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The nonplanarity found in metallabenzene complexes has been investigated theoretically via density
functional theory (DFT) calculations. A metallabenzene has four occupiatblecular orbitals (87
electrons) instead of three that benzene has. Our electronic structure analyses show that the extra occupied
st molecular orbital, which is the highest occupied molecular orbital (HOMO) in many metallabenzenes,
has antibonding interactions between the metal center and the metal-bonded ring-carbon atoms, providing
the electronic driving force toward nonplanarity. Calculations indicate that the electronic driving force
toward nonplanarity, however, is relatively small. Therefore, other factors such as steric effects also play
important roles in determining the planarity of these metallabenzene complexes. In this paper, how the
various electronic and steric factors interplay has been discussed.

Introduction benzene complexes. For example, the formation mechanism and

. chemical reactivity of metallabenzene complexes have been
Metallabenzenes, organometallic compounds formed by extensively studied’

formal replacement of a CH group in benzene by an isolobal
transition metal fragment, were first considered theoretically by o
Hoffman et al. in 1979.Since the isolation of the first stable
osmabenzenes by Roper’'s group in 198@\etallabenzene
complexes have attracted considerable interest over the las
quarter century. Experimentally, research efforts have so far led
to the synthesis and characterization of numerous metallaben
zene complexesExamples of structurally characterized met-
allabenzene complexes are given in Figufe®.Theoretically,
there are also efforts to understand the chemistry of metalla-

In the studies of metallabenzene complexes, a central issue
ncerns ther-conjugation of the six-membered metal-contain-
ing ring. Indeed, it is true that metallabenzene complexes are
highly conjugated in view of the fact that the singléouble
bond alternation is insignificant in the six-membered metal-
containing ring for the majority of the complexes. Although
‘the structures illustrated in Figure 1 show the sirgleuble
bond alternation patterns, we hope that readers will not take
them literally. The single double bond alternation patterns are
drawn for convenience as we normally do for benzene. While
it is generally believed that metallabenzene complexes are highly
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Figure 1. Structurally characterized metallabenzene complexes. D1 and D2 stand for the dihedral angle€af-®2-C5 and C4
C5—-M—C1, respectively.

general? How do other forces, such as steric forces, interact
with the electronic forces in determining the nonplanarity

‘ —‘AMQ
;“nrl:/_\> _ \} observed in the class of metal complexes?

a planar structure a nonp|anar structure COmputat'Onal Deta”S

Figure 2. Nonplanarity observed in many metallabenzene com- Al structures of model metallabenzene complexes were opti-
plexes given in Figure 1. mized at the mPW1I level of density functional theory. The

functional theory calculations. We hope to answer the following (1) Lynch, B. J.: Fast, P. L.: Harris, M.; Truhlar, D. G.Phys. Chem.
questions. Is there an electronic reason for the nonplanarity in A 200Q 104, 4811.
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mPW1K level of theory has been proved to provide reliable results six z molecular orbitals of benzene. The left column of Figure
on the structures and energetics in the calculations of metallaben-4b shows the six benzene-like molecular orbitals for the six-
zene complexes.Frequency calculations at the same level of theory membered metal-containing ring that incorporates the symmetry-
have also been performed to confirm that all stationary points were adapted ¢ orbital, one of the “4;" orbitals of the metal
minima (no imaginary frequencies). The Stuttgart/Dresden effective fragment, from the metal center. The six benzene-like molecular
core potentiaf® were used to describe Pt, Ru, Os, Ir, P, Si, S, I, grpitals are derived simply by substituting one of the carben p
Br, and ClI atoms, while the sta_nda_rd 6-31G_ basis set was used forg pitals with §. (see the far right of Figure 4 for the Cartesian
C, N, B, O, and H atoms. Polarization functions were added for Pt coordinates). The central column of Figure 4b shows the
(:C((f)) 7_920)'18533\;515(2& d%lfg)é 1?13) IS? C_( d(;'iog)égg)d :ré((;)) resulting d andx m_olecular orbitals _of a meta_llabenzene

