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Abstract: Compounds Cp*MH(dppe) (M= Mo, 1; W, 2) are oxidized chemically and electrochemically to
the corresponding 17-electron catiobis and 2*. Analogous oxidations of-ds and 2-d; provide 1*-d; and
2*-ds, respectively. Comple®™ is stable in CHCI,, THF, and MeCN at room temperature. A single-crystal
X-ray analysis of the PF salt of2™ shows a geometry for the cation which is intermediate between octahedral
and trigonal prismatic, which is reproduced by geometry optimization of the [C{HICH,CHPH,)]™
model at the B3LYP/LANL2DZ level. Identical calculations on the neutral analogue also reproduce the
previously reported trigonal prismatic structure forA blue shift in the M—H stretching vibrations upon
oxidation for both Mo and W compounds indicates that aibond strengthening accompanies the oxidation
process. The DFT calculations MH bond lengths, BDE, and stretching frequencies) are in good agreement
with the experimental results. Compléx decomposes in solution at room temperature by one or more of
three different mechanisms depending on conditiong:reductive elimination, solvent-assisted dispropor-
tionation, or deprotonation. In THF or GBI,, a reductive elimination of Haffords the stable paramagnetic
monohydride Cp*MoH(dppe)RH3), which adds a molecule of solvent in @El,, THF, and MeCN. EPR
studies show that the GBI, molecule coordinates in a bidentate mode to afford a 19-electron configuration.
A solvent dependence of the decomposition r&(€H,Cl,) ~ 7.8(THF) at 0°C] and an inverse isotope
effect ka/kp = 0.50(3) in CHCI, at 0 °C] indicate the nature of™ as a classical trihydride and suggest a
decomposition mechanism which involves equilibrium conversion to a nonclassical intermediate followed by
a rate-determining associative exchange gfalith a solvent molecule. In MeCN at 2@, a solvent-assisted
disproportionation (rates kisg 1712, kaisp= 3.98(9)x 10°s~1 M~1) and a deprotonation by residual unoxidized

1 (rate= kgepro[17][ 1], Kdeprot= 2.8(2) x 10?7 s~ M%) take place competitively, as shown by detailed cyclic
voltammetric and thin-layer cyclic voltammetric studies. The stoichiometric chemical oxidatibm dfleCN

leads to a mixture of [Cp*Mok{dppe)(MeCN)f and [Cp*MoH(dppe)(MeCN)%" by the disproportionation
mechanism.

Introduction ing.141° The simplicity of the ligand under scrutiny (the
Sparked by the potentials of industrial catalysis, reversible hydrogen atom) has made the bond between transition metals
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structural (X-ray and neutron diffraction and NMR),*20-32
theoreticaP3-3% and reactivity studies including protonatfénb*

and oxidationt®5576 Yet, investigations in this field continue
to produce surprises. In this contribution, we present a com-
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prehensive study of the oxidation of Cp*Mdppe) (M= Mo,

W) systems, which provides relevant new information on the
structure, stability, M-H bond strength, and decomposition
mechanism of paramagnetic polyhydride systems. Steric effects
are shown to protect a paramagnetic polyhydride system, in the
absence of electronically stabilizimgdonating ligands, against
the deprotonation and the disproportionation decomposition
pathways; the M-H interaction is unambiguously shown to
strengthen upon one-electron oxidation; and therédluctive
elimination process has been kinetically assessed for the first
time for a paramagnetic polyhydride system. A preliminary
report on some aspects of this work has recently appéared.

Experimental Section

General ProceduresUnless otherwise stated, all manipulations were
carried out under an inert atmosphere of dinitrogen or argon by the
use of Schlenk line or glovebox technigues. Methanol was degassed
by three freeze pump—thaw cycles prior to use. Other solvents were
dried by conventional methods ¢t from Na/K/benzophenone, toluene
and heptane from Na, MeCN from Cgkind CHCI, from P,O;0) and
distilled under dinitrogen prior to use. Deuterated solvents were dried
over molecular sieves and degassed by three frema@p-thaw cycles
prior to useH and3'P{*H} NMR measurements were carried out on
Bruker AF200, WP200, or AM400 spectrometers; the peak positions
are reported with positive shifts downfield of TMS as calculated from
the residual solvent peakdH) or downfield of external 85% POy
(®*P). For eacl#*P NMR spectrum, a sealed capillary containing 85%
H3PO, was immersed in the same NMR solvent as that used for the
measurement, and this was used as the reference. EPR measurements
were carried out at the X band microwave frequency on a Bruker ER
200 D spectrometer upgraded to ESP 300, equipped with a cylindrical
ER/4103 TM 110 cavity. The spectrometer frequency was calibrated
with DPPH @ = 2.004). Cyclic voltammograms were obtained at 20
°C in a three-electrode cell with an EG&G 283 potentiostat connected
to a personal computer. The working electrode was a 3-mm-diameter
carbon disk or a 0.5-mm-diameter platinum disk4BBF; was used
as supporting electrolyte at a concentration of 0.1 M. All potentials
are reported vs the Gpe/CpFet couple, which has aR;, of +0.50
V relative to SCE under conditions identical to those of the other
experiments. The cyclic voltammograms were fitted by simulations
performed with the DIGISIM 2.1 software (BAS In¢9.The solid-
state magnetic susceptibility measurements were carried out with a
Johnson Matthey magnetic susceptibility balance. The solution con-
ductivity measurements were carried out af@5with a Tacussel type
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CD6 N conductimeter equipped with an XE 110 cell which had been
calibrated with a 0.1 M KCI solution. The elemental analyses were
carried out by Desert Analytics (Tucson, AZ), by Atlantic Microlab
(Norcross, GA), or by the analytical service of the Laboratoire de
Synthese et d’Electrosynttse Organorftalliques (LSEO) of the
Universitede Bourgogne. LiAIQ and CHOD (Aldrich) were used as
received, without further purification. [GBe]PF,’® CDFChL,2 and
Cp*MH3(dppe) (M = Mo, 1; W, 2)8! were prepared according to
literature procedures.

Synthesis of Cp*MoDs(dppe) (1-ds). This reaction follows the
protocol reported previously for the preparation of Cp*M(dibpe)s:
Cp*MoCl, (555 mg, 1.488 mmol), dppe (592 mg, 1.488 mmol), and
LiAID 4 (0.6 g, 14.3 mmol) were slurried in a 70 mL:15 mL toluene/
diethyl ether solvent mixture at room temperature. The mixture was
stirred for 12 h, and CEOD (3 mL) as added dropwise to the stirring
mixture at room temperature, causing a vigorous gas evolution. The

solvent mixture was removed under reduced pressure, and the residue

was extracted with heptane (100 mL). The heptane solution was filtered
through Celite and concentrated to ca. 1 mL, precipitating a yellow
powder, which was washed with colg 80 °C) heptane and dried under
vacuum. Yield: 480 mg (51%). The NMR properties bfd; are
identical with those of1.8! except for the undetectable hydride
resonances in théd NMR and the P-D coupling in the**P{*H} NMR
spectra.H NMR (C¢Dg, 0): 7.8-7.0 (m, Ph, 20H), 2.051.75 (m,
CHy, 4H), 1.84 (s, Cp*, 15H)3P{*H} NMR (C¢De, 0): 92.1 (1:3:6:
7:6:3:1 septetJpp =12.3 Hz).

Synthesis of Cp*WDs(dppe) (2-ds). This reaction follows the
protocol reported previously for the preparation of Cp*M(dbpe)st
Cp*WCl,4 (282 mg, 0.612 mmol), dppe (243 mg, 0.612 mmol), and
LIAID 4 (0.3 g, 7.1 mmol) were slurried in a 100 mL:15 mL toluene/
diethyl ether solvent mixture at room temperature. The mixture was
stirred for 12 h, and CkDD (0.5 mL) was added to the stirring mixture,
causing gas evolution. The solvent mixture was then removed under

reduced pressure, and the residue was extracted into heptane (100 mL).

The heptane solution was filtered through Celite and concentrated to
ca. 0.5 mL, precipitating an orange powder which was washed with
cold (—80 °C) heptane and dried under vacuum. Yield: 91 mg (21%).
To the remaining residue was added 75 mL of heptane, and 3 mL of
CH;OD was added dropwise at room temperature. Gas vigorously
evolved, and the solution developed a red-orange color. The reaction
mixture was stirred for an additional 30 min and then filtered through
Celite. The solution was evaporated to ca. 0.5 mL, precipitating a second
crop of orange powder (116 mg). Combined yield: 207 mg (47%).
The NMR properties oP-d; are identical to those d,5 except for

the undetectable hydride resonances in tHeNMR and the P-D
coupling in the3'P{*H} NMR spectra’H NMR (C¢Ds, 6): 7.8-7.0

(m, Ph, 20H), 2.252.00 (m, CH, 4H), 1.96 (s, 15H, Cp*)3P{1H}

NMR (CgDg, 0): 67.9 (1:3:6:7:6:3:1 septelpp = 8.2 Hz).

Chemical Oxidation of 1 in THF at —80 °C. Cp;FePF (0.025 g,
0.075 mmol) was added to a stirring solutionld.047 g, 0.074 mmol)
in THF (1 mL) at —80 °C. An immediate reaction occurred which
guenched the blue color of the &@PFk. This solution exhibited a
triplet of quartets in the EPR spectrum-&80 °C (g = 1.989,ap (triplet)
= 28.9 G,ay (quartet)= 11.8 G), attributable to [Cp*Mok{dppe)]-

[PFg] (17). This spectrum is shown in Figure 1. IR (THF, th 1896

(w, sh), 1824 (m, broad). The spectrum was recorded immediately after
charging the cell with the cold solution. By comparison, a solution of
compound 1 showed MH stretching vibrations at 1775 and 1815¢m
(see Figure 2).

Chemical Oxidation of 1 in THF at Room Temperature. Cpy-
FePFk (0.029 g, 0.087 mmol) was added to a stirring solutionlof
(0.055 g, 0.087 mmol) in THF (1 mL) at room temperature. An
immediate reaction occurred which quenched the blue color of the Cp
FePFR. An aliquot of this solution was immediately transferred into an

(78) Rudolph, M.; Reddy, D. P.; Feldberg, S. YAhal. Chem1994 66,
589A—600A.

(79) Yang, E. S.; Chan, M.; Wahl, A. Q. Phys. Chenil975 79, 2049~
2051.

(80) Siegel, S. S.; Anet, F. Al. Org. Chem1988 53, 2629-2630.

(81) Pleune, B.; Poli, R.; Fettinger, J. ©rganometallics1997, 16,
1581-1594.
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Figure 1. Room-temperature EPR spectra of compounds [CpiMX
(dppe)] (M = Mo, X = H, 1*; D, 1*-ds. M = W, X = H, 2"; D,
2*-d3) in THF. The asterisk in the spectrum @&f-d; indicates an
unknown impurity.
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Figure 2. Room-temperature IR spectra of (aftop) and1* (bottom)
in THF and (b)2 (top) and2* (bottom) in THF. The normal modes
and relative intensities corresponding to the frequeneies,, andvs

in part b are obtained from DFT calculations on geometry-optimized
[CpWH3(H,PCHCHPH)™ (n = 0, 1; see text).

