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ABSTRACT: Cyclopenta[b]-pyrrole-2-phosphine oxides 4a
and -phosphonates 4b,c are generated by the addition of cyclic
enolates derived from ethyl 2-oxo-cyclopentanecarboxylate 2
to phosphorated 2H-azirines 1. However, the addition of
enolate derived from acyclic 2-oxo-butanoate 10 to 2H-azirine
phosphine oxide 1 led to vinylogous N-acyl-α-aminoalkyl
phosphine oxides 12, involving the carbonyl group and the Cα
of the keto ester 10. Ring closure of vinylogous derivative 12
in the presence of base afforded pyrrole-2-phosphine oxide 11.
The addition of enolates derived from indenone-carboxylate
15 to 2H-azirines 1 led to the formation of functionalized N-
substituted 1H-benzo[d]azepine derivatives 17.

■ INTRODUCTION

2H-Azirine ring systems represent an important class of
compounds because of their high reactivity1 and because they
can be used as key intermediates in organic synthesis in the
preparation of heterocycles2a−c and acyclic functionalized
amino derivatives.2d Moreover, pyrrole3 is an important
fragment in natural products,4 which are widely used in
material science5 and medicinal chemistry for the preparation of
biologically important molecules.6 For these reasons, although
many methods have been devised for their preparation,7 the
design and development of new methods of synthesis of
substituted pyrroles continues to be a challenge.8 The interest
of azaheterocyclic phosphonates in synthetic, agrochemical, and
medicinal chemistry has been well-documented9 because it is
known that phosphorus substituents regulate important
biological functions10 and that molecular modifications
involving the introduction of organophosphorus functionalities
in simple synthons could be very interesting because they can
be useful substrates for the preparation of biologically active
compounds. However, very little information is reported
regarding the properties of phosphorus-substituted pyrroles9

undoubtedly due to the fact that there are no general methods
for their preparation.
We have previously described new methods for the

preparation of phosphorus-substituted nitrogen heterocycles,11

including N-hydroxypyrrole derivatives,11a and the synthetic
uses of aminophosphorus derivatives as starting materials for
the synthesis of acyclic compounds.12 Likewise, we have
reported the preparation13 of 2H-azirine-phosphine oxides I (R
= Ph) and -phosphonates I (R = OEt, Scheme 1) and their use
for the synthesis of aminophosphorus derivatives,14 as well as
phosphorylated aziridines,15a oxazoles,15b pyrazines,15c and

pyrroles III (Scheme 1).16 Although the reaction of azirines,
or their precursors vinyl azides, with acetylacetates is not a
simple process because mixtures of pyrrole derivatives were
obtained,17 enolates derived from acetylacetates II (Scheme 1)
were used for the preparation of pyrroles III from azirines I and
the α-enolate of keto esters II involving its carbonyl group
(CO) and CHα in the formation of five-membered
heterocycles III. Continuing with our interest in the chemistry
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of small strained nitrogen-containing heterocycles, such as
azirines, we report here the use of α-enolates of cyclic keto
esters IV and a new strategy for the formation of functionalized
bicyclic pyrroles V and 1H-benzo[d]azepine derivatives VI. To
the best of our knowledge, this strategy represents the first
example of the construction of five-membered pyrroles
involving 2H-azirines, which contributes with 3 atoms to the
heterocycle, a cyclic keto ester linked to the azirines through
the carbonyl group and the CHα′, as well as the formal
insertion of the C−N bond from the azirines I between the
carbonyl group and the CHα of indenone-carboxylate IVb with
the formation of seven-membered ring systems.

■ RESULTS AND DISCUSSION
Selective Addition of Enolates Derived from Ethyl 2-

Oxo-cyclopentanecarboxylate 2 to 2H-Azirines 1.
Because of the strain of the three-membered ring, the
electrophilic character of the C−N double bond is higher
than in a normal imine, and azirines react with nucleophiles at
the N−C3 double bond to produce aziridines. When 2H-
azirine-phosphine oxide 1a (R = Ph, R1 = Me) was treated with
methyl 2-oxo-cyclopentanecarboxylate 2 in the presence of
NaH in THF at 60 °C, the expected bicyclic pyrrole derivative
3 was not obtained in a similar way to that reported, as it would
be expected according to previous results for acetylacetates.16

The formation of these pyrroles 3 would involve the addition
reaction of the α-enolate of the keto ester 2 to the azirine
followed by intramolecular nucleophilic attack of the aziridine
moiety to the carbonyl group of intermediate 5 and ring
expansion of the bicyclic fused aziridine-azetidine fragment of
tricyclic intermediate 6. However, instead of pyrrole 3 a
different bicyclic pyrrole derivative, the 6-ethoxycarbonyl-3-
methyl-1,4,5,6-tetrahydro-cyclopenta[b]-pyrrol-2-yl phosphine
oxide 4a (R = Ph, R1 = Me; Scheme 2, Table 1, entry 1) was
obtained.
The 31P NMR spectrum showed only one signal for the

phosphine oxide group of this substituted pyrrole 4a at δP =
19.8 ppm, and a doublet at δH = 1.78 ppm (4JPH = 1.4 Hz) for
the methyl group in the 1H NMR spectra was observed.

Moreover, 13C NMR spectra showed that the carboxylate group
was not placed in a quaternary carbon atom as was expected in
compound 3a but was directly linked to a CH of the
cyclopentane ring with signals at δC = 43.7 and 172.0 ppm
for the 6-CH atom and the carboxylate group, respectively. X-
ray diffraction structure of pyrrole 4a undoubtedly confirms the
structure of this compound (see Supporting Information).
This process could also be extended to 2H-azirines derived

from phosphonates 1 (R = OEt). Treatment of 3-methyl-1b (R
= OEt, R1 = Me) and 3-phenyl-2H-azirine 1c (R = OEt, R1 =
Ph) with the enolate derived from ethyl 2-oxo-cyclopentane-
carboxylate 2 in the presence of NaH in THF gave
cyclopenta[b]pyrrol-2-yl phosphonates 4b,c (Scheme 2, Table
1, entries 2 and 3). The formation of compound 4 does not
seem simple; it may be explained by, among others reasons, (i)
by direct addition of the α′-enolate of the keto ester 2,
involving the carbonyl group and the CHα′, to azirine 1 to give
intermediate 5′ followed by intramolecular nucleophilic
addition of intermediate 5′; (ii) by formation of expected
bicyclic pyrrole derivative 3 and subsequent [1,3] rearrange-
ment of the carboxylic group and/or; (iii) by direct addition of
the α-enolate of keto ester 2, involving the carbonyl group and
the CHα, to azirine 1 to give intermediate 5 and formation of
the corresponding bicyclic pyrrole derivative 4 through a new
process involving new intermediates. These different alter-
natives may be consistent with the synthesis of different kinds
of pyrrole derivatives17 reported from acetylacetates and vinyl
azides by ring expansion of 3-vinyl 2H-azirines18 or by the
reaction of azirines or imines with functionalized acetylenes.19

