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Turning light into carbinols: a metal-free radical
strategy for pyridine based triaryl scaffolds

Matteo Leone * and Maurizio Fagnoni *

Triaryl carbinols are key building blocks in pharmaceuticals, agrochemicals, and functional materials, yet

their synthesis typically relies on hazardous organometallic reagents or costly transition-metal catalysts.

Here we report a metal-free, light-driven strategy for their preparation under mild and sustainable con-

ditions. The method exploits the dual role of 2-propanol, which acts as a hydrogen donor in the photo-

mediated HAT process with benzophenone, while the resulting ketyl radical selectively reduces 4-cyano-

pyridines via electron transfer, enabling a radical–radical coupling that furnishes triaryl carbinols in a

single step. The protocol delivers excellent yields (up to 99%) across a broad substrate scope, encompass-

ing diverse benzophenones and pyridines. Its robustness was demonstrated in batch, flow, and under

simulated sunlight, and the methodology enabled the efficient synthesis of analogues of bioactive mole-

cules of pharmaceutical relevance. Notably, the optimized protocol scores >80 on the EcoScale (indicat-

ing excellent sustainability in terms of reagent safety, energy input, and workup efficiency). This work

establishes a versatile and greener platform for the synthesis of triaryl carbinols with strong potential for

industrial and medicinal applications.

Green foundation
1. This work advances green chemistry by introducing a metal-free, visible-light-driven synthesis of triaryl carbinols eliminating the need for hazardous
organometallic reagents and costly transition-metal catalysts. The reaction proceeds under mild conditions, achieving excellent atom economy. Its scalability
further underscores its practicality and low environmental impact. The preparation of analogues of bioactive compounds shows excellent results providing an
efficient and user-friendly method.
2. Highly efficient (up to 99% yield) and atom-economical (AE = 93%) synthesis of triaryl carbinols was achieved from inexpensive and readily available start-
ing materials. The protocol employs green solvents and harnesses light as a safe energy source. A high EcoScale score (86) underscores the superior sustain-
ability of this method compared to traditional metal based protocols.
3. Triaryl carbinols obtained, particularly on a large scale, could be purified by simple crystallization, eliminating the need for extensive solvent use.

Introduction

The pursuit of greener methodologies for the synthesis of
chemical products has been a central objective in recent
decades.1 In particular, the pharmaceutical and fine chemical
sectors aim to reduce their carbon footprint by adopting lower-
carbon fuels, improving energy efficiency, and employing cata-
lytic processes.2 Yet, many established transformations still
rely heavily on organometallic reagents, which are hazardous,
when handled in large quantities, but also raise significant
environmental concerns due to the challenges associated with
their disposal.3 In this context, open-shell reactions offer valu-
able opportunities to access new reactivity modes and improve
existing methods,4 thereby contributing to more efficient syn-

thesis of fine chemicals. Among these, light-mediated pro-
cesses have emerged as powerful tools, promoting a wide
range of transformations under mild conditions by harnessing
photon energy as a green and traceless reagent.5 Over the past
decades, the scope of such reactions has expanded beyond aca-
demia, demonstrating considerable potential for application
on an industrial scale.6 Within this framework, we turned our
attention to the synthesis of triaryl carbinols (TACs), a valuable
class of compounds widely employed as key building blocks in
pharmaceuticals, dyes, and functional materials.7 Recent
studies have underscored their broad potential, as TAC deriva-
tives display significant biological activities, including antifun-
gal (e.g. fenarimol),8 anticancer,9 and antiviral properties,10

while also serving as essential intermediates in the preparation
of commercially available drugs (Fig. 1a).11 Their synthesis
often makes use of benzophenones as reagents and typically
relies on a limited number of strategies: (i) Grignard reactions
of aryl bromides with benzophenones;12 (ii) metal-mediated
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reduction of cyanoarenes in the presence of benzophenones;13

and (iii) transition-metal catalyzed addition of arylboronates to
benzophenones (Fig. 1b).14 To broaden the structural diversity
and enhance the potential biological relevance of TACs, recent
efforts have focused on incorporating heteroaromatic rings
into their framework.15 The introduction of such motifs is
known to significantly influence physicochemical and pharma-
cological properties, often leading to improved bioactivity.16

