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(CsRs)2Zr(R)(alkyne) and (GRs).Zr(R)(alkenef complexes are

probable key intermediates in zirconocene-catalyzed alkyne oligo-

merizatiod and alkene polymerizatiohThese species are chal-
lenging to study because the absence-efitiback-bonding results

Incorporation of fluorine substituents in the-ZR group should
stabilize a (GRs).Zr(R)(substrate) species against insertion, due
to the resulting decreased nucleophilicity of the-Br-group? To
test this idea, we investigated alkyne and alkene binding to the

in weak Zr-substrate binding, and because insertion of the substrate Cp,Zr(CgFs) ™ cation.

into the Zr-R bond is fast. X-ray and NMR studies of chelated
(CsRs),Zr(OCMe,CH,CH,CH=CH,)* complexes,and NMR stud-

ies of nonchelated Zralkoxide—alkene speciesshow that alkenes
bind to Zr(IV) unsymmetrically ¢(Zr—Ciem) < d(Zr—Ciy)) and
that the G=C bond is polarized with positive charge op.CSeveral

d°® metal-alkyl—alkene complexes are knowrut except for an
yttrium system in which alkene coordination can be detected by
NMR line broadening, in all cases the coordinated alkene is
tethered to another ligand. Here we describe nonchelatedryl—
alkyne and Zr-aryl—alkene complexes that are stabilized by the
presence of-Si substituents in the alkyne and alkene ligands and
fluorination of the aryl ligand.

The use off-Si-substituted alkynes and alkenes should favor
the formation of stabletmetal-substrate complexes, duefeSi
stabilization of the positive charge on,C8 To test this idea, we
compared the coordination of-Si-substituted and non-Si-
substituted substrates to [Gr(OBu)(CICD,CI)][B(CsFs)4] (1; Cp
= CsHsMe)# Propargyltrimethylsilane (PTMS) and allyltrimeth-
ylsilane (ATMS) react withl to give robust [CpZr(OBu)(L)]-
[B(CgFs)4] adducts (L= HC=CCH,SiMe; (2); H,C=CHCH,SiMe3

The reaction of CgZr(CsFs)Me (6, Cp = CsHs)10 with 1 equiv
of [PhsC][B(CeFs)4] for 2 days (GDsCl, 22°C) yields a 1:1 mixture
of PhsCMe and [CpZr(CsFs)1[B(CeFs)4] (7, 97%, eq 2). At earlier

[PhsCIIB(CeFs)d]

Cp.,_ CHs CgDsCl,22°C,2d @
I —_—
cp” C¢Fs  -PhiCMe

6

L BCFay

reaction times, mixtures @, PhCMe, PRC*, and [ Cp,Zr(CsFs)} o
(u-Me)][B(CeFs)4]1° were observed. Compouridis stable for 3
weeks in GDsCl at 22°C, but decomposes in seconds in £

at —78°C. The—38°C 1% NMR spectrum of7 contains twoo-F
resonances, one at—118.2 that is typical for Zr(gFs) compounds,
and a second at —140.0, ca. 20 ppm upfield of the normal range
(6 —116 £+ 10)1011 These results show that the sides of th&C
ligand are inequivalent, and suggest that offeis coordinated to
Zr.11aadditionally, complex7 may be further stabilized by solvent
coordination. VT'F NMR spectra reveal that the sides of thé=§

(3); eq 1). The NMR resonances for the alkyne and alkene units of ligand exchange as the temperature is raised, due to a lateral pivot

CD,Cl,
® _o'Bu -89 °C .® _o'Bu
Cp2Zrl_ Cp2Zr_ 1)
CICD,CI L
1 2: L = HC=CCH,SiMe; (PTMS)
. 3: L = H,C=CHCH,SiMe; (ATMS)
counterion = B(CgF5)4 4: L = HC=CMe
5: L = H,C=CHCH,CMe;

