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Abstract—Mixing equimolar portions of ZrCl, and [Zr(Cp"),Cl,] in toluene at ambient
temperature rapidly gave, in a very high yield, a precipitate of ZrCp*Cl; [Cp* = CH; (1),
CsH,Bu' (2) or C;H;Bu',—1,3 (3)]. Addition of tetrahydrofuran (THF) to each of 2 or 3 at
ca 20°C caused the bright yellow colour to be discharged and the solid to dissolve, due to
the formation of [Zr(Cp*),CL,] and [ZrCl,(THF),] ; this was established by preparative scale
experiments and also by *’Zr NMR spectroscopic studies. The 1-aza-allylzirconium(IV)
chloride [{Z@Clz(,u-Cl)} ;] (4) was obtained by a similar redistribution reaction as 1-
3, from rac-[Zr(LL"),Cl,] (5) and ZrCl, [LL’ = N(R)C(Bu")CHR, R = SiMe;]. The X-ray

structures of 4 and 5 have been determined.

The 12-electron monocyclopentadienylzircon-
ium(IV) halides, or titanium and hafnium
analogues, provide useful starting materials for the
preparation of a wide range of 5-cyclopentadienyl-
group 4 metal derivatives,'” including alkyl, allyl,**
diene*” and aryl® complexes. Several group 4 met-
allocenes containing mixed cyclopentadienyl rings
have been obtained from monocyclopentadienyl
precursors.”'* Their Lewis acidity has been dem-
onstrated in the formation of 16-electron adducts
such as [Zr(n-Cp)ClL;L,] (L represents a range of
two-electron donors), and in their use as catalysts
in organic synthesis.'*'®

Several synthetic methods have been explored in
attempts to find a convenient preparative route to
the group 4 metal (M) compounds MCpCl, and

*Dedicated to Prof. Edward Abel. We, and especially
M. F. L. (who has enjoyed his friendship for four
decades), pay tribute to his many contributions to chem-
istry and education.

tAuthor to whom correspondence should be addressed.

substituted cyclopentadienyl analogues. Nucleo-
philic substitution of the chloride in MCI,
(M = Zr or Hf) by treatment with an equimolar
portion of the appropriate lithium cyclo-
pentadienide gave M(n-CMe;)Cl; (M =Zr or
Hf),” Zr{n-C;H,Bu'-1,2,4}Cl;"* or [Zr{n-C;H,-
(SiMe,CH,PPr',),-1,3} CL,].? In all other cases thus
far reported, using variously substituted cyclo-
pentadienyls, this procedure resulted in the for-
mation of the appropriate metallocene(IV)
dichloride. Indeed, it has been stated that “ZrCpCl,
is difficuit to obtain by the usual rucleophilic routes
via substitution of chloride from ZrCl, by Cp from
various sources”.? Di(cyclopentadienyl)magnesium
was, however, a convenient ligand transfer reagent
for the preparation of Zr(n-CsH;)Cl; and Zr{n-
C;H;(SiMe;),-1,3}Cl,, using xylene as solvent.”
The reaction of ZrCl, with half an equivalent of
TI(CsH;) in dimethoxyethane (DME) gave [Zr(y-
CsH;)Cl,(DME)], which has been X-ray auth-
enticated.!* Treatment of ZrCly(PEt;), with
2TI(CsHs) gave thallium metal and the X-ray-char-
acterized [Zr(5-CsH;)ClL(PEt,),].2

The photo-induced chlorination of [Zr(y-
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CH;),Cl,] yielded Zr(y-CsH;)Cl; using Cl, in
CCl,,} or with Bu'Cl as the chlorine atom source.'
The silyl cleavage reaction of the appropriate sily-
lated cyclopentadiene with MCl, (M = Zr or Hf)
readily gave M(n-CsMes)CL>** or M{n-CsHs-
(SiMe;),-1,3}Cl,. 7

The structure of crystalline cyclopenta-
dienylziconium(IV) chloride has been shown to be
[{Zr(n-CsHs)Cl(u-Ch),} ] (A),*® while the pen-
tamethyl analogue is a dimer, [{Zr(y-CsMes)Cl,(u-
Ch),},) (B).