Developing an efficient and general strategy for their direct
incorporation therefore remains highly desirable. Among the
approaches reported for introducing heteroaromatic units,17

heteroaromatic nitriles have emerged as particularly versatile
building blocks in modern organic synthesis. Over the past
decades, remarkable progress has been achieved in the decya-
native cross-coupling of cyanoarenes, enabling the construc-
tion of a wide array of C(sp2)–C and C(sp2)–X (X = B, N, P, O,
Si, S) bonds.18 In this context, cyanopyridines have found
extensive application in photocatalytic transformations, acting
as optimal electron acceptors.19 Of special interest is the well-
established use of benzophenones as photocatalysts, acting as
hydrogen-atom abstractors to generate nucleophilic radicals
via C–H bond activation.20 The corresponding benzophenone
ketyl radical can then selectively reduce 4-cyanopyridines
through a highly favorable proton-coupled electron transfer
(PCET)21 process, ultimately enabling efficient radical–radical
coupling.22 This reactivity has been largely restricted to coup-
lings between benzylic radicals and cyanopyridines (Fig. 1c).
To date, no approaches take advantage of benzophenones as
both substrates and photoactive species. Building on these pre-
cedents, we envisioned that the intrinsic reactivity of benzo-
phenones and cyanopyridines could be harnessed to develop a
light-mediated radical–radical coupling between these two

classes of building blocks (Fig. 1d). Surprisingly, no examples
have been reported on the selective generation of TAC libraries
under photo-mediated conditions. Although radical addition
of 4-cyanopyridines to aromatic ketones has been described,23

its broader application has been limited by competing side
reactions such as benzopinacol formation24 and undesired
addition of competitive nucleophilic radicals in the presence
of multiple C–H activation sites, which significantly reduce
efficiency and practicality.25 We envisioned that we could over-
come these limitations choosing a suitable hydrogen donor
capable of fulfilling multiple roles: (i) selective generating the
benzophenone ketyl radical by HAT process (ii) reducing the
4-cyanopyridine by PCET or ET and (iii) avoid participating in
undesired radical–radical coupling. Consequently, the choice
of hydrogen donor plays a crucial role, since it is expected to
suppress undesired side processes, thereby enabling selective
access to the targeted TACs. This methodology not only would
provide straightforward entry to a broad library of TACs but
also holds promise for the scalable production of targeted
compounds under mild, sustainable conditions, thereby redu-
cing the environmental impact of such transformations.
Moreover, the incorporation of pyridines, one of the most
prevalent structural motifs in natural products and pharma-
ceuticals,26 further underscores the synthetic relevance of this
approach, possibly generating libraries of medicinally relevant
compounds.

Results and discussion

Benzophenone has been widely employed as an efficient
photocatalyst in net-reductive transformations.27 In its excited

Fig. 1 (a) Bio-activity of various TACs (b) Polar approaches for the synthesis of TACs (c) application of benzophenone (BP) as photocatalyst for
4-pyridination of C(sp3)–H bonds. (d) Our work.
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state, it readily abstracts a hydrogen atom from C–H bonds
even with high bond dissociation energies (BDEs), generating
the corresponding ketyl radical.28 Owing to its oxidation poten-
tial (Eox = –0.25 V vs. SCE),29 this ketyl radical is capable of
reducing 4-cyanopyridine (Ered = –0.67 V vs. SCE)30 through a
proton-coupled electron transfer (PCET) process. This strategy
has been successfully exploited in a variety of transformations
for the synthesis of substituted pyridines.22 For our purposes,
however, the coexistence of both the benzophenone-derived
ketyl radical and the reduced cyanopyridine is essential to
promote the desired radical–radical coupling. We therefore
considered the possibility of generating the reduced cyanopyri-
dine via electron transfer mediated by the radical adduct of
the hydrogen donor. An ideal candidate fulfilling these
requirements is 2-propanol: it features a relatively low BDE
(91 kcal mol−1)31 and can donate a hydrogen atom to excited
benzophenone through a HAT process,32 while the resulting
α-hydroxyalkyl radical is sufficiently reducing (Eox = –0.61 V vs.
SCE)33 to activate the cyanopyridine. Guided by these consider-
ations and our previous experience,34 we initiated optimization
studies on the model reaction by screening different con-
ditions (Table 1). Firstly, we screened different candidates as
H-donors with low bond dissociation energies (BDEs)31 and
whose corresponding radicals are not highly nucleophilic
(entries 1 and 2).35 EtOAc was chosen as green media and
despite obtaining promising results with γ-terpinene and

