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SYNOPSIS
This thesis has been organized into five chapters.
Chapter 1 represents a brief introduction to directed C-H functionalizations (Scheme 1).

Scheme 1: Transition-metal catalysed directed C-H functionalization

In Chapter 2, one-pot synthesis of isoquinolines has been reported from readily available
aryl ketones 1 and internal alkynes 3 (Scheme 2). In this methodology, a well-known
aminating reagent hydroxylamine-O-sulfonic acid (HOSA) 2 has been used as a redox-
neutral directing group. This protocol works well with a series of aryl ketones including
benzophenones, giving respective annulated compounds in good to excellent yields. This
C-H/N-O annulation methodology gives excellent yields even without any silver additive,
acid/base or metal oxidant. This is the first report wherein a directing group is
simultaneously generated in situ, which acts as an acid additive, and also as an internal
oxidant.

Scheme 2: Cp*Rh-catalysed, one-pot syntheses of isoquinolines and the catalytic
cycle
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In Chapter 3, one-pot synthesis of N-polycyclic aromatic hydrocarbons (N-PAHs) has
been presented from aryl ketone 1, HOSA 2, and internal alkyne 3 (Scheme 3). The
reaction proceeds through a cascade of C-H activations followed by annulation with
internal alkyne 3. This methodology tolerates a wide range of functional groups including
aryl halides, electron donating/withdrawing substituents and more importantly free
hydroxy (-OH) group. It shows that, this protocol could be applicable with a substrate
having unprotected hydroxy group. The well-known aminating reagent HOSA has been
used here as N-transfer reagent, thus exploring the synthetic applications of the aminating
reagent. Moreover, the easily synthesizable highly arylated N-PAH products could be
applicable in optoelectronics. Mechanistic experiments were performed to understand the
mechanism and the isoquinoline 4 was found as an active intermediate for the formation

of 5.

Scheme 3: Cp*Rh-catalysed synthesis of N-polycyclic aromatic hydrocarbons and

the proposed catalytic cycle
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In Chapter 4, a Rh-catalysed C(sp?)-H alkenylation 8 has been reported taking N-
allylbenzimidazole 7 as an allylamine congener (Scheme 4). This distinctive
transformation has been observed for the first time, where a tandem process of C-H
allylation followed by alkene isomerization delivers a highly stereoselective frans-
alkenylated product. The presence of Lewis acid enhances the reactivity by assisting the
cleavage of C(sp®)-N bond by coordinating to the N3 of N-allylbenzimidazole. Thus,
herein we have demonstrated an unprecedented protocol of domino C-N bond cleavage
followed by aryl C(sp?)-H alkenylation. Further, detailed mechanistic studies, control
experiments and computational studies have been conducted to understand the
mechanism. The rhodacycle-intermediates involved in the reaction have been isolated and
characterized through NMR, HRMS, and single crystal X-ray. This methodology has been
found to be applicable with a wide range of functional groups and directing groups

(pyridine, pyrimidine, pyrazole, purine). More importantly, the nucleobase

Scheme 4: Cp*Rh-catalysed C(sp®)-H alkenylation directed by heteroarenes and
the proposed catalytic cycle
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purine could be stereoselectivity monoalkenylated under the developed protocol.
Mechanistic studies, organo-rhodium intermediate isolation and single crystal structure
confirms the reaction pathway. The stereoselective formation of the trans-alkene among

other possibilities such as allylation/cis-alkenylation is a key feature of this methodology.

Chapter 5 represents a rhodium catalysed oxidative C-H/N-H dehydrogenative [3+2]
annulation strategy between anilines 9 and N-allylbenzimidazole 7 for the synthesis of 2-
methylindole scaffolds 10 (Scheme 5). An un-activated alkene N-allylbenzimidazole has
been used and more importantly, this transformation involves the cleavage of

thermodynamically stable C-N bond of allylamine. Detailed mechanistic studies have
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Scheme 5: Cp*Rh-catalysed synthesis of 2-methylindole and the proposed catalytic

cycle
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been performed and key intermediate was detected in HRMS. The product 10 has been

used for the synthesis of the drug molecule MIPP (methuosis inducer).
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Chapter 1

Introduction to directed C-H functionalization

--DG

1.1 INTRODUCTION

Organic synthesis relies on the transformation of pre-existing functional groups. The
reorganisation and cleavage of various covalent bonds is key to all organic
transformations. Organic functional group transformations are helpful for the synthesis of
structurally/ biologically important molecular architectures. The carbon-hydrogen (C-H),
carbon-carbon (C-C), carbon-halogen (C-X), carbon-nitrogen (C-N), carbon-oxygen (C-
0), and carbon-sulphur (C-S) bonds are prevalant in organic molecules. Among them, the
C-H and C-C bonds are ubiquitous and are non-polar in nature as compared to C-X/C-
N/C-O/C-S bonds. This polar/non-polar nature of the covalent bond is because of their
electronegitivity difference between the bonded atoms. Consequently, the ease of
substitution/functionalization of a polar covalent bond is quite easier than non-polar bond.

Since early 19" century, numerous methodologies have been discovered for the
functionalization of covalent bond using traditional synthesis, which include (i) aromatic
electrophilic/nucleophilic substitution, (ii) enolate chemistry with a substrate containing
active methyl/methylene group, (iii) free radical chemistry, (iv) carbene chemistry, (V)
Diels-Alder/Sigmatropic rearrangements. Additionally, the discovery of the Grignard
reagent! (an organometallic reagent) evolved as a seminal methodology for many

transformations. Similarly, palladium-catalysed cross coupling reactions increased the



scope for the functionalization of a covalent bond and have found high applicability in

organic synthesis (Figure 1.1).2

1 Pd
R—X+ R"™—M —— R —R!
R, R'=aryl, alkenyl, alkyl M=Mg Kumada coupling
X=Cl, Br, |, OTf.. Zn Negishi coupling

B Suzuki coupling
Sn Stille coupling
Si Hiyama coupling

Figure 1.1: Palladium-catalysed cross coupling reactions

Limitations in Pd-catalysed cross-coupling reaction: In these cross coupling reactions,
a prefunctionalized/activated bond (e.g., C-X, X = Br, I, boronic acid/boronate ester, -
OTf etc.) is required for the generation of the organometallic intermediate and extra steps
are required to prepare such functionalized substrate from inert C-H bond. So, this is both
cost and step uneconomical. Additionally, generation of waste byproducts is another
limitation associated with these coupling reactions. Thus, direct functionalization of inert
C-H bond has streamlined organic synthesis by providing step and cost economical
approach. It restricts waste generation by minimizing step and thus contributes to green
chemistry.
1.2 NON-DIRECTED C-H FUNCTIONALIZATION

Significant effort has been devoted to design protocols which could form C-C/ C-
hetero bond from direct functionalization of inert C-H bonds. In this context, the
Fujiwara-Moritani olefination stands as a representative example of coupling reaction
where an aryl C-H bond couples with olefins, forming a C-C bond (Figure 1.2).% This
coupling reaction considered as a substitute of the well-known Heck reaction, as it
obviates the need of preactivated substrates such as aryl halides or triflates for coupling
with an olefinic carbon.* The Fujiwara-Moritani coupling reaction involves the C-H

metalation of arene C-H bond followed by olefin insertion and reductive elimination to



deliver the arylated olefins. The scope of this protocol has been extended for the

incorporation of olefinic unit into an arene unit containing different functional groups.

A R
Olefins
X H
Heck Fujiwara-Moritani
coupling ©/ [Pd] ©/ reaction
X =Br, I, OTf
R

Styrene derivatives

Figure 1.2: Heck reaction vs Fujiwara-Moritani olefination
For an example, the Obara group reported a highly selective para-olefination of N,N-
dialkylanilines with palladium/molybdovanadophosphoric acid catalyst (Figure 1.3a).°
N,N-dialkyl aniline is an ortho/para-directing group, still they obtained highly selective

para-functionalization over ortho-functionalization. This high selectivity is a

R

R2 H 2 =
! Pd(OAc), (5 mol %) R R?
(a) R' \©\+ ~g HPMoVs (0.5 mol %) osN + N
TMBA (50 mol %) \©\/\ R
A R
1a 2a 3a

H DMF (1 M), 60 °C
2h 4a
(7.5 equiv) (1 equiv) (major) (minor)
R*H i o
Pd(OAc), (10 mol %) Pr
N
1
b) R PN L(10mol%) 3  4a | H
’ PhCO,'Bu (1 equiv) ~ (major) = (minor) PhS  OH
DCE (0.2 M), 40 °C S,0-ligand
1a 2a overnight

(1 equiv) (1.5 equiv)

Figure 1.3: Palladium catalysed non-directed C-H functionalization
consequence of using sterically bulky TMB (trimethyl benzoate) ligand with the ortho
N,N-dialkyl unit. Even though they got highly para-selective olefination, excess (>7
equiv) of arene must be used to enhance the C-H metalation step,®> which renders the

synthetic applicability of this methodology and hence, unsuitable for large scale



applications.

In the last few decades, significant progress has been made towards the
development of a sustainable approach in non-directed C-H activation by tuning the
reactivity of the catalyst with the help of diverse ligands. The Naksomboon group
observed an enhanced reactivity of a Pd/S,0-ligand based catalytic system for a highly
para- selective olefination (Figure 1.3b).® This methodology was found viable with
tertiary, secondary, and primary aniline as well. Aniline moiety with electron withdrawing
groups also successfully delivered the respective products. More importantly, a better
yield, selectivity as well as reactivity was achieved with lower equivalence of aniline 1a,

as compared to Obara’s report.

FsC NHCOCF;,
H or Pd(OAC), (10 mol %) '—1U
(a) o .\ /\n/ L1orlL2 30 mol %) ‘/\)‘\
0

AgOAc (3 equiv)
1a 2a HFIP or CHCl;

(1 equiv) (2 equiv) 100 °C / oH

H  Selectfiuor or TR
(b) NFSI (2 equiv) Q%_N
1a 25°C, 8-36 h |
(1 equiv) active

fluorinating agent

Figure 1.4: Ligand enabled Palladium-catalysed non-directed C-H
functionalization
The Yu group discovered an enhanced reactivity of palladium catalyst by using a
2-pyridone ligand. This catalytic system was viable not only with electronically rich
arenes, but also with electronically poor arenes (Figure 1.4a). Additionally, arenes with
sensitive functional groups such as halogens, ester, and other carbonyl moieties have also

been functionalized successfully.’



Fluorination of arene ring is one of the valuable transformations among many
important functionalizations. It is because the fluorine containing molecules show
enhanced activities in agrochemicals and pharmaceuticals.® By increasing the
electrophilicity of fluorinating agent with the help of a reactive, high valent Pd-
intermediate, the Ritter group has successfully performed fluorination on an arene ring
via an electrophilic substitution reaction (Figure 1.4b).° In a similar way, by taking the
advantages of acidic proton, there are several reports on non-directed C-H
functionalizations for constructions of C-C/C-X bonds.°
Limitations of non-directed C-H functionalizations: Even though there are many
reports on non-directed functionalization of inert C-H bonds, the reports are associated
with common limitations such as:

(i) Functionalizations are highly biased with electronically rich arenes or reactive
atom (i.e, electronically poor arenes are less reactive)
(i1) Regioselectivity of C-H functionalization is entirely controlled by the nature of
substituent/functional group present in the (arene) molecule
(iii) Very poor regioselectivity between ortho/para- functionalization (particularly,
when electron donating group is present in the arene ring)
As a solution to the above mentioned issues, directed C-H bond activation has evolved
as an emerging methodology, providing highly regioselective functionalizations of inert
C-H bond.*
1.3 BASICS OF DIRECTED C-H FUNCTIONALIZATION

Substrates bearing coordinating functional groups such as imine, amine, amide,
and carbonyl groups, have the ability to coordinate with the transition metals. The
coordinating atom (N, O, S, P) chelates the transition metal by donating its free lone pair

of electrons to the empty d-orbitals of the metal (Figure 1.5). Hence, the substrate now



directs the metal towards the proximal C-H bond and it makes an agostic interaction (a
3c-2e transition state) with the proximal C-H bonds. This agostic interaction arises from
the o-donation by the C-H bond to the empty metal d-orbital and backbonding by the
metal orbital synergestically. This interaction weakens the inert C-H bond and leads to
the formation of an organometallic intermediate with reactive carbon-metal bond. This
process is called as directed C-H bond activation. This organometallic species is even
more nucleophilic and it can be coupled with a suitable coupling partner for the formation

of C-C/C-N/C-0O/C-S/C-X bhonds.

( directing group

Ph

X _Ph SN X, .. Ph
N ! § “N—Ph
S el | )

H T LU I R ety 7

organometallic
intermediate

Figure 1.5: Basics of directed C-H activations
The overall process of directed C-H functionalization can be understood from a general
catalytic cycle which proceeds through four-stages (Figure 1.6).
Stage-1: As mentioned in the previous section, the active transition metal catalyst chelates
with the o~donor atom of the directing group, which then makes an agostic interaction
with the proximal C-H bond (C-H activation process) giving a reactive organometallic
intermediate | {C-[M]}.
Stage-2: The intermediate | is functionalized with a secondary substrate (coupling
partner) forming intermediate 11, where both substrate and the coupling partner are
bonded with the metal catalyst {C-[M+R]}.
Stage-3: Both the substrate and the coupling partner couple, delivering the final product
(C-R) and the reduced metal catalyst [M'].
Stage-4: Involves catalyst regeneration from the reduced catalyst by copper salts/silver

salts/molecular oxygen/organic oxidants.
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Figure 1.6: General catalytic cycle for directed C-H functionalization
Different mode of C-H activation
Six different modes of C-H bond activations have been documented in the literature.?
These are:

(1)  Oxidative addition (OA):%

-

s /
LnMn+ + R-H =— LnMn+<—E _— LnMn+ —_— LnM(n+2)+

_R R
“H ~y
Such type of reactivities are commonly observed with metal catalysts having low a
oxidation state M(0) or M(1), which undergoes oxidative insertion into the inert C-H bond.
In this process, the oxidation state as well as coordination number of the metal increases

by two units.

(2)  Aromatic electrophilic substitution (SgAr):*3®

H M™X, 4
+ XnMn+ _— M“"‘Xn_1 _— ©/ + H

Transition metal catalysts are electron deficient due to the presence of empty d-orbitals.

Therefore, the catalyst behaves as an electrophile. This metal electrophile can undergo



electrophilic substitution type reaction with electronically rich arene units generating
reactive organometallic species.

3 o-Bond metathesis (6BM):

n+ XnMrlt" R1 .
1 | n
R-H + X,M—R!' —— . ' |—— X,M—R+ R'—H

R----H

This is a four-membered concerted transition state, where a metal-ligand o-bond
undergoes exchange (metathesis) with the inert C-H bond. After exchange of the ligand,
a reactive organometallic species is generated.

(4)  Single electron transfer (SET):*¢T

(n+1)* ° /R

R-H + L,M™ SET _ | M—H + R® _SET , | pjl2+
~N
H

Such reactions are quite general with the catalysts such as Cu, Ni, Mn, and Fe. As transfer
of single electron is involved in the mechanism for the generation of organometallic
species, formation of the radical intermediate could be confirmed by using radical
scavenger.

(5)  Concerted metalation deprotonation (CMD):%

- LM B .
L.M—B + R-H —~ ‘)il —> L,M—R + BH
This mechanism is quite similar with o-bond metathesis. Mostly, it is observed with
electron-deficient arene substrates in presence of a base. The substrate undergoes
metalation and deprotonation in a concerted manner by the help of base and forms carbon-
metal bond.

(6) Base-assisted intramolecular electrophilic substitution (BIES):*%"
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e H p H /B Mn+Ln
LLM_—B + . M"*Ln—> +BH

Since this mechanism is of the type of electrophilic substitution on an aromatic ring, it is
observed mostly on the electronically rich aromatic ring. Thus, the presence of electron-
donating groups favor this mechanism. Additionally, enhanced reactivity is observed by

the addition of an additive (base or acid) into the reaction.

1.4 DIRECTING GROUPS AND THEIR CLASSIFICATION (mono/bidentate/
transient/ redox-neutral/ traceless DG)

In chelation assisted C-H functionalization methodology, different functional
groups have been used as directing groups (DG). Based on the number of chelation sites
and reactivities, the directing groups could be classified in to five-catagories.!* These are:

0] Monodentate directing groups (only one atom chelates the transition-metal):

Monodentate DG

R H O H OH/SR H NHR? H =z
=X < I A AN
* ’/’ " R1 ',’ S R1 ',’ N R1 ',’ ‘I N

[TM] ' i : | ' l ' .

K

H N| H NI

’/J\/kR1 ”J\/kR‘I
l’ I l' I
[y | N ]

- - .- .-

H Néj H O H O
"J\/l\\N ,/J\‘./U\OH ’/J\\/U\N/
‘ ! ' : ' , H

Figure 1.7: Monodentate directing groups
Functional groups such as aldehydes, ketones, alcohols, thiols, amines, and
carboxylic acids are used as monodentate directing groups (Figure 1.7). The heteroatom
present in this DG chelates with the transition-metal catalyst forming four-six membered
metallacycle intermediates.

(i) Bidentate directing groups (two donor atoms chelating the metal atom ):
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Such directing groups have two chelating sites, therefore the metal catalyst forms
a CNN/CNO/CNS-based pincer-type organometallic intermediate after C-H activation
(Figure 1.8). These bidentate DGs not only stabilize the intermediate (by the extra
chelation) but also, improve the reactivity even in milder reaction conditions for valuable
transformations. 4
Limitations: In the proximity-driven C-H activation strategy, installation/removal of the
directing group to/from the substrate needs extra steps before/after the desired
functionalization, which is a drawback of this methodology. In order to avoid the extra

steps, transient directed C-H

Bidentate DG

ot et D Y S

Daugulis Daugulis Shi
(2005) (2010) (2013)
If @ S aLs,
O a
N|u and Song Zhu Rawkumar
(2014) (2014) (2016) (2019)

Figure 1.8: Bidentate directing groups
functionalization has emerged as a step economical approach.
(ili)  Transient directing groups (TDGSs):

In this advanced concept, the directing group is installed into the substrate
reversibly and also is detached after the desired functionalization without any additional
steps. This concept has been used extensively with substrates having weak o-donor DGs
(such as phenol or carbonyl groups). Thereby, the transiently installed DG provides a
better o~donor chelation site for binding with the transition metal catalyst. With this

strategy, the TDG can be installed with substrates containing alcohol, amine, formyl or

12



ketone functionalities.® In 1985, for the first time, ortho- di-deuteration of phenol was
reported using a pre-synthesized ruthenium catalyst with a phosphite directing group

(Figure 1.9a). Here, the phosphite group acts as a transient directing group via

PhQ opn
OH 0-R

H H catalyst (8.5 mol %) OH I}{u"-
0, .
@) PhOK (80 mol %) D D i.L
D,, THF, 25 °C

74 h
catalyst L = P(OPh)3

H RhCI(PPhs); (10 mol %) OH
(b) = 'Pr,POXy (20 mol %)
toluene, 135 °C

6h

(o]
[(PPh3)3RhCI] (5 mol %)
©) H + /\C4Hg 2-amino-3-picoline (20 mol %) C4Hg
toluene, 150 °C, 24 h

(1 equiv) (3 equiv)

Figure 1.9: C-H functionalizations with transient directing group
transesterification. The use of a catalytic amount of KOPh was found to show better
reactivity.’® Later in 1985, Lewis and Ellmann revealed the intramolecular ortho-
alkylation of phenol under rhodium catalysis where i-Pr,POXy act as TDG and installed
in situ forming the active rhodium phosphinite complex followed by intramolecular
alkylation with the alkene (Figure 1.9b).25" In 1997, Hong et al. reported hydroacylation
of alkenes with benzaldehyde using 2-amino-3-picoline as TDG and 5 mol % of
Wilkinson’s catalyst (Figure 1.9c).1°9 2-Amino-3-picoline undergoes imination with the
aldehydic carbonyl group, which binds the active catalyst, activates the C(sp?)-H bond,

and then reacts with alkene to obtain functionalized ketones.
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Generally, the carbonyl oxygen atom is considered as a poor o-donor chelating
atom. However, it can be transferred to an imine which can act as a strong directing group.
Amino acids are zwitterionic, having both amine (-NH2) and carboxylic (-COOH) groups.
Amino acids have been used extensively as TDGs for the functionalization of aliphatic as
well as aromatic carbonyl compounds. The pioneering work by the Yu research group for
C(sp®)-H arylation under palladium catalysis has shown the potential of amino acids as
TDGs (Figure 1.10).2" After this seminal work, chiral amino acids have been also used

for asymmetric synthesis under transient catalysis.

2 Pd(OAc), (10 mol %) 0
glycine (40 mol %)
+ Ar(Het)— | —
(@) R H AQTFA (1.5 equiv) R Ar(Het)

AcOH:H,0 (9:1)

(1.2 equiv) (1 equiv) 90 °C, 36-48 h
0]
O
R NP
Pd—O
via
o o)

< | Pd(OAc), (10mol %) o
o R . ©/ glycine (50 mol %) R
H 9 AgTFA (1.5 equiv)
_ R HFIP:ACOH (3:1)
(1 equiv) (2 equiv) 110 °C, 36 h

R2

Figure 1.10: Pd-catalysed arylation of C(sp®)-H bond of carbonyl compounds
Amines are important structural motifs and its compounds are found with
agricultural, agrochemical, and pharmaceutical importance. In 2016, the Yu group
reported palladium catalysed 3~C(sp®)-H arylation of aliphatic amine by using 2-
hydroxynicotinal-dehyde as TDG (Figure 1.11a).'% This TDG was found quite efficient

and provided sufficient reactivity and stability to the organo-palladation intermediate
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which is reflected from the lower loading of TDG as compared to their previous report

(Figure 1.10).

Pd(OAc), (10 mol %)
TDG (20 mol %)

AgTFA (2 equiv 1) 2N HCI
(@) L7 NH, +Ar—l gTFA (2equiv) , 1)2NHCT WNHBOC
H HFIP:AcOH = 19:1(0.2 M)  2) 10N NaOH, 5
(2 equiv) H,O (10 equiv) (Boc),0
120°C,12h
L
~
N~ "OH
TDG
Pd(OAc), (10 mol %) NH 1 0]
NH, . . 2 R
glyoxalic acid (20 mol %) N//\(
(b) H/\/I\Rz + Ar—l ) Ar/\/'\1R2 A
R AgTFA (1.5 equiv) R
(1.5 equiv) AcOH (0.15 M) .
H,O (4 equiv) vid
100 °C, 15 h

Figure 1.11: Pd-catalysed arylation of C(sp®)-H bond of amines
In the same vein, Liu and co-workers reported y-C(sp%)-H arylation of aliphatic acyclic
amines using glyoxalic acid as the TDG (Figure 1.11b).* This protocol eliminates extra
steps of protection of amine group, and hence provides a straightforward methodology
for targeted molecule synthesis.
(iv)  Redox-neutral directing groups:

In transition metal-catalysed coupling reactions/functionalization, a
stoichiometric amount of external oxidants is required to reoxidize the reduced metal
catalyst. Very commonly, copper/silver/organic compounds are used as external oxidants
and they produce stoichiometric amounts of their reduced by-products. As a substitute for
these external oxidants, researchers have revealed the chemistry of internal oxidants,
where organic compounds containing weak bonds such as N-O/N-N/N-CI/N-S/S-Cl/Si-H
have been used as internal oxidants.’®*® Therefore, chemists are using directing groups
with weak bonds, and such directing groups are known as redox-neutral directing groups

(DG™). In the last two decades, many types of redox-neutral directing group have been
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used for valuable transformations.®® The commonly used redox-neutral directing groups

are as follows:

R R R R
\)\\ OH \)\\ o s .0 \)\\ o\”)<
’/ ~ N rd 7 N N rd \ rd \\\ rd ’/ ~ N td
.I l N 'I l N 'I l N Y .l I N
1‘ ] “ ] ‘\ ’l o |\ 'I 0
Sundararaju Jeganmohan Chiba Glorius
RZ
N
~p3
NI, R 0 | 0 o
P .OR
",’\\)\R'I ,'//\\\)J\OIN\ ', /\\)J\N ’,g\)j\N,CI
' | ' : ' »H / ' H
A. Pawar, Zhu Liu Rovis Jeganmohan

Figure 1.12: Commonly used DG*
For an example, Fagnou and coworkers have reported an imine directed, Cp*Rh-catalysed

isoquinoline synthesis by the [4+2] annulation of alkyne and aldimine where 2.1

K

R3 [Cp*Rh(CH3CN);][SbFgl, (2.5 mol %)

@ @ Cu(OAc), H,0 (2.1 equiv) N
+ >
" It DCE, 83°C, 16 h Z\R2
R2 R3
R1
R’ R3 [Cp*RhCl,], (2.5 mol %) SN
\N’OR NaOAc (30 mol %) _
+ >
(b) If MeOH (0.2 M), 7 R?2
H R2 60 °C, 4-10 h R3
R =-Ac, -Me R
R' RS [RuCly(p-cymene)], (2.5 mol %) N
\N'OR NaOAc (25 mol %) _ P
(c) Il MeOH (0.3 M) R?
H R2 100 °C, 16 h RS
R =-H, -Me
R1
}
R R3 [Cp*Co(CO)l,] (10 mol %) N
3 -OH NaOAc (20 mol %) _ P
(d) | | TFE (0.13 M) R?
H R2 80 °C, 24 h R®

Figure 1.13: Isoquinoline synthesis using DG®*
equivalents of Cu(OAc)2.H20 have been used as oxidant (Figure 1.13a).%6¢ Researchers

have achieved isoquinoline synthesis using various types of redox-neutral directing
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groups, obviating the use of external metal oxidants. In this context, Chiba,®®
Jeganmohan,*®" and Sundararaju®? research groups have reported isoquinoline synthesis
with N-O bond-containing redox-neutral directing groups under Rh, Ru, and Co catalytic
conditions respectively (Figure 1.13, b-d).

(v) Traceless directing groups:

In directed C-H functionalization strategies, after getting the desired
functionalization, the DG either stays in the product as a non-removable DG or additional
steps are required for its removal from the product. Either of these limits the scope of
structural diversities of product. In last decade, many functionalizations are achieved by
traceless directing group strategies wherein, C-H functionalization and DG removal are

achieved in a one-pot fashion. This methodology became the most ideal in directed C-H

(o)
OH
(o) Pd(OAc), (5 mol %) R AN
Cu(OAc), H,0 (2 equiv OR

@ R A\ H+\)J\OR (OAc)2 H20 (2 equiv) N\

N LiOAc (3 equiv) \
\ MS (4A°), DMAc (0.04 M) o
140 °C, 2h

R?  [Cp*RhCly, (5 mol %) . AR

R NH o, | | AgBF, (2 equiv) NN\,

(b) N H MesCO,H (1 equiv) R

R3 'BUOH, 115 °C O
10 h

R® o R2
N0 R?  [Cp*RhCl,], (5 mol %)
©) H, | | AgBF, (2 equiv) R ~©\/\$7R3
R MesCO,H (1 equiv) N
R3 'BuOH, 115 °C R

10 h

Figure-1.14: Use of traceless DG for various transformations
functionalization strategy. Functional groups such as carboxylic acid, formyl group,
sulfoxonium ylides, N-oxides etc. have been used as traceless DG for different

transformations.'’” In last decades, Miura,*™ Yu,*”® and Wang'’® research groups have
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reported various transformations independently by using carboxylic acid, formyl group

and N-oxide as traceless DG (Figure-1.14).

1.5. CONCLUSION
In this chapter, we have discussed the functionalizations of a covalent bond by

traditional organic approaches and then Pd-catalysed cross coupling reactions. The need
of preactivated starting materials were the major limitations of Pd-catalysed cross-
coupling reactions, which led to the discovery of non-directed C-H functionalizations and
this worked well in many transformations. Even though non-directed C-H
functionalization is more eco-friendly, it is also associated with major issues such as (i)
reactivity is highly biased with electronically rich arenes, and (ii) very poor
regioselectivity. These limitations gave birth to directed C-H activation, which is an active
research area. Important aspects of directed C-H functionalizations are (i) highly
regioselective transformation, (ii) no need of pre-activated bond for coupling, and (iii) it
works efficiently, overcoming the inherent electronics of the substrate.
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Chapter 2

Hydroxylamine-O-Sulfonic Acid (HOSA) as a Redox—Neutral
Directing Group: Rhodium-Catalysed, Additive Free, One-Pot

Synthesis of Isoquinolines from Arylketones

. O :
.0, [Cp*Rh(I)] SN
oy e - CC
“ ®

2.1 ABSTRACT: Herein, a Cp*Rh(IIl)-catalysed one-pot synthesis of isoquinolines is
reported from aryl ketones, alkynes and hydroxylamine-O-sulfonic acid (HOSA).
Importantly, an additional application of well-known aminating reagent hydroxylamine-
O-sulfonic acid has been discovered as a redox-neutral directing group. This C-H/N-O
annulation methodology gives excellent yields even without a silver additive, acid/base
or metal oxidant. This is the first report wherein a directing group is simultaneously

forming in situ, acting as acid additive, and also as an internal oxidant.

2.2 INTRODUCTION

Transition metal-catalysed C-H bond activation with subsequent functionalization
represents a more direct strategy as compared to the traditional synthesis towards the
synthesis of pharmaceutically important heterocycles including quinolines and
isoquinolines.! C-H Bond activation has advantages in terms of atom and step-economical

synthetic routes. Nevertheless, it has some limitations, such as the use of stoichiometric

27



heavy metal oxidants and covalently attached directing groups, which must later be
removed, and use of acid or base additives.? Hence, there is a need to develop more
general and straightforward methods of C-H bond activation in heterocycle synthesis.
Discovering a new directing group, which can serve as an effective ligand and in some
cases, oxidant, but also balance the required reactivity with selectivity is a challenging
task.> The Fagnou* and Glorius® groups have made considerable progress in the
development of redox-neutral directing groups (no use of heavy metal oxidant) for the
oxidative C-H/N-O annulation of alkynes using Cp*Rh(IlIl) complexes to access
isoquinoline/isoquinolone derivatives. Glorius, Sundararaju, Chiba, Jeganmohan and
several other groups have independently explored different types of redox neutral
directing groups towards the construction of azaheterocycles.® However they still needed
to use extra acid/base additives and one extra step was required to install the directing
group.

In recent years, developing an in situ/transient directing group has gained
prominence due to step economy. Yu and other groups have explored this in situ/transient
directing group concept in the Pd(Il)-catalysed C-H functionalization by using amino
acids as directing groups; however they still needed to use extra acid additive and metal
oxidant.” Invariably for C-H functionalization reactions involving transient directing
groups, acid additives were commonly used to drive the substrate-directing group binding
equilibrium.” In C-H activation reactions it has been observed that additional acid or base
additives are showing positive cooperativity either as a ligand for the cyclometalated
intermediate or by making an active catalyst within the reaction.® Therefore, discovery of
a directing group is needed which can simultaneously act as an in situ traceless directing
group, substitute for acid additive as well as internal oxidant; this solving all three issues

of step economy, use of acid additive, and use of heavy metal oxidant.®
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Hydroxylamine-O-sulfonic acid (HOSA) may correspond to either an electrophilic (NH2*
synthon) or a nucleophilic (NH2" synthon) reagent depending on the substrates and
reaction conditions adopted.'® Recently, HOSA has been used as a C-H aminating agent
for naphthalene and silyl enol ethers in the presence of a transition metal catalyst (Scheme

2.1).1000

Scheme 2.1 Previous work and our proposals

NH, ?
B Cu(OTf), NH,
Naphthalene Ri R
R, ™3
Falck et al. Kurti et al.

Org. Lett.

2019, 21, 1926-1929. J. Am. Chem. Soc.

2019, 141, 2242-2246.

Our presumptions

(0]
\N/O\g,/o M]
bH

Intrigued by the experimental and computational studies by the Chen group on the

importance of neutral and anionic bidentate ligands, as well as weakly coordinating
directing groups!! and the above-mentioned challenges, we hypothesized that HOSA
might act as a new redox-neutral directing group for C-H activation. Most importantly,
the inherent mild acidity of HOSA might help for in situ imination and C-H activation
(Scheme 2.1).

2.3 RESULTS AND DISCUSSION
To test our hypothesis, acetophenone la and diphenylacetylene 2a were

investigated as the model substrate and coupling partner respectively. To our satisfaction,
when acetophenone 1a and diphenylacetylene 2a were treated with HOSA (1.1 equiv) in
the presence of 3 mol % of [Cp*RhCl.]» and 1 equivalent of KOACc, the reaction afforded

the desired isoquinoline in 30% yield (Table 2.1, entry 1). Hexafluoroisopropanol and
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toluene were screened as solvents under the same conditions, but in neither case was any
reaction observed (Table 2.1, entries 2-3). Then we changed to various other weak bases
such as NaOAc, LIOAc, CsOAc. The use of CsOAc improved the yield up to 61% (Table
2.1, entry 6). Various other catalysts such as [Cp*Co(CO)I.], Co(acac)2, Co(acac)s, and
[RuClz(p-cymene)]. failed to produce the desired annulated product (Table 2.1, entries 7-

Table 2.1 Optimization for the Cp*Rh-Catalysed One-Pot Synthesis of

Isoquinolines®’
Me fo) Ph catalyst (3 mol %) T
©/§0 . H3N/°\§’/O . | | additive (1 equiv) _ SN
(I)H solvent (0.12 M) Z Ph
Ph temp (°C),10 h Bh
1a 2a 3aa
entry solvent catalyst additive  temp (°C) yield (%)

1 MeOH [Cp*RhCl,], KOAC 100 30
2 HFIP [Cp*RhCl5), KOAc 100 nr
3 Toluene [Cp*RhCl5), KOAc 100 nr
4 MeOH [Cp*RhCl5] NaOAc 100 nr
5 MeOH [Cp*RhCl,], LiOAC 100 13
6 MeOH [Cp*RhCl,], CsOAc 100 61
7 MeOH [Cp*Cols] CsOAc 100 nr
8 MeOH Co(acac), CsOAc 100 nr
9 MeOH Co(acac)s CsOAc 100 nr
10 MeOH [RuCl, (p-cymene)], CsOAc 100 nr
11 MeOH [Cp*RhL;][SbFgl, CsOAc 100 80
12 MeOH [Cp*RhL3][SbFgl, - 100 90
13 MeOH [Cp*RhL3][SbFgl, - 60 63
14 MeOH [Cp*RhL;][SbFg], - 70 92
15 MeOH [Cp*RhL3][SbFgl, - 80 89

4Reaction conditions: 1a (0.10 mmol), 2a (0.13 mmol), HOSA (0.11 mmol), [Cp*Rh(I11)]
(3 mol %), additive (1 equiv), solvent (0.1 M), temp (°C), 10 h, L = CH3sCN. °NMR yield
using 1,3,5-trimethoxybenzene as internal standard. nr = no reaction.
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10). We presumed that, the use of a reactive cationic Rh-catalyst such as
[Cp*Rh(CH3CN)3][SbFs]> might enhance the yield. Interestingly, this cationic Rh (I11)
catalyst afforded the product in 80% yield (Table 2.1, entry 11). To know the influence
of extra additive in product yield, we performed a reaction in the absence any additive.
Gratifyingly, a considerable improvement of yield was noticed under additive free
conditions (Table 2.1, entry 12). For further improvement of product yield, we screened
the reaction at different temperatures ranging from 60 °C to 80 °C (Table 2.1, entries 13-
15) and achieved excellent yield of 92% at 70 °C. We tested this one-pot protocol using
other redox-neutral directing groups but, they gave inferior results, compared with HOSA
(Scheme 2.2).

