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Carbazole-based N-Heterocyclic Carbene Ligands for

Accessing Synthetically Relevant Stilbenes via Pd-Catalyzed

Coupling Processes

Tejpalsingh Ramsingh Girase,® and Anant R. Kapdi*®

Abstract: A series of new carbazole-based N-heterocyclic
carbene ligands have been synthesized via a simple and facile
synthetic route. Subsequent employment of the Pd/carbazole-
based NHC catalytic system was found to be effective in
efficiently catalyzing Heck reaction providing substituted stilbene
derivatives in good yields. Several bioactive stilbenes such as
pterostilbene, pinosylvin, trimethoxy resveratrol and resveratrol
were synthesized in good yields with a 10 mmol scale-up also
performed for trimethoxy resveratrol. The synthetic application
was also extended by performing a double tandem
chemoselective Heck reaction followed by Miyaura borylation in
a one-pot procedure to provide a single step access to the
synthetically useful stilbenyl boronate esters. Similarly, a unique
triple tandem protocol involving chemoselective Heck
reaction/Miyaura borylation/Suzuki-Miyaura coupling reaction
sequence was performed for the one-pot modification of
biologically relevant molecules.

Introduction

Functionalized stilbene derivatives are an important class of
compounds with a wide variety of biological and
pharmacological activity!. These are naturally occurring
compounds mainly found in plants (phytoalexins), for instance
pinosylvin, resveratrol (commercial drug molecule), trimethoxy-

resveratrol (3M-Res), piceatannol, pterostilbene having
extensive biological activity ranging from anticancer, anti-
oxidants, neuroprotective, anti-diabetic, antifungal, anti-

inflammatory, anti-cardiac, antibacterial to antimalarial activity'?
(fig 1). Besides these applications, stilbenoids with borane
functionalized derivatives also have exhibited enormous
applications in synthesis such as coupling reactions, OLEDs,
chemo-sensing, material science and are of pharmacological
importance®. It is therefore mandatory to investigate the
possibility of developing a synthetically elegant protocol for the
synthesis of these molecules. Brown, Matteson, Suzuki, and
Miyaura have made revolutionary contributions towards new
types of organoboron compounds, and have developed ways to
synthesize them and such an exploration has found
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considerable synthetic potential*. In recent years, synthesis of
organoboron compounds has been accomplished by the
employment of transition-metal-catalyzed® reactions to
overcome the barrier of the traditional synthetic methods such
as lithiation,® reaction with Grignard reagent’.
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Figure 1: Examples of naturally occurring bioactive stilbenes.

Amongst the transition metals, palladium has its own pivotal role
in organic synthesis from a past few decades with exceptional
(remarkable) functional group tolerance, milder reaction
conditions and its ability to activate a wide variety of bonds such
as C—X (Cl. Br, I, OTs), C—H, C—B, C—Sn.® The potential of
palladium towards catalyzing most difficult organic synthetic
reactions immensely increases in combination with electron-rich
ligand such as phosphine, N-heterocyclic carbenes, which have
better ability to co-ordinate to metal. This property increases the
electron density at palladium center so as it can activate the
toughest bond®. From this perspective synthesis and
development of electron-rich ligands is of tremendous interest to
researchers due to their activating property. This fulfilment of
ligand has been accomplished by the phosphines and NHC'’s
ligand, due to which researchers are attracted towards the
synthesis of new ligand system based on phosphine and NHCs.
Phosphines are electron-rich ligands providing an opportunity to
fine tune the steric and electronic properties promoted its
dominance over the other ligand system, but their sensitivity
towards the moisture and oxygen, storage and handling
difficulties restricted their applicability in catalytic processes®°.
However, NHCs overcome the problems associated with
phosphines ligand, while their strong sigma electron donating
ability permits the efficient activation of an inert bond.** NHCs
have provided greater modular flexibility over steric, electronic
properties and ease of synthesis. Because of these qualities
NHCs have been extensively exploited by many research
groups such as Kuhn, Hermann, Nolan, Organ®1° etc.
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One of the areas where NHCs could play an important role
would be towards the synthesis of stilbene-based boronate
esters that have exhibited promising biological activity. In recent
years, these substrates have been prepared by using the
traditional and multistep method, for instance, Bhaskar et al. and
Ronald et al. synthesized the boronate ester by transition-metal-
catalyzed reaction followed by Wittig reaction!?. But yield
obtained in most of these processes was moderate and involved
harsh reaction conditions, tedious work-up procedures while the
multistep synthetic protocol led to a large amount of homo-
coupling and deborylation. Therefore in continuation with our
endevour of providing sustainable catalytic solutions'® we report
herein the synthesis and application of a series of N-substituted
carbazole based N-heterocyclic carbene ligands, that can be
exploited towards the synthesis of stilbene based boronate ester.
For overcoming the multistep aspects and drawbacks of Wittig
reaction, the synthetic protocol reported in this manuscript is
synthetically elegant providing boronate esters via in-situ
palladium-carbazole based NHC ligand-catalyzed one-pot
sequential Heck reaction followed by Miyaura borylation towards
the aspects of sustainable chemistry i.e., step & atom economy
(scheme 1). A unique triple tandem protocol has also been
accomplished providing highly functionalized nucleoside-based
compounds via a one-pot sequential Heck reaction/Miyaura
borylation/Suzuki-Miyaura coupling of 5-iodo-2'-deoxyuridine.
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Scheme 1: a) Previous reports b) This work

