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I .  Infroducflon 

Metal atoms,l metal surfaces,2 and metal compounds3 
interact with aromatic hydrocarbons and often form 
stable complexes through overlap of the ring K and K* 
orbitals with appropriate orbitals of the metal atom(s). 
Hein and his co-workers* isolated the first molecular 
arene-metal complexes in 1919, but definitive compo- 
sitional and structural characterization of these com- 
plexes was not achieved until the mid-fifties. In a 
general context, the structural features of molecular 
arene-metal complexes are well-defied. For example, 
the metal-carbon and carbon-carbon bond distances 
can be predicted to within certainly 0.05 and 0.02 A, 
respectively, for any new or noncrystallographically 

defined transition-metal complex with a benzene or 
simple alkyl-substituted benzene ligand. Also, it is 
generally feasible to anticipate the direction that sub- 
stituent atoms or groups will bend out of the c6 ring 
plane on complexation with a metal. Such general as- 
pects as well as systematic considerations will be ad- 
dressed in this analysis. Our initial motivation in this 
structural analysis was to discern minor structural or 
stereochemical perturbations that might provide clues 
to mechanistic features for reactions of arene-metal 
complexes. The primary focus of our studies of ar- 
ene-metal complexes has been the mechanism of (a) 
arene-metal bond formation,6p6 (b) arene exchange be- 
tween the arene-metal complex and unbound arene?s6 
and (c) solution-phase hydrogenation of an arene by a 
coordination complex.' In all three of these reactions, 
we have supposed that stereochemical transformations 
of the arene ligand may play a key role-for example, 
interconversions of the form 

$-arene-M '=i q4-arene-M =, $-arene-M 
where the qx notation is the standard hapto notation8 
in which the x superscript denotes the number of car- 
bon atoms of the arene ligand that are within bonding 
distance of the metal center. Not only are all three 
structural forms of interest in this analysis, but also of 
interest are structural forms intermediate between the 
idealized $-, v4- and T2-arene-metal structures-should 
the intermediate structural forms exist in the ground 
state (crystallographically defined) of the molecular 
species. We also consider the electronic driving forces 
behind geometric distortions for (+arene)metal com- 
plexes from a molecular orbital point of view. 

Because our interest in arene-metal interactions 
spans molecular mononuclear and polynuclear metal 
complexes and metal surfaces, all are included in this 
analysis. For the molecular complexes, only crystallo- 
graphic or electron diffraction data are considered. No 
structural parameters have been established for ar- 
ene-metal interactions on metallic surfaces, but qual- 
itative stereochemical information is included for dis- 
cussion of this class. Primary consideration in this 
structural analysis is for benzene and alkylbenzenes as 
the aromatic hydrocarbon ligand in these complexes; 
these simple and basic aromatic hydrocarbons have 
been the primary base for the chemistry of interest to 
us. 
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I I .  Sandwich Complexes 

A. DeflnHlons 

‘Sandwich” is organometallic jargon and a pervasive 
qualifier for a family of complexes in which a metal 
atom is complexed to two planar and parallel, or nearly 
parallel, sets of ligands. The largest class within this 
family is based on planar C,H, ligands. For the 
benzene subclass, the paradigm is bis(benzene)chro- 
mium. Mixed sandwich systems comprise metal com- 
plexes with different types of C.H, ligands-in the 
arene system, an example is [C6H6Fe(C5H5)+]. In a 
structural, stereochemical, and electronic context, the 
subclass of paramount importance is that of the bis- 
(arenehetal complexes. Although a relatively small 
number of crystallographic investigations of complexes 
in this subclass have been reported, the extant crys- 
tallographic data appear to provide a fair overview. 
Missing are structural data for a bis(arene) complex of 
second- or third-row transition metals, complexes with 
tri-, tetra-, and pentasubstituted benzene ligands, and 
complexes based on condensed arene ligands. Actually, 
accurate crystallographic analyses are available only for 
complexes with benzene, hexamethylbenzene, and di- 
substituted benzene; all structural data for his($-ar- 
ene)metal complexes are summarized in Table I. 
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B. Bls(arene)metal Complexes 

A sandwich complex like the classic bidbenzene)- 
chromium molecule, which is formally an 18-electron, 
coordinately saturated complex, should have a geometry 
in which the metal is sandwiched between parallel 
planar benzene ligands. Figure 1 shows the construction 
of the valence molecular orbitals on the left and metal 
3d, 49, and 4p atomic levels on the right. A shorthand 
representation has been used for the in-phase and 
outof-phase combinations of x orbitals that emphasizes 
their nodal characteristics. For example, 1 and 2 are 
equivalent to 3 and 4, respectively. The alg, aZu, and 
el. benzene r sets are stabilized by metal s and p or- 
bitals. The benzene molecular el orbital is also sta- 
bilized by chromium x z  and yz orbitals (see the coor- 
dinate system at  the top center of Figure 1). So there 
are a total of six strong bonding interactions between 
chromium and the two benzene molecules. Metal x2 - 
y2  and xy orbitals are stabilized (in leZK) to a small 
extent hy the benzene x* combination of ea symmetry. 
Thii overlap is of S symmetry and is necessarily smaller 
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than the u bonding in lalg and lah, or the r type in lel, 
and lelu. Furthermore, there is a high-lying u set on 
benzene of e2, symmetry derived from combinations of 
the carbon px and pr atomic orbitals that is also of 6 
symmetry and will mix into lezg in an antibonding 
manner. The alg benzene r set lies in the nodal region 
of d,n. Therefore, the molecular orbital 2alg is almost 
totally metal d,z in character. What this means is le2 
and 2a1, are effectively nonbonding. Six electrons wil! 
be housed in these levels plus twelve electrons in the 
six bonding levels to give the eighteen electrons pre- 
viously mentioned. We have described the bonding for 
bis(benzene)chromium within a delocalized molecular 
orbital framework. A localized valence-bond view could 
have been developed by constructing six equivalent 
d2sp3 hybrids? The hybrid bonds point toward the 
vertices of an octahedron, and the six ?r bonds of the 
benzene molecules match them perfectly in a spatial 
sense to produce six Cr-olefin bonds given by the res- 
onance structures 5 and 6. The remaining three atomic 

5 6 

orbitals a t  chromium that are not used in the hybrid- 
ization scheme (z2,  x2 - y2, xy) are left unbonding. 

In the delocalized picture of Figure 1 there is a cyl- 
indrical symmetry about the sixfold axis of the complex 
which is apparent. The alg and azU orbitals are cylin- 
drically symmetrical to begin with. Two others come 
as doubly degenerate sets. The particular degenerate 
sets that have been presented are convenient, familiar 
ones. However, there is an infinite number of others. 
One can construct a linear combination of the two 
members of an e set that produces two alternative or- 
bitals that are as good as the first set. This creates 
cylindrical symmetry. Taking the two resonance 
structures 5 and 6 together also creates a cylindrically 
symmetric situation. There are two consequences of 
this. First, maximal electron density in the six Cr- 
benzene bonds is not concentrated along the C-Cr 
vectors or along C-C-midpoint-Cr vectors. It is dis- 
tributed equally. Second, cylindrical symmetry in the 
absence of steric effects requires that there be a low 
rotational barrier about the benzene-chromium axis. 
Therefore, the energy difference between eclipsed, &, 

0 4zB 
0 
0 3! 'P '02u 

l a l p  

Figure 1. A generalized molecular orbital diagram for bis- 
(benzene)metal complexes of D% symmetry following the analysis 
of (C6H6),Cr by: Shustorovich, E.; Dyatkina, M. E. Dokl. Akad. 
Nauk. SSSR 1959,128,1234. Photoelectron spectroecopic studies 
of gaseous bis(benzene), bis(toluene), and bis(mesity1ene) com- 
plexes of Cr, Mo, and W agree in assigning the lowest ionization 
energy to ionization from 2alr This ionization energy from the 
2Al ground state is 5.4-5.5,5.2-5.3, and 5.0-5.2 eV for the benzene, 
toluene, and mesitylene complexes, respectively. Generally, the 
chromium and molybdenum complexes have the lowest and 
highest ionization energy, respectively, for a given arene ligand 
set. The next band has been assigned to the 2E2g ion state and 
the next two (unresolved for chromium) successively to the 2Elu 
and 2E1, ion states. For a general discussion of photoelectron 
studies of (arene)metal complex, see: Green, J. C. Stmct. Bonding, 
1981, 43, 37. 

and staggered, DW, forms must be small. An extended 
Huckel calculationlo on bis(benzene)chromium has 
placed the eclipsed conformation 0.9 kcal/mol more 
stable than the staggered one. This is consistent with 
an electron diffraction study1' of gaseous (C,&)zCr 
which established D6h symmetry with a C-C bond 
distance of 1.423 f 0.002 A-if there is an alternation 
of C-C bond distances in the rings, the difference in 
distances can be no more than -0.01 A. A similar 
interpretation has been made for the molecule in the 
crystalline state with an average C-C distance of 1.420 
(3) A, although there may have been rotational disorder 
in the crystal.12 No uniform bond alternation has been 
seen in the structures of three CF,  derivative^.'^ In this 
comparative study of potential substituent effects in 
bis($-arene)metal complexes, the crystal structures of 
Cr[l,4-C6H4(CF3)2]2, Cr[l,3-C&(CF3)2]2, and Cr[1,3- 
C6H4C1(CF3)]2 were evaluated.', One complex, the one 
with meta C1 and CF3 substituents, is perfectly eclipsed. 
The other two are rotated by 10' and 17' toward the 
staggered geometry (for which the rotation angle would 
be 30'). This again points to a small rotational barrier. 
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TABLE I. Structural Data for (TI ,-arene),M Complexes" 

angle 
ring orientation s-c, 

molecule o r  complex C-C(ring) M-C(ring) M-C6(grav.)b planarityC of ringsd C-S(subst. a tom)  planee ref 

C 6 H 6  (g) 1 .398 ( 9 )  P 1.077 38  

11 
1.390 (10) 2.145 (6 )  1.626 P - E  1.472 (11)  13 

Cr[m-(CF3),C,H,lzf 1.404 ( 7 )  2.147 ( 5 )  1.624 P E 1.492 (7)  - 1 3  
1 3  Cr[ m-(CF;)(C1)C6H,I, 1 .408  (5 )  2.137 ( 3 )  1 .609 P E 1.497 (4)C 

1.417 (3) 2.142 (2 )  1.606 (1) P E 0.94 ( 3 )  1 2  
- 

Cr(C6H6)2 
Cr(C6H6)2 (g) 1 .423 ( 2 )  2.150 (2 )  1.613 (5) P E 1.090 (5 )  
Cr[P-(CF,),C,H, 1 2  

- 

1.40 2.13 (41 
1.42 
1 . 3 8  ( 4 )  

1 .40  ( 4 )  

1.40 (5) 

1.383g 

. ,  
2.08 
2.11 ( 3 )  

2.18 ( 3 )  

2.08 (4 )  
2.17 

1.53 
1.61 ( 4 )  

1.67 (4) 

1.66 

1.396h 
V(1,4-C,H,FZ), 1.386 (4)g 2.204 (2): 1 .671 

1 .415  (4)h  2.187 ( 3 y  
c6(CH3)6 1.391 (12)  
Co[C,(CHj),],+PF; 1 .398 ( 5 )  2.257 ( 2 )  1.770 

P 

NP - 
P 
P 

1.740 (3)Cl 
E 
E 1.50, C 
E 

E 

E 1.57 ( 3 )  

1.354, F 
1.082, H 

0.98 (4),  H 
1.498 (5) 

E 1.519 (5) 

, E  1.362 (3), F 

- 

1 6  
1 7  
18 

19a 

+ 1 9 b  
15 
k 

+ , F  21 

- 44a 
+ 22 
+ 

a Distances in A .  Distance between metal a tom and C, ring center of gravity. P indicates planar ring; NP indicates 
substantial deviation from planarity. E indicates carbon atoms of rings are eclipsed; S indicates staggered. e + indicates 
substituent a tom or group is bent  away from metal; - indicates it is, bent  toward metal. f Dihedral angle between C, planes 
was 2.6". g C(H)-C(F) bond length. C(H)-C(H) bond length. M-C(F) bond length. J M-C(H) bond length. ' Nygaard, L.; Bojesen, I. ; Pederson, T. ; Rastrup-Andersen, J. J. Mol. Struc. 1968,  2, 209. 

For the gaseous state of bis(benzene)chromium, the 
hydrogen atoms appear to be bent slightly out of the 
(26 plane toward the metal at0m.l' This has been as- 
cribed14 to better ring orbital overlap with the metal xz ,  
yz (elg) set. The atomic pz orbitals on the ring become 
pointed more toward the metal. Substituents on the 
ring, such as CH, or CF3, are displaced slightly away 
from the ring, presumably to avoid steric contacts. 