Scheme 2.2 Comparison with reported redox-neutral directing groups?

(o] Ph Me
directing group (1.1 equiv)
Me | | [Cp*Rh(CH3CN); 1[SbFgl, (3 mol %) SN
. MeOH (0.12 M), 70 °'C, 10 h ZNph

Ph

1a 2a 3aa
Dgf::'sg H,NOH.HCI  H,NOMeHCl  NH;OAC  H,N-NH-CO,Bu HOSA
Yield nd nd 21% nd 89%

®Reaction conditions: l1la (0.10 mmol), 2a (0.13 mmol), HOSA (0.11 mmol),
[Cp*Rh(CH3CN)s][SbFe]2 (3 mol %), MeOH (0.12 M), 70°C, 10 h. nd = not detected.

With the optimized conditions in hand, a variety of electronically different
acetophenones was tested using diphenylacetylene as the coupling partner (Scheme 2.3).
Except for ortho-substituted examples (3ma, 3na and 30a), most acetophenones gave
isoquinolines in high vyield. The poor vyields recorded with ortho-substituted
acetophenones may be due to steric hindrance near to the reaction site. Notably, 1r, in
which the alkoxy- substituent is the part of a dioxolane ring, produced the desired product

3ra in 71% vyield. The cyclic alkoxy- group may be acting as a secondary directing
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group.? The structure of 3ra was confirmed by single crystal X-ray analysis. With non-
coordinating meta-substituents (m-Br and m-CHjs) the annulated products 3ja and 3ka
were formed exclusively via the activation from sterically less hindered site. Curiously,
with an acetophenone containing the Lewis basic (m-OMe) group, a mixture of annulated
products 3la and 3I’a was obtained in a 53:40 ratio, favouring the formation of the
isoquinoline with unfavourable peri- interactions between the methoxy- group of the
acetophenone and a phenyl substituent of the alkyne. Although the product 3la suffers
from greater steric hindrance than 31’a in the intermediate pincer complex, the methoxy-
group may act as an additional donor ligand, stabilizing the Rh-complex and favouring
activation of the adjacent C-H bond. Halo-substituted acetophenones (1d-1g and 1j) were
also compatible with the reaction conditions, producing good to excellent yields of their
respective annulated products (3da-3ja and 3ga). Interestingly, the acetophenone 1q,
bearing a free hydroxyl group also reacted efficiently giving 3ga in 71% yield. Indeed,
the optimized conditions worked well with heteroaryl methyl-ketone 3p giving 3pa in
good yield. Moreover, we have also performed a 1.00 mmol scale reaction, applying the
same general procedure, with acetophenone 1a which resulted in an 87% yield of 3aa. In
addition, the scope of this methodology was evaluated with benzophenones (Scheme 2.3,
3sa-3va). Both symmetrical and unsymmetrical benzophenones afforded good yields of
triaryl-isoquinolines. Especially, in the case of the 4-nitrophenylbenzophenone 3v,
annulation occurred only at the electron-rich phenyl ring of benzophenone, rather than
the electron-deficient para-nitrophenyl ring, to give 3va in 70% vyield.

To extend the generality of this developed protocol, we further tested the reaction
using different alkynes (Scheme 2.4, 3ab-3aj). Dialkylalkynes (3ab and 3ac), alkyl-aryl
alkynes (3ad-3ah) and diarylalkynes (3ai-3aj) all gave good yields. It is noteworthy that,

in the case of alkyl-aryl alkynes, formation of a single regioisomer was observed, where
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the aryl ring is oriented towards the heteroatom of isoquinoline.’® Formation of the
selective

Scheme 2.3 Scope of aryl ketones for one-pot synthesis of isoquinolines®

RZ
(o] Ph HOSA (1.1 equiv)
" l‘l [Cp*RN(CHsCN)s J[SbFglz (3 mol %) _ g SN
+
R MeOH (0.12 M), 70 °C ZNph
Ph Ph
1a 2a 3aa
Me Me Me Me
SN SN SN NN R1=F, 3da, 64%
= Cl. 3ea, 85%
¥ = ~ = 1 ¥ ’
Ph Ph O Ph R Ph = Br, 3fa, 92%
Ph Ph Ph Ph =1, 3ga, 93%
3aa, 89%, 87%° 3ba, 94% 3ca, 97%
Me Me Me Me Me
IN Br N Me SN NN /o SN
+
—
R' Zph Z ph 7 “ph Ph 7 ~Ph
Ph Ph Ph O Ph Ph
R'= CF3, 3ha, 96% 3ja, 74% 3ka, 85% 3la, 53% 3l'a, 38%
= NO,, 3ia, 51%
Me Me N0 Me Br Me
N N N N N\ N
ZSph Zph ZNph
Ph Ph Ph
3ma, 10% 3na, 20% 30a, 0%
Me Me Me
\
7 “Ph HO 7 “ph o Zph =
Ph Ph -0 Ph
3pa, 71% 3qa, 71% 3ra, 70% CCDC 1911600
Me o~ NO,
NN
O NN SN NN
7 Ph = Pz
N Me Ph o Zph Ph
Ph | Ph Ph
3sa, 64% 3ta, 85% 3ua, 72% 3va, 70%

®Reaction conditions: 1a (0.10 mmol), 2a (0.13 mmol), HOSA (0.11 mmol),
[Cp*Rh(CH3CN)s][SbFe]2 (3 mol %), MeOH (0.12 M), 70°C, 10-20 h. "Isolated yield.
‘Isolated yield from 1 mmol scale reaction.
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regioisomeric product can be rationalized with the stabilization of the intermediate 111
(Scheme 2.6) by the phenyl ring through n-interaction with the metal orbitals. Notably,
terminal alkynes (trimethylsilylacetylene, phenylacetylene) failed to produce the
expected annulated products, possibly due to reaction with Cp*Rh(l11) catalyst to produce
dimeric alkynes.** Similarly, silylalkynes (bis(trimethylsilyl)acetylene, trimethylsilyl
phenylacetylene) also failed to produce the expected annulated products, possibly due to
reaction with Cp*Rh(I11) catalyst to

Scheme 2.4 Coupling partner scope for one-pot synthesis of isoquinolines®®

; Me
o R HOSA (1.1 equiv) Q
M | | [Cp*Rh(CH3CN); 1[SbFg], (3 mol %) N
e+
) MeOH (0.12 M), 70 °C Z g2
R R1
1a 2a 3aa
Me Me Me Me Me
SN SN SN N SN
7 72 7 ph Zpn Z ph
)2 )3
3ab, 75% 3ac, 83% 3ad, 83% 3ae, 77% 3af, 87%
Me Me
Me Me N N
SN SN S = O
Z ph Z ph O -
)a )s O
F
3ag, 86% 3ah, 87% 3ai, 80% 3aj, 72%

%Reaction conditions: la (0.10 mmol), 2a (0.13 mmol), HOSA (0.11 mmol),
[Cp*Rh(CH3CN)s][SbFs]2 (3 mol %), MeOH (0.12 M), 70 °C, 10-12 h. PIsolated yield.

produce dimeric alkynes.!* Similarly, silylalkynes (bis(trimethylsilyl)acetylene,
trimethylsilyl phenylacetylene) also failed to produce the respective isoquinolines. We
presumed that, there may be a protodesilylation pathway operating under the influence of

acidic HOSA, which then produces terminal alkynes.

34



Scheme 2.5 Competitive and mechanistic studies

(a) Intermolecular acetophenone competition:

o o
SN
+ Ph—==—Ph 2a (1.3 equiv) | _
MeO F.C F4C/MeO Ph

standard conditions

1c 1h 3ca:3ha=6.2:1 3ca + 3ha

(1 equiv) (1 equiv)

(b) Intramolecular competition (sp® vs sp?):

Ph
H' o H? Ph HT NS PR
|
+ | | standard conditions
oM
® Ph OMe OMe
1w 2a 3wa, 64% 3w'a, not observed

(c) Intermolecular alkyne competition:

O  Ph CyHs
+ || + |'| standard conditions | SN, | :N
L &,Hs (3aa:3ab=1.22:1) Zph CoHs
Ph

C2Hs

1a 2a 2b 3aa 3ab

d) H/D scrambling experiments:
(d) g exp ,—H(100%)

lo) H
Ph HOSA (1.1 equiv)
| | [Cp*Rh(CH3CN)3][SbFgl, (3 mol %) SN
+ -
CD50D (10 equiv) ZNph
Ph CH30H (0.12 M), 70 °C, 30 min Ph
1a 2a 3aa
(e) Intramolecular KIE studies:
— D (78%)
D O H/D
Ph HOSA (1.1 equiv)
| | [Cp*Rh(CH3CN)3][SbFg]s (3 mol %l N
0,
H N CH30H (0.12 M), 70 °C = Ph

= Ph
[D4]1a 2a KIE=3.5 [Dn]-3aa, 14%

(f) Intermolecular KIE studies:

— H (84%)
o o) H/D
Ph HOSA (1.1 equiv) D/H A
©)\ ) @ . |’| [Cp"RN(CH,CN):JISbF e (3 mol %) /N
D, 1N CH30H (0.12 M), 70 °C D/H Ph
H/ID Ph
1a [Ds]-1a 2a [H, + D4]-3aa, 15%

Competitive studies were carried out using a range of acetophenones and alkynes
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(Scheme 2.5, a-c) to elucidate how electronics of the substrate influence the reactivity.
First, an intermolecular competitive annulation reaction was performed between
acetophenones 1c (para-electron donating group) and 1h (para-electron withdrawing
group), which produced annulated products 3ca and 3ha in a ratio of 6.2:1 (Scheme 2.5,
a). This experiment clearly indicates that cyclometallation-deprotonation is faster in
electron-rich acetophenone 1c. This experiment also informs that, under these standard
conditions, the substrate is going through an electrophilic substitution mode of C-H
activation. Next, an intramolecular competitive study was performed between sp®-
(cyclohexyl) and sp?-(para-methoxyphenyl) C-H bonds, using ketone 1w. Again, the
experiment was conclusive, with 1w undergoing exclusive sp? C-H activation to give 3wa
in 64% vyield (Scheme 2.5, b). In an intermolecular competition between diphenylalkyne
2a and diethylalkyne 2b, comparable reactivity was observed between the two alkynes,
giving their respective annulated products 3aa and 3ab in 1.22:1.00 ratio (Scheme 2.5,
C).

In order to have a better understanding of the catalytic activity of Cp*Rh?*, some
kinetic experiments were conducted (Scheme 2.5, d-f). Initially, the standard conditions
were employed on 1a with the alkyne 2a in 10 equiv of methanol-D4, which showed no
ortho-deuteriation on 3aa (Scheme 2.5, d). These results reveal that the C-H activation
step is irreversible. Moreover, we observed a kinetic isotope effect for the intra- and
intermolecular kinetic experiments to be 3.5 and 5.2 respectively (Scheme 2.5, e and f),
suggesting that the initial C-H activation step may be the rate limiting step.®

Based on these experimental observations and literature precedents,®™1¢d we
proposed a 5-stage catalytic cycle (Scheme 2.6). Initially, the cationic active catalyst,
[Cp*Rh(MeCN)s][SbFs]. undergoes cyclometalation with the in situ-generated ketoxime

1a’ to form a five-membered rhodacycle I, which after t-complexation with the alkyne
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2a, gives intermediate I1. Next, alkyne insertion occurs to afford the seven-membered
rhodacycle 111, which undergoes subsequent reductive elimination and N-O oxidative
insertion to give 1V. The last step of the catalytic cycle involves regeneration of active
catalyst and formation of the desired annulated product 3aa along with the by-product
H2S04. We presume that the acid generated in the final step reacts immediately with the
product 3aa and forms the isoquinolinium salt. Proton NMR spectroscopic analysis of the
crude mixture (after filtering through a Celite® pad) showed a downfield shift of the
methyl group signal in 3aa, suggesting the formation of an isoquinolinium salt in the

crude mixture.

Scheme 2.6. Proposed catalytic cycle

= N + H2$04 1 a' 1 a
+
R [Cp*Rh(MeCN),]%* //
\

2H* HNT g
oH* cyclometalation HO
Me
NN -
NN-Rh(Cp*)SO, N 9/,0
l/ah /S0
Z *cp 0
R IR
reductive elimination and 7 - complexation ‘ ‘
N-O oxidative insertion 2a
Me
l -0
= N Sl/ =N ,O\ //O
Rh-0 Rh_ >0
—{ Cp* /Iép*

alkyne insertion
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2.4 CONCLUSION

In summary, this is the first time HOSA has ever been used as a redox-neutral
directing group for the synthesis of isoquinolines through C-H/N-O annulation from
alkynes and the transient ketoxime. Moreover, it is simultaneously acting as an internal
oxidant, in situ generating a traceless directing group. Owing to these multiple advantages
of this reagent, we believe that this reagent has much potential which can be used in

various metal-catalysed transformations.

2.5 EXPERIMENTAL SECTION

Acetophenone and benzophenone derivatives were purchased from Sigma Aldrich, Alfa-
Aesar, Avra, TCI and Spectrochem and used without further purification. For column
chromatography, silica gel (100-200 / 230-400 mesh) from Acme Co. was used. A
gradient elution using distilled hexane and ethyl acetate was performed, based on Merck
aluminium TLC sheets. All isolated compounds were characterized by *H NMR, 3C
NMR spectroscopy and HRMS. Copies of the *H NMR, *C NMR can be found in the
Supporting Information. NMR spectra were recorded on Bruker 400 MHz and 700 MHz
instruments. All "H NMR results are reported in parts per million (ppm) relative to the
signals for the residual chloroform proton (7.26 ppm) in the deuterated solvent. All 1*C
NMR spectra are reported in ppm relative to CDCl; (77.36 ppm).'® X-ray crystallography
was recorded at SCS, NISER, JATNI, BHUBANESWAR, India. [D]s-acetophenone,*"
[D]i-acetophenone®’ and [Cp*Rh(CH3sCN)s][SbFe]2!” were prepared by following the

literature procedures.
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Representative Procedure for the Annulation Reaction:

To an oven-dried 25 mL Schlenk tube charged with a magnetic stirring bar, were added
arylketone 1 (0.1 mmol, 1 equiv), dry MeOH (0.1 M, 0.8 mL), hydroxylamine-O-Sulfonic
acid (0.11 mmol, 1.1 equiv), [Cp*Rh(CH3CN)3][SbFs]. (0.003 mmol, 0.03 equiv) and
alkyne 2 (0.13 mmol, 1.3 equiv) under nitrogen atmosphere sequentially. The reaction
mixture was allowed to stir (~500 rpm) at 70 °C in a preheated aluminium block and was
monitored by TLC. After completion of the reaction (10-20 h), the reaction mixture was
transferred into a 50 mL round bottom flask and the reaction vial was washed twice with
ethyl acetate/methanol. The solvent was removed under reduced pressure to give the
crude mixture and this was extracted with ethyl acetate (3x10 mL) and washed with
saturated NaHCOs3. After a brine wash, the organic layer was dried over anhydrous
Na2SOg, filtered and then purified by column chromatography using 230-400 mesh silica,

giving the product (3).

Experimental characterization data of products:

1-Methyl-3,4-diphenylisoquinoline (3aa)®":

4 2\

Physical State: White solid (24 mg, 89% yield). R¢= 0.4 (10%

=N EtOAc/hexane). mp 155-157 °C. *H NMR (CDCls, 400
4
N Ph MHz): 6 8.22-8.20 (m, 1H), 7.68-7.66 (m, 1H), 7.61-7.59 (m,

2H), 7.38-7.32 (m, 5H), 7.24-7.17 (m, 5H), 3.09 (s, 3H) ppm.
13C{*H} NMR (CDCls, 101 MHz): 6 158.1, 149.8, 141.3, 137.9, 136.3, 131.7, 130.6,
130.2, 129.5, 128.5, 127.9, 127.5, 127.3, 126.9, 126.6, 126.5, 125.9, 23.0 ppm. IR (KB,
cm): 3052, 2957, 2853, 1466. HRMS (ESI) m/z: calcd for CaoHisN [M+H]* 296.1439;

found, 296.1439.

39



1,6-Dimethyl-3,4-diphenylisoquinoline (3ba)®":

-

~N

Ph

Ph

~

Physical State: White solid (29 mg, 94% yield). Rf= 0.4 (10%
EtOAc/hexane). mp 168-170 °C. 'H NMR (400 MHz,
CDCls): 6 8.10 (d, J = 9.2 Hz, 1H), 7.44-7.43 (m, 2H), 7.36-

7.34 (m, 5H), 7.23-7.16 (m, 5H), 3.06 (s, 3H), 2.44 (s, 3H)

ppm. BC{*H} NMR (100 MHz, CDCls): § 157.7, 149.8, 141.4, 140.6, 138.0, 136.6,

131.8, 130.6, 129.1, 129.1, 128.5, 127.9, 127.4, 127.2, 125.8, 125.4, 124.9, 22.9, 22.5

ppm. HRMS (ESI) m/z: calcd for CozH2oN [M+H]" 310.1596; found, 310.1595.

6-Methoxy-1-methyl-3,4-diphenylisoquinoline (3ca)®":

-

~N

Ph

Ph

N\

Physical State: White solid (32 mg, 98% vyield). R¢= 0.6
(20% EtOAc/hexane). mp 183-184 °C. 'H NMR (400
MHz, CDCl3): 6 8.1 (d, J = 9.2 Hz, 1H), 7.36-7.3 (m, 5H),

7.23-7.17 (m, 6H), 6.91 (d, J = 2.8 Hz, 1H), 3.73 (s, 3H),

3.03 (s, 3H) ppm. 3C{*H} NMR (100 MHz, CDCls): § 160.8, 157.3, 150.4, 141.5, 138.3,

138.1, 131.6, 130.5, 128.6, 127.9, 127.7, 127.4, 127.2, 122.2, 119.0, 104.7, 55.5, 22.9

ppm. HRMS (ESI) m/z: calcd for C23H20NO [M+H]* 326.1545; found, 326.1545.

6-Fluoro-1-methyl-3,4-diphenylisoquinoline (3da)®":

-

~N

Ph

N

Ph

Physical State: White solid (20 mg, 64% yield). Rf= 0.6
(10% EtOAc/hexane). mp 140-142 °C. 'H NMR (400
MHz, CDCl3): ¢ 8.20 (dd, J = 9.2 Hz, 5.6 Hz, 1H), 7.39-

7.32 (M, 6H), 7.29-7.26 (m, 1H), 7.23-7.20 (m, 5H), 3.07 (s,

3H) ppm. 3C{*H} NMR (100 MHz, CDCls): & 164.8, 162.3, 157.8, 150.7, 140.9, 138.4

(d, J = 9.6 Hz), 137.4, 131.5, 130.5, 129.3 (d, J = 5.2 Hz), 128.9 (d, J = 9.5 Hz), 128.7,
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128.0, 127.7, 127.5, 123.7, 117.0 (d, J = 25.0 Hz), 110.2 (d, J = 22.1 Hz), 23.1 ppm.

HRMS (ESI) m/z: calcd for C22H17FN [M+H]* 314.1345; found, 314.1347.

6-Chloro-1-methyl-3,4-diphenylisoquinoline (3ea)®":

-

Physical State: White solid (28 mg, 85% yield). R¢f= 0.5

=N (10% EtOAc/hexane). mp 179-181°C. *H NMR (400 MHz,

cl 2 pn
I CDCls): 58.14 (d, J = 9.2 Hz, 1H), 7.63 (d, J = 2.0 Hz, 1H),
: ’ 7,53 (dd, J = 8.8 Hz, 2.0 Hz, 1H), 7.38-7.34 (m, 5H), 7.22-

7.17 (m, 5H), 3.06 (s, 3H) ppm. *C{*H} NMR (100 MHz, CDCl5): § 158.0, 150.9, 140.9,
137.5,137.2,136.7, 131.6, 130.5, 128.8, 128.7, 128.0, 127.8, 127.78, 127.7, 127.5, 125.5,
124.7, 23.0 ppm. HRMS (ESI) m/z: calcd for C2:H17CIN [M+H]" 330.1044; found,

330.1037.

6-Bromo-1-methyl-3,4-diphenylisoquinoline (3fa)®":

- ~  Physical State: White solid (36 mg, 96% yield). Rf= 0.4
N (10% EtOAc/hexane). mp: 183-185 °C. *H NMR (400

Br Z~ph |  MHz, CDCls): §8.06 (d, J = 4.8 Hz, 1H), 7.8 (s, 1H), 7.66
\ Ph ) (dd, J = 5.2 Hz, 2.0 Hz, 1H), 7.37-7.34 (m, 5H), 7.21-7.18

(m, 5H), 3.06 (s, 3H) ppm. B¥*C{*H} NMR (100 MHz, CDCls): § 158.1, 150.9, 140.9,
137.7,137.1, 131.6, 130.5, 130.3, 128.74, 128.7, 128.6, 128.0, 127.8, 127.6, 127.5, 125.4,
124.9, 23.0 ppm. HRMS (ESI) m/z: calcd for C2H17BrN [M+H]* 374.0544; found,

374.0552. m/z: [M+H]" calcd for C22H17Br®!N 376.0521; found, 376.0533.

6-lodo-1-methyl-3,4-diphenylisoquinoline (3ga):

Physical State: White solid (39 mg, 93% vyield). R¢= 0.5 (10% EtOAc/hexane).

41



~N

Ph

Ph

J

mp 189-191°C. *H NMR (400 MHz, CDCls): § 8.04 (s,
1H), 7.90 (d, J = 8.8 Hz, 1H), 7.85 (d, J = 8.8 Hz, 1H),
7.36-7.33 (m, 6H), 7.21-7.18 (m, 5H), 3.04 (s, 3H) ppm.

13C{!H} NMR (100 MHz, CDCls): & 158.2, 150.8, 140.9,

137.8, 137.1, 135.7, 135.4, 131.6, 130.5, 128.7, 128.3, 128.0, 127.8, 127.5, 127.3, 125.2,

98.0, 23.9 ppm. HRMS (ESI) m/z: calcd for CxHi7IN [M+H]* 422.0400; found,

422.0405.

6-(Trifluoromethyl)-1-methyl-3,4-diphenylisoquinoline (3ha)®":

Fs;C

~N

Ph

N

Ph

Physical State: White solid (35 mg, 96% yield). R¢= 0.6
(10% EtOAc/hexane). mp 114-116 °C. *H NMR (400 MHz,
CDCls): 0 8.33 (d, J =8.8 Hz, 1H), 7.99 (s, 1H), 7.77 (dd, J

= 8.4 Hz, 1.2 Hz, 1H), 7.39-7.37 (m, 5H), 7.24-7.21 (m, 5H),

3.12 (s, 3H) ppm. 3C{*H} NMR (100 MHz, CDCls): § 158.2, 151.2, 140.7, 136.8, 135.8,

132.0, 131.7, 131.6, 130.6, 130.1, 128.8, 128.1, 128.0, 127.7, 127.3, 127.2, 124.2 (9, J =

4.5 Hz), 122.8, 122.5 (g, J = 2.8 Hz), 23.1 ppm. HRMS (ESI) m/z: calcd for C23sHi7F3N

[M+H]" 364.1308; found, 364.1305.

6-Nitro-1-methyl-3,4-diphenylisoquinoline (3ia)®":

O,N

~N

Ph

Ph

N

Physical State: Yellow solid (17 mg, 51% yield). Rf= 0.4
(10% EtOAc/hexane). mp 173-176 °C. 'H NMR (400
MHz, CDCls): 6 6 8.59 (s, 1H), 8.37-8.31 (m, 2H), 7.41-

7.37 (m, 5H), 7.23-7.22 (m, 5H), 3.14 (s, 3H) ppm.

3C{*H} NMR (100 MHz, CDCls): § 158.4, 151.9, 148.6, 140.2, 136.3, 136.2, 131.5,
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130.8, 130.5, 129.1, 128.4, 128.15, 128.1, 128.0, 123.1, 120.3, 23.2 ppm. HRMS (ESI)

m/z: calcd for C22H17N202 [M+H]" is 341.1285; found, 341.1293.

7-Bromo-1-methyl-3,4-diphenylisoquinoline (3ja)5":

Physical State: White solid (28mg, 74% yield). R¢= 0.55
Br.
=N (10% EtOAc/hexane). mp: 132-135 °C. 'H NMR (400

Ph

Ph MHz, CDCls): 0 8.62 (d, J = 1.6 Hz, 1H), 7.55 (dd, J =9.0

Hz, 1.7 Hz, 1H), 7.45 (d, J = 9.0 Hz, 1H), 7.28-7.25 (m, 5H),
7.12-7.09 (m, 5H), 3.09 (s, 3H) ppm. BC{*H} NMR (100 MHz, CDCls): § 157.1, 150.2,
140.9, 137.3, 135.0, 133.6, 131.6, 130.5, 129.4, 128.7, 128.6, 128.2, 127.7, 127.6, 127.5,
120.8, 23.0 ppm. HRMS (ESI) m/z: calcd for CxH17BrN [M+H]" 374.0544; found,

374.0545.

1,7-Dimethyl-3,4-diphenylisoquinoline (3ka)®":

4 T\

Physical State: White solid (28mg, 90% vyield). R¢= 0.4

=N (10% EtOAc/hexane). mp 132-134 °C. 'H NMR (400

Z
Ph|  MHz, CDCIs): 97.89 (s, 1H), 7.48 (d, J = 4.8 Hz, 1H), 7.35

Ph

(dd, J = 4.8 Hz, 0.5 Hz, 1H), 7.28-7.22 (m, 5H), 7.14-7.07
(m, 5H), 2.99 (s, 3H), 2.50 (s, 3H) ppm. ®*C{*H} NMR (100 MHz, CDCls): 5 157.4,
148.8, 141.1, 138.0, 136.9, 134.6, 132.6, 131.7, 130.6, 129.6, 128.5, 127.9, 127.4, 127.2,
126.7, 126.5, 124.9, 22.9, 22.2 ppm. HRMS (ESI) m/z: calcd for CasHaoN [M+H]*

310.1590; found, 310.1583.

5-Methoxy-1-methyl-3,4-diphenylisoquinoline (3la)%:

Physical State: White solid (17mg, 53% yield). Rf= 0.6 (20% EtOAc/hexane).
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~N

Ph

mp 151-153 °C. *H NMR (400 MHz, CDCls): 6 7.8 (d, J = 8.4

Hz, 1H), 7.54 (t, J = 8.0 Hz, 1H), 7.25 (d, J = 6.8 Hz, 2H), 7.19-

7.12 (m, 8H), 6.97 (d, J = 7.6 Hz, 1H), 3.4 (s, 3H), 3.06 (s, 3H)

ppm. 3C{*H} NMR (100 MHz, CDCls): 6 157.4, 157.2, 151.4,

141.9, 141.7, 130.7, 130.6, 128.2, 128.1, 127.8, 127.6, 127.4, 126.8, 125.9, 118.4, 110.4,

55.8, 23.7 ppm. HRMS (ESI) m/z: calcd for CosHoNO [M+H]* 326.1545; found,

326.1518.

7-Methoxy-1-methyl-3,4-diphenylisoquinoline (31’a)®:

-

~N

Ph

Ph

~

Physical State: White solid (12mg, 38% yield). Rf= 0.5
(20% EtOAc/hexane). mp 116-118 °C. *H NMR (400
MHz, CDCls): 6 7.58 (d, J = 9.2 Hz, 1H), 7.4 (d,J =24

Hz, 1H), 7.37-7.33 (m, 5H), 7.24-7.15 (m, 6H), 3.99 (s,

3H), 3.04 (s, 3H) ppm. BC{*H} NMR (100 MHz, CDCls): ¢ 158.2, 156.3, 148.1, 148.06,

141.3, 138.0, 131.7, 130.6, 129.5, 128.5, 128.4, 127.9, 127.7, 127.4, 127.1, 122.6, 103.8,

55.8, 23.2 ppm. HRMS (ESI) m/z: calcd for C23H20NO [M+H]* 326.1545; found,

326.1548.

1,8-Dimethyl-3,4-diphenylisoquinoline (3ma):

-

~N
=

Ph

~

Ph

HRMS (ESI) m/z: calcd for Ca3H20N [M+H]* 310.1590; found, 310.1582.

Physical State: White solid (6mg, 10% vyield). Rf= 0.6 (10%
EtOAc/hexane). mp 121-123 °C. *H NMR (400 MHz, CDCl3):
0 7.49 (d, J = 7.2 Hz, 1H), 7.38-7.30 (m, 7H), 7.20-7.10 (m,
5H), 3.24 (s, 3H), 3.0 (s, 3H) ppm. B¥C{*H} NMR (100 MHz,
CDCls): 6 158.0, 148.9, 141.2, 138.6, 138.4, 136.3, 131.8,
130.52, 130.5, 129.8, 129.5, 128.5, 127.9, 127.5, 127.4, 127.3, 125.4, 30.0, 26.3 ppm.

44



8-Methoxy-1-methyl-3,4-diphenylisoquinoline (3na)®:

Vs

o

~N

/Ph

Ph

. J

Physical State: White solid (7mg, 20% yield). R¢= 0.5 (10%
EtOAc/hexane). mp 149-151 °C. *H NMR (400 MHz, CDCls):
0 7.44 (t, J =8.0 Hz, 1H), 7.37-7.3 (m, 5H), 7.22-7.16 (m, 6H),

6.90 (d, J=7.6 Hz, 1H), 4.02 (s, 3H), 3.22 (s, 3H) ppm. BC{'H}

NMR (100 MHz, CDCls): 6 158.5, 157.8, 149.8, 141.3, 139.2, 138.5, 131.8, 130.5, 130.4,

128.7, 128.5, 127.9, 127.3, 127.2, 119.4, 118.7, 106.7, 55.9, 29.6 ppm. HRMS (ESI) m/z:

calcd for Ca3H20NO [M+H]" is 326.1539; found, 326.1541.

7-Methyl-4,5-diphenylthieno[2,3-c]pyridine (3pa)®:

\
Z Ph
Ph

Physical State: White solid (21 mg, 71% yield). Rf= 0.6 (10%
EtOAc/hexane). mp: 153-155 °C. 'H NMR (400 MHz, CDCls):

0 7.53 (d, J = 5.4 Hz, 1H), 7.29-7.26 (m, 5H), 7.17-7.11 (m, 6H),

3.84 (s, 3H) ppm. BC{*H} NMR (100 MHz, CDCls):  151.7,

151.2, 146.1, 140.6, 138.5, 134.6, 131.4, 130.9, 130.7, 128.6, 128.6, 128.1, 127.5, 127.46,

124.6, 23.9 ppm. HRMS (ESI) m/z: calcd for C2HisNS [M+H]* 302.0998; found,

302.0996.

1,7-Dimethyl-3,4-diphenylisoquinolin-6-ol (3ga):

~N

HO Ph
Ph

Physical State: White solid (23 mg, 71% vyield). Rf= 0.7
(30% EtOAc/hexane). mp 157-159 °C. *H NMR (400 MHz,
CDCl3 + DMSO-dg): § 9.1 (br, 1H), 7.90 (s, 1H), 7.29-7.25

(m, 4H), 7.23-7.18 (m, 3H), 7.1-7.16 (m, 3H), 6.90 (s, 1H),

2.96 (s, 3H), 2.43 (s, 3H) ppm. 3C{*H} NMR (175 MHz, CDCl; + DMSO-ds): 6 158.3,

156.4, 149.0, 141.5, 138.8, 137.1, 131.7, 130.5, 128.7, 128.3, 128.0, 127.7, 127.3, 126.9,
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121.7,107.2, 22.6, 17.2 ppm. IR (neat): 3439, 3054, 2989, 2924, 2855, 2305, 1613, 1554,
1516, 1384, 1263, 1165, 898, 741,700 cm™. HRMS (ESI) m/z: calcd for CsH2NO

[M+H]* 326.1539; found, 326.1534.

6-Methyl-8,9-diphenyl-[1,3]dioxolo[4,5-f]isoquinoline (3ra)®":

Physical State: White solid (25 mg, 74% vyield). Rf= 0.2
~N
| (10% EtOAc/hexane). mp 248-249 °C. 'H NMR (400 MHz,
fo) Ph
\0 Phn CDCls): 6 7.75 (d, J = 8.7 Hz, 1H), 7.21-7.07 (m, 11H), 7.23

(s, 2H), 2.92 (s, 3H) ppm. 3C{*H} NMR (100 MHz, CDCl3): 6 158.1, 150.2, 148.2, 142.1,
140.7, 138.6, 131.5, 130.6, 127.8, 127.4, 127.3, 127.2, 125.3, 123.5, 122.8, 121.4, 111.3,
101.8, 23.5 ppm. HRMS (ESI) m/z: calcd for Ca3HisNO2 [M+H]* 340.1338; found,

340.1340. It was crystallized from dichloromethane.

1,3,4-Triphenylisoquinoline (3sa)°®?:

| Physical State: White solid (23 mg, 64% yield). R¢= 0.58 (10%

O EtOAc/hexane). mp 181-183 °C. *H NMR (400 MHz, CDCls): 6
O =N 8.18 (d, J = 8.3 Hz, 1H), 7.82 (d, J = 6.8 Hz, 2H), 7.72 (d, J = 8.4
P/h PRl Hz, 1H), 7.61-7.49 (m, 5H), 7.43-7.29 (m, 7H), 7.19-7.15 (m, 3H)

ppm. BBC{!H} NMR (100 MHz, CDCls): & 160.1, 150.0, 141.2, 140.1, 137.9, 137.3,
131.7, 130.8, 130.5, 130.3, 130.1, 128.9, 128.6, 127.9, 127.6, 127.3, 126.9, 126.3, 125.7

ppm. HRMS (ESI) m/z: calcd for C27H20N [M+H]" 358.1596; found, 358.1598.
6-Methyl-3,4-diphenyl-1-(p-tolyl)isoquinoline (3ta)®8:
Physical State: White solid (33 mg, 85% yield). Rf= 0.5 (20% DCM/hexane). mp 171-

173°C. 'H NMR (400 MHz, CDCls): 6 8.14 (dd, J = 8.4 Hz, 0.8 Hz, 1H), 7.75 (dd,
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.

>

~N
=

Ph

J=8.4Hz, 1.2 Hz, 1H), 7.5 (s, 1H), 7.46-7.31 (m, 10H), 7.20-
7.18 (m, 3H), 2.49 (s, 3H), 2.45 (s, 3H) ppm. B¥C{*H} NMR
(100 MHz, CDCls): ¢ 159.8, 150.1, 141.4, 140.5, 138.6,

138.1, 137.5, 137.4, 131.7, 130.8, 130.5, 129.4, 129.3, 129.0,
Ph

) 128.6, 127.8, 127.8, 127.5, 127.2, 125.1, 124.2, 22.4, 21.7

ppm. HRMS (ESI) m/z: calcd for C2oH24N [M+H]* 386.1909; found, 386.1918.

6-Methoxy-1-(4-methoxyphenyl)-3,4-diphenylisoquinoline (3ua)®:

( 7

0

SN
(l) Zph
L Ph

~, Physical State: White solid (30 mg, 72% yield). R¢= 0.4 (10%
DCM/hexane). mp 174-176 °C. *H NMR (400 MHz, CDCls):
§8.03 (d, J = 9.2 Hz, 1H), 7.67 (d, J = 8.4 Hz, 2H), 7.33-7.19
(m, 7H), 7.11-7.03 (m, 4H), 6.98 (d, J = 8.4 Hz, 2H), 6.87 (d,

J = 2.2 Hz, 1H) ppm. 3C{*H} NMR (100 MHz, CDCls): §

J

160.8, 160.3, 159.1, 150.6, 141.5, 139.4, 138.3, 132.8, 131.8,

131.6, 130.7, 129.8, 129.0, 128.7, 127.8, 127.5, 127.2, 121.5, 119.1, 114.1, 104.5, 55.7,

55.5 ppm. HRMS (ESI) m/z: calcd for C20H24NO2 [M+H]" is 418.1807; found, 418.1812.

