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Abstract: A theoretical investigation of the mechanism of the Cpg@l= CO, PR, olefin) catalyzed acetylene
cyclotrimerization reaction has been carried out at the ab initio and density functional theory (DFT) levels.
The mechanism begins with a stepwise pair of ligand substitution reactions in which precatalyst C)ECo(PH
(1) is converted, via CpCo(P7?-Cz;Hy) (2), to CpCog?-CoHy)2 (3) with the liberation of 11.3 kcal/mol at

the B3LYP level. Oxidative coupling of the alkyne ligands3ito give a cobaltacyclopentadiene compléx (

is exothermic by 13.1 kcal/mol and is predicted to occur in a facile manxiét € 12.8 kcal/mol). Reductive
cyclization of the bidentate /£, ligand in4 to generate CpCagf-cyclobutadiene)g) is considerably exothermic

(AH = —34.0 kcal/mol). However, the least motion pathway that transfa@ratisectly into8 which conserves

a mirror plane is found to be symmetry forbidden, implying the presence of a large barrier. Coordination of
a third acetylene td results in the formation of CpCog84)(r2-C.H>) (5). Energetically, this third acetylene

is weakly bound (12.4 kcal/mol). This is attributed to the parallel orientation the acetylerGclond vector
occupies with respect to the E&€p bond axis. Collapse & to CpCog*-CsHg) (7) occurs in a kinetically

very facile processAH* = 0.5 kcal/mol) reflecting the extremely exothermic nature of this transformation
(AH = —81.4 kcal/mol). An alternate path convertigo 7 via the intermediacy of a cobaltacycloheptatriene
complex @) was found to be energetically prohibitive due to the symmetry-forbidden nature of the reductive
elimination converting to 7. In addition, a stationary point correspondingston the B3LYP potential energy
surface could not be located. Completion of the catalytic cycle is achieved via a stepwise ligand substitution
process in which two acetylene molecules displace the areffetinregenerate3 with the release of 7.4
kcal/mol at the B3LYP level. Two alternative pathways leading to arene formation in which a phosphine
intercepts4 and remains attached to the Co atom throughout the arene construction process were found to be
unlikely mechanistic candidates.

Introduction containing fragments were subsequently found to actively

catalyze the reaction. The CpCo-based catalysts proved par-

ticularly efficient while tolerating the presence of varied

functionality on the alkyné As a result, the CpCal(L = CO,

PRs, olefin) catalyst family was singled out for intensive study
ulminating in the development of Vollhardt's benzocyclobutene
ynthesi$and Banemann'’s pyridine synthesifoth of which

. . . . have appeared as key steps in the total synthesis of numerous
tion of the Hammond postulate regarding highly exothermic natural producté.Concurrent mechanistic investigations led to

:ﬁsctlrzgz.nl(\:ﬂeog?c;\irﬁ :ah:Zrlseabz);?eT(iastrzﬂls?JV;?% :iicég:{ei?gfthe proposal of the mechanism shown in Scherfié.an 18-
the \F/)Voodward—Hoffmann rgules Overcoming a barrier of such electron complex, CpCal(1), undergoes a pair of ligand-
maanitude requires tem eraturés in excessgof’ @00enderin substitution reactions resulting in the formation of a bisacetylene
g quires temp . 9 complex3, the catalytically active species.
the product distribution uncontrollable and the resulting mixture S . .
Oxidative coupling of the alkyne ligands Bhgenerates the

of aromatic hydrocarbons too complex to efficiently sepatate. N ) >
Thus the reaction is synthetically useless, despite the numerouscoord'nat'ver unsaturated cobaltacyclopentadidnich is

synthetic advantages it possessBeppe’s disclosuPahat low- readily capable of coordinating a third acetylene to give the

valent nickel complexes catalyze alkyne cyclooligomerization ?g?éyélzr;ke 'ﬁgc’iﬁg‘?ﬁg gfo aa;tz%aﬁggsgéofgronf];h;g;?;g"_
provided the key to unleashing the synthetic potential of the y y

cyclotrimerization process. A wide array of transition metal prhgptgtneneG, Vxh'Ch subsequently undergoes rgductlve
elimination to they*-benzene complex]. Decomplexation of

The thermal cyclotrimerization of acetylene to benzene is an
intriguing reaction. The transformation is remarkably exother-
mic, liberating an estimated 142 kcal/rhals three acetylenic
m-bonds are converted into carbecarbon o-bonds. The
reaction possesses an enormous activation barrier, calculate
to lie in the 66-80 kcal/mol regimé,contrary to the generaliza-
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G. J.; Schlegel, H. BJ. Am. Chem. S0d.985 107, 2837. and Applications of Organotransition Metal Chemistgniversity Science
(3) Badger, G. M.; Lewis, G. E.; Napier, I. M. Chem. Socl96Q 2825. Books: Mill Valley, 1987.
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look upon8 as the product of catalyst deactivation caused by
e cobaltacyclopentadiend falling into a thermodynamic trap
cped | =—— cpc<j Lo created by the considerable strength of metgiclobutadiene
insertion [N\~ Arhne binding. Unfortunately, very little is known about this trans-

== Formation
6 5

formation, leaving the question of which roeadopts in the
cyclotrimerization mechanism open to debate (vide infra). A

regenerates, completing the catalytic cycle. The stepwise second problematic_ observation is the singular report (_)f a
equilibrium betweenl and 2 has been spectroscopically second-order reaction between select phosphine-substituted

observed and its equilibrium constant measured for the case ofcoPaltacyclopentadiene8)(and dimethylacetylenedicarboxylate

L = PPhin the presence af,w-diynesi® The intermediacy of ~ (PMAD).*? This report and its accompanying implication of
4 s supported by the isolation of phosphine-substituted deriva- 21 @ssociative cycloaddition to give an arene was surprising as
tives9, obtained from catalyzed cyclotrimerization reactions via It contradicted a considerable body of kinetic evidence arguing
phosphine trapping, and their subsequent initiation of catalysis fora cﬁs;ouanve mechanism passing thr.ougIA number of
with alkynest! Furthermore, the presence of added phosphine @ssociative pathways are available Sowith the two m(;st

in these reaction mixtures is known to slow the rate of arene Probable being (i) slippage of thg>-Cp ring to an ;-
production, implying that coordination of alkynedds required  coordination mode to open a free coordination site at Co
prior to arene formation, justifying the intermediacy5o® More fpllowed by coordination of free acgtylene arld arene construc-
recently, Vollhardt and co-workefsdemonstrated the viability ~ 10N by an intramolecular cycloaddition and (i) direct cycload-
of 5 as an intermediate with their isolation of a conformationally dition between the cobaltacycle land free acetylene. We
constrained analogue of this species. In the same paper thid€d to favor the latter pathway due to its relative simplicity
group also reported the isolation of the first Cp@bérene) although we are aware pf no ev@ence excludmg Fhe poss@hty
complex providing support for the intermediacy ®fPrior to of the former path. While associative cyclo_addltlon reactions
this report the only closely related CpCo complex of benzene Petween ther-system of metallacyclopentadienes and alkynes
known in the literature was CpCgt-CsHg), a 20-electron, triplet are known in the cyclotrimerization Ilteratyye, these processes
species reported by Jonas and co-workéBvidence arguing are only implicated to occur at early transition metal centérs.

for the intermediacy o8 and6 is essentially nonexistent, resting | the direct cycloaddition mechanism we favor is indeed
wholly upon the well-characterized nature of analogous com- operative in the CpCo-catalyzed reaction, it implies the operation

plexes bearing Mk fragments other than CpCo. The absence of a concurrent catalytic cycle outlined in Scheme 2. As shown

of evidence arguing for the intermediacyih particular raises ' the scheme, coordination of free phosphineteesults in
questions concerning the exact mode of arene formation. the formation of the phosphlng_-substltuted_ cobaltac_yclopen_ta—
Namely, is it necessary to pass through an intermediate diene9. Subsequent cycloaddition of the diene portion of this
cobaltacycloheptatriene, or is the cycloaddition which converts €lectronically saturated species with a free acetylene ultimately
5 directly to 7 a viable pathway? generates Con(aan-Ce_l-_ls), 11 Two reaction p_athwz?lys are
We are aware of two additional observations in the literature 2vailable to this cycloaddition process. The f'ert is a direct path
that further complicate the mechanism outlined above. The first I" Which the CpCo(Pg moiety migrates to an*-coordination
of these is the isolation af*-cyclobutadiene complexe8, from position as the cycloaddition occurs, convertiigo 11 The
numerous CpCo-catalyzed cyclotrimerization reactions. For a S€cond route breaks the previous pathway into a stepwise
number of years these species were proposed to be reactiv@0cess in which cycloaddltlon occurs to give an intermediate
intermediates along the reaction pathway leading to arene /-cobaltanorbornadiene compléxX), that subsequently collapses

formation25 A more contemporary view asserts tiis much to 11 via migration of the CpCo(Pf moiety to any
coordination position.

