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Cycloaddition

Molecular tweezers were synthesised by using a microwave
accelerated alkene plus cyclobutane epoxide reaction be-
tween norbornyl appended porphyrin moieties and a diepox-
ide functionalised phenyl diimide spacer. The tweezers con-
tain several rotational degrees of freedom; about the
porphyrin with respect to the norbornyl linker, and between
the two norbornyl backbone sections. The ability of Zn'
metallated tweezer 1 to complex 1,4-diazabicyclo[2.2.2]-

octane (DABCO) was studied by UV/Vis and '"H NMR spec-
troscopy and multivariate global spectral analysis. The sys-
tem was found to form a strong 1:1 intramolecular complex
(1:DABCO) with an association constant of K;; =
8.1 X107 M, transforming to a 1:2 open complex
[1:(DABCO),] with Kj, = 2.7 X 10° M2 at high concentrations
of DABCO.

Introduction

Molecular tweezers have been the focus of much research
over the last several decades and continue to be actively
pursued today, with several large reviews being recently
published.!! A plethora of architectures have been synthe-
sised which accommodate guests such as aromatic com-
pounds,?l anions,! cations,™ fullerenes™ and amines.3-54-61
This versatility in design, structure and function makes mo-
lecular tweezers suitable candidates for the fabrication of
nanoscale molecular devices.l'&!°1 Consequently, molecular
tweezers are beginning to find applications in targeted drug
delivery and controlled release,”°! and in the determination
of enantiomeric purity or absolute configuration of chiral
guest compounds.l”)

Metalloporphyrins are ideal components of molecular
tweezers because the metal centre coordinates axially with
diamine guests, generating sandwich complexes with large
association constants.'>%¢8] There has been significant
work on bis-porphyrin tweezers and capsules,*>* includ-
ing those containing bridged polycyclic backbones.! These
polycyclic backbones are characterised by a high degree of
rigidity when they do not contain semi-flexible components
such as non bridged cyclohexane(ene) rings or fused aro-
matic rings.>10

We report herein our latest molecular tweezer design, in
which we have opted for linkages that introduce rotational
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degrees of freedom about single bonds. Bis-porphyrin hosts
containing linkers that allow defined changes in both inter-
porphyrin distance and angle have been reported.[''] How-
ever, this has little effect on the strength of complex forma-
tion in systems of varying degrees of preorganis-
ationl0-0k-0m.9a.95.12] relative to more constrained hosts. We
have used UV/Vis and NMR spectroscopy to follow the in-
teraction of Zn'" metallated tweezer 1 with diamine guest
DABCO and determined the association constant for this
complexation by using multivariate global spectral analysis
(Figure 1).
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Figure 1. Molecular tweezer complex, 1: DABCO.

Results and Discussion

Synthesis

The synthesis of molecular tweezer 1 began with conden-
sation of exo-anhydride 231 with aminoporphyrin 3,04
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Scheme 1. (i) CHCls, reflux, overnight, Ar deoxygenated; (i) NaOAc/Ac,O, 80 °C, overnight, 4 72%, 6 84%; (iii)) DMAD (2 equiv.),
[RuH,(CO)(PPhs);] (5 mol-%), toluene, 100 °C, 3 d, 67 %; (iv) Zn(OAc),/MeOH/CHCl;, reflux, 30 min, 95%.

generating porphyrin block 4 (Scheme 1). Product 4 was
characterised with NMR spectroscopy and revealed reso-
nances typical for porphyrin and norbornyl moieties. Anhy-
dride 2 was also reacted with dimethyl acetylenedicarboxyl-
ate (DMAD) using the Mitsudo reaction,!'”! which is a ru-
thenium catalysed!'®! [2+2] cycloaddition, to yield 5. Subse-
quent reaction with aminoporphyrin 3 gave compound 6,
which was metallated in the normal manner!!”! to give 7.[18]
This latter material was used in UV/Vis studies as the mo-
nomeric porphyrin component of tweezer 1, which was the
subject of UV/Vis complexation equilibrium studies.
Joining two molecules of 4 together was achieved by
using linker molecule 12 (Scheme 2). Compound 12 was
synthesised from endo-anhydride 8,1'! which was appended
with a methyl ester substituted cyclobutene ring by Mitsudo
reaction with DMAD, to give 9. In contrast to previous
reports,?”) we obtained good yields of 9 in our reactions.
Two equivalents of 9 were subsequently ring opened at the
anhydride functionality by p-phenylenediamine (10) to gen-
erate the diamic acid (not shown), which upon ring closing
yielded phenyl diimide linker 11. The conversion of 11 into
diepoxide 12 was achieved through a nucleophilic epoxid-

ation?!! by using anhydrous ferz-butyl hydroperoxide in tol-
uenel??/potassium zert-butoxide.

Coupling of 4 and 12 (used as a mixture with 11) to
give free base tweezer 13 was achieved by the alkene plus
cyclobutane epoxide (ACE) reaction (Scheme 2), which
generates exo-fused bridged polycyclic backbones through
thermal ring opening of the epoxide to a 1,3-dipole, fol-
lowed by 1,3-dipolar [3+2] cycloaddition reaction with a
norbornene dipolarophile.”!! Conventionally, this reaction
takes place in a sealed tube under medium to forcing reac-
tion conditions, at temperatures as high as 170 °CI°! for as
long as 90 h.°3] However, with the recent development of
microwave accelerated ACE reactions,?¥! reaction times are
reported to be much shorter (10 to 60 min) with little degra-
dation. The microwave accelerated ACE reaction was found
to lend itself to our substrates, giving 13 in 38% yield.

