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Abstract: Local and nonlocal density functional theory (DFT) was used to study olefin metathesis in the
TiCp2CsH4(R1,R2) system, in which the alkyl substituents;(R;) are at thes-position of the metallocyclobutane

ring. The structures and stabilities of the metallocyclobutanes were calculated, and the mechanism of olefin
insertion and the process of ring-opening metathesis polymerization were investigated. The predicted geometries
of the metallocyclobutanes agree well with experimental structures, especially those predicted by nonlocal
DFT. The relative stabilities of the metallocyclobutanes were studied by calculating the energy change for the
following olefin exchange reaction: TiGP3H4(R1,Rz) + CoH2(Rs,R4) — TiCp2CsH4(R3,Rs) + CoH2(R1,Ry).

The relative stabilities of the metallocyclobutanes are also strongly dependent upon the number and steric size
of the alkyl group(s) (RRy) at thep-position in the metallocyclobutane ring. In general, nonlocal DFT predicts
olefin exchange energies that are in better agreement with the experimentally observed free energies of olefin
exchange than local DFT. The quantitative agreement between the experimental and caldlafed olefin
exchange are within 0.8 kcal/mol. The mechanism of metathesis was investigated by calculating the potential
energy surface for olefin elimination from Ti@psHs(tBu). No compelling evidence was found for a local
minimum corresponding to a titaniuralkylidiene—olefin complex, which is inconsistent with conclusions
drawn from experimental mechanistic studies but is consistent with all prior theoretical calculations on metal
assisted 2+ 2 insertions. The mechanism of cyclopentene and norbornene ring-opening polymerization was

also studied.
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Olefin metathesis is an important organometallic transforma- Rﬁ + Re Rz/c\
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tion capable of the isomerization and polymerization of ole- < / f
fins,12 and its basic mechanism is considered to be closely an’\\ —_— L,.M\ Ry
related to ZieglerNatta (ZN) polymerization catalysi= The T c

mechanism of olefin metathesis is shown schematically in Figure Rs Re
1. In this mechanism, a vacant coordination site in a transition
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metal-alkylidine complex bonds an incoming olefin to form a Ry R, >c\/ R
metat-alkylidine—olefin complex. The next step in the mech- (';__Rz (l:—R, Rs R
anism involves a 2+ 2 insertion of the olefin into the metal ,_n,\,/ - L,.M/ Re
alkylidine multiple bond, forming a metallocyclobutane, which O \ X
is a stable intermediate observed in many systefnat this Rs Rs Rs\c/
point in the reaction mechanism, the metallocyclobutane can /\c=c< \
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eliminate an olefin from either side of the ring, leading to the &, &,
retro reaction or isomerization of the olefin. When certain = pyiigene
cyclical olefins are used, the metathesis reaction may be use
to perform ring-opening metathesis polymerizatigROMP),

which is a synthetic route to specialized polymers. The thermodynamics of olefin exchangehe mechanism of me-

mechanism of ROMP s illustrated in Figure 2. tathesi$, the barrier to metathes?$, and the ring-opening
One of the most comprehensively studied metathesis systemgpolymerization of olefing. In addition, many of the newer

is the bis-dicyclopentadienyltitanium(IV) metallocyclobutane homogeneous ZN catalysts are metallocenes, containing early

system, TiCpCsHa(Ry,R,) (Figure 3), by Grubbs and co- transition metals, much like the Ti@PsHa(R1,Rz) systemt2

workers3~7 This system has been studied extensively with In fact, the only difference between the TiCH4(R1R2)

respect to the geometries of the metallocyclobufariee system and a ZN catalyst system is a proton. The close similarity

(3) Lee, J. B.; Gajda, G. J.; Schaefer, W. P.; Howard, T. R.; Ikariya, T.;
T Present address: Ontogen Corp., 2325 Camino Vida Roble, Carlsbad,Straus, D. A.; Grubbs, R. HI. Am. Chem. Sod.981, 103 7358.

Olefin-Alkylidene Metallocyclobutane

dFigure 1. Schematic representation of the olefin metathesis mechanism.

CA 92009. (4) Straus, D. A.; Grubbs, R. HOrganometallics1982 1, 1658.
(1) Gates, B. CCatalytic ChemistryJohn Wiley & Sons: New York, (5) Anslyn, E. V.; Grubbs, R. HJ. Am. Chem. So0d.987 109, 4880.
1992; p 102. (6) Lee, J. B.; Ott, K. C.; Grubbs, R. H. Am. Chem. S0d.982 104,
(2) Crabtree, R. HThe Organometallic Chemistry of the Transition  7491.
Metals John Wiley & Sons: New York, 1988; p 267. (7) Gillion, L. R.; Grubbs, R. HJ. Am. Chem. S0d.986 108 733.
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Figure 2. Schematic representation of the ring-opening metathesis
polymerization (ROMP) mechanism.
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Figure 3. Bis-dicyclopentadienyltitanium(lV) system.
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of the metallocenes involved in these two mechanisms strongly
suggests that the nature of theit-2 additions is also similar.