However, our strategy describes, as far as we know, the first
synthesis of bicyclic cyclopenta[b]pyrrole compounds contain-
ing a phosphonate or a phosphine oxide group.
To explain the mechanism of formation of pyrroles 4, we

tried to trap or isolate intermediates of the process. Initially, we
explored whether the α′-enolate (dianion) of keto ester 2 might
be involved in the nucleophilic addition to azirine 1 to give 4 by
means of intramolecular nucleophilic addition of intermediate
5′ in a similar way to that reported in the reaction of 1,3-
dicarbonyl dianions with α-azido ketones.20 However, the
treatment of 2H-azirine phosphine oxide 1a (R = Ph, R1 = Me)
or of 2H-azirine phosphonate 1b (R = OEt, R1 = Me) with
ethyl 2-oxo-cyclopentanecarboxylate 2 in the presence of 2
equiv of LDA in THF at −78 °C did not give pyrroles 4, as the
starting materials were isolated (Scheme 3). When the
temperature was raised to rt and 60 °C, a complex mixture
of products was obtained.
Next, the reaction of 1 and 2 was explored in the presence of

NaH in THF but at 0 °C instead of heating at 60 °C. When
2H-azirine-phosphine oxide 1a (R = Ph, R1 = Me) was used, no
intermediates could be isolated, and pyrrole 4a was obtained
(Scheme 3). However, the reaction of 2H-azirine-phosphonate
1b (R = OEt, R1 = Me) or 2H-azirine-phosphonate 1c (R =

Scheme 2

Table 1. Substituted Pyrroles 4 and Aziridines 7 Obtained

entry compound R R1 yield (%)a

1 4a Ph Me 87
2 4b OEt Me 81 (90)b

3 4c OEt Ph 75 (96)b

4 7a OEt Me 86
5 7b OEt Ph 88

aYield of isolated purified compounds 4 and 7 from 2H-azirines 1.
bYield from aziridines 7.
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OEt, R1 = Ph) with ethyl 2-oxo-cyclopentanecarboxylate 2 in
the presence of NaH in THF at 0 °C afforded the
functionalized aziridines ethyl 3-(diethoxyphosphoryl)-2-azir-
idin-2-yl-2-oxocyclopentane-1-carboxylates 7a (R = OEt, R1 =
Me) and 7b (R = OEt, R1 = Ph) (Scheme 3, Table 1, entries 4,
5). 31P NMR spectrum of the phosphonate group of aziridine
7a resonated at δP = 23.8 ppm, whereas a well resolved doublet
at δH = 1.54 ppm (2JPH = 12.9 Hz) for H3 in the 1H NMR
spectrum, as well as at δC = 32.0 ppm (1JPC = 201.4 Hz), and a
singlet at δC = 41.6 ppm for C3 and C2 in the 13C NMR
spectrum were observed. Thermal treatment of aziridine-
phosphonates 7a and 7b with NaH in refluxing THF led to
the formation of the corresponding 1,4,5,6-tetrahydro-
cyclopenta[b]-pyrrol-2-yl phosphonates 4b and 4c in excellent
yields (Scheme 3, Table 1, entries 2, 3).
These results showed that functionalized aziridines 7 are

involved in the formation of cyclopenta[b]-pyrrole derivatives 4
and that in the presence of a base (NaH) the intermediate 5 (α-
enolate) and not 5′ (α′-enolate) is involved in the process (see
Scheme 2). Therefore, the formation of bicyclic pyrrole
derivatives 4 may be explained as shown in Scheme 3 through
addition of the α-enolate of β-keto ester 2, instead of the α′-
enolate, to the 2H-azirine with generation of aziridine
derivatives 7. Even in the case of phosphonates (R = OEt),
the aziridines 7a and 7b were isolated. The treatment of
aziridines 7 with a base (NaH) may give tricyclic intermediate 6
generated by intramolecular nucleophilic attack of the aziridine
moiety to the carbonyl group in a similar way to that reported
for acetyl acetates.16 Ring expansion of this intermediate as
described before16 would give pyrroles 3 (see Scheme 2).
However, formation of pyrroles 4 must involve a different path,
and the formation of an unstable N-cyclopentenyl-1H-azirine 8
followed by ring expansion to bicyclic pyrrole derivatives 9 and
[1,3] prototropic rearrangement may afford pyrroles 4. 1H-
Azirine ring systems are antiaromatic with high ring strain and
high reactivity.21 For this reason, they are very unstable and, as
has been recently demonstrated by Prof. Banert et al.,22 1H-

azirines “are very short lived intermediates, which can be
detected only at very low temperature with the help of the
noble gas matrix isolation technique”, although they are
reported as very short-lived intermediates in the formation of
nitrogen heterocycles.23

Selective Addition of Enolate Derived from Methyl 2-
Oxo-butanoate 10 to 2H-Azirines 1. We reported the
reaction of 2H-azirine-phosphine oxides 1 with methyl 2-oxo-
butanoate 10 in the presence of NaH in refluxing THF to give
1H-pyrrol-2-yl phosphine oxides 11.16 New results observed
with the enolates derived from keto ester 2 led us to update this
process, and we attempted to isolate intermediates to illustrate
the mechanism of the formation of the corresponding
functionalized pyrroles 11. For this reason, we explored if it
would be possible to trap an intermediate of the process when
the reaction was performed at 0 °C. Reaction of 2H-azirine-
phosphine oxide 1a (R1 = Me) with methyl 2-oxo-butanoate 10
and NaH in THF at 0 °C led to the formation of methyl 5-
(diphenylphosphoryl)-2,4-dimethyl-1H-pyrrole-3-carboxylate
11a (R1 = Me) together with a new compound 12a24 in a ratio
of 55:45 (Scheme 4, Table 2, entry 1). Unfortunately, this new