Free base tweezer 13 was identified by several features
in the NMR spectra characteristic of ACE reactions. The
resonance at § = 90 ppm in the '*C NMR spectrum is ob-
served in similar polycyclic systems!'%! and is assigned to
the bridgehead carbon atoms in the newly formed methyl
ester substituted oxanorbornane.['%! In the '"H NMR spec-

Scheme 2. (i) DMAD (2 equiv.), [RuH,(CO)(PPhs);] (5 mol-%), toluene, 100 °C, 3 d, 77%; (ii) p-phenylenediamine (10, 0.5 equiv.), Ar
deoxygenated, dry DMF, 80 °C, 3 d; (iii) NaOAc/Ac,0, 80 °C, 3 d, 25%; (iv) anhydrous tBuOOH in toluene (3.3 M, 2.5 equiv.), dry
CH,Cl,, 0 °C, 10 min, tBuOK (1 equiv.), room temp., 3.5 h, 28%; (v) 4 (2 equiv.), dry THF, microwave 80-220 W, 14-20 bar, 180 °C, 2 h,

38%; (vi) Zn(OAc),/MeOH/CHCl;, reflux, 30 min, 95%.
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trum, a small downfield shift was observed for the methyl
ester resonance,” along with the disappearance of the nor-
bornene proton resonance from 4 at 6 = 6.45 ppm. Further-
more, the '"H COSY spectrum reveals two separate spin sys-
tems for the endo- and exo-components of the backbone
within 13. The methylene bridge protons H,/Hy, and H./Hq4
(Scheme 2) appear at significantly different chemical shifts,
characteristic of steric compression by oxygen in these sys-
tems,?”! and confirms the formation of a linear ACE prod-
uct.?%1 These resonances occur at chemical shifts of § =
1.38/2.75 and 1.22/2.55 ppm, however the absence of nOe
signals prevented their exact assignment as either H,/H, or
H/Hg. Within the aromatic region of the '"H NMR spec-
trum of 13, there is some evidence of splitting within the
meso-phenyl resonances, indicating facial differentiation
and interaction of the two porphyrins within the tweezer at
millimolar (NMR) concentrations. HRMS further con-
firmed the identity of 13: caled. [M + H]* 2267.7813; found
2267.7854.

Zinc(II) metallation of 13 under standard conditions!!”}
to give target tweezer 1 was characterised by loss of the
porphyrin inner pyrrole proton resonance at ¢ = —2.81 ppm,
and was further confirmed by HRMS: caled. [M + HJ*
2391.6094; found 2391.6044. Although changes to the UV/
Vis spectrum of porphyrins are typically observed upon me-
tallation, in this case there was no significant shift in the
Soret band, with only changes to the Q-bands being ob-
served. Dilution of a chloroform solution of 1 (10 to
10~7 M) resulted in only minor changes to the peak width,
indicating that there was no significant aggregation of the
tweezer. In addition, at NMR concentrations (19 to
2.3 mM), only minor (< 0.1 ppm) shifts were observed in
the resonances for 1, again indicating no significant aggre-
gation.

Host-Guest Titrations with DABCO

The interaction between Zn'! tweezer 1 and the diamino
ligand DABCO was examined by UV/Vis and NMR spec-
troscopy. In line with other bis-porphyrin host systems re-
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ported in the literature,[° %1 host 1 is in rapid equilibrium
between a variety of conformations, the extremes of which
are syn- and anti-. These can form various complexes in
solution, all of which are in equilibrium. These possibilities
are outlined schematically in Figure2 and reveal the
possibility of 1:1, {K;; = [1:DABCO]/([1]DABCO]))},
1:2 {K;» = [1:(DABCO),J/([1][DABCOJ)}, 2:1 {K5 =
[1,:DABCO]/([12[DABCO])} and  2:2 {Ky, =
[1,:(DABCO),)/([1[DABCOJ?)} stoichiometries.

UV/Vis Spectroscopy

Prior to analysis of the bis-porphyrin system 1, we
studied the complexation of mono-porphyrin compound 7.
Dilution of a chloroform solution of 7 resulted in only
minor changes to the peak width, indicating that there was
no significant aggregation of the mono-porphyrin. Titration
of a solution of monodentate quinuclidine (1-azabicy-
clo[2.2.2]octane) 14 to a solution of 7 resulted in a red shift
of the Soret band from 419.3 nm in 7 to 430.6 nm, indicat-
ing the formation of 7:14. The UV/Vis titration data was
analysed by using multivariate global spectral analysis
(HypSpec, Protonic Software®*), and the microscopic
binding constant K;; was determined to be 2.5 % 103 M !in
CHCl;. This association constant is similar to the value ob-
served for other mono-porphyrin quinuclidine complexes in
the literature,’®! thus it can be concluded that the norbornyl
backbone has little influence on the complexation ability of
the metalloporphyrin.

