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Abstract

In  the intent  of  generating  metallocavitands  isostructural  to  species
[(CpZr)s(u3-0)(u?-OH)3(k0.0.4>-02C(R))s]*, the reaction of Cp*;ZrCly and Cp*ZrCls with
phenylcarboxylic acids was carried out. Depending on the reaction conditions, five new
complexes were obtained, which consisted of Cp*.ZrCl(x?>-OOCPh) (1), (Cp*ZrCl(i?-
OOCPh))2(u-x>-O0CPh), (2), [(Cp*Zr(x>-O0CPh))2(u-k2-O0CPh)2(1?-OH),]eEt,0 (3eEt20),
[[Cp*ZrCl2](u-Cl)(pn-OH)(n-02CCsHs)[Cp*Zr]]2(n-02CCsHs)2 (4) and [Cp*ZrCla][(Cp*Zr)s(x2-
OOC(CesH4Br)3(uz-O)(u2-Cl)2(u2-OH)] [Cp*ZrCl4][5]. The structural characterization of the
five complexes was carried out. Species 3eEt20 exhibits host-guest properties where the diethyl
ether molecule is included in a cavity formed by two carboxylate moieties. The secondary
interactions between the cavity and the diethyl ether molecule affect the structural parameters of
the complex, as demonstrated be the comparison of the DFT models for 3 and 3eEt20O. Species 5
was shown to be isostructural to the [(CpZr)s(n-O)(u2-OH)s(xo,0,u%-02C(R))s]*

metallocavitands.



Introduction

Since the discovery of supramolecular assemblies in biological systems, there has been an
ongoing interest in the design of supramolecular devices for various purposes, notably for
molecular recognition! and catalysis.? Although several supramolecular architectures have been
explored, cavitands are a class of molecules of particular interest. These species act as molecular
cavities that can host an array of guest molecules according to shape and/or specific weak
interactions, such as hydrogen bonding and =-m interactions. The most common cavitands are
based on organic frameworks ® and include notably calixarenes, * cucurbiturils, °
cyclotriveratrylenes, ® cyclodextrines, ” and resorci-n-arenes. 8 Although these molecules are
robust and quite versatile, the tailoring of organic cavitands often requires multistep syntheses
that can be tedious and low yielding. One way to obtain cavitands while reducing the synthetic
work is using self-assembly processes between organic ligands and metal precursors to generate
metallocavitands.® In addition to the ease of synthesis, the presence of metal sites within the
cavitand can bring additional properties, such as inducing catalytic activity, facilitating electronic
communication or allowing molecular sensing.

In the past few years, our research group has been interested in the synthesis and properties of
conical metallocavitands possessing Cs-symettry. In a first iteration, the addition of arylboronic
acids to Cp*TaMes afforded tantalum(V) boronate half-sandwich metallocavitands where the
trimetallic core is comprised of one p3-OH, one p2-OH, two p?-O, and three p?-O2BR bridges
(Scheme 1A).1° By modifying the nature of the arylboronic acid used in the synthesis, it was

possible to obtain extended cavities that could host Lewis bases, such as acetone and THF.1



The guests were shown to be stabilized by hydrogen bonding and by electrostatic interactions, a
consequence of the electrophilicity of the boron atoms. 1® However, these species did show signs
of hydrolysis under basic conditions by cleavage of a B-C bond of the boronate moiety. In order
to increase the stability of the metallocavitands, the synthesis of zirconium(lV) carboxylate half-
sandwich metallocavitands was carried out.!! Following reported procedures,!? the addition of
carboxylate ligands to Cp.ZrCl, afforded trimetallic clusters having similar structural properties
than the tantalum metallocavitands, but with a metallic core stabilized by a u3-O, three p?-OH
and three u2-O,CR bridges (Scheme 1B). We demonstrated that the incorporation of nitrogen-
containing carboxylate moieties, such as carbazole and diphenylamine, in these zirconium
metallocavitands could increase the blue luminescence properties of the pristine organic
chromophores,''® and that the incorporation of exTTF units on the carboxylate ligands could
generate hosts for fullerenes.!'® However, in the latter complexes, the cyclopentadienyl ligand
(Cp) was used rather than the pentamethylcyclopentadienyl (Cp*) used in the tantalum clusters.
Since it is known that modifying a Cp for Cp* can increase the stability and solubility of the
resulting complexes, which are important prerogatives for the preparation of supramolecular
devices, we explored the synthesis of Cp*-Zr(IV) carboxylate metallocavitands. Although the
chemistry of Zr(IV) cyclopentadienyl analogues bearing carboxylate ligands is abundant, the
number of carboxylate complexes with the more electron-donating Cp* analogues remains quite
limited, *# and is usually resulting from the CO- insertion into Zr-R bonds.!* Herein we report
the generation of polymetallic carboxylate zirconium species by the addition of carboxylic acids
to Zr(IV) pentamethylcyclopentadienyl precursors and the formation of mixed oxo-chlorido

clusters, having in one instance a pseudo Cz symmetry. One of these species, compound



