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H, multiplet), 5.28 (C5H5, doublet, JPH = 1.2 Hz), 5.65 (CH2, mul- 
tiplet) with relative intensities 1:3:5:4, respectively. 3 ' P  N M R  spec- 
trum in CHCI3: -223.4 ppm (singlet). 

Preparation of (~s-CsHs)Fe(CO~POCH~CH~0(0C6Hs)]C6Hs (7). 
A solution of (~I~-CSH~)F~(CO)[P(C~H~)~]C~H~ (3.81 g, 7.80 mmol) 
and C6H50POCH2CH20 (2.27 g, 12.4 mmol) in 100 ml of benzene 
was heated under reflux for 10 h. Solvent was removed on the rotary 
evaporator. The residue was dissolved in 9:1 petroleum ether/di- 
chloromethane and was chromatographed on a 2.5 X 30 cm alumina 
column. The resulting three bands were successively eluted with the 
9:l mixture. The first band (pale yellow) contained P(C6H5)3 and 
unreacted C ~ H S O P C H ~ C H ~ O .  An orange band eluted next. Con- 
centration of the eluate on the rotary evaporator and subsequent fil- 
tration afforded 180 mg of unreacted (v5-C5H5)Fe(C- 
O)[P(CsH5)3]C6H5. The product eluted as a large yellow band. Re- 
moval of solvent from the eluate on the rotary evaporator gave a yellow 
solid. Recrystallization at - d o o  from a mixture of ether and heptane 
gave 2.00 g of yellow crystalline product (66% yield based on un- 
recovered starting material), mp 74-75', Anal. Calcd for 
C2oH1904PFe: C,  58.56; H ,  4.67; P, 7.55. Found: C, 58.68; H, 4.70; 
P, 7.34. 

Infrared spectrum (cyclohexane): uco 1953 cm-I. 'H  NMR 
spectrum in CDC13: T 2.83 (aromatic H, complex multiplet), 5.32 
(CsH5, doublet, J P H  = 0.9 Hz), 6.29 (CH2, multiplet) with relative 
intensities 105:4, respectively. 31P N M R  spectrum in CHC13: -194.5 
ppm (singlet). 
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Triple-Decker Sandwiches 
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Abstract: By making use of the frontier orbitals of MCp and M(CO)3 fragments, the electronic structure of triple-decker sand- 
wiches CpMCpMCp and (C0)3MCpM(CO)3 is analyzed. Two series of stable structures, containing 30 and 34 valence elec- 
trons, respectively, are predicted. The known NizCp3+ and C O ~ C ~ ~ ( C ~ B ~ H ~ R )  triple deckers are representatives of these two 
series. There are important similarities between these compounds and normal triply C O  bridged dimers of the Fez(C0)g type. 
The theoretical analysis is extended to types such as (CH),M(C0)3M(CH), and (CO)3M(CH),M(CO)3, suggesting a num- 
ber of potential synthetic goals. 

Bis(v5-cyclopentadienyl) transition metal complexes, dieny1)dinickel cation,! NizCp3+ (2). The structure of this 
cation was determined2 and shows three parallel Cp  ligands 
with the two nickel atoms sandwiched in-between. The possible 
existence of such a species was first suggested by Schumacher 
and T a ~ b e n e s t , ~  who studied the mass spectrum of nickelocene. 

Lauher, Elian, Summeruille, Hoffmann / Triple-Decker Sandwiches 

MCp:! (l) ,  have been known for about 25 years. There is a vast 
chemistry of these metallocenes or sandwich compounds. More 
recently Werner and Salzer prepared for the first time a tri- 
ple-decker sandwich compound, the tris(g5-cyclopenta- 
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Figure 1. Interaction diagram for the frontier orbitals of Ni>Cp3+. At left 
two NiCp+ fragments are combined to a weakly interacting Ni2Cpz2+. 
This is then allowed to mix with the central Cp-. 
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They found that the Ni2Cp3+ cation was formed by an ion 
molecule reaction and correctly predicted the triple-decker 
structure. 