The UV/Vis spectra of mono-porphyrin 7 and bis-por-
phyrin tweezer 1 are almost identical in peak shape, with
Soret peak band-widths at half height of 10 and 11 nm,
respectively. This is indicative of the absence of interactions
between the porphyrins in 1167251 at UV/Vis concentrations
(107 to 1077 M), and suggests that the porphyrin units are
able to undergo rapid rotation about the single bond be-
tween the imide and porphyrin moiety and/or the linking
aromatic unit between the arms of the tweezer at these con-
centrations.

anti-

©

0

1,:(DABCO),

T

1:(DABCO),

Figure 2. Schematic representation of the various equilibria between 1 and DABCO.
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Titration of a solution of DABCO into a solution of bis-
porphyrin tweezer 1 resulted in a red shift of the UV/Vis
spectrum (Figure 3), with the Soret maximum moving from
419.5 to 423.4 nm, and is characteristic of a bis-porphyrin
DABCO sandwich complex.[°¢°"l The red shift was essen-
tially complete after the addition of slightly greater than
one equivalent of DABCO. A clear isosbestic point was ob-
served, which suggests that complexation proceeds between
two well-defined species in solution without generating an
intermediate species.[°-6h-6 The sandwich complex is
stable in the presence of an excess of DABCO (approxi-
mately 5000 equiv.), after which it is slowly converted most
likely to an open 1:(DABCO), complex, in which DABCO
is bound to each porphyrin singly rather than as a sand-
wich. This transition is only half complete by the addition
of 45000 equiv., and only after the addition of 200000 equiv.
does this become the dominant species in solution, with a
Soret maximum of 429.4 nm. This is characteristic of simple
mono-porphyrin DABCO complexes,[°&M and is similar to
that observed for simple mono-porphyrin quinuclidine
complex 7:14.

400 405 410 415 420 425 430 435 440 445 450
Wavelength, A/nm

Figure 3. UV/Vis titration of 1 with DABCO in chloroform [red
line 1, blue line 1:DABCO, green line 1:(DABCO)5,].

Shown in Figure 4 (a and b) are speciation diagrams for
the UV/Vis titration data that have been separated out into
0-2 equiv. DABCO and 0-200000 equiv. DABCO. Clearly
visible is the initial formation of the 1:1 complex between 1
and DABCO (1:DABCO), and its conversion into the 1:2
complex [1:(DABCO),] as more equivalents of DABCO are
added to the solution. Given the possible complexation geo-
metries shown in Figure 2, we attempted to fit the UV/Vis
titration data to account for the formation of 2:2 and 2:1
complexation stoichiometries, 1,:(DABCO), (K,,) and
1,:DABCO (K,)), respectively. However, the data could not
be fitted to these species, suggesting that the ternary inter-
molecular complexes 1,:(DABCO), and 1,:DABCO are not
formed to any appreciable extent at UV/Vis concentrations
(107 to 1077 m). The UV/Vis titration data gave an excellent
fit for a 1:1 plus 1:2 binding model, giving K;; =
8.1x107 M 'and K, = 2.7x10° M 2 in CHCl;, and were
assigned to intramolecular 1:DABCO and open
1:(DABCO),, respectively (Figure 2). The best fit of the al-

4 WWW.Eurjoc.org

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

gorithm for the formation of 1:DABCO and 1:(DABCO),
to the titration data is shown in Figure 4 (c and d). The K,
obtained for 1:DABCO is over two orders of magnitude
larger than 7:14, and this enhancement is indicative of a
bis-porphyrin DABCO sandwich complex.[0-6k6ml A sum-
mary of the UV/Vis data is provided in Table 1.

100 100 -
1 b
-2 80 80 +
=
° |
2 60 60 -
B ] K1 = | Kz =
[
S 40 8.1x10°M* 4 | 2.7x10° M2
s |
Q
[
& 20 20
N i
0 0 . T - 1
0 100000 200000
Equivalents of DABCO
1.0E+06 - 1.0E406 -
. o d
g
$ 8.0E+05 - 8.0E+05 -
S
IS E
I
@ 6.0E+05 - 6.0E+05
3
Q 4
©
L 4,0E+05 - 4.0E+05
2 ] ]
<
& 2.0E+05 - 2.0E+05 -
[<]
S 4
0.0E+00 . r , 0.0E+00 : . : .
0 1 2 0 100000 200000

Equivalents of DABCO

Figure 4. Speciation diagram of 1 with DABCO (HypSpec,
HySS2009) for (a) 0-2 equiv.; (b) 0-200000 equiv. [red line 1, blue
line 1:DABCO, green line 1:(DABCO),]; (c) Best fit (black line) of
the algorithm for equilibria between 1, DABCO, 1:DABCO and
1:(DABCO), to the titration data (black circles) for 0-2 equiv. of
DABCO; (d) 0-200000 equiv. of DABCO.

Table 1. Summary of UV/Vis data in chloroform.

Species 7 714 1 I:DABCO 1(DABCO),
D (M) 419.3 430.6 419.5 4234 4294

K, 25X 105 M 8IX107M ! 27%10° M2
Width® (am) 10 11

[a] Peak band width measured at half height.

