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Abstract: Addition of primary and secondary alcohols tgHgB—PMe; (2) affords 1-alkoxyboracyclohexa-
2,4-dienes in high yields. Deprotonation of these boracyclohexadienes, using NaH or lithium diisopropylamide,
followed by the reaction with ZrGlallows for the coordination of alkoxyboratabenzene ligands to zirconium.
Thus, complexes of the type §8sB—OR],ZrCl, (R = Et, 1; Cy, 3; Ph,4; and CHPh,5) can be produced in
45—65% overall yield. The crystallographically determined molecular structudesbbws evidence for BO

ot orbital overlap. The linked diols 1,2ans-cyclohexanediol and binaphthol can be used to generate ansa-
type zirconium complexeg and9, respectively. Wherl, 3, 4, or 5 react with (AlMe), the organometallic
product is [GHsB—Me],ZrCl, (10). Cp*[CsHsB—OELt]ZrCl, (11, Cp* = CsMes) and (AlMes), give
Cp*[CsHsB—Me]ZrCl, (13). The complex Cp*[GHsB(OEL)(AIMes)]ZrCl; (12) appears to be an intermediate

in the conversion ofil1 to 13. A comparison of the molecular structuresidf and 12 shows that the BO
interaction weakens and the ZB distance contracts upon adduct formation. Compleixe3; 4, 9, 10, and
[CsHsB—PhRZrCl, (14) react with excess methylaluminoxane (MAO) and ethylene (1 atm) to give a-Flory
Shultz distribution of olefins. For/MAO, ethylene addition results in the formation of polyethylene. The
overall activity toward monomer and selectivity for linear 1-alkenes of the catalyst solutions are determined
by the exocyclic group of the alkoxyboratabenzene zirconium precursor.

Introduction tailoring the ligand frameworkMore recently, a similar strategy

) o ] ) was extended to pyridinebis(imine) complexes of iron and cobalt
~ The oligomerization of ethylene to linear 1-alkenes{efins) which, after treatment with MAO, display remarkable ethylene
is a metal-mediated process of major industrial importance. ¢onsymption activity. Reduced monomer pressure may open
Close to 4 billion pounds are used in a variety of applications opnortunities for more energy efficient process conditions and
including the synthesis of detergents, plasticizers, lubricants, |ogg costly reactor designs.

and linear alqohols. More rgcently: they are find.ing USe @S \ye recently reported that [BsB—OEtLZrCl, (1) with excess
comonomers in the preparation of linear low-density polyeth- ;a0 oligomerizes ethylene at 1 atm to a distribution of

ylene (LLDPE)? Currenta-olefin production r_equires elevated 1-alkene$. Ethylene consumption b/MAO occurs at rates
temperatures and pressures. The neutral nickel-based catalystg, .+ 4re competitive with those displayed by polymerization

used in the shell higher olefin process (SHOP) operate &t 80 - a1a)ysts derived from metallocene precursorhe preference
120°C and 1006-2000 psi and take advantage of a multiphase (1 ‘3 ikene production b/ MAO is a result of increased rates

reaction medium to separate the products and maximize ¢ S-hydrogen elimination, relative to standard metallocenes,
selectivityl¢ Triethylaluminum may also be used, either catalyti- together with a reluctance to react with l-alkenes. This
cally or stoichiometrically at 126C and approximately 2000 ggjactivity increases the scope of reactions mediated by group

i1b . . L
psl. ) 4 single site catalysts and demonstrates the utility of borataben-
Current efforts are focused on lowering the monomer pressurezene ligandsin designing novel catalysts.

of the oligomerization reaction by the use of cationic, well-

defined organometallic catalysts. Keim and Tkatchenko reported _OEt
that nickel catalysts activated by methylaluminoxane (MAO) P
give much higher turnover frequencies than their neutral @
counterpart$.Brookhart also developed cationic Ni(ll) diimine \_—Cl

catalysts that oligomerize ethylene to straight chain olefins by (/ f\\m
B
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metal complexes. In particular, the relationship between the / N\ /
steric size of the exocyclic alkoxy group and the selectivity of € B~—PMe; € B—OR
the oligomerization reaction is unclear. Furthermore, the effect — — 1)
of restricting rotation of the boratabenzene ligands by use of a @ toluene
connecting bridge has not been studied. + - *
In this contribution we explore the scope of ethylene ROH PMe,
oligomerization catalysts derived from bis(alkoxyboratabenzen-
e)zirconium dichloride complexes. An improved method for the R =Cy, Ph, CH,Ph

synthesis of alkoxy-substituted boratabenzene ligands which can

be used to append a variety of alkoxy substituents under mild 4.70 ppm (B-OCH,Ph) which grows at the expense of the
conditions is reported. Modification of the substituent on boron doublet at 4.33 ppm (HOE,Ph). In addition, the doublet at
provides a handle to modify the selectivity of the active species. 0.79 ppm, which is due to free PNéntensifies as the reaction
Finally, we present studies on the reactivity of trimethylalumi- progresses. A broad doublet centered at 1.68 ppm, which is due
num with zirconium-bound alkoxyboratabenzene ligands be- to the methylene hydrogens in the ring, is also consistent with
cause this interaction is important in determining the selectivity the presence of a boracyclohexa-2,4-diene species. Reactions

of MAO-activated catalysts. with tert-butyl alcohol and? fail, probably as a result of the
_ _ increased steric bulk on the oxygen atom.
Results and Discussion For all compounds studied thus far, the original boracyclo-

Ligand Synthesis.Several approaches exist in the literature N€Xa-2,4-diene isomerizes to the 2,5-diene, ultimately reaching
for accessing alkoxy-boratabenzene anions. Ashe reported thaf" @Pproximately 1:1 mixture. Similar thermodynamic ratios
1-bromoboracyclohexa-2,5-diene and dimethyl ether produce N@ve been observed for other amino- and alkoxy-substituted
1-methoxyboracyclohexa-2,5-diene, which may be subsequentlyPoracyclohexadienes:’> B NMR data provide supporting
deprotonated or used directly in the synthesis ofH&B— information for these reactions. The dlsappea}rance of a sharp
OMel,Fe 0 Herberich showed that, under metalation conditions, doublet at 21 ppm and formation of a broad singlet at 48 ppm
2,4-pentadienylboranes give borabenzene derivatives via a@r€ consistent with the loss fand formation of an alkoxy- or
spontaneous ring closure. Subsequent tautomerization providegYlOxyboracyclohexa-2,4-dierélsomerization to the 2,5-diene
alkoxy-substituted boratabenzene s#tdore recently, Fu  ISOMer is also supported by the subsequent appearance of a
demonstrated that nucleophilic attack of NaOEt on the trim- Proad signal at 39 ppm.
ethylphosphine adduct of borabenzeBprésults in the forma- In practice, the boracyclohexadienes are not isolated but are
tion of Na[GHsB—OE{] 12 deprotonated immediately using a slurry of NaH in THF, leading

Our interest in investigating the effect of alkoxy substitution 0 the sodium salt of the corresponding alkoxyboratabenzene
on the selectivity of catalysts derived from complexes such as In excellent yields (eq 2). The success of the deprotonation
1led us to consider an alternative synthesis of alkoxyborataben-réaction hinges on the complete removal of the trimethylphos-
zene salts. The approach by Fu is direct but sensitive to thePhine byproductin eq 1. Isolation of NaJ@sB—OR] is carried
steric bulk and the basicity of the incoming nucleophile. We out by filtration of excess NaH and subsequent removal of THF.
found that for some alkoxides the desired reactions did not occur For Na[GHsB—OPh], purification was done by trituration in
or were slow. For example, the reaction of sodiuntert- Et,O/pentane. Lithium dusopropylamlgle (LDA) in THF at78
butylphenoxide with2 in tetrahydrofuran (THF) is slow and ~ °C may also be used for deprotonation and generation of the
results in the formation of a mixture of products (#y NMR more spluble I.|th|um salts. In gll cases, tHB NMR borataben-
spectroscopy). There is no reaction in the case of disodium Zene signals in THR® occur in the 39-41 ppm range.
binaphtholate, probably as a result of the low solubility of the

disodium salt. /< :B—OR
In the process of these efforts we discovered that the addition o NaH / \o
of alcohols to2 provides 1-alkoxyboracyclohexa-2,4-diene, as + WD« p—oOR @
shown in eq 1. — THF —

The reactions shown in eq 1 occur at convenient rates. For ( B—OR
example, addition of 1 equiv of benzyl alcohol 2aesults in —
1-benzyloxyboracyclohexa-2,4-diene within 15 min at a con-
centration of approximately 0.15 M, as determinedtdyNMR Zirconium Complexes Containing Alkoxyboratabenzene
spectroscopy. Most diagnostic is the appearance of a singlet at_igands. The coordination of alkoxyboratabenzene ligands to
zirconium is straightforward and takes advantage of previously
(7) (a) Transition Metals and Organometallics as Catalysts for Olefin  actaplished protocolé. As shown in eq 3, the direct reaction

