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Several new group 4 alkyl and aryl compounds have been synthesized that possess ancillary cyclooctate-
traene ligands. Most of the complexes isolated are anionic and have stoichiometries of [Li(tmed),][(CsHs)-
MRCl,], [Li(tmed),][(CgsHg)MRCl], or [Li(tmed),][(CgHg)MR3], where M = Zr or Hf, and R = Me, Ph, p-Tol, or
CH(SiMej3),. Two neutral 14-electron compounds have also been prepared, (CsHg)M[CH(SiMe3),],, where
R = Zr or Hf. The compound (CgHg)Zr[CH(SiMe3),], appears to react reversibly with 7 atm of carbon
monoxide but does not react with dihydrogen even at 70 atm. IR, 'H and '>C NMR data are reported, along

with the crystal structures of two of the new compounds.
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1. Introduction

The chemistry of early transition metals coordinated to cyclooc-
tatetraene ligands is rich and fascinating. One unusual aspect of
such compounds is the versatility of the CgHg ligand, which can
bind to metals in several different ways. The most common bind-
ing modes are n® and n? and in some instances both of these
modes occur in the same compound, as in bis(cyclooctatetraene)
zirconium(IV): the solution 'H and '*C NMR spectra of this com-
pound, which feature only one resonance for the two CgHg rings,
indicate that intramolecular exchange of the two rings is rapid
on the NMR time scale [1,2]. Cyclooctatetraenyl ligands bound
through an odd number of carbon atoms are unusual; an 1> ring
and an M* ring are present in (CsH4Me)Nb(CgHg),, and two rings
exchange on the NMR time scale [3].

In most cases, the binding mode that the CgHg ligand adopts can
be explained by the steric and electronic requirements of the metal
center. For example, in the cationic complex, [(CsHs)Mo(CgHg)'],
the CgHg ligand is bound in an n® fashion. Addition of a 2-electron
donor, such as a tertiary phosphine or carbon monoxide, results in
a change in hapticity, in which the CgHg ligand adopts an ° bond-
ing mode. Similarly, the addition of a 4-electron donor causes the
CgHjs ring to become n* [4].
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In some cases, dianionic CgHg ligand can also bridge two metal
centers. An example of an unusual binding mode is found in the tri-
ple decker sandwich compound, Ti>(CgHs)s, in which the central
CgHjs ligand is twisted in an unusual fashion and is bound n* each
metal center. Two of the carbon atoms in the ring interact with
both metal centers, whereas two other carbon atoms are not
within bonding distance of either metal [5]. Perhaps one of the
most intriguing types of metal-CgHg bonding is found in Cr,(CgHg)3
and its Mo and W analogs, in which the shared CgHg ring adopts a
folded “butterfly” conformation beneath the two quadruply-
bonded chromium atoms. The metal atoms are each bound to an
additional CgHg ring in n* fashion [6,7].

Several years ago, Wilke reported the synthesis of compounds
of the type (CgHg)ZrR, and (CgHg)HfR, (R = Me, Et), but the com-
pounds were poorly characterized and their reactivity was not
explored [8]. Since then, the aryl complex (CgHg)Zr(mesityl), has
been prepared and shown to react with carbon monoxide to afford
acyl products [9]. Carbon-hydrogen bond activation has been
reported for zirconium(IV) compounds containing CgHg ligands:
thermolysis of (CgHg)ZrCp*R results in the formation of a bridging
cyclooctatrienyne species [10]. Zirconium(IV) alkyls containing
derivatized CgHg ligands have exhibited similar activity [11]. Sev-
eral other classes of group 4 cyclooctatetraene complexes are
known, such as those containing amido, imido, borohydride, pyra-
zolylborate, and cyclopentadienyl co-ligands [12-18].
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We now describe the syntheses and characterizations of several
new cyclooctatetraenyl organozirconium and -hafnium compounds
containing a variety of alkyl and aryl ligands, and a preliminary
assessment of their reactivity toward small molecules CO and H,.

2. Results and discussion

In 1972, Lehmkuhl reported that the electrolytic reduction of a
mixture of ZrCl, and CgHg in tetrahydrofuran affords (CgHg)ZrCl,-
(thf), but this route is not particularly convenient and few details
were provided [19]. In 1973, Wilke reported that (CgHg)ZrCl,(thf)
and its Hf analog could be made by a two-step route beginning
with the synthesis of (CgHg),M via treatment of M(OR), with 2
equiv. of CgHg and 4 equiv. of AlEt; at 90 °C; subsequent treatment
of (CgHg),M with HCl in thf affords (CgHg)MCl,(thf) [8]. This proce-
dure is inefficient in the sense that one equivalent of the expensive
reagent cyclooctatetraene is wasted. Somewhat later, Floriani
described a two-step preparation of (CgHg)MCl,(thf) by synthesis
of (CgHg),M followed by comproportionation of this compound
with MCly(thf), [20].

We have employed a one-step synthesis of the zirconium and
hafnium mono(cyclooctatetraenyl) starting materials (CgHg)MCl,-
-2KCI-thf by the direct reaction of ZrCl, or HfCl, with one equiva-
lent of K,CgHg in tetrahydrofuran at room temperature. This
procedure is simpler than those previously reported, but affords
a product that also contains two equivalents of KCI; this conclusion
differs from that drawn in a recent paper [ 18], in which the product
of this reaction (not isolated) was assumed to be (CgHg)MCIl,(thf).
The (CgHg)MCI,-2KCl-thf products are insoluble in tetrahydrofuran
and thus we were unable to characterize them in solution; most
likely, these materials are potassium salts of anionic zirconate
and hafnate species containing three chloride ligands per metal
center. The zirconium compound can be converted to the previ-
ously known compound (CgHg)ZrCly(thf) by Soxhlet extraction
with tetrahydrofuran, but KCl-free material is not necessary for
our purposes; addition of an alkylating agent to (CgHg)MCl,-
-2KCI-thf affords soluble organometallic products that can easily
be separated from this salt.

Synthesis and Crystal Structure of [Li(tmed)][(CsHg)Zr-
(p-C¢H4Me)Cl,]. Treatment of (CgHg)ZrCl,-2KCl-thf with one
equivalent of p-tolyllithium in diethyl ether at room temperature,
followed by the addition of N,N,N',N'-tetramethylethylenediamine
(tmed) yields red crystals of the mono(p-tolyl) complex
[Li(tmed)][(CsHg)Zr(p-CsHsMe)Cl>] (1).

