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Abstract: Single-site polymerization catalysts generated in situ via activation of Cp*MMe; (Cp* = CsMes;
M =Ti, Zr), (CGC)MMe; (CGC = CsMe4SiMe,NBuU%; M = Ti, Zr), and Cp.ZrMe; with PhyC*B(CeFs)4~ catalyze
alkylation of aromatic molecules (benzene, toluene) with a-chloronorbornene at room temperature, to
regioselectively afford the 1:1 addition products exo-1-chloro-2-arylnorbornane (aryl = C¢Hs (1a), CeHa-
CHs; (1b)) in good yields. Analogous deuterium-labeled products exo-1-chloro-2-aryl-d,-norbornane-7-d;
(aryl-d, = CsDs (1la-ds), CsD4sCD3 (1b-ds)) are obtained via catalytic arylation of a-chloronorbornene in
either benzene-ds or toluene-ds. Isolated ion-pair complexes such as (CGC)ZrMe(toluene)*B(CsFs)s~ and
Cp*,ThMe"B(CsFs)4~ also catalyze the reaction of a-chloronorbornene in toluene-ds to give 1b-ds in good
yields, respectively. Small quantities of the corresponding bis(1-chloronorbornyl)aromatics 2 are also obtained
from preparative-scale reactions. These reactions exhibit turnover frequencies exceeding 120 h=? (for the
Cp*TiMes/Ph;C*B(CsFs)4 -catalyzed system), and chlorine-free products are not observed. Compounds 1
and 2 were characterized by 'H, 2H, 13C, and 2D NMR, GC—MS, and elemental analysis. The aryl group
exo-stereochemistry in 1a and 1b is established using *H—'H COSY, *H—3C HMBC, and *H—'H NOESY
NMR, and is further corroborated by X-ray analysis of the product 1,4-bis(exo-1-chloro-2-norbornyl)benzene
(2a). Control experiments and reactivity studies on each component step suggest a mechanism involving
participitation of the metal electrophiles in the catalytic cycle.

Introduction catalysts for the insertive polymerization/copolymerization of

Single-site early-transition-metal catalysts for the coordina- Polar monomers (e.g., vinyl chloride) is a continuing challenge
tive/insertive polymerization of nonpolar olefins have been Of long-standing interest and has attracted considerable attention
extensively studiedl.Such catalysts are of great fundamental N recent years. The discovery and implementation of such
scientific and technological importance, and a broad understand-catalysts could allow control of product polymer microstructure,
ing of catalyst-cocatalyst structureactivity—selectivity rela- polar comonomer incorporation, stereoregularity, and molecular
tionships toward ethylenefolefins has recently emerged. weight characteristics via manipulation and tuning of the catalyst
However, far less progress has been made toward achieving@nd cocatalyst structufe. _ _
controlled single-site insertive polymerization of functionalized ~_Jordan and co-workers recently reported the 1,2-insertion of
vinyl monomers (polar monomers such as vinyl chloride, vinyl Viny! chloride at single-site metadalkyl species (both early-
acetate, acrylates, etc.) or copolymerization of polar and and late-transition-metal catalysts having various ancillary ligand
nonpolar monomer&3 Thus, the development and design of frameworks), generating-chloroalkylmetal specie€sThe latter

(1) For recent reviews of metalloceniurfi golymerization catalysis, see the (2) (a) Jensen, T. R.; Yoon, S. C.; Dash, A. K.; Luo, L.; Marks, TJ.JAm.

following and references therein: (a) Gibson, V. C.; Spitzmesser, S. K.
Chem. Re. 2003 103 283-315. (b) Pedeutour, J.-N.; Radhakrishnan, K.;
Cramail, H.; Deffieux, A.Macromol. Rapid Commur200], 22, 1095-
1123. (c) Gladysz, J. A., EdChem. Re. 2000 100 (special issue
on “Frontiers in Metal-Catalyzed Polymerization”). (d) Marks, T. J.,
Stevens, J. C., EdS.op. Catal.1999 7 (special volume on “Advances

in Polymerization Catalysis. Catalysts and Processes”). (e) Scheirs J,;
Kaminsky, W.Metallocene-Based Polyolefins: Preparation, Properties, and
Technology John Wiley & Sons: New York, 1999; Vols. 1 and 2. (f)
Kaminsky, W.Metalorganic Catalysts for Synthesis and Polymerization
Recent Results by Ziegidtatta and Metallocene krestigations Springer-
Verlag: Berlin, 1999. (g) Britovsek, G. J. P.; Gibson, V. C.; Wass, D. F.
Angew Chem, Int. Ed 1999 38, 428-447. (h) McKnight, A. L.;
Waymouth, R. M.Chem. Re. 1998 98, 2587-2598. (i) Jordan, R. RJ.

Mol. Catal. 1998 128(special issue on “Metallocene and Single Site Olefin
Catalysis”). (j) Kaminsky, W.; Arndt, MAdv. Polym. Sci1997, 127, 143~

187. (k) Bochmann, MJ. Chem. Soc., Dalton Tran$996 255-270. (1)
Brintzinger, H. H.; Fischer, D.; Mhaupt, R.; Rieger, B.; Waymouth, R.
M. Angew. Chem., Int. Ed. Engl995 34, 1143-1170.
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Chem. Soc2003 125, 14482-14494. (b) Johnson, L.; Bennett, A.; Dobbs,
K.; Hauptman, E.; lonkin, E.; Ittel, S.; McCord, E.; McLain, S.; Radzewich,
C.;Yin, Z.; Wang, L.; Wang, Y.; Brookhart, MPolym. Mater. Sci. Eng.
2002 86, 319. (c) Youkin, T. R.; Connor, E. F.; Henderson, J. |.; Friedrich,
S. K.; Grubbs, R. H.; Bansleben, D. Science200Q 287, 460-462. (d)
Boffa, L. S.; Novak, B. MChem. Re. 200Q 100, 1479-1493. (e) Mecking,

S.; Johnson, L. K.; Wang, L.; Brookhart, M. Am. Chem. Sod998 120,
888-899. (f) Johnson, L. K.; Mecking, S. F.; Brookhart, M.Am. Chem.
Soc.1996 118 267—268.

For early-transition-metal-mediated polymerization of polar monomers in
which polar groups are suitably protected and/or remote from the olefinic
functionality, see: Kesti, M. R.; Coates, G. W.; Waymouth, R.JMAmM.
Chem. Soc1992 114, 9679-9680.

(4) Padwa, A. RProg. Polym. Sci1989 14, 811-833.
(5) (a) Stockland, R. A., Jr.; Foley, S. R.; Jordan, RJFAm. Chem. Soc.

2003 125 796-809 and references therein. (b) Foley, S. R.; Stockland,
R. A., Jr.; Shen, H.; Jordan, R. B. Am. Chem. SoQ003 125, 4350-
4361 and references therein. (c) Stockland, R. A., Jr.; Jordan, R Am.
Chem. Soc200Q 122, 6315-6316.
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undergo rapid, irreversibjé-Cl elimination to yield catalytically .
inactive metat-Cl complexes and propylene (eq 1). The =/ v
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propylene generated in situ subsequently reacts with regenerated
metat-alkyl species to afforatactic oligopropylene, with no
PVC formed. Similarly, vinyl fluoride (CH=CHF) reacts with
early-transition-metal complexes and undergoes insertion fol-
lowed by f-F elimination, yielding the corresponding metal
fluoride complexes and olefirfs. Wolczanski and co-workers
recently showed thatBusSiO)TaH, also undergoes reaction
with CH,=CHX (X = F, ClI, Br) via 1,2-insertion and rapid
B-halide eliminatiorf An elegant way to detect/quantify the  Figure 1. Energy-minimized Spartan-level molecular geometries of the
significance of such insertioiCI oimination patiways was _FEserion products ofuiny Shoras s schironomonenciy
demonstrated by Boone and co-workers using deuterium-labeled:oorgination site of the zirconocenium catidtP1 andNP2 represent the
vinyl chloride? In copolymerization studies of vinyl chloride  Newman projections of the corresponding energy-minimized Spartan
with ethylene (VC:ethylene= 1:9 molar ratio) using the Fe structures and|l, respectively.
alkyl species of the (pyridinebisimine)Fe@NAO (methylalu- inserted vinyl chloride vsi-chloronorbornene at the model £p
moxane) catalyst system, the low molecular weight ethylene zrpmet cation (Figure 1).
oligomers obtained contained the deuterium label located The computed Z+Cl bond distance in optimized structure
exclusively at the olefin terminus with no Cl functionality s 3.782 A, whereas in structutk, the corresponding distance
present. is 4.606 A. In the Newman projection of the transition state,

Thus, to date, the unsuccessful attempts to effect vinyl the vinyl chloride insertion product allows the metal cation and
chloride polymerization using single-site catalysts are due to Cl moiety to attain a favorable mutusyn-periplanar orientation
rapid, catalyst-deactivating-Cl elimination following the first due to the free rotation about the unconstraineddbond. In
vinyl chloride insertion at the metahlkyl species. It is likely contrast, the bicyclic system is locked into a conformation where
that3-Cl elimination is driven thermodynamically by the very the metal cation and thg-Cl moiety are necessarilpnti-
large bond dissociation enthalpies of met&l bonds relative periplanar [ ); hence, it would appear markedly unsuited for
to metat-alkyl bonds!® However, consideration of the likely  rapids-Cl elimination. These considerations raise the intriguing
synperiplanar transition state required fCl elimination at question of just what reactivity such a bicyclic vinyl chloride
single-site centers suggests that the insertion of rigid haloolefins might display with respect to single-site olefin polymerization
such aso-chloronorbornene at metaélkyl ion pairs should catalysts.
stereochemically disfavor the metathlorine conformation In this paper, we report our findings on the insertion chemistry
necessary for subsequerCl elimination!'12 This picture is of a-chloronorbornene with respect to a representative series
supported by Spartan-level calculatibhsomparing the ap-  of group 4 and 5¥ single-site olefin polymerization catalysts
proaches to thes-Cl elimination transition states (TSs) of (shown in Chart 1) differing in metal and ancillary ligation and
activated with either a strong Lewis acid (Bf&s)3) or methide-
(6) (a) Reaction of (€Mes),ScMe with vinyl fluoride yields (€Mes),ScF and abstracting (P¥C"B(CsFs)4~) cocatalysts in either benzene or

propylene via insertion and subsequ@rf elimination; see: Burger, B. . . . .

Thesis, California Institute of Technology, 1987. (b) Reaction of vinyl toluene solution. It will be seen that the result is a unique group

fluoride with CpZrHCI proceeds via insertiofifF elimination, yielding 4 metal-centered catalvti bond forming arvlation pr .
Cp:ZrFCl and ethylene; see: Watson, L. A.; Yandulov, D. V.; Caulton, K. € centered th{C ond fo g arylation process
G.J. Am. Chem. So@001, 123 603-611.

(7) For other reactions of vinyl chloride with early-transition-metal complexes,
gg,e523(32;8%'?2(%\;@&\(5@2%?% ,'Egt;‘;“?‘;ﬁ_*}";igﬁgf d,;(.);n Nﬁgﬁiﬁg Y. General Procedures.All manipulations of air-sensitive materials
Nadajima, K.J. Am. Chem. S0d.995 117, 11039-11040. were carried out with rigorous exclusion of oxygen and moisture in

® f;'fgisar’ S. A.; Wolczanski, P. J. Am. Chem. So@001, 123, 4728~ flame- or oven-dried Schlenk-type glassware on a dual-manifold

Experimental Section

9) Booné, H. W.; Athey, P. S.; Mullins, M. J.; Philipp, D.; Muller, R.; Goddard,

W. A. J. Am. Chem. So002 124, 8790-8791. (12) For strategies and requirements fbelimination (of H, alkyl, ClI, etc.)
(10) D(LnZr—Me) = 67 kcal/mol,D(L,Zr—ClI) = 116 kcal/mol, and\H = —42 from metal-catalyzed systems, see: Tag Organometallic Chemistry of

kcal/mol; see: (a) Simoes, J. A. M.; Beauchamp, JChem. Re. 1990 Transition Metals Crabtree, R. H., Ed.; John Wiley & Sons: New York,

90, 629-688. (b) Schock, L. E.; Marks, T. J. Am. Chem. Sod988 2001; Chapter 3, p 51; Chapter 7, p 174. (b) Margl, P. M.; Woo, T. K.;

110, 7701-7715. Ziegler, T.Organometallics1998 17, 4997-5002. (c) Han, Y.; Deng, L.;
(11) For recent computational studies on inserfieelimination processes Ziegler, T.J. Am. Chem. Sod997 119 5939-5945. (d) Yoshida, T;

involving vinyl chloride and other polar monomers, see: (a) Cundari, T. Koga, N.; Morokuma, KOrganometallics1995 14, 746-758. (e) Abis,

R.; Taylor, C. D.Organometallics2003 22, 4047-4059. (b) Philipp, D. L.; Fiorani, T.; Franciscono, G.; Piemontesi, F.; Resconi].lAm. Chem.