Although the porphyrins in 1 can freely rotate about the
bonds adjacent to the phenyl group, and either half of 1
may rotate about the bond to the central phenyl diimide
group, the large association constants observed for
1:DABCO and 1:(DABCO), support the observations by
others[®-6m-9a.12b] that systems need only be moderately pre-
organized for large association constants to arise. Such ro-
tational freedom has been found to enhance host respon-
siveness in catalysing the rate acceleration of a hetero-Di-
els—Alder reaction!!'?? and in the mechanical twisting of a
guest by a light-powered molecular pedal.l5a

Eur. J. Org. Chem. 0000, 0-0
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'H NMR Spectroscopic Studies

'H NMR spectroscopy has been extensively used to char-
acterise supramolecular complexes in solution because it is
able to give information on chemical environments of nuclei
as well as on speciation. We sought to characterise
1:DABCO and 1:(DABCO), through 'H NMR titration of
1 with DABCO in CDCl;. At 20 °C, the B-pyrrole signals
for uncomplexed 1 are at 6 = 8.94 ppm (Figure 5, a). The
addition of 0.5 equiv. of DABCO resulted in a broadening
of the porphyrin B-pyrrole resonance and the appearance
of a second B-pyrrole signal for the complex at ¢ =
8.54 ppm, most likely 1:DABCO. This upfield shift is typi-
cal of B-pyrrole protons in a bis-porphyrin DABCO sand-
wich complex and results from shielding by opposing ring
currents of two porphyrin aromatic systems in close prox-
imity.[0&-60-26] The species are in slow exchange on the NMR
timescale at ambient temperature up to 0.9 equiv. of
DABCO, and the B-pyrrole complex signal increases at the
expense of uncomplexed 1. Addition of 5 equiv. of DABCO
causes the B-pyrrole resonance to shift downfield as increas-
ing proportions of 1:(DABCO), form in fast exchange.

Further understanding of the complexation of DABCO
by 1 is gained from the DABCO methylene resonance (Fig-
ure 5, b). For the addition of up to 0.9 equiv. of DABCO,
a sharp singlet was observed at —4.89 ppm (Figure 5, b),
and shows the expected integration for each addition of
DABCO. This large upfield shift is typical of DABCO
methylene protons in a bis-porphyrin DABCO sandwich
complex, and again results from shielding by opposing ring
currents of two porphyrin aromatic systems in close proxi-
ity [64-6F-6h.26-27]

At one equivalent of DABCO, the 1:DABCO resonance
is broader, consistent with chemical exchange occurring
with another species at a fast exchange rate on the NMR
timescale at 20 °C. Slowing the exchange rate by lowering
the temperature to —50 °C revealed a second broad signal
at —3.0 ppm (shown by asterisk Figure 5, b), which is char-
acteristic of the a methylene protons of DABCO bound to
a single porphyrin,[°*-¢¢l and most likely corresponds to the
destruction of the intramolecular 1:DABCO complex to the
open 1:(DABCO), complex. Furthermore at —50 °C and
one equivalent of DABCO, two weak bis-porphyrin
DABCO sandwich complex signals are observed in addition
to the main signal at -5 ppm (shown by arrows in Figure 5,
b). These are attributed to the formation of small amounts
of ternary intermolecular complexes other than intramolec-
ular 1:DABCO, such as 1,:(DABCO), and 1,:DABCO.
When 1.25 equiv. of DABCO are added at —50°C, the
broadened open 1:(DABCO), resonance increases in area
whereas the 1: DABCO resonance broadens as its concen-
tration diminishes, and exchange between the two com-
plexes increases.

In addition, at —50 °C and less than one equivalent of
DABCO, differentiation of the meso-phenyl proton reso-
nances depending on their facial orientation within the
complex was observed (not shown). No further desym-
metrisation of the spectrum was observed to —90 °C for ap-

Eur. J. Org. Chem. 0000, 0-0
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Figure 5. Selected '"H NMR spectra with various equivalents of
DABCO. (a) B-Pyrrole region; (b) complexed DABCO region. As-
terixes show DABCO resonances within the 1:(DABCO), complex.
Arrows identify the minor amount of 1,:(DABCO), and
1,:DABCO complexes formed in addition to the main complex
1:DABCO.

proximately 0.25 equiv. of DABCO in CD,Cl,.[? This indi-
cated that axial ligand rotation of DABCO about the Zn—
Zn axis of the bis-porphyrin sandwich was rapid on the
NMR timescale at this temperature.””’ NOESY of this
same solution at —60 °C revealed dipolar connectivity be-
tween the DABCO signal and both the B-pyrrole complex
signal and several meso-phenyl complex signals.[3]

To further investigate the composition of the complex
formed between 1 and DABCO at millimolar concentra-
tions, a simulated NMR speciation diagram was generated
by using association constants K;; and K;, determined
from the UV/Vis titrations and analysed relative to experi-
mental NMR titration data.l®®"1 When < 1equiv. of
DABCO is added, the system is in slow exchange on the
NMR timescale and the relative amounts of free and com-
plexed 1 can be determined from the integration of the B-
pyrrole resonances. Figure 6 shows the simulated NMR
speciation diagram for 1:1 (1:DABCO) plus 1:2
[1:(DABCO),] species (HySS2009, Protonic Softwarel?*)
and the experimentally determined NMR speciation for the
slow exchange region of the titration. The excellent corre-
lation between the simulated and experimental speciation in

WWW.eurjoc.org 5
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the 1:1 region of the plot confirms the formation of intra-
molecular complex 1:DABCO as the dominant species at
both UV/Vis and NMR concentrations.

