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A Kinetically Stabilized Ferrocenyl Diphosphene:
Synthesis, Structure, Properties, and Redox Behavior

Noriyoshi Nagahora, Takahiro Sasamori, Nobuhiro Takeda, and Norihiro Tokitoh*!*

Abstract: A new, stable ferrocenyl di-
phosphene [Tbt-P=P-Fc] (1) (Tbt=
2,4,6-tris[bis(trimethylsilyl)methyl]-

phenyl, Fc = ferrocenyl) was synthe-
sized by the dehydrochlorination reac-
tion of the corresponding diphosphane,
[Tbt-P(H)-P(Cl)-Fc] (8), with 1,8-dia-
zabicyclo[5.4.0]undec-7-ene (DBU) in
good yield. Diphosphene 1 is very
stable in the solid state and also in so-
lution. In the *PNMR spectrum
(C¢Dg), diphosphene 1 showed a low-
fielded AB quartet at 60 501.7 and
479.5 ppm with the coupling constant

an unsymmetrically substituted trans-
diphosphene. The molecular structure
of 1 was established by X-ray crystallo-
graphic analysis, which showed a trans-
diphosphene with a C-P-P-C torsion
angle of 177.86(17)°. The phosphorus—
phosphorus  bond length of 1
[2.0285(15) A] which is considerably
shorter than the typical P—P single-
bond lengths (ca. 2.22-2.24 A) and
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within the range of reported P=P
double-bond lengths (1.985-2.051 A)
for diaryl diphosphenes, evidenced the
P=P double-bond character of 1 in the
solid state. In addition, the cyclic vol-
tammograms of 1 showed reversible re-
duction and oxidation couples at —1.95
and +0.34 V versus SCE, respectively.
The electrochemical results for 1 were
reasonably supported by the DFT cal-
culations, which suggested that the
LUMO and HOMO orbitals should be
mainly zt* orbital of the diphosphene
moiety and d orbitals of the iron(ir)

Jop=7546 Hz, which is characteristic of

Introduction

Multiple-bond compounds between heavier Group 15 ele-
ments have fascinated many chemists for several decades."!
Since the first synthesis of diphosphene by Yoshifuji et al.,”!
the syntheses and properties of kinetically stabilized diphos-
phenes, diarsenes, and phosphaarsenes bearing sterically
hindered substituents have been numerously reported.’
We also succeeded in the synthesis of novel doubly bonded
systems between Group 15 elements, that is, distibene
(RSb=SbR), dibismuthene (RBi=BiR), phosphabismuthene
(RP=BiR), and stibabismuthene (RSb=BiR), by taking ad-
vantage of efficient steric protection groups, 2,4,6-tris[bis(tri-
methylsilyl)methyl]phenyl (Tbt) and 2,6-bis[bis(trimethylsi-
lyl)methyl]-4-[tris(trimethylsilyl )methyl]phenyl (Bbt) groups
(Scheme 1).4

Meanwhile, organic and organometallic m-conjugated
compounds have received substantial attention in the field
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atom, respectively.
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Scheme 1. Efficient steric protection groups (top); ferrocenyl diphos-
phenes 1 and 3 (bottom).

of material science.’! A number of reports on interesting
properties of low-coordinated phosphorus compounds, such
as photochemical properties, redox behavior, and magnetic
properties, appeared recently.”) Based on these reports, we
thought that the unique properties of low-coordinated phos-
phorus compounds, especially diphosphenes, are most likely
interpreted in terms of their low-lying m* orbital level.” In
this context, several diphosphene derivatives having redox-
active units, such as bis(diphosphene)s,™*“ diphosphenes
having triarylamino units,® and ferrocenyl diphosphenes,”

DOI: 10.1002/chem.200400577 Chem. Eur. J. 2004, 10, 6146 -6151



6146-6151

were synthesized in the hope of a discovery of novel electro-
chemical properties. Indeed, a bis(diphosphene) derivative
reported by Protasiewicz and co-workers was well furnished
by electrochemical technique and reduced to give the dia-
nion species with paramagnetic properties.*! As for a ferro-
cenyl diphosphene a pioneering study on the synthesis and
spectroscopic characterization of 3 was reported by Pietsch-
nig and Niecke,” though the structural characterization and
studies on electrochemical properties of 3 have not been
fully accomplished due to its instability in solution (stable
only below to —30°C in the absence of light). Here, we
report the synthesis, structure, properties, and multi-switcha-
ble electrochemical behavior of kinetically well-stabilized di-
phosphene 1 bearing ferrocenyl (Fc) and Tbt groups
(Scheme 2).

a b
Tht-PCl, ———— Tbt-PH; ————— Tbt-PHLi
4 5 6
c Tht /C\ d Tht _
- PR — P=R
H Fc Fc
8 1

Scheme 2. a) LiAlH,, THF, 0°C; b) nBuLi, Et,0, —78°C; c) dichlorofer-
rocenylphosphine (7), Et,0, —78°C; d) DBU, room temperature, 92 %
from 5.

