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The synthesis of novel [4+2] cycloadducts by Diels–Alder (DA) reaction between diethyl 1-phosphono-
1,3-butadiene and cyclic C@C and N@N dienophiles, such as maleimide and 1,2,4-triazole-3,5-dione
derivatives, is described. These phosphonated bicyclic frameworks feature a cage shape enabling metal
chelation. Indeed, stable complexes were formed in solution with M2+ and M3+ metal cations, as evi-
denced by HRMS in the ESI mode (electrospray ionization). L1:M (one ligand–one metal) and L2:M
(two ligands–one metal) complexes were identified depending on the nature of the cation.

� 2011 Elsevier Ltd. All rights reserved.
Figure 1. Diethyl phosphonate bidentate chelating agents.
Introduction

Phosphonated compounds are widely described in the literature
as chelating agents for different metals.1 In most cases, only phos-
phonic acids are considered.2 Neutral phosphonate alkyl esters are
however also able to form complexes. They are used as ancillary
functions on macrocyclic ligands,3 or incorporated as a-, b- orc-sub-
stituents on carbonyl derivatives to make small bidentate chelating
agents, such as A, B and C (Fig. 1).4 Recently, diethyl (phthalimidom-
ethyl)phosphonate (DPIP) was shown to bind lanthanide cations
with a stronger affinity than diethyl (2-oxopropyl)phosphonate
(OPP).4c Interestingly, the chelating motif of DPIP can be recognized
in the (bi)cyclic framework D (Fig. 1) which could be accessible via
the [4+2] cycloaddition strategy (Diels–Alder reaction, DA and het-
ero-Diels–Alder reaction, HDA) that we elaborated a few years ago
for the preparation of various aminophosphonic derivatives.5

Although the DA/HDA reactions of carboxylated dienes are
extensively studied to generate functionalized six-membered (het-
ero)cyclic compounds, with high regio- and stereocontrol,6 similar
reactions of the phosphonated dienes are much less developed.
Indeed, the phosphonate substituent interacts weakly with neutral
organic patterns, such as vinyl and butadienyl moieties, and thus
brings about a poor activation for [4+2] cycloadditions.7 A way to
ll rights reserved.
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overcome the low reactivity of phosphono dienes (dienophiles) in
the DA/HDA reactions is to allow them to react with highly reactive
dienophiles (dienes). We successfully illustrated this strategy in the
case of diethyl 1-phopshono-1,3-butadiene (1) which reacts well
with tetracyanoethylene,5b acylnitroso derivatives,5c and dialkyl
azodicarboxylates.5e Cycloadditions with cyclic partners have not
been explored; however such configurationally cis-fixed dieno-
philes should be more reactive and should lead in principle to
cis-fused bicycles with the phosphonate group in the relative
endo-configuration, endowing the molecules with a cage shape.

In this Letter, we report on the DA and HDA reactions of 1 with
N-maleimide derivatives or cyclic azo compounds, respectively.
The resulting bicyclic cycloadducts have been fully characterized
and tested for their chelating properties of bi- and trivalent metal
cations in solution, using high resolution mass spectrometry
(HRMS) in the electrospray ionization (ESI) mode as an analytical
tool.8 As evidenced by X-ray crystallography data and theoretical
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3J (Hz) Dihedral angle (°)
H6, P 22.1 H6-C6-C1-P 131
H1, H6 8.8 H1-C1-C6- H6 30
H5, H6 7.0 H5-C5-C6- H6 43
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investigations, the phosphonated ligands presented in this study
display specific structural features that enable the metal chelation.

Results and discussion

Synthesis and characterization of the cycloadducts

Diethyl 1-phosphono-1,3-butadiene (1) was obtained from 1,4-
trans-dichlorobutene according to a known procedure.9 This diene
was previously shown to react exclusively with highly activated
aliphatic dienophiles and to produce low yields of cycloadducts.
Recent improvement using microwave (MW) activation provided
a significant increase of yields.5

In the present case, we tested the reactivity of a series of com-
mercially available cyclic C@C dienophiles, activated with elec-
tron-withdrawing groups (EWG), under classical heating or MW
activation in dichloroethane solution (DCE) or without solvent
(neat). Equimolar amounts of diene 1 and dienophiles were used
and the conversion was followed by 31P NMR and 1H NMR using
the dienyl protons as internal reference. 1,4-Benzoquinone and
naphtho-1,4-quinone (dienophiles (a) in Scheme 1) gave only
traces of cycloadducts (<10%), while maleic anhydride, maleimide,
N-methyl-, and N-phenyl-maleimides reacted well to furnish the
corresponding bicycles 2–5 in 42–75% isolated yields (Scheme 1).10

