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Abstract: The yttrium hydride dimer (CgYH), (2) reacted rapidly with 3,3-dimethyl-1,4-pentadiene in methyl-
cyclohexanedy4 at —78 °C to form the @ yttrium(lll) pentenyl chelate complex CpY¥[#',7?-CH,CH,C(CH),-
CH=CHj] (4). Low-temperaturéH, 13C, and'H NOESY NMR spectroscopy @f established bonding of the tethered
alkene to the @imetal center. Quantitative analysis of the NOESY time course using the Conformer Population
Analysis method demonstrates that the dominant conformers in solution are interconverting pairs of chelated complexes,
one in a twist-boat conformation and the other a chair conformer. No significant contribution by a free alkene
conformation is required to explain the spectroscopic data. Addition of THF to pentenyl chatat&8 °C displaced

the alkene and formed the yttrium(lll) pentenyl THF adduct £4p#*-CH,CH,C(CHs),CH=CH,](THF) (5), in

which there is no interaction between the pendant alkene and’theetdl center. Yttrium hydride dime2 also
reacted with either 1,4-pentadiene or methylenecyclobutane to form the same pentenyl chelate comjlex Gp*
CH,CH,CH,CH=CHg] (6). The interconversion of deuterium-labeled chelate compléxe4,5,5d, and6-3,3,5,5-

d; at —78 °C (AG* = 14.4+ 0.2 kcal mot?) establishes that intramolecular alkene insertion is occurring under the

reaction conditions.

Introduction

Coordination of an alkene to an electron-deficient metal

d° transition metal-alkene complexes have been directly
observed in only a few casés!? For example, the pentadienyl
ligand of the @ zirconocene(lV) complex [((M&)CsHa)2Zr-

alkyl complex has been proposed as a requisite chain propagaiy1 52 »2-CH,C(Me)=C(Me)C(Me)=CHMe)]*[B(4-

tion step in Ziegler-Natta alkene polymerizatiol® Subse-
quent alkyl migration to the coordinatedalkene via a four-
center transition state generates a newGQCbond and forms a
vacant coordination siteis to the growing polymer chain. The
key & metal-alkyl—alkene intermediate is expected to be
unstable due to the absence mbackbonding and the rapid

CeH4F)4]~ binds to zirconium through a-bond and two weak
n?-alkene interaction¥d Jordan recently reported the synthesis
of the zirconium(lV) oxypent-4-enyl chelate complex [Zp-
(17%,7?-OC(CHs)2CH,CH,CH=CH,)] "[MeB(CsFs)3] ~ (1), which
was designed to model a cationic ¢Zp—alkyl—alkene)
intermediaté? Binding of the tethered alkene bfvas observed

insertion. For example, ethylene binding energies between 7in solution by NMR spectroscopy and in the solid state by X-ray

and 11 kcal moi! have been calculated for a series of neutral
Ti(IV) halides? and experimental values for the activation
barrier for the addition of ethylene to the 4C bond of
CpeTiCHz' range from 6 to 12 kcal mot.5 As a result, metat

alkyl—alkene complexes in active polymerization systems have

only been observed for norf-thetal catalysts. Thefatobalt(l1l)
alkyl ethylene complex Cp*[P(OMgCoCH,CHz(H,C=CH,)"
was detected by low-temperatdf€ NMR spectroscopy under
an ethylene atmospheteSimilarly, & Pd(ll)(diimine)(alkyl)-
(alkene) complexes were detected by low-temperattitr&IMR
spectroscopy during alkene polymerizatfon.
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Due to the relevance ofdnetal-alkyl—alkene complexes
to alkene polymerization and the lack of suitable model
complexes, we sought to generat@é mietaalkyl—alkene

complexes which would model the alkene intermediate present
in o-alkene polymerization. Here we report the synthesis and

solution structure of a series ofC dyttrium(lll) pentenyl

complexes which possess a coordinated alkene. We began by

investigating the reaction of the yttrium hydride dimer (&¢4).
(2)1314with 3,3-dimethyl-1,4-pentadiene. Yttrium was chosen
because group Il metallocenalkyl—alkene complexes are
neutral and because of possible advantages from gpfifyY

(100% abundance). The 4-pentenyl side chain was chosen tog, s =10.5 Hz: 6 4.92, d, Jyans =

favor alkene complexation by the chelation effect, andyes
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17.3 Hz) in the starting
diene. The secondary vinyl hydrogendfs 6.78, dd) is shifted

dimethyl group was incorporated into the pentenyl backbone 1 04 ppm to substantially higher frequency than in the starting

to promote ring-forming chelatio}. Intramolecular alkene
insertion is endothermic by 4 kcal moi! due to the 26 kcal
mol~1 strain in the resulting methylcyclobutyl compli.

Results

Synthesis of Yittrium(lll) Pentenyl Chelate Complex
Cp*,YCH ,CH,C(CH3),CH=CH; (4). The yttrium hydride
dimer (Cp*%YH)2 (2) was prepareth situ by hydrogenation of
the monomeric yttrium(lll) metallocene complex GNCH-
(SiMe3), (3) in methylcyclohexaneh, at 0°C.13 A colorless
solution of 2 reacted rapidly with 3,3-dimethyl-1,4-pentadiene
in methylcyclohexaneh4 at —78 °C to form a bright yellow
solution of the @ yttrium(lll) pentenyl chelate complex
Cp*2Y[ 717> CH,CH,C(CHs),CH=CH] (4) (Scheme 1).4 was
formed in 984 5% yield as determined by4 NMR spectros-
copy using CH(SiMes), obtained from cleavage @ as an
internal standard. Pentenyl chelate compleyas also prepared
in tolueneds in 84% vyield by!H NMR spectroscopy.4 was
stable for more than 2 weeks a8 °C but decomposed after
several hours at-50 °C. Due to the thermal instability of,
the complex was characterized without isolation‘byand'3C
NMR spectroscopy at-100 °C.

In the IH NMR spectrum of4, methylene resonances ét
—0.44 (br s,w1, = 20 Hz, YCH,) and 1.84 (br swy, = 12
Hz, YCH,CH,) confirmed the addition of yttrium hydride to
one of the diene double bonds. A single resonanai h93
was observed for the Cp* ligands, and a resonancg h03
was assigned to thgemdimethyl group of the pentenyl chain
(Supporting Information Figure 1). The substantial differences
between the vinyl hydrogen chemical shifts in tethered metal
alkene complex and in the starting diene provided evidence
for coordination of the pendant alkene to tHeyttrium center
(Table 1, Supporting Information Figure 2). The chemical shift
difference AJ) between the terminal vinyl hydrogens 4fis
1.38 ppm § 3.76, d,Jes = 10.7 Hz;6 5.14, d,Jyans = 17.8
Hz), but the chemical shift difference is only 0.05 pphrd(87,
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(b) den Haan, K. H.; Wielstra, Y.; Teuben, J. Brganometallics1987, 6,
2053.
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J.; Pearce, RJ. Chem. Soc., Chem. Comm878 994. (b) Coughlin, E.

B.; Bercaw, J. EJ. Am. Chem. S0d.992 114, 7606.
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diene ¢ 5.74, dd). The similarity between the vinyl coupling
constants oft and the starting diene suggest that the carbon
carbon double bond of chelate compkéxs relatively unper-
turbed. No significant change in the chemical shift of the vinyl
resonances was observed over the concentration rang@éi20
mM, which indicates that the percentage of coordinated alkene
is constant. This is consistent with complete intramolecular
coordination of the alkene to the dnetal center.

In the 13C NMR spectrum of4, methylene resonances @t
33.7 (d,Jyc = 45.8 Hz, YCH) and 14.9 (YCHCH,) confirmed
the formation of an alkylyttrium complex. The magnitude of
the Y—C coupling constant is similar to the values reported for
the asymmetric methylyttrium dimer (Cp*CHa), (*3C NMR,
—80°C, toluene:d 22-011‘JYC =427 HZ;(S 21.8,1JYC =51.1
Hz).17 In contrast, the YCkiresonance for the symmetrically
bridged butylyttrium dimer [(gH4Me),Y(CH3)sCHs]. appears
as a triplet, withtJyc = 23.0 Hz142

Resonances at 11.6 and 116.3 were assigned to the Cp*
methyl and Cp* ring carbon atoms df respectively, and a
resonance ai 43.1 was assigned to tlgemdimethyl group of
the pentenyl chain. The 15 ppm shift to higher frequency of
the resonance of the internal alkene carbon atoh(6f161.1,

d, Jcn = 151 £ 2 Hz) relative to that in 3,3-dimethyl-1,4-
pentadiened 146.1, d,Jcy = 151 Hz) provided evidence for
alkene coordination (Table 1). The chemical shift of the
terminal alkene carbon atom df(6 110.5, t,Jcy = 154+ 2
Hz) is similar to that of the starting diené (11.1,Jcy = 156
Hz). The similarity of the vinylJcy coupling constants od
and the starting diene is inconsistent with an agostieHY-C
interaction in4.22 The 'H and 3C NMR chemical shifts for
the complexed alkene dfsuggest that the double bond is bound
asymmetrically to the Uyttrium center and that the internal
alkene carbon atom is positively polarized. The alkene reso-
nances of4 closely resemble the chemical shifts reported by
Jordan for the complexed alkene in zirconium(IV) oxypent-4-
enyl chelate comples.1?

