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Observation of the primary Zr—C insertion products in the
reaction of the (butadienelzirconocene/BI(CF,).-betaine Ziegler
catalyst system with reactive alkynes

Jorn Karl, Gerhard Erker *

Organisch-Chemisches Institut der Universitat Miinster, Corrensstralie 40, 48149 Munster, Germany

Abstract

The (conjugated diene) group 4 metallocenes 1a—d (diene = butadiene, isoprene; metallocene = Cp, Zr, Cp,Hf, MeCp,Zr)
add B(Cg4Fs); to yield the metallacyclic M - - - F—C bridged metallocene—borate—betaine complexes 3a—d. These add one
equivalent of acetylene to give the chiral metallacyclic insertion products 5a—d that can be described as either intramolecular
ion-pair type complexes involving interaction of the negatively polarized termina —CH=CH-CH ,—[B] group of the
resulting o-ligand system with the positively polarized metallocene moiety of the dipolar betaine product or n2internal
alkene metall ocene complexes, respectively, asit is revealed by a comparison with the related acyclic THF-addition products
10 and 12. Propyne inserts unselectively into the terminal Zr—C bond of the complexes 3a—c. In each case a 1:1 mixture of
the regioisomers 6a—c (methyl at C2) and 7a—c (methyl group at C1) is obtained. © 1998 Elsevier Science B.V.

Keywords: Metallocene—borate—betaines; Homogeneous single component metallocene Ziegler catalysts, Alkyne insertion; Metallocene
cations; Metallocene olefin complexes

1. Introduction

Tris(pentafluorophenyl)borane (2) [1] cleanly adds to (butadiene)zirconocene (1a) [2] to yield the
metallocene—( u-C,H)—borate betaine complex 3a [3,4] (for related recent work by other groups see
[5-8]). This system constitutes a very active homogeneous single component Ziegler catalyst for the
rapid polymerization of a-olefins. In addition to its practical use in catalytic polyolefin formation the
system 3 has alowed for the direct experimental investigation of a variety of aspects of the
carbon—carbon coupling process of alkenes at an active Ziegler-type catalyst system. It appears that
studies with the Cp,Zr(butadiene) /B(CF;),/akene system comes close to the situation where one
may observe an active metallocene Ziegler catalyst ‘at work’ [9] .

* Corresponding author. Fax: +49-251-8339772; e-mail: erker@uni-muenster.de
! For remotely related intramolecular insertion reactions see e.g. [10—13]. For other related model systems see e.g. [14—29).
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At low temperature complex 3a inserts one molar equivalent of ethene into the terminal zirconium
to carbon bond with formation of the metallacyclic product 4a. The chira cyclic structure of 4a was
established unequivocally by NMR spectroscopy. In contrast to the starting material 3a, that is
characterized by the presence of a markedly persistent Zr - - - F—C interaction in solution and in the
solid state [3—8] 2, the product 4a can be described as an intramolecular ion-paired structure [45,46].
In this case the butadiene-derived allyl moiety bonded to boron serves as the donor part in this
interaction, the —B(C¢F;); group itself is apparently not involved directly in the formation of the
chiral metallacyclic donor—acceptor type structure. With propene an analogous product 4b (single
diasterecisomer) is formed. At higher temperatures (> — 20°C) the products 4 are not stable; in the
presence of excess a-olefin reagent a rapid polymerization reaction with formation of polyethylene
and polypropylene, respectively, takes place [3-8].

The (butadiene)ZrCp,/B(C4F;); system aso reacts rapidly with terminal akynes at ambient
conditions 3. The resulting oligomers or polymers have not been unequivocally characterized so far.
However, we were able to observe in afew cases the primary insertion products by carefully adjusting
the reaction conditions at low temperatures and by performing the reactions under these optimized
conditions under direct NMR control. The outcome of several typical examples of such insertion
reactions of reactive alkynes into a Zr—C bond of the metallocene—betaine Ziegler catalyst system 3 is
described in this article “.

2. Results and discussion
2.1. Generation of the alkyne insertion products

For this study the betaine systems 3 were not isolated but generated in situ in a suitable deuterated
solvent (usually toluene-dg) by the reaction of the respective (conjugated diene) group 4 metallocene
complexes (1) [2] with an equimolar quantity of B(C4F;), [1]. Four related (1,3-diene)metallocene
complexes were employed, namely (butadiene)zirconocene (1a) and -hafnocene (1b) as well as the

2 For related examples of M - - - F—C interactions see e.g. [30—41]; for related reviews see e.g. [42—44].
® For other alkyne insertion reactions see e.g. [47-59].
* For related betaines see e.g. [60—75).
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Cp-substituted (butadiene)bis(methylcyclopentadienyl)zirconium system (1c). In addition, the corre-
sponding (n*-isoprene)ZrCp, system 1d was chosen as a starting material. The (butadiene)zircono-
cenes la and 1c were used as s-Cis-/s-trans-isomer mixtures at their ambient temperature equilibrium
ratio. The equilibrium situation of the other (conjugated diene)metallocene complexes lies far on the
side of the s-cis-isomers. These were therefore used as such [2].

The reaction of the (butadiene)zirconocene (1a) /B(C4F;),-derived betaine system 3a with acety-
lene may serve as a typical example of the reactions carried out in this study. First, the metallocene—
borate—betaine system 3a was generated by treatment of (butadiene)ZrCp, with B(C¢F;), at ambient
temperature in toluene-dg. The solution was then cooled to —35°C. At this temperature acetylene
(2-3 ml) was slowly introduced into the solution by means of a glass capillary. Under these
conditions the reaction between 3a and HC=CH is very clean and goes to completion rapidly. The
1:1 insertion product 5a is obtained almost exclusively in this solution and it is subsequently
characterized by NMR spectroscopy.

For characterization a combination of various NMR techniques was employed [76]. This alowed
for an unambiguous structural assignment. Attempts to isolate the product 5a were unsuccessful so far
due to a rapid unspecific decomposition reaction that took place upon raising the temperature of the
reaction mixture.
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The *C NMR spectrum of the product 5a shows that the ethyne molecule was inserted into the
terminal Zr—C bond of 3a to form a linear chain, elongated by two sp?carbon centers. The
corresponding C1-C6 **C NMR resonances are observed at & 176.0, 142.6, 38.0, 136.6, 129.7 and
ca. 4. The C6 signal is very broad due to its direct bonding connection with the boron nucleus of the
B(C4Fs), unit. Its chemical shift indicates an ion-pair bonding interaction with the zirconium center
and so do the C5 and C4 chemical shifts — this point will be discussed in due detail later (see
below). The low field **C NMR resonance of the C1 carbon center is very typical for zirconium
bound alkenyl groups [77-84].
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The —HC'=C?H- moiety is cis-configurated. This is apparent from the 3.J(l-H/2-H) coupling
constant of 12 Hz. The *H/**C connectivities and assignments were secured by two dimensional
GCOSY, GHSQC (and in some cases GHMBC) experiments [76]. The most noteworthy feature that
becomes apparent from the *H and **C NMR spectra of complex 5a is that this compound is chiral.
Thus, complex 5a exhibits (in toluene-d, at —35°C) a 1:1 intensity pair of "H/**C NMR Cp-reso-
nances at 6 5.18, 5.12,/110.9, 110.7 ppm. In addition, the hydrogen atoms at the chain carbon atom
C3 are diastereotopic (3-H, 3-H’: & 2.00, 1.90 ppm), and so are the 6-H, 6-H’ hydrogens (broad
signas at 6 0.73 and 0.43 ppm).

Apparently, the chirality of 5a originates from a ring formation by means of an intramolecular
ion-pair association phenomenon. Monitoring the ®F NMR spectra from 238 K down to a limiting
temperature of 193 K did not revea any indication for zirconium - - - F—C interaction [3—8,30—44].
Only three *°F resonances are observed of the freely rotating B—C4F, moieties (at 6 — 165.2 (m-F),
—160.1 ( p-F), and —133.7 (0-F)) 5. The *C NMR shift situation of the C®H ,—C°H=C*CH group
indicates that the ring structure of complex 5a originates from a pronounced internal ion-pair type
interaction of this part of the C4-chain, that is adjacent to boron, with the very electrophilic zirconium
center.

