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Abstract

A dinuclear complex bridged by a substituent-free gallium atom, Cp*(dmpe)Fe–Ga–Fe(CO)4 (1b: Cp* = g-C5Me5, dmpe =
Me2PCH2CH2PMe2), was synthesized by the reaction of Cp*Fe(dmpe)GaCl2 with K2[Fe(CO)4]. Crystal structure analysis of complex
1b showed that the geometry around the gallium atom is essentially linear and the two Fe–Ga bonds are significantly shorter than those
of usual single bonds, indicating the multiple bonding character of the Fe–Ga bonds. Comparison of the structure and IR data of 1b and
those of Cp*(dppe)Fe–Ga–Fe(CO)4 (1a: dppe = Ph2PCH2CH2PPh2) revealed that the Fe–Ga bond is sensitive to the electronic character
of the metal fragment. The Fe–Ga bond is shortened upon introducing a more p-basic metal fragment.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Transition metal complexes with metal-gallium unsatu-
rated bonding have excited much recent interest from
structure/bonding viewpoints [1–6]. Isolation of the first
terminal gallyleneiron complex (OC)4FeGaAr* ð2 : Ar� ¼
2; 6-ð2; 4; 6-Pri

3C6H2Þ2C6H3Þ by Robinson et al. triggered
the extensive debate on the bonding model for the iron–gal-
lium bond [7]. The question is whether the GaR fragment is
bound via a multiple bond to the metal (e.g. LnM@GaR or
LnM „ GaR) or via a donor–acceptor interaction (e.g.
LnM GaR) [7,8]. Theoretical study by Frenking et al.
suggested that the M-ER (M = metal, E = group-13 ele-
ment) bond in transition metal complexes with terminal
group-13 diyl ligands is mainly ionic, but is significantly
affected by the p back donation from metal to ER group
[9]. Several recent experimental and theoretical studies also
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support this description [10,11]. However, systematic,
experimental studies to investigate the electronic effect of
metal fragment on the metal-gallium unsaturated bonding
have been hampered by the difficulty of synthesis of such
complexes.

In our previous paper, we reported synthesis and struc-
ture of the first dinuclear complex bridged by a substituent-
free gallium atom Cp*(dppe)Fe–Ga–Fe(CO)4 (1a: Cp* = g-
C5Me5, dppe = Ph2PCH2CH2PPh2) [12]. Complex 1a is
unique since, based on the 18-electron rule, the bonding
of 1a can be described as Cp*(dppe)FeAGa@Fe(CO)4,
i.e., a single bond between Cp*(dppe)Fe and Ga and a dou-
ble bond between Ga and Fe(CO)4. On contrary to the for-
mal bonding description, structure analysis revealed that
the former is even shorter than the latter. This finding
indicates that the iron–gallium bonds bear considerable
multiple bond character and is significantly affected by
the p-back donation from the metal fragment. This also
suggests that introduction of a more p-basic metal
fragment should shorten the corresponding Fe–Ga bond.
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In this paper, we report synthesis of a dmpe-substituted
complex Cp*(dmpe)Fe–Ga–Fe(CO)4 (1b: dmpe = Me2-
PCH2CH2PMe2). Comparison of the structures of complex
1a and 1b clearly shows that the Fe–Ga bonding is sensitive
to the electronic character of the metal fragment.

2. Results and discussion

2.1. Synthesis of [Cp*(dmpe)FeGaCl2] (3)

The target complex Cp*(dmpe)Fe–Ga–Fe(CO)4 (1b) was
synthesized by a salt elimination reaction between a dichlo-
rogallyliron complex Cp*(dmpe)FeGaCl2 (3) and
K2[Fe(CO)4] (4) (vide infra). The dichlorogallyl complex
3 was prepared by photochemical substitution of carbonyl
groups in Cp*Fe(CO)2GaCl2 (5) by dmpe in 22% yield (Eq.
(1)).
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Monitoring the reaction by NMR spectroscopy demon-
strated that the reaction proceeds via two intermediates.
Intermediate A was formed when dmpe was added to a tol-
uene-d8 solution of 5. 31P NMR spectrum of the reaction
mixture showed two signals at �26.8 and �45.2 ppm in
addition to that for the free dmpe. The former is in the
range of gallium-coordinated phosphines (�20 � �30
ppm) [13] whereas the later is close to that of the free dmpe.
This suggests that one of the two phosphino groups in
dmpe is bound to the gallium atom of gallyliron complex
5 to give complex A depicted in Scheme 1. When the mix-
ture was irradiated, two new 31P NMR signals appeared
gradually at +34.6 and �41.7 ppm, which are assignable
to the iron- and gallium-coordinated phosphino groups
of complex B, respectively (Scheme 1) [13,14]. Prolonged
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irradiation caused a decrease of the signals for the interme-
diates A and B and an increase of the signal at +68.7 ppm,
which is assignable to complex 3.
2.2. Synthesis and structure of Cp*(dmpe)Fe–Ga–Fe(CO)4

