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Evidence for Dual Pathway in Through-Space Singlet Energy Transfers in
Flexible Cofacial Bisporphyrin Dyads
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Abstract: Flexible “pacman” scaffolds
built upon a calix[4]arene platform
bearing a [18]crown-6 ether and either
two OH functions or two OPr groups
at the lower rim have been used to
generate donor—acceptor (D-A) dyads
incorporating a zinc—porphyrin donor
and a free-base porphyrin acceptor.
Through-space singlet energy transfer
(SET) in the D-A dyads was studied
by time-resolved fluorescence spectros-
copy. Although the effects of confor-
mational changes are well documented

ited to the distance between the chro-
mophores. The known SET rates for re-
ported, geometrically well-defined,
rigid pacman D-A dyads were used as
calibration to estimate the D—A distan-
ces in the flexible pacman dyads. Due
to the flexibility of the calix[4]arene

spacer, the D-A dyads adopt a
“closed” or “open” geometry that is
tuned by intramolecular hydrogen

bonds (O—H:-[18]crown-6 ether) and
by solvent interactions. Changes in the
SET rates between the open and closed

geometries were surprisingly less dra-
matic than expected, and are explained
by a dual SET pathway that is specific
to the calix[4]arene platform. Time-re-
solved fluorescence studies support the
hypothesis that, for the “open” confor-
mer, the preferred through space SET
pathway (i.e., at the shortest distance)
is located within the calix[4]arene
cavity through the cofacial phenyl
groups. For the “closed” conformer,
the preferred through space SET route
is located between the zinc and free-

when the chromophores switch from a
non-cofacial to a cofacial arrangement,
little is known about flexible pacman
scaffolds in which the changes are lim-

Introduction

The structural resolution of the special pair involved in the
primary events in photosynthesis!"! has generated great inter-
est in cofacial bisporphyrin architectures.”! Among the vari-
ety of bisporphyrin scaffolds reported, rigid pillared bispor-
phyrins have proven to be an excellent tool for the mecha-
nistic study of the distance dependence of singlet and triplet
energy transfer (ET).* In particular, critical interchromo-
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base porphyrins.

energy

phore separation for a dominant Dexter or Forster ET
mechanism has been established. Rigid scaffolds have been
used to force the quasi-cofacial bischromophore arrange-
ment, and, hence, to control the intermacrocyclic spacing in
photoactive pacman bisporphyrins. Although flexible por-
phyrin dimers and their potential use as sensing devices
have been reported,” their structures lacked cofacial preor-
ganisation.’”! Conformational switching of spacers such as bi-
pyridine”! and terpyridine moieties has been used to inter-
convert a non-cofacial to a cofacial bisporphyrin arrange-
ment, providing potential sensing of metals bound to the
polyimine site.”) Recently, the advantages of flexible calix-
[4]arene spacers that control either cofacial or slipped dimer
bisporphyrin species have been demonstrated.’"*! Calixar-
ene spacers provide flexibility to porphyrin dimers within a
given topography, leading to switchable conformers and con-
trolled molecular motions. So far, species containing identi-
cal chromophores have been used for redox induced tuning
of the porphyrins’ spacing in the pacman (cofacial) arrange-
ment,"™' or for thermal geometry tuning in a slipped dimer
arrangement.[lz] As suggested by recent reports using resor-
cinarenes," or calix[4]arenes,™ there is much to expect
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from through-space interactions between photo- or electro-
active species in tunable systems that allow the detection of
small geometry changes within a unique, fixed cone confor-
mation.

The first flexible pacman bisporphyrin generation com-
prising cofacial bis-tetraarylporphyrins organised around a
calixarene platform showed that only weak excitonic inter-
actions were observed between the two porphyrins, despite
the use of frozen cone or 13-alternate conformations.” To
shorten the distance between the two tetrapyrrolic macrocy-
cles, two major structural modifications were introduced in
the design of more compact scaffolds. First, the steric hin-
drance at the porphyrin periphery was reduced by using oc-
taethylporphyrin (OEP) moieties instead of tetraarylpor-
phyrins. Second, the rigid linker that couples the motion of
the calixarene platform to the porphyrins was shortened
from a phenylethynyl to a simple ethynyl function. Together,
these changes decreased the porphyrin—porphyrin distance
without drastically increasing the steric hindrance about the
calixarene’s wide rim. The synthetic availability of the com-
pact scaffolds 1 and 2 makes them extremely attractive for
the generation of photochemical dyads, given that hetero
bisporphyrin species can be obtained.

A series of flexible pacman homo-bisporphyrins and
donor-acceptor (D-A) dyads (Figure 1) and their efficien-
cies of energy transfer are reported. Whereas scaffolds of
type 1 can theoretically exist in three typical calixarene con-
formations, namely partial cone, 1,3-alternate and cone,
pacman compounds of type 2 can only exist in the cone con-
formation owing to the presence of both the crown ether
and the propyl substituents. Figure 2 depicts ball and stick
representations of MM2-minimised geometries of calixar-
enes bearing two ethynyl substituents at the wide rim. Fig-
ure 2a corresponds to a vertically flattened calixarene cone
in which the two aromatic rings bearing the porphyrins are
parallel, providing the shortest inter-chromophore distance
(closed pacman). The second geometry (Figure 2b) corre-
sponds to a horizontally flattened calixarene cone in which
the two aromatic rings bearing the crown ether are roughly
parallel. The presence of hydrogen bonding pinches the ca-
lixarene’s narrow rim and pushes the ethynyl groups apart,
creating a large dihedral angle between the two porphyrin
planes (open pacman). The third geometry (Figure 3c) is a
partial cone in which the spacing between the aromatic rings
bearing the ethynyl porphyrins
is similar to the distance in the
flattened cone in Figure 2a;
however, the non-cofacial ar-
rangement of the chromophores
(Figure 2c) restores free rota-
tion about the ethynyl linker
for any substituent opposite the
crown ether.

The upper and lower limits of
the distance separating the two
anchoring groups for porphyr-
ins are also indicated in
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Figure 2. These distances were estimated from calculations
and confirmed by data from X-ray structures available in
the literature. Based on the reported solid-state structure of
a peralkylated calixarene bis(NiOEP) complex, the lower
limit for the distance between the two ethynyl-OEP planes
is 3.25 A" For a tetraalkylated species, the maximum dis-
tance between the ethynyl-substituted meso-carbon atoms of
the two porphyrins would be around 8 A. This distance is
consistent with X-ray data reported in the literature for cal-
ixarene—diethynyl gold(I) complexes.' For hydrogen-
bonded dialkylated analogues in the cone conformation
(Figure 2b), the two meso-carbon atoms of the porphyrin
would be approximately 12 to 15 A apart, because hydrogen
bonding pulls the hydroxyl groups towards the crown ether
groups. The predicted distance between meso-carbon atoms
is consistent with solid-state data,''”! and also with calculated
geometries'™® reported by Swager for a calixarene actua-
tor.'” Finally, for a dialkylated type 1 pacman scaffold in a
partial cone conformation, the two anchoring points for the

1:R=H 1H; M'=M?=H,  2:R=Pr2H;  M'=M%=H,

1Zny  M'=M?=2zn 2Zn,  M'=M?=Zn
1ZnH,: M'=Zn; M?=H, 2ZnH,: M'=Zn; M?=H,

2Niy;  M'=M2=Ni

Figure 1. Free-base, mono- and di-zinc species of pacman scaffolds 1 and
2, and synthetic intermediates.

