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Enantioselective alkylative cross-coupling of
unactivated aromatic C-O electrophiles

Zishuo Zhang'4, Jintong Zhang*, Quan Gao'#, Yu Zhou?, Mingyu Yang3, Haiqun Cao!, Tingting Sun',
Gen Luo® 2™ & Zhi-Chao Cao® ™

Nonpolar alkyl moieties, especially methyl group, are frequently used to modify bioactive
molecules during lead optimization in medicinal chemistry. Thus transition-metal catalyzed
alkylative cross-coupling reactions by using readily available and environmentally benign C-O
electrophiles have been established as powerful tools to install alkyl groups, however, the
C(sp3)-C(sp?) cross-coupling via asymmetric activation of aromatic C-O bond for the
synthesis of alkylated chiral compounds remains elusive. Here, we unlock a C(sp3)-C(sp?)
cross-coupling via enantioselective activation of aromatic C-O bond for the efficient synth-
esis of versatile axially chiral 2-alkyl-2'-hydroxyl-biaryl compounds. By employing a unique
chiral N-heterocyclic carbene ligand, this transformation is accomplished via nickel catalysis
with good enantiocontrol. Mechanistic studies indicate that bis-ligated nickel complexes
might be formed as catalytically active species in the enantioselective alkylative cross-
coupling. Moreover, further derivation experiments suggest this developed methodology
holds great promise for complex molecule synthesis and asymmetric catalysis.
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ARTICLE

ncorporation of nonpolar alkyl moieties, especially methyl

group, have been established as a powerful tool to modify

bioactive molecules during lead optimization in medicinal
chemistry!2. For example, the methylated biphenyl amides
(BPAs) exhibits a 200-fold increase of binding affinity (K;) of
p38a MAP kinase than the original BAPs (Fig. 1a)’. Thus
developing strategies for the efficient and direct incorporation of
nonpolar alkyl groups represents an attractive goal in organic
synthesis. Trigged by the easy availability and natural abundance
of oxygen-based compounds, transition-metal catalyzed
C(sp®)-C(sp?) cross-coupling reactions via aromatic C-O bond
activation received many attentions during the past decades, and
have been developed as a powerful tool for the installation of alkyl
groups (Fig. 1b)4-19, For example, pioneered by Wenkert’s work
in 198411, a wide range of efficient protocols for alkylative clea-
vage of aromatic C-O bond has been established!2-17. Rueping
and co-workers also reported an efficient dealkoxylative
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alkylation of aryl ethers by employing a lithium bifunctional
nucleophile!®, Moreover, the groups of Chatani, Tobisu, and
Rueping disclosed more general C(sp3)-C(sp?) cross-couplings
via C-O bond activation!9-22. Very recently, Shi and co-workers
demonstrated the nickel-catalyzed methylative cross-coupling by
using arenols as the starting material directly?®. Despite these
advances, no examples on C(sp3)-C(sp%) cross-coupling via
asymmetric aromatic C-O bond activation have been reported.
On the other hand, axially chiral biaryl scaffolds, including the
axially chiral compounds of type A (2-alkyl-2'-hydroxyl-biaryls),
are found widespread in natural products?4-26, and most of them
have been identified as bioactive molecules2’-30, Of particular note,
in asymmetric synthesis, a myriad of privileged ligands and cata-
lysts can be easily derived from axially chiral 2-methyl-2'-hydroxyl-
biaryl structure motif (Fig. 1c)31-38. Although a huge amount of
efforts has been directed toward the efficient synthesis of axially
chiral biaryls, and various strategies were established3-43, the
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Fig. 1 Enantioselective C(sp3)-C(sp?) cross-coupling of unactivated aromatic C-O bond. a The effect of nonpolar methyl group in medicinal chemistry.
b Incorporation of alkyl groups via unactivated aromatic C-O bond activation. € Natural products and chiral catalysts derived from chiral compounds of type
A. d Typical synthetic route for the preparation of chiral compounds of type A. e Enantioselective arylative cleavage of aromatic C-O bond (our previous
work). f This work: the alkylative cross-coupling via enantioselective activation of aromatic C-O bond. BINOL 1,1-bi-2-naphthol, PG protective group, LG

leaving group, FG functional group, MTBE methyl tertbutyl ether.

2 | (2022)13:2953 | https://doi.org/10.1038/s41467-022-30693-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

synthesis of axially chiral scaffolds of type A remains a challenge,
likely due to the incapacity of nonpolar alkyl groups as a directing
group and the poor compatibility with free ortho-hydroxyl func-
tional group (OH) in these methodologies. Conventionally, the
preparation of axially chiral compounds of type A was realized via
multiple steps, including protection of hydroxyl group, leaving
group assembly, transition-metal catalyzed cross-coupling, and
deprotection, by using enantioenriched 1,1’-bi-2-naphthol
(BINOL) derivatives as the starting materials, thus the practical
applications of this axially chiral biaryl scaffold in asymmetric
synthesis and drug discovery were limited due to the poor step- and
atom-economy (Fig. 1d)44-46,

Recently, transition-metal catalyzed enantioselective ring-
opening cross-coupling reaction is emerging as a promising
strategy for the synthesis of axially chiral biaryl skeletons that
possessing native functional groups*’-°°. By employing this
strategy, we wondered whether an enantioselective C(sp>)-C(sp?)
cross-coupling reaction could be disclosed via transition-metal
catalyzed asymmetric aromatic C-O bond cleavage of diarylfuran
derivatives. Such an enantioselective catalytic protocol will pos-
sess huge synthetic potentials to access more diverse functiona-
lized axially chiral 2-alkyl-2’-hydroxyl-biaryl scaffolds, thereby
providing a highly desirable solution to address the aforemen-
tioned challenges in asymmetric catalysis. However, enantiose-
lective ring-opening reactions involving C(sp?)-C(sp?) bond
formation have been rarely reported at current stage, likely as a
result of the high barrier of reductive elimination from transition-
metal complexes®”—>°. For example, to date, only Hayashi and co-
workers have reported an enantioselective methylative ring-
opening cross-coupling by using dinaphthylthiophene as the
starting material, and only 68% ee was observed®!. Moreover, in
our previously reported enantioselective arylative cross-coupling,
methyl Grignard reagent was demonstrated as unsuitable
nucleophile, and no desired product was delivered, further sug-
gested the challenges in the designed enantioselective
C(sp®)-C(sp?) cross-coupling of unactivated aromatic C-O
electrophiles (Fig. 1e)>*.

