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1.1
Introduction

Since the seminal work of Cram on cyclophanes and resorcinarenes [1] the host—
guest chemistry of container molecules has been extensively investigated, and more
sophisticated examples with other forms and larger cavities have been reported [2, 3].
Container molecules are of great interest, because their encapsulated guest species
often exhibit novel and unusual properties which are not observed in the free or
solvated state [4]. They are used today as probes of isolated molecules and of the
intrinsic characteristics of the liquid state, and are capable of enantioselective
recognition [5], reversible polymerization [6], isolation of reactive species [7], and
promoting reactions within their interiors [8].

Several types of closed-shell host molecules with fascinating inner-phase binding
and reactivity properties have been described in the literature [9]. These include
covalently constructed molecular containers such as the carcerands [10], which
encapsulate their guests irreversibly, and the calixarenes or resorcinarenes [11, 12],
which have shell holes large enough to permit the exchange of guest molecules [13].
During the last two decades many examples of noncovalent molecular capsules
formed by spontaneous aggregation via H-bonds or metal-ligand coordinative bonds
have also been described [14, 15].

In recent years, the development of metalated container molecules has become an
attractive research goal [16-18] because such compounds allow for an interplay of
molecular recognition and transition-metal catalysis [19, 20]. Consequently, a num-
ber of research groups are involved in the development of new receptor molecules
that create confined environments about active metal coordination sites. In the
following, selected types of metalated container molecules and their properties are
briefly discussed. Thereafter, our work in this field is reported.
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1.2
Metalated Container Molecules: A Brief Overview

Metalated container molecules can be viewed as a class of compounds that have one
or more active metal coordination sites within or next to a molecular cavity. Several
host systems are capable of creating such structures. The majority of these com-

pounds represent mononucleating ligand systems, as for instance calixarenes [21],
cyclodextrines [22, 23], and some functionalized tripod ligands [24-26]. Figure 1.1
shows some representative examples. Coordination cages with active coordination
sites are comparatively rare [27].

Figure 1.1 Structures of some mononucleating supporting ligands and their complexes [23-25].

Like their organic counterparts, metalated container molecules can not only
stabilize reactive species or molecules in uncommon conformations [28] but also
act as molecular reaction vessels for encapsulated substrates [29]. Moreover, they
offer the advantage of stronger host-guest (substrate) interactions via coordinative
bonds, thereby allowing activation and transformation of rather unreactive guest
molecules [30, 31]. Complexes of functionalized ligand systems, in which the
substituents serve to from a concave surface, have already been shown to exhibit
enhanced chemical reactivity when compared with their unmodified analogs [32, 33].
They can be used as catalysts for selective organic transformations [20] and as
catalysts for reactions which depend on the reaction medium [34]. Some complexes
were also designed to mimic the hydrophobic binding site of metalloproteins [35].
The unusual properties can be traced back to complementary host-guest interactions
and the distinct size and form of the binding cavities.

1.3
Metalated Container Molecules of Binucleating Supporting Ligands

Only a few ligand systems are known which impose cage-like structures about
polynuclear core structures, and little is known about the chemistry of their
corresponding complexes [36, 37]. These observations led us to study binuclear
metal complexes with bowl-shaped binding cavities, hoping to modulate their
chemical reactivity. In the following, we report the most important findings.
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1.3.1
Synthesis

We have been concerned with the development of binucleating supporting ligands
for metalated container molecules for now about 6 years [38]. The 24-membered
hexaaza-dithiophenolate ligand H,L' and its various derivatives (Scheme 1.1) were
found to support such structures (see Section 1.3.2).
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Scheme 1.1 Binucleating supporting ligands HL.

