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Introduction

Sulfated metal oxides and related inorganic solid acids[1]

have attracted much attention due to their high catalytic ac-
tivity in the industrially important conversion of hydrocar-
bons. Of particular significance is sulfated zirconia, which is
capable of catalyzing the isomerization of alkanes such as n-
butane at low temperatures.[1,2] Sulfated zirconia catalysts

suffer from a drawback of fast deactivation presumably due
to coke formation. The stability and activity of sulfated zir-
conia are found to be enhanced when a metal promoter, no-
tably Pt, is added and catalytic reactions are carried out
under hydrogen.[3] The role of the metal promoter in bifunc-
tional sulfated zirconia catalysts is a subject of debate.[1c]

Sulfated zirconia supported organometallic catalysis is well
documented. For example, Group 4 and 5 alkyls chemisorb-
ed on sulfated zirconia surfaces were found to exhibit high
catalytic activity in arene hydrogenation and alkene poly-
merization reactions,[4] demonstrating the rich organometal-
lic chemistry of bimetallic M/SO4

2�/ZrO2 systems. To better
understand the catalytic chemistry of sulfated zirconia, it is
essential to elucidate the structures and reactivity of their
active sites at the molecular level. Of particular interest is
the nature of sulfur species on sulfated zirconia surfaces. It
is generally believed that the sulfate species is covalently
bonded to zirconia surfaces and the sulfur oxidation state
for the catalysts is +6. In previous studies, surface sulfur
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Abstract: Treatment of titanyl sulfate
in about 60 mm sulfuric acid with
NaLOEt (LOEt

�= [(h5-C5H5)Co-
{P(O)(OEt)2}3]

�) afforded the m-sulfato
complex [(LOEtTi)2(m-O)2(m-SO4)] (2).
In more concentrated sulfuric acid
(>1m), the same reaction yielded the
di-m-sulfato complex [(LOEtTi)2(m-O)(m-
SO4)2] (3). Reaction of 2 with HOTf
(OTf= triflate, CF3SO3) gave the tris-
(triflato) complex [LOEtTi(OTf)3] (4),
whereas treatment of 2 with Ag(OTf)
in CH2Cl2 afforded the sulfato-capped
trinuclear complex [{(LOEt)3Ti3(m-
O)3}(m3-SO4){Ag(OTf)}][OTf] (5), in
which the Ag(OTf) moiety binds to a
m-oxo group in the Ti3(m-O)3 core. Re-
action of 2 in H2O with Ba(NO3)2 af-
forded the tetranuclear complex

(LOEt)4Ti4(m-O)6 (6). Treatment of 2
with [{Rh(cod)Cl}2] (cod=1,5-cyclooc-
tadiene), [Re(CO)5Cl], and [Ru(tBu2-
bpy)(PPh3)2Cl2] (tBu2bpy=4,4’-di-tert-
butyl-2,2’-dipyridyl) in the presence of
Ag(OTf) afforded the heterometallic
complexes [(LOEt)2Ti2(O)2(SO4){Rh-
(cod)}2][OTf]2 (7), [(LOEt)2Ti(O)2-
(SO4){Re(CO)3}][OTf] (8), and
[{(LOEt)2Ti2(m-O)}(m3-SO4)(m-O)2{Ru-
(PPh3)(tBu2bpy)}][OTf]2 (9), respec-
tively. Complex 9 is paramagnetic with
a measured magnetic moment of about
2.4 mB. Treatment of zirconyl nitrate
with NaLOEt in 3.5m sulfuric acid af-

forded [(LOEt)2Zr(NO3)][LOEtZr(SO4)-
(NO3)] (10). Reaction of ZrCl4 in 1.8m
sulfuric acid with NaLOEt in the pres-
ence Na2SO4 gave the m-sulfato-bridged
complex [LOEtZr(SO4)(H2O)]2(m-SO4)
(11). Treatment of 11 with triflic acid
afforded [(LOEt)2Zr][OTf]2 (12), where-
as reaction of 11 with Ag(OTf) afford-
ed a mixture of 12 and trinuclear
[{LOEtZr(SO4)(H2O)}3(m3-SO4)][OTf]
(13). The ZrIV triflato complex [LOEtZr-
(OTf)3] (14) was prepared by reaction
of LOEtZrF3 with Me3SiOTf. Complexes
4 and 14 can catalyze the Diels–Alder
reaction of 1,3-cyclohexadiene with
acrolein in good selectivity. Complexes
2–5, 9–11, and 13 have been character-
ized by X-ray crystallography.

Keywords: O ligands · P ligands ·
sulfates · titanium · zirconium
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species such as bidentate sulfate 1a with two S=O groups,
tridentate sulfate 1b with one S=O group, and bisulfate
HSO4

� 1c have been proposed for sulfated zirconia cata-

lysts.[5–8] Nevertheless, the issue as to how metal ions/metal
hydrocarbyls interact with the sulfated zirconia active sites,
and the mechanisms of organometallic reactions occurring
on sulfated zirconia surfaces are not well understood.[8] In
this connection, we set out to model sulfated zirconia surfa-
ces by molecular Group 4 sulfato complexes in oxygen
ligand environments.
The most extensively studied models of Group 4 metal

oxides are homo- and heterometallic compounds with
oxygen ligands such as alkoxides,[9] aryloxides,[9a,10] silox-
ides,[11] silsesquixane,[12] and calixarene macrocycles,[13] as
well as organometallic oxo clusters supported by cyclopenta-
dienyl ligands.[14,15] However, molecular Group 4 sulfato
compounds with oxygen ligands are uncommon. Examples
of structurally characterized TiIV sulfato complexes include
the cyclopentadienyl compounds [{Cp*3 Ti3(m-SO4)Cl}(m-
O)3]

[16] and [Cp2Ti(m-SO4)Ti(H2O)Cp2]
[17] (Cp=h5-C5H5,

Cp*=h5-C5Me5). Toward this end, sulfated zirconia models
based on Group 4 sulfato complexes containing the KlNui
oxygen tripodal ligand, [CpCo{P(O)(OR)2}3]

� (denoted as
LOR

� , R=alkyl)[18] were prepared and investigated. Owing

to the high affinity of Ti and Zr for the P=O group, reac-
tions of ZrIV and TiIV compounds with LOR

� in organic sol-
vents were reported to afford the bis(tripod) compounds
[(LOR)2M]2+ readily.[19–21] Half-sandwich [(LOR)MCl3] com-
pounds (M=Ti, Zr) were prepared by reaction of NaLOEt

with [CpZrCl3]
[20] or [Ti(OiPr)2Cl2]/HCl.[21] Previously, we

found that in aqueous media titanyl and zirconyl compounds
could be stabilized by LOEt

� , and the resulting LOEtM
IV(aq)

species abstract fluoride from HBF4 to give LOEtMF3.
[21] In

the absence of a fluoride-containing ligand, reaction of zir-
conyl nitrate with NaLOEt yielded tetranuclear
[(LOEt)4Zr4(m3-O)2(m-OH)4(H2O)2][NO3]4 that reacted with
[PO4]

3� to give trinuclear and tetranuclear m3-phosphato
cluster compounds.[22] This result demonstrates that it is pos-

sible to construct LOEtM
IV-based cluster compounds with

core structures similar to those of metal oxides by condensa-
tion of M4+(aq) with LOEt

� in the presence of appropriate
oxyanions in water. Herein, we report on the synthesis of di-
nuclear and trinuclear TiIV and ZrIV sulfato complexes sup-
ported by LOEt

� , the core structures of which are relevant to
the proposed sulfated zirconia active sites. A heterometallic
complex containing a Ti2Ru(m-O)3(m3-SO4) core has been
isolated and structurally characterized.

