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Organophosphorus compounds are indispensable in syn-
thetic chemistry because of their utility as reagents[1] and as
ligands for innumerable catalytic processes.[2] Despite these
applications, construction of P�H and P�C bonds directly
from allotropes of elemental phosphorus remains a significant
challenge.[3] Although dinitrogen is converted to ammonia on
a several billion ton scale annually by the Haber±Bosch
reaction,[4] no comparable process for elemental phosphorus
functionalization has been developed.[5] Instead, organophos-
phorus compounds are prepared by using a multistep
procedure involving the chlorination of white phosphorus
(P4) to PCl3, followed by alkylation with Grignard reagents or
reduction with LiAlH4 to assemble the P�C or P�H linkage,
respectively.[6]

Insertion of P4 into a metal±carbon or metal±hydrogen
bond offers a direct, efficient, and potentially catalytic
methodology for the synthesis of phosphanes. However,
reports describing the reaction of P4 with transition metal
hydrides have been limited to only a few cases. Green et al.[7]

have described the synthesis of [Cp2Mo(h2-P2H2)] by reaction
of P4 with [Cp2MoH2] at 90 8C, whereas Stephan et al.[8] have
used a similar protocol for the preparation of [Cp2TaH(h2-
P2H2)] from [Cp2TaH3] and P4 at 85 8C. More recent reports by
Peruzzini and co-workers[9] have described the
stoichiometric hydrogenation of P4 at elevated
temperatures with trihydridorhodium and
-iridium complexes. Early transition metal
hydrides, by virtue of their polarized metal±
hydrogen bond, have been shown to be
effective in delivering hydride (Hd�) to numer-
ous organic[10] and inorganic[11] substrates and
are excellent candidates for functionalizing P4

under mild conditions. Herein, we report the
hydrogenation of P4 to the unusual [P4H2]4� moiety promoted
by [Zr(h5-C5Me5)(h5-C5H4tBu)H2]2. Preliminary data suggests
that the reaction proceeds through a cooperative reductive
elimination/insertion sequence involving two zirconium cen-
ters.

Attempts to hydrozirconate elemental phosphorus by
addition of P4 to [Cp*2 Zr(H)Cl][12] (Cp*¼ h5-C5Me5), pro-
duced no reaction over the course of several days at 25 8C.
Replacing [Cp*2 Zr(H)Cl] with the more reactive [Cp*2 ZrH2]
(1),[13] resulted in a facile reaction with P4 at �35 8C, affording
a deep red solid. Analysis of the product by 1H and 31P NMR
spectroscopy revealed that P4 did not undergo the desired
insertion into the Zr�H bond but rather induced reductive

elimination of H2 to afford [Cp*2 Zr(h2-P4)] (2), as previously
described by Scherer et al. [Eq. (1)].[14] Addition of s-

donating ligands that are also effective in stabilizing low-
valent zirconium have been shown to induce reductive
elimination of alkane from [Cp2Zr(R)H] complexes.[15] In
the present case, P4 appears to fall into this ligand class since
reductive elimination rather than insertion is observed from
the putative [Cp*2 ZrH2(P4)] intermediate.

Based on these results, we postulated that addition of
one equivalent of P4 to two equivalents of 1 may afford one
equivalent of a zirconium±phosphorus complex that may be
susceptible to hydrogenation by the remaining equivalent of
dihydride. Although employing this strategy with 1 led to a
mixture of products, including 2, addition of one equivalent of
P4 (0.5 per Zr center) to a solution of [{Cp*(h5-
C5H4tBu)ZrH2}2] (3) in toluene at �35 8C resulted in imme-
diate effervescence and formation of a red solution. Remov-
ing the toluene in vacuo and recrystallization of the resulting
red solid from diethyl ether afforded [{Cp*(h5-

C5H4tBu)}2Zr(m2,h2,h2-P4H2)] (4) in 90% yield [Eq. (2)].
Interestingly, addition of P4 to [Cp*(h5-C5H4tBu)Zr(CH2CH-
Me2)(H)] produced 4, along with one equivalent of isobutane,
arising from reductive elimination, and one equivalent of
isobutene, generated from b-hydrogen elimination.

Brick red 4 is readily soluble in aromatic hydrocarbon and
ethereal solvents but insoluble in aliphatic hydrocarbons such
as pentane and hexane. Although extremely air- and mois-
ture-sensitive, solutions of 4 in [D6]benzene may be heated to
100 8C for several hours in an inert atmosphere without
noticeable decomposition. Compound 4 was characterized
through a combination of multinuclear NMR and IR spec-
troscopies, elemental analysis, and X-ray diffraction. In
[D6]benzene, the 1H NMR spectrum of 4 displays the expected
ancillary ligand resonance signals as well as a complex
multiplet centered at d¼ 3.31 ppm consistent with an
AA’BB’XX’ spin system attributable to the P-H resonance
signals. Diagnostic symmetric and asymmetric P±H stretches
of medium intensity are observed at 2360 and 2342 cm�1 in the
diethyl ether solution IR spectrum of 4. The 31P NMR
spectrum of 4 in [D6]benzene displays two resonance signals
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centered at d¼ 11.61 ppm and �46.25 ppm with an AA’BB’
splitting pattern[16] consistent with observed spectral data for
P4H6.[17] The resonance signal at d¼ 11.61 ppm was assigned to
the terminal, hydrogenated phosphorus based on the obser-
vation of additional splitting in the proton-coupled 31P NMR
spectrum. The peak centered at d¼�46.25 ppm does not
change upon proton coupling.