The new ligands are obtained in good overall yields without the need of metal
templates. Scheme 1.2 illustrates the general procedure. Reductive amination of
tetraaldehyde 1 [39] with diethylene triamine under medium-dilution conditions
affords the macrobicyclic hexaaza-dithioether 2 in excellent yields (>90%) [40]. The
aliphatic thioether linkage serves both as a protecting group for the air-sensitive
thiophenolate groups and as a template function. It can be readily removed with
Na/NH; to give the free ligands.
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Scheme 1.2 Synthesis of H,L' and H,L%

An attractive feature of the macrobicycle 2 is that all of its six secondary amine
functions are readily alkylated without affecting the masked thiolate functions.
Thus, reductive methylation of 2 with formaldehyde and formic acid under
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Eschweiler—Clarke conditions yields the permethylated derivative 3 in nearly quan-
titative yield [41] (Scheme 1.2). Likewise N-alkyl substituents sterically more
demanding than a methyl group (H,L’-H,L’) can be readily introduced via acylation
of 2 with the corresponding acid anhydrides (or acid chlorides) followed by LiAIH,
reduction of the resulting amides [42]. The protocol is also applicable for the synthesis
of the derivatives H,L*H,L®, which offer differing degrees of encapsulation due to
their depth (R’>=H [43], tBu, Ph, 4-tBu [44]). Moreover, compounds H,L'’-H,L"
containing R and R? side arms with terminal CN, OMe, NH, and OH groups are also
readily accessible [45].

The molecular structures of several of the hexaaza-dithioether intermediates have
been determined by X-ray crystallography [43—47]. The macrobicycles adopt highly
folded conformations, which are reminiscent of calixarenes [11] and related Schift-
base macrocycles [48, 49].

1.3.2
Coordination Chemistry of Binucleating Supporting Ligands

All ligands are effective dinucleating ligands that support the formation of biocta-
hedral [M,L(L)]"" complexes with a range of divalent and trivalent metal ions
(M =Mn", Fe", Co", Ni", Zn" [42, 50], Cd" [51], Co™ [52]). Table 1.1 lists a selection of
the synthesized complexes and their labels. The macrocycles adopt either a C,,-
symmetric ‘bowl-shaped’ conformation of type B or a Cs-symmetric ‘saddle-shaped’
conformation of type A (Figure 1.2). The former is observed for multi-atom coligands

Table 1.1 Selected complexes, their labels and structures.®

Complex Structure [d(M---M)/A] Ref.
4 [Ni", L (u-Cl)| A 3.098(2) [41]
5 [Co", LY (u-CI)T* n.d? [40]
6 [Ni", L2 (u-Cl)| ™ A 3.184(1) [41]
7 [Co",L2(u-Cl]+ A 3.165(1) [3.194(1)]) [54]
8 [Ni", L3 (u-Clj* A 3.074(1) [47]
9 [Ni",L°(u-Cl*™ A 3.2400(4) [47)
10 [Mn",L*(1-OAc)] " B 3.456(1) [50]
1 [Fe",L*(1-OAc)|™ B 3.421(1) (50]
12 [Co",L2(1n-OAc)]™ B 3.448(1) (50, 52]
13 [Ni",L*(1-OAc)] B 3.483(1) [50, 54]
14b [Zn",L4(p-OAc)|™ B 3.427(1) (54]
15 [Co",13(1-OAq)] B 3.482(1) [42]
16 [Zn",13(u-OAc)|™ B 3.460(1) [42]
17 [Ni",L3(u-OAc)* B 3.513(1) [42]
18 [Ni",L3(u-OH)]* A 3.037(3) [41]

AThe complexes were isolated as C1O,~ or BPh, salts.

)Not determined.

9There are two independent molecules in the unit cell. Value in square brackets corresponds to the
second molecule.
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I, the latter for single-atom bridges [41, 40]. Complexes of type B are amongst the first
prototypes for binuclear complexes with confined binding cavities [53]. The two
aromatic rings of H,L form the walls of the binding pockets.

Bu +
1 TYPE A

[M,L(L)]*, L' = CI-
ML), L = I, F-, OH- M = Ni", Co"; R = H, Me
M = Ni", Co'; R = H, Me

Figure 1.2 Structures of complexes of binucleating supporting

ligands H,L" and H,L?. The cavity representation used should not

be confused with the one used for cyclodextrins [34].