There are a number of structures available with one 
electron fewer than (C6H6)&r. Referring back to Figure 
1, this electron would be removed from 2alg which is 
nonbonding (dzz). Consequently, one would not expect 
much in the way of structural differences between the 
17- and 18-electron systems. Inspection of Table I 
shows this to be the case. Crystallographic datal5 for 
(C6H6)zV have been presented, but a full structural 
determination was not completed. Also, there was a 
low-temperature study16 of (C6H&Cr+I- in which the 
17-electron chromium(1) sandwich compound appeared 
to be structurally and stereochemically analogous to the 
parent neutral molecule, but the data set was small and 
the accuracy of the determination was not high. Re- 
lated were studies of salts of (q6-cH3C6H5)&r+. Un- 
fortunately, the accuracies were again low, but within 
this qualification, the Cr(C& core structures had ap- 
proximately Da ~ymmetry. '~- '~~ The reported average 
C-C bond distances were 1.42, 1.38, and 1.40 A for the 
three salts, and the methyl substituents are fully distal 
to each other and are bent slightly away from the 
chromium atom. A similar stereochemistry was re- 
ported for the analogous ethylbenzene complex in the 
salt [ (~6-CzH5C6H,)zCr+] I--OH2, but the precision of the 
crystallographic determination was iow.lgb The struc- 
tures of ($2-[3.3]paracyclophane)Cr+13- and PF6- have 
also been determinedq20 It is interesting that there are 
no significant geometrical distortions in the para- 
cyclophane ring upon introduction of the metal. 

Two sandwich complexes with substituted benzene 
ligands have been structurally determined with rela- 

tively high accuracy, Bis(l,4-difluorobenzene)vanadi- 
um(0) approaches an idealized bis($-arene)M geometry 
with nearly eclipsed ring carbon atoms and D2 sym- 
metryaZ1 Ring C-C distances were not equivalent; the 
C(H)-C(H) values are 1.415 (4) A and the C(H)-C(F) 
values are 1.386 (4) A, identical to within experimental 
error with the analogous C-C separations in gaseous 
C6H&?. Conformation of the c6 rings was nearly planar, 
but a significant departure toward the boat conforma- 
tion is reflected in the inequivalent V-C (ring C-H) and 
V-C (ring C-F) distances of 2.187 (3) and 2.204 (2) A. 
The ring hydrogen atoms appeared to be displaced 
slightly from the C4(H) plane described by the four 
carbon atoms bearing hydrogen substituents toward the 
metal atom, a displacement consistent with that in 
(C6H&Cr. This structure is to be compared with bis- 
(benzene)vanadium(O) where the C-V distances are 
similar. Although this latter vanadium complex crystal 
structure determination did not possess a high degree 
of accuracy, the complex does appear to have Da sym- 
metry with V-C (av) = 2.17 A and V-C = 1.66 A.I5 

Of special note is the structure of tfr20-electron 
complex, CO[C~(CH~)~],+,  established for the hexa- 
fluorophosphate salt.22 There is again a close approach 
to idealized D6h symmetry for this cationic bis(arene)- 
cobalt complex although it is required to possess only 
C2h site symmetry in this crystal. No significant dif- 
ference in the ring C-C bond lengths was observed; the 
average ring C-C bond distance is 1.398 (7) 8. The c6 
ring carbon atoms are coplanar to within 0.003 A and 
the two rings are in parallel planes. However, there are 
significant departures from the idealized &,h 
symmetry-in terms of the co(c6)2 core structure; this 
departure comprised a slippage of each c6 ring center 
of gravity off the idealized sixfold axis in the crystal- 
lographic mirror plane. This slippage produced small, 
but statistically significant, differences in the Co-C- 
(ring) separations, which range from 2.235 (2) to 2.278 
(2) A (an identical situation occurs in the 20-electron 
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ni~kelocene~~"). The average Co-C(ring) distance is 
2.257 (14) A, which is about 0.06 A longer than those 
for Welectron, first-row transition-metal-arene com- 
plexes. Referring back to Figure 1, the extra two 
electrons go into 2et. If the two rings remain parallel 
and $, then the ground state will be one where the two 
electrons in 2el, are not paired, i.e., a triplet state, which 
is the case here. The longer Co-C distances are a re- 
flection of the fact that the metal x z  and yz  in 2el are 
antibonding with respect to the benzene .rr set. %he 
methyl carbon atoms lie out of the c6 ring planes by 
0.04 to 0.07 A and are bent away from the cobalt metal 
atom. Although the rings are eclipsed, there is no in- 
ter-ring contact less than the van der Waals sum. 

Summarial features for this class of complexes are as 
follows: (1) the two c6 rings are planar and parallel and 
have an eclipsed orientation for benzene and alkyl- 
benzene derivatives; unusual electron-withdrawing or 
-releasing substituents like fluorine may effect upon the 
c6 rings a departure from planarity; (2) the ring c-c 
distances are equal to within experimental accuracy for 
C6H6 or C6(CH3)6 arene ligands; (3) the ring C-C dis- 
tances are not significantly different from those of the 
parent gaseous arene molecule; (4) the metal-carbon 
(ring) distances for first-row transition metals in 18- 
electron complexes are -2.15 A and the metal to c6 
center of gravity separations range from about 1.6 to 
1.7 A; and (5) the ring substituents are slightly out of 
the C6 ring plane with hydrogen substituents bent 
slightly toward the metal atom to achieve a more ef- 
fective M-C overlap, but bulkier substituents like a 
methyl group tend to be bent away from the metal atom 
for steric reasons. In first-row transition-metal com- 
plexes with more than 18 electrons, the additional 
electrons typically reside in the metal-carbon anti- 
bonding orbitals resulting in an increase (-0.1 A) in 
the metal-carbon bond distance. Second-row (and 
presumably third-row) transition-metal complexes that 
have 20 electrons may be different. They may be dia- 
magnetic, 18-electron complexes with one arene ligand 
v6 in character and the other an g4-diene ligand, as 
discussed below. 

None of the stereochemical or conformational fea- 
tures of the bis($-arene)metal structures provide any 
clues about (arenelmetal reaction mechanisms that 
might involve (+arene)metal species with x < 6. The 
sandwich structure of the 20-electron C O [ C ~ ( C H ~ ) ~ ] ~ +  
complex suggests that metal-carbon bonding can be 
reduced with retention of a sandwich structure if low- 
lying unoccupied molecular orbitals are largely metal- 
carbon antibonding. 

C. Bis( arene)metai Ligand Complexes 

The bis(arene)metal sandwich complexes discussed 
in the previous section formally were 17-, 18-, or 20- 
electron complexes. Metals of the titanium and vana- 
dium groups also form bis(arene)metal complexes, but 
these are respectively 16- and 17-electron complexes. 
Compounds of these metals (see previous section) 
should have $-arene bonding, with the two arene c6 
rings in nearly parallel planes. There is the possibility 
of conversion of the 16-electron complexes to l&elec- 
tron complexes by either donor ligand addition or by 
oxidative addition of two radical ligands. In either case, 
the resultant complexes should not have the two $- 
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arene ligands in parallel planes; rather they should be 
canted as are the cyclopentadienyl ligand planes in the 
analogous bis(cyclopentadienyl)ML, complexes.23b 

Bis(benzene)titanium reversibly complexes carbon 
monoxide, and this carbonyl complex should have the 
$-arene ring planes canted so that the normals to the 
ring planes generate an angle in the 130-150' range. 
Recently, the crystal structure of bis(to1uene)zirconium 
bis(trimethylstanny1) has been determined, and the 
angle formed by the normals to the ring planes is 138.9' 
and the Sn-Zr-Sn angle is 81.14°.23c From the prelim- 
inary data reported in this paper, it appears that the 
$-toluene ligands have unexceptional parametric 
features-the methyl group appears to be bent out of 
the c6 plane away from the metal and the Zr-C dis- 
tances essentially identical to within experimental error 
(average Zr-C distances are 2.48 (1) A). In an isoelec- 
tronic and related cyclopentadienyl complex, (v5- 
C5H5)2MoBr(SnBr3), the angle generated by the nor- 
mals to the ligand ring planes is 128.3' and the Br- 
Mo-Sn angle is 80.2'.23d Electronically and structurally, 
the ( ~ ~ - a r e n e ) ~ Z r X ~  and ( T ~ - C ~ H ~ ) ~ M O X ~  complexes are 
formally analogous, as are (q6-arene)&r and (v5- 
C5H5)2Fe. An electronic or theoretical analysis of (ar- 
eneI2ML, or (arene)2MXy complexes can be developed 
in a fashion analogous to that23b for the cyclo- 
pentadienylmetal analogues. Presumably, this class of 
bis(arene)metal ligand complexes will have substantial 
scope within the titanium and vanadium group metals. 

D. Arene-Metal Complexes with q4-Arene 
Ligands 

Bis(hexamethylbenzene)ruthenium(O) within our 
view is one of the most unusual organometallic struc- 
tures reported to date. One ring, bound in a conven- 
tional v6-fashion, is essentially planar with the methyl 
substituents expectedly bent out of the ring plane away 
from the metal atom. Within this $-ring ligand, the 
C-C bond distances vary in a nonalternant fashion 
between 1.361 (11) and 1.453 (11) A; the average value 
is 1.410 A. The second arene ligand is n ~ n p l a n a r . ~ ~  
Only four ring carbon atoms are within bonding dis- 
tance of the ruthenium atom (2.082 to 2.185 A), and 
these carbon atoms are coplanar to within 0.009 A. The 
carbon-carbon separations are consistent with those for 
a diene-like q4-arene ligand with the two uncomplexed 
carbon atoms separated by only 1.327 A, representative 
of a conventional C-C double bond distance. The other 
q4-arene-ruthenium distances are as denoted in the 
schematic representation 7. 

I 4 0 A S  

Fully analOgOUS is the (716-C6H,)RU[114-C6(c6H5)6] 
complex which has nearly identical structural parame- 
ters to the bis(hexamethy1benzene)ruthenium struc- 
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ture.% Interestingly, the g6-arene ligand is benzene, the 
better donor of the two arenes. Also closely related is 
( ~ ~ - c ~ H ~ ) R h [ q ~ - c , ( c F ~ ) ~ ] ,  which is fully isoe~ectronic to 
the classic bis(hexamethy1benzene)ruthenium complex. 
In fact, the structural parameters26 for the v4-arene 
ligand in the two complexes are very similar (within the 
accuracy of the  two structure determinations), even 
though the electronic character of the q4-C6(CH3)6 and 
q4-C6(CF3), ligands are relatively disparate. 

The distortion of a 20-electron (C6H6)2M complex 
from the $'-M-$ to v6-M-q4 mode is relatively easy to 
visualize. Pairing the extra two electrons in 2elg (Figure 
1) creates a Jahn-Teller instability. The complex may 
distort from D% (or DM) to a lower symmetry to remove 
the degeneracy. The specific distortion that takes one 
ring from q6 to v4 bonding is illustrated in 8 - 9. In 
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8 9 

n f- a* 

U 

10 

this distortion, the c6 centroid-Ru vector of the Ru- 
($-c&) fragment moves off the center of the other c6 
ring (see 8) toward the C&3 bond. Also, the c5-c6 
portion moves up from the plane of the other four 
carbon atoms away from the metal. The orbitals of 2el, 
are explicitly drawn out in 10. The lower component 
of 2el, is stabilized in the 8 - 9 rearrangement because 
some overlap between metal yz  and the top benzene a 
level is lost. Furthermore, metal y and a higher lying 
benzene T* orbital are allowed to mix into this orbital 
as shown in 11, with the reduction in symmetry. The 

I I  12 

resultant orbital is indicated by 12. The upper com- 
ponent of 2el, is destabilized somewhat. As c5%6 move 
out of the plane, the bonding to C1 and C4 in this orbital 
is diminished. Notice that slipping the +C6H6-Ru 

portion does not decrease the antibonding of metal xz 
to the benzene a orbital in the q4 portion. Thus the a' 
orbital in 10 goes down and a" rises in energy along the 
distortion path and a sizable gap between the highest 
occupied and lowest unoccupied levels ensues. How- 
ever, the energy difference between triplet 8 and singlet 
9 must be small since we are presented examples of each 
by nature-namely paramagnetic CO[$W~(CHJ~]~+ and 
the isoelectronic but diamagnetic [?f-C6(CH3)6]Ru - 

There are an infinite number of deformations 
permissible-namely any normal mode or linear com- 
bination of modes for D6h-M(C6H6)2 that remove the 
degeneracy. One plausible alternative is conversion to 
( V ~ - C ~ H ~ ) ~ M  (formally a square-planar 16-electron 
species for de metal configuration). Another is the 
movement of the v6-C6H6M or specifically the $- 
C6H&u unit toward c1 in 8 taking the c3-c4-c5 portion 
out of the plane, away from the metal. This will de- 
stabilize the lower component of 2elg in 10 and stabilize 
the upper one. The resultant structure, 13, now con- 

q4-c6(cH3)6] COmpkX. 

l @+) 

R" ( -1  

43 
13 

tains an V3-C6H6 moiety. Electron-donating groups at  
C1, C3, and C5 will stabilize this structure. One might 
wonder if an (v4-C&)2RU, ($-C&)&U, or ($- 
C&6)RU(V3-c&) (13) Species could be the transition 
state or intermediate state for averaging of ring carbon 
environments in a fluxional ($-C6H6)Ru(v4-C6H6) 
molecule. Only the first is consistent with the data for 
the dominant exchange mechanism in [#-c6(cH3)6]- 
Ru[q4-C6(CH3),] as discussed below. The geometrical 
motions on going from 9 to 13 require passing through 
a structure very close to the strongly forbidden (#- 
C6H6)2Ru geometry. Therefore, there should be a siz- 
able barrier on going from 9 to 13. 
Bis(hexamethy1benzene)ruthenium is a stereochem- 

ically nonrigid m o l e c ~ l e . ~ ~ * ~ ~  At low temperatures (- 
-10 "C), the 'H NMR methyl group resonances for this 
complex in solution were consistent with the ($-ar- 
ene)ruthenium(q4-arene) structure established for the 
solid state whereas at -50 "C all the methyl 'H reso- 
nances were equivalent on the NMR time scale. A 
line-shape analysis2e of the 'H DNMR spectra showed 
that the permutational character of the dynamic process 
is consistent with an (a6-arene)Ru(q4-arene) * Ru- 
(q4-arene), rearrangement and not with either an ($- 
arene)Ru(v4-arene) + ( ~ ~ - a r e n e ) ~ R u  rearrangement or 
an (q6-arene)Ru(v4-arene) + ($-arene)Ru(q3-arene) 
rearrangement. The activation parameters for the 
process were calculated to be AH* = 15.6 f 1.3 kcal/mol 
and AS* = -3 f 5 eu. 