1-(4-Nitrophenyl)-3,4-diphenylisoquinoline (3va):

~

®

\

NO, |

®

~N

/Ph

Physical State: Pale yellow solid (32 mg, 80% vyield). Rf= 0.5
(60% DCM/hexane). mp 179-181 °C. 'H NMR (400 MHz,
CDCls): §8.34 (d, J = 8.5 Hz, 2H), 7.99 (d, J = 8.3 Hz, 1H), 7.94

(d, J = 8.5 Hz, 2H), 7.69 (d, J = 8.5 Hz, 1H), 7.57 (t, J = 15.0 Hz,

Ph )

1H), 7.49 (t, J = 15.0 Hz, 1H), 7.34-7.31 (m, 5H), 7.23-7.21 (m,

2H), 7.13-7.11 (m, 3H) ppm. ¥C{*H} NMR (100 MHz, CDCls): 6 157.5, 150.3, 148.3,

146.4, 140.7, 137.4, 137.4, 131.6, 131.5, 131.3, 130.7, 130.7, 128.8, 128.0, 127.9, 127.7,
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127.6, 126.8, 126.8, 125.5, 123.9 ppm. HRMS (ESI) m/z: calcd for Co7H19N202 [M+H]*

403.1447; found, 403.1431.

1-Methyl-diethylisoquinoline (3ab):

( ) Physical State: Pale yellow solid (15 mg, 75% vyield). R¢= 0.4
=N (10% EtOAc/hexane). mp 57-59 °C. 'H NMR (400 MHz,

y
CDCls): §8.08 (d, J = 4 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.66 (t,

J=7.2Hz, 1H), 7.5 (t, J = 7.2 Hz, 1H), 3.05 (g, J = 7.2 Hz, 2H),
2.97 (q, J = 7.2 Hz, 2H), 2.92 (s, 3H), 1.34 (t, J = 7.2 Hz, 3H), 1.29 (t, J = 7.2 Hz, 3H)
ppm. BC{*H} NMR (100 MHz, CDCls): § 156.1, 152.8, 135.5, 129.9, 127.6, 126.5,
126.4, 125.6, 123.7, 28.8, 22.6, 21.0, 15.6, 15.3 ppm. HRMS (ESI) m/z: calcd for

C14H1sN [M+H]" 200.1439; found, 200.1440.

1-Methyl-dipropylisoquinoline (3ac)®:

s N Physical State: Colorless liquid (15 mg, 75% yield). Rf = 0.6
SN (10% EtOAc/hexane). *H NMR (400 MHz, CDCls): 6 8.08 (d, J

= 8.4 Hz, 1H), 7.96 (d, J = 8.4 Hz, 1H), 7.65 (td, J = 8.0 Hz, 1.2

Hz, 1H), 7.5 (td, J = 8.0 Hz, 0.8 Hz, 1H), 2.98 (t, J = 7.6 Hz, 2H),
2.93-2.89 (m, 5H), 1.80 (sext, J = 8 Hz, 2H), 1.67 (sext, J = 8.0 Hz, 2H), 1.09 (t, J = 7.2
Hz, 3H), 1.05 (t, J = 7.2 Hz, 3H) ppm. *C{*H} NMR (100 MHz, CDCls): 5 155.9, 151.9,
135.8, 129.8, 126.6, 126.4, 126.3, 125.6, 123.9, 37.7, 30.1, 24.5, 24.2, 22.6, 14.9, 14.7

ppm. HRMS (ESI) m/z: calcd for CisH22N [M+H]" 228.1747; found, 228.1745.

1-Methyl-4-ethyl-3-phenylisoquinoline (3ad)®®:

Physical State: White solid (21 mg, 83% vyield). R¢= 0.5 (10% EtOAc/hexane).
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mp 122-123 °C. *H NMR (400 MHz, CDCls): 6 8.18 (d, J = 7.6

g
N Hz, 1H), 8.90 (d, J = 8.8 Hz, 1H), 7.75 (t, J = 7.6 Hz, 1H), 7.61 (t,
Npp | 9= 7.6 Hz 1H), 752 (d, J = 7.2 Hz, 2H), 7.47 (1, 1= 7.2 Hz, 2H),
X 7.4 (t, J = 7.2 Hz, 1H), 3.03-2.98 (m, 5H), 1.27 (t, J = 7.6 Hz, 3H)

ppm. BC{!H} NMR (100 MHz, CDCls): § 157.9, 153.0, 138.2, 136.5, 130.7, 130.0,
129.1, 128.8, 127.7, 126.2, 126.1, 125.8, 125.7, 29.3, 22.8, 15.3 ppm. HRMS (ESI) m/z:

calcd for CigHisN [M+H]* 248.1424; found, 248.1427.

1,4-Dimethyl-3-phenylisoquinoline (3ae)®":

Physical State: Pale yellow solid (29 mg, 75% vyield). Rf= 0.5
SN

P (10% EtOAc/hexane). mp 100-103 °C. *H NMR (400 MHz,

Ph
CDCls): §8.17 (d, J = 8.4 Hz, 1H), 8.06 (d, J = 8.8 Hz, 1H), 7.75

(t, J = 7.6 Hz, 1H), 7.61-7.58 (m, 3H), 7.48 (t, J = 7.6 Hz, 2H), 7.40 (t, J = 7.6 Hz, 1H),
3.00 (s, 3H), 2.61 (s, 3H) ppm. BC{*H} NMR (100 MHz, CDCls): § 156.2, 151.0, 142.0,
136.6, 130.2, 128.4, 127.7, 126.6, 126.5, 126.4, 124.4, 122.5, 22.8, 15.7 ppm. HRMS

(ESI) m/z: calcd for Ci7H1gN [M+H]* 234.1277; found, 234.1289.

4-Butyl-1-methyl-3-phenylisoquinoline (3af):

Physical State: Oily liquid (28 mg, 83% yield). Rf= 0.3 (10%

SN

_ EtOAc/hexane). *H NMR (400 MHz, CDCl3): § 8.17 (d, J = 8.0
Ph

) Hz, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.74 (t, J = 8.0 Hz, 1H), 7.61

(t, J = 8.0 Hz, 3H), 7.52-7.44 (m, 4H), 7.40 (t, J = 7.2 Hz, 1H), 2.98-2.95 (m, 5H), 1.65-
1.59 (m, 2H), 1.36-1.31 (m, 2H), 0.85 (t, J = 7.6 Hz, 3H) ppm. *C{*H} NMR (100 MHz,
CDCls): ¢ 156.1, 151.2, 142.1, 135.7, 130.1, 129.7, 128.4, 127.8, 127.7, 127.0, 126.6,

126.5, 124.6, 33.7, 28.6, 23.3, 22.8, 14.1 ppm. IR (neat): 3424, 3067, 3026, 2956, 2926,
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2869, 2359, 1723, 1614, 1563, 1503, 1463, 1439, 1391, 1333, 1274, 1155, 1101, 1072,
1029, 853, 792, 758, 701, 616 cm™. HRMS (ESI) m/z: calcd for CooH.N [M+H]*

276.1747; found, 276.1743.

1-Methyl-4-pentyl-3-phenylisoquinoline (3ag):

( Physical State: Oily liquid (29 mg, 85% yield). Rf= 0.4 (10%
~N
P EtOAc/hexane). *H NMR (400 MHz, CDCls): §8.17 (d, J = 8.4
Ph
)a Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 7.74 (t, J = 8.4 Hz, 1H), 7.59
\ J

(t, J = 8 Hz, 3H), 7.52-7.45 (m, 4H), 7.39 (t, J = 7.2 Hz, 1H), 2.98-2.94 (m, 5H), 1.69-
1.61 (m, 2H), 1.34-1.21 (m, 4H), 0.85 (t, J = 7.2 Hz, 3H) ppm. *C{*H} NMR (100 MHz,
CDCls): & 156.1, 151.2, 142.2, 135.7, 130.1, 129.6, 128.4, 127.8, 127.7, 127.0, 126.6,
126.5, 124.5, 32.4, 31.2, 28.8, 22.8, 22.6, 14.3 ppm. IR (neat): 3424, 3067, 2955,
2926,2868, 1726, 1614, 1563, 1503, 1440, 1391, 1333, 1266, 1122, 1072, 1050, 1029,
982, 962, 869, 805, 789, 758, 736, 701, 618, 592 cm™. HRMS (ESI) m/z: calcd for

C21H24N [M+H]" 290.1903; found, 290.1899.

4-Hexyl-1-methyl-3-phenylisoquinoline (3ah):

( Y\ Physical State: Oily liquid (26 mg, 87% vyield). R¢= 0.4 (10%
=N EtOAc/hexane). *H NMR (400 MHz, CDCls): 6 8.16 (d, J = 8.4
7
Ph
e Hz, 1H), 8.05 (d, J = 8.4 Hz, 1H), 7.72 (t, J = 7.6 Hz, 1H), 7.58 (t,

J=7.6 Hz, 1H), 7.51-7.36 (m, 5H), 2.97-2.93 (m, 5H), 1.67-1.59
(m, 2H), 1.34-1.18 (m, 6H), 0.86-0.82 (m, 3H) ppm. 3C{*H} NMR (100 MHz, CDCls):
5 155.7,150.9, 141.8, 135.3, 129.7, 129.3, 128.1, 127.4, 127.3, 126.6, 126.2, 126.1, 124.2,
31.3,31.2,29.5, 28.5, 22.5, 22.4, 14.0 ppm. HRMS (ESI) m/z: calcd for CooHasN [M+H]*

304.2050; found, 304.2060.
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1-Methyl-3,4-di-p-tolylisoquinoline (3ai)®":

Physical State: Pale yellow solid (31 mg, 80% vyield). R¢=

O N 0.5 (10% EtOAc/hexane). mp 151-154 °C. *H NMR (400
Z O MHz, CDCl3): & 8.19-8.17 (m, 1H), 7.68-7.66 (m, 1H),

O 7.78-7.55 (m, 2H), 7.3 (d, J = 8.0 Hz, 2H), 7.17 (d, J = 7.6

Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 7.6 Hz, 2H),

. J

3.07 (s, 3H), 2.40 (s, 3H), 2.29 (s, 3H) ppm. *C{*H} NMR (100 MHz, CDCls): 6 157.7,

149.7, 138.6, 136.9, 136.8, 136.6, 135.0, 131.5, 130.5, 130.0, 129.3, 129.2, 128.7, 126.6,
126.4, 125.8, 23.0, 21.6, 21.5 ppm. HRMS (ESI) m/z: calcd for CaHzoN [M+H]*

324.1747; found, 324.1761.

3,4-Bis(4-fluorophenyl)-1-methylisoquinoline (3aj)®":

~ ~  Physical State: Pale yellow solid (28 mg, 72% yield). Rt
O ~N = 0.5 (10% EtOAc/hexane). mp 143-145 °C. 'H NMR
7 O (400 MHz, CDClz): ¢ 8.22-8.20 (m, 1H), 7.62-7.61 (m,

O F 3H), 7.35-7.31 (m, 2H), 7.20-7.17 (m, 2H), 7.10 (t, J = 8.8

L F ) Hz, 2H), 6.91 (t, J = 8.8 Hz, 2H), 3.10 (s, 3H) ppm.

BC{'H} NMR (100 MHz, CDCls): § 163.6 (d, J = 8.0 Hz), 161.1 (d, J = 7.7 Hz), 158.4,
148.9, 137.2 (d, J = 3.3 Hz), 137.3, 133.6 (d, J = 3.5 Hz), 133.2 (d, J = 7.9 Hz), 132.3 (d,
J=8.1Hz), 130.5, 128.4, 127.1, 126.5, 126.2, 126.0, 115.8 (d, J = 21.0 Hz), 115.0 (d, J =
21.0 Hz), 23.0 ppm. HRMS (ESI) m/z: calcd for Co2HisF2N [M+H]" 332,1245; found,

333.1244.

1-Cyclohexyl-6-methoxy-3,4-diphenylisoquinoline (3wa):

Physical State: Colourless oily liquid (32 mg, 64% yield). Rr= 0.45 (5% EtOAc/hexane).
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IH NMR (700 MHz, CDCls): 6 8.20 (d, J = 9.1 Hz, 1H), 7.42 (d, J = 6.3 Hz, 2H), 7.36

( Ph \  (t J=7.0Hz 2H), 7.33 (t, J = 7.0 Hz, 1H), 7.23 (d, J =
Ph

NI N 7.0 Hz, 2H), 7.20-7.16 (m, 4H), 6.93 (d, J = 2.1 Hz, 1H),

3.7 (s, 3H), 3.58-3.55 (m, 1H), 2.05 (d, J = 12.6 Hz, 2H),

OMe
\ Y,

2.00-1.94 (m, 4H), 1.82 (d, J = 12.6 Hz, 1H), 1.56 (q, J =
13.3 Hz, 3H) ppm. *C{*H} NMR (175 MHz, CDCls): 5164.2, 160.4, 149.7, 141.8, 138.9,
138.7, 131.7, 130.9, 128.7, 128.0, 127.7, 127.4, 127.1, 126.8, 120.9, 118.7, 105.1, 55.5,
42.2, 32.8, 27.3, 26.6 ppm. IR (neat): 3427, 2925, 2852, 1617, 1574, 1502, 1410, 1373,
1264, 1235, 1030, 738, 700 cm™. 'HRMS (ESI) m/z: calcd: for CasH2sNO [M+H]*

394.2171, found: 394.2153.
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NMR spectra of 1-Methyl-3,4-diphenylisoquinoline (3aa):
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NMR spectra of 1-Methyl-4-ethyl-3-phenylisoquinoline (3ad):
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IH-13C HMBC confirms the product 3ad.
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Crystal structure of 3ra
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Chapter 3

Rhodium-Catalysed One-Pot Access to N-Polycyclic Aromatic
Hydrocarbons from Aryl Ketones through Triple C-H Bond

Activations

one-pot
O synthesis
O HOSA as N-transfer reagent O cascade triple C-H bond activation

O 4 C-C & 2 C-N bonds formation in a single operation

3.1 ABSTRACT: The synthesis of hetero-polycyclic aromatic hydrocarbons has been
explored from readily available aryl-alkyl ketones and alkynes in a pot and step economic
protocol via rhodium catalysis. Multiple bond formation in a single operation through a
cascade of triple C-H bond activations is a key feature of this protocol. Additionally, a
novel synthetic application of the well-known aminating reagent hydroxylamine-O-
sulfonic acid (HOSA) has been explored as an in situ redox-neutral directing group for
the formation of N-PAHSs via isoquinoline. The challenging annulations of two different
alkynes in a regioselective fashion have been demonstrated effectively. Mechanistic
studies reveal that, 3,4-diphenyl-1-methylisoquinoline as an active intermediate for this

one- pot transformation.

3.2 INTRODUCTION
In recent decades, synthesis of polycyclic aromatic hydrocarbons (PAHS) has

gained significant attention among synthetic and material chemists. These compounds
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have been extensively employed in optoelectronics and advanced organic materials,
which can be attributed to their structural features.! It has been observed that
incorporation of heteroatoms such as boron (B), nitrogen (N), and sulfur (S) into the
aromatic frameworks of PAHs could modulate their electronic properties.? Particularly,
nitrogen-containing PAHs (N-PAHs) have a key significance in organic electronics
because of nitrogen’s influence on electronic modulation and its role in stabilizing the
PAHs.®> Moreover, nitrogen-atom containing z-extended organic compounds are of
prominent interest in organic light-emitting diodes (OLEDs) and organic field-effect
transistors (OFETs).* Because of the unique electronic properties of the nitrogen-atom,
N-containing compounds are being used as model synthetic equivalents for nitrogen-
doped graphene in current studies.“®¢ Hence, the presence of heterocyclic rings in PAHs
has a dramatic impact on organic solar cells, sensors, field-effect transistors and the
photophysical properties. Despite much exploration and advancement in this field, the
common issue in this field is the complicated multistep syntheses of N-PAHSs.
Consequently, developing a straightforward methodology for the construction of highly
conjugated PAHSs is highly desirable.

During the past few decades, transition metal-catalysed directed C-H bond
functionalization has greatly improved the arsenal of synthetic chemistry by creating an
attractive transformative platform for the construction of complex organic scaffolds.® The
Miura research group has reported the Rh-catalysed synthesis of polyarylated naphthyl-
and anthrylazoles en route to the cleavage of multiple C-H bonds by taking N-
phenylazoles and diarylalkynes as reacting partners.® Likewise, Jioa and co-workers have
disclosed the synthesis of polyarylated naphthylamides and isoquinolinone derivatives
from benzamides and alkynes.®® Very recently, the Dong research group has addressed

the synthesis of azahelicenes from N-phenyl-7-azaindole, which has significant
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applications in photophysics.®© Moreover, the Ackermann group has developed a rhoda-
electrocatalysed synthesis of N-PAHs enabled by a cascade of C-H activations.’® In
addition, the use of redox-neutral directing groups is of current interest in the synthetic
community. Such methodologies contribute greatly toward green synthesis as it obviates
the use of extra metal oxidants.’

Figure 3.1 Transition metal-catalysed oxidative annulation reactions with alkyne

a) Previous reports: Transformations from pre-synthesized oxime derivatives

R
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[b) This work: one-pot access to N-PAHs from aryl ketone]
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In transition metal-catalysed C-H bond activation, various types of redox-neutral
directing groups have been well documented for different transformations.® In this
context, isoquinoline synthesis has been depicted by taking different preinstalled redox-
neutral directing groups with Rh, Co, Ru and Ir catalyst (Figure 3.1, a).° Although there

are several reports on the synthesis of isoquinoline employing redox-neutral strategy with
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preformed imines, the synthesis of aza-PAHSs is limited to only one report (Figure 3.1,
a).1% Thus, development of a simpler protocol to achieve complex value added scaffolds
is highly desirable in synthetic organic chemistry. In this context, a pot-economic protocol
is being considered as an efficient approach in synthetic organic chemistry. One-pot
synthesis is a promising green approach to contemporary synthesis because it minimizes
the steps, pursues multiple new bond formations in a single operation, addresses the waste
of chemicals, and more importantly minimizes wasteful effort.!*

In our previous work, we documented the synthetic application of the well-known
aminating reagent hydroxylamine-O-sulfonic acid (HOSA) as a new redox-neutral
directing group for the one-pot synthesis of isoquinoline from readily available aryl
ketones.® In our continuous pursuit to expand our stockpile of new synthetic applications
of HOSA, we envisaged the possibility of using acetophenone and alkyne for the synthesis
of poly-arylated aromatic hydrocarbons in a one-pot strategy through a cascade of triple
C-H bond activations (Figure 3.1, b). Salient features of this methodology include (i) pot
as well as step economic synthesis, (ii) a novel application of obscure redox-neutral
directing group HOSA, (iii) cascade triple C-H bond functionalization, and (iv) four C-C
and two C-N bond formations in a single operation.

3.3 RESULTS AND DISCUSSION

We commenced our investigation by taking acetophenone (1a), diphenylacetylene
(2a) as model substrates, and HOSA as N-transfer reagent (Table 3.1). To our satisfaction,
a preliminary attempt with 5 mol % of [Cp*RhClI2]2, 50 mol % of AgOAc as additive, and
2 equiv of Cu(OAC): as oxidant in 1 mL of MeOH at 70 °C afforded a 30% isolated yield
of the desired product 3aa along with 12% of 4aa (Table 3.1, entry 1). Addition of 1 equiv

of AgOACc lowered the overall yields. As addition of extra additive gave a lower yield of
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3aa (entry 2), we presumed that lowering the additive loading for the first annulation step

could improve the yields.

Table 3.1 Optimization for One-pot synthesis of N-PAHs**

CH,
o

1a

entry

1
2
3¢
4¢
5¢
6
7¢
Y
Y
10¢¢
110@
1261
1309
14°
15°
16°
17°
18°
19°

0
0.

+ HN" =0
HO

catalyst

[Cp*"Rh(Cl),]2
[Cp*"Rh(Cl)2]2
[Cp*Rh(Cl)2]2
[Cp*Rh(Cl)2]2
[Cp*Rh(Cl)2]2
[Cp*Rh(Cl)2]2
[Cp*Rh(Cl)2]2
[Cp*Rh(Cl).]2
[Cp*"Rh(Cl).]2
[Cp*RN(CI),];
[Cp*"Rh(Cl).]2
[Cp*"Rh(Cl).]2
[Cp*Rh(Cl),]2

[Cp*Co(CO)l,
[Cp*RN(CI);]>

[Cp*RN(Cl)2]2

Ph

catalyst (5 mol %)
AgOAc (50 mol %)

+|

Ph

2a

[Cp*Rh(CH3CN)3][SbFe],

[RuCly(p-cymene)l,

Cu(OAc), (2 equiv)

MeOH (0.1 M)

temp (°C), time (h)

additive

AgOAc

AgOAc (100 mol %)

AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc
AgOAc

CH,
SN

Ph
I

Ph
(L,

Ph
Ph

3aa

oxidant

Cu(OAc), (1)
Cu(OAc), (1.5)
Cu(OAc), (2.5)

Cu(OAc),

Cu(OAc),

temp & time

70°C, 12 h
70°C, 12 h
70°C, 12 h
100°C, 12 h
110°C, 12 h
120°C, 12 h
110°C, 12 h
110°C, 12 h
110°C, 12 h
110°C, 18 h
110°C, 18 h
18 h
18 h
18 h

18 h

110°C,
110°C,
110°C,
110°C,
110°C, 18 h
110°C, 18 h
110°C, 18 h

110°C, 18 h

CH,
SN

/Ph

Ph

4aa

(3aal4aa)P?

30/12
25/14
21/57
27/22
61/11
34/18
23/60
46/37
55/trace
T1/trace
21/nd
nd/50
nd/nd
11/67
nd/nd
nd/nd
nd/nd
trace/85
nd/nd

4Reaction conditions: 1a (0.10 mmol), 2a (0.45 mmol), HOSA (0.11 mmol), catalyst (5
mol %), AgOAc (50 mol %), solvent (0.1 M), temp (°C), 12 h. °NMR vyields using 1,3,5-
trimethoxybenzene as internal standard. °Reactions were heated at 70 °C for 5 h without
Cu(OAC)2, and then Cu(OAc), was added followed by stirring. %Isolated yield. °DCE as
the solvent. \CHsCN as the solvent. TFE as the solvent. nd = not detected.
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To our satisfaction, when the oxidant, Cu(OAc). was added after the complete
conversion of acetophenone (5 h) to isoquinoline (4aa), we obtained 21% of 3aa along
with an improved yield of isoquinoline 4aa to 57%, which is the active starting material
for second and third C-H bond activations (Table 3.1, entry 3). Next, we moved to screen
the reaction at different temperatures (Table 3.1, entries 4-6). From these screenings,
110 °C was found to be the optimal temperature (Table 3.1, entry 5). Several trials were
performed to assess the influence of oxidant equivalents (Table 3.1, entries 7-9). It was
observed that increasing or lowering the equivalents of oxidant did not improve the yield
of 3aa. A better yield of 3aa was observed on increasing the reaction time to 18 h with
almost total consumption of the starting material (entry 10). The reaction failed to produce
better results when we attempted to replace MeOH by DCE, CH3CN, and TFE (Table 3.1,
entries 11-13). The replacement of the catalytic system [Cp*RhClz]. and AgOAc with the
cationic rhodium catalyst [Cp*Rh(CH3CN)s3][SbFe]> had a deleterious impact on the
reaction, resulting in only 11% of 3aa (Table 3.1, entry 14). Similarly, attempts to replace
the catalyst [Cp*RhCl2]2 by [Cp*Co(CO)l2] and [RuClz(p-cymene)]. resulted in complete
loss of reactivity (Table 3.1, entries 15 and 16). Next, to check the influence of
[Cp*RhCI2]2, AgOAc and Cu(OAc)2 on the reaction, three control experiments were
carried out (Table 3.1, entries 17-19). The reaction did not furnish isoquinoline 4aa in the
absence of silver additive (Table 3.1, entry 17). This indicates that AgOAc is playing a
major role to make the active catalyst Cp*Rh(OAc).. Moreover, the presence of
Cu(OAC): is also essential as oxidant to regenerate the catalyst (Table 3.1, entry 18).
Similarly, we did not observe the formation of 3aa in absence the of [Cp*RhCl.] (Table
3.1, entry 19).

With the obtained optimized reaction conditions, we began examining various substituted

acetophenones. We were pleased to see that this protocol is quite general with many
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structurally and electronically diverse compounds.

Scheme 3.1 Evaluation of Arylketones for One-Pot Synthesis of N-PAHs??

Ar

R R'
R3 [Cp*RhCl,] (5 mol %) Q R® Ar
0 O b AgOAc (0.5 equiv) R2 | N ‘
2 =
R + 2 Hds‘o i Cu(OAc), (2 equiv) Z R3
Ar MeOH (0.1 M) R3

70-110 °C, 17-20 h
1a 2a 3aa

R2 =F, 3fa, 45%
=Br, 3ga, 67%
=1, 3ha, 62%

R = Me, 3ba, 60%
= OMe, 3ca, 95%
= SMe, 3da, 57%

R = Me, 3ia, 80%
= Br, 3ja, 14%

X =0, 3pa, 50%
=8,3qa,61%

=H, 3ta, nr. R' = C,H;, 3ua, 53%
= CH(Me),, 3va, trace
=Ph, 3wa, nr. R' = CF3, 3xa, nr

R = OMe, 3ac, trace
= Me, 3ad, trace

3cf, 43% R=H, 3ag, nr
3af, 53% CCDC 2036544 = Ph, 3ah, nr

4Reaction conditions: 1a (0.10 mmol), 2a (0.45 mmol), HOSA (0.11 mmol), [Cp*RhCl:].
(5 mol %), AgOAc (50 mol %), MeOH (0.1 M), 70-110 °C, 17-20 h. Isolated yields.
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Acetophenones bearing electron donating groups such as p-Me, p-OMe, m-Me,
and 0-OMe afforded good to excellent yields of the respective annulated products
(Scheme 3.1, 3ba, 3ca, 3ia, 3ka). The protocol also worked smoothly with substrates
bearing -thiomethyl, and -trifluoromethyl groups delivering 57% of yields of 3da, and
3ea respectively. Gratifyingly, substrates with readily transformable halogen substituents
F, Br, 1 also behaved smoothly under the reaction conditions giving moderate to good
yields of 3fa, 3ga, and 3ha. This protocol was found compatible with a free hydroxy-
substituent, affording 78% of 3la. To make more conjugated molecules, we examined this
protocol with 4-phenylacetophenone and 1-acetylnaphthalene which delivered their
respective products 3ma and 3na in good yields. An acetophenone having a dioxolane
ring reacted in a completely regioselective fashion yielding 3oa in 31% vyield. It is
noteworthy that heteroaromatic aryl ketones such as furan, thiophene, and indole
derivatives delivered their respective products 3pa, 3ga, and 3ra in moderate to very good
yields. It is worth mentioning that the unsymmetrical ketones 1i, 1j, 11 and 1o underwent
annulation in a regioselective manner delivering their respective products 3ia, 3ja, 3la,
and 3oa. Pleasingly, when 1-tetralone was subjected to the standard reaction conditions,
a 55% vyield of the corresponding N-PAH (3sa) was isolated. A variety of carbonyl
compounds obtained by the replacement of the methyl group of acetophenone (1t, 1u, 1v,
1w, and 1x) was also investigated for the formation of N-PAHs under the standard
reaction conditions. Of these carbonyl compounds, propiophenone (1u) was only
successful in providing the desired N-PAHSs (3ua).

To extend the generality of this protocol, various disubstituted alkynes were
investigated. Diaryl alkynes such as 4,4’-dichlorodiphenylacetylene (2b) afforded the
corresponding annulated product 3cb in moderate yield. In contrast, alkynes having

electron donating groups such as Me and OMe are very less reactive and produced 3ac
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and 3ad, respectively in trace amounts. Taking advantage of the sequential addition of
different alkynes, we proposed constructing unsymmetrical annulated products by using
two different types of alkynes (alk-1 and alk-2). Gratifyingly, when 1a was reacted with
2b and 2a, it delivered 50% of 3ae. In similar vein, we were able to construct 3af and 3cf
Scheme 3.2 Mechanistic and Kinetic Experiments

a) Reaction of 1-methyl-3,4-diphenylisoquinoline in standard condition:

Ph
N | l [Cp*RNCl,], (5 mol %)
+ -
ZNph AgOAc (0.5 equiv)
Ph Ph Cu(OAc), (2 equiv)
MeOH (0.1 M)
4aa 2a 110 °C, 18 h 3aa (92%)
b) H/D scrambling experiment w/o alkyne:
q 100% (H)
9 HOSA (1.1 equiv) D o
[Cp*RhCly], (5 mol %)
AgOAc (0.5 equiv) @*
MeOH (0.1 M), 70 °C, 30 min
1a CD3;0D (10 equiv) 1a
c) H/D scrambling experiment in presence of alkyne: v 100% (H)
o Ph HOSA (1.1 equiv) H
l | [Cp*RhCl]5 (5 mol %) XN
N .
AgOAc (0.5 equiv) —
Ph MeOH (0.1 M), 70 °C, 30 min I Ph
1a 2a CD;0D (10 equiv) 4aa
d) Intermolecular kinetic isotope study: 85% (H
——85% (H)
H/D

h HOSA (1.1 equiv)

o} o} p
©)J\ Q)‘\ l’l [Cp*RhCl], (5 mol %) D/H N
+ + >
Ph M OHAgoo1A :A(O?(f gglvéo [ D/H P
Ds eOH (0.1 M), <0 min H/ID Ph

1a d5-1a 2a

in 53% and 43% vyields respectively. Unfortunately, terminal alkynes failed to produce
3ag and 3ah under the standard reaction conditions. To show the synthetic utility of this
protocol further, a 1 mmol scale reaction was performed, which gave 65% of 3aa (Scheme

3.1).
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To gain mechanistic insight, we have performed a range of experiments (Scheme
3.2). When 1-methyl-3,4-diphenylisoquinoline (4aa) was subjected to the standard
reaction conditions, it afforded 92% of 3aa (Scheme 3.2, a). This indicates that formation
of 3aa is proceeding through intermediate 4aa. To understand the catalytic activity,
further experiments were conducted (Scheme 3.2, b-d). No H/D scrambling could be
confirmed at the o-position of acetophenone 1la when the standard reaction was carried
out with CD30D in the absence or presence of a coupling partner (Scheme 3.2, b-c). A
kinetic isotope effect value of 5.6 was obtained for the intermolecular kinetic experiment
(Scheme 3.2, d). All these experiments indicate that the Rh-catalysed C-H activation step
is involved in the rate-limiting step.'?

Scheme 3.3 Proposed Catalytic Cycle
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A plausible mechanism can be proposed for the formation of 3aa based on the performed
mechanistic experiments and previous literature reports (Scheme 3.3).8010 At first, active
rhodium catalyst A is generated from [Cp*RhCl2]. and AgOAc, which then undergoes
cyclometalation irreversibly with in situ generated imine 1, giving the cyclometalated
species B. Then coordination and insertion of alkyne into the C-Rh bond of B gives C,
followed by cyclization in a redox-neutral manner to give the annulated product D. The
catalyst activates the second C-H bond directed by the coordinating N-atom from
isoquinoline. Subsequent insertion of 2 equiv. of alkyne leads to intermediates F and G.
Intermediate G undergoes reductive elimination, affording 3aa and Cp*Rh(l) catalyst,

which is again reoxidized by Cu(ll) salt, to participate in the next catalytic cycle.

3.4 CONCLUSION

In summary, we have presented a rhodium-catalysed one-pot synthesis of hetero-
polycyclic aromatic hydrocarbons (N-PAHS) directly from various aryl-alkyl ketones and
internal alkynes. Control experiments and mechanistic studies clarify the role of each
reagent and details of the mechanism. This methodology tolerates a wide range of
functional groups including a free hydroxy(-OH) group. The well-known amination
reagent HOSA has been used here as N-transfer reagent, in situ directing group, traceless
directing group and in situ oxidant. Moreover, the easily synthesizable highly arylated N-
PAH products could be applicable in optoelectronics. We expect that this synthetic

protocol could gain the attention of synthetic and material chemists significantly.
3.5 EXPERIMENTAL SECTION

Acetophenone derivatives were bought from Sigma Aldrich, Alfa-Aesar, Avra, TCI and
Spectrochem, and used without any further purification. For column chromatography,

silica gel (230-400 mesh) from Acme Co. was used. A gradient elution using distilled

75



hexane and ethyl acetate was performed, based on Merck aluminum TLC sheets. All
isolated compounds were characterized by *H NMR, and $3C NMR spectroscopy (Bruker-
400 MHz) and HRMS. Copies of the *H NMR, *C NMR, and *F NMR can be found in
Supporting Information. Nuclear magnetic resonance spectra were recorded on a Bruker
400 MHz instrument. HRMS signal analysis was performed using micro TOF Q-Il mass
spectrometer. X-ray analysis was conducted using Rigaku Smartlab X-ray diffractometer
in our institute. All *H NMR experiments were reported in parts per million (ppm), and
were measured relative to the signals for residual chloroform (7.26 ppm) in the deuterated
solvent. All *C NMR spectra were reported in ppm relative to CDCls (77.36 ppm). The
starting materials 2b,'® 2c,'®* 2d,'® acetophenone-ds,** and 4aa®" were prepared by

following the reported procedure.

General procedure for Rhodium-Catalysed Annulation reaction (A):

To an oven-dried 25 mL Schlenk tube, charged with a magnetic stirring bar, were added
dry MeOH (0.1 M, 1 mL), aryl ketone 1 (0.1 mmol, 1 equiv), and HOSA (0.11 mmol, 1.1
equiv) sequentially under a nitrogen atmosphere. To this solution, were added alkyne 2
(0.45 mmol, 4.5 equiv), [Cp*RhCI2]2 (0.005 mmol, 0.05 equiv), and AgOAc (0.05 mmol,
0.5 equiv). Then the reaction mixture was stirred (500 rpm) at 70 “C in a pre-heated
aluminum block for 5-7 h and the reaction was monitored by TLC. After complete
conversion of the aryl ketone to the corresponding isoquinoline, the reaction mixture was
allowed to attain ambient temperature. To the reaction mixture, was added Cu(OAc): (0.2
mmol, 2 equiv) under nitrogen atmosphere and the mixture again heated at 110 °C in a
preheated aluminum block for 12-20 h, monitoring by TLC. After complete conversion,
the reaction mixture was transferred into a 50 mL round-bottom flask. The reaction vial
was washed twice or three times with ethyl acetate (10-15 mL). The solvent was removed

under reduced pressure to obtain a crude residue that was triturated with ethyl acetate

76



(3x10 mL) and the extracts washed with saturated aqueous sodium bicarbonate (10 mL).
After separation, the organic layer was dried over anhydrous Na>SOa, filtered, the solvent
evaporated uder reduced pressure and the residue purified by column chromatography

using 230-400 mesh silica, giving 46 mg (71%) of 3.

