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Since the discovery by Ginsberg and Lindsell of the first P4

transition metal complex,1 metal-mediated degradation of white
phosphorus (P4) has been widely studied, and a variety of complexes
featuring P1-P4 fragments have been isolated.2 Not only do
transition metals induce the cleavage of P4 but they also promote
the reaggregation of the small fragments, although complexes with
nuclearity higher than six are usually obtained as byproducts in
low yields.2b ComplexA is the only example of P12-containing
complex3 and is the largest cluster obtained from P4;4 its structure
has been established by31P NMR spectroscopy (Scheme 1). There
are also a few studies concerning the reaction of P4 with main group
element derivatives;5,6 however, the reactions usually proceed
without inducing the fragmentation or aggregation of P4. The only
notable exceptions are the reactions of white phosphorus withtBu3-
SiNa7 and (Me3Si)3SiK,8 which lead to P8-containing moleculesB
andC, respectively.

We have recently shown that stable cyclic (alkyl)(amino)carbenes
(CAACs)9 also react with white phosphorus without inducing
fragmentation or aggregation of P4; indeed, 2,3,4,5-tetraphospha-
trienes D were obtained in good yields.10 Since the chemical
reactivity of CAACs is often different11 than that of N-heterocyclic
carbenes (NHCs),12 these results prompted us to investigate the
reactivity of the latter with P4. Here we report that NHC113 not
only reacts with white phosphorus but also allows for the high yield
synthesis of a P12-containing compound. The mechanism of the
formation of this cluster has been studied theoretically, and some
of the fragments involved have either been characterized by
spectroscopy or trapped chemically.

Upon mixing P4 with 2 equiv of NHC1 in C6D6, a blue solution
immediately formed. The31P NMR spectrum of the crude reaction
mixture revealed two sets of signals similar to those observed for
D,10 suggesting the formation of (Z)- and (E)-tetraphosphatriene
isomers2a and 2b (2a: major,14 396.7 and 69.4 ppm,JAA ′ )
-523.2,JAX ) -420.8,JAX ′ ) -9.3,JXX ′ ) -331.5 Hz;2b: minor,
506.5 and 63.0 ppm,JAA ′ ) -647.5,JAX ) -302.3,JAX ′ ) -9.2,
JXX ′ ) -25.8 Hz) (Scheme 2). However, over time, the signals
attributed to2 decreased and a series of 10 very broad peaks
appeared from+120 to-160 ppm, precluding the isolation of2.
A mixture of1 and P4 was then heated to 70°C overnight, yielding
an air-sensitive, thermally stable yellow precipitate (81% isolated
yield), in addition to NHC1. Analysis of the precipitate by31P-
{1H} NMR spectroscopy revealed exclusively the same series of
10 peaks as noted previously, in an approximately 1:1:1:1:1:1:1:
3:1:1 ratio, suggesting the presence of a species3 containing 12
phosphorus atoms. The13C{1H} NMR spectrum indicated the
presence of two different PdC fragments, as shown by two doublets
at 191 (1JPC ) 128 Hz) and 189 ppm (1JPC ) 131 Hz).

Recrystallization from hot CD3CN gave yellow single crystals
that upon analysis by X-ray diffraction revealed a system containing
12 phosphorus atoms capped by two NHC ligands (Figure 1). The
polycyclic structure consists of three five-membered rings, two

three-membered rings, and one six-membered ring with P-P bond
lengths between 2.176 and 2.233 Å, typical of P-P single bonds.
The architecture of the P12 core of 3 is very different from that
found in the P12 transition metal complexA3 and is obviously
unprecedented, although the nonaphosphane core (P3-P7 and P9-
P12) is reminiscent of the organosubstituted polyphosphines and
polyphosphorus anions investigated by Baudler.15

In order to gain insight into the mechanism of the reaction leading
to cluster3, trapping experiments of possible intermediates were
attempted. Thus, NHC1 was reacted with 0.5 equiv of P4 in the
presence of 2,3-dimethylbutadiene. Analysis of the reaction mixture
by 31P NMR revealed the presence of two products in a 1/5 ratio.
Both compounds were isolated and fully characterized including
by single-crystal X-ray diffraction studies. The isolated minor and
major products,4 (9% yield) and5 (79% yield), were identified as
the [4+ 2] cycloadducts of dimethylbutadiene with the PP double
bond of triphosphirene616 and (E)-tetraphosphatriene2b, respec-
tively (Figure 2).