EPR tube and frozen at the liquid nitrogen temperature until prior to
the insertion into the EPR probe. The resulting spectrum shdwed
the only paramagnetic product. The solution gradually developed a red-



2212 J. Am. Chem. Soc., Vol. 121, No. 10, 1999 Pleune et al.

orange color, which was accompanied by gas evolution. EPR monitoring of this solution did not exhibit any detectable resonances. After
showed decomposition to afford a new EPR signal consisting of a evaporation of the mixture to dryness, an NMR investigation (Bith
doublet of triplets § = 1.950,ap = 16.5 G,ay = 24.0 G), which is NMR and3P NMR) of the residue in CECN revealed the resonances

attributed to [Cp*MoH(dppe)(THF)] (vide infra). of the previously describécomplexes [Cp*MoH(MeCN)(dppe)f
Chemical Oxidation of 1 in CH,Cl, at Room Temperature.Cp,- and [Cp*MoH(MeCN)(dppe)f* in a ca. 17:83 ratio. No other species

FePFk (0.024 g, 0.071 mmol) was added to a stirring solutionLof ~ Were detected in the NMR spectra.

(0.045 g, 0.071 mmol) in CKCl, (1 mL) at room temperature. An Chemical Oxidation of Compound 2 at Room Temperature.

immediate reaction occurred which quenched the blue color of the Cp  Synthesis of [Cp*WHs(dppe)][PFe] (2*PFs7). To a yellow-orange
FePF, followed by gas evolution. The solution gradually developed a Ssolution of2 (115 mg, 0.160 mmol) in 4 mL of Ci€l, was added
red-orange color. EPR monitoring as described in the previous section Cp2FePF (53 mg, 0.160 mmol) at room temperature. The solution
showed initiallyl* as the only paramagnetic product. This was followed immediately turned red-orange. The solution was filtered and concen-
by rapid decomposition, with gas evolution, to afford a new EPR signal trated under reduced pressure to ca. 0.5 mL. Orange single crystals of
consisting of a doublet of tripletg) & 1.950,a, = 16.5 G,ay = 24.0 2*PRs~ were obtained by diffusion of a layer of diethyl ether into this
G). In a separate experiment, 0.5 mL of &Iy was trasferred via solution. Yield: 97 mg (70%). A suitable single crystal obtained in
cannula into an NMR tube containirig (0.040 g, 0.063 mmol) and  this manner was used for the X-ray analysis. EPR spectrumG}
CpFePE (0.021 g, 0.063 mmol) at-80 °C, which was then further  triplet (br,g = 2.017), see Figure 1. IR (THF, c): 1897 (m, broad),
cooled to—196°C, and the tube was flame-sealed under vacuum. The 1830 (w, broad), see Figure 2. By comparison, a solution of compound
tube was subsequently warmed to room temperature, resulting in gas2 Showed M-H stretching vibrations at 1815 and 1885 ¢nfFigure
evolution over a 36-45-min period.*H NMR spectroscopy exhibited ~ 2)- No diamagnetic impurities were detected in tHeNMR spectrum
a resonanced(4.61) due to the formation of Hgas as a product of ~ (CDsCN). The oxidation of 2 can also be conducted using THF, MeCN,
this reaction. A control experiment in which, s was bubbled directly ~ @nd acetone as solvents, with identical spectroscopic results.
into CD,Cl, exhibited a resonance &t4.60 in the'H NMR spectrum. Chemical Oxidation of Compound 24d; at Room Temperature.
Chemical Oxidation of 1-ds in THF at —80 °C. CpFePF (0.016 To a yellow-orange solution & -ds (0.030 g, 0.042 mmol) in 1 mL of
g, 0.049 mmol) was added to a stirring solutioriads (0.031 g, 0.049 ~ CH:Cl> was added CfePF; (0.014 g, 0.042 mmol) at room temper-
mmol) in THF (1 mL) at—80 °C. An immediate reaction occurred ~ ature. The solution immediately turned red-orange. An EPR spectrum
which quenched the blue color of the £pPFR. An aliquot of this of this solution exhibited a broad triplet resonance with distinguishable
solution was transferred into an EPR tube which was maintained at Phosphorus couplingy(= 2.022,a- = 27.6 G), see Figure 1, attributable
—80°C. The EPR spectrum at80 °C consisted of a broad tripleg( 1 [CP*WDs(dppe)][PF] (2"-d;). W—D bands could not be located in
=1.991,a = 28.9 G), attributable to [Cp*MoBidppe)][Pk] (1*-d3) the IR spectra for compoundsds and 2*-ds (no significant changes
(Figure 1). IR (THF, cm®): 1318 (m, broad). The spectrum was \Were observed upon oxidation). _
recorded immediately after the cell was charged with the cold solution. ~ X-ray Crystallography. Compound 2"PFs . All operations were
By comparison, a solution of compouteti; showed a M-H stretching routine. Crystal parameters and data collection and refinement details
vibration centered at 1307 cth Upon the solution warming to room ~ &ré summarized in Table 1. Data were corrected for Lorentz and
temperature, the EPR signal dueltods disappeared rapidly and was ~ Polarization factors and by absorption-6can method); a decay

replaced by a binomial triplet of 1:1:1 tripletg & 1.954,ap = 18.4 correction was not necessary. All H atoms except the three hydride
G, ap = 4.0 G), which is assigned to [Cp*MoD(dppe)(THE)followed ligands were placed in calculated positions and refined with the riding
by further decomposition (vide infra). model. The three hydride ligands were located from the highest peaks

near the W atom with WH distances ranging from 1.4 to 1.7 A. They
were initially refined freely but found to possess varying bond lengths
with the W atom, and therefore their refinement was assisted by
restraining the W-H distance to be near 1.70 A (ADFIX with esd of
0.03 A). Thermal parameters were allowed to refine freely. Selected
bond distances and angles for complExare reported in Table 2.
Compound [Cp*WH 4(dppe)]+PFs~ ([2-H] *PFs). Colorless single
crystals of this compound were obtained by slow diffusion of a diethyl
ether layer into a saturated dichloromethane solution. Crystal parameters

(20 mL) was added, precipitating a light purple solid, which was filtered, and data collection and refinement details are summarized in Table 1.

washed with heptane (8 15 mL), and dried in vacuo. Yield: 221 mg Dsta v:_ere corrected ﬂf]ord ITorer:jtz and polatr_lzatlon factors and Tt;]y
(643). Anal. Cald for GafsoPs: C, 5.8 1, 52 Found: C. - & i 20 teee o e e Hatoms
55.1; H, 5.3. EPR spectrum (THF, room temperature):gd# (1.950, ucture soluti ! W utine. Ing

_ — ) attached to carbon followed the protocol described above for compound
?upre)'lc?t%i ?9502;'1?23' 5 gzsiegzr%mGgquh r;);)) gtﬁﬁm?gg 2"PR. Four hydride ligands were located at reasonable positions and
cl ('JOC). dt of 1:2:3:4:3:2:1 septet (:l 1950 a0 = 16.5 G,ay = W—H distances, but an attempted refinement gave wide variations in
242’0 G a<.:| —10 G) -N.e>;t '135 ?ng?o 17;1 mr’nol) of tﬁis s'olid was U's and W-H distances. Attempts at restrained hydride refinement

dissolved in 0.5 mL of MeCN at room temperature, forming a red with d(W—Hina) = 1.75 A in SHELXLO3 proved futile. The final
solution. The 'EPR spectrum of this solution was iljentical within structure was refined to convergence without the presence of the hydride

experimental error, to the spectra of the THF and,Cl solutions. ?éom?. dsel?l_ci? bzond distances and angles for comakH' are
Et,O (15 mL) was added to the stirring solution, precipitating a red- ported in .a €z . . .
brown solid, which was washed with £t (2 x 5 mL). Yield: 49 mg Computatlonzal Detalls._A_II the calculations were performed using
(36%). The solids crystallized from THF and from MeCN have identical GAU_SSIAN 942 on an Origin200 SGI workstation. The LanL2_D_Z sgt
IR spectra in Nujol mulluer = 1.50 ug. No diamagnetic impurities (b_a3|s u was empl_oyed to perform complete geometry optimization
were detected in th#H NMR spectrum (CBCN). Molar conductivity with a density functional theory (DFT) approach. The three-parameter
(A, S cnf mol %, CH,CL): 15.5 (7.1x 10°° M); 29.1 (7.1x 10°* (82) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
M). Aw = 35.4 S crd mol™. Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
Chemical Oxidation of 1 in MeCN at Room Temperature.Cp,- G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
FePF (0.027 g, 0.081 mmol) was added to a stirring slurry of 1 (0.051 V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
g, 0.081 mmol) in MeCN (1 mL) at room temperature. An immediate \anavakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
. . : . L . Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
reaction occurred which dissolved the insoluble yellow precipitate; the goy °p - Binkley, J. S.: Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-

solution turned orange. Gas evolution was noted during this period, Gordon, M.; Gonzales, C.; Pople, J. ®aussian 94 (Resion E.1) Gaussian
which ceased almost immediately (a few seconds). An EPR spectruminc.: Pittsburgh, PA, 1995.

Synthesis of{ Cp*MoH(dppe)PFe¢} (3). CpFePk (0.135 g, 0.407
mmol) was added to a stirring solution of 1 (0.257 g, 0.407 mmol)
dissolved in 5 mL of THF at-80 °C. An immediate reaction occurred
which quenched the blue color of the £pPFk. The solution was
allowed to stir for 45 min at-80 °C. The Schlenk flash was then
removed from the acetorelry ice bath, and the solution was allowed
to warm to room temperature with stirring for an additional 30 min.
The solution gradually evolved gas and developed a red-orange color.
After filtration, the solution was concentrated to ca. 2 mL. Heptane
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Table 1. Crystal Data and Structure Refinement foiP&~ and [2-H] PR~

2"PRs [2-H]"PRs~
empirical formula GeHazFsPsW CaeHasFsPsW
formula weight 865.46 866.46
temperature 153(2) K 153(2) K
wavelength 0.710 73 A 0.71073 A
crystal system, space group monoclif@(1)h monoclinic,P2(1)h

unit cell dimensions

volume,Z 3541.4(5) R, 4
density (calcd) 1.623 Mg n¥
absorption coeff 3.454 mm
F(000) 1724

6 range for data colln 1.8024.99
reflns collected 19 459

independent reflns
max. and min. transmission

data/restraints/paramrs 6226/4/432
goodness-of-fit o2 1.076
final Rindices | > 20(l)] R1=0.0412

WR2 = 0.0767 [4577 data]

R¥ 0.0713
wR2=0.0861

R indices (all data)

largest diff peak and hole

& 14.3763(8) A
b= 16.684(2) A
c=15.0123(12) A
B = 100.424(6)

622®&(int) = 0.0729]
0.4216 and 0.3384

1.351 and®.945 e A3

a=14.4683(15) A
b=16.4788(15) A
¢ = 15.0809(15) A
S = 100.140(8)
3539.4(6) & 4
1.626 Mg n13
3.456 mm?t
1728
1.80-22.50
9640
4617 R(int) = 0.0826]
0.3590 and 0.2640
4617/3/423
1.056
R1 = 0.0558
R2 = 0.1101 [3033 data]
R1=0.1035
WR2=0.1265
1.380 and-1.002 e A3

Table 2. Bond Lengths (A) and Angles (deg) farPR~ and
[2-H]*PRs~, and Comparison with the Previously Reported Values
for [2-H]*BF, @

PR~ [2-H]*PR~  [2-H]*BF, P
W1-CNT 1.999(15) 1.996(5) 1.990(9)
W(1)—P(1) 2.474(2) 2.484(3) 2.477(2)
W(1)-P(2) 2.506(2) 2.516(3) 2.508(2)
W(1)—H(1) 1.71(2)
W(1)—H(2) 1.67(3)
W(1)—H(3) 1.69(3)
P(1-W(1)-P(2)  78.85(5) 78.79(11) 78.72(7)
CNT —W1-P1 162.0(2) 163.6(2) 162.8(2)
CNT —W1-P2 119.1(2) 117.7(2) 118.4(2)
CNT-W1-H1 109(2)
CNT-W1-H2  103(2)
CNT-W1-H3  113(2)

aCNT is the centroid of atoms C(£)C(5).° From ref 81.

form of the Becke, Lee, Yang, and Parr functional (B3L¥Ryas
employed. The LanL2DZ basis set includes both Dunning and Hay's
D95 sets for H and & and the relativistic electron core potential (ECP)
sets of Hay and Wadt for the heavy atoffis” Electrons outside the
core were all those of H and C atoms, the 3s and 3p electrons of the
P atoms, and the 5s, 5p, 5d and 6s electrons of the W atom. Single-
point calculations on the B3LYP/LANL2DZ-optimized geometries were
also carried out with an extended basis set (basis Il) in which the hydride
ligands are represented in a trigiebasis set. All calculations were
carried out without imposed symmetry.

