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A B S T R A C T

Quinazolines are found in numerous commercially available drugs. Herein, we report a catalyst-free photo-
chemical approach for the direct alkylation of these N-heterocycles under mild conditions. Additionally, late-
stage functionalization of bioactive natural products—including caffeine, quinine derivative and avone—was
successfully achieved. Notably, the protocol also enabled the selective C7-functionalization of the pyrrolo[2,1-f]
[1,2,4]triazine core without requiring pre-functionalization, representing the rst example of this transformation
accomplished through a photochemical process. Using the optimized reaction condition, 17 alkylated hetero-
cycles were prepared in 10-81% yield.

1. Introduction

Nitrogen-containing heterocyclic compounds appear in approxi-
mately 82% of all drugs approved in the past decade [1]. Among the
N-heterocycles, quinazolines—particularly 4-aminoquinazolines—are
key structural motifs featured in several commercially available phar-
maceuticals, such as terazosin and ziresovir [2] (Fig. 1). Likewise, the
pyrrolo[2,1-f][1,2,4]triazine is an important scaffold, found in kinase
inhibitors and nucleoside-based drugs including avapritinib and
remdesivir [3]. Given the pharmacological relevance of these N-het-
erocycles, numerous methods have been developed for the synthesis of
quinazolines [4] and pyrrolotriazines [5].

The functional groups introduced onto a N-heterocyclic core criti-
cally inuence its physicochemical and biological properties. Therefore,
appropriate functionalization of quinazolines and pyrrolotriazines is
essential to unlock their broad utility as therapeutic agents and building
blocks for new drug candidates [6]. To meet this demand, simple,
practical, sustainable, and high-yielding synthetic methods are required
for the efcient modication of these N-heterocycles. In recent years,
late-stage C–H functionalization has emerged as a remarkably versatile
strategy. Such transformations can be promoted electrochemically [7]
or photochemically [8], and may proceed with or without

transition-metal catalysts.
Although C–H activation of quinazolinones have been explored [9],

few examples using quinazolines are described [10]. Concerning the
pyrrolotriazine, its functionalization is typically achieved through the
corresponding halide derivatives, often requiring harsh conditions [11].
Notably, List and co-workers reported a silylium-catalyzed C-glycosyl-
ation of pyrrolo[2,1-f][1,2,4]triazine that proceeds without the need for
pre-installed protecting or activating groups [12].

In this context, photochemistry has emerged as a powerful strategy
for the direct C–H functionalization of heterocycles, notably through
Minisci-type reactions. These transformations proceed via radical
nucleophilic substitution (SRN1) mechanisms, in which radical species
can be generated through decarboxylation, hydrogen atom transfer
(HAT), electrochemical methods, or photochemical activation of
Katritzky salts, dihydropyridines (DHPs) and other radical precursors
[13]. The Gutierrez-Bonet group [14] reported the use of DHPs in the
presence of an oxidant to enable the direct functionalization of
quinazolin-4-ones. Similarly, Chen et al. demonstrated the
visible-light-mediated, chemoselective C–H functionalization of pep-
tides using 4-alkyl-DHPs [15]. Peptide functionalization has also been
achieved under photoredox conditions employing carbamoyl-DHPs as
radical precursors [16].
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Therefore, continuing our efforts to develop greener methods for the
functionalization of N-heterocycles [17], we report herein the rst
photochemical approach for the direct alkylation of aminoquinazolines
and pyrrolo[2,1-f][1,2,4]triazine under mild conditions.

2. Results and discussion

Based on the work developed by Chen et al. [18], we start this study
using 4-aminoquinazoline (1a), diethyl 4-cyclohexyl-2,6-dimethyl-1,
4-dihydropyridine-3,5-dicarboxylate (2a), triuoroacetic acid (TFA)
and 2,2,2-triuoroethanol (TFE) as solvent under blue LED irradiation
for 4 h, followed by exposition to air to promote the rearomatization
(Scheme 1). For our delight, the desired product 3awas obtained in 57%
yield (Table 1, Entry 1).

We then evaluated whether the amount of light delivered to the
system inuenced the reaction outcome. Using two 40 W LEDs (λmax =
440 nm) resulted in a reduced yield of 3a (13%, Table 1, Entry 2).
Control experiments were performed to gain insight into the nature of
the reaction. Light was found to be essential, as no formation of 3a
occurred in its absence (Table 1, Entry 3). The reaction was also sensitive
to oxygen; exposing the system to air completely inhibited C–H func-
tionalization (Table 1, Entry 4). Finally, the presence of acid proved
crucial: without TFA, no product 3a was detected (Table 1, Entry 5).

Next, we investigated the inuence of reaction concentration. A
more concentrated medium led to a decrease in yield (30%, Table 1,
Entry 6). Conversely, dilution to 0.05 mol L1 increased the yield to 74%
(Table 1, Entry 7). Further dilution to 0.04 mol L1, however, again
lowered the yield (61%, Table 1, Entry 8). Based on these results, a
concentration of 0.05 mol L1 was selected for subsequent studies. We
also examined the amount of TFA required. Reducing TFA to 0.75 equiv.
gave only traces of 3a (Table 1, Entry 9), while increasing it to 2.0 equiv.
decreased the yield to 55% (Table 1, Entry 10). Thus, the initial amount
was maintained.

