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of Chemistry Transition-metal-catalyzed double/triple bond metathesis reactions have been well-established due to the
ability of transition-metal catalysts to readily interact with 7 bonds, facilitating the progression of the entire
reaction. However, activating o-bonds to induce c-bond metathesis is more challenging due to the
absence of  bonds and the high bond energy of ¢ bonds. In this study, we present a novel photo-
induced approach that does not rely on transition metals or photosensitizers to drive C-C and C-N o-
bond metathesis reactions. This method enables the cross-coupling of tertiary amines with a-diketones
via C-C and C-N single bonds cleavage and recombination. Notably, our protocol exhibits good
compatibility with various functional groups in the absence of transition metals and external
photosensitizers, resulting in the formation of aryl alkyl ketones and aromatic amides in good to high
yields. To gain insights into the mechanism of this pathway, we conducted controlled experiments,
and DFT (Density Functional Theory) calculations. This
comprehensive approach allowed us to elucidate the detailed mechanism underlying this transformative
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Introduction

The recombination of chemical bonds is the most basic
research content in the field of organic synthesis. The precise
manipulation of chemical bond recombination processes under
mild conditions remains a pivotal scientific challenge within
this field. It has been consistently posed as one of the most
formidable and intriguing subjects for organic synthesis
researchers. Metathesis reactions, due to their exceptional atom
economy, have garnered substantial attention from the organic
chemistry community.*

Alkene and alkyne metathesis reactions are among the most
common forms of metathesis reactions.”> Transition-metal-
catalyzed olefin metathesis and carbonyl-olefin metathesis
reactions have been extensively developed to produce the cor-
responding metathesis products, enabling the reliable, precise,
and efficient synthesis of various important chemical
compounds (Scheme 1a).> Similarly, transition-metal-catalyzed
alkyne metathesis reactions have also been well-established to
yield their respective metathesis products (Scheme 1b).* Since
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both double and triple bonds contain 7 bonds, and transition
metal catalysts readily interact with 7w bonds within these bond
types, they facilitate the overall reaction process. Conversely,

(a) Transition-metal catalyzed alkene metathesis via organometallic
complexes
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(d) Visible-light induced catalyst-free c-bond metathesis via radical
intermediates (This work)
radical

i A R h > i R ?
v
Ar%/ "+ intermediate Ar/lQ * Ar /u\®
o) R R

¢ C-C/C-N o-bond metathesis
+ Transition-metal- and photosensitizer-free

+ Visible-light-induced
+ Mild conditions

Scheme 1 Transition-metal catalyzed metathesis via organometallic
complexes vs. photo-induced transition-metal-free metathesis via
radical intermediates. (a) Transition-metal catalyzed alkene metathesis
via organometallic. (b) Transition-metal catalyzed alkyne metathesis
via organometallic. (c) Transition-metal catalyzed o-bond metathesis
via organometallic. (d) Visible-light induced catalyst-free o-bond
metathesis via radical intermediates.
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due to the high bond energy associated with ¢ bonds and the
absence of 7 bonds, it is more challenging for transition metals
to insert into unactivated ¢ bonds. Therefore, there are enor-
mous challenges of transititon-metal catalyzed o-bond
metathesis. In 1990, Vollhardt group reported a nickel-catalyzed
ring-opening dimerization of biphenylenes to generate tetra-
benzocyclooctatetraene driven by the strain release of four-
membered-rings.> Up to the present, only a few examples of
intramolecular ring-closing metathesis of C-P/C-P,* C-C/Si-Si,”
C-0/C-0? form five-membered-ring products which are ther-
modynamically favorable via organo-transition-metal interme-
diates. More recently, intermolecular metathesis of C-C/C-L,°
C-C/C-S,* or C-C/C-C' catalyzed by transition metals via
organometallic intermediates has also been developed (Scheme
1c). To the best of our knowledge, C-C/C-N o-bond metathesis
reaction, especially photo-induced one, has not been reported.
Towards our recent endeavor to develop photo-induced catalyst-
free reactions,” herein, we report a visible-light-induced
transition-metal- and external-photosensitizer-free C-C/C-N o-
bond metathesis reaction between amines and o-diketones to
generate amides and ketones under mild conditions (Scheme
1d).

Results and discussion

Our investigation commenced with benzil (1a) and triethyl-
amine (2a) as standard substrates, mixed in acetonitrile (1.0
mL) under an argon atmosphere, and irradiated with 405 nm
visible light, resulting in the amide product 3aa in 55% yield

Table 1 Optimization of the reaction conditions®

temperature

Entry Solvent Yield® (3aa)/% Yield” (4aa)/%
1 CH,CN 55 7

2 DMF 46 Trace
3 DMSO 22 Trace
4 THF 46 20

5 CH;0H 34 36

6 Toluene 48 40

7 DCM 28 11

8¢ Toluene 45 40

o? Toluene 55 40

10°¢ Toluene 50 32
1’ Toluene 55 51
129 Toluene 58 55
139" Toluene 78 (67) 66 (58)
1498h Toluene n.p. n.p.