Scheme 3

Scheme 4

Table 2. Compounds 11, 12, 16, and 17 Obtained

entry compounds R ratio R1 yield (%)a

1 11a/12a Ph 55:45b Me 85
2 11b/12b Ph 70:30b Et 83
3 11a Ph Me (90)c

4 11b Ph Et (80)c (84)d

5 16a Ph 60:40e 68
6 16b OEt 55:45e 70
7 17a Ph 62 (86)f

8 17b OEt 58 (88)f

aYield of compounds from azirines 1. bBoth compounds 11 and 12
were obtained. cYield of isolated purified compounds 11 from a
mixture of 11/12. dYield of isolated purified compounds 11 from 12.
eBoth isomers E and Z were obtained. fYield of isolated purified
compounds 17 from aziridines 16.
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compound could not be isolated. However, thermal treatment
of the mixture 11a/12a with NaH in refluxing THF led to the
formation of pyrrole-phosphine oxide 11a (Scheme 4, Table 2,
entry 3).
The reaction was extended to 2H-azirine-phosphine oxide 1d

(R1 = Et) with methyl 2-oxo-butanoate 10 and NaH in THF at
0 °C to give a mixture of methyl 5-(diphenylphosphoryl)-4-
ethyl-2-methyl-1H-pyrrole-3-carboxylate 11b (R1 = Et) togeth-
er with new compound 12b (R1 = Et) in a ratio of 70:30
(Scheme 4, Table 2, entry 2). In this case, the vinylogous α-
aminoalkyl-phosphine oxide 12b could be isolated by flash-
chromatography. Spectroscopic data were in agreement with
the assigned structure for 12b, and the X-ray diffraction
spectrum of vinylogous α-aminoalkyl-phosphine oxide 12b
confirms the structure of this compound (see the Supporting
Information).
As described above, thermal treatment of the mixture 11b/

12b with NaH in refluxing THF led to the formation of
pyrrole-phosphine oxide 11b (Scheme 4, Table 2, entry 4).
Likewise, thermal treatment of vinylogous α-aminoalkyl-
phosphine oxide 12b in similar reaction conditions afforded
pyrrole-phosphine oxide 11b (Scheme 4, Table 2, entry 4). The
formation of vinylogous α-aminoalkyl-phosphine oxide 12
suggests the selective addition of the enolate derived from
acetyl acetate 10 to the imine bond of cyclic azirine 1 with the
formation of intermediate 13 followed by nucleophilic addition
of the aziridine to the carbonyl group to generate bicyclic-fused
aziridine-azetidine intermediate 14 and ring opening of the C−
N bond of the aziridine moiety of 14. The cyclocondensation of
12 in the presence of a base (NaH) with the loss of water may
give pyrrole 11.
Selective Addition of Enolate Derived from Indenone-

Carboxylate 15 to 2H-Azirines 1. To study the reaction of
enolates derived from β-keto esters of indanone-carboxylate,
the methyl 2-oxo-2,3-dihydro-1H-indeno-1-carboxylate 15 to
2H-azirines was also studied to test if this nucleophile could
give a new entry to substituted polycyclic phosphorylated
pyrrole derivatives, and/or if the presence of a benzene ring
fused to the cyclopentanone may modify the mechanism. For
this reason, we explored the reaction of 2H-azirine-phosphine
oxide 1a and -phosphonate 1b with the enolate derived from
indenone-carboxylate 15. Reaction of 2H-azirine-phosphine
oxide 1a (R = Ph) with indenone-carboxylate ester 15 and NaH
in THF at rt led to the formation of functionalized aziridine-
phosphine oxides 16a (R = Ph; Scheme 5, Table 2, entry 5) as
an inseparable mixture of both isomers in a ratio of 60:40. The
process was extended to 2H-azirine-phosphonate 1b (R = OEt)
with indenone-carboxylate ester 15 and NaH to afford
aziridine-phosphonate 16b (R = OEt; Scheme 5, Table 2,
entry 6) in a ratio of 55:45, as confirmed by the 31P NMR
spectrum of the phosphonate group of aziridines 16b, which
resonated at δP = 23.3 and 25.3 ppm.
Thermal treatment of aziridine-phosphine oxide 16a (R =

Ph) or -phosphonate 16b (R = OEt) with NaH in THF led to
the formation of functionalized N-substituted 2-oxo-2,3-
dihydro-1H-benzo[d]azepines 17 with good yields (Scheme
5, Table 2, entries 7 and 8). These bicyclic 1H-benzo[d]-
azepines containing a phosphine oxide 17a or a phosphonate
group 17b may also be directly obtained from 2H-azirine-
phosphine oxide 1a (R = Ph) and 2H-azirine-phosphonate 1b
(R = OEt) with β-keto ester 15 in the presence of NaH in
refluxing THF (Scheme 5, Table 2, entries 7 and 8).
Spectroscopic data were in agreement with the assigned

structure for 17, and the assignment of derivative 17a was
based on NOESY 1D experiments. Irradiation of one of the
diastereotopic CH2 protons directly linked to the phosphine
oxide group (CH-POPh2) at 5.23 ppm showed an enhance-
ment (2.29 and 1.95%) of the aromatic ring protons signal from
the phenyl rings linked to the phosphorus atom, whereas the
irradiation of the second diastereotopic CH2 proton at 3.92
ppm showed an enhancement (5.93%) of the methyl protons
signal at C4 of the 1H-benzo[d]azepine ring. Likewise,
irradiation of the benzylic protons linked to the amido group
(CH2-CON) at 3.37 ppm showed an interaction (4.03%) with
the ortho-aromatic ring proton. X-ray diffraction structure of
1H-benzo[d]azepine 17a confirms the structure of this
compound (see the Supporting Information).
The formation of functionalized 1H-benzo[d]azepines 17

may be explained as illustrated in Scheme 5. Thermal treatment
of aziridines 16 in the presence of the base (NaH) may give
polycyclic intermediate 18 by intramolecular nucleophilic
addition of the aziridine moiety to the carbonyl group. Ring
expansion of the fused polycyclic aziridine-azetidine 18
involving not only the C−C bond cleavage of the fused
cyclopenta-azetidine fragment but also the concomitant ring
opening of the aziridine moiety with the cleavage of its C−C
bond may explain the formation of functionalized bicyclic
heterocycles 17. 1H-Benzo[d]azepines constitute the skeleton
of therapeutic substrates25 and are disclosed as 5HT2C
receptor agonists26a as well as NMDA26b and dopamine D(1)
receptor26c activities. As far as we know, this process represents
the first synthesis of bicyclic 1H-benzo[d]azepine derivatives
containing a phosphonate or a phosphine oxide group.

