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ABSTRACT: We report an eflicient approach for direct alkoxycarbony-
lation of furans as well as other heteroarenes via a one-step copper- C|3c- <::||T°h?:esé‘l’:fs

mediated reaction of three components (i.e., heteroarene, alcohol, and
CHCl,). The copper additive was confirmed to simultaneously promote the TBPBI

reaction in three pathways: oxidant cracking, single electron transfer, and

alcoholysis. By means of this protocol, various functionalized furancarbox- ClsC

ylates and other heteroarenecarboxylates were facilely obtained in moderate <

;
to good yields. 1 Cl,C O COR i 7\ 1
COZR ~Zon R200¢” 0" “CO,R
« Widely-sourced reagents  «Up to 81% (yield) * Radical process
* One-step reaction e Dual C-H bond g G le prodt
H eteroaromatic carboxylic esters are ubiquitous core approaches have been developed with respect to the synthesis
structures in numerous functional molecules." Over the of FDCA and its ester derivatives. Using starting materials
last few decades, alkoxycarbonylation of heteroarenes has from a Cg platform (e.g., S-(hydroxymethyl)furfural (HMF) in
achieved a huge advance through the rapid development of Scheme 1a, method A) is a traditional and principal pathway in
organometallic chemistry and has become an alternative way to the present circumstance.'”'* However, it may compete with
establish carboxylic esters compared with traditional ester- human foodstuffs since the C4 platform is majorly produced by
ification of carboxylic acid derivatives.” Thereinto, the cleavage glucose and fructose. In response to this, the exploration of the
of heteroaromatic C—X and C—H bonds are two main renewable and nonedible Cg platform from agricultural
pathways before the final formation of the C—C bond.? residues achieved a breakthrough. Among the rest, Pd-
However, for both of these cleavages, prefunctionalized catalyzed carbonyl insertion of 5-bromofuroic acid to construct
substrates or noble metal catalysts may inevitably be involved, FDCA and its derivatives using CO has been reported by Yin
despite exposure of a briefer step for dual C—H bond cleavage (Scheme 1b, method B)."® In addition to following the strategy
in certain reports.* Meanwhile, compared with arenes® and N- of using CO, FDCA can be obtained via green conversion from
heteroarenes,” furan is less explored in alkoxycarbonylation CO, and furan-2-carboxylate developed by Kanan'® and Fu'”
because it possesses a vulnerable structure with low aromaticity (Scheme 1b, method C). Although the above-reported
as well as an electron-rich nature and therefore is easily approaches opened new avenues for employing Cs platform,
destroyed under oxidative and other dramatic conditions or they are the only cases of the C platform to date, and there is a
leads to side reactions.” Hence, the establishment of a cost- significant vacancy in terms of other readily accessible carbonyl
effective method based on dual C—H bond cleavage to direct sources or reaction patterns. Therefore, the development of a
alkoxycarbonylation of heteroarenes, especially electron-rich scalable and alternative instrument for constructing difuroates
ones (e.g., furans), is still a great challenge but with notable (FDCA esters, as precursors that are one-step closer to PEF via
value. interesterification) on the basis of a Cy platform is highly
Furan-2,5-dicarboxylic acid (FDCA), one of the most desirable as an important supplement for synthetic chemistry.
representative precursors with a furan-based scaffold, is With regard to oxidative radical coupling of alkenes, copper
extensively covered in production of degradable polymers salts are frequently utilized as either catalysts or stoichiometric
and versatile applicable materials such as aromatic polyesters,® additives."* On the other hand, CHCl; as a common and
polyamides,” and plasticizers."’ As an example of a burgeoning
FDCA-derived polymer, poly(ethylene 2,5-furandicarboxylate) Received: February 13, 2020

(PEF) is broadly acknowledged as a remarkable alternative to
traditional petroleum-derived poly(ethylene terephthalate)
(PET),"" which largely contributes to the reduction of social
dependence on fossil resources.'” Currently, abundant
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Scheme 1. Synthesis of 2,5-Furandicarboxylates and FDCA
Based on Cg4 and C; Platforms
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pivotal organic solvent was explored as a trichloromethyl
radical precursor for trichloromethylation of alkenes."”
However, direct alkoxycarbonylation of C(sp*)—H bonds of
heteroarenes with CHCI; as the carbonyl source has not been
reported previously, although many endeavors on radical
alkylation reactions of heteroarenes (Minisci-type reactions)
have been made over the past decade.””*' Inspired by the
above facts as weH as our previous research on furans serving as
masked alkenes,”” we envisaged that heteroaromatic carboxylic
esters, including 2,5-furandicarboxylates, could be accessed by
copper-promoted alkoxycarbonylation via trichloromethylation
of the heteroaryl ring with CHCl;-generated trichloromethyl
radical followed by in situ alcoholysis, thereby allowing us to
implement this seemingly simple but important conversion
using an innovative carbonyl source and radical process on an
economically viable C; platform (Scheme 1c).

We started the exploration of reactions with methyl 2-
furoate (al), which has an electron-deficient furan ring, as a
model substrate (Table 1). Treatment of al (0.3 mmol, 1
equiv, 0.3 M) with MeOH (b1, 7.5 equiv), Cu(OAc), (0.2
equiv), and tert-butyl peroxybenzoate (TBPB) (2.5 equiv) in
CHCI; (which serves as both reactant and solvent) under air at
120 °C afforded the desired dimethyl furan-2,5-dicarboxylate
(1) in 80% yield (entry 1). The amount of MeOH strongly
influenced the yield of 1. Specifically, the yield decreased
slightly (to 74%) when the amount of MeOH was reduced to
2.5 equiv (entry 2) and decreased markedly (to 33%) when it
was increased to 12.5 equiv (entry 3). When 40 equiv of
MeOH was used, the yield of 1 was only 15% (entry 4). When
the reaction was carried out in the absence of TBPB, most of
the al was recovered, and 1 was not isolated (entry S). The
decreased yield of 1 (54%) in the absence of Cu(OAc),
suggested that the copper additive served as a promoter rather
than a catalyst at this temperature (entry 6). The use of
Cu(acac), also promoted the yield more effectively than that of
CuOAc (entries 7 and 8), indicating that Cu(Il) is preferred
over Cu(I) in this conversion. Furthermore, other metal
additives such as Fe, Ni, Pd, and Mn were confirmed to have a
negative effect on the yield (entries 9—12). Reducing the
loading of TBPB to 1.5 equiv decreased the yield of 1 to 44%

