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A phosphine free, inorganic base free, one-pot
tandem Mizoroki—Heck olefination/direct
arylation/hydrogenation sequence, to give
multicyclic alkylated heteroarenest

Roberta A. Kehoe,>® Mark E. Light,¢ David J. Jones ©2 ¢ and
Gerard P. McGlacken () &P

One-pot processes which facilitate a number of tandem reactions, represent an environmentally friendly
approach to building molecular complexity. In addition, there are significant cost and time saving benefits.
However, unearthing multiple reactions that display substrate, reagent and solvent compatibility across
two or more reactions, is not straightforward. This is even more pronounced when using catalysts, which
by their nature, are present in small amounts and thus susceptible to poisoning. Herein we describe a
phosphine-free, inorganic base free, multi-step, one-pot reaction sequence which enables the rapid syn-
thesis of complex, medicinally relevant heterocycles in excellent yields. This Pd-catalysed approach com-
bines Heck olefination, C—H activation, and hydrogenation, and the same pre-catalyst is involved in the
three mechanistically distinct processes. Quinolines as substrates are used in the main, but we also
provide a neat extension to pyridines and simple aryl substrates. Deuterium (D,) incorporation can be
facilitated through use of the COware apparatus in the reduction step. Favourable mass productivity (MP),
environmental impact factor (EF), solvent intensity (SI) and process mass intensity (PMI) values are
reported. While the motivation to avoid problematic additives (inorganic base and P-ligands) and proble-
matic solvent (DMA and NMP) was driven by a green agenda, the removal of reagents and additives in the
context of one-pot strategies might also serve to reduce the bad actors and improve yields in one-pot

rsc.li/greenchem processes.

Introduction

The design of one-pot, multi-step reaction sequences is highly
desirable in the context of green organic synthesis, as mole-
cular complexity is rapidly achieved, whilst avoiding wasteful
isolation and purification of reaction intermediates.’
Achieving substrate, reagent and solvent compatibility across
two or more reactions is not straightforward and, thus,
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unearthing multiple compatible reactions, which work
together in a single medium, is very challenging. This problem
is even more pronounced when considering transition metal-
catalysed reactions, as catalytic performance can be dramati-
cally influenced by the various reaction inputs and outputs.
This presents a barrier to the optimisation of multi-step, one-
pot processes as the structure of the initial catalyst is not
static, and changes over the course of one or more steps due to
interactions ~ with  intermediates and  by-products.
Consequently, individual reaction optimisation is less appli-
cable and due regard must be given to the potential role of
other upstream or downstream reaction components. Auto-
tandem catalysis is defined as a domino reaction process in
which one catalyst promotes two or more fundamentally dis-
tinct chemical transformations in a single reactor.> There has
been tremendous progress in the development of Pd-catalysed
auto-tandem processes, in a bid to develop greener synthetic
methods. A key feature of this approach is that Pd acts as the
catalyst in two sequential, one-pot reactions.® Interestingly,
extending this concept to the development of processes with
three or more mechanistically distinct Pd-catalysed reactions

This journal is © The Royal Society of Chemistry 2023
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has proven challenging and examples are sparse in the
literature.*

Fagnou and co-workers previously reported a rare example
of a three-reaction process, wherein a series of benzochro-
menes were prepared in good yields (Scheme 1). While this
exquisite example demonstrates the power of auto-tandem cat-
alysis, there is clear potential for further green chemistry
improvement and expansion.

Quinolines, pyridines and furans represent important mole-
cule classes in medicinal and natural product chemistry.> Core
quinoline, pyridine and furan motifs are the 22", 2% and 25"
most abundant of the 351 ring systems present in FDA-
approved drugs respectively.® Direct arylation vie C—H acti-
vation of these moieties has received significant attention in
recent years, as the protocol avoids the introduction of activat-
ing groups, and the associated waste. Direct arylation via C—H
activation also facilitates the introduction of new aryl groups
which could be difficult using traditional (Het)Ar-(Het)Ar
bond forming processes such as the Suzuki-Miyaura and Stille
reactions.” This is especially the case with intramolecular reac-
tions, where the installation of halides and boronic acids (or
stannanes) onto a single substrate is often difficult.

We posited that intramolecular direct arylation of quino-
lines could be coupled with a Mizoroki-Heck alkenylation and
a hydrogenation in a one-pot sequence to give decorated tri-
and tetra-cyclic quinolines with a built-in benzofuran.
However, we were also aware that the quinoline nitrogen atom
can ligate Pd®*® and thus effect a synergistic or deleterious
effect on any of the three Pd-mediated process.® In any case,
we were keen to apply a ‘bottom-up’ green chemistry approach
to develop tricyclic alkylated heterocycles, bearing key func-
tionalities relevant to medicinal chemistry.