Quantum mechanical methods can provide important qualita-
tive and quantitative insights into the mechanisms of chemical
reactions, including homogeneous catalytic cyéld3ensity
functional theory (DFT) is a first principles quantum mechanical
method which has been used to study the ground-state propertie
of molecules and the mechanism of chemical reactiof<DFT
explicitly includes electron correlation effects and has been
shown to be of comparable accuracy to conventional pos-
Hartree-Fock methoddl12 The importance of electron cor-
relation in the treatment of transition metal systems has been
demonstrated by many previous studies reported in the
literature!~13 In the past, DFT calculations were always
performed with local density functionals (LDFjor exchange
and correlation; however, more recently, DFT calculations are
being performed with nonlocal density functionals (NLDFs),
which are considered to be more accurate than LDF theory for
predicting the geometries and energetics of molecths.

The theoretical nature of olefin metathesis has been inves-
tigated by several groupé1>Hoffman and co-worket4 studied
olefin metathesis by the extended ¢kel method, and their
calculations predict the metahlkylidiene—olefin complex to
be more stable than the metallocyclobutane~80 kcal/mol.

(8) Koga, N.; Morokuma, KChem. Re. 1991, 91, 823.

(9) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(10) Labanowski, J. A.; Andzelm, J. Vibensity Functional Methods in
Chemistry Springer-Verlag: New York, 1991.

(11) Zeigler, T.Chem. Re. 1991, 91, 651.

(12) Andzelm, J. W.; Wimmer, E. £hem. Phys1992 96, 1280.

(13) Becke, A. D. InThe Challenge of d and f Electrons: Theory and
ComputationSalahub, D. R., Zerner, M. C., Eds.; ACS Symposium Series
394; American Chemical Society; Washington, Dc,1989; p 165.
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In a different study, Rappand Upton used TiGCH,(C,H,) as
a model for TICRCH,(CyHy).1® In that papef? Hartree-Fock
(HF) and generalized valence bond (GVB) calculations were
used to study the olefin insertion process. A metdkylidiene—
olefin complex was found, and an extremely small barrier to
insertion of the olefin into the metaklkylidine bond was
predicted at the HF level of theory, but when the barrier was
reevaluated at the GVB level with zero-point energies included,
the transition state and the metalkyidine—olefin complex
were found to be nearly degenerate in enéfgyffectively, no
barrier for olefin insertion was found at either level of theéty.
In addition, olefin insertions in the related TigpHz(CoHg)*
and ZrCpCHs(CzHz)™ ZN catalyst systems have been studied
by MP2'6 and NLDF7 theories, respectively, which are the
highest levels of theory applied heretofore to the study of ZN
catalysts. In both of these studi€d/ little or no barrier to olefin
insertion was found, in contrast to the experimental estimates
of 7—12 kcal/mol'8

In this paper, we present a theoretical study of olefin
metathesis in the TiGEsH4(R1,R2) system using LDF and
NLDF theories. We are in a unique position to assess the
accuracy of DFT calculations on these systems due to the
enormous wealth of experimental information on the geométries
and thermodynamic stabilitiésf the metallocyclobutanes and
the mechanisms of olefin metathésismixd ROMP The struc-
tures and relative stabilities of the metallocyclobutanes were
calculated and will be compared to experimental values. Also,
the mechanism and the calculated barrier to olefin insertion was
studied and will be compared to experimental information. In
addition, the role of the TiG€3H4(R1,R,) system as a ROMP
catalyst will be discussed. The TigsH4(R1,R,) system also
provides an excellent opportunity to study the ability of DFT
to predict the geometries, energetics, and barriers of a system
that is similar to ZN catalysts, for which there is a paucity of
experimental data regarding the structures and energetics of
intermediates along a reaction pathway.

Calculations

S All DFT calculations were performed with the DMol progrdfn?!

DMol utilizes a basis set of numerical atomic functions which are exact
solutions to the KohrSham equations for the atofit?! To obtain
additional basis functions to extend this basis set, excited states and
cation states of the atom are calculated! These basis sets are
generally more complete than a comparable set of linearly independent
Gaussian functions and have been demonstrated to have small basis
set superposition errotIn the present study, a polarized split valence
basis set, termed double numerical polarized (DNP), was used. The
following two density functionals for exchange and correlation were
used in this study: (1) the local functional of Vosko, Wilk, and Nug3air

) Eisenstein, O.; Hoffman, R.; Rossi, A. R.Am. Chem. S0d981,
582.