100

S D 00
o o o

N
o

% Speciation relative to [1],

0 1 2 3 4 5
Equivalents of DABCO

Figure 6. Simulated NMR speciation diagram [red line 1, blue line
1:DABCO, green line 1:(DABCO),] generated from UV/Vis deter-
mined association constants K;; and K;,, and experimental NMR
speciation (black circles) for the slow exchange region of the NMR
titration (< 1 equiv. of DABCO).

Molecular modelling (Spartan ’10, Wavefunction,
Inc.) was undertaken to determine the equilibrium geom-
etry of the 1:DABCO complex. The semi-empirical (AM1)
calculation is shown in Figure 7. The porphyrin moieties
are rotated somewhat relative to the idealised representation
in Figure 1. Rotation is also observed between the two nor-
bornyl arms of the tweezer about the central phenyl diimide
group. However, there does not appear to be any strain
within the complex and this supports the high association
constant that has been determined.

Figure 7. Semi-empirical (AM1) molecular modelling of the
1:DABCO complex.

Conclusions

We have designed and successfully synthesised a bis-por-
phyrin containing molecular tweezer in which the porphyrin
units are able to rotate freely with respect to the norbornyl
backbone as well as the central linking phenyl diimide unit.
The tweezer forms a strong intramolecular 1:1 complex
with DABCO (1:DABCO), moving to an open 1:2 complex
[1:(DABCO),] at high concentrations of DABCO, with as-
sociation constants of K;; = 8.1X10’m'and K, =

6 WWW.eurjoc.org
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2.7 X 10° M2, respectively. The same complexation stoichio-
metry was found to occur at the different concentrations
employed in the UV/Vis and NMR experiments.

Our current synthetic efforts are directed towards ana-
logues of 1 that contain a sterically bulky 2,3,5,6-tetra-
methyl-substituted phenyl linker. This system is expected to
exhibit restricted rotation about the central phenyl diimide
linking unit and will allow us to isolate the syn- and anti-
conformations as separate species. The complexation with
ligands such as DABCO should then allow for the forma-
tion of 1:1 and 2:2 species separately.

Experimental Section

General Methods: NMR spectra were recorded with a Bruker
UltraShield Avance 111 400 MHz or 600 MHz NMR Spectrometer
running the TopSpin 2.1 software package at 299 K and 293 K,
respectively. CDCl; was deacidified by passing it through neutral
activated aluminium oxide 70-290 mesh (Scharlau, activity degree
1, grain size 0.05-0.2 mm) and stored over silver foil/molecular si-
eves. NMR host-guest titrations were carried out at constant host
concentrations of = 1073 M in CDCls.

Microwave reactions were performed in a CEM Discover S-Class
microwave in reaction vessels (10 mL) loaded with combined start-
ing materials (0.25g) in solvent (no more than 2 mL). The micro-
wave was operated in variable power (dynamic) mode with the fol-
lowing parameters: power 300 W, pressure 20 bar, temperature
180 °C, stirring high, air/nitrogen cooling off. Ramp time to 180 °C
was 30 min, with the pressure reaching 16.5 bar. The sample was
held at this temperature for a further 60 min, automatically modu-
lating the power between 80-220 W, with the pressure tapering to
14 bar.

UV/Vis spectra were recorded with a Cary 50 instrument at 20 °C
in a Starna Type 21 SX 1cm? quartz cuvette with the following
parameters: average time 0.05 s, data interval 0.15 nm, scan rate
180 nm/min, wavelength range 300-700 nm, baseline correction
against chloroform. All UV/Vis spectra were recorded in dry
CHCls, prepared by heating to reflux over P,Os/distillation,*?! and
deacidified as above. UV/Vis host-guest titrations were carried out
at constant host concentrations of ca. 10°-10~7 M in CHCl;.

All samples for host-guest titrations were weighed with either a
Shimadzu AUW220D or a AandD GR-202 five decimal point bal-
ance. Volumetric glassware (A) was used for volumes = 1 mL, and
SGE and Hamilton gas-tight microlitre syringes for volumes 10—
500 pL. Association constants and speciation diagrams were calcu-
lated from the UV/Vis titration data using the HypSpec and
HySS2009 software packagesi>* over 400-450 nm. Errors were esti-
mated to be 10%.

High-resolution mass spectrometry measurements of tweezers 13
and 1 were recorded with an Agilent 6220 TOF mass spectrometer
fitted with a dual ESI source by using a fragmentor voltage of
300 V. All other compounds were recorded with a Waters Synapt
HDMS; electrospray, positive ion with lockspray.

Molecular modelling of equilibrium geometry was calculated at a
semi-empirical (AM1) level with the Spartan ’10 software pack-
age.31]

Melting points were measured with a Barloworld Scientific SMP10
melting point apparatus.

Dry tetrahydrofuran (THF) was freshly distilled from sodium/
benzophenone, dry CH,Cl, freshly distilled from CaH,, and dry
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dimethylformamide (DMF) distilled under reduced pressure onto
fresh molecular sieves after stirring on molecular sieves over-
night.[3? The following chemicals were purified by sublimation un-
der high vacuum at 0.17 Torr: DABCO 100 °C then again at 50 °C,
potassium zert-butoxide 160 °C, p-phenylenediamine (10) 100 °C,
and all stored under a nitrogen atmosphere protected from light.