' ) ’ ; ' complex that are derived from the orbital interaction between

= 0.266), Si ((d) = 0.262), S £(d) = 0.421), N ¢(d) = 0.8), C . . . e
_ _ : the six benzene-like molecular orbitals and the remaining two
(¢(d) = 0.8), and P {(d) = 0.34) that are directly bonded to the d orbitals (g and ¢z of the "ty set. Thews, s, 75, andsr,

metal centet?-20All calculations were performed with the Gaussian ) ; .
03 software packag®. Molecular orbitals obtained from the ~Molecular orbitals shown in the central column of Figure 4b
mPW1K calculations were plotted using the Molden 3.7 program 2ar€ Simply from the benzene-like molecular orbitals. Thed
written by Schaftenad?. The natural bond orbital (NBO) progra#h, ~ Orbital remains nonbonding because no symmetry-adapted
as implemented in Gaussian 03, was also used to obtain Wibergorbitals can be found from the benzene-like molecular orbitals.
bond indices (bond order3)which are a measure of bond strength.  Thes, 774, andsre molecular orbitals are derived from the orbital
interactions between two benzene-like molecular orbitals
and d

Comparing ther molecular orbitals of a metallabenzene with

Calculated Structures versus Experimental OnesFigure those of benzene, we can see that a metallabenzene has seven
3 shows selected examples of the calculated model complexeszz molecular orbitals. Because the metal fragment has two d
In the model complexes, RHvas used as model phosphines. orbitals (d,, dy;) havingz symmetry with respect to the ring
For easy comparison, the numbering scheme for the modelplane, a metallabenzene has one moreolecular orbital than
complexes follows closely the one used in Figure 1. We added benzene does. Therefore, different from benzene, a metallaben-
the symbol “prime” to differentiate them from the experimental zene with a metal center of 18 valence electron count has four
complexes. Clearly, the calculated geometries of the model occupiedr molecular orbitals (8¢ electrons) instead of three.
complexes reproduce well most of the experimentally deter- Among the four occupiedt molecular orbitals, threeng, o,
mined complexes. In particular, the planarity and nonplanarity andss) have bonding interactions between the metal center and
are also well reproduced. the metal-bonded ring-carbon atoms and ong, (which is the

Electronic Structures of Metallabenzenes with an Octa-  highest occupied molecular orbital (HOMO) in many 18e
hedral Metal Center. All the known metallabenzene complexes Mmetallabenzene complexes, has an antibonding interaction
have an 18e configuration around the metal centers. Thereforebetween the metal center and the metal-bonded ring-carbon
the term “metallabenzenes” discussed below will refer to such atoms. As will be discussed below, it is these different
species. The majority of the metallabenzene complexes showncharacteristics that make metallabenzene complexes unique; that
in Figure 1 contain an octahedral metal center with any,ML IS, nonplanarity is often found in metallabenzenes but rarely
ML 3X, or ML X metal fragment. Before the discussion of the Seen in benzene and its derivatives.
factors influencing the planarity for metallabenzene complexes, Driving Forces toward Nonplanarity. As mentioned above,
it is necessary to understand how the metal d orbitals interacta metallabenzene has four occupietholecular orbitals: three
with the p, orbitals from the five carbons in the six-membered (i1, 715, 713) are bonding between the metal center and the metal-
metal-containing ring. To achieve this understanding, we bonded ring-carbon atoms and omg)(is antibonding. A planar
designed an orbital interaction diagram shown in Figure 4. geometry maximizes the bonding interactions in the three
Instead of following the conventional approach that considers z-bonding molecular orbitalst, 7, r3) and at the same time
the orbital interaction between an MLML 3X, or ML X, metal maximizes the antibonding interaction in the antibonding orbital
fragment and a €Hs organic moiety, we derived the molecular  (74). In contrast, a nonplanar geometry could reduce the
orbitals for a metallabenzene complex by first considering the antibonding interaction in thers orbital and the bonding
benzene-liker molecular orbitals. In an octahedral metal center, interactions in ther,, 7o, andzrs orbitals. Therefore, when the
the metal orbitals available for orbital interaction with the p 7, molecular orbital shown in Figure 4b is the HOMO, there
orbitals from the five carbons in the six-membered metal- will be an electronic driving force toward nonplanarity because
containing ring are the 3" orbitals of the metal fragment. Note  the HOMOu4 should have a greater impact than the other three
that the traditional “4y" orbitals refer to g, dy, and d,. Here, 7 orbitals ¢r1, 72, and ). In other words, when the HOMO
the “tzg” orbitals refer to ¢, dy, and dz—,? because of the choice  corresponds to the, molecular orbital shown in Figure 4b, a
of the axes (Figure 4). For comparison, Figure 4a shows the nonplanar geometry could reduce the antibonding interaction

