Communications to the Editor

Design, Stabilization, and Efficiency of
Organometallic “Electron Reservoirs”. 19-Electron
Sandwiches 75-CsRsFel-n%-C¢R’q, a Key Class
Active in Redox Catalysis

Sir:

As a remarkable example of the use of transition metals in
activation of arenes,! we showed in a recent communication?
that dioxygen can take up one H atom from
1-CsHsFe-7%-Cg(CH3)g (1) under mild conditions, giving 2
(Scheme 1). 1t was proposed that this reaction proceeds by
electron transfer to form O, 7, an intermediate now recog-
nized?® as responsible for the destruction of living cells by
0>.

Viewing the energetic and bioenergetic importance of such
redox systems, we report now the design, characterization, and
redox efficiency of the 19-electron complexes CpFe-arene to
serve as electron reservoirs* with high redox potentials (up to
—1.9 Vvs. SCE). In addition we suggest a relationship between
their electronic structure and stabilization and present the first
crystal structure of a mixed 19-electron complex.>-® Whereas
the parent CsHsFeCgHy is unstable,” we find that analogues
with six alkyl groups on the benzene ligand are stable in many
solvents and catalytically active and, depending on the sub-
stituents (CH3 or C;H5s), show unusual solid-state and solution
properties.

1 is best synthesized by stirring a DME solution of 1*BF4~
with Na/Hg (1%) amalgam (15 min, 25 °C). After removal
of DME in vacuo, the residue is extracted with pentane which,
upon standing at —40 °C overnight, affords green black
crystals of 1 (90% yield): mass spectrum M+ caled 283.115,
found 283.115; sublimation at 70 °C (0.2 uHg); s = 1.84
+ 0.1 up by the Gouy method from 69 to 293 K; 'H NMR (5,
ppm, C6D5CD3) 35.01 (C5H5), =2.15 (Cg(CH3)6), 22 °C; 13C
NMR (4, ppm, C¢DsCD3) 449 and 584 (ring carbons), —35.9
(CHs). Anal. Caled: C, 72.09; H, 8.22; Fe, 20.37. Found: C,
71.81; H, 8.23; Fe, 20.55.

Similarly, 75-Cs(CH3)sFe-n®-C¢(CH3)e (3)® and
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Figure 1. (a) Perspective view of n5-CsHsFe-n®-Ces(CH3)e (1). The vi-
brational ellipsoids are drawn at the 50% probability level. (b) Projection
on the cyclopentadienyl ring. The vibrational ellipsoids are drawn at the
30% probability level. The dihedral angle between the two rings is 0.82°.
Bond distances: 7 = 1.371 (6); b = 1.403 (6); ¢ = 1.293 (8);d = 1.366 (9):
? = 1.428 (9) A. Average internal angles: ¢(CsHs), 108.00 (25):
&(CeMeg), 119.99 (56)°. Fe-CsHs, 1.79 (1); Fe-CgMeg, 1.58 (1) A; the
methyl groups are slightly bent toward the metal according to the steric
demand of the metal-carbon orbital interaction (& = 1.32°). Note the
overall Cs symmetry of the molecule. (c) Perspective view of the structure
along the normal to the layers. For sake of clarity, only the iron atom chains
of the upper layer are depicted. (d) Projection of a chain onto a plane
perpendicular to layers of mixed Cp and arene rings.

73-Cs(CH;)sFe-1%-Ce(CH5s)s (6)8 are obtained as ivory green
crystals (60-80% yields after recrystallization from pentane
at —940 °C) by Na/Hg reduction of the cationic precur-
SOrs,

Reaction of the THF solution of 1 with dry air, followed by
addition of 1 mol of CHsl at 25 °C and metathesis with
aqueous HPFg, affords 4*PFs~ 2 which, upon Na/Hg re-
duction, gives 4.!! The reaction mixture 1*PF¢~ + excess -
BuOK + excess CH31in THF (1 h, 25 °C) gives 5*PF4, the
reduction of which affords 5.% Alternatively 5* is synthesized
by successive contacts of 1, 2, or 4 with Na/Hg/O, + CH3l
(THF, 25 °C, 4 h) (Scheme I).

5 (or 6) reacts further with 1 mol of O; (end point by color
change from deep green to pale yellow) to give the salt 510,
(or 6*0,™) (the temperature-dependent ESR spectra char-
acterize O,~+3) providing further evidence for O, as an in-
termediate in the loss of one H atom: 1 + O, — 2.

The ESR spectral®of 1, 3, 4, and 5 (observed in frozen DME
solutions only below 180 K) show 3 g values (rhombic Jahn-
Teller distortion!©) close to 2, consistent with d” complexes with
significant metal character for the singly occupied e*1.10
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Figure 2. °7Fe Mossbauer spectroscopy at zero field: temperature depen-
dence of the quadrupole splitting (QS). Isomer shifts are constant
(0.73-0.75 mm s~'). Numbering corresponds to that in Scheme 1.

The crystal structure of 111 (Figure 1) shows that it isa true
19-electron complex. Both rings are planar and parallel. The
Fe-CsHs (ring centroid) distance of 1.79 (1) A is significantly
longer than that in 18-electron complexes of Fe® and is the
longest Fe-Cp bond ever measured by X-ray. This suggests
that the antibonding e*;, orbital involves the e; level of CsH5
at least as much as that of the arene ligand (Fe-Ccqns = 2.144
(4), Fe-Ccychyye = 2.100 (7) A). The shape of the CH3 el-
lipsoids arises from a libration and/or rotation of the benzene
ligand rather than from a disorder since the X-ray powder
pattern becomes more accurate on cooling to 180 K.14¢ The
remarkable packing (Figure 1c,d) consists of alternating layers
of coplanar Cp and arene rings parallel to the quasi-linear
chains of iron atoms (angle 150°, Fe-Fe distance 7.61 A)
running along the the b axis, a situation not otherwise en-
countered in metallocene packings.