A static chelate structure fe¥would possess diastereotopic
Cp* groups and diastereotopjemmethyl groups. Therefore,
the observation of resonances for equivalent Cp* ged
methyl groups in both théH and3C NMR spectra suggests
that a fluxional process interconverts the enantiomerg.of
Migration of yttrium from one alkene enantioface to the other
is the minimum required process (Scheme 2). This can be
accomplished by dissociation of the chelated alkene to generate

(17) Watson, P. LJ. Am. Chem. S0d.983 105 6491.
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Table 1. Comparison of Alkene Resonances #r6, 3,3-Dimethyl-1,4-pentadiene, and 1,4-Pentadiene

H NMR (500 MHz)

13C NMR (91 Mhz) and3c{*H} NMR (126 MHz)

compound 0 (=CHy) Ad (=CHy) 0 (—CH=) 0 (=CHy) 0 (—CH=)
3,3-dimethyl-1,4- 4.87 (d,J = 10.5 Hz), 0.05 5.74 (dd) = 17.3, 111.1 Qch = 156 Hz) 146.1Jcn = 151 Hz)
pentadiene 492 (d,J=17.3 Hz) 10.5 Hz,—CH=)
4 3.76 (d,J = 10.7 Hz), 1.38 6.78 (dd) = 17.8, 110.50ch =154+ 2Hz) 161.1{cy =151+ 2 Hz)
5.14 (d,J = 17.8 Hz) 10.7 Hz,—CH=)
5 4.75 (m, 2 H) ~0.0 5.78 (ddJ = 17.8, 108.4 150.7
10.9 Hz,—CH=)
1,4-pentadiene 5.00 (m, 2 H) ~0.0 5.75 (m) 115.8 135.8
6 3.79 (d,J = 10.0 Hz), 1.46 6.58 (m) 112.9 158.1

5.25 (d,J = 17.5 Hz)

a All spectra were obtained ingD1:CD; at —100 °C.

Scheme 2

|

thenl-intermediate CpgY[#*-CH,CH,C(CHs),CH=CH] (A),
followed by recoordination to the opposite face of the alkene.
Alternatively, this could occur by nondissociative migration of
yttrium to the opposite alkene enantioface via a carbon
hydrogeno-bond intermediaté® Migration of yttrium to the

|
) )
Y §

A'

Inversion at Y

A

NMR spectroscopy at-100°C. The!H and!3C NMR shifts
for the carbon-carbon double bond d§ suggest that there is
no interaction between the pendant alkene and thenetal
center.

In theH NMR spectrum o6, thea- andj3-CH, resonances

opposite alkene enantioface interchanges the relationships ofpf coordinated THF were observed &t 3.64 and 1.35,

the Cp* andgeméimethyl groups relative to the secondary vinyl
hydrogen whether or not inversion at yttrium takes place.
Inversion at yttrium A < A’") changes the relationship between
the Cp* and Me groups (Scheme 2). The rapidity of the
fluxional process at-100 °C is consistent with the expected
weakness of atimetal-alkene interaction.

respectively (free THF:0 3.62, 1.76). The chemical shift of
the terminal vinyl hydrogens & (6 4.75, 2 H, m) was similar
to the shifts observed for 3,3-dimethyl-1,4-pentadiehd.g7,
1H,d; 492, 1 H, dA6 = 0.05 ppm) (Table 1, Supporting
Information Figure 3). In contrast, the chemical shifts of the
terminal vinyl hydrogens of the complexed alkenedinvere

Variable-temperature studies revealed no significant changeconsiderably differentd 3.76, d; 5.24, dAJd = 1.38 ppm).

in the chemical shifts of the vinyl resonances betwed©0
and—50°C. This indicates that chelate compléxs strongly
favored overA throughout this temperature range. No change
in the chemical shift or peak width of the YGliesonance was
observed over the same temperature range.

The Y—C bond of4 was hydrogenated at78 °C under 2
atm of H, to form yttrium hydride dimef and 3,3-dimethyl-

The secondary vinyl hydrogen 6fis observed ab 5.78, which

is also very similar to the chemical shift for the secondary
hydrogen in the starting diené 6.74) and very different from

the corresponding resonance for chelafé 6.78). The YCH

(6 —0.74) and Cp* ¢ 1.88) resonances were shifted slightly to
lower frequency compared to the resonances for chelate complex
4 (0 —0.44, YCH; 6 1.93, Cp*)!® The resonance correspond-

pentane (Scheme 1). The organic fragment was characterizedng to the gemdimethyl group of the pentenyl chain was

by 'H and3C NMR spectroscopy and by GC/MS analysis.
Synthesis of Yttrium(lll) Pentenyl THF Adduct Cp* ,Y-
[#3-CH2CH3C(CH3),CH=CH,](THF) (5). The possibility that
the unusual vinyl chemical shifts of might be due to the
proximity of yttrium rather than alkene complexation was tested
by making a THF complex with a dangling alkene side chain.
Addition of THF to a solution o#4 in methylcyclohexaneh4
at —78 °C led to immediate displacement of the coordinated
alkene and formation of a colorless solution of the 1:1 yttrium-
(1) pentenyl THF adduct CpY[#*-CH,CH,C(CHg),CH=CHj]-
(THF) (5) (Scheme 1).5 was formed in 97 5% vyield by!H
NMR spectroscopy using CXBiMe;3), as an internal standard
(Cp* resonance versus SiMe Complex5 was thermally
unstable and was characterized without isolatioAHband13C

(18) Peng, T.-S.; Gladysz, J. 8. Am. Chem. S0d.992 114, 4174.

observed abt 0.90

The13C NMR spectrum ob displayed resonances @67.7
and 25.7 corresponding to the- and 5-CH, resonances,
respectively, of the coordinated THF (free THE:67.5, 26.0).
The 13C NMR chemical shifts of the alkene carbon atoms (
108.4,=CHy; 150.7, CH=) of 5 are similar to those of 3,3-
dimethyl-1,4-pentadiene and very different from those observed
for 4 (Table 1). Resonances@B3.7 (d,Jyc =50.3 Hz, YCH)
and 14.7 (YCHCH,) were assigned to the:- and §-CH,
resonances of the pentenyl chain, respectively. Significantly,
the yttrium—carbon coupling was 5 Hz larger than that in
chelated complex.1% Resonances at 11.6 and 115.2 were

(19) (a) den Haan, K. H.; Wielstra, Y.; Eshuis, J. J. W.; Teuben, J. H.
Organomet. Chem1987 323 181. (b) Evans, W. J.; Meadows, J. H.;
Hunter, W. E.; Atwood, J. LJ. Am. Chem. S0d.984 106, 1291.
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Figure 1. H NOESY spectrum of CpY[n',n?*-CH,CH,C(CHs),-
CH=CH2] (4) in C6D11CD3 at —100°C (‘L’m =75 ms).

assigned to the Cp* methyl and Cp* ring carbon atoms,
respectively, and a resonance&at3.5 was assigned to tigem
dimethyl group of the pentenyl chain.

Comparison of NOE Spectra of 4 and 5. The proximity
of the pendant alkene to th& ohetal center in pentenyl chelate
complex4 was confirmed by a steady-state 1D NOE NMR
experiment. When the Cp* resonancedt.93 and thegs-CH,
resonance ai 1.84 were irradiated for 40 ms (0.008 mT), NOEs
of —8 + 2% were measured for both of the terminal vinyl
hydrogens, and an NOE o6f16 + 2% was measured for the
secondary vinyl hydrogen (Supporting Information Figure 4).
Negative NOEs were also observed for the YGidd thegem
dimethyl group, although quantification was precluded by the
large subtraction errors in the difference spectra.

In contrast, irradiation of the combined Cp* apfdCH,
resonance of THF addué (6 1.88) for 40 ms (0.008 mT)
produced an NOE o&k—1% for the terminal vinyl hydrogens
and—2 £+ 1% for the secondary vinyl hydrogen, indicating that
the pendant alkene &fwas not coordinated to the metal center
(Supporting Information Figure 5). NOE enhancements b2
+ 2% and—26 £+ 2% were measured for YGHand for the
a-methylene groups of THF, respectively. No NOEs were
observed for thegemdimethyl group or for thes-methylene
groups of THF, presumably due to subtraction errors in this
region of the spectra.

After preliminary 1D NOE experiments were performed,
complexes4 (Figure 1) and5 (Figure 2) were examined
qualitatively by'H NOESY NMR spectroscopy using a 75 ms
mixing time. The magnitude and the distribution of the NOE
crosspeaks between the CB*CH, hydrogens and the vinyl
hydrogens reveal qualitative information about the structures
of 4 and5. All of the vinyl hydrogens it show sizable NOEs
of nearly equal intensities. The similar intensities imply that
all of the vinyl hydrogens are roughly equidistant from the Cp*/
p-CH, hydrogens, as expected for a coordinated alkene.

