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Air-oxidation of Cp'sFes(HCCH), (Cp' = Cp (1a), CsHsMe (1b)) in an NH4PFs/CH3CN solution afforded the one-
electron oxidized clusters [Cp'sFe4(HCCH),](PFs). Oxidation of 1a with excess AgBF, in THF afforded [1a](BF.),
while that of 1b with excess AgBF, gave [1b](BF,),. The X-ray crystal structure analysis of [1a](BF,) revealed that
the monocationic cluster retains the butterfly-type Feq(us-n%n%nt:nt-HCCH), framework similar to that of the neutral
cluster. The average Fe—Fe bond length is shorter by 0.029 A than that in the neutral cluster. Electrochemical
oxidation of 1a and 1b in 0.1 M NH,PF¢/CH3CN solution at +0.30 and +0.25 V versus Ag/10 mM AgNQs, respectively,
afforded the two-electron oxidized clusters [1a](PFg), and [1b](PFe),. The X-ray crystal structure analysis for [1b]-
(BF4), shows that the butterfly-type cluster core is retained but shrinks more of those of neutral and monocationic
clusters. The four Fe—Fe bonds in [1b](BF,), are unequivalent: one Fe—Fe bond (2.397(1) A) is apparently shorter
than the others (2.439(2)-2.461(2) A).

Introduction type tetrairon cluster CgFey(us-CO), (Cp = Cp, 7°-CsHy-

Over the last few decades, increasing attention has beenMe) can be regarded as a model for the metal surface that

focused on the reduction of coordinated carbon monoxide absorbs carbon monoxide. In the previous paper, we reported

in transition metal complexes and clusters to further under- that treatment of CpFe(us-CO with LIAIH 4 leads to the

stand the heterogeneous reduction of CO such as thereductive coupling of carbonyl ligands to give butterfly-type

FischerTropsch reaction and, if possible, to develop afetyltznce—ﬁo&rdlrizted clulstzelrfst'ﬁFm;(H(f(le)z (ICUECE:
homogeneous catalysts for the reduction of Cibe cubane- (18), 7°-CsHaMe (1b)) (eq 1) € acelylene figands 1
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are substituted by carbon monoxide to give the original
cubane-type carbonyl clusters or'¢gfey(HCCH)(CO), and

free acetylené,a conversion cycle of carbon monoxide to
acetylene can be constructed. It is very interesting to examine
the change of reactivity of the cluster toward ligand substitu-
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Chem. Soc1998 120, 9135-9138.

(3) This type of reaction indeed occurs, but very slowly. The details will
be reported elsewhere.
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Table 1. Cyclic Voltammetric Data ofita and1b in 0.1 M
(n-BusN)(PFs)- Acetonitrile?

redox couple Epa V Epe, V Ei, V AE,, mV
[1a]3t/[1a]?" +1.08 +0.99 +1.04 90
[1a]?"/[1a]*" +0.27 +0.20 +0.24 70
[1a]**/[14]° —0.62 —0.70 —0.66 80
[1a]%[1a]~ -1.32

[1b]3*/[1b]?* +1.00 +0.91 +0.96 90
[1b]2*/[1b]** +0.20 +0.13 +0.17 70
[1b]¥H/[1b]° —0.69 -0.77 -0.73 80
[1b]%[1b]%~ —1.38

aSweep rate: 50 mV 3. Potentials are given in V vs Ag/10 mM
AgNOs.

tion accompanied by oxidation or reduction since one-
electron oxidized or reduced complexes undergo more facile
substitution than the original complexes dd@his paper
describes the synthesis and structures of the one- and two
electron oxidized clusters df. In the previous papérwe
reported that the cyclic voltammogram of the acetylene
clusterslaandl1b exhibit three reversible or quasireversible

one-electron oxidation waves and an irreversible one-electron br. W
reduction wave. The electrochemical data are summarized( r, Wa

in Table 1. On the basis of the redox data fgroxidation
of 1 was carried out.