Results and Discussion

TiIV sulfato and triflato complexes : Treatment of titanyl sul-
fate in H2SO4 (60 mm ca. 60 mm) with one equivalent of
NaLOEt and Na2SO4 gave a yellow solution. Upon extraction
with CH2Cl2 and recrystallization from CH2Cl2–hexane, pale
yellow crystals identified as the sulfato-bridged complex
[(LOEtTi)2(m-O)2(m-SO4)] (2) were isolated (Scheme 1). When

the same reaction was carried out in more concentrated sul-
furic acid (>1m), the di-m-sulfato-bridged complex
[(LOEtTi)2(m-O)(m-SO4)2] (3) was obtained. The IR S=O
stretching frequencies for 2 and 3 of 1259 and 1281 cm�1, re-
spectively, are lower than that for [{Cp*3 Ti3Cl(m-O2SO2)}(m-
O)3] (1310 cm

�1).[17] The n1 vibrational mode[23] for the sulfa-
to ligand could not be assigned due to overlap with the in-
tense signals of the LOEt

� ligand in the 1000–1100 cm�1

region. Both 2 and 3 are air stable in organic solvents such
as CH2Cl2 and acetone, and are easily identified by their
characteristic 31P NMR spectra (in CDCl3, for 2 : d=119.0
(s) ppm; for 3 : d=119.4 (t), 125.8 (d) ppm). They could be
dissolved in water (solubility of ca. 10�5m at room tempera-
ture) to give acidic solutions. Addition of Ba(NO3)2 to 2 or
3 in water resulted in precipitation of BaSO4, indicating that
the sulfato ligands of these complexes dissociate in solution.
According to 31P NMR spectroscopy, 2 and 3 could be inter-
converted to each other in aqueous solution (Scheme 1).
Solutions of 3 in sulfuric acid at 0.5<pH<3.2 were found to

Scheme 1. Preparations of dinuclear Ti sulfato complexes 2 and 3.
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contain predominately 2 (d=123.9 (t), 131.5 (d) ppm).
When the pH was lowered to about 0.5, the conversion of 2
to 3 was found to occur (d=123.9 (d), 131.1 (t) ppm). At
pH>4, a new LOEtTi

IV species that exhibited a resonance at
d=122.5 ppm in the 31P NMR spectrum, which is identical
with that of tetranuclear 6 (vide infra), was found.
The solid-state structure of 2 is shown in Figure 1. The

structure of 2 consists of a Ti2(O)2 core with the average
Ti�O bond length (1.831(4) P) and Ti-O-Ti angle (95.3(2)8)

that are typical for Ti2O2 titanoxane compounds, for exam-
ple, [{Ti(acac)2}2(m-O)2] (Hacac=pentane-2,4-dione).[24] The
average Ti�O(SO4) distance of 1.986(4) P for 2 is similar to
that in [{Cp*3 Ti3Cl(m-O2SO2)}-
(m-O)3] (1.953(8) P).[17] The
average Ti�O(LOEt) bond
length of 2.036(5) P for 2 is
similar to that in LOEtTiCl3
(1.975(6) P).[21] Compound 3
has also been characterized by
X-ray diffraction (Figure 2).
Unlike [{LOEtTi(Cl4cat)}2(m-O)]
(Cl4catH2= tetrachlorocate-
chol)[21] compound 3 possesses
a bent Ti-O-Ti unit. While the
identity of 3 has been con-
firmed, its bond lengths and
angles have not been analyzed
given the high R values due to
the disorder of the structure.
Treatment of 2 with excess

triflic acid in CH2Cl2 afforded
the tris(triflato) complex [LOEt-
Ti(OTf)3] (4), which was isolat-

ed as an air-sensitive orange solid. Alternatively, 4 could be
prepared in good yield by the reaction of [LOEtTiCl3] or
[LOEtTi(iOPr)2Cl]

[21] with triflic acid. Complex 4 is soluble in
CH2Cl2 and THF but insoluble in Et2O and hexane.
The 19F NMR spectrum shows a singlet at d=�77.7 ppm
attributed to the triflato ligands. The structure of 4 is
shown in Figure 3. The geometry around Ti is pseudo-
octahedral with the average Ti�O(OTf) distance of
1.998(3) P that is similar to that in [{Ti(OtBu)(OTf)-

(H2O)}(m-O)(m-OTf)2] (Ti�OTf-
(terminal) 1.995 P).[25] The Ti�
O(LOEt) bonds in 4 (1.884(3) P)
are apparently shorter than
those in [LOEtTiCl3] (av
1.975(6) P) and [LOEtTiF3]
(2.020(2) P),[21] indicating the
weak trans influence of the tri-
flato ligands.

Heterometallic complexes :
Treatment of 2 with Ag(OTf) in
CH2Cl2 afforded the TiIV-AgI

complex [(LOEt)3Ti3(m-O)3(m3-
SO4){Ag(OTf)}][OTf] (5)
(Scheme 2). On the other hand,
sulfate abstraction of 2 by
Ba(NO3)2 in water resulted in
precipitation of BaSO4 and the
isolation of yellow crystals ana-
lyzed as tetranuclear [(LOEt)4-
Ti4O6]·1.5HNO3 (6).[26] A pre-
liminary X-ray diffraction study
revealed that 6 contains an ada-

mantane-like Ti4(m-O)6 core similar to that in [Cp*4 Ti4(m-
O)6].

[27] 31P NMR spectroscopy indicated that the AgI-in-
duced conversion of 2 to 5 in CDCl3 is a clean, rapid reac-

Figure 1. Molecular structure of 2. The ellipsoids are drawn at 30% probability level. Selected bond lengths
[P] and angles [8]: Ti�O(LOEt) 1.971(4)–2.118(4), Ti1�O7 1.797(4), Ti1�O8 1.845(4), Ti2�O7 1.862(4), Ti2�O8
1.819(4), Ti1�O71 1.994(4), Ti2�O72 1.977(4), Ti1�Ti2 2.7050(13), S1�O71 1.523(4), S1�O72 1.524(5), S1�O73
1.438(5), S1�O74 1.427(5); Ti1-O7-Ti2 95.3(2), Ti1-O8-Ti2 95.2(2), Ti1-O71-S1 127.6(3), Ti2-O72-S1 128.3(3).