in the HOMO between the metal center and the metal-bonded

Results and Discussion

(19) (a) Haeusermann, U.; Dolg, M.; Stoll, H.; Preuss,Mbl. Phys. ring-carbon atoms, giving rise to extra stability. However, in
1993 78, 1211. (b) Kuechle, W.; Dolg, M.; Stoll, H.; Preuss, H.Chem. i i i i
Phys.1994 100, 7535. (c) Leininger, T.; Nicklass, A.; Stoll, H.; Dolg, M.; ConSIderatlon. of the OppOS|t§ effe(.:ts of t.he threbonding .
Schwerdtfeger, PJ. Chem. Phys1996 105, 1052. molecular orbitals and the qnnb.o'ndmg orbital on the planar|'Fy,

(20) Huzinaga, SGaussian Basis Sets for Molecular Calculatipns — we expect that the electronic driving force toward nonplanarity
Elsevier Science Pub. Co.: Amsterdam, 1984. is not very large.

(21) Frisch, M. J.; et alGaussian 03revision B05; Gaussian, Inc.: . . .

Pittsburgh, PA, 2003. ~ The electronic driving force toward nonplanarity can be

(22) Schaftenaar, GMolden v3.7; CAOS/CAMM Center Nijmegen: illustrated by calculations of the model complexés-F
Toernooiveld, Nijmegen, The Netherlands, 2001. (Scheme 1). The model complexds-C are derived from

23) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholtllBO . .
Veﬁsio)n 31 "o P inholtl metallabenzene complek (Figure 1), which has a nonplanar

(24) Wiberg, K. B.Tetrahedron1968 24, 1083. structure. Calculations show that the metallacycles of the model
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Figure 3. Comparison between calculated and experimental (in parentheses) structural parameters (bond lengths in angstroms). The dihedral
angles D1 and D2 were defined in Figure 1. In the model complexes presented herspéds PR and the symbol “prime” is added in

the label of each of the complexes to differentiate the model complexes from the experimental complexes presented in Figure 1. For clarity,
all the hydrogen atoms associated with ligands and metallabenzene rings are omitted.

complexesA—C, which contain purer donors A) or a weakly ligands, which arer donor ligands, increase the nonplanarity.
m-accepting ligandg, C) or . donor §), deviate significantly The dihedral angles in the model osmium compfeare only
from a planar geometry. In contrast, metallacycles of complexes slightly larger than those of model osmium compléx

with strongr-accepting ligands (COD; PFs, E) are almost suggesting that the electronic effect of thedonor chloride
planar. These results are exactly expected on the basis of thdigands is quite limited. Ther-withdrawing properties of the
electronic structure analyzed above. As discussed above, thehalide ligands seem dominant. More examples showing the
electronic driving force toward nonplanarity comes from the limited effect ofr donor ligands will be further discussed later.
fact that the occupied molecular orbital has an antibonding Careful analysis of the calculated structures suggests that the
interaction between the metal center and the metal-bonded ring-electronic effect is not the only factor contributing to the
carbon atoms. A strong-accepting ligand, such as carbonyl nonplanarity. The dihedral angles D1 and D2 of the model
or PR, should be able to take away electron density from the complexA are calculated to be20.6 and+20.6, respectively.

dy orbital (Figure 4) that is used to form the orbital reducing Calculation of the model comple& (a complex closely related
the antibonding interaction between the metal center and theto 1) gives greater nonplanarity with the dihedral angles D1
metal-bonded ring-carbon atoms. Therefore, the presence ofand D2 of—27.1° and 27.4, respectively, although bipyridine
carbonyl ligand(s) in the metallabenzene complexes could reduceis a betterr acceptor than NEH Examining the calculated model
the tendency toward nonplanarity. One might expect that halide complexB, we found that there are close contacts between C1-
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n molecular orbitals
of bezene

(a)

Figure 4. (a) Sixor molecular orbitals of benzene. (b) Orbital interaction between the six benzene-like molecular orbitals and the remaining

Zhu et al.

d and n molecular orbitals
of a metallabezene

(b)

two d orbitals (¢, and dz—?) from the “t4” set of the metal center for a given metallabenzene complex.

