Pergamon

Tetrahedron 57 (2001) 2031-2038

TETRAHEDRON

Synthesis of functionalised pyrazolones and imidazolines/
imidazoles through divergent cyclisation reactions

Giorgio Abbiati,* Antonio Arcadi,”” Orazio A. Attanasi,” Lucia De Crescentini® and
Elisabetta Rossi®”

Ustituto di Chimica Organica della Facolta di Farmacia, Universita di Milano, Via Venezian 21, I-20133 Milano, Italy
®Dipartimento di Chimica Ingegneria Chimica e Materiali della Facolta di Scienze, Universita di L’Aquila, Via Vetoio, Coppito Due,
1-67100 L’Aquila, Italy
“Istituto di Chimica Organica della Facolta di Scienze, Universita di Urbino, Piazza della Repubblica 13, I-61029 Urbino, Italy

Received 15 September 2000; revised 27 November 2000; accepted 21 December 2000

Abstract— The base-promoted reactions of easily accessible a-aminohydrazones represent a simple and efficient method for the preparation
of both 1-substituted and 1-unsubstituted-4-aminocarbonyl-1H-pyrazol-5(2H)-ones, whereas the copper promoted reactions provide a
divergent facile regiocontrolled synthesis of the imidazoline/imidazole ring system. The copper-promoted reaction of the a-benzylamino-
hydrazone produces a 2-oxo-1,4-diazadiene derivative. Finally, the imidazolines can be easily hydrolyzed to a-ketohydrazones. © 2001

Elsevier Science Ltd. All rights reserved.

1. Introduction

The presence of the azo group in the heterodiene system of
1,2-diaza-1,3-butadienes favours nucleophilic attack to
afford Michael type adducts. The 1,4-conjugate addition
of Grignard reagents, anionic reagents, activated methylene
and methine compounds and several oxygen, sulphur and
nitrogen nucleophiles provides a route to hydrazone
derivatives,1 which are versatile building blocks for the
construction of a variety of functionalised heterocycles
through cyclisation processes.” In connection with our
ongoing interest in developing new synthetic strategies for
the construction of five-membered heterocyclic rings
involving conjugated azoalkenes and transition metals,’
we reported that the 1,4-addition of sarcosine or glycine
ethyl ester on 1,2-diaza-1,3-butadienes leads to the corre-
sponding a-aminohydrazone derivatives. These can
undergo divergent base or copper(I) promoted annelation
reactions to give functionalised pyrazolones or imidazo-
lines/imidazoles, respectively.* The synthesis of function-
alised pyrazolones and imidazoles is continuing to attract
interest due to their pharmacological and reactivity proper-
ties. For example, the recent synthesis of a series of pyrazole
derivatives has been reported to aid in the characterisation
of the cannabinoid receptor binding sites, and also to serve
as potentially useful therapeutic agents able to antagonise
harmful side effects of cannabinoids.” Some alkynylpyra-
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zoles show cholesterol synthesis-inhibiting activity.®
Novel potent and selective tetrasubstituted imidazole
inhibitors of p38MAP (mitogen-activated protein) kinase
have activity in both cell-based assays of tumour necrosis
factor o release and an animal model of rheumatoid
arthritis.” So, with the aim of developing the title hetero-
cyclic ring structures from o-aminohydrazones as pre-
cursors, we decided to assess the scope and limitations of
this synthetic methodology.

2. Results and discussion

a-Aminohydrazones 3a—p, readily obtained in good to
excellent yields by the reaction between 4-alkoxycar-
bonyl-3-methyl-1,2-diaza-1,3-butadienes 1a—d and amines
2a—e,*’ can undergo base promoted heterocyclisation
reactions at room temperature to produce the l-amino-
carbonyl-1H-pyrazol-5(2H)-ones 4a—e. Smooth solvolytic
cleavage of the group linked to the nitrogen atom in position
1 of 4a led to the 1-unsubstituted-1H-pyrazol-5(2H)-one Sa
in 66% yield" (Scheme 1, Table 1).

This synthetic methodology can accomplish a new simple
entry into 4-propargylamino-pyrazolones 4d,e,'' which may
be of interest as potential cholesterol synthesis-inhibiting
activity.

Furthermore, derivatives 3 can undergo a novel copper(I)-
promoted reaction to give l-ureido-2-imidazolines 6
(Scheme 2). The coordination of glycine and its derivatives
to metal ions such as Cu(II), and Co(III) has been reported to
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Scheme 1. Reagents and conditions: (a) MeOH/THF, room temperature (NaOAc-3H,0 was added for 2a, 2b and 2d which were purchased as hydrochloride

salts); (b) EtOH/THF, NaH, room temperature: (c) EtOH, reflux.

Table 1. Compounds 3a—p, 4a—e and 5a

Compound R' R? R3 R*  Reaction time Yield (%)

3a Me H COEt Me 1h 91

3b Et H CO,Et Me 1h 82

3¢ Me Ph CO,Et Me 1h 80

3d Et Ph COEt Me 30 min 70

3e Me H CO,Et H 4h 88

3f Et H CO,Et H 4h 70

3g Me Ph COEt H 3h 90

3h Et Ph  CO,Et H 1h 80

3i Me H C=CH H 4h 80

3j Et H C=CH H 1h 86

3k Me Ph C=CH H 1h 93

31 Et Ph C=CH H 1h 80

3m Et H CN H 3h 66

3n Me Ph CN H 4h 69

30 Et Ph CN H 4h 70

3p Me H Ph H 3h 72

4a - H CO,Et Me 5 min 83 from 3a
85 from 3b

4b - Ph  CO,Et Me 5 min 93 from 3¢
89 from 3d

4c - Ph  CO,Et H 5 min 81 from 3g
85 from 3h

4d - H C=CH H 30 min 86 from 3i
84 from 3j

4e - Ph C=CH H 30 min 98 from 3k
86 from 31

5a - - CO,Et Me 1h 66

increase the reactivity of the a-methylene hydrogens.'? The
Kharasch—Sosnovsky reaction'® represents a useful method
for the functionalisation of C—H bonds and has been subject
to substantial attention recently, as an expedient route to
chiral allylic alcohols with the employment of amino
acids as chiral ligands to copper.'® The catalytic oxidation
of a-carbon of ethers utilising binuclear copper(Il) complex
of 7-azaindole under oxygen atmosphere produced esters. '’
In recent years, binuclear complexes containing copper have
received much attention in biochemistry.'® These
complexes play an important role in oxygen transport and
oxidation in organisms.'” Mechanistic study of the oxidative
reactions and the kinetics and thermodynamics of copper(I)/
dioxygen systems are of growing interest.'® While the
behaviour of these systems has been reported on related
mimics for copper dependent monooxoygenase ? there are
few applications to organic synthesis.”

