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Remote selective C-H functionalization of arenes is challenging because meta-
and para-C-H bonds are far away from the directing group but are adjacent with
small differences in reactivity. Here, guided by DFT calculations, we designed two
sets of ligands to accomplish the meta- and para-selective borylation of arenes.
Various hydrogen bond acceptors can be used as multi-transformable directing
groups. The tunable site selectivity and rich transformations of both directing
groups and formed C-B bonds increase the diversity of multi-substituted arenes
dramatically.
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tunable borylation of remote C-H bonds in arenes
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SUMMARY

An ideal way to synthesize multi-substituted arenes is the selective
installation of any group on any position of aromatic rings with
any substituent. However, reactant-controlled selective functionali-
zation of both meta- and para-C-H bonds is essentially impossible
because of their intrinsically contradictory electronic and steric de-
mands. Here, we report the first examples of catalysts that can
direct the tunable borylation of a variety of arenes with precise con-
trol at either meta or para site through the computational design of
ligands. A wide range of hydrogen bond acceptors can serve as
directing groups, including Weinreb amides, phosphonates, and
boronates, which can be easily transformed into many different
types of functional groups. This work also showcases the critical
role of transition-state calculations in catalyst design for remote
C-H activation.

INTRODUCTION

Site-selectivity control in arene functionalization is a classic topic in synthetic
chemistry. The pioneering work of Friedel and Crafts shed light on the inherent
selectivity of electrophilic aromatic substitution that electrophiles attack the ortho-
and para-position controlled by electron-donating substituents, whereas the elec-
tron-withdrawing substituents steer to meta-position under harsher conditions.’
Additionally, increasing steric hindrance of the substituent on the aromatic ring
and/or the employed reagent favors the formation of para-substituted arene over
the meta- and ortho-substituted ones.?® For a given combination of arene and
reagent, it is possible to functionalize either meta- or para-C-H bond with high
selectivity,”® but it is essentially impossible to do both of them due to their intrinsi-
cally contradictory electronic and steric demands. The directing group strategy can
override the intrinsic selectivity of substrates. In recent decades, numerous advances
have been achieved for ortho selectivity of arenes through five- or six-membered
cyclic transition states composed by substrates with directing groups and metal
reagents® or catalysts.”*® Remote directing through macrocyclophane-like transition
states has provided an avenue for developing meta- and para-C-H functionaliza-
tions of arenes.”'? The critical dependence of the site selectivity on the size and ge-
ometry of the macrocyclophane has been illustrated by well-designed templates
(Figure 1A).""1? However, these approaches require a stoichiometric amount of
complex template, which is usually covalently preinstalled on the substrate. In prin-
ciple, changing the covalent bond in the cyclophane-like transition state for remote
C-H activation to the noncovalent interaction may lead to the use of only a catalytic
amount of ligand (Figure 1B), which will solve the problem with the highest possible
atom- and step-economy.'* This design, meanwhile, is highly challenging because

The bigger picture

The selective introduction of
functional groups into the desired
position of arenes with any
substituent is invaluable for the
diversification of aromatics.
Covalently attached template
strategy has provided an avenue
for developing meta- and para-
selective C-H functionalization of
arenes. However, the design of
catalyst-controlled remote C-H
activation of arene remains a great
challenge. Here, we report the
catalyst-controlled borylation of
aromatic C-H bonds meta or para
to a variety of hydrogen bond
acceptors through the
computational design of ligands.
The switchable site selectivity,
various derivatization of formed
C-B bonds, and late-stage
transformation of directing
groups into many different types
of functional groups dramatically
increases the diversity of multi-
substituted arenes. Furthermore,
the computation-guided design
strategy will accelerate the
discovery of new ligands or
catalysts for other selective C-H
functionalization.
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the noncovalent interaction is much weaker than the covalent one. The transition
states for both meta- and para-C-H activations involve strained cyclophane-like

structures,'*1°

and the noncovalent interaction recognition site of ligands tends
to disassociate to relieve strain, leading to the nondirected pathway (Figure 1B).
Only ligands with the most optimal linker distance and geometry are capable of
directing. In addition, meta- and para-C-H bonds are far away from the directing
group but close to each other, and subtle conformation changes in transition states
have a marked impact on the site selectivity. The weaker noncovalent interaction
makes the transition states more flexible, increasing difficulty to differentiate

reactivity between meta and para sites.