[(Cp*Zr(x*-O0CPh))2(u-x*>-O0CPh)2(u>-OH)2] (3) presents interesting host-guest interactions

with Et,O at the solid state.
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Scheme 1. A) Cp*Ta(V) boronate and B) CpZr(1V) carboxylate clusters

Results and discussion
Synthesis of zirconium(IVV) metallocavitands

In a first attempt to generate Cp*Zr(IV) carboxylate metallocavitands, a similar approach to the
synthesis of CpZr(IV) carboxylate species was carried out. It was shown that the addition of
carboxylic acids to a solution of Cp2ZrCl; in a dichloromethane and water solution at pH 7 could
afford species of general structure [(CpZr)s(i2,0’,0"CR)3(u3-O)(u2-OH)3].HCL.™> As one might
expect, the addition of benzoic acid to Cp*2ZrCl2 did not afford the trimetallic cluster but rather
species Cp*2ZrCl(x2-O0CPh) (1), as illustrated on Scheme 2. Using *H NMR spectroscopy, it
was possible to observe the resonance for the aromatic protons at 6 = 8.10, 7.56 and 7.44, while
the Cp* resonance integrating for 30 protons relative to the resonances of the aryl ring was

observed at 1.88 ppm. The same compound was obtained when varying the pH of the solution
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from 7 to 10, but at pH 12, an insoluble white powder was obtained. Contrarily to the chemistry
observed with the cyclopentadienyl analogues where species Cp2Zr(k2-OOCPh); is also present
when Cp,ZrCl(x>-O0OCPh) is generated under acidic conditions,®® the bis(carboxylate) species
Cp*2Zr(x*>-O0CPh), was not observed under our experimental conditions. It is likely that the
steric hindrance as well as the electron donating capability of the Cp* makes difficult the

formation of 20-electron species Cp*2Zr(k2--OOCPh)s.
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Scheme 2. Synthesis of complex Cp*2ZrCl(k*>-O0CPh) (1).

It was possible to obtain X-ray quality crystals of compound 1 by recrystallizing out of CH2Cl>.
According to the X-ray diffraction analysis results, 1 crystalized in the central symmetric space
group of P21/c. The central Zr atom is coordinated by two Cp* ligands, one chloride, and two O
atoms from the chelating carboxylate group. As shown in Figure 1, the structure shows a
distorted trigonal bipyramidal configuration with a five-coordination number at the central Zr
atom. The Zr-O bond lengths are of 2.257(4) and 2.300(4) A, which are comparable to those in
the structure of [Cp*2Zr(x!0-0,C(CsHa-4-SH)(k*-02C(CsHa-4-SH)] (2.2722(16) and 2.3043(17)
A).* The distances between the Zr atom and the centres of two Cp* planes are of 2.259(2) and
2.316(6) A. The dihedral angle between the two Cp* rings is 42.3(2)°, with the plane of the
chelated carboxylate group (Zri1-O:-Cs1-O2) being located in the middle of this angle as
represented by the dihedral angles between the Cp* planes and the carboxylate plane of 21.9(2)

and 20.4(2)°, respectively. It is noteworthy to mention that the chloride ligand is located within
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the Zr-carboxylate plane, as illustrated in Figure 1. By looking at the packing model, it is
possible to observe that the molecules of 1 are packed together into sheets in the b-c plane with
the sheets further arranged together along the a axis to form a 3D framework, as shown in

Figures S8-S9. No strong n-x interaction was found in the structure.

Figure 1. ORTEP drawing of 1 at 50% probability. H atoms are omitted for clarity. Only one

orientation of the disordered Cp* group was plotted.

Species Cp*ZrCls, that was synthesized using a protocol developed by Teuben and co-

workers,® was used as a precursor in an attempt to generate the desired metallocavitands.



Cp*ZrCls was added to two equivalents of benzoic acid and one equivalent of water in THF
at -78 °C and then agitated for 18 hours at ambient temperature until a colorless solution was
formed. Quite interestingly, removal of the volatiles afforded a white powder that turned purple
under prolonged exposure to reduce pressure. When the solid obtained was dissolved back in
diethyl ether, a colorless solution was obtained once more. Slow evaporation of the ether solution
afforded a mixture of two crystalline materials, (Cp*ZrCl(x>-OOCPh))(u-x2-O0CPh), (2) and
[(Cp*Zr(x®-O0CPh))2(u-k*>-O0CPh),(u2-OH),]eEt,0 (3eEt20) (Scheme 3). Whereas only few
crystals of 2 were obtained which prevented solution characterization, it was possible to observe
that species 3eEt2O exhibits lower symmetry in solution, presumably a consequence of the
dissociation of the ether molecule and the possible coexistence of more than one species in
solution, notably by the presence of several resonances for the phenyl groups between 8 6.96 and

8.17 and by the presence of two Cp* resonances, each integrating for 15H at 2.03 and 2.06 ppm.
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Scheme 3 : Synthesis of complexes (Cp*ZrCl(k2-OOCPh)),(u-x>-O0CPh); (2) and [(Cp*Zr(i?-

OOCPh))2(u-k*>-O0CPh)2(u2-OH),]¢Et,0 (3eEt20).