(CgHg)ZrCl, - 2KCl - thf + Li(p — CsHsMe) + tmed —

[Li(tmed)][(CsHs)Zr(p — CsHaMe)Cl,] + 2KCl
1)

Physical properties for all the new compounds reported herein
are given in Table 1. 'H and >C NMR data for all the new
organometallic compounds are listed in Table 2.

The '"H NMR chemical shift of 5 6.68 for the CgHg ring in 1 is
slightly downfield of those found for other early transition metal
compounds that possess 18-CgHg ligands (6 5.4-6.0) [21]. The 13C
NMR chemical shift § 98.4 for the CgHg ring carbons is similar to
those in other (CgHg)Zr"V' complexes [22]. The 'H and '3C{'H}
NMR resonances for the p-tolyl ligand are as expected, the most
interesting feature being that the ipso (metal-bound) carbon is
shifted significantly downfield from the normal aromatic region
and appears at 6 187.2.

Crystal data for 1 are presented in Table 3, and selected bond
distances and angles are collected in Table 4. The molecular
structure is shown in Fig. 1. Crystals of 1 consist of discrete
molecules with the following features. The overall geometry
about the zirconium center can be described as a three-legged
piano stool with an mB8-cyclooctatetraenyl ligand occupying the
apical site. The CgHg ring is planar: the largest deviation of a car-
bon atom from the least-squares plane is only 0.038 A. The Zr-C
bond distances to the CgHg ring (which average 2.478(2) A) are
similar to those of other n8-CgHg zirconium complexes such as
Zr(CSHS)z [],2], (CgHg)Zr(C3H5)(t—C4H90) [23], and (CgHg)er
(CsMes) [22]. The Zr-C distance to the p-tolyl ligand is 2.286
(12) A, and the Zr-Cl bond distances are 2.577(3) and 2.559(3)
A. The bond angles between the legs of the piano stool average
84.4(1).

The lithium cation forms a close ion-pair with the zirconate
anion: it interacts with the two zirconium-bound chloride atoms
and with a bidentate tmed ligand. The geometry about the lithium
center is a distorted tetrahedron. The average Li-Cl and Li-N dis-
tances are 2.37(2) and 2.09(2) A, respectively. The N-Li-Cl bond
angles range from 116(1) to 123(1)°, and the Cl-Li-Cl and N-Li-
N angles are 91.4(6) and 88.9(8)°, respectively.

Syntheses of [(CgHg)MR3] Trialkyls. Treatment of (CgHg)MCl,-
-2KCl-thf (M = Zr, Hf) with three equivalents of methyl-, phenyl-, or
p-tolyllithium in tetrahydrofuran or diethyl ether, followed by
addition of N,N,N',N’-tetramethylethylenediamine, yields several
new organozironium and -hafnium compounds.

[Li(tmed),][(CsHg)MRs] + 2KCl + 2LiCl

M=17Zr,R=Me (2)
M =7Zr,R=Ph (3)
M =Hf,R=Ph (4)

M = Zr,R = p—CgHsMe (5)
M = Hf,R = p—CsHsMe (6)

Table 1
Physical properties and microanalytical data for the new organozirconium and -hafnium compounds.
Calcd Found

cmpd color C H N Zr[Hf Li/K Cl C H N Zr[Hf Li/K Cl
(CgHs)ZrCl,(thf)y2KCl yellow-orange 29.6 3.31 18.7 16.0 29.1 271 3.38 19.2 16.6 28.7
(CgHg)HfCly(thf)2KCl light yellow 25.1 2.81 31.0 24.0 297 28.6
[Li(tmed)][(CsHs)Zr(p-CsHsMe)Cl;] red 52.5 6.50 5.83 19.0 1.44 14.7 47.8 6.30 5.65 19.0 1.42 14.6
[Li(tmed),][(CgHs)ZrMes] yellow 57.6 103 11.7 19.0 1.45 55.2 103 10.4 193 1.61
[Li(tmed),][(CsHs)ZrPhs] orange 68.5 8.32 8.41 13.7 1.04 66.4 8.31 8.02 12.7 1.22
[Li(tmed)][(CsHg)HfPhs] yellow 60.3 6.13 4.40 28.0 1.10 55.3 6.23 4.74 25.1 0.83
[Li(tmed),][(CgHs)Zr(p-CsHaMe)s] red 69.5 8.68 7.91 12.9 0.98 67.8 8.83 7.43 11.6 1.06
[Li(tmed)][(CsHs)Hf(p-CsHsMe)s] yellow 61.9 7.73 7.04 224 0.87 59.7 7.62 6.53 229 0.92
(CgHg)Zr[CH(SiMes ), ]» orange 514 9.02 17.7 483 9.23 17.6
(CgHg)Hf[CH(SiMes),]» yellow 439 7.71 29.7 415 7.90 25.0
[Li(tmed),][(CsHs)Zr{CH(SiMe3),}>Cl] red 51.8 9.97 7.10 11.6 0.88 5.5 53.0 10.2 6.70 9.42 0.89 6.6
[Li(tmed),][(CsHs)Hf{CH(SiMes )2 }»Cl] gold 46.6 8.97 6.39 204 0.79 4.9 48.1 9.41 6.43 18.5 0.76 43
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Table 2
'H and '3C NMR data for the new organozirconium and -hafnium compounds.*
cmpd H assgnmt 13C or 3¢{'H})
[Li(tmed)][(CsHs)Zr(p-CeHaMe)Cl,|° 2.24 (s) p-Me 21.7
1.55 (s) NMe, 45,0
1.38 (s) NCH, 56.1
6.74 (s) CgHs 98.4
p-C 134.7
7.05 (d, Juu = 7) m-CH 126.1
7.98 (d, Jun = 7) 0-CH 1365
i-C 187.2
[Li(tmed),][(CsHs)ZrMes]° ~0.77 (s) Zr-Me 31.6 (t, Jeu = 115)
2.14 (s) NMe, 46.4 (q, Jou = 132)
2.28 (s) NCH, 58.9 (t, Jou = 130)
5.94 (s) CsHs 92.1 (d, Jou = 158)
[Li(tmed),][(CsHg)ZrPh;]¢ 2.15 (s) NMe, 459
2.30 (s) NCH, 58.4
6.24 (s) CsHs 96.6
6.59 (m) p-CH 1233
6.58 (m) m-CH 126.4
7.50 (m) 0-CH 139.1
i-C not obsd
[Li(tmed),][(CgHg)HfPh3]¢ 2.15 (s) NMe, 46.2
2.30 (s) NCH, 58.9
6.24 (s) CsHs 93.6
6.64 (t, Juu = 7) p-CH 1232
6.70 (t, Juu = 7) m-CH 1255
7.66 (d, Jun = 7) 0-CH 1405
i-C not obsd
[Li(tmed),][(CsHg)Zr(p-CsH4Me)s]° 2.24 (s) p-Me 21.8
1.55 (s) NMe, 45,0
1.38 (s) NCH, 56.1
6.68 (s) CgHs 98.4
p-Ce 126.2
7.00 (d, Jyu = 7) m-CH 134.7
7.97 (d, Jun = 7) 0-CH 1365
i-C 187.2
[Li(tmed),][(CsHs)Hf(p-CsHaMe)s]° 2.30(s) p-Me 219
2.15(s) NMe, 463
2.04 (s) NCH, 59.0
6.18 (s) CsHs 933
p-C 126.0
6.46 (d, Jun = 7) m-CH 1308
7.44 (d, Jun = 7) 0-CH 140.0
i-C 199.9
(CsHg)Zr[CH(SiMes), 14 0.20 (s) CH(SiMes), 5.7
—0.38 (s) CH(SiMes), 58.1
6.46 (s) CsHs 98.1
(CsHg)Hf[CH(SiMes),]3 0.18 (s) CH(SiMes), 6.1
—1.26 (s) CH(SiMes), 56.1
6.45 (s) CgHs 96.7
[Li(tmed),][(CsHg)Zr{CH(SiMes),],C1]° 0.34 (s), 0.46 (s) CH(SiMes),
-1.30(s) CH(SiMes),
1.65 (s) NMe,
1.70 (s) NCH,
6.41 (s) CgHs
[Li(tmed),][(CsHg)Hf[CH(SiMes),],C1]° 0.39 (s), 0.52 (s) CH(SiMes), 5.9, 6.0
—1.27 (s) CH(SiMes), not obsd
1.74 (s) NMe, 452
1.80 (s) NCH, 56.9
6.44 (s) CsHs 95.1