Hydrogen bonding, as an important type of noncovalent interaction, has been
widely applied in the field of catalysis."®"'® In 2015, Kanai and coworkers reported
an iridium-catalyzed meta-C-H borylation of benzamides, in which hydrogen bond
donor (urea moiety) of ligand recognizes the hydrogen bond acceptor (carbonyl
group) of benzamide."? Various aromatic amides gave meta to para selectivity ratios
from 3.3:1 to >30:1. Recently, several other meta-C-H borylations have been real-
ized by noncovalent interaction between ligands and substrates.”*~?° Phipps and co-
workers achieved meta-C—H borylation of aromatic quaternary ammonium salts*°
and arenes bearing trifluoroacetyl-protected amines?’ via ion-pair and hydrogen
bonding interaction, respectively. They also developed an asymmetric meta-C—H
borylation method through desymmetrization of geminal diaryl motif.?* The Chatto-
padhyay’s group reported the meta-C—H borylation of aniline derivatives directed
by cation-1t interaction’’ and electrostatic interaction.?* However, the suitable
directing groups are quite finite (e.g., N,N-dialkyl amide and quaternary ammonium
cation), which are relatively inert with very limited transformation under mild
conditions. Recently, para-selective C~H borylation has also been developed.?’*"
Chattopadhyay and coworkers designed an L-shaped ligand for para-C-H boryla-
tion of aromatic esters through Lewis acid and base interactions.?” Nakao and co-
workers reported a para-selective C-H borylation of amide and pyridine derivatives
by cooperative iridium/aluminum catalysis.?” The Phipps’ group®® and the Maleczka
and Smith’s group®' independently disclosed the para-C—H borylation of anionic ar-
omatics with a bulky counter cation. To our knowledge, ligand-controlled para-C-H
borylation of arenes via hydrogen bonding recognition has not been reported. More
importantly, although quite a few elegant approaches have been developed to
construct meta- or para-substituted arenes,®” tunable functionalization of both
meta- and para-C—H bonds in the same substrate is very rare. Here, guided by den-
sity functional theory (DFT) calculations, we have designed two sets of ligands to
accomplish the Ir-catalyzed tunable meta- and para-C-H borylation of aromatic
compounds for the first time (Figure 1C). In addition, we have developed a series
of multi-transformable directing groups (MTDGs), such as Weinreb amide and phos-
phorate, which can be converted into many other functional groups efficiently (Fig-
ure 1C). Furthermore, the boronate has been demonstrated as an effective directing
group in the field of C-H activation.

RESULTS AND DISCUSSION

Design of para-selective ligand guided by density functional theory
calculations

To design a para-selective ligand for iridium-catalyzed C-H borylation of benza-
mides via hydrogen bonding recognition, we first located the para-C-H activation
transition state of 2-chloro-N,N-dimethylbenzamide(1a-Me) as a model substrate
in the presence of iridium-bipyridine complex (Figures 2A and S1). It was found
that the optimal distance between carbonyl O atom (hydrogen bond acceptor) in

1776 Chem 8, 1775-1788, June 9, 2022

Chem

'State Key Laboratory of Coordination Chemistry,
Jiangsu Key Laboratory of Advanced Organic
Materials, Chemistry and Biomedicine Innovation
Center, School of Chemistry and Chemical
Engineering, Nanjing University, Nanjing 210023,
China

?Department of Chemistry, The Scripps Research
Institute, La Jolla, San Diego, CA 92037, USA

3Department of Chemistry and Biochemistry,
University of California, Los Angeles, Los
Angeles, CA 90095, USA

4College of Sciences, Nanjing Agricultural
University, Nanjing 210095, China

5These authors contributed equally

SLead contact

*Correspondence: yongliang@nju.edu.cn
https://doi.org/10.1016/j.chempr.2022.04.025


mailto:yongliang@nju.edu.cn
https://doi.org/10.1016/j.chempr.2022.04.025

Chem ¢ CelPress

A FG FG FG
Template A @ M @\
H meta-selective FG! FG!
FG
— Pre-installation [ C-H functionalization J [Removal of template:|
FG FG FG
Template B M
para-selective
FG? FG?
B
DG Noncovalent Directed pathway
Ligand A interaction (Ligand-controlled selectivity)
meta-product DG i A) .
DG
FG . .
M Cyclophane-like \
Atom- and yelop \
transition state .
step-economy 0G H Non-directed pathway
i (Intrinsic selectivity)
Ligand B
para-product
DG Directing groups
FG B Noncovalent interaction recognition site
M Metal c Metal coordination site
€ This work:
z De . DG DG i
X X para-selective meta-selective X
- ligands X ligands —
[|I']/szin2 [Ir]/szinz Bpin Y
Y Bpin
o 0 o) \
OEt
= N -~ .~ o/
DG = \(%J\NR1R2 (%N/OMe (\a;] ﬁ/OEt \\N/U\N/ \~B’/ij
n=0,1 | © \J \OO

Figure 1. Directed site-selective C-H bond functionalization of arenes

(A) Template strategies.

