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Construction of C(sp?)-C(sp®) bonds via regioselective coupling of C(sp?)—H/C(sp®)—H bonds is challenging
due to the low reactivity and regioselectivity of C—H bonds. Here, a novel photoinduced Ru/photocatalyst-
cocatalyzed regioselective cross-dehydrogenative coupling of dual remote C—H bonds, including inert y-
C(sp®)—H bonds in amides and meta-C(sp?)—H bonds in arenes, to construct meta-alkylated arenes has
been accomplished. This metallaphotoredox-enabled site-selective coupling between remote inert
C(sp®)—H bonds and meta-C(sp®)—H bonds is characterized by its unique site-selectivity, redox-neutral

conditions, broad substrate scope and wide use of late-stage functionalization of bioactive molecules.
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Accepted 11th April 2022 Moreover, this reaction represents a novel case of regioselective cross-dehydrogenative coupling of

unactivated alkanes and arenes via a new catalytic process and provides a new strategy for meta-
DO 10.1035/d25c00764a functionalized arenes under mild reaction conditions. Density functional theory (DFT) calculations and

rsc.li/chemical-science control experiments explained the site-selectivity and the detailed mechanism of this reaction.

Introduction arenes and C(sp®)-H bonds mainly focused on the use of simple
cycloalkanes or hydrocarbons with extraordinarily reactive

C-C bond construction is a long-standing target in organic C(sp’)-H bonds as alkylating agents, such as benzyl C(sp*)-H

chemistry. In recent years, construction of C-C bonds via cross-

dehydrogenative coupling (CDC) has made great progress due

to its atom- and step-economy.' In a pioneering study, Fagnou
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bonds and C(sp®)-H bonds adjacent to heteroatoms (Scheme
1a),> and their transformations were centralized on using
dangerously strong oxidants (such as peroxides) or high
temperatures to enable oxidative cleavage of the C(sp’)-H
bonds to generate C(sp®)-centered radicals, meaning that this
kind of reaction suffers from limited substrate scope.® What's
more, CDC of C(sp*)-H bonds in arenes and unactivated C(sp®)-
H bonds (except C(sp*)-H bonds in simple cycloalkanes, the
same below) remained challenging and was difficult to achieve
due to the low reactivity and regioselectivity of unactivated
C(sp®)-H bonds. In addition, alkylated arenes have found
numerous applications in inter alia natural product synthesis,
medicinal chemistry and materials science. Thus, a new meth-
odology that could effectively construct C(sp*)-C(sp®) bonds via
coupling of C(sp®)-H bonds in arenes and unactivated C(sp*)-H
bonds with high regioselectivity under mild reaction conditions
is in high demand.

The strategy of hydrogen atom transfer (HAT) has emerged
as an effective tool to activate C(sp*)-H bonds. However, acti-
vation of C(sp®)-H bonds via this strategy generally lacked
regioselectivity. The Hofmann-Loffler-Freytag (HLF) reaction,’
radical translocation processes triggered by nitrogen-centered
radicals, such as 1,5-hydrogen atom transfer (1,5-HAT), was well
documented and has been proven to be an effective strategy for
the controllable and selective functionalization of remote inert
C(sp®)-H bonds in complex molecules. Excellent work has been
done in the past decades.® Until now, the HLF reaction has
mainly focused on halogenation,® Michael addition,' Minisci
reaction' and coupling with nucleophiles.”” However, C-
centered radical coupling with intermolecular C(sp”)-H bonds
of arenes has not been developed yet. Therefore, a method that
could effectively construct C(sp®)-C(sp®) bonds by site-selective
coupling of remote inert C(sp®)-H bonds and C(sp*)-H bonds in
arenes would be of great importance, and by this method,
remote C(sp’)-H bond arylated products could be obtained in
an atom- and step-economical approach.