In this work, by employing a unique chiral N-heterocyclic
carbene (NHC) ligand, we overcome the challenges and unlock
the C(sp®)-C(sp?) cross-coupling protocol via enantioselective
aromatic C-O bond activation (Fig. 1f). Experimental and com-
putational studies of mechanism are conducted and suggest that
bis-ligated nickel complexes might serve as the catalytically active
species for this enantioselective alkylative cross-coupling of aro-
matic C-O bond. By using the developed catalytic system, ver-
satile axially chiral 2-alkyl-2’-hydroxyl-biaryl skeletons are
delivered in high yields and with high enantioselectivity (up to
99% yield and 99.5% ee), and further derivations are conducted
for the synthesis of various axially chiral biaryl skeletons.

Results and discussion

Reaction development and optimization. We began our investi-
gation by choosing the cross-coupling of dinaphthylfuran 1a with
methyl magnesium bromide 2a as the model system for reaction
conditions optimization due to the magic methyl effect in drug
discovery (Table 1)!. After examination of various reaction
parameters, we were delighted to find that a combination of
Ni(cod), (10 mol%) and chiral NHC ligand L1 (20 mol%) could
facilitate the desired enantioselective cross-coupling efficiently in
toluene (0.1 M) at 60 °C for 24 h, and the desired axially chiral
biaryl arenol 3a could be obtained in 97% isolated yield and with
98% ee (entry 1). The control experiments revealed the pivotal
roles of catalyst and ligand in this transformation (entries 2-3).
For example, no desire product was observed in the absence of
nickel catalyst. On the basis of these results, other nickel

precatalysts, such as air-stable NiBr,(dme) and NiBr,, were used
as alternatives in the designed enantioselective cross-coupling
reaction (entries 4-5). While comparable results could be
observed when NiBr,(dme) was used, the compound 3a was
obtained in 18% NMR yield and 78% ee when NiBr, (10 mol%)
was used as the catalyst, maybe as a result of the poor solubility in
toluene.

Next, we evaluated other reaction dimensions using Ni(cod),
as the precatalyst. As ligand plays a pivotal role in the nickel-
catalyzed enantioselective cross-coupling, the effect of ligands was
carefully investigated, and the results demonstrated the unique
role of ligand L1 to impact the enantiocontrol in the designed
enantioselective cross-coupling (entry 6). In stark contrast, ligand
L2, which proved to be the optimal ligand in our previous work
failed to facilitate the enantioselective C(sp3)-C(sp?) cross-cou-
pling, and only trace amount of 3a were observed. The perfor-
mances of other chiral NHC ligands (L3-L8) were also evaluated,
but no improved results were obtained. For example, using
ligands L3-L7, produced compound 3a in nearly quantitative
yields, but poor enantioselectivities were observed. Solvent
screening indicated that toluene was superior to polar solvents
(entries 7-10). For example, the cross-coupling led to low yields
(<10%) when DCM and dioxane were used as the solvent. The
enantioselective alkylative cross-coupling was also conducted at
different temperatures (entries 11-12), and comparable results
could be obtained. While a slightly diminished yield and enan-
tioselectivity were obtained when 12 mol% chiral NHC ligand L1
or a half of the standard catalyst loading was used (entries 13-14),
only trace amount of product 3a was observed when 1mol%
nickel catalyst was used (entry 15). Interestingly, methyl mag-
nesium iodide provided compound 3a in low yield but with good
ee, whereas methyl magnesium chloride afforded compound 3a in
high yield with modest ee (entries 16-17), these results clearly
indicated the pivotal ionic effect in this enantioselective cross-
coupling.

Evaluation of substrate scope. Having developed suitable
reaction conditions for the enantioselective alkylative cross-cou-
pling, we next embarked to examine the substrate scope of the
nickel-catalyzed enantioselective C(sp3)-C(sp?) cross-coupling
via aromatic C-O bond activation. As illustrated in Fig. 2, the
C-O electrophiles bearing alkyl groups at 6- and 6'-postions were
identified as suitable substrates, and consistently high yields and
ee were observed (3a-3e). However, in the case of an electrophile
bearing secondary alkyl group, such as cyclo-hexyl group, the
targeted product 3f was obtained in moderate yield and with
moderate ee. The chiral arenols (3g-3h) could be furnished axi-
ally with satisfied results when alkenyl and phenyl groups were
introduced into substrates. To our delight, a variety of functional
groups, including amine (3i), ether (3j), and trifluoromethyl
group (3k), were compatible with this enantioselective
C(sp®)-C(sp?) cross-coupling protocol. With regard to the posi-
tion effect of substituents in C-O electrophiles, the substrates
bearing substituents at 7- and 7’-postions were prepared and
examined, and the desired products 31 and 3m were forged in
high yields and with high ee. Additionally, the substrate bearing
substituents at 4- and 4’-postion was also subjected to the cata-
lytic system, the axially chiral arenol 3n was obtained in 81% yield
and with 94% ee.

