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bstract

Thorium(IV) is often considered to show similar chemistry to Group IV transition metals. However, studies in our laboratory have shown that
his generalization is incorrect. This report presents direct comparisons where the Th(IV) metallocene complexes (C5Me5)2ThR2 (R = CH3, Ph,
H Ph) undergo unique chemical reactivity with pyridine, 2-picoline, pyridine N-oxide, 2-picoline N-oxide, and benzonitrile, while the Group IV
2

etal analogues (C5R5)2M(CH3)2 (R = H, CH3; M = Zr, Hf) do not. We also report revised high-yield syntheses for the zirconium and hafnium
tarting materials, (C5H5)2MR2 (M = Zr, Hf; R = CH3, Ph, CH2Ph), using Grignard reagents for alkylation in addition to the X-ray crystal structures
f (C5H5)2Hf(Ph)2 and (C5H5)2Hf(CH2Ph)2.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Thorium(IV) and Group IV transition metal complexes show
ome similarities in their reaction chemistry such as the abil-
ty to form metallocene complexes (C5Me5)2MR2 (M = Ti, Zr,
f, or Th; R = alkyl or aryl) [1], activate CO [2], and form

omplexes containing bridging hydride ligands [3]. However,
here are significant differences in the electronic structure and
eactivity of the Group IV metals and thorium. With a nominal
round state electronic configuration [Rn]6d27s25f0, thorium
as accessible 5f and 6d orbitals that may be available to accept
lectron density from bonding ligands. Furthermore, the ionic
adius of Th(IV) is 0.94 Å, which is considerably larger than
r(IV) (0.72 Å) and Hf(IV) (0.71 Å) [4]. Together, the larger

onic radius of Th(IV) and the potential accessibility of the 5f
rbitals can lead to chemical behaviors that cannot be exhibited
y transition metal complexes.

Whereas the 18-electron rule can be used to predict the sta-

ility of transition metal complexes, no such rule exists for
he actinides. Thus, coordination numbers for actinides are
argely determined by steric factors, rather than crystal field

∗ Corresponding author. Tel.: +1 505 665 9553; fax: +1 505 667 9905.
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ffects. For instance, the solid-state molecular structure of the
is(cyclooctatetraenyl) Th(IV) complex, Th(C8H8)2, has both
igands bound in a planar �8-C8H8 fashion to the Th(IV) center
endering the complex a 20-electron system [5]. In contrast, the
roup IV analogues, M(C8H8)2 (M = Ti, Zr, Hf) adopt an asym-
etric structure in which one of the two C8H8 rings coordinates
8 while the other is bound �4 for a total electron count of 16

or the metal complexes [6]. Similarly, thorium can accommo-
ate up to four �5-C5H5 ligands around its metal center [7], but
irconium and hafnium can only accept a maximum of three
5-C5H5 ligands [8].

More striking contrasts come from molecular chemistry.
or example, whereas the Group IV metals can readily form
lkylidene [9], carbonyl [10], and alkyne [11] complexes, these
ystems are as yet noticeably absent for thorium. These dif-
erences have in part been attributed to the lower propensity
f thorium to form covalent bonds compared to hafnium and
irconium. Recently, we discovered that the thorium metal-
ocene complexes (C5Me5)2ThR2 (R = Me, Ph, CH2Ph) undergo
nique chemical reactivity with pyridine ring systems and either
ctivate the sp2 and sp3 hybridized C H bonds in pyridine

-oxide and lutidine N-oxide to give cyclometalated N-oxide

omplexes [12], or mediate the ring-opening and dearomati-
ation of the pyridine ring in pyridine N-oxide under ambient
onditions (forming thorium �2-(O,N) oximate complexes) [13].

mailto:kiplinger@lanl.gov
dx.doi.org/10.1016/j.jallcom.2007.03.138
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In total, the observed lack of reactivity between the Group IV
bis(alkyl) compounds 1–4 and pyridine, 2-picoline, pyridine N-
64 K.C. Jantunen et al. / Journal of Alloys

iven the anticipated conformity in behavior of Group IV metals
nd Th(IV), contrasted by these exceptional modes of reactiv-
ty exhibited for thorium, we were interested to see if the related
afnocene and zirconocene alkyl and aryl complexes would per-
orm analogous chemistry. Herein, we describe detailed studies
hich show that significant differences exist between the chemi-

al reactivities of Th(IV) and Group (IV) complexes, and that the
eneralization that complexes of these elements behave similarly
s incorrect.