■ CONCLUSIONS
In conclusion, this account describes a simple convenient
strategy for the selective synthesis of bicyclic cyclopenta[b]-
pyrroles 4 containing a phosphine oxide or a phosphonate
group in the 2-position by addition of enolates derived from a
cyclic β-keto ester 2 to 2H-azirine-phosphine oxide 1a or
-phosphonate 1b. An unstable N-cyclopentenyl-1H-azirine 8
may explain the formation of bicyclic pyrrole derivatives 4.
However, vinylogous α-aminoalkyl-phosphine oxides 12 may
be obtained from azirines 1 and the enolate derived from
methyl 2-oxo-butanoate 10. Basic cyclocondensation of these
substrates 12 in the presence of a base (NaH) gives pyrroles 11.

Scheme 5
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What is more, the addition of enolates derived from indenone-
carboxylate 15 to azirines 1 gave functionalized aziridines 16,
although ring expansion of these three-membered heterocycles
16 leads to the formation of functionalized 1H-benzo[d]-
azepines 17. Substituted pyrroles3−8 and 1H-benzo[d]-
azepines26 are important building blocks in organic synthesis,
and phosphorus substituents regulate important biological
functions.10 Thus, molecular modifications involving the
introduction of organophosphorus functionalities into pyrrole
and/or 1H-benzo[d]azepine derivatives could be interesting
because these new substituted five- and seven-membered
heterocycles may be useful substrates for the preparation of
biologically active compounds of interest in medicinal
chemistry.6,9,25

■ EXPERIMENTAL SECTION
General Methods. Solvents for extraction and chromatography

were of technical grade. All solvents used in reactions were freshly
distilled and dried over 70 Å molecular sieves. All other solvents and
reagents were obtained from commercial sources and used without
further purification. All reactions were performed under an atmosphere
of dry nitrogen. Melting points are uncorrected. IR spectra were
measured on an FT-IR spectrometer, and absorbance frequencies are
given at maximum of intensity in cm−1. High resolution mass spectra
(HRMS) were obtained using an electron spray ionization (ESI)
method with a time-of-flight Q-TOF system. 1H (300 MHz), 13C (75
MHz), and 31P NMR (120 MHz) spectra were recorded on a 300
MHz spectrometer in CDCl3 as specified below. Chemical shifts (δH)
are reported in parts per million (ppm) relative to TMS as internal
standard. Chemical shifts (δC) are reported in parts per million (ppm),
relative to CDCl3, as internal standard in broad band decoupled mode.
The abbreviations used are as follows: s, singlet; d, doublet; dd,
double-doublet; t, triplet; q, quartet; m, multiplet. Flash-column
chromatography was carried out using commercial grades of silica gel
finer than 230 mesh. Analytical thin layer chromatography (TLC) was
performed on precoated silica gel 60 F254 plates, and spot visualization
was accomplished by UV light (254 nm) or KMnO4 solution. Azirines
1 were prepared according to a literature procedure.13b

General Procedure for the Synthesis of Substituted Pyrroles
4 from Azirines 1. To a solution of NaH (6.0 mmol) in dry THF (15
mL) under nitrogen atmosphere was added a solution of ethyl 2-
oxocyclopentane-1-carboxylate 2 (6.0 mmol). The mixture was stirred
at 0 °C for 1 h. Then, a solution of 2H-azirine-phosphine oxides 1 (R
= Ph) or -phosphonates (R = OEt) (5.0 mmol) was slowly added in
dry THF (6 mL) under a nitrogen atmosphere. The mixture was
stirred in refluxing THF for 4−6 h until TLC showed the
disappearance of azirine 1. The remaining NaH was neutralized with
a saturated solution of NH4Cl, and the solvent was evaporated under
vacuum. The crude reaction mixture was dissolved in CH2Cl2 (25 mL)
and washed with water (3 × 10 mL). The organic layer was dried over
anhydrous MgSO4 and filtered, and the solvent was evaporated under
vacuum. The crude product was purified by chromatography using
silica-gel (hexane/ethyl acetate) to yield compounds 4.
Ethyl (R)-2-(Diphenylphosphoryl)-3-methyl-1,4,5,6-tetrahydro-

cyclopenta[b]pyrrole-6-carboxylate (4a). Compound 4a was ob-

tained as a white solid (1711 mg, 87%) from 2H-azirine 1a as
described in the general procedure. Mp 184−185 °C; 1H NMR
(CDCl3) δ 1.19 (t, 3JHH = 7.2 Hz, 3H, CH3), 1.78 (d, 4JPH = 1.4 Hz,
3H, CH3), 2.48−2.82 (m, 4H, CH2), 3.88 (t, 3JPH = 5.5 Hz, 1H, CH-
CO), 4.12 (q, 3JHH = 7.2 Hz, 2H, OCH2), 7.28−7.80 (m, 10H, CH-
arom), 8.51 (s, 1H, NH); 13C NMR (CDCl3) δ 11.3, 14.1, 22.8, 32.6,
43.7, 61.0, 120.4 (d, 1JPC = 129.9 Hz), 123.9 (d, 2JPC = 13.6 Hz),

128.1−132.3, 133.5 (d, 3JPC = 12.1 Hz), 137.6 (d, 3JPC = 9.1 Hz),
172.0; 31P NMR (CDCl3) δ 19.8; IR (neat) νmax 3452, 3150, 3056,
2972, 2932, 1730, 1432, 1178 cm−1; HRMS (ESI) m/z calcd for
C23H25NO3P [M + H]+ 394.1572, found 394.1567.

