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ABSTRACT: [Ti(acac),(OPr),] reacts with tert-butylphosphonic acid to yield a series of titanium organophosphonates such as
tetranuclear [Ti,(acac),(u-0),(u-BuP0;),(u-BuPO,H),]-2CH;CN (1), pentanuclear [Tis(acac)s(u-0),(OPr)-
(u-BuPO,),(u-BuPO,H),] (2), hexanuclear [Tig(acac)s(u-0),(OPr),(u-BuPO;)s] (3), or [Tig(acac)g(u-0);(OPr)-
(u-BuPO;)(u-BuPO3H)]-2CH,CN (4). The isolation of each of these products in pure form depends on the molar ratio
of the reactants or the solvent medium. Among these, 3 is obtained as the only product when the reaction is conducted in
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CH,Cl,. The structural analysis reveals that a simple cluster growth route relates the clusters 1—4 to each other and that a
reactive cyclic single-4-ring titanophosphonate [Ti(acac)(OPr),("'BuPO;H)], is the fundamental building block. While the
tetranuclear 1 has structural resemblance to the D4R building block of zeolites, the hexanuclear clusters 3 and 4 have the shape of
zeolitic D6R building blocks. The presence of adventitious water in the phosphonic acid (arising from small quantities of
hydrogen-bonded water) results in the formation of -O>” bridges across an adjacent pair of titanium centers in clusters 1—4. To
further verify the stability of the hexanuclear cluster over other structural forms, the reaction of ‘BuPO3H, was performed with
[Ti(acac),(0)], instead of Ti(acac),(OPr),, in CH;CN to yield [Tig(acac)s(u-O),(u-BuPO3),(u-BuPO;H),]-2CH,CN (5).
Compound $ exhibits a core structure similar to those of 3 and 4 with small variations in the intracluster Ti—O—Ti linkage.
Compound 3 is an efficient and selective catalyst for olefin epoxidation under both homogeneous and heterogeneous conditions.

B INTRODUCTION

Among the catalytically active metals, titanium is of special
interest due to high abundance and low toxicity. Titanium-
doped zeolites and silicates are efficient catalysts in many
organic transformations, notably olefin oxidation and hydrox-
ylation of phenols." Several organic-soluble molecular titano-
silicates have been synthesized using different titanium
precursors and organosilanols (RSi(OH); or R,Si(OH),),
exhibiting different nuclearities with different coordination
geometries around the titanium metal ion."™ Selections of
these discrete titanosiloxanes have been transformed into high-
titanium-content titanosilicate materials and used in several
organic oxidation reactions.” Similar to the case for organo-
silanols, phosphonic acids (RPO;H,) and phosphinic acids
(R,PO,H) have also been used to prepare structurally diverse
discrete titanium clusters due to both structural and functional
similarities between silicate and phosphonate clusters in many
instances.” Different phosphonic acids have been reported to
form structurally diverse titanium clusters with different
nuclearities under different reaction conditions.* The first

v ACS Publications  © Xxxx American Chemical Society

examples of organic-soluble molecular titanium phosphonate
cages [(Cp*TiO;PR),(u-0),] (R = Me, Ph) and
[(Cp*Ti);(‘BuPO;),{'BuPO,(OH)}(-0O),] were reported by
Roesky and co-workers from the reaction of Cp*TiMe; with
phosphonic acids.” These molecules can be considered as
secondary building units (SBUs) for the eventual preparation of
solid-state titanophosphate materials.” They also reported on
the synthesis of eight-membered dititanophosphonate rings
[(O'Pr);Ti(u-0),PPh,], and [(O'Pr);Ti(u-0),P(‘Bu)-
(OSiMe;)],.” Around the same time Mehring et al. reported
on the reactions of titanium isopropoxide with RP(O)(OH),
(R = Ph, Me, ‘Bu, 4NCC4H,) in DMSO, resulting in the
isolation of [Ti,(u3-O)(OPr)s(u-O'Pr),(RPO;),]-DMSO."
These compounds are the first examples of Ti oxo-alkoxides
modified by tridentate phosphonates (RPO;*”). The reaction
of titanjum isopropoxide with tert-butylphosphonic acid under
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rigorous exclusion of water (in toluene) gave the titanium
phosphonate tetramer [Ti(O'Pr),(‘BuPO;)],.*

Further, different phosphonic acids can change or modulate
the nuclearity of the resulting cluster, depending on the nature
of the phosphonic acid substituent. For example, the reaction of
allylphosphonic acid with titanium isopropoxide in DMSO
results in a tetrameric cluster, but bis(trimethylsilyl)-
allylphosphonate reacts with titanium isopropoxide in isopropyl
alcohol to yield a octanuclear cluster.” Similarly, bis-
(trimethylsilyl)phosphonates RP(O)(OSiMe;), (R = ethyl, 3-
chloropropyl, benzyl, 3,5-dimethylphenyl, 2-naphthylmethyl)
react with titanium isopropoxide to give octa-, hepta-, or
tetranuclear clusters.” Use of similar phosphonates in reactions
with titanium isopropoxide in the presence of acetic acid
resulted in hexanuclear oxo clusters.'” In case of R = 2-
bromopropyl, xylyl, the same reaction yields the pentanuclear
cluster [TisO(OPr);;(OAc)(O5PR),]."" The use of hydro-
thermal methods for the reaction of phenylphosphonic acid
with titanium ethoxide in ethanol resulted in a tetrameric
cluster which has been used to synthesize polyoxotitanate
nanoclusters Tiys and Ti,s in the presence of an ammonium
salt.'” Similarly, tert-butylphosphonic acid forms dimeric,
trimeric, and tetrameric titanium clusters on reacting with
titanium methoxide, Cp*TiMe;, and titanium isopropoxide,
respectively.”*"?