. Results and discussion

.1. Reactivity of Group IV and thorium(IV) metallocenes

As depicted in Eq. (1), reaction of (C5H5)2M(CH3)2 (M = Zr
1), Hf (2)) or (C5Me5)2M(CH3)2 (M = Zr (3), Hf (4)) with either
yridine, 2-picoline, pyridine N-oxide, or 2-picoline N-oxide (1
r 2 equiv.) in toluene-d8 resulted in no reaction despite heating
o 90 ◦C for 7 days (Eq. (1)).

(1)

This is in contrast to the chemistry displayed by the isostruc-
ural thorium complex, (C5Me5)2Th(CH3)2 (5), which readily
eacts with the aromatic sp2-hybridized ortho C H bond in both
yridine and pyridine N-oxide, with loss of methane and forma-
ion the corresponding �2-(N,C)-pyridyl complex (6) and the
yclometalated pyridine N-oxide complex (7), respectively (Eq.
2)) [14].

(2)

Another example of variant behavior is provided by reac-
ion chemistry with benzonitrile. Although benzonitrile rapidly

nserts into the Th CH3 bonds of complex 5 to give the
is(ketimide) complex (C5Me5)2Th[–N C(CH3)(Ph)]2 (8) (Eq.
3)) [15], there is no reaction observed between complexes 1–4
nd 2 equiv. benzonitrile in toluene-d8. Likewise, heating these

o
m
w
d
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ixtures at 90 ◦C for 5 days does not initiate reactivity (Eq. (4)).

(3)

(4)

Preparation of Group IV ketimide complexes involving nitrile
nsertion has been observed for compounds possessing M H and

Si bonds. For example, nitrile insertion into a Zr H bond
as observed for the reaction of (C5Me5)2ZrH2 with 1 equiv. 4-
ethylbenzonitrile forming (C5Me5)2Zr(H)[–N C(H)(C6H4
e)] [16], reaction of [(C5H5)2Zr(H)(THF)][BPh4] with

xcess acetonitrile affording [(C5H5)2Zr{–N C(H)(CH3)}
N≡CCH3)][BPh4] [17], and reaction of (C5H5)2Zr(H)(Cl)
ith either benzonitrile or acetonitrile giving (C5H5)2Zr(Cl)

–N C(H)(R)] (where R = Me, Ph) [18]. The Zr Si bond
n (C5H5)(C5Me5)Zr[Si(SiMe3)3](Me) also reacts with ace-
onitrile, acrylonitrile, and benzonitrile to produce the cor-
esponding ketimide complexes (C5H5)(C5Me5)Zr[–N Si(R)
SiMe3)3](Me) (where R = Me, CH CH2, Ph) [19].

It is important to point out that the titanium and zirconium
is(ketimide) complexes (C5Me5)2M[–N C(Ph)2]2 (M = Ti (9),
r (10)) have been prepared by salt metathesis reactions between
etal halides and alkali metal ketimide compounds or by reduc-

ive cleavage of azines [20]. As such, steric factors cannot
ccount for the lack of reactivity between complexes 1–4 and
enzonitrile. However, the smaller ionic radii of Ti(IV) and
r(IV) have been invoked to explain the observation that the
i(IV) and Zr(IV) systems have M-N-C ketimide angles of
60.8(2)◦ and 161.0(2)◦ (9) and 164.1(2)◦ and 173.7(2)◦ (10);
hereas the thorium(IV) analogue, (C5Me5)2Th[–N C(Ph)2]2

11), displays nearly linear Th-N-C angles (174.0(4) and
xide, 2-picoline N-oxide, and benzonitrile in comparison to the
odes of reactivity observed for the analogous Th(IV) system
ith the same substrates provides dramatic evidence of marked
ifferences between thorium and the Group IV metals.
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.2. Revised syntheses of (C5H5)2M(R)2 (M = Zr, Hf;
= CH3, Ph, CH2Ph)

During the course of our studies it was necessary to improve
he syntheses of the Group IV metallocene alkyl and aryl com-
lexes (C5H5)2MR2 (M = Zr, R = CH3 (1), Ph (14), CH2Ph (15);