Attempts to prepare ($-arene)M(q4-arene) complexes 
with benzene or alkyl-substituted benzene (other than 
hexamethylbenzene) ligands have been unsuccessful.29 
Interestingly, chemical reductions of (Rh(C6(CH3)6I2+] 
under a limited set of reaction conditions invariably 
yielded an (v6-arene)Rh(q4-ligand)+ complex in which 
the q4-ligand was not hexamethylbenzene but 
1,2,3,4,5,6-hexamethylcyclohexadiene.22 Structural 
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parameters22 for this complex, with the expected ex- 
ception of the saturated carbon centers of the 74- 
cyclohexadiene ligand, were very similar to those for 
[(r16-C6(CH3)6]Ru[r14-c6(cH3)6] (Table 11). The Rh-C 
distances in this complex are slightly larger and smaller 
for the $-arene and for the q4-diene, respectively, than 
the aforementioned and analogous ruthenium com- 
plexes. This displacement of the rhodium atom toward 
the diene ligand is probably a real electronic effect.22 
The hydrogen substituents in the v4-cyclohexadiene 
ligand were exo to the metal center.30 

Structural data for these sandwich structures with 
q4-ligands are summarized in Table 11. 

E. Mixed Sandwich Complexes: 
($ -Arene)metal( q"-C, H, ) Complexes 

This set of arene-metal sandwich structures is po- 
tentially large but represented crystallographically only 
by four complexes, whose structural parameters are 
listed in Table 111. 
[776-C6(CH3)6]Fe(715-C5H5) has nearly planar arene and 

cyclopentadienyl ligands that are in parallel planes (the 
dihedral angle is only 0.82'). All distance parameters 
for the arene ligand are indistinguishable, within the 
precision of this crystallographic analysis,31 from those 
of the bis(&arene)metal complexes discussed above. 
The average aromatic C-C distance is a reasonable 1.38 
(1) A value, but the range is large, 1.324 (10) to 1.417 
(13) A. Unusually long is the apparent Fe-C5 (center 
of gravity) distance of 1.79 (1) A, but this complex is 
a 19-electron species with one electron in an orbital 
analogous to 2el, in Figure 1. The trimethylene-bridged 
analogue based on the ligand C5H4CH2CH2CH2C6H5 
has been studied by X-ray d i f f r a ~ t i o n ~ ~  but was disor- 
dered, and the precision of the structure determination 
is too low to permit a meaningful comparison of this 
structure with the above-described nonbridged ana- 
logue. 

In the 18-electron .r15-C5H5R~[~6-C6H5B(C6H5)3] com- 
plex, the v5-C5 and t6-C6 rings each are nearly planar 
and generate a nearly zero dihedral angle (2.95').% The 
distances between the ruthenium atom and the ring 
planes are 1.817 (c ) and 1.701 (c6) A; the Ru-C(C5) 
distance is 2.170 (6) 1. For the (26 ring, the carbon atom 
attached to boron has a Ru-C separation of 2.271 A 
which is significantly larger than that for the other five, 
2.195 (12) A, which reflects the fact that this carbon lies 
slightly out of the arene ring plane away from the ru- 
thenium atom and that the two C-C ring distances for 
the ring carbon atom attached to boron appear to be 
slightly longer than the other four-1.419 (9) and 1.428 
(9) A, as compared with an 1.40 (1) A average for the 
other four. The cyclopentadienyl ligand C-C distance 
is 1.394 (18) A. It is significant as an internal and 
relative reference check that the average ring C-C 
distance in the $-ligand appeared to be larger than for 
the three, planar uncomplexed phenyl rings-1.410 (4) 
A vs. 1.379 (12) A. Closely analogous is the structure 
of (~7-C7H7)Mo[q6-C6H5B(c6H5)3],N Both ring ligands 
were nearly planar and parallel. Actually, the v6-C6H3 
ligand was not exactly planar; the carbon atom bearing 
the boron substituent was bent out of the mean plane 
of the other five carbon atoms away from the metal 
atom. Hence the Mo-C distance for this unique carbon 
was substantially larger than the mean of the other five 
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distances, 2.430 vs. 2.341 A. The hydrogen substituents 
of the $-phenyl ring were bent out of the ring plane 
toward the metal atom. As in the ruthenium complex, 
the mean C-C ring distance was apparently larger than 
those of the three uncomplexed phenyl rings, 1.412 (6) 
vs. 1.394 (6) A, although when a very conservative 3a 
criterion is used, the difference is not significant. 

Related to the first two complexes in this class is 
[ C5H5FeC13Hlo]+PF6- where C13H10 is the fluorene 
molecule. Treatment of this 18-electron complex with 
potassium tert-butoxide yielded C5H5FeC13H9, a dia- 
magnetic sandwich complex with an q5-C5H5 and an 
q6-C13H9 ligand (14). Not all six complexed carbon 

14 

atoms of the latter are coplanar-C1, Cp, C3, C4, and Cll 
are coplanar to within 0.027 A but Clo lies out of this 
plane by 0.151 and 0.134 A for molecules A and B in 
the unit cell (the uncomplexed c6 ring atoms are co- 
planar to 0.009 A).35 In this (26 ligand ring, the average 
C-C separation is 1.419 %I compared with 1.392 A for 
the uncomplexed (26 ring; internally, the difference is 
significant, but not in an absolute context for com- 
parison with strictly aromatic c6 ring ligand systems. 
Average carbon-iron distances are 2.034 and 2.126 A 
for the C5 and cg ring systems with the range large for 
the latter, 2.036 to 2.308 A. Whether this complex is 
best represented in an idealized context as zwitterionic 
(q5-C5H5)Fe1(#-arene) (15a) or an (v5-C5H5)Fe"(q5- 
C13H9) (15b) complex k a moot issue, but the structural 

150 ISb 

parameters appear to favor the former. The basic issue 
of structure and bonding in (arene)metal complexes 
with the arene a condensed aromatic is more fully ad- 
dressed in a later section that deals with the relatively 
large class of (arene)ML3 complexes. 

I I I .  $-Arene-ML, Complexes 

A. Classtflcations 

To enable a cohesive and logical discussion of struc- 
ture and stereochemistry, the large group of q6-arene- 
ML3 structures has been divided into four classes, based 
on the number and arrangement of substituent groups 
on the arene ring. The first class consists of structures 
in which the arene ligand itself possesses a 3-fold or 
6-fold symmetry axis; i.e., the ring carbon atoms either 
have six identical substituent groups or two alternating 
sets of identical substituents. The second class com- 
prises complexes with monosubstituted benzene rings. 
The third class comprises complexes with disubstituted 
and unsymmetrically substituted benzene ligands. In 
the fourth class, the $arene ligand is part of a larger 
condensed aromatic molecule. Structural and stereo- 
chemical data for these four structural classes are sum- 
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Figure 2. Construction of the valence orbitals in benzene-Cr. 

marized in Tables IV-VII, respectively. 

B. General Bonding Considerations 

One insightful way to describe the orbitals of a 
benzene-ML, complex is by interacting the valence 
orbitals of a benzene-M unit with symmetry-adapted 
combinations of lone-pair orbitals from the L, set. This 
procedure is employed here, and the representation for 
the benzene-M fragment is then used as a basic con- 
struction unit throughout the remainder of this article. 
Figure 2 illustrates the construction of the valence or- 
bitals in benzene-Cr14 wherein a familiar pattern 
emerges. The three filled ?r levels of benzene, a2" + elg, 
are stabilized by chromium orbitals. Three metal or- 
bitals (z2,  x 2  - y2 ,  xy)  of 2al + e2 symmetry remain 
"nonbonding". An essentially identical situation was 
described earlier for bis(benzene)chromium but with the 
difference that in C6H6Cr there are now three empty, 
low-lying orbitals. The 2el set consists of metal xz  and 
yz  that are antibonding with respect to the benzene e 
orbital, 16. What keeps 2el at low energy is that m e a  

16 I7 

3c and y orbitals mix partially into 16 in a bonding (less 
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antibonding) way with respect to the benzene elg orbital. 
This hybridizes 2el out toward the missing ligands, as 
shown by 17. Analogously, 3al is a mixture of metal s 
and z orbitals hybridized out away from the benzene 
a2,, orbital, 18. In a localized sense, or in valence bond 

3 0 ~  

18 19 

terms, three of the metal d2sp3 hybrids are interacting 
with the r orbitals of benzene. There remain three 
unhybridized metal d orbitals and three unfilled hybrid 
orbitals, 19, which are directed away from the benzene 
ligand. The two pictures, localized and delocalized 
representations of the benzene-metal bonding, are 
equivalent; symmetry-adapted combinations of hybrid 
orbitals in 19 lead to metal orbitals of the same sym- 
metry and radial extension as 2el and 3al. 

From the localized representation of benzene-Cr 
shown in 19 it is clear that the benzene-Cr fragment 
is ideally constructed to interact with three donor lig- 
ands. These might be carbon monoxide, a phosphine, 
or the three r bonds of another benzene ligand. From 
a delocalized point of view, this is illustrated for 
benzene-ML, in Figure 3 where L is taken to be any 
two-electron a-donor group. The symmetry-adapted 
combinations of the three ligand lone pairs are illus- 
trated on the right side of this figure. The lone-pair al 
combination interacts with 3al on benzene-& and is 
stabilized. The same situation occurs between the e 
combination and 2el. To a first approximation, the 
metal-centered orbitals, 2al and e2, are left antibonding. 
The localized and delocalized bonding descriptions im- 
ply cylindrically symmetrical bonding of chromium to 
the benzene ligand. The rotational barrier about the 
benzene-Cr axis should then be very small for benz- 
ene-CrL, complexes. Theoretical  calculation^^^ and 
experimental results, as we shall see in the next section, 
are in agreement with this. The C-C bond lengths of 
the benzene ligand should also remain equal. This is 
not quite true. There appears to be a small alternation 
in bond lengths, a feature that will be discussed in a 
following section. 

C. Arene Ligands with 3- or 6-fold Symmetry 
Axes 

The prototypical $-arene-ML, structure is q6- 
benzene-Cr(CO)* This complex has been structurally 
analyzed at low temperatures by both X-ray and neu- 
tron diffraction  technique^.,^ In the crystalline state, 
only a mirror plane is crystallographically imposed on 
the molecule-there is no crystallographically imposed 
(alternating) inequivalence of the benzene C-C bonds. 
The staggered conformation, 20, was found rather than 
the eclipsed one, 21. The three ring C-C bonds that 

2 0  21 

are eclipsed by the CO ligands are significantly longer 
than the three noneclipsed C-C bonds, 1.423 (1) 8, vs. 
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Figure 3. Interaction diagram for benzene-ML,. 

