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Abstract: (Alkenyl)zirconocene chlorides Gpr(Cl)(CH=CHR) @, R = H, phenyl,n-butyl, or cyclohexyl)
react with “CpZr” generated from various precursors to yield the neutral dinuclear alkenyl-bridged

bis(metallocene) complex@&dCp,Zr(u-Cl)(u-1t:n?-CH=

protonated by treatment with (HNMh™)(BPh,~) (84)

CHR)ZrCp)]. The complexes$ are regioselectively
to yield the unusually structured produ@$Cp,Zr-

(u-Cl)(u-nt:p?>-CH,C?HR)ZrCpy ], which exhibit an unsymmetrically bridged hydrocarbyl ligand containing

a novel type of a hypercoordinated carbon centéj (@&ide the rigid organometallic framework. From the

NMR analysis and an X-ray crystal structure determination of the exah@aMeCp)Zr(u-Cl)(u-CH,C?H-
n-butyl)Zr(MeCp) ], it is evident that the hypercarbon atoni & coordinated to four close neighboring

atoms (Zt, Zr2, C2, and H9 in a distorted square-planar arrangement with the remaintadH& bond being

oriented perpendicular to it. ¥thus marks the apex of a distorted square pyramid; the hypercarbon atom C

is located in the center of the basal plane. This unusual structural coordination geometry drisuthet€@mined

by the stereoelectronic features of the two adjacent group 4 bent metallocene units. From the dynamic features
of complex9a (R = H), a stabilization energy of ca. 10 kcal mbls estimated for the uncommon coordination

mode of C1, which is favored here, relative to a

“normal®-bgbridized structure in &C,,-symmetric

metallacyclic framework. Part of the pronounced thermodynamic stabilization of this unusual pentacoordinate
carbon geometry originates from the stramgagostic Zr--H'2-C! interaction in the basal plane. From the
monodeuterated derivativ@a-C'HD, an energy difference of 220 cal mélbetween D and H favoring the

bridging position was determined.

Introduction

Hypercarbon compounds show most interesting structural and
chemical properties. Pure hydrocarbon systems that contain
hypercoordinated carbon can be generated by protonation o

various GHy, precursors in the strict absence of basic or

framework. The newly formed hydrocarbyl ligands contain
hypercoordinated carbon, apparently derived from an unusual

(2) Schleyer, P. v. R.; Wthwein, E.-U.; Kaufmann, E.; Clark, T.; Pople,
§J. A.J. Am. Chem. S0d.983 105 5930. Scherbaum, F.; Grohmann, A;
Huber, B.; Kriger, C.; Schmidbaur, HAngew. Chem1988 100, 1602;

Angew. Chem., Int. Ed. Endl988 27, 1544. Scherbaum, F.; Grohmann,

nucleophilic anions. Consequently, such systems were studieda.; Miiller, G.; Schmidbaur, HAngew. Chem1989 101, 464; Angew.

extensively in superacidic media or in the gas pHagerga-

nometallic substituents have been used successfully to preparq?‘

Chem., Int. Ed. Engl1989 28, 463. Waymouth, R. W.; Potter, K. S.;
chaefer, W. P.; Grubbs, R. Brganometallics199Q 9, 2843. Schmidbaur,
.; Brachthaiser, B.; Steigelmann, CAngew. Chem1991 103 1552;

stable compounds containing hypercoordinated carbon in variousangew. Chem., Int. Ed. Englo91, 30, 1488. Glukhovtsev, M. N.; Simkin,
coordination geometries. Mostly such organometallic systems B. Ya., Minkin, V. 1. J. Org. Chem. USSR991, 27, 1. Dufour, N.; Schier,

contain a combination of several metal substituents, and they
are usually prepared by adding an electrophilic metal-containing 13

A.; Schmidbaur, HOrganometallics1993 12, 2408. Clark, D. L.; Gordon,
C.; Huffman, J. C.; Watkin, J. G.; Zwick, B. @rganometallicsL994
4266. Schmidbaur, H.; Gabbai, F. P.; Schier, A.; Ried@rgdanome-

reagent to a carbon center of a hydrocarbyl ligand of an tallics 1995 14, 4969. Radius, U.; Silverio, S. J.; Hoffmann, R.; Gleiter,
Organometa”ic precursor Component, thereby Creating an ex_R. Organometallic51996 15, 3737 and references cited in these articles.

panded coordination environment at the specific carbon center

inside the chosen framewotk?3 We have now, to our
knowledge for the first time, found a simple protonation route
that has made hypercarbon geometries synthetically availabl
in a dimetallic group 4 bis(metallocene) complex framewbrk.
This route uses readily available neutral dimetafliea(kenyl)-
bis(zirconocene) complexes as precurSossddition of a proton

to the unsaturated alkenyl bridge leads to a saturat€tHp-
CHz—]* derived bridging ligand inside a stabilizing dimetallic

* Corresponding author: fax}-49 251 83 36503; e-mail, erker@uni-
muenster.de.

(1) (@) Olah, G. A.; Prakesh, G. K. S.; Williams, R. E.; Field, L. D;
Wade, K.Hypercarbon Chemistpywiley: New York, 1987. (b) Olah, G.
A.; Rasul, G.Acc. Chem. Red997, 30, 245 and references therein.
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Many examples of organometallic compounds containing hypercoordinated
C atoms are found in the followingComprehensie Organometallic
Chemistry Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon:
London, 1995.

e (3) Sinn, H.; Kolk, E.J. Organomet. Chenl966 6, 373. Kaminsky,

W.; Sinn, H.Liebigs Ann. Cherl975 424. Kaminsky, W.; Kopf, J.; Sinn,

H.; Vollmer, H.-J.Angew. Chem1976 88, 688. Cotton, F. A.; Kibala, P.

A. Polyhedron1987, 6, 645. McDade, C.; Gibson, V. C.; Santarsiero, B.
D.; Bercaw, J.Organometallics1988 7, 1. Cotton, F. A.; Kibala, P. A.
Inorg. Chem 199Q 29, 3192. Negishi, E.; Nakajima, K.; Takahashi, T.;
Kasai, K.; Suzuki, N.Organometallics1994 13, 3413. Bochmann, M.;
Robinson, O. B.; Lancaster, S. J.; Hursthouse, M. B.; Coles, S. J.
Organometallics1995 14, 2456. Sun, Y.; Piers, W. E.; Retting, S. J.
Organometallics1996 15, 4110. Karl, J.; Erker, G.; Fidich, R.; Zippel,

F.; Bickelhaupt, F.; Schreuder Goedheijt, M.; Akkerman, O. S.; Binger, P.;
Stannek, JAngew. Chem1997 109, 2914;Angew. Chem., Int. Ed. Engl
1997, 36, 2771. Schottek, J.; Erker, G.; Fiach, R.; Angew. Chem1997,

109 2585;Angew. Chem., Int. Ed. Engl997, 36, 2475.
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Table 1. [(u-nty?-Alkenyl)(u-Cl)(ZrCp,).] Complexes6 Obtained from Zirconocene Addition Reactions teAlkenyl)zirconocene Chloride
Complexes4
product educt R method yield (%) OCIHP OC?HP 3Jun (Hz)
6a 4a H A 22 178.8, 7.15 63.1, 3.92 178
6a-dy¢ E-d4ady D B 73 e e e
6b 4b Ph A 38 170.3,7.69 84.9,4.55 18.1
6¢ 4c n-Bu A 30 183.0, 6.92 88.7,2.99 17.9
6d 4d Cy C 46 180.6, 7.01 70.2,2.85 17.9

aSee Scheme P.In benzenads. € 3Jyans 3Jeis = 13.5 Hz,2J = 1.8 Hz.91:1 mixture ofE/Z-isomers.c See6a. f From ref 5a.

distorted square-pyramidal GXgeometry. The systems are
stable, and they are readily prepared by udihiy-dimethyl-
anilinium salts with large nonnucleophilic anions (BPlor
B(CeFs)s~) as protonating reagerfis.A variety of typical
examples is described in this article.

compounds, namel§b, had been structurally characterized by
us previously?2

The complexes6 show very characteristic spectroscopic
features (see Table 1). Most noteworthy for this class of
compounds is the very typicdC NMR chemical shift of the
[Zr]2(C*H=) moiety. All the @-alkenyl)bis(zirconocene) com-

Results and Discussion plexes 6b—d) that bear an aryl or alkyl substituent at the

Preparation of the Organometallic Precursors. The di-
nuclear f-alkenyl)bis(metallocene) starting materia for this
study were prepared in the following way. The alky3es-d
were hydrozirconatéd to give the ¢-alkenyl)zirconocene
chloride complexeda—d. These were then treated with in situ

2-position exhibit a trans-configurated'ZC'H=C?HR frame-

work just like their mononuclear{alkenyl)zirconocene chloride

precursord. Only the parent compound, thefginyl)(«-Cl)-
(ZrCm)2] complex 6a behaves differently, but this was only
revealed upon introduction of a deuterium label at the 2-position.

generated zirconocene (&v; or a synthetic equivalent thereof) ~ “Deuteriozirconation” of acetylene had stereoselectively gener-
to directly yield the [(-nn?*alkenyl)@-Cl)(Cp,Zr);] complexes ~ ated thez-configurated CgZr(Cl)CH=CHD systema-d, (i.e.,
6a—d. We have used three different zirconocene generating the system that exhibits the &4Cl substituent and the
methods, namely the “Negishi method” (treatment of zir- S-deuterium atom in a cis arrangement). Treatment with Cp
conocene dichloride with twaon-butyllithium (:,a('¢1l'|iva|ent3§‘)l Zr(butadiene) under UV irradiation led to the formation of the
photolysis of diphenylzirconoceffer the reaction with (buta-  dinuclear complea-d,, but stereochemically unselective. The
diene)zirconocen® The latter two methods were previously —deuterated comple§a-d, was obtained as a 1:1 mixture of the
used successfully by us to transfer the;@punit from readily respectiveE- and Z-isomers. This is probably due to an
available precursors. All three methods produce the dimetallic intramolecular rearrangement that leads to a connectivity
complexes in reasonable yield. One example of this class of €xchange of the framework but is otherwise degenerate. Such
equilibration by means of intramoleculai;*:?-alkenyl migra-

tion has frequently been observed at other dinuclear metal
complex frameworks! In this specific case, this otherwise
hidden process becomes apparent by stereochemical scrambling
of the deuterium label at the 2-position.

(4) We had previously used a selective protonation reaction of dinuclear
(u-acetylide)bis(zirconocene) complexes to obtain examples of stable planar-
tetracoordinate carbon compounds: Schottek, J.; Erker, Ghli€no R.

Eur. J. Inorg. Chem in press.

(5) (a) Erker, G.; Kropp, K.; Atwood, J. L.; Hunter, W. Brganome-
tallics 1983 2, 1555. (b) Czisch, P.; Erker, @. Organomet. Chen1983
253 C9. Czisch, P.; Erker, G.; Korth, H.-G.; SustmannCiRganometallics
1984 3, 945. H D H_ D

(6) Cayne, F. EAnal. Chem.1956 28, 1794. Bochmann, M.; Jaggar,
A. J.; Nicholls, J. CAngew. Chem199Q 102 830; Angew. Chem., Int.
Ed. Engl 199Q 29, 780. Bochmann, MJ. Chem. Soc., Dalton Tran996
255 and references therein. See also: Jordan, Rd#.Organomet. Chem
1991, 32, 325.