In contrast, the spectrum of THF addugshows a strong
NOE between the CpstCH, hydrogens and the-CH, groups
of THF but weak NOEs between the Cg*CH, hydrogens and

the vinyl hydrogens. As expected, the crosspeak between the

Cp*/3-CH, hydrogens and the secondary vinyl hydrogen is
larger than the peak to the two terminal vinyl hydrogens. In

J. Am. Chem. Soc., Vol. 119, No. 41, 19883

F1 (ppm)

2.0
F2 (ppm)
Figure 2. H NOESY spectrum of Cp¥Y[5'-CH,CH,C(CH).-
CH=CH_,](THF) (5) in C¢D11:CD3 at —100°C (tm = 75 ms). Excess
3,3-dimethyl-1,4-pentadiene is observed)at.87, 4.92 £CH,), and
5.74 (CH=).

0.0

further support of these interpretations, the spectrd ahd5
exhibit similar crosspeak intensities, correlating the Gg2H,
hydrogens to thgemdimethyl and YCH hydrogens.

Quantitative Determination of the Solution Structure of
4 by Conformer Population Analysis. The solution structure
of yttrium pentenyl chelate comple4 was determined by
analyzing the time course of the quantitatité 2D NOESY
data with the multiconformational analysis technique, conformer
population analysis (CPAf.2

The 2DCPA method correlates the distance-related informa-
tion obtained from the buildup of NOE intensities to the NOE
data calculated for a large set of energetically feasible model
conformations generated by molecular mechanics. The 2DCPA
strives to find the smallest combination of conformers that best
account for the NOE data. Our approach to analyzing the
solution conformations of takes advantage of several distinc-
tive features of the 2DCPA methd#21 (1) because the model
is multiconformational, one is not forced to describe the structure
with a single, averaged conformation; (2) the method employs
full-relaxation matrix analysis with accurate simulation of spin-
diffusion; (3) all data, including the absence of NOE crosspeaks,
are quantitatively analyzed; and (4) the goodness-of-fit is
determined by direct comparison of observed data (the time
course of NOE intensities) with simulated data. The primary
goal of this 2DCPA analysis is to determine whether there is a
significant population of the uncoordinated yttrium pentenyl
intermediatéA. A secondary goal is to investigate the detailed
geometry of the yttriumralkene coordination. We note that
NOE analysis of the solution structure of these yttrocene
complexes presents formidable challenges. By far the greatest
challenge is the quantitation and analysis of data arising from
30 chemical shift-equivalent but geometrically inequivalent
methyl protons. Only a detailed, quantitative method of
analysis, such as 2DCPA, can lead to a reliable interpretation
of such data.

(20) (a) Landis, C.; Allured, V. SJ. Am. Chem. S0d.991, 113 9493.
(b) Landis, C. R.; Luck, L.; Wright, J. MJ. Magn. ResonSer. B1995
109, 44.

(21) Giovannetti, J. S.; Kelly, C. M.; Landis, C. B. Am. Chem. Soc.
1993 115 4040.
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Figure 3. Yttrium pentenyl chelate twist-boat conformer with the
lowest single conformatioR-factor. ItsR-factor is only slightly higher
than that of the chair conformer shown in Figure 4.

Figure 4. Yttrium pentenyl chelate chair conformer with the lowest
single conformatiorR-factor.

There are four steps in our use of the 2DCPA method: (1) ..‘
quantitation of NOESY time courses, (2) creation of an o
ensemble of possible solution structures using molecular o
mechanics methods, (3) quantitative simulation of the complete
NOESY time courses for different combinations of structures,
and (4) further refinement by dynamics simulations of local
motions on the 10 ps time scale.

1H NOESY spectra were obtained-al00°C at mixing times
of 75, 100, 150, and 250 ms. Integration of the diagonal and *s [
off-diagonal peaks at all four mixing times and subsequent 35 -'.i . -
extrapolation of the diagonal intensities to zero mixing time .
provided the quantitative time course of NOE buildup. 30

An initial ensemble of 204 model conformations, 60 confor- g Qe <
mations for the uncoordinated yttrium pentenyl intermedfate ' Y-C(1) Torsion Angle (°)
and 144 chelate conformations, was generated with CERlUS Figure 5. Alkene tilt from the meridional planeersustorsion about
v1.6 using the universal force field as a starting force field. All ¢ yttrium—o carbon bond.
modeling used the Qeq charge equilibration method for comput-

ing electrostatic interactions. When generating the model great deal more flexibility, and the chelate ring atoms span a
c_onformanons for the pentenyl (_:hel_ate,(n.me different force much wider range of positions, especially themdimethyl

fields were used where the equilibrium distance from Y to the pyqrogens. The span of each comformational family can be
alkene centroid dummy atom (DA) incrementally was set at ¢jearly seen in Figure 5 (see also Supporting Information Figure
2.55,2.70, and 2.85 A, and the"\DA—C5 equilibrium angle ) The twist-boat form is in a narrower, deeper well on the

incrementally was set at 70, 80, and°90These equilibrium  hhtential energy surface and shows little conformational flex-
values were designed to bracket the 2.70 A distance afd 80 ibility.

angle found in Zr(IV) oxypentenyl chelate The free alkene Although it is not possible to directly compare the energies
conformations &) in the initial ensemble use a force field  of conformations obtained using different force fields (Sup-
corresponding to a monovacant tetrahedral geometry at ytt”um-porting Information Figure 7), it is always true that the twist-
A second, superset ensemble was generated to test theyoat comformers are lower in energy than their chair counter-
sensitivity of the initial ensemble to changes in composition. parts by an average of3.5 kcal motl. A representative
This ensemble included the conformers of the initial set plus example of the relationship between conformation and energy
conformers generated using eight additional chelate force fieldsis shown in Figure 6. The conformers in Figure 6 are members
and a free alkene force field corresponding to a trigonal planar of the initial ensemble found using the force field, with & BA
geometry at yttrium. The new chelate force fields add-eDA equilibrium bond distance of 2.70 A and a—PA—C5
equilibrium distance of 3.00 A, and-YDA—C5 equilibrium equilibrium angle of 86, corresponding to the alkene geometry
angles of 100 and 12Go the increments described above for of 1.
a total of 392 conformations. The inclusion of more than one conformation in NOE analysis
A number of interesting features of the modelsdoivere will always lead to better agreement between computed and
discovered during the creation of the initial ensemble. The observed spectra. Thus, critical issues for the analysis of the
model yttrium pentenyl chelate conformations adopt either a yttrium pentenyl compleX are (1) is it significant to use more
twist-boat or a chair conformation. Examples of each type are than one conformation and (2) what is (are) the structure(s) of
shown in Figures 3 and 4. The DAY —C1—-C2 torsion angles  the conformer(s) that yield(s) the best fit with the fewest
for the chair conformers range from 1 38> and from—28° significant conformer(s)? We address these issues by comparing
to —36° for the twist-boat conformers. The chair form has a the quality of the fit to the NOE data using the best set of one,
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Figure 6. Molecular mechanics energyersusthe torsion about the
yttrium—carbon 1 bond for the force field, with an equilibrium yttricim
dummy atom bond distance of 2.70 A and yttricodummy ators-
carbon 5 bond angle of 80

40

J. Am. Chem. Soc., Vol. 119, No. 41, 19885

Scheme 3
(Cp*2YH), 2 (Cp*2YH), 2
.78 °C -78 °C
NN CgD11CD3 %S C¢D4:CD;

Y% e \Y \\ 3
\% ° \% :
resulting ensemble contains five chair, 11 twist-boat, and two
free structures averaged over 10 ps at 220 K. RAfactor of
0.318 was obtained for the single best fit averaged conformation,
which is a chelate structure in the chair conformation. This
conformation has ¥-C5 and Y-C4 distances of 3.02 and 2.58

A, respectively. Two-conformer dynamic fitting yields an
R-factor of 0.308 for a structure that is 53% twist-boat and 47%

two, or three conformers obtained by exhaustive searching of chajr chelate conformation. Tietest results for the dynami-

all possible combinations of 392 trial conformations (corre-

cally averaged fitting indicate that, at most, two conformers are

sponding to 392, 76 636, and 9 962 680 combinations, respec-statistically significant with 95% confidence. As found for the

tively).

If the data fitting is limited to a single static conformation,
the lowestR-factor R = 0.336) is obtained with a chelate
structure in the chair conformation. This conformation, which
is illustrated in Figure 4, exhibits asymmetric —Cakene

static fitting, we cannot distinguish details of the alkene
coordination geometry, such as asymmetry or precise metal
alkene centroid distances, only on the basis of the NOE data.
Synthesis of Pentenyl Chelate Complex Cp¥[nln?-
CH,CH,CH,CH=CHy,] (6). To test whether chelation requires

distances (242 and 2.86 A), with the shorter bond OCCUI’Ting promotion by agemd|methy| group, yttrium hydnde dimez
between the Y and the terminal alkene carbon. This asymmetrywas reacted with 1’4_pentadiene in methy|cyc|0he)ﬁnat
is not significant, however, because the next best fitting —78 °C. A bright yellow solution of the thermally unstable

conformer is a twist-boat structure with symmetrie-®akene
distances (2.93 A) and a very similRefactor R = 0.339).
The best fit to a set of two conformemR & 0.301) is a 70:

pentenyl chelate complex Cp¥[#1,72-CH,CH,CH,CH=CH;]
(6) was formed in 85+ 5% vyield ¢(H NMR spectroscopy,
CH,(SiMej3); internal standard) (Scheme 3.was characterized

30 ratio of a twist-boat chelate conformer:unchelated conformer. by *H and13C NMR spectroscopy at100°C. Formation of

The best set of three conformeR+ 0.300) is a 58:29:13 ratio

6 demonstrates that thgemdimethyl group on the pentenyl

of a twist-boat conformer : an unchelated conformer : a chair backbone is not required to form a stable alkene chelate.

conformer. Application of thd--test at the 95% confidence

Addition of H, to a solution of6 resulted in hydrogenation of

level indicates that it is statistically significant to use two rather the pentenyl chain to give pentane, which was identifiedHby

than one conformation in fitting the data but that three
conformations do not lead to a significantly better fit relative
to two conformations. In general, we find that tReactor for

the fitting of the data is not particularly sensitive to the details
of the alkene coordination geometry. It is not possible, with

NMR spectroscopy and GC/MS analysis.