1.406 (1) A. This C-C bond length alternation reduced 
the highest-symmetry axis of the benzene ligand to 
3-fold; the free benzene molecule, of course, possesses 
6-fold symmetry with all C-C bond lengths identical, 
1.398 (8) The possibility of bond alternation can 
also be seen from theoretical considerations. An ex- 
tended Huckel calculation36 on benzene-Cr(CO):, where 
all C-C distances were equivalent gave larger C-C 
overlap populations for the staggered bonds than those 
for the eclipsed set. This implies that the benzene 
ligand will distort to threefold symmetry in the sense 
noted above. It is not immediatley obvious why bond 
alternation occurs in this complex since the bonding 
pattern developed in the previous section implies that 
strict cylindrical symmetry is maintained. This is not 
quite the case. Notice in Figure 3 that the lone-pair e 
combinations are asymmetric with respect to the xz 
plane. The top component of e lies to the left side of 
the x z  plane; the lower component has the majority of 
its electron density on the right side. On the other hand 
2el (and e2) in benzene-Cr are left-right symmetric (or 
antisymmetric). The bonding molecular orbital of e + 
2el can be stabilized even more by mixing some e2 into 
it. This is done in such a way that the overlap between 
chromium orbitals and the lone pairs is increased. Now 
e2 carries with it some a* character that is mixed with 
the a character of 2el. The net result is to increase C-C 
K overlap on the staggered bond set and to decrease that 
overlap on the eclipsed set. So the threefold symmetry 
of the lone pair L3 set is behind the bond alternation. 
An alternative way to approach the problem is to build 
the orbitals of CrL, and interact them with the K and 
A* orbitals of benzene. This too produces an inter- 
mixing of A and a* orbitals so that some bond alter- 
nation is expected.39 It is important to bear in mind 
that this is a minor effect. The rotational barrier is still 
very small. Electron diffraction resultsm show that the 
molecule is nearly an unhindered rotor in the gas phase. 

Just as in the classic sandwich structure, ($- 
benzene)&r, and for presumably the same reasons, the 
ring hydrogen atoms in ($-benzene)Cr(CO):, bend out 
of the benzene plane toward the chromium atom. The 
average displacement from the plane of the benzene 
ring in the direction of the chromium atom is 0.03 A. 

A staggered orientation is also adopted in the analo- 
gous compound containing a fully substituted arene 
ring, [?6-C6(CH3)6]Cr(Co)3.41 Although the six c-c 
bond lengths are reported to be equal within experi- 
mental error (1.42 (3) A), the accuracy of this deter- 
mination was not high. The six methyl substituents are 
all displaced slightly from the mean plane of the arene 
ring away from the chromium atom. [q6-c6(CH3)6]- 
Mo(CO):, likewise adopts a staggered orientation (car- 
bon atoms of ring staggered with respect to carbonyl 
groups).42 Here, as in (+C6H6)Cr(C0),, the eclipsed 
C-C bonds of the ring appear to be longer than the 
noneclipsed bonds, 1.441 (9) A vs. 1.405 ( 5 )  A; but 
within the precision of the analysis, the difference is not 
significant. The methyl carbon atoms are displaced out 
of the mean plane of the C6-arene ring away from the 
molybdenum atom by 0.060 (8) A. 

When the substituent group is changed from methyl 
to ethyl, the orientation of the CO ligands with respect 
to the carbon atoms of the arene ring changes from 
staggered to eclipsed.43 In both [06-C6(C2H5)6]CI(CO)3 
and [06-C6(C2H,)6]M~(C0)3, the carbon monoxide lig- 
ands are eclipsed with respect to three carbon atoms 
of the arene ring (and three ethyl substituents). Al- 
though the C-C bond lengths in the arene rings are all 
equal in these structures, the arenes possess only 3-fold 
symmetry, because the ethyl substituents adopt a 
“cogwheel” orientation. While the methylene carbon 
atoms of the six ethyl substituents are all located on the 
side of the arene ring away from the central metal atom, 
the methyl carbon atoms project alternately above and 
below the plane of the arene ring. For the three eclipsed 
ethyl groups, the methyl carbon atom is located on the 
side of the ring away from the metal atom. It should 
be noted that the free molecules of both hexamethyl- 
benzene44 and he~aethylbenzene~~ adopt similar cog- 
wheel orientations in the solid state, with the substit- 
uents alternating above and below the arene c6 planes. 

Replacement of a carbonyl ligand in [?f-C6(C2H5)6]- 
Cr(CO), by P(C6H5):, or P(C2H5), leads to striking 
changes in the solid-state structure.43 Whereas [$- 
C6(C2H5)6]Cr(C0)3 adopts an eclipsed configuration 
with the methyl groups alternately toward and away 
from the metal atom, one of the conformers of [v6-c6- 
(C2H5)6]Cr(CO)2P(C2H5)3 retains the eclipsed areneM- 
L3 orientation with only the methyl group trans to the 
phosphine remaining tipped toward the metal side of 
the a ~ e n e . ~ ~ ~  The second structure found for [v6-c6- 
(C2H5)6] Cr (C0)2P( C2H5)343b and that of [ v6-c6- 
(C2H5)6]Cr(CO)2P(CGH5)343a have a staggered array of 
arene carbons with respect to the L, set, and all six 
methyl groups of the arene are directed away from the 
metal atom. 

In these phosphine-substituted compounds, the C-C 
bond lengths do not alternate in a systematic fashion 
around the arene ring. However, there appears to be 
a modest variation in the bond lengths of [&&- 
(C2H5)6]Cr(CO)~P(C6H5)3-fiOm 1.404 (7) A to 1.435 (7) 
A, although the range is small with respect to the pre- 



Arene-Metal Complexes 

cision of the determination (these values bracket the 
results reported for both structures of [$-C6(c2H5)6]- 
Cr(CO),P(C,H,),). The existence of the two cocrys- 
M i n e  conformers of [$-C6(C2H5)6] Cr ( C0)2P(C2H5)3 in 
the same unit cell of the crystal incisively shows how 
small the energy difference is between the eclipsed and 
staggered structures. 

As in ( Q ~ - C ~ H ~ ) C ~ ( C O ) ~ ,  a staggered orientation is 
adopted in both [ ( Q ~ - C ~ H ~ ) R U B ( ~ Z ) ~ ] + P F ~ -  [B(pz)4 = 
tetraki~(l-pyrazolyl)borate]~~ and ($-c6H6)RuCl2- 

provides an exception; it adopts an eclipsed orientation 
in which the CO and GeC1, ligands eclipse arene carbon 
atoms.47 This again points to a very small rotational 
barrier for the benzene-ML, system.48 The ring C-C 
bond lengths in (176-C6H6)RU(CO)(GeC13)2 are equal 
within experimental error (1.408 (6) A), so the benzene 
(26 ring locally maintains a 6-fold symmetry axis. 

Only three $-arene-ML3 structures containing 
1,3,5-substituted arenes have been reported, (1,3,5-c6- 
H ~ ( C H ~ ) ~ ) M O ( C ~ ) ~ , ~ ~  ~(~,~,~-C~H~(CH,),)MO[(CH,),P- 
C2H4P(CH3)2]N)2,49 and [116-1,3,5-C6H3(CH3)3]Ru(4- 
hydroxy-4-methylpentan-2-one) (a~etone),+(BF,-)~.~O 
The first two compounds adopt an eclipsed orientation, 
while the detailed stereochemistry of the last compound 
has not been reported. In [06-1,3,5-C6H3(CH3)3]M~- 
(CO),, the methyl groups of the arene ligand reside on 
eclipsed ring carbon atoms. This fits a pattern that 
shall be discussed electronically in the next section: 
M-L bonds eclipse electron-donor-substituted arene 
carbons. This conformational preference has electronic 
origins, and its magnitude depends upon the strength 
of the donor substituent, which is weak for a methyl or 
alkyl group. In ([  1,3,5-C6H3(CH3)3]Mo[(cH3)2Pc2H4- 
P(CH,),]NJ2, the methyl substituents are on noneclipsed 
ring carbons. The electronically favored structure is not 
found, presumably due to minimization of close con- 
tacts between the phosphine-methyl groups and the 
methyl groups on the arene. In both structures, the 
arene methyl groups are displaced out of the arene 
plane away from the metal. Carbon-carbon bond 
lengths within the arene ligand appear to be equal. 

General structural features of this class of compounds 
are as follows: (1) Ring C-C bonds of arene ligands are 
only slightly longer than ring C-C bonds of the free 
arene  molecule^.^^^^^*^^ (2) M-C(ring) bond lengths are 
-2.23 A for arene-Cr complexes and range from 2.16 
to 2.39 A for arene-M complexes involving second-row 
transition metals. These bond lengths are somewhat 
longer than those found in the bis(arene) sandwich 
compounds. M-C(ring) lengths in the M(@-arene), 
complexes are all in the 2.08-2.20-A range (with the 
exception of the 20-electron complex, CO[Q~-C~-  
(CH3)6]2+PF6-). (3) Distances between the metal atom 
and the center of gravity of the arene ring are -1.73 
A for chromium complexes and range from 1.67 to 1.92 
%, for complexes involving second-row transition-metal 
atoms. The M-C6(grav) distances for M(@arene), 
complexes, all based on first-row metal atoms, are 
generally shorter, ranging from 1.53 to 1.67 A (except 
for CO[Q~-C~(CH,)~]+PF~-). (4) There is a small degree 
of bond alternation observed for staggered, 20, but not 
eclipsed, 21, structures. The C-C bonds that are ec- 
lipsed by M-L bonds in 20 are slightly longer than those 
in the staggered set. (5) In benzene or hexasubstituted 

(PCH3( C&5) 2) ( ?76-c6H6) RU(C0) (GeC1,) 2, however, 
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benzene-ML, complexes generally conformation 20 is 
found; however, since the rotational barrier along the 
metal-arene axis is very low, eclipsed or intermediate 
geometries are possible. 

D. Monosubstituted Arene Ligands 

($-C6H5S)ML3 structures may possess one of three 
idealized conformations. In the first geometry, 22, 

$J I ,&, b- 
E EE S 

22 23 24 

which is denoted as E, three ring carbons and the three 
ligands, L, are eclipsed and the substituent S resides 
on one of the noneclipsed ring carbon atoms. In con- 
formation EE, 23, the ML, core eclipses ring carbons, 
but in this case S is also eclipsed by one M-L bond. 
Finally, a staggered orientation, S, 24, may also be 
found. As mentioned previously, there is an electronic 
driving force behind a conformational preference for 22 
or 23. There are a number of ways to view it.36v51p52 An 
expedient departure point is to start with Cr(CO),, or 
for that matter, any d6-ML3 fragment. Within a hy- 
bridization model,gb the ML3 group will have three M-L 
bonding orbitals that are filled and three empty hy- 
brids. These will be directed in an octahedral ar- 
rangement; therefore, the empty hybrids are localized 
in regions of space that stagger the M-L bonds. This 
is shown from a top and side view in 25. There are also 

25 26  
three nonbonding, filled orbitals. They are analogous 
to the t2g set of an octahedron. A localized represent- 
ation of them, top and side views, is shown in 26. So 
there are two electronically distinct interpenetrating 
trios on the d6-ML3 group. The ML3 group will orient 
itself so that 25 is pointed toward regions of high 
electron density and 26 toward regions of low electron 
density in the arene ring. An electron-donor substituent 
on the arene will produce a charge distribution on the 
arene ring as shown in 27.% The EE conformation, 28, 

?n+ D 

points the empty trio, 25, toward the electron-rich ortho 
and para positions and the filled trio, 26, toward the 
electron-deficient ipso position and the meta carbon 
atoms. (q6-C6H5CH3)Cr(C0)353 and ($-C6H50CH3)Cr- 
(C0)3'1,3,5-C6H3(N02)351 are representatives of this 
pattern. An electron-acceptor substituent will polarize 
electron density in an opposite manner with respect to 
27. Consequently, the E orientation, 29, is the elec- 
tronically preferred one. (a6-C6H5C02CH3)Cr(C0)352,54 
is one such example. It is easy to see that making the 
electron donor stronger will increase the polarization 
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in 27 and increase the rotational barrier. An extended 
Huckel calculation on (at~iline)Cr(CO)~ gave a rotational 
barrier of 1.3 kcal/mol with the EE conformation as the 
most stable one. This is still a relatively small potential, 
and, therefore, crystal packing effects as well as steric 
factors can override these electronic effects, particularly 
for weak donors or acceptors. [q6-C6H5CH[C- 
(CH3)3]2]Cr(C0)355 is an obvious complex in which steric 
factors can be stereochemically dominant. The pre- 
dicted conformation is EE, but because of contacts 
between the very bulky alkyl group and carbonyl lig- 
ands, the Cr(CO), group is rotated by 44' from this 
geometry. Another example is [ (OC)3Cr(g6-C6H5&.56 
Aside from this unique case, most of the structural data 
in Table V for the mono- as well as the di- and trisub- 
stituted benzene ligands follow the electronically pre- 
dicted patterns. Part of the reason for the concern 
about equilibrium conformations of arene-Cr(CO), 
complexes has to do with nucleophilic and electrophilic 
attack on the coordinated arene ring. There is good 
experimental and theoretical evidence57 that the con- 
formation of the Cr(C0)3 group can determine the re- 
gioselectivity of attack on the arene ring. The direc- 
tionality of trios 25 and 26 themselves perturb the 
electron density on the arene ring for eclipsed (E or EE) 
structures. This may be an even stronger effect than 
that of some substituents on the arene ring. 