TLC (Merck Kieselgel silica gel 60 F,s,4 aluminium sheets) was used
to monitor reaction progress and locate compounds eluted during
column chromatography (Grace Davison Discovery Sciences, Davi-
sil silica gel, 60 A, 40-63 um). Colourless compounds were visual-
ised by using a UV lamp or permanganate dip stain.

exo-Porphyrin Block 4: A solution of anhydride 2('31 (168 mg,
1.02 mmol) and aminoporphyrin 314! (646 mg, 1.03 mmol) in de-
gassed CHCl; (10 mL) was heated to reflux overnight under an
argon atmosphere, forming a precipitate. The solvent was removed
in vacuo, the residue redissolved in Ac,O (10 mL), NaOAc
(280 mg, 2.06 mmol) added, and the solution heated at 80 °C over-
night, after which the Ac,O was removed by distillation under re-
duced pressure. The mixture was redissolved in CHCl; (100 mL),
washed with H,O (2 X 100 mL), NaOH (2 M, 3X 100 mL), H,O
(100 mL), dried with Na,SQy,, filtered, and the solvent removed in
vacuo. The crude material was purified by column chromatography
(silica, 5% THF/CHCI;), and the solvent removed in vacuo to af-
ford a purple solid (570 mg, 72%), m.p. > 300°C. 'H NMR
(400 MHz, CDCl;, 26 °C, CHCl,): 6 = 8.90-8.82 (m, 8 H), 8.32 (d,
J=283Hz 2 H), 822 (dd, J = 1.6, 7.6 Hz, 6 H), 7.82-7.73 (m, 9
H), 7.71 (d, J = 8.3 Hz, 2 H), 6.45 (m, 2 H), 3.56 (s, 2 H), 3.04 (s,
2 H), 1.76 (d, J = 10 Hz, 1 H), 1.71 (d, / = 10 Hz, 1 H), -2.8 (s, 2
H) ppm. HRMS (ESI-TOF-MS): calcd. for Cs;H3sNsO,™ [M +
H]* 776.3026; found 776.3044. UV/Vis (CHCL;): A, (nm) = 418.9,
515.3, 550.5, 589.0, 644.5.

exo-Cyclobutene Diester Block 5: Compound 5 was synthesised by
using a modification of the literature proceduret?”! although we re-
port different melting point and NMR spectra. A solution of anhy-
dride 2131 (8.0 g, 48.7 mmol), DMAD (13.9 g, 2 equiv., 97.5 mmol),
and [RuH,(CO)(PPh;);] (2.24 g, 2.4 mmol, 5 mol-%) in toluene
(100 mL) was heated at 100 °C for 3 d under a nitrogen atmosphere
and protected from light, forming a precipitate. If precipitation did
not occur, the mixture was cooled and hexane added until precipi-
tation occurred. The mixture was filtered, and the precipitate
washed with hexane to afford a brown powder (10.0 g, 67%), which
was used without further purification. Recrystallised from CHCl;/
hexane to afford a beige powder for analysis, m.p. 190-193 °C. 'H
NMR (600 MHz, CDCl;, 20 °C, CHCl;): 6 = 3.80 (s, 6 H), 2.92 (s,
2 H),290(d,J=14Hz 2 H),2.89 (s, 2 H), 1.59 (d, J = 12.8 Hz,
1 H), 1.19 (d, J = 12.8 Hz, 1 H) ppm. '3C NMR (150 MHz,
CDCl3): 0 = 171.89, 160.72, 141.88, 52.40, 47.89, 45.19, 38.70,
27.02 ppm. HRMS (ESI-TOF-MS): calcd. for C;sH;40,Na* [M +
Na]* 329.0637; found 329.0643.

Porphyrin (exo-Cyclobutene Diester Imide) 6: A solution of anhy-
dride 5 (40 mg, 0.13mmol) and aminoporphyrin 3 (82 mg,
0.13 mmol) in degassed CHCl; (5 mL) was heated to reflux over-
night under an argon atmosphere, forming a precipitate. The sol-
vent was removed in vacuo, and the solids redissolved in Ac,O
(10mL), NaOAc (100 mg, 0.7 mmol) added, and the solution
heated at 80 °C overnight, after which the Ac,O was removed by
distillation under reduced pressure. The mixture was redissolved in
CHCl; (100 mL), washed with H,O (2 X 100 mL), NaOH (2 m, 3 X
100 mL), H,O (100 mL), dried with Na,SOy, filtered, and the sol-
vent removed in vacuo. The crude material was purified by column
chromatography (silica, 10% THF/CHCl;), the solvent removed in
vacuo, and recrystallised from CDCl;/MeOH to afford purple crys-
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tals (100 mg, 84%), m.p. (solvent of crystallisation loss 240—
245 °C), 262-269 °C. 'H NMR (600 MHz, CDCls, 20 °C, CHCl;,
approximately 1 mm): 0 = 8.91-8.81 (m, 8 H), 8.33 (d, / = 8.1 Hz,
2 H), 8.22 (d, J = 7.2 Hz, 6 H), 7.81-7.73 (m, 9 H), 7.70 (d, J =
8.1 Hz, 2 H), 3.86 (s, 6 H), 3.08 (s, 2 H), 3.04 (s, 2 H), 2.95 (s, 2
H), 1.66 (d, J = 129 Hz, 1 H), 1.44 (d, J = 129 Hz, 1 H), -2.80
(s, 2 H) ppm. HRMS (ESI-TOF-MS): calcd. for CsoH4NsOg* [M
+ H]* 918.3292; found 918.3313. UV/Vis (CHCl3): Ay (nm) =
418.7, 515.3, 550.7, 589.4, 646.0.