To determine whether a photocatalyst could enhance the reaction,
we tested 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN),
chosen for its long-lived excited state and favorable redox potentials
(E1/2(PC*/PC) = +1.35 V vs. SCE) [19]. However, its use resulted in
only 12% yield of 3a (Table 1, Entry 11). Additional parameter-
s—including acids, alternative light sources, and solvents—were
screened in an effort to improve the transformation, but none afforded
better results (see Supplementary Information).

With the optimal conditions established (Table 1, Entry 7), we next
evaluated scalability. Performing the reaction on a 1 mmol scale

afforded 3a in 65% yield, allowing the isolation of 180.2 mg of product.
We then examined the scope and limitations of the method (Scheme 1)
and a variety of 4-alkyl-DHPs were evaluated. Functionalized products
were obtained from unsaturated cyclic (3b, 35%) and saturated acyclic
(3c, 41%) radical precursors. A DHP derived from ibuprofen also suc-
cessfully afforded the C2-alkylated product 3d in 33% yield. Recovery of
unreacted starting material allowed a second alkylation cycle, providing
3d in 76% combined yield. However, other 4-alkyl-DHPs failed to
deliver the corresponding products 3e–3g, probably due to insufcient
stability of the generated radicals. Likewise, the DHP substituted with a
tetrahydrofuran-3-yl group did not furnish the corresponding product
3h (Scheme 1). Other DHPs were explored without success (see Sup-
plementary Material).

Beyond the model substrate 1a, a variety of quinazolines were
examined. For instance, 4-methylquinazoline bearing substitution at the
C8 position afforded the C2- alkylated product 3i in 43% yield. For our
delight, introduction of a chlorine atom into the radical acceptor
improved the outcome, delivering product 3j in 64% yield. Motivated by
this result, a DHP substituted with 4-(tetrahydrofuran-3-yl) was evalu-
ated in combination with 4-chloroquinazoline, providing the
heteroatom-containing cyclic alkylated product 3k in 24% yield.
Therefore, the increase in electrophilicity of the heterocycle from 3h to
3k, due to the presence of an electron withdrawing chlorine atom, was
able to sufciently lower the LUMO energy to allow for the radical
attack. This result suggests that the reaction does not depend solely on
the stability and nucleophilicity of the radical.

To assess the versatility of the protocol, other heterocyclic scaffolds
were also explored. Quinoxalin-2(1H)-one underwent successful C–H
functionalization to give 3m in 41% yield; however, N-alkylated
analogue lead to traces of 3n under the optimized conditions. The N-
methyl group acts as an electron donor, effectively deactivating the
heterocycle toward nucleophilic radical attack by decreasing the elec-
trophilic character of the transient quinoxalinium species.

Pyrimidine was also amenable to alkylation, affording 3o in 67%
yield. Notably, to the best of our knowledge, photochemical C–H func-
tionalization of unsubstituted pyrimidines at C2 has not been previously
reported, with existing methods relying primarily on Grignard-based
cross-coupling reactions [20]. We further examined substrates derived
from natural products. Caffeine provided the alkylated product 3p in
21% yield, while quinine derivative delivered 3q in 71% yield.

Unsubstituted quinoline was also evaluated; however, the reaction
resulted in a complex mixture from which no product could be isolated.
GC-MS analysis of this mixture revealed two compounds with the m/z of

Fig. 1. Examples of drugs possessing 4-aminoquinazoline or pyrrolo[2,1-f][1,2,4]triazine core.
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the monoalkylated product. This suggests that alkylation likely occurred
at the C2 and C4 positions. Under the acidic conditions of the reaction,
protonation of the quinoline core increases the electrophilicity of these
sites, thereby favoring the targeted alkylation (see Supplementary
Material).

In addition, avone—commonly found as a plant secondary metab-
olite [21] —underwent double alkylation to furnish 3r in 81% yield.
Additional heterocycles were also subjected to the photochemical C–H
functionalization conditions; however, several substrates were not
tolerated by the protocol (see Supplementary Material). Moreover, we
have evaluated the compatibility of additional DHP classes within the
protocol. When diethyl 4-(benzylcarbamoyl)-2,6-dimethyl-1,4-dihy-
dropyridine-3,5-dicarboxylate was used as the radical precursor, no
C2-functionalization product was observed and the starting quinazoline
1a was recovered.

We next applied the developed protocol to the unnatural nitrogenous
scaffold pyrrolo[2,1-f][1,2,4]triazine, the core structure of remdesivir,
given its previously noted importance and synthetic challenges. For our
delight, the corresponding C7-alkylated product 3swas obtained in 10%
yield, being its structure conrmed by single crystal X-ray analysis. To

the best of our knowledge, this represents the rst report of C7-
functionalization of this nucleus without preactivation using a photo-
chemical protocol. This result motivated further optimization efforts
aimed at improving the yield of 3s (Table 2).

Extending the reaction time in the rst stage to 24 h resulted in a
twofold increase in yield (Table 2, Entry 2). This suggested that a longer
reaction period might be benecial. However, conducting the reaction
for 48 h led to degradation of the desired product (Table 2, Entry 3).
Changing the light source was also evaluated, but no reaction occurred
under these conditions (Table 2, Entry 4). Increasing the reaction con-
centration likewise did not improve the outcome (Table 2, Entry 5).
Adjusting the amount of radical precursor proved unproductive as well,
giving only traces of 3s (Table 2, Entry 7). Notably, incorporating an
additional lamp into the setup signicantly improved the yield,
providing 3s in 31% yield (Table 2, Entry 8). Other polar solvents were
explored, but without improvement in the process (Table 2, Entries 10
and 11).

