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In this paper, the mechanism of alkyne metathesis catalyzed by W/Mo alkylidyne complexes has been
theoretically investigated with the aid of density functional theory calculations. Calculations on various
model alkylidyne complexes M{CMe)(OR)} (M = W, Mo; R = Me, CH;F), W(ECMe)(NMe,)s, and
W(=CMe)(Cl) allow us to examine the factors that influence the reaction barriers. In the reaction
mechanism, metallacyclobutadienes are initially formed from a ring-closing step between alkynes and
alkylidyne complexes. A ring-opening step then gives the metathesis products. The factors that determine
the metathesis reaction barriers have been examined. The reaction paths leading to the formation of Cp
complexes, a possible path deactivating catalytic activity, were also studied.

several other grou®;® consists of structurally not yet well-
defined species formed in situ from Mo(G£9nd a phenolic
Catalytic alkene metathesis has become one of the primaryadditive (e.g., 4-chlorophenol). The simplicity and user-friendly
tools in both organic synthesis and polymer chemistry, due to nature of this catalyst system are offset somewhat by its rather
their extraordinary generality, chemoselectivity, and functional Jimited tolerance of polar functional groups and the elevated
group tolerancé.In comparison, the analogous alkyne meta- temperature (ca. 140150°C) required to initiate and maintain
thesis is relatively less developed. The situation appears to bethe catalytic activity. A major breakthrough in rational catalyst
changing, given the recent advances in the development of newdesign for alkyne metathesis came with the development of the
alkyne metathesis catalysi3. well-defined and now widely used tungsten alkylidyne com-
Several catalytic systems have been used so far for alkyneplexes (ROJW=CR' by the Schrock group.Recently, the
metathesis. The first effective catalytic system described in the Furstner group introduced a highly active monochloromolyb-
literature consists of a heterogeneous mixture of tungsten oxidedenum species which is conveniently prepared in situ by

Introduction

and silica that operates only at a very high temperature (ca.activation of the triamido complex Mo[N(t-Bu)AgTAr = 3,5-

200—-450°C).* The second active catalytic system, which was
first introduced by Mortreux et &l.and recently improved by

CsH3Me,) with CH,Cl, as a chlorine sourceCatalytically active
molybdum(V1) alkylidynes MoECR)(OAr); have been intro-

* Corresponding authors. E-mail: chjiag@ust.hk, chzlin@ust.hk.
(1) (&) Trnka, T. M.; Grubbs, R. HAcc. Chem. Re001, 34, 18. (b)
Firstner, A.Angew. Chem., Int. ECR00Q 39, 3012. (c) Grubbs, R. H.;
Chang, STetrahedrorl998 54, 4413. (d) Schuster, M.; Blechert, Sngew.

Chem., Int. Ed1997, 36, 2037. (e) Fustner, A.Top. Catal 1997, 4, 285.

(f) Maier, M. E.Angew. Chem., Int. E@00Q 39, 2073. (g) Schrock, R. R.
Tetrahedron1999 55, 8141. (h) Schrock, R. R.; Hoveyda, A. Angew.
Chem., Int. Ed2003 42, 4592. (i) Reddy, D. S.; Kozmin, S. Al. Org.
Chem 2004 69, 4860. (j) Matsugi, M.; Curran, D. B. Org. Chem2005

70, 1636. (k) Schrock, R. R.; Lopez, L. P. H.; Hafer, J.; Singh, R.; Sinha,
A.; Muller, P. Organometallics2005 24, 5211. (I) Solans-Monfort, X.;
Clot, E.; Coperet, C.; Eisenstein, . Am. Chem. SoQ005 127, 14015.
(m) Castarlenas, R.; Esteruelas, M. A.; OnateQOEganometallics2005

24, 4343.