X-ray structural analysis on a single crystal of 4[18] (Figure 1)
reveals a dinuclear zirconium complex with a puckered,
bicyclic Zr2P4 core. Somewhat surprisingly, the sterically

demanding Cp* ligands are arranged in a cis-like fashion,
although the pyramidalization of the P4H2 unit serves to
minimize unfavorable steric interactions between the Cp*
rings. The X-ray data was of sufficient quality to locate and
refine both of the hydrogen atoms attached to phosphorus. No
excess electron density around the internal phosphorus atoms
was observed in the difference maps, consistent with the
spectroscopic data. Each of the P�P distances and angles
(Table 1) are in accord with the values typically observed in
hydrogenated polyphosphorus chains.[19]

In light of the spectroscopic and structural data obtained for
4, the phosphorus core is best viewed as a [P4H2]4� fragment
resulting in two formally 16-electron ZrIV centers, and may be
considered as a hydrogenated analogue of the P4

4� ligand in
[{Cp*Co(CO)}2(m2,h2,h2-P4)] reported by Scherer and co-
workers.[20] Isolation of the [P4H2]4� moiety is noteworthy

since the corresponding neutral tetraphosphorus dihydride
P4H2 has only been observed by mass spectrometry, and the
parent phosphane P4H6 exists as a mixture of constitutional
isomers.[21] In summary, we have demonstrated the facile
reactivity of white phosphorus with zirconium dihydride
complexes and used a combination of reductive elimination
and insertion processes to prepare the first example of the
polyphosphane ion [P4H2]4� directly from white phosphorus.

Experimental Section

4 : A 100-mL flask was charged with 3 (0.400 g, 1.14 mmol) and toluene (ca.
50 mL) and chilled in the dry box freezer to �35 8C. To the clear yellow
solution, solid P4 (73 mg, 0.568 mmol) was added in three portions. Upon
addition, a red reaction mixture was immediately formed. The resulting
solution was stirred for 5 min and the toluene was removed in vacuo leaving
a red solid. Recrystallization from diethyl ether afforded 4 (0.518 g,
0.511 mmol, 90%) as analytically pure red crystals. 1H NMR (22 8C,
400 MHz, [D6]benzene): d¼ 1.84 (s, 30H; C5Me5), 1.33 (s, 18H; tBu), 3.31
(m, 2H; P-H), 5.19 (m, 2H; Cp), 5.31 (m, 2H; Cp), 5.39 (m, 2H; Cp),
6.97 ppm (m, 2H; Cp); 13C NMR (22 8C, 100.5 MHz [D6]benzene): d¼
13.17 (C5Me5), 33.54 (CMe3), 117.61 (C5Me5), 92.68, 94.55, 104.81, 108.03
(Cp) 121.67 ppm (CMe3); 31P NMR ([D6]benzene): d¼ 11.61 (PH),
�46.35 ppm (P); elemental analysis (%) calcd for C38H58P4Zr2: C 55.58 H
7.12; found: C 55.21 H 6.89.
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Figure 1. Molecular structure of 4 (thermal ellipsoids at 50% probability
level, hydrogen atoms of the cyclopentadienyl ligands omitted for clarity).

Table 1. Selected bond lengths and angles for 4.

Bond lengths [ä] Bond angles [8]

P1-P2 2.2587(18) Zr1-P1-P4 119.17(7)
P1-P4 2.221(2) P2-P1-Zr1 73.24(5)
P2-P3 2.2091(19) P2-P1-P4 113.74(4)
P1-P3 3.7470(19)[a] P1-P2-P3 114.00(7)
P2-P4 3.751(2)[a] P1-P2-Zr2 73.69(5)
Zr1-P1 2.6646(14) Zr2-P2-P3 118.79(7)
Zr1-P3 2.6044(14) P2-P3-Zr1 75.23(5)
Zr2-P2 2.6602(15) P2-P3-H(P3) 105(2)
Zr2-P4 2.6146(14) Zr1-P3-H(P3) 102(2)
P3-H(P3) 1.32(5) P1-P4-Zr2 75.20(5)
P4-H(P4) 1.32(6) P1-P4-H(P4) 117(3)

Zr2-P4-H(P4) 106(2)
P1-Zr1-P3 90.65(4)
P4-Zr2-P2 90.04(3)