(B) Noncovalent interaction recognition for site-selective remote C-H activation.

(C) Ligand-controlled Ir-catalyzed tunable borylation of both meta- and para-C-H bonds. B,pin,, bis(pinacolato)diboron.

amide 1a-Me and iridium center is 7.1 A, and the ideal angle between O-Ir and bi-
pyridine plane is about 68° (Figure 2A, left). When using a 1,2-phenylene unit as the
connection joint of metal coordination site and hydrogen bond donor (urea moiety),
the angle between the two linkers is 60° (Figure 2A, middle). We envisioned that
through choosing the right distances of two linkers, an approximately equilateral tri-
angle shaped macrocyclophane structure could be constructed by catalyst (ligand
and iridium) and amide, which would minimize the strain energy and maximize the
hydrogen bonding interaction in the transition state of para-C-H activation. If the
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Figure 2. Computation-guided design of ligands for para-selective C-H borylation of arenes

(A) The design elements of para-selective ligand.

(B) DFT calculations for the designed ligand. The Gibbs free energies were computed with SMD(p-xylene)-wB97X-D/6-311+G(d,p)[SDD for Ir]//M06/6-
31G(d)[SDD for Ir].

(C) The performance of ligands in catalytic para-C-H borylation. Reaction conditions: substrate (0.2 mmol, 1.0 equiv), Bopin, (1.5 equiv), [I(OMe)cod],
(1.5 mol %), and ligand (4.0 mol %). Yield values and ratios of para to meta were determined from the crude "H NMR spectra. dtbpy, 4,4'-di-tert-butyl-
2,2'-bipyridine. Cy, cyclohexyl. 2-Ad, 2-adamantyl.

connection joint (1,2-phenylene unit) was directly introduced at the 3-position of bi-
pyridine ligand (Figure S2), the distance between the connection joint and iridium
center is 4.5 A, which is much shorter than the desired length (about 7 A). The
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Figure 3. Computation-guided evolution of ligands for meta-selective C-H borylation of arenes

(A) Development of ligands for meta-C-H borylation of Weinreb amides.

(B) DFT insights into the ligand evolution. The Gibbs free energies were computed with SMD(p-xylene)-wB97X-D/6-311+G(d,p)[SDD for Ir]//M06/6-
31G(d)[SDD for Ir].

(C) Development of ligands for remote meta-C-H borylation. Reaction conditions: substrate (0.2 mmol, 1.0 equiv), Bopin, (1.2 or 1.5 equiv), [I(OMe)
cod]; (1.5 mol %), and ligand (4.0 mol %). Yield values and ratios of meta to para were determined from the crude "H NMR spectra. *Data from Kuninobu
etal.”

iridium/phenanthroline-derived ligand system was demonstrated as a highly active
alternative to the well-established iridium/bipyridine-derived ligand system.?*** To
our delight, when bipyridyl moiety was replaced by 1,10-phenanthrolinyl moiety, the
distance between the connection joint and iridium center is 6.9 A (Figure S2), which
just meets our requirements for the length of one linker. For another linker, if the urea
moiety is directly attached to the connection joint, the linker length is only 3.6 A
(Figure S2). We found that the insertion of a rigid 1,4-phenylene moiety into this
linker can not only fit the requirement of distance (7.9 A, Figure 2A, right) but also
reduce the flexibility of the para-selective transition-state structure. Further DFT
calculations using this newly designed ligand L1 demonstrated that, for amide
1a-Me, in the directed para-selective pathway, the activation free energy is
3.2 kcal/mol lower than that in the meta one, which predicts an excellent ratio of
para to meta (Figure 2B, TS1-L1-para versus TS1-L1-meta, Figure S3). Nondirected
pathways, in which the urea moiety in L1 has no hydrogen bonding with substrate,
were also calculated, and they are much higher in energy than directed pathways
(Figure 2B).

