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with bromomaleic anhydride (4b), provides an excellent base-triggered source of carbon monoxide for

palladium-catalysed carbonylation reactions. Aminocarbonylation, ketoamide synthesis, and Suzuki-
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rsc.li/rsc-advances yields of carbonylated products.

Introduction

In order to avoid the use of carbon monoxide (CO) gas as a reactant
in small scale reactions in situ generation from many sources
including carbon dioxide," aldehydes,”> formates,® and formam-
ides** such as N-formylsaccharin developed by Manabe and
coworkers® has been utilized. This circumvents the need for
equipping small-scale chemical laboratories with cylinders of this
highly toxic, odourless and colourless gas. In early work, the most
commonly used CO sources were metal carbonyl compounds such
as Mo(CO)s which proved useful, among others, for palladium
catalysed aminocarbonylations and carbonylative Stille reactions
of aryl halides.”” Recently, we have reported the development of
norborneneone derivatives such as 0COm-21 as physiologically
relevant carbon monoxide releasing molecules. This water soluble
Carbon Monoxide Releasing Molecule (CORM) undergoes an El g
elimination of HBr to a norbornadienone intermediate that
spontaneously undergoes cheletropic release of CO in TRIS-
sucrose buffer at pH 7.4 at 37 °C with a half-life of 19 minutes
(Scheme 1).° The rate of release is pH dependent and at higher pH
the half-life is much reduced.

In parallel work to the development of these compounds, we
viewed that simpler norborneneone constructs could provide
readily accessible and bench stable CO sources for various
palladium catalyzed carbonylation reactions as originally
described by Heck," Suzuki and coworkers'> and Yamamoto.*
These would be an alternative to compounds such as sila-
carboxylic acids 1a-c and 9-methyl-fluorene-9-carbonyl chloride
(2) for CO generation for use in two-chamber reaction system
such as that developed, and comprehensively studied, by the
Skrydstrup group. They have demonstrated the utility of this
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f Electronic supplementary information (ESI) available: Experimental protocols,
'H and "*C NMR spectra. See DOI: 10.1039/c9ra06594f
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Miyaura reactions of aryl iodides carried out in a two-chamber reaction vessel gave good to excellent

approach, using SilaCOgen 1b and COgen 2 (along with their
13C and 'C labelled counterparts)™* in a number of palladium
catalysed carbonylations including, aminocarbonylation,'>*®
double carbonylations,*® Heck,"”*®* and Suzuki-Miyaura reac-
tions of both aryl iodides and bromides."?"* CO release from
COgen 2 is triggered in one chamber upon heating with a tri-
tert-butylphosphine ligated palladium catalyst while that of
silacarboxylic acids such as 1a produces CO at ambient
temperature upon treatment with a fluoride source. The
synthesis of both COgen (2) and SilaCOgen (1a) requires
carboxylation with CO, to install the carbonyl group (Fig. 1).
More recently, this group have developed a tablet form of 2 that
contains tri-tert-butylphosphonium tetrafluoroborate and
Pd(OAc), which allows convenient CO generation without the
need for use of a glovebox for carbonylative transformations.*

Herein, we report the development of readily accessible,
stable norbornenone derivatives as efficient base-triggered
CO donors as alternatives to 1 and 2 for palladium cata-
lysed carbonylation reactions of aryl iodides using a two-
chamber reaction system without the need for glovebox
equipment.

Results and discussion

Our initial investigations into the viability of norborneneone
based CORMs as suitable CO donors for various palladium
catalysed carbonylation utilized 5a as an ex situ CO surrogate.

Br 9 N pH=7.4,37°C ol .
Ph ; NH5 - HBr Ph INHa
o1 N OCOCF, N OCOCF,
Ph Ph
o} o}
oCOm-21 co BP-21

Scheme 1 oCOm-21, a physiologically relevant CO source.*®
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Fig.1 CO donor molecules developed by the Skrydstrup group.

