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Chemistry as a central science is facing a steadily increasing

demand for new chemical entities (NCE). Innovative solutions,

in all kinds of disciplines that depend on chemistry, require new

molecules with specific properties, and their societal conse-

quences are fundamental and pioneering. However, NCE not

only demand a realistic structural space but also their feasibility

poses challenges to synthetic chemists. Nowadays the question

of how to perform a synthesis has become most crucial.

What is the ideal synthesis [1,2]? Certainly it should be simulta-

neously simple, safe, short, selective, high yielding, environ-

mentally benign, based on readily available starting materials,

and highly diverse. Additionally, the criterion of selectivity has

to be matched with increasing significance economical and

ecological aspects. In particular multicomponent reactions

(MCR) [3] are masterpieces of synthetic efficiency and reac-

tion design. These one-pot processes consist of concatenations

of elementary organic reactions under similar conditions. Most

interestingly, multicomponent reactions have accompanied the

field of organic chemistry since the early days, particularly

in heterocyclic chemistry, but have not been recognized

as a fundamental principle until Ugi's groundbreaking

extension of the Passerini reaction and the conclusions he drew

from this.

Now the major conceptual challenge comprises the engineering

of novel types of MCR. Most advantageously and practically,

MCR can often be extended into combinatorial, solid phase or

flow syntheses promising manifold opportunities for devel-

oping novel lead structures of active agents, catalysts and even

novel molecule-based materials.

This Thematic Series on multicomponent reactions represents a

snapshot of a highly dynamic field and spans a broad range,

from recent advances in isonitrile-based MCR to transition

metal catalysis in MCR; from peptidic and depsi-peptidic to

heterocyclic structures; from reactivity-based to property-based

concepts. The sympathetic reader, expert or newcomer, will

find a tremendous degree of dynamic and exciting new results

in this compilation of multicomponent reaction chemistry.

As the guest editor of this Thematic Series I am very grateful to

all authors for their excellent contributions and, in particular, to

the staff of the Beilstein-Institut for their support and profes-

sional realization.

Thomas J. J. Müller

Düsseldorf, July 2011
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Abstract
A practical approach to highly functionalized 4-hydroxypyridine derivatives with stereogenic side chains in the 2- and 6-positions is

described. The presented two-step process utilizes a multicomponent reaction of alkoxyallenes, nitriles and carboxylic acids to

provide β-methoxy-β-ketoenamides which are transformed into 4-hydroxypyridines in a subsequent cyclocondensation. The process

shows broad substrate scope and leads to differentially substituted enantiopure pyridines in good to moderate yields. The prepar-

ation of diverse substituted lactic acid derived pyrid-4-yl nonaflates is described. Additional evidence for the postulated mechanism

of the multicomponent reaction is presented.
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Introduction
The pyridine core is ubiquitous in pharmacologically active

agents, agrochemicals and natural products [1-5]. The HMG-

CoA reductase inhibitors Glenvastatin and Cerivastatin are

exemplarily mentioned as pharmaceuticals that feature the pyri-

dine nucleus [6-10]. Natural products that contain a pyridine

ring include the 3-alkylpyridine alkaloid niphatesine C and the

fuzanin family [11,12]. Moreover, the ability to form coordina-

tion compounds makes pyridines ideal ligands for transition

metal-catalyzed processes and for the construction of supra-

molecular architectures [13]. Pyridines with chiral side chains

are widely employed as ligands in asymmetric transformations,

for instance, in the asymmetric hydrogenation of olefins, in

enantioselective additions of metal organyls to aldehydes and

enones, as well as in palladium-catalyzed allylic substitution

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:hreissig@chemie.fu-berlin.de
http://dx.doi.org/10.3762%2Fbjoc.7.108
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Scheme 1: Preparation of β-ketoenamides and subsequent cyclocondensation to 4-hydroxypyridines. a) Et2O, −40 °C to r.t. 16 h, b) TMSOTf, NEt3,
CH2Cl2 or ClCH2CH2Cl reflux.

reactions [14-20]. Thus, the synthesis of specifically functional-

ized pyridines is of considerable interest, and many approaches

toward this heterocyclic structure have been disclosed in the

literature [21]. In addition to classical pyridine syntheses such

as the Kröhnke reaction, many new approaches have recently

been developed [22-26]. Despite the wide range of conceptu-

ally different syntheses, only few methods for introducing

chirality into pyridine side chains have been described: Enantio-

selective reduction of pyridine carbonyl compounds, the add-

ition of lithiated pyridine derivatives to chiral ketones or the

resolution of racemates being the most common approaches.

The preparation of chiral pyridine derivatives starting from

simple enantiopure precursors is less common [27,28].

Recently, we reported a new synthesis of pyridines based on the

trimethylsilyl trifluoromethanesulfonate (TMSOTf) induced

cyclocondensation reaction of β-ketoenamides [29-34]. This

cyclocondensation step can be rationalized as a 6π-electrocy-

clization of the disilylated intermediate 5 to provide dihydropy-

ridine 6. Elimination of trimethylsilanol and subsequent O-desi-

lylation affords the 4-hydroxypyridine 7 (Scheme 1). The

desired β-ketoenamides 4 are either accessible by acylation of

enaminoketones or by a multicomponent reaction of lithiated

alkoxyallenes, nitriles and carboxylic acids [35,36].

In the past, we devoted considerable interest to the synthesis of

substituted pyridine derivatives by this route and investigated

their use in subsequent transformations [37-39]. Broadening the

scope of the process to functionalized, chiral starting materials

is the subject of this report. Additionally, herein we disclose the

full experimental data for compounds reported in a preliminary

communication [40].

Scheme 2: Mechanistic rational for the formation of β-ketoenamides
16.

Results and Discussion
In continuation of our previous work, we addressed the ques-

tion whether chiral starting materials react in the above

sequence without loss of enantiopurity [40]. Chiral carboxylic

acids are readily available and their use would allow for a rapid

access to pyridines with side chains bearing stereogenic centers.

In recent years we studied intensively the multicomponent reac-

tions of lithiated alkoxyallenes with nitriles and carboxylic

acids and could demonstrate that precursor compounds with

alkyl, alkenyl or aryl substituents are smoothly converted into

β-ketoenamides and subsequently transformed into the desired

4-hydroxypyridines. The mechanism of the multicomponent

reaction is depicted in Scheme 2. In the first step, a lithiated
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Table 1: Scope of the synthesis of 4-hydroxypyridine derivatives from lithiated methoxyallene, nitriles and carboxylic acids.

Carboxylic Acid
R2CO2H

Nitrile
R1-CN

Producta Yieldb

24%

30%

50%

alkoxyallene such as 10 adds to a nitrile to yield an imino-

allenyl anion 11. Protonation of 11 then gives a resonance stabi-

lized cation 12 which can be attacked in β-position by a

carboxylate to afford an enol ester 14. The β-ketoenamide 16 is

then formed by transfer of the acyl group to the amino group

and subsequent tautomerization.

In some cases we observed the formation of minor amounts of

4-hydroxypyridines along with the β-ketoenamides. Depending

on the substitution pattern of the β-ketoenamide, a conden-

sation to the corresponding pyridine can spontaneously occur.

In most cases a second step is necessary and the cyclocondensa-

tion must be induced or completed by treatment with TMSOTf

and an amine base in a suitable solvents at elevated tempera-

tures. In order to minimize the operational effort, the process

can be performed as quasi-one-pot procedure without purifica-

tion of the intermediary β-ketoenamide.

Scope and limitations
Following the protocol mentioned before, we successfully

prepared a series of 4-hydroxypyridines with chiral functional

groups present in a side chain. As can be seen in Table 1 not

merely chiral aliphatic carboxylic acids and nitriles such as 17

and 31 can be transformed into 4-hydroxypyridines, but rather

complex substrates with appropriately protected functional

groups. For instance, when lithiated methoxyallene was added

to pivalonitrile and reacted with O-silylated mandelic acid 21,

pyridine derivative 22 was obtained in good yield over two

steps. Furthermore, readily available N,N-dibenzylated amino

acids, such as those derived from valine and phenylalanine, 23

and 25 gave the respective pyridines 24 and 26 in 45% and 50%

yield, respectively. Carboxylic acids featuring aromatic units

and branched side chains including quaternary α-carbon atoms

were also tolerated. Besides chiral carboxylic acids, enan-

tiopure nitriles were also successfully converted into pyridine
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Table 1: Scope of the synthesis of 4-hydroxypyridine derivatives from lithiated methoxyallene, nitriles and carboxylic acids. (continued)

45%

50%

45%

24%

85%

26%
(as a separable 1:1 mixture of

diastereomers)
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Table 1: Scope of the synthesis of 4-hydroxypyridine derivatives from lithiated methoxyallene, nitriles and carboxylic acids. (continued)

CF3CO2H 37%

CF3CO2H 28%

CF3CO2H 56%

–

CF3CO2H –

aOnly the predominant tautomer in CDCl3 is depicted; bAll yields are based on the nitrile.

derivatives in comparable yields. As an example, (S)-2-methyl-

butyronitrile (31) could be converted into compound 40 in good

yield. The use of carboxylic acids and nitriles with structurally

identical substituents allows a rapid access to pyridine deriva-

tives such as 32 which almost has C2-symmetry. Compound 32

is derived from nitrile 31 and carboxylic acid 17 and was

obtained in high yield after two steps. Products 34 and 35 were

prepared from enantiopure acid 29 and racemic O-TBS-mande-

lonitrile 33. The diastereomeric pyridines obtained from this

reaction are easily separable by column chromatography to give

34 and 35 in moderate yields. If not commercially available, the

desired nitriles were prepared from the corresponding acids by

an amide formation/dehydration sequence according to litera-

ture procedures [41,42]. Not all transformations proceeded in

very good yields, however, it should be noted that in only a few

cases attempts to optimize the conditions have been undertaken.

Hence, there may be room for improvement of yields in cases

where the standard conditions led only to moderate yields.

Unfortunately, all attempts to incorporate proline-derived

moieties failed. N-Benzylproline (41) turned out to be almost

insoluble in ethereal solvents, which might explain why the

desired β-ketoenamide was not formed [43]. To increase the

solubility of the proline component, we changed the protective

group from benzyl to the more lipophilic trityl group [44].

Surprisingly, the use of trityl-protected proline did not give the

β-ketoenamide 47 as main product (Scheme 3). Instead, a

diastereomeric 1:1 mixture of the β-keto-enolester 48 was
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Scheme 3: Reaction of proline derivative 45 and formation of β-ketoenamide 47 and enolester 48.

isolated in 49% yield together with minor amounts of the

expected product 47. The formation of 48 is additional evi-

dence for our previously suggested mechanism (Scheme 2). We

assume that the bulkiness of the trityl group hampers the

transfer of the acyl group from intermediate 46 to 47. Upon the

addition of water, the enamine moiety of 46 was hydrolyzed to

furnish enol ester 48.

The pyridines in Table 1 are depicted in their predominant

tautomeric form as found in CDCl3 at ambient temperature.

Interestingly, the pyridone/pyridinol equilibrium seems to

depend on the substituents at the C-2 or C-6 side chains. In

general, a hydrogen bond-acceptor seems to stabilize the pyri-

done tautomer, whereas the pyridinol tautomer is favored when

a hydrogen bond-donor is present. Compound 37 exists exclu-

sively as pyridone tautomer, but after desilylation the resulting

product, with a free hydroxy group in the side chain, strongly

prefers the pyridinol tautomer. It seems reasonable to assume

that the pyridone tautomer is stabilized through an internal

hydrogen bond between a silyl ether or a tertiary amine moiety

of the side chain as observed for compounds 22 and 24. More-

over, we found that the equilibrium is strongly influenced by

the solvent. In CDCl3 pyridine 40 exclusively exists in its pyri-

done form, but in methanol-d4 the equilibrium shifts completely

to the pyridinol tautomer.

Subsequent transformations of the
prepared pyridine derivatives
To prove the enantiopurity of the pyridines derived from

carboxylic acids and nitriles, which are prone to racemization,

i.e., substrates with tertiary stereogenic centers in α-position,

compounds 18, 22 and 40 were transformed into esters 50, 49

and 51, respectively (Table 2). Treatment of the pyridones with

Mosher acid chloride in a mixture of pyridine and

dichloromethane as solvent afforded the desired esters in good

yields. Comparison with the diastereomeric compounds

Table 2: Esterification of different pyridinol derivatives with the 3,3,3-
trifluoro-2-methoxy-2-phenylpropanoic acid.

Pyridine Product Yield

22 68%
dr >95:5a

18 55%
dr >95:5a

40 67%
dr >95:5a

aDetermined by 1H NMR spectroscopic analysis of the crude products.
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Figure 1: 1H NMR spectra of 49 and the mixture of diastereoisomers 49 and 49’.

Scheme 4: Synthesis of pyrid-4-yl nonaflate 52.

obtained from racemic starting materials unambiguously shows

that the sequence proceeds without noticeable racemization,

since 49, 50 and 51 were obtained in diastereomeric pure form

(Table 2) as judged by 1H NMR analysis (estimated error

3–5%). For instance, the signal of the methoxy group at C-3 of

diastereomeric 49’ (obtained by starting with racemic mandelic

acid) appears at 3.43 ppm in the 1H NMR-spectrum, whereas

this signal for 49 occurs at 3.49 ppm (Figure 1). In addition, the

tert-butyl group of the OTBS groups of the two diastereoiso-

mers 49 and 49’ show signals at different frequencies.

To explore the chemistry of the synthesized pyridine deriva-

tives, we investigated the selective functionalization of the

4-hydroxy group. Pyridone 20 was nonaflated according to

previously established conditions to provide 52 in 56% yield

(Scheme 4). As we have already demonstrated, pyrid-4-yl

nonaflates are excellent coupling partners in palladium-

Scheme 5: O-Methylation of pyridine derivatives 22 and 30 followed
by desilylation.

catalyzed transformations such as Suzuki, Stille, Heck and

Sonogashira reactions [45].

However, in contrast to the smooth nonaflation, the selective

O-alkylation of the synthesized pyridines turned out to be more

challenging (Scheme 5). Whereas pyridone 22 could be
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Scheme 6: Formation of 5-alkoxypyrimidines from β-alkoxy-β-ketoenamides.

Table 3: Scope of the synthesis of β-alkoxy-β-ketoenamides derived from lactic acid based precursors.

Carboxylic Acid
R2CO2H

Nitrile
R1-CN

Product Yield

58%

58%

O-methylated in good yield with methyl iodide in THF, the

same conditions converted 30 into 55 in a disappointing 30%

yield. Desilylation of 53 and 55 with HF in pyridine gave the

desired deprotected pyridine derivatives 54 and 56 in high

yields. This type of enantiopure hydroxymethyl-substituted

pyridine derivatives is of particular interest as they are known to

be efficient catalysts for the asymmetric addition of zinc

organyls to aldehydes [14,46].

Preparation of lactic acid derived pyrid-
4-yl nonaflates
In the course of our investigations on the scope of the present

procedure, we also discovered that easily available O-TBS-

protected lactic acid and O-TBS-protected lactic nitrile are

excellent reaction partners. We became interested in exploring

the scope of this reaction with respect to lactic acid derived

starting materials in more detail. In contrast to the previously

described procedures, we decided to purify the reaction mixture

at the stage of the β-alkoxy-β-ketoenamides 58 obtained by the

three-component reaction. Recently we demonstrated that

β-alkoxy-β-ketoenamides are not only valuable intermediates in

the synthesis of 4-hydroxypyridines 57, but that they can also

serve as precursors in the synthesis of 5-alkoxypyrimidines 59

(Scheme 6). When β-alkoxy-β-ketoenamides 58 were treated

with an ammonia source such as NH4OAc in MeOH,

5-alkoxypyrimidines with the general structure of 59 were

formed in high yields [37,38,47]. By this simple change in the

reaction conditions not only pyridine but also pyrimidine

derivatives with lactic acid based side chains should be acces-

sible.

O-TBS-protected lactic nitrile 63 was prepared following a

literature procedure in four steps starting from enantiopure

methyl lactate [48]. The scope of the multicomponent reaction

with respect to lactic acid derived precursors is summarized in

Table 3.
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Table 3: Scope of the synthesis of β-alkoxy-β-ketoenamides derived from lactic acid based precursors. (continued)

73%

73%

51%

25%

Table 3 shows that O-TBS-protected lactic acid 60 and O-TBS-

protected lactic nitrile 63 gave the desired ketoenamides in

moderate to high yields. When lithiated methoxyallene was

reacted with pivalonitrile or benzonitrile followed by the add-

ition of O-TBS-protected lactic acid, the corresponding keto-

enamides 61 and 62 were isolated in 58% yield. Reaction of

lithiated methoxyallene with O-TBS-protected lactic nitrile and

benzoic acid furnished 64 in high yield. Heterocyclic moieties

were also well tolerated as demonstrated by the efficient reac-

tion of 2-thiophene carboxylic acid. The relatively low yield in

the formation of 66 might be explained by the poor solubility of

2-picolinic acid in ethereal solvents rather than for reactivity

reasons. In contrast to the other examples, enamide 66 was

obtained as a 1:1 mixture of (E)- and (Z)-isomers. This may be

due to alternative hydrogen bond formation with the NH unit to

the pyridine nitrogen rather than to the carbonyl group. Subse-

quent cyclocondensation with TMSOTf and NEt3 in 1,2-

dichloroethane gave the expected pyridine derivatives, which

were directly converted into pyrid-4-yl nonaflates in a second

step. The results are depicted in Table 4.

In all examples the cyclization/nonaflation sequence provided

the pyrid-4-yl nonaflates in good yields. Apparently, the re-

activity in this sequence is not strongly governed by the struc-

ture of the original ketoenamide. Even the configuration of the

enamide double bond seems to have no influence on the

cyclization, since the (E/Z)-mixture of enamide 66 also gave the

corresponding pyridine in good yield. Obviously, the diastere-

omers are in equilibrium under the cyclization conditions. Of

particular interest are the pyrid-4-yl nonaflates 71 and 72,

possessing a chiral side chain as well as heteroaromatic units.

2,2’-Bipyridines with structures similar to 72 might show

interesting properties when used as ligands in asymmetric trans-

formations. The nonaflate moiety should allow electronic fine

tuning of the ligand properties in palladium-catalyzed or nucle-

ophilic substitution reactions.

Conclusion
We have demonstrated that enantiopure functionalized

carboxylic acids and nitriles can be used without problems in

our previously reported pyridine synthesis. The starting ma-

terials were successfully transformed into the corresponding

pyridines without loss of enantiopurity to yield enantiopure

4-hydroxypyridine derivatives with stereogenic side chains at

C-2 and C-6. The 4-hydroxy group allows further variations.

Applications of the prepared pyridines as ligands or catalysts in

asymmetric transformations will be studied and will be the

subject of future reports.
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Table 4: Cyclization and nonaflation of lactic acid derived β-alkoxy-β-ketoenamides.

β-Alkoxy-β-ketoenamide Product Yielda

56%

61%

63%

52%

72%

39%

aYields over two steps based on the ketoenamide.
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Experimental
General methods: Reactions were generally performed under

an argon atmosphere in flame-dried flasks, and the components

were added by syringe. Methanol was purchased in p.a. quality

and stored under an argon atmosphere over molecular sieves

(4 Å). Triethylamine was distilled from CaH2 and stored over

KOH under an atmosphere of argon. Pyridine was used as

purchased and stored over KOH under an atmosphere of argon.

1,2-Dichloroethane was purchased in p.a. quality and stored

over molecular sieves (4 Å) under an atmosphere of argon.

Tetrahydrofuran, diethyl ether, toluene and dichloromethane

were obtained from the solvent purification system MB-SPS-

800 (M. Braun). Products were purified by flash chromatog-

raphy on silica gel (230–400 mesh, Merck). Unless otherwise

stated, yields refer to analytically pure samples. Internal

standards: for 1H NMR CDCl3 (δ = 7.26 ppm), TMS

(δ = 0.00 ppm), CD3OD (δ = 3.31 ppm), C6D6 (δ = 7.16 ppm),

for 13C NMR CDCl3 (δ = 77.0 ppm), CD3OD (δ = 49.0 ppm),

C6D6 (δ = 128.1 ppm). NMR spectra were recorded on Bruker

AC 250, ECP 400, AC 500, AVIII 700, or Jeol Eclipse 500

instruments in CDCl3, CD3OD, or C6D6 solution. Integrals are

in accord with assignments; coupling constants are given in Hz.

IR spectra were measured with a FT-IR spectrometer Nicolet 5

SXC or with a Nexus FT-IR equipped with a Nicolet Smart

DuraSamplIR ATR. MS and HRMS analyses were obtained

with Finnigan Varian Ionspec QFT-7 (ESI-FT-ICR) and Agilent

ESI-TOF 6210 (4 μL/min, 1 bar, 4000 V) instruments.

Elemental analyses were obtained with “Elemental-Analyzers“

(Perkin–Elmer or Carlo Erba). Melting points were measured

with a Reichert apparatus (Thermovar) and are uncorrected.

Optical rotations ([α]D) were determined with a Perkin–Elmer

241 polarimeter at the temperatures given. Commercially avail-

able chemicals were used without further purification unless

otherwise stated.

Typical procedure for the preparation of
3-methoxy-4-hydroxypyridines without isola-
tion of the intermediate β-alkoxy-β-keto-
enamide (Procedure 1)
A solution of n-BuLi (2.5 M in hexanes, 0.31 mL, 0.79 mmol)

was added dropwise to a solution of methoxyallene (59 µL,

0.71 mmol) in diethyl ether (5 mL) at −40 °C. After stirring at

that temperature for 15 min, pivalonitrile was added (59 mg,

0.71 mmol) and the resulting yellow solution stirred for 4 h at

−40 °C. The solution was then cooled to −78 °C and (S)-2-

methylbutyric acid (0.23 mL, 2.14 mmol) added. Stirring was

continued overnight during which time the mixture was slowly

allowed to reach r.t. The reaction was quenched by the addition

of sat. aq. NaHCO3 solution (10 mL) and the aqueous phase

extracted with diethyl ether (2 × 20 mL). The combined organic

layers were washed with brine, dried with Na2SO4, filtered and

the solvent was evaporated under reduced pressure. The residue

was re-dissolved in CH2Cl2 (14 mL) and TMSOTf (0.41 mL,

2.1 mmol) and NEt3 (0.30 mL, 2.1 mmol) were added. The mix-

ture was heated under reflux under an atmosphere of argon for

2 d. After complete consumption of the starting material (by

TLC), the reaction was quenched by the addition of aq. sat.

NH4Cl solution (20 mL) and the aqueous layer extracted with

CH2Cl2 (2 × 30 mL). The combined organic layers were dried

with Na2SO4, filtered and evaporated. The residue was purified

by flash column chromatography on silica gel (eluent: hexane/

ethyl acetate 1:9) to afford 18 (41 mg, 24%) as colorless crys-

tals.

(S)-6-sec-Butyl-2-tert-butyl-3-methoxypyridin-4-one (18):

mp 109–110 °C; [α]D
22 +20.9 (c 2.3, CHCl3); 1H NMR (500

MHz, CDCl3) δ 0.90 (t, J ≈ 7 Hz, 3H, 4’-H), 1.24 (d, J = 6.9

Hz, 3H, 1’-H), 1.43 (s, 9H, t-Bu), 1.59 (quint, J ≈ 7 Hz, 2H,

3’-H), 2.47 (sext, J ≈ 7 Hz, 1H, 2’-H), 3.94 (s, 3H, OMe), 6.26

(s, 1H, 5-H), 7.74 (s, 1H, NH) ppm; 13C NMR (101 MHz,

CDCl3) δ 11.8 (q, C-4’), 19.5 (q, C-1’), 28.4, 29.5 (2, s, t-Bu),

35.1 (t, C-3’), 39.9 (d, C-2’), 58.9 (q, OMe), 114.2 (d, C-5),

146.0, 146.4, 150.7 (3 s, C-2, C-3, C-6), 176.1 (s, C-4) ppm; IR

(KBr) : 3250 (N-H), 2965–2910 (=C-H, C-H), 1620 (C=O),

1580, 1540 (C=C) cm−1; HRMS–ESI (m/z): [M + H]+ calcd for

C14H24NO2, 238.1807; found, 238.1803; Anal. calcd for

C14H23NO2: C, 70.85; H, 9.77; N, 5.90; found: C, 70.81; H,

9.79; N, 5.38.

Typical procedure for the preparation of
β-alkoxy-β-ketoenamides (Procedure 2)
A solution of n-BuLi (1.30 mL, 3.28 mmol, 2.5 M in hexanes)

was added to a solution of methoxyallene (0.30 mL, 3.28 mmol)

in diethyl ether (20 mL) at −50 °C. After stirring for 30 min at

−50 °C, the reaction mixture was cooled to −78 °C and (S)-

TBS-lactic nitrile (200 mg, 1.14 mmol) in anhydrous diethyl

ether (5 mL) was added to the mixture. After stirring for 4 h, a

solution of benzoic acid (0.84 g, 6.88 mmol) in anhydrous DMF

(10 mL) was added. The mixture was stirred overnight and

slowly allowed to reach r.t. The reaction was quenched with sat.

aq. NaHCO3 solution (15 mL) and the product extracted with

diethyl ether (3 × 40 mL). The combined organic layers were

washed with brine, dried with Na2SO4, filtered and the solvent

was removed under reduced pressure. The crude product was

puri f ied by column chromatography on s i l ica  gel

(eluent:hexane/EtOAc 3:1) to give 64 as a pale yellow oil (300

mg, 73%).

(S)-N-{1-[1-(tert-Butyldimethylsiloxy)ethyl]-2-methoxy-3-

oxo-but-1-enyl}benzamide (64) 1H NMR (500 MHz, CDCl3) δ

0.07, 0.11, 0.88 (3 s, 3H, 3H, 9H, OTBS), 1.46 (d, J = 6.4 Hz,
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3H, 2’’-H), 2.32 (s, 3H, 4’-H), 3.51 (s, 3H, OMe), 5.33 (q, J =

6.4 Hz, 1H, 1’’-H), 7.43–7.53, 7.85–7.87 (2 m, 3H, 2H, Ph),

10.10 (br s, 1H, NH) ppm; 13C NMR (125 MHz, CDCl3) δ

−4.8, −4.7 (2 q, OTBS), 18.2 (q, C-4’), 21.9 (q, C-2’’), 25.9,

27.2 (2, q, OTBS), 60.9 (q, OMe), 65.6 (d, C-1’’), 127.5, 128.8,

132.2, 134.2, 139.6, 141.9 (3 d, 3 s, Ph, C-1’, C-2’), 165.0 (s,

C-1), 200.2 (s, C-3’) ppm; IR (ATR) : 3315 (NH), 2955–2855

(=CH, C-H), 1720–1515 (C=O, C=C) cm−1; HRMS–ESI (m/z):

[M + H]+ calcd for C20H31NNaO4Si, 400.1915; found,

400.1930.