Ethyne insertion reactions were also carried out under similar conditions with the (butadiene)metal -
locene derived metallocene—borate betaine systems 3b and 3c and with the (isoprene)zirconocene
complex 3d. In each case the analogous chiral cyclic acetylene insertion products were obtained. In
the case of the product 5c¢ the characteristic asymmetry of the metallacyclic system is revealed by the
observation of a set of eight different MeCp methine **C NMR resonances (in toluene-d;, —10°C at
6 114.8, 114.7, 111.5, 111.3, 110.4, 109.3, 106.7, 106.0).

A priori, the reaction of the isoprene-derived system could have presented us with a selectivity
problem. However, it turns out that the addition of B(C4F;), to the coordinated isoprene ligand in the
complex 1d occurs exclusively at the —CH=CH, terminus of the conjugated diene (for related
regioselectivities in reactions involving (isoprene)group 4 metallocene complexes see e.g. [86]). The
resulting betaine complex 3d then subsequently inserts the acetylene reagent at the opposite end of the
former isoprene moiety ¢ leading to the selective formation of the product 5d that exhibits the
isoprene-derived methyl substituent at carbon atom C4 of the resulting carbon ligand chain.

We next treated the metall ocene—borate—betaine complexes 3a—c with propyne. The same type of
insertion products were obtained as in the reactions with ethyne. However, it turned out that here the
insertion was unselective with regard to the regiochemistry of the 1-alkyne insertion. In each case a
1:1 mixture of the regioisomeric insertion products 6a—c (methyl group attached at carbon atom C2)
and 7a—c (CH, group bonded to C1) was obtained. The regioisomers are readily distinguished by
their respective *H and **C NMR resonances of the propyne derived building blocks. Thus, complex
6a (L ,M=Cp,Zr) exhibits a *H NMR singlet of the 1-H hydrogen at & 4.74 ppm (in toluene-d, at
238 K, 600 MHz) and the corresponding C1 signal at § 168.2, whereas the 1-H resonance is missing
for the regioisomer 7a (2-H signal at 6 5.2 ppm) and the C1 signal here is observed at § 182.9.
Complete assignments of the *H/ 3C NMR spectra of the complexes 6a—c and 7a—c were achieved
using a combination of the 2D NMR experiments mentioned above.

® The m-F/p-F chemical shift difference of 5a is 5.1 ppm. It has been argued that this might indicate that the adjacent carbon (here:
—CGHZ—[B]) isinvolved in ion-pair formation [85].

® Selective 1,4-addition is often observed in a variety of template reactions involving the (conjugated diene)group 4 metallocene
complexes. For typical examples see: [87—95].
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Table 1

Selected *C NMR data? of the pairs of regioisomeric propyne insertion products 6a—c (2-CH 5) and 7a—c (1-CH)

Compd LM c1 c2 c3 c4 c5 Cc6 CH,
6a Cp,Zr 168.2 150.4 40.7 1329 128.0 ~4 27.2
7a 182.9 135.6 370 130.3 135.0 ~6 30.2
6b Cp, Hf 173.6 146.8 411 132.0 130.6 ~8 277
7b 192.4 126.0 36.0 123.2 145.3 ~21 29.0
6c (MeCp), Zr 175.4 150.4 41.3 131.1 131.7 ~6 27.3
7c 187.9 135.2 40.8 126.0 140.0 ~21 30.4

#In toluene-dg at 238 K, 150 MHz.

Again in each case a set of chiral products is obtained (e.g. 6a/7a: lH/la}C NMR signals of the
two pairs of diastereotopic Cp-ligands observed at 6 5.23, 5.22, 5.21, 5.14/111.9, 111.3, 110.9,
110.7) which again indicates the presence of cyclic structures by internal ion-pair formation. The *C
NMR data again indicate that the C4—-C6 section of the C1-C6 carbon ligand chain is involved,
athough the relative contribution of the C*=C® double bond vs. the C°H ,—[B] interaction with the
zirconium center seems to vary with the specific metal /ligand combination involved (see Table 1, see
below for a general discussion of the C*H=C°H-C®H,—[B] interaction with the zirconium center).
Again there is no indication of Zr - - - F=C interaction in the complexes 6 and 7 from the °F NMR
spectra.

LM = CpyZr (a), Cp,Hf (b), (MeCsHy),Zr ()

2.2. Spectroscopic characterization of the intramolecular ion-pair association

From the NMR spectra of the complexes 5 (and also the 6/7 pairs) it appears that the chira
metallacyclic structures of these complexes are likely to arise from internal ion-pair formation. In this
case the whole —C*H=C>H-C®H ,—[B] unit appears to be involved, although the relative strength of
the —C*H=C°H-/Zr vs. the —C°H,—[B]/Zr interaction may be unequally pronounced with the
different specific examples generated in the course of this study. To gain a deeper understanding of
the involvement of ‘simple’ —CH=CH-olefin-coordination vs. ion-pair metal /ligand interaction of
the zirconium with the carbanion-like —CH,—[B] moiety we undertook the following additional
investigation.

Starting point of this part of the study was an observation made by Jordan et al. concerning a series
of (w-akenyloxy)zirconocene cation complexes [96,97] (see also [98]). For the example of the
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complex 8a they found *C NMR resonances of the coordinated -CH=CH,, group at & 158.8 and
94.3 in a non-coordinating solvent. Upon addition of THF these values were changed to 6 138.1 and
115.1, respectively, indicating the formation of the uncoordinated (alkenyloxy)(THF)zirconocene
cation reference 8b. Thus it appears that intramolecular coordination of an alkenyl unit may lead to a
very pronounced downfield shift of the **C NMR resonance of the alkene methine group that is
arranged towards the zirconocene terminus of the ligand chain (i.e. the ‘proximal’ —CH= group)
whereas the ‘distal’ carbon atom of the C=C double bond receives an equally pronounced upfield
shift upon complexation to the metallocene cation.

OW

This spectroscopic tool has turned out to be of value in characterizing the metal—olefin interaction
in a number of systems that were generated in the course of our present study. For this purpose we
had to find ways of arriving at the THF-adducts of the organometallic systems described above to
serve as a reference of the uncoordinated alkene situation. This was achieved by the addition of a
suitable quantity of tetrahydrofuran to the freshly generated insertion product or by means of an
alternative independent synthetic route (see below).

The straightforward procedure of adding THF to the ethyne-insertion product, previously generated
in toluene-dg solution, was applied in the case of the (isoprene)zirconocene/B(C4F;),/HC=CH
coupling product 5d. After addition of THF-dg the achiral donor-ligand adduct 10d was obtained
(*H/"C NMR Cp-signal at & 6.00,/114.0). A comparison of the *C NMR chemical shifts of the
C1-C6 ligand chain between the donor-ligand free system 5d and the THF-adduct 10d, derived from
it (see Table 2), is very instructive. It reveas that the —C°®H,—[B] section of the chain does not
significantly change its characteristic **C NMR chemical shift upon cyclization — so it is likely that
in this case the —C°H, group is not involved. It appears that the only significant changes take place at
the —C*H=C°H- carbon carbon double bond. Formal removal of the THF apparently leads to

Table 2
A comparison of characteristic BC NMR data of internally coordinated zirconocene—akenylborate—betaine complexes and their acyclic
THF donor ligand containing anal ogues

Compd C1 Cc2 C3 c4 C5 C6 Solvent
5d 177.8 144.8 443 177.0 112.6 ~22 a

10d 185.8 149.8 46.0 129.0 132.1 16.0 b

5a 176.0 142.6 38.0 136.6 129.7 ~4 a

10a° 1745 144.0 40.6 124.2 136.8 294 d

10a° 185.7 149.2 404 1225 139.6 29.4 d

11 176.7 144.2 38.0 149.2 120.6 ~ 228 a

12 185.7 147.4 395 1265 1339 24.0 b
#Toluene-dg.

PToluene-dg /THF-dg 2:1.
°Two isomers are obtained.
ITHF-dg.

C8, C6: 27.0, C7: 27.8.
fcs, c6: 37.8, C7: 29.8 ppm.
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coordination of this double bond to the zirconium cation. Quite analogously as observed in Jordan’s
case (8 — 8a) [96,97] bonding of this C=C double bond to the Cp,ZrR™ cation results in a very
significant shifting of the *C NMR resonance of the ‘proximate —CH= moiety to low field
(coordination shift A5 = + 38 ppm (see Table 2)) and at the same time a very substantial high field
shift of the corresponding *C NMR resonance of the ‘distal’ =CH— group (A8 = —20 ppm, see
Table 2). Thus it appears as if the interaction between the C1-C6 ligand chain in the donor—ligand
free complex 5d is dominated by coordination of the internal olefin to the electrophilic zirconium
center.

