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Palladium-Catalyzed Directed meta-Selective C-H Allylation of
Arenes: Unactivated Internal Olefins as Allyl Surrogates

Tapas Kumar Achar,!t Xinglong Zhang,'* Rahul Mondal,®

Shanavas M. S.,[@ Siddhartha Maiti,

Sabyasachi Maity,® Nityananda Pal,®® Robert S. Paton,™ and Debabrata Maiti®

Abstract: Palladium(ll)-catalyzed meta-selective C—H allylation of
arenes has been developed utilizing synthetically inert unactivated
acyclic internal olefins as allylic surrogates. The strong o-donating
and Tr-accepting ability of pyrimidine-based directing group facilitates
the olefin insertion by overcoming inertness of the typical unactivated
internal olefins. Exclusive allyl over styrenyl product selectivity as well
as E-stereoselectivity were achieved with broad substrate scope, wide
functional group tolerance and good to excellent yields. Late-stage
functionalisations  of pharmaceuticals were demonstrated.
Experimental and computational studies shed insights on the
mechanism and pointed to key palladacyclic steric control in
determining product selectivities.

Introduction

Transition metal catalyzed C-H bond functionalization has
emerged as an indispensable tool in late-stage functionalization
of complex pharmaceuticals and agrochemicals.! However,
achieving site-selective C-H functionalization of aromatic
compounds is a fundamental challenge due to the inherently
similar electronic and steric properties of the C-H bonds.? In
order to achieve C—H bond functionalization at a desired position,
directing group (DG) assistance has been employed extensively
for proximal ortho-C—H bond activation,®! whereas distal meta-
and para-C—-H bond activations are relatively underexplored. In
recent years, remarkable efforts have been expended to establish
straightforward meta-selective C-H functionalization method.®!
Over the past years, our group has focused on these
developments in terms of designing new directing groups,
introducing new functionalities and understanding the reaction
mechanisms.®!  The wuse of nitile DG for meta-C-H
functionalization confines the method to the introduction of less
reactive coupling partners due to the weak coordination and side-
on binding of the nitrile. In 2017, we introduced a stronger
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coordinating pyrimidine-based DG which was more efficacious
than nitrile DG for the introduction of different functionalities. 2 7
Direct C-H allylation is an important method in view of atom
and/or step economy and synthetic utility. In recent years, the
synthetic community has witnessed a tremendous growth in
ortho-C—H allylation reactions (Figure 1b).[! To the best of our
knowledge, distal meta-C—H allylation has not yet been reported.
The allylation of aromatic compounds is an important
transformation in organic synthesis as the allyl group offers a
wealth of opportunities to access other functional groups.®
Conventionally, aryl metal compounds like magnesium, zinc, and
boron reagents have been utilized for transition metal catalyzed
allylation withallylic electrophiles.!% Despite excellent site-
selectivity, these protocols suffer from unavoidable preactivation
of arenes, thus requiring a stoichiometric amount of metals for
metalation (Figure 1a). Later on, more straightforward
approaches such as Lewis acid-promoted Friedel-Crafts allylation
and Pd-catalyzed Tsuji-Trost reaction have been developed.i'!
Numerous examples of transition metal catalyzed directed ortho-
C-H allylation reactions have also been developed utilizing
activated or prefunctionalized coupling partners, such as allyl
halides, acetates, phosphates and carbonates (Figure 1b).[8

