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Abstract 

l,l’-Bis(diphenylphosphino)ferrocene (dppfl reacted with [PdKH,CN).,XBF.,), in the presence of one equivalent of phosphines to 
give a stable l/l complex in which there is a bonding interaction between te and Pd atoms. An X-ray structure determination of 
[(dppf)Pd(PPh,)KBF& confirms the presence of a dative bond (2.877(2) A). In the case of ligands other than phosphines, no 
complex with a metal-metal bond was obtained. 

1. Introduction 

Ferrocene derivatives with electron-donating het- 
eroatoms at the l,l’-positions are a useful organo- 
metallic ligand for preparing heterobimetallic com- 
plexes. l,l’-Bis(diphenylphosphino)ferrocene (dpp0 (1) 
is representative and its complexes with various transi- 
tion metals have been prepared [l-181. However, only 
a few complexes involving a strong metal-metal inter- 
action have been reported. Seyferth 1191 and Akabori 
[20,21] showed the presence of dative Fe-Pd and Fe-Pt 
bonds in (triphenylphosphineXl,l’-ferrocenedithiolato- 
S,S’,Fe)palladium(II) (2a) and -platinum(II) (2b), re- 
spectively. The Pd(BF& complexes (3) of trithia 
[nKl,l’)ferrocenophanes (n = 7 or 9) were also re- 
ported to contain a similar Fe-Pd bond [22,23]. It was 
reported that l,l’-bis(alkylthio)ferrocene reacted with 
Pd(BF,), in the presence of triphenylphosphine to give 
the complex (4) with a structure similar to that in 2a 
[24,25]. We here report the details of the complex of 1 
with Pd(BF,), [26*]. 

Correspondence to: Dr. M. Sato. 
* Reference number with an asterisk indicates a note in the list of 

references. 
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2. Results and discussion 

Compound 1 was treated with the strongly acidic 
compound [Pd(CH,CN),J(BF.& 1271 (prepared from 
Pd(CH,CN),Cl, and two equivalents of AgBF, in ace- 
tone) in the presence of one equivalent of triphen- 
ylphosphine to give a l/l complex, [(dppf)Pd(PPh,)l 
(BF,), @a) as dark green needles in moderate yield. In 
a similar manner, the complexes with meth- 
yldiphenylphosphine (5b) and tributylphosphine (5~) 
were obtained in 22 and 51% yields, respectively. How- 
ever, no complex with dimethylphenylphosphine was 
isolated following the same procedure. 

The ‘H NMR spectrum of 5a showed the cy and /3 
protons of the ferrocenyl ring as broad singlets at S 
4.57 and 5.95, respectively (vide in+). These signals 
remained broad singlets between - 80 and +60°C, 
although the a-protons shifted from 6 4.83 at -80°C 
to 4.51 at +62”C. This indicates that 5a has a rigid 
structure. The IR spectrum of 5a showed the out-of- 
plane bending vibration, which is a good diagnostic 
probe for the oxidation state of the ferrocene moiety 
[28], at 842 cm-‘. The value is similar to that in the 
sulphide complexes 4 (848 cm-’ in the case of R = Me) 
[25] and the thiolate complex 2a (830 and 838 cm-‘), 
although the intensity is rather weak compared with 
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2s; M-W 
2b: M-P1 

3 : M-Pd or Pt, n-7 or 9 4: R-PhorAlk 

Scheme 1. 

those of the others. The visible spectrum of 5a showed 
three absorption bands at 380 (E 145001, 477 (73001, 
and 624sh nm (1000). The pattern of the spectrum is 
closely similar to that in the sulphide complexes 4 [380 
(E 5730), 450 (16500), and 580sh nm (484) in the case of 
R = Me] [25]. 

In the 13C NMR spectrum of 5a, the ferrocenyl ring 
carbons appeared as triplets at 57.90 (J = 21.3 Hz), 
72.21 (J= 5.2 Hz), and 87.67 ppm (J= 3.8 Hz). The 
signal at 57.90 remained as a triplet in the gated 
decoupling measurement and was then assigned as the 
ipso carbon atom. The signals at 72.21 and 87.67 were 
assigned to (Y- and &carbons, respectively, since J,__ is 
generally larger than J_,. On the basis of this assign- 
ment and the result of the selective decoupling, the 
proton signals at 6 4.57 and 5.95 are assigned to the LY- 
and /3-protons of the ferrocenyl ring, respectively. The 
camplexation of 1 with Pd(BF,), causes the downfield 
shift of A 0.59 and 1.71 ppm in the (Y- and &protons 
from those of the free ligand, respectively, and the 
corresponding shifts are considerably larger than those 
observed in complex (dppf)PdCl, (6) (A N 0.15 ppm 
for both protons) [2]. The large downfield shift of the 
&proton signal is noteworthy. The large separation 
(da 1.38) between the chemical shifts of the (Y- and 
f-prrons was also observed in the sulphide complexes 