Pyridazine-3,6-dione and phthalazine-1,4-dione (N@N dieno-
philes (a) in Scheme 2) were prepared by the oxidation of diaza
precursors with lead tetraacetate11 and directly engaged in the
reaction with 1 at low temperature. The first heterodienophile
failed to give a cycloadduct (because it rapidly polymerized), but
the latter could be trapped by the diene at 0 �C and led to the het-
ero-bicycle 6 in 38% yield after chromatography. 4-Methyl- and 4-
phenyl-1,2,3-triazole-3,5-diones (commercially available N@N
dienophiles (b)) reacted also to furnish cycloadducts 7 and 8,
respectively, in 75% and 83% yields after purification.12 It is worth
mentioning that these cycloadducts with N–N cyclic junction are
preferably obtained under MW conditions, whereas the previous
compounds with C–C cyclic junction are prepared upon heating
the partners without a solvent. Indeed, in this case, only slight
microwave activation was observed (decrease of reaction time by
a factor of 2).

The novel compounds 2–8 have been unambiguously character-
ized using 1H, 13C and 31P NMR, IR and HRMS data (see Supplemen-
tary data). In particular, all the cis relative stereochemistry of the
Scheme 2. HDA reaction of diethyl 1-phosphono-1,3-butadiene (1) with cyclic azo
dienophiles.

Scheme 1. DA reaction of diethyl 1-phosphono-1,3-butadiene (1) with cyclic
dienophiles.
C–C fused bicycles 2–5 has been established on the basis of typical
H, H and H, P coupling constants,13 as illustrated for compound 4 in
Figure 2. The observation of a single peak in 31P NMR (at
25.70 ppm) confirmed the complete selectivity of the [4+2] cyclo-
addition (endo- and cis-stereoselectivity). Only one compound
(from the N–N fused bicycle series) could be crystallized for single
crystal X-ray analysis. The 3D structure of compound 8 (Fig. 3)14 al-
lowed measuring the pyramidalization degree of the nitrogen
atoms at the bicyclic junction, using either the Bruton parameter
(P)15 or the Woodward parameter (h)16 (see Table 1).

The structure 8, along with the endo- and exo-stereoisomers of
structure 5, has been fully optimized using the B3LYP hybrid den-
sity functional as implemented in the JAGUAR 7.5 program package.17

The optimized structures of the three compounds are depicted in
Figure 4. In the case of endo-5 and exo-5, the lowest energy con-
former presents systematically the phosphonate group in a pseu-
do-axial position. For 8, no pseudo-axial/pseudo-equatorial
position could be defined. Interestingly, in all the cases, the low rel-
ative energy of the different conformers around the C–P bond
(within 4–5 kcal mol�1) indicated a rather facile rotation around
this bond. The calculated structure endo-5 in the pseudo-axial con-
formation is in excellent agreement with the NMR data. The cage
shape of the potential ligands 5 and 8 has been estimated from
their optimized structures and the X-ray data (when available). Re-
sults in Table 1 clearly indicate that 5 (C–C bicyclic junction) is less
flat than 8 (N–N bicyclic junction).

ESI-HRMS study of metal complexation

Using two representative ligands, namely 5 and 8, we have
looked for a complex formation in EtOH and CH3CN using High
Figure 3. X-ray structure of compound 8 with displacement ellipsoids drawn at the
50% probability level.

Figure 2. Typical coupling constants of compound 4 and dihedral angles deduced
from the related Karplus’ curves.13



Table 2
Relative abundance of complexes formed with 5 in EtOH

Cations [LM(ClO4)]+ [LM(ClO4)�EtOH]+ [L2M(ClO4)]+ %L2Ma

Zn2+ 100 18 30 20.3
bMn2+ 100 16 31 21.1
Ca2+ 100 19 73 38.0
Mg2+ 100 80 74 29.1

Cations [LM(NO3)2]+ [LM(NO3)2�EtOH]+ [L2M(NO3)2]+ %L2Mc

Lu3+ 100 65 44 21.0
Tm3+ 100 60 30 15.8
Er3+ 100 66 45 21.3
Gd3+ 49 33 100 54.9
Eu3+ 100 51 92 37.7
Sm3+ 100 50 92 38.0
Pr3+ 100 37 28 16.9
Ce3+ 36 13 100 67.1
La3+ 15 5 100 83.3

a % L2M = [L2M(ClO4)]+/([LM(ClO4)]+ + [LM(ClO4)�EtOH]+ + [L2M(ClO4)]+) � 100.
b [LH+] = 25.
c % L2M = [L2M(NO3)2]+/([LM(NO3)2]+ + [LM(NO3)2�EtOH]+ + [L2M(NO3)2]+ )� 100.