Figure 2. Representation of a) a peralkylated (scaffold 2) cone calix[4]arene or b) cone and c) partial cone di-
alkylated (scaffold 1) calix[4]arene and lower and upper distances (in A) between the anchoring points for
each porphyrin at the end of the ethynyl substituents based on literature data.

[10,11,14-18]
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Figure 3. Aromatic region of "H NMR spectra of 1ZnH, and 2ZnH, in
CDCl; at 298 K (300 MHz).

porphyrins point in opposite directions and would be sepa-
rated by approximately 15-17 A, as shown in Figure 2c.

The rate of singlet-singlet energy transfer in flexible
pacman bisporphyrins might be controlled by easily address-
able geometric changes in the spacer’s conformation. How-
ever, in calixarene pacman scaffolds, the conjugated nature
of the bridge between the chromophores and the spacer ren-
ders this analysis more complicated than expected. Indeed,
singlet energy transfer rates and efficiencies were examined
and assigned not only to different conformers of the calixar-
ene spacer, but also to different energy-transfer pathways
within the pacman architectures. A hypothesis is provided
concerning the preferred pathway of the fast, through-space,
singlet-singlet energy transfer, which may occur either di-
rectly between the porphyrins in a closed pacman geometry
or through interactions inside the cavity of the spacer in the
open conformer.*!’)

Results and Discussion

Synthesis and characterisation: The free-base bisporphyrin
1H, (Figure 1) was synthesised using the conventional Sono-
gashira coupling procedure of the corresponding diiodo ca-
lixcrown-6 derivative with S-ethynyloctaethyl metallopor-
phyrins, based on previously developed methodology.'*'3! A
non-selective metallation!! of 1H, and 2H, with one equiva-
lent of zinc(II) generated both the bis-zinc derivatives 1Zn,
and 2Zn, and the zinc/free-base energy dyads 1ZnH, and
27ZnH, in statistical yields. By successive purification and re-
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cycling of the bis-zinc species, through regeneration of the
corresponding free bases, the dyads were prepared on a rea-
sonable scale.

Figure 3 compares the aromatic region of the 'H NMR
spectra for the two dyads 1ZnH, and 2ZnH,. In the latter, a
significant shielding is observed for the porphyrins’ meso
protons and the calixarene’s meta protons of the aromatic
ring bearing the ethynyl linkage. The comparison illustrates
that the introduction of propyl groups on the lower rim of
the calixarene spacer forces the pacman structure to close
and brings the two porphyrin rings closer to each other.
Upon metallation, no spectral changes were observed for
1Zn,, 1ZnH,, 2Zn, and 2ZnH, compared to their bis(free-
base) counterparts. The absence of changes in the chemical
shifts, especially those of the porphyrins’ meso protons, indi-
cates that the metallation of the porphyrin core has no influ-
ence on the pacman conformation (see Figure S1 in Sup-
porting Information). The exclusive presence of a cone con-
formation is unambiguously deduced by the simple AX pat-
tern for the calixarene’s methylene bridges at d=3.4 and
4.7 ppm (see Experimental Section). For pacman 1ZnH,,
the chemical shifts of the porphyrin rings are very similar to
those observed for isolated ethynyl OEPs. Thus, the pre-
dominance of a persistent open geometry for pacman 1 in
non-protic organic solvents can be deduced from 'H NMR
data. It is also reasonable to assume that in the dominant
closed geometry of the per-alkylated pacman 2, the distance
between the porphyrins is shorter than in the open confor-
mation of pacman 1.

For a more reliable estimation of the porphyrin—porphyrin
distance in scaffolds of type 2, the binding of guests such as
diazabicyclooctane (DABCO) and Cg, fullerene was investi-
gated. UV/Vis titration of 2Zn, with DABCO in dichloro-
methane (see Figure S2 in the Supporting Information)
yielded a logK,=6.394+0.05 for a 1:1 2Zn,/DABCO com-
plex. This value is two orders of magnitude lower than those
observed in previously reported, more flexible cofacial spe-
cies.®*1020-2] However, the formation of a 1:1 complex cor-
responds to DABCO binding within the tweezers, confirm-
ing that the porphyrin—porphyrin distance in the pacman
scaffold 2 in organic solvents is approximately 7 A and is
probably smaller in the absence of this guest, as shown by
the upfield shifts of the porphyrin signals in the 'H NMR
spectrum. The nitrogen—nitrogen distance in DABCO is ap-
proximately 2.7 A, to which a reported nitrogen—zinc coordi-
nation bond of 2.1 A needs to be added twice®™ to give a
zinc—zinc distance of 6.9 A in the DABCO bound receptor
2Zn,. Pentacoordinated zinc is expected to come out of the
porphyrin plane by approximately 0.3 A, which leads to
the estimated porphyrin—porphyrin distance of 7.5 A, in
agreement with the estimated open geometry shown in
Figure 2. Small supplementary energy costs are required to
overcome steric constraints and distortions. This cost may
explain why the association constant of 2Zn, for DABCO is
nearly two orders of magnitude smaller than the K, of
flexible bisporphyrins for DABCO. Similar experiments car-
ried out with the pacman scaffold 1Zn, were perturbed by
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acid-base equilibrium between DABCO and one hydroxyl
group of the calixarene, precluding the determination of
log K,. Titrations of 2Zn, or 2H, with a more voluminous
guest such as Cy, led to spectral changes that could not be
fitted with a 1:1 receptor/substrate model.

Based on these considerations, it is reasonably assumed
that the pacman 2Zn, reaches an average porphyrin—por-
phyrin central core distance that is shorter than 7 A in pure
organic solvents, such as toluene, chloroform and dichloro-
methane. Thus, the pacman adopts a rather closed confor-
mation. It is worth noting that such a conformation should
allow either the binding of coordinating solvents inside the
pacman, or the insertion of a flat guest maintained by mn-
stacking interactions.’*"

UV/Vis and stationary fluorescence characterisation: The
evolution of UV/Vis spectra of both pacman scaffolds 1 and
2 (Figure 4) compared to their 5-ethynyl-OEP precursors
supports cofacial geometry. It has been established that par-
allel interactions between transition dipole moments of two
chromophores should lead to absorption band broadenings
associated with these moments, and simultaneously to the
displacement of the absorption maxima towards higher
energy. This blue shift is inversely proportional to the sepa-
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Figure 4. UV/Vis absorption spectra in 2-methyl-THF at 298 K for:
a)1H,, 1Zn,, 1ZnH,; b) 2H,, 2Zn,, 2ZnH,. ¢ values were calculated
using the molecular weight of each compound.
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ration of the chromophores (i.e., exciton coupling).””
Table 1 shows the absorption maximum data and full width
at half maximum (FWHM). The Soret bands of 2Zn, and

Table 1. Comparison of the position of the Soret band and the FWHM
for pacman bisporphyrin scaffolds 1 and 2 (2-methyl-THF, 298 K).