Experimental Section

General Comments. All reactions were performed under a
nitrogen atmosphere using deoxygenated solvents dried wit
appropriate reagents. The compoundsFegCO)°2and (MeGHg)s-
Fey(CO)® were prepared according to the literature procedures.
All other chemicals were used as received. NMR spectra were
recorded on a Bruker ARX-300 spectrometer. IR spectra were

h

recorded on a Horiba FT-200 spectrometer. Mass spectra were

obtained with a JEOL JMS-HX110 spectrometer. Bulk electrolysis
was carried out using a Bioanaytical System BAS-100BW. A
platinum net was used as a working electrode; a carbon rod was

used as a counter electrode, which was separated from the

electrolysis solution by a sintered glass filter; and an Ag/10 mM
AgNO; electrode was used as a reference electrode.

Improved Synthesis of CpFey(HCCH), (1a). A THF solution
(40 mL) of CpFe(CO), (500 mg, 0.84 mmol) was stirred with
excess LiAIH, (318 mg, 8.38 mmol) at room temperature. Im-
mediately, the color of the solution changed from green to brown.
After being stirred for 2 h, volatiles were removed under reduced

(10 mL). The solution was exposed to air with stirring foh at
room temperature. After filtration, volatiles were removed under
reduced pressure. The residue was washed first with water (30 mL)
to remove excess NfRFR; and finally with ether (30 mL). The
brown solid was extracted with acetonitrile, and the solvent was
removed in vacuo to givelp](PFs) (34 mg, 76%) as a brown solid.
Anal. Calcd for GHosFsFesP: C, 42.34; H, 3.55. Found: C, 42.07;
H, 3.60. Mass (FABmnitrobenzyl alcohol, Xe)wz 681 (M,

3), 536 (M" — PR, 100). IR (KBr,7/cm™1): 3107 (w), 2941 (w),
1421 (m), 1115 (w), 1061 (w), 1009 (w), 847 (vs), 557 (rt).
NMR (300 MHz, CBCN): 6 —75.40 (br,W;;, = 50 Hz, 4H,
2HCCH), 8.10 (brWy; = 25 Hz, 20H, 4Cp).

Synthesis of [1b](PF) by Air-Oxidation. Clusterlb (54 mg,
0.091 mmol) was treated in a manner similar to the synthesis of
[1al(PFs) mentioned abovelp](PFs) (53 mg, 79%) was obtained
as a brown solid. Anal. Calcd for,gHsFsFesP: C, 45.64; H, 4.38.
Found: C, 45.43; H, 4.63. Mass (FABynitrobenzyl alcohol, Xe)
m/'z. 737 (M*, 2), 592 (M" — PF;, 100). IR (KBr,#/cm™1): 3111
(w), 2926 (w), 1483 (m), 1373 (w), 1031 (w), 842 (vs), 829 (vs),
557 (m).*H NMR (300 MHz, CBCN): ¢ —76.53 (br,Wy, = 55
Hz, 4H, HCCH),—1.49 (br,W,, = 14 Hz, 12H, 4GH,Me), 6.00
o = 22 Hz, 8H, 4GH4Me), 8.87 (br,W;;, = 25 Hz, 8H,
4CsH Me).

Electrochemical Oxidation of 1a to a Dicationic Cluster. (A)
Synthesis of [1a](PFk).. A 0.1 M NH4PF; solution of CHCN (40
mL) containingla (42 mg, 0.078 mmol) was electrolyzed&€.30
V versus Ag/AgNQ. After the current decreased to almost zero,
the solution was filtered. The filtrate was evaporated to dryness
under reduced pressure. The greenish brown residue was washed
with water (50 mL) and ether (30 mL) and then extracted with
acetonitrile. Removal of the solvent in vacuo afforded a greenish
brown solid that was recrystallized from acetonitrile/ether to give
brown crystals of 1a](PFs),. Yield: 44 mg, 68%. Anal. Calcd for
CosHosFFelP,: C, 34.91; H, 2.93. Found: C, 35.48; H, 3.20. Mass
(FAB, mrnitrobenzyl alcohol, Xejwz 536 (M™ — 2PF;, 100). IR
(KBr, #/lcm™1): 3120 (w), 1429 (m), 1425 (w), 1068 (w), 1016
(W), 1012 (w), 862 (vs), 829 (vs), 762 (w), 557 (s), 534 (V$).
NMR (300 MHz, CD;CN) ¢ fraction showing sharp signals: 4.92
(s, 10H, 2Cp), 5.62 (s, 10H, 2Cp), 14.81 (s, 2HCCH), 17.99
(s, 2H, HCCH); fraction showing broad signals: 56.6 (¥, =
980 Hz, 20H, 4Cp);—154.9 (br,W;;, = 1000 Hz, 4H, 2HCCH).
13C NMR (75.5 MHz, CRCN) ¢ fraction showing sharp signals:
90.1, 91.5 (Cp).