(2) (a) Fustner, A.; Guth, O.; Rumbo, A.; Seidel, &.Am. Chem. Soc
1999 121, 11108. (b) Fustner, A.; Rumbo, AJ. Org. Chem200Q 65,
2608. (c) Fustner, A.; Grela, K.; Mathes, C.; Lehmann, C. WAm. Chem.
Soc 200Q 122 11799. (d) Fustner, A.; Radkowski, J.; Wirtz, C.; Mynott,
R. J. Org. Chem200Q 65, 8758. (e) Fustner, A.; Mathes, C.; Lehmann,
C. W. Chem. Eur. J2001, 7, 5299. (f) Fustner, A.; Castanet, A.-S.;
Radkowski, K.; Lehmann, C. W. Org. Chem2003 68, 1521. (g) Fustner,
A.; Dierkes, T.Org. Lett 200Q 2, 2463. (h) Fustner, A.; Mathes, C.; Grela,
K. Chem. CommurR001, 12, 1057. (i) Fustner, A.; Stelzer, F.; Rumbo,
A.; Krause, H.Chem. Eur. J2002 8, 1856. (j) Weiss, K.; Michel, A.;
Auth, E.-M.; Bunz, U. H. F.; Mangel, T.; Mullen, LAngew. Chem., Int.
Ed. Engl. 1997, 36, 506. (k) Kloppenburg, L.; Song, D.; Bunz, U. H. F.
Am. Chem. S0d 998 120 7973. (I) Bunz, U. H. FAcc. Chem. Re2001,
34, 998. (m) Zhang, W.; Moore, J. 8. Am. Chem. So2004 126, 12796.
(n) Firstner, A.; Davies, P. WChem. Commur2005 2307. (o) Zhang,
W.; Moore, J. SJ. Am. Chem. So@005 127, 11863. (p) Nicolaou, K. C.;
Bulger, P. G.; Sarlah, DAngew. Chem., Int. EQR005 44, 4490.

10.1021/0m060116p CCC: $33.50

(3) (a) Fustner, A.; Seidel, GAngew. Chem., Int. EA998 37, 1734.
(b) Fustner, A,; Grela, K.Angew. Chem., Int. EQ200Q 39, 1234. (c)
Firstner, A.; Seidel, GJ. OrganometChem 200Q 606, 75. (d) Fustner,
A.; Mathes, C.Org. Lett 2001 3, 221. (e) Aguilera, B.; Wolf, L. B.;
Nieczypor, P.; Rutjes, F.; Overkleeft, H. S.; van Hest, J. C. M.; Schoemaker,
H. E.; Wang, B.; Mol, J. C.; Fstner, A.; Overhand, M.; van der Marel, G.
A.; van Boom, J. HJ. Org. Chem2001, 66, 3584. (f) Hellbach, B.; Gleiter,
R.; Rominger, F.Synthesi2003 2535. (g) Fustner, A.; De Souza, D.;
Parra-Rapado, L.; Jensen, JAhgew. Chem., Int. EQ003 42, 5358. (h)
Lacombe, F.; Radkowski, K.; Seidel, G.;istner, A.Tetrahedron2004
60, 7315. (i) Zhang, W.; Moore, J. $lacromolecule2004 37, 3973. (j)
Bauer, E. B.; Hampel, F.; Gladysz, J. Adv. Synth. Catal2004 346,
812. (k) ljsselstijn, M.; Aguilera, B.; van der Marel, G. A.; van Boom, J.
H.; van Delft, F. L.; Schoemaker, H. E.; Overkleeft, H. S.; Rutjes, F;
Overhand, MTetrahedron Lett2004 45, 4379. (1) Fustner, A.; Turet, L.
Angew. Chem., Int. EQ005 44, 3462. (m) Fustner, A.; Kirk, D.; Fenster,
M. D. B.; Aissa, C.; De Souza, D.; Muller, ®roc. Natl. Acad. Sci. U.S.A.
2005 102, 8103. (n) Ghalit, N.; Poot, A. J.; rstner, A.; Rijkers, D. T. S.;
Liskamp, R. M. J.Org. Lett 2005 7, 2961.

(4) Pennella, F.; Banks, R. L.; Bailey, G. Chem. Commuri968 1548.

(5) Mortreux, A.; Blanchard, MJ. Chem. Soc., Chem. Commae74
786.

(6) Sashuk, V.; Ignatowska, J.; Karol Grela, X.Org. Chem2004 69,
7748.

(7) (@) Schrock, R. R.; Clark, D. N.; Sancho, J.; Wengrovius, J. H.;
Rocklage, S. M.; Pedersen, S. Brganometallics1982 1, 1645. (b)
Wengrovius, J. H.; Sancho, J.; Schrock, R.JRAm. Chem. Sod.981,
103 3932.

(8) (a) Fustner, A.; Mathes, C.; Lehmann, C. W. Am. Chem. Soc.
1999 121, 9453. (b) Fustner, A.; Mathes, C.; Lehmann, C. \@hem. Eur.

