ORGANIC CHEMISTRY ccs Rl :f) o P rowasocery
CEE2Y SOCIETY . \\ ~OFCHEMISTRY

FRONTIERS

RESEARCH ARTICLE

Amine-directed Mizoroki—Heck arylation of free

’ '.) Check for updates ’
allylaminesf

Cite this: Org. Chem. Front., 2022, 9,
1967

Vinod G. Landge, 2 * Audrey L. Bonds, Thandazile A. Mncwango, Carollna B. Mather,
Yasaman Saleh, Hunter L. Fields, Frank Lee and Michael C. Young

The transition metal-catalyzed Mizoroki—Heck reaction is a powerful method to synthesize C-C bonds,
allowing access to several important pharmaceuticals. Traditionally free amines have not been compatible
with these approaches due to oxidation of the amine by the transition metal or other side reactions.
However, the functionalization of unprotected allylamines is particularly attractive due to their prevalence
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in various biologically active molecules. Herein we report the palladium-catalyzed selective monoarylation
of free allylamines using aryl iodides. The strategy works on primary, secondary, and tertiary amines,
making it very general. Our monoarylation method is scalable and works on aryl iodides with a variety of
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Introduction

Allylamines are a versatile building block in chemical syn-
thesis, and are frequent synthetic targets which are found in
various natural products and bioactive compounds.” Notably,
cinnamylamines (3-arylallylamines) and their respective
derivatives are commonly-encountered therapeutic agents.
Therefore, the one-step synthesis of cinnamylamines from allyl-
amines via a Mizoroki-Heck reaction is an attractive method
to access this medicinally-important class of compounds that
complements other strategies, such as hydroamination.>
However, the use of free allylamines as substrates for this reac-
tion can be challenging: these substrates are sensitive to oxi-
dation through p-hydride elimination,® allylic deamination,*
intramolecular cyclization,” and N-arylation.®

To circumvent these difficulties in the case of allylamines,
several methods have been reported for the arylation of pro-
tected allylamines (Scheme 1a). In many examples, the coordi-
nating ability of the protecting group is key for the regio-
selectivity of the insertion to form the more favorable 6-mem-
bered intermediate, while the subsequent p-hydride elimin-
ation favors the trans products.” The directing ability of these
protected amines can also lead to more challenging double
insertion reactions.® More strongly-coordinating protecting
groups that coordinate through nitrogen can even direct a
competing C-H activation pathway, which instead gives rise to
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substituted arene or heterocycle motifs, including chromophoric substrates.

the cis products formed through a 5-membered metallacycle
(Scheme 1b).° In the case of some weaker donors or catalysts
that don’t coordinate, it is likely that the selectivity may be
simply due to sterics, which typically favors reaction at the
terminal alkene position to give the linear products."’

Considering the need to first protect and then deprotect the
substrates under these reaction protocols to access the free
amines for subsequent biological screening or synthetic elab-
oration, we reasoned that there was still a need for a more
step-economical approach utilizing either the free amine or a
transient directing group.' However, the presence of a
strongly coordinating amine poses the challenge that the
amine is not likely to direct a y-selective insertion reaction,
and should instead promote either or both the f-selective
insertion reaction or the y-selective C-H activation reaction,
both of which would proceed through a more favorable
5-membered metallacycle (Scheme 1c).

Notably, we had previously targeted the free-amine directed
y-C(sp*)-H arylation of cinnamylamines.'® In that work we
found that a mixture of y-arylated products were formed, but
arose through competing insertion and C-H activation path-
ways. Despite the use of CO,, which served as an in situ-pro-
tecting group for the amine substrates,"® we rationalized that
the selectivity for the insertion reaction came from a nano-
particle-catalyzed insertion that obviated the challenge of
forming a 4-membered metallacycle that would be expected
from a mononuclear catalyst.'* Inspired by the ability to
achieve y-insertion reactions to form trisubstituted alkenes, we
also demonstrated that we could perform symmetrical diaryla-
tion of terminal olefins in one step.

At the time we could not determine conditions to achieve
the selective monoarylation reaction of the terminal allyl-
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a) Mizoroki-Heck Reaction with Weakly-Coordinating Protected Allylamines
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Scheme 1 Considerations and approaches for the synthesis of arylated
allylamines.

amines, which as mentioned would give rise to the important
class of cinnamylamines. In addition, while we had a good
handle on the competing mechanisms for the arylation of cin-
namylamines to form the 3,3-diarylallylamines, we lacked a
similar understanding of how the first arylation occurred - did
it also come from a competition between C-H activation (fol-
lowed by possible isomerization)'”> and y-selective Mizoroki-
Heck coupling, or could the terminal alkene be directly arylated
without the involvement of the amine, which under acidic con-
ditions would be protonated.'® The goal of this work was there-
fore to determine conditions that would allow us to access cin-
namylamines directly, and to address some of the outstanding
questions regarding the mechanism of the first arylation.

Results and discussion

We began our study on the monoselective Mizoroki-Heck reac-
tion of unprotected allylamines using a slight excess of allyl-
amine and 3-iodobenzotrifluoride as model substrates (see
ESIT for complete optimization details). In the presence of
Pd(OAc),, AgOAc, CO,, and TFA at 50 °C for 14 h, product 1a
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was obtained in 88% yield. Surprisingly (based on our previous
report),"* we did not observe any diarylation product under the
optimized conditions for the monoarylation. The increased
monoselectivity is most likely due to the significantly different
ratio of aryl iodide:amine substrate (the amine is now in
slight excess) as well as using generally milder reaction temp-
eratures. While trace Pd (a.k.a. dirty stir bars) could lead to
trace product,’”” we only found product formation with Pd
salts, and not other metals relevant to alkene functionalization
such as Ni,'® Co,' Mn,?° Ir,>' Re,?* or W.>* The use of acid was
postulated to help protect the amine from degradation,'®
though we also found a small but reproducible effect from
adding CO,. On the basis of our previous work, we suggest
that the ability to form transient carbamates during the reac-
tion further slows degradation of the amine substrates."?

