J. Am. Chem. S0d.999,121,6479-6487 6479

Mechanistic Aspects of Ethylene Polymerization by Iron{Bjisimine
Pyridine Catalysts: A Combined Density Functional Theory and
Molecular Mechanics Study

Ligun Deng, Peter Margl, and Tom Ziegler*

Contribution from the Department of Chemistry, The &émsity of Calgary, Calgary,
Alberta T2N 1N4, Canada

Receied December 21, 1998. Hsed Manuscript Recegéd May 6, 1999

Abstract: We present an extensive theoretical study of the iror@isimine pyridine based ethylene-
polymerization catalyst§[2,6-((R)N=C(R))>—CsHaN]JFeGH7}* (R = R = H, 1a; R = 2,6-GH4(i-Pr),, R

= CHgs, 1A) recently developed by the groups of Brookhart and Gibson. The study was based on density
functional theory (DFT) for the “generic” model systeta and a combined DFT and molecular mechanics
approach for the “real” systedA. It is shown that the rate-determining step for both termination and propagation

in the “real” system is the capture of ethylene 4. The steric bulk introduced by R 2,6-GHa(i-Pr), was

found to suppress ethylene capture for the termination step and increase the rate of insertion. Termination
takes place on the singlet potential energy surface (PES). For propagation the singlet and triplet PES’s are
close in energy and spin-state change is possible. The quintet states are too high in energy to play any role in
polymerization. The model systebawas found to form an ethylene complex that is too stable for any further
chemical transformation to take place.

Introduction Scheme 1Real and Generic Catalytic Systems
There is currently considerable interest in the development

of new and versatile metal-based olefin polymerization Me Me

catalysts:—® Quite recently the groups of Brookh&aind Gibsof

have investigated the catalytic potential of iron(Il) and cobalt- Pr /N\Fe/N\P'j”«

(1) complexes with tridentate pyridine bisimine ligands (Scheme C@?.ipr 4> SQ
1). They find that especially the iron(ll) system can produce

high-density polyethylene in good yields when bulky ortho- A. ‘real’ system a. ‘generic’ system
substituted aryl groups are attached to the imine nitrogens. The

new catalysts have polymerization activities comparable to, or knowledge of polymerization to the new type of Fe(ll)-based
even higher than, those of metallocenes under similar conditions.catalysts. A corresponding detailed experimental investigation
They exhibit further great potential for controlling polymer has not yet been published.

properties by external parameters such as pressure and temper-= (10) Johnson, L. K.. Mecking, S.. Brookhart, BLAM. Chem. S0d996
ature. 118 267.
More established polymerization catalysts have been the (11) Resconi, L.; Piemontesi, F.; Camurati, I.; Sudmeijer, O.; Nifant'ev,

subjects of numerous mechanistic studies based on experi-- E; Ivehenko, P. V., Kumina, L. G.J. Am. Chem. S04.99§ 12q 2308.
11 . . 23 1p ¢ L (12) Jolly, C. A.; Marynick, D. SJ. Am. Chem. S0d.989 111, 7968.

menta?~ 1! and theoretical techniqué:?3 It is the objective (13) Castonguay, L. A.: Rappé. K. J. Am. Chem. Sod.992 114,

of the present computational study to extend our mechanistic 5832.

(14) Kawamura-Kuribayashi, H.; Koga, N.; Morokuma, XAm. Chem.

(1) Brintzinger, H. H.; Fischer, D.; Mbaupt, R.; Rieger, B.; Waymouth, Soc.1992 114, 2359, 8687.

PY

R. M. Angew. Chem., Int. Ed. Endl995 34, 1143. (15) Weiss, H.; Ehrig, C.; Ahlrichs, Rl. Am. Chem. Sod 994 116
(2) Bochmann, MJ. Chem. Soc., Dalton Tran$996 255. 4919.
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Berlin, 1995. (17) Woo, T. K.; Fan, L.; Ziegler, TOrganometallics1994 13, 2252.
(4) Coates, G. W.; Waymouth, R. M. bomprehensie Organometallic (18) Yoshida, T.; Koga, N.; Morokuma, KOrganometallics1995 14,
Chemistry 1] Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon 746
Press: New York,1995; Vol. 12, p 1193. (19) Das, P. K.; Dockter, D. W.; Fahey, D. R.; Lauffer, D. E.; Hawkins,
(5) Yang, X.; Stern, C. L.; Marks, T.. Am. Chem. So&994 116, 10015. G. D.; Li, J.; Zhu, T.; Cramer, C. J.; Truhlar, D. G.; Dapprich, S.; Froese,
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Figure 1. A schematic representation of the elementary reaction steps in ethylene polymerization catalyzed bylisim(io pyridine complexes.