With the optimized reaction conditions in hand (Table 2, Entry 8),
we next examined the scope of DHPs to assess the robustness of the
protocol (Scheme 2). Pyrrolo[2,1-f][1,2,4]triazine derivatives bearing

Scheme 1. Scope and limitations of the visible-light promoted C–H functionalization reaction. arst cycle of alkylation. bsecond cycle of alkylation.
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cyclohexenyl (3t), 2-pentyl (3u), and ibuprofen-derived (3v) sub-
stituents were obtained in yields of up to 26% (Scheme 2). Notably, in all
cases, exclusive C7-alkylation was observed.

Vrabel et al. reported that alkylation of 1,2,4-triazines occurs

selectively at the N1 position, affording N1-alkyl triazinium salts [22],
which suggests that this nitrogen atom is the most nucleophilic and best
able to stabilize positive charge. By analogy, we propose that the
regioselectivity observed in the C7-alkylation of pyrrolo[2,1-f][1,2,4]

Table 1
Visible-light promoted C–H functionalization of 4-aminoquinazoline (1a) with Hantzsch ester 2a.

Entry Variation Yield 3a (%)c

1a None 57
2 2 LEDs (40 W each) 13
3 Absence of light throughout the process n.rd
4 Air exposure throughout the method n.rd
5 Absence of acid n.rd
6 Concentration 0.1→ 0.2 mol L1 30
7b Concentration 0.1→0.05 mol L¡1 74
8 Concentration 0.1→ 0.04 mol L1 61
9b 0.75 equiv. TFA traces
10b 2.0 equiv. TFA 55
11b 4CzIPN (1 mol%) 12
a reaction carried out in a 10 mL Schlenk ask, under a N2 atmosphere, containing 1a (0.2 mmol; 1.0 equiv.),

2a (0.3 mmol; 1.5 equiv.), TFA (0.3 mmol; 1.5 equiv.) and TFE (2 mL), irradiating with a 40 W Kessil LED
(λmax. = 440 nm). Performing freeze-pump-thaw (3 cycles).
b Using TFE (4 mL).
c Isolated yields after purication by column chromatography.
d n.r = no reaction.

Table 2
Optimization of functionalization of pyrrolo[2,1-f][1,2,4]triazine.

Entry Variation 3s, Yield (%)b

1a None 10
2 24 h in the rst stage 20
3 48 h in the rst stage n.dc
4 λmax. = 390 nm P = 40 W n.rd
5 TFE (1 mL) traces
6 TFE (3 mL) 13
7 3.0 equiv. of 2a traces
8 2 LEDs (40 W each) 31
9 36 h in the rst stage 29
10 HFIPe traces
11 DMSO 10
a reaction carried out in a 10 mL Schlenk ask, under a N2 atmosphere, containing 1t (0.10

mmol; 1.0 equiv.), 2a (0.15 mmol; 1.5 equiv.), TFA (0.15 mmol; 1.5 equiv.) and TFE (2 mL),
irradiating with a 40 W Kessil LED (λmax. = 440 nm). Performing freeze-pump-thaw (3 cycles).
b Isolated yields after purication by column chromatography.
c n.d = not determined, degradation of reaction components.
d n.r = no reaction.
e HFIP = 1,1,1,3,3,3-hexauoroisopropanol.

J.R.N. dos Santos et al. Tetrahedron 195 (2026) 135195

4



triazine arises from preferential stabilization of the positive charge,
upon protonation with TFA, by the nitrogen at the 7a instead of at the 1
position (see Supplementary Material). Therefore, the C7-alkylation
would be in agreement with the Minisci aryl substitutions [23].

With regard to the mechanism of the studied reaction, further ex-
periments were conducted to supplement the discussions already re-
ported [18]. With this, we began our investigations with UV-Vis studies
of the starting material 1a and the radical precursor 2a in conjunction
with TFA (see Supplementary Material). Upon analysis of these results,
no bathochromic shift of the mixture was observed, which may indicate
that the reaction does not occur using an electron donor-acceptor (EDA)
complex [24,25] but rather by direct excitation of the radical precursor
2a.

Further evidence was gathered by studying the NMR of both initial
components individually in the same solvent and then the mixture of
both (see Supplementary Material). By observing the NMR spectra, it
can be seen that the chemical shifts of the initial materials individually
and when arranged in a mixture are the same, indicating that the EDA
complex is not formed in this protocol.

Simultaneously with these analyses, studies were conducted with

radical scavengers. Thus, the reaction was carried out under optimized
conditions with the addition of the radical scavenger 2,2,6,6-tetrame-
thylpiperidine-1-yl)oxyl (TEMPO). At the end of the reaction period, it
was not possible to observe the formation of the functionalized product
at C-2 (3a) using TLC analysis, thus suggesting that the radical species
present in the reaction mixture may have been captured by the
sequestering agent added to the reaction medium. This fact was
conrmed by analyzing the full scan mass spectrum, which is consistent
with previously reported data [18] (see Supplementary Material). We
have also monitored the reaction every 2 h by direct infusion mass
spectrometry (DI-MS), and it was possible to detect the unoxidized
product IV (see Supplementary Material).

In addition, experiments were conducted by alternating light expo-
sure to the system. When analyzing the results (see Supplementary
Material), it can be understood that constant irradiation is necessary to
obtain 3a, since during the periods when the light was turned off, the
yield remained constant. This shows that the alkyl radical present in the
medium may be a transient radical and, consequently, no parallel re-
actions occur. Considering the evidence presented and what is reported
in the literature, Scheme 3 shows a proposed mechanism for the C–H

Scheme 2. Alkylation of pyrrolo[2,1-f][1,2,4]triazine.