a) Conventional allylations with aryl metals
stoichiometric
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Figure 1. C-H allylation reaction. a, Traditional allylation with organometallic
compounds with allylic electrophiles. b, Transition metal catalyzed directed
ortho-C-H allylation. c, Palladium catalyzed meta-C—H allylation of arenes with
unactivated internal olefins (this work). d, Working hypothesis.
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Very few reports on utilizing unactivated allylic coupling
partners have been reported in the literature.® 2 Compared to
the extensive studies on C-H alkenylation reactions with
activated olefins, unactivated olefins have not been extensively
employed in alkenylation reactions, presumably because of their
inertness to undergo migratory insertion. 131 Recently, we have
demonstrated the utilization of unactivated olefins for
dehydrogenative heck reactions at the ortho-position with Pd and
high-valent Co-catalyst.[3 8¢ 128 As part of our continuous effort
to reach out to the distal meta-C—H bond, we envisioned a Pd-
catalyzed meta-C—H allylation of arenes utilizing readily available
unactivated internal olefins as allyl surrogates (Figure 1c). Upon
1,2-migratory insertion of olefins at the meta-position, the
carbometallated intermediate opens up two different avenues
which might lead to intricate mixtures of styrenyl and allylic
products (Figure 1d). Utilization of the appropriate metal-ligand
system favours formation of the allyl product over the
thermodynamically more stable styrenyl product through
conformational control exerted by the metallacycle. It is
noteworthy that our method proceeds proficiently and provides
exclusive E-selective allyl isomers in the presence of a catalytic
amount of Pd(OAc), and mono-protected amino acid (MPAA), N-
acetyl norleucine ligand.

Results and Discussion

Evaluation of directing groups. We initiated our investigation of
meta-C—H allylation of arenes using a 3-methylbezylsulfonyl ester
linked with different meta-directing groups (DGs) and trans-4-
octene 2a as a model substrates. Interestingly, it was found that
the strongly coordinating pyrimidine based biphenyl DG (DG7)
was superior over others in terms of both yield and selectivity
(Table 1). This can be attributed to strong o-donating and -
accepting ability of the pyrimidine ring, which binds with the Pd-
catalyst effectively and facilitates olefin coordination as well as
migratory insertion.*4 Although DGs is a strong o-donor, its lower
efficiency could be attributed to its bulkier size, which impedes
olefin coordination as well as insertion. Under optimized
conditions, exclusive allyl selective alkenylated products were
achieved in synthetically useful yields.*> Mono-protected amino
acid (MPAA) ligand, N-acetyl norleucine, was found to be best for
this particular transformation. Contrary to our previous studies, an
aprotic solvent, acetonitrile, considerably increased the efficiency
of the protocol. Gratifyingly, exclusive allyl product was achieved
under aerobic conditions, instead of the Heck type styrenyl
product. However, a similar reaction of 2-(pyrimidin-5-yl)phenyl
m-tolylmethanesulfonate l1a carried out with terminal olefin 1-
octene under the optimized reaction conditions (see Supporting
information 2.8), led to intricate mixtures of three different
positional isomers in much poorer yield (35%) and selectivity
(allyl : styrenyl : branched = 4.5 : 3 : 1). The lack of regiocontrol in
terminal olefin could potentially arise from the lack of steric
influence near the C=C bond as 1,2-migratory insertion occurs.
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Scope of meta-selective C-H allylation. The scope of this
method was subsequently examined under optimal conditions.
First, we evaluated several unactivated internal olefins (Figure 2a).
Expectedly, higher homologue trans-5-decene and trans-7-
tetradecene produced 3b and 3c with excellent yields.
Presumably due to high volatility of trans-3-hexene, yield of 3d
was relatively lesser (66%). Next we turned our focus on
functionalized internal olefins to evaluate the feasibility of the
method. With different ester-based internal olefins, compounds
3h-n were isolated in very good to excellent yields. Trans-2-
octene and trans-3-octene provided the allyl products 3e and 3f
with excellent regioisomeric ratios. With 4-methyl-2-pentene 2g,
pharmaceutically relevant isoprenyl-type functionality was
obtained in very good yield and selectivity (3g, 71%). Different
natural products and drugs functionalized with unbiased internal
olefins (2j-n) were found to be well tolerated under the optimized
conditions.

