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Abstract: Density-functional theory (DFT) and ab initio (QCISD and CBS-RAD) calculations suggest that
complexation of “naked” lithium cations to olefins favors the addition of alkyl radicals to the double bond
over abstraction of an allyllic hydrogen atom. Thus, “naked” lithium cations in nonpolar solvents can catalyze
the radical polymerization of olefins by favoring the chain-lengthening reaction over the competing hydrogen-
atom extraction, which is competitive in the absence of metal ions. One putative initiation reaction, addition
of triplet dioxygen to the double bond, is thermoneutral and has a very low barrier when the oxygen molecule
is complexed to a lithium cation. An alternative process, abstraction of an allyllic hydrogen atom to generate
the allyl and hydroperoxy radicals, is also strongly favored by complexation of the oxygen to the lithium
cation but is less favorable than addition. These results support Michl's recent interpretation of experimentally
observed alkene polymerization in the presence of lithium salts of hydrophobic carborane anions.

Introduction peting reaction enjoys less transition-state stabilization through
_ . complexation with Li than addition, Michl's results can be
T\_/v_enty years ago, ab initio c_alculatlons suggested that the rationalized purely in terms of the effect ofl-complexation
addition of alkyl radicals to olefins can be catalyzed by com- e glefins. We also showed earfienat addition of triplet

plexing the olefin to a lithium catiohThis prediction was long dioxygen to ethylene is catalyzed by complexation of the oxygen

heldbto be unllkelly to llwave experimental r(]:ot:]se(?ufgnces in S(l)lu'with a lithium cation. We have reinvestigated this reaction as a
f_'ohr_‘ ecause po:r solvents Comrl)etla_"vgl t elo;? n tobcompdex candidate for the initiation of radical polymerization in the
ithium cations. owever, recently ic _et al. first o served  oresence of “naked” L
that exposure to air initiates polymerization of the alkene side
chains of the lithium salts (and only the lithium salts) of Methods
w-(undecamethylcarbdosododecaboraniélyl)alk-1-'en.e§.The. All calculations used Gaussian®3nitial geometry optimizations
same au_thors a_lso dem_on_strated that “naked” lithium cations, were performed with the Becke three-parameterféang—Parr
present in solutions of lithium salts of such hydrophobic car- (B3LYP)> hybrid density-functional technique as implemented in
borane anions, catalyze the radical polymerization of propene Gaussian0Bwith the 6-31G(d) basis s&t Stationary points thus found
and other terminal olefins and that triplet dioxygen or conven- were refined by QCISB geometry optimization using the same basis
tional radical starters can initiate the polymerizaﬁdkithough set, and for radicals, the results of these two sets of calculations were
it had been suggestéthat complexation of Li to olefins is used with further single-point calculations to calculate CBS-RAD-
unlikely under more usual experimental conditions, the active (QC'SD'B3"-Y§F;) energies, as defined and recommended by Radom
sites of enzymes or the cavities of zeolites also provide suitable2"d co-Workers: CBS-RAD(QCISD,B3-LYP) extrapolated energies
o . . . use the QCISD-optimized geometries for further single-point calcula-
conditions for olefin complexation to ti Thus, our recent work . oo -
) . . . tions but the B3LYP-calculated vibrational frequencies.
on the effect of complexation of metal idne fluoride anion$
to radical-clock systems suggests that the rates of the clock (7) Hofmann, H.; Clark, TAngew. Chem199Q 102, 697; Angew. Chem.,
i i ith i Int. Ed. Engl.199Q 29, 648.
rearrangements can be. mﬂuen.ced by co_mplexanon with ions (8) Frisch, M. J.; et alGaussian 03Gaussian, Inc.: Pittsburgh, PA, 2003.
and this phenomenon might falsify conclusions about the mecha- (9) Becke, A. D.J. Chem. Phys1993 98, 1372. Becke, A. DJ. Chem. Phys
i i i 1993 98, 5648. Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch,
nlsms of enzyme reactlgns. We haye npw returned to thg original M. 3.3 Phys. Chenil994 08, 11623, Becke, A. DJ. Chem. Phy<1993
subject of radical addition to olefins in order to consider the 98, 5648, Becke, A. D. IThe Challenge of d- and f-electrons: Theory
H it i i i i ati ; and ComputationSalahub, D. R., Zerner, M. C., Eds.; American Chemical
main competition reactlo_n in a potential polymgpzatlon r_eact|on, Society: Washington, DC, 1985: Chapter 12. pp 4689, Vosko, 5. H.:
hydrogen-atom abstraction from the allyl position. If this com- Wilk, L.; Nusait, M. Can. J. Phys198Q 58, 1200. Lee, C.; Yang, W.;

Parr, R. G.Phys. Re. B 1988 37, 785.
(10) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Chem. Phys1971, 54, 724.
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Results

The calculated energies at the different calculational levels

are shown in Table 1.