The a-aminohydrazones 3a,b in the presence of a stoichio-
metric amount of copper(l) iodide gave, by precipitation,

the 3,5-dimethyl-1-ureido-2,3-dihydro-1H-imidazole-2,4-
dicarboxylates 6a,b in THF, under oxygen atmosphere, in
good yields (78% of 6a and 83% of 6b, Scheme 2). They
were easily collected by filtration. The above reactions
performed with a catalytic amount of copper(I) iodide
resulted in the isolation of the same products in poor yields.
With the a-aminohydrazones 3¢,d no precipitation occurred
during the course of the reaction and usual work up of the
crude mixture resulted in the isolation of the a- ketohydra—
zones 7c,d in nearly quantitative yields. However, the 'H
NMR analysis of the crude product after evaporation of the
tetrahydrofuran showed a signal pattern which can be
attributed to the 2,3-dihydro-1H-imidazoles 6. Moreover,
when 6a,b were reacted in MeOH/H,O 7a,b were isolated
in quantitative yields.”'** The "H NMR analysis of the crude
product of the reaction of the a-aminohydrazones 3e—h
showed a more complex signal pattern and the correspond-
ing a-ketohydrazones 7 were isolated in moderate yield

(about 40%).
0
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6a: R! = Me (78%)
6b: R' = Et (83%)

7a: R Me, R* = H (quant. from 6a, 40% from 3e}
7h:R'= Et, R’=H (quant. from 6b, 42% from 3f)

7c: R1 Me, R?=Ph {quant. from 3c 36% from 3g)
7d: R' = Et, R2 = Ph (quant. from 3d, 36% from 3h)

Scheme 2. Reagents and conditions: (a) THF, Cul, O,, room temperature,
1 h; (b) MeOH, H,O0; (c) work up (water/EtOAc).
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8a: R' = Me, R? = Ph, R CO,Et (30", 53% from 3c)
8b: R1 Et R?=H, R® = CN (30’, 58% from 3m)
8c: R' = Me, R? = Ph, R®= CN (30", 55% from 3n)

Scheme 3. Reagents and conditions: THF, CuBr, Cu(OAc),, BuOOCOPh,
N,, room temperature.

a-Ketohydrazones 7 were also obtained from the corre-
sponding 1,2-hydrazino-hydrazones in the reaction with
TFA in THF and MeOH and bubbling air.>

In order to achieve a better understanding of these latter
results and widen the scope of this synthetic methodology,
we performed the copper(I)-promoted reaction of a-amino-
hydrazones 3 in a stronger oxidising medium with the aim to
favour the aromatisation of the corresponding 2,3-dihydro-
1H-imidazole intermediate 6 to a more stable imidazole 8.
Both cyclisation and aromatisation reactions were carried
out in one step starting from 3c¢,m,n to give 8a—c by a
copper(I)-mediated peroxide process, widely used as an
alternative method to oxidise a variety of dihydrohetero-
cyclic compounds® (Scheme 3).

By contrast, the 3-aminocarbonylydrazono-2-benzylimino-
butirric acid methyl ester 9 (40% yield) was isolated from
the a-benzyl-aminohydrazone 3p under the same reaction
conditions, while the a-propargyl-aminohydrazones 3i-I1
gave more complex reaction mixtures.

The proposed mechanism for the formation of the 2,3-
dihydro-1H-imidazoles 6 is depicted in Scheme 4: (a)
formation of (CuIII 0 =Cu'- 0), as postulated in several
works dealing with the 0x1dat10n of different compounds by
the copper(I)/oxygen system;>* (b) homolytic cleavage of
CH bonds giving rise to stabilised radical intermediates 10
and 10’ arising from the selective cleavage by chelation of
the a-hydrogen atoms of a-aminocarboxylic esters present
in the molecule;” (c) formation of 11 via regioselective
intramolecular attack on the carbon-nitrogen double bond;
(d) generation of the o-copper(IIl) complex 12 by oxidative
addition of Cu(Il) species; (e) reductive elimination
regenerating copper(l) species; (f) B-elimination reaction
providing the 2-imidazolines 6.

Similarly the formation of imidazole 8 (Scheme 5) is
believed to involve the same intermediates 10,11 and the
corresponding imidazolidine 12, from which 2-imidazoline
6 is obtained by loss of copper(I) acetate and benzoic acid.
Further, #butyloxy radical promoted oxidation of
compound 6 would then produce the imidazole 8.

The behaviour®® of compounds 3c,m,n in the copper
mediated radical reactions could be related to the electronic
structure of the radicals 10/10’, stabilised by resonance and
electrophilic in character, which easily accomplish the
subsequent cyclisation reaction by electrophilic addition to
the carbon—nitrogen double bond. The copper promoted
reactions of a-benzylamino hydrazone 3p and a-propargyl-
aminohydrazones 3i-1 very likely involve the same
intermediates 10/10’ giving rise, starting from 3p, to the
2-oxo-1,4-diazadiene 9 via an oxidative pathway much
faster than the competitive cyclisation process, and, starting
from 3i-1, to a more complex reaction mixture. The
behaviour of 3i—1 compared to 3p could be related to the
different thermochemical stabilisation energy of the inter-
mediate propargyl and benzyl radicals.

In conclusion, the base promoted reactions of easily
accessible a-aminohydrazones represent a simple and
efficient method for the preparation of both 1-substituted
and I-unsubstituted 4-aminocarbonyl-1H-pyrazol-5(2H)-
ones. The copper promoted reactions of the same a-amino
hydrazones provide a divergent facile regiocontrolled

4Cul + O, + 4(3a-h) —» 2Cul; + 2CU(OH); + 4(10==10"—» 4(11)

o
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synthesis of the imidazoline/imidazole ring system. The
copper promoted reaction of the a-benzylamino hydrazone
produces a 2-imino-4-hydrazono-butirric acid derivative.
Finally, the imidazolines can be easily hydrolysed to
a-ketohydrazones.

3. Experimental
3.1. General

Melting points were uncorrected. "H NMR spectra were
recorded at 200 or at 300 MHz and °C NMR at 50.3 or at
75.4 MHz. Mass spectra were carried out at an ionizing
voltage of 70 eV. IR spectra were recorded in KBr dis-
persions unless otherwise stated. All starting materials,
catalysts, ligands, bases, and solvents (anhydrous solvents
included), are commercially available and were used as
purchased, without further purification. PE is petroleum
ether, bp 40-60°C. 1,2-Diaza-1,3-butadienes la—d were
prepared according to previously reported procedures.?’
Analytical and spectral data of a-ketohydrazones 7a—d
are reported in Ref. 22.