Turning to the nucleophile scope (Fig. 2), we found that the
enantioselective cross-coupling of C-O electrophile la with
arylmethyl Grignard reagents could proceed smoothly and
delivered the corresponding products (30-3aa) efficiently. For
example, the nucleophiles that possess alkyl substituents at dif-
ferent positions could deliver the corresponding products in high
yields with high ee (30-3r). The substituents in Grignard reagents
can vary in size from methyl group to iso-propyl group and tert-
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Table 1 Effect of reaction parameters.

oy

Ni(cod), (10 mol%)

L1 (20 mol%)

O + Me—MgBr
PhMe, 60 °C, 24 h Me
CO “standard conditions” OO
1a 2a 3a
Entry Variation from standard conditions Yield (%) ee (%)
1 none 96(97) 98
2 no Ni(cod), 0 n.d.
3 no L1 <5 n.d.
4 NiBro(dme) instead of Ni(cod), 97 97
5 NiBr, instead of Ni(cod), 18 78
6 L2-L8 instead of L1 listed as below
7 THF instead of PhMe 68 91
8 DCM instead of PhMe <5 n.d.
9 1,4-dioxane instead of PhMe 9 58
10 DME instead of PhMe 56 72
n 45 °C instead of 60 °C 95 98
12 80 °C instead of 60 °C 96 95
13 Ni(cod), (10 mol%), L1 (12 mol%) 96 94
14 Ni(cod), (5 mol%), L1 (10 mol%) 95 94
15 Ni(cod), (1mol%), L1 (2 mol%) <5 n.d.
16 Me-Mgl instead of Me-MgBr 25 94
17 Me-MgCl instead of Me-MgBr 95 70
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analysis.

The reactions were carried out by C-O electrophile 1a (0.1 mmol), methyl Grignard reagent (3.0 equiv.), Ni(cod), (10 mol%), chiral ligand (20 mol%) in solvent (0.1 M) at indicated temperature for 24 h;
TH-NMR yields were reported by using CH,Br, as internal standard, isolated yield in parentheses was reported; ee were determined by using chiral high-performance liquid chromatography (HPLC)

ee enantiomeric excess, L ligand, Me methyl, cod 1,5-cyclooctadiene, PhMe toluene, DME 1,2-dimethoxyethane, DCM dichloromethane, THF tetrahydrofuran, Et ethyl, BF4 tetrafluoroborate.

butyl group, and consistently good yields and ee were observed
(3s and 3t). The tolerance of sp? C-O bond was also examined
and the corresponding products 3u and 3v could be furnished in
good yields and with good ee, thus providing an opportunity to
construct more complex molecules through downstream
manipulations®®. Whereas, lower yield and enantioselectivity
were observed when methoxy group was presented at the para-
position, likely due to the electronic effect. Moreover,
1-naphthylmethyl Grignard reagent proved to be a suitable cou-
pling partner under standard conditions (3w). Multisubstituted
nucleophiles were also successfully used in the enantioselective
cross-coupling, and offered a promising entry to achieve axially
chiral arenols with a large steric hindrance.

Beside arylmethyl Grignard reagents, the enantioselective
cross-coupling of substrate 1a with fert-butyl methyl Grignard
reagent was conducted and delivered axially chiral compound 3ab

in 95% yield and with 99% ee. Futhermore, we also investigated
the reactivity of alkyl Griganrd reagents bearing 3-H under the
standard conditions. For example, the alkyl Grignard reagent,
such as ethyl magnesium bromide and cyclo-hexyl magnesium
bromide, were examined under the standard conditions. The
sequential analysis of reaction mixtures revealed that no alkylative
cross-coupling products were observed. However, due to the
agostic interaction between the nickel cenetr and B-HO!, the
formal reduction compound 3ac via competitive -H eliminna-
tion were observed?%62. Moreover, phenyl Grignard reagent was
examinded under standard reaction conditions, the desired pro-
duct 3ad was isolated in 88% yield, while only 20% ee was
observed.

Mechanistic investigation. During the enantioselective alkyla-
tive activation of aromatic C-O bond, ligand L1 was found as a
powerful ligand to furnish the target products in high yields and
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Fig. 2 Substrate scope of the enantioselective alkylative cross-coupling of unactivated C-O bond. Unless otherwise stated, the reactions were carried
out by using C-O electrophiles (0.2 mmol), R’-MgBr (3.0 equiv.), Ni(cod), (10 mol%), L1 (20 mol%) in PhMe (0.1 M) at 60 °C for 24 h; @The reaction was
conducted at 80 °C; PR’-MgCl (3.0 equiv.) were used and reactions were conducted at 60 °C for 36 h; cEthyl magnesium bromide (Et-MgBr) (3.0 equiv.)
was used; 9Cyclo-hexyl magnesium bromide (C¢Hq1-MgBr) (3.0 equiv.) was used; ®Phenylmagnesium chloride (Ph-MgCl) (3.0 equiv.) was used.

with high ee. To elucidate the role of ligand L1 in this enantio-
selective alkylative cross-coupling, we set out to explore the
reaction mechanism. Given the dramatic influence of ligation
state of nickel in transition-metal catalyzed aromatic C-O
activation®3-66, control experiments were conducted to identify

nickel’s ligation state in the enantioselective alkylative cross-
coupling of aromatic C-O electrophiles. By using 5mol%
Ni(cod), as the nickel source, the enantioselective methylative
activation of substrate la were performed in the presence of
different amount of chiral ligand L1, and found that only 76%
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a. The effect of ligand loading in Ni(cod),/L1 catalyzed enantioselective methylation of aromatic C-O bond
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Fig. 3 Mechanistic investigation. a The effect of ligand loading in Ni(cod),/L1 catalyzed enantioselective methylation of aromatic C-O bond; b Potential
energy profile (PES) of the Ni(cod),/L1 catalyzed enantioselective methylative cross-coupling. Black: PES of the Ni(L1), catalyzed enantioselective
methylative cross-coupling; Blue: PES of the Ni(L1) catalyzed enantioselective methylative cross-coupling.