Calculations (B3LYP/6-311G**, ZPE corrected)17a using the
parent NHC (H instead of Dipp) show that6 and 2 are able to
undergo, without energy barrier, an exothermic [3+ 2] cycload-
dition (∆E ) -13.3 kcal/mol) to give an intermediate7 (Figure
2). The latter rearranges, with loss of two NHCs, into heptaphos-
phanorbornadiene8,17b which is known in the coordination sphere
of transition metals.3,18 Last, derivative8 can undergo, without
energy barrier, a [π2 + π2 + π2] reaction19 with another triphos-
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phirene6 to afford the observed P12-containing species3 (∆E )
-54.9 kcal/mol).

This work demonstrates that N-heterocyclic carbenes are at least
as powerful as transition metal complexes for promoting the
aggregation of P4. The understanding of the reaction pathway
leading to the P12 cluster3 paves the way for the rational design of
even larger carbene-stabilized phosphorus allotropes, with the aim
of preparing phosphorus-based nanoparticles.

Acknowledgment. We are grateful to the NSF (CHE 0518675)
and Rhodia Inc. for financial support of this work, and the Natural
Sciences and Engineering Research Council of Canada for a
Postdoctoral Fellowship (J.D.M.). Thanks are due to D. Borchardt
for high-field NMR experiments.

Supporting Information Available: Full experimental and spec-
troscopic data for compounds2-5, complete ref 17a, and X-ray
crystallographic data for3-5 (CCDC numbers 655890-655892). This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Ginsberg, A. P.; Lindsell, W. E.J. Am. Chem. Soc.1971, 93, 2082-
2084.

(2) For reviews, see: (a) Whitmire, K. H.AdV. Organomet. Chem.1998, 42,
1-145. (b) Ehses, M.; Romerosa, A.; Peruzzini, M.Topics in Current
Chemistry; Spinger-Verlag: Berlin, 2002; Vol. 220, pp 107-140. (c)
Peruzzini, M.; Abdreimova, R. R.; Budnikova, Y.; Romerosa, A.; Scherer,
O. J.; Sitzmann, H.J. Organomet. Chem.2004, 689, 4319-4331. (d)
Peruzzini, M.; Gonsalvi, L.; Romerosa, A.Chem. Soc. ReV. 2005, 34,
1038-1047. (e) Cummins, C. C.Angew. Chem., Int. Ed.2006, 45, 862-
870. (f) Figueroa, J. S.; Cummins, C. C.Dalton Trans.2006, 2161-
2168.

(3) Scherer, O. J.; Berg, G.; Wolmershauser, G.Chem. Ber.1996, 129, 53-
58.

(4) The richest Px ligand so far known{[Ni(PBu3)2]4(P14)} has been prepared
from the Zintl anion P73-: Ahlrichs, R.; Fenske, D.; Krautscheid, H.;
Treutler, O.Chem.sEur. J. 1996, 2, 238-244.

(5) (a) Power, M. B.; Barron, A. R.Angew. Chem., Int. Ed. Engl.1991, 30,
1353-1354. (b) Dohmeier, C.; Schno¨ckel, H.; Robl, C.; Schneider, U.;
Ahlrichs, R.Angew. Chem., Int. Ed. Engl.1994, 33, 199-200. (c) Uhl,
W.; Benter, M.Chem. Commun.1999, 771-772. (d) Lerner, H.-W.; Bolte,
M.; Karaghiosoff, K.; Wagner, M.Organometallics2004, 23, 6073-6076.
(e) Fox, A. R.; Wright, R. J.; Rivard, E.; Power, P. P.Angew. Chem., Int.
Ed. 2005, 44, 7729-7733.

