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ABSTRACT: Despite the general success of metal catalysts in modern organic chemistry, the exploration of
natural available organic molecules as catalysts still have a strong appeal to scientists due to their green and
sustainable advantages. Herein an intermolecular coupling reaction of cyclobutanone oximes with olefins
promoted by bio-waste gallic acid is reported. Both alkylation and carbonylative alkylation reactions
proceeded well in this system. Various cyclobutanone oximes and olefins can be transformed into the
corresponding products in moderate to good yields. Detailed EPR investigations and control experiments
are consistent with a single-electron transfer mechanism.
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Organic radicals are one of the most important
reactive  intermediates in  modern organic
chemistry.  Although  their  chaotic  and
uncontrollable properties, many useful and elegant
radical reactions have been developed and used in
organic synthesis and even industry processes over
the past decades.! Free radicals may be generated
in a number of ways, typical methods involve
electrolytic, photolytic, borane oxidative homolytic,
and organo-tin hydride systems, are known to
produce various kinds of radicals. In the past
decade, considerable research efforts have been
devoted to the development of photo-redox
catalysis  radical reactions? However, the
photosensors are still relatively expensive, and
transition-metal catalysts are usually needed in the
other cases (Scheme 1). There are still fairly few
studies concerning organic molecules catalyzed
free radical chemistry.

On the other hand, sustainable and renewable
processes with the use of natural 'feedstocks’ in
chemical synthesis as an alternative to hazardous
chemical reagents or expensive metal-based

catalysts are important to our environment.
Particularly, the reutilization and valorization of the
numerous residues generated by agricultural
activities are attractive.3 Gallic acid is an inexpensive
antioxidant and commonly used as a food additive,
which is present in a considerable amount in bio-
wastes such as grape pomace or oak bark.?
According to the concept of sustainable and
renewable process, gallic acid seems to fit perfectly
well. Additionally, gallic acid has been applied as
catalyst in some studies, such as, reduce
arenediazonium ions to aryl radical,> hydration of
alkynes under mild conditions® and convert
atmospheric oxygen into hydrogen peroxide and
oxidize arylboronic acids to the corresponding
phenol products.” Therefore, we become interested
to explore a sustainable radical
(carbonylation-)reaction with gallic acid as the
promotor.

Cyclobutanone oximes and their derivatives are
very useful intermediates in organic synthesis.
Considerable attentions have been attracted to the
selective functionalizations via C-C bond cleavage
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over the years. Various transition-metals, like
rhodium,® iridium,® palladium,® nickel,*! iron,*? and
coppert® complexes, have been successfully used
for the activation of C-C bonds in these
compounds. Very recently, photocatalytic systems
for the C-C bonds activation of cyclobutanone
oximes have been achieved as well.1* Herein, we
developed the first gallic acid-catalyzed
(carbonylation-)alkylation reaction of
cyclobutanone oximes with olefins. The best results
can be obtained in the presence of 10-20%
equivalent of gallic acid in 1,4-dioxane/t-BuOH (1:1)
at 120 °C for 20 hours, which gave the desired
product 3a and 4a in 78% and 89% isolated yields,
respectively. (Details on optimization of the
reaction conditions see Supporting Information
(ESD)).

A: Previous works, activation of cyclobutone oximes by transition metals
R2

NCWR3

TM = Iridium, Palladium, Nickel, Iron, Copper

U/N‘OR‘ + JL transition metals (TM)
R? “R® or light

B: This work, bio-waste gallic acid as catalyst
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Scheme 1. Methods for cyclobutanone oximes
activation.