o (10) MC?Ogﬂeg;l%lJ?Shfg'?' 1'-445'3-1 Evitt, E. R, Bergman, R. G. In this paper we present the results of our theoretical
r%f:[])o(rg)eYamaezaki f' Hagihara, N. Organomet. Chem967, 7, P22. examination of the mechanism of acetylene cyclotrimerization
(b) Yamazaki, H.; Hagihara, NI. Organomet. Chen197Q 21, 431. (15) (a) Meriwether, L. S.; Leto, M. F.; Colthup, E. C.; Kennerly, G.
(12) McAlister, D. R.; Bercaw, J. E.; Bergman, R. & Am. Chem. Soc. W. J. Org. Chem1962 27, 3930. (b) Reikhsfel'd, V. O.; Makovetskii, K.
1977, 99, 1666. L. Russ. Chem. Re1966 35, 510. (c) Collman, J. P.; Kang, J. W.; Little,
(13) Diercks, R.; Eaton, B. E.; Gizgen, S.; Jalisatgi, S.; Matzger, A.  W. F.; Sullivan, M. FInorg. Chem1968 7, 1298. (d) Yur'eva, L. PRuss.
J.; Radde, R. H.; Vollhardt, K. P. @. Am. Chem. S0d.998 120, 8247. Chem. Re. 1974 43, 95.
(14) Jonas, K.; Deffense, E.; HabermannAbgew. Chem., Int. Ed. Engl. (16) See for example: Arney, D. J.; Wexler, P. A.; Wigley, D. E.

1983 22, 716. Organometallics199Q 9, 1282.
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catalyzed by CpCo centers using molecular orbital calculations
at the extended Hikel, ab initio, and density functional theory
(DFT) levels. We have chosen to model the CpCo@pRystem

due to its use in a number of important mechanistic studies and

because of the puzzling mechanistic alternatives this catalyst

presents.

Computational Methods

The structures reported herein were initially optimized at the
Hartree-Fock level, and single-point energy calculations were per-
formed on the HF-optimized geometries at the MP2 and CISD levels
with the Gaussian90 and GAMESS? program packages. The post-
HF calculations utilized the frozen-core approximation, and the CISD
energies were corrected for the effects of size-consistency by using
the Davidson correction. Electron correlation effects were accounted
for more fully by optimizing the geometries at the DFT level using
Becke’'s three parameter hybrid exchange-correlation functibnal
containing the nonlocal gradient correction of Lee, Yang, and Parr
(Becke3LYP3° within the Gaussian92/DFYand Gaussiang2program

packages. Unless otherwise noted, the energies reported herein are at

the B3LYP//B3LYP level and include corrections for zero-point

vibrational energies and basis set superposition error. The BSSE
correction was estimated for all species by performing counterpoise
(CP) calculations. Coordinates and total energies for all the molecules
reported in this paper are available upon request. The alkyl and aryl
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Co-Cep=2.14A

11.3 keal/mol
13.5 keal/mol
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phosphine moieties present in the experimentally observed complexesFigure 1. Optimized geometries and a thermodynamic profile of the

were modeled as PHo reduce the computational complexity of the
calculations involving these ligands. All geometries were optimized
underCs symmetry unless otherwise specified and were confirmed as
minima or transition structures by calculation of analytic vibrational
frequencies. An all-electron basis set for Co was constructed from
Huzinaga’s (4333/43/4) primitive sétfor Co by replacing the d, 4s,

conversion of CpCo(P#k (1) to catalytically active CpCaf-C,H,)2
(3) obtained at the B3LYP level.

For some time it has been known that the frontier orbitals of the
cyclopentadienide anion and the imido dianion are topologically
equivalent, providing a theoretical basis for the cyclopentadienyl-imido

and augmented 4p functions by corresponding basis functions optimizedanalogy of Schrock, Gibson, and co-worké&&reen’s recent photo-

for molecular environment$?>to yield a basis of the form (4333/433/
31). Standard 3-21G basis sétsere used for P, O, C, and all H atoms
not contained within an®-CsHs group or PH; these remaining H atoms
were described by the standard STO-3G basis’#&bmic coordinates
and energies are available from the authors by request.

(17) Guassian90, Rasion F; Frisch, M. J.; Head-Gordon, M.; Trucks,
G. W.; Foresman, J. B.; Schlegel, H. B.; Raghavachari, K.; Robb, M.;
Binkley, J. S.; Gonzalez, C.; Defrees, D. J.; Fox, D. J.; Whiteside, R. A;;
Seeger, R.; Melius, C. F.; Baker, J.; Martin, R. L.; Khan, L. R.; Stewart, J.
J. P.; Topiol, S.; Pople, J. A.; Guassian Inc.: Pittsburgh, PA, 1990.

(18) GAMESS (General Atomic and Molecular Electronic Structure
System): Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Jenson, J. H;
Koseki, S.; Gordon, M. W.; Nguyen, K. A.; Windus, T. L.; Elbert, S. T.
QCPE Bull.1990 10, 52.

(19) Becke, A. D.J. Chem. Phys1993 98, 5648.

(20) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b)
Mielich, B.; Savin, H.; Preuss, HChem. Phys. Lett1l989 157, 200.

(21) Gaussian92, Resion E.1 Frisch, M. J.; Trucks, G. W.; Head-
Gordon, M.; Gill, P. M. W.; Wong, M. W.; Foresman, J. B.; Johnson, B.
G.; Schlegel, H. B.; Robb, M. A.; Replogle, E. S.; Gomperts, R.; Andres,
J. L.; Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox,

D. J.; DeFrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A.; Gaussian,

Inc.: Pittsburgh, PA, 1992.

(22) Gaussian 94, Resion B.Z Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;
Kieth, T.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.;
Al-Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B,
Cioslowski, J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng,
C.Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E.
S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; DeFrees, D. J,;
Baker, J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.;
Gaussian, Inc.: Pittsburgh, PA, 1995.

(23) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.;
Sakai, Y.; Tatawaki, HGaussian Basis Sets for Molecular Calculatipns
Elsevier: Amsterdam, 1984.

(24) Rappe, A. K.; Smedley, T. A., Goddard, W. A., Ul.Phys. Chem.
1981, 85, 2607.

(25) Pietro, W. J.; Hehre, W. J. Comput. Cheml983 4, 241.

(26) (a) Binkley, J. S.; Pople, J. A.; Hehre, W.JJ.Am. Chem. Soc.
198Q 102 939. (b) Gordon, M. S.; Binkley, J. S.; Pople, J. A.; Pietro, W.
J.; Hehre, W. JJ. Am. Chem. S0d.983 104, 2797.
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electron spectroscopy resdftgonfirming the validity of this analogy
prompted us to investigate its utility in theoretical calculations, primarily
as a method to reduce computational cost through reduction of the
number of basis functions. To enhance the speed with which stationary
points were located at all levels of theory, we chose to carry out two
series of calculations; in the first series theCsHs ring was replaced
by an HO ligand constrained to maintain a linear#®—Co bond
angle. Our selection of HOrather than NBA~ was made specifically
to exclude the introduction of charging effects absent within the
catalytically active complexes. The second series of calculations adopted
the relevant portions of the geometries of these HO-substituted
complexes for the initial geometries of the Cp-substituted complexes
providing an efficient method for the location of these stationary points.
Extended Huakel calculation® were performed by using the
modified Wolfsberg-Helmholtz formula®* The H; and orbital expo-
nents were taken from the literatu¥e.

Results and Discussion

Catalyst Formation. We begin with the optimized geometry
of precatalystl, which is shown in Figure 1. The important
geometric parameters of this species are the Ebond lengths
of 2.18 A, the P-Co—P bond angle of 98° and the average
Co—Ccp bond length of 2.12 A. Despite numerous reports in
the literature, CpCo(PR}J3 has never been crystallographically
characterized, preventing a direct comparison of the theoretical
geometry ofl with an experimental benchmark. Nevertheless,

(28) (a) Williams, D. S.; Anhaus, J. T.; Schofield, M. H.; Schrock, R.
R.; Davis, W. M.J. Am. Chem. S0d.991, 113 5480. (b) Williams, D. N.;
Mitchell, J. P.; Poole, A. D.; Siemeling, U.; Clegg, W.; Hockless, D. C.
R.; O'Niel, P. A.; Gibson, V. CJ. Chem. Soc., Dalton Tran992 739.

(29) Glueck, D. S.; Green, J. C.; Michelman, R. I.; Wright, I. N.
Organometallics1992 11, 4221.

(30) Hoffmann, RJ. Chem. Phys1963 39, 1397.

(31) Wolfsberg, M.; Helmholz, LJ. Chem. Physl952 20, 837.

