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ABSTRACT: Herein we disclose a telescoped flow strategy to ('5""'“94)
equiv.
access electronically differentiated bisaryl ketones as potentially o 265 rf]D(L W) ;
new and tunable photosensitizers containing both electron-rich YLH
benzene systems and electron-deficient pyridyl moieties. Our °

25°C

7.57 min )”\ o

approach merges a light-driven (365 nm) and catalyst-free o

reductive arylation between aromatic aldehydes and cyanopyridines NC B 152mumin ()

with a subsequent oxidation process. The addition of electron- 2N 5 sodium S

donating and withdrawing substituents on the scaffold allowed (ZZLTVA) 0.33 mL/min Sutte 2N

effective modification of the absorbance of these compounds in the '

UV—vis region, while the continuous flow process affords high B New potential photosensitizers B High productivity and yields

. . . ) N Efficient telescoped route B Short residence time

Ylelds; short residence time, and hlgh throughput- B No intermediate isolation B Commercial starting materials

Recent years have witnessed a renaissance of photo- To address this challenge, we set out to create an expedited
chemical reactions driven by the desire for milder and route into electronically differentiated bisaryl ketones that

more selective chemical transformations. The sustainability of combine electron-rich benzene systems with electron-deficient

chemical reactions can also be improved by using light because pyridyl moieties. Continuous flow processing was thereby

photons act as “traceless” reagent equivalents’ whose energy employed from the outset as a technology to provide increased

can be tuned based on their wavelength. However, additional
considerations, including solvent choice, concentration, and
reaction time, play an important role in this context.

Organic molecules tend to absorb light in the UV region of
the electromagnetic spectrum (<360 nm) unless they are
sufficiently conjugated. Thus, photocatalysts and photo-
sensitizers are commonly required additives in photochemical
reactions operating in the visible region. Developments in
modern photocatalysis thereby have highlighted the power of
Ru- and Ir-based catalysts to bring about a plethora of valuable
synthetic processes using visible 1ight.3 While these features are

scalability, reaction efficiency, and reproducibility.®

As shown in Scheme 1, our strategy combines a reductive
arylation reaction between aryl aldehydes and cyanopyridines
with an oxidation of the resulting secondary alcohol products
to yield the desired bisaryl ketones via a modular route. We
envisioned exploiting photochemical processing for the
reductive arylation stage. Precedent by Wu’ and Xia®
highlighted that a variety of aryl reaction partners can be
coupled under photochemical conditions (blue LEDs, 5—72 h)
when using Ir-based catalysts (e.g., fac-Ir(ppy)s;, Ir-

among the key drivers that account for the increasing (ppy),(dtbbpy)PFs). Complementary electrochemical strat;
popularity of photochemical reactions, the high cost and egies were recently reported for this transformation by Xia
potential toxicity of these precious metal catalysts hinder their and Findlater,'” but long reaction times (ca. 6 h), supporting
uptake in industrial settings. In this context, simple organic electrolytes (nBu,NBF,, nBu,NOAc), and undesired solvents
molecules with sufficient conjugation continue to play a key (e.g, DMF) were required, which is problematic in industrial
role in scaled photochemical reactions, and triplet photo- environments. Very recently, Xue and co-workers'' developed
sensitizers such benzophenone and (thio)xanthone are a general catalyst-free photoinduced pathway to activate
frequently used examples.4 Whlle these entities are readily Carbonyl compounds, generating a ketyl radical that can be
available at low cost, display good solubility across various trapped by several coupling partners.

organic solvents, and are considered nonharmful, the
introduction of electron-donating or -withdrawing substituents
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Scheme 1. Common Sensitizers and Proposed Strategy
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Additionally, numerous compounds bearing aryl-substituted
2- or 4-(pyridinyl)methanol scaffolds (as free alcohol or ether)
are found among medicinally relevant entities such as
histamine H1 antagonists, 1213 an HIV-1 NMRT inhibitor,'*
an aldosterone synthase inhibitor,"”” and an LTA4H inhib-
itor,"® (Figure 1) further demonstrating the value of a direct
route to these entities.

ool L
Feas Bt

HIV-1 NMRT inhibitor

OH
N
- 2
JoQ J@)\@
\/\o

LTA4H inhibitor

Histamine H1 antagonist Histamine H1 antagonist

OH

0 °N

Aldosterone synthase inhibitor

Figure 1. Representative medicinally relevant compounds containing
the aryl(pyridinyl)methanol core.'>™"¢

In our quest toward the development of robust flow
conditions for the reductive arylation, we started the
investigation by using readily available benzaldehyde and 4-
cyanopyridine as model compounds to access the desired
aryl(pyridinyl)methanol core. A thorough exploration of key
parameters allowed the identification of the optimum residence
time, stoichiometry, solvent, concentration, wavelength, and
wattage. The flow setup consisted of a Vapourtec E-series
reactor with its UV-150 photomodule equipped with different
light sources (i.e., LEDs), an adjustable back-pressure regulator
(BPR), and a tubular reactor coil (PFA, id.=1/161in, V=10
mL).