Typical procedure for the cyclization of
β-alkoxy-β-ketoenamides to 4-hydrox-
ypyridines and subsequent nonaflation
(Procedure 3)
Enamide 64 (40 mg, 0.11 mmol) was dissolved in 1,2-

dichloroethane (2 mL) and placed in a sealable tube. Triethyl-

amine (48 µL, 0.32 mmol) and TMSOTf (58 µL, 0.32 mmol)

were added at r.t., and the resulting mixture was heated at 90 °C

for 2 d. After complete consumption of the starting material

(TLC), the reaction was quenched with sat. aq. NH4Cl solution

(2 mL). After extraction with dichloromethane (3 × 10 mL), the

combined organic layers were dried with Na2SO4 filtered and

the solvent was removed under reduced pressure. The crude

product was purified by flash column chromatography (SiO2,

EtOAc/Methanol 10:1) to afford the respective pyridine deriva-

tive (36 mg, 94%) as a brown liquid.

The pyridine derivative (33 mg, 0.09 mmol) was dissolved in

THF (3 mL) and NaH (6.6 mg, 0.28 mmol) added under an

argon atmosphere. Nonafluorobutanesulfonyl fluoride (50 µL,

0.28 mmol) was added dropwise at room temperature. The mix-

ture was stirred at the same temperature for 12 h and quenched

by the slow addition of water. The resulting product was

extracted with diethyl ether (3 × 10 mL), dried with Na2SO4,

filtered and concentrated to dryness. The residue was purified

by column chromatography on silica gel (eluent: 2–5% EtOAc

in hexane) to afford 70 (39 mg, 67%) as a colorless oil.

(S)-2-[1-(tert-Butyldimethylsiloxy)ethyl]-3-methoxy-6-phe-

nyl-pyridin-4-yl nonaflate (70): [α]D
22 −21.2 (c 0.3, CHCl3);

1H NMR (500 MHz, CDCl3) δ 0.00, 0.05, 0.87 (3 s, 3H, 3H,

9H, OTBS), 1.60 (d, J = 6.6 Hz, 3H, 2’-H), 3.95 (s, 3H, OMe),

5.30 (q, J = 6.6 Hz, 1H, 1’-H), 7.42–7.48 (m, 3H, Ph), 7.51 (s,

1H, 5-H), 7.97–7.98 (m, 2H, Ph) ppm; 13C NMR (125 MHz,

CDCl3) δ −4.6, −4.4 (2 q, OTBS), 18.3 (q, C-2’), 25.9, 30.3 (2,

s, OTBS), 62.6 (q, OMe), 68.8 (d, C-1’), 112.3, 126.9, 128.8,

129.5, 137.7, 144.4, 150.1, 153.7, 160.0 (4 d, 5 s, Ph, C-2, C-3,

C-4, C-5, C-6) ppm; IR (ATR) : 3310 (NH), 3010–2835

(=CH, C-H), 1685–1510 (C=O, C=C) cm−1; HRMS–ESI (m/z):

[M + H]+ calcd for C24H29F9NO5SSi, 642.1387; found,

642.1403.

Typical procedure for the esterification of
4-pyridones with 3,3,3-trifluoro-2-methoxy-2-
phenylpropanoic acid (Procedure 4)
Pyridone 22 (22 mg, 0.06 mmol) was dissolved in anhydrous

CH2Cl2 (0.3 mL) and anhydrous pyridine (0.3 mL), and (S)-

3,3,3-trifluoro-2-methoxy-2-phenylpropanoic acid (17 µL,

0.09 mmol) added. The mixture was stirred under an atmos-

phere of argon at r.t. for 16 h. After complete consumption of

the starting material (TLC), the mixture was diluted with

CH2Cl2 (10 mL) and the organic layer was successively washed

with sat. NaHCO3 solution, 1 M HCl and H2O (10 mL each).

The organic layer was dried with Na2SO4, filtered and the

solvent was removed under reduced pressure to afford 49

(25 mg, 68%) as a colorless oil.

(S,S)-2-tert-Butyl-6-[(tert-butyldimethylsiloxy)phenyl-

methyl]-3-methoxypyridin-4-yl 3,3,3-trifluoro-2-methoxy-2-

phenylpropanoate (49): [α]D
22 +14.0 (c 1.0, CHCl3); 1H NMR

(500 MHz, CDCl3) δ 0.01, 0.02, 0.96 (s, 3H, 3H, 9H, OTBS),

1.35 (s, 9H, t-Bu), 3.49, 3.68 (2 s, 3H each, OMe), 5.80 (s, 1H,

1’-H), 7.17 (s, 1H, 5-H), 7.19–7.22, 7.27–7.31, 7.48–7.53,

7.61–7.71 (4 m, 10H, Ph) ppm; 19F NMR (376 MHz, CDCl3) δ

−71.1 (s, CF3) ppm; IR (neat) : 2955–2930 (C-H), 1775

(C=O), 1570–1450 (C=C), 1170–1105 (=C-H), 780–700 (C-F)

cm−1; HRMS–ESI (m/z): [M + H]+ calcd for C33H43F3NO5Si,

618.2857; found, 618.2896.
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Abstract
The Ugi reaction of 2-substituted dihydrobenzoxazepines was found to proceed with unexpectedly good diastereoselectivitiy

(diastereoisomeric ratios up to 9:1), despite the large distance between the pre-existing stereogenic centre and the newly generated

one. This result represents the first good 1,4 asymmetric induction in an Ugi reaction as well as the first example of diastereoselec-

tive Ugi reaction of seven membered cyclic imines. It allows the diversity-oriented synthesis of various tetrahydro[f][1,4]benzox-

azepines.
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Introduction
The Ugi reaction is probably the most renowned and widely

used multicomponent reaction. Its great utility in the highly

convergent and diversity-oriented synthesis of libraries of

heterocyclic compounds, stemming from the possibility to intro-

duce up to four diversity inputs in a single step, has been fully

demonstrated [1-5]. However, a main drawback of this vener-

able reaction is the poor diastereoselectivity typically experi-

enced when using chiral inputs. It is well known that chiral

isocyanides, aldehydes/ketones and carboxylic acids always

bring about no or very little diastereoselectivity, whereas some

relative asymmetric induction has been reported only with

chiral amines as auxiliaries [6], or with chiral cyclic imines.

The use of cyclic imines (three-component Ugi–Joullié reac-

tion) [7,8] is particularly useful, because the resulting Ugi prod-

ucts are necessarily nitrogen heterocycles. However, good dia-

stereoselectivity has been obtained so far only with a few types

of chiral substrates [9-15]. In most cases these are represented

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Table 1: Results of Ugi reactions of imines 5a,b.

Product R1 R2 R3 Yielda drb

6a Me Cy Et 70% 85:15
6b Me t-Bu MeOCH2 77% 87:13
6c Me Bn BocNHCH2 71% 84:16
6d iBu 4-BnOC6H4CH2CH2 MeOCH2 56% 90:10
6e iBu Cy Et 59% 86:14
6f iBu t-Bu Bn 64% 88:12
6g iBu n-Bu 3-BrC6H4 57% 88:12
6h iBu t-Bu 5-Cl-2-thienyl 78% 89:11
6i iBu n-Bu Z-NH-CH2CH2 70% 88:12

aIsolated yields (after chromatography) from aldehydes 4a,b. bDetermined by HPLC or by 1H NMR (for 6f, 6h, 6i only by NMR).

by five-membered imines (pyrrolines) with a stereogenic centre

α to the imine carbon (1,2-induction), although this relative

arrangement is not a guarantee of good stereoselectivity

[8,14,16]. Examples of 1,3-induction on chiral imines with the

stereocentre β to the carbon [14,16], or α to the nitrogen, of the

C=N moiety [13,15,17] are rarer. More often, when the stereo-

centre is not in α, poor diastereoselectivity is observed [18,19].

This fact limits the diversity of heterocycles that can be

accessed stereoselectively from the three-component Ugi–

Joullié reaction of cyclic imines.

Results and Discussion
We report here some preliminary results disclosing a new

family of chiral 7-membered cyclic imines that afford good

levels of diastereoselectivity when submitted to an Ugi–Joullié

reaction, despite the fact that the stereogenic centre is only γ to

the imine carbon (1,4 relative induction). This is, to our know-

ledge, the first example of 1,4 asymmetric induction in an

isocyanide based multicomponent reaction of chiral carbonyl

compounds or imines, and the first example of diastereoselec-

tive Ugi reaction on chiral seven-membered imines [20,21].

The two imines 5a,b (Scheme 1) have been convergently

synthesized in three steps from Weinreb hydroxamate 1, in turn

prepared in one step from salicylic acid (Supporting Informa-

tion File 1). The key step of the synthesis is the intramolecular

condensation of 1 with racemic alcohols 2a,b through a

Mitsunobu reaction. The moderate yields are due to the

consumption of alcohols 2, which undergo side-reactions,

resulting in incomplete transformation of 1, even when using

1.3–1.5 equiv of 2. The use of a larger excess of 2 would prob-

ably increase the yields, but this is not particularly convenient

(especially if one plans to use enantiomerically pure 2). In any

case, unreacted 1 may be recovered. Alcohol 2b behaves some-

what better than 2a in this reaction. The other two steps

proceeded with no problems to give imines 5a,b in high yield. It

is worth noting that the Mitsunobu reaction is not effective on

unprotected salicylaldehyde. 2,3-Dihydrobenzo[f][1,4]ox-

azepines similar to 5a,b have been previously prepared, but

through less general routes [22-24].

Scheme 1: a) TBAD [(t-BuO2C−N=)2], PPh3, THF, −15 °C → rt, 49%
(3a), 62% (3b); b) LiAlH4, Et2O–THF, 0 °C, 90% (4a), 88% (4b); c)
HCl, CH2Cl2–H2O, rt; d) R2NC, R3CO2H, MeOH, rt.

Compounds 5a,b were reacted with a series of isocyanides and

carboxylic acids to give, in good yields, nine different

tetrahydro[f][1.4]benzoxazepines 6, equipped with three diver-

sity points.

As shown in Table 1, all the tested Ugi reactions proceeded

with remarkably high diastereoselectivity, if one considers that

the R1 substituent is quite far away from the imine carbon. This

long range diastereoselectivity (from 5.25:1 up to 9:1) is

completely unprecedented for an isocyanide based multicompo-

nent reaction.
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Scheme 2: Possible explanation of diastereoselectivity in Ugi reactions of imines 5.

A slight increase in the dr was observed on passing from R1 =

Me to bulkier R1 = iBu. On the other hand the structure and the

nature of both isocyanides and carboxylic acids seem to have

little influence on the diastereoselectivity. NMR characteriza-

tion of the products is reported in Supporting Information

File 2. Minimization of the cyclic imine 5a using CSC Chem3D

(v10) indicates that there are only two significant conforma-

tions, and that the one with the substituent at C-2 in the equato-

rial position is strongly favored. In this situation (Figure 1), the

substituent at C-2 should be quite far away from the site of

isocyanide attack, being unable to discriminate the two dia-

stereotopic faces.

Figure 1: Model of the expected preferred conformation of imine 5a,
as minimized using CSC Chem3D (MOPAC-PM3).

Thus, rationalization of the observed stereoselectivity is not

trivial, also because we have not yet proved unambiguously the

relative configuration of the major adducts. Some authors have

suggested, for six membered rings, a preferential axial attack of

the isocyanide [14,16], since it relieves unfavorable steric strain

in the forming tetrahedric adduct (Scheme 2). In our case, equa-

torial attack, leading to intermediate 9, would experience steric

strain with the peri H-7. Therefore, if the preferred con-

formation of the imine is the one depicted in Figure 1, with R1

equatorial, axial attack would give the cis adducts. The impor-

tance of the unfavorable peri interaction is confirmed by the

fact that the isocyanide derived substituent prefers an axial pos-

ition in both stereoisomers, as demonstrated by NOE experi-

ments carried out on 6e (Supporting Information File 2). Thus,

after attack, the trans initial adduct 10 undergoes a con-

formational change to 11. The two vicinal J2-3 (i.e., 2.1 and

9.3 Hz for 6h) in the major diastereomers are in agreement with

the chair-like conformation 8 of the cis adduct, whereas the

same coupling constants in the minor diastereoisomer (i.e., 3.6

and 8.7 Hz. for 6h) fit the boat-like conformation 11 of the

trans adduct. However, the difference between these coupling

constants for the two stereoisomers is not large enough to guar-

antee the undisputable assignment of the cis relative configur-

ation to the major adduct. In the presented hypothesis, the func-

tion of the substituent at C-2 would therefore not be to shield

one of the two diastereotopic faces, but only to fix the con-

formation by favoring an equatorial disposition of R1. We are

planning to prove the relative configuration of the major

adducts and to prepare analogues with further substituents in

order to get more clues on this unusual diastereoselectivity and,

hopefully, to further improve stereoselectivity.

In conclusion, the methodology presented herein appears par-

ticularly well suited for the stereoselective preparation of

libraries of peptidomimetics based on the tetrahydrobenzox-

azepine ring. Although structures of general formula 6 are

unprecedented, other tetrahydrobenzoxazepines have shown

interesting pharmacological properties [25,26]. The possibility

to introduce up to 4 points of diversity (including also
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substituents on the aromatic ring), and to obtain enantio-

merically pure compounds, starting from enantiomerically pure

alcohols 2a,b, will be explored, too.

Supporting Information
Supporting Information File 1
Complete experimental procedures.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-7-109-S1.pdf]

Supporting Information File 2
NMR characterization of products 6 and NMR spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-7-109-S2.pdf]
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Abstract
The tetrahydroquinolines obtained through the Povarov multicomponent reaction have been oxidized to the corresponding quino-

line, giving access to a single product through a two-step sequence. Several oxidizing agents were studied and manganese dioxide

proved to be the reagent of choice, affording higher yields, cleaner reactions and practical protocols.

980

Introduction
Heterocycles are ubiquitous scaffolds in pharmaceuticals,

natural products and biologically active compounds. Quinoline

systems in particular constitute a privileged substructure and are

present in a large number of compounds with remarkable bio-

logical activity [1]. Although a variety of methods are used to

prepare these heterocyclic compounds, the synthetic access to

polysubstituted-polyfunctionalized derivatives remains a serious

challenge [2]. Multistep sequences are widespread in the litera-

ture, but even in these cases the preparation of some substitu-

tion patterns and functional group combinations is particularly

difficult. The recent introduction of multicomponent reactions

(MCRs) into this field has brought interesting features typical of

the ideal reaction, such as atom- and step economy, conver-

gence, and exploratory power, together with new avenues in

connectivity, leading to the straightforward synthesis of previ-

ously unobtainable scaffolds [3]. In this context, it is possible to

obtain a wide variety of complex tetrahydroquinolines through

the Povarov MCR (the interaction of anilines, aldehydes and

activated olefin inputs under acid catalysis) [4-8]. Interestingly,

this process allows cyclic enol ethers and enamines to be used

as electron-rich alkenes, leading to heterocycle-fused tetrahy-

droquinolines, usually as a mixture of stereoisomers [9-13].

Unfortunately, no general methods for enantioselective Povarov

reactions have been developed (for examples of catalytic

enantioselective transformations operating in particular systems,

see [14,15]), and this constitutes a serious drawback in the use
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Scheme 1: Povarov oxidation access to substituted quinolines.

Scheme 2: Tetrahydroquinoline oxidation.

of this reaction for library preparation, as one reaction affords

several products, when ideally it should give only one.

However, these adducts can be subjected to oxidation, which

will lead to the corresponding quinolines, preserving the

substituents and functionalization already introduced in the

preceding MCR. Despite the loss of all stereochemical informa-

tion, in this way it would be feasible to obtain a single product

from a multicomponent process (Scheme 1).

The oxidation step itself is challenging as it involves the formal

removal of four hydrogens from a tetrahydropyridine moiety to

reach the fully aromatic species. The literature contains scat-

tered reports of the use of oxidants for this transformation: 2,3-

Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), ceric ammoni-

um nitrate (CAN), nitrobenzene, elemental sulfur, palladium

and manganese dioxide among others, all of them far from

being ideally suited for these substrates.

One of the most commonly used is DDQ, which affords quino-

lines in acceptable yields. The main advantages of this

oxidizing agent lie in its chemoselectivity and a requirement for

relatively mild conditions, allowing it to be used in the pres-

ence of a wide range of substituents of the starting tetrahydro-

quinoline, such as O-, N- and C-linked residues (Scheme 2)

[8 ,9 ,12 ,13 ,16-18] .  Unfor tuna te ly ,  the  a l t e rna t ive

oxidation–elimination products (5 and 8) are often observed,

therefore suggesting an acid catalyzed process. This would

account for the elimination of alcohol and amine moieties,

leading to dihydroquinoline intermediates that, after spontan-

eous oxidation in air, provide the final fragmented quinolines.

The ability of DDQ to act as a Lewis acid and promote this

alternative pathway has some precedent in the literature [19].

Furthermore, TFA treatment of Povarov adducts in oxygenated

atmospheres also affords the oxidation–elimination products 5

and 8 (Scheme 2) [8,12,20].

The alternative oxidation–elimination pathway is predominant

in some CAN-promoted oxidations of different Povarov adducts

3. Incidentally, this reagent is also used as a catalyst in the

Povarov MCR without oxidative interference [18]. The same

trend (oxidation–fragmentation) can be observed using

nitrobenzene [21] as the oxidant. Analogously, elemental sulfur

and palladium, although requiring drastic conditions, also lead

to the fragmented quinolines when the substrates bear O- and

N-substituents [22-25] (for related isoquinoline oxidations, see

[26,27]).
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Scheme 3: Synthesis of the Povarov adducts and their oxidation products.

Related oxidative processes involve, for instance, a cascade

Povarov–hydrogen transfer reaction using Tf2NH as a catalyst

and the imine as an oxidant, as recently described [28]. In addi-

tion, Povarov adducts resulting from the reaction between

3-aminocoumarin, aldehydes and cyclic enol ethers have been

oxidized with different types of reagents, such as bromide,

palladium, DDQ, sodium periodate, manganese dioxide or

CAN, but in all cases the main product was the elimination–oxi-

dation compound [29].

Finally, chemical manganese dioxide (CMD) has been widely

used in this type of transformations, and already in 1982 the

oxidation of tetrahydroisoquinoline (11, Scheme 2) was

reported to yield the corresponding isoquinoline 12, the inter-

mediate dihydroisoquinoline 13 being obtained as a by-product

[26]. Later, Thompson et al. described the oxidation of fused

pyrrolohydroquinolines (type 6) using MnO2 obtained from

batteries. A kinetic competition between two processes was

observed, and the desired double oxidation to the corres-

ponding fused quinoline 7 took place, along with the

oxidation–elimination sequence leading to 8. A large excess of

oxidant was required in order to obtain the desired quinoline 7

as the major product (Scheme 2) [30,31].

Results and Discussion
Experiments were performed with the goal of developing a

general and practical protocol for the oxidation of Povarov

adducts to furnish the corresponding fused quinolines, avoiding

elimination by-products. After unsuccessful attempts using

palladium on carbon (decomposition), CuCl (partial oxidative

elimination), Fremy’s salt (unreactive) and IBX (a complex

reaction leading to unknown compounds), we focused our atten-

tion on MnO2 as the oxidant of choice. A literature search

revealed different reactivity patterns depending on the type and

origin of the reagent, with the commercial source being particu-

larly important [32-36]. A systematic study was therefore

conducted to determine the influence of different reaction

conditions, commercial reagents and additives on the oxidation

of an elimination-prone Povarov tetrahydroquinoline substrate.

In this way, tetrahydroquinolines 17,17' were synthesized as a

mixture of isomers from the enol ether 14, p-bromoaniline (15)

and p-chlorobenzaldehyde (16) under Sc(OTf)3 catalysis using

standard reaction conditions (Scheme 3) [9]. Subsequently,

these adducts 17,17' were oxidized with DDQ by the standard

protocol [9], to isolate the desired quinoline 18 and its frag-

mented derivative 19, and they could also be subjected to an

acid treatment to obtain selectively the latter product [8]. All

compounds were purified and unequivocally characterized by

NMR and HPLC methods.

Taking into account that the oxidation of thiazolidines to thia-

zoles with MnO2 (25 equiv) in toluene (55 °C) in the presence

of pyridine (1.25 equiv) is a clean and efficient method [35], a

first experiment was set up to test these conditions with an old

(≈40 years) MnO2 sample of unknown origin (particle size

11.46 µm, see below). A promising result was obtained,

achieving a 39% conversion to the desired product 18, albeit

with a high ratio of the elimination–oxidation compound 19.

Next, the equivalents of oxidant and pyridine were increased to

100 and 6, respectively, and under these optimized conditions, a

72% isolated yield of quinoline 18 was obtained, and no starting

material or elimination–oxidation compound was detected.

Unfortunately, we were not able to reproduce the above results

when using brand new samples of MnO2. It was decided to test

different commercially available MnO2 sources (Aldrich, Acros

and Wako) of distinct activation degrees (particle size, powder

or activated reagent, Table 1) in order to find a suitable reagent

leading to comparable results.
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Table 1: Survey of different MnO2 reagents.

entry MnO2 trademark,
characteristics (reagent code)

particle size (median
diameter, d50, µm)a

reaction conditions product ratios
(17,17')/18/19

1 Aldrich, reagent grade
(310700)

4.3 25 equiv of oxidant 54/3/43

2 Aldrich, reagent grade
(310700)

4.3 pyridine (50 equiv) 48/8/44

3 Aldrich, reagent grade
(310700)

4.3 25 equiv of oxidant K2CO3 (6 equiv) 37/6/57

4 Aldrich, reagent grade
(310700)

4.3 55 °C for 14 h 37/13/50

5 Aldrich, reagent grade
(310700)

4.3 rt for 48 h 51/0/49

6 Aldrich, reagent plus
(243442)

138.4 general conditionsb 100/0/0

7 Aldrich, reagent plus
(243442)

138.4 110 °C for 14 h 61/0/39

8 Aldrich, activated
(217646)

4.2 general conditionsb 8/14/78

9 Acros, powder
(213490010)

7.6 general conditionsb 75/0/25

10 Wako, 1st grade powder
(138-09675)

25.7 general conditionsb 0/100/0

aAll manganese dioxide samples were analyzed with a LSTM 13 320 series Laser diffraction particle size analyzer. For more details, see Supporting
Information File 1. bUnless otherwise stated, the reactions were performed in toluene as the solvent, using 100 equiv of oxidant, 6 equiv of pyridine at
55 °C for 2 h.

Aldrich MnO2 (reagent grade) did not afford the desired quino-

line 18 (entry 1, Table 1), the main products being the frag-

mented quinoline 19 and starting material. Modifications

including the use of a greater excess of pyridine, the addition of

K2CO3 as a heterogeneous base (entries 2 and 3), and adjust-

ment of the reaction time or temperature (entries 4 and 5) did

not substantially change the outcome. MnO2 (Aldrich, reagent

plus) was completely inefficient at 55 °C (entry 6), and on

heating to 110 °C for 14 h it promoted a 39% conversion but led

exclusively to the elimination product (entry 7). On the other

hand, using activated MnO2 (Aldrich), some oxidized quinoline

18 was observed, although again the predominant product was

the fragmentation compound 19 (entry 8). Next, the reagents

from Acros (entry 9) and Wako (entry 10) were tested, the latter

being selective in the formation of the desired oxidation prod-

uct, completely avoiding the elimination pathway. The results

were reproducible, allowing the isolation of quinoline 18 in

66% yield in gram scale quantities.

In an attempt to improve the reaction conditions, Et3N was

tested as a base, and molecular sieves (4 Å) and MgSO4 were

introduced as dehydrating agents, but no meaningful changes

were observed in any case. As the elimination–oxidation prod-

uct 19 is thought to be generated by the acid characteristics of

the oxidation reagents, an activated MnO2 sample was treated

with an aqueous basic (NaCO3) solution, in an attempt to

neutralize the acidic impurities, but the ratio of the

elimination–oxidation product did not decrease. We then

analysed the particle size of all samples using a laser diffrac-

tion technique (see Supporting Information File 1). Although a

straightforward conclusion is not evident, it seems that all

samples with a small (around 4 µm) or large particle size (138
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Figure 1: Optimization of the reaction conditions for the preparation of quinoline 18.

µm) were inefficient in promoting the desired oxidation. On the

other hand, medium size samples (Wako and the old sample of

unknown origin) were the most selective oxidants (see

Supporting Information File 1).

Using this reliable reagent, different reaction conditions were

tested in order to optimize the process, especially regarding

reagent consumption (Figure 1). The effects of varying the

amounts of Wako MnO2 (from 10 to 100 equiv) and pyridine

(from 2 to 20 equiv) in the standard solvent (toluene), reaction

time and temperature (2 h, 55 °C) were studied. The gradual

increment in the amount of oxidant resulted in a progressive

increase in the yield of compound 18 and the simultaneous

decrease of the elimination quinoline 19. No productive trans-

formation to quinoline 18 was observed using 10 equiv of

oxidant, the fragmented compound 19 being the predominant

species. It is worth noting that the conversion of the starting ma-

terial was only complete when at least 80 equiv of MnO2 were

used, but even in these conditions the elimination pathway

could not be completely avoided, despite the huge excess of

pyridine (up to 20 equiv). As such large amounts of pyridine

were not beneficial, the use of 6 equiv of this reagent was a

practical compromize, leading to the same essential outcome. In

an attempt to disaggregate the Wako MnO2 powder, and in this

way reduce the amount of reagent, the reaction was performed

in an ultrasonic bath under the general conditions, but no

improvement was observed in the reaction profile.

The optimized oxidation conditions were applied to another

class of tetrahydroquinolines, which contain a fused lactam ring

(20,20', Scheme 4) [12]. These new substrates were prepared

through the Povarov MCR from the corresponding unsaturated

lactam, aldehyde and aniline. The oxidation and elimination

products (21 and 22, respectively) were independently prepared

with DDQ under acid catalysis in an oxygenated atmosphere

(O2-TFA), and characterized by NMR and HPLC methods. The

optimized conditions with the Wako reagent were productive

and selectively afforded the corresponding quinolines 21 in high

yields, and the elimination product 22 was not detected. The

processes were slower (5–8 h) than those involving the pyran-
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Scheme 4: Oxidation of lactam-fused tetrahydroquinolines 20,20'.

fused substrates 17,17' (Scheme 3). Interestingly, although

DDQ is also capable of promoting these transformations, it is

not as selective as Wako MnO2, and apart from yielding the

fragmented quinolines 22, it also oxidizes the benzylic hydro-

gens (a series, R2 = Me) leading to the corresponding aldehyde

derivative 21c [12]. Studies are ongoing to expand this set of

transformations to fused oxygenated and nitrogenated

5-membered ring systems.

Conclusion
In conclusion, we have described a fast, practical and reliable

methodology to oxidize complex polysubstituted tetrahydro-

quinolines, arising from Povarov MCRs, to the corresponding

quinolines, using MnO2. The influence of the reagent source,

stoichiometry, additives and reaction conditions has been deter-

mined. Wako CMD is the oxidant of choice and the presence of

pyridine is critical to avoid the fragmentation pathway, a side

reaction often found in this type of transformation. This process

enables the selective preparation of heterocycle-fused quino-

lines arising from a single combination of aldehydes, anilines

and activated alkenes in a short sequence, involving Povarov

MCR and oxidation steps.

