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Abstract: Alkene dissociation from the yttrium chelate G¥f»?*,72-CH,CH,CH,CH=CHj] (7-on) became

slow enough below-100°C to be measured by dynamiel NMR spectroscopyAG*(—110°C) = 7.5 kcal

mol~%, AH*¥ = 9.3 kcal mot?]. Coalescence of the Cp* resonances of §f§%?,72-CH,CH,CH(CHs)CH=

CHpg] (8-on) requires alkene dissociation plus inversion at yttrium and occurred substantially slower than simple
alkene dissociationG¥(—72 °C) = 9.6 kcal mot?, AH* = 10.8 kcal mot?]. The binding energy of a
disubstituted alkene to & gttrium center was determined to BéH° = 2.6 kcal mot? by direct observation

of the equilibrium between Cp¥ (71,7?-CH,CH,CH,C(CHz)=CH,) (6-on) and Cp*%Y (7*-CH,CH,CH,C-
(CHs3)=CH,) (6-0ff). The significantly greateAH* of alkene dissociation compared witfiH° of alkene binding

can be attributed either to stabilization of the dissociated yttrium alkyl Bragostic interaction or to
destabilization of the transition state leading to alkene dissociation by increased strain in the chelate tether.
Binding energies of monosubstituted alkenes were determined indirectly by comparing the relative binding
energies of 2,5-dimethyl-THF to bothand monosubstituted alkene chelates. Binding energies of monosub-
stituted alkenes were found to be greater than for disubstituted alkenes; foY (@h#2-CH,CH,CH,CH=

CHy) (7-on), AH° = 4.0 kcal mof, The rate of alkene dissociation from these yttrium chelates is much faster
than reversible intramolecular insertion of the coordinated alkene into the metal alkyl bond to produce
cyclobutylmethylmetal compounds.

Introduction zirconium—alkyl—alkene complex3,> Erker's complex 4,5
which has an additional ZC—B interaction, and our zirconium
d® metal-alkyl—alkene complexes have been proposed as alkyl—alkene chelat&’ (Scheme 2).
key intermediates in ZiegleiNatta alkene polymerization Here we report the first detailed thermodynamic and kinetic
(Scheme 1}.The CosseeAriman mechanism features a simple  studies of @ metat-alkyl—alkene complexes. We have found
metal-alkyl—alkene intermediate, while the modified proposals  that alkene dissociation from yttrium chelates such aan be
of Brookhart, Green, and Rooney include an additierabostic slowed to measurable rates belowl00 °C, and we have
interaction in the alkyl groupHowever, there has been no direct measured activation barriers for alkene dissociation. We have
observation of a dmetat-alkyl—alkene complex in an active  directly measured the binding energy of a disubstituted alkene
polymerization systerdThis is attributed to very weak binding  to yttrium in the chelate complex Cp¥CH,CH,CH,C(CHs)=
of alkenes to Bimetals incapable of back-bonding to the alkene cH, (6) by observing the equilibrium constant between chelated
and to the very rapid insertion of alkene into a metal alkyl bond. and free alkene species. By measuring the relative binding
Recently, we reported the synthesis and characterization ofenergies of 2,5-dimethyl-THF to both and monosubstituted
Cp*,Y[171,172-CH,CH,C(CHg),CH=CH;] (1), the first @ metal- alkene chelates, we have indirectly determined the binding
alkyl—alkene complex. In this case, complexation is favored energy of monosubstituted alkenes to yttrium. We have also
by chelation and alkene insertion is disfavored by the strain of obtained activation barriers for alkene dissociation plus inversion
the cyclobutylmethyl yttrium insertion product. Other recently at yttrium; inversion of configuration at metal centers is
reported 8 metal-alkene complexes stabilized by chelation important in controlling the stereochemistry of formation of

include Jordan’s zirconiumalkoxy—alkene comple®,* Royo's syndiotactic polypropylene. The rate of alkene dissociation from
: : : these yttrium chelates is much faster than reversible intramo-
(1) Reviews: (a) Kaminsky, W.; Arndt, MAdv. Polym. Sci1997 127, lecular insertion of the coordinated alkene into the metal alkyl

143. (b) Bochmann, MJ. Chem Soc, Dalton Trans 1996 255. (c) S . . . .
Brintzinger, H. H.; Fischer, D.; Maaupt, R.; Rieger, B.; Waymouth, R.  bond. The binding energies of the alkenes toitrium in this

M. Angew Chem, Int. Ed. Engl. 1995 34, 1143. system suggest that observation ofgttrocene-alkyl—alkene

(2) (@) Arlman, E. J.; Cossee, B. Catal. 1964 3, 99. (b) Brookhart, i i i i
M.: Green. M. L. H.: Wong, L-LProg Inorg. Chem 1983 36, 1. (¢) _comp!ex in whlph the alkene is not tethered to another ligand
Brookhart, M.; Green, M. L. HJ. OrganometChem 1983 250, 395. (d) is entirely possible.

Dawoodi, Z.; Green, M. L. H.; Mtetwa, V. S. B.; Prout, B.Chem Soc,
Chem Commun1982 1410. (e) Ivin, K. J.; Rooney, J. J.; Stewart, C. D; (4) Wu, Z.; Jordan, R. F.; Petersen, J.JJ.Am Chem Soc 1995 117,
Green, M. L. H.; Mahtab, RJ. Chem Soc, Chem Commun 1978 604. 5867-5868.

(3) 8 palladium- and & cobalt-alkyl—alkene complexes have been (5) Galakhov, M. V.; Heinz, G.; Royo, RChem Commun 1998 17.
directly observed in olefin polymerizations involving late transition metals. (6) Karl, J.; Dahlmann, M.; Erker, G.; Bergander, KAm Chem Soc
(a) Rix, F. C.; Brookhart, MJ. Am Chem Soc 1995 117, 1137. (b) 1998 120, 5643.

Brookhart, M.; Volpe, A. F. Jr.; Lincoln, D. M.; Hofh, I. T.; Millar, J. (7) Casey, C. P.; Carpenetti, D. W.; Sakurai, HAm Chem Soc 1999
M. J. Am Chem Soc 1990 112, 5634. 121, 9483.
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Scheme 1.Cossee-Arlman Mechanism for ZieglerNatta Alkene Polymerization

) o Ff“"csz Tﬂ_
M—O + CHy — M-.. — CH,CHaR
CH, CHz
M=Ti, Zr
Scheme 2
Scheme 3
H,C CH H
Ce* CH cp’ NG H
N[N o I = BN
3 H3
H 1-on 1-oft 1-on
Results Cp* Ring Carbons § 116.3 Cp* Methyl Carbons $11.5
The preparation of byttrium chelate complex Cp¥[nt,n%- 103 °C
CH,CH,C(CHjz),CH=CHj] (1) from the yttrium hydride dimer
(Cp*YH), and 3,3-dimethyl-1,4-pentadiene at78 °C was 104 °C -103°
reported recentl§ Evidence for a chelated structure was derived

from changes in théH and 13C NMR chemical shifts upon 106 °C
coordination, reversal of these changes upon displacement of
the alkene by THF, and observation of nOe effects between

-106 °©

of the 'H NOESY time course with the conformer population 110°C 110°C

. -108°C
Cp* methyl protons and vinyl hydrogens. Quantitative analysis -108 w 108

analysis method demonstrated that in solution chelate complex
1 exists as a twist-boat conformer. According to molecular
mechanics calculations, the twist-boat conformation is 3.5 kcal
mol~! more stable than its chair counterpart, which has an
unfavorable axial methyl to Cp* steric interaction.

Kinetics of Alkene Dissociation from Metal—Alkyl —
Alkene Complexes.Complex1 has two diastereotopic Cp*

-116 °C

-126 °C

=

Pt

-116 °C

-126 °C

Figure 1. Variable-temperaturé3C NMR spectra of CpsY[n',n?-

ligands, and a static chelated structure should possess twoCHCH,C(CHs).CH=CH] (1) in methylcyclohexanehs/pentaned;..
inequivalent Cp* NMR resonances. The troubling observation

of only a single Cp* resonance fdrin bothH and3C NMR and—106°C using the WinDNMR prografi gaveAG*(—110
spectra at—100 °C in methylcyclohexaneh, forced us to °C) = 8.2 + 0.2 kcal mof?!, AH* = 10.2 + 0.4 kcal mot?,
propose equilibration of the Cp* ligands via rapid dissociation andAS’ = 12 + 2 eu for Cp* exchange. The observation of
of the alkene followed by recomplexation to the opposite alkene two inequivalent Cp* ligands confirms the structureloés a

enantioface (Scheme 3). We attempted to slow averaging of chelate which undergoes rapid and reversible dissociation of

the Cp* ligands, but NMR spectroscopy at temperatures below the pendant alkene.