“ General conditions: 1a (0.1 mmol), 2a (0.1 mmol) in solvent (1.0 mL)
were irradiated with 405 nm LED (3 W x 2) for 24 h under an argon
atmosphere at 25 °C. ? Yields were determined by 'H NMR using
dibromomethane as the internal standard; isolated yields were shown
in brackets. 1a (0.12 mmol). ¢ 1a (0.15 mmol). ¢ 1a (0.17 mmol).
fToluene (1.5 mL). £ 15 °C. " 75 uL H,O was added as the co-solvent.
" In the dark.
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and ketone 4aa in 7% yield (Table 1, entry 1). Encouraged by
this outcome, we explored different solvents (entries 2-7). We
found that in polar solvents DMSO or DMF, trace desired
product 4aa was observed (entries 2-3). The highest yield of the
ketone product was achieved in toluene solvent, along with
a moderately generated yield of the amide (entry 6). Subse-
quently, adjusting the ratio of 1a and 2a to 1.5:1 resulted in
a higher yield of amides (55%) compared to other ratios (entries
8-10). Increasing the volume of toluene to 1.5 mL improved the
yield of 4aa to 51% (entry 11). Lowering the temperature to 15 °C
also enhanced the yield (entry 12). Further lowering the
temperature did not increase the yield (please see ESI,} part II).
Importantly, addition of 75 pL H,O to the reaction system gave
the highest yields for both 3aa and 4aa (entry 13). A control
experiment conducted in the absence of light showed no
product detection (entry 14). The detailed optimization of
temperature, the volume of water and the wavelength of light
were shown in ESI.t

With the optimized reaction conditions in hand, the scope of
a-diketones was explored with triethylamine at 15 °C under an
argon atmosphere in toluene (1.5 mL) and water (75 puL) under
405 nm light irradiation. As shown in Table 2, when weak
electron-donating groups were attached on the aryl ring of a-
diketones, both the corresponding amides 3aa-3fa and ketones
4aa-4fa were obtained in good to high yields. Notably, the good
yields were achieved regardless of the methyl substituent was
located at the meta- or para-position of the aromatic ring. The
substrates bearing a strong electron-donating group, such as
methoxyl, were smoothly converted to the desired products 3ga
and 4ga in moderate yields. Multiple substituted substrate also
reacted smoothly, producing the corresponding amide 3ha and
ketone 4ha in good yield. It is worthy noting that the reaction
demonstrated good tolerance for the trimethylsilyl group,
resulting in good yields of corresponding amide 3ia and ketone
4ia. Furthermore, substrates containing photosensitive C-X
bonds, including fluoro, chloro, and bromo, remained intact
and were successfully converted into amides (3ja-3na) and
ketones (4ja-4na) in moderate to good yields under light irra-
diation. The substrates containing trifluoromethoxy group and
strong electron-withdrawing group, such as trifluoromethyl,
were efficiently transformed into the desired products 3oa-3pa
and 40a-4pa. In addition, we explored unsymmetric diketones
and found that diaryldiketone (1q) could yield two amide
products and two ketone products, whereas alkylaryl diketone
(1r) only gave one amide product and one ketone product.

Additionally, the scope of amines was also investigated
under standard conditions. As shown in Table 3, irrespective of
the increase in the carbon chain length of tertiary alkyl amines,
the corresponding amides were consistently obtained in good to
high yields. However, the yields of ketones were lower in
comparison. This observation may be attributed to Norrish II-
type degradation of ketones under light irradiation, leading to
areduced ketone yield. To test this proposal, the long chain aryl
alkyl ketone 4ac was individually investigated under standard
reaction conditions for 24 hours, resulting in the detection of
a 20% yield of the Norrish II-type degradation product aryl
methyl ketone, with 70% of the starting material 4ac remaining