(B) Synthesis of [1b](PF)2. A 0.1 M NH4PF; solution (40 mL)

pressure. To the greenish black residue was added a mixture of°f €HsCN containinglb (37 mg, 0.063 mmol) was electrolyzed at

toluene and ethanol (16:1, 60 mL) at room temperature to deactivate

+0.25 V versus Ag/AgN@ Then, the solution was treated with a

the hydride-transfer reagent. The insoluble materials were removedProcedure similar to the synthesis agj(PFs), mentioned above.
using the Celite pad. The filtrate was evaporated to dryness, and[1PI(PFe)2 was obtained as brown crystals. Yield: 30 mg, 54%.
then the resulting residue was extracted with toluene (80 mL) Anal. Calcd for GgHaFiFeP,: C, 38.14; H, 3.66. Found: C,
through the Celite pad. Removal of volatiles under reduced pressure38-44: H, 3.93. Mass (FABynitrobenzyl alcohol, Xeywz 737
afforded a brown solid ofa (151 mg) in 33% yield. (M* — PF, 2~), 592 (M — 2PF, 100), 532 (M — 2PR; — 4Me,
Improved Synthesis of (GH4Me)sFes(HCCH), (1b). Cluster 2). IR (KBr, #/lem™): 3120 (w), 1483 (m), 1454 (w), 1404 (w),
1b (351 mg) was synthesized in 77% yield by a method similar to 1390 (W), 1240 (w), 1032 (w), 829 (vs), 557 (81 NMR (300
that for 1a, using (GH4Me)sFey(CO), (500 mg, 0.77 mmol) and MHz, CDsCN) ¢ fraction showing sharp signals: 1.77, 2.09 (s,
excess LiAlH (290 mg, 7.64 mmol). 6H x 2, 4(GH4Me)), 4.50, 4.98, 5.27, 5.56 (m, 4K 4, 4(05H4-
Synthesis of [1a](Pk) by Air-Oxidation. Clusterla (35 mg, Me)), 14.27 (s, 2H, BCCH), 17.67 (s, 2H, BCCH); fraction

0.065 mmol) was dissolved in 0.1 M NPIFs solution of acetonitrile ~ ShoWing broad signals:154.1 (br,Wy, = 720 Hz, 4H, HCCH),
—-10.7 (bl’,Wl/z = 25Hz, 12H, 4((§H4Me)), 52.1, 56.8 (bl'Wl/z =

260 Hz, 8Hx 2, GHsMe). 13C{*H} NMR (75.5 MHz, CQCN) 6
fraction showing sharp signals: 13.1, 13.%KGMe), 88.1, 89.6,
89.7, 91.4, 109.6, 110.3¢H,Me), 186.4, 258.0 (HCCH).
Synthesis of [1a](BR) by Oxidation with AgBF 4. To a THF
solution (50 mL) ofla (29 mg, 0.054 mmol) was added AgBF

(4) (a) Sun, S.; Sweigart, D..AAdv. Organomet. Chen1.996 40, 171—
214. (b) Yuki, M.; Mitsui, T.; Inomata, S.; Okazaki, M.; Ogino, H.
Chem. Lett1998 561-562.

(5) (a) King, R. B.Inorg. Chem.1966 5, 2227-2230. (b) Allan, G. R;
Rychnovsky, S. J.; Venzke, C. H.; Boggess, T. F.; TuttJLPhys.
Chem.1994 98, 216—221.
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(209 mg, 1.07 mmol), and the mixture was stirred at room

temperature for 14 h. The insoluble materials were collected by complex
filtration and extracted with acetonitrile. The solvent was evaporated formula

in vacuo to give a brown solid ofLg](BF,). Yield: 30 mg, 89%.
Anal. Calcd for GsH..BF4Fey: C, 46.30; H, 3.89. Found: C, 45.73;
H, 3.83. Mass (FABm-nitrobenzyl alcohol, Xejwz 536 (M —
BF;, 100). IR (KBr,#/cm™1): 1080 (vs), 1041 (vs), 856 (s), 829
(s). *H NMR (300 MHz, CDCN): ¢ —73.93 (br,Wy; = 80 Hz,
4H, 2HCCH), 8.09 (brW,, = 40 Hz, 20H, 4Cp).

