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CHAPTER 1

BACKGROUND AND PURPOSE
1.1 Calixarenes

1.1.1 Introduction

The macrocyclic compounds built from phenol units linked by methylene bridges were
first called “calixarenes” by Gutsche.” The name is derived from the Greek calix meaning “vase”

or “chalice”, and arene, describing the repeating aryl units in the macrocyclic array.

Despite their relatively early discovery, calixarenes have received much attention only in
recent years. Adolf von Bayer was the first to report the reaction of phenols with aldehydes in the
presence of acid.”” The products were described as complex, difficult to characterize, and in
some cases, "kettartige" or "cement-like" substances. From these beginnings, and after a century
of research into the nature of the products and optimal conditions for their preparation, Gutsche
and coworkers developed inexpensive and convenient one-pot syntheses of the calix[n]arenes ( n

=4, 6, 8) from the condensation of phenol with formaldehyde as shown in Scheme 1.1.5%

Upper rim

Bu
base
+ HCHO
A
OH
N J
Y
n=456178 Lower rim

Scheme 1.1 Simplified syntheses and representation of the calix[n]arene ligands.



1.2 Nomenclature

Due to the complexity of the full names of various metallated calixarenes, in this work
we will introduce a new systematic shorthand for describing calixarene coordination compounds.
We developed this method in order to convey the important aspects of the structure in minimal
space. For example, the p-tert-butylcalix[4]arene ligand is represented by ‘BuC4(H),. In this

nomenclature some important aspects should be taken into account:

Ligand:

1. C4 describes the ring size; in this example, calix[4]arene.

2. The notation to the left of C4 describes the para substituent on the upper rim. If
all para substituents are the same, the subscript is omitted. If there are
nonequivalent para substituents, parentheses () and subscripts are used to
describe the number of each group. For example; AC4(H)4. The notation A is
used to describe the allyl group. Here the allyl group is present in the para
position of each aromatic ring. The compound (A),(‘Bu),C4(H), has two para
‘Bu groups and two para allyl groups.

3. The notation to the right of C4 describes the substituent attached to the lower rim.
When the label H is used, it should be understood as OH. However, if there is a
functional group attached to the oxygen atom, e.g. —Me, the notation would be

written as OMe. All groups are enclosed between parentheses.



Coordination Complex:

4. When the calixarene ligand forms a transition metal-containing complex, the
transition metal is identified first by its chemical symbol followed by any
coordinating ligands, while the calixarene ligand is placed between braces { },
following rules 1-3. If the metal is directly attached to the oxygen atoms, fewer
hydrogen atoms are attached to the lower rim (e.g. [TiCp{'BuC4(H),}]). The
metallocalixarene complex overall is enclosed in square brackets [ ]. If the metal
is an alkali metal, braces and the square brackets are omitted and a middle dot - is
used instead. For example, [WCL{'BuC4}] and Rb-‘BuC4(H);. The first name
describes that the tungsten atom is directly attached to the four oxygen atoms of
the lower rim and therefore the (H)4 are omitted. In the second example one
rubidium atom is in the calixarene complex, therefore (H); is used. If coordinating
solvent molecules are present in the molecule the square brackets are followed by
a dot, the number of solvent molecules, and finally the solvent. For example, four
molecules of THF were found in the rubidium salt, therefore the formula is
written as [Rb-'‘BuC4(H);]-4THF.

5. If the transition metal-containing calixarene complex additionally contains an
alkali metal, then the alkali metal is considered as a part of the ligand
environment and is enclosed in the braces as well, e.g. the compound

[Ti(acac){K-‘BuC4}]-H,O-MeOH.



1.3 Functionalized calixarenes

Starting with the simple calixarenes, research groups around the world have developed
methods for contouring their shapes and placing a variety of functional groups on the rim of the
cavity. Both the wider (upper) and narrower (lower) rims can be easily modified by the addition
of coordinating pendant arms, providing them with new properties that increase their selectivity
and affinity toward specific ions or metal centers. These modifications (e.g. ether, ester, amide,
carboxylic acid groups)’'* have been of great interest in the supramolecular and coordination' '

chemistry of calixarene derivatives, allowing the production of new metal-containing calixarene

compounds.

The conformational flexibility, presence of a cavity and ability to simultaneously

coordinate numerous metal centers make calixarene derivatives into an excellent set of

15-18,22-24

coordinating ligands able to bind metals in various positions, as illustrated in Figure 1.1.

/

O
Q-w

Lo
)

Figure 1.1 Potential metal binding sites in a calix[4]arene ligand (Q = coordinating group).'

18,22-24



Remarkable applications of calixarene derivatives have been discovered, including their
use as enzyme mimics, in host-guest chemistry, for selective ion transport, as platforms for

. 12,2528
shape-selective catalysts, and as molecular sensors.

1.4 Structural characteristics of calixarenes

The basic structure of a calixarene consists of repeating phenolic units linked by

methylene groups to form a distinct cone-shaped cavity.

The spatial orientation of each phenolic unit leads to a conformation that is a function of
reaction conditions, the number of phenols linked together, their degree of substitution, and the
nature of the linkage between phenols. Rotation of the methylene linkers forms variable
conformations in substituted calixarenes. For example, p-tert-butylcalix[4]arene can assume the
cone, partial cone, 1,2-alternate, or 1,3-alternate conformation.”’ Figure 1.2 illustrates each
conformation. By convention, when all phenolic rings are pointed up, this signifies the cone.

When one or two are pointed down, this signifies a partial cone arrangement.



1,2-alternate 1,3-alternate

Figure 1.2 The four limiting and ideal conformations of a p-tert-butylcalix[4]arene.

One especially convenient aspect of working with calixarenes is their characteristic and
simple proton nuclear magnetic resonance ('"H NMR) spectra, which reveal the geometry and
symmetry of calixarene products. For example, the resonances of p-fert-butylcalix[n]arenes (n =
4,5, 6, 8) from the aromatic protons, the zert-butyl protons, and the hydroxyl protons are

singlets. The number of peaks can be related to the symmetry of the calixarene ring.

The methylene region is generally the most useful aspect of the spectrum. The resonances
in the 4.5-3.5 ppm region in the 'H NMR spectra provide a very distinct pattern for
conformational analysis, because the methylene bridge protons are affected most by
conformational changes. In the cone conformation, neither proton is positioned inside the cavity.

This results in a splitting pattern consisting of a pair of doublets, one occurring around 3.2 ppm



and the other at 4.9 ppm. The CH; protons appear as a pair of doublets at room temperature for
p-tert-butylcalix[4]arene (‘BuC4(H)4) and p-tert-butylcalix[8]arene (‘BuC8(H)s), and as a broad

signal for p-tert-butylcalix[5]arene (‘BuC5(H)s) and p-tert-butylcalix[6]arene (‘BuC6(H)g).

"H NMR studies of several calixarenes in solution showed that they mainly exist in the
cone conformation, but they are conformationally mobile at room temperature. The flexibility of
calixarenes can be reduced by derivatization of the upper and lower rims with bulky groups that
inhibit rotation.® A singlet arising from the OH groups varies in position (8.5-10.5 ppm) with the

size of the calixarene (Figure 1.3).

Ar-H

OH
—
Ar-CH,-Ar
‘BuC8(H); TMS
A N
‘BuC6(H),
L _ . |
‘BuC5(H)s
A

‘BuC4(H), 1

L S e e e e e o
12 11 10 g 8

Figure 1.3 'H NMR spectra in *CDCl; at room temperature of calix[n]arenes (n =4, 5, 6, 8).



For the parent calixarenes listed in Table 1.1 the Soy value is taken to be a measure of the
strength of intramolecular hydrogen bonding: the greater the value the stronger is the hydrogen
bond. Thus, intramolecular hydrogen bonding is particularly strong in calix[4]- and -[6]arenes,

slightly less so in calix[8]arene, and still less so in calix[5]arene.”

Table 1.1 'H NMR resonances for -OH, Ar-H, Ar-CH,-Ar, and C(CHs);3 in calixarenes at room

temperature in CDCls.

OH Ar-H Ar-CHy,-Ar  C(CHs)s
‘BuC4(H), 10.34 7.05 d, 4.25,3.49 1.21
‘BuC5(H)s 8.66 7.20 b, 3.80 1.25
‘BuC6(H)s 10.53 7.14 b, 4.00 1.25
‘BuC8(H)s 9.64 7.17 d, 4.36, 3.48 1.25

1.5 Metallocalixarenes

In 1985 Power et al. reported®’ the synthesis of the earliest metallocalixarene complexes.
The complexes [Ti{'BuC4}],, [(H;N)Fe{'BuC4(SiMe;)} ], and Co[Co{'BuC4(SiMe3)}],-THF
were obtained when parent ‘BuC4(H), was allowed to react with the corresponding metal amide

(Scheme 1.2). All products were characterized by X-ray crystallography.



[Ti(NMe3)4] [Fe{N(SiMe3),}3]

[Ti{'BuC4}], [(HsN)Fe{tBuC4(SiMes)}], Co[Co{'BuC4(SiMe3)},
Scheme 1.2 The first transition metal calixarene complexes prepared by Power and coworkers.”’

After these first examples other transition metal calixarene compounds were described”>
36 and opened a new field in coordination chemistry. The majority of calixarene coordination
chemistry reported in the literature has been developed with the calix[n]arenes (n =4, 6 or 8)

161922 1 contrast to the even-numbered

because of their ready availability on a multigram scale.
calixarenes, the chemistry of the odd-numbered rings, such as calix[n]arene (n =5 or 7), is

relatively unexplored due to their difficult synthesis and isolation.”

Floriani recognized that for the calix[4]arene ligand system, the four oxygen donors

preorganized in a quasi-planar geometry offer an ideal opportunity for modeling oxo surfaces

16,37

and heterogeneous catalysts. Floriani and others found that calix[n]arenes are capable of

acting as ancillary ligands for the metal-containing components of a catalyst, allowing the



resulting metal-calixarene compounds to be used for a variety of transformations.'' Floriani et al.
. . . VI VI 7 IV -V v
prepared a series of lower rim coordinated Mo™', W"', Zr ', Ta", and V' complexes and found

that the reactivity of these compounds is similar to that occurring on metal oxide surfaces.****

For example, an elegant series of experiments performed by Floriani’s group using a
tungsten(VI)-containing calix[4]arene complex (A, Scheme 1.3) allowed the formation of the M-
C bonded compounds B-H.******" The n*-olefin complexes B and H were formed by the
reduction of A below -20 °C in the presence of an excess of ethylene or propylene. The 1’
cyclohexene complex D was obtained by an analogous procedure. Compound D showed high
thermal lability of the coordinated olefin. The n*~trans-stilbene complex F, the diphenyl
acetylene complex G, and the n*-norbonene derivative E were obtained when compound D was
further heated in toluene in the presence of a slight excess of the appropriate olefin. Compound

C was produced when a catalytic amount of Na metal (10%) was added.*®**#¢4’

10



C2H4
1.9 Na, THF

Scheme 1.3 M-C bond functionalities on an oxo surface modeled by ‘BuC4(H),. 44

While many studies in calixarene chemistry have focused on the reactivity and synthesis
of mono metallocalixarene derivatives, there are few reports of selective synthesis and reactivity

of heterobimetallic complexes with the metals attached directly to the lower rim.

11



1.6 Bimetallic calixarene chemistry

Most of the bimetallic calixarene complexes described in literature contain M and M’
functionalities, in which either M = M’ or M # M’ (M, M’ = transition, alkali, or main group
metal). These complexes may be grouped depending on where the metal centers are localized
and the calixarene coordination mode. The structures of bimetallocalixarenes can be described
by six categories. The coordination modes are illustrated with calix[4]arene in Figure 1.4 while a

summary of bimetallic calixarene complexes found in literature are presented in Table 1.2.

Type llI

Type IV Type V Type VI

Figure 1.4 Examples of coordination types I-VI found in calix[4]arene containing two metal

31-33,35,38,43-44,48-95
centers. T

12



Type I: The metal centers are sandwiched by two calixarenes. Both calixarene ligands
contribute to the coordination spheres of the metals involved. The calixarenes adopt a cone

conformation.

Type II: In contrast to Type I only one calixarene moiety serves as support for both metals.
The metal centers are found in the lower rim while the calixarene adopts a cone

conformation. The coordination sphere of the metal is completed with external ligands.

Type III: 1,2-coordination from the calixarene is observed towards the metallic centers,
and the calixarene adopts a 1,2-alternate conformation so that the metals are on opposite

sides of the ring system.

Type IV: Both metal centers interact with the lower rim, but one of the metal centers is
located in the cavity of the calixarene. An important feature of this coordination type is that
neither metal participates in m-interactions with the calixarene cavity. The calixarene may

be in a cone conformation or a 1,3-flattened cone conformation.

Type V: Similar to Type IV, but one of the metal centers is stabilized in the cavity of the
calixarene by m-interactions with the aryl moieties. The other metal center is localized on
the lower rim and its coordination sphere is completed by external ligands. Generally the

metal that is localized in the cavity is an alkali metal.

Type VI: This coordination mode shows a 1,3-alternate flattened cone conformation. This

coordination mode is commonly observed for main group elements.

13



Table 1.2 Bimetallic calix[4-8]arene complexes found in the literature.

Research Group Type Elements Ref Research Group Type Elements Ref
calix[4]arene calix[4]arene
Power et al. 1 M =M’ =Ti, Fe, Co 3 Clegg et al. 1 M=M"=Ti o8
Lippard et al. 11 M=M’=Mo 8 Cowley et al. IV, VI M=M’=Sn 6
Limberg et al. 1 M=M=V ¥ Ladipo et al. 1 M=Ti; M’ =Si 07
Weinert et al. A% M=M’=Ge 50 Anwander et al. 1 M=M'=Y 74
Ishii et al. v M =Re; M’ =Pd o Cotton et al. I M=M’=Ti 7
Raston et al. \% M=Ti;M’ =K, Cs 5253
IV,2VI. M=M’ =Zn 54 thiacalix[4]arene
Gottfriedsen et al. VI M=M’=Be 5 Morohashi et al. 11T M=M’=Pd 7
Vigalok et al. IV,VI M=M’=Zn 3657 Hidai et al. I M=TiM’ =Mo ”
Hanna et al. A% M =M’ =Bi, Sb 8 ILIII M=M’ =Ir,Rh 7
Redshaw et al. 1 M=M’=Mo * Parkin et al. I M=M =W »
Lattman et al. ILII M=M =As 60 M=M’=Mo
Atwood et al. VI M=M’=Al Ga o M=W; M’ =Mo
Floriani et al. 1 M=M’=Nb 35,62 Liao et al. | M=MnM’=Gd 80
ILIV M=Nb;M’ =Na 63
V,II M=W;M =NaK 64
V,II. M=Nb;M’=Na 62-63.65
1 M=M’=Nb, Ta 6
\% M =Nb, Ta; M’ =Li, Na, K 6
I M — Ma — V 43-44
I M — Ma — W 66-67
I M=M’=Mo *
Research Group Type Elements Ref Research Group Type Elements Ref
calix[5]arene calix[7]arene
Raston et al. \% M=Ti;M’ =K 81 Hanna et al. I M =M’ =Bi 93
Lattman et al. II M=P;,M’ =W 82 .
LII M=P; M’ =W, Zr, Ti 83 calix[8]arene
Ephritikhine et al. L III M=M"=U 84 Pedersen et al. 11 M=M"=Ti 3
Hanna et al. 1 M=M’=Bi 8 Gibson et al. 11T M=M’=Mo o4
I M=M’=Bi, Sb 8 Redshaw et al. ILII M=M'=W »
111 M=Bi; M’ =Si 86 Hanna et al. LII M=M =Bi 58,93
Leverd et al. I M=M=U ¥
calix[6]arene
Atwood et al. 11 M=M’=Ti 32
Limberg et al. 11 M=M=V *
Ephritikhine et al. 11 M=M’=U 8
Redshaw et al. I M=M’=Mo, W 5
Leverd et al. I M=M’=La, Sm, Yb 8
Raston et al. I M=M’=Ti %
\Y M=Ti; M’ =Ba o192
M=Ti; M’ =Sr
M=Zr; M’ =Ba
Hanna et al. LI M=M =Bi 93
I M=M’=Sb %
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Although most bimetallic calixarene complexes in the literature are homometallic, there
is one example of a heterobimetallic complex containing two different transition metals. The
synthesis and characterization of the first such heterobimetallic (Re-Pd) calixarene complex was
reported by Ishii et al.”' Ishii used a stepwise synthesis starting with the isolation of a
mononuclear Re-containing calix[4]arene, then allowed it to react with an allylpalladium
complex (Scheme 1.4). Overall, the calixarene ligand adopts a pseudo cone conformation. The

molecular structure of the complex was confirmed by X-ray crystallography.”’

o o

OH (|3H OH Ho
\

1) 3 n-BuLi, THF, -75°C
2) [Ph,P][ReOCl,]

[PhyP]
3) Agz0, THF

[Ph,P][ReO,{'BuC4}]

O\\R//o

[Pd(n°-C3H5)(Me;CO)I(OTf)

[Ph,P][ReO,{'BuC4}]
EtOH
(OTf = OSO,CF3)

Scheme 1.4 Synthesis of the first heterobimetallic calix[4]arene complex.”'

One interesting complex of Type III containing two zinc centers showed catalytic activity
in the ring-opening polymerization of L-lactide (Scheme 1.5). Polymers with high molecular

weight and a low degree of polydispersity were obtained.”
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Scheme 1.5 Bimetallic calix[4]arene complex that showed catalytic activity.”

Motivated by the interesting properties of metallocalixarenes, we decided to explore their
coordination chemistry. The present dissertation work is focused on the design of monometallic
calix[5]arene complexes that can be used as precursors for the synthesis of new heterobimetallic
calix[5]arene complexes. Ideally the compounds should contain free OH groups on the ligand
and/or labile terminal groups to facilitate the addition of the second transition metal to the same
calixarene framework. We took advantage of the large cavity size of the calix[5]arene as

supportive ligand for our bimetallic complexes.

We synthesized and used calix[5]anions (Chapter 2) as metal precursors to obtain the first
monometallic Ti'" (Chapter 3), Mo"'(Chapter 4), and Pd" (Chapter 5) calix[5]arene complexes

containing free OH groups.

Finally, as part of our studies on the reactivity of the monometallic Pd" calixarene
complexes, we prepared the first two classes of M/Pd" (M = Ti'"), Mo"") heterobimetallic

complexes supported by calixarene ligands (Chapter 6).
16



CHAPTER 2
ALKALI METAL CALIXARENES
2.1 Introduction

As noted in Chapter 1, calixarenes are macrocyclic compounds prepared by the base-
induced condensation of certain para-substituted phenols with formaldehyde (Scheme 1.1).2
Nowadays, the easy one-step preparations of p-tert-butylcalix[4]arenc® (‘BuC4(H)s), p-tert-
butylcalix[6]arene’ (‘BuC6(H)s), and p-tert-butylcalix[8]arene® (‘BuC8(H)s), make these
compounds extremely attractive for structural, conformational, and host-guest studies. Two
interesting features make the calixarene unique to study; the cyclic framework and the oxygen
donor atoms. The cyclic framework makes a pocket or cavity that allows the inclusion of charged

15,25,2 -102
or neutral guest molecules.”'>>>*"7-10

The functionalization of either the upper rim or of the OH groups from the lower rim
provides sites for the attachment of other functional groups, facilitating the use of calixarenes in
supramolecular chemistry.” The hard acid character of the lower rim makes calixarenes
attractive as ligands for binding high-valent transition metal ions and modeling oxo

16,2
surfaces.!%%"7

Deprotonated calixarene derivatives, “calixanions”, have attracted interest in a number of
fields. Calixanions have been utilized in organic chemistry, for example, as precursors for the
synthesis of new host molecules by the addition of functional groups.'* Certain isolated
calixanions have been shown to have interesting layered solid state structures similar to organic

103-104

clays. The discovery that the parent calixarenes effect the transport of alkali metal ions in
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water/organic solvent/water membrane systems has led to a particular interest in mono-

deprotonated calixanions.'?'%

As a result of the easy synthesis and availability in multigram scale, considerable
attention has been focused on the chemistry of even membered calix[n]arenes (n = 4, 6, 8).'%!**
More recently, due to improvements in their syntheses, significant progress has also been made

in the odd membered calix[n]arenes (n = 5, 7, 9).'

In 2003 our group described the synthesis of a large series of mono- and dianionic

calix[4,6,8]arene alkali metal salts,'®”'%

observing that the size and the nature of the alkali metal
and the kind of base used, have a very important role in the conformation and the characteristics
of the resulting calixanions. Solid state structures were obtained for the monoanionic species
Li-HC4(H)3, Na-HC4(H)3, Rb-HC4(H)3 Rb-'BuC4(H);, Cs-HC4(H);, which all exhibited the

cone conformation. The dianionic species M,  HC6(H)4 (M = K, Rb, Cs) contained calixarenes in

a flattened 1,2,3-alternate conformation (Figure 2.1).
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Figure 2.1 X-ray structures of [Rb-‘BuC4(H)3]-4C4HsO (A) and
[Rb,-HC6(H)4]-3H,0-2(CHj3),CO (B), showing cone and 1,2,3-alternate conformations,

respectively.'”’

Our group demonstrated the utility of calixanions as an entry into both main-group (the
first antimony calixarene'””) and transition metal calixarene complexes''” that were inaccessible

using the traditional parent calixarene as precursor (e.g. Scheme 2.1).

1) MO®BuU, 6h
(M = alkali metal)
2) MoO,Cly, 2h

THF

R = H, HC4(H), R = H, [MoO{HC4}]
R = tert-butyl, 'BuC4(H), R = tert-butyl, [MoO{'BuC4}]

Scheme 2.1 Synthesis of [MoO{HC4}] and [MoO{'BuC4}] metallocalixarenes.'"
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Unlike the even-numbered calix[n]arenes (n = 4, 6, 8), information about the chemistry of
p-tert-butylcalix[5]arene (‘BuC5(H)s) is very limited. Early work on ‘BuC5(H)s calixanion
chemistry started with the functionalization of the lower rim. Gustche and coworkers reacted
tBuCS(H)s and KHCOs in a 1:1 ratio to generate the precursor for lower rim monosubstituted
derivatives. They used an excess of K,COj to produce the pentaanion, followed by addition of
the alkylating agent to yield the desired substituted calixarene. No isolation or characterization of

the monoanion or pentanion salt was performed.**'"!

Et;N has also been employed in order to deprotonate the ‘BuC5(H)s, and further reaction

with lanthanide(III) ions led to the formation of calix[5]arene lanthanide(IIl) complexes.''?

An unsymmetrical dimeric 1:1 K/Ti complex was isolated in a one-pot reaction by the
reaction of ‘BuC5(H)s with potassium followed by Ti(acac)z(OiPr)z.81 The solid state structure
showed a central Ti-O-Ti core with an encapsulated K ion on each calix[5]arene unit (Scheme

2.2).

1. K, MeOH/THF I
2. Ti(acac)y(O'Pr), O=—Ti—=0

'BuC5(H)s

Scheme 2.2 Synthesis of the heterobimetallic Ti/K calix[5]arene complex.81
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It is apparent that isolation, study, and full characterization of the anionic salts of
‘BuC5(H)s is lacking. In most of the cases where ‘BuC5(H)s anion was prepared the level of
deprotonation and conformation of the parent calix[n]arene remains unclear. We believe that if a
controlled metallation of ‘BuC5(H)s can be achieved, the affinity of the calixanion precursors to
specific metal centers will be greatly enhanced. Therefore, in this chapter we describe the
syntheses and characterization of the alkali metal salts of ‘BuC5 mono- and dianions derived
from Rb and Cs ions.* The effects of the alkali metal on the calixarene ring will be discussed.
*The synthesis of calix[5]anions were performed in collaboration with Dr. Daniel Mendoza-
Espinosa, but in this chapter I will describe the work that I performed during this

collaboration.'"?
2.2 Results and discussion
2.2.1 Synthesis of para-tert-butylcalix[5]arene mono- and dianions

The syntheses of '‘BuC5(H)s mono- and dianions provided product in good yields (81-
86%). Base was added to ‘BuC5(H)s in a MeOH/benzene (1:3) mixture and the mixture was
heated to reflux overnight, according to Scheme 2.3. When ‘BuC5(H)s was treated with MOH
(M =Rb, Cs) in a 1:1 molar ratio or with M,CO3 (M = Rb, Cs) in a 1:0.5 molar ratio, the
resulting salts were the monoanionic species M-‘BuC5(H)4 (M = Rb 2.1a, Cs 2.1b). Similarly,
treatment of ‘BuC5(H)s with MOH (M = Rb, Cs) in a 1:2 molar ratio or with M,CO3 (M = Rb,
Cs) in a 1:1 molar ratio, produced the dianionic species M,-'BuC5(H); (M = Rb 2.2a, Cs 2.2b).
These results are similar to those obtained for the mono- and dicalix[6]anions previously

reported by our group.'”’
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1 MOH or 0.5 MyCOj in 3:1 CgHg/MeOH

reflux, 12h. M = Rb, Cs

M-'BuC5(H),

M=Rb 2.1a
M=Cs 2.1b

oM* M-
OH OI-||_|OM O

tBuC5(H)5

2 MOH or 1 M,COj in 3:1 CgHg/MeOH

reflux, 12h. M = Rb, Cs

tBU tBu

M,-tBuC5(H);
M = Rb 2.2a
M = Cs 2.2b

Scheme 2.3 Synthesis of para-tert-butylcalix[5]arene anions.

All of these ‘BuC5(H)s salts are air-stable, but their crystals readily lose solvent
molecules to become a white powder. Crude ‘BuC5(H)s mono- or dianion salts were initially
obtained as light yellow or off-white powders but suitable X-ray quality crystals were obtained

by pentane diffusion into a concentrated solution of THF.
2.2.2 NMR spectroscopy

The NMR spectral patterns of calixarenes provide a useful measure of conformational
identity, and the temperature dependence of the methylene proton signals allows an assessment
of the rates of conformational inversion. In the room temperature 'H NMR spectra, the
‘BuC5(H)s mono- and dianions all show single sharp signals for the aromatic protons around

7.12-6.97 ppm, and for the rert-butyl groups at 1.23—1.18 ppm. The simplicity of the 'H NMR
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patterns for the Rb or Cs mono- and dianions suggests a cone conformation (Figure 2.2). The 'H

NMR data 1s summarized in Table 2.1.

‘B T™MS
Ar-H "
oH —
N Ar-CH,-Ar
— —
Cs,-'BuC5(H); 2.2b * ‘ ‘
N ] o~

Cs-‘BuC5(H), 2.1b
..._.«A-...

Rb,-‘BuC5(H); 2.2a
2 3 _-"/\HL'L _._’/-\_ J
Rb-‘BuC5(H), 2.1a A
g G
‘BuC5(H)s J
A h
1'4 ““'112””[” r1'|' s Illl. 's'!i'z' """"" -Il”“

Figure 2.2 'H NMR spectra of ‘BuC5(H)s and alkali metal salts of mono- and dianions at room

temperature in CDCls.

The hydroxyl group in Rb-'‘BuC5(H); 2.1a is too broad to see at room temperature, while
for Rb,-‘BuC5(H); 2.2a the OH peak is a broad signal localized at 8.03 ppm. The OH resonance
for Cs-‘BuC5(H)4 2.1b is observed at 8.75 ppm and for Cs,-‘BuC5(H)3 2.2b at 13.49 ppm. The
downfield shift from 8.66 to 13.49 ppm for Cs,-‘BuC5(H)3 2.2b could be attributed to the
increased strength of H-bonding between the remaining OH and phenolate groups;9 presumably

the larger cation enforces proximity of the lower rim oxygens.
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Table 2.1 'H NMR data of ‘BuC5(H)s mono- and dianions at room temperature in CDCl; (8 in

ppm).
Compound OH Ar-H Ar-CH,-Ar C(CH»)
Bu'C5(H)s 8.66 (s) 7.21 (s) 3.94 (b), 3.69 (b) 1.26 (s)
Rb-‘BuC5(H)s2.1a  Notseen  7.12(s) 3.86 (b) 1.23 (s)

Cs'BuC5(H);s2.2a  8.75(b)  7.10(s) 4.21(b),3.46() 1.22(s)
Rb,-'BuC5(H); 2.1b  8.03(b)  7.07(s)  3.86 (b) 1.20 (s)
Cs;'BuCS5(H);2.2b 1349 (b) 697 (s) 4.24(b),3.48(b) 1.18(s)

13C NMR spectra of all the mono and dianionic salts show four peaks for the aromatic
carbons, one peak for the methylene groups and two peaks for fert-butyl groups. In the BC NMR
spectra the signals at about 34 ppm are assigned to the Ar-CH,-Ar groups. The simplicity of the
'H NMR, and the single methylene peak in the '>*C NMR spectra for the mono and dianionic
salts, are typical of cone structures in the solution state, consistent with the solid state structures

(vide infra).*
2.2.3 Conformational studies

‘BuC5(H)s resembles ‘BuC4(H)4 in having four basic conformations (cone, partial cone,
1,2 -alternate, 1,3 -alternate). However, because of the wider dimension of its annulus,
‘BuC5(H)s is more prone to conformational interconversion.*® Temperature-dependent 'H NMR
studies for the four salts were carried out, their coalescence temperatures were obtained, and the

energies for conformational interconversion AG* were calculated (Table 2.2).
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Table 2.2 Coalescence temperatures at 300 MHz and free energies of activation for the
conformational inversion of M-'BuC5(H), and M,-‘BuC5(H)3; (M = Rb, Cs) anions (AGI =

458TC(1032 + log Tc/kc)/IOOO),lM_l”

Compound T.K Av (£15)Hz  AG*( 0.4) kcal mol™
tBuCS(H)53O 271 13.2
Rb-‘BuC5(H),4 2.1a 280 255 12.8
Cs-'‘BuC5(H)4 2.22a 301 182 14.1
Rb,-'‘BuC5(H); 2.1b 278 297 12.7
Cs,'BuC5(H)3 2.2b 300 339 13.6

Note: '"H NMR experiments were performed in CDCl;,

2.2.3.1 Inversion energies

The room-temperature 'H NMR spectrum of ‘BuC5(H)s exhibits two broad peaks for the
methylene groups that bridge the arene units (Ar-CH,-Ar groups), indicating that the two types
of protons of the cone conformer are exchanging environments fairly slowly on the NMR time
scale (see Figure 2.2). The "H NMR spectra of the Rb-‘BuC5(H), 2.1a and Rb,-'BuC5(H); 2.2a
salts give a broad peak at 3.86 ppm, showing that inversion is more rapid than in the parent
molecule. In Rb-'BuC5(H), 2.1a and Rb,-‘BuC5(H); 2.2a the coalescence temperatures are
higher and the energies for conformational interconversion AG* are slightly lower (12.8 (+ 0.4)
and 12.7 (£ 0.4) kcal mol™, respectively) than that of parent ‘BuC5(H)s (13.2 + 0.4 kcal mol™)
(Table 2.2). For Cs-‘BuC5(H), 2.1b and Cs,-‘BuC5(H); 2.2b the 'H NMR spectra exhibit two

broad peaks in the methylene area around 4.24 and 3.46 ppm, indicating that the two types of
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protons are exchanging environments slowly on the NMR time scale. The coalescence
temperatures and the energies of conformational interconversion (AG* = 14.1 (+ 0.4) and 13.6 (+

0.4) keal mol™, respectively) for the cesium salts are higher.

These results suggest that Cs salts have a more rigid structure than the parent ‘BuC5(H)s
and Rb salts. All of the energy differences are rather small, though, and other factors can
influence the 'H NMR pattern of the salts. Water or residual traces of solvent lead to changes in
the methylene area, probably due to their interactions either with the cation or phenol groups of

the calixarene.
2.2.4 Crystal structures of the calixanions

The solid state structures are consistent with the '"H NMR patterns, and confirm the cone-
like conformation adopted by the ‘BuC5(H)s. The X-ray structures of M-'BuC5(H), and

M,-‘BuC5(H); (M = Rb or Cs) are shown in Figures 2.3 and 2.4, respectively.
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b)

Figure 2.3 Crystal structures of monoanions M'tBuCS(H)4‘C4HgO (M =Rb or Cs). Thermal

ellipsoids are shown at 50% probability; hydrogen atoms are omitted for clarity.
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Figure 2.4 Crystal structures of dianions. a) Rb,-‘BuC5(H)3-4C4HgO-2H,0 and b)
Cs, "‘BuC5(H);3-4C4HgO-4H,0. Thermal ellipsoids are shown at 50% probability; hydrogen

atoms are omitted for clarity.
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The strong m-cation interaction between M and the phenyl rings A and C is the major

conformation-determining feature, comparable to our previous report.

within normal ranges, as can be seen in Table 2.3.

107

Table 2.3 Selected M-O and M-C distances of alkali metal salts of calixanions

Bond distances fall

Compound M-O (OAr)/A M-O (solvate)/A M-C/A® ref
Rb salts
-Monoanions
Rb-HC4(H);-C,HO 2.943(3) 2.7770(17) 3.349(3)-3.579(3) 107
Rb-'BuC4(H);-4C,H O 3.124(2) 2.796(2) Not observed 107
Rb-‘BuC5(H), C,HO 2.872(6)-3.242(7) 2.920(8) 3.263(9)-3.495(9) b
-Dianions
Rb,-‘BuC5(H);-2C,HO -H,O  2.820(3)-3.294(3) 2.615(14)-2.975(5)  3.329(4)-3.503(5) b
Rb,-‘BuC6(H),-2(CH;),CO 2.986(2)-2.999(3) 2.835(4)-3.095(4)  3.304(4)-3.731(4) 107
Cs salts
-Monoanions
Cs-HC4(H);-(CH;),CO 3.100(3) 2.959(3) 3.599(3)-3.840(3) 107
Cs-HC4(H);-pyridine 3.169(12)-3.704(16) 3.53(1)-4.17(1) 18
Cs-HC4(H);-H,0 3.065(5)-3.673(5) 2.97(3) 3.530(7) 18
Cs-'BuC4(H);-CH;CN ~4.0 3.545(3)-3.961(3) 1o
Cs-'BuC5(H), C,H O 3.015(4)-3.352(4) 3.063(5) 3.368(5)-3.604(6) b
Cs-HC6(H), (CH;),CO 3.073(12)-3.535(15)  2.99(2) 3.416(15)-3.886(16) '’
-Dianions

b, c

Cs,-'‘BuC5(H);-2C,H;0-2H,0

Cs,-HC6(H),-2(CH;),CO

3.081(3)-3.455(3)

2.975(12)-3.000(8)

2.873(11)-3.084(8)

2.853(10)-3.093(9)

“Distances for cation- arene interactions. ” This work. ¢ Asymmetric unit.

3.454(4)-3.607(4)

3.301(13)-3.728(13)

107
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2.2.4.1 Metal-oxygen versus metal-carbon (m-cation) interactions

The ‘BuC5(H)s calixanions allow us to examine the relative affinities of each metal for
interaction with the phenolic oxygens in the calixarene lower rim versus m-cation interactions
with the arene rings within the cavity. A combination of these effects determines the following

structure types:

a) Discrete monomeric units. M-"BuC5(H)4-C4HsO (M = Rb or Cs) (Figure 2.3) exhibits a
monomeric structure with coordination of the alkali metal M (M = Rb, Cs) to three
phenolic oxygens in the calixarene ring and one molecule of THF. The conformation of
the calixarene ring can be described as flattened cone due to the M-C = interactions. The
crystal structures are consistent with the '"H NMR patterns observed in solution. In these
complexes the presence of bulky tert-butyl groups blocks the formation of polymeric

structures. 18

b) Discrete dimeric units. The Rb2~tBuC5(H)3-4C4HgO-2H20 (2.2a-4C4Hs0-2H,0) and
CSz'tBuCS(H)3'4C4HgO‘4H20 (2.2b-4C4HgO-4H,0) dimers (Figure 2.4) contain a C,
symmetry element located at the center of the metallocycle and between the THF
molecules coordinated to the alkali metal (Figure 2.3). The structure shows n-cation

interaction as observed in the monoanion, resulting in the flattened cone conformation of

the ‘BuC5(H)s.
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2.2.4.2 Core structures

In molecules of M-'‘BuC5(H)4 (M = Rb or Cs) containing one mono-deprotonated
‘BuC5(H)s, the metal atom M does not appear to closely interact with the oxygen atoms of the
calixarene; the metal-solvate distances (2.920(8) — 3.063(5) A) are similar to the M-O calixarene
distances (2.872(6) — 3.352(4) A). M-'BuC5(H), holds the metal within the calixarene cup. Like

other calixarene inclusion complexes,”” %"

the metal center is coordinated to four O donors;
one THF, one phenolate, and two phenol groups from the calixarene. The aromatic rings A and
C of the calixarene interact with the metal center with typical M-C bond distances (3.263(9) to

3.604(6) A) comparable to 3.65 A (avg) M-C distances observed in similar compounds.'*”'"”

The dimeric molecules of M,-‘BuC5(H)3 (M = Rb or Cs, Figure 2.4) comprise two
doubly deprotonated ‘BuC5 dianions fused at the lower rim by two bridging M cations [M(2)
and M(2a)]. Each bridging Rb cation [Rb(2) and Rb(2a)] is coordinated to seven O donors.
These are a coordinated water molecule (O(8W)), one THF molecule (O(7)), four phenol groups
from one calixarene moiety (O(1), O(2), O(4) and O(5)), and finally one phenol of the second
calixarene moiety (O(5a)). The Cs cations [Cs(2) and Cs(2a)] are similar but have an extra

molecule of water resulting in a coordination number of 8 (Figure 2.5).
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Figure 2.5 Crystal structures of coordination sphere of a) [Rb(2)] and b) [Cs(2)] showing the

coordination numbers 7 and 8 respectively. Thermal ellipsoids are shown at 50% probability.

The M(1) and M(1a) cations of each M,-‘BuC5(H); molecule (M = Rb or Cs) are found
inside the calixarene cavity due again to strong m interactions with the aromatic rings A and C.
The M-C distances range from 3.329(4) to 3.607(4) A. As in the monocalix[5]anions, the metal
cation inside the cavity is coordinated to four O-donors, three of them coming from the
calixarene and the remaining one from a THF molecule. The polyhapto coordination of the metal

with two of the aromatic rings imposes the flattened conformations of the calixarenes.
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2.3 Experimental section
2.3.1 General information

All manipulations were carried out in air. Benzene was dried by refluxing over
Na°/benzophenone ketyl and stored over 4 A molecular sieves. Methanol was passed through a
column of activated 4 A molecular sieves, kept over 4 A molecular sieves for 15 days, and then
the solvent was distilled and stored over 4 A molecular sieves. The melting points of all
compounds were taken in capillary tubes on a Mel-Temp apparatus (Laboratory Devices,
Cambridge, MA) using a 500 °C thermometer. A melting temperature proceeded by “>” sign
indicates that the compound starts to decompose at that temperature. 'H NMR and °C NMR
spectra were recorded at room temperature on a Varian XL-300 spectrometer at 300 and 75 MHz
respectively. Microanalyses were performed by Atlantic Microlab, Inc, Norcross, GA. IR and
UV/Vis spectra were obtained with an infinity Gold™ FTIR spectrometer and Agilent 8453
spectrophotometer, respectively. All X-ray diffraction experiments were performed in a Bruker
SMART 1000 CCD detector at 223 K using Mo Ka. radiation. ‘BuC5(H)s was synthesized
according to the procedure of Gutsche et al. 120 RbOH, CsOH, Rb,CO3 and Cs,CO5 were

purchased from Aldrich and were used as received.
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2.3.2 Preparation of compounds
2.3.2.1 General procedure for mono- and dianion synthesis

All the Rb and Cs mono- and dianion salts were prepared following a general procedure.
The procedure can be used in a ‘BuC5(H)s:0.5M,CO;3 molar ratio (M = Rb, Cs) to produce

monocalixanion, or in a ‘BuC5(H)s:2MOH molar ratio (M = Rb, Cs) for dicalixanion.

To a solution of 0.250 mmol ‘BuC5(H)s (0.202 g) and 0.250 mmol of MOH (M = Rb,
Cs) or M,CO; (M = Rb, Cs) in 25 mL of dry benzene was added 5 mL of dry methanol. A Dean
Stark condenser was connected to the flask and the mixture was stirred under a flow of nitrogen
gas. After 12 hrs of reflux all volatiles were removed under reduced pressure. The crude product
was obtained by diffusion of pentane into a concentrated THF solution to obtain colorless

crystals suitable for X-ray analysis.

Rb-‘BuC5(H), (2.1a): White solid (0.198 g, 86% yield). Mp: >205 °C. '"H NMR (CDCl;)
O (ppm) = 1.23 (s, 45H, C(CHs3)3), 3.86 (b, 10H, Ar-CH>-Ar), 7.12 (s, 10H, Ar-H) (OH peaks
were not observed at room temperature). >C{'H} NMR (CDCls) & (ppm) = 31.5 (C(CH3)3), 32.4
(C(CH3)3), 33.9 (Ar-CHy-Ar), 125.6 (Cy4-H), 128.2 (C4,-CHy), 142.0 (C,- C(CHs)3), 150.6 (Cyy-
OH). FTIR (KBr, cm™): 3426s (OH), 3309sh, 2960s, 2906m, 2868m, 1610w, 1483s, 1363m,
1294m, 1260m, 1204s, 1101m, 1020m, 878m, 803m. UV/vis (THF) Amax/nm (¢/dm’mol'cm™):
286 (4.218 x 10%), 240 (1.271 x 10%). Cs5sHgeOsRb-C4HgO (976.1): caled C 73.21, H 8.03; found

C 72.94, H 8.06.

Cs-'BuC5(H); (2.1b): White solid (0.202 g, 86% yield). Mp: >225 °C. 'H NMR (CDCls)
8 (ppm) = 1.22 (s, 45H, C(CHs)3), 3.46 (b, SH, Ar-CH>-Ar), 4.21 (b, SH, Ar-CH>-Ar), 7.10 (s,
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10H, Ar-H), 8.75 (b, 4H, OH). “C{'H} NMR (CDCls) & (ppm) = 31.6 (C(CH3)3), 32.3
(C(CHs)3), 33.8 (ArCH,Ar), 125.6 (Cy-H), 128.2 (C4,-CH,), 141.9 (C4- C(CHa)3), 151.1 (Cyy-
OH). FTIR (KBr, cm™): 3409s (OH), 2960s, 2904m, 2866m, 1612w, 1483s, 1363m, 1292m,
1257m, 1205s, 1118w, 1018w, 879w, 818w. UV/vis (THF) Ama/nm (¢/dm’mol'cm™): 285
(1.966 x 10%), 241 (1.190 x 10). Cs5Hg9OsCs (942.4): caled C 69.58, H 7.89; found C 69.23, H

7.90.

Rb,-‘BuC5(H); (2.2a): White solid (0.203 g, 83% yield). Mp: >235 °C. 'H NMR
(CDCl3) & (ppm) = 1.20 (s, 45H, C(CHs)3), 3.86 (b, 10H, Ar-CH,-Ar), 7.07 (s, 10H, Ar-H), 8.03
(b, 3H, OH). “C{'H} (CDCl;) & (ppm) = 31.6 (C(CH3)3), 33.1 (C(CH3)3), 33.8 (Ar-CHa-Ar),
125.5 (C4-H), 128.8 (C4,-CH,), 140.7 (C4- C(CHs)3), 152.6 (C4,-OH). FTIR (KBr, cm™): 3434s
(OH), 2960s, 2908m, 2870m, 1633m, 1481s, 1362m, 1295m, 1261w, 1203m, 1107m, 1022m,
883w, 803m. UV/vis (THF) Ame/nm (e/dm’mol'em™): 287 (2.167 x 10%), 241 (1.817 x 10™).

CssHesOsRb-C4HsO-H,0 (1069.5): caled C 66.20, H 7.35; found C 65.85, H 7.32.

Csz-'BuC5(H); (2.2b): White solid (0.215 g, 81% yield). Mp: >260 °C. "H NMR (CDCls)
8 (ppm) = 1.18 (s, 45H, C(CHs)3), 3.48 (b, 5H, Ar-CH,-Ar), 4.24 (b, 5H, Ar-CH,-Ar), 6.97 (s,
10H, Ar-H), 13.49 (b, 3H, OH). *C{'H} NMR (CDCls) & (ppm) = 31.0 (C(CH3)3), 33.2
(C(CHs)3), 33.8 (Ar-CH,-Ar), 125.4 (Cy4-H), 128.9 (C4,-CH,), 139.9 (C4- C(CHs)3), 153.9 (Cyy-
OH). FTIR (KBr, cm™): 3437s (OH), 2960s, 2908m, 2870m, 1633m, 1480s, 1362m, 1296m,
1261w, 1206m, 1099m, 1022m, 879w, 801m. UV/vis (THF) Ama/nm (e/dm’*mol'cm™): 287
(1.766 x 10%), 242 (1.885 x 10). CssHgz05Csy-C4HgO (1146.4): caled C 61.76, H 6.68; found C

61.95,H6.97.
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2.3.3 Solubility and air-sensitivity of calixanions

All calixarene salts are very soluble in chloroform and dimethylsulfoxide but less soluble
in benzene or toluene. The mono- and dianionic salts are air stable, so it is easy to purify them by
recrystallization. Their crystals lose coordinating solvent molecules to become a powder. Partial
decomposition of metal salts was noted within one month of air exposure, as judged by the

increased amounts of parent calixarene (established by 'H NMR).
2.3.4 VT-NMR studies

Temperature-dependent "H NMR spectra were recorded on a Varian XL-300
spectrometer at 300 MHz, with liquid nitrogen as coolant. The rate constants (k. in s™) for
conformational interconversion at the coalescence temperature were calculated from the equation
ke=2.22(AV? + 6 45) 2.7 The free energy barrier to conformational interconversion in
kcal-mol™ was calculated from the equation AG* = 4.58T.(10.32 + log T/k;)/1000."14!7
Assuming an accuracy of +5 °C for the value of T, an accuracy of +15 Hz for the value of Av,
and an accuracy of £2 Hz for the value of Jap, it is estimated that the values should be accurate
to £0.4 kcal-mol™. The value of Av was taken as the difference in Hz between the frequencies of
methylene doublets undergoing coalescence (observed at a sufficiently low temperature that

peaks are sharp).'' "

2.3.5 General X-ray crystal structure information

Data for ‘BuC5 monoanions and dianions were collected on a Bruker Smart 1000 CCD
area detector under a 223 K nitrogen stream. The crystals used in the experiments were coated

with Paratone-N oil. Crystallographic data are summarized in Table 2.4. All structures were
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solved by direct methods and subsequent difference Fourier syntheses and refined by full-matrix

least-squares methods against F°.'*! The crystal structures of this chapter were solved in

collaboration with Dr. Mauricio Quiroz-Guzman, Dr. Daniel Mendoza-Espinosa and Professor

Rheingold.