2 Coupling constants are reported in Hz. ® in CgDg. € in C4,Dg0. ¢ in C;Dg.

All of these new compounds are air-sensitive. Attempts to iso-
late the analogous (trimethylsilyl)methyl and neopentyl com-
plexes have been unsuccessful.

'H and '>C NMR studies of 2-6 indicate that the cyclooctate-
traene ligand is bound in an n?® fashion. The '"H NMR chemical
shifts of the CgHg protons (6 5.9-6.7) are comparable to those seen
for the monoaryl complex 1. For compound 2, the chemical shift of
zirconium-bound methyl groups is solvent-dependent: it is ¢
—0.76 in thf-dg but 6 —0.24 in benzene dg. This solvent-dependence
presumably reflects disruption of the Zr-CHjs- - -Li ion-pairing inter-

actions in tetrahydrofuran. For comparison, the 'H NMR chemical
shifts of some other methyl groups bound to early transition met-
als are ¢ 0.83 for (CgHg)TaMes; and 6 —0.39 for Cp,ZrMe; [21,24].
The 'H NMR resonances for the phenyl and p-tolyl protons in 3-
6 are not significantly different from those found for similar early
transition metal aryl compounds [21,24].

Synthesis and Crystal Structure of (CgHg)Zr[CH(SiMes),],.
Treatment of (CgHg)MCI,-2KCl-thf with 2 equiv. of the more steri-
cally demanding alkylating agent bis(trimethylsilyl)methyllithium,
LiCH(SiMes),, gives different products depending on the work-up
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Table 3
Crystal data for [Li(tmed)][(CgHg)Zr(p-CsHsMe)Cl,], 1, and (CgHg)Zr[CH(SiMe3),],, 7

Empirical formula Cy1 H3y Cly Li Ny Zr Cyp Hye Sig Zr

Formula weight 480.54 514.17

T,K 198(2) 198(2)

n A 0.71073 0.71073

Crystal system monoclinic monoclinic

Space group 2/c C2[m

a A 11.950(6) 18.536(4)

b, A 26.094(7) 16.355(5)

¢ A 14.979(4) 9.156(3)

B, deg. 100.12(3) 90.01(2)

v, A3 4598(3) 2775.7(14)

z 8 4

p(calc), Mg m 3 1.388 1.230

Absorption 0.718 0.575
coefficient, mm™!

F(000) 1984 1096

Crystal size, mm 0.20 x 0.18 x 0.10 0.46 x 0.18 x 0.12

0 ragne for data coll., 1.56 to 21.98 2.20 to 29.96
deg.

Limiting indices —-12<h<12, —26 < h < 26,

27 <k<27, —4<k<22,-2<I1<12
-15<1<0

Reflections collected/ 5799/2811 45834176
unique

R(int) 0.969 0.0279

Max. and min.
transmission

0.8104, 0.7769 0.9342, 0.7778

Data/ restraints/parameters  2811/35/240
4176/0/154
Goodness-of-fit 1.049 1.020
Ry [F > 20(F)] 0.0780 0.0380
WR; (all data) 0.2286 0.0874
Largest diff. peak and 2.607, —0.604 0.616, —0.462
hole, e A3
Table 4

Selected bond distances (A) and angles (deg) for [Li(tmed)][(CgHs)Zr(p-CeHsMe)Cl,],
1.