2,5-Dimethyl-3,4-diphenylcyclopentadienone (3), readily avail-
able from the condensation of benzil and 3-pentanone,* exists
as a reversible dimer, which reacted smoothly with N-phenyl-3-
bromomaleimide (4a) to give cycloadduct 5a in 71% yield as
a bench stable solid (Scheme 2). The efficiency of 5a as a CO
donor was tested with the aminocarbonylation of p-iodoanisole
(6a) and butylamine (7), catalysed by Pd,(dba); and using trie-
thylamine as a base. This reaction gave N-butyl p-methox-
ybenzamide (8a) in 97% yield using a two-chamber reaction
system similar to that developed by Skrydstrup et al.**

Given the success of this reaction, the more readily accessible
norbornadienone derivative 5b was synthesized from commer-
cially available bromomaleic anhydride (4b) and cyclo-
pentadienone dimer 3 as an 8 :1 mixture of the endo and exo-
isomers in 96% yield, again as a bench stable solid. It was viewed
that the anhydride moiety of 5b would better facilitate the base
induced elimination of HBr due to the electron withdrawing
property of the anhydride compared to that of imide 5a.

With the synthesis of cycloadduct 5b complete, we investi-
gated the scope of this compound as a CO source for palla-
dium-catalysed carbonylation reactions. Initially,
aminocarbonylations using a range of aryl iodides as the
limiting reagent with both butylamine and morpholine as
coupling partners were investigated (Scheme 3). In general, 1.5
equivalents of CO donor 5b were dissolved in 1,4-dioxane and
2.0 equivalents of base were used to liberate CO in Chamber A.
In all cases, complete conversion of 5b into 9 was observed.
Furthermore, in Chamber B high conversions of aryl iodide
substrates into amides 8a-e and 10a-e were observed with iso-
lated yields after column chromatography ranging from 72-
99%, as detailed in Tables 1 and 2.

In addition to cycloadduct 5b, a second CO source was
investigated which produces a norbornadienone intermediate
that spontaneously undergoes chelotropic loss of CO. A Diels-
Alder reaction was carried out between cyclopentadienone

4a X = NPh
4b X =0

reflux
_ toluene _

5a X = NPh
5b X=0

Scheme 2 Reaction of 3 and 4a or 4b to give corresponding cyclo-
adduct 5a or 5b.
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Scheme 3 General reaction scheme using 5b as the CO source for
aminocarbonylation reactions of aryl iodides 6a—e and either n-
butylamine (7) and morpholine (11) in 1,4-dioxane. Reagents and
conditions: 80 or 100 °C, 20-25 h. (A) EtzN (1.5 eq.), 1,4-dioxane. (B)
Pd,(dba)s (5 mol%), PPhs (10 mol%), EtsN (2.3 eq.) 1,4-dioxane.

dimer 3 and diethyl acetylenedicarboxylate in the CO producing
chamber (Scheme 4). On heating both chambers in 1,4-dioxane
substituted benzene 12 (ref. 25) was produced in Chamber A in
91% yield. The aminocarbonylation reaction in Chamber B (see
Table 1; Entries 1 and 2, note c¢) gave N-butyl-4-iodo- and N-
butyl-4-nitro-benzamides (8a and 8b) in 95 and 82% yields,
respectively.

Table 1 Palladium-catalysed aminocarbonylation reactions carried
out with aryl iodides and n-butylamine. All reactions were carried out
at 80 °C for 20 hours in a sealed two-chamber apparatus

Entry Aryl iodide Product Conversion® (%) Yield” (%)

o
ﬁNM
1 6a, R = p-MeO ., "
8a

100 88 (95)°
o
NN
2 6b,R=pNO, " 100 99 (82)°
8b
o
NN
3 6¢c, R = p-Br . A 100 81
8c
o
NN
4 6d, R = H ©)kn 100 97
8d
B!
NN
5 6e? O H 90 88
8e

? Measured from 'H NMR spectra of the crude reaction mixture as
compared to the limiting reactant. An example is provided i in Fig. SI1
(ESI). ”Isolated yields after column chromatography “Yield in
brackets have been obtained from reactions using the alternatlve
source of CO in Chamber A as shown in Scheme 4. % 6e = 1-
iodonaphthalene.