—100°C was restricted by deteriorating line shapes due to the = Cp*,Y[51,7?-CH,CH,CH,CH=CHj] (7) and Cp*%Y[n'n?*
increasing viscosity of methylcyclohexader Pentanes; is CH,CH,CH,C(CHs)=CHj] (6) showed similar dynamic behav-
less viscous and has a slightly lower freezing point than ior in their low-temperature NMR spectra, corroborating a
methylcyclohexaneh4 but did not dissolve yttrium chelate  chelated structure for thes@yttrium—alkyl—alkene complexes.
complexl1. Changing to a 1:1 mixture of methylcyclohexane- The!3C NMR spectrum of7 at —130°C had two Cp* methyl
did/pentaned;, permitted us to observé between—140 and resonances at 12.0 and 11.4 which coalesced on warming to
—100°C. —110 °C.1! Spectra betweer-125 and—102 °C were simu-

H H *

-I(;WO IneqUIVEIelr;éCp methyl resonanfces appeareiﬂal_.? (9) At =126 °C, the Cp* ring carbor3C NMR signals were separated
and 11.6 in the NMR spectrum ofl at —126 °C in (6 116.4, 116.1). These resonances broadeneella6 °C and coalesced
methylcyclohexaneh4/pentaned;. (Figure 1). These resonances  at —108°C [AG*(~108°C) = 8.2 + 0.2 kcal mot?, AH* = 10.9+ 0.6
broadened upon warming t6116 °C, coalesced at110 °C, kcal mof L, AS" = 16 4 4 eu). The two diastereotopgemmethyl groups
and sharpened to a singlet-a101 °C9 Line shape analysis of were indistinguishable b?C NMR spectroscopy at112 °C, though the

methyl resonance at 43.1 was broadAw1, = 44 Hz).
the Cp* methyl resonances #C NMR spectra between126 (10) Reich, H. JJ. Chem Educ 1995 72, 1086.

(11) The'3C NMR signal for the Cp* ring carbons was broad16.2,
Awip = 11.2 Hz) at—130 °C, but the two Cp* resonances did not

(8) (a) Casey, C. P.; Hallenbeck, S. L.; Wright, J. M.; Landis, CJR.

Am Chem Soc 1997 119 9680. (b) Casey, C. P.; Hallenbeck, S. L.; decoalesce. The Cp* methyl resonances also broadened without separation

Pollock, D. W.; Landis, C. RJ. Am Chem Soc 1995 117, 9770. in the'H NMR spectrum at-130°C (6 1.92,Aw12 = 15.0 Hz, Cp*CH).
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lated using the WinDNMR program to giveG*(—110°C) = activation energies measured for interchange of Cp* groups in
7.5+ 0.2 kcal mot?t, AH* = 9.3+ 0.3 kcal mot?, andAS" = chelate complexed, 6, and 7. The Cp* ligands of8 are

11 £+ 2 eu. The disubstituted alkene of chel&@aeversibly exchanged not simply by alkene dissociation and recomplexation
dissociated at a rate similar to monosubstituted alkenes ofto the opposite face but by alkene dissociation coupled with
chelatesl and7. Two separate Cp* resonances1.93, 1.88) inversion at yttrium, a combined process that interconverts the
were visible only in the'H NMR spectrum of6 at —142 °C. two diastereotopic Cp* rings of the favored diastereomer.
Coalescence occurred atl23 °C. Simulated spectra between Molecular mechanics calculations suggest ®atdopts a
—133 and—120 °C gave AG*(—123 °C) = 7.5 £ 0.2 kcal chair conformation with an equatorial methyl group that is 1.5
mol~%, AH* = 10.9+ 0.3 kcal mot?, andAS = 23+ 9 eu. kcal mol1 more stable tha@b, which is held in a twist-boat
The positive entropies measured for the equilibration of the Cp* conformation to avoid an unfavorable axial methyl to Cp* steric
ligands for complexesl, 6, and 7 are consistent with an interaction'2 'H NMR coupling constants support the proposed
intramolecular process in which the pendant alkene is releasedchair conformationtH and8® decoupled spectra & at 0°C
from the metal center. provided coupling constants for each alkyl hydrogen along the
Kinetics of Inversion at Yttrium. We have previously  chelate backbone. The coupling of thamethine hydrogend
reported the variable-temperatulC NMR spectroscopy of  2.04) to thes-YCH>CH at 0 1.45 is 12.5 Hz, indicating that
Cp*2YCH,CH,CH(CH)CH=CH, (8) in 1:1 methylcyclo- both of these hydrogens are axial. A smaller axiduatorial
hexaned,/pentaned;».12 Chelate8 has two stereocenters: the coupling is observed between themethine hydrogen and the
enantioface of the alkene and themethine carbon on the  B-YCH:CH at¢ 1.97,3Jyy = 4.0 Hz. Theo-YCH atd —0.89
chelate backbone. The two diastereom8eg(tether methyl cis  is held in an axial positior®{ayiai-axial = 12.5 Hz,2Jaxial-equatorial
to the internal vinyl hydrogen) an8b (tether methyl trans to = 7.5 Hz) while thea-YCH at 6 0.28 showed coupling to the
the internal vinyl hydrogen), are interconverted by alkene neighboring3-YCH.CH, typical of an equatorial hydrogen
dissociation followed by recomplexation to the opposite alkene (*Jequatoriataxial = 5.0 HZ, *Jequatoriatequatoria= 3.6 HZ).
enantioface without inversion at the yttrium center. Bgarand Alkene Coordination Equilibria of Chelated Metal-Alkyl-
8b possess a pair of diastereotopic Cp* ligands which are Alkene Complexes.For yttrium—alkyl—alkene complexes,
exchanged by alkene dissociation followed by inversion at the 7, and8, in which a monosubstituted alkene is coordinated to
metal center and recomplexation. This is illustrated in Scheme the metal, little or no temperature dependence of the chemical
4 by the equilibrium betweeBa and8a (or 8b and8b'). This shifts of the terminal alkene awx-methylene hydrogen reso-
process interchanges the positions of the Cp* ligands relative nances was observed betweeb0 and—100°C. For example,
to both the internal vinyl hydrogen and the tether methyl. for Cp*,Y (571,172-CH,CH,C(CH;s),CH=CHy) (1), the chemical
By analogy to complexes, 6, and7, diastereomer8a and shift of the internal vinyl hydrogen (k) shifted only 0.02 ppm
8b should be in slow equilibrium on the NMR time scale below between—100 °C (6 6.78) and—50 °C (6 6.76), and the
—100 °C and two pairs of diastereotopic Cp* ligands are chemical shifts of the terminal vinyl hydrogens shifted only 0.07
expected to appear #C NMR spectra. Surprisingly, only one  and 0.01 ppm between100°C (6 3.76 and 5.14) ane-50 °C
pair of Cp* ligands was visible in thEC NMR spectrum oB (6 3.83 and 5.13). This was taken as evidence that the alkene

at —128°C, with two sharp Cp* methyl resonancesdi2.0 remained fully coordinated to the metal throughout the tem-
and 11.5 and ring carbon resonances)at16.2 and 116.1. perature range.

Further cooling to—142 °C failed to reveal a second set of In contrast, there was a pronounced temperature dependence
Cp* resonances. Since only a single diastereomer was seen andf the chemical shifts of the.-CH, and the alkene hydrogen

the detection limit for a second isomer-i$5%, thel3C NMR resonances of the disubstituted alkene chelateX0pH,CH,-

spectra indicate that one diastereomer is favored by a factorCH>C(CHs)=CH, (6) (Scheme 5, Figure 2). We attribute these

>19. At temperatures abovel00°C, where alkene dissociation ~ spectral changes to a temperature-dependent equilibrium be-

is fast,8a and8b are presumably in rapid equilibrium that is tween chelatedg-on) and nonchelateds¢off) complexes. The

largely biased toward one diastereomer. observation of a significant amount 6foff indicates that the
The Cp* methyl resonances 8fbroadened on warming to ~ chelate is destabilized by steric crowding between the Cp*

—90 °C and coalesced at72 °C. Simulated spectra between Methyl groups and the methyl group on the alkene.

