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The aza-Diels–Alder reaction of 4-phosphinyl- and 4-phos-
phonyl-1,2-diaza-1,3-butadienes with styrene, cyclopentadi-
ene, dihydrofuran and norbornadiene is reported. Monocy-
clic, bicyclic and polycyclic tetrahydropyridazines containing
a phosphane oxide or a phosphonate substituent are ob-
tained. The formation of cycloadducts can be explained by

Introduction

The Diels–Alder reaction has both enabled and shaped
the art and science of synthesis in recent years, and azabuta-
dienes have proved to be efficient heterodienes in aza-Diels–
Alder processes.[1,2] 1,2-Diaza-1,3-butadienes (III, Figure 1)
are widely used intermediates in organic synthesis,[3,4] and
theoretical calculations [at the Becke3LYP/6-31G(d) com-
putational level] have shown that they are more efficient
dienes than 1- (I) and 2-azabutadienes (II, Figure 1) for the
formation of heterocycles by aza-Diels–Alder processes.[5]

Some examples of the use of 1,2-diaza-1,3-butadienes (III)
both in Diels–Alder reactions with electron-poor dieno-
philes[6] and also in inverse-demand Diels–Alder reactions
with electron-rich dienophiles[7] have been described. How-
ever, as far as we know no example of an aza-Diels–Alder
reaction of 1,2-diaza-1,3-butadienes (IV, Figure 1), contain-
ing a phosphorus substituent, has been reported. It is
known that phosphorus substituents regulate important
biological functions,[8] and that molecular modifications in-
volving the introduction of organophosphorus functionali-
ties in simple synthons could be very interesting from a syn-
thetic point of view because they can be useful substrates
for the preparation of biologically active compounds.

We have previously described the synthesis of 2-aza-[9]

and 1,2-diaza-1,3-butadienes,[10] as well as new strategies for
the preparation of three-,[11] five-,[12] and six-membered[13]

phosphorus-substituted nitrogen heterocycles from func-
tionalised phosphane oxides and phosphonates, and the ap-
plication of phosphorus-substituted hydrazones[14] as start-
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an endo transition state in the cycloaddition process of these
heterodienes with styrene, cyclopentadiene, dihydrofuran,
and by means of an exo transition state in the case of norbor-
nadiene.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Figure 1. 1- and 2-azadienes I and II and 1,2-diazadienes III and
IV.

ing materials for the preparation of acyclic and cyclic com-
pounds. Recently, we described the preparation of new
phosphorylated conjugated aza-alkenes[15] (IV, Figure 2)
and the preparation of α-aminophosphorus derivatives (V,
Figure 2) by Michael addition of amines to these substrates.
As a continuation of our work on the cycloaddition reac-
tion of azadienes[9] and on the preparation of phosphorus-
substituted heterocycles,[11–13] here we aim to explore the
behaviour of heterodienes, such as 4-phosphinyl-IV (R =
Ph) and 4-phosphonyl 1,2-diaza-1,3-butadienes IV (R =
OEt), towards olefins for the preparation of the phospho-
rus-substituted heterocycles (VI, Figure 2). The effect of op-
tically active substituents[16] at the terminal nitrogen atom
(N-1) is also reported.

Figure 2. Reactivity pattern of phosphorylated 1,2-diazadienes.
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Results and Discussion

