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without oxidants

Palladium-catalyzed dehydrogenation of dihydro-
heterocycles using isoprene as the hydrogen acceptors

Xiao-Jun Liu, Wen-Peng Wang, Cong-De Huo, Xi-Cun Wang,* Zheng-Jun

Quan*
An efficient and general method for the Pd-catalyzed
dehydrogenative aromatization of dihydro-heteroatom

compounds without external O, and H, is first described. The
protocol firstly uses isoprene as a hydrogen acceptor. Various
dihydro-heterocycles including dihydropyrimidinones,
dihydropyrimidines and dihydropyridines can be dehydrogenated
to produce the corresponding aromatic heterocyclic compounds.

Oxidation anddehydrogenation reactions are one of the
most common chemical transformations in organic chemistry,
which provide extensively varied methods for the construction
of organic molecules.'These transformations were also widely
used to form aromatic structures,2 which are usually valuable
chemicals with pharmaceutical and other functional
activities.3Deve|oping practical and catalytic
methods for selective oxidation and dehydrogenation
reactions is an important challenge. Therefore, the search for
aromatization through oxidative dehydrogenation to prepare
substituted hetero aromatic molecules has been the focus of
much attention.*® For example, the oxidative dehydrogenation
of various substrates including heterocycles is emerging as a
versatile strategy to achieve (hetero)aromatics and phenols,7
which is designed to be a complementary route for the
convenient synthesis of the aromatic structures.

3,4-Dihydropyrimidine (DHPM) derivatives as well as their
analoguepyridine derivatives were proved with a wide range of
biological activity and utilizations in diversity- and target-
oriented synthesis.sThe transformations of the DHPMs and
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1,4-dihydropyridines (DHPs) ring to the corresponding 2-
hydroxylpyrimidines and pyridines have becoming a class of
important reactions for the synthesis of the N-heterocyclic
compounds because DHPMs and DHPs can be easily prepared
from Biginelli and Hantzsch reactions.’

Previous work:

Ar Ar Ar
R f NH  oxidative agents Rr N Pd/C Rf NH
Me” N /go oxidative Me N/)\ oH Pd-catalyzed & N/&O
H dehydrogenation dehydrogenation H

* Limited substrate scope (only R= CN)
x High reaction temperature (210 °C)

x Stoichiometric oxidizing reagents;
* Over-oxidation

This work:
Ar /\y/ Ar
R ‘ NH , Pd(OAC), Rfj,\,\
Me HAO Isoprene as hydrogen acceptor Me N/ OH

v Without oxidants; v Wild substrate scope;
v General efficient for DHPMs, DHPs and dihydropyrimidines

Scheme 1. Dehydrogenative aromatization of DHPMs.

There are several reports for the oxidative aromatization of
Hantzsch type dihydropyridines10 and DHPM
derivatives,”using an excess of oxidizing reagents such as
HNO,;, DDQ, CAN, PhI(OAc),, |, TBHP, NHPI, Co(OAC),Zr(NOs),,
and others (Scheme 1).Photochemical example for
dehydrogenation of DHPMs were also reported.lZAlthough
these methods are approaches for the oxidative aromatization
of these heterocycles, they generally require stoichiometric
oxidizing reagents or hydrogen acceptors, and/or harsh
reaction conditions. Moreover, the selective oxidation of the
dihydropyrimidine ring is troublesome due to the sensitivity of
the C6-methyl group to oxidants giving rise to byproducts and
these reactions limited substrate scope.

Alternatively, transition metals-catalyzed dehydrogenation
has emerged as a promising alternative to oxidizing reagents-
based methods, and Pd-C/AcOH-promoted protocols for the
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oxidative aromatization of DHPs and DHPMs have been
realized (Scheme 1).13Yamamoto et al have examined the
Pd/C-, RuCls- and Pd(OAc),-catalyzed oxidative
dehydrogenation of DHPM and dihydropyrimidines to give the
aromatic products. High conversions and product yields were
obtained with these process. However, the substrates
possessing an ester group in the DHPM ring are not compatible
with Pd/C catalyzed oxidation methods. Moreover, they suffer
some drawbacks, including the requirement rigorous
conditions (210 °Chigh reaction temperature in Ph,0).

