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ABSTRACT: The remote meta-selective C—H bond functionalization of aromatic compounds is one of the most challenging yet
valuable aims in synthetic organic chemistry. Despite notable recent achievements, only two types of aromatic templates including
nitrile based aromatic templates and N-aromatic templates used as directing group templates in the methodologies reported so far.
No aliphatic “directing group (DG)” template was developed till the date. Herein, we have successfully unveiled a simple and inex-
pensive removable aliphatic template as an effective DG template in promoting remote meta-C—H olefination of arenes for the first
time. Remarkably, the template was achieved in excellent yields in just two steps and without column chromatography purification.
The protocol is an efficient, economical and practical approach in achieving meta-C—H olefination in good to excellent isolated
yields and high levels of meta-selectivity under mild conditions. A wide variety of substituted arenes and olefin coupling partners
are well tolerated in this reaction. Moreover, the aliphatic template is found to be advantageous due to its easy synthesis, easy in-
stallation/removal, and recycle. We believe that this strategy offers new opportunities for the future development of new DG tem-

plates to promote site-selective C—H functionalizations.

Introduction:

The direct catalytic site-selective functionalization of unre-
active C—H bonds has emerged as an innovative highly atom-
efficient and step-economical sustainable approach for the
rapid and streamlined synthesis of versatile potential chemical
targets relevant to pharmaceuticals, natural products, materials
and agrochemicals from relatively simple precursors.l One of
the major challenges is to achieve high positional-selectivity
along with the installation of diverse functional groups be-
cause C—H bonds are ubiquitous in organic frameworks with
similar reactivity. A large number of promising methodologies
have been developed from the last few decades to render func-
tionalization of the unreactive C—H bond at a selective posi-
tion a viable proposition. Among a plethora of site-selective
C—H bond transformation reactions, the “directing group
(DG)” strategy has been one of the most prevailing practical
synthetic methodologies to achieve C—H functionalization at
both aromatic and aliphatic systems with high site-
selectivity.”” In this context, a major challenge is to design
and development of an innovative “directing group (DG)” to
control reactivity and regioselectivity of the intermolecular
C—H functionalization. Despite, a myriad of reactions has been
explored in the DG-assisted ortho-C—H functionalization from
the last few decades;6 however, selective meta-C—H function-
alization of aromatic compounds are still in their infancy and
remains persistent challenging.” Among literature reported
templates for the selective meta-C—H functionalization, some
of them are not removable or recyclable, which greatly com-
promise with the limited scope and synthetic application of
reactions.®

In 2012, Yu’s pioneering research work discovered a cleav-
able, U-shaped linear “end-on” nitrile containing auxiliary as a
template to access selective meta-C—H activation through the

formation of a macrocyclic cyclophane-like pre-transition
state.” This breakthrough “Yu-turn” report has given rise to a
few number of aromatic auxiliaries as directing templates from
various research groups including Maiti,'”"" Tan,"” Li,"” and
Jin' along with his research group.]s’16 The DG aromatic
templates tethered arene substrates of various functional
groups including carboxylic acids, alcohols, and amines were
selectively functionalized at remote meta-position.
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Figure 1. DG templates for remote meta-C—H functionalizations.




DG templates to functionalize aryl meta-C—H bonds are
generally classified into two categories at present (Figure D!’
(a) nitrile based aromatic templates as elegantly devised by
Yu”"® and others,'*'*"* (b) N-heteroaryl based templates typi-
cally realized by Yu'® and Maiti."' The aromatic nitrile DG
templates in which nitrile group either directly connected to
ortho-position or meta-substituted benzylic carbon of the
phenyl ring, while, N-heteroaryl groups such as pyridine,
pyrimidine, quinoline groups connected to another phenyl ring
at ortho-position in N-heteroaryl DG templates. However,
many of these aromatic DG templates associated with some
limitations especially in their preparations such as i) multi-step
(2-6 steps) synthesis, ii) using of TM-catalysis and harsh con-
dition steps for the template synthesis, iii) scalability, iv) easy
installation and subsequent removal, v) recyclability, and vi)
cost-effective. Moreover, harsh reaction conditions are re-
quired to activate the aryl inert C—H bond.

