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Abstract: A detailed theoretical investigation of the mechanism for the [Ni°]-catalyzed co-oligomerization
of 1,3-butadiene and ethylene to afford linear and cyclic Cio-olefins is presented. Crucial elementary
processes have been carefully explored for a tentative catalytic cycle, employing a gradient-corrected density
functional theory (DFT) method. The favorable route for oxidative coupling starts from the prevalent [Ni%-
(n?>-butadiene),(ethylene)] form of the active catalyst through oxidative coupling between the two
n?-butadienes. The initial #3,7*(C*)-octadienediyl—Ni" product is the active precursor for ethylene insertion,
which preferably takes place into the syn-n3-allyl—-Ni" bond of the prevalent 53-syn,n*(CY),A-cis isomer.
The insertion is driven by a strong thermodynamic force, giving rise entirely to #°n*,A-trans-decatrienyl—
Ni" forms, with the #3-antin*,A-trans isomer almost exclusively generated. Occurrence of allyl,5*,A-cis
isomers, however, is precluded on both kinetic and thermodynamic grounds, thereby rationalizing the
observation that cis-DT and cis,cis-CDD are never formed. Linear and cyclic Cio-olefins are generated in
a highly stereoselective fashion, with trans-DT and cis,trans-CDD as the only isomers, along competing
routes of stepwise transition-metal-assisted H-transfer (DT) and reductive CC elimination under ring closure
(CDD), respectively, that start from the prevalent 53-antin*,A-trans-decatrienyl—Ni" species. The role of
allylic conversion in the octadienediyl—Ni" and decatrienyl—Ni" complexes has been analyzed. As a result
of the detailed exploration of all important elementary steps, a theoretically verified, refined catalytic cycle
is proposed and the regulation of the selectivity for formation of linear and cyclic Cio-0lefins is elucidated.

Introduction three butadiene moieties, respectiveMuch of the mechanistic

Zerovalent nickel complexes have been demonstrated by theUnderstanding of this intriguing reaction is Iaggely due to the
comprehensive and systematic investigations of Wilke and co- fundamental work of Wilke and co-workets? Their first
workerd2 as versatile and useful catalysts for the cyclooligo- Proposed mechanism has been recently confirmed in essential
merization of 1,3-butadiene. Depending on the actual structure d€tails but supplemented, in a series of theoretical mechanistic
of the active catalyst species, nickel complexes support the NVestigations, by novel insights into how the catalytic 1,3-
generation of G-cycloolefins [with 4-vinylcyclohexene (vCH) ~ butadiene cyclooligomerization reaction operates.
andcis,cis-cycloocta-1,5-dienecis,cis-COD) as major products] T_he nickel complexes used for 1,3-butad|_ene cyclool_|gomer-
and of Gocycloolefins [with transtranstranscyclododeca-  1Zation are known also to catalyze the formation of co-oligomers
1,5,9-triene 4lI--CDT) as the predominant product] along Petween 1,3-dienes and olefins. For the zerovalent “bare” nickel
different reaction channels that involve the linkage of two or complex (for instance, [N(CODJ]), the 1,3-butadiene cycloo-
ligomerization affording @-cycloolefins is largely impeded in
(1) (a) Jolly, P. W.; Wilke, G. The Oligomerization and Co-oligomerization i i i .

of Butadiene and Substituted 1,3-Dienes.Tine Organic Chemistry of the presence of ethylen,e and insteag-@lefins (VIZ' 2:1

Nickel, VOE.b)Z, (?Irganic SyntrllelsiAcadlemiccj Plress: New Yorkf, 1975 pp  butadiene/ethylene co-oligomers) are formedlhe product

133-212. (b) Jolly, P. W. Nickel-Catalyzed Oligomerization of 1,3-Dienes i i i _ _di

Related Reactions. IBomprehensie Organometallic ChemistryVilkin- mixture contains both cyclic, namely cyclodeca-1,5-diene

son, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon: New York, 1982;

Vol. 8, pp 671-711. (c) Keim, W.; Behr, A.; Rper, M. Alkene and Alkyne (3) (a) Bogdanovic, B.; Heimbach, P.; Krer, M.; Wilke, G.Justus Liebigs
Oligomerization, Cooligomerization and Telomerization Reactions. In Ann. Chem.1969 727, 143. (b) Brenner, W.; Heimbach, P.; Hey, H.;

Comprehensie Organometallic Chemistrywilkinson, G., Stone, F. G.

A., Abel, E. W., Eds.; Pergamon: New York, 1982; Vol. 8, pp 34B2.
(d) Heimbach, P.; Jolly, P. W.; Wilke, Adv. Organomet. Chen970Q
8, 29. (e) Baker, RChem. Re. 1973 73, 487.

(2) (a) Wilke, G.Angew. Chem., Int. Ed. Engl963 2, 105. (b) Wilke, G.
Angew. Chem., Int. Ed. Engl988 27, 185. (c) Wilke, G.; Eckerle, A.
Cyclooligomerizations and Cyclo-Co-Oligomerizations of 1,3-Dienes. In
Applied Homogeneous Catalysis with Organometallic Compje3esnils,

B., Herrmann, W. A., Eds.; VCH: Weinheim, Germany, 2002; pp-368
382.
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Mller, E. W.; Wilke, G.Justus Liebigs Ann. Cheri969 727, 161. (c)
Heimbach, P.; Kluth, J.; Schlenkluhn, H.; Weimann, Aigew. Chem.,
Int. Ed. Engl.198Q 19, 569. (d) Heimbach, P.; Kluth, J.; Schlenkluhn, H.;
Weimann, B.Angew. Chem., Int. Ed. Engl98Q 19, 570. (e) Benn, R.;
Bussemeier, B.; Holle, S.; Jolly, P. W.; Mynott, R.; Tkatchenko, I.; Wilke,
G. J. Organomet. Chen1.985 279, 63.

(4) (a) Tobisch, S.; Ziegler, T. Am. Chem. So2002 124, 4881. (b) Tobisch,
S.; Ziegler, T.J. Am. Chem. So2002 124, 13290. (c) Tobisch, SChem.
Eur. J.2003 9, 1217. (d) Tobisch, SAdv. Organomet. Chen003 49,
167.
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Scheme 1. Tentative Catalytic Cycle of the [Ni°]-Catalyzed Co-oligomerization of 1,3-Butadiene and Ethylene Affording Linear and Cyclic

C10-Olefin Products?
“

\/’ Ni~

a Based on experimental studies of Wilke ef &lease note that only the favorable formslafand 1b are shown.

(CDD), and linear, namely deca-1,4,9-triene (DT)g-Glefins [Ni%olefin)s] compound 1b, where the catalytically active
as the principal products. The co-oligomerization occurs in a species possesses two coordinated butadienes. The first step
highly stereoselective fashion, such that cyclodeisat trans involves the oxidative coupling of two butadiene moieties giving
5-diene €istransCDD) and deca-irans4,9-triene {rans-DT) rise to the octadienediyINi" complex, which may be coordi-
are the exclusively generated#lefins among the several natively saturated by complexation of further olefins. This
possible isomers. The reaction temperature as well as thecomplex occurs in various configurations, which are distin-
butadiene-to-ethylene ratio has been found to decisively influ- guished by the coordination mode of the octadienediyl frame-
ence the product distribution. For a 1:1 reactant ratio, low work, viz. they®»*(C) specie<2, the3»*(C?) species3, and
temperatures favors the generatiorcisfirans:CDD (CDD:DT ~ the bis¢®) species4, all of which can be assumed to be in
~7:3 at 40°C), while at elevated temperaturémnsDT is equilibrium. Ethylene insertion into the allyNi"" bond in either
prevalent (CDD:DT~3:7 at 80°C). The Ggolefin proportion of the octadienediytNi' species, with4 suggested to be the
enlarges with the relative increase of the ethylene concentration,active precursotJeads to the decatrienyNi' complex. Similar
which serves to almost entirely suppress the generationsf C  to the octadienediyiNi" complex, the decatrienyNi" complex
cycloolefins as side products. is present as speciés 6, and7, with the allylic group in the

Similar to the nickel-catalyzed 1,3-butadiene cyclooligomer- °% 7'(C")-0, andy*(C%)-o modes. Either one of these species
ization, the co-oligomerization of 1,3-butadiene and ethylene can be con5|der§d as the precursor for produqtlon of both CDD
occurs in a multistep fashion. The nickel atom template and DT' regpgctlyely. The [B('CDD)] prOO,IUCtS IS ff)rmed by
undergoes a repeated change in its formal oxidation State’reductlve elimination ulnder ring closure waformaﬂpn Ofa«:.
namely [NP = Ni"], during the multistep additiorelimination o-bond bgtween they"-alkyl group and the terminal aII_yI|c
mechanism. The reaction course of the co-oligomerization, carbon, withS suggest_ed to be the precurSofhe generation
however, is not completely understood so far. Scheme 1 displays_cl’_L.D.T’ IrLo\;V(atver, requcllrgs_a h)éd{og?n a]:[om :[[ﬁ belktr?nsferred.
a tentative catalytic cycle of the [Nicatalyzed process, which 'S IS likely To procee ﬁ. apstraction from Ine arky! group,
is based on the experimental studies of Wilke et al. Wh'Ch was e.”"'sa?fle_d to mvo_lve theallyl species?, giving
The zerovalent olefirNi® catalyst complex can exist in E':S:;).;.:;?gg?oN;ﬁ:)r;;e:?eeﬁ\';?ﬁ)?g?ozu?;fguﬁ:; ;eedtécrg\lle

. 7 iminati uctl10. Vi
several forms of either the [R(blefin);] compoundla or the isomers of CDD and DT are formed through competing
) - — pathways along — 8 and5 — 10, respectively, that involve

(5) (a) Heimbach, P.; Wilke, Glustus Liebigs Ann. Cher969 727, 183. . ¥ . X

(b) The following reaction conditions were found to be optimai for the  different stereoisomers. Displacement of the-@efin products

catalytic co-oligomerization of 1,3-butadiene and ethylene: 1,3-butadiene jn subsequent consecutive kinetically facile substitution steps

and ethylene in a 1:1 molar ratio at 2G and 26-30 atm pressure, bare . . .
Ni° comp|exes (for instance, [P{COD)Z]) as cata|yst‘ benzene as solvent. W|th butad|ene regenel‘ates the active Catalyst, thel’eby Complet‘

At these conditions the product mixture predominantly consistssgfans: i i

CDD (~88%) with transDT is formed in a lower portion+12%). (c) ing the Catal.yt.l(.: CyCle'. . . .

