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COMMUNICATION

Acid-Base Controlled Multiple Conformation and
Aromaticity Switches in Tren-Capped Hexaphyrins

Stéphane Le Gac,*® Elsa Caytan,® Vincent Dorcet?® and Bernard Boitrel®

Upon protonation, a tren-capped hexaphyrin undergoes successive
rectangular-to-Moébius and Mobius-to-triangular conformational
isomerizations, with concomitant antiaromaticity-to-aromaticity
reversal. This affords different cage environments leading
ultimately to a “crypto-bowl-shape” hexaphyrin hosting a
trifluoroacetate counterion.

Coupled conformational and aromaticity changes in expanded
porphyrins are an attractive feature in the field of nano-
science.! Indeed, aromatic-antiaromatic switching? could be
exploited to form new molecular junctions,? optoelectronic
materials* or innovative sensors.>

Regular hexaphyrins have been shown to adopt different
conformations (Figure 1) depending on various factors such as
coordination,® protonation,” or solvent polarity,® in strong
interplay with their oxidation state ([26/28] m-conjugated
system). Interestingly, for a given oxidation state, opposite
aromatic/antiaromatic  characters are obtained upon
introducing a single twist in the m-conjugated system (Mobius
conformation).8ab Achieving Mébius aromaticity is remarkable
in itself,® but remains underexplored in functional systems
(devices, receptors...).10

Despite the abundant literature on expanded porphyrins,! their
coupling to various functional units has been scarcely described.
Recently, we have evidenced that capping the hexaphyrin frame
with a cyclodextrin unit allows multiple conformational changes
(rectangular/triangular or rectangular/dumbbell) depending on
the protonation state and/or temperature changes, opening the
way to shape-shifting molecular receptors.!! Furthermore, with
a tren-capped [28]hexaphyrin (2, Scheme 1), selective Zn(ll)
metalation at the level of a dipyrrin site, coupled to a
cooperative two-guest binding process, induced rectangular-to-
M@dbius isomerization with effective P/M twist chiral induction,
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concomitantly with an antiaromatic-to-aromatic reversal.> This
finding represents the first example of a M6bius-type metallo-
receptor, with chiroptical properties of interest for sensing
systems.

The conformational flexibility of these capped hexaphyrins is
remarkable although counterintuitive, as one could expect
restricted conformational freedom due to the triple bridging of
the meso positions. The relationship between the size and
nature of the bridges and the accessible conformations of the
hexaphyrin frame remains to be scrutinized. Hence, pursuing
our efforts towards adaptative hexaphyrin based hosts, we
describe herein a protonation study with two tren-capped
hexaphyrins of different sizes (Scheme 1), resulting in controlled
conformation and aromaticity switches and setting the basis for
functional systems featuring tuneable cage environments.
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Figure 1. Main conformations of regular hexaphyrins (independently of their [26/28]

oxidation state) and interplay between conformation, oxidation state and
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Scheme 1. Protonation study of tren-capped hexaphyrins 1 and 2 with TFA and MSA, and induced conformational changes (NMR study at low temperature in CD,Cl, or CDCl3).
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Figure 2. 'H NMR spectra of 1 (a) and 1.5H* (b, scale * 2) (CDCls, 500 MHz, 233 K). S = solvent, G = grease.

For both 1 and 2, the hexaphyrins were isolated in their [28]t  environments. These two compounds afford six protonation
rectangular planar antiaromatic conformation,®> with their meso sites, two on the hexaphyrin and four on the tren cap.

positions linked alternatively to C¢Fs moieties and the tren unit. 1H NMR titration experiments of 1 and 2 with TFA
1 and 2 differ by their attachment of the tris-methylated tren (trifluoroacetic acid) or MSA (methane sulfonic acid) were
caps to the hexaphyrin, leading to different “crypto” performed in either CD,Cl, or CDCls, at low temperatures (down