Compound 2 crystalized in the non-classical central symmetric space group P21/n. The central Zr

atom is coordinated by one Cp* ligand, one chloride, and two oxygen atoms from one chelating



carboxylate group. Two adjacent Zr centres are linked together by two bridging carboxylate
groups to form a charge-balanced dimer. Only half of the dimer is located in the asymmetric unit
cell, the other part being generated by the inversion operation. As shown in the representation in
Figure 2, each metal centre of the dimeric structure consists in a six-coordinated zirconium atom
in a heavily distorted octahedron. The Zr-O3z and Zr-O4 bond lengths for the chelated carboxylate
ligand are of 2.204(4) and 2.297(4) A, respectively, whereas the Zr-O; and Zr-O, distances for
the bridging ligands are significantly shorter at 2.166(3) and 2.079(3) A, respectively. The Zr-O
distances of the chelating ligand are slightly shorter that those observed in the structure of
[Cp*2Zr(k'O-02C(CsHa-4-SH)(k2-02C(CsH4-4-SH)] 1 (2.2722(16) to 2.3043(17) A) and in 1
(2.257(4) and 2.300(4) A). The Zr-Cl distance of 2.4658(15) A is slightly longer than those in the
structure of (Cp)(Cp*)ZrCl, (2.4421(9) A)Y but slightly longer than in 1 (2.4954(17) A).
Replacing one bulky Cp* by a benzoate moiety greatly reduces the steric environment around the
metal center, which can be observed by the short Zr-Cp*centroid distance of 2.211 A, which is
shorter than in 1 (2.259(2) and 2.316(6) A). The strength of the Zr-Cp* interaction is further
exemplified by the three O and the CI atoms being pushed towards the other vertex of the
octahedron (Zr-Os), as shown by the cissoids angles (O2-Zri-Os4, O1-Zr1-04, 03-Zr1-O4s, Os-Zr1-
Cly) being lower than 90°. The bridging carboxylate group is twisted from the plane of the
aromatic ring with a dihedral angle of 22.3(4)°. The distance between two Zr centres in the dimer
is 5.2146(13) A. The dimers of 2 are packed together into chains along the a axis (Figure S11)
with the chains further aligned together in the a-c plane to form a 3D framework, as shown in

Figure S12.



Figure 2. ORTEP drawing of 2 at 50% probability. H atoms are omitted for clarity.

The structure of compound 3eEt.O was refined to the triclinic space group of P_1. Similarly to 2,
two crystallographic independent Zr centers in 3 are coordinated by one Cp*, two O atoms from
one chelating carboxylate group, and two O atoms from two bridging carboxylate moieties
(Figure 3). The main difference in 3eEt2O when compared to species 2 is that the chlorides are
replaced by bridging u>-OH moieties, forming slightly distorted pentagonal bipyramids rather
than octahedral species. As can be observed in the ORTEP structure, the chelated carboxylate
groups face each other and can be considered “up”, whereas the bridging carboxylate groups are

considered as “down”. One remarkable feature of 3 is the inclusion of one diethyl ether molecule

10



captured between the two carboxylate ligands pointing “up”, forming molecular tweezers. This
ether molecule is stabilized mainly by a strong hydrogen bond between the u>-OH and the O
atom in ether, as shown in Figure 3. In order to better understand the nature of the interaction
between 3 and Et2O in play in 3eEt2O, the crystallographic data were collected at various
temperatures. All of the unit cell parameters have been shown to be sensitive to temperature,
indicating its modest flexibility. While the three axes are directly proportional to temperature, the
three angles, «, f#, and y, are reversely proportional to temperature (see Table S1 for more
details). The structure of 3 at 196K will be selected for the description of the bond lengths since

its refinement is the most reliable.
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Figure 3. ORTEP drawing of 3.Et20 at 50% probability. H atoms on aromatic rings and Cp*

are omitted for clarity.