3.1.1. a-Aminohydrazones 3a—p. To a well-stirred solu-
tion of amines 2¢, d (1 mmol) in methanol (3 ml), or amines
hydrochlorides 2a,b,e (1 mmol) and sodium acetate tri-
hydrate (1 mmol) in methanol (3 ml), a solution of the
appropriate 1,2-diaza-1,3-butadienes la—-d (1 mmol) in
THF (3 ml) was added dropwise. The mixture was stirred
at room temperature until the azoalkene disappeared (TLC,
0.5—4 h), then poured in water (150 ml) and extracted twice
with ethyl acetate. The organic layer was dried over
Na,S0O,, evaporated to dryness and the crude product
purified by crystallisation or by flash chromatography
eluting with PE/EtOAc mixtures.

3a: Purified by crystallisation (EtOAc/PE); white solid; mp
123.2-124.1°C; IR cm ™ ': 3460, 3320, 3200, 1740, 1720,
1695, 1680, 1580; '"H NMR CDCl; & 1.17 (t, 7 Hz, 3H),
1.85 (s, 3H), 2.37 (s, 3H), 3.36 (s, 2H), 3.63 (s, 3H), 4.06 (q,
7 Hz, 2H), 4.19 (s, 1H), 6.12 (brs, 2H, D,0-exch.), 9.34 (s,
1H, D,0-exch.); °C NMR CDCl; & 13.93, 14.03, 39.64,
51.31, 54.09, 59.91, 71.84, 145.03, 156.92, 170.23,

170.43. Anal. Calcd for C;;HN4Os: C, 45.82; H, 6.99; N,
19.43. Found: C, 45.79; H, 6.95; N, 19.48.

3b: Purified by crystallisation (EtOAc/PE); white solid; mp
131-133°C; IR cm ™' 3450, 3320, 3180, 1740, 1725, 1690,
1660, 1570; '"H NMR CDCl; & 1.17 (t, 7 Hz, 6H), 1.85 (s,
3H), 2.37 (s, 3H), 3.36 (s, 2H), 4.00-4.13 (m, 4H), 4.15 (s,
1H), 6.14 (brs, 2H, D,0-exch.), 9.37 (s, 1H, D,0-exch.); 1*C
NMR CDCl; 6 14.00, 14.07, 14.13, 39.73, 54.10, 59.95,
60.12, 71.95, 145.20, 157.03, 169.74, 172.51. Anal. Calcd
for C1,H»,N,Os: C, 47.67; H, 7.33; N, 18.53. Found: C,
47.92; H, 7.52; N, 18.74.

3c: Purified by crystallisation (EtOAc/PE); white solid; mp
107.3-109.1°C; IR cm™!' 3380, 3180, 3080, 1750, 1700,
1590; '"H NMR CDCl; 6 1.15 (t, 7 Hz, 3H), 1.92 (s, 3H),
2.40 (s, 3H), 3.40 (s, 2H), 3.69 (s, 3H), 4.06 (q, 7 Hz, 2H),
4.30 (s, 1H), 6.97-7.50 (m, 5H), 8.40 (s, 1H, D,0-exch.),
9.85 (s, 1H, D,0-exch.); >°C NMR CDCl; & 14.00, 14.06,
39.70, 51.45, 54.3, 59.89, 71.82, 118.68 (2C), 122.48,
128.79 (2C), 138.63, 146.61, 152.84, 170.17, 170.43.
Anal. Calced for C;;H,4N4Os: C, 56.03; H, 6.64; N, 15.38.
Found: C, 56.28; H, 6.91; N, 15.46.

3d: Purified by crystallisation (EtOAc/PE); white solid; mp
94.5-95.5°C; IR cm ™' 3375, 3180, 3080, 1750, 1700, 1590;
"HNMR CDCl; 8 1.12-1.24 (m, 6H), 1.92 (s, 3H), 2.41 (s,
3H), 3.40 (s, 2H), 4.04—4.22 (m, 4H), 4.26 (s, 1H), 7.01—
7.49 (m, 5H), 8.39 (s, 1H, D,0-exch.), 9.83 (s, 1H, D,0O-
exch.); ®C NMR CDCl; 8 14.00, 14.09 (2C), 39.76, 54.23,
59.89, 60.20, 71.81, 118.68 (2C), 122.46, 128.79 (2C),
138.58, 146.66, 152.84, 169.59, 170.43. Anal. Calcd for
CigHysN4Os: C, 57.13; H, 6.92; N, 14.81. Found: C,
57.46; H, 7.18; N, 14.67.

3e: Purified by crystallisation (EtOAc/PE); white solid; mp
123.3-124.4°C; IR cm ™' 3480, 3310, 3190, 1750, 1725,
1680, 1630, 1575; '"H NMR CDCl; & 1.17 (t, 7 Hz, 3H),
1.75 (s, 3H), 2.90 (brs, 1H, D,0O-exch.), 3.28 (s, 2H), 3.86 (s,
3H), 4.01-4.12 (m, 3H), 6.32 (brs, 2H, D,0-exch.), 9.30 (s,
1H, D,0-exch.); °C NMR CDCl; & 13.02, 14.06, 47.77,
52.08, 60.09, 66.32, 147.47, 157.23, 171.10, 171.67. Anal.
Calcd for C;yH;sN,Os: C, 43.79; H, 6.61; N, 20.43. Found:
C, 44.06; H, 6.94; N, 20.23.

3f: Purified by crystallisation (EtOAc/PE); white solid; mp
79.2-83.2°C; IR cm—" 3480, 3310, 3190, 1750, 1725, 1680,
1630, 1575; '"H NMR CDCl; & 1.17 (t, 7 Hz, 6H), 1.75 (s,
3H), 2.88 (brs, 1H, D,0-exch.), 3.28 (s, 2H), 3.97-4.14 (m,
5H), 6.32 (brs, 2H, D,0-exch.), 9.28 (s, 1H, D,0-exch.); °C
NMR CDCl; 6 12.96, 14.01 (2C), 47.73, 60.04, 60.75,
66.34, 144.45, 157.18, 170.52, 171.64. Anal. Calcd for
C HyN4Os: C, 45.82; H, 6.99; N, 19.43. Found: C,
46.17; H, 7.12; N, 19.26.