In all of the structures summarized in Table V except 
for [ $-c6H5cH[c(CH3)3]2] cr(co):5 and [q6-C6H5N- 
(C2H5)2]Cr(C0)3,58 the arene ligand is planar. In each 
of these exceptions, the aromatic ligand is folded 
slightly with C-1 and C-4 being displaced out of the 
plane of the other four ring carbon atoms away from 
the metal atom. None of the structures summarized in 
Table V show systematic ring C-C bond length varia- 
tions. The M-C(ring) bond lengths are all in the same 
range of 2.18-2.24 A for the chromium complexes, ex- 
cept for one very long M-C(ring) distance in [$- 
C6H5N(C2H5)2]Cr(C0)3,58 while the M-C(ring) bond 
lengths vary from 2.28 to 2.43 A for the complexes in- 
volving second-row transition metals. Distances be- 
tween the metal atom and the center of gravity of the 
arene ring range from 1.67 to 1.74 A for the chromium 
complexes and from 1.78 to 1.92 A for complexes in- 
volving second-row transition metals. Frequently, the 
substituent, S, is displaced out of the arene plane away 
from the metal atom. The most spectacular displace- 
ment occurs in [rl6-C6H5CH[C(CH,),],]Cr(CO), in which 
the a-carbon atom of the bulky substituent is displaced 
0.41 A from the mean plane of the arene.55 In two cases, 
[ 116-C6HSC02CH3]Cr(CO)2CS59 and [ q6-C6H5C02CH3]- 
Cr(C0)2PF3,60 the a-carbon atom of the substituent 
group is displaced out of the arene plane toward the 
metal atom. 

Muetterties et al. 

E. Disubstituted and Unsymmetrically 
Trisubstituted Arene Ligands 

A variety of orientations are possible for @-arene- 
ML, compounds possessing disubstituted arene ligands. 
The various possibilities for ortho, meta, and para 
substitution are outlined in Figure 4. Most of the 
compounds that have been studied to date contain or- 
tho-substituted arene ligands. Within this group, two 
of the three possible orientations (see Figure 4) have 
been observed, the E orientation in which three ring 

A .  ortho substitution 

8 .  meta substitution 

E EE 

C. para substitution 

E S 
Figure 4. Conformational possibilities for disubstituted +ar- 
ene-ML3 complexes. 

carbon atoms and the three ligands, L, are eclipsed and 
the S orientation in which the ring carbon atoms are 
staggered with respect to the ligands, L, and an M-L 
bond does not project onto the C1-C2 arene bond. 
Among the ortho-substituted-arene-ML3 structures 
that exhibit the E orientation (see Table VI), the more 
electron-donating substituent is eclipsed while the more 
electron-withdrawing substituent is not eclipsed, as 
would be expected, based on the electronic arguments 
of the last section. In [s6-o-C6H4(OCH3)(COCH3)]Cr- 
(CO),, for example, the electron-donating group, OCH3, 
is eclipsed and the electron-withdrawing group, COCH3, 
is not.61 If S1 and S2 have identical, or very similar, 
electronic characteristics, then the S conformation ap- 
pears to be more favorable than the SS orientation. 

Frequently, the a atom of the eclipsed substituent is 
displaced out of the arene plane away from the metal 
atom while the CY atom of the noneclipsed substituent 
is displaced toward the metal atom. This is the case 
in [776-o-C6H4(oCH3)(COCH3)]Cr(C0)3, where the oxy- 
gen atom of OCH, is 0.56 A above the plane and away 
from the chromium atom, whereas the a-carbon atom 
of COCH3 is 0.141 A below the plane and toward the 
chromium atom. However, in one case, ($-o- 
C6H4CH3) [C(OH)(CZH5)(C6H5)]Cr(CO),, both substit- 
uents are displaced away from the metal atom,62 and 
in another case, [116-o-C6H4(OH)(COCH3)]Cr(C0)3, both 
are displaced toward the metal atom.61 Only one 
meta-substituted-arene-ML3 structure and three 
para-substituted-arene-ML3 structures have been re- 
ported. In each case, the S orientation is observed, in 
which the ring carbon atoms are staggered with respect 
to the ligands, L. In one of the para-substituted cases, 
both SI and S2 are electron-donating alkyl groups. An 
intermediate geometry (S) is then assumed. The other 
case, [ v6-p-C6H4 [ c( CH,),] ( C02H)] Cr ( co)3,63 is inter- 
esting because it contains substituents of opposite 
electronic parity. The preferred conformation should 
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be E (see Figure 4 4  with S1 = C(CH3), and S2 = C02H. 
However, this would involve close contacts between one 
methyl carbon of the fert-butyl group and the eclipsing 
carbonyl. Instead a staggered, S, conformation is found. 

The arene rings in most of the disubstituted-arene- 
ML, structures are planar, but two of the para-disub- 
stituted complexes, [2.2]para~yclophane-Cr(CO)~~ and 
[q6-P-C6H4(CH,)(CH(CH3)2)IRuC12P(CH3)(CsH5)2,46 
possess boat-shaped rings. In each case, the two sub- 
stituted ring carbon atoms are bent out of the plane of 
the other four carbon atoms away from the metal atom. 
In [2.2]para~yclophane-Cr(CO)~, however, this bending 
is no greater than in the parent cyclophane molecule.& 

General features of the structures summarized in 
Table VI include the following: (1) Systematic alter- 
nations in ring C-C bond lengths are usually not ob- 
served. C-C bond length alternation has been claimed 
in [2.2]para~yclophane-Cr(CO)~ (1.398 (8) 8, for three 
short bonds vs. 1.417 (6) 8, for the three long bonds), 
but the uncertainty in these bond lengths is quite 
large.64 (2) The metal-ring carbon bond lengths show 
little variation; all, except the two long M-C(ring) bonds 
in [2.2]para~yclophane-Cr(CO)~, are in the 2.20-2.26-8, 
range. (3) The metal-ring center of gravity distances 
likewise show little variation; all are in the 1.70-1.76-8, 
range. 

Only one complex containing an unsymmetrically 
trisubstituted benzene ligand, [q6-1,2,3-C6H3(oCH,),]- 
CI(CO),,~~ has been investigated structurally. This 
complex adopts an eclipsed configuration in which the 
Cr-CO bonds eclipse two of the electron-donating CH30 
substituents, as expected from the preceding analysis. 
The C6-arene ring is nonplanar; it has an inverted boat 
shape whereby two para carbons are bent slightly to- 
ward the Cr atom. 

There are a few heterocyclic arene-ML, complexes 
that are related to the compounds discussed in this and 
the previous section. The structures6M7 where a more 
electronegative atom than C has replaced a C-H group 
all exist in the conformation given by 30. One of the 

7h 
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30 31 
a) R , = R 2 - M e , X = N , L = C 0  
b) RI=Ms, R 2 = H , X = N , L = C 0  

d ) R ,  s R 2 - P h , X a P , L = C 0  
C)  R ,  sR2=H,XaN,LmNC-!BU 

empty hybrids in 25 is then pointed at the electron-rich 
X atom and meta carbons.36 The borabenzene-Mn- 
(CO), complex, 31,68 has the opposite orientation; here 
the electron donors, 26, are pointed toward the elec- 
tron-deficient B and meta C atoms (consistently in the 
crystalline state for the sandwich complex Cr(2,6- 
lutidine), there are two molecules in the unit cell that 
differ from each other by the relative orientation of the 
azine rings69). In all these examples, the heteroatom 
is essentially coplanar with respect to the C5 unit. 
There is one exceptional complex, hexaethylborazine- 
Cr(CO)3.70 The borazine ring is puckered into a chair 
form such that all three Cr-N distances are shorter than 
the three Cr-B bonds. The conformation of the Cr- 
(CO), group is such that the carbonyl ligands eclipse 
the boron atoms. 

F. Condensed Arene Ligands 

All condensed aromatic ligands are minimally ortho 
disubstituted because of the connected aromatic ring 
system. As discussed above, the ML3 fragment can 
adopt three orientations (Figure 4a). All of the struc- 
tures listed in Table VII, except one, are based on a 
naphthalene-Cr(CO), unit. In other words, a butadiene 
fragment is ortho fused onto the arene-Cr(CO), system. 
All but one possess the S orientation, 32. The excep- 

32 33 
tion is biphenylene-Cr(C0)21 in which the SS confor- 
mation, 33, is found. There is an electronic reason for 
the conformational change, which has its origins in the 
attractive and repulsive interactions between the Cr- 
(CO), orbitals and the uncomplexed polyene A orbit- 

Perhaps the most interesting stereochemical feature 
of this series of compounds is the slippage of the ML, 
fragment toward the four unsubstituted carbon atoms 
of the arene ring and away from the two ring junction 
carbon atoms. This slippage results in the distance 
between the chromium atom and the four unsubstituted 
ring carbon aroms being as much as 0.1 A shorter than 
the distance between the chromium atom and the two 
ring junction carbon atoms. M-C(ring, unsubstituted) 
bond lengths range from 2.19 to 2.23 A while M-C(ring 
junction) bond lengths range from 2.24 to 2.33 A). Since 
all the coordinated C-C distances are approximately 
equal in these compounds, an q6 geometry would be one 
where the projection of the Cr atom onto the plane of 
the c6 ring would fall on and bisect the c3-c6 axis (see 
32). For triphenylene-Cr(CO),, which is typical of the 
naphthalene-based complexes, the projection of the 
chromium atom is displaced by 0.03 A from the c3-c6 
axis toward the C4-C5 bond. In biphenylene-Cr(CO), 
this is somewhat larger-0.05 A. Octamethyl- 
naphthalene and octamethylnaphthalene-Cr(CO), ex- 
perience significant deviations from planarity due to 
steric interactions of the methyl groups such that com- 
parison of these electron-rich molecules with other 
condensed arene-Cr(CO), species is not possible.77b It 
has been suggested that since the ring junction carbon 
atoms are A bonded to the three other carbon atoms, 
they cannot A interact with the chromium atom as ef- 
fectively as the other four ring  carbon^.^^^^^ Alterna- 
tively, this slippage can be viewed as arising from a 
retention of the maximal aromaticity in the uncom- 
plexed ring. Aromaticity of the uncomplexed ring can 
be maximally retained by forcing the Cr-C1,C2 bonding 
to become weaker. This is very similar to what happens 
in several ~4-benzocyclobutadieneFe(CO)3  derivative^.^^ 
Here, too, the Fe(CO), group shifts away from the ring 
junction toward q2-coordination. There is another way 
to view the slippage in these complexes, and this per- 
spective will be useful in considering some dynamic 
features of arene complexes. Consider slipping the 
Cr(CO), group from one ring to the other in naphtha- 
lene-Cr(CO),. The least-motion pathway, shown by the 
solid line in 34, passes through a transition state where 
the projection of the Cr atom bisects the C1-C2 bond. 

ais.71 
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At this point, the Cr(CO), group loses essentially all 
bonding to the naphthalene ring. The least-motion 
path is symmetry forbidden.75 It requires approxi- 
mately 35 kcal/mol from extended Huckel calculations 
to attain this geometry. On the other hand, shifting the 
Cr(CO), group in the opposite direction to an q2 point 
over the C4-C5 bond requires 25 kcal/mol. The lower 
potential for this motion is a consequence of the fact 
that some bonding is retained between the Cr and 
naphthalene at $. Therefore, because of the very high 
potential encountered by the movement indicated in 
34, the ground-state minimum is shifted in the opposite 
direction. We shall return to this point shortly in 
connection with the issue of arene-ligand exchange in 
arene-metal complexes. 

In most cases, the complexed condensed arene ring 
remains planar, although slight deviations from pla- 
narity have been observed in a6-naphthalene-Cr(C0)3,76 
$-naphthalene-Cr [P(OC6H,)3] (CO)2,77 and v6- 
~henanthrene-Cr(CO),.~~ In each case, the two ring 
carbon atoms adjacent to the ring junction carbon at- 
oms are displaced toward the chromium atom while the 
two remaining ring carbon atoms are displaced away 
from the chromium atom. Frequently, the a-carbon 
atoms of the two ortho substituent groups (i.e., the 
a-carbon atoms of the connected ring) are slightly 
displaced out of the mean plane of the complexed arene 
ring away from the chromium atom. 

Among condensed-arene-ML3 structures containing 
arenes with three connected aromatic rings (e.g., 
phenanthrene and anthracene), end rings are complexed 
in preference to central rings.73p77-so This is what would 
be expected considering the least disruption of aro- 
maticity in the benzenoid rings by a Cr(C0)3 group.81 

G. Arene Exchange 

The mechanism of arene exchange in q6-arene-ML3 
complexes has not been established fully despite ex- 
tensive investigation.@ Arene exchange between free 
arene and an a6-arene-metal(d6)L3 complex does not 
occur readily unless a donor solvent like an ether or a 
ketone is present. In the following discussion, this 
donor solvent-assisted arene exchange process will be 
the process in which electronic factors will be assessed 
for  their effect on reaction pathway. Mechanistically, 
a reasonable intuitive scenario would start with an q6 
to v4 dissociation of the coordinated arene. The coor- 
dinately unsaturated complex then could be attacked 
by an external (solvent) ligand. This intermediate in 
turn would move to $-coordination and pick up a 
second ligand. Finally, the q2-arene-ML3L’2 complex 
would eliminate the arene. Although there has not been 
a comprehensive theoretical study of this reaction, there 
are a number of key features in the electronic require- 
ments of the reaction that can be unambiguously 
identified. Obviously, a major issue is the nature of the 
first elementary step in the reaction sequence. An as- 
sociative mechanism (or an interchange mechanism of 
associative intimate character) for the attack of an ex- 
ternal ligand on $-benzene-ML, would seem unlikely. 