For 1,3-butadiene and ethylene in a 1:1 molar ratio the co-oligomerization ~ The plausibility of this tentative reaction cycle is supported
to yield Cip-olefins has been observed to occur at an overall reaction rate A ; ; ; B ;

that is approximately 6 times larger when compared to the competing b_y Sft0|(_3h|0f‘ﬂ(:-‘tl’|0 reactions and Is underll_ned because of its _great
cyclooligomerization affording G-cycloolefins. similarity to the well-established catalytic course of butadiene
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cyclooligomerizatiort# Formal 16€ or 18e forms of laand

(5) Does the competitive production of CDD and DT

1b, respectively, can be envisaged as likely candidates for thecommence from identical or different configurations of the

active catalyst, although it has been never experimentally
characterized. A [N{*-cis-2,3-dimethylbutadieng) complex®

with two tetrahedrally coordinatetis-butadienes, and also the
[Ni%ethylene)] complex are well-known. The various octa-
dienediy-Ni" configurations, as well as their facile mutual
rearrangemer have been firmly established for the R
P(OR})-stabilized complexe-%28Bis(;;1)-octadienediyi-Ni" spe-
cies, although conceivable as reactive intermediates for allylic

conversion and ethylene insertion processes, are not likely to
be involved in any of these steps. They have been demonstrate

to be energetically highly unfavorable and seen to play no role
in the cyclooligomerization reactichindirect evidence for the
intermediacy of the octadienediyNi" complex comes from

the stereochemistry of the products generated by the co-

decatrieny-Ni" complex as the precursor?

(6) Does the hydrogen transfer along the DT route take place
in a stepwise or a concerted fashion; i.e., is a hydriNg'
intermediate involved along the most feasible pathway?

(7) Which factors control the selective formation of only one
of the several possible stereoisomers of the principal CDD and
DT products, viz.cistransCDD andtransDT, respectively?

(8) What are the critical factors that regulate the selectivity

éor formation of linear and cyclic G-olefins?

The present computational study is, to the best of our
knowledge, the first detailed comprehensive theoretical mecha-
nistic investigation of the complete reaction cycle for the
catalytic co-oligomerization of 1,3-butadiene and ethylene to

oligomerization of piperylene (L,3-pentadiene) with ethylene and yield Cyg-olefins, mediated by zerovalent bare nickel complexes.

by piperylene cyclodimerization. The configuration of the
methyl groups in the cyclooligomer’s 10-membered ring was
found to be identical to that observed in the methyl-substituted
divinylcyclobutane cyclodimerization produé? Accordingly,

the octadienediytNi" complex, which is a well-established
intermediate of the 1,3-butadiene cyclooligomerizafiohjs

This represents a further part of our systematic theoretical

exploration of crucial structurereactivity relationships in

transition-metal-assisted oligomerization reactions of 1,3-dienes.

Computational Model and Method

Model. The entire catalytic cycle of the [Ricatalyzed co-

likely to be also involved in the co-oligomerization reaction oligomerization of l_,3-butad_iene and ethyleng cons_isting of the critic_:._sll
course. Although not directly observed for alkenes, insertion €lementary steps displayed in Scheme 1 was investigated. These critical
of analogous alkynes into the altyNi bond of the octadiene- elementary steps are oxidative coupling of two butadienes; allylic
diyl—Ni" complex has been observed in stoichiometric reactions isomerization and enantioface conversion occurring in the octadiene-
leading to the isolation of the related insertion product as well diyI=Ni" and decatrienytNi" complexes, respectively; ethylene inser-
as of the corresponding cyclic co-oligon#@iFurther evidence tion into the ally-Ni" bond of the octadienediylNi" complex; and

. . . reductive CC elimination under ring closure as well as transition-metal-
comes from the experimental observation that the formation of jqqisted H-transfer commencing from the decatrieh§l complex.

!inear. co-oligomers is entirely Suppres§ed fpr the process various conceivable paths for individual elementary steps have been
involving substituted alkenes or alkynes, in whjgfhydrogen explored. Furthermore, the several possible stereochemical pathways,
atoms are absemt. which originate from the enantioface and the configuration (s-trans or

On the basis of the tentative catalytic cycle, the present s-cis) of the prochiral butadiene moieties involved, have been carefully
theoretical mechanistic investigation is aimed at extending the examined for the favorable route for each of the critical elementary
understanding of the Ricatalyzed co-oligomerization of 1,3- ~ Stéps (cf. Labeling of the Molecules section). .
butadiene and ethylene, affording¢®lefins, by elucidating Method. All reported DFT calculations were p_erformed by. using
the following intriguing but not yet firmly resolved aspects: ~ the TURBOMOLE program package developed bisétaand Ahlrichs

- . and co-workera! The local exchange-correlation potential by Skter
Iyti((::L;II\)//V 22;\'/38 tfr;?n:hsfrrtrlﬁdzggwgfg:fg{g;ibIe and the cata- and Vosko et al?**was augmented with gradient-corrected functionals

for electron exchange according to Bet®and correlation according

(2) In what fashion does the oxidative coupling preferably to perde?ein a self-consistent fashion. This gradient-corrected density
take place and which of the various octadienedi" forms functional is usually termed BP86 in the literature. In recent benchmark
is generated initially? computational studies it was shown that the BP86 functional gives

(3) Which of the various configurations of the octadienediyl ~ results in excellent agreement with the best wave function-based
Ni' and the decatrienyINi" complexes are the thermodynami- Methods available today, for the class of reactions investigated-here.
cally preferred ones, respectively, and which of them act as the The applied computational methodology has furthermore been
precursor for the ethylene insertion and fory@o-oligomer demonstrated to reproduce the _total aqtlva_tlon bam:@%t) fpr nickel-
formation along the CDD- and DT-generating routes? catalyzed 1,3-butadiene cycloollgomerlz_atlon reaptlons with an accuracy

: ) ] i . of ~1—2 kcal mol* when compared with experimet#te
(4) Which of the isomeric syn or anti forms of the atyNi"

. N . : ) For all atoms a standard all-electron basis set of tripiprality for
bond of the octadienediyINi" intermediate display a higher e yalence electrons augmented with polarization functions was

proclivity to undergo ethylene insertion, and does the insertion employed for the geometry optimization and the saddle-point search.
preferably occur into thegs3- or then-allyl—Ni" bond?

(11) (a) Ahlrichs, R.; Bg M.; Haser, M.; Horn, H.; Kémel, C. Chem. Phys.

(6) (a) Jolly, P. W.; Mynott, R.; Salz, Rl. Organomet. Chenil98Q 184,
C49. (b) Jolly, P. W.; Mynott, RAdv. Organomet. Chenil981, 19, 257.

(7) Fischer, K.; Jonas, K.; Wilke, GAngew. Chem., Int. Ed. Endl973 12,
565.

(8) (a) Jolly, P. W.; Tkatchenko, I.; Wilke, GAngew. Chem., Int. Ed. Engl.
1971, 10, 329. (b) Brown, J. M.; Golding, B. T.; Smith, M. J. Chem.
Soc., Chem. Commurl971, 1240. (c) Barnett, B.; Bssemeier, B.;
Heimbach, P.; Jolly, P. W.; Kger, C.; Tkatchenko, I.; Wilke, G.
Tetrahedron Lett1972 1457.

(9) Heimbach, PAngew. Chem., Int. Ed. Engl973 12, 975.

(10) Bissemeier, B.; Jolly, P. W.; Wilke, G. Am. Chem. Sod974 64, 4726.

Lett. 1989 162 165. (b) Treutler, O.; Ahlrichs, Rl. Chem. Phys1995
102 346. (c) Eichkorn, K.; Treutler, O.;@n, H.; Haser, M.; Ahlrichs, R.
Chem. Phys. Lettl995 242 652.

(12) (a) Dirac, P. A. MProc. Cambridge Philos. Sot93Q 26, 376. (b) Slater,

J. C.Phys. Re. 1951, 81, 385. (c) Vosko, S. H.; Wilk, L.; Nussiar, M.
Can. J. Phys198Q 58, 1200. (d) Becke, A. DPhys. Re. 1988 A38
3098. (e) Perdew, J. PPhys. Re. 1986 B33 8822;Phys. Re. B 1986
34, 7406.

(13) (a) Bernardi, F.; Bottoni, A.; Calcinari, M.; Rossi, |.; Robb, M.JAPhys.

Chem.1997 101, 6310. (b) Jensen, V. R.; Barve, K. Comput. Chem.
1998 19, 947.
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s e Ni “ wnNi ,,-,p.‘*‘.@s\“

Figure 1. Stereoisomeric forms of the [Niy2-butadieneyethylene)] catalyst complekb, together with the related stereoisomers of #ig;}(C)- and
bis(7%)-octadienediyi-Ni" species?2 and4, respectively. For notation see the text.