Scheme 3. Proposed mechanism for the C–H functionalization reaction of 1a.
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functionalization of 1a.
Initially, DHP 2a absorbs visible light and is promoted to its elec-

tronically excited state 2a*, which undergoes homolytic cleavage to
generate the alkyl radical. The resulting radical then adds to the pro-
tonated 4-aminoquinazoline II [26] via a Minisci-type nucleophilic ar-
omatic substitution, affording radical cation intermediate III.
Subsequently, a single-electron transfer (SET) between intermediates I
and III furnishes intermediate IV, which is further oxidized by molecular
oxygen present in the reaction medium to deliver the protonated alky-
lated product. The aromatized DHP derivative 4a is formed as a
byproduct of the process.

3. Conclusion

In conclusion, an oxidant- and photocatalyst-free protocol was
developed for the C–H functionalization of quinazolines, furnishing 8
derivatives in 24–76% yield. Moreover, late-stage functionalization of
bioactive natural products, such as caffeine, quinine derivative and
avone was carried out. Notably, the protocol enabled the selective C7-
functionalization of the pyrrolo[2,1-f][1,2,4]triazine core without the
need for pre-functionalization, representing the rst example of such a
transformation achieved through a photochemical process. Exploratory
studies aimed at improving the C7- alkylation revealed a maximum yield
of 31% to date. Given the synthetic relevance of this transformation,
further optimization of the protocol is ongoing, including efforts to ac-
cess more structurally complex derivatives.

4. Methods and materials

4.1. General information

Commercially available reagents were purchased from Merck, and
when necessary, additional purications were carried out as reported in
the literature. The synthesized products were puried through a chro-
matographic column using ash silica gel 60 Å, 230–400 mesh. The thin
layer chromatography (TLC) was performed in silica gel 60 F254 sup-
ported in aluminum sheets. The Nuclear Magnetic Resonance (NMR) 1H
and {1H}13C NMR spectra were recorded on a Bruker DRX 400 MHz
spectrometer. Chemical shifts (δ) were presented in ppm units and the
coupling constants (J) in Hertz (Hz). Abbreviations were used to express
the multiplicity of signals: s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet). The reactions conducted under microwave irradiation
were carried out in a CEM Discovery®. Melting points were recorded
with a digital fusometer (Büchi, M 560) and were expressed in degrees
Celsius (◦C). The photochemical reactions were carried out in a 10 mL
Schlenk ask which was irradiated by a 40 W Kessil H1160L blue LED
with a maximum emission of 440 nm. The LEDwas positioned 3 cm from
the Schlenk ask. UV/Vis detection analyses were performed in a 1.0 cm
quartz cuvette using a Shimadzu model 1800 UV/Vis spectrophotometer
at 20 ◦C. Absorption spectra of the individual components were obtained
at the same concentration as the reaction under study. Complete scan
mass spectra of the crude reaction product were obtained on a Waters
Xevo TQD triple quadrupole mass spectrometer. Single-crystal X-ray
diffraction studies were conducted at room temperature using a Rigaku
XtaLAB Synergy-S Dualex diffractometer, equipped with a HyPix-
6000HE detector system and CuKα radiation (λ = 1.54184 Å). HRMS-
ESI analyses were conducted on an Agilent 6545 qTOFMS spectrom-
eter (Agilent Technologies, Santa Clara, CA, USA) with an electrospray
interface (ESI) in positive mode. The GC-MS analyses were conducted
using a Shimadzu GCMS-QP2010S instrument with electron impact
ionization (EI) using a Zebron-ZB-5MS column.

4.2. General procedure for photochemical alkylation of heterocycles

In a 10 mL Schlenk tube, the heterocycle (1a-z) (0.2 mmol; 1.0
equiv.), the radical precursor of interest (2a-m) (1.5 equiv.), and 2,2,2-

triuoroethanol (4 mL) were added. Subsequently, the freeze-pump-
thaw cycle (3 cycles) was performed on the system and, with the aid
of a syringe, TFA (0.3 mmol; 23.1 μL) was added to the reaction system.
The Schlenk was positioned in front of a 40 W Kessil H1160L blue LED
with a maximum emission of 440 nm, allowing it to be irradiated for 4 h.
The system also remained under constant agitation during this period.
At the end of this period, the Schlenk was opened and the LED turned off,
and the reaction system continued to be stirred for another 4 h. At the
end of the reaction period, Et3N (69 μL; 0.43 mmol) was added. The
reaction mixture was then evaporated at reduced pressure and subse-
quently puried on a ash chromatography column 18.

2-Cyclohexyl-4-quinazolinamine (3a) 27: The product was puried on
a gradient of 30–70% EtOAc:hexane, with the column doped with 1%
Et3N. The product was obtained as a white solid with a 74% yield (33.6
mg, 0.14 mmol). mp: 228-231 ◦C (lit. 230-232 ◦C) [27]. 1H NMR (400
MHz, DMSO‑d6) δ: 9.70 (d, J = 35.1 Hz, 2H), 8.41 (d, J = 8.2 Hz, 1H),
8.02 (t, J= 7.7 Hz, 1H), 7.81 (d, J= 8.3 Hz, 1H), 7.71 (t, J= 7.7 Hz, 1H),
2.86 (ddd, J = 11.7, 8.6, 3.3 Hz, 1H), 1.95 (d, J = 11.9 Hz, 2H), 1.83 (d,
J = 13.0 Hz, 2H), 1.74 – 1.68 (m, 1H), 1.66 – 1.54 (m, 2H), 1.35 (dd, J=
25.5, 12.7 Hz, 2H), 1.29 – 1.13 (m, 1H). 13C{1H} NMR (100 MHz,
DMSO‑d6) δ: 167.7, 164.0, 139.4, 136.7, 128.1, 125.3, 119.4, 111.6,
44.0, 30.6, 25.6. HRMS (ESI+): m/z calcd for: C14H17N3 [(M + H)]+:
228.1500; found: 228.1509.