Polymerization Kaminsky, W., Sinn, H., Eds.; Springer-Verlag: Berlin, . - . o
1988. (b)Ziegler CatalystsFink, G., Milhaupt, R., Brintzinger, H.-H., Eds.; of ZrCl, with two equiv of Na[GHsB—OR] in ELO at—78°C

Springer-Verlag: Berlin, 1995. (c) Brintzinger, H.-H.; Fischer, D;INawpt, affords the bis(boratabenzene)zirconium dichloride species in
?i;élgzleger, B.; Waymouth, R. Mingew. Chem., Int. Ed. Endl995 34, good yield. For Na[gHsB—OPh], the reaction works better in

(8) For a recent review of boratabenzene complexes, see: Herberich, G.h,eptan,e' The bls(alkoxy-. or aryloxyboratabenzene)zirconium
E. in Comprehensie Organometallic Chemistry;IAbel, E. W., Stone, F. dichloride products range in color from golden yellow to orange-
G. A., Wilkinson, G., Eds.; Pergamon Press: Oxford, 1995; Vol. 1, p 197. yellow and they are isolated as crystalline solids with similar

9) (a) Boennemann, HAngew. Chem., Int. Ed. Engl986 24, 248. i ; ; ; ;
(b)(B)a(Zgn, G.C. RodrigueZ’QG.;Ashe, Al III;AI—Ah%ad,GS.; Kampf, J. solubility properties. They are insoluble in pentane, slightly

W. Organometallics1997, 16, 2492. soluble in EtO, and considerably more soluble in aromatic
(10) Ashe, A. J., lll; Butler, W.; Sandford, H. B. Am. Chem. Soc.

1979 101, 7066. (13) Ashe, A. J. lll; Kampf, J. W.; Muller, C.; Schneider, @rgano-
(11) Herberich, G. E.; Schmidt, B.; Englert, Organometallics1995 metallics1996 15, 387.

14, 471. (14) Bazan, G. C.; Rodriguez, G.; Ashe, A. J., Ill; Al-Ahmad, S’y

(12) Qiao, S.; Hoic, D. A.; Fu, G. G. Am. Chem. S04996 118 6329. C.J. Am. Chem. Sod.996 118 2291.
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annular bridgé” This link restricts free rotation of the rings
thereby creating a more rigid stereochemical environment around
the metal® This strategy allows for the design of highly
stereospecific polymerization cataly$tsvhich is one of the
fastest growing areas in metallocene chemi&td}. Ansa-
metallocenes are also more stable under catalytic conditions and
produce higher molecular weight polymers than their unlinked
counterpartg223

The reactivity shown in eq 1 allows synthesis of linked bis-
boratabenzene ligands by use of a suitable diol and two equiv
of 2. Equation 4 shows the use of racemic fr@is-cyclohex-
cl anediol to prepare #. 'H NMR spectroscopy shows that the
reaction proceeds in high yield and confirms subsequent
conversion to a mixture of 2,4- and 2,5-diene isomers.

OH

HO,

Co

Figure 1. ORTEP view of4, showing the atom-numbering scheme.
Thermal ellipsoids are shown at 30% probability level. Hydrogen atoms
have been omitted for clarity. Selected bond distances (A): 2r(1)
CI(1), 2.431(2); Zr(1)-Cl(2), 2.423(1); Zr(1)C(1), 2.666(3); Zr(1y / A\

C(2), 2.587(3); Zr(1yC(3), 2.503(3); Zr(1)}C(4), 2.571(3); Zr(1y 2 B~——PMe;
C(5), 2.628(3); Zr(1yB(1), 2.854(3); B(1yO(1), 1.385(4); O(1)C(6), —

1.383(3). Selected bond angles: centrafai—centroid, 136.4(2) @) (H,86)
B(1)—0(1)—C(6), 125.4().

Treatment of H6 with NaH in THF yields the corresponding
bis-boratabenzene dianion with a coordinated molecule of THF,
Na6(THF), in 84% yield. Subsequent addition of Zs@ffords

solvents, THF, or CkLCl,. Trituration with pentane or mixtures
of ether and pentane removes impurities.

_oR complex7, as shown in eq 5. Whereas theé NMR spectrum
B of Nax6(THF) exhibits equivalent ortho and meta protons, the
@ spectrum of7 exhibits five inequivalent boratabenzene signals
@ / \o_ v —"c @) (6 5.20, 5.96, 6.39, 7.04, and 7.71), consistent with a chiral
2 Na B—OR , 2ZCle — ~c framework around zirconium. Only one of two enantiomers is
— QB drawn in eq 5.
~SOoR

Single crystals suitable for X-ray diffraction were obtained
for [CsHsB—OPOLZrCl;, (4) and the results of this study are
shown in Figure 1. The structure adopts a geometry similar to
a bent metallocene and does not deviate significantly from that )
of 1.6 Whereasl contains a crystallographically imposéz}
axis, and therefore, equivalent boratabenzene fragments, the Crystals of7 suitable for X-ray crystallography were grown
structure of4 exhibits two inequivalent boratabenzene ligands. from an EtO/pentane solution, and the result of this study is
Both ligands, however, bind to Zr in a nearly identical fashion. illustrated in Figure 2. The structure df displays chiralC;
The sp hybridization at oxygen and the average-B distance symmetry and a typical BO interaction (averagd(B—O) =
of 2.854(3) A indicate that the ZB orbital overlap is similar 1.382(9) A, <B—0O—C = 124.0(6}). The Zr-B distance
in 4 and1 (d(Zr—B) = 2.83(1) A). The centroi¢Zr—centroid (2.838(8) A) is similar to that inl and 4, suggesting that
angle in4 (136.4) is also nearly identical to that df(136.2), 7Y Wild F. R W. P Zsolnai. L Ruttner. G- Brinzi A
and the average -BO distance (1.390(4) A) id is somewhat o,éan)om'et_' Chen1982 ggfgg‘;" » MUENEn, B Bnzinger, H. 5
longer than that ofl (1.372(4) A). For comparison, the-B (18) Useful discussion can be found in: Collins, Grganometallics
bond lengths in Li[B(OMej are in the range of 1.451(3) 1993 10, 2349. .
(19) (a) Ewen, J. AJ. Am. Chem. S04.984 106, 6355. (b) Kaminsky,

1'475_(4) A5 1n qg-toluene the'H N_MR spectra of4 shows W.; Kulper, K.; Brintzinger, H. H.; Wild, F. R. W. PAngew. Chem., Int.
nondiastereotopic boratabenzene rings, even at temperatures a&d. Engl. 1985 24, 507. (c) Spaleck, W.; Aulberg, M.; Rohrmann, J.;
low as 190 K. Therefore, it appears that the ® z-bond is Winter, A.;; Bachmann, B.; Kiprof, P.; Behm. J.; Herrmann, W ARgew.
not strongts Chem., Int. Ed. Engl1992 31, 1347.

. : (20) Ryan, E. J. ilComprehensie Organometallic ChemistnAbel, E.

Linked Structures. Ansametallocenes refer to complexes w., Stone, F. G. A., Wilkinson, G. W., Eds.; Pergamon: New York, 1995.

which contain two cyclopentadienyl cores linked by an inter-  (21) Mitchell, J. P.; Hajela, S.; Brookhart, S. K.; Hardcastle, K. I.;
Henling, L. M.; Bercaw, J. EJ. Am. Chem. S0d.996 118 8, 1045.

,Ph i) 2 NaH o —
H26 _ m Zr\ ()
ii) ZrCla O\B/\; Cl

(15) Alcock, N. W.; Hagger, R. M.; Harrison, W. D.; Wallbridge, M. (22) Spaleck, W.; Antberg, M.; Aulbach, M.; Bachmann, B.; Dolle, V;
G. H. Acta Crystallogr.1982 B38 676. Haftka, S.; Kuber, F.; Rohrmann, J.; Winter, A.Ziegler CatalystsFink,

(16) The rotational barrier of the-BN bond in [GHsB—N(i—Pr)].ZrCl, G., Mulhaupt, R., Brintzinger, H. H., Eds.; Springer: New York, 1995.
at 62°C is18.24 0.5 kcal/mol** See also ref 13 for discussions of-Bl (23) Herrman, W. A.; Rohrmann, J.; Herdtweck, E.; Spaleck, W.; Winter,

bond rotational barriers in aminoboratabenzene ligands. A. Angew. Chem., Intl. Ed. Engl989 28, 1511.
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C12

Figure 2. ORTEP view of7, showing the atom-numbering scheme.
Thermal ellipsoids are shown at 30% probability level. Hydrogen atoms
have been omitted for clarity. Selected bond distances (A): 2r(1)
CI(1), 2.440(2); Zr(1)-CI(2), 2.424(2); Zr(1)C(7), 2.619(7); Zr(1y
C(8), 2.574(7); Zr(1)}C(9), 2.528(7); Zr(1}C(10), 2.568(7); Zr(Ly
C(11), 2.655(7); Zr(1)B(1), 2.838(8); B(1}-O(1), 1.387(9); O(1;
C(1), 1.441(8). Selected bond angles: Centr@dd—centroid, 124.6(7)
B(1)—O(1)—C(1), 124.8(6).