(15) Upton, T. H.; RappeA. K. J. Am. Chem. Sod.985 107, 1206.

(16) Weiss, H.; Ehrig, M.; Ahlrichs, RJ. Am. Chem. S0d.994 116,
49109.

(17) (a) Fan, L.; Harrison, D.; Woo, T. K.; Ziegler, Drganometallics
1995 14, 2018. (b) Lohrenz, J. C. W.; Woo, T. K.; Ziegler, X.Am. Chem.
Soc.1995 117, 12793.

(18) Chien, J. C. W.; Razavi, Al. Polym. Sci. Part A: Polym. Chem.
1988 26, 2369. Chien, J. C. W.; Bor-Ping Warly Polym. Sci. Part A:
Polym. Chem199Q 28, 15. Chien, J. C. W.; Sugimoto, R. Polym. Sci.
Part A: Polym. Chem1991 113 8570.

(19) Delly, B. In Density Functional Theory: A Tool for Chemistry
Seminario, J. M., Politzer, P., Eds.; Elsevier: Amsterdam, The Netherlands,
1995.

(20) DMol Version 2.6, Molecular Simulations Inc., San Diego, CA,
1996.

(21) DMoR Version 1.0, Molecular Simulations Inc., San Diego, CA,
1997.

(22) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(14
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Table 1. Calculated and Experimental Geometries of the Metallocyclobutanes

compound/
functional T—C1 Ti—C; Ti—Ccpb Ti—CpC C1—C3 C—C3 C3—R; C3—Ry C—Ti—C, Ti—C;—C3 Ti—C,—C3 C1—C3—C, Ti—C;—C,—C3
TiCp2CsHs(iPr)/ 2.098 2.098 2.342 2.021, 1.548 1548 1536 75.995 82.978 82.978 113.121 154.352
VWN 2.379 2.028
TiCp2CsHs(iPr)/ 2.137 2137 2414 2111, 1567 1567 1.565 74.380 84.914 84.914 111.044 155.274
BP 2451 2118
TiCpoCsHa(Cyc)/  2.092 2.104 2.337 2.019, 1.607 1.538 1.528 80.300 79.700 80.800 118.600 171.700
VWN 2372  2.037
TiCp2CsHa(Cyc)/ 2.127 2.140 2.404 2.096, 1.631 1.556 1.549 79.400 80.800 82.000 117.800 172.000
BP 2436 2.112
TiCp2CsHs(tBu)/ 2.098 2.098 2.340 2.022, 1.545 1545 1.558 76.245 83.002 83.002 113.096 157.227
VWN 2372 2.029
TiCp2CsHs(tBu)/ 2.136 2.136 2.418 2.119, 1.568 1568 1.584 74.793 85.135 85.135 111.714 159.570
BP 2460 2.119
TiCp2C3Hs(tBu)/ 215 215 2.0# 154 154 152 75.00 84.50 84.50 116.00
expt 251
TiCp2CsHa(Mey)/ 2101 2101 2.349 2.037 1565 1565 1522 1522 77.000 84.900 84.900 113.300 180.000
VWN 2.369
TiCp2CsHa(Mey)/ 2.144 2144 2.43% 2121 1584 1584 1545 1545 74.900 87.200 87.200 110.700 180.000
BP 2.446
TiCp2CsHa(Mey)/ 214 215 2.38 159 159 153 1.53 74.80 87.10 87.10 110.90
expt 2.44
TiCpoCsHa(Me,Et)/ 2.101 2.107 2.347 2.038, 1563 1560 1.535 1.522 76.200 85.700 85.500 112.600 178.300
VWN 2.375 2.040
TiCpaCsHa(Me,Et)/ 2.148 2.144 2425 2.122, 1585 1583 1.561 1.545 74.500 87.600 87.800 110.100 178.600
BP 2448 2.120
TiCp2CsHa(Me,iPr)/ 2.094 2.101 2.342 2.047, 1564 1564 1.555 1522  76.300 85.900 85.800 112.000 176.800
VWN 2385 2.041
TiCpoCsHa(Me,iPr)/ 2.146 2.151 2.427 2.123, 1585 1582 1.582 1.546 73.600 88.800 88.700 108.800 177.900
BP 2454 2125
TiCp2CsHs(Ph)/ 2.088 2.097 2.346 2.024, 1578 1546 1.503 78.700 81.800 82.300 116.200 168.100
VWN 2.363 2.028
TiCp2CzHs(Ph)/ 2123 2134 2412 2101, 1.600 1.569 1.525 77.300 83.600 84.000 114.200 168.900
BP 2440 2.103
TiCp2CsHs(Ph)/ 211 213 2.36 158 155 152 75.30 85.70 86.00 112.00
expt 2.40
TiCp2CsHa(Nor)/ 2.099 2.094 2.337 2.046, 1594 1.539 1.537 78.500 80.500 81.900 115.700 158.400
VWN 2.396 2.053
TiCp2CsHa(Nor)/ 2.148 2.141 2.400 2.120, 1.609 1.557 1.558 76.100 82.300 83.700 113.200 155.200
BP 2473 2144

aBond lengths are given in angstroms and bond angles in degrépscarbons¢ Centroid of Cp ring. first distance is cis to Bt the-position
in the metallocyclobutane ring.Reference 3.