J. 2001, 7, 5299.

© 2006 American Chemical Society

Publication on Web 03/04/2006



Alkyne Metathesis Catalyzed by W/Mo Complexes

duced more recently by Cummins and Mo&#8.All these

studies show that metal centers and ligands can have drastic

effects on the catalytic performance. For example2®@8u)-
(OBu); is astoundingly active for the metathesis of internal

alkynes, while the corresponding Mo alkylidyne complexes Mo-

(=C'Bu)(OBu); and the analogous W alkylidyne complexes
containing amide ligands W{C'Bu)(NRy); are almost meta-
thesis inactivél121n addition, while Mo&CBu)(OBu); does
not react with internal alkynes and is catalytically inactive for

alkyne metathesis, the analogous Mo alkylidyne complexes M =WOMe);

containing fluoroalkoxide (OC(Me)(GJ, OC(CF)s) or phen-
oxide ligands do react with internal alkynes to give isolable

metallacyclobutadiene complexes and are excellent catalysts for

metathesis of alkyne's.For the monochloromolybdenum cata-
lyst that was first developed by thée #stner group and refined
by the Moore groupe,o,a-trifluoro-o-cresol or perfluordert-
butyl alcohol or p-nitrophenol was sometimes added for
alcoholysis to produce active species for alkyne metati@sis.

All these observations show that the alkoxide ligands containing

electron-withdrawing groups are likely to improve the activity

of the catalysts for alkyne metathesis. The following questions

deserve our attention. Why can ¥(C'Bu)(O'Bu); catalyze the
alkyne metathesis, but \&C'Bu)(N'Bu;)3; and MoE&ECBu)(O-
Bu); cannot? Why is McEC'BU)(OBuU); almost metathesis
inactive, whereas Me£C'Bu)(OR); [OR = OC(Me)(CR),, OC-

(CR3)3, or OAr ] are excellent catalysts for alkyne metathesis?
The main purpose of the project is to answer these questions
by computational chemistry through studying the detailed

Organometallics, Vol. 25, No. 7, 2RD®

TS2B

MLINB

/

MY 9.1(7.1)
_—

W=/

0.0(0.0)

@

|t 334(19.1)

“UINTA
/ “—
/ 185 (2.7)

et

w=—/
-

[W] = W(NMe,)3 0.0 (0.0)

(b)
Figure 1. Energy profiles for the alkyne metathesis reactions
catalyzed by WECMe)R; (R = OMe (a), NMg (b)). The free
energies and relative energies (in parentheses) are given in kcal/
mol.

Computational Details

Molecular geometries of all the model complexes in this work

mechanisms of alkyne metathesis. In the past, many theoreticalwere optimized at the Becke3LYP (B3LYP) level of density
studies on olefin metathesis have been pursued, and these studidenctional theoryt> Frequency calculatiqns at the same level _of
have helped the understanding of the reaction mechanism oftheory have also been performed to confirm that all stationary points

olefin metathesis and development of new catal{s8&urpris-

ingly, a detailed theoretical study on the alkyne metathesis has
not been reported, despite the significance of alkyne methathesis
To the best of our knowledge, there was only one pioneer work

were minima (no imaginary frequency) or transition states (one
imaginary frequency). Calculations of intrinsic reaction coordinates
(IRC)'6 were also performed on transition states to confirm that

such structures are indeed connecting two minima. The effective
core potentials (ECPs) of Hay and Wadt with a doublealence

done to date by the Ziegler group concerning the formation and o qjq’ set (LanL2D2 were used to describe W and Mo atoms,
decomposition of a metallacyclobutadiene using the model hile the standard 6-31G basis set was used for C,N,F,0,and H

complex Mo&CH)Cl;.142The reaction profiles and the relevant
transition states with the M(ORand M(NR)3 fragments remain

atoms. Polarization functions were added for §f)(= 0.823) and
Mo (&(f) = 1.043) and for O{(d) = 0.8) and C {(d) = 0.8) that

elusive. It is necessary to study the reactions in more detail to are directly bonded to the metal cent&sMolecular orbitals
gain a deeper insight into the mechanisms of alkyne metathesisobtained from the B3LYP calculations were plotted using the
and to address the questions mentioned above. In this work,Molden 3.7 program written by Schaftena@to examine the effect
theoretical calculations based on the B3LYP density functional Of basis sets, we also employed a larger basis set, which has