Results and Discussion

At the outset of our studies, the synthesis of novel carbazole-
based series of N-heterocyclic carbene precursors L1, L2,L.3, L4,
L5, L6, L7, and L8 was carried out in 3 to 4 steps providing
moderate to high yields of the NHC salts. The first step of
synthesis of the ligands involved the chlorination of carbazole
particularly in the case of ligands L3, L4, L6, and L7. In common
cases, the chlorination of carbazole with N-chlorosuccinimide
(NCS) suffers from selectivity issues giving multiple spots on
related to the formation of mono, di and traces of tri chlorinated
products that are difficult to separate by column chromatography
technique. However, when sulfuryl chloride was used for the
chlorination of carbazole by following the reported procedure by
Jurczak and co-workers afforded 3,6-dichlorocarbazole in 72-
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75% vyield.* In the second step, carbazole was deprotonated by
potassium hydroxide with the resultant anion allowed to react
with epichlorohydrin thus yielding the epoxide derivatized motif
A and B in 75-78 % (Scheme 2)'°. These derivatized motifs of
carbazole A & B were further reacted with imidazole and
benzaimidazole to furnish the corresponding products C-F
respectively, in 70-74 % yields (scheme 2). Further, molecules
C-F were condensed with benzyl bromide in acetone under
refluxing condition for 12 h resulting into the formation of
imidazolium salts L1-L4, respectively.

a) Synthetic procedure for obtained NHC salts

Epichlorohydrin

(0.5 ml/mmol)
SOZCIQ (2.1 equiv.)

Aagy

TBAI 5 mol % O O

CHyClp, 0°C 1t 4 h KOH (1.2 equiv.),
N DMF (5 mL), 0 °C-rt W)
R =H, CI 14h o AR=H

B)R=Cl

S RR

L1 (85%)

L5 (75%) L7 (75%)

R-X OH
. [
M Acetone / Toluene
- N
DMF (1 mL/mmol) N Reflux, 12-24 h s
60°C,12h N R = Benzyl chloride, =N
. { 9 (chloromethyl)anthracene \R
C) = H, Imidazole K 3
D) = Cl, Imidazole \/
E) = H, Benzimidazole Ligand L1-L7
F) = Cl, Benzimidazole
b) Anion exchange reaction
N N
OH NaBF,4 OH
H,0 : MeOH, rt. 3 h
N7 N7
R/’l‘ \7 ’:‘
Br BF,4
L8
Cl Cl Cl Cl

Scheme 2 : Synthesis of novel carbazole-based NHC ligands.
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Similarly, when molecules C-F were condensed with 9-
(chloromethyl) anthracene in toluene at 125 °C for 24 h provided
the NHC salts L5-L7 in moderate to excellent yields. For the
assessment of the effect of change in anionic counterpart on the
properties and catalytic activity of the synthesized ligands, a
simple anion exchange reaction was performed on the NHC
salts. The reaction was performed with ligands L1 using sodium
tetraflouroborate in methanol at room temperature resulting in
the formation of a crystalline salt of NHC-tetrafluoroborate L8 in
excellent yield (Scheme 2)!¢. These imidazolium salts (L1-L8)
were further characterized by standard spectroscopic techniques.
The formation of imidazolium salts was confirmed from the H
and 3C NMR spectras providing the characteristics peaks for N-
CH-N as shown in Table 1. The influence of the substituent at
3,6 position of carbazole and nitrogen centre of imidazolium
showed remarkable variation in *H and °C & values. Benzyl
substituent based imidazolium salts exhibit higher & value
compared to those obtained from 9-(chloromethyl) anthracene-
based salts.

Table 1: NMR comparison for N-CH-N Chemical shift for NHC
Ligand
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salts L6, led to the desired product in 82-83% in isolated yield at
1.0 mol% catalyst loading in 24 h (Table 2, entries no. 3, 4 & 5).
Since the in situ generated catalytic system provided good
reactivity in the Heck cross-coupling reaction, using Pd(OAc). as
the precursor, further optimization of the remaining NHC salts
was carried out.

Table 2. Optimization of the reaction conditions for Heck
reaction®

|
Pd precursor (1 mol%) O
/\© Ligand (1 mol%) N
Base (2.0 equiv.),

CH4CN, 80°C, 24 h MeO

+

Benzyl based NHC- L1 L2 L3 L4 L8
ligand
1H-8 value for N-CH-N 9.26 9.92 9.30 9.86 9.27
13C- 8 value for N-CH-N 140.5 143.1 139.5 143.6 140.5
9-methylanthracene L5 L6 L7
based NHC-ligand
1H-3 value for N-CH-N 9.00 8.99 8.91
13C-d value for N-CH-N 141.8 139.5 140.7

Based on the study reported by Hunuyh and co-workers'’ for the
13C NMR spectroscopic determination of donor strength of NHC
ligands, increase in the chemical shift observed in **C NMR for
different ligands the donor capacity of the respective ligands was
predicted to increase and a similar trend could be observed in
the case of the carbazole-derived NHC salts L1 to L7. Largest
shift could be observed for ligands L2 and L4 suggesting better
donor possibility from these ligands. Accordingly, donor strength
for various ligands could be written in the following increasing
order as L4 > L2 > L5 > L7 > L1~L8 > L3~L6. Although,
analysis of the catalytic activity would determine whether the
donation capacity of ligands has any rate enhancing effect.

