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Abstract: Various metallabenzene complexes, analogues of benzene where one CH unit has been replaced
by an organometallic fragment, have been reported in the literature. A detailed theoretical investigation on
the chemistry of these complexes is presented here. This includes an evaluation of their aromaticity, the
mechanisms of formation of osmium, iridium, and platinum metallabenzene complexes, and one intriguing
aspect of their chemistry, the formation of cyclopentadienyl (Cp) complexes. X-ray photoelectron
spectroscopy (XPS) measurements on two osmabenzene examples are also presented. In addition, diffuse
functions for use with the SDD and SDB-cc-pVDZ basis set-RECP combinations are presented for the
transition metals.

wise, metalloaromatic systems have also been implicated as
, _ _ _ intermediates in a number of reactiots®” Despite the
Faraday's 1825 discovery of benzene in the residue of London g hificant amount of synthetic work, theoretical, kinetic, and

Introduction

streetlamp ofl and Kekulés proposal of its ringlike structufe

sparked almost two centuries of intensive research into aromatic
compounds and aromaticity. Research has included aromatic,

systems incorporating heteroatoms, such as the groent#4

mechanistic studies are relatively scafé&s3® Recently, we
reported on our computational studies into the cycloaddition
reactivity of metallabenzenes toward acetone,G0d C$*041
and communicated our initial findings on their cyclopentadienyl

15* analogues. One recent direction has been the introduction(cp) complex formatiorf2

of transition metal complexes into the aromatic ring leading to

metallabenzenes and related complexes (Scherfie®l)ike-
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Scheme 1. Literature Examples of Isolated Metallabenzenes (1—4, 7—10) and Related Compounds (5, 6, 11—16, TpMe2 =
Hydrotris(3,5-dimethylpyrazolyl)Borate)8-2427-33
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Scheme 2. Resonance Structures of Metallabenzenes In this paper, we report on the formation, stability, and
Com, -~ </_\:MLn - @ML" reactivity of Os, Ru, Fe, Ir, Rh, Pt, Pd, and Re metallabenzenes

and on the question of the formal metal oxidation state. First,
we will in brief consider the question of aromaticity of these
complexes. To this end, we will examine the geometrical
parameters of the metallabenzene complexes, their molecular
orbitals, calculated nuclear independent chemical shifts (NICS)
and magnetic susceptibility anisotropiesy§, and reactivities.
Next, the computed mechanism that we found for the formation
of the Os, Ir, and Pt metallabenzengs7, and 8 will be
discussed. Furthermore, a full account of the Cp formation
reactivity will be presented along with the salient points of the
cycloaddition reactivity of iridium-based metallabenzeff&s.

In addition, the results of X-ray photoelectron spectroscopy
?XPS) on complexe4 and?2 will be presented.

In light of all these studies, it is remarkable that the question
of the formal metal oxidation state of these intriguing complexes
is still not resolved? If one considers the metallabenzene in
one of its Kekulestructures (Scheme 2), the organic fragment
can be considered to consist of a vinyl and a carbene ligand.
The former is a two-electron anionic ligand. The latter, however,
can be either a FiscH&ror a Schrock® type carbene. A Fischer
carbene, which generally is considered to be a carbene with a
heteroatom or other-donor#>46is a two-electron neutral ligand
leading to an overall four-electron monoanionic organic frag-
ment in the metallabenzene. Under such a scheme, complexe
3 and7, for example, would formally be Ir(l) complexes (see
Supporting Information, Table S1). A Schrock carbene, which Experimental Details
is also known as an alkylidene complex and is generally  The osmabenzenesand2 were prepared according to literature
considered to be a carbene with only C and/or H substitutents procedure§#® starting from commercially available (Sigma-Aldrich)
and nos-donor#546is a four-electron dianionic ligand. In this  ammonium hexachloroosmate, (WkOsCk. The identity and purity
case, the metallabenzene organic fragment would be a six-of 1 were determined bH and3'P{*H} NMR,*"*8UV —vis spectros-
electron trianionic ligand and complex&sand 7 would be copy, and X-ray photoelectron spectroscopy (XPS). XPS measurements
formally Ir(lll) complexes. One may observe that the effect of Wwere carried out with an AXIS-HS Kratos setup, using a monochro-

resonance would make the rest of the ring-acceptor, rather ~ Matized Al Ko X-ray source ffv = 1486.6 eV) and pass energies
than azz-donor, vis-avis the carbene moiety ranging from 20 to 80 eV. The energy scale was calibrated referring to

the C 1s line at 284.7 e¥. The spectrum ofl was measured as a
powder on double-sided carbon tape, widilwas measured drop-casted
on an oxidized silicon surface.
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Computational Details

Unless otherwise noted, all calculations were carried out using
Gaussian 98 revision A1®.The mPW1K (modified Perdew-Wang
1-parameter for kinetics) DFT exchange-correlation functional of
Truhlar and co-workeP$ was used to investigate the reactions. This
functional is based on the PerdeWWang exchange functiorfalwith
Adamo and Barone’s modified enhancement f&étand the Perdew
Wang correlation function&? A larger percentage of Hartre€ock
exchange is introduced into the functiotidb circumvent the under-

Bulk solvation effect¥ were approximated using a polarized
continuum (overlapping spheres) model (PC®f’ The solvent used
in the calculations, be it diethyl ether £ 4.335), tolueneq = 2.379),
heptaned = 1.92), methylene chloride & 8.93), or acetonitriled =
36.64), was generally the same as that used in the relevant experimental
systems; in some cases diethyl ether has been used instead of

tetrahydrofuran or toluene instead of benzene, but the impact of these

substitutions should be insignificant.
For interpretation purposes, natural population analysis (NPA)
charge® were derived from the natural bond order (NBO) anafsis

estimated barrier heights typical of standard exchange-correlation ot the mPW1K/SDD level of theory. Atomic polar tensor (APT)

functionals. It has been shown (e.g., refs 51;-58) that this functional

charge® were derived from the mPW1K/SDD analytical second

generally yields much more reliable reaction barrier heights than BSLYP qerivatives (vibrational frequencies) calculation. Molecular orbitals were

or other “conventional” exchange-correlation functionals.
With this functional, two basis set-RECP (relativistic effective core

visualized using GaussVieW.