Distances
Zr-C(1) 2.564(14) C(1)-C(2) 1.38(3)
Zr-C(2) 2.51(2) C(2)-C(3) 1.37(3)
Zr-C(3) 2.480(14) C(3)-C(4) 1.42(3)
Zr-C(4) 2.460(14) C(4)-C(5) 1.41(2)
Zr-C(5) 2.421(14) C(5)-C(6) 1.41(2)
Zr-C(6) 2.452(14) C(6)-C(7) 1.37(2)
Zr-C(7) 2.441(14) C(7)-C(8) 1.39(2)
Zr-C(8) 2.495(14) C(8)-C(1) 1.39(3)
Zr-C(15) 2.286(12) Li-Cl(1) 2.38(2)
Zr-Cl(1) 2.577(3) Li-Cl(2) 2.35(2)
Zr-Cl(2) 2.559(3) Li-N(1) 2.10(2)
-N(2) 2.08(2)
Angles
C(1)-C(2)-C(3) 134.5(17) Cl(1)-Zr-Cl(2) 82.39(10)
C(2)-C(3)-C(4) 133.3(17) Cl(1)-Zr-C(15) 86.0(3)
C(3)-C(4)-C(5) 139.4(19) Cl(2)-Zr-C(15) 86.4(3)
C(4)-C(5)-C(6) 130.2(14) Cl(1)-Li-Cl(2) 91.4(6)
C(5)-C(6)-C(7) 137.8(15) N(1)-Li-N(2) 88.9(8)
C(6)-C(7)-C(8) 130.2(18) N(1)-Li-CI(1) 123.1(10)
C(7)-C(8)-C(1) 136.2(18) N(1)-Li-Cl(2) 118.2(10)
C(8)-C(1)-C(2) 138(2) N(2)-Li-CI(1) 122.3(10)
Li-CI(1)-Zr 90.4(5) N(2)-Li-CI(2) 115.7(10)
Li-Cl(2)-Zr 91.6(5)

procedure. Crystallization of the reaction products directly from
diethyl ether affords electrically neutral dialkyls of stoichiometry
(CsHg)M[CH(SiMe3),]2:
(CsHg)ZrCl, - 2KCl - thf 4 2LiCH(SiMes), —

(CsHg)M[CH(SiMes), |, + 2KCl + 2LiCl

c12)

cun

Fig. 1. Crystal structure of [Li(tmed)][(CsHg)Zr(p-CsHsMe)Cl>], 1. The 30% prob-
ability density surfaces are shown; hydrogen atoms have been omitted for clarity.

M=1Z7r (7)

M = Hf (8)

In contrast, addition of tmed to the reaction solutions before
crystallization from diethyl ether affords salts of stoichiometry
[Li(tmed),][(CgHg)M{CH(SiMes), },Cl]:

(CgHg)ZrCly- 2KCl - thf 4 2LiCH(SiMes), + 2tmed —
[Li(tmed),] [(CsHg)M{CH(SiMej), },Cl] + 2KCl + LiCl

M=7Zr (9)

M = Hf (10)

Compounds 7 and 8 have very simple NMR spectra because the
two alkyl groups are equivalent and the SiMe3 substituents are not
diastereotopic. The 'H NMR resonances for the methine proton of
the alkyl ligand appears at 6 —0.38 for the zirconium species and
at § —1.26 for the hafnium species. These shifts are probably
affected by a diamagnetic anisotropy or ring current effect due to
the CgHg ring as shown by a comparison with the '"H NMR chemical
shift reported for the methine proton in a similar compound,
(CsHs),Zr{CH(SiMes),]Cl, is & 3.04 [25]. In the '3*C{'H} NMR spectra
of 7 and 8, the metal-bound methine carbons appear at § 58.1
and 56.1, respectively. Interestingly, these shifts are similar to
the '3C NMR shift of § 51.3 reported for the methine carbon in
(C5H5)22r[CH(SlM63)2]C1 [25]

Crystal data for 7 are included in Table 3, and selected bond dis-
tances and angles are given in Table 5. The molecular structure is
shown in Fig. 2. As expected, the structure of 7 consists of a mono-
meric zirconium center with a CgHg ring bound in an n® fashion.
The C-C bond distances within the CgHg ring range from 1.396(4)
to 1.404(4) A. Interestingly, however, the CgHg ring deviates sub-
stantially from planarity. Carbon atoms C(1) and C(5) form the
longest Zr-C distances, and the CgHg ring is folded about the
C(3)-C(3) vector. The two halves of the ring are approximately
planar, but there is a dihedral angle of 11.8° between the two
planes. The dihedral angle of the CgHg ring in 7 is greater than that
of 2.0° found for (CgHg)Zr(CsgH,Mes), [9], probably because the
alkyl ligands are the more sterically demanding. Alternatively, it
is possible that the ring is folded owing to a trans-influence: in
both 7 and the mesityl analogue, the longest Zr-C bonds in the ring
are approximately trans to the Zr-R bonds.

The C-Zr-C bond angle of 94.7(1)° between the alkyl ligands in
7 is slightly larger than that of 92.2(2)° found between the mesityl
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Table 5

Selected Bond Distances (A) and Angles (deg) for (CgHg)Zr[CH(SiMe3),],, 7
Distances
Zr-C(1) 2.580(4) Zr-C(14) 2.294(4)
Zr-C(2) 2.496(3) Si(1)-C(10) 1.863(2)
Zr-C(3) 2.401(3) Si(1)-C(11) 1.874(3)
Zr-C(4) 2.461(3) Si(1)-C(12) 1.884(3)
C(1)-C(2) 1.396(3) Si(1)-C(13) 1.875(3)
C(2)-C(3) 1.399(4) Si(2)-C(14) 1.875(2)
C(3)-C(4) 1.404(4) Si(2)-C(15) 1.872(3)
C(4)-C(5) 1.396(4) Si(2)-C(16) 1.882(4)
Zr-C(5) 2.526(4) Si(2)-C(17) 1.878(4)
Zr-C(10) 2.332(4)
Angles
C(2)-C(1)-C(2) 134.4(4) C(10)-Si(1)-C(12) 114.39(16)
C(1)-C(2)-C(3) 134.6(3) C(10)=Si(1)-C(13) 112.77(17)
C(2)-C(3)-C(4) 135.0(3) C(11)-Si(1)-C(12) 101.86(17)
C(3)-C(4)-C(5) 134.5(3) C(11)-Si(1)-C(13) 109.21(17)
C(4)-C(5)-C(4) 134.6(4) C(12)-Si(1)-C(13) 106.3(2)
C(10)-Zr-C(14) 94.60(14) C(14)-Si(2)-C(15) 114.10(14)
Zr-C(10)-Si(1) 118.62(11) C(14)-Si(2)-C(16) 114.16(16)
Zr-C(14)-Si(2) 118.22(11) C(14)-Si(2)-C(17) 112.42(19)
Si(1)-C(10)-Si(1y 115.3(2) C(15)-Si(2)-C(16) 104.50(16)
Si(2)-C(14)-Si(2) 113.8(2) C(15)-Si(2)-C(17) 103.59(19)
C(10)=Si(1)-C(11) 111.66(14) C(16)-Si(2)-C(17) 107.2(2)

2 Primed atoms related to the unprimed atoms by the transformation x, -y, z.

Fig. 2. Crystal structure of (CgHg)Zr[CH(SiMes),],, 7. The 30% probability density
surfaces are shown; hydrogen atoms have been omitted for clarity.

groups in (CgHg)Zr(CgH,Mes),, and this difference further supports
the view that the large sizes of the alkyl ligands in 1 affect the
structure in systematic ways.

