UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

In Situ Generated Triazine Co-Catalyst Unlocks Amidine Arylation under Dual
Nickel/Photoredox Catalysis
A Platform for Mild C—N Bond Formation

Gasparetto, Matteo; Sveiczer, Attila; Fermi, Andrea; Raji, Mounir; Fair, Richard J.; Noél,
Timothy; Ceroni, Paola; Sipos, Gellért

DOI
10.1021/acscatal.5¢c07508

Publication date
2025

Document Version
Final published version

Published in
ACS Catalysis

License
Article 25fa Dutch Copyright Act (https://www.openaccess.nl/en/policies/open-access-in-
dutch-copyright-law-taverne-amendment)

Link to publication

Citation for published version (APA):

Gasparetto, M., Sveiczer, A., Fermi, A., Raji, M., Fair, R. J., Noél, T., Ceroni, P., & Sipos, G.
(2025). In Situ Generated Triazine Co-Catalyst Unlocks Amidine Arylation under Dual
Nickel/Photoredox Catalysis: A Platform for Mild C-N Bond Formation. ACS Catalysis, 15,
21213-21223. https://doi.org/10.1021/acscatal.5c07508

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, P.O. Box 19185, 1000 GD Amsterdam, The Netherlands.

YoM MRDR SOBIACISR RSS9 MBS SIR- University of Amsterdam (https://dare.uva.nl)

Download date:16 Sep 2026


https://doi.org/10.1021/acscatal.5c07508
https://handle.uba.uva.nl/personal/pure/en/publications/in-situ-generated-triazine-cocatalyst-unlocks-amidine-arylation-under-dual-nickelphotoredox-catalysis(c89adaa9-a67b-4683-b141-85c8d48adeec).html
https://doi.org/10.1021/acscatal.5c07508

Downloaded via UNIV AMSTERDAM on May 11, 2026 at 15:26:32 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

n
<

pubs.acs.org/acscatalysis

Research Article

In Situ Generated Triazine Co-Catalyst Unlocks Amidine Arylation
under Dual Nickel/Photoredox Catalysis: A Platform for Mild C—N

Bond Formation

Matteo Gasparetto, Attila Sveiczer, Andrea Fermi, Mounir Raji, Richard J. Fair, Timothy Noé€l,

Paola Ceroni,* and Gellért Sipos™

Cite This: ACS Catal. 2025, 15, 21213-21223

I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information

ABSTRACT: Herein, we report a general and scalable continuous
flow metallaphotoredox amidine arylation protocol that efficiently
couples diverse (hetero)aryl halides and amidines under mild open-
air conditions. Mechanistic studies revealed the pivotal role of an in
situ generated triazine cocatalyst, which acts as the quencher in the
photocatalytic cycle via an underexplored oxidative quenching
pathway. Its strategic use as a cocatalyst enabled faster kinetics,
broader nucleophile scope, including sulfonamides and amines, and
the use of alternative solvents. These insights unlock a previously
challenging reactivity, enhancing both the synthetic utility and
sustainability of our nickel/photoredox cross-coupling.
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B INTRODUCTION

The merger of transition-metal and visible-light photoredox
catalysis has emerged as a powerful platform in organic
synthesis over the last decades,' ™ as demonstrated by the
publication of several outstanding works.*”"> Notably, nickel/
photoredox dual catalysis has proven particularly useful for the
development of mild, general, and very effective synthetic
methodologies (Figure 1A)."°">° Among the most compre-
hensive advances, the adaptive dynamic cross-coupling plat-
form developed by Konig et al. stands out for its broad
applicability, allowing a diverse array of nucleophilic partners
to undergo coupling with aryl halides and pseudohalides under
uniform conditions (Figure 1B).”' Despite these advances,
amidines remain an unexplored class of nucleophiles in the
context of nickel-photoredox catalysis. Indeed, even in the
adaptive method from the Konig group, amidines are barely
mentioned, and to date, no general method for their
functionalization using metallaphotoredox catalysis has been
reported.

Several factors may contribute to this gap. First, a key
challenge in employing amidines as nucleophilic partners in
cross-coupling reactions lies in their strong coordinating ability
toward transition metals.””~>* Amidines chelating nature often
leads to the formation of stable metal—amidine complexes,
which can interfere with their reactivity profile. This propensity
for coordination is well-documented in the organometallic
literature, where amidines are more frequently utilized as
ligands rather than as reactive substrates.”*™*® Second, their
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redox properties present a challenge: amidines typically exhibit
low oxidation potentials (between 0.6 and 0.8 V vs SCE),”
rendering them susceptible to oxidation by strongly oxidizing
excited states of common photocatalysts.”” This mismatch
might hamper selective activation under typical oxidative
photoredox conditions.

