurs in the order F > Cl ~ Br > I
(see Supporting Information pages, $254—S5255), as expected
for an SyAr pathway.

Lewis-basic groups such as amines, pyridines, and others,
which can potentially coordinate to the metal center, can

https://doi.org/10.1021/jacs.5c11842
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Figure 5. Substrate scope of N-arylation for various amine-DNA conjugates. Aryl halide (¢ = 10 mM) and Ru complex 1 (¢ = 1.0 mM) in DMC, 80
°C, 2 h; then amine-DNA conjugate (¢ = 0.10 mM), in sodium borate buffer (c = 0.50 M, pH 9.4): DMSO (1:9), 40 °C, 2—16 h; then 390 nm
irradiation in water (¢ = 0.10 mM). *HBF,-Et,O was used for the complexation step (see Supporting Information pages, S171—S221).

inhibit #° 7-coordination. We hypothesized that the addition of
an acid with a noncoordinating conjugate base could protonate
these basic groups, preventing ruthenium coordination and,
thereby, broadening the method’s substrate scope. Indeed, 1.3
equiv of HBF,-Et,0 per coordinating group on the arene
prevented ruthenium coordination and allowed the haloarene
to participate in #° z-coordination. Substrates including
primary amines (47, 51), alcohols (53), carboxylic acids (28,
48, 52, 55), pyridine (56), imidazole (54), and triazoles (49,
50) all proved compatible with the transformation. Due to the
intrinsic properties of ;%-arene chemistry, the metal center
coordinates to the most electron-rich arene in a molecule. For
instance, in the case of 4-fluorobiphenyl (57), ruthenium

35016

predominantly coordinated to the phenyl ring lacking fluorine.
Introduction of a second ruthenium fragment, by simply
adding an additional equivalent of 1, resulted in a productive
reaction with >95% vyield. This strategy is also adaptable to
more complex substrates containing more than one coordinat-
ing arene within the molecule, including haloperidol (60) and
an indole derivative 59, each giving yields over 80%.

The synthesis of DNA-encoded libraries typically relies on a
split-and-pool strategy to generate diverse and structurally rich
chemical libraries. This approach often requires a bifunctional
starting material that can undergo further functionalization in
subsequent library cycles. Amidation is one of the most
frequently employed reactions in DEL synthesis due to its high
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efficiency and compatibility with bifunctional building
blocks.”"* For instance, Fmoc- or Boc-protected amino acids
serve as ideal starting materials because they can be selectively
deprotected in later steps, enabling further derivatization
through various chemical transformations. We therefore
extended our investigation to the N-arylation of various
primary and secondary amine-DNA conjugates, initially
synthesized via amidation (Figure 5). To study the N-arylation
of amine-DNA conjugates, we employed the fluorobenzene-
ruthenium complex 11 as substrate. Both natural (62, 64, 67—
68, 74) and non-natural (61, 63, 65—66) amino acids, yielded
the N-arylated product in over 90% efficiency in most cases.
DNA-conjugated cyclic secondary amines (69—75) are among
the most effective nucleophiles, with yields over 80% in all the
cases except for 72 which formed in 69% yield. Chemo-
selectivity in favor of aliphatic amines over other nucleophilic
groups was observed in all cases, such as compared to alcohols
(72) and phenols (64). The selectivity of amine over the
phenol functional group in tyrosine, was confirmed by NMR
analysis (see Supporting Information page, S28). The method
exhibits high functional group tolerance for both the amine-
DNA conjugates and the aryl halides; for example, carboxylic
acids (78), ketones (81, 83), and amines (82, 85) are tolerated
in bifunctional aryl halides for potential subsequent library
expansion.

As a proof of principle, we synthesized an 18-membered
mock library by combining three representative amine-DNA
conjugates with six different haloarenes in a split and pool
approach. All 18 library members could be identified by mass
spectrometry and were formed with full conversion to product
in most cases (see Supporting Information, pages S255—
$259).

Maintaining DNA integrity during every on-DNA step is
essential for accurate hit identification in DEL synthesis
because the DNA tag functions as a molecular barcode that
links each small molecule to its identity in terms of genetic
code. Chemical degradation or mutation of the DNA following
on-DNA reactions can result in false positives, false negatives,
and unreliable sequencing data.”® To ensure compatibility, we
assessed DNA integrity by qPCR analysis and confirmed the
stability of the DNA throughout the reaction sequence of SyAr
(see Supporting Information, page S244). In addition, DNA
ligation efficiency after N-arylation of an amine-DNA
conjugate was confirmed by gel electrophoresis (see
Supporting Information pages, S248—5253).

B CONCLUSIONS

In conclusion, we report the development of a novel, air-stable
ruthenium reagent, [RuCpAc(MeCN),;]PF¢ (1), for the
efficient coupling of various haloarenes to achieve the first
ruthenium-mediated on-DNA N-arylation of amine-DNA
conjugates via SyAr. The ruthenium reagent 1 activates
haloarenes for N-arylation, analogous to the way amide
coupling reagents activate carboxylic acids for acylation
reactions. This work addresses a limitation of C—N cross
coupling in the presence of oligonucleotides and demonstrates
the potential of #° 7-arene reactivity in biological systems and
synthesis in DNA-encoded libraries in particular.
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