Table 2.4 Crystallographic data and summary of the data collection and structure refinement of

compounds M-‘BuC5(H)4 (M = Rb 2.1a, Cs 2.2a) and M,-'BuC5(H); (M = Rb 2.1b, Cs 2.2b)

2.1a-C4HO 2.1b-C4HO 2.2a-4C4H30-2H,0 2.2b-4C,Hz0-4H,0
Empirical Formula  CsoH7,04Rb Cs59H77,06Cs-C4HgO Ci26H1720,6Rby4 C26H176015Cs4
FW 966.67 1015.12 2276.45 2496.20
cryst syst Monoclinic Monoclinic Monoclinic Monoclinic
space group P21/c P21/c C2/c C2/c
T,K 223(2) 223(2) 213(2) 223(2)
a, A 16.657(2) 16.6321(10) 38.854(2) 39.5795(16)
b, A 21.062(3) 21.3979(13) 16.1785(9) 16.0732(6)
c, A 19.198(2) 19.1894(11) 21.4390(12) 21.5063(9)
a, deg 90 90 90 90
B, deg 108.944(2) 108.70(10) 91.0460(10) 91.1230(10)
y, deg 90 90 90 90
v, A 6370.8(13) 6468.6(7) 13474.2(13) 13679.0(9)
A 4 4 4 4
eateq, grem” 1.008 1.042 1.122 1.212
4, mm’™! 0.818 0.612 1.498 1.113
Refl collected 43091 74471 22368 50002
T i/ Tinax 0.857 0.89 0.765 0.853
N measd [Ri,] 11209 [0.1749] 15551 [0.0779] 13404 [0.0559] 16071 [0.0634]
R (I> 2sigma(l)) 0.1032 0.0846 0.0595 0.0521
R, (I> 2sigma(l)) 0.3101 0.2481 0.1439 0.1568
GOF 0.959 1.094 0.927 0.804
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2.4 Conclusions

We have reported the high-yield synthesis and complete characterization for a series of p-
tert-butylcalix[5]arene mono- and dianions. The synthesis consists of the simple addition of base
to the parent calixarene and reflux under a dry flow of nitrogen. NMR and X-ray structural
studies show that the complexes with rubidium and cesium are in their flattened cone

conformation due to their M-C m-arene interactions.

We have illustrated the structural types of rubidium and cesium metal salts of p-tert-
butylcalix[5]arene in the solid state. These include monomeric and dimeric units. Bulky fert-
butyl groups in the upper rim of the ‘BuC5(H)s appear to block polymer formation in the solid
state. Alkali metal atoms were found to bind the calixarene ring in the endo and exo positions.
Alkali metal cation-w interactions can be observed for rubidium and cesium cations, and these

interactions become progressively more important as the size of the alkali metal increases.
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CHAPTER 3
CALIX[5]ARENE TITANIUM(IV) COMPLEXES
3.1 Introduction

Calixarenes have found numerous applications in many fields, including catalysis'’ and
complexation of cations for sensing and nuclear waste remediation.'*? Recently, interest has
focused on the synthesis of metallocalixarenes due to their potential for modeling heterogeneous

: 1
oxygen-rich surfaces.'®’

Most of the calixarene coordination chemistry has focused on complexes containing d
(M-calixarene) and f-block (Ln-calixarene) metals (M =Y, Ti, Zr, V, Nb, Ta, Cr, Mo, W, Fe, Co,
and Ln = La, Pr, Nd, Sm, Yb),18'20’23’89’123 compared with the number of main group-containing

calixarene complexes (E-calixarene; E = B, Al, Ga, Si, Sn, Ge, P, As, Sb, Bi, Zn).50’54’58’6o'

61,69,74,83,85,93,109,124-141 - . :
(09,74,83.83,93,109, The synthesis of these calixarene complexes has been done using metal

amides, metal alkoxides or metal chlorides with either parent or ether-substituted calix[n]arenes
31,33,35,41,43-45,50,54,60-62,69,74,82,123-125,127-131,133-136,139,142-148
(n=4, 6, 8) as precursors.” 77> T /69,7482, -127-131, o

Our group, on the other hand, is taking advantage of calixarene salts. We have described

the synthesis and characterization of a large series of mono-, di-, tri-, and pentaanionic alkali

107108113 and used them as starting materials for the successful synthesis of

metal calixarene salts,
the first bismuth(III) and antimony(III) calix[4]arene complexes.'” Recently, our group
published general procedures for the preparation of bismuth RC4(H)4 (R = H, Bu, allyl)

85,110

complexes® and transition metallocalixarenes that were inaccessible using the traditional

parent calixarene as precursor.
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We are currently interested in forming partially metallated calixarenes. We will
determine the three-dimensional structure adopted by the calixarene ligand when it is
coordinated to the transition metal, and later use the metallocalixarene as starting material for

further reactions.

The ability to selectively prepare complexes containing just one metal center, with free

OH groups available for further reactivity, is critical for the rational design of bimetallic species.

Only two examples of titanium(I'V)-containing calix[5]arene complexes have been
reported in literature. Both Lamb ez al.*' and Lattman et al.® started from the parent ‘BuC5(H)s,
but Lattman first prepared a phosphorus-containing p-tert-butylcalix[5]arene

(‘BuC5(PNMe,)(H)s), then added titanium (Scheme 3.1).

1. P(NMey)3
2. Ti(NMe2)4
toluene

— >

tBuC5(H)s

1. K, MeOH/THF
2. Ti(acac),(O'Pr);

[{MeOH-K-*BuC5(H)}-u-O-[Ti(acac)l{THF-K-'BuC5(H),}]

Scheme 3.1 ‘BuC5(PNMe,)(H); and ‘BuC5(H)s titanium(IV) complexes found in literature.*'
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In this chapter, we describe the synthesis and characterization of novel titanium(I'V)
calix[5]arene complexes. Our synthetic approach uses isolated calixanions and the corresponding

chlorotitanium derivatives.

3.2 Results and discussion
3.2.1 Reactivity of the calix[5]arene dianion, compounds 3.1 and 3.2

In the X-ray structures of the calix[5]arene dianions M- ‘BuC5(H); (M = K, Rb, Cs) we
observed an interesting feature. In K,-'BuC5(H); we observed that the two potassium ions are
localized in the lower rim of the calix[5]arene while in M,-'BuC5(H); (M = Rb, Cs), one M (M

= Rb, Cs) ion is observed in the cavity of the calixarene (endo) and the second alkali ion lies on

113

the lower rim of the calix[5]arene, exo- to the cavity (Figure 3.1).

. ‘ Caption
L @cC
@0

@ Rb

a) b)

Figure 3.1 X-ray structures of a) dimeric K,-'BuC5(H)3;-4DMSO and b) dimeric
Rb,-‘BuC5(H);-2THF-H,0. Thermal ellipsoids are shown at 50% probability; hydrogen atoms

and non-coordinated DMSO molecules are omitted for clarity.'"
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From this solid state observation, we became interested in the reactivity of the
calix[5]arene dianion with the larger Rb" and Cs" ions. We hypothesize two possible scenarios
for the reactivity of the cation found inside of the calix[5]arene cavity. First, the cation found
inside the cavity might be displaced in a salt elimination reaction, i.e., be easily removed from

the cavity using chloride-containing metal derivatives in order to produce a bimetallic

calix[5]arene complex. Alternatively, the cation availability may be reduced by the m-interactions

between the ion and the aryl part of the calix[5]arene, resulting in low reactivity for that ion. The

ion located in the lower rim may therefore have greater reactivity.

In order to distinguish between these two possibilities, we initially reacted Cp,TiCl, with

Cs,-'BuC5(H); in a 1:1 ratio in THF at room temperature (reaction A) for 12 hrs. From reaction

A, we suggested the formation of one of compounds 3a to 3d (according to the pathways 1-4,

Scheme 3.2). We chose the Cp,TiCl, reactant as starting material in order to avoid dimeric

31,68

titanium bridged complexes, which would not be useful for our purposes.

3a+2CsCl pathway 1
Cp,TiCl, ___—= 3b+2CsCl + CpH pathway 2 "
THF, 12h,rt. g T 3c+ CsCl pathway 3
3d +CsCl+CpH  pathway 4
T ? /Tl‘\u,c|
/ AN Tivw,
oH7 g R OH (\T/OCBH o \m@ o- Ho_ 3
\ I
I, 7 = R
V) 28518 3 28518 ¢
[ [ Bu A By Bu n 15, ) By
3a 3b 3¢ 2

Scheme 3.2 Proposed products 3a to 3d for reaction A according to suggested pathways 1-4
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In pathways 1 and 2 we suggest the displacement of both Cs" ions. Displacement of the
two chlorines would give the proposed structure 3a, while the formation of 3b might occur from
the cleavage and reaction of one of the cyclopentadienyl (Cp) ligands with one available proton
of the lower rim of the calix[5]arene. Cleavage of the Cp and binding to the lower rim has been

previously observed in the formation of [CpTi{'BuC6(H)3}] and [(CpTi),{'BuC6}] complexes.”

In pathways 3 and 4 we propose that Cs" ion localized in the lower rim is the only
reactive one. Chlorine displacement would produce compound 3¢, and the formation of 3d

would occur upon cleavage and further reactivity of one of the Cp ligands.

Reaction A was performed and the crude product was analyzed. After 12 hrs of reaction
time, the solvent was removed by high vacuum and an orange-red solid was obtained. The 'H
NMR spectrum of the product in C¢Dg showed a complex mixture of compounds in which a

major compound was the parent ‘BuC5(H)s.

In order to isolate a single titanium-containing calix[5]arene compound from the reaction
mixture, we induced its separation by crystallization. After one week, a small amount of orange
and colorless crystals were obtained. The crystals were carefully separated with the aid of a
microscope in order to get one small orange crystal suitable for single crystal X-ray diffraction

analysis. The X-ray structure for that crystal is labeled as 3.1, and shown in Figure 3.2.
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Figure 3.2 Line drawing (left) and X-ray structure (right) of the dimeric structure of 3.1.

Thermal ellipsoids are shown at 50% probability. Hydrogen atoms and some DMSO
crystallization molecules have been omitted for clarity. The second part of the molecule is drawn

in wireframe style for clarity.

The structure of compound 3.1 does not match any of those proposed (3a-d) for reaction
A. Nevertheless, the structure of compound 3.1 contains two titanium atoms per calix[5]arene
ring. One of the titanium atoms still contains a Cp ligand while the second is coordinated entirely
to oxygen atoms. The two titanium atoms are bridged by an oxygen atom O(6). The presence of
the titanium atom and a Cp ligand suggests that one of the proposed pathways proposed may be
followed in order to produce a precursor to compound 3.1. The structure of compound 3.1 also
provides an answer about the reactivity of the calix[5]arene dianion; both Cs™ ions were

displaced from the calix[5]arene ligand.
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Our next approach was using the same 1:1 ratio of reactants (Cp,TiCl,:Cs,-‘BuC5(H)3),
but we changed the reaction temperature from room temperature to 85 °C. Unfortunately, the 'H
NMR spectrum displayed a different complex pattern, with ‘BuC5(H)s as the major observable
compound. Crystallization resulted in a small amount of red crystals, 3.2. The crystal structure of
compound 3.2 (Figure 3.3) matched neither that of compound 3.1 nor any of the proposed

structures 3a-d.

Figure 3.3 Line drawing (left) and X-ray structure (right) of compound 3.2. Thermal ellipsoids
are shown at 50% probability, and crystallization molecules and hydrogen atoms are not shown

for clarity.
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From the X-ray structures of compounds 3.1 and 3.2, an interesting feature is evident: in
both cases two titanium atoms (Ti(1) and Ti(2)) are connected by a p-oxo bridge O(6). It is likely
that the oxo bridge comes from adventitious water.*"'** In our reaction conditions, it was not
possible to reproduce these results, probably because the water content in the Cs,- ‘BuC5(H)j; salt
varies from one batch to another. Compounds 3.1 and 3.2 may be the products of hydrolysis of
the actual products obtained from reaction A. In order to avoid interference from adventitious
water, we decided to dry the Cs,-‘BuC5(H)s salt by placing it in the oven at 100 °C for at least

12 hrs.
3.2.2 Synthesis of compounds 3.3 and 3.4

Dry Cs,-‘BuC5(H); starting material produced good results. When dry Cs,-'BuC5(H)s
salt was reacted in a 1:1.15 molar ratio with Cp,TiCl,, we obtained a new bimetallic complex
[(TiCpCl),{'BuC5(H)3}] 3.3 in 77% yield (Scheme 3.3). The structure of compound 3.3 is
proposed on the basis of its spectroscopic and analytical data and the presence of the CI was

supported by using Energy Dispersive X-ray analysis (EDX).

Attempts to increase the yield of complex 3.3 by increasing the equivalents of Cp,TiCl,
were unsuccessful, yielding a complex mixture of compounds. Similar results were obtained

using the sodium, potassium or rubidium dianionic salts.'"
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1.15 Cp,TiCl,

THF, 7 h, r.t.
M =K, Rb, Cs

M,-tBuC5(H)3 [(TICpCl),{{BuC5(H)3}]
2.2a-b 3.3

Scheme 3.3 Synthesis of compound [(TiCpCl),{'BuC5(H)3}] 3.3.

In a second approach, we hypothesized that CpTiCl; might give the monometallic species
3e by removal of two Cs ions by chlorides, or 3d by removal of a H" with the third chloride, as

depicted in Scheme 3.4.

CpTiCl,

= 9

THF, 7 h, rt.

Cs,-'BuC5(H);

3d

Scheme 3.4 Proposed structure of compounds 3e or 3d by using CpTiCls with dry

Cs,'‘BuC5(H):.
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Again the proposed result was not obtained. A mixture of products was observed by 'H
NMR spectroscopy. One of them (3.4) was isolated by successive hexane and pentane washing

cycles.

The molecular structure of compound 3.4 is proposed (Figure 3.4) on the basis of its
spectroscopic characterization, since attempts to obtain crystals suitable for X-ray analysis were
unsuccessful. A similar result was obtained when we used the sodium, potassium or rubidium

dianionic salts.

Figure 3.4 Proposed structure of compound 3.4.
3.3 Crystal and molecular structures

Compounds 3.1:6DMSO and 3.2-2C¢Hg are shown in Figures 3.2 and 3.3, respectively,
and selected bond distances and angles are listed in Table 3.1. Complexes 3.1:6DMSO and
3.2:2C¢Hg both have a Ti(1)-(u-O)-Ti(2) core with an oxygen bridging two titanium atoms,
similar to [ {MeOH-K-‘BuC5(H)}-pn-O-[Ti(acac)],{THF -K-‘BuC5(H)3}] and [(-TiCp-p-O-TiCp-
1-0-), {'BuC4}] reported by Lamb et al. (Figure 3.5).*"'* The Ti(1)-(u-0)-Ti(2) angles of
152.85(12)° in 3.1 and 157.7(3)° in 3.2 are close to the 151.5(2)° found in a known titanium
compound [{MeOH-K-tBuCS(H)}-u-O-[Ti(acac)]z{THF-K-tBuCS(H);;}],81 but are larger than

that found in [(-TiCp-p-O-TiCp-p-0-), {'BuC4}] (139.55(9)°)."*
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a) b)

Figure 3.5 X-ray structures of a) [{MeOH-K-'BuC5(H)}-u-O-[Ti(acac)]>{THF-K-‘BuC5(H)3}]

and b) [(-TiCp-u-O-TiCp-p-O-),{‘BuC4}] reported by Lamb et al. *"'*

In complexes 3.1-:6DMSO and 3.2-2C¢Hg, the Ti-(u-O) bond lengths range from 1.791(5)
to 1.845(5) A. In 3.1-6DMSO, solvent coordination does not affect the Ti-(u-O) distances. All of
the Ti-O octahedral distances (1.966 A avg.) and the Ti-O tetrahedral distances (1.838 A avg.)
are close to those reported in literature; octahedral average = 1.947 A>*>*#19192 and tetrahedral

average = 1.854 A.”°
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Table 3.1 Selected bond distances (A) and angles (°) for complexes 3.1:6DMSO and 3.2-2C4He.

3.1:6DMSO 3.2-2C¢Hs
Ti(1)-0(6) 1.8396(19) 1.791(5)
Ti(1)-0(3) 1.8790(19) 1.855(5)
Ti(1)-O(1) 1.9021(19) -
Ti(1)-0(2a) 2.0158(18)
Ti(1)-0(7) 2.048(2) -
Ti(1)-0(2) 2.1121(18) 1.882(5)
Ti(2)-O(4) 1.874(2) 1.898(5)
Ti(2)-0(5) 1.784(2) 1.821(5)
Ti(2)-0(6) 1.7916(19) 1.845(5)
Ti(1)-O(6)-Ti(2) 152.85(12)  Ti(1)-O(6)-Ti(2) 157.7(3)
0(6)-Ti(1)-0(3) 93.45(8)  O(6)-Ti(1)-O(3) 99.8(2)
0(6)-Ti(1)-0(1) 98.63(9)  O(6)-Ti(1)-O(2) 101.3(2)
0(3)-Ti(1)-0(1) 162.28(8)  O(3)-Ti(1)-0(2) 107.7(2)
0(6)-Ti(1)-0(2a) 87.23(8)  O(5)-Ti(2)-O(6) 99.9(2)
0(3)-Ti(1)-0(2a) 97.28(8)  O(5)-Ti(2)-O(4) 108.9(2)
O(1)-Ti(1)-0(2a) 96.208)  O(6)-Ti(2)-O(4) 102.5(2)
0(6)-Ti(1)-0(7) 101.42(9)
0(3)-Ti(1)-0(7) 80.46(9)
O(1)-Ti(1)-0(7) 84.47(9)
0(2a)-Ti(1)-0(7) 171.15(9)
0(6)-Ti(1)-0(2) 155.33(8)
0(3)-Ti(1)-0(2) 85.38(8)
O(1)-Ti(1)-0(2) 88.92(8)
0(22)-Ti(1)-0(2) 68.55(8)
O(7)-Ti(1)-0(2) 102.67(8)
0(5)-Ti(2)-0(6) 99.16(10)
0(5)-Ti(2)-0(4) 97.25(10)
0(6)-Ti(2)-0(4) 107.79(9)
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In compound 3.1:6DMSO there are two oxo-bridged titaniums, one octahedral (Ti(1))
and one tetrahedrally coordinated (Ti(2)), the Ti(1)-O(6)-Ti(2) angle being 152.85(12)° (Figure
3.6a). The Ti(1) atom serves as a bridge between two calix[5]arenes to form the dimeric species.
Three oxygen atoms O(1-3) from the calix[5]arene bind in a meridional fashion to the Ti(1), and
the octahedral coordination is completed by an oxo bridge O(6), a DMSO molecule, and O(2a)
from the second molecule of calix[5]arene. The Ti(1) center displays a distorted octahedral

geometry (Figure 3.6b).

The remaining two oxygen atoms O(4-5) bind to the second Ti(2) atom. The tetrahedral
geometry of the Ti(2) is completed by the Cp ligand and the oxo bridge O(6) (Figure 3.6b). The
coordination of the two titanium atoms results in a cone conformation of the calix[5]arene with a

resulting C; symmetry, consistent with the NMR data (Section 3.3).

Figure 3.6 X-ray structure of compound 3.1 a) asymmetric unit, b) titanium oxygen core.
Thermal ellipsoids are shown at 50% probability. Crystallization molecules and hydrogen atoms

are omitted for clarity.
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Figure 3.7 illustrates the eight-membered metallocycles in compound 3.1-6DMSO. Two
fused cycles can be observed around the Ti(1) atom, while around Ti(2) there is just one. The

conformation may be described as being close to a boat-chair conformation.'

Boat-chair (BC)

a) b) c)
Figure 3.7 Segments of the crystal structure of complex 3.1:6DMSO. Conformations observed
a) around Ti(1), a boat chair conformation in two fused metallocycles, b) around Ti(2), a boat

chair conformation. c¢) An ideal boat chair conformation.'

Complex 3.2-:2C¢Hg crystallizes in the space group P-1, with two molecules of benzene.
There are two oxo-bridged tetrahedrally coordinated titanium atoms Ti(1) and Ti(2), and the
Ti(1)-O(6)-Ti(2) angle is 157.7(3)° (Figure 3.8a). Each titanium atom is a member of an eight-
membered metallocycle (Figure 3.8b). The coordination of the two titanium atoms results in a
1,2-alternate conformation of the calix[5]arene with a resulting C; symmetry, consistent with the

"H NMR spectrum (Section 3.3).
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Figure 3.8 X-ray structure of compound 3.2-2C¢Hs. a) Side view showing the p-oxo bridge and
b) boat chair conformation around Ti(1) and Ti(2). Thermal ellipsoids are shown at 50%

probability; hydrogen atoms and non-coordinating molecules are omitted for clarity.

3.4 NMR spectroscopy
3.4.1 Spectral data of compounds 3.1 and 3.2

"H NMR spectroscopy is an important tool for the conformational analysis of
calix[n]arenes (n = 4, 5).*° These two ligands show four limiting up/down conformations (Figure
3.9) that can be designated as cone, partial cone, 1,2-alternate and 1,3-alternate, though in
calix[5]arene the conformational assignments are less accurate due to the larger cavity size and

flexibility as compared to calix[4]arene.
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cone

1,2-alternate 1,3-alternate

Figure 3.9 Idealized conformations of calix[5]arenes.

The two bimetallic complexes 3.1:6DMSO and 3.2-:2C¢Hs display very different behavior
in solution. The "H NMR spectrum of complex 3.1 shows three pairs of methylene doublets
(2:2:1 ratio), five signals for the Ar-H protons (1:1:1:1:1 ratio), and three signals for the ‘Bu
groups (1:2:2 ratio) (Figure 3.10). In contrast, the 'H NMR spectrum for complex 3.2 shows two
pairs of doublets and a singlet for the methylene groups, integrating for two protons each, and
three singlets for the ‘Bu groups (Figure 3.10). Both spectra are clear indications of C,
symmetry.”® Complex 3.1 does not show an OH signal because all oxygen atoms are saturated
(coordinated to the titanium centers), but 3.2 shows a sharp singlet for the OH group at 5.75 ppm
about 3.16 ppm upfield from the OH for ‘BuC5(H)s (8.91 ppm). Similar upfield chemical shifts
for the OH groups were found in the compounds ‘BuC5(H)(SiMe), (5.66 ppm) and

‘BuC5(H)(Si(MePh)), (5.35 ppm) reported by Lattman et al.'*’
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Figure 3.10 "H NMR spectra of compounds 3.1 and 3.2 in “C¢D. SDMSO, s = ether and i =

impurity. Each box highlights an interesting chemical shift observed for the methylene protons.
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The resonances for the Cp ligands in 3.1 and 3.2 are observed at 6.22 (exo Cp) and 5.53
(endo Cp) ppm, respectively. The chemical shifts for the Cp ligands are close to the values
observed in [CpTi{'BuC6(H)3}] (5.38 ppm, endo Cp) and [(CpTi),{'BuC6}] (6.07 ppm, exo Cp)
complexes.”” The upfield shift of the Cp in compound 3.2 indicates increased shielding due to

the Cp ligand being located between two aromatic rings (see Figure 3.8a).

One of the methylene protons in compound 3.1 is observed very downfield at 6.34 ppm.
A downfield chemical shift is common when a late transition M- --H interaction is observed, e.g.

[PtCL, { BuC4(OCH,PPh,),} Au(PPh,),}], and [PCL, { BuC4(H),(OCH,PPh,),}] (2.61 — 2.67 A,

s
& =7.35 and 7.34 ppm (in CDCls), respectively)."”® A similar downfield shift was also seen in
the metallocalixarene compounds when a boat-boat conformation was observed in the eight-
membered ring. Compound [Pt(dppp) {tBuC4(H)2}] (dppp = diphenylphosphinopropane) has a

dM---H) of 2.25 A (8 = 6.50 ppm in CDCl3) and d(M---H) = 2.24 A (8 = 7.10 in CDCls) was

observed for compound [Rh(cod) {tBuC4(H)2-n6-Rh(cod)}] (cod = 1,5-cyclooctadiene)."”''>?

The conformation observed in 3.1 is boat-chair with Ti---H distances ranging from 3.070
to 3.760 A (distances d(M---H) 1A-7A, Figure 3.11), indicating that an M---H interaction is not
responsible for the downfield chemical shift. Close observation of the X-ray structure of
compound 3.1 reveals two close O---H interactions of 2.353 A (1B) and 2.393 A (2B) (Figure
3.11), that are within the van der Waals radii of 2.61 A (for O-H).'>*"** This interaction may be

responsible for the downfield chemical shift.
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M:--H distances (A)
1A 3.070
2A  3.368
3A  3.760
4A  3.508
5A  3.601
6A 3.444
7A  3.207
1B 2.353
2B 2.393

Figure 3.11 X-ray structure of compound 3.1 showing selected M---H (1A-7A) and O---H (1B-
2B) distances with thermal ellipsoids at the 50% probability level. H atoms and zerz-butyl groups

are omitted for clarity.
3.4.2 Spectral data of compounds 3.3 and 3.4

The 'H NMR spectra of bimetallic titanium complexes 3.3 and 3.4 are shown in Figure
3.12. Complex 3.3 gives ten signals for the Ar-H protons (7.32-6.82 ppm, three overlapped), five
pairs of doublets for methylene groups from 4.75 to 3.16 ppm (°J = 14.3 to 13.5 Hz), and five
singlets for the ‘Bu protons (1.42-1.03 ppm). Four resonances for the four different Cp ligands
are observed at 6.89, 6.62, 6.34 and 6.26 ppm. This 'H NMR pattern is indicative of a C;

symmetry.>’
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Figure 3.12 'H NMR spectra of compound 3.3 and 3.4 in "CDCl;. “residual THF solvent and s =

pentane.
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The spectrum of complex 3.4 is consistent with C; symmetry. Complex 3.4 shows five
resonances for the Ar-H protons from 7.40 to 6.81 ppm, and six doublets from 4.48 to 2.96 ppm
(°J = 15.4 to 13.5 Hz) are found for the methylene bridging groups, Ar-CHa-Ar. The Cp protons
are found at 6.79 and 6.83 ppm. In the upfield region three singlets are observed for the ‘Bu
groups (1.38 to 0.12 ppm, 2:2:1 ratio). One of the ‘Bu groups is unusually upfield, at 0.12 ppm.
The increased shielding for this ‘Bu group may be due either to a position above an aromatic

ring, or an interaction with the Cp ligand.

The OH resonances are upfield from the normal values for calixarene OH groups. In
compound 3.3 we have assigned peaks at 7.78, 7.67 and 6.30 ppm to the free OH groups, while
in compound 3.4 the peak at 5.82 ppm is assigned to an OH resonance. We attribute the upfield
shift to shielding by CpTi moieties attached to the lower rim, similar to the effect observed in

phosphorus-based calix[5]arene ligands described by Lattman et al.'*®

3.5 Experimental section
3.5.1 General information

Unless otherwise noted, all manipulations were carried out in a dry nitrogen-filled glove
box. M>-'BuC5(H); (M = Na, K, Rb, Cs) were prepared as previously described.''* Cp,TiCl, and
CpTiCl; were purchased from Strem Chemicals and were used as received. The melting point of
compound 3.3 was taken in capillary tube on a Mel-Temp apparatus (Laboratory Devices,
Cambridge, MA). A temperature proceeded by a ‘“>" sign indicates that the compound starts to
decompose at that temperature. 'H NMR and BC NMR spectra were recorded on a Varian XL-
300 spectrometer at 300 and 75 MHz, respectively. Deuterated chloroform (CDCl;) and benzene

(C¢Ds) were dried over CaH,. CDCl; was referenced to 7.26 ppm and 77.2 ppm for 'H and "*C
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NMR, respectively. Microanalyses were performed by Atlantic Microlab, Inc, Norcross, GA. IR
and UV/Vis spectra were obtained with an Infinity Gold™ FTIR spectrometer and Agilent 8453
spectrophotometer, respectively. All solvents were anhydrous and were stored over 4 A

molecular sieves for at least one day before use.
3.5.2 Synthesis of complexes

[(CpTi-u-O-Ti){'BuC5}], (3.1): Cp,TiCl, (0.0133 g, 53.4 umol) in 3 mL of THF was
added dropwise to a colorless solution of Cs,-'BuC5(H); (0.0539 g, 50.1 umol) in 5 mL of THF,
immediately yielding an orange solution. The reaction mixture was stirred for 24 hrs at room
temperature, and then the solvent was removed under vacuum. To the residue was added ~1.5
mL of toluene and 5 drops of DMSO for crystallization. Crystals (~10 mg) suitable for X-ray
analysis were obtained after one week at room temperature. Additional characterization of the
crystals was performed by "H NMR spectroscopy. 'H NMR (C¢Ds) & (ppm): 7.58 (d, 4H, J = 2.0
Hz, Ar-H), 7.54 (s, 3H,* Ar-H), 7.38 (d, SH,* J = 2.5 Hz, Ar-H), 7.26 (d, 4H, J = 3.2 Hz, Ar-H),
7.11 (d, 10H,* J = 2.2 Hz, Ar-H), 6.34 (d, 5H,* J = 12.4 Hz, Ar-CH»-Ar), 6.22 (s, 8H,* Cp-H),
5.30 (d, SH,* J = 14.3 Hz, Ar-CH»-Ar), 4.57 (d, 4H,* J = 12.9 Hz, Ar-CH»-Ar), 3.68 (d, SH,* J
= 12.4 Hz, Ar-CH>-Ar), 3.44 (d, SH,* J = 15.1 Hz, Ar-CH,-Ar), 3.34 (d, 4H,* J = 12.9 Hz, Ar-
CH»-Ar), 2.11 (s, 6H, CH3, DMSO), 1.69 (s, 17H,* ‘Bu), 1.28 (s, 26H,* ‘Bu), 1.22 (s, 35H,* ‘Bu).
*The integral values reported for the compound are not consistent with the values required. This
disagreement in values could be due to overlapping with solvents and impurities. Insufficient

product was obtained for further analysis.
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[(CpTi),' BuC5(H)] (3.2): Solutions of Cp,TiCl, (0.0231 g, 92.8 umol) and
Csy-'BuC5(H); (0.0983 g, 91.4 umol) in 4 and 6 mL of THF, respectively, were placed in a
solvent bomb and allowed to heat in an isotemp oil bath at 85 °C for 12 hrs. The reaction solution
turned orange. The solvent was removed under vacuum and to the residue was added ~1.5 mL of
benzene and a few drops of DMSO. A small amount (<10 mg) of crystals suitable for X-ray
analysis was obtained after one week at room temperature. Additional characterization of the
crystals was performed by 'H NMR spectroscopy. 'H NMR (CgDs) & (ppm): 8.91 (s, OH,® Cxs),
7.54 (d, 2H, J = 2.5 Hz, Ar-H), 7.49 (d, 3H,* J = 2.5 Hz, Ar-H), 7.39 (s, 2H, Ar-H), 7.34 (s,
11H,* Ar-H, Cxs), 7.28 (d, 2H, J = 2.5 Hz, Ar-H), 5.75 (s, 1H, OH), 5.53 (s, SH,* Cp-H), 4.47
(d, 2H, J = 14.6 Hz, Ar-CH;-Ar), 4.40 (d, 2H, J = 13.2 Hz, Ar-CH,-Ar), 4.15 (br, SH,* Ar-CH>-
Ar, Cxs), 3.96 (s, 2H, Ar-CH-Ar), 3.61 (d, 2H, J = 14.6 Hz, Ar-CH>-Ar), 3.39 (br, 4H,* Ar-
CH,-Ar, Cxs), 3.37 (d, 2H, J = 12.9 Hz, Ar-CH,-Ar), 1.36 (s, 18H,* '‘Bu), 1.34 (s, 116H,* ‘Bu
Cxs), 1.33 (s, 18H, ‘Bu), 1.29 (s, 9H, '‘Bu). * Integral value not recorded. *The integral values
reported for the compound are not consistent with the values required. This disagreement in
values could be due to overlapping with solvent and impurities. Insufficient product was

obtained for further analysis.

[(Cp,TiCl),{'BuC5(H);}] (3.3): Note: the salts M>-'BuC5(H); (M = K, Rb, Cs) were left
in the oven for 12 hrs before use (100 °C). A solution of Cp,TiCl, (0.0429 g, 0.172 mmol) in
THF (4 mL) was added dropwise to a solution of K,-'BuC5(H); (0.133 g, 0.150 mmol) in THF
(5 mL). After the complete addition of the solution of Cp,TiCl,, 4 mL of hexane was added to
the reaction mixture. The resulting orange red solution was stirred for 7 h. At the end of this time

an orange-yellow suspension was obtained. The suspension was centrifuged for 30 min. The
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supernatant was discarded and the solid was stirred with 5 mL of pentane. The reaction mixture
was centrifuged again, and the solid was recovered and vacuum dried to give an orange-yellow
solid (0.0825 g, 0.0667 mmol, 77% yield). Compound [(Cp,TiCl),{'BuC5(H)3}] 3.3 can also be
obtained by the reaction of rubidium or cesium dianionic salts.'" For Rb, sz-tBuCS(H):; (0.147
g, 0.150 mmol) and Cp,TiCl, (0.0432 g, 0.173 mmol) yielded 72% (0.0771 g, 0.0624 mmol). For
Cs, Csy'BuC5(H); (0.162 g, 0.151 mmol) and Cp,TiCl, (0.0431 g, 0.173 mmol) yielded 72%
(0.0773 g, 0.0625 mmol). Mp > 255 °C. '"H NMR (CDCl3) & (ppm): 7.78 (s, 1H, OH), 7.67 (s,
1H, OH), 7.32 (s, 1H, Ar-H), 7.28 (s, 2H, Ar-H), 7.23 (d, 1H, J = 1.9 Hz, Ar-H), 7.13 (s, 2H, Ar-
H),7.10 (d, 1H, J = 1.9 Hz, Ar-H), 6.94 (d, 2H, J = 1.9 Hz, Ar-H), 6.89 (s, 5H, Cp-H), 6.82 (s,
1H, Ar-H), 6.62 (s, SH, Cp-H), 6.34 (s, SH, Cp-H), 6.30 (s, 1H, OH), 6.26 (s, SH, Cp-H), 4.75 (d,
1H, J = 14.3 Hz, Ar-CH>-Ar), 4.55 (d, 1H, J = 14.0 Hz, Ar-CH-Ar), 4.31 (d, 1H, J = 13.8 Hz,
Ar-CH»-Ar), 4.28 (d, 1H, J = 13.5 Hz, Ar-CH»-Ar), 4.20 (d, 1H, J = 13.5 Hz, Ar-CH;-Ar), 3.50
(d, 1H, J = 14.0 Hz, Ar-CH»-Ar), 3.38 (d, 1H, J = 14.3 Hz, Ar-CH,-Ar), 3.36 (d, 1H, J = 14.0
Hz, Ar-CH,-Ar), 3.18 (d, 1H, J = 13.8 Hz, Ar-CH,»-Ar), 3.16 (d, 1H, J = 13.5 Hz, Ar-CH,-Ar),
1.42 (s, 9H, ‘Bu), 1.38 (s, 9H, ‘Bu), 1.28 (s, 9H, ‘Bu), 1.08 (s, 9H, ‘Bu), 1.03 (s, 9H, ‘Bu). *C{'H}
NMR CDCI; 8 (ppm): 164.7, 164.1, 150.7, 150.6, 148.6, 143.3, 143.1, 142.9, 142.1, 141.0,
128.1,127.9, 127.7, 127.2, 126.9, 126.1, 126.0, 125.9, 125.7, 125.6, 125.4, 125.0, 124.3, 124.1
(aromatic carbons), 119.8, 119.3, 118.7, 118.3 (aromatic from Cp), 34.1, 34.0 (C(CHs)3), 33.3,
32.9 (Ar-CH»-Ar), 32.0, 31.9, 31.7, 31.4 (C(CHs)3), 30.2, 28.7 (Ar-CH,-Ar). FTIR (KBr, cm™):
3448s (OH), 3116m, 2959vs, 2904s, 2868s, 1602w, 1484vs, 1453vs, 1393m, 1362m, 1296s,
1247s, 1200s, 1126s, 1017m, 916w, 876m, 820s, 766m, 753m, 548w. UV/vis (CHCl3) Amax/nm
(¢/dm’ mol™ em™): 254 (3.83 x 10%), 277 (2.62 x 10%), 288 (2.20 x 10%), 325 (1.30 x 10%.

Elemental analysis for C75HgsCl,0O5T1, (1236.14): caled C 72.87, H 7.18; found C 72.65, H 7.36.
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3.4: A solution of CpTiCl; (0.0379 g, 0.173 mmol) in THF (4 mL) was added dropwise to
a solution of K»-'BuC5(H); (0.133 g, 0.150 mmol) in THF (5 mL). After the complete addition
of the solution of CpTiCls, ~1.0 g of 4 A molecular sieves was added to the reaction mixture.
The reaction mixture was stirred for 7 h. At the end of this time an orange milky suspension was
obtained. The suspension was centrifuged for 30 min in order to remove the molecular sieves.
The supernatant was transferred to another 20 mL vial. The solvent was removed by high
vacuum resulting in a yellow-orange solid. This crude product was a mixture of titanium(IV)
calix[5]arene complex and parent ‘BuC5(H)s (determined by 'H NMR spectroscopy). To the
crude product was added 6.0 mL of hexanes. A yellow solid was recovered after centrifugation.
The orange solution (supernatant) was discarded. The yellow solid was washed with pentane (3 x
2 mL), and the supernatant removed by centrifugation and discarded each time. The remaining
solid was transferred as a suspension in pentane to another vial. Removal of the solvent under
vacuum led to a yellow solid (0.0228 g, 0.0168 mmol, 29% based on proposed structure). 'H
NMR (CDCls) 8 (ppm) = 7.40 (d, 2H, J = 1.7 Hz, Ar-H), 7.23 (s, 2H, Ar-H), 7.11 (d, 2H, J = 2.2
Hz, Ar-H), 6.93 (d, 2H, J = 1.9 Hz, Ar-H), 6.83 (s, SH, Cp-H), 6.81 (s, 2H, Ar-H), 6.79 (s, 10H,
Cp-H), 5.82 (s, 2H, OH), 4.48 (d, 2H, J = 15.4 Hz, Ar-CH,-Ar), 4.40 (d, 2H, J = 13.5 Hz, Ar-
CH;-Ar), 438 (d, 1H, J = 13.5 Hz, Ar-CH»-Ar), 3.28 (d, 2H, J = 13.5 Hz, Ar-CH,-Ar), 3.25 (d,
2H, J = 15.4 Hz, Ar-CH,-Ar), 2.96 (d, 1H, J = 13.8 Hz, Ar-CH,-Ar), 1.38 (s, 18H, ‘Bu), 1.21 (s,
18H, '‘Bu), 0.12 (s, 9H, ‘Bu). "C{'H} NMR (CDCls) & (ppm) = 164.3, 162.4, 161.7, 146.8, 144.1,
141.8, 133.6, 130.5, 129.8, 127.7, 126.8, 126.1, 125.7, 125.0, 124.9, 122.6 (aromatic carbons),
121.0, 116.4 (aromatic Cp), 35.3, 34.4 (Ar-CH,-Ar), 34.0, 33.7, 32.4 (C(CHs)3), 31.9, 31.8, 30.3

(C(CHs3)3). Note that IR, mp, EA, and UV/vis still need to be obtained.
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3.5.3 General X-ray information

X-ray data for 3.1-6DMSO and 3.2-2C¢Hs were collected on a SMART Bruker 1000
CCD detector diffractometer at low temperature using Mo Ko radiation. The crystallographic
data and some details of the data collection and refinement of the structures are given in Table
3.2. Absorption corrections in all cases were applied by SADABS.">> All structures were solved
by direct methods and subsequent difference Fourier syntheses and refined by full matrix least-
squares methods against F° (SHELX-97)."*' Disorder for some fert-butyl groups was due to a 2-
fold axis, and was modeled using partial occupancies (PART instruction).'*' Some other
disordered molecules and solvents were refined using a combination of restraints on the
distances while keeping the disordered parts similar (use of the SADI and SAME instructions).'*!
All non-hydrogen atoms were refined with anisotropic displacement coefficients, except atoms
of disordered fragments, which were refined with isotropic thermal parameters. The H atoms in
structures were taken in calculated positions. Corrections of the X-ray data for 3.1-:6DMSO with
the program SQUEEZE'® (158 electron cell) were close to the required value (168 electron cell).
The programs Mercury"’ and PovRay'*® were used to generate the X-ray structural diagrams

pictured in this chapter. The structures of this Chapter were solved in collaboration with Dr.

Daniel Mendoza-Espinosa.
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Table 3.2 Crystallographic data for complexes 3.1-:6DMSO and 3.2-2C¢He

3.1:6DMSO 3.2:2C¢Hg
Formula Ci32H176018S6T14 C77HggO4 T,
FW 2434.69 1205.21
cryst syst Monoclinic Triclinic
space group P2l/c P-1
T,K 223(2) 223(2)
a, A 12.9283(16) 9.898(6)
b, A 20.923(3) 17.591(10)
c, A 25.380(3) 19.745(11)
a, deg 90 73.506(10)
B, deg 104.836(5) 84.321(10)
Y, deg 90 86.940(10)
V,A’ 6636.4(15) 3279(3)
Z 2 2
dealed, grem™ 1.140 1.221
w, mm’ 0.351 0.296
refl collected 45449 18820
Tnin/ Tmax 0.980 0.963
Nineasd 15410 9343
[Rint] [0.1333] [0.0449]
R [I>2sigma(])] 0.0764 0.1058
R (all data) 0.0906 0.1470
Ry [[>2sigma(l)]  0.2352 0.2830
Ry, (all data) 0.2517 0.3159
GOF 1.123 1.076
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3.6 Conclusions

Two new compounds (3.3 and 3.4) containing titanium(I'V) have been characterized by
NMR, UV/vis, and FTIR spectroscopies, while for two others (3.1 and 3.2) just '"H NMR spectra

and X-ray structures were obtained.

Complexes 3.1 and 3.2 are homo-bimetallic complexes with 1:2 calix[5]arene/metal
ratios. In the case of complex 3.1 a dimeric structure with calixarene in the cone conformation
was obtained while in compound 3.2 a monomeric structure with a 1,2-alternate conformation
was obtained. Compound 3.3 contained two metals per calixarene ligand and no alkali metal ion.
In the case of compound 3.4 titanium is present but its ratio has not yet been determined. The
calix[5]arene ligand in compound 3.3 produces an unsymmetrical 'H NMR pattern due to C;

symmetry, while compounds 3.1, 3.2 and 3.4 have C; symmetry.
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CHAPTER 4
CALIX[5]JARENE MOLYBDENUM(VI) COMPLEXES
4.1 Introduction

The chemistry of dioxomolybdenum(VI) (MoO,>") complexes is of importance especially
in industrial'*® and biochemical catalysis.'® Metallocalixarene complexes are of interest as

models of heterogeneous metal oxide catalyst surfaces,'® centers capable of supporting

37-39,44,47,66,161

organometallic transformations, and as building blocks for supramolecular

162-164 2+ . . .
62-184 However, few MoO,” -containing calixarene derivatives have been

structures.
reported.'' ' [MoO, {'BuC4(0OMe),} ] was the first such complex, reported by Radius,'®and a
series of [M0O,{M,-RC4}] (M = Li, K, Rb; R = H, '‘Bu) complexes were later reported by our

group.''® The complexes were prepared by addition of MoO-Cl, to the calixanions (Scheme 4.1).

T ,0
1) 4 MO'Bu, or 4 K or 4 RbOH +2M*
2) MOOQClz
M = Li, K

R = H, HC4(H),
R = tert-butyl, '‘BuC4(H),
M =Li, K, Rb

Scheme 4.1 Synthesis of dioxomolybdenum(VI) calix[4]arene complexes.''*'®
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It seems that the synthesis of a MoO,>"-containing calixarene compound is still a
challenge. In this chapter we describe the synthesis and characterization of MoO,*"-calix[5]arene
complexes, achieved by the use of doubly deprotonated calix[5]anions as precursors and with
three different starting materials; dichlorodioxomolybdenum(VI) (MoO,Cl,), dioxodichloro-2,2’-
bipyridylmolybdenum(VI) (MoO,Cl,(bipy)) and bis(acetylacetonato)dioxomolybdenum(VI)

(MoOs(acac),). We describe the reactivity of each reactant toward the calix[5]arene dianions.

4.2 Results and discussion
4.2.1 Synthesis of dioxomolybdenum (V1) calixarene complex from MoO>Cl;

For the preparation of MoO,” -containing calix[5]arene compounds we decided to follow
a strategy previously used in our group.''® The reaction of MoO,Cl, and M,-'BuC5(H); (M =
Na, K, Rb, Cs) in a 1:1 ratio in anhydrous acetonitrile at room temperature for 12 hrs produced a
blue solid containing [MoO{'BuC5(H)3}] 4.1 and ‘BuC5(H)s in an approximate 2:1 ratio
(Equation 4.1). More ‘BuC5(H)s is produced when we do not use dry ‘BuC5(H)s or
M,-‘BuC5(H); (M = Rb, Cs). It is known that adventitious water present in starting
calix[4]arene® or calix[5]arene® ligands can result in hydrolysis or oxidation (e.g. U" to UY)*
products. So we decided that parent ‘BuC5(H)s or M,-'BuC5(H); (M = Rb, Cs) should be dried

at least 12 hrs in an oven at 100 °C.
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M,BuC5(H); + MoO,Cl,

CH3CN, r.t.
12 hrs
M =Na, K, Rb, Cs

[MoO,{tBuC5(H)3}] 4.1

Attempts to separate the mixture of compounds were unsuccessful due to similar
solubility in common organic solvents. Complex 4.1 is air sensitive, but thermally stable in the
solid form (up to four months under an inert atmosphere). Compound 4.1 slowly decomposes to
parent ‘BuC5(H)s after three days in solution. The molecular structure of compound 4.1 is
proposed based on its spectroscopic characterization, since attempts to obtain crystals suitable

for X-ray studies were unsuccessful.

The "H NMR spectrum of complex 4.1 shows a characteristic pattern for C; symmetry of
the calix[5]arene ligand.”® The 'H NMR spectrum shows two singlets at 9.03 and 8.27 ppm in a
1:2 ratio, assigned as free OH groups in complex 4.1. The singlet at 8.66 ppm belongs to the OH
group of parent calix[5]arene. In the aromatic region between 7.24 - 7.05 ppm there are four
doublets for the aromatic protons Ar-H with a “J= 2.5 Hz and one signal (singlet) is overlapped
with a signal from the parent calix[5]arene aromatic protons resulting in an overall singlet. In the
methylene area (Ar-CH,-Ar) between 3 and 5 ppm, three pairs of doublets are observed in a
2:2:1 ratio, while a broad signal at ~3.76 ppm is characteristic of the parent calix[5]arene
methylene protons. Three singlets in a 1:2:2 ratio (1.26, 1.24, 1.22 ppm) are assigned to the fert-
butyl groups in complex 4.1, whereas the singlet at 1.25 ppm belongs to the ‘Bu group of the

parent calix[5]arene (Figure 4.1).
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Ar-H l
[MoO,{'BuC5(H);}] 4.1 -
4 ‘Bucsm); Ar-CHy-Ar
OH 'S A I
- §

9 8 7 6 5 4 3 2 1 ppm

Figure 4.1 "H NMR spectrum of complex 4.1 in *CDCl;. *Residual hexane.

We performed a qualitative analysis using Energy Dispersive X-ray spectroscopy
analysis (EDX), in order to determine what metal(s) were in the blue solid. The EDX analysis

showed just Mo; no traces of alkali metals were observed (Figure 4.2).
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Figure 4.2 EDX spectrum of the blue solid (4.1 and calix[5]arene) demonstrating that just Mo 1s

contained in the sample.
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In order to determine if 4.1 is a mono- or dioxomolybdenum complex, an IR experiment
was performed. Two bands at 918 and 885 cm™ fall in the normal range for cis-dioxo symmetric

166

and asymmetric M=O stretching vibrations (970-800 cm™).'*® Based on this data, we propose

that 4.1 contains a MoO,>" moiety, [MoO,{'‘BuC5(H);}] (Equation 4.1).
4.2.1.1 Mechanism of formation of complex 4.1

In the synthesis of compound 4.1 we could expect a direct metathesis reaction with salt
elimination (Equation 4.2).
M002C|2

M,-*BuC5(H); [MoOo{'BuC5(H)3}]  + 2 MCI 4.2)
M = Na, K, Rb Cs

However, in this proposed reaction the formation of ‘BuC5(H)s is not predicted.
Experimentally, we found that when Csz-tBuCS(H)s and MoO,Cl, were combined, both
compound 4.1 and a considerable amount of ‘BuC5(H)s were formed. On the other hand, when
we placed the Csz-tBuCS(H)s salt in the oven for at least 12 hrs at 100 °C the ratio of compound

4.1 increased with respect to the parent ‘BuC5(H)s.