3g: Purified by crystallisation (EtOAc/PE); white solid; mp
78.1-82.2°C; IR cm™ ' 3300, 3180, 1725, 1640, 1590; 'H
NMR CDCl; 6 1.17 (t, 7 Hz, 3H), 1.82 (s, 3H), 2.89 (brs,
1H, D,0-exch.), 3.34 (s, 2H), 3.70 (s, 3H), 4.02-4.14 (m,
3H), 6.96-7.58 (m, 5H), 8.70 (s, 1H, D,0-exch.), 9.72 (s,
1H, D,0-exch.); *C NMR CDCl; & 13.16, 14.00, 47.84,
52.15, 60.06, 66.27, 119.26 (2C), 122.41, 128.56 (20),
138.92, 140.06, 153.22, 170.98, 171.70. Anal. Calcd for
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C16HnN,Os: C, 54.84; H, 6.33; N, 15.99. Found: C, 54.72;
H, 6.26; N, 15.87.

3h: Purified by crystallisation (EtOAc/PE); white solid; mp
100.0-101.6°C; IR cm ™! 3360, 3190, 1740, 1700, 1590; 'H
NMR CDCl; & 1.12—1.23 (m, 6H), 1.83 (s, 3H), 2.99 (brs,
1H, D,0-exch.), 3.35 (s, 2H), 4.02—-4.19 (m, 5H), 7.00—7.59
(m, 5H), 8.72 (s, 1H, D,0-exch.), 9.73 (s, 1H, D,0O-exch.);
B3C NMR CDCl; 8 13.16, 14.00 (2C), 47.82, 60.06, 60.87,
66.30, 119.26 (2C), 122.38, 128.56 (2C), 138.92, 146.09,
153.22, 170.43, 171.70. Anal. Calcd for C;7H,N,Os: C,
56.03; H, 6.64; N, 15.38. Found: C, 55.84; H, 6.48; N, 15.43.

3i: Purified by crystallisation (diisopropylether/isopropa-
nol); white solid; mp 148.0-149.9°C; IR cm ! 3472,
3328, 3286, 3200, 1736, 1670, 1576; '"H NMR CDCl; &
1.84 (s, 3H), 2.24 (t, 2Hz, 1H), 2.32 (brs, 1H, D,O-
exch.), 3.33 (dd, 2, 17 Hz, 1H), 3.48 (dd, 2, 17 Hz, 1H),
3.78 (s, 3H), 4.19 (s, 1H), 4.85 (brs, 1H, D,0-exch.), 5.95
(brs, 1H, D,0O-exch.), 7.81 (brs, 1H, D,O-exch.); 3C NMR
DMSO-d¢ 6 13.59, 35.80, 52.21, 65.93, 74.11, 82.30,
144.53, 157.37, 171.39. Anal. Calcd for CoH4N,O5: C,
47.78; H, 6.24; N, 24.77. Found: C, 47.56; H, 6.04; N, 24.85.

3j: Purified by crystallisation (diisopropylether/isopropa-
nol); white solid; mp 123-124°C; IR cm ! 3464, 3338,
3232, 2100, 1738, 1694, 1572; '"H NMR CDCl; & 1.28 (t,
7 Hz, 3H), 1.86 (s, 3H), 2.23 (t, 2 Hz, 1H), 2.25 (brs, 1H,
D,0-exch.), 3.32 (dd, 2, 17 Hz, 1H), 3.46 (dd, 2, 17 Hz, 1H),
4.15 (s, 1H), 4.24 (q, 7 Hz, 2H), 5.30 (brs, 1H, D,0-exch.),
5.95 (brs, 1H, D,0-exch.), 8.62 (brs, 1H, D,0O-exch.); B¢
NMR CDCl; & 13.71, 14.82, 36.46, 62.03, 66.25, 72.74,
81.93, 146.12, 158.25, 171.53. Anal. Calcd for
CioH6N4O3: C, 49.99; H, 6.71; N, 23.32. Found: C,
49.71; H, 6.57; N, 23.06.

3k: Purified by crystallisation (diisopropylether/isopropa-
nol); white solid; mp 120.8-121.8°C; IR cm™! 3310,
3300, 1740, 1672, 1594; '"H NMR CDCl; & 1.94 (s, 3H),
2.18 (brs, 1H, D,O-exch.), 2.28 (t, 2 Hz, 1H), 3.38 (dd, 2,
17 Hz, 1H), 3.51 (dd, 2, 17 Hz, 1H), 3.80 (s, 3H), 4.26 (s,
1H), 7.07-7.51 (m, 5H), 8.15 (brs, 1H, D,0-exch.), 8.65
(brs, 1H, D,0-exch.); *C NMR CDCl; & 13.63, 36.74,
53.04, 66.56, 72.70, 81.48, 119.80 (2C), 123.77, 129.39
(2C), 138.53, 146.67, 154.39, 171.62. Anal. Calcd for
CsHsN4,O5: C, 59.59; H, 6.00; N, 18.53. Found: C,
59.36; H, 5.76; N, 18.75.

3l: Purified by crystallisation (diisopropylether/isopropa-
nol); white solid; mp 101.4-101.9°C; IR cem ! 3312,
3296, 1736, 1674, 1594, 1540; '"H NMR CDCl; & 1.30 (t,
7 Hz, 3H), 1.95 (s, 3H), 2.20 (brs, 1H, D,0-exch.), 2.27 (t,
2 Hz, 1H), 3.37 (dd, 2, 17 Hz, 1H), 3.51 (dd, 2, 17 Hz, 1H),
4.24 (s, 1H), 4.26 (q, 7 Hz, 2H), 7.03-7.52 (m, 5H), 8.15
(brs, 1H, D,0-exch.), 8.69 (brs, 1H, D,0-exch.); 3C NMR
CDCl; 6 13.72, 14.66, 36.71, 62.17, 66.62, 72.66, 81.58,
119.78 (2C), 123.71, 129.36 (2C), 138.59, 146.85, 154.54,
171.12. Anal. Calcd for C;H,oN,O5: C, 60.74; H, 6.37; N,
17.71. Found: C, 60.52; H, 6.24; N, 17.85.

3m: Purified by flash chromatography (EtOAc/PE, 8:2);
white solid; mp 121-122°C; IR cm”! 3538, 3420, 3348,
1726, 1700, 1560; '"H NMR DMSO-d¢ 8 1.19 (t, 7 Hz,

3H), 1.77 (s, 3H), 3.58 (m, 3H; after D,O exch.: s, 2H),
3.98 (d, 7 Hz, 1H; after D,O exch.: s, 1H), 4.14 (q, 7 Hz,
2H), 6.38 (brs, 2H, D,0-exch.), 9.28 (brs, 1H, D,0-exch.);
3C NMR DMSO-ds & 14.05, 14.75, 35.49, 61.64, 66.96,
119.52, 144.09, 157.76, 170.75. Anal. Calcd for
CoH;5N505: C, 44.80; H, 6.27; N, 29.03. Found: C, 44.61;
H, 6.18; N, 29.38.