conversion and 77% ee were observed when 6 mol% of ligand L1
was used as the ligand, in contrast, 99% conversion and 99% ee
could be obtained by using 20 mol% ligand L1 (Fig. 3a), thus
suggesting that bis-ligated nickel complex might serve as the
catalytically active species in the nickel-catalyzed enantioselective
alkylative cross-coupling. In contrast, mono-ligated nickel com-
plex were proposed as the catalytically active species in our pre-
viously reported enantioselective arylative activation of aromatic
C-0 bond (see Supplementary Table 3)>467,

Furthermore, conputational studies of nickel-catalyzed enan-
tioselective methylation of substrate la were performed to
understand the detailed mechanism (Fig. 3b and Supplementary
Data 1). Our calculation results revealed that the bis-ligated nickel
complex Ni(L1), is significantly more stable than the mono-L1-
ligated species Ni(L1)(cod) and Ni(L1) by 15.5 and 41.4 kcal/mol,
respectively. Alternativelly, the mono-L1-ligated species INT

could be formed via ligand substitution between substrate 1a and
complex Ni(L1), and this process was obviously endergonic by
18.2 kcal/mol. Although Ni(L1),(cod) is slightly more stable than
Ni(L1), by 3.0 kcal/mol, the cod ligand is not essential for the
enantioselective cross-coupling due to high yield and high
enantioselectivity could be obtained by using NiBr,(dme) as the
nickel source (Table 1, entry 4). Therefore, computaional studies
on mechanism through bis-ligated pathway were initially con-
ducted. From the nickel complex Ni(L1),, an oxidative addition
of C-O bond to Ni(L1), could take place via TS1 with an energy
barrier of 28.3 kcal/mol and generated a six-membered metallo-
cycle A. Futher coordination of oxygen to magnesium is exer-
gonic by 20.2kcal/mol as compared to the intermediate A.
Thereafter, transmetalation easily occurs via TS2 with an energy
barrier of 6.1kcal/mol, leading to the intermediate C. The
C(sp?)-C(sp?) reductive elimination via TS3 eventually affords
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a. Gram-scale synthesis

Me-MgBr (3.0 equiv.)

Ni(cod), (10 mol%)
L1 (20 mol%)
PhMe, 60 °C, 24 h

3a (2.06 g)
97% yield, 96% ee

b. Derivations based on the sp? C-H bond modification
CIoX
OH
OO )
X
OH
o

30

MOMCI, ‘ProNEt
—_—

DCM, r.t.

DMCC, Cs,COg3
DMAP
—_—T
acetone, r.t., 10 h

c. Derivations based on benzylic sp® C—H bond modification

(2
99

3a

1) Mel, K,CO3
acetone, reflux

2) AIBN, NBS
DCE, r.t to reflux

79% yield, 95% ee

d. Derivations based on aromatic C—-OH bond modification

o

Cs
A
SO

99% yield, 98% ee

99

MgCl l [
(3.0 equiv.)
Ni(cod), (10 mol%) O‘ O

L1 (20 mol%)
3z (2.97 g)

PhMe, 60 °C, 36 h
99% yield, 99% ee

l I CHO
: : OMOM
49% yleld 96% ee
_—

COgEt
OO A
Cu(OAd);
DME, 110 °C,
14h

72% yleld 98% ee

ref. 13 OO OH
U L

7 chiral bifunctional
sulfide catalysts

1) BuLi, THF, -78 °C, 3h

2) DMF, -78°Ctort, 12h

ethyl acrylate
[Cp*RhClo]o
AgSbFg

O % o (2
Tf,0, DMAP OTf NiBro(dppe) Ph
pyrldlne DCM Et,0
80°C,12h

3z

81% yleld 96% ee

9
37% yield, 98% ee

Fig. 4 Gram-scale synthesis and derivation experiments. a Gram scale synthesis. b Derivations based on the sp? C-H bond modification. € Derivations based on
benzylic sp3 C-H bond modification. d Derivations based on aromatic C-OH bond modification. MOMCI chloromethyl methyl ether, DMF dimethylformamide, DMCC
dimethylcarbamyl chloride, DMAP 4-dimethylaminopyridine, AIBN azobisisobutyronitrile, NBS N-bromosuccinimide, dppe 1,2-bis(diphenylphosphino)ethane.

the product 3a-MgBr and regenerates the bis-ligated nickel spe-
cies Ni(L1), for the next catalytic cycle. Notably, the stereoisomer
transition state TS1”” was calculated to have a higher free energy
than TS1 by 3.1 kcal/mol, which is in accordance with the ste-
reochemical outcome of the enantioselective alkylative cross-
coupling. For comparison, DFT calculations on the catalytic cycle
via mono-ligated pathway were also carried out. The results
showed that the oxidative addition of C-O bond to Ni(L1)(cod)
via TS1 undergoes very high energy barrier (AG* = 54.1 kcal/
mol) and thus the cod-free pathway was considered for mono-
ligated process. As shown in Fig. 3b (blue line), the mono-ligated
pathway undergoes similar steps as in the case of bis-ligated one.
However, the whole potential energy surface for mono-ligated
pathway is located above that of the bis-ligated one, which is in
line with our control experiments that high loading of ligand L1
was required for good catalytic performance and further indicates

that the enantioselective alkylative cross-coupling was facilitated
via a bis-ligated pathway. In the case of ligand L2, a similar bis-
ligated pathway was located (see Supplementary Fig. 22), and
found that the initial oxidative addition of C-O bond to Ni(L2),
complex needs to overcome a high energy barrier of 38.5 kcal/mol
due to the steric hindrance, which probably accounts for the poor
performance of nickel-catalyzed enantioselective methylation of
aromatic C—O bond by using ligand L2.