Experimental
General
1H and 13C NMR spectra were recorded on a Varian Mercury

400 spectrometer. Unless otherwise stated, NMR spectra were

recorded in CDCl3 solution with TMS as an internal reference.

Data for 1H NMR spectra are reported as follows: Chemical

shift (δ ppm), multiplicity, integration and coupling constants

(Hz). Data for 13C NMR spectra are reported in terms of chem-

ical shift (δ ppm). Signals were assigned by means of two-

dimensional NMR spectroscopy: 1H,1H-COSY, 1H,13C-COSY

(HSQC: heteronuclear single quantum coherence) and long-

range 1H,13C-COSY (HMBC: heteronuclear multiple bond

connectivity). IR spectra were recorded using a Thermo Nicolet

Nexus spectrometer and are reported in wavenumbers (cm−1).

High resolution mass spectrometry was performed by the

University of Barcelona Mass Spectrometry Service.

General procedure A [9,12]
To a solution of compound 17,17' or 20,20' (1 mmol) in 15 mL

of CHCl3, DDQ (2 mmol) was added and the mixture was

stirred for 24 h in an open vessel at room temperature. An

aqueous saturated NaHCO3 solution (10 mL) was added, and

the resulting mixture was extracted with CHCl3 (3 × 10 mL).

The combined organic layers were dried over Na2SO4, filtered

and concentrated in vacuo. The reaction mixture was purified

by flash chromatography (hexane–EtOAc) to afford the desired

product.

General procedure B [9,12]
To a solution of compound 17,17' or 20,20' (1 mmol) in

CH3CN/H2O or CHCl3/H2O (1:1, 6 mL), TFA (2 mmol) was

added. The reaction mixture was stirred for 24 h at room

temperature, quenched with an aqueous saturated NaHCO3

solution (10 mL) and extracted with CH2Cl2 (3 × 10 mL). The

combined organic layers were dried over Na2SO4, filtered and

concentrated in vacuo to give a residue which was purified by

flash chromatography (hexane–ethyl acetate) to afford the

desired product.

General procedure C
To a solution of compound 17,17' or 20,20' (1 mmol) in 50 mL

of toluene, pyridine (6 mmol) and MnO2 Wako (100 mmol)

were added and the mixture was stirred in an open vessel at

55 °C. The progress of the reaction was controlled by TLC or

HPLC, until the starting material completely disappeared or no

evolution was observed. The crude mixture was filtered through

Celite, and the filtrate was concentrated in vacuo. The reaction
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mixture was purified by flash chromatography (hexane–EtOAc)

to afford the desired product.

9-bromo-5-(4-chlorophenyl)-3,4-dihydro-2H-
pyrano[3,2-c]quinoline (18)
Following the general procedure A, the oxidation of 17,17'

afforded compound 18 as a white solid (68%). Following the

general procedure C for 2 h with Wako MnO2, the oxidation of

17,17' afforded compound 18 as a white solid (66%). 1H NMR

(400 MHz, CDCl3) δ 8.26 (d, J = 2.2 Hz, 1H), 7.85 (d, J = 8.9

Hz, 1H), 7.70 (dd, J = 2.3, 8.9 Hz, 1H), 7.53–7.48 (m, 2H),

7.45–7.40 (m, 2H), 4.46–4.39 (m, 2H), 2.72 (t, J = 6.3 Hz, 2H),

2.03–1.97 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 159.91,

156.71, 145.86, 138.58, 134.58, 132.71, 130.76, 130.24, 128.54,

123.91, 121.18, 119.46, 111.35, 67.21, 23.80, 21.75; IR (film):

3319, 3058, 2987, 2949, 2917, 2859, 1905, 1585, 1476, 1392,

1348, 1322, 1162, 1123, 1085, 989 cm−1; HRMS (ESI+, m/z):

[M + H]+ calcd for C18H14BrClNO, 373.9942; found,

373.9933.

3-(6-bromo-2-(4-chlorophenyl)quinolin-3-yl)propan-
1-ol (19)
Following the general procedure B, the oxidation of 17,17'

afforded compound 19 as a white solid (60%). 1H NMR

(400 MHz, CDCl3) δ 7.92–7.87 (m, 3H), 7.67 (dd, J = 2.2, 8.9

Hz, 1H), 7.44–7.37 (m, 4H), 3.51 (t, J = 6.2 Hz, 2H), 2.85–2.77

(m, 2H), 1.75–1.65 (m, 2H); 13C NMR (100 MHz, CDCl3) δ

159.9, 145.2, 139.0, 135.3, 134.8, 134.3, 132.8, 131.2, 130.3,

129.2, 128.9, 128.9, 120.8, 62.0, 33.3, 29.4; IR (film): 3353,

2924, 2847, 1783, 1732, 1598, 1476, 1431, 1393, 1258, 1188,

1085, 1059, 1009, 919, 823 cm−1; HRMS (ESI+, m/z): [M +

H]+ calcd for C18H16BrClNO, 376.0098; found, 376.0090.

Supporting Information
Supporting information features the characterization data of

compounds 18, 19, 21 and 22, copies of their 1H NMR and
13C NMR spectra, and the particle size analyses of MnO2

samples.

Supporting Information File 1
Experimental details.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-7-110-S1.pdf]
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Abstract
A practical route to tertiary diarylmethylamides or -carbamates from imines, organozinc reagents and acyl chlorides or chlorofor-

mates is described. This route involves the formation of an imine, which is used without isolation, followed by its activation by the

carbonyl-containing electrophile and the trapping of the acyliminium by an organozinc reagent. Most steps are conducted concomi-

tantly to render the procedure as practical and straightforward as possible. Therefore, the whole experimental protocol takes less

than two hours.

997

Introduction
Diarylmethylamines constitute an important class of nitrogen-

containing compounds displaying antihistaminic, anti-

arrhythmic, diuretic, antidepressant, laxative, anesthetic and

anticholinergic properties [1,2]. In this context, diarylmethyl-

amides and -carbamates represent reliable N-protected diaryl-

methylamine derivatives and should thus serve as valuable

precursors in the preparation of compounds of pharmaceutical

interest. Several procedures enabling the construction of the di-

arylmethylamide and -carbamate core have been described.

However, with respect to the substitution pattern of the

expected final compound, available methods differ notably.

Indeed, while the synthesis of secondary N-protected diaryl-

methylamines generally relies on the addition of organometallic

reagents to electron-deficient (activated) imines [3-7], the

preparation of tertiary diarylmethylamides or -carbamates may

be conducted through the addition of aromatic nucleophiles

onto N-acyliminium intermediates, formed in situ by reaction of

imines with carbonyl-containing electrophiles. In this latter

area, several studies have shown that some electron-enriched

arenes can be used as nucleophiles and add efficiently onto the

iminium carbon, either inter- or intramolecularly [8-16].

However, an increased range of aromatic moieties can be intro-
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duced through the use of organometallic compounds. The most

commonly employed reagents are organoindium [17,18],

organolithium [19,20], organomagnesium [21,22], organotin

[23], or organozinc compounds [24,25]. However, although

these are recognized as mild multi-purpose reagents, sole exam-

ples of their use in nucleophilic additions on acylimium salts

consist, to the best of our knowledge, of the phenylation of

quinolinium salts using diphenylzinc [26,27].

Recently, our group has been involved in various projects

pertaining to the development of multicomponent reactions

(MCRs) involving organometallic reagents, in particular

organozinc reagents, due to their ability to react in very mild

conditions and generally preserve most common functional

groups. Moreover, used in stoichiometric amounts, organozinc

reagents are more cost-effective and produce less toxic wastes

than other common nucleophiles, such as, e.g., organoindium or

organotin reagents. Our main contribution to the field was with

regards to the use of arylzinc reagents in Mannich-type reac-

tions with secondary amines and aldehydes to furnish tertiary

diarylmethylamines [28-33]. However, while a large range of

starting compounds could be used successfully in the process,

we noticed that primary amines are ineffective, probably due to

a weaker electrophilicity of the in situ-formed imines compared

to iminium ions. Consequently, we report herein the use of pri-

mary amines in a sequential one-pot process, based on the

preliminary activation of an aldimine with an acyl chloride or a

chloroformate, and the subsequent trapping of the resulting

acyliminium ion with an aromatic organozinc reagent, to

generate a range of diarylmethylamides and -carbamates in

satisfactory to good yields.

Results and Discussion
The limited intrinsic reactivity of imines towards the addition of

nucleophiles has long been recognized as a major issue in

nitrogen chemistry, but one which can be circumvented through

several strategies, mainly intended to withdraw electrons and

render the carbon more electrophilic [3-7]. Depending on the

substitution pattern of the expected final amines, the increase of

the electrophilicity should be implemented through the use of

activated imines (Scheme 1, pathway A) or by quaternarization

of the nitrogen atom with an electrophilic species (Scheme 1,

pathway B). The activating group (AG) should then be released

by a final deprotection to deliver the free amine (Scheme 1).

During the course of preceding works, we noticed that the add-

ition of aromatic organozinc reagents onto N-substituted

aldimines, formed in situ upon reaction of primary amines with

aromatic aldehydes, cannot be undertaken under our estab-

lished conditions. Thus, we intended to activate the C=N double

bond by rendering the carbon more electrophilic and we

Scheme 1: Addition of nucleophiles onto activated imines (A) or
iminiums (B).

initially envisaged the use of Lewis acid catalysis. Indeed, we

assumed that under these conditions, the formation of N–AG

(AG = activating group) bonds would be reversible, thus

cleavage would be effective in situ and only relatively small

amounts of the Lewis acid would be necessary. While several

common Lewis acids (TiCl4, AlCl3, CeCl3 and BF3·Et2O) were

trialled unsuccessfully, a different strategy based on the forma-

tion of solid bonds indicated that carbonyl derivatives such as

acetyl chloride or methyl chloroformate were, in contrast, effi-

cient activators of the C=N double bond, albeit used in stoichio-

metric amounts. This result is consistent with some previous

studies reporting the activation of imines under an acyliminium

form and the subsequent addition of either aromatic

[17-23,26,27] or non-aromatic [34,35] organometallic nucleo-

philes onto carbon.

Our preliminary investigations were then conducted on

N-benzylidenepropan-1-amine, taken as a model aldimine,

which was preformed and purified prior to use. This compound

was subjected to consecutive reactions with acetyl chloride and

phenylzinc bromide, furnishing the corresponding diarylmethyl-

amide in good yield (80%). However, as supplementary experi-

ments indicated that the starting imine 1 can be used without

preliminary purification, we chose to simplify the process by

operating from the crude imine, although slightly lower yields

(10–15% decreasing) were hence obtained. Thus, in a typical

experiment, the amine and the aldehyde were heated in toluene

in the presence of 4 Å molecular sieves for a few minutes. After

cooling to room temperature, the toluene solution containing the

imine 1 was transferred into another flask in which a slight

excess of the electrophile (acyl chloride or chloroformate 2)

was added. After a limited period under heating, the arylzinc

reagent 3, prepared in parallel via a cobalt-catalyzed procedure

[36] was added and the resulting solution was stirred for 30

minutes at ambient temperature. The chromatographic purifica-

tion of the crude oil afforded the expected diarylmethylamide

or -carbamate 4. Representative experimental results are

reported in Table 1.
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Table 1: Formation of diarylmethylamides and -carbamates.a

Entry R1 R2 R3 R4 Product Isolated yield (%)

1 n-Pr Ph Me Ph

4a

64

2 n-Pr 3-O2N–C6H4– Me Ph

4b

55

3 n-Pr 3-O2N–C6H4– MeO Ph

4c

59

4 n-Pr 2-F3C–C6H4– MeO Ph

4d

67

5 n-Pr thiophen-3-yl MeO Ph

4e

42

6 n-Pr Ph MeO 3-F3C–C6H4–

4f

68

7 n-Pr Ph MeO 4-EtO2C–C6H4–

4g

57
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Table 1: Formation of diarylmethylamides and -carbamates.a (continued)

8 n-Pr Ph MeO 4-Cl–C6H4–

4h

71

9 n-Pr Ph MeO 4-MeO–C6H4–

4i

63

10 Ph Ph Me Ph

4j

69

11 Bn Ph Me Ph

4k

36

aExperiments were conducted with ~10 mmol of imine, 12 mmol of acyl chloride or chloroformate, 13–16 mmol of the organozinc reagent, prepared
from 20 mmol of aryl bromide.

Under these conditions, coupling products 4 are formed in low

to high yields. The use of acetyl chloride (Table 1, entries 1, 2,

10 and 11) provided similar results to those observed with

methyl chloroformate (Table 1, entries 3–9). It can be seen that

more limited yields were obtained when a thiophene-derived

aldehyde (Table 1, entry 5) or benzylamine was employed as

the starting amine (Table 1, entry 11). However, these last two

results could not be explained.

We next tried to extend the reaction to other electrophilic com-

pounds that are known to easily form N–AG bonds with imines

and furnish analogous iminium salts. The case of methanesul-

fonyl chloride (MsCl) was dealt with first (Scheme 2).

Unfortunately, while the reaction of benzylzinc bromide proved

efficient under MsCl activation, phenylzinc bromide did not

undergo the coupling at all [37]. This was also the case with

trimethylsilyl chloride as an activator, whose reaction with the

model aldimine and phenylzinc bromide did not afford the

expected compound. On the other hand, a preliminary experi-

ment indicated that trifluoracetic anhydride was a very reliable

activator of the imine towards phenylzinc bromide addition.

Scheme 2: Activation of the aldimine with MsCl.

These results, combined with the above reported observations

with common Lewis acids, may indicate that acylating reagents

are particularly reliable for the activation of aldimines toward

arylzinc additions. However, the use of carbonyl-containing

electrophiles obviously constitutes an important drawback of

the procedure. Indeed, although TBAF has been reported to
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constitute a mild deprotection reagent for a range of carbamates

[38,39], the cleavage of the N–C=O bond, which is formed

during the process, might be commonly achieved under rather

harsh conditions. This is not the case with other potential acti-

vating agents such as sulfinic or phosphinic chloride deriva-

tives (ClS(O)R and ClP(O)R2), whose N–AG bond might be

cleaved easily upon acidic work-up. In addition, chiral versions

of such activators would be of further interest for potential

asymmetric couplings (at least with benzylzinc reagents), as the

stereogenic center would be located very close to the impending

asymmetric carbon and may thus serve as a valuable chiral

auxiliary. Consequently, we envisage the implementation a

further study which would be dedicated to the evaluation of

well-recognized chiral inductors such as Ellman- [40,41] or

Davis-type [42,43] sulfinyl derivatives in the process.

Conclusion
In conclusion, the results reported in this study indicate that the

formation of acyliminium cations constitutes a very convenient

approach to the activation of imines toward the addition of

aromatic organozinc reagents. Indeed, we could prepare a range

of diarylmethylamides or diarylmethylcarbamates by a sequen-

tial multicomponent process involving the preliminary forma-

tion of an imine, which can be used without isolation, its acti-

vation by an acyl chloride or a chloroformate and the final trap-

ping of the resulting acyliminium salt by an arylzinc reagent.

However, the harsh conditions which would probably be

required for the deprotection of the amide or carbamate func-

tion prompt us to undertake complementary experiments dedi-

cated to the assessment of easier-to-cleave activating groups.

Consequently, the evaluation of sulfinyl- or phosphinyl deriva-

tives in the process has been undertaken recently and will be

reported in due course.

Experimental
Typical procedure for the preparation of di-
arylmethylamides and carbamates
The aldimine (~10 mmol) was prepared from the aromatic alde-

hyde (12 mmol) and the amine (12 mmol) in toluene (10 mL) in

the presence of 4 Å molecular sieves (10 g) and para-toluene-

sulfonic acid (10 mg). After 30 min stirring at 80 °C and

cooling to rt, the solution was taken-up with a syringe and the

sieves washed with 5 mL toluene. The combined toluene frac-

tions were placed in another flask, which was flushed with

argon prior to addition, and acetyl chloride or methyl chlorofor-

mate (12 mmol) was added. The resulting mixture was stirred at

rt (ClCOCH3) or at 50 °C (ClCOOCH3) for 30 min, a period

during which the aromatic organozinc reagent (13–16 mmol,

depending on the starting halide) was prepared concomitantly as

follows: A 100 mL round bottom flask was flushed with argon,

then acetonitrile (20 mL), zinc dust (3 g), TFA (0.2 mL) and

BrCH2CH2Br (0.2 mL) were added consecutively under

vigorous (~500 rpm) stirring. The mixture was heated until gas

was evolved (at 50–70 °C), then allowed to cool to rt under

continuous stirring. The aryl bromide (15 mmol) and anhy-

drous cobalt bromide (330 mg) were then added to the mixture,

which was stirred at rt for additional 20 min. Stirring was then

stopped and the surrounding solution was taken-up with a

syringe. The solution was then added to the flask containing the

imine/carbonyl-containing compound mixture and the resulting

mixture was stirred at rt for 30 min. The solution was poured

into a sat. NH4Cl solution (100 mL), extracted with diethyl

ether (2 × 75 mL) and the combined organic fractions were

dried with magnesium sulfate, filtrated and then concentrated

under reduced pressure. The crude oil was purified by column

chromatography over silica gel with a pentane/diethyl ether

mixture (1:0 to 0:1) as an eluant to afford the diarylmethyl-

amide or carbamate 4.

NMR data for selected compounds
Methyl phenyl(2-(trifluoromethyl)phenyl)methyl(propyl)carba-

mate (4d) 1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 7.8 Hz,

1H), 7.51 (t, J = 7.5 Hz, 1H), 7.43 (t, J = 7.6 Hz, 1H), 7.37–7.25

(m, 4H), 7.12 (d, J = 7.2 Hz, 2H), 6.94 (s, 1H), 3.71 (s, 3H),

3.45–3.31 (m, 1H), 3.23–3.11 (m, 1H), 1.27–1.11 (m, 1H), 0.79

(br s, 1H), 0.56 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz,

CDCl3) δ 156.9, 139.9, 139.5, 131.7, 131.0, 129.5 (q, J = 30.3

Hz), 128.4, 128.0, 127.9, 127.4, 126.4 (q, J = 6.0 Hz), 124.2 (q,

J = 274.4 Hz), 59.4, 52.7, 47.5, 21.9, 11.11.

N-Benzhydryl-N-phenylacetamide (4j) 1H NMR (400 MHz,

CDCl3) δ 7.19–7.10 (m, 15H), 6.74 (s, 1H), 1.86 (s, 3H);
13C NMR (100 MHz, CDCl3) δ 170.8, 140.9, 139.2, 130.2,

129.7, 128.9, 128.1, 128.0, 127.4, 64.1, 23.7.

N-Benzhydryl-N-benzylacetamide (4k) 1H NMR (400 MHz,

CDCl3) δ 7.15–6.96 (m, 14H), 6.67–6.64 (m, 2H), 4.57 (s, 2H),

2.04 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 172.2, 139.3,

137.4, 129.2, 128.5, 128.2, 127.9, 127.6, 125.8, 66.4, 48.0, 22.8.
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Abstract
Thirteen difluoromethyl-containing pseudopeptides were synthesized by Ugi reaction using the novel building block 2,2-difluoro-2-

(phenylthio)acetic acid (2) as one component, followed by removal of the phenylsulfanyl protecting group in the presence of tri-

butyltin hydride and azobisisobutyronitrile.
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Introduction
Fluorinated amino acids and pseudopeptides have increasingly

attracted attention in recent years [1-5]. The selective incorpor-

ation of fluorine-containing groups, such as trifluoromethyl,

difluoromethyl and difluoromethylene, into peptides or

peptidomimetics often drastically alters the chemical, physical,

and biological properties of the parent compounds [6-9]. Nowa-

days, difluoromethyl-containing compounds are increasingly

being applied in pharmaceuticals and agrochemicals [10-12]. It

is reported that difluoromethyl functionality (CF2H) is isosteric

and isopolar to the hydroxyl group and can behave as a

hydrogen donor through hydrogen bonding [13].

However, to date, most fluorine-containing peptide modifica-

tions involve the introduction of trifluoromethyl or difluoro-

methylene into molecules [14-18]. Only a few examples have

been reported of the preparation and bioassay of pseudopep-

tides and peptidomimetics bearing difluoromethyl groups. For

example, compound I can act as bradykinin B1 antagonist or

inverse agonist and can be used in the prevention of inflamma-

tion and pain [19]. Compound II is an inhibitor of microsomal

triglyceride transfer protein (MTP) and useful for the treatment

of obesity and atherosclerosis (Figure 1) [20].

Among the protocols for the preparation of pseudopeptide

derivatives, the Ugi four-component reaction offers significant

advantages over conventional linear-step synthesis [21].

Various fluorinated building blocks have been used in the Ugi

four-component reaction to construct a fluorinated compound
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Figure 1: Two examples of bioactive pseudopeptides bearing a CF2H group.

Scheme 1: Synthesis of difluoromethyl-containing pseudopeptides (4a–m) by Ugi reaction and desulfanylation.

library [22-25]. Our group has always been interested in devel-

oping efficient methods for the preparation of difluoromethyl-

containing compounds through multicomponent reactions [26-

30]. Recently, we reported a novel and general strategy for the

construction of a difluoromethyl compound library, and we

further illustrated this strategy by application to the synthesis of

CF2H-bearing pseudopeptides and 1,2,3-triazoles through Ugi

and click reaction, respectively [27,30]. In continuation of our

interest in the synthesis of diverse difluoromethyl-containing

pseudopeptides, we herein report a novel and efficient syn-

thesis of difluoromethyl-containing pseudopeptides through Ugi

reaction, with gem-difluoromethylene-containing acid as a key

component, followed by reductive cleavage of the phenylsul-

fanyl group (Scheme 1).

Results and Discussion
For the purpose of screening novel bioactive compounds, we

recently prepared a variety of diverse difluoromethyl-containing

pseudopeptides. In our initial experiments, we tried to use

difluoroacetic acid as one component to undergo Ugi reaction to

prepare difluoromethyl-containing pseudopeptides. Unfortu-

nately, the anticipated difluoromethyl-containing product 4a

was not obtained (Scheme 2). Although there are a few exam-

ples of acetic acid and trifluoroacetic acid acting as substrates in

an Ugi reaction [24,31], up to now, no literature was found

concerning the use of difluoroacetic acid as one of the compo-

nents in the Ugi reaction. For a comparative study, acetic acid

and trifluoroacetic acid served as the substrates for the Ugi reac-

tion under the same reaction conditions as those used for the

difluoroacetic acid, and the results indicated that the reaction

proceeded efficiently regardless of reaction conditions, and the

Ugi products (5 and 6) were obtained in good yields. The

hydrogen atom next to the CF2 group seems to influence the

formation of Ugi product.

In previous studies, we developed a synthetic methodology to

prepare functionalized small molecules having a CF2H group

[27]. In this work, we first synthesized a protected difluoro-

containing building block, 2,2-difluoro-2-(phenylthio)acetic

acid (2). The synthesis of compound 2 is illustrated in

Scheme 3. The ethyl 2,2-difluoro-2-(phenylthio)acetate (1) was

readily prepared by the reaction of ethyl bromodifluoroacetate

and thiophenol according to the known procedure [32]. The

novel difluorinated acid 2 was obtained by hydrolysis of the

ester under basic condition in nearly quantitative yield.

After successful synthesis of the protected functionalized CF2

building block 2, we tried to use it as one of the components in

the preparations of the difluoromethylene-containing

pseudopeptides by Ugi reaction. Indeed, the reaction of aniline,
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Scheme 2: The Ugi reaction of aniline, benzaldehyde, (isocyanomethyl)benzene with acetic acid, difluoroacetic acid and trifluoroacetic acid in
methanol or under solvent-free conditions.

Scheme 3: Synthesis of 2,2-difluoro-2-(phenylthio)acetic acid (2).

benzaldehyde, (isocyanomethyl)benzene with 2 proceeded effi-

ciently under solvent-free conditions. Finally, we removed the

protecting group (PhS) with Bu3SnH/AIBN according to our

previous research, and the desired difluoromethyl-containing

pseudopeptide was successfully obtained [27].

To demonstrate the scope of the method, several different

substituted anilines, substituted benzaldehydes, isocyanides and

this novel difluorinated building block 2 were subjected to Ugi

reaction under solvent-free conditions, followed by reductive

cleavage of the phenylsulfanyl group. It was found that both

Ugi reaction and desulfanylation proceeded smoothly for all

substrates used to give the corresponding difluoromethylene-

containing and difluoromethyl-containing pseudopeptides

(3a–m and 4a–m) in good yields (Table 1).

Conclusion
In summary, we have developed a novel and efficient protocol

for the synthesis of CF2H-containing pseudopeptides by Ugi

reaction of substituted anilines, benzaldehyde, isocyanides and

the novel building block 2,2-difluoro-2-(phenylthio)acetic acid

(2), followed by the cleavage of the phenylsulfanyl group.

Experimental
General
All reagents were of analytic grade, obtained from commercial

suppliers and were used without further purification. Melting

points were measured in an open capillary using Büchi melting

point B-540 apparatus and are uncorrected. 1H NMR and
13C NMR spectra were recorded on a Bruker AM-400 spec-

trometer (400 MHz and 100 MHz, respectively) using TMS as
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Table 1: Synthesis of difluoromethylene-containing pseudopeptides (3a–m) and difluoromethyl-containing pseudopeptides (4a–m).

Entry R1 R2 R3 3 4
Yield (%)a Yield (%)a

a Ph Ph Bn 82 75
b 2-MePh Ph Bn 78 68
c 2-MePh 4-MePh Bn 75 74
d 4-MeOPh Ph Bn 79 75
e Ph 4-MeOPh Bn 78 70
f 2-MePh 4-MeOPh Bn 74 67
g 4-MePh 4-MeOPh Bn 72 78
h 4-FPh 4-MeOPh Bn 70 71
i Ph 4-FPh Bn 77 75
j 2-MePh 4-FPh Bn 70 69
k 4-MeOPh 4-FPh Bn 72 74
l Ph Ph Ph 68 66
m Ph 4-MeOPh Ph 66 60

aIsolated yield.

internal standard. The 19F NMR were obtained using a Bruker

AM-400 spectrometer (376 MHz) and the 19F NMR were

measured with external CF3CO2H as standard. Gas chromatog-

raphy-mass spectra (GC-MS) were recorded on HP 5973 MSD

with 6890 GC. High resolution mass spectra (HRMS) were

recorded under electron impact conditions using a MicroMass

GCT CA 055 instrument and recorded on a MicroMass LCTTM

spectrometer. Column chromatography was carried out with

Merck 60 (230–400 mesh) silica gel.

General procedure for compounds 3a–m
To a stirred amine (1 mmol), the aldehyde (1 mmol) was added

in portions for about 5 min. The mixture was stirred for 30 min

at rt. Then, the reaction mixture was heated to 60 °C, and

isocyanide (1 mmol) and 2,2-difluoro-2-(phenylthio)acetic acid

(2) (1 mmol) were added. Stirring was continued at 60 °C for

1 h (TLC). The crude residue was purified by chromatography

to give the desired products 3.

