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Chapter 4

Olefin coordination towards

cationic d0 vanadium complexes

4.1 Introduction

Olefin coordination to a metal center consists of two contributions: σ-

donation from a π-orbital of the olefin to an empty d-orbital of the metal, and π-

back donation from a filled d-orbital on the metal to a π*-orbital of the olefin

(Figure 1).1
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Figure 1: Olefin coordination to a metal center.

Since d0 metals have no filled d-orbitals, they lack the possibility for π-

back donation and olefin coordination is expected to be relatively weak.

Nevertheless, olefin coordination to a cationic d0 metal center has been

proposed as one of the steps in the olefin polymerization catalyzed by cationic

group 4 metallocene complexes.2 Due to its high reactivity, the intermediate

olefin adduct has never been observed. In fact, only few olefin adducts of d0

metal centers have been described in literature, and in most complexes the

olefin is held in the proximity of the metal by a covalently bonded tether (Figure

2).3
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Figure 2: Coordination of a tethered olefin to d0 metal centers.

The above described compounds do not form stable adducts with olefins

that are not tethered to the metal center. So far, only one d0 metal complex is

reported that coordinates olefins that are not tethered to the metal center. The

tungsten alkylidene [(Me3CCH2O)2W(=C(CH2)n)Br][GaBr4] (n = 1, 2) reacted

with cycloheptene or cyclooctene at low temperatures to generate the olefin

adducts 3, which were identified by 1H and 13C NMR (Scheme 1).4 When the

compounds were mixed at ambient temperatures, ring opening metathesis

polymerization (ROMP) of the cyclic olefin took place.
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The cationic zirconium compound 1 (n = 2) is the only isolated and

structurally characterized d0 olefin adduct.3a The olefinic moiety of the alkoxy

group coordinates in an asymmetric fashion (Zr-CH2 = 2.68(2), Zr-CH = 2.89(2)

Å). In the 13C NMR spectra of 1 the olefinic carbon atom closest to the metal

center shows an upfield shift of 20 ppm compared to the free olefin, while the

other olefinic carbon atom shows a downfield shift of 19 ppm. This can be
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explained by a resonance structure in which the positive charge is on the

substituted carbon atom (Scheme 2).

Zr

Cp

Cp O
Zr

Cp

Cp O

MeB(C6F5)3 MeB(C6F5)3

Scheme 2

It is possible that the observed polarization in 1 is influenced by the

tether, which can force the olefinic moiety into an asymmetric coordination.

Furthermore, the positive charge on the olefinic carbon atom will be stabilized

by the substituent on this carbon atom. Nevertheless, in theoretical calculations

on ethene coordination to cationic d0 metal complexes, the ethene coordination

is also asymmetric.5 For example, in the model compounds for a ‘constrained

geometry’ catalyst, [(η5,η1-C5H4SiH2NH)M(η2-ethene)Me]+ (4, M = Ti, Zr, Hf), Ti-

C distances of 2.39 and 2.44 Å were calculated (no distances reported for M =

Zr or Hf). Although the interaction of the ethene with the cationic d0 metal

centers is expected to be weak, calculations predict a high metal-olefin bond

strength (4, M = Ti: 20.8 kcal·mol-1; M = Zr: 24.2 kcal·mol-1; M = Hf: 25.7

kcal·mol-1).

An ethene adduct of a d0 vanadium(V) imido complex has been

proposed as intermediate in the [2+2] cycloaddition of ethene over the

vanadium-imido bond. In their work with vanadium(V) imido complexes, Horton

et al. discovered that ethene reacts with one imido ligand of (t-

Bu3SiN)2V(NHSit-Bu3)(OEt2) to form the aza-metallacycle (t-Bu3SiN)V(NHSit-

Bu3)(η1,η1-CH2CH2NSit-Bu3) (5, identified by 1H, 13C and 51V NMR, Scheme 3).6

The CH2CH2-moiety of 5 is observed in 1H and 13C NMR as a singlet, which is

explained by an equilibrium between the aza-metallacycle and an ethene

adduct, in which the ethene is rapidly rotating. The intermediate d0 vanadium

ethene adduct is not observed.
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This chapter describes the reversible coordination of a series of olefins

to the cationic d0 vanadium complexes described in Chapter 3. The effects of

substituents on the olefin, amido, and imido ligands, on the coordination of the

olefin is discussed, based on the various equilibrium constants of the adduct

formation. Theoretical calculations on a model compound were performed to

get an insight into the structure of the olefin adducts and the strength of the

olefin coordination. For the coordination of cyclopentene to the solvated

species of [(C5H4CH2CH2Ni-Pr)V(Nt-Bu)][MeB(C6F5)3], the thermodynamic

parameters ∆H0 and ∆S0 were determined by variable temperature NMR.

4.2 Results and Discussion

4.2.1 Reactivity of [(η5,η1-C5H4CH2CH2Ni-Pr)V(Nt-Bu)]+ towards olefins

Addition of an excess of ethene to a C6D5Br solution of [(η5,η1-

C5H4CH2CH2Ni-Pr)V(Nt-Bu)][MeB(C6F5)3] (6, present as the solvent separated

species, see Chapter 3), led to the generation of the ethene adduct [(η5,η1-

C5H4CH2CH2Ni-Pr)V(η2- H2C=CH2)(Nt-Bu)][MeB(C6F5)3] (7a, Scheme 4). The

olefin complexation is fully reversible, and 7a reverted to the solvated species

of 6 upon pumping off the ethene. Therefore we did not attempt to isolate the

adduct, but instead identified it by its 1H, 13C and 51V NMR spectra. In addition

to the expected resonances for the Cp-amido and t-Bu-imido ligand, which have
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shifted little compared to 6, 7a shows two multiplets in the 1H NMR spectrum

(4.72 and 4.61 ppm, integral of 2 x 2H) and one triplet in the 13C NMR spectrum

(103.2 ppm, JC-H 164 Hz). These characteristics differ considerably from those

of the vanadium aza-metallacyclic complex 5 reported by Horton (Scheme 2:
1H: 3.22 ppm; 13C: 48.3 ppm, JC-H 149 Hz),6 and are much closer to the NMR

data for free ethene (1H: 5.29 ppm; 13C: 123.9 ppm, JC-H 160 Hz). From this we

conclude that 7a is an ethene adduct, the first one observed for a d0 metal

center.