Table 3
Relative abundance of complexes formed with 8 in EtOH

Cations [LM(ClO4)]+ [LM(ClO4)�EtOH]+ [L2M(ClO4)]+ %L2Ma

Zn2+ 100 16 13 10.1
bMn2+ 100 52 13 7.9
Ca2+ 93 100 63 24.6
cMg2+ 100 87 27 12.6

Cations [LM(NO3)2]+ [LM(NO3)2�EtOH]+ [L2M(NO3)2]+ %L2Ma

Lu3+ 100 86 13 6.5
Tm3+ 100 71 9 5.0
Er3+ 100 72 6 3.4
Gd3+ 100 86 79 29.8
Eu3+ 100 73 27 13.5
Sm3+ 100 71 24 12.3
Pr3+ 100 45 22 13.2
Ce3+ 83 37 100 45.4
La3+ 31 13 100 69.4

a See Table 2.
b [LMn2(ClO4)3�EtOH]+ = 77.
c [LH]+ = 10.

Table 1
Shape of molecules from calculations and X-ray data

Entrya X Angles formed by two bonds (three atoms) (�) P (�)b h (Å)c

1–6–7 1–6–5 7–6–5 4–5–9 4–5–6 6–5–9 X6 X5 X6 X5

1 N (8) 120.7 111.1 107.1 125.5 113.4 108.9 21.10 12.20 0.384 0.288
2 120.27 114.85 107.66 126.43 117.10 110.02 17.23 6.45 0.345 0.208
3 C (5)d 113.02 116.75 104.80 114.27 115.15 104.59 25.99 25.43 0.457 0.464

a Entry 1 = values from X-ray diffraction; entry 2-3 = values from calculations.
b P = pyramidality calculated as 360� � (R of 3 angles around X)�.
c h = height of atom X from the plane formed by the three surrounding atoms.
d Calculated 5 refers to endo-stereoisomer with P substituent in pseudo-axial conformation.

endo-5 exo-5 

 Conformer Erel
a 

exo-5 pseudo-axial 0 
 pseudo-equatorial not found 
endo-5 pseudo-axial 1.2 
 pseudo-equatorial 9.3 
a relative energy in kcal mol-1 

(B3LYP-D/6-31+G**)  
8 

Figure 4. Optimized structures of compounds 5 and 8.
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Resolution Mass Spectrometry (HRMS) coupled to Electrospray
Ionization (ESI). ESI has been shown to be a very useful technique
to study the formation of non-covalent complexes between organic
ligands and metallic cations.8 This technique also allows for the stoi-
chiometric determination of the complexes formed in the solution
that is the number of ligands surrounding the metallic core. It should
be mentioned that a careful tuning of the ESI parameters is required
to avoid, on the one hand, the destruction of the complexes during
the ionization process and the transfer into the gas phase and, on
the other hand, the detection of adducts not present in the solution
but formed in the ion source. To ensure the detection of stable com-
plexes formed in the solution, a systematic variation of the most
important ESI parameters was performed with 5 and: (i) La(NO3)3

in CH3CN and EtOH and (ii) Mn(ClO4)2 in CH3CN. The tube lens volt-
age varied between 20 and 160 V, capillary temperature between
125 and 325 �C and capillary voltage between 20 and 160 V. More-
over, fragmentation in the source was also tested between 0 and
100 (maximum value) a relative unit to check the stability of the
complexes. Even at the highest value of source CID, the L1:M and
L2:M complexes are the dominant species. This clearly shows the
inherent stability of these complexes and the fact that they are not
adducts formed during the ESI process.