(7) (@) Walles, P. C.; Weigold, H.; Bell, A. R. Organomet. Chem
1971, 27, 373. Hart, D. W.; Blackburn, T. F.; Schwartz,.Am. Chem.
S0c.1975 97, 679. Labinger, J. A.; Hart, D. W.; Seibert, W. E.; Schwartz,
J.J. Am. Chem. Sod.975 97, 3851. Schwartz, J. Labinger, J. Angew.
Chem.1976 88, 402. Yoshifuji, M.; Loots, M. J.; Schwartz, Jetrahedron
Lett 1977 1303. Okukado, N.; Van Horn, D. E.; Klima, W. L.; Negishi,
E. |. Tetrahedron Lett1978 1027. Carr, D. B.; Schwartz, J. Am. Chem.
Soc. 1979 101, 3521. Schwartz, JPure Appl. Chem198Q 52, 733.
Matsushita, H.; Negishi, E. 1. Am. Chem. S0d.981, 103 2882. Temple,

J. S.; Riediker, M.; Schwartz, J. Am. Chem. So&982 104, 1310. Negishi,

E. |.; Takahashi, TAldrichim. Actal985 18, 31. Erker, G.; Schlund, R.; of the corresponding dinuclear alkenyl-bridged bis(zirconocene)
Kriiger, C.Organometallics1989 8, 2349.

(8) Negishi, E. I.; Cederbaum, F. E.; Takahashi,TEtrahedron Lett systems?a—_d.l HO(;Nevec;', these foull' mek:hyl-Cp pez;rlnbg Syg_temsl,
1986 27, 2829. Negishi, E.; Swanson, D. R.; Cederbaum, F. E.; Takahashi, WET€ Not Isolated and separately characterized but directly
T. Tetrahedron Lett1987 28, 917. Negishi, E.; Holmes, S. J.; Tour, J. M.; ~ subjected to the protonolysis reaction (see below).

Miller, J. A.; Cederbaum, F. E.; Swanson, D. R.; Takahashi, Am. Chem. : ; _ _ R

Soc. 1989 111, 3336. Swanson, D. R.. Rousset, C. J.. Negishi, E.. _ I rotonation of the Dinuclear [(u-Alkenyl)(u-CI)(ZrCp "),]

Takahashi, T.; Seki, T.; Saburi, M.; Uchida, ¥. Org. Chem1989 54, Complexes. We have USGW,N'dlmethwam_momum tetraphe-

3521. Negishi, E.; Choueiry, D.; Nguyen, T. B.; Swanson, DJRAm. nylborate 8a)® as the reagent for protonating the-dlkenyl)-

Chem. Soc1994 116 9751 and references therein. bis(zirconocene) complexes and 7, respectively. In a few
cases we have in addition employed the same ammonium cation

H
CpQZr\ /ZGCz CpZZr\H P ZrCp,

Cl Cl

E-/Z-6a-d,

Treatment of the alkyne3a—d with the related hydrozir-
conation reagent [(MeCgir(H)CI] (2)7° yields the [(alkenyl)-
(Chzr(CpMe)] complexesb5a—d. Addition of (MeCp)Zr,
transferred from the corresponding Negishi reagent, or in situ
generated by photolysis of (MeG@yPh, led to the formation

(9) Erker, G.J. Organomet. Cheni977, 134, 189. Erker, G.; Wicher,
J.; Engel, K.; Rosenfeldt, F.; Dietrich, W.; Kgar, C.J. Am. Chem. Soc
198Q 102 6344.

(10) (a) Erker, G.; Wicher, J.; Engel, K.; Kger, C.Chem. Ber1982
115 3300. Erker, G.; Engel, K.; Kger, C.; Chiang, A.-PChem. Ber1982
115 3311. Erker, G.; Krger, C.; Miller, G. Adv. Organomet. Cheni985
24, 1. Yasuda, H.; Tatsumi, K.; Nakamura, Acc. Chem. Re4985 18,
120. (b) Skibbe, V.; Erker, Gl. Organomet. Chen1983 241, 15.

(11) E.g.: Casey, C. P.; Marder, S. R.; Adams, BJRAm. Chem. Soc.
1985 107, 7700. Seyferth, D.; Womack, G. B.; Archer, C. M.; Dewan, J.
C. Organometallics1989 8, 430. Casey, C. P.; Crocker, M.; Vosejpka, P.
C.; Rheingold, A. L.Organometallics1989 8, 278. Hogarth, G.J.
Organomet. Chenil991 407, 91.
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Scheme 1
H p
H ! y
(RCp),Zr(H)CI >—<H “(FCp),z" '/[
12— (o ———= ("Cp),z_ H zr("Cp),
+ HC=C-R' c ¢l
3
4 RCp = CsHs 6
5 RCp = CsH,CH,4 7

R’ =H (a), Ph (b), n-C4H, (c), cyclo-CgHy; (d)

*(RCp),Zr" - generating methods:

A
R —

A: (fCp),2ZrCl, + 2 BuLi

A

—_ -
or hv

B: ("Cp)zZr( )

C: (RCp),zrPh, hv

as its B(GFs)4~ salt (reagen8b), and in one case, we have
used PH]NMe,Ph'BPh,~ (8a-d;) to selectively transfer a
deuteron instead of a proton.

Treatment of the phenyl-substituted precurstly with
HNMe,PhtBPh,~ (8a) cleanly gave the produéb. Protonation

took place completely regioselectively at carbon atom C1 of

the bridging trans-1-styryl ligand of the dinuclear starting
material.

The protonated produ@b was isolated in>60% vyield. It
contains two inequivalent GAr units whose cyclopentadieny!
ligands are diastereotopitH/13C NMR signals ab 6.27, 6.04,

Schottek et al.

Figure 1. View of the framework of complef0c (only the cation is
depicted); the hypercoordinated carbon atom C1 is distorted square
pyramidal (H atoms on C1 are in calculated positions).

The NMR spectroscopic assignment was secured by 2D NMR
measurements (GCOSY, GHMBC, GHSQT)nd in addition
by selective deuterium labeling. For this purpose we have
treated the neutral (styryl)bis(zirconocene) com@éexwith 1
mol equiv of DNMePh"BPh,~ (8a-d;), which resulted within
the accuracy of théH NMR analysis in the formation of a 1:1
mixture of the isotopomeric producgb-d; («-H) and 9b-d;
(u-D) (see Scheme 2). They show an identical set of phenyl
and Cp resonances, as well as the 2-H sighal.17, 1H,3) =
15.6 and 6.3 Hz), but they are readily distinguished by the
simplified appearance of the signals@at-5.51 (agostic K,

5.97, 5.38/113.6, 111.5, 109.2, and 108.6 in dichloromethane-corresponding to 0.5 H intensit§J = 5.3 Hz) and) 4.63 (H,

dy; at 203 K). The —CH,C2HPh- ligand formed by H
addition to the formep-C'H=C?HPh moiety exhibits some

“0.5 H", 3 = 15.6 Hz).
The protonation of the B-butyl-substituted dinuclear com-

rather remarkable spectroscopic features that indicate a veryPlexes6cand7c, respectively, is noteworthy in respect of two
unsymmetrical connection of the two zirconium Centersy namely additional observations. FII’St, we have succeeded in Obta|n|ng

a u-(n*-CY:,?-(C1,C2)-bridging mode with Ebeing pentaco-
ordinate and one of thel€H bonds being bonded-agostic
to the metal center Zrl (see below and Scheme 2). TFhe
NMR chemical shifts of the:-5*:5n?-CH,C?HPh- ligand of
9b are atd 5.17 (CH), 4.63, and-5.55. The coupling constants
amount to3J = 15.6 and 6.6 Hz and a gemin&l = 5.4 Hz
coupling constant. The corresponditif NMR features are
observed at 86.3 (&) with a coupling constant oflcz_y =
142 Hz, which is very typical for a three-membered metalla-
cyclic “zirconacyclopropane”-type structural subuldiand at
0 92.5 ppm with two very differentJct_y coupling constants

single crystals ofl0¢ by allowing pentane at20 °C to slowly
diffuse into a solution of its BRf1 salt in 1,1,2,2-tetrachloro-
ethane, that were suited for an X-ray crystal structure analysis.
Unfortunately, the quality of this diffraction analysis is only
poor and the structure refinement was complicated by the
presence of the included heavy-atom-containing solvent mol-
ecules. Therefore, only isotropical refinement was carried out,
and the molecular structure will not be discussed in detail.
However, the overall framework of compledOg as it had
already become apparent from the very characteristic NMR data
(see above), is further supported by this analysis. The complex

of 131 and 99 Hz. The latter values are very characteristic of framework contains a distinctly unsymmetrically bridging

a situation where one-€H bond (here at C1) exhibits a strong
o-agostic bonding situatidawith the adjacent electron-deficient

hydrocarbyl ligand. The framework is dimetallabicyclic, and
it is almost planat’ It is made up from two zirconium atoms,

metal center (here Zrl1). This typically leads to a strong decreasebridged by a chloride and the carbon atoms C1 and C2 of the

of the1Jcy coupling constant of the-€H bond directly involved

bridging u-1-hexylene ligand. The bridging 1-alkylene ligand

in the agostic interaction which is usually accompanied by an is #-n"n*-bonded to the two zirconium centers. The carbon

increase of théJcy value of the remaining geminaHH moiety
due to a resulting rehybridization efféét}4 The pronounced
shifting of the corresponding’&H(agost.*H NMR resonance
to strongly negativé values is in accord with a partiathydrido
character of the resulting€ (u-H)—2Zr! moiety1®

(12) Kropp, K.; Skibbe, V.; Erker, G.; Kger, C.J. Am. Chem. Soc
1983 105, 3353. Erker, GAcc. Chem. Resl984 17, 103. Erker, G.;
Schlund, R.; Kiger, C.J. Chem. Soc., Chem. Comm@@86 1403. Erker,
G.; Hoffmann, U.; Zwettler, R.; Betz, P.; Kger, C.Angew. Chem1989
101, 644; Angew. Chem., Int. Ed. Engl989 28, 630. Erker, G.; Mena,
M.; Hoffmann, U.; Menjm, B.; Petersen, J. lOrganometallics1991, 10,
291.

(13) Brookhart, M.; Green, M. L. HJ. Organomet. Chen1983 250,
395. Brookhart, M.; Green, M. L. H.; Wong, L.-lProg. Inorg. Chem
1988 36, 1.

(14) Camora, E.; Sanches, L.; Marin, J. M.; Poveda, M. L.; Atwood, J.
L.; Prieser, R. D.; Rogers, R. D. Am. Chem. S04984 106, 3214. Berry,
A.; Dawoodi, Z.; Derome, A. E.; Dickennson, J. M.; Downs, A. J.; Green,
J. C.; Green, M. L. H.; Hare, P. M.; Payne, M. P.; Rankin, D. W. H.;
Robertson, H. EJ. Chem. Soc., Chem. Commad®8386 520.

(15) Manriquez, J. M.; McAlister, D. R.; Sanner, R. D.; Bercaw, 1.E.
Am. Chem. Socl978 100, 2716. Wolczanski, P. T.; Bercaw, J. Bcc.
Chem. Resl98(Q 13, 121. Erker, G.; Kropp, K.; Kiger, C.; Chiang, A.-P.
Chem. Ber1982 115 2447.

(16) Braun, S.; Kalinowski, H.; Berger, 300 and More Basic NMR
ExperimentsVCH: Weinheim, 1996 and references therein.