(32) (a) DuBois, D. L.; Hoffmann, RNow. J. Chim.1977, 1, 479. (b)
Hoffman, D. M.; Hoffmann, R.; Fiesel, C. Rl. Am. Chem. Sod982
104, 3858.
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cyclotrimerization pathway on a number of occasi#h:37a.38

compare favorably to the corresponding values in a number of The B3LYP-optimized geometry & is also shown in Figure

related Co complexes bearing Cp and phosphine ligéhds.
Substitution of the phosphine ligandslinvith alkynes can occur
by either of two mechanisms. The most likely path is an
associative mechanism in which coordination of acetylene is
accompanied by slippage of the-Cp ring to arv3-coordination
mode to give §3-Cp)Co(PR)(CoH,) as an intermediate.

1. The acetylene ligands are found to exhibit the characteristics
of moderately bound alkynes with E€aceryienebond lengths

of 2.00 A, elongated acetylenic-@C bonds measuring 1.25 A,
and complements to the-€C—H bond angles of~25°. The
slight weakening of the metahlkyne bond upon going fror2

to 3is probably reflective of the increasadacceptor character

Subsequent phosphine dissociation and Cp ring slippage backof an alkyne relative to a phosphine. A previous theoretical

to anz®-coordination mode generateg®{Cp)Co(PR)(C.H>),

investigation of the structure & carried out at the HF levé#l

2, a diphenylacetylene analogue of which has been isolated andfound comparable GeC bond lengths of 2.05 A. However,

shown to activate cyclotrimerization in the presence of additional
alkynel®34 An alternative path proposed by Bergman and co-
workers®a for the case of CpCo(PR)a involves dissociation

of a phosphine ligand to give CpCo(Pplan intermediate 16e
monophosphine complex that was shown by extendéeckelu
calculations to exhibit a bent geometry, largely retaining the
structure of the bisphosphine precurd®rSubsequent occupa-
tion of the vacant coordination site in this species by an alkyne
molecule generates Examination of the structure @&fin Figure

little elongation of the acetylenic-€C bonds to 1.215 A and
complements to the ‘€C—H bond angles of only 12°%ointed

to an underrepresented back-bonding contribution to the Co
alkyne bonds typical of metalblefin interactions modeled at
this uncorrelated level of theo:*° Due to the fact that no
bisalkyne complexes have ever been isolated from this reaction,
no experimental structure is available to directly compare with
our calculated structure. The relative energies of compléx&s

are also shown in Figure 1; the initial substitution of acetylene

1 reveals the presence of a moderately bound acetylene ligandfor phosphine is moderately exothermic, releasing 13.5 kcal/

The 1.27 A acetylenic €C bond is elongated by 0.09 A relative

mol. Replacement of the remaining phosphine is slightly

to free acetylene, which agrees with the implied acetylenic bond endothermic, requiring 2.2 kcal/mol resulting in a net exother-

order of CpCo(PPH)(C,Phy) obtained from infrared spectros-
copy. At 1818 cm! the acetylenic stretch of this species lies
approximately halfway between 1700 thwhere strongly
bound alkyne ligands typically appear and 1900 émwhere
very weakly bound alkynes are usually foutidlhe remaining
phosphine ir2 lies 2.24 A from the Co atom, which is 0.06 A
longer than the CeP bond lengths inl. We attribute this
difference to the stronger-acceptor character of the alkyne,
which reduces the strength of the €B bond. Recently,
Butensclia and co-worker® isolated and structurally character-
ized {n®n'-[2-(di-tert-butylphosphanyl-P)ethyl]cyclopentadi-
enyl} (y?-diphenylethyne)cobalt(1},2, by X-ray crystallographic
analysis, providing a structural benchmark to compare with our
optimized geometry o2. Table S1 in the Supporting Informa-

|
. SN
\/ (P'-luh
Ph
12

tion lists the relevant data and shows that the theoretical
geometry parallels that df2 to a remarkable degree. The only
appreciable difference occurs in the tilt angle adopted by the
phosphine ligand with respect to the Cp ring where the
experimental structure possesses an an@esmaller than the
corresponding value in the theoretical geometry 20fWe
attribute this characteristic to the influence of the two-carbon
bridge connecting the Cp ring to the phosphorus atom.

Substitution of the remaining phosphinedifior an acetylene
molecule results in the formation of bisacetylene ad@uathich

micity of 11.3 kcal/mol for the overall conversion @&fto 3.
Thus, a significant thermodynamic driving force promotes the
formation of active catalyst.

Formation of the Cobaltacyclopentadiene Oxidative cou-
pling of the acetylene ligands i8 results in the formation of
cobaltacyclopentadiend a coordinatively unsaturated, 16-
electron species which has been proposed as an intermediate in

the catalytic cycle by a number of authéfs*37a4Metalla-
cyclopentadiene rings containin§ o 8 metal centers such as

4 are well-known to exhibitz-bond localization despite the
presence of lone pairs on the metal that could contribute to the
formation of an aromatic sextet. Using extended ckhl
calculations, Thorn and Hoffmafthfound that the required
interaction of a filled metal d-orbital with the in-phase combina-
tion of olefinic z"-orbitals suffered from ineffective overlap,
preventing electronic delocalization. Furthermore, a two-orbital/
four-electron interaction arising from the overlap of a filled
metal d-orbital with the out-of-phase combination of olefin
orbitals reinforced the trend towardlocalization within the
metallacycle. The optimized geometry4fshown in Figure 2,
reveals the operation of these factors. Extensivecalization

is found along the E—Cg bonds of the metallacycle; at 1.34
A, these bonds are only 0.02 A longer than that found in

has been proposed as an intermediate along the acetylene€ 37y (a) vollhardt, K. P. C.; Bergman, R. G. Am. Chem. S0d974

(33) ( a) Diversi, P.; Ingrosso, G.; Lucherini, A.; Porzio, W.; Zocchi,
M. J. Chem. Soc., Perkin Trank98Q 2, 1344. (b) Wakatsuki, Y.; Sakurai,
T.; Yamazaki, HJ. Chem. Soc., Dalton Tran982 1923. (c) Orpen, A.
G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D. G.; Taylor,JR.
Chem. Soc., Dalton Tran4989 S1.

(34) Yamazaki, H.; Wakatsuki, YJ. Organomet. Chen1977, 139, 157.

(35) (a) Janowicz, A. H.; Bryndza, H. E.; Bergman, R.JGAm. Chem.
Soc.1981 103 1516. (b) Hofmann, P.; Padmanabhan,®fganometallics
1983 2, 1273.

(36) Foerstner, J.; Kettenbach, R.; Goddard, R.; ButeéitsCinem. Ber.
1996 129, 319.

96, 4996. (b) de Lima, G.; Miriam, B.; Guerchais, J. E.; Le Flochelhaon,
F. J.; L'Haridon, P.; Pgllon, F. Y.; Talarmin, JOrganometallics1987, 6,
1930.

(38) Hillard, R. L., IlI; Vollhardt, K. P. CJ. Am. Chem. S0d.977, 99,
4058.

(39) Wakatsuki, Y.; Nomura, O.; Kitaura, K.; Morokuma, K.; Yamazaki,
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Figure 2. A reaction coordinate diagram of the oxidative coupling of
the alkyne ligands ir8 to give 4 calculated at the B3LYP level.

ethylene®® The G—Cy bond length of 1.49 A falls into the
range expected for a-GC o-bond between two gghybridized
carbon atoms; indeed, it nearly matches the length of the internal
C—C bond in butadien& At 1.92 A the Ce-C bonds fall at

the short end of the range expected for late transition metal
carbono-bonds?3¢44The cobaltacycle adopts a bent conforma-
tion with respect to the Cp ligand, tilting off of the axis defined
by the Co atom and the centroid of the Cp ring by 29.2

Furthermore, the metallacycle exhibits an appreciable envelope

fold angle of~15° placing the Co atom-0.3 A below the mean
plane defined by the carbon atoms of the metallacycle. A
previous theoretical investigation 4fcarried out at the HF level
by Morokuma and co-worketsfound Co-C bonds to be 1.93

A and a cobaltacycle conformation in which the mean plane of
the metallacycle lies off the CeCp axis by 24. These features
compare favorably with the values we obtained. Table S2 in
the Supporting Information compares the important parameters
of the optimized geometry of shown in Figure 2 with the
corresponding values found in the X-ray crystal structure of
the triphenylphosphine-complexed analogue4abolated by
Yamazaki and Wakatsukf. Our calculated geometry closely
parallels that of the experimental structure.

Energetically the conversion 8fto 4 is exothermic by 13.1
kcal/mol at the B3LYP level. This result is somewhat surprising
given that3 is a coordinatively saturated, 18-electron complex
and 4 is an unsaturated, 16-electron species. Examination of
the bonding changes that occur during this transformation reveal,

however, that such an energetic ordering is possible. One can

estimate that two Ceacetylene z-interactions worth ap-
proximately 30 kcal/mol each and two-C s-bonds worth~53
kcal/mol apiec#2are given up for a pair of CeC o-bonds of
~50 kcal/mol eactf® and a G-C o-bond worth~92 kcal/mol.
Therefore AH,y, is estimated to be-—27 kcal/mol. While this

(43) March, JAdvanced Organic Chemistry: Reactions, Mechanisms,
and Structure4th ed; Wiley: New York, 1992.

