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The reaction of (g5-C5H4
iPr)Co(PPh3)2 with PhC„CPPh2 furnished two isomeric cyclobutadiene-substi-

tuted Cp0CoCb diphosphines, [(g5-C5H4
iPr)Co(g4-1,2-(PPh2)2C4Ph2)] (5-cis) and [(g5-C5H4

iPr)Co(g4-1,3-
(PPh2)2C4Ph2)] (5-trans). Further reaction of 5-cis with one molar equivalent of Pd(COD)Cl2 gave
palladium complex [(g5-C5H4

iPr)Co(g4-1,2-(PPh2)2C4Ph2)-PdCl2] (6) in good yield. Both of the molecular
structures of 5-cis and 6 were determined by single-crystal X-ray diffraction methods. Unexpectedly, the
palladium complex 6 was found to be more efficient than the combination of the commonly used
Buchwald’s ligand, biphenyl-2-yl-di-tert-butyl-phosphane, with Pd(OAc)2 as the catalytic precursor in
the Suzuki–Miyaura reaction between ferroceneboronic acid and 4-bromoaldehyde. The X-ray structural
analysis and DFT study of several palladium complexes containing sandwich-type diphosphine chelating
ligands revealed that the variations in bite angles are much larger than those in bite distances. The more
energetically favorable conformation in the Pd(II) complexes is the one with bite angle close to 90�.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

One of the most celebrated achievements of modern synthetic
organic chemistry is the rapid development and extensive appli-
cations of ligand-assisted palladium-catalyzed cross-coupling
methodology. In spite of the emerging employment of N-hetero-
cyclic carbenes (NHC) in recent years as potentially effective
ligands in transition metal-catalyzed cross-coupling reactions
[1–8], organophosphines undoubtedly remain to be the ligands
of the most commonly used today [9–11]. Although numerous
kinds of organophosphines have been designed, prepared and
evaluated as ligands [12], examples of using organometallic phos-
phines (TM-phosphines) as ligands in cross-coupling reactions are
relatively limited in number and scope [13–22]. Bis(diphenyl-
phosphino)ferrocene (dppf) [23–27] and its numerous derivatives
(Diagram 1) are probably the most widely used organometallic
phosphine ligands [28,29]. One of the most admired characteris-
tics of dppf is its bite angle flexibility caused by free rotation of
two Cp rings [30–32].

For the past few years, we had developed a new category of
dppf-analogous organocobalt phosphine ligands based on the
(g5-cyclopentadienyl)(g4-cyclobutadiene)cobalt framework, 1,2-
ll rights reserved.

Hong).
dppc (Diagram 1). The efficacy of these ligands in various cross-
coupling reactions has been examined [33,34]. These CpCoCb
diphosphines carrying the substituents on the same ring, such an
arrangement naturally leads to the bulkiness of this type of ligands,
which is obviously advantageous for the reductive elimination pro-
cess, the last step of the catalytic cycle [35–38]. Since the former,
dppc, contains a Cb ring, the new cobalt system could exhibit a
behavior different from that of the dppf in terms of the coordinat-
ing capacity toward palladium. Comparison between these two
systems is expected to provide useful information with respect to
the performance of an organometallic ligand upon variation in me-
tal and ring size.

One of the most frequently used methods of preparation of
arylferrocenes, ArFc, involves the direct reaction of ferrocene with
aryldiazonium salts [39–46]. However, the yields of desired prod-
ucts obtained by this method rarely exceed 50%, and in many cases
they are disappointedly low [40,47]. Due to the poor yields and
lack of characteristic generality of this method, a more feasible
route to arylferrocenes is obvious in need. The employment of
the renowned Suzuki–Miyaura reaction might provide a promising
alternative. The most commonly used organometallic compounds
in the Suzuki–Miyaura reaction are arylboronic acids. The arene
aromaticity of boronic acids is considered to be favoring the forma-
tion of the transition state during the oxidative addition process.
The cyclopentadienyl rings of the ferrocene are also regarded to
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Scheme 1. Preparations of 5-trans and 5-cis and reaction of 5-cis with Pd(COD)Cl2
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be aromatic. In principle, the Suzuki–Miyaura reaction between
ferroceneboronic acid, FcB(OH)2, and aryl halide, ArX, would yield
the desired product, ArFc. Unexpectedly, only a few articles con-
cerning this subject have been found in literature [48]. A system-
atic investigation of the synthesis of arylferrocenes using the
Suzuki–Miyaura reaction is highly desirable for improving the effi-
ciency of the method. In this report the preparation of 1,2-dppc as
well as its application in palladium-catalyzed Suzuki–Miyaura
reactions is presented.