General procedure for compounds 4a–m
Bu3SnH (0.58 g, 2 mmol) was added under argon atmosphere to

a solution of 3 (1 mmol) in dry toluene (3 mL). Deoxygenation

was continued for 5 min. Azobisisobutyronitrile (AIBN)

(0.02 g, 0.1 mmol) was added and the solution was heated at

reflux for 9 h (TLC). The mixture was concentrated under

reduced pressure and the residue was dissolved in EtOAc

(5 mL). The solution was stirred with KF/H2O (15 mg/0.15 mL)

for 3 h and extracted with EtOAc (3 × 20 mL). The combined

organic phases were washed successively with water (20 mL)

and brine (20 mL), and dried over anhydrous Na2SO4. After

removal of the solvent, the crude product was purified by chro-

matography to give the desired products 4.

Supporting Information
Supporting Information File 1
Experimental procedures and compound characterization.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-7-123-S1.pdf]
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Abstract
The synthesis of new, artificial ribonucleases containing two amino acid residues connected by an aliphatic linker has been

developed. Target molecules were synthesized via a catalytic three-component Ugi reaction from aliphatic diisocyanides. Pre-

liminary investigations proved unspecific nuclease activity of the new compounds towards single-stranded RNA and double-

stranded circular DNA.
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Introduction
RNA cleavage can serve as a molecular tool for biological

research [1], as well as for development of anticancer drugs

[2,3] and new therapeutics against RNA-containing viruses.

Recently, a number of synthetic RNA-cleaving molecules (arti-

ficial ribonucleases) had been developed and tested in vitro

[4-11]. Among numerous artificial ribonucleases, peptidomime-

tics showed evident advantages due to their lower cytotoxicity

and elevated potential penetration into living eukaryotic cells.

Moreover, a few dipeptides [12] were shown to induce inter-

feron production, thus providing antivirus defence. Therefore,

the development of new peptidomimetics with ribonuclease

activity is an important task in organic and biomolecular chem-
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istry. In this paper we present the rational design, multicompo-

nent synthesis, and RT-qPCR quantitation of nuclease activity

of novel amino acids derivatives.

Results and Discussion
Recently, a number of artificial peptide ribonucleases modeling

known catalytic centers of natural RNases A and T1 have been

described [13-15]. RNA cleavage was shown to be more effi-

cient in the presence of aliphatic hydrophobic linkers [16].

However, the potential role of the alkyl chain of the catalyst

remains unclear. Interaction of hydrophobic residues in peptides

was suggested to result in formation of RNase mimetics in solu-

tion thus enhancing their ribonuclease activity. To prove this

suggestion, symmetric aliphatic diamides 1 and 2 containing

natural amino acid residues have been synthesized (Figure 1).

The compounds showed high ribonuclease activity with model

oligoribonucleotides and an HIV-1 recombinant RNA fragment

96 nucleotides long [17].

Figure 1: Novel artificial RNases based on amino acids.

Previously, compounds 1 and 2 have been synthesized from the

corresponding diamines by condensation with protected natural

amino acids and subsequent deprotection [18]. This approach is

significantly limited by using available natural amino acids (R

is a natural amino acid residue). Consequently, the develop-

ment of new simple, atom-economic methods for the synthesis

of this class of potential biologically active compounds is of

great importance in bioorganic and medicinal chemistry. The

development of multicomponent approaches is especially

important because multicomponent reactions (MCR) could be

adapted to a high throughput synthesis of libraries of com-

pounds.

It is known that isocyanide-based MCR are very efficient for

synthesis of peptides and peptide molecules [19-24]. We

proposed that the desired compounds 5, containing two amide

bonds and variable substituents, can be synthesized by the Ugi

reaction with subsequent removal of diamine residue

(Scheme 1). Original substrates for the synthesis could be ali-

phatic diisocyanides 3, amines (with an easily removable

protective group) and aldehydes. We used an organocatalytic

three-component modification of the Ugi reaction, recently

developed by List et al. [25]. The reaction results in diamines 4,

thus avoiding the acid residue removal stage.

Scheme 1: Multicomponent approach to target molecules.

The starting diisocyanides 3 were obtained in good overall

yields from commercially available diamines containing 6, 7, 8,

10 or 12 carbon atoms by the standard formylation–dehydra-

tion protocol (Scheme 2).

Scheme 2: Synthesis of starting diisocyanides 3a–3e.

We found that these diisocyanides 3 participate successfully in

the catalytic three-component reaction via a modified List

procedure [25]. Diamides 4 with benzyl protective groups were

synthesized in moderate to good yields under mild conditions.

There is no obvious dependence of yield on the length of the

carbon chain in 3; aliphatic aldehydes gave better results in

comparison to aromatic aldehydes (Scheme 3). Obviously, the

suggested approach is an efficient and short method to form the

skeleton of the target diamides. The benzyl groups can be easily
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Figure 2: Results of RT-qPCR of the TBEV RNA cleavage products in presence of 2.5 mM peptidomimetics 5a–g at 37 °C for 2 hours in H2O.

removed from compounds 4 by the standard hydrogenolysis

procedure. For example, using Pd/C as catalyst we obtained the

target peptidomimetics 5 in up to 90% yield. Thus, we synthe-

sized a number of racemic peptidomimetics 4 and 5, containing

aliphatic or aromatic groups as well as various aliphatic linkers.

With these diamides in hand we began the investigation of their

biological activity.

Scheme 3: Synthesis of new aRNAses. Conditions: a. RCHO (3
eqiuv), BnNH2 (3 equiv), PhP(OH)2 (1 equiv), r.t.; b. Pd/C, 5%,
HCOONH4, MeOH/H2O, reflux.

Currently, real-time PCR is the better method for the

quantitation of the target nucleic acids because of its high

specificity and sensitivity of up to a few genome equivalents

in a complex mixture [26]. In the present work, ribonuclease

activity of the new synthesized compounds was studied in

vitro by cleavage of the total cellular and the tick-borne

encephalitis virus (TBEV) full-length genomic RNA isolated

from infected mouse brain, with subsequent detection by

RT-qPCR (TBEV is a human pathogenic member of the

Flavivirudae family of RNA-containing viruses of positive

polarity).

Complete cleavage of 2 µg of cellular RNA including 105

genome equivalents of the TBEV full-length RNA was

observed after incubation of the total RNA from the virus-

infected mouse brain with 2.5 mM aqueous solutions of pepti-

domimetics 5a–g for 2 hours at 37 °C. Denaturating elec-

trophoresis in SDS-agarose gel revealed complete cleavage of

the total RNA (Supporting Information File 1, Figure S1) and

RT-real time PCR showed complete destruction of the TBEV

RNA (Figure 2).

Compounds 5e and 5g, the most hydrophobic among synthe-

sized substances, might potentially penetrate through cellular or

viral membranes and therefore the dependence of RNA

cleavage on the concentration of the peptidomimetics was

studied in detail. The concentration of compounds 5e and 5g,

optimal for RNA cleavage, was determined by varying the
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Figure 3: Results of RT-qPCR of the TBEV RNA cleavage products in the presence of 2.5 mM peptidomimetics after incubation in H2O and in cultural
medium RPMI 1640.

concentration from 2.5 × 10−3 to 2.5 × 10−7 M (Supporting

Information File 1, Figure S2 A and B). Dependence of optimal

RNA cleavage on the concentration of peptidomimetics was not

evident: Complete RNA cleavage of 2 μg RNA was observed at

a concentration of 2.5 mM for both 5e with an aliphatic

substituent and 5g with an aromatic one.

Ribonuclease activity of the compounds 5c–e and 5g at 2.5 mM

concentration was assayed in cultural medium RPMI 1640 and

compared cleavage in H2O. All artificial RNases cleaved RNA

more efficiently in water than in RPMI 1640 (Figure 3 and

Figure 4). Results of RT-real time PCR (Figure 3) and elec-

trophoresis RT-qPCR products in 2% TBE-agarose gel

(Figure 4) showed varying degrees of destruction of the TBEV

RNA, respectively.

To analyze DNase activity of the novel compounds, both

double-stranded circular recombinant plasmid DNA with cloned

full-length TBEV copy of genome and single-stranded cDNA

after reverse transcription of the TBEV RNA from the infected

mouse brain with random N6 primer was used. No destruction

of single-stranded cDNA was observed after incubation with

2.5 mM solutions of compounds 5e or 5g for 2 hours at 37 °C

(Supporting Information File 1, Figure S3). However, these

compounds could partly cleave double-stranded plasmid DNA

(Supporting Information File 1, Figure S4).

Figure 4: Results of electrophoresis in 2% TBE-agarose gel with
ethidium bromide of RT-qPCR products from Figure 3. (Cleavage of
total RNA from 10% brain suspensions from ICR mice infected with
TBEV). Lanes: 1 - negative control; 2 and 3 - compound 5e incubated
with RNA in RPMI 1640 and in H2O, respectively; 4 and 5 - compound
5g incubated with RNA in RPMI 1640 and in H2O, respectively; 6 and
7 - compound 5c incubated with RNA in RPMI 1640 and in H2O, res-
pectively; 8 and 9 - compound 5d incubated with RNA in RPMI 1640
and in H2O, respectively.

Generally, all synthesized compounds were shown to be able to

cleave completely single-stranded RNA but not single-stranded

cDNA or hybrid of RNA with cDNA after reverse transcription

irrespective of the structures of their substituents and the length

of polymethylene linkers. Double-stranded circular plasmid

DNA was partially destroyed possibly because of single-

stranded DNA breaks. The mechanism has been previously

shown for several artificial metal-free [27] and metal-depen-

dent nucleases [28]. A further study of the TBEV RNA

cleavage, both in extracellular virions and within infected cells

as well as specific cleavage of only viral RNA, is required.

Further investigations of developed artificial RNases are in

progress.
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Conclusion
New artificial nucleases based on diamides containing two

amino acid residues connected by aliphatic linkers were synthe-

sized by a catalytic three-component Ugi-type reaction and

subsequent deprotection. To quantitative cleavage of any

nucleic acids, including single-stranded RNA and cDNA as

well as double-stranded circular plasmid DNA, high-throughput

RT-qPCR was developed and used. All synthesized compounds

were shown to be able to cleave completely single-stranded

RNA but not single-stranded cDNA or hybrid of RNA with

cDNA after reverse transcription irrespective of the structure of

their substituents and the length of the polymethylene linker.

Experimental
General procedure for the synthesis of diiso-
cyanides 3
A solution of the corresponding diamine (0.1 mol) in ethyl

formate (100 mL) was heated under reflux for 5 h. The reaction

mixture was concentrated in vacuo. The resulting formamide

(without additional purification) was suspended in anhydrous

dichloromethane (200 mL) and triethylamine (51 g, 0.5 mol)

added. The mixture was cooled to 0 °C and POCl3 (0.21 mol,

32 g) added dropwise at such a rate that the reaction tempera-

ture remained below 0 °C. The mixture was stirred for 2 h. The

reaction mixture was poured into ice–water (500 mL)

containing K2CO3 (100 g) maintaining the temperature below

25 °C. The resulting emulsion was stirred for 1 h at rt. The

organic layer was separated, the aqueous layer extracted with

CH2Cl2 (2 × 50 mL), and the combined organic layers were

dried (K2CO3), purified by flash chromatography and concen-

trated in vacuo. The diisocyanide was obtained as a dark oil.

1,6-Diisocyanohexane (3a): Yield 66%, dark oil, Rf 0.8

(hexane/EtOAc 2:1); 1H NMR (400 MHz, CDCl3) δ 1.39–1.47

(m,  4H,  (CH 2 CH 2 CH 2 NC) 2 ) ,  1 .55–1 .73  (m ,  4H,

(CH2CH2CH2NC)2), 3.30–3.40 (m, 4H, (CH2CH2CH2NC)2);
13C NMR (100 MHz, CDCl3) δ 155.6 (t, J = 5.9 Hz, NC), 41.1

(t, J = 6.6 Hz, (CH2CH2CH2NC)2), 28.5, 25.2; IR (cm−1) 2150

(NC); Anal. calcd for C8H12N2: C, 70.55; H, 8.88; found: C,

70.34; H, 8.62.

General procedure for the synthesis of 4a–g
The corresponding isocyanide 3 (3 mmol) and phenyl phos-

phinic acid (3 mmol, 441 mg) were added to a mixture of the

aldehyde (9 mmol) and benzylamine (9 mmol, 963 mg) in

CH2Cl2 or MeOH (30 mL). The mixture was stirred for 48 h at

rt, the solvent removed in vacuo and the residue purified by

column chromatography (hexane/ethyl acetate 1:1). The pro-

duct (colorless oil or white solid) can be converted into the

corresponding hydrochloride by treatment with gaseous HCl in

MeOH.

Compound 4a: The reaction was carried out in CH2Cl2, yield

73%; colorless oil; Rf 0.4 (hexane/EtOAc 1:1); 1H NMR (400

MHz, CDCl3) δ 0.86 (d, J = 7.1 Hz, 6H, 2 × CH3), 0.94

(d,  J  = 7.1 Hz, 6H, 2 × CH3) ,  1.29–1.36 (m, 4H,

( C H 2 C H 2 C H 2 N H C O ) 2 ) ,  1 . 4 4 – 1 . 5 2  ( m ,  4 H ,

(CH2CH2CH2NHCO)2), 1.6 (br s, 2H, 2 × NH), 2.06–2.15 (m,

2H, 2 × CH(CH3)2), 2.95 (d, J = 4.3 Hz, 2H, 2 × CH),

3.17–3.30 (m, 4H, (CH2CH2CH2NHCO)2), 3.68 (AB-system, J

= 13.1 Hz, 4H, 2 × CH2Ph), 7.20–7.35 (m, 12H, Ph, 2 × NH);
13C NMR (100 MHz, CDCl3) δ 173.3, 139.6, 128.6, 128.1,

127.3, 67.9, 53.5, 38.6, 31.2, 29.7, 26.5, 19.6, 17.7; IR (cm−1)

1640 (CONH), 3300 (br, CONH); ESI-MS (m/z): [M + H]+

calcd for C30H46N4O2, 495.3621; found, 495.3698.

Cleavage of the benzyl group
A solution of HCOONH4 (1 g in 5 mL H2O) was added to a

solution of the corresponding amide 4 (1 mmol) in 10 mL of

MeOH. The catalyst, Pd/C, (100 mg , 5%) was added and the

mixture heated under reflux for 5 h. The mixture was concen-

trated and treated with aqueous K2CO3. The product was

extracted with CH2Cl2 (3 × 30 mL), the organic layer dried

(K2CO3) and concentrated in vacuo. The residue was purified

by column chromatography (CH2Cl2/MeOH 10:1). The

resulting product (colorless oil or white solid) can be converted

into corresponding hydrochloride by treatment with gaseous

HCl in MeOH.

Compound 5a: Yield 67%; colorless oil; Rf 0.6 (CH3CN/

EtOH/NH3 80:12:8); 1H NMR (400 MHz, CDCl3) δ 0.81 (d,

J = 7.1 Hz, 6H, 2 × CH3), 0.97 (d, J = 7.1 Hz, 6H, 2 × CH3),

1.30–1.40 (m, 4H, (CH2CH2CH2NHCO)2), 1.44–1.52 (m, 4H,

(CH2CH2CH2NHCO)2), 2.26–2.36 (m, 2H, 2 × CH(CH3)2),

3.17–3.30 (m, 6H, 2 × CH, (CH2CH2CH2NHCO)2), 7.26–7.33

(m, 2H, 2 × NH); 13C NMR (100 MHz, CDCl3) δ 174.3, 60.2,

38.6, 31.2, 29.7, 26.5, 19.6, 17.7; IR (cm−1) 1638 (CONH),

3290 (br, NH, NH2); ESI-MS (m/z): [M + H]+ calcd for

C16H34N4O2, 314.2682; found, 314.2670.

Supporting Information
Supporting Information File 1
General information, procedures, spectral data of all

compounds, results of bioassay, and copies of selected

NMR spectra.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-7-131-S1.pdf]
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Abstract
A novel one-pot four-component synthesis of pyrimidyl- and pyrazolylazulenes through the use of glyoxylation–decarbonylative

alkynylation–cyclocondensation sequences starting from azulene or guaiazulene as substrates, gives rise to the formation of the

target compounds in moderate to good yields.

1173

Introduction
Diversity-oriented synthesis has become an important field in

organic chemistry, initiated by the increasing demand for new

scaffolds for pharmaceuticals and biologically active com-

pounds over the past decades [1-3]. Herein, multicomponent

reactions adopt a central position since each component can be

varied within a wide range of functionalities and substituents

[4-8]. Furthermore, these one-pot processes are highly advanta-

geous because they combine shortened reaction times and

resource efficiency with diminished waste production in com-

parison to traditional multistep syntheses. Thus, they can be

considered to be economically and ecologically efficient [9,10].

In particular, multicomponent syntheses of heterocycles initi-

ated by transition metal catalysis received increasing attention

in the past decade [11]. As a one-pot synthetic methodology,

this novel concept combines the unique reactivity patterns of

transition metal catalysis with fundamental organic reactivity, in

a sequential or consecutive fashion. Over the years, we have

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Charlotte.Gers@uni-duesseldorf.de
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Scheme 2: Synthesis of ynones by glyoxylation–decarbonylative Sonogashira coupling.

contributed to this concept through Pd/Cu-catalyzed accesses to

enones and ynones and the in situ transformation of these

intermediates into many classes of heterocycles [12-15]. These

novel MCRs nicely correspond with diversity-oriented strate-

gies towards functional organic chromophores [1,2].

The striking blue color of azulene (1a) (from the Spanish word

“azul” = blue) has aroused scientific attention for a long time

[16,17]. This prominent appearance results from the electronic

transition between the S0 and S1 state [18], as a consequence of

low energy frontier molecular orbital transitions [19]. The

bicyclic structure of this nonbenzoid hydrocarbon results from a

five–seven ring annulation with a planar, cyclic conjugation of

10 π-electrons. The dipole moment of 1a at μ = 1.08 D [20] is

astoundingly large in comparison to that of naphthalene at μ =

0 D and can be rationalized by a significant contribution of

cyclopentadienyl anion/tropylium cation resonance structures

(Scheme 1) [19].

Scheme 1: Selected resonance structures of azulene (1a) and struc-
ture of the sesquiterpene guaiazulene (1b).

Since the elucidation of the structure and the first synthesis of

the azulene skeleton by Pfau and Plattner [21,22], its reactivity

has been intensively studied [23-26]. The aromatic system is

susceptible to nucleophilic addition in the 4-, 6- and 8-positions

[23], whereas electrophilic aromatic substitution, such as

Friedel–Crafts-type reactions, generally occurs in the 1-posi-

tion [24]. Interestingly, the azulene motif is also found in

terpenoids [27,28]. Guaiazulene (1b) (Scheme 1), a commonly

known derivative of azulene (1a), is a naturally occurring

sesquiterpene [29]. Guaiazulene (1b) has found entry in a wide

range of cosmetic formulations [30]. In addition, numerous

azulene derivatives display appealing properties for material

[31-33] and pharmaceutical sciences [34-38]. Furthermore, the

use of the azulene moiety as part of a protecting group chro-

mophore in carbohydrate chemistry has recently been reported

[39].

N-Heteroaryl-substituted azulenes can be accessed by stoichio-

metric [40,41] as well as Pd-catalyzed cross-coupling processes

[42-44]. However, these methods have only delivered a narrow

range of derivatives. Prior to application in Pd-catalyzed

processes, azulenes must be functionalized, either by halogena-

tion or borylation, and some of these derivatives were found to

be quite unstable [45,46]. To the best of our knowledge, no

diversity-oriented multicomponent syntheses of azulenyl

heterocycles have been reported so far. Here, we report the

development of one-pot four-component syntheses toward

pyrimidyl- and pyrazolylazulenes.

Results and Discussion
Recently, we reported a three-component synthesis leading to

the formation of ynones by a conceptually novel glyoxylation–

decarbonylative Sonogashira coupling sequence (Scheme 2)

[47]. The Lewis acid free glyoxylation of electron rich N-het-

erocycles, such as indoles and pyrroles, leads to the formation

of glyoxylyl chlorides, which can be reacted without isolation

by decarbonylative Sonogashira coupling to form the desired

ynones. So far, only one example of the synthesis of azulenyl-

ynones has been described [48].

Our retrosynthetic analysis (Scheme 3) suggests that a wide

range of N-heterocycle-substituted azulenes should be acces-

sible through Michael addition–cyclocondensation of azulenyl-

ynones with binucleophiles. Azulenylynones in turn could be

simply disconnected by our glyoxylation–decarbonylative

alkynylation transform [47] back to azulenes.
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Scheme 3: Retrosynthetic analysis of N-heterocyclic substituted azulenes by a one-pot four-component approach.

Table 1: Optimization studies for the synthesis of ynone 3k.a

Glyoxylation step Sonogashira coupling step

Entry NEt3 [equiv] T [°C] t [h] PdCl2(PPh3)2 [mol %] CuI [mol %] NEt3 [equiv] t [h] Yield 3k [%]b

1 1.0 0 °C to rt 4 1 1 1.0 1 40
2 - 0 °C to rt 4 1 1 2.0 1 43
3 1.0 0 °C to rt 24 1 1 1.0 1 36
4 1.0 0 °C to rt 2 1 1 1.0 1 25
5 1.0 0 °C to rt 4 1 1 1.0 2 41
6c - rt to 50 °C 4 1 1 2.0 1 19
7 - 0 °C to rt 4 2 2 2.0 1 56
8c - rt 4 2 2 2.0 1 55

aThe reactions were performed on a 2.00 mmol scale in 10 mL of THF as a solvent (c (1b) = 0.2 M); bisolated yield; c1,4-Dioxane was used as a
solvent (c (1b) = 0.2 M).

Previously, glyoxylation of azulene (1a), with oxalyl chloride in

1-position was reported to be essentially complete within 5 min

[39]. Oxalyl bromide could be equally used as a glyoxylating

agent [49,50]. Likewise, the glyoxylation of 1b has been

reported to proceed in 3-position with both reagents, yet with

lower reactivity, and its conversion was found to be incomplete

even after 2 h. In addition, the formation of side products [51]

and decarbonylation [52] was observed, presumably caused by

the steric hindrance of the methyl group in 4-position.

Encouraged by our smooth glyoxylation–alkynylation

sequences with a variety of unfunctionalized π-nucleophiles,

such as pyrazoles, thiophenes, furans, and even the hydro-

carbon azulene (1a) [53], we decided to perform optimization

studies of the glyoxylation–decarbonylative alkynylation with

guaiazulene (1b), a commercially available and inexpensive

azulene derivative, and 1-hexyne (2b) as model substrates

(Table 1) (for experimental details, see Supporting Information

File 1).
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Scheme 4: Three-component synthesis of azulenyl- and guaiazulenylynones 3 by glyoxylation–decarbonylative Sonogashira coupling sequence.

Table 2: Three-component synthesis of azulenyl- and guaiazulenylynones 3.a

Entry Azulene 1 Alkyne 2 Azulenylynone 3 [%]b

1 1a (R1 = R2 = R3 = H) 2a (R4 = Ph)

3a

65c

2 1a 2b (R4 = n-Bu)

3b

66c

3 1b (R1 = iPr, R2 = R3 = Me) 2a

3c

55

Initially, the optimized conditions for the glyoxylation–decar-

bonylative alkynylation of indoles were applied [47], except for

the addition of one equivalent of triethylamine in the glyoxyla-

tion step for scavenging the generated hydrogen chloride

(Table 1, entry 1). However, the use of the amine base in the

first step was unsatisfactory (Table 1, entry 2). Prolonged reac-

tion times in the first step did not affect the yield. According to

monitoring by TLC, glyoxylation of guaiazulene (1b) was

incomplete even after 24 h reaction time (Table 1, entry 3).

Shorter reaction times in the first step caused a substantial

decrease of the yield (Table 1, entry 4), whereas longer reac-

tion times in the Sonogashira coupling had no effect on the

yield (Table 1, entry 5). Rising the reaction temperature of the

glyoxylation step to 50 °C considerably diminished the yield

(Table 1, entry 6). However, doubling the catalyst loading

furnished significantly higher yields (Table 1, entry 7). 1,4-

Dioxane was equally well employed as a solvent (Table 1,

entry 8). From this optimization study, the conditions of entry 7

(Table 1) were considered to be optimal and were applied in the

three-component synthesis of the azulenylynones 3 (Scheme 4,

Table 2) (for experimental details, see Supporting Information

File 1). Their structures were unambiguously supported by

NMR spectroscopy, mass spectrometry, and combustion

analysis.

Azulene (1a) and guaiazulene (1b) were both applied as

substrates in the reaction sequence, giving rise to azulenyl-

and guaiazulenylynones 3. The azulenyl derivatives 3a and 3b

were obtained in higher yields compared to the guaiazulenyl-

ynones 3c–n. A variety of substituted arylacetylenes were

utilized in the reaction sequence. Electron neutral (Table 2,

entries 1 and 3), electron withdrawing (Table 2, entries 5–7),

and electron donating (Table 2, entries 4 and 8) substituents

were equally well tolerated. In addition, heteroaryl-substituted

acetylenes (Table 2, entries 9 and 10) as well as simple ali-

phatic acetylenes (Table 2, entries 2, 11, and 12) were success-

fully employed. Finally, propargylaldehyde diethylacetal

(Table 2, entry 13) and TIPS-protected acetylene (Table 2,

entry 14) also participated in the sequence, although relatively

low yields were achieved.
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Table 2: Three-component synthesis of azulenyl- and guaiazulenylynones 3.a (continued)

4 1b 2c (R4 = p-tolyl)

3d

57

5 1b 2d (R4 = p-CNC6H4)

3e

60

6 1b 2e (R4 = p-NO2C6H4)

3f

76

7 1b 2f (R4 = m-FC6H4)

3g

51

8 1b 2g (R4 = 3,5-(MeO)2C6H3)

3h

47

9 1b 2h (R4 = 2-C4H3S)

3i

55

10 1b 2i (R4 = 3-pyridyl)

3j

31

11 1b 2b

3k

56

12 1b 2j (R4 = cyclopropyl)

3l

42
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Table 2: Three-component synthesis of azulenyl- and guaiazulenylynones 3.a (continued)

13 1b 2k (R4 = CH(OEt)2)

3m

30

14 1b 2l (R4 = TIPS)

3n

26

aThe reactions were performed on a 2.00 mmol scale in 10 mL of THF as a solvent (c (1) = 0.2 M); bIsolated and purified compounds; cThe reactions
were performed on a 1.00 mmol scale in 5 mL THF as a solvent (c (1) = 0.2 M).

Scheme 5: Four-component synthesis of pyrimidylazulenes 5 by glyoxylation–decarbonylative Sonogashira coupling–cyclocondensation sequence
(yields refer to isolated and purified compounds).

