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Reaction of a Zirconocene(butadiene)borate-Betaine Single-Component Ziegler
Catalyst with Trimethylphosphane
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Trimethylphosphane adds to the zirconocene—[C,HgB(CsFs)3]
betaine complex 2a regioselectively by an overall inversion
pathway, with opening of the internal ZrF-C,, bond and
formation of the Cp,Zr(PMe3)[C4HgB(CgFs5)3] adduct 6. Com-
plex 6 was characterized by X-ray diffraction. The betaine

complex 6 contains a ~-CH,B(CgF;5)3-substituted n-allyl ligand
with characteristic bonding parameters of C1-C2: 1.402(8) A,
C2-C3: 1.373(7) A, Zr-C1: 2.443(5) A, Zr-C2: 2.526(4) A, and
Zr-C3: 2.681(4) A.

Introduction

Tris(pentafluorophenyl)borane adds to (butadiene)zir-
conocene (1) to yield the Cp,Zr[C,H¢B(C4F5)s] betaine 2a
(Scheme 1). Complex 2 and its substituted Group-4 metal-
locene analogues are active single-component homogeneous
Ziegler catalysts.'! In addition, complex 2 and its congeners
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insert one equivalent of an a-olefin under selected reaction
conditions to selectively form the primary product 4 of the
initiative sequence leading into the catalytic cycle of the ole-
fin polymerization process.[>3! From a detailed kinetic study
it is known that a reactive (n2-alkene)(c-allyl)metallocene-
type intermediate (3) is formed in a preceding equilibrium
step, followed by rate-determining alkene insertion into the
Zr—C o-bond.™ The intermediate 3 cannot be observed
directly because of its rapid subsequent CC-coupling reac-
tion.! Therefore, we tried to model the structural chemistry
of this first step by the addition of a suitable non-olefin
two-electron donor ligand. THF added to 2a with opening
of the ZrF coordination, but we could not obtain crystals
of the addition product that were suited for an X-ray crystal
structure analysis.''®®71 A carbon monoxide addition prod-
uct to the hafnium homolog 2b was characterized by X-ray
diffraction, but turned out to be the wrong regioisomer (5)
in comparison with the pathway probably followed in the
alkene insertion reaction.'®81 We have now prepared and
structurally characterized the PMe; adduct to the
Cp,Zr[C4HB(CgF5)s] betaine, and found that its coordina-
tion characteristics may potentially resemble a structural
situation expected at an early stage of the alkene addition
reaction.

Results and Discussion

The betaine complex Cp,Zr[C4HB(C¢F5);] (2a) was gen-
erated in situ by treatment of (butadiene)zirconocene (1)
with the organometallic Lewis acid tris(pentafluorophenyl)-
boranel'®!"l in toluene. If care is taken to ensure that the
two components are employed in a 1:1 ratio, then the
formation of 2a is close to quantitative, and it is not neces-
sary to isolate the resulting metallocene—borate betaine
complex, and the toluene solution of 2a can be used directly
to carry out subsequent reactions.

The addition of a four-fold excess of trimethylphosphane
resulted in an instantaneous formation of the 1:1 addition
product 6, of the phosphane to the zirconium complex
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(Scheme 2). The Cp,Zr(PMe;)[C4HgB(CgF5)3] complex (6)
crystallized in pure form from the reaction mixture at —20
°C, and was isolated in > 90% yield as a pale yellow crystal-
line material. Since the product was poorly soluble once it
was precipitated, solutions of 6, generated in situ in a deu-
terated solvent, were used for some of the NMR spectro-
scopic characterization.