Scheme 1
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l:' /H = | \ /H = N I-\| /H
1"
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H/C5-H and the ortho €H bonds of the bipyridine ligand.

in Figure 5a. The fully optimized structure of the model complex

Therefore, we believe that the steric repulsive interaction from A corresponds to a nonplanar geometry with the dihedral angles
the close contacts also increases the nonplanarity. The result oD1 and D2 being—20.6°> and +20.6", respectively (Scheme

the calculations of the model compléx supports the steric
argument, giving smaller dihedral angles (Scheme 1).
Magnitude of the Driving Force toward Nonplanarity. It

1). Although the nonplanarity is quite significant in the model

complexA, the energy difference between the fully optimized

structure and the planar structure, which was obtained with a

is clear that both electronic and steric effects can contribute to partial geometry optimization by fixing both D1 and D2 &; 0

the nonplanarity of metallabenzenes. One may wonder what theis only ca. 0.7 kcal/mol, suggesting that the driving force is not
magnitude of the driving force is. To do this, we calculated the large. For a benzene molecule, a partially optimized nonplanar
potential energy surface showing the change in the relative structure with the corresponding D1 and D2 being fixed at
energy with respect to the bending of the metal center away —20.0° and+20.C°, respectively, is calculated to be higher in
from the ring plane for the model compl&x(Scheme 1), shown  energy by 4.1 kcal/mol than the fully optimized structure. When
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1. A minor change in the ligand environment could switch a
nonplanar geometry to a planar one or from a planar geometry
to a nonplanar one. With this in mind, the observation from the
examples shown in Figure 1 becomes readily acceptable that
some of the metallabenzene complexes adopt a planar geometry
and some do not.

In the following subsections, we will see from our discussion
on specific examples that electronic and steric factors could
show either the same effect, which increases the nonplanarity,
or the opposite effects, which reduce the nonplanarity to give a
planar geometry.

Metallabenzenes Containing Hydrotris(pyrazolyl)borate
Ligands. The metallabenzene complex@s-5 contain the
hydrotris(3,5-dimethylpyrazolyl)borate (Yf?) ligand, and all
have a significant nonplanar metallacycle (Figure 1). In these
complexes, the Tf2 ligand, similar to the bipyridine ligand
in 1, is neither ar donor nor ar accepter ligand. The hydride
ligand in2 and the methyl ligand i3 are alsor neutral. The
acetate ligand id and5 is only a weakr donor ligand because
of the carbonyl group. Therefore, the bonding characteristics
in these complexes should be similar to thosé,iwhich were
discussed above. We mentioned above that the close contacts
between C1-H/C5-H and the ortho-El bonds of the bipyridine
ligand increase nonplanarity in the model compE:and the

metallabenzene complexésin the metallabenzene complexes

; . 2—5, there are also similar close contacts. Figure 6 shows the
andC (a) andD, E, and benzene (b) shown in Scheme 1, showing H—H close contact in a perspective view of the calculated (full
the change in the relative energy with respect to the dihedral angle PErsp y