5-ethynyl-ZnOEP 1Zn, 2Zn, 1H, 2H,

Jomax [nm] 418 431 418 431 410
FWHM [nm] 15 31 35 31 46

2H, are blue-shifted by 13 and 21 nm with respect to those
of 1Zn, and 1H,, respectively. These shifts reinforce our
predictions that the porphyrins are closer to each other in
the per-alkylated scaffolds 2Zn, and 2H, than in the dihy-
droxylated species 1Zn, and 1H,. Thus, the ability of the
pacman scaffold 2 to close is contingent on the per-alkyla-
tion of the calixarene’s lower-rim.

When compared to the isolated reference chromophore 5-
ethynyl-ZnOEP, the blue shifts of the Soret bands of 2Zn,
and 2H, are less than expected for cofacial porphyrins. Two
effects are present that oppositely affect the position of the
Soret band. As mentioned above, a cofacial porphyrin ar-
rangement induces a blue shift. However, because free rota-
tion of the porphyrins is hindered in the pacman structure, a
longer m-conjugation pathway exists in the pacman scaffold
(from the porphyrin to the calixarene’s phenyl ring) than in
5-ethynyl-ZnOEP. Extended porphyrin conjugation is re-
flected by red-shifted absorption bands. Therefore, the blue
shift resulting from the cofacial arrangement is partially
compensated for by the red shift due to extended conjuga-
tion. The small hypsochromic shifts of the Soret bands of
1Zn, and 2Zn, compared to that of 5-ethynyl-ZnOEP are
consistent with the hypothesis that two competing effects
are present.

In scaffolds 1Zn, and 1H,, the Soret bands are red-shifted
by 13 nm compared to the Soret band of the reference eth-
ynyl-ZnOEP system. These shifts suggest that, in the dihy-
droxy pacman 1 series, the extended conjugation plays a
more dominant role than exciton coupling on the position of
the Soret band. As mentioned above, the blue shift resulting
from exciton coupling decreases as the interchromophore
distance increases. Given that the porphyrins are further
apart in the dihydroxylated scaffolds than in the per-alkylat-
ed pacman (see introduction), smaller blue shifts are expect-
ed for the former than for the latter.

Several reports support our explanation of the observed
red shift of the Soret bands in 1Zn, and 1H,. Anderson de-
scribed red-shifted absorption bands as the major effect of
induced coplanarity when two ethynyl-bridged bisporphyrin
strands were assembled into a double-stranded ladder by fac
coordination of a bidentate ligand.”*! When the coordination
simultaneously forces the cofacial organisation of the por-
phyrins, a global red shift and a broadening of the Soret
band were observed.”” In flexible bisporphyrin pacman,
similar features were established upon coordination of
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DABCO, or when the coplanarity of two porphyrins is
caused by steric constraints.*1]

The A, values (in 2-methyltetrahydrofuran, 2-MeTHF)
for the Q-bands of each chromophore in dyads 1ZnH, and
2ZnH,, that is, the(0-0) band at 652 nm in 1H, and the (0-
1) band at 562 nm for 1Zn,, confirm that the ZnP and H,P
chromophores (P=porphyrin derivative) are the singlet
energy donor (S; D) and acceptor (A), respectively. As seen
in Table 2, this D/A attribution is the same for all solvents
studied. Steady-state fluorescence spectroscopy also con-
firms this attribution. The absorption spectrum of 1ZnH,
exhibits spectral features associated with the absorption
bands of both 1H, and 1Zn,. The spectrum corresponds to
nearly the half-sum of the individual spectra of 1H, and
1Zn,, indicating that interchromophore interactions in the
ground state are minimal, or at least not different in homo-
bisporphyrin species than in the dyads.

Although the absorption spectra of each dyad show that
the ZnP donor cannot be specifically excited, a qualitative
estimation of energy-transfer efficiency from the ZnP donor
to the H,P acceptor can be made. In Figure 5a, for example,
at the excitation wavelength of 562 nm, the absorbance of
the solution of 1Zn, was only half that of the solutions of
dyad 1ZnH, and of 1H,. Thus, in Figure 5a, the decreased
emission of the dyad at 611 nm compared to the emission of
the zinc donor 1Zn, at this wavelength (Figure 5a) signifies
efficient energy transfer. The same qualitative conclusion
can be drawn from the comparison of the emission spectra
the donor 2Zn, with that of 2ZnH, in Figure 5b.

Nonselective excitation is often found for zinc/free-base
porphyrin dyads with similar or identical tetrapyrrolic
frameworks. However, when strong spectral overlap exists,
quenching and energy transfer can be reliably addressed by
measuring fluorescence lifetimes using time-resolved fluo-
rescence studies.”” To determine appropriate 1., for time-
resolved studies, the emission spectrum of each bis(free-
base) and bis-zinc species was measured by using a nonse-
lective excitation wavelength of 562 nm. This wavelength
gives the maximum emission intensity for both the donor in
the references and the acceptor in the dyads (Figure 5c,d).

The emission spectra of the dyads in Figure 5a,b served pri-
marily to determine the A, for time-resolved studies.

Time-resolved fluorescence studies: To gain insight into the
singlet energy-transfer (SET) process, the fluorescence
decay of the ZnP chromophore (donor, D) in each dyad was
studied by using its specific emission at 613 nm. Upon exci-
tation at 562 nm, in 2-MeTHF and in toluene, the decreased
intensity of the donor’s fluorescence at 613 nm at both 298
and 77 K was accompanied by a decrease in 7 (Table 3).
For example, in 2-MeTHF at 298 K, tx(ZnP)=0.18 +0.05 ns
and 1.33+0.05ns for 1ZnH, and 1Zn,, respectively, con-
firming the presence of SET. This large difference in 7y sug-
gests an efficient ET that is somewhat surprising for an
“open” geometry (which will be established below by DFT).
The D-A separation would exceed 10 A in an open geome-
try. The second, longer lifetime of 1.67 ns that was detected
for 1ZnH, was assigned to a partial cone conformer (as
shown in Figure 2c), that was present in trace amounts. This
second lifetime was not detected in toluene. Therefore, we
suggest that the presence of a partial cone conformer in 2-
MeTHEF is triggered by the perturbation of intramolecular
hydrogen bonding at the calixarene’s lower rim due to the
solvent’s heteroatom. Similar observations were reported
for energy-transfer dyads in which anthracene and naphtha-
lene chromophores were appended to cyclam spacers.” A
conformation change occurred upon metal coordination
within the cyclam. This is also supported by the unique
short lifetime observed in all solvents upon excitation at
562 nm when the calixarene narrow rim is peralkylated and
the conformational equilibrium is suppressed in the case of
2ZnH,.

Interestingly, for 1ZnH,, the lifetime of ZnP in the partial
cone conformer is significantly longer than in 1Zn,, despite
the fact that the connection between the energy donor and
acceptor is the same in both conformers (the number of
bonds separating the chromophores is identical). Only one
lifetime was detected for 1Zn, and 1H, in 2-MeTHF; how-
ever, trace amounts of the partial cone conformers might be
present in both of these references. In 2-MeTHEF, the 7y of

Table 2. Absorption band positions in the Q-region and fluorescence band maxima of compounds 1 and 2 (c=5x10"°m).