We set ourselves the specific challenges of (1) minimising
catalyst loading (2) eliminating the need for a P-ligand (3)
avoiding the use of toxic solvents such as DMA and NMP and
(4) carrying out the reactions in air. Herein we describe the
successful execution of these goals (Scheme 1). We expand the
substrate scope from quinolinyl to pyridinyl and simple aryl
ethers. Also, for the first time in these types of processes, we
introduce deuterium via reduction of the Heck products using
the COware apparatus (which circumvents the difficulty in

State of the art (Fagnou):

Ty -

This work:

Pd(OAc), (10 mol%)
P'BuHBF, (20 mol%)
K,CO; (4 eq.), DMA
__130°Cc,20h

e

(up to 69%)

then Hy (1 atm.)
100°C, 24 h

Pd(OACc), (5 mol%)
TBAOACc (5 eq.)
100°C, 24 h

then Hy (1 atm.) ~
100°C, 24 h R

v No added phosphine ligand v TBAOAc as base and reaction medium v 21 examples (up to 83%)

Scheme 1 Comparison to previous work from a green perspective.
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accessing D, gas). Finally, some initial investigation of the
catalytic species required for each step is presented.

Results and discussion
Optimisation study

As a starting point, we revisited our previously reported one-
pot, two-step methodology involving a Mizoroki-Heck/direct
arylation sequence with a view toward obviating the need for
N-methylpyrrolidone (NMP) as solvent.®*®*'® We began our
optimisation efforts with a number of more desirable solvents
(Table 1 and ESIt for further information).'® Initially, we
found that 1,4-dioxane gave rise to moderate conversion
(Table 1, entry 1), which was improved slightly through the
addition of 18-crown-6 as an additive (Table 1, entry 2). Jeffery
and co-workers have previously shown that the use of quatern-
ary ammonium salts as additives in Pd-catalysed olefination
reactions led to superior reaction performance.'*'?
Gratifyingly, the use of tetrabutylammonium chloride
(TBACI) in 2.00 equivalents in place of 18-crown-6 resulted in
near quantitative formation of olefin 2a (Table 1, entry 3).
Conducting the reaction in the absence of base or using
NaOAc in place of K,CO; gave lower conversion (Table 1,
entries 4 and 5). We also explored the use of tetrabutyl-
ammonium acetate (TBAOAc)."* Exchanging TBAOAc for TBACI
resulted in similarly excellent results (Table 1, entry 6 cf:
Table 1, entry 3). Encouraged by this initial result, we won-
dered whether TBAOAc could also act as the base for the reac-
tion and replace K,CO;. We knew the acetate ion could act as
base from previously tried NaOAc, which gave 77% conversion
to the target compound (Table 1, entry 5). Using TBAOAc in
the absence of K,COj;, these conditions gave rise to 2a in good
conversion (Table 1, entry 7), which was the rendered quanti-

Table 1 Optimisation of Heck olefination reaction

Br
O/Q/ O/Ph

Pd(OAC), (5 mol%)

Base (2 eq.)
Br Styrene (1.1 eq) N
©\)j Solvent O _
N 1a 135°C, 24 h N" 9,

Entry Solvent Additive Base Conversion”
1 1,4-Dioxane — K,CO; 65%
2 1,4-Dioxane 18-Crown-6 K,CO; 73%
3 1,4-Dioxane TBACI K,CO; 100% (80%)
4 1,4-Dioxane TBACI — 15%
5 1,4-Dioxane TBACI NaOAc 77%
6 1,4-Dioxane TBAOAc K,CO; 98% (79%)
7 1,4-Dioxane TBAOAc — 84%
8° 1,4-Dioxane TBAOAc — 98% (77%)
9° EtOAc TBAOAc — 100%
10? CPME TBAOAc — 98% (78%)
11? Cyrene TBAOAc — 98%
120 H,O TBAOAc — 88%

“ Conversion to product 3a determined by '"H NMR analysis, 1solated
yields following chromatographic purification in parentheses. ”3.00
eq. TBAOAc used.
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tative on increasing the equivalents of TBAOAc from 2.00 to
3.00 (Table 1, entry 8). Although preferable to NMP, 1,4-
dioxane is still not an ideal solvent for this transformation
from a green chemistry perspective. To our delight, the use of
TBAOAc enabled this chemistry to proceed in several more
desirable solvents, including EtOAc, CPME, Cyrene and water
with 3.00 equivalents (Table 1, entries 9-12 and ESI} for
further information).