Initial screening of newly designed para-selective ligand

Aldehydes and ketones are important intermediates in organic synthesis, but they
can be reduced in Ir-catalyzed borylation processes.”” Weinreb amides serve as
effective acylating agents and can be converted readily into various carbonyl
compounds.” In spite of this great promise, a Weinreb amide-directed para-C-H
borylation of arenes has not been documented. Our calculations predicted that
for Weinreb amide 9a, ligand L1 is still suitable (Figures 2B and S4). Encouraged
by positive results of computation, ligands L1-L3 were synthesized by simple
coupling reactions and the treatment with corresponding isocyanate. Subsequently,
four different classes of substrates 1a, 9a, 16a, and 24a were tested in the presence
of iridium with ligands L1-L3, affording good to excellent para-selectivity and yields
(Figure 2C). This indicates that the para-selective ligand works just as we designed it:
the geometry of ligand mainly controls selectivity. To further support this, we
computed the distortion energy®® of ligand fragment in the directed C-H activation
transition states, which was found to be a significant contributor to the observed
para-selectivity (Figure S5A).

Evolution of meta-selective ligand

Although Kanai's ligand L4 has been successfully used for benzamide 1a (m:p = 93:7,
Figure 3A) in the meta-C—H borylation,'? it fails to reach good meta-selectivity for
the other three types of substrates 9a (m:p = 74:26, Figure 3A), 16a (m:p = 55:45,
Figure 3C), and 24a (m:p = 69:31, Figure 3C). To develop meta-selective ligands
with better performance for more diverse substrates, we performed a series of
DFT calculations using benzamide 1a-Me (a homolog of 1a) and Weinreb amide
9a (Figures 3B, S6, and S7). Our calculations showed that the geometry of Kanai's
ligand favors meta-selectivity significantly in the directed C-H activation transition
states (Figure S5B). The main drawback of ligand L4 is that in the nondirected path-
ways, although the urea moiety in ligand L4 has no hydrogen bonding with amide, it
recognizes the O atom in one Bpin group at iridium center via N-H- - -O interaction.
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This makes the energies of nondirected transition states very close to those of
directed ones. Although the Sunoj group reported a computational study on Kanai’s
work to explore the origin of meta-selectivity, these crucial nondirected pathways
were not discovered.®” For amide 1a-Me, the directed meta-C—H activation barrier
(via TS1-L4-meta) is 2.6 kcal/mol lower than the nondirected para one (via TS2-L4-
para). Experimentally, a good meta-selectivity (>10:1) was still observed. However,
compared with N,N-dialkylbenzamide, the Weinreb amide is a weaker hydrogen
bond acceptor due to the electron-withdrawing inductive effect of the OMe group,
which reduces the hydrogen bonding interaction between amide and urea by about
1 kcal/mol (Figure S8). Therefore, in the case of Weinreb amide 9a, the energy of the
directed meta-C—H activation (via TS1a-L4-meta) is only 1.5 kcal/mol lower than that
of the nondirected para one (via TS2a-L4-para). This is in accordance with an obvious
drop of meta-selectivity (from 93:7 to 74:26, Figure 3A).

We envisioned that the introduction of a bulky group (such as 2-adamantyl) into
the urea moiety would increase the repulsion between the Bpin at iridium center
and the urea in ligand to inhibit nondirected pathways. This is supported by our
DFT calculations (Figures 3B and S9) and subsequent experiments using ligand
L5, in which the ratio of meta to para is improved to 95:5 for 1a and 88:12 for
9a, respectively (Figure 3A). In addition, after analyzing the geometry of ligand
L5 in two directed transition states, we found that in the directed para-C-H activa-
tion transition state TS1a-L5-para, the carbonyl group of urea is very close to the
4-position of bipyridine skeleton (shown as X, Figures 3B and S9). Inspired by this,
ligand L5 (X = H) is evolved to ligand L6 (X = Me, Figure 3A) with the purpose of
increasing the steric hindrance to further disfavor the directed para-C-H activation.
Subsequent calculations with ligand Lé predicted an excellent meta-selectivity
(>100:1, X = Me, Figures 3B and S10). It is notable that the Kuninobu group
also observed a methyl effect on the reaction rate of the meta-selective borylation
by introducing a methyl group on the 1,2-phenylene moiety.’® When we tested
ligand L6, both amide 1a and Weinreb amide 9a gave a 97:3 ratio of meta to
para (Figure 3A). For the phenylacetic acid-derived amide 16a and Weinreb amide
24a, ligand L6 also dramatically improved the meta-selectivity (from 55: 45 to 95:5
& from 69:31 to 93:7, respectively), although it gave a moderate yield for 24a (Fig-
ure 3C). Finally, ligand L8, which moved the phenyl group from 5-position to
4-position of bipyridine (Figure 3C), improved reactivity efficiently (99% yield)
and retained the outstanding meta-selectivity (94:6 for 24a, Figure 3C). This shows
that the redesigned meta-selective ligands L6-L8 can effectively block both nondi-
rected and directed para-selective pathways, leading to excellent performance
with broad substrate scope.