Synthesis of [1b](BR). by Oxidation with AgBF 4. To a THF
solution (50 mL) oflb (47 mg, 0.079 mmol) was added AgBF
(155 mg, 0.796 mmol), and the mixture was stirred at room
temperature for 3 h. The insoluble materials were collected by
filtration and washed with THF and GBl,. Extraction with

acetonitrile and subsequent removal of the solvent afforded a trans factor range

greenish brown solid oflb](BF.), (55 mg, 90%). Anal. Calcd for
CogHzBoFsFey: C,43.93; H, 4.21. Found: C, 43.14; H, 4.12. Mass
(FAB, m-nitrobenzyl alcohol, XewWz 592 (M" — 2(BF,), 100).
IR (KBr, #/cm™1): 1479 (m), 1462 (w), 1448 (w), 1392 (w), 1389
(w), 1371 (w), 1367 (w), 1350 (w), 1232 (w), 1055 (vs), 847 (m),
534 (w), 521 (w)*H NMR (300 MHz, CB;CN) ¢ fraction showing
sharp signals: 1.78, 2.08 (s, 642, 4(GHsMe)), 4.51, 4.99, 5.28,
5.57 (m, 4Hx 4, 4(GH4Me)), 14.28 (s, 2H, BICCH), 17.69 (s,
2H, 2HCCH); fraction showing broad signals:155.4 (br,Wy,, =
403 Hz, 4H, HCCH);~10.5 (br,Wy;, = 196 Hz, 12H, 4(GHsMe)),
53.4, 58.0 (brWy, = 280 Hz, 8Hx 2, GHsMe). 13C{1H} NMR
(75.5 MHz, CQXCN): 6 13.2, 13.8, 88.2, 89.6, 89.7, 91.5.
Reaction of 1b with 1 Equiv of HOTf. To a CHCI, solution
(30 mL) of 1b (200 mg, 0.34 mmol) was added HOTf (44,
0.44 mmol) at room temperature. After the solution was stirred

Okazaki et al.
Table 2. Crystallographic Data oflfa](BF4) and [Lb](BFa)2

[La](BF4) [1b](BF4)2

GaH24BFsFey CogHzBoFsFey
fw 622.65 765.56
cryst syst orthorhombic orthorhombic
space group Pbcn(No. 60) Pbca(No. 61)
a A 11.975(7) 18.678(2)
b, A 16.442(7) 17.604(2)
c, A 11.655(7) 17.072(3)
v, A3 2294(1) 5613(2)
z 4 8
deaica g CNT 3 1.802 1.811

000 1252.00 3088.00
radiation Mo Ko Mo Ka
(A=0.71069 A) (A =0.71069 A)
u(Mo Ka), cm? 25.19 20.97
1.660.88 1.006-0.85

T, K 293 150
cryst size, mm 0.4 0.30x 0.30 0.50x 0.20x 0.20
u(Mo Ka), cm? 25.19 20.97
20max deg 55.0 52.0
no. of unique data collected 2648 5502
no. of data used 1284 ¢ 30(l)) 3445 ( > 30(l))
no. of variables 158 395
R, RyP 0.059, 0.085 0.055, 0.058
GOF 1.20 2.23
Ae, A3 0.72,—0.50 1.37,-0.69

AR = yFs2 — FR/ISF2 PRy = [SW(Fo? — FAUIW(F2)Y2

at room temperature on a Rigaku AFC-6S four-circle diffractometer
with graphite-monochromated ModKradiation using ther — 26
scan technique (3< 26 < 55°). Diffraction data of Lb](BF,),
were collected at—123 °C on a Rigaku AFC-5R four-circle

overnight, volatiles were removed under reduced pressure. Thediffractometer with graphite-monochromated Mo Kadiation using
residue was washed with water and ether in this order and extractedthe @ — 20 scan technique (3< 20 < 52°). An empirical

with acetonitrile (50 mL). The extract was filtered through the Celite
pad. Evaporation of the solvent from the filtrate gave a greenish
brown solid of [Lb](OTf). Yield: 201 mg, 80%. Anal. Calcd for
CooHzFFe05S: 47.01; H, 4.35. Found: C, 46.71; H, 4.31. Mass
(FAB, mnitrobenzyl alcohol, Xejwz 592 (Mt — OTf, 100). IR
(KBr, #lcm™Y): 3089 (w), 2925 (w), 1724 (br), 1481 (w), 1371