Reaction of 1,2-Diaza-1,3-butadienes 2 with Acyclic and
Cyclic Alkenes

Initially, the behaviour of diazabutadienes 2 (Scheme 1)
as heterodienes with electron-poor dienophiles such as di-
ethyl acetylenedicarboxylate, diethyl azodicarboxylate or
tetracyanoethylene was explored. However, the formation
of cycloadducts was not observed in these reactions and the
starting materials were recovered. The presence of electron-
withdrawing groups at the terminal nitrogen (N-1) and car-
bon atoms (C-4) of the azo-ene system of the 1,2-diaza-
1,3-butadienes 2 suggested that inverse-demand aza-Diels–
Alder reactions with electron-rich dienophiles[7] could be
favoured. For this reason, we explored the reaction with
styrene. Highly coloured 4-phosphinyl-1,2-diaza-1,3-butadi-
ene (2a; R = Ph), obtained as a mixture of the E- and Z-
isomers in a ratio of 85:15, was generated in situ from chlo-
rohydrazones 1 (R = Ph, R1 = Et) in the presence of trieth-
ylamine[15] (Scheme 1). Addition of styrene (3) to 1,2-diaza-
1,3-butadiene 2a led to the formation of tetrahydropyrid-
azylphosphane oxide (4a; R = Ph, R1 = Et) in moderate
yield (66%) and in a regioselective fashion (Scheme 1).

Scheme 1.

Spectroscopic data, including NOE experiments, were in
agreement with the assigned structure of compound 4a. The
1H NMR spectrum of 4a shows multiplets at δH = 2.0 and
2.4 for the H-5 (2JH,H = 13.2 Hz) protons and at δH =
2.92 ppm for H-4 (3JH,H = 11.6 and 4.6 Hz), while H–6 ap-
pears as a broad singlet at δH = 5.56 ppm. Difference ex-
periments (NOE), either between H-4 and H-5a (4.3%)
when H-4 was irradiated or between H-6 and both H-5a
(2.4%) and H-5e (3.7%) when H-6 was irradiated, as well
as the coupling constants observed, are all consistent with
a semi-boat conformation with the axial phenyl group at
the 6-position and the equatorial diphenylphosphane oxide
group (R = Ph) at the 4-position, with a cis configuration
between protons H-4 and H-5a (3JH,H = 11.6 Hz) and a
trans configuration between protons H-4 and H-5e (3JH,H
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= 4.6 Hz).[7a] The formation of this cycloadduct 4a could
be explained by an aza-Diels–Alder reaction with an endo
approach of the styrene to the heterodiene 2a (Scheme 1).

This process was extended to 4-phosphonyl-1-benzyloxy-
carbonyl-1,2-diaza-1,3-butadiene (2b; R = OEt, R1 = Bn)
and, in a similar way to that described before, the tetrahy-
dropyridazyl phosphonate (4b; R = OEt, R1 = Bn) was ob-
tained in 58% yield. As far as we know, this process repre-
sents the first example of a [4+2] cycloaddition reaction of
1,2-diaza-1,3-butadienes containing phosphorus substitu-
ents (Scheme 1). We next explored the influence of the pres-
ence of an optically active group[16] [(–)-menthyloxycar-
bonyl] at the terminal nitrogen atom (N-1) of 1,2-diazadi-
enes 2. Reaction of styrene with 1,2-diazadiene 2c [R =
OEt, R1 = (–)-Ment], generated “in situ” from chlorohydra-
zone 1c, gave the endo-cycloadduct [4c; R = OEt, R1 = (–)-
Ment] in a 1:1 diastereoisomeric ratio (Scheme 1). The pro-
portion of diastereoisomers was determined from the 31P
NMR spectrum of the crude reaction mixture. This result
suggests that the chiral group at the nitrogen atom of the
1,2-diazadiene has negligible influence on the cycloaddition
process. Pyridazines constitute an important class of com-
pounds with interest in organic and medicinal chemis-
try.[17,18] However, only one example of the preparation of
pyridazines containing phosphorus substituents has been
described[19] by reaction of diazoalkyl-1,3-dipoles and cy-
clopropenyl derivatives. Therefore, as far as we know, this
strategy represents the first synthesis of tetrahydropyrida-
zines containing a phosphinyl or a phosphonyl group as
substituent, as well as the first example of an aza-Diels–
Alder reaction of the phosphorylated 1,2-diaza-1,3-butadi-
enes 2.