Results and Discussion

Bulky phosphine 5§ was readily prepared by the treatment of
dichlorophosphine 4“1 with a lithium aluminium hydride.
The reaction of dichloroferrocenylphosphine!™ 7 with lithi-
um phosphide 6, prepared by the deprotonation reaction of
phosphine 5 with an equimolar amount of n-butyllithium, af-
forded a mixture of two diastereomers of diphosphane 8 as
air-sensitive yellow crystals, which showed characteristic two
AB quartets in the P NMR spectrum in [Dg]benzene (6
—59.1 and 107.0 ppm; Jpp=182 Hz, 6 —52.8 and 92.7; Jpp=
217 Hz). When 8 was treated with 1.2 equimolar amount of
DBU in diethyl ether, the reaction mixture immediately
turned purple. After removal of inorganic salts, ferrocenyl
diphosphene 1 was obtained as purple crystals in 92% iso-
lated yield.

In sharp contrast to 3, diphosphene 1 is quite stable in the
solid state (m.p. 182-184°C) or in a [Dg]benzene solution
(stable at 100°C for a month in a sealed tube) on exposure
to scattered light, and neither decomposition nor dimeriza-
tion was observed at ambient temperature. The remarkable
stability of 1 reflects the prominent protecting ability of a
Tbt group.

The *PNMR spectrum of 1 in [Dg]benzene solution
showed a AB quartet at 6 479.5 and 501.7 ppm, which was
characteristic of unsymmetric trans-diphosphenes.['*6¢64.911]
The coupling constant ('/pp =546 Hz) of 1 is very similar to
that of 3, though somewhat smaller than those of diphos-
phenes protected by two bulky aryl groups (J = 572-
584 Hz).'Y Tt was suggested that the P=P double-bond char-
acter was slightly reduced in solution due to electronic inter-
action (as shown in Scheme 3) between the ferrocenyl group
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Scheme 3. Conceivable resonance structures for diphosphene 1.

and the P=P n bond as well as the case of 3.’ In addition,
in the '"HNMR spectral features also supported the elec-
tronic interaction in both cases of 1 and 3. As for the
"H NMR spectrum of 3, the signals due to two a-protons of
the substituted cyclopentadienyl ring of the ferrocenyl group
were detected unequivalently (6 4.65 and 4.76 ppm) and
their chemical shifts were different from the B-protons (6
429 ppm) by ~0.4 ppm. Pietschnig and Niecke also men-
tioned these spectral features as an explanation of such elec-
tronic interactions in 3. Although the signals corresponding
to a-protons of the substituted cyclopentadienyl ring of the
ferrocenyl group for 1 were observed equivalently at room
temperature, the difference between the chemical shifts
(Ady) of the a and B-protons for 1 (0.58 ppm) was larger
than those for 3. Taking into account that these Ady values
of 1 and 3 are much larger than those for reported non-con-
jugated ferrocenylphosphines, for example, Ady of 7 is
~0.2 ppm,'®? and Ady of Fc-PH, is 0 ppm.'? These spec-
tral features of 1 might imply the presence of an electronic
interaction between the P=P s bond and the cyclopenta-
dienyl ring of the ferrocenyl group, that is, the contribution
of resonance structure 2 in the solution as well as 3.

This interpretation was actually supported by the reactivi-
ty of 1 (Scheme 4). Diphosphene 1 underwent ready hydrol-
ysis by the addition of water toward the P=P moiety leading
to the formation of Tbt-PH, (5) and Fc-PH(O)OH (9).
Compound 9 is known to be an isolable, isomeric form of
Fc-P(OH),.' ! Similarly, treatment of 1 with methanol af-
forded Tbt-PH, (5) and Fc-PH(O)OMe (10), which may be
formed by the decomposition of Fc-P(OMe), during separa-
tion.!™! Thus, 1 retains inherently high reactivity toward hy-
drolysis and methanolysis similar to 3, though 1 is kinetically
well-stabilized by the extremely bulky Tbt substituent. The
regioselectivity observed for the addition of hydroxy or me-
thoxy group to the P=P double bond of 1 is in good agree-
ment with the polarized resonance structure 2.