The 'H-NMR spectrum reveals that the PMe; addition
complex 6 is chiral. It shows the signals of a pair of dia-
stereotopic Cp-ligands at & = 4.88 and 4.64. Each signal is
split into a doublet by coupling with the phosphorus nuc-
leus of the coordinated PMes ligand (Jpy = 2 Hz).['2l Con-
sequently, a 3'P-NMR resonance is observed for 6 at § =
1.25, which is markedly shifted to a higher & value relative
to free trimethylphosphane (5 = —62.1). Coordination of
the PMe; donor ligand to zirconium has opened the ZrF
interaction that was characteristic of the starting material
2a ("F NMR: § = —213 for the ZrF—CgH,4[B] unit).'* In
6, only a set of three '’F-NMR resonances is observed in
the typical RB(C¢Fs);~ range. A distorted (n-allyl)Zr moi-
ety is retained in complex 6 as judged from the character-
istic 'H- and '*C-NMR chemical shifts (see Table 1). The
regiochemical preference of the PMe; addition, leading to
a “—CH,B— inside” (as found in 5) or “—CH,B— outside”
structurel® (as formulated for 6 in Scheme 2) cannot be
deduced from the NMR data of the obtained product. We
were able to answer this question by an X-ray crystal struc-
ture analysis of 6.

The single crystals obtained from the preparation of 6
(see above) were suitable for an X-ray crystal-structure
analysis. The betaine complex exhibits a pseudo-tetrahedral
coordination environment around the central zirconium
atom. In the front sector of the bent metallocene wedge one
finds the C4H¢[B] moiety, coordinated to the metal center
through its carbon atoms C1—C3, and the PMe; ligand.

Table 1. A comparison of selected NMR data of the complexes 2a
and 6

'H NMRE

1-H 1-H' 2-H 3-H 4-H 4-H'
2a 1.85 1.47 588 5.23 2.56 2.25
6 1.43 0.49 379 4.00 3.29 2.06
13C NMRE!

C-1 c2 C3 C-4
2a 52.7 131.3 123.8 28.5
6 44.1 (Jpc=12Hz) 109.6 117.1 (Jpc=7Hz) 32.5

[ Tn [Dg]toluene at 303 K (2a) or 298 K (6).
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Table 2. A comparison of selected bond lengths (in A) between the
complexes 2a, 6, and 5

Compound (M) 2a (Zr)l 6 (Zr) 5 (Hh!
Cl-C2 1.414(9) 1.402(8) 1.399(8)
C2-C3 1.342(8) 1.373(7) 1.369(8)
C3-C4 1.521(8) 1.499(7) 1.497(7)
C4-B 1.633(9) 1.665(6) 1.675(8)
M-Cl 2.339(5) 2.443(5) 2.396(5)
M-C2 2.494(6) 2.526(4) 2.514(5)
M-C3 2.710(5) 2.681(4) 2.742(5)
M-X 2.423(3)0) 2.705(1 )l 2.246(7)1
[l From refl'al, — [®] Zye.F, — [l Zr—P. — [ Hf—CO.

The substituted allyl unit is coordinated in a n3-fashion, but
it is distorted toward a o,n-type coordination geometry, as
it is often observed for (allyl)zirconocene complexes.['?
However, this distortion in 6 is much less pronounced than
it was, for instance, in the metallacyclic betaine complex 2a
(see Table 2). In 6 the d(Zr—C2) — d(Zr—C3) bond lengths
difference [A(ZrC2/3)] amounts to only 0.155 A, whereas
A(ZrC2/3) = 0.216 A was observed for complex 2a.

The addition of the phosphane ligand has resulted in a
cleavage of the ZrF—C interaction that was typical for the
betaine system 2a,!4! and has led to a conformational
change of the C4H¢B(C4F5); chain. In 6, rotation around
the C3—C4 vector has oriented the C4—B(CgF5); unit away
from the metallocene moiety [0C2—C3—C4-B =
—95.4(5)°] to minimize steric interaction between these two
bulky groups.

