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Summary: The synthesis, characterization, and X-ray
crystal structure determination of the unprecedented 17-
electron radical cation iron(I111) hydride [Fe(Cp*)Xdppe)-
H]PF, (2) is reported. The related protonation of the
parent iron{II) hydride Fe{Cp* Xdppe)H, including both the
synthesis and characterization of the first half-sandwich
iron dihydrogen complex, [Fe(Cp* XdppeXn3-H,)]BF,, and
the first organoiron(IV) dihydride, [Fe(Cp*XdppeXH).]-
[BF,], are presented.

Transition-metal hydride complexes constitute an im-
portant class of compounds because of their involvement
in catalytic and stoichiometric processes.! Although they
have been the subject of intensive investigation, the
chemistry of electron-deficient, 17-electron metal hydrides
resulting from the oxidation of the corresponding 18-
electron neutral species remains a relatively unknown area.
Most of the radical cations previously studied were short
lived, their major mode of decomposition being depro-
tonation.2 We wish to report (1) the synthesis, charac-
terization, X-ray crystal structure determination, and
unusual reactivity of the first 17-electron radical cation iron
hydride, [Fe(Cp*)(dppe)H]PF; (2, dppe = 1,2-bis(di-
phenylphosphino)ethane, Cp* = n-C;Me;) and (2) the re-
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lated protonation of the parent iron(II) hydride Fe-
(Cp*)(dppe)H (1), including both the synthesis and the
characterization of the nonclassical [Fe(Cp*)(dppe)(n*
H,)]BF, (5) and the classical [Fe(Cp*)(dppe)(H),]BF, (6)
(Scheme I).

When the neutral iron hydride Fe(Cp*)(dppe)H (1) is
treated with 1 equiv of ferrocenium hexafluorophosphate
salt in CH,Cl, at -80 °C, the solution turns red in 1 h and
thenovel iron hydride radical cation [Fe(Cp*)(dppe)H]PF,
(2) is isolated in quantitative yield after its precipitation
and washing with pentane. The thermally stable complex
2% js paramagnetic (u.s = 2.40 up),* and its IR spectrum
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Figure 1. ORTEP representation for 2 with the PF; anion, solvent
molecule, and hydrogen atoms of the Cp* and phenyl rings re-
moved for clarity. Selected bond lengths (A) and bond angles
(deg): Fe-D, 1.55 (8); Fe-P(1), 2.213 (3); Fe-P(2), 2.200 (3);
P(1)-Fe~P(2), 88.5 (1); P(1)-Fe-D, 77 (5); P(2)-Fe-D, 69 (4).

indicates the presence of a terminal hydride ligand (vp.-y4
= 1869 em™). Dark red crystals were grown by slow dif-
fusion of pentane into a CH,Cl, solution of the isotopomer
2-d, and a single-crystal X-ray structure was determined
(Figure 1).5 The C; ring of the Cp* group is planar, and
the deuterium atom, the iron nucleus, and the Cp* centroid
are located in a plane that is nearly normal at the C; ring.
The Fe-D bond length (1.55 (8) A) is much larger than the
Fe-H distance in the diamagnetic iron(II) hydride [Fe-
(n2-H,)(H)(dppe)}BPh, (1.30 (3) A).6 The Fe~P separa-