We have recently described the synthesis, struc-
ture and some reactions of the lithium pg-di-
ketinimate [{Li(LL)},] [LL = N(R)C(Ph)C(H)
C(Ph)NR, R = SiMe;], and shown that the [LL]~
ligand is sterically extremely demanding and is able
to bond to a metal (Sn**) in a quasi-y’>-manner.”” A
related ligand is the aza-allyl [N(R)C(MCHR]“
(abbreviated as [LL']7); crystallilm,i(LL’)}z] is
binuclear, while crystalline rac-[Zr(LL"),Cl,] was
believed to be a monomer.*®

We now report the selective synthesis of a series
of monocyclopentadienylzirconium(IV) chloride
complexes ZrCp*Cl; [Cp* = GsHs (1), C;H,Bu' (2)
or C;H;Bu',-1,3 (3)] and [{Zr(LL)CL(u-Cl)},] (4)
via a solvent-dependent ligand redistribution reac-
tion from ZrCl, and the corresponding Zr" dichlor-
ide. Also described are rth_e| X-ray structures of
crystalline 4 and of rac-[Zr(LL"),Cl,] (5).

RESULTS AND DISCUSSION

The monocyclopentadienylzirconium(IV) chlor-
ides Zr(n-C;H;_,R,)Cl; [R = Bu'and n =1 (2) or
2 (3); or R = H, n =0 (1)] were prepared by the
ligand redistribution reaction in toluene at room
temperature of [Zr(y-CsH,_,R,),Cl,] and the metal
tetrachloride :

[Zr(n-CsH_,R,),CL]+ZrCl, T

2Zr(n-CsH;_,R,)Cl;
1»n=0, R=H

2n=1, R=Bu

3n=2, R=DBu. ¢))

Addition of solid ZrCl, to the appropriate zir-
conocene(1V) dichloride dissolved in toluene (no
reaction occurred in hexane) resulted in the immedi-
ate formation of a bright yellow precipitate in each
case. A small excess (ca 2-3%) of the zir-
conocene(1V) dichloride was used to ensure com-
plete consumption of the ZrCl,. The air- and
moisture-sensitive yellow solid Zr(n-CsH_,R,)Cl;
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(1-3) was washed with successively toluene and
pentane to remove unreacted [Zr(n-
CsH;_,R,),CL], in preparation for analysis. No
reaction was observed between ZrCl, and [Zr{n-
CsH;(SiMe;),-1,3},CL] or between HfCl, and
[Hf{n-CsH;Bu',-1,3},Cl,] under these similar mild
conditions.

In an effort to prepare X-ray-quality crystals of
Zr(n-CsH,Bu")Cl; (2) or Zr{n-CsH;Bu',-1,3}Cl; (3),
both sublimation and crystallization from toluene
were considered. Each compound decomposed
upon attempted sublimation and the low solubility
of 2 or 3 in toluene prevented our obtaining X-
ray quality single crystals. The X-ray structures of
[{Zr(#-CsHs)Cl(u-Cl),} ] (1 = A),”® and 2 and 3
are likely to be similar. Their yellow colour, not so
obvious for 1, is probably due to a ligand — metal
charge transfer.

With the literature preparation of Zr(n-
CsMe)Cl, in mind," attempts were made to pre-
pare 2 by the reaction of ZrCl, with one equivalent
of LiCH,Bu' in diethyl ether; but [Zr(y-
C;H,Bu"),Cl,]) was the only identified product. The
reaction between ZrCl, and one equivalent of
Li[CsH;Bu',-1,3] in toluene gave the desired prod-
uct 3, but its limited solubility in toluene prevented
its ready separation from the LiCl residue.

The monocyclopentadienylzirconium(IV) chlor-
ides 1,22 and 3 were identified by microanalysis
and 'H NMR spectroscopy, the latter data being
available for comparison with those for the cor-
responding zirconocene dichloride (Table 1). Their
low solubility in benzene or toluene prevented a
*1Zr spectroscopic study being carried out.