M.; Muller, R. P.; Goddard, W. A., Ill; Storer, J.; McAdon, M.; Mullins, So0c.1992 114, 1025-1032.

M. J. Am. Chem. So@002 124, 10198-10210. (c) Michalak, A.; Ziegler, (13) Spartan/MM2-level molecular modeling studies were carried out using the

T.J. Am. Chem. So@001, 123 12266-12278. Spartan '02 windows program (Wavefunction, Inc., Irvine, CA, 2001).
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aBrackets indicate that the exact structure of the ion pair has not yet been established.

Schlenk line, interfaced to a high-vacuum manifold ®@Torr), or in

a nitrogen-filled Vacuum Atmospheres or Mbraun glovebox with a high-
capacity recirculator{2 ppm Q). Argon (Matheson, prepurified) was
purified by passage through a MnO oxygen-removal column and a
Davison 4A molecular sieve column. All hydrocarbon solvents were
dried and degassed over Na/K alloy and transferred in vacuo im-
mediately prior to use. Deuterated solvents (benziremd toluene-

ds) were purchased from Cambridge Isotope Laboratories-@3l atom

% D), dried over Na/K alloy, frozeapumped-thawed-degassed, and

Physical and Analytical Measurements. NMR spectra were
recorded on either a Varian Mercury-400 (FT; 400 MH#;, 100 MHz,
13C) or UNITY Inova-500 (FT; 500 MHz,'H; 125 MHz, 13C)
spectrometer in Teflon-valved NMR (J. Young) tubes af@3unless
otherwise indicatedtH and*3C chemical shiftsd) are reported vs the
SiMe, resonance and were determined by reference to the residual
solvent peakst®F NMR chemical shifts are reported vs the CE@ak
(6 = 0). Coupling constants are given in hertz. The assignment of the
signals for spectroscopically pure compounds was made frbrtH

stored in Teflon valve-sealed storage tubes. Commercially available cosy, gated1H} 13C, DEPT3C, IH—13C HMQC, IH—13C HMBC,

materials were purchased from Aldrich and used without further
purification unless otherwise noted. Bf&)s; was a gift from Dow
Chemical and was purified by recrystallization from pentane, followed
by vacuum sublimation. RB"B(CsFs)s~ was obtained from Asahi
Glass Co. or synthesized and purified by a literature procedi&O
(obtained as a toluene solution from Aldrich) was dried under high
vacuum before use for 48 h to remove excess volatile aluminum alkyls.
a-Chloronorbornene was prepared and purified by published methods.
The organometallic complexes Cp*MMéM = Ti,*6 Zr'7), (CGC)-
MMe; (M = Ti, Zr),'8 CpZrMe,,'° (CGC)ZrMe(toluene)B(CeFs)4,%°

and Cp*%ThMe*B(CsFs)s~ 2° were prepared and purified according to
literature procedures. The contact ion pairsZMe"MeB(CeFs)s™,%*
Me,SiCp.ZrMe™MeB(CsFs)s~,22 and (CGC) TiMeMeB(CeFs)s~ 2 were

synthesized by literature procedures, isolated as solids by recrystalli-

zation, and dried under vacuum.

(14) Chien, J. C. W.; Tsai, W.-M.; Rausch, M. D. Am. Chem. Sod 991,
113 8570-8571.

(15) (a) Brown, H. C.; Rao, C. Gl. Org. Chem1979 44, 1348-1349. (b)
McDonald, R. N.; Steppel, R. Nl. Am. Chem. S0d97Q 92, 5664-5670.

(16) Mena, M.; Royo, P.; Serrano, R.; Pellinghelli, M. A.; Tiripicchio, A.
Organometallics1989 8, 476-482.

(17) Wolczanski, P. T.; Bercaw, J. Brganometallics1982 1, 793-799.

(18) (a) Stevens, J. C.; Timmers, F. J.; Wilson, D. R.; Schmidt, G. F.; Nickias,
P. N.; Rosen, R. K.; Knight, G. W.; Lai, S. (Dow Chemical Co.). European
Patent Application EP 0416815 A2, 1990hem. Abstr1991, 115 93163.

(b) Canich, J. M. (Exxon Chemical Co.). European Patent Application EP
0420436 Al, 1991Chem. Abstr1991 115 184145.

(19) Samuel, E.; Rausch, M. D. Am. Chem. S0d.973 95, 6263-6267.

(20) Jia, L.; Yang, X.; Stern, C. L.; Marks, T. @rganometallics1997, 16,
842-857.

(21) Yang, X.; Stern, C. L.; Marks, T. J. Am. Chem. S0d.994 116, 10015~
10031

(22) Beck, ‘S.; Prosenc, M. H.; Brintzinger, H. H.; Goretzki, R.; Herfert, N.;
Fink, G.J. Mol. Catal. A1996 111, 67—79.
(23) Chen, Y.-X.; Marks, T. JOrganometallics1997, 16, 3649-3657.
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and 'H—'H NOESY spectroscopy. GEMS experiments were con-
ducted using a Hewlett-Packard 5973N instrument operating at 70 eV.
Elemental analyses were performed by Midwest Microlab.

Additional Purification of a-Chloronorbornene. A portion of
a-chloronorbornene (20.0 g) was vacuum-transferred into a storage flask
containing Cakl (predried under vacuum overnight) and was stirred at
room temperature for 2 days. It was then vacuum-transferred into a
storage tube containing Davison 4A molecular sieves (activated under
vacuum at 150C overnight). After stirring at room temperature for 1
day, followed by freeze pump-thaw—degassing (three times) on the
high-vacuum line, ther-chloronorbornene was vacuum-transferred and
stored in a Teflon valve-sealed storage tube as a colorless litiid.
NMR (toluenedg): ¢ 5.58 (d,J = 2.4, 1H,=CH), 2.63 (s, 1H, allylic
CH), 2.53 (s, 1H, allylic @), 1.35-1.40 (m, 3H), 1.16-1.14 (m, 1H),
0.90-0.95 (m, 1H), 0.7#0.80 (m, 1H). A portion ofa-chloronor-
bornene (0.20 g, 0.87 mmol) in toluedg{0.6 mL) was exposed to
CpZrMe; (5.0 mg, 0.02 mmol). Evolution of CHwas not detected
by 'H NMR. Similarly, when La[CH(SiMg),]; was contacted with an
excess ofr-chloronorbornene in tolueng; generation of Ck{SiMes)»
was not detected byH NMR, indicating the absence of any trace
amounts of moisture or other protic reagents indhghloronorbornene.

Reaction ofa-Chloronorbornene with Isolated/Purified L ,MMe *-
MeB(CeFs)s~ Contact lon Pairs (L, = Cpz, M = CGC, M =Ti). A
J. Young NMR tube was charged with ZpMe*MeB(CsFs)s~ (8.9
mg, 0.012 mmol) and tolueng (0.60 mL), and 1.0 equiv of
a-chloronorbornene (1,6L) was added in the glovebox. The tube was
sealed and vigorously agitated, and the reaction was monitored
periodically by *H and °F NMR spectroscopy. No reaction was
observed at room temperature over the course of at least'$2 KMR
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showed only the presence of the coordinated MeB{a group
(0r —133.8,—159.0,—164.3). The mixture was next heated at*€D
for 6 h, and a'H NMR spectrum evidenced no detectable reaction.
The use of polar solvents such as methylene chladidend chloro-

Data for 1a. 'H NMR (CDCl): 6 7.28-7.32 (m, 2H,m-CHPh),
7.22-7.24 (m, 3H,0- and p-CHPh), 2.98 (ddJ = 8.5 and 6.0, 1H,
allylic CH), 2.33 (br s, 1H, €l), 2.14 (dd,J = 10.0 and 2.0, 1H),
1.84-2.12 (m, 5H), 1.65 (ddJ = 10.0 and 1.0, 1H), 1.471.54 (m,

benzeneds was also attempted, and no detectable reaction was 1H). 33C NMR (CDCk): ¢ 144.1 (s, quart. phenyC), 129.1 (s,

observed. Similarly, combining either M&Cp.ZrMe*MeB(CeFs)s~ or
(CGC)TiMe*MeB(CsFs)s in tolueneds with either 1.0 or 10.0 equiv
of a-chloronorbornene at room temperature/@0showed no detectable
reaction.

Quantification of Generated PhCMe from Reaction of Cp*TiMe 3
and PhsC*B(CeFs)s~. A J. Young NMR tube was charged with
Cp*TiMes (3.0 mg, 0.013 mmol), RE*B(CsFs)4~ (12.1 mg, 0.013
mmol), and an internal standard consisting of eithejSi¥le (3.6 mg,
0.013 mmol) or Si(SiMg4 (2.1 mg, 0.0060 mmol). Toluend (0.60
mL) was added either in the glovebox or by vacuum transferz8

0-CHPh), 128.1 (sm-CHPh), 126.8 (sp-CHPh), 74.1 (sCCl), 52.8
(s, CHPh), 43.9 (sCH,), 41.2 (s,CHy), 40.3 (s,CH»), 34.0 (s,CH),
30.9 (s,CHy). GC-MS: m/z208 (M* + 2), 206 (M), 170 (M" — 36
(HCI)). Anal. Calcd for GsHisCl: C, 75.54; H, 7.31; Cl, 17.15.
Found: C, 75.69; H, 7.40; Cl, 17.35.

Data for 2a. 'H NMR (CDCL): ¢ 7.19 (s, 4H, phenyl 8), 2.98
(dd,J = 8.5 and 6.0, 2H, allylic &), 2.35 (br s, 2H, @), 1.86-2.15
(m, 12H), 1.65 (d,J = 10.0, 2H), 1.48-1.55 (m, 2H).*C NMR
(CDCly): 0 142.3 (s, quart. pheny), 128.7 (s, phenyCH), 74.2 (s,
CCl), 52.4 (s,CHPh), 43.9 (sCHy), 41.2 (s,CH,), 40.2 (s,CH,), 34.1

°C. The tube was sealed and vigorously agitated for 2 min at room (s, CH), 30.9 (s,CHz). GC—-MS: m/z 338 (M" + 4), 336 (M" + 2),

temperature, resulting in an orange-red solutioAHANMR spectrum
recorded in<5 min at room temperature showed complete consumption

334 (M"), 298 (M — 36 (HCI)). Anal. Calcd for GiH24Clo: C, 71.64;
H, 7.21; Cl, 21.15. Found: C, 71.82; H, 7.32; CI, 21.32.

of Cp*TiMes as evidenced by the complete disappearance of resonances Synthesis ofexo-1-Chloro-2-phenyl-ds-norbornane-7-d; (1a-ds).
atd 1.75 (Cp*) and 0.96 (Me). Moreover, complete disappearance of The analogous deuterium-labeled benzene-addition adductchfo-

the distinctive P§C* cation resonances at7.33 and 6.77 was observed,
and the signals were replaced by the phenyl resonancesGMeh(at

0 7.00-7.05). A comparison of the integrated intensities of the
resonance ab 2.01 (for Me protons of P{CMe) versus that of the
internal standard (either B8iMe (0n = 0.72 for Me) or Si(SiMg)4
(0w = 0.26 for Me)) revealed the quantitative formation of methyl-
abstraction product RBMe. The **F NMR spectrum ¢ —131.4,
—165.6,—167.7) showed the anion B{E),~ to be free and nonco-

ronorbornene was prepared in a procedure similar to the synthesis of
la described above using benzemeas the aromatic reagent. The
productla-ds (>98% deuterium labeled) was characterized ugiig
NMR and spectroscopic techniques.

Data for 1a-ds. °H NMR (CDCk): 6 7.44 (br s, 2D,m-CDPh),
7.36 (br s, 3Dp- andp-CDPh), 2.23 (br s, 1D, CH). 2H NMR (CD,-
Cly): 6 8.25 (br s, 2Dm-CDPh), 8.17 (br s, 3Dg- andp-CDPh), 2.96
(br s, 1D, CHD). *H NMR (CDCl): 6 2.98 (dd,J = 8.5 and 6.0, 1H,

ordinating. Attempts were not made to identify the exact nature of the allylic CH), 2.33 (virtual triplet,J = 3.75, 1H, G), 1.84-2.12 (m,
organotitanium species formed due to their instability and substantial 5H), 1.63 (br s, 1H, €&D), 1.47-1.54 (m, 1H).3C NMR (CDCk): 6

decomposition over time.

NMR-Scale Reaction ofa-Chloronorbornene with Cp*TiMe o/
PhsC*B(CeFs)4. In the glovebox, a J. Young NMR tube was charged
with Cp*TiMe;s (3.0 mg, 0.013 mmol), RE*B(CsFs)s~ (12.1 mg, 0.013
mmol), and benzends (0.60 mL). The tube was sealed and vigorously
agitated for 2 min at room temperature, and then 10.0 equiv of
o-chloronorbornene (20.@L) was added. An immediate dark-red
solution was obtained. AH NMR spectrum recorded ir<5 min
revealed complete consumption @fchloronorbornene (as evidenced
by the disappearance of the olefinic proton resonance®68) and
afforded exo1-chloro-2-phenylds-norbornane-#; (1a-ds) quantita-
tively. Similarly, the activation reaction of Cp*TiMewith 0.92 equiv
of PheC*B(CsFs)4~ in benzeneds (0.6 mL), followed by addition of
10.0 equiv ofo-chloronorbornene at room temperature, leads to the
guantitative formation ofla-ds in <5 min.