To overcome these limitations, we sought new templates
that would direct remote meta-C—H functionalization. There-
fore, from the viewpoint of synthetic practicality, the design
and development of easily accessible, more efficient and eco-
nomically feasible removable/recyclable directing group tem-
plates are highly desirable and extremely challenging. In this
context, to the continuation of our endeavors towards C—H
functionalization re:actions,17 herein, we describe the develop-
ment of first aliphatic template 2-cyano-2-isobutyl-4-
methylpentanoic acid as removable DG in promoting high
meta-selective and stereoselective oxidative C—H olefination
of alcohol-based substrates using Pd-catalyst to generate valu-
able meta-olefinated aromatic compounds in good to excellent
isolated yields. The designed nitrile template can be easily
synthesized in a multi-gram scale from commercially available
inexpensive starting material methyl cyanoacetate (20) using
simple acid/base chemistry without column chromatography
purification in two steps at room temperature.

Results and discussions:

We envisioned that the use of simple cyanoacetic acid ester
of aryl substituted alcohol may serve as the best choice for
activation of a distal meta-C—H bond of aryl alcohol scaffolds
through linear “end-on” coordinating nitrile group. According-
ly, in our first design towards developing a practical aliphatic
DG template, we used a simple cyanoacetic acid as the tem-
plate tethered to benzyl alcohol and 2-phenylethanol to pro-
vide esters la and 1b as the substrates for testing meta-
selective C—H activation. Disappointingly, no or trace amount
of olefinated product was observed under previously estab-
lished reaction conditions, which may be due to conjugation of
nitrile group with active methylene protons (Table 1, entries 1
& 2). We further hypothesized that geminal dialkyl groups at
the active methylene position of the cyanoacetate might serve
as blocking groups to improve the meta-directing ability of the
template. Therefore, we introduced two methyl groups at o-
position to the nitrile directing group to obtain substrate 2. We
were grateful to find that the methyl-substituted template gave
a readily separable mixture of mono-olefinated 12,040
(m:others, 92:8) and di-olefinated 124 products in 76% com-
bined yield (Table 1, entry 3). From this experiment, we also
confirmed that the presence of alkyl groups as blocking groups
on the template at the active methylene position was essential
for reactivity. Both meta-selectivity and yield of products
gradually improved as the increasing size of the alkyl groups

from methyl (2) to the isobutyl group (5a) (Table 1, entries 2—
6). However, the regioselectivity of only mono olefination
product (14) was found to be 91:9 (m:others) when sterically
bulky n-heptyl blocking groups were used on the template, but
the yield of the product significantly dropped to 12%, which
might be due to high steric crowding of the bulky n-heptyl
groups (Table 1, entry 5). The use of secondary alkyl groups
was not beneficial to improve the yield and selectivity (Table
1, entries 7 & 8). The substrates of cycloalkyl-based templates
8 and 9 provided comparable results to product 13 with respect
to the yield and the meta-selectivity (Table 1, entries 9 & 10).
Using 2-cyano-2-isobutyl-4-methylpentanoic acid as the opti-
mal template, we further scrupulously evaluated various pa-
rameters including solvent, ligand, catalyst, temperature and
mole ratio, we found that the treatment of Sa with ethyl acry-
late 10a (2 equiv) in the presence of Pd(OAc), (10 mol%) as
the catalyst, and Ac-Gly-OH (20 mol%) as the ligand, AgOAc
(2 equiv) as the oxidant, in HFIP (1mL) at 55 °C for 24 h
(Table 1, entry 6), provided the olefinated product 15aa in
77% yield with excellent meta-selectivity (m:others, 96:4).