Two initiation reactions between propene and triplet dioxygen,
addition and abstraction of an allyl hydrogen atom, were

considered:
t
o".//o
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The uncatalyzed addition of triplet dioxygen to propene is
calculated (QCISD/6-31G(d)) to be endothermic by 30.8 kcal
mol~! with an activation energy of 36.9 kcal md) whereas

the alternative abstraction of an allyl hydrogen aton?®y is
even less favorable with a heat of reactiont7.4 kcal mot?

and an activation energy of 49.1 kcal

The competing reactions of alkyl radicals with propene are

mbl

addition and abstraction of an allyl hydrogen atom:

CH
1}
)
HsC 31‘.
—>
CH3.
+
HaC?
CHj + propene L 3
S ¥
i
e
CHY 41

The unperturbed reactions of the methyl radical (used as a
model alkyl radical in this study) with propene occur with calcu-
lated (CBS-RAD) activation energies of 5.8 and 8.7 kcalThol
for hydrogen-atom abstraction and addition to the double bond,
respectively. The different calculational levels disagree as to
which of the two reactions is the more facile. B3LYP and CBS-

+
FCHZ
H,c*™ ¢

CH, + allyl

Table 1. Calculated Relative Energies (kcal mol~1) for the
Species Discussed in the Text

CBS-RAD
species B3LYP/6-31G(d)  QCISDI6-31G(d)  (QCISD,B3-LYP)
30, + Propene
30, + propene 0.0 0.0
1* 29.0 36.9
CHz;CHCH,00 28.7 30.8
2 36.1 49.1
allyl + HOO 36.4 37.4
CHz* + Propene
CHgz® + propene 0.0 0.0 0.0
3* 6.5 9.8 8.7
2-butyt —24.0 —22.9 -17.8
4 4.1 11.9 5.8
CHg4 + allyl* —19.6 —-17.0 —16.5
30, + Li*:Propene
30,Li* + propene 0.0 0.0
5 —25.7 —25.1
6* 3.7 0.8
7 -39 0.1
i noTs 14.9
9 optimizes to 5 10.¢
HOOLIi** + allyl* 20.5 18.8
CHgz* + Li*:Propene
CHg* + Li*:propene 0.0 0.0 0.0
10 —135 —135 —10.7
11 12.1 19.2 13.3
12 29 11.9 5.5
13 —30.2 —28.6 —27.8
CHj + allyl:Li * —20.5 —18.3 —23.3
14* 0.4 54 1.4
15 2.2 7.2 2.8
16 —245 -23.3 —24.7
Li*:CHz* + Propene
CHg--Li™ + propene 11.2 10.5 9.3
17 3.3 8.3 5.1
18 10.6 214 131
CHge--Li™ + allyl® optimizes to 13  optimizes to 13
19° 4.5 12.2 6.5
20 —13.4 —14.9 —15.1

aB3LYP/6-31G(d) relative energies include the unscaled zero-point
energy correction? QCISD/6-31G(d) relative energies are corrected with
the unscaled B3LYP/6-31G(d) zero-point vibrational enerdiéssing an
estimated B3LYP/6-31G(d) zero-point energy of 52.0 kcal thol

RAD prefer hydrogen-atom abstraction, whereas QCISD favors
addition. In any case, the activation energies for the two com-
peting processes are calculated to be close.

In the following, the structures shown in the charts are the
QCISD/6-31G* optimized ones, which are also the basis of the
CBS-RAD calculations.

Lithium-lon Catalyzed Reactions. Addition of 30:Li * to
Propene.The unperturbed addition of triplet dioxygen to pro-
pene is very unfavorable. Triplet dioxygen reacts via transition
statel* to give the triplet CHCHCH,OO diradical. As outlined
above, this reaction is both kinetically and thermodynamically

unfavorable.

