Check for
updates

Chemistry Chemistry
European Chemical

A Europ ean Societies Publishing
Journal

Accepted Article

Title: Aerobic Copper-Catalyzed Salicylaldehydic Cformyl-H Arylations
with Arylboronic Acids

Authors: Lin Xiao, Tao-Tao Lang, Ying Jiang, Zhong-Lin Zang, Cheng-
He Zhou, and Gui-Xin Cai

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Atrticle.

To be cited as: Chem. Eur. J. 10.1002/chem.202004810

Link to VoR: https://doi.org/10.1002/chem.202004810

WILEY-VCH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202004810&domain=pdf&date_stamp=2020-12-02

Chemistry - A European Journal

10.1002/chem.202004810

WILEY-VCH

Aerobic Copper-Catalyzed Salicylaldehydic Ciormy—H Arylations

with Arylboronic Acids

Lin Xiao, Tao-Tao Lang, Ying Jiang, Zhong-Lin Zang, Cheng-He Zhou, and Gui-Xin Cai*?

[a] L. Xiao, T.-T. Lang, Y. Jiang, Dr. Z.-L. Zang, Prof. C.-H. Zhou, Prof. Dr. G.-X. Cai
Institute of Bioorganic & Medicinal Chemistry; Key Laboratory of Luminescence Analysis and Molecular Sensing (Southwest University), Ministry of
Education; School of Chemistry and Chemical Engineering, Southwest University

Chonggqing 400715, China
E-mail: gxcai@swu.edu.cn

Supporting information for this article is given via a link at the end of the document.

Abstract: We report a challenging copper-catalyzed Ciomy—H
arylation of salicylaldehydes with arylboronic acids, which involves
unique salicylaldehydic copper-species differing from reported
salicylaldehydic rhodacycle and palladacycle. Also, this protocol has
high chemoselectivity for the Cimy—H bond compared to the
phenolic O—H bond involving copper catalysis under high reaction
temperature. This approach is compatible with a wide range of
salicylaldehyde and arylboronic acid substrates, including estrone
and carbazole derivatives, which leads to corresponding arylation
products. Mechanistic studies show that 2-hydroxy group of
salicylaldehyde substrate triggers the formation of salicylaldehydic
copper complexes via Cu(l)/Cu(ll)/Cu(lll) catalytic cycle.

2-Hydroxybenzophenone scaffolds, serving as ubiquitous and
valuable organic structural units, are widely present in functional
materials, biologically active molecules and natural products
such as Cariphenone A, Morintrifolins A and Norlichexanthone
(Figure 1).1M Therefore, the past several decades have witness-
ed an increasing interest in the methods for its synthesis. The
classical methods such as the Friedel-Crafts acylation® of
phenols and Fries rearrangement® of aryl benzoates can
construct the 2-hydroxybenzophenone moiety in the absence of
site-selectivity.
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Figure 1. 2-Hydroxybenzophenone structure contained in many natural
products.

Designing highly positional selectivity approaches for 2-
hydroxybenzophenone is an interesting challenge in organic
synthesis. A number of alternative synthetic strategiest*® have
been successfully employed, among which C-H activation® is a
highly efficient and atom-economical strategy, mainly including
arene Cspo—H hydroxylation of benzophenone® and Ciomy—H
arylation of salicylaldehydel”®.. Because salicylaldehydes are
versatile and available building blocks in organic synthesis!,
many endeavors have been devoted to functionalizing the kind
of aldehydes with various coupling partners via a direct C(sp?-H
activation of aldehydes!®. To date two main pathways have

been applied to constructing the structure of 2-
hydroxybenzophenone via salicylaldehydic Cimy—H activation
catalyzed by precious metal catalysts: 1) the arylation of o-
hydroxybenzaldehydes with electrophiles (aryl halides) generally
involving oxidative addition of aryl halides to metal species,
followed by intramolecular C-H activation of the formyl group
and reductive elimination to deliver the productsl’®7l; 2) the
cross-coupling between o-hydroxybenzaldehydes and
nucleophiles (arylboronic acids or hypervalent iodines)® through
direct C—H activation and transmetalation®®848¢l or nucleophilic
addition and oxidation® (Scheme 1A).