With optimised conditions for the first two steps in hand,
we next turned our attention to finding compatible conditions
for the subsequent reduction step (Table 2). Alkene reduction
with molecular hydrogen is ideal from a green chemistry
perspective.'*

Although conducting the reaction in CPME, Cyrene, EtOAc
and 2-MeTHF typically led to excellent conversions to olefin
2a, elevated temperatures were generally required to achieve
quantitative  hydrogenation (Table 2, entries 1-8).
Furthermore, Cyrene appeared to polymerise during the
course of the reaction, thus proving problematic."® As TBAOAc
melts at approximately 100 °C, we wondered whether molten
TBAOAc could act as both base for the first two reactions and a
reaction medium for the hydrogenation step.

Indeed, quantitative formation of reduced product 3a was
recorded using TBAOAc at both 135 °C and 100 °C (Table 2,
entries 9 and 10). Finally we attempted a number of transfer
hydrogenation agents (in place of H,) but with less success.
See ESI for details.t

Table 2 Optimisation of three-step one-pot sequence
Pd(OAc), (5 mol%)
TBAOAC (3eq.) Ph

Br
O/Q/ Styrene (1.1 eq)
Br Solvent, X
= temp, 24 h P
J 1a > N 3a
N

then Hy (1 atm.)
temp, 24 h A

Heck
reaction !

\l

X Ph
Q/y o
o C-H activation-> O N
Br  TTTTTTTTTTTTTTTT
I~
N

i Hydrogenation

/—Ph

Conversion to Conversion to

Entry  Solvent Temperature  2a“ 3a“
1 CPME 90 °C 28% n.d.
2 CPME 110 °C 98% 100%
3 Cyrene 100 °C 74% n.d.
4 Cyrene 135 °C 98% 100%
5 EtOAc 60 °C n.d. n.d.
6 EtOAc 90 °C 100% na.
7 2-MeTHF 70 °C 14% n.d.
8 2-MeTHF 90 °C 100% 50%
9¢ — 135 °C 100% 100%
10° — 100 °C 100% 100%

“Conversion to products 2a and 3a determined by "H NMR analysis
from starting material 1a. ®n.a. = not applicable: EtOAc did not
support the hydrogenation step. “5.00 eq. TBAOAc used as reaction
medium; n.d. = not determined.
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N, Br Pd(OACc), (5 mol%) |
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Scheme 2 Scope of phenoxyquinoline substrates.

Substrate scope

We then extended the scope of our optimised conditions to
include several phenoxyquinoline substrates (Scheme 2). The
products, prepared through our three-step, one-pot process
were isolated in excellent yields following purification by
column chromatography. The scope was established by varying
the precursors for the Heck reaction. The reaction worked well
irrespective of whether the aryl bromide Heck partner was on
the pendant phenoxy-ring or the quinoline core. Both electron-
rich and electron-poor olefin coupling partners were also well-
tolerated.

Pyridines are often difficult substrates in direct arylation
reactions.” However, their prevalence in biologically active

Br, Pd(OAG), (5 mol%)

TBAOAC (5 eq.) o
0 100°C, 24 h
VA + AR —mMmm—— 7\
Br then Hy N=
— . 6
N 5 100°C, 24 h

CO,Bu

6a
66%

Scheme 3 Scope of phenoxypyridine substrates.
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compounds® prompted us to submit a series of phenoxypyri-
dines to our optimal conditions (Scheme 3). We were pleased
that both electron-rich and electron poor olefins were compati-
ble with the Heck-hydrogenation sequence, giving novel benzo-
furopyridines 6a-6¢ in good yields. Finally, we were interested
in exploring the synthesis of benzofurans via this approach
(Scheme 4). Benzofuran derivatives are ubiquitous in bioactive
molecules and have well-established uses as antimicrobial and
anticancer chemotherapeutics.'® This class of substrates also
constitutes an interesting extension as they do not possess a

Br Z R
O Pd(OAc), (5 mol%)
) 0 TBAOAC (5 eq.)

vy

Ol

X oo ST

9a 74%
69% 9b

1%
O,
g °
BuO,C O
‘B e
68% MeO e

70% N

100°C, 24 h
—_—

then H,
100°C,24h

Scheme 4 Scope of diaryl ether substrates.

coordinating nitrogen atom. The reaction worked well with
diaryl ether substrates (9a-9e)."”