2-methyl-THF ethanol toluene toluene/EtOH (1:1)

298 K 77K 298 K 77K 298 K 298 K
absorption A,,,, [nm]
1H, 520, 562, 595, 652 522, 562, 588, 648 - - 520, 562, 600, 654 522, 562, 596, 654
1Zn, 562, 600 562, 600 565, 602 560, 600 558, 596 564, 602
1ZnH, 522, 562, 598, 654 524, 562, 594, 648 522, 563, 598, 648 522, 561, 598, 646 522, 562, 596, 652 522, 564, 600, 654
2H, 526, 564, 598, 652 528, 568, 598, 653 - - 528, 564, 598, 654 528, 566, 598, 652
27Zn, 566, 602 562, 601 - - 570, 602 570, 602
27ZnH, 528, 570, 603, 656 525, 562, 600, 648 - - 530, 566, 604, 654 530, 566, 604, 656
emission A, [nm]
1H, 656, 725 648, 722 - - 657, 726 657,723
1Zn, 614, 666 606, 655 614, 667 607, 669 612, 667 618, 662
1ZnH, 611, 658, 725 605, 648, 722 612, 654, 722 607, 647, 721 609, 657, 725 614, 656, 724
2H, 657, 728 653, 724 - - 657,729 658, 730
27ZnH, 614, 669 613, 672 - - 618, 679 617, 674
27ZnH, 613, 657, 727 611, 649, 722 - - 615, 660, 731 614, 659, 728
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Figure 5. Emission and excitation spectra in 2-MeTHF at 298 K. Qualitative emission spectra (non-selective 1., =562 nm) of: a) 1H,, 1Zn,, 1ZnH,, and
b) 2H,, 2Zn,, 2ZnH,. Excitation spectra recorded for maximum emission of the free base at 730 nm for the D-A dyads: c¢) 1H,, 1Zn,, 1ZnH, and

d) 2H,, 2Zn,, 2ZnH,.

Table 3. The parameters 73 [ns], kgrrates [ns™'] and @y for 1H,, 2H,, 1Zn,, 2Zn,, 1ZnH, and 2ZnH,."!

1H, 1Zn, 1ZnH, 2H, 27Zn, 27ZnH,

Solvent T[K] 1 x Ty v Tr AP 4 kgr P T 4 To X Tr X kgr  ®p
2-MeTHF 298 979 12 133 090 0.181.67 093007 1.02 48 0.86 698 140 128 085 025 1.09 32 0388

77 1136 095 3.04 1.10 030281 0930.07 06 3.0 0.89 1090 1.0 230 091 016 1.04 58 093
C,Hg 298 538 095 155 091 017 090 52 0.89 8.4 098 1.19 095 0.2 1.08 7.5 0.90
EtOH 298 2.05 095 024286 0.60040 0.86 3.7 0.81

77 278 093 027 1.05 33 0.90 - - - - - - - -
C,Hy/EtOH (1/1) 298 597 113 093 087 028150 085015 1.00 25 0.70 545 129 143 110 0.65 098 0.8 052

[a] All data provided in this table have been obtained by using Timemaster Model TM-3/2003 apparatus from PTI (see Experimental Section for details).
The uncertainties were +10 % based on three measurements on different samples. [b] A is the pre-exponential factor of each lifetime. [c] @y calculated

from the relationship: @gr=1—(5/7}).

the reference compounds 1H,, 2H,, 1Zn, and 2Zn, are in
the same range as those of reported homo bis-chromophore
cofacial systems (4H,8H,, Figure 6).*! Comparison of 5
data for 1H, (9.79 ns (298 K) and 11.36 ns (77 K)) and 2H,
(6.98 ns (298 K) and 10.90 ns (77 K), Table 3) with those of
3H, (8.70 ns (298 K) and 12.39 ns (77 K)) supports the pres-
ence of interporphyrin interactions that promote some S;
excited state deactivation through intramolecular collisions
in the fixed cone conformer 2H,. Such behaviour is known
for cofacial free-base bisporphyrins similar to 4H,~8H,
(Figure 6).%*' The short lifetime of the ZnP donor in the
dyad 1ZnH, is remarkable, because it suggests that a very
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efficient SET still occurs in a medium that favours the for-
mation of hydrogen bonds and forces an open cone confor-
mation with a C,,,, .. distance of about 10 A or more. This
unexpectedly fast SET triggered a more detailed comparison
with a set of reported dyads."”

The SET process in the series of cofacial donor—acceptor
dyads (4ZnH,-8ZnH,; Figure 6), in which the porphyrin
macrocycles are cofacially preorganised by a rigid spacer,
were previously reported.! In dyads 5ZnH,~8ZnH,, the
same number of chemical bonds separates the donor (ZnP)
from the acceptor (H,P) and the interporphyrin distance is
fixed by the nature of the spacer. The distances between the
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formation was set prior to ge-

[ N o) P o] S ometry optimisation. The two

r &) P P <) porphyrin macrocycles remain

. o 2nH - cofacial throughout the compu-

% M=Zn; M=2H nHz  5znH, 62nH, i 8znH, tations. The resulting “gas-
ke [ns'] (298 K) 20.8 0.8 6.4 5.0 47 phase” structure exhibits two

intramolecular hydrogen bonds

w ker s (77K)  15.4 10.9 72 5.0 46 between the hydroxyl groups at
Coees-Cross [Al 3.8 432 494 553 6.33 the lower rim and the adjacent

oxygen atoms of the crown

Figure 6. Chromophore separation based on C,,,,~C,., distances in reported rigid D-A dyads 4ZnH, to
8ZnH,, and singlet energy-transfer (SET) rates used for calibration in this work (reference [4]).

C,.so atoms vary from 3.80 to 6.33 A, as established by X-
ray data. Two important features regarding the mechanisms
of SET were noticed. First, the minimum number of bonds
linking the two macrocycles is six for 5ZnH,-8ZnH, and
yet the rate for singlet energy transfer varies with the C,,.,—
C,.so separation. This means that a through-space energy-
transfer process occurs. There was no evidence for through-
bond processes and this is probably due to the U-shape
structure of the porphyrin-spacer—porphyrin scaffold. These
molecules were selected as standards in this work for their
structural resemblance with the reported molecules. There-
fore, the conclusion drawn in this previous work is that both
the Dexter and Forster mechanisms must operate in the re-
ported dyads in which the C---C separations are in the 5-6 A
range. The second feature is that no splitting of the Soret
band is noted, meaning that the exciton interactions are
minimal. We have used the singlet energy-transfer rate con-
stants measured in dyads 4ZnH,-8ZnH, as a calibration to
correlate the D—A separation with the rate of through-space
singlet-singlet energy transfer in dyads 1ZnH, and 2ZnH,.

Estimation of the D-A separations: In the absence of X-ray
data, DFT calculations (B3LYP/3-21G*) were used to ad-
dress the geometry of 1Zm,. This compound serves as a
model for 1H, and 1ZnH,. The key DFT results are shown
in Figure 7. Pacman 1Zn, exhibits an “open” conformation
independent of whether an “open” or “closed” starting con-

8.21
7.43

9.75

1111 13.63A

Figure 7. Interatomic distances between identical atoms (symmetry) in
the pacman scaffold 1Zn, determined by DFT calculations.
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ether residue. These hydrogen
bonds are the driving force for
the open conformation, which
renders the calix[4]arene ring
somewhat more square in comparison to the known flat-
tened cone geometry. This “open” geometry exhibits a wide
range of cofacial O--O, C--C, and Zn--Zn distances (see
Figure 7 and also Figure S3 in Supporting Information). The
Coresor Cpneso (12.46 A) and Zn-Zn (13.63 A) separations are
particularly large in comparison with those of the calibration
compounds 4Zn,-8Zn, in Figure 6.