Figure 2. Molecular structure of 3. The ellipsoids are drawn at 30% probability level.
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tion (<15 min). Although the mechanism for formation of 5
is not clear, it probably involves the combination of 2 with a
Ti triflato species, possibly [(LOEt)2Ti2(m-O)2(OTf)2]. Indeed,
treatment of 2 with 4 in CH2Cl2 afforded 5 as the major iso-
lated product. Thus, it appears that the conversion of unsa-
turated (LOEt)2Ti2O2 species to the Ti3(m-O)3(m3-SO4) core in
CH2Cl2 solution is a favorable, facile process. Complex 5 has
been characterized by X-ray crystallography. Transition-
metal complexes containing m3-SO4

2� ligands are rather un-
common.[28] To our knowledge, this is the first structurally
characterized Ti m3-sulfato complex. It may be noted that re-
action of [{Cp*TiCl(m-O)}3] with Ag2SO4 afforded a trinu-
clear complex [{Cp*3 Ti3(m-O2SO2)Cl}(m-O)3] containing a bi-
dentate bridging sulfato ligand.[17] The IR S=O stretching
frequency for the m3-SO4

2� group in 5 was determined to be
1265 cm�1, which is similar to those found for [Cr4(m4-O)(m3-
SO4)2(m-Cl)5Cl4]

3� (1268 and 1275 cm�1).[28a] The structure of
the cation [(LOEt)3Ti3(m-O)3(m3-SO4){Ag(OTf)}]+ in 5 con-
sists of a Ti3(m-O)3 core capped by a m3-SO4

2� ligand
(Figure 4). A similar Ti3O3 core was found in [{Cp*TiCl(m-

O)}3].
[29] However, unlike [{Cp*TiCl(m-O)}3], the six-mem-

bered Ti3O3 ring in 5 is nonplanar and has a pseudo-chair
conformation (Figure 5). In addition, the Ti�O bond lengths

in 5 are not equivalent (average short and long Ti�O distan-
ces of 1.795(3) and 1.891(3) P, respectively), indicative of
asymmetrical Ti=O�Ti bridges in the Ti3O3 ring. The Ag
atom was found to be disordered and was split in two sites,
Ag1A and Ag1B, with occupancies of 0.8 and 0.2, respec-
tively. The position of Ag1A is shown in Figure 4. The

Figure 3. Molecular structure of 4. The ellipsoids are drawn at 30% prob-
ability level. Selected bond lengths [P] and angles [8]: Ti1�O10 1.985(3),
Ti1�O20 2.005(3), Ti1�O30 2.005(3), Ti1�O7 1.878(3), Ti1�O8 1.888(3),
Ti1�O9 1.887(2); O10-Ti1-O30 84.35(11), O10-Ti1-O20 89.04(11), O30-
Ti1-O20 86.64(11).

Scheme 2. Preparations of trinuclear Ti suflato complexes 5 and 9.

Figure 4. Molecular structure of the cation [(LOEtTi)3(m-O)3(m3-SO4)-
(AgOTf)]+ in 5. The ellipsoids are drawn at 30% probability level.
Selected bond lengths [P] and angles [8]: Ti�O(LOEt) 1.974(3)–2.085(3),
Ti1�O12 1.891(3), Ti1�O13 1.785(3), Ti1�O14 2.014(3), Ti2�O12
1.800(3), Ti2�O16 2.005(3), Ti2�O23 1.887(3), Ti3�O13 1.895(3),
Ti3�O15 2.022(3), Ti3�O23 1.799(3), S1�O14 1.487(4), S1�O15 1.492(3),
S1�O16 1.495(3), S1�O17 1.413(3); Ti1-013-Ti3 136.8(2), Ti2-O12-Ti1
135.7(2), Ti3-O23-Ti2 136.6(2), S1-O14-Ti1 128.5(2), S1-O15-Ti3 127.9(2),
S1-O16-Ti2 128.2(2).

Figure 5. View of the Ti3O3 ring in 5 showing the chair conformation.
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Ag1A�O23 separation of 2.488(3) P suggests donor–accep-
tor-type interactions between the Ag and the m-oxo group.
The average Ti�O(m3-SO4) distance of 2.024(4) P is slightly
longer than the Ti�O(m-SO4) distances in 2. The S�Ot dis-
tance of 1.417(5) P in 5 is significantly shorter than the
S�O(Ti) distances (av 1.495(4) P), consistent with a S=O
double bond.
Chloride abstraction of [{Rh(cod)Cl}2] (cod=1,5-cyclooc-

tadiene) and [Re(CO)5Cl] with Ag(OTf) followed by treat-
ment with 2 afforded the bimetallic complexes [(LOEt)2-
Ti2(O)2(SO4){Rh(cod)}2][OTf]2 (7) and [(LOEt)2Ti2(O)2-
(SO4){Re(CO)3}][OTf] (8), respectively, which were charac-
terized by NMR spectroscopy and mass spectrometry. Un-
fortunately, despite several attempts, we have not been able
to obtain X-ray quality crystals to elucidate the coordination
modes of the {Rh(cod)} and {Re(CO)3} moieties for the two
compounds. It seems probable that the Rh and Re atoms
bind to the m-oxo group(s) in the Ti3O3 core. It may be
noted that bimetallic complexes [Cp*Ti3(m3-CR)(m3-
O)3{Mo(CO)3}] (R=H or Me), in which the fac-Mo(CO)3
moiety binds to the three m-oxo groups, have been isola-
ted.[15b]

Treatment of 1 with [Ru(tBu2bpy)(PPh3)2Cl2]
[30]

(tBu2bpy=4,4’-di-tert-butyl-2,2’-dipyridyl) in the presence of
two equivalents of Ag(OTf) in CH2Cl2 afforded a formally
TiIV–RuIV complex [{(LOEt)2Ti2(m-O)}(m3-SO4)(m-O)2{Ru-
(tBu2bpy)(PPh3)}][OTf]2 (9) (Scheme 2). Although the
mechanism for the formation of 9 has not been elucidated,
it seems likely that the rearrangement of the dinuclear
M2(m-O)2(m-SO4) to trinuclear M3(m-O)3(m3-SO4) core similar
to that of 5 is involved. The oxidation of RuII to RuIV was
probably caused by AgI and/or by a Ru disproportionation
reaction because 9 was isolated even if the synthesis and
workup were carried out under N2. The FAB mass spectrum
shows the parent ion peak at m/z 1944 corresponding to
[M�2OTf]+ . Compound 9 is paramagnetic with a measured
solid-state magnetic moment of about 2.4 mB at 298 K, which
is less than the spin-only value for two unpaired electrons.
The cyclic voltammogram of 9 exhibits a reversible couple
at about 0.04 V versus Cp2Fe

+ /0 (0.1m [nBu4N][PF6] in
CH2Cl2, glassy carbon electrode, scan rate=100 mVs�1) that
is tentatively assigned as the RuIV/RuIII couple because
RuIV/RuV couples for oxo-RuIV complexes with amine li-
gands are usually found at higher potentials (e.g. 1.39 V
versus Cp2Fe

+ /0 for trans-[Ru(py)4(O)Cl]+ (py=pyridine) in
MeCN[31]). However, additional evidence is needed to con-
firm this assignment. The solid-state structure of 9 has been
established by X-ray diffraction (Figure 6).
The dication [{(LOEt)2Ti2(m-O)}(m3-SO4)(m-O)2{Ru-

(tBu2bpy)(PPh3)}]
2+ contains a Ti2Ru(m-O)3 core that is

capped by a m3-SO4
2� ligand. Alternatively, this dication can

be viewed as a six-coordinate RuIV complex containing a di-
anionic, tridentate-fac-O,O,O(sulfato) [{(LOEt)2Ti2(m-O)}(m-
O)2(m3-SO4)]

2� ligand along with one tBu2bpy and one PPh3.
Related neutral, tridentate-O,O,O [Cp*3Ti(m3-CR)(m-O)]
(R=H or Me) metalloligands were found in heterometallic
cubane complexes [Cp*Ti3(m3-CR)(m3-O)3{Mo(CO)3}].