We shall in our theoretical study assume that the active Fe-in Scheme 1A. The “generic’ system was treated by quantum

(1) species is a cationic metahlkyl complex1 (Figure 1) by mechanical (QM) density functional theory based methods (DFT)
analogy to other olefin catalyst$:102425 The elementary = Whereas a combined quantum mechanics and molecular mechanics

reaction steps under investigation will in the first place involve (QM/MM) approach was applied to the *real” system. Solvent and

ethylene uptake byl to form an iron(ll-alkyl ethylene counterion effects were not included in our calculations. A justification
. . . - for neglecting these effects has been given in previous pap&rs.

m-complex2 (Figure 1) as well as insertion of the coordinated ) .

ethylene into the FeC,(alkyl) bond (chain propagation). We Density Functional Theory (DFT) Methods. All reported DFT

- o . . A . calculations were performed by means of the Amsterdam Density
shall in addition consider chain termination (transfer) that might ¢ 014 (ADF) program systef#.® The electronic configurations

occur via unimoleculag-H elimination (BHE) or by way of ¢ the molecular systems were described by a triptesis sé67 on

bimoleculars-H transfer (BHT), Figure 1. The latter process the iron center for the 3s, 3p, 3d, 4s, and 4p valence shells. A dguble-

can proceed either in a fully concerted fashion, as predicted by STO basis set was used for carbon (2s, 2p), hydrogen (1s), and nitrogen

previous theoretical studi@&° or in a multistep associative  (2s, 2p), augmented with a single 3d polarization function except for

mechanism, as suggested by Johnson.¥tiala study of their hydrogen where a 2p function was used. The inner shells on the metals

Ni(Il) and Pd(ll) diimine-based catalysts. as well as carbon and nitrogen were treated within the frozen core

approximation. A set of auxilia®j s, p, d, f, and g STO functions,

centered on all nuclei, was used to fit the molecular density and present

Coulomb and exchange potentials accurately in each SCF cycle. Energy
Models. The actual Brookhart/Gibson catalf$2,6-((R)N=C(R)).— differences were calculated by augmenting the local exchange

CsHsN]JFeGH7} (R = 2,6-GH4(i-Pr),, R = CHg) carries bulky phenyl correlation potential by Voskdet al. with Becke'®® nonlocal exchange

substituents1A of Scheme 1. We have in the first place investigated corrections and Perdevi’s’ nonlocal correlation corrections (BP86)

a simplified mode{ [2,6-(HN=CH),—CsHaN]FeGH-} * of the Brookhart/ in a self-consistent manner. Geometries were optimized at the same

Gibson catalyst in which the phenyl and methyl substituents are replacedlevel. First-order (FO) scalar relativistic correcti¢i were added to

by hydrogensla of Scheme 1. This model should provide important the total energy.

information about the electronic properties of the Fe(ll) catalyst and

will subsequently be referred to as the “generic” system. Calculations ~ (31) Baerends, E. J.; Ellis, D. E.; Ros, Ghem. Phys1973 2, 41.

will also be carried out on the actual Brookhart/Gibson Fe(ll) catalyst ~ (32) Baerenclis, E. JI Ro_sh, Bhenré. Ph3/|§1973 2, 52. d el

that we shall refer to as the “real” sys_tem. A comparison betw_een mﬁﬁhi?ﬁh%fe\(g; I||_|A. g;rltjﬁg:l?keﬁpg_.lcitilo\?s g,n}\-{gfstg r an A'.D'a?d;;

calculations on the “real” and “generic” systems should provide Ejsevier: Amsterdam, The Netherlands, 1987.

information about the role played by the phenyl and methyl substituents  (34) te Velde, G.; Baerends, E.Jl. Comput. Cheml992 99, 84.

(35) Versluis, L.; Ziegler, TJ. Chem. Phys1988 88, 322.

Computational Models and Methods

(24) Jordan, R. FAdv. Organomet. Chenl991, 32, 325. (36) Snijders, J. G.; Baerends, E. J.; VernoijsAR.Nucl. Data Tables
(25) Scollard, J. D.; McConville, D. HJ. Am. Chem. Sod.996 118 1982 26, 483.
10008. (37) Vernoijs, P.; Snijders, J. G.; Baerends, E.Slter Type Basis
(26) Lohrenz, J. C. W.; Woo, T. K.; Ziegler, T. Am. Chem. So4995 Functions for the Whole Periodic Systemepartment of Theoretical
117, 12793. Chemistry, Free University: Amsterdam, The Netherlands, 1981.
(27) Woo, T. K.; Margl, P. M.; Lohrenz, J. C. W.; Bibl, P. E.; Ziegler, (38) Krijn, J.; Baerends, E. JFit Functions in the HFS Method
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Mechanistic Aspects of Ethylene Polymerization

We have previously shown that the DFT method is able to reproduce
experiential activation barriers to within=5% kcal/mol for olefin or
carbonyl insertion into the metatarbon bond?4>4"51Metal-ligand
dissociation energies have been shown to be correct to within 5 kcal/
mol.#¢-52 Similar conclusions have been drawn by Robb &t &l.their
study of the nicket-olefin complexes, and more recently by Jensen
and Bgrvé& in their systematic study of the titanium-based Ziegler
Natta catalyst system.

Combined DFT and Molecular Mechanics (MM) Scheme.The
ADF program system was modifigdto include the AMBER9%
molecular mechanics force field. In addition, the QM(DFT) and MM

parts were coupled self-consistently according to the method prescribed

by Maseras and Morokun®a.In the combined QM/MM calculations,
the QM part consisted of the generic complex (Scheme 1a) in which

the substituents on the nitrogen atoms were replaced by hydrogen atoms.

The actual bulky aryl groups attached to the nitrogens were treated by
the pure MM method. The QM and MM parts were linked by the
“dummy” hydrogen atoms and coupled by van der Waals interactions.
The geometry optimization on the entire system was carried out with
coupling between QM and MM aton33.In the optimization of the
MM part the N—-C(aryl) and C-C(methyl) distances were constrained
to be 0.412 and 0.4368 A longer than the optimizedHNand G-H
distances so as to fit the experimentatCbond lengths. An augmented
AMBER95* force field was utilized to describe the molecular
mechanics potential except for the van der Waals parameter of the iron
atom, for which Rapfe universal force field (UFF§ was employed.
All force field parameters are provided as Supporting Information.
Electrostatic interactions were not included in the molecular mechanics
potential. A similar approach has been applied successfully in a
previous® study of the Brookhart Ni(IF-diimine system.