Triple-decker complexes of cobalt are also known. These 
stable compounds have as the middle ring not a Cp  ligand but 
a carborane ring. The three compounds prepared are 

the methyl substituted complex, Coz(CsH5)2(3-CH3-2,3- 
C2B3H4) (3), the crystal structure of which was determir~ed.~ 

We present here a molecular orbital analysis of these unique 
triple-decker sandwich compounds, and relate their electronic 
structures to those of more conventional dimeric complexes. 
Our study suggests several series of interesting compounds, 
potentially stable, which remain to be synthesized. 

The Fragment Analysis and the Ni and Co Triple Deckers 
The electronic structure of the triple-decker CpM-Cp-MCp 

may be approached from a number of different viewpoints. We 
have found convenient a fragment analysis5 based on an ob- 
vious partitioning of the molecule. The valence orbitals of the 
MCp and isolated Cp  fragments are well k n ~ w n , ~ ~ . ~  and in the 
reassembly of the molecule symmetry is a powerful simplifier. 
The qualitative conclusions we present here stem from ex- 
tended Huckel calculations, described in the Appendix. 

The characteristic features of the MCp fragment are sum- 
marized in 4. There are three relatively low-lying orbitals, a1 

C o d C 5 H M 1  J - C ~ B ~ H S ) ,  C O ~ ( C ~ H S ) ~ ( ~ , ~ - C ~ B ~ H S ) ,  and 

M 

& 

hY 
a ,  - 
e, - - 

x z  yz  

0 M 

4 
+ e2, fully occupied in a low-spin d6 configuration and com- 
posed primarily of metal z2,  xy ,  and x2  - y 2 .  At higher energy 
is an el set which is mainly metal x z  and yz. hybridized to some 
extent with x and y to give these orbitals a shape extending 
away from the cyclopentadienyl ligand. Still higher in energy 
lies an a1 orbital, denoted as “hy”, which is a hybrid of metal 
s and z ,  again pointing away from the Cp. The higher a + el 
set will bear the brunt of interaction once this fragment is al- 
lowed to approach another molecule, so that an acquaintance 
with their rough shape (see 4) and energy is important. 

For Ni2Cp3+ the natural partitioning is into CpNi+- 
Cp-.-NiCp+. The interaction diagram of Figure 1 was con- 
structed from an extended Huckel calculation on an idealized 
D5h geometry in which the distance between the Ni atoms and 
the outer and inner Cp  ring planes was taken as 1.73 and 1.79 
A, respectively. The left side of the figure shows the interaction 
of the two NiCp+ fragments in the absence of the central cy- 
clopentadienyl ring. At a Ni-Ni separation of 3.58 %, the level 
splittings are small except for the at’ and a2” levels derived 
from the hy orbital of MCp+. The s and z orbitals which make 
up this hybrid are diffuse and overlap significantly even at such 
a long metal-metal distance. 

On the right of Figure 1 are shown the donor T orbitals of 
the bridging Cp- ligand, a2” and e,”. These interact strongly 
with corresponding symmetry combinations derived from the 
NiCp hy and xz ,  y z  orbitals. The nonbonding NiCp set of z2,  
xy ,  and x 2  - y 2  remains nonbonding and is just doubled by the 
presence of the two NiCp fragments. Our calculations also 
show that there are important interactions of the u orbitals of 
the central Cp- ligand with appropriate symmetry orbitals of 
the NiCp caps. The 0 orbitals of the Cp- which are involved 
are not shown in Figure 1,  but their effect can be seen in the 
destabilization of the a,’ and el’ levels. 

The basic level pattern that emerges, and that is charac- 
teristic of all these complexes, is shown below in 5. There are -. - e’; 

5 
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six filled low-lying orbitals and two high-lying e sets. The 
higher of these, el”, is strictly antibonding, too high for occu- 
pancy. The lower el’ set is slightly antibonding with the outer 
rings and essentially nonbonding with the bridging Cp. This 
el’ orbital set is occupied with four electrons in Ni*Cp3+. 