[15b]

The Ti�O(Ti) bond (1.719(6) P) is shorter than the Ti�
O(Ru) bonds (av 1.974 P), while the Ti-O-Ti angle
(130.8(3)o) is smaller than the Ti-O-Ru angles (av 139.4(3)o).
The long Ru�Ti separations (av 3.469 P) suggest the ab-
sence of direct Ti�Ru interactions. The Ru�O(Ti) distances
(av 1.974 P) are longer than the Ru�O(Ru) distances in
[(LOMe)2Ru2(H2O)2(m-O)2][OTf]2 (av 1.918 P).[32] The aver-
age Ru�N (2.049(7) P) and Ru�P (2.302(2) P) distances are
slightly shorter than those of the RuII compound [Ru(Me2b-
py)(PPh3)2(C�CtBu)Cl] (2.086 and 2.359 P, respectively).[30]

ZIV sulfato and triflato complexes : Treatment of zirconyl ni-
trate in ca. 3.5m sulfuric acid with NaLOEt in the presence of
excess Na2SO4 afforded [(LOEt)2Zr(NO3)][LOEtZr(NO3)2-
(SO4)] (10) (Scheme 3). Despite the high sulfate concentra-
tion in the reaction mixture, it was not possible to displace
all nitrato ligands from Zr. It may be noted that depending
upon experimental conditions reaction of zirconyl nitrate
with NaLOEt in nitric acid led to the isolation of [(LOEt)Zr-
(NO3)3], [(LOEt)2Zr(NO3)][NO3], or [(LOEt)4Zr4(m3-O)2(m-
OH)4(H2O)2][NO3]4.

[22] The 1H NMR spectrum of 10 shows
two Cp proton resonances at d=5.46 and 5.42 ppm, consis-
tent with the solid-state structure. The IR spectrum shows a

Figure 6. Molecular structure of the dication [{(LOEt)2Ti2(m-O)}(m3-SO4)-
(m-O)2{Ru(PPh3)(tBu2bpy)}]

2+ in 9. The ellipsoids are drawn at 30%
probability level. Ethyl groups in LOEt

� and phenyl ring in the PPh3 are
omitted for clarity. Selected bond lengths [P] and angles [8]: Ru1�N1
2.049(7), Ru1�N2 2.048(7), Ru1�O4 2.163(5), Ru1�O5 1.973(6), Ru1�O6
1.975(5), Ru1�P1 2.302(2), Ti�O(LOEt) 1.959(6)–2.103(6), Ti1�O3
2.029(6), Ti1�O5 1.732(5), Ti1�O7 2.009(6), Ti2�O2 2.032(6), Ti2�O6
1.719(6), Ti2�O7 2.040(6), S1�O1 1.431(6), S1�O2 1.488(6), S1�O3
1.491(6), S1�O4 1.485(6); O5-Ru1-P1 93.90(18), O6-Ru1-P1 91.45(17),
N2-Ru1-P1 95.9(2), N1-Ru1-P1 92.6(2), O4-Ru1-P1 174.98(17), Ti1-O5-
Ru1 138.5(3), Ti2-O6-Ru1 140.2(3), Ti1-O7-Ti2 130.8(3).

Scheme 3. Preparation of 10.
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peak at 1305 cm�1 that is assigned as the N=O stretch of the
chelating nitrato ligand. The S=O stretching frequency for
the chelating sulfato ligand was observed at 1248 cm�1. The
solid-state structures of the complex cation and anion in 10
are shown in Figure 7 and Figure 8, respectively. In the com-

plex cation [(LOEt)2Zr(NO3)]
+ , which is identical with that in

[(LOEt)2Zr(NO3)][NO3],
[22] the Zr is eight-coordinate and the

Zr�O(nitrato) distances are 2.340(3) and 2.399(4) P. In the
complex anion [LOEtZr(NO3)2(SO4)]

� , the nitrato ligands
bind to Zr in an asymmetrical, bidentate fashion (average

long and short Zr�O(nitrate) distances of 2.300(3) and
2.439(4) P, respectively), whereas a more symmetrical bind-
ing mode was found for the chelating sulfato group (Zr�O
distances of 2.164(4) and 2.232(3) P). The asymmetric, bi-
dentate binding mode for nitrato ligands is well documented
and is attributed to the strain in the four-membered MO2N
ring.[33] The Zr�O(LOEt) distances in 10 in the range of
2.099(3) to 2.177(3) P are comparable to those in
[(LOEt)4Zr4(m3-O)2(m-OH)4(H2O)2][NO3]4.

[22]

To prepare a nitrate-free LOEtZr sulfato complex, ZrCl4
was treated with NaLOEt in sulfuric acid (ca. 1.8m). Upon ex-
traction with CH2Cl2 and recrystallization from CH2Cl2–
hexane, yellow crystals of the sulfato-bridged dinuclear com-
plex [{LOEtZr(SO4)(H2O)}2(m-SO4)]·5H2O (11·5H2O) were
isolated (Scheme 4). The IR spectrum of 11 shows the S=O

band at 1274 cm�1. However, we were not able to determine
whether this band is due to the chelate or bridging sulfato
ligand. It may be noted that the symmetric O=S=O vibra-
tion for bidentate sulfate species on zirconia surfaces was
observed in the range 1150–1250 cm�1.[6] Complex 11 is air
stable in CH2Cl2 but is somewhat hydroscopic in the solid
state. In aqueous solution at pH 4, 11 shows a similar
31P NMR spectrum to that of [(LOEt)4Zr4(m3-O)2(m-
OH)4(H2O)2][NO3]4 (d=121.9 ppm),[22] suggesting that 11
hydrolyzed to tetranuclear [(LOEt)4Zr4(m3-O)2(m-
OH)4(H2O)2]

4+ , which appears to be the most stable
LOEtZr

IV species in weakly acidic solution. The solid-state
structure of 11·5H2O consists of two [LOEtZr(SO4)(H2O)]+

moieties bridged by a bidentate SO4
2� ligand (Figure 9). The

Zr�O distances for the bridging sulfato ligand (av
2.055(8) P) are shorter than those for the chelate sulfato li-
gands (av 2.179 (8) P), which are similar to those in 10. The
assignment of the oxygen atoms O14 and O19 as aqua li-
gands is consistent with the charge balance for the complex.
The Zr�O(aqua) distances (av 2.217(8) P) are comparable
to those in [(LOEt)4Zr4(m3-O)2(m-OH)4(H2O)2][NO3]4
(2.207(7) P)[22] and [ZrF4(Me2SO)(H2O)2] (2.220(2) P),[34]

Figure 7. Molecular structure of the cation [(LOEt)2Zr(NO3)]
+ in 10. The

ellipsoids are drawn at 30% probability level. Selected bond lengths [P]
and angles [8]: Zr2�O(LOEt) 2.099(3)–2.177(3) , Zr2�O41 2.340(3), Zr2�
O42 2.399(4), O41�N3 1.269(6), O42�N3 1.281(5); O43-N3 1.202(5),
O41-Zr2-O42 53.87(12).