With our optimized reaction conditions in hand, we next
investigated the scope of the mono y-arylation of allylamine
with various iodoarenes (Table 1). Notably, while pursuing this
study we found that many of the cinnamylamine products,
most of which are oils, would rapidly solidify after aqueous
work-up, purification, and isolation. These solids were gener-
ally insoluble in CDCl;, but upon redissolution in aqueous
mineral acid, freebasing, and re-extraction returned the cinna-
mylamine oils. Solidification was completely inhibited when
the products were stored in a desiccator. On the basis of these
observations and the spectral data (see ESIt), we propose that
these solids are a mixture of ammonium carbonate/bicarbon-
ate/carbamate species which are formed from the reaction
with ambient water and CO,. As a result, we opted to isolate
many of the arylated allylamines as their HCI salts (or in
limited cases as the Bz-protected amides) to facilitate handling
and storage.

Fluorine-functionalized iodoarenes were viable substrates
under the reaction conditions (1a-1h). While an ortho-fluoro
substituent was tolerated (1d), other groups such as methyl,
methoxy, and flanking nitro and carboxylate groups were
unreactive (see ESI{). Simple iodobenzene also worked well
under the optimized TFA conditions (1i). However, we found
that the majority of non-fluorinated aryl iodides were not as
effectively coupled using these conditions. Modified con-
ditions using AcOH as solvent at 70 °C, worked better for di-
substituted iodoarenes containing weak electron donors (1k
and 1), still with complete E-selectivity. 4-Iodothioanisole was
effectively coupled with allylamine without any oxidation at
sulphur, and afforded the corresponding product 1m in 65%
yield.

The revised reaction conditions were also compatible with
ethereal groups (In and 10). Reactions with moderate-to-
strongly electron withdrawing groups such as ketone, ester,
and nitro groups on the aryl iodide also proceeded in good
yields (1p-1u). To our delight, thiophenes and pyridines also
successfully gave product under the reaction conditions in
moderate to good yields (1v-1x), despite the challenges that
these types of substrates typically present in Pd catalysis.>*
Gratifyingly, 2-iodostrychnine was readily coupled with allyl-
amine, affording the product 1y in 51% yield despite the pres-
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Table 1 Substrate scope for aryl iodides
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Table 2 Substrate scope for amines
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Reaction conditions: Allylamine (0.36 mmol), aryl iodide (0.3 mmol),

1z, 43%@"

Pd(OAc), (10 mol%), AgOAc (0.3 mmol), CO, (7 eq.) and TFA (1 mL),
heated at 50 °C for 14 h and isolated as HCI salt. Reactions performed
in triplicate and the average yield reported. “ AcOH at 70 °C. ” Isolated
as the Bz protected product.

ence of amide, allylic ether, and tertiary amine functional
groups. Finally, a mentholate ester was also tolerated under
the reaction conditions (1z).

Next, we focused on exploring the scope of the reaction for
secondary and tertiary amines (Table 2) using 1-iodo-3,5-bis
(trifluoromethyl)benzene as the coupling partner. The reaction
works with benzylic and carbocyclic substrates (2a-2c). Apart
from monoarylation, no sp> C-H arylation products were
observed via C-H activation pathways.>® A terpenoid-functiona-
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I Pd(OAc); (10 mol%) H
H
R! /\/k + AaOhe (1 ea) RIN Z &y
N H CO, (7 eq.) R2
R2 F3C CFs TFA,70°C, 14 h

CF3

Cl

PR SNTNF CF3 NP Fs
H H
cl

2a,75% CFs3 2b,58% CF;

O/\ “/\Q/ Mfﬁ@AH«%UCFa

2c, 75% 2d,45% CFs

CTGT oy

2e, 57% 2, 60% CF3
. CF,
H
2g, 23%

CF;

Reaction conditions: Allylamine (0.36 mmol), aryl iodide (0.3 mmol),
Pd(OAc), (10 mol%), AgOAc (0.3 mmol), CO, (7 eq.) and TFA (1 mL),
heated at 70 °C for 14 h.

lized allylamine showed complete regioselectivity for the term-
inal olefin, albeit in fair yield (2d). a-Methyl cinnamyl sub-
strates have been observed to undergo diarylation through a
chain walking mechanism,*® and we wondered if we could
achieve selective monoarylation in the presence of these func-
tional groups. In this case monoarylation was observed exclu-
sively at the terminal olefin to give the product in moderate
yield (2e). To expand the reaction scope, we next carried out a
reaction with a tertiary amine substrate, which afforded the
monoarylated product in good yield (2f). In this reaction, we
observed the same yield of product in the presence/absence of
CO,, presumably because tertiary amines do not react directly
with CO,. Surprisingly, no reaction was observed with a
f-methylallylamine, although using our previously published
conditions the expected y,y'-diarylation product could be deter-
mined (see ESIT).>*® Meanwhile, a sterically hindered
a,a-disubstituted amine could participate in the reaction,
albeit with relatively low yield (2g), with 46% recovery of the
starting amine material.