to 183 K, SlI). With 2 bearing a more distant tren cap, nowell-
defined patterns were found whatever the conditions, highly
broaden signals being observed above 1 eq. of acid (up to 20
eq.), at different temperatures. From a previous study,®> 2 is
flexible  enough to undergo rectangular-to-Mobius
isomerization upon metalation in specific conditions. The fact
that no well-defined species were formed herein suggests a lack
of effective conformational stabilization of protonated states.
With compound 1, the situation was pretty much the same with
MSA, whereas titration with TFA at 233 K in CDCl; afforded
sharp signatures suitable for 2D NMR analysis (SI). Thus,
approximately five different patterns were successively
observed with increasing amounts of acid. The two first ones (0-
2 eq. of TFA) were consistent with mono- and di-protonated
rectangular antiaromatic compounds, namely 1.H* and 1.2H*
(Scheme 1), with signals similar to the free base in the
deshielded region, above 17 ppm, compatible with NHin/(-
pyrin protons experiencing the paratropic ring current
(protonation sites not determined). At ca. 3 eq. of TFA, a third
minor unidentified species with drastically different signature
was observed (no more deshielded signals, new signals below 0
ppm), that could correspond to 3 or 4 protonated states.
Conversely, at ca. 4-5 eq. of TFA, a very well-defined signature
was obtained (Figure 2b) corresponding to a major
dissymmetric species, assigned to a penta-protonated Mobius
compound (1.5H*, Scheme 1) through 2D NMR analysis. Indeed,
the hexaphyrin B-pyrrolic protons distribution fits the
characteristic resonances induced by the diatropic ring current
of the singly twisted 28m-conjugated system?>: 2H at -0.90 and -
0.60 ppm (inverted pyrrole), 2H at 3.82 and 4.62 ppm (twisted
pyrrole), and 8H in the 9.1-9.3 ppm region (four out pyrroles)
(respectively blue, green and red triangles, Figure 2b). The
infout distribution is opposite to that of the starting
antiaromatic compound 1 (Figure 2a), leading to impressive Ad
of ~22 ppm for the B-pyrrolic in protons and of ~30 ppm for the
NHin protons. In general, the twisting process projects a meso-
aromatic group adjacent to the twisted pyrrole towards the
inner part of the ring. 2D NOE NMR correlations evidenced that
this position corresponds to a meso-aromatic bearing the tren
cap, that is de facto constrained in a shrunk conformation as
drawn in Scheme 1. The 'H NMR pattern displays two CH;
signals at -2.84 (1H) and -2.35 (1H) ppm, in agreement with an
inward orientation of the tren arm attached to the twisted meso
position. Furthermore, three NH* protons of the tren unit were
identified at 6.61, 10.00 and 12.40 ppm, in addition to the six
NH of the hexaphyrin, attesting the five protonated state of the
structure (the fact that further evolution occurs with excess of
TFA is consistent with a free remaining protonation site, vide
infra).

The 9F NMR spectrum of 1.5H* exhibits, in addition to the
dissymmetric pattern of the meso-CsFs moieties, two sharp
singlets (2 x 3F, d = -75.66 ppm [“TFA1”], & = -81.79 ppm
[“TFA2”]) as well as a large signal (0 =-75.0 to -76.3 ppm) in the
TFA region. 1°F 2D DOSY NMR reveals an identical diffusion
coefficient for TFA1l, TFA2 and the meso-CsFs moieties,
evidencing that these counterions are strongly associated with
1.5H* (SI). Likely, TFA1 and TFA2 are interacting with the

diprotonated hexaphyrin unit, in slow exchange on the NMR
time scale, whereas those associated to the triprotonated tren
cap are averaged, in a fast exchange regime. The highfield shift
of ca. 6 ppm of TFA2 vs. TFAl indicates two different
environments that were probed thanks to 1D 'H detected H-
19F nOe-difference NMR experiments (Sl), resulting in the
following interpretation: (i) TFA1 is associated to the twisted
pyrrole, and adopts a lateral position relative to the tren cap
(intense NOE with the meso-Ar moieties adjacent to the twisted
pyrrole, Scheme 1); (ii) TFA2 is associated to ml or 4 and
oriented towards the hexaphyrin centre, but opposite to the
tren cap (intense NOE with the B-protons of the twisted pyrrole,
Scheme 1). These observations confirm a shrunk conformation
of the triprotonated tren cap, which does not afford a crypto
environment for hosting a TFA- counterion. Remarkably,
addition of excess of triethylamine (TEA) to 1.5H* led back to 1
(S1), evidencing an acid-base controlled (anti)aromatic switch

Figure 3. Crystallographic structure of compounds 1.6H*3TFA", (a) side and (b) top views,
and 1 (c), top view.> H atoms, solvents of crystallization, and exo-TFA molecules removed
for clarity. Hexaphyrin highlighted in dark brown and tren cap in orange, endo-TFA
depicted in ball-and-stick. Dashed lines indicate H bonds.



(Scheme 1).

With a higher amount of TFA, i.e. > 6 eq., another species
appeared and its NMR pattern broadened with excess of acid,
ruling out 2D NMR analysis. This compound, expected to be a 6-
protonated Mdbius state, and exhibiting low solubility in CDCls,
spontaneously crystallised from the NMR tube solution. XRD
analysis of these single crystals revealed a triangular hexaphyrin
that is no more twisted, namely 1.6H*>TFA- (Scheme 1, Figure
3a,b; Figure 3c shows the previously reported molecular
structure of 1°).12 Three out pyrroles define the edges of the
triangle (1, n3, n5) whereas the three others are inverted (2,
n4, n6) defining the sides. While the out pyrroles are roughly
coplanar, the inverted ones are tilted outwards by ca. 40°
defining concave and convex faces, the concave one being
capped by the tren unit. The tren is not symmetric, and adopts
a somehow distorted crypto conformation. The macrocyclic
structure is surrounded by at least seven exo-TFA that
contribute to a complex H-bonding network, encompassing NH
atoms of the tren cap, inverted pyrroles and amide functions.
Interestingly, one molecule of TFA- occupies the crypto
environment, and is stabilized by H-bonds in a bis-anchor
fashion, both with protonated pyrroles (dN3-O1 = 2.83 A and
dN5-02 = 2.79 A) and protonated nitrogen atoms of the tren
(dFa-N1 = 2.90 A and dFb-Nt = 2.89 A, see dashed lines). Such
an endo binding mode differs from that reported for a MSA
counterion interacting with the convex face of a regular
triangular hexaphyrin (CH-O bifurcated bonds).7d11b  Thijs
network of H-bonds involving both protonated hexaphyrin and
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