(44) Yamazaki, H.; Wakatsuki, Y. Organomet. Cheni984 272 251.

(45) (a) This value is based on the bond energies in Fe{GTHNi™,
and CpRh(GH4) complexes of ethylen®® (b) The value for the CeC
o-bond is derived from PhMn(C@¥° where the carbon atom is Sp
hybridized as it is iM. (c) Connor, J. ATop. Curr. Chem1977, 71, 71.
Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RP@nciples and
Applications of Organotransition Metal Chemistriniversity Science
Books: Mill Valley, 1987; pp 240, 246, 286, and 368.
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value is numerically larger than our calculated value, it
highlights the dominant factor responsible for the exothermic
nature of the reaction, namely, the formation of a newCC
o-bond. The finding tha# is more stable thaB contradicts the
earlier HF results of Morokuma and co-worké?syho carried
out partial geometry optimizations and found the bisacetylene
complex to lie 14.0 kcal/mol lower in energy than the cobal-
tacyclopentadiene. Examination of our own calculations at the
HF level provides a more appropriate comparison to Moroku-
ma’s calculations. The absence of correlation in these calcula-
tions is most noticeable in the geometry3of/here the acetylene
ligands are found to bind much more weakly to the metal atom
(Co—C bond lengths of 2.28 A) than in the DFT-optimized
geometry, whereas the geometrydlaemains largely unchanged
relative to the DFT-optimized structure. Despite the significantly
altered structure a8, we find the conversion a8 to 4 still to
be exothermic by 27.1 kcal/mol at the HF//HF level. Inclusion
of electron correlation at the MP2//HF level lowers the
magnitude of the thermodynamic driving force to 19 kcal/mol,
placing it more in line with the result obtained at the density
functional level.

The oxidative coupling of the alkyne ligands 3nto give 4
is a symmetry-allowed reaction wh€3symmetry is preserved.
Location of the transition state for this reaction revealed a
moderate activation barrier of 12.8 kcal/mol implying a transi-
tion state structure quite geometrically dissimilar from the
reactant. This is confirmed by the transition structure shown in
Figure 2. Particularly noteworthy are the €6, bonds measur-
ing 1.96 A, which are essentially fully formed, and the-Cs
distance of 1.97 A, a value considerably shorter than the
corresponding 2.84 A distance founddnLoss of any remaining
C—C triple bond character within the former alkyne ligands of
3 has largely been achieved resulting in elongatee¢C; bonds
of 1.29 A. Interestingly this significant reorganizationemfand
m-bonding within the forming metallacycle is not accompanied
by appreciable flattening of the newly forming metallacycle.

The p*-Cyclobutadiene Intermediate. Two reaction path-
ways leading to coordinatively saturated species are available
to 4, association of an additional donor ligand, such as acetylene
(vide infra), and reductive elimination of the chelating butadi-
enoid ligand to generate ajt-cyclobutadiene comple®, The
transformation of phosphine adducts 4fto cyclobutadiene
complexes has been observed on at least two occa$ighs,
suggesting thal8 may serve as an intermediate along the
acetylene cyclotrimerization pathway despite the more generally
held belief that the extraordinary stability of gftcyclobuta-
diene complex serves to deactivate -cyclotrimerization
catalysts'6247 In a classic investigation Whitesides and Eh-
manri® examined the cyclotrimerization of 2-butydet,1-d3
using a number of main group and transition metal catalysts,
including low-valent Co complexes. Noting that only twé-
cyclobutadiene complexes could arise during the course of the
reaction, they proposed that if these species served as intermedi-
ates leading to arene formation, the high local symmetry of the
C4R4 ligands could give isomer$3, 14, and 15 as aromatic
products whereas only compount3and14 could arise from

cD,

CD, CH,y

13 15

the three possible metallacyclopentadiene intermediates. Sub-
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sequent characterization of the product mixtures obtained from
the reactions catalyzed by low-valent Co complexes showed
no presence ofl5. This has been taken as strong evidence
arguing against the intermediacy gf-cyclobutadiene com-
plexes and supports the contention tBas$ an inert byproduct

of catalyst deactivation brought about by the thermodynamic
stability of the metatcyclobutadiene bond.

Recent experiments, however, suggest that;theyclobuta-
diene ligand may be more reactive than previously thought.
Gleiter and Krat# have reported that tricyclig*-cyclobutadiene
complexes, obtained from the intramolecular cyclodimerization
of 1,6-cyclodecadiyne or 1,7-cyclododecadiyne, readily convert
to aromatic ring systems in the presence of alkynes or nitriles.

The substitution patterns found in the resulting arenes required

the metathesis of an alkyne linkage originally present within
the cyclic diynes, prompting these authors to propose a
mechanism in which the key step is the interconversion of one

Hardesty et al.
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Co-Ccp= 2.08

1.44

Figure 3. The B3LYP-optimized geometry of CpGgfcyclobutadi-
ene) B).

reaction. Since the fragmentation pf-cyclobutadiene com-
plexes can result in the formation of either bisalkyi3® ¢r
metallacyclopentadiend) species, by microscopic reversibility

regioisomeric cobaltacyclopentadiene into another, less stericallythese same compounds become the most likely precursors to

strained, regioisomer via an intermediaté-cyclobutadiene
complex. More recent experiments by Vollhardt and co-
workers® suggest that these reactions occur via dinuclear
species.

Similar issues concerning the reactivity:gfcyclobutadiene
complexes were examined by Vollhardt and co-workers in a

cyclobutadiene complexes and serve as simultaneous points of
departure for our investigation. A number of years ago Mango
and Schachtschneidépredicted the symmetry-forbidden nature

of [2 + 2] cycloadditions of acetylenes occurring on bare metal
atoms. Since that time their conclusion has generally been
assumed to include [Z 2] processes on MLfragments as

series of experiments aimed at evaluating the role of thesewell, despite the absence of any general theoretical treatment
species in the mechanism of CpCo-catalyzed alkyne metathesisonfirming the validity of this assumption. The large kinetic

reaction! Gas- and solution-phase pyrolyses of disubstituted
cyclobutadiene complexes resulted in the interconversion of
regioisomerdl6 and21 (Scheme 3); the results of a number of

barriers to cyclobutadiene isomerization measured by Vollhardt
suggested to us that the presence ofyémcyclopentadienyl
ligand at Co has no effect upon the symmetry-forbidden nature

sophisticated labeling experiments prompted these authors toof metal-mediated [2+ 2] cycloadditions. We confirmed our

propose a mechanism for this isomerization in whichrén
cyclobutadiene complex undergoes a retre=[2] cycloaddition
giving a bisacetylene complex. Following alkyne rotation, ring
closure via a forward [2+ 2] process generates the isomeric
cyclobutadiene complex formally establishing an equilibrium
between thel6/21pair and revealing yet another reaction path
available to8. The activation energy measured for this inter-
conversion in solution was quite large at 51.7 kcal/fbF

With this experimental backdrop we chose to theoretically
ascertain the role oB in the acetylene cyclotrimerization

(46) (a) Funk, R. L.; Vollhardt, K. P. C1. Am. Chem. S0d.98Q 102,
5245, 5253. (b) Gesing, E. R.; Sinclair, J. A.; Vollhardt, K. PJCChem.
Soc., Chem. Commuh98Q 286. (c) Chang, J. A.; King, J. A.; Vollhardt,
K. P. C.J. Chem. Soc., Chem. Commu®81, 53.

(47) Albright, T. A,; Burdett, J. K.; Whangbo, MDrbital Interactions
in Chemistry Wiley: New York, 1985.

(48) Whitesides, G. M.; Ehmann, W. J. Am. Chem. Sod969 91,
3800.

(49) (a) Gleiter, R.; Kratz, DAngew. Chem., Int. Ed. Engl99Q 29,
276. (b) Gleiter, RAngew. Chem., Int. Ed. Engl992 31, 27.

(50) Vollhardt, K. P. C. Private communications.

(51) (a) Fritch, J. R.; Vollhardt, K. P. GAngew. Chem., Int. Ed. Engl.
1979 18, 409. (b) Ville, G.; Vollhardt, K. P. C.; Winter, M. J. Am. Chem.
Soc.1981 103 5267. (c) Ville, G.; Vollhardt, K. P. C.; Winter, M. J.
Organometallics1984 3, 1177.

suspicions by constructing a Walsh diagram for the conversion
of bisacetylene complex to 5*-cyclobutadiene comple®. As
anticipated, a HOMO/LUMO crossing occurs. As a result of
this finding, we focused our attention upon the reductive
elimination converting cobaltacyclopentadieféo 8.
Optimization of8 at the B3LYP level resulted in the structure
shown in Figure 3. The cyclobutadiene ligand is strongly bound
and exhibits Ce-Ccpg bond lengths of 1.98 A. All four EC
bonds within the cyclobutadiene ligand possess an identical bond
length of 1.47 A highlighting the expected back-bonding
contribution to the Cecyclobutadiene interaction; a secondary
effect of this interaction is observed in the bending of the
hydrogen atoms of the cyclobutadiene ligand out of the plane
of the G ring and away from the metal atom by 7.Dverall
this geometry compares quite favorably with X-ray crystal
structures of isolated CpCgf{-C4Rs) complexes particularly
with respect to the ligated cyclobutadiene moiet€$3 An
alternative conformation & in which the cyclobutadiene ligand
is rotated by~45° relative to the CpCo fragment, placing one

(52) Mango, F. D.; Schachtschneider, JJHAm. Chem. Sod969 91,
1030.