The cobalt triple deckers have unusual carborane rings as 
the central bridging ligand. These rings, two isomers of 
C Z B ~ H ~ ~ - ,  do not have an independent existence. However, 
they are isoelectronic with C5H5- and given theoretical license 
we may view them as we did the Cp rings in Ni2Cp3+. The 
difference that we must take into account is that with the high 
formal negative charge on the carborane ligand there would 
be expected strong donation of electron density to the cobalt 
atoms. The effect of this would be a greater d level splitting. 
Both high-lying e sets should be considerably destabilized. In 
fact the cobalt triple deckers are not isoelectronic with Ni2Cp3+ 
but contain four less electrons. The el’ orbitals are not occupied 
in  the Co case. 

The electron counting in these complexes may be accom- 
plished in a number of ways. In Ni2Cp3+ we have 3 six-electron 
donating Cp- ligands and 16 d electrons on the two metal 
atoms, giving a total of 34 electrons. Our analysis indicates that 
the el’ orbitals occupied in this system are not essential for 
bonding, and suggests that a family of 30 electron complexes 
should also be endowed with thermodynamic and kinetic sta- 
bility. The C O ~ C P ~ ( C ~ B ~ H ~ R )  structures in fact can be viewed 
as belonging to this second family. 

Still another point of view places these molecules within the 
general context of metal and main group polyhedral  cluster^.^^^ 
A CoCp2+ fragment, needed for assembly of the 
C O ~ C P ~ ( C ~ B ~ H ~ R )  series, is analogous to CH3+ or BH2+. As 
suggested by Grimes and co-workers4 the Co triple deckers are 
analogous to the known pentagonal bipyramid B T H ~ ~ - .  I t  is 
interesting to note that the Ni triple deckers, with four electrons 
more, are loosely analogous to B7H76- or C7H7+. The available 
calculations* indicate no features of stability for pentagonal 
bipyramids with ten electron pairs. 

In addition to the M2Cp3 system we have carried out a series 
of calculations on (CO)3M-Cp-M(C0)3 (6) .  The MCp and 

M’ 

&7 I 
M 

6 
M(CO)3 fragments can be termed isolobal, by which neolo- 
gism we mean that the number, symmetry properties, shapes, 
and energies of their frontier orbitals are approximately the 
same. We do not imply that the orbitals are identical nor iso- 
electronic, but only that they are similar in these properties. 
That similarity confers upon the fragments analogous bonding 
capabilities and a corrolary pattern of replacement in real and 
hypothetical molecules. 

The orbital scheme for an M(CO)3 fragment is similar to 
4. There are of course minor differences between the frontier 
orbitals, differences in energy, delocalization to the ligands, 
and h y b r i d i ~ a t i o n . ~ ~  A final level pattern similar to 5 emerges, 
except that el’ is at somewhat higher energy. Once again two 
families of structures are in principle possible, with 30 or 34 
electrons, respectively. Representatives of the two families 
would be (CO)3MnCpMn(CO)3+ and (CO)3CoCpCo(CO)3+. 
An analysis of the entire family of (C0)3M-cyclopolyene- 

\ /+ 
Fe 

Figure 2. Interaction diagram for the frontier orbitals of Fe2(C0)9. At 
left two Fe(CO), fragments are combined, held in the same geometry that 
they assume in the final Fe2(C0)9 structure. Then the Fez(CO), composite 
is mixed with the three bridging CO’s at right. 

M(CO)3 and CpM-cyclopolyene-MCp structures leaves us 
with the impression that level scheme 5 is quite general and 
that there is considerable variation in the energy of the crucial 
el’ orbitals. We also note that an analysis of these structures 
has been carried out earlier by Brown.g 

A Molecular Orbital Scheme for Fe*(C0)9 and Its 
Connection to the Inverse Sandwich Problem 

Let us now analyze, in a manner similar to that used for the 
triple-decker structures, a more conventional bridged metal 
dimer. Fez(C0)9 is an ideal species for this purpose. We par- 