(1b)

Reaction of the dmpe-substituted dichlorogallyliron
complex Cp*Fe(dmpe)GaCl2 (3) with K2[Fe(CO)4] (4) in
THF afforded the dinuclear complex bridged by a substitu-
ent-free gallium atom, Cp*(dmpe)Fe–Ga–Fe(CO)4 (1b)
(Eq. (2)). Complex 1b was isolated as orange crystals in
51% yield, and fully characterized by NMR, IR spectros-
copy, elemental analysis, and crystal structure analysis.
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1H NMR spectrum of complex 1b showed Cp* and two
Me signals at 1.55, 0.66 and 1.23 ppm, respectively. Meth-
ylene proton signals of the dmpe ligand appeared at 1.45
and 1.55 ppm. The latter was overlapped with the Cp* sig-
nal, which was confirmed by 1H–1H COSY NMR experi-
ment. 13C NMR spectrum of 1b showed one CO signal,
indicating fluxional behavior of four carbonyl groups in
the complex.

X-ray crystal structure analysis revealed that the struc-
ture of 1b (Fig. 1, Table 1) is similar to that of
Cp*(dppe)Fe–Ga–Fe(CO)4 (1a) [12]. The geometry around
the gallium atom is essentially linear (178.01(4)�), indicat-
ing sp-hybridization of the gallium atom. The Fe–Ga
bonds (Fe(1)–Ga 2.3205(5) and Fe(2)–Ga 2.2409(5) Å)
are markedly shorter than those of usual Fe–Ga single
bonds (2.36–2.46 Å) [2] and comparable to those of termi-
nal gallyleneiron complex 2 (2.2248(7) Å) [7] and a cationic
Fe

PMe2
Me2P

Ga
Cl

Cl

Fe

PMe2Me2P

Ga
Cl

Cl
OC

-CO

3

B

hν

1.



Fe(2)

Fe(1)Ga

C(2)

O(2)

C(1) O(1)

C(3)

O(3)

P

Fig. 1. ORTEP drawing of 1b (thermal ellipsoids at the 50% probability
level). Hydrogen atoms are omitted for clarity.
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diiron complex bridged by a gallium atom [{Cp*Fe(-
CO)2}2(l-Ga)]+ (2.272(1) and 2.266(1) Å) [10]. These struc-
tural features indicate that the Fe–Ga bonds in 1b bear
multiple bond character.

2.3. Fe–Ga bonding in Cp*(L)Fe–Ga–Fe(CO)4 (L = dppe

(1a), dmpe (1b))

Table 2 summarizes the Fe–Ga bond lengths and car-
bonyl-stretching frequencies (mCO) of complex 1a [12]
and 1b. Based on the 18-electron rule, bonding of 1 can
be depicted as A in Scheme 2. However, the Cp*(L)Fe–
Table 1
Bond lengths (Å) and angles (�) for 1b

Fe(1)–Ga 2.3205(5) Fe(2)–Ga 2.2409(5)
P–Fe(2) 2.1678(6) C(1)–Fe(1) 1.786(4)
C(2)–Fe(1) 1.780(4) C(3)–Fe(1) 1.774(3)
C(1)–O(1) 1.153(5) C(2)–O(2) 1.152(6)
C(3)–O(3) 1.158(4)

Fe(2)–Ga–Fe(1) 178.63(2) P–Fe(2)–Ga 90.75(2)
C(3)–Fe(1)–C(2) 118.88(9) C(3)–Fe(1)–C(1) 96.21(11)
C(2)–Fe(1)–C(1) 94.8(2) C(3)–Fe(1)–Ga 82.65(8)
C(2)–Fe(1)–Ga 87.50(13) C(1)–Fe(1)–Ga 177.70(15)
P#1–Fe(2)–P 83.45(3) O(1)–C(1)–Fe(1) 179.2(5)
O(2)–C(2)–Fe(1) 176.8(4) O(3)–C(3)–Fe(1) 177.6(2)

Symmetry transformations used to generate equivalent atoms: #1 x,
�y + 1/2, z.