M3N–BH3, they did not prove to be as efficient as 2-propanol
(45% yield entry 3). With 2-propanol identified as the optimal
donor, fine-tuning the stoichiometry of 1a, as limiting reagent,
and 2a revealed that a slight excess of 2a minimized waste
while maintaining excellent reactivity (entry 4). Next, increas-
ing the stochiometric amount of 2-propanol to 10 equivalents
afforded the desired product 3a in 90% isolated yield (entry 5).
We also evaluated other green solvents,36 including MeCN,
H2O, and acetone, which delivered 3a in good to excellent
yields (entries 6–8). In contrast, when 2-MeTHF was employed
as the solvent, a competing addition onto 1a was observed,
resulting in a diminished yield of 3a. Control experiments con-
firmed that no reactivity occurred in the absence of either light
or the hydrogen donor recovering mostly starting materials
(entries 10 and 11). To further enhance reaction efficiency, we
likewise tested continuous-flow conditions. Compared to
batch, flow offers superior heat and mass transfer, precise
control over reaction parameters, and uniform light pene-
tration, thereby enabling shorter reaction times, improved
selectivity, and greater scalability under energy-efficient con-
ditions.37 With the aim of synthesizing drug analogues
bearing chloro substituents, we considered optimizing the
flow process using 2o (Table 2). At a flow rate of 1.8 mL h−1,
complete conversion of the starting material was achieved,
affording 3o in 95% yield (90% in batch entry 2). Remarkably,
the reaction could also be performed under more concentrated
conditions (0.2 M EtOAc), which required a lower flow rate to
ensure full conversion of 1a (entry 4). These conditions not
only enhanced the molar productivity but also reduced solvent
consumption. With the optimized conditions in hand, we next
investigated the radical addition of substituted benzophe-

Table 2 Screening of optimal reaction conditions in flow

Entry
Flow
rate Solvent

RTDa

(min) Yieldb
Productivity
(mmol d−1)

1 2 mL
h−1

EtOAc
(0.1 M)

51 80% 3.8

2 1.8 mL
h−1

EtOAc
(0.1 M)

56 95%
(90%)c

4.1

3 1.5 mL
h−1

EtOAc
(0.2 M)

68 90% 6.5

4 1.2 mL
h−1

EtOAc
(0.2 M)

85 99%
(98%)d

5.8

Reaction conditions: 1a (0.2 mmol 1.0 equiv.), 2o (0.24 mmol, 1.2
equiv.), 2-propanol (2 mmol, 10 equiv.), EtOAc as solvent. Reactions
were irradiated with two 40 W Kessil lamp (390 nm). a Ritention time
distribution. b Yield determined by GC-FID with the addition of biphe-
nyl as an internal standard. c Isolated yield for batch conditions.
d Isolated yield.

Table 1 Screening of optimal reaction conditions in batch

Entry
1a
(equiv.)

2a
(equiv.)

H-Donor
(equiv.)

Solvent
(0.1 M) Yielda

1 3 1 γ-Terpinene
(10)

EtOAc 16%

2 3 1 Me3N-BH3 (2) EtOAc 40%
3 3 1 2-Propanol (5) EtOAc 45%
4 1 1.2 2-Propanol (5) EtOAc 70%
5 1 1.2 2-Propanol

(10)
EtOAc 92%

(90%)b

6 1 1.2 2-Propanol
(10)

MeCN 85%

7 1 1.2 2-Propanol
(10)

MeCN/H2O
9/1

72%

8 1 1.2 2-Propanol
(10)

Acetone 61%

9c 1 1.2 2-Propanol
(10)

2-MeTHF 10%

10d 1 1.2 2-Propanol
(10)

EtOAc 0%

11 1 1.2 — EtOAc 0%

Reaction conditions: reaction run on 0.2 mmol scale in 0.1 M of
solvent under N2. Reactions were irradiated with a 40 W Kessil lamp
(390 nm) for 16 h. a Yield determined by GC-FID with the addition of
biphenyl as an internal standard. b Isolated yield. c Competitive
addition of the solvent onto cyanopyridine. dNo light.