(VWN) and (2) the nonlocal functional consisting of Becke’s nonlocal ated by standard statistical mechanical formulas at 298.15 K and 1
exchange function& and Perdew’s nonlocal correlation functiotal atm pressuré’

(BP). Atom-centered grids were used for the numerical integrations.

This particular grid corresponds to the “fine” option in DM8IDMol Results and Discussion

has been used in the past to study the geometries and energetics of N
transition metal Comp|£(é§,.25 y g g Several metallocyclobutanes were studied in the present work

All SCF calculations were converged to a root-mean-square changeWh'Ch_ (_:Ilffer by the types Of_ alk_yl substituents 1(R2_) at the_
in the charge density of less thand10-%. Geometries were optimized  /-Position. They are shown in Figure 4. The following naming
using analytic gradients and the optimization methods of B¥ker. Cconventions were used to abbreviate the alkyl groups at the
Geometries were optimized such that the value of the gradient was -position for compound&—8 respectively in Figure 4: (iPr),
less than 1x 1072 hartrees/bohr. All geometry optimizations were (Cyc), (tBu), (Me), (Me,Et), (Me,iPr), (Ph), and (Nor).

performed withC; symmetry except where noted. I. Geometries of the MetallocyclobutanesThe optimized

The potential energy surface (PES) for olefin metathesis in J0¢{- geometries of the metallocyclobutarfes8 using the VWN and
(tBu) was calculated by energy-optimizing the structure of TiGHs- BP functionals are presented in Table 1, along with the
(tBu) using the BP functional with one of the,€C; bond lengths  ¢orresponding experimental values when available. The struc-
fixed at values between 1.57 and 4.30 A. tures of the three metallocyclobutanes with experimentally

Vibrational frequencies and zero-point energies were calculated with yatermined geometrig€TiCp,CsHs(Ph), TiCpCsHs(tBu), and

a brand new version of the DMol program, called DRI This was : . .
accomplished by finite difference calculations using the first derivatives. ngiiizg(hcv?g) fca)llztri ds?:ﬁr;\/lg ;I%li'ls"gn(i' nliiicrzur?]f tterrllisrgy

The translational, rotational, and vibrational contributions were evalu- . . . . . .
orientation of the Cp rings, either eclipsed, staggered, or partially

(23) Becke, A. D.Phys. Re. A 1988 38, 3098. o staggered. In TiCf3Hs(Ph), the Cp rings are eclipsed. The

(24) (2) Perdew, J. P. liElectronic Structure of SolidsZiesche P., staggered structure for this compound was predicted to be less
JESE,h.”\%;a% E\?;'ﬁgkageeq'gg\gegig' 128222" Germany, 1991. (b) Perdew, giaple than the eclipsed form by 0.4 kcal/mol at the BP level.

(25) (a) Delley, B.; Wrinn, M.; Luthi, H. PJ. Chem. PhysL995 100, In TiCp,C3Hs(tBu), the Cp rings are staggered. The eclipsed
5785. (b) Dixon, D. A.; Andzelm, J.; Fitzgerald, G.; Wimmer, E Phys. structure for this compound was predicted to be less stable than
Chem.1991 95, 9197.

(26) Baker, JJ. Comput. Chenil986 7, 385. Baker, J.; Bergeron, D. (27) McQuarrie, D. AStatistical MechanicdHarper & Row: New York,

J. Comput. Chen993 14, 1339. 1976.



DFT Characterization of Olefin Metathesis in TigCp

C,

N
/ \cg—c/ Cp,Ti N /c, .