(6) (a) Peng, Y.; Fan, H.; Zhu, H.; Roesky, H. W.; Magull, J.; Hughes, C. E.
Angew. Chem., Int. Ed.2004, 43, 3443-3445. (b) Xiong, Y.; Yao, S.;
Brym, M.; Driess, M.Angew. Chem., Int. Ed.2007, 46, 4511-4513.

(7) Wiberg, N.; Worner, A.; Karaghiosoff, K.; Fenske, D.Chem. Ber.1997,
130, 135-140.

(8) Chan, W. T. K.; Garcı´a, F.; Hopkins, A. D.; Martin, L. C.; McPartlin,
M.; Wright, D. S.Angew. Chem., Int. Ed.2007, 46, 3084-3086.

(9) (a) Lavallo, V.; Canac, Y.; Pra¨sang, C.; Donnadieu, B.; Bertrand, G.
Angew. Chem., Int. Ed.2005, 44, 5705-5709. (b) Lavallo, V.; Canac,
Y.; DeHope, A.; Donnadieu, B.; Bertrand, G.Angew. Chem., Int. Ed.2005,
44, 7236-7239. (c) Jazzar, R.; Dewhurst, R. D.; Bourg, J. B.; Donnadieu,
B.; Canac, Y.; Bertrand, G.Angew. Chem., Int. Ed.2007, 46, 2899-
2902.

(10) Masuda, J. D.; Schoeller, W. W.; Donnadieu, B.; Bertrand, G.Angew.
Chem., Int. Ed.2007, 46, 7052-7055.

(11) (a) Lavallo, V.; Canac, Y.; Donnadieu, B.; Schoeller, W. W.; Bertrand,
G. Angew. Chem., Int. Ed.2006, 45, 3488-3491. (b) Frey, G. D.; Lavallo,
V.; Donnadieu, B.; Schoeller, W. W.; Bertrand, G.Science2007, 316,
439-441.

(12) For reviews on stable singlet carbenes, see: (a) Marion, N.; Diez-Gonzalez,
S.; Nolan, S. P.Angew. Chem., Int. Ed.2007, 46, 2988-3000. (b) Pugh,
D.; Danopoulos, A. A.Coord. Chem. ReV. 2007, 251, 610-641. (c) Nolan,
S. P. N-Heterocyclic Carbenes in Synthesis; Wiley-VCH: Weinheim,
Germany, 2006. (d) Glorius, F.N-Heterocyclic Carbenes in Transition
Metal Catalysis (Topics in Organometallic Chemistry); Springer-Verlag:
Berlin, 2006. (e) Hahn, F. E.Angew. Chem., Int. Ed.2006, 45, 1348-
1352. (f) Kirmse, W.Eur. J. Org. Chem.2005, 237-260. (g) Peris, E.;
Crabtree, R. H.Coord. Chem. ReV. 2004, 248, 2239-2246. (h) Crudden,
C. M.; Allen, D. P.Coord. Chem. ReV. 2004, 248, 2247-2273. (i) Alder,
R. W.; Blake, M. E.; Chaker, M. E.; Harvey, J. N.; Paolini, F.; Schu¨tz, J.
Angew. Chem., Int. Ed.2004, 43, 5896-5911. (j) Canac, Y.; Soleilhavoup,
M.; Conejero, S.; Bertrand, G.J. Organomet. Chem.2004, 689, 3857-
3865. (k) Bourissou, D.; Guerret, O.; Gabbaı¨, F. P.; Bertrand, G.Chem.
ReV. 2000, 100, 39-92.