With this versatile three-component synthesis of azulenyl-

ynones in hand, the stage was set to expand the sequence to a

four-component access to pyrimidyl- and pyrazolyl-substituted

azulenes. Hence, the conditions for the terminating Michael

addition–cyclocondensation step, adopted from a recent work

[54], were only slightly adjusted as a consequence of the lower

electrophilicity of azulenylynones in comparison to aryl- and

heteroaryl-substituted ynones that we have previously synthe-

sized. Therefore, upon the subsequent reaction of the azulenes 1

with oxalyl chloride, followed by Pd/Cu-catalyzed decarbonyla-

tive alkynylation with terminal alkynes 2, and finally by cyclo-

condensation of the ynone intermediates with substituted

amidine hydrochlorides 4, pyrimidylazulenes 5 were obtained in

moderate to good yields in a one-pot fashion (Scheme 5) (for

experimental details, see Supporting Information File 1).

The diversity-oriented nature of this four-component approach

to pyrimidylazulenes 5 is underlined by flexible variation of the
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Scheme 6: Four-component synthesis of pyrazolylazulenes 7 by glyoxylation–decarbonylative Sonogashira coupling–cyclocondensation sequence
(yields refer to isolated and purified compounds).

azulenyl, the alkynyl, and the amidinyl substrates. In particular,

the amidine component 4 leads to the formation of aryl (com-

pounds 5a, 5d–5f), heteroaryl (compound 5b) or alkyl (com-

pound 5c) pyrimidylazulene derivatives.

Likewise, pyrazolylazulenes were obtained in the course of a

consecutive glyoxylation–decarbonylative Sonogashira

coupling, followed by a cyclocondensation with methylhy-

drazine (6) to furnish two N-methylpyrazoles 7 in moderate

yields (Scheme 6) (for experimental details, see Supporting

Information File 1).

Attempts to employ phenylhydrazine, N-Boc-hydrazine, and

hydrazine hydrate under standard conditions were met with

failure. Based upon previous syntheses of N-methylpyrazoles

from ynones and methylhydrazine [55,56] and the appearance

of a single set of resonances in the proton and carbon NMR

spectra, it is obvious that only a single regioisomer was formed.

Although the synthesis of similarly substituted pyrazolylazu-

lenes has already been described [57], our one-pot four-compo-

nent approach utilizes readily available starting materials as

well as a simple catalyst system. In addition, it avoids tedious

multiple workup and purification operations.

Conclusion
In conclusion, we have developed a one-pot four-component

process for the synthesis of novel pyrimidyl- and pyrazolylazu-

lenes. A wide range of substituents can be introduced by this

modular approach to N-heterocyclic azulene derivatives. The

key step of this diversity-oriented synthesis is the generation of

azulenylynones by the glyoxylation–decarbonylative alkynyla-

tion sequence with azulene or guaiazulene as substrates.

Undoubtedly, this novel four-component approach to hetero-

cyclic derivatives of azulene is well suited for the development

of functional chromophores with extended π-conjugation.
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Experimental procedures, spectroscopic and analytical data,

and copies of NMR spectra of compounds 3, 5, and 7.
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Abstract
Dihydropyrimidinones and dihydropyrimidinethiones generated from the Biginelli reactions of perfluorooctanesulfonyl-attached

benzaldehydes are used as common intermediates for post-condensation modifications such as cycloaddition, Liebeskind–Srogl

reaction and Suzuki coupling to form biaryl-substituted dihydropyrimidinone, dihydropyrimidine, and thiazolopyrimidine com-

pounds. The high efficiency of the diversity-oriented synthesis is achieved by conducting a multicomponent reaction for improved

atom economy, under microwave heating for fast reaction, and with fluorous solid-phase extractions (F-SPE) for ease of purifica-

tion.
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Introduction
Dihydropyrimidinone and dihydropyrimidine derivatives have

broad biologically activities. Many synthetic samples have been

studied as antibacterial, antiviral, antihypertensive, and anti-

cancer agents [1], and the natural products containing these

heterocyclic moieties have been studied as new leads for AIDS

therapies [2]. The Biginelli reaction of a β-keto ester, an alde-

hyde, and urea is considered as one of the most efficient ways

to synthesize dihydropyrimidinones [3]. This acid-catalyzed

reaction can be conducted under conventional or microwave

heating [4,5]. Reported in this paper is a diversity-oriented syn-

thesis of biaryl-substituted dihydropyrimidinone 5, thiazolopy-

rimidine 6, and dihydropyrimidine 7 compounds (Scheme 1).

The perfluorooctanesulfonyl-attached benzaldehydes 1 were

used as a key component for the Biginelli reactions [6]. The

Biginelli products 4 were used as a common intermediate for

post-condensation reactions including cycloaddition,

Liebeskind–Srogl reaction and Suzuki coupling to form three

different heterocyclic skeletons. The high efficiency of the

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:piqani@gmail.com
mailto:wei2.zhang@umb.edu
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Scheme 1: Synthesis of diverse dihydropyrimidine-related compounds.

diversity-oriented synthesis was achieved by conducting fast,

microwave-heated reactions and simple fluorous solid-phase

extractions (F-SPE) for purification [7]. The perfluorooctane-

sulfonyl group served as a phase tag for F-SPE and also as a

convertible linker for the Suzuki coupling to introduce biaryl

functionality to the heterocyclic skeletons [8-12].

Result and Discussion
Fluorous benzaldehydes 1 were prepared by the reaction of

phenols with perfluorooctanesulfonyl fluoride, by following the

reported procedure [13]. Compounds 1 were used as a limiting

agent to react with urea/thiourea 2 and acetylacetone 3 for the

Biginelli reactions. The reactions were promoted by Yb(OTf)3

as a catalyst [14,15], acetonitrile as a solvent, and under

microwave irradiation at 120 °C for 20 min. This optimized

condition was developed after other solvents, including water,

EtOH and toluene, and different microwave reaction tempera-

tures (100–130 °C) and times (10–20 min) were explored. The

Biginelli products were separated from the reaction mixtures by

F-SPE eluted with fluorophobic 80:20 MeOH/H2O and then

fluorophilic 100% MeOH or acetone [7]. The fluorous Biginelli

products were collected from the MeOH fraction to give dihy-

dropyrimidinones 4a–d and dihydropyrimidinethiones 4e,f in

85–95% yields (Table 1). The Biginelli products 4a–e were

used for Suzuki coupling reactions to remove the fluorous

linker and introduce the biaryl functional group. The coupling

reactions were promoted by microwave heating at 140 °C for

30 min with Pd(pddf)Cl2 as a catalyst, Cs2CO3 as a base, and

4:4:1 acetone/toluene/H2O as a solvent [13]. Dihydropyrimidi-

nones 4a–d gave the expected products 5a–h in 51–68% yield

after F-SPE and flash chromatography purification. However,

no reactions occurred with the dihydropyrimidinethiones 4e,f

under these reaction conditions.

Since dihydropyrimidinethiones 4e,f failed to give Suzuki

coupling products, our next effort was to convert them to thia-

zolopyrimidine through cyclocondensation with chloroacetone

[16,17]. The reaction was performed in water under microwave

heating at 120 °C for 30 min to afford thiazolopyrimidines 8a

and 8b in 89% and 85% yields, respectively, after F-SPE.

Suzuki reactions of 8a and 8b with four boronic acids yielded

5-biaryl-5H-thiazolo[3,2-a]pyrimidines 6a–h in 55–64% yields

after F-SPE and flash chromatography purifications (Table 2).

Dihydropyrimidinethione 4f was used for the Liebeskind–Srogl

coupling reaction with a phenylboronic acid to convert to

2-aryl-1,6-dihydropyrimidine 9 [18-20]. The reaction was

performed following a literature procedure [21] and was
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Table 1: Biginelli reactions followed by Suzuki reactions of dihydropyrimidinones and dihydropyrimidinethiones.

R1 R2 X F-Sulfonyl
position

4 (yield) R3 5 (yield)

CH3 CH3 O meta 4a (91%) p-OCH3 5a (67%)
H 5b (56%)

CH3 OCH3 O meta 4b (95%) p-OCH3 5c (57%)
H 5d (51%)

CH3 CH3 O para 4c (90%) p-OCH3 5e (68%)
H 5f (62%)

CH3 OCH3 O para 4d (88%) p-OCH3 5g (58%)
H 5h (60%)

H CH3 S meta 4e (89%) H -
H OCH3 S meta 4f (85%) H -

Table 2: Synthesis of biaryl-substituted thiazolopyrimidines.

4 R2 8 R3 6 (yield)

4e CH3 8a (89%) H 6a (61%)
p-OCH3 6b (64%)
m-Cl 6c (56%)
p-CH3 6d (62%)

4f OCH3 8b (85%) H 6e (58%)
p-OCH3 6f (55%)
m-Cl 6g (63%)
p-CH3 6h (55%)
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Table 3: Synthesis of 2-aryl-6-biaryl-substituted dihydropyrimidines.

R3 7 (yield)

H 7a (45%)
p-OCH3 7b (48%)

m-Cl 7c (31%)
p-CH3 7d (48%)

catalyzed by Pd(PPh3)4 and copper(I) thiophene-2-carboxylate

(CuTC) under microwave heating at 100 °C for 25 min to afford

aryl-substituted dihydropyrimidine 9 in 76% yield. This com-

pound was then subjected to Suzuki coupling reactions with

four boronic acids to yield 2-aryl-6-biaryl substituted dihy-

dropyrimidines 7a–d after F-SPE and flash chromatography

purifications (Table 3).

Conclusion
We have developed a new application of perfluorooctanesul-

fonyl-attached benzaldehydes for the diversity-oriented syn-

thesis of heterocyclic scaffolds. The intermediates obtained

from the Biginelli reaction were used for post-condensation

modifications to afford biaryl-substituted dihydropyrimidinone,

dihydropyrimidine, and thiazolopyrimidine compounds. A set

of reaction and separation techniques such as multicomponent

reactions, microwave heating, and F-SPE was employed to

increase the synthetic efficiency. The fluorous sulfonyl group

not only served as a phase tag for F-SPE separation, but also as

a cleavable linker for the Suzuki coupling reactions.

Experimental
Typical Biginelli reaction procedure: Synthesis of 5-acetyl-4-(4-

(perfluorooctylsulfonyloxy)phenyl)-1,6-dimethyl-3,4-dihydro-

pyrimidin-2(1H)-one (4c)

A solution of p-perfluorooctanesulfonyl benzaldehyde 1 (1.2 g,

2.0 mmol), methylurea 2 (0.18 g, 2.4 mmol), methyl acetoac-

etate 3 (0.35 g, 3.0 mmol) and Yb(OTf)3 (124 mg, 0.2 mmol) in

2 mL of acetonitrile was heated in a Biotage Initiator

microwave synthesizer at 120 °C for 20 min. The resulting mix-

ture was purified by F-SPE eluted with 40 mL of 80:20 MeOH/

H2O and then 40 mL of acetone. The acetone fraction was

concentrated to give 4c (1.3 g) in 90% yield.

Typical Suzuki reaction procedure: Synthesis of
5-acetyl-4-(4'-methoxy-[1,1'-biphenyl]-3-yl)-1,6-
dimethyl-3,4-dihydropyrimidin-2(1H)-one (5a)
A solution of 4a (75 mg, 0.1 mmol), 4-methoxyphenylboronic

acid (23 mg, 0.15 mmol), Cs2CO3 (81 mg, 0.25 mmol) and

Pd(dppf)Cl2 (16 mg, 0.02 mmol) in 3 mL of 4:1:4 acetone/H2O/

toluene was heated in a Biotage Initiator microwave synthe-

sizer at 140 °C for 30 min. The resulting mixture was purified

by flash chromatography to give 5a (24 mg) in 67% yield.

Typical procedure for cyclocondensation of 4e,f.
Synthesis of methyl 3,7-dimethyl-5-(3-(perfluo-
rooctylsulfonyloxy)phenyl)-5H-thiazolo[3,2-a]pyrimi-
dine-6-carboxylate (8b)
A solution of 3,4-dihydropyrimidinethione 4f (0.76 g, 1 mmol),

chloroacetone (185 mg, 1.5 mmol) in 2 mL water was heated in

Biotage Initiator microwave synthesizer at 120 °C for 30 min.

The resulting mixture was purified by F-SPE eluted with 30 mL

of 80:20 MeOH/H2O and then 30 mL of acetone. The acetone

fraction was concentrated to give 8b (0.67 g) in 85% yield.

Typical Liebeskind–Srogl reaction procedure. Syn-
thesis of methyl 4-methyl-6-(3-(perfluorooctylsul-
fonyloxy)phenyl)-2-phenyl-1,6-dihydropyrimidine-5-
carboxylate (9)
A solution of 3,4-dihydropyrimidinethione 4f (152 mg, 0.20

mmol), phenylboronic acid (82 mg, 0.3 mmol), CuTC (95 mg,

0.6 mmol), and Pd(PPh3)4 (3 mol %) in 2 mL THF was heated

in Biotage Initiator microwave synthesizer at 100 °C for 25
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min. The mixture was purified by F-SPE eluted with 30 mL of

80:20 MeOH/H2O and then 30 mL of acetone. The acetone

fraction was concentrated to give 9 (0.85 g) in 76% yield.

Supporting Information
Supporting Information File 1
LC–MS, 1H NMR and 13C NMR data and spectra for

compounds 4c, 5a, 6b, 7b, 8b, 9.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-7-150-S1.pdf]
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Abstract
Complex amino acids with an α-acyloxycarbonyl functionality in the side chain are easily available through epoxide opening by

chelated enolates and subsequent oxidation/Passerini reaction. This protocol works with both, aldehyde and ketone intermediates, as

long as the ketones are activated by electron-withdrawing groups. In principle Ugi reactions are also possible, allowing the genera-

tion of diamino acid derivatives.
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Introduction
Multicomponent reactions (MCR) are a very popular and

powerful tool in modern organic synthesis [1-4]. Besides a wide

range of heterocycle syntheses [5] and catalytic cross coupling

reactions [6], the isonitrile-based MCRs (IMCR) especially

have developed exceptionally well during the last few decades

[7,8]. Based on the pioneering work of Passerini, who observed

the first three-component coupling of carbonyls with carboxylic

acids and isonitriles in 1921 [9], the so-called Passerini reac-

tion became a powerful tool for the synthesis of acylated

α-hydroxyacid amides [10]. Later on, in 1961, Ugi and

Steinbrückner reported the extension of this protocol by

incorporating also a primary amine as a fourth component [11].

Therefore, the Ugi reaction is even more flexible than the

Passerini approach, but both reactions together have made the

IMCR highly popular in combinatorial chemistry [7,8].

Our group has been involved in amino acid and peptide syn-

thesis for nearly two decades [12,13], and multicomponent reac-

tions are known to play a dominant role [14,15]. In particular,

the Ugi reaction has so far been used for the construction of

exotic peptides [16-19] and cyclopeptides [20,21]. Herein we

describe a straightforward protocol towards combined α-amino

and α-hydroxy acids through Passerini reactions. Suitable

amino acid precursors with an oxygen functionality in the side

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:u.kazmaier@mx.uni-saarland.de
http://dx.doi.org/10.3762%2Fbjoc.7.151
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Table 1: Synthesis of γ-oxo-amino acids.

Entry 1 R Yield (%) 2 Yield (%)
Meth. Aa Meth. Bb

1 1a [26] CH3 92 2a 78 91
2 1b [26] CH2Cl 82 2b 75 90
3 1c [26] CH2OC6H5 86 2c 76 93
4 1d CH2O-(p-Cl-C6H4) 88 2d 72 82
5 1e CH2O-(o-NO2-C6H4) 84 2e 75 87
6 1f CH2O-(p-NO2-C6H4) 83 2f 74 84

aMethod A: Swern oxidation; bMethod B: DMP oxidation.

Table 2: Passerini reactions of γ-oxo-amino acids.

Entry 2 R R’ 3 Yield (%)

1 2a CH3 Me 3a –
2 2b CH2Cl Me 3b 65
3 2c CH2OC6H5 Me 3c 57
4 2d CH2O-(p-Cl-C6H4) Me 3d 69
5 2e CH2O-(o-NO2-C6H4) Me 3e 62
6 2f CH2O-(p-NO2-C6H4) Et 3f 69
7 2d CH2O-(p-Cl-C6H4) Et 3g 68

chain can be obtained by chelated enolate Claisen rearrange-

ment [22,23] or transition metal-catalyzed allylic alkylation of

chelated enolates [24] and subsequent oxidative cleavage of the

γ–δ-unsaturated amino acids obtained.

Results and Discussion
An alternative approach is based on regioselective ring opening

of epoxides, followed by oxidation of the hydroxy amino acid

formed. While aryl-substituted epoxides react preferentially at

the benzylic position giving rise to the terminal primary alco-

hols [25], the corresponding alkyl-substituted epoxides provide

secondary alcohols 1 by nucleophilic attack of the enolate at the

sterically least-hindered position [26]. These alcohols can easily

be oxidized by Swern-oxidation [27] or with Dess–Martin-

periodinane (DMP) [28], giving rise to the required γ-oxo-

amino acids 2 (Table 1). In principle both protocols are suitable

for oxidation, but in general the yields obtained were better with

DMP (82–93%), while under Swern conditions the yields were

in the range of 75 ± 3%.

With these γ-oxo-α-amino acids 2 in hand, we investigated the

Passerini reactions under neat conditions with acetic acid as the

(liquid) acidic component and isocyano acetates as the reactive

component (Table 2). Interestingly, no reaction was observed
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Scheme 1: Passerini reactions of α,β-unsaturated aldehyde 5.

with the methyl-substituted oxo acid 2a (entry 1); only the

starting material was recovered. For this reason, we switched to

activated ketones bearing an electron-withdrawing group at the

α-position. With the chlorinated ketone 2b the yield was 65%

(entry 2), and similar results were obtained with a range of

aryloxy-substituted derivatives 2c–2f (entries 3–7). The new

stereogenic center was formed without significant selectivity.

To increase the synthetic potential of this protocol we also

applied the Pd-catalyzed opening of a vinyl epoxide with our

chelated enolate (Scheme 1) [29]. In this case an amino acid 4

with an allyl alcohol side chain was formed which could be

oxidized to the α,β-unsaturated aldehyde 5. Although these

types of aldehydes are critical candidates in Passerini and Ugi

reactions [30], we were interested to see if we could also obtain

unsaturated Passerini adducts by this procedure. Our first

attempts in CH3OH and CH2Cl2 were unsuccessful. While no

reaction was observed in CH2Cl2, in CH3OH the only product

(besides starting material) was the unsaturated acetal resulting

from a nucleophilic attack of the solvent on the aldehyde group.

Therefore, we decided to run the reaction also under neat condi-

tions as reported for the γ-oxo-amino acids. With acetic acid as

the acidic component the yield of 6a was comparable to the

previous examples. In principle, other acids such as benzoic

acid or Cbz-protected glycine can be used as well. The lower

yield obtained in these cases probably results from stirring

problems under these solvent-free conditions.

To circumvent the problems caused by the α,β-unsaturated alde-

hyde, we hydrogenated 4 before oxidation to obtain the satu-

rated aldehyde 7. And indeed, under our optimized reaction

conditions the addition product 8 could be obtained in 80%
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yield (Scheme 2). In principle, Ugi reactions are also possible,

as illustrated with the formation of 9, although the yield was

significantly lower in this case and the products are formed as a

1:1 diastereomeric mixture.

Scheme 2: Passerini and Ugi reaction of saturated aldehyde 7.

Conclusion
In conclusion, we showed that the ring opening of epoxides,

either directly or Pd-catalyzed, with chelated enolates combined

with Passerini reactions is a suitable tool for the synthesis of

highly functionalized α-hydroxy and α-amino acid derivatives.

These new compounds are interesting building blocks for

peptide-derived drugs. Attempts to improve the yields and to

evaluate the scope and limitations are currently underway.

Supporting Information
Supporting Information features detailed experimental

procedures, NMR as well as analytical data of all

compounds.

Supporting Information File 1
Experimental section.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-7-151-S1.pdf]
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Abstract
Pyrazolidinones were prepared in a two-step sequence starting from α-hydrazonocarboxylic acids. After a four-component Ugi

coupling, the resulting hydrazone was engaged in a copper triggered [3 + 2] cycloaddition/aerobic oxidation cascade.

1310

Introduction
In the last twenty years, the Ugi reaction coupled with its

various post-condensations towards heterocyclic libraries has

established the success of isocyanide-based multicomponent

reactions [1-7]. Chemists in both academia and industry have

taken advantage of the functional group tolerance of the Ugi

coupling to apply to these adducts the various cyclizations

offered by the chemists toolkit. We became involved in the Ugi-

post-condensation field through our initial interest in radical

processes. We found that, compared with classical cycloaddi-

tions, cyclocondensations and organometalic couplings, there

was no existing description of radical processes on such

adducts. Thus, we decided to undertake various studies using

xanthate transfer [8-10], Mn(III) or copper(II) triggered oxida-

tive couplings [11,12].

We recently reported a new synthesis of fused pyrazolidinone

under oxidative conditions from simple hydrazone derivatives

(Scheme 1) [13]. The cascade features a [3 + 2] cycloaddition

coupled with an aerobic oxidation of the resulting pyrazolidine.

A further oxidative coupling may be observed according to the

substitution pattern of the starting acyl chloride. Considering

our interest in IMCR, we envisioned that a similar cascade

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:aurelie.dossantos@ensta.fr
mailto:laurent.elkaim@ensta.fr
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could be performed on a properly functionalized Ugi adduct

allowing us to reach a new 4-component access to pyrazole

derivatives. The present letter summarizes our efforts in this

direction.

Scheme 1: Copper-catalyzed oxidative cyclization of alkenyl hydra-
zone.

Results and Discussion
Among the possible Ugi pathways to introduce an alkene

moiety that is prone to undergo an intramolecular [3 + 2] cyclo-

addition with a hydrazone, we selected the Ugi coupling

between α-hydrazonocarboxylic acids and allylamine as the

most straightforward path. There are several reports on the use

of hydrazones in Ugi reactions [14-23], however, to the best of

our knowledge, there is no report involving α-hydrazonocar-

boxylic acids.

Hydrazone 1a was prepared through condensation of pyruvic

acid with phenylhydrazine. Adding 1a to aqueous formalde-

hyde, allylamine and tert-butylisocyanide in MeOH under

standard Ugi conditions, led to the formation of the amide

2a in 64% isolated yield. The compatibility of the hydrazone

with this coupling is certainly due to the higher electrophilicity

of the intermediate iminium. The latter traps the isocyanide

before any interaction with the hydrazone. The first

attempted oxidative cyclization of 2a was made with one

equivalent of copper acetate in acetic acid as solvent and gave

the expected pyrazolidinone 3a in a 57% isolated yield

(Scheme 2, condition A). Based on our previous study, the yield

was improved to reach 84% with a mixture of acetic acid and

water (80/20). A combination of DMF, acetic acid and water

allowed us to optimize this reaction working with a reduced

20 mol % of copper (84% isolated yield, Scheme 2, condition

D). The reaction was performed at 80 °C, overnight, and under

argon. We believe that under these conditions a slow uptake of

oxygen helps to control the selective oxidation process. Reac-

tions performed under air were faster but led to intractable

mixtures.

Scheme 2: Pyrazolidinone 3a from Ugi adduct 2a.

Analogous hydrazones prepared from pyruvic acid and benzoyl-

formic acid with hydrazine derivatives were tested in this Ugi/

oxidative cyclization sequence under these optimized condi-

tions. Results are reported in Table 1. Surprisingly, the reaction

appears to be only efficient with Ugi adducts prepared with

formaldehyde as the carbonyl component (Table 1, entries 1–5).

With other aldehydes and ketones, even if the Ugi reaction was

performed easily, the following cyclization failed to give the

expected pyrazolidinones and resulted in complex mixture for-

mation. Intermediate Ugi adduct 3g (Table 1, entry 6) only

resulted in a small amount of ring-opened product 4g. The reac-

tion is also limited to N-aryl hydrazones due to the lower effi-

ciency of the Ugi reaction with N-alkyl hydrazones: An attempt

of Ugi coupling with hydrazone 1d, formaldehyde, allylamine

and tert-butylisocyanide failed to give any isolable adduct

(Scheme 3). This may be explained by an enhanced nucleo-

philicity of the N-monoalkyl hydrazone leading to a competi-

tion between the hydrazone and the amine component in the

Ugi steps.

In order to gain further insight into the reactivity of N-alkyl

derivatives, we decided to synthesize an initial hydrazone by a

more conventional route. Benzoylformic acid was converted

into its N-diallyl amide derivative. The latter failed to produce a

hydrazone with methylhydrazine under standard conditions

(EtOH, toluene, rt to reflux, with or without added acetic acid).

However, we were able to trigger the addition under microwave

conditions (in EtOH with 1.5 equiv of AcOH). The expected

hydrazone was still not synthesized, however, the cycloadduct 6
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Table 1: Cycloaddition/oxidation cascade from Ugi hydrazone adducts.

Entry Ugi Product Cycloadduct

1

2b, 79% 3b, 68%

2

2c, 78% 3c, 76%

3

2d, 71% 3d, 90%

4

2e, 94% 3e, 72%

5

2f, 37% 3f, 49%

6

3g, 58%
4g, 12%

7

3h, 52%

–

8

3i, 50%

–
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Scheme 3: Attempted reactions of N-methyl hydrazones.

Scheme 4: Proposed mechanism.

was obtained, probably through a [3 + 2] cycloaddition trig-

gered by acetic acid. The attempted oxidation of 6 with copper

acetate in DMF/AcOH/H2O gave only complex mixtures.

The oxidation sequence may be explained by the mechanism

depicted in Scheme 4. The process starts with a [3 + 2] cyclo-

addition triggered either by copper acetate or acetic acid [24-

29]. The resulting pyrazoline A may be oxidized by copper(II)

salts forming intermediate D after addition of water [30,31].

Two alternative paths may then be observed from D: Ring-

opening leading to azo or hydrazono derivatives such as 4g,

further oxidation without ring-opening giving the fused pyrazo-

lidinone 3.

Conclusion
In conclusion, we have disclosed a new Ugi coupling with

α-hydrazonocarboxylic acids. These Ugi adducts have been

used in an Ugi post-condensation involving a [3 + 2] cyclo-

addition followed by an oxidative cascade. Among potential

Ugi post-condensations, radical and oxidative processes repre-

sent a very promising route towards the formation of complex

scaffolds. We are currently exploring the reactivity of the N-aryl

Ugi–Smiles adducts using similar strategies.