The achievements of transition-metal-catalyzed functionali-
zation of salicylaldehydes mainly benefit from the formation of
noble metalcycle intermediates (for example, rhodacycle and
palladacycle) via coordination of the 2-hydroxy group of
salicylaldehydes to an active metal species (Scheme 1B). The
Crormy—H arylationl’d84.11al - olefinationi*10-11l and alkylation[*11k-
unl of salicylaldehydes catalyzed by rhodium involving rhoda-
cycle intermediates as the key step were documented. With
regard to palladium catalysis, five-membered7®8d and six-
membered¢812 palladacycles have been reported, in which the
former experiences the cleavage of aldehyde C—H bond and the
latter does not. Li'® has also disclosed gold(l)-catalyzed
Cromy—H alkylation of salicylaldehyde via oxidative addition to
afford cyclic acyl gold(lll) complexes. Besides above noble metal
catalysts, cheap and economical metal catalysts such as
nickell” and cobalt*¥l are more charming. For instance, cobalt(l)
-diphosphine catalysts have been used to activate salicylalde-
hydic Cimy—H bond involving a cyclic acyl-(hydrido)cobalt(l11)
speciesi*. Regretfully, highly economical and environmentally
benign copper salts generally serve as stoichiometric oxidants in
transition-metal-catalyzed aldehyde C-H activation reaction-
sl8d11l - although some reports on Cu-catalyzed or -mediated
coupling of aromatic C—H bonds with arylboron reagents have
gained considerable interest!®, One example using copper
catalyst to realize the intramolecular C-H arylation of aldehyde
based on a six-membered coppercycle intermediate was
reported*°". However, Ciomy—H arylation of salicylaldehyde with
arylboronic acid via five-membered coppercycle species is
unknown (Scheme 1C).

We imagined alternative and more economical synthesis of 2-
hydroxybenzophenones through the copper-catalyzed Ciomy—H
arylation of salicylaldehydes with commercial arylboronic acids.
However, there is a fundamental problem that needs to be
solved. Evans demonstrated the copper-promoted arylation of
phenols with arylboronic acids which is famous Chan-Evans-
Lam reaction®®®. How to tune the Crmy—H arylation and Chan-
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Evans-Lam reaction of salicylaldehydes with arylboronic acids in
the presence of copper catalyst is an exciting challenge and has
to be faced. Inspired by above studies®°"1¢l and our previous
workl we herein present this successful cross-coupling
reaction with high chemoselectivity.

A. Noble metal-catalyzed Cformy‘ -H arylation of salicylaldehydes
(e}

CHO cat Pd, Rh, Ir
OH

X = halides; M = B(OH),, etc.

B. Metal-catalyzed functionalization of salicylaldehydes involving metalcycle intermediates
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C. Copper-catalyzed Crormy -H activation of aldehydes
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Scheme 1. Transition-metal-catalyzed functionalization of aldehydes.

According to this proposal, we selected salicylaldehyde (SA)
(1a) and phenylboronic acid (2a) as representative substrates to
explore the optimal conditions (Table 1). In our initial study,
desired product 3aa was obtained in 18% yield accompanied
with the Chan-Evans-Lam product 4 (2-phenoxybenzaldehyde)
in 14% yield in the presence of catalytic amount of CuBr at 80 °C
(Table 1, entry 1). Gratifyingly, although 3aa was accompanied
by the trace amount of the product 4, it was produced in 93%
yield by HPLC (High Performance Liquid Chromatography)
analysis and 90% isolated yield respectively when the reaction
temperature was increased to 130 °C (Table 1, entry 2). In light
of this reaction conditions, we further evaluated other factors
that could affect this transformation. The reaction became
sluggish in p-xylene or higher boiling point polar solvents such
as DMF and DMSO (Table 1, entries 3-5). We proceeded to
explore other commercial Cu(l) and Cu(ll) salts as the catalyst
and the results showed that they all led to lower or moderate
yields (Table 1, entries 6-11). In the absence of copper catalyst,
the performance was poor, which illustrated that CuBr as the
optimal catalyst played an essential role in this reaction (Table 1,
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entry 12). According to previous work(®, palladium could
catalyze C-H arylation of SA and phenylboronic acid, but PdBr;
instead of CuBr inhibited this transformation in our reaction
system (Table 1, entry 13). It was worth note that the reaction
highly depended on the ligand. Thus, the yield of 3aa dropped
significantly using other typical nitrogen-containing ligands or
without the ligand (Table 1, entries 14-19). In addition, the
omission of TEMPO (2,2,6,6-tetramethylpiperidine-N-oxyl) and
the change of TEMPO equivalent resulted in lower yields of 3aa
(Table 1, entries 20-23). The product yield was increased to 97%
in the oxygen atmosphere, while the yield of 3aa was slightly
reduced in the nitrogen atmosphere (Table 1, entries 24-25).
Shortening the reaction time also decreased the yield of the
target product to an extent (Table 1, entry 26).