TheH and3C NMR chemical shifts fo6 closely resemble
the shifts observed for chelate compléx In the 'TH NMR
spectrum, evidence for alkene coordination is seen in the large
difference in chemical shift of the terminal vinyl hydrogeis (

this data, to distinguish between symmetric vs asymmetric 3.79, d,Jis = 10.0 Hz; 5.25, dJyans= 17.5 HZ;Ad = 1.46
alkene coordination modes or to define a precise (i.e., at higherppm) and in the 1 ppm shift to higher frequency of the secondary

resolution than ca. 0.4 A) metahlkene centroid distance.
Flexible molecules such a& undergo local motion that is

rapid compared with the time scale of molecular tumbling (ca.
1 ns). Previously reported applications of 2DCPA have been

limited to consideration of static structur®s! In order to
develop the physically most realistic model of the NOE

vinyl hydrogen ¢ 6.58, m) (Table 1, Supporting Information
Figure 8). A single resonance at1.91 was observed for the
Cp* ligands, indicating tha6 is rapidly fluxional.

In the3C NMR spectrum o6, the resonance for the terminal
alkene carbond 112.9) is shifted 3 ppm to lower frequency
than in 1,4-pentadiene, and the resonance for the internal vinyl

experiment, we have implemented a feature in the 2DCPA carbon ¢ 158.1) is shifted 22 ppm to higher frequency (Table

program that accounts for rapid motion by calculating NOE
intensities averaged i3 space. This refinement step takes

1). Methylene resonances were observedl .7 (YCHCH,),
33.7 (d,Jyc = 44.8 Hz, YCH), and 39.4 (YCHCH.CH).

the static structures which led to the best fit of the data and Resonances dt11.6 and 116.3 were assigned to the Cp* methyl

simulates their local fluctuations by running short molecular

and Cp* ring carbon atoms, respectively.

dynamics trajectories. This approach is efficient because itonly  Pentenyl chelaté was also generated from the reaction of
requires computing trajectories for a small number of starting yttrium hydride dimer2 and methylenecyclobutane a8 °C,
conformations that possess the structural features that best fipresumably via the methylcyclobutyl intermedi&egScheme

the observed NMR data.

3). 6 was formed in 98t 5% yield from2 and methylene-

Eighteen conformations were selected on the basis of cyclobutane YH NMR spectroscopy, CHSiMes), internal

contribution to a best-of-class (with respect to force field) fit to

standard) (Supporting Information Figure 9). Formatior6of

the observed data either singly or in combination with another from 2 and methylenecyclobutane demonstrates that ring-
conformer in a doubles solution. Most of the best singles are opening vias-alkyl elimination is facile and that the pentenyl
common denominators in best-of-class two conformer fits. The chelate complex is favored over the methylcyclobutyl derivative.
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Scheme 4
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When the reaction of yttrium hydride dim@rand methyl-
enecyclobutane was analyzed¥#¥NMR spectroscopy 10 min
after the reagents were mixed a8 °C, pentenyl chelat®
was the only yttrium compound observed in solution. The
failure to observe presumed methylcyclobutyl intermedite
implies a half-life for conversion t& of <2 min at—78 °C
(AG* =< 13.2 kcal mot?).

The interconversion of methylcyclobutyl and pentenyl ligands
has been observed in several similar syst&n®. Silver ion
abstraction of Ct from the methylcyclobutylplatinum complex
(PMe&3),CIPtCH,C(CHs)CH,CH,CH, at —78 °C resulted in rapid
ring-opening to give the platinum pentenyl chelate complex
[(PMe3)2Pt(1,172-CH2CH,CHLC(CHs)=CH,)] .23 Marks has
studied the cationic zirconocene-catalyzed ring-opening poly-
merization of methylenecyclobutane and observed that ring-
opening is more facile than monomer insertfén.

Reaction of (Cp*,YD), (2-d) and 3,3-Dimethyl-1,4-penta-
diene. The reversibility of yttrium hydride addition was
investigated by studying the reaction of the yttrium deuteride
dimer (Cp%YD), (2-d) with 3,3-dimethyl-1,4-pentadiene. This

reaction cleanly produced the monodeuterated yttrium pentenyl

chelate complex Cp¥[n!,72-CH,CHDC(CH),CH=CH,] (4-
(2-d)) in 88 & 5% yield (H NMR spectroscopy, CHSiMes),
internal standard). Deuterium scrambling might have occurred
by the sequence outlined in SchemeXHydrogen elimination
from 4-(2-d) would give the yttrium-hydride-»,2-alkene inter-
mediateC-(2-d); interchange of complexed alkenes might occur
through the bigs?-alkene intermediat®; readdition of hydride
could form the deuterium scrambled chelate complex
Cp*2Y[5t,172-CHCH,C(CHs),CD=CH,] (4-(4-d)). Formation

of 4-(4-d) would result in a change in the relative intensities
and coupling constants of the vinyl protons. Comple2-d)
was monitored byH NMR spectroscopy at-78 °C, and no

Casey et al.

Reaction of 2 and 1,4-Pentadiene-1,1,5@&: Generation
of pentenyl chelaté from 2 and methylenecyclobutane was
consistent with the facile conversion of the yttrium methyl-
cyclobutyl intermediat® to pentenyl chelate compléxat —78
°C. A deuterium labeling study was performed to determine if
B was kinetically accessible fro under the reaction condi-
tions. Reaction of yttrium hydride dim@mwith 1,4-pentadiene-
1,1,5,5d, should generate the tetradeuterated pentenyl chelate
complex Cp%Y[n!n?-CD,CH,CH,CH=CD,] 6-1,1,5,5€,
(Scheme 5). Intramolecular alkene insertion into theCrbond
to form the methylcyclobutyl intermediat®-d, followed by
ring-opening3-alkyl elimination would form bott6-1,1,5,56,
and Cp’ﬁY[}71,7’]2-CH2CH2CD2CH=CD2] (6-3,3,5,5d4).

Addition of 1,4-pentadiene-1,1,5¢h-to a solution of yttrium
hydride 2 at —78 °C formed a mixture of pentenyl chelate
complexes6-1,1,5,5d, and 6-3,3,5,5€l, which was initially
enriched in thes-1,1,5,5d, isotopomer. The initiatH NMR
spectrum €10 min) displayed a very weak and broad resonance
at 0 0.40, corresponding to the YGHesonance 06-3,3,5,5-
ds. This resonance gradually increased in intensity over 2 h.
However, due to the overlap of the broad Yf)idsonance with
the resonance for the internal standadd[25, Hx(SiMes)2],
the kinetics for the interconversion could not be accurately
determined by!H NMR spectroscopy. In thé3C NMR
spectrum taken at 78 °C after 20 h, the observation ofyaCH,
resonance ab 39.1 and ay-CD, resonance ab 38.4 i, =
32 Hz, isotope shift= 72 ppb) confirmed the presence of both
6-1,1,5,5¢, and6-3,3,5,5€, in solution (Supporting Information
Figure 10).

The rate of approach to equilibrium of chelate complex
6-1,1,5,5d, and 6-3,3,5,5d; was determined by periodic
hydrogenolysis 06, which generated, pentane-1,1,5,8,, and
pentane-3,3,5,8, (Scheme 5). The ratio of pentane isoto-
pomers was determined by bothl NMR spectroscopy and
analysis of the GC/MS fragmentation ratios.

In the 2H NMR spectrum, resonances were observed at
1.13 for the CD unit of pentane-3,3,5,8; and atd 0.84 for
the two CHD units of pentane-1,1,5,8¢and the single CHP
unit of pentane-3,3,5,8; (Table 2). Assuming that an equi-
librium 1:1 mixture of6-1,1,5,5¢€,4:6-3,3,5,5¢€, would produce
a 3:1 ratio of CHD to CD, resonances, the percentage of
6-1,1,5,5d, in excess of the equilibrium value was derived from
the relative ratio of the two resonances. A linear plot of In [%
excess6-1,1,5,5d,] versus time established a first-order rate
law for the approach to equilibrium for the conversion of
6-1,1,5,5d, to 6-3,3,5,56; (Supporting Information Figure
11): rate= kq[6-1,1,5,5€,], wherek; = (3.9+ 0.7) x 1074
s1 (AG* = 14.3 + 0.1 kcal mofl) at —78 °C, which

deuterium scrambling was detected after 90 h. This indicates corresponds to a half-life of 30 min.

that reversibles-hydrogen elimination in conjunction with
alkene interchange via big-alkene intermediat® is slow.
The lack of deuterium scrambling is in accord with Bercaw’s
observation that CpSc—alkyl compounds do not undergo
B-hydride elimination below 0C.26

(22) Bunel, E.; Burger, B. J.; Bercaw, J. E. Am. Chem. Sod988§
110, 976.