(17) For remotely structurally relatediRCCR), -N=CR), or {u-
C=NR) bridged bis(zirconocene) cations, see e.g.ttg&w, D.; Erker, G.;
Frohlich, R.Chem. Ber1995 128 1045. Rdtger, D.; Erker, G.; Fiblich,

R. J. Organomet. Chermi996 518 221. Ratger, D.; Erker, G.; Fiblich,
R.; Kotila, S.Chem. Ber1996 129 1. Rdtger, D.; Pflug, J.; Erker, G;
Kotila, S.; Frdnlich, R. Organometallics1996 15, 1265.
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Scheme 2
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center C1 is equally bonded to both metal centers Zrl and Zr2; the minor isomeBc (as was shown by the GCOSY experiment),
the Zri—C1-C2 arrangement is far away from tetrahedral (ca. but it is clear from the spectral appearance of this complex,

157(2¥); consequently, the ZktC1 and Zr2-C1 vectors are
close to orthogonal (angle Z+IC1—2r2 ~ 97.3(7F). The

and the many related analogous isomeric pairs that we found
in this study (see below), that th&Jct-neyc2-n) coupling

MeCp ring systems are oriented above and below the centralconstants (i.e., ca. 5.6 Hz) as well as the pairs of the gauche

plane of complexlOc

We have seen that onel€H bond at the pentacoordinate

carbon center forms a strongragostic interaction with the

coupling constant$Jcl-1A)c?-n) (ca. 5-6 Hz) are almost
identical for both the major and minor isomers in this
whole series. Thus, on the basis of the vicinal coupling

adjacent metal center Zrl. Because of the specific stereoelecconstants, we cannot arrive at an absolute stereochemical

tronic features of the group 4 bent metallocene-tit# acceptor
orbital is located in the-ligand plané®—this requires that the

assignment in this hypercoordinated carbon situation, namely
which of the observed isomers is characterized by a cis or trans

C'—H vector is oriented closely in plane with the heavy atom arrangement of the '&-HB and C—H vectors at the central
framework of the core of this complex type. This necessarily organometallic framework. We tentatively assign the major
leads to a close-to-coplanar arrangement of C1 with its adjacentisomer the structuréc with a trans arrangement between

neighbors Zr1, Zr2, C2, and‘fiagost.). The remaining &

C'—HB and G—H because this might lead to sterically slightly

HB bond must then be oriented almost perpendicular to this better positioning of the hydrocarbyl substituent at C2 in

plane, making the “nonagostic” hydrogef Bt C1 to the apex

a pseudoequatorial position away from the buliGp substit-

of a distorted square-pyramidal coordination polyhedron around uents at the edges of the adjacent hypercoordinated square-
the hypercoordinated carbon atom C1. Two stereoisomeric pyramidal carbon polyhedron. But a secure absolute stereo-
situations are possible for this polyhedral arrangement. The chemical assignment must await an X-ray crystal structure

apical G—HB vector can be arranged trans or cis to tite-8
unit.

For the cationic comple®gb (R = Ph, see above) we have

only observed a single isomer. This is different for thutyl

analysis of much better quality than the one that is only available
at present.

The system derived from protonation of the related complex
7c shows an analogous isomeric situation. Here the stereoiso-

products 9c and 10c respectively. In each case we have mers10cand10c¢ are found in a 80:20 ratio. The cyclohexyl-
observed that a mixture of the two possible sterecisomers wassubstituted system8d/9d’ and 10d/10d are also found as
formed. From the very characteristic spectroscopic data (seesimilar mixture of isomers. Surprisingly, protonation of the (
below and the Experimental Section), it is very clear that the styryl)(u-Cl)(ZrMeCp), precursor7b with HNMe,Ph*BPh,~
protonation again had proceeded completely regioselectively. produced a mixture of the isomers0b (“agostic’ C'—H

The protonation o6c with HNMe,Ph"BPh,~ (8a) has resulted
in the formation of the two stereocisomé&sand9c in a 90:10
ratio. The isomers show clearly distinguished setd+-bNMR

Cp resonances (major isom@c at 6 6.15, 5.86, 5.85, and

5.65 in dichloromethand, at 278 K; minor isome®c at o

resonance at —5.75 ppm) and.0b (6 (C'—HA) at —6.24 ppm)

in a 80:20 ratio, whereas only a single isomer was observed for

the “parent” i--CH,CHPh-)(ZrCpy)," systemdb (see above).
The precursor6b—d were also protonated by treatment with

HNMe,PhtB(CsFs)s~ (8b). As expected, the cation3b—d

6.13, 5.83, 5.80, and 5.60). The isomers are most readily were cleanly formed, the systefsand9d, respectively, again
recognized by the pronouncedly different chemical shifts of 55 mixtures of sterecisomers. However, the two series of

their agostic &-HA” hydrogen NMR signals9c. ¢ —5.70,3]
= 6.6 Hz,2) = 4.8 Hz;9¢: 6 —6.23,3) =6.6 Hz,2J=5.4
Hz). The corresponding?E (6 3.69) and ¢—HB (6 4.04,3]
= 15.6 Hz,2] = 4.8 Hz) signals of the major isom8c over-
lap closely with the respective?d and G—HB resonances of

(18) Brintzinger, H. H.; Bartell, L. SJ. Am. Chem. Sod97Q 92, 1105.
Lauher, W.; Hoffmann, RJ. Am. Chem. Sod.976 98, 1729.

product salts containing the different anions BPénd B(GFs)4~
were unexpectedly not completely identical in every aspect.
Although most!H and13C NMR data were superimposable or
even appeared identical, we noticed a slight difference of the
IH and3C NMR chemical shifts of some of the Cp resonances.
Whether this might be due to concentration and/or weak ion
pairing effects will be explored.
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Scheme 3
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Cpo 2t Cq CpZZr\ /ZGC2 H’(,: -------- Zr’Cp,
| i/ cl N\i ‘
cl Cp,Zr'—Cl

|

Protonation of 6a and Generation and Dynamic Features
of the Parent System 9a. Treatment of the y(-vinyl)bis-
(zirconocene) chloride completa with N,N-dimethylanilium
tetraphenylborate8g) cleanly gaveda, which was isolated in
67% vyield. Like its 2-substituted relatives, the parent cationic
metallocene complex is a very sensitive compound.

1 9a

slowly above a temperature of ca. 10 to yield zirconocene
dichloride among other as yet unidentified products.

ThelH NMR spectrum oBarecorded at a high temperature
is very simple; it contains only two singlets in a 4:20 intensity

ratio. Both the methylene and the Cp resonances became broal
with decreasing temperature, and eventually each separated intq;
two sets of signals. Below the Cp-coalescence temperature, two

Cp singlets are observedH NMR (600 MHz): 6 6.02 and

5.73, each of 10H intensity]. The methylene resonances appeal

at & 3.52 and—0.87 ppm with an averagetlyy coupling
constant of 9.4 Hz.

Complex9a-BPh,~ is only poorly soluble. The correspond-
ing 9a-B(CgFs)s~ salt, obtained by treatment dda with
HNMe,Ph"B(CgFs)4~ (8b) shows an increased solubility, which
made the recording of th8C NMR spectra easier. Again, we
must note a slight anion dependence of some otithend3C
NMR data, which may be due to concentration effects, differ-
ences in the ionic strength of the solutions, or potentially weak

ion pair interactions (see above), but the overall appearance o

the spectra is alike. At low temperature (213 K) complex
9a-B(CgFs)4~ exhibits two Cp resonances in tHéC NMR
spectrum (150 MHz) at 112.5 and 107.5 and methylene carbon
signals ai 68.5 @Jcy = 150 Hz, C2) and) 96.5 @Jcy = 116

Hz, C1). Lowering the temperature further did not lead to any
additional splitting of theséH and13C NMR resonancesT{n

= 193 K).

Its spectraHB
can be recorded in, for example, dichloromethane solution only
at low temperature, since a decomposition reaction takes place

f
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related complexe8b—d in this series, only that there is a very
rapid C—HA/—HB equilibration taking place. This could not
be frozen out on théH or 13C NMR time scale at the lowest
temperatures reached, so that the corresponding spectral data
of the C'H, moiety, containing the pentacoordinated carbon
center, correspond to averaged values of the  (agostic)

and G—HB8 (nonagostic) units. From a comparison of thigig
coupling constants compilated in Table 2 it can be seen that
the YJctn,) = 116 Hz coupling constant observed fais the
expected value obtained from averaging the typidal 4 (ca.

100 Hz) andtJci_pe (ca. 130 Hz) value&1* This means then
that the observed ¥l chemical shift of9a (6 —0.87 ppm)
must also represent an averaged chemical shift value corre-
sponding to a rapid 1:1 equilibrium situation between a basal
agostic @—HA and an apical (and consequently nonagostie) C
bond at the hypercoordinated carbon atorh CThis
interpretation is supported by a deuterium-labeling experiment,
making use of the different aptitudes of hydrogen and deuterium
for entering into the agostic bonding situation with hydrogen
preferring the bridging mode over deuterium in a direct
competition?®

In a dynamic situation, as it is encountered in the cagiapf
?nis may lead to a pronounced deviation from a 1:1 equilibrium
tuation and thus to an unusually large isotopic effect of the
corresponding 84D NMR resonancé!

Treatment of6a-d; (1:1 mixture of E- and Z-isomer, see
rabove) with HNMePh*BPh,~ (8a) gave the monodeuterated
product9a-d;, which was isolated in 61% yield. Again, the
product exhibits both intramolecular dynamic features as
discussed above, which leads to a rapid scrambling of the
deuterium label between the carbon atonisa@d C and a
completely scramble#H NMR spectrum at high temperature.
However, the presence of the chirality center introduced by the
isotopic substitution (or the resulting distortion of the complex
framework, respectively) is just recognized by the adjacent
metallocene unif and leads to a very narrow separation of
the 600-MHzH NMR resonances of the four Cp ligand$ (
5.92,5.91, 5.90, and 5.89 in dichloromethahet 308 K, where
complex9a-d; is stable for a short period of time just to allow
the measurement).

At low temperature (193 K, 600 MHz), splitting into two
complete sets oH NMR signals is observed in a 1:1 ratio that
corresponds to the two regioisomeric isotoporéd@a-C*HD
and9a-C2HD (four narrowly split pairs ofH NMR Cp singlets

These spectroscopic data indicate that the overall structure . 5 6.04, 6.00, 5.99, 5.96, 5.75, 5.73, 5.72, and 5.70). Thus,

of the parent compoun@®a is analogous to the substituted
systems9b—d, but that there are two different dynamic
processes taking place @&, both being characterized by rather

different rate constants. First, there is an equilibration process

that leads to an interchange of théHz and CH, methylene

groups inside the metallacyclic framework and, consequently,

to an intramolecular positional exchange between thgZ€p
and CpZr? bent metallocene moieti¥s(see Scheme 3). The
equilibration process of the GprCH, moieties can be frozen

out on the NMR time scale. From the Cp coalescence a Gibbs

activation energy oAG* (232 K) = 10.5+ 0.5 kcal mot?

was derived for this intramolecular rearrangement process.
It is very likely that complexda also contains a strong'€

HA---Zr! agostic interaction, analogous to that shown for the

(19) For related dynamic processes, see e.g.: (#pBoD.; Erker, G.;
Frohlich, R.; Grehl, M.; Silverio, S. J.; Hyla-Kryspin, I.; Gleiter, BR. Am.
Chem. Soc1995 117, 10503. Rtiger, D.; Erker, GAngew. Chem1997,
109 840;Angew. Chem., Int. Ed. Endl997, 36, 812. Ahlers, W.; Temme,
B.; Erker, G.; Fralich, R.; Zippel, F.Organometallics1997 16, 1440.
Ahlers, W.; Erker, G.; Fiblich, R.; Peuchert, UChem. Ber.1997 130,
1069. (b) Erker, G.; Kropp, KChem. Ber1982 115 2437.

the positional equilibration (i.e., Gari(C*HD)(C?Hy)Zr’Cp, =
CpZr{(C'H,)(C?HD)Zr2Cp,) was frozen on the 600-MH#H

NMR time scale at 193 K, but both thé4g@*/HB and the CH/D
agostic/nonagostic interconversions were still very rapid under
these conditions (see Scheme 4). This led to very characteristic
IH NMR resonances for the isome¥a-C'H, atd 3.50 (CHD),
—0.79, and—1.00 (CH,, coupling constant&Jyy = 8.3 and
10.3 Hz,20yy = 4.4 Hz) and9a-C'HD at o 3.58, 3.41 (CH)),
and—2.18 (GHD, coupling constantdJyy = 5.6 Hz,3Jyy =

(20) Wolfsberg, MAnnu. Re. Phys. Chem1969 20, 2043. Bartell, L.
S.; Roskos, R. RJ. Chem. Sacl973 10, 1.

