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Cyclopentadienyl (Cp) zinc compounds can show great
structural variation, as shown by the bis(cyclopentadienyl)di-
zinc complex prepared by Carmona and co-workers.!! The
CpZn derivatives occupy an intermediate position between
the alkali-metal cyclopentadienides, whose geometric fea-
tures are dominated by electrostatic ligand-metal interac-
tion,”) and the electropositive early-transition-metal Cp
complexes.’! Consequently, various structural types of
Cp,Zn derivatives have been described, ranging from the
oligomeric chain structure of the Cp,Zn parent* to (disor-
dered) molecular n',n’-type geometries in the (Me,RCs),Zn
series.”! This situation suggests that it should be possible to
influence the zincocene structural type by geometric control
through the use of appropriate ligands, for example, by using
the steric constraints introduced by ansa-ligands, which were
so successfully applied in Group 4 metallocene Ziegler—Natta
catalyst chemistry.'”! Herein we describe the synthesis of a
new ansa-ligand system with some favorable geometric
properties and its use in the synthesis of a novel ansa-
zincocene derivative which shows some unprecedented struc-
tural and chemical features (Scheme 1).

1,8-Bis(indenyl)naphthalene (2) was prepared by [Pd-
(PPh;),]-induced Suzuki-Miyaura coupling of naphthalene-
1,8-diboronic acid with 2-bromoindene (ca. 30% yield).'!
Subsequent treatment of 2 with two molar equivalents of
K[N(SiMes),] gave the dianionic reagent 3 as its dipotassium
salt.

Compound 3 was treated with [ZrCl,(thf),] in THF. The
salt metathesis proceeded cleanly and gave the new ansa-
zirconocene complex 4 in 55 % yield after recrystallization. In
CDCI; the '"H NMR spectrum of 4 features a typical ABC
pattern of the bridging 1,8-naphthylene unit at § =7.41, 7.50,
7.84 ppm (each 2H). The 'H NMR signals of the phenylene
groups of the symmetry-equivalent 2-indenyl groups appear
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Scheme 1. Syntheses of ligand 3 and ansa-metallocenes 4-6.
DME =1,2-dimethoxyethane.

at 0 =7.21 and 7.52 ppm and the indenyl H1/H3 singlet at 6 =
6.41 ppm (4H).

The X-ray crystal structure analysis of 4 (single crystals
from a CHCI; solution of 4 layered with pentane) shows a
typical ansa-metallocene geometry. The rigid 1,8-naphthylene
bridge is slightly tilted relative to the normal of the major
plane (Cl1-Zr-Cl2) of the bent metallocene. There is a small
tendency toward bond-length alternation within the bridging
CyH subunit. The C(sp*)—C(sp?) bonds to the indenyl units
are slightly elongated (molecule A: 1.490(4)/1.495(5) A [mol-
ecule B: 1.484(4)/1.487(4) A]) but the overall ligand frame-
work is barely distorted (angles[°]: C7-C8-C22 116.8(3)
[116.2(3)], C2-C1-C12 117.2(3) [116.5(3)], C9-C8-C22
122.2(3) [121.8(3)], C9-C1-C12 121.1(3) [123.0(3)];
Figure 1). Both indenyl five-membered rings are uniformly
n’-coordinated to zirconium with bond lengths in a typical
relatively narrow range: Zr—CH 2.461(3)-2.491(3) A
[2.472(3)-2.491(3) A], Zr—C 2.490(3)-2.595(3) A [2.486(3)—
2.603(3) A]. The C—C bonds inside the five-membered rings
of the indenyl units are all very similar in length 1.429(4)-
1.434(4) A [1.402(5)-1.434(4) A].

Activation of complex 4 with methylaluminoxane (MAO)
gave an active homogeneous Ziegler—Natta catalyst for
ethylene polymerization (under standard conditions at ambi-
ent temperature, activity ca. 1 (kg PE) (mmol [Zr])'h'bar™';
PE =polyethylene).