(23) (a) Flood, T. C.; Statler, J. AOrganometallics1984 3, 1795. (b)
Flood, T. C.; Bitler, S. PJ. Am. Chem. Sod.984 106, 6076. (c) Ermer,
S. P.; Struck. G. E.; Bitler, S. P.; Richards, R.; Bau, R.; Flood, T. C.
Organometallics1993 12, 2634.

(24) Golden, H. J.; Baker, D. J.; Miller, R. @. Am. Chem. Sod.974
96, 4235.

(25) (@) Yang, X.; Jia, L.; Marks, T. J. Am. Chem. Sod.993 115
3392. (b) Jia, L.; Yang, X.; Seyam, A. M.; Albert, I. D. L.; Fu, P.-F.; Yang,
S.; Marks, T. JJ. Am. Chem. S0d.996 118 7900.

(26) (a) Parkin, G.; Bunel, E.; Burger, B. J.; Trimmer, M. S.; Asselt, A.
V.; Bercaw, J. EJ. Mol. Catal.1987, 41, 21. (b) Burger, B. J.; Thompson,
M. E.; Cotter, W. D.; Bercaw, J. El. Am. Chem. S0d.99Q 112, 1566.

Similarly, the percent excess 6f1,1,5,5d, was independ-
ently determined from the ratio of the 4dsD2)* and (GHzD4)™
propyl fragments in the mass spectra of mixtures of pentane-
1,1,5,5d, and pentane-3,3,58; (Table 3). Using analogous
data treatment this analysis provided the first-order rate constant
of k; =(2.84 0.3) x 10451 (AG* = 14.44+ 0.1 kcal mot?)
at —78°C (Supporting Information Figure 11) which corresponds
to a half-life of 40 min, in reasonable agreement with the first-
order rate constant obtained frod NMR analysis.

An energy diagram for pentenyl chel&@emethylcyclobutyl
intermediateB, and#!-intermediateE was constructed using
these kinetic data (Figure 7). The rate of deuterium scrambling
between6-1,1,5,5¢, and 6-3,3,5,5¢, established a barrier of
14.4+ 0.2 kcal mot? for intramolecular alkene insertion into
pentenyl chelate comple& Although the interconversion of
deuterium-labeled chelatésl,1,5,56d, and 6-3,3,5,5d4 con-
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Scheme 5
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Table 2. 2H{'H} NMR Analysis of a Mixture of Discussion

Pentane-1,1,5,8; and Pentane-3,3,5¢h-Obtained from Addition
of H, to a Solution of6-1,1,5,5d, and6-3,3,5,5€,

time of H, %0 0.84 %06 1.13 % excess
addition (min) (CHDy (CDy 6-1,1,5,56,
0 94.7 5.3 79
15 91.6 8.4 66
30 88.5 11.5 54
60 80.0 20.0 20
1440 73.0 27.0 -8

Table 3. MS Analysis of a Mixture of Pentane-1,1,5%-and
Pentane-3,3,5,8; Obtained from Addition of Hto a Solution of
6-1,1,5,56, and6-3,3,5,5€,

time of H, % m/e= 45, % m/e= 47, % excess
addition (mln) (C3H5D2)+ (C3H3D4)+ 6-1,1,5,5d4
0 93.8 6.2 75
15 91.6 8.4 66
30 87.7 12.3 51
60 81.9 18.1 28
1440 76.9 23.1 8
/AG* <13 kcal
= =
\{\/\/ 4.0 keal B
E AG* = 14.4 kcal
== 4602 0.9 keal
complexation energy ??

2>

6

Figure 7. Energy diagram for pentenyl chelae methylcyclobutyl
intermediateB, andz*-pentenyl intermediaté&.

firmed the presence of an equilibrium betwegand methyl-
cyclobutyl intermediat®, the energy difference betweérand
B is not well defined. Assuming that 5% & would have
been detected b¥H NMR spectroscopy, a lower limit for the
equilibrium constant o220 (AG° = 0.9 kcal mof?) can be
estimated. The rate of formation 6ffrom 2 and methylene-
cyclobutane establishes that the barrier for ring-opening in
intermediateB to form chelate6 must be<13 kcal moi™.
Assuming equivalent ¥C bond strengths, methylcyclobutyl
intermediateB was calculated to be 4.0 kcal mélless stable
than unchelated yttriumyi-pentenyl intermediateE using
Benson's additivity ruled’

(27) Benson, S. W.Thermochemical KineticsWiley: New York,
1968.

Intramolecular Alkene Coordination in Yttrium(lll) Pen-
tenyl Chelate Complex 4. The 'H and 13C NMR chemical
shifts for the coordinated alkene of yttrium pentenyl chelate
complex4 suggest that the double bond is unsymmetrically
bound to the @ yttrium metal center. In particular, the
secondary vinyl hydrogen atond 6.78) is shifted 1 ppm to
higher frequency in théH NMR spectrum, and the internal
vinyl carbon atom ¢ 161.1) is shifted 15 ppm to higher
frequency in thé3C NMR spectrum relative to 1,4-pentadiene,
which suggests that the internal alkene carbon atom is positively
polarized. This partial positive charge may help to explain the
rapid rate of addition of the alkyl metal unit to the carbon-
carbon double bond.

Y= - o ¢
4

Yttrium pentenyl chelate comple& (6 6.58,=CH; 158.1,
=CH) and zirconium(lV) oxypentenyl chelate compléx(é
7.51,=CH; 159.2,=CH) display similar NMR resonances for
complexation of a pendant alkene to & chetal center.
Asymmetric bonding in chelate compléxwas confirmed by
X-ray crystallography, which showed that the terminal alkene
carbon atom was 0.21 A closer to Zr than the internal alkene
carbon atom (zrC4 = 2.89 A; Z—C5= 2.68 A).

Mulliken population analysis of the RHF wavefunction of
the hypothetical cationic titanium(IV) methyl ethylene complex
CH;3TiCl(C,H4)™ shows a highly polarized ethylene ligand and
significant charge transfer from the coordinated alkene to the
d® metal cente?® Nonlocal DFT calculations of the cationic
zirconium(lV) methyl ethylene complex 43iCpZrCHs-
(CH,=CH,)" indicate that ethylene is strongly polarized and
asymmetrically bonded to thé dnetal cente?® The distance
from the alkene carbon atoms to Zr differs by 0.24 A (2.65 A;
2.89 A).

Analysis of low-temperature NOE data for the yttrium
pentenyl chelate compleksupports the chelate conformation.
Exhaustive searches of an ensemble of 392 conformations at
the one, two, and three conformer levels yield a subset of the
best fitting static conformations for one and two conformer
solutions. Averaging short dynamics trajectories of this subset
in r~3 space gives an 18-conformer ensemble that best fits the
observed data when taken as an approximately equal mixture
(53:47) of twist-boat and chair chelated conformations. At least
as judged by thé&-test at the 95% confidence level, the use of
two conformations vs one conformation is justified. The data
do not reveal the intimate details of the yttricialkene

(28) Kawamura-Kuribayashi, H.; Koga, N.; Morokuma,XAm. Chem.
Soc.1992 114,2359.

(29) Yoshida, N.; Koga, N.; Morokuma, KOrganometallics1995 14,
746 and references therein.
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coordination, such as the extent of asymmetry or the precise General Procedure for Preparation of (Cp*:YH)2 (2).2* An NMR
metal-alkene centroid distances. tube containing Cp#YCH(SiMes), (3)** (1118 mg, 0.02%0.035

Fluxionality of Chelate Complexes 4 and 6.The observa- ~ mmo)) " 0.30-0.40 mL gf methy'(;:yC'OheX(""”dM was sealed under
: ; ; OC (H pressure at OC is
tion of equivalent Cp* angjemdimethyl groups for pentenyl ~ 1 atm of kb at 77 K and warmed to 2 P at !