CH,
= ©]
N 72 AN B(C¢Fs)3
THF
CprZr< A\ CpZng
O

o

B(CéFs)3

5d 10d

The THF-donor—ligand stabilized system 10a was, for the sake of chemical variety, generated by
an interesting aternative route, namely treatment of the (butadiene)zirconocene/ethyne addition
product 9a [99-101] with B(C4F;); in THF-dg solution. In this case a close to 1:1 mixture of two
isomers is obtained, which we assign them tentatively as cis- and trans-isomers (10a, 10a) with
regard to the configuration at the —C*H=C®*H- double bond.

[ N
HC=CcH 1 LI
=
cpz(AF) ——= onn |  copr _
9a l‘
B(CeFs); | THF

(\ CHZ—CH:CH—CHZ—B(Cst)g9
Cp2Zr(3\
(0]

10a/102’

In the case of 5a, coordination of the —C*H=C®H- double bond to the zirconium center is again
indicated by the typical **C NMR coordination shift values, that were determined relative to the
10a,/104d standard as areference (A5 —C*H=: +12/+ 14 ppm, A8 =C°H-: —7/— 10 ppm). But
here, the formation of the chiral cyclic system 5a is also accompanied by a significant high field shift
of the —C°®H,—[B] *C NMR signal (46 = —25 ppm). This probably indicates that in the case of 5a
the whole boron—bound allyl group (i.e. -C*H=C°H-C®H,—) is involved in the intramolecular
coordinative interaction of this specific ligand system with the zirconium center in the betaine system.
As the carbon atom C6 is tetracoordinate this situation must probably be regarded as a pronounced
internal ion-pair type interaction [45,46].
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Eventually, we have prepared a related betaine system that may serve as a reference for this
interpretation. One of avariety of suitable reference systems would be designed in such away that the
—CH ,—B(C¢F;), borate end of the betaine dipole would be isolated from the internal —CH=CH-—
double bond by a number of methylene groups. In such a situation we would expect that only the
carbon—carbon double bond could coordinate to zirconium (i.e. providing an ‘ordinary’ olefin—metal-
locene coordination) without the interference of the —CH ,—[B]/Zr ion-pair bonding contribution.

On the basis of our experience with the 9a + B(C4F;), reaction (see above) we prepared such a
complex by treatment of the (butadiene)zirconocene/ethylene addition product 9b [99-101] with
B(C4Fs); and acetylene. Treatment of 9b with these reagents in this order at low temperature in the
absence of a coordinating donor solvent resulted in the formation of the chiral hydrocarbyl-bridged
metallocene—borate-betaine system 11 (*H/**C NMR Cp-resonances in toluened, at 238 K,
600,150 MHz: § 5.22, 5.09,/111.6, 111.3). Subsequent addition of THF-d4 resulted in the formation
of the achiral THF adduct 12 (*H /**C NMR resonances at & 6.10,/114.5) that was used as a suitable
reference to NMR spectroscopicaly characterize the consequences of internal alkene coordination to
the positively polarized zirconocene moiety. As can be seen from the data listed in Table 2 the *C
NMR chemical shift of the distant —CH ,—[B] methylene group is practically not influenced by the
coordination situation, whereas the —C*H=C®H- olefinic group exhibits a pronounced *C NMR
coordination shift upon binding of this group to the zirconocene unit (48 —C*H=: +23 ppm,
A8 =C°H-: —13 ppm).

) CH,=—CH, gh B(CéFs)3

cpzi( P21 HC=CH

9b

1N W B(CeF9
® 4 THF ®
AN

CpaZr=—\\ CpyZr
5 1)
n ° 12

8 CH,
B(C¢Fs)3

3. Conclusions

The metallocene—borate—betaine system 3 [3—8] is in several ways unique and noteworthy. It
represents a novel class of neutral homogeneous one component metallocene Ziegler catalyst systems
[102] 7. It is very easily available, can in principle be isolated as a well defined molecular compound,
but is most conveniently being generated in situ under the desired general reaction conditions by
simply combining equimolar equivalents of the (conjugated diene)metallocene catalyst precursor and
the strong organometallic Lewis acid tris(pentafluorophenyl)borane. We had shown previously that

7 Reviews: [103—105], and references cited in these articles.
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reactive alkene monomers can then be inserted into the active zirconium—carbon bond of the
complexes 3 [9]; multiple repetition of this process leads to chain growth and eventually chain transfer
and the formation of the respective a-olefin polymer [3—8]. One great advantage of our system 3 is
undoubtedly that almost any insertion process can be stopped for a while after the first step by
carefully adjusting the actual reaction conditions, and thus the characteristics of the initia carbon
carbon coupling process at the active catalyst system at the metallocene—betaine stage can be studied
experimentally. This is a situation where we get very close to directly study the course taken in
CC-coupling [9,14—29] at the enormously active metallocene Ziegler catalyst systems experimentally,
and these studies will probably provide us with a sound experimental basis for a deeper understanding
of the functioning and the rules by which extremely active and at the same time very selective
chemical catalyst systems are operating.

The reason for a brief pause of the insertion reaction sequence after the first steps in the systems
3/5 lies probably in the ability of the product system to internally coordinate weakly the end of the
o-ligand chain 8. In a few cases this interaction may be described as an internal ion-pairing process,
but in a number of cases it is to be regarded as mainly internal n2-olefin complex formation. The
specific systems in the course of this investigation, which are described above, will certainly be of
help to identify such metal /akene m-interactions at other metallocene cation systems in the future.
Their spectroscopic characteristics match those found and described by Jordan et al. [96,97] so well,
that the typical NMR coordination shifts will serve to identify such bonding situations more easily.

It was a bit surprising to see the ready ability of internal alkene moieties, even of trisubstituted
olefin groups to coordinate to the positively polarized zirconocene centers in the situation provided by
the systems 5 (and 11). In this ability the zirconocene cations appear to match a variety of Lewis acids
used in organic synthesis [107]. On the other hand it is known that the common homogeneous group 4
metallocene based Ziegler catalyst systems have a very limited tolerance concerning the spectrum of
monomers that they are able to convert by catalytical carbon carbon coupling [102-105]. We are
hopeful that further studies with derivatives and relatives of the systems described above in this article
will help us to overcome the present limitations of the homogeneous metallocene Ziegler catalyst
systems and may lead to a much broader synthetic application of these fascinating catalyst systemsin
the future [108—-120].

4. Experimental section

All reactions were carried out under an inert atmosphere (argon) using Schlenk-type glassware or
in a glovebox. Solvents were dried and distilled prior to use. The (conjugated diene)metallocenes [2],
the reagents 9 [99-101], and the organometallic Lewis acid tris(pentafluorophenyl)borane (2) [1] were
prepared according to literature procedures. The NMR spectra were recorded at a Varian Unity Plus
Spectrometer (*H: 600 MHz, **C: 150 MHz, *°F: 564 MHz, 'B: 192 MHz). The following 2D NMR
sequences were applied: GHSQC (gradient pulsed heteronuclear single quantum coherence; an inverse
C,H correlation is determined), GHMBC (gradient pulsed heteronuclear multiple bond coherence; an
inverse long-range C,H correlation is determined), GCOSY (gradient pulsed correlated spectroscopy;

8 The —C*H=C5H- plane will be oriented normal to the ~C*H=C2R—plane to allow for an optimum overlap with the bent metallocene
valence orbitals [106].
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gives a H,H correlation) [76]. The starting materials 3 were generated in situ in the respective
deuterated solvent by equimolar reaction of the respective (conjugated diene)metallocene complex
with the B(C4F;), reagent [3-8].

4.1. Reaction of the complexes 3 with alkynes, general procedure

An aliquot of a toluene-dg solution (1-2 ml) containing ca. 0.10 mmol of the in situ generated
metallocene—borate—betaine complex 3 is transferred to a5 mm NMR tube and cooled to the required
temperature, usualy between — 10 and — 35°C. The alkyne (2—3 ml, 0.09-0.13 mmol) (i.e. ethyne or
propyne) is then passed as a gas into the solution by means of a thin glass capillary. The resulting
product (5) is then analyzed and characterized by NMR spectroscopy at the temperature indicated, in
each case including GCOSY and GHSQC experiments, and, if quaternary carbon centers are present,
an additional GHMBC experiment.