2 and 3 are more strongly shifted from free substrate values
than those for the non-Si-containing analogues '{&p
(OBu)(HC=CMe)][B(CsFs)s] (4, eq 1) and [CpZr(O'Bu)-
(H,C=CHCH,CMe3)][B(CsFs)4] (5, eq 1), suggesting a greater
degree of substrate polarizatiehE-or example, the & °C NMR
resonance o8 shifts far downfield A0 = d¢oord — Ofree = +31.6),

the Gem resonance shifts upfieldA¢ = —19.7), and the
resonance shifts far downfield¢ = +1.80), compared to the free
ligand values. In contrast, much smaller coordination shifts are
observed for5 (Ad: Cin +18.8, Germ —11.7, Hye +1.46). The
equilibrium constant for the formation @, Keq = [2][1] -
[HC=CCH,SiMe;] 1 = 1.0(2) x 10° M~ (CD,Cl,, —89 °C, eq

1), is 280 times larger than that for coordination of propyn# to
give 4,4 even though propyne is smaller than PTMS. Similarly, the
equilibrium constant for ATMS binding t@ (Keq = 1.7(4) x 10°
M~1, CD,Cl,, —89°C) is 900 times larger than that for coordination
of 4,4-dimethyl-1-pentene tb to give 5. These results show that
the 5-Si substituents ir2 and3 greatly enhance substrate binding.
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of the GFs ligand and/or Z#CgFs rotation.

Addition of PTMS to7 (CsDsCl, —38 °C) yields the alkyne
adduct [CpZr(CeFs)(HC=CCH,SiMe3)][B(CeFs)4] (8, eq 3)12 The
19F NMR spectrum oB contains twa-F resonances in the normal
range ¢ —114.6,—121.0), which are broadened due to-Z;sFs
rotation. The alkyne & 3C NMR resonance is more strongly
shifted in8 (A6 = +62.5) than in2 (A6 = +21.7), which may
indicate a greater degree of polarization of the alkyn&.iThe
Jcn values for the alkyne unit iB (1cy = 232;2Jcy = 34 Hz) are
10—15 Hz smaller than the values for free PTM&,and other
terminal alkyne complexes df* but are within the range for sp-
hybridized carbons and inconsistent with insertion products in which
these carbons would be%hybridized!® PTMS binds strongly to
7 with Keq = [8][7] Y {HC=CCH,SiMe3] ! = 9.1(6) x 10? M1
(CsDsCl, —38 °C). THF displaces PTMS fror8 to give [CpZr-
(CsFs)(THF)][B(CéFs)4] (9, 100%). Compoun® is stable for 8 h
at —38 °C (GsDsCl).

Addition of 4 equiv of ATMS to7 (CsDsCl, —38 °C) re-
sults in partial formation of the alkene adduct PZHCeFs)-
(H2C=CHCH,SiMe3)][B(C6Fs)a] (10, eq 3). The Ky H NMR

CgD5Cl o ®
-38° P, L
L ﬂ; 77 (3)

Kdissoc Cp/ \C6F5

8: L= HCECCHQSiMe:;
10: L = H,C=CHCH,SiMes
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resonance of the ATMS ligand is shifted far downfield, and the
13C NMR resonances for i and Gem are divergently shifted
(Ao: Hine +1.89, Gy +51.2, Gem —15.4), as expected for
unsymmetrical alkene coordinatiém® The 1Jcy values for the
alkene carbons ( 161, Germ 150 Hz) are typical for an alkene
coordinated to a Ymetal?~> and are inconsistent with insertion
products in which those carbons would bé-bpbridized!* Addition

of THF to 10 (C¢DsCl, —38 °C) gives9 (100%) and free ATMS.
The equilibrium constant for ATMS binding t@ at —38 °C in
CeDsCl, Keq = [10][7] [H,C=CHCH,SiMey] 1 = 8.2(1.4) M,

is 2.8 times larger than th€. for ATMS binding to1, which under
these conditions has a value of 2.9(7yMVT NMR gives AH°®
5.3(2) kcal/mol andAS* = —18(1) eu for binding of ATMS

to 7.