Table 1. Optimization of the Reaction Conditions

/@\ . MeOH Cu(OAc), (0.2 equiv) MeO\Cﬂ\

H® 0" COMe TBPB (2.5 equiv) § 0" COMe
a1l b1 CHCIl3, 120°C, 12 h °© 1
entry variation from the initial conditions” yield (%)°
1 none 80
2 MeOH (2.5 equiv) 74
3 MeOH (12.5 equiv) 33
4 MeOH (40 equiv) 15
S without TBPB 0
6 without Cu(OAc), 54
7 CuOAc instead of Cu(OAc), 72
8 Cu(acac), instead of Cu(OAc), 80
9 Fe(acac), instead of Cu(OAc), 25
10 Ni(acac), instead of Cu(OAc), 27
11 Pd(OAc), instead of Cu(OAc), 0
12 Mn(OAc), instead of Cu(OAc), 14
13 TBPB (1.5 equiv) 44
14 TBPB (3.5 equiv) 78

“Initial conditions: al (0.3 mmol, 1 equiv, 0.3 M), bl (7.5 equiv),
Cu(OAc), (0.2 equiv), TBPB (2.5 equiv), CHCI3, 120 °C, 12 h,
under air. TBPB = tert-butyl peroxybenzoate. “Isolated yields.

(entry 13), and al was not completely consumed. A TBPB
loading of 3.5 equiv gave almost the same yield as a loading of
2.5 equiv (entry 14).

With the optimal conditions in hand (Table 1, entry 1), we
carried out reactions of a series of furoates and alcohols with
the goal of synthesizing symmetrical difuroates (Scheme 2).

Scheme 2. Synthesis of Symmetrical Difuroates®

J \ ROH Cu(OAc); (0.2 equiv) J\
AN oor * SuoRg 02 et [ Y

H COOR TBPB (2.5 equiv) ROOC” “0” “COOR
al-a9 b1-b9 CHCl3, 120°C, 12 h 19
(0.3 mmol) (7.5 equiv)
sy 3. SN
MeOOC COOMe EtOOC COOEt "BuOOC CO0"Bu
1 (80%, 79%)) 2 (81% 3 (68%)
YOOC COO/Y k@ Q) BnOOCQCOOBn
4 (58%) 5 (53%) 6 (45%)
[} Q. 0
‘PrOOC/Q\COO'Pr OOCD\COO
7 (41%) 8 (42%) 9 (trace)

Gram-scale experiments:

Cu(OAc); (0.2 equiv)
W /Q\ + MeOH —— 2 e /@

COOMe TBPB (2.5 equiv) MeOOC™ ~0~ “COOMe

al b1 CHCI, 120°C, 12 h
(8 mmol) 60 mmol 3 1(72%, 1.05 g)
/@\ weop  CH(OAS), (0.2 equiv) /@\
+ e _— s
H™ “0” "COOH TBPB (2.5 equiv) Me0OC” Yo~ >COOMe
o b1 CHCI;, 120°C, 12h 1 (529
(10 mmol) 100 mmol 3 (52%, 0.95 g)

“Unless otherwise noted, reactions were performed on a 0.3 mmol
scale in CHCl; (0.3 M) containing Cu(OAc), (0.2 equlv), TBPB (2.5
equiv), and MeOH (7.5 equiv) at 120 °C for 12 h. The reaction was
performed on a 1 mmol scale in CHCl, (0.3 M).

Several primary alkyl furoates a2—6 and alcohols b2—6 were
able to produce the corresponding difuroates 2—6 in moderate
to good vyields (45—81%). The particularly low yield of
dibenzyl furan-2,5-dicarboxylate (6) (45%) may be due to
oxidation of the benzyl alcohol (b6). The yields of the
corresponding products (7 and 8) from secondary alkyl
alcohols (b7 and b8) were lower than those of products from
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primary alkyl alcohols, and considerable amounts of a7 and a8
were recovered. A reaction involving sterically bulky tert-butyl
alcohol (a9) gave only a trace of product 9. To evaluate the
synthetic utility of this alkoxycarbonylation protocol, we scaled
up the reaction of al (8 mmol, 0.3 M) with MeOH (60
mmol), which gave 1 in 72% isolated yield. To our delight, we
also found that the reaction of furoic acid (c1) (10 mmol, 0.3
M) in MeOH gave 1 (52%) in a single step.

Because unsymmetrical difuroates have potential applica-
tions in plastification,”® we next turned our attention to the
synthesis of these compounds by means of our alkoxycarbo-
nylation protocol (Scheme 3). Reactions of MeOH and CHCl,

Scheme 3. Synthesis of Unsymmetrical Difuroates”

-\ _
HQ\COOR + MeOH  CU(OAC), (0.2 equiv) Meooc/@ Q\
1024 ;

e TEPB (25 5qui) COOR + MeOOC COOMe
(0.3 mmol) (25equiv) CHC3, 120°C, 12 h
o"B 7\
o
10 (75%, e%lbl) 11 (65%, 3%‘“) 12 (52%, 29%°l)

/\ 1\
Meooc/Q\[(o*’T; Meooc/Qﬁ(Ovph

3 (52%, 28%“’1)

-\
MeOOC%O
o)

15 (56%, 24%°))

Ao -
MeOOC™ O
© n

n=0 18 (53%, 25%))
n=1 19 (62%, 16%)
n=2 20 (63%, 17%")
n=3 21 (63%, 16%))
n=4 22 (59%, 18%°))

(61%, 15%0))

16 (58%, 21%["1)

Meooc/O\r( j/

23 (70%, 9%"’1 24 (0%)

17 (51%, 27% ol

“Reactions were performed on a 0.3 mmol scale in CHCl; (0.3 M)
containing Cu(OAc), (0.2 equlv), TBPB (2.5 equiv), and MeOH
(2.5 equiv) at 120 °C for 12 h. “Isolated yield of byproduct 1.

with various 2-furoates (R # Me, a2—16) were examined.
Predictably, ester exchange was unavoidable; however, it could
be partially suppressed by decreasing the amount of MeOH to
2.5 equiv, despite the formation of a small amount of 1. When
R was a linear primary alkyl group (Et, n-butyl, n-hexyl, n-octyl,
or benzyl), the desired products 10—14 were obtained in
moderate to good yields (52—75%), accompanied by small
amounts of 1. A set of furoates bearing a branched primary
alkoxyl group (2-cyclohexylethyl, isopropyl, or 2-ethyloctyl)
were also effective substrates, giving 15—17 in moderate yields.
Furoates with secondary alkyl groups afforded the correspond-
ing difuroates 18—23 in 53—70% yield. However, difuroate 24
was not detected when sterically bulky tert-butyl furoate was
used as the substrate.