Moreover, amidine arylation remains a challenging trans-
formation even under purely thermal conditions.” Existing
methods often require impractical reaction setups, high
temperatures, insoluble reagents, and/or long reaction time
(Figure 1C).”7*" These synthetic limitations may partly
explain why amidines, despite their versatility, are under-
represented in drugs and industrial applications.

In this work, we describe the development of a dual nickel/
photoredox catalyzed amidine-arylation method compatible
with a wide range of amidines and aryl and heteroaryl halides
(Figure 1D). The exclusive use of liquid or soluble reagents
enhances its suitability for flow chemistry application and
facilitates scale-up. The method’s versatility was demonstrated
through the synthesis of complex molecules, including an API
derivative and late-stage functionalization steps. This trans-
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Figure 1. (A) Related dual nickel/photoredox cross-couplings in the literature. (B) Konig’s adaptive method for carbon-heteroatom cross-coupling.
(C) State-of-the-art transition-metal-catalyzed amidine arylation methods. (D) This work: triazine-enabled Ni/hv-dual catalyzed amidine arylation

method.

formation is enabled by oxidative quenching of the photo-
catalyst with a previously unreported triazine cocatalyst,
generated in situ and identified through experimental
mechanistic studies. When introduced at the outset of the
reaction, this additive significantly broadened the method’s
scope—allowing the reaction to proceed efficiently across
different solvents and with other nucleophilic partners such as
amines and sulfonamides.

B RESULTS AND DISCUSSION

To address the intrinsic challenges associated with amidines in
cross-coupling reactions, we selected 4-(trifluoromethyl)-

21214

picolinamidine and iodobenzene as model substrates for initial
optimization. Notably, this amidine derivative has previously
been employed by Flanagan et al. as a ligand in nickel
metallaphotoredox catalysis.”® We therefore selected it to
ensure that under our conditions amidines functioned as
coupling partners rather than metal-coordinating ligands.

For the early phase optimization, we used high-throughput
experimentation (HTE).”>™** Guided by literature precedents,
our screening matrix included a selection of solvents,
photocatalysts, and a pair of bases.'®'**"**** To probe the
behavior of amidines under different catalytic regimes, we
evaluated three photocatalysts: [Ir(dF(CF;)ppy),(dtbbpy)]-

https://doi.org/10.1021/acscatal.5c07508
ACS Catal. 2025, 15, 21213-21223
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Figure 2. HTE and DoE optimization. (A) Optimization of the amidine arylation between 4-(trifluoromethyl)picolinamidinesHCl and
iodobenzene using the Lumidox II photoreactor. (B) fop: General equation of the model reaction for the DoE. Center: Response contour of LCMS
yields after 18 h (PLS). PC refers to Ir(ppy); photocatalyst (mol %), and Ni refers to Ni(OAc), (mol %). Bottom: Predicted optimal conditions
and factor contributions in percentage.

[PF¢] and 4CzIPN—both commonly used in nickel/photo-
redox cross-couplings—and fac-Ir(ppy);, which was included
to test our hypothesis that an oxidative quenching cycle could

21215

enable amidine reactivity under metallaphotoredox conditions
(Figure 2A). The plate-based evaluation allowed us to identify
DBU and fac-Ir(ppy); as crucial components, confirming our

https://doi.org/10.1021/acscatal.5c07508
ACS Catal. 2025, 15, 21213-21223
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Figure 3. (A) Radical scavenging experiments and the effect of oxygen. (B) Literature protocols for the synthesis of substituted triazines from
amidines. (C) Quenching of the excited state of Ir(ppy); in aerated DMSO with an increasing amount of 2,4-diphenyl-1,3,5-triazine (TA). (D)
Cyclic voltammetry study for oxidative addition (OA). Oxidative addition study: Ni(OAc), and 150 equiv of iodobenzene. [Ni] = 2 mM in
DMSO; [TEAP] = 200 mM in DMSO; Scan rate: 0,1 V/s; WE: Glassy carbon; CE: Pt; RE: Ag. (E) 1. General equation for the in situ formation of
the triazine cocatalyst (TA). 2. Plausible mechanism for the nickel-photoredox dual-catalyzed amidine-arylation.

initial prediction, while both DMSO and DMF proved to be
suitable solvents. To collect preliminary data on the broader
applicability and functional group tolerance of our method-
ology, we examined a representative set of aryl halides and
amidines under the optimized conditions (Supporting
Information Schemes S1 and S2). The reaction proceeded
smoothly with both aryl iodides and bromides and tolerated
various functional groups. However, alternative nucleophiles

such as sulfonamides and amines did not react under these
conditions.