Figure 8. Molecular structure of the anion [(LOEt)Zr(NO3)2(SO4)]
� in 10.

The ellipsoids are drawn at 30% probability level. Selected bond lengths
[P] and angles [8]: Zr1�O(LOEt) 2.114(3)–2.175(4), Zr1�O31 2.300(3),
Zr1�O32 2.439(4), Zr1�O34 2.403(4), Zr1�O35 2.294(4), Zr1�O37
2.232(3), Zr1�O38 2.164(4), O31�N1 1.289(6), O32�N1 1.269(6), O33�
N1 1.219(5), O35�N2 1.292(6), O36�N2 1.205(6), S1�O37 1.499(4), S1�
O38 1.521(4), S1�O39 1.437(4), S1�O40 1.438(4); O31-Zr1-O32
53.98(13), O35-Zr1-O34 54.04(13), O38-Zr1-O37 62.77(13).

Scheme 4. Preparations of dinuclear and trinuclear Zr sulfato complexes.
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but longer than typical terminal Zr�OH distances (e.g. 2.124
and 2.152 P in [Zr(OH)2(CrO4)].

[35]

In an attempt to prepare a Zr analogue of 4, 11 in CH2Cl2
was treated with triflic acid. However, instead of the triflato
complex, the bis(tripod) complex [(LOEt)2Zr][OTf]2 (12) was
isolated. Sulfate abstraction of 11 with Ag(OTf) in CH2Cl2
afforded a mixture of 12 and the trinuclear sulfato complex
[{LOEtZr(H2O)(SO4)}3(m3-SO4)][OTf] (13) (Scheme 4). The
IR S=O bands for the sulfato ligands and triflate ion were
observed at 1261 and 1290 cm�1, respectively. Compound 13
has been unambiguously characterized by an X-ray diffrac-
tion study. The structure of the cation [{LOEtZr(H2O)-
(SO4)}3(m3-SO4)]

+ in 13, which consists of three [LOEtZr-
(SO4)(H2O)]+ cationic moieties bridged by a tridentate
SO4

2� ligand, is shown in Figure 10. While the identity of the
trinuclear core in 13 has been confirmed, its bond lengths
and angles have not been analyzed given the high R values
due to the disorder of the structure.
Finally, it was found that the triflato compound [LOEtZr-

(OTf)3] (14) could be synthesized by reaction of
[LOEtZrF3]

[21] with Me3SiOTf in CH2Cl2, a method that has
been used for the preparation of [Cp*2 Zr(OTf)2].

[36] The 19F
resonance for the triflato ligands in 14 (d=�78.5 ppm) is
similar to that for 4 but more upfield than that for
[Cp*2Zr(OTf)2] (d=�75.8 ppm).[36] Like other TiIV and ZrIV

triflato compounds, 4 and 14 are Lewis acidic and can cata-
lyze organic reactions. For example, in the presence of 0.5
mol% of 4, 1,3-cyclohexadiene reacted with acrolein in
30 min to afford the Diels–Alder product in 83% yield and
an endo :exo ratio of about 95:5 (Scheme 5). A slightly lower
yield was found for the Zr catalyst 14 (68% yield, endo :exo
ratio of ca. 90:10). The reactivity and selectivity of the LOEt-
based catalysts are comparable to those for the metallocene
analogues [Cp2M(OTf)2].

[37] Efforts are being made to ex-

plore other catalytic activity of the Ti and Zr triflato com-
plexes.

Conclusion

In summary, we have synthesized and structurally character-
ized dinuclear and trinuclear TiIV and ZrIV compounds con-
taining chelating and bridging sulfato ligands in oxygen-only
coordination environments. The core structures of these
compounds are relevant to the proposed models of sulfated
zirconia active sites. We found that the in aqueous solution,
the [Ti2(m-O)2(m-SO4)] and [Ti2(m-O)(m-SO4)2] cores could be
interconverted to each other. In CH2Cl2 solution, facile
Ag(OTf)-induced conversion of bidentate to tridentate sul-
fato ligand in the Ti and Zr sulfato complexes, that is, the
[Ti2(m-O)2(m-SO4)]![Ti3(m-O)3(m3-SO4)] and [Zr2(SO4)2(m-
SO4)]![Zr3(SO4)3(m3-SO4)] conversions, was observed. It
may be noted that the change in binding mode from biden-
tate to tridentate has been suggested to occur for the surface
sulfato group when the calcination temperature of sulfated
zirconia is increased from 673 to 923 K.[6a,8] The TiIV sulfato
compound 2 can serve as a building block for heterometallic
sulfato-bridged compounds. In the Ru/Ti compound 9, the

Figure 9. Molecular structure of 11. The ellipsoids are drawn at 25%
probability level. Selected bond lengths [P] and angles [8]: Zr�O(LOEt)
2.076(7)–2.146(7), Zr�O(bridging sulfate) 2.151(7)–2.210(7), Zr1�O14
2.248(8), Zr1�O15 2.063(8), Zr2�O18 2.047(8), Zr2�O19 2.187(7), S�
O(Zr) (chelate) 1.495(8)–1.517(8), S�Ot (chelate) 1.412(9)–1.451(8), S2�
O15 1.489(9), S2�O16 1.423(9), S2�O17 1.419(9), S2�O18 1.486(8); O11-
Zr1-O10 63.9(3), O30-Zr2-O29 53.4(3), S2-O15-Zr1 152.7(5), S2-O18-Zr2
168.2(5). Figure 10. Molecular structure of the cation [{LOEtZr(SO4)(H2O)}3(m3-

SO4)]
+ in 13.

Scheme 5. Ti- and Zr-catalyzed Diels–Alder reaction.
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Ti2O2(m-SO4) core acts as a tridentate, dianionic ligand that
binds to Ru in a fac-O,O,O(SO4) fashion. Whether such a
binding mode may play a role in bifunctional M/sulfated zir-
conia catalysts is not clear. In addition, we found that the
triflato complexes 4 and 14 are Lewis acidic and capable of
catalyzing organic reactions such as the Diels–Alder reac-
tion. Thus, it may be possible to model zirconia-based acid-
catalyzed reactions using oxygen-rich LOEt–Ti and LOEt–Zr
complexes. Currently, efforts are being made to investigate
the interactions between transition metal alkyls and hy-
drides and LOEt–Ti and LOEt–Zr sulfato compounds, which
may provide insight into mechanisms of organometallic re-
actions occurring on sulfated zironia surfaces.

Experimental Section

General procedures : Unless otherwise stated, all reactions were carried
out in air. NMR spectra were recorded on a Bruker ALX 300 spectrome-
ter operating at 300, 75, 282.5, and 121.5 MHz for 1H, 13C, 19F, and 31P, re-
spectively. Chemical shifts (d, ppm) were reported with reference to
SiMe4 (

1H and 13C), CF3C6H5 (
19F), and 85% H3PO4 (

31P). Infrared spec-
tra (KBr) were recorded on a Perkin-Elmer 16 PC FT-IR spectrophotom-
eter and mass spectra on a Finnigan TSQ 7000 (FAB) and Applied Bio-
system QSTAR (ESI) spectrometer. Elemental analyses were performed
by Medac Ltd, Surrey, UK.