Despite considerable advances in ortho-arene C-H bond
functionalization, meta-arene C-H bond transformation
remains elusive. The strategy of ruthenium-catalyzed c-activa-
tion devised by Ackermann, Frost, and others is a powerful
technique for meta-arene C-H bond transformation.”® So far,
excellent work has been done in this area, such as bromina-
tion," sulfonation,’ nitration'® and alkylation."” However,
meta-alkylation of arenes mainly focused on the use of alkyl
halides as alkylating agents, and to the best of our knowledge,
Ru-catalyzed meta-alkylation of arenes through regioselective
activation of unactivated C(sp*)-H bonds has not yet been re-
ported, which was challenging to realize due to both the reac-
tivity and regioselectivity needing to be simultaneously
controlled in the reaction. In addition, meta-alkylation reactions
mainly employed substrates that could produce radicals via
single electron transfer (SET) with Ru-catalysts as alkylating
agents, which severely restricted the development of meta-
alkylation reactions. Therefore, a new methodology that could
produce radicals via a new catalytic process rather than through
SET with Ru-catalysts would expand the scope of meta-arene C-
H bond functionalization reactions, and would provide a new

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synthetic platform for meta-functionalized arenes. Continuing
our research interest in the meta-C(sp*)-H bond functionaliza-
tion reaction® and remote C(sp*)-H bond activation reaction,*®
here we disclosed a novel example of dual Ru/photoredox-
catalyzed meta-alkylation of arenes via site-selective coupling of
dual remote C-H bonds, including unactivated y-C(sp®)-H
bonds in amides and meta-C(sp’)-H bonds in arenes. This
reaction represents a novel example of employing a photo-
catalyst/Ru as a co-catalyst for regioselective CDC of unactivated
alkanes and arenes via a new catalytic process, and provides
a new strategy to synthesize meta-functionalized arenes under
mild reaction conditions (Scheme 1b).

Results and discussion

We commenced our study using 2-phenylpyridine 1a and N-
(tert-butyl)-4-methyl-N-((4-(trifluoromethyl)benzoyl)oxy)pent-

anamide 2a as model substrates (Table 1). With [RuCl,(p-
cymene)],/Ir(ppy)s as the cocatalyst, the desired product 3a was
obtained in 84% yield under blue LED irradiation at 60 °C after
36 h (entry 1). Further investigation disclosed that the phos-
phine ligand and carboxylic additive were the key to accom-
plishing this reaction (entries 2 and 3). It is noteworthy that
Ir(ppy)s is of great importance in this reaction, as other pho-
tocatalysts, such as 4CzIPN, Ir[dF(CF;)ppyl.(dtbbpy)PFs and
Eosin, failed to trigger the coupling reaction (entries 4-6).
Variation in other solvents fell short of 1,4-dioxane (entries 7-
10). The Ru-catalyst was also investigated, and the results
indicated that [RuCl,(p-cymene)], was more efficient than the

Table 1 Optimization of the reaction conditions®

)
80 0 [RUCH(p-cymene)], (5 mol%) )
)v\'r," _ emsdmay
o
MesCOzH (30 mol%) 8
(p-CF3Ph)3P (20 mol%) - -Bu
K,CO; (3.0 equiv)
1,4-Dioxane (1 mL) 3
Blue LEDs, 60 °C, Ar

Entry Deviation from standard condition Yield” (%)
1 None 84

2 No (p-CF;Ph),P <10

3 No MesCO,H 65

4 4CzIPN instead of Ir(ppy); 0

5 Eosin instead of Ir(ppy); 0

6 [1r] instead of Ir(ppy)s 0

7 DME as solvent 40

8 DMSO as solvent Trace
9 DMF as solvent Trace
10 PhMe as solvent 19

11 Ru;(CO),, instead of [Ru] <10
12 RuCl; instead of [Ru] Trace
13 No [Ru] 0

14 No Ir(ppy)s 0

15 No light (100 °C) 0

“ Reaction conditions: 1a (0.2 mmol), 2a (0.5 mmol, 2.5 equiv), [RuCl,(p-
cymene)], (5 mol%), Ir(ppy); (1 mol%), MesCO,H (30 mol%), (p-
CF;Ph);P (20 mol%), I(ZCO; (3.0 equiv), 1,4-dioxane (1.0 mL), blue
LEDs, 60 °C, Ar, 36 h. ” Isolated yield. [Ir] = Ir[dF(CF;)ppyl,(dtbbpy)
PF,, [Ru] = [RuClz(p-cymene)]
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other catalysts tested (entries 1, 11 and 12). Control experiments
verified the essential roles of the photocatalyst, Ru-catalyst and
light (entries 13-15).