So far, no general and practical synthetic procedure for both
of DHPs and DHPMs has been disclosed, though several
different methods for the dehydrogenation of specific
compounds have been developed. Thus, achieving a versatile
and general method for dehydrogenation of DHPs and DHPMs,
remains a key challenge.

Alkenes have been used as hydrogen-acceptor in the
dehydrogenation (oxidation) of several organic compounds.
For example, 1,2,3,4-tetrahydroisoquinoline was transformed
into isoquinoline catalyzed by Pd/C under an ethylene
atmosphere. Hayashi et al.“developed a serious of methods
for the Pd-catalyzed dehydrogenation of benzylic and allylic
alcohols into carbonyl compounds in the presence of vinyl
acetate or under the ethylene atmosphere. More recently,
Mizunet al.™® reported a gold—palladium alloy catalyzed
dehydrogenated aromatization of cyclohexanones using
styrene as a hydrogen-acceptor to give N-substituted anilines.

Herein, we report an oxidant-free Pd-catalyzed
dehydrogenation of heteroatom compounds to their
corresponding aromatic products (Scheme 1). It is the first
time that a diene (2-methyl-1,3-butadiene) can act as an
effective  hydrogen-acceptor for the dehydrogenative
transformation. The present Pd-catalyzed system in the
presence of 2-methyl-1,3-butadiene is applicable to a wide
range of substituted dihydro-heterocyclesincluding 3,4-
dihydropyrimidine-2(1H)-one, 1,4-dihydropyrimidines and 1,4-
dihydropyridines.

In contrast to the quantitative dehydrogenation of DPHs,
the dehydrogenation of DHPMs was found to be more difficult
because of its highly stable structure.mTherefore, we initially
began examination of the dehydrogenative aromatization of
DHPM 1a using 2.5 mol % Pd(OAc), as a catalyst and 5 mol %
DPEphos in the presence of buta-1,3-diene Ha as hydrogen-
acceptor and K,COj3 as a base under Ar atmosphere (Table 1).
The reaction proceeded and produced the desired
aromatization product 2a with a 27% vyield (entry 1). Thus,
buta-1,3-diene wasnot suitable for the present system. When
utilizing isoprene Hb as the hydrogen acceptor under an Ar
atmosphere (1 atm), the desired pyrimidine 2a was selectively
obtained with a yield of 67% without the formationof the
undesired products (Table 1, entry 2). A range of hydrogen-
acceptor, including isoprene Hb,cycloocta-1,5-diene Hc, ethyl
cinnamate Hd, and styrene He were then evaluated (entries 3—
5). While Hd and He were also effective, but with a low yield of
2a (36% and 40%, entries 4 and 5). However, no product was
detected using Hc (entry 3). The metal-catalyst also plays an
important role in this reaction; Pd(OAc), was more effective
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than other tested catalysts such as Fe, Ni and Cu-catalysts
(entries 6-9), meanwhile Cu(OAc), also gave an acceptable
result with 56% vyield of 2a (entry 8). Evaluation of various
ligands led to the observation that a good yield of 2a (67% and
68%) was obtained when DPEphos and Xphos were used,
respectively (entry 2 vs entry 10).