We next hoped to demonstrate the applicability of this
method towards the synthesis of chromophore-labelled mole-
cules. Chromophoric and fluorophoric molecules are impor-
tant probes in in vivo biological applications®” and chemical
sensing.”® The major challenge to coupling organic molecules
to chromophores via organometallic processes is the sensitive
nature of the coupling partners under sometimes harsh con-
ditions.*® Considering that our methodology works on other-
wise sensitive free amine substrates, we believed that our
method should be able to overcome this limitation. However,
under our optimized conditions, none of our dye coupling
partners worked. After screening several different conditions,
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we eventually settled on a 9: 1 mixture of 1,4-dioxanes and TFA
at 90 °C as a suitable solvent mixture (Table 3). A BODIPY was
easily coupled with a secondary amine in fair yield (3a).
Notably, the fluorescence was retained in the coupled product,
despite containing a free amine. We could also take a deriva-
tive of malachite green and couple it to generate a green chro-
mophoric amine (3b). Regrettably, we were unable to find con-
ditions during this study for the conjugation of these dye
molecules to simple allylamine.

Given the potential utility of this reaction for the straight-
forward manufacture of cinnamylamine derivatives for thera-
peutic applications, we have also studied the scalability of this
catalytic protocol (Scheme 2). The present palladium-catalyzed
monoarylation was performed for the model reaction at ten
times the scale. We were delighted to find that the product 1a
was obtained in 78% isolated yield. Notably, no diarylated
product was observed under the scaled-up conditions either,
obviating potentially challenging purification.

Considering that under the present conditions perhaps no
Pd nanoparticles were forming, we attempted to determine if a
mononuclear or nanoparticle catalyst system was responsible

Table 3 Substrate scope for amines
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RL A~ + athellen] Wl
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Reaction conditions: Allylamine (0.36 mmol), aryl iodide (0.3 mmol),
Pd(OAc), (10 mol%), AgOAc (0.3 mmol), and 9:1 dioxane and TFA

(1 mL), heated at 90 °C for 14 h. “CO, (7 eq.) were added during the
reaction.

3b, 31%

| H

H
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HZN/\/\H * @\ AgOAc (1 eq.) HaN
CF
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3 mmol Scale (10 x Scale-Up)

Scheme 2 Scale-up reaction conditions: allylamine (3.6 mmol),
3-iodobenzotrifluoride (3 mmol), Pd(OAc), (10 mol%), AgOAc (3 mmol),
CO, (7 eq.) and TFA (1 mL), heated at 50 °C for 24 h.
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for the monoarylation (note: the second arylation was already
confirmed to be due to in situ-formed nanoparticles).'* Our
first piece of evidence that nanoparticles were forming came
when we attempted to perform kinetics reactions, and found
the initial rates to be variable. When we performed a mercury
drop test, the reaction progress halted. Taken together,
this still implied in situ-formation of the active Pd catalyst,
which would be expected to facilitate formation of the term-
inal-functionalized product even if the amine is directing the
reaction.

To further address the role of the amine, we considered
that while trifluoroacetic acid or acetic acid solvents would
lead to significant protonation of the amine, there would be
expected a small equilibrium to the free amine which could
then be providing a directing effect.*® However, a stronger acid
added would be expected to further drive the equilibrium of
free amine down, which should inhibit the reaction if the
amine is involved.?! We therefore ran the reaction with varied
concentrations of trifluoromethylsulfonic (triflic) acid
(Scheme 3a). As may be expected for an amine-directed reac-
tion, as the concentration of triflic acid was increased, the
overall efficiency of the reaction decreased.

We simultaneously explored a covalent strategy for tying up
the amine by preparing several protected amines with various
directing abilities, including some in situ-formed transient
directing groups,”® and found that the yields were either
decreased, the selectivity was decreased, or both (see ESI{ for
details). One notable exception is when we prepared
N-allylquinuclidinium bromide and subjected it to the reaction
conditions. Perhaps surprisingly considering the previous
experiments, under these conditions the arylated product was
formed in 42% NMR yield with complete selectivity for
y-monoarylation, and 12% recovery of starting material
(Scheme 3b). From these experiments we conclude that while
the reaction may not require the amine as a directing group,
the free amine can accelerate the reaction in this system.

A H
1 Pd(OAc), (10 mol%) HN Z
H AgOAc (1 eq.) 2
HZN/\/\H + HoTo-Sewy S
€O, (7 eq.) eq. 1 90%7 1a

1 eq. HOTf: 30%7 1a

HOAc, 50 °C, 16 h
5 eq. HOTf: 9%7 1a

: L %
I Pd(OAc); (10 mol%) N=
[N+ + @\

AgOAc (1 eq. =
- - €O, (7 eq.) | Fsc:0,
i Br % TFA,50°C,14h & e
, 42%
FsC
Scheme 3 Interrogating the directing ability of free amines. (A) Affect

of added strong acid on reaction efficiency: allylamine (0.36 mmol),
iodobenzene (0.3 mmol), Pd(OAc), (10 mol%), AgOAc (0.3 mmol), CO,
(7 eq.), HOTf (0, 1, or 5 eq.), and TFA (1 mL), heated at 50 °C for 14 h. (B)
Functionalization of a quarternary allylammonium substrate:
N-allylquinuclidinium bromide (0.36 mmol), 3-iodobenzotrifluoride
(0.3 mmol), Pd(OAc), (10 mol%), AgOAc (0.3 mmol), CO; (7 eq.) and TFA
(1 mL), heated at 50 °C for 14 h.
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Conclusions

We have disclosed a versatile and efficient method for selective
monoarylation of allylamines employing a palladium catalyst.
The present methodology has a broad substrate scope for
amines and iodoarenes. The present strategy is highly selective
and can easily be scaled up. The current approach has been
utilized to effectively synthesize amines incorporating fluoro-
phore/chromophores for potential biological applications.

