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Difluoroalkylated  diarylmethanes  with  biological and
pharmacological potentials were synthesized from para-quinone
methides (p-QMs) and difluoroalkylating reagents via a visible
light photocatalysis strategy. Mechanism studies showed that the
excited photocatalyst *fac-lr(ppy)g was primarily quenched by p-
QMs and the generated diarylmethane radical intermediates then
underwent a radical-radical cross-coupling reaction with
difluoroalkyl radicals. This reaction features mild conditions, high
efficiency and wide functional group compatibility.

Diarylmethane scaffold widely exists in natural products and
pharmaceuticals such as podophyllotoxin,1C toIterodine,1d
Iatifolin,1e isochromans derivatives*’ and kadangustin J,1g which
exhibit antimicrobial, antiviral, anticancer and/or antioxidant
activities (Figure 1).1 In the past decade, the synthesis of
hybrid systems with multiple biological and pharmacological
properties is attracting more and more attention.”> The
incorporation of difluoromethylene group (typically catalyzed
by transition-metal3) which can function as a bioisostere for an
oxygen atom or a carbonyl group,‘“"'b can significantly affect
the electronic, chemical and reaction activities of the parent
molecules.* Considering all these, incorporation of
difluoromethylene group into diarylmethane unit to construct
the difluoroalkylated diarylmethane skeleton can increase the
diversity of diarylmethanes with new bioactivities.
para-Quinone methides (p-QMs), characterized by the
unique assembly of carbonyl and olefinic moieties, are
chemically defined as neutral and zwitterionic resonance
entities (Scheme la).5 Therefore, p-QMs are usually used in
1,6-conjugate addition/aromatization reactions as Michael
acceptors to access Dbiologically active diarylmethane
compounds,6 although several other methods have been
reported.7 In 1985, Kurreck’s group found that di- and
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triphenylmethyl radicals could be formed by treating galvinols
(with structures similar to p-QMs) with a sodium amalgam in
hydrocarbon solvents by a single electron reduction process
(Scheme lb).8 However, no further research is reported.
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Figure 1 Typical Biologically Active Molecules with the Diarylmethane Unit
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Photoredox catalysis has become a powerful tool for organic
synthesis in the past decade owing to its inherently mild, green
and highly-efficient characteristics.’ This catalysis strategy is
well-known by its single electron transfer (SET) process.‘”’g'4i
Inspired by Kurreck’s work, we envisioned that p-QMs (1a, E;/;
red = - 0.20 V vs SCE, see Supporting Information Figure S1 )
could be radical precursors for generating diarylmethyl radical
intermediates through a photocatalytic single electron
reduction process. Thus, we proposed a new approach
involving p-QMs and difluoroalkylating reagents to construct
difluoroalkylated diarylmethane compounds via visible light
photocatalytic radical-radical cross-coupling reactions (Scheme
1c).

Table 1 Optimization of the Reaction Conditions®

+Bu i +Bu [o} catalyst (1 mol%) oY 4 tBu
Br. reductant (3.0 equiv.)
R e
Ph FF
1a (0.1 mmol) 2a (0.15 mmol) 3aa
Entry Catalyst Reductant Solvent Yield”
1 Sfac-Ir(ppy)s i-Pr,NEt MeCN 65
2 Ru(bpy);ClL,*6H,0  i-Pr,NEt MeCN 32
3¢ Eosin Y i-Pr,NEt MeCN 38
44 Jac-Tr(ppy)s i-Pr,NEt MeCN NR¢
5 - i-Pr,NEt MeCN trace
6 fac-Tr(ppy)s HE' MeCN 11
7 fac-Ir(ppy); Et;N MeCN 32
8 fac-Ir(ppy); i-Pr,NEt Toulene 47
9 Sfac-Ir(ppy)s i-Pr,NEt MeOH 14
10 fac-Ir(ppy)s i-Pr,NEt THF 40
11 fac-Ir(ppy); i-Pr,NEt  1,4-dioxane 69
12 fac-Ir(ppy); i-Pr,NEt acetone 72
138 fac-Tr(ppy)s i-Pr,NEt acetone 76
14" Sfac-Ir(ppy)s i-Pr,NEt acetone 65
1587 Sfac-Ir(ppy)s i-Pr,NEt acetone 85

