COMMUNICATIONS

solution. As a result, a Ni,,C¢ ™ molecular ion, which is identical
to the Cr,,C, building unit of the Cr,,C, carbide,!”" *3 has now
been stabilized in a shell of 36 carbonyl ligands. The isolation
and characterization of 3 a0 substantiates the linear combina-
tion of Guassian type orbitals—local density functional (LCG-
TO-LDF) study previously carried out on a [Ni;,C(CO),4"
model compound.!®

The space-filling model in Figure 2 illustrates an interesting
feature of 3: the structure shows eight distorted hexagonal cup-
shaped hollows formed by consecutive concentric rings of oxy-

Fig. 2. Space-filling model of 3 illustrating one of the eight cup-shaped hollows.

gen, carbon, and nickel atoms, and ending with an unique nickel
atom belonging to the inner cube. We are currently investigating
the possibility of placing sterically less demanding molecules in
these cup-shaped hollows, as well as the potential use of 3 as a
molecular precursor for the preparation of the unknown Ni, ,C,
alloy.

Experimental Procedure

A solution of [PPh;Me],-2 (350 mg, 0.067 mmol) in acetonitrile (20 mL) was stirred
under a CO atmosphere for 15 min and then evaporated under vacuum to dryness.
The residue was dissolved in acetonitrile (20 mL) and stirred under a CO atmo-
sphere for 10 min and then dried under vacuum. The resulting dark brown residue
was extracted with acetonitrile (20 mL) and filtered. Precipitation by layering the
extract with diisopropyl ether (40 mL) gave black crystals of [PPh;Me][Nij;,-
Co(CO)36]-4 MeCN (210 mg, 0.043 mmol). The salt is soluble in acetone, acetoni-
trile, and dimethyl sulfoxide, insoluble in THE, alcohols, and nonpolar solvents (veo
in MeCN at 1889 cm™'). Elemental analysis for [PPh;Me}g[Ni,;,C4(CO);el-
4 MeCN: caled C 41.08, H 2.50, N 1.17; found C 40.86, H 2.41, N 1.14.
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The Aluminocenium Cation [A(C;H5),]™ :
A Highly Effective Initiator for the
Cationic Polymerization of Isobutene**
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The role of aluminum reagents as Lewis acids and as activa-
tors for olefin polymerization catalysts is well documented.!)
Very little is known, however, about the chemistry of cationic
organoaluminum compounds [AlR,]* for which very high
Lewis acidity can be expected. Some donor-stablized cationic
complexes such as [AlMe,(crown)]*, [(EtAl),(diazacrown)]®*,
and [A{C(SiMe,),py},]" have been structurally character-
ized,'* 3 and recently Schnéckel et al. reported the formation of
the decamethylaluminocenium cation [AlCp#]* by the dispro-
portionation of [AICp*], in the presence of AICl, (Cp* =
CMe,).*"! The reactivity of such cationic organoaluminum
complexes has to our knowledge not been explored. We report
here the synthesis of the unsubstituted aluminocenium cation,
[AICp,]", (Cp = C,H,) and its reactivity as an initiator for
cationic polymerizations.

[*] Prof. M. Bochmann, Dr. D. M. Dawson
School of Chemistry
University of Leeds
Leeds, LS2 9JT (UK)
Fax: Int. code +(113) 233 6401
e-mail: M. Bochmann@chem.leeds.ac.uk

[**] This work was supported by the Engineering and Physical Sciences Research
Council and Bayer AG, Leverkusen. We are grateful to Dr. W. Obrecht and Dr.
G. Langstein (Bayer AG) for helpful discussions.

Angew. Chem. Int. Ed. Engl. 1996, 35, No. 19



COMMUNICATIONS

The reaction of [AICp,Me] (1)P*! with B(C(F,); (2) in
dichloromethane at low temperature, followed by evaporation
of the solvent affords the white microcrystalline solid 3
[Eq. (2)].1°) Compound 3 is sparingly soluble in warm benzene
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or toluene but dissolves rapidly in cold dichloromethane. Over
the temperature range from —80 to —20°C, solutions of 3 in
CD,Cl, show two singlets in the '"H NMR spectrum at § =7.05
and 0.55. consistent with the formation of the solvated ion pair
[AICp,] " [MeB(C4F;);] ™. These solutions decompose rapidly
on warming them to 20 °C. The 27 Ai NMR spectrum recorded
at —60 "C for the reaction of 1 with 2 shows that the broad
signal for 1 at d =72.7 (half-width ca. 250 Hz) is replaced by a
new sharp peak at 6 = —126.4 (half-width 30 Hz). This value is
in excellent agreement with the calculated chemical shift for the
[Al(n*-Cp),]* ion (§ = —130.0).14]

1:1 mixtures of 1 and 2 in [Dg]toluene at 20°C show very
similar 'H and 2”Al NMR spectra. The limited solubility of the
reaction product in toluene leads to the formation of two phases
on cooling. Although the formation of the methyl-bridged iso-
mer {Cp,Al(p-Me)B(C4F;),] might reasonably be expected in
less polar solvents, conclusive evidence for this was not found.