Zn Porphyrin (exo-Cyclobutene Diester Imide) 7: Zn metallation of
6 (80 mg, 0.087 mmol) was achieved by using the same procedure
as for 1 to afford purple crystals (81 mg, 95%), m.p. (solvent of
crystallisation loss 254-255 °C), 272-278 °C. 'H NMR (600 MHz,
CDCl;, 20 °C, CHCl;, approximately 5 mm): 6 = 8.99-8.93 (m, 8
H), 8.28 (d, J = 8.2 Hz, 2 H), 8.24 (d, J = 6.5 Hz, 6 H), 7.82-7.72
(m, 9 H), 7.48 (d, J = 8.2Hz, 2 H), 3.84 (s, 6 H), 2.96 (s, 2 H),
2.89(s,2H),2.72 (s,2 H), 1.57 (d, J=12.8 Hz, 1 H), 1.31 (d, J =
128 Hz, 1 H)ppm. HRMS (ESI-TOF-MS): calcd. for
CsoH41N5O4®YZnNa* [M + Na]* 1002.2246; found 1002.2280.
UV/Vis (CHCl3): /. (nm) = 419.3, 547.5, 585.0.

endo-Cyclobutene Diester Block 9: Compound 9 was synthesised
by using a modification of literature procedure.?’l A solution of
anhydride 8" (8.0 g, 48.7 mmol), DMADI'S (13.9 g, 2 equiv.,
97.5 mmol), and [RuH,(CO)(PPh;);]'®! (2.24 g, 2.4 mmol, 5 mol-
%) in toluene (100 mL) was heated at 100 °C for 3 d under a nitro-
gen atmosphere and protected from light, forming a precipitate.
The mixture was cooled, filtered, and the precipitate washed with
hexane to afford a brown powder (11.6 g, 77%), which was used
without further purification. Recrystallised from CHCls/hexane to
afford a white powder for analysis, m.p. 165-167 °C (161—
163 °C).2% 'H NMR (600 MHz, CDCls, 20 °C, CHCl,): ¢ = 3.79
(s, 6 H), 3.57-3.52 (m, 2 H), 2.99 (s, 2 H), 2.95-2.89 (m, 2 H), 1.82
(d, J = 11.6 Hz, 1 H), 1.52 (dt, J = 11.6, 1.3 Hz, 1 H) ppm. '*C
NMR (100 MHz, CDCl;): 6 = 170.78, 160.59, 141.20, 52.33, 48.63,
42.40, 37.36, 34.55ppm. HRMS (ESI-TOF-MS): caled. for
CsH40,Na* [M + Na]* 329.0637; found 329.0641.

Linker 11: A solution of 9 (4.92 g, 16.1 mmol) and sublimed p-
phenylenediamine (10, 0.869 g, 8.0 mmol) in dry DMF (80 mL)
was heated at 80 °C under an argon atmosphere for 3 d, after which
the solution had turned black. The DMF was removed by distil-
lation under reduced pressure, the mixture redissolved in Ac,O
(80 mL), NaOAc (8.75g, 64.3 mmol) added, and the solution
heated at 80 °C under a nitrogen atmosphere for a further 3 d, after
which a precipitate sometimes formed. The Ac,O was removed by
distillation under reduced pressure, the mixture redissolved in
CHClI; (200 mL), washed with H,O (2 X 200 mL), NaOH (2 m, 3 X
200 mL, or until aqueous phase was no longer black), HCI (2 m,
1X 100 mL), H,O (1 X 100 mL), dried with Na,SO,, and the sol-
vent removed in vacuo to afford off-white flakes (1.38 g, 25%),
which were used without further purification. Recrystallised from
CHCls/hexane to afford a white powder for analysis, m.p.
> 300 °C. '"H NMR (600 MHz, CDCl3, 20 °C, CHCls): § = 7.39 (s,
4 H), 3.78 (s, 12 H), 3.43-3.38 (m, 4 H), 2.98 (s, 4 H), 2.97-2.94
(m, 4 H), 1.82(d, J=11.4 Hz, 2 H), 1.56 (d, J/ = 11.4 Hz, 2 H) ppm.
I3C NMR (150 MHz, CDCl,): 6 = 175.63, 160.73, 141.28, 131.69,
127.22, 52.26, 47.61, 42.62, 36.89, 34.41 ppm. HRMS (ESI-TOF-
MS): caled. for C3;sH3,N,O,Na* [M + Na]* 707.1853; found
707.1832.