Application of in-situ generated Palladium-NHC complexes
towards Heck-Borylation reaction.

a) Heck alkenylation

With the aim of developing an efficient protocol for obtaining
stilbene-based boronate esters, we envisaged the analysis of
the synthesized NHC salts as ligands in palladium-catalyzed
Heck coupling reaction'® of aryl iodide with styrene. Initial
studies revealed, palladium precursor such as Pd(OAc),, PdCl;
without the addition of activating ligands were found to be
ineffective in carrying out the Heck reaction under the mentioned
conditions in Table 2. Furthermore this reaction carried out with
Pd(OAc), PdCl; and Pd(dba); in combination with imidazolium

OMe
Sr.No. Catalyst Ligand Base Yield®
(mol %) (mol %) (2 eq.) (%)
Pd precursor screening
1 PdCl; - EtsN <5¢
2 Pd(OAc). - EtsN <5¢
3 PdCl, L6 EtsN 82
4 Pd(OAc)2 L6 EtsN 83
5 Pd2(dba)s L6 EtsN 82
6¢ Pd(OAc). L6 Et:N 83
Ligand screening
74 Pd(OAc). L1 EtsN 82
8d Pd(OAc). L2 EtsN 80
9d Pd(OAc). L3 EtsN 82
109 Pd(OAc). L4 EtsN 80
119 Pd(OAc). L5 EtsN 82
12¢ Pd(OAc). L6 EtsN 83
134 Pd(OAc). L7 EtsN 81
144 Pd(OAc). L8 EtsN 83
154 Pd(OAc). IMes.HCI EtsN 59
169 Pd(OAc), IPr.HCI EtsN 73
Base screening
174 Pd(OAc). L6 Et:N 83
18¢ Pd(OAc). L6 CH3COOK 25
194 Pd(OAc). L6 KsPO4 80
20¢ Pd(OAc). L6 K2COs3 62
Catalyst loading studies

21 Pd(OAc)2 (1.0) L6 EtsN 83
22 Pd(OAc)2 (0.5) L6 EtsN 83
23 Pd(OAc)2(0.1) L6 EtsN 60
24¢ Pd(OAc)2(0.1) L6 EtsN 71
25f Pd(OAc)2(0.1) L6 EtsN 78
268 Pd(OAc):(0.1) L6 EtsN 84

aReaction condition: aryl iodide (0.5 mmol), styrene (1 mmol), Pd
precursor (1 mol%), base (2 eq.), solvent (1 mL), "lsolated
yields using column chromatography. €<10% of
hydrodehalogenated product observed along with only <5%
product formation and rest is starting material, 1.5 eq. styrene
used, ®Reaction carried out at 100°C, ‘Reaction carried out at
120 °C, %Reaction carried out at 0.2 mol% of ligand loading.

When the reaction was carried out using different imidazolium
salts L1 to L8 in combination with Pd(OAc); at 1.0 mol% loading
at 1.5 equiv. of styrene in acetonitrile as solvent, leading to the
desired product in 80-83% isolated yield. Since, the entries no.7
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to 14 suggested that there is no appreciable change in the final
output of the reaction, indicated that electronic influence of the
ligand system doesn’t play any crucial role on the outcome of
the reaction. Hence, from Table 2, Pd(OAc). in combination with
ligand L6 was chosen as the most effective catalytic system for
further optimization study (ease of synthesis was also one of the
factors). Commercially available NHC ligands, Imes.HCI and
Ipr.HCI were also tested under the given set of conditions.
Although, IPr.HCI furnished better yield of the product than its
Imes.HCI counterpart, in comparison to the synthesized NHC
salt L6 the catalytic activity was found to be lower. In case of
base screening studies, EtsN proved to be most effective base
over CH3COOK and K,COg, but the reactivity of KsPO, and EtsN
were found to be comparable, giving 80% and 83% vyield of
product, respectively (entries no.15, 17 Table 2). Furthermore,
catalyst loading was also performed with 1.0 mol% (TON = 83),
0.5 mol% (TON = 415), and 0.1 mol% (TON = 6000) of
Pd(OAc). in combination with L6 was investigated. Although, 0.1
mol% at 80 °C provided lower yield of the product, increasing the
temperature to 120 °C resulted into competitive yield suggesting
that 0.1 mol% (TON = 8400) is effective in efficiently catalyzing
Heck reaction at such reduced Pd concentration.

We next proceeded to utilise the optimized reaction conditions
towards the synthesis of various stilbene derivatives. As
summarized in scheme 3, a variety of styrene derivatives were
employed as a coupling partner with 4-iodoanisole, furnishing
the desired products in good to excellent yields.

d(OAc); (0.1 mol%) O R'
/\© L6 (02 mol% \
Et3N (2.0 equiv.), O

CH3CN, 120°C, 24 h R
1 equiv. 1.5 equiv.
MeO MeO MeO
Br OEt
a (80%) b (83 %) c (84%)
MeO MeO

Cl Me

o Br
d (81%) e (84 %) (80%)
NC
OAC h. Meo \ O
a(74%) (80%) i(74%)

(72%) 71%

Scheme 3: Substrate scope for stilbene derivative synthesis
using Heck alkenylation reaction with Pd/NHC catalytic system.

The developed protocol was found to be tolerant to the presence
of electron donating, electron withdrawing and bulkier
substituents, giving yields ranging from 64% to 84% except for
3-nitro styrene . The electronic effect of substituents present on
the aryl iodide was also evaluated by altering the substituent
such as CN, Br, and NO2 with no appreciable difference in
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WILEY-VCH

catalytic activity observed (Scheme 3). Uniqueness of the
developed protocol is highlighted via the excellent
chemoselectivity observed for the activation of C—I bond in
preference to C—Br bond in examples such as la and 1f. Such a
strategy could prove to be potentially useful towards the
development of tandem catalytic protocols and will be discussed
in further sections.

b) Application of Heck reaction towards the Synthesis of
drug molecule.