To investigate complex formation in the solution, we have
added defined quantities of metallic salts (either nitrate or perchlo-
rate salts) to a solution of 5 and 8 in EtOH or CH3CN. Different cat-
ions have been screened, either divalent (Mg2+, Ca2+, Mn2+ and
Zn2+) or trivalent (La3+, Ce3+, Pr3+, Sm3+, Eu3+, Gd3+, Er3+, Tm3+ and
Lu3+). Tables 2 and 3 gather the results obtained for the two ligands
tested in EtOH. Similar results are obtained in CH3CN (see Supple-
mentary data).18

In all cases, only single charged complexes were detected due to
the presence of one perchlorate counter-anion in the case of
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divalent cations or two nitrate anions for the trivalent lanthanides.
Species with a residual solvent molecule were observed for the
L1:M complexes. This solvent molecule is certainly present to fulfill
the coordination sphere of the metallic cation. Upon increasing the
tube lens voltage we observed the disappearance of these species in
favor of the corresponding L1:M complexes. Interestingly, the pre-
dominant species for all tested cations is a monochelated complex
(i.e., L1:M) except for the trivalent cations La3+ and Ce3+ for which a
bischelated complex is observed (i.e., L2:M). Although a detailed
structural investigation would be required to explain this observa-
tion, it is likely that the size of the metallic core plays an important
role. Indeed, the ionic radius for La3+ and Ce3+ is somewhat larger
(�120 pm) than that of the other metals (�110 pm). The same
observation is made when comparing complexes with Ca2+

(�110 pm) to the other divalent complexes (�90 pm). The larger
the metal cation, the easier it is to add a second ligand to the coor-
dination sphere. The nature of the ligand should also play a role,
since globally, the percentages of L2:M complexes versus L1:M are
systematically higher for 5 as compared to 8.

We have performed competition experiments considering
either two ligands versus one given cation or two cations versus
one given ligand. First, a mixture of 5 (0.25 mM) and 8
(0.25 mM) in EtOH with 5 equiv of Mn2+ or Zn2+ was analyzed as
above (see Supplementary data). The selectivity of ligands toward
each metal is measured by the ratio of respective complexes de-
tected by ESI-HRMS. We found for Mn2+ and Zn2+, a selectivity of
7.4 and 5.9, respectively, in favor of ligand 5, meaning that the cage
shape allowed better complexation properties. Ligand 5 (0.5 mM)
in EtOH with a mixture of Eu3+ (2.5 equiv) and La3+ (2.5 equiv)
was studied; the selectivity of metals toward the best ligand 5
was 27.5 in favor of Eu3+. This suggests that the hardest metal is
complexed, as expected in the case of O,O-bidentate ligands.

Conclusion

Using the stereoselective (H)DA strategy, we have obtained new
phosphonated ligands that are structurally related to DPIP (see
Fig. 1). Their bicyclic framework orientates adequately the P@O
motif (from diene 1) and the neighboring C@O function (from
dienophiles) to enable metal complexation.

As evidenced by ESI-HRMS, both ligands 5 and 8 are able to
make L1:M and L2:M complexes with a large variety of di- and
tri-valent cations. However 5 (bicycle with C–C junction) appeared
6- to 7-fold more powerful than 8 (bicycle with N–N junction), and
selective toward hard M+3 cations.

Work is in progress for the development of N-functionalized
derivatives of 3 featuring additional chelating functions.
Acknowledgments

This work was supported by the ARC (Action de Recherche Con-
certée, UCL) Program no. 08/13-009, the PAI (Pôle d’Attraction
Interuniversitaire, Belgium) Program no. P06-27, the Fonds de la
Recherche Scientifique (F.R.S.-FNRS, Belgium) FRFC Grants nos.
2.4555.08 and 2.4502.05, and the Fonds Spécial de Recherche
(FSR) of the Faculty of Medecine (UCL). J.M.-B. and R.R. are senior
research associates of F.R.S.-FNRS. Sabrina Devouge is acknowl-
edged for assistance in preparing the manuscript.
Supplementary data

Supplementary data (synthetic protocols for the preparation of
2, 3, 4, 6 and 7 and related spectroscopic analyses, X-ray data of 8,
ESI-HRMS spectra of representative complexes of endo-5, exo-5 and
8, and computational details) associated with this article can be
found, in the online version, at doi:10.1016/j.tetlet.2011.07.116.

References and notes

1. (a) Savignac, P.; Iorga, B. Modern phosphonate chemistry; CRC Preaa: LLC:
BocaRaton, 2000; (b) Kukhar, V. P.; Hudson, H. R. Aminophosphonic,
aminophosphinic acids: Chemistry and biological activity; John Wiley & Sons,
Ltd: Chichester, 2000.