D1 or D2 (deg) defined in Figure 1. In the partial geometry optimized) model metallabenzene compBxt should be noted
optimizations to obtain energies for structures that do not correspondhere that the calculated geometry for the model metallabenzene
to the minima, we let D2= —D1. complex3' reproduces well the geometry of the experimental
complex3 as discussed above. From Figure 6, we can see that
the dihedral angles are fixed @80.0° and+30.(, the partially in a planar geometry the repulsive interaction due to the close
optimized structure is higher in energy by 9.5 kcal/mol than contact becomes more severe (see the partially optimized
the fully optimized structure. structure).
Following the same method as we did for the model complex  Different from 1, these complexes2¢-5) have an unsym-
A, we estimated the magnitude of the driving force toward metrical ligand environment above and below the six-membered
nonplanarity for the model complex&sandC. We calculated metal-containing ring, creating an unsymmetrical steric environ-
the potential energy surfaces showing the change in the relativement and increasing the nonplanarity. The X-ray crystal
energy with respect to the bending of the metal center away structures of these complexes indicate that the metal center is
from the ring plane for the model complexBsand C, also displaced out of the ring plane in such a way that the metal-
shown in Figure 5a. The energy difference between the assumedydride, the metal-methyl, or the metal-acetate moiety moves
planar geometry and the fully optimized nonplanar geometry toward the five ring carbons. Clearly, the direction of the
is calculated to be ca. 2.6 kcal/mol fBrand 1.6 kcal/mol for displacement of the metal center is governed by the repulsive
C. As expected, the model complék due to the additional interaction due to the close contact.
repulsive interaction from closely contacted CH bonds has the The above analysis suggests that the deviation from planarity
greatest driving force toward nonplanarity. in these complexes is related to both electronic and steric effects.
Using the same method, we calculated the energy cost toScheme 2 shows more examples to further illustrate the effects.
distort a stable planar geometry to a nonplanar geometry for The model complexs, which does not contain non-hydrogen
the model complexe® and E (Figure 5b). Both the model  substituents on the Tp ligand and the metallabenzene ring, also
complexeD andE have a stable planar geometry (Scheme 1). shows a nonplanar geometry. The nonplanarity in the model
We can see from Figure 5b that the energy change is alsocomplexG is less significant than that in the metallabenzene
insignificant for both the model complex&andE at leastin  complex3 and the model compleX. The result further supports
the range of the dihedral angles (D1 or D2) fron30.0° to the steric argument given above because the substituents at C(1)
+30.C, manifesting the effect of the, antibonding orbital in and C(5) of the metallabenzene ring in the model com@ex
metallabenzenes. In contrast, benzene shows a drastic changgre hydrogen atoms, which have much less steric effect than
in the energy with respect to distortion toward nonplanarity the substituents in both the metallabenzene complaxd the
(Figure 5b). model complex3.. In the model complexad andl, we replaced
General Considerations.The results discussed in the preced- the relevant G-H bond(s) with N. The model compléx gives
ing subsection suggest that both electronic and steric effectssmaller dihedral angles than the model comp&ximplying
contribute to the nonplanarity of metallabenzenes and that thethe importance of the steric interaction caused by the substituents
electronic driving force toward nonplanarity is relatively small. at those positions of a Tp ligand. The dihedral angles in the
Because the driving force toward nonplanarity is small, we model complexX are not very different from those in the model
will not be able to see a general picture regarding the nonplanrity complexG. These results suggest that the steric effects of the
for the whole class of metallabenzene complexes given in Figurenearest €H bonds on the three pyrazolyl rings of the Tp

Figure 5. Potential energy surface for the model compleke8B,
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Metallabenzenes Containing Carbonyl Ligand(s)Each of
the metallabenzene complex@s9 contains a carbonyl ligand.
All of these complexes have an approximately planar metalla-
cycle, suggesting that the electronic effect of thaccepting
carbonyl ligand is important in these four complexes. As
discussed above, the presence of carbonyl ligand(s) in the
metallabenzene complexe®9) reduces the tendency toward
nonplanarity. The X-ray crystal structures observed in the
metallabenzene complex6s9 (Figure 1) manifest the impor-
tance of the carbonyl ligand in these approximately planar
structures. The calculated model compl&xX with the SMe
substituent at the C1 atom shows a good agreement with the
corresponding experimental structure (Figure 3).