RSC Adv., 2019, 9, 30736-30740 | 30737
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Table 2 Palladium-catalysed aminocarbonylation reactions carried
out with aryl iodides 6a—e and morpholine (9). All reactions were
carried out at 100 °C for 20 hours in a sealed two-chamber apparatus

Entry Aryl iodide Product Conversion” (%)  Yield” (%)
o}
foge
1 63, R = p-MeO o0 ° 100 (80) 75 (39)°
10a
o
N
2 6b, R = p-NO, OzNQ)L @ 100 88
10b
o
N’
3 6¢, R = p-Br ErQ)L Q 100 99
10c
o
4 6d,R=H QAO 100 72
10d
O o
N
/\
5 6e? O g 75

“ Measured from 'H NMR spectra of the crude reaction mixture as
compared to the limiting reactant. An example is provided in Fig. SI1
(ESI). ”Isolated yields after column chromatography. ° Reaction
carried out at 80 °C for 20 h. ¢ 6e = 1-iodonaphthalene.

In order to show the scope of cycloadduct 5b as a CO donor,
other palladium catalysed carbonylation reactions were inves-
tigated. Following a 2006 report by Kondo et al. on room
temperature double carbonylations,*® the Skrydstrup group
have successfully utilized both COgen and SilaCOgen as an ex
situ CO sources for double carbonylation reactions.’>*” The
reaction of iodoanisole (6a) and butylamine (7) with CO
generated from three equivalents of 5b in Chamber A gave
doubly carbonylated a-ketoamide product 13 in 64% yield. This
result demonstrated that cycloadduct 5b could liberate CO at
room temperature (Scheme 5).

(0]
o) CO,Et
Ph | ‘ A Ph
o= + >
Ph ‘ 1,4-dioxane | pp o COEt
Ph bp CO,Et
CO,Et
3
CcO
Ph CO,Et
Ph CO,Et
12 (91%)

Scheme 4 Reaction of 3 and diethyl acetylenedicarboxylate to give 12
and CO.
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Scheme 5 The double carbonylation of p-iodoanisole (6a) and
butylamine (7) using cycloadduct 5b as a CO source. Chamber A:
toluene, rt. (a) DBU (3.0 eq.), Chamber B: Pd,(dba), (5 mol%), [(tBu)sPHI
BF,4 (10 mol%), DBU (2.0 eq.), 64%.

3 eq. 'CO' from
Chamber A' o
I (HO),B
A, - 0
R; R, Ry R,
6a R, = OMe 14aR,=H 15a R; = OMe, R, = H
6d Ry = H 14b R, =Cl 15b Ry =H, Ry =H

6f R; = OCH,CO,Et
6g Ry = OC(Me),CO,iPr

14c¢ 2-napthyl 15¢c R; = OMe, R, = CI

15d Ry = OCH,CO,Et, R, = CI
15e Ry = OC(Me),CO,iPr, R, = Cl

Scheme 6 Synthesis of aromatic ketones using 5b (3.0 eq.) and EtzN
(3.5 eq.) in 1,4-dioxane as the CO source from Chamber A for palla-
dium-catalysed carbonylative Suzuki—Miyaura reactions. Reagents
and conditions: 80 °C; Chamber A: 5b (3.0 eq.), NEts (3.5 eq.), dioxane.
Chamber B: aryl iodides 6 (1 eq.), Pdx(dba), (2 mol%), K,COs (3.0 eq.),
anisole.