= Hf, R = CH3 (2), Ph (16), CH2Ph (17)). While syntheses
or complexes 1, 2, 14, and 16 have been previously reported
sing lithium reagents to alkylate the metal centers [21], the
eported yields were considerably lower compared to the fol-
owing revised syntheses. As shown in Eq. (5), treatment of a
iethyl ether slurry of (C5H5)2ZrCl2 (12) or (C5H5)2HfCl2 (13)
ith either MeMgBr, PhMgBr, or PhCH2MgBr (2.5 equiv.) and
ioxane affords the corresponding bis(alkyl) or bis(aryl) com-
lexes, (C5H5)2MR2 (M = Zr, R = CH3 (1), Ph (14), CH2Ph (15);

= Hf, R = CH3 (2), Ph (16), CH2Ph (17)). Following workup
he isolated yields for these complexes are 85–95%.

Some precedence exists in Group IV chemistry for using
rignard reagents for alkylation. For example, (C5H5)2Zr

CH2Ph)2 (15) [22] and (C5H5)2Hf(CH2Ph)2 (17) [23] have
een prepared by reacting 12 and 13 with 2 equiv. PhCH2MgCl,
espectively. Similarly, (C5Me5)Hf(CH2Ph)3 (18) was prepared
y reacting (C5Me5)HfCl3 with 3 equiv. PhCH2MgCl [24].
owever, these compounds were obtained in low to moder-

te yields (∼60% (15), 65% (17), 36% (18)), which may be
ttributed to the omission of dioxane from these synthetic pro-

edures. Addition of dioxane permits the facile removal of
recipitated MgX2(dioxane)x adducts from solution and allows
or the straightforward workup and high-yield syntheses of com-
ounds 1, 2, and 14–17 [25].

ig. 1. Molecular structure of complexes 16 (left) and 17 (right) with thermal
llipsoids at the 33% probability level. Selected bond distances (Å) and angles
degree) for complex 16: Hf(1)-C(6) 2.268(6), C(6)-Hf(1)-C(6′) 101.6(3), Hf(1)-
(6)-C(7) 117.4(4), Hf(1)-C(6)-C(11) 128.4(4), C(7)-C(6)-C(11) 114.0(5). For
omplex 17: Hf(1)-C(11) 2.291(7), Hf(1)-C(18) 2.294(7), C(11)-Hf(1)-C(18)
3.7(3), C(12)-C(11)-Hf(1) 120.1(5), C(19)-C(18)-Hf(1) 123.3(5).
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(5)

.3. Crystallographic characterization of complexes 16 and
7

The molecular structures for complexes 16 and 17 have not
een previously reported and are shown in Fig. 1. Complex 16
isplays a bent metallocene framework with a distorted tetrahe-
ral geometry about the hafnium metal center. The two phenyl
igands lie within the metallocene wedge with the Hf Cipso bond
engths being 2.268(6) Å and the Cipso-Hf-Cipso angle being
01.6(3)◦. The C(7)-C(6)-C(11) angle of 114.0(5)◦ at Cipso in
he phenyl ring is slightly distorted from regular hexagonal
eometry (120◦) which is typical for �-aryl complexes [26].
he selected metrical parameters for complex 16 compare well
ith those reported for the two other structurally characterized
afnium phenyl compounds, [N(SiMe2CH2PMe2)2]Hf(Ph)(�4-
4H6) (Hf-Cipso = 2.290(6) Å, C-Cipso-C = 112.7(6)◦) [26a]
nd [NBu4][Hf(C6Cl5)3Cl2] (Hf-Cipso = 2.259(13), 2.297(13),

.306(13) Å, C-Cipso-C = 112.3(12), 114.2(12), 115.0(12)◦)
26b].