In dyads 1ZnH, and 2ZnH,, the porphyrin—porphyrin dis-
tances are difficult to evaluate confidently from X-ray data
of 2Ni,,['”! because the rather flexible nature of the calixar-
ene spacer in 2Ni, forbids correlation of the solid-state and
solution structures for compounds 2. Thus, comparison of
SET rates in 1ZnH, and 2ZnH, to those of our references
47nH,-8ZnH, was expected to provide a good estimate of
donor-acceptor distance. The kg values can be extracted
from 7y according to kgr=(1/7¢)—(1/7°),>*) in which 7 is
the fluorescence lifetime (Table 3) of the dyads 1ZnH, or
27ZnH,, and 7} is the fluorescence lifetime of references
1Zn, or 2Zn,. In the references, no SET takes place, but the
molecules’ skeletons are nearly identical to those of the
dyads. For 1ZnH,, SET rates (kgr) of 4.8 ns™' (298 K), and
3.0ns™! (77 K) were obtained. These kgr values compare fa-
vourably to those measured for the cofacial dyad 8ZnH,
(4.7 and 4.6ns™") and are slightly slower than those mea-
sured for 7ZnH, (5.0 and 5.9 ns™") at 298 and 77 K, respec-
tively." In toluene at 298 K, kgyis 5.2+0.5ns™" for 1ZnH,.
This value is in the same range as the value of 4.8+0.5 ns™
in 2-MeTHF at 298 K, indicating that no or little perturba-
tion related to solvent occurs. For 8ZnH, and 7ZnH,, the
Cores—Coeso distances are 6.33 and 5.53 A, respectively.”
Based on this comparison, one can deduce that the most
probable distance at which SET occurs the most efficiently
in 1ZnH, is about 5.3 A. This estimated distance is far from
the 12.5 A suggested in Figure 7 and prompted the search
for other possible pathways for energy transfer.

Energy transfer pathways: In both dyads 1ZnH, and 2ZnH,
the presence of non-conjugated methylene bridges between
the calix[4]arene aryl groups is not sufficient to preclude the
possibility of through-bond energy transfer; however, the
contribution of through-bond energy transfer is assumed to
be negligible. Indeed, as discussed later (vide infra), in dyad
1ZnH, the lifetime of the donor in the partial cone confor-
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mer (1.67 ns) is longer than in the reference donor 1Zn,
(1.33 ns). If efficient through-bond energy transfer was oper-
ative, one would expect, at the least, a slightly shorter life-
time of the donor compared to the reference donor. Only
the lifetime of D in face-to-face (cone) conformers is signifi-
cantly affected. Second, whereas through-bond interactions
play a major role in photoinduced charge-transfer process-
es,’”) most photoinduced SETs are usually examined on the
basis of through-space interactions through Dexter or For-
ster mechanisms.F'! Although the Dexter mechanism corre-
sponds to a two-electron exchange mechanism,* in both
the dyads 1ZnH, and 2ZnH, and in the calibration series,
the Dexter contribution is mostly through space due to the
close proximity of the chromophores. In addition, detailed
studies of the dyads 4ZnH,-8 ZnH, have shown distance-de-
pendent SET rates in scaffolds with an identical number of
bonds. Even though the Forster SET becomes dominant for
distances over 5.5 A, the results can be analysed on the
basis of a through-space SET by a mixed contribution of
Dexter and Forster mechanisms.

It can be expected that the conjugation of the calixarene
spacer with the porphyrin rings through the ethynyl spacers
will slightly affect the spin densities on the substituted meso-
carbon atom. This was confirmed by comparison of the DFT
results for the HOMO and LUMO of the chromophores
(Figure 8) and the reported calculations for 4-8. More de-
tailed calculations were performed for a model pacman
compound 9Zn, in which the propyl groups of 2Zn, were
replaced by methyl groups to save on computation time.
Figure 9 shows that in the closed conformer, the frontier or-
bitals of 9Zn, are built over both chromophores (a complete
set of frontier orbitals is provided in the Supporting Infor-
mation). The rather short interporphyrinic distance in the
calculated closed conformer is in full agreement with a sig-
nificant contribution of a Dexter mechanism in the energy-
transfer process in the dyads 4ZnH,-6ZnH,. The set of
dyads chosen for calibration seems suitable for two major
reasons. First, similar variations of the respective contribu-

4 J
78,9
a°%9a¢:

JO ' 9;

J J
1%9’0” HOMO
4

Figure 8. Frontier MOs for Ph—C=C—(PZn) according to DFT (B3LYP;
basis set 3-21G).
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HOMO-1
-0.172a.u.

HOMO-1
-0.178 a.u.

Figure 9. HOMO (top left) and HOMO-1 (bottom left) representations
for 9ZnH, as a model of a closed conformation, and HOMO (top right)
and HOMO-1 (bottom right) representations for 1ZnH, in the open
conformation. Geometries optimised by DFT (B3LYP/3-21G).

tions of Dexter and Forster mechanisms to the energy-trans-
fer process are expected if the contribution of through-bond
transfer is neglected. Second, in both the reference dyads
and the studied dyads, the D-A pairs are identical within
each series. Thus, the relative orientation of transition
dipole moments in D and A, and kappa values are nearly
constant, rendering the distance versus rate of SET calibra-
tion reliable.

Several reports on meso-alkynyl porphyrins document -
conjugation as well as efficient communication between the
porphyrin ring and ethynyl substituents or linkers.”® This is
explained by examining the frontier orbitals (HOMO and
LUMO), in which an important atomic contribution of the
ethynyl groups to these MO’s exists.*¥! For the geometry-op-
timised (DFT; B3LYP/3-21G*) model compound Ph—C=C—
(ZnP) (Figure 8) and for 2Zn, (see Figure S4 in the Sup-
porting Information), the LUMO and HOMO exhibit elec-
tronic density that is well distributed over the porphyrin
macrocycle and the ethynyl bridge. A reasonable amount of
electron density is also present on the phenyl ring, which
suggests that through space SET may also occur at the
phenyl end of the chromophore.

For distances>35 A, the Foérster mechanism is dominant
for SET.) The ET rate is a function of the distance between
D and A according to kgp_kp(Rp)*(1/r)%, in which ky, is the
emission rate constant for D; R is the Forster radius, that
is, the distance at which SET and spontaneous decay of ex-
cited D’s are equally probable; and r is the D-A dis-
tance.*>3* This means that as r increases, kg decreases rap-
idly. By examining Figure 7, the estimated value of 5.25 A
falls at the calix[4]arene end of the chromophore. Thus,
through-space S; ET occurs far more rapidly for cofacial
atoms located inside the calix[4]arene cavity. This supports a
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probable and unprecedented photoprocess
“inside” the cavity of the calix[4]arene.