To further refine the reaction conditions, we employed the
Design of Experiments (DoE) as a statistical optimization tool.
Compared to traditional one-variable-at-a-time methods, DoE
enables more efficient exploration of complex, multicompo-
nent systems by evaluating multiple variables simultane-
ously.*"** The final optimization was performed using the

https://doi.org/10.1021/acscatal.5c07508
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MODDE software, which applies both multiple linear
regression (MLR) and partial least-squares (PLS) models to
guide parameter selection.”” To avoid over optimization on
one substrate, we chose a different model reaction for the DoE-
guided fine-tuning of our reaction conditions and the following
control experiments (Figure 2B, top). Four continuous
variables—representing the amounts of nickel, photocatalyst,
DBU, and quinuclidine—were investigated, with LC-MS yields
at 2, 5, and 18 h serving as response outputs. A total of 27
batch experiments were conducted, and the data were analyzed
using different statistical models to predict the optimal
experimental conditions and maximize the product yield at
18 h (Figure 2B, center). The analysis revealed that nickel, the
photocatalyst, and DBU significantly influenced the reaction
outcome, whereas the effect of quinuclidine was negligible
(Figure 2B, bottom). Full details of the DoE design and
statistical evaluation are provided in the Supporting
Information.

Control experiments confirmed that the reaction requires
both nickel and photoredox catalysis as no product formation
was observed in the absence of nickel acetate, photocatalyst, or
light irradiation, even upon heating (Supporting Information
Table S2, entry 2,5—8). Although fac-Ir(ppy); exhibits strong
absorption at 377 nm, performing the reaction under 390 nm
light unexpectedly suppressed reactivity, likely due to inner
filter effects (Supporting Information Table S2, entry 11). The
conditions predicted by the DoE proved to be optimal,
affording the highest yields with both Ni(OAc), and
(dtbbpy)NiCl,, although the latter showed slower reaction
kinetics. Consistent with the DoE analysis, DBU was essential
to achieve full conversion, whereas quinuclidine had a
negligible effect and was therefore abandoned. Notably, by
moving to continuous flow conditions, we were able to reach
significantly shortened reaction times on preparative scale (18
h vs 1 h, Supporting Information Scheme S3).

Mechanistic Investigation. After optimizing the amidine
arylation protocol, we sought to understand the limited
generality observed under the standard conditions. Specifically,
we were surprised by the inability of other commonly
employed nucleophiles, such as amines or sulfonamides, to
react under our conditions (Supporting Information Scheme
S2). To this end, a series of mechanistic experiments were
carried out by using the coupling between iodobenzene and
benzamidine as a model system. Initial tests ruled out an
energy transfer (EnT) mechanism, based on spectroscopic and
experimental data (See Supporting Information).** Further-
more, the reaction was completely inhibited in the presence of
a radical scavenger, such as TEMPO or 4-hydroxy-TEMPO,
indicating the formation of an organic radical species in the
reaction pathway (Figure 3A). The possibility of a quenching
mechanism was explored through time-correlated single-
photon counting (TCSPC) experiments to identify the
quencher of the photocatalyst’s excited state. From an initial
screening, none of the individual reaction components was
found to quench the phosphorescent state of Ir(ppy);. TCSPC
analysis of the complete reaction mixture revealed no decrease
in the emission lifetime decay of the photocatalyst (Supporting
Information, Figure S18), thus, an experiment under
deoxygenated conditions was conducted to assess a potential
effect of oxygen. The reaction proceeded efficiently even
without oxygen, ruling out its involvement in the mechanism.*’
At this point, we hypothesized that a new species might have
formed in situ during the initial minutes of irradiation.

To confirm this assumption, first the reaction mixture
(without the photocatalyst) was irradiated under 390 nm light
for 3 h (See Supporting Information). Next, the a priori
irradiated mixture was used in a TCSPC experiment resulting
in significant quenching of the phosphorescent excited state of
Ir(ppy);- Because benzamidine was required for quencher
formation, we considered the benzamidine-derived species.