Experimental
Typical procedure for the first step: (E)-N-allyl-N-(2-(tert-

butylamino)-2-oxoethyl)-2-(2-phenylhydrazono)propan-

amide (2a): To a solution of formaldehyde (210 μL, 2.8 mmol)

in methanol (1 M) were added successively allylamine (210 μL,

2.8 mmol), 2-(2-phenylhydrazono)propanoic acid (500 mg,

2.8 mmol), and tert-butylisocyanide (230 mg, 2.8 mmol). The

resulting mixture was stirred at 40 °C until completion of the

reaction (TLC). The solvent was removed under reduced pres-

sure. The product was isolated by flash chromatography on

silica gel (PE/Et2O) with a yield of 64%. 1H NMR (CDCl3,

400 MHz) δ 7.52 (br s, 1H), 7.29 (dd, J = 7.8, 7.3 Hz, 2H), 7.09

(d, J = 7.8 Hz, 2H), 6.95 (t, J = 7.3 Hz, 1H), 6.16 (br s, 1H),

5.96–5.88 (m, 1H), 5.28–5.23 (m, 2H), 4.34–4.00 (m, 4H), 2.14

(s, 3H), 1.35 (s, 9H); 13C NMR (CDCl3, 100.6 MHz) δ 168.7,

168.6, 143.9, 136.9, 132.8, 129.8, 122.0, 119.0, 114.0, 53.9,

51.7, 51.3, 29.1, 12.6.

Typical procedure for the oxidative cyclization: N-tert-

butyl-2-(6a-methyl-3,6-dioxo-2-phenylhexahydropyrrolo-

[3,4-c]pyrazol-5(1H)-yl)acetamide (3a): To a solution of

hydrazone 2a (100 mg, 0.3 mmol) in a 10/70/20 DMF/

CH3COOH/H2O mixture (0.06 M) was added Cu(OAc)2

(20 mol %). The resulting mixture was heated at 80 °C under

argon. The pH was adjusted to 6 with an aqueous sodium

hydrogencarbonate solution, and the aqueous phase was

extracted with AcOEt. Then the organic layers were washed ten

times with water, dried over anhydrous MgSO4, filtered and

concentrated in vacuo. The product was isolated by flash chro-

matography on silica gel (PE/Et2O with 1% of TEA) with a

yield of 84%. 1H NMR (CDCl3, 400 MHz) δ 7.83 (d, J =

8.3 Hz, 2H), 7.37 (dd, J = 8.3, 7.3 Hz, 2H), 7.17 (t, J = 7.3 Hz,

1H), 5.52 (br s, 1H, NH), 4.89 (br s, 1H), 3.93 (d, J = 16.2 Hz,
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1H), 3.85 (dd, J = 10.3, 6.3 Hz, 1H), 3.80 (d, J = 16.2 Hz, 1H),

3.76 (d, J = 10.3 Hz, 1H), 3.22 (d, J = 6.3 Hz, 1H), 1.63 (s,

3H), 1.25 (s, 9H); 13C NMR (CDCl3, 100.6 MHz) δ 174.6,

169.8, 166.3, 138.1, 129.2, 125.8, 119.5, 63.7, 52.0, 48.0, 47.6,

29.0, 18.9.

Supporting Information
Supporting Information File 1
Experimental procedures with characterization data for all

new compounds.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-7-153-S1.pdf]
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Abstract
In the last few years, palladium-mediated three-component synthesis has emerged as an important synthetic methodology to gain

access to nitrogen-containing structures. The latest developments in this area are discussed in this review.
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Introduction
Nitrogen-containing structures are present in numerous bio-

active natural and synthetic products. The development of new

methodologies to prepare these useful frameworks has attracted

great attention from organic chemists. Among these develop-

ments, multicomponent strategies offer significant advantages

over stepwise procedures since several bonds are formed in a

one-pot operation, minimizing the formation of waste and

competitive reactions [1]. In line with this, remarkable new

strategies have been developed based on palladium-mediated

coupling process. The purpose of this review is to discuss recent

achievements in the design of palladium-catalyzed multicompo-

nent preparation of nitrogen-containing structures and this

article is divided into sections relating to the introduction of the

amine functionality.

Review
Imines as electrophilic partners
The imine function plays an important role in the development

of multicomponent approaches to polyfunctionalized nitrogen

acyclic or cyclic compounds due to the ease of their in situ

preparation. Many strategies have been developed based on this

concept, the imines being either directly used as starting

building blocks or generated in situ as part of the multicompo-

nent process.

Arndtsen and coworkers elaborated a three-component process

allowing the synthesis of α-substituted amides. This method-

ology relied on the oxidative addition of an N-acyliminium

species, generated in situ from an imine and an acid chloride, to

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:didier.bouyssi@univ-lyon1.fr
mailto:nuno.monteiro@univ-lyon1.fr
mailto:genevieve.balme@univ-lyon1.fr
http://dx.doi.org/10.3762%2Fbjoc.7.163
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Scheme 1: Synthesis of substituted amides.

Scheme 2: Synthesis of ketocarbamates and imidazolones.

a Pd(0) complex, furnishing a stable chelated palladium adduct

1, which was isolated and fully characterized. When vinyl-

tributyltin was added as a third component in the reaction

medium, a transmetallation step occurred, followed by a reduc-

tive elimination step, furnishing amides 2 in good to excellent

yields [2]. This reaction tolerated various functional groups on

the imine moiety, such as ether, thioether and ester groups,

although enolizable alkylimines were not suitable under these

conditions (Scheme 1).

Replacement of the acid chloride with a chloroformate under 1

atmosphere of carbon monoxide as a fourth component led to

ketocarbamates 3 in a single operation through a carbonylative

coupling [3]. Various chloroformates and imines can partici-

pate in this reaction, stannanes being limited to aryl, benzyl or

ethyl ones. When vinylstannane was used, the transmetallation

step was more rapid than the CO insertion, giving instead

substituted carbamates. After removal of the solvents in vacuo,

the addition of acetic acid and 15 equivalents of ammonium

acetate to the crude mixture resulted in a postcyclization leading

to imidazolones 4, with spontaneous elimination of the initial

chloroformate substituent (Scheme 2).

Arndtsen also demonstrated that 3-amido-substituted β-lactams

7 can be obtained, based on a similar strategy, through the

assembly of four components, namely, imines, acid chloride

and carbon monoxide. The process is thought to begin with for-

mation of a münchnone 5, resulting from oxidative addition of

an acyliminium species to Pd(0), followed by CO insertion and

β-hydride elimination. This münchnone is in equilibrium with

its ketene isomeric form 6, and a formal [2 + 2] cycloaddition

with a second equivalent of imine generates the lactam

(Scheme 3). The authors pointed out that the trapping of HCl by

a sterically hindered base (NEtiPr2) is the key point in this

methodology to enable access to this heterocycle and to avoid

formation of imidazolinium salts [4].
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Scheme 3: Access to β-lactams.

Scheme 4: Access to β-lactams with increased structural diversity.

To increase the structural diversity of the final lactam, a modi-

fied process was developed that allows introduction of two

distinct imines in this reaction. This coupling process was

catalyzed by palladacycle 8 and led to the mesoionic compound

5 under these conditions. Subsequent addition of a second,

different imine produced β-lactams 9 in good yields, after

heating at 55 °C for 24 h (Scheme 4) [4].

As mentioned above, imidazolinium salts 12 can be obtained by

a dipolar cycloaddition of münchnone intermediates with

imines. Arndtsen and coworkers developed a new highly active

palladium catalyst to improve previous results in this area.

Moreover, this strategy allows the selective incorporation of

two different imines leading to polysubstituted imidazoliniums

13. After a large screening of palladium precatalysts and

ligands, the palladacycle 10 in combination with the di-tert-

butyl-2-biphenylphosphine (11) furnished the best results in

terms of reaction time and yield. A large variety of imines and

acid chlorides can be used in this reaction, with only enolizable

imines and those bearing bulky nitrogen substituents being

incompatible. In order to have four independent tunable

substrates, the authors added a base (NEtiPr2) to the reaction

medium that favors formation of the münchnone intermediate.

The second imine was added after 16 h of heating at 45 °C,

together with PhSO3H, which catalyzed the dipolar cycloadd-

ition and avoided formation of a β-lactam as shown before

(Scheme 5) [5].

The palladium-catalyzed trans-addition-alkylative cyclization

(anti-Wacker cyclization) of o-ethynylbenzaldehyde with

organoboron reagents in the presence of secondary amines was

accomplished by Tsukamoto and coworkers [6]. This novel
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Scheme 5: Synthesis of imidazolinium salts.

Scheme 6: Access to the indenamine core.

strategy, dedicated to the synthesis of indenamines 14, involves

addition of an electron-rich palladium/phosphine complex to a

triple bond, followed by nucleophilic addition to an iminium ion

generated in situ by addition of a secondary amine to an alde-

hyde. Transmetallation of the resulting species with a boronic

acid or triethylborane, followed by a reductive elimination,

afforded the indenamine core in good to excellent yields.

However, this Pd-catalyzed cyclization was only effective for

aldehydes since ketones did not participate in the process

(Scheme 6).

Tsukamato extended this methodology further to the cycliza-

tion of alkynyl- and allenyliminiums in order to access 1,4-

disubstituted-1,2,3,6-tetrahydropyridines 15 or 16 following the

same strategy [7]. For alkynyliminiums, two different catalytic

systems were developed according to the nature of the aryl- or

heteroarylboronic acids used. For neutral or electron-rich acids,

Pd(PPh3)4 as catalyst gave excellent results, whereas it

was necessary to use PdCp(η3-C3H5) in the presence of

PPh(c-C6H11)2 as a ligand for those bearing electron-with-

drawing groups (Scheme 7).
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Scheme 9: Synthesis of chiral tetrahydropyridines.

Scheme 7: Synthesis of substituted tetrahydropyridines.

The proposed mechanism involves addition of Pd(0) onto the

triple bond, followed by nucleophilic attack on the iminium

generated in situ. The resulting vinylpalladium species reacts

with the boron or alkynyl compound as previously shown.

Allenylamines are also compatible with this anti-Wacker

process, leading to more substituted tetrahydropyridines 16 in

good to excellent yields (Scheme 8).

Another strategy allowing access to pyridine derivatives was

developed by Katsumura and coworkers. They showed that

chiral 2,4-disubstituted 1,2,5,6-tetrahydropyridines 17 can be

obtained through a one pot imine synthesis, Stille coupling,

6π-azaelectrocyclization and aminoacetal formation. The chiral

Scheme 8: Synthesis of more substituted tetrahydropyridines.

auxilliary can be removed by further treatment with DIBAL-H

and Pb(OAc)4 (Scheme 9) [8].

The Strecker reaction, employing aldehydes or ketones

and a cyanide source, is a very useful route for the preparation

of α-aminonitriles 19 or 20. A general and efficient three-

component method was reported by Jung and coworkers who

used a new catalytic system based on a NHC–amidate palla-

dium(II) complex 18. This complex acts as a Lewis acid to

favor addition of cyanide to the imine generated in situ. This

methodology employs smooth conditions and works with

aldehydes as well as ketones, giving good to excellent yields

(Scheme 10) [9].
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Scheme 10: Preparation of α-aminonitrile by a catalyzed Strecker reaction.

Scheme 11: Synthesis of spiroacetals.

Barluenga and coworkers reported a synthesis of spiroacetals

22, through a Pd(II)-catalyzed three-component cascade reac-

tion, starting from an alkynol, an aldehyde and a primary amine.

The authors suggested that the first step of the reaction was the

attack of the hydroxyl group onto the triple bond activated by a

Pd(II) cationic complex, followed by a protodemetalation,

which afforded the methylidenefuran 21. This reacts with the

imine activated by the Pd(II) species through a Mannich-type

process. Finally, addition of the phenol to the oxonium can lead

to spiroacetal 22. One major drawback of this MCR is the for-

mation of an equimolar amount of two diastereomers, which

can be circumvented by further treatment of the crude mixture

with 5 equivalents of MgClO4 and 1.6 equivalents of HClO4 in

CH2Cl2/MeCN at room temperature. Under these acidic condi-

tions, one diastereomer was cleanly and completely trans-

formed into the other one (Scheme 11) [10].

Hallberg and coworkers developed a one-pot strategy towards

the synthesis of masked 3-aminoindan-1-ones 23. This process

was initiated by Heck addition of an aryl triflate to a vinyl ether,

leading to an α-arylation product, followed by iminium forma-

tion in the presence of a secondary amine and subsequent

tandem cyclization. The authors showed the importance of the

ratio of the diverse reactants, notably that the amount of amine

should remain low to avoid formation of aminal derivatives that

would block the ring closure (Scheme 12) [11].

Homoallylic amines and α-aminoesters 24 were prepared by

Malinakova and coworkers, by a palladium(II)-catalyzed

coupling of boronic acids, 1,2-nonadiene, and aliphatic,

aromatic or heteroaromatic imines [12]. The authors postulated

a transmetalation step between the Pd(II) complex and a

boronic acid activated by CsF, followed by insertion of the

resulting σ-arylpalladium(II) into the allenic moiety leading to a

π-allyl intermediate. This can undergo a nucleophilic allyl

transfer to the imine, generating an amino-Pd(II) complex,

which can subsequently add to another allenic unit. After a new

transmetalation step with the boronic acid, the active catalytic

species can be released and entered into a new catalytic cycle

(Scheme 13).
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Scheme 12: Synthesis of masked 3-aminoindan-1-ones.

Scheme 13: Synthesis of homoallylic amines and α-aminoesters.

Imine as a nucleophilic partner
A tandem four-component reaction allowing access to 1,2-dihy-

droisoquinolin-1-ylphosphonates 26 was reported by Wu and

coworkers. Initial Sonogashira coupling was effected between a

2-bromobenzaldehyde and an alkyne in the presence of catalytic

amounts of PdCl2(PPh3)2 and CuI. After complete conversion

of the aldehyde into the coupling product 25 (TLC control), a

primary amine and diethylphosphite were added to the reaction

medium with concomitant addition of 10 mol % of Cu(OTf)2

necessary to complete the cyclization step. The proposed mech-

anism involves formation of an imine intermediate, which

attacks the triple bond activated by the copper(II) complex. The

resulting iminium was finally trapped by addition of

diethylphosphite. Moderate to good yields were obtained

depending on the nature of the various components

(Scheme 14) [13].

Amines as hetero-Michael donors
Many multicomponent approaches to nitrogen heterocycles

have been developed based on the reaction of nitrogen-centered

nucleophiles with α,β-unsaturated ketones generated in situ by

Pd-catalyzed Sonogashira cross-coupling reactions. For

instance, by building on their expertise in this area [14] Müller

and coworkers recently developed a very effective and modular

three-component strategy to assemble a series of 3,5-

bis(hetero)aromatic pyrazoles in a consecutive fashion from

terminal alkynes, acid chlorides, and hydrazine derivatives.

Classical approaches to these valuable compounds are notably
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Scheme 14: Preparation of 1,2-dihydroisoquinolin-1-ylphosphonates.

Scheme 16: An alternative approach to pyrazoles involving hydrazine cycloaddition.

Scheme 15: Pyrazole elaboration by cycloaddition of hydrazines with
alkynones generated in situ.

based on the cyclocondensation of hydrazine derivatives with

1,3-disubstituted three-carbon units, including α,β-unsaturated

ketones, and particularly alkynones. In situ generation of the

latter is an interesting means of overcoming the poor commer-

cial availability of these compounds and also offers the flexi-

bility needed for library production (Scheme 15). Thus various

(hetero)aryl acid chlorides and terminal alkynes were heated in

THF in the presence of Et3N and catalytic amounts of

PdCl2(PPh3)2 and CuI. The resulting ynones 27 were then

treated in situ with diversely substituted hydrazine derivatives

to produce, upon microwave heating, a series of pyrazoles

28–30 (Scheme 15). As previously established for this type of

cycloaddition, one of the two possible regioisomers was

obtained preferentially depending on the hydrazine derivatives

used, N-alkyl- and N-arylhydrazines giving opposite regioselec-

tivities [15].

The carbonylative coupling of terminal alkynes with aryl (and

heteroaryl) halides was proposed by Mori and coworkers as a

different approach to α,β-alkynyl ketone derivatives as pyra-

zole precursors. They established a four-component domino

process combining various organic halides, terminal alkynes,

hydrazines, and carbon monoxide at room temperature. In this

case, all components are mixed at the very beginning of the

process, in aqueous THF, under ambient pressure of CO and in

the presence of 1 mol % PdCl2(PPh3)2 as the sole catalyst.

However, one drawback of this approach is that it is, so far,

limited to simple hydrazine and N-methylhydrazine

(Scheme 16). From a mechanistic point of view, it is interesting

to note that the intermediacy of α,β-alkynyl ketones in the four-
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Scheme 17: Synthesis of pyrroles by cyclization of propargyl amines.

component process could not be confirmed (TLC). In addition,

their reaction with hydrazines was shown to be ineffective

under the present solvent system in the presence or absence of

palladium catalyst. This may suggest that if α,β-alkynyl ketones

are formed, they immediately react with hydrazine to form

pyrazole by a specific rate acceleration in the one-pot process

[16].

The Sonogashira cross-coupling of acid chlorides with terminal

alkynes has also been demonstrated as a valuable tool to

generate, in situ, ynones bearing a pendant amine group 31,

which will undergo addition–intramolecular cyclocondensation

processes leading to the formation of pyrrole derivatives. For

instance, a series of (hetero)aryl-, alkynyl-, and cycloalkyl acid

chlorides were cross-coupled with N-Boc-protected propargyl-

amine at room temperature, and the resulting ynones were then

treated in situ with sodium iodide and PTSA to yield 2-substi-

tuted N-Boc-4-iodopyrroles 32 in good overall yields. Interest-

ingly, this product may be further transformed in situ into the

corresponding N-Boc-4-alkynylpyrroles 33 by a further Sono-

gashira coupling that makes use of the still-operative palladium

complex. To do so, a terminal alkyne and caesium carbonate

were added to the reaction mixture containing the newly formed

4-iodopyrrole, and the reaction temperature was increased to

70 °C (Scheme 17) [17].

Grigg and coworkers reported a three-component cascade

process for the synthesis of isoindolones and phthalazones

starting from ortho-halogenated cinnamates 34 and related com-

pounds in the presence of hydrazine derivatives and carbon

monoxide. The process is thought to begin with carbonylation

of the starting aryl iodide to give an acylpalladium species 35,

which is intercepted by the hydrazine nucleophile to give an

acylhydrazide intermediate 36. The latter undergoes intramolec-

ular Michael addition to give either N-aminoisoindolones 37 or

mono-N- and di-N,N′-phthalazones 38, depending essentially on

whether a monosubstituted or 1,2-disubstituted hydrazine

derivative is used. A proper choice of catalyst and reaction

conditions is also needed to improve the efficiency of each reac-

tion (Scheme 18) [18].

Consecutive one-pot transformations initiated by Heck reaction

and terminated by intramolecular aza–Michael addition were

developed by Hanson and coworkers to access a series of

benzo-fused sultams. A range of α-bromobenzenesulfonyl chlo-

rides 40 were first coupled with various amines in DMF at room

temperature in the presence of Et3N to generate intermediate

sulfonamides 41. Subsequent in situ addition of a Michael

acceptor in large excess together with Et3N, Bu4NCl, and

catalytic Pd2(dba)3·CHCl3 led to the production of the desired

sultams 42 upon heating at 110 °C. A series of sultam deriva-

tives of bioactive, related isoindol-1-one amides 43 were also

prepared by entering acrylic acid into the Heck–aza–Michael

process and coupling a second amine derivative (after removal

of excess acrylic acid) with the aid of an oligomeric alkyl

carbodiimide 44 (Scheme 19) [19].

Interestingly, Willis and coworkers have shown that aryl

N-aminosulfonamides may be accessed by three-component

coupling of aryl iodides, hydrazines, and DABCO·(SO2)2 as a
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Scheme 18: Isoindolone and phthalazone synthesis by cyclization of acylhydrazides.

Scheme 19: Sultam synthesis by cyclization of sulfonamides.

convenient source of sulfur dioxide. However, this Pd-catalyzed

aminosulfonylation process proved inefficient with primary

amines (Scheme 20) [20].

Multicomponent synthesis of nitrogen-containing heterocycles

may also be initiated by an aza-Michael addition and termi-

nated by a palladium-catalyzed ring-closure process [21]. For

instance, Balme and coworkers reported a Pd-catalyzed three-

component assembly of highly functionalized 4-benzyl- and

allyl-pyrrolidines 46 based on a combination of allylamines (in

situ transformed to their sodium salts by treatment with NaH),

gem-diactivated alkenes 45 as Michael acceptors, and unsatu-

rated halides (or triflate). Equal amounts of each of the three

partners were reacted at room temperature in the presence of a

catalytic quantity of a palladium(0) catalyst generated in situ by

reduction of PdCl2(PPh3)2 with n-butyllithium. The key step in
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Scheme 21: Pyrrolidine synthesis by carbopalladation of allylamines.

Scheme 20: Synthesis of sulfonamides by aminosulfonylation of aryl
iodides.

this one-pot transformation is the Pd-mediated cyclofunctional-

ization of the allyl moiety by carbopalladation/reductive elimi-

nation [22]. It is interesting to note that 3-sulfonylpyrolidin-2-

ones (γ-lactams) 48 may also be accessed in high yield as single

trans-diastereomers upon simple treatment of N-allyl- or

N-methylpyrrolidines with 2-mercaptobenzoic acid in boiling

MeCN. Acid-promoted formation of a ring-opened iminium salt

intermediate 47, followed by hydrolysis and subsequent

intramolecular attack of the released secondary amine onto the

ester group, would account for the formation of the γ-lactams

[23]. This unexpected transformation was observed during

attempted Pd-catalyzed deallylation of N-allyl-3-sulfonylpyrro-

lidines in the presence of 2-mercaptobenzoic acid according to

the procedure developed by Genêt and coworkers [24]

(Scheme 21).

Amines as coupling partners through
hydroamination of alkyne derivatives
Many synthetic methods for the preparation of indole deriva-

tives have been reported because they occur in numerous

natural products and bioactive compounds. Among these

different strategies, those involving a palladium-catalyzed

coupling reaction have received much attention [25] and one of

the most commonly used procedures involves a one-pot two-

step reaction with, first, a Sonogashira coupling of o-halo-

anilines with terminal alkynes, followed by a cyclization reac-

tion of the resulting 2-alkynyaniline derivatives [26,27]. A

strategy for the preparation of indoles through a three-compo-

nent reaction consisted of generating the terminal alkyne

precursor 49 in situ through a Pd/Cu mediated coupling reac-
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Scheme 22: Synthesis of indoles through a sequential C–C coupling/desilylation–coupling/cyclization reaction.

Scheme 23: Synthesis of indoles by a site selective Pd/C catalyzed cross-coupling approach.

tion between (trimethylsilyl)acetylene (TMSA) with an aryl

iodide, followed by a desilylation reaction. The subsequent add-

ition of the third partner, an o-iodoanilide derivative, allowed a

Pd/Cu tandem C–C/C–N-bond-forming reaction. The main

advantage of this multicomponent reaction is to suppress the

isolation of the pure form of the arylalkyne derivatives, which

often represents a problem due to their ability to dimerize. This

one-pot four-step reaction proceeded well with a series of elec-

tron-rich and electron-poor aryl iodide derivatives, and the best

results were obtained when Pd/C–PPh3 was used as the catalyst

system (Scheme 22).

Another attractive palladium-mediated multicomponent ap-

proach towards the synthesis of indole derivatives involving the

cyclization of a 2-alkynylaniline intermediate is based on a

sequential, site-selective Pd-catalyzed cross-coupling approach

starting from 1-chloro-2-iodobenzenes, phenylacetylene and a

variety of primary amines [28,29]. The sequential three-compo-

nent reaction was performed with the aid of an N-heterocyclic

carbene-palladium complex generated in situ, derived from

imidazolium salt 50 and Pd(OAc)2, and with CuI as the catalyst

system. A first Sonogashira coupling reaction occurred, in the

presence of Cs2CO3 as base, leading to ortho-alkynylchloro-

arene intermediates 51. A subsequent amination was possible

due to the high catalytic activity of this palladiumcarbene com-

plex in the coupling of aryl chlorides. This was followed by an

intramolecular alkyne–hydroamination (addition of an N–H

bond across a carbon–carbon multiple bond) leading to the

corresponding indole derivatives 52 .  The amination/

alkyne–hydroamination sequence requires the addition of

1.5 equiv of t-BuOK to reach completion. A variety of amines

were involved in this one-pot sequential three-component reac-

tion allowing the introduction of different protecting groups of

the indole moiety. This site-selective, Pd/Cu-catalyzed cross-

coupling approach was also performed on 1-chloro-2-iodo-4-

(trifluoromethyl)benzene as o-dihaloarene partner and the

corresponding polysubstituted indoles were isolated in good

yields as single regioisomers (Scheme 23).
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Scheme 24: Synthesis of isoindolin-1-one derivatives through a sequential Sonogashira coupling/carbonylation/hydroamination reaction.

Scheme 25: Synthesis of pyrroles through an allylic amination/Sonogashira coupling/hydroamination reaction.

Based on this concept, Alper and coworkers reported the syn-

thesis of isoindolin-1-one derivatives 53 through a four-compo-

nent reaction starting from ortho-dihaloarenes and conducted in

phosphonium salt-based ionic l iquids (PSILs) with

PdCl2(PPh3)2/CuI/DBU as the catalyst system [30]. In this case,

the palladium-mediated Sonogashira coupling reaction leading

to 1-halo-2-alkynylbenzene derivatives is followed by a

carboxyamidation in the presence of carbon monoxide and pri-

mary amines [31]. This is followed by an in situ intramolecular

hydroamination of the resulting amide on the triple bond,

leading to substituted 3-methyleneisoindolin-1-ones in high

selectivities in favor of the (Z)-isomers (Scheme 24).

A palladium-mediated three-component process for the prepar-

ation of substituted pyrroles involving a dihalogeno substrate

and a sequential Sonogashira coupling followed by an hydroam-

ination was developed by Duchêne and Parrain [32]. In this

one-pot sequence, the first reaction is an allylic amination

between the 3,4-diiodobut-2-enoic acid (54) and a primary

amine, which can be in competition with the intramolecular

lactonization reaction. The best yields of the expected pyrroles

were obtained when the three-component reaction was

conducted, with five equivalents of the amine partner, at room

temperature in DMF, with PdCl2(PPh3)2/CuI as the catalyst

system. The initial C–N allylic amination, followed by a Sono-

gashira cross-coupling and an intramolecular hydroamination

furnished a dihydroexoalkylidene pyrrole 55, which rearranges

into pyrrole 56. This Pd/Cu-mediated three-component ap-

proach is influenced by the nature of the nitrogen nucleophile,

and the reaction failed with tosylamine and benzylcarbamate,

whereas aryl-, alkyl- and benzylamines were used successfully

in this reaction (Scheme 25).

A three-component reaction involving in the first step a Sono-

gashira coupling of o-haloanilines 57 with terminal alkynes and

leading to o-alkynylaniline intermediates 58 was developed by



Beilstein J. Org. Chem. 2011, 7, 1387–1406.

1400

Scheme 26: Synthesis of indoles through a Sonogashira coupling/cyclofunctionalization reaction.

Lu and co-workers [33]. This one-pot reaction is based on a

stepwise synthesis of indole derivatives reported by Cachi’s

group, and involves, in the last step, a palladium-mediated

cyclization of o-alkynylaniline derivatives in the presence of

aryl halides [34]. In this process, oxidative addition of the aryl

halide to the Pd(0) catalyst generates an organopalladium

reagent, which activates the alkyne moiety towards nucleo-

philic attack of the amino group. A reductive elimination gener-

ates the indole derivatives 59.