Addition of tetrahydrofuran (THF) to the solid
trichloride 2 or 3 caused the bright yellow colour
to be instantly discharged and the solid to dissolve.
Removal of THF followed by extraction into tolu-
ene yielded a crystalline solid which was identified
by '"H NMR spectroscopy as the white [Zr(y-
C,H,Bu"),Cl,] or the pale yellow [Zr(n-CsH;Bu',-
1,3),CL,], respectively. The residual solids after
extraction were found to contain ZrCl,(THF), tog-
ether with unextracted zirconocene(IV) chloride,
but there was no evidence of any remaining 2 or 3.
The zirconocene(1V) chlorides were obtained in ca
80% yield, but the zirconium tetrachloride-THF
adducts were not cleanly isolated. We conclude that
addition of THF to the yellow solids caused the
redistribution reaction of eq. (1) to reverse ; eq. (2)
illustrates this process for the case of 2:

2Zr(1-CsH,Bu)Cl; oo [Zr(n-Cs H, Bu'), Cl, )
2

+ZrCL,(THF),. (2)
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Table 1. '"H NMR spectroscopic chemical shift (8) data and assignments for the zirconium
monocyclopentadienyls and their zirconocene(IV) precursors

Complex 4
Ring protons Bu'
Zr(n-CsH,Bu")Cl, 6.07 (t, 2H) 5.75 (t, 2H) 1.29 (s, 9H)
Zr(n-CsH;Bu',-1,3)Cl, 6.39 (t, 1H) 6.03 (d, 2H) 1.10 (s, 18H)
[Zr(n-CsH4Bu"),Cl,] 6.42 (t, 4H) 6.31 (t, 4H) 1.33 (s, 18H)
[Zr(n-CsH;Bu';-1,3),Cl,] 6.62 (t, 2H) 5.82 (d, 4H) 1.29 (s, 36H)

“Chemical shifts () in ppm relative to SiMe,, calibrated with respect to internal solvent.
Spectra recorded in C;Hg at ca 298 K and 360 MHz.

In addition to "H NMR spectroscopy, *’Zr NMR
spectroscopy was also used to identify the products
of this reaction. As a starting point, *’Zr{'"H} NMR
spectra were recorded at 305 K for standard sam-
ples of ZrCl,(THF),, [Zr(y-CsH,Bu"),CL,]* and
[Zr(n-CsH;Bu'-1,3),ClL,* dissolved in THF. As
expected for molecules with relatively low
symmetry, the signals were very broad and poorly
defined at room temperature, with the band-width
at half-height (w,,,) being in the region of 3500
Hz, warming to 338 K resulted in a significant
sharpening of the signals and all spectra were sub-
sequently recorded at this temperature.

The spectrum of ZrCl,(THF), comprised a single
resonance centred at 6 623, w,,; 1250 Hz, with that
of [Zr(n-CsH,Bu"),Cl,] showing a single resonance
centred at & —73.4, wy,, 1500 Hz (cf. § —60.0,
w12 2900 Hz reported in ref. 32). The *'Zr NMR
spectrum of the products of the reaction between 1
and THF indicated that in solution there were two
distinct zirconium atom magnetic environments (J
624 and —65.9). Comparison of the two signals

with the reference spectra confirmed the products
to be ZrCl,(THF), and [Zr(3-CsH,Bu"),Cl,],
respectively. The spectrum of [Zr(n-CsH;Bu's-
1,3),Cl,] comprised a single resonance centred at
—12.4, w,;, 1800 Hz, while that for ZrCl,(THF),
was as described above. The *’Zr NMR spectrum
of the actual products of the reaction again showed
two signals (5 624 and —7.6), in agreement with
the reference spectra, confirming the products to be
ZrCl,(THF), and [Zr(y-CsH,Bu'>-1,3),Cl,]. Selec-
ted data are shown in Table 2 and Figs 1 and 2.

It is evident that earlier failures to obtain sat-
isfactory results for the preparation of all but highly
hindered compounds ZrCp*Cl; from ZrCl, by
Cl/Cp* exchange failed because of the choice of
solvent ; in a non-polar medium, the reactions are
sluggish, while in an ethereal solvent, rapid met-
athesis occurs [eq. (2)] unless the donor solvent is
such as to form a substitution-inert six-coordinate
complex such as [ZrCp*Cl;(DME))].

The ligand redistribution reaction in toluene has
also proved to be a convenient method to prepare

Table 2. Selected *’Zr{'"H} NMR spectral chemical shifts () and linewidths at half-height (w,,)

Wi Temp.

