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Tren-Capped Hexaphyrin Zinc Complexes : Interplaying Molecular
Recognition, M&bius Aromaticity and Chirality

Hervé Ruffin, Gildas Nyame Mendendy Boussambe, Thierry Roisnel, Vincent Dorcet, Bernard Boi-
trel* and Stéphane Le Gac*

Institut des Sciences Chimiques de Rennes, UMR CNRS 6226, Université de Rennes 1, 263 avenue du Général Leclerc,
35042 Rennes cedex, France.

ABSTRACT: Over the last decade, the hexaphyrin skeleton has emerged as a multifaceted frame exhibiting strong interplay
between topology, aromaticity and metal coordination, opening new research areas beyond porphyrins. Yet, molecular recog-
nition with hexaphyrins has been under-explored, mainly due to the lack of general synthetic strategies leading to sophisti-
cated molecular hosts. Here, we have developed a straightforward approach for capping the heteroannulene frame with trip-
odal units (e.g., tris(2-aminoethyl)amine [tren]), through the post-modification of a readily accessible meso-(2-aminophenyl)
tris-substituted platform. The resulting tren-capped hexaphyrins, obtained in three steps from a 5-(aryl)dipyrromethane pre-
cursor, display remarkable features: (i) considering the 28m-conjugated system, instantaneous and site selective Zn(II) metal-
lation at the level of a dipyrrin vs. tren unit, triggers planar-to-singly twisted conformational change, hence Hiickel antiaro-
matic-to-Mo6bius aromatic transformation. In spite of the tripodal linkage, a smooth twist and efficient m-overlapping is pre-
served; (ii) selective and cooperative binding to zinc of both an acetato and an amino ligand occurs in distinct confined envi-
ronments, reminiscently to substrate discrimination at the buried metal center of metallo-enzymes. Ligand binding pockets
are allosterically tuned by mono-protonation of the tren unit; (iii) substantial chiral induction of the molecular twist is
achieved using chiral amino ligands (diastereomeric excess up to 77 %, the highest reported to date for a Mébius compound),
to which is associated a strong chiroptical signature in circular dichroism. These results provide unprecedented insights in
molecular recognition with hexaphyrins, paving the way to innovative Mdbius-type molecular hosts for sensing and catalysis.

INTRODUCTION

Over the last two decades, the field of expanded porphyrins
has grown quasi exponentially, offering an infinite play-
ground to chemists.! This family encompasses compounds
featuring a smaller macrocyclic circuit (SMC) with more
than 16 atoms (i.e. larger than that of a porphyrin), includ-
ing skeleton variations such as pyrrole confusion, a-a
linked pyrroles.... Usually, expanded porphyrins exhibit “in-
triguing” properties, resulting from the strong interplay be-
tween their m-conjugated system, aromaticity, electronic
features, redox states, flexibility/topology, coordination be-
havior, and reactivity. They offer precious tools to study the
relationship between topology and aromaticity, a major
breakthrough being the achievement of Mébius aromatic
architectures.23 Expanded porphyrins also give new oppor-
tunities in the design of molecular switches and optoelec-
tronic materials, and some members such as hexaphyrin
[26]H?® have become benchmarks (Figure 1a, 26m-conju-
gated species). Surprisingly, in strong contrast with porphy-
rins, molecular recognition remains an under-explored re-
search area with their expanded congeners, and is some-
how limited to anion recognition with sapphyrins and cy-
clo[8]pyrroles.* Thus, combining the above mentioned in-
trinsic properties of expanded porphyrin frames with mo-
lecular recognition events is highly desired. Notably, bridg-
ing the gap between the core concepts associated to supra-

molecular complexes (induced fit, complementarity, coop-
erativity...),> which are ubiquitous to biological events, and
Mobius twisted aromatic structures,?3 which are unknown
in Nature, is of fundamental interest.

To tackle this issue, we considered the synthesis of novel
hexaphyrins capped with a tripodal metal binding site
through a post-modification approach of an hexaphyrin
platform (Figure 1c). This study was motivated (i) by our
recent findings dealing with hexaphyrin-cyclodextrin hy-
brids (Figure 1b),® whose hosting behavior can be tuned by
a topological adaptation of the hexaphyrin;? (ii) to probe ef-
ficient procedures for the "dressing” of hexaphyrins. Rela-
tively to porphyrins, their expanded congeners suffer from
less developed methods of preparation. More particularly,
their functionalizations according to post-modification
strategies are somehow limited,®13 so that expanded por-
phyrins sorely lack molecular platforms that could be read-
ily prepared and used as a starting material for the con-
struction of sophisticated macrocyclic structures. In con-
trast, meso-tetra(2-aminophenyl)porphyrin (TAPP, Figure
1a)!#4is such a famous platform, extensively used for the in-
troduction of various functional groups surrounding the N-
core cavity, notably for biomimetic,!5 catalysis!® or funda-
mental coordination purposes.1718

Inspired by TAPP, we envisioned the synthesis of a related
hexaphyrin platform, namely meso-tris(2-aminophe-
nyl)hexaphyrin (Figure 1c), possessing a readily accessible



©CoO~NOUITA,WNPE

e
[Ny

U A DMBEAMDIAMDIMBAEDIEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRPRPRERREREREPR
QOO NOUPRRWNRPOOO~NOOUORARWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOONOOODMWN

(AB)s-type meso-substitution pattern consistent with the
grafting of tripodal units. Following this approach, we de-
scribe herein unprecedented hexaphyrin-based molecular
hosts with the synthesis and coordination study of tris(2-
aminoethyl)amine (tren)-capped hexaphyrins.