Parent ‘BuC5(H)s is probably produced from a source of H' in the reaction mixture. One
source of H" would be hydrolyzed MoO,Cl,. The hydrolysis of MoO,Cl, leads to the formation

of MoOj; and two equivalents of HCI (Equation 4.3).'"1®

M002C|2 + H2O

MoO; + 2HCI (4.3)

The HCI formed from the reaction of MoO,Cl, with traces of water may react with the

calixanion resulting in the formation of the parent ‘BuC5(H)s and MC1 (M = Na, K, Rb, Cs).
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4.2.2 Synthesis of dioxomolybdenum(VI) calixarene complex from MoO,Cl,(bipy)

4.2.2.1 Synthetic approach using acetonitrile (CH3;CN)

In order to avoid the formation of the parent calix[5]arene we employed a different
approach. We hypothesized that an external coordinating ligand might deter the hydrolysis of
MoO,Cl,. The ligand 2,2’-bipyridine (bipy) is suitable for our purpose. Despite the synthesis

reported for the isolation of MoO,Cly(bipy)'**'"!

and its reported reactivity towards different
substrates,'”” we developed an easier and higher-yielding synthetic route. The addition of bipy to
a solution of MoO,Cl, in acetonitrile at room temperature (Equation 4.4) caused MoO,Cl,(bipy)

to precipitate from the reaction mixture as a white solid. The product was purified by filtration

and successive acetonitrile washing cycles.

i
7 N\ _ O
/MO"“I — > /
o N N //\
Cl CH5CN I
30 min

\\\N —

(4.4)

\

MoO;Cly(bipy) was obtained in 87% yield as a white solid, and the identity was
confirmed by IR spectroscopy (Figure 4.3). No vibrational modes for the v(N=C) at 2311 and
2286 cm™ were observed from MoO,Cl,(CH;CN),.'”? However, MoO,Clxy(bipy) displayed the
absorptions corresponding to the bipy ligand (1600, 1573, 1496, 1475, 1443, 1318, 1155, 1102,
776, 734 and 636 cm™), and the two characteristic symmetric and asymmetric vibrations for

v(Mo=0) were observed at 936, 905 cm'l, similar to those reported in the literature (936, 906 cm’

1y 169,173
).
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Figure 4.3 IR spectrum of MoO,Cl,(bipy) recorded in a KBr pellet.

Once we isolated and characterized the MoO,Cl,(bipy) complex, we reacted it with
M,-‘BuC5(H); (M = Na, K, Rb, Cs) in a 1:1 ratio in acetonitrile at room temperature for 12 hrs

(Equation 4.5).

Cl
O\ / TS
M;BuC5(H);  + >M0"““‘N a 42 + '‘BuC5(H);  (4.5)
o~ \ N= CH4CN,
Cl S 12 hrs, rt

M =Na, K, Rb Cs

After workup we isolated a pale brown solid. The '"H NMR spectrum showed a different

pattern from that described for compound 4.1 (Figure 4.4). In the area around ~9.6-7.2 ppm we
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observed signals for the aromatic protons from the bipy ligand. In the range from ~6.5-8.0 ppm
we observed nine signals (some overlapped) for the aromatic protons Ar-H, corresponding to the
calix[5]arene ligand. In the methylene area (Ar-CH;-Ar), eight well-defined doublets and two
broad signals were observed in the range of ~4.8-1.9 ppm. Finally, five resonances were assigned

to the tert-butyl groups (in a 1:1:1:1:1 ratio). Unfortunately, the product 4.2 contained traces of

calix[5]arene.
‘Bu
K_H
[MoO,(bipy) {K- BuC5(H),} ]
S
4.2
J 'BuC5(H);
Ar-H l
1
Ar-CH,-Ar
A
OH i B
Ay N TR P LY bL
T T l T T T T I T T T T l T T T T I T T T T l T T T T I T T T T l T T T T ‘ T T T T 'l T T T T 'I T T T T
10 9 8 7 6 S 4 3 2 1

Figure 4.4 'H NMR spectrum of compound [MoOx(bipy){K-'BuC5(H),}] 4.2 in *CDCl;. § =

bipy aromatic protons and S = CH3CN.

Two interesting observations can be made from the "H NMR spectrum of compound 4.2.
First, the two broad signals for the methylene protons at 4.61 and 3.67 ppm suggest that these
protons are in conformational equilibrium at room temperature. Second, the upfield methylene
resonance at 2.02 ppm indicates that there is a high degree of shielding for one methylene proton.

This shielding can be caused by an aromatic ring where the proton is positioned above the
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aromatic ring.* The overall '"H NMR pattern suggests that the metallocalix[5]arene has C,

symme:try.30

Attempts to remove the traces of parent calix[5]arene from compound 4.2 were
unsuccessful. Complex 4.2 is air stable, but in solution it decomposes to the parent calix[5]arene.
This process is almost instantaneous in the presence of water. The compound can be stored in the

solid state in an inert atmosphere with no apparent decomposition.

The molecular structure of compound 4.2 was proposed based on its spectroscopic
characterization, since attempts to obtain crystals suitable for X-ray analysis were unsuccessful

(Figure 4.5).

IR: v(M=0) and v(bipy)

' O ™
_H e )
O—\Mo'

'"H NMR:
observable signals
for the calix[5]arene
and bipy ligand

Presence of K and Mo —‘_’
atoms by EDX analysis
OH

Figure 4.5 Proposed structure for compound 4.2 based on its spectroscopic characterization.

In the '"H NMR spectrum we observed the protons for the bipy ligand, suggesting that the
bipy ligand is contained in the molecular structure of 4.2. Using IR spectroscopy we observed
the characteristic frequencies for the symmetric and asymmetric vibrations v(M=0) at 907 and

886 cm'l, and for the bipy ligand (1602, 1494, 1160, 1107, 1028 and 765 cm'l). Qualitative
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analysis performed by EDX established the presence of both K and Mo atoms in the sample, but

not the presence of CI (Figure 4.6).
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Figure 4.6 EDX spectrum of the pale brown solid (4.2 and calix[5]arene) demonstrating that Mo

and K are contained in the sample.

4.2.2.2 Synthetic approach using mixture of hexanes and acetonitrile (in a 7:2 ratio)

In Sections 4.2.1 and 4.2.2.1 we ended up with different compounds. Compound 4.2
shows totally different spectroscopic data in comparison to compound 4.1. Attempts to isolate
pure compounds or crystals were not successful. In both complexes parent calix[5]arene was
present. Presumably moisture is causing the decomposition either the calix[5]arene salt or the

product 4.1 or 4.2, resulting in the formation of parent calix[5]arene.

From Chapter 3 we discovered that successive hexane washing cycles removed parent

calix[5]arene from the reaction mixtures, leaving a single compound. However, the same method
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was unsuccessful for complex 4.2. Rather, an increase in the amount of calix[5]arene was

observed.

Using a different approach for the synthesis of (M0O,)**-containing calix[5]arene
complexes we decided to use a mixture of solvents. It is well known that acetonitrile and hexane
are not miscible solvents.'” We hypothesized that an excess of hexane would remove any
calix[5]arene formed during the reaction, and the molybdenum complex 4.2 could remain in the
acetonitrile phase. We therefore ran a reaction between MoO,Cly(bipy) and K,-‘BuC5(H); (in a
1:1 ratio) in a mixture of hexane and acetonitrile (in a 7:2 ratio) at room temperature for 12 hrs.
At the end of the reaction time and after workup a yellow solid was recovered. Its 'H NMR

spectrum is shown in Figure 4.5.

f_H

[MoO, {K-'BuC5(H),} ] Ar-H
4.3 —
J'BuC5(H); 4
Ar-CH,-Ar
A
' Y

/

| L

h_

‘Bu

e e oo e B e L B e e e L e s e s e e o e e NN e s e e e
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Figure 4.7 "H NMR spectrum of compound [MoO,{K-‘BuC5(H),}] 4.3 in *CDCl;. *CH;CN

residual solvent.

77



The "H NMR pattern for compound 4.3 is totally different from that found for
compounds 4.1 and 4.2. One main difference between 4.2 and 4.3 is the absence of the bipy

ligand aromatic resonances for 4.3.

The "H NMR spectrum of compound 4.3 shows five resonances for the zert-butyl groups
and nine doublets (due to the °J geminal coupling) are found for the methylene bridging groups
Ar-CH,-Ar. In the aromatic region ten doublets for the aromatic protons Ar-H (7.25 — 6.04 ppm,
J = 2.2 Hz) are observed. Finally, two different OH groups are seen at 10.41 and 8.14 ppm in a

1:1 ratio. Overall, the symmetry of compound 4.3 is best described as C;.*°

Attempts to separate compound 4.3 from the parent calix[5]arene were unsuccessful.
Complex 4.3 is stable in the solid state in an inert atmosphere with no decomposition, but in
solution compound 4.3 decomposes slowly to the parent calix[5]arene. The molecular structure
of the compound 4.3 was proposed based on its spectroscopic characterization, since attempts to

obtain crystals suitable for X-ray analysis were unsuccessful (Figure 4.8).

IR: v(M=0)
Presence of K and Mo —_—
atoms by EDX analysis | 0

T L—p \\ —0 A
Mo

'"H NMR: observable
> signals for the
calix[5]arene ligand

Figure 4.8 Proposed structure for compound 4.2 on the basis of its spectroscopic

characterization.
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In the IR spectrum we observed the frequencies for the v(M=0) vibrations at 914 and 883

cm’’, and no bipy absorbance. Qualitative analysis performed by EDX established the presence

of both K and Mo atoms in the sample.

One interesting fact is that whenever we used MoO,Cl, or MoO,Cl,(bipy) we ended up

with a mixture of a MoQO; calix[5]arene complex (4.1-3) in mixture with parent calix[5]arene.

Each compound was different, but at this point we are unable to isolate them in pure form, due to

their slow decomposition in solution and reactivity towards moisture.

A summary of the IR and "H NMR data for compounds 4.1-3 is presented in Tables 4.1

and 4.2. In Scheme 4.2 we show the synthetic pathway for each compound.

Table 4.1 IR and qualitative data found for compounds 4.1 — 4.3.

IR (cm™)

v(M=0) 918, 885 907, 886
Symmetry C C

Aspect blue solid pale brown solid
EDX Mo Mo, K

914, 883

G

yellow solid
Mo, K
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Table 4.2 '"H NMR (8 ppm, CDCl3) data found for compounds 4.1 — 4.3.

'H NMR 4.1 4.2 4.3
-OH 9.03 (s, 1H) 8.93 (br, 1H) 10.41 (s, 1H)
8.66 (s, 2.5H, Cx5) 7.95 (br, 1H) 8.14 (s, 1H)
8.27 (s, 2H)
Bipy - 9.50 (b, 1H*) -
8.04 (b, 1H*)
7.55(dd, 1H*, 4.4, 4.7 Hz)
7.30 (br, 1H*)
Ar-H 7.24 (d, 2H, J = 2.5 Hz) 7.90 (s, 1H) 7.25(d, 1H,J=2.2 Hz)
7.21 (s, 7H, overlapped 7.89 (s, 1H) 7.23 (d, 1H,J = 3.0 Hz)
withCx5) 7.12(d, 1H,J =2.5 Hz) 7.07 (d, 1H, J = 2.2 Hz)
7.19 (d, 2H, J = 2.5 Hz) 7.07 (d, 1H, J =2.5 Hz) 7.04 (d, 1H,J =19 Hz)
7.16 (d, 2H, J =2.2 Hz) 6.96 (d, 1H,J=2.2 Hz) 6.89 (d, 1H,J=2.2 Hz)
7.05 (d, 2H, J = 2.5 Hz) 6.80 (d, 1H, J=2.2 Hz) 6.80 (d, 1H, J = 2.5 Hz)
6.78 (d, 1H, J =19 Hz) 6.66 (d, 1H,J=2.2 Hz)
6.73 (s, 2H) 6.56 (d, 1H,J=2.5 Hz)
6.67 (s, 1H) 6.38 (d, 1H, J =2.2 Hz)
6.04 (d, IH,J =19 Hz)
Ar-CHy-Ar  4.87(d,2H,J=14.0Hz) 4.61 (br, 1H) 4.96 (d, 1H, J = 14.3 Hz)
4.81(d, 1H,J=143Hz) 4.47(d, 1H,J=16.0 Hz) 4.88(d, 1H,J =15.4 Hz)
448 (d,2H,J=13.8Hz) 4.09(d, lH,J=13.8 Hz) 4.69 (d, 1H, J = 14.6 Hz)
3.76 (br, 5H, Cx5) 3.97(d, 1H, J = 13.8 Hz) 4.39 (d, 1H, J = 14.0 Hz)
3.51(d,2H,J=13.8Hz) 3.67 (br, 1H) 3.99(d, IH,J =15.4 Hz)
348 (d, 1H,J=143Hz) 3.64(d, 1H,J=16.8 Hz) 3.82 (d, 1H, J = 14.6 Hz)
329(d,2H,/J=143Hz) 3.43(d, 1H,J=13.8 Hz) 3.45(d, 2H, J = 14.6 Hz)
3.12(d, 1H, J = 14.0 Hz) 342 (d, IH,J = 14.9 Hz)
2.77(d, 1H, J = 13.8 Hz) 2.28 (d, 1H, J = 14.9 Hz)
2.02 (d, 1H, J = 14.6 Hz)
‘Bu 1.26 (s, 9H) 1.32 (s, 9H) 1.33 (s, 9H)
1.25 (s, 22.5H, Cx5) 1.21 (s, 9H) 1.29 (s, 9H)
1.24 (s, 18H) 1.16 (s, 9H) 1.16 (s, 9H)
1.22 (s, 18H) 1.09 (s, 9H) 0.99 (s, 9H)
0.93 (s, 10H*) 0.77 (s, 9H)

®Chemical shifts for calix[5]arene are omitted. *The integral values reported for the compound are not

consistent with the values required. This disagreement in values could be due to overlapping with solvent

or impurities. “The integral values were not recorded and are fixed to the expected values based on the

proposed molecular formula.

80



blue solid

MoO,Cl, Cs symmetry

CH3CN,
12 hrs, rt

M=Na, K, Rb Cs

M, 'BuC5(H)3 .
CH3CN, pale brown solid
12 hrs, rt C; symmetry

M=Na, K, Rb Cs

MOOgC'z(blpy)

yellow solid

7 Hexane:2 CH3CN, C; symmetry

12 hrs, rt
M =Na, K, Rb Cs

Scheme 4.2 Synthesis of (M0O,)*"-containing calix[5]arene complexes 4.1 —4.3.
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4.2.3 Synthesis of dioxomolybdenum(VI) calixarene complexes from MoO;(acac),

As described above, when we used MoO,Cl, or MoO,Cl,(bipy) as precursors we ended
up with a mixture of (MoO,)**-containing calix[5]arene complexes and parent calix[5]arene. We
decide to use a different source of (M002)2+, bis(acetylacetonato)dioxomolybdenum(VI)

(MoOy(acac),).

We screened an initial reaction with parent calix[5]arene (‘BuC5(H)s). The reaction was
followed by "H NMR spectroscopy and no new product was observed in different solvents or at
either room or refluxing temperature. This lack of reactivity is consistent with the pK, of
acetylacetone (Hacac) (pK, = 9.0, in water)'”> compared with the pK, of '‘BuC5(H)s (pKa; = 11.5
+0.7, pKp =154+ 1.0, in CH3CN).112 However, when MoO,(acac), was reacted with
tBuCS(H)s and M,COj; (M = Rb, Cs) in acetonitrile at 85 °C, two new compounds did form; 4.4a

and 4.4b.

The synthesis of compounds 4.4a and 4.4b is illustrated in Scheme 4.3. Compounds 4.4a
or 4.4b were each obtained as a small amount of red crystals (~10 mg) on the wall of the reaction
vessel and at the bottom was found unreacted starting material. The crystals were carefully
separated, and X-ray single crystal diffraction studies (4.4a and 4.4b, respectively) were

performed in collaboration with Dr. Daniel Mendoza-Espinosa.
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2.0 MyCO;

1.15 MoOy(acac),

CH5CN
85°C

M =Rb, Cs

M = Rb [4.4a],, Cs [4.4b],

Scheme 4.3 Synthesis of compounds 4.4a and 4.4b.

The overall structure of complexes [4.4a], and [4.4b]; is dimeric. Figures 4.9 and 4.10
illustrate the X-ray structures of [4.4a], and [4.4b], and selected bond lengths and angles for
complex [4.4a], are listed in Table 4.3. Compound 4.4b is isostructural with 4.4a as was

demonstrated by X-ray studies.

In general the crystal structures of complexes [4.4a], and [4.4b], display very similar
features. The X-ray structure of complex [4.4b], could not be well refined due to poor quality of
the crystal, but the atom connectivity is clear and allows its comparison with complex [4.4a],.
The asymmetric units of compounds 4.4a or 4.4b each contain two molybdenum atoms, four
alkali metals M (M = Rb 4.4a, Cs 4.4b) and two calixarene ligands. One of the MoO, moieties
still contains an acac ligand, while the second is coordinated completely to both calix[5]arene
ligands. Two of the alkali metal cations M(1,2) (M = Rb 4.4a, Cs 4.4b) are endo in calix[5]arene
cavities, coordinated to the oxygen atoms, a solvent molecule, and to the arene rings through -
cation interactions. The third alkali metal M(3) (M = Rb 4.4a, Cs 4.4b) is exo, and connected to
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the lower rim of the calix[5]arene. The final alkali metal M(4) (M = Rb 4.4a, Cs 4.4b) is exo,
displaying interactions with solvent and n-cation interactions bridging the outside of two
adjacent calix[5]arene rings. The alkali metal interactions observed in compound 4.4a and 4.4b

are similar to those described in MoO, calix[4]arene alkali metal-containing complexes reported

by our group.'"”

@ Carbon

@ Nitrogen

@ Oxygen
@ Rubidium

@ Molybdenum

Figure 4.9 X-ray structure of the dimeric structure of 4.4a. A ball and stick drawing is used for

clarity. Non-coordinating acetonitrile molecules and hydrogen atoms have been omitted for

clarity.

84



@ Carbon
® Oxygen

& Cesium

@ Molybdenum

Figure 4.10 X-ray structure of the dimeric structure of 4.4b displaying the atom connectivity.

Ball and stick drawing is used for clarity. Hydrogen atoms have been omitted for clarity.

Complex 4.4a contains two molybdenum atoms with two different geometries (Figure
4.11). Mo(1) is penta-coordinated and displays a distorted trigonal bipyramidal geometry with
axial O(8,4) (O-Ar), and equatorial O(6,7) (Mo=0) and O(3) (O-Ar) atoms. The apical angle is
O(4)-Mo(1)-O(8) = 161.57(2)°, and the equatorial angles are O(3)-Mo(1)-O(6) = 122.91(15)°,
O(3)-Mo(1)-0(7) = 127.80(16)°, and O(6)-Mo(1)-O(7) = 109.25(19)°. The remaining angles
range from 79.30(12) - 97.28(14)°, two of these angles being below the ideal value of 90°. The
distance d(Mo(1)-O) range from 1.686(3) — 2.014(3) A with the shortest distance for the Mo=0

bond.
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Few crystal structures displaying five-coordinate geometry around molybdenum have

176-181
d;

been reporte most exhibit trigonal bipyramidal geometry, though one example of square

pyramidal'® geometry has been reported.

Figure 4.11 ORTEP drawing of the partial X-ray structure of compound 4.4a showing the

geometries around Mo(1) and Mo(2) centers.

Mo(2) is hexa-coordinated and can be described as distorted octahedral geometry, with
the oxo ligands cis to each other. The apical angle defined as O(10)-Mo(2)-O(16) = 170.39(12)°
is close to the ideal value of 180°. The equatorial angles range from 80.50(12) — 102.62(15)°. The

distance d(Mo(2)-O) = 1.704(3) — 2.174(3) A with the shortest distance for the Mo=0 bond.
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Table 4.3 Selected bond lengths (A) and angles (°) of complex [4.4a],-8CH;CN

Mo=0
Mo(1)-O(6)
Mo(1)-0(7)

Mo-Ocys
Mo(1)-0(3)
Mo(1)-0O(4)
Mo(1)-O(8)
0O(6)-Mo(1)-0(7)
0O(6)-Mo(1)-0(4)
O(7)-Mo(1)-0(4)
0O(6)-Mo(1)-O(8)
O(7)-Mo(1)-O(8)
O(4)-Mo(1)-O(8)
0(6)-Mo(1)-0(3)
O(7)-Mo(1)-0(3)
0O(4)-Mo(1)-0(3)
O(8)-Mo(1)-0(3)

1.686(3)
1.693(3)

2.014(3)
1.971(3)
1.997(3)

Mo=0
Mo(2)-O(13)
Mo(2)-0(14)

MO'Oacac
Mo(2)-O(15)
Mo(2)-0(16)

MO'OCXS
Mo(2)-0(9)
Mo(2)-O(10)

109.25(19)
94.93(15)
91.93(15)
97.28(14)
97.00(14)

161.57(12)

122.91(15)

127.80(16)
82.48(12)
79.30(12)

1.716(3)
1.704(3)

2.174(3)
2.101(3)

2.023(3)
1.951(3)

Rb(1)-Ocys
Rb(1)-Cexs
Rb(1)-N(1)
Rb(2)-Ocys
Rb(2)-0(14)y0
Rb(2)-Cexs
Rb(2)-N(2)
Rb(3)-Ocys
Rb(3)-Ojcac
Rb(3)-0(14,14a) o0
Rb(4)-0(13)m0
Rb(4)-Cexs
0(14)-Mo(2)-0(13)
0(14)-Mo(2)-O(10)#1
0(13)-Mo(2)-O(10)#1
0(14)-Mo(2)-O(9)#1
0(13)-Mo(2)-0(9)#1
O(10)#1-Mo(2)-O(9)#1
0(14)-Mo(2)-0(16)
0(13)-Mo(2)-0(16)
O(10)41-Mo(2)-0(16)
0(9)#1-Mo(2)-0(16)
0(14)-Mo(2)-0(15)
0(13)-Mo(2)-0(15)
O(10)#1-Mo(2)-O(15)
0(9)#1-Mo(2)-0(15)
0(16)-Mo(2)-0(15)

2.846(3)-3.214(3)
3.247(4)-3.451(4)
3.016(6)
2.916(3)-3.033(3)
3.064(3)
3.292(4)-3.447(4)
2.940(6)
3.020(3)-3.074(3)
3.298(3)
2.853(3)-3.340(3)
2.798(3)
3.233(5)-3.473(5)
102.62(15)
101.36(14)
91.91(14)
92.22(13)
165.16(14)
85.42(12)
84.39(13)
94.36(14)
170.39(12)
86.67(12)
162.51(14)
85.13(14)
93.94(13)
80.50(12)
79.36(12)

Figure 4.12 illustrates the coordination environment around the rubidium atoms. One of

the rubidium atoms in compound 4.4a is localized in the calix[5]arene cavity. Rb(1) is

coordinated to three oxygen atoms from the calix[5]arene ligand, to a nitrogen atom from a

solvent molecule and to the arene rings through inner m-cation interactions (n’-ring C and 1°-ring

87



E). Rb(2) is also coordinated to three oxygen atoms and a solvent molecule, with additional =-
cation interactions (n°-ring F, n’-ring H and n'-ring J). Rb(3) is found on the lower rim,
sandwiched by the two calix[5]arene ligands and coordinated by eight oxygen atoms from the

calix[5]arene ligand, acac and the Mo=0O moiety. The remaining Rb(4) atom is exo, displaying

two n°-ring A,J m-cation interactions with a distance dp j-ro4) (centroid B,J — Rb(4)) = 3.142 and

3.007 A comparable to that observed in di.rp(1) (centroid E — Rb(1)) = 3.067 A and dgro2)

(centroid F — Rb(2)) = 3.108 A (Table 4.4).

The calix[5]arene rings in compound 4.4a and 4.4b adopt a pinched cone conformation

due to the inner m-cation interactions.

Table 4.4 Selected d(centroid-Rb(1)), d(centroid-Rb(2)) and d(centroid-centroid) distances (A),

centroid-O-Rb(1), centroid-O-Rb(2), centroid-Rb(2)-centroid and centroid-C(11/99)-centroid

angles (°) in compound 4.4a.

centroid A-Rb(1)
centroid B-Rb(1)
centroid C-Rb(1)
centroid D-Rb(1)
centroid E-Rb(1)
centroid E-centroid C
centroid B-Rb(4)

centroid F-Rb(2)
centroid G-Rb(2)
centroid H-Rb(2)
centroid I-Rb(2)
centroid J-Rb(2)
centroid F-centroid H
centroid J-Rb(4)

4.579
4711
3.322
4.786
3.067
6.017
3.142

3.108
4.858
3.554
4.369
4.788
6.144
3.007

centroid A-O(1)-Rb(1)
centroid B-O(2)-Rb(1)
centroid C-O(3)-Rb(1)
centroid D-O(4)-Rb(1)
centroid E-O(5)-Rb(1)
centroid A-C(11)- centroid B

centroid B-Rb(4)- centroid J

centroid F-O(8)-Rb(2)
centroid G-O(9)-Rb(2)
centroid H-O(10)-Rb(2)
centroid I-O(11)-Rb(2)
centroid J-O(12)-Rb(2)
centroid J-C(99)- centroid I

99.61
112.73
54.84
117.62
52.12
117.77

125.20

47.75
117.81
61.84
97.93
97.93
122.23
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Figure 4.12 X-ray structure of the asymmetric unit of 4.4a. The ball and stick and ORTEP
drawing styles (50% probability ellipsoids) are used for clarity. Non-coordinating acetonitrile

molecules, fert-butyl groups and hydrogen atoms have been omitted for clarity.

Attempts to increase the yield of compounds 4.4a and 4.4b were unsuccessful. The
irreproducibility of our initial approach led us to seek better conditions for the isolation of 4.4a

or 4.4b.
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We envisioned that pure Csz-tBuCS(H):; salt might react with MoO;(acac); ina 1:1.5

ratio in anhydrous THF to give us the desired (MoO,)*"-calix[5]arene complex (Equation 4.6).

Cs,'BuC5(H); + 1.5 MoOy(acac), 4.5a (4.6)

THF, r.t.
12 hrs

After workup a yellow solid was obtained, and its '"H NMR spectrum is shown in Figure

4.13.

TMS

OH Ar-H Ar-CH,-Ar
K_H K_J%

M CH acac CH; acac I
. ‘

Figure 4.13 '"H NMR spectrum of compound 4.5a in *CDCls. § = Csz-tBuCS(H)3, + = Hacac, S

= THF.
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The "H NMR spectrum of sample 4.5a showed a single compound with some impurities.
The most difficult impurity to remove is the Cs,-'BuC5(H)3, which has similar solubility to that
of compound 4.5a in common organic solvents. Attempts to purify the compound by
crystallization resulted in the decomposition of 4.5a to either parent calix[5]arene or

Cs, 'BuC5(H)s.

In order to find the best reaction conditions for the isolation of compound 4.5a, we
investigated the reaction in different molar ratios and solvents. We determined that the optimal

conditions are CHCl; as reaction solvent and a 1:1.5 molar ratio (Cs,-‘BuC5(H)3:MoOs(acac)s).

The same procedure used for the synthesis of 4.5a was used to isolate compounds 4.5b

and 4.5¢ from the corresponding rubidium and potassium salts (Equation 4.7).

= 4.5b
M,-‘BuC5(H); + MoOy(acac), M=Rb 4.7)

~ CHCl3, r.t. M=K 4.5¢
M=Rb, K 12 hrs

Compounds 4.5a-c¢ have limited solubility in pentane or hexane so they were purified by
precipitation. Adding pentane or hexane to the crude product, and allowing the mixture to stand
for one day at -34 °C, allowed ‘BuC5(H)s to be separated from the reaction mixture. Compounds
4.5a-c generally decompose in solution in common organic solvents, resulting in the formation
of M- 'BuC5(H); (M = K, Rb, Cs) and acetylacetone (Hacac). Long exposure to atmospheric

moisture causes hydrolysis with liberation of Hacac.

The identity of complex 4.5a (Figure 4.14) is suggested based on 'H and *C NMR and

IR spectroscopies, EDX (Electron Dispersion X-ray diffraction), elemental analysis and
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confirmed by single crystal X-ray diffraction (Section 4.4). While the formulation for

compounds 4.5b and 4.5c is still under current research.

Presence of Cs and Mo

atoms by EDX analysis

"H NMR: observable

IR: v(M=0) and

signals for the
Vacac(C:Cs C:O» 'Me) >

calix[5]arene and acac

ligand

Cs[MoO,(acac){Cs-‘BuC5(H), s}, 4.5a

Figure 4.14 Molecular structure of compound 4.5a.
4.2.3.1 'H NMR and infrared spectroscopies and EDX analysis

The 'H NMR spectrum of complex 4.5a (Figure 4.15) shows a broad signal at 10.71 ppm
assigned to the OH groups, ten signals for the aromatic resonances (7.35 — 6.45 ppm), nine
doublets for the methylene area (4.83 — 3.07 ppm, one pair overlapped), and finally five
resonances for the zerz-butyl area. This '"H NMR pattern observed in compound 4.5a is consistent

with C; symmetry.*

The acac ligand displays a set of three sharp singlets, one at 5.25 ppm that is attributed to
the CH group resonance. This value is consistent with the value of 4.93 ppm observed by Raston

et al., in the compound [ {MeOH K -"BuC5(H)}-u-O-[Ti(acac)]>{THF-K-'BuC5(H)3}].*' In the
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aliphatic area at 2.37 and 1.44 ppm the resonances from two distinct —CH3 groups were assigned

to the acac ligand.

OH Ar-H Ar-CH,-Ar
o K_H f_)%
5 7
1 CH acac CH; acac
\ \I
M .
VA N N A R R R e

Figure 4.15 'H NMR spectrum of pure compound 4.5a in *CDCl;.

The 'H NMR spectrum of complex 4.5b (Figure 4.16) shows a similar pattern to that
described for compound 4.5a, with two notable differences. First, the OH resonances in
compound 4.5b appear as two singlets, at 8.85 and 7.48 ppm. Second, in compound 4.5b there
are also two different signals for two different coordinating acac ligands. The structure of
complex 4.5b could be similar to that of compound 4.5a, but with an extra coordinated acac

ligand.
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f_H
CH; acac
Ar-H Ar-CH>-Ar \
K_J% ' A I
CH acac
OH
T I I T T TTT T I I I I
10 9 8 7 6 5 4 3 2 1 -0

Figure 4.16 'H NMR spectrum of compound 4.5b in *CDCls. § Hacac.

The 'H NMR spectrum of compound 4.5¢ is shown in Figure 4.17. This spectrum is more
complicated than the previous ones, showing two non-equivalent calix[5]arene rings in the
molecule, resulting in a C; symmetry. Eighteen signals out of expected twenty (some are
overlapped) are found in the aromatic area (7.53 — 6.03 ppm), twenty different doublets are
found in the methylene area (5.19 — 2.88 ppm), ten tert-butyl resonances (1.38 — 0.77 ppm) are
found, and finally four resonances for four distinct OH groups appear at 10.81, 9.97, 8.60 and
4.70 ppm. The upfield signal for the OH group (4.70 ppm) has a similar chemical shift to that
observed in dimeric phosphorus-bridged calix[5]arene compound (4.75 ppm)
{'BuC5(H),(P)},"** but it is even more upfield than the value found for compound 3.2 (5.75
ppm).
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‘Bu

—
§
CH acac x CH; acac
~
I
Ar-CH,-Ar
Ar-H A
e
' A ~N X
L L L L B s L By B
11 10 9 8 7 6 5 4 3 2 1

Figure 4.17 "H NMR spectrum of compound 4.5¢ in *CDCls. § Hacac.

The differences between found in compound 4.5¢ compared to compounds 4.5a and 4.5b
might be caused by the n-cation interactions with the alkali metal. These n-cation interactions
could be stronger with the K atom, making the framework of the calix[5]arene more rigid.
Alternatively, the difference could be caused by the presence of an extra MoO,(acac)” moiety

disrupting the symmetry of the complex.

Indeed, three acac ligands and one free Hacac were observed in the spectrum of
compound 4.5¢, while just two acac ligands were found in 4.5a. The additional acac ligand
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suggests the presence of an extra MoO,(acac)” moiety in compound 4.5¢. Elemental analysis is
also consistent with the presence of three MoOz(acac)+ moieties, two K2~tBuC5(H)2 and one
molecule of Hacac. Currently, the connectivity and molecular structure of compound 4.5c¢ is

under investigation. Table 4.5 gives a summary of the "H NMR data for complexes 4.5a — 4.5c¢.

Table 4.5 '"H NMR chemical shifts (ppm) of compounds 4.5a to 4.5¢ in CDCl;.

acac ‘Bu
Compound OH Ar-H Ar-CH,-Ar
(CH) CH; (ratio)
4.5a 10.71 7.35-6.45 4.83-3.07 (5.25) 2.37;1.44 1.40-0.87
(10 signals) (9 doublets) (1:1:1:1:1)

4.5b 8.85 7.16-6.14 4.98-3.11 (5.24,5.21) 2.21;2.16; 1.38-0.78

7.48 (8 signals) (10 doublets) 2.05; 1.47 (1:1:1:1:1)
4.5¢ 10.81 7.53-6.03 5.19-2.88 (5.30, 5.27, 3.08; 1.87; 1.38-0.77

9.97 (18 signals) (20 doublets) 4.95) 1.85; 1.63; (L:1:1:1:10 1000110 0)

8.60 1.48; 1.19

4.70

Additional characterization of complexes 4.4a-b was performed by EDX and IR
spectroscopy. For example, the EDX experiment on compound 4.5a showed that the sample
contains both Mo and Cs atoms. The EDX result in compounds 4.5b and 4.5¢ was consistent
with the proposed formulation i.e., Mo and Rb were contained in compound 4.4b and Mo and K

were contained compound 4.4c.

In the infrared spectrum, two very strong v(M=0) bands can be observed at 917, 879 cm”
(4.5a), 914, 883 cm™' (4.5b), and 914, 886 cm™ (4.5¢), characteristic of the symmetric and

asymmetric stretching vibrations of the cis-(MoO,)*" fragment.'”"'®® The values found in
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compounds 4.5a-c are higher than those reported in cis-MoO,” -containing calixarene literature
(sym 904-877 and asym 879-831 cm™)''? as well as those of noncalixarene Mo dioxo aryloxide
MoO5(0-2,6-1-Bu,CeHs)o-HO-2,6-1-Bu,CeHs (898, 884 cm™)'™ but lower than the Mo dioxo

alkoxides (947-945, 927-881 cm™)'®* (Table 4.6).

Table 4.6 Principal Infrared frequencies (cm™) of compounds 4.1, 4.2, 4.3 and 4.5a-c in KBr

pellets.
Compound v(O-H) v(C=0); v(C=C) v(C-0) v(-CH3)* v(Mo=0)
MoO,Cl, - - - - 915, 864
MoO,(bipy)Cl,'"! - - - - 930, 908
MoO,(OR),'* - - - - 947-945, 927-881
MoO,(OPh,),'® - - 1264 - 962, 875
MoO,(OPh,),(py),'** - - 1249 - 932, 904
MoO,(OAr),'™ - - 1264 - 898, 884
MoO,-calix[4]arene' ' - - 1283-1262 904-877, 879-831
MoO,(acac), - 1591, 1510 1265 1362 935,906
4.1 3433, 3296 - 1293 - 918, 885
4.2 3402, 3296 - 1295 - 907, 886
4.3 3433, 3307 1293 - 914, 883
4.5a 3411, 3263 1602, 1523 1296 1363 917, 879
4.5b 3413, 3294 1596, 1527 1295 1362 914, 883
4.5¢ 3475 1596, 1528 1294 1364 914, 886

*Characteristic -CHj; of methyl ketone.! R = -Me, -Et, Sprt Ar= O—2,6—‘Bu2C6H3.184
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4.2.3.2 Crystal and molecular structure of complex [4.5a],2CsH30;

The crystal structure of [4.5a],2CsHgO, is shown in Figure 4.18, and selected bond
distances and angles are listed in Table 4.7 and Table 4.8. Suitable crystals of compound 4.5a
were obtained by a slow evaporation of a concentrated pentane solution with some drops of THF

at-34 °C.

O(6)

By
Mo(1) & -
~ i’ o

Figure 4.18 X-ray structure of [4.5a],-2CsHsO,. ORTEP drawing (50% probability ellipsoids)
and ball and stick drawing styles are used for clarity. Hydrogen atoms have been omitted for

clarity.
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Table 4.7 Selected bond lengths (A) and angles (°) of complex [4.5a],-2CsH30,.

MoO,(acac)
Mo=0

Mo(1)-O(8) 1.717(15) Mo(1)#l-Cs(1)-Mo(l) -~ 1224103)
Mo(1)-0(9) L7asy  COMe0E) 1049(2)
0(9)-Mo(1)-0(3) 93.6(2)
Mo-O,cac 0O(8)-Mo(1)-0(3) 99.0(2)
Mo(1)-0(6) 2.157(5) 0(9)-Mo(1)-0(4) 161.9(2)
Mo(1)-O(7) 2.126(5) O(8)-Mo(1)-O(4) 93.13(19)
0(3)-Mo(1)-0(4) 85.44(18)
Mo-Oc.s 0(9)-Mo(1)-0(7) 93.3(2)
Mo(1)-0(3) 1.950(5) O(8)-Mo(1)-0(7) 85.3(2)
Mo(1)-O(4) 2.076(4) O(3)-Mo(1)-0(7) 170.75(19)
O(4)-Mo(1)-0(7) 86.13(17)
Cs(1)-Ocxs 3343(4) - 3.135(4)  OOMo(D)-0(6) 84.9(2)
C3(1)-O(7)acac 3.257(5) O(8)-Mo(1)-O(6) 163.00(19)
Cs(1)-O(8)mo-0 3.033(5) 0(3)-Mo(1)-0(6) 94.1(2)
Cs(2)-0(11)4eac 3.199(13) O(4)-Mo(1)-O(6) 77.12(18)
Cs(2)-Ocys 3.052(4) - 3.156(5)  O(N-Mo(1)-0(6) 80.3(2)

Cs(2)-C 3.416(6) — 3.868(6)

Table 4.8 Selected d(centroid-Cs(2)), d(centroid E-centroid C) distances (A) and centroid-O-

Cs(2), centroid A-C(44)-centroid B angles (°) in compound [4.5a],-2CsH;3O..

centroid A-Cs(2) 4.176 centroid A-O(4)-Cs(2) 104.35
centroid B-Cs(2) 3.730 centroid B-O(5)-Cs(2) 89.47
centroid C-Cs(2) 4.627 centroid C-O(1)-Cs(2) 66.01
centroid D-Cs(2) 3.351 centroid D-O(2)-Cs(2) 102.67
centroid E-Cs(2) 4.563 centroid E-O(3)-Cs(2) 49.62

centroid E-centroid C 6.582 centroid A-C(44)- centroid B 114.85




Compound [4.5a],-2CsHgO; is, to the best of our knowledge, the first fully characterized
dioxomolydenum(VI)-containing calix[5]arene complex. The crystal structure contains two
calix[5]arene ligands, three cesium and two molybdenum atoms, and additionally two molecules
of Hacac. Cs(2) and Cs(2a) are each located in a calix[5]arene cavity. Each Cs(2, 2a) atom is
coordinated to three calix[5]arene oxygen atoms (d(Cs(2)-Ocxs) = 3.052(4) — 3.156(5) A,
d(Cs(2)-O(11)hacac = 3.199(13) A), and displays n-cation interactions with the five arene rings
(n*-ring A, 1'-ring B, n*-ring C, n'-ring D and n'-ring E, d(Cs(2)-Ccxs) = 3.416(6) — 3.868(6) A).
A C; axis passes through the Cs(1) atom (Figure 4.18). The Cs(1) atom is shared between the
lower rims of both calix[5]arene ligands. Cs(1) atom is coordinated to a total of eight oxygen
atoms, four coming from the calix[5]arene rings (2 each) and the rest from the MoO,(acac)

moiety (from the Mo=0 and the acac ligand).

The apical angle defined by O(3)-Mo(1)-O(7) = 170.75(19)° is similar to that found in the
hexacoordinate Mo(2) in compound 4.4a (O(10)-Mo(2)-O(16) = 170.39(12)°) (Figure 4.19a).
The equatorial angles in compound 4.5a range from 77.12(18) — 104.9(2)°, similar to those found
in compound 4.4a (80.50(12) — 102.62(15)°). The d(Mo(1)-O) distances range from 1.711(15) —
2.157(5), with the short distance for the Mo=0O bond. These distances are comparable to those
reported in MoO,-calixarene literature (d(M=0) = 1.694(3), 1.690(3) A, d(Mo-0) = 1.916(3)-
2.559(3) A" and d(M=0) = 1.718(3), 1.735(3) A, d(Mo-0) = 1.936(9)-2.1068(2) A''). The
distances observed for the Cs(1)-O bonds range from 3.033(5) — 3.343(4) A, the shortest being

0(8).

100



The calix[5]arene ligands in compound 4.5a display a pinched cone conformation,
previously observed in compound 4.4a (Figure 4.19b). Finally, two molecules of Hacac are

coordinated to the Cs(2) atom.

b)

Figure 4.19 X-ray structure of the a) geometry around Mo(1) and of the b) top view of
compound [4.5a],-2CsHgO,. ORTEP drawing (50% probability ellipsoids) and ball and stick
drawing styles are used for clarity. Half of the molecule and hydrogen atoms have been omitted

for clarity.
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4.3 Experimental Section
4.3.1 General Information

Unless otherwise noted, all manipulations were carried out in a dry nitrogen filled glove
box. My-'BuC5(H); (M = Na, K, Rb, Cs)'"® and dioxobis(2,4-pentanedionato)molybdenum(VI),
(MoOx(acac),), ™ were prepared by literature procedures. Ma-'BuC5(H)s (M = Rb, Cs) was left
in the oven for 24 hrs before use (110 °C). MoO,Cl, and 2,2’-bipyridine (bipy) were purchased
from Aldrich and used without further purification. The melting points of all compounds were
taken in capillary tubes on a Mel-Temp apparatus (Laboratory Devices, Cambridge, MA). A
temperature proceeded by a “>” sign indicates that the compound starts to decompose. '"H NMR
and °C NMR spectra were recorded on a Varian XL-300 spectrometer at 300 and 75 MHz,
respectively. Deuterated chloroform (CDCls) was dried over CaH; and was referenced to 7.26
ppm in '"H NMR and 77.2 ppm in >C NMR. Microanalyses were performed by Atlantic
Microlab, Inc, Norcross, GA. FTIR spectra were obtained as potassium bromide pellets in the
range 400-4000 cm™ with an Infinity Gold™ FTIR spectrometer. UV/vis spectra were obtained
on an Agilent 8453 spectrophotometer. All solvents were anhydrous and were stored over 4 A

molecular sieves for at least one day before use.
4.3.2 Synthesis of complexes

MoO,Cly(bipy): A greenish blue solution of MoO,Cl, (0.321 g, 1.61 mmol) in
acetonitrile (3.0 mL) was added to a colorless solution of bipy (0.254 g, 1.63 mmol) in
acetonitrile (5.0 mL). During addition the solution gradually turned to a white suspension. The
reaction mixture was stirred at room temperature for 12 hrs. The resulting white suspension was

filtered using a medium pore size frit. The white solid was washed with an additional ~15.0 mL
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of anhydrous acetonitrile. The white solid was vacuum dried and identified as MoO,Cl,(bipy)
(0.496 g, 1.40 mmol, 87% yield). Identification of the compound was performed by comparison
of its IR vibration modes to those reported in the literature.'®” FTIR (KBr, cm™): 3435m (OH,
from water), 3114w, 3084w, 3060w, 3037w, 1600s, 1573w, 1496s, 1475s, 1443s, 1318s, 1244w,
1226w, 1174w, 1155m, 1102w, 1074w, 1063w, 1028m, 936s (M0o=0), 905s (Mo=0), 776s,

734m, 654w, 636w, 421w. No further characterization was performed.

[MoO,{'BuC5(H)3}] 4.1: To a vigorously stirring solution of 0.133 g (0.150 mmol) of
K, '‘BuC5(H); in 2 mL of CH3CN was added dropwise a light blue solution of 0.0308 g (0.155
mmol) MoO,Cl; dissolved in 2 mL of CH3CN. The addition took ~1 min, during which time the
colorless solution turned into a red-brown suspension. The reaction mixture was stirred for 12
hrs at room temperature. The reaction mixture was then centrifuged for 25 min and the
supernatant (light brown solution) discarded, while the black-blue solid was recovered and dried
under vacuum. The dark blue solid was stirred with 10 mL of anhydrous hexane for 10 min and
then filtered through ~1.0 g of Celite on a frit. The blue solution was recovered and the solvent
removed by vacuum, to obtain 0.0981 g of a dark blue solid. Compound 4.1 can also be prepared
with the sodium, rubidium and cesium dianionic salts: 0.0916 g (Na,-'BuC5(H)3: 0.129 g, 0.151
mmol; MoO,Cly: 0.0301 g, 0.151 mmol), 0.0858 g (Rb,-"BuC5(H)s: 0.148 g, 0.151 mmol;
MoO,Cl,: 0.0305 g, 0.153 mmol) and 0.0819 g (Cs,-‘BuC5(H)3: 0.162 g, 0.151 mmol;
MoO-,Cly: 0.0303 g, 0.152 mmol). Mp: > 210 °C. "H NMR in CDCl; & (ppm): 9.03 (s, 1H, OH),
8.66 (s, 2.5H, OH, Cx5), 8.27 (s, 2H, OH), 7.24 (d, 2H, J = 2.5 Hz, Ar-H), 7.21 (s, TH, Ar-H,
Cx5),7.19 (d, 2H, J = 2.5 Hz, Ar-H), 7.16 (d, 2H, J = 2.2 Hz, Ar-H), 7.05 (d, 2H, J = 2.5 Hz,

Ar-H), 4.87 (d, 2H, J = 14.0 Hz, Ar-CH>-Ar), 4.81 (d, 1H, J = 14.3 Hz, Ar-CH>-Ar), 4.48 (d,
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2H, J = 13.8 Hz, Ar-CH,-Ar), 3.76 (br, SH, Ar-CH,-Ar, Cx5), 3.51(d, 2H, J = 13.8 Hz, Ar-CH>-
Ar), 3.47 (d, 1H, J = 14.3 Hz, Ar-CH>»-Ar), 3.29 (d, 2H, J = 14.3 Hz, Ar-CH,-Ar), 1.26 (s, 9H,
‘Bu), 1.25 (s, 22.5H, ‘Bu), 1.24 (s, 18H, ‘Bu), 1.22 (s, 18H, ‘Bu). The remaining ~38H observed
in the aliphatic area accounts for 2.7 C¢H,4 solvent molecules & (ppm) = 1.28, 0.86. *C{'H}
NMR in CDCI; & (ppm): 162.7, 158.7, 148.5, 148.2, 147.8, 147.1, 144.2, 143.4, 143.3, 132.5,
129.0, 127.4, 126.9, 126.4, 126.2, 126.1, 125.8, 125.7, 125.5, 124.9 (aromatic carbons), 35.3,
34.5 (C(CHs)3), 34.1 (Ar-CH,-Ar), 32.2 (C(CHs)3), 31.7, 31.6 (C(CHs)3), 29.6, 29.1 (Ar-CH»-
Ar). FTIR (KBr, cm™): 3433s (OH), 3296s (OH), 3050m, 3028w, 2961s, 2907s, 2870s, 1600m,
1515w, 1505m, 1484s, 1461s, 1393m, 1364s, 1293s, 1244s, 1202s, 1122s, 1027w, 961m, 941m,
918m (Mo=0), 885m (M0=0), 873s, 843m, 817m, 790s, 766w, 755w, 729w. UV/vis (CHCl;)
Amaxmm: 241, 279, 286, 314, 356. At this point no % yield or € values can be obtained because the

pure compound cannot be isolated.