Paper Green Chemistry

4964 | Green Chem., 2026, 28, 4962–4971 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 3

/1
7/

20
26

 3
:5

8:
21

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc05657h


nones to 4-cyanopyridine (Fig. 2). The substrate scope was pri-
marily examined in batch, with selected cases also evaluated
under flow conditions. Guided by the results obtained for 3a
and 3o, we first explored mono-substituted methyl-
benzophenones. para- (2b) and meta-substituted (2c) deriva-
tives afforded the desired products 3b e 3c quantitatively,
whereas the ortho analogue 2r yielded only trace amounts,
likely due to intramolecular quenching of the carbonyl excited
state.25 Comparable reactivity was observed for 3b under flow
conditions. We then examined para-substituted benzophe-
nones with different electronic properties. Both electron-rich
and electron-poor derivatives provided the corresponding pro-
ducts in good to excellent yields (3d–3f ). Benzophenone 2f
showed a partial reduction to diaryl methanol, therefore for
better reaction performances 2 equivalents of benzophenone
were used. We screened also a free carboxylic acid which was
remarkably well tolerated, affording 3g in near-quantitative
yield. Slightly diminished yields were obtained in flow, pre-
sumably due to the formation of insoluble salts in more con-
centrated reaction medium. Building on this robustness, the
ester derivative 2h furnished 3h almost quantitatively.
Importantly, the methodology also enabled late-stage
functionalization of complex scaffolds, as demonstrated by the
successful modification of cholesterol and cedrol derivatives,
delivering 3i and 3j up to 70% yield. It is worth noting that,

despite the presence of several C–H bonds susceptible to HAT
in both substrates, the abstraction process was selectively
directed to the chosen H-donor, thereby suppressing unde-
sired side reactions. Next, we investigated bis-substituted ben-
zophenones. The symmetric 4,4′-dimethoxybenzophenone 2k
afforded 3k in moderate yield under both batch and flow con-
ditions, whereas unsymmetrical derivatives (2l–2n) gave the
desired products (3l–3n) in good to excellent yields.
Interestingly, ortho-fluoro substitution slightly reduced reactiv-
ity, while 3o was obtained in excellent yield both in batch and
flow conditions. Finally, the feasibility of incorporating hetero-
aromatic scaffolds was demonstrated, with derivative 2p
affording 3p in 82% yield. Encouraged by these results, we
next investigated the reactivity of benzophenone 2o with differ-
ently substituted cyanopyridines (Fig. 3). To the best of our
knowledge, no systematic studies have explored the behavior
of polysubstituted cyanopyridines in the presence of benzo-
phenones;22 previous reports have largely focused on the
addition of nucleophilic radicals to 4-cyanopyridines. We
attributed this limited exploration of cyanopyridine derivatiza-
tion to two main factors: (i) the possible un-matching of redox
potential of benzophenones, which may not align with that of
substituted cyanopyridines;38 and (ii) variations in spin
density across the pyridine scaffold, which could lead to diver-
gent reactivity at different C-positions and, consequently, to