J. Am. Chem. Soc., Vol. 121, No. 6, 19991

Figure 3. ORTEP view 0f12, showing the atom-numbering scheme.
Thermal ellipsoids are shown at 30% probability level. Hydrogen atoms
have been omitted for clarity. Selected bond distances (A): 2r(1)
Cl(1), 2.423(1); Zr(1y-CI(2), 2.414(1); Zr(1)}C(11), 2.568(2); Zr(Ly

boratabenzene ligands with exocyclic oxygen atoms have similarc(12), 2.640(2); Zr(1)C(13), 2.750(2); Zr(1-C(14), 2.623(2); Zr(Ly
structural and binding properties. Closer inspection shows that C(15), 2.518(3); Zr(13B(1), 2.857(3); B(130(1), 1.417(3); O(1>

the centroid-Zr—centroid angle irY is 125, approximately 12
more accute than those Iror 4. Therefore, the zirconium atom
in 7 experiences a more open environment.

C(17), 1.469(3); O(LyAl(1), 1.964(2). Selected bond angles: Bf1)
O(1)-C(17), 117.8(2), B(1)—O(1)—Al(1), 123.2(2y; Al(1)—O(1)—
C(17), 118.2(».

The sequence to the ansa structures also works well starting

with binaphthol. Reaction of two equwith binaphthol gives
H.8in eq 6, which is sufficiently pure to be used without further
purification.

22 4 OH__ © ®)
OH 0, |
N

(H28)

Deprotonation of KB works well using LDA in THF at-78
°C. Double trituration in BO gives Lp8(THF), as a white
crystalline product. Reaction of 48(THF), with ZrCl, in Et,O
yields the corresponding zirconium complgxas shown in eq
7. The tendency 09 to precipitate as microcrystals frustrated
efforts to obtain single crystals suitable for X-ray crystal-

lography.
SOWy
@)
cl

Zr\
O\B/\

&

i) 2 LDA
ii) ZrCly OO

Reactions with Trimethylaluminum. Commercially avail-
able MAO contains a significant amount of trimethylaluminum,
up to 35 wt % of overall aluminum. Trimethylaluminum is a
result of incomplete hydrolysis and improves the solubility of

H,8

)

MAO.2* Because a large excess of MAO is added (on the basis

boratabenzene ligands and alumintimye decided to investi-
gate the reactions df with trimethylaluminum.

When the reaction ofl with one equiv of (AIMe), is
monitored by*H NMR spectroscopy several new organometallic
species are observed. After approximately 24 h, the reaction
is complete and only one organometallic product remains
together with [Mg(EtO)Al],.2°> The organometallic product is
[CsHsB—Me].ZrCl, (10), which has been reported previously
by Herberich?® Alkylation therefore occurs preferentially at
boron instead of zirconium (eq 8).

6B/OEI GB/ Me
T __c (AlMes), T __cl
2r 2 (8)

Cl

(10)

The IH NMR spectra in @Dg are greatly simplified when
(AlMej3); is reacted with Cp*[@HsB—OELt]ZrCl (11). Only one
intermediate species is observed, which exhibits diastereotopic
boratabenzene ring resonances together with signals from a Cp*
ligand and coordinated AlMe(—0.43 ppm, compare against
(AlMe3), at —0.33 ppm). The''B NMR of this intermediate
(compoundl?2) shows a peak at 38 ppm which argues against
the formation of a bridging tetrahedral boron. The product at
the end of the reaction is Cp*EElsB—Me]ZrCl, (13).26

Single crystals ofl2 suitable for an X-ray diffraction study
were obtained by cooling the reaction immediately after
trimethylaluminum addition. As shown in Figure 3, the exocyclic
oxygen atom coordinates to aluminum forming a Lewis acid

(25) Analysis confirmed by an independent synthesis from (A)Mand

of the ratio of Al to Zr) and because literature precedent exists gtOH.

for transmetalation reactions between the boron atom in

(24) Reddy, S. S.; Sivaram, 8rog. Polym. Scil1995 20, 309.

(26) Spectroscopic data are identical to those reported fpt&—Me],-
ZrClyin: Herberich, G. E.; Englert, U.; Schmitz, ®rganometallics1997,
16, 3751.
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Figure 4. ORTEP view of11, showing the atom-numbering scheme.
One of two independent molecules is illustrated. Thermal ellipsoids

Rogers et al.

Q.‘\\Et

e,
=

Activation with MAO and Reactivity with Ethylene. As
mentioned in the Introduction, the ability @MAO to produce
1-alkenes under mild conditions indicates that metallocene-type
complexes may find uses as homogeneous catalysts in the
production of petrochemicals other than polyolefihable 1
lists the selectivity and activity observed for complexes under
similar reaction conditions (6€C, 1000 [Al)/[Zr], [Zr] = 1.2
x 1074 M, 30 min). In these experiments the activity was related
to the total amount of ethylene uptake by weighing the reaction
flask before and after the reaction. This procedure circumvents
difficulties encountered in separating low molecular weight
olefins from toluene. After aqueous quenching, the organic
products were separated and the percentage distribution of

are shown at 30% probability level. Hydrogen atoms have been omitted 1-alkenes, 2-alkyl-1-alkenes, and 2-alkenes was determined by

for clarity. Selected bond distances (A): Zr(igI(1), 2.444(1); Zr-
(1)—CI(2), 2.448(1); Zr(1)-C(1), 2.492(4); Zr(1yC(2), 2.618(4); Zr-
(1)—C(3), 2.729(4); Zr(1yC(4), 2.626(4); Zr(1)C(5), 2.550(4);
Zr(1)—-B(1), 2.882(5); B(1}O(1), 1.382(6); O(1yC(6), 1.425(5).
Selected bond angle: B@(1)—C(6), 119.6(3).

base pair. The oxygen atom i$ybridized (B-O—C = 117.8-
(2)°). The geometry about this atom is virtually planar, with
the sum of the angles equaling 359.2(6)n this evidence we
propose that alkylation at boron is preceded by coordination of
AlMe3; and that the intermediate is compout®as shown in

eq 9.

AlMes

V4
B/OEt O~ Et

&

\.__c

ﬁqg

(12)

=
k<
)

Itk

__ClI 1/2 (AMe3),

—_—

N

(13)

A crystallographic study o1 was undertaken to probe any
changes in Zrboratabenzene binding upon coordination to
AlMes. Figure 4 shows an ORTEP drawing di and lists

important metrical parameters (because two inequivalent mol-
ecules are present in the crystal, average values are reported).

A comparison between the structuresldfand12 shows that
there is a slight contraction of the ZB distance (2.882(5) A
for 11, and 2.857(3) A forl2) upon adduct formation. The

IH NMR spectroscopy.

A comparison of entries-14 in Table 1 highlights the effect
of oxygen substituents on the selectivity for 1-alkenes and on
the overall ethylene consumption. Although th&1AO com-
bination remains the most selective, the highest activity corre-
sponds to4/MAO. It is important to recall that in all cases
l-alkenes are the most likely initial product and that the
formation of 2-alkyl-1-alkenes and 2-alkenes is the result of
subsequent reactions. In our experimental setup the 1-alkenes
and the catalyst are in the same ph#se.

Entries 5 and 6 of Table 1 contain the data for the linked
precatalyst§ and9. 7/MAO is the only case for which polymer
precipitation is observed under one atm of ethylene. Differential
scanning calorimetry (DSC) analysis shows a melting temper-
ature of 118°C for this product. The material shows no signs
of branching by’3C NMR spectroscopy and these data are
consistent with the formation of low molecular weight poly-
ethylene. The binaphthol-containi®gehaves similarly to the
unlinked bis(alkoxyboratabenzene)zirconium precatalysts. Table
1 also contains entries fotOMAO and 14MAO (14 =
[CsHsB—PhLZrCly).° These data will be valuable when we
consider the possibility of exchange reactions between boron
and aluminum.

The olefins produced are described by a Schtifiory
distribution of chain length® This type of distribution can be
characterized by & factor, defined as:

_ [Chial _ 1
[C] @@+58)

boratabenzene ring is rotated in both complexes such that thewheref is the ratio of the rate of chain transfer (most likely

oxygen atom is nearly above one chloride ligand for both
complexes. More significant is the-BD bond extension (1.382-
(6) A average forl1, and 1.417(3) A forl2) which indicates a
less effective B-O x interaction in12. The average distance

between Zr and the boratabenzene carbons does not chang

appreciably d(Zr—Cave = 2.603(4) A in11vs d(Zr—Cag =
2.619(2) A in12). Taken together these data do not indicate a
significant change in bonding. However, changes in the ligand
periphery make an impact in the reactivity of the resulting
catalysts (vide infra). Adduct formation with AIMdikely leads

(27) For recent reviews on the use of metallocene complexes in the
development of organic reactions, see: (a) Broene, R. Bolmprehensie
Organometallic ChemistryJHegedus, L. S., Ed.; Pergamon: Oxford, 1995;
Vol. 12. (b) Buchwald, S. L.; Broene, R. D. I@omprehensie Organo-
gwetallic Chemistry tIHegedus, L. S., Ed.; Pergamon: Oxford, 1995; Vol.

