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Novel Nickel(ll)- and Palladium(ll)-Based Catalytic Table 1. Synthesis of Hyperbranched Polymers from Ethene
SyIStemS f?r the Sﬁ/nthems of Hyperbranched catalyst ligand solvent vyield () M, Mw/M, Me/total
Polymers from Ethene NI/AICI 2 CHClL, 29 800 12 053
N@/AICIg"" CsHsClI 3.6 450 1.2 0.49

Jang Sub Kim, James H. Pawlow, Louis M. Wojcinski Il Ni/AICI & dppé’*kk CsHsCl 35 1010 1.3 0.43
Shahid Murtuza, Smita Kacker, and Ayusman Sen* Ni/AICIs*  dppp*  CeHsCl 2.2 800 1.2 0.42
Ni/AlIBr 32 CsHsClI 3.6 490 1.1 0.57

. Ni/AlEt 3P CHCl; 3.0 580 1.2 0.52

Department of Chemistry  \uaie(> dbe  CHCh 1.3 370 1.1 0.54

The Pennsyknia State Uniersity  \yaEtb dppg* CHCl, 47 370 11 057

University Park, Pennsyhnia 16802 PA/AICKS CHCl 26 460 11 0.61

. PA/AICKS dppp* CHCl, 32 600 12  0.55
Receied September 4, 1997 pyaiCcle PPh¢ CHCl, 34 520 1.1 058

" o . Pd/AIEL® CHClg 1.0 410 1.1 0.62
The transition-metal-catalyzed polymerization (and oligomer- PJ/AIELS dppgk CHCly 29 550 1.1 0.60
ization) of ethene leads principally to linear polymérslowever, PA/AIELS PPh? CHCh 24 580 1.1 0.64

Brookhart has recently demonstrated that substantially branched .
polymers (methyl hydrogens/total aliphatic hydrogens up to 0.30) 2 [Ni(z-MeCzH,)(Br)]2, 0.013 mmol; AIC}, 0.25 mmol; 10 mL of

can be synthesized using palladium(ll) and nickel(ll) catalysts Solvent; 800 psi of ethene (constant pressuref,2530 min; 125 mL

. . . A . - pressure reactor equipped with glass lifgNi(s-MeCzH,)(Br)]2, 0.075

:gcglrggri?nt% V:rr.)slebl#léy Chhelgltlng d"ml'on? Ilg?naszr”anch:jngb mmol; AlEts; 0.75 mmol; 10 mL of solvent, 800 psi o_f ethene_ (single
g ! np-hydrogen abstraction followed by  charge), 55°C, 16 h; 125 mL pressure reactor equipped with giass

readdition of the resultant coordinated vinyl-ended polymer to |iner. Pd(1,5-cyclooctadiene)(Me)(Cl), 0.075 mmol; Ai@ir AlEts;

the metal hydride, a process that competes with polymer chain0.75 mmol; 10 mL of solvent, 800 psi of ethene (single charge), 55
growth. Herein, we report that the presence of a bulky ligand °C, 16 h; 125 mL pressure reactor equipped with glass @025

on the metal is not a necessary criterion for the formation of mmol. ®1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU); 0.38 mni@.075
branched polymers; indeed, polymers with a degree of branchingMmol- ¢ 0.15 mmol." Yield of polymer obtained after applying vacuum

. p - . (1 mmHg) at 5¢°C to the purified organic reaction product to remove
higher than hitherto reported (methyl hydrogenstotal aliphatic volatiles.' Determined by GPC relative to linear polystyrene standards.

hydrogens up to 0.65) can be synthesized from ethene using; gatig of methy! protons (at 0.85 ppm)/total alkyl protons tByNMR

relatively s_im_ple, ste;rically un_er_1c:umbered, metal catalysts. Fur- jntegration). dppe= 1,2-bis(diphenylphosphino)ethane; dpeL,3-
thermore, it is possible to efficiently graft these hyperbranched bis(diphenylphosphino)propane.

polymer moieties on to aromatic rings in small molecules and

polymers. 3C NMR (CDChk) spectra are shown in Figure la and 1b,
The catalyst system that we have uncovered consists of tworespectively. Perhaps the most remarkable feature oHVIR
components: a transition-metal complex (typically, fdifieth- spectra is the resonance due to the methyl protons at 0.85 ppm

allyl)(Bn)]2® or Pd(1,5-cyclooctadiene)(Me)(Chiand an excess  which dwarfed all other resonances. A combinatiof*6fNMR

of an aluminum compound (Algbr AlEts).5 The reaction rates ~ DEPT and HMQC'H—3C NMR correlation experiments indi-
were particularly high for the Ni(ll)/AIG systems with the cated that there were multipfé&C NMR resonances between 8
turnover frequency approaching 10 000/h for the polymers and 30 ppm that corresponded to the methyl group inthEMR
isolated. There was also an exotherm observed for the Ni(ll)/ spectrum. While broadly similar NMR spectra were obtained in