Stilbene derivatives are an important class of compounds with
wide occurrence in natural sources having potential biological
applications such as cytotoxicity, anti-obesity, antioxidant®®. The
developed Heck coupling protocol was therefore expanded

towards the synthesis of some naturally occurring and
pharmaceutically important stilbene derivatives such as
pterostilbene, pinosylvin, trimethoxy-resveratrol, and DMU

providing the respective product in yields ranging from 64% to
70% in two steps involving palladium-catalyzed Heck coupling
followed by demethylation using BBr3; in CH.Cl, (Scheme 4).
Most of the catalytic systems described in literature suffer from
higher catalyst loadings and temperature in excess of 100 °C.8
In this regards, the Pd/NHC catalytic system presented in this
manuscript allows the synthesis of stilbene derivatives in good to
excellent yields at lower catalyst loading and at relatively lower
temperature.

Wy O

1 equiv.

Pd(OAc); (1.0 mol%) OMe

_Ligand L6 (2.0 mol%) _ L6 (2.0 mol%) BN
Et3N (2.0 equiv.),

CH4CN, 120°C, 24 h MeO

1.5 equiv.

OMe MeooMe

(66%) (64%) (65%)
Tlmethoxy Resveratrol DMU P|nosylvm

MeQ
OH
MeO

2d (70%)
Pterostilbene

Scheme 4 : Synthesis of bio-active stilbene derivatives.
c) Tandem One-Pot Sequential Protocol:
Stilbene-boronate esters

Taking into consideration the potential applications of stilbene-
based derivatives in synthesis and medicinal chemistry, we
envisaged that the modification of stilbene derivatives would
help further enhance the synthetic utility of these molecules.
With this is in mind, we proceeded with our investigation towards
the development of a sustainable protocol for synthesizing
stilbene-based boronate esters (also called as the analogue of
polyphenol). The chemoselective Heck coupling involving the
preferential activation of C—l bond over C—Br could now be
envisaged as an important strategy for the installation of the

Synthesis of
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boronate ester via the subsequent activation of C—Br bond
under the Miyaura borylation conditions®®. Such a procedure
could help circumvent the problems associated with multi-step
synthesis followed by Bhaskar and Ronald in a recent report.!!
Tandem catalytic reactions in the recent years have emerged as
an important tool providing a sustainable solution for the
formation of multiple C—C or C—X bonds in a one-pot
procedure.?® Such a synthetic strategy provides multiple
advantages over the challenging multi-step synthesis including
low solvent usage, better yields and removal of tedious isolation
procedures. For the incorporation of the boronate ester in a
tandem catalytic procedure could therefore be made possible by
combining the chemoselective Heck coupling with Miyaura
borylation. Screening of reaction conditions for the installation of
boronate ester on the stilbene moiety using bispinacaloto boron
(1.5eq.) was performed in a tandem fashion with Heck reaction
(See supporting information for screening studies). It was
observed that for the activation of C—Br bond on the stilbene
structural motif as a part of the boronate ester installation,
catalytically more active system (combination of Pd(OAc), with
X-Phos and K,COs as the base) provided optimum results.

Scheme 5. One-pot sequential chemoselective Heck/Miyaura
borylation tandem protocol for the synthesis of stilbene-based
boronate esters.

Pd(OAc); (0.1 mol%) O Pd(OAc);, (3 mol%) =
Ligand L6 (0.2 mol%) X-Phos (6 mol%)

/\@ _EtN (20equiv) 7 B,pin, (2.0 equiv.)
CH4CN (1.5 mL) O

_BaPing (2.0 equiv.) ,
K,CO3 (2.0 equiv.)

120°C, 24 h CH4CN (0.5 mL)

80°C, 12-18h ofB\O

Br
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The final optimized conditions for the one-pot tandem therefore
involved the first step catalyzed by Pd(OAc). (0.1 mol%) in
combination with ligand L6 (0.2 mol%) and EtsN (2 equiv.) as
base in acetonitrile at 120 °C, while for the Miyaura borylation
step a catalyst combination of Pd(OAc); (3.0 mol%) and X-phos
(6.0 mol%) with KCOs3 (2 equiv.) as base at 80 °C was found to
offer the desired product in good to excellent yield. We next
explored this active catalytic system towards the synthesis of
various stilbene-based boronate esters. Performance of this
catalytic system investigated towards the substrate containing
ethoxy, methoxy, ‘butyl, chloro, methyl functional groups at para
and meta position of aromatic ring furnished the desired product
in 50% to 76% in yields (Scheme 5). The presence of a labile
acetoxy group, however was found to dissociate under the given
set of conditions, although providing the stilbene-boronate
product in decent vyield (3h, Scheme 5). Several other
substituted boronate esters with different aryl and naphthyl units
were thus prepared (3i-n, Scheme 5).

Successful demonstration of the tandem one-pot procedure for
the installation of boronate ester provided us with the required
impetus to explore the possiblity of extending this methodology
towards the modification of nucleosides?!. Limitations on the part
of the basic set of nucleosides in terms of poor absorbance
values and low applicability has allowed researchers to explore
the possibility of modifying nucleosides using a wide variety of
synthetic methods including transition metal-catalyzed coupling
processes.?? In recent years, tandem catalytic processes has
emerged as a promising alternative to multi-step synthesis for
obtained highly derivatized nucleosides with promising biological
activity.?® To this perspective, we envisaged the installation of
stilbene derivative on the nucleoside backbone to create a
library of modified nucleosides with improved biological and
photophyscial activities.?*

MeO Etoh’
i Bpin
Bpin Bpin P!