N 2.5) and was explained by the magnetic 
aniaotropy of the Fe-Pd dative bond [24]. The ‘H 
NMR data seem to suggest that 5a has a structure 
containing a Fe-Pd dative bond similar to that pro- 
posed in the sulphide complexes 4. In the 13C NMR 
spectrum of %I, it is worthy of note that the P-carbon 
signal shifted downfield (A 15.17 ppm) and the ipso 
carbon signal shifted upfield (A 18.80 ppm) compared 

ePPhp 
+ (CH&N)4Pd(BF& + PR, - 

acetone 

with those in I, although the a-carbon signal remained 
unchanged. This may suggest that the large separation 
between the (Y- and &proton signals of the ferrocenyl 
ring is not due only to the magnetic anisotropy of the 
Fe-Pd dative bond. 

In complex 5a, the upfield shift of the ipso carbon 
signal in the phenyl group of triphenylphosphine (A 
16.78 ppm) is similar to that of the ipso carbon signal 
in the ferrocenyl ring (A 18.79 ppm). The very small 
upfield shifts (A 7.34 and 4.13 ppm) were also observed 
for the ipso carbon signal in the phenyl ring of triphen- 
ylphosphine and that in the ferrocenyl ring in the 
PdCl, complex 6, respectively. These results suggest 
that the electron density flows out much more from the 
corresponding carbon atoms to the phosphorus atoms 
coordinated to the Pd” atom in 5a than in 6. The 31P 
NMR spectrum was very informative for elucidating 
the structure of complexes 5. Complex 5a showed one 
doublet (J = 15.7 Hz) at - 14.68 ppm and one triplet 
(J = 15.5 Hz) at + 38.02 ppm &-acetone). The signal 
of the P atom of triphenylphosphine in complex 2a is 
observed as a singlet at + 39.50 ppm. The magnitude of 
the coupling constant is representative for the square- 
planar complexes having ck configuration (J(PPdP) = 
8.0 Hz in cis-PdCl,(Me,P), [29] and J(PPtP1 = 20.0 Hz 
in czk-PtCl,(Bu,PX(PhO),P) [30]). From the spectrum 
it is evident ihat the P atoms“of dppf are in truns 
configuration to each other and ck to the P atom of 
triphenylphosphine in complex 5a. It is noteworthy that 
the P signal of dppf in 5a appears at - 14.68 ppm, 
while that in 6 is observed as a singlet at +34.71 ppm 
(in d,-DMSO). These results give strong support for 
the structure proposed for complexes 5 which involve a 
Fe-Pd dative bond. 

W.42 

5 a: FLj-Pb 
b: Ra’Ph&le 
c: b-B& 

Scheme 2. 
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Fig. 1. Molecular structure of Sa. 

The molecular structure of 5a was determined by a 
single X-ray diffraction. The ball-and-stick expression 
of the molecule 5a, along with the numbering, is shown 
in Fig. 1. The selected bond distances and bond angles 
are summarized in Tables 1 and 2 respectively. The Pd 
atom has a slightly distorted square-planar coordina- 

TABLE 1. Selected bond lengths (A) 

Pd-Fe 2.877(2) W-P(l) 

Pd-P(2) 
Fe-al) 
Fe-c(3) 
Fe-a51 
Fe-a71 
Fe-a91 

P(l)-a11 
P(l)-a171 
P(2)-c(23) 
K3)-c(35) 
P(3)-c(47) 
c(l)-c(5) 
c(3)-co 
c(6)-C(7) 
C(7UX8) 
as)-a101 

2.318(3) 

2.090) 
2.060) 
2.06(l) 
2.08(2) 
2.06(2) 
1.790) 
1.790) 
1.810) 
1.780) 
1.810) 
1.39(2) 
1.42(2) 
1.42(2) 
1.42(2) 
1.37(2) 