Table 1. Screening of templates for meta-C—H olefination.
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CN CN
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Pd(OAc), (10 mol%)

WcozE‘ Ac-Gly-OH (20 mol%)
H1_9 10a (0.2 mmol) ﬁgF?,: 05(50};2(;“;0,? 11_/19 COEt
Yield (%)°  Selectivity
Entry  Substrate R . »
mono:di (m:others)
1 la H 0 - -
2 1b H 0 trace -
3 CH; 1 63:13 92:8
4 3 CH,CHj3 1 64:13 92:8
5 (CH,)sCH3 1 12:0 91:9
6 5a CH,CH(CH3), 1 77:12 96:4
7 6 CH(CHs), 1 59:10 94:6
8 CH(CH3)CHs 1 46:08 92:8
9 8 —(CHy)s— 1 72:18 92:8
10 —(CHy)s— 1 74:19 91:9
11 5b CHCH(CHz), O trace -

“Yields were determined by crude "H NMR analysis using CH,Br; as
the internal standard. *Selectivity was determined by "H NMR analy-
sis.

The designed removable aliphatic template (23) can be easi-
ly synthesized in a multi-gram scale from readily available
bench top and inexpensive starting materials in two steps
using simple acid/base chemistry at room temperature
(Scheme 1). Accordingly, active methylene group of methyl
cyanoacetate  (20) was dialkylated with  1-iodo-2-
methylpropane (21) by nucleophilic substitution bimolecular
reaction in the presence of a base K,CO; in DMF to provide
compound (22), which on further base hydrolysis yielded the
desired template (23) in excellent yield (92%) over two steps.
Remarkably, for over the two reaction steps to achieve 23
starting from 20, no column chromatography purification is
required. The structure of the template (23) was also con-
firmed by the single crystal X-ray diffraction analysis (see;
Supporting Information).
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Scheme 1. Column chromatography free multi-gram scale
synthesis of template 23 and its installation to give 5.

generate the appropriate 11-membered palladacycle or 12-
membered bimetallic cycle. Whereas the template connected
aryl ring’s meta-position would generate only 8-membered
palladacycle or 9-membered bimetallic cycle that must be
highly unlikely to form due to severe strain associated with it.

With this newly developed aliphatic template and optimal
reaction conditions in hand (Table 1, entry 6), meta-C—H
olefination of extensive aryl substituted alcohol-based scaf-
folds was examined, which are shown in Table 2. To probe the
electronic and steric influences on meta-olefination reaction,
ethyl acrylate (10a) as the coupling partner was reacted with a
diverse array of functionalized aryl carboxylic esters of nitrile
template under standard conditions. With regard to ortho-
substituted arenes, the reaction selectively achieved at a steri-
cally less-hindered position with high levels of meta-
selectivity irrespective of substituent’s electronic properties,
thus delivering desired meta-olefinated products (15ca-15ea)
in high yields. Likewise, both electron-donating such as me-
thyl (5f) and electron-withdrawing substituents such as chloro
(5g), and trifluoromethyl (Sh) at the meta-position of arene
substrates were olefinated at remaining meta-position, and
corresponding mono-olefinated products (15fa-15ha) obtained
predominantly in good yields. In addition, para-substituted
arenes bearing methyl and methoxy were also viable substrates
and delivered desired products (15ia) and (15ja), in 77% and
84% yields, respectively. Notably, arenes bearing sensitive
and valuable functional groups such as fluoro, chloro, and
bromo substituents (5k, 51, & 5m) were also highly compati-
ble substrates, which may enable further elaboration using
classic metal-catalyzed cross-coupling reactions at the halo-
genated positions, especially, the products 15la and 15ma
bearing Cl and Br substituents, respectively. Furthermore, the
substitution of the benzylic position with a methoxy (Sn) and
cyclopentyl (50) groups were also effective in the olefination
reaction. In addition to the 2-phenylethanols, one carbon ho-
mologation primary alcohol (5p) was also amenable to ole-
fination reaction. Further, secondary alcohols derived sub-
strates (5q & Sr) were smooth in the reaction with almost
equal efficacy. Moreover, phenol (5s) and benzyl alcohol (5t)
derivatives also reacted efficiently to give the corresponding
olefinated products (15sa) and (15ta) in 75% and 67% yields,
respectively. It should be noted that 1-naphthalene alcohol
(Su) was also amenable to the meta-olefination, which pro-
ceeded with remarkable meta-selectivity at the more-
accessible 3-position of the bicyclic ring. Notably, when 2,2-
diphenylethanol scaffold (5v) was engaged as a substrate in
the reaction, only one of the phenyl rings was olefinated
(15va) and yielded the product in 65% yield. The template
derived from ortho-phenyl phenol substrate (5w) was also
olefinated at the remote-meta-position position of substituted
phenyl ring as it’s meta-position would be ideally situated to