2.

(28) The SHOP process circumvents this problem by allowing the
1-alkenes to diffuse into a phase in which the concentration of catalyst is
much reduced. For aluminum reactions, a high concentration of ethylene
discourages insertion of 1-alkenes into-A or Al—-C bonds. For a detailed
description of the SHOP process, see ref 1c and (a) Peuckert, M.; Keim,
W. Organometallics1983 2, 594. (b) Keim, W.; Schulz, R. Rl. Mol.

to a net removal of electron density from the boratabenzene Catal: 1994 92, 21.

ligand ultimately making zirconium ir12 more electrophilic
than in1l

(29) (a) Schulz, G. VZ. Phys. Chem., Abt. B935 30, 379. (b) Schulz,
G. V. Z. Phys. Chem., Abt. B939 43, 25. (c) Flory, P. JJ. Am. Chem.
So0c.194Q 62, 1561.
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Table 1. Oligomerization Data for Bis-Boratabenzene Zirconium 100 - L
Complexes ol T . e
% % % 80 + A
precatalyst 1-alkene$ 2-alkyl-1-alkenes 2-alkenes activity £ 70+
1v 95 5 trace 325 O 60+
3 64 28 8 610 g 50
4 46 36 18 950 S w01
5 55 31 14 865 20 .
7 - polymer - 404 :
9 73 20 7 720 201 B
10 54 28 18 895 10+ €~
14 46 41 13 920 oL % - : : 2
0 20 40 60 80 100 120

a Activity reported in kg [GHJ)/[Zr] h. P See ref 6° The error is
estimated at-2% from integration uncertainty in tiHél NMR spectra. Time (minutes)
Figure 6. Reaction of /MAO with 1-decene at 500 Al/ZrA,

Table 2. K Factor Determination for Different Precatalysts [1-decene]B, [2-octyl-1-dodecene]C, [2-decene].

precatalyst K factor 100 ©
1 0.82 80+
3 0.80 80 + B
4 0.80 £ 70+ - o
5 0.81 g w0l -
9 0.79 £ o
10 0.77 g U7
$ 40 - c
30 -
2.00
20 +
. 1.801 n
£ 160 - 10 1 A
T 0 ; * : ; —e
g 0 20 40 60 80 100 120
- 120 -
% 1.00 = Time (minutes)
B 0-80“« 1MAQ Figure 7. Reaction of 4/MAO with 1-decene at 500 Al/ZrA,
0.60 + [1-decene]B, [2-octyl-1-dodecene]C, [2-decene].
040 ¢ 10/MAO 100 -
oo 01
. t + + + i A
10 15 20 25 30 80 1
'~f—, 70 1
Carbon Number O 601
Figure 5. K factor determination. Plot of In(mole % olefin) versus g 50 +
carbon number for G through Gs fractions forl/MAO and 1/MAO. S 40l
30 +
pB-hydride elimination for high valent zirconium) to the rate of 20 + B
propagation (ethylene insertiori. factor values for different 104 /
catalysts under our standard conditions were determined by GC o J_; rom, S0 : ‘ ;
analysis of the ¢, through Gg fraction and these data are listed 0 20 40 60 80 100 120

in Table 2. A plot of In(mole % olefin) versus carbon number
for the YMAO and 10/MAO systems suggests that these
solutions do not lead to the same catalyst (Figure 5).

The selectivity data in Table 1 do not necessarily reflect a

reluctance of catalysts to react with 1-alkenes. For example, octyl-1-dodecene) by measuring the intensities of the olefin
the high 1-alkene content fdMAO may be a result of its resonances in thtH NMR spectra.

lower activity relative ta3/MAO. In the latter case the higher As shown in Figure 61/MAO reacts slowly with 1-decene,
percentage of 2-alkyl-1-alkenes and 2-alkenes may arise fromand approximately 90% of the original 1-decene remains
the higher concentration of 1-alkenes generated at shorterynreacted after 2 h. The error in these measurement is estimated
reaction times. To resolve these uncertainties, a series ofas+29% fromH NMR integration. Figure 7 shows thétMAO
catalysts prepared using MAO were reacted with 1-decene undefreacts more quickly, and that after 1 h, the majority of the
identical reaction conditions ([ZF 5.6 x 10~* M; [All/[Zr] 1-decene is converted to 2-decene and 2-octyl-1-dodecene
= 500; [1-decenef 1.0 M in toluene; 25C). This concentra-  (traces of trimers can also be observed by-@(€S as 1-decene

tion of 1-decene is appoximately an order of magnitude higher is depleted). Approximately 80% of the 1-decene was dimerized
than the final 1-alkene concentration generated during the because the end composition corresponds to 67% 2-octyl-1-
ethylene oligomerization reactions described above. Aliquots dodecene and 33% 2-decene and two 1-decene equivalents are
of 0.8 mL were retrieved from the reaction mixture at regular required per 2-octyl-1-dodecene equivalent. BMAO, the
intervals and quenched immediately with water. After separation, reaction profile shows that the rate of 1-decene consumption
the olefin composition was determined in terms of terminal increases with time (Figure 8). The performancd @MAO is
olefins (1-decene), internal olefins (2-decene), and dimers (2- shown in Figure 9 for comparison. Overall, the reluctance to

Time (minutes)

Figure 8. Reaction of 3IMAO with 1-decene at 500 Al/ZrA,
[1-decene]B, [2-octyl-1-dodecene]C, [2-decene].
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100 ¢ 120
90 + l
80 1 100
< + 2
g ° s 80-
§ 80 g
& 50t £ 80 -
4 8
$ 40 + 1<
a [}
a -
30 L 40
20 + 20 -
10 +
0 ' 4 ; ; ; 0 - ; - -
0 20 40 60 80 100 120 0 20 40 80 80 100 120
Time (minutes) Time (minutes)
Figure 9. Reaction of LMAO with 1-decene at 500 Al/ZrA, Figure 11. Activity of /MAO versus time.

[1-decene]B, [2-octyl-1-dodecene]C, [2-decene].
consumption remained at greater than 90% of the initial value.

132 Therefore, the catalytic species frdMAO is robust and only
‘ a minor decrease in ethylene uptake occurs, even after extended
o 297 reaction time.
§ 70+
S 60+
’OE: 50 1 Summary Discussion
o 40
£ 30 . .
200 | om0 Thg clean formation of 1-a|koxyboracyclohexa-Z,4-d.|enes by
g addition of alcohols to2, as shown in eq 1, provides a
10 1 convenient and flexible approach to various alkoxy-borataben-
0 . o o s-o " 20 o 120 zene anions. It is interesting that PMtisplacement occurs more
quickly with neutral alcohols than with stronger nucleophiles,
Time {minutes) such as LiPh or KPRH?2 Fu showed that this type of reaction
Figure 10. Reaction of/MAO and 1MAO with 1-decene at 1000  Occurs associatively, via a four coordinate boron. Under these
Al/Zr. [1-decene] versus time. conditions the oncoming nucleophile approaches the formally

anionic boron atom and the resulting negative charge is
consume 1-decene BYMAO parallels the high specificity for  distributed on the resulting pentadienyl fragment. We suggest
1-alkenes shown in Table 1. that the faster rates observed with neutral alcohols are a result
Higher MAO concentrations increase the rate of 1-decene of a simultaneous protonation at the alpha site of the carbon
consumption. This increase is shown in Figure 10, where the ring as oxygen approaches boron. No charge buildup occurs,
percentage 1l-decene is plotted against time for reactions ofresulting in a lower transition state energy. Similar arguments
1/MAO and 10/MAO with [Al}/[Zr] = 1000 and [Zr]= 5.6 x have been provided by Fu for the increase in rate of substitution
104 M. Note that1/MAO remains relatively unreactive and  on boron upon coordination & to “Cr(CO)s".12
that for LMAO the 1-(_1ecene is consumed in Ies_s than 20 min.  The general reaction shown by eq 1 works sufficiently well
In a separate experimeryMAO was reacted with ethylene  that isolation of the boracyclohexadiene is not required prior to
for 30 min producing a final 1-alkene concentration of ap- deprotonation. This is an important practical consideration in
proximately 2.5 wt %. The flow of ethylene was terminated view of the multistep synthesis &f In addition, it is possible,
and the resulting solution was allowed to stand for an additional by use of a suitable diol, to gain access to linked bis-
hour at 60°C. After this period approximately 90% of the  (alkoxyboratabenzene) dianions for design and synthesis of ansa-
prOdUCt remained as 1-alkenes with the remaining 10% present”ke zirconium Comp|exes such &sand9.31 Comp|exes7 and
as l-alkyl-2-alkenes. Only traces of 2-alkenes could be detected.g a|so suggest use of chirab®&ymmetric boratabenzene ligands
Catalyst Lifetime. The lifetime of metallocene catalysts is  in the design of stereoselective catalysts.
an important consideration for their application in polymeriza- Inspection of Table 1 shows thateads to the catalyst which
tion reactions® In many instances catalysts are short-lived but is least active toward olefins. ConsequentiMAO displays
sufficiently active such that the quantity of polymer produced o siowest ethylene uptake and leaves 1-alkenes largely
makes them synthetically useful. With these considerations in \,n5tfected for long periods of time. Figure 11 shows that the
mind /MAO was tested for activity versus time by using 1000 jitatime of 1/MAO is excellent, with minimal loss of activity
[Al)/[zr] and 5 umole of catalyst at 60C. The time required observed ovea 2 h period at 60°C. The higher ethylene
to consume a specified volume of ethylene was then meas“redconsumption of other catalysts, such 4MAO or 5/MAO
Shorter intervals are indicative of more rapid consumption and .q,1d be useful if the 1-a|kene,s could be removed fror,n the
thus a more active solution. Typically, no induction time was catalyst phase shortly after they are forndéd.
observed and the highest activity was measured at the onset of The results disclosed herein do not allow for an unambiguous

the reaction. This initial activity was arbitrarily chosen to be . e S
0 . . d X identification of the catalytic site. Presumably the mode of
100%. Figure 11 displays the effect of reaction time on the activation of MAO is similar to that established in standard

activity of 1/MAO. Over a period of 2 h, the ethylene metallocenes, namely methylation followed by heterolytic