—62 and—86 °C provided kinetic parameters for Cp* exchange, At —137°C, the major species present@son and alkene

AGH(—72°C) = 9.6 + 0.3 kcal mot?, AH* = 10.8=+ 0.5 kcal dissociation is slow on the NMR time scale. Two equal intensity

1 = 1 o

mol , andAS T 5.3 & 2.7 ew® The activation energy for (13) The Cp* ring carbon NMR resonances®broadened at-90 °C

Cp* exchange is 2 kcal mot greater than the average of  ,n coalesced at81°C (AG*(—81°C) = 9.8+ 0.5 kcal mot ). The Cp*

methyl hydrogens were visible at1.92 and 1.91 in théH NMR spectrum

(12) Casey, C. P.; Fagan, M. A.; Hallenbeck, SOrganometallics1998 at—118°C. Coalescence occurred-af0 °C (AG(—90°C)=9.7+ 0.4
17, 287. kcal mol1).
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Table 1. Ad(=CH,), % 6-on, Kgq, andAG for the Equilibrium
between6-on and 6-off

AS(=CH,) AG (kcal
temp CC) (ppmx 10°) %6-on % 6-off Keg mol)
6 150 20 80 4.02 -0.8
—27 240 34 66 1.92 -0.3
—51 340 50 49 0.99 0
—63 390 58 42 0.74 0.1
—103 540 83 17 0.21 0.5
6-on
6-off ' measured 7-off
ﬂ ??
measured assumed 7-on
equal U
measured
10 11

Figure 3. Estimation of free energy of alkene coordinatiorvion is
determined from relative free energies of 2,5-dimethyl-THF complex-
ation to6-onand7-on, absolute measurement of free energy of alkene
coordination in6-on, and assumption that energies of complexation of
2,5-dimethyl-THF to6-off and 7-off are equal.

to nonchelating systems. A van’'t Hoff plot gaéi® = 2.6 +
0.1 kcal/mol andAS’ = 12 + 1 eu for decomplexation of the
alkene in6.1%

Relative Binding Constants of 2,5-Dimethyl-THF to Mono-
and Disubstituted Alkene ChelatesLittle or no temperature
dependence is observed in the vinyl chemical shifts of mono-
substituted alkene chelatés7, and8 from —50 to —140 °C.
This indicates that only chelates are present. Consequently,
equilibrium constants between bound and free monosubstituted
alkenes cannot be directly measured.

0 1.87 and 1.93, and the terminal alkene resonances plateaued Since these monosubstituted alkene chelates are more closely

at 0 3.71 (Hran9 and 6 4.36 (Hg).1* The chemical shift

related to propene and other terminal alkenes used in industrial

difference between the terminal alkene hydrogen resonancespolymerizations, we have sought indirect means of determining

AJ(=CHy), in the chelates-on was 0.650 ppm.

their binding energies. To determine how much more tightly

The chemical shift difference between the terminal alkene the terminal alkene ligands of, 7, and 8 bind than the

hydrogens for the nonchelated isonéeoff was estimated using
models. For the THF complex Cp¥[#*-CH,CH,CH,C(CHs)=
CH,](THF) (9),%5 the difference in the chemical shift of the
alkene protons was 0.030 ppm, and for the starting diene<CH
CHCH,C(CHs)=CHy) the difference in chemical shift was also
0.030 ppm. With excellent estimates/&®(=CH) for both6-on

and6-off, the relative amounts present at a given temperature
were estimated from the difference in the alkene hydrogen
chemical shifts of the equilibrating mixture at that temperature

using eq 1, where is the mole fraction oB-on.
Ad(=CH,) = x(0.650)+ (1 — x) (0.030) (1)

At the lowest temperatures, the major specie§-sn and

AS(=CHy) is large (Table 1). As the temperature is raised to
—51°C, about half of the alkene is coordinated. At the highest

temperatures, the major species G0ff. The free energy

difference between bound and free alkene in this system

containing a disubstituted alkene is very small. -At03 °C,
for example, chelation is favored by 0.5 kcal mblwhile at 6
°C chelation is disfavored by 0.8 kcal mdl

For the equilibrium betweeBron and6-off, AH® is especially

significant because it is the binding energy of the disubstituted

disubstituted alkene @&, we needed to find a ligand that would
partially displace the alkene ligands. Measurement of the relative
magnitude of the equilibrium constants permits quantitative
estimates of the greater binding energy of terminal alkenes.
Fortunately, it was found that 2,5-dimethyl-THF partially
displaces both the monosubstituted and the disubstituted tethered
alkenes.

This method conceptually breaks down the 2,5-dimethyl-THF
complexation into two separate processes, an equilibrium
between chelate and a noncoordinated complex, and 2,5-
dimethyl-THF complexation to the noncoordinated compound.
It relies on the assumption that 2,5-dimethyl-THF binds equally

well to either6-off or 7-off. This is reasonable since the presence

or absence of a methyl group on the noncoordinated alkene

should have little effect on the ability of the complex to

coordinate 2,5-dimethyl-THF. The difference in the free energy
of 2,5-dimethyl-THF coordination to monosubstituted chelate
complex7-on and to disubstituted chelaéon should also be

the free energy difference between mono- and disubstituted

alkene binding. Since the free energy difference of alkene
binding to 6-on was directly measured, the free energy of
binding to7-on can be obtained (Figure 3).

alkene in this system, and it is a value that can be extrapolated High concentrations of 2,5-dimethyl-THF (0.20 M, 8.5 equiv)

(14) In contrast to chelat&, in which one terminal vinyl hydrogen

resonance shifts to higher frequency and the other shifts to lower frequency,

both of the vinyl hydrogen resonances of chekaghift to lower frequency.
(15) See Supporting Information.

completely displaced the coordinated alkené ahd produced

the 2,5-dimethyl-THF adduct, Cp¥[#-CH,CH,CH,C(CHz)=
CHy](2,5-dimethyl-THF) (0). Vinyl hydrogen resonances of

10 appear ab 4.57 and 4.54 at-80 °C (A6(=CH,) = 0.030
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Table 2. Ad(=CH,), Concentrations of the Components in the Equilibrium betw&emn, 6-off, and10, Equilibrium Constants, and Free

Energy Difference

temp AS(=CH,) [6-0on]? x [nonchelate] x [6-0ff]® x [10]¢ x [2,5- temp AG
(°C) (ppm x 10°) 106M 1M 1M 1°M dimethyl-THF} (°C) Keq (kcal mol™)
—65 34 0.20 31 0.14 31 0.046 —65

—55 44 0.70 31 0.62 30 0.047 —55 900 —2.9
—45 64 1.7 29 1.9 27 0.049 —45 340 —2.6
—42 75 2.2 29 2.8 26 0.050 —42 220 —-25
—36 85 2.7 28 3.9 24 0.051 —36 170 —2.4
—33 100 3.4 27 5.4 22 0.053 —33 120 —-2.3

a Calculated fromAd between vinyl hydrogens and eq®lCalculated from §-on] and Keq for the equilibrium betweeB-on and6-off. ¢ [10] is
the difference between [total nonchelate] afebff]. ¢ [2,5-Dimethyl-THF] is the difference between total 2,5-dimethyl-THF (0.077 M) dl [

Table 3. Summary ofAG®, AGyzs® AH®, andAS’® for the
Equilibria between Mono- and Disubstituted Chelates and
2,5-Dimethyl-THF-Bound Species

AG® (kcal  AGgss(kcal — AH° (kcal AS
compd mol™1) mol?) mol?) (eu)
6-on=10 —-09+05 —-254+01 -92+£05 —-28+3
7-on=11 1.7+11 -03+02 -—-78+11 -32+5
8-on<=12 1.3+10 -034+02 —-6.7£10 —-27+3
1-on<13 0.6+05 —-11+01 -86+£05 —-31+2

ppm)1” No temperature dependence of the vinyl hydrogen
resonances was seen betwee80 and—10 °C, signifying that
10 is the only species present.