Author contributions

Conceptualization was performed by V. G. L. and M. C. Y.
Investigation, methodology, and validation was performed by
all authors. Writing - original draft was performed by V. G. L.,
T. A. M., and M. C. Y., while writing - review & editing was per-
formed by V. G. L., A. L. B, F. L., and M. C. Y.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors wish to acknowledge financial support from The
University of Toledo, the ACS Herman Frasch Foundation
(830-HF17), and the National Science Foundation
(CHE-2047725). A. L. B. wishes to acknowledge financial
support from The University of Toledo Office of Undergraduate
Research (AYRP). Dr Kristin Blake and Dr Ian Riddington of
The University of Texas at Austin’s Mass Spectrometry Facility
are acknowledged for collection of high resolution mass spec-
trometry data. Dr Yong-Wah Kim is acknowledged for consul-
tation regarding NMR data collection and for maintaining an
excellent and reliable NMR facility. Dr Kristin Kirschbaum and
Dr Allison Rabon are acknowledged for assistance collecting
single crystal X-ray diffraction data. We wish to acknowledge
Prof. Dr Ana Bahamonde, Dr Nick Chiappini, and Prof.
Dr Ji-Woong Lee for helpful discussions.

Notes and references

1 (a) D. J. Wang, K. Targos and Z. K. Wickens,
Electrochemical Synthesis of Allylic Amines from Terminal
Alkenes and Secondary Amines, J. Am. Chem. Soc., 2021,
143, 21503-21510; (b) A. J. Rago and G. Dong, Synthesis of
C3,C4-Disubstituted  Indoles via the  Palladium/
Norbornene-Catalyzed ortho-Amination/ipso-Heck
Cyclization, Org. Lett., 2021, 23, 3755-3760; (c) L. Liu,
R. M. Ward and J. M. Schomaker, Regioselective
Intramolecular Allene Amidation Enabled by an EDA
Complex, Chem. - Eur. J., 2020, 26, 13783-13787; (d) R. Ma,
J. Young, R. Promontorio, F. M. Dannheim, C. C. Pattillo

This journal is © the Partner Organisations 2022

Research Article

and M. C. White, Synthesis of anti-1,3 Amino Alcohol
Motifs via Pd(II)/SOX Catalysis with the Capacity for
Stereodivergence, J. Am. Chem. Soc., 2019, 141, 9468-9473;
(e) H. Lei and T. Rovis, Ir-Catalyzed Intermolecular Branch-
Selective Allylic C-H Amidation of Unactivated Terminal
Olefins, J. Am. Chem. Soc., 2019, 141, 2268-2273; (f) Y. Kon,
T. Nakashima, T. Fujitani, T. Murayama and W. Ueda,
Dehydrative Allylation of Amine with Allyl Alcohol by
Titanium Oxide Supported Molybdenum Oxide Catalyst,
Synlett, 2019, 30, 287-292; (g) Z. Wu, S. D. Laffoon and
K. L. Hull, Asymmetric Synthesis of y-Branched Amines via
Rhodium-Catalyzed Reductive Amination, Nat. Commun.,
2018, 9, 1185.

(@) R. S. Thakuri and J. A. R. Schmidt, Palladium-Based
Hydroamination Catalysts Employing Sterically Demanding
3-Iminophosphines: Branched Kinetic Products by
Prevention of Allylamine Isomerization, Organometallics,
2019, 38, 1917-1927; (b) L. A. Perego, R. Blieck, A. Groué,
F. Monnier, M. Taillefer, I. Ciofini and L. Grimaud,
Copper-Catalyzed Hydroamination of Allenes: from
Mechanistic Understanding to Methodology Development,
ACS Catal., 2017, 7, 4253-4264; (¢) Z. Wu, M. Hu, Y. Jin,
J. Li, W. Wu and H. Jiang, Science Adv., 2021, 7, 35;
(d) R. Blieck, J. Bahri, M. Taillefer and F. Monnier, Copper-
Catalyzed Hydroamination of Terminal Allenes, Org. Lett.,
2016, 18, 1482-1485.

(@) J. Rodrigalvarez, M. Nappi, H. Azuma, N. J. Foldén,
M. E. Burns and M. J. Gaunt, Catalytic C(sp®)-H Bond
Activation in Tertiary Alkylamines, Nat. Chem., 2020, 12,
76-81; (b) J. Barrera, S. D. Orth and W. D. Harman,
f-Hydride Elimination for an Amine Ligand and the
Microscopic Reverse: the First Report of a cis-Iminium
Hydride in Equilibrium with its Amine Precursor, J. Am.
Chem. Soc., 1992, 114, 7316-7318.

(@) X-Q. Hu, Z. Hu, G. Zhang, N. Sivendran and
L. J. Goofien, Catalytic C-N and C-H Bond Activation:
ortho-Allylation of Benzoic Acids with Allyl Amines, Org.
Lett., 2018, 20, 4337-4340; (b) M.-B. Li, Y. Wang and
S.-K. Tian, Regioselective and Stereospecific Cross-
Coupling of Primary Allylic Amines with Boronic Acids and
Boronates through Palladium-Catalyzed C-N Bond
Cleavage, Angew. Chem., Int. Ed., 2012, 51, 2968-2971.