Deuterium incorporation and
mechanistic studies

In a bid to better understand the underlying mechanistic pro-
cesses which were operative in this complex transformation,
we undertook a series of mechanistic studies.

Deuterium incorporation

Incorporating deuterium into target molecules has many
important applications in the context of mechanistic studies
(e.g., kinetic isotope effects), but also by enhancing metabolic
stability and pharmacokinetics, aiding ADME studies, better-
ing toxicity profiles in drugs and creating new chemical enti-
ties of commercial importance.'® To facilitate easy access to D,

D (75%)

(55%)
D (72%)

4h-d,
100°C, 24 h 75%

Chamber A: Substrates, Pd(OAc),, TBAOAC
Chamber B: Zn, DCI

Scheme 5 Deuterium incorporation using COware apparatus.
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for this study, we used the ‘COware’ apparatus developed by
Skrydstrup (Scheme 5).'° This apparatus connects two
chambers by a glass bridge which facilitates ex situ gas gene-
ration. Here D, was generated (by addition of DCI to zinc) and
successfully incorporated into the final structure 4h-d, by
addition across the double bond. The ability to isotopically
label these densely functionalised molecules at a late stage in
their preparation demonstrates the medicinal chemistry poten-
tial of this approach. Interestingly, some incorporation of D
was observed at other locations on the quinoline, which might
provide a rich avenue of further research.

Sequence of the direct arylation and olefination reactions

Initially, we were curious whether the direct arylation and
Heck reactions took place concurrently or sequentially. "H
NMR analysis of the reaction between dibromoquinoline 1b
and styrene, under the optimised conditions, revealed that the
Heck reaction was significantly faster than the direct arylation
reaction. This result suggests that oxidative addition to the less
hindered quinoline Ar-Br bond is favoured over oxidative
addition at the phenoxy Ar-Br. Indeed, we have previously
observed a similar trend in reactivity when studying tandem
Suzuki-Miyaura/C-H activation reactions on phenoxyquinoline
substrates.>®

Probing the catalytic species in the hydrogenation reaction

During the Heck olefination/C-H activation process, we
observed the formation of palladium black, and we were inter-
ested to determine the speciation of Pd during the hydrogen-
ation step. We considered it most likely that heterogeneous or
soluble nanoparticulate Pd, formed in situ, was catalysing the
hydrogenation reaction.*”** To discern the impact of soluble
Pd sources, we undertook a filtration test. Initially, we per-
formed the first two reaction steps (Heck and C-H activation)
using a dibromoquinoline and styrene as per our established
reaction conditions (see ESIt for more information). However,
before inserting the hydrogen balloon, we filtered the reaction
mixture through a 2 um PTFE syringe filter and placed the fil-
trate back into a clean reaction vial. The reaction mixture was
then purged with hydrogen and allowed to stir for a further
24 hours at 100 °C. As the reaction mixture was rid of visible
aggregates of palladium, it appeared as a brown homogenous
solution. Complete conversion to the hydrogenated product
was observed by "H NMR spectroscopy. Thus, interestingly, it
appears that soluble Pd nanoparticles are active catalysts in
the hydrogenation reaction.*

Analysis of green chemistry metrics

Finally, as we set ourselves the challenge to design a ‘bottom-
up’ green chemistry approach to the polycyclic alkylated het-
erocycles in this study, we turned to calculating green metrics
to evaluate the greenness of our reaction versus the current
state-of-the-art reported by Fagnou (Scheme 1).* The metrics
were determined as per previously reported calculations by Ma

Green Chem., 2023, 25, 5654-5660 | 5657
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Fig. 1 Quantitative comparison of green chemistry metrics for this
work and previous work by Fagnou.*® For illustration purposes, EF, Sl
and PMI values were inverted and multiplied by 100 (calculation can be
found in ESI¥).

et al®® Analysis was conducted on atom economy (AE), atom
efficiency (AEf), carbon efficiency (CE), reaction mass
efficiency (RME), optimum efficiency (OE), process mass inten-
sity (PMI), E-factor (EF), solvent intensity (SI) and water inten-
sity (WI) (Fig. 1 and see ESIf for the definition of the metrics
and methodology).

As shown in Fig. 1, our process constitutes a significant
green chemistry improvement under these metrics due to our
system not requiring an ancillary phosphine ligand, added
base and excess solvent. For comparison, in green metric cal-
culations, we input our quinoline substrate with Fagnou’s con-
ditions and input Fagnou’s chromene substrate into our new
conditions. Both metrics show the more favourable greenness
of our conditions (see ESIT).

