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Abstract—The nucleophilic aromatic substitution of halogen in metal arene �-complexes �6-(ArF)Cr(CO)3 and [�6-(ArHal)FeCp]+

[PF6]− (Hal=F,Cl) with phosphoryl-stabilized carbanions ZCH2P(O)(OEt)2 (Z=COOEt, CN) allows the synthesis of metal
�-complexes of �-EWG-substituted arylmethylphosphonates in high yields. © 2001 Elsevier Science Ltd. All rights reserved.

Arylmethylphosphonates containing �-electron-with-
drawing groups are expected to be versatile intermedi-
ate reagents for organic synthesis, Horner–Emmons
reactions in particular, as well as potential biologically
active compounds.1 The most straightforward synthetic
approach to arylmethylphosphonates is that based
upon the nucleophilic substitution reaction of phospho-
ryl-stabilized carbanions with an aryl halide or its syn-
thetic equivalent. However, reactions with simple aryl
halides having no electron-withdrawing groups and
therefore unreactive towards nucleophiles require some
kind of activation. The arylation of stabilized carban-
ions can be promoted by copper species,2 usually in
stoichiometric amounts, by catalytic amounts of palla-
dium complexes;3 one can also use aryliodonium salts,
arylbismuth and aryllead compounds4 as efficient aryl-
ating agents. Unfortunately, each of these methods has
a limited scope and usually works well only with spe-
cific CH-acids in a narrow range of pKa. On the other

hand, �-complexation of arene with a transition metal
represents a different approach to its activation. In
reactions with stabilized carbanions, the cationic arene
complexes of iron have been investigated most exten-
sively, the modified arene usually being liberated from
the complex by vacuum pyrolysis.5 Here we examine
the potential of cationic and neutral aryl halide �-com-
plexes in the arylation of �-EWG-substituted diethyl-
methylphosphonatesZCH2P(O)(OEt)2[Z=COOEt, CN,
P(O)(OEt)2].

Among �-coordinating fragments the CpFe+-cation
provides one of the most powerful activation effects,
comparable to that of two nitro groups in 2,4-dinitro-
chlorobenzene.6 The nucleophilic substitution reac-
tion in CpFe+-complexes of aryl halides with
mono-phosphoryl-substituted carbanions (Z=COOEt,
CN) (Scheme 1) can be performed under very mild
conditions: at room temperature, in a solid–liquid sys-

Scheme 1.

Keywords : arylation; carbanions; phosphonates; �6-arene metal �-complexes.
* Corresponding author. E-mail: beletska@org.chem.msu.ru

0040-4039/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.
PII: S0040 -4039 (01 )00717 -1



G. A. Artamkina et al. / Tetrahedron Letters 42 (2001) 4385–43874386

tem utilizing Cs2CO3 as a base for in situ generation of
carbanion from the corresponding CH-acid (Table 1).7

No phase-transfer agent is required. The use of CsF as
a base is less efficient,8 and at elevated temperatures
leads to a gradual disappearance of the product, pre-
sumably as a result of a dephosphorylation reaction.9

Of the two CH-acids the stronger one,
CNCH2P(O)(OEt)2 (pKa�16), was also the more reac-
tive, allowing for shorter reaction times and the use of
THF or MeCN instead of DMF as a solvent (entries 1,
3, 5 versus 2, 4, 6), which simplified the separation of
the products. Methylendiphosphonate (Z=
P(O)(OEt)2), the weakest CH-acid in the triad (pKa=
23),10 could not be arylated with aryl halide
CpFe+-complexes in the solid–liquid system. However,
the reaction of a preformed carbanion of
methylendiphosphonate (sodium salt, 2 equiv.) with
chlorobenzene CpFe+-complex in DMF (3 days)
allowed us to obtain the nucleophilic substitution
product in a moderate yield (entry 7).

The substitution products—CpFe+-complexes of aryl-
methylphosphonates—are obtained in high yields (78–
88%, Table 1) after acidification of the reaction mixture

and addition of an excess of NaPF6. The addition of a
[PF6]− salt is essential11 since this anion is almost quan-
titatively precipitated in the course of reaction in the
form of CsPF6.