Table 1. Evaluation of directing groups*®

Oy 0

O 0

N7

10 mol% Pd(OAc),

S 20 mol% Ac-Nle-OH <
DG 3 equiv Ag,CO3 pe
1 equiv CuF,
+ R\/\/\R N R
Me MeCN, 90 °C, 24 h Me A
1 2 ~ 3
(0.1 mmol) (0.2 mmol) R=Et R
_0 o OMe o
o el SRS o Wi
NZ N N OMe iz
DGy, nd DG,, nd DG3, nd
r'))\0 O r'))\O AJf\o
Z | Z | Z I
Ny Ny Ny N O,N
DGs, 18% DGg, 46% DGy, 82% DGg, 38%

5:1 (meta:others) 7:1 (meta:others) 13:1 (meta:others) 4:1 (meta: others)

Figure 2b demonstrated the generality of the allylation
reaction with substituted benzylsulfonyl ester (30-z) using trans-
4-octene as an allyl surrogate. The reaction proceeded with a
variety of electron-rich and electron-deficient sulfonyl ester
containing functional groups such as Me, Br, F, Cl, CF3;, OCFs.
Interestingly, bromo-substituents turned out to be well tolerated
without providing undesired side products under Pd-catalysis.

Following the successful implementation of meta-selective
C-H allylation in benzylsulfonyl esters, several other scaffolds
with linker variations such as phenethyl ether (4, Figure 3a),
phenylacetic acid (6, Figure 3c) and benzylsillane (8, Figure 3d)
were evaluated. In all cases, excellent yields and selectivities
were observed irrespective of their electronic and steric nature.
We examined the possibility of implementing the present protocol
in late-stage C—H functionalization of drug molecules. Strikingly,
phenylacetic acid based pharmaceuticals (7b-d) were shown to
be compatible and provided good-to-excellent yields with very
good selectivity. Similarly, internal olefins derived from
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Figure 2. Scope of the reaction.!*® a, Evaluation of the unactivated internal olefins with 1a. b, Scope of the sulfonyl esters with 2a.
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Figure 3. Meta-selective C—H allylation.'?! a, Evaluation of meta-selective C—H allylation of phenethylethers. b, Allylation of longer chain tethered scaffolds.

C-H allylation of phenylacetic acids. d, C-H allylation of silyl ethers. e, Gram-scale synthesis.
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naturally occurring oleic acid (2i), nerol (2j), cholesterol (2I),
menthol (2h), adamantane (2k); drugs such as ibuprofen (2m),
myristic acid (2n) were also well tolerated and showed
comparable reactivity pattern. The generality, regioselectivity and
stereoselectivity of this protocol were further investigated with
substrates having an elongated template backbone (Figure 3b).
In all cases, the desired meta-allyl products were afforded in
synthetically useful yields and selectivity. To check the feasibility
of the protocol in large scale, this reaction was scaled up to 3
mmol with substrate l1a using a standard Schlenk flask, the
desired allylated product was obtained in 71% yield with excellent
selectivity (Figure 3e).

00
~o Y
+ H o)
| A Me S.Bu
Ag(0)
Me’ i

Ag(l) 1/3 Pd3(OAc)g

substrate

Pd(0) coordination 0\\ o
S\o
3d 2 AcOH
product | N
dissociation . NN
3 Pd(OAc), Me /Pd\ ~
(o]
OYN\/&

C-H activation
by MPAA ligand

W Kylkp=1.18
Me
O
G
B-hydride \o
elimination
0P
~o
HO. /N
N \/&
Me 5
PdN N \w oleﬂn A-Bu
OAc 1,2-migratory int-2’
insertion n hexene
+ AcOH
int-4 N /N ligand

E!\o

Et

Figure 4. Catalytic cycle based on experimental mechanistic and computational
studies.

Mechanistic investigation. Experiments were carried out to
elucidate the mechanism for this meta-selective C-H allylation
reaction. Qualitative *H NMR experiments revealed the
indispensable role of Pd and ligand in this transformation (see Sl
2.7.1).%% In the presence of Pd(OAc), and Ac-Nle-OH, a prominent
chemical shift of 1a suggested strong interactions with the catalyst
and ligand (see SlI, highlighted in colour shade), likely through the
pyrimidine-N, which was further confirmed by the X-ray crystal
structure (SI, 2.7.4). Kinetic studies suggested that the reaction
rates of acyclic olefins (cis- and trans-olefins) are comparable and
much higher (~ 4.8 times) than that of cyclic olefin (see SI, Figure
S6). This was attributed to the free rotation along the C-C bond
in the insertion intermediate (Figure 4, int-4) for both the trans-
and cis-olefins, whereas this degree of rotational freedom for
cyclic olefins was unlikely (see computational studies, Figure 7).
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Each reaction component was additionally shown to have crucial
influences on the rate enhancement (see Sl, Figure S7).
Presumably, CuF, acts as co-oxidant and helps to afford
enhanced yield of the desired allyl product. A product distribution
value of [Pw/Pp] = 1.08 was obtained from the competition
experiment.'® Kinetic isotope effect (KIE) studies revealed a ku/kp
value of 1.18, suggesting that the C—H activation step is unlikely
the rate determining step (r.d.s.) of the overall transformation.*®