[MoO,(bipy){K-‘BuC5(H),}] 4.2: To a white suspension of MoO,Clx(bipy) (0.0543 g,
0.153 mmol) in acetonitrile (3.0 mL) was added a suspension of K,-'BuC5(H), (0.134 g, 0.151
mmol) in acetonitrile (5.0 mL). Additional acetonitrile was used (~2.0 mL) in order to
completely transfer the potassium salt. The reaction mixture gradually changed color during
addition from a white suspension to yellow suspension and finally to an orange suspension. The
reaction mixture was stirred for 12 hrs. A light brown suspension was obtained and was left to
settle for 1 hr. The mixture was carefully decanted and the supernatant was discarded.
Approximately 5 mL of acetonitrile was added and stirred for an additional 10 min. The solid
was separated by centrifugation, and then washed with ~ 4.0 mL pentane. The light brown solid

product recovered weighed 0.0886 g and was labeled as 4.2. Mp: >208 °C. '"H NMR (CDCl;) &
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(ppm): 9.50 (s, 1H,* bipy), 8.93 (br, 1H, OH), 8.66 (s, §, OH, Cx5), 8.04 (d, 1H,* 7.4 Hz, bipy),
7.95 (br, 1H, OH), 7.90 (s, 1H, Ar-H), 7.89 (s, 1H, Ar-H), 7.55 (dd, 1H,* J = 4.4, 4.7 Hz, bipy),
7.30 (br, 1H,* bipy), 7.21 (s, §, Ar-CH,-Ar, Cx5), 7.12 (d, 1H, J = 2.5 Hz, Ar-H), 7.07 (d, 1H, J
= 2.5 Hz, Ar-H), 6.96 (d, 1H, J = 2.2 Hz, Ar-H), 6.80 (d, 1H, J = 2.2 Hz, Ar-H), 6.78 (d, 1H, J
= 1.9 Hz, Ar-H), 6.73 (s, 2H, Ar-H), 6.67 (s, 1H, Ar-H), 4.61 (br, 1H, Ar-CH,-Ar), 4.47 (d, 1H,
J=16.0 Hz, Ar-CH»-Ar), 4.09 (d, 1H, J = 13.8 Hz, Ar-CH»-Ar), 3.97 (d, 1H, J = 13.8 Hz, Ar-
CH,-Ar), 3.67 (br, 1H, Ar-CH,-Ar), 3.64 (d, 1H, J = 16.8 Hz, Ar-CH»-Ar), 3.43 (d, IH, J = 13.8
Hz, Ar-CH,-Ar), 3.12 (d, 1H, J = 14.0 Hz, Ar-CH>-Ar), 2.77 (d, 1H, J = 13.8 Hz, Ar-CH>-Ar),
2.02 (d, 1H, J = 14.6 Hz, Ar-CH,-Ar), 1.99 (s, 2H,* CH3CN), 1.32 (s, 9H, ‘Bu), 1.25 (s, §, ‘Bu,
Cx5), 1.21 (s, 9H, ‘Bu), 1.16 (s, 9H, ‘Bu), 1.09 (s, 9H, ‘Bu), 0.93 (s, 10H,* ‘Bu). § = no integral
was recorded. *The integral values reported for the compound are not consistent with the values
required. This disagreement in values could be due to overlapping with solvent or impurities. No
BC{'H} NMR was obtained due to sample precipitation during the collection time. FTIR (KBr,
cm™): 3402s (OH), 3296s (OH), 3084w, 3051w, 2960s, 2905s, 2869s, 1602m, 1505w, 1494m,
1484s, 1459s, 1445s, 1425w, 1393w, 1363m, 1313m, 1295m, 1262m, 1241m, 1207s, 1160w,
1118w, 1107w, 1064w, 1045w, 1028w, 995w, 907s (M=0), 886s (M=0), 876s, 843w, 834w,
819w, 792s, 765w, 733w. UV/vis (CHCl3) Amaxnm: 242, 285, 280, 312. At this point no % yield
or € values can be obtained because the compound cannot be isolated pure. No additional
characterization was performed. [MoO,(bipy){M:‘BuC5(H),}] (M = Na (4.2a), Rb (4.2b), Cs
(4.2¢)) can be prepared with the sodium, rubidium and cesium dianionic salts, respectively:
0.0288 g (Nay-'BuC5(H);3: 0.0440 g, 0.0514 mmol; MoO,Cly(bipy): 0.0197 g, 0.0555 mmol),
0.0233 g (Rby-'BuC5(H)3: 0.0491 g, 0.0501 mmol; MoO,Cly(bipy): 0.0181 g, 0.0510 mmol) and

0.0259 g (Cs,-'BuC5(H)3: 0.0547 g, 0.0509 mmol; MoO,Cly(bipy): 0.0187 g, 0.0527 mmol).
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The "H NMR spectra of compounds 4.2a-c have been omitted due to their similarity to that

described for compound 4.2.

[MoO, {K-'BuC5(H),}] 4.3: To a suspension of K,-'BuC5(H); (0.133 g, 0.150 mmol) in
7.0 mL of hexanes, 0.0586 g (0.165 mmol) of MoO,Cl,(bipy) was added with vigorous stirring.
At this point no reaction was observed and the reaction mixture remained a suspension. Addition
of 2.0 mL of acetonitrile produced (in about 5 minutes of stirring) a color change in the reaction
mixture from a white suspension to a yellow suspension. The yellow suspension was stirred for
12 hrs. At the end of the reaction time two phases were obtained. The hexane phase (top one)
produced an orange-red solution, containing parent ‘BuC5(H)s and free bipy ligand with traces
of 4.3. The hexane phase was carefully decanted and discarded. The dark brown bottom phase
(acetonitrile) contained a yellow solid at the bottom. The yellow solid was separated by
centrifugation and washed with cold hexanes (3 x 2.0 mL), then vacuum dried. The amount of
product recovered was 0.0533 g and identified as 4.3. At this point no % yield can be obtained
because the compound cannot be isolated pure. Mp: > 320 °C. "H NMR (CDCls) & (ppm): 10.41
(s, 1H,* OH), 8.67 (s, SH,* OH, Cx5), 8.14 (s, 1H,* OH), 7.25 (d, 1H,* J = 2.2 Hz, Ar-H), 7.23
(d, 1H,* J = 3.0 Hz, Ar-H), 7.22 (s, 10H,* Ar-H, Cx5), 7.07 (d, 1H,* J = 2.2 Hz, Ar-H), 7.04 (d,
1H,* J = 1.9 Hz, Ar-H), 6.89 (d, 1H,* J = 2.2 Hz, Ar-H), 6.80 (d, 1H,* J = 2.5 Hz, Ar-H), 6.66
(d, 1H,* J = 2.2 Hz, Ar-H), 6.56 (d, 1H,* J = 2.5 Hz, Ar-H), 6.38 (d, 1H,* J = 2.2 Hz, Ar-H),
6.04 (d, 1H,* J = 1.9 Hz, Ar-H), 4.96 (d, 1H,* J = 14.3 Hz, Ar-CH»-Ar), 4.88 (d, IH,* J =154
Hz, Ar-CH,-Ar), 4.69 (d, 1H,* J = 14.6 Hz, Ar-CH,-Ar), 4.39 (d, 1H,* J = 14.0 Hz, Ar-CH,-
Ar), 4.20-3.20 (br, 10H,* Hz, Ar-CH,-Ar, Cx5), 3.99 (d, 1H,* J = 15.4 Hz, Ar-CH,-Ar), 3.82 (d,

1H,* J = 14.6 Hz, Ar-CH»-Ar), 3.45 (d, 2H,* J = 14.6 Hz, Ar-CH>-Ar), 3.42 (d, 1H,* J = 14.9
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Hz, Ar-CH,-Ar), 2.28 (d, 1H,* J = 14.9 Hz, Ar-CH,-Ar), 1.85 (s, CH3CN, residual solvent), 1.33
(s, 9H,* Bu), 1.29 (s, 9H,* Bu), 1.26 (s, 45H,* Bu, Cx5), 1.16 (s, 9H,* ‘Bu), 0.99 (s, 9H,* ‘Bu),
0.77 (s, 9H,* '‘Bu). *The integral values were not recorded and are fixed to the expected values
based on the proposed molecular formula. FTIR (KBr, cm™): 3433s (OH), 3307s (OH), 3051m,
3028w, 2966s, 2904s, 2869s, 1606m, 1487s, 1462s, 1393m, 1362s, 1293s, 1246s, 1203s, 1124m,
914s (Mo=0), 883s (M0=0), 833m, 789m, 762w, 689w, 638w, 571w, 546w. No additional

characterization was performed.

4.4a, 4.4b: To a solid mixture of 0.0100 g (0.123 mmol) of ‘BuC5(H)s, 0.0569 g (0.246
mmol) of Rb,CO; and 0.0462 g (0.142 mmol) of MoO;(acac), in a 20 mL pressure tube was
added 10 mL of anhydrous acetonitrile, resulting in a light yellow suspension. The pressure tube
was placed in an isotemp oil bath at 85 °C. After 30 minutes of reaction a change in color was
observed from the initial yellow suspension to a dark green suspension. After ~10 hrs of reaction
time, the color of the reaction mixture was red-orange with a white precipitate at the bottom of
the pressure tube. After 24 hrs of reaction time, tiny crystals were observed on the wall of the
pressure tube. After 36 hrs, a good size X-ray quality crystal was observed. The reaction mixture
was stopped at ~48 hrs and no more formation of crystals was observed. ~10 mg of red-orange
crystals were obtained, and a suitable crystal was used for X-ray analysis. Insufficient product
was obtained for further analysis. A similar procedure was followed for 4.4b: (‘BuC5(H)s,

0.0996 g (0.123 mmol); Cs,COs5: 0.0829 g (0.254 mmol); MoO;(acac),: 0.0470 g (0.144 mmol)).

Cs[MoOx(acac){Cs-‘BuC5(H);.s}]» 4.5a: To a colorless solution of 0.108 g (0.100 mmol)
of Cs,-'BuC5(H); in 5 mL of CHCl; was added dropwise a light green solution of 0.0519 g

(0.159 mmol) MoO»(acac); dissolved in 3 mL of CHCl3, with vigorous stirring. The addition
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took ~1 min, during which time the colorless solution turned orange. The reaction mixture was
stirred for 12 hrs at room temperature. The crude product was centrifuged for 25 min. The solid
was discarded, while the supernatant (orange solution) was dried under vacuum. Anhydrous
hexanes (~4.0 mL) were added to the red-orange solid and the resulting solution was kept in the
freezer at -34 °C. Yellow crystalline solid was observed after 6 h. Centrifugation of the mixture,
further washing with 2 x 3.0 mL portions of cold hexanes, and drying under vacuum yielded
Cs[MoO;(acac){Cs-'BuC5(H),.s}], 4.5a as an off-yellow solid (0.0752 g, 0.0304 mmol, 30%
yield). Mp: >275 °C. "H NMR (CDCl;) & (ppm): 10.71 (br, 2H, OH), 7.35 (d, 1H, J = 1.9 Hz,
Ar-H), 7.29 (d, 1H, J = 2.2 Hz, Ar-H), 7.26 (d, 1H, J = 1.9 Hz, Ar-H), 7.22 (d, 1H, J = 2.5 Hz,
Ar-H), 7.04 (d, 1H, J = 2.2 Hz, Ar-H), 6.89 (d, 1H, J = 2.2 Hz, Ar-H), 6.85 (d, 1H, J = 2.7 Hz,
Ar-H), 6.74 (d, 1H, J = 2.5 Hz, Ar-H), 6.72 (d, 1H, J = 2.2 Hz, Ar-H), 6.45 (s, 1H, Ar-H), 5.25
(s, 1H, CH acac), 4.83 (d, 2H, J = 13.7 Hz, Ar-CH,-Ar), 4.65 (d, 1H, J = 15.9 Hz, Ar-CH,-Ar),
4.60 (d, 1H, J = 12.1 Hz, Ar-CH»-Ar), 4.40 (d, 1H, J = 13.5 Hz, Ar-CH,-Ar), 3.45 (d, 1H, J =
16.5 Hz, Ar-CH,-Ar), 3.33 (d, 1H, J = 14.3 Hz, Ar-CH»-Ar), 3.21 (d, 1H, J = 13.5 Hz, Ar-CH,-
Ar),3.11 (d, 1H, J = 13.7 Hz, Ar-CH,-Ar), 3.07 (d, 1H, J = 13.2 Hz, Ar-CH,-Ar), 2.37 (s, 3H,
CH; acac), 1.44 (s, 3H, CH; acac), 1.40 (s, 9H, '‘Bu), 1.32 (s, 9H, ‘Bu), 1.26 (s, 9H, ‘Bu), 0.98 (s,
9H, 'Bu), 0.87 (s, 9H, ‘Bu). *C{'H} NMR (CDCl5) & (ppm): 192.3, 186.7 (C=0, acac), 160.7,
156.2, 149.0, 148.5, 143.1, 142.8, 141.3, 133.0, 132.4, 131.7, 131.3, 131.0, 128.8, 128.3, 128.2,
127.6, 126.6, 126.3, 126.1, 125.6, 125.2, 124.4 (aromatic carbons), 102.1 (CH, acac), 36.3
(C(CHs)3), 34.3, 34.2, 34.1 (Ar-CH;-Ar), 34.0, 33.9 (C(CHs)3), 31.99, 31.96, 31.8, 31.75
(C(CHs)3), 30.0, 28.2, 28.0 (Ar-CH»-Ar), 27.0, 26.5 (CHs, acac). FTIR (KBr, cm™): 341 1m
(OH), 3263m (OH), 3047w, 2959s, 2908s, 2868s, 1602s (C=04cac), 1561w, 15235 (C=Cpeac),

1481s, 1467s, 1460s, 1391m, 1363s (CHs acac), 1296s, 1277m, 1244w, 1206s, 1125m, 1026m,
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917s (Mo=0), 879s (Mo=0), 832m, 820w, 766m, 799m, 670w, 602w, 552w, 416w. UV/vis
(CeHg) Amax/nm (¢/dm’ mol™ em™): 281 (6.06 x 10*), 337 (1.42 x 10°). Anal. Calcd for

C120H149CS3M020181 C 58.35, H 6.08. Found: C 58.23, H 5.98.

A similar procedure was followed for the rubidium and potassium salts to make 4.5b and

4.5c¢c.

[MoO;(acac){Rb,-'BuC5(H),}] 4.5b: (Rb,-'BuC5(H);: 0.0988 g, 0.101 mmol;
MoO;(acac),: 0.0545 g, 0.167 mmol). Compound 4.5b was obtained as a yellow solid (0.0438
g). Mp: >255 °C. "H NMR (CDCls) & (ppm): 8.85 (s, 1H, OH), 7.48 (s, 1H, OH), 7.16 (s, 2H, Ar-
H),7.13 (d, 2H, J = 2.5 Hz, Ar-H), 7.09 (d, 1H, J = 2.5 Hz, Ar-H), 6.96 (d, 1H, J = 2.5 Hz, Ar-
H), 6.82 (d, 1H, J = 2.5 Hz, Ar-H), 6.76 (d, 1H, J = 2.5 Hz, Ar-H), 6.71 (d, 1H, J = 2.8 Hz, Ar-
H), 6.14 (d, 1H, J = 2.2 Hz, Ar-H), 5.01 (s, 0.2H*, CH, Hacac), 5.24 (s, 1H, CH, acac), 5.21 (s,
1H, CH acac), 4.98 (d, 1H, J = 14.3 Hz, Ar-CH,-Ar), 4.87 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar),
4.71 (d, 1H, J = 14.3 Hz, Ar-CH,-Ar), 4.68 (d, 1H, J = 15.7 Hz, Ar-CH,-Ar), 4.23 (d, 1H, J =
13.5 Hz, Ar-CH,-Ar), 3.37 (d, 1H, J = 15.1 Hz, Ar-CH,-Ar), 3.29 (d, 1H, J = 14.0 Hz, Ar-CH,-
Ar), 3.29 (d, 1H, J = 17.1 Hz, Ar-CH,-Ar), 3.12 (d, 1H, J = 13.5 Hz, Ar-CH,-Ar), 3.11 (d, 1H, J
= 14.3 Hz, Ar-CH,-Ar), 2.21 (s, 3H, CHj3 acac), 2.16 (s, 3H, CHjs acac), 2.05 (s, 1H,* CHj,
Hacac), 1.47 (s, 3H, CH; acac), 1.38 (s, 9H, ‘Bu), 1.31 (s, 11H,* CH3 acac overlapped with '‘Bu),
1.25 (s, 9H, Bu), 0.99 (s, 9H, Bu), 0.78 (s, 9H, ‘Bu). *The integral values reported for the
compound are not consistent with the values required. This disagreement in values could be due
to overlapping with solvent or impurities. >C{'"H} NMR (CDCls) & (ppm): 192.6 (C=0, acac),
191.2 (C=0, Hacac), 187.1 (C=0, acac), 159.7, 158.1, 156.8, 156.6, 148.9, 148.5, 148.0, 147.7,

144.2,143.7, 143.3, 143.2, 143.0, 141.1, 132.8, 132.7, 132.3, 131.8, 131.6, 130.8, 130.5, 129.6,
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129.4, 128.6, 128.3, 128.1, 127.62, 127.56, 126.4, 126.0, 125.8, 125.7, 125.6, 125.2, 124.7,
124.4, 123.6 (aromatic carbons), 105.2, 102.3 (CH, acac), 100.6 (CH, Hacac), 36.2 (C(CHj3)3),
34.3, 34.13, 34.08, 33.9 (Ar-CH;-Ar), 33.5 (C(CHs)3), 32.0, 31.91, 31.87, 31.69, 31.66, 31.6
(C(CHas)3), 31.0, 30.4, 30.2 (Ar-CH;-Ar), 27.52, 27.49, 26.4, 25.0 (CH3, Hacac), 22.8, 14.3 (CHs,
acac). FTIR (KBr, cm™): 3413m (OH), 3294m (OH), 3045w, 3028w, 2963s, 2905s, 2867s,
1701w, 1638w, 15965 (C=0jcac), 1538m, 15275 (C=Cjcac), 1519m, 1513w, 1509w, 1494w,
1484s, 1393m, 1362s (CHj3 acac), 1295s, 1245m, 1207s, 1126m, 1027m, 914s (Mo=0), 883s
(Mo=0), 834m, 819w, 769w, 673w, 552w. At this point no % yield or € values can be obtained

because the compound cannot be isolated pure. No additional characterization was performed.

MoO,(acac)[MoO;(acac){K,- ‘BuC5(H),} ]>-Hacac 4.5¢: (K,-'BuC5(H)3: 0.133 g, 0.150
mmol; MoO;(acac),: 0.0729 g, 0.223 mmol). Compound 4.5¢ was obtained as a yellow solid
(0.0550 g). Mp: >230 °C. "H NMR (CDCls) & (ppm): 10.81 (s, 1H, OH), 9.97 (s, 1H, OH), 8.60
(s, 1H, OH), 7.53 (d, 1H, J = 2.2 Hz, Ar-H), 7.28 (d, 2H, J = 2.5 Hz, Ar-H), 7.21 (d, IH, J = 1.9
Hz, Ar-H), 7.14 (d, 1H, J = 2.5 Hz, Ar-H), 7.11 (d, 1H, J = 2.8 Hz, Ar-H), 7.10 (d, 1H, J = 3.6
Hz, Ar-H), 7.05 (d, 1H, J = 3.0 Hz, Ar-H), 7.04 (d, 1H, J = 2.8 Hz, Ar-H), 7.01 (d, 1H,J=1.9
Hz, Ar-H), 6.97 (d, 1H, J = 2.5 Hz, Ar-H), 6.87 (d, 1H, J = 2.2 Hz, Ar-H), 6.84 (s, 2H, Ar-H),
6.81 (d, 1H, J = 2.5 Hz, Ar-H), 6.75 (d, 1H, J = 2.2 Hz, Ar-H), 6.62 (d, 1H, J = 2.2 Hz, Ar-H),
6.51 (s, 1H, Ar-H), 6.41 (d, 1H, J = 2.2 Hz, Ar-H), 6.03 (d, 1H, J = 2.2 Hz, Ar-H), 5.50 (s, 1H,
CH, Hacac), 5.30 (s, 1H, CH, acac), 5.27 (s, 1H, CH, acac), 5.19 (d, 1H, J = 14.6 Hz, Ar-CH,-
Ar), 4.98 (d, 1H, J = 15.4 Hz, Ar-CH,-Ar), 4.95 (s, 1H, CH, acac), 4.79 (d, 1H, J = 14.3 Hz, Ar-
CH,-Ar), 4.70 (s, 1H, OH), 4.68 (d, 1H, J = 13.2 Hz, Ar-CH,-Ar), 4.55 (d, 1H, J = 16.8 Hz, Ar-

CH»-Ar), 4.38 (d, 1H, J = 15.7 Hz, Ar-CH,-Ar), 4.32 (d, 1H, J = 14.6 Hz, Ar-CH»-Ar), 3.94 (d,
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1H, J = 13.2 Hz, Ar-CH>-Ar), 3.88 (d, 1H, J = 16.2 Hz, Ar-CH>-Ar), 3.84 (d, 1H, J = 13.0 Hz,
Ar-CH»-Ar), 3.80 (d, 1H, J = 16.0 Hz, Ar-CH»-Ar), 3.57 (d, 1H, J = 16.5 Hz, Ar-CH>-Ar), 3.52
(d, 1H, J = 14.9 Hz, Ar-CH,-Ar), 3.38 (d, 1H, J = 16.8 Hz, Ar-CH,-Ar), 3.28 (d, 1H, J = 14.9
Hz, Ar-CH,-Ar), 3.25 (d, 1H, J = 14.6 Hz, Ar-CH>-Ar), 3.19 (d, 1H, J = 15.4 Hz, Ar-CH>-Ar),
3.09 (d, 1H, J = 9.4 Hz, Ar-CH,-Ar), 3.08 (s, 3H, CHs3, acac), 3.05 (d, 1H, J = 14.6 Hz, Ar-CH>-
Ar), 2.88 (d, 1H, J = 16.2 Hz, Ar-CH,-Ar), 2.04 (s, SH,* CHs, Hacac), 1.87 (s, 3H, CHs, acac),
1.85 (s, 3H, CHs, acac), 1.63 (s, 3H, CHs, acac), 1.48 (s, 3H, CHs, acac), 1.38 (s, 9H, ‘Bu), 1.35
(s, 9H, Bu), 1.34 (s, 9H, ‘Bu), 1.31 (s, 9H, ‘Bu), 1.30 (s, 9H, ‘Bu), 1.23 (s, 9H, ‘Bu), 1.22 (s, 9H,
‘Bu), 1.19 (s, 3H, CHs, acac), 1.06 (s, 9H, ‘Bu), 1.03 (s, 9H, ‘Bu), 0.77 (s, 9H, ‘Bu). *The integral
values reported for the compound are not consistent with the values required. This disagreement
in values could be due to overlapping with solvent or impurities. >C{'H} NMR (CDCls) &
(ppm): 194.5, 193.2, 191.6 (C=0, acac), 191.4 (C=0, Hacac), 188.4, 188.3 (C=0, acac), 186.2,
160.6, 160.5, 159.1, 158.8, 157.0, 154.8, 150.7, 150.4, 149.2, 148.5, 147.7, 144.8, 144.1, 144.0,
143.5, 143.1, 142.6, 142.2, 141.7, 141.6, 141.1, 133.2, 132.5, 131.9, 130.9, 130.7, 130.6, 130.4,
130.3, 130.2, 129.6, 129.5, 129.2, 129.1, 129.0, 128.7, 128.6, 128.5, 128.2, 127.4, 127.2, 126.8,
126.4, 126.1, 125.8, 125.6, 125.4, 124.8, 124.6, 124.4, 124.3, 123.7, 122.9, 122.4 (aromatic
carbons), 105.4, 103.1, 101.1 (CH, acac), 100.6 (CH, Hacac), 38.1, 36.3, 35.4, 34.7 (C(CH3)3),
34.4,34.3,34.24, 34.19, 34.1, 34.04, 33.99 (Ar-CH»-Ar), 33.7, 33.5 (C(CHs)3), 32.1, 32.0, 31.8,
31.73, 31.69, 31.6 (C(CHs)3), 30.3, 30.1 (Ar-CH»-Ar), 27.9, 26.8, 26.6, 26.5, 26.1, 26.0 (CH3,
acac), 25.0 (CHs, Hacac). FTIR (KBr, cm'l): 3475m (OH), 3049w, 2960s, 2905s, 2869s, 1701w,
1686w, 15968 (C=0ycac), 1572w, 1561w, 1550w, 1528s (C=Cycac), 1514m, 1480s, 1460s, 1364s
(CHj acac), 1294s, 1245m, 1204s, 1124m, 1027m, 914s (M0=0), 886s (Mo=0), 834s, 797m,

767s, 674w, 551m, 425w. UV/vis (CHCI3) Amaxnm: 242, 277, 326. Anal. Calcd for
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Ci28H150K4M03024: C 60.87, H 6.34. Found: C 61.02, H 6.49. At this point no % yield or €
values can be obtained because the compound cannot be isolated pure. No additional

characterization was performed.
4.4 General X-ray crystal structure information

The crystallographic data and some details of the data collection and refinement of
complexes [4.4a],-8CH3CN and 4.5a-2CsHgO,-CsH;, are given in Table 4.9. Absorption
corrections were applied by SADABS.'*® All X-ray structures were solved by direct methods and
subsequent difference Fourier syntheses and refined by full matrix least-squares methods against
F? (SHELX 97)."*! Disorder for some fert-butyl groups was due to a two-fold axis, and was
modeled using partial occupancies (PART instruction) and isotropic displacement parameters.121
The H atoms in structures were taken in calculated positions. The programs Mercury'”” and

POVRay'"® were used to generate the X-ray structural diagrams pictured in this Chapter.
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Table 4.9 Crystallographic data for complexes [4.4a],-8CH3;CN and 4.5a-2CsHgO, - CsHj».

[4.4a],-8CH;CN

4.53'2C5H802 : C5H12

Formula

FW

cryst syst
space group
T,K

a, A

b, A

c, A

a, deg

P, deg

Y, deg

v, A’

7z

deated, g om”
W, mm’'

refl collected
Tomin/ Tinax
Nineasd

[Rind

R [[>2sigma(])]
R (all data)
Ry [[>2sigma(I)]
Ry (all data)
GOF

Car46H2904M04N3O3,Rbg
4952.49
Triclinic
P-1
213(2)
19.344(2)
20.316(3)
21.14703)
66.486(2)
66.327(2)
67.918(2)
6745.1(14)
1

1.217
1.675
47747
0.889
19351
[0.0708]
0.0422
0.0697
0.1027
0.1088
0.911

Ci35H170Cs3M 02022
2753.32
Monoclinic
C2/c
223.(2)
21.619(4)
23.820(4)
29.027(5)
90
97.282(5)
90
14827(5)
4

1.193
0.951
34702
0.931
10643
[0.0927]
0.0595
0.0940
0.1446
0.1594
1.043
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4.5 Conclusions

Eight dioxomolybdenum(VI) complexes were synthesized by reacting MoO,Cl,,
MoO,Cl,(bipy), or MoO,(acac), with M,-‘BuC5(H); (M =Na, K, Rb, Cs). Formation of new
compounds was established by IR, EDX, elemental analysis and 'H and C NMR experiments.
We reported the synthesis of the first dioxomolydenum-calix[5]arene complex (4.5a) and its full
characterization. A key factor of these reactions is how to favor product formation; selection of
solvents with suitable polarity can help to precipitate out the products or drive the reaction to

completion.
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CHAPTER 5
CALIXARENE PALLADIUM(II) COMPLEXES
5.1 Introduction

While the coordination of transition metal ions to the oxygen atoms of the calixarene
lower rim has been extensively studied during the last two decades, almost all of these studies
involved highly oxophilic early transition metals.'"'** The chemistry of late transition metal
(Ru, Os, Rh, Ir, Pd, Pt) derivatives of calixarenes has primarily been studied with calixarenes that

are chemically modified with soft donor ligands, like phosphine derivatives.?!?%!8%-190

1."°1%% on the reactivity of the parent

Early studies performed by Atwood et a
calix[4,5]arene (with no pendant binding sites) toward Ru, Rh, and Ir, showed a competition
between 7° coordination to the aromatic rings of the calixarene, and direct interaction with the
phenoxide oxygen atoms of the lower rim. These two modes of coordination were confirmed by
X-ray studies (Figure 5.1a).""* Such competition was demonstrated experimentally by Ishii et
al.,"*! who proved that it is possible to coordinate the Rh center to the lower rim only after one of

the metal ions is attached to the phenoxide aromatic ring (Figure 5.1b)."”!
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151,194

Figure 5.1 Structural drawing of Rh(II) calix[4]arene complexes.

After those experiments, two different approaches have been used to obtain late transition
M-O (calixarene) bonds (M = Pd or Pt).”"'* Ishii described the stepwise construction of a
bimetallic Re-Pd calix[4]arene complex. The Ishii approach was based on the initial insertion of
the Re ion onto the phenoxide oxygen surface, and then the introduction of the Pd moiety

(Scheme 1.4).”!

The second approach described in literature was the use of silyl-protected calixarene’* by

152
1.

Vigalok et a The silyl-protected calixarene was allowed to react with a highly active P,PtF,

complex (P, = either 1,3-diphenylphosphinopropane or 2 Ph;P) resulting in the displacement of

152 The authors

the silyl protective groups (Scheme 5.1), leaving the Pt ion on the lower rim.
reported that when they started with a 1,3-substituted silylcalixarene the product obtained was

the 1,2-substituted metallocalixarene. They claimed the observed effect was not caused by steric

factors but instead was due to the square planar geometry adopted by the metal center.'>
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Benzene, RT

+ P,yPtF,

2= (a) PhoP” >""BPhy; (b) (PhgP)

Scheme 5.1 Synthesis of a monometallic late transition metal calixarene complex with a metal-O

coordination mode. >

There are several disadvantages with the Ishii and Vigalok syntheses: 1) the time-
consuming procedure and the anhydrous reaction conditions that were carried out to place both
metals, Re- and Pd, on the lower rim, ii) the cumbersome initial silylcalixarene synthesis, and iii)
the need to use a fluorinated transition metal derivative, which immediately reduces the synthesis
to only a few transition metals. To avoid these problems, we decide to use simple metathesis

reactions to place late transition metals onto the lower rim.

107-108,113

Calixanions appear to be a suitable precursors because alkali metals M™ (M = Li,

Na, K, Rb or Cs) can generally be removed by the reaction with chloride ion.”*%''°

In this chapter, we describe the synthesis and characterization of heterobimetallic
palladium(II)-M(I) (M = Na, K, Rb, Cs) calix[5]arene complexes and monometallic
palladium(II) calix[4]arene complexes, achieved by using calixanions. This is the first part of
two investigations involving Pd complexation to calix[4,5]arenes. The second part will be

presented in Chapter 6 where the reactivity of the Pd calix[5]arene complexes will be discussed.
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In this chapter, we will discuss both the synthetic approaches used and the structural

trends encountered upon changing the nature of the calixarene ring.
5.2 Results and discussion

In Chapter 2 we described the interesting features found in the calix[5]arene mono- and
dianions containing Rb or Cs ions. The reactivity of those calix[5]arene dianions was tested
using titanium derivatives Cp,TiCl, and CpTiCls (Chapter 3) and molybdenum derivatives
(MoO;Cl,, MoO,Cl,(bipy), MoOs(acac);) (Chapter 4). The use of chlorotitanium derivatives or
the chloromolybdenum derivative (MoO,Cl,) resulted in the loss of alkali ions (Na', K", Rb" or
Cs") from the calix[5]arene ligand. We therefore hypothesize that the use of chloropalladium

derivatives will allow us to prepare a mono-palladium calix[5]arene complex.

5.2.1 Synthesis of 'BuC5(H)s palladium complexes
5.2.1.1 First approach using [Pd(CH;CN),Cl,]

Our initial reaction explored the reactivity of Cs,-'BuC5(H); with a well known
palladium complex, [Pd(CH3CN),Cl,]. The synthesis of [Pd(CH3CN),Cl,] is performed in situ
when solid PdCl, is dissolved in hot acetonitrile.'”> Once the palladium chloride was dissolved, a
suspension of Cs,-‘BuC5(H); in acetonitrile was added, with a 1:1.5 Cs,-'BuC5(H)3:PdCl, ratio.
The '"H NMR spectrum showed a mixture of parent ‘BuC5(H)s and only traces of an unknown
compound 1. In order to obtain a better yield of the unknown compound 1, we increased the ratio
to 1:5 Cs,-‘BuC5(H);: PdCl,. We observed an increase in the amount of the unknown compound

1, but it was still mixed with the parent calix[5]arene.
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Contrary to expectations, 'H NMR analysis showed that our unknown compound 1 was

in fact the known monospirodienone'”® 1 (Equation 5.1). Monospirodienone 1 has been reported

by Biali et al.,"® prepared in 63% yield using phenyltrimethylammonium tribromide as an

oxidizing agent.

CSz'tBuCS(H)3

+ 5PdCly—

CH3CN
reflux

CH3CN

reflux

[(MeCN),Pd{!BuC5(H)3}]

(5.1)

Monospirodienone 1

5.2.1.2 Second approach using [Pd(bipy)Cl,] generated in situ

Not to be discouraged by this initial result we decided to use another synthetic route van

Koten et al.'””'*® described a reaction using sodium phenoxide and palladium(II) acetate

(Pd(OACc),) in the presence of a bidentate N-donor ligand such as 2,2’-bipyridine (bipy), in a

2:1:1 ratio to afford N-ligated bis(aryloxo)palladium(I) complexes (Scheme 5.2).

198
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ONa /
\ N

N=
— \_/
2 @ + PdOAC) + 7 N Pd.
N N— CH5Cl, / MeOH 0] (o)

stirr.t. 1 hr.
~ 86 %

Scheme 5.2 Synthesis of N-ligated bis(aryloxo)palladium(II) complex.198

The procedure described by Koten seemed to be a practical approach for our purpose. We
decided to generate the complex [Pd(bipy)CL]"” in situ in acetonitrile and allow it to react with

the dianionic calix[5]arene salt.

The reaction of two equivalents of the dianionic calix[5]arene salts M- ‘BuC5(H); (M =
Na, K, Rb, Cs)'"* with one equivalent of [Pd(bipy)Clz]195 in acetonitrile for 30 minutes at 90 °C,
produced complexes [Pd(bipy){M-‘BuC5(H),}] (M = Na (5.1a), K (5.1b), Rb (5.1¢) and Cs
(5.1d)) (Scheme 5.3). The reaction generally produced a suspension within 5 min of the addition
of the corresponding calixarene salt. Purification of the products from the reaction mixture by
filtration, successive water washing cycles (to remove the MCl side product (M = Na, K, Rb,

Cs)), and finally rinsing with acetonitrile, produced complexes 5.1a-d in yields of 69 —74%.

Evidence for the alkali metal (Na, K, Rb, Cs) contained in the products was based on

elemental analysis and further corroborated by X-ray studies.
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2 MytBuC5(H); + [Pd(bipy)Cly] —————
CH4CN,

90 °C By

M = Na, K, Rb, Cs

+ M-BuC5(H); + 2MCl

Scheme 5.3 Preparation of heterobimetallic palladium(I1)-M(I) (M = Na, K, Rb, Cs)

calix[5]arene complexes 5.1a-d.

Complexes S.1a-d are soluble in chloroform, toluene and benzene at room temperature,
but they are completely insoluble in any saturated hydrocarbon solvent or acetonitrile.
Complexes S.1a-d are air and water stable but they decompose to the parent calixarene when

they are exposed to an acidic solution.

X-ray quality crystals of complex 5.1d were obtained from a concentrated benzene
solution containing a few drops of DMSO. The X-ray structure of compound 5.1d revealed the
presence of the cesium ion inside the cavity of the calix[5]arene, coordinated by n—arene

interactions. Analogous alkali metal-calixarene interactions have been observed before.”>

53,64,81,110

When ligands (4-Me),bipy (2,2°-4,4’-dimethylbipyridine), phen (1,10-phenanthroline),

dpa (2,2’-dipyridylamine) or the bidentate ligand tmeda (N,N,N’,N’-tetramethylethylenediamine)
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were used, no palladium-containing calix[5]arene complex was produced. In the case of (4-
Me),bipy, phen or dpa, it was necessary first to isolate the corresponding [Pd(L)Cl;] (L = (4-
Me),bipy, phen, dpa) complex, then prepare the Pd-calix[5]arenes 5.2a-d, 5.3a-d, and 5.4-d. In

the case of [Pd(tmeda)Cl;] no product could be isolated.
5.2.1.2.1 Synthesis of palladium precursors [Pd(L)Cl;]

The general method first described by Wimmer and co-workers' for the synthesis and
isolation of [Pd(bipy)Cl;] can be applied for the synthesis of [Pd(L)Cl,] (L = (4-Me),bipy, phen,
dpa, tmeda) complexes (Equation 5.2). This synthesis is based on the initial formation of the
[Pd(CH3CN),Cl;], which is generated in situ when solid PdCl, is added to boiling acetonitrile
resulting in a red-brown solution.'” Slow addition of the coordinating ligand produces the
desired palladium complex as a microcrystalline solid. The microcrystalline solid is removed

from the reaction mixture by filtration and then is vacuum dried.

PdCl,
CH3CN
reflux
H
<. 7\ _ /7 \ - — _ :
NN OO OS] e 52
N N =N N N N~
tmeda bipy (4-Me),bipy phen dpa
— H
SO e Qe Q%2 ol e
/ Pd \ N N4 N4 x~_N._ N __~
o ol Pd. Pd Pd. Pd
cl” cl” I cl” I cr c
off-yellow solid light-orange solid light-orange solid light-orange solid yellow-orange solid
91% 93% 84% 87% 94%
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All the palladium complexes [Pd(L)CI;] (L = bipy, (4-Me),bipy, phen, dpa, tmeda) were
obtained in good yields ranging from 84-94%. They are insoluble in all common solvents except
DMSO. The palladium complexes are also partially soluble in hot acetonitrile (25 mg in 15.0

mL, at 90 °C).

When the [Pd(L)CI;] (L = bipy, (4-Me),bipy, phen, dpa, tmeda) complexes are initially
isolated and then reacted with the corresponding calix[5]arene salt then it is possible to
synthesize and isolate the corresponding palladium-containing calix[5]arene complexes. Table
5.1 presents a summary of yields for complexes containing the coordinating N-heterocyclic

ligands bipy, (4-Me),bipy, phen and dpa.

Table 5.1 Yields for complexes containing coordinating N-heterocyclic ligands.

Compound / L = S M N @ND
bipy (4-Me),bipy phen dpa
[PA(L){Na-'BuC5(H),}] 74%, 5.1a 69%, 5.2a 69%, 5.3a 65%, S.4a
[PA(L){K-BuC5(H),}] 83%, 5.1b 60%, 5.2b  61%, 5.3b 83%, 5.4b
[PA(L){Rb-BuC5(H);}]  95%, 5.1¢ 93%, 5.2¢ 89%, 5.3¢ 77%, S.4¢
[PA(L){Cs-‘BuC5(H);}]  83%, 5.1d 92%,5.2d  90%, 5.3d 82%, 5.4d



5.2.1.3 Proposed mechanism for the formation of palladium calix[5]arene complexes

In the formation of the palladium-containing calix[5]arene complex, we did not expect
the alkali metal to be inside the cavity of the calix[5]arene, but in retrospect it can be rationalized
on the basis of literature precedent''” and experimental data. Scheme 5.4 shows the proposed
mechanism for the formation of the [Pd(bipy){Cs-‘BuC5(H),}] complex, taking into account
that the calixarene is in a cone conformation and the other alkali metal is localized inside the
cavity. Two equivalents of the calix[5]arene dianion are necessary per one equivalent of the

[Pd(L)CI;] complex in order to produce the desired product (see Scheme 5.3).

Cs,'BUC5(H); A

Cs-'BuC5(H), B [Pd(bipy){Cs-tBuC5(H),] 5.1d

Scheme 5.4 Proposed mechanism for the formation of [Pd(bipy){Cs-‘BuC5(H),}] 5.1d.
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Initially one equivalent of the calix[5]arene dianion Cs,-‘BuC5(H); reacts with one of the
chlorides of the [Pd(bipy)Cl,] complex to form intermediate A. Introduction of the (bipy)PdCl
moiety makes the remaining calix-OH groups more acidic, so A can further react with the extra
equivalent of Cs,-‘BuC5(H); to give intermediate B and Cs-'BuC5(H),.'"* The formation of

Cs-'BuC5(H)4 was verified by '"H NMR. We suggest that deprotonation in the 2 position occurs
to form B based on the X-ray structure of [Pt(dppp){tBuC4(H)2}]152 and the resulting X-ray

structure of compound 5.1d. The structure of B as depicted also allows for maximum H-bonding
stabilization of the anionic oxygen. Intramolecular elimination of CsCl and simultaneous Pd-O

bond formation leads to the formation of the compound 5.1d.

Although this is formally a transmetallation, i.e., replacement of the alkali metal cation
with the palladium moiety, we do not see significant differences in the reaction based on the

identity of the alkali metal.
5.2.2 Synthesis of tBuC4(H)4, HC4(H) and 'BuC6(H)s palladium complexes

Encouraged by our results, we decided to apply our synthetic approach in order to get
analogous palladium complexes with fert-butylcalix[4]arene, ‘BuC4(H)4 or p-H-calix[4]arene
HC4(H)4. In an optimized procedure the reaction between RC4(H)4 (R=Bu, H) and potassium
carbonate (K,COs3) in a 1:4 molar ratio in anhydrous acetonitrile at 90° C for 24 hrs, followed by
addition of 1 equivalent of [Pd(L)Cl,] complex (L = bipy, (4-Me),bipy, phen, dpa, tmeda),
yielded compounds 5.5a to 5.5e and 5.6a to 5.6c¢, as depicted in Scheme 5.5. The palladium-
containing calix[4]arene complexes were obtained in good yields (55-80%) after washing with

water and acetonitrile.
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OH OH OH HO

| \ 1) 4 K,CO3, CH4CN,

90 °C, stir, 24 hrs.

2) [Pd(L)Cl,], 30 min

R = tBU, tBUC4(H)4 [Pd(L){RC4(H)2}]

R = H, HC4(H), R='Bu; L = bipy (5.5a); (4-Me),bipy (5.5b);
phen (5.5¢); dpa (5.5d); tmeda (5.5e)
R=H; L = bipy (5.6a); (4-Me),bipy (5.6b);
phen (5.6c¢)

Scheme 5.5 Preparation of complexes 5.5a to 5.5e and 5.6a to 5.6c¢.

Complexes 5.5a to 5.5e and 5.6a to 5.6¢ are air and water stable and were isolated as
orange to red solids. Complexes 5.5a to 5.5e are soluble in chloroform and benzene. Complexes
5.6a and 5.5¢ are soluble only in DMSO. Complex 5.6b is soluble in DMSO and is slightly
soluble in hot CH3CN. In the case of HC4(H)4 with [Pd(dpa)Cl;] or [Pd(tmeda)Cl,] we were
unable to separate a mixture of calixanion and the palladium complex. All palladium-

calix[4]arene complexes were characterized by 'H and °C NMR, FTIR, and elemental analysis.

X-ray analysis of single crystals of complexes 5.5a, 5.5b, 5.5e and 5.6b confirmed the
structures assigned by spectroscopy. Crystals of complexes 5.5a and 5.5b were obtained after
slow evaporation of a concentrated solution of benzene while crystals of 5.5e and 5.6b were

obtained from slow evaporation of an acetonitrile solution.

In a similar manner to that described for the palladium calix[n]arene (n =4 or 5)

complexes we were able to isolate the palladium-containing calix[6]arene complex. Reaction of
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tBuC6(H)6 with cesium carbonate (Cs;CO3) in a 1:2 ratio in dry acetonitrile for 24 hrs, followed
by addition of 1 equivalent of [Pd((4-Me),bipy)Cl,], afforded the [Pd((4-
Me),bipy){Cs-‘BuC6(H);}] complex 5.7, in 91% yield (Equation 5.3). To the best of our
knowledge, complex 5.7 is the first example of a d® transition metal coordinated to the
calix[6]arene lower rim. X-ray quality crystals of 5.7 were obtained after slow evaporation of a
concentrated solution of benzene. The crystal structure of complex 5.7 shows a Cs' ion in the
cavity, similar to the one observed in complex 5.1d. The calix[6]arene ligand in compound 5.7
adopts a double cone conformation, similar to that described in [CpTi{'BuC6(H);}] and
[(CpTi),{'BuC6}], mono and bimetallic titanium(IV) calix[6]arene compounds, respectively.”
The yields of [Pd(L){RC4(H),}] (R = ‘Bu, H) 5.5a-e and [Pd((4-Me),bipy){Cs-‘BuC6(H)s}] 5.7

are presented in Table 5.2.

1) 2 Cs,CO3, CH5CN,

90 °C, stir, 24 hrs. (5.3)

'BuC6(H)g
2) [Pd((4-Me),bipy))Cly], 30 min

[Pd((4-Me),bipy){Cs-'BuC6(H)3}]-H,0O

5.7
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Table 5.2 Summary of yields of RC4(H)4 (R = 'Bu, H) and '‘BuC6(H); palladium complexes.

=N N=

H
YA \
Compound / L = Q—(ND =6 =2 @N( N@ N

bipy (4-Me),bipy phen dpa tmeda
[P(L){'BuC4(H),}] 66%,5.5a  63%,55b  66%,5.5¢  66%,55d 80%, 5.5¢
[Pd(L) {HC4(H),}] 66%,5.6a  55%,5.6b  68%,5.6c  mixture mixture
[PA(L){Cs-‘BuC6(H)3}] a 91%, 5.7 @ a @

* Not determined.
5.3 Spectral data
5.3.1 Spectral data for palladium calix[5]arene complexes

The "H NMR of spectra of complexes 5.1a-d, 5.2a-d, 5.3a-d and 5.4a-d have several
similar aspects (Figures 5.2 to 5.5). First of all, the overall C; symmetry of the calix[5]arene
ligand® is retained in all of the complexes: three resonances are observed for the zerz-butyl
groups (integrating in a 2:2:1 ratio). Six doublets (due to 2 an geminal coupling) are found for
the methylene bridging groups (integrating in a 2:2:2:2:1:1 ratio). Finally, four, three, four, and
four resonances for the bipy, (4-Me),bipy, phen, and dpa protons respectively, are observed in

the aromatic region.
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Figure 5.2 '"H NMR spectra of [Pd(bipy) {K-"BuC5(H),}] 5.1b, [Pd(bipy){Rb-'BuC5(H),}] 5.1c,

and [Pd(bipy){Cs-'BuC5(H),}] 5.1d in *CDCl;. The arrow highlights the methylene Pd---H

interaction.
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Figure 5.3 '"H NMR spectra of [Pd((4-Me:)bipy){Na-‘BuC5(H),}] 5.2a, [Pd((4-
Me;)bipy){K-‘BuC5(H),}] 5.2b, [Pd((4-Me,)bipy) {Rb-'BuC5(H),}] 5.2¢, and [Pd((4-Me;)bipy)

{Cs-'BuC5(H);}] 5.2d in *CDCls. The arrow highlights the methylene Pd---H interaction.
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Figure 5.4 '"H NMR spectra of [Pd(phen){Na-'BuC5(H),}] 5.3a, [Pd(phen){K-‘BuC5(H),} ]
5.3b, [Pd(phen){Rb-‘BuC5(H),}] 5.3¢, and [Pd(phen){Cs-‘BuC5(H),}] 5.3d in *CDCl;.