We further explored the scope of this transformation by
evaluating a variety of structurally diverse heteroarene
substrates (Scheme 4). First, furans with a-substituents other
than an alkoxycarbonyl group were screened, and the
electronic nature of the substituent was found to strongly
influence the reaction. Specifically, furans substituted with a
moderately electron-withdrawing a-amide smoothly afforded
the desired products 25—30. Furthermore, furans bearing acyl
groups also underwent the reaction, giving the desired
products 31 and 32 in moderate yields, and an electron-
neutral phenyl-substituted furan gave a 46% yield of the
desired product 33. However, the reaction of a substrate
bearing an electron-donating ethyl group generated a complex
mixture that contained none of the desired product 34,
possibly because of oxidative polymerization of the furan ring.

Scheme 4. Alkoxycarbonylation Reactions of Various
Heteroarenes”

Cu(OA 0.2 i
(Hetero)arenes + MeOH w» MeOOC—(Hetero)arenes
225- 244 b TBPB (2.5 equiv)

25-45

1
(0.3 mmol) (25equiv)  CHCI3, 120°C, 12h

R1
B /) NQ
MeOOC™ Yo R? MeOOC™ O
o)
3

0 (59%,17%!!)

R"=Me, R? = Ph 25 (80%)
R' = Me, R% = (2-Br)Ph 26 (72%)
R' = Me, R? = OMe 27 (52%, 27%!"})

R'=R?=Me 28 (65%, 13%°])
R'=R2=Et 29 (58%, 19%)
\/R
D x BN aY
MeOOC™ ~0o MeOOC™ “0” 'R MeOOC™ o
o R=Ph 33 (46%) R=H 37 (74%)
R=Me 31 (45%) R=Et 34 (0%) R =5-Br 38 (59%)

R=NO, 35 (0%)
R=CN 36 (0%)

: 3N
//< MeOOC~ "N~ “COOMe
|
S Me

44 (68%)

R=Ph 32 (60%) R=7-Br 39 (56%)

5\

MeooC” “s” R
R = COOMe 40 (70%)
R = thienyl 41 (57%)
R=Ph 42 (60%)

MeOOC
43 (37%)

“Reactions were performed on a 0.3 mmol scale in CHCl; (0.3 M)
containing Cu(OAc), (0.2 equ1v) TBPB (2.5 equiv), and MeOH
(2.5 equiv) at 120 °C for 12 h. “Isolated yield of byproduct 1. “The
reaction was carried out at 110 °C for 9 h.

In addition, furans bearing a strongly electron-withdrawing
group (nitro or cyano) also afforded complex mixtures in
which the desired products (35 and 36) were not detected.
The above-described results clearly indicate that a moderately
electron-deficient furan ring is required for this transformation.
It is noteworthy that further investigation revealed that
benzofuran and thiophene rings, which have greater
aromaticity than the furan ring, were also suitable, affording
products 37—42. Finally, benzothiazole and 1-methyl-1H-
pyrrole-2-carboxylate afforded 43 and 44, respectively.

To gain insight into the reaction mechanism, we carried out
several control experiments (Scheme S). Under the standard
conditions, the reaction was completely inhibited by the radical
scavengers TEMPO and BHT. In both of these experiments,
C,Cly was detected by GC—MS, which indicates that -CCly
radical may be generated as an intermediate. However, no
direct evidence of the formation of a -CCl; radical intermediate
was obtained until we used highly reactive alkene 46 as a
radical quencher to obtain trichloromethylated product 47
(Scheme SA). Next, to elucidate the origin of the promotional
effect of the Cu(OAc), additive, we conducted several
experiments. First, when the reaction temperature was
decreased from 120 to 80 °C and Cu(OAc), was omitted,
target product 1 was not produced from methyl 2-furoate. In
contrast, reaction at 80 °C in the presence of Cu(OAc),
generated 1 in 35% yield (Scheme 5B, eqs (a) and (b)). In the
absence of both MeOH and Cu(OAc), at 80 °C, intermediate
45 was not detected after reaction for 1.5 h (which is shorter
than the standard duration of 12 h); however, when the copper
salt was present, 45 was acquired after 1.5 h in 16% yield
(Scheme 5B, egs (c) and (d)). When amide 46 was used as the
substrate instead of al, trichloromethylated product 47 was
formed (Scheme SB, eq (e)), indicating that -CCl; radical was
not reactive enough to attack the furan ring at 80 °C. On the
basis of these results, at 80 °C the copper salt acted as a
catalyst rather than as a promoter, which is in sharp contrast to
its role at 120 °C. Finally, the reaction of trichloromethylben-
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Scheme 5. Control Experiments”

A radical capture experiment
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al b1 1
additive yield of 1 note
2.5 equiv of TEMPO 0% C,Clg was detected by GC-MS
2.5 equiv of BHT 0% C,Clg was detected by GC-MS
2.5 equiv of ©\ f 0% CCls
O .
N o) N 47 was isolated
\ \
46