(21) For a discussion of isotope effects on rapidly equilibrating systems
and on their NMR spectra, see e.g.: (a) Siehl, HAdu. Phys. Org. Chem
1987 23, 63 and references therein. (b) Saunders: M.; Vogel. Am.
Chem. Soc1971, 93, 2561. Saunders, M.; Telkowski, L.; Kates, M. R.
Am. Chem. Sod 977, 99, 8070. Faller, J. W.; Murray, H. H.; Sauders, M.
J. Am. Chem. S0d.98Q 102, 2306.

(22) Mislow, K.; Graeve, R.; Gordon, A. J.; Wahl, G. H., Jt. Am.
Chem. Soc1963 85, 1199. Mislow, K.; Graeve, R.; Gordon, A. J.; Wahl,
G. H., Jr.J. Am. Chem. Sod.964 86, 1733. Carter, R. E.; Melander, L.
Adv. Phys. Org. Chem1973 10, 1. Biali, S. E.; Rappoport, Z.; Hull, W.
E.J. Am. Chem. S0d.985 107, 5450.
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Table 2. Characterization of the Cationic Productsand 10) Obtained by Protonation of the Neutral Precursdend 7 with 8a
2| 1JAHB H
R yield  TK)F CHRY CHAH® (majory ratid CIHA (minorp

9a H 67 203 67.6 3.52 95.6 -0.87

9b Ph 63 203 86.3[142] 5.17 (15.6) 92.5[99, 131] —5.55, 4.63 (6.6, 5.4) i i

9c n-Bu 54 278,25 94.3 [139] 3.69 (15.6) 104.5[97, 132] —5.70, 4.04 (6.6, 4.8) 9:1 -6.23(6.6,5.4)
ad Cy 51 278,253 101.4 3.50 (15.6) 1018 —5.86, 4.07 (6.2, 5.4) 9:1 -6.37(6.7,5.4)
10a H 66 193 73.6 3.20 97.6 —0.91

10b  Ph 60 243 86.5[142] 4.97 (15.7) 93.5[99, 131] —5.75, 4.60 (6.3 5.9) 8:2 —6.24(6.2,5.9)
10c  n-Bu 69 243 94.3 [133] 3.27 (15.6) 104.5[97, 134] —5.88, 4.03 (6.6 5.9) 8:2 —6.40(6.2,5.8)
10d Cy 44 253 101.7 3.34(15.6) 10217 —6.02, 4.08 (6.3, 5.8) 9:1 -6.54(6.4,5.2)

aBPh, salts; for B(GFs)4~ salts, see Experimental Sectidrin percent® NMR spectra in dichlorometharg-at T (K). 9 1Jc24 in square brackets,

3Jun in parentheses$.HA = agostic, major isometJciya followed by 1Jciye

in square bracket8Jun, followed by2J,y in parentheses.Major:minor

stereoisomer ratid *H NMR of agostic hydrogen of the minor isoméd,, followed by2J,y in parenthesed. Averaged valuel Minor isomer not

observedi 'H NMR. ¥13C NMR. ' Not determined.

Scheme 4
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9b—d and10b—d give static NMR spectra, as described above,
has allowed to deduce a reliable estimate of the limidingalue,
which has turned out to be rather substituent insensitive (see
Table 2). If we use the average value 6f = —5.77
(6ct-wA(agostic) from complexe3b—d and10b—d), eq 1 gives
0= +4.03 ppm, a value that is close to thg_z(nonagostic)
average of the complex&b—d and10b—d listed in Table 2.
With these values of, andd; eq 2 is solved to give an energy
difference of AE ~ 220 cal mot?! between D and H in the
bridging, i.e. agostic, position at the base of the hypercarbon
polyhedron in9a (T = 203 K)24

Conclusions

Hypercarbon chemistry has in the past mostly used the
available coordination sites at the element carbon and has usually
extended the coordination sphere of this central atom by

6.4 and 9.5 Hz). Thus we note that the isotopic effects on the constructing an array of three-centéwo-electron and two-

IH NMR chemical shift of the @HD and the GH, and GH,
resonances are marginal, as expected, whereas th® C
resonance of th@a-C'HD isomer shows a very large isotopic
shift effect: introduction of théH substituent has caused a
shifting of this signal fromd —0.87 in9ato 6 —2.18 in9a
C'HD.

Similar to the ingenious analysis of the agostic situation of

center-two-electron bonds in the most favorable way This

has in a large number of cases resulted in arrangements of
ligands around the central carbon atom of rather high symmetry.

Hydrocarbyl systems formed by adding one or more protons to

a suited hydrocarbon and organometallic systems resulting from
the analogous addition of metal-containing fragments appear
to behave basically alike in this respect. The system that we

methyl groups at metal centers introduced by J. R. Shapley ethave obtained here by the protonation reaction of the bis-

al. 22 which makes use of the variations of equilibrium isotope-
induced shifts of théH NMR resonance in the CHs, —CH.D,
—CHD, series of isotopomers, the equilibriudH NMR
chemical shifts at the ¥l, and GHD unit of 9a and9a-C*HD
can be expressed by eqs 1 and 2,

= (6, + 0,)/2 (1)

)

ClH

Ocip = (Ko, + 0p)/(K+ 1)
with é; and dp denoting the chemical shift of the nonagostic
(i.e., terminal) G—H and the agostic (i.e., bridging)l€H
group, respectively, under limiting nonequilibrating conditions
and definingk = exp (—AE/RT). AE is the energy difference
between the &-(u-D) and G—(u-H) bridged forms at the
temperatureT in this intramolecular competition situation of
the regioisome®a-C!HD.

In contrast to Shapley’s situation of the analysis of a rapidly

equilibrating agostic/nonagostic methyl group, the analogous

equilibrating methylene situation is eo ipso mathematically
underdetermined as we have only two observahies and
dctyp) available to obtain the three parametégsd,, andK.
Fortunately, the series of substituted analogueSapfnamely

(23) Calvert, R. B.; Shapley, J. R. Am. Chem. S0d.978 100, 7726.

(zirconocene) complexéds(or 7, respectively) seems to behave
fundamentally different. Here the formation of the hyperco-
ordinated carbon and the preferred shape of the resulting CX
polyhedron is characteristically determined by the very specific
stereoelectronic properties of the two group 4 bent metallocene
units that are involved. Their well-defined singteligand
plané®25has determined the planar framework of the obtained
products, and the pronounced ability of f@p,Zr unit to form

a strong agostic interactiéhwith one of the adjacent '&H
bonds has led to the formation of the very unusual polyhedral
geometry of the resulting product, as it has become apparent
from the combined structural evidence of our study. Theg CX
compound® and10 seem to be unique in the sense that they
contain a near to coplanar GXinit, bearing the hypercarbon
atom in its center, which exhibits the fifth ligand at carbon (here
a hydrogen atom) perpendicularly oriented to this plane to
complete the unusual overall geometry. In another view, the
complexes9 and 10 can formally be thought of being con-

(24) We note that the energy differené¢E is slightly larger for the
methylene (220 cal mot) than for the methyl situation (130 cal mé).2®

Whether this is a general effect, which could be based on the slightly higher
nucleophilic character of the methylene £bbnds, or if this is specific to
the hypercarbon geometry will be investigated in a separate study.

(25) Erker, G.; Rosenfeldt, FAngew. Chem1978 90, 640; Angew.
Chem., Int. Ed. EnglL978 17, 605. Erker, G.; Rosenfeldt, B. Organomet.
Chem 198Q 188 C1.
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structed by a distorted rectangular-pyramidal framework, con-

sisting of two zirconium atoms, two hydrogens, and a carbon
(namely C) to which an additional carbon centerlj@vas added
face-centered to the basal,AC-containing plane.

This unique polyhedral arrangement around the carbon cente

f
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coherence), and GCOSY (gradient pulsed correlated spectroséopy);
Nicolet 5DXC FT-IR spectrometer, Enraf-Nonius MACHS3 diffracto-
meter (programs used: MolEN, SHELXS-86, SHELXL-93, DIA-
MOND); elemental analyses: Foss Heraeus CHN-Rapid; melting points
were determined by differential scanning calorimetry DSC 2010, Texas
Instruments. The hydrozirconation reactions to yidlénd 5 were

Cl is apparently obtained in the protonation reaction under capied out as described in the literatiir@he metallocene-generating
thermodynamic control. The obtained unique structural frame- reactions were performed analogously as previously desctibed.

work is obviously preferred over a “normal” structure, such as
the dimetallamonocyclic geometyl (see Scheme 3) that is
probably passed through as a transition fater high-lying
intermediate in the degenerate rearrangeme#ft cfhe activa-

Complex6b had been prepared by a different method and described
previously®® The ammonium salt8a,b were prepared according to
literature procedurés.

(u-Chloro)(u-n*:n?-vinyl)bis(zirconocene) 6a. Zirconocene dichlo-

tion energy of this rearrangement may serve as a first ap- ride (3.5 g, 12 mmol) was dissolved in THF. A78°C 15.5 mL (24

proximation to evaluate the extra stabilization energy of the

pentacoordinate carbon structure in this specific coordination
environment. We conclude that the combined features of the
involved two group 4 metallocene units have apparently made

the here-found uniquely distorted GXhypercarbon structure
by ca. 10 kcal moit more stable than any of its possible
conventional structural alternatives. This is a very large
stabilizing effect. It underlines the potential that organometallic

mmol) of a 1.55 Mn-butyllithium solution in hexane was added
dropwise with stirring. The mixture was stirred for 1 h, then a cold
(=78 °C) solution of vinylzirconocene chloridel#, 3.4 g, 12 mmol)

in THF was added. The mixture was allowed to warm to room
temperature during 18 h. Solvent was removed in vacuo. The residue
was taken up in 50 mL of toluene and filtered. The filtrate was
concentrated to a volume of 10 mL in vacuo. Pentane (30 mL) was
added. The product precipitated a30 °C. It was collected by
filtration, washed with pentane (2 30 mL), and dried in vacuo to

substructures exhibiting specific stereoelectronic properties, suchgive 1.4 g (22%) obaas an orange amorphous solid, mp 2@4(dec).
as the group 4 metallocenes, have to function as essential'H NMR (200.1 MHz, 300 K, benzeneés): 6 7.15 (dd, 1H3J = 13.5

thermodynamically stabilizing components in the construction
of compounds containing the element carbon in novel or
uncommon coordination geometri&s.The ability of using

adjacent C-H bonds as “functional groups” in the construction
of such organometallic frameworks and the disclosure of

kinetically viable pathways, such as the protonation reaction

described in this article, will probably make the use of

Hz,3) = 17.8 Hz), 5.61 (s, 5 H, Cp-H), 5.32 (s, 5H, Cp-H), 5.25 (s,
5H, Cp-H), 5.07 (s, 5H, Cp-H), 3.92 (dd, 1H,2H, 3 = 13.5 Hz,2)
= 1.8 Hz), 2.64 (dd, 1H, 2-H3J = 17.8 Hz,2) = 1.8 Hz) ppm. 13C
NMR (90.6 MHz, 300 K, benzends): 6 178.8 (C1), 106.5, 105.2,
104.5, 103.6 (Cp-C), 63.1 (C2) ppm. Anal. Calcd fopt:ClZr,
(505.3): C, 52.29; H, 4.59. Found: C, 52.97; H, 4.66%.
Preparation of the E/Z-(u-Chloro)(u-n':n?>-CH=CHD)bis-
(zirconocene) Mixture (E/Z-6a-d;). A mixture of E-(DHC=CH-)-

metallocene moieties and similar groups of great value in the zrCp,Cl (E-4a-dy) (300 mg, 1.05 mmol) and (butadiene)zirconocene

future construction of novel very unusually structured carbon
compounds.

