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A Dendritic Structure Containing a Designed
Cleft which Controls Ligand Coordination
Behavior in an Analogous Way to Proteins**

Michael J. Hannon,* Paul C. Mayers, and
Paul C. Taylor*

Nature uses metal—ion coordination complexes to under-
take many tasks. Frequently it imparts function by modifying
the conventional behavior of a metal complex by incorpo-
ration within a protein superstructure.l'l For example, by
isolating heme groups in the center of globular proteins
oxidative dimerization is prevented and reversible oxygen
binding is achieved. Steric isolation owes much to the
dimensions of such globular proteins which are much larger
than the small molecules prepared by synthetic chemists.
Dendrimers represent a class of monodisperse synthetic
macromolecules? which approach the dimensions of proteins
and have been proposed as potential protein and enzyme
mimics.P! For example, porphyrins have been encapsulated at
the center of spherical organic dendrimers to create com-
pounds analogous to globular electron-transfer proteins and
then used as oxidation catalysts."!

However, in nature, coordination sites are often not
completely encapsulated in the core of a protein. For example,
in carbonic anhydrase (CA) the N; zinc(11)-coordination site is
situated at the foot of a cleft accessible to the solvent. The
essentially hydrophobic protein cleft plays an important role
in the catalytic cycle, by binding the substrate, creating a
hydrogen-bonded solvent network to facilitate proton trans-
fer, and expelling the hydrophilic product.’’! Equally impor-
tantly this cleft modifies and controls the chemistry of the
coordination site. Investigations of zinc(i) species with
tripodal Njligands (L) reveal a strong tendency to form
[ZnL,)** complexes or hydroxy-bridged dimers.”®! In the
enzyme the protein cavity sterically prevents the formation of
these species and discrete mononuclear 1:1 complexes
[ZnL(OH)]* and [ZnL(OH,)]** result. We were interested
to see if we could imitate this natural approach to modify and
control the behavior of a transition metal complex. Rather
than simply isolating a complex within a globular dendritic
structure we have focused on the design of systems in which a
dendritic unit could be used to generate a cavity around a
metal complex.

We reasoned that blocking one direction of “growth” of a
dendrimer would lead to a large cleft in the structure around
the site of the “blockage”. If the metal binding site forms the
blocking group, or is attached to it, then at high generation
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this site should be surrounded by a dendrimer cleft (see
Figure 1). While conventional dendrimers are considered to
be spherical at higher generations with small cavities in the
bulk of the molecule,”! the dendrimers described herein are
different: the cleft is quite distinct from the smaller conven-
tional dendrimer cavities and should persist even when the
dendrimer bulk becomes more densely packed.

To investigate this idea we have designed a series of
dendritic ligands (Figure 1) containing a tripodal Nj;ligand
(extending the CA analogy),!'”) and report herein the effect of
the dendrimer on the complexation ability of the tripodal
ligand.
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Figure 1. The Nj; binding site blocks the growth of the dendrimer as seen in
the first and third generation ligands G,L and G;L; the reulting cleft is seen
in the fourth generation complex Zn"'G,L.

The dendrimers were prepared!'”) by a Fréchet-typel'!l
convergent synthesis.'?l The terminal polyether groups confer
excellent solubility in a wide-range of solvents.'% 3l The
zinc(1) complexes were prepared by treatment of a meth-
anolic solution of the ligand with aqueous ZnCl,. With a
zinc(11) center the dendritic tripyridylmethanol unit (L) could
form either an octahedral bis(L) complex [ZnL,]*" or a
distorted tetrahedral mono(L) complex [ZnLX]"* (where X is
another ligand, e.g. Cl). If the dendritic structure does indeed
form the desired cavity then at higher generation, as the
dendrimer ligand (L) becomes larger, it should sterically
prevent [ZnL,]** formation and thereby favor the [ZnLX]"*
structure (as observed in the natural CA system).
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ZnLX

Znl,

Electrospray mass spectrometry has proved to be a power-
ful technique for analysis such dendrimer complexes and
indicates that [ZnLX]"* formation is indeed the case in
solution (Figure 2)."l The mass spectra of the Zn"' complexes

a) ZnGsl2* Gal*

Zn(Ggl) 2

ZnG,LCH
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Figure 2. a) EST mass spectrum of the Zn""G;L complex; b) ES* FT-ICR
mass spectrum of Zn"G,L complex and (inset) an expansion of the
[ZnLCIH]** signal together with the theoretical isotope pattern (below).