“Residual solvent impurity (acetone). The arrow highlights the methylene Pd---H interaction.
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Figure 5.5 '"H NMR spectra of [Pd(dpa){Na:-‘BuC5(H),}] 5.4a, [Pd(dpa){K-‘BuC5(H),}] 5.4b,
[Pd(dpa){Rb-‘BuC5(H),}] 5.4¢, and [Pd(dpa) {Cs-‘BuC5(H);}] 5.4d in *CDCls. i = Impurities.

H,0. The arrow highlights the methylene Pd---H interaction.
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An interesting resonance from one of the protons on a methylene bridge in complexes
5.1a-d, 5.2a-d, 5.3a-d and 5.4a-d is observed very far downfield. A downfield methylene group
was also observed in compound 3.1 and described in Chapter 3. In compound 3.1 a boat-chair
conformation was observed and the M- --H interaction was not responsible for the downfield

shift. (Figure 5.6).

Figure 5.6 X-ray structure of compound 3.1 showing the boat-chair conformation. Thermal
ellipsoids are shown at 50% probability. Molecules of crystallization and hydrogen atoms are

omitted for clarity. Part of the molecule is drawn in wireframe style for clarity.

Table 5.3 summarizes the chemical shifts found in complexes 5.1a-d, 5.2a-d, 5.3a-d and

5.4a-d.
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Table 5.3 'H NMR chemical shifts in ppm for complexes 5.1a-d, 5.2a-d, 5.3a-d and 5.4a-d in

CDCls.
Compound OH L Ar-H Pd---H  Ar-CH,-Ar ‘Bu
[Pd(bipy){Na-'BuC5(H),}] 5.1a - - - - - -
[Pd(bipy){K-'BuC5(H),}] 5.1b 14.48 9.25-7.19 7.26-6.89 6.59 6.59-3.26 1.32-1.09
[Pd(bipy){Rb-'BuC5(H),}] 5.1¢ 14.24 9.37-7.16 7.15-6.92 6.49 6.49-3.24 1.29-1.14
[Pd(bipy){Cs-‘BuC5(H),}] 5.1d 13.95  9.45-7.15  7.15-695 654  6.54-323  1.30-1.17
[Pd((4-Me),bipy)) {Na-‘BuC5(H),}] 5.2a * 8.50-7.34  7.26-690 699  6.99-325  1.33-1.10
2.57 (CH;)

[Pd((4-Me),bipy)){K-‘BuC5(H),}] 5.2b 1403  831-7.12  720-686 673  6.73-3.18  1.30-1.07
2.76 (CH;)

[Pd((4-Me),bipy)) {Rb-‘BuC5(H),}] 5.2¢ 13.58  8.32-7.08  7.12-689  6.62  6.62-3.17  127-1.11
2.79 (CH;)

[Pd((4-Me),bipy)){Cs-BuC5(H),}] 5.2d * 8.37-7.09  7.10-691  6.61  6.61-3.16  128-1.14
2.77 (CH;)

[Pd(phen){Na-‘BuC5(H),!] 5.3a * 8.75-770  7.39-6.84 676  6.76-3.42  141-1.07

[Pd(phen){K-BuC5(H),}] 5.3b 1444  890-781 728688  6.62  6.62-339  1.35-1.10

[Pd(phen) {Rb-‘BuC5(H),}] 5.3¢ 14.25 8.89-7.81 7.17-6.90 6.55 6.55-3.34 1.29-1.14

[Pd(phen){Cs-‘BuC5(H),}] 5.3d 13.82  8.94-7.84  7.15-693  6.63  6.63-332  130-1.17

[Pd(dpa) {Na-‘BuC5(H),}] 5.4a * 8.43-681  7.20-688  7.56  7.56-3.05  131-1.19

[Pd(dpa){K-'BuC5(H),}] 5.4b 1404 11.73(NH) 721-697 723 723317  126-1.17
8.33-6.69

[Pd(dpa){Rb-‘BuC5(H),}] 5.4¢ * 11.85(NH)  7.14-6.96  7.12  7.12-3.15  1.22-1.20
8.35-6.71

[Pd(dpa){Cs-'BuC5(H),}] 5.4d * 12.61 (NH)  7.10-6.88 7.22 7.22-3.18 1.23-1.14
8.35-6.73

*Not observed at room temperature.
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An unusual chemical shift displacement for a doublet in a methylene proton was
observed in complexes 5.1a-d, 5.2a-d, 5.3a-d and 5.4a-d downfield methylene (range 7.56-6.49
ppm). Similar chemical shifts were observed previously in metallocalixarene compounds
reported by Ishii'®! (7.10 ppm), Vigalok'>? (6.50 ppm), and Matt'*° (7.34 ppm). Authors
described that this downfield chemical shift was produced by an interaction between the
transition metal and the methylene proton (M- --H)."**!>? While regular agostic interactions

199

normally cause an upfield shift of the hydrogen resonance ™ (see for example the methylene

proton in [Mo(PMe,),(H), { BuC4(H), }] complex, at -4.58 ppm in CsD, Figure 5.7)."* the
opposite effect has been observed in d® square planar complexes and called anagostic

interactions.”®' In these cases, the large downfield shift was proposed to be a result of the metal

orbital anisotropy effect directed toward an axial or pseudoaxial H atom.?”

MesP H FMes

\,\\ // s H

(V1Y
\\\Mo\ H 3

Figure 5.7 Line drawing of [Mo(PMe3)3(H)2{tBuC4(H)2}] complex. Agostic interaction is

highlighted.

The chemical shifts observed in complexes 5.1a-d, 5.2a-d, 5.3a-d and 5.4a-d suggest that

an interaction between the Pd and a methylene H atom might be responsible for the downfield

135



chemical shift of the methylene proton. This interaction between Pd and H was corroborated by
X-ray diffraction studies performed on compound 5.1d. The structure revealed a boat-boat

conformation in the eight membered heterometallocycle (see Section 5.4).

The *C NMR spectra of all palladium-calix[5]arene complexes show a pattern consistent
with Cs symmetry. Therefore, in the aromatic area are observed 17-21 resonance signals in the
range 159.5 — 115.5 ppm (some of them overlapping) in agreement with the expected twenty-one
resonance signals. In the aliphatic area (36.8 — 29.1 ppm) a total of 8§ — 9 signals are observed
(one of them overlapping). There are nine signals corresponding to Ar-CH,-Ar, C(CHs);, and

C(CHj3);3 groups, three signals for each group.
5.3.2 Spectral data for palladium calix[4,6]arene complexes

The "H NMR spectra of the compounds 5.5a to 5.5e display a similar symmetric pattern
consistent with the expected 1,2-coordination mode. The fert-butyl groups appear as two sharp
singlets in a 1:1 ratio. The NMR pattern shows six sets of doublets for the Ar-CH,-Ar groups
(2:2:1:1:1:1 ratio). One of these signals appears at 8.42 — 7.93 ppm, a very low field resonance
for this proton, but it is similar to methylene resonances found in complexes 5.1a-d, 5.2a-d,
5.3a-d and 5.4a-d. From the X-ray structure of some of these compounds and literature

150-152

precedent we suggest that the Pd---H interaction is responsible for this downfield shift.

The resonance for the OH group is a sharp singlet at 11.79 — 10.25 ppm, downfield from
the OH singlet for the parent ‘BuC4(H)4(10.39 ppm). Similar downfield shifts of the OH group
and the axial hydrogen atom, accompanied by the short metal-H distance, have previously been

observed for late transition metal calixarene systems.'*’"'**
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Figure 5.8 "H NMR spectra of complexes 5.5a-5.5e and ‘BuC4(H), in *CDCl;. The arrow

highlights the methylene Pd---H interaction.

The 'H NMR spectra of compounds 5.6a to 5.6¢ display a symmetric pattern similar to
that of the spectra of compounds 5.5a to 5.5¢, consistent with the expected 1,2-coordination
(Figure 5.9). A singlet for the resonance of the OH group is localized around 10.34 — 10.28 ppm.

The downfield shift of the methylene proton was also observed (7.99-7.96 ppm). The
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replacement of the ‘Bu by H in the para position makes the '"H NMR pattern quite different in the
aromatic area. The coupling of the para H results in two different sets of triplets. The aromatic

N-heterocyclic and the remaining methylene protons fall in the expected range.

[Pd(phen) {HC4(H), }] 8 «
5.6¢ Ar-Hypet
OH —
Ar-H
— Ar-CH,-Ar
. e - Y
) LLJI | [T YO
CH;
[Pd((4-Me),bipy) {HC4(H),}]
5.6b
Ar-Hy et Ar-H Ar-CH,-Ar
OH s A N r A N e - DY
[Pd(bipy) {HC4(H),}]
5.6a
oH Ar-Hy et Ar-H Ar-CH,-Ar
f_% f_)% I - )
1 §
. J J{ ULL UL
L L EL L R L B R R L B A L AL B B LN AL N S S B R R
10 9 8 7 6 S 4 3

Figure 5.9 '"H NMR spectra of complexes 5.6a-5.6¢ and ‘BuC4(H)4 in *DMSO-ds. *H,0. The

arrow highlights the methylene Pd---H interactions.
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The 'H NMR spectrum of [Pd((4-Me),bipy)){Cs-'BuC6(H)3}] (5.7) displays a highly
unsymmetrical NMR pattern due to the partial metallation (Figure 5.10). Complex 5.7 produced
twelve methylene doublets (integrating to 1 hydrogen each, with some overlapped), six
resonances for the ‘Bu groups (two overlapped), and two broad peaks at 14.13 and 10.66 ppm (in
a 1:2 ratio) for the unreacted OH groups. As expected, the methylene proton that interacts with

the metal (Pd---H) is observed in the downfield region, at 7.58 ppm.

[Pd((4-Me),bipy)) {Cs-'BuC6(H)s}]
5.7 Ar-H

OH

Figure 5.10 "H NMR spectrum of [Pd((4-Me),bipy)) {Cs-‘BuC6(H)3}] 5.7 complex in *CDCl;.

H,0. The arrow highlights the methylene Pd---H interactions.

Table 5.4 shows the chemical shifts found in palladium calix[4,6]arene complexes.
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Table 5.4 "H NMR chemical shifts in ppm for palladium calix[4,6]arene complexes 5.5a-5.5¢

and 5.7.

Compound OH L Ar-H Pd---H  Ar-CH,-Ar ‘Bu
[Pd(bipy) {' BuC4(H),}]* 5.5a 11.07 9.79-7.23 7.18-6.99  7.80 7.80-3.30 1.26;1.23
[Pd((4-Me),bipy)){'BuC4(H),}]*5.5b 10.49 8.51-7.27 7.08-6.96  7.93 7.93-3.21 1.21; 1.20

2.50 (CH;)
[Pd(phen){'BuC4(H),}]" 5.5¢ 10.90 8.81-7.75 7.16-7.01 7.96 7.96-3.32 1.27;1.24
[Pd(dpa) {'BuC4(H),}]* 5.5d 11.80 1096 (NH) 7.14-6.98  8.43 8.43-3.18 1.27;1.22
8.57-6.76
[Pd(tmeda) { BuC4(H),]* 5.5¢ 10.16 3.02-2.59 7.07-6.87  8.21 8.21-3.19 1.19; 1.18
[Pd(bipy) {HC4(H),}]* 5.6a 10.28 8.72-7.90 6.98-6.32  7.97 7.97-3.10 -
[Pd((4-Me),bipy)) {HC4(H),} 1" 5.6b 10.28 8.51-7.83 6.97-6.30  7.99 7.99-3.09 -
2.56 (CH3)
[Pd(phen) {HC4(H),}]* 5.6¢ 10.34 9.05-8.23 6.99-6.34  8.15 8.15-3.10 -
[Pd((4-Me),bipy)){Cs-'BuC6(H);}]* 5.7 14.13 8.80-7.46 7.22-6.54  7.58 7.58-3.22 1.32-1.12
10.66 2.83 (CH;)
2.50 (CH;)

¢ CDCL,,? DMSO-dg

140



5.4 Crystal structures

Crystal structures of 5.1d-2DMSO, 5.5a-5C¢Hs, 5.5b-5.5C¢Hs, 5.5e¢-3CH3CN,
5.6b-2CH;3CN and 5.7-7.5C¢He-H,O are shown in Figures 5.11-5.13, respectively, and selected

bond distances and angles are listed in Table 5.5.

Figure 5.11 ORTEP diagram of compound a) 5.1d-2DMSO and b) eight-membered cycle.
Thermal ellipsoids at the 50% probability level. H atoms and non-coordinating solvent are

omitted for clarity.
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Figure 5.12 ORTEP diagrams of compounds a) 5.5a-5C¢Hs, b) 5.5b-5.5C¢Hs, ¢) 5.5e-:3CH3CN
and d) 5.6b-2CH;CN with thermal ellipsoids at the 50% probability level. H atoms and non-

coordinating solvent are omitted for clarity.
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Figure 5.13 ORTEP diagram of compound 5.7-7.5C¢Hg-H,O with thermal ellipsoids at the 50%

probability level. Some H atoms and non-coordinating solvent are omitted for clarity.
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Table 5.5 Selected bond lengths (A) and angles (°) of complexes 5.1d-2DMSO, 5.5a-5C¢Hs,

5.5b-5.5C¢Hs, 5.5e-:3CH3CN, 5.6-:2CH3CN and 5.7-7.5CsHes H,O.

51d-2DMSO  5.5a-5C¢Hs  5.5b-5.5C¢Hs  5.5e-:3CH;CN  5.6b-2CH;CN  5.7-7.5C4Hq H,0

Pd(1)-0(1) 1.997(4) 1.990(4) 1.997(3) 2.007(3) 1.979(5) 1.999(4)

Pd(1)-0(2) 1.999(5) 1.997(4) 1.988(3) 2.004(3) 1.983(5) 1.994(4)

Pd(1)-N(1) 1.989(6) 1.996(4) 1.999(3) 2.044(4) 2.004(6) 2.004(5)

Pd(1)-N(2) 2.027(6) 2.004(4) 2.001(3) 2.048(4) 1.992(6) 1.997(5)

Cs(1)-0(2) 3.127(5)

Cs(1)-0(4) 3.248(5) - - - - 3.388(4)

Cs(1)-0(5) 3.182(5)

Cs(1)-0(6) 3.007(6) - - - - 3.152(4)

Cs(1)-0(7) - - - - - 3.278(7)
N(1)-Pd(1)-O(1) 90.3(2) 91.24(16) 93.28(11) 90.82(15) 94.6(2) 93.64(19)
N(1)-Pd(1)-0(2) 177.3Q2) 171.90(17)  174.49(11) 176.60(16) 171.9(2) 170.41(18)
O(1)-Pd(1)-0(2)  91.86(18) 92.41(16) 91.68(11) 90.31(14) 91.8(2) 95.25(17)
N(1)-Pd(1)-N(2) 80.4(2) 81.05(17) 80.58(12) 86.32(17) 80.8(2) 80.61(19)
O(1)-Pd(1)-N(2) 170.3(2) 171.58(16)  171.46(11) 176.51(15) 171.4(2) 171.14(18)
0(2)-Pd(1)-N(2) 97.4(2) 94.82(17) 94.24(12) 92.43(16) 92.2(2) 90.13(18)

All five complexes possess an approximate square planar coordination geometry around
the metal with adjacent, interligand angles around the palladium center falling in the range
80.4(2)-97.4(2)°. Complexes 5.1d-2DMSO, 5.5a-5C¢Hs, 5.5b-5.5C¢Hg, 5.5¢:3CH;CN,
5.6:2CH;CN and 5.7-7.5C¢Hg-H,0 possess eight-membered heterometallocycles formed by
Pd(1)-O(1)-C(1)-C(2)-C(11)-C(12)-C(17)-O(2), with an approximate boat-boat conformation.

Similar heterometallocycle conformations are observed in [Rh(cod) {tBuC4(H)2-116-Rh(cod)}]15 !

(cod = 1,5-cyclooctadiene) and [Pt(dppp) {tBuC4(H)2}]15 ? (dppp = diphenylphosphinopropane)
complexes. In all complexes this conformation results in a short distance between the axial H

atom of the methylene bridging C(11)H, group, and the Pd center, d(Pd---H) 2.170 — 2.443 A
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(dashed line in Figures 5.12-5.17). This short interaction is responsible for the downfield

chemical shift of the methylene proton (Table 5.6).

Table 5.6 Pd---H interactions (A) of complexes 5.1d-2DMSO, 5.5a-5C¢Hs, 5.5b-5.5C¢Hg,

5.5e-:3CH3CN, 5.6-:2CH;3CN and 5.7-7.5C¢Hs" H>O.

5.1d-2DMSO 5.5a-5C¢He 5.5b-5.5C¢Hg 5.5e-3CH;CN 5.6b-2CH;CN  5.7-7.5C¢Hq-H,O

Pd---H 2.443 2273 2.254 2.170 2.290 2.303
Complexes 5.5a-5C¢Hs, 5.5b-5.5C¢Hs, 5.5¢-3CH3CN and 5.6:2CH;CN crystallize with a
solvent molecule (CsHg or CH3;CN) entrapped inside the calixarene cavity. In the case of

compound 5.1d-2DMSO one molecule of DMSO is coordinated to the Cs ion.

The Pd-O distances fall within the range of Pd-O distances found in related palladium

alkoxide and aryloxide complexes (Table 5.7).

Table 5.7 Overview of characteristic bond distances for palladium alkoxide and aryloxide

compounds.

Compound d(Pd-0) (A) Ref
[Pd(Me)(CH(CF;),)(tmeda)] 2.020(2) 203
[Pd(Me)(OCqHs)(tmeda)] 2.024(3) 203
[Pd(Me)(OCgH,-NO,)(tmeda)] 2.029(4) 203
[Pd(OPh),(bipy)] 1.983(6) — 1.996(7) 198
[PA(OCFs),(bipy)] 2.013(3) —2.013(4) 198
[Pd(OPh)(OCH(CF;),)(bipy)]-HOPh 1.984(6) — 1.997(5) 204
5.1d-2DMSO 1.997(4) —1.999(5) This work
5.5a-5CH, 1.990(4) — 1.997(4) This work
5.5b-5.5C¢H; 1.988(3) — 1.997(3) This work
5.5¢:3CH;CN 2.004(3) - 2.007(3) This work
5.6b-2CH;CN 1.979(5) — 1.983(5) This work
5.7-7.5C¢Hq H,0 1.994(4) —1.999(4) This work
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For the calix[5]arene and calix[6]arene palladium derivatives an alkali ion is incorporated

in the structure, but not in the calix[4]arene derivatives.

5.4.1 Crystal structures of by-products [Pd(bipy){'BuC5(H)3}]-4CH;CN (5.1-4CH;CN) and

[Pd((4-Me)bipy){BuC5(H)3}]-4CH;CN (5.2-4CH;CN)

X-ray structures of byproducts 5.1-4CH3;CN and 5.2-4CH3;CN were obtained from the
mother liquor from the first part of the purification procedure (hot filtration). A small amount of
crystals (<10 mg) of 5.1-4CH3CN was obtained from the slow evaporation of the filtrate
(acetonitrile solution) from the reaction between Na,-'BuC5(H); and [Pd(bipy)Cl,], and crystals
of 5.2-:4CH;CN from the reaction between Rb,-‘BuC5(H); and [Pd((4-Me),bipy)Cl,]. Attempts
to reproduce those compounds for additional characterization were unsuccessful. Figure 5.14
illustrates a line drawing of compounds Pd(bipy){"BuC5(H)3}] 5.1 and [Pd((4-

Me),bipy){BuC5(H)3}] 5.2.

[Pd(bipy){'BuC5(H)3}] 5.1 [Pd((4-Me),bipy)}{!BuC5(H);}] 5.2

Figure 5.14 Line drawings of compounds 5.1 and 5.2.
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Several interesting features were found in the solid state structures of complexes
5.1-4CH;CN and 5.2-4CH;CN. First, neither of them contains the alkali metal inside the
calix[5]arene cavity. Instead of the alkali metal a solvent molecule was found for 5.1-4CH;CN

and two molecules in 5.2-4CH;CN (Figure 5.15).

Figure 5.15 ORTEP diagram of compound a) 5.1:-4CH3;CN and b) 5.2-4CH3;CN with thermal
ellipsoids at the 50% probability level. Some H atoms and non-coordinating solvent are omitted

for clarity.

Second, n-m stacking interactions were observed between the calix[5]arene ring labeled C
(Figure 5.14) and one of the pyridyl rings. The distances are d..(ring C — bipy ring) = 3.987 A in
5.1-4CH;3CN and d,.(ring C — (4-Me),bipy ring) = 3.893 A, both slightly higher than the
maximum value reported for the ring centroid-centroid distance d... = 3.8 A in aromatic -

stacking.*”
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The d(Pd---H) = 2.367 and 2.427 A distances for 5.1:4CH3;CN and 5.2-4CH;CN,

respectively, are in the typical range reported in this chapter. Selected bond distances and angles

are tabulated in Table 5.8.

Finally the calix[5]arene rings in complexes 5.1-4CH3CN and 5.2-4CH;3CN are much

more distorted than in complex 5.1d-2DMSO.

Table 5.8 Selected bond lengths (A) and angles (°) of complexes 5.1-4CH3CN and 5.2-4CH;CN.

5.1-4CH;CN  5.2-4CH;CN  Ranges from Table 5.5
Pd(1)-O(1) 2.0024(19) 2.006(6) 1.979(5) — 2.007(3)
Pd(1)-O(2) 2.0195(19) 2.007(7) 1.983(5) — 2.004(3)
Pd(1)-N(1) 2.008(2) 2.005(8) 1.989(6) — 2.044(4)
Pd(1)-N(2) 2.002(2) 1.985(8) 1.992(6) — 2.048(4)
Pd---H 2.367 2.427 2.170 —2.443
d...(arene-pyridyl) 3.987 3.893
N(1)-Pd(1)-O(1) 91.62(9) 90.9(3) 90.3(2) - 94.6(2)
N(1)-Pd(1)-0(2) 174.59(8) 169.8(2) 170.41(18) — 177.3(2)
O(1)-Pd(1)-O(2) 91.61(8) 90.5(3) 90.31(14) — 95.25(17)
N(1)-Pd(1)-N(2) 80.81(10) 80.9(3) 80.4(2)- 86.32(17)
O(1)-Pd(1)-N(2) 171.61(9) 171.8(3) 170.3(2) - 176.51(15)
O(2)-Pd(1)-N(2) 95.67(9) 97.2(3) 90.13(18) — 97.4(2)
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5.5 Experimental Section
5.5.1 General information

Unless otherwise noted, all manipulations were carried out in air. M-‘BuC5(H); (M =
Na, K, Rb, Cs) were prepared as previously described.'"” Potassium carbonate (K2CO3),
N,N,N’,N’-tetramethylenediamine (tmeda), 2,2’-bipyridyl (bipy), 4,4’dimethyl-2,2’-dipyridyl
((4-Me),bipy), 1,10-phenanthroline (phen), 2,2’-dipyridylamine (dpa), and PdCl, were obtained

from Aldrich and were used without further purification. p-H-calix[4]arene (HC4(H),),>*

p-tert-
butylcalix[4]arene (‘BuC4(H),),’ p-tert-butylcalix[5]arene (‘BuC5(H)s),'*° p-tert-
butylcalix[6]arene (‘BuC6(H)s),’ (2,2'-dipyridine)dichloropalladium(II) [Pd(bipy)Cl,],

(4,4’ dimethyl-2,2’-dipyridine)dichloropalladium(II) [Pd((4-Me),bipy)Cl,], (1,10-
phenanthroline)dichloropalladium(II) [Pd(phen)Cl;], (N,N,N’ N’-
tetramethylenediamine)dichloropalladium(II) [Pd(tmeda)Cl,], and (2,2’-
dipyridylamine)dichloropalladium(IT) [Pd(dpa)Cl,] were all prepared by literature procedures.'”
The melting points of all compounds were taken in capillary tubes on a Mel-Temp apparatus
(Laboratory Devices, Cambridge, MA). A temperature preceded by a “>" sign indicates that the
compound starts to decompose at that temperature but appears to actually melt at some higher
temperature. 'H NMR and BC NMR spectra were recorded on a Varian XL-300 spectrometer at
300 and 75 MHz, respectively. Microanalyses were performed by Atlantic Microlab, Inc,

Norcross, GA. IR and UV/Vis spectra were obtained with an Infinity Gold™

FTIR spectrometer
and Agilent 8453 spectrophotometer, respectively. Filtrations used a medium sintered glass filter.

All solvents were anhydrous and were stored over 4A molecular sieves prior to use.
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5.5.1.1 Preparation of compounds

5.5.1.1.1 General procedure for the synthesis of [Pd(L)Cl,] (L = bipy, tmeda, (4-Me),bipy, 1,10-

phen, dpa)'®’

A representative synthesis of complex [Pd(bipy)Cl,] is given. Ligand bipy (0.192 g, 1.23
mmol) in acetonitrile (10.0 mL) was added by syringe to a refluxing deep red solution of PdCl,
(0.212 g, 1.19 mmol) in acetonitrile (55 mL). The resulting yellow solution was stirred
vigorously for 30 minutes and microcrystals of [Pd(bipy)Cl,] gradually separated out from the
reaction mixture while stirring. The crystalline solid was filtered, washed with acetonitrile (15
mL), and dried under vacuum to obtain a light orange solid (0.370 g, 1.11 mmol, 93% yield).
Mp: 376 - 378 °C. "H NMR (DMSO-dg) & (ppm): 9.12 (dd, 2H, J = 5.8, 1.4 Hz), 8.59 (dd, 2H, J
=17.6, 0.8 Hz), 8.36 (ddd, 2H, J = 7.9, 8.0, 1.6 Hz), 7.81 (ddd, 2H, J = 5.9, 7.6, 1.4 Hz). FTIR
(KBr, cm™): 3109m, 3084m, 3074m, 3049m, 1603s, 1564w, 1498w, 1468s, 1448s, 1313w,

1165m, 1111w, 1038w, 1024w, 762s, 719m.

[Pd(tmeda)Cl;]: (tmeda 0.308 g, 2.65 mmol and PdCl, 0.465 g, 2.62 mmol). Off-yellow
solid (0.702 g, 2.39 mmol, 91% yield). Mp: 248-250 °C. "H NMR (DMSO-de) & (ppm): 2.72 (s,
4H, CH,), 2.64 (s, 12H, CH3). FTIR (KBr, cm™): 3022m, 2988m, 2913m, 2843w, 1468s, 1437m,

1402m, 1281m, 1200w, 1125m, 1105w, 1064w, 1046s, 1009s, 955m, 808s, 772m, 507w.

[Pd((4-Me),bipy)CL]: ((4-Me),bipy 0.252 g, 1.37 mmol and PdClI, 0.242 g, 1.37 mmol).
Light orange solid (0.414 g, 1.14 mmol, 84% yield). Mp: 382 — 384 °C. '"H NMR (DMSO-dy) &
(ppm): 8.85 (d, 2H, J = 5.8 Hz), 8.42 (s, 2H), 7.60 (d, 2H, J = 5.2 Hz), 2.52 (s, 6H, CH3). FTIR
(KBr, cm™): 3113m, 3060m, 3032m, 2966w, 2920w, 1616s, 1556w, 1481m, 1448m, 1419m,

1381w, 1221m, 1032m, 926w, 833m, 567w, 517m.
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[Pd(phen)Cl;]: (phen 0.474 g, 2.63 mmol and PdCl, 0.465 g, 2.62 mmol). Light orange
solid (0.812 g, 2.27 mmol, 87% yield). Mp: 438 - 440 °C. '"H NMR (DMSO-d¢) & (ppm): 9.35
(dd, 2H,J =54, 1.1 Hz), 8.99 (dd, 2H, J = 8.2, 1.1 Hz), 8.29 (s, 2H), 8.14 (dd, 2H, J = 8.0, 5.4
Hz). FTIR (KBr, cm™): 3078m, 3058m, 1631w, 1603w, 1581w, 1515m, 1425s, 1409w, 1153w,

842s, 710m.

[Pd(dpa)Cl,]: (dpa 0.284 g, 1.66 mmol and PdCI, 0.296 g, 1.67 mmol). Yellow-orange
solid (0.545 g, 1.56 mmol, 94% yield). Mp: 364 — 366 °C. 'H NMR (DMSO-dg) & (ppm): 11.13
(s, 1H, NH), 8.59 (d, 2H, J = 6.0 Hz), 7.97 (dd, 2H, J = 8.0, 7.7 Hz), 7.28 (d, 2H, J= 8.5 Hz),
7.16 (dd, 2H, J = 7.1, 6.3 Hz). FTIR (KBr, cm™): 3280m, 3233m, 3198m, 3137m, 3036w,

1631s, 1584s, 1523m, 1472s, 1435m, 1361w, 1235m, 1159m, 1030w, 904w, 766s, 533w.

5.5.1.1.2 Synthesis of [Pd(L){M'BuC5(H),}] (L = bipy, (4-Me)bipy, 1,10-phen, dpa) complexes

All palladium-containing calix[5]arene complexes were prepared following a similar
procedure. A solution or suspension of M,-‘BuC5(H); (M = Na, K, Rb, Cs) in anhydrous
acetonitrile (10 mL) was added to a hot solution (90 °C, oil bath) of anhydrous acetonitrile (25
mL) of the corresponding [Pd(L)Cl,] (L = bipy, (4-Me),bipy, 1,10-phen, dpa) in a 2:1 mol ratio.
A change in color was observed from light yellow to orange with formation of a precipitate. The
reaction mixture was stirred for additional 30 min. At the end of this time the heat was removed
and the solution was vacuum filtered while hot using a medium pore size frit. An orange solid
was recovered. The orange solid was washed with DI water (10 mL) twice and with acetonitrile

(10 mL) twice affording complexes 5.1a-d, 5.2a-d, 5.3a-d, and 5.4a-d.*"’
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[Pd(bipy){Na:-‘BuC5(H),}] (5.1a): (‘BuC5(H)s: 0.101 g, 0.124 mmol; NaO'Bu: 0.0243 g,
0.253 mmol, [Pd(bipy)Cl]: 0.0213 g, 0.0639 mmol). 5.1a was obtained as an orange solid
(0.0520 g, 0.0475 mmol, 74% yield). Mp: >318 °C. No 'H or *C{'H} NMR were performed due
to its poor solubility. FTIR (KBr, cm'l): 3422m (OH), 3074w, 3047m, 2959s, 2903s, 2866s,
1605m, 1566w, 1480s, 1469s, 1452s, 1391m, 1361m, 1296s, 1261m, 1252m, 1206s, 1174m,
1161m, 1127m, 1058w, 1043w, 1026w, 945w, 917w, 878m, 821m, 801m, 768m, 725m, 671w,
602w, 568w, 550w, 527w, 495w. UV/Vis Ama/nm (CeHe) (€/dm’ mol™ cm™): 280 (2.64 x 10%),
491 (3.86 x 10%), 461 (3.85 x 10%). By slow evaporation of the filtrate solution, red block crystals
of (>10 mg) compound 5.1 were obtained, however the yield was quite low, so no further

characterization was performed.

[Pd(bipy){K-BuC5(H),}] (5.1b): (‘BuC5(H)s: 0.0530 g, 0.0653 mmol; KO'Bu: 0.0148
g, 0.132 mmol, [Pd(bipy)Cl,]: 0.0114 g, 0.0342 mmol). 5.1b was obtained as an orange-red solid
(0.0315 g, 0.0284 mmol, 83% yield). Mp: >340 °C. "H NMR (CDCls) & (ppm): 14.48 (br, 2H,
OH), 9.25 (d, 2H, J = 8.0 Hz, bipy), 8.57 (dd, 2H, J = 7.4 Hz, 6.6 Hz, bipy), 8.17 (d, 2H, J=4.4
Hz, bipy), 7.26 (d, 2H, J = 2.2 Hz, Ar-H), 7.19 (dd, 2H, J = 6.6, 5.8 Hz, bipy), 7.18 (d, 2H, J =
2.5 Hz, Ar-H), 7.09 (s, 2H, Ar-H), 6.92 (d, 2H, J = 2.5 Hz, Ar-H), 6.89 (d, 2H, J= 2.5 Hz, Ar-
H), 6.59 (d, 1H, J=13.7 Hz, Ar-CH,-Ar), 5.13 (d, 2H, J = 14.3 Hz, Ar-CH,-Ar), 4.30 (d, 2H, J =
13.7 Hz, Ar-CH,-Ar), 3.42 (d, 2H, J = 13.5 Hz, Ar-CH,-Ar), 3.40 (d, 1H, J= 14.0 Hz, Ar-CH,-
Ar), 3.26 (d, 2H, 14.3 Hz, Ar-CH»-Ar), 1.32 (s, 18H, '‘Bu), 1.25 (s, 9H, '‘Bu), 1.09 (s, 18H, ‘Bu).
BC{'H} NMR (CDCl3) & (ppm): 157.8, 157.7, 155.5, 151.1, 148.3, 141.7, 141.6, 139.7, 137.6,
131.6, 130.9, 129.4, 128.1, 127.1, 126.9, 126.1, 125.8, 125.4, 125.3, 124.9, 124.4 (aromatic

carbons), 36.1, 35.9 (C(CHs)s), 34.1 (Ar-CH-Ar), 33.8 (C(CHs)3), 32.0, 31.9, 31.5 (C(CHs)3),
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29.3 (Ar-CH,-Ar). IR (KBr, cm™): 3429m (OH), 3112w, 3080w, 3044m, 2958s, 2904s, 2867m,
1607m, 1494w, 1479s, 1453s, 1392m, 1362s, 1295s, 1260m, 1249m, 1208s, 1160w, 1125w,
1057w, 1040w, 1026w, 970w, 946w, 915w, 881m, 820w, 797w, 768m, 726w, 671w. UV/vis
Amax/nm (CeHe) (€/dm® mol™ em™): 291 (1.29 x 10%), 437 (1.53 x 10%), 461 (1.49 x 10°). E. A. for

CesH7sKN,05Pd-CH;CN-H,0 calc(found): C: 68.84 (68.81); H: 6.90 (6.88).

[Pd(bipy) {Rb-‘BuC5(H),}] (5.1¢c): (‘BuC5(H)s: 0.104 g, 0.128 mmol; Rb,COs: 0.0305 g,
0.132 mmol, [Pd(bipy)Cl;]: 0.0234 g, 0.0702 mmol). 5.1¢ was obtained as an orange solid
(0.0774 g, 0.0669 mmol, 95% yield.). Mp: >285 °C. '"H NMR (CDCls) & (ppm): 14.24 (br, 2H,
OH), 9.37 (d, 2H, J = 8.0 Hz, bipy), 8.59 (dd, 2H, J = 7.7, 6.9 Hz, bipy), 8.21 (d, 2H, J = 4.7
Hz, bipy), 7.16 (dd, 2H, J = 8.5, 7.7 Hz, bipy), 7.15 (d, 2H, J = 2.5 Hz, Ar-H), 7.14 (d, 2H, J =
2.5 Hz, Ar-H), 7.11 (s, 2H, Ar-H), 6.92 (s, 4H, Ar-H), 6.49 (d, 1H, J = 13.7 Hz, Ar-CH,-Ar),
520 (d, 2H, J = 14.3 Hz, Ar-CH»-Ar), 4.26 (d, 2H, J = 13.5 Hz, Ar-CH»-Ar), 3.39 (d, 3H, J =
13.7 Hz, Ar-CH»-Ar), 3.24 (d, 2H, J = 14.3 Hz, Ar-CH,-Ar), 1.29 (s, 9H, ‘Bu), 1.24 (s, 18H,
‘Bu), 1.14 (s, 18H, ‘Bu). C{'H} NMR (CDCls) § (ppm): 158.4, 158.2, 155.5, 151.3, 148.2,
141.7, 141.5,139.5, 137.2, 132.2, 131.4, 129.5, 128.7, 127.9, 126.6, 126.0, 125.9, 125.7, 125 .4,
125.1,124.8 (aromatic carbons), 36.1 (C(CHj3)3), 34.1 (Ar-CH;-Ar), 34.0 (C(CHj3)3), 33.9
(C(CHs)3), 32.0, 31.8, 31.6 (C(CHs)3), 29.4 (Ar-CH,-Ar). IR (KBr, cm™): 3434m (OH), 3116w,
3086w, 3044m, 2957s, 2904s, 2867s, 1607m, 1479s, 1459s, 1392m, 1362s, 1295s, 1261s, 1208s,
1161m, 1125m, 1057w, 1041w, 1026w, 972w, 945w, 915w, 881m, 820m, 797w, 767m, 726m,
669m, 562w. UV/Vis Amax/nm (CeHe) (e/dm’ mol™" em™): 286 (3.56 x 10%), 419 (5.05 x 10°), 425

(5.03 x 10°).
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[Pd(bipy){Cs-‘BuC5(H),}] (5.1d): (‘BuC5(H)s: 0.104 g, 0.128 mmol; Cs,CO;3: 0.0460 g,
0.141 mmol, [Pd(bipy)Cl]: 0.0231 g, 0.0693 mmol). 5.1d was obtained as an orange solid
(0.0692 g, 0.0575 mmol, 83% yield). Mp: >295 °C. '"H NMR (CDCls) & (ppm): 13.95 (s, 2H,
OH), 9.45 (d, 2H, J = 8.0 Hz, bipy), 8.62 (dd, 2H, J = 7.7, 8.0 Hz, bipy), 8.20 (d, 2H, J = 4.4
Hz, bipy), 7.15 (dd, 2H, J = 7.7, 8.0 Hz, bipy), 7.15 (d, 4H, J = 2.5 Hz, Ar-H), 7.11 (s, 2H, Ar-
H), 6.95 (m, 4H, Ar-H), 6.54 (d, 1H, J = 13.7 Hz, Ar-CH»-Ar), 5.24 (d, 2H, J = 14.0 Hz, Ar-
CH,-Ar), 4.26 (d, 2H, J = 13.5 Hz, Ar-CH,-Ar), 3.41 (d, 1H, J = 15.1 Hz, Ar-CH,-Ar), 3.36 (d,
2H, J = 13.7 Hz, Ar-CH>-Ar), 3.23 (d, 2H, J = 14.3 Hz, Ar-CH,-Ar), 1.30 (s, 9H, ‘Bu), 1.21 (s,
18H, ‘Bu), 1.17 (s, 18H, ‘Bu). *C{'H} NMR (CDCls) & (ppm): 159.0, 158.4, 155.5, 151.7, 148.2,
141.7, 141.6, 139.3, 136.9, 132.1, 131.7, 129.9, 128.9, 128.7, 126.7, 126.0, 125.9, 125.7, 125.5,
125.2 (aromatic carbons), 36.4, 36.2 (C(CHs)3), 34.1, 34.0 (Ar-CH;-Ar), 33.8 (C(CHs)3), 32.1,
31.8, 31.7 (C(CHs)s), 29.2 (Ar-CH,-Ar). IR (KBr, cm™): 3435m (OH), 3111w, 3087w, 3044w,
2957s, 2903s, 2866s, 1605m, 1479s, 1468s, 1458s, 1392w, 1362m, 1295s, 1261s, 1208s, 1160w,
1127w, 1039w, 915w, 881m, 820m, 799m, 767m, 726m, 670w, 56 1w. UV/Vis Anax/nm (CsHp)
(e/dm’ mol™ em™): 292 (4.00 x 10%), 432 (5.92 x 10°), 426 (5.88 x 10°). E. A. for

CesH75CsN,OsPd-CH;CN calc(found): C: 64.65 (64.21); H: 6.32 (6.35).

[Pd((4-Me),bipy) {Na-'BuC5(H),}] (5.2a): (‘BuC5(H)s: 0.102 g, 0.126 mmol; NaO'Bu:
0.0244 g, 0.254 mmol, [Pd((4-Me),bipy)Cl;]: 0.0239 g, 0.0661 mmol). 5.2a was obtained as a
red solid (0.0510 g, 0.455 mmol, 69% yield). Mp: >270 °C. '"H NMR (CDCls) & (ppm): 8.50 (d,
2H, J = 5.5 Hz, (4-Me),bipy), 7.76 (s, 2H, (4-Me),bipy), 7.34 (d, 2H, J = 6.3 Hz, (4-Me),bipy),
7.26 (d, 2H, J = 2.5 Hz, Ar-H), 7.10 (s, 2H, Ar-H), 6.99 (d, 1H, J = 15.1 Hz, Ar-CH>-Ar), 6.95

(d, 4H, 2.5 Hz, Ar-H), 6.90 (d, 2H, 2.7 Hz, Ar-H), 4.97 (d, 2H, J = 14.0 Hz, Ar-CH,-Ar), 4.35
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(d, 2H, J = 13.2 Hz, Ar-CH-Ar), 3.53 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 3.30 (d, 2H, J = 15.1
Hz, Ar-CH,-Ar), 3.25 (d, 2H, J = 14.0 Hz, Ar-CH>-Ar), 2.57 (s, 6H, CHs, (4-Me),bipy), ~1.70
(H>0), 1.33 (s, 18H, 'Bu), 1.25 (s, impurity), 1.16 (s, 9H, ‘Bu), 1.10 (s, 18H, ‘Bu). No “C{'H}
NMR was obtained due to sample precipitation during the collection time. IR (KBr, cm™):
3448m (OH), 3047w, 2955s, 2900m, 2866m, 1619m, 1560w, 1481s, 1459s, 1390w, 1361m,
1297m, 1263m, 1246w, 1208s, 1126w, 1036w, 918w, 876m, 827m, 796w, 750w, 727w, 600w,
578w, 518w. UV/vis Amax/nm (CeHg) (¢/dm’® mol™ cm™): 289 (2.41 x 10%), 312 (1.46 x 10%), 449

(2.91 x 10°).

[Pd((4-Me),bipy) {K-‘BuC5(H);}] (5.2b): (‘BuC5(H)s: 0.0598 g, 0.0737 mmol; KO'Bu:
0.0165 g, 0.147 mmol, [Pd((4-Me),bipy)Cl;]: 0.0135 g, 0.0373 mmol). 5.2b was obtained as an
orange solid (0.0256 g, 0.0225 mmol, 60% yield). Mp: > 288 °C. '"H NMR (CDCls) & (ppm):
14.03 (s, 2H, OH); 8.31 (d, 2H, J = 5.5 Hz, (4-Me),bipy), 8.09 (s, 2H, (4-Me),bipy), 7.20 (d, 2H,
J=2.5Hz, Ar-H), 7.15 (d, 2H, J = 2.5 Hz, Ar-H), 7.12 (d, 2H, J = 5.2 Hz, (4-Me),bipy), 7.06
(s, 2H, Ar-H), 6.87 (s, 2H, Ar-H), 6.86 (s, 2H, Ar-H), 6.73 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar),
5.07 (d, 2H, J = 14.3 Hz, Ar-CH,-Ar), 4.30 (d, 2H, J = 13.5 Hz, Ar-CH»-Ar), 3.42 (d, 1H, J =
13.7 Hz, Ar-CH,-Ar), 3.39 (d, 2H, J = 13.5 Hz, Ar-CH,-Ar), 3.18 (d, 2H, J = 14.6 Hz, Ar-CH,-
Ar), 2.76 (s, 6H, CH3, (4-Me),bipy), 1.30 (s, 18H, '‘Bu), 1.24 (s, 9H, ‘Bu), 1.07 (s, 18H, ‘Bu).
BC{'H} NMR (CDCl3) 8 (ppm):158.4, 158.1, 154.8, 153.4, 151.1, 148.4, 141.2, 139.4, 137.0,
131.5, 131.0, 129.2, 128.0, 127.1, 126.8, 125.6, 125.4, 125.2, 124.5, 123.5 (aromatic carbons),
36.2,35.9 (C(CHj3)3), 34.1 (Ar-CH»-Ar), 33.8 (C(CH3)s), 32.0, 31.9, 31.5 (C(CHj3)3), 29.2 (Ar-
CH,-Ar), 22.7 (CH3). IR (KBr, cm™): 3427m (OH), 3047w, 2656s, 2904m, 2866m, 1619m,

1480s, 1459s, 1392w, 1361m, 1296s, 1261m, 1246m, 1208s, 1126w, 1035w, 922w, 880m,
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826m, 797m, 767w, 729w. UV/Vis Amax/nm (CeHg) (¢/dm’® mol™ cm™): 290 (3.07 x 10%), 433
(3.24 x 10°). E. A. for Cs7H70KN,0sPd-CH;CN-H,0 calc(found): C: 69.24 (69.37); H: 7.07

(6.91).

[Pd((4-Me),bipy) {Rb-‘BuC5(H),}] (5.2¢): (‘BuC5(H)s: 0.101 g, 0.125 mmol; Rb,CO:;:
0.0295 g, 0.128 mmol, [Pd((4-Me),bipy)Cl;]: 0.0242 g, 0.0669 mmol). 5.2¢ was obtained as an
orange solid (0.0736 g, 0.0621 mmol, 93% yield). Mp: 303-305 °C. "H NMR (CDCls) & (ppm):
13.58 (s, 2H, OH), 8.32 (d, 2H, J = 5.8 Hz, (4-Me),bipy), 8.14 (s, 2H, (4-Me),bipy), 7.12 (s, 4H,
Ar-H), 7.08 (s, 2H, Ar-H), 7.08 (d, 2H, J = 4.4 Hz, (4-Me),bipy), 6.89 (m, 4H, Ar-H), 6.62 (d,
1H, J = 13.7 Hz, Ar-CH>-Ar), 5.14 (d, 2H, J = 14.0 Hz, Ar-CH>-Ar), 4.29 (d, 2H, J = 13.5 Hz,
Ar-CH»-Ar), 3.41 (d, 1H, J = 13.7 Hz, Ar-CH»-Ar), 3.38 (d, 2H, J = 13.7 Hz, Ar-CH»-Ar), 3.17
(d, 2H, J = 14.6 Hz, Ar-CH,-Ar), 2.79 (s, 6H, CHs, (4-Me),bipy), 1.27 (s, 9H, ‘Bu), 1.24 (s, 18H,
‘Bu), 1.11 (s, 18H, ‘Bu). C{'H} NMR (CDCls) & (ppm): 158.9, 158.8, 154.7, 153.4, 151.3,
148.3, 141.3, 139.3, 136.5, 132.0, 131.6, 129.4, 128.5, 127.8, 127.0, 126.5, 125.7, 125.5, 125.2,
124.8, 123.6 (aromatic carbons), 36.1 (C(CHj3)3), 34.1, 34.0 (Ar-CH»,-Ar), 33.8 (C(CHas)3), 32.0,
31.8, 31.6 (C(CHs)3), 29.2 (Ar-CH,-Ar), 22.8 (CH3). IR (KBr, cm™): 3436m (OH), 3045w,
2957s,2904m, 2867m, 1619s, 1480s, 1459s, 1392m, 1362s, 1297s, 1263s, 1208s, 1126w,
1035w, 968w, 945w, 916w, 881m, 826m, 798m, 768w, 746w, 728w, 669w, 576w, 520m. UV/vis
Amax/nm (CsHe) (e/dm® mol™ cm™): 290 (2.93 x 10%), 432 (4.40 x 10%), 436 (4.36 x 10°). By slow
evaporation of the filtrate solution, red block crystals (>10 mg) of compound 5.2 were obtained,

however the yield was quite low, so no further characterization was performed.