To gain some deeper insights into the reaction
mechanism, reactions between gallic acid,
cyclobutanone oximes 1a and 1,1-diphenylethylene
2a in toluene was investigated by in-situ EPR in the
presence and absence of 5, 5-dimethyl-1-pyrroline
N-oxide (DMPQ) as a spin trap to detect the short-
lived radicals which might be formed during the
reaction. In the absence of DMPO, the EPR
measurement of the reaction mixture (containing
1a, 2a, and gallic acid in toluene at 80 °C) shows
only very weak signal at g = 2.004 without
hyperfine structure due to the formation of organic
radical (Scheme 2). However, in the presence of
DMPO, the EPR spectrum is very complex due to
superimpose of several EPR signals arising from
different spin adducts (Figure 1). To figure out the
origin of these species and to prove that the
catalytic reaction process is initiated by the gallic
acid the reactions between gallic acid and

substrates 1la and 2a were investigated separately
by in-situ EPR in the presence of DMPO. EPR
spectrum of gallic acid suspension in toluene (at 80
°C) shows a six-line signal at g = 2.007 with
coupling constant Ay = 13.5 G and Agy = 109 G
due to the formation of DMPO-OR spin adduct
suggesting that the catalytic reaction proceeded
through a radical pathway. Addition of substrate 2a
to the gallic acid does not significantly change the
EPR signal features, which indicates that 2a reacts
very slowly with gallic acid. However, addition of
substrate 1a to gallic acid results appearing of new
signal at g = 2.007 with Ay = 13.6 G and Agy = 18.9
G due to the formation of DMPO-R spin adduct
suggesting that one electron is transferred from
gallic acid to the cyclobutanone oximes 1a is more
pronounced than to substrate 2a, which then
generates the iminyl radical (intermediate A in
scheme 3, i.e carbon centered radical). Reaction of
1la with 2b results in the formation of C radical
intermediate. This reason why the EPR spectrum of
the reaction mixture is very complex, i.e due to the
formation of at least three radical species namely
gallic acid, B and C radicals. These experiments
provided definitive proof for the reaction begin
from the 1a and gallic acid. In addition, the reaction
with 1.5 equivalents of TEMPO completely inhibited
the reaction to form product, and the alkylated
TEMPO product was formed in 25% yield based on
the recovery of 1a. This result also suggested the
existence of radical species in this reaction. It is also
important to mention that our model systems were
performed in dark as well and the same range of
yields were obtained. However, only small amount
of the desired products could be detected in the
absence of gallic acid, even the control reactions
were ran for three days.

N. JL gallic acid
Z =
EPR a, D/ OR + Ph” “Ph  toluene, 80 °C
1a 2a R = p-CF3CeHsCO
gallic acid

EPR b, no substrates —— X X
toluene, 80 °C

gallic acid
EPRd, JL =T
Ph 2a Ph toluene, 80 °C

N gallic acid
EPRe, z — >
U toluene, 80 °C
A
Control experiment
gallic acid
MNegg + JL 1,4-dioxane/t-BuOH, 120 °C N
D/ Ph” “Ph ™ 1.5 equivalent TEMPO ~0>"¢N
1a 22 R = p-CF3CgHsCO

25% vyield,
based on the recovery of 1a
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Scheme 2. EPR and control

experiments.
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Figure 1. EPR spectra after addition of DMPO at
80 °C to a) reaction a; b) reaction b; c) simulated
spectrum of (b); d) reaction d; e) reaction e.

Based on these results and literatures, >’ a
possible reaction mechanism is proposed and
shown in Scheme 3. The reaction begins with the
gallate ion I induced SET reduction of
cyclobutanone oximes 1a to give the iminyl radical
A and galloyl radical IL It is known that the radical
at 4-OH in the galloyl radical is stabilized by two
hydrogen bond interactions and by the captodative
effect.> Then, the iminyl radical A undergoes a
ring-opening by homolytic C-C single bond
cleavage to produce a highly reactive cyanoalkyl
radical B. Addition of B to 1,1-diphenyl ethylene 2a
forms carbon radical C, which is more stabilized
and relatively less reactive. Subsequently, the
gallate ion I is regenerated by means of the single
electron oxidation of radical C to carbocation
intermediate D. Finally, D undergoes a facile base-
mediated deprotonation to provide the alkene
product 3a. While in the presence of carbon
monoxide, cyanoalkyl radical B will be trapped by
CO in advance of the reaction with 1,1-diphenyl
ethylene 2a to give intermediate F via intermediate
E. Under the assistance of catalyst, intermediate F

will be transformed into the desired carbonylation
product 4a.