RESULTS

The synthesis of the targeted hexaphyrin platform 2 was ac-
complished following a two-step procedure (Scheme 1).
First, the trinitro precursor 1 was prepared by the me-
thanesulfonic acid (MSA)-catalyzed condensation of 5-(2-
nitrophenyl)dipyrromethane with pentafluorobenzalde-
hyde in CH2Cl, followed by oxidation with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ).!® Compound 1 was iso-
lated in its 267 aromatic form as a deep purple solid with a
16 % yield. The 'H NMR spectrum corresponds to the sum
of the NMR patterns of the various atropisomers in slow
equilibrium at 298 K and below. At higher temperatures
(above 330 K), a single NMR pattern corresponding to a rec-
tangular shape macrocycle with two central inverted pyr-
roles was observed (SI), deduced from characteristic re-
gions for the in and out B-pyrrolic protons (-2.15 ppm and
8.90t0 9.35 ppm, respectively). These observations indicate
that, as compare to the related TAPP,4c the energy barrier
for the interconversion of the atropisomers of 1 is much
lower, preventing their separation. The crystal structure of
1 revealed only one atropisomer with the meso-(2-nitro-
phenyl) group on the short side (Ar2) opposite to those on
the long sides (Arl and Ar3), relative to the hexaphyrin
mean plane (Figure 2). The reduction of the nitro groups of
1 was then attempted but revealed to be non-trivial. Indeed,
usual methods as SnClz/HCl failed, leading mainly to degra-
dation products. We thus turned to a Pd catalyzed hydro-
genation procedure. Mass spectrometry monitoring indi-
cated complete reduction after ca. 24 hours at 30 °C, with a
H: pressure of 80 bars and a catalytic amount of Pd(0)/C.
Hexaphyrin 2 suffers from a lack of stability, likely due to

meso-tetra(2-aminophenyl)
porphyrin (TAPP)

HN \
. Q
Ar —_— Qﬁ:\/\
N HN
) hexaphyrin capped Q

with a metal binding site

hexaphyrin [26]H

(c)

meso-tris(2-aminophenyl)
hexaphyrin

Figure 1. (a) Structures of the benchmark hexaphyrin [26]H
and of the widespread TAPP platform. (b) Unique example of a
triply-bridged hexaphyrin-cyclodextrin hybrid. (c) Global
strategy of the present study to access first an hexaphyrin plat-
form, and second hexaphyrins capped with a tripodal metal
binding unit. Ar = CeFs.
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the electron donating character of the aniline function,?°
preventing purification by silica gel chromatography. It is
worth to note that reduction of the hexaphyrin core of 2 into
its 28w form also occurs during this process (vide infra).
Compound 2 was therefore used without purification. Two
different linkers were then introduced, by reacting 2 with
either acryloyl chloride or 3-(chloromethyl)benzoyl chlo-
ride (Scheme 2). Compounds 3 and 6 turned to be stable,
and were therefore isolated with respectively 41 and 46 %
yield (two-step overall yield from 1). The yields are rela-
tively good considering that they correspond to seven reac-
tions: three nitro reductions, one hexaphyrin core reduction
and three amino acylations. The straightforward formation
of 3 and 6 validates our post-modification strategy, making
2 an interesting platform for the introduction of various
functionalities.

As a first “naked eyes” diagnosis, hexaphyrins 3 and 6 dis-
play a deep blue color characteristic of 28w aromatic hex-
aphyrins with a singly-twisted Moébius topology. The 287-
electron form was confirmed by HRMS analysis, while the
aromatic character was deduced from UV-vis absorption
spectra, showing intense and well defined Soret-like bands
at 604 nm for 3 and 6, as well as Q-like bands up to 1036 nm
(Figure 3 and SI). This contrasts with the broad absorption
in the visible region exhibited by Hiickel antiaromatic
[28]hexaphyrins.6:21

Next, the tris-acryloyl derivative 3 was reacted with tris(2-
aminoethyl)amine (tren) or tris[2-(methyla-
mino)ethyl]lamine (Me-tren) in a chloroform/methanol
mixture. To our delight, in both cases, mass spectrometry
analysis monitoring revealed the formation of the desired
tren-capped compounds 4 or 5 as major products. Similarly,
the tris-benzyl chloride derivative 6 was reacted with tren
or Me-tren in THF in the presence of sodium iodide and
diisopropylethylamine (DIPEA). Here also, formation of the
targeted tren-capped compounds 7 or 8 was attested by
mass spectrometry analysis. Compounds 4, 5 and 8 were
isolated with moderate to good yields, respectively 41 %,

(mixture of atropisomers)

(not isolated)

Scheme 1. Synthesis of hexaphyrin 2. Conditions: i) MSA,
CH2Clz, 0 °C then DDQ, 16 %; ii) H2 80 bars, Pd(0)/C (cat.), Ac-
OEt, 30 °C.
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Figure 2. X-ray crystal structure of one atropisomer of 1 (stick
view, hydrogen atoms and solvents of crystallization have been
removed for clarity).

67 % and 55 %, whereas compound 7 could not be purified
due to a lack of stability. It is worth to stress the straightfor-
ward access to these capped hexaphyrins obtained in only
three steps from a 5-(aryl)dipyrromethane.