“Reaction conditions: 1a (0.1 mmol), 2a (1.5 equiv.), catalyst (1 mol%), reductant
(3.0 equiv.), solvent (1 mL), and blue LEDs under N at room temperature for 36
h. PIsolated yield. ‘Green LEDs. “No light. °NR (No Reaction). HE (Hantzsch Ester).
92a (2.0 equiv.). "2a (3.0 equiv.). 'H,0 (1.0 equiv.) as additive. /Reacted for 24 h.

The study was initiated by using p-QM 1a and ethyl
bromodifluoroacetate 2a (E;, red = - 0.89 V vs SCE, see
Supporting Information Figure S2) as model substrates (Table
1). Fortunately, the desired diarylmethane product 3aa was
obtained in 65% vyield in the presence of fac-Ir(ppy)s; (1 mol%)
and i-Pr,NEt (3.0 equiv.) in MeCN (entry 1). However, when
the catalyst was replaced by Ru(bpy);Cl,*6H,0 or Eosin Y, the
yield of 3aa was dramatically decreased to 32% (entry 2) and
38% (entry 3), respectively. Control experiments were then
performed and the results confirmed the necessity of both
light and fac-Ir(ppy); (entries 4, 5). Compared with i-Pr,NEt,
neither Hantzsch ester nor Et;N was a better reductant
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(entries 6, 7). After screening a series of solvents (entries 8-
12), it was found that acetone was an ideal solvent with a yield
of 72% (entry 12). With the loading of 2a increased to 2.0
equiv., the vyield of the desired product 3aa was further
increased to 76% (entry 13). However, the yield of the desired
product was decreased to 65% when the loading of 2a was
increased to 3.0 equiv. (entry 14). Finally, it was found that the
yield of the reaction increased to 85% when H,0 was added as
an additive (entry 15). We speculated that H,0 could promote
the protonation of the reaction process as discussed in the
mechanism section.

With the optimal conditions established, we next evaluated
the substrate scope of p-QMs 1 (Scheme 2). To our delight, a
variety of substituented p-QMs could smoothly react to
provide the desired diarylmethane products with moderate to
excellent yields (45-85%). Both electron-donating substituents
(3ba-3ea) and electron-withdrawing substituents (3fa-3ma)
were compatible in the reaction system. Notably, the nitro
group (3ja) gave a lower vyield (45%), probably owing to its
strong oxidizing ability. Bis-substituted p-QMs (1o, R; = 3,4-
dichloro and 1n, 3,5-dimethoxyl) and p-QM with naphthyl (1p)
could also take part in the reaction with good yields.

fac-Ir(ppy)s (1 mol%)
FProNEt (3.0 equiv.)

acetone (0.1 M)
H,0 (1.0 equiv.)
Blue LEDs, N, r.t.

3ma, 80%, 30 h 3na, 55%, 48 h 30a, 80%,24 h 3pa, 62%, 36 h

Scheme 2 The Scope of para-Quinone Methides (p-QMs)

Next, we explored the scope of difluoroalkylating reagents 2
to examine their applicability in our system (Scheme 3).
Difluoroalkylating reagents with different functional groups
including carbonyl, esteryl, acylamino and heteroaryl groups,
proceeded well with 1a to achieve the expected products in
52% to 77% yields (3ab-3ag). Moreover, ethyl
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bromofluoroacetate 2g could also be applied to this reaction
system and afforded the product 3ag (69% yield) albeit with a
low diastereoselectivity (dr = 1:1). Additionally, the structure
of 3ad was confirmed by X-ray analysis (see Supporting
Information).

OH
o
t-Bu t-Bu
tBu #Bu o fac-Ir(ppy) 5 (1 mol%)
Br i-ProNEt (3.0 equiv.) o
+ R: acetone OAM
| 2 acetone (0.1 M)
Ph F F H,0 (1.0 equiv.) Ph R,
Blue LEDs, Na, r.t. FF
1a (0.1 mmol) 2 (2.0 equiv.)