Organophosphate ligands can replace phosphonates to yield
even more structurally diverse titanium clusters."*™'® For
example, the reaction of Ti(OSiMe,), with di-tert-butylphos-
phate in hexane resulted in the tetrameric titanium complex
[TiO(SiMe,;)(O,P(O'Bu),], similar to D4R SBUs observed in
zeolites. The same phosphate ligand reacts with titanium
alkoxide to give dimeric complexes [Ti(OR);(O,P(OBu),)],
(R = Et, Pr])."* The addition of KOEt to a solution of
[Ti(OEt);(O,P(0O'Bu),)], leads to the formation of a
potassium-containing titanjum phosphate, [Ti,K(OEt)s(O,P-
(O'Bu),)],,** which is a centrosymmetric dimer in the solid
state. -

Hence, it is evident from the structural diversity that the
structure of the clusters has a profound influence on the choice
of the titanium precursor as well as the steric requirements or
the nature of the organic substituent on phosphorus.'” Even
when the substituent on the phosphorus is kept the same (e.g,
‘BuPO;H,), just by changing the source of titanium (e.g,
Ti(O'Pr), or Cp*TiMe;) and controlling the presence or
absence of adventitious water in the reaction system, one can
isolate different structural types.”**

The present study hence is aimed at probing the structural
landscape of titanium phosphonates in detail and establishing a
reaction pathway and, if possible, even a mechanism for the
formation and growth of these clusters in a given reaction
medium under identical reaction conditions. Although there is a
clear advantage in either using an organometallic precursor
such as Cp*TiMe, (eliminating alkane as byproduct) or using
an alkoxide such as titanium isopropoxide (the byproduct is an
alcohol), we have used in the present study [Ti(acac),(O'Pr),],
which contains both chelating diketonate and terminal alkoxide
ligands. Such attempts to modify the titanium centers using
similar bidentate ligands without seriously impairing the
reactivity at the metal center has precedence in the
literature.””""'® A further likely advantage of using [Ti-
(acac),(O'Pr),] may stem from the possible stabilization of
six-coordinate titanium centers in the resultant clusters, which
is in stark contrast to the earlier reported titanium tert-

butylphosphonates, most of which contain titanjum in a
pentacoordinate state.

B RESULTS AND DISCUSSION

Reactivity of [Ti(acac)z(O’Pr)z] with ‘BuPO;H,. A
detailed investigation of the reactivity of [Ti(acac),(O'Pr),]
with tert-butylphosphonic acid has been carried out in two
different solvents (acetonitrile and dichloromethane), resulting
in the isolation of a series of titanium phosphonate clusters.
While the reactions carried out in acetonitrile seemed to be
highly dependent on the ratio of the reactants and amount of
the solvent used, yielding tetranuclear, pentanuclear, and
hexanuclear titanophosphonate clusters 1, 2, and 4, the runs
carried out in dichloromethane invariably produced the
hexanuclear cluster 3 (Scheme 1). The isolation of multiple

Scheme 1. Complex Reaction of [Ti(acac),(O'Pr),] with
‘BuPO;H, in CH;CN or CH,CL,
[Tis(@cac)y(u-0),(H-BuP O3),(-BuPOzH),] (1)
'BuPOH, CHOBrC N
+ B —

Ti(acac),(OPr), CHeCh

[Tis(acac)s(k-0)2(0'Pr)(u-BuPO3),(u-BuPOsH),] (2)
[Tie(acac)s(k-0)2(OPr(-BuPOs)e (3)

[Tis(acac)s(k-0)3(O'Pr(u-BuPO3)s(k-BuPO3H)] (4)

products in the reactions carried out in acetonitrile is also the
result of variable amounts of adventitious water present in the
reaction medium. Hence, these reactions were carefully
optimized to isolate any one of the three products in a given
run. Further, since all the four isolated clusters seem to have
formed through a common building block (a single-4-ring), a
detailed mechanism for the growth of titanium phosphonates
clusters is also presented.

[Tiy(acac) ,(u-0),(u-"BuPO;),(u-'BuPO;H) J-2CH;CN (1). The
reaction of [Ti(acac),(O'Pr),] with tert-butylphosphonic acid
in a I1:1.5 ratio using acetonitrile as solvent gives the
tetranuclear titanium phosphonate 1, as shown in Scheme 2.

Scheme 2. Synthesis of [Ti,(acac),(u-
0),(p-"BuP0;),(1-"BuPO,H),]-2CH,CN (1)
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The titanium precursor has been added to the suspension of
phosphonic acid in acetonitrile at room temperature under an
inert atmosphere and filtered to obtain a clear solution after
stirring for 12 h. Pale yellow single crystals of 1 suitable for X-
ray diffraction have been obtained over a period of 20 days
from this solution and characterized by spectroscopic and
analytical techniques, in addition to a single-crystal X-ray
diffraction study.
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The FT-IR spectrum exhibits carbonyl stretching vibrations
of the acetylacetone at 1605 cm™'. The strong characteristic
Ti—O—P stretching has been observed at 1139 and 1075 cm™
(Figure S1 in the Supporting Information). The TGA trace of 1
(Figure S6 in the Supporting Information) shows that
compound is stable up to 100 °C. Compound 1 crystallizes
in the monoclinic P2,/c space group. A perspective view of the
full molecule and the molecular core of 1 is shown in Figure 1.

(left) Molecular structure of [Ti,(acac),(u-
0),(u-BuPO;),(u-BuPO;H),]-2CH,CN (1). Hydrogen atoms are
omitted for clarity. (right) Core structure of 1.

Figure 1.