The mean value of the spin of the first-order electronic wave function,
which is not an exact eigenstate $ffor unrestricted calculations on
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Figure 3. Peak potentials for the oxidation @fand reduction ofL*

in MeCN as a function of scan rate {n V s™) at [1] = 8.9 x 104

M. Circles refer to CV data, and squares refer to TLCV data. The lines
fitting the data are obtained from simulations as described in the text.
The insets show representative thin-layer cyclic voltammograrss [

4 mV s (a)] and cyclic voltammograms/[= 0.02 (b) and 1 (c) V
s

Results

(a) Cyclic Voltammetric Studies.Both compound4 and2
exhibit reversible cyclic voltammograms at fairly negative
potentials E;, = —0.73 V for 1 and —0.88 V for 2 in THF),
indicating electron richness. As expected, the W compo@hd (
is easier to oxidize than the Mo compound. Changing the solvent

open-shell systems, was considered suitable for the unambiguoust® CH:Clz, MeCN, or acetone does not affect the reversibility

identification of the spin state. Spin contamination was carefully

nor the E;, value for 2, nor is any change observed upon

monitored, and the energies shown in the Results section corresponachanging the solvent to G, for 1. On the other handl

to unrestricted B3LYP (UB3LYP) calculations. The valuel®f_for
the UB3LYP calculations was 0.7546 for [CpWH.PCH.CH.PH,)] *,
0.7545 for CpWH(H,PCH.CH,PH;), and 2.0117 and 2.0126 for cis
and trans triplet [CpWkK{H.PCH.CH.PH,)]*, respectively, indicating
minor spin contamination.

(83) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(84) Dunning, T. H., Jr.; Hay, P. J. IModern Theoretical Chemistry
Schaefer, H. F., lll, Ed.; Plenum Press: New York, 1976; pj28.

(85) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270-283.

(86) Wadt, W. R.; Hay, P. J. Chem. Phys1985 82, 284-298.

(87) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.

exhibits a semireversible system@.85 V) in MeCN, indicating

a faster decomposition df* in this solvent (vide infra). The
return scan shows a smaller intensity for the reduction wave of
1* and the appearance of a new reduction peak.$8 V).
Faster scan rates resulted in an increased reversibility for the
oxidation ofl. Representative cyclic voltammograms at different
scan rates are shown in the insets of Figure 3. The oxidation of
1 as a function of scan rate and concentration was investigated
in both bulk (CV) and thin-layer (TLCV) cyclic voltammetry

at 20°C. The results yield useful information on the decomposi-
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Table 3. Slope and Intercept witk = E° of the Straight Lines Fitting the Anodic Peak Potentials at Low Scan Speeds\ s ') for the
Oxidation of1 in MeCN

CVv TLCV
slope ofE;.a logvatE=F° log slope ofEpa logvatE=F° log
log c? (mV) vs logv (log vevy Kaisg? (mV) vs logv (log vricvy Kdepro?
—3.30 —3.20 3.65 52(4) -2.1 2.49
-3.20 9(1) -3.14 3.61 53(1) -2.1 2.39
—3.19 14(5) -3.11 3.63 56(5) —1.95 2.53
—3.08 17(7) —3.06 3.57 53(4) -1.7 2.67
-3.05 22(5) —-3.05 3.55 49(1) -1.9 2.44
—3.03 14(1) —2.96 3.62 54(1) —2.18 2.14

ac=[1]in mol L7% P See textkin st M1,

tion mechanism of the primary oxidation produtt (see 1-d3 to 1*-ds similar to that observed for the MeH vibrations
Discussion). In the region of scan rates where a distinctive returnof 1* relative to those ofl.. In addition, the expected isotope
wave is observable (scan ratel00 mV s1), both anodic and shift is observed upon H/D exchange on going fraro 1-ds
cathodic peak potentials are independent of scan speed andénd from1* to 17-ds.
concentration. At lower scan rates, the anodic peak shifts to Compound* can be generated in THF, GEl,, MeCN, or
more negative potentials while the cathodic peak disappears.acetone at room temperature. It exhibits a broad triplet resonance
At constant concentration, the shift of the anodic peak potential in the EPR spectrung(= 2.017; see Figure 1). Unlike complex
is linear with respect to the logarithm of the scan rate in both 1%, complex2* is rather stable at room temperature in any of
CV and TLCV experiments. Figure 3 shows a representative the aforementioned solvents, permitting its isolation in the solid
study at [I] = 8.9 x 107 M. Table 3 reports the slopes of state and the growth of single crystals suitable for X-ray analysis
these lines for all concentrations used in this study, as well as (vide infra). Cooling of the solution te-80 °C does not affect
the value of logy at the intercept with th& = E° horizontal the line shape of the EPR signal. IR investigationsXand2*
line. The large errors on some of the slopes obtained in the CV also reveal a blue shift upon oxidation, as observed for the Mo
study are the consequence of the limited range of scan ratesanalogue (see Figure 2). Oxidation2stl; leads to2*-ds, which
(=0.5 log unit) in the kinetic region. better reveals the phosphorus coupligg< 2.022,ap = 27.6

At constant scan rate, the shift of the anodic peak potential G; see Figure 1). An IR investigation of these two complexes
is linear with respect to the logarithm of the concentration. The did not allow the identification of the WD stretching vibrations

data were fit to straight lines, giving average slopes-&b + (no visible change is detected in the IR spectrum upon
3 mV per log unit for the CV data anet48 + 7 mV per log oxidation), probably because these weak and broad bands are
unit for the TLCV data. overshadowed by the other stronger bands.

(b) Chemical Generation and Spectroscopic Characteriza- (c) Chemical Oxidation of 1 in CH3;CN. The chemical
tions of 1™ and 2*. The interaction ofl. and2 with 1 equiv of oxidation of 1 with 1 equiv of CpFePFk in MeCN provides
CpFePFR affords the corresponding cationd;” and 2+, very different results (see eq 2) relative to those of the same

respectively (see eq 1). Compléx can be generated in THF  reaction in THF or CHCl,. An immediate and short-lasting (a

— Cp,Fet
O o iom & cape (1) CPMOHa(dPPE)—— {[CP™MoH(dppe)f}
(M =Mo, 1'PF,; W, 2'PFR,) [Cp*MoH(dppe)(MeCN)JZ* (2)
or CHCl, at —80 °C and is indefinitely stable at this fast addition: ca. 17:83
temperature. When the same reaction is carried out at room slow addition (40 min): ca. 36:64
temperature, the formation df" still takes place, but this is
followed by a relatively rapid decomposition 4 of a few few seconds) K evolution occurs, and no observable amount

minutes in both solvents). We shall examine this phenomenonof 1™ or any other paramagnetic species is shown by EPR
and the nature of the decomposition product in more detail in investigation. ThelH NMR analysis of the final solution
section d. The EPR spectrum bf exhibits a triplet of quartets  revealed that two hydridic products, [Cp*MetVleCN)(dppe)t
(0=1.989,a0 = 28.9 G,ay = 11.8 G; see Figure 1), consistent andtrans[Cp*MoH(dppe)(MeCN)]?*, are formed in a 17:83
with coupling to three equivalent H and two equivalent P nuclei. ratio. Both products have previously been obtained by carrying
The equivalence of the P and H hyperfine couplings in the EPR out the protonation of with HBF; in MeCN 28 It is interesting
spectrum ofl* clearly indicates that fluxional processes are to note, however, that the double protonation lofor the
occurring. IR investigations show broad bands attributable to protonation of [Cp*MoH(MeCN)(dppe)}) gives rise to two
M—H stretching vibrations, which blue-shift upon oxidation (see different isomers of the dicationic product in a 3:1 ratio, the
Figure 2). major product having a pseudo-trigonal prismatic structure and
The chemical oxidation af-d; in THF leads to the formation ~ the minor, thermodynamically more stable isomer having a
of 17-ds, which is characterized by an EPR broad triplet at room pseudo-octahedral structi¥eThe oxidation process reported
temperatured = 1.991,ap = 28.9 G; see Figure 1), confirming  here, on the other hand, givélse thermodynamically more
the assignments made for the spectrumlof The triplet stable isomer selectely. This demonstrates that the dicationic
coupling is essentially identical with that observed for the product cannot result from a proton transfer framto either
corresponding trihydride complex, whereas the quartet coupling 1 or [Cp*MoH2(MeCN)(dppe)t (see Discussion).
in 1* disappears on going to compléx-ds. IR investigations An additional oxidation experiment carried out under the same
show a blue shift for the MeD vibrations upon oxidation of  conditions, except that the 1 equiv of ferrocenium was admin-
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a) crystals for this compound have been unsuccessful. The
measured magnetic moment for salids 1.50ug, close to the
N N . expected value for one unpaired electron. A spin doublet
configuration is systematically observed for 17-electron half-
sandwich complexes of Mo(IIB?
Solutions of3 in CH,CI, give rise to electrical conductivity
(Aw = 35.4 S crdmol™Y), in agreement with its formulation as
a 1:1 sal®thus, the PE anion is not coordinated to the metal
in this solvent. The nonexistence of 15-electron half-sandwich
Mo(lll) complexes leads to the hypothesis that one loosely
bound molecule of CkCl, completes the coordination sphere
in solution. This is confirmed by the EPR spectrum at®
b) (Figure 4b). Each of the lines observed at room temperature
splits, upon cooling of the solution to°C, into a 1:2:3:4:3:2:1
Nf/\/\ septet, unambiguously indicating coupling to two equivalent Cl
Mv\fm nuclei ¢Cl and3’Cl, both| = 3/,, similar gyromagnetic ratio,
\ 100% total abundance). It is reasonable to propose that a single
molecule of CHCI; is coordinated to the metal in a chelating
mode, as observed, for instance, inf@QH,Cl,)sPd(OTek)4
and in [RuH(CHCI,)(CO)(PBU,:Me),][B(CeH3(CFs)2-3,5)],9%92
rather than two separate molecules in a monodentate mode.
Thus, all evidence points to the formulation®fn CH,Cl, as
[Cp*MoH(dppe)¢>-Cl.CH2)] PR, having a 19-electron con-
figuration for the metal valence shell. The inability to observe
the CI coupling at room temperature must be ascribed to a fast
istered slowly over 40 min instead of all at once, gives the same exchange between the loosely bound,CH ligand and the free
two products of eq 2, but the dihydride/monohydride ratio is solvent. Cooling the THF and MeCN solutions did not result
now 36:64. Once again, the monohydride complex is presentin any change in the EPR spectrum. In particular, no coupling
in a single isomeric form, corresponding to the thermodynami- to the N (I = 1, 100%) nucleus/nuclei was observable in