(53) Riley, P. E.; Davis, R. EJ. Organomet. Chenl976 113 157.
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carbon atom of the £, ligand opposite the symmetry unique cyclotrimerization of bis(2-ethynylphenyl)ethyne with CpCo-
carbon atom of the Cp ring, was also investigated. EHT
calculations revealed these conformers to be energetically
equivalent, and subsequent calculations at the HF//HF level
confirmed this fact, reflecting the presence of equivalent binding O O
interactions between cobalt and the cyclobutadiene ligand in -
both conformations. As a result, the structure shown in Figure 23
3 was arbitrarily chosen to represeht

A Walsh diagram for the reductive cyclization responsible (C;H4)2, providing the first experimentally isolated example of
for the transformation off to 8 was constructed at the EHT  this structural motif in CpCo chemistry.
level and is shown in Figure S1 in the Supporting Information.  Coordination of the third acetylene #can occur to give
The net result is a HOMO/LUMO crossing rendering this either of two conformations as shown below5kithe acetylenic
transformation symmetry forbidden. Interestingly this is not the C—C bond lies perpendicular to the €EX¢, axis whereas in
case for the Re(CQ@) system where the bisacetylene complex
rearranges to the metallacyclopentadiene at room tempePature. 0 S
In the present molecule, however, as a result of the symmetry- ﬂ% / ﬂcﬁ
forbidden nature of thd to 8 conversion, a substantial kinetic N
barrier is expected. In addition, once thé-cyclobutadiene A 4
complex is formed, we believe the kinetic barrier it must 5a
overcome to regeneradebecomes prohibitively high. This belief
is based upon our calculations which reveal Bii¢s 34.0 kcal/  5b the acetylene is oriented parallel with the -©6cp axis.
mol lower in energy thant. Overall this result supports the  Schilling, Hoffmann, and Lichtenberdérexamined the con-
hypothesis tha8 arises from the deactivation of active catalyst formational preferences of coordinated olefins and alkynes in
via a thermodynamic trap created by the formation of an d® CpM(CO) complexes at the EHT level. Their results
additional carbor-carbono-bond. We do not wish to imply  indicated a distinct energetic preferenceSaover5b resulting
thatCs symmetry must be conserved for this process. A number primarily from a stronger back-bonding contribution to the
of reaction pathways leading through asymmetric transition metal-acetylene bond in the perpendicular orientation. A
states could be envisioned that would convrto 8. One secondary effect reinforcing the preferenceJamvas attributed
example is Vollhardt's proposal of the cyclopropenyl carbene to a diminished two-orbital/four-electroninteraction between

complex22 shown below as a possible precursor leading to a filled, nonbonding metal orbital and the acetyleniorbital
normal to the metatacetylene bond axis iBa relative to that

g |
o

By in 5b. Vollhardt's recently reporte@3 adopted conformation
a cocp 53,13 although it is geometrically constrained to adopt such a
* / conformation.
Optimization of the geometry &a was achieved at the HF
R; Ry . . . .
2 level, but the resulting structure exhibited an extraordinarily

weakly bound alkyne. The C&Cacetyienddond lengths were 2.50
A, between 0.50 and 0.60 A too long for a norma-&eetylene
bond. Additional support for this view included the essentially
unperturbed acetylenic-€C bond, measuring 1.19 A, and an

8.51¢This species could arise via a rearrangemedtafalogous
to that responsible for the scrambling of substituents in furans,

thioph d |68 Furth t of this hypothesi
IOPNENES, and PyIro Hrhet support o7 s MyPOtesis effectively linear acetylenic €C—H bond angle (1762. The

comes from recent studies by Hughes and co-wofRevio K  this i . firmed when i found
have demonstrated that 3-vinylcyclopropenes readily rearrange/VeaK nature of this interaction was confirmed when it was foun

to CERh(7*-C4R.) complexes in the presence of [RhG that 5a was only 0.3 kcal/mol more stable thahand free

and ré:p*l(j R P P [RhCHG)2]. acetylene leading us to conclude tfgtis modeled as a van
The Reéction of the Third Acetylene.An alternative way der Waals complex at this level of theory. Given our experience

for 4 to achieve saturation is to coordinate a third acetylene With loosely coordinated alkynes in the HF-optimized geometry

molecule. The resulting cobaltacyclopentadiene comigxas of 3 ?nd thea\;_velll-fl_(nqwn p”?b'e”.‘ HF caél;:ulations_ k(ljave in
been proposed as an intermediate leading to arene formatiorf"0d€!ing metarolefin interactions in general,we carried out

on a number of occasio81337a385Early in the development a partial optimization of the .HF-optlmlzed geometry&'ni at

of the mechanism shown in Scheme 1, the most significant the MP2 level. In this calculation the acgtylenlcﬂb and C-C
evidence arguing for the intermediacy®ivas the observation bond lengths as well as the acetylenie-C—H bond angles
that blocking the empty coordination sitedrwith an ancillary were the. only geometric parameters allowed to vary. The results
ligand slowed the rate of arene formation, implying that the were quite striking. The acetylene moved closer to the metal
third acetylene coordinated to the Co atom prior to arene atom by 0.70 A generating G bond_len_gths Of. 1.80 A,
construction2 Recently, Vollhardt and co-workééssupplied Furth(_erm_ore, a con5|derable back-bonding interaction appeared
more concrete evidence for the appearancgiofthe catalytic resulting in elongation of the-€C bond to 1.38 A and reduction

cycle with their isolation of23 from the intramolecular of the acetylenic €C—H bond angles to 138‘?2Together'these
results suggest that the HF method grossly underestimated the

(54) Lippmann, E.; Kerscher, T.; Aechter, B.; Robl, C.; Beck, W.; Price, pack-bonding contribution to the Gacetylene bond. Subse-

D (V5V5) gg;’a'\\,ﬂs'l;(;'osfmm’dzghOﬁg:ﬁm;; §g7e?1797984$356 207. quent efforts to locate the stationary point correspondirgto

(56) (@) Hughes, R. P.; Kowalski, A. S.; Donovan, B.JT Organomet. at the B3LYP level resulted in collapse of the structure to an
Chem.1994 472, C18. (b) Hughes, R. P.; Trujillo, H. A; Guari, A. J.  p*-benzene complex. We attribute this inability to locatba

Or%g;‘)ovn\“/gtk"’;:g’k?%_ {(“é rﬁgggki . Organomet, Chen1977, 139, 169 on the density functional potential energy surface to the presence
(58) Schilling, B.E. R.: Hoffmann, R.; Lichtenberger, D.LAm. Chem. of a very small barrier for the rearrangement convergirig 7.

Soc.1979 101, 585. As will be shown (vide infra), the conversion &b to 7 is
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S3 in the Supporting Information compares our B3LYP-
optimized geometry obb with the theoretically calculated
geometry of23 reported by Vollhardt3 As the table shows,
our geometry forsb closely parallels that calculated f@3
despite the different conformations the acetylene adopts with
respect to the CeXc, axis.