At lower concentrations of 2,5-dimethyl-THF, the pendant
disubstituted alkene competes with the bulky 2,5-dimethyl-THF
for coordination at yttrium, and three yttrium species are
present: 6-on, 6-off, and 10. Addition of 2,5-dimethyl-THF
(0.077 M, 2.5 equiv) to a solution @ (0.031 M) altered the
chemical shift difference between the terminal vinyl hydrogens
of 6. At all temperaturesAd(=CH,) is smaller in the presence
of 2,5-dimethyl-THF due to displacement of the coordinated
alkene. At—64 °C, the alkene is almost completely displaced
from yttrium andAd(=CH,) = 0.034 ppm; in the absence of
2,5-dimethyl-THF at—63 °C, Ad(=CH,) is 0.386 ppm,
corresponding to 58%-on. As the temperature is raisedtat5
°C, AO(=CH,) increases to 0.064 ppm, consistent with the
presence of 5%-on; in the absence of 2,5-dimethyl-THF at
—51°C, A0(=CH,) is 0.340 ppm, corresponding to 5@4on.18
At —33°C, A6(=CHy) is 0.100 ppm (11%6-on), and at—27
°C, Ad(=CHy) is 0.240 ppm (3496-on). At temperatures above

measured equilibrium constant f®wff:6-on. The concentration

of 2,5-dimethyl-THF complex0was determined by subtracting
[6-0ff] from the total concentration of noncoordinated species.
Finally, the concentration of free 2,5-dimethyl-THF was cal-
culated as the difference between the total concentration of 2,5-
dimethyl-THF and 10]. Table 2 listsAd(=CHy), concentrations

of species, equilibrium constants, and free energy differences.
A van't Hoff plot!® was used to estimat®G°, AH°, andAS’
(Table 3).

Cp*
N
7

6-on

»

Cp,

—_—
~

N\

. w@w =
cr . -

Y \/\( \/\(
Cp*

10

Cp
6-off

Addition of 2,5-dimethyl-THF to solutions of monosubstituted
alkene chelate4, 7, and8 produced large changes in thd
NMR chemical shifts of the alkene hydrogens. The vinyl
hydrogen chemical shifts showed a pronounced temperature
dependence. This is consistent with partial displacement of the
chelated alkene by 2,5-dimethyl-THF and with a temperature
dependence of the equilibrium constant.

Addition of a high concentration of 2,5-dimethyl-THF (0.14
M) to a solution of Cp3Y(5ty2-CH,CH,CH,CH=CH,) (7)
(0.028 M) at—85 °C led to complete displacement of the
chelated alkene by 2,5-dimethyl-THF and formation of £¥¢#-

—33°C, 6 began to decompose, and data above this temperaturecH,CH,CH,CH=CH,)(2,5-dimethyl-THF) {1). The chemical

was found to be unreliable.

Calculating equilibrium constants for the equilibrium between
6-on and 10 was complicated by the presence of temperature
dependent amounts 6foff. The concentration dd-onand the
total concentration of the two nonchelating speci&sff and
10, were determined from measurements &b(=CH,) as
described earlier.g-off] was determined from@-on] and the

(16) Chemical shifts of the vinyl hydrogens were virtually identical in
either methylcyclohexandrs or 1:1 methylcyclohexandrs/pentaned;,.

(17) 2,5-Dimethyl-THF is purchased from Aldrich as a 1:1 mixture of
cis and trans isomers, and both isomers bind equally well to theXCp*
alkyl complexes. For example, thtH NMR spectrum of CpaY (-
CHCH,CH,CH=CH,)(2,5-dimethyl-THF) (1) at —122 °C shows ap-
proximately equal resonances for teCH, protons of complexedis- and
trans2,5-dimethyl-THF (Figure 18, Supporting Information). AB0 °C,
two broad!H NMR resonances appear @t3.78 (Aw1, = 28 Hz) andd
4.01 Awiz = 28 Hz) for rapidly exchanging bound and frees-2,5-
dimethyl-THF and for rapidly exchanging bound and freans2,5-
dimethyl-THF.

(18) At higher temperatures, 2,5-dimethyl-THF binds to yttrium less well
because the formation of the bimolecular complex is entropically disfavored.
Intramolecular coordination of the tethered alkene is less entropically
disfavored and competes with 2,5-dimethyl-THF for complexation at yttrium
more effectively at higher temperature.

shifts for the vinyl protons 011 [0 5.79 (Hny), 4.85 (His), and
4.77 (Hrang] Were greatly shifted from those of chelaieo
6.58 (Hnt), 5-25 (His), and 3.79 (Hang]- Significantly, Ad(Hin—
Htrand = 2.79 ppm for7 was reduced thd(Hini—Hirand = 1.02
for 2,5-dimethyl-THF comple 1.2° As the sample was warmed
to —67 °C, Ad(Hint—Hirang increased to 1.50 ppm. The warmest
temperature at which 81 NMR spectrum of this sample was
obtained was-37 °C, and at this temperatur®d (Hini—Hirand
was 2.32 ppm.

To calculate the fractions o¥ that were chelated and
nonchelated in the presence of 2,5-dimethyl-THF, a method
similar to that used for the disubstituted alkene was employed.
In the absence of 2,5-dimethyl-THF,is 100% chelated and
AO(Hine—Hyand = 2.79 ppm. In the THF-bound complex,
Cp*2Y (1-CH2CH,CH,CH=CH,)(THF) (14), the alkene is not
chelated at all and\o(Hin—Hyand = 0.98 ppm. The fractions

(19) At —37 °C (236 K), we have excellent direct measurement of the
equilibria betweery-on and11. For equilibria betweel-on and10, 6-on
and6-off, 7-on and 11, 8-on and12, and1-on and13, data was obtained
at temperatures below and abov87 °C and free energy and equilibrium
constants can easily be interpolated+87 °C.
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Table 4. Kgq and AG for Equilibria between Monosubstituted
Alkene Chelates and 2,5-Dimethyl-THF-Bound Species

temp €C) compd Keqg(M™2) AG
—60 7 11 -1.0
—51 7 55 -0.8
—49 7 3.9 —0.6
—42 7 3.3 —-05
—37 7 2.0 —-0.3
—58 8 10 -1
—53 8 5.4 —-0.7
—47 8 3.4 —0.6
—24 8 1.1 0
—64 1 106 -1.9
—51 1 37 -16
—41 1 16 -1.3
—32 1 9.1 -11

AGogs 0.2 Cp‘\k_“ oH,

cR' . " Y on CP\:Y-“‘\/\/
hal cp*
cp* Gm IR Toolt 2‘3 2 04
R —'—L ] _t o3 CR'\%
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Figure 5. Enthalpy diagrams for monosubstituted and disubstituted
alkene chelates and their nonchelated and 2,5-dimethyl-THF-bound
forms.

10

Table 5. Summary ofAGzss, AH®, andAS’ Obtained for the
Equilibria between Chelating and Nonchelating Form4,08, 7,
and8

AGg36 AH°
compd (kcal mol™) (kcal mol™) AS (eu)
6-on< 6-0ff —-0.2 2.6 12
7-on< 7-0off 2.0 4.0 8
8-on< 8-off 2.0 5.0 13
1-on< 1-off 1.2 3.2 8

Figure 4. Free energy diagrams for monosubstituted and disubstituted mono- and disubstituted alkene binding (Figure 4). SihGgs¢
alkene chelates and their nonchelated and 2,5-dimethyl-THF-bound for the equilibrium betweef-on and6-off is —0.2 kcal mot,19

forms.

of chelated7-on and of nonchelated-off were calculated from
the observed\o(Hini—Huand USing eq 2, wherg = the fraction
chelated. Calculation of the equilibrium constant was straight-
forward since only two yttrium specieg;onand11, are present.