[Pd((4-Me),bipy){Cs-'BuC5(H),}] (5.2d): (‘BuC5(H)s: 0.104 g, 0.128 mmol; Cs,COs:

0.0467 g, 0.143 mmol, [Pd((4-Me),bipy)Cl;]: 0.0243 g, 0.0672 mmol). 5.2d was obtained as an
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orange solid (0.0763 g, 0.0619 mmol, 92% yield). Mp: 308 — 310 °C. '"H NMR (CDCls) & (ppm):
8.37 (d, 2H, J = 5.8 Hz, (4-Me),bipy), 8.12 (s, 2H, (4-Me),bipy), 7.10 (d, 2H, J = 2.2 Hz, Ar-H),
7.09 (d, 2H, J = 5.8 Hz, (4-Me),bipy), 7.08 (s, 4H, Ar-H), 6.91 (s, 4H, Ar-H), 6.61 (d, 1H, J =
13.7 Hz, Ar-CH»-Ar), 5.19 (d, 2H, J = 14.3 Hz, Ar-CH»-Ar), 4.29 (d, 2H, J = 13.7 Hz, Ar-CH,-
Ar), 3.42 (d, 1H, J = 14.0 Hz, Ar-CH»-Ar), 3.34 (d, 2H, J = 13.5 Hz, Ar-CH,-Ar), 3.16 (d, 2H, J
= 14.6 Hz, Ar-CH,-Ar), 2.77 (s, 6H, CHs, (4-Me),bipy), 1.28 (s, 9H, ‘Bu), 1.20 (s, 18H, ‘Bu),
1.14 (s, 18H, '‘Bu). "C{'H} NMR (CDCl3) & (ppm):159.5, 159.2, 154.8, 153.3, 151.8, 148.5,
141.3, 139.0, 136.3, 132.0, 129.9, 128.9, 128.8, 127.0, 126.6, 125.9, 125.6, 125.4, 123.5
(aromatic carbons), 36.4, 36.1 (C(CHj3)3), 34.2, 34.1 (Ar-CH»-Ar), 33.9 (C(CHs)3), 32.1, 31.9,
31.7 (C(CH3)3), 29.9, 29.1 (Ar-CH,-Ar), 22.8 (CH3). IR (KBr, cm™): 3436m (OH), 3043w,
2957s, 2904m, 2866m, 1619m, 1558w, 1480s, 1459s, 1392w, 1361m, 1297s, 1263m, 1208s,
1127w, 1035w, 916w, 881m, 826m, 798w, 767w, 746w, 727w, 669w, 598w, 575w, 520w.

UV/Vis Amax/im (CeHg) (e/dm® mol™ em™): 292 (4.12 x 10%), 425 (5.53 x 10°), 419 (5.51 x 10%).

[Pd(phen){Na-'BuC5(H),}] (5.3a): (‘BuC5(H)s: 0.101 g, 0.124 mmol; NaO'Bu: 0.0225
g, 0.234 mmol, [Pd(phen)Cl;]: 0.0226 g, 0.0632 mmol). 5.3a was obtained as a red-orange solid
(0.0485 g, 0.0434 mmol, 69% yield). Mp: >323 °C. '"H NMR (CDCl3) & (ppm): 8.75 (d, 2H, J =
8.0 Hz, phen), 8.60 (s, 2H, phen), 8.40 (d, 2H, J = 4.1 Hz, phen), 7.70 (dd, 2H, J = 5.2, 8.2 Hz,
phen), 7.39 (d, 2H, J = 2.2 Hz, Ar-H), 7.22 (d, 2H, J = 2.2 Hz, Ar-H), 7.05 (s, 2H, Ar-H), 6.94
(d, 2H, J = 2.5 Hz, Ar-H), 6.84 (d, 2H, J = 2.5 Hz, Ar-H), 6.76 (d, 1H, J = 13.5 Hz, Ar-CH,-Ar),
5.14 (d, 2H, J = 14.0 Hz, Ar-CH,-Ar), 4.44 (d, 2H, J = 14.0 Hz, Ar-CH,-Ar), 3.43 (d, 3H, J =
14.0 Hz, Ar-CH»-Ar), 3.42 (d, 2H, J = 14.0 Hz, Ar-CH,-Ar), 1.41 (s, 18H, '‘Bu), 1.18 (s, 9H,

‘Bu), 1.07 (s, 18H, Bu). “C{'H} NMR (CDCl3) & (ppm): 157.9, 157.0, 151.6, 148.7, 145.8,
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141.3, 140.1, 139.0, 137.8, 130.3, 128.9, 128.6, 127.3, 127.2, 125.9, 125.5, 125.2, 124.9, 124.5
(aromatic carbons), 37.4, 35.7 (C(CHa)s), 34.1 (Ar-CHx-Ar), 33.8 (C(CHs)3), 32.0, 31.9, 31.5
(C(CH3)3), 29.7 (Ar-CH,-Ar). IR (KBr, cm™): 3435m (OH), 3086w, 3051w, 2958s, 2903m,
2867m, 1605m, 1516w, 1481s, 1459s, 1427s, 1392m, 1362m, 1293s, 1261s, 1246m, 1205s,
1147w, 1126w, 1109w, 879m, 844m, 822m, 797m, 766w, 746w, 717m, 590w, 561w, 439w.

UV/Vis Amax/im (CeHg) (¢/dm® mol™ em™): 279 (3.11 x 10%), 439 (2.34 x 10°).

[Pd(phen){K-‘BuC5(H),}] (5.3b): (‘BuC5(H)s: 0.0588 g, 0.0725 mmol; KO'Bu: 0.0163
g, 0.145 mmol, [Pd(phen)Cl,]: 0.0134 g, 0.0375 mmol). 5.3b was obtained as a yellow-orange
solid (0.0261 g, 0.0230 mmol, 61% yield). Mp: > 306 °C. "H NMR (CDCls) & (ppm): 14.44 (br,
2H, OH), 8.90 (d, 2H, J = 8.2 Hz, phen), 8.51 (s, 2H, phen), 8.31 (d, 2H, J = 4.4 Hz, phen), 7.81
(dd, 2H, J = 5.2, 8.2 Hz, phen), 7.28 (d, 2H, J = 2.2 Hz, Ar-H), 7.23 (d, 2H, J = 2.5 Hz, Ar-H),
7.12 (s, 2H, Ar-H), 6.93 (d, 2H, J = 2.5 Hz, Ar-H), 6.88 (d, 2H, J = 2.5 Hz, Ar-H), 6.62 (d, 1H, J
= 13.7 Hz, Ar-CH>-Ar), 5.27 (d, 2H, J = 14.3 Hz, Ar-CH,-Ar), 4.39 (d, 2H, J = 13.5 Hz, Ar-
CH,-Ar), 3.48 (d, 2H, J = 13.7 Hz, Ar-CH,-Ar), 3.41 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 3.39 (d,
2H, J = 14.6 Hz, Ar-CH>-Ar), 1.35 (s, 18H, ‘Bu), 1.26 (s, 9H, ‘Bu), 1.10 (s, 18H, ‘Bu). *C{'H}
NMR (CDCls) 6 (ppm): 158.3, 158.2, 151.2, 148.4, 144.7, 141.6, 139.8, 139.5, 137.4, 131.5,
131.4,129.9, 129.3, 128.6, 128.1, 127.5, 127.0, 125.7, 125.4, 125.2, 124.6 (aromatic carbons),
36.4, 36.0 (C(CH3)3), 34.1 (Ar-CH»-Ar), 33.9 (C(CHs)s), 32.0, 31.9, 31.5 (C(CHj3)3), 29.4 (Ar-
CH,-Ar). IR (KBr, cm™): 3436m (OH), 3049w, 2957s, 2904m, 2867m, 1606m, 1516w, 1480s,
1459s, 1430m, 1412w, 1392m, 1362s, 1294s, 1263m, 1248m, 1206s, 1151w, 1126m, 916w,

881m, 844m, 820m, 797w, 768w, 748w, 726w, 716m. UV/vis Apa/nm (CsHg) (.ﬂ;/dm3 mol”! cm’
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1):279 (2.64 x 10%), 449 (1.51 x 10%), 439 (1.51 x 10%). E. A. for C¢;H7sKN,OsPd-CH3CN-H,0

calc(found): C: 69.47 (69.42); H: 6.76 (6.71).

[Pd(phen){Rb-'BuC5(H),}] (5.3¢): (BuC5(H)s: 0.101 g, 0.124 mmol; Rb,COs: 0.0307
g, 0.133 mmol, [Pd(phen)Cl,]: 0.0232 g, 0.0649 mmol). 5.3c was obtained as an orange color
solid (0.0685 g, 0.0580 mmol, 89% yield). Mp: > 300 °C. '"H NMR (CDCls) & (ppm): 14.25 (br,
2H, OH), 8.89 (d, 2H, J = 8.0 Hz, phen), 8.56 (s, 2H, phen), 8.38 (d, 2H, J = 4.9 Hz, phen), 7.81
(dd, 2H, J =5.2, 8.0 Hz, phen), 7.17 (s, 4H, Ar-H), 7.12 (s, 2H, Ar-H), 6.94 (s, 2H, Ar-H), 6.90
(d, 2H, J = 2.2 Hz, Ar-H), 6.55 (d, 1H, J = 13.7 Hz, Ar-CH>-Ar), 5.32 (d, 2H, J = 14.3 Hz, Ar-
CH,-Ar), 4.35 (d, 2H, J = 13.7 Hz, Ar-CH,-Ar), 3.44 (d, 2H, J = 13.5 Hz, Ar-CH,-Ar), 3.41 (d,
1H, J = 13.7 Hz, Ar-CH»-Ar), 3.34 (d, 2H, J = 14.6 Hz, Ar-CH,-Ar), 1.29 (s, 9H, ‘Bu), 1.27 (s,
18H, ‘Bu), 1.14 (s, 18H, ‘Bu). *C{'H} NMR (CDCls) & (ppm): 158.9, 158.6, 151.4, 148.4, 144.7,
141.6, 139.6, 139.4, 136.9, 132.0, 131.9, 129.9, 129.5, 128.6, 128.2, 126.7, 125.8, 125.6, 125.3,
125.0 (aromatic protons), 36.4, 36.2 (C(CHj3)3), 34.2, 34.1 (Ar-CH,-Ar), 33.9 (C(CHs)3), 32.0,
31.9, 31.6 (C(CHs)s), 29.4 (Ar-CH,-Ar). IR (KBr, cm™): 3435m (OH), 3047w, 2958s, 2904m,
2866m, 1608m, 1480s, 1459s, 1430m, 1412w, 1392m, 1362m, 1294s, 1263m, 1207s, 1124m,
1111m, 916w, 881m, 843m, 820m, 797m, 767w, 748w, 727w, 716m, 669w, 577w, 523w.

UV/Vis Amax/nim (CeHg) (e/dm® mol™ em™): 280 (5.72 x 10%), 432 (6.68 x 10°), 426 (6.66 x 10%).

[Pd(phen){Cs-BuC5(H),}] (5.3d): (‘BuC5(H)s: 0.0996 g, 0.123 mmol; Cs,COs: 0.0455
g, 0.140 mmol, [Pd(phen)Cl,]: 0.0221 g, 0.0618 mmol). 5.3d was obtained as an orange solid
(0.0683 g, 0.0556 mmol, 90% yield). Mp: > 320 °C. '"H NMR (CDCl;) & (ppm): 13.82 (br, 2H,
OH), 8.94 (d, 2H, J = 7.4 Hz, phen), 8.58 (s, 2H, phen), 8.36 (d, 2H, J = 4.9 Hz, phen), 7.84 (dd,
2H,J =5.2, 8.0 Hz, phen), 7.15 (s, 3H, Ar-H), 7.13 (s, 3H, Ar-H), 6.98 (d, 2H, J = 2.5 Hz, Ar-
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H), 6.93 (d, 2H, J = 2.5 Hz, Ar-H), 6.63 (d, 1H, J = 14.0 Hz, Ar-CH>-Ar), 5.36 (d, 2H, J = 14.3
Hz, Ar-CH,-Ar), 4.36 (d, 2H, J = 13.7 Hz, Ar-CH>»-Ar), 3.43 (d, 3H, J = 13.5 Hz, Ar-CH,-Ar),
3.32(d, 2H, J = 14.6 Hz, Ar-CH-Ar), 1.30 (s, 9H, ‘Bu), 1.24 (s, 18H, ‘Bu), 1.17 (s, 18H, ‘Bu).
BC{'H} NMR (CDCl3) 8 (ppm): 159.5, 158.8, 151.7, 148.4, 144.6, 141.5, 139.6, 139.3, 136.7,
1322, 131.8, 129.9, 128.9, 128.6, 126.9, 125.9, 125.4, 125.3 (aromatic carbons), 36.8, 36.1
(C(CHs)3), 34.2, 34.1 (Ar-CHa-Ar), 33.9 (C(CH3)s), 32.1, 31.9, 31.7 (C(CH3)3), 29.2 (Ar-CH,-
Ar). FTIR (KBr, cm™): 3447m (OH), 3045w, 2959s, 2906m, 2868m, 1604m, 1560w, 1480s,
1459s, 1392w, 1362m, 1295s, 1265m, 1208s, 1126m, 916m, 881m, 843m, 820m, 798m, 767w,
746w, 716m, 669w, 592w, 577w, 561w. UV/Vis Amax/nm (C¢He) (¢/dm’ mol™" em™): 278 (6.03 x
10%), 432 (6.90 x 10%), 426 (6.88 x 10%). E. A. for C¢7H75CsN,OsPd-CH;CN calc(found): C:

65.32 (64.99); H: 6.20 (6.15).

[Pd(dpa){Na-‘BuC5(H),}] (5.4a): (‘BuC5(H)s: 0.102 g, 0.126 mmol; NaO'Bu: 0.0243 g,
0.253 mmol, [Pd(dpa)Cl,]: 0.0238 g, 0.0683 mmol). 5.4a was obtained as a red-orange solid
(0.0495 g, 0.0446 mmol, 65% yield). Mp: >290 °C. '"H NMR (CDCl;) & (ppm): 8.43 (br, 2H,
dpa), 7.86 (br, 2H, dpa), 7.56 (d, 1H, J = 12.9 Hz, Ar-CH»-Ar), 7.45 (br, 2H, dpa), 7.28 (s, §,
impurity), 7.20 (s, 2H, Ar-H), 7.14 (s, 2H, Ar-H), 7.06 (s, 2H, Ar-H), 6.96 (s, 2H, Ar-H), 6.88 (s,
2H, Ar-H), 6.81 (dd, 2H, J = 6.3, 7.1 Hz, dpa), 4.64 (d, 2H, J = 14.3 Hz, Ar-CH,-Ar), 4.36 (d,
2H, J = 12.9 Hz, Ar-CH,-Ar), 3.66 (d, 2H,* J = 12.6 Hz, Ar-CH,-Ar), 3.40 (d, 3H,* J = 12.9
Hz, Ar-CH»-Ar), 3.05 (d, 2H, J = 14.6 Hz, Ar-CH,-Ar), 1.31 (s, 19H,* 'Bu), 1.25 (s, 18H, 'Bu),
1.19 (s, 9H, ‘Bu), 1.10 (s, 14H, impurity). § = integral not available. *The integral value reported
for the compound is not consistent with the value required. This disagreement in the value could

be due to overlapping with solvent or impurities. No *C{'H} NMR was not performed due to its
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poor solubility. FTIR (KBr, cm'l): 3424m (OH), 3253w, 3205w, 3138w, 3087w, 3043w, 2959s,
2904m, 2867m, 1627m, 1589m, 1535w, 1478s, 1460s, 1437s, 1392m, 1361m, 1295m, 1245m,
1207s, 1160m, 1127w, 1023w, 913w, 876m, 821m, 796m, 766m, 669w, 528w, 454w. UV/vis

Ama/nm (CsHe) (€/dm® mol™ cm™): 288 (2.08 x 10%).

[Pd(dpa){K-'BuC5(H),}] (5.4b): (‘BuC5(H)s: 0.0502 g, 0.0619 mmol; KO'Bu: 0.0141 g,
0.126 mmol, [Pd(dpa)Cl,]: 0.0105 g, 0.0301 mmol). 5.4b was obtained as an orange solid
(0.0281 g, 0.0250 mmol, 83% yield). Mp: > 280 °C. '"H NMR (CDCls) & (ppm): 14.04 (br, 2H,
OH), 11.73 (br, 1H, NH), 8.33 (d, 2H, J = 5.5 Hz, dpa), 8.13 (dd, 2H, J = 6.9, 7.4 Hz, dpa), 7.67
(d, 2H, J = 8.2 Hz, dpa), 7.23 (d, 1H, J = 13.5 Hz, Ar-CH»-Ar), 7.21 (d, 2H, J = 2.5 Hz, Ar-H),
7.12 (d, 2H, J = 2.5 Hz, Ar-H), 7.05 (d, 2H, J = 2.5 Hz, Ar-H), 7.02 (s, 2H, Ar-H), 6.97 (d, 2H, J
= 2.2 Hz, Ar-H), 6.69 (dd, 2H, J = 6.6, 6.6 Hz, dpa), 4.86 (d, 2H, J = 14.3 Hz, Ar-CH»-Ar), 4.19
(d, 2H, J = 13.5 Hz, Ar-CH,-Ar), 3.63 (d, 1H, J = 13.5 Hz, Ar-CH»-Ar), 3.29 (d, 2H, J = 13.7
Hz, Ar-CH,-Ar), 3.17 (d, 2H, J = 14.3 Hz, Ar-CH»-Ar), 1.26 (s, 18H, ‘Bu), 1.19 (s, 9H, ‘Bu),
1.17 (s, 18H, '‘Bu). "C{'H} NMR (CDCl3) & (ppm): 156.7, 153.7, 152.0, 149.0, 147.7, 141.0,
140.7, 139.9, 139.5, 132.1, 131.7, 129.0, 128.2, 127.5, 126.5, 125.8, 125.6, 125.1, 124.7, 117.1,
115.5 (aromatic carbons), 36.8, 34.5 (C(CHs)3), 34.1, 34.0 (Ar-CH;-Ar), 33.9 (C(CHs)3), 31.8,
31.8, 31.6 (C(CHs)3), 29.9 (Ar-CH,-Ar). FTIR (KBr, cm™): 3407m (OH), 3247w, 3205w,
3138w, 3080w, 3041m, 2958s, 2904m, 2867m, 1642m, 1628m, 1589m, 1536w, 1477s, 1437s,
1392m, 1362s, 1295s, 1279s, 1244s, 1207s, 1160m, 1127m, 1023w, 913w, 880m, 819m, 795m,

767m, 727w, 677w, 534w. UV/Vis Amax/nm (CeHg) (¢/dm’ mol™ em™): 292 (3.59 x 10%).

[Pd(dpa){Rb-BuC5(H),}] (5.4¢): (‘BuC5(H)s: 0.102 g, 0.125 mmol; Rb,CO;: 0.0283 g,
0.122 mmol, [Pd(dpa)Cl;]: 0.0209 g, 0.0600 mmol). 5.4¢ was obtained as an orange color solid
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(0.0542 g, 0.0463 mmol, 77% yield). Mp: >290 °C. 'H NMR (CDCls) & (ppm): 11.85 (br, 1H,
NH), 8.35 (d, 2H, J = 5.5 Hz, dpa), 8.23 (dd, 2H, J = 7.1, 7.7 Hz, dpa), 7.72 (d, 2H, J = 8.5 Hz,
dpa), 7.14 (d, 2H, J = 2.2 Hz, Ar-H), 7.12 (d, 1H, J = 13.7 Hz, Ar-CH»-Ar), 7.08 (d, 2H, J = 2.5
Hz, Ar-H), 7.06 (d, 2H, J = 2.7 Hz, Ar-H), 7.03 (s, 2H, Ar-H), 6.96 (d, 2H, J = 2.2 Hz, Ar-H),
6.71 (dd, 2H, J = 6.3, 6.3 Hz, dpa), 4.91 (d, 2H, J = 14.3 Hz, Ar-CH»-Ar), 4.14 (d, 2H, J = 13.7
Hz, Ar-CH»-Ar), 3.61 (d, 1H, J = 13.7 Hz, Ar-CH»-Ar), 3.28 (d, 2H, J = 13.7 Hz, Ar-CH»-Ar),
3.15(d, 2H, J = 14.3 Hz, Ar-CH-Ar), 1.22 (s, 9H, ‘Bu), 1.21 (s, 18H, ‘Bu), 1.20 (s, 18H, ‘Bu).
BC{'H} NMR (CDCl3) 8 (ppm): 157.4, 154.1, 152.3, 149.2, 147.7, 140.9, 140.7, 139.5, 139.3,
132.7,132.2, 128.6, 128.5, 128.2, 126.4, 125.6, 124.9, 117.0, 115.6 (aromatic carbons), 36.6,
34.9 (C(CH3)3), 34.1, 34.0 (Ar-CH,-Ar), 33.9 (C(CH3)3), 31.9, 31.8, 31.7 (C(CH3)3), 30.0 (Ar-
CH,-Ar). FTIR (KBr, cm™): 3433m (OH), 3043w, 2958s, 2902m, 2867m, 1655m, 1601m,
1588m, 1535w, 1479s, 1437s, 1392w, 1362m, 1295m, 1247m, 1209m, 1162w, 1126w, 1023w,
914w, 880m, 821m, 800w, 765m, 656w, 536w. UV/Vis Aya/nm (Ce¢Hg), (€/dm’ mol™ cm™): 289

(5.30 x 10%), 425 (3.93 x 10°), 488 (2.22 x 10°).

[Pd(dpa){Cs-BuC5(H),}] (5.4d): (‘BuC5(H)s: 0.103 g, 0.127 mmol; Cs,CO;: 0.0461 g,
0.141 mmol, [Pd(dpa)Cl;]: 0.0228 g, 0.0654 mmol). 5.4d was obtained as an orange solid
(0.0652 g, 0.0535 mmol, 82% yield). Mp: 280 - 281 °C. '"H NMR (CDCls) & (ppm): 12.61 (br,
1H, NH), 8.35 (br, 2H, dpa), 8.27 (d, 2H, J = 5.8 Hz, dpa), 7.86 (d, 2H, J = 7.7 Hz, dpa), 7.22 (d,
1H, J = 14.3 Hz, Ar-CH»-Ar), 7.10 (d, 2H, J = 2.2 Hz, Ar-H), 7.07 (d, 2H, J = 2.2 Hz, Ar-H),
7.04 (d, 2H, J = 2.2 Hz, Ar-H), 6.99 (s, 2H, Ar-H), 6.88 (s, 2H, Ar-H), 6.73 (dd, 2H, J = 6.3, 6.9
Hz, dpa), 4.83 (d, 2H, J = 14.0 Hz, Ar-CH,-Ar), 4.30 (d, 2H, J = 13.5 Hz, Ar-CH,-Ar), 3.66 (d,

1H, J = 14.0 Hz, Ar-CH,-Ar), 3.18 (d, 4H, J = 14.0 Hz, Ar-CH>-Ar), 1.23 (s, 18H, ‘Bu), 1.18 (s,
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18H, ‘Bu), 1.14 (s, 9H, ‘Bu). *C{'H} NMR (CDCls) § (ppm): 157.2, 153.3, 149.3, 147.5, 140.6,
140.1, 139.9, 139.1, 132.4, 129.3, 128.9, 126.0, 125.8, 125.5, 125.0, 116.9, 116.2 (aromatic
carbons), 36.7 (C(CHs)3), 34.1, 34.0 (Ar-CHa-Ar), 33.9 (C(CHs)3), 33.7, 31.8, 31.8 (C(CHs)s),
30.7 (Ar-CH,-Ar). FTIR (KBr, cm™): 3436m (OH), 3041w, 2958s, 2904m, 2866m, 1637m,
1600m, 1587m, 1541w, 1478s, 1436s, 1392m, 1362m, 1321m, 1296s, 1247m, 1209s, 1161w,
1127w, 1022w, 913w, 881m, 821m, 798w, 766w, 737w, 669w, 656w, 563w, 537w. UV/vis

Amax/nm (CsHe) (€/dm® mol™ cm™): 288 (4.49 x 10%), 307 (4.45 x 10%), 432 (4.33 x 10%).

5.5.1.1.3 General synthesis of [Pd(L){'BuC4(H),}] (L = bipy, (4-Me)bipy, 1,10-phen, dpa,

tmeda) complexes

All palladium-containing calix[4]arene complexes were prepared as follows: To a
suspension of RC4(H)4 (R = 'Bu, H) in anhydrous acetonitrile (20 mL) was added K,COj3 in a
1:4 ratio. The reaction mixture was stirred at acetonitrile reflux temperature under a nitrogen gas
flow. After one day of reflux, [Pd(bipy)Cl,] was added to the resulting light yellow solution, in a
1:1 ratio with respect to the calix[4]arene. A change in color was observed from light yellow
solution to orange or red with formation of a precipitate. The resulting mixture was left to stir for
30 minutes more. The resulting red or orange suspension was hot filtered using a medium pore
frit. The red or orange solid was washed with DI water (10 mL) twice, then with acetonitrile (5

mL) twice, affording complexes 5.5a-e and 5.6a-c.”"’

[Pd(bipy){'BuC4(H),}] (5.5a): (‘BuC4(H)4: 0.0519 g, 0.0800 mmol; K,COs: 0.0465 g,
0.336 mmol; [Pd(bipy)Cl;]: 0.0269 g, 0.0807 mmol). 5.5a was obtained as a red solid (0.0479 g,
0.0527 mmol, 66% yield). Mp: 270 - 272 °C. "H NMR (CDCls) 8 (ppm): 11.07 (s, 2H, OH), 9.79

(d, 2H, J = 8.0 Hz, bipy), 8.51 (dd, 2H, J = 7.7, 7.4 Hz, bipy), 8.34 (d, 2H, J = 4.9 Hz, bipy),
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7.80 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 7.23 (dd, 2H, J = 6.6, 6.6 Hz, bipy), 7.18 (d, 2H, J = 2.2
Hz, Ar-H), 7.04 (d, 4H, J = 1.9 Hz, Ar-H), 6.99 (d, 2H, J = 2.5 Hz, Ar-H), 5.13 (d, 1H, J=11.8
Hz, Ar-CH,-Ar), 4.58 (d, 2H, J = 12.6 Hz, Ar-CH>-Ar), 3.70 (d, 1H, J = 13.7 Hz, Ar-CH,-Ar),
3.57 (d, 2H, J = 12.9 Hz, Ar-CH,-Ar), 3.30 (d, 1H, J = 12.1 Hz, Ar-CH>-Ar), 1.58 (s, 3H,
possibly H,0), 1.26 (s, 18H, ‘Bu), 1.23 (s, 18H, ‘Bu), 0.73 (s, 2H, possibly CH;CN). *C{'H}
NMR (CDCl3) & (ppm): 155.9, 155.5, 150.5, 148.6, 142.6, 142.1, 139.4, 131.5, 130.5, 130.3,
126.7,126.3, 126.1, 126.0, 125.4, 125.1, 124.5 (aromatic carbons), 38.0, 35.3 (C(CHj3)»), 34.1,
33.8 (Ar-CH,-Ar), 31.8 (C(CH3)3). FTIR (KBr, cm™): 3448m (OH), 3109w, 3086w, 3046w,
2959s, 29055, 2866m, 1605m, 1560w, 1481s, 1467s, 1460s, 1452s, 1391w, 1361m, 1305s,
1259s, 1207s, 1159w, 1128w, 1056w, 1043w, 912w, 871m, 827w, 765m, 725w, 670w, 580w.
UV/vis (CHg) Amax/nm (¢/dm’® mol™ em™): 292 (2.95 x 10%), 461 (2.41 x 10%), 469 (2.40 x 10°).

E. A. for Cs4HgN,O4Pd-CH;3CN cale(found): C: 70.76 (70.57); H: 6.89 (6.83).

[Pd((4-Me),bipy) {'BuC4(H);}] (5.5b): (‘BuC4(H)4: 0.0523 g, 0.0806 mmol; K,COs:

0.0440 g, 0.318 mmol; [Pd((4-Me),bipy)Cl;]: 0.0301 g, 0.0832 mmol). 5.5b was obtained as an
orange solid (0.0479 g, 0.0511 mmol, 63% yield). Mp: 298 - 300 °C. 'H NMR (CDCls) & (ppm):
10.49 (s, 2H, OH), 8.51 (d, 2H, J = 5.8 Hz, (4-Me),bipy), 8.01 (s, 2H, (4-Me),bipy), 7.93 (d, 1H,
J =13.7 Hz, Ar-CH>»-Ar), 7.27 (d, 2H, J = 3.6 Hz, (4-Me),bipy), 7.08 (d, 2H, J = 2.2 Hz, Ar-H),
7.03 (d, 2H, J = 2.5 Hz, Ar-H), 6.96 (s, 4H, Ar-H), 4.97 (d, 1H, J = 12.1 Hz, Ar-CH,-Ar), 4.55
(d, 2H, J = 12.9 Hz, Ar-CH>-Ar), 3.69 (d, 1H, J = 13.7 Hz, Ar-CH>-Ar), 3.44 (d, 2H, J = 12.9
Hz, Ar-CH>-Ar), 3.21 (d, 1H, J = 12.1 Hz, Ar-CH>-Ar), 2.50 (s, 6H, CHs, (4-Me),bipy), 1.58 (s,
1H, possibly H,0), 1.21 (s, 18H, ‘Bu), 1.20 (s, 18H, ‘Bu), 0.73 (s, 3H, possibly CH;CN). *C{'H}

NMR (CDCl3) & (ppm): 156.0, 155.2, 153.2, 150.6, 149.0, 141.9, 138.9, 131.2, 130.9, 130.0,
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127.6, 126.8, 126.0, 125.2, 124.9, 124.3, 123.1 (aromatic carbons), 37.9, 34.9 (C(CHs)3), 34.0,
33.8 (Ar-CH,-Ar), 31.8, 31.7 (C(CHs)3), 21.9 (CH3 of (4-Me):bipy)). FTIR (KBr, cm™): 3436s
(OH), 3045w, 2959s, 2904m, 2866m, 1618m, 1482s, 1468s, 1459m, 1452m, 1439m, 1391w,
1361m, 1303m, 1275m, 1258m, 1207s, 1159w, 1131w, 1048w, 1037w, 922w, 912w, 870w,
829m, 786w, 758w, 722w, 579w. UV/vis (CeHe) Ama/nm (e/dm’ mol™" cm™): 296 (1.10 x 10%),

463 (7.31 x 10%). E. A. for CseHeeN204Pd-CH;CN calc(found): C: 71.18 (71.13); H: 7.11 (7.05).

[Pd(phen){'BuC4(H),}] (5.5¢): (‘BuC4(H)4: 0.0513 g, 0.0791 mmol; K,COs: 0.0441 g,
0.319 mmol; [Pd(phen)Cl;]: 0.0282 g, 0.0789 mmol). 5.5¢ was obtained as a red solid (0.0488 g,
0.0523 mmol, 66% yield). Mp: 310 - 312 °C. '"H NMR (CDCl3) & (ppm): 10.90 (s, 2H, OH), 8.81
(d, 2H, J = 8.2 Hz, phen), 8.73 (d, 2H, J = 4.1 Hz, phen), 8.60 (s, 2H, phen), 7.96 (d, 1H, J =
13.7 Hz, Ar-CH»-Ar), 7.75 (dd, 2H, J = 5.2, 8.2 Hz, phen), 7.16 (d, 2H, J = 2.2 Ar-H), 7.05 (d,
2H,J = 2.5 Hz, Ar-H), 7.04 (d, 2H, J = 2.5 Hz, Ar-H), 7.01 (d, 2H, J = 2.5 Hz, Ar-H), 5.15 (d,
1H, J = 11.8 Hz, Ar-CH,-Ar), 4.68 (d, 2H, J = 12.6 Hz, Ar-CH,-Ar), 3.72 (d, 1H, J = 13.7 Hz,
Ar-CH,-Ar), 3.54 (d, 2H, J = 12.9 Hz, Ar-CH,-Ar), 3.32 (d, 1H, J = 11.8 Hz, Ar-CH,-Ar), 1.58
(s, 1H, possibly H,0), 1.27 (s, 18H, ‘Bu), 1.24 (s, 18H, ‘Bu), 0.73 (s, 1H, possibly CH;CN).
BC{'H} NMR (CDCl3) & (ppm): 156.0, 150.8, 149.2, 145.6, 142.1, 139.4, 139.1, 131.1, 130.8,
130.1, 130.0, 128.6, 126.6, 126.2, 125.5, 125.2, 124.6 (aromatic carbons), 38.0, 35.2 (C(CHj3)3),
34.1, 33.9 (Ar-CH>-Ar), 31.8 (C(CHs);). FTIR (KBr, cm™): 3435m (OH), 3050m, 2957s, 2904m,
2865m, 1604w, 1516w, 1481s, 1466s, 1460s, 1428m, 1412w, 1391w, 1361m, 1342w, 1301s,
1275m, 1260m, 1205s, 1148w, 1128w, 1110w, 912w, 881w, 870m, 843m, 828w, 786w, 757w,
717m, 675w, 619w, 579w. UV/vis (C¢Hg) Amax/nm (¢/dm® mol™ ecm™): 278 (2.96 x 10%), 470

(2.38 x 10%), 461 (2.36 x 10°).
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[Pd(dpa){'BuC4(H),}] (5.5d): (‘BuC4(H)4: 0.0751 g, 0.116 mmol; K»,CO3: 0.0633 g,
0.458 mmol; [Pd(dpa)Cl,]: 0.0442 g, 0.127 mmol). 5.5d was obtained as a red solid (0.0702 g,
0.0759 mmol, 66% yield). Mp: 260 - 261 °C. "H NMR (CDCls) & (ppm): 11.80 (s, 2H, OH),
10.96 (s, 1H, NH, dpa), 8.57 (d, 2H, J = 8.2 Hz, dpa), 8.43 (d, 1H, J = 13.7 Hz, Ar-CH>-Ar),
8.19 (d, 2H, J = 6.0 Hz, dpa), 7.67 (dd, 2H, J = 6.9, 7.4 Hz, dpa), 7.14 (d, 2H, J = 2.5 Hz, Ar-
H),7.10 (d, 2H, J = 2.2 Hz, Ar-H), 6.98 (d, 4H, J =1.9 Hz, Ar-H), 6.76 (dd, 2H, J = 6.6, 6.6 Hz,
dpa), 4.78 (d, 1H, J = 11.8 Hz, Ar-CH,-Ar), 4.33 (d, 2H, J = 12.9 Hz, Ar-CH,-Ar), 3.95 (d, 1H,
J =14.0 Hz, Ar-CH»-Ar), 3.47 (d, 2H, J = 12.9 Hz, Ar-CH,-Ar), 3.18 (d, 1H, J = 12.1 Hz, Ar-
CH»-Ar), 1.58 (s, 1H, possibly H,0), 1.27 (s, 18H, ‘Bu), 1.22 (s, 18H, ‘Bu), 0.80 (s, 1H, possibly
CH;CN). *C{'H} NMR (CDCls) & (ppm): 154.3, 150.0, 148.5, 147.8, 146.9, 144.5, 142.8,
140.5, 139.6, 131.6, 131.2, 129.9, 127.9, 126.6, 126.1, 125.5, 125.4, 124.6, 117.9, 116.1
(aromatic carbons), 38.5, 35.4 (C(CHs3)»), 34.1, 33.9 (Ar-CH»,-Ar), 32.8, 32.5, 31.8, 31.7, 31.6
(C(CH3)3). *Extra peaks in °C NMR spectrum possibly due to sample decomposition during
collection time. FTIR (KBr, cm'l): 3424m (OH), 3313w, 3282w, 3202m, 3141m, 3088m,
3046m, 2959s, 2906s, 2866m, 1650m, 1631m, 1589m, 1538m, 1504w, 1479s, 1461m, 1434s,
1392w, 1361m, 1303s, 1270m, 1257w, 1240s, 1207s, 1163m, 1130w, 1065w, 1025w, 912w,
887w, 870w, 826w, 768s, 725w, 579w. UV/vis (CeHe) Amax/nm (e/dm’ mol™" cm™): 288 (1.47 x

10%), 406 (8.65 x 10%), 421 (7.87 x 10?).

[Pd(tmeda){'BuC4(H),}] (5.5¢): (‘BuC4(H)4: 0.0509 g, 0.0784 mmol; K,CO3: 0.0434 g,
0.314 mmol; [Pd(tmeda)Cl;]: 0.0249 g, 0.0848 mmol). Unlike previous reactions no precipitate
was formed. The resulting yellow solution was filtered on a bed of celite supported on a medium

pore size frit. Yellow crystals were obtained after slow evaporation of the solvent. The crystals
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lose solvent quickly to produce 5.5e as an orange solid (0.0675 g, 0.0776 mmol, 99% yield). Mp:
80 °C loses solvent > 190 °C. "H NMR (CDCls) & (ppm): 10.16 (s, 2H, OH), 8.21 (d, 1H, J =
13.5 Hz, Ar-CH,-Ar), 7.07 (d, 2H, J = 2.5 Hz, Ar-H), 7.01 (d, 2H, J = 2.5 Hz, Ar-H), 6.91 (d,
2H, J = 2.2 Hz, Ar-H), 6.87 (d, 2H, J = 2.5 Hz, Ar-H), 4.95 (d, 1H, J = 11.8 Hz, Ar-CH,-Ar),
429 (d, 2H, J = 12.4 Hz, Ar-CH,-Ar), 3.81 (d, 1H, J = 13.5 Hz, Ar-CH>-Ar), 3.30 (d, 2H, J =
12.6 Hz, Ar-CH»-Ar), 3.19 (d, 1H, J = 11.8 Hz, Ar-CH,-Ar), 3.02 (s, 6H, CH;_tmeda), 2.83-2.74
(m, 4H, CH,, tmeda), 2.59 (s, 6H, CHs tmeda), 1.19 (s, 18H, '‘Bu), 1.18 (s, 18H, ‘Bu), 0.84 (s,
8H, possible CH;CN). *C{'H} NMR (CDCls) & (ppm): 155.3, 150.1, 142.5, 138.8, 131.5, 131.1,
130.5, 126.0, 125.9, 124.9, 124.6, 124.0 (aromatic carbons), 116.9 (CH;CN), 62.1 (CH,, tmeda),
51.4, 50.1 (CH3, tmeda), 37.4, 34.5 (C(CHs)s), 34.0, 33.7 (ArCHAr), 31.7, 31.6 (C(CHs)s3).
FTIR (KBr, cm™): 3436m (OH), 3046m, 2958s, 2905s, 2867s, 1668m, 1606m, 1503w, 1481s,
1467s, 1408m, 1393m, 1361s, 1303s, 1273s, 1258s, 1206s, 1158w, 1131m, 1042w, 1010w,
959w, 911w, 870m, 826w, 809s, 788m, 766w, 720w, 579w, 518w. UV/vis (CsHg) Amax/nm
(¢/dm’® mol™ cm™): 289 (1.24 x 10%), 451 (7.04 x 10?), 488 (5.57 x 10%). E. A. for

CsoH70N,04Pd-4CH;CN-3H,0 cale(found): C: 64.04 (64.24); H: 8.15 (8.17).

5.5.1.1.4 Synthesis of [Pd(L){HC4(H),}] (L = bipy, (4-Me),bipy, 1,10-phen) complexes

[Pd(bipy) {HC4(H),}] (5.6a): (HC4(H)4: 0.0503 g, 0.119 mmol; K,COs: 0.0773 g, 0.559
mmol; [Pd(bipy)Cl,]: 0.0411 g, 0.123 mmol). 5.6a was obtained as an orange solid (0.0535 g,
0.0781 mmol, 66% yield). Mp: >310 °C. "H NMR (DMSO-ds) & (ppm): 10.28 (s, 2H, OH), 8.72
(d, 2H, J = 8.0 Hz, bipy), 8.44 (dd, 2H, J = 6.3, 8.0 Hz, bipy), 8.43 (d, 2H, J = 5.2 Hz, bipy),
7.97 (d, 1H, J = 14.0 Hz, Ar-CH>-Ar), 7.90 (dd, 2H, J = 6.3, 6.9 Hz, bipy), 6.98 (dd, 4H, J =
6.3, 7.4 Hz, Ar-H), 6.90 (dd, 4H, J = 6.3, 6.0 Hz, Ar-H), 6.47 (dd, 2H, J = 7.4, 7.4 Hz, Ar-H),
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6.32 (dd, 2H, J = 7.4, 7.4 Hz, Ar-H), 4.75 (d, 1H, J = 11.5 Hz, Ar-CH>-Ar), 4.44 (d, 2H, J =
12.6 Hz, Ar-CH-Ar), 3.69 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 3.41 (d, 2H, J = 12.9 Hz, Ar-CH>-
Ar), 3.10 (d, 1H, J = 11.5 Hz, Ar-CH>-Ar). "C{'H} NMR (DMSO-d¢) & (ppm): 158.4, 156.0,
152.7,148.0, 141.6, 131.1, 131.0, 130.5, 130.2, 130.0, 127.8, 127.5, 127.3, 124.1, 119.3, 116.2
(aromatic carbons), 36.4, 33.3 (ArCH,Ar). FTIR (KBr, cm'l): 3448m (OH), 3103m, 3080m,
3057m, 2924s, 2860m, 2835m, 2763m, 2713m, 2617m, 1601m, 1592m, 1560w, 1465s, 1450s,
1429s, 1308m, 1274s, 1252s, 1218m, 1172m, 1160m, 1092m, 1058w, 1043w, 912m, 857m,
762s, 753s, 722m, 670w, 656w, 626w, 570w. UV/Vis Apa/nm (DMSO) (¢/dm’® mol™ cm™): 291
(1.27 x 10%), 374 (3.34 x 10%). E. A. for C33H30N,04Pd-CH;CN cale(found): C: 66.16 (65.95); H:

4.58 (4.37).

[Pd((4-Me),bipy) {HC4(H),}] (5.6b): (HC4(H)4: 0.103 g, 0.243 mmol; K,COs: 0.136 g,
0.984 mmol; [Pd((4-Me),bipy)Cl,]: 0.0883 g, 0.244 mmol). 5.6b was obtained as an orange solid
(0.0953 g, 0.134 mmol, 55% yield). Mp: >300 °C decomposes. 'H NMR (DMSO-ds) & (ppm):
10.28 (s, 2H, OH), 8.51 (s, 2H, (4-Me),bipy), 8.27 (d, 2H, J = 5.8 Hz, (4-Me),bipy), 7.99 (d, 1H,
J =14.0 Hz, Ar-CH>-Ar), 7.83 (d, 2H, J = 5.8 Hz, (4-Me),bipy), 6.97 (dd, 4H, J = 8.0, 8.0 Hz,
Ar-H), 6.88 (dd, 4H, J = 6.9, 7.4 Hz, Ar-H), 6.46 (dd, 2H, J = 7.4, 7.4 Hz, Ar-H), 6.30 (dd, 2H,
J=17.4,75Hz, Ar-H),4.75 (d, 1H, J = 11.5 Hz, Ar-CH,-Ar), 4.41 (d, 2H, J = 12.6 Hz, Ar-CH,-
Ar), 3.67 (d, 1H, J = 13.7 Hz, Ar-CH,-Ar), 3.37 (d, 3H*, J = 12.6 Hz, Ar-CH,-Ar), 3.09 (d, 1H,
J =11.8 Hz, Ar-CH,-Ar), 2.56 (s, 6H, CHs, (4-Me),bipy). * due to overlap with H,O. *C{'H}
NMR (DMSO-dg) & (ppm): 159.2, 156.0, 154.4, 153.4, 147.9, 131.8, 131.6, 130.9, 129.9, 128.9,
128.4,128.2, 127.9, 125.1, 120.0, 116.8 (aromatic carbons), 33.9 (ArCH,Ar), 21.8 (CH; of (4-

Me),bipy)). FTIR (KBr, cm™): 3435m (OH), 3055m, 2922m, 1619s, 1591m, 1465s, 1449s,

168



1427s, 1384m, 1262s, 1218m, 1090w, 911w, 834w, 752s, 701w, 517w. UV/vis Ana/nm (DMSO)

(¢/dm’® mol™ ecm™): 295 (1.76 x 10%).

[(Pd(phen) {HC4(H)}] (5.6¢): (HC4(H)4: 0.0525 g, 0.124 mmol; K,COs: 0.0783 g,
0.567 mmol; [Pd(phen)Cl;]: 0.0444 g, 0.124 mmol). 5.6¢ was obtained as an orange solid
(0.0598 g, 0.0843 mmol, 68% yield). Mp: 320 - 322 °C. '"H NMR (DMSO-dg) & (ppm): 10.34 (s,
2H, OH), 9.05 (d, 2H, J = 8.3 Hz, phen), 8.73 (d, 2H, J = 4.1 Hz, phen), 8.37 (s, 2H, phen), 8.23
(dd, 2H, J = 5.2, 8.2 Hz, phen), 8.15 (d, 1H, J = 13.4 Hz, Ar-CH»-Ar), 6.99 (dd, 4H, J = 5.8, 5.8
Hz, Ar-H), 6.92 (dd, 4H, J = 5.8, 5.5 Hz, Ar-H), 6.48 (dd, 2H, J = 7.4, 7.4 Hz, Ar-H), 6.34 (dd,
2H,J =17.4,7.4 Hz, Ar-H), 4.75 (d, 1H, J = 11.8 Hz, Ar-CH>-Ar), 4.54 (d, 2H, J = 12.6 Hz, Ar-
CH»-Ar), 3.71 (d, 1H, J = 13.7 Hz, Ar-CH»-Ar), 3.45 (d, 2H, J = 12.9 Hz, Ar-CH»-Ar), 3.10 (d,
2H,* J = 11.8 Hz, Ar-CH,-Ar). *The integral value reported for the compound is not consistent
with the value required. This disagreement in the value could be due to overlapping with solvent
or impurities. No °C{'H} data is available because of the poor solubility in DMSO. FTIR (KBr,
cm™): 3438m (OH), 3067m, 2952w, 2924m, 2862w, 2833w, 1591m, 1561w, 1516w, 1465s,
1451s, 1427s, 1388m, 1343w, 1275s, 1259s, 1215w, 1146w, 1092w, 911w, 849m, 753s, 714m,
659w, 569w. UV/Vis Amax/nm (DMSO) (¢/dm’ mol™" cm™): 291 (3.34 x 10%). E. A. for

Ca0H30N,04Pd-CH;3;CN-0.5H,0 calc(found): C: 66.45 (66.04); H: 4.51 (4.08).

5.5.1.1.5 Synthesis of [Pd((4-Me):bipy){Cs'BuC6(H)s}] complex 5.7

[Pd((4-Me),bipy){Cs-'BuC6(H)3}] (5.7): To a suspension of ‘BuC6(H)s (0.0794 g,
0.0816 mmol) in anhydrous acetonitrile (20 mL) was added Cs,CO3 (0.0513 g, 0.157 mmol).
The reaction mixture was stirred at acetonitrile reflux temperature under a nitrogen gas flow.