4.2. Reaction of 3a with acetylene, formation of 5a

3a was generated by treatment of 25 mg (0.09 mmol) of (butadiene)zirconocene (1a) with 52 mg
(0.10 mmol) of B(C4Fs); in toluene-dg. Subsequent treatment with 2—-3 ml of gaseous HC=CH
(0.09-0.13 mmol) at —35°C gave 5a. “H-NMR (599.9 MHz, 238 K, toluene-dg): & = 6.36 (m, 1H,
4-H), 5.69 (m, 2H, 5-H, 2-H), 5.20 (dd, °J,,, = 12.1, *J,,, = 2.7 Hz, 1H, 1-H), 5.18 (s, 5H, CpH),
5.12 (s, 5H, CpH), 2.00 (m, 1H, 3-H%), 1.90 (m, 1H, 3-H), 0.73 (br, 1H, 6-HY), 0.43 (br, 1H, 6-H)
ppm. **C-NMR (150.8 MHz, 238 K, toluene-dy): &= 176.0 (CH, C-1), 148.3 (d, ‘J. = 246 Hz,
0-B(C4Fy)s), 142.6 (CH, C-2), 139.0 (d, *Jo = 264 Hz, p-B(C4Fy),), 137.3 (d, ‘I = 255 Hz,
m-B(C4Fy),), 136.6 (CH, C-4), 129.7 (CH, C-5), 110.9 (CH, Cp), 110.7 (CH, Cp), 38.0 (CH,, C-3),
~ 4 (C-6) ppm. GCOSY(599.9 MHz, 238 K, toluene-dy): & = 6.36 (4-H) /5.69 (5-H), 2.00 (3-HY),
1.90 (3-H); 5.69 (2-H, 5-H)/5.20 (1-H), 2.00 (3-H’), 0.76 (6-H, HY); 2.00 (3-H') /1.90 (3-H); 0.73
(6-HY) /0.43 (6-H) ppm. GHSQC(599.9 MHz, 238 K, toluene-dg): 8 = 176.0,/5.20 (C-1), 142.6,/5.69
(C-2), 136.6,/6.36 (C-4), 129.7,/5.69 (C-5), 110.9, 110.7/5.18, 5.12 (CpH), 38.0,/2.00, 1.90 (C-3),
4.0/0.73, 0.46 (C-6) ppm; the C-6 resonance was only observed in the GHSQC experiment, ipso-C of
B(C4Fy), not located. **F-NMR (564.3 MHz, 238 K, toluene-dg): 8 = —165.2 (tr, °J = 21 Hz, 6F,
m-F), —160.1 (tr, *J = 23 Hz, 3F, p-F), —133.7 (d, *J.- = 21 Hz, 6F, o-F) ppm.

4.3. Formation of the THF-adducts 10a / 10&

30 mg (0.10 mmol) of bis(cyclopentadienyl)(1-3:6-n-hexa-2,5-diendiyl)zirconium 9a was reacted
with 52 mg (0.10 mmol) of B(C4F;); in THF-dg. The resulting mixture of the isomeric addition
products 10a and 104 (1:1) was characterized by NMR spectroscopy. Isomer 10a: "H-NMR (599.9
MHz, 303 K, THF-dg): 6 =6.22 (s, 10H, CpH), 6.00 (m, 1H, 2-H), 5.75 (d, 3JHH = 12.8 Hz, 1H,
1-H), 5.58 (m, 1H, 5-H), 4.69 (m, 1H, 4-H), 2.24 (m, 2H, 3-H), 2.09 (m, 2H, 6-H) ppm. *C-NMR
(150.8 MHz, 303 K, THF-dg): 8= 1745 (CH, "J., = 116 Hz, C-1), 148.7 (d, "Jo = 242 Hz,
0-B(C4Fy),), 144.0 (CH, *Jo, = 148 Hz, C-2), 139.7 (d, “J.r = 240 Hz, p-B(CoFy)y), 137.9 (4,
YJee = 243 Hz, mB(C,F,),), 136.8 (CH, C-5), 128.3 (C, ipso-B(C4Fy),), 124.2 (CH, 3., = 148 Hz,
C-4), 113.3 (CH, *J, = 174 Hz, Cp), 40.6 (CH,, *Jo, = 125 Hz, C-3), 29.4 (br, CH,, C-6) ppm.
GCOSY(599.9 MHz, 303 K, THF-dg) &= 6.00 (2-H) /5.75 (1-H), 2.24 (3-H,H%); 5.85 (5-H) /4.69
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(4-H), 2.09 (6-H,HY); 4.69 (4-H)/2.24 (3-H, H') ppm. GHSQC(599.9 MHz, 303 K, THF-d)
6=1745/5.75 (C-1), 144.0/6.00 (C-2), 136.8/5.85 (C-5), 124.2/4.69 (C-4), 113.3/6.22 (CpH),
40.6/2.24 (C-3), 29.4/2.09 (C-6) ppm. Isomer 10a: 'H-NMR (599.9 MHz, 303 K, THF-dy):
8=6.53 (s, 10H, CpH), 6.31 (m, 1H, 2-H), 5.66 (m, 1H, 5-H), 5.38 (d, °J,,, = 11.0 Hz, 1H, 1-H),
475 (m, 1H, 4-H), 2.31 (br 2H, 3-H), 2.13 (br, 2H, 6- H) ppm. *C-NMR (150.8 MHz, 303 K,
THF-dg): 6 =185.7 (CH, 'J.,, = 110 Hz, C-1), 149.2 (CH, *J, = 150 Hz, C-2), 148.7 (d, Yo = 242
Hz, 0-B(C4Fy)), 139.7 (d, "Joe = 240 Hz, p-B(CgF)y), 139.6 (CH, C-5), 1379 (d, JCF—243 Hz,
m-B(C F5)3) 1283(C ipso-B(C4Fy),), 122.5 (CH, *J, = 148 Hz, C-4), 115.0 (CH, "3, = 175 Hz,
Cp), 40.4 (CH,, 'Jo, =126 Hz, C-3), 29.4 (br CH,, C-6) ppm. GCOSY(599.9 MHz, 303 K,
THF-dy) 6= 6.31 (2-H)/5.38 (1-H), 2.31 (3-H,HY); 5.66 (5-H)/4.75 (4-H), 2.13 (6-H,HY); 4.75
(4-H) /2.31 (3-H,HY) ppm. GHSQC(599.9 MHz, 303 K, THF-dg) 6= 185.7,/5.38 (C-1), 149.2/6.31
(C-2), 139.6/5.66 (C-5), 122.5/4.75 (C-4), 115.0/6.22 (CpH), 40.4/2.31 (C-3), 29.4/2.13 (C-6)
ppm. *F-NMR (564.3 MHz, 303 K, THF-dg): 8= —169.2 (br, 12F, m-F), —166.8 (br, 6F, p-F),
—132.4 (br, 12F, o-F) ppm (the 192 NMR set of resonances of both isomers is identical).