We also studied the cycloaddition of cyclic olefins to di-
azaalkenes 2. The addition of cyclopentadiene 5 to 1,2-di-
aza-1,3-butadiene 2a led to the formation of the function-
alised endo bicyclic cycloadduct 6 (yield of isolated com-
pound 69%, Scheme 2). As before, the structure of com-
pound 6 was assigned on the basis of NMR spectroscopic
data, including NOE experiments, and MS data. The 1H
NMR spectrum of 6 shows multiplets at δH = 3.07 ppm for
H-4a, δH = 3.26 ppm for H-4 and at δH = 5.19 ppm for H-
7a. The vicinal coupling constants (3JH,H) of 9.3 Hz be-
tween H-4a and H-7a and 3.5 Hz between H-4 and H-4a
support the cis orientation[7a,20] of the three protons H-4,
H-4a and H-7a. In the 13C NMR spectrum the absence of
vicinal coupling constants (3JP,C) between C-5 and the
phosphorus atom also suggests the cis configuration of the
phosphane oxide group and the cyclopentene ring.[21]

A different behaviour was observed when 2a was treated
with a strained olefin such as norbornadiene, as only the
exo tricyclic pyridazine derivative 8, instead of the endo cy-
cloadduct as before, was obtained. Its vicinal coupling con-
stants (3JH-2,H-7 = 9.3 Hz and 3JP,C-8 = 11.0 Hz) are consis-
tent with the cis-ring juncture of the fused polycyclic com-
pound[20,21] and with the exo structure in a similar way to
that reported for cycloadducts derived from norbornadiene
and azides (1,3-cycloadition)[22] or 2-aza-1,3-butadienes
(aza-Diels–Alder).[23] This strategy represents the first ex-
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Scheme 2.

ample of the synthesis of bicyclic and polycyclic tetrahy-
dropyridazylphosphane oxides (R = Ph) or phosphonates
(R = OEt).

Reaction of 1,2-Diaza-1,3-butadienes 2 with Electron-Rich
Dienophiles

Finally, we studied the inverse-demand aza-Diels–Alder
reaction of 1,2-diaza-1,3-butadienes 2 with an electron-rich
dienophile such as dihydrofuran 9. Treatment of 4-phos-
phinyl-1,2-diaza-1,3-butadiene (2a; R = Ph, R1 = Et) with
dihydrofuran in the absence of solvent led to the formation
of the functionalised bicyclic pyridazine (10a; R = Ph, R1

= Et) in a regio- and stereoselective fashion, since no traces
of regioisomer with the oxygen atom at the 5-position were
observed and a very high proportion (�97%) of the endo
isomer was detected spectroscopically (1H and 31P NMR)
in the crude reaction mixture and isolated (yield 65%,
Scheme 3). The spectroscopic data are in agreement with
the assigned structure of compound 10a. The vicinal coup-
ling constant between H-4a and H-7a (3JH,H = 8.9 Hz) and
the absence of vicinal coupling constants (3JP,C) between C-
5 and the phosphorus atom support the cis orientation of
the three protons H-4, H-4a and H-7a.

Bicyclic pyridazine 10a was easily epimerised at C-4 upon
treatment with silica gel (SiO2) in methanol, and the corre-
sponding pyridazinylphosphane oxide (11a; R = Ph, R1 =
Et) with a cis configuration of the phosphane oxide group
at the 4-position and H-4a was obtained. A coupling con-
stant (3JH,H) of 7.8 Hz between H-4a and H-7a supported
the cis orientation of these protons, while the vicinal coup-
ling constant (3JP,C) of 11.5 Hz observed in the 13C NMR
spectrum between C-5 and the phosphorus atom supports
the trans configuration of the phosphane oxide group and
the tetrahydrofuran ring.[21] Similar epimerisations of N-
ethoxycarbonyl- and N-tosylpyridazine derivatives have
been described previously[24] and the formation of the new
pyridazine derivative 11a could be explained by means of
an enehydrazinic intermediate 12 and subsequent tauto-
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Scheme 3.

merisation with formation of the pyridazine 11a.[25] In a
similar way, in the case of the 1,2-diaza-1,3-butadiene con-
taining a phosphonate group at the 4-position, the bicyclic
pyridazine (10b; R = OEt, R1 = Bn) was obtained in a re-
gio- and stereoselective fashion. However, this pyrazine
could not be isolated and, after treatment with silica gel
(SiO2) in methanol, the corresponding epimerised pyridazi-
nylphosphane oxide (11b; R = OEt, R1 = Bn) was obtained
(yield 72%, Scheme 3).