In this one-pot three-component reaction, the same palladium

complex catalyzes the Sonogashira coupling and the cyclofunc-

tionalization reaction. However, the presence of a strong elec-

tron-withdrawing substituent on the amino group is needed for

the intramolecular cyclization reaction. Therefore, a protocol for

a copper-free Sonogashira coupling was developed in order to

suppress the concurrent formation of 2-substituted indoles 60 by

direct cyclization of o-alkynylaniline intermediates under the

classical Sonogashira reaction conditions. Interestingly, aryl

bromides were used as a third partner and may be added at the

beginning of this one-pot reaction since no competition between

the Sonogashira coupling with these substrates and iodoanilides

is observed. A variety of 2,3-disubstituted indoles 59 were

obtained under mild conditions in good yields (Scheme 26).

A similar three-component reaction was further developed

under microwave irradiation by Larock and coworkers [35]. In

this case, N,N-dimethyl-2-iodoanilines, terminal alkynes and

various aryl iodides were involved in the reaction due to the

high nucleophilicity of the N,N-dialkylamino moiety. Here, the

reaction needs to be performed in two steps, the aryl iodide in

acetonitrile being added after the completion of the first Sono-

gashira coupling reaction. Regarding the mechanism of the

reaction, the intramolecular attack of the amino nucleophile

affords here indolium species 61. Removal of a methyl group

by the iodide anion generated in situ, followed by reductive

elimination allows the preparation of various 2,3-disubstituted

indole derivatives 62 (Scheme 27).

Amines as coupling partners through
Buchwald–Hartwig amination
Other strategies used for the palladium-mediated three-compo-

nent preparation of substituted indole derivatives involve an

efficient Buchwald–Hartwig amination as the key step. Xi and

co-workers developed an elegant one-pot synthesis

o f  2 - a lkyny l indo le s  64  i nvo lv ing  o -b romo- (2 ,2 -

dibromovinyl)benzenes 63, arylamines and terminal alkynes as

starting partners [36]. It should be noted that the three compo-

nents are present at the same time in the reaction system and the

best results for this Pd-catalyzed tandem Sonogashira/double

C–N coupling reaction were obtained when Pd(OAc)2 was used

as the catalyst along with a bulky bidentate phosphine ligand

such as Xantphos in the presence of Cs2CO3 as base. Most

likely, the reaction proceeds through a Pd-catalyzed Sono-

gashira coupling leading to a mono-alkynylated product, fol-

lowed by an intermolecular Buchwald–Hartwig amination and a

subsequent intramolecular amination. This Pd-catalyzed tandem

coupling reaction allows the preparation of a variety of

2-alkynylindoles 64 (Scheme 28).

An elegant three-component process based on a Pd-catalyzed

cascade sequence, involving an alkenyl amination, a C-aryl-

ation and a subsequent intramolecular N-arylation, was devel-

oped by Barluenga and coworkers for the preparation of indole
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Scheme 27: Synthesis of indoles through a one-pot two-step Sonogashira coupling/cyclofunctionalization reaction.

Scheme 28: Synthesis of α-alkynylindoles through a Pd-catalyzed Sonogashira/double C–N coupling reaction.

derivatives 68 [37]. Here, equimolecular amounts of haloalkene

65, o-dihaloarene 66, and amines are mixed at the start of the

reaction. The higher reactivity of the haloalkene toward oxida-

tive addition with palladium, when compared to the haloarene,

allowed the unique formation of the imine intermediate 67. This

was followed by the formation of the corresponding aza-allylic

anion by deprotonation in basic media. A subsequent Pd-medi-

ated intermolecular alkylation with the dihalogeno substrate fol-

lowed by an intramolecular N-arylation furnished 2-substituted

indoles 68. In this cascade reaction, the palladium catalyst inter-

venes in three different coupling reactions: Intermolecular

N-alkenylation, C-arylation and intramolecular N-arylation

(Scheme 29).

The palladium-mediated amination reaction coupled with a

nitrogen–carbon bond-forming reaction was also used for the

stereoselective synthesis of N-aryl-2-benzylpyrrolidines 71

starting from linear 4-pentenylamine and its derivatives [38]. In

this tandem reaction, two different aryl bromides are sequen-

tially added to the primary aliphatic amine in the presence of a

palladium(0) catalyst. The first selective, Pd-catalyzed mono-N-

arylation leading to the corresponding γ-(N-arylamino)alkenes

69 is followed by a carboamination reaction, developed by the

same group, after addition of the second aryl bromide [39]. A

plausible mechanism for this cyclization/coupling reaction

involves formation of intermediate 70 by reaction of the

organopalladium complex with the newly formed γ-(N-

arylamino)alkene 69. A syn-insertion of the alkene into the

Pd–N bond in 70 followed by reductive elimination furnishes

N-aryl-2-benzylpyrrolidine derivatives 71. In this process, both

reactions are catalyzed by zerovalent palladium and the choice

of the phosphine ligand for the N-arylation of amines and the
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Scheme 29: Synthesis of indoles through a Pd-catalyzed sequential alkenyl amination/C-arylation/N-arylation.

Scheme 30: Synthesis of N-aryl-2-benzylpyrrolidines through a sequential N-arylation/carboamination reaction.

carboamination reactions is of great significance and an in situ

modification of the catalyst by phosphine ligand exchange was

necessary to achieve the selective diarylation in good yields

(Scheme 30).

A three-component reaction involving a palladium-catalyzed

double N-arylation in combination with a S-arylation in a single

operation was developed for the preparation of phenothiazine

derivatives 72 starting from primary amines, 2-bromothio-

phenol and substituted 1-bromo-2-iodobenzenes [40]. Ferrocene

ligands, such as dppf, and Pd2dba3 as the palladium source were

found to be the most suitable and efficient catalyst systems for

the preparation of a series of phenotiazine derivatives. This one-

pot procedure worked with a wide variety of primary amines

including allyl-, benzyl-, alkyl- and arylamines, and antipsy-

chotic promazine as well as some analogues 74 were synthe-

sized when 3-(dimethylamino)-1-propylamine (73) was used as

the amine component (Scheme 31).

Amines as coupling partners through
a Pd-mediated allylic amination
The allene carbopalladation process with organic halides is

known to generate a π-allylpalladium intermediate, which can

be trapped by intermolecular carbo- or heteronucleophiles to

produce the corresponding three-component adduct. This

strategy was used by Ma and coworkers for the selective prepar-

ation of five-membered nitrogen heterocycles starting from

allene-bearing nucleophilic centers [41]. In this context, the

same authors developed a new synthesis of substituted imidazo-

lidinones 75 through a palladium-catalyzed, three-component

reaction of 2,3-allenylamines, organic halides and isocyanates

[42]. In this process, there is first a carbopalladation of the func-

tionalized allene with the aryl iodide, followed by reaction of

the internal aza-nucleophile with the highly electrophilic

isocyanate derivative, before premature trapping of the initially

formed π-allylpalladium intermediate that would lead to 2,5-

dihydropyrrole or vinylic azacyclopropane derivatives. This is

followed by a five-membered ring cyclization leading to poly-

substituted imidazolidinones 75 in rather good yields and excel-

lent selectivity (Scheme 32).

A conceptually related strategy was developed by Yoshida,

Itami and Tonogaki [43]. In this case, the palladium-catalyzed

allenation with an aryl iodide is performed on the allenyl-

boronate pinacol ester 76 in the presence of benzylamine to

afford the functionalized alkenylboronate 77 in quantitative
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Scheme 31: Synthesis of phenothiazine derivatives through a one-pot palladium-catalyzed double C–N arylation in combination with a S-arylation.

Scheme 32: Synthesis of substituted imidazolidinones through a palladium-catalyzed three-component reaction of 2,3-allenyl amines, organic halides
and isocyanates.

yields and with complete regio- and stereoselectivity. A four-

component reaction was further developed through an in situ

post C–B arylation by adding a second aryl iodide, with

Cs2CO3 and water, to the newly formed alkenylboronate 78.

The subsequent Suzuki–Miyaura coupling led to the formation

of 2,3-diarylated amines 79 and the best results were obtained

with secondary amines, the remaining N–H functionality inter-

fering with the C–B arylation step with primary amines as

coupling partners (Scheme 33).

This palladium-catalyzed three-component coupling was

applied to the synthesis of rolipram, which is a phosphodi-

esterase-4 inhibitor. In this process, the Pd-mediated three-

component reaction that gives access to the alkenylboronate 80

was followed by a palladium-mediated carbonylative cycliza-

tion reaction. Hydrogenation of the resulting unsaturated lactam

81 and removal of the N-benzyl group afforded rolipram

(Scheme 34).

Alper and coworkers developed several multicomponent

approaches for the synthesis of nitrogen-containing hetero-

cycles based on a palladium-mediated carbonylation reaction

[44]. An interesting, related strategy for the preparation of

unsaturated seven-membered ring lactams 84, starting from a

Baylis–Hillman adduct bearing an aryl bromide moiety 82, with

primary amines and carbon monoxide, was developed by the

same group [45]. The sequence involves first a selective palla-

dium(0)-catalyzed amination on the Baylis–Hillman acetates

with primary amines leading to allylic amines 83. This is fol-

lowed by oxidative addition of the palladium species to the aryl
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Scheme 33: Synthesis of 2,3-diarylated amines through a palladium-catalyzed four-component reaction involving an allenylboronate pinacol ester.

Scheme 34: Synthesis of rolipram involving a Pd-catalyzed three-component reaction.

Scheme 35: Synthesis of seven-membered ring lactams through a Pd-catalyzed amination/intramolecular cyclocarbonylation.

bromide, which undergoes CO insertion to form the corres-

ponding acylpalladium, which in turn is intercepted by the ally-

lamine to give, after reductive elimination, the seven-membered

ring lactams 84 in good to excellent yields. A wide range of

amine components are compatible with this one-pot procedure

(Scheme 35).
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Conclusion
In summary, this review highlights the usefulness of amines as

key building blocks in the development of Pd-mediated multi-

component approaches to polyfunctionalized nitrogen acyclic or

cyclic compounds. Amines may be involved in several bond-

forming transformations, including aza-Michael additions,

hydroaminations of alkynes, Buchwald–Hartwig aminations,

and allylic aminations, thereby allowing the creation of several

covalent bonds in a single operation. Imine derivatives are also

of high synthetic value as they may act either as electrophilic or

nucleophilic partners. It is expected that further useful, new

multicomponent processes in which amines play a central role

will be developed in the near future.
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Abstract
Based upon a consecutive one-pot Sonogashira–Glaser coupling–cyclization sequence a variety of 2,5-di(hetero)arylthiophenes

were synthesized in moderate to good yields. A single Pd/Cu-catalyst system, without further catalyst addition, and easily available,

stable starting materials were used, resulting in a concise and highly efficient route for the synthesis of the title compounds. This

novel pseudo five-component synthesis starting from iodo(hetero)arenes is particularly suitable as a direct access to well-defined

thiophene oligomers, which are of peculiar interest in materials science.

1499

Introduction
Over the past decades 2,5-di(hetero)aryl substituted thiophenes

[1,2] have constantly attracted a lot of interest, especially as

charge-transport materials in electronic [3] and optoelectronic

[4-6] devices, but also in drug design as antitumor [7] or anti-

inflammatory agents [8] or in plaque imaging [9]. Most

commonly the methodological access to these targets has been

based upon Pd- or Ni-catalyzed coupling of dihalo thiophenes

with organometallic (hetero)aryl derivatives by virtue of Suzuki

[10] or Stille [11] coupling. Even though this strategy for

the synthesis of symmetrical 2,5-diarylated thiophenes has

proven to be efficient and general, all of these synthetic routes

share the drawback of ultimately requiring two different halo-

genated (hetero)arenes and the separate conversion into an

organometallic derivative in an additional step. From a prac-

tical point of view halogen–metal exchange, transmetalation

and isolation occasionally turns out to be tedious and in many

cases the use of polar functionality in the substrate is consider-

ably restricted.

In recent years interesting examples of palladium-catalyzed

direct C–H activation and arylation of (hetero)aromatics have

been reported [12,13]. Although these procedures only employ

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Dominik.Urselmann@uni-duesseldorf.de
mailto:Dragutin.Antovic@uni-duesseldorf.de
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Scheme 1: Concept of a Sonogashira–Glaser coupling sequence.

Scheme 2: Concept of a Sonogashira–Glaser cyclization synthesis of 2,5-di(hetero)arylthiophenes.

Table 1: Evaluation of different solvents.a

entry solvent cavity temperature [°C] (hold
time in the cyclization step)

conversionb (yield of 2a [%]c)

1 THF 120 (2 h) complete (61)
2 1,4-dioxane 120 (2 h) complete (59)
3 DMSO 120 (2 h) complete (11)
4 DMF 120 (2 h) complete (64)
5 DMF 90 (4 h) complete (n. i.)d

6e DMF 90 (8 h) complete (n. i.)d

aReaction conditions: Iodobenzene (2 mmol) in degassed solvent (10 mL) was reacted for 1.5 h at rt with TMSA (3 mmol) in the presence of
PdCl2(PPh3)2 (0.04 mmol), CuI (0.08 mmol), and NEt3 (2 mmol). Then KF (3 mmol) and methanol (5 mL) were added and the reaction mixture was
stirred in the open reaction vessel at rt for 16 h. After the addition of Na2S·9H2O (3 mmol) and KOH (3 mmol) the sealed reaction vessel was heated
in a microwave oven. bConversion in the final step (monitored by TLC). cGiven yields refer to isolated and purified products. dn. i.: Not isolated. eThe
final step was performed in an oil bath at 90 °C for 8 h to achieve complete conversion.

a single halogenated substrate and avoid the stoichiometric for-

mation of organometallic intermediates the substrate scope is

limited to activated heteroaromatic C–H bonds. In addition,

sophisticated catalyst systems must be applied, and the effi-

ciency is also variable.

Just recently we reported a very straightforward one-pot syn-

thesis of symmetric 1,4-di(hetero)arylated 1,3-butadiynes

starting from (hetero)aryl iodides by virtue of a sequentially Pd/

Cu-catalyzed [14] Sonogashira–Glaser process (Scheme 1) [15].

According to this general one-pot access to 1,4-di(hetero)aryl-

1,3-butadiynes we reasoned that it should be possible to address

the butadiyne functionality towards heterocyclization, again in a

one-pot fashion. Here, we communicate the first pseudo five-

component synthesis of 2,5-di(hetero)arylthiophenes by virtue

of a one-pot Sonogashira–Glaser cyclization sequence.

Results and Discussion
The conversion of 1,4-diaryl-1,3-butadiynes into 2,5-diarylthio-

phenes by base-mediated cyclization with sodium sulfide or

sodium hydrogen sulfide is a literature-known procedure [16-

23]. Therefore, we reasoned that the concatenation of our

sequentially Pd/Cu-catalyzed Sonogashira–Glaser reaction [15]

with the sulfide-mediated cyclization should lead to a straight-

forward one-pot pseudo five-component synthesis of 2,5-

di(hetero)arylthiophenes (Scheme 2).

We first set out to identify an optimal cosolvent for all four

steps taking advantage of the high yield Sonogashira–Glaser

coupling synthesis [15] of 1,4-diphenylbutadiyne starting

from iodobenzene (1a) (Table 1). In addition, the final

cyclization step to give 2,5-diphenylthiophene (2a) was

performed under microwave heating at 120 °C for a hold time

of 2 h.



Beilstein J. Org. Chem. 2011, 7, 1499–1503.

1501

Scheme 3: Pseudo five-component Sonogashira–Glaser cyclization synthesis of symmetrical 2,5-di(hetero)arylthiophenes 2.

The solvent screening revealed that THF (tetrahydrofuran)

(Table 1, entry 1), 1,4-dioxane (Table 1, entry 2), and DMF

(N,N-dimethylformamide) (Table 1, entry 4) are equally suit-

able solvents giving rise to essentially comparable yields.

DMSO (dimethylsulfoxide) (Table 1, entry 3), however, turned

out to give inferior yields, resulting in an increased formation of

byproducts already during the desilylation and the oxidative

coupling step (as monitored by TLC). A lower reaction

temperature resulted in a prolonged reaction time under

microwave conditions to achieve complete conversion (Table 1,

entry 5), whereas conductive heating at the same temperature

even doubled this reaction time (Table 1, entry 6). As a conse-

quence, DMF as a solvent and dielectric heating at 120 °C for

2 h in the final step were identified as the optimal settings for

the sequence.

With these optimized conditions in hand, the substrate scope

of this novel pseudo five-component synthesis of 2,5-

di(hetero)arylthiophenes was studied (Scheme 3). Starting from

(hetero)aryl iodide 1 all reactions were carried out on a 2 mmol

scale to give symmetrical 2,5-di(hetero)arylthiophenes 2 as

stable, crystalline solids (with the exception of 2b) in moderate

to good yield (Figure 1). The structural assignments of all thio-

phenes 2 were unambiguously supported by 1H and 13C NMR

spectroscopy, mass spectrometry, and combustion analysis. Due

to poor solubility no NMR spectra of compounds 2m, 2n and 2o

could be recorded, yet, the assignment of the molecular struc-

ture is supported by mass spectrometry and combustion

analysis.

The scope of this new one-pot pseudo five-component Sono-

gashira–Glaser cyclization synthesis of symmetrical 2,5-

di(hetero)arylthiophenes 2 is fairly broad with respect to the

applied (hetero)aryl iodides 1. The product analysis of the target

structures 2 reveals that aryl substituents can be electroneutral

(2a and 2l–2n), electron-rich (2b, 2c, 2f, 2k, 2o, 2p) as well as

electron-poor (2d, 2e and 2h–2j). Substituents in ortho- (2b),

meta- (2c–2g,) and para-positions (2h, 2i) are tolerated. Even

bulky bi- or tricyclic substrates are transformed without any

complications (2l–2p). Polar substituents such as hydroxy

groups (2f) are tolerated as well. Furthermore, several different

5- and 6-membered S- and N-heteroaryl iodides give rise to the

formation of the corresponding 2,5-di(heteroaryl)thiophenes

(2j–2k and 2o) in good yields.

Deviating from the general procedure, in the case of m-bromo-

iodobenzene (1d) only 1 equiv of TMSA was added in order to

minimize a second alkynylation at the bromine position in the

initial Sonogashira coupling step, which resulted in a moderate

yield of the dibromo derivative (2d). Upon reaction of the

m-iodo-nitrobenzene (1g) a concomitant reduction of the nitro

groups to the amines was observed, giving rise to the dianilino

thiophene 2g.

Most interestingly, even the linear five-ring-containing deriva-

tives “PPTPP” (2n) and “T5” (2o), which are important charge-

transport molecules in materials science [3], were easily

accessed in a one-pot procedure. Starting from the stable and

readily available aryliodides 1n and 1o, the presented new

methodology allowed the synthesis of both molecules in a

quick, simple and economic one-pot reaction. Moreover, the

usual preparation and isolation of boronic acids or even more

sensitive zinc organometallics was circumvented. In addition

the use of the rather expensive diiodothiophene as a coupling

partner was avoided [24-26]. “PPTPP” (2n) and “T5” (2o) were

readily purified by Soxhlet extraction.

Upon reaction of N-Boc-3-iodoindole (1p) a complete cleavage

of the protection group and the formation of several byproducts

were observed leading to a significantly lower isolated yield of

the corresponding thiophene 2p.

Conclusion
In summary we have developed an economical and efficient

one-pot sequence for transforming (hetero)aryl iodides into

symmetrical 2,5-di(hetero)arylthiophenes based upon an initial

sequentially Pd/Cu-catalyzed Sonogashira–Glaser process fol-

lowed by a subsequent sulfide-mediated cyclization. A broad

range of functional groups is tolerated and the iodo substrates

are either commercially available or easily accessible. This
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Figure 1: Symmetrical 2,5-di(hetero)arylthiophenes 2 synthesized via the one-pot pseudo five-component Sonogashira–Glaser cyclization sequence
(yields refer to 0.5 equiv of (hetero)aryl iodide). aOnly one equiv of TMSA was applied in the Sonogashira step. bAccording to elemental analysis com-
pound 2f was obtained with 25% hydrate. cm-Iodo nitrobenzene (1g) was applied as a starting material. dAccording to elemental analysis, compound
2j was obtained as a bishydrochloride. eN-Boc 3-iodo indole (1p) was applied as a starting material.

strikingly simple methodology is highly practical and leads to a

straightforward protocol for the preparation of the title com-

pounds. Studies addressing more-sophisticated 2,5-disubsti-

tuted thiophenes for surface modification and also mesoporous

hybrid materials are currently underway.

Experimental
2c: An 80 mL microwave reaction vessel, equipped with a

rubber septum, was charged with 1-iodo-3-methoxybenzene

(1c) (468 mg, 2.00 mmol), PdCl2(PPh3)2 (28 mg, 0.04 mmol,

2 mol %), CuI (16 mg, 0.08 mmol, 4 mol %), and degassed

DMF (10.0 mL). The reaction mixture was flushed for 10 min

with nitrogen by using a cannula. After addition of trimethyl-

silylacetylene (0.43 mL, 3.00 mmol) and dry triethylamine

(0.55 mL, 4.00 mmol) the solution was stirred at rt for 1.5 h.

Then KF (174 mg, 3.00 mmol), and methanol (5.00 mL) were

subsequently added and the reaction mixture was stirred under

aerobic atmosphere in the opened reaction vessel overnight at rt.

After the addition of sodium sulfide nonahydrate (960 mg,

4 mmol), potassium hydroxide (224 mg, 4 mmol), and methanol

(5 mL) the vessel was heated to 120 °C under microwave irradi-

ation for 2 h. After cooling to rt the mixture was adsorbed on

neutral aluminium oxide and filtered through a short plug of

neutral aluminium oxide with THF as an eluent. The solvents

were removed in vacuo and the residue was adsorbed on

Celite® and purified by column chromatography on silica gel

(hexane) to give 215 mg (0.72 mmol, 72 %) of 2c as a light-

yellow solid. Rf 0.35 (n-hexane/ethyl acetate 10:1); mp 73 °C;
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1H NMR (CDCl3, 500 MHz) δ 3.87 (s, 6H), 6.83–6.87 (m, 2H),

7.16–7.18 (m, 2H), 7.22–7.25 (m, 2H), 7.29 (s, 2H), 7.31 (t, 3J

= 7.9 Hz, 2H); 13C NMR (CDCl3, 125 MHz) δ 55.5 (CH3),

111.4 (CH), 113.2 (CH), 118.4 (CH), 124.3 (CH), 130.1 (CH),

135.7 (Cquat), 143.6 (Cquat), 160.1 (Cquat); EIMS m/z (%): 297

(22), 296 ([M]+, 100), 253 (27), 210 (16), 148 (15); UV–vis

(CH2Cl2), λmax [nm] (ε): 331 (36700); IR (KBr),  (cm−1):

3008 (w), 2960 (w), 2924 (w), 2852 (w), 2833 (w), 1776 (w),

1593 (m), 1581 (m), 1473 (m), 1458 (m), 1436 (m), 1423 (m),

1334 (w), 1319 (m), 1286 (m), 1255 (m), 1197 (m), 1176 (m),

1159 (m), 1120 (m), 1033 (s), 975 (m), 839 (m), 804 (s), 786

(s), 775 (s), 723 (m), 678 (s), 624 (m); Anal. calcd for

C18H16O2S (296.4): C, 72.94; H, 5.44; found: C, 73.10; H 5.73.
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Abstract
An improved total synthesis of (−)-julocrotine in three steps from Cbz-glutamine, in 51% overall yield, is presented. To

demonstrate the potential of the heterocyclic moiety for diversity oriented synthesis, a series of (−)-julocrotine analogues was

synthesized by employing the heterocyclic precursor as an amino input in Ugi four-component reactions (Ugi-4CR) [1].

1504

Introduction
Julocrotine (1) is a natural glutarimide alkaloid isolated from

several plants of the genus Croton [2-4], including Croton

cuneatus Klotzsch, which is used by Amazonia natives in anti-

inflammatory and analgesic medicines. The structure of this

glutarimide-containing alkaloid was first proposed in 1960,

based upon a series of degradative experiments, but only

confirmed in 2008 by X-ray analysis [5-7]. Most interestingly,

it was found to inhibit the growth of promastigote and

amastigote forms of the protozoan Leishmania amazonensis (L.)

with no cytotoxicity against the host cell [8]. This parasite

causes cutaneous leishmaniasis, a neglected disease that affects

more than 12 million people in tropical countries [9].

In addition, the glutarimide motif can be considered as a

privileged structure. Compounds with this pharmacophore

often exhibit a wide range of biological properties including

anti-inflammatory [10], antitumor [11,12], and anticonvulsive

properties [13].

Because of the low yields of julocrotine obtained through

isolation from natural sources and the necessity to gain access

to larger quantities of this substance for further biological

screening, Silva and Joussef developed a straightforward total

synthesis in six steps [14]. Starting from L-glutamic acid, their

chiral-pool approach yielded the desired optically active natural

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:wessjohann@ipb-halle.de
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product in 41% overall yield. After analyzing the structure of

(−)-julocrotine, we set out to synthesize it in only three steps

from commercially available L-Cbz-glutamine, in a sequence of

cyclization (a), N-alkylation (b), and the removal of the

protecting group followed by acylation with (S)-2-methylbu-

tanoic acid (c) [15] (Figure 1).

Figure 1: Retrosynthetic scheme for (−)-julocrotine (1).

Based on this flexible route, we also envisioned the synthesis of

derivatives utilizing post-cyclization transformations by multi-

component reactions. This diversity-driven approach benefits

from the fact that the heterocyclic moiety may be considered a

privileged structural element for bioactivity.

Results and Discussion
The synthetic approach, illustrated in Scheme 1, starts from

Cbz-glutamine 2, which reacted in the presence of dicyclo-

hexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS) in

DMF to afford Cbz-glutarimide 3 in 76% yield in optically pure

form [16]. To alkylate the imide-moiety, glutarimide 3 was

reacted with phenylethyl bromide in the presence of potassium

carbonate at room temperature. The desired compound 4 was

obtained in 98% isolated yield, but analysis revealed racemiza-

tion. Indeed, the equilibration at the chiral center of 4 can be

observed even in the presence of weak bases such as potassium

carbonate [17]. Thus, we decided to use a base-free N-alkyl-

ation protocol, namely the Mitsunobu reaction of 3 and the

readily available 2-phenylethanol [18]. This protocol gave the

desired optically active product in 90% yield ([α]20
D −29.2).

The key intermediate 4 was hydrogenated on Pd/C at room

temperature to afford 5, which was coupled with (S)-2-

methylbutanoic acid in the presence of EDCl and HOBt to

afford (−)-julocrotine (1) in 73% yield, over two steps. The

HRMS, 1H and 13C NMR spectra, optical rotation, and melting

point of 1 were consistent with the reported data [2,14,15].