Literature precedent indicates that, under our conditions,
benzamidines can cyclize/oxidize to 1,3,5-triazines (Figure
3B).***” Additionally, the LC-MS analysis of a reaction using
benzamidine as the nucleophilic partner confirmed the in situ
formation of triazine TA. This process appears general across
the tested amidines, with the corresponding triazine derivatives
detected in 8 of 11 reactions (see Supporting Information for
details). Guided by these findings, we evaluated an
independently prepared 2,4-diphenyl-1,3,5-triazine (TA),
which proved to be a good quencher of the lowest excited
state of Ir(ppy) (Figure 3C). Cyclic voltammetry studies show
that formation of triazine radical anion TA™ is energetically
favored (reductive potentials of —1.77 V vs SCE for Ir"Y /*Ir™
and —1.67 V vs SCE for TA/TA™ were estimated). A reaction
conducted in the presence of TA, but without the amidine
starting material, resulted in the formation of dehalogenation
and homocoupling side products. These findings indicate that
triazine radical anion might play a role in the reduction of
Ni(II) to Ni(I), which can then readily undergo an oxidative
addition process with the aryl halide as confirmed by cyclic
voltammetry study. The radical reduction of the nickel species
is supported electrochemically, with a measured E, ;, value for
Ni''/Ni of —=1.57 V vs SCE (vs —1.67 V vs SCE for TA/TA™™).
Based on the above findings and the precedents in the
literature, we propose the following reaction mechanism for
the Ir/Ni dual-catalyzed amidine arylation method (Figure
3E).®7' The heat generated upon irradiation and light
absorption initiates the nickel-catalyzed formation of the
cocatalyst TA (Figure 3E). Once the triazine is formed, it
efficiently quenches the excited-state photocatalyst via a single-
electron transfer, yielding Ir(IV) and the triazine radical anion
(TA-"). The radical anion subsequently reduces Ni(Il) to
Ni(I), which undergoes oxidative addition onto the aryl halide
to form Ni(III) complex I. Ligand exchange then produces key
intermediate II, which, due to its higher oxidation state relative
to the more stable Ni(II), undergoes rapid reductive
elimination. This step generates the desired product while
regenerating Ni(I). Photocatalyst turnover is most plausibly
achieved through a back-electron transfer between the triazine
radical anion and Ir(IV), similarly to the mechanism reported
by the Nocera and MacMillan groups in 2020.°°" When the
quantum yield for the reaction (®,,,) and the quantum yield of
quenching ((Dq) were measured, the latter showed a much
higher value (@,,,= 0.012 vs D, = 0.436). This data indicates
that majority of the formed TA™ is not effectively involved in
the reduction of the nickel specie.

In 2023, Miyake and co-workers reported that halide anions
generated during dual photoredox/Ni catalysis can reduce the
oxidized iridium species and thus close the catalytic cycle. The
authors added tetrabutylammonium bromide (TBABr) at the
onset of the reaction obtaining significant improvement of the
reaction outcome.’” Inspired by this, we investigated the
possible role of halide anions in our system. However, the
addition of 1.0 equiv of TBABr resulted in no enhancement
either for the rate or the yield (Supporting Information, Table
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(A) Productivity study

DBU (9 equiv), Ni(OAc); (5.5 mol%),

NH fac-Ir(ppy)s (2 mol%) _Ph
HCL L e @@ - N
Ph NH, o Ph NH
0.05 M DMSO, 457 nm, 65 °C 2
V =20 mL loop
1.5 equiv 1
Entry Deviation flow rate Residence time Isolated yield  productivity
1 none 0.3 mL/min 60 min 99% 0.19 g/h
2 with TA (6 mol%) 1.3 mL/min 15 min 99% 0.84 g/h
(C) Control experiment
DBU (9 equiv), TA (6 mol%)
N Hel  Ni(OAc), (5.5 mol%), Ir(ppy)s (2 mol%) H N_Ph
Phl 4+ PR NH, » hN/
0.05 M DMSO, 457 hv, 65 °C Ph”
1
LCUV Yield (%)
Entry Deviation —_—
15 min 1h
1 None 100 100
2 No TA 16 100
3 No PC 0 0
4 No light 0 0
5 No Ni(OAc), 0 0
6 No DBU 0 0
7 1.5 equiv DBU 95 100
8 40 °C* 100 100
9 MeCN instead of DMSO 82 100
10 DMA instead of DMSO 100 100