Preparative-Scale Synthesis oéxo-1-Chloro-2-phenylnorbornane
(1a). A 50 mL Schlenk flask was charged in the glovebox with
Cp*TiMes (5.0 mg, 0.022 mmol) and R&"B(CsFs)s~ (20.2 mg, 0.022

143.9 (s, quart. pheny), 128.7 (t,Jc—p = 23.7,0-CDPh), 127.6 (t,
Jc-p = 24.2,m-CDPh), 126.3 (tJc-p = 24.2,p-CDPh), 74.1 (sCCl),
52.7 (s,CHPh), 43.5 (tJc_p = 20.8, CHD), 41.2 (s,CHy), 40.2 (s,
CHy), 33.9 (s,CH), 30.9 (5,CH;). GC—MS: m/z 214 (M" + 2), 212
(M%), 176 (M* — 36 (HCI)).

Synthesis ofexo-1-Chloro-2-tolylnorbornane (1b). Similar to the
procedure described above for the synthesikapthe reaction product
of Cp*TiMes (5.0 mg, 0.022 mmol) and RG"B(CsFs)s~ (20.2 mg,
0.022 mmol) in toluene (15.0 mL) was treated watlthloronorbornene
(2.0 g, 15.6 mmolp-chloronorbornene: T+ 709:1 molar ratio) at room
temperature. The reaction mixture was stirred for 12 h at room
temperature and then quenched with methanol (5.0 mL). After removal
of solvent in vacuo, followed by chromatographic workus, was
obtained as a colorless liquid (3.0 g, 87.0%). The product is a mixture
of positional isomers witlortho:metapara = 28:30:42.

Data for 1b. *H NMR (CDClg): 6 7.03-7.30 (m, 3x 4H, CH of
phenyl), 3.34 (ddJ = 8.75 and 6.25, 1H, allylic B8), 2.96 (dd,J =
8.6 and 5.8, 2x 1H, allylic CH), 2.39, 2.36, 2.33 (s, & 3H, CH3),

mmol). The flask was then attached to the vacuum line, benzene (15.01.86-2.22 (m, 3x 7H, CH), 1.48-1.68 (m, 3x 2H, CH). **C NMR
mL) was condensed in at78 °C, and the contents of the flask were ~ (CDClk): 6 144.0, 142.3, 141.1, 137.8, 137.5, 136.3 (s¢ @ quart.
warmed to room temperature and stirred for 2 min. A portion of PhC), 130.2, 130.0, 128.0, 127.6, 126.6, 126.4, 126.1, 125.9 (s, 8
a-chloronorbornene (0.50 g, 3.9 mmolkchloronorbornene: T 177:1 1 CH of phenyl), 129.0, 128.8 (s, & 2 CH of phenyl), 74.2, 74.1,
molar ratio) was measured in the glovebox and was added to the 74.0 (s, 3x 1 CCl), 52.7 (s,CHPh), 52.3 (s, 2< 1 CHPh), 46.4 (s,
reaction flask by gastight syringe. An immediate red color was observed. CH), 44.0, 43.9, 43.8 (s, & 1 CHy), 41.4, 41.2, 41.1 (s, & 1 CHy),
The reaction mixture was then allowed to stir at room temperature, 40.3, 40.2, 40.0 (s, % 1 CHy), 34.0 (s, 2x 1 CH), 30.9, 30.8, 30.7
and after 5 h, the reaction was quenched with methanol (5.0 mL). No (S, 3x 1 CHy), 21.8 (s, CH), 21.2 (s, 2x 1 CHg). GC-MS: m/z 222
polymeric materials were precipitated from the solution; however, (M™+ 2), 220 (M), 184 (M* — 36 (HCI)). Anal. Calcd for GuH:-Cl:
analysis of an aliquot by GEMS showed complete consumption of ~ C, 76.18; H, 7.76; Cl, 16.06. Found: C, 76.35; H, 7.63; Cl, 16.39.
o-chloronorbornene. The volatiles were next removed in vacuo, Data for exo-1-Chloro-2-tolyl-d,-norbornane-7-d; (1b-dg). The
resulting in an oily residue, which was subjected to chromatographic characteristic signal in théH-decoupled**C NMR of 1b-ds displays
workup (silica gel column, followed by TLC) to yieltlaas a colorless multiple peaks ad 43.2-43.7 forCHD groups due to the presence of
liquid (0.65 g, 81.0%). In addition, small quantities of 1,4-bisg1- three different positional isomers. G®IS: m/z 230 (M* + 2), 228
chloronorbornyl)benzene2§) were also isolated as a white solid (M¥), 192 (M" — 36 (HCI)).

(0.20 g, 7.0%). Crystals oRa suitable for single-crystal X-ray Reaction of a-Chloronorbornene with the Cp*ZrMe 3/Ph;C*B-
diffraction study were obtained from pentane/&CH} (4:1) solution at (CeFs)s~ Activated System.In the glovebox, a J. Young NMR tube
room temperature. was charged with Cp*ZrMg(3.6 mg, 0.013 mmol), REB(CeFs)s™

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12531



ARTICLES

Dash et al.

(12.1 mg, 0.013 mmol), and toluernkg{0.60 mL). The tube was sealed
and vigorously agitated for 2 min at room temperature, and 10.0 equiv
of a-chloronorbornene (20.@L) was added. The progress of the
reaction was monitored periodically B NMR spectroscopy. After
14 h at room temperature, thil NMR spectrum showed quantitative
conversion talb-dg. The ortho:metapara ratio was 29:29:42.

Reaction of a-Chloronorbornene with the (CGC)MMe, (M =
Zr, Ti)/Ph3sC*B(CsFs)s~ Activated System.In the glovebox, a J.
Young NMR tube was charged with (CGC)ZrMé.9 mg, 0.013
mmol), PRC'B(C¢Fs)4~ (12.1 mg, 0.013 mmol), and toluernig{0.60

tion of 1b-ds was not observed over a period of 24 h either atQ®r
at 90°C.

Effect of 2,6-Di-tert-butylphenol on Cp*TiMe 3/PhsC"B(CeFs)s -
Catalyzed Arylation of a-Chloronorbornene. In the glovebox, a J.
Young NMR tube was charged with Cp*TiM€3.6 mg, 0.013 mmol),
PhC*B(CsFs)a~ (12.1 mg, 0.013 mmol), and toluermig-(0.60 mL).

The tube was sealed and vigorously agitated for 2 min at room
temperature, and then 1.1 equiv of 2,6telit-butylphenol (3.0 mg,
0.014 mmol) was added. The tube was then vigorously shaken for 2
min followed by addition of 10.0 equiv ak-chloronorbornene (20.0

mL). The tube was sealed and vigorously agitated for 2 min at room «L). A *H NMR spectrum recorded after 5 min showed no significant

temperature, and 10.0 equiv ofchloronorbornene (20.@L) was
added. The progress of the reaction was monitored periodicaltiiby
NMR spectroscopy. A 63% conversion1b-ds was observed after 41
h at room temperature. Thertho:metapara ratio was 29:28:43.
Similarly, the reaction product of (CGC)TiMand PRC™B(CsFs)s~

in tolueneds (0.60 mL) was reacted with 10.0 equiv afchloronor-
bornene (20.QcL). A *H NMR spectrum recorded after 48 h at room
temperature showed an 81% conversioriLkeds. The ratio of three
arene positional isomers wastho:metapara = 28:30:42.

Reaction of the Isolated lon Pair (CGC)ZrMe(toluene) B(CeFs)s~
with o-Chloronorbornene. In the glovebox, a J. Young NMR tube
was charged with the isolated complex (CGC)ZrMe(tolueB&YsFs),
(5.0 mg, 0.0050 mmol) and toluemig<0.60 mL). Thena-chloronor-
bornene (20.QuL, 0.13 mmol) was added to the tube, and the tube

was sealed and vigorously agitated. The progress of the reaction was

monitored periodically at room temperature i/ NMR spectroscopy.
A 32% conversion tolb-ds was observed after 110 h at room
temperature. Thertho:metapara ratio was 33:31:36.

Reaction of a-Chloronorbornene with the Cp,ZrMe »/Ph;C*B-
(CeFs)a— Activated System.In the glovebox, a J. Young NMR tube
was charged with GZrMe; (3.3 mg, 0.013 mmol), REB(CeFs)s™
(12.1 mg, 0.013 mmol), and tolueilg{0.60 mL). The tube was sealed
and vigorously agitated for 2 min at room temperature, and 1.0 equiv
of a-chloronorbornene (1.7L) was added. Complete conversion to
1b-ds was observed aftet h atroom temperature. Another 10.0 equiv
of a-chloronorbornene (20,0L) was then added to the tube inside the
glovebox and the progress of the reaction monitored periodically by
IH NMR spectroscopy. Compounth-ds was formed quantitatively
after 24 h at room temperature. Thghometapararatio was 32:30:

38.

Reaction of Cp*ThMe*B(CsFs)s~ with a-Chloronorbornene.

In the glovebox, a J. Young NMR tube was charged with IpMe*-
B(CsFs)a~ (5.0 mg, 0.004 mmol) and toluertg-(0.60 mL). Then,
o-chloronorbornene (20,6L, 0.13 mmol) was added to the tube, and

inhibition of the rate of the arylation reaction, and quantitative
conversion tolb-ds was ultimately observed. Alternatively, to the
activated Cp*TiMg/Phs"B(CsFs)s~ system in toluenels (0.60 mL) was
added 10.0 equiv af-chloronorbornene (204L) at 25°C. A 'H NMR
spectrum showedb-ds had formed quantitatively inr<k5 min. Next,
1.1 equiv of 2,6-ditertbutylphenol (3.0 mg, 0.014 mmol) was added
to the reaction mixture, and the resulting mixture was vigorously
agitated, followed by addition of another 10 equiv @fchloronor-
bornene (20.@L) at room temperature. A NMR spectrum recorded
immediately thereafter showed completehloronorbornene conversion
to 1b-ds. Control studies showed that both the Cp*TiMand
Cp*TiMes/Phs*B(CeFs)s~ systems react with 2,6-déert-butylphenol
very slowly at 25°C. For example, when Cp*TiMewvas reacted with
1.0 equiv of ditert-butylphenol in toluenalk at 25 °C, 'H NMR
revealed the generation of Cp*Ti(O-2Bu,CsHz)Me; in only trace
amounts after 1 h, and in 30% vyield only after 6 h. Similarly, when
1.0 equiv of ditert-butylphenol was combined with the Cp*TiMe
Phs*B(CgFs)s~ activated system in toluerdy-at 25°C, the'H NMR
revealed the presence ®80% unreacted phenol after 2 h. In addition,
the spectrum exhibited a signal for methane, but neMe signal
corresponding to a cationic species such as Cp*Ti(OBu&Hs)-
Me*B(CeFs)s~ was detected.

Reaction of Brgnsted Acids (Anhydrous HCI Gas, BE-OEt,) with
o-Chloronorbornene. In the glovebox, a J. Young NMR tube was
charged with toluenés (0.60 mL) ando-chloronorbornene (10,0L).
The tube was connected to the high-vacuum line, and anhydrous HCI
gas was condensed in at78 °C. The tube was then sealed and
vigorously agitated, and the ensuing reaction was monitored periodically
by *H NMR spectroscopy. Formation db-ds was not observed over
the course of 12 h at 2%C. Similarly, to a solution ofx-chloronor-
bornene (5.@cL, 0.039 mmol) in toluenels (0.60 mL) was added BF
OEt (3.6 uL, 0.039 mmol), and the reaction was monitored by
NMR. Negligible formation oflb-ds was detected over a period of 12
h, either at 25°C or at 90°C.

Control Reaction of a-Chloronorbornene with PhsC*B(CgFs)4 .

the tube was sealed and vigorously agitated. The progress of the reaction, e glovebox, a J. Young NMR tube was charged withOPB(CsFe)s™

was monitored periodically at room temperature by NMR spec-
troscopy. A 48% conversion tth-ds was observed after 110 h at room
temperature. Thertho:metapara ratio was 31:31:38.