1.775 A

1# CH;CHCH,00
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The Lit-catalyzed reaction was calculated, as in our previous
work$8 as the addition of the Ligy* complex to propene:

+
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- mol~! and the heat of reactiofr0.1 kcal mot?, so that the
LiT-complexation favors the addition of dioxygen to propene
5 thermodynamically by almost 31 kcal mél(relative to the

The alternative addition 0, to Li*:propene is unfavorable. unperturbf d re_actlon)_ _ano_l sta_blllzes t.h € transmon_state py 36
. kcal mol . This stabilization is explained by the increasing
The most stable structure found for the reactants is the com-

i i i 7
plex 5, which is 22 kcal mot! more stable than the separated polarity of the O___O unit gs the_ new €0 is formed_.
reactants. We regard this structure as a propene-solvated Li Thus, the addition of triplet dioxygen to propene is calculated

to be favored strongly, both thermodynamically and kinetically,
by complexation with the lithium cation. These results confirm
that complexation of triplet dioxygen to “naked” lithium cations
in solution can activate it as a radical initiator. It is gratifying
that Michl’'s experimental work has also helped support our theo-
retical prediction of this effect, which was published 16 years

2.015 A
. ago’
: Abstraction of an Allyl Hydrogen by 30,. With no Li*
© present, the alternative initiation reaction between propene and

. triplet dioxygen, the hydrogen abstraction outlined in eq 2, is
thermodynamically and kinetically even less favorable than addi-
tion for the unperturbed reaction, as outlined above. The calcu-
lated complexation energy of the hydroperoxy radical toiki

12 kcal mot'! more negative than that &0, because of the
polarity effect, so that even the hydrogen abstraction reaction
to give separated FiOOH and the allyl radical is favored
thermodynamically by this amount. Neither a hydrogen-transfer
transition state nor a triplet fiOOH complex with the allyl
complex of triplet dioxygen. Thus, additional propene molecules radical could be found at the B3LYP/6-31G(d) level, but at the
act as solvent, so that we can B&:Li* as a computational ~ QCISD/6-31G(d) level the reaction proceeds via transition state
model for propene-solvated tLicomplexed tc*Os,. 8" to give the product comples.

30,.Li* adds to propene via the transition stéfeto give This reaction is also calculated to be more endothermic (heat
the addition produc. The addition transition staté* lies of reaction= 10.0 kcal mot?) than the Li-complexed addition
both energetically and geometrically very close to the product reaction and to have an activation barrier of 14.9 kcal thol
7. The forming C-O bond in the transition states has a cal- Thus, our calculations indicate that the addition reaction is more
culated (QCISD) length of 1.647 A, compared with 1.558 A likely to occur, in accord with Michl's observation of OH end
for the product. The calculated activation energy is 0.8 kcal groups in the’O,-initiated polymerizations.
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bound by 11 kcal motf* relative to the methyl radical and
propene:Lf, an energy attributable to the-Li one-electron
bond!! However, the direct path from this complex to the allyl
radical plus methane passes over the higher of the two H-atom-
abstraction transition stateisl*, in which the methyl radical
attacks from the side syn to the lithium cation. The calculated
activation energy for this abstraction is 13.3 kcal mpl7.5

kcal molt higher than that for the corresponding reaction in
the unperturbed system. The alternative process in which the
methyl attacks the face anti to that on which the lithium cation
is complexed via transition stal@* has a calculated activation
energy of 5.5 kcal mol relative to the methyl radical plus the

Figure 1 shows a schematic comparison of the addition and propene:L complex. Thus, in the most favorable case, lithium-

abstraction reactions 0, with propene both with and without

the lithium cation.

H-Atom Abstraction from Propene:Li + by the Methyl

Radical. The relative energies of the transition states for addition
(3% and H-atom abstractior{) for the unperturbed reactions

ion complexation to propene hardly changes the barrier to
H-abstraction relative to the unperturbed reactiGiE{ = 5.8
kcal mol?).

This unchanged barrier to H-atom abstraction is consistent
with the geometrical nature of the transition state. The allyl-H

of the methyl radical with propene serve as comparisons for bond in4* is slightly shorter (1.292 A compared with 1.298 A)
the Lit-catalyzed reaction of the methyl radical with propene: in the Li-complexed casel@), and the CH—H distance is
Li*. However, this reaction can take several alternative paths. correspondingly slightly longer (1.418 A compared to 1.416 A).