B the effect of the copper additive

without Cu(OAc),
@ at TBPB (2.5 equiv) 10%
MeOH (7.5 equiv)
CHCl;, 80°C, 12 h
Cu(OAc), (0.2 equiv)
(b) a1l m’ 1 (35%)
MeOH (7.5 equiv)
CHCl3, 80°C, 12 h

without Cu(OAc), ﬂ\

(c) al it N
TBPB (2.5 equiv) Cl,C™ "0” "COMe
CHCl3, 80°C, 1.5 h 45 (0%)
@ at Cu(OAc), (0.2 equiv)

45 (16%)

CCly
o
N

TBPB (2.5 equiv)
CHCl;, 80°C, 1.5 h

without Cu(OAc),
TBPB (2.5 equiv)

(e) Q\TIO

CHCl3, 80°C, 1.5 h \
46 47 (10%)
(f) CCly Cu(OAc); (0.2 equiv) COMe
el i’ B bl
©/ TBPB (2.5 equiv) ©/

MeOH (7.5 equiv)
CHCl3, 120°C, 3 h
without Cu(OAc),
TBPB (2.5 equiv) 48 (20%)
MeOH (7.5 equiv)

CHCI3, 120°C, 3 h

48 (47%)

) ©/CCI3

“Unless otherwise noted, reactions were performed on a 0.3 mmol
scale in CHCl; (0.3 M) containing Cu(OAc), (0.2 equiv), TBPB (2.5
equiv), and MeOH (7.5 equiv) at 120 °C for 12 h. TEMPO = 2,2,6,6-
tetramethyl-1-piperidin-1-oxyl. BHT = butylated hydroxytoluene.

zene in the presence of Cu(OAc), consumed most of the
starting material and generated methyl benzoate (48) in 47%
isolated yield. In contrast, in the absence of Cu(OAc),, a large
amount of the trichloromethylbenzene remained unconsumed,
and the yield of 48 was only 20%, indicating that Cu(OAc),
also acted as a Lewis acid, promoting esterification in the
alcoholysis of the trichloromethylated aromatic rings (Scheme
5B, eqgs (f) and (g)). Moreover, additional control experiments
(see Schemes S1 and S2) suggested that cleavage of the
C(sp’)—H bond of chloroform was involved in the rate-
determining step.

On the basis of the above-described control experiments, we
propose the mechanism outlined in Scheme 6. In the presence
of copper, initially homolytic cleavage of TBPB accelerated by
Ln-Cu(II) forms an Ln-Cu(III)-OBz complex and fert-butoxyl
radical,”* which abstracts the hydrogen atom of CHCI; to
generate -CCl; radical. Addition of -CCl; radical to methyl 2-
furoate generates intermediate A, after which single electron
transfer (SET) of the Ln-Cu(III)-OBz species takes place to

Scheme 6. Proposed Mechanism

identified by NMR and HRMS

[M+Na]*: 264.9198 TBPB:f )k o i

exact mass: 264.9202 : Ph 0~ Bu 3
s\ o
Meo,C” N0 Nea, MeO,C ccly TBPB
c \

ROH Ln-culh >

Ln-Cu(ll) \
alcoholysis t BuO

0.
+BUOH
Me0,c”~ Yo~ “CoR //\—>< . ’
cel
D MeO,C CCly  gadicad 3
\_M
0.

o~ >co,Me

produce the corresponding carbocation intermediate B and
regenerate the Ln-Cu(Il) species. Subsequently, intermediate
B forms intermediate C, which undergoes aromatization-driven
deprotonation. The results of both HRMS and NMR analyses
supported the possible formation of intermediate C. Finally,
copper-mediated alcoholysis and reaction with intermediate C
produce target product D. Another possible mechanism in the
absence of copper species is given in the Supporting
Information (see more detail in Scheme S2).

In conclusion, we have developed a novel approach for the
direct alkoxycarbonylation of furans as well as other
heteroarenes via one-step copper-mediated reaction of three
components, ie., heteroarene, alcohol, and CHCIl;. This
method was found as the first use of a radical pathway to
construct FDCA derivatives based on a C; platform. The
copper additive used in this reaction probably engages and
benefits in three significant processes: facilitating the formation
of trichloromethyl radical, contributing to the single electron
transfer, and devoting to in situ alcoholysis, which also has
been found to be rarely reported to date. Supported by HRMS,
NMR analyses and an enormous number of control assays, this
Cu-promoted radical process has been fully described. More
importantly, avoidance of precious or stoichiometric alkali
metals, wide applicability for heteroaryl carboxylates, and
success in gram-scale reaction indicate it to be a promising
method for dual C—H bond cleavage and direct alkoxycarbo-
nylation.

Hl ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00582.

Experimental procedures, characterization data, optimi-
zation and additional control experiments, possible
mechanism in the absence of copper, and NMR spectra
of starting materials and products (PDF)

H AUTHOR INFORMATION
Corresponding Author
Biaolin Yin — School of Chemistry and Chemical Engineering,
South China University of Technology, Guangzhou 510640,
China; ® orcid.org/0000-0002-2547-0231; Email: blyin@
scut.edu.cn

https://dx.doi.org/10.1021/acs.orglett.0c00582
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c00582/suppl_file/ol0c00582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c00582/suppl_file/ol0c00582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c00582/suppl_file/ol0c00582_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c00582/suppl_file/ol0c00582_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00582?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c00582/suppl_file/ol0c00582_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Biaolin+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2547-0231
mailto:blyin@scut.edu.cn
mailto:blyin@scut.edu.cn
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00582?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00582?fig=sch5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00582?fig=sch6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00582?fig=sch6&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00582?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

Authors

Wenkun Luo — School of Chemistry and Chemical Engineering,
South China University of Technology, Guangzhou 510640,
China; ® orcid.org/0000-0002-7786-6975

Kai Jiang — School of Chemistry and Chemical Engineering,
South China University of Technology, Guangzhou S$10640,
China

Yingwei Li — School of Chemistry and Chemical Engineering
South China University of Technology, Guangzhou 510640,
China; ® orcid.org/0000-0003-1527-551X

Huanfeng Jiang — School of Chemistry and Chemical
Engineering, South China University of Technology,
Guangzhou 510640, China; ® orcid.org/0000-0002-4355-
0294

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c00582

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by grants from the National Program
on Key Research Project (2016YFA0602900), the National
Natural Science Foundation of China (21572068, 21871094),
the Science and Technology Program of Guangzhou, China
(201707010057), Guangdong Natural Science Foundation
(2017A030312005), and the Science and Technology
Planning Project of Guangdong Province, China
(2017A020216021).