The hydrogen atoms on the CgHg ring are displaced slightly
toward the zirconium atom; this effect has been noted previously
and is attributed to bonding effects that cause the p-orbitals of the
carbon atoms to cant inward to improve overlap with the orbitals
on the central metal [1,26].

Although the zirconium center in 7 is both electronically and
sterically unsaturated, there are no agostic interactions involving
the alkyl ligands. The Zr-C bond distances of 2.294(4) and 2.329
(4) A found for 7 are identical to that reported for the CH(SiMes),
group in Cp,Zr[CH(SiMes),]Ph [27]. The methine hydrogen atoms
were located in the difference maps and their positions were
refined: the two Zr-C-H angles of 97(3) and 100(3)° are smaller
than the tetrahedral value of 109.7° because the three other
substituents on each of the a-carbons are large and the angles
between them are opened up. Interestingly, the methine C-H vec-
tors of the two bis(trimethylsilyl)methyl ligands both point to the
same “side” of the molecule, rather than toward one other. Pre-

sumably, this orientation of the two alkyl groups minimizes steric
repulsions.

Treatment of the Zirconium Alkyls with Small Molecules.
Treatment of pale orange diethyl ether solutions of (CgHg)Zr[CH
(SiMes),], with carbon monoxide pressure of 7 atm causes the
solution to turn deep red. When the pressure is reduced, however,
the original color returns and only starting material is isolated.
Thus, in contrast to the mesityl analogue (CgHg)Zr(CcHyMes)s,
which reacts irreversibly to form an acyl complex [9], the alkyl
(CgHg)Zr[CH(SiMes),], evidently reacts (at best) reversibly with
carbon monoxide. There are a few claims of the reversible insertion
of CO into metal-carbon bonds [28,29], and the reversible coordi-
nation of CO to d° metal centers [30]. Treatment of (CgHg)Zr[CH
(SiMes), ], with dihydrogen at pressures up to 70 atm produces
no new products, and only starting material is recovered.

3. Conclusions

Treatment of the zirconium and hafnium cyclooctatetraenyl
starting materials (CgHg)MCl,-2KCl-thf with alkyl- and aryl-lithium
reagents affords new organometallic compounds of stoichiome-
tries of [Li(tmed),]|[(CgHg)MRCI;], [Li(tmed),][(CsHg)MR,Cl], or [Li
(tmed),][(CsHg)MR3]. Evidently, with smaller alkyl groups, there
is room for three anionic ligands in addition to the ng—CgHg ligand.
With very bulky alkyl groups, however, the neutral 14-electron 7-
coordinate compounds (CgHg)M[CH(SiMes),;], can also be pre-
pared. The crystal structures of [Li(tmed)][(CsHg)Zr(p-CsHsMe)
Cl,] and (CgHg)Zr[CH(SiMes),], are reported. Interestingly, in the
latter of these compounds the CgHg ring deviates substantially
from planarity: the CgHg ring is folded about a line that bisects
the ring, and the two halves of the ring describe a dihedral angle
of 11.8°. The folding could be a steric effect arising from the steri-
cally demanding alkyl groups or may reflect a trans-influence in
which the longest Zr-C bonds in the ring are approximately trans
to the Zr-alkyl bonds.

The compound (CgHg)Zr[CH(SiMes),], appears to react reversi-
bly with carbon monoxide at 7 atm, but does not react with H,
even at 70 atm.

4. Experimental section

All operations were carried out under vacuum or under argon
using standard Schlenk techniques. Solvents were dried by distilla-
tion from sodium/benzophenone immediately before use. ZrCly
(Cerac), HfCl4 (Cerac), and solutions of halide-free methyllithium
(Aldrich) and phenyllithium (Aldrich) were used as received.
Cyclooctatetraene (BASF) was purified by distillation. Bis
(trimethylsilyl)methyllithium was prepared by a literature route
[31]. Infrared spectra were recorded on a Perkin-Elmer 599B
instrument as Nujol mulls between KBr plates. NMR studies were
performed using a Varian Unity 400 spectrometer. 'H and '3C
NMR chemical shifts are reported in ¢ units (positive chemical
shifts to high frequency) relative to SiMe,. Elemental analyses
were performed by University of Illinois Microanalytical Labora-
tory; the carbon and nitrogen analyses are often low, probably
owing to loss of some of the tmed ligands when the crystals were
dried, or to the formation of carbides during the combustion
analysis.

(Cyclooctatetraenyl)dichlorozirconium(IV)-Potassium Chlo-
ride-Tetrahydrofuran Double Salt, (CgHg)ZrCl,-2KCl-thf. To a sus-
pension of potassium metal (1.30 g, 33.1 mmol) in tetrahydrofuran
(100 mL) was added cyclooctatetraene (2.8 mL, 24.9 mmol). The
coffee-colored solution was stirred for 24 h, cooled to 0 °C, and
was filtered. The filtrate was slowly added to a cool (0 °C) suspen-
sion of ZrCly (5.8 g, 24.9 mmol) in diethyl ether (100 mL) to afford a
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deep red solution and a lighter red precipitate. The mixture was
warmed to room temperature and stirred until the precipitate
became yellow-orange (3 days). The solvent was removed under
vacuum to afford a yellow-orange powder. Yield: 8.86 g (73%). IR
(cm™'): 3065m, 2940s, 2875s, 1955w, 1835w, 1440m, 1350m,
1325m, 1050w, 1015s, 915s, 870s br, 815m, 795m, 770m, 740s,
675w.

