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Stereoselective Cyclopropanation by Cyclocopolymerization of Butadiene
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The highly strained three-member carbocycle is common in Table 1. Copolymerizations of Ethene (E) and butadiene (B)
nature and sometimes occurs in multiply cyclopropanated com- Performed in the Presence of Zirconocene-Based Catalytic

. : Systems
poundst Linear as well as more complex multiply cyclopropanated
architectures have been also obtained by several synthetic foutes. ¢ n®  [EF(moil)  [BF(moll) — Xe' fa® fo? i
Transition-metal catalysts have provided relevant opportunities for 1 10 1.65 0.55 0.003 070 0.30 —
selective cyclopropanation reactions, generally involving cyclo- 1 2° 0.24 0.62 004 067 033 —
2 3d 0.27 1.62 021 - 022 0.78

addition between a double bond and a metal carBene.

Efficient tranSltlon-metgl-catalyze(i_ cyclopolyrn_enzanon pro- a Polymerizations were carried out using<110-°> mol of zirconocene
cesses have been described fqw-dienes’~1° which lead to and 1x 102 mol of MAO (based on Al)P Time 3 min, yield 2.00 g.
formation of homopolymers and copolymers containing methylene- ¢ Time 18 h, yield 0.80 g4 Time 15 h, yield 0.35 g¢ Concentration in the

- . " feed.” Molar fraction of butadiene units in the copolymer chafBraction
1,3-cycloalkane units, where the cycles involve from five to seven of butadiene leading to cyclopropane ring urisd.(cyclopentane ring units

carbon atoms. Moreover, 1,2-cyclopentane ring units have been(s,) and 1,4 unitsfq 4); for cycloalkane ringstranscis ratio is always>5.
obtained by cycloopolymerization of 1,3-butadiene with ethene,

by suitable metallocene-based catalytic syst&m$.However,

cyclopropane rings have never been obtained by cyclopolymeriza- - caz—caz-cn—gﬁ—gafcaz- ~~~~~~ i

6 7 8
vvvvvv CHZ—CHZ—CH—TH—CHZ—CH2>"“"
5

tion reactions. In fact (substituted and unsubstituted) dienes with \gﬁz éuz e
double bonds that are linked by less than two (as well as by more | \gﬂz
than four atoms) generally do not undergo efficient cyclization and !
result in cross-linked materiats. 6 5‘ T ‘J‘f I .

In this note, an unprecedented cyclopropanation reaction through ;M.«L_ENWJL\MJ ““»Aw"mﬂ,ﬁt_MLNJL'W,WW,M
cyclopolymerization is described. In particular, ethene copolymers 50 40 30 20 10 G 0

containing cont.rolle.d ampunts of met_hyler_le-l,2-cyc|oprqpane units Figure 1. Aliphatic region of the"3C NMR spectrum of sample 2 of Table
are produced in high yields and with highans selectivity, by 1 (hexamethyldisiloxane scale). The peak placed at 27.8 ppm due to
cyclocopolymerization of butadiene with ethene, catalyzed by the methylene sequences is out of scale to point out resonances due to the

highly sterically hindered metallocenec-[CHa(3-tert-butyl-1- cyclopropane and cyclopentane rings. The minor peaks relative to carbons
indenyly]ZrCl, (1) of cycloalkane rings in thecis configuration are labeled with primed
y 2 numbers.

The homogeneous catalytic system consistinglpfahd meth-
ylaluminoxane (MAO) is highly active as well as isospecific and signal at 0.02ppm ( = 5.7 Hz) due to the protons of the methines
highly regiospecific for propene polymerization, leading to high- of trans 1,2-disubstitued cyclopropanes, and by verifying the
molecular weight polymers The same catalytic system is also characteristic coupling constad¢_y of the methylene of cyclo-
able to promote, although in poor yields, 1,4-polymerization propane ring at 10.1 ppm, and of cyclopentane ring at 22.3 ppm

(substantially equimolacis/trans) of 1,3-butadiené? (160 and 130 Hz, respectivelipl? All the main sequences of
Copolymerization runs of 1,3-butadiene and ethene in the chemical structures of copolymers, recognized by NMR analysis,
presence of catalystL) are described in rows-12 of Table 1. are also shown in Figure 1.
For polymer samples obtained by catalys}, (the 3C NMR For the sake of comparison, the results of a copolymerization

spectra (shown for sample 2 in Figure 1) do not show any signal test effected in the presence rafc-(CHy(1-indenyl})ZrCl,/MAO

in the region of the unsaturated carbons, while the aliphatic region (2) (that is, theansametallocene, similar td but not presenting
includes, beside the intense peak placed at 27.8 ppm related tatert-butyl substituents on the indenyl groups) are reported in the
methylene sequences, three resonances placed at 10.1, 17.1, artdird row of Table 1. Butadiene is prevailingly 1,4-inserted, and
32.5 ppm which can be attributed twans 1,2-disubstituted substantial fractions of 1,2-cyclopentane rings are also produced,
cyclopropane rings as well as five resonancestrahs 1,2- as already observed for copolymerizations in the presence of bis-
disubstituted cyclopentane rifgsind minor resonances which can  (»°-cyclopentadienyl)zirconium dichloride orag)-ethene-bis[1-

be attributed teis 1,2-disubstituted rings (primed numbers in Figure 3a,7a#-(4,4,6,7-tetrahydro)-1-indenyl] zirconium dichlorigfe!?