The PMe;s ligand was added to the bent metallocene from
a position oriented as far away as possible from the bulky
—CH,—B(C¢F5); end of the 1-3n-C4Hg—B(CgF5); ligand
(see Figure 1). It is found attached at the front side of the
bent metallocene wedge in a position close to the CH,-ter-
minus of the —CHo,-borane-substituted m-allyl ligand.!'”]
The Zr—P bond length is 2.705(1) A. The MesP—ZrCp,L
unit attains a staggered-like conformational arrangement of
groups along the P—Zr vector. In 6, the bond angles at
phosphorus show a systematic deviation from an ideal tet-
rahedron: the three H3;C—P angles are markedly smaller
[101.6(3)°, 101.9(4)°, 102.6(3)°] than the adjacent C—P—Zr
angles [115.7(2)°, 116.1(2)°, 116.7(2)°]. This is probably due
to steric interactions, and indicates the importance of steric
factors governing the regiochemistry of the adduct forma-
tion in complexes of types 6 (Figurel) and 5 (see
Scheme 1).1°]

Conclusions

The ZrF bond in the metallocene betaine complex 2a is
rather weak, estimated at ca. 8§ kcal mol~! bond dissoci-
ation energy from dynamic 'F-NMR spectroscopy.['")
Therefore, it is not surprising, that the zirconium—fluorine
linkage in 2a is rapidly cleaved by the addition of typical 2-
electron donor ligands such as carbon monoxide or trime-
thylphosphane. The small CO ligand can apparently be ad-
ded from the sterically less favorable side to yield the
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Figure 1. Two projections of the molecular structure of complex 6;
selected bond lengths [A] and angles [°]: Zr—C1 2.443(5), Zr—C2
2.526(4), Zr—C3 2.681(4), Zr—C4 3.768(5), Zr-P 2.705(1), C1-C2
1.402(8), C2—C3 1.373(7), C3—C4 1.499(7), C4—B 1.665(6),
B-C21 1.649(7), B—C31 1.665(6), B—C41 1.650(7), P—C51
1.832(6), P—C52 1.821(7), P—C53 1.829(6); Zr—C1—C2 76.9(3),
Zr—C2—-Cl 70.4(3), Zr—C2—-C3 81.1(3), Zr—C3-C2 68.6(2),
Zr—C3-C4 126.4(3), C1-Zr—C2 32.7(2), C1-Zr—C3 57.3(2),
C2—Zr—C3 30.4(2), C1-C2—-C3 125.2(5), C2—C3—C4 123.2(4),
C3-C4-B 114.9(4), C4—B—C21 115.8(4), C4—B—C31 104.1(4),
C4-B-C41 107.6(4), C21-B—-C31 110.3(4), C21-B-C4l
104.9(4), C31-B—C41 114.4(4), C1-Zr—P 70.5(1), Zr—P—C51
116.7(2), Zr—P—-C52 115.7(2), Zr—P—C53 116.1(2), C51-P—-C52
101.9(4), C51-P—C53 102.6(3), C52—P—C53 101.6(3)

“—CH,—B(C¢Fs);— inside” regioisomer 5,['4 but the addi-
tion of the sterically more demanding PMe; ligand already
leads to the exclusive observation of a typical stereochem-
ical inversion pathway. Addition of the phosphane takes
place trans to the ZrF bond in the o-ligand plane at the
front sector of the bent metallocene wedge, leading to the
selective formation of the observed regioisomer 6, however,
it is unclear whether this product formation is thermody-
namically or kinetically controlled.

The involvement of a (c-allyl)(n-olefin)metallocene be-
taine-type intermediate, such as 3 (see Scheme 1) in the
course of the alkene insertion/polymerization sequence
starting from 2, has been indirectly demonstrated by kinetic
measurements. These have shown that the typical
metallocene—allyl-inversion process of 2a, followed by dy-
namic NMR spectroscopy, is markedly slower in pure tolu-
ene (AG*,, = 19.8 kcal mol™!) than in the presence of ad-
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ded propene (AGY,, = 16.5 kcal mol™!).[l The allyl inver-
sion process must proceed through a (c-allyl)-metallocene-
type intermediate,l'”! in the presence of the alkene this
means by involvement of 3. The observed allyl inversion
barrier (AG%;,,) is lowered because the essential reactive in-
termediate is stabilized by m-alkene coordination, and so is
the preceding transition state, according to the Hammond
postulate.['® Since the addition reactions to 2 respond very
sensitively to steric interferences, it may be that an alkene
adds to 2a in a manner very similar to PMes, namely from
the less hindered side adjacent to the unsubstituted allyl
side. This potentially leads to a stereochemical inversion at
the metal center upon replacing the weak F—C(Ar) coor-
dination to zirconium. The resulting PMe; adduct 6, that
we obtained and structurally characterized, may therefore,
potentially resemble the structural situation during the al-
kene addition reaction to the metallocene betaine system at
an early stage on the reaction coordinate.