Control Reactions of a-Chloronorbornene with Radical Initia-
tors. In the glovebox, a J. Young NMR tube was charged with TEMPO
(6.1 mg, 0.039 mmol) and toluertg-(0.60 mL). Next,a-chloronor-
bornene (5.QuL, 0.039 mmol) was added to the tube, and the tube

(35.9 mg, 0.039 mmol) and toluerg{0.60 mL). Next, 1.0 equiv of
a-chloronorbornene (5.0L, 0.039 mmol) was added to the tube, and
the tube was sealed and vigorously agitated. The reaction mixture was
then monitored at 25C by *H NMR. A reaction time of 12 h at 25C

was required for complete conversion of ehloronorbornene, and
1b-ds was formed quantitatively. In a separate experiment, 1.1 equiv
of 2,6-ditert-butyl-phenol (8.0 mg, 0.039 mmol) was mixed with

was sealed and vigorously agitated. The mixture was then monitored Ph,C*B(CsFs)s~ (35.9 mg, 0.039 mmol) in toluengy(0.60 mL), and

by 'H NMR. No reaction was detected over a period of 24 h, either at
25 °C or at 110°C. Experiments using AIBN as the initiator also
resulted in negligible reaction betweerchloronorbornene and toluene
under similar reaction conditions.

Reaction of a-Chloronorbornene with Cp*TiMe s/MAO (Al:Ti
= 10). In the glovebox, a J. Young NMR tube was charged with
Cp*TiMes (3.0 mg, 0.013 mmol), vacuum-dried MAO (10.0 equiv,
7.6 mg, 0.13 mmol), and toluerg{0.60 mL). The tube was then sealed
and vigorously agitated to yield an orange-colored solution. Next, 10.0
equiv ofa-chloronorbornene (20,0L) was added to the tube, and the
reaction was monitored periodically By NMR spectroscopy. Forma-
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then a-chloronorbornene (5.@L, 0.039 mmol) was added to the
reaction mixture. No reaction was detected over a period of 24 h at 25
°C. Control studies indicated no reaction betweesPB(CgsFs),~ and
2,6-ditert-butyl-phenol in toluenels over 12 h at 25C.

Reaction of Lewis Acids (B(GFs)s, MAO, SnCl,, Cp*TiCl 5, TiCl4)
with a-Chloronorbornene. A series of control experiments involving
the reaction ofa-chloronorbornene with conventional strong Lewis
acids (B(GFs)s, MAO, SnCly) and Ti-based Lewis acids (Cp*Tigl
TiCl,) was conducted using 1:1 stoichiometric ratios. A representative
example is given here. To a Wilmad screw-capped NMR tube were
added toluenels (0.60 mL) ando-chloronorbornene (1.5L, 0.012
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Table 1.

Crystal Data and Structure Refinement for 2a

empirical formula

fw

temp

wavelength

cryst syst, space group
unit cell dimensions

\Y

Z, calcd density

abs coeff

F(000)

cryst size

6 range for data collection
limiting indices

no. of reflns collected/unique
completeness t6 = 29.04
abs correction

max and min transmission
refinement method

no. of data/restraints/params
goodness-of-fit orfF2

final Rindices | > 20(1)]
Rindices (all data)

largest diff peak and hole

GoH24Cl
335.29
153(2) K
0.71073 A
orthorhombhca
a=11.931(3) A
b=11.152(2) A
c=12.3422(13) A
1642.2(5) R
4,1.356 gfn
0.390 mmt
712
0.320< 0.250x 0.190 mm
3.629.04

—16 < h < +15,-14 <k < +14,

—-15<1<+16
14374/206%iht) = 0.0348]
94.1%
integration
0.9387 and 0.9036
full-matrix least-squaresrén
2066/0/100
1.061
R1=0.0381, wR2=0.1071
R* 0.0438, wR2=0.1134
0.579 ard®.210 /A3

mmol) in the glovebox. Next, TiGl(1.3 uL, 0.012 mmol) was added
by microsyringe, and the reaction was monitored'bly NMR. No

Results and Discussion

The goal of this investigation was to examine the reactivity
patterns with respect to single-site group 4 polymerization
catalysts of a conformationally rigid-chloroalkene monomer
in which the transition state fg#-Cl elimination is inaccessible.

In the first section, we examine the reactivity @fchloronor-
bornene with single-site group 4 complexes using Bz as

the cocatalyst; the resulting M-Me species are known to
undergo insertion of vinyl chloride.We then focus on the
chloronorbornene reaction scope using®tB(CeFs)s~ as a
methide abstractor for the activation of single-site catalysts.
Finally, a number of control experiments are conducted to gain
further insight into the reaction pathway, and we propose a
plausible mechanism to explain the results.

(A) Reaction of Well-Defined, Isolable Contact lon Pairs
with a-Chloronorbornene. Halide-containing vinyl monomers
(CH,=CHX; X = F, ClI, Br) are known to coordinate to cationic
late-transition-metal centers via the olefinic bond rather than
via the halogen ator?f;3! and such &X bonds are in general
not readily susceptible to nucleophilic substitution reactféns.
For group 4 and other early-transition metal single-site catalysts,
suchsr-coordination of vinyl halides has not been detected using
spectroscopic techniquésHowever, facile displacement of
MeB(CsFs)s~ from in situ generated iIMMe™MeB(CsFs)z™
contact ion pairs by vinyl chloride and subsequent insertion of
olefin into the metat-alkyl bond is observed, leading to transient

reaction was observed over the course of 24 h at room temperatureLnMCHZCHCI+ species, which undergo rapid, exothertfj&Cl

and at 90°C for 6 h. Similarly, when B(@Fs)s, MAO, SnCl, and
Cp*TiCl; were added ta-chloronorbornene in toluendy; no reaction
was observed over the course of 12 h, either at@%r at 90°C.

Crystal Structure Determination for 2a. Suitable single crystals
of 2awere obtained by slow evaporation from a £Hp/pentane (1:4)
solution at room temperature. A colorless block crystaafcovered
in Infineum V8512 (aka Paratone-N) oil was mounted on a goniometer
head. Data were collected under a cotdl@0 °C) N, stream using a
Bruker SMART-1000 CCD area detector with graphite-monochromated
Mo Ka radiation. Compoun@a crystallizes in the space grolgbca
The structure was solved by direct methtfdand expanded using
Fourier technique&! The non-hydrogen atoms were refined anisotro-
pically. Hydrogen atoms were included but not refined. Neutral atom
scattering factors were taken from Cromer and Wa&b@momalous
dispersion effects were included a2 the values for Dfand Df’
were those of Creagh and McAuléy.The values for the mass
attenuation coefficients are those of Creagh and HuBbelll
calculations were performed using the Shelxtl for WindowsNT software

package? The ORTEP diagram and the bond distances and bond angles

of 2a were obtained using the program ORTEP-3 for WindéWs.

elimination to yield catalytically inactive IMCI, products, thus
preventing further insertion of vinyl chloride (eq ).

We therefore examined NMR-scale reactions of isolated
and well-characterized contact ion pairs such agZ@e*-
MeB(CsFs)3™,2t Me,SiCpZrMetMeB(CsFs)3~,%2 and (CGC)-
TiMetMeB(CsFs)s~,%2 having differing steric and electronic
characteristics, witke-chloronorbornene. We hypothesized that
a-chloronorbornene, once inserted into a metde™ bond,
would be resistant t@#-Cl elimination processes. Reaction of
CpZrMetMeB(GsFs)3™ in toluenees with 1.0 equiv ofa-chlo-
ronorbornene was monitored by NMR over time at room
temperature. No perceptible change in the chemical shifts of
the Zr-Me™* (6 0.27) and MeB(GFs)3~ (0 0.11) signals in
CpZrMetMeB(CsFs)s™, nor of thea-chloronorbornene olefinic
C—H signal ¢ 5.58), was observed in thél NMR, and the
1% NMR showed only the presence of coordinated MeBés,
indicating that no reaction had occurred. The reaction mixture
was then heated to 60C and monitored by NMR for 2 h,

Crystal data and details of data collection and structure refinement again indicating no_ deteCtatﬂe reaCtion'_Sim”arly' nQ reaction
parameters are given in Table 1. Atomic coordinates and a completeiS observed for MgSiCp.ZrMe™MeB(CeFs)s™ or (CGC)TiMe'-
listing of bond lengths and bond angles are available as Supporting MeB(CsFs)s™ with a-chloronorbornene in toluergg-using either

Information.
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such as methylene chloride or chlorobenzene also has no effective formation of the methide abstraction producg®kle. The
on the inertness ofa-chloronorbornene with respect to 1°F NMR spectrum reveals negligible decomposition of the
CpZrMetMeB(CsFs)s~. The unreactive nature of-chloronor- B(CsFs)4~ anion and that it is essentially free and noncoordi-
bornene vs vinyl chloride with respect to metallocenium contact nating2® From these spectroscopic data, the organometallic
ion pairs presumably reflects steric characteristics of the species formed in this process is plausibly formulated as a cation
encumbered monomer, and the relatively strong coordination of the type “Cp*TiMe™*” (Chart 1). However, the exact nature
of the MeB(GFs)s~ counteraniori? A similar manifestation of of the Ti species in this activated system is still a topic of debate
MeB(CsFs)s~ tight binding to a cationic Zr center is observed among several research laboratoffedt is believed and
in the relative inertness of (CGC)ZrMmeB(CsFs)s~ with reasonably accepted that Ti(IV) is responsible for the oligo-
respect to ethylene polymerizatfdand of most metallocenium  merization/polymerization of propylereblefins, whereas, for
MeB(CsFs)s~ ion pairs toward silane chain transfer in olefin  an activated, conjugated nonpolar monomer such as styrene, it
polymerization?® is more likely that a Ti(lll) species mediates the polymeriza-
(B) Reaction of a-Chloronorbornene with Group 4 lon tion.3940|n a separate experiment, Cp*TiMaas mixed with
Pairs Having Weakly Coordinating Anions. The nature of 1.0 equiv of PRCTB(CsFs)4~ in CgDg and vigorously agitated
the cation-anion interactions in homogeneous single-site olefin at room temperature for 2 min, and then 10.0 equis-@hloro-
polymerization has attracted considerable attention and clearlynorbornene was added. A NMR spectrum recorded in
plays an important role in modulating activity as well as the <5 min at 25°C showed complete consumption @fchloro-
product molecular weight and microstructdfa3637Systems norbornene (evidenced by the disappearance of the olefinic CH
containing the weakly basic, weakly coordinating Bf€)4~ signal atdy 5.58), and thé®F NMR spectrum exhibited only
counteranion exhibit significantly enhanced polymerization the free B(GFs),~ anion. The result is a net catalytic cycle with
activity,2° likely reflecting the lack of significant cationic metal  a turnover frequency 120 ! (eq 2; see below for product
center-anion covalent interactions, the more dispersed anion characterization).
negative charge, and anion steric encumber&iites generally
accepted that the activation reaction of metallocene dimethyls D
with PheC™B(CeFs)4~ leads to the formation, inter alia, of D //D
dinuclearu-methyl cations, formed in situ by the coordination Lb M s @
of the highly electrophilic metallocene monomethyl cation with cl CDg or C7Dg c” 4 o P
unreacted neutral metallocene dimet¥fglMost B(CsFs)s - RT
based ion pairs are thermally unstable, and it is presumed that
the subsequent reaction of themethyl dinuclear cations with
substrate leads to substrate (e.g., olefin)-coordinated metallocen%
monomethyl cation or a combination of both substrate- and
solvent-coordinated metallocene monomethyl cation. Therefore
in the following studies, the cationic metal species were
generated in situ in either benzene or toluene solution using
PhC™B(CsFs)4~ as the activator, and-chloronorbornene was
then added. Three important classes of group 4 single-site
catalysts were investigated: half-sandwich catalyst systems
based on Cp*MMg(M = Ti, Zr), constrained-geometry catalyst
systems based on (CGC)MMEM = Ti, Zr), and CpZrMe;.
The isolable salts (CGC)ZrMe(toluen®(CsFs)s~ 2° and
Cp*,ThMe"B(CsFs)4~ 2° were also used as single-component
reagents in reactivity studies witk-chloronorbornene.
(i) Reaction of Activated Cp*MMe3 (M = Ti, Zr) Com-
plexes witha-Chloronorbornene. Reaction of Cp*TiMe with
1.0 equiv of PBCfB(Cst.)( in either GDs or tolueneds at . (39) %2)8 l?/lazﬁér%tlté%_pzal,?l,\g: K.; Waymouth, R. M.Am. Chem. So@001, 123
room temperature immediately generates an orange-red solution. * 12093-12094. (b) Tomotsu, N.; Ishihara, N.; Newman, T. H.; Malanga,
The'H NMR spectrum of the reaction mixture reveals quantita- \’\/\A/ &:i]c'rmgl_ngidAclzg?namluzrfg51927161,9394(}%4%”25;%){{&;; JF_’%r_k'\A)(_ :
Salajka, Z.; Dong, SMacromolecules 992 25, 3199-3203.
(40) (a) Longo, P.; Proto, A.; Zambelli, Macromol. Chem. Phy4.995 196,
L.; Marks, T. J. InTopics in CatalysisMarks, T. J., Stevens, J. C., Eds.; 3015-3029. (b) Zambelli, A.; Longo, P.; Pellecchia, C.; Grassi, A.
Baltzer Science Publisher: Delft, The Netherlands, 1999; Vol. 7, pp 97 Macromoleculesl987, 20, 2035-2037. (c) Ishihara, N.; Kuramoto, M.;
106. Seimiya, T.; Uoi, M.Macromolecules986 19, 2464-2465.