L 1 L L L

3420 3440 3480 3480

3500
[G]

I |
|

. I | : .
3380 3400 3420 3440

(61
Figure 4. EPR spectrum of compound Cp*MoH(dppe)éPFSolvent
= CH.Cl,. (a) T = room temperature. (b = 0 °C. The peaks marked
with an asterisk are due to an unknown impurity.

cally stable isomer. MeCN down to—45 °C. On the basis of the results obtained in
(d) Decomposition of 1" in THF and CH ,Cl,. Warming a CH.Cl,, it is reasonable to assume that the complex also

THF or CH,CI, solution of1"PR;~ (generated at-80 °C, vide coordinates a solvent molecule when dissolved in THF or

supra) to room temperature, or direct oxidatioriLafith Cp,- MeCN, since the latter Lewis bases have stronger coordinating

FePR at room temperature in THF or GHI,, causes decom-  properties than CpCl,. The most likely structure in these cases
position of 17 with gas evolution. The decomposition was is a four-legged piano stool for [Cp*MoH(dppe)(S)IS = THF
complete within a few minutes at room temperature, as shown or MeCN) with a 17-electron configuration at the metal center.
by EPR monitoring. The nature of the gas asisiconfirmed This formulation is in agreement with the electrochemical
by its resonance abd 4.61 in the'H NMR spectrum, in studies. Compound 3 shows an irreversible oxidation wave at
comparison with an authentic sample. The reaction affords a1 V s1, whose peak potential depends on the nature of the
new, highly air-sensitive compoun8)( which is characterized  solvent: 0.719 V in THF, 0.597 V in Cil,, and 0.504 V in
by a doublet of triplets EPR resonange=€ 1.950,ap = 16.5 MeCN. A reverse reduction wave is not observed, even when
G, ay = 24.0 G; see Figure 4a), consistent with coupling to carrying out the experiments at 100 V1s Although these
two equivalent P nuclei and one proton. The spectral parameterspotential shifts should be taken with some caution, they are too
are identical whether the spectrum is taken in a THF,CIH large to be attributed solely to differences (if any) in follow-up
or MeCN solution. Notice that this product cannot be obtained chemical processes and to a solvent dependence of the ferrocene
directly by oxidation ofl in MeCN (vide supra) but is rather  redox process. Therefore, the anodic peak potential can be taken
stable in this solvent after it is formed. Solutions3dh MeCN as a qualitative measure of the electron richness at the metal.
decompose quite slowlyty> ~ 4 h) to afford a mixture of the The donor power of the three solvents in the order Me€N
monohydride (thermodynamic isomer only) and dihydride THF > CH,Cl, should lead to anodic peak potentials in the
products of eq 2, plus other noncharacterized, nonhydridic reverse order. However, the observed order is different (MeCN
products. < CHyCl, < THF). The unexpected Ci€l,/THF reversal may
Compound3 has been isolated as a microcrystalline solid be reconciled with the proposed chelating coordination mode
and is assigned the formula Cp*MoH(dppe}Rif the basis of of dichloromethane and with monocoordination for THF. In
the EPR spectrum and the elemental composition (see eq 3)other words, dichloromethane is effectively a better electron
donor, by virtue of its bidentate coordination mode, than a single

_H2
[Cp*MoH (dppe)][PE] — Cp*MoH(dppe)Pg (3) ~ Mmolecule of THF.

1+PF67 3 (88) Abugideiri, F.; Keogh, D. W.; Kraatz, H.-B.; Poli, R.; Pearson, W.
J. Organomet. Chen1995 488 29-38.

N . - (89) Poli, R.J. Coord. Chem. B993 29, 121-173.
Elemental analysis indicates no solvent incorporation, and the (90) Burgess, Jons in Solution: Basic Principles of Chemical Interac-

IR spectra of batches of the compound recrystallized from THF tions Wiley: New York, 1988; p 187.
or from MeCN are identical. On the basis of the nonexistence (91) Colsman, M. R.; Newbound, T. D.; Marschall, L. J.; Noirot, M.

_ ; i D.; Miller, M. M.; Wulfsberg, G. P.; Frye, J. S.; Anderson, O. P.; Strauss,
of half-sandwich compounds of Mo(lll) with 15 valence S H.J. Am. Chem. Sod99Q 112 2349-2362.

electrons’® we propose that.the BF anion is coordinated to (92) Huang, D.; Huffman, J. C.; Bollinger, J. C.; Eisenstein, O.; Caulton,
the metal center in the solid state. Attempts to grow single K. G.J. Am. Chem. Sod.997 119 7398-7399.
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are drawn at the 30% probability level.

0.2
W-P1 and CNFW-P2 angles for2* and R-H]™ (while
U T CNT—-W—PL1 is larger by 1.6(2)for [2-H]t, CNT-W—P2 is
° t (min) 100 larger by 1.4(2) for 2*). The W=P and W-Cp* bond distances
_ o _ ~ (see Table 2) are very similar f@&" and -H]*, suggesting
Figure 5. I:_)ecay fro:n the EPR+mon|tor_|ng experlmer:ts of the rel+at|ve that the replacement of a YAH bond with a singly occupied
concentration of (a]* (®) and1™-ds (O) in CHCl, at 0°C and (b)1 W orbital does not greatly affect the effective metal charge (i.e.,
in THF at 0°C (®) and 10°C (©). the W—H bond is highly covalent). The geometry @f is
The decomposition df* was investigated kinetically by EPR ~ intermediate between (a pseudo-trigonal prism) and (a
monitorning in both THF and C¥Cl, below room temperature. ~ PSeudo-octahedron), i.e., the ideal geometries adopted by the
The extensive overlap of the EPR signals required the deter-isoelectronic @ complexesl andtrans-octahedral [Cp*MoH-
mination of the relative concentrations of residudl and ~ (dppe)(MeCN)** (MeCN occupies the two trans H positions),
product by signal subtraction. The quality of the data was not respectively:
sufficient to obtain accurate double integrals, but an estimate
of the relative concentration at each time was obtained by
comparison of the subtracted spectrum with the initial spectrum

multiplied by a coefficient. The resulting data show the expected P
first-order decay (see Figure 5) in all cases. The decay is much P /
faster in CHCI, (k = 0.125(6) mirr! at 0 °C) relative to that H H

in THF (k= 0.016(1) mim at 0°C and 0.100(3) min* at 10

°C). I I

As expected from the behavior of the hydride analodde,
PR ~-d; decomposes in THF at room temperature to afford  There was some concern, given the remarkable structural
Cp*MoD(dppe)PFk (3-d). The EPR spectrum d-d at room similarities between the [Cp*W(dppe)] moieties in complexes
temperature allows the observation of the deuterium coupling 2" and P-H]*, that the crystal examined could correspond to
as 1:1:1 triplets (@= 4.0 G), which is related to the H coupling compound [Cp*WH(dppe)]PFk. This possibility seems excluded
of 3 by a measuredy/ap ratio of 6.0, close to the theoretical by the simple observation that the crystal23fPR~ used for
value of 6.5. The EPR monitoring of this transformation inZ£H  the X-ray experiment is orange, while that of [Cp*MeH
Cl, at 0°C and the subsequent data analysis as outlined above(dppe)[PE]"BF; is colorless. Nevertheless, in the search for
for the trihydride analogue yielded the data illustrated in Figure additional evidence, the tetrahydride cation has also been

5a and a first-order rate constant of 0.25(1) mirTherefore, crystallized with the P& counterion, and an X-ray structure
the decay of the oxidized trihydride complex showsrarerse has been determined on a genuine (colorless) crystal of
isotope effectky/kp = 0.50(3). [2-H]*PR~. The variations of the metric parameters of the

(e) Structural Characterizations. A single-crystal X-ray [Cp*W(dppe)] moiety are rather small (see Table 2), but the
investigation of2"PR~ permitted the location and refinement differences in unit cell parameters (Table 1) are sufficient to
of the three hydride ligands (see Figure 6). Neglecting the establish that the two crystals relate to two similar but different
hydrogen positions, the geometry2f is almost identical with compounds. Furthermore, dissolution of crystals from the same
that of complex [Cp*WH(dppe)]~ ([2-H] ™), namely the pro- batch used for the X-ray investigation showed no NMR signal
tonation product of2. This tetrahydrido cation had been attributable to 2-H]* for the sample oR* and no EPR signal
previously characterized by X-ray diffraction as the,BEalt8! attributable to2* for the sample of 2-H]*.

The major difference consists of a small displacement (0.025- (f) DFT Calculations. Calculations on the [CpW{H,PCH,-

(8) A, as opposed to 0.002(9) A in the tetrahydrido complex) CH,PH)]™ (x = 3, 2;n = 0, 1) model systems were carried
of the W atom from the plane defined by CNT, P(1) and P(2), out with the following objectives in mind. A full geometry
toward the side of the molecule occupied by H2 and H3 (see optimization starting from different ideal configurations could
Figure 6). There are also small differences between the-€NT reproduce the somewhat bizarre structural preference for both
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| —— latter are subject to large uncertainties. Thus, the results of our
! calculations provide support to the geometry proposed on the
basis of X-ray data fol and, at the same time, suggest tBat
should adopt a structure identical with thatlofA calculation
based on aissmer pseudo-octahedral starting geometry, as
experimentally observed for the trichloride complexes CpMoCl
661 kealimol (dppe) and CpMoG(dmpe)?*%led again tdV, showing that
) there is anelectronic preferencefor the pseudo-trigonal
I X I prismatic geometry. This preference must be related to the
geometrical constraint of the chelating ligand, since the
CpMoH;(PMePh), complex with two monodentate phosphorus

-H
- ligands was experimentally found to adophartrans pseudo-
s o H octahedral structur.
The global energy minimum for the cationic system is
P2 o HI 2 obtained for a geometrnM( in Figure 8) which corresponds
P2 PI 1510 B remarkably well to that experimentally determined far
% - (compare Figure 8 with Figure 6). Once again, the remarkable
I VII

closeness of the hydride positions calculated by theory (see
Supporting Information) to those obtained from the X-ray data
Figure 7. B3LYP/LANL2DZ-optimized geometries and relative  gives stronger confidence in the correctness of the experimental
energies for CpWE(H.PCHCH;PH;) and CpWH(H.PCHCH:PH;) result. Starting from the geometry of the neutral global
+H. minimum, anegeq octahedral local minimum (structure V in
o . Figure 8) which is only 0.8 kcal/mol higher in energy than the
the neutral and the cationic complexes. Comlex fact, was — 4iahal minimum (0.2 kcal/mol at the basis Il level) was obtained.
shown to adopt a pseudo-trlgonal_ prismatic geometry which is Considering the Cp*-dppe steric repulsion (greater ineyeq
unp;rligedentgd for compounds with the CpiXstoichiome-  nqe,do-octahedral structure), the computational result provides
try.5-%°For this purpose, the ##CHCH,PH, model rather than - 5 even stronger justification for the adoption of the observed
the more typical (Ph), system was chosen to replace the dppe gt cture by comple2*.
ligand. In addition, a comparison between the energy changes A comparison of the [CpWEHPCHCHPH)™ (n = 0,

for eqsh4dand 5dCOU|d prO\r/]ide infolrma.t(ijon. on the-4 bond IV; 1, VI) optimized structures shows that the\\M distances
strength dependence on the metal oxidation state. becomeshorterupon oxidation (average0.010 A), while the
W-P and W-CNT distances becominger (+0.085 and
CpWH;(H,PCH,CH,PH,) — +0.007 A, respectively). While the shortening of the-\W
CpWH,(H,PCH,CH,PH,) + H (4) distances is as expected on the basis of a contraction of the W
N atomic radius upon oxidation, the lengthening of the-Wand
[CPWH;(H,PCH,CH,PH,)] " — W—CNT distances indicates correspondingly weaker interac-
[CPWHz(HZPCHzCHszz)]Jr +H (5) tions in the oxidized cpmplex. Variations gf this kind have been
noted before and attributed to a weakening of the R4z and
L . . M—Cp 6 back-bonding components, respectivélyo0
All geometry optimizations were carried out with a standard The W—H bond strengthening upon oxidation is further

