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Abstract Ligandless palladium-catalyzed reductive carbonylation of
aryl iodides for the synthesis of aromatic aldehydes has been developed.
This carbonylation process proceeded effectively even under ambient
temperature and pressure. In addition, this method enables successive
reductive carbonylation of diiodobenzenes to furnish dialdehydes in sat-
isfactory yields. Finally, the nature of the active catalytic species is dis-
cussed.
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The palladium-catalyzed reductive carbonylation of aryl
halide/pseudo-halide using the C1 building block carbon
monoxide as carbonyl source is a powerful tool in the syn-
thesis of aromatic aldehydes that are probably the most
useful class of products in carbonylations because of the
versatile aldehyde group’s wide range of further transfor-
mations.! Since the pioneering work by Heck in 1974,? great
advances in this transformation have been achieved, partic-
ularly in the development of new catalysts, substrate scope,
and functional group compatibility. However, the vast ma-
jority of these methods require elevated temperatures (>80
°C) and/or relatively high pressures (25 bar).? Recently, sev-
eral groups reported carbon monoxide free reductive car-
bonylation of aryl halides by using unstable acetic formic
anhydrides,* N-formylsaccharin,” 9-methylfluorene-9-car-
bonyl chloride,® paraformaldehyde,” and hexane-1,6-diol®
as carbon monoxide precursors. Although these protocols
effectively avoid the difficulty of dealing with gaseous car-
bon monoxide, all of them require phosphine ligands that
are toxic, expensive, and sensitive to air/moisture, and high
palladium catalyst loadings (3-10 mol%) to achieve efficient
catalysis. Additionally, most of these carbon monoxide pre-
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cursors are not terribly atom-efficient, and are expensive in
comparison to commonly used gaseous carbon monoxide.
All of these disadvantages have impeded the transfer of the
advancements to large-scale applications.

Carbon monoxide is a readily available, inexpensive, re-
active, and atom-efficient C1 building block, which is most
often employed in palladium-catalyzed carbonylations.?
Additionally, carbon monoxide is chemically inert (bond
energy, 257 kcal/mol) and a strong m-acidic ligand, which
decreases electron density of low-valent palladium species
to hinder oxidative addition of C-X (X = halide or pseudo-
halide) to palladium(0).° Hence, the development of general
room-temperature reductive carbonylation of aryl-X com-
pounds with carbon monoxide that proceeds under ambi-
ent pressure without the assistance of a ligand remains an
important challenge for organic synthetic chemists.!® Re-
cently, our group established in situ generated metal-
nanoparticles-catalyzed carbonylative cross-coupling reac-
tions of aryl halides in poly(ethylene glycol) (abbreviated to
PEG)."! Notably, some transformations proceed effectively
under ambient conditions and even in the absence of an
added ligand.

In this contribution, we report a novel and practical
method for conducting reductive carbonylation of aryl io-
dides at room temperature and atmospheric pressure. No-
tably, the reactions proceed with high selectivity and in
high yields even in the absence of an additional ligand. The
protocol offers a general, facile, and efficient strategy for
the synthesis of aromatic aldehydes.

As in our previous work of the in situ generated palladi-
um nanoparticles effectively catalyzed carbonylative cou-
plings at ambient conditions and in PEG-400.""<d Prelimi-
nary experiments were conducted with aryl iodide 1a in
PEG-400 at ambient conditions to identify optimal condi-
tions for the selective reductive carbonylation (Table 1).
From the base screening, Na,CO;, NaHCO5;, and MeCOONa
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(Table 1, entries 1-3) were far more effective than K,CO;
and Li,CO, (Table 1, entries 4 and 5). Other bases, including
Cs,CO; and DBU resulted in no conversion of 1a (Table 1,
entries 6 and 7). To our delight, the combination of the two
better bases, Na,CO; and NaHCO; proved to be the ideal
base (Table 1, entry 15). Reductants other than Et;SiH*>12
were also investigated but found to be hugely less effective:
HCOONa (trace), PMHS (< 5%), NaH,PO, (< 5%), and H, (-)
(Table 1, entries 8-11) Replacing Pd(OAc), with Pd/C, PdCl,,
or (PPh;),PdCl, as the catalyst resulted in lower yields (Ta-
ble 1, entries 12-14). Decreasing the catalytic loading of
Pd(OAc), to 1.0 mol% had little impact on the yield, albeit
with a longer reaction time (Table 1, entry 16). Notably, the
in situ generated palladium nanoparticles exhibited far
higher catalytic activity than the conventional preformed
palladium nanoparticles'? (Table 1, entry 17).