Computational Studies. Density functional theory (DFT)
calculations were performed using Gaussian 16 software*” to
understand our Pd(ll)-catalyzed template-assisted meta-
selective C(sp?)-H allylation. Arene 1a and trans-3-hexene were
used in computations. Geometry optimizations were performed at
MN15[8/GENECP level of theory. This functional was chosen as
it performs much better than many other functionals in predicting
transition metal reaction barrier heights®*® and gives good
experimental agreements in similar palladium catalysis studies.*9
The effects of acetonitrile solvent on the computed Gibbs energy
profile were included by further single-point calculations (see Sl
2.9 for full computational details). The overall Gibbs energy profile
for the proposed catalytic cycle is shown in Figure 5. The reaction
proceeds with C—H activation, followed by 1,2-migratory insertion
of alkene and the subsequent g-hydride elimination to yield the
final product (Figure 4).In the absence of ligand, C-H
activation (ts-1) is the turnover frequency-determining transition
state (TDTS)®@ and unfavourable. The coordination of
amino acid ligand, Ac-Nle-OH, with displacement of two acetic
acid molecules, is entropically favoured. Transition structure ts-
1’ has the characteristic [5,6]-palladacycle conducive for C-
H activation.[®®: 21 The formation of a 5-membered palladacycle by
the ligand strategically positions the amide oxygen for facile C-H
activation via concerted metalation deprotonation (CMD) (other
possible ligand arrangements are not competitive, see Sl
2.9.2). With the ligand lowering C—H activation, 1,2-migratory
insertion becomes the overall TDTS with an activation barrier of
23.2 kcal molt. This is consistent with our experimental studies:
the computed reaction coordinate predicts a reaction first order in
alkene, a reversible C—H activation step, and an absence of a
primary C-H KIE. The secondary C-H KIE results from the
insertion step. For modelling purposes and simplicity, we replaced
the amino acid ligand by acetate in subsequent steps, as both the
MPAA ligand and acetate act in a monodentate fashion and the
Pd—N coordination interactions would dominate over any
additional non-covalent interactions (NCIs) that the amino acid
side chain would have (see Sl 2.9.3 for a complete discussion).
Although the overall TDTS of the reaction is the 1,2-migratory
insertion step (see Sl 2.9.6 for arene site selectivity studies),
the regio-(allyl/styrenyl) and stereo-(E/Z) selectivities are
determined by the subsequent B-hydride elimination step. Direct
B-hydride elimination requires positioning the ligand in close
proximity with the palladacycle ring, giving unfavourable sterics in
int-5, which subsequently proceeds via ts-5 to give the desired
product. This leaves palladium in +2 oxidation state, forming
metal-bonded Pd(ll) hydride int-6 that can further undergo
reductive elimination to generate Pd(0) catalyst. More favourably,
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Figure 5. Computed Gibbs energy profile.

a facile rotation in C—C bond (ts-6) strategically positions the
acetate for ligand-assisted S-hydride elimination (ts-7), giving
final product int-8 directly and regenerating Pd(0) (int-7 is lower
in energy than int-5 due to more favourable sterics, see Sl 2.9.4).
This product int-8 is exergonic and irreversible, such that ts-7 is
overall stereo-determining.