Table 1 Optimization of the reaction conditions for dehydrogenation®

O Ph (6] Ph
Eto)tL NH H-acceptor EtO ‘ X )N\
conditions _
Me' H o Me' N~ OH
1a 2a
H-acceptor: (o]
NF o F : O'WOEt, Ph
Ha Hb Hc Hd He
entry catal. ligand H- base 2a
acceptor Yield/%
1 Pd(OAc), DPE-phos Ha K,CO3 27
2 Pd(OAc), DPE-phos Hb K2CO4 67
3 Pd(OAc), DPE-phos Hc K,CO3 n.r
4 Pd(OAc), DPE-phos Hd K2CO4 36
5 Pd(OAc), DPE-phos He K,CO3 40
6 FeCls DPE-phos Hb K,CO3 12
7 Ni(acac), DPE-phos Hb K,CO3 n.r
8 CuSO, DPE-phos Hb K2CO4 45
9 Cu(OAc), DPE-phos Hb K2CO4 56
10 Pd(OAc), Xphos Hb K,CO; 69
11 Pd(OAc), dppe Hb K,CO; 61
12 Pd(OAc),  1,10-Phen Hb K,CO3 42
13 Pd(OAc),  DPE-phos Hb K2CO3 53,°
40,°n.r.,trace®
14 Pd(OAc), DPE-phos Hb Cs,CO3 72
15 Pd(OAc), DPE-phos Hb EtsN 51
16 Pd(OAc),  DPE-phos Hb Cs,C0;3 15°
17 Pd(OAc), DPE-phos - Cs,CO3 NR
18 Pd(OAc), DPE-phos Hb - 54

Conditions: 1a (0.25 mmol), H-acceptor (2 eq.)catalyst (2.5mol%), ligand
(5mol%), base (0.5 eq.),toluene (3 mL), 120°C, Ar atmosphere, 36 h.”*Reaction
was carried out in xylene, dioxane, DMSO and DMF, respectively.fReaction was
carried out under air conditions.

DPE-phos=bis(2-diphenylphosphinophenyl)ether;Xphos=2-
(dicyclohexylphosphino)-2’,4’,6’-triisopropylbip;dppe=1,2-
bis(diphenylphosphino)ethane;1,10-Phen=1,10-phenanthroline.

Moreover, the effect of solvent was investigated, and
toluene was better than xylene, 1,4-dioxane and DMF (entry
13). When Cs,CO; was used as the base, a higher yield of 2a
(72%) was observed (entries 14-15). When the reaction was
carried out under air conditions it gave a lower yield of 2a
(entry 16).As expected no reaction occurred without addition
of H-acceptor and the starting materials were recovered (entry
17).The desired product 2a was also afforded with moderate
yield(54%) without Cs,CO; (entry 18).1t should be noted thatin

This journal is © The Royal Society of Chemistry 20xx
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cases of low yield of product, the starting materials were
recovered with trace amount of by-products.

Using these optimized conditions, we next varied the
DHPMs1 in the dehydrogenation reaction (Scheme 2). The
reaction exhibited an excellent profile, tolerating a wide range
of functional groups. DHPMs substituted with electron-
donating (2b, 2g) and electron-withdrawing (2c-2e) groups
were well tolerated. Steric hindrance at the ortho-position was
also tolerated (2f).Notably, few reports on dehydrogenation of
DHPM has given a glace on the NO, group substituted
DHPM.uAdditionaIIy, nitro-group substituted DHPM produced
product 2h with a high yield of 76%.

DPEphos (5 mol %), Cs,CO3 (0.5 eq)

)tj\ toluene, Ar, 120°C, 36 h

Hb (2 eq.), Pd(OAC), (2.5 mol %), o Ar

V.

H
2a,72% Zb, 74% 2c, 66% 2d, 71%
Br
NO,
0 Cl Q o)
B SN EOTYSN EOT SN
EtO
A \ L L \
~
N" OH M N/)\OH Me” "N"TOH e N)\OH
2e, 73% 2, 69% 29, 72% 2h,68%

Scheme 2. Scope of DHPM for dehydrogenation

To test the scalability of the current method, the reaction of
1a (5mmol, 1.3 g) and isoprene Hb (10 mmol, 1.04 g) in the
presence of Cs,CO; (2.5 mmol, 0.68 g) was carried out on a
gram scale under the optimal conditions, and the product 2a
was isolated in 68% vyield.