NOR o N
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R = p-CF3CgHsCO ~N
1a A B
H 0
02 1
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Scheme 3. Proposed mechanism.

With the optimized reaction conditions in hand,
we next evaluated the substrate scope of this
reaction with a range of cyclobutanone oximes and
olefins. As shown in Table 1, symmetrical
cyclobutanone oximes with different kinds of
functional groups including phenyl, benzyl, and
octanoyl can be transferred into the corresponding
products in moderate yields (Table 1, 3b-3d). Di-
substituted cyclobutanone oximes (Table 1, 1f, 1g)
engaged in the reaction smoothly, leading to the
products in 53% and 45% vyields, respectively. The
piperidine derivative (Table 1, 1i) also showed
comparable reactivity. Remarkably, the reaction of a
bulky oxime (Table 1, 1h) could also give a tertiary
alkylation product 3h in 30% yield. Interestingly,
the hetero-cyclobutanone oximes oxetan-3-one
oxime 1j provided the corresponding coupling
product 3j in 62% yield. On the other hand,
nonsymmetrical cyclobutanone oxime derivatives
1k-1o delivered the olefination products 3k-30 in
56-86% yields, in which C-C bond cleavage
occurred selectively at the more hindered position.
The yield can be up to 86% when 1n was used as
the substrate. In addition, bicyclo[3.2.0] substrate
lo can generate the corresponding trans-product
30in 61% yield (Table 1, 30).

Encouraged by these results, we continued to
explore the substrate generality with different
olefins under the standard conditions. We first
tested different 1,1-disubstituted alkenes. For

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis

example, a-methyl styrenes with electronic-
withdrawing (F, Cl) or electronic-donating group
(Me) at the para-position of the phenyl ring
proceed smoothly to deliver the terminal and
internal alkene mixtures with moderate to good
yield (Table 1, 3p-3s). Moreover, a-methyl 2-
vinylnaphthalene 3t also worked well in this
condition and gave the terminal and internal
mixture products in 62% yield. The reaction
efficiency slightly dropped, only 35% or 36% yield
could be obtained when we use simple styrene or
1-fluoro-4-vinylbenzene as the substrates, probably
because of the high reactivity of the benzylic radical
intermediate. To our delight, biologically important
coumarin and high complicated diene could also
give the product in 49% and 55% yields
respectively (Table 1, 3w-3x). Notably, the oxime
derivatives of 2-heptanone, cyclopentanone and
cyclohexanone were tested under our standard
conditions as well, but no desired products could
be detected.

Table 1. Gallic acid-catalyzed alkenes synthesis.[

N R R*

RO” \t\ 10%-20% gallic acid
—Rr1 —_— N =
xRt R“JLRs 1,4-dioxane/t-BuOH NC X\MRS
R® R 120 °C, 20 h R2R!
1a-10 2a-2i R = p-CF4CgHsCO 3a-3x
Ph Ph Ph
NCWPh NCWPh NC Zphy
Bn (
3a 78%; 81%L! 3b 56% 3c57%
e Ph Ph

3d 65% 3e Trace 3f 53%
Ph oh /Ph
=
NCW Ph N CWH‘ Nc?j\)\Ph
Ph
o
39 45% 3h 30% 30 40%
Ph Et Ph n-Bu Ph
NC/\O/\APh NC/\/K%J\Ph NC/\/VLF’h
3j 62% 3k 63% 3156%
CN
Bn Ph 4-Me-Bn  Ph
axPh
NC/\/KVL Ph NC/\/\%L Ph N
Ph
3m67% 3n86% 3061% [
iy
NC g NC
3p 56% [ 3q41% [ 3r 549 4] F
TL= 6733 T:L=67:33 T:L =68:32

T

NC L OO Nc/\/V\©

0, [d]
3t62% 3u 35% yield

T:L =65:35
3x 55%

NC

N\
3
=
@

3s76% 4
T:L =65:35

NC NC

§
é

3v 36% 3w 49 /o

[a] Reaction conditions: 1a (0.30 mmol, 1.0 equiv.), 2a (0.45 mmol,
1.5 equiv.), gallic acid (10 mol%, 54 mg) in 1.5 mL tBuOH/1,4-
dioxane (1:1) at 120 °C for 20 h, under argon, isolated yields. [b] 1a
(3.0 mmol, 1.0 equiv.), 2a (4.5 mmol, 1.5 equiv.), gallic acid (10
mol%) in 10 mL tBuOH/1,4-dioxane (1:1), GC yield. [c] Trans isomer
product. [d] 20 mol% gallic acid was used, the ratio of terminal and
internal products were determined by GC.