(a) C.-K. Ran, H. Huang, X.-H. Li, W. Wang, J.-H. Ye,
S.-S. Yan, B.-Q. Wang, C. Feng and D.-G. Yu, Cu-Catalyzed
Selective  Oxy-Cyanoalkylation of Allylamines with
Cycloketone Oxime Esters and CO,, Chin. J. Chem., 2020,
38, 69-76; (b) D. R. White, E. C. Bornowski and J. P. Wolfe,
Pd-Catalyzed C-C, C-N, and C-O Bond-Forming
Difunctionalization Reactions of Alkenes Bearing Tethered
Aryl/Alkenyl Triflates, Isr. J. Chem., 2020, 60, 259-267;
(¢) N. J. Flodén, A. Trowbridge, D. Willcox, S. M. Walton,
Y. Kim and M. J. Gaunt, Streamlined Synthesis of C(sp®)-
Rich N-Heterospirocycles Enabled by Visible-Light-
Mediated Photocatalysis, J. Am. Chem. Soc., 2019, 141,
8426-8430; (d) E. Cahard, N. Bremeyer and M. J. Gaunt,
Copper-Catalyzed Intramolecular Electrophilic

Org. Chem. Front, 2022, 9,1967-1974 | 1971



Research Article

Carbofunctionalization of Allylic Amides, Angew. Chem.,
Int. Ed., 2013, 52, 9284-9288; (e) L. D. Julian and
J. F. Hartwig, Intramolecular Hydroamination of Unbiased
and Functionalized Primary Aminoalkenes Catalyzed by a
Rhodium Aminophosphine Complex, J. Am. Chem. Soc.,
2010, 132, 13813-13822.

(@) D. Wang, Y. Zheng, M. Yang, F. Zhang, F. Mao, J. Yu and
X. Xia, Room-Temperature Cu-Catalyzed N-Arylation of
Aliphatic Amines in Neat Water, Org. Biomol. Chem., 2017,
15, 8009-8012; (b) S. S. Kampmann, B. W. Skelton,
D. A. Wild, G. A. Koustantonis and S. G. Stewart, An Air-
Stable Nickel(0) Phosphite Precatalyst for Primary
Alkylamine C-N Cross-Coupling Reactions, Eur. J. Org.
Chem., 2015, 5995-6004; (¢) T. Jensen, H. Pedersen,
B. Bang-Andersen, R. Madsen and M. Jergensen,
Palladium-Catalyzed Aryl Amination-Heck Cyclization
Cascade: A One-Flask Approach to 3-Substituted Indoles,
Angew. Chem., Int. Ed., 2008, 47, 888-890.

(@) Y. Lei, R. Qiu, L. Zhang, C. Xu, Y. Pan, X. Qin, H. Li,
L. Xu and Y. Deng, Palladium-Catalyzed Direct Arylation of
Allylamines with Simple Arenes, ChemCatChem, 2015, 7,
1275-1279; (b) L. Zhang, C. Dong, C. Ding, J. Chen,
W. Tang, H. Li, L. Xu and ]. Xiao, Palladium-Catalyzed
Regioselective and Stereoselective Oxidative Heck Arylation
of Allylamines with Arylboronic Acids, Adv. Synth. Catal.,
2013, 355, 1570-1578; (c) T. Leikoski, P. Wrigstedt,
J. Helminen, J. Matikainen, J. Spild and J. Yli-Kauhaluoma,
The Heck Reaction of Polymer-Supported Allylamine with
Aryl lodides, Tetrahedron, 2013, 69, 839-843; (d) P. Prediger,
L. F. Barbosa, Y. Génisson and C. R. D. Correia, Substrate-
Directable Heck Reactions with Arenediazonium Salts. The
Regio- and Stereoselective Arylation of Allylamine
Derivatives and Applications in the Synthesis of Naftifine
and Abamines, J. Org. Chem., 2011, 76, 7737-7749;
(e) A. J. Young and M. C. White, Catalytic Intermolecular
Allylic C—H Alkylation, J. Am. Chem. Soc., 2008, 130,
14090-14091; (f) E. C. Lawson, W. A. Kinney, D. K. Luci,
S. C. Yabut, D. Wisnoski and B. E. Maryanoff, The Heck
Reaction with Unprotected Allylic Amidines and
Guanidines, Tetrahedron Lett., 2002, 43, 1951-1953.

(@) K. Yuan, J.-F. Soulé, V. Dorcet and H. Doucet, Palladium-
Catalyzed Cascade sp® C-H Bond Functionalizations
Allowing One-Pot Access to 4-Aryl-1,2,3,4-tetrahydroquino-
lines from N-Allyl-N-arylsulfonamides, ACS Catal., 2016, 6,
8121-8126; (b) P. Prediger, A. R. da Silva and
C. R. D. Correia, Construction of 3-Arylpropylamines Using
Heck Arylations. The Total Synthesis of Cinacalcet
Hydrochloride, Alverine, and Tolpropamine, Tetrahedron,
2014, 70, 3333-3341; (¢) H. S. Lee, K. H. Kim, S. H. Kim and
J. N. Kim, Palladium-Catalyzed, Chelation-Assisted Stereo-
and Regioselective Synthesis of Tetrasubstituted Olefins by
Oxidative Heck Arylation, Adv. Synth. Catal., 2012, 354,
2419-2426.

(@) Q. Sun, H. Zhang, Q. Wang, T. Qiao, G. He and G. Chen,
Stereoselective  Synthesis of C-Vinyl Glycosides via
Palladium-Catalyzed C-H Glycosylation of Alkenes, Angew.