3n: Purified by flash chromatography (EtOAc/PE, 7:3);
white solid; mp 94.8-95.1°C; IR cm ™' 3352, 3204, 1740,
1704, 1594; '"H NMR CDCl; & 1.94 (s, 3H), 2.52 (brs, 1H,
D,0-exch.), 3.50 (dd, 7, 17 Hz, 1H; after D,O exch.: d,
17 Hz), 3.73 (d, 17 Hz, 1H), 3.82 (s, 3H), 4.25 (s, 1H),
7.04-7.53 (m, 5H), 8.14 (brs, 1H, D,O-exch.), 8.94 (brs,
1H, D,0-exch.); *C NMR CDCl; & 13.48, 35.57, 53.42,
66.68, 117.66, 119.92 (2C), 123.92, 129.42 (2C), 138.38,
145.44, 154.53, 170.76. Anal. Calcd for C4H;N505: C,
55.43; H,5.65; N, 23.09. Found: C, 55.25; H, 5.47; N, 23.27.

30: Purified by flash chromatography (EtOAc/PE, 7:3);
white solid; mp 119.6-121.1°C; IR cm™ ' 3354, 3204,
1734, 1594, 1534; '"H NMR DMSO-ds 8 1.20 (t, 7 Hz,
3H), 1.84 (s, 3H), 3.64 (m, 3H; after D,O exch.: s, 2H),
4.12-4.23 (m, 3H), 6.93-7.58 (m, 5H), 8.79 (brs, 1H,
D,0-exch.), 9.79 (brs, 1H, D,0-exch.); *C NMR DMSO-
de 6 14.27,14.73, 35.51, 61.75, 66.98, 119.57, 120.18 (2C),
123.24, 129.32 (2C), 139.65, 145.89, 153.99, 170.67. Anal.
Calcd for C15H;oN5O5: C, 56.77; H, 6.03; N, 22.07. Found:
C, 56.58; H, 5.74; N, 21.83.

3p: Purified by flash chromatography (EtOAc/PE, 9:1);
colourless oil; IR em™! 3450, 3320, 1740, 1704, 1680; 'H
NMR CDCl; 6 1.86 (s, 3H), 2.31 (brs, 1H, D,0-exch.), 3.72
(s, 2H), 3.73 (s, 3H), 3.97 (s, 1H), 5.45 (brs, 1H, D,0-exch.),
5.95 (brs, 1H, D,0-exch.) 7.30 (m, 5H), 8.70 (s, 1H, D,O-
exch.); C NMR DMSO-ds 8 13.96, 51.25, 52.62, 67.10,
127.46, 128.82 (2C), 128.86 (2C), 140.82, 145.66, 157.87,
172.19; MS m/z 278 (10) [M '], 219 (90), 202 (100), 187
(41), 178 (32), 91 (70).

3.1.2. 1-Aminocarbonyl-1H-pyrazol-5(2H)ones 4a—e. To
a well-stirred solution of the appropriate a-aminohydra-
zones 3a-d,gh and 3i-1 (1 mmol) in dry THF/EtOH
(2 ml/2 ml), NaH (24 mg, 1 mmol) was added portionwise
over a period of 10 min. The reaction mixture was then
stirred at room temperature for 5-30 min. Pyrazolones
4d.e were collected by filtration from the reaction mixture,
washed with dry THF and then dried under vacuum. The
reaction mixtures containing crude pyrazolones 4a—c were
evaporated to dryness and the residue was dissolved in
EtOAc (15 ml) and treated with CF;COOH to pH 5 and
then washed twice with water. The organic layer, dried
over Na,SO,4, was evaporated and the residue purified by
crystallisation (pyrazolones 4b,c) or by flash chromato-
graphy (pyrazolone 4a).

4a: Purified by flash chromatography (EtOAc); colourless
oil; IR cm ™' 3280, 1740, 1720, 1700, 1660, 1620, 1570; 'H
NMR CDCl; 6 1.14 (t, 7 Hz, 3H), 2.13 (s, 3H), 2.68 (s, 3H),
3.72 (s, 2H), 4.04 (q, 7 Hz, 2H), 7.69 (brs, 1H, D,0-exch.),
8.25 (brs, 1H, D,0-exch.), 11.69 (s, 1H, D,O-exch.); *C
NMR CDCl; & 10.05, 13.94, 42.32, 55.97, 59.69, 115.48,
145.78, 149.23, 159.77, 170.44.
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4b: Purified by crystallisation (EtOAc/PE); white solid; mp
101.1-103.2°C; IR cm ™' 3312, 3296, 1736, 1674, 1594,
1540; '"H NMR CDCl; & 1.18 (t, 7 Hz, 3H), 2.23 (s, 3H),
2.76 (s, 3H), 3.80 (s, 2H), 4.07 (q, 7 Hz, 2H), 7.12-7.59 (m,
5H), 11.28 (s, 1H, D,0-exch.), 12.23 (brs, 1H, D,0-exch.).
C NMR CDCl; 6 10.11, 13.88, 42.26, 55.92, 59.70,
115.32, 119.49 (2C), 123.85, 129.03 (2C), 136.92, 146.34,
146.79, 159.99, 170.25. Anal. Calcd for C,;cH,(N,O,: C,
57.82; H, 6.06; N, 16.86. Found: C, 57.65; H, 5.88;
N, 16.95.

4c: Purified by crystallisation (EtOAc/PE); white solid; mp
150.1-154.3°C; IR cm™ ' 3215, 3135, 3055, 1760, 1715,
1600 1570; '"H NMR CDCl; & 1.17 (t, 7 Hz, 3H), 2.16 (s,
3H), 3.62-3.74 (m, 3H), 4.06 (q, 7 Hz, 2H), 7.08-7.56 (m,
5H), 11.26 (s, 1H, D,O-exch.), 11.40 (s, 1H, D,0-exch.);
BCNMR CDCl; 8 9.94, 13.95, 47.34, 59.86, 114.01, 119.48
(20), 123.83, 129.03 (2C), 137.03, 141.21, 146.40, 159.43,
171.78. Anal. Calced for C;sH;sN,Oy: C, 56.59; H, 5.70; N,
17.60. Found: C, 56.37; H, 5.53; N, 17.54.