Ethyl (R)-2-(Diethoxyphosphoryl)-3-methyl-1,4,5,6-tetrahydro-
cyclopenta[b]pyrrole-6-carboxylate (4b). Compound 4b was ob-

tained as a yellow oil (1333 mg, 81%) from 2H-azirine 1b as described
in the general procedure. Rf = 0.47 (AcOEt); 1H NMR (CDCl3) δ
1.32 (t, 3JHH = 7.1 Hz, 9H, CH3), 2.14 (s, H, CH3), 2.34−2.75 (m, 4H,
CH2), 3.90 (t, 3JHH = 6.9 Hz, 1H, CH−CO2Et), 4.00−4.22 (m, 6H,
OCH2), 8.65 (s, 1H, NH);

13C NMR (CDCl3) δ 10.7, 14.3, 16.2, 22.8,
32.7, 43.7, 61.1, 61.7, 117.3 (d, 1JPC = 223.7 Hz), 124.1 (d, 3JPC = 17.1
Hz), 130.4 (d, 3JPC = 15.3 Hz), 137.7 (d, 2JPC = 12.2 Hz), 172.1; 31P
NMR (CDCl3) δ 11.8; IR (neat) νmax 3212, 2976, 2945, 1739, 1232,
1018 cm−1; HRMS (ESI) m/z calcd for C15H25NO5P [M + H]+

330.1470, found 330.1475.
Ethyl (R)-2-(Diethoxyphosphoryl)-3-phenyl-1,4,5,6-tetrahydro-

cyclopenta[b]pyrrole-6-carboxylate (4c). Compound 4c was ob-

tained as a white solid (1467 mg, 75%) from 2H-azirine 1c as
described in the general procedure. Mp 116−117 °C; 1H NMR
(CDCl3) δ 1.07 (t, 3JHH = 7.0 Hz, 3H, CH3), 1.25 (t, 3JHH = 7.2 Hz,
6H, CH3), 2.69 (m, 4H, CH2), 3.84−4.02 (m, 4H, OCH2), 3.97 (t,
3JHH = 7.0 Hz, 1H, CH−CO2Et), 4.16 (q, 3JHH = 7.0 Hz, 2H, OCH2),
7.13−7.49 (m, 5H, CH-arom), 9.04 (s, 1H, NH); 13C NMR (CDCl3)
δ 14.3, 15.9, 24.3, 32.8, 43.6, 61.2, 62.1, 116.6 (d, 1JPC = 221.1 Hz),
126.6−128.4, 128.6, 134.4, 138.2 (d, 2JPC = 12.1 Hz), 172.0; 31P NMR
(CDCl3) δ 11.3; IR (neat) max 3185, 3056, 2985, 2927, 1734, 1445,
1241, 1018 cm−1; HRMS (ESI) m/z calcd for C20H27NO5P [M + H]+

392.1627, found 392.1630.
General Procedure for the Synthesis of Substituted

Aziridines 7 from Azirines 1. To a solution of NaH (5.5 mmol)
in dry THF (15 mL) under nitrogen atmosphere was added a solution
of ethyl 2-oxocyclopentane-1-carboxylate 2 (5.5 mmol). The mixture
was stirred at 0 °C for 1 h. Then, a solution of 2H-azirine-
phosphonates 1b or 1c (5.0 mmol) in dry THF (6 mL) was slowly
added under a nitrogen atmosphere. The mixture was stirred at 0 °C
for 4−5 h until TLC showed the disappearance of azirine. The
remaining NaH was neutralized with a saturated solution of NH4Cl,
and the solvent was evaporated under vacuum. The crude reaction
mixture was dissolved in CH2Cl2 (25 mL) and washed with water (3 ×
10 mL). The organic layer was dried over anhydrous MgSO4 and
filtered, and the solvent was evaporated under vacuum. The crude
product was purified by chromatography using silica-gel (hexane/ethyl
acetate) to yield compounds 7.

Ethyl (R)-1-((2S,3S)-3-(Diethoxyphosphoryl)-2-methylaziridin-2-
yl)-2-oxocyclopentane-1-carboxylate (7a). Compound 7a was

obtained as a yellow oil (1493 mg, 86%) from 2H-azirine 1b as
described in the general procedure. Rf = 0.36 (AcOEt); 1H NMR
(CDCl3) δ 1.22 (t, 3JHH = 7.0 Hz, 3H, CH3), 1.27 (t, 3JHH = 7.0 Hz,
6H, CH3), 1.47 (s, 3H, CH3) 1.54 (d, 2JPH = 12.9 Hz, 1H, CH-P),
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1.82−2.10 (m, 2H, CH2), 2.19−2.40 (m, 4H, CH2), 4.05−4.18 (m,
6H, OCH2);

13C NMR (CDCl3) δ 13.9, 16.6, 17.2, 19.1, 30.1, 32.0 (d,
1JPC = 201.4 Hz), 32.4, 38.9, 41.6, 61.9−62.3, 63.3, 169.0, 212.4; 31P
NMR (CDCl3) δ 23.8; IR (neat) νmax 3466, 3274, 2980, 2927, 2900,
1748, 1721, 1227, 1009 cm−1; HRMS (ESI) m/z calcd for
C15H27NO6P [M + H]+ 348.1576, found 348.1571.
Ethyl (1R)-1-((3S)-3-(Diethoxyphosphoryl)-2-phenylaziridin-2-yl)-

2-oxocyclopentane-1-carboxylate (7b). Compound 7b was obtained

as a white solid (1800 mg, 88%) from 2H-azirine 1c as described in the
general procedure. Mp 95−96 °C; 1H NMR (CDCl3) δ 0.90 (t,

3JHH =
7.0 Hz, 3H, CH3), 1.20 (t,

3JHH = 7.0 Hz, 3H, CH3), 1.26 (t,
3JHH = 7.1

Hz, 3H, CH3), 2.00 (d,
2JPH = 14.6 Hz, 1H, CH-P), 2.43 (t, 3JHH = 7.0

Hz, 2H, CH2), 3.26 (t, 3JHH = 7.0 Hz, 2H, CH2), 3.64 (m, 2H, CH2),
4.00 (q, 3JHH = 7.1 Hz, 2H, OCH2), 4.10 (q, 3JHH = 7.0 Hz, 4H,
OCH2), 7.29−7.51 (m, 5H, H-arom); 13C NMR (CDCl3) δ 13.7
(CH3), 15.7, 15.9, 19.0, 33.6 (d, 1JPC = 213.0 Hz), 34.3, 39.3, 48.3,
61.7, 61.8, 64.3, 124.00−129.7, 135.8, 166.6, 212.2; 31P NMR (CDCl3)
δ 20.4; IR (neat) νmax 3283, 2980, 2927, 1720, 1712, 1232, 1022 cm

−1;
HRMS (ESI) m/z calcd for C20H29NO6P [M + H]+, 410.1732, found
410.1735.
General Procedure for the Synthesis of Substituted Pyrroles

4 from Aziridines 7. To a solution of NaH (5.5 mmol) in dry THF
(15 mL) under nitrogen atmosphere was added a solution of the
corresponding aziridine 7 (5.0 mmol). The mixture was stirred in
refluxing THF for 3−4 h until TLC showed the disappearance of
aziridine 7. The remaining NaH was neutralized with a saturated
solution of NH4Cl, and the solvent was evaporated under vacuum. The
crude reaction mixture was dissolved in CH2Cl2 (25 mL) and washed
with water (3 × 10 mL). The organic layer was dried over anhydrous
MgSO4 and filtered, and the solvent was evaporated under vacuum.
The crude product was purified by chromatography using silica-gel
(hexane/ethyl acetate) to yield compounds 4.
Ethyl (R)-2-(Diethoxyphosphoryl)-3-methyl-1,4,5,6-tetrahydro-

cyclopenta[b]pyrrole-6-carboxylate (4b). Compound 4b was ob-
tained as yellow oil (1481 mg, 90%) from aziridine 7a as described in
the general procedure. For experimental data see above.