1). Also on the basis of preliminary DFT calculations, it is suggested
These assignments have been made on the basis of the dat#hat thes-cis#* coordination (A in Scheme 1), typical of the allyl
reported in the literature for carbon in similar environméftsy mechanism of 1,3-butadiene polymerization{AB in Scheme 1)

distortionless enhancement by polarization transfer 90 and 135which would be prevailing for catalys, would not occur in the
(DEPT-90 and DEPT-135%C NMR experiments® The presence presence of the highly hindereshsametallocene catalyst.

of cyclopropane rings was further confirmed by the presence of a In the presence ofl, butadiene would prefer arimary »?
coordination (model C of Scheme 1), that is the coordinated double
* To whom correspondence should be addressed. E-mail: longo@chem.unisa.it. bond, being nearly parallel to themetal-polymeryl (Mt—P) bond,
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Figure 2. Minimum-energy intermediates (D of Scheme 1) possibly leading

P
PR _V/z_;_l S 5 to trans (A) and cis (B) cyclopropane units. Lower steric hindrances
@) — h N ] = . \m"’/“w\ﬂ correspond to the model farans cyclization.
' .,@ L4 unit /f for intermediates leading ttrans and cis cyclopropane rings,
B

respectively. This results in a calculated energy difference in favor

) . of the intermediate fotrans cyclization of nearly 2.5 kcal/mol.
would present the noncoordinated double bond on the same side 1 oyr knowledge, this is the first case of complete cyclocopo-

of the growing polymer chain (P). This primary butadiene coordina- |y merization of butadiene as well as the first case of cyclopropa-
tion would give rise, through a 1,2-insertion into themetal-  ation by cyclopolymerization. This result seems particularly
polymeryl bond, to rimary growing chain, thatis a growing chain  ejeyant since refers to basic monomers leading to reactive ethene-
bound to the metal by a methylene group (model D of Scheme 1). paseq copolymers of potential industrial relevance. In fact, the
Hence, the high steric hindrance of metalloceri§, (which insertion of a controlled number of reactive cyclopropane rings,

determines its high regiospecificity in favor of primary propene 5.4 of possible derived functional groups, into polyolefin chains
insertion3a would force butadiene to the primary 1,2 -insertion can be important to several applications.

typical of a-olefins. The resulting 1,2-inserted butadiene unit would
be bonded to the metal also by a back-biting coordination of the
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to formation of cyclopropane and cyclopentane rings, respectively,

Supporting Information Available: Details about experimental

through intramolecular insertion of the coordinated double bond procedures and computational method (PDF). This material is available

into the metat-o alkyl bond (F and G in Scheme 1, respectively),
analogous to that one proposed for cyclopolymerizations of

free of charge via the Internet at http://pubs.acs.org

nonconjugated dienég®

The route C— D — E — G would also be a minor butadiene
insertion pathway, in the presence of less hindered metallocenes,
such as2, leading to minor fractions of 1,2-cyclopentane rings
together with major fractions of 1,4-units.

At the moment it is not clear why the cyclopropanation route
(D — F in Scheme 1) would be available only for catalybt A
possible hypothesis, which we are verifying by computational
methods, is that the formation of the cyclopropane rings would be
related to the high steric hindrance of metallocéne

As for stereochemistry, the ratio between the resonanceara
andcisisomers of 1,2-cyclopropane and 1,2-cyclopentane units is
always higher than 5:1, that is larger than for most metal-catalyzed
cyclopropanation reactiors.

The molecular origin of thetrans stereoselectivity of the
cyclopropanation reaction has been investigated by recently devel-
oped hybrid quantum mechanics (density functional theory) mo-
lecular mechanics approach (see Supporting Information). In
particular, minimum-energy intermediates of kind D of Scheme 1,
leading totrans and cis cyclopropane units, have been compared
in Figure 2 A and B, respectively.

The minimum-energy conformation for the five-membered ring
(four carbon atoms- metal) is essentially the same (envelope, with
the dihedral 2-1-Zr-4= 0) for both models, while the growing chain
(CHZP in Figure 2) is in equatorial or axial (more hindered) position
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