The ligand NaLOEt,
[38] [{Rh(cod)Cl}2],

[39] [Ru(tBu2bpy)(PPh3)2Cl2],
[30] and

[LOEtZrF3]
[21] were prepared according to literature methods. Titanyl sul-

fate (~15 wt% in dilute sulfuric acid) and zirconyl nitrate (~35 wt% in
dilute nitric acid) were obtained from Aldrich and used as received. A
stock solution of titanyl sulfate in sulfuric acid ([Ti]~0.13m) was freshly
prepared by diluting commercial titanyl sulfate (Aldrich; 1 mL) with dis-
tilled water (9 mL) and used for the following preparations.

[(LOEtTi)2(m-O)2(m-SO4)] (2): To the stock solution of titanyl sulfate
(1.0 mL, 0.095 mmol) were added water (7 mL) and NaLOEt (48 mg,
0.086 mmol) in water (3 mL). The mixture was stirred at room tempera-
ture for 10 min and Na2SO4 (60 mg, 0.423 mmol) in water (1 mL) was
added. The resulting solution was stirred for 2 h, extracted with CH2Cl2
(2S10 mL), and dried with anhydrous Na2SO4. The solvent was removed
in vacuo and the residue was recrystallized from acetone–hexane to
afford yellow crystals that were suitable for X-ray analysis. Yield: 56 mg
(50%). 1H NMR (300 MHz, [D6]acetone, 25 8C, TMS): d=1.43 (t,
J(H,H)=7 Hz, 36H; CH3), 4.28 (m, 24H; OCH2), 5.30 ppm (s, 10H;
Cp); 31P {1H} NMR (121.5 MHz, [D6]acetone, 25 8C, H3PO4): d=

119.3 ppm (m); 31P {1H} NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=
119.0 ppm (m); 31P {1H} NMR (121.5 MHz, D2O, pD ~0.5, 25 8C, H3PO4):
d=123.2 (d, J(P,P)=1.3 Hz), 131.1 ppm (t, J(P,P)=1.2 Hz); IR (KBr):
ñ=1259 cm�1 (S=O); MS (FAB): m/z : 1294 [M]+ ; elemental analysis
calcd (%) for C34H70Co2O24P6STi2: C 31.5, H 5.45; found: C 31.5, H 5.41.

[(LOEt)2Ti2(m-SO4)2(m-O)] (3): To the titanyl sulfate stock solution
(0.64 mL, 0.06 mmol) were added 10% H2SO4 (10 mL) and NaLOEt

(30 mg, 0.054 mmol) in water (3 mL). The mixture was stirred for 5 min
and concentrated H2SO4 (0.48 g) was added. The resulting solution was
stirred for 2 h, extracted with CH2Cl2 (2S10 mL), and dried over anhy-
drous Na2SO4. The solvent was removed in vacuo. Recrystallization from
THF–hexane afforded yellow crystals, which were suitable for X-ray
analysis. Yield: 36 mg (48%). 1H NMR (300 MHz, [D6]acetone, 25 8C,
TMS): d=1.50 (t, J(H,H)=7 Hz, 36H; CH3), 4.28–4.44 (m, 24H; OCH2),
5.38 ppm (s, 10H; Cp); 31P {1H} NMR (121.5 MHz, [D6]acetone, 25 8C,
H3PO4): d=120.6 (t, J(P,P)=1.3 Hz), 125.9 ppm (d, J(P,P)=1.3 Hz); 31P
{1H} NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=119.4 (t, J(P,P)=
1.1 Hz), 125.8 ppm (d, J(P,P)=1.1 Hz); 31P {1H} NMR (121.5 MHz, D2O,
pD ~0.5, 25 8C, H3PO4): d=124.5 (t, J(P,P)=1 Hz), 131.5 ppm (d,
J(P,P)=1 Hz); IR (KBr): ñ=1281 cm�1 (S=O); elemental analysis calcd

(%) for C34H70Co2O27P6S2Ti2·CH2Cl2: C 28.0H, 4.83; found: C 27.8, H
4.75.

[LOEtTi(OTf)3] (4): To a solution of 2 (40 mg, 0.03 mmol) in CH2Cl2
(10 mL) at �40 8C was added triflic acid (0.05 mL) under nitrogen. The
reaction mixture was slowly warmed to room temperature at which it
was stirred for 2 h. To the resulting orange solution was added Et2O/
hexane (1:1) until an orange precipitate was formed. The solid was col-
lected and recrystallized from CH2Cl2–Et2O–hexane under nitrogen to
give orange crystals that were suitable for X-ray diffraction. Yield: 31 mg
(48%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.39 (t, J(H,H)=
7 Hz, 18H; CH3), 4.33–4.43 (m, 12H; CH2), 5.34 ppm (s, 5H; Cp); 19F
{1H} NMR (282.5 MHz, CDCl3, 25 8C, CF3C6H5): d=�77.7 ppm (s);31P
{1H} NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=134.0 ppm (s); elemen-
tal analysis calcd (%) for C20H35CoF9O18P3S3Ti: C 23.3, H 3.39; found: C
23.4, H 3.49.

[(LOEt)3Ti3(m-O)3(m3-SO4){Ag(OTf)}][OTf] (5): To a solution of 2 (76 mg,
0.06 mmol) in CH2Cl2 (10 mL) was added AgOTf (60 mg, 0.23 mmol),
and the mixture was stirred at room temperature for 2 h. The volatiles
were removed in vacuo and the residue was extracted into toluene. Re-
crystallization from THF–hexane afforded pale yellow crystals that were
suitable for X-ray diffraction. Yield: 27 mg (30%). 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=1.31 (t, J(H,H)=7 Hz, 54H; CH3), 3.90–4.04 (m,
6H; CH2), 4.05–4.20 (m; 24H, CH2), 4.21–4.38 (m, 6H; CH2), 5.10 ppm
(s, 15H; Cp); 19F {1H} NMR (282.5 MHz, CDCl3, 25 8C, CF3C6H5): d=
�78.2 ppm (s); 31P {1H} NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=
120.9 (d, J(P,P)=1.2 Hz), 129.2 ppm (t, J(P,P)=1.2 Hz); MS (FAB): m/z :
2044 [M�AgOTf]+ , 1894 [M�AgOTf�OTf]+ ; IR (KBr): ñ=1263 cm�1

(S=O); elemental analysis calcd (%) for C53H105AgCo3F6O40P9S3Ti3: C
27.6, H 4.60; found: C 27.8, H 4.75.

[(LOEtTi)4(m-O)6]·1.5HNO3 (6·1.5HNO3): Ba(NO3)2 (11.4 mg,
0.044 mmol) in water (4 mL) was added dropwise to an aqueous solution
(30 mL) of 2 (30 mg, 0.022 mmol), and the mixture was stirred in air at
room temperature for 30 min. The solution was filtered, extracted into
CH2Cl2, and evaporated to dryness. Recrystallization from CH2Cl2–hex-
anes gave yellow crystals. Yield: 13 mg (25%). 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d 1.28 (t, J(H,H)=9 Hz), 72H; CH3), 3.93–4.23 (m,
48H; OCH2), 5.08 ppm (s, 20H; Cp); 31P {1H} NMR (121.5 MHz, CDCl3,
25 8C, TMS): d 122.5 ppm (s); elemental analysis calcd (%) for
C68H140Co4O42P12Ti4·1.5HNO3·2H2O: C 31.0, H 5.88, N 0.80; found: C
30.78, H 5.58, N 0.77; MS (ESI): m/z : 1214.966 [M + 1]2+ .