Pd-P(3) 
Fe-a21 
Fe-a41 
Fe-a61 
Fe-a81 
Fe-al01 

P(l)-all) 
P(2)-a61 
H2ba29) 
P(3)-c(41) 
ctlxx2) 
a2ba3) 
a4ba5) 
c(6)-alo) 
a8ba9) 

2.292(4) 
2.270(3) 

2.060) 
2.07(2) 

2.090) 
2.08(2) 
2.08(2) 
1.780) 
1.79(l) 
1.810) 

1.840) 
1.45(2) 
1.37(2) 
1.37(2) 
1.37(2) 
1.42(2) 

TABLE 2. Bond angles (“1 for Sa 

Fe-Pd-P(1) 
Fe-Pd-P(3) 
P(l)-Pd-P(3) 
c(l)-Fe-c(2) 
c(2)-Fe-c(3) 
a4)-Fe-a51 
C(6)-Fe-al01 
c(8)-Fe-a91 
al)-Fe-C(6) 
a3)-Fe-a91 
c(5)-Fe-a71 
Pd-P(l)-all) 

aikPwai7) 
Pd-P(2)-a61 
Pd-P(2)-C(29) 

a6)-~2)-a29) 
Pd-H3ka35) 
Pd-N3ba47) 
C(35)-P(3)-C(47) 
Fe-al)-P(l) 

79.60) 
176.9(l) 
102.30) 
41.0(5) 
38.9(5) 
38.6(6) 
38.46) 
40.2(6) 

136.1(5) 
101.1(6) 
120.9(6) 
12OA4) 
110.7(6) 
88.2(5) 

115.5(4) 
108.1(6) 
116.2(4) 
105.4(4) 
109.9(6) 
118.8(7) 

Fe-Pd-P(2) 
PWPd-P(2) 
P(2)-Pd-P(3) 
al)-Fe-C(S) 
C(3)-Fe-C(4) 
c(6)-Fe-a71 
a7)-Fe-a8) 
C(9)-Fe-a101 
C(2)-Fe-alo) 
c(4)-Fe-a81 
Pd-Pm-al) 
Pd-P(lbC(17) 
ail)-Pwai7) 
Pd-P(2bC(23) 
C(6)-P(2)-C(23) 

a23)-N2)-a29) 
Pd-P(3)-C(41) 
a35)-~3)-a4i) 
a40-~3)-a47) 
Fe-C(6)-H2) 

77.30) 
155.90) 
100.5(l) 
39.1(5) 
40.1(6) 
39.95) 
40.0(6) 
38.5(6) 

118.1(6) 
101.0(6) 
86.8(4) 

123.2(4) 
107.7(6) 
127.7(4) 
108.5(6) 
105.8(6) 
113.M4) 
101.6(6) 
110.3(6) 
114.7(7) 

tion geometry including the Fe atom of the ferrocenyl 
moiety, in which the two P atoms of dppf are in the 
truns position to each other and the Fe atom of fer- 
rocene and the P atom of triphenylphosphine are also 
in truns positions; Fe-Pd-P3 176.9(1>0 and Pl-Pd-P2 
155.90)“. The Pd-P3 distance (2.270(3) A) is somewhat 
longer than the corresponding Pd-P distance (2.241(2) 
A) in complex 2a [19,31] and is within the rtnge of 
typical Pd-PPh, pmplexes [2.230(4)-2.349(2) Al. T$e 
Pd-Pl (2.292(4) A) and Pd-P2 distances (2.318(3) A) 
are similar to that in the PdCI, complex 6 (2.2830) 
and 2.301(l) AI [2]. The Fe-Pd distance (2.877(2) A) in 
complex 5~ is quite similar to that in complex 2a 
(2.878(l) A), indicating that there is a weak dative 
bond between the Fe and Pd atoms in 5a although it is 
significantly longer than those observed in clustets 
containing Fe-Pd single bonds (2.599(1)-2.698(l) A) 
[32]. The angle Pl-Pd-P2 is quite different from that 
in the PdCl, complex 6 (99.07(5)“) and similar to that 
in complex 2a (168.6”). The tilting angle of the Cp ring 
in the ferrocene moiety in 5a is 19.6”, being different 
from that in complex 6 (6.2”) and very close to that in 
2a (19.6“). These structural parameters have been 
proved to be useful for distinguishing between both 
types of complex. No remarkable difference is ob- 
served in the Fe-Sdistances in the ferrocene moiety, 
which are 2.07(2) A on average. mOe C-C bond dis- 
tances in the Cp rings are 1.40(2) A on average and 
show no clear bond alternation. 