2,6-Dimethyl-3,5-pyridinedicarboxylic acid diethyl ester (4a) 28: The
compound was puried with 30% EtOAc:Hexane as the mobile phase.
The compound was obtained as a white solid. The yield of this
by-product was not determined. mp: 68-72 ◦C (lit. 66-68 ◦C) [28]. 1H
NMR (400 MHz, CDCl3) δ: 8.77 (s, 1H), 4.40 (q, J = 7.1 Hz, 4H), 2.89 (s,
6H), 1.41 (t, J = 7.1 Hz, 6H). 13C{1H} NMR (100 MHz, CDCl3) δ: 165.2,
161.7, 142.0, 123.8, 61.7, 23.8, 14.2.

4-(Benzylcarbamoyl)-2,6-dimethylpyridine-3,5-dicarboxylate diethyl
ester (4b): The product was puried with 30% EtOAc:Hexane as the
mobile phase. The product was obtained as a yellow oil. The yield of this
by-product was not determined. 1H NMR (400 MHz, CDCl3) δ: 7.30 – 
7.19 (m, 5H), 6.40 (brs, 1H), 4.45 (d, J = 5.8 Hz, 2H), 4.13 (q, J = 7.1
Hz, 4H), 2.51 (s, 6H), 1.19 (t, J = 7.1 Hz, 3H).

2-Cyclohex-3-en-1-yl)quinazolin-4-amine (3b): The product was pu-
ried on a gradient of 30–50% EtOAc:hexane, with the column doped
with 1% Et3N. The product was obtained as a solid yellow with a 35%
yield (15.7 mg, 0.06 mmol). mp: 186-190 ◦C. 1H NMR (400 MHz,
DMSO‑d6) δ: 8.16 (d, J= 8.2 Hz, 1H), 7.72-7.59 (m, 4H), 7.40 (t, J= 7.5
Hz, 1H), 5.74 (dd, J= 22.6, 11.7 Hz, 2H), 2.81 (t, J= 12.3 Hz, 1H), 2.44
(d, J= 11.2 Hz, 1H), 2.25 (d, J = 17.4 Hz, 1H), 2.12 (s, 2H), 2.00 (d, J =
12.6 Hz, 1H), 1.84 – 1.67 (m, 1H). 13C{1H} NMR (100MHz, DMSO‑d6) δ:
170.0, 162.4, 150.6, 133.0, 127.6, 127.1, 126.9, 125.0, 123.9, 113.4,
43.3, 30.2, 28.2, 25.6. HRMS (ESI+): m/z calcd for: C14H15N3 [(M +
H)]+: 226.1344; found: 226.1349.

2-(1-Methylbutyl)-4-quinazolinamine (3c) 27: The product was puri-
ed with a gradient of 30-70% EtOAc: Hexane, with the column doped
with 1% Et3N. The product was obtained as a white solid with a 41%
yield. (17.6 mg, 0.08 mmol). mp: 161-165 ◦C (lit. 162-164 ◦C) [15].1H
NMR (400 MHz, DMSO‑d6) δ: 8.15 (dd, J = 8.2, 0.7 Hz, 1H), 7.71 – 7.58
(m, 4H), 7.38 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 2.78 (dd, J = 14.6, 6.8 Hz,
1H), 1.88 – 1.73 (m, 1H), 1.52 – 1.40 (m, 1H), 1.20 (dd, J = 9.9; 4.7 Hz,
4H), 0.83 (t, J = 7.3 Hz, 3H). 13C{1H} NMR (100 MHz, DMSO‑d6) δ:
170.8, 162.4, 150.6, 132.9, 127.5, 124.8, 123.8, 113.4, 42.8, 38.4, 20.8,
20.3, 14.6.

2-(1-(4-Isopropylphenyl)propan-2-yl)quinazolin-4-amine (3d): The
product was puried with a gradient of 30-70% EtOAc:Hexane, with the
column doped with 1% Et3N. The product was obtained as a yellow oil
with a 33% yield. (20.1 mg, 0.06 mmol). 1H NMR (400 MHz, DMSO‑d6)
δ: 8.14 (d, J = 7.6 Hz, 1H), 7.74 – 7.58 (m, 4H), 7.40 (dd, J = 11.0, 4.0
Hz, 1H), 7.07 (s, 4H), 3.20 – 3.12 (m, 1H), 3.04 (d, J= 7.1 Hz, 1H), 2.83
– 2.66 (m, 2H), 1.18-1.12 (m, 9H). 13C{1H} NMR (100 MHz, DMSO‑d6)
δ: 170.3, 162.5, 150.4, 146.0, 138.8, 133.2, 129.3, 127.5, 126.5, 125.2,
123.9, 113.4, 44.9, 41.3, 33.5, 24.5, 24.4, 19,9. HRMS (ESI+): m/z calcd
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for: C20H23N3 [(M + H)]+: 305.1892; found: 306.1968.
4-Methyl-7-methoxy-2-cyclohexylquinazoline (3i): The product was

puried with 20% EtOAc: Hexane as the mobile phase. The product was
obtained as a yellow oil with a 43% yield. (22.0 mg, 0.08 mmol). 1H
NMR (400 MHz, CDCl3) δ: 6.85 (d, J = 7.9 Hz, 1H), 6.70 (d, J = 7.8 Hz,
1H), 6.53 (t, J = 7.9 Hz, 1H), 3.76 (s, 3H), 2.24 (s, 3H), 1.86-1.83 (m,
2H), 1.71-1.59 (m, 10H).