Treatment of the potassium salt 3 with anhydrous ZnCl, in
THF gave the ansa-zincocene complex 5 as a bis-THF adduct
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Figure 1. Molecular structure of the ansa-zirconocene complex 4.
Selected bond lengths [A] in the naphthalene backbone: molecule A:
C1-C2 1.375(5) [molecule B: 1.381(5)], C1-C9 1.427(5) [1.428(5)], C8—
C7 1.375(5) [1.383(4)], C8-C9 1.423(5) [1.414(5)], C4-C3 1.356(6)
[1.343(5)], C4-C10 1.412(6) [1.416(5)], C5—C6 1.353(6) [1.358(6)], C5—
C10 1.413(5) [1.411(5)], C2-C3 1.417(5) [1.411(5)], C6-C7 1.425(5)
[1.400(5)], C9-C10 1.425(5) [1.434(5)].

(isolated in 75% yield). Similar to the parent complex
[Cp,Zn], complex 5 is only sparingly soluble in apolar or
weakly polar organic solvents, but is more soluble in THF,
from which single crystals suitable for the X-ray crystal-
structure analysis were obtained (Figure 2)

@./C29

@/C23 031%_)

25 )y, )C24 Q

Figure 2. Molecular structure of the ansa-zincocene complex 5.
Hydrogen atoms are omitted for clarity.

Complex 5 features a zinc center has a pseudotetrahedral
coordination environment. It is coordinated by two THF
ligands (Zn—O bond lengths of the two crystallographically
independent molecules: 2.074(3)-2.098(3) A) and two
indenyl ligands of the ansa-framework. The bridging 1,8-
naphthylene unit shows structural features similar to those
observed in the zirconium complex 4, only that the angles to
the indenyl units are slightly larger (123.7(3)-125.5(3)°
[123.4(4)-126.3(4)°]) and the connecting bonds C1—C12 and
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C8—C22 are slightly shorter (1.470(5), 1.488(5) A [1.469(5),
1.491(5) A)).

One indenyl ligand of 5 (C21-C29) is n'-coordinated to
the Zn atom (Zn—C21 2.060(3) [2.056(4) A]).!" It features
the typical C—C bond lengths of a substituted o-metallated
five-membered indenyl subunit (molecule A: C21-C22
1.474(5), C21—C28 1.480(5), C28—C29 1.419(5), C23—C29
1.431(5) A) that contains a conjugated C22—C23 double bond
(1.362(5) A). The Zn-C21-C22 bond angle of this is character-
istic of a o-indenyl coordination (112.8(2)° [113.1(2)°]), the
Zn-C21-C28 angle is 104.2(2)° [104.5(2)°]. In contrast the
other indenyl ligand in 5 is 1*(o,7t)-bonded to the Zn atom in
the solid state.** The corresponding Zn—C11 bond length is
2.081(3) A [2.079(4) A] and the adjacent Zn—C12 bond length
is 2.562(4) A [2.585(4) A]. The characteristic coordination
angle Zn-C11-C12 is considerably reduced at 90.9(2)°
[91.7(2)°] (Zn-C11-C18 106.3(2)° [104.5(2)°]). Again, one
bond in the indenyl five-membered ring is short (C12—C13
1.375(5) A [1.368(5) A]) with the remaining C—C bonds of
this subunit are between 1.419(5) and 1.475(5) A. In this
coordination geometry the C(o-indenyl)-Zn-O(thf) bond
angles are in between 103.0(1)° and 111.8(1)°, whereas the
C11-Zn-C21 angles are much larger (127.6(2)° [127.0(2)°])
and the O-Zn-O angles are much reduced (96.5(1)°
[93.5(1)°).

In [Dg]THF solution the NMR spectra of the ansa-
zincocene complex 5 indicate temperature-dependent

dynamic behavior (Figure 3). At 40°C the 'H NMR signal
d 1

-45°C I “ A n

-30°C I ﬁ l A

-15°C M ' I " ‘
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+

o

= 3

E

Figure 3. Temperature-dependent dynamic '"H NMR spectra of the
ansa-zincocene complex 5 (in [Dg]THF). Numbers assign signals to
the indenyl protons (see Scheme 2).