The electronic spectrum of complex 5a showed three 
absorptions with relatively large coefficients as de- 
scribed above. The displacement by other phosphines 
of the phosphine ligand truns to the Fe atom in the 
complexes 5 produced an appreciable change in the 
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and triphenylphosphine (26 mg, 0.1 mmol) in dry ben- 
zene (4 ml) under stirring. After 10 min, dry ether (4 
ml) was added to the resulting red-violet solution. The 
solution was kept overnight in a freezer to give the title 
complex as dark-green needles (54 mg, 49%), M.P. 
120°C (dec). Found: C, 50.87; H, 3.76. C,JI,,B, 
F,S,PFePd calcd.: C, 50.85; H, 3.52%. Vis (acetone): 
380 (log E 4.00), 477 (3.72), and 650sh nm (2.48). ‘H 
NMR (acetone-d,) S 4.57 (s, 4H, H,), 5.95 (s, 4H, HP), 
and 7.2-7.7 (m, 35H, Ph). 13C NMR (acetone-d,) 6 
57.90 (t, J= 21.3 Hz, CpipsO), 72.21 (t, J= 5.2 Hz, 
Cp,), 87.67 (t, J= 3.8 Hz, Cp,), 122.25 (td, J= 29.3 
and 3.1 HZ, Cipso in dppf), 130.11 (dt, J = 52.4 and 2.5 
Hz, CipsO in PPh,), 130.63 (d, J = 11.7 Hz, C, or C, in 
PPh,), 130.90 (t, J = 6.0 Hz, C, or C, in dppf), 133.66 
(d, J = 3.0 Hz, C, in PPh,), 134.33 (s, C, in dppf), 
134.73 (d, Js 11.7 Hz, C, or C, in PPh,), 135.33 (t, 
J = 7.1 H, C, or C, in dppf). 31P NMR (acetone-d,) S 
- 14.67 (d, J = 15.7 Hz, dppf) and 37.86 (t, J= 15.5 
Hz, PPh,). 

3.3. (Methyldiphenylphosphine)[l,l’-bis(diphenylphos- 
phino)ferrocene-P, P,Fe]palladium(II) tetrafluoroborate 
(Sb) 

Black fine needles (48 mg, 45%). M.p. 150°C (dec). 
Found: C, 54.61; H, 4.17. C,,H,,B,FsP,FePd calcd.: 
C, 54.56; H,3 .99%. Vis (acetone): 365 (log l 4.00), 465 
(3.60), and 610sh nm (2.57). ‘H NMR (acetone-d,) S 
2.46 (d, J= 12.2 Hz, 3H, PMe), 4.63 (s, 4H, H,), 5.86 
(s, 4H, H,J, and 7.2-7.9 (m, 30H, Ph). “C NMR 
(acetone-d,) 6 71.80 (t, J= 5.6 Hz, C,), 86.30 (s, C,), 
130.45 (d, J= 12.7 Hz, Ph-m in PMePh,), 130.98 0, 
J = 5.8 Hz, Ph-m in dppf), 132.97 (d, J = 11.4 Hz, Ph-o 
in PMePh,), 133.46 (d, J = 2.5 Hz, Ph-p in PMePh,), 
134.44 (s, Ph-p in dppf), 135.24 (t, J = 7.0 Hz, Ph-o in 
dppf). 31P NMR (acetone-d,) 6 - 10.63 (d, J= 14.2, 
dppf) and 25.91 (t, J= 14.2 Hz, PPh,Me). 

3.4. (Tributylphosphine)[l, 1 ‘-bis(diphenyiphosphino)fer- 
rocene-P, P, Fejpalladium (II) tetrajluorobora te (SC) 