In conclusion, 1-alkoxycarbonyl-1,2-diaza-1,3-butadi-
enes containing a phosphane oxide group (2a) or a phos-
phonate group (2b and 2c) at the 4-position can be used
as heterodienes in aza-Diels–Alder reactions, not only with
simple (styrene), cyclic (cyclopentadiene) and strained (nor-
bornadiene) olefins but also with an electron-rich dienoph-
ile (dihydrofuran) to give monocyclic, bicyclic and polycy-
clic pyrazine derivatives containing phosphinyl or phos-
phonyl substituents. Whereas endo cycloadducts are ob-
tained in the case of styrene, cyclopentadiene and dihy-
drofuran, in the case of the strained olefin (norbornadiene)
only an exo cycloadduct can be isolated. The functionalized
pyridazine derivatives obtained may be interesting sub-
strates in organic and medicinal chemistry.[17,18]

Experimental Section
General: Solvents for extraction and chromatography were of tech-
nical grade. All solvents used in reactions were freshly distilled.
All other reagents were recrystallised or distilled as necessary. All
reactions were performed under an atmosphere of dry nitrogen.
Analytical TLC was performed with silica gel 60 F254 plates. Visual-
isation was accomplished by UV light or KMnO4 solution. Flash
chromatography was carried out on silica gel 60 (230–400 mesh).
Melting points are uncorrected. 1H (300 MHz), 13C (75 MHz) and
31P NMR (120 MHz) spectra were recorded on a 300 MHz spec-
trometer using tetramethylsilane (TMS; δ = 0.00 ppm) or chloro-
form (δ = 7.24 ppm) as an internal reference in CDCl3 solutions
for 1H NMR spectra, or chloroform (δ = 77.0 ppm) as an internal
reference in CDCl3 solutions for 13C NMR spectra, and phosphoric
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acid (85%) for 31P NMR spectra. Chemical shifts (δ) are given in
ppm. Coupling constants (J) are reported in hertz. Low-resolution
mass spectra (MS) were obtained at 50–70 eV by electron impact
(EI) or chemical ionisation (CI). Data are reported in the form
m/z (intensity relative to base = 100). Infrared spectra (IR) were
taken on an IRFT spectrometer, and were obtained as solids in
KBr or as neat oils in NaCl. Peaks are reported in cm–1. Chlorohy-
drazones 1[15] and 1,2-diaza-1,3-butadienes 2[15] were synthesised
according to literature procedures.

General Procedure for the aza-Diels–Alder Reactions. Synthesis of
a Pyridazine Derivative: Triethylamine (0.21 mL, 1.5 mmol) was
added dropwise under a nitrogen atmosphere to a solution of chlo-
rohydrazone 1 (1 mmol) in dry CH2Cl2 (5 mL) at room tempera-
ture. The mixture was stirred at this temperature for 30 min. The
crude mixture was then diluted with CH2Cl2 (4 mL), washed with
H2O (2 × 4 mL) and the aqueous phase was extracted twice with
CH2Cl2 (4 mL). The solvent was dried over MgSO4 and the sol-
vents evaporated under vacuum. Diazaalkenes 2 were then treated
with the appropriate dienophile (2 mL/mmol) under a nitrogen at-
mosphere at room temperature for 1–2 d. The crude product was
purified by crystallisation or flash chromatography (silica gel).