The final intermediate appearing in the catalytic cycle of
Scheme 1 is CpCqf-CeHe), 7. Although the exact mechanism
for the formation of7 is unknown, three pathways are logical

Y. Y
:
\
gy
@ o

7

candidates. Schore’s mechanfsemvisions the insertion of the
coordinated alkyne ligand d into a Co-C, o-bond of the
cobaltacyclopentadiene ring to generate cobaltacycloheptatriene
6, a frequently proposed intermedidf7238Subsequent reduc-
tive elimination of the bidentate¢8s ligand in6 then generates

7. The likelihood of this pathway suffers from two drawbacks.

A B First is the fact that we were unable to locate a stationary point

Figure 4. The B3LYP-optimized geometry of acetylene-coordinated corresponding td at the B3LYP level. This result was a bit

cobaltacyclopentadiens)((left) and the structure of the transition state  SUTPrising given that such a point was located on the HF
leading to CpCof*CeHs) (7) (right). potential energy surface. The second major problem with this

transformation is that the reductive elimination carryétyp 7

obstructed by an extraordinarily small barrier that arises from is symmetry forbidden. Thus, even6fhad been located at the
the requirement that the acetylene ligandsimrotate into an density functional level, this reaction path is expected to be
orientation resembling that ifa. We believe the only reason  Kinetically difficult. Additionally, given the greater stability of
5a was located at the HF//HF level was because of the 7 relative to6, any reaction path bypassiigand progressing
aforementioned absence of appreciable bonding between the Célirectly to7 will possess a larger thermodynamic driving force
atom and the incoming acetylene. This prompted us to searchand would thus be expected to occur more rapidly than a reaction
for a structure corresponding b at this level of theory.  Passing throughb. In the second path, free acetylene is proposed
Fortunately, the small barrier to conversiorbifto 7 was large ~ t0 undergo an intermolecular [4 2] cycloaddition with the
enough to enable us to locafib at the B3LYP level. The cobaltacycle'st-system ind. Bianchini and co-workeP8found
resulting geometry, shown in Figure 4A, displays a-Co this reaction path to be symmetry allowed in the case of an
acetylene interaction significantly greater than that found in the isolobal iridacyclopentadiene complex. While we cannot arbi-
HF-optimized geometry oba. However, at 2.162.07 A the trarily rule out the p035|b|ll'ty of this direct coupling mo'd.e fqr
Co—Cacerylencbonds lie at the long end of the expected binding the CpCo system, we belle\_/e the 12.4 kcal/mol_ stabilization
range for a metatalkyne interaction, perhaps reflecting the less afforded by prior complexation of the alkyne tis strong
favorable orbital interactions occurring in this rotamer as noted €nough to funnel the reaction through acetylene-coordinated
by Hoffmann and co-workef® Indeed compared to the €o cobaltacycles. Furthermore, as we noted earlier, the interme-
acetylene interactions we obtaineddrand3, this interaction ~ diacy of5 is inferred from the observatiéfithat blocking the
appears quite weak. EnergeticaBp lies 12.4 kcal/mol lower ~ Vacant coordination site iA Wlth an ancillary Ilga_nd (educes

in energy tham and free acetylene at the B3LYP level. The thg rate of arene formatlon., |mplylng that coordlnathn of the
correspondingly smaller degree of back-bonding that ac- th!rd acetylene tet occurs prior to f_mal arene construction. The
companies such an interaction is seen in the 1.24 A acetylenicth'rd pathway the_n_ envisionsas arising fro_m an intramolecular
C—C bond length and the 164.@—C—H bond angle found [4 + 2] cycloaddition b_etween the coordinated al_kyne and .the
in the alkynyl ligand. Comparison of the optimized geometry cobaltacycler-system in5. The pathway responsible for this
of 5b with that of 4 reveals that coordination of this third ~COnversion requires the acetylene ligandito rotate by 90
acetylene scarcely perturbs the cobaltacyclopentadiene frame&bout its bond axis with Co while simultaneously bending back
work. The shortlong—short sequence of -€C bond lengths towarq the cobaltacyclopentadlene. moiety. .The_ asymmetric
within the metallacycle is present as expected, although the |Ongtran3|t|on state structure we Iopated is sh.own in Figure 4B. The
Cs—Cy bond in5b is approximately 0.03 A longer than that most notlceable_ change froﬁh) is the rotation of the acetylene
found in4. In addition the Ce-C, and G,—Cj bonds are both ligand by~25° virtually aligning the acetylenic carbercarbon
elongated by about 0.01 A compared to the corresponding bonq parallel to one CeC, bond of the metallacycle. The
distances it We attribute these differences to the considerable "otation does not perturb the strength of the-@eetylene bond
steric crowding at the Co atom that arises from the parallel &S indicated by the 2.09 A GeC and the 1.24 A acetylenic
orientation the acetylene adopts with respect to the-Xg C—C bond lengths, both of which are unchanged from their
axis. In an effort to reduce these interactions, the metallacycle  (sg) (a) Bianchini, C.; Caulton, K. G.; Chardon, C.; Eisenstein, O.;
tilts off of the Co—Xcp axis by 45.8 in 5b, an increase of just  Folting, K.; Johnson, T. J.; Meli, A.; Peruzzini, M.; Rauscher, D. J.; Streib,

i W. E.; Vizza, F.J. Am. Chem. Sod 991, 113 5127. (b) Bianchini, C.;
uhnder Zkl)6lcomplar§d to th? same Teasgrﬁjm?mt]ﬁurthergore, Caulton, K. G.; Chardon, C.; Doublet, M.; Eisenstein, O.; Jackson, S. A.;
the cobaltacycle inverts its envelope fold placing thea@ms Johnson, T. J.; Meli, A.; Peruzzini, M.; Streib, W. E.; Vacca, A.; Vizza, F.

on the same side of the metallacycle as the Cp ligand. Table Organometallics1994 13, 2010.
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optimized at the HF level and were found to be energetically
equivalent. For convenience the conformation shown in Figure
5 was arbitrarily chosen to represent the geometry7of
Inspection of the structure shown in the figure reveals the
presence of a folded aromatic ring bound to the metal. This
common geometric distortion is the result of the complex
preventing the attainment of a 20 valence-electron count at the
metal by bending one olefinic bond of the ring away from the
metal. The arene is found to be strongly bound to the Co atom
with Co—Cyqy and Co-Cgg bonds measuring 2.00 and 2.07
A, respectively. As expected, a considerable degree-lof-
calization is observed within the ring. Most notable in this regard
is the G—C,» bond length of 1.35 A, a value merely 0.03 A
longer than a typical olefinic carbertarbon bond. Furthermore,
the coordinated butadiene portion of the ringy (€C—Cy—

Cp) exhibits a long-short-long alternating sequence of carben
carbon bond lengths, reflecting the presence of a considerable
back-bonding contribution to the C@rene interaction. Table

S4 in the Supporting Information summarizes these parameters
and compares them with the corresponding values observed in
24, the first structurally characterized Cp@éarene) comple®

1.42 1.42 \
Figure 5. The B3LYP-optimized geometry of CpGgftCsHe) (7). Cp—Co—g- ?e
24
values in5h. The Co-C, bond lying parallel to the acetylene CH,  CHa

character between these two atoms. Coupled with the long 2.52
A Cy—Cacetyienebond distance, this indicates that the transition H
state structure occurs quite early along the reaction coordinate 25 26 27
leading to7. Energetically this transition structure lies a mere
0.5 kcal/mol higher in energy th&b. An alternative interpreta-  to appear in the literature, and three other structurally analogous
tion is to view the combination of alkyne alignment and-Co  complexes25,%3 26,62 and27,%6 that up until the recent isolation
C. bond elongation as characteristics of a transition state leadingof 24 were the best structural benchmarks available to compare
to metallacycloheptatrienes. However, examination of the  with our optimized geometry of. As shown in the table, the
transition vector shows no component consistent with insertion general structural trends found in these experimentally observed
into the Co-C, bond of the cobaltacycle. Instead the compo- structures are reproduced in the optimized geometr¥. dhe
nents of the vibrational motion associated with the transition only appreciable differences arise in the magnitudes of the
state vector indicate almost pure rotation of the acetylene aboutmetal-carbon bond lengths. The €& bonds appearing i
the Co-acetylene bond axis. Additionally, the extraordinarily compare quite favorably with the corresponding bond lengths
small magnitude of the kinetic barrier leading frdnis not in 24 and25, whereas, the MC bonds appearing i26 and27
consistent with the considerably larger activation energies are considerably longer than the corresponding bondsdine
measured in migratory insertion reactions of acetyl&hasd to the considerably larger covalent radii of the second- and third-
olefins! into metal-carbono-bonds. We attribute the origin  row transition metals i26 and27. An indication of the relative
of this small kinetic barrier to the large thermodynamic driving strength of the Cearene bond is given by the magnitude of
force associated with the conversion&iifto 7. At the B3LYP the arene fold angle®. The fold angle of 355in 7 is
level the release of resonance stabilization energy upon areneapproximately 10smaller than the corresponding angleg
formation combines with the construction of two new carbon 26, and27, although it is quite comparable to the 32&ene
carbono-bonds to release 81.4 kcal/mol. bend found in24. We attribute the larger angles 26 and27

The DFT-optimized geometry dafis shown in Figure 5. As  to the stronger binding interactions that occur between second-
in the case of thej*-cyclobutadiene complex, there are two and third-row transition metals with organic ligarfdghe larger
rotational orientations that the benzene ligand imay adopt angle found ir25we attribute to the absence ofrébond along
with respect to the Cp ring und€s symmetry. In Figure 5the  the C,—C, bond, which prevents-overlap along the g£-C,
uncoordinated olefinic bond of thesBs ring lies opposite the ~ bonds from flattening the ring to any degree.
symmetry unigue carbon atom of the Cp ligand, whereas rotation ~Completion of the catalytic cycle in Scheme 1 requires the
of the coordinated arene by 18(laces this olefin in an  displacement of the arene ligandiiby a pair of alkyne ligands.
alternative conformation in which it eclipses the edge of the Thermodynamically, the primary barrier to overcome in this
Cp ring opposite the symmetry unique carbon atom. The process is the Cearene binding energy that our calculations
geometries of both members of this rotameric pair were estimate to be 18.5 kcal/mol. Such a large value agrees with
the strength of this interaction we inferred from the calculated

F
3 F.
ligand is elongated by 0.03 A indicating a slight loss of bondin Q )
9 gated by g aslig g co-co _/@ cp._nhc_%;cm e e

(60) Samsel, E. G.; Norton, J. BR. Am. Chem. Sod.984 106, 5505.