Similar procedures were used to measure equilibrium constant

for binding of 2,5-dimethyl-THF to monosubstituted alkene
chelatedl and8. Data for all three compounds are summarized
in Table 4. van't Hoff plot$® were used to estimat®G°, AH®,
andAS’ (Table 3).
A6 = x(2.79)+ (1 — x)(0.98) (2)
At —37 °C, Keq for the equilibrium betweefi-on and11is
2.0 ML, which is 98 times smaller than the analogous
equilibrium constant for the disubstituted chel&ten and10.
The free energy difference for 2,5-dimethyl-THF displacement
of the monosubstituted chelafeon (—0.3 kcal mot?) is 2.2
kcal mol~! smaller than the free energy difference for displace-
ment of the disubstituted chelateon (—2.5 kcal mof?). As
pointed out above, this is also the free energy difference betwee

(20) At —85°C, broad'H resonances appear@B.85 Awi;, = 51 Hz)
and o 4.06 Awi;, = 65 Hz) for rapidly exchanging bound and freis-
andtrans-2,5-dimethyl-THF. At—122°C, five resonances are seen for the

AGy36 for the equilibrium between chelatedton and non-
chelated 7-off is 2.0 kcal mot! (Figure 4 and Table 5).
Equilibrium constants and free energy differences between 2,5-
dimethyl-THF-bound and chelated alkyhlkenes were calcu-
lated in a similar manner for compoundsand 8 (Table 4).
AGoss AH®, andAS® for alkene dissociation from the chelated

Scomplexes are presented in Table AH® of binding for

monosubstituted alkene chelates3(2 to —5.0 kcal mof?) is
an important measurement that should provide a reliable estimate
of AH of binding of nontethered alkenes such as propene and
other terminal alkenes used in commercial polymerizations.
Direct Observation of Alkene Coordination Equilibrium
for a Monosubstituted Alkene Chelate.The small 1.2 kcal
mol~! AGy36 that was determined for the equilibrium between
1-onand1-off suggested thdt-off might be directly observable
at higher temperatures. For example, assuming Attt and
AS’ are correctKeqat 16°C should be 0.21, which corresponds
to 17%1-off.
Temperature dependence of the alk&iHeNMR resonances
of 1 was indeed observed betweef35 and 16°C. At —35°C,

nAé(Him—H[rans) = 2.89 ppm, which is only slightly smaller than

the 2.93 ppm observed at50 °C, but as the temperature was
further increased to 18C, Ad(Hini—Hiang decreased substan-
tially to 2.63 ppm. Equation 8, wherex is the fraction chelated,

a-hydrogens of THF, corresponding to decoalesced resonances for bothWas used to determine the relative amountd-@h and 1-off

free and bound 2,5-dimethyl-THF. The resonances fordie2,5-dimethyl-
THF and for fregrans-2,5-dimethyl-THF appear &t 3.74 and 3.98. Three
broad singlets for 2,5-dimethyl-THF complexedlihwere seen ab 4.16,
4.30, and 4.46 with relative intensity of 1:2:1. We assume that, like THF,
2,5-dimethyl-THF binds so that the plane of the THF ring coincides with
the plane between the Cp* ligands. (Jordan, RAd:. OrganometChem
1991, 32, 325. Den Haan, K. H.; De Boer, J. L.; Teuben, J. H.; Smeets, W.
J. J.; Spek, A. LJ. Organomet Chem 1987, 327, 31. Evans, W. J;
Dominguez, R.; Hanusa, T. Rrganometallics1986 5, 263.) At —122

°C, 2,5-dimethyl-THF does not rotate freely about the yttritorygen bond
and the two a-hydrogens of cis-2,5-dimethyl-THF are inequivalent.
Similarly, the twoa-hydrogens of complexeilans-2,5-dimethyl-THF are
inequivalent. Ifcis- andtrans-2,5-dimethyl-THF bind equally strongly, four

in solution at these temperatures (Table 6), and an van't Hoff
plot gaveAH® = 3.3 + 0.1 kcal mot? andAS’ = 9 4+ 1 eu.
Considering the error that could have arisen from the assump-
tions that were made in our indirect calculationsAdfl° and
AS, it is fortuitous that the indirectly determined values are so
similar to these directly determined values.

Ad(Hp—Hyan) =X3.02)+ (1 - 0(1.05)  (3)

Metal —Alkyl —Alkene Complexes Are Not DimersWhether

equal intensity resonances are expected. The observed 1:2:1 intensity patterour o yttrocene-alkyl—alkene chelate complexes are mono-

is due to chemical shift degeneracy of two of the resonances. On warming,

these three resonances coalesce with the free 2,5-dimethyl-THF resonances. (21) ) The low-temperature chemical shiftslebn gaveAd (Hint—Hirand
These spectra are consistent with equal binding of the two isomers of 2,5- = 3.02 ppm. The chemical shifts of Cp¥('-CH,CH2C(CHs),CH=CH,)-

dimethyl-THF.

(THF) [AS(Hint—Hiang = 1.05 ppm] were used as estimates fooff.
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Table 6. AS(Hin—Huand, % 1-0n, Keq, and AG for the Equilibrium and helps to account for the rapid rates of Zieghatta

betweenl-on and 1-off polymerizations.

temp  Ad(Hin—Huand AG Binding Energies of Alkenes to @ Yttrium Alkyls. Our
) (Ppm) %l-on  Keg  (kcalmor™) ability to directly observe chelated metadlkyl—alkene com-
-35 2.89 93 0.07 1.3 plexes has now allowed us to measure the equilibrium constants
—23 2.84 91 0.10 11 for alkene binding and the associated binding energies. A major
-7 2.82 90 0.11 11 breakthrough was the observation of temperature dependent
-12 2.80 89 0.13 1.1 ) ) ; .

6 277 87 0.15 1.0 chemical shifts for the disubstituted alkene chelate comflex

4 2.71 84 0.19 0.9 This provided direct evidence for an equilibrium between
16 2.63 80 0.25 0.8 chelateds-onand nonchelatei-off and allowed us to measure

the equilibrium constants for alkene coordination over a wide

meric or dimeric has been a nagging question that initially could t€Mperature range.

not be addressed directly. Now that we are able to measure We were particularly interested in determiningH°® of
equilibrium constants for alkene coordination, we can resolve binding because these values should be similar to those of
the question. If the Yyttrocene-alkyl—alkene were a dimer, ~ nonchelated alkenes used in polymerization. For the disubstituted
the equilibrium between coordinated alkene and free alkene alkene chelat, the equilibrium constant for alkene complex-
would be concentration dependent; but if it is a monomer, then ation -on:6-off) was 50%6-on and 50%6-off at —51 °C,

the equilibrium would be concentration independent (Scheme and 32%6-on and 68%6-off at —22 °C (AGgzzs = —0.2 kcal

6). We have found that the equilibrium betwegon and6-off mol~1). AH® for the disubstituted alkene binding was 2t6

is concentration independent. 0.2 kcal moft, We were even more interested in the binding
energies of monosubstituted alkene chelates because these
< . \r¥ compounds provide better models for propene and other terminal
cpy *r\/\(:" .~ cp AN \(Cp' - alkenes important in polymenzat|ons._ Howe\_/er, because these
co’ Cpr — w cp* monosubstituted chelates showed little evidence for alkene
P Cp* dissociation at low temperature, we used an indirect method to
6-dimer 6-haif dimer measure their binding energies. We found that 2,5-dimethyl-
cr* 2 THF coordinated to monosubstituted chelate compleixed
2 p\r’ Keq = L om1” and8 less tightly than to disubstituted chel#eThe difference
CP" oot HaC [ 6-dimer ] in the free energy of 2,5-dimethyl-THF binding gives the free

energy difference between mono- and disubstituted alkene

When 0.0085 and 0.023 M solutions ®fvere examined by binding. For monosubstituted alkene complexésand 8,

IH NMR spectroscopy between51 and—90 °C, very nearly AG(236 K) of alkene binding was 2.2 kcal mélgreater than
identical chemical shift differences between the terminal vinyl that for disubstituted alkene chel&eBecause of larger errors
protons were observed over the entire temperature range.in measuringAH and AS than in measurind\G and because
Therefore, the percentages 6fon and 6-off were nearly AS should be the same for displacement of all the chelates by
identical for the two samples. For example,-&61 °C, both 2,5-dimethyl-THF, we believe the difference &H and AG

the 0.0085 M and the 0.023 M solutions ®@had Ao = 0.34 should be the same for all the chelates. Therefore, a reasonable
ppm, corresponding to 50% cheld&@eon.?? Clearly our data is estimate forAH of binding of monosubstituted alkene chelates
inconsistent with a dimermonomer equilibrium. 7 and8is 4.8+ 0.5 kcal mot.