Since our continual interests in carbonylation
reactions and in order to further explore the
potential application of this catalyst system. We
investigated the radical carbonylation reactions!®
under the same conditions as well. To our delight,
we get the desired carbonylation product in 89%
yield by simply change the reaction
concentration.1%217 With this positive result in hand,
we then examined the scope of the alkyl-
carbonylation reactions with a range of
cyclobutaone oximes and olefins. As shown in Table
2, non-symmetrical  cyclobutanone  oxime
derivatives work well in these carbonylation
reactions, and give a,-unsaturated ketones in 52%
and 62% yields, respectively (Table 2, 4b and 4c).
Regarding the mono-substitute symmetrical
cyclobutaone oximes, we tested the phenyl, benzyl,
and octanoyl groups. All of these substrates
participated well in our standard conditions, and 3-
phenylcyclobutan-1-one O-(4-
(trifluoromethyl)benzoyl) oxime able to give the
corresponding product with 85% yield (Table 2, 4d-
4f). In addition, di-substitute symmetrical
cyclobutaone oximes proceeded smoothly to
deliver a,B-unsaturated ketones in 55% and 61%
yields (Table 2, 4g and 4h). Moreover, under the
standard conditions, styrene and prop-1-en-2-
ylbenzene also worked well, leading to the
corresponding products in 63% and 71% yields,
respectively (Table 2, 4i and 4j).

Table 2. Gallic acid-catalyzed ketones synthesis. @l
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) MNor JL 10 mol% gallic acid R'RZ[0) R®
R ] * RY RS 1,4-dioxane/t-BuOH NC Z N Ra
R' Re CO (50 bar), 120 °C, 20 h R
1a-1m 2a,2p R = p-CF3CeHsCO 4a-4j
O} Ph O Ph O, Ph
N~ M, Nc\/\HK/kPh Nc\/\HK/LPh
n-Bu Bn
4a 89%; 85%I°! 4b 52% 4c 62%
Ph /O Ph Bn /O Ph )7 (O Ph
NC =
NC Z>ph Ph Ne 2 ph

4d 85% 4e 66 %

NC = Ph NC = Ph

4h 61%

4j71%

[a] Reaction conditions: 1a (0.15 mmol, 1.0 equiv.), 2a (0.225 mmol,
1.5 equiv.), gallic acid (10 mol%, 2.7 mg) in 6 mL tBuOH/1,4-dioxane
(1:1) at 120 °C for 20 h, under argon, isolated yields. [b] 1a (3 mmol,
1.0 equiv.), 2a (4.5 mmol, 1.5 equiv.), gallic acid (10 mol%) in 40 mL
tBuOH/1,4-dioxane (1:1), GC yield. [c] The ratio of internal and
terminal product = 3:1, the major product NMR was given.

In summary, a novel and versatile protocol for the
(carbonylation-)alkylation reactions of
cyclobutanone oximes with olefins promoted by
bio-waste gallic acid has been developed. This
green and sustainable reaction only need catalytic
amount of gallic acid as the catalyst, no metal is
required here. Therefore, it is an efficient and green
approach for the synthesis of a wide range of
diversely functionalized cyano-containing olefin
and cyano-containing o,S-unsaturated ketone
products that are difficult to access via other
methods. Various cyclobutanone oximes and
olefins can be transformed into the corresponding
products in moderate to good yield. In addition,
detailed EPR investigations and control experiment
also showed clearly that this reaction go through a
single-electron  transfer  mechanism.  Further
synthetic applications of gallic acid as catalyst are
underway in our laboratory.

