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ABSTRACT: Synthesis of linear a,f-unsaturated aldehydes via aroom-
temperature oxidative dehydrogenation has been realized by the
cocatalysis of an organic nitrite and palladium with molecular oxygen as
the sole clean oxidant. Linear a,f-unsaturated aldehydes could be
efficiently prepared under aerobic catalytic conditions directly from
corresponding saturated linear aldehydes. Besides linear products, the
aromatic analogy could also be smoothly achieved by the same standard
method. The organic nitrite redox cocatalyst and alcohol solvent play
key role for realizing this method.
KEYWORDS: dehydrogenation, a,f-unsaturated aldehydes, palladium, or-
ganic nitrite, co-catalysis

Linear a,f-unsaturated aldehydes are highly useful synthetic blocks in
organic synthesis. The strategy of direct preparation of linear a,p-un-
saturated aldehydes by corresponding a,p-dehydrogenative oxidation
exhibits an efficient straightforward pathway.!” Compared to aromatic
a,B-unsaturated aldehydes, the synthetic methods to linear a,f-unsatu-
rated aldehydes have been less reported. The approaches with hazard-
ous stoichiometric oxidants such as PhSeCl, IBX, and Pd(II)-Ag(I) have
been reported decades ago (Scheme 1).* The indirect route with stoi-
chiometric palladium-mediated dehydrogenation, namely Saegusa reac-
tion, transforms enol silyl ethers to linear a,f-unsaturated aldehydes.*
As amore general synthetic method, the a,-dehydrogenative oxidant of
aldehydes with excess IBX (2-iodoxybenzoic acid) has been found to be
efficient at elevated temperatures in DMSO and PhF.* However, this
method is flawed by the limited solubility of IBX in many common or-
ganic solvents as well as the limited scope of aldehyde. With respect to
the transition metal-catalyzed dehydrogenation of aldehydes, despite re-
markable progress has been accomplished by Wang, Stahl, and Huang et
al, the scope of aldehyde has still been limited to few aromatic alde-
hydes.>® So far, the synthesis of linear a,f-unsaturated aldehydes via cat-
alytic oxidative a,-dehydrogenation has still remained unrevealed.

In another hand, molecular oxygen is a clean and cheap oxidant which
has been widely used in industrial oxidations as well as organic synthesis.
Despite Oz has many advantages, the activation of O to form reactive
[O] in transition metal catalysis normally involves the redox cocatalyst
such as copper or the acceleration with a special ligand such as
diazafluoren (DAF).>¢ Recently, we have reported organic nitrite-Pd-
cocatalyzed anti-Markovnikov Wacker oxidation and aerobic
acetoxyhydroxylation of alkenes enabled by the activation of O, with
‘BuONO.>!® Herein, we have developed a highly efficient catalytic
system for a ligand-free aerobic dehydrogenation of saturated aldehydes
to linear a,B-unsaturated aldehydes, in which both aliphatic and

aromatic aldehydes are generally suitable, in which bases or primary
amine-cocatalysts were not involved.

Scheme 1. Dehydrogenation to a,B-Unsaturated Aldehydes
Pd-catalyzed aerobic synthesis of g-aryl unsaturated aldehydes (ref 5-7)

o o
Ar/\) Ar/\)

limited scope

[Pd] (cat.), ligand or additive, O,

heat, DMF or DMSO

Aerobic alkene oxidation enabled by ‘BuONO (ref 9a and 9b)

oA [Pd]-cat. [Pd]-cat. o
¢ ‘BUONO-cat. ‘BUONO-cat

OH - N , : R/Y
R AcOH, RT, air BuOH, RT, air H

This work: synthesis of unsaturated aldehydes by Pd-‘BuONO-O,
0 r @ 7
A) [Pd]-cat., ‘BUONO (co-cat.)
R O, (1 atm), 25 °C, '‘BUOH, TsOH RTOS

R: either aryl or aliphatic

Initially, for comparison, the literature methods were tested in the ox-
idative dehydrogenation of aliphatic aldehyde 1a to the corresponding
a,B-unsaturated aldehyde 2a. All these Pd-catalyses were found
ineffective (Table 1, entries 2-4). The elevated reaction temperature,
basic reaction medium or amine-cocatalysts made the unstable aliphatic
aldehyde 1a consumed via aldol condensation and other side-reaction.
The IBX-oxidative dehydrogenation gave no 2a either (entry 1). Thus
all literature methods tested here failed for the efficient conversion of 1a
to 2a.