ROH

Tot, (R = H, Me) 0 H
P=R Tht PHy + Fo-PC
Fo benzene, OR
1 RT 5 9 R=H
10: Me

Scheme 4. Reactions of diphosphene 1.

The molecular structure of 1 was determined by X-ray
crystallographic analysis (Figure 1). It was found that the
structure of 1 showed a trans-configuration with a C-P-P-C
torsion angle of 177.86(17)°; the C-P-P-C plane was almost
coplanar with the cyclopentadienyl ring of the ferrocenyl
group, which suggests conjugative interaction between the
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m-electrons of the diphosphene unit with those of the cyclo-
pentadienyl ring. Furthermore, the C-P-P-C plane is orient-
ed perpendicular to the benzene ring of the Tbt group. The
phosphorus-phosphorus bond length of 1 is 2.0285(15) A,
comparable to those of previously reported diaryl diphos-
phenes (1.985-2.051 A).l**1 Thus, the P=P bond length was
found not to be affected by the conjugation between P=P =
bond and cyclopentadienyl group in the solid state.

In the Raman spectrum (measured in the solid state) of 1,

a) @)

5

b)
(Tot) €1 2.0285(15) A
¥03.15(12)°
/ ’;1\ b2 1.805(4) A
1.848(3) A 3
101.64(16)°
'C28 (Fc)

Figure 1. a) ORTEP drawing of diphosphene 1 with thermal ellipsoid
plots (50% probability). Hydrogen atoms are omitted for clarity. b) Sche-
matic drawing of 1 with some selected bond lengths and angles.

strong line attributable to the P=P stretching was observed
at 7 609 cm™'. The value is higher than the frequencies ob-
served for diphosphanes (e.g. Ph,P-PPh,, 530 cm™)" and
very similar to those observed for Mes*P=PMes*
(610 cm ™)™ and TbtP=PTbt (609 cm™!). Consequently,
the phosphorus—phosphorus double-bond character in 1 in
the solid state is supported by not only its P=P bond length
but also vibrational information on its P=P bond.

The UV/Vis spectrum of 1 in hexane shows two absorp-
tion maxima at 371 (¢ 2500) and 542 nm (¢ 900) (Figure 2).
The former can be assigned to the m—m* electron transition
for the P=P chromophore, since the 1, value is similar to
those for reported diaryl diphosphenes (277-418 nm).['>*1
The latter should be assigned to the metal-to-ligand charge
transfer (MLCT) band due to the electron transition from d
orbitals of the iron(m) to the w* orbital of the P=P moiety.
These absorption maxima were observed in longer wave-
length region compared with those for azoferrocenes,'®
which were known to show two absorption maxima at 321-
328 (;t—m* band) and 522-539 nm (MLCT band). The batho-
chromic shift of 1 may indicate the lower n* orbital energy
level of 1 than those of azoferrocenes. In addition, assign-
ment of the observed absorption maxima for 1 are reasona-
bly supported by theoretical calculations for the excited
state of the model compound, ferrocenyl-mesityl diphos-
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phene (11) [359 (n—mt*) and 567 nm (MLCT) for 11, comput-
ed at the TD-B3LYP/TZV for Fe, 6-311+G(2d) for P, and 6-
31G(d) for CH level], and calculated 1,,, and relative in-
tensity are shown in Figure 2.

371 nm (& 2500)

0.5

Absorbance

542 nm (c 900)

300 400 500 600 700

Wavelength [nm]

Figure 2. Experimental UV/Vis spectrum of 1 in n-hexane (2.2x107*m)
and calculated electron transitions (bars) of 11.

The electrochemical properties of 1 were furnished by
cyclic voltammetry, measurements of which were carried out
in CH,CI, (oxidation) and THF (reduction) with nBu,NBF,
as an electrolyte at room temperature. The voltammograms
were shown in Figure 3 and summarized in Table 1. As a

a)

50
40 ?
30
Current [pA]
20
—>
10
0 T T T v
0 +0.5 +1.0 +1.5 +2.0
Potential [V vs. SCE]
b)
25
20
15
Current [pA] D —
10
5
0+ T T T T T 1
-2.4 -2.2 -2.0 -1.8 -1.6 —-1.4 -1.2

Potential [V vs. SCE]

Figure 3. Cyclic voltammograms of 1 (2.0x107°M) with a scan rate of
100 mVs™' at room temperature. a)In 0.lm nBu,NBF,/CH,ClL, b)in
0.1m nBu,NBF,/THF.