*Obtained using "low" light intensity in the photocube and with
water cooling

(B) Gram-scale experiment

DBU (9 equiv), Ni(OAc); (5.5 mol%),

NH fac-Ir(ppy)s (2 mol%), TA (6 mol%) _Ph
HCI N
+ Phl hv, /'L
NH
2 0.05 M DMSO, 457 nm, 65 °C Ph™ “NH;
V =20 mL, 1.3 mL/min, 15'
1
2.6 g-16.5 mmol 22g 2.1g-11 mmol
1.5 equiv 11 mmol 99%

(2.5 h - process time)

(D) Test on a challenging substrate

Original conditions

DBU (9 equiv), Ni(OAc), (5.5 mol%)

NH Ir(ppy)s (2 mol%) .Ar

ArBr  + )L HCl > )NI\
Ph” "NH, DMSO 0.05 M, 457 nm, 65 °C, 18 h Ph

NH,

Ar = p-MeO-phenyl- 13

80% isolated yield

Improved conditions

DBU (2 equiv), Ni(OAc), (5.5 mol%)

NH TA (6 mol%), Ir(ppy)s (2 mol%) LAr
HCI N
ArBr + )L > )I\
Ph™ “NH, DMSO 0.05 M, 457 nm, 40 °C Ph” “NH,

Ar = p-MeO-phenyl- 13

Setup Reaction time Isolated yield

Batch 5h 81%

Flow 25h 76%

Figure 4. Improved method. (A) Productivity study with and without the addition of the cocatalyst. (B) Gram-scale experiment. (C) Control
experiments for the improved method using 2,4-diphenyl-1,3,5-triazine (TA) as cocatalyst. (D) Test for the improved method on challenging

substrate 13.

S8). These findings are consistent with our initial hypothesis of
a back-electron transfer pathway.

The identification of the triazine species as a catalytically
relevant species prompted us to explore its utility as an
exogenous cocatalyst. When triazine TA was added at the
outset of the reaction, a significant rate enhancement was
observed, reducing the reaction time from 60 min to just 15
min under otherwise identical conditions. In flow, this
translated to a marked increase in productivity, from 0.19 to
0.84 g/h (Figure 4A). The protocol also proved easily scalable:
an 11 mmol reaction afforded 2.1 g of product in 2.5 h of
processing time (Figure 4B). This improvement in reactivity
was especially beneficial for challenging substrates. For
example, amidine 13, which previously required 18 h in
batch to reach 80% yield, was formed in a comparable yield
within S5 h in batch and just in 2.5 h in flow when TA was
added (Figure 4D). Notably, this acceleration was achieved
under milder conditions and with a substantially reduced base
loading (2 equiv of DBU instead of 9 equiv). Furthermore, the
use of preformed TA obviated the need for in situ generation of
the cocatalyst from amidines and the exclusive reliance on
DMSO or DMF. As a result, the scope of the methodology was
successfully extended to sulfonamides and primary amines, and
the reaction could be performed in a broader range of solvents,
including DMA and MeCN (Figure 4C).

Scope Investigation and Applications. We next
evaluated the generality of the catalytic system across a
broad range of aryl halides, amidines, and alternative
nucleophiles (Figure S). As anticipated from our preliminary
screening, aryl chlorides were unreactive under all of the tested

conditions. In contrast, a wide variety of aryl iodides and
bromides bearing electron-deficient, electron-neutral, and
electron-rich substituents underwent efficient amidination
under continuous flow, affording products 1—18 in good to
excellent yields (59 to 99%). Strong electron-withdrawing
groups led to excellent yields (99% for 2 and 3), while
ambivalent para substituents that combine inductive electron
withdrawal and electron donation via resonance also
performed well (81—93% for 4-8). Notably, the synthesis of
compound 6 was carried out using only 1.1 equiv of aryl iodide
(vs 1.5 equiv for the other substrates) to avoid double
amidination. Electron-donating substituents were generally
well tolerated (80—99% for 9, 11—13), although reactivity
decreased with strongly donating groups such as p-NMe, (59%
for 14). Meta-substituted aryl halides coupled smoothly (88—
99% for 10, 15—18), while ortho-substitution was generally
detrimental, with the only exception of 1-fluoro-2-iodobenzene
(affording substrate 8 in 91% yield).