(Cyclooctatetraenyl)dichloro(tetrahydrofuran)zirconium
(IV), (CsHg)ZrCly(thf). Soxhlet extraction of (CgHg)ZrCl,-2KCl-thf
(10.51 g) with tetrahydrofuran (250 mL) over 4 days results in
the formation orange crystals in the solvent reservoir. The crystals
were collected by filtration and dried in vacuum. Yield: 3.05 g (42%
based on ZrCly).

(Cyclooctatetraenyl)dichlorohafnium(IV)-Potassium Chlo-
ride-Tetrahydrofuran Double Salt, (CgHg)HfCl,-2KCl-thf. This
compound was prepared as above from potassium (2.92 g,
74.7 mmol), cyclooctatetraene (6.3 mL, 56.2 mmol, and HfCl,
(18 g, 56.2 mmol) except that the final reaction mixture was stirred
for 5 days until the precipitate became light yellow. Yield: 28.18 g
(87%). IR (cm™'): 3054s, 2920s, 1938w, 1818w, 1673w, 1561w,
1457s, 1377s, 1366m, 1348s, 1321w, 1301w, 1251m, 1170m,
1133m, 1041s, 1010s, 952s, 949m, 911s, 870s, 823s, 767m, 745s,
682m, 576w.

(N,N,N,N -Tetramethylethylenediamine)lithium (Cyclooc-
tatetraenyl)dichloro(p-tolyl)zirconate(IV), [Li(tmed)][(CsHsg)Zr
(p-CeHgMe)Cl;], 1. To a suspension of (CgHg)ZrCl,-2KCl-thf
(0.86 g, 1.76 mmol) in diethyl ether (50 mL) was added p-tolyl-
lithium (2.5 mL of a 0.71 M solution in diethyl ether, 1.76 mmol).
The solution was filtered, and to the filtrate was added N,N,N’,N'-
tetramethylethylenediamine (0.53 mL, 3.52 mmol). The red solu-
tion was cooled to —20 °C to afford red rods which were isolated
by filtration and dried under vacuum. Yield: 0.058 g (7%). The
low isolated yield may indicate that the reaction gives a distribu-
tion of organometallic species with different numbers of benzyl
and chloride ligands.

Bis(N,N,N,N'-tetramethylethylenediamine)lithium (Cyclooc-
tatetraenyl)trimethylzirconate(IV), [Li(tmed),][(CsHg)ZrMes], 2.
To a suspension of (CgHg)ZrCl,-2KCl-thf (0.66 g, 1.36 mmol) at
0 °C in tetrahydrofuran (50 mL) was added methyllithium
(3.9 mL of a 1.4 M solution in diethyl ether, 5.4 mmol). The yellow
solution was stirred for 40 min at 0 °C. The solvent was removed at
0 °C and the residue was extracted at 0 °C with diethyl ether
(80 mL). The ether extract was filtered, and to the filtrate was
added N,N,N',N'-tetramethylethylenediamine (0.8 mL, 5.4 mmol).
The solution was cooled to —20 °C to afford small yellow needles
which were isolated by filtration and dried under vacuum. Yield:
0.12 g (18%). IR (cm™!): 3040m, 2780m, 1360m, 1295 s, 1250m,
1185w, 165w, 1130w, 950s, 910m, 790m, 760w, 700s.

Bis(N,N,N,N -tetramethylethylenediamine)lithium (Cyclooc-
tatetraenyl)triphenylzirconate(IV), [Li(tmed),][(CsHs)ZrPhs], 3.
To a suspension of (CgHg)ZrCl,-2KCl-thf (1.44 g, 2.95 mmol) in
diethyl ether (50 mL) was added phenyllithium (4.9 mL of a
1.8 M solution in cyclohexane/diethyl ether, 8.85 mmol). The sol-
vent was removed and the residue was extracted with toluene
(50 mL). The toluene extract was filtered, and to the filtrate was
added N,N,N',N'-tetramethylethylenediamine (1.3 mL, 8.85 mmol).
The orange solution was cooled to —20 °C to afford orange micro-
crystals which were isolated by filtration and dried under vacuum.
Yield: 0.38 g (19%). IR (cm™!): 3045m, 2820w, 1415w, 1360w,
1295s, 1055s, 1035s, 1020s, 950s, 910vw, 760w, 730s, 675m,
640m.

Bis(N,N,N,N -tetramethylethylenediamine)lithium (Cyclooc-
tatetraenyl)triphenylhafnate(IV), [Li(tmed),][(CsHg)HfPhs], 4.
To a suspension of (CgHg)HfCl,-2KCl-thf (1.54 g, 2.68 mmol) in
diethyl ether (50 mL) was added phenyllithium (4.5 mL of a
1.8 M solution in cyclohexane/diethyl ether, 8.04 mmol). The sol-

vent was removed and the residue was extracted with diethyl
ether (100 mL). The ether extract was filtered, and to the filtrate
was added N,N,N',N'-tetramethylethylenediamine (1.2 mL,
8.04 mmol). The yellow solution was cooled to —20 °C to afford
yellow microcrystals which were isolated by filtration and dried
under vacuum. Yield: 0.14 g (7.5%). IR (cm™'): 3050s, 2820w,
1420m, 1365m, 1295s, 1240w, 1190w, 1165m, 1130m, 1100s,
950s, 910s, 760w, 640m, 500m, 460s, 450m.

Bis(N,N,N,N'-tetramethylethylenediamine)lithium (Cyclooc-
tatetraenyl)tris(p-tolyl)zirconate(IV), [Li(tmed),][(CsHg)Zr(p-
Ce¢H4Me)s], 5. To a suspension of (CgHg)ZrCly-2KCl-thf (0.48 g,
0.98 mmol) in diethyl ether (50 mL) was added p-tolyllithium
(3.0 mL of a 0.99 M solution in diethyl ether, 2.94 mmol). The solu-
tion was filtered, and to the filtrate was added N,N,N',N’-tetram-
ethylethylenediamine (0.44 mL, 2.94 mmol). The red solution
was cooled to —20 °C to afford feathery red crystals which were
isolated by filtration and dried under vacuum. Yield: 0.38 g
(55%). IR (cm™'): 3032s, 2924s, 2798m, 2728w, 2384m, 2288s,
2222s, 1903w, 1840w, 1742w, 1581m, 1457s, 1410w, 1377m,
1358m, 1289m, 1248m, 1228m, 184m, 1159m, 1125s, 1068m,
1035s, 1014s, 948s, 906m, 845w, 784s, 756m, 704s, 553s, 479s.

