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Metallabenzenes form a class of intriguing aromatic compounds

that have attracted considerable attention in recent ye&irior
to the isolation of the first metallabenze#elhorn and Hoffmann
in 1979 suggested that complexes of the typeR®In)L4, (CsRs-
Rh)L,Cl,, and (GRsRh)Ls; represent viable synthetic targéts.

Despite the significant amount of experimental data available, few
synthetic routes are known, and the desirable metalloaromatic

complexes are often unstabBle We recently investigated the

mechanistic details of the cycloaddition reactions of such complexes

using density functional theory (DFTY.
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Figure 1. Calculated geometries for the Cp-formation reaction fromHig=
Pt)(PHs)2] ™ (1f). Color scheme: C: orange, H: white, Pt: blue, P: yellow.
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One reaction that metallabenzenes frequently undergo is the2-175 A. Transition stat@* exhibits an asymmetric MC—C=

formation of cyclopentadienyl (Cp) complexes (eq 1). For instance,

Jones and Allison were able to monitor by NMR the selective
conversion of the ruthenabenzene (3,5-PY¥OEt-GH,Ru)(CO)-
(7°-Cp) to the related GiRu complex at—30 °C.32 In addition,

C—C=C bonding scheme, where these bond&ah for example,
are 1.888, 1.474, 1.350, 1.464, 1.356, and 2.131 A, respectively.
This indicates that the reaction may be classified as a carbene
migratory insertiort2 The reaction product3j is either any’- or

putative ferra- and rhenabenzenes were postulated to undergo Cps.cp complex (see Table 1), and in certain cases was found to

formation3.¢ Similarly, Cplr and CpPt complexes were obtained

undergo phosphine loss and/or Cp-slippage to give the final reaction

in reactions that in related systems gave isolatable iridiaben2enes, products 4). The connectivity of all transition states was confirmed

and a platinabenzeReStable examples of osmabenzehasd even
osmabenzynésare also known.
_MLn (1)

—_—

by intrinsic reaction coordinate (IRC) calculatiofisThe various
ligands (Cp, CO, ClI, PgJ on the metal center as well as the metal
itself did not drastically alter the general structure of the transition
state p¥), although they did have a drastic effect on the reaction
kinetics and thermodynamics (Table 1).

The calculated reaction barriers and energies (Table 1) clearly
reflect the reported experimental observations. It is apparent that

Itis not clear why certain metallabenzenes undergo Cp formation the Cp complexes3(and 4) are generally thermodynamically
while others do not, nor is the reaction mechanism known. Prima favored. Remarkably, this balance is reversed in the cadg. of

facie there does not seem to be any apparent reason for this differing For the ruthenabenzenks, there is a relatively low barrier

reactivity. The overall process involves a highly unusual coupling
of two aromatic metatcarbon moeitie$! Formally, metallabenzene

leading to3a, consistent with the reported chemistaSimilarily,
the low barriers found for Cp formation in the ferratbj and

complexes can be described as having a vinyl-carbene organicrhenabenzene ¢) agree with the observations that these complexes
fragment (eq 1) even though they have aromatic characteristics.are not stabl@®c In addition, the higher barrier found for the

The observed cycloadditi&'®and electrophilic aromatic additigh

osmabenzengd shows that it should be stable, as obser#ckhe

reactivities of these complexes reflect this dual character, and Cpanalogous ruthenabenzeheis not expected to be stable.

formation may be another example. We used DFT to investigate

the mechanism of this unique~<C coupling reaction and the factors
affecting the relative stability of the complexes involvéd.

Haley postulated a cationic bis-phosphine platiniabenzene analo-
gous tolf*in a reaction that in a related case gave the analogous
Cp—metallabenzene complegd).® The formation of platinacene

Cp complex formation was examined in the 16 model systems (3g) was found to have a high barrier, while the reactioriofvas

listed in Table 1. Many closely resemble experimental systéaas (
d,f,g,i—j),2a34b5a8yhile the others are theoretical systems that may
be of much synthetic interesti¢h,k—p). As an example, the
calculated geometries dff, 2ff and 3f are depicted in Figure 1.
The metallabenzeneg)(show aromatic character with nearly flat
rings and little bond-length alternation. For examplelarthe ring
bond lengths are 1.957 (RiCortno), 1.391 (Grtho—Cmeta and 1.404

A (Cmeta—Cpara). The C-C bond length in benzene is calculated to
be 1.396 A. The reactions were found to follow similar paths

found to have a low barrier, in line with the experimentally observed
reactivity#-6 Moreover, there is a dramatic difference in reaction
energies. If one were to try to stabilize the platinabenzene moiety
by preparing the cationic tris-phosphine complék)( this would
be of no avail. Even though Cp formation from this complex has
a significant barrier, loss of phosphine is negligibe3;9s = 0.9
kcal/mol).