4d: Pale yellow solid; mp 177°C (dec.); IR cm ! 3438,
3344, 3260, 3112, 1686, 1620, 1570; 'H NMR DMSO-dg
6 1.94 (s, 3H), 2.67 (brs, 1H, D,0-exch.), 2.88 (t, 2 Hz, 1H),
3.45 (d, 2 Hz, 2H), 6.72 (brs, 1H, D,0-exch.), 9.49 (brs, 1H,
D,0-exch.); C NMR DMSO-ds 6 12.93, 73.10, 81.47,
86.23, 111.91, 149.82, 153.98, 158.39; MS m/z 194 (10)
[M*], 166 (41), 151 (75), 129 (45), 124 (68), 105 (100).
Anal. Calcd for CgH;(N,O,: C, 49.48; H, 5.19; N, 28.85.
Found: C, 49.16; H, 4.88; N, 28.66.

4e: Pale yellow solid; mp 243°C (dec.); IR cm”! 3226,
1706, 1636, 1622, 1596, 1574; "H NMR DMSO-d; & 1.99
(s, 3H), 2.80 (brs, 1H, D,0-exch.), 2.92 (t, 2 Hz, 1H), 3.51
(d, 2 Hz, 2H), 6.96-7.55 (m, 5H), 13.11 (brs, 1H, D,O-
exch.); °C NMR DMSO-d, 6 13.02, 72.96, 81.48, 86.27,
111.42, 119.16 (2C), 119.32, 129.15 (2C), 139.66, 149.56,
153.92, 159.61; MS m/z 270 (8) [M*], 236 (15), 176 (13),
149 (47), 119 (100). Anal. Calcd for C;4H;4,N,O5: C, 62.21;
H, 5.22; N, 20.73. Found: C, 61.93; H, 5.59; N, 20.48.

3.1.3. 1H-Pyrazol-5(2H)one 5a. A well-stirred solution of
pyrazolone 4a (256.3 mg, 1 mmol) in ethanol (5 ml) was
heated under reflux for 1 h. The reaction mixture was then
evaporated to dryness and the crude purified by chromato-
graphy over silica gel (cyclohexane/EtOAc, 4:6) and finally
by crystallisation from Et,O/PE. Yield 65%; white solid; mp
121.3-124.1°C; IR cm ™' 3440, 2640, 1615, 1580, 1540; 'H
NMR DMSO-d; 6 1.15 (t, 7 Hz, 3H), 2.06 (s, 3H), 2.66 (s,
3H), 3.62 (s, 2H), 4.03 (q, 7 Hz, 2H), 10.17 (brs, 2H, D,O-
exch.); ?C NMR DMSO-ds & 9.70, 14.02, 42.91, 57.41,
59.66, 114.81, 133.78, 156.57, 170.86. Anal. Calcd for
CoH;5N;03: C, 50.69; H, 7.09; N, 19.71. Found: C, 50.55;
H, 6.88; N, 19.38.

3.1.4. Alkyl 3,5-dimethyl-1-ureido-2,3-dihydro-1H-
imidazoles-2,4-dicarboxylates 6a,b. To a solution of the
appropriate a-aminohydrazones 3a or 3b (1 mmol) in dry
THF (5 ml) Cul (190 mg, 1 mmol) was added. The mixture
was then purged with oxygen, connected to a balloon of
oxygen and stirred at room temperature for 1 h. Dihydro-
imidazoles 6a,b were collected by filtration, washed twice
with dry THF and recrystallised from EtOAc/Et,0.

6a: White solid; mP 151-153°C; IR cm™ ! 3425, 3460, 1740,
1730, 1685, 1670; 'HNMR CDCl; & 1.27 (t, 7 Hz, 3H), 1.91
(s, 3H), 2.83 (s, 3H), 3.89 (s, 3H), 4.20 (q, 7 Hz, 2H), 4.42 (s,
1H), 4.50-6.50 (brs, 2H, D,0-exch.), 5.55 (brs, 1H, D,0O-
exch.); °C NMR DMSO-ds 6 13.92, 18.11, 34.74, 53.20,
60.53, 64.24, 81.84, 141.27, 155.20, 168.01, 170.52; MS m/z
286 (4) [M 1], 285 (14), 229 (100), 186 (97), 126 (93), 100
(57). Anal. Calcd for C;;H;3N,Os: C, 46.14; H, 6.33; N,
19.57. Found: C, 46.03; H, 6.28; N, 19.58.

6b: White solid; mp 157-159°C; IR cm™! 3425, 3460, 1743,
1720, 1680, 1670; '"H NMR CDCl; & 1.32 (m, 6H), 1.90 (s,
3H), 2.63 (s, 3H), 3.89 (s, 3H), 4.24 (m, 4H), 4.41 (s, 1H),
5.10 (brs, 1H, D,O-exch.), 5.52 (brs, 1H, D,O-exch.), 6.05
(brs, 1H, D,0O-exch.); *C NMR DMSO-d, & 13.94, 14.06,
18.16, 34.77, 53.26, 60.54, 62.56, 81.92, 143.36, 154.91,
163.01, 172.65; MS m/z 300 (12) [M*], 299 (15), 243
(87), 200 (100), 140 (82), 114 (45). Anal. Calcd for
C;,HyN,Os: C, 47.99; H, 6.71; N, 18.65. Found: C,
47.85; H, 6.68; N, 18.76.

3.1.5. 2-Ketohydrazones 7a—d. From 4,5-dihydroimida-
zoles 6a,b: a solution of 6a or 6b (1 mmol) in MeOH/H,0O
2:1 (10 ml) was stirred at room temperature for 1 h. The
solvent was then removed under reduced pressure and the
crude product crystallised from methanol yielding pure
7a,b. For analytical and spectral data see Ref. 22. From
2-ketohydrazones 3c—h: the crude reaction mixture
obtained as reported for the 4,5-dihydroimidazoles 6a,b
was poured into HCI 0.1 M (60 ml) and extracted twice
with ethyl acetate. The organic layer, dried over Na,SOy,
was evaporated to dryness and the crude purified by crystal-
lisation from methanol (7a,b) or by flash cromatography
(7¢,d) eluting with ethyl acetate/PE mixtures. For analytical
and spectral data see Ref. 22.

3.1.6. Alkyl 5-methyl-1-ureidoimidazole-4-carboxylates
8a—c. To a nitrogen flushed solution of the appropriate
a-aminohydrazones 3c,m,n (1 mmol) in dry THF (5 ml)
CuBr (157.8mg, 1.1 mmol), Cu(OAc), (199.8 mg,
1.1 mmol) and #BuOOCOPh (388.4 mg, 2 mmol) were
added. The mixture was stirred for 3 h at 60°C, then poured
in NaHCO; (sat. sol. 50 ml) and extracted twice with
EtOAc. The organic layer, dried over Na,SO,, was evapo-
rated to dryness and the crude product purified by flash
chromatography over silica gel. Elution with PE/ethyl
acetate mixtures afforded pure 8a—c.