Nucleus-independent chemical shifts (NICS¥ and magnetic

potential) combinations were used. The first, denoted SDD, is the susceptibility anisotropies\y) were calculated at the B97-1/aug-SDB-

combination of the HuzinageéDunning doubleZ basis set on lighter
elements with the StuttgarDresden basis set-RECP combinatfam

cc-pVDZ level of theory using Gaussian 03 rev. B8ZThe B97-1
exchange-correlation functiorfais Handy and co-workers’ reparam-

transition metals. The second, denoted SDB-cc-pVDZ, combines the etrization of Becke’s B97 functiondf. The aug-SDB-cc-pVDZ basis

Dunning cc-pVDZ basis s€ton the main group elements and the
Stuttgart-Dresden basis set-RECP on the transition metals with an

set is similar to the abovementioned SDB-cc-pVDZ basis set but uses
Dunning’s aug-cc-pVDZ basis set on the main group elenféfitand

addedf-type polarization exponent taken as the geometric average of an additionalspdfset of diffuse functions of the metal center, which

the two f-exponents given in the Appendix to ref 59. Geometry

are listed in Table S2 (Supporting Information); for more details on

optimizations were carried out using the former basis set while the the development of the basis set, see the Results section. The NMR
energetics of the reaction were calculated at these geometries with thechemical shifts and magnetic susceptibility tensgjsaere calculated

latter basis set; this level of theory is conventionally denoted as
mPW1K/SDB-cc-pVDZ//ImPW1K/SDD.

using the gauge-independent atomic orbital (GIAO) meftiot,the
NICS with a “dummy” atom suspended either 0.0 or 1.0 A above the

Since Gaussian 98 uses the same number of radial grid points center of the ring. The magnetic susceptibility anisotralpy)(is defined

throughout the periodic table, the “ultrafine” grid, i.e., a pruned (99,590)

grid, was used throughout the calculations as recommended in ref 60.

Nonetheless, in the casetonscis-[(CsHsIr)(PHz)2(CHsCN),]? (21),

even the denser grids were insufficient and a persistent, very small

imaginary frequency (&cm™1) was obtained. This was however ignored

as a grid artifact. Regardless, this imaginary frequency corresponds to

rotation around NE CHs bonds, which should be nearly free.

The identities of the transition states were confirmed by having only
one imaginary vibrational mode suitable for the desired reaction. In
addition, an intrinsic reaction coordinate (IRC) calculation was
performed on each transition state to confirm connectivity with the
reactant(s) and the prodifét® Due to the length of the IRC calculation,

the default pruned (75,302) grid was used, and it is not expected that(GS)

this will have any significant impact on the IRC calculation.
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In this study, model systems are used to represent the largerversusz* (the atomic number of the element less the number
experimental system. Substituents on the ring or on the phosphineof electrons included in the RECP, 10 for 1st row transition
ligands are often replaced by hydrogen atoms. This is not expected tometals, 28 for 2nd row, and 60 for 3rd row). It was expected
significantly affect the results unless there is a major steric contribution. that the exponents, within each row, should follow a regular
This was confirmed herg for the preparation of comi#egvide infra, pattern. It was found that the exponents best fit a power function.
Scheme 4) where the impact of adding two methyl groups on the Thef functions for Zn, Cd, and Hg, which do not have stable

metallabenzene ring was found to be insignificant. Previously, we . d ined b lati . he obtained
verified that using PMgligands instead of PHon metallabenzene anions, were determined by extrapolation using the obtaine

systems resulted in only minor changdés. power fit. The sets of diffusepdfexponents thus obtained for
) ) the transition metals and the parameters of the power fits found
Results and Discussion are listed in the Supporting Information (Table S2 and S3).
aug-SDB-cc-pVDZ Basis SetsTo evaluate the magnetic Metallabenzene Aromaticity. The question of aromaticity 23

properties, suitable basis sets are required for the GIAO NMR is a difficult one to address and often considered philosophical,
calculation. As the effects include regions of space distant from or even contentious, in natu$293There are a number of criteria
the nuclei, it is reasonable that diffuse functions will be needed that are commonly used to evaluate the aromaticity of a system,
in the basis set. For that reason, the cc-pVDZ basis set on theincluding resonance energy, structure, electronic structure,
1st and 2nd row elements in the SDB-cc-pVDZ basis set was magnetic resonance, and reactiity®-23 The resonance energy
replaced by its augmented version. However, diffuse functions criterion is not as straightforward to evaluate as the others. Here,
were required for the SDB basis set-RECP combination usedwe examine various metallabenzene complexes to evaluate the
on the transition metals. As the highest angular momentum aromatic nature of these systems. The methods used are
function in the basis set i§ a set of diffusespdffunctions is generally applied to organic systems, although it is reasonable

required. that they will also be applicable to these organometallic species.
The basis set completeness profile of Chong provides an  The structural criteria of aromatic systems are probably the
efficient means of generating diffusep, andd functions for  easiest to evaluafé9:The system should involve planar rings

any element for any basis sétThis method involves using a  wijth bonds of equal length intermediate between single and
test Gaussian type orbit&() to scan space and plot the sum  double carborcarbon bonds. The closer the bond lengths are
of squares of the overlap to alternating single and double bonds, the less aromatic the
system is. Metallabenzenes are observed, both experi-
)= ZEG(E)W"‘W""G(E)D mentally?12.17-22.9495and computationally, to be planar and to
" have C-C and M—C bond lengths intermediate between single
between the basis set and double bonds. Table S4 (Supporting Information) lists the
ring bond lengths in a number of computational systeh7s-(

Y, = Z¢iCij 34). One can clearly observe, based on the planar structure with
! bond-length equalization, that these systems are aromatic. In

andG(&) as a function of logf). The diffuse exponents were  fact, in @ number of systems, the twoortho, Cortho—Crmeta

determined by searching for the exponérguch that and Greia—Cpara bONds are of equal, or nearly equal, lengths.
The bonds vary significantly only in the nonsymmetric systems
[G(&)|G(2.58)MG(2.55)|G(8) = Y(&) and this is most likely due to other effects, most notably the

different trans effects of the different ligands (CO,sPRalides).
These M-C bond lengths (1.92.1 A, Table S4) are on the
border between experimentally determined-8 and M=C
bond lengths in other systems (Table S5, Supporting Informa-
tion). Also listed in Table S4 are the sums of the internal ring
angles E0J) in these systems, which are very close to720e
sum in a hexagon. In a similar fashion, the ring dihedral angles
are all very small, and in a number of cases, all six dihedral
angles are 0.00 The largest deviations, both XiJ and in the
dihedral angles, occur in the cases where the metallabenzenes
are less stable toward Cp formation (vide infra).