3ab, 52%, 24 h 3ac, 77%, 30 h 3ad, 78%, 36 h

3ae, 77%, 36 h 3af, 70%, 12 h 3ag, 69%, 24 h, dr = 1:1

Scheme 3 The Scope of Bromodifluoroacetates

(a) gram-scale reaction
o
e t8u ° fac-(ppy)s (1 mol%)
¢ | OFt H,0 (1.0 equiv.)
FF acetone (0.1 M)

O Blue LEDs, Ny, rt.

1f (3.66 mmol)

2a (2.0 equiv.) 3fa, 4d, 1.361 g, 82%
(b) synthetic applications
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(d) radical trapping experiment with 1-(phenylsulfonyl)-2-phenyl-2-propene 5

‘ + BICF,CO,Et Srandard Conditions _ \g?/ N Ph)&caeoza
Ph on SOzPh

Ph” “CF,CO,Et
7
1a 2a 5 (3.0 equiv.) 3aa, trace detected by ES-HRMS
Scheme 4 Applications of Difluoroalkylation of p-QMs and Radical Trapping
Experiments

To demonstrate the synthetic value of this work, the gram-
scale reaction was conducted with 1f (1.205 g) and 2a (Scheme
4a) to give the corresponding diarylmethane product 3fa

This journal is © The Royal Society of Chemistry 20xx
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(1.361 g) in the yield of 82%. p-QMs bearing 2,6-di-tert-butyl
groups are useful synthons because of their facile synthesis
and inherent stability.10 AICl; mediated de-tert-butylation
reaction produced the diphenolmethane derivative 4 with a
moderate yield (Scheme 4b).5b’1°

To gain insight into the mechanism of this reaction, several
control  experiments were performed. Stern-Volmer
fluorescence quenching experiments revealed that fac-Ir(ppy)s
was primarily quenched by p-QM 1a while ethyl
bromodifluoroacetate 2a and i-Pr,NEt showed a much less
effect (Figure 2). The radical trapping experiments were
conducted with different scavengers to capture the radical
intermediates in the system, and the products were detected
by ESI-HRMS techniques (see Supporting Information). Under
the standard conditions, TEMPO-trapped product 6 was
observed when TEMPO was used as the scavenger with no
product 3aa detected (Scheme 4c). Moreover, both product
3aa and 7 were observed when 1-(phenylsulfonyl)-2-phenyl-2-
propene 5 was added to the reaction (Scheme 4d). These
observations indicated the existence of diarylmethyl radical
and difluoroacetate radical intermediates.
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Figure 2 Stern-Volmer Fluorescence Quenching Experiments

On the basis of our findings and previous studies, a possible
mechanism is illustrated in Figure 3. Upon visible light
irradiation, the excited *fac-lr(ppy)3 engages in single electron
transfer (SET) with p-QM 1a followed by a protonation process
to give the radical intermediate | as well as the oxidized fac-
IVlr(ppy)g. Then the photocatalytic cycle is closed by a SET
process between i-Pr,NEt and fac—'vlr(ppy)g, delivering the
radical intermediate Il. The resultant o-amino alkyl radical Il
from sequential deprotonation of intermediate Il, known as a
strong reducing agent,n’14 can easily reduce ethyl
bromodifluoroacetate 2a to generate radical intermediate IV
and bromide-iminium ion pair V. Finally, a radical-radical
cross-coupling of intermediates | and IV leads to the target
diarylmethane product (3aa).
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Figure 3 Proposed Mechanism

In summary, we have developed a novel photocatalytic
radical-radical cross-coupling reaction under mild conditions to
access difluoroalkylated diarylmethane compounds with
pharmaceutical potentials, the reaction features high
efficiency and wide functional group compatibility. It is
noteworthy that the reaction was mediated by a diarylmethyl
radical intermediate generated from the single electron
reduction and protonation processes of p-QMs.
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A para-quinone methides and difluoroalkylating reagents involved radicals cross-coupling reaction
was described, through the photocatalytic generated diarylmethane radical intermediates.
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