4.4, Reaction of 3b with acetylene, formation of 5b

3b, in sSitu generated by treatment of 20 mg (0.06 mmol) of (n*butadiene)bis(n®-
cyclopentadienylhafnium (1b) with 32 mg (0.06 mmol) of B(C4F;)s, was treated in toluene-dg with
2—3 ml (0.09-0.13 mmol) of gaseous HC=CH at —35°C to yield 5b. *H-NMR (5999 MHz, 238 K,
toluene-dg): 6 = 6.25 (m, 1H, 4-H), 5.85 (m, 2H, 5-H, 2-H), 5.56 (dd, %J = 12.7 Hz, “J = 2.3 Hz, 1H,
1-H), 5.15 (s, 5H, CpH), 5.06 (s, 5H, CpH), 2.01 (m, 2H, 3-H,H%), 0.80 (br, 1H, 6-H l) 0.37 (br, 1H,
6-H) ppm. 13C-NMR(1508 MHz, 238 K, toluene-dg): & = 180.9 (CH, C-1), 148.2 (d, JCF— 242 Hz,
0-B(C4Fy)y), 139.0 (d, “Jor = 260 Hz, p-B(C4Fy),), 138.8 (CH, C-2), 137.3 (d, “J = 255 Hz,
mB(C, sFs)3), 134.9 (CH, C-4), 131.5 (CH, C-5), 122.8 (br C, ipso-B(C4F),), 110.4 (CH, Cp), 110.1
(CH, Cp), 38.2 (CH,, C-3), =8 (C-6) ppm. GCOSY (599.9 MHz, 238 K, toluene-dg): &= 6.25
(4-H) /5.85 (5-H), 2.01 (3-H,HY); 5.85 (2-H, 5-H) /5.56 (1-H), 2.01 (3-H,HY), 0.80 (6-HY), 0.37
(6-H); 0.80 (6-HY)/0.37 (6-H) ppm. GHSQC (599.9 MHz, 238 K, toluene-dg): &= 180.9/5.56
(C-1), 138.8/5.85 (C-2), 134.9/6.25 (C-4), 131.5/5.85 (C-5), 110.4/5.15 (CpH), 110.1/5.06
(CpH), 38.2/2.01 (C-3), 8.0,/0.80, 0.37 (C-6) ppm (C-6 resonance was onIy detected in the GHSQC
experiment). 19F-NMR (564.3 MHz, 238 K, toluene-dy): = —1654 (tr, °Jg = 22 Hz, 6F, mF),
—160.3 (tr, ®J. = 22 Hz, 3F, p-F), —133.5 (d, *J = 23 Hz, 6F, 0-F) ppm.

4.5. Reaction of 3c with acetylene, formation of 5¢c

Reaction of 30 mg (0.10 mmol) of (n*-butadiene)bis(n°>-methylcyclopentadienyl)zirconium (1a)
and 52 mg (0.10 mmol) of B(C4F), in toluene-dg gave 3c, WhICh was reacted with 2-3 ml
(0.09-0.13 mmol) of gaseous acetylene at —10°C to give 5c. "H-NMR (599.9 MHz, 263 K,
toluene-dg): 8 = 6.13 (m, 1H, 4-H), 5.89 (m, 1H, 5-H), 5.77 (m, 1H, 2H), 5.38 (m, 1H, 1-H), 5.34,
5.32 (3x), 5.20, 5.13, 4.71, 4.49 (each m, each 1H, each CpH), 1.97 (m, 1H, 3-H?), 1.87 (m, 1H,
3-H), 1.40, 1.39 (each s, each 3H, each CpMe), 0.85 (br, 1H, 6-H'), 0.56 (br 1H, 6-H) ppm.
BC-NMR (150.8 MHz, 263 K, toluene-d) 6=175.7 (CH, C-1), 1484 (d, JCF—248 Hz, o-
B(C4Fy)s), 143.0 (CH, C-2), 139.4 (d, “Jor = 255 Hz, p-B(C4F.),), 137.4 (d, “Jo = 253 Hz,
m-B(C ¢Fs)3), 134.4 (CH, C-4), 132.7 (CH, C-5), 114.8, 114.7, 111.5, 111.3, 110.4, 109.3, 106.7,
106.0 (each CH. each Cp), 38.0 (CH,, C-3), 14.9, 14.7 (CH,, CpMe), =6 (C-6) ppm. GCOSY
(599.9 MHz, 263 K, toluene-dy): 8=6.13 (4-H)/5.89 (5-H), 1.97 (3-H'), 1.87 (3-H); 5.89
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(5-H) /0.85 (6-HY), 0.56 (6-H); 5.77 (2-H) /5.38 (1-H); 1.97 (3-H?) /1.87 (3-H); 0.85 (6-H) /0.56
(6-H) ppm. GHSQC (599.9 MHz, 263 K, toluene-dg): 6= 175.7/5.38 (C-1), 143.0/5.77 (C-2),
134.4/6.13 (C-4), 132.7/5.89 (C-5), 114.8/5.34 (CpH), 114.7/5.32 (CpH), 111.5/4.71 (CpH),
111.3/5.13 (CpH), 110.4/5.20 (CpH), 109.3/5.32 (CpH), 106.7/4.49 (CpH), 106.0,/5.32 (CpH),
38.0/1.97, 1.87 (C-3), 14.9, 14.7/1.49, 1.39 (MeCp), 6.0/0.85, 0.56 (C-6) ppm (C-6 resonance
located in GHSQC, quat. CpMe resonances and ipso-C of C4F; not Iocated) 19F NMR (564.3 MHz,
263 K, tquene-d ) 6= —1655 (tr, %J = 21 Hz, 6F, m-F) —160.4 (tr, *J- = 21 Hz, 3F, p-P),
—133.6 (d, *J, = 20 Hz, 6F, o-F) ppm.

4.6. Reaction of 3d with acetylene, formation of 5d

Reaction of 29 mg (0.10 mmol) of bis(x°-cyclopentadienyl)(n*-isoprene)zirconium (1d) and 52 mg
(0.10 mmal) of B(C4F;), in tol ueneud8 gave 3d, subsequent treatment with 2—3 ml (0.09—0.13 mmol)
of acetylene at —35°C gave 5d '"H-NMR (5999 MHz, 253 K, toluene-dg): 6 =5.85 (m, 1H, 2-H),
5.47 (br, 1H, 5—H) 5.33 (dd, =128 Hz, ) = 32 Hz, 1H, 1-H) 5.21, 5.08 (each s, each 5H, each
CpH), 2.45 (d, 2J=15.6 Hz, 1H, 3-HY), 1.81 (dd, 2J = 15.6 Hz, %J = 5.7 Hz, 1H, 3-H), 1.29 (br, 1H,
6-HY), 1.14 (s, 3H, CH,), —0.56 (br, 1H, 6-H) ppm. *C-NMR (150.8 MHz, 253 K, toluene-dy):
§=177.8 (CH, C-1), 177.0 (C, C-4), 148.4 (d, “Jr = 248 Hz, 0-B(C4Fy),), 144.8 (CH, C-2), 139.2
(d, e = 255 Hz, p-B(C4F,),), 137.4 (d, *Jer = 255 Hz, mB(C,F,),), 112.6 (CH, C-5), 112.4,
111.4 (each CH, each Cp), 44.3 (CH,, C-3), 19.8 (CH ), = 22 (C-6) ppm. GCOSY (599.9 MHz, 253
K, toluene-dg): &= 5.85 (2-H)/5.33 (1-H), 1.81 (3-H); 5.47 (5-H) /1.29 (6-H'); 2.45 (3-H') /1.81
(3-H); 1.29 (6-H)/-0.56 (6-H) ppm. GHSQC (599.9 MHz, 253 K, toluene-d,): &= 177.8/5.33
(C-1), 144.8/5.85 (C-2), 112.6/5.47 (C-5), 112.4/5.11 (CpH), 111.4,/5.08 (CpH), 44.3/2.45, 1.81
(C-3), 19.8/1.14 (CH,), 22.0/1.29, —0.56 (C-6) ppm. GHMBC(599.9 MHz, 253 K, toluene-dy):
6=177.8 (C-1)/5.88 (2-H), 1.81 (3-H), 177.0 (C-4)/1.14 (7-H), 112.6 (C-5)/1.81 (3-H), 1.14
(CH,), 44.3 (C-3)/1.14 (CH,) ppm (C- 6—remnmce and ipso-C of C¢F; not observed PE.NMR
(564.3 MHz, 253 K, tquened8) 8= —165.7 (tr, >J = 21 Hz, 6F, mF) —160.5 (tr, °J = 21 Hz,
3F, p-F), —131.8 (d, *J- = 20 Hz, 6F, o-F) ppm.