Experimental Section

All reactions were carried out in an inert atmosphere (argon) using

(290 mg, 1.05 mmol) was dissolved in 10 mL of benzelge-The
reaction mixture was irradiated (Philipps HPK 125, Pyrex filter) for 5
h at ambient temperature. During this time the product precipitated
from the solution as an orange solid. It was collected by filtration,
washed with a small portion of pentane, and dried in vacuo to give a
1:1 mixture ofE- andZ-6a-d;; yield 390 mg (73%), mp 207C (dec).

Schlenk-type glassware or in a glovebox. Solvents (including deuter- *H NMR (200.1 MHz, 300 K, benzends): ¢ 7.14 (m, 2H, 1-H partially
ated solvents used for NMR measurements) were dried and distilled hidden under solvent), 5.61 (s, 10H, Cp-H), 5.324/5.321 (s, each 5H,

under argon prior to use. The following instruments were used for

Cp-H), 5.257/5.255 (s, each 5H, Cp-H), 5.078/5.076 (s, each 5H, Cp-

spectroscopic and physical characterization of the compounds: BrukerH), 3.92 (d, 1H, 2-H3J = 13.5 Hz), 2.64 (d, 1H, 2-HJ = 17.7 Hz)

AC 200 P {H, 200 MHz; **C, 50 MHz) and Varian Unity Plus'i,
600 MHz; 13C, 150 MHz;*F, 564 MHz;B, 192 MHz) FT NMR

ppm. 3C NMR (90.6 MHz, 300 K, benzends): ¢ 178.8 (C1), 104.7,
103.4, 103.0, 101.8 (Cp-C), 61.1, 61.0 (each t, &2p = 22.6 Hz

spectrometer (in addition to the usual 1D experiments, the new andJcp = 21.9 Hz) ppm. Anal. Calcd for £H,.DCIZr, (506.32):

compounds were usually also characterized by the following 2D NMR

C, 52.19; H, 4.59. Found: C, 51.73; H, 4.89.

experiments: GHSQC (gradient pulsed heteronuclear single quantum  (u-Chloro)(u-n':52-E-2-styryl)bis(zirconocene) 6b. A 1.55 M

coherence), GHMBC (gradient pulsed heteronuclear multiple bond

(26) (a) Erker, G.; Zwettler, R.; Kger, C.; Schlund, R.; Hyla-Kryspin,
I.; Gleiter, R.J. Organomet. Cheml988 346, C15. Hyla-Kryspin, I.;
Gleiter, R.; Kriger, C.; Zwettler, R.; Erker, GOrganometallics199Q 9,
517. Erker, G.; Zwettler, R.; Kiger, C.; Hyla-Kryspin, I.; Gleiter, R.
Organometallics199Q 9, 524. (b) Ivin, K. J.; Rooney, J. J.; Stewart, C.
D.; Green, M. L. H.; Mahtab, RJ. Chem. Soc., Chem. Commu®78
604. Green, M. L. HPure Appl. Chem1978 50, 27. Laverty, D. T.;
Rooney, J. JJ. Chem. Soc., Faraday Trans.1983 79, 869. Brookhart,
M.; Green, M. L. H.J. Organomet. Cheni983 250, 395. Brookhart, M.;
Green, M. L. H.; Pardy, R. B. AJ. Chem. Soc., Chem. Commuad®83
691. Clawson, L.; Soto, J.; Buchwald, S. L.; Steigerwald, M. L.; Grubbs,
R. H.J. Am. Chem. Sod.985 107, 3377. Piers, W. E.; Bercaw, J. &
Am. Chem. S0d.99Q 112, 9406. Kranledat, H.; Brintzinger, H.-HAngew.
Chem.199Q 102, 1459; Angew. Chem., Int. Ed. Engl99Q 29, 1412.
Janiak, B.J. Organomet. Chen1993 452, 63. Barta, N. S.; Kirk, B. A,;
Stille, J. R.J. Am. Chem. S0994 116, 8912. Leclerc, M. K.; Brintzinger,
H. H. J. Am. Chem. S0d.995 117, 1651;1996 118 9024. Prosenc, M.-
H.; Brintzinger, H.-H.Organometallics1997, 16, 3889. Jordan, R. F.;
Bradley, P. K.; Baenziger, N. C.; LaPointe, R.EAm. Chem. S0od99Q
112 1289. Alelyunas, Y. W.; Guo, Z.; LaPointe, R. E. Jordan, R. F.
Organometallics1993 12, 544. Alelyunas, Y. W.; Baenziger, N. C,;
Bradley, P. K.; Jordan, R. FOrganometallics1994 13, 148. Guo, Z;
Swenson, D. C.; Jordan, R. Brganometallics1994 13, 1424.

(27) Sapse, A.-M.; Schleyer, P. v. Rithium ChemistryWiley: New
York, 1995.

n-butyllithium solution in hexane (15.5 mL, 24 mmol) was added

dropwise with stirring at-78 °C to a solution of 3.5 g (12 mmol) of

CpZrClz in THF. After the mixture was stirred fdl h at—78 °C, a

cold solution of 4.0 g (12 mmol) of Ggr(Cl)(CH=CHPh)4b in THF

was added. The mixture was stirred for 18 h and warmed to room

temperature. Solvent was removed in vacuo, the residue extracted with

50 mL of toluene and filtered. The filtrate was concentrated to 10 mL

in vacuo, pentane (30 mL) was added, and the product precipitated at

—30°C. Collection by filtration gave 1.2 g (38%) of the previously

describe productéb. 'H NMR (200.1 MHz, 300 K, benzends): o

7.69 (d, 1H, 1-H3J = 18.1 Hz), 7.38-6.94 (m, 5H, Ph-H), 5.63, 5.27,

4.87 (s, each 5H, Cp-H), 4.55 (d, 1H, 2-8,= 18.1 Hz) ppm.
Generation of (u-Chloro)(u-nt:n?-E-1-hexenyl)bis(zirconocene)

6c. Analogously as described above, the reaction of 1.0 g (2.9 mmol)

of E-(1-hexenyl)zirconocene chloridéc with 1 mol equiv of zir-

conocene, generated from 0.86 g (2.9 mmol) of zirconocene dichloride

by treatment with 5.7 mmol ofi-butyllithium, gave 0.49 g (30%) of

6c as a very sensitive orange oil, DSC: 120 (dec). Complex6c

was only characterized spectroscopically and then directly employed

as a starting material for the protonation reactidii NMR (200.1

MHz, 300 K, benzenek): ¢ 6.92 (d, 1H, 1-H3J = 17.9 Hz), 5.56,

5.33, 5.22, 5.07 (s, each 5H, Cp-H), 2.99 (m, 1H, 2-H), 1.61 (m, 6H,

CH,), 0.86 (t, 3H, CH, 3 = 6.5 Hz) ppm. 3C NMR (50.3 MHz, 300
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K, benzened): ¢ 183.0 (C1), 106.1, 105.0, 104.3, 103.8 (Cp-88.7
(C2), 44.7 CH,), 37.5 CHy), 23.3 CH,), 14.7 CHs) ppm. IR (KBr):
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complex6cand 259 mg (0.59 mmol) @&ain 50 mL of bromobenzene
was stirred fo 1 h atroom temperature. The resulting yellow precipitate

7 3098, 2953, 2921, 2852, 1635, 1588, 1481, 1261, 1013, 799, 736 was collected by filtration, washed with ether 310 mL), and dried

cm L,

Generation of (u-Chloro)(u-5*:5?-E-2-cyclohexylethenyl)bis(zir-
conocene) 6d.Diphenylzirconocene (0.60 g, 1.6 mmol) a#d (0.60
g, 1.6 mmol) were together dissolved in 15 mL of toluene and then
irradiated (Philipps HPK 125, Pyrex filter) f@ h at—78°C. Solvent

in vacuo to yield 210 mg (54%) ddc:BPh,~, mp 111°C (dec). A
mixture of two stereoisomers was observed By NMR at room
temperature in a 9:1 ratio'H NMR (599.9 MHz, 278 K, dichloro-
methaned,): Major isomer9a: ¢ 6.15, 5.86, 5.85, 5.65 (s, each 5H,
Cp-H), 4.04 (dd, 1H, 1-H3J = 15.6 Hz,2J = 4.8 Hz), 3.69 (m, 1H,

was removed in vacuo and the residue washed with pentane to give2-H), 2.16 (m, 2H, Ch), 1.56, 1.47 (each m, 4H, GH 1.01 (t, 3H,

0.43 g (46%) oféd as a yellow oil, DSC: 114C (dec). The product
was spectroscopically identified and then directly used for the proto-
nation reaction.'H NMR (200.1 MHz, 300 K, benzends): ¢ 7.01
(d, 1H, 1-H,3J = 17.9 Hz), 5.54, 5.37, 5.22, 5.06 (s, each 5H, Cp-H),
2.85 (m, 1H, 2-H), 1.77, 1.19 (m, 11H, GHCH) ppm. 3C NMR
(50.3 MHz, 300 K, benzends): ¢ 180.6 (C1), 106.1, 105.1, 104.3,
103.7 (Cp€), 70.2 (C2), 67.2CH), 52.3 CH,), 42.2 CH,), 35.3 CHy)
ppm. IR (KBr) 7 3098, 2919, 2847, 1635, 1438, 1261, 1191, 1013,
798, 736 cm™.

Preparation of (u-Chloro)(u-n*:n?-ethylene)bis(zirconocene) Tet-
raphenylborate 92BPh,~. The solid reagent8a (320 mg, 0.63 mmol)
and 8a (350 mg, 0.79 mmol) were mixed, and then 50 mL of

CHs, 3 = 7.6 Hz),—5.70 (dd, 1H, 1-H 3] = 6.6 Hz,2] = 4.8 Hz);
BPh-: 7.30 (m, 8H, Ph-H), 7.04 (m, 8H, Ph-H), 6.90 (m, 4H, Ph-H)
ppm. Minor isomeRd: ¢ 6.13, 5.83, 5.80, 5.60 (s, each 5H, Cp-H),
—6.23 (dd, 1H, 1-H 3J = 6.6 Hz,2J = 5.4 Hz); remaining signals
hidden by major isomer.*3C NMR (90.6 MHz, 253 K, dichlo-
romethaned;) 9a: 6 115.0, 112.5, 112.0, 110.0 (Cp), 104.5 (dd, C1,
ey = 132 Hz, ey = 97 Hz), 94.3 (d, C21czy = 139 Hz), 36.6,
45.8, 23.3 (each Ch, 14.7 (CH); BPh,: 165.8 (B-C, Jgc = 49
Hz), 135.2 (Ph), 126.6 (Ph), 121.1 (Ph) ppm. GCOSY (599.9 MHz,
253K, dichloromethane): 6 —5.70 (1-H)/4.04 (1-H),—5.70, 4.04
(1-H', 1-H)/3.69 (2-H), 3.69 (2-H)/1.56 (C+bf C4Hg) ppm. GHSQC
(599.9 MHz, 278 K, dichloromethar®): 6 115.0/6.15, 112.5/5.86,

bromobenzene was added. The resulting suspension was stirred for 1112.0/5.85, 110.0/5.65 (Cp), 104.5/4.645.70 (C1), 94.3/3.69 (C2),
h, during which time the ammonium salt was completely used up. The 45.8/2.16, 36.6/1.56, 23.3/1.47 (gH14.7/1.01 (CH); BPh,: 135.2/