1972 | Org. Chem. Front., 2022, 9, 1967-1974

10

11

12

13

Organic Chemistry Frontiers

Chem., Int. Ed., 2021, 60, 19620-19625; (b) C.-L. Mao,
S. Zhao, Z.-L. Zang, L. Xiao, C.-H. Zhou, Y. He and
G.-X. Cai, Pd-Catalyzed Remote Site-Selective and
Stereoselective C(Alkenyl)-H Alkenylation of Unactivated
Cycloalkenes, J. Org. Chem., 2020, 85, 774-787;
(¢) Y.-C. Luo, C. Yang, S.-Q. Qiu, Q.-]J. Liang, Y.-H. Xu and
T.-P. Loh, Palladium(II)-Catalyzed Stereospecific Alkenyl C-
H Bond Alkylation of Allylamines with Alkyl Iodides, ACS
Catal., 2019, 9, 4271-4276; (d) R. Parella and S. A. Babu, Pd
(I1)-Catalyzed, Picolinamide-Assisted, Z-Selective y-Arylation
of Allylamines To Construct Z-Cinnamylamines, J. Org.
Chem., 2017, 82, 6550-6567.

(@) S. Ma, C. K. Hill, C. L. Olen and ]. F. Hartwig,
Ruthenium-Catalyzed Hydroamination of Unactivated
Terminal Alkenes with Stoichiometric Amounts of Alkene
and an Ammonia Surrogate by Sequential Oxidation and
Reduction, J. Am. Chem. Soc., 2021, 143, 359-368;
(b) X.-W. Han, O. Daugulis and M. Brookhart, Unsaturated
Alcohols as  Chain-Transfer ~ Agents in  Olefin
Polymerization: Synthesis of Aldehyde End-Capped
Oligomers and Polymers, J. Am. Chem. Soc., 2020, 142,
15431-15437; (¢) K. Bhansali, S. Raut, S. Barange and
P. Bhagat, Sulphonic Acid Functionalized Porphyrin
Anchored with a meso-Substituted Triazolium Ionic Liquid
Moiety: a Heterogeneous Photo-Catalyst for Metal/Base
Free C-C Cross-Coupling and C-N/C-H Activation Using
Aryl Chloride Under Visible Light Irradiation, New J. Chem.,
2020, 44, 19690-19712; (d) Y.-G. Zhang, X.-L. Liu, Z.-Y. He,
X.-M. Li, H.-J. Kang and S.-K. Tian, Palladium/Copper-
Catalyzed Oxidative Arylation of Terminal Alkenes with
Aroyl Hydrazides, Chem. — Eur. J., 2014, 20, 2765-2769;
(e) B. Tang, X. Fang, R. Kuang and X. Zhou, Ligand-Free
Pd-Catalyzed Cross-Coupling Reaction of Olefins and
Trialkoxyarylsilanes, Chin. J. Org. Chem., 2013, 33, 319-324.
(@) T. Dalton, T. Faber and F. Glorius, C-H Activation:
Toward Sustainability and Applications, ACS Cent. Sci.,
2021, 7, 245-261; (b) S. Shabani, Y. Wu, H. G. Ryan and
C. A. Hutton, Progress and Perspectives on Directing
Group-Assisted Palladium-Catalysed C-H Functionalisation
of Amino Acids and Peptides, Chem. Soc. Rev., 2021, 50,
9278-9343; (c) J. I. Higham and J. A. Bull, Transient Imine
Directing Groups for the C-H Functionalisation of
Aldehydes, Ketones and Amines: an Update 2018-2020,
Org. Biomol. Chem., 2020, 18, 7291-7315; (d) M. Kapoor,
A. Singh, K. Sharma and M. H. Hsu, Site-Selective C(sp’)-H
and C(sp’)-H Functionalization of Amines Using a
Directing-Group-Guided Strategy, Adv. Synth. Catal., 2020,
362, 4513-4542; (e) B. Niu, K. Yang, B. Lawrence and H. Ge,
Transient Ligand-Enabled Transition Metal-Catalyzed C-H
Functionalization, ChemSusChem, 2019, 12, 2955-2969.

V. G. Landge, J. M. Maxwell, P. Chand-Thakuri, M. Kapoor,
E. T. Diemler and M. C. Young, Palladium-Catalyzed
Regioselective Arylation of Unprotected Allylamines, JACS
Au, 2021, 1, 13-22.

(a) T. Roy, J. M. Kim, Y. Yang, S. Kim, G. Kang, X. Y. Ren,
A. Kadziola, H. Y. Lee, M. H. Baik and J. W. Lee, Carbon

This journal is © the Partner Organisations 2022



Organic Chemistry Frontiers

14

15

16

17

18

19

Dioxide-Catalyzed Stereoselective Cyanation Reaction, ACS
Catal., 2019, 9, 6006-6011; (b) A. Peeters, R. Ameloot and
D. E. De Vos, Carbon Dioxide as a Reversible Amine-
Protecting Agent in Selective Michael Additions and
Acylations, Green  Chem., 2013, 15, 1550-1557;
(¢) A. Furstner, L. Ackermann, K. Beck, H. Hori, D. Koch,
K. Langemann, M. Liebl, C. Six and W. Leitner, Olefin
Metathesis in Supercritical Carbon Dioxide, J. Am. Chem.
Soc., 2001, 123, 9000-9006.

(@) B. Su, A. Bunescu, S. J. Zuend, M. Ernst and
J. F. Hartwig, Palladium-Catalyzed Oxidation of B-C(sp*)-H
Bonds of Primary Alkylamines through a Rare Four-
Membered Palladacycle Intermediate, J. Am. Chem. Soc.,
2020, 142, 7912-7919; (b) C. He and M. J. Gaunt, Ligand-
Assisted Palladium-Catalyzed C-H Alkenylation of Aliphatic
Amines for the Synthesis of Functionalized Pyrrolidines,
Chem. Sci., 2017, 8, 3586-3592.