Table 1. Redox potentials [V vs. SCE] of 1.

Oxidation!® Reduction
E,, +0.43 +1.68 E, —-2.03
E, +025 - E, ~187
E, +0.34 - E, ~1.95

[a]0.1m nBuNBF, in CH,Cl, E (FcH/FcH*)=+026V vs. SCE.
[b] 0.1 M nBu,NBF, in THF.
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result, reversible one-electron oxidation and reduction
waves were observed at Ei (ox)=+40.34 and E(red)=
—1.95 V versus SCE, respectively. The former couple can be
attributed to iron(m)/iron(i) redox of the ferrocenyl group,
since the E: (ox) value for 1 is almost the same that for a
parent ferrocene. The latter couple features the reduction
wave of the diphosphene unit of 1, as in the case of the re-
duction for previously reported diphosphenes.” These well-
defined reversible redox waves indicate that the correspond-
ing ferrocenium cation and diphosphene anion radical are
easily generated and have substantial chemical stability
under such conditions. Furthermore, an irreversible oxida-
tion process was also observed at considerably positive po-
tential (ca. +1.7 V vs SCE). The observed irreversible oxi-
dation wave, comparable to those of previously reported di-
phosphenes,”! might correspond to the oxidation of the di-
phosphene moiety of 17, and indicates that the dication 1?*
is unstable under these conditions.

In order to study the electronic structure of 1 in more
detail, DFT calculations were carried out on the model mol-
ecule 11. All the optimized structural parameters of 11 are
in satisfactory agreement with the crystal structure of 1. The
HOMO and LUMO of the ground-state structure of 11 are
depicted in Figure 4. It should be noted that the HOMO or-

Figure 4. Contour plots of the a) LUMO and b) HOMO orbitals of 11.

bitals are localized on d orbitals of the iron(i1) atom, while
the LUMO orbitals are mainly st* ones composed by the or-
bitals of a diphosphene fragment.

Conclusion

We have succeeded in the synthesis of a new, stable ferro-
cenyl diphosphene 1 by taking advantage of kinetic stabili-
zation by using an extremely bulky Tbt group. Thus, the
combination of a Tbt group with a redox active substituent,
a ferrocenyl group, enabled us to synthesize such a unique
class of diphosphene derivative. In solution, the contribution
of the polarized resonance structure 2 was supported by
their NMR spectral features and reactivity of 1. In spite of
the kinetic stability of 1, hydrolysis and methanolysis of 1 al-
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lowed us to elucidate its reactivity in solution, which will be
described elsewhere in the near future. The X-ray crystallo-
graphic analysis of 1 revealed that 1 has a nearly planar
C-P-P-C plane and a phosphorus—phosphorus bond with a
sufficient double-bond character in the solid state. More-
over, the Raman shift for the stretching of the P=P bond
(609 cm™) for 1 is very similar to the values of previously
reported diphosphene derivatives. In addition, the absorp-
tion maxima due to the MLCT transition of 1 appeared at
542 nm, being red-shifted compared with the corresponding
azo analogues (Ar-N=N-Fc).

The cyclic voltammograms of 1 showed the reversible re-
duction and oxidation couples at —1.95 and +0.34 V versus
SCE, respectively. The electrochemical results for 1 were
reasonably interpreted in terms of the DFT calculations on
the model molecule 11, which indicate that the LUMO orbi-
tal is mainly st* orbital of the diphosphene moiety and the
HOMO orbital is largely d orbitals of the iron(m) atom.
These results may be helpful to develop a new chemistry of
diphosphene derivatives. Further investigation of the chemi-
cal properties of 1 is currently in progress.