(30) Chien, J. C. W.; Wang, B. B. Polym. Sci., Part A: Polym. Chem.
199Q 28, 15. (b) Giannetti, E.; Nicoletti, G. M.; Mazzocchi, R., Polym. (31) Ashe, A. J., lll; Al-Ahmad, S.; Fang, X.; Kampf, J. \@rgano-
Sci: Part A1985 23, 2117. metallics1998 17, 3883.
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methyl abstraction to leave a cationic comptéxhe methyl/

J. Am. Chem. Soc., Vol. 121, No. 6, 19995

(FID). Elemental analyses were performed by Desert Analytics, Inc.,

alkoxide exchange between the boratabenzene boron andrucson, AZ.

trimethylaluminum, as shown in eq 9, raises the possibility that
activation of alkoxyboratabenzene precursors with the com-
mercial MAO solutions leads to cationic species of the form
{[CsHsB-Me]Zr—R}* (R = H or alkyl). The fact that the
catalytic properties oft/MAO differ from those of L/MAO
(Figure 6 vs Figure 9) argues that, at least for ethoxy, such an

General Procedure for Sodium AlkoxyboratabenzenesA solution
of the alcohol in toluene was added dropwise to a stirred solutié@ of
in toluene at room temperature @v&5 min period. The solution was
stirred fa 1 h and the volatiles were removed in vacuo. The residue
was dissolved in THF and added dropwise to a stirred slurry of a slight
excess of NaH in THF. After the mixture was stirred for® h at
room temperature the reaction mixture was filtered through Celite and

exchange does not take place during the time scale of they,e ojatiles were removed in vacuo. The products are obtained as white

oligomerization reactio®® For the phenoxy and benzyloxy
substituents less is certain because the reactivitigghdAO,
5/MAO, and L/MAO are similar in many ways (Tables 1 and
2 and Figures 7 and 9).

The specificity toward production of 1-alkenes and the lack
of decomposition shown b MAO remains remarkable. This
reactivity complements that of other single site catalysts and
we recently showed howW/MAO in combination with [¢5-Cs-
Mey)SiMex(7*-NCMe3)] TiCl 2 3/MAO can be used to synthesize
branched polyethylene using ethylene aléhén intriguing
mechanistic possibility for cationic alkoxy- and aryloxybo-

or cream-colored solids.

Sodium 1-CyclohexyloxyboratabenzeneThe general procedure
described above was followed using cyclohexanol (108 mg, 1.08 mmol)
and?2 (164 mg, 1.08 mmol). Deprotonation was performed using NaH
(31 mg, 1.3 mmol) in THF. Solvent removal followed by a pentane
wash gave the product as a white, microcrystalline solid, yield: 158
mg, 0.80 mmol, 74%H NMR (THF-dg, 400 MHz): 6 1.27 (m, 4H,

g, h, i, orj), .54 (m, 2H, g or h), 1.74 (m, 2H, e or f), 1.93 (m, 2H,
eorf), 3.91 (m, 1H, d), 5.62 (tt, 1H, &Juy = 1.1 Hz,3Jyy = 6.9 Hz),
5.66 (dd, 2H, c#Juny = 0.9 Hz,%Jyy = 10.4 Hz), 7.13 (dd, 2H, BJun
= 6.7 Hz,3Jyy = 10.6 Hz).*3C{*H} NMR (THF-ds, 100 MHz): ¢
29.2 (BOCHCHCH,CH,), 30.2 (BOCHCHCH,CH,), 38.9 (BOCHCH,-

ratabenzene-based catalysts is that coordination to aluminumcH,CH,), 74.5 (BOCHCH,CH;CH;,), 106.4 CHCHCHB), 114.8 (br,

by the exocyclic oxygen atom regulates the relative rates of
olefin insertion. One should expect, on the basis of steric

CHCHCHB), 138.4 (CHCHCHB). MB{'H} NMR (THF-ds, 128
MHz): 6 39 (br).

considerations, that among the boratabenzene ligands studied Assignment made according to:
here the strongest adduct corresponds to the ethoxy group. The

presence of a tightly bound AlMearoup in the vicinity of the
metal may discourage insertion of the larger 1-alkenes relative
to ethylene. Unfortunately, given the structural complexity of
MAO, a definite account of the role of adduct formation is
difficult to obtain. Current efforts are focused on obtaining well-

defined catalysts that are amenable to spectroscopic character-

ization.

Experimental Section

General Remarks. All manipulations were performed under inert
atmosphere using standard glovebox and Schlenk technigjeésnol
and benzyl alcohol were purchased anhydrous from Aldrich Chemical
Co., Milwaukee, WI. Cyclohexanol and 1-decene (Aldrich) were dried
over molecular sieves 3 A, degassed, and filtered just prior to use.
Racemictrans-1,2-cyclohexanediol, trimethylaluminum and racemic
binaphthol (Aldrich) were used as received. Toluene, pentane, diethyl
ether, and THF were distilled from sodium benzophenone ketyl.
Cp*ZrCl3,3" 1 ¢ and2 8 were prepared according to literature methods.
LDA was prepared from diisopropylamine anébutyllithium at—78
°C. MAO was obtained from Akzo Nobel Chemicals, Inc. NMR spectra
were obtained using a Bruker AMX-400 spectrometét.and °C-
{'H} NMR spectra were calibrated using signals from the solvent and
are reported downfield from M8&i, whereas''B{'H} NMR spectra
are referenced to external BBEbL. GC data were collected on a Varian
Star 3400 CX Series GC equipped with a flame ionization detector

(32) Jordan, R. FAdv. Organomet. Chenml991, 32, 325.

(33) There is no change in the catalytic properties@500 MAO when
two equivalents of ethanol are added.

(34) (a) Shapiro, P. J.; Bunel, E.; Schaefer, W. P.; Bercaw, J. E.
Organometallicsl99Q 9, 867. (b) Shapiro, P. J.; Cotter, W. D.; Schaefer,
W. P.; Labinger, J. A.; Bercaw, J. B. Am. Chem. S0d.994 116, 4623.

(c) Lai, S.-Y.; Wilson, S. R.; Knight, G. W.; Stevens, J. C.; Chun, P.-W. S.
U.S. Patent 5,272, 236, 1993.

(35) Barnhart, R. W.; Bazan, G. C.; Mourey,J.Am. Chem. So4998,
120 1082

(36) Burger, B. J.; Bercaw, J. E. l&Experimental Organometallic
Chemistry Wayda, A. L., Darensbourg, M. Y. Eds.; ACS Symposium Series
357; American Chemical Society: Washington DC, 1987.

(37) Wolczanski, P. T.; Bercaw, J. Brganometallics1982 1, 793.

(38) Hoic, D. A.; Wolf, J. R.; Davis, W. M.; Fu, G. @rganometallics
1996 15, 1315.