Another suggested alternative is a dimeric system which  The greater binding energy of mono- than disubstituted alkene
dissociates one alkene to give a half-coordinated dimer. This chelates is consistent with the observation that monosubstituted
alternative could explain the concentration independence of theg|kenes are much more easily polymerized than disubstituted
coordination equilibria Only if the half dimer failed to dissociate alkenes in Z|eg|e-|c Natta Cop0|ymerizations with ethy|eﬁe_
to a significant degree. It is more likely that the second Brookhart found that ethylene binds 0.9 kcal molAG) more
dissociation would be more favorable than the first dissociation strongly than propene to (ARSCHCH=NAr)PdCH;" at —85
from the chelated dimer. If the half dimer were the only species °c 23 Similarly, propene binds 2.5 kcal mdimore tightly than
with a free alkene, then no more than 50% alkene dissociation the disubstituted alkene isobutene to Rh(acatjgFat 25°C.24

would have been observed. The AH of binding of monosubstituted alkenes to the d
yttrium centers of7 and 8 (4.8 + 0.5 kcal mof?) is much
smaller than the binding energy of alkenes to late transition
The direct NMR observation of chelated yttrigralkyl— metals. The binding energy of cyclooctene to CpMn(€0i%
alkene complexes has established the viability bhobtal- 24.5 kcal mot?, and that of 1-hexene in Cr(CQTH,=CHCH,-
alkyl—alkene intermediates in ZiegleNatta polymerizations. CH,CH,CHjg)?6is 12.2 kcal mot?. Ethylene displaces the ketone
The shifts of the NMR resonances of the internal alkene carbon carbonyl from (phen)Pgt,;1-CH.CH.C(CHs)=0) and binds
and its attached hydrogen to higher frequency are consistent7.8 kcal mot® more tightly?’ Ziegler has calculated a 19.4 kcal
with polarization of the &C double bond produced by mol! ethylene binding energy for (HNCH—CH=NH)Ni-
coordination to the electron deficient yttrium center. This (CH,CH,CHs)(H2C=CH,)*.28
polarization in part explains the rapid addition of negatively

polarized alkyl metal carbon centers to the complexed alkene  (23) Mecking, S.; Johnson, L. K.; Wang. L.; Brookhart, MAm Chem
Soc 1998 120, 888.
(22) Equilibrium constants were calculated assuming that the system is  (24) Cramer, RJ. Am Chem Soc 1967, 89, 4621.

Discussion

both monomeric and dimeric. Assuming a monomeric syst€g,was (25) Klassen, J. K.; Selke, M.; Sorensen, A. A.; Yang, G.JKAm
determined to be 1.0 at51 °C for both the 0.0085 and 0.023 M solutions ~ Chem Soc 199Q 112 1267.

of 6. Assuming a dimeric system, the computég, for the 0.0085 M (26) Klassen, J. K.; Yang, G. KOrganometallics199Q 9, 874.
solution of 6 was 7.1x 1075 M and the computedKeq for the 0.023 M (27) Rix, F. C.; Brookhart, MJ. Am Chem Soc 1995 117, 1137.

solution of 6 was 5.4x 1074 M. (28) Deng, L.; Margl, P.; Ziegler, 0. Am Chem Soc 1997, 119, 1094.
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Figure 6. Enthalpies of alkene dissociation and alkene binding for
Cp*zY[ﬂl,ﬂz-CH2CH2CH2CH=CH2] (7)

A significantly smallerAH® of alkene binding of 4.0 kcal
mol~! was estimated for the monosubstituted chelate complex
1, which has agemdimethyl group on the tether, based on
smaller equilibrium constants for complexation of 2,5-dimethyl-
THF. This weaker alkene binding was confirmed by observation
of temperature dependent vinyl chemical shifts¥avhich gave
AH® of 3.1, similar to the value determined indirectly from 2,5-
dimethyl-THF equilibria. The smaller binding energy of the
dimethyl-substituted chelate is explained by steric destabilization
of the chelate ring. Molecular mechanics calculations (UFF2
implemented in Ceril#8) for the nonmethylated chelafeshow
a preferred chair conformation for the chelate ring. With two
methyl groups on the chelate tether, the chair conformation is
destabilized by an axial methyCp* interaction, and the twist-
boat conformation is preferred. Thus our original design of a
dimethyl substituted chelate to promote ring formation (Therpe
Ingold effect§® was actually counterproductive and tgem
dimethyl group on the tether actually disfavors chelate form&tion.

The fact that the binding energy for the monosubstituted
alkenes is so small explains why’ dnetal-alkyl—alkene

complexes have been observed only when the alkene is tethere

to another ligand. With our estimate AH° = 4—5 kcal mol?

for monosubstituted alkene binding, we can address the question

of whether it will be possible to observe alkene complexation
for simple alkenes like propene. If we assume a typical range
of AS> = —25 to —35 eu for formation of a bimolecular
complex, we can calculate that at145 °C, the lowest
temperature we can access by NMRG will be in the range
—1.4 to 1.0 kcal mal®. For the most favorable casi€eq will

be 300 Mt and more than 80% of the yttrium alkyl will have

J. Am. Chem. Soc., Vol. 122, No. 18, 24807

expected to have such stabilization fAagostic interaction is
sterically impossible foi7-on, and there is no evidence for an
o-agostic interaction for-on. Evidence for g3-agostic interac-
tion in the saturated alkyl yttrium complex GY¥*CH,CH,-
CHCH;CH,CHjs related to7-off was obtained from the de-
creased magnitude of thé-y coupling of the3-CH, group ey
= 109 Hz) compared to the chelate complegesn, 7-on, and
8-on (LJcy = 125 Hz). Therefore, a large fraction of the 5 kcal
mol~! stabilization of7-off relative to the transition state can
be attributed to gs-agostic interaction formed after alkene
dissociation.

An alternative explanation for the 5 kcal méldifference
betweemAH* andAH® involves the development of steric strain
in the transition state for alkene dissociation. For dissociation
of a simple nonchelated ligandH* and AH® should be very
similar. However, for a chelaté&yH* can be substantially greater
thanAH® because of the added strain in the tether during alkene
movement to and from the crowded metal center.

For the gemdimethyl chelate complex CpY[#,7%-CH,-
CH,C(Me),CH=CH;] (1), a larger difference of 7.0 kcal n1dl
is seen between the enthalpy of alkene dissociatiod*(=
10.24 0.4 kcal mofl) and the alkene binding enthalpsid®
= 3.24 0.7 kcal mot?). Thegemdimethyl group ofl may be
responsible for added steric hindrance to alkene movement from
and to the crowded yttrium center. The disubstituted alkene
chelate Cp3Y[#1,72-CH,CH,CH,C(CHsz)=CHp] (6) has an even
larger difference of 8.3 kcal mol between the enthalpy of
alkene dissociationAH* = 10.9 & 0.3 kcal mof?1) and the
alkene binding enthalpyAH° = 2.6 + 0.1 kcal mol'). Passage

f the more sterically demanding disubstituted alkene of chelate

past the Cp* ligands might pose a more formidable steric

obstacle to the dissociation and recomplexation of the alkene.

A corollary to AH* being greater thar\H° for chelates is

that nonchelated alkenes such as propene should exchange much

more rapidly than chelates. Since the barriers for alkene
dissociation from yttrium chelates are already quite low,
exchange of propene should be exceedingly rapldf barriers
similar to AH° of 3—5 kcal moi! can be anticipated.

The binding energy of an alkene to a cationic group(lV) metal

propene complexed at 0.02 M propene. In the least favorable center should be stronger than binding of an alkene to a neutral
caseKeqWill be 1.6 x 1072 Mt and only 0.03% of the yttrium group(lll) metal center because of the charge-induced dipole
alkyl will have propene complexed at 0.02 M propene. Clearly, interaction. If part of the barrier to alkene dissociation is due to
a concerted effort to observe a nonchelated meitdyl—alkene the alkene binding energy, then a higher barrier would be
complex is a worthwhile and challenging endeavor that we are expected for a zirconium(1V) alkene complex. This is consistent

currently pursuing.
Kinetics of Alkene Decomplexation.The enthalpic barrier
(AH¥) for alkene dissociation and recomplexation from the

with experimental data from our group and Jordan’s. The two
diastereomers of CpZr[5,172-CH,CH{ CH,B(CgFs)3} CH,CH=
CHpg] (5) are interconverted by alkene dissociation and recoor-

opposite enantioface of the double bond is substantially larger dination from the opposite faceAG*(—42 °C) = 10.5 kcal

than the alkene binding enthalpiKi°) (Figure 6). The enthalpy

mol~1).” A similar barrier for alkene dissociation and recom-

of alkene dissociation and recomplexation to the opposite face plexation was reported for the zirconium(lV) oxypent-4-enyl

for Cp*zY[771,172-CH2CH2CH2CH=CH2] (7) (AH* =9.3+0.3
kcal mol?) is 5.3 kcal mot? greater than the alkene binding
enthalpy AH® = 4 4 1 kcal mofl1). The significantly greater
AH* compared witlAH° can be attributed either to stabilization
of dissociated yttrium alkyl7-off or to destabilization of the
transition state leading to alkene dissociation.