(34) Chen, Y.-X.; Metz, M. V.; Li, L.; Stern, C. L.; Marks, T. J. Am. Chem. (41) The coordination of vinyl chloride to cationic late-metal catalysts via the
Soc 1998 120, 6287-6305. C=C z-bond can be detected and characterized at low temper&tures,

R =D (1a-dg), CD3 (1b-dg)

Similar results are also obtained by activating Cp*TiM&th

92 equiv of PRCTB(CsFs)4~ in CsDe (to ensure complete
PhC*™ consumption), followed by addition ofi-chloronor-
"bornene, supporting a rapid, metal center-catalyzed reaction. In
stoichiometric reactions of 1d-chloronorborneneCp*TiMes/
PhC*B(CsFs)4~ at 25 or—20 °C, we were unsuccessful in
detecting an olefin-compleX! or an initial insertion product

by 'H NMR. Instead, the reaction of eq 2 was found to be very
rapid, and only formation of the final productg-de¢/1b-ds) is
observed.

(38) (a) Minieri, G.; Corradini, P.; Zambelli, A.; Guerra, G.; Cavallo, L.
Macromolecule2001, 34, 2459-2468. (b) Williams, E. F.; Murray, M
C.; Baird, M. C.Macromolecule®00Q 33, 261-268. (c) Xu, G.; Cheng,
D. Macromolecule200Q 33, 2825-2831. (d) Grassi, A.; Saccheo, S.;
Zambelli, A.; Laschi, FMacromolecule4998 31, 5588-5591. (e) Ready,
T. E.; Gurge, R.; Chien, J. C. W.; Rausch, M. Organometallics1998
17, 5236-5239. (f) Zambelli, A.; Pellecchia, C.; Oliva, Macromolecules

(33) (a) Chen, E. Y.; Marks, T. Zhem. Re. 2000 4, 1391-1434. (b) Luo,

=

(35) (a) Koo, K.; Fu, P.-F.; Marks, T. Macromolecules1999 32, 981-988.
(b) Koo, K.; Marks, T. JJ. Am. Chem. Sod 999 121, 8791-8802. (c)
Koo, K,; Marks T. JJ. Am. Chem. S0d.998 120 4019-4020.

(36) For reviews, see: (a) Bochmann, W Chem. Soc., Dalton Tran$996
255-270. (b) Grubbs, R. H.; Coates, G. Wcc. Chem. Resl996 29,
85-93. (c) Bochmann, MAngew. Chem., Int. Ed. Endl992 31, 1181~
1182.

(37) (a) Mohammed, M.; Nele, M.; Al-Humydi, A.; Xin, S.; Stapleton, R. A.;
Collins, S.J. Am. Chem. So@003 125, 7930-7941. (b) Li, L.; Metz, M.
V.; Li, H.; Chen, M.-C.; Marks, T. 1. Am. Chem. So2002 124, 12725~
12741. (c) Chen, M.-C.; Marks, T.J. Am. Chem. So2001, 123 11803~
11804.

12534 J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004

whereas suchr-coordination is postulated for group 4 single-site catalysts
in olefin insertion/polymerization processes. For evidence of olefin
st-coordination in &f" model compounds see: (a) Stoebenau, E. J., III;
Jordan, R. FJ. Am. Chem. So@003 125 3222-3223. (b) Carpentier,
J.-F.; Maryin, V. P.; Luci, J.; Jordan, R. B. Am. Chem. So®001, 123
898-909. (c) Brandow, C. G.; Mendiratta, A.; Bercaw, J.@ganome-
tallics 2001, 20, 4253-4261. (d) Casey, C. P.; Carpenetti, D. W., II;
Sakurai, HOrganometallic2001, 20, 4262-4265 and references therein.
(e) Casey, C. P.; Klein, J. F.; Fagan, M. A.Am. Chem. So@00Q 122
4320-4330. (f) Carpentier, J.-F.; Wu, Z.; Lee, C. W.; Stiberg, S;
Christopher, J. N.; Jordan, R. B. Am. Chem. SoQ00Q 122, 7750-
7767.
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To characterize the nature of the organic product formed from
the catalytic reaction in eq 2, a preparative-scale reaction
involving 0.5 g ofa-chloronorbornene was carried out with the
Cp*TiMe3/PhsCTB(CeFs)4~ activated system of-chloronor-
bornene:Ti molar ratie= 178:1) in benzene at 28C for 5 h.

The reaction was then quenched with MeOH, and analysis of
the reaction mixture by GEMS showed complete consumption
of the monomer. No polymeric material is produced in this
reaction. After removal of the solvent, further purification by
chromatographic techniques (silica gel column, followed by

TLC) yielded a colorless liquid that was characterized by F(gure 2. Molecular structure of 1,4-bis(1-chIorqnorbornyl)benzeﬁa)(
with hydrogen atoms shown. Thermal ellipsoids are shown at 50%

specFroscopi_c techniques and elem_gntal analysis. The data arrobability. Selected bond distances (A) and angles (deg): -GII(L) =
consistent with a net benzene addition prodesiy1-chloro- 1.7940(13), C(9¥C(10) = 1.3907(19), C(9)C(8) = 1.3937(18), C(L»
2-phenylnorbornanelé; 81% yield). In addition, a small amount ~ C(7) = 1.5267(17), C(1)}C(2) = 1.5350(17), C(1}C(6) = 1.5568(18),

i ) C(6)-C(8) = 1.5167(17), C(6YC(5) = 1.5597(18), C(2yC(3) = 1.5472(19),
of the 1,4-bis¢xo1-chloronorbornyl)benzene addu@a( 7% Cld)-O(5) = 1.5349(18) C(4yC(7)= 1.5372(19) C(4YC(3)— 1.5381(19)

yield) was also isolated as a white solid and characterized.  ¢(g)-c(10#1= 1.3927(18), C(10}yC(8)#1= 1.3927(18), C(1}C(7)~

Me C(4) = 93.09(10), C(10¥C(9)—C(8) = 120.94(11), C(9y C(10)-C(8)#1
éb@ _ // = 121.89(12), C(10)#1C(8)—C(9) = 117.17(12).
o a N similar reaction conditions as described above, requires 14 h at
25 °C to reach completion, with the reaction afforditig-ds
1a 1b quantitatively. Similar reactivity differences between the Cp*Ti-
Key NMR parameters for produda include the following: and Cp*Zr-catalyzed polymerization of styrene have been

(i) Aromatic (0 7.22-7.32) and alicyclic 1.49-2.99) protons ~ Previously reported? _

are present with an intensity ratio of 1:2. In addition, a downfield _ Reaction ofa-chloronorbornene with the Cp*MMeM =
signal with distinctive multiplicity a© 2.98 (dd,J = 8.5and 2§ T)/PRC'B(CeFs)a activated system in toluene under
6.0 Hz) is assigned to a benzylic proton. {ij-decoupled3C similar reaction conditions yields the corresponding toluene-
and DEPT3C NMR confirm the presence of a quatern@g! addition _products. Thus, in the presence of a catalytic quantity
signal atdc 74.1, indicating that the CI moiety remains on the ©f Cp*TiMes/PRC™B(CsFs)a™, 10.0 equiv of a-chloronor-
norbornyl skeleton. Moreover, the presence of fourGhtbon ~ bornene reacts instantaneously with excess toldgnehereas,
signals (vs three CHgroups in the starting molecule) suggests for the corresponding Cp*ZrMgPhCB(CeFs)a™ active species,
rearrangement of the norbornyl skeleton. (#)—13C HMQC the net addition reaction of toluemlg-to a-chloronorbornene
and HMBC experiments reveal that the Cl moiety is bonded to with _cpmplete conversi_on req_uires 14 h under similar reaction
a bridgehead quaternary carbon atom and that the phenyl grou‘5;ond|t|ons. Both reactions yle_lex_ol-chIoro-2-tolyld7-nor-

is attached to a CH unit. In thi#1—13C HMBC spectrum, the bornane-7d; (1b-dg; eq 2) quantitatively. Thertho:metapara

CH proton signal ¢y 2.98) correlates with th€Cl signal Pc ratios forlb-ds obtained in both reactions are very similar. The
74.1) and theo-CH signal Pc 129.1) of the phenyl group. No toluene-addition produotxc1-chloro-2-tolylnorbornanelp)
correlation is observed between tB€! signal and the>-CH was isolated as a colorless liquid after workup from a preparative

proton signals of the phenyl group, confirming that the Cl moiety Scale-up reaction, similar to the procedure ferabove, and
and the phenyl group are not attached to the same carbon atomVas F:haractenzed_ _by conventional _spectroscqplc/analytlcal
(iv) The combination ofH—1H COSY, IH—13C HMQC and techniques. In addition, a small quantity of 1,4-bis(chloronor-
HMBC, and'H—1H NOESY spectra suggest anoselectivity bornyl)tolugne 2b; 8% yield) was isolated frgm the prepgrgtive-
of the phenyl ring placement at teposition of the chloronor- §cale reaction, and GEMS data reveal a mixture of positional
bornyl ring. This stereochemical assignment is further cor- 'SOMErs. o _
roborated in the X-ray structure of the 1,4-bis(1-chloronorbornyl)- (1) Characterization of 1,4-Bis(1-chloronorbornyl)benzene
benzene adduct2) as described below. The analogous (2)- The'H and**C NMR spectra of produc?a display sets
deuterium-labeled compoureko 1-chloro-2-phenyts-norbor- of signals with chemical shifts very similar to thpse]sat excep.t
nane-76, (1a-ds) was characterized BH NMR and conven- for the resonances Qf the phenyl group2h;1gsmg|e aromatic
tional analytical technique®. Additionally, the GG-MS data ~ eésonance ab 7.19 in*H NMR correlates with thé3C NMR
for 1a-ds show that the mass of the parent ion peak is increased Signal até 128.7 for the four equivalent protons of the phenyl
by 6 units (Wz(M*) 212 (La-ds) vs 206 (a)). group.
The reaction of Cp*ZrMe with PheC™B(CgFs)4~ in CgDs,

followed by addition of 10.0 equiv af-chloronorbornene under g

(42) The?H NMR spectrum ofexa1-chloro-2-phenyBs-norbornane-# (1a-
ds) displays a singlet ab 2.23, and its'H-decoupledC NMR spectrum Cl H
exhibits a signal ab 43.54 (tripletJc—p = 20.8 Hz) which correlates with
the'H NMR signal ato 1.63 through théH—3C HMQC spectrum, and is
assigned to the CHD group at the bridging C7 position of the norbornyl 2a
skeleton. In théH—"H NOESY spectrum, the signal at1.63 correlates
weakly with the proton at the bridgehead carbon (642.33) and two .
exoprotons at C5 and C6. A comparison of the corresponding signal in (2) X-ray Structure of 2a. An ORTEP diagram of the
the'H—'H NOESY spectrum ofa suggests that the deuterium at the C7 ; ; ;
position of the labeled compounti-ds is oriented toward the phenyl m0|e_CU|ar structure o2a is shown m Figure 2. The structure
substituent. consists of two chloronorbornyl units connected to the 1- and
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4-positions of a phenylene moiety such that the entire molecule bornene, was monitored B NMR at room temperature. After

is centrosymmetric with a crystallographic inversion center along
the axis bisecting the centers of the C{&)(9) and C(8-5)
—C(9-5) bonds. The Cl moiety is bonded to the bridgehead

48 h at room temperature, an 81% conversiorlleds was
observed. Theorthometapara ratio in 1b-dg is 28:31:41.
Similarly, the reaction of the (CGC)ZrM&hC B(CeFs)s™

C(1) carbon of the norbornyl skeleton, and the phenylene moiety catalytic system witlw-chloronorbornene in toluerd-afforded

occupies arexosite at thea-position of each chloronorbornyl
ring system. The C(BHCI(1) bond distance of 1.7940 (13) A

1b-dg in 63% yield after 41 h at room temperature. The ratio of
the three arene positional isomemsthio:metapara = 29:28:

in 2ais similar to the corresponding distances at the bridgehead43) is virtually identical to the distribution found with the

cyclic system observed in 3,6-dichloro-11,12-benzotetracyclo-
dodecan-9-one (av -€Cl = 1.807(5) A)* The C-C bond
distances in the norbornyl skeleton and phenyl rin@aare

in the range of 1.535(2)1.560(2) A (av 1.542(2) A) and
1.391(2)-1.394(2) A (av 1.392(2) A), respectively. These

corresponding Ti system. Note that reaction of the isolated ion
pair (CGC)ZrMe(toluene€)B(CsFs)4~ with a-chloronorbornene

is also catalytic. Thus, reaction of (CGC)ZrMe(toluetg{CsFs)s~

with a-chloronorbornene in toluerdy-selectively yields the net
toluene addition productb-ds. A 32% conversion is observed

distances are comparable to the corresponding distances irat 25°C after 110 h. Thertho:metapararatio is 33:31:36. No

numerous norbornyl and substituted norbornyl derivatités
expected, the €EC—C bond angles of the norbornyl segment