2. Results and discussion

2.1. Syntheses of organocobalt diphosphine ligands 5-trans and 5-cis

Two isomeric forms of cobalt sandwich diphosphine ligands, 5-
trans and 5-cis, were prepared as processes described in Section 3
(Scheme 1). As shown, the reaction of CoCl(PPh3)3 (1) with Na(g5-
C5H4

iPr) (2) at room temperature yielded an air-sensitive com-
pound (g5-C5H4

iPr)Co(PPh3)2 (3). Further reaction of 3 with two
molar equivalent of alkyne PhC„CPPh2 at refluxed toluene pre-
sumably gave two isomeric forms of cobaltacycle (g5-C5H4

iPr)-
Co(C4Ph2(PPh3)2), 4a and 4b. Finally, a mixture of trans- and 5-
cis in the ratio of 56:44 was observed from the 1H NMR. Previously
we have reported that only a Cp-unsubstituted analog of 5-trans
was isolated from a similar reaction of (g5-C5H5)Co(PPh3)2 (3) with
PhC„CPPh2 at refluxed toluene. In contrast, only a cobaltacycle
analogous to 4a was isolated while 3 was reacted with HC„CPPh2

at the same reaction condition [33]. Apparently, it is the introduc-
tion of a bulky group, –iPr, on the Cp ring that caused a significant
change in the stereochemical outcome of reaction by exerting se-
vere steric hindrance on top of the molecule.

The mixture of 5-trans and 5-cis was characterized by 1H, 13C,
31P NMR, EA and MS. The 1H NMR spectrum of 5-cis shows two sets
of triplets at 4.60 ppm (t, JH–H = 2.4 Hz, 2H) and 4.63 ppm (t, JH–H =
2.4 Hz, 2H) corresponding to four cyclopentadienyl protons in
two different environments. The isopropyl group signals are ob-
served at 1.82 ppm (m, 1H, iPr) and 0.77 ppm (d, JH–H = 7.2 Hz,
6H, iPr). A single signal at �17.7 ppm in the 31P NMR spectrum
indicates the equivalence of two phosphorous atoms. As far as
the trans-isomer is concerned, its four cyclopentadienyl protons
are observed as two sets of triplets at 4.25 ppm (t, JH–H = 2.0 Hz,
2H, Cp) and 4.75 ppm (t, JH–H = 2.0 Hz, 2H, Cp) in the 1H NMR spec-
trum. The isopropyl group signals are at 2.08 (m, 1H, iPr) ppm and
0.87 ppm (d, JH–H = 6.8 Hz, 6H, iPr). The equivalence of two phos-
phorous atoms is also evidenced by a single signal at �15.8 ppm
in the 31P NMR. The molecular structure of 5-cis was determined
by X-ray diffraction methods, an ORTEP diagram being depicted
in Fig. 1. The two rings, cyclopentadienyl and cyclobutadiene, are
almost coplanar. The presence of two –PPh2 groups next to each
other makes it potentially a bidentate ligand.

2.2. Synthesis of palladium complex 6

Compound 5-cis was expected to act as an authentic diphos-
phine ligand towards the chelation of transition metals. Indeed,
further reaction of 5-cis with one molar equivalent of Pd(COD)Cl2

in toluene at 25 �C furnished palladium complex [(g5-
C5H4(CHMe2))Co(g4-1,2-(PPh2)2C4Ph2)-PdCl2] (6) in good yield
(Scheme 1). The binding mode of 5-cis is much more similar to
1,2-bis(diphenylphosphino)ethane (dppe) than of 1,10-dppf. Com-
pound 6 was characterized by spectroscopic methods. The spectro-
scopic data of 6 are not much different from that of 5-cis except for
the observed downfield shift in the 31P NMR (63 ppm) characteris-
tic of coordination. In 1H NMR, two sets of multiplets observed at
4.38 ppm (t, JH–H = 2.40) and 3.84 ppm (t, JH–H = 2.30) correspond
to four protons of the substituted cyclopentadienyl ring of 6. The
isopropyl group appears as a multiplet and a doublet at 1.52 ppm
(m, 1H, iPr) and 0.31 ppm (d, JH–H = 9.20, 6H, iPr), respectively.
The molecular structure of 6 was determined by X-ray diffraction
methods, the corresponding ORTEP diagram being depicted in
Fig. 2. It clearly shows a chelated palladium metal center and an
isopropyl group tilted away from it to prevent severe steric
hindrance.

2.3. Application of 6 in palladium-catalyzed Suzuki–Miyaura reaction

As is known, the catalytic performance of the palladium-cata-
lyzed Suzuki–Miyaura reaction is subjected to a variety of factors



Fig. 1. ORTEP drawing of 5-cis. Hydrogen atoms are omitted for clarity. Selected
bond lengths (Å) and angles (�): P1–C6 1.804(4). P2–C9 1.816(4). C3–C46 1.507(5).
C7–C22 1.467(4). C8–C28 1.484(4). C7–C6–C9 89.9(2). C7–C8–C9 90.4(2). C6–C9–
C8 89.2(2). C8–C7–C6 90.5(2). C34–P2–C40 100.82(17). C16–P1–C10 101.89(16).

