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SYNTHESIS AND STRUCTURAL 
CHARACTERIZATIONS OF 

(p3-H(Ph)C=C) FeCo2(CO)7dppfe (dppfe = 1J'- 
BIS(DIPHENYLPHOSPHIN0)FERROCENE): 

THE APICAL PHENYL GROUP OF THE CLUSTER 
AND A PHENYL GROUP IN DPPFE 

SATORU ONAKA*, YOSHITAKA KATSUKAWA and HIROYUKI FURUTA 

INTRAMOLECULAR ~C-K INTERACTION BETWEEN 

Department of Chemisty, Nagoya Institute of Technology, Gokiso-cho, Showa-&, 
Nagoya 466, Japan 

(Received I1 June 1996; Revised 19 August 1996; In final form 21 October 1996) 

Thermal reaction of {p3-H(Ph)C=C} FeCo,(CO), (1) with dppfe in benzene affords dark green 
{p,-H(Ph)C=C} FeCo,(CO)?dppfe (2). The molecular structures of 1 and 2 have been determined 
by single crystal x-ray analysis; dppfe replaces two equatorial carbonyls from two Co(CO), groups. 
Thus, dppfe approaches the apical phenyl group. This unusual conformation has been analyzed by 
computer visualization of the n electrons of the apical phenyl group and one of the phenyl groups 
in dppfe to indicate an intramolecular n-n interaction between these two phenyl groups. Atomic 
charge analysis by Extended Hiickel (E.H.) calculation suggests why dppfe coordinates to Co atoms 
preferentially. Cyclic voltammetric behavior for these compounds is interpreted in terms of HOMO 
and LUMO, which have also been analyzed by E.H. calculations. 

Keywords: mixed metal cluster; 1,1 '-bis(dipheny1phosphino)ferrocene; intramolecular R-R interaction; 
E.H. calculation; CV; HOMO-LUMO 

INTRODUCTION 

1 , 1'-Bis(dipheny1phosphino)ferrocene (abbreviated as dppfe hereafter) is a 
fascinating ligand not only from the catalytic importance of its metal complexes' 
but also from a synthetic prospective due to its flexible coordination to the 
metal(s) as demonstrated in our previous papers.24 We have also shown that 
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78 S. ONAKA et al. 

dppfe gives significant effects on the redox potential of the metal center to 
which dppfe is ~oordinated.~ Recently our interest in the construction of higher- 
nuclearity clusters led to the formation of [RCC0~(C0)~]~(p-dppfe) in which 
dppfe bridges two cobalt cluster units, RCCO,(C~), .~ As a logical extension of 
this finding, we have attempted to synthesize [ {p3-H(Ph)C=C} FeC%(CO)s]z 
(p-dppfe) by thermal decarbonylation of {p3-H(Ph)C==C} FeCq(CO), (1); the 
reason why we expected that dppfe might bridge two cluster units by thermal 
decarbonylation is that 1 possesses a bulky apical substituent, H(Ph)C=C and 
this bulky substituent should prevent dppfe from bridging two metal sites in one 
cluster unit as observed for CH,CC0,(C0),dppfe.~ Herein is reported the result 
of the reaction, molecular structure analyses of the product and 1, and CV for 
these compounds. 

EXPERIMENTAL 

Materials and General Procedures 

Syntheses and manipulations were made under a nitrogen atmosphere with 
standard Schlenk-line techniques. Solvents were purified by standard procedures 
before use. Dppfe was purchased from Strem Chemicals and was used as received. 
{p3-H(Ph)C=C} FeCo,(CO), (1) was synthesized by the literature m e t h ~ d . ~  IR 
spectra were recorded on a JASCO Valor-I11 FT-IR spectrometer. ,lP-NMR 
spectra were measured on a Varian XL-200 spectrometer operated at 80.984 
MHz with Fourier transform mode and were referenced to external H,PO,. 
A positive chemical shift designates a resonance to a lower field than the resonance 
of the standard. 