In contrast to their M6bius aromatic precursors 3 and 6, the
three capped hexaphyrins 4, 5 and 8 exhibit typical features
of Hiickel antiaromatic [28]hexaphyrins within a rectangu-
lar topology. Indeed, while HRMS analysis confirmed 287-
electron species, UV-vis spectroscopy revealed highly
broaden bands between 400 to 650 nm (Figure 3 and SI)
and Q-like bands were not observed at higher wavelength.
These spectral patterns are shared by antiaromatic ex-
panded porphyrins.2! To these spectral features corre-
sponds a red-brownish color of the samples, strongly con-
trasting with the blue color of the M6bius aromatic [28]hex-
aphyrins. The 'H NMR spectra of 4 (SI), 5 and 8 (Figure 4a
and 4b) display two sets of B-pyrrolic protons pointing out
arectangular shape with two central inverted pyrroles: four
protons are strongly downfield shifted (two broad signals
in the 19-21 ppm region) and eight protons are upfield

144 - 607

Absorbance

807 880 901 990
7 913 [ 1036

QYW

T T T = T T 1
350 450 550 650 750 a50 950 1050 150

1 {nm)

7: R = H (unstable)
8:R=Me

Figure 3. UV-vis-NIR absorption spectra of 6 (CHzClz), 8 and
8ZnOAcyyzpy (9:1 CHCl3/CH30H).

shifted (four doublets in the 3-4 ppm region). Similarly, two
sets of hexaphyrin NH protons are observed, around 26-27
ppm and 2.80 ppm. These data evidence: (i) a plane of sym-
metry in the structures, perpendicular to the mean plane of
the hexaphyrin and crossing the meso-aryl positions on the
short sides. This is confirmed by the 1°F NMR spectra, show-
ing two sets of signals in 2:1 ratio corresponding to the long
(“L”) and short (“S”) sides meso-CéFs moieties (SI); (ii) a
strong paratropic ring current shielding the outside and
deshielding the inside of the hexaphyrin.6 As shown in Fig-
ure 4a, the ring current effect is strongly experienced by the
tren cap of 5, with NCHz protons reaching 8.5 ppm. The tren
methyl groups are also deshielded, with a higher effect for
the long side connected ones (dvme) = 4.97 ppm Vs. Omers) =
3.73 ppm). In the case of 8, a similar ring current effect is
observed for the tren cap unit, but to a lower extent (crzcuz
=[4.1-3.7] ppm, Avmew) = 3.47 ppm, Avmes) = 3.03 ppm). This
indicates a higher position of the tren cap relative to the
hexaphyrin in line with longer and more rigid linkers. These
data traduce a general tendency of triply bridged

vii or viii

Scheme 2. Synthesis of tren-capped [28]hexaphyrins 4, 5, 7, and 8, and oxidation of compounds 4, 5 and 8 in their 26w aromatic
counterparts 9, 10 and 11. Conditions: i) acryloyl chloride, DIPEA, THF, -50 °C, 41 % (2 steps); ii) tren, CHCl3/CH30H 1:9, 45 °C, 41
% (4); iii) Me-tren, CHCl3/CH30H 1:9, 45 °C, 67 % (5); iv) 3-(chloromethyl)benzoyl chloride, EtsN, THF, 0 °C, 46 % (2 steps); v) Nal,
DIPEA, THF, 70 °C then tren, not characterized (7); vi) Nal, DIPEA, THF, reflux then Me-tren, 50 °C, 55 % (8); vii) DDQ, CDCl3/CD30D

9:1 or CDCl3 (9 and 11); (viii) DDQ, CHCls, 82 % (10).

3
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CHy @

NH in | HAr linker +NHCO P-pyr out
== *NMo T [ vs by
200 19.0 | JU J{ »\ M ArCH, 9 CH%V 4 CH, (9
L ; JilL vt
S
11.0 9.0 8.0 7.0 6.0 50 4.0 3.0
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Figure 4. 'H NMR spectra (selected parts) of 5 (a) and 8 (b) (CDCls, 298 K, 500 MHz). S = solvent; “L”/“S” italicized stand for

“long”/"short”.

[28]hexaphyrins to adopt a rectangular antiaromatic topol-
ogy, as also observed with cyclodextrin-hexaphyrin hybrids
(Figure 1b).6

The crystal structure of 5 (Figure 5) confirmed the rectan-
gular conformation of the hexaphyrin, which is slightly
curved (concave side oriented towards the cap, Figure 5b)
and distorted on one of the large side. This is possibly due
to some strain in the structure because of the small size of
the cap. Indeed, the Me-tren unit adopts an extended dis-
symmetric conformation and lies at a rather short distance
of ~3.5 A from the hexaphyrin core.?? This conformation is
stabilized by intramolecular H-bonds between the three
NMe atoms of the cap (N10, N11, N12) and the NHCO of the
meso-aryl units (N7, N8, N9; dashed lines and distances in
Figure 5b and c). The strong ring current effect experienced
by the Me-tren cap in NMR solution is consistent with this
conformation.

Exploring their aromaticity switching capability, the three
capped [28]hexaphyrins 4, 5 and 8 were oxidized with DDQ
in their 26w forms, as confirmed by HRMS analysis, giving
respectively compounds 9, 10 and 11 (Scheme 2). These
[26]hexaphyrins exhibit deep purple coloration, and the
UV-vis-NIR absorption spectrum of 10 shows intense Soret-
like band at 570 nm with Q-like bands at 718,904 and 1028
nm (SI), which is characteristic of aromatic [26]hex-
aphyrins. In addition, 'H and '°F NMR spectra of 9, 10 and
11 agree with rectangular conformations with two inverted
central pyrroles, and exhibiting a diatropic ring current. In-
deed, shielding effects are opposite to those observed for
the parent 28w compounds (SI).