Table 2
Comparison of Fe–Ga bond lengths and mCO frequencies of Cp*(L)Fe–
Ga-Fe(CO)4 (L = dppe (1a), dmpe (1b))

Cp*(dppe)
Fe–Ga-Fe(CO)4 (1a)

Cp*(dmpe)
Fe–Ga-Fe(CO)4 (1b)

Bond lengths

Cp*(L)Fe–Ga/Å 2.2479(10) 2.2409(5)
(CO)4Fe–Ga/Å 2.2931(10) 2.3205(5)

mCO frequencies

m/cm�1 1998 1991
1923 1917
1890 1882
1878 1869
Ga bond is shorter than the usual single bond. The
Cp*(L)Fe–Ga bond in 1 is even shorter than the formal
double bond of (OC)4Fe–Ga. The remarkable shortening
of the Cp*(L)Fe–Ga bond is attributable to the contribu-
tion of stronger p-back donation from the electron-rich
Cp*(L)Fe fragment in comparison to that from the
Fe(CO)4 fragment. This bonding scheme suggests that the
Fe–Ga bond lengths should be sensitive to the p-basicity
of the metal fragments in the molecule. Indeed, replacing
the dppe ligand of 1a with a more electron-donating dmpe
ligand in 1b caused contraction of the Cp*(L)Fe–Ga bond
(Table 2). The strong back-donation from Cp*(dmpe)Fe to
Ga suppresses that from Fe(CO)4, which results in the
elongation of the (OC)4Fe–Ga bond in 1b compared to
that of 1a. The red shift of mCO bands of 1b compared to
those of 1a is consistent with this interpretation. This result
clearly shows that the metal-gallium bonding is signifi-
cantly affected by the p-back bonding from metal to unsat-
urated gallium atom and, thus, contribution of a canonical
form B is dominant for complex 1 (Scheme 2).
3. Experimental

3.1. General procedures

All manipulations were performed using either standard
Schlenk tube techniques under nitrogen, vacuum line tech-
niques, or a dry box under nitrogen. K2[Fe(CO)4] (4) [15]
and Cp*Fe(CO)2GaCl2 (5) [16] were prepared by the liter-
ature methods. Toluene and THF were dried by refluxing
over sodium benzophenone ketyl followed by distillation
under a nitrogen atmosphere. NMR spectra were recorded
on a JEOL JNM-AL300 Fourier transform spectrometer at
room temperature. IR spectra were obtained on a JASCO
FT/IR-600 Plus spectrometer at room temperature. Pho-
tolysis was carried out by using an Ushio UV-452 450W
medium pressure Hg lamp and a Pyrex reaction vessel.
3.2. Cp*Fe(dmpe)GaCl2 (3)

A toluene solution (15 mL) of Cp*Fe(CO)2GaCl2 (5)
(0.10 g, 0.28 mmol) and dmpe (0.041 g, 0.28 mmol) placed
in a Pyrex sample tube with a Teflon vacuum valve was
irradiated with a 450 W medium pressure Hg lamp at
4 �C. The reaction mixture was periodically degassed by
conventional freeze–pump–thaw cycles on a vacuum line.
After 1.5 h, the reaction mixture was concentrated to ca.
5 mL and cooled to �30 �C to give orange crystals of
Cp*Fe(dmpe)GaCl2 (3). Yield: 0.030 g (0.062 mmol,
22%). 1H NMR (300 MHz, C6D6) d/ppm 1.58 (s, 15H,
Cp*), 1.58 (br, 2H, CH2), 1.50 (m, 6H, Me), 1.08 (m, 2H,
CH2), 0.72 (m, 6H, Me). 13C NMR (75.5 MHz, C6D6) d/
ppm 85.1 (s, C5Me5), 32.2 (dd, 1JPC = 21 Hz, 2JPC = 21 Hz,
PCH2), 22.2 (dd, 1JPC = 18 Hz, 4JPC = 15 Hz, PMe), 20.7
(dd, 1JPC = 8 Hz, 4JPC = 6 Hz, PMe), 11.8 (s, C5Me5). 31P
NMR (121.5 MHz, C6D6) d / ppm 69.0 (dmpe). Anal. Calc.
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for C16H31FeGaCl2P2; C: 39.88, H: 6.49%. Found; C:
40.10, H: 6.32%.