Dark red crystals (53 mg, 51%). M.p. 208°C (dec). 
Found: C, 54.73; H, 5.60. C,,H,,B,FsP,FePd * l/ 
2C,H, calcd.: C, 54.70; H, 5.43%. Vis (acetone): 358 
(log E 4.11), 450 (3.67), and 560sh nm (2.62). ‘H NMR 
(acetone-d,) 6 0.73 (t, J = 7.4 Hz, 9H), 1.10 (m, 6H), 
1.30 (m, 12H), 1.82 (m, 6H), 4.46 (s, 4H, H,), 5.36 (s, 
4H, H,$, 7.5-8.0 (m, 20H, Ph). 13C NMR (acetone-d,) 
S 13.81 (s, CH,), 24.50 (d, J= 15.9 Hz, CH,), 27.43 (d, 
J = 3.8 Hz, CH,), 28.08 (td, J = 28.6 and 2.3 Hz, CH,), 
58.50 (t, J= 21.7 Hz, CpipsO), 71.56 (t, J= 5.7 Hz, 
Cp,), 85.70 (t, J= 3.9 Hz, Cp,), 123.71 (dt, J= 28.6 
and 2.3 Hz, CipsO in PPh,), 129.14 (s, C,H,), 131.33 (t, 
J= 6.0 Hz, C, or C, in PPh,), 134.85 (s, C, in PPh,), 

135.44 (t, J = 7.2 Hz, C, or C, in PPh,). 31P NMR 
(acetone-d,) 6 - 6.81 (d, J = 13.8 Hz, dppf) and 43.64 
(t, J = 13.7 Hz, PPh,). 

3.5. Bti(4-methylpyridine)[l,l’-(diphenylphosphino)rro- 
cene-P,Plpalladium(II) tetrajluoroborate (7) 

A mixture of dichlorobis(acetonitrile)palladium(II) 
(26 mg, 0.1 mmol) and silver tetrafluoroborate (40 mg, 
0.1 mmol) in dry acetone (2 ml) was stirred for 1 h. The 
resulting precipitates were filtered and washed with 
dry acetone (0.5 ml). To the filtrate and the washing 
was added a solution of dppf (55 mg, 0.1 mmol) in dry 
benzene (2.5 ml) and subsequently a solution of 4- 
methylpyridine (19 mg, 0.2 mmol) in benzene (1 ml). 
After stirring for several min, the solution was evapo- 
rated off. The residue was dissolved in acetone (3 ml). 
After dry ether (3 ml) had been added, the solution 
was kept in freezer overnight to give the title complex 
(55 mg, 53%) as red particles. M.p. 246°C (dec). Found: 
C, 54.29; H, 4.54; N, 2.74. C,,H,,B,F,N,P,FePd - l/ 
2C,H,O calcd.: C, 54.34; H, 4.32; N, 2.66%. ‘H NMR 
(acetone-d,) 6 2.19 (s, 6H, CH,), 4.77 (s, 4H, Fc), 4.81 
(s, 4H, Fc), 6.98 (d, J = 5.5 Hz, 4H, Py), 7.64 (m, 8H), 
7.74 (m, 4H), 7.94 (m, 8H), 8.49 (m, 4H, Py). 

3.6. Structure determination 
Crystal data of 5a: C,,H,B,FsP,FePd, M = 

1096.71, orthorhombic, Space group ,P2,2,2,, a = 
12.528(3), b = 19.305(3), c = 19.729(6) A, V= 4772(2) 
k, 2 = 4, 0, = 1.53 g cme3, Absorption coefficient 
0.84 mm-‘, F(OO0) = 2216.0. Crystal size 0.23 x 0.25 x 

0.42 mm. 
Data collection was performed at room temperature 

on an Enraf-Nonius CAD-4 diffractometer Fsing 
graphite-monochromated MO Ka (A = 0.71069 A) by 
w/28 scanning. Cell parameters were determined from 
a least-squares fitting of 24 reflections in the range 
12 < 0 < 14“. Crystal and instrument stability were 
monitored by remeasurement of two check reflections 
every 2 h. 7451 total reflections out to 0 = 30”; hkl 
ranges: 0 I h I 19, 0 I k I 27, 0 I 1 I 27. Empirical 
$-scan absorption corrections were applied. 

The structure was solved by the heavy atom method. 
A difference synthesis based on the Pd, Fe and three P 
atoms yielded all other non-hydrogen atoms. The H 
atoms were positioned according to the idealized ge- 
ometry with d(C-H) = 1.00 A and isotropic thermal 
parameters fixed at U = 0.06 A2. Fe, Pd, P, and, C 
atoms were refined anisotropically and other non-H 
atoms isotropically using least-squares method. Con- 
vergence to conventional R values of R = 0.046 and 
R, = 0.039 with a goodness-of-fit of 1.02 was obtained 
from 555 variable parameters and 2760 reflections with 
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F 2 4&F). The space group (P212,2,) has no centric 
symmetry owing to the axial chirality of the dppf lig- 
and. The absolute configuration was not determined. 
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