The initial step for the Li-catalyzed reaction is the formation
of the stable propene:timethyl complexi0. This complex is
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These changes are consistent with a more exothermic process
for the Lit-complexed case{27.8 compared with-16.5 kcal
mol~1 for the unperturbed system). The methané:zllyl com-
plex 13, which is the direct product of the syn H-atom abstrac-
tion reaction, is stabilized by 4.5 kcal mélrelative to methane
+ Lit*:allyl. This stabilization is the result of three tH—C
agnostic interactions to the methane moiety.

Addition of the Methyl Radical to Propene:Li*. As for
the H-atom abstraction, there are two transition states for the
addition of the methyl radical to propenefl.iwith the CH
radical syn and anti to the face to which the lithium cation is
complexed. For the addition reaction, however, the syn addition
transition statel4* is found to be the more stable, so that the
most favorable addition path leads directly from the complex
10 via 14 to the 2-butyl radical:Lf complex16. Transition
state14* lies 1.4 kcal mot?® higher in energy than the methyl

J. AM. CHEM. SOC. = VOL. 128, NO. 34, 2006 11281
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Figure 1. Schematic diagram of the reaction profiles (QCISD/6-3G(d) with B3LYP/6-31G(d) ZPE-correction) for the reacti@asnth propene with
(red) and without (black) complexation to the lithium cation.

. 2.323 A 1.468 A - 2.?52A

¢ ¢« @

o 1326 & . 23194
2486 A 2285A . o’

: 1.418 A r 2186 A
¢
1202 A O
16 M 2288A 2455A
radical+ Li*:propene, which gives an addition barrier of 12.1 2961 A ;55“ LR
kcal mol! relative to the initial compled0. 14* also lies 11.9 L
and 4.1 kcal mol! lower in energy than the syn and anti (, . 13
H-abstraction transition staté&* and12*, respectively. Addition 12

via the anti transition staté5* has a 1.4 kcal mot higher bar-

rier than the syn addition but is still more favorable kinetically ~ Reaction of CHgLi™* with Propene. An alternative to the
than the alternative H-atom abstraction, both for the syn and réaction of the free radical with the olefin:Licomplex is that
anti processes.

of a methyl radical complexed to tiwith the free olefin. We
Transition statel5* shows a longer distance for the forming will not consider the case of radical and olefin reacting with

C—C bond than in the unperturbed case (2.286 vs 2.276 A), as&ach other when they are both complexed to a$ this would
would be expected for a slightly more exothermie26.4 vs

be very unfavorable because of the Coulomb repulsion between
—23.5 keal mot) reaction. However, the syn addition transition  the two complexes. Ct-Li** is a one-electron bonded com-
statel4 is clearly stabilized by a template effect of the lithium

plext3 with a calculated €Li bond-dissociation energy of 12.8
cation, which is within bonding distance of the radical center kcal mol*.1* The complexation energy of Liwith propene at

and the double bond being attacked. This sort of interaction is the same level is-22.2 kcal mot*, suggesting that complex-
not possible for the abstraction reaction, which requires a more

H ~H_C i ; H H (13) Clark, T.J. Am. Chem. Sod 988 110, 1672.
0; ltiss Imeatl_r cH Ctlllnktagteﬁ ru"”% OIL?t effective complexation 13} ACiSpiié 313 G(d.p) optimized value with correction for zero-point
of the reacting centers to the metal ion.

vibrational energy at the same level; Clark, T. Unpublished results.
11282 J. AM. CHEM. SOC. = VOL. 128, NO. 34, 2006
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ation with a free radical is not competitive. Nonetheless, radical: (4]

Li* complexes may be formed directly by an addition reaction 2281 A 0
and react further with olefins. Thus, we have also investigated : 22154
the reactions of Cki--Li** with propene. % ;

. 1.480 A
¢
1.269A

g,

The Li*---CHs":propene comples7is 15.8 kcal mot? less
stable than the alternative compl&®, as would be expected
from the complexation energies of the methyl radical and
propene to Li. Hydrogen-atom abstraction starting from this
complex proceeds via transition stdt@, which lies 11.7 kcal
mol~1 higher in energy than the lowest'i-catalyzed abstraction