(m), 1269 (vs), 1220 (s), 1145 (s), 1027 (s), 821 (m), 636 (s), 569

(w), 515 (w).*H NMR (300 MHz, COxCN): 6 —75.01 (br,Wi/,
= 42 Hz, 4H, HCCH),—1.38 (br,W;;, = 6 Hz, 12H, 4GH,Me),
6.00 (br,W;;, = 16 Hz, 8H, 4GHs;Me), 8.85 (br,W,;, = 16 Hz,
8H, 4GHsMe).

Reaction of 1b with Excess HOTf.To a CHCI, solution (30
mL) of 1b (200 mg, 0.34 mmol) was added HOTf (3@Q, 3.4
mmol) at room temperature. The solution was treated with a
procedure similar to that employed in the reactionlbfwith 1
equiv of HOTTf. A greenish brown solid olp](OTf), was obtained.
Yield: 227 mg, 75%. Anal. Calcd for {gH3FsFe,06S,: C, 40.48;

H, 3.62. Found: C, 39.77; H, 3.56. Mass (FABx;nitrobenzyl
alcohol, Xe)m/z 592 (M" — 2(OTf), 100). IR (KBr, #/cm™1):
3091 (w), 2927 (w), 1708 (br), 1481 (m), 1452 (m), 1371 (m),
1265 (vs), 1155 (s), 1030 (vs), 847 (m), 638 (vs), 573 (w), 517
(w). TH NMR (300 MHz, CIxCN) ¢ fraction showing sharp
signals: 1.78, 2.37 (s, 6K 2, 4(GHsMe)), 4.52, 5.01, 5.21, 5.58
(m, 4H x 4, 4(GHsMe)), 14.30 (s, 2H, AICCH), 17.73 (s, 2H,
2HCCH); fraction showing broad signals:155.1 (br,W,, = 156

Hz, 4H, HCCH),—10.72 (br,W,, = 16 Hz, 12H, 4(GH,Me)),
52.10, 56.78 (brWy; = 51 Hz, 8H x 2, GH4Me).

X-ray Crystal Structure Determination. Crystals of [La](BF,)
and [Lb](BF,), for X-ray analysis were grown by placing a layer
of diethyl ether over an acetonitrile solution of the cationic clusters
at room temperature. Diffraction data dfd](BF,) were collected
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absorption correction based on azimuthal scans was applied;
maximum and minimum factors were shown in Table 2. The data
were corrected for Lorentz and polarization effects. Crystallographic
data of [La](BF,4) and [Lb](BF,), are listed in Table 2.

Results and Discussion

Improved Synthesis of Acetylene-Coordinated Clusters
la and 1b.In the previous papérwe reported the synthesis
of Cp4Fe(HCCH), (Cp = Cp (1a), CsHsMe (1b)) by the
reaction of CfyFey(us-CO), with LiAIH 4 (eq 1). After
volatiles were removed from the reaction mixture, the residue
was extracted with toluene. The isolated yields were low
(9% for 1a, 11% for 1b). In the present paper, toluene is
replaced by a mixture of toluene and ethanol, which carries
out decomposition of excess LiAlHand extraction of the
cluster simultaneously. By this change in the experimental
procedure, the isolated yields were dramatically improved
(9 vs 33% forla, 11 vs 77% forlb).

Air-Oxidation of 1 in the Presence of NH,PFs. When
the acetonitrile solutions dfa and 1b were exposed to air
in the presence of NiPF;, the monocationic saltdf)(PFs)
and [Lb](PFs) were formed (eq 2). Workup of the mixture

H cp

Cp' Cs
\FEAM%

. 7
e
CPE/;-FF\\J

Cp'
Cp' = Cp (1a), MeCsH, (1b)

air
—_—

+ NH,PFg
acetonitrile

[al(PFe) or [1b](PFg)  (2)