At room temperature the resonances of coordinated and free ethene are

sharp, and only at high temperatures (80 oC) do the resonances of the

coordinated ethene start to broaden. This is an indication that the exchange of

coordinated ethene with the excess of free ethene is remarkably slow.

A clean sample of 7a in C6D5Br is stable at room temperature for at least

one week, however, it appears that small amounts of impurities can cause the

ethene to polymerize, even at low temperatures.
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C6D5Br
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Complex 6 reacted reversibly with propene to form the propene adduct

[(η5,η1-C5H4CH2CH2Ni-Pr)V(η2- H2C=CHMe)(Nt-Bu)][MeB(C6F5)3] (7b), which is

observed in the 1H, 13C and 51V NMR spectra as a mixture of two diasteromers

(ratio ~ 4:5), due to the two possible coordination modes of the propene (Figure

3). Upon coordination, the olefinic carbon atoms of the propene show 13C NMR

chemical shift differences comparable to those in the zirconium adduct 1
(Scheme 2, Table 1).3a Therefore we propose that in 7b the propene
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coordinates asymmetrically with the substituted olefinic carbon atom further

away from the metal center, comparable to the zirconium adduct 1.

N
V

Nt-Bu

N
V

Nt-Bu

R

R

A B

Figure 3: Two diasteromers of the propene adduct 7b.

As expected, the isobutene adduct [(η5,η1-C5H4CH2CH2Ni-Pr)V(η2-

H2C=CMe2)(Nt-Bu)][MeB(C6F5)3] (7c) appears as a single species in the 1H, 13C

and 51V NMR spectra. The 13C NMR shifts of the olefinic moiety upon

coordination (Table 1) are consistent with a polarization of the coordinated

olefin as is described for 1, and we again propose a structure with the

substituted olefinic carbon atom further away from the metal than the

unsubstituted carbon atom.

Table 1 shows the observed 13C NMR chemical shift differences (∆δ) for

the olefinic carbon atoms upon olefin coordination. The larger downfield shift of

the substituted carbon atom in the isobutene adduct 7c compared to the

propene adduct 7b leads to the conclusion that the polarization in 7c is more

pronounced than in 7b This can be rationalized by two factors: the two methyl

groups in the coordinating isobutene cause a larger steric interaction with other

ligands on the vanadium metal, and they better stabilize the positive charge on

the olefinic carbon atom.

Table 1: 13C NMR chemical shift differences (∆δ) for the olefinic moiety upon

coordination.
Complex ∆δ(CH2) ∆δ(CR)

1 -20 +19

7a -21
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7b -24 +1

7c -27 +35

Although the polarization of the coordinating olefin is clear when electron

donating substituents are placed on one of the olefinic carbon atoms, it

becomes unclear when olefins are used with electron withdrawing substituents,

or with electron donating substituents on both olefinic carbon atoms. The

cyclopentene adduct [(η5,η1-C5H4CH2CH2Ni-Pr)V(η2- C5H8)(Nt-Bu)][MeB(C6F5)3]

(7d) and the styrene adduct [(η5,η1-C5H4CH2CH2Ni-Pr)V(η2- H2C=CHPh)(Nt-

Bu)][MeB(C6F5)3] (7e) can be identified by 1H, 13C and 51V NMR spectroscopy,

and their 13C NMR spectra show an upfield shift for both olefinic carbon atoms

upon coordination.7 It is unclear what causes this.

Just as the propene adduct 7b, the styrene adduct 7e is observed as a

mixture of two diastereomers (ratio ~ 4:5). However, in 7e interconversion of the

two diastereomers is observed at room temperature. In the 1H and 13C NMR

spectra of the 7e broad resonances are observed at ambient temperatures,

which split up into two sets of resonances for the two diastereomers at lower

temperatures. By determining the coalescence temperature (Tc) of one set of

two resonances, the free energy of activation (∆G‡) for the interconversion of

the two diastereomers can be calculated from Equation 1.8 With Tc = 283 ± 2 K

and ∆ν = 37 ± 1 Hz, ∆G‡ = 58.8 ± 0.5 kJ·mol-1.

∆G‡ = 1.914·10-2 x Tc x [9.972 + log(Tc/∆ν)] (1)

For the olefin adducts 1 (n = 2) and 2 (R = H, R' = Me) the

interconversion of the two diastereomers has a ∆G‡ of 44.2 kJ·mol-1 (no error

reported) and 40.6 ± 0.2 kJ·mol-1 respectively,3a,3b however, it is uncertain if

these processes proceed by the same mechanism as the interconversion in 7e.

The diastereomers of the adducts 1 and 2 can only interconvert by dissociation

and subsequent recoordination of the olefin, however, the styrene in 7e does

not have to dissociate for interconversion. Instead, the coordinated styrene can

change its coordination from the olefinic bond to the phenyl group, after which
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the vinylic group can rotate and recoordinate with its other face. The cationic

zirconium complex [Cp*ZrMe2][MeB(C6F5)3] is known to coordinate added

styrene by its phenyl group, while no interaction with the vinylic group is

observed.

4.2.2 Comparison of the equilibrium constants

The coordination of olefins to [(C5H4CH2CH2Ni-Pr)V(Nt-Bu)][MeB(C6F5)3]

(6) is reversible, and in the NMR spectra of the adducts 7 the starting

compound 6 and an amount of free olefin is always observed. By careful

integration of well-resolved resonances in the 1H NMR spectra, measured from

samples with a known concentration, the Keq for the reaction in Equation 2 was

determined (Table 2). In these measurements we assume there is no influence

from coordination of the [MeB(C6F5)3]- anion.

6 + olefin  7 + C6D5Br (2)

Table 2: Coordination of different olefins to 6.
Olefina compound Keq

b

ethene 7a 100 ± 10

propene 7b 44 ± 4

isobutene 7c 23 ± 2

cyclopentene 7d 8 ± 1

styrene 7e 10 ± 1

a) No reaction observed with 10 equivalents of 3,3-dimethyl-1-butene (t-Bu-ethene), 2,3-

dimethyl-2-butene (tetramethyl-ethene). b) Keq (at 25 oC) = [7] x [C6D5Br] x [6]-1 x [olefin]-1.