4-Chloro-2-cyclohexylquinazoline (3j) 29: The product was puried
with EtOAc: Hexane 2:8 as the mobile phase. The product was obtained
as a white solid with a 64% yield (31.5 mg, 0.12 mmol). mp: 208-211 ◦C.
1H NMR (400 MHz, CDCl3) δ: 8.29 (dd, J = 8.0, 1.1 Hz, 1H), 7.78 – 7.70
(m, 2H), 7.46 (ddd, J = 8.1, 7.0, 1.4 Hz, 1H), 2.77 – 2.71 (m, 1H), 2.09 – 
2.01 (m, 2H), 1.96 – 1.88 (m, 2H), 1.83 – 1.71 (m, 3H), 1.52 – 1.38 (m,
3H). 13C{1H} NMR (100 MHz, CDCl3) δ: 164.2, 160.2, 149.6, 134.7,
127.4, 126.3, 126.2, 120.8, 44.9, 30.5, 26.0, 25.7.

4-Chloro-2-(tetrahydro-3-furanyl)quinazoline (3k): The product was
puried with EtOAc: Hexane 3:7 as the mobile phase. The product was
obtained as a white solid with a 24% yield. (11.2 mg, 0.04 mmol). mp:
252-256 ◦C. 1H NMR (400 MHz, CDCl3) δ: 8.27 (d, J = 7.9 Hz, 1H), 7.77
(t, J= 7.6 Hz, 1H), 7.69 (d, J= 8.1 Hz, 1H), 7.48 (t, J= 7.5 Hz, 1H), 4.23
– 4.17 (m, 2H), 4.08 – 4.04 (m, 1H), 3.94 – 3.88 (m, 1H), 3.58 – 3.49 (m,
1H), 2.54 – 2.46 (m, 1H), 2.39 – 2.31 (m, 1H). 13C{1H} NMR (100 MHz,
CDCl3) δ: 163.2, 157.1, 148.8, 134.9, 126.8, 126.4, 120.9, 71.5, 68.1,
44.6, 31.3.

4-Chloro-2-(tetrahydro-2H-pyran-2-yl)quinazoline (3l): The product
was puried with EtOAc: Hexane 3:7 as the mobile phase. The product
was obtained as a white solid with a 59% yield (15.0 mg, 0.06 mmol).
mp: 129-130 ◦C. 1H NMR (400 MHz, CDCl3) δ: 8.28 (d, J = 7.9 Hz, 1H),
7.75 (t, J= 7.6 Hz, 1H), 7.65 (d, J= 8.1 Hz, 1H), 7.46 (t, J= 7.5 Hz, 1H),
4.38 (dd, J = 11.1, 2.0 Hz, 1H), 4.23 – 4.15 (m, 1H), 3.64 (td, J = 10.6,
3.0 Hz, 1H), 2.26 (d, J = 14.1 Hz, 1H), 2.01-1.99 (m, 1H), 1.58-1.51 (m,
2H), 1.30-1.25 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ: 161.5,
155.8, 148.9, 134.6, 127.1, 126.6, 121.5, 76.0, 68.0, 30.1, 25.4, 22.9.

3-Cyclohexyl-2(1H)-quinoxalinone (3m) 30: The product was puried
with EtOAc: Hexane 2:8 as the mobile phase. The product was obtained
as a white solid with a 41% yield. (18.7 mg, 0.08 mmol). mp: 252-253 ◦C
(lit. 252-253 ◦C) [30]. 1H NMR (400 MHz, CDCl3) δ: 10.85 (brs, 1H),
7.83 (d, J= 8.0 Hz, 1H), 7.46 (t, J= 7.6 Hz, 1H), 7.32 (t, J= 7.6 Hz, 1H),
7.28 – 7.22 (m, 1H), 3.34 (t, J= 11.3 Hz, 1H), 1.99 (d, J = 12.2 Hz, 2H),
1.89 (d, J = 12.6 Hz, 2H), 1.79 (d, J = 12.6 Hz, 1H), 1.56-1.47 (m, 3H),
1.40 – 1.23 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ: 165.0, 155.6,
132.9, 130.6, 129.5, 129.0, 123.9, 115.1, 40.2, 30.5, 26.3, 26.1.

Ethyl 2-cyclohexyl-4-methyl-6-phenyl-5-pyrimidinecarboxylate (3o) 11:
The product was puried with EtOAc: Hexane 1:9 as the mobile phase.
The product was obtained as a yellow oil with a 67% yield (43.4 mg,
0.13 mmol). 1H NMR (400MHz, CDCl3) δ: 7.63 (dd, J= 7.8, 1.8 Hz, 2H),
7.47 – 7.40 (m, 3H), 4.15 (q, J = 7.1 Hz, 2H), 3.93-3.86 (m, 1H), 2.55 (s,
3H), 1.81 – 1.77 (m, 3H), 1.64 – 1.55 (m, 3H), 1.49 – 1.45 (m, 1H), 1.42
– 1.37 (m, 2H), 1.33 – 1.28 (m, 1H). 13C{1H} NMR (100 MHz, CDCl3) δ:
172.8, 168.7, 166.0, 164.0, 138.3, 130.5, 128.9, 128.8, 121.2, 62.1,
44.2, 33.3, 26.4, 26.2, 23.1, 14.1. HRMS (ESI+): m/z calcd for:
C20H24N2O2 [(M + H)]+: 325.1916; found: 325.1923.