(13) Arduengo, A. J., III; Krafczyk, R.; Schmutzler, R.; Craig, H. A.; Goerlich,
J. R.; Marshall, W. J.; Unverzagt, M.Tetrahedron1999, 55, 14523-
14534.

(14) TheE and Z configuration of the diphosphenes have been assigned by
comparison with literature data: (a) Weber, L.Chem. ReV. 1992, 92,
1839-1906. (b) Yoshifuji, M. InMultiple Bonds and Low Coordination
in Phosphorus Chemistry; Regitz, M., Scherer, O. J., Eds.; Georg Thieme
Verlag: Stuttgart, 1990; pp 321-337. (c) Yoshifuji, M.; Shima, I.;
Inamoto, N.; Hirotsu, K.; Higuchi, T.J. Am. Chem. Soc. 1981, 103, 4587-
4589.

(15) (a) Baudler, M.; Aktalay, Y.; Kazmierczak, K.; Hahn, J.Z. Naturforsch.
1983, 38b, 428-433. (b) Baudler, M.; Hahn, J.; Arndt, V.; Koll, B.;
Kazmierczak, K.; Da¨rr, E. Z. Anorg. Allg. Chem.1986, 538, 7-20.

(16) Free triphosphirenes are not known, but metal-stabilized versions have
been isolated; for recent examples, see: (a) Yakhvarov, D.; Barbaro, P.;
Gonsalvi, L.; Carpio, S. M.; Midollini, S.; Orlandini, A.; Peruzzini, M.;
Sinyashin, O.; Zanobini, F.Angew. Chem., Int. Ed.2006, 45, 4182-4185.
(b) Barbaro, P.; Ienco, A.; Mealli, C.; Peruzzini, M.; Scherer, O. J.;
Schmitt, G.; Vizza, F.; Wolmershaeuser, G.Chem.sEur. J. 2003, 9,
5195-5210.

(17) (a) Frisch M. J.; et al.Gaussian 03, revision C.02; Gaussian, Inc.:
Wallingford, CT, 2004. (b) Details of the mechanism will be published
elsewhere.

(18) For examples, see: (a) Kesanli, B.; Mattamana, S. P.; Danis, J. A.;
Eichhorn, B. W.Inorg. Chim. Acta2005, 358, 3145-315. (b) Charles,
S.; Danis, J. A.; Mattamana, S. P.; Fettinger, J. C.; Eichhorn, B. W.Z.
Anorg. Allg. Chem.1998, 624, 823-829. (c) Charles, S.; Danis, J. A.;
Fettinger, J. C.; Eichhorn, B. W.Inorg. Chem.1997, 36, 3772-3778. (d)
Charles, S.; Fettinger, J. C.; Eichhorn, B. W.J. Am. Chem. Soc.1995,
117, 5303-5311. (e) Charles, S.; Fettinger, J. C.; Bott, S. G.; Eichhorn,
B. W. J. Am. Chem. Soc.1996, 118, 4713-4714. (f) Charles, S.; Eichhorn,
B. W.; Rheingold, A. L.; Bott, S. G.J. Am. Chem. Soc.1994, 116, 8077-
8086.

(19) (a) Lautens, M.; Edwards, L. G.J. Org. Chem.1991, 56, 3761-3763.
(b) Julino, M.; Bergstrasser, U.; Regitz, M.J. Org. Chem.1995, 60,
5884-5890.

JA077296U

Figure 1. Structure of3 (50% thermal ellipsoids are shown). Hydrogen
atoms and CH3 fragments of the aryl-iPr groups have been omitted for
clarity. Selected bond lengths (Å): P1-C1 1.756(3), P8-C29 1.777(4),
N1-C1 1.374(4), N2-C1 1.357(4), N3-C29 1.358(4) N4-C29 1.369(4);
P-P bond length range) 2.176-2.233.

Figure 2. Products4 and5, resulting from the trapping of (E)-tetraphos-
phatriene2b and triphosphirene6, respectively (top). Postulated mechanism
for the formation of P12 cluster3 (bottom).
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