The electronic structure of metallabenzenes also supports an
aromatic nature. Figure 1 depicts the aromatic molecular orbitals
(MO'’s) of benzene and selected ones ogHélr)(PHs)s (17),
(CsHsPt)Cp (8), and [(GHsPt)(PH)2]t (26). All the metalla-

(83) In Gaussian 03, it is required to set IOp(61§ to have the magnetic benzenes studied have similar molecular orbitals, although the
susceptibility tensorsy calculated and printed to the log file.

(84) Chong, D. PCan. J. Chem1995 73, 79-83.

(85) Iron, M. A.; Oren, M.; Martin, J. M. LMol. Phys.2003 101, 1345- (87) Schleyer, P. v. R.; Jiao, Hure Appl. Chem1996 68, 209-218.
1361. (88) Schleyer, P. v. RChem. Re. 2001, 101, 1115-1117.

The exponent was determined by a grid search followed by
Newton—Raphson. In such a manner, sgddiffuse functions
can be readily obtained using a simple code written by CHéng.

Thef functions were optimized using a code written in house
for basis set optimizatior®8. The f function was optimized on
top of the SDB plus diffusspdbasis set-RECP combination.
Either the electron affinity (M—M?) or the energy of the anion
was minimized at the CISD level with full spatial and spin
symmetry imposed using the MOLPRO 2000.1 ab initio
progran®® to obtain the diffusé function. The choice between
the electron affinity and the energy of the anion was made based
on which of the two had better convergence behavior. To
determine whether a reasonable exponent was obtajpeds
plotted

)
)
(86) MOLPRO is a package of ab initio programs written by Werner, H.-J. and (89) Gomes, J. A. N. F.; Mallion, R. BChem. Re. 2001, 101, 1349-1383.
Knowles, P. J., with contributions from Amos, R. D.; Bernhardsson, A.; (90) Krygowski, T. M.; Cyraski, M. K. Chem. Re. 2001, 101, 1385-1419.
Berning, A.; Celani, P.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; (91) Katritzky, A. R.; Jug, K.; Oniciu, D. CChem. Re. 2001 101, 1421~

)

)

Eckert, F.; Hampel, C.; Hetzer, G.; Korona, T.; Lindh, R.; Lloyd, A. W.; 1449.

McNicholas, S. J.; Manby, F. R.; Meyer, W.; Mura, M. E.; Nicklass, A.;  (92) De Proft, F.; Geerlings, Ehem. Re. 2001, 101, 1451-1464.
Palmieri, P.; Pitzer, R.; Rauhut, G.; SthuM.; Stoll, H.; Stone, A. J,; (93) Balaban, A.; Oniciu, D. C.; Katritzky, A. RChem. Re. 2004 104, 2777
Tarroni, R.; Thorsteinsson, T. 2812.
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Figure 1. Selected molecular orbitals of benzene, iridiabenzengl4©)(PHs)s (17), and platinabenzenes £@sPt)Cp (8) and [(GHsPt)(PHs)2]* (26)
complexes. Atomic color scheme: H, white; C, gray; P, yellow; metal, blue.

Table 1. NICS(x) (x = 0.0, 1.0, in ppm) and Magnetic Susceptibility Anisotropy (Ay, in cgs ppm) Values for Various Systems Studied

compound NICS(1.0) NICS(0.0) Ay

benzene (6He) —10.0 -7.7 —61.7
cyclobutadiene (Ha, Don Symmetry) +18.2 +27.5 +21.9
(CsHslr)(PHs)s (17) -8.8 —-3.7 +93.9
trans,cis{CsHs0s)(PH;)2(CO)CI (19) -35 +2.5 -10.0
(CsHsPY)Cp (L8)

— metallabenzene ring —6.4 —2.6 +43.2

— Cpring -7.9 -16.1
[(CsHsPt)(PHy)2] T (26) +3.9 +9.1 +72.0
[(CsHsPt)(PH)s] T (28) -55 —-1.2 +60.0
(CsHsPt)(PHs)2(CHg) (27)

— synto Me -7.9 —6.5 +45.4

— anti to Me —10.0
(C5H5|I’)(PH3)2C|2 (20) —-3.2 +2.8 —22.7
trans, cis{CsHsRu)(PH)2(CO)CI (23) -3.2 +3.2 —43.35
(CsHsRu)Cp(CO) 22

—synto CO —6.0 +1.0 —46.6

— antito CO -1.0

— Cpring -104 -19.8
borazine (BNsHs, D3g sSymmetry,35) —-28.%
phosphaborabenzenesfHg, D3g Ssymmetry,36) —67.3

a“Dummy” atom on face of ring opposite to the apical Pligjand.” Based on CSGT-B3LYP/6-31G* values given in ref 96.

order and participating metelforbital may vary. One can clearly  or antiaromatic a system is. This method, termed nucleus-
note the similarity between the two sets of MO’s. The HOMO-3 independent chemical shift (NICS), involves placing a dummy
of benzene, which has the well-recognized doughnut shape, isatom above the ring and calculating its NMR chemical
clearly the same as the lowermost of the shown MOs. Likewise, shift.”2.7289A negative NICS value indicates an aromatic system,
the metallabenzene HOMO and HOMO-1 (or HOMO-2) clearly while a positive value is obtained for antiaromatic systems. This
resemble the degenerate HOMOs of benzene. Different metalwas done here for benzene and a number of metallabenzene
d-orbitals have been observed participating in the aromatic systems, and the negative values obtained for most systems show
MO's, including @2, ok, and ¢, (the zaxis is defined as that these systems are indeed aromatic (Table 1). It has been
perpendicular to the plane of the ring, and xhaxis is defined demonstrated, however, that the magnitudes of NICS values do
as the M-Cparaaxis). In fact, in the complexes where there is not reflect on the relative “aromaticity” of different systems,

participation of the g orbital, often one lobe of the “dumbbell”  particularly when atoms of greatly different sizes are involved
and the torus, there is a slight deviation of the metal from the in the ring89°1
plane to allow for a better overlap. Another evaluation of the aromaticity of a system based on