theory have been carried out to examine the structural an

energetic aspects related to the possible reaction pathways. |
should be pointed out here that there is another related theoreticag

dSDDAII20 for transition metals and 6-311g** for all other atoms,
{o perform single-point energy calculations for several selected

tructures. The additional calculations show that the basis set
ependence is small. For example, using the smaller basis set, the

work in the literature focusing on a metathesis-like reaction  4jative energies of CMe)(OMe), + MeC=CMe, TS1B, IN1B,

between W(OR); (R = alkyl) and alkynes to give tungsten
alkylidyne complexes

and TS2B (Figure 1a) are 0.0, 8.15-7.1, and—4.9 kcal/mol,
respectively. Using the larger basis set, the relative energies are
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Figure 2. Energy profiles for the alkyne metathesis reactions catalyzed byE@d(e)(OR} (R = CH; (a), CHF (b)). The free energies

and relative energies (in parentheses) are given in kcal/mol.

0.0, 7.0,—7.1, and—3.2 kcal/mol, respectively. Similarly, using
the smaller basis set, the relative energies o8@e)(NMe,)s

+ MeC=CMe, TS1A, andIN1A (Figure 1b) are 0.0, 19.1, and
2.7 kcal/mol, respectively. Using the larger basis set, the relative
energies are 0.0, 18.3, and 2.8 kcal/mol, respectively. All calcula-
tions were performed with the Gaussian 03 software package.
The natural bond orbital (NBO) prograth,as implemented in

Scheme 1
R-C=C—R' R="R p— roR
: = lﬂﬁ[ — || + |]|
[M}=C—R R R L B
1 2
[M] = M(OR)3

Gaussian 03, was also used to obtain Wiberg bond indices (bondinitially formed from alkynes and alkylidyne complexes in much

orders)?® which are a measure of bond strength.

Results and Discussion

It is now well accepted that alkyne metathesis catalyzed by
group 6 metal alkylidyne complexes follows the mechanism
shown in Scheme 1, which was initially proposed by Katz in
197%“ and found support from the experiments carried out by
Schrock et al. in the 1980sMetallacyclobutadienesl) are

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A.; Vreven, T., Jr.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
revision BO5; Gaussian, Inc.: Pittsburgh, PA, 2003.

(22) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholtlBO
Version 3.1

(23) Wiberg, K. B.Tetrahedron1968 24, 1083.

(24) Katz, T. J.; McGinnis, JJ. Am. Chem. Sod 975 97, 1592.

the same way as metallacyclobutanes formed from alkenes and
metal alkylidene complexes. Through isomerization and a ring-
opening step, metathesis products are formed.

Reaction Mechanisms of Alkyne Metathesis by Molyb-
denum and Tungsten Alkylidyne ComplexesThe calculated
potential energy profiles for the alkyne metathesis through the
mechanism shown in Scheme 1 with the different model
catalysts WECMe)(OMe}, W(=CMe)(NMe,))3, Mo(=CMe)-
(OMe)s, and MoECMe)(OCHF); are shown in Figures 1 and
2. Selected structural parameters of the species involved in the
ring-closing coupling step are illustrated in Figure 3.

In Figure 1a, the metathesis pathway starts with a ring-closing
step between V¥CMe)(OMe)} and MeG=CMe, giving the
metallacyclobutadiene intermedidte1B. Along the reaction
coordinate, no metal-alkyne intermediates can be located as
minima on the potential energy surface, probably because the
d® metal center cannot stabilize an alkyne complex due to lack
of back-donation. The intermedialid1B is then transformed
to another metallacyclobutadiene intermeditt@B through
transition statelf' S2B. The interconversion ofN1B to IN2B
has a very small barrier. The three stationary structlvés,
TS2B, andIN2B have similar stability. The metallacyclobuta-
diene intermediatd®1B andIN2B are higher in the free energy
than the reactants, \'§{CMe)(OMe} + MeC=CMe, by ca. 9.0
kcal/mol. We cannot overemphasize the existence of the three
stationary structuresN1B, TS2B, andIN2B) on the potential
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Figure 3. Selected structural parameters (A), free energies (kcal/mol), and relative energies (kcal/mol, in parentheses) calculated for species
involved in the ring-closing coupling steps catalyzed by=#gMe)(OMe}, W(=CMe)(NMe&,);, W(=CMe)Ck, and MoECMe)(OR} (R
= CHs;, CHF).