Bu

1.3.3
Effects of N-alkylation on the Molecular and Electronic Structures of the Complexes

Itis well established that the molecular and electronic structures of metal complexes
of azamacrocycles are affected upon N-alkylation. This is mainly due to two factors:
(i) the decrease in the ligand field strength and (ii) the increase in the steric
requirements upon going from a secondary to a tertiary amine donor function [55].
In order to examine whether the properties of our complexes are affected by the
N-alkyl substituents, we have characterized analogous complexes of the two macro-
cycles H,L' and H,L? by various spectroscopic methods (IR, UV/Vis, EPR,
57 Fe-Mdossbauer spectroscopy), cyclic voltammetry, temperature-dependent magnet-
ic susceptibility measurements and X-ray crystallography. The most important
findings of these investigations are as follows:

* The conversion of the six secondary into tertiary amine donor functions does not
change the overall structure of the [M,L(L')] complexes. That is, the macrocycle
conformation remains constant for a given coligand [41]. This offers the opportu-
nity to extend the rims of the binding pocket of the [M,L(I)] complexes.

o Complexes of the peralkylated macrocycles exhibit longer M-N and shorter M-I’
bond distances than the homologous complexes of the parent compound
(L')*" [47]. In other words, N-functionalization leads to stronger metal-coligand
bonding interactions, which in turn results in a stronger polarization of the
bridging coligands and thus in higher reactivity of the complexes.

The N-alkylated supporting ligands generate a more hydrophobic cavity about the
active coordination site. The NH functions in 4, for example, are involved in inter-
and intra-molecular hydrogen bonding interactions, whereas no such interac-
tions are observed for 6. This drastically alters the ease of the substitution of the
bridging coligands. Thus, while the latter complex reacts readily with NBu,OH in
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acetonitrile to produce the hydroxo-bridged complex 18, the former complex was
found to be unreactive [41].

The donor strength of H,L? is significantly weaker (by ca. 650 cm ') than its
unmodified derivative as determined by UV/Vis spectroscopy [41]. The different
ligand field strengths are also reflected in the redox potentials. In the [M,L*(L)]
complexes the M™ oxidation state is enormously destabilized compared with the
M" oxidation state, even in the case of Co [38, 52]. As a consequence of the weak
ligand field of (L%)*", the Mn", Fe", Co" and Ni" ions in the acetato-bridged
complexes 10-13 adopt high-spin configurations [50].

Overall, the use of the permethylated derivative H,1%in place of’ H,L! influences

many properties of the binuclear [M,L(I!)] " complexes, including color, molecular
and electronic structure, hydrogen bonding interactions, redox potential, complex
stability, and ground spin-state. The reactivity is also greatly affected (see
Section 1.3.5).

1.3.4
The Ligand Matrix as a Medium

A series of zinc complexes (14) bearing different carboxylate coligands were prepared
and characterized by NMR spectroscopy in solution (Table 1.2). The most important
findings of these investigations are as follows:

All complexes exist as discrete species in solution.

The NMR signals of the coligands are shifted downfield from their values in the
uncomplexed form [47, 51, 56]. The shift to higher field can be explained by the ring
current effect. The coligands are located above the center of the two aryl rings of
(L?)*" in the shielding region [57]. This results in the observed chemical shift
change to higher field. It clearly indicates that the ligand matrix functions as a
medium.

Ligand exchange reactions of the zinc complexes are rapid (Scheme 1.3). The
equilibrium concentrations of the individual species are attained within the time
scale of sample preparation (<30s).

Table 1.2 Carboxylato-bridged zinc complexes 14a-14f.

Complex Coligand Structure pKs Kiel
14a [Zn",L*(O,CH)* Formate B 375 0.1
14b [Zn",L*(0,CCH3)]" Acetate B 475 1.0
14c [(Zn",L2(0,CCH,Cl)|™ Chloroacetate B 2.86 1.1
14d [Zn",1?(0,CCH,CH3)]* Propionate B 4.87 2.7
14e [Zn",1%(0,CCeHs)] Benzoate B 4.20 5.4
14f [Zn",1%(0,CCeH4-p-CH3)]™  4-Methyl benzoate B 438 9.0
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14b 14

Scheme 1.3 Exchange of carboxylate ligands in dizinc complexes 14.