Experimental Section

General methods: All reactions were carried out under an argon atmos-
phere, unless otherwise noted. All solvents were purified and dried by
standard methods. Preparative thin-layer chromatography (PTLC) and
column chromatography were performed with Merck Kieselgel 60 PF254.
The '"HNMR (400 or 300 MHz) and “C NMR (100 or 75 Hz) spectra
were measured in CDCl; or C;Dy with a JEOL AL-400 or 300 spectrom-
eter using CHCl; (0 =7.25 ppm) or C;HDs (0=7.15 ppm) for 'H NMR,
and CDCl; (0=77.0 ppm) or C¢D; (6 =128.0 ppm) for *C NMR as inter-
nal standards, respectively. *'P NMR (120 MHz) spectra were measured
in CDCI; or C¢Dg with a JEOL AL-300 spectrometer using 85% H;PO,
in water (0=0 ppm) as an external standard. High-resolution mass spec-
tral data were obtained on a JEOL SX-270 mass spectrometer. The elec-
tronic spectra were recorded on a JASCO V-570 UV/Vis spectrometer.
Raman spectra were measured on a Raman spectrometer consisting of a
Spex 1877 Triplemate and an EG&G PARC 1421 intensified photodiode
array detector. An NEC GLG 108 He/Ne laser (632.8 nm) was used for
Raman excitation. All melting points were determined on a Yanaco
micro-melting point apparatus and are uncorrected. Elemental analyses
were performed by the Microanalytical Laboratory of the Institute for
Chemical Research, Kyoto University. The electrochemical experiments
were carried out with an ALS 600A potentiostat/galvanostat using a
glassy carbon disk working electrode, a Pt wire counter electrode, and
Ag/0.01Mm AgNO; reference electrode. The measurements were carried
out in CH,Cl, and THF solution containing 0.1 M nBu,NBF, as a support-
ing electrolyte with scan rates of 10-500 mVs™' in a glovebox filled with
argon at ambient temperature. Tbt-PCl, (4) was prepared according to
the reported procedure !

2,4,6-Tris[bis(trimethylsilyl)methylJphenylphosphine (5): Lithium alumi-
nium hydride (252 mg, 6.65 mmol) was added at 0°C to a THF (50 mL)
solution of 4 (4.35 g, 6.65 mmol). After stirring at the same temperature
for 30 min, the reaction mixture was warmed at room temperature. The
solvent was removed under reduced pressure, n-hexane was added to the
residue. After the solution was filtered through Celite, the filtrate was
purified by column chromatography (eluting with n-hexane) to afford
phosphine 5 (3.76 g, 97%) as colorless crystals. M.p. 151.2-152.0°C
(decomp); 'H NMR (400 MHz, CDCl;, 25°C): §=0.02 (brs, 36 H), 0.03
(s, 18H), 1.30 (s, 1H), 2.37 (s, 1H), 2.48 (s, 1H), 3.62 (d, 'Jpy=203 Hz,
2H), 6.32 (s, 1H), 6.45 (s, 1H); “C{'"H} NMR (100 MHz, CDCl;, 25°C):
0=0.63 (CH;), 0.90 (CH;, 2C), 29.93 (CH), 30.03 (CH), 30.36 (CH),
119.68 (d, Jpc=4Hz), 121.58 (CH), 126.37 (CH), 142.62, 148.67 (d,
2Jpc=14Hz), 14894 (d, *Jpc=12Hz); *PNMR (120 MHz, CDCl,,
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25°C): 6=-145.2; HRMS (FAB): m/z: calcd for C,;Hg PSiy: 584.3127;
found: 584.3106 [M]*; elemental analysis caled (%) for C,;HgPSigs: C
55.41, H 10.51; found: C 55.63, H 10.34.

Diphosphene 1: n-Butyllithium in n-hexane (1.50M, 235 mL, 0.352 mmol)
was added at —78°C to a solution of Tbt-PH, (5) (206.0 mg, 0.352 mmol)
in Et,0 (SmL). The solution of lithium phosphide 6 obtained was
warmed to room temperature for 0.5 h, and then cooled to —78°C. The
reaction mixture was added to a solution of dichloroferrocenylphosphine
(7, 121.2 mg, 0.422 mmol) in Et,0 (5mL) at —78°C. After stirring at the
same temperature for 1h, the solution was allowed to be warmed to
room temperature for 1 h. DBU (63.0 pL, 0.422 mmol) was added to the
solution at room temperature, and the solution was stirred for 0.5 h.
After removal of the solvent, n-hexane was added to the residue and the
mixture was filtered through Celite. Evaporation of the filtrate under re-
duced pressure afforded diphosphene 1 (259.8 mg, 0.325 mmol, 92%) as
purple crystals. M.p. 182-184°C; 'H NMR (300 MHz, C,Ds, 25°C): 0=
0.22 (s, 18H), 0.26 (s, 36 H), 1.54 (s, 1H), 2.63 (s, 1H), 2.71 (s, 1H), 4.10
(s, SH), 4.28 (m, 2H), 4.86 (m, 2H), 6.70 (s, 1H), 6.81 (s, 1H); “C{'H}
NMR (75 MHz, CDy, 25°C): 6=0.94 (CH;), 121 (CH;), 1.37 (CH;),
30.61 (CH), 31.15 (CH), 31.46 (CH), 70.01 (CsHs), 72.21 (brd, a-CsH,),
73.30 (B-CsH,), 85.11 (dd, Jpc=55, YJpc=17 Hz, ipso-CsH,), 122.60 (o-
CeH,), 127.14 (0-C4H,), 133.44 (d, *Jpc =34 Hz, m-CH,), 143.14 (d, Jpc=
30 Hz, m-C¢H,), 144.91 (brd, 'Jpc=72 Hz, ipso-C¢H,), 146.63 (p-CsH,);
P NMR (120 MHz, C¢Dy, 25°C): 6=479.5, 501.7 (ABq, Jpp=546 Hz);
UV/Vis (n-hexane): A,,,,(¢) =542 (900), 371 nm (2500); HRMS (EI): m/z:
caled for Cy;HgsFeP,Sig: 798.2763; found: 798.2750 [M]*; elemental anal-
ysis caled (%) for C;;HgFeP,Siq: C 55.60, H 8.58; found: C 55.51, H 8.84.