(61) (a) Crabtree, R. HThe Organometallic Chemistry of the Transition (62) Bowyer, W. J.; Merkert, J. W.; Geiger, W. E.; Rheingold, A. L.
Elements2nd ed; Wiley: New York, 1994. (b) Brookhart, M.; Volpe, A. Organometallics1989 8, 191.
F., Jr;; Lincoln, D. M.; Horvath, I. T.; Millar, J. MJ. Am. Chem. Soc. (63) Wakatsuki, Y.; Aoki, K.; Yamazaki, H. Chem. Soc., Dalton, Trans.
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Co-Cgp=2.14

Figure 6. The B3LYP-optimized geometry of CpCaflds)(PHs) (9).

geometry of7. However, it seems excessively large with respect
to the loss of arene required of a catalytic system. Analogous
calculations at the HF level revealed a considerably smaller
binding energy of 4.1 kcal/mol, which was reflected in the HF-
optimized geometry of. We believe these values represent two
extremes with the true value lying somewhere in between.

Interestingly, evaluation of the energetic consequences of the

displacement reaction reveals that at the B3LYP level the
reaction of7 with two acetylenes to giv8 and benzene is
exdhermic by 7.4 kcal/mol despite the large metatene
binding energy. At the uncorrelated HF level the same reaction
sequence ignddhermic by 3.3 kcal/mol. Most importantly,
these reaction enthalpies argue that regardless of where the tru
Co—arene binding energy lies, arene displacement is thermo-
dynamically accessible.

The Possibility of Phosphine AdductsThe catalytic cycle
shown in Scheme 1 is generally thought to be operative in all
CpCo-catalyzed cyclotrimerization reactions regardless of the
nature of the labile ligands present in the catalyst precursor (CO,
C,H4, etc.). However, the use of CpCo(BRas a precatalyst
introduces free phosphine into the reaction mixture during the
conversion ofl to 3. The strongr-donating nature of phosphine
allows it to compete effectively with alkyne for the vacant
coordination site i} despite its low concentration relative to
alkyne. Successful coordination of a phosphind enerates
9, the optimized structure of which is shown in Figure 6.

Hardesty et al.

an envelope folded conformation. Table S5 in the Supporting
Information compares our theoretical geometry 9oto the
crystallographically characterized structure of the isolated
species containing a triphenylphosphine lig&htihe theoretical
and experimental geometries compare quite favorably to one
another despite the difference in the steric bulk o BRd PPh
Coordination of PHto 4 is calculated to be exothermic by 31.5
kcal/mol, reflecting a strong CeP bond. Comparison of this
value to the binding energy of the coordinated alkynesin
reveals that phosphine coordination is thermodynamically
favored over alkyne coordination by 19.1 kcal/mol. Our
calculated binding energy for the phosphine 9ncan be
compared with experimental datavhich report a 31.6 kcal/
mol activation energy for the dissociation of RPfrom
CpCo(GPhy)(PPh). For a simple donor/acceptor interaction
such as the addition of phosphinedtto form 9, a small barrier
height is expected. Estimating this barrier to be no more than 3
to 5 kcal/mol and adding our calculated binding energy for the
phosphine in9 gives a kinetic barrier of 3537 kcal/mol, in
reasonable agreement with the experimental result considering
the steric and electronic differences betweenfattd PH.

There are three possible reaction paths accessibl® to
depending upon the nature of the coordinated phosphine. When
the phosphine is sterically bulky (i.e. PP is known to
actively catalyze alkyne cyclotrimerization, presumably reenter-
ing the catalytic cycle in Scheme 1 via initial, rate-limiting
dissociation of phosphine to regeneraté?® When the
coordinated phosphine Bis sterically compact (i.e. PMEL),
the phosphine binds to Co in an irreversible fashion inhibiting
catalytic activity!>57Finally, a unique example was uncovered
by McAlister, Bercaw, and BergmaAwho noted the formation
of 1,2-dicarbomethoxy-3,4,5,6-tetramethylbenzene from the
stoichiometric reaction of dimethylacetylenedicarboxylate
(DMAD) with CpCo(Cs(CHs)4)(PMes), 18. While the formation
of this product was not in and of itself surprising, their
observation of two experimental rate laws for the reaction of
CpCo(CMey)PRs with 2-butyne was unprecedented. When R
= Ph and no additional phosphine was added to the reaction
énixture, a rate law zeroth order in 2-butyne was observed,
consistent with a mechanism in which the catalyst undergoes
initial rate-limiting phosphine dissociation followed by acetylene
coordination and subsequent benzene formation according to
the pathway in Scheme 1. Furthermore, wher-RMe or Et
under the same reaction conditions no reaction was observed;
even after several days at 120 very little hexamethylbenzene
was found, confirming as we have already noted that sterically
compact phosphines bind strongly enough to cobalt to inhibit
cyclotrimerization. However, reaction of these same trimethyl-
or triethylphosphine-substituted catalysts with dimethylacety-
lenedicarboxylate (DMAD) proceeded smoothly at room tem-
perature under a second-order experimental rate law that was
first order in catalyst and first order in DMAD, implying an
associative reaction mechanism that they suggested as passing

Inspection of the resultant geometry reveals that phosphine,rough a 7-cobaltanorbornadiene intermediate in lieu of

coordination does little to perturb the structure of the cobalta-
cycle. The expected shefrtong—short alternating sequence of
carbon-carbon bonds is present within the metallacycle,
although the bond lengths i@ are 0.0£0.02 A longer than
the corresponding values th The only appreciable geometric
differences betwee® and4 are the result of steric interactions
arising between the phosphine and the metallacyck ifhis
manifests itself primarily as a reduction o0° in the angle at
which the cobaltacycle lies off of the €X¢,, axis relative to
the corresponding angle #h Additionally, the presence of the

acetylene coordination at the metal with Cp-ring slippage.
Before we investigate this reaction pathway in detail, we turn

our attention to the calculated geometry of the intermedjate
benzene complekl that is ultimately formed via this mecha-
nism, which is shown in Figure 7. The interaction between the
bound arene and the CpCo(pHnoiety resembles that of a
strongly bound olefin, with a coordinated—C bond that is
0.06 A longer than that found in benzene. The hydrogen atoms

(64) Wakatsuki, Y.; Aoki, K.; Yamazaki, Hl. Am. Chem. Sod.979

phosphine removes the preference of the metallacycle to adopti01, 1123.
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addition are open to this reaction as seen belo@8irAs might
be expected of a reaction in which an aromatic ring is formed,
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the reaction betweedand an acetylene to produtéis highly
exothermic, releasing 62.6 kcal/mol of energy at the B3LYP
level. While the presence of such a large thermodynamic driving
force argues persuasively for the formationldf we believe
that there is a prohibitively large activation barrier associated
with this reaction. A Walsh diagram was constructed for each
of the four direct reaction pathways leadinglth In all cases

a HOMO-LUMO crossing occurred along the reaction coor-
dinate. This is shown in Figure S2 for the case in which
acetylene approaches the face of the cobaltacycle syn to the
phosphine with the CpCo(R}H moiety migrating toward the

] o remainingz-bond of the alkyne. Thus, we do not believe that
Figure 7. The B3LYP-optimized geometry of CpOgkCeHe)(PHs) a least motion cycloaddition reaction can occur.