2. (a) Mao, J.-G. Coord. Chem. Rev. 2007, 251, 1493–1520; (b) Kafarski, P.; Lejczak,
B. Curr. Med. Chem. Anti-cancer Agents 2001, 1, 301–312; (c) Kiss, T.; Lazar, I.;
Kafarski, P. Met.-Based Drugs 1994, 1, 247–264; (d) Widler, L.; Jaeggi Knut, A.;
Glatt, M.; Muller, K.; Bachmann, R.; Bisping, M.; Born, A.-R.; Cortesi, R.; Guiglia,
G.; Jeker, H.; Klein, R.; Ramseier, U.; Schmid, J.; Schreiber, G.; Seltenmeyer, Y.;
Green, J. R. J. Med. Chem. 2002, 45, 3721–3738; (e) Vioux, A.; Le Bideau, J.;
Mutin, P.M.; Leclercq, D. Hybrid Organic-Inorganic Materials Based On
Organophosphorus Derivatives; Topics in Current Chemistry 2004, Vol. 232,
New Aspects in Phosphorus Chemistry IV, pp 145–174.

3. (a) Tsvetkov, E. N.; Bovin, A. N.; Syundyukova, V. K. Uspekhi Khimii 1988, 57,
1353–1402; (b) Talanova, G. G. Ind. Eng. Chem. Res. 2000, 39, 3550–3565; (c)
Khusainova, N. G.; Rybakov, S. M.; Safin, D. A.; Krivolapov, D. B.; Litvinov, I. A. Z.
Anorg. Allg. Chem. 2008, 634, 1836–1838.

4. (a) Mikulski, C. M.; Henry, W.; Pytlewski, L. L.; Karayannis, N. M. Transition Met.
Chem. 1977, 2, 135–140; (b) Strzalko, T.; Seyden-Penne, J.; Froment, F.; Corset,
J.; Simonnin, M.-P. Can J. Chem. 1988, 66, 391–396; (c) Lis, S.; Pawlicki, G. J.
Lumin. 2010, 130, 832–838.

5. (a) Robiette, R.; Defacqz, N.; Peeters, D.; Marchand-Brynaert, J. Curr. Org. Synth.
2005, 2, 453–477; (b) Monbaliu, J.-C.; Villemin, E.; Elias, B.; Marchand-
Brynaert, J. Target in Heterocyclic Systems (THS) (Attonasi, O. A.; Spinelli, D.;
Eds), 2010, 14.; (c) Monbaliu, J.-C.; Marchand-Brynaert, J. J. Org. Chem. 2010, 75,
5478–5486; (d) Monbaliu, J.-C.; Tinant, B.; Peeters, D.; Marchand-Brynaert, J.
Tetrahedron Lett. 2010, 51, 1052–1055; (e) Monbaliu, J.-C.; Marchand-Brynaert,
J. Synthesis 2009, 1876–1880.

6. (a) Fringuelli, F.; Taticchi, A. The Diels–Alder Reaction; John Wiley & Sons, 2002;
(b) Boger, D. L.; Weinreb, S. M. In Hetero Diels–Alder Methodology in Organic
Synthesis; Academic Press, Marcourt Brace Jovanovich Publishers, 1987; Vol. 47,

7. (a) Robiette, R.; Marchand-Brynaert, J.; Peeters, D. J. Mol. Struct.—Theochem.
2002, 587, 159–169; (b) Robiette, R.; Marchand-Brynaert, J.; Peeters, D. J. Org.
Chem. 2002, 67, 6823–6826; (c) Monbaliu, J.-C.; Dive, G.; Marchand-Brynaert,
J.; Peeters, D. J. Mol. Struct.—Theochem. 2010, 959, 49–54.

8. Beck, J.; Maton, L.; Habib Jiwan, J.-L.; Marchand-Brynaert, J. Amino Acids 2011,
40, 679–689. and references cited therein.