energy profile, as we shall see later that in the metathesis of plexes, an energy-decomposition analysis of the reaction bar-
Mo(=CMe)(OCHF); + MeC=CMe (Figure 2b) we located riers, shown in Scheme 2, was carried $uthe deformation
only one intermediate in our calculations, which can be of tungsten alkylidyne complexes and alkyne leads to destab-
considered as an average structure of the three stationanyilization, while the binding of alkyne to the deformed metal
structures. From the intermedialtd2B, a ring-opening step,  complexes leads to stablization of the transition states. Scheme
which is the reverse step of the ring-closing step, completes 2 shows that for the tungsten NRnd OR alkylidyne systems
the metathesis cycle. there is not much difference between the two tungsten alkylidyne

In good agreement with the experimental observation that deformation energies\Epeformw carbyne) and between the two
metathesis of alkynes catalyzed by 3(CCMe)(OCMes)3 alkyne deformation energie®\Epeform(aiyney The difference
occurs under mild conditior®,a moderate free energy barrier between the two reaction barriers can be traced to the significant
(22.3 kcal/mol) to complete the ring-closing step with the difference between the two binding energies of alkyAEy,.
formation of the metallacyclobutadietd1B was calculated. For the tungsten NRalkylidyne systemAEy is —11.6 kcal/
As mentioned in the Introduction, \WHC'Bu)(N'Buy)3 cannot mol, while for the tungsten OR alkylidyne system, the value
catalyze alkyne metathesis. To understand the inactivity, we alsobecomes-24.4 kcal/mol. Clearly, it is the much greater alkyne
calculated the barrier of the ring-closing step for=#GtMe)- binding energy of the tungsten OR alkylidyne versus the
(NMey)s + MeC=CMe for comparison (Figure 1b). The tungsten NR alkylidyne that makes the reaction barrier
geometries of the transition state and the metallacyclobutadienerelatively small for the tungsten OR system.
intermediate are similar to those of the alkoxide analogoues. Interestingly, experiments showed that alkynes do not react
However, the barrier (33.4 kcal/mol) of the rate-determining with Mo(=C'Bu)(O'Bu)s.1* A particularly high barrier (30.3
step is significantly higher, as shown in Figure 1b, too high for kcal/mol) was calculated for the ring-closing rate-determining
alkyne metathesis to occur under mild conditions. step with the formation of the metallacyclobutadieiiNdC

To probe the origin of the significant difference in the
catalytic activity between the OR and MRIkylidyne com- (25) Ziegler, T.; Rauk, ATheor. Chim. Actal977, 46, 1.
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(Figure 2a). The corresponding reaction barrier of the rate-
determining ring-closing step for the alkyne metathesis catalyzed
by Mo(=CMe)(OCHF)z is only 15.9 kcal/mol (Figure 2b). The
result is also consistent with the experimental observation that
molybdenum fluoroalkoxide complexes are excellent catalysts
for the metathesis of alkyné$ As mentioned earlier, only one
intermediateJN1D, was found in this case.

The significant difference in the catalytic activity between
the OCH and OCHF alkylidyne complexes can be again under-
stood by an energy-decomposition analysis of the reaction bar-
riers (Scheme 3 For the molybdenum OC4and OCHF al-
kylidyne systems, again, the differences between the two molyb-
denum alkylidyne deformation energiéspetormvo carbyne) @2Nd
between the two alkyne deformation energi®&peform(aikyne)
are not very significant. The two binding energies of alkyne,
AEy, are significantly different, giving rise to the difference
between the two reaction barriers. For the molybdenum ©CH
alkylidyne system,AEy is —33.5 kcal/mol, while for the
molybdenum OCHLF alkylidyne system, the value is50.8 kcal/
mol. Clearly, it is the much greater alkyne binding energy of
the molybdenum OCHF alkylidyne versus the molybdenum
OCH; alkylidyne that makes the reaction barrier significantly
small for the molybdenum OCGHH system.