Table 2. Scope of aryl substituted alcohol-based scaffolds for
meta-C—H olefination.*”

Pd(OAc), (10 mol%)
& COzEt Ac-Gly-OH (20 mol%)
| |
R R
AgOAc (0.4 mmol)
CO,Et
10a HFIP, 55 °C, 24 h 2
5 (0.2 mmol) (0.4 mmol)
\<£/\C02Et \<£/\C02Et \<5\\/\C02Et
15ca, 83% 15da, 95% 15ea, 79%

m:others = 94:6

/E;/;/\COZEt

15fa, 80%
m:others = 94:6

oT
A co,et
CHs

15ia, 77%
m:others = 95:5

oT oT
A Co,et
cl

15la, 69%
m:others = 98:2

m:others = 98:2 m:others = 87:13

CO,Et FSC/<£/\COZEt

15ga, 71% 15ha, 58%
m:others = 93:7 m:others = 100:0

CO,Et ;S\Acoza

15ka, 73%
m:others = 95:5

2@“@”

OCH3;
15ja, 84%
m:others = 100:0

N {E)\/

CO,Et
15na, 73%
m:others = 98:2

oT oT
oT
™
AN
Et
COLEt CO,Et CO,

150a, 69% 15qa, 70%
m:others = 100:0 m:others = 96:4

oT le)
Ovor o Mot
A XN L\

CO,Et COEt CO,Et
15ra, 71% 15sa, 75% 15ta, 67%
m:others = 93:7 m:others = 97:3 m:others = 89:11

‘&oem
> Co,E O

15ua, 77%
m:others = 98:2

é\

15ma, 65%
m:others = 89:11

J/‘%

15pa, 72%
m:others = 93:7

(e}
3

CO,Et CO,Et
15wa, 69%
m:others = 100:0

15va, 65%
m:others = 93:7

“Yields of isolated products on a 0.2 mmol scale. “Selectivity was
determined by 'H NMR analysis.




Table 3. Scope of alkenes for meta-C—H olefination®”

oT , Pd(OAc); (10 mol%)
J/R Ac-Gly-OH (20 mol%)
+
R2 ‘ AgOAc (0.4 mmol)
3 HFIP, 55 °C, 24 h
5a (0.2 mmol) 10 (0.4 mmol)

oT

2

oT

@

S
=

CO,Et CO,Me
15aa, 74% 15ab, 71% 15ac, 67%
m:others = 96:4 m:others = 95:5 m:others = 95:5
oT oT oT
OEt
Z>co,Bu A NMe2 = ot
15ad, 66% 15ae, 72% © 15af, 73% ©

m:others = 95:5

m:others = 98:2

m:others = 92:8

15al with outstanding meta-selectivity. In contrast, the antici-
pated meta-olefinated product was not observed when acrylo-
nitrile and styrene were used as an olefin counterpart. Fur-
thermore, acrylates derived from structurally complex natural
products including cholesterol, and 1-adamantane methanol
proceeded smoothly to produce the corresponding olefinated
products 15am and 15an in good yields with excellent regi-
oselectivity.