In 3eEt20 the Zr-O bond lengths for the chelated carboxylates (Zr-O7, Zr-Og, Zr-Og, Zr-O10)

range from 2.2763(16) to 2.3052(16) A, which are comparable to those in 1 and 2. Because of
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the presence of two chelating u»>-OH fragments, the distance between Zry and Zr, is much shorter
than in 2, at 3.4736(3) A. The distances between the Zr atoms and the coordinated Cp* centres
are of 2.2638(2) and 2.2601(2) A, respectively. All the equatorial O atoms in the pentagonal
bipyramids are pushed towards the vertex of O> (for example O2-Zr1-O4 = 79.45(6), O2-Zr1-Os5 =
78.80(6), 02-Zr1-O1 = 73.66(6), O2-Zr1-Og = 82.24(6), 02-Zr1-O7 = 82.34(6)°). Interestingly, in
the solid state structure, two molecules of 3 are arranged in a mouth-to-mouth fashion to form
capsules with two ether molecules captured inside, as shown in Figure 4. The capsules are
further linked to form chains along the 101 direction through weak n-r interactions between

adjacent Cp* groups. The distance between two Cp* planes is 3.8695 A.

Figure 4. The packing pattern of 3 viewing along a axis. The guest molecules of diethyl ether

are plotted in space filling mode.
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At 200 K, the distance between O, and the O11 atom of diethyl ether is only 2.763 A with an
interaction angle of 176.3 °, which would indicate a strong to moderate hydrogen bond.!® As
observed in Figure 5, the distance between the two oxygen atoms increases with temperature
(2.742, 2.763, and 2.786 A at 100, 196, and 296 K, respectively) therefore suggesting the
weakening of the hydrogen bond with temperature. Although hydrogen bonding seems to be the
primary interaction between 3 and Et;0, other interactions seem to be present according to the
crystallographic data. Indeed, the Cs2-O19, Cs2-Os, Ca9-Og, and Cae-O7 distances (respectively of
3.552, 3.667, 3.502, and 3.673 A) are short enough to consider possible interactions between the
CH bonds of the methyl groups and the = system of the carboxylate moieties pointing “up”. Such
interactions would have for effect to decrease the coplanarity between the carboxylate moieties
(O-C-O) and the phenyl ring in the phenylcarboxylate ligands, which is observed. Indeed,
although the torsion between the aryl group and the OCO moiety is minimal (no twisting), there
is folding present at the carboxylic carbon, as observed in Figure 6. The angles between the plane
of the aryl group and the plane of the OCO moiety are respectively of 170.1 and 173.7° for the
two chelating phenyl carboxylate groups pointing “up”. This folding has also for effect to
shorten the distances between the = rings and the C51 and C50 carbons, suggesting additional
interactions. Once again, it is possible to observe that the interaction is stronger at lower
temperature, as indicated by the aryl-aryl distance at the extremities of the chelating
phenylcarboxylate ligands that is increasing with the temperature (8.300, 8.405, and 8.508 A at
100, 196, and 296 K, respectively; Figure 5). It is good to note that this folding could be
accounted by packing interactions and it is difficult to confirm if these secondary interactions are

the cause of these structural changes.
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Nevertheless, optimized structures of 3 with various solvents, including Et.O were obtained
computationally by calculations based on the density of functional theory (DFT) using the
©B97XD functional.!® Since these models are for the gas-phase, the crystal packing should not
intervene in the structural parameters observed. As can be observed in Figure 7, significant
structural changes are observed in the structure of the zirconium cluster between 3 and 3eEt20.
In the solvent-free structure, the central hydroxyl group is in a sp® environment, with the
summation of the angles around the oxygen atom being of 336.6°, whereas the summation of the
same angles in 3eEt20 is 357.5°. More importantly, there is significant folding between the Zr-
OOC plane and the phenyl ring of the chelating phenylcarboxylate (“up™) in the latter model,
similarly to what was observed in the crystallographic structure. The average of the folding
angles is 173.1° (170.1 and 173.7° in the structure) whereas the same angles have an average
value of 178.1° in the solvent-free structure. The two bridging carboxylate moieties (“down”) are
more or less parallel to each other in the solvent-free molecule with an angle between the two
phenyl rings being close to 180°; however, one of the phenylcarboxylate moiety is heavily
distorted in the 3eEt2O model with a folding between the carboxylate plane and the phenyl ring
of 126.6°, while the other has a respective angle of 167.4°. DFT supports that 3 is indeed greatly
stabilized by interacting with Et,0 since the AH association at the gas phase is -25.3 kcal.mol™
(AGPassociation Of -9.4 kcal.mol™). Interestingly, the association energies for 3 and THF and Me;O
(AHPassociation Of -23.1 and -21.1 kcal.mol?, respectively) were found to be less important than
with Et20, even if THF is known to be a better hydrogen bond acceptor, which suggest that the
interactions between the CH bonds of the methyl groups and the = system of the carboxylate
moieties pointing “up” are indeed playing a significant role on the stability of the adduct, as

proposed above. SMe> does not seem to interact with the cavity, which can be expected since
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sulfur does not form hydrogen bonds as strongly as oxygen. More details are given in the

Supporting Information.