Synthesis of fu3-H(Ph)kC)FeCo,(CO), dppfe 

A benzene solution (40 mL) of 1 (350 mg, 0.663 mmol) and dppfe (368 mg, 
0.663 mmol) was heated at 80 "C for 3.5 h under N2. The solvent was vacuum- 
stripped from the resulting dark brown solution. A dark brown residue was 
dissolved into a minimum amount of dichloromethane and the solution was 
subjected to a Yamazen YFLC-700 medium pressure liquid chromatography 
(Wako-gel C-200). A purple-red band was eluted with a petroleum ether-hexane 
(1:l) solution. Then a green band and a dark green band were eluted with a 
hexane-benzene (1:l) solution. The second green band was collected and the 
solvent was rotary-evaporated to leave a dark-green solid. Pure samples were 
obtained by recrystallizing this solid from petroleum ether-chloroform. Yield 
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IRON COBALT CLUSTER 79 

245 mg (36%). IR(v(C0)) (Nujol mull) 2041(s), 1999(vs), 1985(vs), 1957(m), 
1948(s), 1940(m), 1919(m) cm-'; 31P NMR (CDC1, soln, -50 "C) 6 39.3 and 
50.6 (each peak consists of 8 lines due to coupling with Co nucleus, I = 7/2). Anal 
Calcd for C49H34C02Fe07P2(%): C, 57.34; H, 3.34. Found: C, 57.75; H, 3.59. 

X-Ray Data Collection and Structure Determination 

A dark green crystal of 2 with approximate dimensions of 0.80 x 0.50 x 0.20 
mm3 and a dark brown crystal of 1 with approximate dimensions of 
0.55 x 0.50 x 0.40mm3 (both of which were grown from CH2C12-hexane) 
were mounted on a MAC MXC3 diffractometer equipped with graphite 
monochromated Mo Ka radiation (h = 0.71073 A). The crystal data for these 
compounds are given in Table I. The structures were solved by a direct method 
(SHELXS 86) and refined by a full-matrix least-squares method on a Sun 
SP/Classic work station with a Crystan program package provided by MAC 
Science. Refinements were made anisotropically for nonhydrogen atoms for 2. 
However, strong correlation among the parameters prevented anisotropical 
refinements for 1 and final parameters obtained are based on isotropical 
refinements. The molecular structures of 2 and 1 are shown in Figure 1 and 2. 
The atomic coordinates are listed in Table I1 and selected bond lengths and 
angles are given in Table 111. The IFoI-IFcI tables and anisotropic temperature 
factor tables are available from the author. 

FIGURE 1 
the dppfe group except ipso-carbons are omitted for clarity. 

Molecular structure of (p,-H(Ph)C=C} FeCo,(CO),(p-dppfe) (2). Phenyl carbons of 
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FIGURE 2 Molecular structure of the molecule 1 of {p3-H(Ph)C=C} FeCq(CO), (1). 

TABLE I Crystal data 

Compound (prH(Ph)C=C) FeCo,(COj, dppfe(2) [prH(Ph)C=C) FeCo,(CO), ( I )  

Formula C49H~C02Fe207P2 c 17H&o2Fe09 
Formula weight 1026.3 527.93 
Crystal system Trjclinic Trjclinic 

a/A 12.095(4) 15.407(5) 
blA 16.774( 7) 28.639(5) 
C I A  12.035 9.444(2) 
d d e g  104.56(3) 90.73( 1) 
P/deg 110.12(3) 104.31(2) 
W e g  85.09(3) 96.97(2) 
VIA3 22 I9( 1) 4004( 1) 
Z 2 8 

Crystal dimens/mm3 0.80 x 0.70 x 0.55 
~ ( M o  kcc)/cm-’ 10.1 14.2 

Scan range 1.36 + 0.35tan8 1.60 + 0.35tan0 
Scan speedldegmin-] 5.0 6.0 

Temperature (K) 298 298 
Unique reflections 5784 10454 
Reflections with 
IFo1’3WoI 3420 746 1 
No. of parameters 568 47 1 
refined 
R 0.095 0.125 
Rw 0.066 0.126 