ANV ¢
] \J

Cp,Ti

1 2
C, C, C,
cple\ >c3_c4[__ szTi\ Cs
c; \ € Cs
3 4
C, /64\ C. <\:4\
Cp,Ti c / /
p,Ti 3\ Cp,Ti 03\
c; Cs \ ¢ Cs
5 6
C, C;

SN N
Cp,Ti \ /c;—c@ szTl\ /Ca\c

01 61@4

7 8

Figure 4. Metallocyclobutane molecules studied in this papkr.
TiCP.CaHs(iPr); 2, TICpCaHa(Cyc); 3, TICp,CsHs(tBU); 4, TICpCaHa-
(Mey); 5, TICpCsHa(Me,Et); 6, TiCpCsHa(Me,iPr); 7, TiCp,CsHs(Ph);
and8, TiCp,CsHa(Nor).
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Figure 5. Optimized geometries of metallocyclobutanes TiCybls-
(Ph), TiCpCsHs(tBu), and TiCpCsHa(Mey): (a) side view and (b) top
view.

the staggered form by 0.6 kcal/mol at the BP level. The driving

force for staggering appears to be the steric presence tdithe
butyl group at thgg-position. In TiCpCsH4(Mey), the Cp rings

J. Am. Chem. Soc., Vol. 121, No. 23, 19%3899

are partially staggered, lying somewhere between eclipsed and
fully staggered. The driving force for the partial staggering of
the Cp rings in this compound is the methyl groups at the
p-position. The eclipsed form of this compound does not appear
to be a minimum for this compound. The Cp rings are staggered
in TICp,C3Hs(iPr), partially staggered in TiGEsH4(Me,Et) and
TiCp2CsHa(Me,iPr), and partially staggered in TiggsHs(Cyc)

and TiCpCsHs(Nor) due to interactions with the ring system
of the olefin.

(a) Bond Lengths.The interatomic distances corresponding
to metat-ligand interactions in Table 1 are the-Cy, Ti—C,,
Ti—C¢p, and TCp parameters, which are the two metallo-
cyclobutane titaniumcarbon distances, the range of metal
cyclopentadiene carbon distances, and the titanium cyclopen-
tadiene centroid distances, respectively. For the three molecules
with experimentally determined structufgiCp,CsHs(tBu),
TiCp203H4(Me2), and TiCQCgH5(Ph)), the Ti—Cl and Ti—Cz
distances calculated by the BP functional are in good agreement
with experiment and are in better agreement than the distances
calculated by the VWN functional (Table 1). The range of Ti
C¢p distances calculated by the VWN functional is slightly
shorter than the experimental ranges reported for JWgHs-
(Mey) and TiCpCsHs(Ph), by as much as 0.03 A, while the
same distances calculated by the BP functional are longer than
the experimental ranges by as much as 0.04 A. The anomolously
short experimental FiCe, distance of 2.07 A in TiCgHs-

(tBu) falls well outside of our calculated range for this
compound. A structure in which one of the Cp rings was bonded
in ao fashion to the titanium atom, which had &, distance

of 2.07 A, was studied. It was predicted to be significantly higher
in energy than structures in which the two Cp rings were bonded
penta-hapto. Also, the-bonded structure minimizes to the
penta-hapto structure. The short experimentaldd, distance
range may be the result of the poor resolution of the structure,
which was noted as being significantly disordefethe Ti—

Cp distances, which correspond to the distance between the
titanium atom and the centroid of the cyclopentadiene ring,
follow a trend that is similar to that observed for the-Tc,
distances for both functionals studied. The-C3z; and G—Cs;
distances in the metallocyclobutane predicted by both functionals
are in good agreement with the corresponding experimental
values in TiCpCsHs(tBu), TiCpCsHa(Mey), and TiCpCsHs-
(Ph). Itis interesting to note that the predicted and experimental
C1—Cs and G—Cg distances in TiCgCsHs(Ph) differ by~0.04

A, which may be indicative of the system of the phenyl ring
interacting with one of the g£-C, bonds. Also, the €-Cs
distance is longer than the,€C; distance in TiCpCsH4(Cyc)

and TiCpCsHa(Nor) by ~0.07 and~0.05 A, respectively, at
the BP level, which is indicative of the internal ring strain
present in this metallocyclobutane. The calculatget®R; and
Cs—R; distances agree very well with the corresponding
experimental values for TiGEsHs(tBu), TiCpCsH4(Mey), and
TiCp2CsHs(Ph) for both functionals.

(b) Bond Angles.The G—Ti—C,, Ti—C;—Cs, and Ti—Cy—

Cs angles predicted by the BP functional are in good agreement
with the experimental values for Ti@PsHs(tBu), TiCp,CsHs-
(Mey), and TiCpCsHs(Ph) and are in better agreement than
those predicted by the VWN functional. The-8C3—C, angles
predicted by the BP functional for TiG@sHi(Me,) and
TiCp.CsHs(Ph) agree better with the experimental values for
these compounds, while thg-€C3;—C, angle calculated by the
VWN functional for TiCpCsHs(tBu) is in better agreement with
the experimental value for this compound than the BP functional.
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Table 2. Calculated and Experimental Relative Olefin Exchange
Energied