Sodium 1-Phenoxyboratabenzend he general procedure described
above was followed using phenol (244 mg, 2.59 mmol) an@94
mg, 2.59 mmol). Deprotonation was performed using NaH (83 mg,
3.5 mmol) in THF. The initial isolated yield was 392 mg (2.04 mmol,
79%). The crude product was triturated in 3 mL oft@&tfor 2 h at
room temperature. Filtration and washing with pentane gave the product
as an off-white, crystalline solid (280 mg, 56% yielt). NMR (THF-
ds, 400 MHz): 6 5.81 (tt, 1H, GICHCHB, *Jyp = 1.1 Hz,3J4y = 6.9
Hz), 5.91 (dd, 2H, CHCHEB, “Juy = 0.8 Hz,3Juy = 10.0 Hz), 6.70
(t, 1H, BOCCHCHG®, 33y = 7.3 Hz), 7.00 (d, 2H, BOCBCHCH,
3344 = 7.5 Hz), 7.08 (t, 2H, BOCCHBCH, 3J4y = 7.0 Hz), 7.20 (dd,
2H, CHCHCHB 2Juy = 7.0 Hz, 2 = 10.6 Hz).23C{*H} NMR (THF-
ds, 100 MHz): 6 108.5 CHCHCHB), 116.9 (br, CHCIEHB), 122.1
(BOCCHCHCH), 123.3 (BOCCHCIBH), 132.1 (BGCCHCHCH),
132.6 (BOCCHCHCH), 138.3 (CHCHCHB). 'B{*H} NMR (THF-ds,

128 MHz): 6 39 (br).

Sodium 1-BenzyloxyboratabenzeneThe general procedure de-
scribed above was followed using benzyl alcohol (152 mg, 1.41 mmol)
and?2 (214 mg, 1.41 mmol). Deprotonation was performed using NaH
(45 mg, 1.9 mmol) in THF. The product was isolated as a white solid
(226 mg, 1.10 mmol, 78% yieldfH NMR (THF-ds, 400 MHz): ¢
4.86 (s, 2H, BOEl,), 5.72 (t, 1H, GICHCHB, J4y = 7.0 Hz), 5.83
(d, 2H, CHCH@®B, 3Jyy = 11.2 Hz), 7.10 (t, 1H, BOCKCCHCH,
8Jun = 7.2 Hz), 7.20 (m, 4H, CHECHB and BOCHCCHCHCH),
7.41 (d, 2H, BOCHCCHCHCH, 33y = 8.0 Hz).23C{*H} NMR (THF-
ds, 100 MHz): 6 70.1 (BOCH), 107.1 CHCHCHB), 114.5 (br,
CHCHCHB), 129.4 (BOCHCCHCHCH), 130.1 (BOCHCCHCHCH),
131.3 (BOCHCCHCHCH), 138.5 (CHCHCHB), 148.0 (BOCH-
CCHCHCH). “B{'H} NMR (THF-ds, 128 MHz): ¢ 40 (br).

Synthesis of Na6(THF). A slurry of trans1,2-cyclohexanediol (117
mg, 1.01 mmol) in 3 mL of toluene was added 2q304 mg, 2.00
mmol). After 45 min the reaction became homogeneous. Deprotonation
was carried out using NaH (54 mg, 2.25 mmol) in THF. The product
was isolated as a white mono-THF adduct (322 mg, 84% yiéH).
NMR (THF-dg, 400 MHz): 6 1.17 (m, 2H, a or b), 1.40 (m, 2H, a or
b), 1.69 (m, 2H, c or d), 1.77 (m, 4H, THF), 2.44 (m, 2H, c or d), 3.62
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(m, 4H, THF), 3.83 (M, 2H, €), 5.66 (d, 4H 3y = 9.8 Hz), 5.70 (tt,
2H, h, %3 = 1.3 Hz, 30 = 6.9 Hz), 7.11 (dd, 4H, ¢ = 6.9 Hz,
3Juy = 10.8 Hz).33C{*H} NMR (THF-ds, 100 MHz): 6 28.4 (THF),
28.9 (BOCHCHCH,), 36.5 (BOCHCH,CH,), 70.3 (THF), 80.8
(BOCHCH,CH,), 108.4 CHCHCHB), 113.7 (br, CHCIEHB), 139.0 ;

(CeDs, 128 MHz): ¢ 34 (br). Anal. Calcd (gH3B2Cl.0,Zr): C, 51.50;
H, 6.30. Found: C, 51.88; H, 6.41.
Assignment made according to:

(CHCHCHB). 11B{H} NMR (THF-dg, 128 MHz): 6 39 (br). h
Assignment made according to: o e i
g g
d
. ES
o~ a o 2
a o\% ZrCly
b 94 D . A o
¢ Bis(1-phenoxyboratabenzene)zirconium Dichloride (4)The gen-
h eral procedure described above was performed using sodium 1-phe-

9 noxyboratabenzene (280 mg, 1.46 mmol) and Z(Cr0 mg, 0.730

mmol). Twenty milliliters ofn-heptane was condensed onto the solids
Synthesis of L8(THF)4. A slurry of binaphthol (852 mg, 2.97 at—78°C, and the reaction mixture was stirred at this temperature for
mmol) in 10 mL of toluene was added to a stirred solutior?2 904 4 h. After this period, the reaction was allowed to warm to room
mg, 5.95 mmol) in 10 mL of toluene over a 10 min period. The solution temperature and was stirred for an additional 22 h. Extraction with
became homogeneous after it was stirred for an additional 15 min. toluene and filtration gave a green solution. Removal of volatiles gave
Precipitation occurred after an additional 30 min of stirring. Following 168 mg (0.336 mmol, 46% isolated) of the crude product as a yellow-
solvent removal, the residue was dissolved in 20 mL of THF and cooled green solid. Trituration in EO for 2 h and filtration gave puré as a
to —78°C. Under argon purge, a solution of LDA (637 mg, 5.95 mmol)  pright yellow solid (114 mg, 31% yieldH NMR (CeDs, 400 MHz):
in 6 mL of THF was added via syringe and an immediate color change § 5.76 (dd, 2H, CHCHEIB, “Jyy = 1.6 Hz,3Jyy = 11.1 Hz), 5.95 (tt,
was observed. The resulting slurry was stirred and allowed to slowly 14, CHCHCHB, 4Juy = 1.5 Hz, 3w = 6.8 Hz), 6.94 (tt, 1H,
warm to room temperature over a period of 16 h. Removal of volatiles BOCCHCHM, 43y = 1.6 Hz, 3Juy = 6.9 Hz), 7.13 (m, 4H,
in vacuo afforded the crude product. Purification by trituration in 5 BOCCHCHCH), 7.20 (dd, 2H, CHEICHB, 33t = 7.0 Hz, 3)y =
mL of Et,O twice followed by filtration gave lgB(THF)4 as an off- 10.3 HZ).13C{ 1H} NMR (CGDGy 100 MHZ)Z d 105.5 CHCHCHB),
white solid (1.34 g, 61% yieldfH NMR (THF-dg, 400 MHz): 6 1.77 117.7 (br, CHCKCHB), 121.0 (BOCCHCIHEH), 123.3 (BOTH-
(m, 16H, THF), 3.62 (m, 16H, THF), 5.62 (d, 2H, CHCHB, *J.4s = CHCH), 130.0 (BE&CHCHCH), 147.4 (CKCHCHB), 156.3 (BOC-
10.9 Hz), 5.63 (t, 1H, BCHCHB, under 5.62 ppm peak), 6.88 (dd, CHCHCH). 1B{1H} NMR (C¢D¢, 128 MHz): 6 37 (br). Anal. Calcd
2H, CHOHCHB, 2Juy = 7.3 Hz,%Juy = %g% Hz), 7.02 (t, 1H3Jun = (C2H20B:Cl,0:2r): C, 52.83; H, 4.03. Found: C, 53.44; H, 4.24.
7.6 Hz), 7.15 (m, 2H), 7.71 (M, SHIXC{*H} NMR (THF-ds, 100 Bis-(1-benzyloxyboratabenzene)zirconium Dichloride (5).The

MHz): ¢ 28.4 (THF), 70.3 (THF), 109.1GHCHCHB), 115.8 (br, : .
CHCHCHB), 121.3, 125.2, 127.3, 128.2, 129.4, 129.7, 130.0, 132.7 general procedure was followed using sodium 1-benzyloxyborataben-
L raa M (LR A Em A (et zene (1.31 g, 6.35 mmol) and ZrC{745 mg, 3.20 mmol). Forty

136.5 (binaphthyl resonances), 138.0 (CHCHB), 158.4 (binaphthyl). o .
(binaphthy ) ) (binaphthyl) milliliters of Et,O was condensed onto the solids-&8 °C and the

UB{*H} NMR (THF-ds, 128 MHz): ¢ 41 (br). _ _ nto
reaction was stirred for 20 h. Isolation yielded 950 mg (56%% af

e P for b Akoxmoraeere A el s W (CO. 400 i 505 (¢ 2
' pprop BOCH,), 5.71 (dd, 2H, CHCHEB, *Jus = 1.4 Hz,3Juy = 10.9 H2),

i sotocaberore kv s 00 o 2550 e 0T
quipp 9 ' BOCH,CCHCHCH, 3J4y = 7.6 Hz), 7.25 (m, 4H, CHECHB and

i sl e e Sl 10 DA 10 AP GOCHECHGICH, 7400 21 BOCHCOICHCH et~ 10
3C{1H} NMR (CeDs, 100 MHz): & 67.7 (BCCH,), 104.8 CHCH-

solids at—78°C. The slurry was allowed to warm to room temperature CHB) 116.9 (br CHCIEHB). 127.4 (BOCHCCHCHCH). 127.6
and was stirred over an-80 h period. After the reaction was complete, ): -9 (br, ), 4 ( H ): :

all volatiles were removed in vacuo. The resulting solids were extracted (BOCH,CCHCHCH), 128.6 E?O?WCHCHCH)’ 140.2 (CH:H.CHB)'
with 10—20 mL of toluene and the extract was filtered through Celite. 147.6 (BOCHCCHCHCH). “B{*H} NMR (CeDe, 128 MH2): 6 37