The Wachters 14s/9p/5d $Etsupplemented by two diffuse*{s and for butadiene association, by 6.0 kcal mbl(298.15 K); thus to
one diffuse d functioH® contracted to (62111111/5111111/3111) was approximately half of the gas-phase value. This estimation agrees quite
used for nickel, and standard TZVP basis ¥&tsere used for carbon well with the findings of a recent theoretical study, where it was shown
[a 10s/6p/1d set contracted to (7111/411/1)] and for hydrogen [a 5s/1p that the entropies in solution are decreasing to nearly half of the gas-
set contracted to (311/1)]. The frequency calculations were done by phase valué? Therefore, the solvation entropy for monomer coordina-
using standard DZVP basis sétswhich consist of a 15s/9p/5d set  tion was approximated as being half of its gas-phase value, which is
contracted to (63321/531/41) for nickel, a 9s/5p/1d set contracted to considered as a reliable estimate of the entropy contribution in
(621/41/1) for carbon, and a 5s set contracted to (41) for hydrogen, for condensed phase.
DZVP-optimized structures, which differ to a marginal extent from Labeling of the Molecules.Important species of the catalytic cycle
the triple<-optimized ones. The corresponding auxiliary basis sets were were labeled with the arabic numbers given in Scheme 1. The several
used for fitting the charge densit§: stereoisomeric pathways possible for each of the individual steps were
Stationary Points. The geometry optimization and the saddle-point ~classified according to the kind of butadiene coupling to which the
search were carried out at the BP86 level of approximation by utilizing Sterecisomeric form of the precursor corresponded. The following
analytical/numerical gradients/Hessians according to standard algo-notation was applied. The butadiene coupling can occur between
rithms. No symmetry constraints were imposed in any case. The identical configurations, viz., tweis-butadienesd/c) or two trans
stationary points were identified exactly by the curvature of the butadienest(t), or between two butadienes of different configuration
potential-energy surface at these points corresponding to the eigenvalue$t/c) with either the same (denoted SF; i.e., same face) or the opposite
of the Hessian. All reported transition states possess exactly one negativédenoted OF; i.e., opposite face) enantioface of the two butadienes
Hessian eigenvalue, while all other stationary points exhibit exclusively involved. The respective stereoisomers of the active catalyst complex
positive eigenvalues. The educt and product that correspond directly are schematically depicted in Figure 1 ftiv as an example, together
to the located transition-state structure were verified by following the Wwith the related octadienediyNi" species2 and4, respectively.
reaction pathway going downhill to both sides from slightly relaxed

transition-state structures. The reaction and activation enthalpies andReSUItS and Discussion

free energiesAH, AH*, AG, and AG* at 298 K and 1 atm) were The theoretical mechanistic investigation of the catalytic co-

evaluated according to standard textbook procedusing computed  gligomerization reaction starts with the careful step-by-step

harmonic frequencies. exploration of the elementary processes outlined in Scheme 1.
The co-oligomerization reaction occurs in liquid phéséccord- This examination is aimed at enlightening the crucial features

ingly, the TAS contribution of~11-13 kcal mol™ (298.15K, 1 atm)  of each of the individual steps and to propose the most feasible
calculated for ethylene or butadiene coordination in gas phase certamlyof the various conceivable paths. From the detailed insight

does not reflect the real entropic cost for association and dissociation . .
P achieved for the critical elementary steps, a condensed mecha-

rocesses involving additional ethylene or butadiene monomers under . . . . .
P 9 ‘ nistic scheme comprised of thermodynamic and kinetic aspects

actual catalytic reaction conditiofsThe gas-phase entropies have to ; .
at least be corrected by the vaporization entropy (for instahge, = for the respective favorable pathways is presented and the

20.1 eu for butadiené}. This reduces the entropic costs, for example, Mechanistic implications for the selectivity control are eluci-
dated.
(14) (a) Wachters, A. H. JI. Chem. Phys197Q 52, 1033. (b) Hay, P. JJ. I. Exploration of Crucial Elementary Steps. A. Oxidative

Chem. Phys1977, 66, 4377. (c) Godbout, N.; Salahub, D. R.; Andzelm, i i i i i
3 Wimmer ECan. J. Chermi092 70, 560. (d) TURBOMOLE basis set Coupling of Two Butadienes Affording the Octadienediy

library. - _ Ni'" Complex. First, the several possible forms of the active
(15) l'\{';%%”a”'ev D. AStatistical Thermodynamicslarper & Row: New York, catalyst complex are investigated in order to infer the thermo-
(16) Lide, D. R.; EACRC Handbook of Chemistry and Physi¢éth ed.; CRC

Press: Boca Raton, FL, 1995. (17) Cooper, J.; Ziegler, Tinorg. Chem.2002 41, 6614.
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bis(n*-cis)-BD 1a TS[1a-4] bis(n3-anti) 4
Figure 2. Selected geometric parameters (angstroms) of the optimized structures of key species for oxidative coupling via the most feasible pathway for
n*-cis/p*-cis-butadiene coupling alongja — 4.

N2-transim?-cis-BD 1b TS[1b-2] n3-synn 1 (C),A-cis 2

Figure 3. Selected geometric parameters (angstroms) of the optimized structures of key species for oxidative coupling via the most feasible pathway for
n?-trangn?-cis-butadiene (OF) coupling alontp — 2.

Table 1. Thermodynamic Stability of the Most Favorable Isomers act to prevent the preferred trigonal planar conformation for
of the [Ni%(olefin);] 1a and [Ni*(olefin)s] 1b Complexes® the latter species. Concerning the catalytically active forms with
AHIAG? two (or more) coordinated butadienes, the formal-18igonal
isomer keal ol planar [NP(7>butadiene)ethylene)] compound, with butadiene
g;:t("{f‘ct'gg)lli g-gg-g preferably coordinated in the?-transmode, is predicted to be
bis(Zz-t-BD),ethenelb 0.00.0 prevalent. The related [R*butadienej] compound is ener-
tris(?-t-BD) 1b 1.82.0 getically unfavored by 2.0 kcal mol (AG). The other active
tris(ethene)lb —4.4-4.6 forms of la and 1b, respectively, should also occur in
E!ZEgiﬂiﬂigjﬁg.%%lﬁ _(1)';;;1'8 appreciable but smaller concentrations, as they~a&—5.8
bis(72-t-BD),;*-c-BD 1b 5158 kcal mol® higher in free energy.
7>-t-BD etheney*-c-BD 1b 2.58.7 Various paths for oxidative coupling that commence from

the different active forms ofia and 1b, respectively, were
probed. Two feasible coupling routes have been found. The bis-
dynamically favorable one, which is followed by the investiga- (17%)-butadiene form oflais the precursor for the firsta— 4

tion of their proclivity to undergo oxidative coupling. Based route, giving rise to the bigf)-octadienediyt-Ni' speciest as

aGibbs free energies are shown in italic type.

on the precedence of known olefiiNi® complexe$,” the two the directly generated coupling product (cf. Figure 2). The
butadienes can be coordinated in h®(and %52 mode for ~ formation of a new GC o-bond between two bidentate-
1a, while tris(ethylene}Ni®, tris(y2-butadiene)-Ni°, bis(@?- coordinated butadienes occurs via the productlike transition state
butadiene)(ethylene)Ni°, bis(ethylene)f?-butadiene)-Ni®, bis- TS[la—4], where the two allylic moieties are almost completely
(n?%-butadiene)f*-butadiene)-NiC, bis(ethylene){*-butadiene) preformed. The same kind of transition state is encountered
Ni%, and ¢%-butadiene)(ethylene)f-butadieneyNi° compounds ~ when starting from they%,»2-butadiene form ofla. Therefore,

are possible 16eand 18e species, respectively, dfb. The the coupling occurring between twd-butadienes alonga—

relative thermodynamic stability of the most favorable isomers 4 is favorable for all forms ofla. The second coupling route is
for each of these forms is reported in Table 1. Among the severalassisted by ethylene. Commencing from thé(i-butadieney
forms of 1a and 1b, all of which are assumed to be in (ethylene)] form oflb, the oxidative coupling proceeds via
equilibrium, the tris(ethylene)Ni® species is seen to be establishment of a new -6C bond between the terminal
favorable. This, however, is a dormant species. The higher noncoordinated carbons*@nd C of two n?-butadienes (cf.
stability of ethylene complexation relative to coordination of Figure 3), that occurs at a distance o2.2—2.3 A in the
butadiene, which, for example, amounts to 6.6 kcal TheAG) eductlike transition state T8p—2]. The 5°5(CY)-octadiene-
for tris(ethylene)-Ni® vs tris;2-trans-butadiene)-Ni° species, diyl—Ni" species? is formed as the initial coupling product.
is essentially attributed to unfavorable steric interactions, which This route is energetically preferred for all active formslLof
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Table 2. Activation Enthalpies and Free Energies and Reaction
Enthalpies and Free Energies for Oxidative Coupling of Two
n*-Butadienes along 1a — 4, with the [Ni°(;7*-butadiene),] Species
la as Precursora—d

BD coupling path

BD coupling isomer® la TS[la—4] 4
cis,cisBD bis(7*-cis-BD) bis(3-anti)
c/c-BD SF 8.02.9 26.822.6 11.97.7
c/c-BD OF 8.02.9 33.929.6 5.00.6
transcis-BD n*-transy*-cis-BD n-synns-anti
t/c-BD SF 14.58.8 54.2A9.6 7.3B8.0
t/c-BD OF 14.58.8 40.686.1

transtrans-BD bis(*-trans-BD) bis(-syn)
t/t-BD SF 15.49.8 63.258.6 2.8/-15
t/t-BD OF 15.49.8 6.11.5

aThis process is classified according to the kind of butadiene coupling
involved. The relationship between the butadiene coupling and the stereo-
isomers of4 is explicitly given.? Total barriers and reaction energies are
relative to the most stable isomer of the {(§?-butadiene)ethylene)] active
catalyst speciedb, namely, [NP(y2-trans-butadieneyethylene)].c Acti-
vation enthalpies and free energi@dH/AG*) and reaction enthalpies and
free energiesAH/AG) are given in kilocalories per mole; numbers in italic
type are the Gibbs free energi€sThe lowest barrier for the individual
stereochemical pathway is shown in boldface tyjfeee the text section
Labeling of the Molecules.