4.7. Formation of the THF-adduct 10d

5d was generated in toluene-dg analogously as described above then 0.5 ml of THF-dg was added
to the solution at —35°C in the NMR tube to give 10d. *H-NMR (599.9 MHz, 263 K, toluene-
dg: THF-dg 2:1): 8= 6.46 (m, 1H, 2-H), 6.00 (s, 10H, CpH), 5.65 (m, 1H, 5-H), 4.98 (d, °J=10.8
Hz 1H, lH) 2.51 (br, 2H, 6-H, HY), 2.21 (m, 2H, 3-H, HY), 1.50 (s, 3H, CH,) ppm. BC-NMR
(150.8 MHz, 263 K, toluene-dg: THF-dg 21) 5=185.8 (CH, C-1), 149.0 (d, JCF—240 Hz,
0-B(C,F,),), 149.8 (CH, C-2), 1306 (d YJor = 240 Hz, p-B(C4Fy),), 137.6 (d, “Jo = 240 Hz,
mB(C, sFs)3), 132.1 (CH, C-5), 129.0 (C-4), 114.0 (CH, Cp), 46.0 (CH,, C-3), 16.6 (CH ), 16.0 (br
CH,, C-6) ppm. GCOSY (599.9 MHz, 263 K, toluene-dg: THF-dg 2:1) & = 6.46 (2-H) /4.98 (1-H),
2.21 (3-H, HY); 5.65 (5-H)/2.51 (6-H, HY) ppm. GHSQC(599.9 MHz, 263 K, toluene-dg:THF-dg
2:1) §=185.8/4.98 (C-1), 149.8/6.46 (C-2), 132.1/5.65 (C-5), 114.0/6.00 (CpH), 46.0/2.21
(C-3), 16.6,/1.50 (CH,), 16.0/2.51 (C-6) ppm. GHMBC (599.9 MHz, 263 K, toluene-dg: THF-dg
2:1) 6=185.8 (C-1)/6.46 (2-H), 149.8 (C-2) /4.96 (1-H), 2.21 (3-H, HY), 132.1 (C-5) /2.51 (6-H,

HY), 1.21 (3-H, HY), 1.50 (CH), 129.0 (C-4)/2.51 (6-H, HY), 22.1 (3-H, H'), 1.50 (7-H), 46.0
(C-3)/1.50 (CH,), 16.6 (CH,)/5.67 (5-H) ppm (Ipso—C of C4F; not observed). 19F—NMR (564.3
MHz, 263 K, toluene-dg THF—d 2:1): 6= —169.7 (tr, ® FF—21 Hz 6F, mF), —167.4 (tr, >J- =21
Hz, 3F, p-P), —l356(d JFF—21 Hz, 6F, o-F) ppm.
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4.8. Generation of 11

30 mg (0.10 mmol) of bis(cyclopentadienyl)(1-3:6-n-hexendiyl)zirconium (9b) was treated with 52
mg (0.10 mmol) of B(C4F;); in toluene-dg and then subsequently reacted with 2—3 ml (0.09-0.13
mmol) of acetylene at —35°C to give 11. "H-NMR (599.9 MHz, 238 K, toluene-dg): & = 6.33 (m,
1H, 4-H), 5.77 (m, 1H, 2-H), 5.22 (s, 5H, CpH), 5.13 (1H, 1-H), 5.09 (s, 5H, CpH), 4.96 (m, 1H,
5-H), 2.14 (m, 1H, 3-H%Y), 2.10 (m, 1H, 3-H), 1.76 (m, 1H, 8-H'), 1.60 (m, 1H, 8-H), 1.39 (m, 1H,
7-HY), 1.24 (m, 1H, 7-H), 0.40 (m, 1H, 6-HY), —291(m 1H, 6-H) ppm. *C-NMR (150.8 MHz, 238
K, toluene-dy): 8=176.7 (CH, C-1), 1490 (d, Ve = 242 Hz, 0-B(C¢Fy);), 149.2 (CH, C-4), 144.2
(CH, C-2), 139.6 (d, *Jz = 250 Hz, p-B(C4Fy),), 137.3 (d, *Jor = 250 Hz, m-B(C,F;),), 120.6 (CH,
C-5), 111.6, 111.3 (each CH, each Cp), 38.0 (CH,, C-3), 27.8 (CH,, C-7), 27.0 (CHZ, C-6), =22
(C-8) ppm. GCOSY (599.9 MHz, 238 K, toluene-dy): & = 6.33 (4-H) /4.96 (5-H), 2.14 (3-H'); 5.77
(2-H)/5.13 (1-H), 2.14 (3-H'), 4.96 (5-H), 0.40 (6-H"), —2.91 (6-H); 2.14 (3-H') /2.10 (3-H); 1.76
(8-HY) /1.60 (8-H), 1.39 (7-HY), 1.24 (7-H); 1.60 (8-H) /1.39 (7-HY), 1.24 (7-H); 1.39 (7-HY) /1.24
(7-H), 0.40 (6-H'), —2.91 (6-H); 1.24 (7-H) /0.40 (6-H%), —2.91 (6-H); 0.40 (6-HY) / — 2.91 (6-H)
ppm. GHSQC (599.9 MHz, 238 K, toluene-dg): & = 176.7,/5.13 (C-1), 149.2/6.33 (C-4), 144.2 /5.77
(C-2), 120.6/4.96 (C-5), 111.6,/5.22 (CpH), 111.3/5.09 (CpH), 38.0,/2.14, 2.10 (C-3), 27.8/1.39,
1.24(C-7), 27.0/0.40, —2.91 (C-6), 22.0/1.76, 1.60 (C-8) ppm (C-8 assigned by GHSQC, ipso-C of
C4Fs not found). 1gF NMR (564.3 MHz, 238 K, toluene-dy): &= —166.9 (tr, %3 = 21 Hz, 6F,
m-F) —163.5 (tr, ®J. = 23 Hz, 3F, p-F), —134.0 (d, *J- = 22 Hz, 6F, 0-F) ppm.

4.9. Generation of the THF-adduct 12

Complex 11 was generated analogously as described above. Subsequent addition of 0.5 ml of
THF-dg at —35°C gave 12. *H-NMR (599.9 MHz, 263 K, toluene-d, THF-d 2:1): §=16.54(m, 1H,
2-H), 610(s 10H, CpH), 5.50 (m, 1H, 5-H), 5.34 (m, 1H, 4-H), 513(d JHH—llle 1H, 1-H),
2.26 (m, 2H, 3-H, HY), 2.15 (m, 2H, 6-H, HY), 1.48 (br, 2H, 8-H, HY), 1.16 (m, 2H, 7-H, HY) ppm.
C-NMR (150.8 MHz, 263 K, toluene-d THF-dg 2:1): §=185.7 (CH, C-1), 1490 (d, Yee = 240
Hz, 0-B(C4Fy),), 147.4 (CH, C-2), 1396(d JCF—24O Hz, p-B(C4Fy),), 137.6 (d, Jr = 240 Hz,
m-B(C F5)3) 133.9 (CH, C-5), 126.5 (CH, C-4), 114.5 (CH, Cp), 395(CH2, C-3), 37.8 (CH,, C-6),
29.8 (CHZ, C-7), 24.0 (C-8) ppm. GCOSY (599.9 MHz, 263 K, toluene-dg: THF-dg 2:1) 6= 6.54
(2-H) /5.13 (1-H), 2.26 (3-H,H?Y); 5.50 (5-H) /5.34 (4-H), 2.15 (6-H,H%); 5.34 (4-H) /2.26 (3-H,HY);
2.15 (6-H,HY) /1.16 (7-H,HY); 1.48 (8-H,HY)/1.16 (7-H,H') ppm. GHSQC (599.9 MHz, 263 K,
toluene-dg: THF-dg 2:1) 6= 185.7/5.13 (C-1), 147.4/6.54 (C-2), 133.9/5.50 (C-5), 126.5/5.34
(C-4), 114.5/6.10 (CpH), 39.5/2.26 (C-3), 37.8/2.15 (C-6), 29.8/2.15 (C-7), 24.0/1.48 (C-8) ppm.
(C-8 assigned by GHSQC, ipso-C of CqF not observed. PE.NMR (5643 MHz, 263 K, toluene-
dg: THF-dg 21) 8= —169.7 (tr, JFF—Zl Hz, 6F, mF), —167.4 (tr, %) =21 Hz, 3F, p-F),
—1356(d %3¢ = 21 Hz, 6F, o-F) ppm.