In order to probe the hydrophobicity of the binding cavity of the [Zn,L***
fragment [58], the relative stability constants (K.) of the carboxylato-bridged zinc
complexes were determined [59]. The concentrations of the species were measured
by integration of the respective NMR signals and the relative stability constants were
determined with the mass action law. Table 1.2 lists the so calculated values. As can be
seen, the stability constants differ by about two orders of magnitude and are not
correlated with the pK, values of the acids. Rather, they increase in the order
14a<14b<14c<14d <14e<14f. Thus, the larger the organic residue R of the
carboxylate anion (RCO,") the larger is the binding constant. The observed trend
is indicative of hydrophobic effects (Van der Waals interactions) between the
substituents of the carboxylate ion and the macrocyclic ligand. These interactions
contribute to the stability of the complexes.

1.3.5
Variation, Coordination Modes and Activation of Coligands

The coordination chemistry of transition-metal complexes with well-defined binding
pockets is of interest in many respects. In particular, by adjusting the size and form of
the pocket it is often possible to stabilize reactive intermediates or to coordinate
coligands in unusual coordination modes. Such assemblies also offer the opportunity
to study secondary host—guest interactions between the coordinated coligands and
the walls of the host [60]. For systematic investigations it is of importance that various
coligands can be accommodated in the binding pocket of the container molecules.
Single crystals suitable for X-ray structure determinations are also required such that
one can study the effects of the size and form of the binding pocket on the
coordination mode of the coligands and vice versa.

In this context it is to be noted that a large number of coligands can be readily
accommodated in the binding pocket of the [M",L** fragments [86]. These include
Cl™ [41], OH™ [40], NO,, NO3;~, N3~ [61], BH, [62], various carboxylates and
alkylcarbonates [43, 52, 63], N,H,, pyrazolate, pyridazine [61], H,PO,  [54], SH™ [64]
and some biologically relevant molecules such as HCO; ™ [54], (p-NO,CsH,0),PO, "~
and proline [64], to name but a few. Single crystals of X-ray quality were obtained in
each case.

More recent examples of metalated container molecules are 20-22 with classi-
cal [65, 66] or organometallic metallo coligands (Scheme 1.4) [64]. Such compounds
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are readily accessible from the labile C1O,~ complexes 19a,b [65]. They are stable in a
range of organic solvents, and their charged nature gives them good solubility.

OH
[nBuyN][ReO,] H,Mo0, / NEt; AN .< NEt
) 3
l CHyCN MeOH F\e{CO);;O

19a (M = Ni)

Ni~Ni 3.547(1) A

v5(ClO,4) 1113, 1097 cm™!

19b (M = Co)

v;(ClO4) 1113, 1097 cm™ Ni-Ni 3.630(1) A Co~Co 3.522(1) A Ni-Ni 3.477(1) A

gauche-
Konformation

(x ~100°)

v3(ReQy) 931,903 cm'™! v(MoO) 818, 803 cm’!
Scheme 1.4 Preparation of complexes 20-22.

The binding modes of the coligands in the complexes 23-25 merit further
consideration (Scheme 1.5). The hydrazine complex 23 provides an example of an
unusual conformation of a small inorganic molecule. Free hydrazine exists predomi-
nantly in the gauche conformation at room temperature (dihedral angle T ~ 100°) [67].
In 23, a cis (ecliptic) conformation (t=3.7°) is observed. This conformation is
presumably enforced by repulsive NH - - - C,y1 van der Waals interactions [68]. In
24, an unusual conformation of an organic molecule is present [43]. The substituents
in cyclohexene rings generally assume equatorial positions. In 24, they are axial. The
container molecules can also stabilize resonance extremes. Complex 25, bearing a
p-nitrophenolate in the quinoid aci-form is an example [69]. This clearly shows that
[M,L] complexes can accommodate guest molecules in unusual coordination modes.