The interaction of an olefin with a d0 metal center consists only of σ-

donation of the olefin to the metal. Therefore, olefins that are more electron rich

are expected to interact more strongly with d0 metal centers. Although the

olefinic moiety of propene is electron richer than that of ethene (because of

electron donation of the methyl substituent) the Keq of the formation of 7b is

much lower than that of 7a. Apparently, the effect of the steric bulk of the
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methyl substituent dominates the electronic effect. When the steric bulk is

further increased (3,3-dimethyl-1-butene) or when four small substituents are

introduced on the olefin (2,3-dimethyl-2-butene) no olefin adducts are

observed. Di-substituted olefins (isobutene, cyclopentene) form adducts with

complex 6, but with a low Keq. It appears that the steric hindrance of the 1,1-di-

substituted olefin isobutene is less than that of the 1,2-di-substituted olefin

cyclopentene. Because of the asymmetric coordination of the isobutene in 7c
(see section 4.2.1) the two methyl substituents are pointing away from the

metal, which decreases the steric interactions with other ligands. In the

cyclopentene adduct 7d an asymmetric coordination will not help to decrease

the steric interactions of the coordinating olefin.

Placing an electron withdrawing substituent on the olefin (styrene),

lowers the Keq, although this probably is a combination of the electron

deficiency of the olefin in combination with a large substituent.

In order to investigate the influence of the steric and electronic properties

of the vanadium center itself on the olefin coordination, the Cp-amido vanadium

complexes [(η5,η1-C5H4CH2CH2NMe)V(Nt-Bu)][MeB(C6F5)3] and [(η5,η1-

C5H4CH2CH2Ni-Pr)V(Np-Tol)][MeB(C6F5)3] (see Chapter 3) were reacted with

ethene and the Keq was determined. The Keq for the formation of the ethene

adducts [(η5,η1-C5H4CH2CH2NR)V(η2-ethene)(NR)][MeB(C6F5)3] (8: R = Me, R'

= t-Bu; 9: R = i-Pr, R' = p-Tol) is equal to the Keq for the formation of 7a
(measured for 8: Keq = 99; 9: Keq = 98).10 Apparently, the changes on the metal

center influence the coordination of the olefin in the same way as they influence

the stabilization by the solvent. These results compare well to the solvent

coordination to the complexes [(Cp-amido)V(NR)][MeB(C6F5)3] as described in

Chapter 3, sections 3.2.1 and 3.2.3, where the position of the equilibrium

between the contact ion pair and the solvent seperated ion pair depended on

the coordinating properties of the solvent and not on the electronic or steric

properties of the vanadium complex.

4.2.3 Theoretical calculations on the ethene coordination
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In order to get more information on the structure of the olefin adducts

and the metal-olefin bond strength, theoretical calculations (DFT/B3LYP) on the

model compound [(η5,η1-C5H4CH2CH2NH)V(η2- H2C=CH2)(NH)]+ (7calc) were

performed.11 These calculations were perfomed by Dr. P.H.M. Budzelaar of the

University of Nijmegen.

Figure 4: Conformation of 7calc with the lowest calculated energy.

In Figure 4 the conformation of 7calc with the lowest calculated energy

is shown, in which the ethene is coordinating parallel to the vanadium-imido

bond. A second conformation with the ethene coordinating parallel to the

vanadium-amido bond has a local energy minimum that is 1.2 kcal·mol-1 higher

in energy. However, the barrier for ethene rotation is low and the energy minima

are shallow, so there appears to be no preference for a specific orientation of

the ethene. This has also been found for the Cp-amido group 4 model

complexes [(η5,η1-C5H4SiH2NH)M(η2-ethene)Me]+ (4, M = Ti, Zr, Hf).5

The ethene coordination in 7calc is asymmetric (V-C = 2.43; V-C' = 2.54

Å). As observed in calculations on the group 4 complexes 4, the C=C bond

distance of the olefin has increased only slightly upon coordination (1.36 Å vs.

1.33 Å for free ethene), indicating the lack of backbonding from the metal

center. The calculated metal-ethene bond strength in 7calc (31 kcal·mol-1) is
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higher than in 4 (M = Ti: 20.8, M = Zr: 24.2, M = Hf: 25.7 kcal·mol-1), which may

be caused by the following three factors.

Charge on metal center: Olefin coordination to a cationic metal center

becomes stronger when the positive charge on the metal increases.12 However,

both the vanadium and the group 4 model complexes have a formal charge of

+1, and in addition, the vanadium center (16 valence electrons) is less electron

deficient than the group 4 metal centers (12 valence electrons). This would

therefore predict a somewhat lower metal-olefin bond strength for 7calc.

Reorganization energy: When olefin coordination to a metal center

requires the metal center to change its structure, this will decrease the total

metal-olefin bond strength. The bare cationic complexes [(η5,η1-

C5H4SiH2NH)TiMe]+ and [(η5,η1-C5H4CH2CH2NH)V(NH)]+ both have a pyramidal

structure, with an inversion barrier of less than 3 kcal·mol-1,5 therefore the

reorganization energy of the olefin coordination will have no significant

influence on the calculated metal-olefin bond strength.

Steric interactions: Ziegler et al. state that the main steric interaction of

ethene in 4 will be with the methyl group.5 The smaller steric interaction of the

linear imido group in 7calc, compared to the tetrahedral methyl group in 4, can

cause the stronger metal-olefin bond in 7calc.

4.2.4 Influence of the bridge between the Cp and amido functionality

In the introduction of this chapter (section 4.1, Scheme 3) the reaction of

a neutral vanadium(V) imido complex with ethene is described, which

generates a metallacyclic complex (5) by a [2+2] cycloaddition of the olefin over

the V-N(imido) bond. Much to our surprise no reactivity of the cationic Cp-amido

vanadium(V) complex 6 with olefins was observed. Our first assumption was

that this is caused by the constrained geometry of the Cp-amido ligand.13 A

[2+2] cycloaddition of ethene over a vanadium-imido bond would generate an

aza-metallacycle with a small N-V-C bite angle. In order to compensate for this

small angle the other ligands can open up, as is shown in Scheme 5. We

assumed that the bridge between the Cp and amido functionality in the adducts
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7 prevented opening of the Cp-V-amido bite angle, so that the aza-metallacycle

could not be formed.