Stationary Points. All reported energy minimum points and
transition states were fully optimized with convergence criteria of the
maximum and rms gradient being less than 0.001 and 0.0006 au,

respectively. Energy changes upon tightening the convergence criteria

proved to be within a couple of tenths of a kilocalorie/mole.
Labeling of the Molecules.A number of labeling conventions have

J. Am. Chem. Soc., Vol. 121, No. 2764899

Table 1. Relative Energies (kcal/mol) of the Stationary Points on
the Singlet Potential Energy Surface for the “Generic” Brookhart/
Gibson Model Catalyst (Scheme 1a)

category description species energy barrieP
alkyl complex  ax3-agostic la 0.0
+ CoHa ax nonagostic 1b 10.9
eq3-agostic 1c 11.5
eg nonagostic 1d(t) 6.6
sm-complexes FS ag-agostic 2a —29.7
FS ax nonagostic  2b —21.1
BS eqp-agostic 2c —23.8
FS eq nonagostic  2d —-14.8
BS capture TS TS[1la—2c](t) 6.1 6.1
2a—2cconversion TS[2a—2c](t) —6.7 23.0
insertion TS BSinsertion TS  TS[2c—3c] —-16.4 7.4
ax alkyl TS TS[2b—3b] 16.2 37.3
FSinsertion TS TS[2d—3d] —13.9 0.9
insertion p-agostic 3a —-255
products y-agostic 3d —24.3
d-agostic 3c —24.4
o-f conversion TS TS[3c—3a] —-21.8 2.6
y-p conversion TS TS[3d—3a] -16.9 7.4
f-H elimination transition state TS[la—4a] 11.4 11.4
+ CoHa product 4a 1.2
chain-ejection prod 5a+ C3Hg 38.1 38.1
7aisomerizn TS TS[4a—6a] 7.0 5.8
lasisomer LF&Pr™ 6a -15 =27
[-H transfer transition state TS[2a—7a] —25.7 4.0
product 7a —-30.9
chain-ejection prod 8a-+ CsHg -1.8
Saisomerizn TS TS[7a—9a] —27.6 3.3
Saisomerizn prod 9a —-32.4
f-H transfer TS TS[9a—10a] —26.6 5.8
2as isomer 10a —30.5
LFEPrGH4*

a1d(t), TS[la—2c](t), and TS[2a—2c](t) lie on the triplet PES.
b Energies relative tda+ C,H,. ¢ Reaction barrier relative to the direct
precursor.

been adopted throughout this paper. Thus, species of the generic system

will be referred to by numerals attached to lower-case letters (&g.,

1b, 1c), whereas numerals attached to upper-case lettersZ&.dg1B,

3C) refer to structures of the “real” system. Further, the numeric-
alphabetic labels may have the postfix (t) or (q) for species with
respectively a triplet and quintet spin state. On the other hand, labels
without the postfix refer to species with a singlet spin state. All transition
states have the prefix TS followed by the direct (kinetic) reactant and
product within square brackets. Finally, “real” and “generic” systems

Gibson catalyst (Scheme 1a). The role of the bulky substituents
will be analyzed in a subsequent discussion of the “real” system
(Scheme 1A).

A. Generic System Calculations at the BP86 level of theory
reveal that the energy minimum paths for the catalytic reaction
steps primarily are confined to the singlet PES. Table 1
summarizes the energetics of key stationary points along the

with the same numeric-alphabetic label represent analogous specieé’ea‘ction paths. Figure 2 plots the energy profile for the most

with the same conformation at the metal center.

Results and Discussion

We shall start our investigation by probing the potential
energy surface (PES) of the “generic” model for the Brookhart/

(43) Snijders, J. G.; Baerends, E.Mol. Phys.1978 36, 1789.

(44) sSnijders, J. G.; Baerends, E. J.; Ros\MBI. Phys.1979 38, 1909.

(45) Margl, P.; Ziegler, TOrganometallics1996 15, 5519.

(46) Margl, P. M.; Ziegler, TJ. Am. Chem. S0d.996 118 7337.

(47) Stanton, R. V.; Merz, K. M. JI. Chem. Phys1993 100, 434.

(48) Folga, E.; Ziegler, TJ. Am. Chem. S0d.993 115 5169.

(49) Li, J.; Schreckenbach, G.; Ziegler,JI Phys. Cheml994 98, 4838.

(50) Li, J.; Schreckenbach, G.; Ziegler,J Am. Chem. Sod995 117,
486.

(51) Ziegler, T.; Li, J.Can. J. Chem1994 72, 783.

(52) Ziegler, T.; Li, J.; Schreckenbach, [Borg. Chem1995 34, 3245.

(53) Bernardi, F.; Bottoni, A.; Calcinari, M.; Rossi, I.; Robb, M. A.
Phys. Chem. A1997 101, 6310.

(54) Jensen, V. R.; Barve, K. J. Comput. Cheml998 19, 947.

(55) Woo, T. K.; Cavallo, L.; Ziegler, TTheor. Chem. Acc1998
accepted for publication.

(56) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.
Jr.: Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,
P. A.J. Am. Chem. Sod.995 117, 5179.

(57) Maseras, F.; Morokuma, K. Comput. Cheml995 16, 1170.