Table 3. Activation Enthalpies and Free Energies and Reaction
Enthalpies and Free Energies for Oxidative Coupling of Two
n?-Butadienes along 1b — 2, with the [Ni°(;2-butadiene),-
(ethylene)] Species 1b as Precursora—¢

BD coupling path

BD coupling isomer® 1b TS[1b-2] 2
cis,cis-BD bis(?-cis-BD) n3-anti,n(CY),A-cis
c/c-BD SF 5.04.4 15.817.7 —-1.70.9
c/c-BD OF 6.456.9 25.5P7.0 3.35.9
transcis-BD n?-transy2-cis-BD n3-syny(Ch),A-cis
t/c-BD SF 3.02.6 18.1/19.6 0.02.6
t/c-BD OF 3.38.0 10.7A2.8 —2.7~0.1
transtransBD  bis(y?-trans-BD) n3-synn(Ch),A-trans
t/t-BD SF 0.00.0 13.445.5 9.712.4
t/t-BD OF 1.00.5 16.6/18.3 14.917.5

aThis process is classified according to the kind of butadiene coupling
involved. The relationship between the butadiene coupling and the stereo-
isomers of2 is explicitly given.? Total barriers and reaction energies are
relative to the most stable isomer of the {(§?-butadiene)ethylene)] active
catalyst speciedb, namely, [NP(2-trans-butadiene)ethylene)].c Acti-
vation enthalpies and free energi@dH/AG*) and reaction enthalpies and
free energiesAH/AG) are given in kilocalories per mole; numbers in italic
type are the Gibbs free energi€she lowest barrier for the individual
stereochemical pathway is shown in boldface tyfjfeee the text section
Labeling of the Molecules.

since they* n?-butadiene isomers dfb are found to approach
the corresponding bigf)-butadiene isomers in the vicinity of
the transition state.

The energetics of the oxidative coupling is primarily deter-
mined by the configuration and the enantioface of the two

reacting butadiene moieties (Tables 2 and 3). Identical stereo-

chemical pathways are found to be kinetically preferred along
la— 4 and1b— 2 for coupling ofc/c-butadiene (SF coupling),
t/t-butadiene (SF coupling), an¢c-butadiene (OF coupling).
For thela— 4 route, the thermodynamically most stable bis-
(7*-cis) isomer is also seen to be kinetically preferred by the
overall lowest total barrier of 22.6 kcal mdl(AG* relative to

1b, Table 2), while thd/c- andt/t-butadiene coupling require
significantly higher barriers. Thus, these stereochemical path-
ways are almost entirely precluded and thespis(nti) isomer

of 4 would be exclusively formed along this route. The coupling

264 J. AM. CHEM. SOC. = VOL. 126, NO. 1, 2004

of t/c-n?-butadiene (OF coupling) is favorable alothg — 2
among the several stereochemical pathways, both kinetically
by the overall lowest barrier of 12.8 kcal mél(AG¥, Table

3), and also thermodynamically by the formation of the most
stable#3-syny!(Cl),A-cis isomer of2. The coupling of two
trans-butadienes, which requires a slightly higher activation
barrier AG* = 15.5 kcal mot?, Table 3), however, is a less
likely process, since the highly strained, energetically disfavored
73, 74(Ch),A-transcoupling species would immediately undergo
the more facile reverse reductive decouplihg> 1b process.
Furthermore, formation of thg3-anti,;(C"),A-cis isomer of2
(c/c-butadiene coupling) is seen to be kinetically disabled by
an activation barrier that is 4.9 kcal mél(AAG*, Table 3)
higher, compared to the favoratile-butadiene (OF) coupling.

Comparison of the kinetics for the most feasible stereo-
chemical pathways of the alternatita— 4 and1b — 2 routes
clearly shows that the octadienediMi" complex is preferably
generated via the ethylene-assisted coupling of hfbuta-
dienes alondlb — 2. Thus, the thermodynamically favorable
[Ni%(»2-butadiene)ethylene)] form oflb also represents the
catalytically active species for oxidative coupling. The '[Ni
(n3-synn*(Ch),A-cis-octadienediyl)(ethylene)] specieg is
almost exclusively forméd in a nearly thermoneutral process
that requires a moderate activation barridGf = 12.8 kcal
mol~1), which indicates the oxidative coupling as a facile,
reversible step. It should be noted that the ethylene- as well as
then?-butadiene-assistekb — 2 process has an almost identical
intrinsic free-energy barrier (12.8 vs 12.6 kcal migi relative
to the [NP(n3-transbutadiene)ethylene)] and [Ni(n?-trans
butadienej precursors, respectively), but the #i2-butadieney
(ethylene)] form is prevalent (vide supra).

B. Allylic Conversion Processes Occurring in the Octa-
dienediyl-Ni"" Complex. The interconversion between the
various configurations, viz., thg®;! specie2 and 3 and the
bis@;°) speciest, as well as between the several stereocisomers
of the octadienediytNi" complex may play a crucial role in
the catalytic reaction course. Commencing from the initially
generated;3-syniy(C'),A-cis specie<, the subsequent genera-
tion of the decatrienytNi"' complex can proceed wit, 3, or
4 acting as the precursor. Furthermore, an isomer different from
the t/c-butadiene OF coupling stereoisomer (cf. Table 3) can
be involved along the most feasible pathway of this process.
Therefore, provided that allylic conversion is kinetically im-
peded, several of the stereochemical pathways for formation of
the decatrienytNi" complex would be disabled due to the
negligible population of the corresponding precursor species.

The various octadienediyNi" configurations2—4 are likely
to readily undergo mutual conversion for identical stereoiso-
mersl® Syn—anti isomerization as well as enantioface conver-
sion of the terminal allylic groups are the most likely processes
for interconverting different stereoisomeric forms. The transi-
tion-state structures encountered along the most feasible pathway
for each of the two processes, respectively, are displayed in
Figure 4 and the energetics of all investigated stereochemical
pathways are collected in Table 4. The conversion of the allylic

(18) It should be noted that the samfe;!(CY)-octadienediyt-Ni" stereoisomer
has been unequivocally established as the initially formed coupling product
for the PR/P(OR)-stabilized [NP(;7?-butadiene).] complex, which actively
catalyzes the formation of gycloolefins (refs 3e, 6a, and 8).

(19) A facile rearrangement between different configurations has been observed
by NMR for the PR/P(OR}-stabilized octadienediyiNi" complex (ref
3e).



Co-oligomerization of 1,3-Butadiene and Ethylene

ARTICLES

/. UB 1 51
NES
N

¢

$(C°C°C'Ch =50.7°

N3-syn 1 (CH,A-cis TSErc[2]  n-synn1(C?) TSis0[3]

Figure 4. Selected geometric parameters (angstroms) of the optimized
syny}(Ch transition-state structure E&{2] for allylic enantioface conver-
sion and of the optimized rotationaf-syn»,*(C?) transition-state structure
TSiso[3] for allylic isomerization to occur in the [N{octadienediyl)-
(ethylene)] complex.

Table 4. Activation Enthalpies and Free Energies for Allylic
Isomerization via TSiso[3] with the [Ni'(33,171(C3)-octadienediyl)-
(ethylene)] Species 3 as Direct Precursor (top) and for Allylic
Enantioface Conversion Occurring in the [Ni'(33,7%(CY)-
octadienediyl)(ethylene)] Species 2 (below)2~¢

Allylic Isomerization

isomer of 3¢ f isomer of 3¢ f TSiso[3]
ne-anti,n(C%)-syn = pianti,n(C¥-anti
[n3-anti,n*(CY),A-trang [#7%-anti,*(CY),A-cis]
c/t-BD SF c/c-BD OF 19.319.2
c/t-BD OF c/lc-BD SF 14.814.7
n*-syniy'(C¥)-anti = 7Psyny}(CY)-syn
[7%-syni'(Ch),A-cis] [7%-syny*(CY),A-trang
t/c-BD SF t/t-BD OF 9.2P.8
t/c-BD OF t/t-BD SF 11.911.8
Allylic Enantioface Conversion
isomer of 2 isomer of 2 TSerc[2]
n3-synin}(Ch),A-cis = n3-synn(Ch),A-cis
t/c-BD SF t/c-BD OF 10.140.7
n3-anti,n(CY),A-cis = n3-anti,n(CY),A-cis
c/c-BD SF c/c-BD OF 12.312.6

aThis process is classified according to the butadiene coupling stereo-
isomers involved. The relationship between the butadiene coupling, and
the stereoisomers @and3 is explicitly given.? Total barriers are relative
to the prevalent isomer & namely, [NI'(573-synn*(C"),A-cis-octadiene-
diyl)(ethylene)].c Activation enthalpies and free energieSH*/AG*) are
given in kilocalories per mole; numbers in italic type are the Gibbs free
energiesd The lowest barrier of the individual stereochemical pathway is
shown in boldface type® Corresponding stereoisomer &fis given in
bracketsf See the text section Labeling of the Molecules for the BD
coupling isomers listed.

enantioface was found to preferably proceed viarthe(CY)-
octadienediyt-Ni" transition state TSd?2]. In accordance with
evidence provided from both experimeitgtand theoretica?
studies, allylic isomerization is most likely to occur via the
7°,1(C%-octadienediyt-Ni" transition state TSo[3], which
constitutes the internal rotation of the vinyl group around the
formal C2—C3 single bond. Neither T&d2] nor TSso[3] is
found to be stabilized by coordination of an additional ethylene
or butadiene monomer at the enthalpic surfad); Therefore,

it must be concluded that incoming monomers do not serve to

accelerate the allylic conversion processes, and hence, additional
monomers are not likely to participate in these processes.

The allylic enantioface conversion is indicated to be a facile
process that is connected with similar free-energy barriers of
10.7 and 12.6 kcal mot for t/c-butadiene and/c-butadiene
coupling stereoisomers, respectively (cf. Table 4). For allylic
isomerization, however, the kinetics are found to be quite
different for pathways that involve3-syny(C®) isomers (i.e.,
conversion betweetyc-butadiene and/t-butadiene coupling
products) and;3-anti,(C8) isomers (i.e., conversion between
c/t-butadiene and/c-butadiene coupling product®) The first
conversion has a moderate total barrier of-918.8 kcal mot?
(AGHq, relative to the predominantly generaigdsyny(CY),A-
cis,-octadienediyt-Ni' species alongb — 2, cf. Table 4), while
the second stereochemical pathway requires a lowest barrier that
is 4.9 kcal mot?! higher AAG*y). This different behavior is
almost entirely attributed to the lower thermodynamic stability
of n3-anti,n(C3) relative ton3-syny(C®) isomers of the direct
precursor3. Notably, both forms display comparable intrinsic
reactivities, as indicated by similar intrinsic barriers-e7.5
kcal mol! (AGHyy, relative to the corresponding stereoisomer
of 3).

