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Cavity effect amplification in the recognition of dicarboxylic acids by
initial ditopic H-bond formation followed by Kkinetic trapping
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Di[dihydroxotin(1v)] Troger’s base bis-porphyrin 1, a host
molecule with two internal and two external guest interaction
sites, binds < 1 equivalent of dicarboxylic acid quantitatively
within the chiral cavity, a regioselectivity amplified by initial
ditopic H-bond formation, followed by kinetic trapping.

Dihydroxotin(Iv) porphyrins have been used extensively as
building blocks in the formation of supramolecular complexes’
and in molecular recognition.” Ligand exchange with protic
oxygen molecules occurs at these systems to form strong six-
coordinate O-bound complexes, with the elimination of water, that
are readily studied by NMR.? It is proposed that the first step in
the ligand exchange process is a H-bond equilibrium complex
between the in situ hydroxo ligand and the incoming guest ligand.*
Observations in the current study can only be rationalised by such
a process. A mechanism of this nature offers the possibility for
guests to organise to a thermodynamic interaction with the host
prior to formation of the ester-like RO-Sn bond. There is scope
for application of this binding phenomenon to the formation of
intricate self-assembled complexes with stability constants far in
excess of those available through the use of more labile assembly
interactions. Herein we report a strategy that combines
dihydroxotin(Iv) porphyrin carboxylate binding chemistry with
rigid cavity host morphology and elucidate a mechanism that leads
to the quantitative, ditopic, internal cavity binding of dicarboxylic
acids.

gy 1 M=Sn(V)(OH), 'Bu

2 M=2H
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Host 1° possesses a relatively rigid chiral cleft and the
orientation of the internal metal binding sites makes it appropriate
for the ditopic association of bridging guest ligands in the interior
of the cavity.® The cavity also possesses two external binding sites
that are more sterically accessible. X-ray crystal structure analysis
of host 1 (Fig. 1a,b)} confirms these design features. Products of
ligand exchange at host 1 can be identified and characterised by
NMR. Summation of the porphyrin ring current effects results in
significant shifts for internally bound ligands which resonate 1.5 to
3.5 ppm upfield of those bound at the exterior.

Regioselective binding of dicarboxylic acids ditopically at the
interior of the cavity extends to malonic acid, succinic acid 3,
glutaric acid and adipic acid. When introduced to host 1 at < 1
mole equivalent,” each of these dicarboxylic acids binds mono-
topically within the cavity in under 10 min and subsequently no
free dicarboxylic acid is detected. Times for complete ditopic

Fig. 1 X-ray crystal structures. Eight meso-3,5-Bu’,C¢Hs groups
removed for clarity. (a) Host 1 view into cavity, (b) side-on view. (c)
Host 1-succinate complex 6 view into cavity, 70% occupancy succinate
shown, (d) side-on view. Complex 6 resides on a 2-fold axis passing
through the centre of the succinate ligand and the bis-porphyrin
bridgehead.
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binding, however, increase markedly with the length of the
dicarboxylic acid from < 2 min for malonic acid, 15 min for
succinic acid 3, 30 min for glutaric acid, to 30 h for adipic acid. The
X-ray crystal structure of one of these products, host 1-succinate 6
is given in Fig. 1.

Of particular interest in the crystal structure of complex 6 is the
orientation of the succinate ligand when bound in the cavity.
Succinate is bound in two conformations in a 70 : 30 ratio. The
70% occupancy is shown in Fig. lc¢,d. This conformation shows
gauche interactions and projection of the succinate carbonyl
oxygens into the rear of the cavity. The 30% occupancy succinate
adopts antiperiplanar geometry and the carbonyl oxygens project
to the mouth of the cavity, leaving what appears as void space at
the interior. Apparently favourable interaction between the
carbonyl oxygen and the interior of the cavity is sufficient to
counter the energy penalty due to eclipsing interactions in the
guest. Structural changes are also evident in the host molecule on
binding of succinic acid 3. The porphyrin macrocycles in complex
6 are distorted from planarity compared with those of the host 1
and the Sn...Sn distance is reduced from 8.60 A to 8.48 A.