(58) RappeA. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., Ill;
Skiff, W. M. J. Am. Chem. S0d.992 114, 10024.

feasible chain propagation, termination, and isomerization
reaction steps. Also depicted in Figure 2 are the conformations
of the involved species along the reaction paths. All optimized
structures are provided as Supporting Information.

i. Iron(Il) Alkyl Complexes. The Fe(ll}-alkyl complex can
adopt an “axial” conformation with the L atom nearly
perpendicular to the iroAnitrogen coordination plane. The most
stable “axial” conformation hasfaH agostic bond1a). Rupture
of the agostic bond leads to the “axial” conformatitimthat is
10.9 kcal/mol higher in energy. The Fe(Halkyl complex might
alternatively adopt an “equatorial” conformation with thg C
atom in the Fe(ll) coordination plandd). The “equatorial”
structurelcis unfavorable by 11.5 kcal/mol comparedlf@aas
the G, atom inlcis destabilized by the trans interaction from
the pyridine ligand. Further, thegbf 1c almost eliminates to
the metal center with the&-Hg bond length of 1.40 A due to
strong interaction between the 1s orbital of thedtd the ¢
orbital of the metal. Frequency calculation shows thahas
an imaginary frequency (153i) corresponding to the-8g
stretching. Hencéc is a transition state in nature.

ii. Iron(ll) —Alkyl Ethylene Complexes.We have located
four alkyl ethylene complexes on the PES. Of lowest energy is
2athat is formed by syn (frontside) addition of ethylene to the
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Figure 2. Singlet potential energy surface for the “generic” model system1d@S2c|(t) and TSRa—2c|(t) are situated on the triplet surface. Note
that the iror-nitrogen coordination plane is perpendicular to the paper.

Scheme 2Four Conformations of the Iron(HAlkyl
Complexes

_N/ _N/
a Fe*---H C Re*
= l &‘\H = Hy
=N < Me =N z,
la 1b Me
Iy H
=N, H---mMe =N, L Me
{ N I‘FE*J Yy IFe+\7/
=N =N
1c 1d

pB-agostic bond of the most stable alkyl complexin a path
from above the irorrnitrogen plane trans to the,Gtom. The
agostic bond is retained iBa and ethylene is complexed by
29.7 kcal/mol. Complexation of ethylene to the less stable
“axial” alkyl complex1b results in2b that is 8.6 kcal/mol higher

in energy tharRa, primarily due to the lack of an agostic bond.
Uptake of ethylene anti to the agostic bond (backside) of the
“equatorial” alkyl complexic leads to2c that is 5.9 kcal/mol
less stable thaa due to the position of £in the equatorial
plane. Capture of an ethylene by, 1b, and1lcto form 2a, 2b,

and 2c, respectively, proceeds without an enthalpic barrier.

The two ethylene complexeza and 2c with S-hydrogen

== . )
a2 % P T
X -y & wuit Me
3 e
Me $ a *
% . =
dyl K e Z
S M W
e
= % it Me
d. % = z i
Xy D A z % K
Me %_ _% % e
g““ b nMe
==
2 5= = * VA
d Z,
XZ N s
Me . \rit Me
2a TS[2a-2c] 2¢

Figure 3. Schematic correlation diagram for the interconversion of
the “axial” alkyl ethylene compleRa into the “equatorial’ ethylene
complex2c.

orbital (Figure 3) afTS[2a—2c]. The barrier can be lowered
somewhat af S[2a—2c] by adopting a triplet configuration in

agostic bonds can be considered to have an octahedral coordinayhich one electron is promoted to the drbital as it becomes

tion around the metal with thg-hydrogen as the sixth ligand.
The d levels are accordingly split into a set of threg “orbitals
(dxy, iz, and @) and two “g" levels (dz and da-y2), Figure 3,
with a sufficiently large splitting to afford a low-spiggt singlet.
The occupiedr-orbital of ethylene is seen to have a good
overlap with the empty gorbital, Figure 3, on the metal center.
This interaction is primarily respaible for the strong ethylere
Fe(ll) bond of 29.7 kcal/mol irRa.

The direct interconversion of the,Gitom from the axial,
23, to the equatorial2c, position is associated with a consider-
able kinetic barrier since the occupied sporbital on the G
atom will begin to interact and destabilize the occupigarebtal

stabilized by the movement of the, @om away from the axial
site and the loss of th@-agostic bond, Figure 3. The barrier of
interconversion is calculated to be 23.0 kcal/mol, Table 1. The
ethylene compleXc can also be formed by addition ofi8,
anti (backside) to thg-H agostic bond ofla in an axial path
from the same side of the iremitrogen plane as the,Gitom.
This channel possesses a moderate barrier of 6.1 kcal/mol with
the transition state lying on the triplet PES. The origin of this
barrier is again the movement of,Grom the axial to the
equatorial position.