LANL2DZ basis set (basis I) for all atoms. Single-point firmed by th lculati f the bond di iati -
calculations were then carried out at these optimized geometriesCon Irmed Dy the calculation of the bond dissociation energies

by using an augmented basis set (basis I1) with tripfenctions according to the Processes of egs 3 gnd 4 - Forthe neutral system,
fgr theghydridigj hydrogen atoms.( The elzfect of%troducing a each of the three inequivalent hydride ligands H1, H2.' and H3
third contraction for the description of the hydride atomic orbital \év_?fs rentni\;edl ast a neéjt:&al T—la;%m féi'mpstruc_#][ a?hglve a

is a lowering of the total energy by a few kilocalories per mole ©"erént 17-electron &Lp bHPCHCH,PH,). The three re-

for each system. However, the relative energies at the basis ”sultlng fragments were calculated at their fixed geometries,

: : giving rise to energy differences (also callednd energy
oy do not differ from those at the basis |level by more than 1o mguo1of 77.3, 72.7, and 79.6 keallmol (7.5, 72.7, and 79.5
The results of the geometry optimizations are summarized kcal/mol at the basis Il level). Subsequently, the lowest energy

in Figures 7 and 8. The global minimum for the neutral geometry was allowed to relax, giving the fully optimized

trinydride complex corresponds to a pseudo-octahedral structureOIOUbIet CpWH(HPCH,CH,PH;) geometry shown\(ll ) in

(structurelll in Figure 7), while the next most favored structure Fibgure 70" }NhiCh colrresgogas o the (i;]otgqrmhetry e_xperim(fentally
(IV) corresponds to the experimentally observed {jqguseudo- observed for complex Cp*Mogldppe): € CIS Isomer for

trigonal prismatic structure. The discrepancy between the — (94) staker, K.; Curtis, M. D.Inorg. Chem.1985 24, 3006-3010.
theoretical prediction and the experimental result is probably  (95) Owens, B. E.; Poli, Rinorg. Chim. Actal99], 179, 229-237.
due to the steric repulsion between the Cp* and the dppe ligands. _(96) Abugideiri, F.; Fettinger, J. C.; Pleune, B.; Poli, R.; Bayse, C. A;
The calculated bond distances and angles for the W model Hall, M. B. Organometallicsi 997, 16, 1179 1185.

- - g (97) Orpen, A. G.; Connelly, N. GOrganometallics199Q 9, 1206—
systemlV are in good agreement with those observed for the 1210.

Mo systeml (the calculated geometrical parameters of systems 13&%%)12?16“, A.G.; Connelly, N. Gl. Chem. Soc., Chem. Commi885
Il =IX"have been depos'lt.ed as Supporting Information). The (99) Kruéger, S. T.; Poli, R.; Rheingold, A. L.; Staley, D.lhorg. Chem.
calculated hydrogen positions are remarkably close to those1ggg 28 4599-4607.

determined by the single-crystal X-ray analysis, although the 33:(%1300) Keogh, D. W.; Poli, RJ. Chem. Soc., Dalton Tran997, 3325~

v

(93) Fettinger, J. C.; Pleune, B.; Poli, R.Am. Chem. S0d.996 118 (101) Martinho Simes, J. A.; Beauchamp, J. Chem. Re. 1990 90,
4906-4907. 629-688.
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Figure 8. B3LYP/LANL2DZ-optimized geometries and energies for [CpWbPCHCH,PH,)]" and [CpWH(H.PCHCH,PH,)]* + H.

the dihydride system was optimized to a local minimum 2.5 theses) are 1828 (1), 1862 (0.79), and 1951 (0.30)'dor n

kcal/mol higher (3.0 kcal/mol at the basis Il level) than the trans = 0 and 1885 (0.75), 1920 (1), and 1960 (0.33) érfor n =

isomer. 1. The frequencies, relative intensities, and normal modes are
An analogous procedure was repeated for the cationic also shown in Figure 2b, in comparison with the experimental

complex (see Figure 8), the 16-electron dihydrido complex IR spectra. The correspondence between calculated and experi-

[CPWH(H,PCH,CH,PH,)] ™ being calculated in both singlet mental spectra is quite acceptable. This agreement confirms the

(VIl') and triplet (X) spin states, the latter yielding a more strengthening of the WH bonds upon oxidation, which is

stable structure. It is interesting to note that the optimized triplet independently indicated by the bond shortening and BDE

geometry is a four-legged piano stool, qualitatively similar to increase.

those experimentally observed by X-ray crystallography for the

spin triplet Cp*MoChL (L = PMe;, PMePh) and [CpMoC}- Discussion

(PMes)2]* complexe$?193The optimized singlet geometry, on _

the other hand, is better viewed as a pseudo-octahedral structure @) M—.H Bond Strength. The W-H pond strengthening

with a missing equatorial position. In this structure, the chelating UPOn oxidation of1 and 2 is clearly indicated by three

H,PCH,CH,PH, ligand occupies an equatorial and the axial independent experimental and/or computational results: (i) the

position, as experimentally observed for CpMg@mpe)%®

shortening of all W-H bonds calculated for the [CpWH -
Other geometric arrangements gave higher energy local minima” CHeCHzPH)]™ system; (ii) the increase of the calculated BDE
for both singlet and triplet configurations. Similarly to the

or the same model system; and (iii) the blue shift of the-Mo
trihydride system mentioned above, the dihydride system also H(P) and W-H stretching vibrations upon oxidation &f(1-
shows a shortening of the YH distances and a lengthening

ds) and 2, the latter being reproduced by the calculations on
of the W—P and W-CNT distances upon oxidation. the model systems. From simple theory, the vibrational fre-
As shown by the calculations, the BDE for the-\M bonds quency correlates directly with the bond energy and inversely
(with respect to the relaxed dihydride geometry) increases from With the bond lengt?* Although exceptions to this rule have
66.1 kcal/mol for the neutral trihydride system to 69.1 kcal/ D€en presented for bonds that contain multiple components (e.g.,
mol for the cationic complex (relative to the triplet ground state). ll9and—metal o bonding + s back-bonding), Whereupson
This increase is paralleled, as expected, by an increase of overlaptronger bonds are occasionally foumat to be the shortest®
population for the three WH bonds: the values increase from & S|m|IarIy_unusuaI behavior is not expected for a bond as simple
0.232 to 0.258 for W-HL, from 0.227 to 0.233 for WH2, S aterminal MH bond. o
and from 0.241 to 0.245 for WH3, respec“ve'y ThIS M—H bond Strengther”ng Upon 0X|dat|0n IS a n0V6|
A normal-mode analysis was carried out on the [Cpy#H- finding in transition metal hydride chemistry. Unfortunately,
PCH,CH,PH,)]"" optimized geometries that correspond to the Most 17-electr(_)n hydride complexes are too unstable for IR
experimentally observed structures foand2*. The calculated ~ Studies. IR studies of [Cp*FeH(dpp&)]WH Cl,(PMey)s] ", and
normal modes of vibration for the [WH'"* moiety reproduce  their respective neutral precursors indicated either no change
the experimentally observed increase of frequency upon oxida-Or a slightred shiftin the spectra upon oxidatidi?. The use of
tion. The calculated frequencies (relative intensities in paren- thermodynamic cycles involving K and electrochemical

(102) Fettinger, J. C.; Keogh, D. W.; Pleune, B.; Poli,likorg. Chim. (104)Infrared and Raman Spectroscopy: Methods and Applications
Acta 1997 261, 1-5. Schrader, B., Ed.; VCH: Weinheim, 1995; p 693.
(103) Abugideiri, F.; Gordon, J. C.; Poli, R.; Owens-Waltermire, B. E.; (105) Ernst, R. D.; Freeman, J. W.; Stahl, L.; Wilson, D. R.; Arif, A.

Rheingold, A. L.Organometallicsl993 12, 1575-1582. M.; Nuber, B.; Ziegler, M. LJ. Am. Chem. S0d.995 117, 5075-5081.
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Scheme 1
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o_l
M M-H¥ H H%*M M

measurements led to the deduction of &M bondweakening
by 8—12 kcal/mol upon one-electron oxidation for compounds
CpCrH(CO)L (L = P(OMey);, PPh, PEg), Cp*CrH(CO},
TpMH(CO)3, Tp*MH(CO); (M = Cr, Mo, W), and Cp*FeH-
(dppe)72:106.107

To visualize the expected effect of oxidation on the-M
bond strength, let us qualitatively analyze the-M bond as

J. Am. Chem. Soc., Vol. 121, No. 10223999

Scheme 2
BDE(MH™*")
[M-HY —————— [M]*+ H'
FE,(MH) FE, (M)
BDE(MH)
M-H ————> M+H

BDE(MH)-BDE(MH™") = F[E_,(MH)-E(M")]

of polarity. For a M-H%* system, oxidation should definitely
lead to a weakening of the ionic component. Notice, however,
that the sharp acidity increase following oxidation of hydride
complexe®® is not, per se, an indication of &¥H’" bond
polarity. Experimental and theoretical studies of charge distribu-
tion in low-valent, carbonyl-based transition metal hydrides
always indicate a MH~ bond polarization, even for highly
acidic complexe$%-111 For instance, XPS studies lead to the
estimation of a hydride formal charge ©0.3,—0.8, and—0.75

for HoFe(CO), HMn(CO), and HCo(CO)), respectively-o?

The net effect of oxidation on the ¥H bond strength may
thus be either a strengthening or a weakening, although
strengthening is expected for MHo~ systems with very
electron-rich fragments (high-energy M frontier orbital) and

having a covalent and an ionic component, according to Pauling.when the bonding energetics is dominated by the covalent