Linker Bisepoxide 12: Compound 11 (600 mg, 0.88 mmol) was dis-
solved in dry CH,Cl, (50 mL) under a nitrogen atmosphere and
cooled to 0 °C. Anhydrous zert-butyl hydroperoxide in toluenel??!
(3.3 M, 664 puL, 2.2 mmol, 2.5 equiv.) was added and stirred for a
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further 10 min at 0 °C, after which sublimed potassium terz-butox-
ide (98 mg, 0.88 mmol, 1equiv.) was added. The mixture was
warmed to room temperature over 30 min, during which time a
white precipitate formed. After stirring at room temperature for a
further 3 h, the mixture was diluted with CH,Cl, (50 mL) and so-
dium sulfite (10% aqueous solution, 10 mL) added with vigorous
stirring for 15 min. The mixture was further diluted with CHCl,
(1 L), washed with brine (500 mL), dried with Na,SOy, filtered, and
the solvent removed in vacuo, to afford a white powder (237 mg,
28%, 3:1 mixture of 12/11 based on relative NMR integration).
Limited solubility in a range of solvents made further purification
difficult so 12 was characterised as a mixture with 11. '"H NMR
(400 MHz, CDCl;, 26 °C, CHCls): 0 = as a mixture with 11, 7.33
(s, 4 H), 3.82 (s, 12 H), 3.44 (s, 4 H), 3.37 (s, 4 H), 2.56 (s, 4 H),
2.2(d,J=12Hz, 2 H), 1.81 (d, J = 12 Hz, 2 H) ppm.

Free Base Tweezer 13: A suspension of 12/11 mixture (0.10 g, 75 mg
of 12 based on 3:1 purity, 0.11 mmol) and 4 (0.16 g, 0.21 mmol,
2 equiv. based on 12) in dry THF (2 mL) was subjected to micro-
wave irradiation. The solvent was removed in vacuo and the mate-
rial purified by column chromatography (silica, 10% THEF/
CH,Cl,), recovering 4 in the first major porphyrin band, with 13
(88 mg, 38%) eluting as the second major porphyrin band, recrys-
tallised from CHCIy/MeOH to afford purple crystals, m.p.
> 300 °C. "H NMR (600 MHz, CDCls, 20 °C, CHCls): § = 8.84 (s,
16 H), 8.30 (d, J = 8.2 Hz, 4 H), 8.23-8.16 (m, 12 H), 7.81-7.70
(m, 18 H), 7.65 (d, J = 8.2 Hz, 4 H), 7.60 (s, 4 H), 3.98 (s, 12 H),
3.27 (s, 4 H), 2.97 (s, 4 H), 2.89 (s, 4 H), 2.84 (s, 4 H), 2.75 (d, J =
11.1 Hz, 2 H), 2.55 (d, J = 11.9 Hz, 2 H), 2.41 (s, 4 H), 2.34 (s, 4
H), 1.38 (d, J = 11.1 Hz, 2 H), 1.22 (d, J = 11.9 Hz, 2 H), -2.81
(s, 4 H) ppm. HRMS (ESI-TOF-MS): calcd. for Ci4H ¢7N1,0,5*
[M + HJ]* 2267.7813; found 2267.7854. UV/Vis (CHCl;): /ax (nm)
=419.0, 514.9, 551.1, 590.0, 645.9.

Zn Tweezer 1: A solution of Zn(OAc),2H-O (100 mg, 0.456 mmol)
in MeOH (2 mL) was added dropwise down the condenser to a
solution of 13 (94 mg, 0.041 mmol) in CHCI3/MeOH (5 mL, 4:1)
heated to reflux. The solution was heated to reflux for 15 min,
CHClI; (5 mL) was added, and heated to reflux for a further 15 min.
The mixture was cooled, diluted with CHCl; (100 mL), washed
with H,0, dried with Na,SOy,, filtered, and the solvent removed in
vacuo. The product was purified by column chromatography (silica,
10% THF/CHCI; to remove minor components at the solvent
front, followed by 30% THF/CHC]s), collecting the strong por-
phyrin band. The solvent was removed in vacuo to afford a purple
powder (94 mg, 95%), which was recrystallised from CHCIl;/MeOH
to afford bright purple crystals for host-guest titrations, m.p.
> 300 °C. '"H NMR (600 MHz, CDClj, 20 °C, CHCl;): 6 = 8.96—
8.92 (m, 16 H), 8.31 (d, J = 8.3 Hz, 4 H), 8.23-8.18 (m, 12 H),
7.80-7.70 (m, 18 H), 7.66 (d, J = 8.3 Hz, 4 H), 7.60 (m, 4 H), 3.98
(s, 12 H), 3.28 (m, 4 H), 2.97 (s, 4 H), 2.89 (s, 4 H), 2.84 (m, 4 H),
2.76 (d, J = 11 Hz, 2 H), 2.55 (d, J/ = 12.1 Hz, 2 H), 2.41 (s, 4 H),
234 (s, 4 H), 1.39 (d, J = 11 Hz, 2 H), 1.23 (d, J = 12.1 Hz, 2
H) ppm. HRMS (ESI-TOF-MS): calcd. for Ci4H (3N ,0;5Zn,"
[M + H]* 2391.6094; found 2391.6044. UV/Vis (CHCl3): 4. (nm)
=420.1, 548.1, 585.4.

Supporting Information (see footnote on the first page of this arti-
cle): Characterisation data ("H NMR, '3C NMR, UV/Vis, HRMS)
and titration data (UV/Vis, Job Plot).
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