Even in the solid state 3 is highly air- and moisture-sensitive.
Unfortunately crystals suitable for X-ray diffraction could not
be obtained. Although 1 has been shown to contain #?-coordi-
nated Cp rings in the crystal and is highly fluxional in solution,
the [AICp,] " 1on most likely possesses a metallocene-type struc-
ture with 7°-bound Cp ligands. This assumption is supported by
the structure of [Al(#°-Cp*),]1*, the close agreement of the ob-
served Z7Al chemical shift with the one calculated assuming a
D, symmetry. the narrow half-width of the 27Al signal, which
1s typical for a highly symmetric ligand environment for Al, as
well as the sandwich structures of the isoelectronic magne-
siocene [MgCp,] and related Group 2 cyclopentadienyl com-
plexes.!”) An increase in hapticity from y! to 5 on forming a
more Lewis acidic cationic metal center from a neutral cyclopen-
tadienyl complex is also a common feature of boron cyclopenta-
dienyl complexes.t¥]

Starting point for the synthesis of [AICp,]* was the search for
highly Lewis acidic compounds as initiators for carbocationic
polymerizations. Compound 3 is indeed a highly active initiator
for the polymerization of isobutene and isobutene —isoprene co-
polymerizations [Eq. (b)]. Such copolymerizations to butyl rub-

ternatives that can be operated at higher temperatures highly
desirable.

The activity of 3 as an initiator for the polymerization of
isobutene has been studied over a temperature range of —78°C
to —25°C. The reactions proceed in dichloromethane as well as
in saturated hydrocarbons. Neither I nor 2 on their own was
found to polymerize isobutene.[' " Whereas an excess of 2 over
1 has no effect on polymer yield or molecular weight, an excess
of 1 over 2 retards the polymerization. The results for isobutene
homopolymerizations are given in Table 1. As expected for car-
bocationic polymerizations, the polymer molecular weights in-
crease with decreasing temperature, from M, x~ 3x10° at
—30°Cto 1.8 x 10° at —70°C, with narrow polydispersities.!*?]

Table 1. Isobutene homopolymerizations initiated with 3 [a].

Entey 1 2 T ¢ Yield M, MM,
[umol]  [umol] [ C] [min] [g] x1073
1 [b) 40 40 —78 10 0.63 731 3.0
2(d 38 38 —78 10 028 1340 3.0
3 50 50 —70 10 0.30 1800 28
4 100 50 —-70 10 0.02 820 34
S 50 50 —50 10 0.18 618 2.0
6 50 50 -30 10 0.08 318 1.8
7 50 100 —30 10 0.03 337 t.8
8 50 50 =25 10 0.05 289 1.6

[a] For reaction conditions see Experimental Procedure. Entries 3 -8: Polymeriza-
tions were carried out in the presence of 1.5 mL dichloromethaune. [bj Solvent:
toluene (1.5 mL). [c] Solvent: methylcyclohexane (1.5 mL}).

Compound 3 also initiates the copolymerization of isobutene
with 2-5 vol % of isoprene, at typical reaction temperatures of
—78 to —50°C. For example, the reaction with 5% isoprene at
—70°C gave a polymer with M, =7.8 x 10° and M /M, = 3.3.
The polymer contained about 2.7 % isoprene units with a t.4-
trans structure; there was no evidence for 1,4-¢is or 1,2-incorpo-
ration within NMR detection limits."'*) Similar reactions with
2 vol% isoprene at — 50 °C gave copolymers with M ~ 2 x 10°.

It is likely that the relatively high molecular weights obtained
in these reactions are not least due to the weakly basic nature of
the counteranion used in this system. Isobutene homo- and co-
polymerizations are usually carried out with a mixture of a
Lewis acidic metal halide MX, and an alky! halide RX capable
of generating a carbocation, resulting in the formation of
R*[MX,, ]7. Self-ionization of the Lewis acid to [MX,_,]*
[MX, . .]” has also been suggested, although there is so far no
direct evidence for species such as [AlX,]* in polymerization
systems.**] Complex halide anions [MX,,,]” possess rather
limited stability and are prone to loss of X~ ions, which may
lead to halide incorporation into the polymer and may assist
deprotonation and chain transfer. In the present case we make
use of the stability and very low basicity of perfluoro-
phenylborates to generate a well-defined polymerization initia-
tor system free of halide anions.!'3 16

Cp,Al =
[CpaAl * :< L \X{\)ﬁw\ (o)
n '