Removal of volatiles gave golden-yellow to orange-yellow solids of (P")- Anal. Calcd (GiH248.Cl.0-Zr): C, 54.57; H, 4.58; Found: C,
varying purity. Purification of the compounds was performed by 54.37; H, 4.64.

trituration in E$O or ExO/pentane followed by filtration through a Synthesis of 7The general procedure described above was followed
medium frit. Products were obtained as microcrystalline solids. using Na6(THF) (311 mg, 0.997 mmol) and Zr£(232 mg, 0.996

Bis(1-cyclohexyloxyboratabenzene)zirconium Dichloride (3)The mmol). Fifty milliliters of ELO was condensed onto the solids-at8
general procedure described was followed using sodium 1-cyclohexy- “C- The solution was allowed to warm to room temperature and was
loxyboratabenzene (177 mg, 0.894 mmol) and Z(&D4 mg, 0.446 stirred for an additional 18 h. Extraction and isolation gave 150 mg
mmol). E4O (20 mL) was condensed onto the solids-&8 °C. Under (35% yield) of7 as a yellow microcrystalline solidH NMR (CqDs,
constant stirring the reaction mixture was allowed to warm to room 400 MHz): 6 1.04 (m, 2H, a or b), 1.29 (m, 2H, a or b), 1.49 (m, 2H,
termperature and was stirred for an additional 11 h. Extraction with € or d), 1.92 (m, 2H, c or d), 4.03 (m, 2H, e), 5.20 (ddd, 2HJf; =
toluene and isolation gav&as a yellow solid (121 mg 53% yieldH 1.6 Hz,*Jun = 3.1 Hz,%Jun = 10.9 Hz), 5.96 (ddd, 2H, fiJuu = 1.4
NMR (CeDs, 400 MHz): 6 1.14 (m, 1H, i or j), 1.23 (m, 2H, g or h),  HZz, s = 3.1 Hz,3Jun = 11.4 Hz), 6.39 (tt, 2H, hfJuy = 1.4 Hz,
1.41 (m, 1H, i orj), 1.56 (m, 2H, g or h), 1.68 (m, 2H, e or f), 1.94 (m, 3w = 6.9 Hz), 7.04 (ddd, 2H, fdun = 2.2 Hz,3Jun = 6.7 Hz,*Jus
2H, e or f), 4.19 (it, 1H, d3Juy = 3.7 Hz,3Jun = 9.2 Hz), 5.68 (dd, =11.2 Hz), 7.71 (ddd, 2H, sy = 2.2 Hz,30un = 7.2 Hz, 33y =
2H, ¢,%Jun = 0.9 Hz,3Jyy = 10.7 Hz), 5.90 (t, 1H, &4y = 6.9 Hz), 10.9 Hz).23C{*H} NMR (CeDs, 100 MHz): 6 24.4 (BOCHCHCH,),

7.29 (dd, 2H, b3y = 6.7 Hz, 334y = 11.1 Hz) 3C{*H} NMR (CDe,
100 MHz): 6 24.2 (BOCHCHCH,CH,), 25.9 (BOCHCHCH,CHy),
35.0 (BOCHCH,CH,CHy), 73.2 (BOCHCH,CH,CH,), 104.2 CHCH-
CHB), 117.1 (br, CHCKEHB), 147.6 (CHCHCHB). B{'H} NMR

33.6 (BOCHCH,CHy), 78.2 (BACHCH,CH,), 111.9 CHCHCHB),
112.8 (br, CHCHCHB), 119.6 (br, CHCKCHB), 145.0 (CHCHCHB),
155.6 (CHCHCHB). MB{*H} NMR (CsDs 128 MHZz): 6 36 (br). Anal.
Calcd (GeH20B2Cl022Zr): C, 44.89; H, 4.71. Found: C, 45.03; H, 4.66.
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Table 3. Summary of Crystallographic Data fdrand 7
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crystal parameters 4 7
chemical formula @HzoBzClezZr C21H3282C|2022r
formula weight 500.12 500.21
crystal system monoclinic monoclinic
space group (no.) P2:/n (14) C2/c (15)

VA 4 8

a A 15.2654(3) 18.5883(4)

b, A 6.6931(1) 13.5596(3)

c, A 21.0237(2) 16.6153(4)

B, deg 104.363(1) 105.860(1)

volume, &8 2080.91(6) 4028.5(2)

Peale, MgrMm—3 1.596 1.649

cryst. dimens., mf 0.16x 0.08 x 0.06 0.20x 0.18x 0.18

temp.,°C —80 —80
measurement of intensity data and refinement parameters

radiation ¢, A) Mo Ka (0.71073)

26 range, deg 456.6 4-46.5

data collected —14<h=<20,-8<k=<7,-27<1=<27 —20<h=<20,-15<k=<9,-17<1<18

no. of data collected 11 604 8194

no. of unique data 4756 2822

Rint, Rsigma (%0)? 3.36,5.08 5.70, 6.31

no. obs. datal (> 20(l)) 3719 2172

no. parameters varied 262 228

u, mmt 0.802 0.827

absorption correction empirical (SADABS)

range of trans. factors 0.84D.928 0.5370.928

Ri(Fo), WR(F) 4.32,6.80 6.77,17.42

Ri(Fo), WRo(F) 6.67,7.42 8.58, 18.66

AR = Y |Fo? — FoA(mean)/y [Fo?l; Rsgma= Y[0(FoAlI[Fo?. P R = (ZIIFol — IFell)/3IFol; WR = [Y[W(Fo? — F)?l/ ¥ [W(F?)] 2 wherew

= U[o¥Fo?) + (arP)? + b-P] and P = [(Max; O, F?) + 2-F?)/3.

Assignment made according to

Synthesis of 9. The general procedure described above was
performed using LLB(THF)s (1.35 g, 1.82 mmol) and Zr¢(424 mg,
1.82 mmol). Forty milliliters of EO was condensed onto the solids at
—78 °C and the reaction mixture was allowed to warm to room
temperature and was stirred for 17 h. Extraction with toluene and
filtration gave an orange-yellow solution. Removal of volatiles gave
702 mg (64%) of9 as an orange-yellow solidH NMR (C¢Ds, 400
MHz): 6 5.12 (ddd, 2H, CHCHEB, *Juy = 1.6 Hz,%Juy = 3.1 Hz,
3Jun = 11.5 Hz), 5.66 (ddd, 2H, CHCHEB, “Jyy = 1.6 Hz,“Jyn =
3.0 Hz,3Jyy = 11.2 Hz), 6.33 (tt, 2H, BICHCHB, “Juy = 1.4 Hz,
8Jun = 6.7 Hz), 6.96 (tt, 2H, binaphthyfJuy = 1.3 Hz,3Jyy = 8.1
Hz), 7.02 (m, 2H, binaphthyl), 7.11 (d, 2H, binaphth§dyy = 7.8
Hz), 7.17 (m, 2H, CHEICHB, overlaps with @HDs resonance), 7.46
(d, 2H, binaphthyl3Jun = 8.7 Hz), 7.60 (ddd, 2H, CHEBCHB, “Jun
= 2.7 Hz,3)un = 6.7 Hz,3J4y = 11.4 Hz), 7.63 (d, 2H, binaphthyl,
3Jun = 9.0 Hz), 7.72 (d, 2H, binaphthyiJuy = 8.3 Hz).13C{*H} NMR
(CéDs, 100 MHz): ¢ 110.0 CHCHCHB), 113.4 (br, CHCIEHB),
115.7 (br, CHCKCHB), 121.2, 122.1, 124.6, 125.7, 126.8, 127.0, 129.3,
130.8, 134.7 (binaphthyl resonances), 149.0 QEI€HB), 152.3
(binaphthyl), 156.2 (CBHCHB). B{'H} NMR (C¢Ds, 128 MHz):

0 36 (br). Anal. Calcd (GH2:B,Cl,0,Zr): C, 44.89; H, 4.71. Found:
C, 45.03; H, 4.66.