7-off is expected to be stabilized bypaagostic interaction
while neither7-on nor the transition state leading #%off is

(29) (a) RappeA. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A;;
Skiff, W. M. J. Am Chem Soc 1992 114 10024. (b) RappéA. K.; Colwell,
K. S.; Casewit, C. Jinorg. Chem 1993 32, 3438.

(30) For a brief description of the Thorpéngold effect, see: Eliel, E.
L. Stereochemistry of Carbon CompounilieGraw-Hill: New York, 1962;
pp 196-198. Eliel, E. L.; Allinger, N. L.; Angyal, S. J.; Morrison, G. A.
Conformational Analysisinterscience: New York, 1965; pp 19192.

chelate complex2 (AG* = 10.7 & 0.1 kcal mot?).# These
barriers are 34 kcal mol! higher than the analogous free
energies of activation measured for chelate compléxaasd7.
Kinetics of Inversion at Yttrium. The free energy of
activation for interconversion of the diastereotopic Cp* ligands
of chelate8 by alkene dissociation combined with inversion at
yttrium (AG*(—72°C) = 9.6 + 0.3 kcal mot?) is about 2 kcal
mol~1 greater than the barrier for alkene dissociation without
inversion at yttrium that interconverts Cp* ligands on complexes
1, 6, and7 and is four times greater than the binding energy of
the pendant alkeneAG(—72 °C) = 2.4 kcal mot?) (Scheme
6). Starting from the alkene dissociated intermedeff, a
barrier to net inversion at the metal center of 7.2 kcal thad
incurred. This barrier may arise from three sources: (1) an
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Figure 7. Free energy diagram for alkene binding and the barrier to
alkene dissociation combined with inversion at yttrium for &f€H.-
CH,CH(CH;)CH=CH, (8).

8a-on

intrinsic barrier to inversion of a pyramidal yttrium centér,
(2) the loss of an agostic interactf@r{if any), which has been
proposed to stabilize®dmetal-alkyl—alkene complexes, and
(3) a 180 rotation about the ¥-CH, bond, during which the
alkyl chain must pass one of the Cp* ligands (Scheme 6).

For Royo’s zirconocene-alkene chelaBe diastereotopic
hydrogens are equilibrated by alkene dissociation followed by
inversion at zirconiumAG*(—72 °C) = 11.9 kcal mot?, AH*
= 12.9+ 0.5 kcal mot?, and AS" = 5.0 + 2.3 eu)3 Both
AG* and AH* are about 2 kcal mol greater for3 than for
yttrium complex8, consistent with a stronger metalkene
bond to cationic zirconiur&*3>

Ziegler—Natta polymerization of propene by thetallocene
catalysts can proceed with high stereospecifititiyor Cs- and

(31) DFT and ab initio calculations predict a planar structure for methyl
complexes of &metallocenes such as §€tCH. For ethyl and propyl-
metallocene complexes, thémietal center is predicted to adopt a pyramidal
geometry in order to accommodate an energetically favoyallel agostic
interaction. (a) Ziegler, T.; Folga, E.; Berces, AAm Chem Soc 1993
115 636. (b) Woo, T. K.; Fan, L.; Ziegler, TOrganometallics1994 13,
2252. (c) Yoshida, T.; Koga, N.; Morokuma, Krganometallics1995
14, 746. (d) Weiss, H.; Ehrig, M.; Ahlrichs, Rl. Am Chem Soc 1994
116, 4919. (e) Kawamura-Kuribayashi, H.; Koga, N.; MorokumaJKAm
Chem Soc 1992 114, 8687.

(32) (a) Brookhart, M.; Green, M. L. HJ. Organomet Chem 1983
250, 395. (b) Brookhart, M.; Green, M. L. H.; Wong, L.-Prog. Inorg.
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how the rates of alkene dissociation and insertion compare for
nonchelated systems.

4G While our results clearly demonstrate that alkene dissociation
from yttrium is much faster than insertion, extrapolation of these
results to cationic titanium and zirconium catalysts is problem-
atic. Alkene dissociation from more electrophilic zirconium
cations is expected to be much slower than from neutral yttrium
centers, and our recent study shows that alkene dissociation from

f 4 ’
14.4 kcal
cer 72keal |\ 40 keal cationic zirconium chelate CpZr[n*,7?-CH,CH{ CH,B(CgFs)s} -
}W l 61 keal CH,CH=CH,] (5)7 has a barrier 2 kcal higher than those
Ccp* 7-off \ /

measured for yttrium chelate complexe$, and7. In contrast,

- the rate of alkene insertion is expected to be much faster for a
\v\/ﬁ cationic zirconium complex than for a neutral yttrium complex.
I It will be interesting to obtain an experimental comparison of
alkene dissociation and insertion rates for titanium and zirconium
centers.

2.1 kcal

Figure 8. Free energy diagram for chelateon, *-alkyl complex7-off,
and cyclobutylmethyl intermediaté.

. I
ligand control of stereochemistry in metallocene catalyzed Experimental Sectiorf

polymerizations, it is crucial to know whether stereochemistry Cp*zY[ﬂly'IZ'CH2CH2CH2C(CH3)=CH.2] (6) in Methylcyclohex-
is controlled by irreversible alkene approach or by the stereo- anedi/Pentaned,. 2-Methyl-1,4-pentadiene (0.024 mmol) was con-
chemistry of the alkene insertion step. Earlier, we measured densed into an NMR tube containing (GlH) (0.009 mmol, prepared

the rate of intramolecular alkene insertion into an yttrium chelate " Sitw) and CH(SiMe;), (which was used as an intermnal standard) in
by an isotopic labeling experiment. Exchange of Gilto the a mixture of approximately 1:1 methylcyclohexamepentaned;, (0.55

- I _ mL). The tube was sealed and shaken intermittently-@8 °C for
y-position of Cp%Y[17%,17%-CDCH,CH,CH=CD,] (7-d) occurs about 2 min.*H NMR spectroscopy showed a 70% vyield @flong

by reversible alkene insertion to give an unstable cyclobutyl- jith 2-methyl-1-pentene (109 NMR (500 MHz, GD1:CDs/CsD1,
methyl intermediatéd (Figure 8) At—78 °C, the half-life for —]_42°C): 0 -0.70 (br sw1i» = 56 Hz, Y(']—|H)7 —0.18 (br S, partia"y
exchange was about 40 min, corresponding\@&" = 14.4+ obscured by Elx(Si(CHs)s)2 resonances, YCH), 1.28 (m, YCHCH,),
0.1 kcal mot®. We have now measurefiG(—78 °C) = 7.2 1.62 (s, CH), 1.88, 1.93 (two br sp1», = 15 Hz, 11 Hz; diastereotopic
kcal mol? for alkene dissociation fron7 by dynamic NMR Cp* resonances), 3.73 (br @y, = 27 Hz,=CHH), 4.37 (br swy, =
spectroscopy. Thus, the barrier for alkene dissociation is 7.2 30 Hz, =CHH). Resonances for 2-methyl-1,4-pentadie3e0.88 (t,
kcal mol® lower than for insertion to make the cyclobutylm- CH.CH,CH), 1.46 (m, CHCH:CHy), 1.62 (s, CH=C(CHy)), 4.63,

ethyl intermediate, and alkene dissociation i faster than féggng;]"gféss’ 2H, ®;=C(CH)), CH,CH,CHs obscured by Cp*
insertion! X

Th h id alk di iati lative to alk The temperature dependence of the chemical shifts of the vinyl
. e, much more rapid alkene dissociation relative to alkene hydrogen resonances andCH, resonances were measured between
insertion seen for chelate compl@xshould also be seen for 59 and—142-°C. (See Supporting Information: Table 1; Figures 1

nonchelated systems. However, the relative rates may beand 11.) Above-40°C, slow decomposition d occurs and numerous
substantially different. The insertion of alkene into cheldte  additional peaks grow betweén—0.5 and 2.0; resonances in this region
should be unusually slow due to formation of the highly strained were difficult to assign, but vinyl resonances were readily assigned.
cyclobutylmethyl intermediate. Alkene decomplexation might At —15°C, 6 decomposes within 5 mitH NMR (500 MHz, GD1-
also be slower for chelate compl@&due to added strain in the ~ CDs/CsD12, —29 °C): 6 1.91 (s, Cp*), 4.22 (br swy> = 35 Hz,=
chelate backbone at the transition state for alkene dissociationCHH). 4.46 (br sy, = 35 Hz, =CHH).