Ethyl (R)-2-(diethoxyphosphoryl)-3-phenyl-1,4,5,6-tetrahydro-
cyclopenta[b]pyrrole-6-carboxylate (4c). Compound 4c was ob-
tained as a white solid (1878 mg, 96%) from aziridine 7b as described
in the general procedure. For experimental data see above.

General Procedure for the Synthesis of Substituted Pyrroles
11 and α-Aminoalkyl-phosphine Oxides 12 from Azirines 1. To
a 0 °C solution of NaH (5.5 mmol) in dry THF (15 mL) under
nitrogen atmosphere was added a solution of methyl 2-oxobutanoate
10 (5.5 mmol). The mixture was stirred at the same temperature for 1
h. Then, a solution of 2H-azirine-phosphine oxides 1a or 1d (5.0
mmol) in dry THF (6 mL) was slowly added at 0 °C under a nitrogen
atmosphere. The mixture was stirred in refluxing THF for 4−5 h until
TLC showed the disappearance of azirine 1. The remaining NaH was
neutralized with a saturated solution of NH4Cl, and the solvent was

evaporated under vacuum. The crude reaction mixture was dissolved
in CH2Cl2 (25 mL) and washed with water (3 × 10 mL). The organic
layer was dried over anhydrous MgSO4 and filtered, and the solvent
was evaporated under vacuum. The crude product was purified by
chromatography using silica-gel (hexane/ethyl acetate) to yield
compounds 11 and 12.

General Procedure for the Synthesis of Substituted Pyrroles
11 from a Mixture of 11/12. To a solution of NaH (5.5 mmol) in
dry THF (15 mL) under a nitrogen atmosphere was added a solution
of a mixture of compounds 11 and 12 (5.5 mmol). The mixture was
stirred in refluxing THF for 2 h until TLC showed the disappearance
of 12. The remaining NaH was neutralized with a saturated solution of
NH4Cl, and the solvent was evaporated under vacuum. The crude
reaction mixture was dissolved in CH2Cl2 (25 mL) and washed with
water (3 × 10 mL). The organic layer was dried over anhydrous
MgSO4 and filtered, and the solvent was evaporated under vacuum.
The crude product was purified by chromatography using silica-gel
(hexane/ethyl acetate) to yield compounds 11.

General Procedure for the Synthesis of Substituted Pyrrole
11b from α-Aminoalkyl-phosphine Oxide 12b. To a solution of
NaH (5.5 mmol) in dry THF (15 mL) under a nitrogen atmosphere
was added a solution of the α-aminoalkyl-phosphine oxide 12b (5.0
mmol). The mixture was stirred at 0 °C in THF for 3 h until TLC
showed the disappearance of compound 12b. The remaining NaH was
neutralized with a saturated solution of NH4Cl, and the solvent was
evaporated under vacuum. The crude reaction mixture was dissolved
in CH2Cl2 (25 mL) and washed with water (3 × 10 mL). The organic
layer was dried over anhydrous MgSO4 and filtered, and the solvent
was evaporated under vacuum. The crude product was purified by
chromatography using silica-gel (hexane/ethyl acetate) to yield
compound 11b.

Methyl 5-(Diphenylphosphoryl)-2,4-dimethyl-1H-pyrrole-3-car-
boxylate (11a). Compound 11a was obtained as a white solid

(1589 mg, 90%) from a mixture of 11a/12a. Mp 236−237 °C; 1H
NMR (CDCl3) δ 1.89 (d,

4JPH = 1.5 Hz, 3H, CH3), 2.42 (s, 3H, CH3),
3.72 (s, 3H, OCH3), 7.36−7.69 (m, 10H, H-arom), 10.41 (s, 1H,
NH); 13C NMR (CDCl3) δ 12.8, 13.9, 50.6, 113.3 (d,

3JPC = 11.1 Hz),
115.4 (d, 1JPC = 133.0 Hz), 128.4−133.2, 130.7 (d, 2JPC = 14.6 Hz),
141.0 (d, 3JPC = 8.1 Hz), 166.1; 31P NMR (CDCl3) δ 21.9; IR (neat)
νmax 3154, 3081, 3037, 2958, 1698, 1438, 1169, 1125 cm−1; HRMS
(ESI) m/z calcd for C20H21NO3P [M + H]+ 354.1254, found
354.1253.

Methyl 5-(Diphenylphosphoryl)-4-ethyl-2-methyl-1H-pyrrole-3-
carboxylate (11b). Compound 11b was obtained as a white solid

(1469 mg, 80%) from a mixture of 11b/12b (1542 mg, 84%) from α-
aminoalkyl-phosphine oxide 12b. Mp 245−246 °C; 1H NMR (CDCl3)
δ 0.57 (t, 3JHH = 7.3 Hz, 3H, CH3), 2.37 (q,

3JHH = 7.3 Hz, 2H, CH2),
2.49 (s, 3H, CH3), 3.77 (s, 3H, OCH3), 7.40−7.68 (m, 10H, CH-
arom), 11.21 (s, 1H, NH); 13C NMR (CDCl3) δ 14.2, 14.6, 19.9, 50.5,
112,1 (d, 3JPC = 11.1 Hz), 114.5 (d, 1JPC = 133.0 Hz), 128.4−133.5,
137.2 (d, 2JPC = 15.1 Hz), 141.7 (d, 3JPC = 8.6 Hz), 168.8; 31P NMR
(CDCl3) δ 22.4; IR (neat) νmax 3155, 3082, 2958, 1698, 1438, 1169,
1125 cm−1; HRMS (ESI) m/z calcd for C21H23NO3P [M + H]+