Figure 5. Important structural data for the structure of 3.Et20 at A) 100K, B) 196K, and C) 296
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Figure 6. A) Representation of the folding observed in the phenylcarboxylate ligands and B)

space filling representation of species 3.Et20.

Figure 7. Computationally optimized gas-phase models for A) 3 and B) 3.Et20. These results
were obtained using the ®B97XD functional and the 6-31G**?° basis set for C, H and O atoms

and the SDD basis set for Zr.?

In order to see the effect of the water stoichiometry on the products formed, the same reaction
was carried out, this time using two equivalents of water rather than only one (Scheme 4). In this
situation, few crystals of the tetrametallic product [[Cp*ZrCl2](u-Cl)(u-OH)(u-
02CCsHs)[Cp*Zr]]2(u-02CCeHs)2 (4) were observed, enough for a crystallographic study but not
for a full characterization, along with a significant amount of amorphous material. Due to the
low crystallinity, the hydrogen atoms on the u>-OH could not be located from the differential
Fourier map. It crystalized in the central symmetric space group of P21/c, with a very long b axis
of 38.8446(5) A. There are two independent molecules present in the unit cell, with one of the
two molecules being located on an inversion centre, which makes half of that molecule

symmetric to the other half. As shown in the ORTEP representation in Figure 8 for one of the
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two independent molecules, the polymetallic species consists of one Cp*ZrCl, fragment bridging
another Cp*Zr moiety by one chloride, one hydroxide, and one carboxylate group. Two of these
bimetallic moieties are bridged together by two carboxylate groups; in one of these two
independent molecules only one half of the molecule moiety is included in the asymmetric unit
cell, the other half being generated by the inversion centre. All of the zirconium centres are in a
pseudo-octahedral environment with the substituents being pushed away from the bulkiest group,

the Cp*. One benzene ring is captured in the structure.
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Figure 8. ORTEP drawing of 4 at 50% probability. One of the two independent molecules is

shown. H atoms were are omitted for clarity.

The distances between the centres of the Cp* planes and the Zr atoms range from 2.2250(5) to
2.2543(4) A, which are longer than that in 2, but are comparable to those in 1. The terminal Zr-
Cl bond lengths range from 2.4498(20) to 2.4892(20) A. Due to the existence of ,-OH, the short
Zr-Zr distances range from 3.7665(7) (Zr1-Zr2) to 3.7880(6) (Zrs-Zrs) A, which are longer than
that observed in 3 (3.4736(3) A). However, the long Zr-Zr distances (Zr>-Zrs = 5.2172(7), Zrs-
Zrs: = 5.2212(6) A) are comparable to that observed in 2 (5.2146(13) A). The 3D network is

illustrated in Figure S17.

All our attempts to generate a metallocavitand reminiscent to the one observed using the
CpZr(IV) moiety failed using phenylcarboxylic acid. However, it is known that simple
modifications in the nature of the ligands can affect the structure of the complexes obtained.
Using more acidic 4-bromophenylcarboxylic acid in similar conditions rather than
phenylcarboxylic acid, it was possible to observe the formation of ionic species [(Cp*Zr)s(i2-
0’,0"C(CeHaBr)3(us-O)(u2-Cl2(u2-OH)]* [Cp*ZrCla]™ ([5]'[Cp*ZrCls]) which is isostructural
to the coveted metallocavitands. According to the charge balance, there should be the presence of
one hydroxide in the trimetallic cluster; however, it was not possible to locate the position of the
hydrogen atom, making difficult an unambiguous assignment of the hydroxide group (Figure 9).
Close contact between the cation 5 and the Cp*ZrCls anion is mainly occurring through
electrostatic interactions between the bromine in para position of the aryl groups and the anion,

as represented in Figure S21. The ion pairs are linked into layers in the a-c plane, with the layers
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packed together along the b axis via n-n interactions between the Cp* planes from adjacent 5

units (Figures S19-S20).

The coordination environment around the metal center in the [Cp*ZrCls]” anion is square
pyramidal, with the metal center being 0.8289 A from the plane composed by the four chloride
ligands. The Cp*-Zr distance is relatively short, at 2.1914(10) A and the Zr-ClI distances range
from 2.453(3) to 2.486(3) A. However, the main species of interest, the cationic 5 consists in a
trimetallic cluster where the three Cp*Zr moieties are linked together by one u3-O atom, one uo-
OH group, two uo-Cl atoms, and three carboxylate groups to form a cluster like in [(CpZr)a(u-
k2,0",0"CR)3(u3-O)(u2-OH)3]Cl. Due to the special geometry of this cluster, the three

carboxylate groups form the edge of a bowl, with the metallic cluster forming the bottom.
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Figure 9. ORTEP drawing of [5]* at 50% probability. H atoms are omitted for clarity.