resulting orange precipitate was collected by filtration, washed with
ether (3x 10 mL), and dried in vacuo to yield 350 mg (67%) of
9a-BPh,~, mp 162 °C (dec). 'H NMR (200.1 MHz, 300 K,
dichloromethanek): 6 5.92 (s, 20H, Cp-H), 1.41 (br, 4H, GHBPh,:
7.40-7.30 (m, 8H, Ph-H), 7.167.00 (m, 8H, Ph-H), 7.0066.85 (m,
4H, Ph-H) ppm. Above 10C the complex decomposed slowly in
dichloromethane *H NMR (599.9 MHz, 203 K, dichloromethan):
0 6.02 (s, 10H, Cp-H), 5.73 (s, 10H, Cp-H), 3.52 (t, 2H, 23H= 9.4
Hz), —0.87 (t, 2H, 1-H,%J = 9.4 Hz); BPh™: 7.28 (m, 8H, Ph-H),
7.04 (m, 8H, Ph-H), 6.89 (m, 4H, Ph-H) ppm3C NMR (150.9 MHz,
203 K, dichloromethane,): ¢ 112.2 (Cp), 106.9 (Cp), 95.6 (C1), 67.6
(C2); BPh™: 134.4 (Ph), 125.2 (Ph), 121.1 (Ph) ppiipsp-C not
observed). GCOSY (599.9 MHz, 203 K, dichloromethakke-6 3.52
(2-H)/—0.87 (1-H) ppm. GHSQC (599.9 MHz, 203 K, dichloro-
methaned;): 6 112.2/6.02 (Cp), 106.9/5.73 (Cp), 95:®.87 (C1),
67.6/3.52 (C2); BPhi: 134.4/7.28 (Ph), 125.2/7.04 (Ph), 121.1/6.89
(Ph) ppm. Coalescence of the Cp ligand signal&.at 232 K, Av =
174 Hz. AG¥ = 10.54 0.5 kcal/mol. IR (KBr): # 3053, 2965, 2924,
2851, 1601, 1431, 1020, 802, 737, 704émAnal. Calcd for GeHas
BClZr, (825.6): C, 66.93; H, 5.37. Found: C, 65.71; H, 5.33%.
(u-Chloro)(u-nt:9%-2-phenylethylene)bis(zirconocene) Tetraphe-
nylborate 9b-BPh,~. Bromobenzene (50 mL) was added to a mixture
of 366 mg (0.63 mmol) oBb and 350 mg (0.79 mmol) da. The
suspension was stirredrfa h atambient temperature. The precipitate
was collected by filtration, washed with ether %310 mL), and dried
in vacuo to yield 360 mg (63%) &b-BPh,~, mp 130°C (dec). The
compound is very sensitive. It decomposes in,CBsolution within

7.30 (Ph), 126.6/7.04 (Ph), 121.1/6.90 (Ph) ppm. IR (KBr)3054,
2960, 2922, 2852, 1427, 1266, 1021, 809, 736, 705'crAnal. Calcd
for CsoHs:BClZr, (881.7): C, 68.12; H, 5.94. Found: C, 66.61; H,
5.44%.

(#-Chloro)(u-n*:p?-2-cyclohexylethylene)bis(zirconocene) Tet-
raphenylborate 9d-BPh,~. Complex6d (150 mg, 0.26 mmol) and
134 mg (0.33 mmol) ofBa were suspended together in 20 mL of
bromobenzene and stirred for 1 h. At© pentane was added dropwise
to precipitate the product that was collected by filtration, washed with
pentane (2x 2 mL), and dried in vacuo to give 120 mg (51%) of
9d-BPh,~ as an orange powdery solid (9:1 ratio of the stereocisomers
9d and 9d'), mp 128 °C (dec). 'H NMR (599.9 MHz, 278 K,
dichloromethanek): Major isomer9d: ¢ 6.17, 5.86, 5.85, 5.63 (s,
each 5H, Cp-H), 4.07 (dd, 1H, 1-A) = 15.6 Hz,2J = 5.4 Hz), 3.50
(m, 1H, 2-H), 1.83, 1.31 (each m, 11HgMG,), —5.86 (dd, 1H, 1-H
3J=6.2Hz,2=5.4 Hz); BPh™: 6 7.33-7.32 (m, 8H, Ph-H), 7.24
7.03 (m 8H, Ph-H), 6.926.89 (m, 4H, Ph-H). Minor isomedd': o
6.15, 5.84, 5.82, 5.59 (s, each 5H, Cp-H)%.37 (dd, 1H, 1-H 3J =
6.7 Hz,2J = 5.4 Hz); remaining signals under those of the major isomer.
13C NMR (150.9 MHz, 253 K, dichloromethark) 9d: 6 113.8, 111.3,
108.0, 107.8 (Cp), 101.8 (C1), 101.4 (C2), 59.7, 40.7, 26 4H({;
BPh,: 163.8 (B-C, YJgc = 49 Hz), 135.8 (Ph), 125.9 (Ph), 121.9
(Ph). GCOSY (599.9 MHz, 253K, dichloromethadg-6 —5.72 (1-
H')/4.10 (1-H), —5.72, 4.10 (1-H 1-H)/3.53 (2-H) ppm. GHSQC
(599.9 MHz, 253K, dichloromethard): 6 113.8/6.17, 111.3/5.86,
108.0/5.85, 107.8/5.63 (Cp), 101.8/4.675.86 (C1), 101.4/3.50 (C2);
BPh,~: 135.8/7.33 (Ph), 125.9/7.03 (Ph), 121.9/6.89 (Ph) ppm. IR

a few minutes; therefore, the spectra were recorded at 203 K. Only (KBr): # 3053, 2920, 2848, 1474, 1441, 1261, 1014, 814, 732, 703

one stereoisomer was observediH NMR (599.9 MHz, 203 K,
dichloromethanet): 6 7.62 (m, 2H, Ph-H), 7.48 (m, 2H, Ph-H), 7.15
(m, 1H, Ph-H), 6.27, 6.04, 5.97, 5.38 (s, each 5H, Cp-H), 5.17 (dd,
1H, 2-H,3J = 6.6 Hz,3) = 15.6 Hz), 4.63 (dd, 1H, 1-HJ = 5.3 Hz,
3J=15.6 Hz),—5.55 (dd, 1H, 1-H 3] = 6.6 Hz,2) = 5.3 Hz); BPh":
7.35 (m, 8H, Ph-H), 7.06 (m, 8H, Ph-H), 6.91 (m, 4H, Ph-H) ppi@.
NMR (150.9 MHz, 203 K, dichlorometharg): 6 137.9 (Ph), 127.3
(Ph), 124.5 (Ph), 113.6, 111.5, 109.2, 108.6 (Cp), 92.5 (dd &1,
=131 Hz,%Jciy = 99 Hz), 86.3 (d, C22Jc2y = 142 Hz); BPh: 162.2
(B—C,Jsc = 49 Hz), 134.7 (Ph), 133.6 (Ph), 121.1 (Ph) ppm. GCOSY
(599.9 MHz, 203 K, dichlorometharg): 6 —5.51 (1-H)/4.63 (1-H),
—5.55, 4.63 (1-H 1-H)/5.17 (2-H) ppm. GHSQC (599.9 MHz, 203
K, dichloromethaneak): 6 137.9/7.62 (Ph), 127.3/7.48 (Ph), 124.5/

cmt Anal. Calcd for GHsBClZr, (907.7): C, 68.81; H, 6.00.
Found: C, 67.85; H, 5.75%.
(#-Chloro)(u-n*:n?-ethylene)bis[bis(methylcyclopentadienyl)-
zirconium] Tetraphenylborate 10a-BPh,~. Generation of the
Neutral (u-Chloro)(u-n*:3?-vinyl)bis[bis(methylcyclopentadienyl)-
zirconium] Precursor 7a. A 1.55 M n-butyllithium solution in hexane
(3.0 mL, 4.8 mmol) was slowly added to a solution of 0.76 g (2.4
mmol) of (MeCp}ZrCl, in THF at—78 °C. The mixture was stirred
at—78°C for 1 h. Then a precooled~(8 °C) THF solution of 0.74
g (2.4 mmol) of (MeCpyzr(Cl)(CH=CH,) (5a) was added. The
mixture was allowed to warm to room temperature and then stirred for
another 2 h. Solvent was removed in vacuo, the residue taken up in
20 mL of toluene, and the remaining lithium chloride precipitate

7.15 (Ph), 113.6/6.27, 108.6/6.04, 111.5/5.97, 109.2/5.39 (Cp), 92.5/ removed by filtration. Solvent was removed from the clear filtrate in

4.63,—5.55 (C1), 86.3/5.17 (C2); BRht 134.7/7.35 (Ph), 133.6/7.06
(Ph), 121.1/6.91 (Ph) ppm. IR (KBr}: 3054, 2965, 2922, 2853, 1485,
1429, 1261, 1015, 808, 735, 708 ¢ Anal. Calcd for GH4gBCIZr,
(901.7): C, 69.27; H, 5.37. Found: C, 68.20; H, 5.47%.
(#-Chloro)(u-n*:n?-1,2-hexylene)bis(zirconocene) Tetraphenylbo-
rate 9cBPh,~. A suspension obtained from 250 mg (0.45 mmol) of

vacuo. The crude reaction productaf was directly used for the
protonation reaction without any further purification.

Preparation of 10aBPh,~: 180 mg (0.32 mmol) of crud&a,
prepared as described above, 28al (185 mg, 0.42 mmol) were
suspended together in 50 mL of bromobenzene and stirredl foat
ambient temperature. The resulting orange precipitate was collected
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by filtration, washed with ether (% 10 mL), and dried in vacuo to
give 180 mg (66%) ol0aBPh,~, mp 117°C (dec). The product tends
to decompose slowly above 2Q in dichloromethane solution to give
(MeCp)ZrCl, among other productstH NMR (200.1 MHz, 300 K,
dichloromethanek,): ¢ 5.80, 5.71 (each m, 16H, Cp-H), 2.08 (s, 12H,
Cp-CHp), 1.35 (br, 4H, CH); BPh,: 7.40-7.30 (m, 8H, Ph-H), 7.16
7.00 (m, 8H, Ph-H), 7.086.85 (m, 4H, Ph-H) ppmH NMR (599.9
MHz, 193 K, dichloromethane,): 6 5.80-5.40 (each m, 16H, Cp-
H), 3.20 (t, 2H, 2-H2J = 9.6 Hz), 2.09, 2.06 (s, each 6H, Cp-gH
—0.91 (t, 2H, 1-H3J = 9.6 Hz); BPh~: 7.29 (m, 8H, Ph-H), 7.04 (m,
8H, Ph-H), 6.89 (m, 4H, Ph-H) ppm!3C NMR (150.9 MHz, 193 K,
dichloromethaneh): 6 114.1-102.3 (Cp), 97.6 (C1), 73.6 (C2), 16.1,
15.7 (Cp-CH); BPhy: 134.4 (Ph), 125.2 (Ph), 121.1 (Ph) ppm, ipso-C
of Ph not observed. GCOSY (599.9 MHz, 193 K, dichloromethane-
dy): 6 3.22 (2-H)~0.91 (1-H) ppm. GHSQC (599.9 MHz, 193 K,
dichloromethanek): 6 114.1-102.3/5.86-5.40 (Cp), 97.6/-0.91 (C1),
73.6/3.22 (C2), 16.1/2.09 (Cp-G}115.7/2.06 (Cp-Ch); BPhy: 134.4/
7.29 (Ph), 125.2/7.04 (Ph), 121.1/6.89 (Ph) ppm. IR (KBi3054,
2960, 2925, 2850, 1590, 1479, 1432, 1261, 1035, 807, 734, 705 cm
Anal. Calcd for GoHs:BClZr, (881.7): C, 68.12: H, 5.94. Found:
C, 68.28; H, 5.56%.

(#-Chloro)(u-n*:p2-2-phenylethylene)bis[bis(methylcyclopenta-
dienyl)zirconium] Tetraphenylborate 10b-BPh,~: Generation of the
Precursor 7b. Analogously as described above complél was
obtained from the reaction of 2.17 g (5.6 mmol)EB{MeCp)Zr(Cl)-
(CH=CHPh) 6b) with bis(methylcyclopentadienyl)zirconium, gener-
ated by treatment of 1.76 g (5.6 mmol) of (MegZxCl, with 7 mL
(11.2 mmol) of a 1.55 Mh-butyllithium solution. The crude product
7b was employed in the protonation reaction without any further
purification.