Actually, previous  calculation^^^ have shown that the 
direct attack of a nucleophile at the metal for $- 
benzene-Cr(CO), is highly repulsive; there is a girdle 
of electron density around the Cr atom, and this comes 
from the t2,-like set of orbitals, 2al and e2, shown in 
Figure 3. Mechanistically more plausible would be a 
dissociative mechanism (D or Id) outlined above, in 
which the ML3 group migrates from an q6 to an a4 ge- 
ometry, 35. An extended Huckel calculationm indicated 

a p 
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I 

/‘VI. 1; 
35 36 37 

that this excursion requires approximately 10 kcal/mol. 
The 77* complex, 35, is expected to be geometrically 
different than the examples discussed in sections IID 
and VII. Established a4 structures are known only for 
ds, 18-electron complexes, and in these the uncomplexed 
C-C unit lies significantly out of the plane of the other 
four carbon atoms for the reasons discussed in section 
IIC. However, for 35, there are two electrons less, and 
because of this, the driving force behind the ring 
puckering in ds complexes is not present in the d6 
species. An additional 15 kcal/mol is required to bend 
the C-C unit 25’ away from the metal. So it is likely 
that the arene ring will remain planar (the condensed 
arene structures in this section provide good evidence 
of this point since the Cr(CO), group is slipped toward 
v4). There also must be a distortion of the ML, group 
to accept the incoming donor solvent, and a reasonable 
possibility is shown in 36. For this distortion there is, 
in molecular orbital terms, one component of the an- 
tibonding yz-benzene-a interaction that goes down in 
energy. The dominant interaction between the complex 
and the incoming nucleophile will be between this 
low-lying LUMO and the lone-pair HOMO of the nu- 
cleophile as shown in 37. Maximal overlap between the 
empty metal d orbital and the filled lone pair on L’ will 
occur when L’ follows a path that is parallel with respect 
to the benzene ligand plane. Not only is there unfa- 
vorable steric repulsion between L’ and the uncom- 
plexed portion of the benzene ring, but also as indicated 
by the arrow in 37 there is antibonding introduced 
between the lone pair on L’ and the uncomplexed 
benzene R portion. Rotating ML3 by 180’ and allowing 
L’ to attack from the other side of the complex do not 
improve the energetics. Basically, the same problems 
prevail. If L’ comes in at a more acute angle than that 
in 37, then it will face strong repulsions with the metal 
“tQ” set. Therefore, there should be a sizable activation 
energy for attacking the 77* complex that should be 
sensitive to steric effects induced by substituents on the 
arene ring. 

The basic problem with the pathway outlined above 
is that the arene ring remains planar. Interestingly, the 
potential barrier for bending the uncomplexed portion 
of the arene ring becomes less when the ML3 group is 
shifted to a position whereby the metal has a much 
lower coordination number. For example, in $-arene- 
ML3, bending of the “butadiene” portion of the ring out 
of the plane away from the metal by 15’ is actually 
favored. However, this v6 to q2 conversion is calculated 
to  require 35 kcal/mol (for comparison, the energy re- 
quired to go from $‘ to 36 is 27 kcal/mol). A compro- 
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mise situation would be to have the ML, unit slip to 
an geometry. This coordination geometry was dis- 
cussed in section IID. The calculated energy for shifting 
benzene-Cr(CO), to this point is 20 kcal/mol, and it 
requires 6 kcal/mol to bend the uncomplexed allyl unit 
away from the metal by 25O. Therefore, there seem to 
be two general possibilities for the arene exchange re- 
action. Initial substitution by a solvent molecule could 
occur at some point along the $79 slipping pathway, 
illustrated in 38 as path A. We would favor this to 
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occur at some point along latter stages of reaction. The 
alternative, path B in 38, has ML3 transversing an 
$-q3-v1 domain. Extended Huckel calculations have 
been carried out on a large number of bicyclic and 
tricyclic polyene-ML, complexes (ML, = M(CO),, 
MCP).’~ Potential energy surfaces were constructed for 
slipping ML, within the periphery of the polyene ring. 
In general, it  was found that shifting ML, toward a 
carbon atom (analogous to path B) was energetically 
more favorable than a path that leads over a C-C bond. 
There are repulsions between metal-centered filled 
orbitals and the u orbitals of the polyene that are 
minimized for the q3-q1 transit in comparison to the 
714-$ path. Willeford and co-workers62c have deter- 
mined the activation parameters for exchange of 
benzene-, p-xylene-, and me~i ty leneCr(C0)~  by hex- 
amethylbenzene in cyclohexanone. Surprisingly, AH* 
drops from 29.6 f 1.0 kcal/mol for benzene-Cr(CO), 
to 25.7 f 1.0 for the mesitylene complex whereas the 
arene binding energy of mesitylene appears to be higher 
than that of benzene, 46 f 3 vs. 42 f 3 kcal/mol.& The 
lower enthalpy of activation for exchange for the better 
donor arene ligand (although the binding energy is 
apparently higher) seems to be most consistent with 
path B (assuming the first step to be the rate-deter- 
mining one). Here, two electron-donating methyl 
groups would help to stabilize an electron-deficient 
v3-arene-chromium tricarbonyl intermediate. The en- 
tropy of activation becomes large and negative along 
this series ranging from -4 f 3 eu for benzene-Cr(CO), 
to -18 f 2 eu for mesitylene-Cr(CO),. Naphthalene- 
Cr(C0)3 undergoes the arene exchange reaction far 
more readily than b e n ~ e n e - C r ( C O ) ~ . ~ ~ ~  Extended 
Huckel calculations on naphthalene-Cr(CO), show that 
it requires 24 kcal/mol to attain the most stable q2 
geometry (over the C4-C5 bond-see 32) and 17 kcal/ 
mol to attain an v3 geometry (the corresponding values 
for benzene-Cr(CO), are 35 and 20 kcal/mol, respec- 
tively). A determination of the arene exchange acti- 
vation parameters for complexes with arene ligands 
having different substituents and different substitution 
patterns may help to differentiate the mechanistic 
possibilities. For example, extended Huckel calcula- 
t i o n ~ ~ ,  on naphthalene- and pyrene-chromium tri- 
carbonyl show that there is a lower potential required 
for slipping Cr(CO), along path B in 39 for the pyrene 
complex. On the other hand, it requires less energy to 
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attain an 
chromium tricarbonyl. 

geometry, path A, in 39, for naphthalene- 

I V. $-Arene-ML, Complexes 

Presented in Table VI11 are the structural charac- 
teristics of the ten $-arene-MLz compounds that have 
been examined by X-ray crystallography. With one 
exception, the compounds possess idealized Czu point 
symmetry, with the plane of the arene ring and that of 
the ML, subunit intersecting with a dihedral angle of 
90 f 10’. The exception is ((q6-C6D6)Rh[l,2- 
[ (C6H5)2PCH2]2-C-C4H6]+),85 in which the ML2 plane is 
bent and slightly slipped toward one edge of the arene; 
it is perhaps unrealistic to place this structure in any 
idealized structural class. 

The averages of the carbon-carbon bond lengths of 
all the coordinated arenes are close to 1.40 8. While 
significant or systematic variations in these bond 
lengths, similar to those observed in other coordinated 
aromatic ligands,66 do not occur, the majority of the 
arene rings depart significantly from coplanarity. There 
are two limiting conformations for $-arene-MLz. Both 
have a nonplanar folded arene ligand, but each are 
directly bonded to different sides of the folded arene 
ligand. In conformation 40 the ML, group eclipses two 
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C-C bonds. The two para carbons, which form a vector 
normal to the plane of ML,, are bent out of the plane 
of the other four carbons, away from the metal, as 
shown by the arrows in 40. The last four structures 
listed in Table VI11 exhibit this conformation. In the 
alternative orientation, 41, the ML, group eclipses two 
carbon atoms. Here the four noneclipsed carbon atoms 
move out of the plane, away from the metal, as indi- 
cated in 41; the first three entries in Table VI11 have 
this conformation. A structurally equivalent way to 
view the generation of this conformation from a planar 
q6-arene-MLz of Czu symmetry (and this “perspective” 
is used in Table VIII) is that the two eclipsed carbon 
atoms move out of the plane of the other four, toward 
the metal. 

These displacements observed for arene-ML, com- 
plexes are interesting because they must have electronic 
rather than steric origin. Those carbon atoms furthest 
removed from the auxiliary ligands are bending away 
from the metal. The electronic basis for this effect has 
been developed67@ by interacting the valence orbitals 
of an ML2 group with the r levels of benzene. The 
approach we take here is slightly different. The orbitals 
of a d6-metal-benzene fragment (see Figure 2) are in- 
teracted with the donor lone-pairs of two ligands, L, as 
shown in Figure 5; the symmetry labels are those for 
the Czu symmetry. On the right are the in-phase (al) 
and out-of-phase (b,) combinations of the lone pairs. 
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Figure 5. Construction of the valence orbitals of benzene-MLt 
from a benzene-de-M fragment and L2, where L is any 2-electron 
donor. 

The a1 combination interacts most extensively with the 
3al benzene-M fragment orbital. The b, combination 
must interact with the b2 component of the 2el set. 
Both molecular bonding orbitals are occupied and their 
antibonding analogues are vacant. All other fragment 
orbitals of benzene-M are nonbonding. Notice that one 
of these nonbonding orbitals, the bl component of 2el, 
lies at high energy. The composition of this orbital was 
discussed in section IIIB; it is primary metal yz anti- 
bonding with respect to a benzene * orbital-see the 
lower drawings in 16 and 17. The most significant an- 
tibonding interaction between the metal atom and the 
arene carbon atoms is that between two para carbon 
atoms in the plane of the paper. This antibonding 
interaction can be diminished and bl stabilized by the 
displacement indicated in 40. 

Now we consider the alternative conformation, 41. In 
41, the in-phase lone-pair combination is still of a1 
symmetry but the out-of-phase combination becomes 
bl. Therefore, it interacts with the bl component of 2el 
(see Figure 5), and now bz is left nonbonding. The 
upper drawings of 16 and 17 show that this orbital is 
antibonding between the metal and four benzene car- 
bon atoms on either side of the plane of the paper. 
Thus, the displacement indicated in 41  will be stabi- 
lizing. 

Strong support for these theoretical explanations is 
found in two complexes that have a planar arene ring. 
The puckering of the arene ring depends on the occu- 
pation of the bl or b2 components of 2el. In the 17- 
electron complex (a6-C6HsCH3)C~(C6F5)289 there will be 
only 1 electron in this nonbonding orbital. Conse- 
quently, a good portion of the driving force behind the 
distortion is lost. The ring is planar within experi- 

mental error. In the 18-electron nickel two 
para carbons move out of the metal plane by 0.06 A. 
One should also expect that the metal-C4 distance de- 
creases upon depopulation of bl (for conformation 40). 
This does occur: the Ni-C4 distance is 1.68 and 1.69 
A for the two compounds in Table VIII, and in the 
corresponding cobalt complex it decreases to 1.62 A. 

Another method to depopulate the nonbonding bl (or 
b2) molecular orbital in 18-electron benzene-ML, sys- 
tems is by incorporating strong a-acceptor orbitals on 
the auxiliary ligands that are perpendicular to the ML2 
plane. A recent example that nicely illustrates this is 
(a6-C6H5CH3)Fe(bpy).90 The 2,2’-bipyridine ligand, 42, 

42  43 

behaves as a strong a electron-withdrawing group in this 
complex presumably by way of the LUMO, 43. Not 
only is the arene ligand planar in this complex, but it 
also has the shortest M-C4 distance (1.545 A). The 
Fe-N distance of 1.90 A is one of the shortest reported. 
The Cs-Csr distance is also contracted by 0.07 A in 
comparison to the uncomplexed bipyridine. Notice in 
43 that there is bonding between Cs and Cst so that 
occupation of this orbital should decrease the C5-C5? 
distance. [r16-Ce(CH3)e]RU(r14-1,3-c8H~)Q1 also is a sys- 
tem where the r14-1,3-C8H8 ligand has a low-lying ac- 
ceptor orbital. In this case, its construction is topo- 
logically equivalent to the LUMO of butadiene. Notice 
that the M-C4 distance is significantly shorter than 
those of the other second transition metal row da ana- 
logues. The arene carbon atom that lies over the open 
face of the “butadienoid” linkage is displaced from the 
mean plane of the other five carbon atoms. 

