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Diverse Meta-C-H Functionalization of Arenes Across Different

Linker Lengths

Ramasamy Jayarajan,* Jayabrata Das, Sukdev Bag, Rajdip Chowdhury and Debabrata Maiti*

Abstract: Conformationally flexible long-chain arenes have been
successfully functionalized at meta-position. Good to excellent meta-
selectivity has been achieved up to twenty atoms between the target
C-H bond and the coordinating heteroatom of the directing group.
This palladium-catalyzed diverse functionalizations include alkylation,
cyanation, olefination and acetoxylation. Meta-selectivity is
exclusively governed by the design of flexible pyrimidine-based
scaffolds.

Activation of inert C—H bonds of readily available starting
materials to incorporate functionalities has certainly emerged as
a key concept in order to elucidate the structure-reactivity
relationships in molecules of interest in pharmaceuticals,
industry and scientific research. In the past few decades, ortho-
C-H functionalization of arenes assisted by a native functionality
or an installed directing group in a molecule has substantially
thrived via five or six membered metallacycle.” In contrast,
selective meta- and para-C—H bond activation remain difficult
task owing to the formation of highly strained macrocyclic
transition state (TS).B! Recent reports demonstrated the
significant efforts for directed distal C—H bond functionalization
of arenes by employing nitrile-based templates.?®!
Functionalizations that are difficult to accomplish at the meta-
position of arenes using nitrile coordination, have been attained
by the judicious design of relatively stronger coordinating
directing groups.®” However, the key to attain such selective
meta-activation relies solely on the rigidity of the cyclophane-like
TS, which might become fragile upon increase in the length of
the linker that bridges the directing group and the target site.
This has limited the application of such template-based
strategies to cases where meta-C-H bonds are geometrically
accessible and proximate. Consequently, a site selective
installation of useful functional groups into arenes that contain a
long alkyl chain is an extremely difficult task. In this context,
striking a proper balance between the number of atoms required
for maintaining the core metallacyclic TS and directing. the
coordinating nitrile group to the target meta- site has been
identified to be crucial.®®!l An increase in the number of involved
atoms in the metallacycle raises the entropic barrier that offsets
the situation of the catalyst at the optimum site for long-chain
containing systems. Further, scientists aimed for a template that
would facilitate a plethora of functionalization without any
compromise in selectivity.

Herein, we disclose the use of an ether tethered
conformationally flexible pyrimidine-based template to achieve
diverse meta-functionalization of arenes (Figure 1) that is
insensitive towards the location of the directing group (DG) from
the target meta-C-H bond. Four distinct functionalizations,
namely alkylation, cyanation, olefination and acetoxylation have
been successfully executed.
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Figure 1. Selective Meta-C—H Functionalization of Conformationally Flexible
Long-Chain Arenes.

The scope of this strategy has been demonstrated with a
series of arenes such as propyl to octylbenzene, decylbenzene,
ethyloxybenzene, hexyloxybenzene, benzyl alcohol and benzoic
acid that depicts the competence of the present scaffold in
enduring resistance to the entropic cost thus enabling the
required selectivity.

We began our investigation towards meta-C-H
functionalization of propylbenzene scaffold as a model substrate.
Nitrile and heterocycle-based directing templates were tethered
to phenylpropyl alcohol (T1-T5) for meta-C—H alkylation using 3-
buten-2-ol as the coupling partner (Table 1).'2° Very less
conversion was observed with nitrile-based templates (T1-T3)
whereas heterocycle-based templates (T4 and T5) resulted in
the desired meta-alkylated product in improved vyield.
Interestingly, both the scaffolds offered only mono alkylated (8-
aryl ketone) product.

Table 1: The Meta-Alkylation with Different Directing Templates.*®

T Pd(OAC), (10 mol%) T
+ /\rMe
OH

Ac-Gly-OH (20 mol%)
H HFIP (0.7 mL)

AgOAc (3 equiv)
0.05 mmol 0.15 mmol 90°C, 24 h

Template (T) o

\O &O B 4 H{‘O J.“'\.’O
\ ’\OMe
/) /) — —
N/ N/

T =OMe
without template

N LN/
inna,c \ / \
no reaction T2 = 4-OMe, 24%? NN
. m:others, 6:1 F R 5, 38%° (76%)°
j”‘ 8% T3 = 5-OMe, 18%° 'T4’ 27% | meothers, 20:1
multiple products miothers, 5:1 m:others, 10:1 | o exclusive

ayjelds and ratio based on 'H NMR using 1,3,5-trimethoxybenzene as internal standard.
bYield and selectivity under optimized condition.
°No desired product observed in combination of OMe protected substrate and O-methylated T5.