Table 1. Optimization of reaction conditions.

CHO B(OH),
L, - I
OH

o]

catalyst, TEMPO, ligand

{AmylOH, 130 °C, 12 h

1a 2a 3aa
Entry Catalyst Ligand Yield (%)®!
10 CuBr pyridine 18
2 CuBr pyridine 93 (90)k
3t CuBr pyridine 17
44 CuBr pyridine 36
5l CuBr pyridine 34
6 Cul pyridine 36
7 CuCl pyridine 84
8 Cu20 pyridine 36
9 CuOAcC pyridine 31
10 Cu(OAc)2 pyridine 21
11 CuBr2 pyridine 50
12 - pyridine <5
13 PdBr2 pyridine 0
14 CuBr EtsN <5
15 CuBr 2,2'-bipyridine <5
16 CuBr 2,2":6',2"-terpyridine <5
17 CuBr urea 0
18 CuBr 1,10-phenanthroline hydrate 0
19 CuBr - 15
200 CuBr pyridine 25
210 CuBr pyridine 90
22K CuBr pyridine 78
230 CuBr pyridine 80
24ml CuBr pyridine 97
250 CuBr pyridine 81
260! CuBr pyridine 80

[a] Reaction conditions: 1a (0.2 mmol), 2a (0.5 mmol), catalyst (0.04 mmol),
TEMPO (0.04 mmol), ligand (2 equiv.), ‘"AmylOH (1 mL) in a sealed tube under
air at 130 °C for 12 h. TEMPO = 2,2,6,6-tetramethylpiperidine-N-oxyl. ‘AmylOH
= 2-methyl-2-butanol. [b] Yield was determined by HPLC using pure 3aa as an
external standard. [c] 80 °C. [d] The yield was accompanied by the product 4 of
Chan-Evans-Lam reaction in 14% yield which was determined by HPLC using
pure 2-phenoxybenzaldehyde as an external standard. [e] Isolated yield. [f] p-
xylene instead of ‘AmylOH. [g] DMF instead of ‘AmylOH. [h] DMSO instead of
tAmyIOH. [i] Without TEMPO. [j] 10 mol% TEMPO. [K] 0.5 equiv. TEMPO. [I] 1
equiv. TEMPO. [m] Using an Oz balloon. [n] Using a N2 balloon. [0] 6 h.

The scope of salicylaldehyde derivatives 1 is shown in Table
2. Substitution of electron-donating (—Me and —OMe) or electron-
withdrawing (—Cl) groups at the 3-position of SA led to a slight
decrease in the reaction outcome (3ba-3da). The lower yield of
3ba might come from the competitive coordination of methoxyl
group to copper that is unfavourable to the formation of
salicylaldehydic cyclocopper species. The presence of a methyl
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or fluorine substituent at 4-position of SA gave good yields (3ea-
3fa), while significant side effect of substituents (—-OMe, —OH) at
the same position of SA was observed (3ga-3ha). These results
further showed that the competitive coordination of methoxyl or
hydroxyl group to copper catalyst was harmful to the formation
of the reactive intermediate, especially the hydroxyl substituent.
5-Methylsalicylaldehyde furnished product 3ia in moderate yield,
while 5-methoxysalicylaldehyde required longer reaction time to
offer 3ja in the comparable yield. Gratifyingly, bromine substi-
tuent at the C5 position was tolerated and the corresponding
product 3ka was obtained in 80% yield, which facilitated the
further functionalization. Nitro group at the 5-position in SA
reacted ineffectively and the trace amount of product 3la was
discovered. In addition, fluorine group at the C6 position offered
3ma in 51% vyield. As expected, the substrates with multiple
substituents on SA could also be converted into corresponding
products 3na-3oa via prolonging the reaction time. 2-Hydroxy-1-
naphthaldehyde was examined, which afforded the arylation
product 3pa in the moderate yield.

Table 2. Scope of arylation of salicylaldehyde derivatives 1.1
o

CHO B(OH),
101 L O
OH OH

2a 3

CuBr, TEMPO, pyridine
fAmylOH, 130 °C

R1

IS o
- W o

Ph Ph Ph

OH OH OH
CH, cl

3ca, 12 h, 94% 3da, 12 h, 88%

He
He
e

OMe
3ba, 12 h, 74%

Ph

2.