8-Cyclohexylcaffeine (3p) 31: The product was puried with EtOAc:
Hexane 3:7 as the mobile phase. The product was obtained as a white
solid with a 21% yield (11.6 mg, 0.04 mmol). MP: 209-210 ◦C (lit.
207-209 ◦C) [31]. 1H NMR (400 MHz, CDCl3) δ: 3.92 (s, 3H), 3.57 (s,
3H), 3.39 (s, 3H), 2.70 (ddd, J = 11.7, 8.3, 3.4 Hz, 1H), 1.92 – 1.83 (m,
4H), 1.79 – 1.59 (m, 3H), 1.45 – 1.32 (m, 3H). 13C{1H} NMR (100 MHz,
CDCl3) δ: 158.0, 155.5, 151.8, 148.1, 107.0, 35.8, 31.4, 30.9, 29.7, 27.8,
26.0, 25.6. HRMS (ESI+): m/z calcd for: C14H20N4O2 [(M + H)]+:
277.1665; found: 277.1665.

(1S,2S,4S,5R)-2-((R)-(2-Cyclohexyl-6-methoxyquinolin-4-yl)
(methoxy)methyl)-5-vinylquinuclidine (3q) 32: The product was puried
with EtOAc:MeOH (8:2), with the column doped with 1% Et3N. The
product was obtained as a yellow oil with a 71% yield (57.7 mg, 0.13
mmol). 1H NMR (400 MHz, CDCl3) δ: 7.98 (d, J = 9.2 Hz, 1H), 7.44 (s,

1H), 7.38 – 7.35 (m, 2H), 6.26 (s, 1H), 5.58 (ddd, J = 17.1, 10.3, 6.9 Hz,
1H), 5.08 – 5.04 (m, 2H), 4.11 (s, 3H), 3.47 (s, 3H), 3.36 (t, J = 8.9 Hz,
1H), 3.22 – 3.18 (m, 1H), 3.11 (d, J = 13.4 Hz, 1H), 2.91 – 2.84 (m, 1H),
2.71 (s, 1H), 2.30 (s, 1H), 2.15 (d, J= 13.2 Hz, 3H), 2.00 (d, J= 12.5 Hz,
2H), 1.89 (d, J = 12.1 Hz, 3H), 1.81 – 1.74 (m, 2H), 1.60 (dd, J = 24.7,
12.5 Hz, 2H), 1.47 (dd, J= 25.0, 12.4 Hz, 3H), 1.32 (ddd, J= 23.3, 16.0,
6.2 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ: 161.9, 160.0, 137.0,
127.0, 126.2, 125.9, 117.7, 116.6, 100.4, 59.2, 57.4, 57.2, 54.3, 44.3,
43.8, 36.9, 32.8, 32.7, 30.9, 26.9, 26.0, 25.6, 24.3, 18.8,

2,3-Dicyclohexyl-4H-chromen-4-one (3r): The product was puried
with EtOAc: Hexane 1:9 as the mobile phase. The product was obtained
as a yellow oil with an 81% yield (37.5 mg, 0.12 mmol). 1H NMR (400
MHz, CDCl3) δ: 7.87 – 7.85 (m, 1H), 7.48 – 7.44 (m, 1H), 7.00 – 6.95 (m,
2H), 4.20 (ddd, J = 9.4, 5.6, 3.3 Hz, 2H), 2.77 – 2.62 (m, 2H), 1.99 (d, J
= 12.3 Hz, 1H), 1.81 (d, J = 13.0 Hz, 4H), 1.74 (dd, J = 14.5, 7.8 Hz,
4H), 1.60 (s, 2H), 1.40 – 1.36 (m, 1H), 1.30 – 1.26 (m, 2H), 1.16 (dd, J=
24.2, 11.8 Hz, 3H).13C{1H} NMR (100 MHz, DMSO‑d6) δ: 193.1, 161.2,
135.9, 126.9, 121.0, 117.9, 82.0, 41.8, 40.3, 28.3, 28.2, 26.3, 26.0, 26.9.

7-cyclohexylpyrrole[2,1-f][1,2,4]triazine (3s): The product was puri-
ed on a preparative plate using EtOAc: Hexane 6:4 as the eluent. The
product was obtained as a white solid with a 31% yield (6.7 mg, 0.03
mmol). MP: 203-206 ◦C. 1H NMR (400 MHz, DMSO‑d6) δ: 7.79 (s, 1H),
7,54 (brs, 2H), 6.79 (d, J= 4.4 Hz, 2H), 6.39 (d, J= 4.3 Hz, 1H), 3.06 (s,
1H), 1.98 (d, J = 6.5 Hz, 2H), 1,75 (dd, J = 24.9, 9.3 Hz, 4H), 1.39 (t, J
= 9.9 Hz, 4H). 13C{1H} NMR (100 MHz, DMSO‑d6) δ: 156.1, 147.9,
136.0, 114.1, 107.0, 101.1, 34.5, 31.8, 26.4, 26.2. HRMS (ESI+): m/z
calcd for: C12H16N4 [(M + H)]+: 217.1453; found: 217.1459.