Experimental Section

Reactions were carried out under argon using Schlenk-type glass-
ware or in a glove-box. Solvents were dried and distilled under
argon prior to use. For additional general information, including a
list of spectrometers and instruments used for physical character-
ization, see ref.['® (Butadiene)zirconocene® and B(CgFs)s!'Y were
prepared according to literature procedures. For this study, the be-
taine complex 2a (see below) was generated in situ and spectros-
copically shown to be identical to the previously isolated material.

Reaction of 2a with Trimethylphosphane. — Preparation of 6. — a)
NMR Experiment: For its spectroscopic characterization, complex
6 was generated in situ in [Dg]toluene. A solution of 8 mg (29.0
umol) of (butadiene)zirconocene (1) in 0.4 mL of [Dg]toluene was
added dropwise to a solution of 15 mg (29.3 umol) of B(C4Fs); in
0.2 mL of [Dg]toluene at ambient temperature in a vial inside the
glove-box. The reaction mixture was kept for 30 min at ambient
temperature; during this time a small fraction of the betaine 2a
precipitated. The clear supernatant solution was transferred to an
NMR tube and sealed with a septum. Trimethylphosphane
(0.02 mL) was syringed into the solution. After mixing, a pale yel-
low solution of 6 was obtained that was used for some of the spec-
troscopic characterization.

b) Formation of 6 on a Preparative Scale: A solution of 54 mg (105
umol) of B(C¢Fs); in 3 mL of toluene was added dropwise at ambi-
ent temperature to a solution of 29 mg (105 umol) of (butadiene)-
zirconocene in 6 mL of toluene. After 30 min trimethylphosphane
(0.13 mL, 420 umol) was added and the mixture stirred for 20 min
at room temperature. The pale yellow solution was kept for 1 d at
—20 °C. The product crystallized as yellow needles, which were
collected by filtration, washed with toluene (4 mL), and dried in
vacuo to yield 85 mg (93%) of 6, m.p. 234 °C (decomp.). The iso-
lated product shows a low solubility in toluene. Single crystals from
this preparation were used for the X-ray crystal structure analysis
of 6: formula C3sH,sBFsPZr X 2 C;Hg, M = 1047.82, light yellow
crystal 0.30 X 0.20 X 0.10 mm, a = 32.936(1), b = 15.360(1), ¢ =
21.055(1) A, B = 113.93(1)°, ¥ = 9736.1(8) A3, peiea. = 1.430 g
cm ™3, u = 3.49 cm™~!, empirical absorption correction via SORTAV
(0.903 = T = 0.966), Z = 8, monoclinic, space group C2/c (No.
15), L = 0.71073 A, T = 198 K, o and ¢ scans, 28280 reflections
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collected (+h, *£k, *I), [(sinB)/A] = 0.62 A-1, 9810 independent
(Rine = 0.041) and 7840 observed reflections [/ = 2 o(])], 607 re-
fined parameters, R = 0.076, wR> = 0.234, max. residual electron
density 3.55 (—0.56) e A”, beside the localized toluene molecules
there is probably a further solvent molecule around 0,y,1/4. Even
with strong geometrical constraints a chemical meaningful descrip-
tion is not possible and therefore this electron density is not taken
into account in the final refinement, hydrogens calculated and re-
fined as riding atoms.