Fig. 2 Reaction conditions in batch: 1a (0.2 mmol 1.0 equiv.) 2 (0.24 mmol 1.2 equiv.) 2-propanol (2 mmol 10 equiv.) EtOAc 2 mL (0.1 M); room
temperature; 16 h Kessil 390 nm. Yields refered to chromatography pure compound. Reaction conditions in flow: 1a (0.2 mmol 1.0 equiv.) 2
(0.24 mmol 1.2 equiv.) 2-propanol (2 mmol 10 equiv.) EtOAc 1 mL (0.2 M); room temperature; 16 h Kessil 390 nm. flow rate 1.2 mL h−1 Vr = 1.7 mL.
Yields refered to chromatography pure compound. (a) 2 equiv. of 2 (b) DCM as additive (0.5 mL 0.5 M).
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unpredictable outcomes.39 We began our study with 2-cyano-
pyridine, which initially furnished only trace amounts of the
desired product 4, accompanied by significant formation of
the corresponding diphenylmethanol derived from 2o. This
observation suggests that ipso-substitution at C-2 is less favor-
able than at C-4, rendering 2o more prone to direct
reduction.40 Guided by this insight, we undertook reaction
optimization (see SI section 4), ultimately isolating the desired
product 4 in 45% yield. Notably, the addition of small
amounts of water and performing the reaction under mildly
acidic conditions significantly promoted the ipso-substitution
pathway, by protonation of pyridine, thereby enhancing
product formation.41 We then evaluated 2,6-dicyanopyridine,
whose electron-deficient core proved more reactive, readily
undergoing ET to give the mono-substituted carbinol 5 in 52%
yield showing better results using 2 equivalents of 2o. Building
on this, we investigated 2,4-dicyanopyridine and we were able
to isolate the disubstituted product 6, bearing carbinol units
at both C-2 and C-4. Varying the equivalents of 2o (0.5, 1.0,
and 2.0 equiv.) consistently furnished 6 as the sole product. A
similar outcome was observed with 3-fluoroisonicotinonitrile,
which underwent double addition of 2o at C-2 and C-4,
affording 7 as the only detectable product. These findings indi-
cate that, while ipso-substitution at C-4 is typically favored, in
certain cases radical addition at C-2 can proceed with compar-
able activation barriers, leading to the formation of doubly
substituted pyridines.42 Next, we investigated the reactivity of a
pyridine bearing a cyano group at C-2 and a good leaving
group at C-4, such as a halide. As anticipated, ipso-substitution
occurred preferentially at the para position, affording product
8 in 63% yield. This result highlights the potential to design
pyridines with leaving groups beyond cyano, thereby enabling
selective radical additions at C-2, C-4, or both positions

depending on the substitution pattern. We then turned our
attention to ortho-substituted 4-cyanopyridines. Pyridine 1g,
bearing an acetophenone moiety, underwent substitution with
concurrent reduction of the ketone, mediated by 2o itself.43

Monitoring the reaction by 1H NMR revealed that the addition
of 2o was accompanied by concomitant formation of the
corresponding benzyl alcohol. Finally, C-2-substituted pyri-
dines bearing either aryl groups or protected amines delivered
the desired products in good yields (≈80%), underscoring the
versatility of this methodology for diversifying pyridine
scaffolds. To further demonstrate the practicality of our meth-
odology, we scaled up the synthesis of 3o to the gram scale
using both batch and flow setups (Fig. 4a). In both cases, the
reaction proceeded efficiently with no noticeable loss in yield,
underscoring the robustness of the strategy and its suitability
for scalable synthesis under mild conditions. Notably, com-
pared to previously reported procedures,15 this approach offers
significant improvements in atom economy (AE) and Eco
scale,44 establishing it as a more sustainable and synthetically
efficient alternative to conventional polar methodologies (see
SI, section 10). Moreover, the reaction could be carried out
under simulated solar irradiation (SolarBOX), affording 3o in
good yields (81% yield) and highlighting the potential of sun-
light as a sustainable energy source (Fig. 4a).45 We next
explored the utility of this approach for the preparation of ana-
logues of pharmaceutically and agrochemically relevant com-
pounds. As a first example, we targeted fenarimol, a widely
used fungicide commercialized under various tradenames and
mostly applied for the control of powdery mildew.46 Its ana-
logue was obtained in a single step and in excellent yields in
up to one millimolar scale, while avoiding the use of highly
reactive n-BuLi and cryogenic conditions (−95 °C) required in
traditional syntheses (Fig. 4b).47 In a similar vein, we prepared