The arene exchange reaction is generally much more 
facile for 18-electron arene-ML, complexes compared 
to their arene-ML3 counterparts.sp6 The occupation of 
the benzene-metal antibonding bl (or b,) orbital should 
weaken the arene-metal bond. This should facilitate 
a migration of the ML2 group off the arene-C6 centroid 
in comparison with the arene-ML3 situation outlined 
in section IIIG where there are no arene *-metal an- 
tibonding interactions. Here again, electronic pertur- 
bations within the arene-ML2 complex can be used to 
modify the exchange rate. For example, if the L groups 
are capable of withdrawing electron density from the 
arene-metal antibonding orbital, then it follows the 
arene exchange should require more forcing conditions. 
As we have previously indicated, bipyridine is one such 
ligand (see 43), and (#-C6H5CH3)Fe(bpy) is inert at 
conditions where the rates of arene exchange for the 
isoelectronic Ni(I1) complexes are high.g0 

V. q6-Arene-ML, Complexes 

The structures of only five $-arene-ML4 complexes 
have been determined. Structural data for these are 
summarized in Table IX. In two structures, q6- 
~O~U~~~-MO(CH~)~(PC~H~(CH~)~)~~ and the analogous 
$-benzene the arene ring is boat shaped, 
with the two end carbon atoms displaced out of the best 
ring plane away from the molybdenum atom (displaced 
by 0.07 and 0.08 A in the toluene complex and by 0.08 
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TABLE IX. q 6 -  Arene-ML, Structuresa 

angle 
M-C,- s-c, 

complex ringb C-C(ring) M-C(ring) (grav)c M-L planed ref 
[ q 6-C, H,CH , ]Mo( CH ,) [ PC,H ,(CH,), ] NPe 1.4 10 2.274 (13)  ( 4  short) 1.816 2.291 ( 5 )  (C) +(C) 92 

[ 1) 6 - c 6  H 6  IMo (CH 3 2 [  pc 6 H  5 ( C H 3 ) 2  1 2 NPf 1.41 2.27 (0.5) (4  short) 1.82 2.295 (5 )  (C) 92 

2.342 (2)  (2 long) 
2.297 (17) (av) 

2.36 (1) (2 long) 
2.30 (2 )  (av) 

2.472 (5 )  (P) 

2.470 (7)  (P) 

{(q6-C6HsCHJ)Mo(q-SCH,)2}, NP 1.38-1.45 2.28-2.42 93 
[q 6-C,(CH3 16 ] T ~ ( C ~ Z M C ~ , ) , ' C ~ H ~  NP 1.42 2.50 (1.5) 2.06 2.615 ( 5 )  94 
[ ( R  6-C6H6)(r) "-C3H5)Mo(~-Cl)1 NPg 1.40 2.20 (2 )  ( 2  short) 1.81 2.52 (Cl) 95 

2.32 (1.5) (4 long) 

2.28 ( 3 )  (av) 

2.24 (1) 
(end carbon 
of allyl) 

2.14 (central C) 
Distances in A .  Distance between metal atom and center of 

gravity of arene ring. t indicates substituent atom, S (in parentheses), is bent away from metal; - indicates it is bent 
toward metal. e Ring is boat shaped with end carbon atoms displaced 0.07 and 0.08 A out of best ring plane away from 
Mo atom. Ring is boat shaped with end carbon atoms displaced 0.08 and 0.09 A out of best ring plane away from Mo 
atom. 

P indicates planar ring; NP indicates nonplanarity. 

Ring adopts an inverted boat conformation. 

and 0.09 A in the benzene complex). In both cases, the 
conformation of the complex is such that the two para 
carbons displaced from the plane of the ring are eclipsed 
by trans Mo-CH3 bonds. This nonplanarity of the 
arene rings has been attributed to steric repulsion be- 
tween the hydrogen atoms on the methyl ligands and 
hydrogen atoms on the displaced arene ring carbon 
atoms.92 There may well be this steric component to 
the distortion, but there is also thought to be an elec- 
tronic c ~ m p o n e n t . ~ ~  Figure 6 shows the development 
of the valence orbitals of an l&electron, C2v, $- 
benzene-ML4 complex. The four seta of L4 donor hy- 
brids on the left of the figure find symmetry matches 
with benzene-M orbitals and are stabilized. The 2al 
and one component of e2, of a2 symmetry, orbitals are 
left nonbonding. The other component of e2 is desta- 
bilized by the ligand 2al level. As described in section 
IIIB, e2 consists of primarily metal x2 - y2 and xy with 
benzene a* mixed in a bonding way. In all of the cases 
we treated previously, both members of e2 are filled. 
Here only the xy component (a2) is. As a consequence, 
there is increased bonding to the four arene carbon 
atoms on either side of the plane of the paper in Figure 
6 and those Mo-C bond lengths become shorter than 
the other The structure of [(@-C6H5CH3)Mo- 
(SCH3)2]22+93 also shows a similar distortion. Here the 
2al benzene-M orbitals in each unit form a filled u and 
empty u* bond in the dimer. 

is formally d2. In other words, there are two less elec- 
trons than shown in Figure 6. Presumably, the benz- 
ene-metal 2al (z2) orbital is empty. The conformation 
of the molecule also appears to have the ML4 unit ro- 
tated by 45' from that shown in Figure 6. Now most 
of the 6 bonding will occur between the metal atom and 
the two para carbon atoms in the plane of the paper. 
Accordingly, these bonds should be shorter than the 
other four, i.e., the arene should exist in an inverted 
boat conformation. In fact, the two Ti-C bonds at  an 
average of 2.46 (1) A are slightly shorter than the av- 
erage of the other four-2.52 (1) A. In [?f-C6H6-v3- 
C3H6-Mo-p-C1]2,95 there is also substantial variation in 
the Mo-C(ring) distances. They range from 2.18 (1) A 
to 2.36 (1) A. The ring here is decidedly puckered into 
an inverted boat conformation with two para carbon 

In [~6-C6(CH3)6]Ti(C12~c12)2'CgH6,94 the metal atom 

I 
ea I 4 -B 

R 

Figure 6. Orbital interaction diagram for a benzene-ML, com- 
plex. 

atoms bent closer to the Mo atom. It is difficult to 
judge whether this is due to the conformation of the 
ML4 group, as discussed above, or other factors. 

No systematic variations in the C-C bond lengths 
around the arene ring were observed in any of these 
structures. Average C-C (ring) bond lengths are in the 
1.4e1.42 A range. Notice that the M-C6(grav) distance 
of 2.06 A for the Ti complex in Table IX is much longer 
than that for any other first-row transition metal com- 
plex. 

V I .  y6-Arene-ML, Complexes 

Nominal nine-coordination would prevail in &ar- 
ene-ML6 structures. The class has potential size and 
scope but presently is represented by a single structure, 
(a6-CGH6)U(~2-C12A1C12)3.96 Two chlorine atoms of each 



520 Chemical Reviews, 1982, Vol. 82, NO. 5 

tetrachloroaluminate ion are bonded to the uranium 
atom, and these six chlorine atom positions approxi- 
mately define five of the six vertices of a pentagonal 
bipyramid with the c6 centroid of the benzene ring at 
the seventh (axial) site of the pentagonal bipyramid- 
hence from a geometric point of view in defining a co- 
ordination polyhedron, the structure is more readily 
represented as a seven-coordinate species. Unfortu- 
nately, the position of the carbon atoms of the benzene 
ring could not be accurately assessed in the crystallo- 
graphic determination. The ring appeared to be co- 
planar (to within 0.2 A), and the U-C distance is 2.91 
(1) A, a value to be compared with U-C distances of 
2.65 and 2.74 A in (q5-C5H5)3UC1 and (qe-C8H8)2U, re- 
spectively. 

Muetterties et ai. 

VII. Mononuclear and Nonsandwich Metal 
Complexes with q4-Arene Ligands 

A number of mononuclear and nonsandwich metal 
complexes for the q4-arene ligands have been reported. 
The structural details for metal-q4-arene interactions 
in these complexes are listed in Table X. The C6 ring 
C-C distances and the M-C distances are very similar 
to those for metal-v4-arene interactions in sandwich 
structures (Table 11), although these comparisons can 
be made only for the second-row metals since no 
first-row metal sandwich complex with an q4-arene 
ligand has been reported. Within the set of three iron 
structures of ~~-arene-Fe(CO)~ form listed in Table X, 
the C-C and M-C distances are very similar. Dihedral 
angles generated by the folding of the q4-arene ligand 
may vary between 32 and 48O. The electronic sources 
of this distortion are exactly analogous to those pres- 
ented for the d8-bis(benzene)-M examples in section 
IID. It is interesting that 19- and 20-electron sandwich 
complexes of the first transition-metal series favor the 
q6 mode of bonding with the additional one or two 
electrons residing in metal-benzene antibonding or- 
bitals. The potential 20-electron Fe(C0)3 complexes 
instead distort to q4. For the reasons outlined in section 
IID, these species will have relatively high activation 
barriers for r i n g - w h i z ~ i n g . ~ ~ , ~ ~  

VIII. q3-, q2-, and q ‘-Arene-Metal Complexes 

Five arene-ML2 complexes, crystallographically 
characterized, have arene ligands that can be viewed as 
monoolefinic (q2) or allylic (q3) units bound to the metal 
atom. In these complexes, the arene ring parameters 
in the complexes diverge substantially from those of the 
free arenes (Table XI).% The coordination of the arene 
ring to the ML2 subunit results in C-C bond length 
alternations and loss of planarity of the c6 fragment 
such that the resonance delocalization of electron den- 
sity present in the uncomplexed arene must be signif- 
icantly perturbed. Huckel molecular orbital calculations 
suggest that arene coordination and concomitant re- 
organization result in as much as a 75% loss of reso- 
nance energy.99 It should be emphasized that (a) the 
resonance energy of the perfluoroarenes that are q2 
ligands in [q2-C,(CF3)6]Pt[P(C2H~)~]~,100 44, and (7’- 
C,[1,2:3,4:5,6-(C2F4)3]}Pt[P(C6H5)3]2,101 45, is probably 
considerably less than the value of 40 kcal/mol usually 
cited for benzenelo2 and (b) p orbital ‘‘T” interaction is 
not fully lost until the two p orbitals in question are 
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TABLE XI. q l - ,  q '-, and q 3- Arene-ML, Complexes 
~~ ~ 

complex M - V C  C-Ca,d ring bandb,e M-La (av) ref 

[q3-C6(CF3)6 lPt[P(C2H5)31Z 2.14 (2) 1.51 (3) NP 2.31 (2) 100 
{02-C6[1,2-3,4-5,6-(c2F4)3 l)pt[P(C6H5)312 2.06 (2) 1.52 (2) 129 2.31 (1) 101 
(~2-CL4H10)Ni[P(C6H11 1 3  1 2  2.03 (3) 1.422 (6) 2.234 ( 7 )  99 
{(q3-C13H80C2HS )Pt[P(C6HS)31Zf} 2.23 (7 )  149 2.288 (8) 105 

Distances in A .  ti Angle in degrees. Average of two (q') or  three (q3) bond distances of carbon coordinated to metal. ' Bond distance between carbons which are coordinated in the metal. e This is the dihedral angle between the plane of the 
C, ring and the  plane of the  coordinated carbons and their substituents. NP signifies that  the two sets of atoms are not  
planar. 

TABLE XII. Polynuclear Metal Complexes with an q6-Arene Ligand Bound t o  a Single Metal Atom 

ring C,-S 
complex c-ca M-Cb M-C6(grav)c planarity angled ref 

~ C 6 H ~ ~ C C o 3 ~ C o ~ 6 ~ ~ 6 ~ 1 , 3 ~ 5 ~ c 6 H 3 ~ c H 3 ~ 3 ~  1.41 (1) 2.14 (3) 1.61 P e 

c04(c0)9(q 6-C6H6)  1.39 (2) 2.15 (2) 1.603 (2) P h 
Co~(C0)9 [~6~C6H4(CH3~Z 1' 1.39 (2) 2.16 (3) 1.64 (1) P h 

Ru4(C0)9(q6-C6H6)(C6H8) 1.41 (2) 2.24 (2) 1.74 P f 
R%c(co)14[q  6-1 ,3,5-C,Hs(CH,), 1 2.24 g 

2-2.53 (3) 

2-2.58 (3) 

4-2.48 

{Nb3C16[q6-C6(CH3)6 1 3  t}(cl-Y' 2-2.34 (3) ? j ,  k 

{Nb,C16[.r16-C6(CH3)6 1 32+}(TC"42-) '  1.447 ( 7 )  2-2.28 NP m 

[cIoso-2,4-(CH3),-2,4-C,B9H9]Fe[ q 6 C 6 H 5 ( C H 3 ) ]  2.116 n 
{[RU(q6-C6H6)(OH)14}(S04)2'12Hz0 1.395 (10) 

a tom t o  the center of gravity of the six aromatic carbon atoms. ' + if substituent is bent away from the metal a tom and - 
if bent toward the metal atom. e Dellaca, R. J.; Penfold, B. R. Inorg. Chem. 1972, 1 1 ,  1855. f Aime, &;Milone, L.; Osella, 
D.; Vaglio, G. A.; Valle, M. Inorg. Chim. Acta 1979, 34, 49. Mason, R.; Robinson, W. R. J. Chem. SOC., Chem. Commun. 
1968, 468. 