L

M

L

N
R

M
N

L

L

R

Scheme 5

Theoretical calculations predicted that the formation of an aza-

metallacylic product from an ethene adduct takes place without a significant

energy barrier, and several structures with almost equal energies were

calculated. From this we conclude that there is an equilibrium between the

olefin adduct and the aza-metallacycle, which was also reported by Horton et

al. (Scheme 3).6 However, in Horton's case the equilibrium was shifted towards

the aza-metallacycle, while we observe only the olefin adduct. To test if the

equilibrium can be shifted to the aza-metallacycle, we investigated olefin

coordination to Cp-amido vanadium complexes in which there is no bridge

between the Cp and amido functionality.

The complexes [(RN)VCp(Ni-Pr2)][MeB(C6F5)3] (R = t-Bu, p-Tol, see

Chapter 3) coordinated ethene to form the adducts [(RN)VCp(η2-ethene)(Ni-

Pr2)][MeB(C6F5)3] (10: R = t-Bu; 11: R = p-Tol). However, in contrast to the

coordination of ethene to 6 the ethene is quickly polymerized, even at -30oC

and even if the methyl complexes used for the generation of the cation are

analytically pure. It was therefore not possible to obtain good 1H NMR spectra

of the ethene adducts 10 and 11. Nevertheless, resonances around 4.6 ppm

are very comparable to the observed resonances for coordinating ethene in the

ethene adducts 7a, 8 and 9.

We propose that in complexes 10 and 11 insertion of ethene in the

vanadium amido bond generates a small amount of a cationic vanadium alkyl

species which quickly polymerizes the ethene in the NMR tube. Although this
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species is not observed, it is a reasonable assumption based on the reactivity

of the Cp-amido complexes towards dimethyl-butadiene and 2-butyne as

described in Chapter 3. No attempts have been made to identify the end groups

of the polymer.

Since the polymerization of ethene is very fast, even at low

temperatures, full characterization of the ethene adducts 10 and 11 was not

possible. Instead, the cyclopentene adducts [(RN)VCp(η2-C5H8)(Ni-

Pr2)][MeB(C6F5)3] (12: R = t-Bu; 13: R = p-Tol) were fully characterized by 1H,
13C and 51V NMR spectroscopy. No significant differences between 12, 13 and

7d were observed.

4.2.5 Thermodynamic measurements on the olefin coordination to 6

From 1H, 13C and 51V NMR measurements it is clear that the equilibrium

of coordination of olefins to 6 can be shifted to the olefin adducts by lowering

the temperature. After carefully measuring the Keq at different temperatures, the

Gibbs free energy (∆G0, in J·mol-1) could be calculated from Equation 3.14 The

parameters ∆H0 and ∆S0 could be calculated from Equation 4 after plotting ∆G0

versus the temperature (T, in K, Figure 5).15 For these measurements we

investigated the coordination of cyclopentene, since the cyclopentene adduct

7d exists as only one isomer. Furthermore cyclopentene is a liquid at room

temperature, so olefin exchange between solution and the gas phase can be

neglected and the total amount of olefin in solution can be assumed to be

constant. In the measurements we assumed no influence of anion coordination.

∆G0 = -R x T x lnKeq (3)

∆G0 = ∆H0 - ∆S0 x T (4)
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Figure 5: Plot of ∆G0 versus T for the formation of 7d.

The ∆S0 value for the formation of 7d (-0.04 ± 0.01 kJ·mol-1·K-1) is

smaller than the value for the displacement of the [MeB(C6F5)3]- anion by PMe3

in the zirconium complex [Cp2ZrMe][MeB(C6F5)3] (-0.08 ± 0.01 kJ·mol-1·K-1),16

and the displacement of the [GaBr4]- anion in the tungsten complex 3 (n = 1) by

cycloheptene (-0.23 ± 0.01 kJ·mol-1·K-1).4 All three ∆S0 values are small, since

there is no change in the number of particles during the reactions. However, in

the reported literature examples an anionic particle ([MeB(C6F5)3]- or [GaBr4]-) is

replaced by a neutral particle (PMe3 or cycloheptene). It is possible that the

observed differences in the ∆S0 values reflect the cation-anion interactions that

are still present after the anion displacements, and that will further decrease the

entropy.

The ∆H0 of -19 ± 1 kJ·mol-1 shows that cyclopentene coordination to 6 is

slightly exothermic, although the value is much lower than the above mentioned

displacements (-41 kJ·mol-1 for [Cp2ZrMe][MeB(C6F5)3]/PMe3;16 -57 ± 2 kJ·mol-1
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for 3, n = 1).4 From the measurements on the equilibrium constants of the

formation of the olefin adducts 7 (Tabel 2) it is clear that the bonding of

cyclopentene to the vanadium center is weak, compared to the bonding of

ethene. It is therefore expected that the formation of the ethene adduct 7a is

more exothermic than the cyclopentene adduct 7e, and will be more in the

range of the above mentioned displacements.

4.3 Conclusion

The cationic d0 vanadium(V) complexes described in Chapter 3 reacted

reversibly with a range of olefins to generate the corresponding olefin adducts.

This is only the second example of olefin adduct formation with a d0 metal

complex in which the olefin is free and not also connected to the metal by a

covalently bonded tether, and the first example where simple olefins such as

ethene and propene coordinate to the d0 metal center.

Theoretical calculations predict an unusually high vanadium-ethene bond

strength. Measurement of the equilibrium constants of the formation of adducts

with several olefins shows that the strength of the interaction of the olefin with

the metal center decreases when the steric bulk of the coordinating olefin

increases. Although the bonding of the olefin to the vanadium center is only

established by σ-donation, even electron donating substituents on the olefin

decrease the tendency to form adducts, probably because of increased steric

interactions. Steric interactions probably also decrease the tendency of the

vanadium center to form adducts with the solvent, which is abundant in much

larger quantaties than the olefins.

The exchange of coordinated ethene with free ethene, as well as the

stabilization of the equilibrium of olefin adduct formation is slow. An associative

displacement of a coordinated ligand is difficult, because of the steric crowding

around the metal center, while dissociative displacement requires a lot of

energy, because of the high vanadium-ligand bond strength.