When Pd(PhCN),Cl, used instead of Pd(OAc), only the reaction in
‘BuOH gave a moderate yield of 2a (entries 5-7), in which the
conditions have been used in the aldehydes-selective Wacker oxidation
in previous report.” The reaction in the presence of KxCOj afforded no
2a (entry 6), indicating bases destroy either aldehyde substrates or a,p-
unsaturated aldehydes. The coordinative aprotonic co-solvent such as
PhCN and DMSO inhibited the reaction (entries 7-8). Surprisingly, the
addition of toluene increased the yield to 61% (entry 9). The reaction
under weakly acidic conditions gave rise to the elevation of the yield to
70% (entry 10). When mesitylene (CsHsMes) was used instead of
toluene, the yield was further increased to 88% (entry 11). The role of
‘BuOH and mesitylene is not clear. Neither reaction under argon nor in
the absence of redox cocatalyst ‘BuONO succeeded (entries 12-13).
The reaction with inorganic redox co-catalyst NaNO: instead of
‘BuONO gave diminished yield of 2a (entry 14). The reaction with 7.5
mol % of Pd(PhCN),Cl; afforded comparable yield of 2a, thus the
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condition demonstrated in entry 16 was chosen as the standard reaction
condition for further investigation of the scope of this method.

Table 1. Reaction Conditions*

§ 'BUONO (20 mol %), [Pd] (10 mol % i
Me\(v)s/:)kH solvent,(additives,)2[5 °(]3( 0, : Me\(v)gz)k}_‘
entry [Pd] solvent additive 2a(%)"
1° — (with IBX) DMSO PhF trace
24 Pd(TFA). DMSO ligand 9
3 Pd(OAc) DMF  K:COs,ligand 23
4 Pd(OAc). DMSO  o-anisidine 0
S Ph(PhCN),CL, ‘BuOH none 46
6 Pd(PhCN),CL, ‘BuOH K.CO; 0
7 Pd(PhCN),Cl. ‘BuOH PhCN 0
8 Pd(PhCN),CL, ‘BuOH DMSO 0
9 Pd(PhCN),CL, ‘BuOH PhMe 61
10 Pd(PhCN),Cl. ‘BuOH PhMe, TsOH 70
11 Pd(PhCN),Cl. ‘BuOH C¢HsMes, TsOH 88
128 Ph(PhCN).CL. ‘BuOH Ce¢HsMe;, TsOH  trace
13" Pd(PhCN),C, ‘BuOH C¢HsMes, TsOH  trace
14 Pd(PhCN),CL 'BuOH C¢HsMes, TsOH 68
15 none ‘BuOH CsHiMe;, TSOH 0
16 Pd(PhCN),Cl. ‘BuOH Ce¢HsMe;, TsOH  88(80)*

“Conditions: 1a (0.5 mmol), [Pd] (10 mol %), ‘BuONO (20 mol %),
‘BuOH (2 mL), co-solvent (PhCN, DMSO, PhMe, or CsHsMe;, 0.5
mL), acid or base (1 equiv), 8 h. " Determined by '"H NMR with internal
standards. ¢ Ref. 4: IBX in DMSO-PhF, 80 °C. ¢ Ref Sa:
Pd(TFA)./diazafluoren, 80 °C, 1 day. ¢ Ref. 6: Pd(OAc)./diazafluoren
with K2CO3, 30 °C, 2 days./ Ref. 7: Pd(OAc), (10 mol %), o-anisidine
(20 mol %), DMSO, O, 60 °C, 1 day. ¢ Argon instead of O. " No
‘BuONO. ' NaNO: instead of ‘BuONO. / Using 7.5 mol % of
Pd(PhCN),CL. *Isolated yield was shown in parentheses.

With the standard reaction conditions in hand (Table 1, entry 16),
the scope of this oxidative dehydrogenation of aldehyde has been
evaluated (Scheme 2). This standard reaction condition is mild enough
to let various aliphatic aldehydes to survive (2a-2l). For example, the
a,B-unsaturated aldehydes (2a-2e) bearing aliphatic chain and ring at -
position could be achieved in 63-80% of yields. The benzyl position kept
unchanged in the dehydrogenation (2i). This catalytic system could
realize the selective a,-dehydrogenation of aldehydes, keeping the
ketone moiety unchanged (2g-2h). Protected hydroxyl groups such as
TsO- and MsO-groups have all survived in the reaction (2j-2k). Both
sides of the dialdehyde 11 could be dehydrogenated to give 21in 62% of
yield.