Our first investigations of the coordination properties of
these tren-capped hexaphyrins led to unexpected results, as
shown hereafter with zinc. The Zn(1l) complexation of 8 was
investigated by 'H NMR and UV-vis absorption spectrosco-
pies in CDCl3/CD30D 9:1 solution. Whereas our initial at-
tempts with only Zn(OAc). or Zn(OTf)2 remained unsuc-
cessful, we found that a zinc metal complex of 8, namely

Figure 5. X-ray crystal structure of 5: (a) top view; (b) and (c):
side views from respectively the long side and the short open
side (stick representation, hydrogen atoms have been removed
for clarity). Brown: hexaphyrin part; orange: Me-tren-CH2CH:
unit. Dashed lines: H-bonds with distances in A.

8Zn%yuzpu (Scheme 3), could be obtained in the presence
of both acetate ions and a primary amine. For instance, ac-
cording to pathway A, addition of 1 equiv. of Zn(OTf)2 to 8
led to an ill-defined NMR spectrum, even at low tempera-
tures (down to 223 K), with notably disappearance of the
signal of the inner -pyrrolic protons at 17.1 ppm (Figure
6b). Subsequent addition of either 1 equiv. of TBAOAc (Fig-
ure 6¢) or 1 equiv. of BuNH: (Figure 6d) led only to minor
changes. Conversely, addition of both TBAOAc and BuNH2
(1 equiv. each) led to a sharp NMR pattern suitable for 2D
NMR analysis (Figure 6e), along with a blue color of the so-
lution contrasting with the red-brownish one of the starting
antiaromatic compound. The corresponding UV-vis absorp-
tion spectrum is characterized by an intense Soret-like band
at 607 nm as well as Q-like bands at 807, 880, 901 and 990
nm, suggesting the formation of an aromatic species (Figure
3 and SI).23 The B-pyrrolic protons distribution fits with a
twisted Mobius topology exhibiting diatropic ring current
(Scheme 3):2b eight doublets in the 8.5-7.0 ppm region (four
out pyrroles: 1, 3, ™4, ™6), two doublets at 4.59 and 4.37
ppm (twisted pyrrole: m5) and two other doublets in the
highfields, at -1.72 and -3.50 ppm (inverted pyrrole: m2). A
sharp singlet at -2.21 ppm, integrating for three protons,

4
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corresponds to a single acetato ligand (evidenced by ROESY,
HSQC, and HMBC 2D NMR), bound to the Zn(II) center (vide
infra) and located in the shielding region of the hexaphyrin.
This defines an endo coordination mode. A butylamino lig-
and is also bound to the Zn(II) center in an exo fashion (vide
infra), as evidenced by 2D ROESY experiment.24 The a and
B CHz protons of BuNH2 become diastereotopic in the com-
plex, which arises from the inherent chirality of the Mobius
band. An aromatic moiety of a linker (Ar6) experiences a
strong shielding environment, with the ortho, meta, and
para protons relative to the carbonyl located at 1.28, 3.07
and 3.41 ppm (Scheme 3, pathway A). Also, a NOE correla-
tion is observed between the ortho aromatic proton at 1.28
ppm and the endo-acetato ligand at -2.21 ppm (SI). This ev-
idences a deep conformational change of the tren unit upon
hexaphyrin metallation, projecting Ar6 above the Mdbius
aromatic ring, in close proximity to the endo-acetato

ligand. As revealed by an X-ray diffraction structure (see be-
low), the tren cap is mono-protonated in these conditions
(Scheme 3, pathway A: 8Zn%°yuzpu.H*,0Tf), i.e. in the ab-
sence of a base in the medium.2® Interestingly, whether the
metallation is performed with Zn(OAc)2, BuNH2 and an ex-
cess of DIPEA (Scheme 3, pathway B), or DIPEA was added
subsequently to pathway A, a similar neutral Zn(II) Mdbius
complex is formed (8Zn%Anuzpu),?® with however some no-
ticeable chemical shift differences (Figure 6f and SI): (i) a
more important shielding of the twisted (5) and inverted
(m2) B-pyrrolic protons (Adwisteda = -0.07 /-0.16 and Adnverted
=-0.40/-0.28 ppm; Ad= d«protonated» — S«neutral»), (ii) a
less important shielding of the acetato ligand (Ad = 0.16
ppm) and of the inward oriented Ar6 moiety (0 values in
Scheme 3, pathway B). The latter observation indicates a
different conformation of the neutral tren cap, which is
likely less constrained. Hence, the mono-protonation of the

s O
oriented | :

inward #1 | : *

oriented |
inward #2 |

/\/ 8Zn>"° (H',0TF) (racemic, "M" twist is shown)
NH,Bu

Scheme 3. Planar-to-Mobius topological change observed during Zn(II) metallation of 8. Conditions (CDCl3/CD30D 9:1, 298 K): i) 1
equiv. Zn(0Tf)z, 1 equiv. TBAOAC, 1 equiv. BuNHz; ii) 3.5 equiv. Zn(OAc)2, 7 equiv. DIPEA, 3 equiv. BuNHz; iii) 10 equiv. DIPEA. Inset:
chemical shift values (in parentheses) of the inward oriented aromatic moieties of a linker (Ar6).