General procedure for Rhodium-catalysed annulation reaction (B):

To an oven-dried 25 mL Schlenk tube, charged with a magnetic stirring bar, were added
dry MeOH (0.1 M, 1 mL), aryl ketone 1 (0.11 mmol, 1.1 equiv), and HOSA (0.12 mmol,
1.2 equiv) sequentially under a nitrogen atmosphere. To this solution, were added the first
alkyne alk-1 (0.1 mmol, 1 equiv), [Cp*RhCl;]> (0.005 mmol, 0.05 equiv), and AgOAc
(0.05 mmol, 0.5 equiv). Then the reaction mixture was stirred (500 rpm) at 70 'C in a pre-
heated aluminum block for 5-7 h and the reaction was monitored by TLC. After complete
conversion of the aryl ketone to the corresponding isoquinoline, the reaction mixture was
allowed to attain ambient temperature. To the above reaction mixture, were added the
second alkyne alk-2 (0.35 mmol, 3.5 equiv), Cu(OAc)2 (0.2 mmol, 2 equiv) under a
nitrogen atmosphere and the mixture was again heated at 110 °C in a preheated aluminum
block for 12-20 h and monitored by TLC. After complete conversion, the reaction mixture
was transferred into a 50 mL round-bottom flask and the reaction vial was washed twice
or three times with ethyl acetate (10-15 mL). The solvent was removed under reduced
pressure to afford a crude residue that was extracted with ethyl acetate (3x10 mL) and
washed with saturated aqueous sodium bicarbonate (10 mL). The organic layer was
separated, dried over anhydrous Na,SOs, filtered, the solvent was removed and the
residue purified by column chromatography using 230-400 mesh silica, giving the

corresponding N-PAH (3ae, 3af, and 3cf).
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General procedure for 1 mmol scale reaction for the synthesis of 3aa:

To an oven-dried 25 mL Schlenk tube, charged with a magnetic stirring bar, were added
dry MeOH (0.1 M, 10 mL), arylketone (1 mmol, 1 equiv), and hydroxylamine-O-sulfonic
acid (1.1 mmol, 1.1 equiv) sequentially under a nitrogen atmosphere. To this solution,
were added the alkyne (4.5 mmol, 4.5 equiv), [Cp*RhCl2]. (0.05 mmol, 0.05 equiv), and
AgOAc (0.5 mmol, 0.5 equiv). Then the reaction mixture was stirred (500 rpm) at 70 °C
in a preheated aluminum block for 5 h and monitored by TLC. After complete conversion
of the aryl ketone to the corresponding isoquinoline, the reaction mixture was allowed to
attain ambient temperature. To the above reaction mixture, was added Cu(OAc)2 (2 mmol,
2 equiv) under a nitrogen atmosphere and the mixture again heated at 110 °C in a
preheated aluminum block for 18 h, monitoring by TLC. After complete conversion, the
reaction mixture was transferred into a 50 mL round-bottom flask. The reaction vial was
washed twoce or three times with ethyl acetate (20-30 mL) and the solvent was removed
under reduced pressure to give a crude residue that was extracted with ethyl acetate (3x10
mL) and the extrtact washed with saturated aqueous sodium bicarbonate (10 mL). The
organic layer was separated, dried over anhydrous Na SO, filtered, the solvent removed
and the residue purified by column chromatography using 230-400 mesh silica, giving

422 mg (65%) of 3aa.
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Experimental characterization data of products:
1-Methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline (3aa)*:
Prepared according to the general procedure A. Physical
State: Pale brown solid (45 mg, 71% yield). R¢= 0.2 (10%
EtOAc/hexane). mp 143-145°C. 'H NMR (CDCls, 400

MHz): § 7.92-7.90 (m, 1H), 7.45-7.38 (m, 6H), 7.26—

7.20 (M, 4H), 7.17-7.11 (m, 4H), 7.02 (t, J = 8.0 Hz, 2H),
6.91-6.88 (m, 1H), 6.85-6.82 (m, 1H), 6.79-6.66 (m, 9H), 6.54 (d, J = 4.0 Hz, 2H), 6.47
(t, J =8.0 Hz, 1H), 6.12 (t, J = 8.0 Hz, 1H), 2.76 (5, 3H) ppm. C{*H} NMR (CDCls, 100
MHz): 6 156.3, 141.1, 141.0, 140.9, 140.3 (2C), 138.5, 138.4, 137.9, 135.4, 133.6, 133.5,
132.2, 131.7, 131.6 (2C), 131.5, 131.4 (2C), 131.3, 131.2, 130.6, 130.4, 127.7, 127.6,
127.5, 127.4, 126.7 (2C), 126.6, 126.4, 126.3, 126.1, 126.0, 125.9, 125.5, 125.4, 125.3,
125.2, 124.8, 124.6, 22.3 ppm. IR (KBr, cm): 3056, 2870, 1602, 1441. HRMS (ESI)

m/z: [M+H]* calcd for CsoHzsN 650.2842; found 650.2878.

1,6-Dimethyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline  (3ba)°:
was prepared according to the general procedure A.
Physical State: Brown solid (40 mg, 60% yield). R¢
= 0.3 (10% EtOAc/hexane). mp 173-175 °C. 'H

NMR (CDCls, 400 MHz): ¢ 7.80 (d, J = 8.0 Hz, 1H),

7.41-7.38 (m, 3H), 7.27 (d, J = 8.0 Hz, 2H), 7.23-
7.19 (M, 4H), 7.16-7.10 (m, 4H), 7.02 (t, J = 8.0 Hz, 2H), 6.92 (t, J = 8.0 Hz, 1H), 6.85—
6.83 (M, 1H), 6.79-6.77 (M, 3H), 6.74-6.67 (m, 6H), 6.53-6.48 (m, 3H), 6.13 (t, J = 8.0
Hz, 1H), 2.72 (s, 3H), 2.36 (s, 3H) ppm. 2*C{*H} NMR (CDCls, 100 MHz): § 156.0,

141.1 (2C), 141.0, 140.3, 140.2, 138.5, 138.3, 137.9, 135.6, 133.6, 133.4, 132.3, 131.7,
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131.6 (2C), 131.5, 131.4, 131.3, 131.2, 130.6, 130.4, 128.5, 127.8, 127.5, 127.3, 127.2,
126.7 (2C), 126.6, 126.5, 126.4, 126.1, 125.5, 125.4, 125.2 (2C), 124.9, 124.8, 124.6,

124.3, 22.3, 22.1 ppm. IR (KBr, cm): 3054, 2868, 1600, 1440.

6-Methoxy-1-methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline

(3ca)l% was prepared according to the general
procedure A. Physical State: Pale yellow solid (65
mg, 95% vyield). Rf= 0.2 (20% EtOAc/hexane). mp

144-146 °C. *H NMR (CDCls, 400 MHz): § 7.77 (d,

J = 8.0 Hz, 1H), 7.39-7.34 (m, 3H), 7.21-7.16 (m,
4H), 7.10 (g, J = 8.0 Hz, 4H), 7.03-6.99 (m, 3H), 6.91-6.87 (m, 1H), 6.83-6.79 (m, 1H),
6.75-6.73 (M, 3H), 6.70-6.62 (m, 7H), 6.53-6.48 (m, 3H), 6.16 (t, J = 8.0 Hz, 1H), 3.64
(s, 3H), 2.67 (s, 3H) ppm. 3C{*H} NMR (CDCls, 100 MHz): 6 160.4, 155.6, 141.0 (2C),
140.9, 140.3, 140.2, 138.5, 138.2, 137.9, 137.8, 137.3, 133.6, 133.4, 132.2, 131.6, 131.4
(2C), 131.3 (2C), 131.1, 130.6, 130.2, 127.7, 127.6, 127.5, 127.4, 127.2, 126.7, 126.6
(2C), 126.4, 126.0, 125.4 (2C), 125.1, 124.9, 124.6, 121.6, 118.3, 104.4, 55.4, 22.2 ppm.

IR (KBr, cm™): 3055, 2868, 1618, 1441, 1028.

1-Methyl-6-(methylthio)-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline

(3da): was prepared according to the general procedure
A. Physical State: Pale yellow solid (40 mg, 57%
yield). Rs=: 0.2 (10% EtOAc/hexane). mp 145-147 °C.

'H NMR (CDCls, 400 MHz): § 7.78 (d, J = 8.0 Hz,

1H), 7.43-7.38 (M, 3H), 7.29 (dd, J = 8.0 Hz, 4 Hz, 1H), 7.25-7.21 (M, 4H), 7.17-7.10 (m,
5H), 7.03-6.98 (m, 2H), 6.91 (t, J = 8.0 Hz, 1H), 6.87-6.83 (m, 1H), 6.79-6.67 (M, 9H),
6.56-6.50 (M, 3H), 6.18 (t, J = 8.0 Hz, 1H), 2,69 (5, 3H), 2.32 (s, 3H) ppm. BC{*H} NMR
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(CDCls, 100 MHz): § 156.0, 152.7, 141.1, 141.0, 140.9, 140.2 (2C), 139.2, 138.5, 138.3,
137.8,137.4,135.7, 133.6, 133.4, 132.2, 131.6, 131.5, 131.4 (2C), 131.3 (2C), 131.1, 130.6,
130.3, 128.4, 127.7, 127.6, 127.5, 127.3, 127.2, 126.7 (2C), 126.5, 126.4, 126.0, 125.6,
125.5, 125.4, 125.2, 125.0, 124.9, 124.6, 123.5, 120.3, 22.2, 15.1 ppm. IR (KBr, cm™):
3055, 2837, 1601, 1440. HRMS (ESI) m/z: [M+H]" calcd for Cs1H3sNS 696.2719; found

696.2690.

1-Methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)-6-(trifluoromethyl)

isoquinoline (3ea)'%: was prepared according to the
general procedure A. Physical State: Pale yellow solid
(25 mg, 57% yield). R¢= 0.3 (10% EtOAc/hexane). mp

119-121 °C. *H NMR (CDCls, 400 MHz): 6 8.02 (d,

J=8.8Hz, 1H), 7.76 (s, 1H), 7.62 (dd, J = 8.4 Hz, 1.2
Hz, 1H), 7.45 (dd, J = 8.4 Hz, 1.2 Hz, 1H),7.40-7.36 (m, 2H), 7.30-7.11 (m, 9H), 7.04 (d,
J =72 Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 6.89 (t, J = 7.6 Hz, 1H), 6.85-6.82 (m, 1H),
6.78-6.76 (M, 2H), 6.74-6.66 (m, 6H), 6.56-6.52 (M, 2H), 6.47 (t, J = 7.6 Hz, 1H), 6.13
(t, = 7.6 Hz, 1H), 2.78 (s, 3H) ppm. *C{"*H} NMR (CDCls, 100 MHz): ¢ 156.5, 153.6,
141.1, 141.0, 140.8, 140.6, 140.2, 138.8, 138.7, 138.6, 137.7, 136.5, 134.7, 133.8, 133.6,
132.1, 131.6 (2C), 131.5, 131.4, 131.3, 131.1, 131.0, 130.7, 130.3, 130.0, 127.9, 127.8,
127.7, 127.6 (2C), 127.2, 126.9 (q, Jer = 270.8 Hz), 126.8, 126.6 (2C), 126.5, 126.1,
125.6, 125.5, 125.3, 125.0, 124.6, 123.8 (4, Jcr = 4.0 Hz), 121.9 (q, Jor = 2.9 Hz), 22.5
ppm. °F NMR (CDCls, 376 MHz): & -62.7 ppm. IR (KBr, cm'): 3057, 2852, 1601,

1441, 1311.

6-Fluoro-1-methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline

(3fa)'°: was prepared according to the general procedure A. Physical State: Brown
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solid (30 mg, 45% yield). R¢= 0.3 (10%
EtOAc/hexane). mp 135-137 °C. "TH NMR (CDCls,
400 MHz): 6 7.94-7.90 (m, 1H), 7.44-7.36 (m, 3H),

7.28 (d, J = 8.0 Hz, 1H), 7.23-7.19 (m, 3H), 7.17—

7.12 (m, 5H), 7.06-6.97 (m, 3H), 6.89-6.82 (m, 2H),
6.79-6.70 (m, 8H), 6.66 (d, J = 8.0 Hz, 1H), 6.59-6.54 (m, 2H), 6.48 (t, J= 8.0 Hz,
1H), 6.19-6.16 (m, 1H), 2.73 (s, 3H) ppm. 3C{'H} NMR (CDCls, 100 MHz): 5 163.1
(d, Jer=248.0 Hz), 156.2, 153.0, 141.1, 141.0, 140.9, 140.4, 140.2, 139.9, 138.6,
138.4, 137.8, 137.3 (d, Jer= 10.0 Hz), 137.2, 133.7, 133.5, 132.0, 131.6 (2C), 131.5,
131.4 (d, Jer= 3 Hz), 131.3, 131.2, 130.7, 130.2, 128.3 (2C), 127.8, 127.6 (d, Je.r = 3.0
Hz), 127.5, 126.9, 126.7 (d, Jer = 3.0 Hz), 126.6 (2C), 126.5, 126.0, 125.5, 125.4,
125.2, 124.9, 124.6, 123.2, 116.3 (d, Jor = 25 Hz), 109.7 (d, Jor = 22 Hz), 22.5 ppm.
15F NMR (CDCls, 376 MHz): 5 -108.6 ppm. IR (KBr, em™): 3055, 2852, 1601, 1400,

1188.

6-Bromo-1-methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline (3ga).
was prepared according to the general procedure A.
Physical State: Pale yellow solid (49 mg, 67% yield).
Rf= 0.3 (10% EtOAc/hexane).mp 113-115 °C. 'H

NMR (CDCls, 400 MHz): 6 7.74 (d, J = 8.0 Hz, 1H),

7.55 (d, J= 4.0 Hz, 1H), 7.49 (dd, J = 8.8 Hz, 0.8 Hz,
1H), 7.41-7.36 (m, 2H), 7.35 (dd, J = 6.8 Hz, 0.8 Hz, 1H), 7.28 (d, J = 8 Hz, 1H), 7.20
(dt, J= 7.2 Hz, 2.4 Hz, 3H), 7.13-7.12 (m, 3H), 7.09-7.07 (m, 1H), 7.01-6.96 (m, 2H),
6.89 (t, J = 8.0 Hz, 1H), 6.84-6.80 (m, 1H), 6.76-6.71 (m, 3H), 6.69-6.65 (m, 5H), 6.61

(d, J=4.0 Hz, 1H), 6.54-6.47 (m, 3H), 6.16 (t, J = 8.0 Hz, 1H), 2.70 (s, 3H) ppm. 3C{'H}
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NMR (CDCl;, 100 MHz): 6 156.4, 153.2, 141.1, 141.0, 140.8, 140.4, 140.2, 138.8, 138.6,
138.4, 137.7, 136.8, 136.7, 133.7, 133.5, 132.1, 131.6, 131.5, 131.4 (2C), 131.3 (2C),
131.1, 130.6, 130.3, 129.7, 128.2, 127.8, 127.6 (2C), 127.5, 127.1, 127.0, 126.7 (2C),
126.6 (2C), 126.5, 126.1, 125.7, 125.5, 125.2, 125.0, 124.6, 124.3, 22.4 ppm. IR (KBr,
cm™): 3056, 2852, 1599, 1441, 652. HRMS (ESI) m/z: [M+H]" calcd for CsoH3sBrN
728.1947; found 728.1949. m/z: [M+H]' caled for CsoH3sBr®'N 730.1931; found,

730.1943.

6-lodo-1-methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline  (3ha):
was prepared according to the general procedure A.
Physical State: Pale yellow solid (48 mg, 62% vyield).
Rf= 0.3 (10% EtOAc/hexane). mp 117-119 °C. 'H

NMR (CDCls, 400 MHz): 6 7.82 (d, /= 1.6 Hz, 1H),

7.72 (dd, J = 8.8 Hz, 1.6 Hz, 1H), 7.61 (d, /= 8.8 Hz,
1H), 7.42 (dd, J = 8.4 Hz, 1.2 Hz, 1H), 7.36 (dd, J = 6.8 Hz, 1.6 Hz, 1H), 7.30-7.28 (m,
1H), 7.23-7.22 (m, 1H), 7.21-7.20 (m, 1H), 7.17-7.14 (m, 2H), 7.13-7.10 (m, 2H), 7.02
(d, J=17.6 Hz, 1H), 6.98 (td, J = 7.6 Hz, 1.2 Hz, 1H), 6.92-6.88 (m, 1H), 6.86-6.83 (m,
1H), 6.79-6.75 (m, 4H), 6.73-6.66 (m, 7H), 6.54-6.49 (m, 3H), 6.18-6.14 (m, 1H), 2.70
(s, 3H) ppm. BC{'H} NMR (CDCls, 100 MHz): 6 156.5, 141.1, 141.0, 140.8, 140.4,
140.2, 138.6, 138.4, 137.7, 136.8 (2C), 135.1, 134.8, 133.6, 133.4, 132.1, 131.6 (2C),
131.5 (2C), 131.4, 131.3 (2C), 131.1, 130.6, 130.3, 127.8, 127.7, 127.6, 127.4, 126.9,
126.8, 126.7(2C), 126.6, 126.5, 126.1, 125.7, 125.4, 125.2, 125.0, 124.6, 97.2, 22.2 ppm.
IR (KBr, cm™): 3056, 2856, 1592, 1440, 583. HRMS (ESI) m/z: [M+H]" calcd for

CsoH3sIN 776.1809; found 776.1793.
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1,7-Dimethyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline (3ia):'° was
prepared according to the general procedure A.
Physical State: Pale yellow solid (53 mg, 80% yield).
Rr= 0.2 (10% EtOAc/hexane). mp 152-154 °C. 'H

NMR (CDCls, 400 MHz): 6 7.66 (s, 1H), 7.42-7.32

(m, 4H), 7.28-7.25 (m, 2H), 7.22-7.18 (m, 3H), 7.15—
7.10 (m, 4H), 7.01 (dd, J = 16.0 Hz, 8.0 Hz, 2H), 6.88 (t, J= 8.0 Hz, 1H), 6.84—6.82 (m,
1H), 6.79-6.70 (m, 8H), 6.66 (d, J= 4.0 Hz, 1H), 6.55 (d, J= 8.0 Hz, 2H), 6.48 (t, J= 8.0
Hz, 1H), 6.16-6.13 (m, 1H), 2.71 (s, 3H), 2.49 (s, 3H) ppm. BC{'H} NMR (CDCl;, 100
MHz): 6 155.6, 151.1, 141.1, 141.0, 140.3, 140.2, 139.4, 138.5, 138.3, 137.9, 137.8,
135.9,133.6, 133.5, 132.3,131.7 (2C), 131.6 (2C), 131.5 (2C), 131.4,131.3, 131.2, 130.6,
130.4, 129.2, 127.7, 127.5, 127.3, 127.2, 126.7 (2C), 126.5, 126.4, 126.1, 125.9, 125.5,
125.4, 125.1, 124.8, 124.6, 124.2, 22.4, 22.1 ppm. IR (KBr, cm™): 3055, 2917, 1601,

1410.

7-Bromo-1-methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline (3ja):
was prepared according to the general procedure A.
Physical State: Brown solid (10 mg, 14% yield). Rf=
0.2 (10% EtOAc/hexane). mp 140-142 °C. 'H NMR

(CDCLs, 400 MHz): J 8.05 (s, 1H), 7.50 (d, J = 8.8

Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H), 7.39-7.31 (m, 4H),
7.23-7.21 (m, 3H), 7.18-7.12 (m, 5H), 7.03 (d, J = 7.6 Hz, 1H), 6.98 (d, J= 7.6 Hz, 1H),
6.90 (t, J= 7.6 Hz, 1H), 6.84-6.82 (m, 1H), 6.80-6.79 (m, 2H), 6.74-6.69 (m, 5H), 6.65
(d, J = 7.2 Hz, 1H), 6.56-6.50 (m, 3H), 6.20-6.18 (m, 1H), 2.70 (s, 1H) ppm. *C{'H}

NMR (CDCl3, 100 MHz): 6 155.4, 152.5, 141.1, 141.0, 140.9, 140.4, 140.2, 138.8, 138.7,
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138.4, 137.0, 134.0, 133.7, 133.5, 132.9, 132.0, 131.6 (2C), 131.4, 131.3, 131.2, 130.6,
130.3, 128.1, 127.8, 127.7, 127.6, 127.5 (2C), 127.0, 126.9, 126.8, 126.7, 126.6, 126.5,
126.1, 125.6, 125.5, 125.2, 125.1, 124.6, 120.2, 22.4 ppm. IR (KBr, cm™): 3055, 2852,
1601, 1408, 651. HRMS (ESI) m/z: [M+H]" caled for CsoH3sBrN 728.1947; found

728.1987. m/z: [M+H]" caled for CsoH3sBr®'N 730.1931; found, 730.1980.

8-Methoxy-1-methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline

(3ka): was prepared according to the general procedure
A. Physical State: Pale yellow solid (45 mg, 66% yield).
Rf = 0.2 (10% EtOAc/hexane). mp 273-275 °C. 'H

NMR (CDCl, 400 MHz): 6 7.41-7.34 (m, 3H), 7.28 (t,

J = 8.0 Hz, 1H), 7.22-7.09 (m, 8H), 7.01 (dd, J = 16.0
Hz, 8.0 Hz, 2H), 6.91 (dd, J = 16.0 Hz, 8.0 Hz, 2H), 6.85-6.81 (m, 1H), 6.78-6.66 (m,
10H), 6.58-6.55 (m, 2H), 6.51 (t, J = 8.0 Hz, 1H), 6.22-6.19 (m, 1H), 3.92 (s, 3H), 2.89
(s, 3H) ppm. *C{'H} NMR (CDCls, 100 MHz): 6 158.1, 156.1, 152.0, 141.1, 141.0,
140.9, 140.3, 140.2, 139.3, 138.5, 138.3, 138.2, 138.0, 133.6, 133.4, 132.1, 131.7, 131.6
(20), 131.5, 131.4 (20), 131.3, 131.2, 130.6, 130.3, 129.5, 128.5, 127.7, 127.5, 127.3,
127.2, 126.7, 126.6, 126.5 (2C), 126.4, 126.0, 125.4 (2C), 125.1, 124.9, 124.6, 118.9,
118.3, 105.8, 55.8, 28.9 ppm. IR (KBr, em™): 3055, 2877, 2837, 1611, 1440, 1027.

HRMS (ESI) m/z: [M+H]" calcd for Cs;H3sNO 680.2948; found 680.2932.

1,7-Dimethyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen- 1-yl)isoquinolin-6-ol  (3la):

was prepared according to the general procedure A. Physical State: Pale brown solid (53

mg, 78% vyield). R¢=: 0.2 (30% EtOAc/hexane). mp 242-244 °C. '"H NMR (CDCls, 400
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MHz): 6 7.55 (s, 1H), 7.27 (d, J= 8.4 Hz, 1H), 7.17—
7.09 (m, 4H), 7.05 (d, J= 6.8 Hz, 1H), 7.02-7.00 (m,
1H), 6.98-6.91 (m, 3H), 6.89-6.85 (m, 1H), 6.81—

6.75 (m, 6H), 6.71-6.65 (m, 5H), 6.63-6.60 (m, 1H),

6.59 (s, 1H), 6.54-6.49 (m, 3H), 6.45 (d, J= 7.6 Hz,
1H), 6.16-6.13 (m, 1H), 2.50 (s, 3H), 2.31 (s, 3H) ppm. BC{'H} NMR (CDCls;, 100
MHz): § 154.4, 141.0 (2C), 140.9, 140.2, 140.1, 138.3, 138.1, 137.9, 137.8, 136.4, 133.6,
133.2, 132.5, 131.6, 131.4 (2C), 131.3, 131.2, 130.5, 129.8, 128.5, 127.7, 127.5 (2C),
127.2, 127.0, 126.9, 126.7 (2C), 126.6, 126.5, 126.4, 126.1 (2C), 125.5, 125.4, 125.2,
124.9, 124.2, 121.3, 107.3, 21.0, 17.2 ppm. IR (KBr, em™): 3443, 3056, 2868, 1440.

HRMS (EST) m/z: [M+H]" caled for CsHssNO 680.2948; found 680.2906.

1-Methyl-4,6-diphenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline (3ma): was
prepared according to the general procedure A.
Physical State: Pale yellow solid (45 mg, 63%
yield). Rf= 0.2 (10% EtOAc/hexane). mp 155-

157 °C. '"H NMR (CDCl3, 400 MHz): 6 8.03 (d, J

=8.0 Hz, 1H), 7.76 (s, 1H), 7.62 (dd, J = 12.0 Hz,
4.0 Hz, 1H), 7.45 (dd, J = 12.0 Hz, 4.0 Hz, 1H),7.40-7.36 (m, 2H), 7.29-7.13 (m, 11H),
7.04 (d, J = 8.0 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.90 (t, J = 8.0 Hz, 1H), 6.86-6.83 (m,
1H), 6.80-6.66 (m, 11H), 6.55-6.52 (m, 2H), 6.48 (t, J = 8.0 Hz, 1H), 6.13 (t, J= 8.0 Hz,
1H), 2.78 (s, 3H) ppm. 3C{'H} NMR (CDCl;, 100 MHz): § 156.2, 153.2, 140.8, 140.6,
140.5, 140.2, 139.8, 138.4, 138.3, 138.2, 137.3, 136.1, 134.3, 133.4, 133.2, 131.7, 131.3,
131.2, 131.1 (2C), 131.0, 130.8, 130.3, 130.0, 129.6, 127.5 (2C), 127.4, 127.3 (2C), 126.9,

126.4 (2C), 126.3 (2C), 126.2, 125.8, 125.3,125.2, 125.0, 124.7, 124.3, 123.4 (2C), 121.6
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(2C), 22.2 ppm. IR (KBr, em™): 3056, 2857, 1600, 1441. HRMS (ESI) m/z: [M+H]"

calcd for CssHaoN 726.3155; found 726.3129.

1-Methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)benzo[hfisoquinoline (3na):
was prepared according to the general procedure A.
Physical State: Brown solid (45 mg, 64% vyield). R =
0.2 (10% EtOAc/hexane). mp 258-259 °C. 'TH NMR

(CDCl3, 400 MHz): 0 8.62 (d, J=12.0 Hz, 1H), 7.84

(d, J= 8.0 Hz, 1H), 7.69 (t, J = 8.0 Hz, 1H), 7.65-7.58
(m, 2H), 7.53 (d, J= 8.0 Hz, 1H), 7.42 (d, J= 8.0 Hz, 1H), 7.35 (d, /= 8.0 Hz, 1H), 7.33~
7.25 (m, 3H), 7.24-7.20 (m, 2H), 7.16-7.09 (m, 4H), 7.03 (d, J = 8.0 Hz, 1H), 7.00-6.95
(m, 2H), 6.87-6.83 (m, 1H), 6.78-6.65 (m, 9H), 6.56-6.44 (m, 2H), 6.39 (d, J = 8.0 Hz,
1H), 5.95 (t, J = 8.0 Hz, 1H), 3.08 (s, 3H) ppm. *C{'H} NMR (CDCL, 100 MHz): §
154.1, 153.5, 141.0 (2C), 140.8, 140.2, 138.5, 138.3, 137.8 (2C), 136.1, 133.4(2C), 133.0,
132.3,131.6 (2C), 131.5 (2C), 131.4, 131.3 (2C), 131.0, 130.9, 130.7, 130.5, 130.4, 129.9,
128.8, 127.8, 127.6, 127.5, 127.4, 127.3, 126.7 (3C), 126.6 (3C), 126.5, 126.4, 126.2,
125.8, 125.4, 125.2, 124.6 (2C), 124.3, 123.8, 29.9 ppm. IR (KBr, em™): 3054, 2856,

1601, 1440. HRMS (ESI) m/z: [M+H]" calcd for Cs4sH3sN 700.2999; found 700.2983.

6-Methyl-9-phenyl-8-(5,6,7,8-tetraphenylnaphthalen-1-yl)-[1,3]dioxolo[4,5-

flisoquinoline (30a): was prepared according to the
general procedure A. Physical State: Brown solid (21
mg, 31% vyield). Rf = 0.5 (30% EtOAc/hexane). mp

155-157 °C. '"H NMR (CDCls, 400 MHz): 6 7.54 (d, J

= 8.0 Hz, 1H), 7.39 (dd, J = 8.0 Hz, 4.0 Hz, 1H), 7.36—
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7.33 (m, 1H), 7.31 (dd, J = 7.2 Hz, 1.2 Hz, 1H), 7.23-7.19 (m, 2H), 7.17-7.10 (m, 6H),
7.05-7.00 (m, 2H), 6.98 (d, J = 8.0 Hz, 1H), 6.91 (t, J = 8.0 Hz, 1H), 6.87-6.83 (m, 1H),
6.79-6.68 (m, 9H), 6.64 (d, J = 8.0 Hz, 1H), 6.55-6.51 (m, 2H), 6.22 (t, J = 8.0 Hz, 1H),
5.83 (d, J = 1.2 Hz, 1H), 5.73 (d, J = 1.2 Hz, 1H), 2.67 (s, 3H) ppm. *C{'"H} NMR
(CDCls, 100 MHz): 6 156.4, 152.6, 147.4, 141.1, 141.0 (2C), 140.3, 140.2, 138.5, 138.4,
138.3, 137.9, 133.7, 133.4, 132.3, 131.6 (2C), 131.5, 131.4, 131.3 (2C), 131.1 (2C), 130.7,
130.3, 127.7, 127.5, 127.2, 126.7 (2C), 126.6, 126.5, 126.4, 126.3, 126.2, 126.0, 125.6,
125.4,125.2, 124.9, 124.5, 123.2, 121.9, 120.7, 110.5, 101.5, 23.1 ppm. IR (KBr, cm™):
3054, 2873, 1600, 1441, 1278. HRMS (ESI) m/z: [M+H]" caled for CsiH3eNO, 694.2741;

found 694.2727.

7-Methyl-4-phenyl-5-(5,6,7,8-tetraphenylnaphthalen-1-yl)furo[2,3-c[pyridine  (3pa):
was prepared according to the general procedure A.
Physical State: Pale yellow solid (32 mg, 50%

yield). R¢= 0.3 (10% EtOAc/hexane). mp 239-241 °C.

'"H NMR (CDCls, 400 MHz): 6 7.58 (d, J= 2.0 Hz, 1H),

7.54 (d, J=8.0 Hz, 1H), 7.38 (d, /= 8.0 Hz, 1H), 7.29 (t,
J= 8.0 Hz, 1H), 7.23-7.11 (m, 8H), 7.07-7.04 (m, 2H), 6.92 (d, J = 4.0 Hz, 1H), 6.83 (d,
J = 8.0 Hz, 2H), 6.78-6.63 (m, 8H), 6.57-6.50 (m, 4H), 6.34 (t, J = 8.0 Hz, 1H), 2.56 (s,
3H) ppm. 3C{'H} NMR (CDCL, 100 MHz): 5 151.4, 149.4, 147.2, 141.0 (2C), 140.9,
140.6, 140.3, 140.1, 139.0, 138.7, 138.5, 137.6, 137.5, 133.8, 133.5, 133.0, 131.9, 131.7,
131.6 (20), 131.5, 131.4, 131.2 (2C), 130.4, 130.1, 127.8 (2C), 127.6 (2C), 126.9, 126.8,
126.7, 126.6 (2C), 126.5, 126.3, 125.7, 125.4, 125.2, 125.1, 124.8 (2C), 106.6, 18.5 ppm.
IR (KBr, cm™): 3056, 2853, 1601, 1441. HRMS (ESI) m/z: [M+H]" calcd for CasH34NO

640.2635; found 640.2646.
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7-Methyl-4-phenyl-5-(5,6,7,8-tetraphenylnaphthalen-1-yl)thieno[2,3-c[pyridine

(3qa)'°: was prepared according to the general procedure
A. Physical State: Brown solid (43 mg, 61% yield). Rf=
0.3 (10% EtOAc/hexane). mp 110-112 °C. '"H NMR

(CDCls, 400 MHz): § 7.49 (d, J = 8.0 Hz, 1H), 7.45 (d, J

= 5.2 Hz, 1H), 7.37 (d, J = 6.0 Hz, 1H), 7.28-7.13 (m,
10H), 7.09-7.04 (m, 2H), 6.93 (d, J = 4.0 Hz, 1H), 6.86-6.80 (m, 2H), 6.78-6.67 (m, 7H),
6.62-6.61 (m, 2H), 6.55-6.50 (m, 2H), 6.25 (t, J= 8.0 Hz, 1H), 2.59 (s, 3H) ppm. BC{'H}
NMR (CDCls, 100 MHz): § 152.9, 150.1, 144.6, 141.0 (3C), 140.5, 140.3, 138.8, 138.7,
138.5, 138.1, 137.7, 133.9, 133.7, 133.5, 132.1, 131.6 (2C), 131.5, 131.4, 131.3, 131.2,
130.5, 130.2, 128.3, 127.8, 127.7, 127.6, 126.8, 126.7, 126.6 (2C), 126.5, 126.4, 125.7,

125.4,125.2(2C), 124.7,124.6, 124.3, 23.4 ppm. IR (KBr, em™): 3054, 2855, 1600, 1440.

1,5-Dimethyl-4-phenyl-3-(35,6,7,8-tetraphenylnaphthalen-1-yl)-5H-pyrido[4,3-b]indole
(3ra)!®: was prepared according to the general
procedure A. Physical State: Brown solid (53 mg,
75% yield). Rf= 0.5 (50% EtOAc/hexane). mp 124—

126 °C. '"H NMR (CDCl3, 400 MHz): 6 8.08 (d, J =

8.0 Hz, 1H), 7.47 (t, J = 8.0 Hz, 1H), 7.43-7.40 (m,
2H), 7.34-7.28 (m, 3H), 7.23-7.20 (m, 4H), 7.17-7.12 (m, 4H), 7.06 (d, J = 8.0 Hz, 1H),
7.01 (d, J= 8.0 Hz, 1H), 6.85-6.77 (m, 5H), 6.74-6.68 (m, 5H), 6.63 (d, J = 8.0 Hz, 1H),
6.59-6.57 (m, 1H), 6.4 (t, J = 8.0 Hz, 1H), 6.22 (t, J= 8.0 Hz, 1H), 3.12 (s, 3H), 2.86 (s,
3H) ppm. 3C{'H} NMR (CDCl, 100 MHz): 5 154.9, 150.6, 143.3, 142.3, 141.1, 141.0,
140.9, 140.4, 140.3, 138.5, 138.4, 138.1, 133.8, 133.4, 132.4, 132.0, 131.6 (2C), 131.5,

131.4, 131.3, 131.2, 131.1, 130.6, 130.5, 127.8, 127.5 (2C), 127.2, 126.9, 126.8, 126.6
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(2C), 126.5, 126.4, 126.0, 125.9, 125.4, 125.2, 124.7, 124.5, 122.4, 122.1, 120.6, 117.7,

116.8, 109.1, 32.4, 23.5 ppm. IR (KBr, em™): 3055, 2852, 1601, 1441,

3-Phenyl-2-(5,6,7,8-tetraphenylnaphthalen-1-yl)-8,9-dihydro-7H-benzo/de|quinoline
(3sa)!'%: was prepared according to the general procedure
A. Physical State: Brown solid (37 mg, 55% vyield). R¢=

0.3 (50% EtOAc/hexane). mp 125-127°C. 'H NMR

(CDCLs, 400 MHz): 5 7.43-7.39 (m, 3H), 7.36-7.32 (m,
1H), 7.28-7.24 (m, 4H), 7.22-7.19 (m, 2H), 7.17-7.14 (m,
2H), 7.12-7.09 (m, 2H), 7.04-6.99 (m, 2H), 6.92 (t, J= 7.6 Hz, 1H), 6.88-6.83 (m, 1H),
6.79-6.75 (m, 3H), 6.71-6.67 (m, 6H), 6.57-6.51 (m, 3H), 6.17 (t, J= 7.6 Hz, 1H), 3.09—
3.00 (m, 4H), 2.14-2.10 (m, 2H) ppm. *C{'H} NMR (CDCl, 100 MHz): 5 157.6, 141.2,
141.0, 140.9, 140.3, 140.2, 138.5, 138.3, 138.2, 137.8, 135.6, 133.5, 133.4, 132.3, 131.6,
131.5(2C), 131.4(2C), 131.3, 131.1, 130.7, 130.4, 127.7, 127.5, 127.3, 127.2, 126.7(2C),
126.5(2C), 126.4, 126.1, 125.5, 125.4, 125.2, 124.8, 124.6, 124.3, 123.6, 123.3, 34.3, 30.9,

23.5 ppm. IR (KBr, em™): 3056, 2867, 1601, 1441.