Cp formation in iridiabenzenels,j was also examined. Phosphine
loss inli is known to be highly endergonfé:1%The barrier for

regardless of the metal center. From the metallabenzene complexC—C coupling to give the;*-Cp complex3i is sufficient that the

(1), a transition state2{) for direct C-C coupling was found. In

iridiabenzene is stable, even though the formatiosi & exergonic.

the three-centered transition state, the two carbon atoms areSurprisingly, Cp formation is kinetically and thermodynamically

“pinched” toward each other with a-@C distance in2a* of
13020 = J. AM. CHEM. SOC. 2003, 125, 13020—13021

unfavorable in the dichloride systertj). This hints at the possibility

10.1021/ja037983v CCC: $25.00 © 2003 American Chemical Society
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Table 1. Calculated Relative Energies (AGags, kcal/mol) of the Model Systems

1 2F 3 4 reft
a (CsHsRu)(CO)¢°-Cp) 25.2 ¢3-Cp)Ru(CO)§>—Cp) —18.4 3a
b (CsHsFe)(CO)5-Cp) 19.2 (?-Cp)Fe(CO)(5—Cp) —31.0 @°-Cp)Fe —66.4 3b
c (CsHsRe)(PH)(CO) 24.1 mer(7?-Cp)Re(PH)(CO) -30.3 @°-Cp)Re(COy —63.4 3c
d trans(CsHs0s)(PH)2(CO)CI 27.7 trans-(y1-Cp)Os(PH)(CO)(CIP —-9.4 cis-(72-Cp)Os(PH)(CO)(CI¥ -16.3 2a
e trans(CsHsRu)(PH)2(CO)CI 24.6 trans-(y1-Cp)Ru(PH)2(CO)(CIy -19.0
f [(CsHsPH)(PH)2l* 24.0 [67>Cp)Pt(PH)z] —37.5 4b
g (CsHsPt)Cp 45.9 §°-Cp)Pt -2.9 6
h [(CsHsP)(PHp)s] 34.9 [6*-Cp)Pt(PH)3] —34.4  [(>-Cp)Pt(PH)]* —36.6
i (CsHslr)(PHs)s 44.4 @*-Cp)Ir(PHs)3 -12.5 @7°-Cp)Ir(PHs)2 —25.0 5a
j (CsHslr)(PHs)Cl2 35.2 trans,cis(3-Cp)Ir(PHs)2Cl> 10.2  cis,trans(;3-Cp)Ir(PH)2Clz 7.1 5a
k (CsHsRh)(PHy)s 334 (>-Cp)Rh(PH)2 —-20.3  (>-Cp)Ry(PHy): —45.6
| (CsHsRh)(PH;)2 208" (y>Cp)Rh(PH)2 —56.8
m (CsHsRh)(PH)Cl» 32.1 trans,cis(73-Cp)Rh(PH).Cl, -3.2
n [(CsHsPd)(PH)2]* 19.1 [(7>-Cp)Pd(PH)2] —54.2
o [(CsHsPd)(PH)s] 23.6 [67*-Cp)Pd(PH)s]* —46.2  [(>-Cp)Pd(PH)]* —56.0
p (CsHsPd)Cp 33.8 %3-Cp)2Pd —24.3

aReferences of experimental systems modeled, where appli®zbigiare pyramidal geometryTrigonal bipyramidal geometry? Phosphine dissociation
from 1k has a calculated reaction energy/a®,9s = 11.2 kcal/mol, leading to an overall barrier Af5*,98 = 31.7 kcal/mol.

of preparing metallabenzenes from metallocenes. Carbarbon Ref
bond activation in metal-coordinated Cp rings has been observed elerences
under mild reaction condition’s. (1) Bleeke, J. RChem. Re. 2001, 101, 1205.