Compound 17 also possesses a distorted tetrahedral coor-
ination environment about the hafnium center with the
wo benzyl ligands situated in the metallocene wedge. The
f(1)-C(11) (2.291(7) Å) and Hf(1)-C(18) (2.294(7) Å) bond

engths fall within the range typically observed for a hafnium-
enzyl linkage (2.214(7)-2.374(9) Å) [24,27]. For example,
he tris(benzyl) complexes, (C5H5B-CH2Ph)Hf(CH2Ph)3 and
C5Me5)Hf(CH2Ph)3, have Hf CH2 bond distances of 2.234(3),
.249(3), and 2.271(3) Å [27d] and 2.240(5), 2.26(3), and
.282(6) Å [24], respectively. The benzyl ligands are bound
o the metal center in an �1-fashion (Hf(1)-C(12) = 3.338 Å,
f(1)-C(11)-C(12) = 120.1(5)◦; Hf(1)-C(19) = 3.304 Å, Hf(1)-
(1)-C(19) = 123.3(5)◦) and display no secondary interac-

ions between the arene ring and the hafnium metal
enter.

. Conclusion

We have demonstrated significant differences in the chem-
cal reactivity between Th(IV) and Group (IV) compounds.
lthough the Th(IV) metallocene complexes (C5Me5)2ThR2

R = CH3, Ph, CH2Ph) undergo unique chemical reactivity
ith pyridine, 2-picoline, pyridine N-oxide, 2-picoline N-oxide,

nd benzonitrile, the structurally similar Group IV complexes
C5R5)2M(CH3)2 (R = H, CH3; M = Zr, Hf) do not. The break-
own in the analogy for the Zr(IV), Hf(IV), and Th(IV)

omplexes with the same substrates provides clear-cut evidence
hat thorium is not merely a bigger member of the Group(IV)

etals, and ultimately leads to neglect of some very rich and
nteresting actinide-specific reaction chemistry.
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. Experimental

.1. Methods and materials

Reactions and manipulations were performed at 21 ◦C in a recirculating
acuum Atmospheres inert atmosphere (He) drybox with a MO-40-2 Dri-Train.
lassware was dried overnight at 150 ◦C before use. NMR spectra were obtained
sing a Bruker Avance 300 MHz spectrometer. Chemical shifts were refer-
nced to the protio solvent impurity in benzene-d6 at δ 7.15 ppm (1H) and
128.39 ppm (13C{1H}) or toluene-d8 at δ 2.09 ppm (1H). Unless otherwise

oted, reagents were purchased from commercial suppliers and used without
urther purification. Celite (Aldrich) and alumina (Brockman I, Aldrich) were
ried under dynamic vacuum at 250 ◦C for 48 h prior to use. Anhydrous toluene
Aldrich), pentane (Aldrich), diethyl ether (Aldrich), dioxane (Aldrich), ben-
onitrile (Aldrich), pyridine (Aldrich), and 2-picoline (Aldrich) were passed
hrough a column of activated alumina under nitrogen and stored over acti-
ated 4 Å molecular sieves prior to use. Deuterated solvents were dried by
torage over activated 4 Å molecular sieves. Pyridine N-oxide (Acros) and
-picoline N-oxide (Aldrich) were dissolved in toluene and passed through
column of activated alumina and recrystallized (from toluene at −30 ◦C)

rior to use. (C5Me5)2Zr(CH3)2 (3) [1a] and (C5Me5)2Hf(CH3)2 (4) [1e]
ere prepared according to the literature procedures. (C5H5)2Zr(CH3)2 (1)

21], (C5H5)2Hf(CH3)2 (2) [21], (C5H5)2Zr(Ph)2 (14) [21], (C5H5)2Hf(Ph)2

16) [21], (C5H5)2Zr(CH2Ph)2 (15) [22], (C5H5)2Hf(CH2Ph)2 (17) [23] were
repared using modifications to the literature procedures which are detailed
elow.

.2. Preparation of (C5H5)2Zr(CH3)2 (1)

A 125 mL side-arm flask equipped with a stir bar was charged with
C5H5)2ZrCl2 (12) (0.761 g, 2.60 mmol) and diethyl ether (60 mL). To the result-
ng colorless slurry was added methyl magnesium bromide (3.0 M soln/Et2O,
.17 mL, 6.51 mmol) with stirring. The reaction mixture immediately became
lear and colorless. After 45 min of stirring at room temperature, dioxane
1.33 mL, 15.62 mmol) was added to the reaction mixture giving rise to an
mmediate white precipitate. After 1 h of continued stirring the volatiles were
emoved under reduced pressure to afford a white solid. The solid was extracted
ith toluene (60 mL) and filtered through a Celite-padded coarse frit. The filtrate
as collected and the toluene was removed under reduced pressure. The resul-

ant product was triturated with pentane (20 mL) and the volatiles were removed
nder reduced pressure to give 1 as a white powder (0.614 g, 2.44 mmol, 94%).
H NMR (C6D6, 297 K): δ 5.70 (s, 10H, C5H5), −0.14 (s, 6H, CH3). 13C{1H}
MR (C6D6, 298 K): δ 110.72 (s, C5H5), 30.62 (s, CH3).