[ MeB(CeFs)s l— :

Experimental Procedure

All reactions were carried out under strictly dry and anaerobic conditions. NMR

MeB(CqFs)s

ber are carried out on an industrial scale by using a heteroge-
neous initiator based on AICl, in chloromethane at between
—95 and —100°C.I° *% The need to recycle large amounts of
chlorinated solvents and the high energy requirements of such a
low-temperature process make cleaner, less energy intensive al-
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spectra were measured on JEOL EX270 and Bruker DPX300 spectrometers (refer-
ence: tetramethylsilane: 'H and '3C: {AN(H,0),]° ": *"Al). Isobutene was dried
over EL,AIOC H, , and recondensed : isoprene was dried over calcium hydride and
distilled from sodium prior to use.

3: To a solution of 1 (400 mg. 2.3 mmol) in dichloromethane (10 mL)at —78 C was
added 2 (1.2 g. 2.3 mmol). The mixture was stirred for 15 min. and the solution
allowed to warm to (0 “C whilst the solvent was removed in vacuo. The off-white
solid residue was washed with light petroleum and dried to give 3 (1.6 g. 2.3 mmol,
99%). Elemental analysis: Found: € 50.13. H1.90. F 41.2%: cale.: C 50.87. H 1.90.
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F41.6%; "HNMR (CD,Cl,, —60°C): § = 0.55 (s, 3H, Me-B), 7.05 (s, 10 H, Cp);
13C NMR (CD,Cl,. —20°C): & =10.5 (s, br, Me-B), 114.5 (s. Cp); 2’Al NMR
(CD,CY,, —20°C): 6 = —126.35; (IDy)toluene, 20°C): § = —128.3 (half-width ca.
30 Hz).

(Co-)Polymerizations were carried out in an all-glass reactor, which was flame-dried
in vacuo. Isobutene (10 mL) was condensed into the reaction vessel and magnetical-
ly stirred at 1000 rpm to allow it to equilibrate at the appropriate temperature. This
was followed by injection of 2 (50 umol) in 1 mL of solvent (cf. Table 1). The
mixture was stirred for 1 min before 1 (50 umol) in 0.5 mL solvent were injected.
Polymerization took place instantaneously. The polymerization was terminated by
injecting 0.5 mL methanol. and the polymer precipitated by the addition of further
methanol. The product was filtered and dried in an oven at 60 °C. For copolymer-
izations the condensation of isobutene was followed by an injection of 2-5 vol %
isoprene.

Received: February 21, 1996 [Z 88451E]
German version: Angew. Chem. 1996, 108, 2371-2373

Keywords: aluminum compounds - isobutenes - polymerizations
- sandwich complexes

[11 J. J. Eisch in Comprehensive Organometallic Chemistry, Vol 1 (Eds.: G. Wilkin-
son, F. G. A. Stone, E. W. Abel), Pergamon, 1982, p. 555ff; Comprehensive
Organometallic Chemistry II, Vol. 1, Pergamon, 1995, p. 431ff.

[2] S. G. Bott, A. Alvanipour, S. D. Morley, D. A. Atwood, C. Mitchell Means,
A. W. Coleman. I L. Atwood, Angew. Chem. 1987, 99, 476, Angew. Chem. Int.
Ed. Engl. 1987, 26, 485; H. G. Richey, G. L. Bergstresser, Organometallics
1988, 7, 1459; M. F. Self, W. T. Pennington, J. A. Laske, G. H. Robinson. ibid
1991, 10, 36.

3] L. M. Engelhardt, U. Kynast, C. L. Raston, A. H. White, Angew. Chem. 1987,
99. 702; Angew. Chem. Int. Ed. Engl. 1987, 26, 681.

[4} C. Dohmeier. H. Schnockel, C. Robl, U. Schneider, R. Ahlrichs, 4ngew. Chem.
1993, 105, 1714; Angew. Chem. Int. Ed. Engl. 1993, 32, 1655.

[5] J. Stadelhofer, J. Weidlein, A. Haaland, J. Organomet. Chem. 1975, 84, Ct,
J. D. Fisher, M. Y. Mei, R. Willet, P.J. Shapiro, Organometallics 1994, 13,
3324. In this reference a **C NMR signal at 6 =14.05 is quoted for Al-CHj,.
In our experience pure, petroleum ether free AICp,Me does not exhibit such a
resonance.

{6] The reaction of 1 with {CPh;|[B(C,F;).] proceeds similarly but is less clean and
appears to involve abstraction of Cp as well as methyl anions by [CPh,]*.

[7]1 W. Biinder, E. Weiss, J. Organomet. Chem. 1975, 92, 1; T. P. Hanusa, Polvhe-
dron 1990, 9, 1345,

[8] P.Jutzi, A. Seufert, J. Organomet. Chem. 1978, 161, C5; P. Jutzi, A. Seufert, W.
Buchner, Chem. Ber. 1979, 112, 2488.