With the prevalent;®,5%(C?),A-cis,-octadienediyt-Ni' species
2 (where the two SF/OF stereoisomers are readily interconverted
via facile allylic enantioface conversion, vide supra) as the
starting point, a smooth conversion takes place into the
t/t-butadiene coupling isomera Gy = 9.8 kcal mot?). These
species, however, are not likely to occur in significant stationary
concentrations, as they undergo reductive decougding 1b
readily (cf. section 1A). The isomerization intdc-butadiene
coupling products is seen to be kinetically more difficllGFo;
= 14.7 kcal mot?).23

C. Ethylene Insertion into the Allyl—Ni" Bond of the
Octadienediyl-Ni" Complex. The decatrienytNi' complex
can be generated following different paths for ethylene insertion
into the Ni=C bond of the terminal allylic groups of the
octadienediyl-Ni" complex, with the;3,* configurations2 and
3 and the bisg3) configuration4 imaginable as precursors.
Having probed various paths, the most favorable transition state
located, in general, is characterized by a quasi-planar four-
membered cis arrangement of the-\& bond, the ethylene,
and the nickel atom. With thg®»%(Ch) species2 acting as
precursor, ethylene can be inserted into eitherstheor the
n(CYH-allyl=Ni" bond. For both paths, a square-planar (SP)
transition-state structure is encountered along the minimum
energy pathway, in which ethylene resides in a square-planar
conformation together with thg3- and »*(CYH-allylic groups.
A similar SP transition-state structure is also involved along
the path for ethylene insertion into tigé-allyl—Ni" bond that
starts from the;3,7(C®) species3. Furthermore, the alternative
path that involves the bigf) speciesA has been investigated.
Commencing from several stereoisomers of the weakly bound
square-pyramidal [N{bis(;°)-octadienediyl)(ethylene)] ethylene
adduct 4E, in which ethylene adopts the axial position,
inspection of the reaction path in a linear transit appréhch

(20) Lukas, J.; van Leeuwen, P. W. N. M.; Volger, H. C.; Kouwenhoven, A. P.
J. Organomet. Chenl973 47, 153.

(21) (a) Faller, J. W.; Thomsen, M. E.; Mattina, M.JJAm. Chem. Sod971
93, 2642. (b) Vrieze, K. Fluxional Allyl Complexes. I[Bynamic Nuclear
Magnetic Resonance Spectroscopgckman, L. M., Cotton, F. A., Eds.;
Academic Press: New York, 1975.

(22) Tobisch, S.; Taube, ROrganometallics1999 18, 3045.

(23) Ther3-synn!(C3) (t/c-butadiene coupling) angf-anti,n(C3) (c/t-butadiene
coupling) isomers are connected by a fagjfesynni-anti = »3-antin’-
synconversion. Linear transit calculations revealed no significant barrier
for the process, thereby indicating that the intramolecyfay! = »/n°
shift proceeds readily.

(24) In the linear transit approach, the distance between the two carbon atoms
of the newly formed € C o-bond was chosen as the reaction coordinate.
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n3-.?}-'.f': N I(C 1Y, A-cis 2 TS[2-5] ng-mzri,n I A-trans 5

Figure 5. Selected geometric parameters (angstroms) of the optimized structures of key species for the feasible ethylene insertmyminteatlyt—Ni'
bond along2 — 5.

Eablge I5-_ Acti\éalt:ion EgthalpiESfanté Er?e Er:ergie_s and Reﬁction as the favorable one of the two alternative paths, on kinetic
nt alpies an ree energies 1or t ylene nsertion into the H

7-Allyl—Nil Bond and the »1(C1)-Allyi—Ni' Bond of the grounds. Eor all the _several st_ereochemlcal pat_hways_, except
Octadienediyl—Ni! Intermediate 2 along 2 — 53 for those witht/t-butadiene coupling octadienediyNi' species,

lower free-energy barriers are calculated for formation of the

ethene insertion path® : ) )
decatrieny-Ni" complex, with2 as the precursor. The prefer-

BD coupling isomer’ 2 TS[2-5] 5 . R . .

. - - - - - ence oft/t-butadiene coupling species to follow the alternative
ethene intanti-y3-allyl  73-anti,*(CY),A-cis n3-anti,yt,A-cis . fi thi inlv attributed to th f ble steric strai
/c-BD SE 1010 19.300.8 10 9117 insertion path is mainly attributed to the unfavorable steric strain
clc-BD OF 6.06.0 19.821.3  -5.3/-3.7 associated withy3-syny(CY),A-trans isomers, which is less
ethene intesynP-allyl  y3-syny'(CY),A-cis pe-antiylA-trans severe for the corresponding-syn,*(C%)-synspecies. It should
zc-gg g'; (2)-(7)5-(7) ﬁ-gﬁg-g —12-2/;1-:5 be noted, however, that these isomers (first) do not occur in

C- .00. . . —12. . . . .

P-syrny{CY) A-trans yP-syrL A-trans appr'ecw;.lble concentration (vide sgpra) and .(second) would .also
t/t-BD SF 12.512.5 21.72.3 —15.2/-13.2 be kinetically precluded from feasible insertion pathways (vide
tt-BD OF 17.617.6 26.226.8  —11.7-9.9 infra). This leads to the conclusion that these species are not
ethene intanti-y*-allyl  »%antiy*(C?),A-cis i3-anti, 7!, A-cis likely to play any role in the catalytic reaction course.
clc-BD SF 1.01.0 21.923.0 10.911.7 . . : . .
¢/c-BD OF 6.06.0 296B0.2  —53-3.7 The careful inspection of the various insertion paths revealed

i i 3,13 i
ethene intayny-allyl  75-synyi(CY),A-cis P-synyLA-cis that both the bisf®) speciesiE and ther**(C’) species3 are
t/c-BD SF 2.72.7 22,4235  —7.7-5.7 precluded from the energetically most favorable path for
t/e-BD OF 0.00.0 18.509.7  —5.9/4.1 ethylene insertion. Furthermore, for the operating path that
n3-synn*(Ch),A-trans n3-synnl,A-trans fron®. the n3-allvi—Ni" bond displ high
t/t-BD SF 12512.5 217223  —15.2-13.2 commences fron2, the »>-allyl=NI" bond displays a higher
t/t-BD OF 17.617.6 26.226.8  —11.7-9.9 aptitude for ethylene insertion when compared withitHE?)-

_ ) N _ _ _ allyl—Ni" bond. This becomes evident from the fact that for
aThis process is classified according to the butadiene coupling stereo-

isomers involved. The relationship between the butadiene coupling and theld_(:l"lntlcal S_tereOIS_OmerS the barrier for insertion 'ntoﬁhal_lyl_ .
stereoisomers a2 and5 is explicitly given.? Total barriers and reaction ~ Ni' bond is predicted to always be lower than that for insertion

energies are relative to the prevalent isomer 2ofnamely, [NI'(y%- into the y}(CY)-allyl—Ni" bond (cf. Table 5).
synn'(CY),A-cis-octadienediyl)(ethylene)F. Activation enthalpies and free . . . .
energies AH*AG*) and reaction enthalpies and free energitsl/AG) The formation of the decatrienyNi" complex is seen to

are given in kilocalories per mole; numbers in italic type are the Gibbs preferably proceed by ethylene insertion into tf¥eallyl —Ni"
free energies? The lowest barrier of the individual stereochemical pathway . L

is shown in boldface type.Ethene insertion path: ethene inamti-73- b_ond of2 via a SP transition state 1'2?5[—5] that occurs at_ a
allyl, for example, denotes ethylene insertion into trei-;3-allyl—Ni" distance of~1.8—1.9 A for the emerging €C o-bond. This

bond in2. f See the text section Labeling of the Molecules. leads to the [Ni(;735%,A-decatrienyl)] specie$ as the kinetic
revealed a smooti® — 5 allylic rearrangement, in the vicinity insertion product, which _reprgsents_ the _thermodyr_lamically
of the transition state, of the group that is not directly involved favorable one of the depatner—rylm" configurations5—7. Figure
in the process. The systems always approach the SP transition® Shows the key species for t@e— 5 step, the energetics of
state structure discussed above that corresponds to the ethylenVé/h'Ch are collected in Table 5 for all investigated stereoisomeric
insertion into they3-allyl—Ni" bond of2.25 Accordingly, bis- pathways.
(n®)-octadienediyt-Ni" species do not participate along the Among the several stereoisomers )fthe predominantly
energetically preferable ethylene insertion path. generatedy®-syn;}(C*),A-cis speciest{c-butadiene OF coupling
Having excluded the path that starts frdi as a viable one,  alonglb — 2) is also seen to be the most reactive. Pathways
the two insertion paths witB and3 as precursors are analyzed with both OF and SF coupling sterecisomers, which are readily
next. The energetic profiles are collected in Tables 5 and S1 interconverted through smooth allylic enantioface conversion
(cf. Supporting Information), respectively. Inspection of the (cf. section IB), are indicated to be feasible. An activation energy
barriers associated with ethylene insertion into tieallyl— of 13.3 and 15.8 kcal mot (AG¥) has to be overcome, affording
Ni" bond of2 and3 clearly predicts the path that starts fr@mn thess-anti,pt,A-transisomer of5, in a process that is exergonic
by —10.5 and—7.0 kcal mot?, respectively. The pathway with