To understand the regio- (allyl/styrenyl) as well as stereo-
(E/Z-selectivity for the allyl product) selectivity in product
formation, we performed a detailed study of the g-hydride
elimination step (Sl section 2.9.5). Allylation proceeds via ligand-
promoted B-H elimination whereas styrenylation direct B-H
elimination via a Pd(ll)-hydride complex. The formation of the Z-
allylated product has a barrier that was 2.1 kcal mol™* higher than
the E-allylated product, thus being disfavoured (1 in 18). Their
HOMOs are almost identical, showing similar electron
movements in the TSs; NCI plots shows that Z-allylation is
disfavoured due to unfavourable 1,3-diaxial interactions arising
from the arrangement of the methyl side group (Figure 6).
Styrenylation (ts-5b) has a barrier that is 17.8 kcal mol* higher
than E-allylation (ts-7), making styrenylation impossible (1 in 50
billion). It is difficult to see, from the HOMOs and NCI plots how
ts-5b was hugely disfavoured compared to allylation TSs.
However, we note that the rotational barrier ts-4b for styrenyl-
product formation is very close to ts-5b (within 1 kcal mol) and it
is hugely disfavoured since rotating the C-C bond to bring
the hydrogen atom Hs in position to interact agostically with Pd(Il)
centre  introduces a  massive  strain in  the 14-
membered palladacycle, evidenced by the geometry changes
when Hs comes close to Pd(ll) centre (Figure S18 (ii)). It is worth
noting that the regioselectivities are not controlled by orbital
interactions but rather by the conformational restraints due to the
conformationally rigid 14-membered palladacycle. This is evident

p-hydride elimination

since allylation does not involve the distortion of 14-membered
palladacycle (the ligand-promoted B-H elimination occurred
outside the palladacycle without distorting it) whereas
styrenylation requires first bringing Hs (on the carbon atom
forming part of the palladacycle, Figure S18) to interact
with Pd(ll)-centre agostically before subsequent g-H elimination,
thus introducing massively unfavourable ring strains in the 14-

membered palladacycle.

ts-4b

G / keal mol!

outside rotation giving palladacycle ring strains

Figure 6. Product selectivity studies comparing E-/Z-allyl- vs styrenyl-product
formations for trans-hexene substrate.

Experimentally, cis-olefin was found to be slightly less
reactive  than trans-olefin  (Figure S6), we modelled
the TDTS (1,2-migratory insertion) of cis-olefin and compared this
to trans-olefin. Since there are numerous conformers close in
energy (within 5 kcal mol?), conformational samplings of the
TDTSs for cis-olefins were again performed and  Boltzmann
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weighted for comparison (Sl 2.9.7). We can do this comparison
since the reaction mechanism is the same for both olefin
substrates and the lowest resting states are the separated
reactants (see Sl for details on conformational sampling of the
TDTSs). Aratio of 1.2 : 1 (trans-hexene vs cis-hexene) for the
relative ratesis obtained using wB97X-D functional for SP
correction whereas this ratio reverses and becomes 1 : 1.3 using
MN15 functional. This suggests that the reactivity for either olefin
would be comparable, mirroring the experimental observation
(Figure S6). The product selectivities for cis-hexene were
similarly studied (Sl 2.9.8). As before, E-allylation (cis-ts-7) has
the lowest barrier, at 13.8 kcal mol™. The barrier for Z-allylation
(cis-ts-7a) is 3.6 kcal mol™* higher (1 in 147) and can be traced to
the steric clashes (less favourable 1,3-diaxial interactions in Z-
allylation) as evidenced by the NCI plots (Figure S23).
Styrenylation is once again uncompetitive, as for trans-hexene,
due to the unfavourable ring strains experienced by the
palladacycle when the styrenyl proton Hs is brought to interact
agostically with Pd(ll)-centre (Figure S24(ii)). It is important to
realise that allylation has B-H elimination occurring outside the
rigid palladacyle insertion intermediate whereas styrenylation has
B-H elimination incurring unfavourable distortions of the
palladacyle.

@ T

é?

El\

cis-hexene TDTS
(1,2-migratory insertion)

Ferd

N N
HOAl:

insertion intermediate
free rotation

| > allylation via_<H elimination
about C-C bond in red I

outside ring and unrestrained

,pw"’%

(i)

insertion intermediate
restricted rotation
about C—C bond in red

cyclohexene TDTS
(1,2-migratory insertion)

Figure 7. (i) Free C—C rotations in cis-hexene without imposing ring strain. (ii)
Restricted C-C rotations in cyclohexene giving rise to unduly strained
palladacycle.