When a solution of, 10, and free ATMS is warmed from38
to +2 °C over 4 h,10 and ATMS are gradually consumed and the
ATMS dimer 6,6-dimethyl-4-((trimethylsilyl)methyl)-6-silahept-1-
ene (L1)!° is formed. 11 results from a Lewis acid-mediated
dimerization of ATMS® due to7 or trace PEC* in solution® NMR
and GC/MS analysis of the organic products fronV/ATMS
mixture maintained at 22C for 3 days shows the presence of
dimers and trimers of ATMS; while the exact structures of these
products have not been determined, none contglig groups. The
trimers likely form by a Lewis acid-mediated allylsilylation b£.15
There is no evidence for ATMS insertion 0.

VT NMR andH EXSY studies show that0 undergoes two
dynamic processes. FirstQ undergoes reversible alkene decom-
plexation (eq 3). This process broadens all of the NMR signals of
10. The rate constant for ATMS decomplexation frdd found
by H EXSY (Kdissoc = 5.0(8) s'; C¢DsCl, —38 °C) is in close
agreement with that determined from the line broadening of the
Hyans and p-F signals of10 (Kgissoc = 5.5(2.5) s1). This value is
not affected by the concentration of free ATMS, which indicates
that free ATMS does not directly displace bound ATMS frat
The activation parameters for ATMS decomplexation frbdare
AH* = 8.9(6) kcal/mol andASF = —17(3) eu. The negativaS
value suggests that solvent or afF displaces the coordinated
alkene in an associative mechaniéithis process is much slower
than ATMS decomplexation fror3 under the same conditions
(Kgissoc~ 125 s°1; C¢DsCl, —38 °C).

Complex10also undergoes nondissociative alkene face exchange
(“alkene flipping™), i.e., exchange of the Zr(CsFs)™ unit between
the two alkene enantiofaces without alkene dissociation (éq 4).

CgF CeF
cp, ©,78'5 kip  Cp,® /85
ozl B sive, 7 siMes (@)
Cp™y,, >~ Cp” ., >~
, N
H S-10 H R-10

This process broadens the Cp angyid resonances 010 to a
greater (and equal) extent compared to the other resonantés of
No exchange betweenykhs and H;s is observed by NMR line
broadening ofH EXSY, thus ruling out mechanisms involving
rotation around the €C bond (via a ZrCH—C"HCH,SiMe;
carbocation intermediatéj.The rate constant for alkene flipping
determined byH EXSY (kip = 23(1) s'%; CeDsCl, —38°C, eq 4)
agrees reasonably well with that determined from the NMR line
broadening of the kiyic signals of10 (ks = 18(1) s'%), and shows
that alkene face exchange is ca. 4 times faster than alkene
decomplexation. Alkene flipping was not observed3ior other

Cp»Zr(OBu)(alkenef complexed. Similar nondissociative alkene
face exchanges have been deduced to occur during chain end
epimerization in propylene polymerization with Zr catalysts through
studies with isotopically labeled propylen€a® Alkene flipping
likely occurs via an alkene €H o-complex intermediate or
transition staté’d

These results show thabnchelated® Zr—aryl—alkyne and Z+
aryl—alkene complexes can be generated ugirgi-substituted
alkynes and alkenes to strengthen substrate coordination and the
poorly nucleophilic—CgFs group to inhibit insertionBoth tactics
are required non{3-Si-substituted substrates such as propyne and
2-butyne do not coordinate t6, and CpZrMe", CpZrCH,Ph",
and CpHfMe™ rapidly insert and oligomerize or polymerize ATMS
even at—78 °C.19 Neither 8 (at —38 °C) nor 10 (up to 22°C)
undergoes insertion. The availability of stabiliz€dttetat-carby-
alkene species should enable direct study of their structures and
dynamics to probe important issues in catalytic alkene polymeri-
zation21”With further adjustment of the nucleophilicity of the-ZR
group, it should be possible to accessRE),Zr(R)(alkene) systems
in which both alkene coordination and insertion can be directly
observed and quantified.
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