The magnetic criterion of aromaticity is reflected in the ability magnetic properties is the magnetic susceptibility anisotropy,
of a system to sustain a diatropic ring curr&hiSchleyer Ay, (occasionally denoted agni9.°” This measure, obtained from
introduced a computational method to evaluate how aromatic the computed magnetic susceptibility tensor using eq 1 (see
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Computational Details), was first proposed by Flygdrearge Table 2. Summary of Aromaticity Measures Used and the Results
negative values are expected for aromatic compoundsAjhe method parameter observed aromatic?
yalueg for a number of model mgtallabenzene complexes are geometry ring planarity ves
listed in Table 1. The results obtained seem to cast some doubt ring bond length yes
on the aromaticity of metallabenzene complexes. Comp&x _ equalization
seems to be the sole exception. Compiékcannot truly be . ring angle equalization yes
. . . . . molecular orbitals aromatic MO yes
considered aromatic according to this method as it is on par delocalization
with 35, which is not considered to be aromatic (vide infra). It  magnetic properties  NICS yes, with exceptions
should be noted that complex&8 and22 are not amenable to tivity Ay oaddition chemist no, with exceptions
: H : - . reactivi Cycloaddition chemistry no
thls method because they each contain two potentially aromaUc electrophilic aromatic ~ yes
rings, the metallabenzene and the Cp, that are perpendicular to substitution
each other. Cp formation no

The final criterion, reactivity, is more qualitative. Basically,
a system has aromatic character if its reactivity resembles
benzene’s reactivity. Like benzerghas been shown to undergo This is further complicated in complex&8 and22 where there
electrophilic aromatic substitution. The reaction2fvith Fe/ is a Cp ring, a second, independent aromatic system, perpen-
Br, or Cu(NQ),/(CHsCO)0 results in bromination or nitration, ~ dicular to the metallabenzene ring. Chamizo et al. have
respectively,para to the methylsulfide group, just as with previously determined that iridiabenze®ies not aromatic based
MeSPH8 On the other hand, complex&; 5, and 6 easily ~ ©On the absolute hardness= (ELumo — Erowmo)/2 of the system,
undergo cycloaddition reactions with acetone,,COS, O, calculated at the extended ekel level of theory?® Based on
SO, nitrosobenzene (PhNO), and maleic anhyd#de. This the abovementioned methods (Table 2), it is difficult to state
cycloaddition reactivity is in sharp contrast to benzene’s stability With any certainty whether the metallabenzene complexes are
toward these reagents. The tendency of some metallabenzene§uly aromatic or not. .
to undergo Cp formation (vide infra) also strongly contrasts the ~Metallabenzene Formation. A. Osmabenzene (1)The

aromatic nature of benze@21,34,95,98100 reaction of acetylene with (BR)0s(CO)(CS) 87) resulted in
This ambivalent aromatic nature of metallabenzenes is the formation of the first metallabenzerig £’ The mechanism
somewhat similar to that of borazineg5 BsNsHe). This of formation of 1 has yet to be explored. We examined

compound has six equivalentB bonds and has been shown the mechanism for the formation of the model complex
to undergo electrophilic substitutidfL102 It also has an (7> ““SCsHiS)Os(PH)(CO) (38) from (PHy)30s(CO)(CS)
aromatization stabilization energy, another measure of aroma-(39- The mechanism found is depicted in Scheme 3, and Figure

ticity, similar to phosphaborabenzergs( BsPsHg).%193None- 2 shows the reaction profile. The calculateetC bond lengths
theless, it has been shown recently, based on NIGS,and and the reaction energetics are also shown in Scheme 3.
magnetic susceptibility exaltatiom\j calculations, thags is The reaction was found to proceed by the following mech-

actually not aromatic, wheread6 is.72% The nonaromatic anism. Initial phosphine dissociatior4@) allows for 7%
character of borazing6) was explained by the large difference ~ coordination of acetylenedd). As with alkenes, alkyne com-
in electronegativity between nitrogen and boron that leads to Plexes involve a DewarChatt-Duncanson-like resonance
localization of electron density on the nitrogen; 36, the between an acetylerenetalf) complex @13 and a metalla-
difference is much smaller and permits greater electron delo- ("+2)—cyclopropene 41b) 4510519 The C-C bond length
calization Furthermore, like metallabenzened5 tends to  calculated at 1.300 A is closer to the=C bond length in
readily undergo addition reactio#® and the reported electro- ~ €thylene (calculated to be 1.344 A) than to teCbond in
philic substitution was the first such examp#é.102 acetylene (calculated to be 1.211 A). The next step involves
It should, moreover, be noted that the applicability of NICS Migratory insertion42) of the CS ligand into the metatarbon
andAy calculations with metallabenzenes has some limitations. o-bond of the osmacyclopropene structure. The formation of
The NICS(1.0) values, based on the chemical shift of the @n osmacyclobutadiene has been observed in a related gfstem.
“dummy” atom, will be affected by close proximity to ligands Prior to coordination of the second acetylene, the CO ligand
on the metal center. Likewise, the magnetic susceptibility tensor, Migrates from the position trans to the=€%) ring carbon to
and hencey, will also be affected by the metal ligands and the cis position 43) lest the second acetylene inserts into the

therefore will not solely be a measure of the ring aromaticity. Wrong Os-C bond and push the sulfur to the opposite side of
the ring from the osmium. Coordination of a second acetylene

(94) Wu, H.-P.; Lanza, S.; Weakley, T. J. R.; Haley, M. ®tganometallics (44) and subsequent-€C coupling would lead to a 2-osma-
2002 21, 2824-2826.

(95) Jacob, V.; Weakley, T. J. R.; Haley, M. Mhrganometallics2002, 21, 3,5-c¥clohexadie.n-1-thio.ne compleXy). Part of the large
5394-5400. ) negative AG,gg this reaction would be accounted for by the

(96) Jemmis, E. D.; Kiran, Binorg. Chem.1998 37, 2110-2116. . .. . .

(97) Flygare, W. HChem. Re. 1974 74, 653-687. release of ring strain in going from a four- to a six-membered

(98) Ig‘ggﬂ-% 39%@'{29%-7'\/'-? Dixon, J. K.; Allison, N. J. Am. Chem. Soc.  ring. The formation of the three-membered-@&-S ring, to

(99) Ferede, R.: Allison, N. TOrganometallics1983 2, 463-465. give the final product38), proceeds via a reaction that can be

(100) feéi‘é‘;h E%;g}%&gég-ﬁg&”_‘%‘ﬂe“ W. A.; Freeman, J. P.; Allison, N. - described as either an intramolecula=§ oxidative addition

(101) Chiavarino, B.; Crestoni, M. E.: Fornarini, & Am. Chem. S0d.999 or complete &S bond coordination akin to formation of

(102) %zrﬁaigﬁ%;’zgzl%reswmy M. E.: Di Marzio, A.: Fornarini, S.: Rosi.v,  Metallacyclopropanes by ethylene coordination. The formation
Am. Chem. S0d999 121, 11204-11210.