Fig. 2. ORTEP drawing of 6. Hydrogen atoms are omitted for clarity. Selected bond
lengths (Å) and angles (�): P2–C6 1.799(5). P1–C7 1.804(5). Pd1–P1 2.2418(13).
Pd1–P2 2.2628(14). Pd1–Cl2 2.3485(13). Pd1–Cl1 2.3570(15). P1–Pd–P2
101.89(16). Cl1–PdCl2 93.45(5). C22–P1–C28 108.9(2). C41–P1–C34 106.3(2). C7–
P1–Pd1 105.06(14). C6–P2–Pd1 105.60(15).
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such as temperature, solvent, base, the palladium salt, the type of
ligand, the ratio of ligand/palladium etc. [49,50]. The best catalytic
efficiency can be achieved by optimizing all the factors involved. To
B(OH)2

+Br Fe
X

Scheme
study the feasibility of employing 6 as the catalytic precursor in
Suzuki–Miyaura reaction, ferrocenylboronic acid and 4-bromoal-
dehyde were chosen (Scheme 2). The general procedure for the cat-
alytic reactions under investigation is as follows. A suitable
Schlenk tube was charged with 1.5 mmol of boronic acid, 1.0 mmol
of arylhalide, 1.0 mL of solvent, 3.0 mmol of base, 1.0 mol% of pal-
ladium source. The mixture was stirred at designated reaction tem-
perature and hours depending on the reactions executed. It was
then followed by a work-up. Several commonly bases were sur-
veyed since a well-chosen base is crucial to the success of the reac-
tion. The results are listed in Table 1 [51–53]. As shown, the best
result was obtained with K2CO3 (Entry 1). Unexpectedly, NaOtBu,
the base of choice in many Suzuki reactions, showed no conversion
at all (Entry 4).

The palladium source is one of the most influential factors in the
performance of Suzuki–Miyaura reaction. Two more catalytic pre-
cursor systems were screened here, the results are shown in Table
2. Unexpectedly, a rather poor yield was observed with a com-
monly used Buchwald’s ligand, biphenyl-2-yl-di-tert-butyl-phos-
phane P(tBu)biPh and palladium acetate (Entry 2) [54–57].
Furthermore, Pd(PPh)4 was even less efficient (Entry 3). In addition,
several arylbromides were examined. The procedures were the
same as previously (Table 1) except that K2CO3 and complex 6
were chosen as a base and a catalyst precursor, respectively. The
arylbromide with an electron-withdrawing group showed a better
conversion (Entries 1 versus 4 and 5), confirming the common
observation for the palladium-catalyzed Suzuki coupling reaction
[15]. No conversion was observed in the case of benzylbromide
(Entry 6).
2.4. Computational studies on various palladium complexes

The bite angle (hP–M–P) and the bite distance (rP–M) are the two vi-
tal factors greatly affecting the catalytic efficiency of a bidentate
phosphine ligand-chelated metal complex [58,59]. The bite angles
(hP–M–P) and the bite distances (rP–M) of some complexes related to
6, namely, dppf_PdCl2 [60–62], Fc(P)4

tBu_PdCl2 [63], Josi-
phos_PdCl2 (R0 = tBu. R0 0 = Cy) [64], Josiphos_PdCl2 (R0 = Cy. R0 0 =
p-C6H4CF3) [65], ppfa_PdCl2 [66], dppm_PdCl2 [67], dppe_PdCl2

[68] and bppfa_PdCl2 [69], obtained from the X-ray data are listed
in Table 3. Since the state-of-the-art density functional theory
method (DFT) has proven to be a useful tool in the studies of transi-
tion metal-mediated catalytic reactions, it was employed to gain
information concerning the optimized geometries of these com-
plexes (Diagram 2). This method at the B3LYP level was utilized to
examine the effects of the bite angles (hP–M–P) and the bite distances
(rP–M) on the catalytic performance. For comparison, the data
obtained from the optimized geometries by DFT methods for several
complexes are listed in Table 3. By both methods the bite angles of
dppm_PdCl2 and dppe_PdCl2 are the smallest ones among all
complexes. It is understandable due to the rigidity of the carbon
backbone in both dppm and dppe. The bite angles of 6 and
Fc(P)4

tBu_PdCl2, which are quite close, are the smallest ones among
the sandwich-type ligand complexes by both methods. The bite
angles of dppf_PdCl2 and bppfa_PdCl2 are relatively large due to
the coordination to substituents on both rings. Large bite angles
[Pd]

X

7b: X=H
7a: X=C(O)H

Fe
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Table 1
Suzuki coupling reactions with various bases.a

Entry Base Yield (%)b

1 K2CO3 56
2 KF 25 (33c)
3 K3PO4 46 (54d)
4 NaOtBu NR

a Reaction conditions: ArX:FcB(OH)2:base = 1:1:3. 1 mol% 6, 1 mL toluene, 100 �C,
24 h.

b Isolated yield.
c Dry KF.
d Dry K3PO4.