oT oT oT
CO,Et
P ~
St ZC0,Et
/>0
Ph CO,Et CO,Et
15ag, 67% 15ah, 70% 15ai, 68%

m:others = 97:3 m:others = 97:3 m:others = 97:3

oT oT oT
cO,Me

CLe O
Z>Co,Me ‘ ‘
Me

15al, 67%

15aj, 43% 15ak, 71%
m:others = 94:6 m:others = 100:0 m:others = 100:0

(from 1-adamantane methanol)
15an, 66%
m:others = 97:3

(from cholesterol) 15am, 63%
m:others = 93:7

“Yields of isolated products on a 0.2 mmol scale. *Selectivity was
determined by 'H NMR analysis.

To further illustrate the synthetic utility of this protocol, me-
ta-olefination of simple phenyl substrate (5a) with a wide
range of olefins as coupling partners was investigated (Table
3). To our great delight, meta-selective olefination with a
variety of commonly used electron-deficient terminal olefins
such as acrylates (10a—-10d), N,N-dimethylacrylamide (10e),
vinyl phosphonate (10f) and vinyl sulfone (10g) underwent
smoothly to render the synthetically useful functionalized
products in good chemical yields with exquisite stereo- and
meta-selectivities. The present strategy can also be applied to
di-substituted internal olefins including diethyl fumarate
(10h), diethyl maleate (10i) and trans-methyl crotonate (10j)
afforded tri-substituted olefin products (15ah-15aj) stereo-
specifically; however, internal-olefins are usually difficult to
compatible with directed C—H olefination reactions. To our
delight, the reaction was also highly compatible with more
challenging tri-substituted cyclic olefins (10k and 10l) and
provided a good yield of meta-allylated products 15ak and

Table 4. Scope of homo and hetero-meta-selective bis-
olefination®”

oT 1 Pd(OAc), (10 mol%) <
BN Ac-Gly-OH (20 mol%) AN
o e
HT A YH R? AgOAc (0.8 mmol)  R1"X AN R
HFIP, 55°C, 36 h 2
5 (0.2 mmol) 10 (0.8 mmol) R 1519 R
CO2Me
Et0,C f\ @
\/\ia/\ COZMe \'(\/(gk/ﬁ(
CO,Et
15aay;, 73% 15any;, 62%

15akd, 79%

(m,m’):others = 95:5
(m,m"):others = 100:0

(m,m").others = 95:5

Me

EtO, cv\/?/\ EtOZC\/\CE)\ Etozcv\?/j

CO,Et
15Kkay, 37% CO2E! 15nag, 76% CO2E 15pag;, 72% 2
(m,m"):others = 94:6 (m,m":others = 97:3 (m,m’):others = 92:8
CN

i,
Sy
o) ,’*“1
o} ccDC No <r*<":f\r‘

P = 2042436 \;{\ !
EtO,C7 X CO,Et
15rag;, 73%

(m,m"):.others = 90:10

! oT
Et0,C7 ! > C0,Et

15wag;, 79%
(m,m"):others = 97:3

‘r; P ,,-1\_ ¢ 3
:fx‘* e 2

EtO,C._~ l l M’ _CO,Et

24 59%
(m,m").others = 88:12

T0 oT
EtO,C = m
O O NMe.
. . EO,CTY & 2
25,31% °
(m,m’,m"):others = 87:13 26, 61%°

CO,Et

COoEt (m,m’):others = 96:4

“Yields of isolated products on a 0.2 mmol scale. *Selectivity was
determined by 'H NMR analysis. ‘10 (0.4 mmol), AgOAc (0.4
mmol.