Titanophosphonate 1 is a tetranuclear cluster incorporating
two fully deprotonated phosphonate, four monodeprotonated
phosphonate, four acetylacetonate (acac), and two p,-O
functionalities. Two solvent acetonitrile molecules are present
in the lattice. Molecule 1 exists as a discrete entity with no
interaction with the neighboring molecules. Each titanium
metal ion in 1 exists in a distorted-octahedral geometry (bond
angles at the metal range between 81.8 and 176.8°). All six
phosphonate ligands in the cluster behave as bidentate ligands
(Harris notation: [2.110]). The titanium metal ion is bonded to
six oxygen atoms, two of which are from acac (equatorial plane)
and three are from phosphonic acid (one at the equatorial plane
and two at axial positions). The sixth coordination site is taken
up by a y,-oxide anion that forms a bridge with the neighboring
titanium center (equatorial plane).

[Ti5(aCGC)5(ﬂ'O)2(Oin)(ﬂ'tBUP03)4(ﬂ'tBUP03H)2] (2). Com-
plex 2 was formed when only a slight excess of [Ti-
(acac),(O'Pr),] was used for the reaction with ‘BuPO,H,
(5:6 molar ratio) in acetonitrile with constant stirring at
room temperature. From the resulting reaction mixture, pale
yellow crystals of 2 were isolated over a period of 7 days.
Although this reaction has been repeated several times under
almost identical conditions, cluster 2 was obtained as the
product only in a couple of instances, while cluster 4 has been
obtained in other instances in view of the close structural
relationship between them (vide infra).

Due to the insolubility of cluster 2, it has been characterized
only in the solid state by elemental analysis and IR
spectroscopy (see the Experimental Section), apart from its
molecular structure determination by single-crystal X-ray
diffraction studies. The quality of the crystals obtained for
compound 2 was rather poor (flakelike), and hence the
structure refinement converged at a slightly higher R factor of
10.58%.

The molecular structure of 2 can be viewed as an addition
product of 1 with 1 equiv more of Ti(acac),(OPr), (Scheme
3). A positional disorder with 0.5 site occupancy for the fifth
Ti(acac)(O'Pr) unit is observed in its molecular structure. This

Scheme 3. Synthesis of [Tis(acac)(p-
0),(O'Pr)(u-BuPO;),(u-BuPO;H),] (2)
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disorder can be better understood by invoking a simple model
depicted in Figure 2. Thus, the structure of 2 can be described
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Figure 2. Schematic representation of the positional disorder of the
Ti(acac)(O'Pr) unit in the crystal of 2. In the bottom molecule, the
atoms within the encircled portion (shown in red and blue) exhibit a
SOF of 0.5, while the rest of the molecule shown in black has a SOF of
1.0.

as a pentanuclear titanophosphonate cluster incorporating six
phosphonate (four fully deprotonated and two monodeproto-
nated), five acetylacetonate, one alkoxide, and two u,-O
functionalities. All five titanium centers in the molecule exist
in a distorted-octahedral geometry. Two pairs of titanium ions
are bridged by u,-O, while the phosphonate group binds in a
tridentate fashion. Other bond lengths and angles around
titanium are similar to those found for 1.

[Tiglacac)s(1-0);(O'Pr)(u-'BuPO;) s(u-"BuPO;H)]-2CH;CN
(4). The reaction of [Ti(acac),(OPr),] with tert-butylphos-
phonic acid in acetonitrile in a 1:1 stoichiometry gives the
hexanuclear complex [Tig(acac)s(p-0);(O'Pr)-
(u-BuPO;)(u-BuPO3H)]-2CH,CN (4) as pale yellow
crystals (Scheme 4). Compound 4 has been fully characterized
by analytical and spectroscopic techniques and a single-crystal
X-ray diffraction study. Compound 4 is the most stable form of
the three different clusters (1, 2, or 4) obtained from the
reactions conducted in acetonitrile.

A single-crystal X-ray diffraction study reveals that compound
4 crystallizes in the monoclinic P2,/c space group. A
perspective view of the molecular structure and core of
[Tig(acac)s(u-0)3(O'Pr) (u-BuPO,)s(u-"BuPO;H)]-2CH,CN
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Scheme 4. Synthesis of [Tigz(acac)q(p-
0);(0Pr) (u-"BuPO;)(u-"BuPO;H) ]-2CH,CN (4)

YAy
0. 0 g—FP A
Bu 0=~ Q1 0~ ./Oji

p_ BuHO ___—Ti—
[ Sof Lo
6 'BUPOsH, CH4LCN OTNo
o "o/\ \ Bu/ /0=y O
L \ Lo =Pl 9T<oA |
6 Ti(acac),(O'Pr), +3 H,0 —"0 o\ 0o

; O-Tj \, —P
A1PoH 7 ,\\o\\P‘o//Tu\\o/ Ny
-6 acacH O Ypy | g o

Bu A

4

(4) is shown in Figure 3. In a sense, compound 4 can be
considered as a further grown version of 2 through the

Figure 3. (left) Molecular structure of [Tig(acac)s(u-O);(OPr)-
(u-"BuPO;)s(u-"BuPO;H)]-2CH;CN (4). Hydrogen atoms are
omitted for clarity. (right) Core structure of 4.

attachment of a second [Ti(acac)(O'Pr)] unit to the cluster 2.
In other words, 4 is formed by double titanium capping of the
original tetrameric cluster 1. Thus, the hexanuclear 4 consists of
six phosphonate, six acetylacetonate (acac), one O'Pr, and three
1>-O functionalities. All six titanium centers exist in a distorted-
octahedral geometry, albeit with different coordination environ-
ments.

Til is coordinated by two oxygen atoms of acac, one oxygen
of a partially deprotonated phosphonate ligand, two oxygens of
fully deprotonated phosphonate, and one y,-O which bridges
Til to Ti2. The other five coordination sites of Ti2 are
occupied by one acac chelate and three fully deprotonated
phosphonate ligands. Ti3 is bound to one acac, three
deprotonated phosphonates, and one isoproproxide. Ti4 is
found to be coordinated to one acac ligand, three deprotonated
phosphonates, and one ,-O which bridges Ti4 to Ti6. The six-
coordinate TiS metal center is coordinated to one acac and one
partially deprotonated and two fully deprotonated phosphonate
ligands apart from one y,-O which bridges it to Ti6. Thus, Ti6
is the only titanium center in the molecule that is surrounded
by two u,-O bridges (Ti4 and TiS) apart from being
surrounded by one acac ligand and two deprotonated
phosphonate ligands.