Table 2
Suzuki coupling reactions with various catalyst precursors.a

Entry ArBr Pd complex Yield (%)b

1
Br

H

O 6 56

2
Br

H

O BiPh(tBu)2/Pd(OAc)2 24

3
Br

H

O Pd(PPh)4 11

4
Br

6 33

5
BrH3C

6 10.9c

6

Br

6 NR

a Reaction conditions: ArX:FcB(OH)2:K2CO3 = 1:1:3. 1 mol% palladium, 1 mL tol-
uene, 100 �C, 24 h.

b Isolated yield.
c NMR yield.
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are also observed for Josiphos_PdCl2 (R0 = tBu. R0 0 = Cy), Josi-
phos_PdCl2 (R0 = Cy. R0 0 = p-C6H4CF3) and ppfa_PdCl2 probably due
to the formation of six-membered ring after chelation. It shows that
the bite angle is greatly affected by the ring size and attributed to
the original shape of the bidentate ligand. To contrast it, the bite
Table 3
Bite angles and bite distances of 6, dppf, Fc(P)4

tBu, Josiphos, ppfa, dppm, dppe and bppf

Complex Methods

X-raya

Bite angle (�) Bite distan

6 89.87(5) 2.241(13)
2.262(14)

dppf_PdCl2 99.26 2.277
2.277

Fc(P)4
tBu_PdCl2 88.97 2.240

2.246
Josiphos_PdCl2

R0 = tBu. R0 0 = Cy
97.46 2.305

2.282
Josiphos_PdCl2

R0 = Cy.
R0 0 = p-C6H4CF3

96.02 2.237
2.275

ppfa_PdCl2 96.06 2.231 (P–
2.116 (N–

Dppm_PdCl2 72.70 2.249
2.235

Dppe_PdCl2 85.77 2.238
2.238

bppfa_PdCl2 98.79 2.298
2.302

a Data from the X-ray crystal structures available.
b Data from the optimized geometries obtained by the DFT method.
distances between palladium and phosphorus are similar in all
cases suggesting that the bond strengths are of similar scope.

2.5. Summary

A cobalt sandwich diphosphine ligand 5-cis and its chelated
palladium complex 6 were synthesized. The latter was successfully
applied in the preparation of ferrocenylarenes via the Suzuki–
Miyaura reaction. Compared with the previously reported method,
a better efficiency was observed. The DFT study showed that de-
spite of the wide variation of bite angles for different types of
bidentate ligands the bite distances between palladium and phos-
phorus are similar in all cases which suggest that the strength of
bonds are of similar scope.

3. Experimental

3.1. General

Most synthetic manipulations were carried out using standard
Schlenk techniques or operation in Dry Box under dry nitrogen
atmosphere. Moisture-free treated and freshly distilled solvents
were used in reaction. Separation was carried out by centrifugal
thin-layer chromatography (CTLC) on Chromatotron, Harrison mod-
el 8924. The plates were prepared using silica gel 60 PF254 contain-
ing gypsum (Merck). 1H and 31P{1H} NMR spectra were recorded on
a Varian Mercury-400 spectrometer operating at 400.44 and
162.10 MHz, respectively, and referenced to the residual resonance
of CHCl3 and external standard 85% H3PO4. 13C{1H} NMR spectra
were recorded either on a Varian Mercury-400 or 300 spectrometer
operating either at 100.70 or 75.43 MHz, respectively, and refer-
enced to the signal of deuterated chloroform. Coupling constants
are reported in Hz. Elemental analyses were obtained using a Herae-
us CHN–O–S-Rapid instrument. Mass spectra were recorded on JOEL
JMS-SX/SX 102A GC/MS/MS spectrometer.

3.2. Syntheses

3.2.1. Synthesis and characterization of 5-cis and 5-trans
A 100 mL round-bottomed flask equipped with a magnetic stir-

bar and a rubber septum was charged with CoCl(PPh3)3 1 (0.44 g,
a chelated palladium complexes.

DFTb

ce (Å) Bite angle (�) Bite distance (Å)

89.12 2.397
2.396

101.66 2.376
2.362

89.06 2.288
2.284

– –

– –

Pd) – –
Pd)

74.49 2.301
2.301

87.46 2.300
2.318

– –
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Table 4
Crystal data of 5-cis, and 6.

Compound 5-cis 6

Formula C48H41CoP2 C48H41Cl2CoP2Pd
Formula weight 738.68 915.98
Crystal system Monoclinic Monoclinic
Space group P21/n P21/c
a (Å) 14.18(2) 19.142(4)
b (Å) 17.89(2) 10.991(2)
c (Å) 15.17(2) 23.112(5)
a (�) – –
b (�) 93.79(3) 110.14(3)
c (�) – –
V (Å3) 3839(10) 4564.8(16)
Z 4 4
Dcalc (mg/m3) 1.278 1.333
k (Mo Ka), Å 0.71073 0.71073
l (mm�1) 0.563 0.975
h Range(�) 1.10–24.40 1.83–26.05
Observed reflections (F > 4r(F)) 7533 8964
Number of refined parameters 460 484
R1 for significant reflectionsa 0.0545 0.0516
wR2 for significant reflectionsb 0.1365 0.0966
Goodness-of-fitc 0.981 1.006

a R1 = |R(|Fo| � |Fc|)/|RFo||.