(74 %) b (76%) C (72 %)
d (77%) 3e (72 %) f (70%)

AcO
o) a\ .
Mspin Bpin

Expected product
3 o HO
9 (69 %) N Bpin|
3h (50 %)
Isolated product
Bpin
N

3i (70%)

O BpinM Bpin
oo O

(72%) 3m (72%)

Pd(OAc), (3.0 mol%) =
- X-Phos (6.0 mol%)
Bopin, (2.0 equiv.)

K,COj3 (2.0 equiv.)

| Pd(OAc); (1.0 mol%)
L6 (0.2 mol%)
EtzN (2.0 equiv.)
—_— >

CH3CN (1.5 mL)
Br 120°C, 24 h CH3CN (0.5 mL)
120 °C, 12-18 h O’B\o
Br
(o}
| L _J

HN)j/
o

Sugar

Base (2.0 equiv.)
80°C, CH3CN (mL)

Scheme 6: Triple Tandem
Miyuara reaction.

Heck/Miyaura borylation/ Suzuki-
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An unprecedented triple tandem one-pot sequential protocol
involving a chemoselective Heck reaction/Miyaura
borylation/Suzuki-Miyuara  cross-coupling  sequence  was
investigated (Scheme 6). Keeping this in mind, we successfully
performed the triple tandem protocol albeit in poor yields.
Mechanistic studies :

The given catalytic system was found to be most effective
towards the Heck cross coupling reaction, but it is also important
to investigate the pathway of reaction i.e. whether homogeneous
or heterogeneous pathways.?* To investigate the possiblity of
either of the pathways operating under the given set of
conditions, we performed the mercury drop test and CS;
poisoning tests, which are considered as highly reliable tools for
the inspection of the type catalytic pathways?®. Hg drop and CS;
tests were both found to inhibit the catalytic activity bringing
about a drastic reduction in the product yield to 5% & 9%,
respectively (Scheme 7). These results suggest the possibility
that the catalytic reaction could be following a heterogeneous
pathway with the formation of NHC-stabilized Pd-nanoparticles,
that are known to be active species in catalytic reactions?’. One
of the reason for the formation of Pd nanoparticles would be the
size of the NHC ligand that would prefer to dissociate under the
catalytic conditions which would help enhance the reactivity of

Pd(OAc), (0.1 mol%)
Li and L6 (0.2 mol%

the developed catalytic system.
MeO

@A@

Et3N (2.0 equiv.),
CHCN (1.5 mL),
120°C, 24 h
1 equiv. 1.5 equiv. Additive
[ Additive Yield (%) |
Hg test 5
CSytest 9
- 84

Scheme 7: Catalyst poisoning study for the presence of
heterogeneous or nanopartlcular pathway

|gre2 TEM anaI5|s of catlytlc solon.
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Furthermore, to ascertain the involvement of Pd nanoparticles
the catalytic solution was directly subjected to HR-TEM (high
resolution transmission electron microscope) analysis. This was
performed by subjecting the catalytic solution or reaction mass
to HR-TEM analysis after completion of reaction between
iodoanisole and styrene (Scheme 7) by simple deposition of the
reaction mass on carbon coated Cu grid. Presence of Pd
nanoparticles were found to be present in the reaction mass with
sizes ranging from 2 nmto 5 nm.

To ascertain the role of NHC ligand in catalytic system and to
investigate whether it co-ordinates to Pd nanoparticle or first is
preceeded by complexation to form an in-situ Pd-NHC complex
that could later undergo degradation to form NHC-stabilized
nanoparticles, we analyzed the reaction mass (containing
Pd(OAc), and NHC ligand L6) on HRMS. HRMS analysis
provided further evidence of a possible formation of Pd(NHC), at
m/z = 1206.1676 while other peaks corresponding to
[PA(NHC)2Nay]** at m/z = 1252.1699 and [Pd(NHC).CINaz]**at
m/z = 1287.0914, respectively were also detected (Figure 3).
The possible formation of the nanopartcles could therefore be
taking place under the catalytic conditions and to verify this
assumption we envisaged to carry out recycling studies of the
catalytic material, which could be isolated at the end of the first
catalytic reaction.

Recycling studies were performed by the isolation of the
catalytic material at the end of the first parent cycle,
subsequently adding new batch of substrate for continuing the
studies (Scheme 8). It was observed that the recycling ability of
the isolated material was limited as possible aggregation of the
NHC-stabilized nanoparticles might be happening leading to
reduced catalytic activity even after the first recycle.

<> Pd(OAc), (0.1 mol%)
/\© Ligand L6 0.2 mol% O A
Et3N (2.0 equiv.),
CH3CN (1.5 mL), MeO
120°C, 24 h

1 equiv. 1.5 equiv.

Recycle Parent cycle 1strecycle 2" recycle

%Conversion <99 90 50

Scheme 8: Recycling studies for Heck alkenylation reaction.