[(LOEtTi)2(O)2(SO4){Rh(cod)}2][OTf]2 (7): A mixture of 2 (30 mg,
0.022 mmol), [{Rh(cod)Cl}2] (9.8 mg, 0.010 mmol), and AgOTf (10.2 mg,
0.020 mmol) in CH2Cl2 (5 mL) was stirred for at room temperature under
nitrogen for 4 h and filtered. The orange filtrate was layered with hexane
overnight to give orange needles. Yield: 15 mg (75%). 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=1.22 (m, 8H; cod), 1.35 (m, 36H;
CH3), 1.64 (d, J(H,H)=7.8 Hz, 4H; cod), 2.36 (m, 4H; cod), 4.01 (m,
8H; cod), 4.19 (m, 24H; CH2), 5.24 ppm (s, 10H; Cp); 19F {1H} NMR
(282.5 MHz, CDCl3, 25 8C, CF3C6H5): d=�78.5 ppm (s); 31P {1H} NMR
(121.5 MHz, CDCl3, 25 8C, H3PO4): d=122.0 pm (m); IR (KBr): ñ=1275,
1265 cm�1 (S=O); elemental analysis calcd (%) for C52H94Co2-
F6O30P6Rh2S3Ti2: C 31.0, H 4.70; found: C 30.9, H 5.21.

[(LOEtTi)2(O)2(SO4){Re(CO)3][OTf] (8): To solution of [Re(CO)5Cl]
(59 mg, 0.16 mmol) in CH2Cl2 (5 mL) was added AgOTf (46.6 mg,
0.18 mmol) under nitrogen, and the mixture was stirred for 2 h and fil-
tered. To the filtrate was added 2 (109 mg, 0.08 mmol) and resulting so-
lution was stirred at room temperature under nitrogen for three days.
The volatiles were pumped off and the residue was extracted into Et2O.
Recrystallization from Et2O–hexane afforded yellowish orange needles.
Yield: 89.0 mg (63%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.34
(t, 18H; CH3), 4.27 (m, 12H; CH2), 5.25 ppm (s, 5H; Cp); 19F {1H} NMR
(282.5 MHz, CDCl3, 25 8C, CF3C6H5): d=�79.4 ppm (s); 31P {1H} NMR
(121.5 MHz, CDCl3, 25 8C, H3PO4): d=119.4 (br. s), 125.6 (br. s),
128.2 ppm (d); IR (KBr): ñ=2025 cm�1 (C=O), 1278, 1294 cm�1 (S=O);
MS (FAB): m/z : 1566 [M�OTf + 1]+.

[{(LOEt)2Ti2(m-O)}(m3-SO4)(m-O)2{Ru(tBu2bpy)(PPh3)}][OTf]2 (9): A mix-
ture of [Ru(tBu2bpy)(PPh3)2Cl2] (29.3 mg, 0.04 mmol) and AgOTf
(40.0 mg, 0.16 mmol) in CH2Cl2 (20 mL) was stirred at room temperature
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under nitrogen for 1 h and filtered. To the filtrate was added 2 (77.9 mg,
0.06 mmol) and the brown mixture was stirred overnight and evaporated
to dryness. Recrystallization from CH2Cl2–hexane afforded reddish
brown needles that were suitable for X-ray analysis. Yield: 49 mg (50%).
meff (solid, 25 8C)=2.40 mB; IR (KBr): ñ=1271 cm�1 (S=O); MS (FAB):
m/z : 1944 [M�2OTf]+ ; E1/2 (0.1m [nBu4N][PF6] in CH2Cl2, glassy carbon
electrode, scan rate=100 mVs�1)=++0.04 V versus Cp2Fe

+ /0 ; elemental
analysis calcd (%) for C72H109N2O31P7S3F6Co2Ti2Ru·4H2O: C 37.4, H
5.10, N 1.21; found: C 37.8, H 5.12, N 1.17.

[(LOEt)2Zr(NO3)][(LOEt)Zr(NO3)2(SO4)] (10): To zirconyl nitrate (0.7 mL
of a 3.5 wt% solution, Aldrich, 0.107 mmol) was added H2SO4 (20%,
10 mL) and NaLOEt (53 mg, 0.095 mmol) in water (3 mL) and the reaction
mixture was stirred at room temperature for 10 min. The solution was ex-
tracted into CH2Cl2, dried over anhydrous Na2SO4, and evaporated to
dryness. Recrystallization from acetone-hexane afforded yellow crystals
that were suitable for X-ray analysis. Yield: 40 mg (41%). 1H NMR
(300 MHz, [D6]acetone, 25 8C, TMS): d=1.46 (t, J(H,H)=7 Hz, 54H;
CH3), 4.31 (m, 36H; CH2), 5.42 (s, 5H; Cp), 5.46 ppm (s, 10H; Cp); 31P
{1H} NMR (121.5 MHz, [D6]acetone, 25 8C, H3PO4): d=120.9 (m),
122.4 ppm (m); IR (KBr): ñ=1248 cm�1 (S=O); elemental analysis calcd
(%) for C51H105N3Co3O40P9SZr2·CH2Cl2·5H2O: C 27.9, H 5.25, N 1.87;
found: C 28.4, H 5.17, N 1.47.

[LOEtZr(H2O)(SO4)]2(m-SO4)·5H2O (11·5H2O): A stock solution of “zir-
conyl sulfate” in H2SO4 was prepared by dissolving ZrCl4 (0.5 g) in 10%
H2SO4 (10 mL). To the “zirconyl sulfate” stock solution (0.5 mL, [Zr]
~0.1 mmol) was added NaLOEt (48 mg, 0.086 mmol) in water (20 mL),
and the mixture was stirred at room temperature for 5 min. Then concen-
trated H2SO4 (0.5 mL) was added and the solution was stirred for 2 h and
extracted with CH2Cl2. The organic layer was dried over Na2SO4 and
evaporated to dryness. Recrystallization from THF–hexane afforded
yellow blocks suitable for X-ray crystallography. 1H NMR (300 MHz,
[D6]acetone, 25 8C, TMS): d=1.44 (t, J(H,H)=7 Hz, 36H; CH3), 4.37 (m,
24H; CH2), 5.40 ppm (s, 10H; Cp); 31P {1H} NMR (121.5 MHz, [D6]ace-
tone, 25 8C, H3PO4):d=121.1 ppm (m); IR (KBr): ñ=1274 cm�1 (S=O);
elemental analysis calcd (%) for C34H72Cl2Co2O30P6S3Zr2·2(Me2CO)·5-
H2O: C 26.9H, 5.43; found: C 26.8, H
5.79.