. ° . . calculated to be<3.5 atm). After shaking of the tube periodically for

chelate qomple>4 .at .100 C su.ggest.s Fhat a rapid f'”X'.O”"J?' 15 min, H, was removed via three freezpump—-thaw cycles to give
process is occurring involving dissociation and recoordination

; . . . (Cp*2YH)2 (2) and CH(SiMe3); in 95-100% yield by'H NMR
of the chelated alkene. The facile equilibration of the dia- speciroscopy.2 was freshly prepared prior to each reaction and was

stereotopic groups is consistent with the expected weakness of;sed without isolation. CHSiMes), served as an internal standard
an interaction between an alkene and a group Ill or neutral group for subsequent reactiondH NMR (500 MHz, GD1,CDs, —100°C):

IV metal centelt An upper limit of 10.4 kcal moi! for the in addition to resonances corresponding to,(&iMes), at 6 —0.25
intramolecular alkene binding energy in the yttrium(lll) pentenyl and 0.03, resonances were observed at07 (s, GMes) and 5.32 (t,
chelate complexes can be estimated on the basis of thet14.4 Jw = 37.5 Hz, Y-H). **C{*H} NMR (126 MHz, GD;CD;, —100
0.1 kcal mot™ barrier for the conversion of pentenyl chelate °C): in addition to resonances corresponding to,(SiMes). ato 1.34
complex6 to methylcyclobutyl intermediatB and the 4.0 kcal ~ @nd 3.84, resonances were observedl 5.4 (s, GMes) and 118.6 (s,

_ . . CsMes).
mol~! energy difference betweeB and the yttrium(lll) 5*- R i i
pentenyl intermediat€ (Figure 7). (Cp*.YD), (2-d). Reaction of3 and D, employing a procedure

. L analogous to that used to syntheszgenerated®-d in 99 + 5% by
Interaction between an alkene and a cationic group IV metal yje|q 14 NMR spectroscopy.!H NMR (500 MHz, GD:1:CDs, —100

center is expected to be stronger due to a charge-induced dipolec): in addition to resonances corresponding to CHD(S)M#é —0.30,
interaction®® This is consistent with the observation of a barrier 1 H; 0.03, 18 H), a single resonance was observédad7 (s, GMes).

of AG* = 10.74+ 0.1 kcal mot? for the interconversion of the Cp*2Y[51,7?CH,CH,C(CH3),CH=CH,] (4). 2 was prepared in
Cp ligands of zirconium(IV) oxypentenyl chelate complex  situ by hydrogenation of a solution & (11.4 mg, 0.022 mmol) in
Equilibration of the Cp ligands il can occur by either  0.32mL of methylcyclohexandr. 3,3-Dimethyl-1,4-pentadiene (0.024
dissociation of the coordinated alkene or displacement of the mmol) was vacuum transferred into the NMR tube, which was sealed

- soat and shaken once at78 °C to produce a bright yellow solution &f
2:ckt(:]r;e O%ypgs?ng : é eM;IB;ﬁCjI;sl)Ijenfg.llowed by recoordination _(98 + 5% yield byH NMR spectroscopy using Cz(-SiMeg_)z as an
internal standard vs Cp* resonance) was also prepared in toluene-
dg in 84 + 5% NMR yield. 4 was thermally unstable and was analyzed
without isolation by'H and*3C NMR spectroscopy at100°C. 'H
We have demonstrated that stabldrdnsition metat-alkyl— NMR (500 MHz, GD1.CD;, —100°C): 6 —0.44 (br swi, = 24 Hz,
alkene complexes can be generated from the reaction of yttriumYCH2), 1.03 (s, CH), 1.82 (br w1 = 12 Hz, YCHCHy), 1.93 (s,
hydride 2 with 1,4-pentadiene derivatives and with methyl- CsMes): 3.76 (d, Jeis = 10.7 Hz,=CHH), 5.14 (d, Jrans = 17.8 Hz,
enecyclobutane. These yttrium(lll) pentenyl chelate complexes =CHH), 6.78 (old,J. = 178, 10.7 Hz, C'f)' H NMR (500 MHz,
CoD1:CDs, —50 °C): o —0.41 (br s,z = 22 Hz, YCH), 1.03 (s,
serve as excellgnt n_10d_e|s for the proposé_dmatal—alky!— CHy), 1.82 (s, YCHCH), 1.93 (s, GMes), 3.83 (d,Jss = 10.7 Hz,
alkene intermediate in ZiegleNatta polymerization reactions.  —cpn), 5.13 (d, Jyans = 17.8 Hz,=CHH), 6.76 (dd,J = 17.8, 10.7
The rapid equilibration of the diastereotopic Cp* and Me groups Hz, CH=). H NMR (500 MHz, GDsCDs, —80 °C): ¢ —0.10 (br s,
of chelate comple® at—100°C is consistent with the expected  YCHj), 1.09 (s, CH), 1.80 (s, YCHCH,), 1.92 (s, GMes), 3.50 (d,
weakness of the%metal-alkene interaction, and the charac- Jis = 9.0 Hz,=CHH), 4.90 (d,Jyans= 17.5 Hz,=CHH), 6.70 (dd,J
terization of4 by *H and3C NMR spectroscopy suggests that = 17.5, 9.0 Hz, Ci#). 3C{*H} NMR (126 MHz, GD1.CDs, —100
the internal alkene carbon atom is positively polarized. The °C): 6 11.6 (s, GMes), 14.6 (s, YCHCH,), 33.7 (d,Jvc = 45.8 Hz,
interconversion of deuterium-labeled chelate compléxed.,5,5- YCHy), 41.2 (s,CMey), 45’3-1 (s, ®ley), 110.5 (s,=CHy), 116.3 (s,
d; and 6-3,3,5,5¢, establishes that intramolecular alkene CsMes). 161.1 (s, CH). *C NMR (91 MHz, GD1,CDs, ~100°C):
insertion occurs reversibly at78 °C. 0 11.6 (g Jon = 126 Hz, GMes), 41.2 (5,CMe,), 43.1 (q,Jon = 126
+ 2 Hz, QVley), 110.5 (t,Jcn = 154+ 2 Hz,=CH,), 116.3 (sCsMes),
Experimental Section 161.1 (d,Jch = 151+ 2 Hz, CH=), the YCHCH; resonance was not
resolved, and the YCHresonance was obscured by residual solvent
General Methods. All manipulations were performed under a  peaks. *C{*H} NMR (126 MHz, GDsCDs, —80 °C): 6 11.8 (s,
nitrogen atmosphere in an inert atmosphere glovebox or by standardCsMes), 14.9 (s, YCHCH,), 33.6 (d,Jyc = 44.6 Hz, YCH), 41.2 (s,
high-vacuum techniques. All reactions were performed in 1.9 mL CMey), 43.3 (s, Mey), 111.3 (s,=CH;), 116.6 (s,CsMes), 160.2 (s,
medium-walled resealable NMR tubes. 500 MH# NMR spectra, CH=).

Conclusion

126 MHz 3C{'H} NMR spectra, and 76 MHZH{H} NMR spectra Hydrogenation of 4. 2was prepareth situ by hydrogenation of a
were obtained on a Bruker AM500 spectrometer. 91 Mz NMR solution of3 (14.0 mg, 0.027 mmol) in 0.30 mL of methylcyclohexane-
spectra were obtained on a Bruker AM360 spectrometer. Solvent- dis. 3,3-Dimethyl-1,4-pentadiene (0.057 mmol) was vacuum transferred
obscured methylene resonances in @ NMR spectra o#i—6 were into the NMR tube, which was sealed under 1 atm e{®1289 mmol)
assigned by DEPT-135 experiments. 1D NOE 4AdNOESY NMR at 77 K. The bright yellow solution was shaken periodically-at8
spectra were obtained on a Varian Unity 500hwit5 mmH/F probe. °C for 15 min and then warmed to room temperature to form a pink

Probe temperatures were calibrated with a methanol standard. Masssolution. Unreacted Hwas removed via three freezpump-thaw
spectra were determined on a Kratos MS-25 spectrometer attached tccycles, and the mixture was analyzed*slyand**C NMR spectroscopy.
a Carlo Erba gas chromatograph equipped with a 60 m DB-5 column. 3,3-Dimethylpentane was formed in 1G4 5% yield by '"H NMR
1,4-Pentadiene-1,1,5¢3! and Cp%YCH(SiMes), (3)!3 were pre- spectroscopy using CXBiMes), as an internal standard (CMe
pared by known procedures. Methylcyclohexahe-(Cambridge resonance vs SiMg The solution also containe?i(48 & 5%) (Cp*
Isotopes), toluenes (Cambridge Isotopes), 3,3-dimethyl-1,4-pentadiene resonance vs SiMg and numerous Cp*-containing decomposition
(Wiley Organics), toluene, and THF were distilled from sodium/ Pproducts. ThéH NMR32and*C NMR® spectra of 3,3-dimethylpen-
potassium alloy. 1,4-Pentadiene (Aldrich) and 1,4-pentadiene-1,1,5,5- tane were consistent with published values.
ds were distilled from NaBHl, and methylenecyclobutane (Aldrich) was In a similar experiment, volatile material was vacuum transferred
distilled from sodium. H (Liquid Carbonic) was used as received. ~ and analyzed by low-resolution GC/MS. 3,3-Dimethylpentane was
detected by GC/MS(EI): found for#1s[m/e (intensity)], [M — 15]*

(30) Jensen, V. R.; Siegbahn, P. E. Mhem. Phys. Lett1993 212
353 and references therein. (32) Whalon, M. R.; Grady, G. L.; McGoff, P.; Domingue, R. P.;
(31) Yasuda, H.; Ohnuma, Y.; Nakamura, A.; Kai, Y.; Yasuoka, N.; Bushweller, C. HTetrahedron Lett1982 23, 5247.
Kasai, N.Bull. Chem. Soc. Jpr98Q 53, 1101. (33) Beierbeck, H.; Saunders, J. Ran. J. Chem1977, 55, 771.
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85 (16), [M — 29]* 71 (60), [M — 57]" 43 (100), toluenerfyz = 92), and quenched with 1500 steps of conjugated gradient minimization.
and CH(SiMe;), (m/z = 160). The mass spectra of 3,3-dimethylpen- The final quenched conformation of each annealing run was placed in
tané* and CH(SiMe;),*® were consistent with published data. a new force field and the cycle restarted. Each of the four starting

Cp*,Y[5-CH,CH,C(CH3),CH=CH,](THF) (5). 2 was prepared points thus contributed 36 members of the initial ensemble, for a total
in situ by hydrogenation of a solution & (11.4 mg, 0.022 mmol) in of 144 chelate conformers.