B REFERENCES

(1) Fu, L,; Fu, W.; Cheng, P.; Xie, Z.; Fan, C.; Shi, M.; Ling, J.; Hou,
J.; Zhan, X.; Chen, H. A Diketopyrrolopyrrole Molecule End-capped
with a Furan-2-carboxylate Moiety: the Planarity of Molecular
Geometry and Photovoltaic Properties. J. Mater. Chem. A 2014, 2,
6589—6597.

(2) Liu, B; Hu, F.; Shi, B.-F. Recent Advances on Ester Synthesis via
Transition-Metal Catalyzed C—H Functionalization. ACS Catal. 2015,
S, 1863—1881.

(3) (a) Brennfuhrer, A; Neumann, H. Beller, M. Palladium-
Catalyzed Carbonylation Reactions of Aryl Halides and Related
Compounds. Angew. Chem., Int. Ed. 2009, 48, 4114—4133. (b) Zhang,
H.; Shi, R; Ding, A.; Lu, L,; Chen, B.; Lei, A. Transition-Metal-Free
Alkoxycarbonylation of Aryl Halides. Angew. Chem., Int. Ed. 2012, 51,
12542—-1254S. (c) Guo, W.; Ly, L.-Q.; Wang, Y.; Wang, Y.-N.; Chen,
J-R; Xiao, W.-]J. Metal-Free, Room-Temperature, Radical Alkox-
ycarbonylation of Aryldiazonium Salts through Visible-Light Photo-
redox Catalysis. Angew. Chem., Int. Ed. 2015, 54, 2265—2269.
(d) Majek, M.; Jacobi von Wangelin, A. Metal-Free Carbonylations
by Photoredox Catalysis. Angew. Chem., Int. Ed. 2015, 54, 2270—2274.

(4) Wy, J; Lan, J.; Guo, S.; You, J. Pd-Catalyzed C-H Carbonylation
of (Hetero)arenes with Formates and Intramolecular Dehydrogen-
ative Coupling: A Shortcut to Indolo[3,2-c]coumarins. Org. Lett.
2014, 16, 5862—5865.

(5) Peng, J-B; Geng, H-Q; Wu, X.-F. The Chemistry of CO:
Carbonylation. Chem 2019, §, 526—552.

(6) (a) Zhao, K; Du, R;; Wang, B.; Liu, J.; Xia, C.; Yang, L. RhCl;-
3H,0-Catalyzed Regioselective C(sp?)—H Alkoxycarbonylation:
Efficient Synthesis of Indole- and Pyrrole-2-carboxylic Acid Esters.
ACS Catal. 2019, 9, 5545—5551. (b) Minami, H.,; Nogi, K;
Yorimitsu, H. Palladium-Catalyzed Alkoxycarbonylation of Arylsulfo-
niums. Org. Lett. 2019, 21, 2518—2522. (c) Dy, R; Zhao, K;; Liy, J;
Han, F; Xia, C; Yang, L. RhCl;-3H,0-Catalyzed C7-Selective C—H
Carbonylation of Indolines with CO and Alcohols. Org. Lett. 2019,
21, 6418—6422.

(7) Chen, C.-H.; Rao, P. D.; Liao, C.-C. Furans Act as Dienophiles
in Facile Diels-Alder Reactions with Masked o-Benzoquinones. J. Am.
Chem. Soc. 1998, 120, 13254—13255S.

(8) Sousa, A. F.; Fonseca, A. C.; Serra, A. C.; Freire, C. S. R;
Silvestre, A. J. D.; Coelho, J. F. J. New Unsaturated Copolyesters
Based on 2,5-Furandicarboxylic Acid and Their Crosslinked
Derivatives. Polym. Chem. 2016, 7, 1049—1058.

(9) Wilsens, C. H. R. M.; Wullems, N. J. M.; Gubbels, E.; Yao, Y.;
Rastogi, S.; Noordover, B. A. J. Synthesis, Kinetics, and Character-
ization of Bio-Based Thermosets Obtained through Polymerization of
a 2,5-Furandicarboxylic Acid-Based Bis(2-oxazoline) with Sebacic
Acid. Polym. Chem. 2018, 6, 2707—2716.

(10) Motagamwala, A. H.; Won, W.; Sener, C.; Alonso, D. M,;
Maravelias, C. T.; Dumesic, J. A. Toward Biomass-Derived Renewable
Plastics: Production of 2,5-Furandicarboxylic Acid from Fructose. Sci.
Adv. 2018, 4, eaap9722.

(11) (a) Eerhart, A. J. J. E.; Faaij, A. P. C; Patel, M. K. Replacing
Fossil Based PET with Biobased PEF, Process Analysis, Energy and
GHG Balance. Energy Environ. Sci. 2012, S, 6407—6422. (b) Rose-
nboom, J.-G.; Hohl, D. K,; Fleckenstein, P.; Storti, G.; Morbidelli, M.
Bottle-Grade Polyethylene Furanoate from Ringopening Polymer-
isation of Cyclic Oligomers. Nat. Commun. 2018, 9, 2701.

(12) (a) Gallezot, P. Conversion of Biomass to Selected Chemical
Products. Chem. Soc. Rev. 2012, 41, 1538—1558. (b) Besson, M,;
Gallezot, P.; Pinel, C. Conversion of Biomass into Chemicals over
Metal Catalysts. Chem. Rev. 2014, 114, 1827—1870. (c) Jing, Y.; Guo,
Y.,; Xia, Q; Liu, H,; Wang, Y. Catalytic Production of Value-Added
Chemicals and Liquid Fuels from Lignocellulosic Biomass. Chem.
2019, S, 2520—2546.