We have determined the ∆S0 and ∆H0 values for the coordination of

cyclopentene to the solvated species of [(C5H4CH2CH2Ni-Pr)V(Nt-
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Bu)][MeB(C6F5)3]. The ∆S0 value of the displacement of a solvent molecule by

an olefin is small since there is no change in the number of particles in this

reaction. The formation of the cyclopentene adduct is an exothermic process,

although the ∆H0 value for the coordination of cyclopentene to the cationic

vanadium Cp-amido complex is smaller than for other reported adduct

formations. Since ethene binds stronger to the metal center than cyclopentene,

a larger ∆H0 value is expected for ethene coordination.

4.4 Experimental

General considerations

All reactions were carried out under N2, using standard glove-box and vacuum line

techniques. C6D5Br was degassed and stored on mol. sieves under nitrogen. NMR spectra were

recorded on a Varian Unity 500 spectrometer, all spectra were recorded in C6D5Br at -30oC. 1H

and 13C NMR chemical shifts are reported in ppm relative to TMS, using residual solvent

resonances as internal reference. 51V NMR chemical shifts are reported in ppm relative to

VOCl3, which is used as an external reference. Coupling constants (J) and line widths at half

height (∆ν½) are reported in Hz. The density of C6D5Br was measured in the region of 5 to 35oC

on an Anton Paar DMA 35n portable density meter. [(η5,η1-C5H4CH2CH2Ni-Pr)V(Nt-

Bu)][MeB(C6F5)3] (6), [(η5,η1-C5H4CH2CH2NMe)V(Nt-Bu)][MeB(C6F5)3], [(η5,η1-C5H4CH2CH2Ni-

Pr)V(Np-Tol)][MeB(C6F5)3], [(t-BuN)VCp(Ni-Pr2)][MeB(C6F5)3] and [(p-TolN)VCp(Ni-

Pr2)][MeB(C6F5)3] are described in the previous chapter. Ethene (99.9%, Hoekloos), propene

(99.9%, Hoekloos) and isobutene (99%, Aldrich) were used as received. Cyclopentene (Acros)

and styrene (Aldrich) were stored under nitrogen and used as received. The 1D-1H NMR spectra

of the styrene adduct 7e and the cyclopentene adducts 7d, 12 and 13 contained too much of the

starting vanadium complex and free olefin to perform an integration of the resonances (product

resonances were small compared to other resonances and many resonances overlap).

Therefore these NMR spectra were interpreted based on the 2D-1H,1H and 2D-1H,13C NMR

spectra.

Generation of [(η5,η1-C5H4CH2CH2Ni-Pr)V(η2-ethene)(Nt-Bu)][MeB(C6F5)3] (7a)

An NMR tube equipped with a Teflon (Young) valve was filled with 0.874 g of a 66 mM

solution of 6 in C6D5Br. The tube was connected to a high vacuum line, frozen and evacuated.

Subsequently, a calibrated volume of ethene was condensed into the NMR tube, so that a pressure

of approximately 1 bar was reached after the NMR tube was closed and thawed out. The NMR

tube was kept at room temperature for one hour before measuring, to let the equilibrium stabilize.

The exact amount of ethene in solution was determined by 1H NMR.
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1H NMR (500 MHz, C6D5Br, 25oC): free olefin: δ 5.29 (s); 7a: δ 5.71 (br, 1H, Cp), 5.61

(br, 1H, Cp), 5.34 (sept, JH-H = 6, 1H, CH of i-Pr), 5.27 (br, 1H, Cp), 5.02 (br, 1H, Cp), 4.72 (m,

2H, =CHH), 4.61 (m, 1H, NCHH ), 4.33 (m, 2H, =CHH), 3.26 (dd, JH-H = 15 / 7, 1H, NCHH), 2.70

(dd, JH-H = 13 / 7, 1H, CpCHH), 1.91 (m, 1H, CpCHH), 0.94 (s, 9H, t-Bu), 0.82, 0.59 (d, JH-H = 6,

7, 3H, 2 CH3 of i-Pr). 13C NMR (125.7 MHz, C6D6, -30oC): free olefin: δ 123.9 (t, JC-H = 160); 7a: δ

141.9 (Cipso of Cp), 109.6, 109.2, 103.1, 101.3 (d, JC-H = 173, 173, 179 and 181 respectively, 4

CH of Cp), 103.2 (d, JC-H = 164, =CH2), 76.3 (d, JC-H = 143, CH of i-Pr), 73.3 (t, JC-H = 138,

NCH2), 29.5 (t, partial overlap, CpCH2), 31.1 (q, JC-H = 132, CH3 of t-Bu), 22.6, 20.7 (q, JC-H =

127 and 127 respectively, 2 CH3 of i-Pr), Cq of t-Bu not observed. 51V NMR (131.4 MHz, C6D5Br,

25oC): δ -707 (∆ν½ = 750).

Generation of [(η5,η1-C5H4CH2CH2Ni-Pr)V(η2-propene)(Nt-Bu)][MeB(C6F5)3] (7b)

The same procedure was used as for 7a, only now the propene pressure after thawing out

the NMR tube was approximately 2 bars. The exact amount of propene in solution was determined

by 1H NMR. Two isomers were formed (A:B ~ 4:5).
1H NMR (500 MHz, C6D5Br, -30oC): free olefin: 5.71 δ (m, 1H, =CHCH3), 5.00 (d, JH-H =

17, 1H, =CHH cis to CH3), 4.94 (d, JH-H = 10, 1H, =CHH trans to CH3), 1.58 (d, JH-H = 6, 3H,

=CHCH3); 7b: δ 6.26B, 6.01A (m, =CHCH3), 5.98, 5.93, 5.55, 5.43, 5.40, 5.34, 5.30, 5.08 (m, Cp),

5.66, 5.42 (CH of i-Pr), 4.65, 4.39 (m, NCHH), 4.33B, 4.01A (d, JH-H = 17B, 17A, =CHH cis to CH3),

4.15A, 3.65B (d, JH-H = 9A, 8B, =CHH trans to CH3), 3.31, 3.16 (m, NCHH), 2.58, 2.54 (m,

CpCHH), 1.99, 1.88 (m, CpCHH), 1.32A, 1.28B (d, JH-H = 5A, 5B, =CHMe), 0.98, 0.95 (s, t-Bu),

0.80, 0.72, 0.66, 0.56 (d, JH-H = 6, Me of i-Pr). 13C NMR (125.7 MHz, C6D6, -30oC): free olefin:

134.4 (d, JC-H = 155, =CHCH3), 116.8 (t, JC-H = 153, =CH2), 20.5 (q, overlap, CH3); 7b: δ 142.2,

141.8 (s, 2 Cipso of Cp), 137.7, 135.4 (d, JC-H = 157, 159, 2 =CHCH3), 111.2, 110.3, 109.6, 109.2,

102.4, 102.3, 101.3, 101.2 (d, JC-H = 182, 177, 175, 173, 174, 174, 177 and 177 respectively, 8

CH of Cp), 92.7, 92.5 (t, JC-H = 160, 159, 2 =CH2), 77.0, 76.4 (t, 2 NCH2), 73.4, 72.7 (d, 2 CH of

i-Pr), 31.2, 30.9 (q, JC-H = 127 and 128 respectively, 2 CH3 of t-Bu), 29.7, 29.5 (2 CpCH2), 23.4,

22.9, 22.8, 22.6 (4 CH3 of i-Pr), 20.2, 20.1 (2 =CHCH3), Cq of t-Bu not observed. 51V NMR (131.4

MHz, C6D5Br, 25oC): δ -646, -650 (partial overlap).

Generation of [(η5,η1-C5H4CH2CH2Ni-Pr)V(η2-isobutene)(Nt-Bu)][MeB(C6F5)3] (7c)

The same procedure was used as for 7a, only now the isobutene pressure after thawing

out the NMR tube was approximately 2 bars. The exact amount of isobutene in solution was

determined by 1H NMR.
1H NMR (500 MHz, C6D5Br, -30oC): free olefin: δ 4.70 (s, 2H, =CH2), 1.59 (s, 6H,

=CCH3); 7c: δ 5.79 (br, 1H, Cp), 5.60 (m, 2H, CH of i-Pr and Cp), 5.26 (br, 1H, Cp), 4.99 (br, 1H,

Cp), 4.54 (m, 1H, NCHH), 3,76 (s, 1H, =CHH), 3.69 (s, 1H, =CHH), 3.24 (m, 1H, NCHH), 2.60

(m, 1H, CpCHH), 1.82 (m, 1H, CpCHH), 1.72 (s, 3H, =CCH3), 0.96 (s, 3H, =CCH3), 0.94 (s, 9H,
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t-Bu), 0.87 (d, JH-H = 7, 3H, CH3 of i-Pr), 0.64 (d, JH-H = 7, 3H, CH3 of i-Pr). 13C NMR (125.7 MHz,

C6D5Br, -30oC): free olefin: δ 142.6 (s, =CCH3), 112.0 (t, JC-H = 154, =CH2), 25.1 (q, JC-H = 125,

=CCH3); 7c: δ 177.5 (s, =CCH3), 142.3 (Cipso of Cp), 112.0, 110.7, 101.0, 101.4 (4 CH of Cp),

84.8 (t, JC-H = 156, =CH2), 76.5 (CH of i-Pr), 72.7 (NCH2), 30.9 (CH3 of t-Bu), 29.9 (CpCH2),

29.1, 29.0, 23.9, 19.2 (2 CH3 of i-Pr and 2 =CCH3), Cq of t-Bu not observed. 51V NMR (131.4

MHz, C6D5Br, 25oC): δ -577 (∆ν½ = 860).

Generation of [(η5,η1-C5H4CH2CH2Ni-Pr)V(η2-cyclopentene)(Nt-Bu)][MeB(C6F5)3] (7d)

An NMR tube equipped with a Teflon (Young) valve was filled with 0.687 g of a 111 mM

solution of 6 in C6D5Br. The tube was connected to a high vacuum line, frozen and evacuated.

Subsequently, 0.197 mmol of cyclopentene was condensed into the NMR tube, after which the

NMR tube was closed and thawed out.
1H NMR (500 MHz, C6D5Br, -30oC): free olefin: δ 5.65 (s, 2H, =CH), 2.20 (t, JH-H = 8,

=CH-CH2), 1.68 (q, JH-H = 8, =CH-CH2-CH2); 7d: δ 5.83 (Cp), 5.79, 5.78 (2 =CH), 5.77 (CH of i-

Pr), 5.65, 5.15, 5.09 (3 Cp), 4.62 (NCHH), 3.40 (NCHH), 2.67 (CpCHH), 2.00 (=CH-CH2), 1.94

(CpCHH), 1.00 (t-Bu), 0.91 (CH3 of i-Pr), 0.79 (=CH-CH2-CH2), 0.70 (CH3 of i-Pr). 13C NMR

(125.7 MHz, C6D6, -30oC): free olefin: δ 131.3 (d, JC-H = 159, =CH), 33.3 (t, JC-H = 128, =CH-

CH2), 23.7 (t, JC-H = 127, =CH-CH2-CH2); 7d: δ 142.4 (s, Cipso of Cp), 125.7, 124.4 (d, JC-H = 156,

160, 2 =CH), 111.4, 111.3, 102.7, 102.1 (d, JC-H = overlap, overlap, 179 and 174 respectively, 4

CH of Cp), 77.1 (d, JC-H = 143, CH of i-Pr), 73.3 (t, JC-H = 139, NCH2), 35.1, 34.9 (t, JC-H = 133

and 133 respectively, 2 =CH-CH2), 30.9 (q, JC-H = 130, CH3 of t-Bu), 29.7 (t, JC-H = 130, CpCH2),

23.2 (q, overlap, CH3 of i-Pr), 22.1 (t, JC-H = 130, =CH-CH2-CH2), 19.8 (q, JC-H = 126, CH3 of i-

Pr), Cq of t-Bu not observed. 51V NMR (131.4 MHz, C6D5Br, 25oC): δ -521 (∆ν½ = 4300).