We have finally locate®d in which ethylene occupies an
axial position with the propyl group situated in an equatorial
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site. This conformer exhibits a weakH agostic interaction isopropyl complex6aif the vinyl-terminated chain rotates about
(Figure 2). The isome2d is 14.9 kcal/mol abov@ain energy the Fe(ll)y-vinyl bond before the reinsertion. The optimized
It can be formed by rotating theg€Hg bond around the &- transition statelTS[4a—6a] for the isomerization process lies
Cs axis of 2c. The rotational barrier for this process is only 7.0 kcal/mol abovéda, and the produdsais 1.5 kcal/mol
approximately 9 kcal/mol, i.e., the reverse process is nearly lower in energy tharia.

barrierless. The alkyl complexla will not be present in a sufficient
At normal catalytic conditions with a substantial monomer concentration at higher monomer pressure to contribute to chain
pressure2awill be the predominant chain carrying species both  termination. The predominant species containing the polymer
in comparison to the alkyl complexesa—1d without a chain will instead b&a from which chain termination is possible
coordinating monomer and the other alkyl comple2es-2d by a hydrogen transfer mechanism, BHT of Figure 1. The first
with the monomer attached. Thus any productive chain propaga-step in this termination mechanism involves the transfer of a
tion or chain termination step will have to start from this species. p-hydrogen on the propyl growing chain to the coordinated
iii. Chain Propagation. The_direcF ethylene: insertion from ethylene. The product is a iron(#propylene ethyl complex
the most stabler-complex2a gives rise to an insurmountable 75 (Figure 2, left) that is 1.2 kcal/mol lower in energy than the
barrier (-40 kcal/mol) as the Catom has to move toward the  yeactanpa The process has a low barrier of 4.0 kcal/mol and
equatorial plane to bind to the ethylene carbon. In doing s0, g gimost symmetrical transition stat8[2a—7a] in which the
the same repulsive interactions are encountered as iRahe Hs—Cu(propyl) and H—C(ethyl) distances are 1.56 and 1.58
2c ?somerization process, Figure_s._ Insertion from the other A, respectively (Figure 2). The Fe(#)H; distance is only 1.56
‘axial” zr-complex2b is met with similar problems. Thus, the 4 5t the TS, indicating that a strong metal assistance helps in
transition statel S[2b—3b] lies 37.3 kcal/mol aboveb. reducing the activation energy of thghydrogen transfer.

Ethylene insertion from _the quatorim#complexesZc a“d The final step in the termination mechanism is the ejection of
2d is on the other hand quite feasible as thea®m already is the polymer chain (propylene) frofa to form the separated

positioned in the .equatorigl plane. Thus, fra a transitipn species8a, Figure 2. However, the ejection step requires
stateTS[2c—3c] with a barrier of 7.4 kcal/mol leads to an iron- 29.1 keallmol, Figure 2, which makes the BHT termination
(I —pentyl co_mplex %9 V.Vith a d-agostic bond. The rea_ction mechanism u’nlikely evén if the required energy could be
enthalpy of th_|s_ process is 0.6 kcal/mol, Table 1 and Figure 2. reduced from assistance by an incoming monomer. Termination
Another transition statéS[qu—3d] bears a resemblarjce to the by BHT is not likely to involve any of the other more energetic
FF?]mpl(ngth. 'Lhe gorrefeg.ndlng;tﬁrpd%ﬁi hgsga;lz(-ag{;)stl? bon(;j.'t alkyl ethylene complexegb, 2c, and 2d as their concentra-

€ netic barner ot this path 15 only ©.9 kcalimol, and 1S i,ns would be low. In addition, they do not have the right

exothermicity is 9.5 kcal/m_ol. . . . . conformation for a facile and direct transfer gfdydrogen to
We must conclude that direct insertion only is possible from olefin

the “equatorial’-complexes2c and 2d. However, insertion

from the “equatorial” z-complexes would require a prior The propylene ethyl complexa formed from -hydrogen
isomerization of the predominant-complex2ato 2c or 2d ~ transfer can isomerize ta by a 180 rotation of the propyl
since neither of the “equatoriatt-complexes would be present ligand. Thls process h_as a barrier of 3.3 kcal/mol and is slightly
in appreciable concentrations. Such an isomerization will be exothermic with a barrier of 4.8 kcal/mol for the reverse process.

associated with a large barrier 260 kcal/mol). Thus, chain ~ Finally a-hydrogen transfer from ethyl to the propyl ligand

propagation is not a facile process for the “generic’ model résults in an isopropyl ethylene-complex 10a Figure 2.
system where ethylene after uptake will be stuck in the Neither of the olefin alkyl complexe40a 92, and 7a can

unreactive “axial’z-complex2a undergo insertion more readily th&a since they all have the
It is interesting to note that electron-pooP #,MR(+) Cq. atom in an axial position.
catalysts as well prefer a conformation with thg&om out of v. Catalytic Behavior of the Generic System for Ethylene

the LM coordination plan&5°For these systems too the barrier Polymerization. We have found that the “generic” model for
of insertion is largely determined by the energy required to bring the Brookhart/Gibson catalysta, readily binds ethylene to form
the G, atom into the kM coordination plan&®5° the stabler-complex2a. However,2a cannot directly insert

iv. Chain Termination and Isomerization. At low ethylene ethylene into the FeC, bond. Instea®a has to convert t@c
pressure the most stable alkyl compléa might exist in via TS[2a—2c] with a barrier of 23 kcal/mol. The high barrier
sufficiently high concentrations for chain termination to take of interconversion makes insertion unfeasible.
place by g-hydrogen elimination mechanism, BHE of Figure At monomer concentrations normal for polymerization, chain
1. In the first step of this mechanismpahydrogen migrates to  termination can only take place frofa via a hydrogen transfer
the metal center via ac-like transition statel' S[1a—4a] with mechanism, BHT of Figure 1. However the final step in the
a barrier of ca. 11.5 kcal/mol, Figure 2. This unimolecular termination process requires the ejection of the polymer
elimination step is endothermic by 1.2 kcal/mol and leads to ;_complexed to the metal center which has a high thermody-
an iron(l)—propylene hydride complea. In the final step the  namic barrier of 29.1 kcal/mol. Thus, on2ais formed neither
polymer (propylene) is ejected from to form the separated  chain transfer nor propagation seems feasible. The only reaction
species PELH™ [(5a) or 5a(t)] + CsHe. However, the ejection  path available for the thermodynamic sifl is a series of
step requires about 37 kcal/mol, Figure 2, which makes the BHE jsomerization processes to other olefin alkyl complexi@a(

mechanism unfeasible under the assumed low ethylene con-gg and74) that are just as inert toward insertion and termination
centration where an incoming monomer is unlikely to assist in as2a

the ejection step.