Although the structure of 4 may appear very symmetric at
first sight, the possible loss of isopropoxide from Ti5
(diagonally opposite to Ti3), though hydrolysis and subsequent
formation of an additional Ti—O—Ti bridge, render this cluster
less symmetric. Hence, as the hydrolysis of an isopropoxide
seems to be the essential cause of the symmetry lowering, the
above reaction was repeated in the less hygroscopic dichloro-

methane to yield the missing symmetric hexamer 3, which is
described below.

[Ti6(acac)6(/4-O)Z(O'Pr)z(y-rBuPO3)6] (3). Since the reaction
of ‘BuPO,H, with [Ti(acac),(OPr),] yielded as many as three
different clusters, 1, 2, and 4 (see below), in acetonitrile with
different nuclearities, the same reaction was repeated in
dichloromethane with the aim of controlling the adventitious
water in the reaction mixture (vide supra). Thus, the reaction of
[Ti(acac),(OPr),] with tert-butylphosphonic acid in dichloro-
methane gives the hexanuclear titanium complex [Tig(acac)q(u-
0),(OPr),(u-BuPO;)¢] (3) as pale yellow crystals, as shown
in Scheme 5. Compound 3 has been fully characterized by
using analytical and spectroscopic techniques, and structure
determination was done by a single-crystal X-ray diffraction
study.

Scheme §. Synthesis of [Tig(acac)s(u-
0),(OPr),(u-BuPO;)] (3)

<5
AT

6 BUPOsH,  CH,Cl, / _o§/+i/\o O\Fiﬂ\—‘oo
sn(ac;c) (©Pn, *2HO ] “O\ Voo Lo P
2072 q0/ProH o \T./O_ P\,\O/\ o l
—=Ti / —

-6 acacH /\\o\\P\S//'n\\O \‘Bu
oOPr' o 0
Bu )\)\
3

X-ray diffraction studies reveal that the compound
[Tig(acac)s(u-0),(OPr),(u-BuPO;)s] (3) is a novel Ti—O—
P cluster, which crystallizes in the monoclinic P2;/n space
group. A perspective view of the molecular structure and the
core structure of 3 are shown in Figure 4.

Figure 4. (left) Molecular structure of [Tis(acac)s(u-
0),(O'Pr),(u-BuPO5)s] (3). Hydrogen atoms are omitted for clarity.
(right) Core structure of 3.

Compound 3 is a drum-shaped symmetric hexatitanophosph-
onate cluster incorporating six phosphonate, six acetylaceto-
nate, two u,-O, and two isopropoxide functionalities. The
central core, which is TizO,,P, consists of six titanium and six
phosphorus atoms that occupy the alternate vertices of a drum.
The Ti--P edges of this hexagonal drum are bridged by a y,-O
atom. In the centrosymmetric hexanuclear cluster, all titanium
centers exist in a distorted-octahedral geometry. Til and Ti2
centers display an almost identical coordination geometry
where the metal ions are surrounded by three phosphonate
oxygen atoms, one acac ligand, and a bridging oxide that
connects these two metal jons. The third metal center lacks the
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bridging oxide ion but is bound by a terminal monodentate
isopropxide ligand. The six phosphonate ligands bind three
metal ions in a [3.111], tridentate fashion.

The FT-IR spectra of 3 and 4 showed carbonyl stretching
vibrations of the acetylacetone at 1596 and 1605 cm™’,
respectively. The strong characteristic Ti—O—P stretching
vibrations were observed at 1144 and 1139 cm™ for 3 and 4,
respectively (Figure S3 in the Supporting Information). The
TGA profiles for compounds 3 and 4 are almost similar, as
shown in Figure S7 in the Supporting Information. Both
compounds are quite stable up to 150 °C. Heating up to 250
°C results in a gradual weight loss corresponding to the
removal of coordinated solvent molecules from the crystal
lattice. Further heating up to 550 °C results in a weight loss
that corresponds to the loss of coligand and the moiety of the
phosphonate ligand, leading to the possible formation of
inorganic titanium phosphate, which is stable at least up to
1000 °C.

[Tig(acac)s(1u-0) ,(u-"BuPO;) ,(ui-'BuPO;3H),]-2CH;CN  (5). In
order to remove the hydrolysis-prone isopropoxide from the
equation and also probe the relative stability of clusters of
various nuclearity, the titanium (IV) precursor [Ti(acac),(0)]
has been used as the titanium source in its reaction with the
same phosphonic acid ‘BuPO;H,. An equimolar reaction
between these reactants in acetonitrile as solvent results in
the isolation of the new cluster complex [Tig(acac)s(p-
0)4(u-BuPO;),(u-BuPO;H),]-2CH,CN (5), which is also a
hexameric titanium cluster (Scheme 6). The product has been
obtained in pure form.

Scheme 6. Synthesis of [Tig(acac)q(u-
0),(p-"BuPO;),(1-"BuPO,H),]-2CH,CN (5)

6 Ti(acac),(0)

6 'BUPOH,  CH.CN / ,OE‘Il'i/(SO\}D" ~0
+ 10) AL // l \ /O B (e}
\ ~ Mo

The FT-IR spectrum of 5 showed a carbonyl stretching
vibration of the acetylacetonate at 1597 cm™'. The strong
characteristic absorption bands for Ti—O-—P stretching,
bending and P=0 were observed at 1141, 1024, and 992
cm™, respectively (Figure SS in the Supporting Information).
The TGA profile of 5 (Figure S8 in the Supporting
Information) shows that the compound is stable up to 150
°C, after which a gradual weight loss occurs due to the loss of
coordinated solvent molecule from the crystal lattice. Further
heating of the sample up to 550 °C results in the loss of
coligand and the organic residuals of the phosphonate ligand
leading to the possible formation of inorganic titanium
phosphate.