1-Ethyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline  (3ua):  was
prepared according to the general procedure A. Physical
State: Pale yellow solid (35mg, 53% yield). Rf= 0.2 (5%
EtOAc/hexane). mp: 106-108 °C. 'H NMR (CDCls,

400 MHz): 5 7.98-7.95 (m, 1H), 7.48-7.40 (m, 6H),

7.28-7.25 (m, 2H), 7.23-7.20 (m, 2H), 7.16-7.14 (m,
2H), 7.12-7.09 (m, 2H), 7.05 (t, J = 7.6 Hz, 1H), 6.98 (d, J = 7.6 Hz, 1H), 6.90-7.83 (m,

2H), 6.78-6.75 (m, 3H), 6.72-6.64 (m, 6H), 6.50-6.45 (m, 3H), 6.11 (t, J = 7.6 Hz, 1H),
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3.29-3.20 (m, 1H), 3.03-2.94 (m, 1H), 1.38 (t J = 7.6 Hz, 3H) ppm. 3C{'"H} NMR
(CDCLs, 100 MHz): 5 161.0, 152.1, 141.1(2C), 141.0, 140.3, 140.1, 139.6, 138.4, 138.2,
137.8, 137.6, 135.6, 133.4, 132.3, 131.6, 131.5(2C), 131.4(2C), 131.3, 131.1, 130.6,
130.5, 129.3, 127.8, 127.5(2C), 127.2, 127.1, 126.7(2C), 126.6, 126.5(2C), 126.4(2C),
126.2, 126.1, 125.5, 125.4, 125.2, 125.1, 125.0, 124.6, 29.2, 14.3 ppm. IR (KBr, cm™):
3055, 2930, 1601, 1441. HRMS (ESI) m/z: [M+H]" calcd for CsiHsN 664.2999; found

664.3055.

3-(4-Chloro-5,6,7,8-tetrakis(4-chlorophenyl)naphthalen-1-yl)-4-(4-chlorophenyl)-6-

methoxy-1-methylisoquinoline (3¢cb): was
prepared according to the general procedure A.
Physical State: Pale yellow solid (26mg, 30%
yield). Rf = 0.3 (20% EtOAc/hexane). mp 128—

130 °C. 'TH NMR (CDCls;, 400 MHz): § 7.94 (d, J

=9.2 Hz, 1H), 7.51-7.47 (m, 2H), 7.24 (d, J = 2.4 Hz, 1H), 7.19 (s, 2H), 7.15 (dd, J = 8.8
Hz, 2.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 1H), 6.99-6.94 (m, 2H), 6.86-6.79 (m, 4H), 6.77—
6.73 (m, 2H), 6.67 (d, J = 2.4 Hz, 1H), 6.51-6.45 (m, 3H), 6.39 (d, J = 8.4 Hz, 1H), 6.25
(dd, J = 8.0 Hz, 2 Hz, 1H), 6.04-5.98 (m, 2H), 3.70 (s, 3H), 2.75 (s, 3H) ppm. 3C{'H}
NMR (CDCls, 100 MHz): § 161.0, 157.3, 139.2, 138.6, 138.2, 138.1, 137.7, 137.3, 136.4,
136.0, 135.6 (2C), 134.6, 132.9 (2C), 132.7, 132.5, 132.4, 132.3, 132.2, 132.1, 132.0,
131.9, 131.6, 131.4, 130.9, 130.4, 130.1, 129.1, 128.3, 128.1, 127.8 (2C), 127.7 (3C),
127.5(2C), 127.2,126.8, 121.5, 119.1, 103.6, 55.5,22.1 ppm. IR (KBr, cm™): 2855, 1412,

1027, 771. HRMS (ESI) m/z: [M+H]" calcd for CsH32CisNO 884.0610; found 884.0593.
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3-(4-Chloro-5,6,7,8-tetraphenylnaphthalen-1-yl)-4-(4-chlorophenyl)-1-

methylisoquinoline (3ae): was prepared according to the
general procedure B. Physical State: Pale yellow solid
(36mg, 50% vyield). Rf= 0.3 (20% EtOAc/hexane). mp
274-276 °C. "TH NMR (CDCl3, 400 MHz): 5 7.96-7.92

(m, 1H), 7.49-7.42 (m, 5H), 7.32-7.23 (m, 3H), 7.16-

7.07 (m, 3H), 6.96-6.91 (m, 3H), 6.89-6.83 (m, 2H), 6.78-6.73 (m, 4H), 6.72-6.66 (m,
2H), 6.63-6.56 (m, 3H), 6.42 (dd, J = 8.0 Hz, 4Hz, 1H), 6.33 (d, J = 8.0 Hz, 1H), 6.07 (d,
J=8.0 Hz, 1H), 5.94 (t, J = 8.0 Hz, 1H), 2.69 (s, 3H) ppm. 3C{'H} NMR (CDCls, 100
MHz): 6 157.2, 151.3, 141.3, 140.8, 140.6, 140.3, 140.0, 139.8, 138.9, 138.0, 136.3,
135.8, 135.7, 134.6, 133.4, 133.0, 132.2, 132.0, 131.8, 131.6 (2C), 131.4, 131.0, 130.5,
130.2, 130.0 (2C), 129.8, 128.9, 128.5, 128.1, 127.3, 127.2, 127.0, 126.9, 126.8, 126.7,
126.6, 126.3, 126.0, 125.8, 125.6, 125.5, 125.4, 125.2, 22.2 ppm. IR (KBr, em™): 3066,
2852, 1441, 696. HRMS (ESI) m/z: [M+H]" caled for CsoH34CLN 718.2063; found

718.2028.

4-Ethyl-1-methyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline  (3af).  was
prepared according to the general procedure B.
Physical State: Pale yellow solid (32mg, 53% yield).

Rf= 0.2 (10% EtOAc/hexane). mp 240-242 °C. 'H

NMR (CDCls, 400 MHz): 6 7.91 (d, J = 8.0 Hz, 1H),
7.74 (d,J=18.0 Hz, 1H), 7.68 (d, J = 8.0 Hz, 1H), 7.55-7.52 (m, 1H), 7.46-7.39 (m, 3H),
7.28-7.24 (m, 4H), 7.20-7.16 (m, 1H), 6.81-6.74 (m, 6H), 6.68-6.57 (m, 6H), 6.35-6.32
(m, 1H), 6.20 (t, J = 8.0 Hz, 1H), 5.95 (t, J = 8.0 Hz, 1H), 2.79 (s, 3H), 2.72 (q, J = 8.0

Hz, 1H), 2.62 (q, J = 8.0 Hz, 1H), 1.17 (t, J = 8.0 Hz, 3H) ppm. 3C{'H} NMR (CDCl;,
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100 MHz): 6 154.9, 152.4, 141.3, 141.0 (2C), 140.6, 140.5, 140.1, 139.1, 138.6, 134.8,
133.9,131.9,131.8,131.5(2C), 131.4, 131.3 (2C), 130.5, 130.2 (2C), 129.4, 128.9, 128.2,
127.8, 127.7, 126.7, 126.6, 126.3, 126.2, 125.9, 125.8, 125.4, 125.1 (2C), 125.0, 124.6,
124.5, 123.8, 23.8, 22.4, 15.2 ppm. IR (KBr, em™): 3056, 2873, 1601, 1441. HRMS

(ESI) m/z: [M+H]" calcd for C46HzeN 602.2842; found 602.2804.

4-Ethyl-6-methoxy-1-methyl-3-(5,6,7,8-tetraphenylnaphthalen-1-yl)isoquinoline (3cf):
was prepared according to the general
procedure B. Physical State: Brown solid (27

mg, 43% yield). R¢= 0.3 (20% EtOAc/hexane).

mp 147-149 °C. "TH NMR (CDCls, 400 MHz):
57.82 (d, J=8.0 Hz, 1H), 7.43 (dd, J= 8.4 Hz, 1.2 Hz, 1H), 7.45-7.41 (m, 1H), 7.38 (dd,
J=6.8 Hz, 1.2 Hz, 1H), 7.29-7.22 (m, 4H), 7.20-7.16 (m, 1H), 7.09 (dd, J=9.2 Hz, 2.4
Hz, 1H), 6.92 (d, J = 2.4 Hz, 1H), 6.83-6.74 (m, 6H), 6.70-6.63 (m, SH), 6.60-6.58 (m,
1H), 6.39-6.36 (m, 1H), 6.23 (t, J = 8.0 Hz, 1H), 6.01 (t, J = 7.6 Hz, 1H), 3.91 (s, 3H),
2.74 (s, 3H), 2.61 (g, J= 8.0 Hz, 2H), 1.17 (t, J= 8.0 Hz, 3H) ppm. 3C{'H} NMR (CDCl,
100 MHz): 6 160.3, 154.2, 141.3, 141.1, 141.0, 140.5, 139.1 (2C), 138.6, 136.7, 133.9,
131.9, 131.8, 131.6, 131.5, 131.4, 131.3, 131.2, 130.5, 130.2, 130.1, 128.2, 128.1, 127.9,
127.8, 127.7, 126.7, 126.6, 126.3, 126.2, 125.4, 125.1, 125.0, 124.8, 124.6 (2C), 122.4,
117.7,102.4, 55.6, 23.9, 22.2, 14.6 ppm. IR (KBr, em™): 3055, 2871, 1440, 1027. HRMS

(ESI) m/z: [M+H]" caled for C47H3sNO 632.2948; found 632.2921.
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1-methyl-4-phenyl-3-(5,6,7,8-tetraphenylnaphthalen-1-
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Single x-ray Crystal structure of 3pa
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Single x-ray Crystal structure of 3cb
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Single x-ray Crystal structure of 3cf
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Chapter 4

N-allylbenzimidazole as a Strategic Surrogate in the Rh-

catalysed Stereoselective Mono-Alkenylation of Aryl C(sp?)-H

Bonds

4.1 ABSTRACT

A Rh-catalysed C(sp?)-H alkenylation has been reported by taking N-allylbenzimidazole
as an allylamine congener. This distinctive transformation has been observed for the first
time, where a tandem process of C-H allylation followed by alkene isomerization delivers
a highly stereoselective trans alkenylated product. The presence of a Lewis acid enhances
the reactivity, assisting the cleavage of C(sp®)-N bond by coordinating to the N3 of N-
allylbenzimidazole. Herein we report an unprecedented protocol of domino C-N bond
cleavage followed by aryl C(sp?)-H alkenylation. Detailed mechanistic studies, control
experiments and computational studies have been conducted to understand the
mechanism. The rhodacycle-intermediates involved in the reaction have been isolated

and characterized through NMR, HRMS, and single crystal X-ray analysis.

4.2 INTRODUCTION
Transition metal catalysed methodologies involving organo-halides, alcohols,
alkanes, olefins have played prominent roles towards the construction of new C-C

bonds.! In this context, the transition-metal catalysed Tsuji-Trost reaction*® has evolved
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Figure 4.1 Transition metal catalysed C-H allylation vs alkenylation

(a) Tsuji-Trost allylation reaction:

Nucleophile
X /]\ (enolate) \ f
u
X = OAg, Cl.. PdL,

(b) Strategies used for C-N bond cleavage/activation in allylamines:
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(d) A basic comparison between the reported allylamine and N-allylbenzimidazole:
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as an efficient and reliable methodology for the allylation of organo-nucleophiles using
allyl halides,® alcohols,® and ester derivatives’ as electrophilic components (Figure 4.1,
a).*" Here, the nucleophile attacks the metal (m-allyl) intermediate formed after C-X bond
(X = halogen/OR) cleavage. However, compared to C-O/C-X bonds, C-N bonds are more
thermodynamically stable due to their high bond-dissociation energy.® Thus, the cleavage
of C-N bonds remains an under-explored area, as is the use of allylamines as electrophilic
partners. Different strategies have been employed in order to activate the robust C-N bond
of allylamines,® such as the use of strong Lewis acid catalysts*® as well as exploiting
hydrogen bonding interactions®* (Figure 4.1, b). In both strategies, an amine is lost to
generate a metal w-allyl cation. This, in the presence of an active nucleophile, delivers the
allylated product (Figure 4.1, b). The Tian group has taken advantage of Lewis acid
catalysts for coupling of allylic amines and boronic acids, discovering that boric acid
plays a crucial role in triggering C-N bond cleavage of allylamines.% This strategy has
been further extended to the synthesis of structurally diverse chiral sulfones.*® In 2011,
the Zhang group discovered an efficient Pd-catalysed a-allylation of aldehydes and
ketones via C-N bond cleavage, assisted by hydrogen-bonding interactions in protic
solvents.! This methodology was found to work well with primary, secondary and tertiary
amines. Substrates bearing active methylene and methine units were also found to
undergo allylation smoothly from allylamine derivatives via C-N bond cleavage.'?
During the last few decades, transition metal-catalysed directed C-H bond
functionalization has evolved as a powerful tool for step- and atom-economic
transformations.*® However, parallel C-H activation and C-N bond cleavage for C-C bond
forming reactions is still in its infancy.* In 2018, the Wang group reported the allylation
of 2-phenylpyridine via C-N bond cleavage of allyamines, in which the protic solvent

trifluoroethanol (TFE) was observed to trigger the C-N cleavage via hydrogen bonding
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interaction (Figure 4.1, c).1*® Recently, the Gooben group successfully achieved ortho-
allylation of benzoic acid using N,N-dialkyl allylamines as the allylating agent (Figure
4.1, ¢).1* Again, the protic solvent trichloroethanol (TCE) was found to be compatible,
enhancing the reactivity.

An important aspect of catalysis is that a slight change in the electronics of the
substrate and/or the reaction conditions could deliver a completely different product.
Therefore, we decided to study the reactivity of N-allylbenzimidazole 1a as an allylamine
congener (Figure 4.1, d). The primary difference between 1a and the previously reported
allylamine is that the non-bonded electron pair on N1 is readily available for
protonation/hydrogen bonding with a protic solvent as with allylamine; whereas the non-
bonded electron pair on N1 of 1ais unavailable either for hydrogen bonding or Lewis acid
coordination as it is a part of the aromatic m-system. However, the non-bonded electrons
on the N3 atom of 1a could be used for this purpose in lieu of N1 atom. Upon chelation
of N3-atom with a Lewis acid, a positivve charge can be developed over N3 which could
be relayed to N1 through resonance (Figure 4.1, d). In structure Il, C1 is attached to a
quaternary nitrogen species which could activate the C-N bond. We were interested to see
whether this relay effect of positive charge from N3 to N1 woulldl show the same
allylation chemistry.

On this basis, we proposed to study the chemistry of N-allylbenzimidazole for
directed C(sp?)-H functionalization. We initially carried out the reaction between 2-
arylpyridine derivatives 2 and N-allylbenzimidazole l1la with rhodium catalysis.
Surprisingly, we observed selective C(sp?)-H alkenylation as opposed to allylation.
Salient features of this methodology and study are (i) orthogonal transformation
compared to reported reactions, (ii) selective mono-alkenylation instead of allylation, (iii)

the first report of C-N cleavage of N-allylbenzimidazole with Rh-catalysis, (iv)
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4.3 RESULTS AND DISCUSSION

Table 4.1 Optimization of reaction conditions for C(sp?)-H alkenylation

® &
N [Cp*RNCIy], (5 mol %) ~N
LiClO4 (2 equiv)

+ N
AN Zn(OAc), (1.5 equiv)
TFE (0.1 M),

—

I 130°C, 3 h cl
1a 2f 3af
entry deviation from the standard conditions yield of 3af (%)

1 none 75
2 [Cp*Rh(MeCN);][SbF¢]» 31
3 Rh(OAc), nr
4 Rh(PPh3)5ClI nr
5 MeOH 25
6 HFIP 20
7 TFT nr
8 TFE+H,0 trace
9 temperature 70 °C instead of 130 °C nr
10 temperature 90 °C instead of 130 °C trace
11 temperature 110 °C instead of 130 °C 40
12°¢ AgSbFg instead of LiCIO4 nr
13¢ AgOAc instead of LiCIO, nr
14 NalO,4 instead of LiClO4 20
15 1a (1 equiv) instead of 3 equiv 22
16 1a (2 equiv) instead of 3 equiv 46
17 Zn(OTf), instead of Zn(OAc), 60
18 PivOH instead of Zn(OAc), trace
19 Cu(OTf), instead of Zn(OAc), nr
20 2h 35
21 4h 73
22 6h 20
23 without [Rh] nr
24 without LiClO4 trace
25¢ without Zn(OAc), 55 (12 h)

4Reaction conditions: 1a (3 equiv, 0.18 mmol), 2f (1 equiv, 0.06 mmol), [Cp*RhCl2]. (5
mol %, 0.003 mmol), LiClIO4 (2 equiv, 0.12 mmol), Zn(OAc). (1.5 equiv, 0.09 mmol),
TFE (0.1 M, 0.6 mL), 130 °C, N, PIsolated yield. (20 mol%, 0.2 equiv) of silver additives
were used, YIsolated yield after 12 h.
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computational studies on the mechanism of this transformation, (v) experimental support
for our mechanistic proposal, (vi) characterization of Rh-intermediate, and (vii) exclusive
trans alkenylation.

Our investigation began with the reaction of N-allylbenzimidazole la and 2-(4-
chlorophenyl)pyridine 2f (Table 4.1). We were satisfied to find that 5 mol % of Cp*Rh
catalyst and 2 equiv. of LiClIO4 in combination with 1.5 equiv of Zn(OAc). gave mono-
alkenylated product 3af in 75% yield (Table 4.1, entry 1). The use of a cationic Rh-
complex resulted in 31% yield of 3af (Table 4.1, entry 2); whereas Rh2(OAc)s dimer and
Wilkinson’s catalyst failed to deliver the product (Table 4.1, entries 3-4). When solvents
other than TFE were screened, lower yields were observed (Table 4.1, entries 5-7). These
results suggest that the polar protic solvent TFE plays a crucial role in the reaction. It has
been reported that the use of water can enhance the hydrolysis of C-N bonds.*® Therefore,
in an attempt to enhance the rate of C-N bond cleavage of N-allylbenzimidazole, a 1:1
ratio of TFE:H>O was explored (Table 4.1, entry 8), but instead of an improved yield, we
observed only a trace amount of product.

Our results indicated that the rate of the reaction is highly affected by the
temperature; an exponential increase in the reaction yield being observed with increasing
temperature (Table 4.1, entries 9-11). LiClO4 works well for this protocol; whereas
replacing it with silver additives such as AgSbFs and AgOAc, resulted in no reaction
(Table 4.1, entries 12-13). In addition, use of NalO4 in place of LiClO4 resulted in only
20% vyield of the product 3af (Table 4.1, entry 14). Varying the equivalents of N-
allylbenzimidazole resulted in lower yields (Table 4.1, entries 15-16).

Further screening of Lewis and protic acid additives — Zn(OTf)>, PivOH, and
Cu(OTo), — did not result in an improved yield of 3af (Table 4.1, entries 17-19). To

determine the effect of time, three parallel reactions were performed, and it was observed
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that after 4 h the product begins to decompose under the reaction conditions (Table 4.1,
entries 20-22). Finally, control experiments confirmed the necessity for catalyst
[Cp*RhCl; ]2, additive LiClO4, and Zn(OAc), (Table 4.1, entries 23-25). From these
results, it is clear that the reaction is triggered by the addition of Lewis acid. Thus, it was
confirmed that the role of LiClO4 is crucial for this reaction and Zn(OAc). acts as a
promoter.

Scheme 4.1 Screening of allylamines, allyl alcohol and esters®?

® ®
N [Cp*RhCl,], (5 mol %) ~N
/\O LiClO4 (2 equiv) .
Z + Zn(OAc), (1.5 equiv)
__OR, TFE (0.1 M),
[¢]
_NR1R2 cl 130 C, 3h cl
1a-1q 2f 3af
R N
N N N NH
\ 2
. A A o, o
N N N N/
1a, 75% R=NO,, 1b,50%  1d,41% 1e, 43% 1f, nr

R = OMe, 1¢, 51%

oy O, o ), ol

\_/"Ph
19, nr 1h, nr 1i, nr 1j, nd 1Kk, nr
©)
0 Br//\ Br
N\@ y N ~N .
VN N> Nk > Qﬁ\/” P~
\S
N
/7 /7 N y i
11, nd 1m,15% 1n, 23% 10,nr R=OM, 1P nr

=-OCO,Et, 1q, nr

4Reaction conditions: 1 (3 equiv, 0.3 mmol), 2f (1 equiv, 0.1 mmol), [Cp*RhCl.]2 (5 mol
%, 0.05 mmol), LiClO4 (2 equiv, 0.2 mmol), Zn(OAc)2 (1.5 equiv, 0.15 mmol), TFE (0.1
M, 1.0 mL), 130 °C, N, PIsolated yield.

With the optimized conditions, we proceeded to study the electronic influence of
the N-allyl coupling partner on the C-H alkenylation of 2-arylpyridines (Scheme 4.1).
When 1a contains either a n-electron-withdrawing group (EWG) such as -NO; (1b) or an

electron-donating group (EDG) such as -OMe (1¢), similar reactivity was observed; both

111



substrates yielding ~50% of 3af, indicating that the nature of the substituent in the
benzenoid system has no significant impact. Similarly, when 2-methyl-N-
allylbenzimidazole 1d was studied as an alkenylating source, 3af was afforded in 41%
yield. To check the influence of the benzene ring, N-allyl imidazole 1e and allylamine 1f
were used instead of 1a, but inferior yields were observed in both cases. These results
imply that the presence of the benzene ring facilitates this transformation.
Monosubstituted or disubstituted alkenes (1g and 1h) did not deliver the respective
alkenylated products, indicating that alkene insertion into the Rh-C bond is subject to
steric constraints and occurs prior to C-N bond cleavage. To check the role of the N3
nitrogen atom of 1a, N-allylindole 1i was employed as the coupling partner. In this case,
we did not observe any product 3af, suggesting that the reaction is facilitated by
interaction with the N3 atom of 1a (likely binding by Lewis acid). Further, N-allylindoline
1j was also tested and found to be ineffective for this transformation. When the more
electron deficient N-allylphthalimide 1k and N-allylisatin 11 were used, the product 3af
was not obtained. Use of 1,3-diallylbenzimidazole 1m and N-allyl-4-bromopurine 1n
gave mixtures of alkenylated and allylated products in poor yields. In contrast to
imidazole le, N-allylpyrazole 1o did not give the product 3af. Moreover, when aryl
pyridine 2f was subjected to the standard reaction conditions with the more frequently
used allylating reagents such as allyl alcohol 1p and allyl ethyl carbonate 1q, none of
them produced either C-H allylated or alkenylated products. The results of these studies
confirm the efficiency and selectivity of N-allylbenzimidazole 1a for this transformation.

To test the generality of this methodology by using N-allylbenzimidazole 1a as a
coupling partner, various substituted 2-arylpyridines were tested (Scheme 4.2, a). The
aryl unit containing both EDGs (-CHs, -CzHs, -OMe, -F, -Cl) and EWGs (-CHO, -

COCHs3, -CF3, -CO2Me) were well tolerated under these conditions, delivering moderate
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to very good yields of the respective C-H alkenylated products. It has been observed that
substrates with EDGs led to lesser yields (Scheme 4.2: 3ab-3af, 3ak, and 3al) compared

Scheme 4.2 Scopes of Rh-catalysed alkenylation reactions®®

\ DG [CP*RACly, (5 mol %) DG
= . f LiCIO, (2 equiv) @/\/
/\/N\Q R Zn(OAc), (1.5 equiv) R
TFE (0.1 M),
130 °C, 3 h
1a 2a 3aa

a) Pyridyl-directed C-H alkenylatlon

I\ |\ X
_N _N _N I _N
X X X
(o] R

7
o
3aa, 82% 3ab, 77% 3ac, 63% 3ad, 76% R=F, 3ae,80%  3ag, 80%
R= Cl, 3af, 75%
A
| D N |
N N | | N
A X
N X X
o cl
So o & o—/ cl o
R= CF3, 3ah, 84% 3aj, 79% 3ak, 78% 3al, 67% 3am, trace 3an, 67%

R= CHO, 3ai, 81%

(b) Pyrimidine directed}
| C-H alkenylation:

Y
N N

| X
P NN R= H, 8aa, 65%
™ = Me, 8ab, 70%
> . = OMe, 8ac, 80%
R=H, 7aa, 66% =Cl, 8ad, 73%
= Me, 7ab, 76% = acetyl, 8ae, 66%
=F, 7ac, 89% cl

X=S, 335, 70%° R - Cl, 7ad, 82%

c) Pyrazole directed
C-H alkenylation:

R=NO,, 3ao, nr

= o/ C
= Cl, 3ap, trace X=0, 3ar, 76%

= Br, 3aq, trace 7ae, 78%
[d) Purine directed C-H alkenylation: J
N //<
\ N//>/
SOENG S
X N
Cl Cl
9aa, 70%  R=Me, 9ab,76% 9ad, 67% 9ae, 71% 9af, 73% CCDC = 2077201

R= OMe, 9ac, 81%

4Reaction conditions: 1a (3 equiv, 0.3 mmol), 2/4/5/6 (1 equiv, 0.1 mmol), [Cp*RhCl;]>
(5 mol %, 0.05 mmol), LiClO4 (2 equiv, 0.2 mmol), Zn(OAc). (1.5 equiv, 0.15 mmol),
TFE (0.1 M, 1.0 mL), 130 °C, Na. "Isolated yield.
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to substrates with EWGs (Scheme 4.2, 3ag-3aj). Interestingly, sensitive functional groups
such as -formyl (3ai) and -ester (3aj) were retained in the final product. The
unsymmetrical substrate bearing a dioxolane ring selectively gave 3al in 67% vyield, by
activation of the ortho-hydrogen from the more sterically hindered site. The origin of this
selectivity might be due to chelation involving the oxygen atom in the cyclometalated
intermediate.’® The scope of the reaction was extended to heterocycles such as 2-
arylpyrimidines and 2-arylpyrazoles (Scheme 4.2, b and c). These heterocycles were
found to deliver their corresponding mono-alkenylated products without need for
variation in the standard reaction conditions. The substrates bearing EDGs or EWGs
reacted smoothly, giving products in good yields (Scheme 4.2, 7aa-7ae, and 8aa-8ae).
As a nucleobase and a core unit in nuclei acids, purine is of particular interest. Transition
metal-catalysed purine-directed C-H alkenylations have been reported using
phenylacetylene or vinylcarboxylic acids by the Yu!"@ and Xu groups,*™ respectively. We
envisaged that our protocol could install an alkenyl unit selectively into this system.
Gratifyingly, this reaction condition was found viable for purine-directed alkenylated
products 9aa-9af in good yields (Scheme 4.2, d). The trans-stereochemistry was
confirmed unambiguously from single crystal X-ray analysis of product 9af (CCDC
2077201).

In order to gain a better understanding about the influence of electronics on the
substrate, intermolecular competition experiments were conducted between different
arylpyridines (Scheme 4.3). Electronically poor substrates reacted faster than
electronically rich substrates with the reactivity trends 2g>2a>2d (Scheme 3a and 3b).
These results are consistent with a concerted metalation-deprotonation (CMD)?® pathway
for the C-H activation. To check the feasibility of dialkenylation under the standard

reaction condition, 3aa was employed as a substrate. However, we did not observe any

114



Scheme 4.3 Control experiment and mechanistic studies

[ Competitive experlments )

[Cp*RhCl5], (5 mol %)
LiCIO4 (2 equiv)
Zn(OAc), (1.5 equw)
TFE (0.1 M),
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2a . 2d . [3aa:3ad = 1.34:1]
(1 equiv) (1 equiv)

AN X
_N 2 standard reaction | N
dition 2
(b) 1a + + con > + N
[3aa:3ag=1 :1.2} N
(o) o

3aa, 67% 3ad, 50%

(1 equiv) (1 equiv) 3aa, 58% 3ag, 70%
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| X
X
| standard reaction _N
~N condition
1a > +
* N 3h N
(3 equiv)
3aa, 94%
3aa not formed recovered
[HID Scrambling experiments:}
A | N
N D,0 [CP*RNCI]; (5 mol %) _N
LiCIO4 (2 equiv)
(d) + or . D/H H/D‘—13A’m D,0
CD;0D Zn(OAc), (1.5 equiv) 11% in CD3;0D
(10 equiv) TFE (0.1 M),
130 °C, 20 min
Cl Cl
2f
A AN X
| N [Cp*RhCl5], (5 mol %) | _N 13% D I _N (30%D
Z LiClOy4 (2 equiv) J/
(e) 1a  + — / /
Zn(OAc), (1.5 equiv) HD = H/D
TFE (0.1 M),
D,0 (10 equiv)
Cl 130 °C, 30 min Cl Cl
2f 2f 3af', 37%
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dialkenylation; rather 94% of 3aa was recovered (Scheme 4.3, ¢), which demonstrates the
highly selective addition of a single alkenyl group onto the substrate.

To gain further insight into the mechanism, we conducted several mechanistic
experiments (Scheme 4.3, d-e). When 2f was allowed to react with DO or CD3OD in the
absence of 1a, 13% and 11% deuterium exchange was observed, respectively (Scheme
4.3, d). Additionally, the reaction of 2f and D20 in the presence of 1a resulted in 30%
H/D-scrambling at the ortho-position of 3af (Scheme 4.3, e). When taken together, both
experiments indicate that the C-H bond metalation step is reversible.®

Reaction of 2f with stoichiometric amount of [Cp*RhCl.]2> under the standard
reaction conditions in absence of 1a yielded a five-membered rhodacycle, Int-1, in 70%
yield, characterized by NMR spectroscopy and HRMS (Scheme 4.4, a). Similarly, another
five-membered rhodacycle, Int-2, was synthesized from 2I, again confirmed by NMR
spectroscopic analysis, HRMS, as well as X-ray crystallography (Scheme 4.4, b). The
active involvement of Int-1 in the catalytic cycle was confirmed when 5 mol % of Int-1
was used as catalyst for the reaction of 2f with 1a, affording a 61% yield of 3af (Scheme
4.4, c). There are several reports on transition metal-catalysed in situ isomerizations of
terminal alkenes to internal alkenes.!® Thus, we examined whether internal alkene 1a’ is
an active coupling partner in the course of this reaction or not. A reaction employing 1a’
resulted in no product (Scheme 4.4, d), consistent with the terminal alkene 1la
participating in the reaction, not the internal alkene 1a’. The formation of 3aa was
observed even in the presence of a stoichiometric amount of radical scavenger BHT or
TEMPO in 75% and 46%, respectively, which rules out significant contribution from
radical pathways (Scheme 4.4, €). To check whether the reaction is proceeding through
2’-allylphenylpyridine 3aa’ as an intermediate, 3aa’ was subjected to the standard

conditions, which resulted in 67% of 2a and 18% of 3aa. (Scheme 4.4, ), suggesting that
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Scheme 4.4 Control experiment and mechanistic studies

Synthe5|s of rhodacycle |ntermed|ates}
X
N [Cp*RhCly], (1 equiv) /N\ Cl
LiClO4 (2 equiv) Rh
Zn(OAc), (1.5 equiv) Cp
TFE (0.1 M)
130°C,2h Cl
Int-1, 73% | 'H ©°C, HRMS
0‘_\ Q-——\
(o]
[Cp*RhCly], (1 equiv)

LiClO4 (2 equiv) h'CI :'

Zn(OAc), (1.5 equiv) /c .
ZN TFE (0.1 M) ZN P

A 130 °C, 2 h A
Int-2, 50% .
H, 3C, HRMS
CCDC = 2075306
[(c) Standard reaction with Int-1J
FN Int-1 (5 mol %)
LiCIO, (2 equiv) ~  3af,61% + 2f,28%

N / + Zf
s \@ Zn(OAc);, (1.5 equiv)

TFE (0.1 M), 130 °C, 13 h

1a

)

[(d) Standard reaction with terminal alkene 1a and internal alkene 1aJ

_N
1a

—N
~0
1a'

» 3af, not detected

2f

3af, 75% -
standard

condition
1a

standard
condition

[(e) Reaction with radical scavengers:j

standard reaction
conditions

BHT (1 equiv) or
TEMPO (1 equiv)

1\

75% (BHT)
46% (TEMPO)

[(f) Reaction with 2'-allylphenylpyridine 3aa":

N N N
_N CoRACL], 5mol %) I _N
LiClO4 (2 equiv)
= Zn(OAc), (1.5 equiv) X7
TFE (0.1 M),
130 °C, 3 min
3aa’ 3aa, 18% 2a,67%
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this isomerization is indeed possible. The isomerization of a terminal alkene to an internal
alkene,’® as well as pyridyl directed rhodium-catalysed C-C bond cleavage of

allylbenzene,? is well established.

TS2 TS3 TS5
191
. mzn 9, 45 QO——{% \
N Y 239
@ 210 223 y 325
1
-} : !
P, 27.9 ss5
o — @ 1
TS2\ : !
— ! \ |
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Figure 4.2. Proposed mechanism and optimized geometries of transition states structures
(TSSs) with key nuclear distances for the rhodium-catalysed alkenylation of 2-
phenylpyridine with N-allylbenzimidazole. The bond distances are in angstroms (A).
Color code: C gray, O red, H white, N blue, Zn cyan, Rh purple.

To gain additional insight into the reaction mechanism, DFT calculations at the
B3LYP-D3(BJ)/Def2-TZVP/SMD (TFE)// B3LYP-D3(BJ)/Def2-SVP level of theory?
were carried out (see Supporting Information for details on the choice of this level of
theory and addition details on methods). The coupling of N-allylbenzimidazole 1a with
2-phenylpyridine 2a was used as a model reaction, as it furnished a high yield of product
(82%). As the cationic catalyst [Cp*Rh(OAc)]* is proposed to be generated in the
presence of Zn(OAc). and LiClOa, the complex of this catalyst with 2-phenylpyridine

was selected as the starting point of the reaction. We also considered the possibility of
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involvement of a triplet state, but the results of those calculations reveal that the energies
of triplet species are uniformly much higher than those of the corresponding singlet state
species.

Our results reveal that an ortho- C—H bond cleavage takes place via a CMD
mechanism?? (Figure 4.2). The intermediate 0 isomerizes to intermediate IM1, allowing
for a CH-O interaction that presages C-H activation (the distance between acetate and
ortho- H changes from 2.10 A in 0 to 1.95 A in 1). Intermediate IM1 then undergoes
energetically viable CMD through the 6-membered ring transition state structure (TSS)
TS1 (Figure 4.2) to afford the five-membered rhodacycle IM2. During this process, C—H
bond cleavage and Rh—C bond formation occur synchronously. Alternative mechanisms

were considered — o -bond metathesis, oxidative addition, and electrophilic substitution

—but our attempts to obtain the corresponding intermediates and/or TSSs failed. As shown
in Figure 4.2, the overall free energy barrier for this process is predicted to be 16.6 kcal
mol?. Note that CMD is predicted to be reversible, consistent with the deuteration
experiments described above. Similar six-membered ring transition states for CMD
mechanisms have been reported for Pd?%and 11?3 catalysed C—H activations. CMD is
followed by dissociation of acetic acid to produce intermediate IM2. Upon dissociation
of acetic acid, the alkene partner, N-allylbenzimidazole, can bind to IM2 to form complex
IM3, which undergoes alkene insertion via the 4-membered ring TSS TS2 to form the 7-
membered rhodacycle IM4 (Figure 4.2).