(3) (a) [Fe(Cp*)(dppe)H]PF¢ (2). A solution of 1 (0.580 g, 1 mmol) in
CH,Cl, (10 mL) was treated with [FeCp,]PF; (0.30 g, 0.9 mmol) for 3 h
at —60 °C. Pentane was added (20 mL) to precipitate 2, yield 0.75 g (85%)
of dark red microcrystals. Anal. Caled for CyHoFeF P, C, 58.79; H,
5.48; P, 12.63. Found: C, 58.56; H, 5.31; P, 12.70. IR (Nujol): g,y 1860
cm™}, Mossbauer (4.2 K): IS = 0.260 mm s (vs Fe), QS = 0.840 mm s
ESR (4.2 K): g = 2.0441, 2.3460. (b) [Fe(Cp*)(dppe)}(PMe;)]PF; (3). A
solution of 2 (0.550 g, 0.756 mmo!) in CH,Cl, (10 mL) was treated with
PMe; (ca. 0.5 mL, 5 mmol) for 24 h at 20 °C. Diethyl ether (20 mL) was
added to precipitate 3 as an orange solid, yield 0.470 g (77%). Anal.
Calcd for C39H&8FeF6P4: C, 57.79; H, 5.97; P, 15.29. Found: C, 57.39; H,
5.85; P, 16.08. 'H NMR (20 °C, CD,;COCD;): & 1.48 (s, Cp*, 15 H), 0.82
(d, PMe,, %Jpy = 8 Hz, 9 H). P NMR (20 °C, CD;COCD,): 6 4.3 (t,
PMe,, 2Jpp = 42 Hz), 88.8 (d, dppe, %/pp = 42 Hz). (c) [Fe(Cp*)-
(dppe)(n®-H,)IBF, (5). A solution of 1 (0.59 g, 1 mmol) in diethyl ether
was treated with HBF-OEt, (187 pL, 1.5 mmol) for 3 h at =50 °C. A
yellow powder of § precipitated. The solid was filtered off, washed with
diethyl ether (3 X 10 mL), dried at =50 °C, and stored at -50 °C; yield
0.61 g (90%). Méssbauer (4.2 K): IS = 0.317 mm s™! (vs Fe), QS = 1.748
mm 5!, 'H NMR (-30 °C, CD,Cly): 6 1.45 (s, Cp*, 15 H), -12.39 (b, w5
= 50 Hz, 2 H). T, (300 MHz) values for the high-field signal: 193 K, 10
ms; 203 K, 8 ms; 213 K, 7 ms; 223 K, 7 ms; 233 K, 7 ms; 243 K, 9 ms; 253
K, 9 ms. (d) [Fe(Cp*)(dppe)(H);)BF, (6). A solid sample of § was kept
at 20 °C for 48 h. The sample turned orange and 6 was recovered as a
pure compound. Anal. Caled for C3H,BFeF,P,: C, 63.75; H, 6.09; P,
9.13. Found: C, 63.39; H, 5.85; P, 9.22. Méssbauer (4.2 K): IS =0.125
mm s7! (vs Fe), QS = 1.516 mm s”1. 'H NMR (20 °C, CD,Cl,): & 1.44 (s,
Cp*, 15 H), -7.84 (t, ZJpy = 68 Hz, 2 H). ¥ NMR (CD,Cl,) 91.5 (t, 2Jpy
= 68 Hz, dppe).
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tions (2.213 (3) and 2.200 (3) A) are rather contracted
compared to those observed in the isostructural iron(III)
alkyl complex [Fe(Cp*)(dppe)CH,OCH,]PF,."

It is commonly believed that metals in the third and
second transition series form bonds to hydrogen stronger
than those in the first row. Calorimetric® and chemical
reactivity'>® data support this view. Surprisingly, 2 is
stable for several hours in CH,Cl, or THF and does not
react with 1 under these conditions, indicating that
spontaneous proton transfer is not a kinetically favored
process. The proton abstraction from 2 cannot be achieved
in CH,Cl, with PPh;, PMe,Ph, or even Et;N. However,
2 reacts with PMe,, affording [Fe(Cp*)(dppe)(PMe;)]PF,
(3)." We assume that the 17-electron radical resulting
from the deprotonation of 2 reacts immediately with
CH,CI, to give the known*®!0 chloro complex 4 (eq 1). The
subsequent displacement of the chloride anion by PMe,
occurs quickly in the presence of hexafluorophosphate ion
(eq 2).