Complex § crystallizes in the triclinic P1 space group. It is a
hexatitanium cluster that is primarily held together by
coordination with acetylacetonate and the phosphonate
‘BuPO, dianion. Further, 5 exhibits a close structural
resemblance to cluster 4 described above. In the asymmetric
part of the centrosymmetric unit cell (Figure S) (which

Figure S. (left) Molecular structure of S. Hydrogen atoms are omitted
for clarity. (right) Core structure of S.

contains only half of the molecule), three titanium metals are
present along with three acetylacetonate ligands, two triply
bridging ‘BuPO;*~ dianions, one doubly bridging ‘BuPO;H",
and two p,-O centers that bridge Ti2 to Til and Ti3 (Figure S,
right). Each titanium exists in an octahedral geometry (bond
angle range is 80.97—176.48°).

Plausible Pathway and Mechanistic Insights into the
Cluster Formation. The formation of clusters 1—4 and the
eventual final product § has been rationalized by invoking the
plausible pathway shown in Scheme 7. As has been extensively
demonstrated in the case of zinc phosphate chemis.tlry,19 the
initial step in the reaction sequence appears to be the formation
of the cyclic dimer [Ti,(acac),(‘OPr),(u-"BuPO;H),] (A) with
an S4R core (boxed item in Scheme 7). This initial reaction
product can dimerize (route i) or trimerize (route ii) to form
[Ti4(acac)4(ﬂ—O)Z(OPr')4(,u-tBuPO3H)4] (B) or
[Tig(acac)s(OPr)s(u-BuPO;)s] (C), respectively.

The reason for B not being isolated as a product can be
attributed to the presence of large number of free Ti—OPr
groups. Since the isopropoxide groups are ideally positioned to
capture further phosphonic acids, facile formation of product 1
results through the condensation of Ti—OPr groups with 2
equiv of phosphonic acid. Thus, cluster 1 is rendered
phosphorus rich in the process and hence becomes reactive
toward further amounts of titanium. If the stoichiometry of
titanium can be controlled (which is very difficult), the growth
of the cluster can be stopped with only one titanium center
added to either of the two reactive faces of 1 to yield the
pentanuclear titanium phosphonate 2. Alternatively, B can also
simultaneously react with 2 equiv of both phosphonic acid and
Ti(acac),(OPr), in one step to directly yield the pentamer 2.
Ultimately, both routes involve the removal of four molecules
of isopropanol and one acacH.

Cluster 2 can be converted to cluster 3 through the reaction
of another 1 equiv of titanium precursor. However, repeated
reactions carried out in acetonitrile clearly showed that the
formation of 4 is preferred to that of 3. As can be seen from
Scheme 7, clusters 3 and 4 are related to each other through a
simple hydrolysis of one of the two Ti—OPr linkages. It is
evident that the adventitious water present in the reaction
medium drives the reaction all the way to 4.”° Switching over to
a less hygroscopic (but still polar) solvent such as CH,Cl,
overcomes this difficulty and yields directly cluster 3 as the only
product, probably through the intermediacy of C.*° The only
missing link in this sequence of events is the hydrolysis of the
second Ti—OPr group on 3 (or the solitary Ti—OPr linkage
on 4), to yield S. In principle, a 1:1 reaction in a wet solvent
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Scheme 7. Plausible Mechanism for the Sequential Formation of 1-5
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should proceed all the way by a successive addition—hydrolysis
mechanism to yield S. As it turns out, this does not happen and
the reaction stops at 4. Thus, the isolation of 5 was finally
achieved by starting from a precursor that does not contain any
isopropoxide linked to the metal, e.g. [Ti(O)(acac),], thus
completing the titanium phosphonate jigsaw puzzle described
in Scheme 7. In summary, it appears that the titanium
phosphonate chemistry is very similar to the zinc phosphate
chemistry, where again it has been shown that S4R is the
essential starting point for the formation of a variety of
polyhedral clusters such as D4R and D6R."

Catalytic Studies. In epoxidation reactions, titanium oxo
clusters have been employed more often in comparison to the
other types of titanium compounds, for the reason that titanium
oxo clusters can be considered as model compounds for bulk
TiO,. Titanium oxo clusters are mostly carboxylate based and
are synthesized from Ti(OR), and RCOOH. In comparison,
fewer titanium clusters have been reported starting from
Ti(OR), and RPO;H,/R,PO,H. These phosphorus-based
titanium oxo clusters are generally pentacoordinated, whereas
phosphorus-based stable hexacoordinated titanium oxo clusters
are even fewer in the literature.””' Titanium clusters with
unreactive alkoxy groups are advantageous because they can
give way for single-site heterogeneous catalysts in combination
with silica. Single-site catalysts can establish a structure—activity
relationship profile by eliminating the heterogeneity of active

sites on the solid support. If the active sites are not uniform,
multiple products can be expected in alkene epoxidation and
therefore controlling active sites is very crucial for selective
epoxidation. Among the epoxidation reactions, cyclohexene
epoxidation has attracted more attention because of the
industrial importance of its product, cyclohexene oxide.”!
Hence, it seems important to design new catalysts for selective
cyclohexene epoxidation, which have single sites, are selective
and are reusable along with having adequate catalytic
activity.”*' Hexameric cluster 3 has been chosen in the present
catalytic study due to the ease of isolating it as the pure product
and its solubility in organic solvents. In contrast, the other
clusters have poor solubility in organic solvents due to the
presence of many —OH groups.