76% 79%
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afforded brown solids ofla](PFs) and [Lb](PFs) in 76 and
79% vyields, respectively. As expected from an odd number
of electrons, 1a](PFs) and [Lb](PFs) are paramagnetic. The
IH NMR signals of La](PFe) and [Lb](PFs) exhibit the
characteristic paramagnetic shifts and line broadening. The
IH NMR spectrum of 1a](PFs) in CDsCN shows two broad
singlets at 8.10W/, = 25 Hz) and—75.40 ppm {V;, = 50
Hz) assignable to four Cp and two HCCH ligands, respec-
tively. Elemental analysis and mass spectral datalef[
(PFR) and [Lb](PFs) are consistent with the formulas.
Electrochemical Oxidation of 1.To synthesizeT](PFs)2,
bulk electrolyses ofla and1b were carried out ina 0.1 M
NH4PFR/CH;CN solution at 0.30 and 0.25 V versus Ag/
AgNQO;s, respectively. Workup of the reaction mixtures and
recrystallization of the residues afforded brown crystals of
[1](PFe)2. The results of elemental analysis and mass
spectroscopic data are in good agreement with the formulas.
The neutral clusters are diamagnetic; thus, the dicationic ~ Figure 1. ORTEP drawing of the cation irlf](BF.). The Cp ligands are
clusters were also expected to be diamagnetic. However, thisomntetq for clarlti/)zAfterlsks indicate atoms generated by the symmetry
was not the case. THel NMR spectrum of analytically pure operation €., &
samples of 1a](PFs). in CDsCN shows two types of signals;
sharp (A) and broad (B) signals (Figure 3). The two sharp
singlet signals at 17.99 and 14.81 ppm with equal intensity
are assignable to acetylene ligands. The two signals of the
corresponding Cp ligands are found at 5.62 and 4.92 ppm.
In addition to these sharp signals, two broad signals were
observed at-154.9 and 56.6 ppm. Spectroscopic features
of [1b](PFs)2, [1b](BF4),2, and [Lb](OTf), are quite similar
to that of [La](PFs).. Details of this spectroscopic behavior
will be reported elsewhere.
Oxidation of Cp'4Fe4(HCCH), (Cp' = Cp (1a), GHsMe
(1b)) by AgBF,. Treatment ofla with excess AgBl-gave
the one-electron oxidation productd](BF,) in 89% yield
(eq 3). In contrast, treatment @b with excess AgBEdid

Cp' g\ 2
¥e&if\k‘>¥ Figure 2. ORTEP drawing of the cation inlp](BF4),. The GHsMe
%F\e\l// * —>  [1a](BFy) ligands are omitted for clarity.
Cp‘/H / H acetonitrile 89%
ce' AGBF @ Reaction of 1b with HOTf. Treatment ofLb with 1 equiv
O CP (1) MeCafle 11) L mer, of HOTf caused oxidation olb to give the one-electron
90% oxidized product 1b](OTf) in 80% yield (eq 4). Wherlb
not give [Lb](BF,) but did give a two-electron oxidation 1 equiv. HOTf
product [Lb](BF,), in 90% vyield (eq 3). The spectroscopic > [1b)(OTf)
features of L&a](BF4) and [Lb](BF.), are quite similar to those 80%
of [1&](PFs) and [Lb](PFs),, respectively. The difference in acetonitrile
the products between the Cpaj and the GHsMe (1b) b — “)
analogues can be understood by the difference in the redox
potentials ofla and1b. The redox potentials dfb shift to excess HOTF [b](OTH,
the negative side by 780 mV as compared with those of 75%

laas shown in Table 1. This may come from the stronger
electron-releasing character of theHzMe ligand than that

. was allowed to react with excess HOTT, the two-electron
of the Cp ligand.

oxidized cluster Ib](OTf), was obtained in 75% yield (eq

(6) (a) Whitmire, K.; Shriver, D. FJ. Am. Chem. Sod98(Q 102, 1456~ 4)- o
l{|457- V\(lb)LDrﬁzdch)n,cMcA.é r\]Nhltnr;reé K.SI:].;_ Bhaltjte‘lltl::ffl’yy%hA- A It has been reported that hydrocarbon fragments bridging
Su, -L.; Nagel, C. C.] ore, 5. G.; river, D.J-AmM. em. .
Soc. 1982 104 5630-5633. (c) Shriver, D. F.; Sailor, M. JAcc. over metal cores can be releaseq upon treatment with a
Chem. Resl1988§ 21, 374-379. Bronsted acid®8In our system, elimination of the acetylene
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Figure 3. H NMR spectrum of 1a](PFe)2.