The method also tolerated a range of heteroaryl halides.
Pyridines, pyrimidines, and benzo-fused systems, such as
quinolines and benzothiazoles, afforded products 19—28 in
moderate to excellent yields. Lower yields (20 and 21) were
attributed to competing overarylation or dehalogenation
pathways. A variety of amidines was also tested, including
aryl (29-31), benzyl (32), heteroaryl (34—36), and alkyl (37,
38) derivatives. All of the substrates provided the correspond-
ing products in moderate to excellent yields. Unlike aryl
halides, ortho-substitution on the amidine core was well
tolerated (e.g., 31). Picolinamidines and alkyl amidines proved
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o

1.5 equiv

NH,

DBU (9 equiv), Ni(OAc), (5.5 mol%),
fac-Ir(ppy)s (2 mol%)

hv

h
>

+  (Het)Ar—X O\N¢(Hal)Ar
0.05 M DMSO, 457 nm, 65 °C H
V =15 mL, 0.25 mL/min

X =1lorBr

H,N._ _Ph H,N._ _Ph

Y Y
o

99% (X = 1) 99% (X = 1)
99 % (X = Br)

H,N_ _Ph
e
Cr
F
8
91% (X = 1)

\lf Hsz/

F. N
: : F3C\©/N
F

F3C

H,N

o

100%P (X = Br)

H,N_ _Ph

15 16
99% (X = 1) 89% (X = Br)
HN__Ph HoN__Ph

T

oy

T

Cr

Ph

Ph

Aryl halides scope

T T

N N
o .
NC

H,N._ _Ph H,N._ _Ph

OMe
3 4 5 6
99% (X = 1) 87% (X = 1) 93% (X = 1) 81%2 (x= 1)
100% (X = Br)
HN -Ph HN_ _Ph HaN__Ph HaN.__Ph

T Y Y Y

N N
/©/N )OI\/©/ /©/
MeO MeO

1" 13

96% (X = I)

10 12

83% (X = I)

92% (X = Br) S X
o =DBr,

81%P (X = Br)

H,N_ _Ph HoN Ph H,N_ _Ph H,N Ph
(¢]
g g g T
NC N N N N N
EtO 1 A | A
N 2 4
17 18 19 20
80% (X = Br) 80% (X = Br) 77% (X = 1) 25% (X = Br)

Ph

YPh H,N__Ph HZNT(
| \Ir N
N N N

N VAR
—N

92 (X =1)

H,N_ _Ph

o
(Me),N

14
59% (X = I)

21
39% / 45%" (X = Br)

Y
g

H,N_ _Ph

22 23 24 25 26 27 28
35% (X =1) 74% (X =1) 90% (X =1) 72% (X = Br) 32% (X = Br) 97%® (X = Br) 70% (X = Br)
Nucleophile scope
Ph Ph Ph Ph Ph
NI’ NI’ CFs NI’ NI’ NI’
0 FsC
NH, - NH, NH, NH, ® | A NH,
No N
29 30 31 32 33
82% (X =1) 99% (X =1) 87% (X =1) 91%P (X =1) 54% (X = 1)
Ph Ph Ph Ph Ph
Nig N7 N7 N7 \N NT
N | | | | |
| A NH, N NH, S NH, NH, NH,
= I ¥z \ S
34 35 36 37 38
38% (X =) 87% (X =1) 95% (X = 1) 50% (X =) 60% (X =)
Ph
Ph N7 Q Q
N7 H %2° FiC %52° N0
H \ \ 5
HN—Ph HN—Ph \
F3C HN—Ph
39 40 41 42 43
19%° 65%° 96%° 99%° 98%°
77%" 99%¢ 94%¢ 95%¢ 96%¢

Figure S. Substrate scope. All reactions were performed under continuous flow conditions in the PhotoCube reactor. Yields are reported for
isolated compounds. X = I or Br in brackets indicate the haloaryl compound used. General conditions are depicted on the scheme, deviations are
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Figure 5. continued

indicated by superscripts: : (a) Amidine (1.1 equiv), (b) batch conditions 2—16 h (reaction time is reported in the Supporting Information), (c)
2,4-diphenyl-1,3,5-triazine (TA) 6 mol % added as cocatalyst, and (d) (dtbbpy)NiCl, instead of Ni(OAc),.