As summarized in Table 1, optimal conditions were found
using 2 equiv of 4-cyanopyridine as coupling partner, 2 equiv
of DIPEA as single electron transfer (SET) agent, a substrate
concentration of 0.1 M, light of 365 nm (44 W input power),
and a residence time of 30 min (entry 1), affording a 95% yield
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Table 1. Optimization of the Reaction Conditions”

LEDs
365 nm (44 W)

o el

25°C
30 min
0.33 mL/min

2a (2 equiv.)
DIPEA (2 equiv.)

entry deviations from the above conditions yield of 3a (%)”
1 none 95
2 365 nm (20 W) 43
3 385 nm (70 W) 34
4 1S min 71
S MeCN/H,O (20:1) as solvent 90
6 1,4-dioxane as solvent 42
7 04 M 57
8 TEA as base 60
9 dark -
10 no base —

“Reaction conditions: la (0.15 mmol), 2a (2 equiv), DIPEA (2
equiv), MeCN (1.5 mL), Vapourtec reactor 44 W (4 = 365 nm,
reactor volume = 10 mL), 25 °C, 30 min. “Calculated by "H NMR
analysis using trichloroethylene as an internal standard.

of product 3a. The reaction proceeded slowly under both
lower input power and different wavelengths (entries 2 and 3).
A shorter residence time of 15 min did not improve the results,
as incomplete substrate conversion was observed (entry 4).
The addition of water to MeCN did not affect the yield (entry
5), while the use of other solvents, such as 1,4-dioxane, caused
a significant yield reduction of 50% (entry 6). Further attempts
to improve the reaction throughput by increasing the substrate
concentration (0.4 M) gave a lower yield (entry 7). The
replacement of DIPEA with triethylamine (TEA) did not
improve the results (entry 8). Control experiments demon-
strated that light and the base are essential for the observed
reactivity (entries 9 and 10).

Having established the functional setup for benzaldehyde as
our model substrate, we also demonstrated the scalability of
this reaction, performing two different long runs at different
scales (1 and 7 mmol) with similar yields and reaching a
throughput of 1.5 mmol/h. With these conditions in hand, we
next embarked on investigating the reaction scope by using
several aromatic aldehydes (Scheme 2).

First, p- and o-tolualdehyde afforded the corresponding
alcohols (3b and 3c) in excellent yields. Notably, our method
is also amenable to halogen atoms present at the para and
ortho positions, which are useful synthetic handles for further
chemical transformations (3d—3f). Disubstituted aldehydes
bearing halogens and trifluoromethyl groups gave the desired
products in good yields (3g—3i). The reaction proceeded
slowly with certain electron-donating substituents (3j and 3k);
however, the reversion of this trend was achieved when
employing 3-methoxybenzaldehyde. The corresponding prod-
uct (3m) was obtained in 98% yield, and the long run on a 1
mmol scale furnished similar results. The method tolerated the
presence of other electron-withdrawing and neutral substitu-
ents (31-30) as well as heteroaryl aldehydes such as 4-
methylthiophene-2-carboxaldehyde and 3-pyridinecarboxalde-
hyde (3p and 3q).
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Scheme 2. Scope of Aldehydes with 4-Cyanopyridine

o LEDs
365 nm (44 W) OH
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: 25°C
2a (2 equwA)‘ 30 min
DIPEA (2 equiv.) 0.33 mL/min
3a, 89% 3b, 93% 3c, 93% 3d, 55% (R=F)

1 mmol: 76%
7 mmol (1 g): 75%

Cl
N /
~N
3f, 70% 3g, 66% (Ry=Cl, R, =Cl) -0 3j, 42% 3k, 35% (R = OMe)
31, 52% (R =CN)

3h, 80% (R, = CF3, R, = Cl)
3i,71% (Ry=Cl, Ry = F)

3m 98% (R = OMe) 30, 98% 3p, 78% 3q, 59%
1 mmol 85%
3n, 70% (R = OCFy)

3e, 62% (R Br)

Initially, when evaluating the scope of this process using 2-
cyanopyridine as an acceptor, poor results were obtained due
to incomplete substrate conversion and/or formation of 1,2-
diphenylethane-1,2-diol (6) as a product of pinacol coupling of
benzaldehyde (see the Supporting Information (SI) for
details). When 2-cyanopyridine was used under the previously
optimized conditions, a yield of 55% for product 4a was
achieved (Table 2, entry 1). A brief optimization study was
undertaken to suppress the formation of side product 6.
Shorter or longer residence times of 10 and SO min (entries 2
and 3) did not improve the results, due to low conversion or
high yield of 6, nor did increasing the equivalents of base
(entry 4). However, the undesired pinacol pathway was almost

Table 2. Reaction Optimization Using 2-Cyanopyridine

LEDs
365 nm (44 W) OH

l 25°C i OH
2b 30 min 3

(2 equiv.) 0.33 mL/min
DIPEA (2 equiv.) 6
G
entry deviations from above conditions yield of 4a (%)
1 none 5SS
2 10 min 37
3 50 min 43
4 3 equiv of DIPEA 47
S 3 equiv of 2b, 6 equiv of MeOH, 66 W 65

“Calculated by 'H NMR analysis using trichloroethylene as an
internal standard.

entirely suppressed by the addition of methanol to the reaction
mixture, the use of 3 equiv of 2-cyanopyridine, and performing
the reaction under higher input power (entry ).