Synthesis of Cp*[GHsB—OEt]ZrCl , (11). A solution of sodium
1-ethoxyboratabenzene (144 mg, 1.01 mmol) in 3 mL of THF and a
slurry of Cp*ZrCk (333 mg, 1.00 mmol) in 3 mL of EO were cooled
to —35°C. Addition of the 1-ethoxyboratabenzene solution to Cp*ZrCl
was carried out over a 10 min period under constant stirring. Volatiles
were removed in vacuo. Toluene extraction and filtration gave a light
yellow solution. Removal of toluene gave 321 mg (77% yieldLbf

as a yellow crystalline soliddH NMR (Cg¢Ds, 400 MHZz): 6 1.34 (t,
3H, BOCHCHs, 3Jun = 7.0 Hz), 1.74 (s, 15H, §CHa)s), 4.14 (q,
2H, BOCH,CHs3, 3Jyy = 7.0 Hz), 5.21 (tt, 1H, ICHCHB, *Jyy = 1.7

Hz, 3~JHH =6.5 HZ), 571 (dd, 2H, CHCHEB, 4-]HH =1.6 HZ,3JHH =

11.1 Hz), 7.00 (dd, 2H, CHEBCHB, 334y = 6.5 Hz,3Jun = 11.1 Hz).
13C{1H} NMR (CeDs, 100 MHz): 6 12.5 (BOCHCHs), 17.6 (G-

(CHs)s), 60.8 (BACH,CHg), 100.7 CHCHCHB), 116.2 (br, CHCH-
CHB), 125.6 Cs(CHs)s), 145.5 (CHCHCHB). MB{*H} NMR (CsDs,

128 MHz): 6 37 (br). Anal. Calcd (gH2sBCl,OZr): C, 48.81; H,
6.02. Found: C, 48.66; H, 5.97.

Cp*[C sHsB(OEt)(AlMe 3)]ZrCl 2 (12). To a slurry of11 (20 mg,
48 umole) in 3 mL of a 50:50 toluene/pentane solvent mixture was
added a few drops of (AIMg (excess). The resulting slurry was filtered
and cooled to—35 °C for 2 weeks and fine yellow needles of the
product formed*H NMR (C¢Ds, 400 MHZ): 6 —0.43 (s, 9H, Al(GH3)s),
0.91 (t, 3H, OCHCHg3, 3Jun = 7.0 Hz), 1.69 (s, 15 H, £CHs)s), 3.36
(9, 2H, OQH,CHs, 33y = 7.6 Hz), 5.63 (it, 1H, BICHCHB, “Jyy =
1.5 Hz,%Jyy = 6.8 Hz), 5.68 (ddd, 1H, CHCHEB, “Jyy = 1.7 Hz,
4Jun = 2.8 Hz,3Jyy = 10.5 Hz), 6.42 (ddd, 1H, CHCHEB, “Jun =
1.7 Hz,3Juy = 6.8 Hz,%J4y = 10.5 Hz), 6.56 (ddd, 1H, CHECHB,
Jun = 1.3 Hz, 3Jyw = 6.7 Hz, 33y = 10.5 Hz), 7.08 (ddd, 1H,
CHCHCHB, “Jyn = 1.8 Hz,3Jyy = 6.5 Hz,3J4y = 10.7 Hz).*'B NMR
(CsDe, 128 MHz): 6 38 (br). Thermal instability precludes elemental
analysis and3C NMR spectroscopy.

Ethylene Oligomerization Procedure.In a glovebox, stock solu-
tions of the precatalysts were prepared by placing known amounts in
a vial and bringing the concentration to 5.@@nole/g of toluene
solution. A 1.00 g fraction of this solution was combined with the
appropriate amount of MAO, 9.6 wt % aluminum (1000 equiv of Al
= 1.405g = 5.00 mmol). Immediately after addition a color change
to a deeper yellow or orange was observed. The resulting solution was
placed inside a 100 mL round-bottom flask equipped with a stir bar,
and an additional 40 mL of toluene was added. The flask was fitted
with a needle valve and was removed from the glovebox. The mass of
the entire assembly was recorded to the nearest 0.01 g, and the assembly
was attached to a vacuum line. The flask was partially evacuated for
15-30 s and brought to 60C. After 30 min of exposure to 1 atm
ethylene, the assembly was reweighed to the nearest 0.01 g. The reaction
was quenched using 3 mL of water and the resulting aluminum-
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Table 4. Summary of Crystallographic Data farl and 12

Rogers et al.

crystal parameters 11 12
chemical formula &H2sBClLOZr CooH34AIBCI,0Zr
formula weight 418.30 490.38
crystal system monoclinic orthorhombic
space group (no.) P21/ (14) Pbca(61)

z 8 8

a A 13.009(2) 22.7388(3)

b, A 18.101(3) 8.9836(1)

c A 15.908(2) 23.3353(1)

p, deg 90.68(1)

volume, &8 3745.7(10) 4766.85(8)

Peale, MgrMm~—3 1.484 1.367

cryst. dimens., mf 0.28x 0.18x 0.02 0.28x 0.24x 0.16
temp.,°C —80 —80

radiation ¢, A)

measurement of intensity data and refinement parameters

MoKa (0.71073)

26 range, deg 346.5 3-56.6

data collected —14<h=<14,-20<k=<16,-17=<1=<17 —30<h=<26,-11<k=<11,-22=<1=<31
no. of data collected 16 446 27 052
no. of unique data 5360 5772

Rint, Rsigma (%0)2 4.39,4.84 3.37,2.83
no. obs. datal (> 20(l)) 4201 5072

no. parameters varied 409 244

w, mmt 0.871 0.729
absorption correction empirical (SADABS)

range of trans. factors 0.730.928 0.71+0.928
Ru(Fo), WRA(F) 3.65, 7.59 4.28,8.14

Ru(Fo), WRo(F) 5.60, 8.39 5.47, 8.54

AR = Y |Fo? — FoA(mean)/y [Fo?l; Rsgma= Y[0(FoAlI[Fo?. P R = (ZIIFol — IFell)/3IFol; WR = [Y[W(Fo? — F)?l/ ¥ [W(F?)] 2 wherew
= U[o¥Fo?) + (arP)? + b-P] and P = [(Max; O, F?) + 2-F?)/3.

containing salts were dissolved in aqueous base. The toluene layer wagentroids of>4500 reflections for all of the crystals excedt® Data
isolated and analyzed usifg NMR spectroscopy, GC and GAVS. were corrected for absorption with the SADAB$®rogram.

1-Decene Isomerization.Fifteen umoles of the precatalyst was The space group assignments are provided in Tables 3 and 4. A
combined with either 500 or 1000 equiv of MAO, diluted with 20 mL ~ molecule of pentane is found in the lattice ©fThe structures were
of toluene, and placed inside a three-neck, 100 mL round-bottom flask Solved by using direct methods and refined employing full-matrix least-
fitted with two rubber septa. The flask was fitted with a needle valve squares oifr? (Siemens, SHELXTL! version 5.04). All of the non-H
and the assembly attached to a vacuum line. The flask was kept atatoms of the molecular species were refined anisotropically for all of
room temperature using an external water bath. Under argon purge,the data sets, and the hydrogen atoms were included in idealized
5.0 mL of 1-decene was added to the reaction flask and the initial time Positions. The final residuals are provided in Tables 3 and 4. Goodness
was recorded. The reaction mixture was stirred at room temperature, Of fit (GOF) values ranged between 0.980 and 1.143. Further details
and 0.8 mL aliquots were withdrawn at various times using a syringe of the data collection, solution, and refinement can be found in the
and then were immediately quenched with water. The mixtures were Supporting Information.
then diluted with 1 mL of cyclohexane, dried with anhydrous MgSO .
and filtered. Acknowledgment. G.C.B. is an Alfred Sloan Fellow and a
Catalyst Lifetime. A solution of /MAO (5.00 umole Zr, [Al}/[Zr] Henry and Camille Dreyfus Teacher Scholar. The authors are
= 1000) was used to oligomerize ethylene at°60for 2 h. Ethylene ~ grateful to the Petroleum Research Fund (ACS) and the

uptake was recorded by measuring the time required for a given volume Department of Energy (DE-FG03-98ER14910) for financial
to be consumed by use of an oil bubbler. The reciprocal of this quantity assistance.

is proportional to the activity of the catalyst and this value was adjusted

to be an arbitrary 100% at the onset of the oligomerization. Supporting Information Available: Complete details for

Structure Determination for 4, 7, 11, and12. The X-ray intensity the synthesis, reactivity and X-ray crystallographic studies of
data were collected on a standard Siemens SMART CCD Area Detector4, 7, 11, and12 (PDF). This material is available free of charge
System equipped with a normal focus molybdenum-target X-ray tube via the Internet at http://pubs.acs.org.
operated at 2.0 kW (50 kV, 40 mA). A total of 1321 frames of data
(1.3 hemispheres) were collected using a narrow frame method with JA983270E
scan widths of 0.3in  and exposure times of either 30 s/fr_arﬂe ( (39) It has been noted that the integration program SAINT produces cell
and12) or 60 s/frame 4 and 11) using a detector-to-crystal distance  constant errors that are unreasonably small, because systematic error is not
of 5.09 cm (maximum @ angle of 56.6). The total data collection included. More reasonable errors might be estimated =tthé listed value.
time was approximately either 12 or 25 h, respectively, for 30 or 60 s It should be noted that the SAINT program could not improve the original
frames. Frames were integrated to 0.90 A7@nd11 and 0.75 A for cell proc{uclengyﬂSI\/lART forll, and hence the final unit cell is based

: . upon on reflections.
4 and1_2 \.N'th the Siemens SAINT program. Laue symmetr_y revealed p(40) Tr{e SADABS program is based on the method of Blessing; see
monoclinic crystal systems fa, 7', andl1land an orthorhombic crystal Blessing, R. HActa Crystallogr., Sect. A995 51, 33.
system forl2, and the final unit cell parameters (ai80 °C) were (41) SHELXTL: Structure Analysis Programersion 5.04 Siemens
determined from the least-squares refinement of three-dimensional Industrial Automation Inc.: Madison, WI, 1995.