8a: White solid; mp 189-191°C; IR cm” ! 3335, 3210, 2260,
1740, 1725, 1695, 1610, 1560; "H NMR CDCl; & 1.16 (t,
7 Hz, 3H), 2.46 (s, 3H), 3.82 (s, 3H), 4.17 (q, 7 Hz, 2H),
7.06—7.52 (m, 5H), 8.93 and 9.52 (brs, 1H, D,0-exch.); 1*C
NMR CDCl; & 13.82, 29.66, 51.96, 62.31, 119.73 (20),
123.61, 126.49, 128.84 (2C), 136.15, 137.92, 142.55,
154.31, 157.14, 163.25; MS m/z 346 (50) [M '], 227 (77),
195 (75), 155 (58), 119 (100). Anal. Calcd for C,¢H;sN,Os:
C, 55.48; H, 5.23; N, 16.17. Found: C, 55.43; H, 5.21; N,
16.23.

8b: White solid; mp 196—198°C; IR cm ™' 3520, 3420, 3350,
2245, 1725, 1690, 1610, 1565; "H NMR DMSO-d, 6 1.32 (t,
7 Hz, 3H), 2.38 (s, 3H), 4.27 (q, 7 Hz, 2H), 6.85 (brs, 2H,
D,0-exch.), 9.98 (brs, 1H, D,0-exch.); *C NMR DMSO-d;
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9.57, 14.41, 60.58, 110.46, 122.52, 128.64, 141.46, 156.07,
161.62; MS m/z 237 (25) [M ], 179 (100), 138 (45). Anal.
Calcd for CoH;N505: C, 45.56; H, 4.67; N, 29.52. Found:
C, 45.55; H, 4.68; N, 29.48.

8c: White solid; mp 170-172°C; IR cm™! 3315, 3220, 3150,
2245, 1725, 1700, 1600, 1550; '"H NMR CDCl; & 2.57 (s,
3H), 4.00 (s, 3H), 7.30-7.65 (m, 5H), 8.79 and 10.65 (brs,
1H, D,0-exch.); *C NMR CDCl; & 10.05, 52.68, 108.46,
119.49 (2C), 123.34, 128.91, 129.09 (2C), 133.67, 137.95,
142.18, 152.71, 163.66; MS m/z 299 (35) [M '], 180 (86),
148 (85), 119 (100). Anal. Calcd for C;4H,5NsO;: C, 56.18;
H, 4.37; N, 23.40. Found: C, 56.16; H, 4.34; N, 23.47.

3.1.7. 3-Aminocarbonylhydrazono-2-benzylimino-butir-
ric acid methyl ester 9. The crude reaction product
obtained as reported for imidazoles 8 was purified by flash
chromatography. Elution with EtOAC/PE 60:40 yields pure
9. Mp 129-131°C; IR cm ™' 3458, 3372, 3212, 1742, 1698,
1582; "H NMR CDCl; 8 2.12 (s, 3H), 3.89 (s, 3H), 4.64 (s,
2H), 5.35 and 5.90 (brs, 1H, D,0-exch.), 7.33 (m, 5H), 8.85
(brs, 1H, D,0-exch.); *C NMR CDCl; & 10.67, 52.33,
59.06, 127.70, 128.36 (2C), 128.99 (2C), 138.72, 145.92,
157.85, 161.11, 166.12; MS m/z 276 (2) [M "], 275 (7), 232
(40), 216 (65), 199 (37), 185 (100). Anal. Calcd for
C3HsN,O5: C, 56.50; H, 5.83; N, 20.28. Found: C,
56.45; H, 5.79; N, 20.23.

References

1. Attanasi, O. A.; Caglioti, L. Org. Prep. Proced. Int. 1986, 18,
299. Attanasi, O. A.; Filippone, P. Synlett 1997, 1128—1140
(and references cited therein).

2. Attanasi, O. A.; Filippone, P.; Foresti, E.; Guidi, B.; Santeu-
sanio, S. Tetrahedron 1999, 55, 13423—13444. Attanasi, O. A.;
Ballini, R.; De Crescentini, L.; Filippone, P.; Mantellini, F.
J. Org. Chem. 1999, 64, 9653-9657 (and references cited
therein).

3. Arcadi, A.; Attanasi, O. A.; Guidi, B.; Rossi, E.; Santeusanio,
S. Eur. J. Org. Chem. 1999, 3117-3126.

4. Arcadi, A.; Attanasi, O. A.; De Crescentini, L.; Rossi, E.
Tetrahedron Lett. 1997, 38, 2329-2332.

5. Lan, R.; Liu, Q.; Fan, P.; Lin, S.; Fernando, S. R.; McCallion,
D.; Pertwee, R.; Makriyannis, A. J. Med. Chem. 1999, 42,
769-776.

6. Karanewsky, S. D.; Badia, M. C.; Biller, S. A.; Gordon, E. M.;
Sofia, M. G. (Ger. Offen. DE) USP. 3817 298, 1987.

7. Liverton, N. J.; Butcher, J. W.; Clairborne, C. F.; Claremon,
D. A.; Libby, B. E.; Nguyen, K. T.; Pitzenberger, S. M.;
Selnick, H. G.; Smith, G. R.; Tebben, A.; Vacca, J. P.;
Varga, L. S.; Argawal, L.; Dancheck, K.; Forsyth, A. J.;
Fletcher, D. S.; Frantz, B.; Hanlon, W. A.; Harper, C. F.;
Hofsess, S. J.; Kostura, M.; Linn, J.; Luell, S.; O’Neill,
E. A.; Orevillo, C. J.; Pang, M.; Parsons, J.; Rolando, A.;
Sahly, Y.; Visco, D. M.; O’Keefe, S. J. J. Med. Chem. 1999,
42, 2180-2190.

8. Attanasi, O. A.; Battistoni, P.; Fava, G.; Filippone, P.
Synthesis 1984, 422-424. Bozzini, S.; Gratton, S.; Risaliti,
A. Tetrahedron 1984, 40, 5263-5267.

9. Bozzini, S.; Felluga, F.; Nardin, G.; Pizzioli, A.; Pitacco, G.;
Valentin, E. J. Chem. Soc. Perkin Trans. 1 1996, 1961—1969.