With the optimized reaction conditions established, we
explored the versatility of this reaction. The scope of 2-phenyl-
pyridines was first investigated using substrate 2a as a charac-
teristic counterpart (Scheme 2). A wide range of synthetically
useful functional groups on the arenes were well tolerated and
delivered the C(sp*)-H/C(sp*)-H bond coupling products in
moderate to high yields. Substrates bearing electron-neutral/
electron-donating substituent groups at the para-position of
aromatic rings proceeded well with 2a (3a-3d, 80-89%). Indeed,
electrophilic functional groups, such as a valuable ester
substituent, a carbonyl substituent and halides (F, Cl and Br),
were well tolerated under these reaction conditions (3e-3j, 59-
82%). Although the process by which ruthenium participated in
the C-H activation approach may be shut down by the steric

G
_/ ] [o]
S N-BY
H

R® R?

[RuCly(p-cymene)l; (5 mol%)

tBu O lr(ppy)a (1 mol%)
R* )\/ﬁ( Neo MesCOzH (30 mol%)
(p-CF5Ph)P (20 mol%)
K,CO3 (3.0 equiv)

1,4-Dioxane (1 mL)
Blue LEDs, Ar 3

1) )
N A N =~
R
o] o
Nzt—Bu F N,[—Bu
H H

3k R=F,71%
31,R = OMe, 48%

R
7> B
N # N2
.
Q o
N tBU tBu
H N’
£ H

3p, R =Me, 90%
3q,R=Cl, 81%
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(a), Scope of Ca-H bond substrat:

3a,R=H,84%
1.16g, 71%2
N 3b, R = Me, 89%
3¢, R = OMe, 80%
3d, R=Ph, 82%
o 3e,R=F,76%
_tpy 3MR=ClL82%
3g,R=Br, 74%
R 3h, R = CO,Me, 82%
3i, R=CF3, 73%
3j, R=COMe, 59%

z=
\

3m, 45%

(b), Scope of directing group

30, 75%

3t, R = Me, 88%
3u, R =COMe, 86%

D,
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o]
N/:f-ESu
Br

3x, 82%

z

3z, 89%

3y, 76%

3aa, 73% 3ab, 64% 3ac, 57% 3ad, 0

Scheme 2 Substrate scope of the arenes. Reaction conditions: 1 (0.2
mmol), 2a (0.5 mmol, 2.5 equiv), [RuCly(p-cymene)l, (5 mol%), Ir(ppy)s
(1 mol%), MesCO,H (30 mol%), (p-CFsPh)sP (20 mol%), K,CO3z (3.0
equiv), 1,4-dioxane (1 mL), blue LEDs, 60 °C, Ar, 36 h, isolated yield.
2Gram-scale reaction, Ir(ppy)z (0.5 mol%) for 48 h.
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encumbrance of ortho-substituted phenylpyridines, this
coupling reaction could also proceed in moderate yields when
substituents such as F and OMe were at the ortho-position on
phenylpyridines (3k, 71%; 31, 48%; 30, 75%). The scope of meta-
substituted phenylpyridines was more limited, but with small
groups such as F and OMe, the coupling reaction could also
furnish the corresponding products in moderate yields (3m,
45%; 3n, 37%). With various substituents on the pyridyl, the
desired products were obtained in high yields (3p-3u, 81-90%).
We observed that with other types of directing groups, such as
pyrimidine-, pyrazole-, and oxazoline-, the reaction delivered
the desired products in moderate to good yields (3v-3y, 76-87%;
3ac, 57%). It is worth noting that when the bioactive purine
derivative was used as the directing group, the corresponding
product 3z was obtained in 89% yield. More appealingly, we
observed that highly reactive bioactive nucleosides, even those
substrates bearing sensitive protecting groups, were all well
tolerated and generated the regioselective C(sp*)-H/C(sp’)-H
bond coupling products 3aa and 3ab in 73% and 64% yields,
respectively. However, the reaction could not proceed when
benzothiazole was used as the directing group (3ad, 0). A gram-
scale reaction was also conducted. When this transformation
was performed at the 5.0 mmol scale using 0.5 mol% Ir(ppy)s,
the product 3a could be obtained in 71% yield upon isolation
(1.16 g). The structures of 3n, 3w and 3z were identified
unambiguously by X-ray diffraction.