TiCp,C3H5(iPr) + C,H,(Ry,R,) — TiCp,C3H4(Ry,R,) + C,H,(iPr)

compound AE\/WNb AEpr AGBPC AZPHE AGexpte ch
TiCp.CsHs(iPr) 00 00 00 0000 00
TiCp.CsHs(tBu) 0.2 16 12 -0392 0.8 55
TiCpCsH4(Cyc) 09 18 14 0012 10 45
TiCp.CsHa(Me) 63 63 45 —0911 37 5
TiCp2CsHa(Me,Et) 6.1 7.2 53 —-1324 52 0
TiCp.C:Ha(Me,iPr) 67 93 63 -1.981 6.0 -5
TiCp.CaHs(Ph) 38 29
TiCp2C3H4(Nor) —2.7 -1.1 65

a All values are given in kcal/mok Calculated with DMol Version
2.6. ¢ Calculated with DMol Version 1.0;AEgp calculated by DMd
Version 1.0 differs from values calculated by DMol Version 2.6 by
<|0.4) kcal/mol. 9 Zero-point energy difference; calculated with DN¥lol
Version 1.0.6 Reference 4. Cleavage temperaturéQ), ref 5.

(c) Dihedral Angles. The significant dihedral angle in the
metallocyclobutanes is the FiC;—C,—C3 dihedral angle. This
dihedral angle is a measure of how much the metallocyclobutane
ring deviates from planarity. The metallocyclobutanes with one
pB-substituent exhibit FC;—C,—C;3 dihedral angles ranging
from 154 to 172, which is consistent with the substituent at
the B-position minimizing its steric interactions with the Cp
rings. This is particularly true for molecules such as TiCybls-

(iPr) and TiCpCsHs(tBu), which have the largest predicted-Ti
C;—C,—Cs dihedral angles. The metallocyclobutanes with two
substituents at th¢g-position have T+C;—C,—C; dihedral
angles close to 180 which is indicative of a crowded
environment in the coordination sphere of the titanium atom.
The profile of the structures in Figure 5 illustrates the range of
variation in the T+C;—C,—Cs angle in the molecules for which
the structure has been experimentally determined.

Il. Olefin Exchange Energies. The ability of an olefin to
react with a coordinately unsaturated metakylidene complex
and form a stable metallocyclobutane is determined largely by
the types of substituents on the olefin. In particular, the steric
size and shape of the substituents on a particular olefin play a
role in determining the overall stability of the metallocyclo-
butane formed from it. In a study by Grubbs and co-workers,
the relative free energy of stability of various metallocyclo-
butanes with differenf3-substituents was reportédin this
study? the following olefin exchange free energies were
measured experimentally for a series of olefins in which
TiCp2CsHs(iPr) was the reference metallocyclobutane in all
reactions:

TiCp,CsHs(iPr) + C,H,(R,R) —
TiCp,C5H(R,R,) + CH4(iPr) (1)

Axe and Andzelm

of CoHx(Me,Et) is more favorable than that ofld>(Me,), which

is qualitatively inconsistent with experiment. TA&'s calcu-
lated by the nonlocal BP functional are in much better overall
agreement with experiment than those calculated using the VWN
functional. This is particularly true for olefins that have two
alkyl groups, for which the qualitative agreement with experi-
ment is greatly improved over the VWN functional, although
the absolute values are more disparate. Both the VWN and BP
functionals appear to overestimate the relative stabilities of
metallocyclobutanes with a singfesubstituent versus those
with two -substituents. Although there is no experimetél

for TiCpoCsH4(Nor), there is strong evidence based on the
experimental olefin cleavage temperature measured for this
compound to suggest that TigfyH4(Nor) is thermodynamically
more stable toward olefin elimination than Ti§&CRHs(iPr),
which is in agreement with our calculatioh¥he underestima-
tion of the steric repulsions by the VWN functional leads to
overbinding and a poor representation of the metallocyclobutane
ligand exchange energies. The nonlocal BP functional, which
appears to describe steric repulsions better, predicts metallo-
cyclobutane ligand exchange energies in much better agreement
with the experimental olefin exchange free energies. In par-
ticular, the BP functional is able to qualitatively account for
the steric encumbrance of the various alkyl groups at the
B-position correctly,whereas the VWN functional does not.

To assess the effects of zero-point energy and thermal
contributions on the olefin exchange energetics, we calculated
AG's for the reactions which have experimente®'’s (Table
2). The agreement between the calculatgsls using the BP
functional and the experimentaAlG's are now within 0.8 kcal/
mol or less (Table 2). The zero-point energy differences (Table
2) are the largest for the olefins with two substituents at the
p-position, which are the olefins that have the greatest difference
betweenAEgp and AGeyp. Thus, vibrational zero-point effects
appear to be largely responsible for the discrepancies between
AEgp andAGeyp. Based on our calculated results, the qualitative
trends predicted byAEgp are reliable.