Gram-scale synthesis and derivation experiments. The enan-
tioselective C(sp®)-C(sp2) cross-coupling protocol could be easily
scaled up to gram-scale without a detrimental effect (Fig. 4a). For
example, 2.06-gram of compound 3a could be obtained in 97%
yield with 96% ee. Moreover, the axially chiral arenol 3z, which
holds large steric hindrance, could be prepared on 2.97-gram
scale with 99% ee. To demonstrate the application potential of
this enantioselective cross-coupling, several enantioretentive
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+  DsC—Mgl

Ni(cod), (10 mol%)

e
=

1
L1 (20 mol%) AL
OH
MgBr (5.0 equiv.) - z CD3
PhMe (0.1 M) R—
80°C,24h N

l CD3

3ae 3af
55% yield, 89% ee

OH OH

49% yield, 85% ee

LI,

CeH1g

CD3 CeH13 CDs
e O O

3ag
55% yield, 96% ee

Fig. 5 Rational expansion for the synthesis of deuterated axially chiral compounds of type A. The reactions were carried out by using C-O electrophiles
(1.0 equiv.), CD3-Mgl (4.0 equiv.), Ni(cod), (10 mol%), L1 (20 mol%), MgBr, (5.0 equiv.) in PhMe (0.1 M) at 80 °C for 24 h. Isolated yields were reported,

ee was determined by using chiral HPLC.

transformations were conducted based on the three modifiable
sites (Fig. 4b). For example, by using the sp? C-H modifiable site,
the aldehyde 4, which presents as a precursor to prepare salen
and salan type ligands, could be furnished in 49% yield without
any erosion of enantioselectivity via an intermediate of methox-
ymethyl masked 3a. Moreover, compound 30 was treated with
dimethyl carbamoyl chloride (DMCC) and the generated phenol
carbamate 5 was submitted into a rhodium-catalyzed olefinative
C(sp?)-H activation®, and afforded axially chiral compound 6 in
72% yield and with 98% ee.

With N-bromosuccinimide (NBS) as the bromination reagent,
azobisisobutyronitrile (AIBN) mediated bromination of benzylic
C-H position could occur selectively, and delivered the corre-
sponding axially chiral benzylic bromide 7 in 79% yield and with
comparable enantioselectivity (Fig. 4c). The benzylic bromide has
been viewed as a versatile handle for further transformations,
such as the preparation of chiral aminophenol catalysts and
bifunctional sulfide catalysts3!-32.

On the basis of C-OH modifiable site, triflation experiment of
3z with trifluoromethanesulfonic anhydride (Tf,0) was per-
formed and gave 8 in 81% yield with 96% ee. Further derivations
based on OTf group were conducted. For example, arylative
cross-coupling of compound 8 with phenyl Grignard reagent gave
compound 9 in 37% yield and with 98% ee (Fig. 4d). Of particular
note, starting from axially chiral arenols, atropisomeric aniline
could be directly furnished using 2-bromopropanamide as the
amination reagent according to Guo’s method®®, further trans-
formation of the atropisomeric aniline could offer axially chiral
biaryl iodide*%. These derivations and many others clearly certi-
fied that the developed enantioselective cross-coupling via aro-
matic C-O bond cleavage can serve as a useful platform to access
diverse axially chiral skeletons.

Rational expansion. Inspired by the increasing interest of deut-
erated “magic methyl” group in pharmaceutical development’?,
CD;-Mgl was prepared by using easily available deuterated iodo-
methane and was subjected into the enantioselective catalytic cross-
coupling of electrophile 1a, however, only 21% conversion was
observed under standard reaction conditions. We envisioned that
the addition of MgBr, might improve the efficiency of this trans-
formation by generating CD;-MgBr in-situ and facilitate the clea-
vage of aromatic C-O bond as an Lewis acid?3. Thus, a modified
reaction conditions by adding MgBr, (5.0 equiv.) and raising the
reaction temperature to 80 °C was established, and facilitated the
construction of compound 3ae in 55% yield with 89% ee (Fig. 5).
Other electrophiles were also examined and the corresponding
products were observed with satisfied results (3af and 3ag).

In summary, we have developed an efficient C(sp?)-C(sp?)
cross-coupling protocol via enantioselective cleavage of unac-
tivated aromatic C-O bond. By wusing a unique chiral
N-heterocyclic carbene (NHC) ligand, this cross-coupling is
facilitated efficiently via nickel catalysis with good enantiocontrol
(up to 99% yield and 99.5% ee). The mechanistic investigation
suggests that bis-ligated nickel complex might be served as cat-
alytically active species in this transformation. Moreover, CD3
group could also be successfully introduced into the targeted
molecules under a simply modified reaction conditions. This
chemistry features easy availability of starting materials and
simple conditions. Of particular note, further derivations of
products based on sp? C-H, sp> C-H, and C-OH modifiable sites
demonstrate the huge application potential of the developed
methodology as a useful platform to achieve diverse axially chiral
molecules, thus its widespread application in complex molecule
synthesis and asymmetric catalysis could be anticipated.

Methods

Representative procedure for the synthesis of axially chiral compound 3a. In a
nitrogen-filled glovebox, Ni(cod), (5.6 mg, 10 mol%), L1 (8.3 mg, 20 mol%) were
added to an oven-dried 15 mL sealed-tube which was charged with a stir bar. Next,
the Grignard reagent 2a in 2-Me-THF (3.0 M, 0.2 mL, 3.0 equiv.) was added via
syringe. The vial was capped and the mixture was stirred at room temperature for
10 min, at which time it was a brown homogeneous solution. The solvent 2-Me-
THEF was removed under vacuum. Then, the C-O electrophile 1a (53.7 mg,

0.2 mmol) and anhydrous toluene (0.1 M) was added to the vial, and the cap was
sealed. The mixture was stirred at 60 °C for 24 h. The reaction mixture was
quenched with aqueous HCl (1.0 M), and washed with EtOAc (3.0 mL * 2). The
organic layers were combined, the mixture was concentrated, and the residue was
purified by flash chromatography on silica gel. The reaction afforded compound 3a
with 97% isolated yield as a white solid. All new compounds were fully char-
acterized (See Supplementary Method).

Data availability

The data that support the findings of this study are available within the article and its
Supplementary Information files. Correspondence and requests for materials should be
addressed to G.L. (luogen@ahu.edu.cn) and Z.C.C. (zc_cao@ahau.edu.cn).