Using 3, multiple trial reactions have been carried out
employing diverse oxidants, solvents, temperatures, and
catalytic amounts to achieve maximum conversion and
selectivity. The obtained results are summarized in Table S6
in the Supporting Information. On the basis of our previous
report,”® we have initially tried cyclohexene epoxidation with
cumene hydroperoxide in toluene at 80 °C. It results in good
cyclohexene conversion and selectivity in comparison to our
previous results. To pick out the right catalyst dose,
cyclohexene epoxidation has been carried out with three
different catalyst doses (15, 30, and 60 gmol). As shown in
Table S6, 30 ymol is found to be the optimum catalytic dose to
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reach maximum conversion with maximum selectivity. A
catalytic amount either higher or lower than 30 gmol decreases
the cyclohexene conversion due to the deficient or crowded
catalytic titanium centers. With an interest in green chemistry,
less toxic oxidants (hydrogen peroxide and tert-butyl hydro-
peroxide) have also been utilized but resulted in only poor
cyclohexene conversion.

Acetonitrile and toluene are the commonly reported solvents
in the literature for cyclohexene epoxidation. Therefore, initially
we have attempted cyclohexene epoxidation in toluene and
acetonitrile. Toluene showed a better catalytic activity in
comparison to acetonitrile. To find a suitable reaction
temperature, four different temperatures (30, 60, 80, and 100
°C) have been employed initially. Catalytic runs carried out at
30 and 60 °C resulted in only negligible and 63% cyclohexene
conversion, respectively, even though maximum selectivity is
obtained (99%). Maximum catalytic activity (91%) as well as
epoxide selectivity (99%) has been accomplished at 80 °C after
48 h. However, cyclohexene epoxidation at 100 °C is found to
be uncontrolled, as it shows reduced selectivity and decreased
conversion (74%) (Scheme 8).

Scheme 8. Schematic Representation of Cyclohexene
Epoxidation into Cyclohexene Epoxide

3, Cumene hydroperoxide o
-

Toluene, 80 °C, 48 h
91%

The catalytic activity of compound 3 has been also compared
with that of the precursor ([Ti(acac),(OPr),]) under identical
reaction conditions (Figure 6). The precursor compound

Catalyst 3

100 *
—

90

Ti(acac)2(OPr)2

o
1

Conversion (%)
w b O O
o
1

D
-
o

v T
0 10 20 30 40 50
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Figure 6. Comparison of catalytic activities of compound 3 and its
precursor [Ti(acac),(O'Pr),] under the optimized reaction conditions.

shows only 63% cyclohexene conversion after 48 h, but
compound 3 shows 91% conversion. Two separate trial
reactions have also performed, one without catalyst and one
without oxidant. Both such trial reactions showed only
negligible cyclohexene conversion, revealing that the obtained
cyclohexene epoxidation is due to the combined function of
catalyst and oxidant.

Complex 3 anchored on MCM-41 (50, 100, 150, or 200 mg
of 3 with 500 mg of porous silica) results in four heterogeneous
materials which have also been used as catalysts in cyclohexene

epoxidation using the optimized reaction conditions obtained
from homogeneous catalysis.

Complex 3 anchored on MCM-41 (50, 100, 150, or 200 mg
of 3 with 500 mg of porous silica) results in four heterogeneous
catalysts (TiPSO@MCM-41, TiP100@MCM-41, TiP150@
MCM-41, and TiP200@MCM-41, respectively). The forma-
tion of these catalysts is supported by multiple characterization
techniques (see the Supporting Information). Among these,
TiP200@MCM-41 has emerged as the best catalyst, exhibiting
67% conversion (93% selectivity to cyclohexene epoxide).
Though the homogeneous catalyst 3 exhibits a better catalytic
activity than TiP@MCM-41 catalysts, the heterogeneous
catalysts are still recommended due to their nondiminishing
activity and reusability, even after five cycles (Figure 7).

704

60

Conversion (%)
N w L [4,]
o o (=] o
1 1 L L

=y
(=]
1

1 2 3 4 5
Catalytic cycle

Figure 7. Reusability of TiP200@MCM-41 over five consecutive
catalytic runs under the optimized reaction conditions.

It is generally believed that the epoxidation reaction catalyzed
by Ti-containing molecular sieves using peroxide oxidants
occurs via four steps:* viz., (1) formation of Ti alkylperoxo
species, (2) olefin activation, (3) the elimination of alcohol of
the oxidant, and (4) formation of epoxide and regeneration of
the catalyst. Since Ti catalysts TIP@MCM-41 used in the
present study are similar to other known titanosilicates, we
believe that the catalysis here also follows the epoxidation
mechanism as proposed above.

Under the optimized reaction conditions, epoxidation of a
few more substrates (styrene, cyclooctene, 1-decene, and (—)
a-pinene) has also been performed using 3 and TiP200@
MCM-41. Their activity and epoxide selectivity percent are
given in Table S9 in the Supporting Information. The best
conversion and selectivity have been accomplished in the
epoxidation of cyclohexene in comparison to the other
substrates.

B CONCLUSIONS

Extensive investigations pursued over a period of time in our
laboratory on the reaction of [Ti(acac),(OPr),] (I) with tert-
butylphosphonic acid (II) have resulted in the isolation of as
many as five different cluster entities which are structurally
related to each other through a hierarchical growth mechanism.
The reactions conducted between these two reactants in
acetonitrile proved to be trickier than those conducted in
dichloromethane medium. For example, preferential isolation of
the products [Ti,(acac),(u-O),(u-BuPOs),(u-BuPOsH),]-
2CH;CN (1), [Tig(acac)s(u-0),(0'Pr)-
(u-BuPO5),(u-BuPO;H),] (2), and [Tig(acac)s(4-0)3(OPr)-
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Table 1. Crystal Data and Structure Refinement Details for Complexes 1—5