R. Matsuura, M. K. Karunananda, M. Liu, N. Nguren,
D. G. Blackmond and K. M. Engle, Mechanistic Studies of
Pd(u)-Catalyzed E/Z Isomerization of Unactivated Alkenes:
Evidence for a Monometallic Nucleopalladation Pathway,
ACS Catal., 2021, 11, 4239-4246.

(@) J. B. Mack, J. D. Gipson, J. Du Bois and M. S. Sigman,
Ruthenium-Catalyzed C-H Hydroxylation in Aqueous Acid
Enables Selective Functionalization of Amine Derivatives,
J. Am. Chem. Soc., 2017, 139, 9503-9506; (b) C. T. Mbofana,
E. Chong, J. Lawniczak and M. S. Sanford, Iron-Catalyzed
Oxyfunctionalization of Aliphatic Amines at Remote
Benzylic C-H Sites, Org. Lett., 2016, 18, 4258-4261.

E. O. Pentsak, D. B. Eremin, E. G. Gordeev and
V. P. Ananikov, Phantom Reactivity in Organic and
Catalytic Reactions as a Consequence of Microscale
Destruction and Contamination-Trapping Effects of
Magnetic Stir Bars, ACS Catal., 2019, 9, 3070-3081.

(@) R. K. Dhungana, R. R. Sapkota, L. M. Wickham,
D. Niroula, B. Shrestha and R. Giri, Ni-Catalyzed
Arylbenzylation of Alkenylarenes: Kinetic Studies Reveal
Autocatalysis by ZnX,, Angew. Chem., Int. Ed., 2021, 60,
22977-22982; (b) T. Kang, N. Kim, P. T. Cheng, H. Zhang,
K. Foo and K. M. Engle, Nickel-Catalyzed 1,2-
Carboamination of Alkenyl Alcohols, J. Am. Chem. Soc.,
2021, 143, 13962-13970; (¢) R. K. Dhungana, V. Aryal,
D. Niroula, R. R. Sapkota, M. G. Lakomy and R. Giri,
Nickel-Catalyzed  Regioselective  Alkenylarylation  of
v,9-Alkenyl Ketones via Carbonyl Coordination, Angew.
Chem., Int. Ed., 2021, 60, 19092-19096; (d) T. R. Huffman,
Y. Wu, A. Emmerich and R. A. Shenvi, Intermolecular Heck
Coupling with Hindered Alkenes Directed by Potassium
Carboxylates, Angew. Chem., Int. Ed., 2019, 58, 2371-2376;
(e) T. M. Gogsig, J. Kleimark, S. O. N. Lill, S. Korsager,
A. T. Lindhardt, P.-O. Norrby and T. Skrydstrup, Mild and
Efficient Nickel-Catalyzed Heck Reactions with Electron-
Rich Olefins, J. Am. Chem. Soc., 2012, 134, 443-452.

(@) A. Baccalini, S. Vergura, P. Dolui, S. Maiti, S. Dutta,
S. Maity, F. F. Kahn, G. K. Lahiri, G. Zanoni and D. Maiti,
Cobalt-Catalyzed C(sp?)-H Allylation of Biphenyl Amines

This journal is © the Partner Organisations 2022

20

21

22

23

24

25

Research Article

with Unbiased Terminal Olefins, Org. Lett., 2019, 21, 8842—
8846; (b) S. Zhai, S. Qiu, X. Chen, C. Tao, Y. Li, B. Cheng,
H. Wang and H. Zhai, Trifunctionalization of Allenes via
Cobalt-Catalyzed MHP-Assisted C-H Bond
Functionalization and Molecular Oxygen Activation, ACS
Catal., 2018, 8, 6645-6649; (c) T. T. Nguyen, L. Grigorjeva
and O. Daugulis, Cobalt-Catalyzed Coupling of Benzoic
Acid C-H Bonds with Alkynes, Styrenes, and 1,3-Dienes,
Angew. Chem., Int. Ed., 2018, 57, 1688-1691.

(@) T. Liu, Y. Yang and C. Wang, Manganese-Catalyzed
Hydroarylation of Unactivated Alkenes, Angew. Chem., Int.
Ed., 2020, 59, 14256-14260; (b) D. Wang, Y. He, H. Dai,
C. Huang, X.-A. Yuan and ]. Xie, Manganese-Catalyzed
Hydrocarbofunctionalization =~ of  Internal  Alkenes,
Chin. J. Chem., 2020, 38, 1497-1502; (c) Z. Zong, W. Wang,
X. Bai, H. Xi and Z. Li, Manganese-Catalyzed Alkyl-Heck-
Type Reaction via Oxidative Decarbonylation of Aldehydes,
Asian J. Org. Chem., 2015, 4, 622-625.

(@) S.-L. Zhang, W.-W. Zhang and B.-J. Li, Ir-Catalyzed
Regio- and Enantioselective Hydroalkynylation of
Trisubstituted Alkene to Access All-Carbon Quaternary
Stereocenters, J. Am. Chem. Soc., 2021, 143, 9639-9647;
(b) Y. Xu, X. Qi, P. Zheng, C. C. Berti, P. Liu and G. Dong,
Deacylative Transformations of Ketones via Aromatization-
Promoted C-C Bond Activation, Nature, 2019, 567, 373-378.
(@) L. Zhang, Y. Wang, Y. Yang, P. Zhang and C. Wang,
Rhenium-catalyzed alkylarylation of alkenes with PhI
(O,CR), via decarboxylation to access indolinones and
dihydroquinolinones, Org. Chem. Front., 2020, 7, 3234-
3241; (b) Y. Kuninobu, T. Nakahara, P. Yu and K. Takai,
Rhenium-Catalyzed Insertion of Terminal Alkenes into a
C(sp®)-H Bond and Successive Transfer Hydrogenation,
J. Organomet. Chem., 2011, 696, 348-351.