The biphenyl pyrimidine-based template T5 has provided
better yield and excellent meta-selectivity compared to T4. The
observed high yield and regioselectivity can be explained by the
hydrogen bonding interaction of solvent 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) with the pyrimidine-directing group
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(DG) which decreases the basicity of DG and concurrently
increases the racidity towards the palladium center.*Y! The
NMR studies reveal the existence of strong hydrogen bonding
between pyrimidine DG and HFIP solvent (see Supporting
Information).["!

A control experiment without using the directing template
did not produce any alkylated product (Table 1).t% These
findings indicate that the flexibility of the ether tethered
pyrimidine-based template would be significant to encourage the
formation of macrocyclic TS for the remote palladium-catalyzed
C-H bond activation.

long chain\ Pd(OAC), (15 mol%) long chain\
Ac-Gly-OH (30 mol%)
| D Ts RZ\/YFU Ag,CO; (3.5 equiv) | = ; Ts
el * Su  Cu0(1equiv) A R
(1 equiv) (3 equiv) HFIP, 90 °C, 24 h 1 R2 O

Chain length and scaffold variation
Ts

Ts

n
n=1, 1b

72% (meothers, 20:1)° 60% (m:others, 12:1)
E » £U. n=2, 1c

10 mmol scale = 61%" 60% (m:others, 9:2)

O (m:others, 20:1) Me” ~O Me’
Ts

1a

1d
57% (m:others, 7:2)
0o

Ts

1e
55% (m:others, 6:1)

1f
52% (m:others, 9:2)

Alkyl coupling partner vanat:on

Ts Ts Ts
H

Me H
19, 64% 1h, 61% 1i, 68% 1j, 54%
(m:others,12:1)

(m:others,15:1) (m:others, 15:1) (m:others,9:1)

Substitution variation

F3C

Ts

R'=H, 1k
65% (m:others, 15:1)
R'=Me, 11
0 67% (m:others, 13:1) e

MeO

im
60% (m:others, 10:1)

R1

Ts

0. 0.
H \/\T5 \/\.I.5
10
65% (mono exclusive) 61% (m: others 9: 1) 68% (m: others 8:1)
(m:others, 15:1)

2Yield of isolated product; ratios are based on "H NMR analysis. lsolated yield of large
scale reaction (10 mmol) under optimized conditions.

Scheme 1. Meta-Alkylation of Long-Chain Tethered Arenes.*%

In order to achieve the highest synthetic yield of meta-
alkylation product, the reaction condition was extensively
optimized.*% A wide range of functional arenes possessing
variable alkyl backbone has been subjected to the optimal meta-
alkylation reaction conditions (Scheme 1). Arenes with variable
linker length such as propyl (1a), butyl (1b), pentyl (1c), hexyl
(1d), octyl (1e) and decyl (1f) were alkylated selectively at the
meta-position. Exclusive mono selectivity was observed for all
the scaffolds under the present reaction conditions. Scope of the
reaction was explored using various alkenyl alcohols (1g-1j) and
arenes containing different substitution (1k-1n). Mono product
was observed with 3,3-diphenyl scaffold (10) where one of the
aryl rings was alkylated with good meta-selectivity. Remarkably,
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phenol-based scaffold (1p and 1q) provided meta-coupled S-aryl
keto product in good yield and selectivity. The practicality of this
transformation was tested by a large-scale reaction (10 mmol
scale, 2.9 g) which afforded the desired meta-alkylated product
lain 61% yield (Scheme 1).19

Arylnitrile is a key structural motif in natural products,

pharmaceuticals and transformation of nitrile to other
functionalities provide the precursor for several valuable
compounds.*? Our recent effort towards meta-selective

cyanation led us to install a nitrile group in arenes possessing
various lengths of alkyl chains which were previously
inaccessible.™® Our initial attempt with propylbenzene scaffold
provided a moderate yield and excellent meta-selectivity. After
optimizing different parameters, it was observed that the yield
and meta-selectivity remarkably increased when copper(l)
cyanide was used as a cyanide source in the presence of silver
carbonate and copper(l) oxide. 3!

long chain\ Pd(OAc);, (15 mol%)

long chain\
Ac-Gly-OH (30 mol%)

[ Ts Ag,CO5 (3 equiv) Y Ts
R +CuCN 2= 5 Ryp
Z H Cu,0 (2 equiv) CN
(1 equiv) (3 equiv) HFIP, 110 °C, 30 h 2

Chain length and scaffold variation

g g g

76% (m:others, 20:1)? 67% (m: others 10:1) 65% (m: others 8:1)

&y 2d &y 2e CN 2f
61% (m:others, 4:1) 58% (m:others, 5:1) 57% (m:others, 5:1)

©/\ O/\(")/\ Ts

55% (m: others 5:1)