Chem. Sci., 2024, 15, 12900-12905 | 12901
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Table 2 The scope of benzil substrates®®
[e} toluene (1.5 mL) (o]
H,O (75 uL), 15 °C o
e A e e R
o 405 nm, Ar, 24 h K Ar
1 2a 3 4
Entry Substrates 1 3 Yield/% 4 Yield/% Entry Substrates 1 3 Yield/% 4 Yield/%
i i i . i X
o @flﬁf ©)V 0O M Q)V
(¢] ' ™S (¢] T™MS T™MS
1a 3aa 67% 4aa 58% : 1i 3ia 62% 4ia 58%
o ‘ CH, o o o O F o 2
2 O /@/UY\ /@/K/ x 10 O /@/k{\ /@/u\/
H;C °© HyC HsC 5 F © F F
1b 3ba 69% 4ba 60% : 1j 3ja 50% 4ja 50%
i i i i i i
HsC HsC ' E F
3 H;C CH, 3 3 1 11 F. F \@/K/
o : o
1c 3ca 62% 4ca 42% : 1k 3ka 60% 4ka 35%
o O Et o o) : o O cl o o)
4 O /@/LT\ /@/K/ ’ 12 O /@/LT\ /@/K/
Et © Et Et ? a 0 cl cl
1d 3da 42% 4da 40% : 1 3la 62% 4la 50%
° i-Pr o fo) o Br o fo)
iPr © i-Pr i-Pr : Br o Br Br
1e 3ea 67% 4ea 57% 1m 3ma 68% 4ma 48%
: . i L 2 Q) i i
6 /@/LT\ /@/K/ '\ 14 Br Br BF\Q/KT\ Br\©/k/
t-Bu °© tBu t-Bu O o
1f 3fa 68% 4fa 60% : 1n 3na 62% 4na 42%
o OCH;, o) o o OCF3 o) o
0 ) jop NS cad Ll e o,
H,CO o HsCO HsCO F,CO o FsCO FiCO
19 3ga 42% 4ga 42% 10 3o0a 75% 40a 45%
o o o : o CFs o o
8 O N 18 /@/KT\
O o FiC O o FsC FsC
1h 3ha 55% 4ha 55% : 1p 3pa 70% 4pa 25%
o ? o
Br o o,b c
3aa 22% 4ma 18% 18 3aa 20% 4ra trace'
17 ° o
o)
Bog ol v v
3ma 33% 4aa 10% 3ran.p. 4aan.p.

¢ Reaction conditions: 1 (0.15 mmol), 2a (0.1 mmol) H,O0 (75 pL), and toluene (1.5 mL) were irradiated by 405 nm LED (3 W x 2) for 24 h under

argon atmosphere. Isolated yields were given.
determined by GC-MS.

(please see ESI, Scheme S2t for details). This result helps to
explain the lower yield of ketones obtained. When N-methyl-
piperidine (2g) was used as a substrate, only amide 3ag and
ketone 4ag were obtained, with no detection of piperidine ring-
opening products. Moreover, when N-methyl diethylamine (2h)
and N-benzyl diethylamine (2i) were employed as starting
materials, two types of C-N bonds were cleaved, generating two

12902 | Chem. Sci,, 2024, 15, 12900-12905

? yields were determined by "H NMR using dibromomethane as the internal standard. ® Yields were

amides (3ba and 3ah, 3ba and 3ai respectively) and their cor-
responding ketones in moderate yields.

In order to gain insight into the reaction mechanism, radical
trapping experiments conducted using 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) as radical quencher under
standard conditions (Scheme 2a). The yields of metathesis
product 3ba and 4ba were significantly decreased upon the

were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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toluene (1.5 mL)

R
N H20 (75 L)
405 nm, Ar, 15°C, 24 h
1b 2
Entry Substrates 2 3 Yield/% 4 Yield/% ' Entry Substrates 2 3 Yield/% 4 Yield/%
T
O (0] O
n-Pr : @
1 n-Pr B 6
n-Pr E@ O "
n-P |
2b 3ab 71% 4ab 37% 2g 3ag 22%° 4ag 22%"
Pentyl ? : o O
f-renty Pentyl '
2 oy ey -Peniyt | B N
2c 3ac 66% 4ac 35% !
[ 3ba 12%" 4ag 14%
o] | o) o
3 n-Hexyl n-Hexyl S— E
n-Hexylﬂ\@ I 2h @/\
n-Hexyl '
2d 3ad 62% 4ad 30% E - 3ah 18%” 4ba21%®
1
o ! o 0
4 n-Heptyl n-Heptyl S B Ph|
n-Heptyl ™~ “n=Heptpt h-Heptyl !
o |
2e 3ae 59% 4ae 29% ! 8 \Bv 3ba 15%b 4ai 10%b
o) Ph
n-Octyl n-Octyl O . 2
2f 3af 61% 4af 33% : T 3ai32%° 4ba20%°

¢ Reaction conditions: 1b (0 15 mmol), 2
Isolated yields were given. ? GC yields were given.

addition of TEMPO. HRMS analysis revealed the detection of
TEMPO adduct 5 and intermediate 6 (Scheme 2a, please see ESI,
Fig. S1t for details), indicating that the benzoin radical and
compound 6 might be intermediates in the reaction. To further
support this observation, analogues of compound 6, compound
7 was synthesized (please see ESI, Scheme S37 for details) and
explored under standard conditions, resulting in the formation
of product 3aa in 46% yield and 8 in 57% yield (Scheme 2b).