Let us first focus on the covalent component. A-k°~ bond

component. Compoundsand2 contain ligands that have low

polarity corresponds to a situation where the M frontier orbital electronegativities, are strong electron donors, and do not have
is higher in energy than the H frontier orbital (1s) (see Scheme strongm-accepting capabilities. Consequently, the Cp*M(dppe)
1, left). An increase of formal positive charge on the metal center (M = Mo, W) fragments have a low “group electronegativity”.
(such as, for instance, following an oxidation process) has two  One final consideration may be made on the basis of the
main effects: (i) it lowers the energy of the metal-based frontier thermodynamic cycle (Scheme 2) that was introduced by Tilset
orbital used for the M-H interaction and (i) it contracts the et al72106.107tg estimate bond strength variations on the basis
metal orbitals. The first effect has a positive consequence on of electrochemical data. According to this cycle, aM bond
the M—H bond strength if the frontier orbital ends up closer in weakening is associated with systems for which the oxidation
energy to the H 1s orbital. An excessive energy lowering, on of M* occurs at a less positive potential (easier oxidation) relative
the other hand, would weaken the covalent interaction. The to that for the oxidation of MH. We want to offer a word of
second effect has two consequences: it lowers the overlapcaution about the use of this cycle. The 16-electronkfjecies
between the frontier orbitals of M and H, weakening the (and to a lesser and variable extent also the 17-electraankl
interaction, but it also reduces the metal radius, allowing the H [MH]** species) is highly likely to establish strong interactions
atom to approach the metal at a closer distance. All in all, the with the polar solvent or with the supporting electrolyte used
orbital contraction may provide a positive contribution to bond for the electrochemical measurements, skewing the calculation
strengthening. The DFT calculations on the [CpMHbPCH,- toward the result of a MH bond weakening following oxidation.
CHyPH,)]"™* systems show an increase of-Ml overlap pop- In other words, the calculated differenefEq(MH) — Eox(M*)]
ulation upon oxidation (see Results). For a system having ashould also reflect variations in the extent of metaledium
M—H°* bond polarity (Scheme 1, right), the increase of formal interactions. For our system, we cannot experimentally carry
charge on the metal may have again a positive effect on the out this study because of the unavailability of Cp*MHppe)
orbital overlap as a consequence of the radius contraction, but(M = Mo, W). The DFT calculations, however, yield/E of
the energy separation between the frontier orbitals becomes—3.0 kcal/mol for reaction 6. Assuming negligid{PV) and
larger, decreasing the strength of the interaction.
Concerning the ionic component of the-NH bond, for a CpWH;(H,PCH,CH,PH,) +
metal-based HOMO (a typical situation fo? donfigurations +_
with n > 0), oxidation results in an increased effective positive [CPWH,(H,PCHCH,PH,)]
charge (or a decreased negative charge) for the metal, as well [CPWH,y(H,PCH,CH,PH,)]" + CpWH,(H,PCH,CH,PH,)
as an increased “group electronegativity” for the M fragment (6)
(viz., the metal with all its ligands except the hydride). The
latter effect leads to a greater draw of electron density from the TAS factors, this corresponds to the free energy chahGe
H ligand, reducing its effective negative charge or increasing allowing us to calculate a less positive potential (by 0.13 V)
its effecti\_/e positive charge. Th(_a two effects cc_>mbine to yielq (108) Ryan, O. B.; Tilset, M.; Parker, V. 3. Am. Chem. Sod99q
any possible result (strengthening or weakening of the ionic 112 2618-2626.

interaction) for a M-H°~ bond system, including an inversion

(106) Skagestad, V.; Tilset, Ml. Am. Chem. Sod993 115 5077
5083.

(107) Tilset, M.; Hamon, J.-R.; Hamon, B. Chem. Soc., Chem.
Commun.199§ 765-766.

(109) Chen, H.-W.; Jolly, W. L.; Kopf, J.; Lee, T. 4. Am. Chem. Soc.
1979 101, 26072610.

(110) Sweany, R. L. IfTransition Metal HydridesDedieu, A., Ed.;
VCH: 1992; pp 65-101.

(111) Bauschlicher, C. W., Jr.; Langhoff, S. R. Tmansition Metal
Hydrides Dedieu, A., Ed.; VCH: 1992; pp 163126.
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Scheme 3
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for the [CpWHy(HPCH,CH,PH,)]%* couple relative to that for ~ such as the CpRe(PAsH, (Ar = p-CeHaX; X = H, Me, F,
the [CpWHy(H.PCH.CH:PH,)1%*+ couple, in accord with the ~ OMe)3 and Cp*Ru(lz)H (L, = dppm, dppp, (PP, (PMe-
bond strengthening picture. This calculated potential shift refers, Phy),, (PMePh), (PMe&)2)*® series. A qualitative correlation
of course, to gas-phase, isolated species and is not contaminatedetween oxidation potential and stability is, indeed, typically
by interactions with an electrochemical medium. It is to be observed. The substitution of a more electron-rich metal for one
observed that eq 6 is nothing other than the difference betweenless so will also result in a similar effect on the oxidation
egs 4 and 5. potential of the complex and a dampening of the hydride
(b) Hydride Scrambling Process.As shown in the Results  acidity 196198 However, the 18-electron hydride precursor is a
section, the equivalence of the P and H hyperfine couplings in possible base for the deprotonation pathway of decomposition
the EPR spectrum dff clearly indicates that fluxional processes of its own oxidation product, and its basicity is raised by the
are occurring, averaging both the H and P ligands in the system.same factors that lower the acidity of the radical cation. Thus,
Due to the broadness of the EPR signal, a similar fluxional the overall proton-transfer thermodynamics should remain
process is not unequivocally identified for complex@sand approximately unaffected. The stabilization of 17-electron
2*-ds (see Figure 1). As shown by the X-ray investigation and hydride complexes by donor ligands must be more a kinetic
backed up by the DFT geometry optimization, the structure of than a thermodynamic phenomenon. A lowering of kireetic
2% is pseudo-octahedral, with a significant twist toward a acidity as a result of steric protection has also been invoked to
pseudo-trigonal prismatic geometry. The structuré’otan be explain the stability of complexes [Cp*FeH(dppe@and [Cp-
reasonably assumed to be identical to thaRof Thus, it is MoH(PMe)g] +.9:112
very likely that the fluxional process involves the fast inter- When proton transfer is kinetically slow, the starting 18-
conversion of pseudo-octahedral and pseudo-trigonal prismaticelectron hydride can be completely consumed by the oxidant,
structures in solution, involving a pseudo-Bailar twist. The same and the decomposition mechanism by proton transfer can be
scrambling mechanism was previously proposed for the precur-eliminated if sufficiently strong external bases are absent. Under
sor complexed and2.81.96 these conditions, the radical complex can still decompose by a
(c) Stability of [Cp*MH 3(dppe)]" (M = Mo, W). Stable disproportionation mechanism?’>11?Steric protection, however,
and unambiguous examples of paramagnetic transition metalshould also slow a decomposition process by disproportionation,
polyhydride complexes are exceedingly rare. Structurally char- since this is usually initiated by the coordination of a donor

acterized examples are TaBbL," and [WChH(PMe3)4] .8 A molecule to the 17-electron complex. These simple arguments
factor involved in the stability of these and other paramagnetic rationalize well the observed stability of complexgsand2+.
polyhydride species may be the presencerafonor ligands In fact, complext* does not decompose by disproportionation

such as Cl which are capable of establishing interactions with but rather by H reductive elimination (except in acetonitrile).
the half-filled metal-based HOMO. The stabilizing effect of A discussion of the decomposition mechanism and a reason for
halide for hydride substitution has been pointed out by Kochi the faster decomposition of the Mo complex are presented in

et al. in a study involving the lifetimes of various X, the following sections.

radical cations (X= H, CI).5® Complexesl®™ and 2", on the (d) Decomposition Mechanisms for Paramagnetic Poly-
other hand, do not have-donor-stabilizing ligands; thus, other  hydride Species: An Introduction. Mechanistic studies of the
reasons must be found for their relative stability. decomposition of paramagnetic polyhydride systems are less

Since one of the principal decomposition pathways for 17- common than those of the corresponding monohydride systems.
electron monohydride complexes is deprotonation by virtue of Based on the available literature, the current knowledge may
the increased acidity relative to that of the 18-electron precur- be summarized as shown in Scheme 3. Deprotonation (by action
sors!%an increased stability may be expected through the useof either the residual unoxidized starting material or another
of donor ligands via a buffering effect of this acidity. At the external base, paths a) leads to collapse to dimeric products
same time, donor ligands render the 18-electron precursor more ™ (112) Fettinger, J. C.; Kraatz, H.-B., Poli, R.; Quadrelli, E. A.; Torralba,
easily oxidizable, as experimentally verified for several systems, R. C. Organometallics199§ 17, 5767-5775.
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Scheme 4

-
Ve H (a)
+ +S }‘_{/ \
/ [ox] /H—I X /H_|+
M—H — M—H M—_H_‘+ S, M{_

M
T / ©
M = Cp*Mo(dppe H, M\_ H,
S = THF, CH,Cl, S
X1 XIII

(path a.1) or to further oxidization (path a.2). It seems that the this occurs only upon intervention of an electron-transfer-
former possibility is favored only for relatively unhindered catalyzed pathway upon further oxidati&iiThere have been a
systems that lead to the formation of strong metaktal number of other reports dealing with the decomposition of
interactions, e.g., GVH,,%8 (CsH4SiMes),NbH3,%8 and [ReH- oxidation products of polyhydride species, but no detailed
(PMePh),] .61 The alternative product of further oxidation (path mechanistic studies have been carried out, nor have specific
a.2) is stabilized by solvent coordination. In addition, under the mechanistic proposals been advant®®:54 Generally, these
influence of the reduced electron density following oxidation, lead only to the monocationic series of products. An exception
one or more pairs of hydride ligands may collapse to dihydrogen is complex MoH(PMePh),, whose reaction with AgBJFin
ligands and be replaced by additional solvent molecules, MeCN leads to [MoH(PMe&Ph)y(MeCN)]2" as the only
producing a class of products of general formula [MH(S)K ™ product, although it has been suggested that Agy act as a
This path of decomposition has been proven or inferred (from hydride abstracting agent rather than an oxidant in this reaion.
supporting protonation studies) for a few polyhydride com-  Finally, the possibility that oxidation induces a direct reduc-
plexes, e.g., Irl(PMe&Ph),’t Cp*RuHy(PPh),’® and OsH- tive elimination of H (path c) should also be considered. A
(PP#3),.113 classical/nonclassical equilibrium for a 17-electron polyhydride
The disproportionation mechanism (paths b) is much less complex has been suggested for [Cp*R(PPh)]* and [OsH-
common and has been unambiguously shown, to the best of(PPf3),] ,76113but a deprotonation (and not & kbss) has been
our knowledge, only for monohydride specfég>1120n the shown or suggested as the initial step for their decomposition.
basis of the scheme established for the monohydride speciesOn the other hand, oxidation of dialkyl complexes is proven to
the disproportionation products Miand [MH,(S)?" should favor alkyl—alkyl reductive eliminatior}14-116
rearrange by proton transfer to afford a mixture of [Mi]™* (e) Decomposition Mechanisms of [Cp*MoH(dppe)]t in
and [MH,-1(S)]*. Donor solvents may again induce loss ¢f H  THF and CH,Cl,. The decomposition of compleix” following
as indicated in Scheme 3 (path b.1). An additional possibility, the oxidation ofl in THF or CH,Cl, (eq 3) represents the first
however, is reductive elimination of Hat the level of the unambiguous demonstration of an oxidatively inducegd H
dicationic intermediate [MKS)P* (path b.2). This would lead  elimination from a polyhydride complex. The reverse process,
to an entirely new series of products that are characterized bynamely the oxidative addition of Ho a stable paramagnetic
a double positive charge and by the same parity for the numbercomplex, had been established for the 15-electron complexes
of hydride ligands as the starting material, i.e., complexes having MCl,L4 (M = Nb, Ta; L = PMe; or L, = dmpe)? It should
the general formula [MK 2(S)k+1]?". This latter pathway is  also be mentioned that arp Elimination was proposed to occur
not available for the disproportionation of monohydride com- from CpNbH, (generated in situ by H atom abstraction from
plexes and thus represents an important chemical probe for theCp,NbH3), to generate a poorly characterized 15-electrop- Cp
decomposition mechanism. Care, however, should be excercised\b transient, which was observed only as a fleeting intermediate
because the [MK a(Sk+1]2" complexes may also be obtained by EPR spectroscophy’
by path a.2 if the product [Mid1-2{S)* (rather than the Proposals for the intimate mechanism of this transformation
starting material or another external base) serves as protoncan be extrapolated from the well-studied diamagnetic coun-
acceptor (B). Notably, the previously reported acidolysid of  terparts as shown in Schemé'The EPR signal decay is faster
in MeCN affords a mixture of [Cp*Mok{dppe)MeCN)} and for 1™-d3 relative to that forl™, yielding aninverseisotope
[Cp*MoH(dppe)(MeCN})]2*, even when using less than 1 equiv  effect of 0.50(3). This strongly suggests a ground-state classical
of acid®! Analogously, the acidolysis of MafPMePh), and structure for complexit, namely [Cp*Mo(H}(dppe)l". A
OsH;(PPt3)2 in MeCN with excess HBFaffords [MoH(PMe- similar inverse isotope effect (04 0.2) has been reported for
Ph)(MeCNY]?" and [OsH(PPfs),(MeCN),]?", respectively>113 the H elimination from the classical dihydride complex [Ir-
In turn, the absence of the dicationic products cannot be taken(H),(PPh)(nbd)]" (nbd = norbornadiene}!® The elimination
as evidence ruling out a disproportionation mechanism, becauseof H, from a dihydrogen complex, i.e., of type [Cp*MoH{H
path b.2 may be too slow relative to path b.1 to significantly
contribute to the generation of products.