[9] 1. M. Campbell, Introduction to Synthetic Polymers, Oxford University Press,
Oxford 1994, p. 130.

[10] J. P. Kennedy, B. Ivan, Designed Polymers by Carbocationic Macromolecular
Engineering, Hanser, Munich 1991.

{11] In the presence of moisture 2 gives the acidic hydrate B(C(F;);-H,0, which
results in H*-initiated formation of polyisobutene of variable molecular
weight. Traces of moisture lead to very small amounts of high molecular weight
polyisobutene (M, = ca. 2-3 x 10°), typical for very low initiator concentra-
tions.

{12] Very similar polymerization results were obtained with the system [Al-
Cp(R)ClJ/2 (R = Me, Et). Monitoring the reaction between [AICpMeCl]} and
2in CD,Cl, at —73 °C shows the formation of {[AlCp,]* as the only identifiable
product, evidently formed by Cp ligand exchange.

[13] J. L. White, T. D. Shaffer, C.J. Ruff, ¥ P. Cross, Macromolecules 1995, 28,
3290.

[14] L. Balogh, Z. Fodor, T. Kelen, R. Faust, Macromolecules 1994, 27, 4648.
Dialkylaluminum cations have been generated in the gas phase: R. Srinivas, D.
Silzle, H. Schwarz, J Am. Chem. Soc. 1990, 112, 8334.

{15] M. Bochmann, Angew. Chem. 1992, 104, 1206: Angew. Chem. In¢. Ed. Engl.

1992, 31, 1181. For the use of metal alkyl/B(C4F;); systems in Ziegler-type

olefin polymerizations see for example X. Yang, C. L. Stern, T. J. Marks, J. Am.

Chem. Soc. 1991, 113, 3623; ibid. 1994, 116, 10015; M. Bochmann. J. Chem.

Soc., Dalton Trans. 1996, 255, and references therein.

Since this work was started, the cationic polymerization of isobutene with a

[Cp*TiMe,]/B(C4Fs); initiator system has been reported: F. Barsan, M. C.

Baird, J. Chem. Soc. Chem. Commun. 1995, 1065. The polyisobutene molecular

weights reported for this system, which range from 3 x 10 (— 20°C) to 2 x 10°

(—78°C), are significantly lower than those obtained here with [AlCp,]*.

16

2228 © VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

0570-0833{96/3519-2228 $ 15.00+ .2510

From 164,26 to 16*,2¢"-Diphosphetes

(n = 3—6): The Surprising Persistence of the
P-P bond**
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The phosphanylidene-c*-phosphorane A was reported by
Burg and Mahler in 1961.11 1t was the first example of a two-co-
ordinate phosphorus atom in a neutral molecule, but more im-
portantly, this compound opened the way to a variety of new
types of P-P bonding beyond the classical ones (B-D) accepted

Me\ .. Me\+ o
the_/pzp—-cps -~ MS?P—P_CFB \?"—. / \l‘l——'P'/
VA NN
A
Me\ 8 ¢
Me—P: -~F—CF; N %
Me P—R, .

D

at that time.!?! Among other resonance forms, A can be regarded
as a phosphane complex of a phosphinidene (phosphanediyl)
unit.’! Since phosphinidene units feature a phosphorus atom
with the lowest possible coordination number, it is surprising
that they have not been used more frequently to prepare phos-
phorus derivatives with much higher coordination states.[! Very
recently, we reported the synthesis of the 16*,2c2-diphosphete
1,53 a cyclic phosphanylidene-o*-phosphorane, and herein we
report the conversion of the low-coordinate phosphorus center
of 1into a succession of higher coordinate phosphorus centers;
the P—P interaction and the cyclic structure is retained through-
out this series.

One of the rare examples of reactivity known for derivatives
of type A is methylation.!* ¢! Thus, heterocycle 1 was treated
with methyl triflate, which led to the cationic 16*,26>-dipho-
sphete 2 in 95% yield (Scheme 1); selective spectroscopic data
are given in Table 1. The cyclic structure is supported by the
high-field shift of the 3'P NMR resonance of the PMe unit
(6 = + 54.9), the small 2J(PNCH) coupling constants (5.2 and
4.8 Hz) typical of a diisopropylamino-substituted c*-phospho-
rus atom,!”! and by the multiplicity of the 'H (§ =1.84, dd,
J(P,H)=19.1 and 4.9 Hz) and **C NMR (5 =11.26, dd,
J(P,C) =42.0 and 8.5 Hz) signals of the P-methyl group.
Note the relatively small value of J(P,P) (107.4 Hz), which
results from superimposition of the !J and 3J coupling con-
stants.
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