(25) The transition state that directly conned& with the decatrieny+Ni" _ i i i i
complex could not be located. It is, however, expected at significantly higher the UC_bUIadlene OF COUp“ng _Steremsomer 1S preferable on
energies when compared to PS{5]. both kinetic and thermodynamic grounds. On the other hand,
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Table 6. Activation Enthalpies and Free Energies and Reaction
Enthalpies and Free Energies for Reductive Elimination under
CC—Bond Formation Affording CDD along 5 — 829

CDD-generating path

BD coupling
isomer® 5 TS[5-8] 8
cis,cisCDD n3-anti,nl,A-cis ciscis-CDD
c/c-BD SF 23.522.3 53.853.9 32.9B3.2
c/c-BD OF 7.26.8 23.4R24.3 7.6/7.9
cistransCDD n3-anti,y’,A-trans cistransCDD
t/c-BD SF 3.98.5 25.226.6 17.718.5
t/c-BD OF 0.00.0 26.627.9 15.216.1
n3-synnt,A-cis cistransCDD
t/c-BD SF 4.94.8 32.683.7 17.718.5
t/c-BD OF 6.76.4 31.883.0 15.216.1
transtransCDD  #3-synnl,A-trans transtrans-CDD
t/t-BD SF -2.6/2.7 34.084.8 28.929.6
t/t-BD OF 0.80.6 37.288.1 31.081.5
BD coupling cis,trans-CDD ethylene-assisted pathway"
isomer® 5E TS[5E-8E] 8E
t/c-BD SF —2.5B.9 151/218 —17.2-10.7
t/c-BD OF —0.75.3 135/20.1 —16.9~10.3

aThis process is classified according to the butadiene coupling stereo-
isomers involved. The relationship between the butadiene coupling, the

stereoisomers d, and the CDD stereoisomers formed is explicitly given.

with similar moderate activation barriers. This leads to the
conclusion that octadienediyNi" species are less likely to be
isolable in the catalytic co-oligomerization reaction.

D. Allylic Isomerization Processes Occurring in the
Decatrienyl—Ni" Complex. Similar to the octadienediyINi"
complex, the various decatrierylNi" configurations5—7 are
likely to be in a kinetically mobile equilibrium. The3-z-allyl
form 5, which is stabilized by the coordinated olefinic double
bond, is prevalent, whil& and 7 with a '-o-allyl group are
found to be thermodynamically disfavored. Having clarified that
decatrieny-Ni" isomers with a trans double bond are almost
exclusively formed alon@ — 5, the interconversion between
the prevalenanti-n3-allyl form and itssyn#3-allyl congener is
investigated next. The activation barriers for this process are
collected in Table S2 of the Supporting Information.

The allylic isomerization in the decatrieryNi" complex has
been found to require assistance from additional monomers,
which serve to compensate for the decrease of the coordination
number of the nickel atom accompanied with gfe— »(C®)
allylic rearrangement. For the nonassisted process, an unrealistic
energetic profile results with an artificially stabilized(C?)-
allylic transition state that is caused by the lack of coordinative

b Total barriers and reaction energies are relative to the prevalent isomer of Saturation. Anti-syn isomerization of they3-anti,y*,A-trans-

5, namely, [NI'(3-anti,n%,A-trans-decatrienyl)].¢ Activation enthalpies and
free energiesAH*/AG") and reaction enthalpies and free energitsi/
AG) are given in kilocalories per mole; numbers in italic type are the Gibbs
free energies? The lowest barrier of the individual stereochemical pathway
is shown in boldface typ€.See the text section Labeling of the Molecules.

f Total barriers and reaction energies for the ethylene-assisted path are give

relative to{ [Ni" (;73-anti,y%,A-trans-decatrienyl)] isomer o6 + C,Ha}.

ethylene insertion into thanti-»3-allyl—Ni" bond of thex?3-
anti,n*(C%),A-cis isomer of2 (c/c-butadiene coupling species)
is kinetically impeded due to distinctly higher activation barriers
(AAGF > 7 kcal molL, cf. Table 5). As a consequence, the
ne-anti,nt,A-trans isomer of the decatrienyiNi" complex is
generated nearly exclusively alo@g— 5, while the formation

of 13, y%,A-cis-decatrienytNi" species should be almost entirely

decatrienyt-Ni'" species via a(C8)-allyl rotational transition
state requires a significant total barrier of 27.0 and 29.7 kcal
mol~1 (AG¥ for the two stereoisomers, relative to the prevalent
n-anti,nt,A-trans-decatrienyt-Ni" isomer of5, cf. Table S2),

"or the process that is assisted by ethylene. This indicates the

isomerization of the terminal allylic group of the decatrienyl
Ni" complex to be a kinetically difficult process, which is likely
to be impeded relative to the decatrieai" complex decom-
position. The comparison of the energetics for these processes,
which is investigated next, will clarify this aspect.

E. Formation of the Ci0—Co-oligomers. At this stage of
our systematic theoretical mechanistic study the competing
routes for generation of linear and cyclici&blefins are

precluded, mainly due to kinetic considerations. Thermodynamic investigated. Exploration of several paths for each of the two
grounds are seen to prevent occurrence of these species as welfoutes, which commence from the various decatrieiNil'

The 53-anti,n*(CY),A-cis precursor2 is likely to be sparsely

populated, since the compulsory allylic isomerizatidGf;o;

= 14.7 kcal mot?, cf. section IB) is indicated to be slower

than the competitive ethylene insertiahG* = 13.3 kcal mot?).
The possible participation of additional monomers al@ng

— 5 has been explicitly probed by the location of trigonal-

bipyramidal [NI'(octadienediyl)(ethyleng))transition states for

configurations5—7, clearly revealed that the?,5*,A-transform

5 acts as the precursor for the CDD and DT generating routes.
1. Formation of CDD. Formation of CDD proceeds along

the most feasible path by establishing of aCo-bond between

the terminal unsubstituted carbons of #¥eallylic (C1) and the

alkyl group (G9 in 5 that affords the [N{(CDD)] product

complex8. The key species for generation of the 10-membered

several of the stereochemical pathways. In neither case doeging via reductive elimination alon§g— 8 are shown in Figure

additional ethylene serve to stabilize BS{5]; for instance, the

6 and the energetics for all investigated stereochemical pathways

transition states of the favorable stereochemical pathways areare reported in Table 6. The transition state 5~S§], which

found to be 6.5 and 10.0 kcal mdlhigher in enthalpy relative
to {TS[2—5] + C.,Hg4}. From this, it can be concluded that
incoming monomers are not likely to assist the decatrienyl
Ni" formation along2 — 5.

Identical stereoisomerg¢-butadiene OF coupling) are found
to participate along the most feasible pathways for oxidative
coupling and ethylene insertion. Accordingly, allylic conversion
in the octadienediytNi" complex is not necessary along the
catalytic reaction course. Furthermore, the octadienediy!

occurs at a distance 6f1.9-2.1 A of the newly formed bond,
is characterized by a substantj@allyl — vinyl transformation,
such that the CDD product is already essentially formed. Thus
TS[5—8] appears productlike and decays into the formal14e
species8 where CDD is coordinated to Nby its two double
bonds.

The energetic profile (cf. Table 6) revealed the pathway with
thens3-anti,n!,A-cis-decatrieny-Ni" isomer ¢/c-butadiene OF
coupling) involved as the most feasible among all of the

complex is indicated as a highly reactive intermediate occurring stereochemical pathways. After surmounting a barrier of 24.3
in low stationary concentrations, since the generating oxidative kcal mol* (AG¥) this would give rise to theis,cis-CDD—Ni°
coupling and the consuming insertion processes are connectegroduct8. This pathway, however, is rendered inoperable, since
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n3-antin! A-trans 5 TS[5-8] Ni‘e,--CDD) 8

ethylene-assisted path

n3-antin!,A-trans SE TS[5E-SE] Nif(c,--CDD) 8E
Figure 6. Top: Selected geometric parameters (angstroms) of the optimized structures of key species for reductive eliminationcigfoatiaGDD via
the most feasible of the accessible stereochemical pathways ateng. Bottom: Corresponding key species for the ethylene-assisted process.
the generation of thg3,*,A-cis precursors has been shown  ethylene. Table 6 contains the energetics fordisgransCDD
to be almost entirely precluded (cf. section IC). Among the generating pathway and Figure 6 shows the corresponding key
accessible pathways witf?,7,A-trans-decatrienyt-Ni" isomers species, on which we will exclusively focus here. The data for

participating, the pathway with the prevalegtanti,;*,A-trans all the several stereochemical pathways are included in the
species is predicted to be favorable, on both kinetic and Supporting Information (cf. Table S3). The incoming monomer
thermodynamic grounds. This gives risedis,transsCDD as has to compete for coordination with the coordinated olefinic
the preferable g-olefin along5 — 8 that is generated in an  double bond of the ¢ chain. In the formally 16e square-
endergonic processAG = 18.5 and 16.1 kcal mot) with a planars3-antit,A-trans speciesb, additional ethylene shows

similar free energy of activation of 26.6 and 27.9 kcal Mol  atendency to form stable square-pyramidal'[¥#,71,A-trans
for the two SF and OF coupling stereoisomers, respectively. decatrienyl)(ethylene)] adductE, with ethylene adopting a
This barrier is seen to be in the same range as that predictedposition in the equatorial plane. The small enthalpic stabilization
for allylic isomerization of the prevaleng3-anti,;*,A-trans of 5E, however, does not seem to be large enough to compensate
species (cf. section ID), thereby suggesting that the probability for the decrease in entropy associated with ethylene complex-
of the two processes occurring should be similar. Accordingly, ation. In contrast, both TS{-8] and8 are found to be stabilized
thetranstrans-CDD generating pathway with thg-synnt,A- to a considerable extent by monomer coordination. The total
transprecursos becomes accessible. Formatiortrainstrans free-energy barrier (relative to the separated prevaignt
CDD, however, is clearly indicated to be kinetically unfeasible anti,z!,A-trans isomer of5 and the olefin) is reduced to 20.1
due to a barrier that is'8 kcal mol ! higher AAG"). This leads and 21.3 kcal mott for the favorablesis,transCDD generating
to the following conclusions: (firstistransCDD is the pathway, which is now predicted to be exergonic, driven by a
preferably generated cyclic;&olefin along theb — 8 path that thermodynamic force of-10.3 and—8.9 kcal mof! (AG) for
is (second) nearly exclusively formed among the different the process assisted by ethylene afdrans-butadiene, respec-
isomers, since all the other competing stereochemical pathwaystively. Thus, ethylene is indicated to serve preferably to facilitate
are almost entirely precluded due to kinetic and/or thermody- the cistranssCDD generating pathway, kinetically as well as
namic considerations. Furthermore, (third) isomerization of the thermodynamically, and is therefore likely to assist she- 8
terminal allylic group of the decatrienyNi'" complex is not route.Cis,transCDD is liberated fron8E through subsequent,
necessary along the reaction course. consecutive substitution steps with butadiene in an overall
As already indicated by the strong endergonicity of the exergonic processAH/AG = —9.2/—3.9 kcal mot?), which
reductive elimination, a process that formally goes along with regenerates the active catalyist
a reduction of the coordination number on nickel, additional 2. Formation of DT. Starting from the decatrienyINi"
monomers are likely to participate via tfse— 8 route. This complex, the formation dfis- andtrans-DT requires the transfer
has been probed explicitly for the process that is assisted byof a hydrogen atom from the alkyl end-{ of the C carbon)
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TS[9-10] Ni'(t-DT) 10