(114) Pedersen, A.; Tilset, MOrganometallics1993 12, 56—64.
(115) Pedersen, A.; Tilset, MOrganometallics1994 13, 4887-4894.

The decomposition mechanism of [CpR€PIAr3),] * (Ar = (116) Fooladi, E.; Tilset, Minorg. Chem.1997, 36, 6021-6027.
p-CsHaX; X = H, Me, F, OMe) has been studied in detail, but 12&17) Elson, I. H.; Kochi, J. KJ. Am. Chem. Sod 975 97, 1262~
(113) Smith, K.-T.; Tilset, M.; Kuhiman, R.; Caulton, K. G.Am. Chem. (1i8) Crabtree, R. HAngew. Chem., Int. Ed. Endl993 32, 789-805

S0c.1995 117, 9473-9480. and references therein.
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(dppe)l” (XI), should lead to a normal (i.ex1) isotope than a transition state (e.gX). This pattern is well established
effect?0 A classical structure is shown by the X-ray analysis from the previous studies on paramagnetic monohydride com-
for the W analogu@* and is backed up by the DFT calculations plexes?’-">112The deprotonation mechanism is not a viable one
on the [CpWH(H,PCHCH,PH,)]* model system. As exten- if the oxidation is carried out stoichiometrically and if complex
sively documented for diamagnetic polyhydride systems, reduc- 1" is stable in MeCNon the time scale of the oxidation process
tive elimination of H from a 5d metal should be thermody- leaving no residuall to deprotonatel*. Furthermore, the
namically disfavored relative to that from a 4d méglit can stronger donor MeCN will make the addugiil aweakeracid
thus be imagined that or XI is more easily accessible for Mo  relative to the same molecule having=STHF or CH,Cl,. Thus,
than for W, rationalizing the much greater stability of complex a hypothetical deprotonation &filll should be slower for S
2% relative to that ofl* toward decomposition. MeCN. Since the stability aklll when S= THF or CH,Cl, is
Path a involves a direct, one-step solvent-induced reductive sufficiently long to allow the complete oxidation @fand the
elimination. This mechanism would be consistent with both the decomposition ol.* by H, elimination, it is extremely unlikely
inverse isotope effect and the solvent dependence. However, itthat 1* tranfers a proton td before the latter is completely
is difficult to rationalize, on the basis of this mechanism, the OXidized in MeCN.
mechanistic diversion in MeCN (vide infra). The other pathways ~ The chemical nature of the products obtained from the rapid
involve the intervention of the nonclassical intermeditein and stoichiometric oxidation ofl in MeCN, notably the
a first step, which could either be rate-determining or a rapid stereochemistry of the monohydride product, gives important
preequilibrium followed by a rate-determining replacement of information. The deprotonation mechanism would require that
the dihydrogen ligand by a solvent molecule. In the second case [CP*MoH(dppe)(MeCN)]** is obtained as a secondary product
the observed isotope effect on the decomposition rate would by protonation of [Cp*MoH(dppe)(MeCN)f (Scheme 3). The
correspond to the combination of aquilibrium isotope effect ~ protonation of [Cp*MoH(dppe)(MeCN)f by HBF,-OEb,

for the first step and &inetic isotope effecfor the rate- however, was shovéhto yield akinetic mixtureof two different
determining exchange step. Inverse isotope effects were similarlyisomers of the dication, the thermodynamically less stable isomer
interpreted for the reductive elimination of RH (via aR ¢ being favored over the more stable one by a 3:1 margin. A
complex) from Cp*Ir(PMeg)(CsH11)(H) and from CpW(CHs)- rationalization of this result was based on a competition of

(H).122123The rate of decomposition should be solvent inde- the two inequivalent hydrides in a pseudo-trigonal prismatic
pendent either if the first step is rate-determining or if the structure for the proton, as indicated XtV .

substitution of the Klligand by the solvent is dissociative (via
intermediateXIl, path b in Scheme 4), whereas a solvent
dependence is expected for a rate-determining associative
exchange, either of the interchange typgdr via a well-defined
19-electron solvent adduxill (path c). The faster decomposi-
tion process in ChbCl, relative to that in THF (see Results) /

suggests a rate-determining associative exchange (path c). On b

the basis of the better donor capability of THF relative to that \
of CH,Cl,, one would expect the opposite order of relative Q

reactivity (THF> CH,Cl,). However, since the Cil, solvate

of 3 has a 19-electron configuration (see Results), we assume

NCMe

that the acceleration effect for the decomposition in,Chlis H

due to the intervention of the second Cl atom in an interchange X1V

associative mechanism, facilitating the expulsion of the H ) ) o

ligand. The observed stereochemistry could, in principle, be recon-

ciled with the proton-transfer mechanism by invoking a 100%

selectivity (discriminating ability) of the proton dondt toward

one of the two inequivalent hydride positions, while the stronger

acid HBR*OEtL would not discriminate between the two

the decomposition ofl* cannot take place by reductive inequivalent positions. It Seems, however, more reaso_nablt_e to
assume that the decomposition follows the disproportionation

elimination of H in MeCN as it does in THF and GEl,. We . . .
should, therefore, consider the other two more usual pathways.p"’lthw"’1y as proposed in Scheme 5. The formation of a single

of proton transfer and disproportionation (paths a and b in isomer of the monohydride dicationic product may then be easily

Scheme 3). The most reasonable hypothesis for this mechanistié’atl'longl'zed bly e;s_ﬁu(rjmng th/";t g\t_zrmedlmil! IS stereocﬁemr
diversion is a greater susceptibility of the solvent add(itit lcaé/_ uxiona ( ! Iy rogen ybrll € compiexes usuaé yhare)h
to be oxidized by unsolvateti, which results from the greater eading to a single most stable stereoisomer, and that the
donating power of the MeCN ligand. Therefore, it is more likely replacement of biwith a molecule of MeCN occurs stereose-

thatXIIl is an intermediate along the reaction coordinate rather lectively. In case |nterm_ed|abev_|s stt_areoc_:h_emmally rlgld,_the
observed result may still be rationalized if intermedidtg is

(f) Decomposition Mechanisms of [Cp*MoHs(dppe)]*™ in
MeCN. The different nature of the final products obtained by
oxidation of1 in MeCN (eq 2), together with the observation
that3 is relatively stable in MeCN, unambiguously shows that

(119) Howarth, O. W.; McAteer, C. H.; Moore, P.; Morris, G.EChem. fluxional (17-electron complexes usually are), leading to a single
Soc., Dalton Trans1984 1171-1180. isomer at this level.
(120) Hauger, B. E.; Gusev, D.; Caulton, K. &Am. Chem. S0d994 A difference between the relative energies of the classical

11?’122%3;;%? rgferﬁncﬁfcghnfﬁgnhenm Coordination Chemisty ~ @nd nonclassical forms for the oxidized trihydride complexes

Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press: 1+ and2* rationalizes well the different stability observed for

Oxford, 1987; Vol. Il, pp 689-714. the cations in MeCN. We propose that MeCN coordination can

Soglfgégul%’éaq%%jig”'é(?)_s“yker- J. M.; Bergman, R.JGAm. Chem. o)y take place for the nonclassical tautomer, which is only
(123) Bullock, R. M. Headford, C. E. L.; Hennessey, K. M.; Kegley, 5.  thermally accessible for the Mo system. Coordination to the

E.; Norton, J. RJ. Am. Chem. S0d.989 111, 3897-3908. classical tautomer to afford intermedia®| is electronically
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Scheme 5 to a linear shift of the peak potentidty) relative to log¢) and
. . log(c) in the kinetic zone (low scan rates), according to eq 7 (1
/H H_l /H_]+ H_l+ +S (ko /H_] ' electron is involved in the electrochemical oxidation step).
M M—H = . — v,
\ H \ i h, Skp N\ KisC
S H g Xms E,=E°+0.071-0.019 IogT cv) (@
gfagg*smgife) r The peak potentiall,, varies with a slope of 19 mV per
- ‘ log() unit and—19 mV per log€) unit.'2> On the other hand,
j* a mechanism involving a rate-determining proton transfer to
H the starting material (Scheme 6b) leads to a variatiorfof
M—H ‘\H, g | described by eq 8T(= 20 °C).126
° M/-Hz I(deprop
— )/H N\, E, = E°+0.058— 0.029 log—— (cv) (8
/H +S XV
M—S Shifts of E, against logg) and log€) now have slopes of 29
\s and—29 mV, respectively, per log unit. Finally, a hypothetical
(single isomer) H, reductive elimination mechanism (Scheme 6c), which is
already established to take place in THF and,Chlbut not in
Scheme 6 MeCN vyields a straight line foE, vs log@) with a slope of
(a) Disproportionation (DISP2) +29 mV per log unit, but the peak potential is independent of
E the concentratio?” An alternative disproportionation mecha-
A —= B+ ne CV: P -0.019; al—" =-0.019 nism which involves a rate-determining solvent coordination,
h dlog(v) 0g(c) followed by a rapid electron-transfer step (DISP1), would behave
B — C 3E as a simple EC process (Scheme 6c).
prc Lo AuD TLCV: B =0.029; £ -.0.029 The results are qualitatively the safoethe TLCV technique
dlog(v) dlog(©) except that the slopes are now29 mV for the DISP2
(b) Proton transfer mechanism (eq 9% +58 mV for the proton-transfer mecha-

JE, JE, nism (eq 1032%13%and 58 mV (vs log()) and 0 (vs logg)) for
A == B+ne cv: =0.029; =-0.029 A

dlog(v) dlog(c) the EC mechanisr?®
B+A s, C+D

. 3E 9E, KyiseC
€= b TLCV: 500 =00 Gigge) =008 E, = E° + 0.055— 0.029 log=>~ (TLCV) (9)
(c) H, reductive elimination (EC)

— Ey 9E, E,=E° +0.075— 0.058 |ogk"irop (TLCV) (10)
A =—= B+ ne CV: =0.029; = v
rds dlog(v) dlog(c)

The H, reductive elimination pathway can immediately be
excluded for the decomposition in MeCN, since a concentration
dependence is observed both in CV and in TLCV. Let us

. . examine the experimental variation of the peak potentials vs
allowed but may experience a greater barrier because ofagreateyog(y)l In the kinetic region, the slope of the straight line is

steric congestion. If coordination to the classical form were ocer to 19 mv per log unit in the CV (see Table 3),

allowed, there would be no apparent reason for the much greater,jstent with a DISP2 mechanism (eq 7). This is confirmed
stability of 2 relative to that ofL* in MeCN because Mo and

- ; , by the concentration dependence at constant scan rate (see
W have very similar atomic radii.