Ethyl (±)-(4S*,6S*)-4-(Diphenylphosphinoyl)-3-methyl-6-phenyl-
5,6-dihydro-4H-pyridazine-1-carboxylate (4a): Obtained as a white
solid from 1a (0.38 g, 1 mmol) and styrene 3 (2 mL) as described
in the general procedure. The crude product was purified by crys-
tallisation from diethyl ether. Yield: 0.29 g (66%); m.p. 113–114 °C.
1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.25 (t, 3JH,H = 7.2 Hz, 3
H, CH3), 1.95–2.07 [m, 4 H, CH3 and C(5)-Ha], 2.32–2.48 [m, 3JH,H

= 4.6, 2JH,H = 13.2 Hz, 1 H, C(5)-He], 2.87–2.98 [m, 3JH,H = 4.6,
3JH,H = 11.6 Hz, 1 H, C(4)-H], 4.21–4.28 (m, 2 H, CH2), 5.56 [br. s,
1 H, C(6)-H], 6.98–7.75 (m, 15 H, arom) ppm. 13C NMR (75 MHz,
CDCl3, 25 °C): δ = 14.4, 25.1, 27.4, 34.6 (d, 1JP,C = 69.0 Hz), 53.4
(d, 3JP,C = 9.6 Hz), 62.6, 125.1–139.6 (m), 144.9, (d, 2JP,C = 3.0 Hz),
153.9 ppm. 31P NMR (120 MHz, CDCl3, 25 °C): δ = 31.2 ppm. IR
(KBr): ν̃ = 1116, 1314, 1440, 1692, 2912, 2972 cm–1. MS (CI): m/z
(%) = 447 (100) [M+ + 1]. C26H27N2O3P (446): calcd. C 69.94, H
6.10, N 6.27; found C 70.15, H 6.08, N 6.25.

Benzyl (±)-(4S*,6S*)-4-(Diethoxyphosphoryl)-3-methyl-6-phenyl-
5,6-dihydro-4H-pyridazine-1-carboxylate (4b): Obtained as an oil
from 1b (0.38 g, 1 mmol) and styrene 3 (2 mL) as described in the
general procedure. The crude product was purified by flash
chromatography (silica gel, AcOEt/hexanes, 70:30). Yield: 0.26 g
(58%). 1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.25–1.34 (m, 6
H, 2 × CH3), 2.22–2.40 [m, 6 H, CH3, C(4)-H and C(5)-H2], 4.06–
4.15 (m, 4 H, 2 × CH2), 5.24 (s, 2 H, CH2), 5.59–5.60 [m, 1 H,
C(6)-H], 7.05–7.33 (m, 10 H, arom) ppm. 13C NMR (75 MHz,
CDCl3, 25 °C): δ = 15.9, 16.0, 23.7, 26.7, 31.8 (d, 1JP,C = 145.0 Hz),
52.9 (d, 3JP,C = 11.1 Hz), 62.0 (d, 2JP,C = 6.5 Hz), 62.6 (d, 2JP,C =
7.1 Hz), 67.4, 124.7–139.2 (m), 144.4 (d, 2JP,C = 3.6 Hz),
153.4 ppm. 31P NMR (120 MHz, CDCl3, 25 °C): δ = 25.6 ppm. IR
(NaCl): ν̃ = 1029, 1248, 1414, 1699, 2985 cm–1. MS (CI): m/z (%)
= 445 (100) [M+ + 1]. C23H29N2O5P (444): calcd. C 62.15, H 6.58,
N 6.30; found C 62.32, H 6.60, N 6.32.