With conditions for an ambient-condition reductive
carbonylation at hand enabled by the use of ligandless pal-
ladium, we set out to investigate the scope of this transfor-

Table 1 Palladium-Catalyzed Reductive Carbonylation of 1a?

' [Pd]
base, reductant
02N

(e}

o
OsN

CO (1 atm)
PEG-400, r.t., 12 h
1a 2a
Entry [Pd] Base Reductant  Yield of
2a (%)
1 Pd(OAc), Na,CO, Et,SiH 78
2 Pd(OAC), NaHCO, Et,SiH 75
3 Pd(OAc), MeCO,Na Et;SiH 63
4 Pd(OAc), K,CO5 Et,SiH 13
5  Pd(OAC), Li,CO4 Et,SiH 34
6 Pd(OAc), Cs,C0O, Et;SiH trace
7 Pd(OAc), DBU Et,SiH -
8 Pd(OAc), Na,CO, HCO,Na trace
9  Pd(OAC), Na,CO, PMHS <5
10 Pd(OAc), Na,CO, NaH,PO, <5
11°  Pd(OAc), Na,CO; H, -
12 PdjC Na,CO, Et,SiH 6
13 pddl, Na,CO, Et,SiH 70
14 (PPhy),PdCl,  Na,CO, Et,SiH 1
15 Pd(OAc), Na,CO; and NaHCO; (1:1)  Et3SiH 87
16°  Pd(OAc), Na,CO; and NaHCO, (1:1)  Et,SiH 86
17 nanoPd Na,CO; and NaHCO; (1:1)  Et;SiH 55

2 Reaction conditions (unless otherwise noted): 1a (0.5 mmol), base (1.0
mmol), reductant (1.0 mmol), [Pd] (2 mol%), PEG-400 (2.0 g), CO (1 atm),
r.t., 12 h.

>CO[H, (1:1, 1 atm).

¢ With Pd(OAc), (1 mol%), 36 h.

mation (Table 2).14 A series of electron-poor aryl iodides
provided the corresponding aromatic aldehydes in good to
excellent yields with high selectivities.

Reactive functional groups, such as nitro, formyl, me-
thoxycarbonyl, phenoxycarbonyl, and chloro, did not com-
pete with the efficacy of the reductive carbonylation event
(Table 2, entries 1-6). 3-Fluorobenzaldehyde (2f)!> and 4-
trifluoromethylbenzaldehyde (2g),'> which are important
intermediates for the synthesis of pharmaceuticals and ag-
rochemicals, were obtained in 92% and 90% yields, respec-
tively (Table 2, entries 7 and 8). However, aryl bromide 1a’,
aryl chloride 1b’, and aliphatic iodide 1c¢’ as substrates were
totally ineffective under normal conditions or even at a
higher temperature (50 °C, Table 2, entries 9-11).

Furthermore, electron-rich aryl iodides were consid-
ered and proceeded successfully under the standard condi-
tions (Table 3). An aryl iodide having methyl and fluoro
substitutes and iodobenzene provided aldehydes in 87%
and 91% yields, respectively (Table 3, entries 1 and 2). lo-
dotoluenes could undergo the expected carbonylation in
excellent yields (Table 3, entries 3-6), regardless of the po-
sition of methyl group at phenyl ring. Note that cyano sub-
stitution on the aliphatic chain was well tolerated (Table 3,
entry 6). An aryl iodide bearing two methyl groups was also
reactive and gave the desired product in 87% yield (Table 3,
entry 7). Interestingly, the method can move beyond simple
aryl group and incorporate heteroaryl iodide. For instance,
1-iodonaphthalene (10) (Table 3, entry 8) could be equally
accommodated in a good yield. And heteroaromatic iodides,
2-iodothiophene (1p) and 3-iodothiophene (1q) under-
went successful coupling with yields of 90% and 84%, re-
spectively (Table 3, entries 9 and 10).

To our delight, successive reductive carbonylation of
diiodobenzenes, including 1,4-diiodobenzene (1r) and 1,3-
diiodobenzene (1s), furnished dialdehydes in 76% and 71%
yields, respectively (Scheme 1).