Metallabenzene Complex 10The metallabenzene complex
10is closely related to complex&sand9. However, its dihedral
L angles D1 and D2 are slightly larger, which might be expected
fully optimized structure since PR is not as good as CO assaacceptor. The metal
center is displaced out of the ring plane in such a way that the
axial Ir-PR; moves away from the five ring carbons to avoid
the steric repulsion. Clearly, the unsymmetrical steric environ-
ment above and below the metallabenzene ring plane determines
the direction of the displacement of the metal center. It should
be pointed out that Bleeke, Martin, and their co-workers have
also examined the cause of the slight deviation of the metal
center from the six-membered ring plane for this comghea
This complex, similar t8 and9, has a square-pyramidal 18e
metal center. The metalzbrbital is completely filled. Bleeke,
Martin, and their co-workers found that a slight deviation of
the metal center from the ring plane also allows a bonding
interaction between the filled metakdrbital and the empty
orbital of the carbon ligand formed by the five ring carbons.
Here, thez-axis is defined along the direction perpendicular to
the ring plane.

. o Metallabenzene Complexes 1213. The iridium complex

partially optimized structure : 11 (a formally Ir(Ill) complex), which has two iodide ligands,

(fixing the planar metallabenzene ring) is structurally closely related to the osmium model compitex
Figure 6. Perspective view of the calculated model compBx (a formally Os(Il) complex). While the osmium model complex
showing the close contact (A) between a & bond from the Tp F shows nonplanarity, it is interesting to see that the X-ray
|igand and a €&-H bond Of.the methyl substituent at the C(5) carbon Crysta' structure of the metallabenzene Compld)ehows an
of the metallabenzene ring. approximately planar structure (Figure 1). In an approximate
agreement with the experimental structure, the calculation on
K, a model complex olL1, gives a perfectly planar structure
(Scheme 3). Replacing the two iodide ligands with two chloride
ligands gives the model compléx The calculation o also
gives a planar structure. In the discussion of the model osmium
complexF, we have noted that the electronic effect of the
donor ligand is quite limited. Thus, the reason why the
metallabenzene complekl shows better planarity than the
model osmium complek is likely related to the fact that the
d orbitals of Ir(lll) are relatively more contracted than those of
Figure 7. HOMO calculated for the model compleb8. Os(ll). The contractedness of the metal d orbitals makes its
orbital overlap with ligands small, reducing the antibonding
interaction in ther, orbital and leading to the planarity observed
in these complexes. Indeed, the average bond order of the
. . . . M—C1 and M-C5 bonds (M: metal) is calculated to be 0.985
However, the difference is small, suggesting that the electronic and 0.770, respectively, for the model complefetScheme

effect of thesr-accepting carbonyl ligand is quite limited in this 1) andL (Scheme 3), supporting the argument above that the
case. The results suggest that the effect caused by the Tp ligandy(y)y ¢ orbitals have smaller orbital overlap with ligands than
which was discussed above, is much greater than the effect ofihe Os(11) d orbitals. Moreover, the steric effect exerted by bulky
plexes6—9, Tp and bipyridine ligands, which can significantly  coordination sites above and below the ring planelbfis
increase the nonplanarity, are absent. Therefore, the electroniceexpected to provide a counter effect for nonplanarity. More
effect of thes-accepting carbonyl ligand in these complexes discussion on this counter effect will be given later. The
dictates. metallabenzene complex&® and 13 are cationic species and

ligands are different. As expected, the dihedral angles in the
model complex] are smaller than those of model compl@x
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Scheme 2
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D1=C2-C1-M-C5 = -14.7° -8.1° -17.1°
D2 = C4-C5-M-C1 = +14.7° +8.1° +17.1°
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NN c5=C4
8’ NH H
H \NO
optimized dihedral
angles J
D1=C2-C1-M-C5 = -12.6°
D2 = C4-C5-M-C1 = +12.6°
Scheme 3 versus 51.9%, 1.2%, and 17.9% for Clearly, the phosphonium
PH PH, substituents at C(2) and C(4) are able to decrease #tectron
‘ H H H H density on the metal-bonded carbons in the HOMO, reducing
b |//C1_C‘2\03 y Gl 401—02\C the antibonding interactions between the metal center and the
r _C3- “Ir C3-H
|/‘\/05:C4\ ™ | >es=cd metal-bonded carbon atoms.