The results for the analogous rhodiabenzetgésrf) are similar 2 éa) Elliott,l 9GS‘2P8‘;1 Ft)(gt)?rh\/\ﬁ. Fé.;éNaEterFs, é. N. Cvr\llerg. %c.,dCh;sm.s

. . . ommun . ickard, C. E. F.; Roper, W. R.; Woodgate, S.

to the |r|d_|um systems, glthough the reaction barriers are lower. D.; Wright, L. J. Angew. Chem., Int. E®00Q 39, 750. (c) Rickard, C.
The barriers are sufficiently high that one could expect the 5(.)(!):.1; 6Rzo’qpelr(.)gv- R.; Woodgate, S. D.; Wright, L.JJOrganomet. Chem.
_rrthd:jabslnzenhesd.tobbe stable ?‘thlea'St fOt: |Imlt|ed Ele”clj_dlf Of. time. (3) (a) Yang, J.; Jones, W. M.; Dixon, J. K.; Allison, N. 3. Am. Chem.

e dichlororhodiabenzerien might even be isolatable. Likewise, Soc.1995 117, 9776. (b) Ferede, R.; Allison, N. Drganometallics1983
the palladiabenzenedrf—p) have lower barriers than their Pt 2, 463. (c) Ferede, R.; Hinton, J. F.; Korfmacher, W. A.; Freeman, J. P.;

logues, althoughp might be a potential synthetic target. To Allison, N. T. OrganometallicsL985 4, 614.

analogues, ghp mig P Y larget. 10 (4 (@)Wu, H.-P.; Lanza, S.; Weakley, T. J. R.; Haley, M.®fganometallics
date, there are not any reported examples of palladia- or rhodi- 2002 21, 2824. (b) Jacob, V.; Weakley, T.”J. R.; Haley, M. M.
abenzene complexéé:” Organometallics2002 21, 5394.

: . (5) (a) Bleeke, J. R.; Behm, R.; Xie, Y.-F.; Chiang, M. Y.; Robinson, K. D.;
Adm!tteQIy the model systems Iagk the substituents on the Beatty, A. M.Organometallics1997, 16, 606. (b) Gilbertson, R. D.; Lau,
aromatic ring and the bulkier phosphines. Nonetheless, we have 8 LS, Léllegéogéj 2Vguézl;.éP(: )V(Vzelikley, T-RJ.DR.;WHallt(ely, MT- 'Xl

: : F rganometallic . . (C ilbertson, R. D.; Weakley, T. J.
_Observed that replgc_lng Ffﬂga”ds by PH has only m'n'mal R.; Haley, M. M.Chem. Eur. J200Q 6, 437. (d) Paneque, M.; Posadas,
impact on the reactivity of iridiabenzen¥8.In general, third-row C. M.; Poveda, M. L.; Rendg N.; Salazar, V.; Oate, E.; Mereiter, KJ.

p y 9
metals give metallabenzenes that are more stable than second- and © 'j‘;l'o Eh\?mwse(;fgm#zf R???féle M. Mngew. Chem.. Int. E2002
first-row metalst This may indicate that a higher electron density 21, 3470, Yol R v, M- JAngew. o
on the metal helps stabilize the metallabenzene complex. This fails, (7) (a) Wen, T. B.; Zhou, Z. Y.; Jia, GAngew. Chem., Int. E2001, 40,
however, to explain the dramatic stabilities ifm that are in a é%f’ei (IEJ)—\\(NeG\/'ilﬁér?w; l\llgbs-'li\iﬂr%; Izlj-n%awé.;('kﬁog'hém\(';stgohgéF';
higher oxidation state, although @tbonding to the metal center 125, 884. (c) Roper, W. RAngew. Chem., Int. EQ001 40, 2440.
may be an important stabilizing factor and the HOMO 1¢fis (8) gffertz, U, El?glsggbé).é;ozd&wils, F.; Salzer, A.; Wagner, T.; Kaupp, M.
dominated by the k(Cl), z* orbital. rganometallic » 264
. 9) Thorn, D. L.; Hoff RNow. J. Chim.1979 3, 39.
In summary, Cp complex formation can proceed from metalla- (9) Thorn, , riofimann, o im. 1979 3,

benzene complexes via a carbene migratory insertion regardless of
the type of transition metal and ancillary ligands involved. Our
calculations show that certain palladiabenzenes and rhodiabenzene
might be isolated prior to Cp complex formation. The Cp complex
is generally the thermodynamically favored product although several
metallabenzenes are known to be thermally robei&Nevertheless,
it should be possible to shift the thermodynamic balance toward

(10) (a) Iron, M. A.; Martin, J. M. L.; van der Boom, M. EEhem. Commun.
2003 132. (b) Iron, M. A,; Martin, J. M. L.; van der Boom, M. B. Am.

the metallabenzene complex by proper choice of the ancillary

ligands.
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