—0

Pd(OAc), (2 mol%)

Na,COj3 (2.0 equiv)
NaHCO3 (2.0 equiv) |
Et3SiH (4.0 equiv) (0]

Pd(OAC), (2 mol%)

| _ Na,COj3 (2.0 equiv)

: N
|
PEG-400, CO (1 atm), r.t.
NaHCO;3 (2.0 equiv)

r 2r, 48 h, 76%
Et3SiH (4.0 equiv)

(0] (0]
| |
PEG-400, CO (1 atm), r.t.

1s 2s,24h, 71%

Scheme 1 Successive reductive carbonylation of diiodobenzenes
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These products are key intermediates for advanced ma-
terials.’® In addition, a 5 mmol scale of 1a was conducted
and still gave a good yield of 2a (Equation 1). Furthermore,
the recyclability of the catalytic system was tested for the
model reaction. The catalytic system maintained its high
activity and selectivity for eight consecutive cycles (Figure
1). After the eight run recycling uses, the total leaching of
palladium to the diethyl ether extracts was found to be
3.39% by ICP analysis.

O
|
| ~ Pd(OAc)2 (2 mol%) H
= Na,COj3 (1.0 equiv)
O.N
NaHCO3 (1.0 equiv) O2N
5 mmol EtsSiH (2.0 equiv) 1%
1a PEG-400 (15 g) 28
CO (1 atm) r.t,, 48 h
Equation 1
100 - g7
85 85 20 20 - - -
80
g0+
240 |
=
20
0 . . . . . A . . ,
1 2 3 5 6 7 8 9
Recycle No.
Figure 1 Catalyst reusability study
Table 2 Reductive Carbonylation of Electron-Deficient Aryl lodides?
RN d(OAc), (2 mol%) SN CHO
1_n
P NayCOg, NaHCO3 R0 /
Et3SiH, PEG-400
1 CO (1 atm), r.t. 2
Entry  Aryl halide Product Time Yield
(%)
r o
1 12 87
02N 02N Z
1a 2a
r o
20 36 85
Z
ON O.N
1a 2a
| N | CHO
3 = 48 84
CHO CHO
1b 2b

Table 2 (continued)

Entry  Aryl halide Product Time Yield
(h)y (%)

|
4 ©/ /©/ 24 83
MeO,C MeOZC
1c
| CHO
5 /©/ /©/ 12 81
PhO.C PhO,C

1d 2d
|\ | /©/CHO
6 12 85
Cl & Cl
1e 2e
F. | F. CHO
1f 2f
| CHO
T G O S
Fac FQC
1g 29
Br | N CHO
9d l : 12 -
O.N O,N &
1a’ 2a
Cl CHO
o 7 O7 .
Ac Ac
1b’ 2b’
| o
11 Y 24 -
1c’ 2c

2 Reaction conditions (unless otherwise noted): 1 (0.5 mmol), CO (1 atm),
Na,CO; (1.0 equiv), NaHCO; (1.0 equiv), Et;SiH (2.0 equiv), Pd(OAc), (2
mol%), PEG-400 (2.0 g), r.t.. Yields of the isolated products are given.

b Pd(OAC), (1 mol%).

¢ Based on "H NMR analysis on the crude reaction mixture with n-hexadec-
ane as the internal standard.

450 °C.

Our previous studies indicate that palladium nanoparti-
cles are readily generated in situ in palladium-PEG catalytic
systems for carbonylations.!'<d Indeed, TEM was employed
to analyze the sample collected from the mixture of the
model reaction under the normal conditions, and revealed
palladium nanoparticles formed in situ and well dispersed
in PEG consistent with our previous studies (see Scheme S1
in Supporting Information).!<d Despite that the in situ gen-
erated palladium nanoparticles showed good catalytic ac-
tivity, we still did not know whether the catalysis occurred
on the cluster surface or by leached palladium species.!” To
gain further insight into the catalytic system, mercury and
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carbon disulfide as additives were utilized to examine the
homo- or heterogeneous nature of the active nanocata-
lyst.’8 A large excess of Hg(0) (relative to palladium) was
added to the model reaction and had no significant impact
on the catalytic activity (Equation 2). In addition, the intro-
duction of 0.70 equivalents of CS, (relative to palladium) to
the reaction under the standard conditions and did not ob-
viously affect the reaction progress (Table 4, entry 2). How-
ever, when CS, was increased to 1.0 and 1.5 equivalents, the
reactions were completely or almost completely inhibited
(Table 4, entries 3 and 4). These poisoning experiments hint
that the active catalytic species is very likely to be homoge-
neous in nature.!8