We then explored whether the DHPMs can be replaced by
the 1,4-dihydropyrimidines and tested 2-(alkylthio)-1,4-
dihydropyrimidines 3 as substrates (Scheme 3). Thioethers
present in many biologically active compounds and they are
widely used as building blocks in organic synthesis and receive
considerable attention.’® Pleasingly, 3a was dehydrogenated
under the optimized conditions to give the targeted
aromatization 4a in 70%. The Me-, F-, and Br-substituted 1,4-
dihydropyrimidines transformed into the primidine derivatives
(4b, 4c, and 4e) in good yields. Steric hindrance (Cl, Me) at the
ortho-position was also tolerated to give the products (4d, 4g).
Along these lines, 1,4-dihydropyrimidine containing C5-iPr-
substituted ester provided the desired product 4h.

Additionally, a variety of different Hanstch esters were
examined to evaluate the substrate scopeand resulted in good
yields to the aromatized products 6a-6f (Scheme 4). Generally,
slightly higher yields were achieved with Hanstch ester to
provide the aromatization products 6 than those of 1,4-
dihydropyrimidines.Impact from the substituted groups was
slight and fluoro- and nitro-groups were also well tolerated to
achieve good yields of products 6¢c and 6f, meanwhile slightly
lower yields were observed.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 3. Scope of thioethersfor dehydrogenation

On the basis of the data described above and the previous
work, we provided a possible mechanism shown in Scheme 5.
Palladium was intrinsically effective for the present
dehydrogenative aromatization. Pd" is first reduced to Pd° by
ligand DPE-Phos, which then reacts with DHPM 1 to generate a
Pd-DHPM species A by deprotonative coordination with the
assistance of base Cs,CO;. Subsequently, species A coordinate
with N-atom and B-H elimination to give the Pd-H species B.Y
The Pd-H species B then undergo deprotonation in the
presence of diene Hb affording 1,2-dihydropyrimidine C,
followed by theisomeric aromatization to produce the
correspondingpyrimidines 2. In the dehydrogenationstep,
isoprene could act as an effective hydrogen acceptor to
produce the desired 1,2-intermediatesdihydropyrimidines C.
The reaction process was monitored by 'H NMR experiments,
and two new were appeared around 1.30 and 1.60 ppm due to
the shift of alkane after reacting for 12 h and 24 h along with
the disappearing of the resonances at 5.50 and 6.80 ppm
belonged to isoprene. These results indicate that isoprene was
transformed into isoprane or isopentene.

O Ar O Hb (2 eq.) O Ar O
Pd(OAc); (2.5 mol %),
EtO ] OEt DPEphos (5 mol %) EtO ‘ N OEt
Me I':‘I Me Cs,C0O3 (0.5 eq), toluene Me N/ Me
5 Ar, 120°C, 36 h
Me F
o o o ° ° o
EtO A OEt
| EO” YT OBt Eo N ot
Me™ "NT Me Me” N7 Me Me” N7 “Me
6a, 79% 6b, 80% 6¢c, 71%
Cl Br
NO,
o [e] [e] o
[e] [e]
EtO A OEt  EtO N OEt
| | BO™ Y N OEt
Me’ N Me Me N Me =
Me N” "Me

6d, 77% 6e, 75%

Scheme 4. Scope of Hanstch esters for dehydrogenation
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Conclusions

In summary,we have developed an efficientandwidely

applicable dehydrogenation of dihydro-heteocycles to the
corresponding aromatic heterocyles. Catalyzed by Pd(OAc), in
the presence of isoprene as the hydrogen acceptor, various
kinds of structurally diversely aromatized pyrimidine and
pyridine derivatives can be obtained, which can be used as
organic building blocks or as important heterocyclic ring in
valuable drug candidates.

Pd(OAc),

l L
2a
O Ph

1a + Cs,CO;3

\\/ CsHCO;
Eto—

EtO ‘ \)N\ Ph
B Me—
Me N\ /O NH / Pd

~Pd HN\\< 2

(0]
A
/ﬁ/
Eto-°
or Ph
/ﬁ/ Me-—/ i

O B

Scheme 5. Proposed mechanistic pathway of palladium-catalyzed dehydrogenation of
DHPMs
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