Generation of [(η5,η1-C5H4CH2CH2Ni-Pr)V(η2-styrene)(Nt-Bu)][MeB(C6F5)3] (7e)

To 0.929 g of a 0.223 mM solution of 6 in C6D5Br was added 78.4 mg (0.75 mmol) of

styrene. Compound 7e had to be measured immediately in order to prevent polymerization,

which takes place even at low temperatures. Two isomers are formed (A:B ~ 4:5).
1H NMR (500 MHz, C6D5Br, -30oC): free olefin: δ 7.25 (d, JH-H = 8, 2H, CH of Ph), 7.17 (t,

JH-H = 8, 2H, CH of Ph), 7.12 (t, JH-H = 7, 1H, CH of Ph), 6.61 (dd, JH-H = 18 / 11, 1H, =CH), 5.64

(d, JH-H = 18, 1H, =CHH cis to Ph), xxx (d, JH-H = 11, 1H, =CHH trans to Ph); 7e: δ 6.81A (dd, JH-H

= 17 / 10, =CH), 6.73B (dd, JH-H = 18 / 10, =CH), 5.89, 5.74 (br, 2 Cp), 5.62 (shoulder of solvent,

CH of i-Pr), 5.31 (overlap, Cp), 5.24 (m, CH of i-Pr), ~5.1A (overlap with styrene, =CHH cis to

Ph), 5.04 (overlap, 2 Cp), 5.01, 4.93, 4.78 (br, 3 Cp), 4.53B (d, JH-H = 17, =CHH cis to Ph), 4.48B

(d, JH-H = 10, =CHH trans to Ph), 4.36, 4.16 (m, 2 NCHH), 3.79A (d, JH-H = 9, =CHH trans to Ph),

3.16 (dd, JH-H = 14 / 7, NCHH), 3.09 (dd, JH-H = 14 / 8, NCHH), 2.62 (dd, JH-H = 13 / 7, CpCHH),

2.28 (dd, JH-H = 13 / 7, CpCHH), 1.88, 1.73 (m, 2 CpCHH), 0.94 (s, t-Bu), 0.93 (shoulder, t-Bu),

0.88, 0.76, 0.68, -0.09 (d, JH-H = 6, 6, 6 and 6 respectively, 4 CH3 of i-Pr). 13C NMR: free olefin
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(125.7 MHz, C6D5Br, -30oC): δ 138.8 (s, Cipso of styrene), 137.7 (d, JC-H = 150, =CH), 129.3 (d,

JC-H = 159, CH of Ph), 128.6 (d, JC-H = 160, CH of Ph), 127.0 (d, JC-H = 158, CH of Ph), 114.4 (t,

JC-H = 158, =CH2); 7e: δ 142.2, 141.5 (s, 2 Cipso of Cp), 135.8, 133.6, 133.3, 133.2, 132.9, 129.2,

129.1, 129.0, 128.4, 128.1 (2 =CH, 2 Cipso of Ph and 6 CH of Ph), 113.5, 112.6, 111.7, 111.1,

102.2, 101.8, 101.7, 101.3 (8 CH of Cp), 86.0, 83.8 (t, JC-H = 162 and 159 respectively, 2 =CH2),

77.0, 76.0 (2 CH of i-Pr), 73.3, 72.6 (2 NCH2), 30.9, 30.8 (2 CH3 of t-Bu), 29.7, 29.6 (2 CpCH2),

24.2, 24.1, 22.5, 20.6 (4 CH3 of i-Pr), Cq of t-Bu not observed. 51V NMR (131.4 MHz, C6D5Br, -

30oC): δ -614 (∆ν½ = 2200).

Generation of [(η5,η1-C5H4CH2CH2Me)V(η2-ethene)(Nt-Bu)][MeB(C6F5)3] (8)

The same procedure was used as for 7a, starting from [(η5,η1-C5H4CH2CH2NMe)V(Nt-

Bu)][MeB(C6F5)3]. The exact amount of ethene in solution was determined by 1H NMR.
1H NMR (500 MHz, C6D5Br, -30oC): δ 5.74 (br, 1H, Cp), 5.52 (br, 1H, Cp), 5.22 (br, 1H,

Cp), 4.96 (br, 1H, Cp), 4.71 (m, 2H, =CH2), 4.54 (m, 1H, NCHH), 4.29 (m, 2H, =CH2), 3.79 (s,

3H, NCH3), 3.63 (m, 1H, NCHH), 2.48 (m, 1H, CpCHH), 2.25 (m, 1H, CpCHH), 0.91 (s, 9H, t-

Bu). 13C NMR (125.7 MHz, C6D5Br, -30oC): δ 140.8 (Cipso of Cp), 109.0, 103.3, 101.5, 100.1 (4

CH of Cp), 101.3 (t, JC-H = 165, =CH2), 84.9 (NCH3), 64.4 (NCH2), 30.8 (CH3 of t-Bu), 28.0

(CpCH2), Cq of t-Bu not observed. 51V NMR (131.4 MHz, C6D5Br, -30oC): δ -734 (∆ν½ = 3500).

Generation of [(η5,η1-C5H4CH2CH2Ni-Pr)V(η2-ethene)(Np-Tol)][MeB(C6F5)3] (9)

The same procedure was used as for 7a, starting from [(η5,η1-C5H4CH2CH2Ni-Pr)V(Np-

Tol)][MeB(C6F5)3]. The exact amount of ethene in solution was determined by 1H NMR.
1H NMR (500 MHz, C6D5Br, -30oC): δ 6.89 (br, 4H, CH of p-Tol), 5.85 (br, 1H, Cp), 5.49

(br, 1H, Cp), 5.31 (overlap with free ethene, CH of i-Pr), 5.25 (br, 1H, Cp), 5.12 (m, 1H, Cp),

4.79 (m, 2H, =CH2), 4.68 (m, 1H, NCHH), 4.22 (m, 2H, =CH2), 3.50 (m, 1H, NCHH), 2.68 (m,

1H, CpCHH), 2.17 (s, 4H, CH3 of p-Tol and shoulder of CpCHH), 0.99 (d, JH-H = 7, 3H, CH3 of i-

Pr), 0.65 (d, JH-H = 7, 3H, CH3 of i-Pr). 13C {1H} NMR (125.7 MHz, C6D5Br, -30oC): δ 159.3, 142.0,

141.1 (2 Cq of p-Tol and Cipso of Cp), 123.8 (CH of p-Tol), 109.7, 109.3, 105.1, 104.4 (4 CH of

Cp), 104.9 (=CH2), 75.2 (NCH2), 74.1 (CH of i-Pr), 29.2 (CpCH2), 23.0 (CH3 of i-Pr), 22.2 (CH3 of

p-Tol), 21.3 (CH3 of i-Pr), 1 CH of p-Tol not observed (probably due to overlap with solvent

resonances). 51V NMR (131.4 MHz, C6D5Br, -30oC): δ -600 (∆ν½ = 6500).