Conclusion:

In conclusion, series of novel N-substituted carbazole-based
NHC ligands were synthesized and characterized by standard
characterization technique. The investigation of the catalytic
performance of synthesized ligand in combination with Pd
precursor was successfully attempted towards the development
of chemo-selective double tandem Heck-Borylation protocol for
obtaining stilbene-based boronate esters using readily available
simple starting material, 1,4-iodobromobenzene, styrene’s,
bispinacaloto borane in good to excellent yields. Finally, the
modification of biologically important nucleosides (5-iodo-2'-
deoxyuridine) was carried out by the installation of the stilbene
derivatives at 5 positions of nucleoside via an unprecedented
one-pot chemoselective  Heck/Miyaura borylation/Suzuki-
Miyuara triple tandem reaction sequence. Mechanistic studies
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were also performed to ascertain the presence of active
molecular species, which was investigated and confirmed by the
catalyst poisoning tests (Hg drop, CS; test) along with HR-TEM
analysis of the catalytic reaction mass.
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Figure 3: HRMS analysis of reaction mixture for the detection of Pd species in solution.

References:

1) (a) W. Jian, D. He and S. Song, Sci. Rep. 2016, 6, 1. (b) A. M.
Rimando, M. Cuendet, C. Desmarchelier, R. G. Mehta, J. M.
Pezzuto and S. O. Duke, J. Agric. Food Chem. 2002, 50,
3453-3457. (c) G. Likhtenshtein, Wiley-VCH, Weinheim,
Germany. 2009. 360 pp Hardcover. ISBN978-3-527-32388-3.

2) (@) B. C. Akinwumi, K. A. M. Bordun and H. D. Anderson, Int.
J. Mol. Sci. 2018, 19, 792. (b) T. Norin, J. W. Rowe (ed.),
Natural Products of Woody Plants© Springer-Verlag Berlin
Heidelberg 1989. (c) L. J. Moilanen, M. Hamalainen, L.
Lehtimaki, R. M. Nieminen, K. Muraki and E. Moilanen, Basic
Clin. Pharmacol. Toxicol. 2016, 118, 238-242. (d) J. A.

Sirerol, M. L. Rodriguez, S. Mena, M. A. Asensi, J. M. Estrela,
and A. L. Ortega, Oxid. Med. Cell. Longev. 2016, 1-15. (e) S.
Albert, R. Horbach, H. B. Deising, B. Siewert and R. Csuk,
Bioorg. Med. Chem. 2016, 19, 5155-5166.

3) (a). T. P. Smith, I. W. Windsor, K. T. Forest and R. T. Raines,
J. Med. Chem. 2017, 60, 7820-7834. (b) I. Uluisika, H. C.
Karakayaa and A. Kocb, J. Trace Elem. Med. Biol. 2018, 45,
156-162. (c) E. Fernandez and A. Whiting, Springer, New
York, 2015, ISBN 978-3319130538, pp-331. (d) A. Fukazawa,
H. Yamada, and S. Yamaguchi, Angew. Chem. Int. Ed. 2008,
47, 5582 -5585.

4) (a) A. Suzuki, Heterocycles 2010, 80, 15-43. (b) N. Miyuara
and A. Suzuki, Chem. Rev. 1995, 95, 2457-2483. (c) H. C.
Brown, John Wiley & Sons, Inc. New York: 1975. ISBN 0-

For internal use, please do not delete. Submitted_Manuscript

This article is protected by copyright. All rights reserved.



Chemistry - An Asian Journal

471-11280-1. (d) D. S. Matteson, J. Org. Chem. 2013, 78,
10009-10023. (e) H. C. Brown, Tetrahedron 1991, 12, 117 -
138. (e) H. C. Brown, Boranes in Organic Chemistry, Cornell
University Press, Ithaca, New York, 1972.

5) (a) T. Ishiyama, M. Murata, N. Miyaura, J. Org. Chem. 1995,
60, 7508-7510. b) A. L. S. Thompson, G. W. Kabalka, M. R.
Akula, J. W. Huffman, Synthesis 2005, 547-550. c) A.
Molander, L. N. Cavalcanti, C. Garcia-Garcia, J. Org. Chem.
2013, 78, 6427-6439. d) G. A. Molander, S. L. J. Trice, S. D.
Dreher, J. Am. Chem. Soc. 2010, 132, 17701-17703. e) J.
Takagi, K. Takahashi, T. Ishiyama, N. Miyaura, J. Am. Chem.
Soc. 2002, 124, 8001-8006. f) S. Ando, H. Matsunaga, T.
Ishizuka, J. Org. Chem. 2015, 80, 9671-9681. g) Y. Uetake, T.
Niwa, T. Hosoya, Org. Lett. 2016, 18, 2750-2753.

6) D. Leonori, V. K. Aggarwal, Acc. Chem. Res. 2014, 47, 3174-
3183.

7) C. Pintaric, S. Olivero, Y. Gimbert, P. Y. Chavant, E. Dunach,
J. Am. Chem. Soc. 2010, 132, 11825-11827.

8) (a) J. W. B. Fyfe and A. J. B. Watson, Chem. 2017, 3, 31-55.
(b) C. Torborg and M. Beller, Adv. Synth. Catal. 2009, 351,
3027 — 3043. (c) K. C. Nicolaou, P. G. Bulger and D. Sarlah,
Angew. Chem. Int. Ed. 2005, 44, 4442 — 4489. (d) C. C. C.
Johansson Seechurn, M. O. Kitching, T. J. Colacot and V.
Snieckus, Angew. Chem. Int. Ed. 2012, 51, 5062 — 5085.

9) (a) M. N. Hopkinson, C. Richter, M. Schedler and F. Glorius,
Nature 2014, 510, 485-496. (b) D. J. Nelson and S. P. Nolan,
Chem. Soc. Rev. 2013, 42, 6723-6753. (c) a) Froese, R. D. J.
Froese, C. Lombardi, M. Pompeo, R. P. Rucker and Organ,
M. G. Acc. Chem. Res. 2017, 50, 2244-2253. (d) |. Wauters,
W. Debrouwer and C. V. Stevens, Beilstein J. Org. Chem.
2014, 10, 1064-1096.