Reaction of diphosphene 1 with water: Degassed water (70 uL,
3.9 mmol) was added in an NMR tube under an argon atmosphere to a
[Dg]benzene solution (0.7 mL) of 1 (28.4 mg, 35.6 pumol). When the sus-
pension had allowed to stand for 24 h at room temperature, the *'P NMR
signals for 1 completely disappeared. The suspension was dried over
sodium sulfate, filtrated, and concentrated in vacuo. Separation of the
mixture by PTLC (eluting with n-hexane) afforded Tbt-PH, (5) (20.2 mg,
34.5 pmol, 97 %) and Fc-PH(O)OH (9) (8.0 mg, 32 umol, 90 % ).
Reaction of diphosphene 1 with methanol: Reaction of 1 (35.2mg,
44.0 pmol) in benzene (5 mL) with methanol immediately proceeded at
ambient temperature, separation of the reaction mixture by PTLC (elut-
ing with n-hexane) afforded Tbt-PH, (5) (23.4 mg, 40.0 umol, 92 %) and
Fc-PH(O)OMe (10) (10.3 mg, 39.0 pmol, 89 %).

X-Ray crystallographic analysis of diphosphene 1: Single crystals of 1
were obtained by slow crystallization from hexane solution at room tem-
perature in a glovebox filled with argon. The intensity data were collect-
ed on a Rigaku Mercury CCD diffractometer with graphite-monochro-
mated Moy, radiation (A =0.71070 A). The structure was solved by
direct method (SHELXS-97)!"") and refined by full-matrix least-squares
procedures on F? for all reflections (SHELXL-97).*! All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were placed
using AFIX instructions. Crystallographic data for 1; Cs;HFeP,Sis, M=
799.24, monoclinic, space group P2/c (no. 14), a=16.855(6), b=
10.966(3), ¢=25.472(8) A, £=99.955(5)°, V=4637(3) A°, Z=4, pouca=
1.145gem ™, ©u=0.573 mm™", 26,,,,=50.0°, 29264 measured reflections,
8126 independent reflections, 433 refined parameters, R, (WR,)=0.063
(0.148) [I > 20(I)], R, (WR,)=0.078 (0.157) (for all data), T=103(2) K,
GOF=1.135, largest difference peak and hole 0.384 and —0.521 e A3,

CCDC-236751 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 CB2 1EZ, UK; fax: (+44)1223-
336033; or email: deposit@ccdc.cam.ac.uk.

Theoretical calculations: All theoretical calculations were carried out
using the Gaussian98!""! package program with density function theory at
the B3LYP level. In calculations for diphosphene 11, the TZV (for Fe),
6-311+G(2d) (for P), and 6-31G(d) (for C and H) were used as basis
sets. TZV basis sets for Fe were obtained from the Extensible Computa-
tional Chemistry Environment Basis Set Database (http://www.emsl.pnl.
gov/forms/basisform.html), as developed and distributed by the Molecu-
lar Science Computing Facility, Environmental and Molecular Sciences
Laboratory which is part of the Pacific Northwest Laboratory, PO Box
999, Richland, Washington 99352, USA, and funded by the US Depart-

6150 ——

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ment of Energy. The Pacific Northwest Laboratory is a multi-program
laboratory operated by Battelle Memorial Institute for the U.S. Depart-
ment of Energy under contract DE-AC06-76RLO 1830. Contact David
Feller or Karen Schuchardt for further information. Computation time
was provided by the Supercomputer Laboratory, Institute for Chemical
Research, Kyoto University.