0 

7 
tition the molecule into two Fe(C0)3 fragments, 2.52 8, apart, 
bridged by a set of three CO molecules. Figure 2 shows the 
assembly of the molecule. The Fe(CO)3 fragment orbitals are 
well known,5a and conform to pattern 4. The metal atoms are 
closer together than in the M2Cp3, so that there is at left of 
Figure 2 a greater e’-”’ splitting than was found in Figure 1 .  
In the D3h symmetry the three bridging CO’s bring donor or- 
bitals of al’ + e’ and acceptor orbitals of al’ + e’ + a2” + e” 
symmetry. The three donor orbitals interact in typical fashion 
with the (CO)3Fe.-Fe(C0)3 framework orbitals. The high- 
lying framework e” orbital is stabilized by the CO T* e” 
combination. And just as in the M2Cp3 story the six non- 
bonding orbitals of the two metal fragments remain approxi- 
mately constant in energy. 

The essential d level scheme is shown in 8, and should be 
compared with the triple-decker pattern 5. A striking similarity 
is observed. Both systems have six low-lying filled d orbitals 
and two higher lying e sets. Both are 34 electron systems. The 
difference between the two lies in the inversion of the two high 
lying e sets. In the Cp compound the e’ set is lower and occu- 
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Missing Molecules and Near Misses 
The preceding sections have delineated the electronic 

structure of triple-decker sandwiches and linked them to 
conventional bridged dimers. A central feature of their com- 
mon level scheme is that closed shell structures are anticipated 
for both 30 and 34 electron dimers. Utilizing the isolobal 
character of the MCp and M(CO)3 fragments, one can write 
the following series of analogous complexes. Molecules 10a 

8 

- a$ - -  - $ - - ,5 
pied, while in Fe2(C0)9 it is the e’’ set which is occupied. The 
inversion follows from the fact that the prime donor orbital of 
the Cp ligand is el”, while the corresponding (CO)3 donor is 
e’. An important additional difference, mentioned above, is the 
presence of an e” orbital among the carbonyl ?r* levels. There 
is no back-bonding counterpart in the Cp dimer. 

An amusing sidelight to this discussion is to point out that, 
while many ascribe a metal-metal bond to Fez(C0)g (Fe-Fe 
distance, 2.52 A), few would ascribe a metal-metal bond to 
Ni2Cp3+ (Ni-Ni, 3.6 A). And yet it is in Ni2Cp3+ that elec- 
trons occupy the symmetric e’ set, bonding between the metals, 
while in Fez(C0)g the corresponding electrons are in an an- 
tisymmetric e’’ set, antibonding between the metals. The an- 
swer to this paradox is that in a molecular orbital scheme one 
cannot so readily assign specific metal-metal bonds. In 
Ni2Cp3+ the el’set  is in fact essentially nonbonding between 
the metal atoms, even if it has the right phase for direct 
bonding. In Fe2(C0)9 the occupied e’’ set may be metal-metal 
antibonding, but more importantly it contributes to the overall 
stability of the complex by being strongly metal-bridging C O  
bonding. In a separate publication we will attempt to untangle 
the various factors which determine the geometries of con- 
ventional bridged metal dimer systems. l o  

I n  light of the Fe2(C0)9-M2Cp3 analogy an obvious ques- 
tion is whether there are any 30 electron dimers with three 
bridging CO ligands. There appear to be none directly analo- 
gous to Fe2(C0)9, but there is an interesting related structure 
(C4Ph4)Fe(C0)3Fe(C4Ph4),’ I 9. Each Fe(C4R4) fragment 

Fe 

Fe 
I 

9 
is isolobal with Fe(CO),, but carries two less electrons.5d The 
interaction diagram for 9 is thus very similar to that for 
Fe2(C0)9,8, but with the significant difference that the levels 
which correspond to the filled e” set in  8 are empty in the cy- 
clobutadiene dimer. Since these two levels are antibonding 
between the metals there is a considerable shortening of the 
Fe-Fe bond length, now 2.2 A. An interesting synthetic goal 
would be the 34 electron complex Ni2(C0)3(CdR4)2 which 
would be expected to have a longer metal-metal bond distance. 