Examination by "H NMR of the binding to host 1 of succinic
acid 3 provides a basis for understanding the origins of the high
regioselectivity seen in the binding of this series of dicarboxylic
acids. The mechanism of succinate binding to host 1 is summarised
in Scheme 1. Addition of < 1 equivalent of succinic acid 3 to host
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Scheme 1 Mechanism of succinic acid 3 binding to host 1, representative
of binding mechanism for malonic, glutaric and adipic acids. Porphyrin
macrocycles and methanodiazocine bridge represented by the bold lines.

17 results in interaction first at the interior of the cavity in the form
of a ditopic H-bonded complex. Protonation of one hydroxo
ligand, its dissociation as water, and condensation of the
carboxylate anion with the tin(Iv) centre occurs rapidly to yield
the monotopically bound complex 5 (Fig. 2b, inset). The ditopic
H-bond complex precursor is not detected by '"H NMR. Pre-
organisation of the dicarboxylic acid in the cavity renders the first
ligand exchange process effectively intramolecular, resulting in rate
enhancement. Ligand exchange rates for monodentate acids at
monomeric tin(IV) porphyrin systems can be much slower,
allowing observation of the initial H-bonded complex.* Ligand
exchange at the second internal tin(1v) binding site then occurs to
afford the ditopic complex 6 in under 15 min (Fig. 2¢,d). Although
two distinct conformations of bound succinate are seen in the solid
state structure, the sharp resonances for bound succinate (Fig. 2)
indicate fast conformational changes on the NMR timescale and
therefore that interconversion of these binding modes does not
require Sn—O bond breakage. When internal cavity binding
is complete exchange of external hydroxo ligands commences.
At < 2.0 equivalents of succinic acid 3 a mixture of the 1 : 1

bk
Lo g

)jL‘(e) .

A AA
N

L
w O Jé{ JL_JJL

. L

T 1 T T 1 T T
0 -1 -2 -3 -4 -7 -8 ppm

Fig. 2 'H NMR (400 MHz, CDCly) spectra showing the titration of
succinic acid 3 with host 1.7 0.7 to —1.0 ppm, external succinate ligands,
—1.5 to —4.5 ppm, internal succinate ligands, —6.8 to —8.2 ppm, hydroxo
ligands. (a) Host 1, (b) host 1 + 0.5 equiv. 3, 3 min. Inset shows
expansion of signals for 3 bound monotopically inside the cavity, complex
5. (¢) Host 1 + 0.5 equiv. 3, 15 min. Complete internal ditopic binding,
complex 6 and residual 1. (d) + 0.5 equiv. 3, 1.0 equiv. total, 15 min,
complex 6. (e) + 0.5 equiv. 3, 1.5 equiv. total, 10 min, predominantly
complexes 6 and 7. (f) + 0.5 equiv. 3, 2.0 equiv. total, 10 min, complexes 6,
7 and 8. (g) + 1.0 equiv. 3, 3.0 equiv. total, 10 min, complex 8.
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complex 6, the 2 : 1 complex 7 and the 3 : 1 complex 8 is formed
(Fig. 2¢.f). Addition of a third equivalent results in ligand exchange
at the remaining external binding sites and quantitative formation
of the 3 : 1 complex 8 (Fig. 2¢g). Hydroxo ligand resonances are
included in Fig. 2 and changes in these are easily rationalised by
the proposed binding mechanism. At the completion of ditopic
binding at the interior of the cavity (Fig. 2d) the resonance for the
exterior hydroxo ligands becomes broadened by exchange with
water expelled from the cavity during the binding process.
Satellites to the central '”Sn(tv) and "Sn(1v) nuclei are clear
(host 2 —7.65 ppm (2 H, s, satellites 2Jg, 13 35 Hz), complex 6
—7.21 ppm (2 H, s, satellites >Js, 1y 34 Hz)).