7-(cyclohex-3-en-1-yl)pyrrolo[2,1-f][1,2,4]triazin-4-amine (3t): The
product was puried with EtOAc: Hexane 3:7 as the mobile phase. The
product was obtained as a white solid with an 19% yield (8.0 mg, 0.03
mmol). 1H NMR (400 MHz, DMSO‑d6) δ: 1H NMR (400 MHz, DMSO) δ 
7.81 (s, 2H), 6.86 (d, J = 4.3 Hz, 1H), 6.43 (d, J = 4.3 Hz, 1H), 5.69 (s,
2H), 2.33 (d, J = 15.9 Hz, 1H), 2.15 – 2.09 (m, 2H), 2.03 (s, 1H), 1.99 – 
1.93 (m, 2H), 1.64 (ddd, J = 23.4, 11.4, 5.7 Hz, 1H).13C{1H} NMR (100
MHz, DMSO‑d6) δ: 154.9, 146.2, 136.2, 127.2, 126.5, 113.8, 107.9,
102.6, 30.6, 30.2, 27.5, 25.2. HRMS (ESI+):m/z calcd for: C12H14N4 [(M
+ H)]+: 215.1297; found: 215.1299.

7-(pentan-2-yl)pyrrolo[2,1-f][1,2,4]triazin-4-amine (3u): The product
was puried with EtOAc: Hexane 3:7 as the mobile phase. The product
was obtained as a white solid with an 26% yield (11.0 mg, 0.05 mmol).
1H NMR (400 MHz, DMSO‑d6) δ: 7.85 (s, 1H), 7.78 (brs, 1H), 6.90 (d, J
= 4.4 Hz, 1H), 6.45 (d, J = 4.3 Hz, 1H), 3.33 (dd, J = 14.0, 7.0 Hz, 2H),
1.74 – 1.66 (m, 1H), 1.61 – 1.49 (m, 1H), 1.24 (d, J = 6.8 Hz, 3H), 0.84
(t, J = 7.3 Hz, 3H).13C{1H} NMR (100 MHz, DMSO‑d6) δ: 115.1, 146.5,
136.9, 113.7, 107.7, 102.4, 38.0, 29.6, 20.4, 19.9, 14.4. HRMS (ESI+):
m/z calcd for: C11H16N4 [(M + H)]+: 205.1454; found: 205.1450.

7-(1-(4-isopropylphenyl)propan-2-yl)pyrrolo[2,1-f][1,2,4]triazin-4-
amine (3v): The product was puried with EtOAc: Hexane 3:7 as the
mobile phase. The product was obtained as a white solid with an 17%
yield (10.0 mg, 0.03 mmol). MP: 100-101 ◦C. 1H NMR (400 MHz,
DMSO‑d6) δ: 7.82 (s, 1H), 7.55 (brs, 2H), 7.07 (dd, J= 18.8, 8.0 Hz, 4H),
6.80 (d, J = 4.3 Hz, 1H), 6.44 (d, J = 4.3 Hz, 1H), 3.64 – 3.49 (m, 1H),
3.08 (dd, J= 13.4, 6.2 Hz, 1H), 2.86 – 2.77 (m, 1H), 2.76 – 2.69 (m, 1H),
1.19 – 1.15 (m, 9H).13C{1H} NMR (100 MHz, DMSO‑d6) δ: 156.0, 148.0,
146.2, 138.0, 135.2, 129.3, 126.4, 114.3, 107.7, 101.1, 33.4, 32.0, 24.4,
19.1. HRMS (ESI+): m/z calcd for: C18H22N4 [(M + H)]+: 295.1923;
found: 295.1928.

4.3. Scale-up experiment

In 100 mL Schlenk ask, 4-aminoquinazoline (1a) (1.0 mmol, 145.1
mg), the radical precursor (2a) (1.5 equiv.) and TFE (20 mL) were
added. Subsequently, the freeze-pump-thaw cycle (3 cycles) was per-
formed, and then TFA (1.5 mmol; 115.5 μL) was added to the reaction
system. The Schlenk was positioned 3 cm from a 40 W Kessil H1160L
blue LED with a maximum emission of 440 nm, allowing it to be

J.R.N. dos Santos et al. Tetrahedron 195 (2026) 135195

7



irradiated for 4 h. The system also remained under constant stirring
during this period. After this time, the Schlenk was opened and the LED
turned off, and the reaction continued under stirring for another 4 h. At
the end of this period, Et3N (345 μL; 2.15 mmol) was added. The reac-
tion mixture was then evaporated under reduced pressure and subse-
quently puried on a ash chromatography column on a gradient of
30–70% EtOAc:hexane, with the column doped with 1% Et3N. The
product 3a was obtained as a white solid with a 65% yield (180 mg,
0.65 mmol).

4.4. Radical scavenger experiment

A reaction was carried out under the optimal conditions obtained in
the optimization process (Table 1, Entry 7), with the addition of 3.0
equiv. of the radical scavenger 2,2,6,6-tetramethylpiperidine-1-yl)oxyl
(TEMPO). At the end of the reaction period Et3N (69 μL; 0.43 mmol)
was added to the crude reaction mixture, which was subsequently
concentrated under reduced pressure. An aliquot was removed from the
crude reaction and a sample was prepared in 1% HCOOH/MeOH and
analyzed by mass spectrometry using an ACQUITY UPC2-MS apparatus
through direct infusion (see Supplementary Material).
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