4.10. Reaction of 3a with propyne, formation of 6a / 7a

3a was generated by treatment of 25 mg (0.09 mmol) of (n*butadiene)bis(n®-
cyclopentadienyl)zirconium (1a) with 52 mg (0.10 mmol) of B(C4F;); in toluene-dg, then 2—-3 ml
(0.09—0.13 mmol) of gaseous propyne was added at — 35°C to give a 1:1 mixture of the regioisomers
6a and 7a. Isomer 6a: *H-NMR (599.9 MHz, 238 K, toluene-dg): 6= 6.23 (m, 1H, 4-H), 5.64 (m,
1H, 5-H), 5.23, 5.22, 5.21, 5.14 (each s, each 5H, each CpH of 6a and 7a), 4.74 (s, 1H, 1-H), 1.92
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(m, 1H, 3-H%), 1.79 (m, 1H, 3-H), 1.36 (s, 3H, 2-CH,), 0.74 (br, 1H, 6-H%), 0.36 (br, 1H, 6-H) ppm.
13(: NMR (1508 MHz, 238 K, toluene-dy): &=168.2 (CH, C-1), 1504 (C, C-2), 1482 (d,
Yo = 235 Hz, 0-B(C4R,),), 139.0 (d, 'Jor =261 Hz, p-B(C4R),), 137.4 (d, Jo =259 Hz,
m-B(C.Fy).), 1329(CH C-4), 128.0 (CH, C-5), 111.9, 111.3, 110.9, 110.7 (each CH, each Cp of 6a
and 7a), 40.7 (CH,, C-3), 27.2 (2-CH,), =4 (br CH,, C-6) ppm. GCOSY (599.9 MHz, 238 K,
toluene-dg): & = 6.23 (4-H) /5.64 (5-H), 1.92 (3-HY), 1.79 (3-H); 5.64 (5-H) /0.74 (6-H%), 0.36 (6-H);
1.92 (3-HY) /1.79 (3-H); 0.74 (6-H') /0.36 (6-H) ppm. GHSQC (599.9 MHz, 238 K, toluene-dy):
8=168.2/4.74 (C-1), 132.9/6.23 (C-4), 128.0/5.64 (C-5), 111.9/5.23 (CpH), 111.3/5.21 (CpH),
110.9/5.22 (CpH), 110.7/5.14 (CpH), 40.7/1.92, 1.73 (C-3), 27.2/1.36 (2-CH), 4.0/0.74, 0.36
(C-6) ppm. GHMBC (599.9 MHz, 238 K, toluene-dg): 8 = 168.2 (C-1) /1.92 (3-H%), 1.79 (3-H), 1.36
(2-CH,), 150.4 (C-2)/1.92 (3-HY), 1.79 (3-H), 1.36 (2-CH ), 132.9 (C-4) /1.92 (3-HY), 1.79 (3-H)
ppm. The Cp signals cannot be assigned to the respective isomers. The C-6 resonance was detected in
the GHSQC experlment ipso-C signals of C4F; not observed.

Isomer 7a; *H-NMR (599.9 MHz, 238 K, toluene-d) 6 =6.23 (m, 1H, 4-H), 6.09 (m, 1H, 5-H),
5.23, 5.22, 5.21, 5.14 (each s, each 5H, each CpH of 6a and 7a), 5.20 (1H, 2-H), 1.92 (m, 1H, 3-H%),
1.79 (m, 1H, 3-H), 1.02 (s, 3H, 1-CH ), 0.74 (br, 1H, 6-HY), 0.58 (br, 1H, 6-H) ppm. “*C-NMR(150.8
MHz, 238 K, toluene-dy): &= 182.9 (c C-1), 148.2 (d, "= 235 Hz, 0-B(C4F,),), 139.0 (d,
YJee = 261 Hz, p-B(C,Fy),), 137.4 (d, "I = 259 Hz, m-B(C,F,),), 135.6 (CH, c-2) 135.0 (CH,
C-5), 130.3 (CH, C-4), 111.9, 111.3, 110.9, 110.7 (each CH, Cp of 6a and 7a), 37.0 (CH,, C-3), 30.2
(1-CH,), =6 (br CH,, C-6) ppm. GCOSY (599.9 MHz, 238 K, toluene-dg): &= 6.23 (4-H)/6.09
(5-H), 1.92 (3-H%Y), 1.79 (3-H); 6.09 (5-H)/0.74 (6-HY), 0.58 (6-H); 5.20 (2-H) /1.92 (3-HY), 1.79
(3-H); 192 (3-HYH/1.79 (3-H); 0.74 (6-H')/0.58 (6-H) ppm. GHSQC (599.9 MHz, 238 K,
toluene-dg): &= 135.6/5.20 (C-2), 135.0/6.09 (C-5), 130.3/6.23 (C-4), 111.9/5.23 (CpH),
111.3/5.21 (CpH), 110.9,/5.22 (CpH), 110.7 /5.14 (CpH), 37.0/1.92, 1.79(C-3), 30.2 /1.02 (1-CH ,),
6.0,/0.74, 0.58 (C-6) ppm. GHMBC (599.9 MHz, 238 K, toluene-dg): 6 = 182.9 (C-1)/5.20 (2-H),
1.92 (3-HY), 1.79 (3-H), 1.02 (7-H), 135.6 (C-2)/1.92 (3-H'), 1.79 (3-H), 1.02 (1-CH,), 130.3
(C-4)/1.92 (3-H 1) 1.79 (3-H) ppm. F-NMR (5643 MHz, 238 K, toluene-dg, both |somers)
5= —165.8 (tr, °J. =21 Hz, 6F, m-F), —165.7 (tr, *J- =21 Hz, 6F, m-F), —160.7 (tr, *J =21
Hz, 3F, p-F), —160.6 (tr, ®J = 21 Hz, 3F, p-F), —134.5 (d, °J.- = 21 Hz, 6F, o-F), —134.2 (d,
%) = 21 Hz, 6F, o-F) ppm.

4.11. Reaction of 3b with propyne, formation of 6b and 7b

Treatment of 24 mg (0.07 mmol) of (7*-butadiene)bis(n>-cyclopentadienyl)hafnium (1b) with 40
mg (0.08 mmol) of B(C4F;), in toluene-dg gave 3b. Subsequent reaction with 2—3 ml (0 09-0.13
mmol) of propyne at —35°C gave a 1:1 mixture of the regioisomers 6b and 7b. Isomer 6b: "H-NMR
(599.9 MHz, 238 K, toluene-dg): 8 =6.19 (m, 1H, 4-H), 5.81 (m, 1H, 5-H), 5.24, 5.22, 5.19, 5.08
(each s, each 5H, each CpH of 6b and 7b), 5.10 (s, 1H, 1-H), 1.96 (m, 1H, 3-H'), 1.90 (m, 1H, 3-H),
1.38 (s, 3H, 2-CH,), 0.81 (br, 1H, 6-H), 0.27 (br, 1H, 6-H) ppm. 3C.NMR (150.8 MHz, 238 K,
toluene-d,): 5= 1736 (CH, C-1), 1483 (d, Jee = 251 Hz, 0-B(C4Fy),), 146.8 (C, C-2), 139.0 (d,
YJer = 251 Hz, p-B(C4Fy),), 137.3 (d, "I = 250 Hz, m-B(C F5)3) 132.0 (CH, C-4), 130.6 (CH,
C-5), 112.4, 111.7, 110.4, 110.1 (each CH, each Cp of 6b and 7b) 41.1 (CH,, C-3), 27.7 (2-CH,),
=~ 8 (C-6) ppm. GCOSY (599.9 MHz, 238 K, toluene-dg): § = 6.19 (4-H) /5.81 (5-H), 1.96 (3-HY),
1.90 (3-H); 5.81 (5-H) /0.81 (6-H%Y); 1.96 (3-H') /1.90 (3-H); 0.81 (6-H*) /0.27 (6-H) ppm. GHSQC
(599.9 MHz, 238 K, toluene-dg): 8= 173.6/5.10 (C-1), 132.0/6.19 (C-4), 130.6/5.81 (C-5),
112.4/5.19 (CpH), 111.7/5.24 (CpH), 110.4/5.08 (CpH), 110.1/5.22 (CpH), 41.1/1.96, 1.90
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(C-3), 27.7/1.38 (2-CH,), 8.0/0.81, 0.27 (C-6) ppm. GHMBC (599.9 MHz, 238 K, toluene-dg):
6=173.6 (C-l)/l 38 (2-CH,), 146.8 (C-2) /1.38 (2-CH ), 41.1 (C-3) /1.38 (2-CH ;) ppm.