Decomplexation of [�6-{ArCHZP(O)(OEt)2}FeCp]+

[PF6]− salts under pyrolytic sublimation conditions gave
extremely poor yields of the free arenes (10–20%).
Better, but still modest yields of the desired products
(35–45%) were obtained in the reaction with 1,10-
phenantroline under ambient light (Scheme 2).12

The lack of a general efficient method of recovering the
free arene from the [�6-ArFeCp]+[PF6]− complexes is a
well-recognized problem. However, there is no such
problem with �6-ArCr(CO)3 complexes, and their util-
ity for the arylation of phosphoryl-stabilized carban-
ions (Z=CN, COOEt) was also examined. The
Cr(CO)3 complex of p-chlorotoluene failed to react
with both methylphosphonates in the DMF/Cs2CO3

solid–liquid system, but did react with the preformed
sodium salt of cyanomethylphosphonate in DMF at
60°C, yielding 75% of substitution product after 1.5–2
h. The more reactive Cr(CO)3 complex of fluorobenz-

Table 1. The reactions of CH-acids ZCH2P(O)(OEt)2 (Z=COOEt, CN, P(O)(OEt)2) with cationic complexes of aryl halides
[�6-(p-XC6H4Hal)FeCp]+[PF6]−, 20°C, Cs2CO3, 3 equiv.

X Hal.Entry Product yield (%)Z Solvent Reaction time (h)

CNCl 1H1 DMF 80
THF 7824

H2 815DMFCOOEtCl
889MeCNCN3 ClCl

DMFCl 20 84Cl COOEt4
CN THF 3 775 Me F

206 83Me F COOEt MeCN
DMFH P(O)(OEt)27a Cl 6072

a The reaction with preformed NaCH[P(O)(OEt)2]2 (2 equiv.).

Scheme 2.

Scheme 3.
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ene arylated these CH-acids at rt in the same solid–liq-
uid system (Scheme 3). The products were isolated in
good yields (80%) and demetallated with iodine (20°C)
to give �-substituted phenylmethylphosphonates (iso-
lated yield 70%).

In summary, the reaction of phosphoryl-stabilised car-
banions with aryl halide transition metal �-complexes
allows us to obtain �-substituted arylmethylphospho-
nates. However, we still have to find an efficient
method for the demetallation of CpFe+-complexes of
arylmethylphosphonates.

Acknowledgements

The financial support of this work by the Russian
Foundation for Basic Research (Grants N 98-03-
32973a, 00-15-97406) and the program ‘The State Sup-
port of the Integration of High School with
Fundamental Science’ (Grant AO115) is gratefully
acknowledged.

References

1. The Role of Phosphonates in Living Systems ; Hildebrand,
R. L., Ed.; CRC Press: Boca Raton, Florida, 1983.

2. Cu-Mediated arylation of phosphoryl-stabilised carban-
ions: (a) Suzuki, H.; Watanabe, K.; Yi, Q. Chem. Lett.
1985, 1779–1780; (b) Minami, T.; Isonaka, T.; Okada, Y.;
Ichikawa, J. J. Org. Chem. 1993, 58, 7009–7015; Other
stabilised carbanions: (c) Osuka, A.; Kobayashi, S.;
Suzuki, H. Synthesis 1983, 67–68; (d) Setsune, J.-I.; Mat-
sukava, K.; Wakemoto, H.; Kitao, T. Chem. Lett. 1981,
367–370; (e) Lindley, J. Tetrahedron 1984, 40, 1433–1456;
(f) Bruggink, A.; McKillop, A. Tetrahedron 1975, 31,
2607; (g) McKillop, A.; Rao, D. C. Synthesis 1977,
759–760; (h) Okuro, K.; Furuune, M.; Miura, M.;
Nomura, M. J. Org. Chem. 1993, 58, 7606–7607; (i)
Pivsa-Art, S.; Fukui, Y.; Miura, M.; Nomura, M. Bull.
Chem. Soc. Jpn. 1996, 69, 2039–2042.