Menthyl (±)-(4S*,6S*)-4-(Diethoxyphosphoryl)-3-methyl-6-phenyl-
5,6-dihydro-4H-pyridazine-1-carboxylate (4c): Obtained as an oil
from 1c (0.43 g, 1 mmol) and styrene 3 (2 mL) as described in the
general procedure. The crude product was purified by flash
chromatography (silica gel, AcOEt/hexanes, 50:50). Yield: 0.26 g
(53%). 1H NMR (300 MHz, CDCl3, 25 °C): δ = 0.73–2.37 [m, 29
H, menthyl group, 2 × CH3 and C(5)-H2], 4.00–4.15 (m, 1 H, CH2),
4.50–4.63 [m, 1 H, C(menthyl group)-H], 5.47 [br. s, 1 H, C(6)-H],
7.00–7.27 (m, 5 H, arom) ppm. 13C NMR (75 MHz, CDCl3, 25 °C):
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δ = 15.2, 21.6, 22.6, 23.3, 23.7, 26.2, 26.7, 26.8, 30.8, 30.9, 31.8 (d,
1JP,C = 155.6 Hz), 33.7, 33.8, 40.2, 40.7, 46.5, 53.4 (d, 3JP,C =
13.0 Hz), 61.9–62.5 (m), 75.9–76.1 (m), 124.6–139.9 (m), 141.7,
143.5, 153.0, 153.2 ppm. 31P NMR (120 MHz, CDCl3, 25 °C): δ =
25.7, 25.9 ppm. IR (NaCl): ν̃ = 1043, 1169, 1255, 1407, 1706,
2939 cm–1. MS (CI): m/z (%) = 493 (100) [M+ + 1]. C26H41N2O5P
(492): calcd. C 63.40, H 8.39, N 5.69; found C 63.51, H 8.38, N
5.67.

Ethyl (±)-(4S*,4aS*,7aR*)-4-(Diphenylphosphinoyl)-3-methyl-
4,4a,5,7a-tetrahydrocyclopenta[c]pyridazine-1-carboxylate (6): Ob-
tained as a white solid from 1a (0.38 g, 1 mmol) and cyclopentadi-
ene 5 (2 mL) as described in the general procedure. The crude pro-
duct was purified by crystallisation from diethyl ether. Yield: 0.28 g
(69%); m.p. 174–175 °C. 1H NMR (300 MHz, CDCl3, 25 °C): δ =
1.35 (t, 3JH,H = 7.1 Hz, 3 H, CH3), 2.14 (s, 3 H, CH3), 2.47–2.55
[m, 1 H, C(5)-H], 2.72–2.79 [m, 1 H, C(5)-H], 3.03–3.11 [m, 1 H,
C(4a)-H], 3.26 [m, 3JH,H = 3.5 Hz, 1 H, C(4)-H], 4.29–4.32 (m, 2
H, CH2), 5.19 [m, 3JH,H = 9.3 Hz, 1 H, C(7a)-H], 5.68 [s, 1 H, C(7)-
H], 5.81 [s, 1 H, C(6)-H], 7.49–7.89 (m, 10 H, arom) ppm. 13C
NMR (75 MHz, CDCl3, 25 °C): δ = 14.6, 24.1, 35.8, 39.1, 39.6 (d,
1JP,C = 80.1 Hz), 62.4, 65.8 (d, 3JP,C = 11.1 Hz), 127.8–135.4 (m),
155.2, 159.7 ppm. 31P NMR (120 MHz, CDCl3, 25 °C): δ =
27.1 ppm. IR (KBr): ν̃ = 1293, 1424, 1500, 1699, 2866, 2965,
3429 cm–1. MS (CI): m/z (%) = 409 (100) [M+ + 1]. C23H25N2O3P
(408): calcd. C 67.64, H 6.17, N 6.86; found C 67.72, H 6.19, N
6.88.