AcOin

azndic,, | Pathway B v (0.16)
(A5 =85 - 5p) —I (ﬂw\/ J D(0 40) (oza)L
s { N
B- pyr out (x8) /
{p-pyrin

PathwayA —{ <1<] e |
M ﬂl /\/ (#: tren unit)

’/JLW o B
e

HAr linker ||+ meso ArCHZ \V/ [3 pyr out (x8) |

Bopyr in (x4) CH, tren
@ 7 UL
—

175 170 16590 85 8

0A {
8Zn NHcBu H*,0Tf B pyr tw;sted

Cooperative
ligand
*+ BuNH, binding

5 (ppm)

Figure 6. 1H NMR study of the metallation of 8 with Zn(II) in two sets of conditions, namely pathway A (a-e) and pathway B (f)
(CDCl3/CD30D 9:1, 298 K, 500 MHz, selected regions). Conditions, pathway A: (a) 8, (b) 8 + 1 equiv. Zn(0Tf)z2, (c) 8 + 1 equiv. Zn(0Tf)2
+1 equiv. TBAOAC, (d) 8 + 1 equiv. Zn(OTf)z + 1 equiv. BuNHz, (e) 8 + 1 equiv. Zn(0Tf)z + 1 equiv. TBAOAc + 1 equiv. BuNHz; pathway
B: (f) 8 + 3.5 equiv. Zn(0Ac): + 7 equiv. DIPEA + 3 equiv. BuNH:. S = solvent.
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open side of
the tren cavity

most distorted
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the Mébius ring
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(C) Endo-binding pocket
(coordination of AcO’)

Exo-binding pocket
(coordination of BuNH,)

aryl linker
oriented inward

Figure 7. X-ray crystal structure of 8Zn%Acyuzpu.H*,0Tf: (a) side and (b) top views (stick representation, hydrogen atoms, triflate
counterion and solvents of crystallization have been removed for clarity; dashed lines indicate H-bonds). Blue: hexaphyrin part;
orange: Me-tren-CH2Ar unit. (c): perspective view from Ar2, highlighting the buried coordination site of Zn(II) affording endo- and
exo-binding pockets (Van der Waals surface colored by electrostatic potential: blue/red for positive/negative potential; stick repre-
sentation for the acetato and butylamino ligands, sphere representation for zinc). Selected distances (A): N5-Zn 1.990, N4-Zn 2.044,
Npu-Zn 2.049, 01-Zn 1.997, 01-N9 2.836, 02-N8 2.878, 02-Npu 3.062, N10-N12 2.949. Selected angles (°): 01-Zn-N5 103.07, 01-Zn-
N4 120.34, 01-Zn-Npu 115.87, N5-Zn-N4 95.17, N5-Zn-Npu 115.42, N4-Zn-Ngy 105.51. Dihedral angles along the SMC: see the SI.

tren cap induces a cascade of conformational changes in-
volving the distortion of the tren cap itself, the inward ori-
entation of a linker, the molecular twist of the hexaphyrin,
and in turn the fit between the endo acetato ligand and the
confined space provided by the tren-hexaphyrin environ-
ment. Importantly, the complex 8Zn%Acyyzpu(.H*,0Tf") thus
corresponds to a heteroditopic receptor featuring allosteric
communication between its two distinct recognition sites,
i.e. the tren unit (allosteric site) and the Zn-dipyrin unit
(two-ligand binding site).?7.28

Considering these findings, several remarkable features
have to be highlighted:

(i) ligand 8 shows a total selectivity of metallation for the
hexaphyrin vs. the tren binding site;

(ii) the metallation process at a dipyrrin site is instantane-
ous at room temperature, suggesting an assistance mecha-
nism of the tren unit;

(iii) in contrast to all M6bius hexaphyrin metal complexes
reported to date, the herein described Mdbius complex does
not involve $CH activation of the inverted central pyrrole
but features a NNNO coordination sphere (vide infra);

(iv) the cooperative binding of two exogeneous ligands
(amino and acetato), that triggers conformational re-
striction of a Mobius hexaphyrin metal complex, is unprec-
edented.?? The planar-to- singly-twisted topological change
allows antiaromatic-to-aromatic transformation;

(v) the tren cap provides a basic site that can be selectively
protonated without hexaphyrin demetallation. This makes
possible an allosteric communication between the tren and
hexaphyrin units.

The crystal structure obtained from an NMR tube solution
(pathway A) revealed the five component assembly

8ZnCAc\uzpu.H*,0Tf (Figure 7). Consistently with the 'H
NMR data, the hexaphyrin is twisted in a Mobius topology.
One of the two inverted pyrroles of 8 remains in its initial
position (m2), whereas the other one (n5) is “twisted out-
ward”, opposite to the tren cap (Figure 7b). The meso posi-
tions adjacent to 15 correspond to the most distorted ones
along the Mobius ring with dihedral angles of 25.5° and
27.2° (Figure 7a). This topology projects (i) the meso-aryl
group Ar3 towards the tren cap and (ii) the linker aryl group
Ar6 towards the hexaphyrin ring (Figure 7b), which ex-
plains the important 'H NMR upfield shifts of these aromatic
protons (Scheme 3, inset). The zinc(II) cation is bound to a
dipyrrin unit (N4 and N5), to an acetato (01) and to a mole-
cule of butylamine (Nsu), in a tetrahedral environment (se-
lected distances and angles in caption of Figure 7). The
metal center is surrounded by two aromatic groups, one
from a linker (Ar5) and one at the most distorted meso po-
sition (Ar3). The coordinated butylamine is also sur-
rounded by these two aromatic groups with its alkyl chain
oriented outwards, defining an exo coordination mode (Fig-
ure 7c). Conversely, the acetato ligand lies almost above 3
of the hexaphyrin macrocycle, and is somehow buried in-
side a distorted cavity formed by the pinched Me-tren unit
and its aromatic linkers, defining an endo coordination (Fig-
ure 7c). This positioning is consistent with the 1H NMR
chemical shift of -2.21 ppm of the acetato methyl group (Fig-
ure 6e). Reminiscently to the “funnel access” of the buried
active site of enzymes, the tren cavity features an open
space delineated by one tren arm, 3, Ar2, and a meso CeFs
moiety, affording an access to the metal center and allowing
acetate exchange with the medium (Figure 7c). The result-
ing exo/endo selectivity of coordination is ascribed to a sec-
ond sphere of coordination possible only with an endo
bound acetato. The acetato is indeed stabilized by two hy-
drogen bonds with the amide groups of the linkers (dashed