The Zr-(u2-OH) distances are of 2.180(7) and 2.190(6) A, respectively, which are as expected for
a bridging hydroxide group. Indeed, Roesky and co-workers reported that average Zr-O bond
lengths for bridging Zr-OH-Zr moieties are around 2.16 A whereas the analogous bond lengths
for bridging oxide Zr-O-Zr are shorter, varying between 1.945 and 2.106 A.?? Following the
same report, a u3-O can be proposed since the Zr-(us-O) average bond length in 5 (2.102 A) is
close the expected trend (2.060 and 2.095 A) for such bridging oxide, whereas bridging

hydroxides will have bond lengths between 2.170 and 2.410 A. As expected by the presence of
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the two bridging chlorides, 5 does not show a Cs symmetry but rather possesses a single pseudo-
plane of symmetry. That can be observed by the presence of two long Zr-Zr distances
(3.5557(11) and 3.5806(11) A) and of one shorter (3.4164(12) A). The lower symmetry can also
be observed in solution where several sets of resonances for the 4-bromobenzoate are observed.
The possibility of further fluxional process in solution is not overlooked since two sharp Cp* are
observed at 2.09 and 2.17 ppm, along with one broader resonance at 2.26 ppm when crystals of 5
are put in solution. The Cp*-Zrs-(u3-O) angle for the metal binding two chlorides is of 177.3°
whereas the respective Cp*-Zr-(u3-O) angles for the species binding one chloride are of 174.8° in
average. Accordingly, the Zr-CI-Zr angles are of 87.5° whereas the Zr-OH-Zr angle is of 102.8°.
These results suggest that the more important volume of the chloride anion has for effect to push
it away from the metallic core, thereby reducing the Zr-CI-Zr angles. That steric bulk caused by
the chloride has also for effect to give one narrow Zr-(u3-O)-Zr angle of 108.0°, for the metallic
centres bridging the hydroxide, and two wider Zr-(u3-O)-Zr angles of 116.1 and 116.9° for the
metallic centre bridging the chlorides.

The presence of n-rt interactions is significant in the crystal lattice. Indeed, it can be observed
that two molecules of 5 will interact with each other by interactions through Cp* moieties, as
demonstrated by such a distance of 3.72 A. No inclusion species were observed in the crystal
structure of 5, but the void of the cavity was shown to be filled by stacking of the
metallocavitands into each other, as shown in Figure 10. This stacking was notably observed in

tantalum metallocavitands previously reported by our research group.1%
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Figure 10. Stacking of species 5.

Conclusion

Although the synthesis of Cp*Zr carboxylate species has been reported previously, the direct
synthesis of the zirconium compounds from carboxylic acids and the Cp*ZrCls precursor was
never reported, to the best of our knowledge. As expected, the chemistry observed with the more
bulky and electron-rich pentamethylcyclopentadienyl ligand is quite different from the one
observed with the Cp-derivatives. The coordination modes of the novel species structurally
characterized are very dependent on the reaction conditions, the nature of the solvent, the
modification of the phenylcarboxylic acid, and in the number of equivalents of water added
during the synthesis. Out of the five crystallographic structures that were obtained, two are of
notable interest. Species 3 exhibits host-guest characteristics with diethyl ether, which greatly
modify the structural parameters of this cluster. The hydrogen bonding and the CH-xn contacts
were not only observed at the solid-state, but also in the gas-phase models using DFT methods. It
was also possible to isolate one of the desired metallocavitand using the 4-Br-phenylcarboxylate
ligand but we have not been successful yet in replacing the bridging chlorides with bridging
oxo/hydroxide ligands as it was observed for the CpZr(IV) and Cp*Ta(V) clusters previously
reported by our research group.’®* We are currently looking at extending this chemistry and at

discovering interesting properties for these metallocavitands notably for host-guest interactions.
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Experimental section

General Procedure

Syntheses and subsequent work-up of the zirconium clusters were conducted under an
atmosphere of nitrogen using standard glovebox techniques. Toluene, DME, THF, ethyl ether
were purified over Na/benzophenone. Benzene-ds and CHCIls were purified by vacuum
distillation from Na/K alloy and vacuum transfer technique respectively. Cp*ZrCls!® and
Cp*2ZrCl,% were prepared according to literature procedures. Carboxylic acids were purchased
from Aldrich and used as received. NMR spectra were recorded on an Agilent Technologies
NMR spectrometer at 500 MHz (*H), 125.758 MHz (**C) or a Varian Inova NMR AS400
spectrometer, at 400.0 MHz (*H), 100.580 MHz (*C). 'H NMR and **C NMR chemical shifts
are referenced to residual protons or carbons in deuterated solvent. HRMS data were collected by
the Mass Spectrometry Facilities at Laval University with an Agilent 6210 Time-of-Flight (TOF)
LC-MS apparatus equipped with a ESI or APPI ion source (Agilent Technologies, Toronto,

Canada).