0.32 mL of methylcyclohexanér. 3,3-Dimethyl-1,4-pentadiene (0.022 Sixty yttrium pentenyl conformers were generated in which the
mmol) was vacuum transferred into the NMR tube, which was sealed alkene centroid dummy atom is not bonded to the yttrium. This means
and shaken once &t78 °C to form a bright yellow solution of. THF that the metal equilibrium geometry is that of a monovacant tetrahedron.

(0.029 mmol) was then vacuum transferred into the tube, which was Sixteen of the conformers were generated from four starting points by
sealed and shaken once-af8 °C to produce a colorless solution of  simulated annealing using the approach described above. The remain-
Cp*2Y[5*-CH,CH,C(CHs).CH=CH,](THF) (5) (97 + 5% yield by'H ing 44 conformers were created by torsion randomization of all of the
NMR spectroscopy using GkSiMes). as an internal standard vs Cp*).  freely rotateable alkyl bonds in the pentenyl chain-¥1, C1-C2,

5 was thermally unstable and was analyzed without isolatiodtby  c2-C3, C3-C4). These conformers were then minimized by 100 steps
and *C NMR spectroscopy at-100 °C. 'H NMR (500 MHz, of steepest descent, followed by 1500 steps of conjugate gradient.

CeD1:CDs, —100°C): 0 —0.74 (br s, YCH), 0.90 (s, CH), 1.35 (br A superset of the original ensemble was created by searching using

TjdﬁJT_HFl)7 ;8180(3' S\Aeé’;)l'_ﬁ'm (br sa-TI—f|F),Y4c.:75|gmc,;CHé), 5.78d the protocol above with eight additional force fields (2.70 and 2.85 A
(dd,J = 17.8, 10.9 Hz, CH), resonance for YCKCH,CH, obscured iy "1 00 and 116, 3.00 A with 80, 90, 100, and 11pfor 128 new

i . 1
liyl(r)%s?ga.mgelT%Cp* Ilﬁﬂands.l?g H} w\éRC(&lZG 2/I5H7z, Q;Dl_ll_ﬁ%’ chelate structures. Sixty additional yttrium pentenyl conformers were
): 6 (s, GMes), 14.7 (s, HCH,), 25.7 (s.5- ), also added to this superset, this time with a trigonal planar yttrium

33.7 _(IEiH‘:;C Togof Hi’CT_'C'_b?L’l%géG (S(’:C"\\A/I &), 213657(5, (B(A:fi 67.7 equilibrium geometry. The trigonal planar yttrium force field adds two

(s, a- ) 1 (s, 2), -2 (s.CsMes), ’ (S’_ ): 120.0, cosine harmonic angle terms to the original, one for the Cp
Collection of *H NOESY NMR Data for CPA Analysis. Spectra DA—Y-alkyl carbon, with a force constant of 25.4 kcal mbtad-2,

of 0.050 M solutions of boti and 5 were obtained at-100 °C in and the other for the Cp DAY—Cp DA, with a force constant of

methylcyclohexanehs. Spectra were gathered at 75, 100, 150, and 30.8 kcal mot? rad? The default equilibrium yttrium bond angle

250 ms mixing times using a phase-sensitive NOESY pulse sequence,, .« changed to 1200and a 0.0 umbrella term around yttrium was
with an initial homospoil pulse and Statedaberkorr-Ruben phase added. with a force constant of 50.0 kcal miofad-2

cycling3 A 10% random variation in mixing times was used to .

suppress COSY contamination. Data sets witmndt, dimensions of . Changes_ in the 2DCPA Program. Several Changgs have begn

800 (400 increments) and 1024 complex points, respectively, were introduced in the 2DCPA program since the last publication detailing
its operatiort® The most important change to the previously detailed

collected with relaxation delays of 4.5 s for eight scans of each FID. . o : . \
The FELIX NMR software package from Molecular Simulations, Inc. algorithms is in the matrix mathematics used for scaling the observed

was used to transform and process the datavas zero-filled to 1024 ~ &nd calculated apparent (group-by-group) rates. In the fast exchange
points, and, was zero-filled to 2048 points. A linear prediction scheme limit, multiple conformations appear spectroscopically as weighted
was used to correct the first point of each FID. Linear prediction was 2verages of their NOE rates. 2DCPA is designed to compare the
also applied at the tail of each FID and interferogram, extending the experimental apparent rate to the calculated weighted average apparent
data by one-third. A Kaiser window function was applied to the tails 'at€, where the apparent rates are computed from the eigenvalues and
in F1 andF to reduce apodization artifacts, effectively removing most igenvectors of the apparent intensities. This requires that the
of the tail linear prediction while preserving the acquired data. Low- €xPerimental apparent rates be transformed to the same scale as the
order polynomial baseline corrections were applied£o Following calculated apparent rates. Such scaling may be accomplished by
final phase correction in each dimension, the baselines were correctedMultiplying both experimental and calculated apparent intensity matrices
using FACELIFT from the National Magnetic Resonance Facility at by thE‘I'I’ respective inverse ap_parent'lntensny m_atrlx attime zero. _The
Madison. Diagonal peak volumes at zero mixing times were estimated "€Sult is a general asymmetric matrix whose eigenvalues are difficult
by fitting the observed diagonal peaks to an exponential function. For 0 compute in a satisfactory way if they must retain their original
off-diagonal peaks, the intensities of the two symmetry related peaks “identity” with respect to the crosspeaks that gave rise to them. The

were averaged prior to normalization. larger the dynamic range of (the intensity matrix at time zero), such
Generation of Model Conformers. All of the model conformers @S When there are 30 equivalent protons, the worse the problem gets.
were generated with CERIBS1.6 from Molecular Simulations, Inc.  |f the eigenvalues and eigenvectors of the asymmetric méix*

using the universal force field as the default force field. In all cases, (Wherel: if the intensity matrix at timg) are desired, it can be shown
charges were turned on and equilibrated every 100 steps duringthat (o *)"?can be used as a transformation matrix into the symmetric
dynamics and every 50 steps during minimization using Qeq Charged (oIt (o) matrix, which can be solved for the same eigenvalues.
v1.1. Four independent starting conformers were created by sketchingThe original eigenvectors can be recovered using the relasors

in a twist-boat and chair conformer with either tieeor si face of the [(1o)* =T andS™ = TT-(Io~*)"*whereT is the eigenvector matrix
alkene coordinated to the yttrium. These starting structures were well or (o )**I¢(Io")! and S is the eigenvector matrix fot:lo™*.
minimized using the force field corresponding #% where the 2DCPA now avoids diagonalizing asymmetric matrices using these
equilibrium Y—DA distance is 2.70 A, with a 700 kcal m8IA 2 force relationships.

constant, and the ¥DA—C5 equilibrium angle is 80 with a 1000 We have settled on the use of an error weighting scheme that

kcal mol?! rad2 force constant. Throughout this work, the force corresponds to scheme B in ref 20, modified for automatic computation
constants for all the force fields are invariant; only the equilibrium during the 2DCPA run. The weighted error function for observed peaks

geometry changed. is shown in eq 1, wherél®®TJis the mean intensity of thith peak
Each independent minimum served as a starting point for searching

via a combination of minimization in one of the nine force fields (2.55, all peakd .0bs _ | cale |2

2.70, and 2.85 A; 70, 80, and 90and three cycles of simulated ' ' )

annealing dynamics followed by quenching. Annealed dynamics 4 III]iObﬁ]I]] ob:

simulations were run (using the appropriate force field) from 600 to min
0.001 K and back in 10 K increments, using isoergic, isochoric summed ) oh
Verlet dynamics with a time step of 1 fs and 50 steps per temperature ©Ver the time course aridi**Tis the mean of the smallest peak over

increment. The lowest energy step in each of these cycles was savedhe timecourse, giving an inversely proportional weight normalized to
1. Equation 2 is the weighted error function for noisy or absent peaks.

(34) Chevreau, T.; Gault, F. G. Catal. 1977, 50, 124.

(35) Gusel'nikov, L. E.; Polyakov, Yu. P.; Volina, E. A.; Nametkin, N. ll peakd | Obs _ | cald 2
S.J. Organomet. Cheni985 292, 189. all peak [} —

(36) States, D. J.; Haberkorn, R. A.; Ruben, DI.Magn. Resor1982 Z E— 2
48, 286. T 2
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A routine for solving partially separable minimization problems with  troscopy using CKHSiMes), as an internal standard vs Cp*JH NMR

upper and lower bounds on the variables replaced the simplex routine (500 MHz, GD1:CDs, —78°C): 6 —0.44 (br s, YCH), 1.03 (s, CH),

previously used for rotational correlation time optimization (Supporting 1.93 (s, GMes), 3.76 (d,Jis = 10.7 Hz,=CHH), 5.14 (d,Jyans= 17.8

Information Figure 12). It has proved more stable and more efficient, Hz, =CHH), 6.78 (dd,J = 17.8, 10.7 Hz, CH), the broad YCh

and the termination criteria are more easily controlled. Several CDH resonance was partially obscured by the Cp* resonance.

functions that had been part of auxiliary programs have been consoli-
dated in the main 2DCPA program, including exhaustive comparison
and correlation time optimization. Supporting Information Figure 13
and Supporting Information Table 1 describe the input file contents
for the 2DCPA program, including the experimental NOE intensities,
the weighting scheme, optimized values for the rotational correlation
times ), peaks used for optimization, and optimization averaging.
Complete “.csr” format (Quanta) trajectory files of both static ensembles
and all 18 “.trj” format (Polygraf) dynamics trajectory files are available
on request from Landis.