The high ejection energy makes it instead possible for the
polymer chain inda to reinsert into the Fe(ltyH bond. This
process can result in a chain isomerization to the Fe(ll)

B. The “Real” Systems.We shall in this section discuss the
catalytic activity of the “real” Brookhart/Gibson system and the
role played by the bulky phenyl substituents attached to the
chelating nitrogen atoms. Table 2 collects relative energies and
(59) Margl, P. M.; Deng, L.; Ziegler, TOrganometallics199§ 17, 933. Figure 4 illustrates the corresponding energy profiles on the
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Table 2. Relative Energies (kcal/mol) of the Stationary Points on the Singlet Potential Energy Surface for the “Real” System
barrier/
category description species energy enthalpy
alkyl complex axia3-agostic 1A 0.0
+ CoHy axial nonagostic 1B 10.6
equatoriajs-agostic 1C 15.9
ethylene capture of 1A—C;H, FS adduct 2A' —-4.5
alkyl complex 1A—C,H,4 BS adduct 2C —-3.4
C,H4 FS attack TS TS[2A'—2A] 4.5 9.0
C,H4 BS attack TS TS[2C'—2C](t) 3.7 7.1
m-complexes F$-agostic 2A —-8.4
nonagostic axial 2B —-13.4
BS -agostic 2C —6.2
insertion TS BS insertion TS TS[2C—-3C] -5.9 0.3
insertion products p-agostic 3A —27.9
y-agostic 3D —26.1
d-agostic 3C —24.4
TS o- to y-agostic TS[3C—-3D] —16.6 7.8
TSy- to f-agostic TS[3D—3A] —18.0 8.1
f-H elimination transition state TS[1A—4A] 16.1 16.1
product 4A 9.8
chain-ejection products 5A + C3He 42.3 325
4A isomerization TS TS[4A—6A'] 16.7
p-H transfer transition state TS[2A—-T7A] -3.9 4.6
product 7A -7.8
chain-ejection products 8A + C3He -0.6
2 Energies relative t@A + C,H,. ® Reaction barrier and enthalpy relative to the direct processor.
i 5A (423 i
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Figure 4. Singlet potential energy surface for “real” model system.2I3f-2C](t) situated on the triplet surface. Note that the irgritrogen

coordination plane is perpendicular to the paper.

singlet PES. A brief discussion will also be provided of the
possible role played by triplet and quintet species.

i. The Iron(ll) Alkyl Complexes and Uptake of Ethylene
Monomer. As for the model system, the “real” cationic iron-
(I1) alkyl complex prefers a conformation with the, @tom in
an axial position and g-agostic hydrogen attached to the metal,
1A of Figure 5. The two conformational isomet8 and 1C

attack of ethylene from above the iron(ll) coordination plane
trans to the @ atom. The attack leads initially to an add @&’

in which the incoming ethylene is loosely attached to the metal
through van der Waal's attraction with the educt energy-4f5
kcal/mol. When the ethylene approaches further to the metal
center, it proceeds next through the transition sTeB A" —

2A], Figure 6, with a barrier of 9.0 kcal/mol to form an ethylene

are calculated to be respectively 10.6 and 15.9 kcal/mol higher z-complex2A in which the ethylene is more tightly coordinated

in energy.
We have located two ethylene complex28, and 2C, that

to the metal center with the-complexation energy being8.4
kcal/mol. The axial coordination of £in 1A enforces an

are readily accessible from the predominant cationic iron(ll) orientation of the phenyl groups that blocks the approach of

alkyl complex1A. The frontside complefA is formed by an

ethylene from above the iremitrogen coordination plane trans
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chain termination and chain propagation will exist in (pre)-
equilibrium with 1A.

ii. Chain Termination and Chain Propagation. Insertion
can proceed readily froraC through the transition staf€S-
[2C—3C], Figure 6, with an insignificant barrier of 0.3 kcal/
mol to form the kinetic polymerization produ&C with a
d-agostic bond. Thus &C is formed in equilibrium withlA,

-0 it will convert irreversibly to3C in a highly exothermic reaction
of —18.2 kcal/mol, Figure 4. The thermodynamically more
stable alkyl conformations with g-agostic bond can finally be
formed by rearrangement to complete the catalytic insertion
cycle.

Termination by BHT, Figure 4 and Table 2, is not as favorable
as insertion since it proceeds through the transition Si&te
[2A—7A] with a barrier of 4.5 kcal/mol. Termination by BHE
through the transition stafES[1A—4A] is even less favorable

Figure 5. Optimized structure for “real” cationic iron(ll) alkyl complex  with a barrier of 16.1 kcal/mol, Figure 4. The high barrier of

1A. Note that path of ethylene from above irenitrogen coordination  BHE inhibits as well chain isomerization through formation of

plane trans to Cis blocked by the two (top) isopropyl groups on the  4A followed by rotation of the vinylic chain and reinsertion
aryl rings whereas the path cis tq & open. MM atoms are shaded into the Fe-H bond, Figure 4.

for clarity. Distances shown are in angstroms. (Cartesian coordinates
for all structures are provided in the Supporting Information.)