After one day of reflux, solid [Pd((4-Me),bipy)Cl,] (0.0276 g, 0.0763 mmol) was added to the
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resulting white suspension. A change in color was observed from white suspension to orange
with formation of a precipitate. The resulting mixture was left to stir for 30 minutes more. The
resulting orange suspension was hot filtered using a medium pore size frit. The red or orange
solid was washed with DI water (10 mL) twice, then with acetonitrile (10 mL) twice, affording
complex 5.7. (0.0970 g, 0.0696 mmol, 91% yield). Mp: > 333 °C. '"H NMR (CDCl;) & (ppm):
14.13 (s, 2H, OH), 10.66 (s, 1H, OH), 8.80 (br, 1H, (4-Me),bipy), 8.47 (br, 1H, (4-Me),bipy),
8.21 (br, 1H, (4-Me),bipy), 8.04 (br, 1H, (4-Me),bipy), 7.58 (d, 1H, J = 14.3 Hz, Ar-CH,-Ar),
7.46 (br, 1H, (4-Me),bipy), 7.22 (s, 1H, Ar-H), 7.19 (s, 1H, Ar-H), 7.13 (s, 2H, Ar-H), 7.04 (s,
3H, Ar-H), 6.97 (s, 3H, Ar-H, (4-Me),bipy), 6.87 (s, 1H, Ar-H), 6.60 (s, 1H, Ar-H), 6.54 (s, 1H,
Ar-H), 4.70 (d, 1H, J = 13.7 Hz, Ar-CH,-Ar), 4.20 (br, 4H, Ar-CH,-Ar), 3.70 (d, 1H, J = 13.7
Hz, Ar-CH,-Ar), 3.61 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 3.44 (d, 1H, J = 17.0 Hz, Ar-CH,-Ar),
3.31(d, 2H, J = 12.4 Hz, Ar-CH,-Ar), 3.22 (d, 1H, J = 17.3 Hz, Ar-CH,-Ar), 2.83 (s, 3H, (4-
Me),bipy), 2.50 (s, 3H, (4-Me),bipy), 1.67 (b, H,0), 1.32 (s, 9H, Bu), 1.24 (s, 18H, ‘Bu), 1.20
(s, 9H, ‘Bu), 1.16 (s, 9H, '‘Bu), 1.12 (s, 9H, ‘Bu). No C{'H} NMR was obtained due to sample
precipitation during the collection time. FTIR (KBr, cm'l): 3436m (OH), 3041w, 2956s, 2906m,
2866m, 1618m, 1483s, 1458s, 1392w, 1361m, 1298s, 1282m, 1260s, 1207s, 1124m, 1049w,
1036w, 924w, 912w, 872m, 826m, 804w, 744w, 578w, 418w. UV/vis (CHCI3) Ama/nm (g/dm3

mol” em™): 289 (1.43 x 10%), 299 (1.35 x 10%), 309 (1.19 x 10%).
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5.5.2 General X-ray crystal structure information

The crystallographic data and some details of the data collection and refinement of
complexes 5.1d-:2DMSO, 5.5a-5C¢Hg, 5.5b-6C¢Hg, 5.5¢-3CH3CN, 5.6-4CH3CN and
5.7-8CsHe H,O are given in Table 5.9, while in Table 5.10 the data for crystals 5.1-4CH3CN and
5.2-4CH;CN is shown. Absorption corrections were applied by SADABS.'* All X-ray structures
were solved by direct methods and subsequent difference Fourier syntheses and refined by full

121

matrix least-squares methods against F~ (SHELX 97)."*! Disorder for some rert-butyl groups was

due to a two-fold axis, and was modeled using partial occupancies (PART instruction) and

121 The H atoms in structures were taken in calculated

isotropic displacement parameters.
positions. The programs Mercury'”’ and POVRay'*® were used to generate the X-ray structural

diagrams pictured in this chapter.
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Table 5.9 Crystallographic data and summary of data collection and structure refinement of

complexes 5.1d-2DMSO, 5.5a-5C¢Hg, 5.5b-6C¢Hs, 5.5e-:3CH3CN, 5.6-4CH3;CN and

5.7-8CsHeH O

5.1d-2DMSO 5.5a-5C¢Hg 5.5b-5.5C¢H¢
Formula C69H87CSN207PdSZ Cg4H92CSN204Pd C89H99CSN204Pd
FW 1359.84 1300.00 1367.10
cryst syst Monoclinic Triclinic Triclinic
space group C2/c P-1 P-1
T,K 213(2) 223(2) 213(2)
a, A 43.596(8) 12.8420(16) 15.413(4)
b, A 16.583(3) 12.8541(16) 15.721(4)
c, A 21.447(4) 23.050(3) 16.733(4)
a, deg 90 82.731(3) 71.785(4)
B, deg 91.897(4) 76.861(2) 82.626(4)
Yy, deg 90 89.165(2) 80.006(4)
v, A’ 15496(5) 3675.1(8) 3781.0(16)
zZ 8 2 2
dogted, grem’™ 1.166 1.175 1.201
W, mm’ 0.801 0.302 0.297
refl collected 31358 26091 26562
Timin/ Tmax 0.946 0.968 0.972
Nineasd 11175 12708 10855
[Rind 0.0962 [0.1096] [0.0552]
R [I>2sigma(I)] 0.0595 0.0712 0.0444
R (all data) 0.1037 0.1077 0.0532
Ry, [I>2sigma(I)] 0.1413 0.1606 0.1201
R,, (all data) 0.1564 0.1900 0.1272
GOF 0.891 1.045 1.074
5.5e-:3CH;CN 2[5.6b-2CH;CN] 5.7-7.5C¢H¢ H,0
Formula C56H79N504Pd ngHgoNgOgPd C123H140CSN207PC1
FW 992.64 1590.4 1997.68
cryst syst Monoclinic Triclinic Triclinic
space group P21/c P-1 P-1
T,K 213(2) 218(2) 213(2)
a, A 12.1693(15) 11.886(2) 16.970(3)
b, A 19.380(2) 15.831(3) 17.483(4)
c, A 25.985(3) 20.493(4) 22.660(5)
o, deg 90 86.233(4) 67.545(3)
B, deg 117.495(5) 73.193(4) 82.449(4)
v, deg 90 88.305(4) 63.291(4)
Vv, A’ 5436.1(11) 3683.2(12) 5544(2)
4 2 2
deaied, grem’™ 1.205 1.426 1.196
p, mm™! 0.388 0.553 0.545
refl collected 23640 15015 30281
Tnin/ Tmax 0.979 0.964 0.933
Nineasd 7824 10456 15791
[Rind] [0.0626] [0.0576] 0.0677
R [I>2sigma(])] 0.0503 0.0520 0.0734
R (all data) 0.0805 0.1169 0.0976
Ry, [I>2sigma(I)] 0.1363 0.1050 0.1902
R,, (all data) 0.1493 0.1336 0.2123
GOF 0.964 0.865 1.009
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Table 5.10 Crystallographic data and summary of data collection and structure refinement of

complexes 5.1-4CH;CN and 5.2-4CH;CN

5.1-4CH5;CN 5.2-4CH5;CN
Formula C73HggNgOsPd C75sH9oNgOsPd
FW 1235.90 1263.95
cryst syst Triclinic Triclinic
space group P-1 P-1
T,K 213(2) 223(2)
a, A 13.788(2) 13.763(3)
b, A 14.793(2) 16.86(3)
c, A 17.838(3) 18.31(3)
a, deg 99.764(3) 74.39(3)
B, deg 92.285(2) 69.15(3)
v, deg 108.748(2) 67.17(3)
v, A 3378.0(9) 3608(12)
VA 2 2
deaied, grem’™ 1.203 1.152
u, mm’™” 0.327 0.308
refl collected 2207 18269
Thnin/ Tinax 0.934 0.974
Nineasd 9649 10284
[Rin [0.0412] [0.1008]
R [I>2sigma(I)] 0.0362 0.0968
R (all data) 0.0467 0.1436
Ry [[>2sigma(I)] 0.1007 0.2424
Ry, (all data) 0.1060 0.2878
GOF 1.040 1.022
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5.6 Conclusions

The results presented in this chapter demonstrate that calixanions can be used as an
efficient entrance point for the synthesis of O-bound palladium calix[4-6]arene complexes. The
palladium complexes strongly favor the 1,2-binding mode. The resulting eight-membered
heteropalladacycle forms a boat-boat conformation. This conformation favors a short Pd-H
interaction that is observable as a downfield resonance in the '"H NMR spectrum and

demonstrated in the X-ray studies.
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CHAPTER 6

HETEROBIMETALLIC PALLADIUM(I)/TITANIUM(IV) AND
PALLADIUM(II)/MOLYBDENUM(VI) COMPLEXES

6.1 Introduction

Interest in bimetallic surface and catalytic reactions, for example the SOHIO catalytic
process,”” has led to extensive research in bimetallic model systems. Our interest in metal

I8LI84.209 o bismuth?'**!! atoms as catalyst models for

aryloxo complexes bearing molybdenum
the SOHIO process>” has led us to investigate the properties of calixarenes as polyoxo
supportive ligands.”®?*'%1% In particular, calix[5]arene has proven to be excellent for the
insertion of more than one heteroatom in the lower rim.¥®*¥13%212 Recently our group described
the synthesis and structural characterization of the first example of soluble M""/Mo"" (M = Bi,
Sb) calixarene compounds utilizing the ‘BuC5(H)s ligand as an oxygen-rich platform, to mimic
the catalytic active site of the SOHIO process. The synthesis was performed in a rational manner
in which one Bi'™ or Sb™ metal center was selectively placed on the lower rim of the

calix[5]arene™ followed by the addition of the Mo"" reactant as a final step (Scheme 6.1).%"
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1) 3 M'O'Bu

2) MCl
THF/Tol, rt
M = Bi
BuC5(H); — M(OBu), DME, 75 °C, 20h
THF/TO|, rt + 15 MOOg(otBU)z
| BINGSiMes), e 95 °C. 381
THF, 95 °C ’ :

M' = Li, Na, K; M = Bi, Sb.

Scheme 6.1 Preparation of monometallic bismuth or antimony™ and heterobimetallic Mo/M (M

= Bi, Sb) calix[5]arene complexes.*"?

Motivated by the reactivity of the calix[5]arene, we decided to explore new systems
containing two different transition metals in the lower rim. Following an approach similar to that
used in the synthesis of the Mo""/Bi'" calix[5]arene complex, we selectively place one transition
metal in the lower rim, while leaving some hydroxyl oxygens for further reactivity. In this

fashion we may explore the reactivity of palladium-calix[5]arene complexes.

In Chapter 5 we observed that when our palladium-calix[5]arene complex, for example
[Pd(bipy){Cs-‘BuC5(H),}] 5.1d, was exposed to air or water, neither the alkali metal nor the
palladium ions were lost. In contrast, the complex reacted quickly when aqueous HCI was added.

Both metals were lost, to obtain parent ‘BuC5(H)s.

In this chapter we describe the synthesis and full characterization of the first examples of
heterobimetallic Pd"/Ti" and Pd"/Mo"" calix[5]arene complexes. This work provides further

examples of rational synthesis of metallocalixarenes containing two different transition metals.
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6.2 Results and discussion
6.2.1 Synthesis of palladium(Il)/titanium(IV) complexes

In order to explore the reactivity of the alkali metal and the remaining two hydroxyl
oxygens in palladium-calix[5]arene complexes [Pd(L){M-‘BuC5(H),} 5.1¢c-d, 5.2¢-d, and 5.3¢c-
d, we screened several titanium precursors (e.g. TiCly:2THF, Cp,TiCl,, CpTiCls). We
hypothesized that metal chlorides could react with the alkali metal to perform a salt elimination
reaction resulting in the formation of the heterobimetallic complex. However, we were unable to
isolate any compounds using chlorotitanium derivatives. We decided to use titanium-containing
strong bases, for example Ti(O'Pr)4 and Ti(NEt,)s. In the case of Ti(O'Pr)s, we ended with a

mixture of compounds that we were unable to separate.

The best results were obtained using the precursor Ti(NEt,)4, leading to the formation of
dimeric titanium bridged complexes Ti[Pd(L){M-‘BuC5}], (6.1 - 6.6) as depicted in equation

6.1.
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+ 15Ti(NEty)y —— (6.1)

benzene,
rt. 12 h
[PA(LYM-BuC5(H),}]
M =Rb, Cs Ti[Pd(L){M-'BuC5}],
5.1c-d, 5.2¢c-d, 5.3c-d M =Rb or Cs
6.1-6.6

a8 I N M A
L= N N=m =N N7 N

=N N

bipy (4-Me)zbipy phen
Ti[Pd(L}{Rb-tBuC5}], 6.1 6.2 6.3
Ti[Pd(L}{Cs-'BuC5}], 6.4 6.5 6.6

The reaction occurs when 1.5 equivalents of Ti(NEt,)4 react with one equivalent of
[PA(L){M-‘BuC5(H),}] (5.1¢c-d, 5.2¢-d, or 5.3¢c-d) in anhydrous benzene at room temperature.
The products 6.1 - 6.6 are not soluble in benzene, therefore purification is simple; the product
precipitates from the reaction mixture. Successive washing with hexane or pentane helped to
remove any remaining impurities. Using this methodology we were able to isolate the

heterobimetallic complexes 6.1 — 6.6 in good yield (70-92%) after an easy purification.

The formation of the metallo-bridged complexes can be rationalized by the elimination of

all four ligands from the titanium precursor by the remaining acidic protons of the compounds
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5.1¢-d, 5.2¢-d, and 5.3¢-d. Other examples where titanium serves as bridge between two

calixarene ligands such as ‘BuC4(H)4 or ‘BuC6(H)s have been described in the literature.*""!

6.2.1.1 NMR spectroscopy

The solubility of the heterobimetallic complexes 6.1 — 6.6 in chloroform allowed their
solution analysis by "H NMR spectroscopy. Complexes 6.1 — 6.6 give very similar patterns
(Figure 6.1). The overall C; symmetry of the palladium-calix[5]arene ligand is retained in the
compounds: three resonances are observed for the fert-butyl groups (in a 2:1:2 ratio) located
between 1.23 and 0.76 ppm. In addition, six doublets due to /iy geminal coupling for non-
equivalent methylene hydrogens™ are observed for the methylene bridging groups (in a
2:1:2:2:1:2 ratio) ranging from 5.29 to 1.07 ppm. The aromatic proton resonances from the
calix[5]arene are observed in the range of 6.70 to 5.43 ppm. Finally, the aromatic resonances
assigned to the N-heterocyclic ligands (bipy, (4-Me),bipy and phen) attached to the palladium
center are observed in the range 9.54 to 7.11 ppm. The overall similarity of the "H NMR spectra
suggests that the calixarene ring in compounds 6.1-6.6 adopts a cone conformation in solution

similar to that for compounds 5.
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Figure 6.1 '"H NMR spectra of complexes 6.1 to 6.6 in CDCl;. *Residual solvent CsHe.
*Impurities.

Clues to the differences between the products and the starting materials are found upon
closer examination of the "H NMR spectra, especially the chemical shifts of the aromatic,
methylene and fert-butyl protons from the calix[5]arene ligand. Figure 6.2 and Table 6.1 show
comparative 'H NMR spectra and data of complexes 5.1¢ and 6.1 as an example. Compound 6.1
presents certain unusual chemical shifts in its "H NMR spectrum compared with those of

compound S.1c.
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Figure 6.2 Comparison between 'H NMR spectra of complexes 5.1¢ and 6.1 in *CDCls.

Table 6.1 Comparative 'H NMR data for compounds 5.1¢ and 6.1 in CDCls. Highlighted values

refer to the major changes found between compounds.

Protons

5.1c

6.1

-OH
N-heterocyclic Ar-H

14.24

9.37 (d, 2H, 8.0 Hz)
8.59 (dd, 2H, 7.7, 6.9 Hz)
8.21 (d, 2H, 4.7 Hz)

7.16 (dd, 2H, 8.5, 7.7 Hz)

9.39 (d, 4H, 4.7 Hz)
7.92 (dd, 4H, 7.7, 6.3 Hz)
7.67 (dd, 4H, 5.8, 6.6 Hz)
7.35 (d, 4H, 7.7 Hz)

Ar-H 7.15 (d, 2H, 2.5 Hz) 6.67 (d, 4H. 2.8 Hz)
7.14 (d, 2H, 2.5 Hz) 6.57 (d, 4H, 2.5 Hz)
7.11 (s, 2H) 6.27 (d, 4H, 2.5 Hz)
6.92 (s, 4H) 6.21 (s, 4H)
5.43 (d, 4H, 2.5 Hz)
Ar-CHy-Ar 6.49 (d, 1H, 13.7 Hz) 5.17 (d, 4H, 16.5 Hz)
5.20 (d, 2H,14.3 Hz) 4.60 (d, 2H, 11.0 Hz)
426 (d, 2H, 13.5 Hz) 4.58 (d, 4H, 12.9 Hz)
3.39 (d, 3H, 13.7 Hz) 3.09 (d, 4H, 16.2 Hz)
3.24(d, 2H, 14.3 Hz) 2.86 (d, 2H, 11.5 Hz)
1.39 (d, 4H, 13.5 Hz)
Bu 1.29 (s, 9H) 1.19 (s, 36H)
1.24 (s, 18H) 1.07(s, 18H)
1.14 (s, 18H) 0.79 (s, 36H)
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Two of the N-heterocyclic aromatic proton resonances in 6.1 show a notable chemical
shift (Figure 6.3). The aromatic proton A at & 7.35 (*J = 7.7 Hz) has moved 2.02 ppm upfield
relative to its position in compound 5.1¢. Proton C at § 9.39 (°.J = 4.7 Hz) has moved 1.18 ppm

downfield, suggesting that the aromatic proton A is shielded while the proton C is deshielded.

C D
/_\ \_ ) B
Ti[Pd(bipy)é.}ib-tBuCS}]z c N\Pd N A A
L W R
[Pd(bipy) {Rb-'BuC5(H),} ] B C D
5.1c J\k JJLL JJL : J/ u

rm—
9.5 9.0 8.5 8.0 7.5 7.0

Figure 6.3 '"H NMR spectra of expansions in the N-heterocyclic aromatic areas of complexes

5.1¢ and 6.1 in *CDCl;. The arrows depict the movement of the proton signals.

The aromatic proton Ar-H resonances in 6.1 at 6.67 — 5.43 ppm are significantly upfield
compared with the values of 5.1¢ (Ar-H from 7.15 — 6.92 ppm). This range is also about 0.95
(max) and 1.36 ppm (min) upfield of normal Ar-H positions in metallocalixarenes, compared for
example to the compounds [W(N'Bu)(NH'Bu){'BuC5(PNMe,)}],
[W(N'Bu)(OTf){'BuC5(PNMe,)}], [(SiMe,), {'BuC5(H)}], [(SiMePh),{'BuC5(H)}],

[(SiMe,) {'BuC5(H)3}], [(SiMePh){'BuC5(H);}], [Ti(NMe,) {' BuC5(PNMe,)} ] and
[Zt(NEt,) {'BuC5(PNMe;)}] (overall Ar-H range 7.62 — 6.79 ppm).** 3 A compound

containing two calix[5]arene moieties bridged by two titanium atoms [ {MeOH-K-"BuC5(H)}-p-
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O-[Ti(acac)], {THE-K-‘BuC5(H)3}], has a range for the Ar-H protons of 7.48 — 6.48 ppm®' (see

Table 6.2).

The methylene region also shows significant changes (Figure 6.4 E and I protons). First
the doublet at 5 4.60 ppm labeled as E, which integrates to 1H (asymmetric molecule), is 1.89
ppm upfield of its position found in 5.1¢ (6.49 ppm, 1H). This upfield shift is indicative of the
rupture of the Pd-H interaction due to the change in the conformation of the metallocycle (ref.
Chapter 5, Figure 5.11). Second, the doublet at 5 1.39 ppm labeled as I, which integrates to 1H
(asymmetric molecule), is 2.00 ppm upfield of its position in compound S.1¢ (3.39 ppm, 1H).
Upfield shifts in the aromatic and methylene area (Ar-H, Ar-CH,-Ar) in compounds 6.1 to 6.6
are found because the protons are positioned above an aromatic ring. The increase of shielding

for the aromatic rings is responsible for this chemical shift.*

Ti[Pd(bipy){Rb-‘BuCs}], |7 Ar-CHy-Ar

6.1 A A
4 N

—
M E/G J H I
.L! il L_ ﬂ\ JUL_JJL M
[Pd(bipy){Rb-‘BuC5(H),}] _ J\
5.1c f (\)/’\/‘

Ar-H E G HT J

F
M; JL M oL __A-A-J/
Css s as 4

— T T T T T
3.5 3.0 2.5 2.0 ppm

Figure 6.4 'H NMR spectra of expansions of the aromatic (Ar-H) and methylene (Ar-CH>-Ar)
areas of complexes 5.1¢ and 6.1 in CDCl;. The arrows depict the movement of the proton
signals.
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Table 6.2 Common ppm ranges found in literature for the Ar-H, Ar-CH,-Ar and ‘Bu resonances

in metallocalix[5]arenes in CDCls.

Compound Ar-H Ar-CHy-Ar ‘Bu conformation* ref.
[W(N'Bu)(NH'Bu){"BuC5(PNMe,)}] 7.62-6.99 4.58-3.29 1.33-1.12 F-C 82
[W(N'Bu)(OTf){'BuC5(PNMe,)}] 7.50-7.11 4.70-3.30 1.30-1.16 C 82
[(SiMe,), {'BuC5(H)}] 7.15-6.92 4.16-3.39 1.28-1.14 1,2-A 130
[(SiMePh),{'BuC5(H)}] 7.25-6.79 4.88-3.23 1.37-1.08 C 130
[(SiMe,) {'BuC5(H);}] 7.21-6.94 4.15-3.35 1.29-1.11 P-C 130
[(SiMePh){'BuC5(H);}] 7.27-7.06 4.33-3.32 1.25-1.16 1,3-A 130
[Ti(NMe,) {'BuC5(PNMe;,)}] 7.24-6.98 4.71-3.32 1.38-1.08 C 8
[Zr(NEt,){'BuC5(PNMe,)} ] 7.16-6.99 4.72-3.21 1.31-1.10 C 8
[{MeOH K- 'BuC5(H)}-u-O- 7.48-6.48 5.54-2.96 1.33-0.78 C 8l

[Ti(acac)], {THF -K-‘BuC5(H);} ]

[Pd(L){M-'BuC5(H),} 7.17-6.89 6.63-3.16 1.30-1.11 p-C §
(S5.1c-d, 5.2¢-d, and 5.3¢c-d)

Ti[Pd(L){M-‘BuC5}1, (6.1 - 6.6) 6.70-5.43 5.29-1.07 1.23-0.76 F-C §

*C = cone, F-C = flattened cone, P-C = partial cone, p-C = pinched cone 1,2-A = 1,2-alternate, 1,3-A =1,3-alternate. M = Rb, Cs.
L = bipy, (4-Me),bipy, phen. §This work.

If moisture is introduced into an NMR tube containing compound 6.1, it slowly
decomposes to the starting material compound 5.1¢, as shown by 'H NMR. The rate of the
decomposition depends on the concentration of water; in the presence of trace water the product
decomposes over a day but at high concentration (a drop) of water the decomposition is
instantaneous. This result suggests that the Rb ion is still contained in compound 6.1. A

qualitative experiment using Energy Dispersive X-ray analysis (EDX) showed that M, Pd and Ti

184



(M =Rb or Cs) are present in compounds 6.1 - 6.6. The EDX result was later confirmed by

single crystal X-ray diffraction (Section 6.2.1.2).
6.2.1.2 Crystal and molecular structures

Single crystals of compound 6.1 were obtained by slow diffusion of a solution of
Ti(NEt,), into a concentrated solution of [Pd(bipy){Rb-‘BuC5(H)] 5.1¢ in benzene at room
temperature. The crystal structure of complex 6.1 is displayed in Figure 6.5 and selected bond
distances and angles are presented in Table 6.3. Complex 6.1 crystallizes in the P21/c space
group and consists of a dimeric heterobimetallic Pd/Ti (ratio 2:1) unit with the calix[5]arene
ligands adopting a flattened cone conformation. Complex 6.1 represents the first example of a

metallocalix[5]arene containing both early and late transition metals on the lower rim.

Figure 6.5 X-ray structure of complex 6.1. Ellipsoids shown at 50% probability. The second part
of the molecule is shown as wireframe model for clarity. Most H atoms and benzene

crystallization molecules are not shown for clarity.
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Table 6.3 Selected bond distances (A) and angles (°) for complex 6.1.

Pd(1)-O(1) 1.975(3) 0(2)-Pd(1)-N(1) 169.97(12) 0(3)-Ti(1)-0(4) 87.90(11)
Pd(1)-0(2) 2.007(3) O(1)-Pd(1)-N(2) 169.65(12) 0(10)-Ti(1)-O(4) 95.31(11)
Pd(1)-N(1) 2.019(3) 0(2)-Pd(1)-N(2) 92.68(12) O(8)-Ti(1)-0(4) 86.62(11)
Pd(1)-N(2) 2.026(3) N(1)-Pd(1)-N(2) 80.62(13) O(5)-Ti(1)-0(4) 89.84(11)
Rb(1)-0(5) 2.723(3) 0(3)-Ti(1)-0(10) 173.68(12) 0(9)-Ti(1)-0(4) 170.63(11)
Rb(1)-0(3) 2.842(3) 0(3)-Ti(1)-0(8) 97.39(11) 0(3)-Ti(1)-Rb(1) 44.71(8)
Ti(1)-0(3) 1.937(3) 0(10)-Ti(1)-O(8) 88.24(11) 0(10)-Ti(1)-Rb(1) 129.94(8)
Ti(1)-0(4) 1.962(3) 0(3)-Ti(1)-0(5) 85.82(11) O(8)-Ti(1)-Rb(1) 141.66(8)
Ti(1)-0(10) 1.945(3) 0(10)-Ti(1)-0(5) 88.75(11) O(5)-Ti(1)-Rb(1) 41.19(8)
Ti(1)-0(8) 1.953(3) O(8)-Ti(1)-0(5) 175.13(11) 0(9)-Ti(1)-Rb(1) 94.98(8)
Ti(1)-0(5) 1.957(3) 0(3)-Ti(1)-0(9) 86.60(11) O(4)-Ti(1)-Rb(1) 86.40(8)
Ti(1)-0(9) 1.965(3) 0(10)-Ti(1)-0(9) 90.91(11) Ti(1)-O(3)-Rb(1) 106.64(11)
O(1)-Pd(1)-02)  96.56(11) O(8)-Ti(1)-0(9) 86.57(11) Ti(1)-0(5)-Rb(1) 110.56(11)
O(1)-Pd(1)-N(1)  89.60(12) 0(5)-Ti(1)-0(9) 97.30(11) Rb(2)-Ti(1)-Rb(1) 174.98(2)

Complex 6.1 crystallizes with six molecules of benzene, but none of the molecules are
found inside the cavity due to the presence of the alkali ion and the tert-butyl groups that block

the cavity (Figure 6.6).

The titanium center in complex 6.1 displays a coordination number of six and serves as a
bridge between two palladium-calix[5]arene moieties (Figure 6.6). Each palladium-calix[5]arene
unit provides three adjacent O atoms in order to complete the coordination sphere of titanium.
All of the Ti-O bond distances and O-Ti-O angles fall in the normal ranges for hexacoordinated
titanium(IV) calixarene complexes.’*>**192 Complex 6.1 does not have remaining OH groups;
each oxygen is associated with a palladium, titanium or rubidium center to balance the overall

charge.

In compound 6.1, the environments at the Pd(1) and Pd(2) centers are similar. Both metal
centers possess an approximate square planar coordination geometry with adjacent interligand

angles falling in the range 96.56(11)° (O-Pd-O) to 80.18(14)° (N-Pd-N). The Pd-O (1.975(3) to
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2.007(3) A) and Pd-N (2.013(3) to 2.026(3) A) distances are consistent with those reported in the

literature.' %1

The rubidium ions display & interactions with two of the calix[5]arene aromatic rings (A

and B) in an n” fashion, and with the aromatic ring C in an n' fashion (F igure 6.6d).

Ring
Centroids
A

Figure 6.6 X-ray structure of complex 6.1: a) front view, b) top view, ¢) side view and d) bottom
view. Ellipsoids are shown at 50% probability. Crystallization molecules, H atoms and the

second calix[5]arene ligand are not shown for clarity.
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The main structural difference between compounds 5.1d and 6.1 concerns the orientation
of the Pd atom in the 8-membered metal-containing heterocycle (Figure 6.7). In compound 5.1d
the overall conformation of the metal-containing heterocycle could be described as a boat-boat
(BB) conformation, while in compound 6.1 it is better described as a boat-chair (BC)
conformation' (Figure 6.7). This change in conformation is consistent with the observation made
in solution by "H NMR, in which the downfield methylene doublet returns to a normal position
due to loss of the Pd---H interaction. The distances we observe for the Pd---H interaction in the
CB conformation of 6.1 are 3.288 A (Pd(1)) and 3.261 A (Pd(2)); about ~0.8 A greater than the
Pd---H distances in 5.1d (2.443 A). Metal---H distance values for the BB conformation reported

in the literature range from 2.254 to 2.550 A.">'"'>

Boat-chair (BC)

a) 5.1d b) 6.1

Figure 6.7 Approximate ideal conformations' observed in: a) 5.1d boat-boat conformation and
b) 6.1 boat-chair conformation. Only partial structures of compound 5.1d and 6.1 are shown for

clarity.
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In order to determine what factors may affect the change in conformation in the metal-
containing heterocyle we calculated the relative energy for the BB and BC conformations in
collaboration with Dr. Benjamin Janesko. Calculations are based on density functional theory
using the B3LYP exchange-correlation functional, the uncontracted LANL2DZ basis set and

effective core potential on Pd, and the 6-31+G(d,p) basis set on other atoms.*'” Calculated

geometries for the BB conformation and BC conformation with a model molecule are shown in

Figure 6.8.

d (Pd---H)
2.621 A

d (Pd---H)
3238 A

Figure 6.8 Calculated geometries for the model of an 8-membered palladium-containing

heterocycle. a) BB conformation and b) side view of BB conformation, ¢) BC conformation and

d) side view of BC conformation.
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The BB geometry has a flattened aromatic ring (A) with a 2.621 A Pd---H interaction
(Figure 6.8a). The plane of the aromatic ring A is 105.89° from the plane of the bipy ring (Figure
6.8b). In the case of the BC conformation the angle between the plane of the aromatic ring A and
the plane of the bipy ring is 133.63° (Figure 6.7d). As expected, the calculated distance for the
Pd---H interaction in the BC conformation (3.238 A) is larger than the Pd---H interaction in the

BB conformation (2.621 A).

The distances found in the calculated geometries for the Pd---H interaction are close to
those found experimentally, but the angles show a significant deviation (see Table 6.4). Those
deviations could be due to interactions not considered in the calculations, for example the

interaction with the alkali metal.

Table 6.4 Selected bond distances and angles for calculated BB and BC conformations, and

values found experimentally.

Conformer source A-O(1)-bipy B-O(2)-bipy Pd---H A-C(7/11)-B  d centroid d centroid d centroid

© © A) © A-B(A) A -bipy (&) A -Dbipy (A)
Boa];;’(’at cale  105.89 171.31 2.621 114.14 4.930 5.616 6.743
51d 9427 156.63 2.443 115.77 4.941 5212 6.600
difference 11.62 14.68 0.178 1.63 0.011 0.404 0.143
Boagéha“ cale  133.63 133.64 3.238 106.57 4708 6.282 6.282
6.1 145.48 143.06 3.288 91.91 4.169 6.553 6.379
difference 11.85 9.42 0.050 14.66 0.539 0.271 0.097
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The boat-boat geometry was calculated to be 2.6 kcal/mol more stable than the boat-chair
geometry. This value again suggests that there are other factors involved that promote the change

in conformation.

A close look at the X-ray structure of 6.1 reveals two important intramolecular &t
interactions. First, the distances between the aromatic ring of the calix[5]arene and the pyridyl
ring of the bipy ligands, D---bipyB’ and D’--bipyB, average 3.633 A (Figure 6.9a). Second, the
aromatic rings C---C’ and E---E’ of the facing calix[5]arene ligands have centroid-centroid

distances of 4.147 and 3.818 A, respectively (Figure 6.9b).

P S S ©=
> ,l ‘ e -
G i bipyB |
7 9 2 { '
yAS Sy P ¥3.622A a g N
' \ P g4 D A A. [ oM b )
\¥ " PR S 555 |

/ L g™ =A% : o+ ‘9

. L D

9]

Figure 6.9 X- ray structure of 6.1 showing the interactions a) between D---bipyB’ and

D’---bipyA and b) between the aromatic rings C---C’ and E---E’ of the calix[5]arene ligands.
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These intramolecular interactions may promote the conformational change in the 8-
membered heterocycle. If so, the m interactions between the aromatic rings must be stronger than

the Pd---H interactions.

Another notable feature in the X-ray structure of 6.1 is the crystal packing. Interestingly,
we observe layers of molecules of 6.1 (Figure 6.10). Intermolecular n-r stacking (denoted by a

dotted line in Figure 6.10) produces polymeric chains, unlike the dimers observed for compound

5.1d.

Figure 6.10 View of the crystal packing in complex 6.1.
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The planar Pd(1)bipy”" and Pd(2)bipy>” moieties in these chains are parallel but displaced
with respect to one another (Figure 6.11). Both pyridyl rings of each bipy ligand are found to
form an intermolecular n-7 stack with a stacking distance of dy.(Pd(1)bipy*") = 3.199 A and d,.
«(Pd(2)bipy*") =3.259 A, and a centroid-centroid pyridyl distance d..(Pd(1)bipy*") = 3.773 A
and d...(Pd(2)bipy*") = 3.781A. Additional intramolecular interactions between one pyridy! ring
(bipyB or bipyB’) and the calix[5]arene aryl ring D’ or D with a d..«(bipyB-D’) = 3.622 A and d..

«(bipyB’-D) = 3.645 A were observed.

% d..(bipyB’-D) = 3.645 A
bipyB'

bipyA'

d(Pd-Pd) = 5.547A

Figure 6.11 View of the crystal n-n stacking showing the parallel displacement and a close-up of

the intermolecular n-w stacking with selected distances.
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All the d... distances observed in compound 6.1 fall below the maximum value reported

for the ring centroid-centroid distance d... = 3.8 A%% in aromatic n—stacking.
6.2.2 Synthesis of palladium(Il)/molybdenum(IV) complexes

In a similar approach to that described in the synthesis of Pd/Ti heterobimetallic
complexes, we initially reacted MoO,Cl, with compounds S.1¢-d, 5.2¢-d, and 5.3¢-d but no new
product was observed by 'H NMR. On the other hand, when we reacted one equivalent of
compounds 5.1¢-d, 5.2¢-d, and 5.3¢-d with 1.2 equivalents of MoO;(acac), in benzene, we
observed the formation of new products 6.7 - 6.12 as depicted by Equation 6.2. A precedent for
the reactivity of MoO(acac), with the dianions M,-‘BuC5(H); (M = K, Rb, Cs) was described in
Chapter 4, in which the acac was able to deprotonate the calix[5]arene and produce the

MoO;(acac)-containing calix[5]arene compound.

[PA(LYM-tBuC5(H),}] + 1.2 MoO,(acac), _ [MoO,(acac){M-tBuC5(H)}Pd(L)] (6.2)
benzene,
5.1c-d, 5.2¢-d, 5.3c-d rt., 7 h 6.7 -6.12
M =Rb or Cs

L = bipy, (4-Me),bipy, phen

Compounds 6.7 — 6.12 can be isolated in 79 — 96% yield after workup. The compounds
were characterized by "HNMR, *C NMR, IR, and UV-Vis spectroscopies and elemental
analysis. Unfortunately no single crystals were obtained for X-ray studies. Nevertheless, a

molecular structure can be proposed on the basis of the spectroscopic data (Figure 6.12).
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N N N N =N N
i 4-Me),bi
M =Rb or Cs bipy (4-Me)bipy phen
[MoO,(acac){Rb-'BuC5(H)}Pd(L)] 6.7 6.8 6.9
[MoO,(acac){Cs-tBuC5(H)}Pd(L)] 6.10 6.11 6.12

Figure 6.12 Proposed molecular structure for compounds 6.7 - 6.12.

The combination of two spectroscopic techniques, IR and "H NMR, was used to propose
the molecular structure of the products 6.7 — 6.12. The structural prediction was validated with
elemental analysis. In the IR spectrum five characteristic absorptions are observed for the
MoO,*" and acetylacetonate anion (acac, v(C=0), v(C=C) and v(-CH3) of methyl ketone)
moieties. The acac ligand was also observed by '"H NMR where three new chemical shifts are
observed. The final clue was elemental analysis which was consistent with the presence of Rb or

Cs in the product.
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6.2.2.1 Spectroscopy analysis

The solid state IR spectra (KBr pellets) of the [MoO,(acac) {M-‘BuC5(H)}Pd(L)] (6.7 -
6.12) complexes exhibit two strong bands in the ranges 915-917 and 886-891 cm’’,
corresponding to the stretching vibrations characteristic of the cis-MoO,” arrangement.'”"'** The
bands are shifted to longer wavelength compared to the vibrations of MoO;(acac), (935, 906 cm”
1. The v(Mo=0) IR frequencies found for compounds 6.7 to 6.12 are higher than those reported

10 a5 well

in cis-MoO,*"-containing calixarene literature (sym 904-877 and asym 879-831 cm™)
as those of noncalixarene Mo dioxo aryloxide MoO,(O-2,6-t-Bu,C¢H3),-HO-2,6-#-Bu,CsH3
(898, 884 cm™)'** but lower than the Mo dioxo alkoxides (947-945, 927-881 cm™).'*® The
observed values for complexes 6.7 — 6.12 are close to the values observed in compounds 4.1-3
(918-907, 886-883 cm™), 4.5a-c (917-914, 886-879 cm™") and for bipy or phen-ligated
organomolybdenum(VI) dioxo complexes'’ (934-892, 914-871 cm™) and MoO,Cl, (915, 864
cm™) (Table 6.5). No significant changes were observed for the v(C=0), v(C=C) and v(-CHs) of

methyl ketone from the acac ligand compared with those values in the starting MoO,(acac)s.
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Table 6.5 Principal Infrared frequencies (cm™) of compounds 6.7 to 6.12 in KBr pellets, with

comparative values from literature.

Compound v(O-H) v(C=0); v(C=C) v(C-0) v(-CH3)* v(Mo=0)
MoO,Cl, - - - - 915, 864
MoO,(L)Y, "’ - - - - 934-892, 914-871
MoO,(bipy)ClL'"! - - - - 930, 908
MoO,(OR),'3 - - - - 947-945, 927-881
MoO,(OPh,),'® - - 1264 - 962, 875
MoO,(OPh,), Py, - - 1249 - 932, 904
MoO,(OAr),' - - 1264 - 898, 884
MoO,-calix[4]arene! ! - - 1283-1262 904-877, 879-831
MoO;(acac), - 1591; 1510 1265 1362 935, 906
4.1 3433, 3296 - 1293 - 918, 885
4.2 3402, 3296 - 1295 - 907, 886
4.3 3433, 3307 1293 - 914, 883
4.5a 3411, 3263 1602, 1523 1296 1363 917, 879
4.5b 3413, 3294 1596, 1527 1295 1362 914, 883
4.5¢ 3475 1596, 1528 1294 1364 914, 886
6.7 3423 1604; 1523 1296; 1267 1362 915, 888
6.8 3421 1615; 1522 1299; 1266 1362 915, 886
6.9 3434 1604; 1522 1296; 1267 1362 916, 894
6.10 3435 1605; 1522 1297; 1264 1362 916, 887
6.11 3450 1615; 1522 1299; 1266 1362 916, 886
6.12 3444 1605; 1521 1297; 1264 1362 917, 891

*Characteristic -CH; of methyl ketone.'®® R = -Me, -Et, -"Pr.'®> Ar= O-2,6-tBu2C(,H3.]84 L = N-heterocyclic ligand, Y =

alkyl group, see reference.'>

"H NMR spectroscopy was the primary identification tool of the products 6.7 — 6.12. 'H
NMR spectra can give information about the conformational behavior and symmetry adopted by

the calix[5]arene framework in the product.™
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In general the compounds 6.7 — 6.12 exhibit a '"H NMR pattern characteristic of an

asymmetric conformation® of the calix[5]arene framework. A summary of the proton chemical

shifts of compounds 6.7 to 6.12 is presented in Table 6.6.

Table 6.6 Chemical shifts (ppm) of compounds 6.7 to 6.12 in CDCl;.

. Ar-CH-Ar acac’ ‘Bu
Compound OH Ar-H;, Ar-H, HPd )
10 doublets (CH); CH; (1:1:1:1:1 ratio)
bipy

6.7 9.63 9.38-7.13 7.26-6.26 6.64 6.64-3.11 (5.02); 1.46; 1.32 1.40-0.85

(8 signals) (8 signals)
6.10 9.30 9.39-7.13 7.31-6.43 6.70 6.70-3.07 (5.00); 1.45; 1.31 1.41-0.89

(8 signals) (9 signals)

(4-Me)2bipy

6.8 9.84 9.60-6.61 7.33-6.17 7.23 7.23-3.02 (4.98); 1.63; 1.49 1.40-0.78

-Me: 2.86, 2.58 (9 signals)

(6 aromatic signals)

6.11 9.66 9.66-6.62 7.28-6.35 7.21 7.21-2.99 (4.96); 1.62; 1.47 1.41-0.84

-Me: 2.86, 2.56 (8 signals)

(6 aromatic signals)
phen

6.9 9.84 8.92-7.98 7.28-6.25 6.87 6.87-3.08 (4.94); 1.48; 1.04 1.37-0.85

(4 signals) (~9 signals)
6.12 9.56 8.93-7.98 7.36-6.40 6.93 6.93-3.04 (4.90); 1.47; 1.02 1.38-0.88

(4 signals) (~8 signals)

*d H'Pd in ppm in 5.1¢ = 6.49; 5.1d = 6.54; 5.2¢ = 6.62; 5.2d = 6.61; 5.3¢ = 6.55; 5.3d = 6.63.

Reaction between MoO,(acac), and complexes 5.1¢-d, 5.2¢-d, and 5.3¢-d affected the

overall symmetry of the calix[5]arene ligand due to the attachment of the second transition

metal. This change is reflected in the resonances of the Ar-H, Ar-CH,-Ar and 'Bu protons of the

calix[5]arene ligand (Figure 6.13).
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[MoO,(acac){Cs-‘BuC5(H)}Pd(phen)]
6.12 CHs;-acac

Ar-CH,-Ar J \

A

CH-acac

[MoO,(acac){Cs-‘BuC5(H)} Pd((4-Me),bipy)]
6.11

Ar-H CHj;-acac
Ar-H\inet —— CH;-(4-Me)zbipy \

AT

A

— 1 CH-acac
L J«_‘]‘MLU«_A AJU

[MoO,(acac){Cs-‘BuC5(H)}Pd(bipy)]

Ar-H 6.10 CH;-acac
—
: \
Ar-Hypet CH-acac

— A §

OH 4 5 s

e 7N S o ' L

PV S A T T

Figure 6.13 'H NMR spectra of complexes 6.10 — 6.12 in *CDCls. The arrow highlights the

methylene Pd---H interaction proton. § = impurities or residual solvent.
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The aromatic proton resonances (Ar-H) from the calix[5]arene in complexes 6.7 — 6.12

are found in the range of 7.36 to 6.17 ppm as a set of ten doublets (with some overlap) with a

4 Jun = ~2.5 Hz.

Complexes 6.7 — 6.12 all exhibit five pairs of doublets for the methylene protons
(1:1:1:1:1 ratio) resulting in 10 doublets; nine of the doublets can be observed in the range of
5.41 to 2.99 ppm. The remaining methylene resonances are found in the range of 7.23 to 6.64
ppm. These downfield methylene resonances display a variation in the chemical shift with
respect to the starting complexes S.1¢-d, 5.2¢-d, 5.3c-d (see Table 6.7). This chemical shift
variation suggests that the Pd---H interaction is stronger, resulting in a downfield movement.

These NMR shifts also suggest that the boat-boat conformation is retained in the palladium-

containing heterocycle (this Pd---H interaction was discussed in Chapter 5).

Table 6.7 Comparative chemical shifts (ppm) of the aromatic, methylene and fert-butyl area of

compounds 6.7 to 6.12 with starting material and normal values found in literature.

Compound Ar-Hy HPd" Ar-CH,-Ar ‘Bu
Literature value* 7.62-6.92 4.88-321  1.38-1.10
[{MeOH K- ‘BuC5(H)}-u-O- 7.48-6.48 554296  1.33-0.78
[Ti(acac)],{THF-K-'BuC5(H);} ]*
5.1c-d, 5.2¢-d, 5.3c-d 7.17-6.89  6.63-6.49  6.63-3.16  1.30-1.11
6.1-6.6 6.70-5.43 529-1.07  1.23-0.76
6.7-6.12 7.36-6.17  7.23-6.64  7.23-299  1.41-0.78

* Data taken from metallocalix[5]arene compounds from Table 6.2
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The resonances of the fert-butyl groups in complexes 6.7 - 6.12 are observed in the range
of 1.41 to 0.78 ppm as a set of five singlets (1:1:1:1:1 ratio), and finally the OH group

resonances are found in the range of 9.84 — 9.30 ppm.

The "H NMR spectra of the compounds 6.7 — 6.12 display three new signals
corresponding to the acac ligand. The acac CH resonance (4.90 — 5.02 ppm) does not show a
significant change between compounds 6.7 — 6.12. Compounds 6.8 and 6.11 have the most
downfield acac CHs resonances (~1.63 ppm, see Table 6.6), while compounds 6.9 and 6.12 have
the most upfield ones (~1.03 ppm). It is not clear whether these differences are related to the
electronic or steric properties of the (4-Me),bipy (6.8, 6.11) and phenanthroline (6.9, 6.12)

ligands.

In the "H NMR spectra (see Figure 6.13), complexes 6.7, 6.8, 6.10 and 6.11 indicate an
asymmetric environment for the N-heterocyclic ligand due to the coordination of the
molybdenum atom attached to the lower rim of the calix[5]arene ligand. The coordination of the
molybdenum atom makes the pyridyl rings magnetically non-equivalent resulting in eight signals
for eight different pyridyl protons in 6.7 and 6.10 (9.39 — 7.13 ppm) and six signals for the (4-
Me),bipy aromatic protons in 6.8 and 6.11 (9.66 — 6.61 ppm). In the case of 6.9 and 6.12
complexes just four signals of the phen are observed in the 8.93 — 7.98 ppm range. We propose
that this behavior is due to the restricted rotation of the pyridyl rings in the phen ligand compared
to that in bipy and (4-Me),bipy (Figure 6.14). The bipy and (4-Me),bipy ligands can lose
planarity upon Mo coordination resulting in a puckered S-membered ring (asymmetric), but the

phen ligand does not have that capability.
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bipy (4-Me)obipy phen
Figure 6.14 Proposed restricted rotation of the pyridyl rings in phen.

6.2.2.1.1. Conformational analysis and symmetry

Figures 6.15 and 6.16 show the changes that occur in the '"H NMR spectra of ‘BuC5(H)s,
Cs,-"‘BuC5(H),, [Pd(bipy){Cs-BuC5(H);}] 5.1d and [MoOx(acac){Cs-‘BuC5(H)}Pd(bipy)]
6.10. Figures 6.15 and 6.16 illustrate how the symmetry around the calixarene framework (Ar-H,

Ar-CH,-Ar and '‘Bu groups) changes from the parent calix[5]arene through the formation of the

trimetallic product. .
Shipy *CH, x Residual solvent
[MoOa(acac){Cs-‘BuC5(H)} Pd(bipy)] CH (acac)
§9H 8§88 § ) % *XN X dhkkk

6.10 Shon_

[Pd(bipy){Cs-'BuC5(H),}]
* * * *k%

>1d > - T N T TS

‘BuC5(H)s .

2.2b i

L e e S R e L e e o e L Tt s 'y o a2 o e e e T T T
16 14 12 10 8 6 4 2

Figure 6.15 "H NMR spectra displaying the variation in the chemical shift behavior from

‘BuC5(H)s to [MoO,(acac){Cs-‘BuC5(H)}Pd(bipy)] 6.10, from the OH to the Ar-CH,-Ar

regions.
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The 'H NMR spectrum of the parent calix[5]arene gives a singlet for the OH group (8.66
ppm, SH), a singlet for the Ar-H (7.21 ppm, 10H), a broad signal for the Ar-CH,-Ar (3.80 ppm,
10H) and a singlet for the zerz-butyl group (1.26 ppm, 45H). This "H NMR pattern is

characteristic of a cone conformation with Cs, symmetry.

Only a small change is observed in the '"H NMR spectrum when the parent calix[5]arene
is converted to its dicesium salt. In compound Cs,-‘BuC5(H); the calix[5]arene adopts a cone
conformation with a Cs, symmetry in solution, on average. For both parent ‘BuC5(H)s and

Csz-tBuCS(H)z the broadness of the methylene peaks indicates fluxional behavior.