(103) Haddon, R. CPure Appl. Chem1982 54, 1129-1142. (105) Dewar, M. J. SBull. Soc. Chim. Fr1951, 18, C71.
(104) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistnseries 5th (106) Chatt, J.; Duncanson, L. A. Chem. Socl953 2939.
ed.; John Wiley & Sons: New York, 1988. (107) Elliott, G. P.; Roper, W. RJ. Organomet. Chen1.983 250, C5-C8.
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Figure 2. Reaction profile AGzes, PCM(toluene)-mPW1K/SDB-cc-pVDZ//mPW1K/SDD, kcal/mol) for the formatior88{red) and the analogous reaction
with CO, instead of CS, migratory insertion (blue). The compound labels refer to the CS migratory insertion route.
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Scheme 3. Most Plausible Route to the Formation of 38, the Computational Analogue of 1,847 Including the Reaction Energies (A Gags,
PCM(Toluene)-mPW1K/SDB-cc-pVDZ//mPW1K/SDD, kcal/mol) and C=C Bond Lengths (A, in Red)
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of an aromatic system would compensate for the ring strain PH; ligands. Moreover, the reaction vessel is pressurized with
associated with the formation of the-©6—S three-membered  acetylene, which is, therefore, present in a large excess, and
ring annealed to the metallabenzene ring. The size of the sulfurthis will drive the reaction.
atom probably also helps alleviate the ring strain. An alternate route involving CO migratory insertion, instead
Overall, this reaction39 + 2 HC=CH — 398) is fairly of CS, was also considered and is included in Figure 2 (blue
exergonic WithAGreact20s= —90.1 kcal/mol. We solved the line). This leads to a rate-determining barrier, corresponding to
kinetic equations for this reaction and found that this is a pseudo- migratory insertion and trarsis CS migration, that is con-
two-step reaction. The first barrier corresponds to the conversionsiderably higher4G¥9s = 37.6 kcal/mol). This possibly reflects
of 39 into 40 with a height of AG*,93 = 18.9 kcal/mol. The the stronger OsCS bondi% apparent in the relative bond
second step involves the conversion 40 into 38. The lengths in41 (Os—CO, 1.913 A; Os-CS, 1.866 A). Moreover,
corresponding barrief,S(40-41), is AG*,9g = 31.4 kcal/mol. the formation of a three-membered ©3—0 ring does not
Although this would seem too high for the fast reaction involved, occur, and the final product is the osma-3,5-cyclohexadienone
one must remember that the RFigands in37 are replaced by ~ complex. The oxygen atom is probably too small, compared to
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Table 3. Calculated Atomic Polar Tensor (APT) and Natural
Population Analysis (NPA) Charges of the Metal Atom in Various
Calculated Metallabenzenes

complex APT charge NPA charge
(CsHslr)(PHg)3 (17) —1.07 —0.03
(CsHsPt)(7>-Cp) (18) +0.08 +0.65
trans,cis{CsHs0s)(PH)2(CO)CI (19) —-1.12 -0.24
trans,cis{CsHslr)(PHz)2Cl2 (20) -0.17 +0.19
[(CsHsPt)(PH)2] T (26) —0.15 +0.31
[(CsHsPt)(PHs)3] ™ (28) —0.22 +0.41

sulfur, to sufficiently relieve the ring strain. This process is a
clear example where the identity of a heteroatom (S vs O)
controls the outcome of metal complex formation.

Likewise, a reaction mechanism where CS migratory insertion

follows, rather than precedes, coupling with the second acetylene

was ruled out. In the primary route, migratory insertion vacates
a metal coordination site to allow for coordination of the second
acetylene. In this alternate route, phosphine dissociation would
be required to avoid the formation of 20-electron complexes.
Thus, such a route is much less plausible. Furthermore, the
kinetic equations for such a mechanism indicate a pseudo-two-
step reaction with barriers ohAG*,9g = 18.9 and 38.6 kcal/
mol.

B. X-ray Photoelectron Spectroscopy Measurement3.he
X-ray photoelectron spectroscopy (XPS) Jggt binding
energies for the osmium centerslig51.0 eV) and (51.2 eV)
are in the range for Os(ll). (See Supporting Information for the
full set of XPS data and literature values for different osmium
formal oxidation states, Tables S6 and S7.) To the best of our
knowledge, there are not any XPS data available on similar
osmium organometallic complexes for comparison. Most lit-
erature complexes are coordination complexes with halide or

outersphere counteranions. This leads to a better separation of

charges and thus better “defined” oxidation states. Alkyl and
hydride ligands are assigned negative charges in the definition
of the formal metal oxidation state, even if formalism and reality
differ. In fact, the actual charge on a hydride or alkyl ligand
can be neutral or even cationic. For example, certain metal
hydrides, even though formally1, are actually acidié?-111

One would thus expect XPS in these cases to give an oxidation
state lower than expected, as has been observed, for instanc
for an iron(Il) hydride!!? In the case of the metallabenzenes,
the situation is even more complicated where the organic

fragment can accept charge, evident from the calculated atomic

polar tensor (APT) and natural population (NPA) charges of
various model metallabenzenes (Table 3). In addition, the XPS
signal for S(2p,) in 1 at 162.2 eV indicates a highly reduced
sulfur center, consistent with an RSigand in the reaction
mechanism found for the synthesislof{Scheme 3). The well-
resolved NMR spectra df and 2848 clearly indicate that they
are diamagnetic complexes and rule out the assignment of
paramagnetic Os(l) or Os(lll) systems.

C. Metallabenzenes 7 and 8.The Ir (7) and Pt 8)
metallabenzenes were obtained by reacting metal halide salt
with  2,3-diphenylcyclopropenylvinyllithium 46) (Scheme

(108) Hieber, W.; Wagner, &. Naturforsch.1958 13B, 339-347.

(109) Hieber, W.; Hbel, W. Z. Elektrochem1953 57, 235-243.

(110) Galembeck, F.; Krumholz, B. Am. Chem. Sod.971 93, 1909-1913.

(111) Walker, H. W.; Kresge, C. T.; Ford, P. C.; Pearson, R1.GAm. Chem.
Soc.1979 101, 7428-7429.