It follows from our discussion above that the rates of chain
propagation and chain transfer are determined by the formation
of the precursor8A and2C rather than the subsequent insertion
and termination carried out b®C and 2A, respectively. This
aspect differs from ordinary®tatalyst as well as the Ni(ll)/
Pd(ll) Brookhar?10 systems in which the actual insertion and
Fermination is rate determining whereas ethylene capture is
without an enthalpic barrier.

Experiment® finds the rates of termination and insertion both
to be first order in ethylene pressure for the iron(ll) system.
This is in agreement with our findings, and lends further
credence to our suggestion that termination takes place by a
bimolecular BHT rather than a unimolecular BHE. Our calcula-
tions do not favor a bimolecular termination process involving
monomer-assisted BHE,although such a mechanism would
be consistent with experiment as well. Increasing steric bulk is
seen to impede the formation of the termination precuraaj (
(and chain transfer) whereas insertion is less affected since the
barrier to formation of the insertion precurs2t is electronic.

It is thus not surprising that the molecular weight can be
controlled experimentalfy from oligomers with methyls as
substituents on the phenyl groups to polymers in the case of
isopropyl substituents. We shall in the next section briefly
discuss the shape of the termination and propagation energy
profiles on the PES's of higher spin multiplicities.

iii. Higher Spin Potential Energy Surfaces. It is found
experimentally® that the catalytic precursor [2,6-((2,6H(i-
Pr))N=C(CHs)),—CsH3N]FeCL has a quintet ground state.
However, we find that the quintet state for active species such
as 2a(qy2A(q) is well above the singlet ground state (15.5/
18.2 kcal/mol). This is understandable since alkyl and ethylene

to Cy, and results in the large capture barrier of 9.0 kcal/mol.
The same steric repulsion is further responsible for the modest
ethylene complexation energy. Both the high barrier and the
low stability are beneficial SincA can serve as a termination
precursor. We note that ethylene uptake of the analogous mode
complexlato form 2alacks an enthalpic barrier and gives rise
to the stable compleRa with an ethylene binding energy of
—29.7 kcal/mol, Figure 2.

The backside comple2C can be reached from an axial
ethylene approach from the same side of the -oitrogen
coordination plane as the,Gtom. This pass leads initially to
the adduct2C' with an educt energy of-3.4 kcal/mol. The
aduct2C' passes over the transition statg[2C' —2C](t), Figure
6, with a barrier of 7.1 kcal/mol t@C for which the ethylene
complexation energy is-6.2 kcal/mol, Figure 4. The alkyl
complex1A leaves plenty of room foF S[2C'—2C](t) to form
without steric interference from the phenyl groups and their
isopropyl substituents, Figures 5 and 6. The barrier associated
with TS[2C'—2C](t) is instead electronic in nature and stems
from the movement of the Latom from the axial to the
equatorial position. This movement gives rise to a small HOMO/
LUMO gap and a triplet transition state, as discussed previously
in connection with the “generic” model system, Figure 3.

We have located a third ethylene compl@B) on the singlet
potential surfaces, Table 2. This complex lacks an agostic
interaction and has £in an axial position. The steric destabi-
lization is less severe f@B that has a favorable complexation
energy of—13.3 kcal/mol, Figure 4. However, we have not been

able to find a path t&B from the predominant cationic iron- groups exert a stronger “crystal” field than the two chlorine

(I) —alkyl complex1A with a barr!er belqw 15 kcal/mol, and .ligands. Nevertheless, we have for the sake of completeness
as a consequence have not considered it as part of the catalytic? . ) -

. tarried out exploratory calculation for the quintet state.
cycle on the singlet PES.

. . . . Th ibl nformations on the quintet PES are restricted
In the generic system the frontside comp®ads the resting © accessibe conio ons 0 quinte S estricte

. .2 . to geometries with ¢ in an axial position. The calculated
state for the alkyl chain, and serves as a thermodynamic Smkbarriers are 18.5 (“generic”) and 20.6 kcal/mol (“real”) for
from Wh!Ch itis difficult to_reach o_ther species on the catalytic insertion compared to 27.5 (“generic’) and30 kcal/mol
polymerization cycle. By introducing steric bulk, the complex-

. . (“real”) for termination. The high barriers are not unexpeéied
ation energy for the frontside compl@A has been reduced : - .
(=8.4 kcal/mol) and the backside compl&C can now be for a system with one or more electrons in each d orbital. We

. " . " can conclude that it would be impossible for the polymerization
formed from1A in competmon_ With2A. In adqmon, on t_he processes to take place on the quintet PES. In fact, we speculate
free energy surfac@A + C,H,4 is now the resting state since

that the role of the third nitrogen on the tridentate ligand is to
entropy would add 1615 kcal/mol toAG of ethylene com- 9 9
plexation?° However, the precursoBA and2C for respectively (60) Schmid, R.; Ziegler, TOrganometallicssubmitted for publication.
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TS[1A-4A] TS[2A-7A]

Figure 6. Transition state structures for the real system: ZFSt-2A], frontside ethylene uptake TS; TS[2BC], backside insertion TS; TS-
[1A—4A], the BHE TS; and TSJA—7A], the BHT TS. Conventions as in Figure 5.