Me-inserted products such as methylnorbornene (formed by
C=C insertion, followed by CI eliminationill ) or methyl-

in 2aare all less than the tetrahedral angle, reflecting the strain insertedlb (formed by Mf—Me addition toa-chloronorbornene

within the molecular skeleton, with a C(¥(7) —C(4) bridge
angle of 93.09 (10)

(i) Reaction of Activated Constrained-Geometry Catalysts
(CGC)MMe, (M = Zr, Ti) with oa-Chloronorbornene.
Although half-sandwich complexes are known for their coor-
dinatively open structures and high reactivity with respect to
specific monomers (e.g., styreri€)?° the optimal balance
between electronic stabilization and a sterically open coor-
dination sphere imbue catalyst systems of the type (CGC)-
MMe* (M = Zr, Ti) with unique and high reactivity
toward ethylene andx-olefin polymerization, as well as

ethylene copolymerization with encumbered comonomers as (i) Reaction of Metallocenium

bulky as isobutylené?4546The reactions of vinyl chloride with
(CGC)ZrMe(GHg)™B(CeFs)s~ and (CGC)TiMe/PhCB(CgFs)s™
were reported by Jordan and co-workei®nly 1.0 equiv of
vinyl chloride undergoes insertion into the -Nile* bond,
followed by rapids-Cl elimination to yield either propylene or
atactic polypropylene (PP) as noted above. Insertion of vinyl
chloride was further substantiated by (a) derivatization of the
organometallic species formed with vinyl chloride, affording
the corresponding (CGC)Mg&tomplex, and (b) analysis of the
allylic and vinylidene polymer end groups on homo-PP, resulting
from propylene polymerization in the presence of vinyl chlo-
ride>#7Here we investigate the reactionafchloronorbornene
with in situ generated (CGC)MM®(CsFs)4~ (M = Ti, Zr) ion
pairs. In addition, the isolated (CGC)ZrMe(toluer@{CsFs)s~ 2°

followed by toluene addition to the resulting-Marbon bond,

IV) are detected by GC-MS, from either a 1:1 stoichiometric
or a catalytic-scale reaction. These results argue against direct
involvement of the metalMe™ bond in the catalytic cycle for
lalla-ds or 1b/1b-dg product formatiorf8

A7 L

Me cl
] \")

/
\xg
o

lon Pairs with o-
Chloronorbornene. Activation of metallocene dialkyls with
PhC™B(CsFs)4~ generates catalytic systems which are known
to be highly active for olefin polymerizatiohActivation of
CpZrMe; with 1.0 equiv of PRCTB(CsFs)s~ in tolueness,
followed by addition of either 1.0 or 10.0 equiv ofchloro-
norbornene, is catalytic, similar to the other catalytic systems
discussed above. However, the progress of the aromatic addition
reaction is slow compared to that of the aforementioned
Cp*TiMesz system, but much more rapid than that of the
constrained-geometry catalyst systems. Thus, the reaction of
o-chloronorbornene with excess toluetiecatalyzed by the
CpZrMe,/PheCTB(CsFs)4~ system at room temperature affords
1b-dg in quantitative yield after 24 h. The ratio of positional
isomers isortho:metapara = 32:30:38.

lon-pair complex was also used as a single-component system g o)y isolable and well-characterized, base/solvent-free

for comparative reactions witti-chloronorbornene.
Activation of (CGC)TiMe with PhsC*B(CgFs)4~ in toluene-
ds, followed by addition of 10.0 equiv ofo-chloronor-

(43) Shimanouchi, H.; Sasada, Xcta Crystallogr 197Q B26, 563-577.

(44) (a) Evans, S. V.; Hwang, C.; Trotter, J.Akcta Crystallogr 1988 C44,
1457-1459. (b) Doms, L.; Hemelrijk, D. V.; Mieroop, W. V. D.; Lenstra,
A. T. H.; Geise, H. JActa Crystallogr.1985 B41, 270-274. (c) Newton,
M. G.; Pantaleo, N. S.; Kirbawy, S.; Allinger, N. LJ. Am. Chem. Soc
1978 100, 2176-2180.

(45) (a) Li, H.; Li, L.; Liable-Sands, L.; Rheingold, A. L.; Marks, T.J.Am.
Chem. Soc2003 125 10788-10789. (b) Stevens, J. C. I8tudies in
Surface Science and CatalysiSoga, K., Terano, M., Eds.; Elsevier:
Amsterdam, 1994; Vol. 89, pp 27284.

(46) (a) McKnight, A. L.; Waymouth, R. MChem. Re. 1998 98, 2587-2598.
(b) Shaffer, T. D.; Canich, J. M.; Squire, K. Rlacromolecule4998 31,
5145-5147. (c) Sernetz, F. G.; Mhaupt, R.; Amor, F.; Eberle, T.; Okuda,
J.J. Polym. Sci., Part A997, 35, 1571-1578. (d) Soga, K.; Uozomi, T.;
Nakamura, S.; Toneri, T.; Teranishi, T.; Sano, T.; ArailMBcromol. Chem.
Phys.1996 197, 4237-4251. (e) Sernetz, F. G.; Nhaupt, R.; Waymouth,
R. M. Macromol. Chem. Phy4.996 197, 1071-1083.

(47) For the use of vinyl chloride as a chain-transfer agent in olefin polymeriza-
tions, see: Gaynor, S. Glacromolecule2003 36, 4692-4698.
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metallocene ion pair with a minimally coordinating counteranion
is Cp*ThMe"B(CgFs)4~.2° Room temperature reaction of
Cp*2ThMe™B(CgFs),4~ in tolueneds with an excess odi-chloro-
norbornene is catalytic and afford$-ds in 48% vyield after
110 h. The ratio obrtho:metapara = 33:31:36 is very similar

to the results found with the (CGC)ZrMe(toluenB(CsFs)4~
catalytic system described above.

(C) Mechanistic Experiments and Proposed Reaction
Pathway. A series of control experiments was performed to
investigate whether any of the established free radical or ionic
pathways for the addition of aromatics to olefins are operative
in the present chloronorbornene arylation process. Radical

(48) This is further supported by the observation that activation dg-Cp
ZrMeCl (Cp = CsH4Me) with PRRCTB(CgFs)s~ in tolueneds (yielding
PhCMe among other products), followed by the additioncothloro-
norbornene (10.0 equiv), produces the same prodbetis, in quantitative
yield.
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initiators such as AIBN and TEMPO were found to be (CgFs)s~ activated system react with 2,6-dirt-butylphenol
completely ineffective with respect to-chloronorbornene  slowly in tolueneels, and afte 2 h at 25°C, >80% of the phenol
addition to toluenedg at either 25 or 110C. However, the remains unreacted The high reactivity of the Cp*TiM¢g
reactivity of conventional organic radical initiators may not be PhC™B(CeFs)4 catalytic system in the presence of 2,6telit-
strictly comparable to that of metal-centered radical initiators butylphenol for the synthesis dfb-dg (5 min, 99% vyield) vs
if such a mechanism is operative in the present catalytic the lower reactivity of the Cp*TiMgPhC™B(CeFs)s~ System
synthesis ofla/lads or 1b/1b-dg. As an example, radical-  with respect to 2,6-diert-butylphenol (2 h, 20% conversion)
initiated polymerization of vinyl chloride by Cp*Tix+ MAO argues against a significant radical pathway in the synthesis of
(X = CI or OCH;; MAO = methylaluminoxane) has recently la/la-ds and1b/1b-ds.
been reporte&*°For optimal PVC yields, the polymerization The reaction of the Cp*TiMgPhC™B(CsFs)4~ catalytic
must be carried out with low Al:Ti ratio¥.If the polymerization system with adventitious traces of water present in the aromatic
is carried out at high Al:Ti ratios in benzene at 8D, the only reagents ora-chloronorbornene could conceivably generate
product observed is the coordinative/insertive (coupled with protons which might act as carbocationic initiate¥<>° In such
pB-chloride elimination) product, atactic oligopropylene. In the a scenario, a reasonable explanation for the formatiobaef
present work, the product of the Cp*TiMe- MAO reaction de/1b-dg in eq 2 is that generatedHadds to thex-chloronor-
(ALTi = 10) in tolueneds was combined witho-chloronor- bornene olefinic bond to form an electrophilic carbocationic
bornene under anaerobic conditions, and the reaction progressnoiety which then reacts with aromatics (benzene or toléne)
monitored by'H NMR. No reaction was observed either at 25 to yield 1a/1a-ds or 1b/1b-dg in a catalytic cycle such as shown
°C or at 90°C over a period of 24 h. in Scheme 1. As noted in the Experimental Section, all
The effect of a free radical inhibitor on the reaction rate of experiments were carried out with rigorous exclusion of oxygen
the Cp*TiMes/PhsC+B(CeFs)4 -catalyzed arenea-chloronor- and moisture. Reaction of Cp*TiM@r CpZrMe; in toluene-
bornene addition process was also examined. To an activatedds with an excess ofi-chloronorbornene (25.0 equiv) was
Cp*TiMe3/PheC™B(CsFs)4~ catalyst system in toluendy was examined by in sitt"H NMR. Evolution of CH®” was not
added 1.1 equiv of the vacuum-dried inhibitor 2,6telit- detected over the course of 12 h at Z5. Similarly, when
butylphenot® with vigorous agitation, followed by 10.0 equiv  extremely sensitive Cpta[CH(SiMes);], was combined with
of a-chloronorbornené&? The reaction is rapid, and complete an excess afi-chloronorbornene in toluendy; no evidence for
consumption ofx-chloronorbornene is observed #b min—a the formation of the protonolysis product @SiMes),%8 was
result similar to those observed in the absence of the phenol.detected by!H NMR over the course of 12 h at 2%C.
Additionally, in a separate experiment, an additional 1.1 equiv Additionally, the reaction ofi-chloronorbornene in toluendy
of 2,6-ditert-butylphenol was added to the reaction mixture after with either BR-OEt, (a H™ source in the presence of water) or
the first aliquot of 10.0 equiv ofi-chloronorbornene had been anhydrous HCI gas was monitored By NMR at 25 and 90
consumed. This was followed by the addition of another 10.0
equiv of a-chloronorbornene, and no significant inhibition of
the catalytic synthesis dfb-dg was detected. Control studies
also revealed that both Cp*TiMand the Cp*TiMe/PhC*B- (54

(53) (a) Baird, M. C.Chem. Re. 2002 100, 1471-1478. (b) Ewart, S. W.;
Baird, M. C. InTopics in CatalysisMarks, T. J., Stevens, J. C., Eds.;
Baltzer Science Publisher: Delft, The Netherlands, 1999; Vol. 7,.1
Carbocationic species derived from trityl salts are known to add directly
to double bonds as well as to initiate cationic oligomerization/polymerization
of a-olefins55 A control reaction involving P¥C*B(CsFs),~ with 1.0 equiv
of a-chloronorbornene in toluendywas also examined byH NMR, and
complete consumption af-chloronorbornene to forrb-dg required 12 h
at 25°C (as opposed to consumption ©f700.0 equiv ofa-chloronor-
bornene by the Cp*TiMgPhC*"B(CgFs)s~ activated system over the same
time period and at comparable concentrations). Addition of 1.1 equiv of
2,6-ditert-butylphenol to PEC*B(C¢Fs)s~ in tolueneds, followed by
addition of 1.0 equiv ofx-chloronorbornene, showed complete inhibition
of 1b-ds formation. Control NMR studies also revealed negligible reaction
between P§C*B(CsFs),~ and 2,6-ditert-butylphenol in toluenel at 25
°C. Although the exact pathway for the above reaction leadingbtds
formation is not completely clear, the complete lack of reactivity in the
presence of a radical scavenger possibly argues for the involvement of a
trityl radical. One-electron reduction of the §eh cation to the trityl radical,
which undergoes subsequent dimerization to Gomberg’s dimer, has been
reported: Hembre, R. T.; McQueen, J. Agew. Chem., Int. Ed. Engl.
1997, 36, 65—67. For reactions involving generation of the trityl radical
from the PRC™ cation, see: (a) Jernakoff, P.; Cooper, NDdganometallics
1986 5, 747-751. (b) Zador, E.; Warman, J. M.; Hummel, A. Chem.
Soc., Faraday Transl979 75, 914-920. (c) Berlin, K. D.; Shupe, R. D;
Grigsby, R. D.J. Org. Chem1969 34, 2500-2503.
(55) (a) Acar, M.; Kucukoner, MPolymer1997, 38, 2829-2833. (b) Gonzalez,

M.; Rodriguez, M.; Leon, L. MJ. Macromol. Sci., Pure Appl. Cheit995

A32 1773-1780. (c) Velichkova, R.; Panayotov, I. M.; Doicheva,JJ.

Polym. Sci., Polym. Chem. E®982 20, 2895-2902. (d) Florquin, S. M.;

Goethals, E. IMakromol. Chem1981, 182, 3371-3377. (e) Richey, H.