(a) Radical capture experiment

(o] o
/\N/\ standard conditions /@)]\/
- .
K TEMPO (1.0 equiv.)
O ! o S

1b 2a 3ba trace 4ba 27%
detected by HRMS o OH O detected by HRMS f
No [M+H] 396.2533 O [M+H] 340.2271
OH O Found: 396.2531 N\ Found: 340.2271
SR
5 6

(b) Intermediates experiment

[e]
> 0

standard conditions
Scheme 2 Mechanistic experiments. (a) Radical capture experiment.
(b) Intermediates experiment.

Ny “CH,
A

3aa 46%

NS

7 857%

© 2024 The Author(s). Published by the Royal Society of Chemistry

(0.1 mmol) H,O (75 uL), 1.5 mL toluene were irradiated by 405 nm light for 24 h under argon atmosphere.

This result further demonstrated that a-hydro-p-diethylamino
ketone 7 was the key intermediate of the reaction.
Furthermore, density functional theory (DFT) calculations
were conducted to elucidate the metathesis reaction mecha-
nism, as depicted in Fig. 1. Upon absorption of light, benzil (R1)
undergoes a transition to the S1 state (R1-S1), subsequently
reaching the T1 state (R1-T1) through intersystem crossing.
Spin population analysis reveals that the single electron in the
triplet state of benzil predominantly resides on the oxygen atom
of R1-T1 (Fig. 1b). The triplet state benzil readily abstracts an
alpha-hydrogen atom from triethylamine, characterized by
a low energy barrier of 0.6 kcal mol . The resulting free radical
intermediate IM1 returns to the ground state through inter-
system crossing and then undergoes free radical coupling to
form a C-C bond, yielding intermediate IM2. Furthermore, IM2
can also be photoexcited to reach the S1 state (IM2-S1) (UV-vis
absorption for the IM2 analogues, intermediate 7, has signifi-
cant absorbance persisting above 400 nm at system concentra-
tions, please see the Fig. S2 in ESI}), followed by intersystem
crossing to the T1 state (IM2-T1). The triplet can further attack
the nitrogen atom via TS3, leading to the formation of the
amide product P1 and the triplet intermediate IM4 via C-N
bond cleavage. IM4 is then converted into the stable ketone
product P2 through intersystem crossing and tautomerization
of enol to ketone. Notably, computational results illustrate that

Chem. Sci., 2024, 15, 12900-12905 | 12903
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Fig. 1 DFT calculation. (a) Potential energy surfaces illustrating meta
energies given. Spin multiplicities were marked at the upper left corner
corresponding atoms of R1-T1 were given (isovalue: 0.02).

water significantly accelerates the transformation of the enol
intermediate IM5 into the ketone product P2. With two water
molecules present, the reaction barrier is reduced from
56.3 keal mol ! to 22.3 keal mol .

Based on the aforementioned experimental results and DFT
calculations, a plausible mechanism is proposed in Scheme 3.
The benzil (1a) is irradiated by light, leading to the formation of
the triple excited-state T1 with double radical properties, which
abstracts an alpha-hydrogen atom from triethylamine to form
radical A and the corresponding carbon radical of amines B.
Subsequently, the cross-coupling of B and A facilitates the
formation of a new C-C bond, generating intermediate C. Then,
intermediate C is once again irradiated by visible-light, causing
the cleavage of the C-C and C-N bonds via an ‘olefin-
metathesis- like’ four-membered ring transition state D. This
process forms new C-C and C-N bonds, ultimately generating

o 0- o}
1a T A
o NN
\)kPh N
4aa

Scheme 3 Possible mechanism.

12904 | Chem. Sci, 2024, 15, 12900-12905

thesis reaction of benzil (R1) and triethylamine (R2), with relative free
of each structure's name. (b) The Mulliken atomic spin densities on the

amide product 3aa and enol E, which quickly tautomerizes to
form ketone product 4aa.

Conclusions

In conclusion, we have introduced a novel intermolecular C-C
and C-N o-bond metathesis reaction between amine and a-
diketones without the need for any transition-metal or external
photosensitizer reagents. To the best of our knowledge, in
comparison to the limited existing examples of o-bond
metathesis, this work shows the first examples of photo-
induced metathesis. The method demonstrated excellent
tolerance towards various functional groups, including
methoxy, alkyl, various halogens, trimethylsilyl, and tri-
fluoromethyl. This method provides a potentially more envi-
ronmentally friendly route for synthesizing aryl alkyl ketones
and aromatic amides. Furthermore, this strategy offers a novel
approach for addressing challenging o-bond metathesis
reactions.

Data availability
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found in the article or in the ESL¥
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