Acknowledgements

This work was partially supported by Grants-in-Aid for COE Research
on Elements Science (No. 122COE2005) and Scientific Research on Prior-
ity Area (A) (No. 11166250) from Ministry of Education, Culture,
Sports, Science, and Technology of Japan. N.N. thanks Research Fellow-
ship of the Japan Society for the Promotion of Science for Young Scien-
tist. We are thankful to Prof. Yukio Furukawa, Waseda University, for
the measurement of FT-Raman spectrum.

[1] a) L. Weber, Chem. Rev. 1992, 92, 1839; b) P. P. Power, Chem. Rev.
1999, 99, 3463; c) N. Tokitoh, J. Organomet. Chem. 2000, 611, 217.
[2] M. Yoshifuji, I. Shima, N, Inamoto, K. Hirotsu, T. Higuchi, J. Am.
Chem. Soc. 1981, 103, 4587.
[3] a) C. Couret, J. Escudié, Y. Madaule, H. Ranaivonjatovo, J.-G. Wolf,
Tetrahedron Lett. 1983, 24, 2769; b) A. H. Cowley, J. G. Lasch, N. C.
Norman, M. Pakulski, J. Am. Chem. Soc. 1983, 105, 5506; c) A. H.
Cowley, N. C. Norman, M. Pakulski, J. Chem. Soc. Dalton Trans.
1985, 383; d) J. Escudié, C. Couret, H. Ranaivonjatovo, J.-G. Wolf,
Tetrahedron Lett. 1983, 24, 3625; ¢) A. H. Cowley, J. G. Lasch, N. C.
Norman, M. Pakulski, B.R. Whittlesey, J. Chem. Soc. Chem.
Commun. 1983, 881.
a) N. Tokitoh, Y. Arai, R. Okazaki, S. Nagase, Science 1997, 277, 78;
b) N. Tokitoh, Y. Arai, T. Sasamori, R. Okazaki, S. Nagase, H.
Uekusa, Y. Ohashi, J. Am. Chem. Soc. 1998, 120, 433; c) T. Sasa-
mori, N. Takeda, N. Tokitoh, Chem. Commun. 2000, 1353; d) T. Sa-
samori, Y. Arai, N. Takeda, R. Okazaki, Y. Furukawa, M. Kimura,
S. Nagase, N. Tokitoh, Bull. Chem. Soc. Jpn. 2002, 75, 661; e) T. Sa-
samori, N. Takeda, M. Fujio, M. Kimura, S. Nagase, N. Tokitoh,
Angew. Chem. 2002, 114, 147; Angew. Chem. Int. Ed. 2002, 41, 139;
f) T. Sasamori, N. Takeda, N. Tokitoh, J. Phys. Org. Chem. 2003, 16,
450.
[5] a) F. Barriere, N. Camire, W. E. Geiger, U. T. Mueller-Westerhoff, R.
Sanders, J. Am. Chem. Soc. 2002, 124, 7262; b) K. M.-C. Wong,
S. C-F. Lam, C.-C. Ko, N. Zhu, V. W.-W. Yam, S. Roué, C. Lapinte,
S. Fathallah, K. Costuas, S. Kahlal, J.-F. Halet, Inorg. Chem. 2003,
42, 7086; c) W. Skibar, H. Kopacka, K. Wurst, C. Salzmann, K.-H.
Ongania, F. F. Biani, P. Zanello, B. Bildstein, Organometallics 2004,
23,1024; d) B. Bildstein, O. Loza, Y. Chizhov, Organometallics 2004,
23, 1825; e) K. Costuas, F. Paul, L. Toupet, J.-F. Halet, C. Lapinte,
Organometallics 2004, 23, 2053.
a) K. B. Dillon, F. Mathey, J. F. Nixon, Phosphorus: The Carbon
Copy, Wiley, Chichester, 1998; b) F. Mathey, Angew. Chem. 2003,
115, 1616; Angew. Chem. Int. Ed. 2003, 42, 1578; c) S. Shah, T. Con-
colino, A. L. Rheingold, J. D. Protasiewicz, Inorg. Chem. 2000, 39,
3860; d) C. Dutan, S. Shah, R. C. Smith, S. Choua, T. Berclaz, M.
Geoffroy, J. D. Protasiewicz, Inorg. Chem. 2003, 42, 6241; e) R. C.
Smith, J. D. Protasiewicz, J. Am. Chem. Soc. 2004, 126, 2268; f) R. C.
Smith, J. D. Protasiewicz, Eur. J. Inorg. Chem. 2004, 998.
a) B. Cetinkaya, A. Hudson, M. F. Lappert, H. Goldwhite, J. Chem.
Soc. Chem. Commun. 1982, 609; b) B. Cetinkaya, P. B. Hitchcock,
M. L. Lappert, A.J. Thorne, H. Goldwhite, J. Chem. Soc. Chem.
Commun. 1982, 691; c) A.J. Bard, A. H. Cowley, J. E. Kilduff, J. K.
Leland, N. C. Norman, M. Pakulski, G. A. Heath, J. Chem. Soc.
Dalton Trans. 1987, 249; d) M. Culcasi, G. Gronchi, J. Escudié, C.
Couret, L. Pujol, P. Tordo, J. Am. Chem. Soc. 1986, 108, 3130; ¢) S.
Shah, S. C. Burdette, S. Swavey, F. L. Urbach, J. D. Protasiewicz, Or-
ganometallics 1997, 16, 3395; f) M. Geoffroy, Recent Res. Develop.
Phys. Chem. 1998, 2, 311.
a) K. Tsuji, S, Sasaki, M. Yoshifuji, Tetrahedron Lett. 1999, 40,
3203; b) S. Sasaki, H. Aoki, K. Sutoh, H. Hakiri, K. Tsuji, M. Yoshi-
fuji, Helv. Chim. Acta 2002, 85, 3842.