Fig. 3 Reaction conditions in batch: 1 0.2 mmol (1 equiv.); 2o 0.4 mmol (2.0 equiv.); 2-propanol 2 mmol (10 equiv.); EtOAc 2 mL (0.1 M); room
temperature; 16 h 40 W Kessil (390 nm). Yields refered to chromatography pure compound. (a) 1b 0.6 mmol (3.0 equiv.); 2o 0.2 mmol (1.0 equiv.);
2-propanol 1 mmol (5.0 equiv.); EtOAc/HFIP/H2O (4 : 2 : 1 v/v) (0.1 M); room temperature; 16 h 40 W Kessil (390 nm).
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an analogue of clotrimazole, a major antifungal active ingredi-
ent used in commercial formulations to treat vaginal yeast
infections.48

In 2016, Canesten-brand clotrimazole was among the top-
selling over-the-counter medications in Great Britain, with sales
of £39.2 million.49 Classical routes to clotrimazole involve the
synthesis of the triaryl carbinol intermediate, typically employing
organolithium reagents, followed by chlorination with SOCl2
and subsequent nucleophilic substitution with imidazole.50 In
contrast, our strategy provided the target analogue under signifi-
cantly milder conditions, delivering an overall yield above 80%
over two steps on both small and millimolar scale (Fig. 4c).

Finally, to gain mechanistic insight, we carried out the reac-
tion in the presence of TEMPO as a radical scavenger. The reac-
tion was completely suppressed, and the formation of a
TEMPO-2-propanol adduct was observed by LC-MS analysis,
consistent with the involvement of a radical pathway (see SI).
We then sought to investigate the fate of the ketyl radical gener-
ated from 2-propanol. To this end, the reaction was performed
under the general conditions using CD3CN as solvent, enabling

direct NMR analysis of the crude mixture. This revealed the for-
mation of acetone, supporting a possible electron transfer (ET)
event between the cyanopyridine and the ketyl radical derived
from 2-propanol. Further insight into the reaction pathway was
obtained by determining the quantum yield for the consump-
tion of 1a, which gave ϕ = 1.71. This value indicates that both
the benzophenone- and 2-propanol-derived ketyl radicals con-
tribute to the reduction of cyanopyridine.

Therefore, based on these observations and previous reports,
we propose the following mechanism (Fig. 5). Upon irradiation,
benzophenone (2) is excited to its triplet state (2*), it abstracts a
hydrogen atom from 2-propanol (II).31 This process generates the
corresponding ketyl radicals (I and III), which are capable of
reducing cyanopyridine 1 to the persistent radical (V).51 The coex-
istence of radicals I and V in solution facilitates radical–radical
coupling, and subsequent extrusion of HCN furnishes the triaryl
carbinol (3) from intermediate VI. In addition, 2-propanol may
play an auxiliary role, as it has been reported, to directly reduce
benzophenone (2) to ketyl radical (I), although the associated
rate constant (k = 7 × 104 M−1 s−1) is relatively low.33a

Conclusions

In summary, we have developed a metal-free, light-mediated
strategy for the synthesis of triaryl carbinols from benzophe-

Fig. 4 (a) Grame scale reaction performed in batch, flow and solar box
conditions. (b) Light-mediated synthesis of Fenarimol’s analogue (c)
light-mediated synthesis of clotrimazole’s analogue.

Fig. 5 Proposed mechanism.
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nones and cyanopyridines under mild and sustainable con-
ditions. This approach avoids the use of hazardous organo-
metallic reagents and costly transition-metal catalysts, while
operating efficiently in green solvents. Central to the reactivity
is the dual role of 2-propanol: as H-donor in a HAT process
with benzophenone, while its corresponding radical reduces
cyanopyridines, thus enabling the key radical–radical coupling
that affords the target products.

The methodology grants straightforward access to a broad
library of triaryl carbinols, and its robustness was demon-
strated across different operational modes, including batch,
flow, and gram-scale syntheses, as well as under solar-simu-
lated irradiation. Furthermore, we showcased its applicability
to the preparation of analogues of bioactive compounds of
pharmaceutical and agrochemical relevance, highlighting its
potential as a practical alternative to classical methods that
rely on highly reactive organolithium reagents and harsh
conditions.

Overall, this work establishes a versatile and scalable plat-
form for the synthesis of pyridine based triaryl carbinols, with
significant promise for future applications in industrial set-
tings and medicinal chemistry.
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