Cyclohexene was next compared to trans-olefin in terms of
the energetics of the 1,2-migratory
insertion TDTS. Boltzmann weighting of the conformers gives a
ratio of 1:44-56 (cyclohexene vs trans-hexene) for relative
rates. This is in agreement with experimental observation that the
reaction with cyclooctene proceeded significantly slower than that
with trans-hexene (Figure S6). The product selectivities for
cyclohexene substrate were studied (Sl 2.9.9) and it was found
that only Z-allylation is be possible (Figure S25), with a barrier of
17.3 kcal molt (cy-ts-7a, Figure S26). The cyclohexene ring
severely restricts the degree of rotational freedom in the
intermediate after insertion: both the He and Hs atom could not be
brought to interact agostically with Pd(Il) centre without incurring
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unduly strains due to geometric constraints placed by the
cyclohexene ring (Figure 7(ii)). Thus, if at all
the allylation product would adopt Z-geometry that formed part of
the cyclohexene ring. The Z-allylated product cy-int-8a is
endergonic with respect to the insertion intermediate cy-int-4,
making this product formation thermodynamically reversible, thus
explaining its poor yield obtained experimentally.

Based on our experimental and computational mechanistic
studies, we propose a catalytic cycle for the meta-selective C—-H
allylation reaction (Figure 4). We believe that arene 1la
coordinates to the palladium catalyst and subsequently, MPAA-
assisted meta-hydrogen abstraction from the arene leads to C-H
activated intermediate int-2’. Coordination of electronically
unbiased internal olefins and the subsequent rate-determining
migratory insertion afford a cyclophane-like 14-membered
metallacycle int-4 which further undergoes selective B-H
elimination to deliver 3d. Stability and conformational restraints of
intermediate int-4 play a crucial role for both regio- and stereo-
selective outcomes of this reaction: the rotational TSs for allylation
and the subsequent ligand-assisted §-H elimination occur outside
the conformationally rigid metallacycle whereas the rotational TS
for styrenylation incurs huge ring strains in the metallacycle which
has to be twisted in order to bring the requisite H atom to interact
with Pd(ll)-centre agostically before subsequent 8-H elimination
could occur.

Conclusion

In summary, we have presented an unprecedented approach to
distal meta-selective C—H allylation using unactivated internal
olefins as allyl surrogates. This operationally simple, atom-
economical and catalytically efficient approach demonstrates
impressive functional group tolerance, substrate scopes and
product yields. Additionally, remarkable late-stage
functionalisations of drug molecules are achieved. Computations
provide us an augmented understanding of the reaction
mechanism: 1,2-migratory insertion is the overall turnover
frequency-determining transition state whereas selective (-H
elimination determines  the product identity. The
product selectivities are dictated by the steric effects of the alkyl
groups in the vicinity of the C=C bond and the conformational
rigidity afforded by the palladacycle intermediate in the B-H
elimination step. We believe that these findings will stimulate
further research on the utilization of unactivated internal olefins as
powerful coupling partners.

Experimental Section

General procedure for palladium catalyzed meta-selective C-H
allylation of arene. To an oven-dried screw cap reaction tube charged
with a magnetic stir-bar was added sulfonate ester/ether scaffold (0.2
mmol, 1 equiv), Pd(OAc)2 (10 mol%), N-acetylnorleucine (20 mol%),
Ag2COs (3 equiv) and CuF2 (1 equiv). Aliphatic internal olefins (2 equiv)
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was added with a micro litter pipette and 2 mL acetonitrile was added with
a disposable laboratory syringe under aerobic condition. The tube was
placed in a preheated oil bath at 90 °C and the reaction mixture was stirred
for 24 h. The reaction mixture was then cooled to room temperature and
filtered through a celite pad with ethyl acetate. The filtrate was
concentrated and the crude compound was purified by column
chromatography using silica gel (100-200 mesh size) and petroleum
ether/ethyl acetate as an eluent.
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