A) Diarylation experiment

B) Diamidination & ring closure

HCl Ph

. g HNgNH;  DBU Ni(OAc), 1. DBU, Ni(OAC),, Ir(ppy)s, NZNH
I .
\‘Nr . r(ppy)s \r Y HN NH2 DMSO, 457 nm, 65 °C, 16 h -
DMSO, 457 nm, Ph 2. PIDA, Cs,CO3, TFE, 0-20°C, 2h
65°C, 16 h HN _ N
Ph
45 46
40% 45%
C) LSF experiments
S
/
| H 0, (o}
’!‘ _N : 0
- Benzamdine HCL DBU, I Benzamidine HCI, DBU, A N-cbz
(OAG)2, r(ppY)s o : LN=cbz " Ni(OAc),, Irppy)s 0
o @) - : o > A
NH : N"So
DMSO, 457 nm, Py O O : o e
65°C, 1h Ph” °N H ’
Br H
S Br H. N—/<N
48 49 : 50 = %y, s
Bromazine 88% Informer compound X8 21%

D) APl-analogue synthesis

NH,
NH HCI Br cI~N(Me),
DBU, Ni(OAc),, | N
Br i(OAC),, Ir(ppy)s \© PIDA, Cs,CO; Br N CSZC03, K \©: D
1) N —> \©: R N
| DMSO, 457 nm, 65 °C, 1 h ﬂ\@ TFE,0-20°C, 2h N MECN 18h
HoN H
N(Me)z
52 53 54
57% 78% 45%
COOEt
E\\—uNHHCI
S NH, | H
. N Ns N N
DBU, Ni(OAc),, Ir(ppy)s D T D
54 N NH N
DMSO, 457 nm, 65 °C, 16h 8
N(Me), N(Et),

55
39%

nNOS inhibitor with
u-opioid agonist activity
(Prepared in 6 steps)

Figure 6. Applications of our amidine arylation protocol for the synthesis of complex molecules. (A) Diarylation of benzamidine using 2-bromo-
1,3-benzothiazole. (B) Diamidination of 1,4-dibromo- or 1,4-diiodo-benzene with benzamidine-HCL. (C) Late-stage functionalization experiment
using bromazine and informer compound X8 of the Aryl Halide Chemistry Informer Library. (D) API-analogue synthesis. All yields are for isolated
compounds. Starting material synthesis, detailed procedures, and conditions are reported in the Supporting Information.

more challenging, likely due to their stronger coordination to
the nickel catalyst and lower electronic activation.
Sulfonamides and primary amines, which were unreactive
under the original conditions, became viable coupling partners
when triazine TA was added. Sulfonamides afforded high yields
using Ni(OAc),. In contrast, benzylamines gave side products,
which we attributed to overarylation or undesired background
reactivity. Control experiments revealed that (dtbbpy)NiCl,
was also an effective catalyst and could quench the photo-
catalyst, albeit with a lower quenching constant than TA
(Supporting Information, Figure $28). Armed with these
insights, we tested sulfonamides and amines using (dtbbpy)-

NiCl, as both nickel source and quencher to deliberately slow
down the reaction and favor product formation over undesired
pathways, achieving high yields for both. It should be noted
that the conditions featuring (dtbbpy)NiCl, are similar to
those developed by Escobar and Johannes, therefore, it is safe
to assume that the reaction follows a different mechanism
compared to the one depicted on Figure 3E.>

To further evaluate the robustness and applicability of our
protocol, we extended its use to the synthesis of complex
molecules and late-stage functionalization (LSF) experiments
on bioactive compounds (Figure 6). The procedure was
adapted for a diamidination protocol using benzamidine with
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both 1,4-diiodobenzene and 1,4-dibromobenzene, leading to
intermediate 44 in good yields (70% and 59%, respectively,
Supporting Information). This intermediate was then sub-
jected to double ring-closure, affording UV-protecting agent 46
in moderate yield. We also attempted diarylation of
benzamidine using 2-bromobenzothiazole as the arylating
agent, obtaining compound 45 in 40% isolated yield. In
addition, when the antihistaminic drug bromazine (48) was
subjected to our amidination protocol, 49 was obtained in
excellent yield. The challenging molecule 50 (informer
compound X8 of the Aryl Halide Chemistry Informer Library)
was also tested under our protocol leading to the amidinated
compound 51 in 21% yield.>* This showcases the method’s
suitability for medicinally relevant molecules, tolerating Cbz-
protected amines and carbamates. Literature search revealed a
nNOS inhibitor with p-opioid agonist activity (Figure 6
bottom), for which our amidine arylation method can be
utilized. We designed a route where, by applying our method
twice, we were able to synthesize a closely related analogue
(55) in only four steps.

B CONCLUSION

In conclusion, we have developed a practical, high-yielding
amidine arylation method in continuous flow that operates in
open air under mild conditions. A plethora of (hetero)aryl
halides and amidines are amenable to our protocol, which has
also been successfully applied in a late-stage functionalization
and in the synthesis of biologically relevant molecules.
Mechanistic studies revealed how an in situ generated triazine
cocatalyst plays a critical role in achieving productive
transformation. These insights not only enhanced the
productivity and scope of the reaction but also uncovered an
under-represented oxidative quenching manifold in nickel/
photoredox catalysis. This strategy opens new scenarios in the
design of metallaphotoredox systems and sets the stage for
broader applications of triazine-based reactivity in synthetic
methodologies.