Examination of the transition structures (Figure 3) leads us
to the following conclusion. In the transition states, the bonding
interactions between the metal alkylidyne fragments and#eC
CMe are mainly between the lowest unoccupied molecular
orbitals (LUMOSs) of the metal fragments and the HOMOs of
the distorted Me&CMe structures. This is because the acety-
lenic bond of MeGCMe is closer to the metal center than to
the alkylidyne carbon in each transition structure. Thus, the
significant differences between these binding energlds,
(Schemes 2 and 3), can be related to the LUMOs of the four
distorted metal alkylidyne fragment§S1A-frag, TS1B-frag,

AEpeform{Alkyne) = 8.4 kcal/mol
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Figure 4. LUMOs of the metal fragments in the transition states
of the ring-closing coupling steps. The orbital energies are given
in atomic units (au).
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TS1C-frag, and TS1D-frag (Figure 4). The LUMOs are
responsible for interaction with the distorted MeCMe
substrates in the transition states. On the basis of the orbital
energies shown in Figure 4, the LUMO of the fragme&BtLA-

frag is significantly destabilized by the NMdigands due to
their stronger electron-donating properties, compared with that
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of the fragmeniT S1B-frag, lying 0.024 au (0.65 eV) higher in  studied for the model reactions of [MHCMe) + 2 MeC=CMe
energy than that 6fS1B-frag. It is expected that the attractive — [M](#75-CsMes), where [M]= W(OMe);, W(Cl)3, Mo(OMe),
interaction betwee S1B-frag and the distorted Me€CMe and Mo(OCHF);. We understand that the cyclopentadienyl
substrate is stronger than that betweEB1A-frag and the complexes obtained in the experiments are much more complex
distorted MeG=CMe substrate, giving the larger binding energy than the ideal model complexeg®(CsMes)[M]. For example,
AEy,. In addition to the electronic factor discussed above, the metallacyclobutadiene W{(BuU)EL](Cl)3 reacts with excess
sterically, the NMeligands in WECMe)(NMey); create amore  EtC=CEt to yield a mixture of reduced tungsten complexes that
crowded ligand environment, hindering the attack of the contain a peralkylated cyclopentadienyl ring, WCR and

incoming MeG=CMe substrate to the metal center. WCp Cly(EtC=CEt) (Cp = 55-CsEt4'Bu).2"~28 It was specu-
Similarly, the LUMO of the fragmenTS1D-frag is signifi- latec?”-?8that the two reduced tungsten complexes were formed
cantly stabilized by the electron-withdrawing efHgroups, via disproportionation of an intermediate tungsten(IV) complex,

compared with that of the fragmen81C-frag, lying 0.027 au such as “WCHC13", justifying us studying the model reactions
(0.73 eV) lower in energy than that ®51C-frag. The greater in our calculations. The model calculations were for the purposes
attractive interaction betweemS1D-frag and the distorted  of providing qualitative insight into the formation of cyclopen-
MeC=CMe substrate gives the larger binding enetds,. The tadienyl ligands from metallacyclobutadiene intermediates and
intermediateINID is relatively much more stable than the examining whether the formation is indeed via a metallabenzene
intermediatelN1C with respect to their reactants, indicating intermediate.
that the CHF groups also significantly stabilize the intermediate Figure 5a shows the potential energy profile for the reaction
IN1D. of the metallacyclobutadiene intermedidi¢dB with another

It is worth noting that although the LUMO of the deformed MeC=CMe molecule to give the metallabenzene intermediate
Mo(=CMe)(OMe} fragmentTS1C-frag is lower in energy than  |N4B, which can easily isomerize to thg-CsMes complex
that of WE&CMe)(OMey, TS1B-frag (Figure 4), Mo&ECMe)- PRCPB. The barrier (28.2 kcal/mol) for the formation of
(OMe); is metathesis inactive, but W4CMe)(OMe} is active. PRCPB is relatively high, consistent with the experimental
We know that both the binding energies and the deformation findings mentioned above that WCMe)(OR) are good
energies affect the reaction barriers: catalysts for metathesis. For other catalysts, such as=kIMe)-

o (OMe); and MoECMe)(OCHF)s, the energy profiles for the
AE(barrien)= AEpejorn(M carbyne)t AEpern{Alkyne) + formation of;5-CsMes complexes were also calculated (Figure

AE, 6). From Figures 6, we can see that the Cp complexes’ formation
reactions have even higher barriers (45.3 and 37.8 kcal/mol,
The molybdenum alkylidyne deformation energ\Epefor{ MO respectively).