100 NI Ila Co IPa Fe 130 Co 
IOb R Ilb Mn 12b Cr 13b Mn 

and 12a are known. Fe2Cp3+, lob, has been seen in  mass 
spectrometric studies2>l2 12b, Cr2(CO)9, may be a poor 
prospect because of the stability of Cr(C0)6, but perhaps 
might be observable in matrix isolation experiments. 13a and 
13b appear to be reasonable possibilities. A close nickel ana- 
logue to 13a is known, Ni2(CO)zCp2.13 The manganese 
complex 13b would be similar to the iron cyclobutadiene dimer 
previously discussed, 9. More unprecedented would be the 
synthesis of the “inverse sandwich” structures l l a  and l lb .  

I t  should be noted that there are a number of analogous 
series with cyclopolyene or cyclopolyenyl rings of various sizes 
taking the place of the cyclopentadienyl ring in structures 
10-13. The electronic requirements of such structures are 
easily analyzed with the fragment methodology. A further 
departure still allows one to write down structures such as 14, 
where the puckering of the central ring is only a speculation. 

3 Pt -Pt / 
\ 

14 
Next we would like to mention some instances in which 

triple-decker or inverse sandwich structures have been invoked 
or are reasonable structural alternatives to think about, as well 
as some cases where molecular structures approach a triple- 
decker sandwich geometry. 

The term “triple decker” was introduced by Piper, Cotton, 
and W i l k i n ~ o n ’ ~  in the context of postulated structures for 
CpMo(C0)sMoCp and c p w ( c o ) 6 w c p ,  whose actual 
structures of course turned out to be what are now familiar 
metal-metal bonded types. Triple-decker structures with cy- 
clobutadiene as a central bridge were postulated by Kriierke 
and Hubelis for compounds of the composition Coz,Hg,- 
(C0)4n+4(PhC2H)2n-2, n = 2, 3, but to our knowledge no 
structural proof is available for these compounds. Triple-decker 
structures have been logically invoked as way-points in the 
characteristic arene exchange reactions of arene-metal-tri- 
carbonyl c ~ m p l e x e s . ’ ~ . ~ ~  Perhaps not unrelated to the question 
of the possible stability of triple deckers is the ability of sand- 
wich complexes to form charge-transfer complexes with aro- 
matic acceptors.18.’9 The crystal structures of two such com- 
plexes have been determined20.2’-they resemble normal arene 
donor-acceptor complexes. 

An interesting structure of some complexity is that of 
Fe2(C0)8(CPh)422 shown in 15. It approaches a triple-decker 
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One of many interesting products of the interaction of 

bullvalene with iron carbonyls is the molecule 19.26 The 
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15 
structure, and could just as well be classified as an Fe3C4 mixed 
metal-main group cluster. 

A structure close to a triple decker is that of tris(cyc1ooc- 
tatetraene)dititanium (16).23 Each Ti is close to four carbon 

h 

16 
atoms, and two of these are shared by the two Ti atoms. We 
note that a symmetrical structure, octahapto on the central 
ring, of COT-Ti-COT-Ti-COT may easily be shown to be 
characterizied by a half-filled degenerate orbital. Slippage out 
of the most symmetrical structure is bound to occur, but why 
the particular coordination geometry that is observed is 
adopted awaits an explanation. 

Another cyclooctatetraene complex, C ~ ~ C O ~ C O T ,  adopts 
the expected structure 17,24 in which each Co achieves an 

Q I 

co 

6 
17 

1 8-electron configuration by coordinating with two double 
bonds of the cyclooctatetraene. It is interesting that a true 
triple-decker structure, with both cobalt atoms coordinating 
to all eight carbons of the central ring, is allowed for two 
electrons more than in the original compound. This is a 38- 
electron system, with the extra four electrons occupying an e2 
orbital of the cyclooctatetraene. For large rings entering into 
the triple-decker bonding mode one has to modify the electron 
counting to include these additional e2 orbitals. 

Returning to near triple-decker structures, we next note the 
interesting porphyrin-(M(C0)3)2 complexes, M = Re, Ti, 
explored by Tsutsui and c o - w o r k e r ~ . ~ ~  In the unusual structure 
that these possess, 18, each metal atom is complexed to three 
pyrrole nitrogens, two of which are common to both metal 
coordination spheres. 