Bis(N,N,N,N -tetramethylethylenediamine)lithium (Cyclooc-
tatetraenyl)tris(p-tolyl)hafnate(IV), [Li(tmed),][(CsHg)Hf(p-
CsHsMe)s], 6. To a suspension of (CgHg)HfCl,-2KCI-thf (0.74 g,
1.29 mmol) in diethyl ether (50 mL) was added p-tolyllithium
(3.9 mL of a 0.99 M solution in diethyl ether, 3.87 mmol). The solu-
tion was filtered, and to the filtrate was added N,N,N',N'-tetram-
ethylethylenediamine (0.58 mlL, 3.87 mmol). The yellow-orange
solution was cooled to —20 °C to afford yellow-orange microcrys-
tals which were isolated by filtration and dried under vacuum.
Yield: 0.27 g (26%). IR (cm™'): 3037m, 2924 s, 2854 s, 2360m,
2343m, 1733w, 1583w, 1377m, 1357w, 1287m, 1246w, 1228w,
1185m, 1159m, 1128m, 1098w, 1068w, 1040m, 1012m, 947m,
908m, 786 s, 708 s, 669m, 555m, 486m.

(Cyclooctatetraenyl)bis[bis(trimethylsilyl)methyl]zirconium
(IV), (CsHg)Zr[CH(SiMes),]>, 7. To a suspension of (CgHg)ZrCl,-
-2KCl-thf (1.20 g, 2.46 mmol) in diethyl ether (50 mL) was added
bis(trimethylsilyl)methyllithium (3.1 mL of a 1.60 M solution in
diethyl ether, 4.92 mmol). The orange-red solution was stirred
for 18 h and then the solution was filtered, the filtrate was concen-
trated to ca. 15 mL, cooled to —78 °C to afford orange microcrystals
which were isolated by filtration and dried under vacuum. Yield:
0.43 g (34%). IR (cm™'): 3800w, 3674w, 3063m, 2940s, 2789w,
2765m, 2360m, 2343m, 2065w, 1909w, 1844w,s 1790w, 1653w,
1457m, 1436m, 1378m, 1328w, 1243s, 1121w, 987s, 941m, 909s,
864s, 798s, 738s, 663s, 600s.

(Cyclooctatetraenyl)bis[bis(trimethylsilyl)methyl]hafnium
(IV), (CsHg)Hf[CH(SiMe3),]», 8. To a suspension of (CgHg)HfCI,-
-2KCl-thf (1.82 g, 3.17 mmol) in diethyl ether (50 mL) was added
bis(trimethylsilyl)methyllithium (4.0 mL of a 1.60 M solution in
diethyl ether, 6.33 mmol). The yellow-orange solution was stirred
for 18 h and then the solution was filtered. The filtrate was concen-
trated to ca. 15 mL and cooled to —78 °C to afford yellow micro-
crystals which were isolated by filtration and dried under
vacuum. Yield: 0.66 g (35%). IR (cm™!): 3916w, 3805w, 3717w,
3656w, 3065m, 2952s, 2789m, 2775m, 2653w, 2511w, 2472w,
2350w, 2060w, 1906w, 1877w, 1847w, 1787w, 1651w, 1599w,
1497w, 1462s, 1439m, 1398m, 1378m, 1350w, 1327w, 1246s,
1190w, 1122w, 1075w, 988s, 938s, 923s, 907s, 864s, 732s, 664s,
607s.

Bis(N,N,N',N -tetramethylethylenediamine)lithium (Cyclooc-
tatetraenyl)chlorobis[bis(timethylsilyl)methyl]zirconate(IV),
[Li(tmed),][(CsHg)Zr{CH(SiMes3),},Cl], 9. To a suspension of
(CgHg)ZrCly-2KCl-thf (0.96 g, 1.97 mmol) in diethyl ether (50 mL)
was added bis(trimethylsilyl)methyllithium (2.4 mL of a 2.5 M
solution in diethyl ether, 5.91 mmol). The orange-red solution



M.J. Nelsen, G.S. Girolami/Polyhedron 187 (2020) 114581 7

was stirred for 1 h. The solvent was removed and the residue was
extracted with diethyl ether (50 mL). The ether extract was filtered,
and to the filtrate was added N,N,N’,N'-tetramethylethylene-dia-
mine (0.89 mL, 5.91 mmol). The solution was cooled to —20 °C to
afford red needles which were isolated by filtration and dried
under vacuum. Yield: 0.18 g (15%). IR (cm™'): 3060m, 2820s,
1365m, 1300s, 1290m, 1165s, 1135s, 1105m, 1070m, 1040s,
1020s, 1000s, 955s, 915s, 850s br, 795s, 765s, 710s, 660s, 620w,
605m, 590w, 505m, 485m, 460m, 415m. The low isolated yield
may indicate that the reaction gives a distribution of organometal-
lic species with different numbers of alkyl and chloride ligands.

Bis(N,N,N,N -tetramethylethylenediamine)lithium (Cyclooc-
tatetraenyl)chlorobis[bis(trimethylsilyl)methyl]hafnate(IV), [Li
(tmed),][(CsHg)Hf{CH(SiMes),}>Cl], 10. To a suspension of
(CgHg)HfCl,-2KCl-thf (0.53 g, 0.92 mmol) in diethyl ether (50 mL)
was added bis(trimethylsilyl)methyllithium (1.1 mL of a 2.5 M
solution in diethyl ether, 2.77 mmol). The yellow-orange solution
was stirred for 1 h. The solvent was removed and the residue
was extracted with diethyl ether (50 mL). The ether extract was fil-
tered, and to the filtrate was added N,N,N’,N'-tetramethylethylene-
diamine (0.42 mL, 2.77 mmol). The solution was cooled to —20 °C
to afford gold plates which were isolated by filtration and dried
under vacuum. Yield: 0.10 g (16%). IR (cm™'): 3060m, 2820s,
1365m, 1300s, 1255s, 1245s, 1190w, 1165w, 1135m, 1105w,
1075w, 1040m, 1020m, 1000s, 955m, 915m, 850s br, 795s,
765m, 760m, 700m, 620w, 595w, 510w, 470w, 425w. The low iso-
lated yield may indicate that the reaction gives a distribution of
organometallic species with different numbers of alkyl and chlo-
ride ligands.