For the diversity oriented synthesis the advanced intermediate 5

was used as the amino component in an Ugi-4CR with (S)-2-

methylbutanoic acid, hydrophobic amino acids, formaldehyde

Scheme 1: Reactions and conditions: (a) DCC, NHS, DMF 80 °C,
18 h, 76%. (b) Ph(CH2)2Br, K2CO3, acetone, r.t., 20 h, (±)-4, 98%. (b')
Ph(CH2)2OH, DIAD, PPh3, THF, r.t., 20 h, (−)-4, 90%. (c) H2, 10% w/w
Pd/C, MeOH, r.t., 4 h, quant. (d) (S)-2-methylbutanoic acid, EDCl,
HOBt, CH2Cl2, r.t., 16 h, 73%.

Scheme 2: Reactions and conditions: (a) (CH2O)n, MeOH, r.t., 2 h
then, RCOOH and t-BuNC, r.t., 18 h.

and tert-butyl isocyanide (Scheme 2). These analogues possess

a protease-resistant peptoid scaffold and this might lead to an

enhanced activity [19,20]. In this endeavor, all Ugi reactions

were initiated by pre-imine formation of 5 and reaction with

formaldehyde as the oxo-component, after which the multicom-
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Scheme 3: Reactions and conditions: (a) (CH2O)n, MeOH, r.t., 2 h then, (S)-2-methylbutanoic acid and 7, r.t. 18 h, 61%. (b) H2, 10% w/w Pd/C,
MeOH, r.t., 10 h. (c) 1-pyrenemethylamine hydrochloride, Et3N, EDCl, DMAP, CH2Cl2, r.t., 24 h, 80% over two steps.

ponent reaction was completed by the addition of (S)-2-

methylbutanoic acid, Boc-Gly, Boc-Ala, Boc-Val, Boc-Leu,

Boc-Phe and Boc-Ile and tert-butyl isocyanide. Following this

procedure, the desired optically active compounds 6a–g were

obtained in 55–63% yields. Their structures were confirmed by
1H, 13C NMR and HRMS spectra.

Finally, the Ugi-4CR was utilized for the synthesis of a molec-

ular probe prototype of 1, which can be used for intercalation

studies (Scheme 3). For this propose, the natural product scaf-

fold should be attached through a spacer to a reporter tag, which

is normally a luminescent group or a dye. The advanced inter-

mediate 5 was converted to the respective imine as depicted in

Scheme 2 and then reacted with (S)-2-methylbutanoic acid and

isonitrile 7 to afford the intermediate 8 in 61% yield. This com-

pound was then hydrogenated to afford 9 and then directly

coupled with 1-pyrenemethylamine, by using EDCl as coupling

reagent, to yield the designed probe prototype 10 in 80% yield

(from 8).

Pyrene derivative 10 exhibited strong blue luminescence in both

solution and solid phase. This probe may be used for tracking

the (−)-julocrotine in biological systems, in particular in

promastigote and amastigote forms of protozoan Leishmania

amazonensis (L.). It could be helpful to elucidate the to-date

unknown mode of action of this natural product in the parasite.

Conclusion
In summary, a highly efficient method to synthesize (−)-

julocrotine (1) in three steps from Cbz-glutamine 2 was devel-

oped. The approach affords the natural product in 51% overall

yield. The versatility of the developed protocol was

demonstrated in the synthesis of seven julocrotine analogues

and a molecular probe utilizing Ugi-4CRs. The desired com-

pounds 6a–g and 10 were obtained in good yields.

Supporting Information
Supporting Information File 1
Experimental procedures and analytical data.

[http://www.beilstein-journals.org/bjoc/content/

supplementary/1860-5397-7-175-S1.pdf]
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Abstract
The multicomponent reaction of 5-aminopyrazole derivatives with cyclic 1,3-dicarbonyl compounds and dimethylformamide

dimethylacetal (DMFDMA) in DMF at 150 °C under controlled microwave heating afforded regioselectively 8,9-

dihydropyrazolo[1,5-a]quinazolin-6(7H)-ones 6 rather than the corresponding dihydropyrazolo[5,1-b]quinazolin-8(5H)-ones 4.

18

Introduction
Several naturally occurring and synthetic compounds containing

quinazoline derivatives are of considerable interest in fields

related to the organic and medicinal chemistry of natural prod-

ucts [1,2]. The quinazoline ring system represents the core

skeleton of an important class of heterocyclic compounds

possessing a wide range of biological activities [3,4]. Multicom-

ponent reactions (MCR) occupy an interesting position in

organic synthesis because of their atom economy, simple pro-

cedures and convergent character [5-7]. An unresolved issue in

multicomponent reactions is whether their selectivity is chemo-

http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Kusadek@yahoo.com
mailto:mostafa_msm@hotmail.com
http://dx.doi.org/10.3762%2Fbjoc.8.3
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Table 1: Microwave-assisted synthesis of 4 and 6.

entry compound 5-aminopyrazole, 1; cyclic 1,3-diketone, 2; product yield (%)

1 1a R = CH3,
R1 = H

2a; R2 = CH3 6a 88

2 1a R = CH3,
R1 = H

2b; R2 = H 6b 85

3 1b R = NH2,
R1 = CO2Et

2b; R2 = H 6c 89

4 1c R = CH3,
R1 = C6H5

2a; R2 = CH3 6d 83

5 1d R = C6H5,
R1 = H

2b; R2 = H 6e 82

6 1e R = C6H5,
R1 = H

2a; R2 = CH3 6f 83

7 1f R = OH,
R1 = C6H5N=N–

2a; R2 = CH3 6g 84

or regioselectivity, or both, due to the several possible parallel

reaction pathways, which result in the formation of different

products [8-10]. Many factors modulate the selectivity of syn-

thetic transformations, such as temperature, pressure, solvent,

catalyst and type of reaction control, i.e., either kinetic or ther-

modynamic [11-13]. It has been reported that the use of

microwave or ultrasound irradiation provides an additional

parameter for synthetic selectivity [14-17].

Results and Discussion
The multicomponent reaction of 5-aminopyrazoles, dimedone

and aromatic aldehydes was reported to afford several different

tricyclic products. Thus, in an early report [18], the reaction of

the three components in ethanol under conventional heating

afforded mainly the corresponding pyrazolo[3,4-b]quinolin-5-

ones. This finding was later supported by other authors [19].

Recently, the results of an interesting study dealing with such

reactions were described by Chebanov et al. [20] Specifically,

these researchers performed the reaction at 150 °C in the pres-

ence of triethylamine by employing a sealed vessel under

microwave or conventional heating, and which thus afforded

pyrazoloquinolinones (Hantzsch-type dihydropyridines). On the

other hand, the use of sonication at room temperature under

neutral conditions favours the formation of isomeric

pyrazolo[5,1-b]quinazolin-8(4H)-ones (Biginelli-type dihydro-

pyrimidines) [9]. Employing more nucleophilic bases to

catalyse the reaction afforded the corresponding pyrazolo[4,3-

c]quinazolin-9-ones [20]. It was concluded that, under ambient

and neutral conditions, the reaction proceeds under kinetic

control, and the Biginelli-type dihydropyrimidines are the

predominant isomers. Increasing the reaction temperature in the

presence of triethylamine as base produces the more thermody-

namically stable dihydropyridine (Hantzsch-type product). In

addition, the nature of the catalyst plays an important role [20].

A one-pot three component reaction of 5-amino-1H-pyrazole-4-

carbonitrile, dimedone and triethylorthoesters in toluene under

reflux was recently reported to afford the corresponding pyra-

zolo[1,5-a]-quinazolin-6-one derivatives [21]. Although it is

well established that 5-amino-pyrazoles have nonequivalent

nucleophilic reaction centres in the aminopyrazole scaffold (N1,

C4, NH2), which can lead to the formation of several different

tricyclic reaction products, no general basis on which to deter-

mine the preferred tautomeric form of the final product has been

established.

In continuation of our studies in which we performed multicom-

ponent reactions using controlled microwave heating [22-24],

we report herein the results of our investigation concerning the

regioselectivity in multicomponent reactions of 5-aminopyra-

zoles, cyclic 1,3-diketones and dimethylformamide dimethylac-

etal (DMFDMA) under controlled microwave heating.

We began this study by treating 5-amino-3-methylpyrazole (1a)

and dimedone (2a) with DMFDMA (3) in DMF under

microwave heating at 150 °C for 15 min. After being cooled to

room temperature, the precipitated solid product was isolated in

88% yield (Table 1). The mass spectrum of the reaction pro-

duct showed a molecular ion peak m/z = 229.12 (100%). The 1H

NMR revealed a singlet signal at δ = 6.70 ppm integrated for

one proton, which was assigned to the pyrazoloquinazolone C3

proton, and which indicates the lack of involvement of such a

proton in the condensation leading to the tricyclic system.

Although, it was previously reported [20] that, due to reduced

steric hindrance, the multicomponent reaction of 5-amino-3-

methyl-pyrazole, aromatic aldehydes and dimedone under

controlled microwave irradiation at 150 °C involves the partici-

pation of C3-H of the pyrazole ring in such a cyclocondensa-

tion reaction, this is not favoured in our case. In addition two
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Scheme 1: Microwave-assisted synthesis of 4 and 6.

signals were assigned to two CH2 groups and three methyl func-

tions, and a singlet at δ = 8.75 ppm corresponding to one proton

at C5. The pyrazolo[1,5-a]-quinazolin-8(5H)-one 6a was estab-

lished as the reaction product, and 13C NMR was in agreement

with the proposed structure, rather than with isomeric 4a, which

was prepared by first reacting 1a with dimedone (2a) in DMF

under microwave heating at 150 °C for 10 min to afford 5.

Subsequently, treating compound 5 with DMFDMA (3), under

the same experimental conditions, gave compound 6a in excel-

lent yield (Scheme 1 and Table 1). Furthermore, the structures

of compounds 5 and 6a were unambiguously confirmed by

single-crystal X-ray diffraction [25,26] (Figure 1, Figure 2 and

Table 1, Table 2, Table 3).

With this result in hand, we went on to study the scope of such

multicomponent reactions with several substituted 5-aminopy-

razoles and cyclic 1,3-diketones. Thus, the reaction of 1b–f with

2a,b and 3, under the same experimental conditions, afforded

the corresponding pyrazolo[5,1-b]quinazolin-8(5H)-ones 6b–g,

respectively. The structures of 6b–g were deduced from their
1H NMR, 13C NMR, mass spectra and elemental analyses.

Figure 1: ORTEP diagram of compound 6a.

Figure 2: ORTEP diagram of compound 5.

Table 2: Selected bond lengths and bond angles for compound 6a.

bond lengths bond angles

atom
numbers

geometric
parameter
(Å)

atom
numbers

geometric
parameter (°)

N1–C8
N1–C7
N2–C10
N3–C8
N3–C1
N1–C6
N6–C7

1.372 (3)
1.309(3)
1.344 (3)
1.397 (3)
1.490 (3)
1.377 (3)
1.421 (3)

C7–N1–C8
N2–N3–C1
C1–N3–C8
N3–C1–C6
C8–C9–C10
C1–C6–C5
N1–C7–C6
N1–C8–C9
N3–N2–C10
N2–N3–C8
N1–C8–N3

116.15 (19)
125.03 (16)
122.51 (18)
116.10 (17)
106.29 (17)
119.42 (19)
124.5 (3)
133.29 (19)
103.65 (17)
112.41(16)
121.56 (18)

Compound 6g was also obtained by an alternative route: Com-

pound 8 was prepared by reacting enaminone 7 with

5-aminopyrazole derivative 1f in DMF under microwave

heating at 150 °C for 2 min (Table 1). When this compound was

refluxed in DMF under microwave heating for 13 min it under-
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Table 3: Selected bond lengths and bond angles for compound 6e.

bond lengths bond angles

atoms
numbers

geometric
parameter
(Å)

atom
numbers

geometric
parameter (°)

N3–C9
N3–C8
N1–C1
N2–C9
N2–C2
C2–C7
C7–C8

1.360 (3)
1.3147(3)
1.346 (3)
1.396 (3)
1.364 (3)
1.363 (3)
1.428 (3)

C8–N3–C9
N1–N2–C2
N2–C1–C3
N2–C2–C7
C1–C10–C9
C2–C7–C8
N3–C8–C7
N3–C9–C10
N2–N1–C1
N1–N2–C9
N2–C9–N3

116.10 (19)
124.94 (19)
124.71 (18)
116.23 (18)
120.9 (17)
124.7 (2)
105.78 (17)
133.37 (19)
103.94 (14)
112.01(15)
120.99 (18)

Figure 3: ORTEP diagram of compound 6e.

Figure 4: ORTEP diagram of compound 6g.

went cyclization to give 6g (Scheme 1). Moreover, the struc-

ture of compounds 6b–g was unequivocally established by

single-crystal X-ray diffraction of compounds 6e,g (Figure 3,

Figure 4 and Table 3, Table 4) [27,28].

Scheme 2: A proposed mechanism to account for the formation of
products 6. The factors that determine the nature of the end product
are, however, at present unclear.

Table 4: Selected bond lengths and bond angles for compound 6g.

bond lengths bond angles

atoms
numbers

geometric
parameter
(Å)

atom
numbers

geometric
parameter (°)

N3–C4
N3–C3
N1–C6
N2–C4
N2–C1
C1–C7
C1–C2

1.330 (2)
1.321(19)
1.343 (17)
1.393 (18)
1.343 (19)
1.491 (2)
1.394 (2)

C3–N3–C4
N1–N2–C1
C1–N2–C4
N2–C1–C2
C4–C5–C6
C1–C2–C10
N3–C3–C2
N3–C4–C5
N2–N1–C6
N1–N2–C4
N2–C4–N3

116.18 (10)
124.04 (12)
121.41 (12)
116.52 (13)
105.52 (13)
119.58 (13)
123.90 (14)
132.56 (14)
104.27 (11)
114.50(11)
123.02 (13)

A proposed mechanism to account for the formation of prod-

ucts 6 is illustrated in Scheme 2. The base-catalyzed reaction of

cyclic 1,3-diketones 2 with DMFDMA 3 gave the enaminone 7,

which subsequently reacted with 5-aminopyrazole 1 at the
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exocyclic amino function, followed by cyclization through

water loss to give 6 (route A). Formation of isomeric product 4,

which would be formed by route B, was ruled out based on

spectral and X-ray diffraction data.

From the data of the X-ray crystal structure it can be concluded

that the bridged head nitrogen has bond angles closer to those of

sp3 nitrogen. One may thus conclude that the lone pair on this

nitrogen atom does not contribute much to the actual state of the

molecule and that charge-separated ions also do not contribute

significantly; although, the pyrazolo[5,1-b]quinazolin ring is

almost planar.

Conclusion
In summary, we can reveal that the reaction of substituted

5-aminopyrazoles, cyclic 1,3-diketones and dimethyformamide

dimethylacetal (DMFDMA, 3) proceeds by initial attack of the

exocyclic amino function. Although an attack by the ring

nitrogen has been proposed for the reaction of 5-aminopyra-

zoles with acrylonitrile [29], here steric factors hinder such an

attack and the reaction occurs exclusively, in every case

studied, at the amino function.

Experimental
General information. All the reactions were carried out in a

Milestone START Microwave Labstation (temperature control

by IR sensor). 1H NMR (400 MHz) and 13C NMR (100 MHz)

spectra were measured on a Bruker DPX instrument by using

DMSO-d6 as solvent and TMS as internal standard. Chemical

shifts are expressed as δ in ppm. Coupling constants (J) are

given in Hertz (Hz). The melting points were measured in a

Gallenkamp melting-point apparatus and are not corrected.

Mass spectra were measured by using VG Autospec Q MS 30

and MS 9 (AEI) spectrometer with the EI (70 eV) mode.

General procedure for the synthesis of pyra-
zoloquinazolinones (6a–g)
A solution of 5-aminopyrazole derivative 1a–f (1 mmol), cyclic

1,3-diketones (2a,b) (1 mmol) and dimethylformamide

dimethylacetal (DMFDMA, 3) (1 mmol) in DMF (10 mL) was

heated under reflux in a Milestone Microwave Labstation at 150

°C for 15 min. After concentration and cooling to room

temperature, the resulting solid product so formed was collected

by filtration, washed well with EtOH, dried and recrystallized

from EtOH.

2,8,8-Trimethyl-8,9-dihydropyrazolo[5,1-b]quinazolin-

6(7H)-one (6a): Greenish yellow plates, 201 mg (88% yield);

mp 134–135 °C; 1H NMR (400 MHz, DMSO-d6) δ 1.12 (s, 6H,

2CH3), 2.48 (s, 3H, CH3), 2.56 (s, 2H, CH2 at C-9), 3.32 (s, 2H,

CH2 at C-7), 6.70 (s, 1H, CH at C-3), 8.75 (s, 1H, CH at C-5);

13C NMR (100 MHz, DMSO-d6) δ 14.55, 27.89, 32.36, 36.46,

38.87, 50.08, 98.04, 112.39, 146.03, 149.34, 152.21, 157.52,

194.82; EIMS m/z: 229.1 (M+), 214, 173, calcd. for C13H15N3O

229.28; Anal. calcd for C13H15N3O: C, 68.1; H, 6.59; N, 18.33;

found: C, 68.22; H, 6.62; N, 18.35%.

2-Methyl-8,9-dihydropyrazolo[5,1-b]quinazolin-6(7H)-one

(6b): Yellow plates, 170 mg (85% yield); mp 154–155 °C; 1H

NMR (400 MHz, DMSO-d6) δ 2.21–2.27 (m, 2H, CH2 at C-8),

2.66 (t, J = 6.8 Hz, 2H, CH2 at C-9), 3.40 (t, J = 6.4 Hz, 2H,

CH2 at C-7), 6.71 (s,1H, CH at C-3), 8.77 (s, 1H, CH at C-5);
13C NMR (100 MHz, DMSO-d6) δ 14.53, 19.95, 33.37, 36.54,

97.91, 113.3, 146.3, 149.0, 153.9, 157.42, 194.81; EIMS m/z

201.12 (M+), calcd for C11H11N3O 201.22; Anal. calcd for

C11H11N3O: C, 65.66; H, 5.51; N, 20.88; found: C, 65.68; H,

5.49; N, 20.67%.

Ethyl 2-amino-6-oxo-6,7,8,9-tetrahydropyrazolo[5,1-

b]quinazolin-3-carboxylate (6c): Yellow crystals, 243 mg

(89% yield); mp 184–185 °C; 1H NMR (400 MHz, DMSO-d6)

δ 1.31 (t, J = 7.2 Hz, 3H, CH3), 2.10–2.20 (m, 2H, CH2 at C-8),

2.63 (t, J = 6.8 Hz, 2H, CH2 at C-9), 3.25 (t, J = 6.8 Hz, 2H,

CH2 at C-7), 4.31 (q, J = 6.8 Hz, 2H, CH2), 6.7 (br s, 2H, NH2),

8.82 (s, 1H, CH at C-5); EIMS m/z 274.1 (M+), 228, 174.1,

calcd for C13H14N4O3 274.28; Anal. calcd for C13H14N4O3: C,

56.93; H, 5.14; 20.43; found: C, 57.12; H, 5.23; N, 20.45%

2,8,8-Trimethyl-3-phenyl-8,9-dihydropyrazolo[5,1-b]quina-

zolin-6(7H)-one (6d): Pale yellow crystals, 253 mg (83%

yield); mp 279–280 °C; 1H NMR (400 MHz, DMSO-d6) δ 1.15

(s, 6H, 2 CH3), 2.49 (s, 2H, CH2 at C-9), 2.58 (s, 3H, CH3 at

C-2), 2.63 (s, 2H, CH2 at C-7), 7.13–7.55 (m, 5H, Ph-H), 8.83

(s, 1H, CH at C-5); 13C NMR (100 MHz, DMSO-d6) δ 14.41,

24.42, 27.90, 36.42, 38.87, 50.15, 112.99, 119.22, 125.88,

126.67, 128.30, 129.20, 132.43, 140.64, 144.52, 159.05,

194.70; EIMS m/z 305.2 (M+), 299, 179.1, calcd for

C19H19N3O 305.37; Anal. calcd for C19H19N3O: C, 74.73; H,

6.27; N, 13.76; found: C, 74.66; H, 6.35, N, 13.82%.

2-Phenyl-8,9-dihydropyrazolo[1,5-a]quinazolin-6(7H)-one

(6e): Pale yellow crystals, 215 mg (82% yield); mp 197–198

°C; 1H NMR (400 MHz, DMSO-d6) δ 2.25 (m, 2H, CH2 at

C-8), 2.64 (t, J = 5.6 Hz, 2H, CH2 at C-9), 3.41 (t, J = 5.6 Hz,

2H, CH2 at C-7), 7.39 (br s, 1H, CH at C-3), 7.48 (m, 3H,

Ph-H), 8.08 (d, J = 7.2 Hz, 2H, Ph-H), 8.78 (s, 1H, CH at C-5);
13C NMR (100 MHz, DMSO-d6) δ 19.97, 23.46, 36.63, 79.19,

95.49, 114.10, 126.44, 129.0, 129.69, 131.85, 146.77, 149.69,

154.39, 157.60, 162.32, 194.84; EIMS m/z 263.1 (M+), 235.1,

152.1, calcd. for C16H13N3O 263.11; Anal. calcd for

C16H13N3O: C, 72.99; H, 4.98; N, 15.96; found: C, 72.94; H,

5.18; N, 16.32%.
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8,8-Dimethyl-2-phenyl-8,9-dihydropyrazolo[1,5-a]quina-

zolin-6(7H)-one (6f): Pale yellow crystals, 242 mg (83%

yield); mp 244–245 °C; 1H NMR (400 MHz, DMSO-d6) δ 1.18

(s, 6H, 2 CH3), 2.59 (s, 2H, CH2 at C-9), 3.44 (s, 2H, CH2 at

C-7), 7.34 (s, 1H, CH at C-3), 7.50 (m, 3H, Ph-H), 8.09 (m, 2H,

Ph-H), 8.81 (s, 1H, CH at C-5); 13C NMR (100 MHz, DMSO-

d6) δ 28.47, 32.73, 37.17, 50.86, 95.94, 113.79, 127.02, 129.29,

129.97, 132.53, 146.90, 150.61, 152.87, 158.37, 194.85; Anal.

calcd for C18H17N3O: C, 74.20; H, 5.88; N, 14.42; found: C,

74.32; H, 5.91; N, 14.44%.

2-Hydroxy-8,8-dimethyl-3-(phenyldiazenyl)-8,9-dihydropy-

razolo[1,5-a]quina-zolin-6(7H)-one (6g): Orange crystals, 295

mg (88% yield); mp 254–255 °C; 1H NMR (400 MHz, DMSO-

d6) δ 1.14 (s, 6H, 2 CH3), 2.66 (s, 2H, CH2 at C-9), 3.26 (s, 2H,

CH2 at C-7), 7.45 (t, J = 7.2 Hz, 1H, Ph-H), 7.55 (t, J = 7.6 Hz,

2H, Ph-H), 7.85 (d, J = 7.6 Hz, 2H, Ph-H), 8.95 (s, 1H, CH at

C-5); 13C NMR (100 MHz, DMSO-d6) δ 27.96, 32.25, 36.44,

50.14, 79.20, 115.14, 115.74, 121.33, 129.34, 129.80, 144.26,

148.99, 151.95, 152.61, 162.10, 194.3; EIMS m/z 335.1 (M+),

307.1, 258.1, calcd for C18H17N5O2 335.14; Anal. calcd for

C18H17N5O2: C, 64.47; 5.11; 20.88; found: C, 64.43; 5.33;

20.95%.

Synthesis of (Z)-5,5-dimethyl-3-[(3-methyl-
1H-pyrazol-5-yl)amino]cyclohexanone (5)
A solution of 1a (1 mmol) and 2a (1 mmol) in DMF (10 mL)

was heated under reflux in a Milestone Microwave Labstation

at 150 °C for 10 min. After concentration and cooling to room

temperature, the resulting solid product so formed was collected

by filtration, washed well with EtOH, dried and recrystallized

from EtOH to afford a pure sample of compound 5 as yellow

crystals, 186 mg (85% yield); mp 233–235 °C.

Synthesis of 4a: A solution of 1a (1 mmol) and 2a (1 mmol) in

DMF (10 mL) was heated under reflux in a Milestone

Microwave Labstation at 150 °C for 10 min. After concentra-

tion and cooling to room temperature, the resulting solid pro-

duct so formed was collected by filtration, washed well with

EtOH, dried and recrystallized from EtOH to afford a pure

sample of (Z)-3,3-dimethyl-5-(3-methyl-1H-pyrazol-5-

ylimino)cyclo-hexanone (5) as yellow crystals, 186 mg (85%

yield); mp 233–235 °C.

Reaction of 5 with dimethylformamide dimethylacetal

(DMFDMA, 3): A solution of 5 (1 mmol) and DMFDMA (3)

(1 mmol) in DMF (10 mL) was heated under reflux in a Mile-

stone Microwave Labstation at 150 °C for 10 min. After evap-

oration to dryness under reduced pressure, the resulting solid

product was collected by filtration, washed well with EtOH,

dried and recrystallized from EtOH to give 4a.

Alternative synthesis of 6g: Synthesis of 2-((3-hydroxy-4-

(phenyldiazenyl)-1H-pyrazol-5-ylamino)methylene)-5,5-

dimethylcyclohexane-1,3-dione (8): A solution of 1f (1

mmol), enaminone 7 (1 mmol) in DMF (10 mL) was heated

under reflux in a Milestone Microwave Labstation at 150 °C for

2 min. After concentration and cooling to room temperature, the

precipitated product was collected by filtration, washed well

with EtOH, dried and recrystallized from EtOH to give a pure

sample of 8 as orange crystals, 303 mg (88% yield); mp

255–256 °C; 1H NMR (400 MHz, DMSO-d6) δ 1.01 (s, 6H, 2

CH3), 2.40 (s, 2H, CH2), 3.26 (s, 2H, CH2), 7.24–7.85 (m, 6H,

5 Ph-H and CH-NH), 11.76 (s, 1H, NH), 12.59 (s, 1H, pyrazole

NH); 13C NMR (100 MHz, DMSO-d6) δ 27.95, 30.70, 50.12,

109.66, 115.16, 115.74, 121.31, 126.16, 129.32, 129.64, 129.80,

144.34, 148.97, 152.57, 158.40, 194.23, 195.33; EIMS m/z

353.2 (M+), 335.1, 242.1, calcd. for C18H19N5O3 353.15; Anal.

calcd for C18H19N5O3: C, 61.18; H, 5.42; N, 19.82; found: C,

61.23; H, 5.45; N, 19.92%.

Cyclization of 8. A solution of 8 (1 mmol) in DMF (10 ml) was

heated under reflux in a Milestone Microwave Labstation at 150

°C for 13 min. The reaction mixture was evaporated to dryness

in vacuo. The precipitated solid product was filtered off,

washed with a small amount of EtOH, dried and recrystallized

from EtOH to give an analytical pure sample of 6g (identical

with an authentic sample, MS, 1H NMR and 13C NMR).
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