AICl; reaction with the temperature reaching 240 In addition every case, there were some significant differences. For example,
to the polymer, significant quantities of 1- and 2-butenes were irrespective of the aluminum compound used, #ie NMR
formed in all of the reactions. (CDCl;) resonances centered at 1.3 ppm always were of higher

Our results on the synthesis of polymers are summarized in intensity than those centered at 1.7 ppm when the nickel catalyst
Table 1. Especially noteworthy are the low polydispersithdg/( was employed, while the reverse was true with the palladium
M,). Because of the problem associated with comparing a highly catalyst. Finally, an extremely regular series of fragmentation
branched polymer with a linear polymer (polystyrene) standard peaks separated by 14 mass units were observed in the mass
(due to differences in hydrodynamic volumes), the polymers spectrum of a polymer sample wit,, = 550 (GPC).
corresponding to entries 3 and 4 were also examined by light The reaction of ethene with Ni(ll)/AlGlat ambient temperature
scattering. The correspondind,, and M,/M, values obtained ~ was monitored byH NMR spectroscopy. The addition of 10
were 1700, 1.4 and 1200, 1.2. The polymers formed were very equiv (0.10 mmol) of AIC{to a CDC} (0.5 mL) solution of [Ni-
highly branched with no discernible backbone; typididl and (7r-methallyl)(Br) (0.005 mmol= 0.01 mmol of Ni) caused a
significant change in the NMR resonances of the methallyl group

(1) For reviews, see: (a) Kaminsky, W. Handbook of Polymer Synthesis,
Part A; Kricheldorf, H., Ed.; Marcel Dekker: New York, 1992; p 1. (b) Odian, (from 2.85 (ZH)’ 2.32 (3H)’ 1.94 (ZH) ppm to 3.52 (2H)’ 2.50

G. Principles of PolymerizatignWiley: New York, 1991; p 630. (c) (3H), 2.46 (2H) ppm). Upon the addition of 1 equiv of ethene,
Skupinska, JChem. Re. 1991, 91, 613. (d) Al-Jarallah, A. M.; Anabtawi, J. the intensity of the methallyl resonances decreased by 50% while

A.; Siddiqui, M. A. B.; Aitani, A. M.; Al-Sadoun, A. WCatal. Today1992
14 1. () Wilke, G Angew. Chem.. Int. Ed. Englosg 27, 186. (f) Jolly. P. the peaks due to the hyperbranched polymer appeared. After 5

W. In Comprehensie Organometallic Chemistrywilkinson, G., Stone, F. equiv of ethene was added, the methallyl resonances were no

G-é-),(A;JthE- W, Edi-: T(eﬁ_maggn:MOXéord,k%]QSZ;%oIAB, pcgls. S longer observable; only those of the hyperbranched polymer
a) Johnson, L. K.; Killian, C. M.; Brookhart, Ml. Am. em. Soc ; H P i

1995 117 6414, (B) Johnson, L. K.: Killian, C. S.: Arthur, S. D.: Féldman, remalneo_l in the spectrum. The simplest explana}tlon for the_above

J. McCord, E. F.; McLain, S. J.; Kreutzer, K. A.; Bennett, M. A.: Coughlin, Observations is that the methallyl group on the nickel was directly

E. B.; Ittel, S. D.; Parthasarathy, A.; Tempel, D. J.; Brookhart, M. S. Intl. involved in the formation of the polymer but the rate of initiation

Pat. Appl. WO96/23010 1996. (c) Feldman, J.; McLain, S. J.; Parthasarathy, i i
A Marshall, W. J.- Calabrese, J. C.: Arthur, S, Organometallics1997 was slower than the propagation rate. Control experiments

16, 1514, indicated that neither [Ni{-methallyl)(Br)L nor AICI; alone gave
(3) Semmelhack, M. F.; Helquist, P. Ndrg. Synth 1972 55, 722. rise to the polymer under the above conditions.

(4) Ladipo, F. T.; Anderson, G. KOrganometallics1994 13, 303. When aromatic solvents susceptible to Friedetafts alkyla-
(5) A similar Ni(I1)/AICI 3 system, but with Ni/Al ratio of 1 was previously . | d. th f Ni(/Algeth led
reported to catalyze the dimerization of ethene: Bogdanovic,Agk. tion were employed, the use of Ni(ll)/Algethene system led to

Organomet. Chenl979 17, 105. the formation of aryl-capped hyperbranched polynferfor
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polystyren€. For example using the Ni(Il)/AlGlethene system
and 0.5 g of polystyreneM,, = 360 000) in 5 mL of chloroben-
zene, polymer-grafted polystyrene weighing approximately 18%
more than the starting polymer with a ratio of nonaromatic to
aromatic hydrogens of approximately 1.5 was obtained (ratio of
nonaromatic to aromatic hydrogens in pure polystyren@.6).