Next, a small set of different benzaldehydes were evaluated
with 2-cyanopyridine as the reaction partner. Para- and ortho-
substituted benzaldehydes served as suitable coupling partners,
generating the ketyl radicals toward the corresponding alcohols
in good yields (Scheme 3, 4b—4d). Using other cyanopyr-
idines or pyrimidines as coupling partners was not well-
tolerated (see the SI for details).

Scheme 3. Scope of Aldehydes with 2-Cyanopyridine
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Based on recent literature,'’ a mechanism is proposed as
shown in Scheme 4. Upon absorption of light (365 nm), the

Scheme 4. Proposed Mechanism
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mixture of aromatic aldehyde and DIPEA furnishes the crucial
ketyl radical intermediate V through SET and proton transfer
pathways. Concomitant reduction of cyanopyridine 2 gen-
erates the radical anion VI through SET reduction, which
undergoes radical—radical cross-coupling with V to give anion
VIL Based on literature,'” the last step involves the elimination
of the nitrile anion, which is quenched by reaction with the
oxidized form of DIPEA to provide the final compound 3.
Guided by the importance of benzophenone and (thio)-
xanthone as photosensitizers,” we decided to explore the use of
the secondary alcohol products as substrates for a subsequent
oxidation process yielding analogous carbonyl products. The
introduction of a pyridine moiety adjacent to an aromatlc
ketone was already explored by Murafuji and co-workers'” in
two different reactions, which highlighted the improved
performance of unsubstituted benzoylpyridine compared to
benzophenone. Capitalizing on the initial photochemical step,
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Scheme §. Telescoped Approach for the Synthesis of Bisaryl Ketones
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we sought to investigate a telescoped flow approach that
avoided intermediate isolation and purification. Upon exiting
the photochemical reactor, the reaction mixture containing the
alcohol product 3 was then combined with a second stream
containing potassium permanganate in water (0.1 M, §
equiv)."® The combined stream was then directed into a
second reactor coil (PFA, id. = 1/16 in., V = 10 mL) where
the oxidation took place within a short residence time of 7.6
min (see the SI for details). The crude product was collected in
a flask containing a quench solution (10% sodium sulfite).
Using this telescoped approach, a small library of five target
compounds was synthesized, exploring electron-donating and
-withdrawing groups, in good to excellent yields (S5a—Se,
Scheme S). As part of this study, we also demonstrated the
stability of compound Sa under photochemical conditions
(365 nm, 50 W, 30 min exposure), recovering the ketone in
stoichiometric amounts. To the best of our knowledge, this
synthetic approach represents the first flow protocol for the
rapid and easily scalable assembly of arylbenzoylpyridine cores
bearing electron-donating or -withdrawing substituents.

Next, UV—vis absorption spectra for the ketone products
were recorded at a concentration of 0.017 mM in acetonitrile.
Data for compounds Sa—Se and benzophenone are repre-
sented in composite spectra for comparison. In line with the
literature,"’ benzophenone strongly absorbed light within the
UV region (Ane = 252 nm) and showed a maximum molar
absorption coefficient of around 21,000 M™! cm™. Compound
Sa presented a slight shift (4., = 255 nm) compared to the
parent benzophenone, while the effect is more pronounced for
thiophene derivative 5d (4,,,, = 290 nm), as indicated by a
shift of +38 nm. Substituents at the 2- or 3-position of the
benzene ring induced a blue shift (Sb, 4., = 227 nm; 5¢, Ay
= 222 nm), which is similar for the bispyridyl species Se (A
227 nm). The A, values of all ketone products are
effectively distributed across the UV-B/C range. All com-
pounds showed excellent absorption properties, having
maximum molar absorption coefficients at the maximum
absorption wavelength (&,,,,) similar to that of benzophenone.

In conclusion, we report an efficient flow approach to access
electronically differentiated benzoylpyridines from cheap and
readily available starting materials. The first step features an
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attractive catalyst-free reductive arylation process under
photochemical conditions, followed by a telescoped oxidation
using KMnO, as a benign oxidant. The utility of this
methodology was demonstrated by coupling a variety of
aromatic and heteroaromatic aldehydes with different
cyanopyridines in a continuous flow process that is
characterized by high efficiency as well as reproducibility.
The resulting flow sequence enables a straightforward entry
into sets of new photosensitizers benefiting from high
throughput, high yields, and short residence time, which
render this approach suitable for further industrial develop-
ment.
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