The possible “non-innocent” role of the calixarene spacer
in the SET process, induced by intramolecular hydrogen
bonds at the lower rim, urged us to study the corresponding
propoxy derivatives 2H,, 2Zn, and 2ZnH,. “Gas-phase” ge-
ometry optimisation for 9Zn, was validated by comparison
to the reported X-ray structure of 2Ni, (Figure 10).1 In the

occurring

Model compound (9Zn;) for DFT calculations
(B3LYP/3-21G*)

Crystal structure of 2Ni, (ref. 10)

Figure 10. Comparison between significant interatomic distances (in A)
obtained from the computed “gas-phase” geometry of the model com-
pound 9Zn, (top left) and the X-ray structure of the related compound
2Ni, (top right). For 9Zn,, methyl groups were used instead of propyls to
save computation time. The average distances of mean planes (porphy-
rin—ethynyl-phenyl) are 4.78 A (calculated) and 4.79 A from X-ray. Local
differences are due to packing distortions in the solid state that are ignor-
ed in the DFT.

computed model, Zn was employed because this was the
metal used in this work. At optimisation, 9Zn, adopts a
“closed” geometry because no intramolecular hydrogen
bonds are possible at the calixarene’s lower rim. The macro-
cycles are therefore pillared. This calculated conformation
bears strong resemblances to the X-ray structure of 2Ni,.
The average distance of 4.79 A between mean planes (por-
phyrin—ethynyl-phenyl) in 2Ni, matches the average com-

puted interplanar distance for 9Zn, (4.78 A). The only dif-
ference is that some macrocyclic distortions (due to solid
state packing) are present for 2Ni,. Such behaviour is not
uncommon for porphyrins.”)

The kgp values at 298 and 77 K for 2ZnH, in 2-MeTHF
are 3.2 and 5.8 ns™', respectively. These values are smaller
than for dyad 8 ZnH, with a dibenzothiophene spacer (kgp=
4.7ns™" at 298 K measured under the same conditions) and
higher than that of dyad 7ZnH, with a dibenzofuran spacer
(ker=5.0ns"" at 77 K). Thus, using the rigid spacer series
(4ZnH,-8ZnH,) for calibration, a D--A distance of approx-
imately 6 A can be estimated for the 2ZnH, dyad. This dis-
tance corresponds to a relaxed closed conformation in
which the two chromophores are nearly parallel to each
other (based on modelling). Moreover, the kg; value for
2ZnH, in toluene is 7.5 ns™'. This rate is somewhat faster
than that measured in 2-MeTHF; therefore, the DA sepa-
ration may be shorter in toluene. This assumption leads to a
speculative structure in which the porphyrin macrocycles are
closer to each other, resembling the computed structure of
9Zn, in Figure 10. This concomitant small increase of the
SET efficiency also suggests a shortening of the interpor-
phyrin distance in scaffolds 2 compared to 1, and is consis-
tent with the conclusions extracted from the above NMR
and UV/Vis spectra. Figure 11 summarises the differences
between the open and closed conformations of 1ZnH, and
27ZnH,.

EtOH perturbation on the energy transfers: In the previous
discussion, in aprotic solvents, the presence of intramolecu-
lar hydrogen bonds between the hydroxyl groups and the
crown ether oxygen atoms in 1ZnH, imposes the open con-
former in this dyad. As mentioned previously, the presence
of a heteroatom in 2-MeTHF may provoke the formation of
a partial cone conformer. Therefore, the influence of com-
petitive intermolecular hydrogen bonds on the geometry of
this molecule, and consequently on its kg, was studied in
EtOH. According to the initial hypothesis, an increased con-
formational flexibility was expected from the destabilisation
of the hydrogen bonds in the cone conformer. For 1ZnH,

2ZnH,

1ZnH,

7+ = 120 ps (PhMe)
ker=7.5x10°s™
Conaso ™ Crmesa) ~ 4.5 A

1 = 172 ps (PhMe)
ker=5.2x10°s”
ACresa Crmoso) ~ 13 A

1ZnH,

7 = 1.63 ns (2-MeTHF)
No SET
M=Zn, M'=H; or M=H,, M'=Zn

Figure 11. Summary of observed SET processes observed, comparison of kg data for 2ZnH, (left) and 1ZnH, (centre) in toluene and 1ZnH, (right) in
2-MeTHEF. The d(C--C) corresponds to the distance between porphyrin meso carbon atoms bearing the ethynyl bridges.
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two 75 values of 0.24 ns (60 % ) and 2.86 ns (40 % ) were mea-
sured at 298 K. The former value was attributed to the cone
conformer and the latter value to the partial cone. The
shorter lifetime is now probably associated with a closed
cone, due to the concomitant loss of the restrictive hydrogen
bonding, and increased hydrophilicity of the medium. Por-
phyrins are hydrophobic surfaces that are known to aggre-
gate in hydrophilic media. It is thus expected that the two
chromophores within the same flexible pacman will tend to
closely pack to exclude any solvent molecules from the
pacman cavity. The loss of intramolecular hydrogen bonds
enhances the spacer’s flexibility and increases the amount of
partial-cone conformer. The longer lifetime, that was previ-
ously observed as a result of trace amounts of partial cone,
now significantly contributes (40%) to the decay profile.
Upon cooling, the conformational equilibrium between
1ZnH, partial cone and cone is significantly shifted to the
closed cone conformer, as only one short lifetime is ob-
served (0.27 ns at 77 K).

To show that the contribution of the long-lived species is
only observed in the case of incomplete alkylation of the
calixarene’s narrow rim and in the presence of solvents ca-
pable of disrupting the hydrogen bonding at the narrow rim,
studies of the per-alkylated dyad 2ZnH, in a protic solvent
were necessary. Unfortunately, the dyad 2ZnH, was insolu-
ble in EtOH. However, it could be dissolved in a 1:1 mix-
ture of toluene and EtOH. In this solvent mixture, only one
short-lived species contributed to the decay of 2ZnH,. In
contrast, one short- and one long-lived species were in-
volved in the decay of dyad 1ZnH,, as expected from con-
clusions previously drawn in this work. Thus, the use of a
mixed solvent confirms the assignment of the long lifetime
to a partial-cone conformer of dyad 1ZnH,. Despite the ap-
proximate 5.5 A distance between the two planes of the
phenyl groups bearing the ethynyl-OEP moieties, SET does
not takes place inside the calixarene, namely between the
two nearly parallel aromatic rings. The longer lifetimes that
are systematically assigned to a partial cone conformer of
1ZnH, are even longer than those of the reference bis-zinc
species 1Zn,. Two logical reasons explain these longer life-
times for the partial-cone conformation. First, this partial-
cone conformation eliminates deactivating collisions be-
tween chromophores. Second, the free rotation of at least
one chromophore around the axis of the ethynyl bond de-
couples the donor or the acceptor from the calixarene plat-
form. This explanation supports the hypothesis that SET
occurs inside the cavity when the shortest distance between
delocalised frontier orbitals is between two phenyl groups of
the calix[4]arene. Such delocalisation is only possible when
the confinement of the chromophores in a cofacial environ-
ment forces a parallel alignment of the porphyrin rings with
the phenyl groups of the calix[4]arene spacer.
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Conclusion

A through space SET process was demonstrated for the first
time in “flexible” pacman bisporphyrin scaffolds 1ZnH, and
27ZnH, in which a cofacial arrangement is enforced by a ca-
lix[4]arene spacer. Due to the unique “open” and “closed”
geometries adopted by the pacman, this process takes place
either within the calix[4]arene cavity when the conformation
is “open”, or directly between the porphyrin cores in the
“closed” form. Without more data, we can only draw con-
clusions concerning a general trend of the energy-transfer
behaviour of bisporphyrin species built around a calixarene
spacer. When a partially alkylated calixarene spacer was
used (type 1 pacman), the residual hydrogen bonding at the
narrow rim could be tuned by solvent interactions. The use
of calibration, based on reported time-resolved lumines-
cence studies for rigid pacman architectures, provided an es-
timation of the D—A distance based on the SET rate.