3. Pd-Catalysed arylation of phosphoryl-stabilised carban-
ions: (a) Sakamoto, T.; Katoh, E.; Kondo, Y.;
Yamanaka, H. Heterocycles 1988, 27, 1353–1356; (b)
Sakamoto, T.; Katoh, E.; Kondo, Y.; Yamanaka, H.
Chem. Pharm. Bull. 1990, 38, 1513–1517; (c) Tarasenko,
E. A.; Lukashev, N. V.; Beletskaya, I. P. Tetrahedron
Lett. 2000, 41, 1611–1613; Other stabilised carbanions:
(d) Uno, M.; Seto, K.; Takahashi, S. J. Chem. Soc.,
Chem. Commun. 1984, 932–933; (e) Uno, M.; Seto, K.;
Ueda, W.; Masuda, M.; Takahasi, S. Synthesis 1985,
506–508; (f) Sakamoto, T.; Katoh, E.; Kondo, J.;
Yamanaka, Y.; Chem. Pharm. Bull. 1988, 36, 1664; (g)

Fox, J. M.; Huang, X.; Chieffi, A.; Buchwald, S. L. J.
Am. Chem. Soc. 2000, 122, 1360–1370; (h) Kawatsura,
M.; Hartwig, J. F. J. Am. Chem. Soc. 1999, 121, 1473–
1478.

4. Finet J. P. Ligand Coupling Reactions with Heteroatomic
Compounds. In Tetrahedron Organic Chemistry Series;
Baldwin, J. E.; Williams, R. M.; Eds.; Pergamon Press:
Oxford. Chapter 6: Arylbismuth compounds; Chapter 7:
Aryllead compounds; Chapter 5: Aryliodonium salts.

5. (a) Moriarty, R. M.; Gill, U. S. Organometallics 1986, 5,
253–256; (b) Abd-El-Aziz, A. S.; Lee, C. C.; Piorko, A.;
Sutherland, R. G. Synth. Commun. 1988, 18, 291–300; (c)
Abd-El-Aziz, A. S.; Boraie, W.; Al-Salem, N.; Sadek, S.
A.; Epp, K. M. J. Chem. Soc., Perkin Trans. 1 1997,
1469–1479.

6. (a) Knipe, A. C.; McGuinnes, S. J.; Watts, W. E. J.
Chem. Soc., Perkin Trans. 2 1981, 193–200; (b) Nes-
meyanov, A. N.; Volkenau, N. A.; Isaeva, L. S.;
Bolesova, I. N. Dokl. Acad. Nauk. USSR 1968, 183,
834–837; (c) Litvak, V. V.; Shteingarts, V. D. Izv. Sib.
Otd. AN USSR. Khim. 1983, 59–68.

7. Typical experimental procedure: A mixture of [�6-
(ArHal)FeCp]+[PF6]− (1 mmol), CH-acid (1.1 mmol) and
Cs2CO3 (3 mmol, dried under vacuum at 180°C) in 1.5 ml
of DMF (or THF, MeCN) was stirred in the dark under
argon. The actual solvent and reaction time are given in
Table 1. The deep red reaction mixture was filtered
through a Celite® pad into 0.2–0.4 ml of HCl (conc.), the
Celite® filter was washed with acetone. The resulting
solution was evaporated to 1–3 ml and poured into 3–5
ml of water containing NaPF6 (1.5–2 mmol). The product
was extracted with CH2Cl2, the combined extracts were
evaporated to dryness. The residue was dissolved in 2–4
ml of acetone and the product was precipitated by the
addition of 10–15–fold excess of Et2O in the form of a
brownish oil, solidifying into light-yellow foam upon
vacuum drying.

8. With CsF, 20 and 40% yields were obtained for
CH2(COOEt)P(O)(OEt)2 and CH2(CN)P(O)(OEt)2,
respectively, in DMF after 7 h.

9. (a) Artamkina, G. A.; Tarasenko, E. A.; Lukashev, N.
V.; Beletskaya, I. P. Tetrahedron Lett. 1998, 39, 901–904;
(b) Tarasenko, E. A.; Artamkina, G. A.; Lukashev, N.
V.; Beletskaya, I. P. Zh. Org. Khim. 1998, 34, 1523–1527.

10. Kabachnik, M. I.; Mastrukova, T. A. Zh. Obsh. Khim.
1993, 63, 1.

11. In the previously described nucleophilic reactions of
[CpFeArHal]+[PF6]− the necessity of Na[PF6] salt addi-
tion at the product separation stage is always mentioned,
but to the best of our knowledge was never explained.

12. (a) Brown, R. A.; Fernando, S. I. S.; Roberts, R. M. G.
J. Chem. Soc., Perkin Trans. 1 1994, 197–201; (b) Pear-
son, A. J.; Gelormini, A. M.; Fox, M. A.; Natrins, D. J.
Org. Chem. 1996, 61, 1297–1305.

.