Synthesis of Cp*2ZrCl(k*>-OOCPh) (1)

A solution of benzoic acid (0.112 g, 1.0 mmol) in water (5mL, pH = 7-8) was added to a solution
of Cp*2ZrCl> (0.432 g, 1.0 mmol) and stirred at room temperature for 18h. The organic layer was
extracted 3 times (10mL) with CH2Cl>. The organic phases were combined, washed with brine
and dried over MgSOa. Once filtered, the organic phase was evaporated under vacuum which
yield to a white powder (0.200 mg, 39%). *H NMR (400 MHz, CDCls) 6 8.11 (d, 3Ju-n = 7.2 Hz,
2H), 7.55 (t, 3Jun = 7.3 Hz, 1H), 7.44 (t, 3Ju-n = 7.5 Hz, 2H), 1.88 (s, 30H). 3C NMR (101
MHz, cdcls) & 177.6, 133.0, 132.1, 129.4, 128.4, 121.8, 11.7. Exact mass calculated:
C27H35C102Zr [M-H30*]* 535.1557. Found : m/z [M-HsO*]* : 535.5170.
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Synthesis of Cp*ZrCl(k>-OOCPh))2(u-k>-O0CPh)2 (2) and [(Cp*Zr(k*>-OOCPh))2(p-k?-
OOCPh)2(u2-OH)2]eEt20 (3¢Et20) (3)

A solution of benzoic acid (22 mg, 0.18 mmol) and deionized water (1.6 puL, 0.09 mmol) in THF
(3 mL) was added at -78 °C to a solution of Cp*ZrCls (30 mg, 0.09 mmol) in THF (3 mL). The
resulting yellow solution was stirred at 70°C for 18h. The solvent was then removed under
reduced pressure to obtain a blue solid. 5 mL of diethyl ether were added and a colorless solution
was obtained and stirred for 3 hour at room temperature until a white precipitate crash out from
the solution. The white precipitate was filtered and washed 3 times with cold diethyl ether and
dried under vacuum to yield (37 mg, 71% m/m). Crystals of Cp*ZrCl(x>-OOCPh)),(p-x?-
OOCPh); and [(Cp*Zr(k?>-OOCPh))2(u-k2-O0CPh),(u?-OH),]eEt,O were obtained from slow
evaporation of a solution in diethyl ether and were handpicked for crystallographic analysis. The
solution characterization of 2 was not possible because of the lack of material. *H RMN
[(Cp*Zr(k*-O0CPh))2(u-x*>-O0CPh)2(u?-OH),]eEt,O (benzene-dg): § 8.17 (br d, Ju-n= 7.4 Hz,
3H), 8.09 (br d, 3Ju.n = 7.8 Hz, 1H), 8.04 (br d, 3Ju-n= 7.5 Hz, 2H), 7.97 (br d, 3Ju+ = 8.1 Hz,
1H), 7.18 (br s, 1H), 7.16 (br s, 1H), 7.12-7.06 (br m, 6H), 6.99-6.95 (br m, 1H), 2.06 (s, 15H),
2.03 (s, 15H), 1.90 (s, 1H). ¥C NMR (101 MHz, CeDs) & 181.5, 133.9, 133.4, 132.5, 129.7,
129.4,128.9, 128.7, 128.1, 126.3, 123.7, 123.5, 121.7, 65.9 (Et.0), 15.6 (Et.0), 12.3, 11.7, 10.7.
Exact mass calculated CsyHgs2011Zr2 [M-Et20-O+] : 952.1705. Found: m/z [M-Et;O-O+]+ :

952.1633.

Synthesis of [[Cp*ZrCl2](u-Cl)(u-OH)(p -O2CCsHs)[Cp*Zr]]2(n -O2CCeHs)2 (4)

25



A solution of benzoic acid (23 mg, 0.18 mmol) and deionized water (6.9 pL, 0.384 mmol) in
THF (5 mL) was added at -78 °C to a solution of Cp*ZrCls (64 mg, 0.19 mmol) in THF (5 mL).
The resulting solution was stirred at room temperature for 18h. The solvent was then removed
under reduced pressure to obtain a blue solid. 10 mL of diethyl ether were added and no
precipitate was observed after stirring 48h at room temperature. Ethyl ether was evaporated and
5mL of hexane were added. A white precipitate was observed then filtered. Few crystals were
collected from the evaporation of a benzene solution along with degradation material. These

crystals were subjected to X-ray analysis.