These new tuneable, through space interactions complete
the panel of communications between photo- and electroac-
tive species organised on calixarene platforms for the design
of actuators and switches. Although the crown-6 ether at the
lower rim of the calix[4]arene contributes to the control of
the bowl shape of the calix[4]arene platform, its presence
also calls for the development of potential sensing devices.
The binding of metal cations at the lower rim should be a
remote trigger for changes in the photophysical properties
of the pacman bisporphyrin scaffold. Work is in progress to
demonstrate this new concept in cofacial bisporphyrin sys-
tems.

Experimental Section

Compounds 1Zn,, 2H,, 2Zn,, 3H, and 3Zn were synthesised according
to literature procedures.'”! All reagents and solvents were used as com-
mercial grades, except CH,Cl, and THEF, which were distilled respectively
over P,Os and sodium/benzophenone, respectively, when necessary. Melt-
ing points are uncorrected and were measured on a Khofler heating plate
Type 7841. '"H NMR spectra were recorded on Bruker Avance 500 and
Avance 300 spectrometers. Chemical shifts were determined by taking
the solvent as a reference: CHCI; (7.26 ppm). Coupling constants (/) are
given in Hz. UV/Vis spectra were performed on a Hewlett Packard
8452 A diode array spectrometer. Chromatography columns were per-
formed on silica gel Merck No. 7734 and alumina Merck No. 1097.

Compound 1H,: In a flask thoroughly flushed with argon, meso-ethynyl-
(Zn)OEP (120 mg, 0.193 mmol) and the diiodo(crown-6)dihydroxyca-
lix[4]arene (72 mg, 0.103 mmol) were added to degassed Et;N (50 mL).
Catalytic amounts of [Pd(PPh;),Cl,] and Cul (10% mol each) were
added to the degassed solution. The reaction mixture was stirred at 55°C
for 1 week, and the formation of bis- and monoporphyrin adducts was
monitored by TLC (SiO,, CH,Cl,/acetone: 85/15). Additional meso-eth-
ynyl-(Zn)OEP (50 mg, 0.08 mmol) and corresponding amounts of
[Pd(PPh;),CL,] and Cul were added twice after reaction times of 7 and 12
days, to optimise the formation of the bisporphyrin material. After 12
days, no further evolution could be seen by TLC. The solvents were
evaporated, and the crude residue was taken in CH,Cl,, washed with
water, and treated with 10% HCI (aq) to remove the zinc(II) metal core.
After washing with water (2x), the crude products were dried by azeo-
trope distillation with a mixture of toluene and ethanol (2x). The free-
base bispoprhyrin was purified by column chromatography (SiO,,
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CH,Cl,/cyclohexane 9:1) to eliminate the starting material (ethynylpor-
phyrin), butadiyne derivative (homocoupling) and other by-products pro-
duced by degradation of ethynylporphyrin. The polarity of the eluent was
increased by using a gradient of acetone in CH,Cl, (2.5; 5; 7.5; 10; 15;
20; 25%) to recover two red bands. Fast-moving band: free-base bispor-
phyrin 1H, (46 %), and slower band: 3H, (traces). Ultimately, pure free
base bisporphyrin 1H, was obtained by recrystallisation from a mixture
of CH,CL/MeOH (60 mg, 0.035mmol, 42%). 'HNMR (300 MHz,
CDCL): 6=10.11 (s, 4H; H,,.,,), 9.88 (s, 2H; H,,.,,), 8.30 (s, 2H; OH),
7.75 (s, 4H; Heupopn)s 7:17 (d, J=7.4Hz, 4H; H,,,,a), 7.01 (t, J=
7.4 Hz, 2H; H,,,), 462 (d, /J=13.5Hz, 4H; ArCH,Ar), 448 (q, J=
7.7Hz, 8H; CH,CH,), 431 (m, 4H; H.,.), 4.08 (m (t+q), 34H;
CH,CH; + H.wm), 3.83 (s, 4H; Hom), 3.63 (d, /=124 Hz, 4H;
ArCH,Ar) 1.90 (t, J=7.5Hz, 48H; CH,CH;), —2.62 (s, 2H; NH),
—2.80 ppm (s, 2H; NH); UV/Vis (CH,CL): 4., (¢)=431 (356400), 522
(29000), 564 (33100), 592 (15800), 649nm (10700m'cm™); MS
(MALDI-TOF): m/z: 1741.098 [M*]; elemental analysis calcd (%) for
CH;5,ClNgOy, (1H,+3CH,Cl,+3H,0; 21233 gmol™'): C 68.58, H
6.98; found: C 68.03, H 6.66.

Compounds 1ZnH, and 1Zn,: In a flask thoroughly flushed with argon,
free-base bisporphyrin 1H, (70 mg, 0.040 mmol) was dissolved in CH,Cl,
(40 mL). The reaction mixture was degassed and heated to reflux. A so-
lution of Zn(OAc),2H,0 (10.6 mg, 0.048 mmol) in CH;OH/CH,Cl,
(7mL of a 1:1 solution) was added dropwise over a period of 1.5 h. The
reaction was monitored for the disappearance of the free-base bispor-
phyrin by UV/Vis spectroscopy and TLC (AL,O;, CH,Cl,). After 1.5h,
solvents were evaporated and the residue was dissolved in CH,Cl, and
purified by column chromatography (Al,O;, CH,Cl,). The red band cor-
responding to the free-base bisporphyrin 1H, was collected first. The
second red band, eluted with 1-5% acetone in CH,Cl,, contained the
zinc/free-base bisporphyrin dyad 1ZnH,. The last fraction that eluted
with 15-20% acetone in CH,Cl, contained the zinc bisporphyrin 1Zn,
contaminated by traces of the zinc/free-base bisporphyrin 1ZnH,, which
could not be detected by TLC. This last fraction was treated with a solu-
tion of 10% HCI, washed three times with H,O, and dried by azeotrope
distillation with toluene and ethanol to regenerate the free-base bispor-
phyrin 1H,. The zinc bisporphyrin 1Zn, was subsequently obtained by
full metallation of the free-base 1H, by using the procedure described
above with 10 equivalents of Zn(OAc),”2H,0 in refluxing methanol for
4h. The solvent was evaporated, and the residue was dissolved in
CH,Cl,, washed with H,O (3 times), and dried by toluene—ethanol azeo-
trope distillation.