[a] Non-bonded distances.
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Metal-complex-catalyzed amidation of saturated C�H
bonds[1±7] is increasingly attractive as a C�N bond-formation
methodology. The nitrogen sources in most of these amidation
reactions are iminoiodanes PhI¼NR, which are prepared from
PhI(OAc)2 and RNH2 and are currently accessible for rather
limited types of R groups (usually R¼ArSO2). In very few
cases can the PhI¼NR amidation procedure be applied to
intramolecular amidation.[1b,3c,5] About two years ago,[4d] we
found that PhI(OAc)2 and RNH2 (R¼ p-MeC6H4SO2, p-
NO2C6H4SO2) could be used directly as the nitrogen source in
intermolecular amidation processes. More interestingly, the
™PhI(OAc)2þRNH2∫ amidation protocol is extendable to
™PhI(OAc)2þMeSO2NH2∫[4d,e,g] and ™PhI(OAc)2þCF3-
CONH2

[4d] or PhCONH2
[4e]∫, in which cases the respective

iminoiodanes are explosive or unknown. We envisioned that
such a ™PhI(OAc)2þRNH2∫ amidation procedure might be
applicable to a wide variety of RNH2 compounds and could be
more readily extended to intramolecular amidation, as shown
in Equation (1).

Recent work by Du Bois and co-workers[7] excellently
demonstrated that reactions of a series of carbamates
(-OCONH2)[7a] and sulfamate esters (-OSO2NH2)[7b] with
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PhI(OAc)2, catalyzed by dirhodium complexes, afford oxazo-
lidinones and cyclic sulfamidates, respectively, with high
regioselectivity and good to excellent diastereoselectivity.
These reactions occur by the direct intramolecular amidation
of saturated C�H bonds. Du Bois and co-workers found that
these intramolecular amidation reactions are stereospecific,
allowing synthesis of enantiomerically pure amidation prod-
ucts from enantiomerically pure carbamates or sulfamate
esters.[7] However, it remains a challenge to realize asymmet-
ric intramolecular amidation of saturated C�H bonds from
prochiral RNH2 substrates.

Herein, we report the first metalloporphyrin-catalyzed
intramolecular amidation reactions of saturated C�H bonds
that employ a ™PhI(OAc)2þRNH2∫ procedure. The catalysts
used are mainly the electron-deficient ruthenium porphyrin
[Ru(tpfpp)(CO)][8] (1, H2tpfpp¼meso-tetra(pentafluoro-
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phenyl)porphyrin) and the chiral ruthenium porphyrin
[Ru(por*)(CO)][9] (2, H2por*¼5,10,15,20-tetrakis{(1S,4R,5R,8S)-
1,2,3,4,5,6,7,8-octahydro-1,4:5,8-dimethanoanthracene-9-yl}-
porphyrin[10]). In the presence of these catalysts, reactions of
sulfamate esters with PhI(OAc)2 afforded cyclic sulfamidates
with high regioselectivity and virtually complete diastereose-
lectivity [Equation (2)]. Remarkably, the intramolecular

C
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NH2

H
C

S

NH

O O

O O

O O

+  PhI(OAc)2

n n

n = 1, 2

(2)
complex 1 or 2

amidation of prochiral sulfamate esters catalyzed by 2
produced optically active cyclic sulfamidates in up to
87% ee.[11] This value contrasts with the highest ee value of

COMMUNICATIONS

Angew. Chem. Int. Ed. 2002, 41, No. 18 ¹ 2002 WILEY-VCH Verlag GmbH &Co. KGaA, Weinheim 0044-8249/02/4118-3465 $ 20.00+.50/0 3465

0.6305. CCDC-185204 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB21EZ,
UK; fax: (þ 44)1223-336-033; or deposit@ccdc.cam.ac.uk).

[19] M. Baudler, Angew. Chem. 1987, 99, 429; Angew. Chem. Int. Ed. Engl.
1987, 26, 419.

[20] O. J. Scherer, M. Swarowsky, G. Wolmerh‰user Organometallics 1989,
8, 841.

[21] a) M. Baudler, K. Glinka, Chem. Rev. 1994, 94, 1277; b) M. Baudler,
Angew. Chem. 1982, 94, 520; Angew. Chem. Int. Ed. Engl 1982, 21, 492.

[*] Prof. Dr. C.-M. Che, J.-L. Liang, S.-X. Yuan, Dr. J.-S. Huang,
Dr. W.-Y. Yu
Department of Chemistry and Open Laboratory of Chemical Biology
of the Institute of Molecular Technology for Drug Discovery and
Synthesis
The University of Hong Kong, Pokfulam Road (Hong Kong)
Fax: (þ 852)2857-1586
E-mail: cmche@hku.hk

[**] This work was supported by The University of Hong Kong, the Hong
Kong Research Grants Council, the Hong Kong University Founda-
tion, and the University Grants Committee of the Hong Kong SAR of
China (Area of Excellence Scheme, AoE/P-10/01). We thank Dr.
Nianyong Zhu for assistance in solving the crystal structures reported
herein.

Supporting information for this article is available on the WWWunder
http://www.angewandte.org or from the author.