transition statel4* (syn) and 10.3 kcal mot higher than its 18
anti equivalentl5*. The activation energy starting from im-
mediate precursor, the compléx, is 8.0 kcal mot?, slightly 0 20684 @
higher than the 5.8 kcal mol found for the unperturbed system. . 22184 . 2108 A
N
CHs Li*
. I,’ ','
L .
i > /_/ from CBS-RAD. In this case, it is pleasing to note that all three
| HyC 20 methods give the same order of activation energies except that
Hse QCISD finds no Li-stabilization of the H-atom abstraction
N transition state. The calculated QCISD activation barriers for
P the unperturbed reaction (vi&f) and the more favorable anti
/’:‘- process with LT (via 12¥) are both 11.9 kcal mot. Li favors
H,C this reaction by 1.2 and 4.2 kcal mélat the B3LYP and CBS-
17 RAD levels, respectively. The alternative addition reaction (via
—» 13 19%) is favored by Lt at all three levels (by 5.1, 4.4, and 6.7
kcal mol! at B3LYP, QCISD, and CBS-RAD, respectively).
Lit More recently, Radom et &.have used the G3- and W1-
N £ type techniques for reactions of the type discussed here. Their
CHs experience suggests that the CBS-RAD barriers reported here
‘\H . are systematically about 1.9 kcal métoo low, although com-
\\ s parison with experiment for the unperturbed addition reaction
CH, (see above) suggests that CBS-RAD(QCISD,B3-LYP) is accu-

rate at least for this reaction. Therefore, we can conclude that
the barriers calculated here are reliable, although perhaps a little
low. The agreement of the three calculational methods as to
the ordering of the activation energies gives us confidence that
the effects discussed below are not computational artifacts.
Origin of the Barrier Lowering. The original theory of odd-
electron bond strengthiswvas refined by Hiberty et &f in terms
of valence-bond theory to give the following expression for the
odd-electron bond enerdyag between the moieties A and B:

The addition transition stat&9*, for which the length of the
forming C—C bond (2.264 A) lies between those foundlitf
and 12, is calculated to lie 1.4 kcal mot higher in energy
than17 at the CBS-RAD(QCISD, B3-LYP) level. B3LYP and
QCISD give barriers of 7.3 and 13.1 kcal mlrespectively,
relative to17. The product of this addition is the alternative
agostically bound comple20, which lies 9.6 kcal moit higher
in energy than the odd-electron bonded compléxin accord D. +D
with the expected one-electron binding energy between the Dag zuexp(_A|p/2W) (1)
2-butyl radical and Li. Therefore, reaction of EiCHz with 2

propene is less likely than reaction offijpropene with CH. . o .
whereDaa andDgg are the dissociation energies of the sym-

Discussion metrical odd-electron bonds between two moieties A and B,
Comparison of the Calculational Levels.As pointed out respectively, and\IP is the absolute value of the difference
by Radom et al'2and confirmed in this work, QCISD/6-31G- ~ between their ionization potentials. Although this expression

(d) reaction barriers for radical reactions are consistently too Nas since been improved to account for the stabilof some
high compared to both B3LYP/6-31G(d) and CBS-RAD-

(15) Gamez-Balderas, R.; Coote, M. L.; Henry, D. J.; Radom] LPhys. Chem.

(QCISD,B3-LYP), of which the density-functional method usu- A 2004 108, 2874.

H H H H i_ (16) Hiberty, P. C.; Humbel, S.; Archirel, B. Phys. Chem1994 98, 11697.
ally gives slightly higher barr_lers. Generally, as found previ 5173 McKeg’ M. L Nicolaides. A.: Radom, L. /{m_ Chem. S04996 118
ously?>12B3LYP/6-31G(d) gives results quite close to those 10571,
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Table 2. AIP Values and Calculated (CBS-RAD(QCISD,B3-LYP)) Activation Energies (kcal mol~1)

CHj + propene

CHj® + propene:Li*

CHa"Li* + propene

224 (2a)

AIP according to (eq no.)
273 (2b)

122 (3)

Activation Energies

56 (4)

CHjy + propene

CHg® + propene:Li*

CHg:Li* + propene

relative to the abstraction 5.8 55 5.1
separated reactants addition 8.7 1.4 6.7

relative to the abstraction 16.2 8.0
precursor complex addition 13.1 14

a Calculated assuming that the electron affinity of the methyl radical is zero and using the expeffhiemitzdtion potentials of propene and the methyl

radical plus the spectroscopic electron affinity of propgné.B3LYP/6-31G(d) values, which are generally reliable for ionization poterifals.