b wR2 ¼ R wðF2
o � F2

c Þ
2

h in .
R wðF2

oÞ
2

h io1=2
, w = 0.0934 and 0.0400 for 5-cis and 6,

respectively.

c GoF ¼ RwðF2
o � F2

c Þ
2=ðNrflns � NparamsÞ

h i1=2
.
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0.49 mmol) and sodium isopropylcyclopentadienide 2 (0.65 g,
0.44 mmol) before adding 10 mL toluene. After 0.5 h, a batch of
phenylethynyl diphenylphosphine (0.28 g, 1.00 mmol), dissolved
in toluene (5 mL), was added, and the solution was refluxed for
12 h. Subsequently, purification was carried out by using CTLC. A
yellow band containing both 5-cis and 5-trans in the ratio of 56/
44 was eluted out by mixed solvent CH2Cl2/hexane = 1:1. The total
yield of the resulted yellow solid is 34% (0.13 g, 0.17 mmol).

5-cis: 1H NMR (CDCl3/ppm): d 6.96–7.42 (m, 30H, Ph and PPh2),
4.60 (t, J = 2.0 Hz, 2H, Cp), 4.63 (t, J = 2.0 Hz, 2H, Cp), 1.82 (m, 1H,
iPr), 0.77 (d, J = 7.2 Hz, 6H, iPr). 13C{1H} NMR (CDCl3/ppm): d
126.0–136.8 (m, Ph and PPh2), 80.2 (Cp), 24.8 (iPr), 23.0 (iPr).
31P{1H} NMR (CDCl3/ppm): d �17.7. Anal. Calc. for C48H41CoP2: C,
78.072; H, 5.59. Found: C, 78.04; H, 5.59. LRMS: m/z = 738 (M+).

5-trans: 1H NMR (CDCl3/ppm): d 6.84–7.31 (m, 30H, Ph and
PPh2), 4.25 (t, J = 2.0 Hz, 2H, Cp), 4.75 (t, J = 2.0 Hz, 2H, Cp), 2.08
(m, 1H, iPr), 0.87 (d, J = 6.8 Hz, 6H, iPr). 13C{1H} NMR (CDCl3/
ppm): d 125.9–136.7 (m, Ph and PPh2), 87.8 (t, JC–P = 6.1 Hz, C(2)
and C(4) of Cb), 80.2 (Cp), 80.5 (Cp), 25.0 (iPr), 23.1 (iPr). 31P{1H}
NMR (CDCl3/ppm): d �15.8. LRMS: m/z = 738 (M+).

3.2.2. Synthesis and characterization of 6
The same size and set up of 100 mL flask was charged with di-

chloro(1,5-cyclooctadiene)palladium (0.04 g, 0.15 mmol) and (g5-
C4H4-iPr)Co(g4-(PPh2)2C4Ph2) 5-cis (0.11 g, 0.15 mmol), and
10 mL CH2Cl2. The solution was stirred at room temperature for
1 h before the solvent was removed in reduced pressure. Subse-
quently, purification was carried out by using CTLC. A yellow band
was eluted out by mixed solvent CH2Cl2/EA = 10:1. The yield of the
resulted yellow solid is 72% (0.10 g, 0.10 mmol).

6: 1H NMR (CDCl3/ppm): d 7.14–8.10 (m, 30H, Ph and PPh2),
4.38 (t, JH–H = 2.4 Hz, 2H, Cp), 3.84 (t, JH–H = 2.3 Hz, 2H, Cp), 1.52
(m, 1H, iPr), 0.31 (d, JH–H = 9.2 Hz, 6H, iPr). 13C{1H} NMR (CDCl3/
ppm): d 127.5–132.9 (m, Ph), 135.6 (t, JC–P = 6.0, HC@C–PPh2),
82.0 (2C, Cp), 80.4 (2C, Cp), 24.3 (iPr), 22.0 (iPr). 31P{1H} NMR
(CDCl3/ppm): d 63.0. Anal. Calc. for C48H41Cl2CoP2Pd: C, 62.94; H,
4.51. Found: C, 60.93; H, 5.27. LRMS: m/z = 879 [M�Cl]+.

3.3. General procedures for the Suzuki cross-coupling reactions

An oven-dried Schlenk tube was charged with 9.0 mg of 6
(0.01 mmol) and 3.0 mmol of base. The tube was evacuated and
backfilled with nitrogen followed by the addition of aryl bromide
(1.00 mmol), ferroceneboronic acid (0.229 g, 1.00 mmol) and tolu-
ene (2.0 mL). The tube was sealed with a Teflon screw cap, and the
mixture was stirred at 100 �C for 24 h then was filtered and con-
centrated in vacuo. The mixture was allowed to cool down to room
temperature and then the crude material was purified by CTLC in a
CH2Cl2/hexane = 1:1 mixed solvent as a mobile phase. A red band
was eluted out and characterized latter as 7a in the yield of 56%
(0.164 g, 0.56 mmol) while 4-bromoaldehyde was used as the
arylhalide source. A lower yield, 33% (0.087 g, 0.33 mmol), was
calculated and identified latter as 7b for the case where bromoben-
zene was used as the starting bromide.