(a) T. Jankins, W. Bell, Y. Zhang, Z.-Y. Qin, M. Gembicky,
P. Liu and K. Engle, Low-Valent Tungsten Redox Catalysis
Enables Controlled Isomerization and Carbonylative
Functionalization of Alkenes, ChemRxiv, 2021, DOI:
10.26434/chemrxiv.14362238.v1; (b) T. C. Jankins,
R. Martin-Montero, P. Cooper, R. Martin and K. M. Engle,
Low-Valent Tungsten Catalysis Enables Site-Selective
Isomerization-Hydroboration of Unactivated Alkenes,
J. Am. Chem. Soc., 2021, 143, 14981-14986.

Y.-J. Liu, H. Xu, W.-J. Kong, M. Shang, H.-X. Dai and J.-Q. Yu,
Overcoming  the  Limitations of  Directed C-H
Functionalizations of Heterocycles, Nature, 2014, 515, 389-393.
(@) P. Chand-Thakuri, I. Alahakoon, D. Liu, M. Kapoor,
J. F. Kennedy, K. W. Jenkins III, A. M. Rabon and
M. C. Young, Native Amine-Directed ortho-C-H
Halogenation and Acetoxylation /Condensation of
Benzylamines, Synthesis, 2022, 54, 341-354; (b) P. Chand-
Thakuri, V. G. Landge, M. Kapoor and M. C. Young, One-
Pot C-H Arylation/Lactamization Cascade Reaction of Free
Benzylamines, J. Org. Chem., 2020, 85, 6626-6644;
(¢) M. Kapoor, P. Chand-Thakuri and M. C. Young, Carbon
Dioxide-Mediated C(sp*)-H Arylation of Primary and
Secondary Benzylamines, J. Am. Chem. Soc., 2019, 141,

Org. Chem. Front, 2022, 9,1967-1974 | 1973



Research Article

26

27

28

29

7980-7989; (d) A. Lazareva and O. Daugulis, Direct
Palladium-Catalyzed Ortho-Arylation of Benzylamines, Org.
Lett., 2006, 8, 5211-5213.

(@) V. G. Landge, A. J. Grant, Y. Fu, A. M. Rabon,
J. L. Payton and M. C. Young, Palladium-Catalyzed y,y"-
Diarylation of Free Alkenyl Amines, J. Am. Chem. Soc., 2021,
143, 10352-10360; (b) N.-Q. Jiang, H.-Y. Li, Z.-J. Cai and
S.-J. Ji, The Mizoroki-Heck Reaction Initiated Formal
C(sp®)-H Arylation of Carbonyl Compounds, Org. Chem.
Front., 2021, 8, 5369-5376.

R. K. Gupta, S. Swain, D. Kankanamge, P. D. Priyanka,
R. Singh, K. Mitra, A. Karunarathne and L. Giri,
Comparison of Calcium Dynamics and Specific Features
for G Protein-Coupled Receptor-Targeting Drugs Using Live
Cell Imaging and Automated Analysis, SLAS Discovery,
2017, 22, 848-858.

A. D. Gill, B. L. Hickey, W. Zhong and R. J. Hooley, Selective
Sensing of THC and Related Metabolites in Biofluids by
Host: Guest Arrays, Chem. Commun., 2020, 56, 4352-4355.
B. Li, A. I. M. Ali and H. Ge, Recent Advances in Using
Transition-Metal-Catalyzed C-H Functionalization to Build
Fluorescent Materials, Chem, 2020, 6, 1-67.

1974 | Org. Chem. Front., 2022, 9,1967-1974

30

31

32

Organic Chemistry Frontiers

(a) F. Yuan, Z.-L. Hou, P. K. Pramanick and B. Yao, Site-
Selective Modification of a-Amino Acids and Oligopeptides
via Native Amine-Directed y-C(sp®)-H Arylation, Org. Lett.,
2019, 21, 9381-9385; (b) M. Kapoor, D. Liu and
M. C. Young, Carbon Dioxide-Mediated C(sp*)-H Arylation
of Amine Substrates, J. Am. Chem. Soc., 2018, 140, 6818-
6822; (¢) K. Chen, D. Wang, Z-W. Li, Z. Liu, F. Pan,
Y.-F. Zhang and Z.-J. Shi, Palladium Catalyzed C(sp*)-H
Acetoxylation  of  Aliphatic  Primary Amines to
y-Amino Alcohol Derivatives, Org. Chem. Front., 2017, 4,
2097-2101.

J. R. Clark, K. Feng, A. Sookezian and M. C. White,
Manganese-Catalysed Benzylic C(sp®)-H Amination for
Late-Stage Functionalization, Nat. Chem., 2018, 10, 583-
591.

(a) A. Yada, W. Liao, Y. Sato and M. Murakami, Buttressing
Salicylaldehydes: A Multipurpose Directing Group for
C(sp®)-H Bond Activation, Angew. Chem., Int. Ed., 2017, 56,
1073-1076; (b) Y. Liu and H. Ge, Site-Selective C-H
Arylation of Primary Aliphatic Amines Enabled by a
Catalytic Transient Directing Group, Nat. Chem., 2017, 9,
26-32.

This journal is © the Partner Organisations 2022