.3. Preparation of (C5H5)2Hf(CH3)2 (2)

The synthesis of 2 was performed in an analogous manner to 1. Reaction
f (C5H5)2HfCl2 (13) (0.752 g, 1.98 mmol) with methyl magnesium bromide
3.0 M soln/Et2O, 1.65 mL, 4.95 mmol) and dioxane (1.01 mL, 11.87 mmol)
ave 2 as a white powder (0.633 g, 1.87 mmol, 94%). 1H NMR (C6D6, 298 K):
5.63 (s, 10H, C5H5), −0.32 (s, 6H, CH3). 13C{1H} NMR (C6D6, 299 K): δ

10.22 (s, C5H5), 36.84 (s, CH3).

.4. Preparation of (C5H5)2Zr(Ph)2 (14)

A 125 mL side-arm flask equipped with a stir bar was charged with
C5H5)2ZrCl2 (12) (0.749 g, 2.56 mmol) and diethyl ether (60 mL). To the result-
ng colorless slurry was added phenyl magnesium bromide (3.0 M soln/Et2O,
.14 mL, 6.41 mmol) with stirring. The reaction mixture immediately became
lear and pale yellow in color. After 10 min of stirring dioxane (1.31 mL,
5.37 mmol) was added to the reaction mixture immediately forming a white
recipitate. After 15 h of continued stirring the volatiles were removed under

educed pressure to give a pale pink solid. The solid was extracted with toluene
60 mL) and filtered through a Celite-padded coarse frit. The filtrate was col-
ected and the toluene was removed under reduced pressure to give 14 as an
range powder (0.957 g, 2.55 mmol, 95%). 1H NMR (C6D6, 298 K): δ 7.25 (m,
H, Ar H), 7.11 (t, 2H, para H), 5.76 (s, 10H, C5H5). 13C{1H} NMR (C6D6,

K
c
a
[
[
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99 K): δ 183.58 (s, quat Ar C), 136.29 (Ar C), 127.30 (Ar C), 126.02 (Ar C),
12.64 (s, C5H5).

.5. Preparation of (C5H5)2Hf(Ph)2 (16)

The synthesis of 16 was performed in an analogous manner to 14. Reaction
f (C5H5)2HfCl2 (13) (0.757 g, 1.99 mmol) with phenyl magnesium bromide
3.0 M soln/Et2O, 1.66 mL, 4.99 mmol) and dioxane (1.02 mL, 11.97 mmol)
ave 16 as a white powder (0.835 g, 1.80 mmol, 91%). Crystals suitable for
-ray crystallographic analysis were obtained overnight from cooling a 1:1

oluene:pentane solution of 16 at −30 ◦C. 1H NMR (C6D6, 298 K): δ 7.32 (m,
H, Ar H), 7.10 (t, 2H, para H), 5.73 (s, 10H, C5H5). 13C{1H} NMR (C6D6,
98 K): δ 192.32 (s, quat Ar C), 138.13 (Ar C), 127.62 (Ar C), 125.77 (Ar C),
12.32 (s, C5H5).

.6. Preparation of (C5H5)2Zr(CH2Ph)2 (15)

A 125 mL side-arm flask equipped with a stir bar was charged with
C5H5)2ZrCl2 (12) (0.745 g, 2.55 mmol) and diethyl ether (60 mL). To the result-
ng colorless slurry was added benzyl magnesium chloride (1.0 M soln/Et2O,
.37 mL, 6.37 mmol) with stirring. The reaction mixture immediately became
lear and yellow in color. After 10 min of stirring dioxane (1.30 mL, 15.29 mmol)
as added to the reaction solution immediately forming a precipitate. After 2 h
f continued stirring the volatiles were removed under reduced pressure to give a
ellow solid. The solid was extracted with toluene (60 mL) and filtered through a
elite-padded coarse frit. The filtrate was collected and the toluene was removed
nder reduced pressure to give 15 as a yellow powder (0.880 g, 2.18 mmol, 86%).
H NMR (C6D6, 299 K): δ 7.22 (m, 4H, Ar H), 6.91 (m, 6H, Ar H), 5.51 (s, 10H,