[Cp*ZrCl4][(Cp*Zr)3(k2-0',0"" C(CsH4Br)3(us-O) (u2-Cl)2(u2-OH)] Cp*ZrCls (5)

A solution of 4-bromobenzoic acid (248 mg, 1.23 mmol) and deionized water (11.1 uL, 0.616
mmol) in THF (10 mL) was added at -78 °C to a solution of Cp*ZrCls (205 mg, 0.616 mmol) in
THF (10 mL). The resulting yellow solution was stirred at 80 °C for 24h. The solvent was then
removed under reduced pressure to obtain a reddish solid. 5 mL of acetonitrile was added from
which a white solid precipitated. The solution was filtered and the filtrate was allowed to
crystallize for 1 month. The dried residue was dissolved in benzene from which a yellow
precipitate was filtered out. Yellow crystals were obtained from slow evaporation in chloroform
and THF (50:50) (79 mg, 21%), *H NMR (400 MHz, CDCl3) & 7.72(d, 3J 1.n = 8.1 Hz, 3H),
7.62(d, 3J w-n = 8.5 Hz, 1H), 7.54 (d, 3J n-n = 8.1 Hz, 3H), 7.42 (d, ®J.n = 8.3 Hz, 2H), 7.27 (d,
3JuH = 8.3 Hz, 2H), 6.37 (s, 1H), 2.26-2.09 (m, 60H). 3C NMR (101 MHz, CDCls) § 138.0,
132.3, 131.3, 130.2, 128.1, 127.8, 127.6, 126.6, 110.0, 12.4, 12.1. Exact mass calculated:

Cs1HsgBraClo0sZrs*: 1382.822. Found: m/z [M]+ :1382.6637.
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Crystallographic data

Single crystals with suitable size of all compounds were mounted on CryoLoops with Paratone-
N and optically aligned on a Bruker SMART APEX-Il X-ray diffractometer with 1K CCD
detector using a digital camera. Initial intensity measurements were performed using a fine-
focused sealed tube, graphite-monochromated, X-ray source (Mo Ka, 4 = 0.71073 A) at 50 kV
and 30 mA. Standard APEX-11%* software package was used for determining the unit cells,
generating the data collection strategy, and controlling data collection. SAINT?® was used for
data integration including Lorentz and polarization corrections. Semi-empirical absorption
corrections were applied using SCALE (SADABS).? The structures of all compounds were
solved by direct methods and refined by full-matrix least-squares methods with SHELX-97%" in
the SHELXTLG6.14 package. As the solvent molecules in some compounds are highly disordered,
the SQUEEZE subroutine of the PLATON? software suit was used to remove the scattering
contributions from the highly disordered guest molecules. The resulting new HKL files were
used to further refine the structures. All of the H atoms (on C atoms) were generated
geometrically and refined in riding mode. Crystallographic information for all obtained phases is
summarized in Table S1. Atomic coordinates and additional structural information are provided

in the cif files of the Supporting Information.

Computational details

Calculations were performed with the GAUSSIAN 09 suite of programs.?® The ©b97xd®
functional was used in combination with the 6-31G* basis set for C, H, O and S atoms? and the
SDD basis set for the Zr atom.?! The stationary points were characterized as minima by full

vibration frequencies calculations (no imaginary frequency). All geometry optimizations were
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carried out without any symmetry constraints. All structures with their associated free enthalpy
and Gibbs free energies as well as their cartesian coordinates are fully detailed in the

Supplementary Information Section.

Supporting Information Available: NMR spectra of species 1-5, additional crystallographic
figures and DFT details are available. This material is available free of charge via the Internet at

http://pubs.acs.org. Crystallographic data have been deposited with CCDC (CCDC No. 1054618

for 1, CCDC No. 1054619 for 2, CCDC No. 1054620 for 3 (100 K), CCDC No. 1054621 for 3
(196 K), CCDC No. 1054626 for 3 (296 K), CCDC No. 1054732 for 4, and CCDC No. 1054625
for 5). These data can be obtained upon request from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK, e-mail: deposit@ccdc.cam.ac.uk, or via the

internet at www.ccdc.cam.ac.uk.
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Table of Contents Synopsis

The reaction of Cp*2ZrCl, and Cp*ZrCls with phenylcarboxylic acids was carried out.
Depending on the reaction conditions, five new complexes were obtained, which consisted of
Cp*2ZrCl(x®-O0CPh) (1), (Cp*ZrCl(x®-O0CPh))2(u-k2-O0CPh) (2), [(Cp*Zr(k2-O0CPh))2(u-
k2-00CPh)2(u2-OH)2JeE:0  (3eEL:0),  [[Cp*ZrCla](u-Cl)(1-OH)(u-02CCsHs)[Cp*Zr]]a(p-
02CCeHs)2  (4)  and  [Cp*ZrCla][(Cp*Zr)3(i2-O’,0"C(CeHaBr)3(uz-0O) (12-Cl)2(p2-OH)]
[Cp*ZrCl4][5]. Species 3eEt20 exhibits host-guest properties where the diethyl ether molecule
is included in a cavity formed by two carboxylate moieties. Species 5 was shown to be

isostructural to the [(CpZr)s(u3-0)(u?-OH)s(ko,0,1%-02C(R))s]" metallocavitands.
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