3.3.1. Characterization of 7a and 7b
7a: 1H NMR (CDCl3/ppm): d 9.91 (s, 1H, CHO), 7.73 (d, 2H, JH–H =

8.4 Hz, Ph), 7.54 (d, 2H, JH–H = 8.1 Hz, Ph), 4.69 (t, 2H, JH–H = 2.1 Hz,
Cp), 4.38 (t, 2H, JH–H = 2.1 Hz, Cp), 3.99 (s, 5H, Cp). 13C{1H} NMR
(CDCl3/ppm): d 191.66, 129.87, 126.01, 70.69, 69.81, 39.98 (m).
Anal. Calc. for C17H14FeO: C, 70.37; H: 4.86. Found: C, 69.83; H:
5.35. LRMS: m/z = 290 (M+).

7b: 1H NMR (CDCl3/ppm): d 7.49 (m, 2H, Ph), 7.30 (m, 2H, Ph),
7.17 (m, 1H, Ph), 4.63 (t, 2H, JH–H = 1.6 Hz, Cp), 4.30 (t, 2H, JH–H =
1.6 Hz, Cp), 4.04 (s, 5H, Cp). 13C{1H} NMR (CDCl3/ppm): d 128.29,
126.13, 125.89, 69.55, 68.84, 66.48. Anal. Calc. for C16H14Fe: C,
73.31; H: 5.38. Found: C, 72.93; H: 5.20. LRMS: m/z = 262 (M+).
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3.4. X-ray crystallographic studies

Suitable crystals of 5-cis and 6 were sealed in thin-walled glass
capillaries under nitrogen atmosphere and mounted on a Bruker
AXS SMART 1000 diffractometer. Intensity data were collected in
1350 frames with increasing x (width of 0.3� per frame). The space
group determination was based on a check of the Laue symmetry
and systematic absences, and was confirmed using the structure
solution. The structure was solved by direct methods using a SHEL-
XTL package [70]. All non-H atoms were located from successive
Fourier maps and hydrogen atoms were refined using a riding
model. Anisotropic thermal parameters were used for all non-H
atoms, and fixed isotropic parameters were used for H atoms. Crys-
tallographic data of 5-cis and 6 are summarized in Table 4.

3.5. Computational methods

All calculations were carried out using the Gaussian 03 package,
in which the tight criterion (10�8 hartree) is the default for the SCF
convergence [71]. The molecular geometries were fully optimized
with the hybrid B3LYP-DFT method under C1 symmetry, in which
the Becke three parameter exchange functional [72] and the Lee-
Yang-Parr correlation functional [73] were used. The LANL2DZ
including the double-f basis sets for the valence and outermost
core orbitals combined with pseudopotential were used for Pd
[74,75], and 6-31G(d) basis sets for the other atoms.

Acknowledgements

We are grateful to the National Science Council of theROC (Grant
NSC 95-2113-M-005-015-MY3) for financial support. The CPU time
that was used to complete this project was mostly provided by the
National Center for High-Performance Computing (NCHC).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ica.2009.11.010.

References

[1] W.A. Herrmann, Angew. Chem., Int. Ed. 41 (2002) 1290.
[2] W.A. Herrmann, C. Kocher, Angew. Chem., Int. Ed. 36 (1997) 2162.
[3] W.A. Herrmann, T. Weskamp, V.P.W. Bohm, Adv. Organomet. Chem. 48 (2002)

1.
[4] L. Jafarpour, S.P. Nolan, Adv. Organomet. Chem. 46 (2001) 181.
[5] O. Navarro, R.A. Kelly III, S.P. Nolan, J. Am. Chem. Soc. 125 (2003) 16194.
[6] M.S. Viciu, R.A. Kelly III, E.D. Stevens, F. Naud, M. Studer, S.P. Nolan, Org. Lett. 5

(2003) 1479.
[7] J. Yin, M.P. Rainka, X.X. Zhang, S.L. Buchwald, J. Am. Chem. Soc. 124 (2002)

1162.
[8] J.P. Stambuli, R. Kuwano, J.F. Hartwig, Angew. Chem., Int. Ed. 41 (2002) 4746.
[9] N. Miyaura, A. Suzuki, Chem. Rev. 95 (1995) 2457.