(AH* is 5.3 kcal moft? > AH°®). It will be interesting to see (41) See Supporting Information for General Procedures.
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Cp*2Y[51-CH2CH,CH,C(CH3)=CH,](2,5-dimethyl-THF) (10).
2,5-Dimethyl-THF (0.027 mmol) was condensed into an NMR tube
containing Cp3Y[#*,7?-CH,CH,CH,C(CHs)=CH] (6) (0.017 mmol,
prepared in situ) and CfSiMe;), (which was used as an internal
standard) in a solution of approximately 1:1 methylcyclohexdue-
pentaned;; (0.54 mL). The tube was sealed and shaken intermittently
at —78 °C for about 2 min. The yellow solution turned colorle¥d.
NMR spectroscopy showed formation 1 in 90% yield. At—65 °C,
only 10 and no6 are presenttH NMR (500 MHz, GD1:CD3/CsD12,
—65°C): 0 —0.48 (br m,w12 = 25 Hz, YCH,); 1.31 (m, YCHCHy);
1.47 (br m,w1, = 21 Hz,5-THF); 1.68 (s, CH); 1.92 (s, Cp*); 4.05,
4.23 (two br sw1, = 24, 24 Hz;0-CH of cis- andtrans-2,5-dimethyl-
THF); 4.53 (br s,w12 = 6 Hz, =CHH); 4.57 (br s,w1, = 8 Hz,
=CHH); resonance for Cp¥ CH,CH,CH. obscured by Cp* resonance.

The temperature dependence of the chemical shifts of the vinyl
hydrogen resonances were measuree-38, —36, —42, —45, —51,
—55, and—65 °C. (See Supporting Information: Tables 2 and 3;
Figures 2 and 13.) At-33 °C, the solution contains 89%0 and 11%
chelate6. 'H NMR (500 MHz, GD1;CDs/CsD1,, —33 °C): 6 —0.31
(br m, w12 = 21 Hz, YCHy); 1.31 (m, YCHCH,); 1.45 (br m,w1, =
15 Hz, -2,5-dimethyl-THF); 1.65 (s, C§); 1.92 (s, Cp*); 3.97, 4.18
(two br m; wyz = 20, 17 Hz;a-CH of 2,5-dimethyl-THF); 4.44 (d,
Jgem = 3 Hz, =CHH), 4.53 (d,Jgem = 3 Hz, =CHH), resonance for
Cp*,YCH,CH,CH, obscured by Cp* resonance.

Cp*2Y[5*-CH,CH,CH,CH=CH,](2,5-dimethyl-THF) (11). 2,5-
Dimethyl-THF (0.062 mmol) was condensed into an NMR tube
containing Cp3Y[#5*,7?-CH,CH,CH,CH=CHj] (7) (0.017 mmol, pre-
pared in situ) and CkSiMes), (which was used as an internal standard)
in a solution of approximately 1:1 methylcyclohexah@/pentaned;,
(0.45 mL). The tube was sealed and shaken intermittently7& °C
for about 2 min. The solution changed from yellow to colorléss.
NMR spectroscopy showed formation o1 in 82% yield. At —122
°C, only 11 and no7 are present'H NMR (500 MHz, GD1,CDs/
CsD1p, —122°C): 6 —0.62 (br swi, = 61 Hz, YCHH); —0.34 (br s,
partially obscured by B,(SiMes),, YCHH); 1.32 (m, YCHCH,); 1.37
(br m, w1, = 26 Hz,3-CH, of cis- andtrans-2,5-dimethyl-THF); 1.91
(br s, w1, = 46 Hz, Cp*); 3.76, 3.99 (two br spi», = 19, 19 Hz;
o-CH of uncoordinatedis- andtrans-2,5-dimethyl-THF); 4.16, 4.30,
4.46 (three br s, 1:2:1 rati@y1, = 30, 34, 38 Hzjo-CH coordinated
cis- andtrans-2,5-dimethyl-THF); 4.77 (br sp1, = 22 Hz,=CHH);
4.86 (d, Jrans = 16 Hz, =CHH); 5.78 (br s, partially obscured by
resonance of excess dienelH€CH,); resonance for YCKCH,CH,
obscured by Cp* resonance. At69 °C, the solution contains 85%l
and 15% chelat&. *H NMR (500 MHz, GD1,CD3/CsD1,, —69 °C):

0 —0.44 (br swi, = 26 Hz, YCH,); 1.30 (m, YCHCH,); 1.41 (br m,

Casey et al.

w12 = 17 Hz,-THF); 1.92 (s, Cp*); 3.87, 4.09 (two br 81, = 23,

23 Hz;a-2,5-dimethyl-THF); 4.66 (br sp1, = 133 Hz,=CHH); 5.89

(br s, w12 = 120 Hz, GH=CH,); resonances for YC¥H,CH, and
=CHH obscured by Cp* resonance and excess diene resonance,
respectively.

Variable-Temperature *H NMR Spectra of Cp*,Y[p*-CH2
CH2CH,CH=CH}](2,5-dimethyl-THF) (11). The temperature de-
pendence of the chemical shifts of the alkene resonances of a solution
of 11 (0.028 M) and excess 2,5-dimethyl-THF (0.116 M) in ap-
proximately 1:1 methylcyclohexardz/pentaned;, was measured at
—33,—-37,—-42,—-49,-51,-56,—-60,—67,—71,—76, and—85 °C.

(See Supporting Information: Tables 4 and 5; Figures 3, 4, and 14.)
Two spectra are reported: at37 °C, for a mixture of 26%11 and
74% chelater, and at—85 °C, for a mixture of 98%1and 2% chelate

7. *H NMR (500 MHz, GD1:CD3y/CsD12, —37 °C): ¢ —0.34 (td;3] =

7 Hz, Jyu = 4 Hz, YCH,), 1.30 (m, YCHCH,); 1.40 (m,[-CH, of

cis- andtrans2,5-dimethyl-THF); 1.93 (s, Cp*); 3.83, 4.06 (two &;

=5, 5 Hz;a-CH of cis- andtrans-2,5-dimethyl-THF); 4.12 (ddj.s =

10 Hz, Jgem = 3 Hz, =CHH); 5.22 (dd;Jirans = 17 Hz, Jgem = 3 Hz;
=CHH); 6.44 (m, GH=CHy), resonance for YCKCH,CH, obscured

by Cp* resonance. At-85°C: 6 —0.45 (br s,w1, = 48 Hz, YCH);

1.29 (m, YCHCHy); 1.42 (br sw1, = 26 Hz,-THF); 1.92 (s, Cp*);
3.85, 4.08 (two br sw1, = 62, 53 Hz;a-CH of cis- andtrans2,5-
dimethyl-THF); 4.77 (dJss = 10 Hz,=CHH); 4.85 (d,Jyans= 17 Hz,
=CHH); 6 5.79 (br s, partially obscured by resonance of excess diene,
CH=CHy,); resonance for YCKCH,CH, obscured by Cp* resonance.

Acknowledgment. Financial support from the National
Science Foundation (CHE-9972183) is gratefully acknowledged.
Grants from the NSF (CHE-9629688) and NIH (I S10 RR04981-
01) for the purchase of the NMR spectrometers are acknowl-
edged. We thank Dr. Ting-Yu Lee for helpful discussions.

Supporting Information Available: General procedures;
experimental information for compounds6—9, 12—14, and
18; data tables and van't Hoff plots for temperature-dependent
NMR spectra of equilibrium mixtures & and 10, 7 and 11,
and8 and12; temperature-dependeti NMR spectra ford, 6,
equilibrium mixtures ofl and 13, 6 and10, 7 and 11, and8
and 12; temperature-dependetiC NMR spectra of7 and §;
AG andAH diagrams forl, 6, 7, and8 (PDF). This material is
available free of charge via the Internet at http://pubs.acs.org.

JA9931022