ASSOCIATED CONTENT
The Supporting Information is available free of charge

on the ACS Publications website.

General comments, general procedure, optimization
details, analytic data and NMR spectrums (PDF)

AUTHOR INFORMATION
Corresponding Author

Xiao-feng Wu, E-mail: xiao-feng.wu@catalysis.de

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

We thank the analytical department of Leibniz-
Institute for Catalysis at the University of Rostock for
their excellent analytical service. We also appreciate
the general support from Professor Armin Boérner and
Professor Matthias Beller in LIKAT.

REFERENCES

(1) (a) Yan, M,; Lo, J. C,; Edwards, J. T, Baran, P. S.
Radicals: Reactive Intermediates with Translational
Potential. . Am. Chem. Soc. 2016, 138, 12692-12714.
(b) Li, W.; Xu, W.; Xie, J.; Yu, S.; Zhu, C. Distal Radical
Migration Strategy: An Emerging Synthetic Means.
Chem. Soc. Rev. 2018, 47, 654-667. (c) Studer, A;
Curran, D. P. Catalysis of Radical Reactions: A Radical
Chemistry Perspective. Angew. Chem. Int. Ed. 2016, 55,
58-102.

(2) Xie, J; Jin, H; Hashmi, A. S. K. The Recent
Achievements of Redox-Neutral Radical C—C Cross-
Coupling Enabled by Visible-Light. Chem. Soc. Rev.
2017, 46, 5193-5203.

(3) (@) RekhaaBoruah, P.; AzizaAli, A. Pd (OAc), in
WERSA: A Novel Green Catalytic System for Suzuki—
Miyaura  Cross-Coupling Reactions at Room
Temperature. Chem. Commun. 2015, 51, 11489-
11492. (b) ChandradBarua, N. H,O, in WEB: A Highly
Efficient Catalyst System for the Dakin Reaction. Green
Chem. 2015, 17, 4533-4536. (c) Boruah, P. R;; Ali, A. A,
Saikia, B.; Sarma, D. A Novel Green Protocol for Ligand
Free Suzuki-Miyaura Cross-Coupling Reactions in
WEB at Room Temperature. Green Chem. 2015, 17,
1442-1445. (d) Sheldon, R. A. Green and Sustainable
Manufacture of Chemicals from Biomass: State of the
Art. Green Chem. 2014, 16, 950-963. (e) Keith, L. H.;
Gron, L U; Young, J. L Green Analytical
Methodologies. Chem. Rev. 2007, 107, 2695-2708.

(4) (a) Badhani, B.; Sharma, N.; Kakkar, R. Gallic acid: A
Versatile Antioxidant with Promising Therapeutic and
Industrial Applications. RSC Adv. 2015, 5, 27540-
27557. (b) Kambourakis, S.; Draths, K. Frost, J.
Synthesis of Gallic Acid and Pyrogallol from Glucose:
Replacing Natural Product Isolation with Microbial

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Catalysis

Catalysis. J. Am. Chem. Soc. 2000, 122, 9042-9043. (c)
Fontana, A. R, Antoniolli, A, Bottini, R. N. Grape
Pomace as A Sustainable Source of Bioactive
Compounds:  Extraction,  Characterization, and
Biotechnological Applications of Phenolics. J. Agr.
Food Chem. 2013, 61, 8987-9003. (d) Gonzalez-
Centeno, M. R;; Jourdes, M.; Femenia, A, Simal, S,
Rossell6, C.; Teissedre, P.-L. Characterization of
Polyphenols and Antioxidant Potential of White Grape
Pomace Byproducts (Vitis vinifera L). J. Agr. Food
Chem. 2013, 61, 11579-11587.

(5) (a) Perretti, M. D.; Monzén, D. M.; Criséstomo, F. P,;
Martin, V. S.; Carrillo, R. Radical C-H Arylations of
(Hetero) Arenes Catalysed by Gallic Acid. Chem.
Commun. 2016, 52, 9036-9039. (b) Losada-Barreiro, S.;
Sanchez-Paz, V. Bravo-Diaz, C. Kinetics and
Mechanism of the Reaction Between an
Arenediazonium Ion and Methyl Gallate (= Methyl 3,
4, 5-Trihydroxybenzoate) in Aqueous Solution:
Evidence for Diazo Ether Formation through an
O-Coupling Reaction. Helv. Chim. Acta 2007, 90,
1559-1573.