[10] N.T.S. Phan, M. van der Sluys, C.W. Jones, Adv. Synth. Catal. 348 (2006) 609.
[11] J.-P. Corbet, G. Mignani, Chem. Rev. 106 (2006) 2651.
[12] M. Miura, Angew. Chem., Int. Ed. 43 (2004) 2201.
[13] G. Mann, J.F. Hartwig, J. Am. Chem. Soc. 118 (1996) 3109.
[14] J.G. Planas, J.A. Gladysz, Inorg. Chem. 41 (2002) 6947.
[15] N. Kataoka, Q. Shelby, J.P. Stambuli, J.F. Hartwig, J. Org. Chem. 67 (2002) 5553.
[16] O. Delacroix, J.A. Gladysz, Chem. Commun. (2003) 665.
[17] A. Salzer, Coord. Chem. Rev. 242 (2003) 59.
[18] Q.-S. Hu, Y. Lu, Z.-Y. Tang, H.-B. Yu, J. Am. Chem. Soc. 125 (2003) 2856.
[19] T.E. Pickett, F.X. Roca, C.J. Richards, J. Org. Chem. 68 (2003) 2592.
[20] Z.-Y. Tang, Y. Lu, Q.-S. Hu, Org. Lett. 5 (2003) 297.
[21] J.F. Jesen, M. Johannsen, Org. Lett. 5 (2003) 3025.
[22] F.-E. Hong, Y.-J. Ho, Y.-C. Chang, Y.-L. Huang, J. Organomet. Chem. 690 (2005)

1249.
[23] D. Braga, A.W. Rudie, D.W. Lichtenberg, M.L. Katcher, A. Davison, M. Polito, F.

Grepioni, Inorg. Chem. 17 (1978) 2859.
[24] I.J.S. Fairlamb, G.S. McCormack, P. Whittall, Dalton Trans. (2007) 859.
[25] S.Y. Ng, W.K. Leong, L.Y. Goh, R.D. Webster, Eur. J. Inorg. Chem. (2007) 463.
[26] X.L. Wang, X.F. Zheng, L. Wang, J. Reiner, W.L. Xie, J.B. Chang, Synthesis (2007)

989.
[27] J. Wu, L. Zhang, K. Gao, Eur. J. Org. Chem. (2006) 5260.
[28] A. Suzuki, in: F. Diederich, P.J. Stang (Eds.), Metal-Catalyzed Cross-Coupling

Reactions, Wiley-VCH, Weinheim, Germany, 1998 (Chapter 2).
[29] A. Suzuki, J. Organomet. Chem. 576 (1999) 147.
[30] P.C.J. Kamer, P.W.N.M. Leeuwen, J.N.H. Reek, Acc. Chem. Res. 34 (2001) 895.
[31] R.J. Haaren, K. Goubitz, J. Fraanje, G.P.F. van Strijdonck, H. Oevering, B.

Coussens, J.N.H. Reek, P.C.J. Kamer, P.W.N.M. Leeuwen, Inorg. Chem. 40 (2001)
3363.

[32] J.W. Raebiger, A. Miedaner, C.J. Curtis, S.M. Miller, O.P. Anderson, D.L. DuBois, J.
Am. Chem. Soc. 126 (2004) 5502.

[33] C.-P. Chang, R.G. Kultyshev, F.-E. Hong, J. Organomet. Chem. 691 (2006) 5843.
[34] C.-P. Chang, S.V. Pradiuldi, F.-E. Hong, Chem. Commun. 12 (2009) 596.
[35] M. Pérez-Rodríguez, A.A.C. Braga, M. Garcia-Melchor, M.H. Pérez-Temprano,

J.A. Casares, G. Ujaque, A.R. deLera, R. Álvarez, F. Maseras, P. Espinet, J. Am.
Chem. Soc. 131 (2009) 3650.

[36] F. Ozawa, T. Ito, A. Yamamoto, J. Am. Chem. Soc. 102 (1980) 6457.
[37] E. Zuidema, P.W.N.M. van Leeuwen, C. Bo, Organometallics 24 (2005) 3703.
[38] S.D. Walker, T.E. Barder, J.R. Martinelli, S.L. Buchwald, Angew. Chem., Int. Ed.

43 (2004) 1871.
[39] A.N. Nesmeyanov, E.G. Perevalova, R.V. Golovnya, O.A. Nesmeyanov, Dokl.

Akad. Nauk SSSR 97 (1954) 459.
[40] C. Imrie, C. Loubser, P. Engelbrecht, C.W. McCleland, J. Chem. Soc. Perkin Trans.

1 (1999) 2513.
[41] V. Weinmayr, J. Am. Chem. Soc. 77 (1954) 3012.
[42] G.D. Broadhead, P.L. Pauson, J. Chem. Soc. (1955) 367.
[43] W.F. Little, A.K. Clark, J. Org. Chem. 25 (1960) 1979.
[44] M. Rosenblum, W.G. Howells, A.K. Banerjee, C. Bennett, J. Am. Chem. Soc. 84

(1962) 2726.
[45] W.F. Little, B. Nielsen, R. Williams, Chem. Ind. (Lond.) (1964) 195.
[46] A.L.J. Beckwith, R.A. Jackson, R.W. Longmore, Aust. J. Chem. 45 (1992) 857.
[47] J.F. Jensen, I. Stofte, H.O. Srensen, M. Johannsen, J. Org. Chem. 68 (2003) 1258.
[48] D. Braga, D. D’Addario, M. Polito, F. Grepioni, Organometallics 23 (2004) 2810.
[49] E.R. Goldman, I.L. Medintz, J.L. Whitley, A. Hayhurst, A.R. Clapp, H.T. Uyeda, J.R.