9. Griffin, C. E.; Daniewski, W. M. J. Org. Chem. 1970, 35, 1691–1693.
10. Protocol for the synthesis of 5 and spectroscopic characterization (see

Supplementary data for compounds 2, 3 and 4). A neat mixture of diene 1
(0.200 g, 1.052 mmol, 1 equiv) and N-phenylmaleimide (0.182 g, 1.052 mmol,
1 equiv) is stirred at 120 �C for 1 h. The reaction is followed by TLC and 31P
NMR. The oily reaction mixture is directly purified by column chromatography
(silica gel: ethyl acetate) to afford a white solid (0.216 g, 56%). Rf = 0.2 (ethyl
acetate); mp = 73.3–73.7 �C; 1H NMR (500 MHz, CDCl3): d 7.44 (ddd,
3JH,H = 7.5 Hz and 4JH,H = 5JH,H = 2.3 Hz, Ph, 2H), 7.37–7.35 (m, Ph, 3H), 6.16–
6.15 (m, CH@CH, 1H), 6.01 (dd, 3JH,H = 9.7 Hz and 3JH,P = 4.9 Hz, CH@CH, 1H),
4.18–4.09 (m, PO(OCH2CH3)2, 2H), 4.10–4.01 (m, PO(OCH2CH3)2, 2H), 3.35 (dtd,
3JH,P = 26.2 Hz, 3JH,H = 8.6 Hz and 4JH,H = 3.5 Hz, 1H), 3.27 (td, 3JH,H = 9.2 and
3.8 Hz, CH, 1H), 3.20 (dtd, 2JH,P = 22.0 Hz, 3JH,H = 6.8 Hz and 4JH,H = 2.7 Hz, CH,
1H), 2.80–2.76 (m, 2JH,H = 17.1 Hz, CH2, 1H), 2.55–2.51 (m, CH2, 1H), 1.24 (td,
3JH,H = 7.0 Hz and 4JH,P = 3.0 Hz, PO(OCH2CH3)2, 3H), 1.21 (td, 3JH,H = 7.0 Hz and
4JH,P = 3.1 Hz, PO(OCH2CH3)2, 3H); 13C NMR (125 MHz, CDCl3): d 178.34 (s,
C@O), 175.64 (d, 3JC,P = 4.8 Hz, C@O), 132.18 (s, Ph), 130.46 (d, 3JC,P = 11.3 Hz,
C@C), 128.99 (s, Ph), 128.43 (s, Ph), 126.55 (s, Ph), 123.23 (d, 2JC,P = 9.4 Hz,
C@C), 63.11 (d, 2JC,P = 6.5 Hz, PO(OCH2CH3)2), 62.17 (d, 2JC,P = 7.2 Hz,
PO(OCH2CH3)2), 40.66 (d, 2JC,P = 3.2 Hz, CH), 38.51 (d, 3JC,P = 5.8 Hz, CH), 34.06
(d, 1JC,P = 142.2 Hz, CH), 22.10 (s, CH2), 16.23 (d, 3JC,P = 5.3 Hz, PO(OCH2CH3)2),
16.20 (d, 3JC,P = 4.2 Hz, PO(OCH2CH3)2); 31P NMR (121 MHz, CDCl3): d 25.50; IR:
m 3657–3327 (w), 2984 (m), 1782 (C@O, w), 1713 (C@O, s), 1597 (m), 1498 (s),
1442 (w), 1383 (s), 1244 (P@O, s), 1196 (s), 1164 (s), 1049 (s), 1020 (P–O, s),
960 (P–O, s), 750 (s), 692 (s), 659 (s) cm�1; HRMS: m/z calcd for C18H21NO5P:
362.1157. Found: 362.1140.

11. Clement, R. A. J. Org. Chem. 1962, 27, 1115–1118.
12. Protocol for the synthesis of 8 and spectroscopic characterization (see