The overall barrier to TS2 is predicted to be 27.9 kcal mol*, viable under the
experimental conditions used. Upon inclusion of Zn(OAc)2, which coordinates to the sp-
hybridized nitrogen on the benzimidazole moiety, shown in intermediate IM5, the
benzimidazole is extruded through TSS TS3. This process is computed to be exergonic,

forming intermediate 1M6 (Figure 4.2). Additional calculations in which the C-N
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distance was scanned illuminate the necessity of the Lewis acid, as without it, C—N bond
cleavage presents as an uphill battle with a saddle point possessing a barrier of 35.0 kcal
mol*. We also considered that Zn(OAc). may be necessary for the previous insertion step
and ensuing steps; however the results of supplementary calculations reveal that the
presence of Zn(OAc): increases barriers for those individual steps. From IM6, alkene
isomerization occurs, involving a hydride transfer from the benzylic carbon to the
rhodium through TSS TS4 (Figures 4.2 and 4.3). This step is predicted to involve a
surmountable barrier of 19.1 kcal mol™, despite disruption of aromaticity associated with
forming IM7. From there, another hydride transfer can occur, this time from the rhodium
to the terminal carbon on the alkenyl via TSS TS5, forming intermediate IM8, from which

the final product, IM9, is released upon reductive elimination of the catalyst.

IM6 TS4 IM7

9
) &
5} M 1.86
QO 2.41 °
1.58

Figure 4.3. Optimized geometries of 6, TS4, 7, TS5 and 8 (with key nuclear distances
for TS4 and TS5). The bond distances are in angstroms (A). Color code: C gray, H white,
N blue, Rh purple.

To assess the changes in aromatic character along the IM6 — TS4 — IM7 —
TS5 — M8 pathway, NICSzz values 1 A above the center of the benzene moiety?* (more
negative values are generally associated with greater aromaticity) were computed to be: -
8.34,-0.19,1.93, -1.62 and -10.70 UNITS? respectively. As expected, aromatic character

is predicted for IM6, and although some is lost during this process, it is eventually
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regained in IM8. The overall IM6 — TS5 step is predicted to be rate (turnover)-
determining, possessing a barrier of 35.0 kcal mol™ (36.4-45.8 kcal mol™ at other levels
of theory). A barrier of this magnitude is at the upper end of the range of barriers that can
be overcome under the experimental reaction conditions, providing a rationale for the
high temperature needed. The experimental observation of alkene isomerization (Scheme

4.3, f) under the reaction conditions is also consistent with these results.

Based on our mechanistic investigations and previous literature reports,*1° a
catalytic cycle can be proposed (Scheme 4.5). The Rh(lll) catalyst A initially undergoes

Scheme 4.5 Proposed mechanism

[CP*RhCL,,

X
| Liclo, | 2LiCl
_N
Zn(OAc),” X ZnCl,
[ 2a

Cp*Rh(lll)(OAc)X
X =-0Ac, -Cl,
3aa -ClO,
A cyclometalation 7\

N @
Rh
Cp* B
1a
alkene
isomerization
7N
,N‘ /Cp*

insertion

L

detected H
in HRMS detected

inLcms  Zn(ih)
cyclometalation with 2a, reversibly forming intermediate B (characterized by NMR,
HRMS, and XRD analyses). =-Complexation of intermediate B with 1a, followed by

alkene insertion into the C- Rh bond gives intermediate D (detected in LCMS). The
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elimination of benzimidazole (detected in HRMS) by the assistance of the zinc additive
leads to the allylated intermediate E, which, upon isomerization,® delivers the
alkenylated product 3aa.

Scheme 4.6 Synthetic utility of this methodology

[(a) Scale up synthesis (1 mmol): } --------------------------------------

[Cp*RhCly], (5 mol %)

X
N I N
= = LiClO4 (2 equiv)
N +
y and Zn(OAc), (1.5 equiv)

TFE (0.1 M),
130°C, 3 h

1a 2a 3aa, 74%

[(b) Hydrogenation of 3aa: } ------------------------------------------
AN I =
| N Pd/C (10 mol%) _N
Z H, (baloon)
A MeOH (0.03 M)
rt, 1h
3aa 10, 81%

The synthetic utility of the reaction has been demonstrated by performing a 1
mmol scale reaction, which afforded 74% of 3aa (Scheme 4.6, a). Furthermore, to show
the potential utility of the alkenylated products formed by our method, hydrogenation of
3aa was performed. The hydrogenated product 2-(2-propylphenyl)pyridine 10 was

obtained in 81% of yield as a colorless oil (Scheme 4.6, b).

4.4 CONCLUSIONS

In conclusion, a rhodium(l11)-catalysed trans-selective C(sp?)-H alkenylation was
developed by using N-allylbenzimidazole as allylamine surrogate. This methodology was
found to be applicable to substrates with a wide range of functional groups and directing
groups. More importantly, N-arylpurines could be stereoselectivity monoalkenylated with
the developed protocol. Mechanistic studies (experimental and computational), organo-

rhodium intermediate isolation and structure determination, provide a consistent picture
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of the reaction pathway. The formation of trans-alkenes among other possibilities (e.g.,

allylation/cis-alkenylation) is a useful aspect of this methodology.

4.5 EXPERIMENTAL SECTION

All the starting materials were bought from Sigma Aldrich, Alfa-Aesar, Avra, TCI and
Spectrochem, and used without any further purification. For column chromatography,
silica gel (100-200, 230-400 mesh) from Acme Co. was used. A gradient elution using
distilled hexane and ethyl acetate was performed, based on Merck aluminum TLC sheets.
All isolated compounds were characterized by 'H NMR (Bruker-400/700 MHz), *C
NMR spectroscopy and HRMS. Copies of the 'TH NMR, *C NMR, °F NMR. Nuclear
Magnetic Resonance spectra were recorded on a Bruker 400/700 MHz instrument. HRMS
signal analysis was performed using micro TOF Q-II mass spectrometer. X-ray analysis
was conducted using Rigaku Smartlab X-ray diffractometer in NISER, Bhubaneswar.
Allyl carbonates,?® and 2-(2-propylphenyl)pyridine?® were prepared by following

literature reports.

General reaction procedure for the annulation reaction:

( . ~\
R | [CPRhCL, Gmol) R

N ‘N LiCIO4 (2 equiv) . Z

D Zn(OAc), (1.5 equiv) ™

N

y TFE (0.1 M), R,
7 R 130 °C, 3-20 h
1a 2al/4al/5al6a 3aa/7aal/8aal9aa

\ J

To an oven-dried 25 mL Schlenk tube charged with a magnetic stir bar, was added LiClO4
(0.2 mmol, 2 equiv) and the tube was heated under reduced pressure to eliminate traces
of moisture. To this dried tube, were added phenylpyridine 2, phenylpyrimidine 4,

phenylpyrazole 5 or 9-alkyl-6-(4-chlorophenyl)-purine 6 (0.1 mmol, 1 equiv),
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[Cp*RhCI2]2 (0.005 mmol, 5 mol %), Zn(OAc)2 (0.15 mmol, 1.5 equiv), alkene 1a (0.3
mmol, 3 equiv) and TFE (0.1 M, 1 mL) under a nitrogen atmosphere. The reaction mixture
was stirred (750 rpm) in a preheated aluminum block at 130 °C. After completion of the
reaction (monitored by TLC), the solvent was evaporated under reduced pressure, and the
crude residue was purified by column chromatography using EtOAc/hexane as eluent to

provide the corresponding alkenylated product 3aa/7aa/8aa/9aa.

Synthesis of Intermediate-1 (Int-1):

To an oven-dried 25 mL Schlenk tube charged with a magnetic stir bar, was added LiClO4
(0.2 mmol, 2 equiv) and the tube was heated under reduced pressure to eliminate traces
of moisture. To this dried tube, were added 4-chlorophenylpyridine 2f (0.05 mmol, 1

equiv), [Cp*RhCl;].

s N

) B

Z [Cp*RNhCly], (1 equiv) ZN_ ¢

LiClIO4 (2 equiv) Rh
—> Cp*
Zn(OAc), (1.5 equiv)
TFE (0.1 M)
Cl 130°C, 12 h Cl

(0.05 mmol, 1 equiv), Zn(OACc). (0.075 mmol, 1.5 equiv) and TFE (0.1 M, 0.5 mL) under
a nitrogen atmosphere. The reaction mixture was stirred (750 rpm) in a preheated

aluminum block at 130 °C for 12 h. The solvent was removed under reduced pressure and

the residue was recrystallized from methanol/DCM. The reddish colored crystals obtained

(17 mg) in 73% yield were characterized by NMR and HRMS analyses.

Synthesis of Intermediate-2 (Int-2):
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0\
o) o—\o
[Cp*RhCly], (1 equiv)
LiClO,4 (2 equiv) cl
—> R == |
2N Zn(OAc), (1.5 equiv) / Cp* <«
N
) TFE (0.1 M) |
X
130 °C, 2 h T
2| Int-2, CCDC = 2075306
1H, 13C, HRMS

To an oven-dried 25 mL Schlenk tube charged with a magnetic stir bar, was added LiClO4
(0.2 mmol, 2 equiv) and the tube was heated under reduced pressure to remove traces of
moisture. To this dried tube, were added 2-(benzo[d][1,3]dioxol-5-yl)pyridine 2I (0.05
mmol, 1 equiv), [Cp*RhCI2]2 (0.05 mmol, 1 equiv), Zn(OAc). (0.075 mmol, 1.5 equiv)
and TFE (0.1 M, 0.5 mL under a nitrogen atmosphere. The reaction mixture was stirred
(750 rpm) in a preheated aluminum block at 130 °C for 2 h. Solvent was removed under
reduced pressure and the residue was recrystallized from methanol/DCM. The reddish
colored crystals obtained (12 mg) in 50% yield were characterized by NMR, HRMS, and

single crystal X-ray analyses.

Experimental characterization data of products:

(E)-2-(2-(Prop-1-en-1-yl)phenyl)pyridine (3aa):

(| AN ) Physical State: Colorless liquid (16 mg, 82% yield). Rf= 0.5
N
2 (10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): J 8.64 (d, J
\/
= 4.8 Hz, 1H), 7.65 (dt, J = 7.6 Hz, 1.6 Hz, 1H), 7.50 (d, J = 7.6
§ Y,

Hz, 1H), 7.38 (dd, J = 7.2 Hz, 1.6 Hz, 1H), 7.34 (d, J = 7.6 Hz,
1H), 7.30-7.16 (m, 3H), 6.40 (dd, J = 16.0 Hz, 1.6 Hz, 1H), 6.16-6.07 (m, 1H), 1.74 (dd,
J = 6.4 Hz, 1.6 Hz, 3H) ppm. ¥*C{tH} NMR (CDCls, 100 MHz): ¢ 159.5, 149.7, 139.0,

136.5, 136.1, 130.3, 129.8, 128.7, 127.5, 127.1, 126.4, 125.2, 121.9, 19.0 ppm. IR (KBr,
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cm): 3414, 2912, 1584, 1424, 964. HRMS (ESI) m/z: [M+H]" Calcd for Ci4H1N

196.1121; Found 196.1127.

(E)-2-(4-Methyl-2-(prop-1-en-1-yl)phenyl)pyridine (3ab):

r N

X Physical State: Colorless liquid (16 mg, 77% yield). Rs = 0.3

| N (10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 8.70 (d, J
N 24 Hz, 1H), 7.71 (t, J = 7.6 Hz, 1H), 7.41-7.35 (m, 3H), 7.24-

. | 7.20(m, 1H), 7.12 (d, = 7.6 Hz, 1H), 6.47 (d, J = 16.0 Hz, 1H),

6.22-6.13 (m, 1H), 2.39 (s, 3H), 1.81 (d, J = 6.4 Hz, 3H) ppm. *C{*H} NMR (CDCls,
175 MHz): & 159.5, 149.6, 138.4, 136.3 (2C), 136.1, 130.3, 129.9, 128.0, 127.2, 127.1,
125.2,121.7, 21.6, 19.0 ppm. IR (KBr, cm'Y): 3458, 2913, 1608, 1585, 1464, 964. HRMS

(ESI) m/z: [M+H]" Calcd for C1sH16N 210.1277; Found 210.1284.

(E)-2-(4-Ethyl-2-(prop-1-en-1-yl)phenyl)pyridine (3ac):

Physical State: Oily liquid (14 mg, 63% yield). Rf= 0.4 (5%
~-N EtOAc/hexane). *H NMR (CDCls, 400 MHz): § 8.70 (m, 1H),
X 7.71 (td, J = 7.6 Hz, 2.0 Hz, 1H), 7.42-7.38 (m, 3H), 7.24-7.21

(m, 1H), 7.15 (dd, J = 8.0 Hz, 1.6 Hz, 1H), 6.48 (dd, J = 15.6

\ /' Hz, 1.6 Hz, 1H), 6.23-6.14 (m, 1H), 2.69 (q, J = 7.6 Hz, 2H),

1.82 (dd, J = 6.8 Hz, 1.6 Hz, 3H), 1.27 (t, J = 7.6 Hz, 3H) ppm. 3C{*H} NMR (CDCls,
175 MHz): ¢ 159.5, 149.6, 144.8, 136.5, 136.3, 136.1, 130.3, 130.0, 127.2, 126.9, 125.9,
125.2, 121.7, 29.1, 19.0, 15.9 ppm. IR (KBr, cmY): 3499, 2962, 1607, 1585, 1463, 965.

HRMS (ESI) m/z: [M+H]" Calcd for CieH1gN 224.1434; Found 224.1453.
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(E)-2-(4-Methoxy-2-(prop-1-en-1-yl)phenyl)pyridine (3ad):

e N\
| AN
~-N
\/
OMe
\_ J

Physical State: Colorless liquid (17 mg, 76% yield), R¢-value:
0.3 (10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 8.69
(d, J = 4.0 Hz, 1H), 7.70 (td, J = 7.6 Hz, 1.6 Hz, 1H), 7.42 (d, J
= 8.4 Hz, 1H), 7.38 (d, J = 8.0 Hz, 1H), 7.22-7.19 (m, 1H), 7.08

(d, J = 2.0 Hz, 1H), 6.86 (dd, J = 8.4 Hz, 2.4 Hz, 1H), 6.49 (dd,

J =15.6 Hz, 1.6 Hz, 1H), 6.23-6.14 (m, 1H), 3.86 (s, 3H), 1.82 (dd, J = 6.4 Hz, 1.6 Hz,

3H) ppm. 3C{*H} NMR (CDCls, 100 MHz): 6 160.0, 159.2, 149.6, 137.9, 136.1, 132.1,

131.7, 130.0, 127.7, 125.2, 121.5, 113.1, 111.4, 55.6, 19.0 ppm. IR (KBr, cm™): 3424,

2929, 1602, 1586, 1462, 963. HRMS (ESI) m/z: [M+H]" Calcd for C15sH1sNO 226.1226;

Found 226.1230.

(E)-2-(4-Fluoro-2-(prop-1-en-1-yl)phenyl)pyridine (3ae):

e ™\
|\
~-N

\/

\F W,

Physical State: Colorless liquid (17 mg, 80% vyield). Rf= 0.4
(10% EtOAc/hexane). *H NMR (CDCls, 700 MHz): 5 8.70 (d, J
= 4.2 Hz, 1H), 7.73 (td, J = 7.7 Hz, 2.1 Hz, 1H), 7.43 (dd, J = 6.3
Hz, 2.1 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 7.26-7.24 (m, 2H), 6.99

(td, J = 7.7 Hz, 2.1 Hz, 1H), 6.44 (d, J = 15.4 Hz, 1H) 6.23-6.18

(m, 1H), 1.82 (dd, J = 6.3 Hz, 1.4 Hz, 3H) ppm. ¥C{*H} NMR (CDCls, 175 MHz): &

163.2 (d, Jc.F = 244.8 Hz), 158.6, 149.7, 138.7 (d, Jc.r = 8.0 Hz), 136.3, 135.1 (d, JcF =

2.8 Hz), 132.2 (d, Jor = 8.7 Hz), 129.0 (d, Jc.r = 2.1 Hz), 128.8, 125.2, 122.0, 114.1 (d,

Jor = 21.5 Hz), 112.7 (d, Jc = 22.0), 19.0 ppm. 2°F NMR (CDCls, 376 MHz): -114.1

ppm. IR (KBr, cm™): 3393, 2912, 1606, 1587, 1463, 1159, 963. HRMS (ESI) m/z:

[M+H]" Calcd for C1sH13FN 214.1027; Found 214.1030.
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(E)-2-(4-Chloro-2-(prop-1-en-1-yl)phenyl)pyridine (3af):

-
AN
~-N
\/
Cl
\_ Y,

Physical State: Oily liquid (17 mg, 75% vyield). Rf = 0.45
(10% EtOAc/hexane). 'H NMR (CDCls, 400 MHz): 6 8.70
(d, J = 4.4 Hz, 1H), 7.73 (td, J = 7.6 Hz, 1.6 Hz, 1H), 7.55 (d,
J = 2.0 Hz, 1H), 7.41-7.38 (m, 2H), 7.28-7.24 (m, 2H), 6.42

(dd, J = 15.6 Hz, 1.6 Hz, 1H), 6.25-6.16 (m, 1H), 1.82 (dd, J =

6.8 Hz, 1.6 Hz, 3H) ppm. 2C{*H} NMR (CDCls, 100 MHz): § 158.4, 149.8, 138.2,

137.3,136.3, 134.7, 131.7, 128.9, 128.8, 127.1, 126.4, 125.1, 122.2, 19.0 ppm. IR (KB,

cm): 3422, 2912, 1592, 1462, 1099, 961. HRMS (ESI) m/z: [M+H]* Calcd for

C14H13CIN 230.0731; Found 230.0732.

(E)-1-(3-(Prop-1-en-1-yl)-4-(pyridin-2-yl)phenyl)ethanone (3ag):

e ~
| AN
~N

N

\O Y,

Physical State: Colorless liquid (19 mg, 80% yield). Rf= 0.4
(20% EtOAc/hexane). *H NMR (CDCls, 400 MHz): ¢ 8.74 (d,
J=4.4 Hz, 1H), 8.16 (d, J = 1.6 Hz, 1H), 7.87 (dd, J = 8.0 Hz,
1.6 Hz, 1H), 7.77 (td, J = 7.6 Hz, 1.6 Hz, 1H), 7.56 (d, J = 8.0

Hz, 1H), 7.44 (d, J = 8.0 Hz, 1H), 7.31-7.28 (m, 1H), 6.49 (dd,

J =15.6 Hz, 1.6 Hz, 1H), 6.35-6.26 (m, 1H), 2.65 (s, 3H), 1.85 (dd, J = 6.8 Hz, 1.6 Hz,

3H) ppm. 3.C{*H} NMR (CDCls, 100 MHz): J 198.4, 158.4, 149.9, 143.1, 137.2, 137.0,

136.4, 130.7, 129.1 (2C), 126.8, 126.7, 125.2, 122.6, 27.1, 19.0 ppm. IR (KBr, cm™):

3429, 2915, 1683, 1584, 1356, 1240, 964. HRMS (ESI) m/z: [M+H]" Calcd for

C16H16NO 238.1226; Found 238.1218.

(E)-2-(2-(prop-1-en-1-yl)-4-(trifluoromethyl)phenyl)pyridine (3ah):

128



- ~  Physical State: Colorless liquid (22 mg, 84% vyield). Rf= 0.5

| /\N (10% EtOAc/hexane). 'H NMR (CDCls, 400 MHz): § 8.74 (d,
- | 9=48Hz 1H), 781 (s, 1H), 7.77 (td, J = 7.6 Hz, 2.0 Hz, 1H),

7.58-7.52 (m, 2H), 7.43 (d, J = 8.0 Hz, 1H), 7.32-7.29 (m, 1H),

 CFs ) 6.47(dd, J = 15.6 Hz, 1.6 Hz, 1H), 6.23-6.25 (m, 1H), 1.84 (dd,

J = 6.4 Hz, 1.6 Hz, 3H) ppm. *C{*H} NMR (CDCls, 100 MHz): & 158.2, 149.9, 141.9,
137.2, 136.4, 130.8, 129.5, 129.2, 128.7, 127.2 (q, Jc.r = 264.0 Hz), 125.1, 123.6 (q, Jor
= 3.7 Hz), 123.4 (g, Jer = 3.9 Hz), 122.6, 19.0 ppm. °F NMR (CDCls, 376 MHz): 6 -
62.6 ppm. IR (KBr, cm%): 3460, 2915, 1651, 1586, 1336, 1124, 962. HRMS (ESI) m/z:

[M+H]" Calcd for C1sH13FsN 264.0995; Found 264.0985.

(E)-3-(Prop-1-en-1-yl)-4-(pyridin-2-yl)benzaldehyde (3ali):

fl X ) Physical State: Oily liquid (18 mg, 81% yield). Rf= 0.5 (30%
2 EtOAc/hexane). *H NMR (CDCls, 400 MHz): § 10.07 (s, 1H),
X-"| 874(d, J=4.0Hz 1H), 8.07 (d, J = 1.6 Hz, 1H), 7.81-7.75 (m,

2H), 7.63 (d, J = 7.6 Hz, 1H), 7.45 (d, J = 8.0 Hz, 1H), 7.32-7.29

N
O J (m, 1H), 6.59 (dd, J = 15.6 Hz, 1.6 Hz, 1H), 6.36-6.27 (m, 1H),

1.86 (dd, J = 6.8 Hz, 1.6 Hz, 3H) ppm. 3C{*H} NMR (CDCls, 100 MHz): 6 192.5, 158.3,
150.0, 144.4, 137.6, 136.6, 136.4, 131.2, 129.5, 128.8, 128.2, 127.9, 125.1, 122.7, 19.0
ppm. IR (KBr, cmt): 3431, 2921, 1695, 1584, 1435, 963. HRMS (ESI) m/z: [M+H]*

Calcd for C1sH14NO 224.1070; Found 224.1051.

Methyl (E)-3-(prop-1-en-1-yl)-4-(pyridin-2-yl)benzoate (3aj):
Physical State: Oily liquid (20 mg, 79% yield). R¢= 0.4 (20% EtOAc/hexane). *H NMR

(CDCls, 700 MHz): § 8.74 (d, J = 4.2 Hz, 1H), 8.25 (s,1H), 7.95 (dd, J = 7.7 Hz, 1.4 Hz,
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1H), 7.76 (td, J = 7.7 Hz, 1.4 Hz, 1H), 7.53 (d, J = 8.4 Hz, 1H),
7.44 (d, J = 7.7 Hz, 1H), 7.30-7.28 (m, 1H), 6.47 (d, J = 15.4 Hz,
1H), 6.34-6.29 (m, 1H), 3.94 (s, 3H), 1.84 (dd, J =6.3 Hz, 1.4 Hz,
3H) ppm. 2*C{*H} NMR (CDCls, 175 MHz): & 167.3, 158.5,
149.9, 142.9, 136.8, 136.4, 130.5, 130.3, 128.9, 128.9, 128.0,

127.9, 125.2, 122.5, 52.5, 19.0 ppm. IR (KBr, cm™): 3430, 2950,

1720, 1584, 1435, 1290, 1107, 965. HRMS (ESI) m/z: [M+H]* Calcd for C16H1sNO>

254.1176; Found 254.1151.

(E)-2-(4-Chloro-2-(prop-1-en-1-yl)phenyl)-5-methylpyridine (3ak):

\.

Cl

J

Physical State: Oily liquid (19 mg, 78% yield). Rf= 0.4 (10%
EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 8.52 (d, J = 2.0
Hz, 1H), 7.53-7.50 (m, 2H), 7.37 (d, J = 8.4 Hz, 1H), 7.27-7.22
(m, 2H), 6.42 (dd, J = 15.6 Hz, 1.6 Hz, 1H), 6.23-6.14 (m, 1H),

2.40 (s, 3H), 1.83 (dd, J = 6.8 Hz, 1.6 Hz, 3H) ppm. *C{*H}

NMR (CDCls, 100 MHz): 6 155.5, 150.2, 138.2, 137.3, 136.9, 134.5, 131.7, 131.6, 128.9,

128.7,127.1, 126.3, 124.6, 19.0, 18.5 ppm. IR (KBr, cm™): 3413, 2916, 1591, 1469, 1090,

962. HRMS (ESI) m/z: [M+H]* Calcd for C1sH1sCIN 244.0888; Found 244.0890.

(E)-2-(4-(Prop-1-en-1-yl)benzo[d][1,3]dioxol-5-yl)pyridine (3al):

Ve

Physical State: colorless liquid (16 mg, 67% yield). Rf= 0.5
(20% EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 8.67 (d,
J = 4.0 Hz, 1H), 7.70 (td, J = 7.6 Hz, 1.6 Hz, 1H), 7.37 (d, J =
8.0 Hz, 1H), 7.24-7.21 (m, 1H), 6.95 (d, J = 8.0 Hz, 1H), 6.75

(d, J = 8.0 Hz, 1H), 6.57-6.48 (m, 1H), 6.25 (dd, J = 16.0 Hz,
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1.6 Hz, 1H), 6.04 (s, 2H), 1.81 (dd, J = 6.8 Hz, 1.6 Hz, 3H) ppm. *C{*H} NMR (CDCls,
100 MHz): § 159.3, 149.6, 147.9, 145.6, 136.2, 134.0, 132.0, 125.2, 124.6, 124.2, 121.8,
119.5, 106.8, 101.3, 19.7 ppm. IR (KBr, cm%): 3413, 2909, 1622, 1585, 1445, 1245, 1059,

943. HRMS (ESI) m/z: [M+H]* Calcd for C1sH14NO, 240.1019; Found 240.1027.

(E)-1-(4-(Prop-1-en-1-yl)-3-(pyridin-2-yl)phenyl)ethan-1-one (3an):

( Y Physical State: Oily liquid (16 mg, 67% yield). Rf= 0.4
_N (20% EtOAc/hexane). *H NMR (CDCls, 400 MHz): §
N 8.74 (d, J = 4.4 Hz, 1H), 8.03 (d, J = 2.0 Hz, 1H), 7.95 (dd,

J=8.4Hz, 2.0 Hz, 1H), 7.77 (td, J = 7.6 Hz, 1.6 Hz, 1H),

7.67 (d, J=8.0 Hz, 1H), 7.44 (d, J = 8.0 Hz, 1H), 7.32-7.28
(m, 1H), 6.51 (dd, J = 15.6 Hz, 1.2 Hz, 1H), 7.39-7.30 (m, 1H), 2.60 (s, 3H), 1.85 (dd, J
= 6.8 Hz, 1.6 Hz, 3H) ppm. *C{!H} NMR (CDCls, 100 MHz): § 197.8, 158.6, 149.8,
141.1, 139.1, 136.5, 135.7, 130.9, 130.4, 129.1, 128.4, 126.6, 125.2, 122.4, 26.9, 19.2
ppm. IR (KBr, cm): 3421, 2912, 1680, 1600, 1465, 1241, 964. HRMS (ESI) m/z:

[M+H]* Calcd for C16H1sNO 238.1226; Found 238.1239.

(E)-2-(3-(prop-1-en-1-yh)furan-2-yl)pyridine (3ar):

- ~  Physical State: Oily liquid (14 mg, 76% vyield). R¢-value: 0.6

(5% EtOAc/hexane). *H NMR (CDCls, 700 MHz): § 8.62 (d,

J = 4.9 Hz, 1H), 7.70-7.66 (m, 2H), 7.41-7.39 (m, 2H), 7.12-

7.10 (m, 1H), 6.67 (d, J = 2.1 Hz, 1H), 6.17-6.11(m, 1H), 1.93

(dd, J = 6.3 Hz, 1.4 Hz, 3H) ppm. ®°C{*H} NMR (CDCls, 175 MHz): & 151.4, 149.6,
147.0, 142.7, 136.6, 128.0, 124.1, 122.8, 121.4, 120.2, 110.3, 19.06 ppm. IR (KBr, cm-
1): 3471, 2932, 2911, 1591, 1555, 1445, 973. HRMS (ESI) m/z: [M+H]" Calcd for

C12H12NO 186.0913; Found 186.0920.
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(E)-2-(3-(prop-1-en-1-yl)thiophen-2-yl)pyridine (3as):

Physical State: Oily liquid (14 mg, 70% yield). R¢-value: 0.6
(0% EtOAc/hexane). *H NMR (CDCls, 700 MHz): 6 8.65 (d, J
=4.2Hz,1H),7.71 (td, J=7.7 Hz, 1.4 Hz, 1H), 7.54 (d, J = 7.7

Hz, 1H), 7.28 (d, J = 4.9 Hz, 1H), 7.22 (d, J = 5.6 Hz, 1H), 7.18-

6.16 (M, 1H), 6.80 (d, J = 15.4 Hz, 1H), 6.24-6.19 (m, 1H), 1.90 (dd, J = 7.0 Hz, 1.4 Hz,

3H) ppm. BC{*H} NMR (CDCls, 175 MHz): ¢ 153.5, 150.0, 137.7, 137.6, 136.7, 128.6,

127.5, 126.3, 125.2, 123.1, 121.8, 19.0 ppm. IR (KBr, cm™): 3470, 2929, 2909, 1581,

1563, 1434, 968. HRMS (ESI) m/z: [M+H]" Calcd for Ci2H12NS 202.0685; Found

202.0682.

(E)-2-(2-(Prop-1-en-1-yl)phenyl)pyrimidine (7aa):

s

B

N__N

J

g

\_ _J/

Physical State: Colorless liquid (13 mg, 66% vyield. R¢= 0.2
(10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): & 8.86 (d,
J=4.8Hz, 2H), 7.75 (dd, J = 7.6 Hz, 1.6 Hz, 1H), 7.61 (d, J =

7.2 Hz, 1H), 7.40 (td, J = 7.6 Hz, 1.2 Hz, 1H), 7.32 (td, J = 7.6

Hz, 1.2 Hz, 1H), 7.25-7.22 (m, 1H), 6.82 (dd, J = 15.6 Hz, 1.2 Hz, 1H), 6.26-6.17 (m,

1H), 1.86 (dd, J = 6.4 Hz, 1.6 Hz, 3H) ppm. ¥C{*H} NMR (CDCls, 100 MHz): §

167.7, 157.3, 137.3, 136.8, 130.9, 129.9, 129.8, 127.5, 127.1, 126.8, 118.8, 19.1 ppm.

IR (KBr, cml): 3433, 2912, 1567, 1553, 1414, 961. HRMS (ESI) m/z: [M+H]"* Calcd

for C13H13N» 197.1073; Found 197.1080.

(E)-2-(4-Methyl-2-(prop-1-en-1-yl)phenyl)pyrimidine (7ab):

Physical State: Colorless liquid (16 mg, 76% yield). R¢= 0.4 (10% EtOAc/hexane). *H

NMR (CDCls, 400 MHz): 6 8.8 (d, J = 4.8 Hz, 2H), 7.69 (d, J = 8.0 Hz, 1H), 7.41 (s,
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1H), 7.18 (t, J = 4.8 Hz, 1H), 7.13 (d, J = 7.2 Hz, 1H), 6.89 (dd,
J=15.6 Hz, 1.2 Hz, 1H), 6.22-6.13 (m, 1H), 2.39 (s, 3H), 1.86
(dd, J = 6.4 Hz, 1.6 Hz, 3H) ppm. 3C{*H} NMR (CDCls, 100
MHz): 5 167.9, 157.1, 139.8, 137.4, 134.3, 131.1, 130.3, 128.0,

127.6, 127.1, 118.6, 21.73, 19.07 ppm. IR (KBr, cm™): 3032,

2917, 1608, 1566, 1415, 960. HRMS (ESI) m/z: [M+H]* Calcd for C14H1sN2 211.1230;

Found 211.1234.

(E)-2-(4-Fluoro-2-(prop-1-en-1-yl)phenyl)pyrimidine (7ac):

J

Physical State: Colorless liquid (19 mg, 89% vyield). Rf= 0.4
(20% EtOAc/hexane). *H NMR (CDCls, 700 MHz): § 8.86 (d,
J = 4.9 Hz, 2H), 7.79-7.77 (m, 1H), 7.30-7.28 (m, 1H), 7.23 (t, J
= 4.9 Hz, 1H), 7.03-7.00 (m, 1H), 6.86 (d, J = 16.1 Hz, 1H), 6.26-

6.21 (m, 1H), 1.88-1.86 (m, 3H) ppm. BC{*H} NMR (CDCls,

175 MHz): 6 166.9, 163.9 (d, Jc.r = 248.1 Hz), 157.3, 140.0 (d, Jc.r = 8.2 Hz), 133.3 (d,

Jor = 8.9 Hz), 133.0 (d, Jor = 2.8 Hz), 129.2 (d, Jor = 1.9 Hz), 128.8, 118.9, 114.2 (d,

Jor = 21.6 Hz), 113.2 (d, Jor = 22.3 Hz), 19.1 ppm. °F NMR (CDCls, 376 MHz): ¢ -

112.0. IR (KBr, cm™): 3443, 2912, 1607, 1577, 1409, 1267, 960. HRMS (ESI) m/z:

[M+H]" Calcd for C13H12FN2 215.0979; Found 215.0993.

(E)-2-(4-Chloro-2-(prop-1-en-1-yl)phenyl)pyrimidine (7ad):

- ~
Y
N__N

%

\__ClI y

Physical State: Colorless liquid (19 mg, 82% yield). R¢= 0.3 (10%
EtOAc/hexane). *H NMR (CDCls, 400 MHz): § 8.78 (d, J = 4.8
Hz, 2H), 7.67 (d, J = 8.4 Hz, 1H), 7.51 (s, 1H), 7.23-7.16 (m, 2H),

6.77 (d, J = 15.6 Hz, 1H), 6.21-6.12 (m, 1H), 1.79 (d, J = 6.4 Hz,
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3H) ppm. BC{*H} NMR (CDCls, 175 MHz): § 166.8, 157.3, 139.2, 136.0, 135.1, 132.5,
129.0, 128.9, 127.1, 126.8, 119.0, 19.1 ppm. IR (KBr, cm™): 3446, 2923, 1563, 1417,
1265, 1102, 961. HRMS (ESI) m/z: [M+H]" Calcd for C13H12CIN, 231.0684; Found

231.0678.

(E)-2-(4-Chloro-2-(prop-1-en-1-yl)phenyl)-5-methylpyrimidine (7ae):

Physical State: Colorless liquid (19 mg, 78% yield). Rf= 0.45

~N
J

H\ (10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): § 8.67 (s,
NN 2H), 7.69 (d, J = 8.4 Hz, 1H), 7.57 (d, J = 2.0 Hz, 1H), 7.27 (dd,
N J=8.4Hz, 2.0 Hz, 1H), 6.82 (dd, J = 15.6 Hz, 1.6 Hz, 1H), 6.27-
el 6.18 (m, 1H), 2.37 (s, 3H), 1.86 (dd, J = 6.4 Hz, 1.6 Hz, 3H) ppm.

. J

13C{1H} NMR (CDCls, 100 MHz): § 164.3, 157.5, 139.0, 135.6,
135.2, 132.3, 129.0, 128.7, 128.3, 127.1, 126.7, 19.1, 15.8 ppm. IR (KBr, cm™): 3452,
2924, 1588, 1429, 1101, 959. HRMS (ESI) m/z: [M+H]* Calcd for CiHCIN,

245.0840; Found 245.0843.