10) (a) C. Valente, S. Calimsiz, K. H. Hoi, D. Mallik, M. Sayah
and M. G. Organ, Angew. Chem. Int. Ed. 2012, 51, 3314-
3332. b) D. J. Nelson and S. P. Nolan, First Edition. Edited
by Steven P. Nolan, 2014 Wiley-VCH Verlag GmbH & Co.
KGaA. Published 2014 by Wiley-VCH Verlag GmbH & Co.
KGaA. (c) R. A. Kelly, H. Clavier, S. Giudice, N. M. Scott, E.
D. Stevens, J. Bordner, |. Samardjiev, C. D. Hoff, L. Cavallo
and S. P. Nolan, Organometallics 2008, 27, 202-210. (d) S.
Diez-Gonzalez, N. Marion, S. P. Nolan, Chem. Rev. 2009,
109, 3612-3676.

11) (a) J. Slattery, R. J. Thatcher, Q. Shi, R. E. Douthwaite, Pure
Appl. Chem. 2010, 82, 1663-1671. (b) J. C. Bernhammer, G.
Frison, H. V. Hunyh, Chem. Eur. J. 2013, 19, 12892-12905.
(c) H. V. Hunyh, J. Org. Chem. 2013, 78, 328-338. (d) J. A>
M. Lummiss, C. S. Higman, D. L. Fyson, R. McDonald, D. E.
Fogg, Chem. Sci. 2015, 6, 6739-6746.

12) (a) M. Lautens, and J. Mancuso, J. Org. Chem. 2004, 69,
3478-3487. (b) B. C. Das, S. M. Mahalingam, S. Das, N. S.
Hosmane and T. Evans, Organometallics 2015, 798, 51-59.
(c) B. C. Das, X. Zhao, X. Tang and F. Yang, Bioorg. Med.

Chem. Lett. 2011, 21, 5638-5641. d) A. Oehlke, A. A. Auer, I.

Jahre, B. Walfort, T. Ruffer, P. Zoufala, H. Lang and S.
Spange, J. Org. Chem. 2007, 72, 4328-4339.

13) (a) A. R. Kapdi, V. Gayakhe, Y. S. Sanghvi, J. Garcia, P.
Lozano, I. da Silva, J. Perez, J. L. Serrano, RSC Adv. 2014,
4, 17567. (b) A. R. Kapdi, A. Ardhapure, Y. S. Sanghvi, J. L.

10.1002/asia.201900419

WILEY-VCH

Serrano, J. Sanchez, J. Garcia, P. Lozano, RSC Adv. 2015,
5, 24558-24563. (c) V. Gayakhe, A. Ardhapure, A. R. Kapdi,

Y. S. Sanghvi, J. L. Serrano, L. Garcia, J. Perez, J. Garcia, C.
Fischer, C. Schulzke, J. Org. Chem. 2016, 81, 2713-2729.
(d) S. Murthy Bandaru, S. Bhilare, N. Chryosochos, V.
Gayakhe, |. Trentin. C. Schulzke, A. R. Kapdi, Org. Lett.
2018, 20, 473-476. (e) V. Sable, K. Maindan, S. Bhilare, A. R.
Kapdi, N. Chrysochos, C. Schulzke, Chem. Asian J. 2018, 13,
2489-2498. (f) A. R. Kapdi, G. Dhangar, J. L. Serrano, J.,
Perez, L. Garcia, I. J. S. Fairlamb, Chem. Commun. 2014,
50, 9859. (g) V. Zende, C. Schulzke, A. R. Kapdi, Org. Chem.
Front. 2015, 2, 1397-1410. (h) D. Prajapati, C. Schulzke, M.
Kindermann, A. R. Kapdi, RSC Adv. 2015, 5, 53073-53085.

14) M. J. Chmielewski, M. Charon, J. Jurczak, Org. Lett. 2004, 6,

3501-3504.

15) (a) Y. Zhang, V. R. Tangadanchu, Y. Cheng, R. Yang, J. Lin,

C. Zhou, ACS Med. Chem. Lett. 2018, 9, 244-249. (b) A. B.
Kumar, J. M. Anderson, A. L. Melendez, R. Manetsch, Bioorg.
Med. Chem. Lett. 2012, 22, 4740-4744.

16) Z. Chen, Z. Li, X. Ma, P. Long, Y. Zhou, Lin Xu, S. Zhang,

Green Chem. 2017, 19, 1303-1307.

17) H. V. Hunyh, Y. Han, R. Jothibasu, J. A. Yang,

Organometallics 2009, 28, 5395-5404.

18) (a) N. Sun, M. Chen, L. Jin, W. Zhao, B. Hu, Z. Shen, X. Hu,

Beilstein J. Org. Chem. 2017, 13, 1735-1744. (b) V.
Srivastava, Orient J. Chem. 2012, 28, 1859. (c) S. R. Tamang,
J. D. Hoefelmeyer, Molecules 2015, 20, 12979-12991. (d) D. E.
Bergbreiter, H.-L. Su, H. Koizumi, J. Tian, J. Organomet. Chem.
2011, 696, 1272-1279. () M. O. Owusu, S. Handa, L. M.
Slaughter, Appl. Organomet. Chem. 2012, 26, 712-717.

19) (a) E. Jeong, H. R. Lee, J. Pyee, H. Park, Phytother. Res.