Supplementary data for compounds 6 and 7). A solution of 4-phenyl-4H-
1,2,4-triazole-3,5-dione (0.46 g, 2.63 mmol, 1 equiv), diene 1 (0.50 g,
2.63 mmol, 1 equiv), and dichloroethane (3.5 mL) is stirred in a microwave
oven under 500 W irradiation at 120 �C for 30 min. The reaction mixture is
then concentrated under vacuum and purified by column chromatography
(silica gel: toluene, then ethyl acetate) to afford a pale yellow gummy solid
(0.794 g, 83%). Rf = 0.4 (ethyl acetate); mp = 67.5–71.0 �C; 1H NMR (500 MHz,
CDCl3): d 7.54–7.42 (m, Ph, 5H), 6.11 (dtt, 3JH,H = 10.3 Hz, 3JH,H = 4JH,H = 5.2 Hz
and 4JH,P = 4JH,H = 2.2 Hz, CH@CH, 1H), 6.09–6.03 (m, CH@CH, 1H), 4.97 (dddt,
2JH,P = 14.7 Hz, 3JH,H = 4.8 Hz, 4JH,H = 3.1 Hz and 5JH,H = 1.5 Hz, 1H), 4.29 (dddd,
2JH,H = 16.9 Hz, 3JH,H = 6.7 Hz, 5JH,P = 3.7 Hz and 4JH,H = 1.7 Hz, CH2, 1H), 4.07–
4.16 (m, PO(OCH2CH3)2, 4H), 4.03 (ddq, 2JH,H = 16.8 Hz, 3JH,H = 6.7 Hz and
4JH,H = 5JH,H = 5JH,P = 2.4 Hz, CH2, 1H), 1.28 (t, 3JH,H = 7.3 Hz, PO(OCH2CH3)2, 3H),
1.27 (t, 3JH,H = 7.0 Hz, PO(OCH2CH3)2, 3H); 13C NMR (125 MHz, CDCl3): d 152.21
(s, C@O), 150.17 (s, C@O), 130.73 (s, Ph), 128.28 (s, Ph), 127.30 (s, Ph), 124.75

http://dx.doi.org/10.1016/j.tetlet.2011.07.116


5144 E. Villemin et al. / Tetrahedron Letters 52 (2011) 5140–5144
(s, Ph), 122.03 (d, 3JC,P = 9.8 Hz, C@C), 118.36 (d, 2JC,P = 4.1 Hz, C@C), 62.51 (d,
2JC,P = 6.7 Hz, PO(OCH2CH3)2), 62.30 (d, 2JC,P = 6.1 Hz, PO(OCH2CH3)2), 50.59 (d,
1JC,P = 139.2 Hz, CH), 43.43 (s, CH2), 15.65 (d, 3JC,P = 5.6 Hz, PO(OCH2CH3)2),
15.57 (d, 3JC,P = 5.8 Hz, PO(OCH2CH3)2); 31P NMR (121 MHz, CDCl3): d 18.16; IR:
m 3566 (w), 3485 (w), 2982 (w), 2908 (w), 1776 (C@O, s), 1709 (C@O, s), 1598
(w), 1502 (s), 1416 (s), 1292 (m), 1252 (P@O, s), 1018 (P–O, s), 968 (P–O, s), 766
(s) cm�1; HRMS: m/z calcd for C16H20O5PNa: 388.1042. Found: 388.1038.

13. (a) Gorenstein, D. G. Phopshorus-31 NMR Principles and Applications; Academic
Press, 1984; (b) Quin, L. S. A guide to organophosphorus chemistry; John Wiley &
Sons, Inc., 2000; (c) Tinant, B.; Defacqz, N.; Robiette, R.; Touillaux, R.;
Marchand-Brynaert, J. Phosphorus, Sulfur, Silicon Relat. Elem. 2004, 179, 389–
402; (d) Monbaliu, J.-C.; Tinant, B.; Marchand-Brynaert, J. J. Mol. Struct. 2008,
879, 113–118.

14. The details of X-ray analysis are given in Supplementary data. The structure
has been deposited in the Cambridge crystallography Database with the
number CCDC815319.

15. Bruton, G. Bioorg. Med. Chem. Lett. 1993, 3, 2329–2332.
16. Woodward, R. B. Philos. Trans. R. Trans. Soc. London, Ser. B 1980, 289, 239–250.
17. JAGUAR, version 7.5, Schrödinger, LLC, New York, NY, 2008. See Supplementary

data for the detailed methods and results of calculations.
18. ESI-HRMS analyses were performed on a LTQ-Orbitrap XL hybrid mass
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Data were
acquired in positive ion mode using full-scan MS with a mass range of 200–
2000 m/z. The orbitrap operated at 30,000 resolution (FWHM definition). All
experimental data were acquired using daily external calibration prior to data
acquisition. Appropriate tuning of the electrospray ion source was done to
ensure the preservation of the complexes formed in the solution but to avoid
the detection of adducts formed during the ESI process. The following
electrospray inlet conditions were applied: flow rate, 200 lL min�1; spray
voltage, 5 kV; sheath gas (N2) flow rate, 20 a.u.; auxiliary gas (N2) flow rate;
capillary temperature, 275 �C; capillary voltage, 45 V; tube lens, 80 V. Salts
purchased from Aldrich, Alpha or Acros were of the highest quality available
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