(E)-1-(2-(Prop-1-en-1-yl)phenyl)-1H-pyrazole (8aa):
——\ Physical State: Colorless liquid (12 mg, 65% yield). Rf= 0.4 (10%
{/ \
N'N EtOAc/hexane). *H NMR (CDCls, 700 MHz): 6 7.73 (s, 1H), 7.62

@A\/ (s, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.36-7.34 (m, 2H), 7.29 (td, J =

"/ 7.7Hz 1.4 Hz, 1H), 6.44 (s, 1H), 6.21-6.20 (m, 2H), 1.82 (d, J =

4.2 Hz, 3H) ppm. BC{*H} NMR (CDCls, 175 MHz): § 140.8, 138.3, 133.9, 131.7, 129.0,
128.6, 127.6, 126.9, 126.6, 126.5, 106.6, 19.1 ppm. IR (KBr, cmt): 3424, 2912, 1691,
1517, 1393, 1044, 965. HRMS (ESI) m/z: [M+H]* Calcd for C12H1sN; 185. 1079; Found

185. 1085.
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(E)-1-(4-Methyl-2-(prop-1-en-1-yl)phenyl)-1H-pyrazole (8ab):
— Physical State: Colorless liquid (14 mg, 70% yield). R¢= 0.4 (5%
@N EtOAc/hexane). *H NMR (CDCls, 700 MHz): 6 7.71 (d, J = 1.4
X" | Hz, 1H), 7.57 (d, J = 2.1 Hz, 1H), 7.38 (s,

1H), 7.23 (d, J = 7.7 Hz, 1H), 7.09 (d, J = 7.7 Hz, 1H), 6.42 (t, J =

L
2.1 Hz, 1H), 6.21-6.17 (m, 1H), 6.15 (d, J = 16.1 Hz, 1H), 2.39 (s,

3H), 1.81 (d, J = 4.9 Hz, 3H) ppm. BC{*H} NMR (CDCls, 175 MHz): & 140.6, 138.4,
136.0, 133.6, 131.7, 128.7, 128.4, 127.2, 126.5 (2C), 106.4, 21.5, 19.1 ppm. IR (KBr, cm
1): 3422, 2920, 1690, 1515, 1395, 965. HRMS (ESI) m/z: [M+H]* Calcd for CisHisN2

199.1230; Found 199.1238.

(E)-1-(4-Methoxy-2-(prop-1-en-1-yl)phenyl)-1H-pyrazole (8ac):

( ) Physical State: Colorless liquid (17 mg, 80% yield). R¢= 0.2 (5%
(/ \
_N

N EtOAc/hexane). *H NMR (CDCls, 400 MHz): § 7.70 (d, J = 1.6

\/
Hz, 1H), 7.53 (d, J = 2.4 Hz, 1H), 7.25-7.24 (m, 1H), 7.06 (d, J =

2.8 Hz, 1H), 6.82 (dd, J = 8.8 Hz, 3.2 Hz, 1H), 6.41 (t, J = 2.0 Hz,
\_ OMe

1H), 6.21-6.14 (m, 1H), 6.09 (dd, J = 15.6 Hz, 1.2 Hz, 1H), 3.85 (s, 3H), 1.80 (dd, J = 6.4

Hz, 1.2 Hz, 3H) ppm. ¥C{*H} NMR (CDCls, 100 MHz): 6 159.7, 140.5, 135.5, 131.9,
131.8, 129.2, 128.0, 126.3, 113.2, 111.2, 106.3, 55.8, 19.0 ppm. IR (KBr, cm™%): 3430,
2913, 1652, 1604, 1518, 1294, 1043, 964. HRMS (ESI) m/z: [M+H]* Calcd for

C13H1sN20 215.1179; Found 215.1192.
(E)-1-(4-Chloro-2-(prop-1-en-1-yl)phenyl)-1H-pyrazole (8ad):
Physical State: Colorless liquid (16 mg, 73% yield). R¢= 0.4 (5% EtOAc/hexane). *H

NMR (CDCls, 400 MHz): J 7.66 (d, J = 1.6 Hz, 1H), 7.51 (d, J = 2.0 Hz, 1H),
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_ ClI )

1651, 1517, 1485,

7.48 (d, J = 2.4 Hz, 1H), 7.23 (d, J = 8.4 Hz, 1H), 7.19-7.17 (m,
1H), 6.37 (t, J = 2.0 Hz, 1H), 6.21-6.12 (m, 1H), 6.08 (d, J = 16.8
Hz, 1H), 1.76 (d, J = 6.0 Hz, 3H) ppm. 3C{*H} NMR (CDCls,
100 MHz): § 141.1, 135.4, 134.4, 131.6, 130.5, 127.9, 127.6,
126.8, 125.6, 120.6, 106.9, 19.1 ppm. IR (KBr, cm): 3444, 2912,

1109, 955. HRMS (ESI) m/z: [M+H]* Calcd for Ci2H1.CIN,

219.0684; Found 219.0680.

(E)-1-(3-(Prop-1-en-1-yl)-4-(1H-pyrazol-1-yl)phenyl)ethanone (8ae):

e ] N
14 "N
N
\/
\~_0O Y,

Physical State: Colorless liquid (15 mg, 66% yield). Rf= 0.2 (5%
EtOAc/hexane). 'H NMR (CDCls, 700 MHz): 6 7.93 (s, 2H), 7.77
(d, J = 1.4 Hz, 1H), 7.68 (d, J = 7.7 Hz, 1H), 7.65 (d, J = 2.1 Hz,
1H), 6.48 (t, J = 2.1 Hz, 1H), 6.39-6.34 (m, 1H), 6.25 (d, J = 16.1

Hz, 1H), 2.60 (s, 3H), 1.87 (dd, J = 6.3 Hz, 1.4 Hz, 3H) ppm.

13C{*H} NMR (CDCls, 175 MHz): § 197.0, 141.2, 138.4, 138.2, 136.3, 132.0, 131.7,

128.1,127.0, 125.9, 107.1, 26.9, 19.3 ppm. IR (KBr, cm™): 3444, 2915, 1682, 1605, 1517,

1450, 1264, 968. HRMS (ESI) m/z: [M+H]* Calcd for C14H1sN2O 227.1179; Found

227.1186.

(E)-9-Benzyl-6-(4-chloro-2-(prop-1-en-1-yl)phenyl)-9H-purine (9aa):

Bn
N
N
¢TI
Cl

) Physical State: Colorless liquid (25 mg, 70% vyield). Rs=
0.3 (20% EtOAc/hexane). *H NMR (CDCls, 400 MHz): ¢
9.09 (s, 1H), 8.07 (s, 1H), 7.69 (d, J = 8.4 Hz, 1H), 7.66 (d,

J=2.0 Hz, 1H), 7.41-7.31 (m, 6H), 6.62 (dd, J = 15.6 Hz,

J 1.6 Hz, 1H), 6.30-6.21 (m, 1H), 5.49 (s, 2H), 1.79 (dd, J =
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6.8 Hz, 1.6 Hz, 3H) ppm. 3C{*H} NMR (CDCls, 175 MHz): § 157.6, 152.7, 152.4,
144.9, 139.3, 136.3, 135.3, 132.9, 132.9, 131.7, 129.5, 129.3, 129.0, 128.4, 128.3, 127.0,
126.6, 47.7, 19.0 ppm. IR (KBr, cmt): 3435, 2925, 1708, 1580, 1499, 1328, 958. HRMS

(ESI) m/z: [M+H]" Calcd for C21H18CIN4 361.1215; Found 361.1222.

(E)-9-Benzyl-6-(4-methyl-2-(prop-1-en-1-yl)phenyl)-9H-purine (9ab):

( ) Physical State: Colorless liquid (26 mg, 76% yield). R¢= 0.3
(20% EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 9.07 (s,
N
<N Y 1H), 8.02 (s, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.49 (s, 1H), 7.38-
\
~-N
N 7.34 (m, 5H), 7.16 (d, J = 7.6 Hz, 1H), 6.67 (d, J = 15.6 Hz,
\/
1H), 6.24-6.16 (m, 1H), 5.48 (s, 2H), 2.41 (s, 3H), 1.77 (dd, J
L ) =6.8Hz, 1.2 Hz, 3H) ppm. B¥C{*H} NMR (CDCls, 100 MHz):

0159.1,152.7,152.3, 144.5, 140.0, 137.4, 135.6, 132.7, 131.6, 130.8, 129.7, 129.5, 128.9,
128.3,127.9, 127.4,127.3,47.7, 21.8, 19.0 ppm. IR (KBr, cm™): 3563, 2919, 2851, 1582,
1504, 1454, 963. HRMS (ESI) m/z: [M+H]" Calcd for Cz2H21N4 341.1761; Found

341.1773.

(E)-9-benzyl-6-(4-methoxy-2-(prop-1-en-1-yl)phenyl)-9H-purine (9ac):

- N\ Physical State: Colorless liquid (29 mg, 81% yield). R¢= 0.4

(50% EtOAc/hexane). *H NMR (CDCls, 700 MHz): 6 9.08

N N\j (s, 1H), 8.05 (s, 1H), 7.78 (d, J = 9.1 Hz, 1H), 7.38-7.35 (m,
<\N I ~-N

5H), 7.20 (d, J = 2.1 Hz, 1H), 6.92 (dd, J = 8.4 Hz, 2.8 Hz,
1H), 6.75 (dd, J = 15.4 Hz, 1.4 Hz, 1H), 6.25-6.22 (m, 1H),
OMe 5.48 (s, 2H), 3.88 (s, 3H), 1.80 (dd, J = 7.0 Hz, 1.4 Hz, 3H)

. J

ppm. BC{*H} NMR (CDCls, 175 MHz): § 161.1, 158.6, 152.6, 152.2, 144.4, 139.3,
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135.5, 133.4, 132.4, 129.7, 129.5, 128.9, 128.2, 127.9, 126.3, 112.9, 111.9, 55.7, 47.6,

19.0 ppm. IR (KBr, cmY): 3487, 2934, 2910, 1579, 1504, 1454, 962. HRMS (ESI) m/z:

[M+H]" Calcd for C22H21N4O 357.1710; Found 357.1710.

(E)-6-(4-chloro-2-(prop-1-en-1-yl)phenyl)-9-ethyl-9H-purine (9ad):

Cl

Physical State: Colorless liquid (20 mg, 67% yield). R¢= 0.2
(20% EtOAc/hexane). *H NMR (CDCls, 700 MHz): § 9.06
(s, 1H), 8.11 (s, 1H), 7.68-7.67 (m, 2H), 7.33 (dd, J =

8.4 Hz, 2.1 Hz, 1H), 6.61 (d, J = 15.4 Hz, 1H), 6.29-6.24 (m,
1H), 4.40 (q, J = 7.0 Hz, 2H), 1.79 (d, J = 6.3 Hz, 3H), 1.63

(d, J = 7.0 Hz, 3H) ppm. 3C{*H} NMR (CDCls, 175 MHz):

0157.5,152.4,152.2, 144.6, 139.2, 136.2, 132.9, 132.8, 131.8, 129.2, 128.4, 127.0, 126.6,

39.4, 19.0, 15.7 ppm. IR (KBr, cm™): 3503, 2935, 2915, 1582, 1501, 1445, 957. HRMS

(ESI) m/z: [M+H]" Calcd for C1sH1sCIN4 299.1058; Found 299.1061.

(E)-6-(4-chloro-2-(prop-1-en-1-yl)phenyl)-9-(3-methylbut-2-en-1-yl)-9H-purine (9ae):

( )
\
N— Ny
< T3
N
Cl
\_

Physical State: Colorless liquid (24 mg, 71% yield). Rf= 0.2
(20% EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 9.06
(s, 1H), 8.07 (s, 1H), 7.68-7.66 (m, 2H), 7.33-7.32 (m, 1H),
6.60 (d, J = 16.0 Hz, 1H), 6.30-6.22 (m, 1H), 5.51-5.48 (m,
1H), 4.90 (d, J = 3.2 Hz, 2H), 1.88 (s, 3H), 1.83 (s, 3H), 1.79
(d, J = 6.8 Hz, 3H) ppm. BC{*H} NMR (CDCls, 175 MHz):

o 157.4, 152.4, 152.2, 144.7, 140.2, 139.2, 136.2, 132.9,

132.7,131.8, 129.2, 128.4, 127.0, 126.6, 117.6, 41.8, 26.0, 19.0, 18.5 ppm. IR (KBr, cm’
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1): 3504, 2937, 2912, 1580, 1499, 957. HRMS (ESI) m/z: [M+H]* Calcd for C1HaoCINa:

339.1371, Found: 339.1381.

(E)-6-(4-Chloro-2-(prop-1-en-1-yl)phenyl)-9-isobutyl-9H-purine (9af):

f>\\ ) Physical State: Colorless liquid (24 mg, 73% yield). Rf=
<N | N\W 0.3 (20% EtOAc/hexane). *H NMR (CDCls, 700 MHz):

N\

N
NTN 59.06 (s, 1H), 8.06 (s, 1H), 7.70 (d, J = 7.7 Hz, 1H), 7.67
\/

(s, LH), 7.34 (d, J = 8.4 Hz, 1H), 6.62 (d, J = 15.4 Hz, 1H),
\ & ] 629624 (m, 1H), 4.14 (d, ] = 7.0 Hz, 2H), 2.38-2.32 (m,

1H), 1.79 (d, J = 6.3 Hz, 3H), 1.01 (d, J = 7.0 Hz, 6H) ppm. 3C{*H} NMR (CDCls, 175
MHz): § 157.5, 152.5, 152.4, 145.4, 139.3, 136.2, 132.9, 132.5, 131.7, 129.2, 128.4,
127.0, 126.6, 51.6, 29.4, 20.3, 19.0 ppm. IR (KBr, cm'): 3455, 2927, 1708, 1586, 1327,

1107, 936. HRMS (ESI) m/z: [M+H]* Calcd for C1gH20CIN4 327.1371; Found 327.1372.

Intermediate-1 (Int-1):

(¢l Y Physical State: Reddish solid (17 mg, 73% yield). R¢= 0.5 (100%
EtOAC). *H NMR (CDCls, 700 MHz): 6 8.71 (d, J = 5.6 Hz, 1H),
Rh/-Cp* 7.75(d,J=2.1Hz, 1H), 7.72(d,J=3.5Hz, 2H), 7.52 (d,J=7.7
/

| Hz, 1H), 7.17-7.14 (m, 1H), 7.04 (dd, J = 7.7 Hz, 1.4 Hz, 1H),

1.63 (s, 15H) ppm. BC{*H} NMR (CDCls, 175 MHz): J 180.3
(d, J=32.9 Hz), 164.7, 151.6, 142.5, 137.6, 136.4, 136.0, 124.5, 123.4, 122.5, 119.5, 96.4
(d, J = 6.1 Hz), 9.4 ppm. HRMS (ESI) m/z: [M-CI]* Calcd for C1H22CINRh 426.0490;

Found 426.0462.
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Intermediate-2 (Int-2):

o \
o
ol
Rh-Cp*
SN
I
R )

Physical State: Reddish solid CONSISTENCY
THROUGHOUT (12 mg, 50% yield). R¢= 0.5 (100% EtOAC).
IH NMR (CDCls, 400 MHz): 6 8.66 (d, J = 5.6 Hz, 1H), 7.65
(dd, J =4.8 Hz, 1.2 Hz, 2H), 7.28 (d, J = 8.0 Hz, 1H), 7.08-7.02

(m, 1H), 6.58 (d, J = 8.0 Hz, 1H), 6.04 (d, J = 1.6 Hz, 1H), 6.00

(d, J = 1.6 Hz, 1H), 1.67 (s, 15H) ppm. 2*C{*H} NMR (CDCls, 100 MHz): § 165.7,

152.8, 152.6 (d, J =23.2 Hz), 151.5, 147.6, 139.5, 137.2,121.4, 119.4, 119.2, 104.3, 99.9,

96.8 (d, J = 6.3 Hz), 9.7 ppm. HRMS (ESI) m/z: [M-CI]* Calcd for CazH2sNOzRh

436.0778; Found 436.0772.

2-(2-Propylphenyl)pyridine (10):

e

\_

N

J

Physical State: colorless liquid (16 mg, 81% yield). Rf= 0.5
(10% EtOAc/hexane). *H NMR (CDCls, 700 MHz): 6 8.68 (d,
J=49Hz 1H), 7.73 (td, J = 7.7 Hz, 1.4 Hz, 1H), 7.37 (d, J =

7.7 Hz, 1H), 7.32 (t, = 7.7 Hz, 2H), 7.29 (d, J = 7.0 Hz, 1H),

7.25-7.23 (m, 2H), 2.67 (t, J = 7.7 Hz, 2H), 1.47 (sext, J = 7.7 Hz, 2H), 0.80 (t, J = 7.7

Hz, 3H) ppm. BC{*H} NMR (CDCls, 175 MHz): ¢ 160.6, 149.4, 140.8, 140.7, 136.4,

130.0, 130.0, 128.5, 126.1, 124.4, 121.9, 35.3, 24.7, 14.3 ppm. IR (KBr, cm™): 3404,

2929, 1585, 1468, 1022, 989. HRMS (ESI) m/z: [M+H]" Calcd for C14H1sN 198.1277;

Found 198.1268.
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NMR spectra of (E)-2-(2-(Prop-1-en-1-yl)phenyl)pyridine (3aa):
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NMR spectra of Methyl (E)-3-(prop-1-en-1-yl)-4-(pyridin-2-yl)benzoate (3aj):
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Single x-ray Crystal structure of 9af
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Single x-ray Crystal structure of Int-2
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Chapter 5

Rhodium-Catalysed Synthesis of 2-Methylindole via C-N bond

Cleavage of N-allylbenzimidazole

via
H =\ =
T
NH ~ N NH
R R R

O easy access to diverse indole scaffold () product diversification to drug molecule
@ [3+2] annulation via C-H/C-N bond cleavage

5.1 ABSTRACT

A rhodium catalysed oxidative C-H/N-H dehydrogenative [3+2] annulation strategy is
reported between anilines and N-allylbenzimidazole for the synthesis of 2-methylindole
scaffolds. An unactivated alkene N-allylbenzimidazole has been used and, more
importantly, this transformation involves the cleavage of thermodynamically stable C-N
bond of allylamine. Detailed mechanistic studies have been performed and a key

intermediate was detected in HRMS.

5.2 INTRODUCTION

In transition metal-catalysed directed C-H bond functionalization processes,
several reacting partners (coupling partners) have been used for synthetic transformations.
Coupling partners such as alkynes!, alkenes?, organo halides®, diazo compounds?, boronic
acid®, alcohols®, amines’ have been well documented for forming C-C/C-hetero bonds.
Among these, the unique reactivity of alkenes has occupied a significant place in
synthesis, particularly for olefination, alkylation and annulation reactions (Figure 5.1, a).
In this context, electronically activated or biased alkenes such as acrylates, styrenes,

vinylsulfones, and acrylamides have been extensively explored as compared to
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unactivated or unbiased alkenes.® The presence of an electron-withdrawing substituent
defines the biased reactivity of the alkene and hence they show high site-selectivity
(Figure 5.1, b).

Figure 5.1 Reactivities of different types of alkenes

(a) Common reactivity of alkene as a reacting partner in directed C-H functionalization:
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In contrast, the absence of such functional groups make the alkene unactivated
or unbiased, which are associated with challenges such as (i) poor reactivities, and (ii)
poor site-selectivity (linear vs branched product) (Figure 5.1, b).° However, notable
progress has been made for electronically unbiased alkenes such as,
methylenecyclopropanes, allyl alcohols, allyl carboxylates, and allyl sulfones.'® Recently,
Jeganmohan and co-workers reported the C(sp?)-H olefination/alkylation on aryl
carboxylic acids and unsaturated amides using unactivated alkenes.!* The Chatani group
reported a picolinamide-directed alkylation reaction with terminal alkenes where the acid
additive plays an important role for achieving site-selectivity.'? They also disclosed the
branch-selective alkenylation of anilines with the unactivated terminal alkene
trimethylvinylsilane.’® In addition to the aforementioned alkenes, allylamine also
possesses a terminal unbiased olefinic group and, in classical organic synthesis,
allylamines have been utilized for allylation reactions for valuable transformations.*®
However, there are only two reports on ruthenium-catalysed directed C(sp?)-allylation
reactions by Gooben and Wang (Figure 5.1, ¢).}* The allylation chemistry proceeds via
the cleavage of a thermodynamically stable C-N bond.'® Unlike C-O bond cleavage
(allylcarboxylates), C-N bond cleavage is relatively more difficult and challenging.t® We
proposed exploring the reactivity of an allylamine congener with anilines. Surprisingly,
the reaction of N-pyridylanilne with N-allylbenzimidazole under rhodium catalysis
delivered 2-methylindole instead of the ortho-allylation observed with anilines; which
could be possible through a pyridyl directed dehydrogenative [3+2] annulation pathway
(Figure 5.1, d).

2-methylindole is a valuable scaffold present in so many drug molecules and

natural products (Figure 5.2).% Synthesis of such biologically useful scaffold including
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exploration of the synthetic applications of allylamine prompted us to investigate this
transformation.
Figure 5.2 Selected examples of biologically active molecules with 2-methylindole
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5.3 RESULTS AND DISCUSSION

N-pyridylaniline 1a, N-allylbenzimidazole 2a were chosen as model substrates
and [Cp*RhCl;]. as catalyst; which were subjected to a series of reaction conditions
(Table 5.1). Initially we explored various protic solvents (TFE, MEOH, ‘Amyl-OH) and
aprotic solvents (toluene, 1,4-dioxane, acetonitrile, chlorobenzene) (Table 5.1, entries 2
and 3). Among them, toluene was found to be the most effective affording the indole 3aa
in 76% vyield. The role of the additive is crucial as only a trace amount of 3aa was
observed in absence of LiClO4 (Table 5.1, entry 4). Therefore, commonly used silver
additives such as AgOAc, AgSbFs and alkali metal salts such as KoCOs, KOAC were also
screened (Table 5.1, entries 5-7). Notably, the alkali metal salts were found tob e more
productive than silver based additives. Moreover, tetrabutylammonium salts TBAB or
TBAI were able to produce 70% of 3aa. Lowering the additive equivalence to 1.5 equiv
decreased the product yield to 63%, while increasing the additive equivalence gave almost
same yield (Table 5.1, entries 8,9). A control experiment without Zn(OTf), additive
afforded only 33% of yield of 3aa after 12 h (Table 5.1, entry 10). Having observed this
catalytic behaviour, we screened other Lewis acids. Attempts using In(OTf)s, boric acid

or Zn(OAc). (Table 5.1, entries 11,13) were not productive. To understand the effect of
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Table 5.1 Optimization for the Rh-catalysed oxidative annulation of N-pyridyl

aniline with N-allylamine?®

©\ FN [Cp*RhCl,], (5 mol %) @7
LiCIO, (2 equi
NH + /\/N\Q ICIO, (2 equiv) N

Zn(OTf), (1.5 equiv)

Py toluene (0.1 M) Py
1a 2a 130 °C, 6 h 3aa
entry deviation from the standard conditions yield of 3aa(%)®

1 none 76

2 protic solvents such as MeOH or TFE instead of toluene 46, 51

3 protic solvents such as DCE or PhCl instead of toluene 46, 49

4 without LiCIO4 trace

5¢ AgOAc or AgSbFg instead of LiCIO4 24, trace
69 K>CO3 or KOAc instead of LiCIO4 45, 37

7°¢ TBAB or TBAI instead of LiClO4 70, 69

8 1.5 equiv. of LiCIO4 instead of 2 equiv. 63

9 2.5 equiv. of LiCIO, instead of 2 equiv. 77

10 without Zn(OTf), 33f

11 In(OTf)3, B(OH)5 as additive instead of Zn(OTf), 23, nr

12 Zn(OAc), as instead of Zn(OTf), 15

13 1 equiv. of Zn(OTf), 39

14 reaction temperature 140 °C, 120 °C 73,619

15 without [Cp*RhCl5], nr

16 [Cp*Rh(CH3CN)3][SbF¢], instead of [Cp*RhCls], 17

@\ N @\ Néj @\ NH ©\ @\ 0
N - e T
l, 76% I, 51% I, nd IV, nd V; nd
A QU Q.
o o S
VI, nr VI, nr VI, nr

4Reaction conditions: 1a (0.032 mmol, 1 equiv), 2a (0.096 mmol, 3 equiv), [Cp*RhCl:]>
(5 mol %), LiClO4 (0.064 mmol, 2 equiv), Zn(OTf)2 (0.048 mmol, 1.5 equiv), toluene
(0.1 M), 130 °C, 6 h. "Isolated yield. nr-no reaction.0.2 equiv of additive. 91 equiv of
additive. €2 equiv of additive. brsm yield after 12 h. %yield after 12 h.
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temperature, reactions were performed at different temperatures (Table 5.1, entry 14) and
130 °C was found as the optimal temperature. No product was formed in the absence of
Rh-catalyst and only 17% of the product 3aa was produced with the cationic catalyst
[Cp*Rh(CH3CN)3][ShFe]2 (Table 5.1, entry 16).

After an exhaustive study of the reaction parameters, use of [Cp*RhCl.]2 (5
mol %), LiClO4 (2 equiv), Zn(OTf)2 (1.5 equiv), toluene as solvent, and 130 °C reaction
temperature was concluded to be the optimized reaction condition. We further have
screened this optimized condition to understand the effect of substituents over the N-atom
of the aniline (Table 5.1). Among all substragtes, pyridyl and pyrimidyl protected anilines
were found to be viable substrates under the standard reaction conditions delivering 76%
and 51% of their respective annulated products. In contrast, N-aryl amidine 111, N-
arylcarbamate V, or other carbonyl protected anilines (V1-V111) were found unsuccessful.

Scheme 5.1 Evaluation of various N-allylamines®®

@\ FN [Cp*RhCl,], (5 mol %)
LiCIO, (2 equiv) A\
+ N : m
NH e \Q Zn(OTf), (2 equiv) N‘

Py toluene (0.1 M), Py
1a 2a-j 130°C,6h 3aa
N O,N N MeO N N N
\ >
©:N\> \@N\> C :N> @N\ \ :‘17 //
2a, 76% 2b, 57% 2¢, 65% 2d, 66% 2e, 43%
o] o]
o D " >
N N /\/ 2 (o] N
7 g N
\\/ (o)
2f, nr 2g, nr 2h,10% (50%)° 2i, nd 2j, nr

aReaction conditions: 1a (0.1 mmol, 1 equiv), 2 (0.3 mmol, 3 equiv), [Cp*RhCl;]2 (5
mol %), LiClO4 (0.2 mmol, 2 equiv), Zn(OTf). (0.15 mmol, 1.5 equiv), toluene (0.1 M),
130 °C, 6 h. "Isolated yield. brsm yield after 12 h. nr- no reaction.
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With the pyridyl directing group, we screened a series of N-allylamine derivatives
2 (Scheme 5.1). Compared to N-allylbenzimidazole 2a, the presence of an electron
withdrawing group (-NO2) 2b or donating group (-OMe, -Me) 2c, 2d on the
benzimidazole unit failed to produce better yields. When N-allylimidazole 2e was used
Scheme 5.2 Scope Of Anilines for Cp*Rh(l11)-catalysed 2-methylindole Synthesis®?

[Cp*RhCl5]5 (5 mol %)

. FN LiCIO, (2 equiv) A
NH /\/N\Q Zn(OTf), (1.5 equiv) m

R? R toluene (0.1 M), R2 h1
1a-w 2a 130 °C, 5-7 h
3aa, 77% 3ba, 76% 3ca, 63% 3da, 73% 3ea, 84%
Cl Br.
=z =z
- - m @— I
N N N\ O:N N\ F.C N
\ \ P 3 \
P Py Py y Py
3fa, 70% 3ga, 73% 3ha, 67% 3ia, 83% 3ja, 81%
Cl
Cl F F
cl "{ cl "{ XN cl N\ \
\ Py
Py
3ka, 66% 3la, 65% 3ma + 3ma', 61% (6.6 : 1) 3na, 45%
- O Oy O &R
N
| P
Py N y
30a, 51% 3pa, 56% 3qa, 54% 3ra nr 3sa, 69%
MeO
00— Q- 0"~
N N O,N N N
\
Py Pym Pym Pym
3ta, 77% 3ua, 53% (67%)° 3va, 67% 3wa, 63%

aReaction conditions: 1a (0.032 mmol, 1 equiv), 2 (0.096 mmol, 3 equiv), [Cp*RhCl:]>
(5 mol %), LiClO4 (0.064 mmol, 2 equiv), Zn(OTf)2 (0.048 mmol, 1.5 equiv), toluene
(0.1 M), 130 °C, 6 h. PIsolated yield. brsm yield after 12 h. nr-no reaction.

165



instead of 2a, a reduced yield was observed. Notably, N-allylindole was found to be
completely unreactive for this annulation reaction. Hence, these results show the very
crucial role of the nitrogen atom at C-3 of indole. Similarly, attempts with indoline 2g,
isatin 2i and isoindolonone 2j failed to produce 3aa. The simple allylamine gave only
10% yield of 3aa. From all these screenings, N-allylbenzim-idazole 2a was found to give
the best yield.

After determining the optimized reaction conditions, we moved on to explore the
generality of this methodology with different anilines (Scheme 5.2). Substrates bearing
electron donating groups (-Me, -Et, -OMe, -'Pr), halo groups (-F, -Cl, -Br, -1) or electron
withdrawing groups (-NOz, -CF3) were found to be viable substrates. Anilines with
methyl, methoxy and isopropyl substituents produced 3ba, 3ca, and 3da in 76%, 63%,
and 73% yields respectively. Halogen substituted anilines were observed to produce good
to very good yields of indoles 3ea, 3fa, 3ga, 3ka, 3la, 3ma, 3pa and 3ga. As usual, the
functionalization was observed at the sterically less hindered site of meta-substituted
anilines giving their respective annulated products 3ha, 3ia, 3ja. As compared to the
para- and meta- substituted anilines, ortho-substituted anilines were found to be less
effective substrates (3na-3qga). This might well be due to steric resistance from the ortho-
substituent.  Importantly, 2-methyl-pyrrolo[3,2-h]Jquinoline 3sa, and 2-methyl-
benzo[g]indole 3ta could be synthesized from 1-aminonaphthalene and 8-aminoquinoline
substrate in 69% and 77% respectively. Along with the pyridyl directed annulation, the
scope of this methodology was found viable for the pyrimidine directing groups for the
synthesis of 3ua, 3va, and 3wa.

To gain insight into this Rh-catalysed annulation reaction, control experiments

and mechanistic studies were performed (Scheme 5.3). Intermolecular competition
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reactions were performed between electron rich substrate 1h and neutral substrate 1a with
2a. A product ratio 1/1.43 was obtained for the annulated products 3ha/3aa respectively

Scheme 5.3 Competitive studies and control experiments:

Comeptition studies between substrates:

O—\_ standard condition
a) " _
Me/H r;lH

e Y -~ 3ha:3aa=1:1.43
a
1 equiv (3 equiv) 3ha, 22% 3aa, 30%
(b) /@\ + O—\_-: standard condition m m
H/O,N NH
1ai1i *Y 2a 3aa:3ab=1:1.4
1 eaquliv (3 equiv) 3aa, 29% 3ia, 40%

(c) Role of chelating N-atom:

Ph\NH :-------------------:
O—\z H | @ |

=X 2a N N E

| = standard condition ©/ \© @ i
4a : :

1alda G(= CH, 4aa, not formedj recovered 97%

(d) Substituent effect of alkene on the reactivity:

Yy R
@ \_/)_ S .
_ N\ :R1 R2 = H, 3aa, 75%
NH standard condition N : R' = H, R? = Ph, no reaction

1a |;'y 3aa i’y ' R" = R? = Me, no reaction

(e) Detection of rhodacycle intermediate in HRMS:

[CP*RhCl,], (1 equiv) Cp*
\©\ LICIO, (2 equiv)  _ Rh, A
NH  Zn(OTf), (1.5 equiv) /@ '

Py Toluene (0.1 M) N

1a 130°C,5h Int-1,

Calcd for 022H26N2Rh 421 1146,
Found 421.1124
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(Scheme 5.3, a). In support of this reactivity, a similar product distribution ratio was also
obtained for 3aa/3ia (Scheme 5.3, b). Both of these experiments indicate that this
annulation reaction is significantly favoured by electron-withdrawing groups. Next, in
order to investigate the role of the N-atom in the pyridyl directing group, diphenylamine
4a was subjected to the standard reaction conditions (Scheme 5.3, ). In contrary to 1a,
no product was detected for 4a; rather 97% of 4a was recovered from the reaction mixture.
This implies the crucial role of the pyridyl N-atom as a co-ordinating atom in this
transformation.

Scheme 5.4 Competitive studies and control experiments:

(a) Standard reaction with N-(2-allylphenyl)pyridin-2-amine (1a"):

4 [Cp*RhCl5], (5 mol%) =
@\/ LiClO,4 (2 equiv) @7 . @\/
NH Zn(OTf), (1.5 equiv) N\ NH
! toluene (0.1 M) Py I
Py 130 °C, 5 h Py

1a" — 3aa, 48% 1a", 43% (recovered)
G\o reaction in absence of [RhD

(b) Reaction of 2-methyl-1-(pyridin-2-yl)indoline:

[CP*RhCly], (5 mol %) i

m LiCIO, (2 equiv) : m :
N - !

N Zn(OTf), (1.5 equiv) \ 5 N !

Py
Py toluene (0.1 M), 5a, !
5a 130 °C, 5 h recovered 95% 1 _-aa, not detected.,

(c) Reaction of with radical scavengers:

[Cp*RhCly]5 (5 mol %)
@\ . O—\_ LICIO, (2 equiv) m
NH — Zn(OTf), (1.5 equiv) N

|
Py toluene (0.1 M), Py
1a 2
@ 130°C, 5 h 3aa
BHT / TEMPO BHT, 3aa, 72%
TEMPO, 3aa, 68%

The substituent effects of the alkene on the reactivity were examined by taking mono- or

disubstituted derivative of terminal alkene 2a (Scheme 5.3, d). No product was detected
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from the terminal substituted alkenes, which suggests that insertion of the alkene into the
C-Rh bond is inhibited by substituents on the terminal alkene. The intermediate Int-1 was
detected by HRMS from a control experiment performed in absence of alkene 2a (Scheme
5.3, e).

The pre-synthesized substrate 1a'’, upon being subjected to the standard
conditions yielded a 92% yield of 3aa; supporting that the pathway involves allylation
followed by intramolecular cyclization (Scheme 5.4, a). We did not observe the formation
of 3aa in absence of the rhodium catalyst, which also confirms the need of Rh-catalyst
for this intramolecular cyclization. However, 5a failed to produce 3aa, which suggests
that 5a is not an active intermediate for this transformation (Scheme 5.4, b). Additionally,
reactions were performed in presence of radical scavengers BHT/TEMPO (Scheme 5.4,
c), furnishing 3aa in 72% and 68% yields respectively. These experiments rule out a
radical pathway for this reaction.

Based on the above mechanistic studies and literature reports,*!" a catalytic cycle
can be proposed (Scheme 5.5). The active rhodium catalyst A undergoes cyclometalation
ir-reversibly with N-pyridylaniline la giving the cyclometallated intermediate B.
Migratory insertion of alkene 2a into the C-Rh bond, followed by elimination of
benzimidazole unit delivers the intermediate E. The addition of the N-Rh bond to the
alkene carbon leads to the intermediate F. The intermediate G can be derived by s-hydride

elimination of F. Finally, aromatization of G delivers the final product 3aa.