Table 3. Selected Interatomic Distances (A) and Bond Angles (deg) in  Table 4. Selected Interatomic Distances (A) and Bond Angles (deg) in

[14](BF2) [1b1BF4)2 (A)
Interatomic Distances Interatomic Distances
Fel Fel* 2.465(3) Fel Fe2 2.475(2) Fel Fe2 2.461(2) Fel Fe3 3.243(2)
Fe2 Fe2+= 2.461(3) Fel Fe2# 3.272(2) Fel Fed 2.439(2) Fe2 Fe3 2.397(1)
Fel c1 1.959(9) Fel CP 1.982(9) Fe2 Fe4 3.243(2) Fe3 Fe4 2.443(2)
Fel c2 1.975(9) Fe2 C1 1.993(9) Fel C1 1.930(8) Fel c2 1.975(8)
Fe2 c2 1.932(9) Fe2 Ccx 1.996(9) Fel C4 1.995(8) Fe2 C1 1.995(8)
s Fe2 Cc2 1.933(8) Fe2 C3 2.016(8)
= c2 1.46(1) Fe3 c2 1.999(8) Fe3 C3 1.943(8)
C1 H1 1.1(1) c2 H2 1.0(1) Fe3 C4 1.985(8) Fe4 C1 1.993(8)
Fe4 C3 1.963(9) Fe4 Cc4 1.921(8)
Bond Angles

Fel Fel® Fe2*a 8296(5) Fel Fe2 FeZ 83.05(5) Cl c3 1.46(1) C2 c4 1.46(1)
. - . C1 H1 0.93(9) c2 H2 0.72(10)

1/2a i\szt)erlsks indicate atoms generated by the symmetry operatigny( c3 H3 0.84(7) Ca H4 0.82(9)

Bond Angles

or its derivatives was not observed at all, but oxidation of ., a1 Fea 82.89(5) Fel Fe2 Fe3 83.77(5)
the cluster cores takes place to give the one- and two-electron Fe2 Fe3 Fe4 84.16(5) Fel Fe4 Fe3  83.26(5)
oxidized products, depending on the amount of HOTH.

Crystal structure of [1a](BF.) and [1b](BF4).. The length of Fe-Fe decreases successively. The stepwise
structures of 1a](BF,) and [Lb](BF,), were determined by  shortening is most likely due to the removal of electrons
the single-crystal X-ray diffraction study. ORTEP drawings from the Fe-Fe antibonding MO by oxidatiohThus, the
of the cationic parts of 1a](BFs) and [Lb](BF.). are total bond order of four FeFe bonds in 1a]* and [Lb]?*
illustrated in Figures 1 and 2, respectively, in which Cp and increases by 0.5 and 1.0, respectively, from the neutral
CsH4Me ligands are omitted for clarity. Hydrogen atoms on cluster. The GC bond lengths of acetylene ligands remain
acetylene ligands were located crystallographically and re- almost unchanged with oxidation. In each structureaf
fined isotropically. Selected interatomic distances and anglesand [La]*, all four Fe-Fe bond lengths are almost identical.
of [1&](BF,) and [Lb](BF,); are listed in Tables 3 and 4, However, in [Lb]?", one Fe-Fe bond (Fe2Fe3, 2.397(1)
respectively. In both mono- and dicationic clusters, two A) is shorter than the others (2.439¢2.461(2) A).

H H H H 240,2-
aiz.etlylene'llgands ,b”d,ge, over four iron atoms insay*” Supporting Information Available: Crystallographic data in
n-p* fashion that is similar to that _Of t_he neutral C.Iu_s%er. CIF format. This material is available free of charge via the Internet
All of the neutral, mono-, and dicationic forms exhibit the gt http://pubs.acs.org.
butterfly-type Fe cores in which four FeFe bonds are
formed. The average of the F&e bond distances ifta,
[1a]+' and I:I'b 2_+ are. 2'50' 2.47, and 2.44 A’ respectlvely. (7) Inomata, S.; Hitomi, K.; Tobita, H.; Ogino, thorg. Chim. Actal994
As the cluster is oxidized from 0 té-2, the average bond 225, 229-238.
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