[4

—_

[6

—

(7

—

8

—_

www.chemeurj.org Chem. Eur. J. 2004, 10, 6146—6151


www.chemeurj.org

Ferrocenyl Diphosphene 6146-6151

[9] R. Pietschnig, E. Niecke, Organometallics 1996, 15, 891.
[10] G.P. Sollott, E. Howard Jr., J. Org. Chem. 1964, 29, 2451.
[11] a) A. H. Cowley, J. E. Kilduff, M. Pakulski, C. A. Stewart, J. Am.

[17] G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467.
[18] G. M. Sheldrick, SHELXL-97, Program for the Refinement of Crys-
tal Structures, University of Gottingen, Gottingen, 1997.

Chem. Soc. 1983, 105, 1655; b) P. Jutzi, U. Meyer, J. Organomet.
Chem. 1987, 326, C6; c¢) M. Yoshifuji, N. Shinohara, K. Toyota, Tet-
rahedron Lett. 1996, 37, 7815; d) R. C. Smith, E. Urnezius, K.-C.
Lam, A.L. Arnold, L. Rheingold, J. D. Protasiewicz, Inorg. Chem.
2002, 41, 5296.

[12] C. Spang, F. T. Edelmann, M. Noltemeyer, H. W. Roesky, Chem.

Ber. 1989, 122, 1247.

(19]

Gaussian98, Revision A.11, M. J. Frisch, G. W. Trucks, H. B. Schle-
gel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski,
J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich,
J. M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, P. Salvador, J.J. Dannenberg, D. K. Malick,

[13] a) G. P. Sollott, E. Howard,Jr., J. Org. Chem. 1962, 27, 4034,
b) G. R. Knox, P. L. Pauson, D. Willison, Organometallics 1992, 11,
2930.

[14] K. Hassler, F. Hofler, Z. Anorg. Allg. Chem. 1978, 443, 125.

[15] H. Hamaguchi, M. Tatsumi, M. Yoshifuji, N. Inamoto, J. Am. Chem.
Soc. 1984, 106, 508.

[16] a) T. Tsutsumi, M. Okubo, N. Yasuoka, Y. Katsube, Bull. Chem. Soc.
Jpn. 1988, 61, 237; b) M. Kurihara, T. Matsuda, A. Hirooka, T.
Yutaka, H. Nishihara, J. Am. Chem. Soc. 2000, 122, 12373.

A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.
Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A.
Al-Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W.
Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez,
M. Head-Gordon, E. S. Replogle, J. A. Pople, Gaussian, Inc., Pitts-
burgh PA, 2001.
Received: June 8, 2004
Published online: October 29, 2004

Chem. Eur. J. 2004, 10, 6146-6151  www.chemeurj.org  © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 6151


www.chemeurj.org