(112) Bianchini, C.; Masi, D.; Peruzzini, M.; Casarin, M.; Maccato, C.; Rizzi,
G. A. Inorg. Chem.1997, 36, 1061-1069.
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a|n the experimental systen7){ R = Ph and P= PMe&.1""19 In the
computational systenb(), R = H, Me and P= PH;. Complexes of type
7 and 48 with different R groups have been characterized by X-ray
crystallography-’-20

4)17-21,94.95Two possible reaction mechanisms were proposed,
one involving a metallabenzvalene intermediat8) (and the
other involving a metalla-Dewar benzenelike structudé) (
(Scheme 438 We examined these two possible routes here using
the model system where the ring phenyl substituents are replaced
with hydrogens or methyls and BHgands are used in lieu of
PMes.

First we used the model system where the two phenyl groups
on the cyclopropene ring were replaced by hydrogens. The
reaction profile found is shown in Figure 3 (blue). After ligand
ubstitution, a cyclopropenylvinyliridium complex4?) is
obtained. Two isomers were found, one where the cyclopropene
ring points away from the iridium cente4{a and the other
where it points toward it47h); the former is slightly lower in
energy byAG,es = 1.8 kcal/mol. The transition state for the
conversion of47b to the iridiabenzvalene complex4§),
TS(47b—48), was found and leads to a very low reaction barrier
of AG¥9s = 1.7 kcal/mol. Likewise, the transition state,
TS(48-50), for the formation of the iridiabenzen&®) was

q"ound. This transition state involves twisting of the-C bond

in the iridiacyclopropane ring to give the planar metallabenzene
ring and results in a reaction barrier &iG*,9g = 39.5 kcal/
mol. Note, however, that the transition state is only 16.4 kcal/
mol above47a, and these energies do not include the energy
released during the initial ligand substitution reaction. We also
examined the system with a 2,3-dimethylcyclopropenylvinyl
ligand (Figure 3, green) and found only minor changes in the
reaction profile.

The second route (Figure 3, red) involves C activation of
the cyclopropene ring to give the iridia-Dewar benzene complex
(49). While this intermediate, and the transition state leading
to the metallabenzene complekS(49-50), could be found,
the transition state for its formatio,S(47b—49), remained
elusive. Nonetheless, the Dewar-benzene intermedi@eig
much higher in energy than both the iridiabenzvalene complex
(48) (AG*a98 = 38.3 kcal/mol) and even the transition state
TS(47b—48) leading to it. Likewise, the transition state,
TS(49-50), leading to the metallabenzer&d) from the iridia-
Dewar benzene4Q) is also much higher than its iridiabenz-
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Figure 3. Reaction profiles 4G, PCM(ether)-mPW1K/SDB-cc-pVDZ//mPW1K/SDD, kcal/mol) for the formatiorb6fvia 48 (blue) or49 (red). Also

included is the dimethyl system (green, see text).

valene counterpart. It would thus appear that the first route is planarity is lost. Figure 4 depicts three examples of the transition
more plausible, especially since a number of iridiabenzvalene state for Cp formation; all the others have similar features. This

complexes were isolated and characterized by X-ray crystal-

lography!8-19
As the formation o8B and26 involved a similar synthesis, it

reaction proceeds in the same manner for all the metallabenzenes
studied and is independent of the metal and ligand environment.
This leads to a Cp complex, which may then lose a ligand and/

is also reasonable to assume that the platinum analogues followor undergo Cp ring slippage to lead to the final product.

a similar reaction pathway. The formation&fhowever, would

One commonality with regard to the molecular orbitals was

proceed twice through the route, once to form the Cp ring and observed for all reactive complexes and another for all the stable
again to form the metallabenzene. In the case of the formation complexes. The HOMOs of benzene are degenerate and have

of [(CsHsPt)(PHs)2] ™ (26), the barrier for the conversion of the
platinabenzvalene to the platinabenzene was found toG¥egs
= 16.1 kcal/mol and the reaction is exergonicA@yes = —20.6
kcal/mol. Unlike iridium, a platinum analogue 4% could not
be found. These results are fully in agreement with the
conclusions drawn by Haley21.94.95

Metallabenzene Stability and Reactivity. A. Cyclopenta-
dienyl Complex Formation. One common reaction of met-
allabenzenes is the formation of cyclopentadienyl (Cp) com-
plexes?? This was demonstrated by Jones and AllRdn an
experiment where they prepared-a50 °C a ruthenabenzene,
(3,5-Ph-2-OEt-GH,Ru)(CO){°-Cp) (1), and then observed
its conversion at-30 °C by NMR to the related GRu complex.

one nodal plane (Figure 1). In the metallabenzene complexes,
this degeneracy is lifted and these two orbitals have different
energies. In the reactive complexes, the HOMO has the nodal
plane passing through the MCpara axis, while, in the stable
complexes, this plane transects the twaHe—Cmetabonds. The
nature of this difference is not readily apparent. The symmetry
of the HOMO was also a key factor in the cycloaddition
reactivity%41 If one were to consider the hypothetical cyclo-
addition reactivity of the metallabenzenes unstable toward Cp
formation, such a change in the symmetry of the HOMO would
have a dramatic impact on the reactivity making the 1,2 instead
of 1,4 cycloaddition symmetry favored.

Based on this model system (vide supra), one cannot

This clearly established the intermediacy of metallabenzenesdetermine whether a redox or nonredox mechanism for Cp

in the formation of Cp complexes. In a similar reaction with

formation is more plausible. To that end, we took a representa-

rhenium and iron systems, Cp complexes were obtained insteadive series of metallabenzene$7(20, 26, 28, 30, 31) and

of the expected rhen¥-and ferrabenzen®€? In addition, Cp

complexes of iridiurff* and platinurf® were obtained in reac-

tionsthatin other systemsyielded metallabenzene compléi&st
This is a very unusual €C coupling reaction in that one

six-membered aromatic system is converted into another five-

substituted the garaWith either an electron-donating (NHor
-withdrawing (NQ) group. It is known that electron-donating
groups (EDG) stabilize, and electron-withdrawing groups
(EWG) conversely destabilize, higher oxidation states. If the
Cp formation was to occur via a nonredox migratory insertion,

membered aromatic system via a nonaromatic transition state.then the stabilization afforded by the EDG (and the destabiliza-

Table 4 lists the reaction energies and barrier heights found.

tion by the EWG) to the metallabenzene reactant and the Cp

The reaction proceeds via an asymmetric transition state whereproduct would be similar and the reaction barrier would not be

there is a clear pattern of alternating short and long bonds,

strongly resembling one of the two Kekud&guctures (Scheme

greatly affected. However, if the reaction proceeded by a
reductive elimination pathway, then a major impact on the