of the dendrimer ligands are dependent on the size of the
dendrimer unit. Thus the mass spectrum of the Zn"G,L
complex (not shown) is dominated by an intense signal
corresponding to [ZnL,]**. At generation three, the mass
spectrum of the Zn'G;L complex exhibits an intense signal at
mlz 1176 corresponding to [ZnL]* but a more complex set of
weak signals at m/z 2288, 2319, and 2387 corresponding to
[LH]*, [ZnL,]**, and [ZnLCl]*, respectively, seem to indicate
that the product is a mixture of 2:1 and 1:1 ligand/metal
complexes (Figure 2a). Significantly different results are
obtained for G,L (Figure 2b). The positive electrospray
ionization Fourier transform ion cyclotron resonance (ES*
FT-ICR) mass spectrum of the Zn"G,L complex exhibits
signals at m/z 2249 [ZnL]**, 2267 [ZnLCIH]**, 2279
[ZnLCINa]**, and 2287 [ZnLCIK]**. No signals correspond-
ing to [ZnL,]** species were observed. The isotopic distribu-
tion of the signals matches the theoretical calculation in all
four cases.
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While this result does indicate that, as desired, the bulk of
the dendrimer disfavors the formation of ZnL, species, the
absence of the peak in the mass spectrum is not of itself
definitive evidence. The required evidence comes from NMR
spectroscopy titration studies.'’] For the generation one
ligand (G,L) in dichloromethane solution (with 5% meth-
anol),l'l at a metal:ligand ratio of 1:2 only [ZnL,]** is
detected. As the ratio of metal is increased to 1:1, resonance
signals corresponding to [ZnLX]" start to appear but [ZnL,]**
remains as a major species in solution.l'’l Even at a ratio of
10:1 resonance signals corresponding to the [ZnL,]** species
remain. Almost identical behavior is observed for both the
generation two and generation three ligands (G,L and G;L).
This is illustrated for G;L in Figure 3a. For the generation
four ligand (G,L; Figure 3b) at a Zn:L ratio of 1:2, [ZnL,]** is
still the dominant species, however, at a ratio of 1:1 only very
trace amounts of [ZnL,]>* are observed and the solution
contains predominantly [ZnLX]*. Equally dramatic effects
are also observed in both CD;0D and D,O solutions, where
for G,L the [ZnL,]** complex is so disfavored that at a
Zn:L ratio of 1:2, [ZnLX]" is the dominant species with free
L and [ZnL,]** also present in the solution mixture. These
NMR titrations in all three solvents reveal a quite dramatic
change of behavior between generation three and genera-
tion four.

In conclusion evidence from NMR spectroscopy and ES-
MS spectrometry confirm that dendritic units can be used to
control and modify the conventional behavior of a complex in
a similar way to that achieved by protein structures in nature.
The generation four dendritic ligand (L = G,L) is effective in

a) L b)

JLJL

sterically isolating a coordinated metal ion and thus disfavors
the formation of ZnL, species and leads to the formation of
1:1 complexes. The ligand also confers excellent solubility in a
wide-range of solvents, including water. An attractive feature
of this dendrimer-based approach is the potential both for
systematically varying the nature and composition of the cleft
and for extension to the isolation of different coordination
environments as observed in a wide-range of enzymes.

Experimental Section

The dendritic ligands G,L-G,L were prepared as described in ref. [10]
Electrospray mass spectra were performed on solutions of metal complexes
prepared by adding excess dendrimer to the required metal salt (ZnCl,).
Proton NMR spectroscopy titrations were performed at constant ligand
concentration, varying the metal salt concentration. Zn(ClO,), was used for
the titrations in CD,Cl, solution and ZnCl, in CD;OD and D,0.
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Metallacrowns are a new class of multinuclear clusters that
are analogous to crown ethers in both structure and func-
tion.l:2 One may substitute heteroatoms such as transition
metals and nitrogen atoms for the methylene carbon atoms of
the parent crown ether complexes to form metallacrowns.
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Therefore, there has been considerable interest in metal-
lacrown chemistry owing to its potential applications in
chemically modified electrodes, anion-selective separation
agents, liquid-crystal precursors, and magnetic materials.P!
Salicylhydroxamic acid (H,shi) was used as the template
ligand in the synthesis of the early metallacrowns. Many
examples of this kind of metallacrown are known, for
example, [9]metallacrowns-3,>4 [12]metallacrowns-4,[!:2 3-8l
and [15]metallacrowns-5,° which have a [M-N-O], repeat
unit that forms a cyclic structure. Several compounds with the
metallacrown structure type have been developed.!'”] Recent-
ly, an [18]metallacrown-6 using N-formylsalicylhydrazide
(H;fshz) as a ligand was reported.'!l This metallacrown is
the second kind of metallacrown with a [M-N-N], repeating
unit in which nitrogen atoms replace all the oxygen atoms in
the cyclic structure.

Although some [9]metallacrowns-3, [12]metallacrowns-4,
[15]metallacrowns-5, and an [18]metallacrown-6 are known,
there has yet been no report of any [30]metallacrown-10.
Taking the limitations of metallacrowns based solely on shi*~
and fshz’~ templates into account, we have greatly expanded
the types of precursor ligands with the intention of modifying
the ring size, as well as the electronic, magnetic, and other
physical properties of the metallacrowns. We found that the
choice of ligand plays an important role in preparing new
metallacrowns with high nuclear number, such as the title
[30]metallacrowns-10. Herein we provide a new potential
pentadentate ligand N-phenylsalicylhydrazidate (1) (H;bzshz,
Scheme 1a) and the first two [30]metallacrowns-10, 2 and 3.

a) b)

CH M

Iz

(o]

Scheme 1. Ligand Hsbzshz (a) and basic biding sites in compounds 2 and 3
(M =Mn, Fe) (b).

The two title [30]metallacrowns-10 are also the second kind of
metallacrown with a [M—N—N], repeating unit, which may be
more appropriately called an azametallacrown.['”

[Mn(C,,HyN,0;)(CH;0H) ], 5 CH,Cl, - 16 CH;0H - H,O 2

[Fe(C,HyN,0,)(CH;0H) ], - 3CH,CL - 12.5CH,0H - 5H,0 3

Single-crystal X-ray analysis of compound 2 (Figure 1)
showed that there is a planar decanuclear 30-membered ring
in the manganese metallacrown core. The 30-membered core
ring exhibits crystallographic centrosymmetry and is a [Mn-N-
N],, ring with neighboring Mn --- Mn interatomic distances of
4.906(1)-4.986(2) A. The size of the cavity in the 30-
membered ring, measured between the opposite carbon
atoms (less 1.57 A for the van der Waals radii of carbon) is
6.80, 7.61, 6.39, 748, and 723 for C(13)-C(13a), C(26)-
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