(13) (a) Zhang, Z.; Deng, K. Recent Advances in the Catalytic
Synthesis of 2,5-Furandicarboxylic Acid and Its Derivatives. ACS
Catal. 2015, S, 6529—6544. (b) Sajid, M.; Zhao, X; Liu, D.
Production of 2,5-Furandicarboxylic Acid (FDCA) from S-Hydrox-
ymethylfurfural (HMF): Recent Progress Focusing on the Chemical-
catalytic Routes. Green Chem. 2018, 20, 5427—5453. (c) Zhang, Z.;
Huber, G. W. Catalytic Oxidation of Carbohydrates into Organic
Acids and Furan Chemicals. Chem. Soc. Rev. 2018, 47, 1351—1390.
(d) Pal, P.; Saravanamurugan, S. Recent Advances in the Develop-
ment of S-Hydroxymethylfurfural Oxidation with Base (Nonpre-
cious)-Metal-Containing Catalysts. ChemSusChem 2019, 12, 145—
163.

(14) For selected examples of oxidation of HMF, see: (a) You, B.;
Jiang, N.; Liu, X; Sun, Y. Simultaneous H, Generation and Biomass
Upgrading in Water by an Efficient Noble-Metal-Free Bifunctional
Electrocatalyst. Angew. Chem., Int. Ed. 2016, 5S, 9913—9917. (b) Xu,
S.; Zhou, P.; Zhang, Z.; Yang, C.; Zhang, B.; Deng, K;; Bottle, S.; Zhu,
H. Selective Oxidation of S-Hydroxymethylfurfural to 2,5-Furandi-
carboxylic Acid Using O, and a Photocatalyst of Co-thioporphyrazine
Bonded to g-C;N,. J. Am. Chem. Soc. 2017, 139, 14775—14782.
(c) Han, G; Jin, Y.-H,; Burgess, R. A.; Dickenson, N. E.; Cao, X.-M,;
Sun, Y. Visible-Light-Driven Valorization of Biomass Intermediates
Integrated with H, Production Catalyzed by Ultrathin Ni/CdS
Nanosheets. J. Am. Chem. Soc. 2017, 139, 15584—15587. (d) Zhang,
N,; Zou, Y,; Tao, L.; Chen, W.; Zhou, L,; Liu, Z.; Zhou, B.; Huang,
G.; Lin, H.; Wang, S. Electrochemical Oxidation of S-Hydroxyme-
thylfurfural on Nickel Nitride/Carbon Nanosheets: Reaction Pathway
Determined by in situ Sum Frequency Generation Vibrational
Spectroscopy. Angew. Chem., Int. Ed. 2019, 58, 15895—15903.
(e) Hayashi, E.; Yamaguchi, Y.; Kamata, K; Tsunoda, N.; Kumagai,
Y.; Oba, F.,; Hara, M. Effect of MnO, Crystal Structure on Aerobic
Oxidation of S-Hydroxymethylfurfural to 2,5-Furandicarboxylic Acid.
J. Am. Chem. Soc. 2019, 141, 890—900. (f) Kim, M.; Su, Y.; Aoshima,
T.; Fukuoka, A.; Hensen, E. J. M.; Nakajima, K. Effective Strategy for
High-Yield Furan Dicarboxylate Production for Biobased Polyester
Applications. ACS Catal. 2019, 9, 4277—4285.

(15) (a) Zhang, S.; Lan, J; Chen, Z; Yin, G.; Li, G. Catalytic
Synthesis of 2,5-Furandicarboxylic Acid from Furoic Acid: Trans-
formation from C; Platform to C4 Derivatives in Biomass Utilizations.

ACS Sustainable Chem. Eng. 2017, 5, 9360—9369. (b) Zhang, S.; Shen,

https://dx.doi.org/10.1021/acs.orglett.0c00582
Org. Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenkun+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-7786-6975
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingwei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1527-551X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huanfeng+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4355-0294
http://orcid.org/0000-0002-4355-0294
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00582?ref=pdf
https://dx.doi.org/10.1039/c3ta13534a
https://dx.doi.org/10.1039/c3ta13534a
https://dx.doi.org/10.1039/c3ta13534a
https://dx.doi.org/10.1021/acscatal.5b00050
https://dx.doi.org/10.1021/acscatal.5b00050
https://dx.doi.org/10.1002/anie.200900013
https://dx.doi.org/10.1002/anie.200900013
https://dx.doi.org/10.1002/anie.200900013
https://dx.doi.org/10.1002/anie.201206518
https://dx.doi.org/10.1002/anie.201206518
https://dx.doi.org/10.1002/anie.201408837
https://dx.doi.org/10.1002/anie.201408837
https://dx.doi.org/10.1002/anie.201408837
https://dx.doi.org/10.1002/anie.201408516
https://dx.doi.org/10.1002/anie.201408516
https://dx.doi.org/10.1021/ol502749b
https://dx.doi.org/10.1021/ol502749b
https://dx.doi.org/10.1021/ol502749b
https://dx.doi.org/10.1016/j.chempr.2018.11.006
https://dx.doi.org/10.1016/j.chempr.2018.11.006
https://dx.doi.org/10.1021/acscatal.9b01193
https://dx.doi.org/10.1021/acscatal.9b01193
https://dx.doi.org/10.1021/acscatal.9b01193
https://dx.doi.org/10.1021/acs.orglett.9b00067
https://dx.doi.org/10.1021/acs.orglett.9b00067
https://dx.doi.org/10.1021/acs.orglett.9b02321
https://dx.doi.org/10.1021/acs.orglett.9b02321
https://dx.doi.org/10.1021/ja982974l
https://dx.doi.org/10.1021/ja982974l
https://dx.doi.org/10.1039/C5PY01702E
https://dx.doi.org/10.1039/C5PY01702E
https://dx.doi.org/10.1039/C5PY01702E
https://dx.doi.org/10.1039/C4PY01609B
https://dx.doi.org/10.1039/C4PY01609B
https://dx.doi.org/10.1039/C4PY01609B
https://dx.doi.org/10.1039/C4PY01609B
https://dx.doi.org/10.1126/sciadv.aap9722
https://dx.doi.org/10.1126/sciadv.aap9722
https://dx.doi.org/10.1039/c2ee02480b
https://dx.doi.org/10.1039/c2ee02480b
https://dx.doi.org/10.1039/c2ee02480b
https://dx.doi.org/10.1038/s41467-018-05147-y
https://dx.doi.org/10.1038/s41467-018-05147-y
https://dx.doi.org/10.1039/C1CS15147A
https://dx.doi.org/10.1039/C1CS15147A
https://dx.doi.org/10.1021/cr4002269
https://dx.doi.org/10.1021/cr4002269
https://dx.doi.org/10.1016/j.chempr.2019.05.022
https://dx.doi.org/10.1016/j.chempr.2019.05.022
https://dx.doi.org/10.1021/acscatal.5b01491
https://dx.doi.org/10.1021/acscatal.5b01491
https://dx.doi.org/10.1039/C8GC02680G
https://dx.doi.org/10.1039/C8GC02680G
https://dx.doi.org/10.1039/C8GC02680G
https://dx.doi.org/10.1039/C7CS00213K
https://dx.doi.org/10.1039/C7CS00213K
https://dx.doi.org/10.1002/cssc.201801744
https://dx.doi.org/10.1002/cssc.201801744
https://dx.doi.org/10.1002/cssc.201801744
https://dx.doi.org/10.1002/anie.201603798
https://dx.doi.org/10.1002/anie.201603798
https://dx.doi.org/10.1002/anie.201603798
https://dx.doi.org/10.1021/jacs.7b08861
https://dx.doi.org/10.1021/jacs.7b08861
https://dx.doi.org/10.1021/jacs.7b08861
https://dx.doi.org/10.1021/jacs.7b08657
https://dx.doi.org/10.1021/jacs.7b08657
https://dx.doi.org/10.1021/jacs.7b08657
https://dx.doi.org/10.1002/anie.201908722
https://dx.doi.org/10.1002/anie.201908722
https://dx.doi.org/10.1002/anie.201908722
https://dx.doi.org/10.1002/anie.201908722
https://dx.doi.org/10.1021/jacs.8b09917
https://dx.doi.org/10.1021/jacs.8b09917
https://dx.doi.org/10.1021/acscatal.9b00450
https://dx.doi.org/10.1021/acscatal.9b00450
https://dx.doi.org/10.1021/acscatal.9b00450
https://dx.doi.org/10.1021/acssuschemeng.7b02396
https://dx.doi.org/10.1021/acssuschemeng.7b02396
https://dx.doi.org/10.1021/acssuschemeng.7b02396
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00582?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