23

Ni~Ni 3.441(1) A Ni~Ni 3.487(1) A Ni--Ni 3.494(1) A
(t=3.79

Scheme 1.5 Binding mode of the coligands in 23-25.

Finally, reactive molecules can also be incorporated in the binding cavities. The
BH,™ complex 26 is an example (Scheme 1.6). In the absence of air and protic
reagents this compound is stable for weeks both in the solid state and in solution [62].
This stability is quite remarkable given that nickel(II) complexes of sterically less
demandingligands are readily reduced to nickel boride. The BH,  becomes activated
upon coordination as indicated by IR by the shifts of the B-H stretching frequencies
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(Figure 1.3). The complex reacts rapidly with protic reagents (HCI, H,0), with
electrophiles (CO,, Sg) and halogenated solvents (CCly).

— 1.06 A
Hl 120 A —
J - 1.95A
NiNi 3.486(1) A

26 002 (1 bar)
\ ccl, NiNi 3. 486(1) A
' '
6 ) 28
Ni~Ni 3.184(1) A Ni~Ni 3.480(1) A

Scheme 1.6 Reactions of 26.

26

BH3

2400 2200 2000

v/em!
Figure 1.3 IR spectrum of 26.

In summary, a large number of coligands can be accommodated in the binding
pockets of the [M,L]>" complexes. In each case only one of several possible
coordination modes of the coligand is realized. In some cases, the binding pocket
confers very unusual coordination modes or conformations on the guest molecules.
Stabilization and activation of reactive molecules is observed in other instances. Since
the complex integrity is retained in the solution state, the reactivity of these
compounds can be examined (see below).
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1.3.6
Reactivity of the Complexes

It has already been mentioned that utilization of the permethylated ligand (L**" in
place of (L')>™ drastically alters the ease of substitution reactions of the [M,L(Cl)] "
complexes (Section 1.3.2). Further studies revealed a remarkable influence of the
hydrophobic pocket on the rate and course of several substrate transformations,
including for example the fixation of carbon dioxide [54] and the cis-bromination of
o, B-unsaturated carboxylate ligands [63] (Scheme 1.7).

CO, (air)
MeOH
B —

RT, 3d,> 70 %

syn-Addition
10 Eq. Br,
_—
RT, 6h (70 %)
>97:3 ds

Scheme 1.7 Fixation of CO; and cis-bromination of o,B-unsaturated carboxylate ligands.

Recently, it has been found that the outcome of some cycloadditions can be altered
remarkably when they are performed inside the cavity of cyclodextrines [70], self-
assembled molecular capsules [71], or coordination cages [72]. This fact intrigued us
greatly and awoke our interest in the Diels—Alder reactivity of the ‘calixarene-like’
[M,L*(L)] ¥ complexes bearing unsaturated carboxylate coligands I’ [43]. The results
are discussed in more detail.

The observation that o,B-unsaturated carboxylate ligands can be readily incorpo-
rated led us to study an orienting reaction between 35 and 2,3-dimethylbutadiene
(33). The free reaction proceeds readily in toluene solution to give the adduct 34
(Scheme 1.8). However, the reaction of 35 with alarge excess of 33 did not occur, even
when heated at 210 °C for 24 h. The inhibition of the Diels—Alder reaction can be
traced to the limited space in the binding pocket of 35.

The above findings prompted us to study the reaction between a coordinated
dienoate ligand and an external alkene. The reaction between sorbinic acid and
acrylonitrile was selected (Scheme 1.9). This reaction is rather slow (pseudo-first-
order rate constant k' =4.8 x 10757, 1, /2722 days) and produces a mixture of the
four possible Diels—Alder adducts 36a—d along with the by-product 38. The acids
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Ph Toluene Ph
jl\ * I 165 °C, 24h O
COzH ’ HOLC™

> 80 %
32 33 34
i NEt, l NEt,
6 6

I Toluene
210 °C 24h

Scheme 1.8 Preparation of 34, 35 and 24.