1 2
CCDC no. 1555092 1555091
formula CysHooN,0,4PTi, Cs,Ho O3, P4 Tig
fw 1522.65 1640.59
temp, K 150(2) 150(2)
cryst syst monoclinic monoclinic
space group P2,/c C2/c
a, A 24.326(5) 25.4903(19)
b A 19.900(3) 14.2195(8)
¢ A 15.983(3) 25.1097(17)
a, deg 90 90
B, deg 101.7(2) 115.7(3)
7, deg 90 90
Vv, A® 7576.3(3) 8201.5(10)
V4 4 4
u, mm™! 0.595 0.655
cryst size, mm® 0.20 X 0.20 X 0.20 0.24 X 0.20 X 0.20
0 range, deg 2.182—-25.25 2.804—25.0
no. of rflns collected 58653 22551

no. of indep rflns
Iy > 20(I,))

GOF 1.039 1142

final R indices (I > 26(I))  RI = 0.0778, wR2 = R1 = 0.1058, wR2 =
0.1924 0.3039

wR2 (all data) 0.2089 0.3354

largegt diff peak and hole, e 1.609 and —0.670 1.590 and —0.447
j &

13705 (R(int) = 0.0559) 7188 (R(int) = 0.0582)

3 4 5
1555093 1555094 1555090
CooH110034PTis Co1Hi10N;034P4Tig CssH104N,034P4Tig
1848.69 1888.72 1846.65
150(2) 150(2) 150(2)
monoclinic monoclinic triclinic
P2,/n P2,/c PT
15.781(6) 13.905(4) 13.853(2)
14.080(5) 16.815(5) 13.933(2)
20.897(7) 39.982(11) 14.393(3)
90 90 103.6(1)
103.0(3) 95.8(2) 117.9(1)
90 90 104.6(1)
4524(3) 9300(5) 2165.32(15)
2 4 1
0.684 0.668 0.716
0.10 X 0.07 X 0.04 0.19 X 0.17 X 0.03 0.20 X 0.17 X 0.12
2.469—25.0 2.906—25.0 2.331-24.999
30384 67890 23031

7954 (R(int) = 0.0370) 16329 (R(int) = 0.0615) 7499 (R(int) = 0.0697)

1.064 1.204 1.030

R1 = 0.0513, wR2 = R1 = 0.0662, wR2 = R1 = 0.0557, wR2 =
0.1265 0.1314 0.1221

0.1322 0.1361 0.1441

1.180 and —0.384 0.564 and —0.415 0.551 and —0.534

(u-BuPO;)s(u-"BuPO,H)]-2CH,CN (4) from reactions be-
tween I and II in CH;CN requires strict 4:6, 5:6 and 1:1
stoichiometries of the reactants, respectively. This small
difference in the initial stoichiometry has thus challenged us
in isolating these products in pure form and characterizing
them, which we have eventually managed to achieve.
Particularly interesting is the isolation of the pentanuclear
titanium phosphonate 2, which stands as the major testimony
to the mechanism proposed. Although this cluster was expected
to be asymmetric, the presence of a site occupancy related
disorder around the fifth titanium center has further
complicated the structural analysis, which was eventually
resolved through a suitable model. Alternative strategies, such
as switching over to less a hygroscopic solvent (CH,Cl,) to
isolate [Tigz(acac)s(O'Pr),(u-0),(u-BuPO;)s] (3) and chang-
ing the titanium source to [Ti(O)(acac),] to characterize
[Tig(acac)s(u-0)4(p-BuPO5),(u-BuPO;H),] 2CH,CN (8)
(the final member of this hierarchical chain), have been
successfully employed to fix the missing pieces of this jigsaw
puzzle. The sequence of reactions in Scheme 7 gives an overall
indication about the possible stepwise cluster growth in metal
phosphonate chemistry. Current work in our laboratory is
centered on testing this hierarchical cluster building approach
employing organophosphate monoesters as ligands instead of
phosphonic acids.

B EXPERIMENTAL SECTION

Instruments and Methods. All experiments were performed
under an atmosphere of nitrogen using standard Schlenk line
techniques. Solvents were dried using standard procedures and freshly
distilled prior to use.”® The melting points were measured in glass
capillaries and are reported uncorrected. FT-IR spectra were obtained
on a PerkinElmer Spectrum One FT-IR spectrometer as KBr diluted
disks. Microanalyses were performed on a Thermo Finnigan (FLASH
EA 1112) micro analyzer. Thermogravimetric analyses were carried

out with a PerkinElmer thermal analysis system, under a stream of
nitrogen gas at a heating rate of 10 °C/min. ‘BuP(O)(OH), has been
synthesized by following a published procedure.** [Ti(acac),(O'Pr),]
was obtained from Lancaster Chemicals U.K. and [Ti(O)(acac),] from
Sigma-Aldrich.

Synthesis of Complex 1. [Ti(acac),(OPr),] (0.8 mL, 2 mmol)
was slowly added to a suspension of tert-butylphosphonic acid (0.414
g, 3 mmol) in acetonitrile (10 mL) at room temperature with stirring.
The reaction mixture was stirred for 12 h at room temperature and
filtered. Pale yellow crystals of [Ti,(acac),(u-
0),(u-BuPO;),(u-BuPO;H),]-2CH;CN (1) were formed over a
period of 20 days at room temperature. Yield: 420 mg (55.2%, based
on phosphonic acid); Mp: >250 °C. Anal. Calcd for
C4sHo,N,0,5PTi, (mol wt 1522.65): C, 37.87; H, 6.09; N, 1.84.
Found: C, 38.99; H, 5.62; N, 1.48. FT-IR (KBr/cm™): 1605 (s), 1527
(s), 1463 (vs), 1378 (vs), 1278 (w), 1139 (s), 1075 (s), 1022 (w), 992
(w), 722 (w), 657 (w). TGA: emperature range °C (% weight loss):
20-250 (5); 250—550 (48.2).