raise G-y sufficiently in energy to destabilize quintet states with the G, atom in an axial position above the irenitrogen

for the species of importance in the catalytic cycle. coordination plane and/&agostic hydrogen bound to the metal,
On the triplet PES, Figure 7, the insertion precurs@igt) 1A of Figure 5. Both chain-propagation and chain-termination

and chain propagation has a barrier of 8.1 kcal/mol. The can proceed from the attack of ethylene bh.

termination precurso?A(t) is 15.1 kcal/mol h|gher in energy Chain propagation commences through the (backside) ap-

than 2D(t) and the barrier of termination is 7.5 kcal/mol.  proach of ethylene from the same side of the iraitrogen
Estimates of energy separations between spin multiplets aregggrdination plane as CThis approach leads to an attack on
difficult to determine with an accuracy of a few kilocalories/ ihe G,—Cg bond of the alkyl group inlA to form a (BS)
mole by any theoretical method, including DFT, and we expect ;_complex 2C from which the insertion takes place with a
BP86 used here to have a slight bias in fav'or of low 8pin  mogest barrier. The chain propagation is driven by a strong
(singlet). Thus, the triplet transition stales[2C' —2C](t) for thermodynamic force with an exothermicity of 27.9 kcal/mol.
the formation of the insertion precurs®€ might actually be The rate-determining step for the chain propagation is capture

'°Wef in energy relative to Fhe singlet PES. We ShPU'd thgs of ethylene bylA with an enthalpic barrier for which the upper
consider the calculated barrier of 7.1 kcal/mol associated with bound is 7.1 kcal/mol.

the triplet transition statg S[2C'~2C](t) as an upper bound. The dominant chain termination (transfer) patfi-sl transfer

from the polymer chain to the incoming monomer. The rate-
determining step in this process is capture of ethyleng/Ayjo

We have presented an extensive theoretical study of theform thez-complex2A with an intrinsic activation energy of
mechanisms for the new iron(ll)-containing Brookhart/Gibson 9.0 kcal/mol. From2A f-H transfer can commence with an
ethylene polymerization catalyst based on DFT and a combinedactivation energy of 4.5 kcal/mol. Steric bulk helps suppress
DFT/MM (QM/MM) method. the formation of the termination precursdh by introducing a

The chain carrying the resting state for the new catalyst is a capture barrier as ethylene encounters the repulsion of the
cationic iron(l)-alkyl complex rather than an ethylene complex  jsopropyl groups in its path toward the metal center from above
as in the case of the Ni(H) and Pd(ll)-diimine polymerization  the jron-nitrogen plane trans to  Figures 5 and 6. Steric
catalysts previously designed by BrookRéftet al. We find bulk has in addition the effect of destabilizing the ethylene
that the cationic iron(ll) alkyl resting state adopts a conformation complexation energy dA. In the generic system the frontside

(61) Jones, D. H.; Hinman, A. S.; Ziegler, Thorg. Chem.1993 32, complex2a serves as a thermodynamic sink (with an ethylene
2092-2095. complexation energy o0f-29.7 kcal/mol) from which it is

Concluding Remarks
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Figure 7. Triplet potential energy surface for “real” model system. Note that the-imitnogen coordination plane is perpendicular to the paper.

difficult to reach other species on the catalytic polymerization
cycle. By introducing steric bulk, the complexation energy for
the frontside complexA has been reduced-8.4 kcal/mol)
and the backside compl@C (propagation precursor) can now
be formed fromlA in competition with2A.

We find that the quintet states for the chain-carrying

from 4.0 to 6.0 kcal/mol. These values might be reconciled with
our findings if we assume that the theoretical estimates for
AE™Fscapture— AE™Bs—capureOf 1.9 kcal/mol carry an error of
2—4 kcal/mol. This is not unreasonable since the barriers
associated with BS and FS capture are respectively electronic
and steric in nature. Thus, a cancellation of errors is less likely

intermediates are too high in energy compared to other multipletsthan if both barriers were caused by similar factors. In particular,
to be of importance. Furthermore, both insertion and termination we have argued thaAE*gs-capture Might be a lower bound.

on the quintet PES are calculated to have prohibitively high
barriers (26-30 kcal/mol). Our calculations place both the

Finally, one should also consider the contribution framS*
to AAG™. Both AS™rs-capture@Nd AS gs-caprurewould be negative

termination and propagation on the singlet surface. However, and dominated by the reduction in the translation and rotational
for propagation the singlet and triplet PES’s are calculated to degrees of freedom of ethylene as this molecule is captured.

be close in energy with the crucial transition stais[2C'—
2C](t) for the formation of the insertion precurs@Q) on the
triplet PES.

We predict ethylene capture by the cationic iron(ll) alkyl
complex 1A to be rate determining for both termination and
propagation with free energy of activations givenAIB™rs-capture
andAG™gs-capture respectively. In this picture molecular weights
(My) can be estimated by
AAG™ = AG™ AG™

FS—capture BS—capture

_ = _ = _
_[AH FS—capture AH BsfcapturJ

T[A§ FS—capture A§BS—C<’:1FJU"J

~ [AE FS—capture AE BsfcapturJ

T[ASIF&capture_ AStBSfcapturJ (1)

The AAG™ values estimated from experimentd), data -8 range

However, superimposed on this could be a small difference that
would contribute tcAAS® and AAG™. We do not feel that we
are able at the moment to estimate this differential contribution
with sufficient accuracy within the QM/MM methodology.
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