1). This would indicate that the reaction may be classified as a reaction barrier height would be observed.

carbene migratory insertiof§.In the transition state, the two

Table 5 compares the Cp formation barrier heights and

ortho carbons are pinched toward each other and the ringreaction energies for the above seriepafa-substituted (R=
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Table 4. Calculated Reaction and Barrier Height Energies (A Gzgs, PCM(Ether)-mPW1K/SDB-cc-pVDZ//mPW1K/SDD, kcal/mol) for the
Various Cp Formation Reactions Studied

TS initial product final product? refo
(CsHsIr)(PHs)s (17) 44.4 67-Cp)Ir(PHs)s -12.5 05-Cp)Ir(PHs)2 —25.0 12
(CsHsPt)(7°-Cp) (18) 45.9 @7°-Cp)Pt -29 20,21
trans,cis(CsHsOs)(PH)2(CO)CI (19) 27.7 trans- (71~ Cp)Os(PH).- -9.4 cis{n*~Cp)Os(PH). —16.3 8
(Co)(CIy (coycly
trans,cis{CsHslIr)(PHs)-Cl, (20) 35.2 trans,cis(i73-Cp)Ir(PHs)2Cl 10.2 (7°-Cp)Ir(PH;)Cl2 —15.3 12
trans, cis[(CsHslr)(PHz)2(CH3CN)z] 2™ (21) 37.2 trans,cis[(7*-Cp)Ir(PHs)2 10.59 [(n>~Cp)Ir(PHs)2- —24.1h 12
(CHCN)]%* (CHsCN)P*
(CsHsRu)(#°-Cp)(CO) 22 25.2 (73-Cp)Ru(CO)¢>-Cp) —-18.4 98
trans,cis(CsHsRu)(PH)2(CO)CI (23) 24.6 trans- ('~ Cp)Ru(PH)2 —19.0
(CO)(CIy
(CsHsFe)>-Cp)(CO) @4) 19.2 7*-Cp)Fe(CO)(>-Cp) —31.0 @7°>-Cp)Fe —66.4 99
mer(CsHsRe)(PH)(CO) (25) 24.1 mer(n'~Cp)Re(PH)(CO) —-30.3 ¢7°-Cp)Re(CO) —63.4 100
[(CsHsP)(PHy)z]* (26) 24.0 [¢>-Cp)Pt(PH)2]* —37.5 95
(CsHsPt)(PHs)2(apicatCHa) (27) 32.6 (7*-Cp)Pt(PH)2(CHs) —41.8
[(CsHsPt)(PHy)s] ™ (28) 34.9 [67*-Cp)Pt(PH)z] —34.4 [675-Cp)Pt(PH)z] —36.6
(CsHsRh)(PH)s (29) 208 (>-Cp)Rh(PH). —56.8
(CsHsRh)(PH)2 (30) 334 @7°-Cp)Rh(PH)3 -20.3 @7°>-Cp)Rh(PH). —45.6
trans,cis{CsHsRh)(PH;).Cl, (31) 32.1 trans,cis(73-Cp)Rh(PH).Cl, -3.2
(CsHsPd)@°-Cp) (32) 33.8 @7°-Cp)Pd —24.3
[(CsHsPd)(PH)2] " (33) 19.1 [(7>-Cp)Pd(PH)2]* —54.2
[(CsHsPd)(PH)s] ™ (34) 23.6 [(7*-Cp)Pd(PH)q]* —46.2 [6°>-Cp)Pd(PH)2]* —56.0

aQverall reaction energy for the cases where there is a second step after Cp formRtferences of experimental systems modeled where applicable.
¢ Square pyramidal geometr§Trigonal bipyramidal geometn?.A cis,trans isomer was found with an overall reaction energy of 7.1 kcal/@alculation
in CHsCN rather than ether as in experimental systés cis,trans isomer was found with an overall reaction energy of 4.1 kcal/maiss of PH instead
of CHsCN would lead to an overall reaction energy-ef5.1 kcal/mol." Calculation in CHCI; rather than ether as in experimental systemitial phosphine
dissociation from30 has a calculated reaction energy/AG,9s = 11.2 kcal/mol leading to an overall barrier &G¥9s = 31.7 kcal/mol.

Figure 4. Geometry of the transition states for Cp formation from complekégéleft), 24 (center), and26 (right). Atomic color scheme: H, white; C,
orange; P, yellow; Ir, turquoise; Fe, purple; Pt, blue.

Table 5. Reaction Energies and Barrier Heights (A Gags, 0.0 NH, OMe H CI COOH NoO,
PCM(Ether)-mPW1K/SDB-cc-pVDZ//ImPW1K/SDD, kcal/mol) for
Cp Formation in Various para-Substituted Metallabenzenes 550 .
AG*g AGg (first step) AGygg (overall) 2 <00
metallabenzene NH, H NO, NH, H NO, NH, H NO, —_ \
3 450 ‘H\‘ |
17 479 444 39.2 —5.4 —125 —15.8 £ "\ Pt
18 54.2 459 451 18 —2.9 -53 = w0 — a3 Ir
19 425 27.7 26.7 8.0 94 —-124 -11.8 —16.3 —124 3 "
20 51.0 352 325 103 10.2 4.5 5.7 7.1 0.0 = 350
26 458 24.0 18.6 —8.5 —37.5 —42.3 g
28 44.0 349 34.4—-158 —34.4 —39.4 —17.9 —36.6 —39.1 E’p 3.0 -
30 35.3 33.4 24.3-20.4 —20.3 —36.0 3 * \‘
31 49.4 246 28.3 —2.5 —19.0 —11.7 =0 . os |
28— 26+ P 36.4 249 21.8-17.9 —36.6 —39.1 200
-1.50 =100 =0.50 0.00 0.50 100
aFor the cases where there is a second step after Cp formation. oy
H, NHz, NO;) metallabenzenes. One can clearly observe that rigyre 5, Hammett plot AG*95vs 0,*) for the Cp formation fronpara-
the order of stability, in all cases, is NH- H > NO,. The substituted analogues o7 (Ir, magenta)18 (Pt, green), and9 (Os, blue).

effects of EDG substitution are generally more dramatic than

EWG substitution and in certain cases are even more than 15perfect R2 = 0.78 (Ir), 0.82 (Pt), and 0.90 (Os)), the trends are
kcal/mol. Clearly, these results support a reductive elimination quite apparent.

process!3 For complexesl7—19, an additional three substit- One may wonder whether Cp complexes may be used as
uents (Cl, COOH, and OMe) were used and a somewhat linearstarting complexes in the formation of metallabenzenes. While
relationship was found between the Cp formation barrier height the Cp complexes are generally the thermodynamic products,
(AG*299) and op* (Figure 5)'* While the correlation is not ~ we have demonstrated that the kinetics, and to a lesser extent

(113) Cohen, R.; van der Boom, M. E.; Shimon, L. J. W.; Rozenberg, H.; (114) March, JAdvanced Organic Chemistny3rd ed.; John Wiley & Sons:
Milstein, D. J. Am. Chem. So®Q00Q 122, 7723-7734. New York, 1985; p 224.
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Scheme 5. Cycloaddition Reactions of CS, and CO, with
Iridiabenzene 312 2
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a Shown is the mechanism of the hypothetical reverse reaction.