368.1416, found 368.1418.
Methyl (Z)-4-Acetamido-4-(diphenylphosphoryl)-3-methylbut-2-

enoate (12a).24 1H NMR (CDCl3) δ 1.70 (d, 2JPH = 14.0 Hz, 1H,
CH-P), 2.10 (s, 3H, CH3), 2.57 (s, 3H, CH3), 3.52 (s, 3H, OCH3),
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5.22 (s, 1H, NH), 5.75 (s, 1H, CH), 7.29−7.74 (m, 8H, CH-arom),
8.11−8.27 (m, 2H, CH-arom); 31P NMR (CDCl3) δ 35.0 ppm.
Methyl (Z)-3-Acetamido-4-(diphenylphosphoryl)methyl)pent-2-

enoate (12b). Compound 12b was obtained as a white solid (481

mg, 25%) from 2H-azirine 1a as described in the general procedure.
Mp 218−219 °C ;1H NMR (CDCl3) δ 0.96 (t, 3JHH = 7.3, 3H, CH3),
1.89 (d, 2JPH = 18.0 Hz, 1H, CH-P), 1.92 (s, 3H, CH3), 2.42 (dq, 4JPH
= 19.8 Hz, 3JHH = 7.3 Hz, 2H, CH2), 2.5 (s, 1H, NH), 3.57 (s, 3H,
CH3), 5.53 (d,

4JPH = 1.5 Hz, 1H, CH), 7.27−7.69 (m, 8H, CH-arom),
8.01−8.08 (m, 2H, CH-arom); 13C NMR (CDCl3) δ 11.3, 22.9, 26.9,
49.6 (d, 1JPC = 71.5 Hz), 117.2 (d, 3JPC = 8.1 Hz), 127.7−132.4, 156.9
(d, 2JPC = 2.0 Hz), 166.4, 169.6; 31P NMR (CDCl3) δ 35.8; IR (neat)
νmax 3256, 3190, 2979, 2923, 1703, 1672, 1432, 1165 cm−1; HRMS
(ESI) m/z calcd for NaC21H24NO4P [M + Na]+ 408.1341, found
408.1353.
General Procedure for the Synthesis of Substituted

Aziridines 16 from Azirines 1. To a solution of NaH (6.0 mmol)
in dry THF (15 mL) under a nitrogen atmosphere was added a
solution of methyl 2-oxo-2,3-dihydro-1H-indene-1-carboxylate 15 (6.0
mmol). The mixture was stirred at room temperature for 1 h. Then, a
solution of 2H-azirine-phosphine oxide 1a (R = Ph) or -phosphonate
1b (R = OEt) (5.0 mmol) in dry THF (6 mL) was slowly added under
a nitrogen atmosphere. The mixture was stirred at room temperature
for 14 h until TLC showed the disappearance of azirine 1. The
remaining NaH was neutralized with a saturated solution of NH4Cl,
and the solvent was evaporated under vacuum. The crude reaction
mixture was dissolved in CH2Cl2 (25 mL) and washed with water (3 ×
10 mL). The organic layer was dried over anhydrous MgSO4 and
filtered, and the solvent was evaporated under vacuum. The crude
product was purified by chromatography using silica-gel (hexane/ethyl
acetate) to yield isomeric compounds 16.
Methyl 2-(3-(Diphenylphosphoryl)-2-methylaziridin-2-yl)-1-oxo-

2,3-dihydro-1H-indene-2-carboxylate (16a). The general procedure

was applied using 2H-azirine 1a, affording a mixture (60/40) of
isomers 16a as a white solid (1513.5 mg, 68%). 1H NMR (CDCl3)
16amajor δ 1.55 (s, 3H, CH3), 2.44 (d,

2JPH = 22.3 Hz, 1H, CH-P), 3.47
(s, 3H, CH3), 4.11 (d,

2JHH = 19.8 Hz, 2H, CH2), 7.01−7.54 (m, 11H,
H-arom), 7.73−7.97 (m, 3H, H-arom); 16aminor δ 1.37 (s, 3H, CH3),
3.14 (d, 2JPH = 20.9 Hz, 1H, CH-P), 3.51 (s, 3H, OCH3), 3.85 (d,

2JHH
= 19.7 Hz, 2H, CH2), 7.01−7.54 (m, 11H, H-arom), 7.73−7.97 (m,
3H, H-arom); 13C NMR (CDCl3) 16amajor δ 15.6 (d, 3JPC = 1.8 Hz),
34.6 (d, 1JPC = 91.6 Hz), 42.9, 49.7 (d, 2JPC = 3.4 Hz), 52.2, 68.1,
124.7−137.5, 168.2, 208.1; 16aminor δ 13.8, 43.3, 44.1 (d, 1JPC = 101.3
Hz), 51.7, 53.1, 59.8, 124.7−137.5, 169.1, 181.6; 31P NMR (CDCl3)
16amajor δ 27.9; 16aminor δ 24.1; IR (neat) νmax 3439, 3246, 3053, 2986,
2948, 1764, 1732, 1688, 1264, 1188 cm−1; HRMS (ESI) m/z calcd for
C26H25NO4P [M + H]+ 446.1521, found 446.1526.

Methyl (2-(3-(Diethoxyphosphoryl)-2-methylaziridin-2-yl)-1-oxo-
2,3-dihydro-1H-indene-2-carboxylate (16b). The general procedure