Figure 7. Selected geometric parameters (angstroms) of the optimized structures of key specieg-drabstractiorb — 9 and reductive CH-elimination
9 — 10 steps affordingransDT via the most feasible of the accessible stereochemical pathways along the Bverdld process.

to the allylic end (substituted%&arbon) of the @ chain (cf. confirmed to be a minimum. Both TSf9] and 9 display great
Figure 7). The probing of several reaction paths revealed thatstructural similarity. Going further along the reaction path,
the favorable path, analogous to the findings in the previous TS[9—10] for reductive CH elimination is encountered at a
section, starts from the®»!,A-transspecies, which represents  distance of~1.8—-1.9 A of the new G-H bond, giving rise to

the precursor for production of both cyclic and lineag-Co- the [Ni°(DT)] complex10. After the hydrogen transfer alortg
oligomers?® Furthermore, even an extensive search provided — 10 succeeded with the creation of two new double bonds,
no indication of the existence of a viable concerted reaction the inner-lying double bond becomes recoordinated to the nickel

path that excludes the intermediacy of the hydridld" species  atom; thus DT is coordinated by all its three double bonds to
9. Thus, the5 — 9 — 10 sequence of steps represents the pjckel in the formal 16e product10.

preferred path for DT generation that comprises the subsequent
p-H abstractionrs — 9 and reductive CH eliminatio@ — 10
steps with the intervening hydriddNi" species 9. The
corresponding localized key species are shown in Figure 7.
The hydrogen transfer preferably occurs coplanar tajfhe
allyl and the alkyl groups of the {g chain, with the shifted
hydrogen atom residing in square-planar conformation together

with the two groups. The process is accompanied with the ) ) .
displacement of the inner-lying olefinic double bond, which is are connected with thg-H abstraction and the reductive CH

coordinated ir6, from the immediate proximity of the nickel ~ €limination, which amount to 20.0 and 18.7 kcal malAG?),
atom by the shifted hydrogen atom. The SP transition state TS-TéSPectively, for the most feasible of the accessible stereo-
[5—9] for the first3-H abstraction step is reached at the distance chemical pathways with the prevaleyftanti,;*,A-trans species

of ~1.65-1.75 A of the vanishing &H? bond and exhibits a  ° (/c-butadiene OF coupling) participating. This leadsrems-
hydrido—nickel bond (1.49 A) that is almost completely DT in an overall process that is exergonic by.4 kcal mot™.
established already, together with an emerging olefinic double The intervening hydrideNi'" speciesd is separated by a free-
bond on the alkyl terminus of the;gchain. TSp—9] decays energy barrier of 2.7 and 1.4 kcal mélfrom the educt and
into the stable SP hydrideNi'" intermediate9, which is product sides. This indicatésas a highly reactive metastable

intermediate that should be present only in negligible stationary

(26) Whether then'(C8)-o-decatrieny-Ni'" species7 is involved along a i
practicable path for DT formation or not has been explicitly tested. The concentrations.

Table 7 reports the energetics for all accessible stereochemical
pathways, namely, that with thg3,,A-trans isomers of5
participating, on which the discussion is concentrated. The
energetic profile for all stereochemical pathways is included in
the Supporting Information (cf. Table S4). Tbe— 10 route

for DT production, which occurs in two consecutive steps,
exhibits a double valley profile. Very similar activation barriers

coordinatively unsaturatedis found to readily undergg*(C®) — »° allylic From the moderate barriers for this preferrgdnsDT
conversion, giving rise to the same key species that appear for the process . . .
commencing fron®. Coordinative stabilization o by ethylene complex- generating pathway, it can be concluded that the alternative

ation, however, leads to an alternative but energetically disfavored reaction i3 1AL P P
path. Accordingly,7 is precluded from the energetically most favorable transDT pathway viar*-syny - A-trans isomers of5 is not

path for DT formation. reachable, due to the kinetically difficult (7.0 kcal mbhigher
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Table 7. Activation Enthalpies and Free Energies and Reaction
Enthalpies and Free Energies for 5-H Abstraction and Subsequent
Reductive CH Elimination Affording DT along 5 — 9 — 1029

DT-generating path

BD coupling

isomer® 5 TS[5-9] 9 TS[9-10] 10
transDT  #3-anti,p,A-trans transDT
t/c-BD SF 3.98.5 21.320.7 21.220.0 21.921.2 —6.0/—-6.7
t/c-BD OF 0.00.0 20.420.0 18.2A7.3 19.118.7 —6.6/-7.4
transDT  #5%-synpl,A-trans transDT
t/t-BD SF —2.61-2.7 25.224.8 22.6P1.5 23.322.8 —8.9/-9.4
t/t-BD OF 0.80.6 28.928.3 26.925.7 27.6R7.1 —5.8/-6.5

trans-DT ethylene-assisted pathway'

BD coupling

isomere 5E TS[5E-9E] 9E TS[9E-10E]
t/c-BD SF —2.5B.9 24.2B80.1 21.727.2 22.728.6
t/c-BD OF -0.75.3 24.3B80.0 21.3R26.7 22.628.5

aThis process is classified according to the butadiene coupling stereo-

Il. Theoretically Verified and Refined Catalytic Cycle. A.
Free-Energy Profile. On the basis of the careful theoretical
exploration of important elementary processes of the tentative
catalytic cycle, reported in previous sections, we now present
the free-energy profile (cf. Scheme 2) of the complete reaction
course for the co-oligomerization of 1,3-butadiene and ethylene
mediated by zerovalent bare nickel complexes. It consists of
the most feasible path for individual elementary steps.

The formal 16g trigonal planar [Ni(%-butadiene)ethylene)]
speciedlb is the prevalent form of the active catalyst, with the
bis@2-trans) isomers being most stable, which also represents
the catalytically active form for oxidative coupling. Oxidative
coupling is preferably to proceed via establishment of-a0C
o-bond between the terminal noncoordinated carbons of the two
n?-butadienes, giving rise to the [Niz%,7%(C"),A,-octadiene-
diyl)(ethylene)] specie as the initial product along the

isomers involved. The relationship between the butadiene coupling, the €thylene-assistetb — 2 path. The most feasible pathway occurs

stereoisomers 05, and the DT stereoisomers formed is explicitly given.

b Total barriers and reaction energies are relative to the prevalent isomer o

5, namely, [NI'(s73-anti,n%, A-trans-decatrienyl)].¢ Activation enthalpies and
free energiesAH*/AG") and reaction enthalpies and free energigsi/
AG) are given in kilocalories per mole; numbers in italic type are the Gibbs
free energies? The lowest barrier of the individual accessible stereochemical
pathway is shown in boldface typgSee the text section Labeling of the

via t/c-butadiene coupling, possessing a moderate kinetic barrier

"that affords the thermodynamically favorgd-synni(Ch),A-

cisisomer of2 in a thermoneutral process. This indicates the
oxidative coupling as a facile, reversible process. The alternative
pathways for coupling of twais-butadienes (kinetically im-

Molecules. Total barriers and reaction energies for the ethylene-assisted peded) and of twdrans-butadienes (the more facile reverde

path are given relative tp[Ni'" (3-antin!,A-trans-decatrienyl)] isomer of
5 4 CoHal.

free-energy barrier, cf. section ID) but necessary -asyn
isomerization of the;3,nt,A-trans precursors.

Among the two product isomersansDT is the linear G-
co-oligomer that is exclusively formed alosg— 10 with the
prevalent;®-anti,y,A-trans (t/c-butadiene OF coupling) isomer
of 5involved, thus making allylic conversion in the decatrienyl
Ni" precursor unnecessary. The competiigDT generating
pathways with they®n%,A-cis isomers of5 as precursors, are
seen to be entirely precluded, although these species display
higher proclivity for undergoing H-transfer alorig— 10 (cf.
Table S4). Our critical analysis of crucial elementary steps
clearly rationalizes the negligible thermodynamic population of
n3ntA-cis-decatrienyt-Ni'" species (cf. section IC), as the
decisive factor that prevents the generatiowisicissCDD and
cis-DT, respectively.

Different from the5 — 8 CDD-generating route, the produc-
tion of DT is not likely to be facilitated by the participation of
additional monomers along tle— 10 process. As evident from

— 1b process) are pointed out to be less likely. From this,
together with the kinetically difficult conversion betweef
synn}(C'),A-cis and n3-anti,n(Ch),A-cis isomers, it can be
concluded that they3-synn(C'),A-cis species is the almost
exclusively occurring isomer d, while the 53-syny*(Ch),A-
trans and »3-anti,y'(C?),A-cis species are expected to be in
negligible concentrations.