Space group P1 PI 

dcalcd/gcm-3 1.54 1.75 
0.55 x 0.50 x 0.40 

Scan type 28-w 28-w 

28,,,/deg 45 45 

Mo K a  radiation (h=0.71073 A); R = ~ ~ F o / - ~ F c ~ ~ / ~ F o ~ ;  R, = [ Z W ( ~ F , ~ - ~ F , ~ ) ~ ~ ( F ~ ) * ] ~ ”  where w = l/a2(F) 
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Electrochemical Measurements 

Cyclic voltammetry was done at 25°C with a BAS CV-SOW electrochemical 
analyzer equipped with a platinum electrode for the working electrode and a 
platinum coil for the auxiliary electrode. A AglAgNO3 (0.01M) electrode was 
employed as the reference electrode with 0.lM n-BuqNC104 (TBAP) in CH2C12 
(1M = 1 m~ldm-~) .  Approximately a lo-, M solution for each sample was 
prepared in CHzC12 which contained 0.1M TBAP as a supporting electrolyte. 
A sweep rate of 200 mV/s was generally used for CV. All of the manipulations 
were made under an argon atmosphere. 

The electrochemical data are given in Table IV. 

RESULTS AND DISCUSSION 

Single crystal x-ray analysis has confirmed that the product of the thermal reaction 
between dppfe and 1 is {p3-H(Ph)C=C}FeCoz(CO),(~-dppfe)(2) which is 
apparently composed of one cluster unit and in which dppfe bridges two cobalt 
atoms (Figure 1); two 8-line peaks in the 31P NMR at -50 "C substantiate the 
coordination of dppfe to two cobalt atoms, not to cobalt and iron atoms. X-ray 
analysis has also unraveled the structural feature, that is, dppfe replaces two 
equatorial carbonyls of two cobalt atoms (Figure 2: the molecular structure of the 
parent 1). Thus dppfe occupies the structurally crowded space. The result is a 
clear contrast to the thermal reaction between RCCo,(CO), (R = CH, and C,H,) 
and dppfe3. * where dppfe replaces two axial carbonyls and resides on the sterically 
less crowded opposite site of the C O ~  plane with respect to the apical substituent 
R, although a similar type of product RCCo3(C0),(p-dppfe) is obtained. As a 
heuristic argument, it should be pertinent to note that dppm (dppm = bis(dipheny1- 
phosphino)methane), which is less bulky and less electron-donating5 than dppfe, 
replaces two equatorial carbonyls in the thermal reaction with CH,CCO,(CO),.~ 
We have examined computer visualization analysis of the x electrons of the 
phenyl groups using the CAChe prograrn.l0 As is shown in Figure 3, the 7c 
electrons of the apical phenyl group are in close contact with those of one of the 
phenyl groups in dppfe. We believe that the tenable explanation for this crowded 
arrangement of dppfe rests on the n-n interaction between these phenyl groups. 
We have attempted to get insight into why dppfe coordinates to cobalt atoms 
preferentially. E.H. calculation based on the molecular parameters obtained from 
single crystal X-ray analysis of 1 has shown that the net positive atomic charges 
on two cobalt atoms are greater than that on iron atom in 1. Presumably dppfe 
prefers more positive cobalt atoms to the less positive iron atom. 
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IRON COBALT CLUSTER 91 

FIGURE 3 
C=C(Ph) group and one of the phenyl groups in dppfe. 

Space-filling representation of the interaction between the phenyl group of the apical 

Table 111 lists important bond lengths for 2 and 1. The Co-Co and C-Fe 
lengths in 2 are significantly elongated compared with those of 1, while the 
Fe-CI and CO~--CI and Co2-C, bond lengths of 2 are close to those of 1. 
However, the Fe-C2 distance of 2 is far shorter than that of 1; the apical 
C=C(Ph) group in 2 is pushed back to the proximity of the FeCo;! core. This 
approach should increase the K electron donation from the apical C=CH(Ph) 
group to Fe, thus reinforcing the interaction between Fe and the C=C group.7 
Indeed, the C S  bond length of the apical C=€H(Ph) group in 2 (1.40(3) 
is longer than those in 1 (1.31(4)-1.39(4) A) and the finding is consonant with 
the increased K electron donation from this group to Fe. Thus, increased K 