The scope of the hydroxamide compounds was then inves-
tigated using 2-phenylpyridine (1a) as the coupling partner
(Scheme 3). Hydroxamide compounds bearing y-tertiary C(sp®)-
H bonds were well tolerated and furnished the desired products
in good yields (3ae-3al, 70-89%). The coupling reaction could
also proceed using hydroxamide compounds with secondary
C(sp®)-H bonds at the y-position, and the y-arylated products
were obtained in moderate to good yields. Substrates bearing
diverse chain lengths showed considerable compatibility, and
only y-arylated products were obtained, revealing that the 1,5-
HAT process was dominant (3am-3ap, 57-71%). Hydroxamide
derivatives bearing various functional groups, such as a double
bond, halides and esters, could also react with 1a and deliver
the coupling products in moderate yields (3aq-3as, 48-54%).
The y-C(sp*)-H bond next to the oxygen atom could serve as an
appropriate coupling partner, giving the product 3av in 27%
yield. For reactions with 8-benzylic or tertiary C(sp®)-H bonds,
the 1,6-HAT products were detected, giving products 3ay and
3az in 57% and 62% yields, and the ratios of 1,5-HAT products
and 1,6-HAT products were 3.4 : 1 and 4.0 : 1, respectively. The
protocol was also applicable to hydroxamide compounds with
the y-primary C(sp®)-H bond, providing the desired product
3ba in 22% yield. Late-stage functionalization of natural
product derivatives was also conducted, as verified by lith-
ocholic acid, and the corresponding product 3bb was obtained
in 48% yield.

To gain more insight into the reaction mechanism, various
control experiments were conducted. First, the reaction was
completely inhibited when radical scavengers, such as 1,4-
benzoquinone, butylated hydroxytoluene (BHT) or 2,2,6,6-tet-
ramethyl-1-piperidinyloxy (TEMPO), were added, indicating

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Substrate scope of the hydroxamide compounds. Reaction
conditions: 1a (0.2 mmol), 2 (0.5 mmol, 2.5 equiv), [RuClx(p-cymene)l,
(5 mol%), Ir(ppy)s (1 mol%), MesCO,H (30 mol%), (p-CFsPh)sP (20
mol%), K,COs (3.0 equiv), 1,4-dioxane (1 mL), blue LEDs, 60 °C, Ar, 36
h, isolated yield. 2Ir(ppy)s (2 mol%) for 5 days. °Determined by 'H NMR.
“The ratio of 1.5-HAT and 1,6-HAT products.

that this coupling reaction presumably proceeded via a radical
pathway (Scheme 4a). Second, radical clock experiments were
also carried out to probe the generation of the C-centered

(a), Influence of Radical Scavengers

7z
| N t-Bu O Na. |
2N l{l standard conditions
+ S0 _ >
e} Radical Scavengers Q
3 (2.5 equiv) N,t—Bu
H
2a 3a
Radical . .
Scavengers none TEMPO BHT 1,1-Diphenylethylene p-Quinone
yield of 3a (%) 84 0 trace 29 0
. OH
(,) t-Bu t-Bu
~ L, O
Ph' Ph
Me
(b), Radical Clock Experiment
H
standard I\
conditions t-Bu
1a + 2a + p, o
¢ 1 QA0
4 via St-Bu 5
N o 20%

Scheme 4 Radical process experiments.
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radical. The olefin 4 with a cyclopropyl moiety next to a double
bond, which would rearrange in a radical reaction, was found to
open under the reaction conditions, producing the corre-
sponding ring closure product 5 in 20% yield (Scheme 4b).
These radical-trap experiments verified that a radical pathway
was involved in this coupling reaction. Furthermore, when the
pre-synthesized cycloruthenated complex 6 was used as the
catalyst instead of [RuCl,(p-cymene)],, it was found to be an
efficient catalyst (Scheme 5a). Likewise, when other types of
ruthenium complexes, for example, Ru(MesCO,),(p-cymene)
and carboxylate-free ruthenium(u) phosphine complex 7, were
used as catalysts, the reaction proceeded well (Scheme 5b and
c). All of these reactions proceeded poorly in the absence of (p-
CF;Ph);P; in contrast, the reaction could still occur without
MesCO,H, demonstrating that the phosphine ligand played
a decisive role in this reaction and that the carboxylate assis-
tance acted as a coaccelerator (Scheme 5). Notably, isotopic
labeling experiments were also conducted to explore the
possible ortho-C-H bond cyclometalation of the arenes. When
D,O was added to the reaction, significant H/D scrambling was
observed in the ortho-position of arenes (Scheme 6a). In addi-
tion, when the isotopically labeled derivative [Ds]-1a was
employed under the standard conditions, it was found that the