HaC OH
3ea, 12 h, 82%

H3C

=

Ph

2.

F OH
3fa, 12 h, 83%

MeO

28
.

Ph

2.

MeO OH
3ga, 24 h, 70%

Br.

(0]
oL
HO OH

3ha, 12 h, 0%

o
O,N
2 \©\)kph
OH

Ph Ph Ph
OH OH OH
3ia, 12 h, 68% 3ja, 36 h, 64% 3ka, 12 h, 80% 3la, 48 h, trace
F o OMe O o} O 0
@\)kPh /dkph < Ph Ph
OH  MeO OH OH O OH

3ma, 12 h, 51%

3na, 36 h, 46%

Q

3o0a, 48 h, 32%

3pa, 24 h, 50%

[a] Reaction conditions: 1 (0.2 mmol), 2a (0.5 mmol), CuBr (0.04 mmol),
TEMPO (0.04 mmol), pyridine (2 equiv.), "AmylOH (1 mL) in a sealed tube
under air at 130 °C with isolated yields.

Next, we investigated a wide range of substituted
phenylboronic acids (Table 3). In the case of o-substituted
phenylboronic acids, these transformations were relatively poor
due to the steric hindrance (3ab-3ag) and the results also
showed that the performance of electron-rich phenylboronic
acids was superior to that of electron-deficient phenylboronic
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acids. Various electron-rich or electron-poor substituents at the
meta or para position of phenylboronic acid were tolerated,
except for the hydroxyl group, thus providing the corresponding
products (3ah-3au). (3,5-Dimethylphenyl) boronic acid gave the
desired product 3av in 88% yield, whereas (2,6-dimethylphenyl)-
boronic acid cannot be converted into the corresponding product
3aw, indicating again that this reaction is extremely sensitive to
the steric hindrance. Meanwhile, the standard conditions were
suitable for the coupling of naphthalene boronic acids with SA,
and naphthalen-2-ylboronic acid performed better than
naphthalen-1-ylboronic ~acid (3ay and 3ax, respectively).
Interestingly, (9-phenyl-9H-carbazol-3-yl)boronic acid serving as
an intermediate of OLED materials!*®], could be used to generate
the desired product 3az in moderate yield.

Table 3. Scope of phenylboronic acids 2.1
o

CHO B(OH),
L -l T CLU=
OH OH

1a 2 3

CuBr, TEMPO, pyridine
{AmylOH, 130 °C

(o}

Rz
OH

R?=2-OCHg, 3ab, 12h,46% R?=3-OCH3, 3ah, 12h,53% R?=4-OCHjs, 3a0, 12 h, 31%

=2-CH;, 3ac,12h,38% =3-CHz, 3ai, 36 h,59% =4-CH3, 3ap, 24 h,54%
=2-OH, 3ad,12h, 0% =3-OH, 3aj, 12h, 0% =4-Ph, 3aq, 12 h, 49%
=2-CF;, 3ae,12h,0% =3-CF; 3ak, 24h,51% =4-NO,, 3ar, 12h,21%
=2-F, 3af, 12 h, trace =3-COMe, 3al, 24 h, 25% =4-COMe, 3as, 12 h, 33%
=2-Cl, 3ag, 12 h, 0% =3-F, 3am, 24 h, 72% =4-F, 3at, 12 h, 74%
= 3-Br, 3an, 24 h, 45% =4, 3au, 48 h, 43%
Me OH O Me o) ‘
L OO0 CLO
OH
3av, 12 h, 88% 3aw, 12 h, 0% 3ax, 12 h, trace

0
CLICL
Ph

3ay, 12 h, 38% 3az, 12 h, 50%

[a] Reaction conditions: 1a (0.2 mmol), 2 (0.5 mmol), CuBr (0.04 mmol),
TEMPO (0.04 mmol), pyridine (2 equiv.), "AmylOH (1 mL) in a sealed tube
under air at 130 °C with isolated yields.