Substrate scope

With both para-selective ligands L1-L3 and meta-selective ligands L6-L8 in hand, we
surveyed the substrate scope of the tunable site-selective C-H borylation (Figure 4).
For the ortho-substituted benzamides, both meta-isomers 1b-4b and para-isomers
1c-4c were obtained with high regioselectivity and yields. In the case of unsubsti-
tuted benzamide 5a, meta- or para-product 5b or 5¢c was predominantly generated
using the corresponding ligand L6 or L3, whereas L6 gave a moderate yield for 5b
due to the competitive formation of di-meta-borylated product. For 3-F substituted
amide 6a, when ligand L6 was used, the meta-borylated product 6b was formed with
96:4 regioselectivity and 89% isolated yield. The complementary para-C-H boryla-
tion process can be achieved using L3, giving é6c with a 97:3 ratio of para to meta.
Isoindolinone derivative 7a delivered 7b (m:p = 97:3) and 7c¢ (p:m = 98:2) with L7
and L2, respectively. We also examined picolinamide 8a, which exhibited excellent
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Figure 4. Substrate scope of the tunable borylation of meta- and para-C-H bonds in arenes

Reaction conditions: substrate (0.2 or 1.0 mmol, 1.0 equiv), Bypin, (1.2 or 1.5 equiv), [I(OMe)cod];, (0.1 mol %-1.5 mol %), and ligand (0.3 mol

%-4.0 mol %), p-xylene, room temp, 24 h, see supplemental information for details. Yield and selectivity are described as follows: isolated yields
(top row and bottom row); "H NMR yields of the mixture of meta- and para-products (middle row); all ratios of meta to parawere determined from crude
"H NMR spectra. ‘Data from Kuninobu et al.'” *Additional 30% di-meta-borylated product. *'H NMR yields.
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Figure 5. Synthetic applications

(A) Transformations of the formed C-B bond.

(B) Conversions of multi-transformable directing groups. Yield values refer to isolated yields. TEMPO, 2,2,6,6-tetramethylpiperidin-1-oxyl; MMPP,
magnesium monoperphthalate hexahydrate; NAPLI, lithium naphthalenide.

regioselectivity of 8b (m:p = 93:7) and 8c (p:m = 98:2). For Weinreb benzamides,
both electron-rich and electron-poor groups are suitable at the 2-position of
aromatic rings, giving the desired meta- and para-borylated products (9b-15b and
9c-15¢) with high reactivity and selectivity. The substrate 10a, containing a Lewis
basic site, also has an excellent performance without catalyst poisoning. It is note-
worthy that for the aromatic ring containing both amide and ester groups, the
amide-directed products 14b and 14c were obtained.

For various phenylacetic acid-derived amides (16a-25a), good to excellent meta-
selectivity was observed with ligands L6 and L8 as well as L1-L3 for para-selectivity.
a-Methylphenylacetic acid-derived amide 21a exhibited remarkably high site-selec-
tivity and reactivity in both cases with L6 and L2. In addition, the pyridine derivative
23a also performed well, giving 23b (m:p = 93:7) and 23c (p:m = 95:5). Aniline and
phenol derivatives (26a-33a) were also investigated, which are analogous to phenyl-
acetic acid derivatives in topological features. Again, the desired both meta- and
para-borylated products can be synthesized in good yields with good to excellent
selectivity. We also explored the tunable site-selective C-H borylation of benzyl
alcohol derivatives 34a-36a, in which the functionalized C-H bond is six or seven
bonds away from hydrogen bond acceptor. Gratifyingly, the desired meta-isomers
34b-36b and para-isomers 34c-36¢ were obtained with good selectivity.