(a), Cycloruthenated complex as catalyst

Me—@—i-Pr

cl o >
/
| A
N _ &(omo%)
2a (2.5 equiv)
Ir(ppy)s (1 mol%) ’t Bu
1 K,COj3 (3.0 equiv)
a 1,4-dioxane (1 mL)
Blue LEDs (0-CFsPh)sP MesCOH  Yield
60 °C, Ar 20 mol% 0 63%
20 mol% 30 mol% 83%
0 30 mol% 8%
(b), Ru(MesCO,),(p-cymene) as catalyst
X Ru(MesCO;),(p-cymene)
(1 0 mol%)
ZN a (2.5 equiv)
Ir(ppy)s (1 mol%) B
K,CO3 (3.0 equiv) N
1,4-dioxane (1 mL) H
1a Blue LEDs
60 °C, Ar (p-CF3Ph)sP Yield
0 12%!
20 mol% 86%

(c), Ruthenium(ll) phosphine complexas catalyst

Me i-Pr

WwRUC
| ES cy P(p-CF3Ph);
_N CI
7, (10 mol%)
2a (2.5 equiv)
Ir(ppy)s (1 mol%) ’t Bu
K,COj3 (3.0 equiv)

1,4-dioxane (1 mL)

Blue LEDs (p-CF3Ph)sP MesCO,H Yield
60 °C, Ar 0 0 58%
' 10 mol% 0 54%

0 30 mol% 47%)

10 mol% 30 mol% 85%

Scheme 5 Control experiments of the Ru-catalyst.
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Scheme 6 Mechanistic studies by isotopic labeling experiments.

desired product exhibited obvious H/D scrambling (Scheme 6a).
Clearly, different degrees of H/D scrambling in each ortho-
position of the arenes provided evidence for the remote C(sp?)-
H bond functionalization of arenes occurring at the position
para to the C-Ru bonds. Intermolecular kinetic isotope effects
using substrates 1a and [Ds]-1a indicated that the C(sp®)-H
bond cleavage process at the ortho-position of arenes was not
kinetically relevant (Scheme 6b).

Furthermore, a luminescence quenching experiment
revealed that the hydroxamide 2a could efficiently quench the
excited-state photocatalyst Ir(m)* (Fig. S17). In addition, cyclic
voltammetry studies showed that the reduction potential of 2a
was —1.56 V (vs. SCE) in MeCN (Fig. S27), thus indicating that 2a
can be easily reduced by the excited-state photocatalyst Ir(ur)*
(Eyp ™™ = —1.73 V vs. SCE).