5H5), 1.82 (s, 4H, CH2Ph). 13C{1H} NMR (C6D6, 300 K): δ 152.68 (s, quat
r C) 128.87 (Ar C), 126.41 (Ar C), 121.64 (Ar C), 112.59 (s, C5H5), 61.15 (s,
H2Ph).

.7. Preparation of (C5H5)2Hf(CH2Ph)2 (17)

The synthesis of 17 was performed in an analogous manner to 15. Reaction
f (C5H5)2HfCl2 (13) (0.757 g, 1.99 mmol) with benzyl magnesium chloride
1.0 M soln/Et2O, 4.99 mL, 4.99 mmol) and dioxane (1.02 mL, 11.97 mmol)
ave 17 as a yellow powder (0.920 g, 1.87 mmol, 94%). Crystals suitable for
-ray crystallographic analysis were obtained overnight from cooling a 1:1

oluene:pentane solution of 17 at −30 ◦C. 1H NMR (C6D6, 298 K): δ 7.27 (m,
H, Ar H), 6.89 (m, 6H, Ar H), 5.47 (s, 10H, C5H5), 1.54 (s, 4H, CH2Ph).
3C{1H} NMR (C6D6, 298 K): δ 152.58 (s, quat Ar C) 128.65 (Ar C), 127.01
Ar C), 121.97 (Ar C), 111.85 (s, C5H5), 64.97 (s, CH2Ph).

.8. Crystal structure determination

Crystal data for 16 (C22H20Hf): M = 462.87, orthorhombic, space group
ba2, a = 8.256(3) Å, b = 16.470(5) Å, c = 12.813(4) Å, V = 1742.2(10)

˚ 3, Z = 4, Dcalc = 1.765 g cm−3, T = 203(2) K, θ range 2.47–27.29 ◦, μ(Mo
�) = 5.984 mm−1, 4584 reflections collected, 1333 reflections with I > 2σ(I).
= 0.0175 (obs. data), wR2 = 0.0430 (all data), GOF = 1.186 (F2).

Crystal data for 17 (C24H24Hf): M = 490.92, orthorhombic, space group
bca, a = 11.477(3) Å, b = 15.912(5) Å, c = 21.013(6) Å, V = 3837.4(19)

˚ 3, Z = 8, Dcalc = 1.699 g cm−3, T = 203(2) K, θ range 1.94–27.49 ◦, μ(Mo
�) = 5.439 mm−1, 32456 reflections collected, 3338 reflections with I > 2σ(I).
= 0.0427 (obs. data), wR2 = 0.0931 (all data), GOF = 1.189 (F2).

Single crystals of 16 (0.30 mm × 0.25 mm × 0.10 mm) and 17
0.38 mm × 0.38 mm × 0.10 mm) were mounted from Paratone-N oil
nder argon gas flow onto a glass fiber and placed on a Bruker P4/CCD
iffractometer, equipped with a Bruker LT-2 temperature device. A hemisphere
f data was collected using ϕ scans, with 30 s frame exposures and 0.3◦ frame
idths. The instrument was equipped with graphite monochromatized Mo

� X-ray source (λ = 0.71073 Å). Data collection and initial indexing and

ell refinement were handled using SMART software [28]. Frame integration
nd final cell parameter calculations were carried out using SAINT software
29]. The data were corrected for absorption using the SADABS program
30]. Decay of reflection data was monitored by analysis of redundant frames.
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toms in the cyclopentadienyl ligand were refined as three one-half occupancy
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as restrained during the refinement to approximate isotropic behavior using
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. Supplementary information

CCDC-615039 and CCDC-615040 contain the supplemen-
ary crystallographic data for complexes 16 and 17, respectively.
hese data can be obtained free of charge from the Cam-
ridge Crystallographic Database Center, 12 Union Road,
ambridge CB2 1EZ, UK (fax: +44 1223 336033; e-mail:
eposit@ccdc.cam.ac.uk).
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