The chirality of host 1 delivers additional information about
binding modes. When subjected to the chiral environment of the
cavity the diastereotopicity of the succinate methylene protons is
evident in the complex splitting of their NMR resonances.
External succinate ligands are also bound in a chiral environment,
however, with less constraint on their conformation, and as a
result the signals for diastereotopic protons on these groups
average to o- and B-methylene. The asymmetric environment of
the cavity is especially evident when the C, symmetry of the
complex is broken, as in the monotopically bound succinic acid
complex 5 (inset, Fig. 2b) and in the 2 : 1 complex 7. In these
instances each of the four succinate methylene protons gives rise to
a multiplet reflecting the complexity of their spin system. These
signals for the 2 : 1 complex 7 are almost coincident with those for
the 1: 1 complex 6 and the 3 : 1 complex 8 (Fig. 2e,f). The obvious
diastereotopicity of the methylene protons for the first equivalent
of bound succinate confirms the chemical shift data, that initial
binding is in the interior of the cavity.

Control experiments were performed to determine the detail of
the mechanism that leads to the quantitative internal cavity
binding exhibited by succinic acid 3 to host 1. (see ESI{) Acetic
acid 4 was bound to di[dihydroxotin(1v)] host 1 to determine the
importance of the second H-bond donor site on the succinate
guest, and acetic acid 4 and succinic acid 3 were bound to
dihydroxotin(1v)-free-base host 2 to determine the importance of
the second internal H-bond acceptor site in the interior of the
cavity. Both these features of the host-guest system were identified
as essential to quantitative internal cavity binding. Acetic acid 4
(1 equivalent) binds to host 1 with only a 1.5-fold preference for
internal cavity positions at 3 min, the time required for quantitative
association of succinic acid 3 in the interior of the cavity.
Equilibration occurs over 100 min to give a 4.5 : 1 ratio of acetates
bound at the interior. Dihydroxotin(IV)-free-base host 2 binds the
first equivalent of acetic acid 4 or succinic acid 3 predominantly at
the exterior of the cavity, with only trace ligand substitution at the
internal position and trace formation of the dicarboxylatotin(Iv)-
free-base complex. This indicates that contributors to the above
cavity effect such as desolvation of guest and cavity are
unimportant compared to the facility to form H-bonding
interactions. For host 2 the free-base porphyrin macrocycle
appears simply to pose a steric barrier to H-bond complexation
in the interior of its cavity, resulting in ligand exchange at the
exterior.

From these studies, a mechanism that accounts for the high
selectivity of binding of dicarboxylic acids in host 1 emerges. A
pre-equilibrium H-bond step in this binding process results in the
formation of a thermodynamic product in the interaction of the

dicarboxylic acid guest and the host, a ditopic H-bond complex in
the interior of the cavity. This complex is subsequently removed
from pre-equilibrium by formation of one ester-like tin(Iv)-
carboxylate bond and the dissociation of a molecule of water,*
thereby syphoning material towards quantitative intra-cavity
binding. Formation of the second tin(Iv)-carboxylate bond in
the cavity is then an intramolecular reaction, the rate of which is
determined by the degree of organisation required of both host
and guest to facilitate binding. As the degree of conformational
freedom of the dicarboxylic acid increases with chain length a
greater period of time is required for adoption of a bound
conformation.

In ongoing studies we have found that this phenomenon, a
labile pre-equilibrium interaction followed by kinetic trapping by
tin(1v)-carboxylate bond formation, also leads to amplification of
the cavity effect in a zinc(1l)-dihydroxotin(1v) Troger’s base bis-
porphyrin® host system, leading to enantioselective intra-cavity
binding of o-amino acids. These studies will be reported shortly.

We thank the Australian Research Council for a Discovery
Grant to MJC, an Australian Postgraduate Award to RASW and
The University of Sydney for an H. B. and F. M. Gritton
postgraduate award to PRB.

Notes and references

i Crystal structure data for host 1: model formula
C157_50H194C1N11010_25Sn2, M 267807, triclinic, P T (#2), a 16468(9), b
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