(6) Deng, T., Wang, C.-Z. An Environmentally Benign
Hydration of Alkynes Catalyzed by Gallic Acid/Tannic
Acid in Water. Catal. Sci. Technol. 2016, 6, 7029-7032.

(7) Scoccia, J,; Perretti M. D. Monzén, D. M,
Criséstomo, F. P.; Martin, V. S.; Carrillo, R. Sustainable
Oxidations with Air Mediated by Gallic Acid: Potential
Applicability in the Reutilization of Grape Pomace.
Green Chem. 2016, 18, 2647-2650.

(8) (a) Souillart, L; Parker, E; Cramer, N. Highly
Enantioselective Rhodium (I)-Catalyzed Activation of
Enantiotopic Cyclobutanone C-C Bonds. Angew.
Chem., Int. Edit. 2014, 53, 3001-3005. (b) Murakami,
M.; Tsuruta, T, Ito, Y. Lactone Formation by
Rhodium-Catalyzed C-C Bond Cleavage of
Cyclobutanone. Angew. Chem., Int. Ed. 2000, 39, 2484-
2486. (c) Huffman, M. A,; Liebeskind, L. S. Rhodium(l)-
Catalyzed Intramolecular Carbocyclic Ring Fusion: A
New Approach to Medium-Sized-Ring Ketones. J. Am.
Chem. Soc. 1993, 115, 4895-4896. (d) Murakami, M.;
Amii, H.; Ito, Y. Selective Activation of Carbon-Carbon
Bonds Next to A Carbonyl Group. Nature 1994, 370,
540-541. (e) Ko, H. M. Dong, G. Cooperative
Activation of Cyclobutanones and Olefins Leads to
Bridged Ring Systems by A Catalytic [4+2] Coupling.
Nat. Chem. 2014, 6, 739-744. (f) Deng, L,; Xu, T,; Li, H,;
Dong, G. Enantioselective Rh-Catalyzed
Carboacylation of C-N Bonds via C-C Activation of

Benzocyclobutenones. J. Am. Chem. Soc. 2015, 138,
369-374.

(9) Nishimura, T.; Yoshinaka, T.; Nishiguchi, Y.; Maeda,
Y., Uemura, S. Iridium-Catalyzed Ring Cleavage
Reaction of  Cyclobutanone  O-Benzoyloximes
Providing Nitriles. Org. Lett. 2005, 7, 2425-2427.

(10) (a) Ziadi, A, Correa, A, Martin, R. Formal vy -
Alkynylation of Ketones via Pd-Catalyzed C-C
Cleavage. Chem. Commun. 2013, 49, 4286-4288. (b)
Matsumura, S.; Maeda, Y.; Nishimura, T,; Uemura, S.
Palladium-Catalyzed Asymmetric Arylation, Vinylation,
and  Allenylation  of  tert-Cyclobutanols  via
Enantioselective C-C Bond Cleavage. J. Am. Chem. Soc.
2003, 125, 8862-8869. (c) Nishimura, T; Ohe, K,
Uemura, S. Palladium (II)-Catalyzed Oxidative Ring
Cleavage of tert-Cyclobutanols Under Oxygen
Atmosphere. J. Am. Chem. Soc. 1999, 121, 2645-2646.