6
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lines between 01-N9 [2.836 A] and 02-N8 [2.878 A], Figure
7a,b). An additional one is found between 02 of the acetato
and the NH; of the butylamine (02-Ng, [3.062 A]). As men-
tioned above, the tren unit is rather distorted and proto-
nated at N12 position, the triflate counterion being dissoci-
ated and stabilized by multiple weak intermolecular inter-
actions with e.g. C¢Fs groups. This conformation is likely sta-
bilized by hydrogen bonding interactions between the two
NMe atoms N10 and N12, held in close proximity (N10-N12
[2.949 A], dashed line in Figure 7b).

Conformational analysis of the molecular twist of
8ZnOAcyyzpe H*,OTf (named “8Zn” in this section for the
sake of conciseness) has been performed and compared
with other Mébius hexaphyrins, based on available experi-
mental data (molecular structures and 'H NMR spectra). In-
deed, considering the close relationship between ring

12 Ar = CgFs 12Pd 12SiMe
13 Ar=2,6F»CgHs

Ar = tren unit of 8Zn

Chart 1. Selected Mobius aromatic hexaphyrins.

Table 1. Comparison of geometric and magnetic parameters of
Mobius twisted hexaphyrins.

Entry  Compound @a b Adc

1 122b 26.54 - 10.21e
2 132b 26.5 -0.538 -

3 12Pd32 38.2 -0.382 7.05

4 12SiMe33 40.7 -0.411 6.98

5 1435 44.9 -0.441 6.41

6 1536 31.7 -0.476 10.20
7 16Pd3+ 40.5 -0.355 7.73

8 8Zn 27.2 -0.523 11.93

a Largest dihedral angle belonging to the SMC ([°], absolute val-
ues). b Torsional m-conjugation index calculated for the SMC. ¢
Difference (ppm) between the most upfield and downfield
shifted p-pyrrolic protons. d Calculated. ¢ At -100 °C.

strain, m-orbital overlapping and aromaticity, it isimportant
to evaluate the ring strain of the molecular twist according
to different strategies used to lock the conformation. In-
deed, the native Mdbius hexaphyrin skeleton is flexible and
exhibits fluxional equilibrium between degenerate con-
formers.? For that, we have compared for a set of repre-
sentative Mobius twisted [28]hexaphyrins (Chart 1), (i) the
largest dihedral angles (¢, absolute value) as well as (ii) the
torsional m-conjugation index (I1)3° along the smallest mac-
rocyclic circuit (SMC), and (iii) the chemical shift difference
(AJ) between the most upfield and downfield shifted 3-pyr-
rolic protons (Table 1).3! The selected hexaphyrins differ by
their levels of strain, that rely either on a molecular twist
(for all), coordination of a metal ion (for 12Pd,?? 12SiMe,33
16Pd3* and 8Zn), fused rings/internal bridges (for 14,35
153% and 16Pd) or a capping of the meso positions (for 8Zn
only). Stepien and Latos-Grazynski proposed the torsional
T-conjugation index as a rough estimation of the efficiency
of the m-conjugation. The II value is close to 0 for macrocy-
cles with torsion of ca. ~90 °, and approaches -1 for infinite
Mébius rings with uniformly distributed torsion. Combined
to the chemical shift difference AJ these parameters allow
qualitative3” assessment of the m-conjugation efficiency. In
the present tren-capped Zn complex, the strain induced by
the ring twist is dissipated along the conjugated chain, sim-
ilarly to the more flexible hexaphyrins 12 and 132 with a
largest dihedral angle of 27 ° (entry 8 vs. 1,2). Conversely,
the more rigid metallated hexaphyrins 12Pd and 12SiMe
display more localized distorted positions (¢ = 40°, entries
3,4) due to respectively the Pd enforced planar coordination
environment and to the Si trigonal bipyramidal coordina-
tion at the NNNC coordination site. A more localized distor-
tion is also observed in the fused system 14 (¢ = 45°, entry
5). Thus, as compared to these NNNC metallated and fused
hexaphyrins, Zn coordination at a dipyrrin site of the
capped hexaphyrin 8 should preserve substantial 7-conju-
gation. Indeed, the I1 values closest to -1 are obtained for the
free base 13 and for 8Zn (entries 2,8) whereas the closest
to 0 are found for the palladium complexes 12Pd and 16Pd
(entries 3,7), fused/bridged compounds having intermedi-
ate Il values (entries 5-7). These tendencies are well re-
flected by the magnetic shielding experienced by the B-pyr-
rolic protons. 8Zn displays the highest Ad(11.93 ppm), fol-
lowed by the free base 12 (10.20 ppm) and, surprisingly, by
the bridged compound 15 (entries 8, 1 and 6). Much lower
AJ are found for all other M6bius hexaphyrins (below 8
ppm, Table 1). This conformational analysis stresses that a
fine balance has to be found when using coordination
and/or covalent chemistry to lock the hexaphyrin macrocy-
cle in a Mobius conformation. Notably, the strength afforded
by NNNC-type coordinations is paid by a less uniform dis-
tribution of the twist, hence the less efficient 7-conjugation.
Zn coordination at a dipyrrin site combined to the capping
of the meso positions in 8Zn affords a more labile complex
(vide infra) but does not perturb so much the m-conjugation.