Received: 15 December 2021; Accepted: 11 May 2022;
Published online: 26 May 2022

References

1. Schénherr, H. & Cernak, T. Profound methyl effects in drug discovery and a
call for new C-H methylation reactions. Angew. Chem. Int. Ed. 52,
12256-12267 (2013).

8 | (2022)13:2953 | https://doi.org/10.1038/s41467-022-30693-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

El-Haj, B. M. & Ahmed, S. B. M. Metabolic-hydroxy and carboxy
functionalization of alkyl moieties in drug molecules: prediction of structure
influence and pharmacologic activity. Molecules 25, 1937 (2020).

Angell, R. et al. Biphenyl amide p38 kinase inhibitors 3: improvement of
cellular and in vivo activity. Biorg. Med. Chem. Lett. 18, 4428-4432 (2008).
Su, B, Cao, Z.-C. & Shi, Z.-]. Exploration of earth-abundant transition metals
(Fe, Co, and Ni) as Catalysts in Unreactive Chemical Bond Activations. Acc.
Chem. Res. 48, 886-896 (2015).

Shi, Z.-]. Homogeneous catalysis for unreactive bond activation. (John Wiley &
Sons, 2014).

Tobisu, M. & Chatani, N. Cross-couplings using aryl ethers via C-O bond
activation enabled by nickel catalysts. Acc. Chem. Res. 48, 1717-1726 (2015).
Cornella, J., Zarate, C. & Martin, R. Metal-catalyzed activation of ethers via
C-0 bond cleavage: a new strategy for molecular diversity. Chem. Soc. Rev. 43,
8081-8097 (2014).

Boit, T. B., Bulger, A. S., Dander, J. E. & Garg, N. K. Activation of C-O and
C-N bonds using non-precious-metal catalysis. ACS Catal. 10, 12109-12126
(2020).

Yu, D.-G., Li, B.-J. & Shi, Z.-J. Exploration of new C—O electrophiles in cross-
coupling reactions. Acc. Chem. Res. 43, 1486-1495 (2010).

Tasker, S. Z., Standley, E. A. & Jamison, T. F. Recent advances in
homogeneous nickel catalysis. Nature 509, 299-309 (2014).

Wenkert, E., Michelotti, E. L., Swindell, C. S. & Tingoli, M. Transformation of
carbon-oxygen into carbon-carbon bonds mediated by low-valent nickel
species. J. Org. Chem. 49, 4894-4899 (1984).

Guan, B.-T. et al. Methylation of arenesviaNi-catalyzed aryl C-O/F activation.
Chem. Commun. 12, 1437-1439 (2008).

Morioka, T., Nishizawa, A., Nakamura, K., Tobisu, M. & Chatani, N. Nickel-
catalyzed cross-coupling of anisole derivatives with trimethylaluminum
through the cleavage of carbon-oxygen bonds. Chem. Lett. 44, 1729-1731
(2015).

Tobisu, M., Takahira, T. & Chatani, N. Nickel-catalyzed cross-coupling of
anisoles with alkyl grignard reagents via C-O bond cleavage. Org. Lett. 17,
4352-4355 (2015).

Kakiuchi, F., Usui, M., Ueno, S., Chatani, N. & Murai, S. Ruthenium-catalyzed
functionalization of aryl carbon—oxygen bonds in aromatic ethers with
organoboron compounds. J. Am. Chem. Soc. 126, 2706-2707 (2004).
Silberstein, A. L., Ramgren, S. D. & Garg, N. K. Iron-catalyzed alkylations of
aryl sulfamates and carbamates. Org. Lett. 14, 3796-3799 (2012).

Sengupta, S., Leite, M., Raslan, D. S., Quesnelle, C. & Snieckus, V. Nickel(0)-
catalyzed cross coupling of aryl O-carbamates and aryl triflates with Grignard
reagents. Directed ortho metalation-aligned synthetic methods for
polysubstituted aromatics via a 1,2-dipole equivalent. J. Org. Chem. 57,
4066-4068 (1992).

Leiendecker, M., Hsiao, C. C., Guo, L., Alandini, N. & Rueping, M. Metal-
catalyzed dealkoxylative C(aryl)-C(sp3) cross-coupling-replacement of
aromatic methoxy groups of aryl ethers by employing a functionalized
nucleophile. Angew. Chem. Int. Ed. 53, 12912-12915 (2014).

Tobisu, M., Takahira, T., Morioka, T. & Chatani, N. Nickel-catalyzed
alkylative cross-coupling of anisoles with grignard reagents via C-O bond
activation. J. Am. Chem. Soc. 138, 6711-6714 (2016).

Guo, L., Hsiao, C.-C., Yue, H., Liu, X. & Rueping, M. Nickel-catalyzed
Csp2-Csp3 cross-coupling via C-O bond activation. ACS Catal. 6, 4438-4442
(2016).

Guo, L., Liu, X., Baumann, C. & Rueping, M. Nickel-catalyzed alkoxy-alkyl
interconversion with alkylborane reagents through C—O bond activation of
aryl and enol ethers. Angew. Chem. Int. Ed. 55, 15415-15419 (2016).

Liu, X. et al. Lewis acid assisted nickel-catalyzed cross-coupling of aryl methyl
ethers by C-O bond-cleaving alkylation: prevention of undesired beta-hydride
elimination. Angew. Chem. Int. Ed. 55, 6093-6098 (2016).

Shi, W.-J. & Shi, Z.-]. Methylation of arenols through Ni-catalyzed C-O
activation with methyl magnesium bromide. Chin. J. Chem. 36, 183-186
(2018).

Smyth, J. E., Butler, N. M. & Keller, P. A. A twist of nature--the significance of
atropisomers in biological systems. Nat. Prod. Rep. 32, 1562-1583 (2015).
Bringmann, G., Gulder, T., Gulder, T. A. M. & Breuning, M. Atroposelective
total synthesis of axially chiral biaryl natural products. Chem. Rev. 111,
563-639 (2011).