Characterisation of 1Zn,: '"HNMR (300 MHz, [D]CHCl;, 25°C): 6=
10.11 (s, 4H; H,,,,), 10.03 (s, 2H; H,,,), 823 (s, 2H; OH), 7.74 (s, 4H;
Heuorgty 715 (d, J=7.7 Hz, 4H; H,pu), 6.98 (t, J=7.3 Hz, 2H; H,,,,),
459 (d, J=122Hz, 4H; ArCH,Ar), 451 (q, J=695Hz, 8H;
CH,CH,)4.25 (m, 4H; H,,,,,) 4.08 (m, 28 H: H,, + CH,CH,), 3.98 (m,
4H; Heroun), 391 (m, 4H; Heoun)s 3.79 (8, 4H; Hegoun)s 372 (pseudo t, 2H;
H.own), 3.61 (d, J=13.7Hz, 4H; ArCH,Ar), 191 ppm (m, 48H;
CH,CH,); UV/Vis (CH,CL): Apa (£) =426 (390500), 556 (34800), 595 nm
(28100m'cm™); MS (MALDI-TOF): m/z: 1867.86 [M*]; elemental
analysis caled (%) for C;;sH;3ClLNgOyZn, (1Zn,+ CH,Cl,+H,0): C
70.11, H 6.65; found: C 70.01, H 6.99.

Characterisation of compound 1ZnH,: 'HNMR (300 MHz, [D]CHCl,,
25°C): 6=10.10 (s, 4H; H,,,,), 10 (5, 1H; H,,), 9.88 (s, 1H; H, ), 8.20
(s, 1H; OH), 8.16 (s, 1H; OH), 7.74 (s, 4H; H,uupopn)s 715 (d, J=
7.6 Hz, 4H; H, o), 698 (t, J=7.3Hz, 2H; H,,,), 452 (d+q, J=11.4,
74 Hz, 12H (4+8); ArCH,Ar + CH,CH,), 4.08 (m (t+q), 32H; H,\»

+ CH,CH;), 3.93 (m, 4H; H. ), 3-89 (m, 4H; Heow), 3.76 (s, 4H;
Heioun)s 3-69 (pseudo t, 2H; Heoyn), 3.59 (d, J=12.4 Hz, 4H; ArCH,Ar),
1.91 (m, 48H; CH,CH;), —2.63 (s, 2H; NH), —2.81 ppm (s, 2H; NH);
UV/Vis (CH,CL): Apa (£) =427 (358000), 522 (18600), 560 (31200), 594
(20100), 648 nm (5100M~'cm™'); MS (MALDI-TOF): m/z: 1803.95 [M*];
elemental analysis caled (%) for C,;sH;3,CliNgOyZn (1Zn,+2 CH,Cl,+
H,0): C 69.96, H 6.78; found: C 69.98, H 6.99.

Metallation process for preparing 2ZnH,: The procedure was identical to
that used for the preparation of 1Zn, and 1ZnH, (vide supra). 'H NMR
(300 MHz, [D]CHCl,, 25°C): d=9.03 (s, 1H; H,,,), 8.97 (s, 1H; H,,.,,),

534 — www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

823 (s, 2H; H,..), 812 (s, 2H; H,.,), 748 (d+d, J=7.4Hz 4H,
H,aqny), 729 (t, J=7.4Hz, 2H; H,,,,), 7.06 (s, 2H; H,iuporpn))> 7.02 (s,
2H; H,upopn), 4.66 (m (d+d), J=11.4Hz, 4H; ArCH,Ar), 4.53
(pseudo t, 4H; H_,\n), 425 (pseudo t, 4H; H o), 4.11 (pseudo q, 4H;
CH,CH;), 4.00 (pseudo q, 4H; CH,CHj;), 3.91 (m, 4H; H,, ), 3.83 (m,
16H; H.,own + CH,CHs;), 3.73 (pseudo q, 4H; CH,CHj;), 3.46 (d+d, J=
12.4 Hz, 4H; ArCH,Ar), 329 (m (q9+q), 8H; CH,CH;), 3.15 (m, 8H;
OCH,CH,CH; + CH,CH;), 2.08 (m, 4H; OCH,CH,CHj;), 1.69 (m (t+
t), J=7.8Hz, 12H; CH,CH;) 1.46 (m, 36H; CH,CHj;), 1.21 (m, 6H;
OCH,CH,CH;), —0.87 (s, 1H; NH), —1.28 nm (s, 1H; NH); UV/Vis (tol-
uene): A, (&)=415 (139500), 531 (5900), 572 (8500), 608 nm
(6600M'cm™); MS (FAB™*): m/z: 1888.01 [M*].

Note: Elemental analysis of peralkylated pacman 2 derivatives were ob-
tained but could not be fitted with the calculated species using an integer
number of water molecules, whereas the hydroxylated scaffolds 1 always
contained at least one water molecule. This is consistent with a tight in-
teraction of water with the lower rim of the calixarene when only partial-
ly alkylated. The water molecule in scaffold 2 was labile enough to be
partly removed upon drying. Analyses were thus performed on each
sample used for physical measurements.

Time-resolved luminescence studies: Emission and excitation spectra
were obtained using a double monochromator Fluorolog 2 instrument
from Spex. Fluorescence lifetimes were measured on a Timemaster
Model TM-3/2003 apparatus from PTI. The source was a nitrogen laser
equipped with a high-resolution dye laser (FWHM ~ 1500 ps) and all the
fluorescence lifetimes reported in this work were obtained from deconvo-
lution and distribution lifetime analysis. The uncertainties were £10%
based on three measurements on different samples. Some lifetimes were
shorter than 100 ps (from deconvolution). For short fluorescence life-
times (i.e., on the 100 ps timescale), controls were performed using a ps
laser system (FWHM =10 ps) located at the University of Ottawa (Prof.
Scaiano), but the values reported in the tables were collected on the
Timemaster equipment. The uncertainty is+50 ps in this work. Details
are provided in reference [4]. All samples were prepared under an inert
atmosphere (in a glove box, P(O,) <1-3 ppm) by dissolution of the dif-
ferent compounds in 2-MeTHF in 1cm® quartz cells equipped with a
septum (298 K) or in standard 5 mm NMR tubes (77 K). Three different
measurements (i.e. different solutions) were performed for each photo-
physical datum (lifetimes). The UV/Vis spectra were measured on HP
8452 A diode array spectrophotometer in Sherbrooke, and on an Agilent
8453E diode array UV/Vis spectrometer in Strasbourg.

Computer modelling: The calculations were performed with the Density
Functional Theory (DFT) approximation using the commercially avail-
able Gaussian 03 software.®® The hybrid B3LYP exchange correlation
function was considered due to the high accuracy of the ensued re-
sults, ! with the 3-21G* as the basis set.l”l All computations were per-
formed without symmetry constraint.

Association constant measurement: A solution of 2Zn, (c=3x10"°wm;
2mL, 6x107* mmol) in toluene was titrated with a 6x10~*m solution of
diazabicyclooctane (DABCO) in toluene at 298 K. Aliquots of 1pL
(0.1 equivalents, 0.6 mmol) of DABCO were added successively from 0
to 1 equivalent. Higher substrate/receptor ratios (1.5, 2.0, 3.0, 5.0, 10.0,
25, and 50) were then reached until no further changes could be detected
in the spectrum. Data were then treated using the software SPECFIT on
the basis of a 1:1 complex to afford unequivocally a log K,=6.39+
0.05.1%)
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