donation from the apical C=CH(Ph) group should be another origin of the 
crowded arrangement of the dppfe group in the equatorial positions." The 
P-Co bond lengths of 2 are 2.208(6) and 2.271(7) A, which are significantly 
shorter than those of CH3CCo3(C0)7dppfe (2.297(2)-2.3 14(2) A)3 and of 
C6H5CCo3 (CO),dppfe (2.310(3)-2331(2) A)* but are close to that of 
[CH,CC0~(C0),]~(~-dppfe) (2.240(1) A).6 M-CO and C-0 bond lengths of 2 
are close to those of 1. Figure 4 shows cyclic voltammograms for 2 and 1. The 
most striking feature in the CV of 2 is that an irreversible peak is observed at 
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Epa = 0.48 V which is absent for 1. This peak is assignable to the oxidation of 
Fe in dppfe according to our previous CV study for a series of dppfe complexes 
with manganese carbonyl  derivative^.^ There are two other irreversible oxidation 
peaks at E,, = 1.03 V and 1.35 V for 2 which correspond to irreversible oxidation 
peaks at Ep = 1.16 V and 1.34 V for 1. 1 shows a reversible reduction peak at 
Ell2 = -1.0 V, while 2 shows a significantly cathodic shifted irreversible peak 
at E112 = -1.42 V. For a series of phosphine-substituted homonuclear trimetallic 
RCCo3(CO),,L, clusters, it has been shown that the cluster core reduction 
takes place around E1/2 = -1.0 V and shifts to more negative potential with 
increasing phosphine substituents. It has also been demonstrated that a quasi- 
reversible cluster-core oxidation peak appears at El12 = 0.85 V in the case of 
FcCCO~(CO)~[P(OM~)~]~  and/or of RCCo3(CO),(PR3),; first oxidation process 
occurs on Fe of the apical Fc group at El12 = 0.50 V for FcCCo,(CO), 
[P(OMe)&.13 These redox processes have been interpreted in terms of the 
HOMO-LUMO term on the basis of E.H. ~alculations;'~-'~ an electron is added 
to the LUMO which is of o*(Co-Co) character in the reduction process and an 
electron is removed from the ~(CO-Co) HOMO in the oxidation process of 
RCCO~(CO)~(PR~)~ .  The facts that the cluster-core reduction becomes more 
difficult and the cluster core oxidation becomes easier with increasing phosphine- 
substituents have also been interpreted in terms that the increase of phosphine- 
substituents permits accumulation of electron density on the cluster-core to lead 
to destabilization of the LUMO and an increase in electron density on the cluster- 
core raises the level of the HOMO to enable easy electron removal from the 
HOMO because phosphines are good o-electron donors and weak n-electron 
acceptors. 12-13 Therefore, we have also attempted E. H. calculation analysis of 
the HOMO-LUMO character for 1 and 2 by use of the CAChe program systemlo 
hoping to get insight into the redox processes for 1 and 2. The calculations have 
shown that 2 has energetically close HOMO and next HOMO both of which 
have o(M-M) character and has a LUMO which has o*(M-M) character. 1 has 
similar HOMO and next HOMO with o(M-M) character and has a LUMO with 
o*(M-M) character. The results for these analyses on the HOMO and LUMO of 
1 and 2 are quite similar to those of R C C O ~ ( C O ) , - , L ~ . ~ ~ - ~ ~  In previous reports 
we have shown that dppfe is a strong electron Therefore, the shift of 
the reduction potential to more negative for 2 compared with that of 1 can be 
interpreted in terms of the destabilization of the LUMO because of the increase in 
electron density of the cluster-core. The first oxidation potential of 2 is 
significantly shifted to lower oxidation potential as mentioned above. The result is 
also interpreted in terms of an increase in electron density on the FeCoz core. The 
second oxidation process should originate from the HOMO. However, detailed 
discussion must wait for a future ESR study on the oxidation processes of 1 and 2. 
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FIGURE 4 
(working electrode), Ag/Ag+ in CH,CN (reference electrode). 

Cyclic voltammograms of 1 (left) and 2 (right) in CH,CI, at 25OC; 200 mV/s, Pt plate 
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