Gas Reactions. The reaction of (CgHg)Zr[CH(SiMes),], (ca.
100 mg) with CO was carried out as a diethyl ether solution in a
Fisher-Porter bottle (7 atm); the reaction with H, was carried out
as a diethyl ether solution in a 300 mL Parr “mini” reactor
(70 atm). After several hours, the pressure was released, the solu-
tion was transferred out of the pressurization apparatus, and the
diethyl ether was removed under vacuum. The residue was
extracted with toluene, and the extract was filtered, concentrated,
and cooled to —20 °C to afford orange crystals. 'H NMR (toluene ds,
25 °C): § 6.46 (s), 0.20 (s), —0.38 (s); the spectrum was identical to
those seen for the starting material.

Crystallographic Studies. Orange crystals of [Li(tmed)][(CgHs)
Zr(p-CeH4Me)Cl], grown from diethyl ether, were mounted on
glass fibers using Paratone-N oil (Exxon) with the (-1 1 —1) scat-
tering planes roughly normal to the spindle axis. Data were mea-
sured at 198 K on an Enaf-Nonius CAD4 diffractometer. Crystal
and refinement details are given in Table 3. The diffraction pattern
was weak. Systematic conditions suggested the ambiguous space
group C2/c; refinement confirmed this choice. Periodically moni-
tored standard intensities showed no decay as a function of expo-
sure time; however, the average standard intensity dropped 8.9%
following a momentary interruption of the cooling gas stream.
The data from shells 3 and 4 (6 > 18.8°) were corrected for this loss.
Step-scanned intensity data were reduced by profile analysis [32]
and corrected for Lorentz-polarization effects and for absorption.
Scattering factors and anomalous dispersion terms were taken
from standard tables [33].

The structure was solved by direct methods [34]; correct
positions for Zr and Cl atoms were deduced from an E-map.
One cycle of isotropic least-squares refinement followed by an
unweighted difference Fourier synthesis gave positions for the
remaining ordered atoms and subsequent least-squares/differ-
ence Fourier calculations revealed disordered positions for the
tmed ligand. Methyl H atom positions H21A, B, and C were
optimized by rotation about the C(18)-C(21) bond with idealized
C-H, C---H, and H---H distances. Remaining H atoms were
included as fixed idealized contributors. H atom U’s were

assigned as 1.2 times Ueq of adjacent non-H atoms. 1,2- and
1,3-atom separations for the disordered ligand positions were
restrained to be equivalent with an esd of 0.03. Disordered posi-
tions separated by less than 0.9 A were restrained to have equiv-
alent isotropic U’s with an esd of 0.04. Site occupancy for
disordered tmed site “A” converged at 0.66(3). In the final cycle
of full-matrix least-squares refinement on F?, ordered non-H
atoms were refined with anisotropic thermal coefficients and
disordered non-H atoms were refined with isotropic thermal
parameters. Successful convergence was indicated by peaks in
the final difference Fourier map, the highest peak was in the
vicinity of the Zr atom and the second peak, 2.54 e A~3, was sit-
uated between the CgHg and the p-tolyl ligands, 1.83 A from C
(18); the final map had no other unusual features. A final anal-
ysis of variance between observed and calculated structure fac-
tors showed a slight dependence on resolution.

The yellow crystal of (CgHg)Zr[CH(SiMes),],, 7, grown from
diethyl ether, was mounted on glass fibers with Paratone-N oil
(Exxon) with the (2 3 1) scattering planes roughly normal to the
spindle axis. Data were measured at —75 °C on an Enraf CAD4
diffractometer. Preliminary photographs suggested the ambiguous
orthorhombic space group Cmmm. Further investigation confirmed
the actual crystal system was monoclinic with beta approximately
90°. Periodically monitored standard intensities showed a 0.5%
decay; no decay correction was applied. Step-scanned intensity data
were reduced by profile analysis [32] and corrected for Lorentz-
polarization effects and for absorption. Scattering factors and
anomalous dispersion terms were taken from standard tables [33].

A face-indexed absorption correction was applied, the maxi-
mum and minimum transmission factors being 0.938 and 0.845.
Systematically absent reflections were deleted and symmetry
equivalent reflections were averaged to yield the set of unique
data. One reflection (1 1 0) was obscured by the beam stop and
was deleted; the remaining 4176 data were used in the least
squares refinement.

The structure was solved by Patterson methods [34]; the correct
Zr position was deduced from a vector map in the space group C2.
Partial structure factor expansion gave positions for the remaining
non-hydrogen atoms and revealed the twinning that generated
pseudo-orthorhombic symmetry; a subsequent search for a higher
symmetry cell showed that the true space group was C2/m. The
fractional contribution of the twin (which was displaced by a 2-
fold rotation about the a-axis) converged at 0.281(1). The quantity
minimized by the least-squares program was Zw(F2 — F2)?, where
w = {[c(F3)]> + (0.0480P)?}"! and P = (F2 + 2F2)/3. The analytical
approximations to the scattering factors were used, and all struc-
ture factors were corrected for both the real and imaginary compo-
nents of anomalous dispersion. Methyl hydrogen atom positions
were optimized by rotation about the Si-C bonds with idealized
C-H, H---H, and Si- - -H distances. The remaining hydrogen atoms
were refined freely. The displacement parameters for the hydrogen
atoms were set equal to 1.2 times U,q for the adjacent carbon atom.
Successful convergence was indicated by the maximum shift/error
of 0.001 for the last cycle of least-squares refinement. Final refine-
ment parameters are given in Table 3. The largest peak in the final
Fourier difference map (0.61 eA~3) was located 0.80 A from the zir-
conium atom. A final analysis of variance between observed and
calculated structure factors showed no dependence on amplitude
or resolution.
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Appendix A. Supplementary data

Structural and other crystallographic data have also been
deposited with the Cambridge Crystallographic Data Centre as sup-
plementary publication number CCDC 1989561 and 1989562.
Copies of the data can be obtained, free of charge, by applying to
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: +44 0 1223
336033 or 149deposit@ccdc.cam.ac.uk). Crystallographic data (cif
files) for [Li(tmed)][(CgHg)Zr(p-CsHsMe)Cl,] and (CgHg)Zr[CH
(SiMes),],. Supplementary data to this article can be found online
at https://doi.org/10.1016/j.poly.2020.114581.
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