The MP of the average one-pot values of 12% is six times
higher than that of Fagnou’s process, which has a value of just
2%. MP is an important metric that indicates the level of
resource consumption as it includes all benign and non-
benign reagents such as catalysts, base and solvent.

Conclusions

Achieving substrate, ligand and solvent compatibility across
three mechanistically distinct catalytic reactions is challenging.
In the methodology described here, no P-ligand or inorganic
base is added, with TBAOAc acting as both ionic liquid and
base. Decorated tri- and tetra-cyclic alkylated heteroarenes are
conveniently and rapidly formed. Our new methodology greatly
improves on the current state-of-the-art and demonstrates
superior green chemistry values across many of the key metrics.

Experimental
General information

All reagents and solvents were purchased from commercial
suppliers and were used without further purification. Column

5658 | Green Chem., 2023, 25, 5654-5660
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chromatography was carried out using 60 A (35-70 pm) silica.
'H NMR (600 MHz), "H NMR (500 MHz), "H NMR (400 MHz),
and 'H NMR (300 MHz) spectra were recorded on Bruker
Avance III 600, Bruker Avance 500, Bruker Avance 400, and
Bruker Avance III 300 NMR spectrometers respectively. *C
NMR (150.9 MHz), ">*C NMR (125 MHz), **C NMR (100 MHz),
and C NMR (75.5 MHz) spectra were recorded on Bruker
Avance III 600, Bruker Avance 500, Bruker Avance 400, and
Bruker Avance III 300 NMR spectrometers respectively.
Chemical shifts are reported in parts per million (ppm) down-
field from TMS internal standard. Additional information on
the COware apparatus and setup is available in the ESL

General procedure for the synthesis of phenoxyquinoline
starting materials

A mixture of the 4-chloroquinoline substrate S1 (1 eq.), the
phenol (3.5 eq.) and NaOH (1.5 eq., crushed pellets) was
stirred at 120 °C until TLC analysis indicated the reaction was
complete (2-24 hours). The reaction mixture was cooled to
room temperature and 10% aqueous NaOH (10 mL) was added
and stirred for 30 min. The aqueous layer was extracted with
DCM (3 x 15 mL). The organic layers were combined and
washed with 6 M NaOH (3 x 15 mL), water (10 mL) and brine
(10 mL), dried over MgSOy, filtered, and concentrated in vacuo.
Impure products were purified by column chromatography
over silica gel using a gradient cyclohexane : EtOAc (70 : 30).

General procedure for the one-pot Mizoroki-Heck/direct
arylation/hydrogenation reaction

To a screw capped vial was added the quinoline/pyridine/diaryl
ether substrate (1 eq.), Heck coupling partner (1.1 eq.), palla-
dium diacetate (5 mol%) and tetrabutylammonium acetate (5
eq.) which was stirred at 100 °C for 24 hours. The reaction
mixture was then purged with hydrogen gas and stirred under
a hydrogen atmosphere for a further 24 hours at 100 °C. The
crude reaction mixture was loaded directly onto silica gel for
purification by column chromatography. The benzofuroquino-
line and benzofuropyridine products eluted in a gradient
cyclohexane : EtOAc (70:30). The dibenzofuran products
eluted in a gradient cyclohexane : EtOAc (90 : 10).

General procedure for the synthesis of deuterated
benzofuroquinoline (4h-d,)

To chamber ‘A’ of the 20 mL COware'®® apparatus was added
the benzofuroquinoline substrate (1 eq.), Heck coupling
partner (1.1 eq.), palladium diacetate (5 mol%) and tetrabutyl-
ammonium acetate (5 eq.). To the second chamber ‘B’ was
added zinc powder (3.65 eq.). Chamber ‘A’ was submerged
into an oil bath and was stirred at 100 °C for 24 hours. DCI (4
M in D,0, 7.3 eq.) was added via syringe to chamber ‘B’ which
initiated the D, formation [CAUTION] and reaction was
allowed to stir at 100 °C for a further 24 hours. The crude
product was purified loaded directly onto silica gel for purifi-
cation by column chromatography, eluting with a gradient
cyclohexane : EtOAc (70 : 30).

This journal is © The Royal Society of Chemistry 2023
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Crystallographic data

X-ray crystallographic data for compounds 3a [CCDC 2143462],
3b [CCDC 2143446, 3¢ [CCDC 2204946], 4d [CCDC 2211708],
4h [CCDC 2204910], 4j [CCDC 2201481], 6a [CCDC 2204956,
9a [CCDC 2204818], 9e [CCDC 2204795] (see ESI for details).t
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