CN

9
CCDC, 1585443

56% (m:others, 12:1)

Substitution variation Me

Ts

2i J
72% (m:others, 20:1)

2l, 54% (m:others, 4:1)

2i
CCDC, 1585445

CN
70% (m:others, 10:1)
g
R =3-Cl, 2m, 56% (m:others, 4:1)
R= 4-CI 2n, 62% (m others, 5: 1)
2Yield of isolated product; ratios are based on 'H NMR analysis.
Scheme 2. Meta-Cyanation of Long-Chain Tethered Arenes.[*%

With optimized reaction conditions in hand, we have
probed various scaffolds having elongated alkyl backbones
(Scheme 2). We were delighted to find that the present reaction
protocol provides selective mono-cyanation product. Almost
similar reactivity pattern (yield and selectivity) was observed with
propyl to octyl arene scaffolds (2a-2f) as noticed for alkylation.
Meta-cyanation product for phenol-based hexyloxybenzene (2g)
and benzyl alcohol-based scaffold 2h was also obtained. The
structure of 2g was confirmed by X-ray crystallography. Further,
the compatibility of substituents on aromatic ring has been
examined with electron donating (2i), electron withdrawing (2I,
2m and 2n) and sterically encumbered a-methyl propylbenzene

63% (m:others, 10:1)
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(2j). The structure of product 2i was confirmed by X-ray
crystallography (Scheme 2).

long chain Pd(OAc), (10 mol%) long chain\
\ Ac-Gly-OH (20 mol%)
R A Ta , 2 Rt AgOAc (2 equiv) rA = Ts
G —_—
ar (DCE:HFIP = 10:1) N gt
(1 equiv) (15equiy)  80°C.18h 3
Chain length and scaffold variation
Ts Ts
Z 3a 7 3b z 3c
82% (m:others, 15:1)% 68% (m:others, 7:1) 71% (m:others, 5:1)
MeO” ~O MeO 0
Ts
z 3d !
70% (m:others, 7:2) i
MeO' (e] !

3e, 90% (m:others, 15:1)  3f, 72% (m:others, 10:1)

Olefin coupllng partner varlatlon
3j, 85%

R= E_H (m:others, 10:1)
_ 3k, 73%
% NMe, (m:others, >20:1)
SO,R 0. 31, 74%
0 3h R = Me, 72% R T\ (mothers, 20:1)

(m:others, 15:1)
75% (m: others 7: 1)3, R = Ph, 70%

/
(m:others, 20:1) s

Me r
H Me O
Me ! Me O/\/Ts
Me i

(0] Me 3m, 68%
Me (m:others, 10:1)

=z 30
69% (m:others, 10:1)
(¢}

3n
78% (m:others, 15:1)

Substitution variation i

T F3C T
MeO A\
z =z
e0” O MeO’

¢]

3q 30 h

50% (m:others, 12:1) CCDC 1812852

Me

p
81% (m:others, >20:1)

2Yield of isolated product; ratios are based on TH NMR analysis.
Scheme 3. Meta-Olefination with Diverse Scaffolds.[*%

After successful implementation of cyanation reaction, we
have examined meta-C—-H olefination with a wide variety of
scaffolds (Scheme 3). The protocol is compatible with different
alkyl benzenes (3a-3d), various activated olefins like acrylates

(3e, 3l and 3m), vinylketone (3g), sulfone (3h-3i) and amide (3k).

Interestingly, acrolein as a coupling partner yielded the alkenyl
aldehyde (3j). Electron donating (3p) and withdrawing (3q)
substituent on the arenes are also well tolerated. Substituted
benzoic acid (30) produced meta-olefinated product in
synthetically useful yield and its structure was confirmed by X-
ray crystallography (Scheme 3).

The meta-acetoxylation reaction was also found to be
feasible with long-chain containing arenes (Scheme 4). Arenes
with different chain lengths (4a, 4b and 4c) and substitution
patterns (4d, 4e and 4f) have been acetoxylated under
optimized reaction conditions. All scaffolds afforded mono
acetoxylated product in synthetically useful yields and selectivity.

Finally, removal of the directing template was
accomplished by oxidative cleavage of olefinated product 3a
using ceric ammonium nitrate (CAN) at room temperature to

10.1002/anie.201804043
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afford corresponding meta-functionalized 3-phenylpropanol (5a)
(Scheme 5).

long chain\

long chain
Pd(OAC); (10 mol%) \

N T Ac-Gly-OH @5mol%) . N\ (o 1.
RT + PhI(OAc), “"Ac.0 (4 equiv) R I L
H ) HFIP, 100 °C, 24 h 0" Me
(1 equiv) (4 equiv) 4

(;/\/\/\T5 Q/\NV\TS
OYO 4c
Me 58% (m:others, 4:1)

©/\/\T5
OYO Y
MeB2% (m:others, 13:1)? 55% (m: others 4:1)

o LG

Y 52% (m: others 10:1)

Ts

e

4f

Y 60% (m: others 10:1) 61% (m:others, 10:1)

aYield of isolated product; ratios are based on 'H NMR analysis.
Scheme 4. Meta- Acetoxylation of Long-Chain Tethered Arenes."