carbyne) (31.2 kcal/mol), and the alkyne deformation energy, as mentioned above, for the tungsten chloroalkylidyne
AEpefom{alkyne) (17.6 kcal/mol), in Scheme 3a are greater than ¢ompjex, WECCMey)(dme)Ch (dme= 1,2-dimethoxyethane),
AEpeforn(W carbyne) (24.1 kcal/mol) aniEperorm(@lkyne) (8.4 githough it is not a catalyst for metathesizing alky#eis,can
kcaI/moI) in S_cheme 2b_, respectively. These results indicate thateasily react with alkynes, giving tungstenacyclobutadiene, which
the ring-closing coupling between MsCMe)(OMe) and readily reacts with another alkyne molecule to give Cp
MeC=CMe requires more significant distortions of the tWo ., mpjexeg® The energy profile for the formation of the model
reactants in order to reach the transition state when comparedcp complexPRCPE is shown in Figure 5b. The formation of
with that between WACMe)(OMe} and MeG=CMe. A the tungstenacyclobutadiene intermeditMéE was found to
plausible explanation for these findings is as follows. Mo has paye 4 jow barrier (12.6 kcal/mol) through a very early transition
less diffuse d orbitals than W. As a result, the molybdenum state, TS1E, the lowest one when compared with the ring-
center requires shorter contact with the substrate, which 'eadsclosing steps catalyzed by the other three catalysts=@W{e)-

to more significant di;?ortion, to achiev_e effective activation of (OMe), Mo(=CMe)(OMe}), and MoECMe)(OCHF)s. Dif-

the substrate. In addition, a M@ bond is expected to be less  torent from the other metallacyclobutadiene intermediseeE
ionic than a W-O bond. The less positive charge carried by s more stable than the reactants by ca. 8.5 kcal/mol in free
the Mo center |n_the M@&€CMe)(OMe} catalyst makes it less energy. As shown in Figure 7, the newly formed-\® bond
capable of polarizing the Me€CMe substrate. ITS1C, the (1 9p7 A) inINLE is much shorter than that (2.024 A)N1B,
C—C—Cangle in the distorted alkyne is 151, while in TS18, indicating that the Cl ligands can significantly stabilize the
the corresponding angle is 161.3n TS1C, the Mo=C bond metallacyclobutadiene intermediate. The barrier leading to the
length is elongated by 1.5% with respect to the stable=Mo(  formation of the metallabenzentN3E is also moderate,
CMe)(OMe), while in TS1B, the W=C bond length is  gyplaining the formation of Cp complexes when=ATR)Ck
elongated by only 1.0%. In MetCMe)(OMe}, the NBO charge reacts with alkynes.

of the molybdenum center i81.37, while in WECMe)(OMe}, Examining the structures of WCR)Ck and WECMe)-

the charge of the tungsten centertd.72. (OMe), we can see that the #C bond (1.737 A) in W&

) . : 5
Reactions Leading to the Formation of an®CsMes CR)Ck is much shorter than that (1.757 A) in WCMe)-
Complex. Experimentally, it was found that metallacyclobuta- (OMe),. Therefore, we expect that an-ACl bond is much
| : '

dienesl also rgact with excess alkyng togive pyclopentadleny weaker than an MOR bond. Because of the weaker Cl bonds
complexes, via a metallabenzene intermediate, although the.

reactions were found to be slow (in day8)Formation of in comparison with the MOR bonds, an MG fragment
cyclopentadienyl (Cp) complexes may deactivate the metathesisStabilizeS the metallacyclobutadiene intermediate more signifi-
yclop yi&p P may cantly than an M(OR) fragment does. Because of the high
activity. Thus, the pathways to give Cp complexes were also

stability of the tungstenacyclobutadiene intermediltdE,

(26) (a) Schrock, R. RSciencel983 219 13. (b) Strutz, H.; Dewan, J.

C.; Schrock, R. RJ. Am. Chem. So&985 107, 5999. (c) Weiss, K.; Goller, (27) Pederson, S. F.; Schrock, R. R.; Churchill, M. R.; Wasserman, H.
R.; Lossel, GJ. Mol. Catal 1988 46, 267. (d) Bunz, U. H. F.; Kloppenburg, J.J. Am. Chem. S0d.982 104, 6808.
L. Angew. Chem., Int. EA999 38, 478. (e) Katz, T. J.; Ho, T, H.; Shih, (28) Schrock, R. R.; Pedersen, S. F.; Churchill, M. R.; Ziller, J. W.