18* ;
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Figure 2. Schematic energy diagram of the competing addition and H-atom abstraction reactions (all energies are CBS-RAD(QCISD, B3-LYP)).

neutral odd-electron bonded complexgthe conclusiot that ventional closed-shell reaction complexation to the electrophilic
singly charged (either positive or negative) odd-electron bonded reaction partner should lead to a lower barrier, whereas com-
species should be more strongly bound than neutral ones remainplexation to the nucleophilic partner should slow the reaction
valid. down. This is, however, not necessarily the case for electrostatic
Equation 1 predicts that the odd-electron bond energy should catalysis of radical reactions. Introducing a single positive charge
decrease exponentially with increasifitiP. ASAIP in a neutral will reduceAlIP independently of the position of complexation.
odd-electron bonded complex represents the difference betweerThus, for the three pairs of reactions considered abA\R,is
an ionization potential and an electron affinity, it is necessarily defined by eqs 24:
large (i.e., it is the energy required to separate the charges).
This is the basic principle behind electrostatic cataliighich
has been demonstrated calculationally for a variety of open-
shell reactiond.”2021Electrostatic catalysis occurs because odd- or
electron interactions are usually present in the transition states
for radical or triplet reactions but not in the starting materials
or products.
Normally, complexation to a metal ion would be expected
to increase the electrophilicity of a reagent, so that for a con-

CHy" + CH,CH=CH, — CH, + CH,CH=CH,"* (2a)

H," + CHyCH=CH, — CH," + CH,CH=CH, " (2b)

CHj + CH;CH=CH,.Li " — CH," +
CH;CH=CH,.Li* (3)

(18) Clark, T.Abstracts of Papers229th ACS National Meeting, San Diego,
CA, United States, March 1317, 2005, COMP-299; manuscript in

preparation.
(19) Clark, T.Topics in Current Chemistry, Vol. 77, Electron TransfeMkttay,

J., Ed.; Springer-Verlag: Heidelberg, 1996; p 1. Thus, complexing Li to either reaction partner results in a
(20) Hofmann, H.; Clark, TJ. Am. Chem. Sod 991, 113 2422.

(219 Clark. T Hofmann_ HJ. Phys. Cherm1994 98, 13797, charge shift, rather than a charge separation, as the defining
(22) NIST Standard Reference Database Number 69, June 2005 Release, http:yeaction forAlP. Table 2 shows a summary of théP values

webbaok nist.gov/. and calculated activation energies relative to both the separated

(23) Jordan, K. D.; Burrow, P. DAcc. Chem. Red.978 11, 341.
(24) Hutter, M.; Clark, TJ. Am. Chem. S0d.996 118 7574. reactants and the precursor complexes.

CHgLi ™ + CH,CH=CH, — CH,Li + CH,CH=CH,™ (4)
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Table 2 shows that the simple expectations based on eq lcomplex to Li* via agostic bonds of the type found, for instance,
are largely correct. The magnitudes of the barriers increase inin 20. This suggests that agostic bonding to" Lin alkane
each case in the expected order with the addition barriers usuallysolution is roughly 10 kcal mot less favorable than complex-
lower than those for H-atom abstraction. These barriers are ation to double bonds. This means that the latter should dominate
increased by the complexation energies for the precursorin solutions containing alkenes. Thus, the processes to be
complexeslO and 17, but even so the barriers relative to the compared in order to judge the effect offLions in solution
precursor complexes for thet:k-CHs® reactions are lower than  are the unperturbed radical reaction (black Figure 2) and that
those for propene:ti This is perhaps surprising because-Li between the methyl radical and propené:{ied in Figure 2).
-+CHjz* itself exhibits a one-electron bond, so that the change in The difference in activation energies between the H-atom
barrier must be attributed to the difference between two odd- abstraction and addition reactions changes from 2.9 kcat'mol
electron bonds, rather than to the existence of an odd-electronin favor of H-atom abstraction in the unperturbed system to
bond solely in the transition state. Note that because of the 4.1 kcal mof? in favor of addition for the reaction with propene:
higher complexation energy fdO than for 17, the propene: Li*. Thus, the calculations provide support and rationalization
Li* transition states have lower absolute energies than thosefor Michl’s results and indicate that simple electrostatic catalysis
for Li*---CHg", although the activation energies starting from provided by complexation with Li is responsible for the
17 are lower than those froh0. The most favorable reaction  remarkable effect of LICB(CHzg);2 on the polymerization of
paths are summarized in Figure 2, from which this effect can simple terminal olefing.
be seen.
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plexation with the L. for the QCISD optimizations of structurégo 20. This material
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