CAN (3 equlv) OH
T cmonn
12 h, 72%
=z 5a
COOMe COOMe
Scheme 5. Template Removal.ll%
354 ; 804

= Propyl scaffold (1a)
304 « Pentyl scaffold (1c)
4 Decyl scaffold (1f)

—=— Propyl scaffold (1a)
(16:1) —e=— Pentyl scaffold (1c)
11| —*— Decyl scaffold (1f)

75
70
65
60

£ 2] =
3 £ 55
o h-}
= 154 3 50 4
” 45 ]
104 Initial rate, 1a : 9.008 0]
1c: 8.052
5 1f - 4.199 35

304

0 1 2 3 4 5 6 7 8 8 04 06 08 10 12 14 16 18 20 22
Time (h) Solvent amount (mL)
Figure 2. a) Rate of meta-alkylation with propyl (1a), pentyl (1c) and decyl (1f)
scaffolds was measured by initial rate (i.e., slope of the plots). b)
Concentration effect on yield and selectivity; Data points of both the plots
represent the NMR yields and values in parentheses represents meta:others
selectivity.'%

To rationalize the effect of different linker lengths (propyl,
pentyl and decyl), we further studied the rate of the reaction and
concentration effect on yield and selectivity (Figure 2).0 We
performed three parallel sets of meta-alkylation reactions over
8 h, quenching them in 1h interval and monitored the
conversion by 'H NMR spectroscopy of the crude reaction
mixture (Figure 2a). The observed initial rate reveals that rate of
the reaction drops down when linker length increases. Further,
an effect of concentration on yield and selectivity was tested.
Decrease in yields has been observed from optimum to lower or
higher concentration. However, only a slight change in
regioselectivity was observed with the change in concentration
(Figure 2b).

A plausible catalytic cycle is depicted in Scheme 6 for the
formation of meta-alkylation with long-chain arenes.’®@ The
target meta-C-H bond of flexible arene might be selectively
activated by conformationally well-defined reactive pyrimidine
coordinated Pd-mono-N-protected amino acid species (l). The
ESI-MS studies of individual reaction mixtures of propyl, pentyl
and decyl scaffolds in the absence of alkyl coupling partner also
suggested the formation of a macrocyclic palladacycle (I).
Coordination followed by 1,2-migratory insertion of the allyl
alcohol would give intermediate |l. Thermodynamically stable s
hydride (Hs) elimination may lead to the formation of

This article is protected by copyright. All rights reserved.
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intermediate 1ll. Next, double bond isomerization (V) and keto-
enol tautomerization provides the desired meta-alkylated
product (1). However, the formation of a bimetallic Pd-Ag adduct
with substrate could facilitate the meta-functionalization with
long chain scaffolds as proposed in recent reports.B9 A

detailed mechanistic understanding remains our study of interest.

Ag' Ag®
a) propyl scaffold
. 0 idati
Ms:i:llllgl?:)ed [Pd”]  Reoxidation [LPd"] Substrate .
Reductive
\'[LpduH]e“mma“O” C-H Actlvatlon Z IN
Ny
o pg” Y
7\
>—NH O
Ts S‘
[LPd”H] N N Calcd. Mass: 511 0723

Found: 511.1098
\ OH oun

av) R
Isomerization

1,2-Migratory

- A 511409
insertion

513.1108
S| 5eyq
/\(Wm SISt
R 516.0973
J J 1042
ul L "

5100 5125 5150 5175

Calcd. Mass (M+H): 540.1115 Calcd. Mass (M+H): 610.1897

Found : 540.1076 M Found : 610.1889
sa0.10%8 angsm
e} .
. - s
g 2
NN
5381033 . S Pd/ 4 [ e | T
ST AN s
. NH 0 wmon asyom
i || [T
P TRGS T

Me bl 1
B

c) decyl scaffold (n=7)

oy

b) ;);ntyl scaffold (n=2)
Scheme 6. Plausible Mechanistic Cycle for meta-C—H Alkylation.t%

In conclusion, we have demonstrated Pd(ll)-catalyzed
diverse meta-C-H functionalization of long-chain arenes, where
more conformational degrees of freedom make the C-H bond
cleavage step entropically unfavourable. Alkylation, cyanation,
olefination and acetoxylation have been accomplished at remote
meta-position of arenes across different linker lengths.
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