B METHODS

General Procedure for the Preparation of N-Arylated
Amidines in Flow. Amidine-HCI (1.5 mmol, 1.5 equiv) and
Ni(OAc), (55 umol, 5.5 mol %) were placed in a 20 mL
scaffold vial and dissolved in dry DMSO (5 mL) under
sonication. When a clear solution was formed, DBU (9 mmol,
9 equiv) was added to the reaction mixture, followed by the
aryl halide (1 mmol, 1 equiv). In the meantime, Ir(ppy); (20
umol, 2 mol %) was placed in a second scaffold vial and
suspended in DMSO (15 mL). The suspension was sonicated
until a clear solution was formed. The solution of the iridium
complex was then added to the reaction mixture under air, and
the final solution was then pumped through a 20 mL coil with
0.3 mL/min flow rate under 457 nm irradiation in the
PhotoCube. The flow setup used for the reaction was
described in the Reactor design section (Supporting
Information).

After reaction time completion, the mixture was diluted with
50 mL of EtOAc and washed with a 15% solution of aq. NaCL
The aqueous phase was extracted with another 50 mL of
EtOAc. The two organic phases were combined and washed
with a 15% solution of aq. NaCl, then dried on Na,SO, and
concentrated under vacuum.

The crude was then purified by FCC or preparative HPLC.
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General Procedures for the Synthesis of N-Aryl
Amines and Sulfonamides in Flow. Nickel complex
(dtbbpy)NiCl, (55 umol, 5.5 mol %) was placed in a 20 mL
scaffold vial, DMSO (5 mL) was added, and the mixture was
sonicated for 2 min. When a clear solution was formed, the
amine/sulfonamide (1.5 mmol, 1.5 equiv) was added to the
vial, followed by DBU (9 mmol, 9 equiv) and the aryl halide (1
mmol, 1 equiv) in this order. In the meantime, Ir(ppy); (20
umol, 2 mol %) was placed in a second scaffold vial and
suspended in DMSO (15 mL). The photocatalyst suspension
was sonicated until a clear solution was formed and added to
the reaction mixture under air. The final solution was then
pumped through a 20 mL coil with a 0.3 mL/min flow rate
under 457 nm irradiation in the PhotoCube. The flow setup
used for the reaction was described in the Reactor design
section (Supporting Information).

After reaction time completion, the mixture was diluted with
50 mL of EtOAc and washed with a 15% solution of aq. NaClL
The aqueous phase was extracted with S0 mL of EtOAc. The
two organic phases were combined and washed with a 15% aq.
NaCl, then dried on Na,SO, and concentrated under vacuum.

The crude was then purified by FCC or preparative HPLC.

General Procedure for Improved Photoflow C—N
Coupling with Triazine Cocatalyst. Amidine-HCI (1.5
mmol, 1.5 equiv) and Ni(OAc), (55 pmol, 5.5 mol %) were
placed in a 20 mL scaffold vial and dissolved in dry DMSO (5
mL) under sonication. When a clear solution was formed,
DBU (9 mmol, 9 equiv) was added to the reaction mixture
followed by the aryl halide (1 mmol, 1 equiv). In the
meantime, Ir(ppy); (20 ymol, 2 mol %) and 2,4-diphenyl-
1,3,5-triazine (60 pumol, 6 mol %) were placed in a second
scaffold vial and suspended in dry DMSO (15 mL). The
photocatalyst’s suspension was sonicated until a clear solution
was formed and was added to the reaction mixture. The final
solution was then pumped through a 20 mL coil with a flow
rate of 1.3 mL/min under 457 nm irradiation in the
PhotoCube. The flow setup used for the reaction was
described in the Reactor design section (Supporting
Information).

After reaction completion, the mixture was diluted with 50
mL of EtOAc and washed with a 15% aq. solution of aq. NaCl.
The aqueous phase was extracted with another S0 mL of
EtOAc. The two organic phases were combined and washed
with a 15% aq. NaCl, then dried on Na,SO, and concentrated
under vacuum.

The crude was then purified by FCC or preparative HPLC.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.5c07508.

Experimental procedure, setup descriptions, and general
information (PDF)
NMR spectra (PDF)
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