(11) (@) Zhou, X, Dong, G. Nickel-Catalyzed
Chemo-and Enantioselective Coupling between
Cyclobutanones and Allenes: Rapid Synthesis of [3.2.
2] Bicycles. Angew. Chem. Int. Ed. 2016, 55, 15091-
15095. (b) Julid-Hernandez, F.; Ziadi, A.; Nishimura, A,
Martin, R. Nickel-Catalyzed Chemo-, Regio-and
Diastereoselective Bond Formation through Proximal
C-C Cleavage of Benzocyclobutenones. Angew. Chem.
Int. Ed. 2015, 54, 9537-9541. (c) Murakami, M.; Ashida,
S.; Matsuda, T. Eight-Membered Ring Construction by
[4+2+2] Annulation Involving f-Carbon Elimination. J.
Am. Chem. Soc. 2006, 128, 2166-2167. (d) Murakami,
M., Ashida, S, Matsuda, T. Nickel-Catalyzed
Intermolecular Alkyne Insertion into Cyclobutanones.
J. Am. Chem. Soc. 2005, 127, 6932-6933. (e) Gu, Y.-R;
Duan, X.-H; Yang, L; Guo, L-N. Direct C-H
Cyanoalkylation of Heteroaromatic N-Oxides and
Quinones via C-C Bond Cleavage of Cyclobutanone
Oximes. Org. Lett. 2017, 19, 5908-5911.

(12) (a) Yang, H. B, Selander, N. Divergent
Iron-Catalyzed Coupling of O-Acyloximes with Silyl
Enol Ethers. Chem. Eur. J. 2017, 23, 1779-1783. (b)
Zhao, J. F; Gao, P; Duan, X. H; Guo, L N.
Iron-Catalyzed Ring-Opening/Allylation of
Cyclobutanone Oxime Esters with Allylic Sulfones. Adv.
Synth. Catal. 2018, 360, 1775-1779. (c¢) Zhao, J.-F;
Duan, X.-H. Gu, Y.-R; Gao, P; Guo, L.-N. Iron-
Catalyzed Decarboxylative Olefination of Cycloketone
Oxime Esters with o,B-Unsaturated Carboxylic Acids
via C-C Bond Cleavage. Org. Lett. 2018, 20, 4614-
4617.

ACS Paragon Plus Environment

Page 6 of 7



Page 7 of 7

oNOYTULT D WN =

ACS Catalysis

(13) (a) Zhao, B, Shi, Z  Copper-Catalyzed
Intermolecular Heck-Like Coupling of Cyclobutanone
Oximes Initiated by Selective C-C Bond Cleavage.
Angew. Chem. Int. Ed. 2017, 56, 12727-12731. (b) A,
W.; Liu, Y; Wang, Q. Lu, Z; Liu, Q. Cu-Catalyzed
Redox-Neutral Ring Cleavage of Cycloketone O-Acyl
Oximes: Chemodivergent Access to Distal Oxygenated
Nitriles. Org. Lett. 2018, 20, 409-412. (c) Wu, J.; Zhang,
J.-Y.; Gao, P.; Xu, S.-L; Guo, L.-N. Copper-Catalyzed
Redox-Neutral Cyanoalkylarylation of Activated
Alkenes with Cyclobutanone Oxime Esters. J. Org.
Chem. 2017, 83, 1046-1055. (d) Tan, W. W,; Ong, Y. J.;
Yoshikai, N. Synthesis of Highly Substituted Pyridines
through Copper-Catalyzed Condensation of Oximes
and o, B-Unsaturated Imines. Angew. Chem. Int. Ed.
2017, 56, 8240-8244. (e) Faulkner, A.; Race, N. J.; Scott,
J. 'S, Bower, J. F. Copper Catalyzed Heck-Like
Cyclizations of Oxime Esters. Chem. Sci. 2014, 5, 2416-
2421. (f) Wei, Y. Yoshikai, N. Modular Pyridine
Synthesis from Oximes and Enals Through Synergistic
Copper/Iminium Catalysis. J. Am. Chem. Soc. 2013,
135, 3756-3759. (g) Ren, Z.-H.; Zhang, Z.-Y.; Yang, B.-
Q. Wang, Y.-Y,; Guan, Z-H. Copper-Catalyzed
Coupling of Oxime Acetates with Aldehydes: A New
Strategy for Synthesis of Pyridines. Org. Lett. 2011, 13,
5394-5397.