‘BuC5(H)s 2.2b 5.1d 6.10

= o) p
\ 2 7 N\ I \
N; 'N_ - k
Pd

&N
OH OHO

\

o

1)

i o I—IIJ o 'ppnl é I -IIZI ppm é I -Ill ' ppm 2 -0 ppm
Figure 6.16 "H NMR spectra of the zerz-butyl area displaying the variation in the chemical shift

behavior from ‘BuC5(H)s to [MoOx(acac){Cs:'BuC5(H)}Pd(bipy)] 6.10. *Impurity.
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In contrast, in the [Pd(bipy){Cs-‘BuC5(H),}] (5.1d) "H NMR spectrum, four signals
associated with the bipy aromatic protons (2:2:2:2 ratio), three singlets in the aromatic region
(4:2:4 ratio), three pairs of methylene doublets (1:2:2 ratio), and three singlets for the ‘Bu groups
(9:18:18 ratio) are observed. The overall '"H NMR pattern suggests that a mirror plane crosses the
molecule, consistent with a cone conformation with C; symmetry adopted by the calix[5]arene
ligand (Figure 6.17).*° In compound [Pd(bipy){Cs-‘BuC5(H),}] 5.1d, as well as the Mo/Pd one
[MoO;(acac){Cs-'BuC5(H)} Pd(bipy)] 6.10, all peaks are sharp, indicating no fluxional

behavior.

'BuC5(H)5 Cs,-'BuC5(H),
cone conformation cone conformation
C5V C5V

*
[Pd(bipy){Cs-tBuC5(H),] [MoO,(acac){Cs-BuC5(H)}Pd(bipy)]
cone conformation partial cone-in conformation
Cs Cy

Figure 6.17 Conformation and symmetry adopted by the calix[5]arene ligand in ‘BuC5(H)s,
Cs,-'‘BuC5(H); 2.2b, [Pd(bipy){Cs-'BuC5(H),}] 5.1d and
[MoO;(acac){Cs-‘BuC5(H)} Pd(bipy)] 6.10. * Proposed structure.
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Finally, the '"H NMR spectrum of the product [MoOx(acac){Cs-‘BuC5(H)} Pd(bipy)] 6.10
is consistent with C; symmetry corresponding to a partial cone-in conformer; an asymmetric
conformation (Figure 6.17).% In this kind of symmetry the predicted "H NMR pattern shows five
pairs of doublets (1:1:1:1:1 ratio) for the aromatic region (Ar-H), five pairs of doublets (1:1:1:1:1
ratio) in the methylene area (Ar-CH,-Ar), and finally five singlets (1:1:1:1:1 ratio) in the tert-

butyl area (see Figure 6.16).*°

The conformation and symmetry adopted in solution for the calix[5]arene ligands in
‘BuC5(H)s, Cs,-'‘BuC5(H); 2.2b, [Pd(bipy){Cs-'‘BuC5(H),}] 5.1d and

[MoO;(acac){Cs-‘BuC5(H)}Pd(bipy)] 6.10 are summarized and shown in Figure 6.17.

6.3 Experimental Section
6.3.1 General Information

Unless otherwise noted, all manipulations were carried out in a dry nitrogen filled glove
box. [Pd(L){M-BuC5(H),}] (M = Rb, Cs; L = bipy 5.1c-d, (4-Me),bipy 5.2¢c-d and phen 5.3¢-
d) were prepared from the procedure described in Chapter 5 and were left in the oven overnight
before use (100 °C). Dioxobis(2,4-pentanedionato)molybdenum(VI), (MoO,(acac),), was
prepared using a literature procedure.186 Tetrakis(diethylamino)titanium(IV) (Ti(NEt,)s) was
purchased from Aldrich and was used as received. The melting points of all compounds were
taken in capillary tubes on a Mel-Temp apparatus (Laboratory Devices, Cambridge, MA). A
temperature proceeded by a “>” sign indicates that the compound starts to decompose at that
temperature without melting. "H NMR and ">C NMR spectra were recorded on a Varian XL-300
spectrometer at 300 and 75 MHz, respectively. Deuterated chloroform (CDCls) was dried over

CaH, and was referenced to 7.26 ppm and 77.2 ppm for 'H and BC NMR, respectively.
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Microanalyses were performed by Atlantic Microlab, Inc, Norcross, GA. IR and UV/Vis spectra

were obtained with an Infinity Gold™

FTIR spectrometer and Agilent 8453 spectrophotometer,
respectively. All solvents were anhydrous and were stored over molecular sieves for one day

before use.

6.3.2 Synthesis of complexes

6.3.2.1 General procedure for the synthesis of Ti[(L)Pd{M-"BuC5}], (L = bipy, (4-Me);bipy,
1,10-phen, M = Rb, Cs) (6.1-6.6)

All Ti/Pd calix[5]arene complexes were prepared following a similar procedure as

follows:

Ti[Pd(bipy){Rb-‘BuC5}], (6.1): To a solution of [Pd(bipy){Rb-'BuC5(H),!] 5.1c
(0.0580 g, 0.0501 mmol) in benzene (10.0 mL) was added a solution of Ti(NEt;)4 (0.0253 g,
0.0752 mmol) in benzene (3.0 mL). The reaction mixture was allowed to stir 12 hrs at room
temperature. The resulting suspension was centrifuged for 20 min. The solid was recovered and
was left to stir with 5.0 mL of benzene, then centrifuged one more time. The solid was recovered
and vacuum dried affording 6.1 as an orange solid (0.0511 g, 0.0217 mmol, 87% yield). Mp: >
315 °C. "H NMR (CDCls) & (ppm): 9.39 (d, 4H, J = 4.7 Hz, bipy), 7.92 (dd, 4H, J = 7.7, 6.3 Hz,
bipy), 7.67 (dd, 4H, J = 5.8, 6.6 Hz, bipy), 7.35 (d, 4H, J = 7.7 Hz, bipy), 6.67 (d, 4H, J = 2.8
Hz, Ar-H), 6.57 (d, 4H, J = 2.5 Hz, Ar-H), 6.27 (d, 4H, J = 2.5 Hz, Ar-H), 6.21 (s, 4H, Ar-H),
5.43 (d,4H, J = 2.5 Hz, Ar-H), 5.17 (d, 4H, J = 16.5 Hz, Ar-CH,-Ar), 4.60 (d, 2H, J = 11.0 Hz,
Ar-CH,-Ar), 4.58 (d, 4H, J = 12.9 Hz, Ar-CH»-Ar), 3.09 (d, 4H, J = 16.2 Hz, Ar-CH,-Ar), 2.86
(d, 2H, J = 11.5 Hz, Ar-CH,-Ar), 1.39 (d, 4H, J = 13.5 Hz, Ar-CH,-Ar), 1.19 (s, 36H, ‘Bu), 1.07

(s, 18H, 'Bu), 0.79 (s, 36H, ‘Bu). No *C{'H} NMR was obtained due to sample precipitation
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during the collection time. FTIR (KBr, cm'l): 3437b (OH, from water), 3045w, 2953vs, 2903s,
2864s, 1621m, 1606m, 1478s, 1463vs, 1456vs, 1392w, 1361m, 1296s, 1260s, 1208s, 1123m,
880w, 827m, 757s, 535w. UV/ViS Amaxnm (CHCLs) (¢/dm® mol™ cm™): 255 (4.18 x 10%), 249 (4.17
x 10%), 261 (4.06 x 10%), 312 (1.66 x 10*), 401 (1.14 x 10%). E. A. for

C130H145N4010Pd2Rb2Ti'C6H6 calc(found): C: 67.10 (6717), H:6.29 (650)

Ti[Pd((4-Me):bipy) {Rb-‘BuC5}]; (6.2): ([Pd((4-Me),bipy){Rb-BuC5(H),}] 5.2¢:
0.0593 g, 0.0501 mmol; Ti(NEt;)4: 0.0256 g, 0.0761 mmol). 6.2 was obtained as a yellow-orange
solid (0.0484 g, 0.0201 mmol, 80% yield). Mp: > 328 °C. '"H NMR (CDCls) & (ppm): 9.19 (d,
4H, J = 5.8 Hz, (4-Me),bipy), 7.49 (d, 4H, J = 6.1 Hz, (4-Me),bipy), 7.12 (s, 4H, (4-Me),bipy),
6.67 (d, 4H, J = 2.8 Hz, Ar-H), 6.57 (d, 4H, J = 2.5 Hz, Ar-H), 6.28 (d, 4H, J = 2.5 Hz, Ar-H),
6.20 (s, 4H, Ar-H), 5.43 (d, 4H, J = 2.5 Hz, Ar-H), 5.14 (d, 4H, J = 16.8 Hz, Ar-CH,-Ar), 4.62
(d, 2H, J = 11.3 Hz, Ar-CH,-Ar), 4.57 (d, 4H, J = 14.6 Hz, Ar-CH,-Ar), 3.10 (d, 4H, J = 16.5
Hz, Ar-CH,-Ar), 2.85 (d, 2H, J = 11.3 Hz, Ar-CH,-Ar), 2.57 (s, 12H, (4-Me),bipy), 1.35 (d, 4H,
J =13.5 Hz, Ar-CH,-Ar), 1.19 (s, 36H, ‘Bu), 1.09 (s, 18H, ‘Bu), 0.80 (s, 36H, ‘Bu). "C{'H}
NMR (CDCl3) & (ppm): 166.3, 159.3, 157.7, 155.1, 150.0, 146.9, 138.45, 138.38, 138.1, 136.4,
136.1, 133.5, 131.2, 128.5 (residual C¢Hg), 126.7, 126.5, 126.3, 123.9, 122.3, 121.7, 121.5, 120.8
(aromatic carbons), 36.1, 34.1 (C(CHj3)3), 33.8, 33.5 (Ar-CH»-Ar), 33.2 (C(CHs)3), 32.8, 32.1,
31.8 (C(CH3)3), 21.8 (CH3, (4-Me),bipy). FTIR (KBr, cm™): 3438b,s (OH, from water), 3045w,
3016w, 2954vs, 2904s, 2866m, 1622s, 1479vs, 1456vs, 1392w, 1361m, 1296s, 1261s, 1207s,
1126m, 1034w, 920w, 879m, 827s, 800w, 758m, 569w, 538m. UV/Vis Amaynm (CHCL3) (e/dm’
mol” em™): 247 (3.86 x 10%), 252 (3.86 x 10%), 257 (3.76 x 10%), 310 (1.63 x 10%), 400 (7.71 x

10%).
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Ti[Pd(phen) {Rb-'BuC5} ], (6.3): ([Pd(phen){Rb-'BuC5(H),}] 5.3¢: 0.0592 g, 0.0502
mmol; Ti(NEt,)4: 0.0253 g, 0.0752 mmol). 6.3 was obtained as a red solid (0.0446 g, 0.0185
mmol, 74% yield). Mp: > 300 °C. "H NMR (CDCl3) & (ppm): 9.54 (d, 4H, J = 3.9 Hz, phen),
8.35(d, 4H, J = 7.2 Hz, phen), 7.92 (dd, 4H, J = 5.0, 8.0 Hz, phen), 7.77 (s, 4H, phen), 6.66 (d,
4H, J = 2.5 Hz, Ar-H), 6.57 (d, 4H, J = 2.8 Hz, Ar-H), 6.18 (d, 4H, J = 2.5 Hz, Ar-H), 5.71 (s,
4H, Ar-H), 5.44 (d, 4H, J = 2.2 Hz, Ar-H), 5.29 (d, 4H, J = 16.8 Hz, Ar-CH,-Ar), 4.67 (d, 2H, J
= 11.3 Hz, Ar-CH,-Ar), 4.62 (d, 4H, J = 12.9 Hz, Ar-CH,-Ar), 3.64 (d, 4H, J = 16.8 Hz, Ar-
CH»-Ar), 3.36 (d, 2H, J = 11.0 Hz, Ar-CH»-Ar), 1.23 (s, 36H, '‘Bu), 1.09 (d, 4H, J = 12.4 Hz, Ar-
CH»-Ar), 0.88 (s, 18H, ‘Bu), 0.76 (s, 36H, ‘Bu). Unknown peaks at 1.49, 1.45, 1.31 and 1.29 ppm
are probably impurities or residual solvent. No integration was performed in the 'H NMR
spectrum of 6.3. However, the number of protons reported is based on compound 6.6 due to
similarity. No >C{'H} NMR was obtained due to sample precipitation during the collection
time. FTIR (KBr, cm'l): 3437b,s (OH, from water), 3080w, 3045w, 3016w, 2955vs, 2903s,
2866m, 1635m, 1479vs, 1459vs, 1430m, 1413w, 1392w, 1361m, 1296s, 1208s, 1127w, 916w,
880w, 841m, 827m, 800w, 760w, 716m, 675w, 539m. UV/Vis Amaynm (CHCL3) (¢/dm’ mol™ cm’

1: 242 (6.52 x 10%), 272 (5.97 x 10%), 367 (1.06 x 10%).

Ti[Pd(bipy) {Cs-BuC5} 1], (6.4): ([Pd(bipy){Cs-BuC5(H),}] 5.1d: 0.0604 g, 0.0501
mmol; Ti(NEty)4: 0.0252 g, 0.0749 mmol). 6.4 was obtained as an orange solid (0.0543 g, 0.0221
mmol, 88% yield). Mp: > 323 °C. "H NMR (CDCls) & (ppm): 9.39 (d, 4H, J = 4.4 Hz, bipy),
7.92 (ddd, 4H, J = 7.7, 8.0, 1.1 Hz, bipy), 7.66 (dd, 4H, J = 6.1, 6.3 Hz, bipy), 7.35 (d, 4H, J =
8.5 Hz, bipy), 6.70 (d, 4H, J = 2.5 Hz, Ar-H), 6.61 (d, 4H, J = 2.5 Hz, Ar-H), 6.27 (d, 4H, J =

2.5 Hz, Ar-H), 6.17 (s, 4H, Ar-H), 5.56 (d, 4H, J = 2.5 Hz, Ar-H), 5.17 (d, 4H, J = 16.5 Hz, Ar-
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CH,-Ar), 4.61 (d, 6H, J = 12.4 Hz, Ar-CH,-Ar), 3.12 (d, 4H, J = 16.2 Hz, Ar-CH,-Ar), 2.82 (d,
2H, J = 11.3 Hz, Ar-CH»-Ar), 1.36 (d, 4H, J = 13.2 Hz, Ar-CH,-Ar), 1.20 (s, 36H, ‘Bu), 1.06 (s,
18H, 'Bu), 0.81 (s, 36H, '‘Bu). No “C{'H} NMR was obtained due to sample precipitation during
the collection time. FTIR (KBr, cm'l): 3437b,s (OH, from water), 3044w, 3015w, 2955vs, 2904s,
2865m, 1607w, 1478s, 1465vs, 1459vs, 1393w, 1361m, 1297s, 1261m, 1208s, 1125w, 880w,
828w, 759m, 676w, 540w. UV/Vis Amaxnm (CHCL3) (¢/dm® mol™ cm™): 260 (4.88 x 10%), 311

(1.88 x 10%), 388 (1.54 x 10%).

Ti[Pd((4-Me),bipy){Cs-‘BuC5}], (6.5): ([Pd((4-Me),bipy){Cs-BuC5(H),}] 5.2d:
0.0617 g, 0.0501 mmol; Ti(NEt;)4: 0.0252 g, 0.0749 mmol). 6.5 was obtained as a yellow solid
(0.0577 g, 0.0230 mmol, 92% yield). Mp: > 335 °C. '"H NMR (CDCls) & (ppm): 9.19 (d, 4H, J =
5.8 Hz, (4-Me),bipy), 7.48 (d, 4H, J = 5.5 Hz, (4-Me),bipy), 7.11 (s, 4H, (4-Me),bipy), 6.70 (d,
4H, J = 2.5 Hz, Ar-H), 6.60 (d, 4H, J = 2.5 Hz, Ar-H), 6.28 (d, 4H, J = 2.8 Hz, Ar-H), 6.17 (s,
4H, Ar-H), 5.55 (d, 4H, J = 2.5 Hz, Ar-H), 5.14 (d, 4H, J = 16.5 Hz, Ar-CH,-Ar), 4.62 (d, 2H, J
= 11.0 Hz, Ar-CH,-Ar), 4.59 (d, 4H, J = 12.9 Hz, Ar-CH,-Ar), 3.12 (d, 4H, J = 16.5 Hz, Ar-
CH,-Ar), 2.81 (d, 2H, J = 11.3 Hz, Ar-CH,-Ar), 2.57 (s, 12H, (4-Me),bipy), 1.33 (d, 4H, J =
13.8 Hz, Ar-CH>-Ar), 1.20 (s, 36H, ‘Bu), 1.08 (s, 18H, ‘Bu), 0.82 (s, 36H, ‘Bu). *C{'H} NMR
(CDCl3) & (ppm): 166.6, 159.3, 158.5, 155.1, 150.0, 146.9, 139.4, 137.8, 133.8, 131.3, 126.8,
126.6, 126.3, 123.9, 122.3, 121.7, 121.3 (aromatic carbons), 36.1, 33.9 (C(CHj3)3), 33.8 (Ar-CH;-
Ar), 33.5 (C(CH3)3), 32.8 (Ar-CH,-Ar), 32.1(C(CHs)3), 32.0 (Ar-CH»-Ar), 31.7 (C(CHa)3), 21.8
(CH3, (4-Me),bipy). FTIR (KBr, cm™): 3438b,s (OH, from water), 3043w, 2956vs, 2903s,

2865m, 1621s, 1478vs, 1459vs, 1392m, 1361s, 1297s, 1262s, 1208s, 1126m, 1036w, 921w,

209



880m, 828s, 801w, 759m, 676w, 539m. UV/Vis Amaxnm (CHCLs) (¢/dm’ mol™ cm™): 259 (4.44 x

10%), 345 (1.24 x 10%), 392 (1.19 x 10%), 489 (2.28 x 10°).

Ti[Pd(phen){Cs-'BuC5}] (6.6): ([Pd(phen){Cs-'BuC5(H),}] 5.3d: 0.0615 g, 0.0501
mmol; Ti(NEt,)4: 0.0253 g, 0.0752 mmol). 6.6 was obtained as a red solid (0.0438 g, 0.0175
mmol, 70% yield). Mp: > 349 °C. "H NMR (CDCls) & (ppm): 9.54 (d, 4H, J = 4.9 Hz, phen),
8.35 (d, 4H, J = 8.0 Hz, phen), 7.92 (dd, 4H, J = 8.0, 5.2 Hz, phen), 7.77 (s, 4H, phen), 6.69 (d,
4H, J = 2.2 Hz, Ar-H), 6.61 (d, 4H, J = 2.5 Hz, Ar-H), 6.18 (d, 4H, J = 2.5 Hz, Ar-H), 5.68 (s,
4H, Ar-H), 5.55 (d, 4H, J = 2.5 Hz, Ar-H), 5.29 (d, 4H, J = 16.5 Hz, Ar-CH,-Ar), 4.67 (d, 2H, J
= 11.3 Hz, Ar-CH,-Ar), 4.65 (d, 4H, J = 13.5 Hz, Ar-CH,-Ar), 3.16 (d, 4H, J = 15.9 Hz, Ar-
CH»-Ar), 2.81 (d, 2H, J = 11.5 Hz, Ar-CH»-Ar), 1.23 (s, 39H,* '‘Bu), 1.07 (d, 4H, J = 13.2 Hz,
Ar-CH-Ar), 0.87 (s, 19H,* ‘Bu), 0.78 (s, 38H,* ‘Bu). *The integral value reported for the
compound is not consistent with the value required. This disagreement in value could be due to
overlapping with solvent or impurities. Unknown peaks at 1.49, 1.45, 1.31, 1.29, 1.27 ppm are
probably impurities or residual solvent. No *C{'H} NMR was performed due to sample
precipitation during the collection time. FTIR (KBr, cm'l): 3437b,s (OH, from water), 3080w,
3051w, 2954vs, 2903m, 2865m, 1630m, 1516w, 1479vs, 1459vs, 1426m, 1413w, 1392w,
1361m, 1297s, 1208s, 1127w, 916w, 881m, 841m, 828w, 759w, 716w, 539w. UV/ViS Amax/nm
(CHCLs) (¢/dm® mol™ cm™): 257 (5.38 x 10%), 269 (5.35 x 10%), 344 (1.45 x 10%), 405 (1.25 x

10%).
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6.3.2.2 General procedure for the synthesis of [MoOs(acac){M'BuC5(H)}Pd(L)] (L = bipy, (4-

Me),bipy, 1,10-phen, M = Rb, Cs) (6.7-6.12)

All Mo/Pd calix[5]arene complexes were prepared following a similar procedure as

follows:

[MoO,(acac){Rb-'BuC5(H)} Pd(bipy)] (6.7): To a solution of [Pd(bipy){Rb-‘BuC5(H),}]
5.1¢ (0.0412 g, 0.0356 mmol) dissolved in 4 mL of anhydrous benzene was added dropwise a
light lime yellow solution of MoO;(acac), (0.0140 g, 0.0429 mmol) in 3 mL of anhydrous
benzene. The resulting brilliant orange solution was stirred for 7 hrs, then centrifuged for 10
minutes and the supernatant pumped to dryness. The red solid obtained from the supernatant was
stirred with 5 mL of anhydrous pentane for 5 min, and centrifuged for 10 min. The supernatant
was discarded while the solid was recovered and dried in vacuo, affording 6.7 as a red solid
(0.0439 g, 0.0318 mmol, 89%). Mp: >220 °C. '"H NMR (CDCl;) & (ppm): 9.63 (br, 1H, OH),
9.38 (d, 1H, J = 7.2 Hz, bipy), 9.28 (d, 1H, J = 6.6 Hz, bipy), 8.62 (d, 1H, J = 5.2 Hz, bipy),
8.50 (dd, 1H, J = 8.4, 6.6 Hz, bipy), 8.43 (d, 1H, J = 5.2 Hz, bipy), 8.08 (dd, 1H, J = 8.4, 7.1 Hz,
bipy), 7.51 (dd, 1H, J = 6.9, 6.9 Hz, bipy), 7.26 (s, 1H, Ar-H), 7.24 (d, 1H, J = 2.2 Hz, Ar-H),
7.21 (s, 2H, Ar-H), 7.17 (d, 1H, J = 2.2 Hz, Ar-H), 7.13 (dd, 1H, J = 6.2, 6.9 Hz, bipy), 6.99 (d,
1H, J = 2.2 Hz, Ar-H), 6.80 (s, 2H, Ar-H), 6.68 (d, 1H, J = 2.5 Hz, Ar-H), 6.64 (d, 1H, J = 14.0
Hz, Ar-CH,-Ar), 6.26 (d, 1H, J = 2.2 Hz, Ar-H), 5.22 (d, 1H, J = 15.4 Hz, Ar-CH,-Ar), 5.02 (s,
1H, CH acac), 5.02 (d, 1H, J = 14.3 Hz, Ar-CH,-Ar), 4.94 (d, 1H, J = 13.7 Hz, Ar-CH,-Ar),
4.40 (d, 1H, J = 13.2 Hz, Ar-CH»-Ar), 3.53 (d, 1H, J = 15.4 Hz, Ar-CH,-Ar), 3.42 (d, 1H, J =
12.6 Hz, Ar-CH,-Ar), 3.28 (d, 1H, J = 14.3 Hz, Ar-CH»-Ar), 3.17 (d, 1H, J = 14.3 Hz, Ar-CH,-

Ar), 3.11 (d, 1H, J = 13.5 Hz, Ar-CH>-Ar), 1.46 (s, 3H, CH; acac), 1.40 (s, 9H, ‘Bu), 1.32 (s,
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21H, CHj3 acac overlapped ‘Bu), 1.02 (s, 9H, ‘Bu), 0.85 (s, 9H, ‘Bu). *C{'H} NMR (CDCl;) &
(ppm): 192.5 (C=0 (acac)), 185.5, 159.8, 159.1, 157.8, 157.4, 155.6, 154.8, 150.6, 148.5, 147.1,
143.1, 142.8, 141.9, 141.3, 140.5, 139.3, 139.0, 132.9, 132.3, 132.2, 131.8, 131.6, 131.5, 129.2,
128.8, 128.7, 128.5, 128.4, 128.1, 127.8, 126.8, 126.2, 125.7, 125.4, 125.1, 124.9, 123.8
(aromatic carbons), 101.7 (CH (acac)), 36.8 (C(CHs)3), 36.5, 34.3, 34.2, 34.0, 33.97 (Ar-CH,-
Ar), 32.1,31.9, 31.8, 31.7 (C(CH3)3), 30.8 (C(CHs)s), 26.7, 26.6, 22.5, 14.3 (CHj (acac)). FTIR
(KBr, cm™): 3423b,m (OH), 3109w, 3087w, 3047m, 2958vs, 2906s, 2867s, 1604s (C=04cz0),
15235 (C=Cacac), 1477vs, 1468vs, 1458vs, 1391s, 1362s, 1297s, 1264s, 1250m, 1208s, 1126m,
1026m, 915s (Mo=0), 888s (Mo=0), 832m, 799m, 768s, 726w, 675w, 550w, 441w. UV/vis

(CeHg) Amax/nm (¢/dm® mol™ em™): 278 (2.59 x 10%), 305 (2.25 x 10%), 431 (1.83 x 10%).

[MoOs(acac){Rb-'BuC5(H)}Pd((4-Me),bipy)] (6.8): ([Pd((4-
Me),bipy) {Rb-‘BuC5(H),}] 5.2¢: 0.0423 g, 0.0357 mmol; MoOx(acac),: 0.0139 g, 0.0426
mmol). 6.8 was obtained as a red-orange solid (0.0433 g, 0.0307 mmol, 86%). Mp: 276 — 278 °C.
'H NMR (CDCls) & (ppm): 9.84 (s, 1H, OH), 9.60 (br, 1H, (4-Me),bipy), 9.22 (br, 1H, (4-
Me),bipy), 8.58 (d, 1H, J = 5.8 Hz, (4-Me),bipy), 7.95 (d, 1H, J = 5.8 Hz, (4-Me),bipy), 7.33 (s,
1H, Ar-H), 7.30 (d, 1H, J = 2.2 Hz, Ar-H), 7.23 (d, 1H, J = 1.9 Hz, Ar-H), 7.23 (d, 1H, J = 12.9
Hz, Ar-CH,-Ar), 7.29-7.23 (1H of (4-Me),bipy) overlapped in this area), 7.18 (d, 1H, J = 2.5 Hz,
Ar-H), 7.14 (d, 1H, J = 2.2 Hz, Ar-H), 6.91 (s, 2H, Ar-H), 6.75 (d, 1H, J = 2.5 Hz, Ar-H), 6.71
(d, 1H, J = 2.5 Hz, Ar-H), 6.61 (br, 1H, (4-Me),bipy), 6.17 (s, 1H, Ar-H), 5.16 (d, 1H, J = 15.1
Hz, Ar-CH,-Ar), 5.13 (d, 1H, J = 13.5 Hz, Ar-CH,-Ar), 4.98 (s, 1H, CH acac), 4.80 (d, IH, J =
12.9 Hz, Ar-CH,-Ar), 4.60 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 3.59 (d, 1H, J = 14.6 Hz, Ar-CH>-

Ar), 3.46 (d, 1H, J = 17.0 Hz, Ar-CH»-Ar), 3.41 (d, 1H, J = 17.0 Hz, Ar-CH»-Ar), 3.11 (d, 1H, J
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= 14.0 Hz, Ar-CH>-Ar), 3.02 (d, 1H, J = 13.7 Hz, Ar-CH,-Ar), 2.86 (s, 3H, CH3 (4-Me),bipy),
2.58 (s, 3H, CH; (4-Me),bipy), 1.63 (s, 3H, CH; acac), 1.49 (s, 3H, CHs acac), 1.40 (s, 9H, ‘Bu),
1.31 (s, 9H, Bu), 1.30 (s, 9H, Bu), 1.07 (s, 9H, ‘Bu), 0.78 (s, 9H, ‘Bu). No integration was
performed in the '"H NMR spectrum of 6.8. However, the number of protons reported is based on
compound 6.11 due to similarity. No *C{'H} NMR was obtained due to sample precipitation
during the collection time. FTIR (KBr, cm™): 3421m (OH), 3045m, 2957vs, 2906s, 2866s, 1615s
(C=0acac), 15225 (C=Cycac), 1478vs, 1458vs, 1391s, 1362s, 1299s, 1266s, 1250m, 1208s, 1126m,
1026m, 915s (Mo=0), 886s (M0o=0), 830s, 799m, 769m, 731w, 675w, 575w, 548w, 463w.

UV/vis (C¢Hg) Amaxnm (¢/dm® mol™ em™): 284 (2.84 x 10%), 304 (2.61 x 10™).

[MoO;(acac){Rb-'BuC5(H)} Pd(phen)] (6.9): ([Pd(phen){Rb-‘BuC5(H),}] 5.3¢c: 0.0422
g, 0.0358 mmol; MoOs(acac),: 0.0142 g, 0.0435 mmol). Unlike the previous synthesis,
compound 6.9 precipitates from the reaction mixture as a yellow-orange solid (0.0398 g, 0.0283
mmol, 79% yield). Mp: > 270 °C. "H NMR (CDCls) & (ppm): 9.84 (br, 1H, OH), 8.92 (d, 1H, J =
4.9 Hz, phen), 8.56 (d, 1H, J = 4.7 Hz, phen), 8.26 (d, 1H, J = 8.2 Hz, phen), 7.98 (dd, 1H, J =
4.9, 7.6 Hz, phen), 7.28-7.18 (m, 6H,* Ar-H), 6.97 (s, 1H, Ar-H), 6.87 (d, 1H, J = 14.8 Hz, Ar-
CH,-Ar), 6.85 (s, 1H, Ar-H), 6.80 (d, 1H, J = 2.2 Hz, Ar-H), 6.76 (d, 1H, J = 1.9 Hz, Ar-H),
6.25 (s, 1H, Ar-H), 5.37 (d, 1H, J = 15.1 Hz, Ar-CH,-Ar), 5.06 (d, 1H, J = 13.7 Hz, Ar-CH>-Ar),
5.02 (d, 1H, J = 10.7 Hz, Ar-CH,-Ar), 4.94 (s, 1H, CH acac), 4.57 (d, 1H, J = 13.2 Hz, Ar-CH>-
Ar), 3.61 (d, 1H, J = 15.4 Hz, Ar-CH,-Ar), 3.47 (d, 1H, J = 13.5 Hz, Ar-CH,-Ar), 3.43 (d, 1H, J
=12.9 Hz, Ar-CH,-Ar), 3.17 (d, 1H, J = 14.3 Hz, Ar-CH,-Ar), 3.08 (d, 1H, J = 13.2 Hz, Ar-
CH»-Ar), 1.48 (s, 3H, CH; acac), 1.37 (s, 9H, ‘Bu), 1.33 (s, 9H, ‘Bu), 1.32 (s, 9H, ‘Bu), 1.05 (s,

9H, Bu), 1.04 (s, 3H, CHs acac), 0.85 (s, 9H, ‘Bu). *The integral value reported for the
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compound is not consistent with the value required. This disagreement in value could be due to
overlapping with solvent or impurities. >C{'H} NMR (CDCls) & (ppm): 192.4 (C=0 (acac)),
185.1, 160.2, 159.4, 157.3, 150.8, 148.8, 145.1, 142.9, 142.7, 140.4, 139.4, 139.2, 132.9, 132 4,
132.1, 131.7, 131.6, 131.5, 129.6, 129.2, 128.7, 128.5, 128.3, 127.4, 125.8, 124.9, 124.2, 123.7
(aromatic carbons), 109.1 (CH (acac)), 37.3, 36.4 (C(CHs)3), 34.3, 34.2, 34.1, 34.0 (Ar-CH;-Ar),
32.5 (C(CH3)3), 32.0, 31.9, 31.7 (C(CH3)3), 31.1, 29.5 (C(CH3)3), 26.7, 26.1 (CH3 (acac)). FTIR
(KBr, cm™): 3434m (OH), 3051m, 2957vs, 2904s, 2866s, 1604s (C=0j4cac), 15225 (C=Cacac),
1479s, 1458vs, 1433s, 1390s, 1362s, 1296s, 1267s, 1206s, 1126w, 1111w, 1025m, 916s
(Mo=0), 894s (M0=0), 844m, 829m, 799w, 768m, 748w, 727w, 716m, 676w, 550w, 448w,
417m. UV/vis (CeHg) Amaxnm (6/dm® mol™ em™): 278 (3.10 x 10%), 432 (3.41 x 10°), 436 (3.41 x

10%).

[MoOx(acac) {Cs-‘BuC5(H)} Pd(bipy)] (6.10): ([Pd(bipy){Cs-"BuC5(H),}] 5.1d: 0.0434
g, 0.0361 mmol; MoO;(acac),: 0.0145 g, 0.0445 mmol). 6.10 was obtained as a red-orange solid
(0.0493 g, 0.0345 mmol, 96%). Mp: >230 °C. '"H NMR (CDCls) & (ppm): 9.39 (d, 1H, J= 8.0
Hz, bipy), 9.33 (d, 1H, J = 8.0 Hz, bipy), 9.30 (s, 1H, OH), 8.64 (d, 1H, J= 4.7 Hz, bipy), 8.55
(dd, 1H, J=17.7, 7.7 Hz, bipy), 8.44 (d, 1H, J = 4.9 Hz, bipy), 8.12 (dd, 1H, J="7.7, 7.7 Hz,
bipy), 7.52 (dd, 1H, J= 6.0, 6.3 Hz, bipy), 7.31 (d, 1H, J= 2.5 Hz, Ar-H), 7.26 (d, 1H, J=2.2
Hz, Ar-H), 7.23 (d, 1H, J= 2.5 Hz, Ar-H), 7.21 (s, 2H, Ar-H), 7.13 (dd, 1H, J= 6.6, 6.6 Hz,
bipy), 6.96 (d, 1H, J=2.5 Hz, Ar-H), 6.80 (d, 1H, J=2.5 Hz, Ar-H), 6.76 (d, 1H, J= 2.5 Hz,
Ar-H), 6.70 (d, 1H, J=15.9 Hz, Ar-CH,-Ar), 6.67 (d, 1H, J=2.5 Hz, Ar-H), 6.43 (d, 1H,J=1.9
Hz, Ar-H), 5.26 (d, 1H, J=15.1 Hz, Ar-CH,-Ar), 5.07 (d, 1H, J = 13.7 Hz, Ar-CH,-Ar), 5.00 (s,

1H, CH acac), 4.93 (d, 1H, J = 13.7 Hz, Ar-CH»>-Ar), 4.48 (d, 1H, J = 13.7 Hz, Ar-CH>-Ar), 3.53
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(d, 1H, J=15.4 Hz, Ar-CH,-Ar), 3.42 (d, 1H, J = 13.7 Hz, Ar-CH>»-Ar), 3.30 (d, 1H, J=14.0
Hz, Ar-CH,-Ar), 3.14 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 3.07 (d, 1H, J = 13.5 Hz, Ar-CH,-Ar),
1.45 (s, 3H, CH; acac), 1.41 (s, 9H, '‘Bu), 1.34 (s, 9H, '‘Bu), 1.33 (s, 9H, '‘Bu), 1.31 (s, 3H, CH;
acac), 0.99 (s, 9H, ‘Bu), 0.89 (s, 10H,* ‘Bu). *The integral value reported for the compound is
not consistent with the value required. This disagreement in value could be due to overlapping
with solvent or impurities. °C{'H} NMR (CDCls) & (ppm): 192.4 (C=0 (acac)), 185.2, 160.4,
158.9, 157.2, 155.7, 154.8, 150.7, 148.4, 147.1, 142.9, 142.7, 141.9, 141.4, 140.5, 139.3, 138.7,
132.8, 132.5, 131.8, 129.1, 128.6, 127.4, 126.8, 126.0, 125.9, 125.7, 125.2, 124.8, 123.9
(aromatic carbons), 101.5 (CH (acac)), 100.2 (impurity), 36.7, 36.6 (C(CHs)3), 34.3, 34.2, 34.1,
34.0, 33.9 (Ar-CH»-Ar), 32.1, 32.0, 31.8, 31.7 (C(CH3)3), 30.4, 29.6 (C(CH3)3), 26.7, 26.6 (CH3
(acac)). FTIR (KBr, cm™): 3435m (OH), 3109w, 3084w, 3046m, 2958vs, 2904s, 2866s, 1605s
(C=0Ogeac), 15225 (C=Cjcac), 1478vs, 1458vs, 1391s, 1362s, 1297s, 1264s, 1207s, 1127w, 1026w,
916s (M0=0), 887s (M0=0), 832m, 799w, 767s, 726w, 674w, 550w, 439w. UV/vis (C¢Hs)
Amaxmm (6/dm® mol™ em™): 277 (2.22 x 10%), 306 (1.78 x 10*), 425 (1.12 x 10°). E. A. for

C70Hg1CsMoN,OgPd-2H,0 calc(found): C: 57.36 (57.06); H: 5.85 (5.76).

[MoO;(acac){Cs-‘BuC5(H)} Pd((4-Me),bipy)] (6.11): ([Pd((4-
Me),bipy){Cs-‘BuC5(H),}] 5.2d: 0.0439 g, 0.0356 mmol; MoOx(acac),: 0.0142 g, 0.0435
mmol). 6.11 was obtained as a red-orange solid (0.0446 g, 0.0306 mmol, 86%). Mp: 290 - 292
°C. "TH NMR (CDCls) 8 (ppm): 9.66 (br, 2H, OH, overlapped with (4-Me),bipy), 9.23 (br, 1H,
(4-Me),bipy), 8.61 (d, 1H, J = 5.5 Hz, (4-Me),bipy), 7.96 (d, 1H, J = 5.5 Hz, (4-Me),bipy), 7.41
(s, 1H, (4-Me)bipy), 7.28 (s, 1H, Ar-H), 7.25 (s, 1H, Ar-H), 7.21 (d, 1H, J = 12.4 Hz, Ar-CH>-

Ar), 7.20 (s, 1H, Ar-H), 7.19 (s, 1H, Ar-H), 7.12 (d, 1H, J = 2.5 Hz, Ar-H), 6.89 (s, 2H, Ar-H),
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6.68 (d, 2H, J = 2.5 Hz, Ar-H), 6.62 (br, 1H, (4-Me),bipy), 6.35 (s, 1H, Ar-H), 5.21 (d, 1H, J =
15.1 Hz, Ar-CH;-Ar), 5.18 (d, 1H, J = 13.7 Hz, Ar-CH;-Ar), 4.96 (s, 1H, CH acac), 4.87 (d, 1H,
J =12.6 Hz, Ar-CH>»-Ar), 4.61 (d, 1H, J = 14.0 Hz, Ar-CH»-Ar), 3.55 (d, 1H, J = 14.0 Hz, Ar-
CH,-Ar), 3.44 (d, 2H,* J = 14.0 Hz, Ar-CH»-Ar), 3.40 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 3.09 (d,
1H, J = 14.3 Hz, Ar-CH>-Ar), 2.99 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 2.86 (s, 3H, CH; (4-
Me),bipy), 2.56 (s, 3H, CH; (4-Me),bipy), 2.36 (s, §, toluene), 1.62 (s, 3H, CH; acac), 1.47 (s,
3H, CH; acac), 1.41 (s, 9H, '‘Bu), 1.32 (s, 9H, ‘Bu), 1.32 (s, 9H, ‘Bu), 1.03 (s, 9H, Bu), 0.84 (s,
9H, ‘Bu). § integral value not available. *The integral value reported for the compound is not
consistent with the value required. This disagreement in value could be due to overlapping with
solvent or impurities. >C{'"H} NMR (C¢Ds) & (ppm): 191.6, 184.6 (C=0 (acac)), 162.2, 159.5,
157.4, 155.6, 154.1, 153.8, 149.5, 148.8, 146.0, 142.7, 142.2, 140.7, 139.1, 138.5, 134.1, 133.8,
132.9, 132.8, 132.4, 129.6, 129.3, 128.9, 126.6, 126.5, 126.4, 126.2, 125.7, 125.6, 125.0, 124.5
(aromatic carbons), 101.0 (CH (acac)), 38.2, 37.1 (C(CH3)3), 34.3, 34.2, 34.1, 33.8, 33.7 (Ar-
CH,-Ar), 32.2,32.0,31.9, 31.8, 31.6 (C(CHa)3), 31.0, 26.7, 26.5 (C(CHs)3), 22.1, 21.8 (CH3
(acac)). FTIR (KBr, cm'l): 3450m (OH), 3230w, 3120w, 3044m, 2958vs, 2902s, 2866s, 1615s
(C=0Ogeac), 15225 (C=Cycac), 1479vs, 1458vs, 1392s, 1362s, 1299s, 1266s, 1208s, 1127w, 1026w,
916s (M0=0), 886s (M0o=0), 831m, 799w, 769w, 731w, 675w, 549w. UV/vis (C¢Hg) Amax/nm
(¢/dm® mol™ ecm™): 288 (2.09 x 10%), 304 (1.96 x 10%), 426 (1.37 x 10%), 432 (1.37 x 10°). E. A.

for C7,HgsCsMoN,OgPd-H,0 calc(found): C: 58.60 (58.44); H: 5.94 (5.97).

[MoO;(acac){Cs-‘BuC5(H)}Pd(phen)] (6.12): ([Pd(phen){Cs-‘BuC5(H),}] 5.3d: 0.0441
g, 0.0359 mmol; MoO;(acac),: 0.0145 g, 0.0445 mmol). Unlike the previous synthesis,

compound 6.12 precipitates from the reaction mixture as a yellow-orange solid (0.0475 g, 0.0327
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mmol, 91%). Mp: > 280 °C decomposes. 'H NMR (CDCls) & (ppm): 9.56 (br, 1H, OH), 8.93 (d,
1H, J = 4.9 Hz, phen), 8.59 (d, 1H, J = 4.7 Hz, phen), 8.25 (d, 1H, J = 8.2 Hz, phen), 7.98 (dd,
1H, J = 4.1, 6.0 Hz, phen), 7.36-7.22 (m, 9H,* Ar-H), 6.95 (s, 1H, Ar-H), 6.93 (d, 1H,J = 12.9
Hz, Ar-CH>-Ar), 6.84 (s, 1H, Ar-H), 6.76 (s, 1H, Ar-H), 6.73 (s, 1H, Ar-H), 6.40 (s, 1H, Ar-H),
5.41 (d, 1H, J = 14.6 Hz, Ar-CH>»-Ar), 5.11 (d, 1H, J = 14.0 Hz, Ar-CH»-Ar), 5.00 (d, 1H, J =
14.0 Hz, Ar-CH,-Ar), 4.90 (s, 1H, CH acac), 4.66 (d, 1H, J = 14.0 Hz, Ar-CH>-Ar), 3.61 (d, 1H,
J =14.6 Hz, Ar-CH,-Ar), 3.46 (d, 1H, J = 14.0 Hz, Ar-CH,-Ar), 3.44 (d, 1H, J = 14.7 Hz, Ar-
CH>-Ar), 3.14 (d, 1H, J = 13.7 Hz, Ar-CH>-Ar), 3.04 (d, 1H, J = 13.5 Hz, Ar-CH>-Ar), 1.47 (s,
3H, CH; acac), 1.38 (s, 9H, ‘Bu), 1.35 (s, 9H, ‘Bu), 1.33 (s, 9H, Bu), 1.02 (s, 12H, CH; acac,
‘Bu), 0.88 (s, 9H, ‘Bu). *The integral value reported for the compound is not consistent with the
value required. This disagreement in value could be due to overlapping with solvent or
impurities. No *C{'H} NMR was performed due to sample precipitation during the collection
time. FTIR (KBr, cm™): 3444m (OH), 3051m, 2957vs, 2906s, 2866s, 1605s (C=0,cqc), 15215
(C=Cacac), 1479vs, 1458vs, 1431s, 1391s, 1362s, 1296s, 1268s, 1207s, 1128w, 1111w, 1025w,
917s (Mo=0), 891s (Mo=0), 842s, 799w, 769w, 746w, 716w, 676w, 550w, 425w. UV/vis
(CeHg) Amaxnm (€/dm® mol™ cm™): 279 (3.89 x 10%), 443 (1.96 x 10%). E. A. for

C7,HgiCsMoN,OgPd-2H,0 calc(found): C: 58.05 (57.92); H: 5.75 (5.57).
6.4 General X-ray crystal structure information

The crystallographic data and some details of the data collection and refinement of
complex 6.1-C¢Hj are given in Table 6.8. Absorption corrections were applied by SADABS.">
The X-ray structure of 6.1-CsHg was solved by direct methods and subsequent difference Fourier

syntheses and refined by full matrix least-squares methods against F? (SHELX 97)."*'The H
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atoms in structures were taken in calculated positions. The programs Mercury,'>” ORTEP322'

and POVRay'*® were used to generate the X-ray structural diagrams pictured in this Chapter.

Table 6.8 Crystallographic data for complex Ti[(bipy)Pd{Rb-'BuC5}],-CsHg 6.1-CsHs.

6.1 ‘C6H6
Formula C166H182N4010Pd2Rb2Ti
FW 2824.80
cryst syst Monoclinic
Space group P21/c
T,K 153(2)
a, A 28.387(5)
b, A 29.158(5)
c, A 18.167(3)
a, deg 90
B, deg 107.968(2)
vy, deg 90
v, A’ 14304(4)
Z 4
deated, g €M™ 1312
u, mm™! 1.040
refl colected 146381
Timin/ Tmax 0.775
Nmeasd 26313
[Rin] [0.0773]
R [I>2sigma(])] 0.0429
R (all data) 0.0749
Ry [I>2sigma(])] 0.1187
Ry, (all data) 0.1468
GOF 0.949
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6.5 Conclusions

We have reported the synthesis and characterization of the first Pd(II)/Ti(IV) and
Pd(IT)/Mo(VI) heterobimetallic calix[5]arene complexes by the reaction of
[PA(L){M-'BuC5(H),}] 5.1¢-d, 5.2¢c-d and 5.3¢c-d (M = Rb, Cs; L = bipy, (4-Me),bipy, phen)
precursors with Ti(NEt;)s and MoO;(acac), in benzene. Complexes 6.1 — 6.12 can be easily
isolated because they either precipitate from the reaction mixture or precipitate when pentane or
hexane is added. The crystal packing for complex 6.1 shows extended n-n stacking interactions

between the bipy ligands and the aromatic rings of the calix[5]arenes.

The lower rim of the calix[5]arene clearly allows enough room for both transition metals.
The new heterobimetallic complexes are ideal starting points for future studies of

heterobimetallic catalysts.
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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF EARLY AND LATE TRANSITION
METALLOCALIX[5]ARENE COMPLEXES

by Bernat Abeit Martinez-Ortega
Department of Chemistry
Texas Christian University

Dissertation Advisor: Tracy A. Hanna, Associate Professor

Calixarenes are macrocyclic oligomers of phenols bridged with methylenes. They have
been extensively studied because of their unique structure, complexing abilities, conformational
flexibility, and reactivity. Their chemistry has been applied as an oxo platform for catalyst model
studies.

The coordination chemistry of the simple calix[4]arenes is now relatively well developed.
By contrast, metal compounds containing the larger ring systems, for example calix[5]arene, are
still quite rare. Our interest in calix[5]arene chemistry is related to our longer-term research
objectives. We are interested in modeling a bifunctional oxo surface, in which two metals can
react in a cooperative manner. This requires a conformation that will allow two metals, or a
metal and non-metal, to interact on the calixarene “surface” (Chapterl).

We synthesized a series of deprotonated calixarenes “calix[n]anions” (including mono- to
dianionic species) by the reaction of parent calix[5]arene with alkali metal bases (Chapter 2). In
this context, we were able to synthesize and characterize a variety of Ti(IV) (Chapter 3), Mo(VI)
(Chapter 4) and Pd(II) (Chapter 5) metallocalix[5]arene complexes using calixanions as starting

materials in which the transition metal binds directly to the oxygen surface of the calix[5]arene.



Finally, the reactivity of the palladium calix[5]arene complexes was tested and
successfully utilized in the synthesis and characterization of the first examples of Pd(I1)/Ti(IV)

and Pd(IT)/Mo(VI) heterobimetallic complexes (Chapter 6).
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