Ethyl (±)-(2S*,6S*,7R*)-6-(Diphenylphosphinoyl)-5-methyl-3,4-di-
azatricyclo[6.2.1.02,7]undeca-4,9-diene-3-carboxylate (8): Obtained
as an oil from 1a (0.38 g, 1 mmol) and norbornadiene 7 (2 mL) as
described in the general procedure. The crude product was purified
by flash chromatography (silica gel, AcOEt). Yield: 0.25 g (58%).
1H NMR (300 MHz, CDCl3, 25 °C): δ = 1.29 (t, 3JH,H = 7.2 Hz, 3
H, CH3), 1.42–1.63 [m, 2 H, C(11)-H2], 2.03 (s, 3 H, CH3), 2.67 [d,
3JH,H = 9.3 Hz, 1 H, C(7)-H], 2.72 [s, 1 H, C(1)-H], 2.88 [s, 1 H,
C(8)-H], 3.34 [d, 1JP,C = 21.9 Hz, 1 H, C(6)-H], 3.37–3.45 [m, 1 H,
C(2)-H], 4.10–4.20 (m, 2 H, CH2), 6.10–6.24 [m, 2 H, C(6)–H and
C(7)-H], 7.48–7.81 (m, 10 H, arom) ppm. 13C NMR (75 MHz,
CDCl3, 25 °C): δ = 14.5, 25.8, 38.8, 44.5, 45.4 (d, 1JP,C = 59.4 Hz),
51.0, 51.2 (d, 3JP,C = 11.0 Hz), 52.3, 61.8, 128.3–139.8 (m), 137.2,
140.0, 151.5 (d, 2JP,C = 5.1 Hz), 153.5 ppm. 31P NMR (120 MHz,
CDCl3, 25 °C): δ = 29.9 ppm. IR (KBr): ν̃ = 1268, 1334, 1407,
1669, 2979, 3054 cm–1. MS (CI): m/z (%) = 435 (100) [M+ + 1].
C25H27N2O3P (434): calcd. C 69.11, H 6.26, N 6.45; found C 68.97,
H 6.24, N 6.48.

Ethyl (±)-(4S*,4aS*,7aR*)-4-(Diphenylphosphinoyl)-3-methyl-
4a,5,6,7a-tetrahydro-4H-furo[2,3-c]pyridazine-1-carboxylate (10a):
Obtained as a white solid from 1a (0.38 g, 1 mmol) and 2,3-dihy-
drofuran 9 (2 mL) as described in the general procedure. The crude
product was purified by crystallisation from diethyl ether. Yield:
0.27 g (65%); m.p. 153–154 °C. 1H NMR (300 MHz, CDCl3,
25 °C): δ = 1.36 (t, 3JH,H = 7.0 Hz, 3 H, CH3), 2.17–2.23 [m, 5 H,
CH3 and C(5)-H2], 2.74–2.81 [m, 1 H, C(4a)-H], 3.22–3.25 [m, 1
H, C(4)-H], 3.64–3.89 [m, 2 H, C(6)-H2], 4.31–4.39 (m, 2 H, CH2),
6.04 [d, 3JH,H = 8.9 Hz, 1 H, C(7a)-H], 7.51–7.90 (m, 10 H, arom)
ppm. 13C NMR (75 MHz, CDCl3, 25 °C): δ = 14.4, 23.7, 27.8, 38.3
(d, 1JP,C = 76.0 Hz), 39.9, 62.7, 68.3, 86.9 (d, 3JP,C = 13.1 Hz),
128.4, 133.4 (m), 154.8, 158.3 ppm. 31P NMR (120 MHz, CDCl3,
25 °C): δ = 26.7 ppm. IR (KBr): ν̃ = 1320, 1444, 1692, 1685, 2878,
3125 cm–1. MS (CI): m/z (%) = 413 (100) [M+ + 1]. C22H25N2O4P
(412): calcd. C 64.07, H 6.11, N 6.79; found C 64.25, H 6.13, N
6.81.