(19 The second mechanism leadindltbthat is shown in Scheme

bound to the coordinated carbon atoms are bent back away from? breaks the concerted process described above into two distinct
the metal center by nearly 30ndicating the presence of a Steps. The first step is a Dietd\lder cycloaddition of an
considerable back-bonding contribution to the-Goene inter- acetylene to the cobaltacyclopentadiene leading to the formation
action. Given the degree to which this single-C linkage is ~ ©f the 7-cobaltanorbornadiene complex Subsequent reductive
perturbed by the presence of the CpColL fragment, it is no €limination and migration to an’-coordination position gener-
surprise to find a localized dienyi-system within the unco- ~ ates11l While 10 has been proposed as a viable intermediate
ordinated portion of the arene ligand. Our optimized geometry in the literature for some tim&?' the only experimental
of 11 is compared to the X-ray crystal structures of CpRh- evidence supporting the formation of this species is the kinetics
(PMe3)(%-CeF5)%5 and Cplr§2-CoHa)(72-CeFe)%® in Table S6 result_ of_ McAllster, Bercaw, and Bergmgn. Repeated attempts
of the Supporting Information. All three complexes possess at Optimizing the structure dfOer_lded in failure. Two _electronlc
tightly bound aromatic rings as indicated by relatively short States were probed as potential ground states; in both cases
M—C, bond lengths of 2.082.10 A, although the values for ~ 9eometric optimization of the structure resulted in collapse to
the Rh and Ir complexes imply much stronger coordination, as 11at the B3LYP level. Analogous attempts to locateon the
expected, than the value for Co. This strogigcoordination Hartree-Fock potential energy surface resulted in either collapse
perturbs the geometry of the arene ring in all three structures Of the structure td.1 or retrocycloaddition t® and uncoordi-
in the same manner by elongating the coordinatedc®ond, natgd acetylene. Thus, we are cqmpelled tq conclu.de that kinetic
localizing z-density along the &-C, bond of the ring, and barriers tend to prevent the direct reaction ®fwith most
bending the substituents bound to the coordinated olefinic @lkynes. _ _ _
moiety away from the metal center. Considering the significantly ~ This conclusion appears to contradict the aforementioned
different electronic and steric forces operating in these three Kinetics results of McAlister, Bercaw, and Bergm@nThe
complexes, the degree of structural homology is exceptional. instability associated witti0 can be explained by a simple
Two related associative cycloaddition mechanisms ending in Mmolecular orbital argument. An interaction diagram is shown
the formation of CpCof?-CsHg)(PRs), 11, can account for the  in Figure 8 in which the frontier MO'’s 010 are generated by
kinetics results of McAlister, Bercaw, and Bergman as shown interacting the two highest occupied MO’s {nd 14) and
in Scheme 2. The most direct pathway requires the approachtUMO (2a) of a CpCoPR fragment}® shown on the right,
of an uncoordinated acetylene toward thg &oms of the ~ With the two highest occupied MO's {4 and rz) and LUMO
cobaltacyclopentadiene ring along a trajectory resembling the (27s) of a 1,4-cyclohexadienyl diradical, shown on the left.
Diels—Alder reaction. Furthermore, as carberarbon bond  Examination of the cyclohexadienyl MO’s reveal them to be
formation occurs between the acetylene and the metallacycle,derived from the pair of filled g orbitals (Irs and Irz) and
the CpCoL moiety simultaneously migrates toward either the ON€ member of the empty,e set (2r) in benzene via
remainingzr-bond of the incoming acetylene (i) or toward the ~deformation of the arene ring toward a boat-type conformation.
newly formingzz-bond along what had been thg-€Cy linkage Binding of the metal fragment to this ligand occurs via a pair
of the cobaltacycle (ii). This generates either of two rotamers Of o-interactions and a singtetype interaction. The first-bond
of 11. Given that the acetylene can initiate cycloaddition from arises from a strong interaction between, df the cyclohexa-

either face of the cobaltacycle B a total of four modes of ~ dienyl ligand and T'aof the metal fragment giving rise to the

: : 1w, + 1d' bonding combination and its antibonding counterpart,

5 (N653 BAe:fn' Séhzr?an'ggSgé"’{-?léol”f;é W. D.; Partridge, M. G.; Perutz, |aheled 1z, — 14’ in the figure. The secongtinteraction results
'(66)Bell, T. W.; Helliwell, M.; Partridge, M. G.; Perutz, R. N.  {rom the in-phase combination of thegigand-based MO with

Organometallics1992 11, 1911. the 24 metal-centered fragment orbital to generate 2 24.
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Figure 8. An orbital interaction diagram of the frontier MO'’s of a
CpCo(PR) fragment with a 1,4-cyclohexadienyl diradical.

The corresponding antibonding MO lies high in energy and is
not shown. Ther-type interaction arises between the fillegds1
orbital of the cyclohexadienyl ligand and the filled' MO of

the CpCo fragment giving rise to a destabilizing two-orbital/
four-electron interaction. The critical element to notice in the
figure is the small HOMG-LUMO gap that arises betweemn2

+ 2d and Ir, — 1d'. It is the different occupations of these
two MO’s which leads to the two-electron configurations
previously mentioned. Substitution of strong electron-withdraw-
ing groups (e.g., carbomethoxy) onto the cyclohexadienyl

fragment generates an electronegativity perturbation of the
ligand-based orbitals forcing them down in energy with respect

to the metal-centered fragment orbit&l§.he 1zs and 2rsMO's
fall further in energy than theszd, MO as a result of the greater
localization of electron density at the substituent sitessg 1

and the larger coefficients appearing at the substitution sites in

275 relative to the corresponding coefficients im,1As a result
the 2ts + 2d HOMO of 10 drops further in energy than the
1r, — 1d' LUMO, widening the HOMG-LUMO gap. Fur-
thermore, the stabilization of the ligand-based drbital relative
to the metal-centered 1&IO reduces the magnitude of the two-

Hardesty et al.

The free phosphine present in solution when CpCg[PR
used as a precatalyst could play one additional role in the
acetylene cyclotrimerization mechanism. We noted that for the
active catalyst3, to be regenerated following the formation of
7, then*-coordinated arene ring must be displaced by a pair of
acetylenes. We did not theoretically examine the mechanism
for this reaction as we assumed that the relatively weak binding
energy of an acetylene would favor a stepwise process in which
7 underwent ring-slippage to an electronically unsaturated CpCo-
(n?-CeHg) species followed by coordination of alkyne, release
of arene, and alkyne coordination. Given the greater-Co
phosphine bond energy, it would be reasonable to assume that
a concerted process in which free phosphine coordinates to Co
forcing the slippage of the arene Tto an#?-binding mode
occurs to givell Although thermodynamically favorable
(exothermic by 2.4 kcal/mol), this reaction path is symmetry
forbidden whenCs symmetry is retained, as confirmed from a
Walsh diagram constructed at the EHT level. Unless a lower
symmetry pathway is accessible this reaction must also occur
in a stepwise fashion.

Conclusions

The cyclotrimerization of alkynes in the presence of Cpg£olL
(L= CO, PR, C,H,) catalysts begins once the catalyst precursor
is converted to CpCgeC,H,), via a pair of ligand-substitution
reactions. Oxidative coupling of the acetylene ligands in this
complex is thermodynamically favorablald= —13.1 kcal/
mol) and occurs in a facile manneAld* = 12.8 kcal/mol) to
generate the cobaltacyclopentadiene complexSubsequent
coordination of a third alkyne ligand to this species liberates
an additional 12.4 kcal/mol of energy. Contrary to the generally
accepted mechanism, the final carb@arbon bond forming
step in the construction of the arene occurs via an intramolecular,
metal-mediated [4+- 2] cycloaddition of the cobaltacycle with
the coordinated alkyne to generate tjfebenzene compleX.

This transformation occurs with a very small barriat{" =

0.5 kcal/mol), reflecting the extraordinarily large thermodynamic
driving force (AH= —81.4 kcal/mol) associated with the
formation of two C-C o-bonds and an aromatie-system.
Completion of the catalytic cycle occurs upon displacement of
benzene in7 by a pair of acetylene molecules to regenerate
CpCof2C,Hy), with concomitant release of an additional 7.4
kcal/mol of energy. While this mechanistic pathway strongly
parallels the generally accepted mechanism for transition metal
catalyzed acetylene cyclotrimerization (Scheme 1), it does differ
in some important respects. First, the final step in the construc-
tion of the arene does not appear to be a reductive elimination
from a cobaltacycloheptatriene complex. Our unsuccessful
efforts to locate a stationary point corresponding to the structure
of 6 on the DFT potential energy surface cannot allow us to
arbitrarily preclude the intermediacy & however, at the
Hartree-Fock level we did locate an optimized structure

orbital/four-electron interaction between these fragment MO'’s corresponding t®, and we find that the reductive elimination

resulting in a net electronic stabilization of the complex. While - |eading to7 is symmetry forbidden. Furthermore, given the fact
we believe that these factors will combine to stabilize the that 7 is more stable thar, it follows on thermodynamic
7-cobaltanorbornadiene specidg)(allowing its existence as  grounds alone that the direct rearrangemerg tf 7 will have

an intermediate, it is not clear that the carbomethoxy groups in g |ower activation energy than the reductive elimination giving
DMAD are electron withdrawing enough to explain the as- 7 from 6. Second, the results of our investigation reveal that
sociative mechanism observed by Bergman and co-wotRers. n*-cyclobutadiene complexe$, isolated from acetylene cy-
Other scenarid8 such as a rate-determining step for the clotrimerization reaction mixtures do not form via a reductive
substitution of DMAD for PMg either directly or via am® to elimination of the chelating butadienoid portion of cobaltacy-
n® associative mechanism are also consistent with the kinetic clopentadiend. The conversion o4 to 8 is symmetry forbidden
results and are in accord with our theoretical studies. We making this transformation kinetically inaccessible. Coupled
encourage further work to resolve this issue. with the results of Mango and Schachtschneider, who showed
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