G.; Lustgarten, R. K.; Richey, J. M. Org. Chem1968 33, 4543-4545.
(56) March, JAdvanced Organic Chemistryjohn Wiley and Sons: New York,

=

(49) (a) Matsukawa, T.; Kiba, R.; Ikeda, T. (Chisso Corp.). Japanese Patent
08208736;Chem Abstr1996 125 276902. (b) For the use of {Rs),-
ZrCl,/MAOQ as a photoactivated initiator for free-radical VC polymerization,
see: Nagy, S. M.; Krishnamurti, R.; Cocoman, M. K.; Opalinski, W. M.;
Smolka, T. F. (Occidental Chemical). WO 9923124 &hem. Abstr1999
130, 338530.

(50) (a) Endo, K.; Saitoh, MPolym. J.200Q 32, 300-302. (b) Endo, K;
Kaneda, N.; Waku, H.; Saitoh, M.; Emori, N. Vinyl Addit. TechnoR001,

7, 177-183.

(51) For studies using phenols as radical inhibitors, see: (a) Haddleton, D. M.;
Shooter, A. J.; Heming, A. M.; Crossman, M. C.; Duncalf, D. J.; Morsley,
S. R. ACS Symp. Serl998 685 284-295. (b) Matyjaszewski, K.
Macromolecule4998 31, 4710-4717. (c) Lartigue-Peyrou, fad. Chem.
Libr. 1996 8, 489-505. (d) Matsumoto, A.; Yamagishi, K.; Aoki, S.
Polym. Sci., Part A: Polym. Cheml994 32, 917-928. (e) Tudos, F,;
Foldes-Berezsnich, TProg. Polym. Sci1989 14, 717-761. For the use
of 2,6-ditert-butylphenol as a radical inhibitor in single-site olefin
polymerization without compromising activity, see: (a) Mullin, M. J.;
Nickias, P. N.; Soto, J. (Dow Chemical Co.). Application WO 97-US15095
19970827, 1997. (b) Wilen, C.-E.; Nasman, J.NMtacromolecules1994
27, 4051-4057. For the effect of 2,6-dert-butylphenol derivatives on
cationic Fe-catalyzed alkane functionalization in a mechanistic study, see:
Kojima, T.; Leising, R. A.; Yan, S.; Que, L. JJ. Am. Chem. S0d.993
115 11328-11335. For analogous Ir- and Rh-catalyzed reactions, see:
Booth, B. L.; Haszeldine, R. N.; Neuss, G. R. H.Chem. Soc., Perkin
Trans 1975 209-212.

(52) Reaction of 2,6-diert-butylphenol with the Cp*TiMe/PhsC*B(CgsFs)s~

activated catalyst system in toluedgis slow, and with time is expected

1992; pp 50%568.

to yield the corresponding phenoxide-substituted cations of the type (57) (a) Carr, A. G.; Dawson, D.; Bochmann, Mlacromoleculesl998 31,

Cp*Ti(OAr)Me*™B(CsFs)s~ (Ar = 0O-2,6:BuCsH3). The exact nature of
species generated from reaction of Cp*Ti(OAr)Meith PhsC+B(CsFs)s~
remains ill-defined. For examples of the use of such catalysts, see: (a)
Nomura, K.; Fudo, AJ. Mol. Catal. A2004 209, 9—17. (b) Nomura, K.;
Fudo, A.Inorg. Chim. Acta2003 345 37—43. (c) Nomura, K.; Fudo, A.
Catal. Commun 2003 4, 269-274. (d) Nomura, K.; Oya, K.; Komatsu,

T.; Imanishi, Y.Macromolecule00Q 33, 3187-3189. (e) Nomura, K;
Naga, N.; Miki, M.; Yanagi, K.; Imai, AOrganometallics1998 17, 2152~
2154.

2035-2040. (b) Blanco, S. G.; Sal, M. P. G.; Carreras, S. M.; Mena, M.;
Royo, P.; Serrano, Rl. Chem. Soc., Chem. Commad986 1572-1573.

(c) Wailes, P. C.; Coutts, R. S. P.; Weigold, Birganometallic Chemistry
of Titanium, Zirconium and HafniunpAcademic Press: New York, 1974;
p 132.

(58) (a) Ryu, J. S.; Li, G. R.; Marks, T.J. Am. Chem. So2003 125, 12584~

12605. (b) Hong, S.; Marks, T. J. Am. Chem. SoQ002 124, 7886-
7887. (c) Jeske, G.; Lauke, H.; Mauermann, H.; Swepston, P. N.; Schumann,
H.; Marks, T. J.J. Am. Chem. S0d985 107, 8091-8103.
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Scheme 1. Plausible Proton (H*)-Catalyzed Arylation of
o-Chloronorbornene

°C. Formation oflb-dg was not observed. These results argue
against the possibility of initiation by trace (or larger) amounts
of H generated by adventitious water, in the catalytic formation
of productla/lads or 1b/1b-dg.>°

Lewis acid-mediated FriedelCrafts alkylation of aromatics
by olefins and alkyl halides is well-document&dCommonly
used Lewis acids (e.g., SnCFeCh, AICI3, etc.) or proton acids
(e.g., HF, BE-OEb, HSOy, H3POy, etc.) are usually used in
1:1 stoichiometric ratios with the alkylating agents for such
transformations (eq 3P More recently, the catalytic enantio-

BF3-OEt;
g~ == +

selective addition of aromatic-€H bonds toS,y-unsaturated
o-ketoesters, mediated by chiral transition-metal Lewis acids
(e.g., (bisoxazoline)copper(ll) and -zinc(ll)), was reported (eq
4)51

[o]

§J><f\) H

o Ph- COOMe
m + PN cooMe — , Y H @
N R='Bu,Ph N
M = Cu(OT),
Cu(SbFe);
Zn(0TH),

Olah and co-workers reported the Fried€Irafts alkylation
of aromatics with chloronorbornanes using a 1:1 stoichiometric

(59) Addition of 2,6-ditert-butylpyridine to the Cp*TiMe/PhC™B(CgFs)a™
activated system in a 1:1 stoichiometric molar ratio followed by addition
of 1.0 equiv ofa-chloronorbornene evidences no inhibition of catalytic
turnover and thus argues against any significant role dfrtitiation as a
competing pathway to product formation. For related studies, see: (a)
Barsan, F.; Karam, A. R.; Parent, M. A.; Baird, M. Blacromolecules
1998 31, 8439-8447. (b) Shaffer, T. D.; Ashbaugh, J. R.Polym. Sci.,
Part A: Polym. Chem1997 35, 329-344.

For reviews of FriedelCrafts alkylation reactions, see, for example: (a)
Olah, G. A.; Krishnamurti, R.; Prakash, G. K. SCDmmprehense Organic
Synthe5|sTrost B. M., Flemlng, . Eds Pergamon Press: Oxford, 1991;
Vol. 3, Chapter 1.8, p 293. (b) Roberts, R. M.; Khalaf, A. Rriedel-
Crafts Alkylation ChemistryA Century of Discoery; Marcel Dekker: New
York, 1984. (c)Friedel-Crafts ChemistryOlah, G. A., Ed.; Wiley: New
York, 1973. (d)Friedel-Crafts and Related Reactigr@lah, G. A., Ed.;
Wiley-Interscience: New York, 196365; Vols. 1-4. (e) Friedman, H.
M.; Nelson, A. L.J. Org. Chem1969 34, 3211-3213.

(60)
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ratio of SnC} or AICI3 to chloronorbornane (eq 53.1t was
proposed that the reaction proceeds via a carbocationic inter-

@SnCIs

I4 + HCI
SnCls + HC R=HorMe

mediate, ultimately leading to the corresponding chlorine-free,
aryl-substituted norbornanes.

It was observed in the SnCteaction with toluene that the
paraisomer is the major product, while tleetaisomer (with
no trace ofortho isomer) is the major product in the corre-
sponding AICk-mediated reactions. In the present study, the
possible reaction ofo-chloronorbornene with toluene was
investigated in the presence of strong Lewis acids such as MAO,
B(CgFs)3, SnCl, Cp*TiCls, and TiCk. No reaction is observed
at either 25 or 9C°C. In the group 4 metal alkyl/BE&*B-
(CgFs)4-catalyzed reactions witir-chloronorbornene, note that
the only products formed are aryl-substituted chloronorbonanes
(1a/lads or 1b/1b-dg). No detectable quantities of bis-aryl-
substituted norbornanes are observed. These would result from
abstraction of the chloride at the bridgehead carbon if the
catalytic system behaved as a conventional Lewis &cld.
addition, the present metal-catalyzed reaction is catalytic and
exhibits turnover numbers ranging from 10 to 700, whereas,
for the above Lewis acid alkylation reacti&ha 1:1 stoichio-
metric alkylating agent:initiator ratio is required.

On the basis of the reactivity differences among the present
single-site group 4 complexes having differing ancillary ligation,
and the control experiments discussed above, a plausible
mechanism for the organometal2iB(CsFs)4 -catalyzed re-
action of a-chloronorbornene with aromatics is shown in
Scheme 2. The first step in the catalytic cycle involves
coordination ofa-chloronorbornene to the electron-deficient,
unsaturated cationic metal center via a plausible but tranitory
m-olefin complex Q). This is followed by addition of the

(61) (a) Jensen, K. B.; Thorhauge, J.; Hazell, R. G.; Jgrgensen, Kndew.
Chem., Int. Ed2001, 40, 160-163. (b) Zhuang, W.; Gathergood, N.; Hazell,
R. G.; Jergensen, K. AJ. Org. Chem.200], 66, 1009-1013. (c)
Gathergood, N.; Zhuang, W.; Jgrgensen, K.JAAm. Chem. So00Q
122 12517 12522.

(62) Olah, G. A.; Lee, C. S.; Surya Prakash, G.X.Org. Chem1994 59,
2590-2593.

(63) Lewis acid-initiated alkylation at the bridgehead position of 1-chloronor-
bornane occurs readily to afford the corresponding 1-aryl-substituted
norbornane; see: Olah, G. A; Lee, C. S.; Prakash, G. K. S.; Moriarty, R
M.; Rao, M. S. CJ. Am. Chem. Sod.993 115 10728-10732.

(64) (a) Lipian, J.; Mimna, R. A.; Fondran, J. C.; Yandulov, D.; Shick, R. A,;
Goodall, B. L.; Rhodes, L. AMacromolecule002 35, 8969-8977. (b)
Hasan, T.; Nishii, K.; Shiono, T.; Ikeda, Macromolecule2002 35,
8933-8935. (c) Janiak, C.; Lassahn, P.lsMol. Catal.2001, 166, 193~
209 and references therein. (d) Hennis, A. D.; Polley, J. D.; Long, G. S;
Sen, A.; Yandulov, D.; Lipian, J.; Benedikt, G. M.; Rhodes, L. F.; Huffman,
J. Organometallics2001, 20, 2802-2812. (e) Sakai, T.; Novak, B. M.
Polym. Prepr (Am. Chem. Soc., Bi Polym. Chem.p001, 42, 419-420.

(f) Peucker, U.; Heitz, WMacromol. Rapid Commuri998 19, 159—

162. (9) Jeremlc D.; Wang, Q.; Quyoum, R.; Baird, M.JCOrganomet.
Chem.1995 497, 143—147 (h) Mehler, C.; Rlsse WMacromolecules
1992 25, 4226-4228. (i) Kaminsky. W.; Bark, A.; Arndt, MMacromol.
Chem., Macromol. Symf991, 47, 83—93. For computational studies on
the addition of norbornene to cationic metal species, see: (a) Kim, K. H,;
Han, Y.-K.; Lee, S. U.; Chun, S.-H.; Ok, J. H. Mol. Model.2003 9,
304—-307. (b) Yoshida, Y.; Nakano, T.; Tanaka, H.; Fujita|dr. J. Chem
2002 42, 353-359.
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Scheme 2. Plausible Mechanism for L,MMe*B(C¢Fs), -Catalyzed
Arylation of a-Chloronorbornene

>a

3
E Metal cation-

Cl

catalyzed routes

c’2

cationic metal moiety to the sterically less hindered and
presumably more electron-rich olefinic site, generatingyan
metal-coordinatedp-tertiary carbocationic intermediateB;(
Scheme 2). An analogous addition of an electron-deficient
cationic metal species to the olefinic bond of norbornene is
proposed in the homopolymerization of norbornene to produce
a saturated homopolymer (ecf6ps well as in the copolym-

+

[ﬁ@ —»ﬁ @/[E_@

=

erization of norbornene with ethylefe.Moreover, similar

[Pd(CH3CN)1**

2 CH;CN
L = CH3CN
Counteranion = {BF4" }»

(6)

pathways have been proposed in cases where addition of single-
site group 4 catalysts to substituted olefins (styrene, isobutene,

vinyl ethers, etc.) leads to stable carbocations that initiate further
monomer addition to yield polyolefins (eq ¥%6

H,C=CMe,
= @\ <
+ H,C=CMe;, Me/Ti\ +§M;
Me— 1. -H s
/TR L ceFs U TN
Mé H—C—B~. H CoF5
5\ CeFs H—C—B.,
H C5F5 S \/CSF5
H CeFs
X w e
| H_| +:_:\ H2C=CMe2
Me//Ti\ /\c—c\’wIe —— >, polymer (7)
c—cC’
Me 173 1 "Me H _ CeFs
Me H—C—B ..c ¢
N \ “6Fs5
H CeFs

Perhaps reflecting destabilization by the electron-withdrawing
Cl substituenf’ intermediateB (Scheme 2) is postulated to
undergo rapid alkyl migration/skeletal rearrangement to yield

carbocationic specie€, via a nonclassical carbocationic
pathway®® Such rearrangements of carbocationic species are
commonly observed in norbornyl systeéth® as well as in
Pd(CHCN)42[BF4]2-catalyzed oligomerization of olefif%
and isomerization aert-butylethylené&® (eq 8). For comparison,

@)

\%\*"ﬁ*H

Pa?*

the catalytic isomerization/disproportionation of olefins mediated
by cationic group 4 benzamidinate complexes is proposed to
occur through either metahklkyl insertionf3-H elimination (for
aliphatic olefins) or allylic proton activation (for cyclic olefin®).
Moreover, the very similar ratios of positional isomers in product
1b-dg (eq 2) produced from the various organometaj(tB-
(CsFs)4-catalyzed reactions @f-chloronorbornene with toluene-

ds further argue for a similar, metal-independent intermediate
in each catalytic system preceding product formation. The
greater presumed reactivity at carbocationic vs metal centers
leads to attack by even weaker nucleophiles as shown in
the synthesis of indole derivatives (eq/9as well as in the

H:_ N=-R N

N
| Hg | Il R NaBH,
— N N T
N -H N
A A
Pd* Pd

R

9

Pd*

%“ ©

R = Me, Et, Ph

Pd(CHCN)2T[BF4],-catalyzed reaction of propylene with
aromatics’?