isomerize under the basic reaction conditions to give the o, f-unsaturated derivatives

37a-d.

meta adducts ortho adducts
CN Me Me Me Me
Z NEts CN CN
X * I -
77 °C, 8d CN “CN
CO-H CO,H CO,H CO,H COH
36a 36b 36¢ 36d
(endo) (exo) (endo) (exo)
enolization
/\/\)?\
~_CN +
S CN “CN
38 (5%) CO-H CO.H CO.H COH

37a (40%) 37b (28%)  37c (19%) 37d (7%)

Scheme 1.9 Preparation of 36-38. Numbers in parentheses refer to yields of isolated products.

Thereafter, the reaction between the coordinated dienoate ligand in 39 and
acrylonitrile was examined (Scheme 1.10). Surprisingly, this reaction completes
within 56 h (pseudo-first-order rate constant ¥’ = 1.4 x 10 >s ™, 7,, ~ 0.5 days) and
affords only two products, 40a and 40b, in a ratio of 57:43. The products 36a,b can be
liberated via acid hydrolysis. Thus, in striking contrast to the low regioselectivity
observed in the background reaction, the Diels—Alder reaction between the encap-
sulated dienoate and acrylonitrile proceeds with strict ‘meta’ regioselectivity. In
addition, no by-products are detected.
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Me Me
rCN CN WCN
| HCI, CH,Cl, +
—_— > 95 %
77 °C/ 56h > CO,H CO,H
> 90% 36a 36b
(57%) (43%)
39 40a,b

Scheme 1.10 Preparation of complexes 40a,b and Diels-Alder products 36a,b.

This and the fact that the Diels—Alder adducts 36a,b do not isomerize in the
binding pocket of the complexes can be attributed to the directing and protecting
effect of the binding cavity as schematically represented in Scheme 1.11.

Regioselectivity Diels-Alder Selectivity

N Base

Scheme 1.11 Directing and protecting effect of the binding cavity.

Similar results were obtained for analogous complexes of the de-tert-butylated
macrocycle (L*)?~ [43]. The tert-butyl substituents do not affect the regiochemistry of
this particular Diels—Alder reaction, but they clearly increase its rate. The observed
trend is indicative of a small stabilization of the transition-state by hydrophobic
effects (AAG' 2 3KJ/mol; ¥ complex/k background = €Xp(AAG'/RT)). This would be con-
sistent with our earlier observation that complexes bearing less polar carboxylate
anions have the higher stability constants (see Section 1.3.4). Overall, the reaction
between the coordinated sorbinate coligand and acrylonitrile is controlled by the
binding cavity of the complexes and is highly regioselective. The new method is
currently only applicable to dienes with anchoring carboxylate groups, but expansion of
this approach to a general concept for the control of the regioselectivity of Diels-Alder
reactions between unsymmetrical dienes and dienophiles appears to be within reach.

1.4
Conclusions

The development, synthesis, and coordination chemistry of novel metal complexes
with deep binding cavities have been described. It was demonstrated that the doubly
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deprotonated forms of the macrocycles (L)*~ support the formation of complexes of
the type [M,L(L)] with bowl-shaped, ‘calixarene-like’ structures. The compounds are
amongst the first prototypes for metalated container molecules with open binding
cavities. Despite the fact that the active coordination site I is deeply buried in the
center of the molecules, it is readily accessible for a wide range of exogenous guest
molecules. A large number of crystal structure determinations have provided in-
sights into the binding modes of the coligands. These sense the size and form of the
binding pocket of the [M,L]* " fragments, as indicated by distinctive binding modes
and unusual conformations. The use of the N-alkylated macrocycles in place of the
unmodified analogs influences many properties of the binuclear complexes, includ-
ing color, molecular and electronic structure, hydrogen bonding interactions, redox
potential, complex stability, and ground spin-state. The reactivity is also greatly
affected as shown by the activation and transformation of small molecules such as
CO,, the highly diastereoselective cis-bromination of o,B-unsaturated carboxylate
coligands, and some regioselective Diels—Alder reactions.
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