Ill. Mechanism. The mechanism of olefin metathesis was
investigated by calculating the potential energy surface (PES)
for olefin elimination from the metallocyclobutane. The calcu-
lated PES for olefin elimination in TiGEsHs(tBu) is shown
graphically in Figure 6, along with key structures along the
reaction pathway. As one of the,€ECg bond lengths in the
metallocyclobutane is increased, the total energy of the system
increases until it reaches a plateau value~@8 kcal/mol at
3.9 A. At very long distances>4.3 A), the total energy
decreases slightly from the plateau valueb¥ kcal/mol. In
this regime of the PES, the reaction coordinate varies rapidly
with no change in energy. Our calculated PES effectively
predicts no barrier to olefin insertion nor the existence of a

The relative stabilities of the series of metallocyclobutanes Metat-alkyidene-olefin complex, which are both inconsistent
(1-8) were studied by calculating the energy change for the With the conclusions of experimental mech{imstllc.stu.élles..
reaction shown in eq 1. The calculated olefin exchange energiesRemarkably, the calculated energy of the olefin elimination is

(AE) using the VWN and BP functionals are presented in Table
2, along with the corresponding experiment4b valued and
cleavage temperatufeshen available. ThAE's calculated by
the local VWN functional for the two olefins that have a single
alkyl group (GHs(tBu) and GHy(Cyc)) are in reasonable
agreement with experiment, while thé&'s calculated for olefins
that have two alkyl groups are in less satisfactory agreement
with experiment for this functional. The VWN functional does
not correctly differentiate between the steric size of the olefins
that have two alkyl groups (El2(Me,), C;Ho(Me,Et), and GH»-
(Me,iPr)). In particular, the calculated olefin exchange energy

very similar to the experimental estimatéof the barrier to
olefin metathesis for TiGiC3Hs(tBu), which is 27 kcal/mol. The
geometry of the Cp rings changes during the course of the
reaction by rotating from the starting staggered orientation to a
nearly eclipsed orientation upon olefin elimination (Figure 6).
At a reaction coordinate of 3.50 A, the<C double bond of
the olefin is essentially fully formed (Figure 6), indicating the
reaction is complete, which is consistent with the plateau value
of the energy at this point in the reaction.

Our DFT calculations predict no stable structure correspond-
ing to a titanium-alkylidene-olefin complex and no barrier to
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Figure 6. Calculated potential energy surface of olefin elimination from B{Gpls(tBu). The reaction coordinate is defined as one of the Gy
bond lengths which was constrained along the reaction coordinate (the two carbon atoms used to define the reaction coordinate are shown in
orange). Structures along the reaction coordinate includeGg values of 1.57, 2.00, 2.50, 3.00, 3.50, and 4.3 A and are underlined.

olefin insertion. This result is consistent with the calculations lations. However, density functionals that include exact ex-
of Rappeand Upton® for the model TiC}CHy(CoH,) system, change are found to improve this situatfnPreliminary

in which essentially no barrier to insertion was predicted; calculations using one of these hybrid functionals indicate no
however, they did not calculate the entire PES for olefin qualitative difference from a standard BP functional for the
insertion. Our calculated energy difference on going from the metathesis reactiof.The general consensus is that all theories

metallocyclobutane to a metaalkylidene complex and £i3- (DFT, MP2, and GVB), except HF, predict metal-assisted 2
(tBu) (~28 kcal/mol) is in reasonable agreement with the value 2 reactions to be barrierle$s:1”

of ~22 kcal/mol calculated by Rappad Upton for their model The possibility of a bimolecular metathesis mechanism was
system. DFT calculatiod$ on the ZrCpCHs3(C;H4)* ZN investigated using two approaches. First, we studied whether
catalyst system prgdict essentially no ba}rrier to olefin insertion, (28) (a) Baker, J.. Muir, M.; Andzelm, 1. Chem. Phys1995 102,

and MP2 calculatior$ on the related TiCf£H;(CoHa)™ ZN 2063. (b) Johnson, B. G.; Gonzalez, C. A.; Gill, P. M. W.; Pople, J. A.

system also predict no barrier to olefin insertion. Standard Chem. Phys. Lett1994 221, 100.

density functionals, like BP, have been shown to underestimate (29) We have calculated the potential energy surface for olefin elimination
fail T h, . f chemical %S from TiCp,CsHe using Becke’s adiabatic connection method at geometries
and even fail to predict the barriers of chemical reactidns, optimized using a BeckePerdew functional. We find no qualitative

which may be the reason no barrier is predicted by our calcu- difference with the BeckePerdew functional.