Besides the synthesis of linear a,f-unsaturated aldehydes, the method
is also efficient for the synthesis of B-aryl analogy, exhibiting even more
efficiency (Scheme 3). All a,-unsaturated aldehydes bearing substi-
tuted phenyl groups were isolated in high yields, from 84% to 98% (2m-
2v). Aldehyde 2r was previously obtained in 66% yield under basic con-
ditions in previous report,® whereas it was isolated in 90% of yield by
current method. The bromo-substituent could survive in this palladium-
catalyzed reaction (2u). Cinnamaldehyde 2m was obtained in only 17%
of yield by the IBX oxidation system, whereas it performed well in cur-
rent Pd-BuONO cocatalytic system to afford in 94% of yield. The -

naphthyl substituted product 2w was obtained in 84% of yield. Ben-
zothienyl moiety is highly unstable under oxidative conditions and the
corresponding product was isolated in a low yield (2x).

Scheme 2. Aliphatic Aldehydes*

BUONO (20 mol %)
Pd(PhCN),Cl, (7.5-10 mol %)

{BuOH/mesitylene (3:1), TsOH
0, (1 atm), 25 °C

~N
(e]
MSNH Me

2a, 80% (8 h) 2b, 71% (7

GM

Me

7

) 2c, 70% (8 h)

O =

%
<.

2d, 63% (9 h) 2e, 73% (12 h) 2f, 23% (24 h)?
o o o
H H 0
Me 4 H PhWH ph/c\/\)LH
H H H H

29, 67% (10 h)? 2h, 71% (22 h)?

o
SOWH

2k, 73% (8 h)®

2i, 65% (9 h)

e} o
e

21,62% (12 h)°

o
TsO/\(“NH

2j, 62% (10 h)?

* Standard condition: 1 (0.5 mmol), Pd(PhCN).CL (7.5 mol %),
‘BuONO (20 mol %), ‘BuOH, mesitylene, Oz (1 atm), isolated yields. *
[Pd] (10 mol %). “Two cycles of the standard condition.

Scheme 3. -Aryl Aldehydes”

BUONO (20 mol %)
Pd(PhCN),Cl, (7.5 mol %)

BuOH/mesitylene (3:1), TsOH
0, (1 atm), 25 °C

QM

2n, 92% (7 h)
(2.15 g, 85%)

QM

20,91% (9 h)

% L.

2m, 94% (7 h)°
[ref. 4: IBX, 17% (12 h)|°
o)

\)kH \)kH

/@/\A Cl
F3C

) 2r, 90% (8 h)
2p, 89% (8 h) [ref. 6: 66% (36 h)]’

\@/\*

2u, 98% (8 h)

2q, 84% (10 h)

(o}

A,
cC

2t, 90% (8 h)

]
=
@
O
sy

2s, 88% (8 h)

o
MeO \)KH O
MeO H
OMe

2v, 90% (7 h)
(1.8, 81%)

O

2w, 84% (8 h) 2x, 23% (12 h)®

¢ Standard condition: 1 (0.5 mmol), Pd(PhCN),CL (7.5 mol %),
‘BuONO (20 mol %), ‘BuOH, mesitylene, O (1 atm), isolated yields. *
Pd(PhCN),CL (5 mol %). ¢ Conditions in ref. 4 with IBX. ¢ From ref. 6.
¢Pd(PhCN).CL (10 mol %).
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This method has been applied in the gram-scale synthesis. With §
mol % of [Pd]-catalyst, either In and 1v were converted to desired a,B-
unsaturated aldehydes 2n (2.15 g) and 2v (1.8 g) in 85% and 81% of
yields, respectively.

The control of the selectivity is important for the substrates bearing
more than one carbonyl groups. To test the ability of selective dehydro-
genation of dialdehydes, dialdehyde 1y was subjected to the standard
conditions, affording the corresponding product 2y bearing a single a,p-
unsaturated carbonyl in moderated yield, with recovery of the starting
materials (Scheme 4). Repeating the standard conditions twice afforded
the dual a,f-unsaturated product 2z in 77% of yield.