Deschamps, M.E. Lassman, H. Mattoussi, J. Am. Chem. Soc. 127 (2005) 6744.
[50] A.A.C. Braga, N.H. Morgon, G. Ujaque, F. Maseras, J. Am. Chem. Soc. 127 (2005)

9298.
[51] N. Miyaura, K. Yamada, H. Suginome, A. Suzuki, J. Am. Chem. Soc. 107 (1985) 972.
[52] G.A. Grasa, A.C. Hillier, S.P. Nolan, Org. Lett. 3 (2001) 1077.
[53] S.R. Dubbaka, P. Vogel, Org. Lett. 6 (2004) 95.
[54] D. Zim, S.L. Buchwald, Org. Lett. 5 (2003) 2413.
[55] H.N. Nguyen, X. Huang, S.L. Buchwald, J. Am. Chem. Soc. 125 (2003) 11818.
[56] R. Martin, S.L. Buchwald, J. Am. Chem. Soc. 129 (2007) 3844.
[57] J.P. Wolfe, R.A. Singer, B.H. Yang, S.L. Buchwald, J. Am. Chem. Soc. 121 (1999)

9550.
[58] P. Dierkes, P.W.N.M. van Leeuwen, Dalton Trans. (1999) 1519.
[59] P.W.N.M. van Leeuwen, P.C.J. Kamar, J.N.H. Reek, P. Dierkes, Chem. Rev. 100

(2000) 2741.
[60] T. Hayashi, M. Konishi, Y. Makoto, K. Kumada, T. Higuchi, J. Am. Chem. Soc. 106

(1984) 158.
[61] I.R. Butler, W.R. Cullen, T.-J. Kim, S.J. Rettig, J. Trotter, Organometallics 4 (1985)

972.
[62] G.M. de Lima, C.A.L. Filgueiras, M.T.S. Giotto, Y.P. Mascrenhas, Transition Met.

Chem. 20 (1995) 380.
[63] J.C. Hierso, A. Fihri, R. Amardeil, P.M.H. Doucet, M.S.B. Donnadieu,

Organometallics 22 (2003) 4490.
[64] B.L. Ghent, S.L. Martinak, L.A. Sites, J.A. Golen, A.L. Rheingold, C. Nataro, J.

Organomet.Chem. 692 (2007) 2365.
[65] C. Gambs, G. Consiglio, A. Togni, Helv. Chim. Acta 84 (2001) 3105.
[66] F.H. van der Steen, J.A. Kanters, Acta Crystallogr., Sect. C: Cryst.

Struct.Commun. 42 (1986) 547.
[67] W.L. Steffen, G.J. Palenik, Inorg. Chem. 15 (1976) 2432.
[68] S. Singh, N.K. Jha, P. Narula, T.P. Singh, Acta Crystallogr., Sect C: Cryst. Struct.

Commun. 51 (1995) 593.
[69] T. Hayashi, M. Kumada, T. Higuchi, K. Hirotsu, J. Organomet. Chem. 334 (1987)

195.
[70] G.M. Sheldrick, SHELXTL PLUS User’s Manual, Revision 4.1, Nicolet XRD

Corporation, Madison, Wisconsin, USA, 1991.
[71] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,

J.A. Montgomery Jr., T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S. Iyengar,
J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox,
H.P. Hratchian, J.B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E.
Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y.
Ayala, K. Morokuma, G.A. Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S.
Dapprich, A.D. Daniels, M.C. Strain, O. Farkas, D. K. Malick, A.D. Rabuck, K.
Raghavachari, J.B. Foresman, J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J.
Cioslowski, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R.L.
Martin, D.J. Fox, T. Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M.
Challacombe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, C. Gonzalez, J.A.
Pople, Gaussian 03, Revision C.02, Gaussian, Inc., Wallingford, CT, 2004.

[72] A.D. Becke, J. Chem. Phys. 98 (1993) 5648.
[73] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B37 (1988) 785.
[74] T.H. Dunning, P.J. Hay Jr., Modern Theoretical Chemistry, New York, Plenum,

1976.
[75] P.J. Hay, W.R. Wadt, J. Chem. Phys. 82 (1985) 299.

http://dx.doi.org/10.1016/j.ica.2009.11.010

	Preparation of cobalt sandwich diphosphine ligan
	Introduction
	Results and discussion
	Syntheses of organocobalt diphosphine ligands 5-trans and 5-cis
	Synthesis of palladium complex 6
	Application of 6 in palladium-catalyzed Suzuki–Miyaura reaction
	Computational studies on various palladium complexes
	Summary

	Experimental
	General
	Syntheses
	Synthesis and characterization of 5-cis and 5-trans
	Synthesis and characterization of 6

	General procedures for the Suzuki cross-coupling reactions
	Characterization of 7a and 7b

	X-ray crystallographic studies
	Computational methods

	Acknowledgements
	Supplementary material
	References