Synthesis of Complex 2. To a suspension of tert-butylphosphonic
acid (0414 g 3 mmol) in acetonitrile (10 mL) was added
[Ti(acac),(OPr),] (1.0 mL, 2.5 mmol) slowly at room temperature
with stirring. The mixture was then stirred for 12 h and filtered to
remove the insoluble particles. Pale yellow crystals of [Tis(acac)s(u-
0),(OPr) (u-BuPO;),(¢-BuPO;H),] (2) were formed over a period
of 7 days at room temperature. Yield: 440 mg (53.4%, based on
phosphonic acid); Mp: >250 °C. Anal. Calcd for C,Hy,0P¢Tis (mol
wt 1640.59): C, 38.07; H, 5.78. Found: C, 36.46; H, 5.85. FT-IR
(KBr/cm™): 3447 (br), 2973 (s), 1611 (s), 1545 (w), 1360 (m), 1150
(s), 1091 (s), 663 (w).

Synthesis of Complex 3. To a suspension of tert-butylphosphonic
acid (0.414 g, 3 mmol) in dichloromethane (10 mL) was slowly added
[Ti(acac),(OPr),] (1.2 mL, 3 mmol) at room temperature with
constant stirring. The reaction mixture was then stirred for 12 h and
filtered to remove any insoluble particles. The clear solution was left
for crystallization, from which pale yellow crystals of
[Tig(acac)s(OPr),(u-0),(u-BuP0O,)s] (3) formed over a period of
20 days at room temperature. Yield: 480 mg (52.6%, based on
phosphonic acid). Mp: >250 °C. Anal. Caled for CgoH,;034PsTig
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(mol wt 1848.69): C, 38.99; H, 6.00. Found: C, 39.23; H, 5.81. FT-IR
(KBr/em™): 1596 (s), 1530 (s), 1466 (vs), 1377 (vs), 1280 (w), 1144
(s), 1050 (s), 1023 (w), 976 (w), 883 (w), 722 (s), 659 (s), 622 (w).
TGA: temperature range °C (% weight loss): 20—250 (8); 250—550
(52.2).

Synthesis of Complex 4. To a suspension of tert-butylphosphonic
acid (0.414 g, 3 mmol) in acetonitrile (10 mL) was slowly added
[Ti(acac),(O'Pr),] (1.2 mL, 3 mmol) at room temperature with
stirring. The reaction mixture was further stirred for 12 h and filtered
to remove any insoluble particles. Pale yellow crystals of
[Tig(acac)s(p-0);3(OPr) (u-BuPO;)s(u-"BuPO;H)]-2CH,CN  (4)
were formed from the clear filtrate over a period of 20 days at room
temperature. Yield: 420 mg (45.0%, based on phosphonic acid). Mp:
>250 °C. Anal. Caled for C¢;H,;(N,O4,PTis (mol wt 1888.72): C,
38.79; H, 5.87; N, 1.48. Found: C, 39.33; H, 5.91; N, 1.88. FT-IR
(KBr/cm™): 1605 (s), 1527 (s), 1463 (vs), 1378 (vs), 1278 (w), 1139
(s), 1075 (s), 1022 (w), 992 (w), 722 (w), 657 (w). TGA:
temperature range °C (% weight loss): 20—-250 (8.1); 250—550
(31.9).

Synthesis of Complex 5. To a suspension of tert-butylphosphonic
acid (138 mg, 1 mmol) in acetonitrile (15 mL) was added solid
titanium oxy acetylacetonate ([Ti(acac),(0)]; 262 mg, 1 mmol), and
the mixture was stirred for 12 h. The resulting solution was filtered to
obtain a clear yellow solution which resulted in yellow tiny crystals of
the complex [Tig(acac)s(u-0),(u-BuPO,),(u-BuPO;H),]-2CH,CN
(5) at the bottom of the flask after 7 days. Yield: 110 mg (36.2%, based
on phosphonic acid). Mp: >250 °C. Anal. Calcd for
CssH;04N,03,P¢Tig (mol wt 1846.65): C, 37.73; H, 5.68; N, 1.52.
Found: C, 36.43; H, 5.22; N, 1.98. FT-IR (KBr/cm™): 1597 (s), 1527
(s), 1480 (w), 1425 (w), 1381 (s), 1364 (s), 1279 (w), 1141 (s), 1041
(s), 1043 (s), 1024 (s), 992 (s), 945 (w), 834 (w), 798 (m), 707 (w),
658 (m), 538 (w), 499 (w), 433 (w). TGA: temperature range °C (%
weight loss): 30—150 (5.5); 150—520 (43.1).

Single-Crystal X-ray Diffraction Studies. A suitable yellow
crystal of 1 (size: 0.20 X 0.20 X 0.20 mm?®) obtained directly from the
reaction mixture was mounted on a Rigaku Saturn 724+ ccd
diffractometer for the unit cell determination and three-dimensional
intensity data collection. A total of 800 frames were collected at 150 K
with an exposure time of 16 s per frame. For the analysis the detector
distance was kept at 45 mm from the crystal. Data integration has been
performed using CrysAlisPro software,” and all calculations were
carried out using the programs in the WinGX module®® and Olex 2.1*
software by direct methods (SIR-97).”® The final refinement of the
structure was carried out using full least-squares methods on F* using
SHELXL-2014.>° Unit cell determinations using both high- and low-
angle diffraction revealed that compound crystallizes in the monoclinic
P2,/c space group. The final refinement converged at an R value of
0.0778 (I > 20(I)). Data collection and refinement of 2—5 were
carried out similarly to that of 1. The final refinement converged at an
R value of 0.1058 (I > 26(I)) for 2, 0.0513 (I > 26(I)) for 3, 0.0662 (I
> 20(I)) for 4, and 0.0557 (I > 26(I)) for 5 (Table 1). Note: an earlier
structure solution of compounds 3 and 4 has appeared in the CSD
with REFCODEs MOSRAP and MOSRET, while more refined
structures of these two compounds have now been submitted to
CCDC as deposition numbers 1555093 and 1555094, respectively.*’
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