Synthesis of Ethyl (±)-(4R*,4aS*,7aR*)-4-(Diphenylphosphinoyl)-3-
methyl-4a,5,6,7a-tetrahydro-4H-furo[2,3-c]pyridazine-1-carboxylate
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(11a): The crude product 10a was dissolved in MeOH (6 mL) and
silica gel (0.2 g) was added. The suspension was stirred at room
temperature for 1 d. The solvent was then evaporated under vac-
uum and the crude product was purified by flash chromatography
(silica gel, AcOEt) and crystallised from diethyl ether to obtain 11a
as a white solid. M.p. 168–170 °C. 1H NMR (300 MHz, CDCl3,
25 °C): δ = 1.29 (t, 3JH,H = 7.0 Hz, 3 H, CH3), 1.65–1.73 [m, 1 H,
C(5)-H], 1.84 (m, 3 H, CH3), 2.17–2.29 [m, 1 H, C(5)-H], 3.29–3.48
[m, 2 H, C(4)-H and C(4a)-H], 3.70–3.89 [m, 2 H, C(6)-H2], 4.15–
4.22 (m, 2 H, CH2), 5.47 [d, 3JH,H = 7.8 Hz, 1 H, C(7a)-H], 7.49–
7.87 (m, 10 H, arom) ppm. 13C NMR (75 MHz, CDCl3, 25 °C): δ
= 14.4, 25.5, 32.3 (d, 3JP,C = 11.5 Hz), 37.0, 44.6 (d, 1JP,C =
60.4 Hz), 62.1, 66.4, 81.5, 128.2–132.5 (m), 149.5 (d, 2JP,C =
4.0 Hz), 153.3 ppm. 31P NMR (120 MHz, CDCl3, 25 °C): δ =
26.0 ppm. IR (KBr): ν̃ = 1314, 1440, 1692, 1712, 2866, 2992,
3409 cm–1. MS (CI): m/z (%) = 413 (100) [M+ + 1]. C22H25N2O4P
(412): calcd. C 64.07, H 6.11, N 6.79; found C 64.21, H 6.09, N
6.82.

Benzyl (±)-(4R*,4aS*,7aR*)-4-(Diethoxyphosphoryl)-3-methyl-
4a,5,6,7a-tetrahydro-4H-furo[2,3-c]pyridazine-1-carboxylate (11b):
According to the general procedure, 11a was obtained as an oil
from 1b (0.38 g, 1 mmol) and 2,3-dihydrofuran 9 (2 mL). The crude
product was purified by flash chromatography (silica gel, AcOEt)
and crystallised from diethyl ether. Yield: 0.30 g (72%). 1H NMR
(300 MHz, CDCl3, 25 °C): δ = 1.06–1.30 (m, 6 H, CH3), 1.57–1.60
[m, 1 H, C(5)-H], 2.15–2.19 [m, 4 H, CH3 and C(5)-H], 2.69 [d,
2JP,H = 25.9 Hz, 1 H, C(4)-H], 3.06–3.15 [m, 1 H, C(4a)-H], 3.71–
4.11 [m, 6 H, 2 × CH2 and C(6)-H2], 5.10–5.26 (m, 2 H, CH2), 5.82
[d, 3JH,H = 7.9 Hz, 1 H, C(7a)-H], 7.19–7.40 (m, 5 H, arom) ppm.
13C NMR (75 MHz, CDCl3, 25 °C): δ = 16.0, 24.9, 31.9 (d, 3JP,C

= 15.1 Hz), 36.9 (d, 2JP,C = 4.5 Hz), 39.9 (d, 1JPC = 135.5 Hz), 62.6
(d, 2JP,C = 7.1 Hz), 63.1 (d, 2JPC = 6.7 Hz), 66.6, 67.6, 81.7, 127.9–
136.4 (m), 149.7 (d, 2JP,C = 7.6 Hz), 153.8 ppm. 31P NMR
(120 MHz, CDCl3, 25 °C): δ = 21.6 ppm. IR (NaCl): ν̃ = 1248,
1407, 1706, 3005, 3429 cm–1. MS (CI): m/z (%) = 411 (100) [M+ +
1]. C19H27N2O6P (410): calcd. C 55.60, H 6.63, N 6.83; found C
55.82, H 6.61, N 6.85.
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