(14) (@) Wang, P.-Z; Yu, X.-Y.; Li, C.-Y.; He, B.-Q.; Chen,
J-R; Xiao, W.-J. Photocatalytic Iminyl Radical-
Mediated C-C Bond Cleavage/Addition/Cyclization
Cascade for  Synthesis of 1, 2, 3, 4-
Tetrahydrophenanthrenes. Chem. Commun. 2018, 54,
9925-9928. (b) Yu, X. Y.; Chen, J. R; Wang, P. Z; Yang,
M. N, Liang, D.; Xiao, W. J. A Visible-Light-Driven
Iminyl  Radical-Mediated C-C  Single  Bond
Cleavage/Radical Addition Cascade of Oxime Esters.
Angew. Chem. Int. Ed. 2018, 57, 738-743. (c) Zhao, B,
Chen, C; Lv, J; Li, Z; Yuan, Y. Shi, Z. Photoinduced
Fragmentation-Rearrangement Sequence of
Cycloketoxime Esters. Org. Chem. Front. 2018, 5,
2719-2722. (d) Zhao, B.; Tan, H.; Chen, C.; Jiao, N.; Shi,
Z. Photoinduced C-C Bond Cleavage and Oxidation of
Cycloketoxime Esters. Chin. J. Chem. 2018, 36, 995-
999. (e) Shen, X, Zhao, J.-); Yu, S. Photoredox-
Catalyzed Intermolecular Remote C-H and C-C
Vinylation via Iminyl Radicals. Org. Lett. 2018, 20,
5523-5527.

(15) (a) Sustmann, R, Korth, H.-G. The Captodative
Effect. Adv. Phys. Org. Chem 1990, 26, 131-178. (b)
Leopoldini, M., Marino, T, Russo, N.; Toscano, M.
Antioxidant Properties of Phenolic Compounds: H-
atom versus Electron Transfer Mechanism. J. Phys.
Chem. A 2004, 108, 4916-4922.

(16) (@) Ryu, I; Kusano, K; Ogawa, A, Kambe, N,
Sonoda, N. Free Radical Carbonylation. Efficient
Trapping of Carbon Monoxide by Carbon Radicals. J.
Am. Chem. Soc. 1990, 112, 1295-1297. (b) Sumino, S.;
Fusano, A, Fukuyama, T, Ryu, I Carbonylation
Reactions of Alkyl Iodides through the Interplay of
Carbon Radicals and Pd Catalysts. Acc. Chem. Res.
2014, 47, 1563-1574. (c) Ryu, L; Sonoda, N. Free-
Radical Carbonylations: Then and Now. Angew. Chem.
Int. Ed. 1996, 35, 1050-1066. (d) Ryu, I Radical
Carboxylations of Iodoalkanes and Saturated Alcohols
Using Carbon Monoxide. Chem. Soc. Rev. 2001, 30,
16-25. (e) Fusano, A,; Sumino, S.; Nishitani, S.; Inouye,
T, Morimoto, K, Fukuyama, T, Ryu, I Pd/Light-
Accelerated Atom-Transfer Carbonylation of Alkyl
Iodides: Applications in Multicomponent Coupling
Processes Leading to Functionalized Carboxylic Acid
Derivatives. Chem. Eur. J. 2012, 18, 9415-9422. (f)
Kawamoto, T, Ryu, L Radical Reactions of
Borohydrides. Org. Biomol. Chem. 2014, 12, 9733-
9742.

(17) (a) Ryu, I; Yamazaki, H.; Kusano, K.; Ogawa, A
Sonoda, N. A Convergent Enone Synthesis. Three-
Component Coupling of Alkyl iodides, Carbon
Monoxide, and Allylstannanes by Free-Radical
Carbonylation. J. Am. Chem. Soc. 1991, 113, 8558-
8560. (b) Ryu, L; Kusano, K,; Yamazaki, H.; Sonoda, N.
Double Alkylation of Carbon Monoxide via Free
Radicals: Synthesis of Unsymmetrical Ketones. J. Org.
Chem. 1991, 56, 5003-5005. (c) Tsunoi, S, Ryu, L;
Tamura, Y.; Yamasaki, S.; Sonoda, N. Carbonylation of
Cyclobutanols by Way of Oxidative Ring Cleavage
with LTA. Synlett 1994, 1009-1012.

ACS Paragon Plus Environment