Kozlowski, M. C., Morgan, B. J. & Linton, E. C. Total synthesis of chiral biaryl
natural products by asymmetric biaryl coupling. Chem. Soc. Rev. 38,
3193-3207 (2009).

Bringmann, G. et al. Antileukemic ancistrobenomine B and related 5,1’
coupled naphthylisoquinoline alkaloids from the Chinese liana Ancistrocladus
tectorius. Fitoterapia 121, 76-85 (2017).

Bringmann, G., Mutanyatta-Comar, J., Knauer, M. & Abegaz, B. M.
Knipholone and related 4-phenylanthraquinones: structurally,
pharmacologically, and biosynthetically remarkable natural products. Nat.
Prod. Rep. 25, 696-718 (2008).

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Clayden, J., Moran, W. J., Edwards, P. J. & LaPlante, S. R. The challenge of
atropisomerism in drug discovery. Angew. Chem. Int. Ed. 48, 6398-6401 (2009).
LaPlante, S. R., Edwards, P. J., Fader, L. D., Jakalian, A. & Hucke, O. Revealing
atropisomer axial chirality in drug discovery. ChemMedChem 6, 505-513
(2011).

Okada, M., Kaneko, K., Yamanaka, M. & Shirakawa, S. BINOL-derived
bifunctional sulfide catalysts for asymmetric synthesis of 3,3-disubstituted
phthalides via bromolactonization. Org. Bio. Chem. 17, 3747-3751 (2019).
Yao, C. et al. Binaphthyl-based chiral ligands: design, synthesis and evaluation
of their performance in enantioselective addition of diethylzinc to aromatic
aldehydes. Org. Bio. Chem. 18, 9712-9725 (2020).

Brunel, J. M. BINOL: a versatile chiral reagent. Chem. Rev. 105, 857-898
(2005).

Parmar, D., Sugiono, E., Raja, S. & Rueping, M. Complete field guide to
asymmetric binol-phosphate derived brensted acid and metal catalysis: history
and classification by mode of activation; brensted acidity, hydrogen bonding,
ion pairing, and metal phosphates. Chem. Rev. 114, 9047-9153 (2014).
Chen, Y., Yekta, S. & Yudin, A. K. Modified BINOL ligands in asymmetric
catalysis. Chem. Rev. 103, 3155-3212 (2003).

Zheng, L.-S. et al. New silver(I)-monophosphine complex derived from chiral
Ar-BINMOL: synthesis and catalytic activity in asymmetric vinylogous
Mannich reaction. Tetrahedron 69, 8777-8784 (2013).

Li, F. et al. A chiral Cu-salan catalyst with a rotatable aromatic n-wall:
molecular recognition-oriented asymmetric henry transformation of aromatic
aldehydes. Chem. Asian J. 7, 2008-2013 (2012).

Miro, J. et al. Enantioselective allenoate-claisen rearrangement using chiral
phosphate catalysts. J. Am. Chem. Soc. 142, 6390-6399 (2020).

Cheng, J. K,, Xiang, S.-H,, Li, S., Ye, L. & Tan, B. Recent advances in catalytic
asymmetric construction of atropisomers. Chem. Rev. 121, 4805-4902 (2021).
Liu, C.-X,, Zhang, W.-W,, Yin, S.-Y., Gu, Q. & You, S.-L. Synthesis of
atropisomers by transition-metal-catalyzed asymmetric C-H functionalization
reactions. J. Am. Chem. Soc. 143, 14025-14040 (2021).

Loxq, P., Manoury, E., Poli, R., Deydier, E. & Labande, A. Synthesis of axially
chiral biaryl compounds by asymmetric catalytic reactions with transition
metals. Coord. Chem. Rev. 308, 131-190 (2016).

Bringmann, G. et al. Atroposelective synthesis of axially chiral biaryl
compounds. Angew. Chem. Int. Ed. 44, 5384-5427 (2005).

Liao, G., Zhou, T., Yao, Q.-]. & Shi, B.-F. Recent advances in the synthesis of
axially chiral biaryls via transition metal-catalysed asymmetric C-H
functionalization. Chem. Commun. 55, 8514-8523 (2019).

Rohde, V. H. G, Miiller, M. F. & Oestreich, M. Intramolecularly sulfur-
stabilized silicon cations with chiral binaphthyl backbones: synthesis of three
different motifs and their application in enantioselective diels-alder reactions.
Organometallics 34, 3358-3373 (2015).

Hosoya, N., Hatayama, A., Irie, R., Sasaki, H. & Katsuki, T. Rational design of
Mn-Salen epoxidation catalysts: Preliminary results. Tetrahedron 50,
4311-4322 (1994).

Solinas, M., Meadows, R. E., Wilson, C., Blake, A. J. & Woodward, S. Efficient
synthesis of 2-methyl derivatives of 1,1’-Bi(2-naphthol) and 1,1’-Bi(2-
phenols). Eur. J. Org. Chem. 2007, 1613-1623 (2007).

Bringmann, G. & Menche, D. Stereoselective total synthesis of axially chiral
natural products via biaryl lactones. Acc. Chem. Res. 34, 615-624 (2001).
Chen, G.-Q. et al. Design and synthesis of chiral oxa-spirocyclic ligands for ir-
catalyzed direct asymmetric reduction of Bringmann’s lactones with molecular
H,. J. Am. Chem. Soc. 140, 8064-8068 (2018).

Deng, R, Xi, J., Li, Q. & Gu, Z. Enantioselective carbon-carbon bond cleavage
for biaryl atropisomers synthesis. Chem 5, 1834-1846 (2019).

Feng, J. et al. Catalytic asymmetric C-Si bond activation via torsional strain-
promoted Rh-catalyzed aryl-Narasaka acylation. Nat. Commun. 11, 4449
(2020).