The smooth metallation conditions of 8 arising from coop-
erative exogeneous ligand binding appeared to us interest-
ing in view of sensing systems featuring a chiroptical out-
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put: (i) on the one hand, antiaromatic-to-aromatic transfor-
mation has a profound impact on the electronic properties
of the heteroannulene; (ii) on the other hand, M6bius hex-
aphyrins are inherently chiral and characterized by im-
portant optical rotatory strengths.38 Therefore, the use of an
optically active ligand, triggering stereoselective Mobius
strip formation when binding to Zn(II), may allow a chirop-
tical sensing. More precisely, the use of a chiral acetato
(/amino) should allow chiroptical detection of its “comple-
mentary” amino (/carboxylato) containing compounds
thanks to cooperative binding.

To test this idea, we have investigated the Zn(II) metallation
process of 8 in the presence of various chiral acetato and
amino ligands (Table 2, SI): on the one hand, different car-
boxylate derivatives in conjunction with BuNH:z and on the
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other hand, various amines in conjunction with acetate. Alt-
hough deeper studies would be needed to selectligands that
best fit with this environment, it appears that steric discrim-
ination is more severe for the endo- vs. exo-coordination to
the zinc center. Indeed, whereas a Mébius complex was
mainly obtained with the propionato ligand, the presence of
a tertiary carbon in a position relative to the carbonyl al-
lowed only partial formation of well-defined Mébius com-
plexes (entries 2 vs. 3-5). Although the propionato experi-
ences the chirality of the Mobius ring (a-CHz protons are di-
astereotopic), no chiral induction was observed in the case
of (§)-2-methylbutyric acid (entry 3). Comparison of the Ao
for the PB-position relative to the carbonyl (-2.21 to -3.88
ppm) leads to the conclusion that the carboxylato ligands

Table 2. Various ligands and conditions used for the formation of a Mobius Zn(II) complexes of 8.

Carboxylato Amino

Ent d.e. (temp.)b or remark
Y (age (g (temp.)
o -0.54/-0.35
a/a’
1 -3.19)L0 mwz Diastereotopic protons (330 K)¢

221 9@
2 B\)ko

- /\/\NH2
ool
-3.741-459
3.00-273 @
3 ﬁ\g\o /\/\NH2
o
4 \A)ko N
Br
388 @
5 ﬁ\Hj\o N NH,
OH
+0.27
1o -0.63 B?0(-1.73

6 )ko OANHZ

(major diast.)

o |O H
7 “SNH
P O 2
~
g o
NH
)J\O Oﬂ 2
-0.42/-0.54
B

o +0.20 o NHz
9 )k 1.11/-1.26
o MeO +0.08

4017 e
+0.14
o NH,
10 \Hko MeO
OH OMe

Diastereotopic protons (248 K)¢

Partial Mobius Zn complex formation,
no chiral induction (d.e. ~ 0)<d

[l defined mixture

Slow kinetics and partial Mobius Zn
complex formation ef

de. =72 % (276 K)d
de. =74 % (278 K)c

de. =51 % (276 K)d

de. = 47 % (298 K)c

de. =77 % (276 K)d

Diastereotopic protons (298 K)d

Partial Mobius Zn complex formationef

aAS= bound - diree; P Estimated error = + 5 %; ¢ Pathway B; d Pathway A; e Modified conditions: excess of all reactants [Zn(OTf)z, DIPEA,

RCOOH, R'NHz]; f The d.e. could not be determined.
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have different orientations relative to the Mobius ring, due
to the confined environment provided by the tren cap.

To our delight, the use of a-methylbenzylamine (MBA) as
amino ligand revealed substantial chiral induction. Indeed,
the addition of 1 equiv. of (S)-MBA to a solution of 8, 1 equiv.
of Zn(0Tf)2 and 1 equiv. of TBAOAc (pathway A), led to the
formation of two Mobius complexes in a ca. 85:15 ratio
based on 'H NMR integration (Figure 8a, Table 2 entry 6).3°
Forinstance, two singlets at-2.21 and -2.26 ppm (minor and
major acetato)*® and two sets of inner -pyrrolic protons (-
1.67/-3.44 [major] and -1.70/-3.44 [minor] ppm, Figure 8a)
are observed.”!

This sequence of metallation was also analyzed by circular
dichroism (CD). No signal was observed either in the pres-
ence of 8, Zn(0Tf)2 and TBAOAC, or upon addition of BuNHz
(formation of 8Zn®A<gunnz, Figure 8b). However, using either
(S)- or (R)-MBA as amino ligand led to intense CD responses
with Cotton effects.*2 The CD spectra for MBA adducts of op-
posite configurations are mirror images, indicating stere-
oselective formation of Mdbius rings with opposite helicity
(Figure 8a). These Mébius hexaphyrins with opposite twist
arise from the outward projection of one or the other in-
verted pyrroles of 8 (2 vs. m5), leading to inward orienta-
tion of Ar4 or Ar6 of the linkers, as displayed by the
green/red arrows in Figure 8a.