To explain the site-selectivity of the C(sp*)-C(sp®) bond
formation, Fukui indices were calculated by density functional
theory (DFT). The relative Fukui indices for possible Ru(u)
intermediates A-D and Ru(ui) intermediates E-H are shown in
Scheme 7. On the whole, the relative Fukui indices of the Ru(i)
complexes were generally better than those of Ru(u) complexes.
This result agreed with previous theoretical and experimental
studies that Ru(m) intermediates may be the key intermediates
in meta-C(sp®)-H bond functionalization reactions. Then, the
products of Ru(m) intermediates in this reaction were investi-
gated. Considering that the Ru(n) complex was used as the
catalyst and the Ir(iv) complex could form in our experiments,
whether Ru(m) complexes could generate during the redox
reaction was assessed by reaction Gibbs free energies (Scheme
8). The calculated results of the Gibbs free energy profile for the
redox reaction between Ru(u)/Ir(iv) and Ru(ur)/Ir(u) were nega-
tive (AG < 0), indicating that the possibly formed Ru(u) inter-
mediates in this reaction could be easily oxidized to Ru(m)
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complexes by the Ir(iv) complex. All of these results demon-
strated that Ru(m) complexes were generated in this reaction
and played the key role in site-selectivity of this reaction. On the
basis of the above results, Ru(u) complex G was chosen as the
reaction intermediate in the following calculated reaction
mechanism (Scheme 9). The catalytically active Ru(i1) complex 8
transformed into I by the ligand exchange, and the Gibbs free
energy change of this step was only 1.2 kcal mol ', Next, the
intermediate K was formed by the MesCOO™ assisted C-H bond
activation process from I via J-TS with an energy barrier of 9.2
kecal mol ™', and was 3.8 kcal mol™" compared with 8. Then,
MesCO,H left forming intermediate 9 and the energy decreased
to —0.8 keal mol " by the entropy effect. Subsequently, the Ru(i)
intermediate 9 was oxidized to Ru(m) intermediate 10 by the
Ir(iv) complex resulting from single electron transfer (SET) from
Ir(ppy)* to 2a, releasing about 42 kcal mol . Finally, the alkyl
radical 15 underwent addition to the benzene ring of 10 to form
11 through L-MECP with an energy barrier of 19.0 kcal mol *,
releasing 6.4 kcal mol ' energy. In contrast, the nitrogen-
centered radical 13 underwent addition to the same site
through L-MECP' with an energy barrier of 39.7 kcal mol™* to
form 11'. In addition, N-centered radical 13 could easily trans-
form to C-centered radical 15 through intramolecular 1,5-HAT
with an energy barrier of only 5.5 kcal mol '. Hence, the
intermediate 11 was dominant, and the calculated results were
consistent with the experimental results that no meta aminated
arenes were observed. After that, 11 underwent the LMCT step,
rearomatization and demetalation to form the meta-alkylated
arenes, which has been reported by previous reports. The
computational results implied that the reaction mechanism
was plausible under our reaction conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Based on the previous reports,"“'”>? DFT calculations and
control experiments, a plausible mechanism was proposed for
this coupling reaction as depicted in Scheme 10. SET from the
photoexcited Ir(ppy)s; catalyst (Ir(m)*) to the hydroxamide
substrate 2a and subsequent N-O bond cleavage generated the
nitrogen-centered radical 13 and Ir(wv). Then, intramolecular
1,5-HAT of 13 occurred, forming the carbon-centered radical 15.
The cyclometalated Ru(ir) complex 9 formed from the reversible
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Scheme 10 Proposed mechanism.
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carboxylate-assisted C-H bond ruthenation of the arene was
then oxidized by the formed Ir(iv) complex to produce a Ru(i)
complex 10, and regenerated the Ir(ppy); catalyst simulta-
neously. The formed carbon-centered radical 15 underwent C,,—
H bond addition at the position para to the C-Ru(ur) bond of
Ru(ur) complex 10, generating the species 11, which underwent
subsequent rearomatization via the LMCT step to afford the
Ru(i1) complex 12. Eventually, the anticipated coupling product
3a was delivered by demetalation, and the catalytically active
ruthenium(ur) complex 8 was regenerated.

Conclusions

In conclusion, we developed a novel example of metal-
laphotoredox-enabled regioselective CDC of dual remote C-H
bonds, including unactivated y-C(sp®)-H bonds in amides and
meta-C(sp*)-H bonds in arenes, to construct challenging meta-
alkylated arenes. This reaction represented a novel case of
employing Ru/photoredox dual catalysis for regioselective
coupling of unactivated C(sp®)-H bonds in amides and C(sp?)-
H bonds arenes via a new catalytic process, and provided a new
strategy to synthesize meta-functionalized arenes under mild
reaction conditions. The reaction worked well with primary,
secondary and tertiary C(sp®)-H bonds in amides and a broad
range of arenes were well tolerated. Moreover, excellent regio-
selectivity was observed in terms of inert C(sp®)-H bonds in
hydroxamides and meta-C(sp®)-H bonds in arenes. Detailed
mechanistic studies, including DFT calculations and control
experiments, explained the high regioselectivity of C(sp*)-H
bonds and C(sp*)-H bonds, and provided a theoretical basis for
this site-selective coupling reaction.
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