Complex ¢ (Hz) (K) Ref.
[Zr(CsH,),Cl,]? —121.9 276 298 33

—113.0 250 333 32
[Zr(CsH,),Br,) 0.0 19 298 33
[Zr(CsH,EY),CL,)° —744 600-630 333 32
[Zr(C;H,Pr),Cl,]? —-75.7 840-880 333 32
[Zr(n-CsH,BuY),Cl,|¢ —734 1500 338 This work
[Zr(n-C;H,Bu',-1,3),CL,]¢ —12 1800 338 This work
ZrCl,(THF),* 623 1250 338 This work

“Chemical shifts (6) in ppm relative to [Zr(C;H;),Br,].
®In C4H,, but values corrected for data in THF : §,, = 6 (CsHy)-5.44.%"
“Spectra recorded in THF (20% deuterated and 80% protonated solvent) in 10 mm tubes at

46.49 MHz.
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Fig. 1. "Zr{'H} NMR spectra of: (a) [Zr(y-

C;H,Bu"),Cl,}, (b) ZrCl,(THF), and (c) products of the

reaction between Zr(n-CsH,Bu')Cl, and THF, at 338 K
and 46.49 MHz.

(2)
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Fig. 2. ®'Zr{'"H} NMR spectra of: (a) [Zr(y-CsH,Bu',-
1,3)CL], (b) ZrCl,(THF), and (c) products of the reac-
tion between Zr(n-CsH;Bu',-1,3)Cl; and THF, at 338 K
and 46.49 MHz.

a mono(azaﬂzl)zirconium complex. Treat-
ment of rac-[Zr(LL"),Cl,] (§8) with ZrCl, in toluene
at 50°C for 4 h led to [{Zr(LL)CL(u-Cl)},] (4) in
80% yield, eq. (3). Furthermore, the reaction of
Li(LL") with one equivalent of ZrCl, in diethyl ether
only afforded 5. We conclude that the ether causes
the reverse of reaction (3) to take place, by a process
analogous to eq. (2).
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[Z1(LL'),CL,] +Z1Cl, ‘Soets
5

[{ZrTmc“lz(u-cn}z]. 3)

The X-ray molecular structures of [{Zr(LL")Cl,(u-
CD)},] (4) and rac-[Zr(LL"),Cl;] (5)

The molecular structures and atom numbering
scheme for 4 and 5 are shown in Figs 3 and 4,
respectively ; selected bond distances and angles are
presented in Tables 3 and 4, respectively.

The molecular structure of the crystalline 4 shows
it to be a dimer. Each zirconium atom is bridged by
two chlorine atoms and is coordinated to a 1-aza-
allyl group in an n’-bonding mode, thus forming
around the metal a square (four chlorine atoms)-
based pyramid with the centroid of the #*-1-aza-all
ligand occupying the apical site. The Zr—C con-
tacts are such that with the terminal carbon it is
shorter [Zr—C(2) 2.387(5) A] than with the central
carbon [Zr—C(1) 2.525(4) A].

The molecular structure of crystalline 5 shows it
to be a monomer. Each zirconium is coordinated
to two chlorine atoms and in an n*-bonding mode
to two l-aza-allyl groups. Taking the aza-allyl
group as occupying a single site, the coordination
geometry may be regarded as distorted tetrahedral
around the metal. The Zr—C bond distances relat-
ing to the 1-aza-allyl groups are similar as for 4,
the terminal contact [Zr—C(1) 2.387(5) A] being
shorter than the central [Zr—C(2) 2.525(4) A].

The structures of complexes 4 and 5 may be com-
pared with those of [{Zr(n-CsH5)CL(u-Cl),}],*
[{Zr(1-CsMes)Cly(u-Cl),},),7  [Zr{N(R)C(Bu')C
(H)C(Ph)NR}Cl;] (R = SiMe;; C)® and [Zr(y-
C,H;),CL,] ;** some pertinent bond lengths are given
in Table 5. From their states of molecular aggre-
gation, we conclude that the n*-1-aza-allyl ligand
[NR)C(BuYCHR]™ (=[LL7") is sterically
demanding, probably to a similar extent as [n*-
CsMe;]~, but not as much as the f-diketinimato
ligand found in C.