2013, 27, 610-617. (b) Y. Chiou, M. L. Tsai, K.
Nagabhushanam, Y. J. Wang, C. H. Wu, C. T. Ho, M. H.
Pan, J. Agric. Food Chem. 2011, 59, 2725-2733. (c) C.
Aranda, R. Ullrich, J. Kiebist, K. Scheibner, J. C. del Rio,
M. Hofrichter, A. T. Martinez, A. Gutiérrez, Catal. Sci.
Technol. 2018, 8, 2394-2401. (d) Y. Wang, L. Ding, X.
Wang, J. Zhang, W. Han, L. Feng, J. Sun, H. Jin, X. J.
Wang, Am. J. Transl. Res. 2012, 4, 44-51. (e) N. Suganya,
E. Bhakkiyalakshmi, T. S. Subin, K. Krishnamurthi, S. S.
Devi, K. Lau, T. V. Sekar, R. Paulmurugan, K. M.
Ramkumar, Chem. Res. Toxicol. 2014, 27, 1243-1252. (f)
Qiang Li, Z. Shah, Jian-Ping Qu, Y. B. Kang, J. Org. Chem.
2018, 83, 296-302.

20) (a) M. M. Lorion, K. Maindan, A. R. Kapdi, L. Ackermann,

Chem. Soc. Rev. 2017, 46, 7399. (b) T. L. Lohr, T. J. Marks,
Nat. Chem. 2015, 7, 477. (c) D. E. Fogg, E. N. dos Santos,
Coord. Chem. Rev. 2004, 248, 2365. (d) P. J. Parsons, P. J.;
C. S. Penkett, A. J. Shell, Chem. Rev. 1996, 96, 195-206.

21) Chemistry of Nucleosides and Nucleotides. Ed. Townsend, L.

B. Springer US. Vol. 3, 1994,

22) (a) N. Amann, E. Pandurski, T. Fiebig, H. A. Wagenknecht,

Chem. Eur. J. 2002, 8, 4877-4883. (b) N. Amann, H. A.
Wagenknecht, Synlett 2002, 5, 687-691. (c) M. F. Jacobsen,
E. E. Ferapontova, K. V. Gothelf, Org. Biomol. Chem. 2009,
7, 905-908. (d) A. Okamoto, T. Inasaki, I. Saito, Tetrahedron
Lett. 2005, 46, 791-795. (e) N. Fresneau, M. A. Hiebel, L. A.

For internal use, please do not delete. Submitted_Manuscript

This article is protected by copyright. All rights reserved.



Chemistry - An Asian Journal

Agrofoglio, S. Berteina-Raboin, Molecules 2012, 17, 14409—
14417. (f) E. C. Western, J. R. Daft, E. M. Johnson, II, P. M.
Gannett, K. H. Shaughnessy, J. Org. Chem. 2003, 68, 6767.
(g) P. Capek, M. Hocek, Synlett 2005, 19, 3005.

23) (a) S. Bhilare, V. Gayakhe, A. V. Ardhapure, Y. S. Sanghvi,
C. Schulzke, Y. Borozdina, A. R. Kapdi, RSC Adv. 2016, 6,
83820-83830. (b) S. Bhilare, S. Murthy Bandaru, J. Shah, N.
Chrysochos, C. Schulzke, Y. S. Sanghvi, A. R. Kapdi, J. Org.
Chem. 2018, 83, 13088-13102.

24) Y. S. Sanghvi, A. R. Kapdi, In Future of Drug Discovery:
Importance of modified nucleosides, nucleotides and
oligonucleotides:  Palladium-Catalyzed  Modification  of
Nucleosides, Nucleotides and Oligonucleotides. Eds. A. R.
Kapdi, D. Maiti, Y. S. Sanghvi. Elsevier, New York, 2018 pgs
1-18.

25) (a) L. Chen, G. Chen, C.-F. Leung, S.-K. Yiu, C.-C. Ko, E.
Anxolabehere-Mallart, M. Robert, T.-C. Lau, ACSCatalysis
2015, 5, 356-364. (b) E. Heracleous, A. A. Lemonidou, Appl.
Catal. A: 2004, 269, 123-135.

26) (a) G. M. Whitesides, M. Hackett, R. L. Brainard, J. P. P. M.
Lavallaye, A. F. Sowinski, A. N. lzumi, S. S. Moore, D. W.
Brown and E. M. Staudt, Organometallics 1985, 4, 1819. (b)
R. H. Crabtree, Chem. Rev. 2012, 112, 1536. (c) C. A.
Jaska, |. Manners, J. Am. Chem. Soc. 2004, 126, 9776-9785.

27) (a) N. Bridonneau, L. Hippolyte, D. Mercier, D Portehault, M.
Desage-El Murr, P. Marcus, L. Fensterbank, C. Chaneac, F.
Ribot, Dalton Trans. 2018, 47, 6850-6859. (b) A. Ferry, K.
Schaepe, P. Tegeder, C. Richter, K. M. Chepiga, B. J. Ravoo,
F. Glorius, ACS Catal. 2015, 5, 5414-5420. (c) C. Richter, K.
Schaepe, F. Glorius, B. J. Ravoo, Chem. Commun. 2014, 50,
3204-3207. (d) S. Roland, X. Ling, M.-P. Pileni, Langmuir
2016, 32, 7683-7696. (e) Y.-Y. An, J.-G. Yu, Y.-F. Han,
Chinese J. Chem. 2019, 37, 76-87.

For internal use, please do not delete. Submitted_Manuscript

This article is protected by copyright. All rights reserved.

10.1002/asia.201900419

WILEY-VCH