Data set was collected with Nonius Kappa CCD diffractometer,
equipped with a rotating anode generator, Nonius FR591. Pro-
grams used: data collection COLLECT (Nonius B.V., 1998), data
reduction Denzo-SMN (Z. Otwinowski, W. Minor, Methods in En-
zymology, 1997, 276, 307—326), absorption correction SORTAV
(R. H. Blessing, Acta Cryst. 1995, A51, 33—37; R. H. Blessing, J.
Appl. Cryst. 1997, 30, 421—-426), structure solution SHELXS-97
(G. M. Sheldrick, Acta Cryst. 1990, A46, 467—473), structure re-
finement SHELXL-97 (G. M. Sheldrick, Universitit Gottingen,
1997), graphics SCHAKAL (E. Keller, Universitat Freiburg, 1997).

Crystallographic data (excluding structure factors) for the structure
reported in this paper has been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
no. CCDC-138789. Copies of the data can be obtained free of
charge on application to The Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK [Fax: (internat.) +44(1223)336—033,
E-mail: deposit@ccdc.cam.ac.uk].

'TH NMR (599.9 MHz, [Dgltoluene, 298 K): § = 4.88, 4.64 (each d,
Jpu = 2.0 Hz, each 5 H, CsHs), 4.00 (m, 1 H, 3-H), 3.79 (ddd, 2X
3] = 145Hz, 3J = 8.5Hz, 1 H, 2-H), 3.29 (br d, J = 11.3 Hz, 1
H, 4-H), 2.06 (partially under solvent signal, 1 H, 4-H'), 1.43 (m,
1 H, 1-H), 0.49 (ddd, 2J = 5.0 Hz, 3J = 14.5Hz, 3J = 5.0 Hz, 1
H, 1-H’), 0.40 [d, 2Jpy = 7.2Hz, 9 H, P(CH;);]. — '*C NMR
(150.8 MHz, [Dg]toluene, 298 K): § = 149.1 [d, 'Jcg = 240 Hz, o-
B(CgFs)3], 138.6 [d, 'Jep = 250 Hz, p-B(C¢Fs)s], 137.4 [d, 'Jep =
250 Hz, m-B(C¢Fs)s], 117.1 (d, Jpc = 7 Hz, CH, C-3), 109.6 (CH,
C-2), 105.2, 104.5 (each CH, CsHs), 44.1 (d, Jpc = 12 Hz, CH,,
C-1), 32.5 (CH,, C-4), 15.8 [d, 'Jpc = 23 Hz, CH3;, P(CH3)3], ipso-
C of B(C¢Fs); not detected. — GHSQCI'! (599.9 MHz, [Ds]tol-
uene, 298 K): & = 4.88/105.2; 4.64/104.5 (each CsHs/CsHs), 4.00/
117.1 (3-H/C-3), 3.79/109.6 (2-H/C-2), 3.29/32.5 (4-H/C-4), 2.06/
32.5 (4-H'/C-4), 1.43/44.1 (1-H/C-1), 0.49/44.1 (1-H'/C-1), 0.40/
15.8 (P(CH;)3/P(CH3)3). — ""F NMR (564.3 MHz, [Dsltoluene,
298 K): & = —167.1 (t, 2X 3Jgp = 21 Hz, 6F, m-F), —163.7 (t,
3Jer = 21 Hz, 3F, p-F), —132.6 (d, 3Jgg = 21 Hz, 6F, o-F). — 3'P
NMR (202.6 MHz, [Dg]toluene, 298 K): 3 = 1.25. — IR (KBr): v =
3137 (w), 2964 (w), 2918 (w), 1641 (m), 1512 (vs), 1459 (vs), 1294
(m), 1271 (m), 1147 (m), 1080 (s), 977 (s), 959 (s), 819 (s), 808 (s),
801 (s), 758 (m), 682 (m) cm™'. — C35H,sBF,sPZr (863.6): calcd.
C 48.68, H 2.92; found C 48.97, H 3.19.
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