H H H “H Nonplanarity in the Metallabenzene Complex 17Despite
optimized dinedral PH3 PH; that the metallabenzene compl&x has phosphonium substit-
;:g_ezz s < oKo° 0L0° uents on the ring, it displays significant nonplanarity. The
D2 = C4-C5-M-C1 = 0.0° 0.0° nonplanarity observed in the metallabenzene compl@&x

suggests that the effect of phosphonium substituents cannot
offset other forces. Calculations on the model comassing

two NHjs ligands for the bipyridine ligand give a nonplanar
structure (Scheme 5). The D1 and D2 dihedral angles (in the
absolute value) calculated for the model compheare smaller
than those experimentally observedLin When the bipyridine
ligand is used in the model complet? in Figure 3), the
dihedral angles reproduce very well the experimental values,
suggesting that the contacts between C1-H/C5-H and the ortho
C—H bonds increase the nonplanarity. Since the model complex
P also shows nonplanarity, there should be other important
reasons, in addition to the contacts between C1-H/C5-H and
the ortho C-H bonds, for the nonplanarity df7, 17, andP.

We believe that the most important reason is related to the
unsymmetric steric environment above and below the metalla-
benzene ring plane because we have shown that-thenating
effect of the chloride ligand is limited. We calculated the
structures of the model complex@andR (Scheme 5). The
results of these calculations suggest that the unsymmetric steric
environment above and below the metallabenzene ring plane

isoelectronic as well as isostructural with the metallabenzene
complex11. Therefore, they also show similar planarity to the
metallabenzene comple.

Metallabenzenes Containing Phosphonium Substituents
on the Six-Membered Metal-Containing Ring.The metalla-
benzene complexd€l—17 all contain phosphonium substituents
on the six-membered metal-containing ring. The metallabenzene
complex17, which displays nonplanarity, will be discussed in
the next subsection. The metallabenzene compléted6 do
not display significant nonplanarity. The observation suggests
that phosphonium substituents are capable of reducing the
nonplanarity. The electron-deficient phosphonium substituents
at C(2) and C(4) in these complexes actrascceptors, withdraw
7 electron density from the ring carbons, stabilize the antibond-
ing bonding interaction in the HOMO (Figure 4), and therefore,
reduce the nonplanarity. We calculated the model complexes
M, N, andO (Scheme 4). Compared with the model complex
A (Scheme 1), in which the planarity is poor, the model complex
M shows a planar structure. Similarly, the model comp¥ex | the determini |
has a nonplanar structure, while the model compekas a plays the de ern_nr_nng role.
planar structure. Mulliken population analy&gsrovide quan- The Cp-Containing Metallabenzene Complexes 18 and 19.
titative support to the argument given here. In the HOMO of The two Cp-containing metallabenzene complek8snd 19
the model comple, the percentage contributions of Os, C(1) adopt planar s'tructures (Figure 1). Calculatlpns on the model
(or C(5)), and C2 (or C(4)) are 40.1%, 7.0%, and 20.9%, cgmplex18’ (Figure 3) reprqduce the planarity observeq. A;
respectively. In the HOMO of the model compléd, the discussed above, the dr|V|n_g force toward nonplanarity in
percentage contributions of Os, C(1) (or C(5)), and C2 (or C(4)) met_allabe_nzene cpmplexes is the fact that #hemolecular
are 50.1%, 0.9%, and 18.3%, respectively. A similar trend was ©rbital (Figure 4) in most cases corresponds to the HOMO,
seen when we compared the percentage contributions for thewhich has the antibonding interaction between the metal center
model complexeN and O, 40.1%, 7.2%, and 20.8% fa¥ and the metal-bonded ring carbons. We also know that the