These significant results encourage us to generate symmet-
rical and unsymmetrical two-fold C—H olefinated products
since they are extensively used as efficient precursors in mate-
rials research, synthetic chemistry, and particularly beneficial
for drug discovery. Traditionally dihaloarenes were employed
as the precursors in Mizoroki—Heck reaction for the synthesis
of such bis-olefinated scaffolds.'® However, when increasing
the amount of both the olefin (4 equiv) as the coupling partner



and AgOAc (4 equiv) as the oxidant, with respect to 1 equiv of
arene substrate, two olefin coupling partners could be expedi-
ently introduced in a site-selective fashion to deliver symmet-
rical bis-olefinated products in excellent yields as shown in
Table 4. In order to obtain unsymmetrical bis-olefination
product (26), mono-olefinated products have been employed
as the starting materials. Therefore, the synthesis of bis-
olefinated products indicated that the present aliphatic nitrile
template is indeed very reactive and effective under the opti-
mal condition for sequential meta-C—H olefination.

To demonstrate the efficiency, operational simplicity and
practicality of this newly developed aliphatic template-
directed meta-C—H olefination, the gram-scale reaction was
carried out using 5d as the model substrate under optimized
reaction conditions. Pleasingly, a negligible deviation in the
yield (91%) was observed (Scheme 2).

MeQ
oT co.gt  PA(OAC) (10mol%) ot
MeO ﬁ 251 Ac-Gly-OH (20 mol%)
+
AgOAc (6.2 mmol) o
5d 6 21°a , HFIP.55°C, 24h CO.EL
(3.4 mmopy  (6:2mmob 15da, 91% =~ 2

m:others = 98:2
Scheme 2. Gram-Scale Synthesis.

0] 0]
-

27 10a
0.2 mmol 0.4 mmol

Pd(OAc), (10 mol%)

. WcozEt Ac-Gly-OH (20 mol%)

AgOAc (0.4 mmol)

HFIP, 55 °C, 24 h COLEt
28, 26% (1:1:1)2

Scheme 4. Control experiment. “Yield and selectivity of 28
was determined from crude "H NMR analysis.

Additionally, the easy removal and quantitative recovery of
the aliphatic nitrile template can be performed through the
base hydrolysis of the meta-olefinated substrate using LiOH
(Scheme 5).

oT LiOH H,0 OH
MeOH/THF/H,0 o
_ > +
, 12 h HO
P :
CO,Me Z>Co,H CN
15ab 29 (94%) 23 (91%)

Scheme 5. Removal and recycling of the template.

Furthermore, we performed an intermolecular competition
study between electron-rich methoxy and electron-deficient
chloro substituents at para-position of the phenyl ring of arene
templates. The yield ratio of products (1.3:1) indicates that a
rate of reaction for electron-rich substituted arenes is slightly
faster than the electron-poor substituted arenes (Scheme 3).
This can be reasoned that electron rich arenes would chelate
with palladium catalyst at a relatively faster rate when com-
pared that of electron deficient ones.

oT

Cl —
oT oT CO,Et
Pd(OAC); (10 mol%) 15l (21%) °
Ac-Gly-OH (20 mol%)
+ +
AgOAc (0.2 mmol)

oT

Cl OMe HFIP, 55°C, 24 h
51 5j O CO,E
0.1 mmol 0.1 mmol 0.2 mmol MeO —
CO,Et

15ja (26%)

Scheme 3. Intermolecular competition experiment.

A control experiment revealed that the nitrile group is indis-
pensable for this reaction, as only a small amount of a mixture
of olefination products was detected, when nitrile template
free substrate 27 was subjected to the reaction with ethyl acry-
late 10a, which indicates the complete loss of reactivity and
selectivity without nitrile as a directing group (Scheme 4).

Computational Studies:

Methodology: Gaussian09'® was used for all calculations. We
optimized all the structures at the hybrid functional, B3LYP"
level of density functional theory. LANL2DZ*’+f (1.472) basis
set with effective core potential (ECP) was used for Pd, and
LANL2DZ+f (1.611) with ECP was employed for Ag. 6-
31G(d)*' was used for all other atoms. The frequency analysis
with no negative confirmed the saddle points of optimized
structures and transition states have only one negative fre-
quency. The transition states in the mechanistic path were
computed through the Synchronous Transit-Guided Quasi-
Newton method (STQN)* method. The transition states were
confirmed by performing intrinsic reaction coordinates (IRC)
calculations by connecting respective minima. The single
point energies were refined for all the optimized structures at
meta-GGA exchange functional M06*/SDD* (for metal at-
oms)/6-311++G (d, p) level. The effect of solvent was consid-
ered through the SMD? model for the single point calculations
by using 1,1,1,3,3,3 hexafluoro isopropanol (HFIP) as the
solvent with dielectric constant=15.7. All the thermochemistry
calculations were performed at the experimental temperature
328.15 K. The free energy, and the enthalpy corrections are
taken at B3LYP level. The reaction free energies were calcu-
lated by adding the free energy correction at
B3LYP/LANL2DZ/6-31G(d) level and change in solvation
free energy to the electronic energy at the MO6 level. The
reaction enthalpies were obtained by the sum of the electronic
energy with the enthalpy correction and with solvation enthal-
py. Natural bond orbital (NBO)* analyses were performed at
the M0O6/SDD (for metal atoms)/6-311++G(d,p)( for the other
atoms) including Wiberg bond indices (WBIs). We explored
the mechanism of the catalytic process by two ways involving
mononuclear Pd and bimetallic Pd-Ag complexes for a com-
parison. However, the experimental procedures involve later
complexes for the catalytic steps.
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Figure 2. Top: Detailed mechanism of meta-C—H activation catalyzed by the Pd;(OAc)s and Ag,(OAc), Bottom: The energy profile
computed at the BBLYP/ LANL2DZ+f (Pd,Ag)/ 6-31G(d) (for other), MO6/SDD (for metal atoms)/6-311++G(d,p).

meta-C—H activation by the bimetallic Pd—Ag complex: The
pre-catalyst in this mechanism is a trimeric complex, and it
can be initiated to form the dimeric and monomeric forms.
The catalytic process of the reaction involves a Pd—Ag hetero-
dimeric complexes with the introduction of Ag(OAc),. The
distance between Pd—Ag atoms was found to be 2.90 A, which
is smaller than the sum of the van der Waals radii*’ of the Pd
and Ag atoms. The mechanism of mefa-C—H bond activation
was studied in three steps like earlier, according to Scheme 1,
and the free energy profile is shown in Figure 2. The nitrogen
of nitrile group is bonded with Ag, and the Pd and Ag atoms
are connected through the acetate groups in the intermediate
Int0a_b, which has 12.28 kcal mol" higher free energy than
the initial reactants. This intermediate is converted to the
Int0_b by moving one of the acetate groups on Pd. The natu-
ral charges on both metal atoms are nearly equal to 0.70
(0.7077 for Pd and 0.6956 for Ag), and on the meta carbon
atom, it is -0.1905e. The Ag—N bond length is 2.25 A. The
formation Int0_b requires the free energy of 17.74 kcal mol ™.
The meta-C—H bond is broken and Pd—C (aromatic ring) bond
is formed; this bond leads to the formation of intermediate
Intl_b. The Pd—C bond distance is 1.98 A and the WBI
changes to 0.7826 from 0.0011. The conversion of Int0_b to
Int1_b is occurred through the transition state TS1_b, with an
activation free energy and enthalpies of 26.30 and 25.80 kcal
mol”', respectively. This transition state is obtained by the
transfer of hydrogen of the meta-C—H bond to the acetate
group and aromatic ring towards the Pd metal center. The
corresponding transition state structure is shown in Figure 3
along with the IRC (Figure 3A). In TS1_b, the partial charge
on Pd(0.5758e) decreases with the increase of charge on Ag