To gain insight into the mechanism, we performed a
series of control experiments (Schemes 2-3). When we
subjected benzaldehyde (1q), 2-methoxybenzaldehyde (1r)
and 4-hydroxybenzaldehyde (1s) respectively to the
standard conditions, the corresponding products were not
observed (Scheme 2, Eq 1-3); thus 2-hydroxy group in the
substrate was vital in triggering the formation of
salicylaldehydic organocopper species followed by the
arylation reaction. In addition, when strong base NaOH was
added into the reaction system, medium reactivity was
observed (Scheme 2, Eq 4). These results showed that
salicylaldehydic organocopper species might involve
phenoxy anionic coordination. Furthermore, kinetic isotope
effect (KIE) experiments were conducted (Scheme 3). la
was treated with DO, but no deuterium incorporation was
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detected (Scheme 3, Eq 1), which suggested that the C-H
activation step was irreversible. Moreover, la and
deuterium-labelled aldehyde l1a-D: were subjected to the
standard reaction conditions, respectively (Scheme 3, Eq
2). The KIE (ku/kp = 1.23) was measured in parallel single-
component experiments,*¥ which indicated that aldehyde
C-H bond cleavage step might not be the turnover-limiting

step in the copper-catalyzed cycle.
0
0 @[CHO . ©/B(OH)2/§E37[]{1?[€1 7(;707n’c1iEif)ﬁl’]isi1> @APh
H 12h

1q 2a not detected
o
CHO B(OH), "
@ @[ + @ __standard conditions _ Ph
OCHs 12h OCH,
1r 2a not detected

o
CcHO B(OH), -
) /©/ . @ __standard conditions _ Ph
HO 12h HO

1s 2a not detected
0]
@[CHO . ©/B(OH)2 standard conditions @ph
@ OH 1 equiv. NaOH, 12 h OH
1a 2a 3aa: Yield: 64%

[a] Yield was determined by HPLC using pure 3aa as an external standard.

Scheme 2. Role of 2-hydroxy group in the substrate.

(1) H/D exchange experiment

(e} (0}
standard conditions

@H &H/D*O% D ("H NMR)
OH OH

with 10 eq. D,0, 6 h

1a (0.2 mmol) 1a-D,
(2) Parallel single-component experiments
o o
©\)LH 2a (0.5 mmol) @Ph
OH standard conditions OH
1a (0.2 mmol)

[0}

3aa
(0}
D 2a (0.5 mmol) Ph
OH standard conditions ol

1a-D4 (0.2 mmol) kulkp = 1.23 3aa
90% D

Scheme 3. Kinetic isotope effect studies.

Plausible mechanism for this copper-catalyzed C-H
arylation is proposed in Scheme 4. This reaction is initiated
by a one-electron oxidation of [Cu(l)X] by TEMPO to form
the active Cu(ll)-species (step i)?%, which then reacts with
la to afford a five-membered coppercycle A involving
Crormy—H bond activation assisted by phenoxy anionic group
(step ii). Subsequently, the resulting intermediate A is
oxidized by [Cu(ll)] species to yield a Cu(lll) intermediate B
(step iii) followed by transmetalation with 2a to generate an
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intermediate C (step iv). Finally, reductive elimination from
the intermediate C gives 3aa and regenerates [Cu(l)X]
species to complete the catalytic cycle (step v)[6d. 211,

P oL
n
/CUI\II/ 3aa
XB(OH), g P/
iv C v
2a [Cu'X]
o
I i |/~ TEMPO
cu" OD
o X TEMPOH
B
[Cu'"X,]
(@] ..
cu''L 1a
[Cu"X,] ~Uhn
0
A

Scheme 4. Proposed reaction mechanism.

We further explored synthetic application of our
approach (Scheme 5). Natural estrone derivative 1t was
subjected to the standard conditions extending reaction
time to 24 h to afford the desired product 5 in 41% isolated
yield.

24 h

Scheme 5. Synthetic application of our approach.

In conclusion, we have developed a copper-catalyzed direct
Ciomy—H arylation of salicylaldehydes with arylboronic acids.
This approach has excellent chemoselectivity for the Ciomy—H
activation of salicylaldehydes compared to the classic Chan-
Evans-Lam reaction. Furthermore, in contrast to precious metal
catalysts such as palladium and rhodium, economical and
environmentally benign copper catalyst performs comparative
miracles.
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{o Good chemoselectivity ] up to 94% isolated yield

A challenging copper-catalyzed Criomy—H arylation of salicylaldehydes with arylboronic acids is developed, which involves unique
salicylaldehydic copper-species differing from reported salicylaldehydic rhodacycle and palladacycle, as well as high chemoselectivity
for the Ciomyi—H bond compared to the phenolic O—H bond based on copper catalysis.
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