3.3. Cp*(dmpe)Fe–Ga-Fe(CO)4 (1b)

A suspension of K2[Fe(CO)4] (4) (0.036 g, 0.15 mmol) in
THF (5 mL) was added slowly to Cp*Fe(dmpe)GaCl2 (3)
(0.065 g, 0.13 mmol) in THF (5 mL) at room temperature
with vigorous stirring. The solution was stirred for 1 h
and then filtered through a glass filter. The filtrate was con-
centrated to ca. 2 mL and cooled to �30 �C to give orange
precipitates. Recrystallization of the precipitates using a
small amount of toluene gave orange crystals of
Cp*(dmpe)Fe–Ga-Fe(CO)4 (1). Yield: 0.040 g (0.069 mmol,
51%). 1H NMR (300 MHz, C6D6) d/ppm 1.55 (s, 15H,
Cp*), 1.55 (br, 2H, CH2), 1.41 (m, 6H, Me), 1.23 (m, 2H,
CH2), 0.66 (m, 6H, Me). 13C NMR (75.5 MHz, C6D6) d/
ppm 218.9 (s, CO), 85.7 (s, C5Me5), 32.7 (dd, 1JPC = 23 Hz,
2JPC = 23 Hz, PCH2), 24.5 (dd, 1JPC = 15 Hz, 4JPC = 15
Table 3
Crystal data and structure refinement for complex 1b

Complex 1b

Empirical formula C20H31Fe2GaO4P2

Formula weight 578.81
Temperature (K) 133(2)
Wavelength (Å) 0.71073
Crystal system Orthorhombic
Space group Pnma

Unit cell dimensions

a (Å) 16.5848(11)
b (Å) 13.3328(9)
c (Å) 11.1504(9)

Volume (Å3) 2465.6(3)
Z 4
Dcalc (Mg/m3) 1.559
Absorption coefficient 2.398 mm�1

F(000) 1184
Crystal size (mm3) 0.35 · 0.25 · 0.22
h Range for data collection (�) 2.20–32.28
Index ranges �24 6 h 6 19,

�18 6 k 6 18, �15 6 l 6 11
Reflections collected 10713
Independent reflections [Rint] 3872 [0.0252]
Absorption correction Semi-empirical from

equivalents
Maximum and minimum transmission 1.0000 and 0.5655
Refinement method Full-matrix least-squares

on F2

Data/restraints/parameters 3872/0/146
Goodness-of-fit on F2 1.070
Final R indices [I > 2r(I)] R1 = 0.0593, wR2 = 0.1461
R indices (all data) R1 = 0.0599, wR2 = 0.1469
Largest difference in peak and hole (e Å�3) 0.679 and �2.106
Hz, PMe), 20.2 (dd, 1JPC = 8 Hz, 4JPC = 8 Hz, PMe),
11.3 (s, C5Me5). 31P NMR (121.5 MHz, C6D6) d / ppm
65.8 (dmpe). IR (KBr) m/cm�1 1991, 1917, 1882, 1869
(mCO). Anal. Calc. for C20H31Fe2GaO4P2; C: 41.50, H:
5.40%. Found; C: 41.26, H: 5.37%.

3.4. X-ray crystal structure determination of Cp*(dmpe)Fe–

Ga–Fe(CO)4 (1b)

A single crystal suitable for X-ray crystal structure
determination was mounted on a glass fiber. The intensity
data were collected on a RIGAKU RAXIS-IV Imaging
Plate diffractometer with graphite monochromated Mo
Ka radiation at 133 K. Crystallographic data are listed in
Table 3. The structure was solved by direct and Fourier
transform methods using SHELX-97 [17]. All non-hydrogen
atoms were refined by full-matrix least-squares techniques
with anisotropic displacement parameters based on F2 with
all reflections. All hydrogen atoms were placed at their geo-
metrically calculated positions and refined riding on the
corresponding carbon atoms with isotropic thermal param-
eters. The final residue R1 and the weighted wR2 were
0.0593 and 0.1461, respectively.
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of charge from The Cambridge Crystallographic Data Cen-
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