N. Y.; Ying, Y. C.; Stuart, V. I. W.J. Am. Chem. Sod 984 106, 2659. Organometallics1984 3, 1574.
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Figure 5. Energy profiles for the formation of°>-CsMes complexes catalyzed by WCMe)X; (X = OMe (a), Cl (b)). The free energies

and relative energies (in parentheses) are given in kcal/mol.

which contains a WGlfragment, the barrier (21.1 kcal/mol,

between alkynes and alkylidyne complexes. A ring-opening step

Figure 5b) of the ring-opening step, i.e., the reverse step of thethen gives the metathesis products. The results of our calcula-
ring-closing step, is not low, making the alkyne metathesis not tions show that the alkyne binding capability of the metal

as easy as one might expect from the low barrier of the ring-

closing step. The important factor to make=R)Ck a poor
catalyst is clearly related to the low barrier for the formation of

alkylidyne complexes determines the stability of the transition
states for the two important steps.
Compared with tungsten alkylidyne complexes containing

a Cp ligand and the high stability of the Cp complex, again alkoxide ligands, the analogues containing amide ligands have

due to the weaker and more flexibleMZ| bonds. We note

poorer binding capability because of the stronger WANR,

that the barrier (21.1 kcal/mol) for the alkyne metathesis is still sz-bonding interaction. Therefore, tungsten alkylidyne complexes

lower than the barrier (26.3 kcal/mol) for the formation of a
Cp complex (Figure 5b), although ¥WCR)Ck is not a good

catalyst for alkyne metathesis. We note that the chloride-

containing tungsten alkylidyne in the experiments isSER)-
Cls(dme) (dme= 1,2-dimethoxyethane), different from the
model complex WECR)Ck we employed in the calculations.

containing alkoxide ligands are good catalysts for alkyne
metathesis, but analogous complexes containing amide ligands
are not. For MGECR)(OR), the Mo metal center has less
diffuse d orbitals when compared with W. As a result, significant
deformation, which takes a lot of energy, is required in the
catalyst and the alkyne substrate to achieve the transition state

Neglecting the dme chelating ligand in the calculations, which of the ring-closing step in the metathesis process, making the
is for the purposes of theoretical simplicity and easy comparison molybdenum alkylidyne complexes metathesis inactive. How-
with other catalysts, is likely to underestimate the barrier for ever, introduction of electron-withdrawing groups to the sub-
the ring-closing step. stituents R at O of the alkoxide ligands significantly increases
the alkyne binding capability of the molybdenum alkylidyne
complexes. Our calculations show that the alkyne metathesis
catalyzed by the model complex MeCMe)(OCHF); also has
The mechanism of alkyne metathesis catalyzed by W/Mo small barriers for the ring-closing and ring-opening steps,
alkylidyne complexes has been theoretically investigated with consistent with the experimental findings that ¥&'Bu)-
the aid of density functional theory calculations. Metallacy- (OR); [OR = OC(Me)(CFR),, OC(CR)s, or OAr] are excellent
clobutadienes are initially formed from a ring-closing step catalystsi!

Summary
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Figure 6. Energy profiles for the formation of>-CsMes complexes catalyzed by Me{CMe)(OR} (R = CH; (a), CHF (b)). The free
energies and relative energies (in parentheses) are given in kcal/mol.

Figure 7. Selected structural parameters (A) calculated for the ring-
closing transition stat€S1E and intermediatéN1E of the alkyne
metathesis catalyzed by ¥CMe)Ck.

Alkylidyne complexes containing chloride ligands are very

capable of binding alkynes because of the relatively weaker,

flexible M—Cl bonds in comparison with the MOR or M—NR;

from the ring-closing step become so stable that the ring-opening
step has a significantly high barrier. On the other hand, because
of the weak, flexible M-Cl bonds, the barrier for the path
leading to the formation of Cp complexes through interaction
of the metallacyclobutadiene intermediate with a second alkyne
molecule (Figure 5b) is relatively low. Therefore, alkylidyne
complexes containing chloride ligands are not good catalysts
for alkyne metathesis.

Acknowledgment. The authors acknowledge financial sup-
port from the Hong Kong Research Grants Council (HKUST
6023/04P) and the University Grants Committee of Hong Kong
through the Area of Excellence Scheme (Aoe/P-10/01).

Supporting Information Available: Cartesian coordinates for
all the calculated structures are available free of charge via the
Internet at http://pubs.acs.org.

bonds. However, the metallacyclobutadiene intermediates formedOM060116P