was applied using 2H-azirine 1b, affording a mixture (55:45) of
isomers 16b as a yellow oil (1334 mg, 70%). 1H NMR (CDCl3)
16bmajor δ 1.24 (t, 3JHH = 7.0 Hz, 6H, CH3), 1.49 (s, 3H, CH3), 3.03
(d, 2JPH = 23.0 Hz, 1H, CH-P), 3.20 (d, 2JHH = 7.2 Hz, 2H, CH2), 3.65
(s, 3H, OCH3), 3.87 (d, 3JPH = 16.5 Hz, 1H, NH), 4.05 (q, 3JHH = 7.0
Hz, 4H, OCH2), 7.23−7.66 (m, 4H, H-arom); 16bminor δ 1.27 (t, 3JHH
= 7.0 Hz, 3H, CH3), 1.34 (t, 3JHH = 7.0 Hz, 3H, CH3), 1.65 (s, 3H,
CH3), 2.83 (d, 2JPH = 10.7 Hz, 1H, CH-P), 3.40 (d, 2JHH = 17.2 Hz,
1H, CH), 3.77 (d, 2JHH = 17.2 Hz, 1H, CH), 3.65 (s, 3H, OCH3), 4.06
(q, 3JHH = 7.0 Hz, 2H, OCH2), 4.17 (q, 3JHH = 7.0 Hz, 2H, OCH2),
7.27−7.65 (m, 4H, H-arom); 13C NMR (CDCl3) 16bmajor δ 16.3 (d,
3JPC = 6.1 Hz), 18.0, 31.3 (d, 1JPC = 208.1 Hz), 32.7, 42.7, 53.2, 62.2
(d, 2JPC = 6.4 Hz), 63.7 (d, 3JPC = 2.1 Hz), 124.8−136.2, 152.9, 168.7,
198.8; 16bminor δ 16.4 (d, 3JPC = 5.2 Hz), 18.2 (d, 3JPC = 2.7 Hz), 32.2
(d, 1JPC = 183.4 Hz), 36.2, 42.3, 52.9, 62.3 (d, 2JPC = 6.4 Hz), 64.2,
124.8−135.5, 135.1, 152.7, 169.6, 198.2; 31P NMR (CDCl3) 16bmajor δ
23.3; 16bminor δ 25.3; IR (neat) νmax 3474, 3284, 2983, 2901, 1742,
1704, 1245, 1023 cm−1; HRMS (ESI) m/z calcd for C18H25NO6P [M
+ H]+ 382.1419, found 382.1418.

General Procedure for the Synthesis of 1H-Benzo[d]azepine
Derivatives 17 from Azirines 1. To a solution of NaH (6.0 mmol)
in dry THF (15 mL) under a nitrogen atmosphere was added a
solution of methyl 2-oxo-2,3-dihydro-1H-indene-1-carboxylate 15 (6.0
mmol). The mixture was stirred at room temperature for 1 h. Then, a
solution of 2H-azirine-phosphine oxide 1a (R = Ph) or -phosphonate
1b (R = OEt) (5.0 mmol) in dry THF (6 mL) was slowly added under
a nitrogen atmosphere. The mixture was stirred at room temperature
for 14 h until TLC showed the disappearance of azirine 1. The
remaining NaH was neutralized with a saturated solution of NH4Cl,
and the solvent was evaporated under vacuum. The crude reaction
mixture was dissolved in CH2Cl2 (25 mL) and washed with water (3 ×
10 mL). The organic layer was dried over anhydrous MgSO4 and
filtered, and the solvent was evaporated under vacuum. The crude
product was purified by chromatography using silica-gel (hexane/ethyl
acetate) to yield compounds 17.

General Procedure for the Synthesis of 1H-Benzo[d]azepine
Derivatives 17 from Aziridines 16. To a solution of NaH (5.5
mmol) in dry THF (15 mL) under a nitrogen atmosphere was added a
solution of substituted aziridines 16 (5.5 mmol). The mixture was
stirred in refluxing THF for 6 h until TLC showed the disappearance
of aziridine. The crude reaction mixture was washed with water (3 ×
10 mL). The organic layer was dried over anhydrous MgSO4 and
filtered, and the solvent was evaporated under vacuum. The crude
product was purified by chromatography using silica-gel (hexane/ethyl
acetate) to yield compounds 17.

Methyl 3-((Diphenylphosphoryl)methyl)-4-methyl-2-oxo-2,3-di-
hydro-1H-benzo[d]azepine-5-carboxylate (17a). Compound 17a

was obtained as a white solid (1463 mg, 62%) from 2H-azirine 1a
(1811 mg, 86%) from aziridine 16a. Mp 97−98 °C; 1H NMR
(CDCl3) δ 2.33 (s, 3H, CH3), 3.31 (d,

2JHH = 12.4 Hz, 1H, CH2), 3.43
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(d, 2JHH = 12.4 Hz, 1H, CH2), 3.92 (dd,
2JPH = 16.0 Hz, 4JHH = 7.9 Hz,

1H, CH2−P), 5.23 (dd, 2JPH = 16.0 Hz, 4JHH = 4.1 Hz, 1H, CH2−P),
6.88−7.70 (m, 14H, H-arom); 13C NMR (CDCl3) δ 19.9, 42.3, 43.6
(d, 1JPC = 76.0 Hz), 57.2, 126.2, 127.2−132.4, 129.6, 131.6, 133.6 (d,
2JPC = 1.1 Hz), 139.9, 169.0 (3JPC = 2.1 Hz), 169.4; 31P NMR (CDCl3)
δ 28.3; IR (neat) νmax 3056, 3024, 2989, 2955, 1720, 1669, 1435, 1216,
1121, 1093 cm−1; HRMS (ESI) m/z calcd for C26H25NO4P [M + H]+

446.1521, found 446.1541.
Methyl 3-((Diethoxyphosphoryl)methyl)-4-methyl-2-oxo-2,3-di-

hydro-1H-benzo[d]azepine-5-carboxylate (17b). Compound 17b

was obtained as a yellow oil (1164 mg, 58%) from 2H-azirine 1b
(1606 mg, 88%) from aziridine 16b. Rf (AcOEt) = 0.64; 1H NMR
(CDCl3) δ 0.83 (t, 3JHH = 7.0 Hz, 3H, CH3), 1.11 (t, 3JHH = 7.2 Hz,
3H, CH3), 2.22 (s, 3H, CH3), 3.47 (d,

2JHH = 14.0 Hz, 1H, CH2), 3.51
(q, 3JHH = 7.2 Hz, 2H, OCH2), 3.63 (q, 3JHH = 7.0 Hz, 2H, OCH2),
3.65 (q, 3JHH = 14.0 Hz, 1H, CH2), 3.74 (s, 3H, OCH3), 4.65 (dd,

2JPH
= 16.2 Hz, 2JHH = 13.1 Hz, 2H, CH2−P), 7.19−7.28 (m, 4H, H-arom);
13C NMR (CDCl3) δ 14.3, 24.7, 29.6, 31.2 (d, 1JPC = 145.5 Hz), 53.7,
62.1, 127.1, 125.0−128.0, 128.5, 135.4, 135.8 (d, 2JPC = 22.9 Hz),
153.8, 169.8; 31P NMR (CDCl3) δ 20.7; IR (neat) νmax 2964, 2923,
2853, 1726, 1675, 1258, 1096, 1030 cm−1; HRMS (ESI) m/z calcd for
C18H25NO6P [M + H]+ 382.1419, found 382.1423.
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Ministerio de Ciencia e Innovacioń (MCINN, Madrid DGI,
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