EXPERIMENTAL

All manipulations were carried out under vac-
uum or argon by Schlenk techniques. Solvents were
dried and distilled over potassium-sodium alloy
under argon prior to use. The following compounds
were prepared by known procedures: [Zr(n-
CsH,Bu"),CL],* [Zr(n-CsH;Bu',-1,3),CL]* and rac-
[Zr{N(R)C(Bu)CHR},CL].”” Microanalyses were
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Fig. 4. The X-ray molecular structure of rac-[Zr(LLL"),Cl,] (5) and atom numbering.
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Table 3. Selected intramolecular distances (A) and angles (°) with estimated stan-
dard deviations in parentheses for [{Zr(LL")ClL,(u-Cl)},] (4)

Zr—CI(1) 2.629(2)
Zr—CI(1") 2.566(2)
Zr—CI(2) 2.360(2)
Zr—CI(3) 2.393(2)
Zr—C(1) 2.525(4)
Zr—C(2) 2.387(5)
Zr—N 2.115(4)
C(H)—C(2) 1.405(7)

N—Zr—ClI(1) 97.70(11)
N—Zr—C(2) 61.1(2)

C(1)—Zr—CI(1) 80.21(11)
C(1)—Zr—Cl(2) 118.93(11)
Cl{(1)—Zr—CI(1") 117.09(12)
CI(1)—Zr—CI(2) 85.44(6)
Cl(2)—Zr—CI(3) 95.05(8)
CI(3)—Zr—ClI(1) 81.85(7)

Table 4. Selected intramolecular distances (A) and angles () with estimated
standard deviations in parentheses for [Zr(LL"),Cl,] (5)

Zr—Cl(1) 2.405(4)
Zr—Cl(2) 2.401(5)
Zr—C(1) 2.379(13)
Zr—C(2) 2.554(14)
Zr—N(1) 2.225(12)
C(1)—C(2) 1.38(2)

N()—Zr—CI(1) 87.3(3)
N()—Zr—C(1) 59.2(5)
Cl(1)—Zr—Cl(2) 97.4(2)
C()—Zr—CI(1) 97.5(2)
CQ—Zr—CI(2)  114.3(5)
CQ)—Zr—C(14)  113.4(5)

Table 5. Selected bond lengths (A) in some crystalline organozirconium(IV) chlorides

Compound Zr—C Zr—N Zr—Cl, Zr—Cl,, Ref.
[{Zr(n-CsHs)Cly(u-C)2} o) 2.19¢ — 2.419(3) 2.623¢ 26
[{Zr (n-CsMes)Cl(u-Cl),} 5] 2.175° — 2.394° 2.588° 24
[Zr{N(R)C(Bu)C(H)C(Ph)NR}Cl,] 2.58¢ 2.163° 2.416° 28
[Zr(n-CsH;),Cly) 2.49° — 2.44° — 33
[{Zr{N(R)C(Bu)CHR}Cl,{(u-CD)},] (4) 2.525(4) 2.1154) 2.37° 2.60° This work

2.387(5)
rac-[Zr{N(R)C(Bu)CHR}.Cl,] (5) 2.554(14) 2.225(12)  2.40° —_ This work
2.379(13)

“Mean value.

carried out by Medac Ltd (Brunel University).
NMR spectra were recorded using Bruker WM 250,
WM 360 or WM 500 spectrometers.

Preparation of Zr(n-CsH;)Cl, (1)

Solid ZrCl, (1.02 g, 4.38 mmol) was added to a
stirring solution of [Zr(y-CsH;s),Cl,] (1.30 g, 4.45
mmol) in toluene (50 cm® at room temperature.
The initially colourless solution became bright yel-
low and a very bright yellow suspension appeared
after ca 2 min. Stirring was continued for 1 h fol-
lowed by filtration to recover the yellow solid (2.05

g, 7.80 mmol, 89%), which was then washed with
toluene followed by pentane and dried in vacuo.

Preparation of Zr(n-CsH;Bu', —1,3)Cl; (2)

Solid ZrCl, (0.60 g, 2.57 mmol) was added to a
stirring solution of [Zr(n-CsH;Bu',-1,3),Cl,] (1.43
g, 2.77 mmol) in toluene (50 ¢cm’) at room tem-
perature. The initially colourless solution became
bright yellow and a very bright yellow suspension
appeared after ca 10 min. Stirring was continued
for 1 h followed by filtration to recover the yellow
solid (1.80 g, 4.80 mmol, 95%), which was then
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washed with toluene followed by pentane and dried
invacuo. Found: C, 42.1; H, 5.8. Zr(n-CsH;Bu",)Cl,
requires: C,41.6; H, 5.7%.