Another example of widely utilized palladium catalysed
carbonylation reactions is the well-known Suzuki-Miyaura
carbonylation. This was first reported in 1998 following develop-
ment of the cross coupling reaction of the same name.”® A brief
investigation into the optimization of reaction conditions for our
system showed a ligand-free system could be used and a higher
CO/Pd® ratio was necessary when compared to the amino-
carbonylation reaction. This was achieved by using three equiva-
lents of CO donor in the CO releasing chamber (Scheme 6). With
optimized reaction conditions in hand, a series of Suzuki-Miyaura
carbonylation reactions were carried out with the goal of synthe-
sizing fenofibrate — a biologically relevant example of an unsym-
metrical biaryl ketone. Entry 4, Table 3 shows the synthesis of
a model system that involved the synthesis of simpler aryl iodide
component 6f reacting with 4-chlorophenylboronic acid (14b) to
give the corresponding biaryl ketone 15d in 75% yield. In a similar

Table 3 Suzuki—Miyaura carbonylation reactions carried out with
selected aryl iodides and boronic acids. All reactions were carried out
at 80 °C for 25 hours in a sealed two-chamber apparatus

Entry” (%) Aryl iodide Boronic acid Product Yield
1 6a 14a 15a 74
2 6d 14a 15b 78
3 6a 14b 15¢ 94
4 6f 14b 15d 75
5 6g 14b 15e 80

“ Isolated yields after column chromatography.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 3-Acyl indoles synthesised via Suzuki—Miyaura carbonylation

reaction.
< \x |
l
o N
Qj/l H3C\é/ NaH, DMF
| + o g
; M ORI
o}
20
()
Scheme 7 Reaction of 3-iodo-1H-indole (16) with 2-morpholinoethyl

methanesulfonate (20) to give iodoindole 21. Reagents and conditions:
DMF, NaH, 4 h, rt, 90%.

17 (50%) 18 (44%

16 19

manner iodide 6g and 14b gave fenofibrate 15e in an 80% yield
(Entry 5, Table 3).

Recent literature has shown only a few examples of canna-
bimimetic indoles that have been synthesised via carbonylation
reactions.”*"*! The most relevant to this work involved a tandem
C-H bond iodination and carbonylative Suzuki-Miyaura cross-
coupling.*” However, their process used gaseous CO and addi-
tives such as pyridine and CsF to facilitate the reaction. Trial
carbonylation reactions of 3-iodo-1H-indole (16) with phenyl-
boronic acid (14a) and 2-napthylboronic acid (14c) were carried
out under the same conditions used for previous Suzuki-
Miyaura carbonylations to give 3-acyl indoles (17) and (18) in
moderate yields (Fig. 2).

Synthetic acylindole cannabinoids are commonly function-
alized at the indole nitrogen with an ethylmorpholine side
chain. Early work into the structure activity relationships of
synthetic cannabinoids found that this substituent had optimal
binding activity at the CB, receptor.*

N-alkylation of 3-iodo-1H-indole (16) with mesylate 19 gave
iodoindole 20 (Scheme 7) which was then subjected to Suzuki-
Miyaura carbonylation with 4-methoxyphenylboronic acid (14b)
and 2-naphthylboronic acid (14c), respectively under the
conditions described in Scheme 6. The corresponding acy-
lindoles 21 and 22 were obtained in moderate yields (Fig. 3).

N!OO !O
g OMe N
Q

Fig. 3 Synthetic cannabinoid 3-acyl indoles synthesised via Suzuki-
Miyaura carbonylation reaction.

),

21 (43%) 22 (63%)
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Conclusions

In conclusion, we have shown that readily synthesized norborne-
nones 5a and 5b are excellent alternatives to using CO gas for small
scale carbonylation reactions using a two-chamber reaction
system. CO release is triggered by organic bases such as triethyl-
amine and DBU. With the latter base release is rapid even at room
temperature which is essential for forming a-ketoamides via
a double carbonylation reaction. Alternatively, CO gas can be
generated by the thermally promoted Diels-Alder reaction of
cyclopentadienone 4 and diethyl acetylenedicarboxylate which was
also effective for aminocarbonylation reactions.