Preparation of 10b-BPh,~: Analogously as described above, 240
mg (0.38 mmol) of the crude reagefti was treated with 218 mg (0.49
mmol) of 8ain 50 mL of bromobenzene to give compoub@b (two
isomers in a 80:20 ratio) as a red powder; yield 218 mg (60%), mp
140 °C (dec). *H NMR (599.9 MHz, 243 K, dichlorometharn):
major isomerlOb: 6 7.42 (m, 2H, Ph-H), 7.18 (m, 2H, Ph-H), 7.08
(m, 1H, Ph-H), 6.29-5.11, 4.73 (each m, 16H, Cp-H), 4.97 (dd, 1H,
2-H,3J = 6.3 Hz,3] = 15.7 Hz), 4.60 (dd, 1H, 1-HJ = 15.7 Hz,2]
= 5.9 Hz), 2.25, 2.22, 2.11, 1.85 (s, each 3H, CpsGH-5.75 (dd,
1H, 1-H,3) = 6.3 Hz,23 = 5.9 Hz); BPh™: 7.30 (m, 8H, Ph-H), 7.04
(m, 8H, Ph-H), 6.89 (m, 4H, Ph-H) ppm. Minor isomEdb: ¢ 2.30,
2.29,2.17, 1.74 (s, each 3H, Cp-@H-6.24 (dd, 1H, 1-H 3 = 6.2
Hz, 2J = 5.9 Hz); remaining signals under those Idib. 3C NMR
(150.9 MHz, 243 K, dichloromethard) 10b: 6 127.9 (Ph), 125.8
(Ph), 123.5 (Ph), 116:0104.0 (Cp), 93.5 (dd, C18Jciy = 131 Hz,
ey = 99 Hz), 86.5 (d, C2LWczy = 142 Hz), 15.8, 15.2, 15.1, 14.4
(Cp-CHs); BPhy™: 163.8 (g, B-C, Jsc = 49 Hz), 134.7 (Ph), 133.6
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(m, 4H, GHy), 0.95 (t, 3H, CH, 3J = 7.6 Hz),—5.88 (dd, 1H, 1-H

3] = 6.6 Hz,2) = 5.9 Hz); BPh™: 7.30 (m, 8H, Ph-H), 7.04 (m, 8H,
Ph-H), 6.90 (m, 4H, Ph-H) ppm. Minor isomé&fc: ¢ 2.19, 2.17,
2.12,2.09 (s, each 3H, Cp-GH—6.40 (dd, 1H, 1-H 3) = 6.2 Hz,2]

= 5.8 Hz); remaining signals under the resonances of the major isomer.
13C NMR (90.6 MHz, 243 K, dichloromethard) 10c 6 115.5-108.7
(Cp), 104.5 (dd, C11Jciy = 134 Hz, oy = 97 Hz), 94.3 (d, C2,
ez = 133 Hz), 44.9 (CH), 38.3, 23.1 (GH,), 15.6, 15.4, 15.3, 15.1
(Cp-CH), 14.9 (CH); BPhy-: 163.9 (B-C, YJgc = 49 Hz), 135.2 (Ph),
126.6 (Ph), 121.1 (Ph) ppm. GCOSY (599.9 MHz, 243 K,
dichloromethanet,): 6 —5.88 (1-H)/4.03 (1-H),—5.88, 4.03 (1-H1-
H)/3.27 (2-H), 3.27 (2-H)/1.88 (CHof C4Ho) ppm. GHSQC (599.9
MHz, 243 K, dichloromethand,): 6 115.5-108.7/6.175.13 (Cp),
104.5/4.03-5.88 (C1), 94.3/3.27 (C2), 15.6/2.18, 15.4/2.14, 15.3/2.21,
15.1/2.08 (Cp-Ch); BPh,~: 135.2/7.30 (Ph), 126.6/7.04 (Ph), 121.1/
6.90 (Ph) ppm. IR (KBr)¥ 3052, 2960, 2921, 2848, 1591, 1439, 1032,
808, 729 cm*. Anal. Calcd for GsHeoBClZr, (937.8): C, 69.16; H,
6.45. Found: C, 68.55; H, 6.31%.

X-ray Crystal Structure Analysis of 10c. Single crystals were
obtained from 1,1,2,2-tetrachloroethane/pentane by the diffusion method.
Formula G4HeBCIZr,:2 CH,Cls, M = 1273.39, 0.50x 0.20 x 0.20
mm,a= 14.707(3) Ab = 23.408(9) Ac = 17.547(6) A S = 104.52-
(3)°, V=15848(3) B, pcarc = 1.446 g cm3, u = 8.04 cn1?, empirical
absorption correction vig scan data (0.954 C < 0.999),Z = 4,
monoclinic, space group2y/n (No. 14),4 = 0.710 73 AT = 223 K,
/26 scans, 5672 reflections collectedl, —k, —1), [(sin #)/A] = 0.44
A-1, 5444 independent and 2061 observed reflectibas 20(1)], 293
refined parameter® = 0.070,wR = 0.150, maximum residual electron
density 0.54 {0.44) e A3, due to the small amount of observed data
only the Zr and CI atoms were refined with anisotropic thermal
parameters, phenyl groups of the anion were constrained to idealized
six rings, hydrogens calculated and refined as riding atoms, the
hydrogens of the secondary ghroup at C1 were calculated omitting
the Zr2-C1 bond.

(#-Chloro)(u-n*:n?-2-cyclohexylethylene)bis[bis(methylcyclo-
pentadienyl)zirconium] Tetraphenylborate 10dBPh,~: Generation
of the Precursor 7d. A solution of 460 mg (1.1 mmol) of (MeCgjrPhy
and 450 mg (1.1 mmol) oE-(MeCp)Zr(Cl)(CH=CH-cyclo-GHi1)
(5d) in 5 mL of toluene was irradiated (Philipps HPK 125, Pyrex filter)
for 12 h at—20°C. Solvent was then removed in vacuo. The crude
product7d was employed directly for the protonation reaction without
any further purification.

Preparation of 10d-BPh,—: Analogously as described above 420
mg (0.65 mmol) of the crudéd was treated with 350 mg (0.87 mmol)
of 8ain 50 mL of bromobenzene to give 270 mg (44%)6d (mixture
of two isomers, 9:1 ratio) as a yellow-green oil, DSC: F4D(dec).
The oily product mixture was only characterized spectroscopicidly.

(Ph), 121.1 (Ph) ppm, ipso-C of Ph and MeCp not observed. GCOSY NMR (599.9 MHz, 253 K, dichloromethan#): Major isomer10d:

(599.9 MHz, 243 K, dichlorometharg): 6 —5.75 (1-H)/4.60 (1-H),
—5.75, 4.60 (1-H 1-H)/4.97 (2-H) ppm. GHSQC (599.9 MHz, 243
K, dichloromethaneat): 6 127.9/7.42 (Ph), 125.8/7.18 (Ph), 123.5/
7.08 (Ph), 116:104/6.29-5.11, 4.73 (Cp), 93.5/4.66;5.75 (C1), 86.5/
4.97 (C2), 15.1/2.25, 15.8/2.22, 15.2/2.11, 14.4/1.85 (Cp}®BPh,":
134.7/7.30 (Ph), 133.6/7.04 (Ph), 121.1/6.89 (Ph) ppm. IR (KBr):
3052, 2963, 2920, 1516, 1427, 1091, 978, 815, 733'crAnal. Calcd.
for CseHseBClZr, (957.8) C 70.23, H 5.89; found C 69.02, H 6.35.
(u-Chloro)(u-n*:n?-1,2-hexylene)bis[bis(methylcyclopentadienyl)-
zirconium] Tetraphenylborate 10c-BPh,~: Generation of the Pre-
cursor 7c. Complex7cwas prepared analogously as described above
from 0.77 g (2.1 mmol) oE-(MeCp)Zr(Cl)(CH=CH—-C4Hg) (5¢) by
treatment with the “Negishi reagent” obtained by reacting 0.67 g (2.1
mmol) of (MeCp}ZrCl, with 2.7 mL (4.2 mmol) of a 1.55 M
n-butyllithium solution in hexane. The crude produft was used
directly without any further purification. Preparation b8cBPh,~:
Analogously as described above 155 mg (0.24 mmohofas treated
with 140 mg (0.32 mmol) oBain 50 mL of bromobenzene to yield
155 mg (69%) oflOcBPh,~ as a yellow solid, mp 128C (dec), mixture
of two isomers in a 80:20 ratio.H NMR (599.9 MHz, 243 K,
dichloromethanek): Major isomerl0c 6 6.17-5.13 (m, 16H, Cp-
H), 4.03 (dd, 1H, 1-H3J = 15.6 Hz,2] = 5.9 Hz), 3.27 (m, 1H, 2-H),
2.21, 2.18, 2.14, 2.08 (s, each 3H, Cp£H.88 (m, 2H, CH), 1.44

0 6.52-5.45 (m, 16H, Cp-H), 4.08 (dd, 1H, 1-A) = 15.6 Hz,2) =
5.8 Hz), 3.34 (m, 1H, 2-H), 2.16, 2.14, 2.13, 2.07 (s, each 3H, Cp-
CHs), 1.79, 1.31 (each m, 11H,6811), —6.02 (dd, 1H, 1-H 31 = 6.3
Hz,2) = 5.8 Hz); BPh™: 7.36 (m, 8H, Ph-H), 7.04 (m, 8H, Ph-H),
6.93 (m, 4H, Ph-H) ppm. MinorisomdO0d: ¢ 2.11, 2.08, 2.04, 2.01
(s, each 3H, Cp-Ck), —6.54 (dd, 1H, 1-H 3 = 6.4 Hz,2) = 5.2
Hz); remaining signals under major isomer resonancgs. NMR
(150.6 MHz, 253 K, dichloromethar): 6 117.5-108.2 (Cp), 102.7
(C1), 101.7 (C2), 53.1GH), 41.2 CHy), 34.2, 26.4, 22.5GH,), 15.5,
15.3, 15.2, 14.1 (Cp-C¥t BPh,: 163.9 (q, B-C, Jgc = 49 Hz),
135.8 (Ph), 125.9 (Ph), 121.9 (Ph) ppm. GCOSY (599.9 MHz, 243
K, dichloromethanek): ¢ —5.89 (1-H)/4.08 (1-H),—5.89, 4.08 (1-
H', 1-H)/3.34 (2-H), 3.34 (2-H)/1.79 (CH of ¢8l11) ppm. GHSQC
(599.9 MHz, 243 K, dichloromethar#): 6 117.5-108.2/6.52-5.45
(Cp), 102.7/4.08,-6.02 (C1), 101.7/3.34 (C2), 15.5/2.16, 15.3/2.14,
15.2/2.13, 14.1/2.07 (Cp-GH BPh,: 135.8/7.36 (Ph), 125.9/7.04 (Ph),
121.9/6.93 (Ph) ppm. IR (KBr)¥ 3053, 3031, 2960, 2921, 2849, 1591,
1431, 1240, 1032, 806, 732, 703, 602¢m

Generation of 9aB(CeFs)s~. Bromobenzene (20 mL) was added
at—78°C to a solid mixture of complega (150 mg, 0.30 mmol) and
237 mg (0.30 mmol) oBb. The mixture was stirred for 30 min at
—78 °C, then warmed to room temperature and stirred for additional
30 min. A 5-mL portion of pentane was added &tMto precipitate
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the product as a yellow-green oil that was separated from the solution 5.87, 107.8/5.65 (Cp), 104.3/4.145.73 (C1), 94.1/3.68 (C2), 36.8/

by decanting. The oil was washed with 10 mL of pentane, yield 220
mg (62%), DSC: 107°C (dec). 'H NMR (200.1 MHz, 300 K,
dichloromethanek): 6 6.01 (s, 20H, Cp-H), 1.49 (br, 4H, GHppm.
1H NMR (200.1 MHz, 213 K, dichloromethar#): ¢ 6.12 (s, 10H,
Cp-H), 5.73 (s, 10H, Cp-H), 3.53 (t, 2H, 2-F = 9.3 Hz),—0.90 (t,

2H, 1-H,3]J = 9.3 Hz) ppm. Coalescence of the Cp resonances at 236

K, Av = 78.1 Hz. AG* = 10.8 &+ 0.5 kcal/mol. 13C NMR (150.9
MHz, 213 K, dichloromethane,): ¢ 112.5, 107.5 (d, CFJcy = 173
Hz), 96.5 (t, C1,Jcy = 116 Hz), 68.3 (t, C21Jczy = 150 Hz);
B(CsFs)s™: 0 147.8 (d,0-C—F, “Jcr = 239 Hz), 137.9 (dp-C—F, YJcr

= 245 Hz), 136.1 (dm—C-F, YJcr = 247 Hz), 129.2 (sipso-C—B)
ppm. GCOSY (599.9 MHz, 213 K, dichloromethadg: 6 3.53 (2-
H)/—0.90 (1-H) ppm. GHSQC (599.9 MHz, 203 K, dichloromethane-
dy): 6 112.5/6.12 (Cp), 107.5/5.73 (Cp), 96.5/-0.90 (C1), 68.3/3.53
(C2) ppm.