The dominant decatrienyNi" production path proceeds
through the insertion of ethylene into théallyl—Ni" bond of
2 that encounters a square-planar transition state. This gives
rise ton3,n1,A-decatrienyt-Ni'" species as the kinetic insertion

%roduct, which represents the thermodynamically favorable form

of the decatrienytNi' complex. A moderate activation barrier,
which is very similar to that for oxidative coupling, is connected
with the most feasible insertion pathway, thereby indicating the
octadienediy-Ni" complex as a highly reactive intermediate.
Identical stereoisomers participate along the most feasible
pathways for these two steps, thus making possible intervening
allylic conversion processes in the octadienedy" complex
unnecessary. Ethylene insertion into tye3-allyl—Ni' bond

of the prevalent;3,n*(CY),A-cis isomer of2 leads to they;®-

the energetics for the ethylene-assisted path (cf. Table 7 for theanti,»,A-transisomer of5 in an exergonic, irreversible process.

favorabletransDT pathway and Table S5 for all stereochemical

The formation of allyly!,A-cis-decatrienyt-Ni" species,

pathways), none of the key species is found to be coordinatively however, is shown to be almost entirely disabled, because of
stabilized by monomer complexation, neither on the enthalpy (first) the negligible thermodynamic population of the corre-

nor on the free-energy surface.

Furthermore, the alternative hydrogen transfer path from
the alkyl terminus §-H of the C carbon) to the unsubstituted
Ct allylic terminus of the Go chain has been explicitly probed.
Commencing from the prevaleng®-anti,y!,A-trans pre-
cursor 5, this would give rise to decattans4.cis-8,-triene
(trans,cisDT). In contrast to thérans-DT generating path, the

spondingr®-anti,nt,A-cis precursor specie (vide supra) and
(second) a kinetically impeded ethylene insertion along this
stereochemical pathway. Consequently disgis-CDD andcis-

DT generating paths are entirely precluded. This explains why
these product isomers are not observed in the catalytic co-
oligomerization process.

Thens-allyl,n*,A-trans-decatrienyt-Ni" form of 5 represents

first f-H abstraction proceeds through a SP transition-state the precursor for the competing routes for generation of both

structure with the shifting H-atom in axial position. This path
is clearly seen to be almost entirely precluded kinetically, as it
requires a free-energy barrier that is 19.5 kcal Thdligher
(AAGY) than that for the favorable#ansDT generating path.
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generated through the establishment of-aGs-bond between
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Scheme 2. Condensed Gibbs Free-Energy Profile of the Complete Catalytic Cycle of the [Ni%-Catalyzed Co-oligomerization of

1,3-Butadiene and Ethylene Affording Linear and Cyclic Cy0-Olefins?
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aThe cycle is focused on viable routes for individual elementary steps. The favoraP(g?ans-butadieney)ethylene)] isomer of the active catalyst
1b was chosen as reference. Activation barriers for individual steps are given in kilocalories per mole relative to the favorable stereoisonsgreactittee re

precursor (given in italic type)

5 — 8. On the other hand, the DT generating rote> 10
involves a stepwise transition-metal-assist@d-0C3 H-transfer,
with a metastable hydrideNi" species9 participating. The
formation of linear and cyclic ¢-olefins occurs in a highly
stereoselective fashion. Among the several isonm@sgrans
CDD andtransDT are generated almost exclusively aldhg
— 8 and5 — 10, respectively, with the prevalen-anti,n*,A-
transisomer of5 as the precursor.

predicted to be rate-controlling. The free-energy barrier of 20.1
and 20.0 kcal mat?, respectively, for these steps corresponds
very well with experimental estimat&sand shows that produc-
tion of Cjp-co-oligomers requires moderate reaction condi-
tions>

The Gg-co-oligomer products are liberated in subsequent,
consecutive substitution steps with new ethylene and butadiene
monomers, which are exothermic by9.2 and—9.3 kcal mof?

The DT generating route is shown to be unassisted by (AH) for expulsion ofcistransCDD andtransDT from 8E

incoming monomers. The transition state $SB] and also8,

and10, respectively, by the required monomers to recreate the

however, are substantially stabilized by ethylene complexation, active form of1b. Overall, the co-oligomerization process is
leading to a significant acceleration of the CDD generating route. driven by a strong thermodynamic force with an exothermicity

With the thermodynamically favorable specteas the precur-

sor, thecistransCDD andtransDT generating pathways are

of —41.4 and—31.2 kcal mot! (AH for the noncatalyzed

connected with the Iargest overall kinetic barrier among all the (27) The overall free energy of activation for the ‘[Nttataly;ed co-oligomer-

critical elementary steps, affording the f{#j*-CDD)(ethylene)]
and [NP(#5-DT)] products 8E and 10, respectively, in an
exergonic irreversible process. Accordingly, the> 8E and5
— 10 decomposition of the decatrienyNi" complex to afford
cyclic and linear Gy-olefins, which display similar kinetics, is

ization of 1,3-butadiene and ethylene has been estimated from available
experimental data (ref 5a) by the following crude approximation: with a
TOF of 12.7 g of Ggolefin (g of Ni)"* h~* at 313 K (withcis,transCDD

as the predominant product) and of 370 g gf-Glefin (g of Ni)~1 h=! at

353 K (with transDT as the predominant product), one obtains effective
rate constantk ~ 1.52 x 107%/4.43 x 10°2s 1 andAG* ~ 22.4/22.9 kcall
mol~%, respectively, by applying the Eyring equation wkh= (2.08 x
109T exp(~AG*/RT).
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process) for the linkage of twoans-butadiene and one ethylene
monomers to affordistransCDD andtrans-DT, respectively.

B. Regulation of the Distribution between Linear and
Cyclic C10-Olefins. As analyzed in the previous section, the
decomposition of5, occurring along competing routes for
production of linear and cyclic {golefins, is rate-controlling
in the overall co-oligomerization reaction, which furthermore
involves identical stereoisomers. Accordingly, the product
selectivity is entirely regulated kinetically by the difference of
the highest overall barrieAG*) for the competingis trans-
CDD andtransDT generating pathways.

As is evident from the free-energy profile (cf. Scheme 2),
the two pathways are predicted to be very similar in both the
kinetic and the thermodynamic aspects. On the basis of the
almost identical predicted free-energy barriesAG* = 0.1
kcal mol?), the two pathways should be crossed in comparable
probabilities, giving rise to an approximate 1:1 ratio of linear
and cyclic Gg-co-oligomers. This seems contradictory to
experiment, whereis,transCDD is observed as the predomi-
nant product at low temperaturgsThe production of CDD,
however, is likely to be assisted by incoming ethylene, while
the DT generating route is not. The prediction of accurate free

energies for transition-metal-assisted processes in condense(i

phase remains a challenge for computational chemistry, in
particular when species of different stoichiometry are involved.
Due to the uncertainty in the estimated entropic costs for
monomer association and dissociation processes (cf. Compu
tational Model and Method section), caused by the theoretical
methodology employed in the present study, the computed
AAG¥ value for the subtle energetic balaftketween the two
competing pathways does not exactly reproduce the experimen
tally observed product ratio between linear and cyclig-€b-
oligomers.

The presented

theoreticainechanistic investigation,

pressure. Furthermoreis,transCDD should be the major &

olefin at elevated temperatures as well, provided that the
ethylene pressure is high enough to compensate for the entropic
disfavor. On the other hanttans-DT should be predominantly
formed at low ethylene pressure (together with larger portions
of all-t-CDT), even at low temperatures.

Concluding Remarks

We have presented a detailed theoretical mechanistic inves-
tigation of the complete catalytic reaction course for the co-
oligomerization of 1,3-butadiene and ethylene to afford linear
and cyclic Ggolefin products with a zerovalent bare nickel
catalyst. Crucial elementary processes have been critically
scrutinized for a tentative catalytic cycle (cf. Scheme 1) by
means of a gradient-corrected DFT method. The original
mechanistic proposal was confirmed in essential details but
enhanced and supplemented by novel insights into how the co-
oligomerization reaction operates (cf. sections IIA and 11B). The
following have been achieved: (1) the most feasible among the
various conceivable paths for each of the important elementary
steps has been predicted, with special emphasis directed to the
several stereochemical pathways; (2) the role played by the
arious configurations of the octadienedipi'" and decatri-
nyl=Ni" complexes within the catalytic reaction course has
been clarified; (3) the origin for the highly stereoselective
formation ofcistransCDD andtrans-DT, respectively, as the
exclusively generated isomers of cyclic and lineag-@efin

products has been rationalized; and (4) an enhanced insight into
the regulation of the selectivity of the production of linear and
cyclic Cip-olefins has been provided.

This leads us to propose a theoretically verified, refined
catalytic cycle for production of linear and cyclic;&blefin
products (cf. Scheme 2). The present theoretical mechanistic
investigation contributes (first) to a more detailed understanding
of mechanistic aspects of the fifimediated co-oligomerization

however, allows a detailed understanding and a consistentqs 1,3-dienes and olefins and (second) to a deeper insight into

rationalization of the experimental results. As already outlined

the catalytic structurereactivity relationships in the transition-

in the Introduction, temperature and ethylene pressure aremea|-assisted oligomerization and co-oligomerization reactions

the dominant factors that regulate the selectivity of the
co-oligomerization. The computeXAG* value increases to 1.4
kcal mol (353 K) at higher temperatures, with tBe— 10
route having the lower barrier. Accordingly, productiortrains

DT is indicated to become kinetically favorable at elevated
temperatures, which is consistent with experimental findings.
Our analysis revealed that both low temperatures (entropic
effect) and high ethylene pressure (assistance obthe 8E
route) serve to favor thes,transCDD generation. Accordingly,

for the co-oligomerization occurring at room temperature the
CDD selectivity can be enhanced by increasing the ethylene

(28) It should be noted that the experimentally observed 88:p@duct ratio
(ref 5b) corresponds to AAG¥ value of only 1.16 kcal moft (293 K).
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of 1,3-dienes.
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