Experimental
Aminocarbonylation reactions

General procedure A: synthesis of secondary amides from
aryl halides and primary amine (n-butylamine) using diethyl
acetylenedicarboxylate as CO source. The two-chamber system,
equipped with Teflon® coated magnetic stirrer bars, was loaded
with all solid reagents. In Chamber A; diene dimer 3 (0.75 eq.).
In Chamber B; Pd,(dba); (0.025 eq.) and PPh; (0.1 eq.). Then, all
liquid reagents were added via syringe: to Chamber A: 1,4-
dioxane (5 mL) and diethyl acetylenedicarboxylate (1.5 eq.); to
Chamber B: 1,4-dioxane (4 mL), aryl halide 6 (1 eq.; aryl halides
that were solids at room temperature were added with the
catalyst and ligands), n-butylamine (7) (2.3 eq.) and Et;N (2.3
eq.). The system was sealed with screwcaps fitted with silicon
seal inserts. The two chamber system was heated in an oil bath
at 80 °C with stirring, for 20 h. The reaction mixture was cooled
to rt then the solvents in Chamber A and B were individually
concentrated in vacuo. The crude material obtained was purified
by silica gel column chromatography.

General procedure B: synthesis of secondary and tertiary
amides from aryl halides and primary amine (n-butylamine)
using cycloadduct 6b as the CO source. The two-chamber
system, equipped with Teflon® coated magnetic stirrer bars,
was loaded with all solid reagents. In Chamber A; cycloadduct
5b (1.5 eq.). In Chamber B; Pd,(dba); (0.025 eq.) and PPh; (0.1
eq.), the aryl halide (1 eq.), if solid. Then, all liquid reagents
were added to Chamber B via syringe: aryl halide 6 (1 eq.) (if
liquid), n-butylamine (2.3 eq.) and 1,4-dioxane (Chamber A: 5
mL, Chamber B: 4 mL). The system was cooled in an ice bath
(with sodium chloride) and flushed with argon. Et;N (2.3 eq.)
was added to Chamber B via syringe, and the cap (fitted with
a silicon seal insert) screwed in place. Et;N (2.3 eq.) was also
added to Chamber A via syringe, and the system was sealed. The
two chamber system was heated in an oil bath at either 80 or
100 °C with stirring, for 20 h. The reaction mixture was to cooled
to rt then the solvent in Chamber B was concentrated in vacuo.
The crude material obtained was purified by silica gel column
chromatography.

Suzuki-Miyaura carbonylation

General procedure C: synthesis of unsymmetrical biaryl
ketones using cycloadduct 6b as the CO source. The two-

RSC Adv., 2019, 9, 30736-30740 | 30739
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chamber system, equipped with Teflon® coated magnetic
stirrer bars, was loaded with all solid reagents. In Chamber A;
cycloadduct 5b (3 eq.). In Chamber B; Pd,(dba); (0.025 eq.),
K,CO; (3 eq.), boronic acid 14 (1.5 eq.) and aryl halide 6 (1 eq.),
if solid. Then, all liquid reagents were added to Chamber B via
syringe: aryl halide (1 eq.) (if liquid), and anisole (5 mL). The
system was cooled in an ice bath (with sodium chloride) and
flushed with argon, and the cap (fitted with a silicon seal insert)
screwed in place. 1,4-dioxane (5 mL) was added to Chamber A,
via syringe followed by Et;N (2.3 eq.) and the system was sealed.
The two chamber system was heated in an oil bath at 80 °C with
stirring, for 20 h. The reaction mixture was cooled to rt, and the
solvent in Chamber B was concentrated in vacuo. The crude
purified by silica gel

material obtained was column

chromatography.
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