10. Arcadi, A.; Attanasi, O. A.; De Crescentini, L.; Rossi, E.;
Serra-Zanetti, F. Synthesis 1996, 533-536.

11. Yoshimatsu, M.; Kawahigashy, M.; Honda, E.; Kataoka, T.
J. Chem. Soc., Perkin Trans. 1 1997, 695-700.

12. Metzler, D.; Longenecker, J. B.; Snell, E. E. J. Amer. Chem.
Soc. 1954, 76, 639-644. Kikuchi, J-i.; Zhang, Z.-Y.;
Murakami, Y. J. Amer. Chem. Soc. 1995, 117, 5383-5384.

13. Kharash, M. S.; Sosnovsky, G.; Yang, N. C. J. Am. Chem. Soc.
1959, 81, 5819-5824. Rawlinson, D. J.; Sosnovsky, G.
Synthesis 1972, 1-28. Rawlinson, D. J.; Sosnovsky, G.
Synthesis 1973, 567-603.

14. Andrus, M. B.; Argade, A. B.; Chen, X.; Pamment, M. G.
Tetrahedron Lett. 1995, 36, 2945-2948. Sodergren, M. J.;
Anderson, P. G. Tetrahedron Lett. 1996, 37, 7577-7580.

15. Minakata, S.; Imai, E.; Ohshima, K.; Inaki, K.; Ryu, L;
Komatsu, M.; Ohshiro, Y. Chem. Lett. 1996, 19-20.

16. Feringa, B. L. In Bioinorganic Chemistry of Copper; Karlin,
K. D., Tyeklar, Z., Eds.; Chapman and Hall: New York, 1993.

17. Solomon, E. I.; Sundaram, U. M.; Machonchin, E. Chem. Rev.
1996, 96, 2563-2605. Balogh-Hergovich, E.; Kaizer, J.;
Speier, G.; Fiilop, V.; Parkanyi, L. Inorg. Chem. 1999, 38,
3787-3795 (and references therein).

18. Cramer, C. J.; Smith, B. A.; Tolman, W. B. J. Am. Chem. Soc.
1996, /18, 11283—-11287. Comba, P.; Hilfenhaus, P.; Karlin,
K. D. Inorg. Chem. 1997, 36, 2309-2313. Karlin, K. D.;
Kaderli, S.; Zuberbiihler, A. D. Acc. Chem. Res. 1997, 30,
139-147. Tolman, W. B. Acc. Chem. Res. 1997, 30, 227
237. Chaudhuri, P.; Hess, M.; Miiller, J.; Hildenbrand, K.;
Bill, E.; Weyhermiiller, T.; Wieghardt, K. J. Am. Chem. Soc.
1999, 121, 9599-9610.

19. Itoh, S.; Nakao, H.; Berreau, L. M.; Kondo, T.; Komatsu, M.;
Fukuzumi, S. J. Am. Chem. Soc. 1998, 120, 2890-2899 (and
references therein).

20. Karlin, K. D.; Hayes, J. C.; Gultneh, Y.; Cruse, R. W
McKown, J. W.; Hutchinson, J. P.; Zubieta, J. J. Am. Chem.
Soc. 1984, 106, 2121-2128. Mahapatra, S.; Halfen, J. A;
Tolman, W. B. J. Am. Chem. Soc. 1996, 118, 11575-11586.
Higashimura, H.; Fujisawa, K.; Moro-oka, Y.; Kubota, M.;
Shiga, A.; Terahara, H.; Uyama, H.; Kobayashi, S. J. Am.
Chem. Soc. 1998, 120, 8529-8530.

21. Acheson, R. M. In An Introduction to the Heterocyclic
Compounds; Wiley: London, 1977; pp 362. Derstine, C. W.;
Smith, D. N.; Katzenellenbogen, J. A. Tetrahedron Lett. 1997,
4359-4362.

22. Attanasi, O. A.; De Crescentini, L.; Filippone, P.; Foresti, E.;
Mantellini, F. J. Org. Chem. 2000, 65, 2820-2823.

23. Meyers, A. L; Tavares, F. Tetrahedron Lett. 1994, 35, 2481—
2484. Tavares, F.; Meyers, A. L. Tetrahedron Lett. 1994, 35,
6803-6806.

24. Rousselet, G.; Capdevielle, P.; Maumy, M. Tetrahedron Lett.
1995, 36, 4999-5022. Rousselet, G.; Chassagnard, P.;
Capdevielle, P.; Maumy, M. Tetrahedron Lett. 1996, 37,
8497-8500. Mahapatra, S.; Hlafen, J. A.; Tolman, W. B.
J. Am. Chem. Soc. 1996, 118, 11575-11586.

25. Wyss, C.; Batra, R.; Lehmann, C.; Sauer, S.; Giese, B. Angew.
Chem., Int. Ed. Engl. 1996, 35, 2529-2531. Marko, 1. E,;
Tsukazaki, M.; Giles, P. R.; Brown, S. M.; Urch, C. J.
Angew. Chem., Int. Ed. Engl. 1997, 36, 2208-2210.

26. For a general discussion on substituent effects in radical
reactions see: Carey, F. A.; Sundberg, R. J. In Advanced
Organic Chemistry. Part A; 3rd ed., Plenum: New York,
1990; pp 674—688. Davis, W. H.; Pryor, W. A. J. Am.
Chem. Soc. 1977, 99, 6365-6372. Davis, W. H.; Gleason,



2038 G. Abbiati et al. / Tetrahedron 57 (2001) 2031-2038

J. H.; Pryor, W. A. J. Org. Chem. 1977, 42, 7-12. Pryor, 1986, 119, 444-452. Giese, B.; Horler, H.; Leising, M.
W. A.; Gojon, G.; Church, D. F. J. Org. Chem. 1978, 43, Chem. Ber. 1986, 119, 444—452.

793-800. Kerr, J. A. Chem. Rev. 1966, 66, 465—-499. Cao, 27. Attanasi, O. A.; Filippone, P.; Mei, A.; Santeusanio, S.
J. R.; Back, M. H. Int. J. Chem. Kinet. 1984, 16, 961-966. Synthesis 1984, 671-672. Attanasi, O. A.; Filippone, P.;
Holmes, J. L.; Lossing, F. P. J. Am. Chem. Soc. 1988, 110, Mei, A.; Santeusanio, S. Synthesis 1984, 873—874. Sommer,
7343-7345. Leroy, C.; Peeters, D.; Wilante, C. Theochem S. Tetrahedron Lett. 1977, 18, 117-120.

1982, 5, 217-233. Giese, B. Angew. Chem., Int. Ed. Engl