CH,Cl,
[Fe(Cp"‘)(dgpe)(H)]PF6 + PMe,

Fe(Cp*)(ilppe)(Cl) (1)

Fe(Cp*)(;lppe)(Cl) + PMe; —
[Fe(Cp*)(dp%e)(PMes)]PFs (2)

The literature provides examples showing that neutral
hydrides react as bases with their 17-electron cationic
analogues. The absence of reactivity between 1 and 2
contrasts strongly with well-established knowledge.? We
therefore examined separately the protonation of 1. Ad-
dition of 1 equiv of HBF+Et,0 to a solution of 1 in Et,0
at —80 °C gave the first piano-stool dihydrogen complex
of iron, [Fe(Cp*)(dppe) (n*-H,)]BF, (5),% isolated as lemon
yellow microcrystals in 95% yield (Scheme I).1! The 'H
NMR spectrum (300 MHz) of 5 in the hydride region
consists of a broad peak at § -12.39 (CH,Cl,, -80 °C) with
a minimum T value of 7 ms at 223 K. 1-d is protonated
to 5-d, which exhibits a resolvable hydrogen—deuterium
coupling constant (Jyp = 27 Hz). Crystals of 5 can be
stored conveniently at =50 °C, but when they are warmed
to room temperature, they convert to the Fe(IV) dihydride
[Fe(Cp*)(dppe)(H),]BF, (6).3d When a solution of 5 in
CD,Cl, is warmed from —80 to 20 °C, 'H NMR spectros-
copy reveals the gradual, complete, and irreversible gen-
eration of complex 6. The latter constitutes the first or-
ganoiron(IV) dihydride to be isolated.!®* It displays a
characteristic sharp triplet (6 —7.89, %Jpy = 68 Hz) in the
'H NMR spectrum with a T, value of 175 ms at 223 K.
Consistent with a trans geometry, the *'P{{H} NMR
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spectrum shows a singlet at ¢ 91.5, while the corresponding
undecoupled spectrum shows a triplet with Jpy = 68 Hz.
It is noteworthy that complexes 5 and 6 have been ob-
tained in a spectroscopically pure form as established by
Maossbauer spectrometry in the solid state and by NMR
spectroscopy in solution. These results constitute direct
evidence that the protonation of an M-H bond to give an
7°-H, complex is faster than the protonation of the same
complex at the metal, as previously predicted.!
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Summary: The remarkably stable paramagnetic Rh(II)
complex [Rh(n3-TMPP),][BF,], (TMPP = tris(2,4,6-tri-
methoxyphenyl)phosphine) reacts with 2 equiv of tert-
butyl isocyanide to yield the air-stable mononuclear Rh(II)
complex [Rh(n®-TMPP),(CNBu"),] [BF,],. A single-crystal
X-ray diffraction study reveals that the cation adopts a
distorted-square-planar geometry in which the phosphine
ligands are trans rather than cis as in the parent compiex.
The paramagnetism of this unusual four-coordinate Rh(1I)
metallo radical was probed by a variety of spectroscopic
and magnetic techniques.

The highly basic ether-phosphine ligand TMPP (TMPP
= tris(2,4,6-trimethoxyphenyl)phosphine) forms unusual
substitution products with a variety of transition-metal
complexes, including those containing carbonyl, carbox-
ylate, and acetonitrile ligands.! Of particular interest is
the remarkable complex [Rh(n*-TMPP),][BF ], (1), which
represents the first mononuclear Rh(II) complex to be fully
characterized by X-ray diffraction, magnetic susceptibility,
and spectroscopic techniques.? Most of the documented
research involving mononuclear rhodium complexes has
focused on the +1 and +3 oxidation states, due, in large
part, to their demonstrated involvement in homogeneous
catalytic processes.® Only a limited number of reports
have addressed the coordination chemistry of paramag-
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netic Rh(I1),* and even fewer have focused on mononuclear
organometallic complexes of Rh(II).® The unusual sta-
bility of 1 has presented us with a rare opportunity to
investigate these elusive classes of compounds.6 In light
of the recent reports by Wayland and co-workers of carbon
monoxide and methane activation by Rh(II) metallo rad-
icals,’ this is a particularly attractive area of research. We
recently demonstrated that [Rh(n*-TMPP),]{BF ], reacts
reversibly with CO through a pathway that involves the
formation of Rh(I) carbonyl and Rh(III) intermediates.?
Intrigued by this unusual chemistry, we set out to explore
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