Isomer 7b: *H-NMR (599.9 MHz, 238 K, toluene-dg): & = 6.60 (m, 1H, 5-H), 5.81 (m, 1H, 4-H),
5.24, 5.22, 5.19, 5.08 (each s, each 5H, each CpH of 6b and 7b), 5.12 (1H, 2-H), 1.87 (m, 2H, 3-H

HY), 1.48 (br, 1H, 6-HY), 1.13(d, “J,,,; = 1.4 Hz, 3H, 1- CH), 0.84 (br, 1H, 6-H) ppm. BC.NMR(150.8
MHz, 238 K, toluene-ds) 6=1924 (C, C-1), 1483 (d, "3 = 251 Hz, 0-B(C4F,),), 145.3 (CH,
C-5), 139.0 (d, "Jo = 251 Hz, p-B(C4Fy),), 137.3(d, "3 = 250 Hz, m-B(C,F,), ) 126.0 (CH, C-2),
123.2 (CH, C-4), 112.4, 111.7, 110.4, 110.1 (each CH, each Cp of 6b and 7b) 36.0 (CH,, C-3), 29.0
(1-CH,, C-7), =21 (C-6) ppm. GCOSY (599.9 MHz, 238 K, toluene-dg): &= 6.60 (5-H)/5.81
(4-H), 0.84 (6-H); 5.81 (4-H)/1.87 (3-H,H'); 5.12 (2-H) /1.87 (3-H,H?); 1.48 (6-H*) /0.84 (6-H)
ppm. GHSQC (599.9 MHz, 238 K, toluene-dg): 6 = 145.3/6.60 (C-5), 126.0/5.12 (C-2), 123.2/5.81
(C-4), 112.4/5.19 (CpH), 111.7/5.24 (CpH), 110.4/5.08 (CpH), 110.1/5.22 (CpH), 36.0,/1.87
(C-3), 29.0/1.13 (1-CH,), 21.0/1.48, 0.84 (C-6) ppm. GHMBC (599.9 MHz, 238 K, toluene-dy):
6=1924 (C-1)/1.13 (1-CH,), 126.0 (C-2)/1.13 (1-CH,) ppm. The C-6 resonances were only
detected in the GHSQC experiment. The ipso-C signals of C4F; were not detected. The Cp signals
could not be assigned to the respectlve regioisomers. 19F—NMR (564 3 MHz, 238 K, toluene-dg, both
|somers) 8= —165.7 (tr, ®J = 20 Hz 6F, m-F), —165.4 (tr, >J = 20 Hz 6F, m-F), —160.8 (tr,
=21 Hz, 3F, p-F), —1603 (tr, ®Je = 21 Hz, 3F, p-F), —134.0 (d, *J = 20 Hz, 6F, o-F),
—133.5(d, ®J. = 20 Hz, 6F, o-F) ppm.

4.12. Reaction of 3c with propyne, formation of 6¢ / 7c

3c was generated by treatment of 30 mg (0.10 mmol) of (n*-butadiene)bis(n>-methylcyclopenta-
dienyl)-zirconium (1a) with 52 mg (0.10 mmol) of B(C4Fs), in toluene-dg. Subsequent treatment with
2-3 ml (0.09—-0.13 mmol) of propyne at —10°C gave a 1:1 mixture of the regioisomers 6¢ and 7c.
Isomer 6¢; *H-NMR (599.9 MHz, 263 K, toluene-dg): 6 =6.04 (m, 1H, 4-H), 5.81 (m, 1H, 5-H),
5.56, 5.44, 5.35 (3x), 5.31, 5.26, 5.21, 5.16, 5.14, 5.12, 4.88, 4.82, 4.80, 4.72, 4.39 (each m, each 1H,
each CpH of 6¢ and 7c), 4.91 (s, 1H, 1-H), 1.89 (m, 1H, 3-H%Y), 1.77 (m, 1H, 3-H), 1.41 (s, 6H,
CpMe), 1.30 (s, 3H, 2-CH), 0.75 (br, 1H, 6-HY), 0.55 (br, 1H, 6-H) ppm. BC.NMR (150.8 MHz,
263 K, toluene-d,): &= 1754 (CH, C-1), 14856 (d, YJer = 244 Hz, 0-B(C4R),), 150.4 (C, C-2),
139.4 (d, "Jer = 242 Hz, p-B(C4F,),), 137.4 (d, "Jo = 246 Hz, m-B(C F5)3) 131.7 (CH, C-5),
131.1 (CH, C-4), 116.0, 115.1, 115.0, 114.5, 114.4, 113.8 (2x), 113.2, 111.5 (2x), 110.5, 110.0,
109.4, 107.2, 106.6, 105.8 (each CH, each Cp of 6¢ and 7c), 41.3 (CH,, C-3), 27.3 (2-CH,), 14.7
(CH,, CpMe), = 6 (C-6) ppm. GCOSY (599.9 MHz, 263 K, toluene-d,): & = 6.04 (4-H) /5.81 (5-H),
1.89 (3-HY), 1.77 (3-H); 5.81 (5-H) /0.55 (6-H); 1.89 (3-HY) /1.77 (3-H); 0.75 (6-H') /0.55 (6-H)
ppm. GHSQC (599.9 MHz, 263 K, toluene-d): 8 = 175.4/4.91 (C-1), 131.7/5.81 (C-5), 131.1/6.04
(C-4), 41.3/1.89, 1.77 (C-3), 27.3/1.30 (2-CH,), 14.7/1.41 (MeCp), 6.0/0.75, 0.55 (C-6) ppm.
GHMBC (599.9 MHz, 263 K toluene-dg): 8 = 175.4 (C-1) /1.30 (2-CH,), 150.4 (C-2) /1.30 (2-CH ),
131.1(C-4)/ 1 30 (2-CH,) ppm. The Cp signals could not be assigned to the respective regioisomers.

Isomer 7c: *H-NMR (599.9 MHz, 263 K, toluene-dg): 8 = 6.36 (m, 1H, 5-H), 5.96 (m, 1H, 4-H),
(CpH: seeisomer 6¢), 5.31 (v, 1H, 2-H), 1.89, (m, 1H, 3-H'), 1.77 (m, 1H, 3-H), 1.41 (s, 6H, CpMe),
1.31 (br, 1H, 6-H%), 1.00 (s, 3H, 1-CH.), 0.43 (br, 1H, 6-H) ppm. BCNMR (1508 MHz, 263 K,
toluene-dg): 5= 187.9 (C, C-1), 148.6 @, Yo = 244 Hz, 0-B(C,Fy),), 139.4 (d, "I = 242 Hz,
p-B(C4Ry)5), 137.5 (d, "o = 246 Hz, m-B(C4F,),), 135.2 (CH, C-2), 140.0 (CH, C-5), 126.0 (CH.
C-4), (Cp: see isomer 6¢), 40.8 (CH,, C-3), 30.4 (1-CH,), =21 (C-6), 14.6 (CH,, CpMe) ppm.
GCOSY (599.9 MHz, 263 K, toluene-dg): 6 = 6.36 (5-H) /5.96 (4-H), 1.31 (6-H'), 0.43 (6-H); 5.96
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(4-H) /1.89 (3-H), 1.77 (3-H); 5.31 (2-H) /1.89 (3-H?), 1.77 (3-H); 1.89 (3-H) /1.77 (3-H); 1.31
(6-H?) /0.43 (6-H) ppm. GHSQC (599.9 MHz, 263 K, toluene-d,): 8 = 135.2,/5.31 (C-2), 140.0,/6.36
(C-5), 126.0/5.96 (C-4), 40.8/1.89, 1.77 (C-3), 30.4,/1.00 (1-CH ), 21.0,/1.31, 0.43 (C-6), 14.6 /1.41
(MeCp) ppm. GHMBC (599.9 MHz, 263 K, toluene-dg): 6= 187.9 (C-1)/1.00 (1-CH,), 135.2
(C-2)/1.00 (1-CH;) ppm. C-6 resonance only detected in the GHSQC experiment, quat. Cp and
ipso- C of C4F, not observed. ’F-NMR (5643 MHz, 263 K, toluene-d, both |somers) 5= —165.7
(tr, %3 = 20 Hz 6F, mF), —165.5 (tr, °J.- = 20 Hz 6F, mF), —160.8 (tr, *J-= 21 Hz 3F, p-P),
—160.5 (tr, %3 = 21 Hz, 3F, p-F), —133.8 (d, *Jo = 20 Hz, 6F, 0-F), —133.6 (d, *J- = 20 Hz,
6F, o-F) ppm.
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