G.; Deng, Y,; Lei, Y.; Xue, J.-W.; Chen, Z.; Yin, G. Efficient Synthesis
of 2,5-Furandicarboxylic Acid from Furfural Based Platform through
Aqueous-Phase Carbonylation. ACS Sustainable Chem. Eng. 2018, 6,
13192—-13198.

(16) (a) Banerjee, A; Dick, G. R; Yoshino, T.; Kanan, M. W.
Carbon Dioxide Utilization via Carbonate-Promoted C—H Carbox-
ylation. Nature 2016, 531, 215—219. (b) Dick, G. R.; Frankhouser, A.
D.; Banerjee, A.; Kanan, M. W. A Scalable Carboxylation Route to
Furan-2,5-dicarboxylic Acid. Green Chem. 2017, 19, 2966—2972.

(17) Pan, T; Deng, J.; Xu, Q; Zuo, Y.; Guo, Q.-X,; Fu, Y. Catalytic
Conversion of Furfural into a 2,5-Furandicarboxylic Acid-Based
Polyester with Total Carbon Utilization. ChemSusChem 2013, 6, 47—
50.

(18) (a) Yi, H; Zhang, G.; Wang, H.; Huang, Z.; Wang, J.; Singh, A.
K,; Lei, A. Recent Advances in Radical C—H Activation/Radical
Cross-Coupling. Chem. Rev. 2017, 117, 9016—908S. (b) Jiao, Y.;
Chiou, M.-F; Li, Y.,; Bao, H. Copper-Catalyzed Radical Acyl-
Cyanation of Alkenes with Mechanistic Studies on the tert-Butoxy
Radical. ACS Catal. 2019, 9, 5191—-5197. (c) Neff, R. K; Su, Y.-L;
Liu, S; Rosado, M,; Zhang, X; Doyle, M. P. Generation of
Halomethyl Radicals by Halogen Atom Abstraction and Their
Addition Reactions with Alkenes. J. Am. Chem. Soc. 2019, 141,
16643—16650.

(19) Li, W.-Y.; Wy, C.-S.; Wang, Z.; Luo, Y. Fe-Catalyzed Three-
Component Carboazidation of Alkenes with Alkanes and Trimethyl-
silyl Azide. Chem. Commun. 2018, 54, 11013—11016.

(20) For reviews regarding Minisci-type alkylation, see: (a) Sun, A.
C.; McAtee, R. C.; McClain, E. J.; Stephenson, C. R. J. Advancements
in Visible-Light-Enabled Radical C(sp)’~H Alkylation of (Hetero)-
arenes. Synthesis 2019, 51, 1063—1072. (b) Proctor, R. S. J.; Phipps,
R. J. Recent Advances in Minisci Type Reactions. Angew. Chem., Int.
Ed. 2019, 58, 13666—13699.