As expected, th&g of the product polymer was significantly lower
than the starting polystyrene (72 versus EQ@).

While the mechanism of branching in the present system
remains to be elucidated, an obvious alternative to that suggested
by Brookhart involves Lewis acid promoted carbocationic
rearrangements and oligomerizations. Ethene itself is unreactive
toward Lewis acids under the mild conditions employed by us.
A more viable possibility is that the transition metal species was

l_ responsible for the dimerization of ethene to butenes which are,
: : : : s e of course, more susceptible to Lewis acid (of)Hromoted
rearrangements and oligomerizationslthough not concluseg,
the following observations appear to be inconsistent with the
above mechanistic scenario: (a) the addition of a base, 1,8-
diazabicyclo[5.4.0Jundec-7-ene, (up to 50% relative to Ak
the Ni(ll)/AlEts/ethene system resulted in somewhat reduced
yields butnot reduced branching in the polymer formed, (b) the
molecular weight and the structure of the polymer obtained
depended on the transition metal and its ancillary ligand (phos-
U phine), and (c) AlE{is a significantlyweakerLewis acid than is

AICl 3, yet the degree of branching was invariably higher when
AICl; was replaced by Aligt The presence of quaternary carbons
in the polymer formed would, of course, totally exclude the
Brookhart mechanism and be consistent with carbocationic
N rearrangements. However, no quaternary carbons were discernible

Figure 1. (a)H NMR (CDCl) spectrum of the hyperbranched polymer |ln the NMR spectrum .Of the hyperbranched polymer when the
and (b)**C{'H} NMR (CDCls) spectrum of the hyperbranched polymer. °C NMR DEP_T technique was employ_eql. Unfc_thunater, due
Reaction conditions: [Nit-MeCsHa)(BN)]2, 0.026 mmol; AIE§; 0.52 to the complexity of thé*C NMR spectra, it is possible that small
mmol; 10 mL of CHC}, 800 psi of ethene (single charge), 80, 17.5 resonances due to quaternary carbons escaped our detection.
h; 125 mL pressure reactor equipped with glass liner. In conclusion, we have achieved the synthesis of hyperbranched
polymers from ethene using a novel catalyst system. The product

example, under the reaction conditions shown in Table 1 (first POlymers are viscous oils with a nonregular microstructure
or second entry), the use of benzene (10 mL) resulted in the containing a high ratlo.of methyl group carbons to total number
formation of phenyl-capped hyperbranched polymer in which the ©f carbons. The grafting of the hyperbranched polymer on to
ratio of nonaromatic to aromatic hydrogens was approximately aromatic rings in small molecules and polymers was also
6. The molecular weight as determined by GPC versus polysty- 2ccomplished.
rene standards was 360. Thus, the ethene/phenyl ratio was Acknowledgment. We thank Dr. Alan Benesi (PSU) for help with
approximately 10 (however, molecular weights of hyperbranched NMR spectral data, Lubrizol, Inc., for light scattering data, and A. Sadow,
polymers that are determined versus linear polymer standardsJ. Sworen, S. Harkins, and M. Ziegler for polymer and catalyst
should be treated with caution). THe NMR (CDCls) spectrum preparations. This research was supported by a grant from the U.S.
of the material was very similar to those of the noncapped Department of Energy, Office of Basic Energy Sciences (DE-FG02-
hyperbranched polymers except for additional resonances at 2 6(P4ER13295).
and 3.02 ppm due to hydrogen(s) on the carbon directly bonded Supporting Information Available: NMR and mass spectral data
to the aromatic ring (i.e., benzylic hydrogens). Similar grafting for hyperbranched polymers derived from ethene (12 pages). See any
of hyperbranched polymer derived from ethene was observed current masthead page for ordering information and Web access
starting with toluene, xylene, and naphthalene. instructions.

It was also possible to graft hyperbranched polymer tails JA9731128
derived from ethene on to the pendant phenyl groups of — (7) polystyrene has been grafted by Fried@tafts systems, but the reports
do not include the use of ethene as the alkylating agent: (a) Butler, J. M.

(6) For reviews on FriedelCrafts alkylation, see: (a) Roberts, R. M.; U.S. Patent 2,569,400, 1951. (b) Welch, L. M. U.S. Patent 2,651,628, 1953.
Khalaf, A. A. Friedel—Crafts Alkylation ChemistryMarcel Dekker: New (8) (a) Kennedy, J. PCationic Polymerization of Olefins: A Critical

York, 1984. (b) Olah, G. AFriedel—Crafts ChemistryWiley: New York, Inventory, Wiley: New York, 1975; p 52. (b) Odian, GPrinciples of
1973. Polymerization Wiley: New York, 1991; p 356.