5402 J. Am. Chem. Soc., Vol. 121, No. 23, 1999 Axe and Andzelm

4.26 & \ a CpTi==C, . m AE = +24.9

/ C3=¢Cq

/cz\c3
tol
\

(9a)
Cp,Ti

Cp,Ti=C4 C AE =+20.2
z \/\/ \\cz/\

(9b)
Figure 9. Energetic results of the two possible olefin eliminations from
TIszCng(CyC)
/ -
5134 a opli=cd, 4 ?’Vb AE = 427.7
\I / Cy
Figure 7. Hypothetical bimolecular transition state with, symmetry Cz\ (10a)
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Pe A4 : Figure 10. Energetic results of the two possible olefin eliminations
1 \bL from TiCp,CsHg(Nor).
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¢, (Figure 10a). In conclusion, the polymerizations of cyclopentene
(8b) and norbornene by a metathesis mechanism are reasonable.

Figure 8. Energetic results of the two possible olefin eliminations from Norbornene polymerization is predicted to be energetically more
TiCp2CaHa(Cyc). favorable than polymerization of cyclopentene, which is most

likely due to the greater strain present in norbornene relative to
cyclopentene. We have only considered the thermochemistry
of ROMP reactions in the present work. The barriers of these
reactions undoubtedly play an important role in determining the
products formed.

CzH4 could form a stable complex with TiGBsHs by placing
it in close proximity of TiCpCsHg and optimizing. We were
unsuccessful in locating any stable complexes of 3Hs
and GH,. Second, we calculated the energy d@a structure
involving TiCp,CH, and two GH4 molecules (Figure 7), which
would correspond to a symmetrical transition state. Although
this structure does not necessarily correspond to a transition
state, it does provide an important “benchmark” of the upper ~We have studied the nature of olefin metathesis in the
limit for a bimolecular process. The energy of this structure is TiICp2CsHa(R1,R2) system. The structures of the metallo-
comparable to the sum of the energies of TiCH, and two cyclobutane intermediates studied in this work are predicted to
C;H4 molecules. The geometry of th@, structure (Figure 7) be in good accord with experiment, with NLDF theory perform-
does not suggest that any interaction between the olefin(s) anding better than LDF theory. The olefin exchange energies
the titanium exist. Thus, our calculations provide no compelling calculated by NLDF theory agree qualitatively well with the
support for a bimolecular metathesis mechanism. experimental free energies of olefin exchange, while the
IV. Ring-Opening Metathesis Polymerization.Details of quantitative agreement dramatically improves when zero-point
the ROMP mechanism were investigated by calculating the energy and thermal contributions are added. The mechanism
energetics of the two possible olefin elimination reactions from of olefin metathesis was studied by calculating the potential
TiCp2CsH4(Cyc) and TiCpCsH4(Nor). In Figure 8, the energet-  energy surface of olefin elimination from TigpsHs(tBu). No
ics of the two possible olefin eliminations from TigRHa- compelling evidence for a titaniurolefin—alkylidiene complex
(Cyc) are shown. For TiG&3H4(Cyc), the elimination of the was found, which is in disagreement with the conclusions of
olefin leading to cyclopentene (Figure 8a) is 1.5 kcal/mol more experimental mechanistic studies. However, the lack of any
favorable than elimination of the olefin that leads to polymer predicted barrier in the TiGEsHs(tBu) system is consistent
(Figure 8b), which is most likely due to the fact that the Wwith all prior theoretical studies of 2- 2 transition metal-
alkylidiene formed in Figure 8a is less sterically crowded than mediated olefin insertion reactions involving early metals.
the alkylidene formed in Figure 8b. If the effect of the growing Calculations on olefins capable of ROMP indicate that olefin
polymer chain is modeled by an ethyl group on thec@rbon eliminations leading to polymer are more favorable than olefin
of TiCp.C3H4(Cyc) (Figure 9), then the elimination of the olefin  eliminations leading to free olefin only if the growing polymer
leading to polymer (Figure 9b) is more favorable than elimina- chain is present. Norbornene is predicted to be a more favorable
tion of cyclopentene (Figure 9a) by 4.7 kcal/mol. This result ROMP substrate than cyclopentene, which is most likely due
supports our argument for the reaction shown in Figure 8a beingto the greater strain present in norbornene relative to cyclopen-
more favorable than that shown in Figure 8b. In Figure 10, the tene. Our calculations suggest that NLDF theory is capable of
energetics of the olefin eliminations from TigRyH4(Nor) are describing the interactions that govern structure and relative
shown. In this example, we included the ethyl group on the C stability of the metallocyclobutane in the bis-dicyclopentadi-
carbon to model the effects of the growing polymer chain. The enyltitanium(lV) system; however, it does not appear to be
elimination of the olefin leading to polymerization (Figure 10b) capable of describing their reactions.
is 14.5 kcal/mol more favorable than elimination of norbornene JA980167G

Conclusions