The Maéssbauer spectra of CsHsFeCgHsg, 7 (263 K) and of
1,3,4,5,and 6 (293 K) show a quadruple doublet with QS
values (1S = 0.73-0.75 mm s~ 5, QS = 0.4-0.6 mms~1) = 1.5
mm s~! smaller than those for the related cations (IS =
0.41-0.45 mm s7!; QS = 1.8-2 mm s~!) corresponding to
65-75% metal character!3 for the e*;, singly occupied by the
19th electron.!® An intriguing feature is the splitting below 170
K into two doublets for 1. This is correlated with the alternating
layers resulting from the difference of ring sizes (Figure 1d);
the doublets of 3 and 7, in which the ligands have nearly the
same size, do not split, but the QS values show a large tem-
perature dependence (Figure 2) due to a nonaxial potential
consistent with a Jahn-Teller effect (thermal population of the
upper Kramers doublet; see Figure 2; e*, splitting = 120-140
cm™1) characteristic of this d’ Fe(1) series.!?

Attempts to isolate C5(CH3)sFeCgHg as a solid from its
DME solution lead to dimerization through the benzene ring
during evaporation of the solvent even at —50 °C.!3 This shows
that hypermethylation of a ring pushes the spin density onto
the other ligand, an observation consistent with the long Cp-Fe
distance found for 1 (vide supra).

Since hypermethylation raises the ez ring level involved in
the e*;, HOMO, it decreases the eigenvector of this ligand in
e*1g. Thus hyperalkylation of the benzene ring, not that of Cp,
stabilizes the d” sandwich (as ey Cp > €15 CsHe).16 Since e*,
has ~70% metal character, a slight increase of the benzene
eigenvector in e*;, probably increases drastically the tendency
to dimerization (sandwiches of the second and third row
transition metals with more than 18 electrons have not been
isolated).!”

Therefore, the sandwiches designed here are ideal “electron
reservoirs”. A dramatic example is the efficiency of 1 as a
stable redox catalyst for the electroreduction of NO3;™ to NH3
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in aqueous 0.1 N LiOH, a reaction otherwise not feasible in
water, which now proceeds with infinite turnovers at the po-
tential (—1.8 V vs. SCE) at which 1% is reversibly reduced to
1.1¥ Since alkylation of the sandwich rings displaces the redox
potential toward more negative values (=20.02 V vs. CH3), the
more energetic electron reservoirs are the fully alkylated
sandwiches 3 and 6 (£, = —1.9 V vs. SCE, aqueous
LiOH).
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Mechanism of the Reaction between

Organo Transition Metal Alkyls and Hydrides.
A Model for the Aldehyde-Forming Step

in the Oxo Process

Sir:

The identification of primary reaction steps in organo
transition metal chemistry (e.g., oxidative addition, reductive
elimination, B-elimination, etc.) was an important advance in
understanding organometallic reaction mechanisms.! These
steps, characteristic of processes which occur at a single metal
center, are now being augmented by the identification of steps
which involve more than one metal.? One such process which
has appeared repeatedly recently is the reaction of a metal

hydride and a metal alkyl (or acyl) to give a product containing
a new C-H bond:

M-H + M’-R - R-H + M-M’ n

An early example was the observation made by Breslow and
Heck? that HCo(CO)4 and CH3;COCo(CO)4 led rapidly to
acetaldehyde, a process which was, however, discounted
(perhaps prematurely#) as the source of aldehyde in the hy-
droformylation reaction. Later Schwartz uncovered another
example in an iridium system.> Norton and his co-workers have
investigated such a process in an osmium alkyl hydride, a study
which led to the unusual postulate of reductive elimination of
alkane from an acyl hydride intermediate.® More recently still,
Halpern and co-workers have shown that benzylpentacar-
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g series: R=CHj
b series; R=CyHg
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e seriess R=CD,C.Dy
Scheme II
i
2 —/—= Cp(CO,Mo-C-R
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A == CpCO,M¢ + R—C=0
B
R—C=0 + 1| —=RCHO + CpCOI Mo’

C

B+ C —= CppMoy(CO—=4 + §
D

~

bonylmanganese and hydridopentacarbonylmanganese react
to give toluene in a process for which they have proposed a
mechanism involving initial homolysis of the benzylmanganese
bond, followed by rapid hydrogen transfer from HMn(CO)s
to the benzyl radical intermediates so formed.”

The growing ubiquity and apparent facility of metal hy-
dride-metal alkyl reactions makes it important to have good
mechanistic information available on these processes. After
briefly surveying the reactions of several well-characterized
hydrides and alkyls, we discovered that molybdenum hydride
1 and corresponding alkyls 2 undergo an especially clean and
quantitative reaction which leads to aldehyde 3 and dimers 4
and 5 {Scheme I). The methyl and ethyl complex 2a and 2b are
converted into aldehydes 3a and 3b at temperatures between
25 and 50 °C, 2b reacting substantially more rapidly. Yields
are quantitative and no trace of alkanes are observed. These
reactions give clean second-order kinetics; rate constants are
listed in Table I.

Table I. Rate Constants for Reaction between CpMo(CO)3H and
CpMo(CO);R in THF-dg?

alkyl T,°C k, M~ 5™
2a 50 2.5 X 10~4
2b 50 4.0 % 1073
2b 25 8.5 X 104
2c 50 2.5 % 1075
6a 50 2.3 % 10~

2 Rates measured by monitoring disappearance of starting material
resonances in the 180-MHz NMR spectrum.
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