Churchill, M. R.; Chang, S. W.-Y. J. Chem. SOC., Chem. Commun. 1974, 248. ' TCNQ = 7,7,8,8-tetracyano- 
p-quinodimethane. 
J. A m .  Chem. SOC. 1977, 99, 110. 
Soc., Chem. Commun. 1981, 871. 
J. Organomet. Chem. 1982, 226, 199. 

{Mo,(~-SCH3),(~6-C,HsCH3)z*t} 1.38-1.45 (1) 2.28-2.416 (3) NP (9.6') 93 

0 2.151 (8) 1.622 (8) - 

a Mean aromatic C-C distance in A .  Mean aromatic C t o  metal a tom distance in A .  Distance in A from the metal 

Bird, P. H.; Fraser, A. R. J. Organomet. Chem. 1974, 73, 103. I 1 :I mixture of o-xylene and p-xylene. 
Disordered. 

Goldberg, S. Z.; Spivack, B.; Stanley, G.; Eisenberg, R.; Braitsch, D. M.; Miller, J. S.; Abkowitz, M. 
Garcia, M. P.; Green, M.; Stone, F. G. A.; Sommerville, R. G.; Welch, A. J. J. Chem. 
Gould, R. 0.; Jones, C. L.; Robertson, D. R.; Tochter, D. A.; Stephenson, T. A. 

orthogonal. In terms of the molecular orbital scheme 
developed in Figure 5,  both members of the antibonding 
metal-arene 2el set are now filled for these d10 com- 
plexes. In one member, 46, the metal d component loses 

46 47 

all interaction with the benzene a system and becomes 
localized on the metal. The other member of 2el also 
loses its metal d-benzene a antibonding interaction. In 
this case, as the ML2 unit approaches an arene edge, 
metal d orbitals overlap with a benzene T* orbital as 
shown in 47. Therefore, both members of 2el are sta- 
bilized by distorting to T ~ .  

The C6 ring in 44 exhibits the most apparent devia- 
tions from planarity and changes in C-C bond length. 
Free hexakis(trifluoromethy1) benzene is slightly non- 
~ 1 a n a r . l ~  In the complex, the effect of the metal atom 
on the ring's structural parameters is to enhance the 
nonplanarity of the ring and produce a "long-short- 
long" pattern of carbon-carbon ring bond distances. 
These lengths beginning with the bond between the two 
carbons coordinated to platinum are 1.51 (3), 1.50 (3), 
1.36 (3), 1.48 (3), 1.36 (3), and 1.48 (3) A, to be compared 
with the uncomplexed arene average bond distance of 
1.406 k" Lengthening of carbon-carbon double bonds 
upon coordination to transition metals is a general ob- 

servation.lM The value of 1.51 (3) A reported for 44 lies 
within the range of values found for halide-substituted 
monoolefins bound to platinum," and the other dis- 
tances around the ring in 44 correspond closely to those 
expected for a 1,3-butadiene fragment bound to the 
coordinated olefin by carbon-carbon single bonds of 
1.50 (2) and 1.48 (3) A. Although the c6 ring in 45 
displays the same variational pattern of bond lengths 
as in 44, the arene remains much more nearly planar. 
Steric factors may largely determine the degree of de- 
parture from planarity in the arene 1igand.l0l For the 
coordination of condensed arenes as q2 or 713 ligands to 
ML2 subunits, Huckel calculations do seem to be a re- 
liable method of predicting which of the possible iso- 
mers will be observed.99 Thus, anthracene in ($- 
~1~Hlo)N~[P(C6H11)3]2gg and 1-ethoxyphenalenium 
cation in ((r13-C13H80C2H5)Pt[P(c6H~)3]2'}105 preferen- 
tially coordinate to the metal such that the remaining 
uncomplexed carbon atoms can be described as 2- 
vinylnaphthalene and 1-ethoxynaphthalene and these 
have the highest resonance energy of the possible com- 
pounds derived from anthracene and l-ethoxy- 
phenalenium cation by removal of two or three adjacent 
carbon atoms, respectively. Forms 44 and 45 have a 
very low activation energy for ring-whizzing.lM Calcu- 
l a t i o n ~ ~ ~  indicate that the transition state is a zwitter- 
ionic v3 species, analogous to the phenalenium-Pt- 
(PPh3),+ complex in Table XI. 

There is one example of an Tl-benzene complex.lo7 
The molecular framework is illustrated in 48. The local 
coordination around Pt is very close to square planar, 
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CH3 ";" B F4- 

i'L L =  M e 2 N -  

48  

with a Pt-C distance of 2.18 A. The two C-C bond 
lengths to the coordinated carbon are slightly longer 
(1.46 A, av) than the other four (1.40 A, av). The co- 
ordinated carbon remains trigonal. 

I X .  Polynuclear Metal Complexes with Arene 
Ligands 

Within this group, the largest class has #-arene lig- 
ands bound to a single metal atom. Major structural 
parameters associated with the arene ligands in these 
complexes are summarized in Table XII. For most 
complexes, the arene c6 ring is planar and the c-c, 
M-C, and M-C6 center of gravity distances are very 
similar to those established for comparable mononu- 
clear metal-q6-arene complexes. In two Nb3[q6-Cs- 
(CH,),] complexes, the arene ligand is folded at the C1 
to C4 vector away from the metal. The reasons for the 
arene folding in these complexes and the direction are 
not apparent. 

The remaining examples of arene complexation with 
a metal center in polynuclear metal compounds are 
rather special cases; the majority of these have an arene 
ligand that is also directly bound to a metal atom 
through a metal-carbon (T bond or indirectly through 
a metal (T bond and atom on an arene substituent group. 
Truly exceptional are the two palladium complexes in 
which benzene molecules bridge-bond to the two pal- 
ladium atoms-the only reported examples i n  which 
an  arene molecule bonds to more than one metal atom. 

Reaction of PdC12 with aluminum metal and alumi- 
num(II1) chloride in refluxing benzene produced two 
dinuclear palladium complexes: Pd2(A1C14)2(C6&)2 and 
Pd2(A12C17)2(C6H6)2. Both were investigated by X-ray 
crystallography, although the latter suffered from 
crystalline disorder.108J09 In the tetrachloroaluminate 
complex, the basic geometry is shown in projection, 49. 

CI 
/' .L 

AICI, 

49 

Each benzene molecule appears to be bound as a con- 
jugated diene; in fact, the benzene rings are folded (7') 
and two carbon atoms of each ring are bent away from 

the two palladium atoms (these carbon atoms are 
identified by arrows in 49). There was no statistically 
significant variation in the c6 ring C-C bond distances; 
the mean value was 1.40 (4) A. Short Pd-C bonding 
distances were 2.37 and 2.27 A for the "diene 
interactions". In the A1,Cl.i- complex, the basic geom- 
etry of the complex was very similar to the AlC1; com- 
plex, but disorder, despite the low-temperature crys- 
tallographic study,log precludes any unambiguous ste- 
reochemical conclusions about the electronic character 
of the arene bonding to the two palladium atoms- 
apparently the barrier of benzene rotation with respect 
to the Pd-Pd bond is relatively small. 

Triphenylcyclopropene reacts with Fe2(C0)9 to pro- 
duce among other products [ (C6H5)3C3]HFe2(CO)6110 in 
which one iron atom of the Fe2(C0)6 unit is q3-allyl 
bonded to the C3 unit and the second iron atom (T 

bonded to a terminal allylic C3 carbon unit. The other 
terminal allylic carbon atom's phenyl substituent is T 
bonded to the second iron atom through the C1 and C2 
phenyl carbon atoms, 50, with Fe-Cl and Fe-C2 dis- 

n 

0 'C 
0.b 

50 

tanCeS Of 2.403 (4) A. In HRU2(C0)3[P(OC6H4)(OC6- 
H5)2]2[OP(OC6H5)2],'11 one of the two orthometalated 
P(OC6H4)(OC6H5)2 ligands has the c2 and c3 (C6H4) 
carbon atoms within potential bonding distance [2.33 
(4) and 2.59 (4) A] of the other ruthenium atom. 
However, C-H hydrogen atom positions were not 
established-the possibility of primary C-H-Rh mul- 
ticenter bonding interactions is an alternative to the 
q2-areneRu bonding representations; full details of the 
crystallographic study have not been presented. 

Another type of arene ligand in cluster chemistry are 
the benzene groups in triosmium carbonyl clusters 
whereby a C6H4 unit is bonded through the two un- 
substituted carbon atoms to all three osmium atoms, 
as in 51, for complexes like o ~ ~ ( c O ) , [ P ( c & ~ ) ~ ] ~ -  
(c&4) ,'I2 HO~~(C~),[~L-P(C~H,)~] [p(c6H5)31 (CsH4) ,'I3 
and HOs3(p-SCH3)(CO)g(C6H4).113b In structures like 
these, the benzyne ligand has a planar c6 framework, 
and the intersection of the c6 and the Os3 planes gen- 
erates angles of -7OO. No systematic alternation of 
C-C bond distances in the benzene ring has been re- 
ported in most of these clusters; there is still little de- 
parture from a mean 1.42-A C-C distance; however, the 
benzyne ligand in has 
C(H)-C(H) distances of 1.39 A and an apparently 
unique C-C distance of 1.53 (5) A. Because of the high 
uncertainty in the distance parameters, it is not prudent 
to comment on this apparent difference between the 
benzyne ligand in this cluster and those in the oth- 
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not reported in full detail, could not be obtained. 

Note Added in Proof. Recent crystallographic studies 
of arene-metal complexes of special note are the fol- 
lowing: (1) The crystal structure of a 16-electron M- 
( ~ ~ - a r e n e ) ~  complex has been completed. In Ti- 
(C6H6)2,123 the c6 rings are planar, the Ti-C distances 
are in the range 2.22-2.25 (1) A, and the Ti-C6 (center 
of gravity) separation is 1.736 A. The rings are eclipsed 
as required by the crystallographic symmetry. (2) In 
((CH3),sn(C6H5-q6)2[Cr(co)312], the Cr(C0)3 are q6- 
bonded to the phenyl groups of (CH3)2Sn(C6H5)2. 
There is nothing exceptional about the angle or distance 
parameters.” (3) Related to (q5-C5H5)Fe(q6-fluorenyl) 
is (OC)3Mn(q6-fluorenyl), recently structurally defined 
by an X-ray diffraction This manganese de- 
rivative is closer to a limiting case of an q5-cyclo- 
hexadienyl-metal interaction than is the iron complex 
discussed earlier. (4) A very interesting v2-arene-metal 
Complex is [CL2-q3-C(C6H5)-C(C6H5)-c- 
(COOC2Ha)(C6H5-)72)]-Fe2(C0)6,126 but unfortunately 
the precision of the crystallographic determination was 
too low to allow objective comment about distance and 
angle features of the q2-arene-Fe interaction. ( 5 )  A 
quite complex arene-metal structure has been re- 
ported127 for a cluster species, R~~(CO)~(p -C0)~( inde -  
nyl) (dihydridoindenyl), in which the indenyl ligand is 
bound through the C5 ring in an v5 fashion to one ru- 
thenium atom and the four nonbridged c6 ring carbon 
atoms are bonded to two ruthenium atoms such that 
two are q2-bonded to one ruthenium and two are v2- 
bonded to the other. Unfortunately, the precision of 
this determination was low. 

C’ = OS 

o=c 
51 

er112t113ab related clusters. The c6-053 interphar  angle 
is 58.9’ in the C2H5POs3 cluster. 

X. Arene-Metal Surface Chemlsfry 

Structural and stereochemical features for arene 
molecules chemisorbed on metal surfaces cannot be 
precisely assessed given the present limitations in 
surface techniques of diffraction and spectroscopy. 
Nevertheless, the composite information from low-en- 
ergy electron diffraction, photoelectron spectroscopy, 
high-resolution electron energy loss spectroscopy, the- 
oretical calculations, and chemical s t u d i e ~ ” ~ - ~ ~ ~  indi- 
cates that benzene is chemisorbed in a plane parallel 
to the surface plane for atomically flat surfaces like 
Ni( l l l ) ,  Ni(100), Pt(lll),  and Pt(100). The data are 
consistent with an expected ?r bonding. Since the metal 
surfaces are excellent donors, the benzene .Ir*-metal 
interaction is probably more extensive than in molec- 
ular metal-benzene complexes. For this intuitively 
plausible configuration, the registry between the surface 
metal atoms and the benzene c6 centroid cannot be 
unambiguously ascertained. For example, some117 have 
suggested that the c6 centroid is centered over a single 
nickel atom for Ni$lll)-C6H6, and others have pro- 

that there are two “phases” for Ni- 
(111)-CsH6-one in which the c6 centroid is over a 
single nickel atom and the other in which the centroid 
lies over a threefold site. 

Toluene chemistry on Ni(100) and Ni(ll1) is very 
different from that of benzene.llg Because a wbonded 
toluene molecule on these planes places a methyl hy- 
drogen atom close to surface metal atoms, methyl C-H 
bond breaking ensues at  low temperatures to generate 
presumably as a subsequent state, a .Ir-bound benzyl 
radical. 

Surface chemistry of other arenes such as naphtha- 
lene have been studied, but not in a comprehensive 
diffraction, spectroscopic, and chemical context.122 
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