J

Figure 6. HOMO (left) and HOMO-1 (right) of comple®0, transcis-

(CeHslr)(PH):Cl complexes, then it is unexpected tbatwould be unstable while
515 3)2-12.

8 was isolated. However, a 16-electron coordinatively unsatur-

the thermodynamics, of the reaction can be shifted by adding ated Pt(IV) complex is expected to be unstable.

electron donor or acceptors groups to the ring. With the right ~ Our computational study into the cycloaddition reactivity of
substitution pattern on the Cp ring and the proper reaction metalloaromatic compounds has been previously repéftéd.
conditions, this might be possible. This suggestion is not as far- The cycloaddition products obtained wigrare formally Ir(lll)
fetched as it may seem after Xi and Takahashi et al. preparedcomplexes as they bear two vinyl (or one vinyl and one alkyl)
benzene and pyridine derivatives from 1-titanocene-2,4-cyclo- and one alkoxy or sulfide ligands. This reaction, as shown in
pentadiene complexes and benzonitrile and clearly demonstratedScheme 5, does not appear to be a redox reaction, and the
that one of the Cp rings is split 2:3 between the two products substrates, acetone, ACS, maleic anhydride, S O, or
under mild homogeneous reaction conditiéHst16 PhNO are generally not reducing agents. The reaction consists

One metallabenzene that was found to be surprisingly stableof a reordering of the chemical bonds, and the iridium center
is complex4, which has been characterized by X-ray crystal- before and after the reaction has the same number of chemical
lography!2 An examination of its computational analog2&y bonds and there is not a net change in the electron count at the
reveals an explanation for its stability. It has been observed thatmetal center.
the frontier molecular orbitals (FMO’s) are key in determining .
the reactivity of a compound. The HOMO 80D (Figure 6) is Summary and Conclusions
an Ir—Cl, z* orbital and has little or no participation of the A detailed mechanistic investigation into the chemistry of
ring fragment; the HOMO-1 orbital also has, in addition to Mmetallabenzenes is presented and the question of aromaticity
participation of the ring fragment, considerable-@l, 7* in metallabenzenes was examined. Metallabenzenes have planar
nature. This would impact the stability of the complex. geometries with bond length equalization, and have molecular
Furthermore, this complex would be stabilized by théonating orbitals that are akin to those of benzene. The NICS values
ability of the Cl ligands. indicate that some metallabenzenes may be aromatic although

B. Formal Metal Oxidation State. With respect to the formal ~ the Ay values are less supportive (Table 1). Nevertheless, other
metal oxidation state in the osmabenzehefollowing the issues, such as the presence of metal ligands and, in certain
reaction (Scheme 3) leads to the following conclusions. The cases other independent aromatic systems (Cp ligands), may
final step is the conversion of the formally Os(Il) 2-osma-3,5- make the applicability of these two latter methods to organo-
cyclohexadien-1-thione comple#4) to the osmabenzenag). metallic compounds questionable. Moreover, although electro-
This can be considered either oxidative addition or full donation philic substitution has been observ&dthe cycloaddition
of the C=S bond, akin to alkene coordination. chemistry is more prevaleft.

The formation of the iridiabenzen&@) from the iridiabenz- The mechanism for the formation of the osmabenZewas
valene #8) involves reorganization of the carbon skeleton elucidated (Scheme 3, Figure 2). In the model system, it was
(Scheme 4). Overall, the iridium center has the same numberfound that the reaction pathway involves phosphine dissociation,
of bonds, and there is no apparent net change in the electrorv?-coordination of the first acetylene molecule followed by
count on the metal center. This would also hold even if the C—C coupling to give osmacyclobutenthianone compk).(
Dewar benzene intermediate was actually involved. Thus, the From this complex, CO migration to the othes-coordination
reaction would appear to be nonredox, and the iridiabenzenesite,n?-coordination of the second acetylene followed byC

would formally be an Ir(lll) complex. Likewise, comple&
would formally be a Pt(IV) complex. This is in agreement with
the reported syntheses of iridiabenze®€and10(11) (Scheme
1)?22 and by the demonstration by Hughes et al. that an
iridiabenzene is involved in the rearrangement of an iridia-
cyclohexadieng®-36

It is noteworthy that the reaction that is expected to yield
[(1,2-PhCsH3Pt)(PES)2] ™ (52) led instead to Cp products,
while (1,2-PhCsH3Pt)(1,2-PhCp) 8) was successfully pre-
pared?® Metallabenzene$2 and 8 are 16- and 18-electron
complexes, respectively. If they are low valent, formally Pt(Il)

(115) Xi, Z.; Sato, K.; Gao, Y.; Lu, J.; Takahashi, X.Am. Chem. So2003
125 9568-9569.
(116) Kempe, RAngew. Chem., Int. E®004 43, 1463-1464.

coupling, and &S activation of the resulting osmacyclohexa-
dienthione complex4®) yield in the end the osmabenze38)
This pseudo-two-step reaction is fairly exergonic with barrier
heights ofAG*,9g = 18.9 and 31.4 kcal/mol.
The formation of iridiabenzerg0 and platinabenzerizb was
also examined (Scheme 4, Figure 3). It was found that this route
involves the formation of a metallabenzvalene structd®, (
which rearranges to give the metallabenzene complexes.
The cyclopentadienyl formation reactivity was examined in
depth (Table 4). The transition state for this reaction (Figure 4)
is asymmetric and resembles the Kekbknzene structure. It
was found that substitution of the ripgwra-carbon with electron
donating groups stabilizes the system (Table 5). The metalla-
benzenes are kinetic rather than thermodynamic products.
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