" . . L Results). The TLCV data, however, yield a slope close to 58
The proposition that disproportionation is the favored mech- v/in the Epa Vs log() plot (see Table 3), which is consistent
anism for the decomposition df" in MeCN is confirmed by

- with the proton-transfer mechanism rather than with the DISP2
the CV and TLCV studies (see Results). Because of the fast o hanismi32
decomposition rate in MeCN, classical kinetic studies could not This appérently contrasting behavior can be rationalized by
be carried out by EPR spectroscopy. On the other hand, the

. o invoking the occurrence of both the disproportionation (DISP2)
occurrence of the chemical decomposition process has a

’ and the proton-transfer mechanisms in MeCN. Let us compare
noticeable effect on the electron-transfer parameters, as measurg,q results in CV with those in TLCV in the case of a DISP2

able by a variety of voltammetric techniques, as already shown mechanism. The intercept, lag), of the Eya = f(log(v)) curve
for other system&?* : :

For a CV experimentaccording to the established theory, a 19;%)2223'“1”‘:1;'611@% C. P.; Nadjo, L.; Samet, J. M.J. Electroanal. Chem.
mechanism involving a solvent-a55|§teq d|§prop9rtlonat|on (127) Nicholson, R. S.; Shain, Anal. Chem1964 36, 706.
(Scheme 6a), whereby solvent coordination is rapid and the (128) Laviron, E.J. Electroanal. Cheml97§ 87, 31—37.

- - oE OE,
C === E +ne . P -0.058; P o=
TLCv: dlog(v) dlog(c)

disproportionation step is rate determining (DISP2},leads (129) Laviron, E.J. Electroanal. Cheml972 39, 1-23.
(130) Laviron, E.J. Electroanal. Chem1972 34, 463-473.
(124) Hammerich, O.; Parker, V. D. @rganic ElectrochemistryLund, (131) Laviron, E.J. Electroanal. Chem1972 35, 333-342.
H., Baizer, M. M., Eds.; Marcel Dekker: New York, 1991; pp 2206 (132) We have taken into account only the points obtained ferl0-2
and references therein. V s~1for the determination of this slope. Above this value, the current has
(125) Mastragostino, M.; Nadjo, L.; Saaet, J. M.Electrochim. Acta a diffusion component (the variation @f vs log) has a slope smaller

1968 13, 721-749. than 1).
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with theE = E° axis leads to the chemical rate constant. When
Epa= E°, eqs 7 and 9 lead to the following:

log(kss) = 3.55+ log(vey,)
10g(kysi£) = 1.90+ log(vricy)

In CV (11)

In TLCV (12)

The difference between egs 11 and 12 leads to the relationship

(DISP2 mechanism): logf, ) = 1.65+ log(vcy,) (13)

Equation 13 shows that, for a pure DISP2 mechanism, the
intercept in TLCV is shifted by 1.65 log) units with respect
to that in CV. Analogous considerations for the pure depro-
tonation mechanism (egs 14 and 15) show that the intercept in
TLCV is shifted by 0.71 logf) units with respect to that in CV
(eq 16).

In CV l0g(Kgeprof) = 2.00+ |Og(Ucvi)

IOQ(kdeprop) =1.29+ IOQ(UTLCVi)

(proton-transfer mechanism):
log(vricy,) = 0.71+ log(vey:) (16)

(14)

In TLCV (15)

When the rate constants of the DISP2 reaction and the proton
transfer are not too different, it is therefore possible to have a
limitation by one mechanism in CV and by the other in TLCV.
Experimentally, the DISP2 mechanism is rate-limiting in CV
(slope of 19 mV) and the proton transfer is rate-limiting in
TLCV (slope of 58 mV) (see Figure 3).

Experiments carried out at different concentrations give the
intercepts indicated in Table 3. At each concentration, a value
for log(ksisp) may be calculated from the CV data and eq 11.
Correspondingly, a value for lok{epro) may be calculated for

Pleune et al.
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Figure 9. Plot of logkx) vs log) (®, x=vinV s™%; O, x=cin mol
L™ for (a) CV data and (b) TLCV data (see text).

.

knowledge, is that of complex [CpMoH(PM)g]*, for which
Kdisp/Kdeprot= 0.17(2) in THF!12

The slow addition of a chemical oxidant (ferrocenium) to a
MeCN solution ofl supposedly simulates the conditions of the
thin-layer electrochemical experiment. Thus, a greater proportion

the TLCV data and eq 15. These values are also shown in Tableof 1* should decompose by the proton-transfer pathway, yielding

3. The results of th& vs log) andE vs log(c) experiments
allow us to obtain average values kfsp andkqeprotaccording

to the following procedure. The representation of lag(@s a
function of log@p) must give a straight line of slope 1 and
intercept equal to lodg. In the same fashion, the representation
of log(kc) as a function of logf) must give a straight line of
slope 1 and intercept equal to lég(We have therefore plotted
the logky) and logkc) data together against log((x = v orc,
respectively) (see Figure 9). The linear fit of these data with an
imposed slope of 1 gave ldg(as the intercept. The CV data
(Figure 9a) yield a value of logisp) = 3.60(1), orkgisp= 3.98-

(9) x 16 s M~1, whereas the TLCV data (Figure 9b) yield
log(Kdepro) = 2.44(4), orkgeprot = 2.8(2) x 1% st M~L. The
simulated voltammograms calculated with the DIGISIM 2.1
software’® for a mechanism where both DISP2 reactibnsg

= 4000) and proton transfekdeprot= 280) are involved, lead

to curves that fit well the experimental data, as shown in Figure
3 for one particular concentration.

The value okgisp, according to Scheme 5, would be equal to
(kiko/k-1)[S] and is therefore dependent on the nature of the
solvent as previously discuss&iThe ratio of the two second-
order rate constants IgisyKieprot= 14(1). This ratio indicates
that, when the concentrations band1* (or rather, the sum of
1" and1(MeCN)* in equilibrium) are equivalent, complei
is ca. 14 times more likely to remove an electron from
1(MeCN)* than to donate a proton tb. It is rare that both
disproportionation and proton-transfer mechanisms may be
observed at the same time for a 17-electron hydride complex.
The only other previously reported case, to the best of our

more dihydride product. Indeed, this is experimentally observed
(see Results). The monohydride product [Cp*MoH(dppe)-
(MeCN)]2" is still obtained as a single isomer. This observation
rules out a proton transfer to the dihydride product, [Cp*MoH
(dppe)(MeCN)T (vide supra). It is logical to expect, however,
that the protons released by are captured bg, which is more
basic and more abundant, to yield [Cp*Mg(dppe)(MeCN)T,
rather than by the latter to yield the monohydride complex. Thus,
the monohydride complex derivesly from the disproportion-
ation pathway, whereas the dihydride product is at least partially
produced by the deprotonation pathway under conditions of slow
addition of the ferrocenium oxidant.

(g) Structure and Stability of Compound 3. The solution
spectroscopic, conductivity, and electrochemical studies defini-
tively prove that a solvent molecule is coordinated3tan
solution, giving the ionic formulation [Cp*MoH(dppe)(SPF~.
Thus, the complex belongs to the growing class of four-legged
piano stool derivatives of Mo(lll§? However, the solvent
molecule must be very loosely coordinated because crystalliza-
tion, even from MeCN, affords the solvent-free compond
presumably containing a coordinatedsPFThe EPR spectro-
scopic properties of the Gi&l, adduct at low temperature
(conditions in which the chemical exchange with free solvent
is slow on the EPR time scale) show that the,CH ligand
adopts a chelating coordination mode, resulting in a formal 19-
electron count for the complex. The facile coordination of donor
solvents to 17-electron complexes in an equilibrium process with
the 19-electron adduct has been frequently invoked to rationalize
photochemical, electrochemical, and mechanistic observa-
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tions!33.134 (including those discussed in this contribution, see been measured by a combination of CV and TLCV studies. For
section f above). The nature of the g, adduct of3 provides the first time, a paramagnetic (poly)hydride system has been
a clear, direct demonstration of the accessibility of 19-electron shown to decompose by one or more of three different
complexes. mechanisms depending on conditions. Each of the three
A final remark concerns the unexpected stability3ah all decomposition pathways has been quantitatively assessed.
solvents, especially MeCN. As discussed in section d, cationic  The large difference in stability between the W (stable) and
paramagnetic monohydride complexes are usually unstable,Mo (rapid decomposition) complexes in MeCN suggests that a
decomposing preferentially by either proton-tranfer or dispro- solvent molecule easily coordinates to the Mo center in a
portionation mechanisms to afford more stable diamagnetic thermally accessible, relatively open nonclassical structure of
products. Sinc& is generated under conditions in which a base 1+ but does not coordinate to the W center in the more crowded
is not present, its decomposition by proton transfer cannot take classical structure a?+.
place, but the disproportionation route is still viable. As we have  complex 2+ adopts a novel and unusual geometry, which
argued in section f, even the disproportionation mechanism cancan be described as intermediate between octahedral and trigonal
be blocked when the size of the coordination sphere does notyrismatic (when considering the Cp* as occupying a single
permit coordination of a solvent molecule and production of a cqorgination site) and is reproduced by DFT calculations on
more easily reduceable 19-electron adduct (rationalizing the the [CpWH(PH,CH.CH,PHy)]™ model system. This result
stability of 27). Complex [Cp*MoH(dppe)(MeCNJ], on the  represents circumstantial evidence in favor of an exchange
other hand, should be no more encumbered than compleXmechanism which involves the interconversion of these two

[Cp*MoH(Hz)(dppe)], which disproportionates rapidly in |imjting structures, as also previously proposed for the neutral
MeCN. In addition, the likelihood of further MeCN coordination  gnajogues1 9396

to [Cp*MoH(dppe)(MeCN)T is strongly suggested by the 19-
electron configuration of [Cp*MoH(dppe)¢-Cl,CH,)]*. De-
composition of3 in MeCN does eventually take place to afford

While a M—H bond weakening upon oxidation has previously
been reported for other syster#s.96.10%oxidation results in the

. strengthening of the metahydrogen bonds for both compounds
[Cp*MoH(dppe)(MeCN)J*" (the thermodynamically more stable 1 042 (and for the trideuteride analogues). This is experi-

isomer), [Cp*Moh}(dppe)(MeCN)T, and other yet uncharac-  oniaily shown by IR studies and is backed up by density
terized products. This decomposition process will be the SUbjethunctionaI calculations of bond lengths, BDEs, and-M

of further studies. stretching frequencies. On the basis of first principles, we argue
that compounds having a4#H?~ bond polarity should always
lead to M—H bond strengthening upon oxidation when the metal

The studies reported in this contribution have raised a numberis electron-rich and the bond strength is dominated by the
of interesting issues. covalent component.

The sterically encumbering Cp* {ar_]d dppe Iigan_ds i_n COM-  The product of H elimination from 1*PFRs~, compounds,
plexesl” and2* reduce the kinetic acidity of the hydride ligands  has a remarkable stability for a relatively unhindered paramag-
and disfavor the addition of donor solvents, stabilizing the petic hydride complex. This compound adds a solvent molecule
complexes relative to the deprotonation and disproportionation when dissolved in MeCN, THF, or Gil,. The latter is
pathways of decomposition, respectively. However, polyhydride ynambiguously shown by EPR spectroscopy to adopt a chelating
complexes may decompose by yet another decompositioncoordination mode, yielding a 19-electron cation, [Cp*MoH-

pathway, namely reductive elimination ofHThe greater  (gppe)(2-Cl,CH,)]*. All these adducts, however, readily lose
electron richness of W relative to that of Mo disfavors this the solvent molecule in the solid state, giving back

decomposition for comple®™, which is therefore stable and
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