Shimada, T., Cho, Y.-H. & Hayashi, T. Nickel-catalyzed asymmetric grignard
cross-coupling of dinaphthothiophene giving axially chiral 1,1-Binaphthyls. J.
Am. Chem. Soc. 124, 13396-13397 (2002).

Zhang, X. et al. Atroposelective ring opening of cyclic diaryliodonium salts
with bulky anilines controlled by a chiral cobalt(III) anion. Angew. Chem. Int.
Ed. 59, 19899-19904 (2020).

Zhao, K., Yang, S., Gong, Q., Duan, L. & Gu, Z. Diols activation by Cu/Borinic
acids synergistic catalysis in atroposelective ring-opening of cyclic
diaryliodoniums. Angew. Chem. Int. Ed. 60, 5788-5793 (2021).

Zhang, J. et al. Nickel-catalyzed enantioselective arylative activation of
aromatic C-O bond. J. Am. Chem. Soc. 143, 18380-18387 (2021).

Kina, A., Miki, H., Cho, Y.-H. & Hayashi, T. Palladium-catalyzed heck and
carbonylation reactions of a Dinaphthaleneiodonium salt forming
functionalized 2-Iodo-1,1’-binaphthyls. Adv. Synth. Catal. 346, 1728-1732
(2004).

Cho, Y.-H,, Kina, A., Shimada, T. & Hayashi, T. Asymmetric synthesis of
axially chiral biaryls by nickel-catalyzed Grignard cross-coupling of
Dibenzothiophenes. J. Org. Chem. 69, 3811-3823 (2004).

| (2022)13:2953 | https://doi.org/10.1038/541467-022-30693-x | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

57. Hartwig, J. F. Organotransition metal chemistry: from bonding to catalysis.
(University Science Books, 2010).

58. Gatard, S., Celenligil-Cetin, R., Guo, C., Foxman, B. M. & Ozerov, O. V.
Carbon—halide oxidative addition and carbon—carbon reductive elimination
at a (PNP)Rh center. J. Am. Chem. Soc. 128, 2808-2809 (2006).

59. Ananikov, V. P., Musaev, D. G. & Morokuma, K. Theoretical insight into the
C—C coupling reactions of the vinyl, phenyl, ethynyl, and methyl complexes
of palladium and platinum. Organometallics 24, 715-723 (2005).

60. Rosen, B. M. et al. Nickel-catalyzed cross-couplings involving carbon—oxygen
bonds. Chem. Rev. 111, 1346-1416 (2011).

61. Pudasaini, B. & Janesko, B. G. Agostic interactions in Nickel(IT) complexes:
trans influence of ancillary ligands on the strength of the bond.
Organometallics 33, 84-93 (2014).

62. Tobisu, M., Morioka, T., Ohtsuki, A. & Chatani, N. Nickel-catalyzed reductive
cleavage of aryl alkyl ethers to arenes in absence of external reductant. Chem.
Sci. 6, 3410-3414 (2015).

63. Li, Z., Zhang, S.-L., Fu, Y., Guo, Q.-X. & Liu, L. Mechanism of Ni-catalyzed
selective C—O bond activation in cross-coupling of aryl esters. J. Am. Chem.
Soc. 131, 8815-8823 (2009).

64. Hong, X, Liang, Y. & Houk, K. N. Mechanisms and origins of switchable
chemoselectivity of Ni-catalyzed C(aryl)-O and C(acyl)-O activation of aryl
esters with phosphine ligands. . Am. Chem. Soc. 136, 2017-2025 (2014).

65. Hooker, L. V. & Neufeldt, S. R. Ligation state of nickel during CO bond
activation with monodentate phosphines. Tetrahedron 74, 6717-6725 (2018).

66. Xu, H. et al. Key mechanistic features of Ni-Catalyzed C-H/C-O biaryl
coupling of Azoles and Naphthalen-2-yl pivalates. J. Am. Chem. Soc. 136,
14834-14844 (2014).

67. Schwarzer, M. C. et al. Combined theoretical and experimental studies of
nickel-catalyzed cross-coupling of methoxyarenes with arylboronic esters via
C-O bond cleavage. J. Am. Chem. Soc. 139, 10347-10358 (2017).

68. Gong, T.-]. et al. Rhodium-catalyzed selective C-H activation/olefination of
phenol carbamates. Org. Lett. 13, 3235-3237 (2011).

69. Chang, X., Zhang, Q. & Guo, C. Switchable smiles rearrangement for
enantioselective O-aryl amination. Org. Lett. 21, 4915-4918 (2019).

70. Steverlynck, J., Sitdikov, R. & Rueping, M. The deuterated “Magic Methyl”
group: a guide to site-selective trideuteromethyl incorporation and labeling by
using CDj; reagents. Chem. Eur. J. 27, 11751-11772 (2021).

Acknowledgements

We are grateful for financial support from the Anhui Agricultural University, Anhui
Provincial Natural Science Foundation (Grant Nos. 2108085QC119 to Z.C.C. and
2108085Y04 to G. L.) and National Natural Science Foundation of China (Grant No.
22003001 to G. L.).

Author contributions

Z.Z.,).Z. and Q.G. contributed equally to this work. Z.Z., J.Z. and Q.G. performed the
experiments and analyzed the data. M.Y., H.C. and T.S. assisted the purification of
compounds and analysis of data. Y. Z. and G.L. performed DFT calculations. Z.C.C.
designed and directed the whole project and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541467-022-30693-x.

Correspondence and requests for materials should be addressed to Gen Luo or Zhi-Chao
Cao.

Peer review information Nature Communications thanks Tiow-Gan Ong, and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

10 | (2022)13:2953 | https://doi.org/10.1038/s41467-022-30693-x | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-022-30693-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Enantioselective alkylative cross-coupling of unactivated aromatic C&#x02013;nobreakO electrophiles
	Results and discussion
	Methods
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