(21) For selected examples of alkylation of N-heteroarenes, see:
(a) Jin, J; MacMillan, D. W. C. Alcohols as Alkylating Agents in
Heteroarene C—H Functionalization. Nature 2015, 525, 87-90.
(b) Liu, P.; Liu, W.; Li, C.-J. Catalyst-Free and Redox-Neutral Innate
Trifluoromethylation and Alkylation of Aromatics Enabled by Light. J.
Am. Chem. Soc. 2017, 139, 14315—14321. (c) Gutierrez-Bonet, A.;
Remeur, C.; Matsui, J. K; Molander, G. A. Late-Stage C—H
Alkylation of Heterocycles and 1,4-Quinones via Oxidative Homolysis
of 1,4-Dihydropyridines. J. Am. Chem. Soc. 2017, 139, 12251—12258.
(d) Liu, W,; Yang, X;; Zhou, Z.-Z.; Li, C.-J. Simple and Clean Photo-
induced Methylation of Heteroarenes with MeOH. Chem. 2017, 2,
688—702. (e) Zhou, W.-].; Cao, G.-M.; Shen, G.; Zhu, X.-Y.; Gui, Y.-
Y.; Ye, J.-H,; Sun, L,; Liao, L.-L.; Li, J.; Yu, D.-G. Visible-Light-Driven
Palladium-Catalyzed Radical Alkylation of C—H Bonds with
Unactivated Alkyl Bromides. Angew. Chem., Int. Ed. 2017, S6,
15683—15687. (f) Garza-Sanchez, R. A.; Tlahuext-Aca, A.; Tavakoli,
G.; Glorius, F. Visible Light-Mediated Direct Decarboxylative C—H
Functionalization of Heteroarenes. ACS Catal. 2017, 7, 4057—4061.
(g) Li, G-X; Hu, X;; He, G.; Chen, G. Photoredox-Mediated Minisci-
type Alkylation of N-Heteroarenes with Alkanes with High Methylene
Selectivity. ACS Catal. 2018, 8, 11847—11853. (h) Zheng, D.; Studer,
A. Asymmetric Synthesis of Heterocyclic g-Amino-Acid and Diamine
Derivatives by Three-Component Radical Cascade Reactions. Angew.
Chem,, Int. Ed. 2019, 58, 15803—15807. (i) Fu, M.-C.; Shang, R;
Zhao, B.; Wang, B.; Fu, Y. Photocatalytic Decarboxylative Alkylations
Mediated by Triphenylphosphine and Sodium Iodide. Science 2019,
363, 1429—1434.

(22) (a) Vaitheeswaran, S.; Green, S. K,; Dauenhauer, P.; Auerbach,
S. M. On the Way to Biofuels from Furan: Discriminating Diels—
Alder and Ring-Opening Mechanisms. ACS Catal. 2013, 3, 2012—
2019. (b) Li, J.; Peng, H.; Wang, F.; Wang, X,; Jiang, H.; Yin, B. 2,5-
Oxyarylation of Furans: Synthesis of Spiroacetals via PalladiumCata-
lyzed Aerobic Oxidative Coupling of Boronic Acids with a-
Hydroxyalkylfurans. Org. Lett. 2016, 18, 3226—3229.

(23) Chaudhary, B. I. Dialkyl 2,5-Furandicarboxylate Plasticizers and
Plasticized Polymeric Compositions. US 9938423 B2, 2018.

(24) Chan, C-W.; Lee, P.-Y,; Yu, W.-Y. Copper-Catalyzed Cross-
Dehydrogenative Coupling of N-arylacrylamides with Chloroform
Using Tert-butyl Peroxybenzoate as Oxidant for the Synthesis of
Trichloromethylated 2-Oxindoles. Tetrahedron Lett. 2015, 56, 2559—
2563.

https://dx.doi.org/10.1021/acs.orglett.0c00582
Org. Lett. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1021/acssuschemeng.8b02780
https://dx.doi.org/10.1021/acssuschemeng.8b02780
https://dx.doi.org/10.1021/acssuschemeng.8b02780
https://dx.doi.org/10.1038/nature17185
https://dx.doi.org/10.1038/nature17185
https://dx.doi.org/10.1039/C7GC01059A
https://dx.doi.org/10.1039/C7GC01059A
https://dx.doi.org/10.1002/cssc.201200652
https://dx.doi.org/10.1002/cssc.201200652
https://dx.doi.org/10.1002/cssc.201200652
https://dx.doi.org/10.1021/acs.chemrev.6b00620
https://dx.doi.org/10.1021/acs.chemrev.6b00620
https://dx.doi.org/10.1021/acscatal.9b01060
https://dx.doi.org/10.1021/acscatal.9b01060
https://dx.doi.org/10.1021/acscatal.9b01060
https://dx.doi.org/10.1021/jacs.9b05921
https://dx.doi.org/10.1021/jacs.9b05921
https://dx.doi.org/10.1021/jacs.9b05921
https://dx.doi.org/10.1039/C8CC05090B
https://dx.doi.org/10.1039/C8CC05090B
https://dx.doi.org/10.1039/C8CC05090B
https://dx.doi.org/10.1055/s-0037-1611658
https://dx.doi.org/10.1055/s-0037-1611658
https://dx.doi.org/10.1055/s-0037-1611658
https://dx.doi.org/10.1002/anie.201900977
https://dx.doi.org/10.1038/nature14885
https://dx.doi.org/10.1038/nature14885
https://dx.doi.org/10.1021/jacs.7b08685
https://dx.doi.org/10.1021/jacs.7b08685
https://dx.doi.org/10.1021/jacs.7b05899
https://dx.doi.org/10.1021/jacs.7b05899
https://dx.doi.org/10.1021/jacs.7b05899
https://dx.doi.org/10.1016/j.chempr.2017.03.009
https://dx.doi.org/10.1016/j.chempr.2017.03.009
https://dx.doi.org/10.1002/anie.201704513
https://dx.doi.org/10.1002/anie.201704513
https://dx.doi.org/10.1002/anie.201704513
https://dx.doi.org/10.1021/acscatal.7b01133
https://dx.doi.org/10.1021/acscatal.7b01133
https://dx.doi.org/10.1021/acscatal.8b04079
https://dx.doi.org/10.1021/acscatal.8b04079
https://dx.doi.org/10.1021/acscatal.8b04079
https://dx.doi.org/10.1002/anie.201908987
https://dx.doi.org/10.1002/anie.201908987
https://dx.doi.org/10.1126/science.aav3200
https://dx.doi.org/10.1126/science.aav3200
https://dx.doi.org/10.1021/cs4003904
https://dx.doi.org/10.1021/cs4003904
https://dx.doi.org/10.1021/acs.orglett.6b01472
https://dx.doi.org/10.1021/acs.orglett.6b01472
https://dx.doi.org/10.1021/acs.orglett.6b01472
https://dx.doi.org/10.1021/acs.orglett.6b01472
https://dx.doi.org/10.1016/j.tetlet.2015.03.109
https://dx.doi.org/10.1016/j.tetlet.2015.03.109
https://dx.doi.org/10.1016/j.tetlet.2015.03.109
https://dx.doi.org/10.1016/j.tetlet.2015.03.109
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00582?ref=pdf