of the H1/H3 indenyl protons of 5 appears as a very broad
singlet at 0 =5.35 ppm and the indenyl phenylene protons
H4-H?7 give rise to a slightly broadened AA’BB’ pattern at
0 ="7.25 and 6.64 ppm. The remaining set of downfield signals
originate from the 1,8-naphthylene bridge. While these
signals are almost temperature-invariant, the 'H NMR signals
of the indenyl unit decoalesce with decreasing temperature.
At —45°C we observe a 1:1 pair of signals for the H1
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(60 4.41 ppm) and H3 (6 =6.33 ppm) protons and an ABCD
pattern for the corresponding phenylene proton resonances
(60="7.25, 7.16, 6.63, 6.61 ppm). Further lowering of the
temperature (to —130°C in CDFCL,/[Dg]THF) did not result
in further splitting of these signals. This dynamic behavior
indicates a degenerative automerization process between
chemically identical n',n'-zincocene complexes that is frozen
out on the NMR timescale. The automerization process
results in a pair-wise equilibration of the respective positions
of the indenyl subunits. From the H1/H3 coalescence we have
estimated an activation barrier of AG™=(12.340.3) kcal
mol ™! (T, =288 K, Av(228 K) = 1158 Hz) for this automeri-
zation process (Scheme2). Consequently, the "CNMR
spectra of 5 at the low-temperature limit shows resonance

AG” (288 K) = (12.3 = 0.3) kcal mol™

L = thf

Scheme 2. Automerization process between chemically identical
1',m'-zincocene complexes 5.

of carbon atom C1 (which is o bonded to Zn) at 6 =62.1 ppm
(233 K) with a typical 'Jey coupling constant of 145 Hz,
whereas the corresponding C3 resonance (6=115.0 ppm
(233 K)) shows a much larger 'J; = 167 Hz value typical of
an olefinic sp>-carbon center.

We have used the ansa-zincocene to prepare an ansa-
bis(indenyl)gallium complex.'¥ Treatment of the 5 with
gallium trichloride gave the corresponding “ansa-gallocene”
complex 6 in 55% yield."'® The C,-symmetric product was
identified spectroscopically and by an X-ray crystal-structure
analysis (single crystals from a CHCI; solution of 6 layered
with pentane), albeit of too poor quality for any detailed
discussion of structural parameters. The 'H/"*C NMR spectra
in solution show features typical of a THF-stabilized n',n'-
coordinated ansa-bis(indenyl)gallium chloride complex. The
corresponding signals for the indenyl protons H1 and H3 are
at 0=3.60 ppm (Cl 6=50.5ppm, Joy=134Hz) and 6 =
6.55ppm (C3 6=130.6 ppm, 'Joy =167 Hz), respectively.
The 'HNMR resonances for the 1,8-naphthylene protons
are at 0="7.35, 7.46, 7.90 ppm, and the resonances of the
indenyl phenylene protons are at 6=6.86, 6.92, 7.15,
7.35 ppm.

Our study has made the new 1,8-naphthylene-bridged bis-
indenyl ligand 2 available by a straightforward synthetic
route. This ligand seems to be suited to accommodate the
Group 12 metal zinc in a n',n*(0,7t)-coordination mode that is
uncommon for a molecular zincocene. The ansa-zincocene
complex 5 is a suitable reagent for the synthesis of novel
main-group ansa-metallocenes, as exemplified by the forma-
tion of the new gallium complex 6. This approach using ansa-
complexes will hopefully open new pathways to unusual
structures of main-group metallocene systems.
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Experimental Section

4: 3-1.5Et,0 (200 mg, 0.37 mmol) was treated with [ZrCl,(thf),]
(141 mg, 0.37 mmol) in THF (15 mL) at —78°C. The reaction mixture
was allowed to warm to room temperature and left at this temper-
ature for 14 h. The solvent was then removed under vacuum, and the
residue was extracted with toluene. Recrystallization from toluene
yielded 4 (light yellow crystals, 104 mg, 55%). '"H NMR (599.7 MHz,
CDCl;, 298 K): 6 = 6.41 (s, 4H, H1,3(;,q)), 7.21 (m, 4H, H5,6,4,), 7.41
(d, J=71Hz, 2H, H27,,n)), 7.50 (dd, /=82, 7.1Hz, 2H,
H3,6(pn))> 7.52 (m, 4H, H4,7;,,), 7.84ppm (d, J=8.2Hz, 2H,
H4,5,,ny)- “C{'H} NMR (150.8 MHz, CDCl;, 298K): 6=101.4
(Jeu=176 Hz, C1,3;4)), 1254 (C4,7(ina)), 125.9 (C3,6(mapny), 126.7
(C5,6604))> 128.7 (C-4,51apn,))s 128.8 (C9naph)> 129.5 (C2,7 (napn)> 129.9
(C-89nay)> 132.6 (C1,8pn))s 135.1 (CL0yapny),> 136.9 ppm (C-2(4q,)-
Elemental analysis (% ) caled for C,sH,;CL,Zr: C 65.10, H 3.51; found:
C 64.55, H 3.57.