Dynamic Averaging. The new dynamic averaging facility works
by reading in a list of dynamics trajectories, averaging the coordinates
in r—3 space, and averaging the spherical harmonic contributions of
methyl groups in co#))?, sin@) cos@), and sin@)? angular spaces.
The resultant averaged structures are stored as either apparent intensiti

force field) at 220 K to give an average temperature of approximately
170 K (—100°C). The simulations were isothermal, isochoric summed

Verlet dynamics with a time step of 1 fs, recorded every 10 fs for 10

ps. Noncanonical temperature damping with a relaxation time of 0.01
ps and initial temperature assignmewithout doubling the required

€
or apparent rates (depending on the exchange limit) for use by 2DCPA.
The dynamics simulations for averaging were run (using the appropriate

Cp*2Y[5*,n*CD,CH,CH,CH=CD,] 6-(1,1,5,5€) and Cp*,Y-
[7%,p?-CH,CH,CD,CH=CD,] 6-(3,3,5,5€,). 2 was prepareth situ
by hydrogenation of a solution & (18.1 mg, 0.035 mmol) in 0.37
mL of methylcyclohexanehs. 1,4-Pentadiene-1,1,5¢0.037 mmol)
was vacuum transferred into the NMR tube, which was sealed and
shaken once at78°C to produce a bright yellow solution 6f1,1,5,5-
d; and 6-3,3,5,56, (93 £+ 5% yield by *H NMR spectroscopy using
CHx(SiMe;), as an internal standard vs Cp*). The product mixture
was thermally unstable and was analyzed without isolatiotHognd
13C NMR spectroscopy at-78 °C. After equilibration, the NMR
spectra were consistent with a 1:1 mixture of isomers, and the peaks
were assigned as follows. Peaks assigne6-191,5,5¢,. *H NMR
(500 MHz, GD1,CDs, —78°C): ¢ 1.84 (s, YCBCHy), 1.92 (s, GMes),
@58 (br s, CH=), the resonance YCIZH,CH, was obscured by the
p* resonance.’®C{!H} NMR (126 MHz, GD1;CDs;, —78 °C): ¢
11.6 (s, GMes), 14.7 (s, YCDCHy), 39.1 (s,w12 = 6 Hz, YCD-
CH,CH,), 112.3 (p,Jcp = 32 Hz,=CD,), 116.2 (s,CsMes), 158.1 (s,
CH=), the resonance YClwas obscured by the residual solvent peaks.
Peaks assigned ©3,3,5,5¢,. 'H NMR (500 MHz, GD1,CD3, —78
°C): 0 —0.40 (br s, YCH) 1.84 (s, YCHCH,), 1.92 (s, GMes), 6.58
(br s, CH=). 3C{H} NMR (126 MHz, GD1,CDs, —78°C): 0 11.6

temperature helped keep the trajectories smooth over the short runs (S, GMes), 14.7 (s, YCHCH), 38.4 (br swa, = 32 Hz, YCHCH,CD»,

Formation of Cp*,Y[#5*,7?-CH,CH,CH,CH=CH] (6) from 2 and
1,4-Pentadiene.2 was prepared isitu by hydrogenation of a solution
of 3 (11.4 mg, 0.021 mmol) in 0.31 mL of methylcyclohexathe-
1,4-Pentadiene (0.019 mmol) was vacuum transferred into the NMR
tube, which was sealed and shaken once@ °C to produce a bright
yellow solution of Cp3Y[#*,#?>-CH,CH,CH,CH=CHj] (6) (85 + 5%
yield by *H NMR spectroscopy using CkBiMe;); as an internal
standard vs Cp*).6 was thermally unstable and was analyzed without
isolation by'H and 3C NMR spectroscopy at+100 °C. H NMR
(500 MHz, GD1;,CD3, —100°C): 6 —0.33 (br swy> = 22 Hz, YCH),
1.84 (br S,w1p = 12 HZ, YC"bCHg), 1.92 (S, GMes), 3.79 (d«-]cis =
10.0 Hz,=CHH), 5.25 (d,Jyans= 17.5 Hz,=CHH), 6.58 (br m, CH¥),
resonance for YCKCH,CH, obscured by resonance for Cp* ligands.
BC{H} NMR (126 MHz, GD1,CD;, —100°C): ¢ 11.6 (s, GMes),
14.7 (s, YCHCHy), 33.7 (d,Jyc = 44.8 Hz, YCH), 39.4 (s, YCH-
CH,CH,), 112.9 (s,=CH,), 116.3 (s,CsMes), 158.1 (s, Ch¥).

Synthesis of 6 from 2 and Methylenecyclobutane. @as prepared
in situ by hydrogenation of a solution & (18.7 mg, 0.036 mmol) in
0.35 mL of methylcyclohexandrs. Methylenecyclobutane (0.036
mmol) was vacuum transferred into the NMR tube, which was sealed
and shaken once at78 °C to produce a bright yellow solution &
(98 + 5% yield by*H NMR spectroscopy using CkBiMes), as an
internal standard vs. Cp*)*H NMR (500 MHz, GD1:CD;, —100
°C): 6 —0.33 (br s,w1, = 22 Hz, YCH,), 1.84 (br s,w1, = 12 Hz,
YCH,CHy), 1.92 (s, GMes), 3.79 (d,Jis = 10.0 Hz,=CHH), 5.25 (d,
Jirans = 17.5 Hz,=CHH), 6.58 (br m, CH=), resonance for YCH
CH,CH; obscured by resonance for Cp* ligands.

IH NMR Analysis of the Hydrogenation of 6. An NMR tube
containing a bright yellow solution & (0.036 mmol) in 0.35 mL of
methylcyclohexaneh, was sealed under 1 atm of Ht 77 K and shaken
periodically at—78 °C for 15 min. *H NMR analysis of the resulting
solution at—78 °C revealed the formation & (90 4 5% yield by'H
NMR spectroscopy using SiMeresonance of CHSiMes), as an
internal standard vs Cp*) and pentane @%% yield by *H NMR
spectroscopy using SiMaesonance of CHSiMes); as an internal
standard vs Me resonance).

In a similar experiment, low-resolution GC/MS(EI) of the volatile
material indicated the presence of pentamé (= 72), toluene, and
CHy(SiMe3);. The GC/MS of pentane was identical to that of an
authentic sample.

Cp*2Y[nn?-CH,CHDC(CH 3);CH=CH,] (4-(2-d)). Reaction of
3,3-dimethyl-1,4-pentadiene (0.026 mmol) @ad (0.027 mmol) using
a procedure analogous to that used to fatrgenerated CY CH,-
CHDC(CH;),CH=CH, (4-(2-d)) (88 + 5% yield byH NMR spec-

isotope shift= 72 ppb), 112.3 (pJco = 32 Hz, =CD;), 116.2 (s,
CsMes), 158.1 (s, CH), the resonance YCHwas obscured by the
residual solvent peaks.

Kinetics of Equilibration of 6-1,1,5,5-d, and 6-3,3,5,5¢,. 2 was
preparedn situ by hydrogenation of a solution & (15.6 mg, 0.030
mmol) in 0.40 mL of toluene. 1,4-Pentadiene-1,1,8,%0.024 mmol)
was vacuum transferred into the NMR tube, which was sealed under 1
atm of H;, at 77 K and shaken occasionally a¥8 °C for 24 h. H
was removed via three freezpump-thaw cycles, and the mixtures
of 2, pentane-1,1,5,8,, and pentane-3,3,5&-were warmed to room
temperature. Assuming an equilibrium ratio of CHOD, = 3:1, the
percentage 06-1,1,5,5¢, in excess of the equilibrium value was
determined from the relative ratio of the CHI 0.84) and CDR (6
1.13) resonances in tHel{*H} NMR spectrum. The percent excess
6-1,1,5,5d, was also determined for reaction mixtures hydrogenated
after 15, 30, 60, and 1440 min. The volatile compounds were then
analyzed by low-resolution GC/MS. Pentatie- GC/MS(EI) calcd
(found) for GHgD4 (M™) 76 (76). The percentage 6f1,1,5,5¢, in
excess of the equilibrium value was derived from the relative ratio of
the propyl fragments amn/e = 45 ((GHsD2)*) and 47 ((GHsD4)™)
(assuming an equilibrium ratio of {8sD,)*:(CsHsD4)" = 3:1). The
first-order rate constant for the approach to equilibrium for the
conversion of6-1,1,5,5d, to 6-3,3,5,5¢l, was determined from plots
of In [% exces-1,1,5,5d,] versus time.
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