Generation of [(t-BuN)VCp(η2-cyclopentene)(Ni-Pr2)][MeB(C6F5)3] (10)

The same procedure was used as for 7d, starting from [(t-BuN)VCp(Ni-Pr2)][MeB(C6F5)3].
1H NMR (500 MHz, C6D5Br, -30oC): δ 6.43 (br, 1H, =CH), 5.44 (s, 5H, Cp), 4.95 (br, 1H,

=CH), 4.41 (sept, JH-H = 6, 1H, CH of i-Pr), 3.16 (br, 1H, CH of i-Pr), 1.47 (d, JH-H = 6, 3H, CH3 of

i-Pr), 0.99 (s, 9H, t-Bu), 0.84 (d, JH-H = 7, 3H, CH3 of i-Pr), 0.70 (d, JH-H = 6, 3H, CH3 of i-Pr), 0.54

(d, JH-H = 7, 3H, CH3 of i-Pr), =CH-CH2 and =CH-CH2-CH2 not observed. 13C {1H} NMR (125.7
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MHz, C6D5Br, -30oC): δ 128.7, 120.3 (2 =CH), 108.5 (Cp), 80.9 (Cq of t-Bu), 70.6, 60.4 (2 CH of

i-Pr), 35.0, 34.8 (2 =CH-CH2), 33.2 (CH3 of i-Pr), 31.6 (CH3 of t-Bu), 26.9 (CH3 of i-Pr), 23.3

(=CH-CH2-CH2), 22.3, 19.4 (2 CH3 of i-Pr). 51V NMR (131.4 MHz, C6D5Br, 25oC): δ -555 (∆ν½ =

700).

Generation of [(p-TolN)VCp(η2-cyclopentene)(Ni-Pr2)][MeB(C6F5)3] (13)

The same procedure was used as for 7d, starting from [(p-TolN)VCp(Ni-

Pr2)][MeB(C6F5)3].
1H NMR (500 MHz, C6D5Br, -30oC): δ 6.90 (s, CH of p-Tol), 6.32 (s, =CH), 5.42 (s, Cp),

4.74 (s, =CH), 4.38 (br, CH of i-Pr), 3.22 (br, CH of i-Pr), 2.18 (s, CH3 of p-Tol), 1.81 (=CH-CH2),

~1.6 (overlap with free olefin, CH3 of i-Pr), 1.02 (CH3 of i-Pr), 0.75 (CH3 of i-Pr), 0.57 (CH3 of i-

Pr), =CH-CH2-CH2 not observed. 13C {1H} NMR (125.7 MHz, C6D5Br, -30oC): δ 160.0, 141.4 (2

Cipso of p-Tol), 127.7, 125.8 (2 CH of p-Tol), 129.9, 115.6 (2 =CH), 109.4 (Cp), 69.2, 61.2 (2 CH

of i-Pr), 35.0, 26.4 (2 CH3 of i-Pr), 35.0, 33.2 (2 =CH-CH2), 22.2 (CH3 of p-Tol), 22.1 (=CH-CH2-

CH2), 20.2, 19.5 (2 CH3 of i-Pr). 51V NMR (131.4 MHz, C6D5Br, 25oC): δ -397 (∆ν½ = 2500).

Determination of Keq

The Keq was determined from the 1H NMR spectra of the reaction mixtures at 25oC. The

ratio olefin adduct: solvent separated ion pair was determined by integrating well separated

resonances of both complexes (mostly resonances of the Cp moiety or of the ethylene bridge).

In order to have reliable data, a relaxation time (d1) of 25 seconds was used during the

measurement, and an average integral value of several resonances was calculated. When

gaseous olefins were used, the amount of olefin in the reaction mixture was calculated from its

integral.

The Keq of the formation of 7a was determined at 25oC from 4 samples with different

vanadium and olefin concentrations (values: 89, 94, 105, 108). From this Keq = 100 ± 10 was

calculated.

The results of the variable temperature 1H NMR measurements on the coordination of

cyclopentene to 6 (Table 3), were corrected for errors in the temperature by callibration with

100% methanol (temperatures < 0oC) or 100% ethylene glycol (temperatures > 0oC). In order to

compensate for the variable density of the solvent at different temperatures, the density of

C6D5Br was determined in the range of 5 to 39 oC (measuring range of the density meter is 0 to

40 oC) and extrapolated to -10 oC and +70 oC. The equation for the solvent density is: density =

1.57 - 1.41 x 10-3 x T (r2 = 0.996, density in g/mL, T in oC). When the temperature was

decreased (starting at 30oC in steps of -10oC), the solution was kept at the new temperature for

45 minutes before the 1H NMR measurement was started, so that the equilibrium could stabilize.

In the temperature range of 30oC to 80oC (steps of +10oC) a waiting time of 30 minutes was
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used. Below -10oC the Keq values did no longer respond to temperature changes, and these

results have not been used in the calculations.

Table 3: 1H NMR measurements on the coordination of cyclopentene to 6.

Temp (K) Fraction Adduct Keq ∆G0 (kJ⋅mol-1)
260 0.557 29.4 -7.30
269 0.495 22.5 -6.96
280 0.436 17.3 -6.63
290 0.374 13.2 -6.22
300 0.323 10.4 -5.84
309 0.257 7.39 -5.14
319 0.232 6.41 -4.93
328 0.194 5.05 -4.42
338 0.165 4.14 -3.99
347 0.141 3.41 -3.54

Calculation of ∆G0, ∆H0 and ∆S0

For every value of Keq, the ∆G0 was calculated using Equation 3 (Table 3). By plotting

∆G0 vs. T, ∆H0 and ∆S0 were calculated using Equation 4. The equation for ∆G0 is: ∆G0 =

0.0437⋅T – 18.8 (r2 = 0.993, ∆G0 in kJ·mol-1, T in K). This resulted in values of -19 kJ·mol-1 for

∆H0 and -0.04 kJ·mol-1·K-1 for ∆S0. The error in the calculations was estimated by repeating the

calculations using Keq values 10% higher and lower than the observed values. This resulted in

errors of ± 1 kJ·mol-1 for ∆H0 and ± 0.01 kJ·mol-1·K-1 for ∆S0.
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