Generation of 9brB(CsFs)4~. A solution containing 150 mg (0.26
mmol) of complex6b and 266 mg (0.33 mmol) o8b in 50 mL of
bromobenzene was stirredrfd h at 0°C. The product was then
precipitated as a red oil by the addition of 30 mL of pentane. The

1.37 (CH), 27.2/1.21 (GH4), 30.9/0.93 (CH) ppm. °F NMR (564.3
MHz, 253 K, dichloromethand,) 9c: 6 —134.7 (s, 8F0-F, CFs),
—164.4 (s, 8Fm-F, GsFs), —168.5 (s, 4Fp-F, GsFs) ppm. IR (KBr):

v 3125, 2972, 2926, 2884, 1644, 1515, 1463, 1274, 1086, 978, 816
cm L,

Preparation of (u-Chloro)(u-n*:n?-CH,—CHD)bis(zirconocene)
Tetraphenylborate 9a-di-BPh,~. A suspension of 100 mg (0.20
mmol) of E/Z-6a-d; and 104 mg (0.26 mmol) o8a in 20 mL of
bromobenzene was stirredrfb h atroom temperature. The resulting
orange precipitate was collected by filtration, washed with ether (3
20 mL) and dried in vacuo to give 100 mg (61%) of the product, mp
134°C (dec), two isomers in 50:50 ratioH NMR (599.9 MHz 308
K, dichloromethanek): 6 5.92, 5.91, 5.90, 5.89 (s, each 5H, Cp-H),
1.30 (br, 3H, CH, CHD); BPh~: 7.40-7.30 (m, 8H, Ph-H), 7.07
7.02 (m, 8H, Ph-H), 6.936.88 (m, 4H, Ph-H) ppm.H NMR (599.9
MHz, 193 K, dichloromethane,): 6 6.04, 6.00, 5.99, 5.96, 5.75, 5.73,
5.72,5.70 (s, each 5H, Cp-H, the Cp resonances cannot be assigned to
the respective isomersPa-CHD: 3.58 (dd, 1H, 2-H3J = 6.4 Hz,2]
= 5.6 Hz), 3.41 (dd, 1H, 2-H3J = 9.5 Hz,2] = 5.6 Hz),—2.18 (dd,

solution was removed by decanting. Pentane (30 mL) was added, andiH, 1-H, 3J = 6.4 Hz,3] = 9.5 Hz);9a-C?HD: 3.50 (dd, 1H, 2-H3J

the oil solidified by extensive stirring. The red solid product was
collected by filtration, washed with ether (8 10 mL), and dried in
vacuo to yield 174 mg (53%) of the product, mp 103 (dec), two
isomers in a 95:5 ratio'H NMR (599.9 MHz, 233 K, dichloromethane-
dz): Major isomer9b: 6 7.63 (m, 2H, Ph-H), 7.23 (m, 2H, Ph-H),
7.10 (m, 1H, Ph-H), 6.42, 6.13, 6.05, 5.39 (s, each 5H, Cp-H), 5.20
(dd, 1H, 2-H,3] = 6.6 Hz,%J = 15.9 Hz), 4.70 (dd, 1H, 1-HJ =
15.9 Hz,2) = 5.4 Hz),—5.52 (dd, 1H, 1-H 3J = 6.6 Hz,2J = 5.4 Hz)
ppm. Minor isomeb': 6 6.40, 6.08, 5.93, 5.35 (s, each 5H, Cp-H),
—6.06 (dd, 1H, 1-H 3] = 6.4 Hz,2) = 5.4 Hz); remaining signals
hidden under major isomer resonancé?C NMR (150.9 MHz, 233
K, dichloromethanek) 9b: ¢ 113.5, 111.4, 109.3, 108.7 (d, Cden
= 174 Hz), 92.7 (dd, C1Ycy = 132 Hz,%Jcy = 100 Hz), 86.7 (d,
C2, 2y = 142 Hz); B(GFs)a™: 0 147.9 (d,0-C—F, Wcr = 237 Hz),
138.0 (d,p-C—F, Wcr = 244 Hz), 136.5 (dm-C—F, Wcr = 246 Hz),
1295 (s, ipsoC—B) ppm. GCOSY (599.9 MHz, 233 K,
dichloromethanek): 6 —5.52 (1-H)/4.70 (1-H),—5.52, 4.70 (1-H
1-H)/5.20 (2-H) ppm. GHSQC (599.9 MHz, 233 K, dichloromethane-
dy): 6 113.5/6.42, 111.4/6.13, 108.7/6.05, 109.3/5.39 (Cp), 92.7/4.70,
—5.52 (C1), 86.7/5.20 (C2) ppm. IR (KBr) 3122, 2962, 2919, 2850,
1644, 1514, 1463, 1274, 1088, 816, 740¢mAnal. Calcd for GoHos
BCIF,oZr, (1261.5): C, 49.51; H, 2.24. Found: C, 49.38; H, 3.06%.
Generation of 9¢B(CeFs)s~. A solution containing 150 mg (0.27
mmol) of complex6c and 214 mg (0.27 mmol) 08b in 20 mL of
bromobenzene was stirredrft h at—30 °C. The solution was then
warmed to room temperature and stirred for 1 h. Pentane (30 mL)
was added to precipitate the product. A red oil separated from which

= 8.3 Hz,3) = 10.3 Hz),—0.79 (dd, 1H, 1-H3) = 10.3 Hz,2) = 4.4
Hz), —1.00 (dd, 1H, 1-H 3 = 8.3 Hz,2J = 4.4 Hz); BPh™: 7.30 (m,
8H, Ph-H), 7.03 (m, 8H, Ph-H), 6.89 (m, 4H, Ph-H) ppm. GCOSY
(599.9 MHz, 193 K, dichlorometharg) 9a-C'HD: ¢ 3.58 (2-H)/3.41
(2-H), 3.58, 3.41 (2-H 2-H)/—2.18 (1-H); 9a-C?HD: ¢ —0.78 (1-
H)/—1.00 (1-H), —0.78,—1.00 (1-H, 1-H)/3.50 (2-H) ppm. GHSQC
(*3C not broad band decouplédC chemical shifts cat0.5 ppm) (599.9
MHz, 193 K, dichloromethand,): ¢ 112.6/6.04, 112.4/6.00, 112.3/
5.99, 112.1/5.96, 107.2/5.75, 107.15/5.73, 5.72, 107.12/5.70 (Cp);
9a-C'HD: 94.6 (Jciy = 110 Hz)~2.18 (C1), 66.8 02 = 157 Hz,
ey = 155 Hz)/3.58, 3.41 (C2)9a-C?HD: 66.7 (Jczy = 155 Hz)/
3.50 (C2), 95.00cy = 123 Hz, oy = 123 Hz)~0.78,—1.00 (C1),
67.6/3.52 (C2); BPh: 135.8/7.28 (Ph), 125.7/7.04 (Ph), 121.6/6.89
(Ph) ppm. IR (KBr): # 3053, 2962, 2925, 2851, 1601, 1430, 1019,
803, 737 cm®. Anal. Calcd for GegH43DBCIZr, (826.6): C, 66.84;
H, 5.49. Found: C, 66.31; H, 5.09%.

Generation of (u-Chloro)(u-5:p?>-CHD-CHPh)bis(zirconocene)
Tetraphenylborate 9b-BPh,~. Bromobenzene (20 mL) was added
to a mixture of 150 mg (0.25 mmol) &b and 136 mg (0.34 mmol) of
DNMe,Ph"BPh,~ (8a-d;). The mixture was stirred fal h atambient
temperature and then worked up as describedf®BPh,~ to give
100 mg (43%) o®Bb-d;-BPh,~ as a red powder, mp 12T (dec), two
isotopomers in a 50:50 ratiotH NMR (599.9 MHz, 233 K, dichlo-
romethaned,) both isotopomersd 7.58 (m, 2H, Ph-H), 7.46 (m, 2H,
Ph-H), 7.14 (m, 1H, Ph-H), 6.28, 6.03, 5.95, 5.37 (s, each 5H, Cp-H),
5.17 (br, 1H, 2-H);9b-d; (u-H): —5.59 (d, 1H, 1-H3J = 6.0 Hz);
9b-d; (u-D): 4.58 (d, 1H, 1-H?3J = 15.6 Hz); BPh~: 7.31 (m, 8H,

the solvent was decanted off. Pentane (30 mL) was added and theph_H), 7.04 (m, 8H, Ph-H), 6.89 (m, 4H, Ph-H) ppm. GCOSY (599.9
oily suspension stirred for 10 min. The oil was allowed to settle, and \Hz, 233 K, dichloromethanes,) 9b-d; (u-H): 6 —5.59 (1-H)/5.17
the pentane phase was removed by decanting to give 174 mg (53%) of(z_H); 9b-d; (u-D): & 4.58 (1-H)/5.17 (2-H) ppm. IR (KBr)# 3054,

the product as an oil, DSC: 14& (dec), mixture of two isomers in
a ca. 95:5 ratio’H NMR (599.9 MHz, 253 K, dichlorometharg):
Major isomer9c: 6 6.31, 6.03, 5.87, 5.65 (s, each 5H, Cp-H), 4.14
(dd, 1H, 1-H,3) = 15.4 Hz,3) = 4.9 Hz), 3.68 (m, 1H, 2-H), 1.37 (m,
2H, CH,), 1.21 (m, 4H, CH), 0.93 (t, 3H, CH, 3] = 6.8 Hz),—5.73
(dd, 1H, 1-H, 3] = 6.7 Hz ,3J = 4.9 Hz) ppm. Minor isome8c: o
6.00, 5.84, 5.72, 5.61 (s, each 5H, Cp-H)%.28 (dd, 1H, 1-H 3J =

6.4 Hz ,3J = 5.9 Hz) ppm, remaining signals under the major isomer
resonancesC NMR (150.9 MHz, 253 K, dichlorometharw) 9c: 6
113.2, 111.2, 108.1, 107.8 (Cp), 104.3 (C1), 94.1 (C2), 36.8,CH
30.9 (CH;), 27.2 (QH4); B(C5F5)4-: 0 147.6 (d,O-C—F, 1Jc|: = 236
Hz), 137.7 (d,p-C—F, WJcr = 244 Hz), 136.8 (dm-C—F, 3Jcr = 246
Hz), 128.5 (s,ipsoC—B) ppm. GCOSY (599.9 MHz, 253 K,
dichloromethanek): 6 —5.73 (1-H)/4.14 (1-H),—5.73, 4.14 (1-H
1-H)/3.68 (2-H), 3.68 (2-H)/1.37 (CHbf CsHo) ppm. GHSQC (599.9
MHz, 253 K, dichloromethand,): ¢ 113.2/6.31, 111.2/6.03, 108.1/

2965, 2922, 2853, 1485, 1429, 1261, 1015, 808, 735, 708.cm
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