A 1 mmol scale reaction was performed to observe the synthetic viability of this

protocol at larger scale, delivering 3aa in 74% yield (Scheme 5.6, a). The annulated

product 3aa may be used as a synthetic precursor for the synthesis of useful derivatives
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(Scheme 5.6, b). The formyl group was installed at C-3 of 3aa giving 80% of 4 via the
Vilsmeier— Haack formylation reaction. Similarly, removal of the pyridyl group,

Scheme 5.5 Proposed catalytic cycle

[Cp*RhCI;],
N Zn(OTf N
N n( )2 ZI"IC|Z @( \©
\ LiClO LiCl
3aa Py 4 Xx-N1a

(detected in GC)
? Cp*RhX, cyclometalation
aromatization
X ="OTf, CIO,’ ce —|<+>x
©\/>: Cp*RhHX HX
detected
in HRMS

e

Phydride
elimination Ik
alken
m\ insertion
N —|@ /5

bromination, and acetylation have been achieved, to deliver the respective products 5, 6,
and 7 in good yields. The synthetic application of this methodology has been further
extended for the synthesis of drug molecule (Scheme 5.6, b). 2-methylindole derived
product 3-(2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)-2-propen-1-one (MIPP) 8 is known
as a methuosis inducer in glioblastoma and other types of cancer cells.’®® The drug

molecule MIPP was synthesized from 5 in 75% yield. This methodology could also be
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useful for the preparation of a series of MIPP derivatives, which could be helpful for
further biological studies.

Scheme 5.6 Synthetic applications:

(a) 1 mmol scale reaction:

@\ FN [Cp*RNCl,], (5 mol %) m
LiClO4 (2 i
NH "'/\/N\@ iClO4 (2 equiv) N

Zn(OTf), (1.5 [
n(OT), (1.5 equiv) by

|
Py toluene (0.1 M),
1a 2a 130°C, 5 h 3aa, 74%

(b) Synthetic utilities of 3aa:

o
N\
innd innd
@ Formylation . Acetylation® \
N N
\ \
Py

Py
4,78% m 5, 70%

P
A 3aa y
N - DG-removal® | | Bromination® ____ A\
H N
7, 67% P
° — 6,81%
(o]
S
/
condition® N
N
H
MIPP
(Methuosis Inducer) 8, 75%

Reaction conditions: (a) DMF, (COCI)2, DCM, -10 °C-tt, 1 h; (b) (i) MeOTf, DCM, 0°C-
rt, 12 h; (ii) 2M NaOH, MeOH, 60 °C, 10 h; (c) NBS, CHClIs, rt, 5 h; (d) AcCl, SnCly,
toluene, 0 °C, 2 h; (e) (i) DMF, (COCl)2, DCM, rt, 1 h. (ii) 4-acetylpyridine, piperidine,
MeOH, reflux, 18 h.

5.4 CONCLUSION

In summary, a regioselective synthesis of 2-methylindole and its derivatives has

been reported by the oxidative [3+2] annulation of anilines and N-allylbenzimidazole
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through rhodium catalysis. The unactivated alkene N-allyl benzimidazole, has been used
as the reacting substrate and this transformation proceeds through cleavage of a
thermodynamically stable C-N bond. The catalytic cycle was determined from a series of
control experiments, which confirm a cascade of C-H allylation followed by
intramolecular cyclization. Moreover, a late-stage synthetic application has been

extended for the synthesis of the drug molecule MIPP.

5.5 EXPERIMENTAL SECTION

All the starting materials were bought from Sigma Aldrich, Alfa-Aesar, Avra, TCI and
Spectrochem, and used without any further purification. For column chromatography,
silica gel (100-200, 230-400 mesh) from Acme Co. was used. A gradient elution using
distilled hexane and ethyl acetate was performed, based on Merck aluminum TLC sheets.
All isolated compounds were characterized by *H NMR (Bruker-400/700 MHz), 3C
NMR spectroscopy and HRMS. Copies of the *H NMR, *C NMR, and °F NMR can be
found in the Supporting Information. Nuclear Magnetic Resonance spectra were recorded
on a Bruker 400/700 MHz instrument. HRMS signal analysis was performed using micro
TOF Q-11 mass spectrometer. All *H NMR experiments were reported in parts per million
(ppm), and were measured relative to the signals for residual chloroform (7.26 ppm) in
the deuterated solvent. All 3C NMR spectra were reported in ppm relative to CDCls
(77.36 ppm). N-arylpyridine®®, and N-arylpyrimidine!®, acetimidamide!®, N-acetyl
aniline®®, N-trifluoroacetyl aniline?®, N-pivaloyl aniline?®, tert-butylphenylcarbamate?

were prepared by following the literature reports.

General reaction procedure for Rh-catalysed annulation reaction:

To an oven-dried 25 mL Schlenk tube charged with a magnetic stir bar, was added LiClO4

(0.2 mmol, 2 equiv) and the tube was heated under reduced pressure to remove traces of
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water. To this dried Schlenk tube, were added N-pyridylaniline or N-pyrimidylaniline 1
(0.1 mmol, 1 equiv), [Cp*RhCI2]> (0.005 mmol, 5 mol %), Zn(OTf)2 (0.15 mmol, 1.5
equiv), alkene 2a (0.3 mmol, 3 equiv) and toluene (0.1 M, 1 mL) under a nitrogen
atmosphere. The reaction mixture was stirred (700 rpm) in a preheated aluminum block
at 130 °C. After completion of the reaction (monitored by TLC), the solvent was
evaporated under reduced pressure, and the crude residue was purified by column
chromatography using EtOAc/hexane as eluent to furnish the corresponding annulated

product.

Experimental characterization data of products:

2-Methyl-1-(pyridin-2-yl)-1H-indole (3aa)*’:

f \ | Physical State: Colorless liquid (16 mg, 77% yield). R = 0.8

m (10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): ¢ 8.65 (d, J
N

7\ = 4.8 Hz, 1H), 7.87 (t, J = 8.0 Hz, 1H), 7.56-7.54 (m, 1H), 7.20

~—

‘ ' (d, J=8.0 Hz, 1H), 7.38-7.36 (m, 1H), 7.32-7.29 (m, 1H), 7.13-
7.10 (m, 2H), 6.42 (s, 1H), 2.46 (s, 3H) ppm. 3C{*H} NMR (CDCls, 101 MHz): 6 151.8,
149.9, 138.5, 137.4, 137.1, 129.0, 122.1, 121.8, 121.1, 120.9, 120.0, 110.5, 103.6, 14.3

ppm. IR (KBr, cm): 3052, 2957, 2853, 1466.

2,5-Dimethyl-1-(pyridin-2-yl)-1H-indole (3ba)*’:

Physical State: Colorless liquid (17 mg, 76% yield). R¢= 0.7

Z; /;

(10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 8.64 (d,

N
—Z

J =48 Hz, 1H), 7.86 (t, J = 8.0 Hz, 1H), 7.40 (d, J = 8.0 Hz,

1H), 7.33 (s, 1H), 7.29-7.25 (m, 2H), 6.93 (d, J = 8.4 Hz, 1H),

6.33 (s, 1H), 2.45 (s, 3H), 2.43 (s, 3H) ppm. 3C{*H} NMR (CDCls, 101 MHz): 6 152.0,

173



149.8, 138.4, 137.2, 135.8, 130.2, 129.3, 123.3, 121.9, 120.9, 119.9, 110.2, 103.3, 21.7,

14.3 ppm. IR (KBr, cm?): 3016, 2917, 2857, 1442.

5-Methoxy-2-methyl-1-(pyridin-2-yl)-1H-indole (3ca)®:

'/om\ Physical State: Oily liquid (15 mg, 63% vyield). Rf= 0.5
N (10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 8.64
N

7 \

——

(d, J = 4.8 Hz, 1H), 7.86 (t, J = 8.0 Hz, 1H), 7.39 (d, J = 8.0

Hz, 1H), 7.30-7.25 (m, 2H), 7.02 (s, 1H), 6.76 (d, J = 8.8 Hz,
1H), 6.34 (s, 1H), 3.85 (s, 3H), 2.43 (s, 3H) ppm. C{*H} NMR (CDCls, 101 MHz): &
155.1, 151.9, 149.8, 138.4, 137.7, 132.5, 129.6, 121.9, 120.8, 111.4, 111.3, 103.6, 102.4,

56.1, 14.4 ppm. IR (KBr, cm™): 2999, 2923, 2830, 1447, 1337, 1034.

5-1sopropyl-2-methyl-1-(pyridin-2-yl)-1H-indole (3da):

e A

Physical State: Pale yellow solid (18 mg, 73% yield). mp 57-
59 °C. R¢= 0.8 (10% EtOAc/hexane). *H NMR (CDCls, 400

MHz): 6 8.64 (d, J = 4.4 Hz, 1H), 7.86 (t, J = 7.6 Hz, 1H),

ory
—Z

7.42-7.39 (m, 2H), 7.32-7.28 (m, 2H), 7.01 (d, J = 8.4 Hz, 1H),

6.36 (5, 1H), 3.02-2.95 (m, 1H), 2.45 (s, 3H), 1.29 (d, J = 6.8 Hz, 6H) ppm. *C{*H} NMR
(CDCls, 101 MHz): 6§ 152.0, 149.8, 141.7, 138.4, 137.2, 136.0, 129.2, 121.9, 120.9, 120.8,
117.1, 110.3, 103.5, 34.4, 24.9, 14.3 ppm. IR (KBr, cm™): 3085, 3056, 2922, 2866, 1440.

HRMS (ESI) m/z: [M+Na]" Calcd for C17H1sN2Na 273.1362; Found 273.1376.

5-Fluoro-2-methyl-1-(pyridin-2-yl)-1H-indole (3ea)*’:

Physical State: Colorless liquid (19 mg, 84% vyield). R¢= 0.4 (10% EtOAc/hexane). *H
NMR (CDCl3, 400 MHz): & 8.66-8.65 (m, 1H), 7.88 (td, J = 7.6 Hz, 2.0 Hz, 1H), 7.39 (d,
J=8.0 Hz, 1H), 7.33-7.25 (m, 2H), 7.18 (dd, J = 9.6 Hz, 2.8 Hz, 1H), 6.84 (td, J = 9.2 Hz,
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N
—-Z

-n
ZE /;

2.4 Hz, 1H), 6.37 (s, 1H), 2.4 (s, 3H) ppm. BC{*H} NMR
(CDCls, 101 MHz): 6 158.8 (d, Jc.r = 233 Hz), 151.6, 149.9,
138.7, 138.6, 134.0, 129.5 (d, Jc.r = 10.2 Hz), 122.3, 121.0,

111.3 (d, Jor = 9.4 Hz), 109.7 (d, Jor = 25.6 Hz), 105.0 (d, Je

F = 23.4 Hz), 103.6 (d, Jc.r = 4.2 Hz), 14.3 ppm. °F NMR (CDCls, 376 MHz): -124.0

ppm. IR (KBr, cm%): 3061, 2059, 2922, 2853, 1452, 1020.

5-Chloro-2-methyl-1-(pyridin-2-yl)-1H-indole (3fa)'’:

cl
m
N

N
4 \

~—

s N

Physical State: Pale yellow solid (17 mg, 70% yield). mp 60-
62 °C. Rf= 0.45 (10% EtOAc/hexane). *H NMR (CDCls, 400
MHz): 6 8.65 (d, J = 4.4 Hz, 1H), 7.89 (t, J = 7.6 Hz, 1H), 7.50

(s, 1H), 7.38 (d, J = 8.0 Hz, 1H), 7.33 (t, J = 6.0 Hz, 1H), 7.28-

7.26 (m, 1H), 7.06 (d, J = 8.8 Hz, 1H), 6.35 (s, 1H), 2.44 (s, 3H) ppm. BC{*H} NMR

(CDCls, 100 MHz): 6 151.4,150.0, 138.7, 138.5, 135.8, 130.1, 126.4, 122.5, 122.0, 121.0,

119.4, 111.6, 103.1, 14.3 ppm. IR (KBr, cm™): 3088, 3019, 2921, 2851, 1466, 782.

5-Bromo-2-methyl-1-(pyridin-2-yl)-1H-indole (3ga)®:

E ~\
ZE /;

N

Physical State: Pale brown solid (21 mg, 73% yield). mp 59-
61 °C. R¢= 0.4 (20% EtOAc/hexane). *H NMR (CDCls, 400
MHz): 6 8.65 (d, J = 4.8 Hz, 1H), 7.89 (t, J = 7.6 Hz, 1H),

7.66 (s, 1H), 7.38 (d, J = 8.0 Hz, 1H), 7.35-7.32 (m, 1H), 7.25-

7.17 (m, 2H), 6.35 (s, 1H), 2.44 (s, 3H) ppm. 3C{*H} NMR (CDCls, 100 MHz): 6 151.3,

150.0, 138.7, 138.4, 136.1, 130.7, 124.6, 122.5 (2C), 121.0, 114.1, 112.1, 103.0, 14.2 ppm.

IR (KBr, cm™): 3066, 2920, 2851, 1445, 661.
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2,6-Dimethyl-1-(pyridin-2-yl)-1H-indole (3ha)*’:

r \ Physical State: Colorless liquid (15 mg, 67% yield). Rf= 0.5

m (10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 8.65 (d,
N

N J=4.4Hz, 1H), 7.88 (t, J = 7.6 Hz, 1H), 7.41 (t, J = 7.2 Hz,
\

=/"|  2H),7.30 (t J = 6.0 Hz, 1H), 7.17 (s, 1H), 6.95 (d, J = 7.6 Hz,

N\

1H), 6.36 (s, 1H), 2.43 (s, 3H), 2.40 (s, 3H) ppm. C{*H} NMR (CDCls, 101 MHz): &

151.9, 149.8, 138.4, 137.8, 136.4, 131.6, 126.8, 122.5, 122.0, 121.1, 119.7, 110.6, 103.4,

22.1, 14.3 ppm. IR (KBr, cm™): 3460, 2915, 1651, 1586, 1336, 1124, 962.

2-Methyl-6-nitro-1-(pyridin-2-yl)-1H-indole (3ia):

-

Physical State: Yellow solid (21 mg, 83% yield). mp 121-

\
. m 123 °C. R¢ = 0.6 (20% EtOAc/hexane). *H NMR (CDCls,
2

J 'g 400 MHz): 6 8.72-8.71 (m, 1H), 8.26 (d, J = 2.0 Hz, 1H),

. ) 8.05-8.03 (m, 1H), 7.98 (td, J = 8.0 Hz, 2.0 Hz, 1H), 7.57 (d,

J=8.8 Hz, 1H), 7.45-7.43 (m, 2H), 6.53 (5, 1H), 2.50 (s, 3H) ppm. C{*H} NMR (CDCl;,
176 MHz): § 150.4, 150.4, 143.6, 143.2, 139.2, 136.2, 134.0, 123.4, 121.3, 119.7, 116.7,
107.6, 104.2, 14.54 ppm. IR (KBr, cm™): 3108, 2919, 2849, 1443. HRMS (ESI) m/z:

[M+Na]" Calcd for C14H11N3O2Na 276.0743; Found 276.0715.

2-Methyl-1-(pyridin-2-yl)-6-(trifluoromethyl)-1H-indole (3ja)!’:

Physical State: Oily liquid (22 mg, 81% vyield). Rf= 0.4

:

F,C (20% EtOAc/hexane). 'H NMR (CDCls, 400 MHz): 6 8.70-

N
—Z

8.68 (m, 1H), 7.96-7.91 (m, 1H), 7.62-7.60 (m, 2H), 7.42-

7.34 (m, 3H), 6.47 (s, 1H), 2.47 (s, 3H) ppm. *C{!H} NMR
(CDCls, 176 MHz): § 151.0, 150.2, 140.1, 138.9, 136.5, 131.4, 125.6 (q, Jc.r = 271.2 Hz),
123.9 (g, Jor = 31.6 Hz), 122.9, 121.2, 120.2, 117.7 (q, Jc-r = 3.6 Hz), 108.1 (q, Je.r= 4.4
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Hz), 103.6, 14.3 ppm. F NMR (CDCls, 376 MHz): -60.4 ppm. IR (KBr, cm™): 2959,

2925, 2858, 1446, 1018.

6-Chloro-2-methyl-1-(pyridin-2-yl)-1H-indole (3ka):

-

-
cl N

N
4 \

——

\

N

Physical State: Oily liquid (16 mg, 66% yield). R¢= 0.6 (10%
EtOAc/hexane). *H NMR (CDCls, 400 MHz): § 8.66 (d, J =
4.4Hz, 1H), 7.90 (t, J=7.6 Hz, 1H), 7.44 (d, J = 8.4 Hz, 1H),

7.39 (d, J = 8.0 Hz, 1H), 7.36-7.32 (m, 2H), 7.08 (d, J = 8.4

Hz, 1H), 6.38 (s, 1H), 2.43 (s, 3H) ppm. *C{*H} NMR (CDCls, 176 MHz): § 151.3,

150.0, 138.7, 137.9, 137.8, 127.8, 127.5, 122.6, 121.5, 121.1, 120.8, 110.7, 103.5, 14.2

ppm. IR (KBr, cm™): 3019, 2920, 2854, 2781, 1441, 782. HRMS (ESI) m/z: [M+Na]*

Calcd for C14H1:CIN2Na 265.0503; Found 265.0528.

5,6-Dichloro-2-methyl-1-(pyridin-2-yl)-1H-indole (3la):

-
cl
Xy
cl N
N
7\
k —_—

~N

Physical State: Pale yellow solid (18 mg, 65% yield). mp
68-70 °C. R¢= 0.5 (10% EtOAc/hexane). *H NMR (CDCls,
400 MHz): 0 8.66 (d, J = 4.4 Hz, 1H), 7.92 (t, J = 7.6 Hz,

1H), 7.59 (s, 1H), 7.46 (s, 1H), 7.37-7.36 (m, 2H), 6.33 (s,

1H), 2.42 (s, 3H) ppm. BC{*H} NMR (CDCls, 101 MHz): § 150.9, 150.1, 139.2, 138.9,

136.3, 128.6, 125.5, 124.7, 122.8, 120.9 (2C), 112.3, 102.9, 14.3 ppm. IR (KBr, cm™):

3060, 2922, 2852, 1447, 782. HRMS (ESI) m/z: [M+H]" Calcd for Ci4H11CI2N2

277.0294; Found 277.0294.

4-Chloro-5-fluoro-2-methyl-1-(pyridin-2-yl)-1H-indole (3ma + 3ma’):

Physical State: Oily liquid (16 mg, 61% yield). R¢= 0.4 (20% EtOAc/hexane). H

NMR (CDCls, 400 MHz): 6 8.67 (d, J = 4.4 Hz, 1H), 7.91 (d, J = 7.6 Hz, 1H), 7.40-

7.34 (m, 3H), 7.27-7.25 (m, 1H), 6.36 (5, 1H), 2.42 (s, 3H) ppm. 2*C{*H} NMR
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. (CDCls, 176 MHz): 6 153.9 (d, Jc.r

F \ = 238.3 Hz), 151.1, 150.1 (2C),
C,m 139.2, 138.8 (2C), 133.8, 127.9 (d,

Jcr = 9.1 Hz), 122.8, 122.7, 121.1,

) 1209, 1152 (d, Jor = 20.7 Hz),

120.0, 110.4 (d, Jc.r = 24.9 Hz), 109.6 (d, Jc.r = 8.6 Hz), 106.1 (d, Jc.r = 5.8 Hz), 103.5

(d, Jo.r = 4.0 Hz), 102.1 (d, Jo.r = 4.7 Hz), 14.3 (2C) ppm. °F NMR (CDCls, 376 MH2):

-126.1, 128.2 ppm. IR (KBr, cmY): 3021, 2921, 2851, 1465, 1026. HRMS (ESI) m/z:

[M+H]" Calcd for C14H11CIFN2 261.0589; Found 261.0596.

2,7-Dimethyl-1-(pyridin-2-yl)-1H-indole (3na)*’:

-

ey

~

Physical State: Colorless liquid (10 mg, 45% vyield). R¢= 0.6
(10% EtOAc/hexane). *H NMR (CDCls, 700 MHz): § 8.65 (d,
J =3.5Hz 1H), 7.85 (td, J = 7.7 Hz, 2.1 Hz, 1H), 7.42-7.39
(m, 2H), 7.30 (d, J = 7.7 Hz, 1H), 7.01 (t, J = 7.7 Hz, 1H), 6.85

(d, J=7.0 Hz, 1H), 6.37 (s, 1H), 2.20 (s, 3H), 1.85 (s, 3H) ppm.

BC{H} NMR (CDCls, 176 MHz): § 153.5, 149.4, 138.0, 137.8, 136.9, 129.5, 124.4,

124.3, 1235, 121.2, 120.7, 118.0, 102.6, 19.5, 13.6 ppm. IR (KBr, cm™): 2959, 2920,

2855, 2816, 1437.

7-Ethyl-2-methyl-1-(pyridin-2-yl)-1H-indole (30a)?3:

-

ey

N

Physical State: Colorless liquid (12 mg, 51% yield). Rf= 0.7
(10% EtOAc/hexane). *H NMR (CDCls, 700 MHz): ¢ 8.68
(brd, 1H), 7.88 (t, J = 7.0, 1H), 7.42 (d, J = 7.7 Hz, 2H), 7.34

(d, d =7.7 Hz, 1H), 7.08 (t, J = 7.0 Hz, 1H), 6.95 (d, J = 7.7 Hz,
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1H), 6.41 (s, 1H), 2.21-2.18 (m, 5H), 0.96 (t, J = 7.7 Hz, 3H) ppm. *C{*H} NMR (CDCls,
176 MHz): § 153.9, 149.5, 138.1, 138.0, 136.3, 129.9, 127.7, 124.1, 123.5, 122.2, 120.8,

118.0, 102.8, 25.1, 14.8, 13.7 ppm. IR (KBr, cmY): 2965, 2924, 2872, 1436.

7-Bromo-2-methyl-1-(pyridin-2-yl)-1H-indole (3pa):

Physical State: colorless liquid (16 mg, 56% yield). Rf= 0.6

(20% EtOAc/hexane). *H NMR (CDCls, 400 MHz): § 8.66 (d,

z; /2

Br J=4.4 Hz, 1H), 7.90 (t, J = 7.6 Hz, 1H), 7.66 (s, 1H), 7.38 (d,

N
—Z

= J=8.0Hz, 1H), 7.34 (t, J = 6.8 Hz, 1H), 7.24-7.17 (m, 2H),

6.36 (s, 1H), 2.44 (s, 3H) ppm. BC{*H} NMR (CDCls, 176 MHz): 5 151.4, 150.0, 138.7,
138.4, 136.2, 130.7, 124.6, 122.5, 122.5, 121.1, 114.1, 112.1, 103.0, 14.3 ppm. IR (KBr,
cm): 3063, 3009, 2918, 2890, 566. HRMS (ESI) m/z: [M+H]* Calcd for C14H1,BrN;
287.0178; Found 287.0183. m/z: [M+H]* Calcd for Ci4H1,Br8'N, 289.0158; found,

289.0165

7-lodo-2-methyl-1-(pyridin-2-yl)-1H-indole (3qa):

~  Physical State: Colorless liquid (18 mg, 54% vyield). R¢= 0.7

@7 (10% EtOAc/hexane). *H NMR (CDCls, 400 MHz): 6 8.65 (dd,
N

I /N J=4.8Hz, 1.2 Hz, 1H), 7.87 (td, J = 8.0 Hz, 2.0 Hz, 1H), 7.56-
\

= 7.52 (m, 1H), 7.42 (d, J = 8.0 Hz, 1H), 7.37-7.33 (m, 1H), 7.31-

J

7.28 (m, 1H), 7.12-7.09 (m, 1H), 6.41 (s, 1H), 2.45 (s, 3H) ppm. 2*C{*H} NMR (CDCls,
176 MHz): ¢ 151.8, 149.9, 138.5, 137.4, 137.1, 129.1, 122.1, 121.8, 121.1, 121.0, 120.0,
110.5, 103.6, 14.3 ppm. IR (KBr, cmY): 3053, 3028, 2919, 2858, 1466, 660. HRMS (ESI)

m/z: [M+H]" Calcd for Cs3H12IN2 333.9961; Found 333.9971.
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2-Methyl-1-(pyridin-2-yl)-1H-pyrrolo[3,2-h]quinoline (3sa):

Physical State: Colorless liquid (18 mg, 69% yield). R¢= 0.7 (10% EtOAc/hexane).

IH NMR (CDCls, 400 MHz): 6 8.68-8.67 (m, 1H), 8.38 (dd, J =
4.0 Hz, 1.6 Hz, 1H), 8.10 (dd, J = 8.0 Hz, 1.6 Hz, 1H), 7.88 (dt,

J=7.6 Hz, 2.0 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H), 7.46-7.41 (m,

3H), 7.17-7.14 (m, 1H), 6.56 (d, J = 0.8 Hz, 1H), 2.33 (d, J= 0.8

Hz, 3H) ppm. 2C{*H} NMR (CDCls, 175 MHz): 5 154.0, 149.1, 147.9, 138.8, 138.1,
137.8, 136.2, 131.1, 128.3, 125.4, 124.5, 123.3, 121.2, 120.6, 118.7, 103.7, 13.7 ppm. IR
(KBr, cm™): 3070, 2922, 2852, 1469. HRMS (ESI) m/z: [M+H]* Calcd for Ci7H14N3

260.1182; Found 260.1163.

2-Methyl-1-(pyridin-2-yl)-1H-benzo[g]indole (3ta):

g%
J
N
@ J =49 Hz, 1H), 7.95 (t, J = 7.0 Hz, 1H), 7.86 (d, J = 7.7 Hz,

y ) 1H),7.67(d, J = 8.4 Hz, 1H), 7.54-7.51 (m, 2H), 7.41 (d, I = 7.7

Physical State: Colorless liquid (20 mg, 77% yield). Rf= 0.4

(10% EtOAc/hexane). *H NMR (CDCls, 700 MHz): 6 8.78 (d,

Hz, 1H), 7.27-7.25 (m, 1H), 7.10 (t, J = 7.7 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 6.53 (s,
1H), 2.28 (s, 3H) ppm. BC{*H} NMR (CDCl3, 175 MHz): § 154.1, 150.4, 139.1, 136.7,
131.4, 131.3, 129.4, 125.9, 125.1, 124.1, 123.2, 122.4, 122.0, 120.6 (2C), 120.5, 103.7,
13.6 ppm. IR (KBr, cm™): 3054, 2920, 2852, 1437. HRMS (ESI) m/z: [M+H]" Calcd for

C18H15N2 259.1230; Found 259.12109.
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2-Methyl-1-(pyrimidin-2-yl)-1H-indole (3ua)??:

-

N

3

g

N\\)

J

Physical State: Colorless liquid (11 mg) in 53% yield and 67%

of brsm yield. Rf= 0.7 (10% EtOAc/hexane). *H NMR (CDCls,

400 MHz): ¢ 8.79 (d, J = 4.4 Hz, 2H), 8.28 (d, J = 8.0 Hz, 1H),

7.50 (d, J = 7.6 Hz, 1H), 7.21-7.12 (m, 3H), 6.43 (s, 1H), 2.71 (s,

3H) ppm. 2C{*H} NMR (CDCls, 175 MHz): § 158.7, 158.4,

138.1, 137.1, 129.7, 122.6, 122.1, 119.8, 117.2, 114.2, 107.0, 16.9 ppm. IR (KBr, cm):

3051, 2920, 2850, 2784, 1427.

2-Methyl-6-nitro-1-(pyrimidin-2-yl)-1H-indole (3va):

>N

N

LI
O,N N

L

Physical State: Yellow solid (17 mg, 67% yield). mp 147-
149 °C. Rt= 0.2 (5% EtOAc/hexane). *H NMR (CDCls,
700 MHz): 6 9.24 (d, J = 1.4 Hz, 1H), 8.86 (d, J = 4.2 Hz,

2H), 8.10 (dd, J = 9.1 Hz, 2.1 Hz, 1H), 7.54 (d, J = 9.1 Hz,

1H), 7.27-7.26 (m, 1H), 6.53 (s, 1H), 2.78 (s, 3H) ppm. BC{*H} NMR (CDCls, 175

MHz): 6 158.8, 158.0, 144.4,143.8, 135.7, 134.7,119.4, 118.3, 117.8, 111.48, 107.2, 17.3

ppm. IR (KBr, cm™): 3044, 2918, 2851, 1510. HRMS (ESI) m/z: [M+Na]* Calcd for

C13H10N4O2Na 277.0697; Found 277.0705.

5-Methoxy-2-methyl-1-(pyrimidin-2-yl)-1H-indole (3wa)?:

.

/N
\

|

/Om
N

J

Physical State: Colorless liquid (15 mg, 63% yield). R =
0.4 (10% EtOAc/hexane). *H NMR (CDCls, 700 MHz): 6
8.75 (d, J = 4.9 Hz, 2H), 8.24 (d, J = 9.1 Hz, 1H), 7.09 (t, J

= 4.9 Hz, 1H), 6.98 (d, J = 2.1 Hz, 1H), 6.83 (dd, J = 9.1 Hz,

2.1 Hz, 1H), 6.35 (s, 1H), 3.85 (s, 3H), 2.71 (s, 3H) ppm. 2*C{*H} NMR (CDCls, 176
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MH?z): 6 158.7, 158.3, 155.7, 138.8, 132.0, 130.5, 116.9, 115.4, 111.4, 107.0, 102.4, 56.0,

17.3 ppm. IR (KBr, cm™): 3043, 2922, 2831, 2774, 1426, 1292.

2-Methyl-1-(pyridin-2-yl)-1H-indole-3-carbaldehyde (4)%:

J

Physical State: Colorless liquid (19 mg, 80% yield). Rf= 0.2
(20% EtOAc/hexane). *H NMR (CDCls, 400 MHz): § 10.3 (s,
1H), 8.73-8.71 (m, 1H), 8.32 (d, J = 8.0 Hz, 1H), 7.98 (td, J = 3.6

Hz, 2.0 Hz, 1H), 7.47-7.44 (m, 2H), 7.32-7.28 (m, 1H), 7.23 (d,

P4
ot
A4 (@]

J = 3.6 Hz, 2H), 2.69 (s, 3H) ppm. *C{!H} NMR (CDCls, 176
MHz): 6 185.4, 150.4, 150.0, 148.0, 139.1, 137.2, 126.1, 124.0, 123.9, 123.7, 122.1,

121.3,116.1, 110.7, 11.8 ppm. IR (KBr, cm™): 3061, 2927, 2843, 1437, 650.

2-Methyl-1H-indole (5)%*:

Physical State: Brown solid (44 mg, 67% yield). Rf= 0.5 (10%

A\
©\/N>7 EtOAc/hexane). *H NMR (CDCls, 700 MHz): § 7.82 (brd, 1H),
H

7.50 (s, 1H), 7.26 (s, 1H), 7.09-7.05 (m, 2H), 6.21 (s, 1H), 2.43

(s, 3H) ppm. BC{*H} NMR (CDCls;, 176 MHz): § 136.3, 135.3, 129.4, 121.2, 119.9,
110.5, 100.7, 14.0 ppm. (One peak is merging). IR (KBr, cm™): 3394, 3052, 2939, 2850,

1402.

3-Bromo-2-methyl-1-(pyridin-2-yl)-1H-indole (6):

-

Physical State: Colorless liquid (23 mg, 81% vyield). Rf= 0.3

Br
@ (5% EtOAc/hexane). IH NMR (CDCls, 400 MH2z): ¢ 8.65 (dd,
N

J=4.8Hz, 1.2 Hz, 1H), 7.88 (td, J = 8.0 Hz, 2.0 Hz, 1H), 7.55-
N
2
\

— 7.53 (m, 1H), 7.40-7.31 (m, 3H), 7.24-7.15 (m, 2H), 2.46 (s, 3H)

ppm. BC{*H} NMR (CDCls, 176 MHz): 6 151.2, 150.0, 138.7,
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136.2, 134.3, 127.9, 123.2, 122.6, 121.7, 121.1, 118.9, 110.7, 94.2, 12.8 ppm. IR (KB,

cm™): 3058, 3019, 2920, 1466. HRMS (ESI) m/z: [M+H]* Calcd for Ci4H1:BrN>

287.0178; Found 287.0180. m/z: [M+H]* Calcd for Ci4sH1,Br¥'N, 289.0158; found,

289.01609.

1-(2-Methyl-1-(pyridin-2-yl)-1H-indol-3-yl)ethan-1-one (7)*:

-

\

o
4 (@)

~

J

Physical State: White solid (18 mg, 72% yield). R¢= 0.3 (40%
EtOAc). *H NMR (CDCls, 700 MHz): 6 8.74 (d, J = 4.2 Hz,
1H), 8.07 (d, J = 7.7 Hz, 1H), 7.97 (d, J = 7.7 Hz, 1H), 7.47-7.45
(m, 1H), 7.41(d, J = 7.7 Hz, 1H), 7.30-7.28 (m, 1H), 7.19 (d, J =

3.5 Hz, 2H), 2.72 (s, 3H), 2.68 (s, 3H) ppm. *C{*H} NMR

(CDCls, 176 MHz): 6 195.4, 150.5, 150.3, 144.7, 139.0, 137.1, 126.8, 123.9, 123.1, 123.0,

122.7,121.2,116.3,111.0, 32.1, 14.4 ppm. IR (KBr, cm™): 3462, 2984, 1750, 1718, 1373,

1267.

2-Methyl-1H-indole-3-carbaldehyde (7a)%:

Ve

N

N
H

—0

N

Physical State: Pale yellow solid (60 mg, 94% yield). Rf=0.2
(40% EtOAc/hexane). 'H NMR (CDCls, 700 MHz): 6 10.19
(s, 1H), 8.70 (brd, 1H), 8.24 (d, J = 7.0 Hz, 1H), 7.33 (d, J =

7.7 Hz, 1H), 7.27-7.26 (M, 1H), 7.25-7.23 (m, 1H), 2.74 (s, 3H)

ppm. BBC{!H} NMR (CDCls, 176 MHz): § 184.9, 146.9, 135.2, 126.4, 123.8, 123.1,

121.2,115.1, 111.0, 12.6 ppm. IR (KBr, cm™): 3188, 3056, 2927, 2806, 1775, 1468.

183



(E)-3-(2-Methyl-1H-indol-3-yl)-1-(pyridin-4-yl)prop-2-en-1-one (8):

(" ) Physical State: Yellow solid (49 mg, 75% yield). R¢=
Y/ 0.2 (40% EtOAc/hexane). 'H NMR (DMSO-ds, 400
MHz): 6 11.93 (brd, 1H), 8.81-8.80 (m, 2H), 8.10 (d, J

= 15.2 Hz, 1H), 8.05-8.03 (m, 1H), 7.94 (dd, J = 4.4 Hz,

IZ_

1.6 Hz, 2H), 7.45 (d, J = 15.2 Hz, 1H), 7.43-7.39 (m,
1H), 7.23-7.18 (m, 2H), 2.59 (s, 3H) ppm. 2*C{*H} NMR (DMSO-ds, 176 MHz): 188.9,
151.5, 146.5, 145.8, 140.4, 137.1, 126.7, 123.3, 122.4, 122.3, 121.2, 114.0, 112.6, 110.3,

12.8 ppm. IR (KBr, cml): 2959, 2847, 2741, 1641, 1413.
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NMR spectra of 2-Methyl-1-(pyridin-2-yl)-1H-indole (3aa):
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NMR spectra of 5-1sopropyl-2-methyl-1-(pyridin-2-yl)-1H-indole (3da):
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NMR sprctra of (E)-3-(2-Methyl-1H-indol-3-yl)-1-(pyridin-4-yl)prop-2-en-1-one (8):
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