Crystal data for 4: C,3H;Cl,Zr, M,=516.54, monoclinic, space
group Pc (No. 7), a=11.089(1), b =14.476(1), c=14.295(1) A, =
110.29(1)°, V=21523(3) A%, peyea=1.594 gem™, u=0.773 mm~!,
Z=4, 1=0.71073 A, T=198 K, 14340 reflections collected (+#,
+k, +1), [(sinf)/A] =0.67 A~', 7757 independent (R;, = 0.030) and
7278 observed reflections [I>2 o(I)], 559 refined parameters, R =
0.028, wR*=0.066. CCDC-630677 contains the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

5: A solution of ZnCl, (136 mg, 1.0 mmol) in THF (5 mL) was
added to a suspension of 3-1.5Et,0 (543 mg, 1.0 mmol) in THF
(5mL) at room temperature. The mixture was stirred for 5 min and
filtered though celite. The filtrate was evaporated to dryness under
vacuum, affording complex 5 (421 mg, 75%). '"H NMR (599.7 MHz,
[Ds]THEF, 233 K): 6 =4.40 (s, 2H, Hl,,), 6.33 (s, 2H, H3;,4,), 6.60/
6.63 (each m, 4H, H5,6(,4,), 7.16 (d, J=7.0Hz, 2H)/7.25 (d, J=
7.2Hz, 2H) (H4,7q,), 7.35 (dd, J=7.0, 1.2 Hz, 2H, H2,7,pn)),
7.44 (dd,J=8.0,7.0 Hz, 2H, H3,6(,,1,), 7.81 ppm (dd, J =8.0, 1.2 Hz,
2H, H4,54n))- "C NMR (125.7 MHz, [Dg]THEF, 233 K): 6 =62.1
(Jen=145Hz, Clpay), 115.0 (Jeuw=167Hz, C3(q)), 1182/117.7
(C5,644)), 118.7/121.7 (C4,7 104)> 125.2 (C3,6(1ap1.))» 126.1 (C4,50p1))»
129.7 ppm (C2,7(apn); the C NMR data are from a 'H/"C gradient
heteronuclear single-quantum correlation (ghsqc) experiment.

Crystal data for 5: C3H3Zn-2 C;H;O, M,=564.00, monoclinic,
space group P2/c (No. 14), a=21.233(1), b=15.088(1), c=
19.247(1) A, B=11330(1)°, V=>5663.2(5) A%, peea=1.323 gem™,
u=0.898mm~, Z=8, 1=0.71073 A, T=223 K, 28951 reflections
collected (£h, +k, +I), [(sinf)/A]=0.60 A~!, 9956 independent
(Rin=0.084) and 5456 observed reflections [I>20(I)], 703 refined
parameters, R=0.056, wR>*=0.133. CCDC-630678 contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

6: A solution of GaCl; (65 mg, 0.37 mmol) in THF (3 mL) was
added to a solution of complex 5 (200 mg, 0.36 mmol) in THF (5 mL)
at room temperature. The reaction mixture was stirred for 1h. The
resulting white precipitate was collected by filtration, rinsed with
THF (10 mL) and dried under vacuum to yield 6 as a white powder
(104 mg, 55%). "H NMR (499.8 MHz, CDCl;, 298 K): 6 =1.44 (br,
4H, THF), 3.35 (br, 4H, THF), 3.60 (s, 2H, Hl,q,), 6.55 (s, 2H,
H3(,4y), 6.86 (t, J=7.3Hz, 2H)/6.92 (t, J=7.6 Hz, 2H) (H5,6(;04)),
715 (d, J=7.6Hz, 2H)/7.35 (m, 2H, H4,7,4,), 7.35 (m, 2H,
H2,7apny)> 746 (m, 2H, H3,60,n)), 7.90 ppm (d, J=8.0Hz, 2H,
H4,50ny)- °C (125.7 MHz, CDCL, 298 K): 6 50.5 (/e =134 Hz,
Clinay), 1203/1222  (C47ay), 122.9/124.3  (C5,6(nq)), 1247
(C3,60aph)s 128.8 (C4,5apn)s 129.8 (C2,7(apny)> 130.6 ppm (V=
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167 Hz, C3;,4)); the »C NMR data are from a 'H/"C ghsqc experi-
ment.
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