19 
compound is fluxional, with AG* for H2-H4 interchange of 
16.0 kcal/mol.26 We see no special stabilizing features in a 
possible symmetrical transition state for concerted Fe(C0)3 
shift from C9 to Clo. 

A novel di-q2-cyclobutadiene structure has been assigned 
to compound 20a2' A symmetrical triple-decker structure with 

Cp(CO),h ++ * Fe(CO),Cp 

20 
both iron atoms coordinated to all four cyclobutadiene carbons 
is likely to be Jahn-Teller unstable. A concerted switch of 
Fe(C0)2Cp groups to the other double bond is a forbidden 
reaction. If the Fe(C0)zCp groups migrate, they should do so 
through monohapto intermediates around the cyclobutadiene 
periphery. 

C02Cp2C4H4 has been synthesized by a photochemical re- 
action of photo-a-pyrone with C P C O ( C O ) ~ . ~ ~  Its structure is 
21.28,29 The exchange of Cp rings is intramolecular and pro- 

0 l 
a I 

co  

27 1 

co 
I 

co A I d7 
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co 
I 
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21 22 
ceeds with an activation energy of 25.8 kcal/mol. One possible 
exchange mechanism, through the triple-decker waypoint 22, 
could be eliminated since the cyclobutadiene protons maintain 
their identity while the Cp rings interchange. This is consistent 
with 22 not being a stabilized closed shell structure. Two more 
electrons are required. 
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(25) D. Cullen. E. Meyer, T. S. Srivastava, and M. Tsutsui, J. Am. Chem. SOC., 
94, 7603 (1972); M. Tsutsui. C. P. Hrung. D. Ostfeld, T. S. Srivastava, D. 
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Omura, H. Ogoshi, and Z. Yoshida, J. Chem. Soc., Chem. Commun., 792 
(1973). 
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and C. C. Chiang, University of Illinois, private communication. 
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Exponentsa 

Orbital Hii (1 r 2  

Mn 4s -9.75 0.97 
Mn 4p -5.89 0.97 
Mn 3d - 11.67 5.15 (0.5139) 1.70 (0.6929) 
Fe 4s -9.91 1.575 
Fe 4p -5.07 0.975 
Fe 3d -12.63 5.35 (0.5366) 1.80 (0.6678) 
co 4s -10.29 I .70 
co 4p -6.1 1 1.05 
Co 3d -12.84 5.55 (0.5551) 1.90 (0.6461) 
Ni 4s -10.95 1.825 
Ni 4p -6.27 1.125 
Ni 3d -14.17 5.75 (0.5683) 2.00 (0.6292) 
c 2s -21.40 1.625 
c 2p -11.40 1.625 
H 1 s  -13.60 I .3 
0 2s -32.3 2.275 
0 20 -14.8 2.275 

a Two Slater exponents are listed for the 3d functions. Each is 
followed in parentheses by the coefficient in the double zeta expan- 
sion. 
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Appendix 
All the calculations were of the extended Huckel type.30 

Parameters used previously30 for carbon, hydrogen, and oxygen 
were kept fixed during charge iterations. Metal orbital expo- 
nents were taken from the work of Richardson et aL3' Charge 
iterations with an  assumed quadratic charge dependence of 
metal H,i's3* were performed on suitable model compounds: 
iron pentacarbonyl, Fe-C 1.85 A, C-0 1.15 A; cobalticinium 
ion, Co-C 2.155 A, C-C 1.41 A, C-H 1.10 A; nickelocene, 
Ni-C 2.16 A, C-C 1.41 A, C-H 1.1 A. Parameters for man- 
ganese were taken from a previous iteration on cyclopentadi- 
enyl manganese t r i~a rbony l .~  Calculations on the dimeric 
molecules were performed by the usual noniterative extended 
Huckel method using metal H,,'s obtained in the charge iter- 
ations. All parameters for these calculations are listed in Table 
I. 
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