I Pd(OAc), (2 mol%)
H
Nay,COj3 (1.0 equiv)
O2N NaHCO3 (1.0 equiv) O,N
0.5 mmol Et3SiH (2.0 equiv) 79%
Hg (100 equiv to Pd) 2a
PEG-400, CO (1 atm)

rt.,24h

1a

Equation 2

Table 3 Reductive Carbonylation of Electron-Rich Aryl lodides?

AN Pd(OAC), (2 mol%) . CHO
R1_: R1_|
P NGQCO3, NaH003 ! =
EtsSiH, PEG-400
1 CO (1 atm), r.t. 2
Entry Aryl halide Product Time Yield
(h) (%)
F. | F. CHO
Me Me
1h 2h
| CHO
1i 2i
Me Me
| CHO
3® 43 84
1j 2j
| CHO
4 ©/ ©/ 48 90
Me Me
1k 2k

Table 3 (continued)

Entry Aryl halide Product Time Yield
(h) (%)
| CHO

5 Q/ /©/ 48 84
Me Me
11 2l
CN CN

| CHO

6 24 83
Tm 2m
Me | Me CHO

7 \Q/ \©/ 33 87

Me Me
n 2n
| CHO
1o 20
S S,

9 E/fl @—CHO 24 90

1p 2p
S, S\
100 E/g 7/ 48 84
|

CHO
1q 2q
2 Reaction conditions (unless otherwise stated): 1 (0.5 mmol), CO (1 atm),
Na,CO; (1.0 equiv), NaHCO; (1.0 equiv), Et;SiH (2.0 equiv), Pd(OAc), (2
mol%), PEG-400 (2.0 g), r.t. Yields of the isolated products are given.
bBased on 'H NMR analysis on the crude reaction mixture with n-hexadec-
ane as the internal standard.

Table 4 CS, Poisoning Experiments?

| Pd(OAc), (2 mol%)
H
J@/ Na,COj3 (1.0 equiv)
02N

NaHCO;3 (1.0 equiv) O.N

0.5 mmol Et3SiH (2.0 equiv)
1a CS; ( equiv to Pd) 2a
PEG-400, CO (1 atm)
rt,12h
Entry CS, (equiv) Yield of 2a (%)
1 0 87
2 0.70 80
3 1.0 <5
4 1.5 -

2 Reaction conditions (unless otherwise stated): 1 (0.5 mmol), CO (1 atm),
Na,CO; (1.0 equiv), NaHCO; (1.0 equiv), Et;SiH (2.0 equiv), CS,, Pd(OAc),
(2 mol%), PEG-400 (2.0 g), r.t., 12 h.
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Based on the above results and previous stud-
jes,>104.12213.19 we proposed a mechanism for the reductive
carbonylation reaction (Scheme 2). Initially, palladium
nanoparticles are generated in situ from Pd(OAc), and PEG-
400.'319 And then, the nanoparticles undergo oxidative ad-
dition of aryl iodide to form ArPdI intermediate, followed by
interception of carbon monoxide to give acylpalladium spe-
cies (ArCOPdI). Finally, the acylpalladium species is reduced
by Et;SiH to afford the aldehyde and regenerate the palladi-
um(0) catalyst.>10d.12a

PEG-CHO I

PEG-OH COAr

EtSiH
PEG

Pd
Pd(OAc), (0) ArCHO + Et,Sil

Scheme 2 Proposed reaction mechanism

In summary, a facile and robust method has been
demonstrated for reductive carbonylation of aryl iodides to
provide aromatic aldehydes in high yields with high selec-
tivities. Noteworthy is that the transformation is conducted
under ambient temperature and pressure and even in the
absence of an added ligand. In addition, the double reduc-
tive carbonylation of diiodobenzenes, which is sparsely re-
ported, can be achieved in our catalytic system. Advanta-
geously, the catalytic system is in situ generated, which ob-
viate cumbersome processes for the preparation of metal
nanoparticles, and can be recyclable. Control experiments
suggest that a typical heterogeneous reaction process is un-
likely to be in operation.
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