[(LOEt)2Zr][OTf]2 (12): To a solution
of 11·5H2O (43 mg, 0.025 mmol) in
CH2Cl2 (20 mL) was added triflic acid
(0.05 mL) at �78 8C under nitrogen.
The mixture was slowly warmed to
room temperature and stirred for 1 h.
The volatiles were pumped off and the
residue washed with hexane. Recrys-
tallization from CH2Cl2–hexane af-
forded yellow crystals. Yield: 11 mg
(30%). 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=1.35 (t, J(H,H)=
7 Hz, 36H; CH3), 4.16 (m, 24H; CH2),
5.31 ppm (s, 10H; Cp); 31P {1H} NMR
(121.5 MHz, CDCl3, 25 8C, H3PO4):
d=124.5 ppm (m); MS (FAB): m/z :
1160 [M�2OTf]+ .

Reaction of 11·5H2O with Ag(OTf):
To 11·5H2O (48.8 mg, 0.029 mmol) in
CH2Cl2 at 0 8C was added two equiva-
lents of Ag(OTf), and the mixture was
stirred at room temperature for 1 h.
After filtration and extraction with
CH2Cl2, an inseparable mixture of 12
and [{LOEtZr(SO4)(H2O)}3(m3-SO4)]
[OTf] (13) (in 3:2 ratio, according to
NMR spectroscopy) was isolated. Re-
crystallization from CH2Cl2–hexane
gave a small amount of single crystals
of 13 that were subjected to an X-ray
diffraction study. Spectroscopic data

for 13 : 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=1.29 (t, J(H,H)=
7 Hz, 54H; CH3), 4.18 (m, 36H; CH2), 5.42 ppm (s, 15H; Cp); 31P {1H}
NMR (121.5 MHz, CDCl3, 25 8C, H3PO4): d=122.4 ppm (m); IR (KBr):
ñ=1261, 1290 cm�1 (S=O).

[LOEtZr(OTf)3] (14): To a solution (8 mL) of [LOEtZrF3] (80 mg,
0.117 mmol) in CH2Cl2 in a flame-dried Schlenk was added Me3SiOTf
(70 mL, 0.39 mmol) under nitrogen, and the mixture was stirred at room
temperature. The reaction was complete in about 2 h according to 19F
and 31P NMR spectroscopy (d=�175.4 and 121.5 ppm, respectively). The
volatiles were pumped off and the residue washed with hexanes. Recrys-
tallization from THF–hexane gave a yellow crystalline solid. Yield: 75 mg
(60%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d 1.37 (t, J(H,H)=
7 Hz, 18H, CH3), 4.17 (m, 12H, OCH2), 5.34 ppm (s, 5H, C5H5);

31P {1H}
NMR (121.5 MHz, CDCl3, 25 8C, H3PO4), d 127.7 ppm (m); 19F {1H}
NMR (282.5 MHz, CDCl3, 25 8C, CF3C6H5): d �78.5 ppm (s); elemental
analysis calcd (%) for C20H35CoF9O18P3S3Zr·C4H10O·0.5C6H14·4H2O: C
25.7, H 4.64; found: C 25.7, H 4.76.

Catalytic Diels–Alder reaction of acrolein with 1,3-cyclohexadiene : To a
solution of 4 or 14 (2.4 mol) in CH2Cl2 (1 mL) were added successively
acrolein (32 mL, 0.48 mmol) and 1,3-cyclohexadiene (40 mL, 0.48 mmol)
under nitrogen, and the mixture was stirred at room temperature for
30 min. The organic products were analyzed by GLC with a HP-1
column and quantified by internal standard method.

X-ray crystallography : Crystal data collection and refinement are sum-
marized in Table 1 and Table 2. Preliminary examinations and intensity
data collection were carried out on a Bruker SMART-APEX 1000 area-
detector diffractometer using graphite-monochromated MoKa radiation
(l=0.70173 P). The collected frames were processed with the software
SAINT.[40] The data was corrected for absorption using the program
SADABS.[41] Structures were solved by direct methods and refined by
full-matrix least-squares on F2 using the SHELXTL software package.[42]

Unless stated otherwise, non-hydrogen atoms were refined with aniso-
tropic displacement parameters. Carbon-bonded hydrogen atoms were in-
cluded in calculated positions and refined in the riding mode using

Table 1. Crystallographic data and experimental details for [{LOEtTi}2(m-O)2(m-SO4)]·1.5H2O (2·1.5H2O),
[{LOEtTi}2(m-O)(m-SO4)2]·1.5H2O (3·1.5H2O), [LOEtTi(OTf)3] (4) and [{LOEtTi}3(m-O)3(m3-SO4){AgOTf}][OTf]
(5).

2·1.5H2O 3·1.5H2O 4 5

formula C34H74Co2 C34H74Co2O28.5 C20H35CoF9O18 C53H105Ag
O25.5P6STi2 P6STi2 P3S3Ti Co3FO40P9S3

Mr 1330.47 1410.53 1030.40 2299.64
a [P] 10.1917(5) 14.4929(5) 11.849(2) 16.511(1)
b [P] 18.3201(9) 19.3251(7) 17.180(3) 16.587(1)
c [P] 15.2348(8) 23.3879(8) 19.180(4) 20.239(1)
a [o] 90 90 90 86.440(1)
b [o] 106.583(1) 90 95.00(3) 68.192(1)
g [o] 90 90 90 61.172(1)
V [P3] 2726.2(2) 6550.4(4) 3889.5(13) 4461.7(5)
Z 2 4 4 2
crystal system monoclinic orthorhombic monoclinic triclinic
space group P21 P212 121 P21/n P1̄
1calcd [gcm

�3] 1.621 1.430 1.760 1.712
T [K] 100(2) 100(2) 100(2) 100(2)
m [mm�1] 1.175 0.964 1.028 1.342
F(000) 1380 2598 2088 2348
no. of refln 16818 34450 18601 39753
no. of 10273 11476 6677 15008
indep.
Rint 0.0238 0.0577 0.0797 0.0426
R1, wR2 0.0715, 0.0932, 0.0479 0.0465,
(I>2.0s(I)) 0.1773 0.2474 0.0610 0.1073
R1, wR2 0.0833, 0.1508, 0.0538, 0.0695,
(all data) 0.1889 0.2898 0.0669 0.1137
GoF on F2 [a] 1.012 1.054 0.957 1.042

[a] GoF= [(�w jFo j� jFc j )2/(Nobs�Nparam)]
1/2.
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SHELXL97 default parameters. In 2·1.5H2O, 3·1.5H2O, 5, 9, and
11·5H2O, some of the ethoxy groups in the LOEt

� ligands were disordered.
In 1·1.5H2O, the phosphorus atoms in one LOEt

� ligand were found to be
disordered and the two sites were refined with occupancies 0.8 and 0.2.
In 5, the disordered Ag atom was refined with two sites Ag1A and
Ag1B with occupancies of 0.8 and 0.2, respectively. Both the triflato
ligand and triflate anion were also found to be disordered. The triflato
ligand was refined with the carbon atom split into three sites C1A,
C1B, and C1C with occupancies of 0.6, 0.25, and 0.15, respectively. In 9
and 13·1.5H2O, the triflate anions are disordered and were refined
isotropically. CCDC-242961 (2·1.5H2O), CCDC-242962 (3·1.5H2O),
CCDC-242963 (4), CCDC-242964 (5), CCDC-242965 (9), CCDC-242966
(10·Me2CO)), CCDC-242967 (11·5H2O), and CCDC-242968 (13·1.5H2O)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.
uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or deposit@ccdc.cam.ac.uk).
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