Scheme 4.

OHCJ—QXCHO
standard 1y repeating standard
conditions conditions twice

OHCA‘/ : \—CHO OHCA‘/ : tLCHO

2y, 53% 2z, 77%

In the kinetic study, the initial rate is first-order dependent on the
amount of Pd(PhCN),Cl, proving that Pd(II) is catalytic active species
in this dehydrogenation reaction, which involves the rate-determining
step (Fig. 1A). The zeroth-dependence of ['BuONO] or substrate 1a on
the initial rate indicates that neither nitric oxide nor 1ahas been involved
in the rate-determining step ((Fig. 1B and 1C)). Thus the f-H elimina-
tion should not be the rate-determining step and ‘BuONO should act as
a redox co-catalyst other than a ligand which enables the oxidative re-
generation of Pd(II) from Pd(0). Since only the amount of [ Pd] exhibits
a first order dependence on initial rate, the regeneration of catalytically
active species Pd(II) should be the rate determining step.

— 2| ———y
1 (B) 1 (C)

o
5 10 15 15 18 21 0.20 0.25
Pd(PhCN)2CI2 (mol %) BuONO(mol %) [1a] (M)

1 (A)

0

Initial rate (mM/min)
N

Initial rate (mM/min)
N

Initial rate(mM/min)

Figure 1. The dependence of the initial rate on: (A) [Pd(PhCN).CL]
(1*-order), (B) ['BuONO] (0™-order), and (C) [1a]: (0™-order). For
details, see SI.

In the control reaction, 20 mol % of Pd(1I) afforded 12% of 2a in the
absence of oxidant (Scheme $). The radical trapping experiment shows
that the radical scavenger TTBP inhibited the dehydrogenation of 1a.
The radical scavenger could not totally shut down the reaction because
the trapping product TTBP-NO was still reactive (Scheme S, bottom).
These results were consistent with previous report.

A possible mechanism has been proposed in Scheme 6. In previous
work, the redox cocatalytic role of BuONO has been assigned by the ki-
netic study as well as control experiments.” Herein the enol-Pd complex
A transforms to B, followed by the $-hydrogen elimination to afford the
a,B-unsaturated aldehyde 2. Pd(0) was regenerated by the oxidation of
NO:.. The detailed mechanism is still unclear and under exploration.

ACS Catalysis

Scheme S. Control Experiments

no O, no 'BUONO

o) o)
0y
Ve WLH Pd(PhCN),Cl, (20 mol %) Me NH
8 1a BUOH, CgH3Meg 8
TsOH, 25 °C 2a (12%)

BUONO (20 mol %)

Pd(PhCN),Cl, (10 mol %)
1a 2a(21%) + TTBP-NO
{BUOH, CgH3Me3, TSOH, 25 °C, O,

TTBP (300 mol %)

ON.
‘ o
TTBP-NO (20 mol %) 1 Bu 'Bu
[Pd] (10 mol %) ;
1a 2a (62%) |
BUOH, CgH3Me3, TsOH ; )
25°C, O, : Bu
TTBP-NO

BUONO (20 mol %)

Pd(PhCN),Cl; (10 mol %)
1a 2a (13%)
BUOH, CgH3Mes, TsOH, 25 °C, O,

PhCN (200 mol %)

BUONO (20 mol %)
Pd(OAc), (10 mol %
1a (OAc) ( ) 2a (0%)
PhCN, 25 °C, O,

Scheme 6. Proposed Mechanism

RTNAoH <3

RMO
1

RN oH
Pd”
pd'CIL,

ref. 9 H

H
NAO
HCI

PdL,, --pd"
B
[Pd]: 1%-order \A
[NOJ: 0t"-order HPd"CIL E)

[a]: oM-order

‘BuONO

In conclusion, we have developed an efficient synthesis of linear a,p-

unsaturated  aldehydes  via  room-temperature  oxidative
dehydrogenation cocatalyed by an organic nitrite and palladium with
molecular oxygen as the sole clean oxidant. Besides linear products, f-
aryl unsaturated aldehydes could also be highly efficiently achieved by
the same standard method. The organic nitrite redox co-catalyst and
alcohol solvent play key role for realizing this method. The kinetic study
as well as control experiments revealed the role of BuONO as a redox
cocatalyst which enabled the aerobic oxidative dehydrogention of

aldehydes.
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