(0.7370e) as compare to Int0_b. The WBI of Pd—C bond
changes from 0.0011 to 0.4077 (in TS1_b) and 0.7826 (in
Intl_b). After activation of the C—H bond, the alkene is intro-
duced near to Pd metal center with the removal of the acetic
acid, which leads to the formation of Int2_b. The formation of
this intermediate requires 11.52 kcal mol ™. The alkene carbon
atoms are at the same distance (2.22 A) from the Pd. The a-
carbon forms the bond with the Pd, and subsequently, the
meta-carbon of the aromatic ring forms the bond with B-
carbon of the alkene leading to the formation of Int3_b. The
Pd—C () bond distance is 2.00 A and the WBI changes from
0.3113 to 0.6445, which confirms the metal-carbon bond. The
formation of Int3_b requires free energy of 1.83 and enthalpy
of -8.36 kcal mol™'. The conversion of Int2_b to Int3_b is
happened through the transition state TS2_b (Figure 3) and
verified with IRC calculations (Figure 3B). The activation free
energy and activation enthalpies for this step are 18.52 and
8.21 kcal mol ™, respectively. The bond distance of Pd—C (a) is
2.14 A, the WBI of this bond is 0.4388 and C(B)—C bond
distance is 2.61 A. The natural charge at Ag increases to
0.7264 and on Pd atom decreases to 0.3977. After the for-
mation of the Int3_b, the hydrogen on the B-carbon orients
towards Pd and forms an intermediate Intd_b with a free
energy of 2.42 kcal mol". From this intermediate, the p-
hydrogen is transferred to Pd and forms a covalent bond lead-
ing to the formation of Int5_b. The free energy for the for-
mation of this is 2.65 kcal mol”. The transition state TS3_ b is
involved with an activation free energy of 8.31 kcal mol™'. The
WBI of Pd---H bond is 0.5031. In intermediate Int5_b, the
WBI of Pd—C bonds is less than 0.3, which suggests the re-
lease of the product.
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Figure 3. A, B and C represent the Intrinsic Reaction Coordinate (IRC) path for the mefa-C—H activation, alkene insertion and f3-
hydride elimination, respectively. The corresponding transition states are shown in the same order.

By comparing all these three steps of the mechanism, the
rate-determining step is the activation of the C—H bond. By
comparing both mechanistic pathways, the bimetallic pathway
seems to be the less energetic pathway than the monomer one.
The bond distances between Pd and Ag vary between 2.80 to
295 A. During the progress of the reaction, the charge on the
Pd atom decreases and Ag increases. From the WBI values
(mostly near to 0.5) on the transition states, gives the evidence
exchange of covalent bonds.

Conclusion

In summary, we have developed the first removable and
simple aliphatic nitrile template as an effective DG template in
promoting remote meta-C—H bond olefination with good to
excellent yields and excellent site-selectivity. The protocol is a
highly efficient, economical and practical approach in achiev-
ing C—H olefination at remote meta-position of the arenes
under mild reaction conditions. Besides, double meta-
olefinated products can be also obtained in good yields. More-
over, the aliphatic template can be easily synthesized in a two-
step synthetic sequence from readily available inexpensive
methyl cyanoacetate, and is easily installed and re-
moved/recycled. Other synthetic applications using this novel
aliphatic nitrile template-directed meta-C—H activation strate-
gy on various arene substrates (such as aryl substituted esters,
phenol scaffolds, aniline based precursors, and heterocyclic
based substrates) are currently under investigation in our la-
boratory.

EXPERIMENTAL SECTION

General procedure for the meta-lefinanation directed by a
2-cyano-2-isobutyl-4-methylpentanoic acid template.

An oven-dried 10 mL Schlenk-type sealed tube equipped
with a magnetic stir bar was charged with the substrate (0.2
mmol), olefin (0.4 mmol), Pd(OAc), (10 mol %), Ac-Gly-OH
(20 mol%), AgOAc (0.4 mmol), and hexafluoroisopropanol
(HFIP) (2 mL), then the resulting mixture was heated in a 55
°C oil bath with rapid stirring for 24 h. After cooling to room
temperature, the reaction mixture was filtered through a pad of
celite. The filtrate was concentrated and purified by silica gel
column chromatography using hexane/EtOAc as the eluent to
provide the desired meta-olefinated product.
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