Preparation of Zr(n-CsH,Bu")Cl, (3)

Solid ZrCl, (0.72 g, 3.09 mmol) was added to a
stirring solution of [Zr(n-CsH,Bu%),Cl,] (1.26 g,
3.13 mmol) in toluene (50 ¢m®) at room tempera-
ture. The initially colourless solution became bright
yellow and a very bright yellow suspension
appeared after ca 2 min. Stirring was continued for
1 h followed by filtration to recover the yellow solid
(1.85 g, 5.80 mmol, 93%), which was then washed
with toluene followed by pentane and dried in
vacuo. Found: C, 33.9; H, 4.1. Zr(n-CsH,Bu")Cl,
requires: C, 33.9; H, 4.2%.

Preparation of [{Zr(LL)Cly(p-Cl)},] [4; LL =
N(R)C(Bu)CHR, R = SiMe;]

Solid ZrCl, (1.20 g, 3.73 mmol) was added to
rac-[Z'_rEJ)zClz] (5)® in toluene (ca 35 cm’) at
ambient temperature. The stirred mixture was
heated at 50°C for 4 h and was then filtered. Con-
centration of the filtrate afforded white crystals of
4 (2.90 g, 80%). Found: C, 32.8; H, 6.43; N, 3.18.
Zr(LL)Cl; requires: C, 32.8; H, 6.41; N, 3.18%.
"H NMR (360 MHz, CDCl,), é: 0.25 and 0.56 (s,
9H), 1.29 (s, 9H), 5.25 (s, 1H); *C (125 MHz,
CDCl,), 6:0.95, 3.42, 29.50, 41.64, 105.39, 192.01.
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X-ray structure determinations of {{Zr(LL")Cl,(p-
C1)},] (4) and rac-[Zr(LL"),Cl,] (5)

In each case, unique data sets were collected at
room temperature from a crystal sealed in a capil-
lary under argon on an Enraf-Nonius CAD4
diffractometer with monochromated Mo-K, radi-
ation. The data set for § was corrected for a 2.9%
change in the standard reflections during the data
collection. Data were corrected for Lorentz and
polarization effects and for absorption using psi-
scan data for 4 and DIFABS* for 5.

Each structure was solved using the heavy atom
routines of SHELXS-86% and refined by full matrix
least-squares with non-hydrogen atoms aniso-
tropic. Refinement of 4 was carried out with
SHELXS-93 based on F? and using all unique data,
and with hydrogen atoms in riding mode with
Ui, (H) = 1.5 U.(C) for methyl groups and 1.2
U, (C) otherwise. Refinement of 5 was carried out
with programs from the Enraf~Nonius MOLEN
package based on F, using only reflections with
I> 2g(I) and with hydrogen atoms at fixed cal-
culated position with U, = 1.2 Ug(C).

Further details are given in Table 6. Tables of
atom positions and thermal parameters have been
deposited at the Cambridge Crystallographic Data
Centre.

Acknowledgements—For the award of studentships we
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Table 6. X-ray crystal structure details for compounds 4 and 5

{Zr(LL)Cl(u-C}1] (4)

[ |

[Zr(LL),CL] (5)

Formula C,HCIgN,Si,Zr, C,,HCLLN,Si,Zr

M 880.2 647.2

Crystal system, space group Monoclinic, P2,/n Orthorhombic, Pbca
a, b, c(A) 9.916(5), 15.083(4), 13.993(5) 16.441(8), 25.218(12), 17.434(6)
B () 93.83(3) 90

U (A%, Z, D. (gcm™?) 2088, 2, 1.40 7228, 8, 1.19

F(000) 904 2752

u(Mo-K,) (cm™") 10.2 5.9

Crystal size (mm”) 0.3x0.2x0.15 0.15x%0.15x0.1

Omax for data (°) 28 25

Total unique reflections 2 < 6 < 28°) 5013 6993

Reflections with I > 26 (1) 3171 2009

R [for I > 26 (D]* 0.062 0.089

Max parameter shift/e. s. d. 0.005 0.02

Number of variables 172 298

(Ap) max., min. (e A~?) +1.51, —0.93 +0.58, —0.28

‘R = X(|F| — [FD/E(F)).
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