driving force is not very large due to the three (bonding) versus

(25)MullPop, a program written by Reinoldo Pis Diez at the National ~ON€ (antibonding) pattern in the .four OCCUPiﬁdmdeCU'ar
University of La Plata, Argentina. orbitals. The presence of a substituted Cp ligand 8rmor 19
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Scheme 4
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Scheme 6 complexes in which the planarity is not well reproduced with
PH, Me; the model ligand. This is understandable and should be expected
HO Me P HO  Me because the magnitude of the electronic driving force toward
\ . . .
MesP, 401—0’2 Me3P,,,+\ L1C2 nonplanarity is small. In those metallabenzene complexes having
TfO(Ir\05:c4/Cs_H TfO/Ir\CSZCA,/Cs-H two phosphine ligands occupying the two ligand coordination
H o Me ‘ H o Me sites above and below the ring plane, the steric repulsive
optimized dihedral PHs PMes; interactions between _the org{anic moiety in the ri_ng a_nd the alkyl
angles 12 12" or aryl groups associated with the two phosphine ligands may
D1=C2-C1-M-C5=  -13.2° 0.1° be able to counterbalance the electronic driving force, giving
D2 = C4-C5-M-C1 = +10.8 0.0° . . ) >
rise to an approximately planar structure that is not necessarily
PHj PMe expected from consideration of electronic factors only. Scheme
. P o H 6 shows two examples from which we can see that Pgilees
1 ] N / .
SN+ | €162 SNo, 4+ | 2£1C2 smaller dihedral angles.
A OS5 _ JC3-H ~0s__ “c3-H
) £5-C4 N >c5=C4
Hooowo O H i Summary
optimized dihedral PH3 PMe3
angles B B'

. . In this paper, the nonplanarity displayed by metallabenzene
-27.1 -14.0 ; ; . . .
+27.4° +16.0° complexes has been theoretically investigated via the density

functional theory (DFT) calculations. Different from benzene,
disturbs significantly the orbital ordering of the four occupied & Metallabenzene has four occupiednolecular orbitals. The
7 molecular orbitals. Carefully examining the frontier molecular €Xtra occupiedr molecular orbital shows antibonding interac-
orbitals calculated for the model complé€, we found that tions between the metal center and the metal-bonded ring-carbon
73, Notaz4, corresponds to the HOMO (Figure 7). Thgorbital, atoms, providing the electronic_ driving force_toward nonplanari_ty
which has an antibonding interaction between the metal centerhen it corresponds to the highest occupied molecular orbital
and the metal-bonded ring-carbon atoms, instead correspond$HOMO). Among the four occupied molecular orbitals, three
to the second HOMO. The reason for the switch in the orbital have bonding interactions between the metal center and the
ordering can be understood as follows. The metal d orbital Metal-bonded ring-carbon atoms. Therefore, the electronic
contributing tozzs is d,, while the metal d orbital contributing ~ driving force is relatively small.
to 74 is dy, (Figure 4). The ¢ orbital has greater overlap with Because the electronic driving force is small, other electronic
the s orbitals of the Cp ring than thegbrbital does. Therefore, — and steric factors also become important in determining the
on the basis of the ligand field theory, we expect that as a resultnonplanarity. Among these different electronic and steric factors,
of the orbital interaction, theygorbital is higher in energy than ~ some give an enhancing effect, i.e., increasing the nonplanarity,
the d. orbital, leading to the observation thag, not sy, while some provide the counter effect, i.e., decreasing the
corresponds to the HOMO in the Cp-containing metallabenzene nonplanarity or offsetting the electronic driving force to give a
complexedl 8 and19. Whenus is the HOMO, a distortion from planar geometry.

D1 =C2-C1-M-C5
D2 = C4-C5-M-C1

planarity will not take place because; has the bonding Our analyses show that the steric effect exerted by bipyridine
interaction between the metal center and the metal-bonded ringand Tp ligands increases the nonplanarity, while the steric effect
carbons (Figures 4 and 7). exerted by bulky phosphine ligands occupying the two ligand

Steric Effect of Phosphine Ligandsin the model complexes,  coordination sites symmetrically above and below the ring plane
we used Phlto model phosphine ligands. In most cases, the reduces the nonplanarity.electron-withdrawing ligands, such
calculated structures reproduce well the experimental structuresas carbonyls and phosphonium substituents at C(2) and C(4) of
especially the nonplanarity, suggesting that the simple model the six-membered metal-containing ring also reduce the non-
ligand can give good results (see the section Calculated planarity. For halide ligands, theelectron-donating effect was
Structures versus Experimental Ones). However, there arefound to be limited. Instead, the-withdrawing properties are
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nonplanarity.

For the two Cp-containing metallabenzene complexes dis-
cussed in this paper, the ligand field created by the Cp ligand
makes the extra occupied molecular orbital no longer the
HOMO. Therefore, these two Cp-containing metallabenzene
complexes display planarity. OMO0701367
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