(65) (a) Tritto, I.; Boggioni, L.; Jansen, J. C.; Thorshaug, K.; Sacchi, M. C.;

Ferro, D. R.Macromolecule2002, 35, 616-623. (b) Wendt, R. A.; Fink,

G. Macromol. Chem. Phy2001, 202 3490-3501. (c) Kaminsky, W.;

Beulich, I.; Arndt-Rosenau, MMacromol. Symp2001, 173 211-225.

(d) Tritto, 1.; Marestin, C.; Boggioni, L.; Sacchi, M. C.; Ferro, D. R.

Macromolecule001, 34, 5770-5777. (e) Ruchatz, D.; Fink, ®acro-

molecules1998 31, 4684-4686. (f) Arndt, M.; Beulich, |.Macromol.

Chem. Phys1998 199 1221-1232. (g) Kamisky, W.; Noll, APolym.

Bull. 1993 31, 175-182.

(66) (a) Kumar, K. R.; Hall, C.; Penciu, A.; Drewitt, M. J.; Mclnenly, P. J.;

Baird, M. C.J. Polym. Sci., Part A: Polym. Cher2002 40, 3302-3311.

(b) Wang. Q.; Quyoum, R.; Gillis, D. J.; Tudoret, M.-J.; Jeremic, D.; Hunter,

B. K.; Baird, M. C. Organometallics1996 15, 693—-703. (c) Barsan, F.;

Baird, M. C.J. Chem. Soc., Chem. Comm895 1065-1066. (d) Wang,

Q.; Baird, M. C.Macromoleculesl995 28, 8021-8027.

Substituents such as Me, phenyl, methoxy, etc. at the norb@pgsition

stabilize the corresponding 2-norbornyl carbocation and what is considered

more likely to be a classical structure; see: (a) Laubeifigew. Chem.,

Int. Ed. Engl 1987, 99, 580-583. (b) Montgomery, L. K.; Grendze, M.

P.; Huffman, J. CJ. Am. Chem. S0d.987, 109, 4749-4750. (c) Olah, G.

A.; Liang, G.J. Am. Chem. Sod974 96, 195-199. (d) Olah, G. A;

DeMember, J. R.; Lui, C. Y.; White, A. MJ. Am. Chem. Sod.969 91,

3958-3960. (e) Effects of Cl substituents in norbornane: Fry, A. J.;

Farnham, W. BJ. Org. Chem1969 34, 2314-2319.

(68) (a) March, JAdvanced Organic ChemistryJlohn Wiley and Sons: New
York, 1992; pp 312326. (b) Myhre, P. C.; Webb, G. G.; Yannoni, C. S.
J. Am. Chem. S0d.99Q 112, 8991-8992. (c) Koch, W.; DeFrees, D. J.;
Liu, B. J. Am. Chem. So&989 111, 1527-1528. (d) Olah, G. A.; Prakash,
G. K. S.; Saunders: MAcc. Chem. Red4983 16, 440-448 and references
therein.

(69) (a) Sen, A,; Lai, T.-W.; Thomas, R. B. Organomet. Chenil988 358
567-588. (b) Sen, A,; Lai, T.-WJ. Am. Chem. Sod.981, 103 4627~
4629.

(70) Averbuj, C.; Eisen, M. SJ. Am. Chem. Sod999 121, 8755-8759.

(71) Hegedus, L. S.; Mulhern, T. A.; Asada, Bl.Am. Chem. S0d986 108
6224-6228.

(67

—
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Similarly, a conventional aromatic electrophilic substitution
reactiol¥® at the a-position of intermediateC (Scheme 2),
followed by H' elimination (possibly concerted with MC
cleavage)? may lead to a species such&sin which the neutral
metal moiety at the bridging position is located proximate to,
and possibly withinz-bonding distance of, the phenyl substituent
(eq 10)7* This stereochemistry is further supported by Spartan-

H
\_-D

D
D

(10)

D
H

1a-dg

level, energy-minimized molecular modeling of such a spée€ies,

diverse nonclassical reactivity patterns of highly electrophilic
single-site catalysts toward nonpolar/polar vinyl monomers. For
example, vinyl halides undergo 1,2-insertion into—&lkyl
species followed by-Cl elimination, while norbornene adds

to cationic metal moieties to effect vinyl-addition polymeriza-
tion. Similarly, isobutylene undergoes polymerization via metal-
mediated carbocationic routes. In the present study, we show
that a-chloronorbornene undergoes a novel transformation
involving olefin addition to the cationic metal moiety and then
skeletal rearrangement, followed by reaction with aromatic
reagents to yield the corresponding aryl-substituted chloronor-
bornanes. To the best of our knowledge, this is the first report
concerning addition of cationic single-site catalyststtbalo-
alkenes in whichg-Cl elimination is blocked. Instead of
enchaining a secong-chloronorbornene molecule, presumably
for steric reasons, the metallocarbocation undergoes reaction

as well as by establishing the stereochemistry of deuterium with aromatic reagents to effect what is essentially a conven-

introduced at the bridging C7 position (Scheme 2) in the labeled
productexa1-chloro-2-phenybs-norbornane-th (1a-dg), using

°H NMR and!H—H NOESY#? Similar retention of configu-
ration at the metatC centers is observed on protonolysis/
deuteriolysis or electrophilic cleavage of alkyl and vinyl groups
in many early- and late-transition-metal compleXe®roto-
nolysis of the M-C bond inE yields the finalexc1-chloro-

tional electrophilic substitution. This finding lays the ground-
work necessary to understand how to preye@l elimination

and also shows the importance of the delicate balance between
the nature of the functional group directly bound to a vinyl
monomer and its electronic/steric influence in determining the
reaction pathway. Further extension of the scope of such
functionalized monomers and the design of catalysts to obtain

2-aryl-substituted norbornane and regenerates a cationic activenteresting new polymers is under investigation.

metal specie$’
Conclusions

A wide variety of B(GFs)s~-stabilized single-site cationic
polymerization catalysts are found to efficiently mediate the
arylation of a-chloronorbornene under mild catalytic reaction
conditions to selectively yield the correspondiexp-1-chloro-
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2-arylnorbornanes. The results presented here illustrate the!H—3C HMQC and HMBC, andH—'H NOESY) for product

(72) In the oligomerization of propylene in aromatic solvents (benzene or toluene)
catalyzed by Pd(CKCN),2"[BF4 ]2, substantial amounts- (5% compared
to the yield of propylene oligomers) of isopropyl-substituted benzene or

toluene are observed due to competition between arene alkylation (reaction

atthe ():6agrbocationic center) and olefin oligomerization (reaction at the metal

center)®
(73) A competition experiment (to identify possible kinetic isotope effects)
involving a 1:1 mixture of @Hg/CsDs With either the CpZrMe,/PhCB-
(CeFs)4~ or the Cp*TiMey/PhsC*B(CsFs)4~ activated system was examined
in the presence of 10.0 equiv afchloronorbornene at 2%. The reaction
was quenched after 5 min with methanol. €KIS of an aliquot revealed
complete deuterium scrambling within the aryl portions of the reaction
product (Wz(M+) 206-212), consistent with a rapid, reversible-8 bond
breaking process. See ref 56 for other examples of such processes.
Such a scenario is observed in-bienzyl complexes, where the Ti moiety
is coordinated to thgpso-carbon of the phenyl group, and is confirmed by
solid-state X-ray structures. For examples, see: (a) Cotton, F. A.; Murillo,
C. A.; Petrukhina, M. AJ. Organomet. Cheml999 573 78-86. (b)
Warren, T. H.; Schrock, R. R.; Davis, W. Mdrganometallics1996 15,
562-569. (c) Bassi, I. W.; Allegra, G.; Scordamaglia, R.; Chioccolal] G.
Am. Chem. Sod 971, 93, 3787-3788.
An energy-minimized molecular mechanics Spartan-level geometry calcula-
tion of speciesE with M = Cp*Ti(IV)Me, or Cp*Ti(lll)Me shows that
the Ti center is oriented toward the phenyl substituent withQ{phenyl)
contact distances in the range of 4.2@271 A (for Ti(IV)) and 3.753
5.556 A (for Ti(lll)). These distances are comparable to, and within, the
range of Ti—Cthenyl) contact bond distancg®135-5.558 A (for Ti(IV));
3.111-5.560 A (for Ti(Ill))} generated from Spartan-level calculations for
the corresponding styrene-inserted Ti species (two distances from the Ti
center), where 2,1-insertion of ¥Me species into styrene occurs prefer-
entially via multihapto coordination with the phenyl substituent during
syndiospecific styrene polymerizatiéh?®
(76) (a) O’'Connor, E. J.; Kobayashi, M.; Floss, H. G.; Gladysz, JJ.AAm.

Chem. Soc1987, 109, 48374844. (b) Rogers, W. N.; Baird, M. Cl.

Organomet. Chen1979 182, C65-C68. (c) Schwartz, J.; Labinger, J. A.

Angew. Chem., Int. Ed. Endl976 15, 333—340. (d) Labinger, J. A.; Hart,

D. W.; Seibert, W. E., lll; Schwartz, J. Am. Chem. So4975 97, 3851~

3852. (e) Periasamy, M. P.; Walborsky, H. M. Am. Chem. Sod.975

97, 5930-5931.

(74)

(75)
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la/lade/1b as well as details of the structure determinations
for product2a, including listings of atomic coordinates, thermal
parameters, bond distances, and bond angles (PDF, CIF). This
material is available free of charge via the Internet at
http://pubs.acs.org.

JA047828W

(77) An alternative pathway would invoke a-Ei activation process in which
the cationic metatMe species undergoes reaction with benzene to yield a
cationic M—H or M—phenyl species. This species would then add to the
a-chloronorbornene olefinic bond, followed by rearrangement (to explain
the position/stereochemistry of the Cl and phenyl groupainand reaction
with another molecule of benzene to yield the final product and regenerate
the cationic M—-H or M—phenyl species.

by B gy e J Q. o

cl
Control studies were carried out in which the ZgMe,/PhC*B(CsFs)s~
activated system in eithergBs or CsDs was reacted withu-chloronor-
bornene (10.0 equiv) in the presence of 1.0 atmobiCH, gas, respectively,

with vigorous stirring. No deuteriolysis/hydrogenolysis interception products
were detected; i.e., no deuterium-incorporated chloronorbornanes (resulting
from deuteriolysis of the Mcarbon bond) were detected by GEIS.
These results argue that such a-I€ activation route is not a major
competing pathway in product formation. For recent examples of similar
C—H activation processes, see: (a) Hoyt, H. M.; Michael, F. E.; Bergman,
R. G.J. Am. Chem. So@004 126, 1018-1019. (b) Thomas, J. C.; Peters,

J. C.J. Am. Chem. So@003 125 8870-8888. (c) Lail, M.; Arrowood,

B. N.; Gunnoe, T. BJ. Am. Chem. So2003 125 7506-7507. (d) Jia,

C.; Kitamura, T.; Fujiwara, YAcc. Chem. Re001, 34, 633-639 and
references therein. (e) Johansson, L.; Tilset, M.; Labinger, J. A.; Bercaw,
J. A.J. Am. Chem. So200Q 122 10846-10855.

rearrangement