Gram-scale synthesis and transformations of the formed boryl group and
MTDG

This site-selective borylation process can be easily carried out in gram scale with a
minimum iridium catalyst loading of 0.1 mol %. Because of the virtues of the
organoboron chemistry,>”"*® the generated C-B bond can be converted into
many different types of chemical bonds in one step under mild reaction conditions
(Figures 5A and S11). To showcase the role of MTDG in the borylated products, we
synthesized arenes 37, 43, 49, and 54 in a one-pot fashion through borylation and
sequential Suzuki cross-coupling (Figures 5B and S12-515). The Weinreb amide 37
can be conveniently transformed to aldehyde 38 and a variety of ketones 39-42.
From amide 43, the substituted phenylacetic acid 44 was formed in 98% yield
via hydrolysis, and a,B-unsaturated amide 45 was obtained in 77% yield through
a methylenation.** A flexible and chemoselective oxidation*® afforded a-hydroxy
amide 46 and a-keto amide 47, respectively. The reduction with BH;-Me,S led
to the formation of the corresponding tertiary amine 48 in good yield. Treatment
of phosphonate 49 with LiOH gave free phenol 50. It should be emphasized that,
in the presence of palladium®® or nickel*’ catalysts and suitable coupling partners,
arenes 51-52 with the phenyl or methyl substituent can be obtained efficiently.
This gives an alternative solution to selective functionalization of simple aryl and
alkyl substituted arenes, which are usually incapable of directing. Besides, the di-
recting phosphonate group can be removed by lithium naphthalenide (NAPLI) to
generate meta-substituted anisole 53. Moreover, phosphonate 54 underwent hy-
drolysis or coupled with mesitylene,”® ethyl oxazole-4-carboxylate,’” and
2-chlorobenzyl cyanide® to provide corresponding products 55-58. The rich trans-
formations of the formed boryl group and MTDG, coupled with tunable meta- or
para-selectivity, are expected to dramatically expand the chemical space®’ of
multi-substituted arenes.
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Figure 6. Boronate-directed remote C-H functionalization

(A) Substrate scope of aryl boronates. Yield and selectivity are described as follows: isolated yields (top row and bottom row);

"H NMR yields of the

mixture of meta- and para-products (middle row); all ratios of meta to para were determined from crude 'H NMR spectra.

(B) Site-selective sequential couplings of 1,3-diBpin and 1,4-diBpin arenes. Yield values refer to isolated yields.

Arylboronate-directed tunable C-H borylation and site-selective sequential
couplings

The existence of hydrogen bonding between the Bpin group and urea moiety in the
nondirected pathway (Figure 3B) suggests that boronates could be employed as
directing groups. To our knowledge, the boronate-directed C-H activation via
hydrogen bonding recognition has not been reported, although Smith and Chirik
groups reported the para-preference for the borylation of arylboronates.””* After
a few experimental tests, we found that compared with Bpin, N-coordinated boro-
nate® can act as a stronger hydrogen bond acceptor to achieve site-selective bor-
ylation (Figures 6A and S16). The N-coordinated boronates 5%9a-66a behave
superbly in the presence of meta-selective ligand L7 or para-selective ligand L3.
The N-methyldiethanolamine was found to be a semistable-directing group and
was replaced by pinacol conveniently following the borylation procedure. Various
1,3-diBpin (59b-66b) or 1,4-diBpin (59c-66c) arenes were generated in excellent
selectivity and yields. As shown in Figure 6B, this reaction can be easily scaled up
to a few grams. Due to the different steric environments of two Bpins in 59b or
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59c, sequential site-selective Suzuki coupling reactions can be achieved in one pot
effectively. The unreacted C-Cl bond in 59b-1 or 59¢-1 can then be coupled with
other organoboryl compounds to deliver diverse 1,2,4-trisubstituted arenes with
precise site control.

Conclusion

In summary, this work presents an approach to the precise control of both meta- and
para-selectivity in arene functionalization for the first time. On the one hand,
changing the covalent bond in the cyclophane-like transition state for remote C-H
activation to the noncovalent interaction makes the use of a catalytic amount of
ligand possible, increasing the atom- and step-economy in synthetic processes;
on the other hand, computation-guided design strategy greatly accelerates the dis-
covery of new ligands to make the desired chemistry successful, reducing the trial
and error in the design and development processes.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Yong Liang (yongliang@nju.edu.cn).

Materials availability
All materials generated in this study are available from the lead contact without
restriction.

Data and code availability

All data are available in the manuscript or the supplementary materials. Metrical
parameters for the structures of 13b, 15b, 29b, 25b, 59b-1, 35b, L6, L7, L8, 26c,
25c, 14c, 10c, 8c-Ph, and L3 are available free of charge from the Cambridge Crys-
tallographic Data Centre (https://www.ccdc.cam.ac.uk/) under reference numbers
CCDC 1921902, 1922569-1922571, 2015233, 2015234, 2015458-2015460, and
2039997-2040002, respectively.

Methods
Full experimental procedures are provided in the supplemental information.
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Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
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