For (S)- or (R)-MBA, the CD signature corresponds to the
difference between the CD spectra of the major and minor
diastereomers. Considering their 85:15 ratio (NMR data),
the CD response reflects well the CD spectra of the major
twist. Besides, the CD signatures are very similar to those of
optically active enantiopur Mébius hexaphyrin metal com-
plexes, which allowed attribution of the M twist as major
with (§)-MBA based on the sign of the Cotton effect (M-(S)-
8Zn0Acypy, Figure 8a).382 [n addition, whereas chiral induc-
tion was decreased to 51 % d.e with (S)-1-(1-naph-
thyl)ethylamine, it was slightly improved to 77 % d.e. using
(S)-a-ethylbenzylamine (Table 2, entries 7 and 8). Remark-
ably, the latter d.e. value corresponds to the highest chiral
induction reported so far for a Mobius hexaphyrin,*3 and
more generally for a Mobius compound.

Formally, this process corresponds to the chiroptical detec-
tion of an acetato ligand based on its cooperative binding to
Zn with a chiral amino ligand. Indeed, a CD signature was
obtained only upon addition of TBAOAc to a mixture of 8,
Zn(0Tf)2 and (R)-MBA (SI). This constitutes a proof of con-
cept for a sensing system relying on the stereoselective for-
mation of a Mobius hexaphyrin triggered by an analyte. As
an additional encouraging preliminary result along this line,
we observed by 'H NMR that the OMe derivative of dopa-
mine fits well with the M6bius architecture of “8Zn” in the
presence of AcO-. Such a Mobius complex, even as a minor
species, could also be detected in conjunction with lactic
acid (Table 2, entries 9 and 10, SI).

The energy barrier for the M <-> P twist inversion in “8Zn”
was also evaluated through a two-step procedure, involving
monitoring of the CD signal intensity upon chiral-to-achiral
ligand exchange (SI). Thus, no CD signal was anymore

(a

Ar6 inwards
75 outwards

TBAOAc

Zn(OTf),
(S)-MBA

+ (V)
75
(S)-MBA 8znPAC¢ 1+ Ti0-
MBA
<
) OAc B-pyr in
B-pyr in gt

16 -1.7 18 -19 -20 -21 -22 23 24 34 -35
5 (ppm)

(major)

b B
(b) 200 — (S)-MBA

1501 | — (R)-MBA
1001 (—— BuNH

501

0 700 800 900

CD (mdeg)
o

-50 1

-100 4

-150 1

-200-
(major)

Figure 8. (a) Diastereoselective formation of Zn(II) Mdbius
complexes of 8 with (§)-MBA and corresponding 1H NMR spec-
trum (CDCl3/CDs0D 9:1, 276 K, highfield region). (b) CD spec-
tra of 8ZnOAcgnu2.H*,0Tf with RNH2 = (S)-MBA, (R)-MBA or
BuNHz (red, green and blue traces, respectively; initial concen-
tration of 8 = 40 uM).

detected after 10 min heating at 80 °C. In a qualitative man-
ner,* this led to the conclusion that “8Zn”, deprived of
metal-carbon bond, is more labile as compared to the Pd
complex 12Pd with a NNNC coordination sphere, for which
racemization occurred only in drastic conditions (120 °C,
overnight).38a

CONCLUSION

In conclusion, we have developed a straightforward access
to hexaphyrins bearing a tripodal tren cap unit. Our strategy
relies on the functionalization of the meso-tris(2-aminophe-
nyl)hexaphyrin platform 2, accessible in two steps from a
dipyrromethane precursor. For both 267 and 28m-electron
species, the capping of the hexaphyrin by different tren
units stabilizes the rectangular planar conformation, afford-
ing respectively Hiickel aromatic and antiaromatic com-
pounds. Coordination studies with antiaromatic tren-
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capped [28]hexaphyrin 8 have revealed a unique multifac-
eted ligand:

(i) metallation-induced Mdbius topology and aromaticity

Zn(II) metallation occurs very smoothly and selectively at a
dipyrrin site, provided a cooperative binding of both an ac-
etato and an amino exogeneous ligand to the metal center.
The metal-hexaphyrin association triggers a deep confor-
mational change, i.e. formation of a Mobius ring, giving rise
to a strong aromatic character. The tren cap does not induce
noticeable ring strain, and efficient m-conjugation along the
molecular twist is preserved as deduced from X-ray diffrac-
tion and 'H NMR data.

(ii) enzyme-like selective ligand binding — allosteric site

The metal center is buried inside a dissymmetric confined
environment including the distorted tren cap, affording
endo- and exo-binding pockets. A total endo/exo selectivity
of ligand-metal binding is achieved, ascribed to a second
sphere of coordination between the endo acetato and two
amide groups of the meso-aromatic units. In addition, this
confined environment provides steric discrimination be-
tween different carboxylato ligands. These features are
reminiscent to metallo-enzyme active sites, capable of en-
caging and discriminating small molecules by means of mul-
tiple weak interactions. Moreover, mono-protonation of the
tren cap of the metal complex induces a cascade of confor-
mational changes relayed to the hexaphyrin twist and, in
turn, experienced by the acetato ligand. This constitutes a
form of allosteric communication between two distinct
recognition sites, i.e. the tren and Zn-dipyrrin units.

(iii) chiroptical sensing through stereoselective formation of
a Mobius twist

Remarkably, substantial chiral induction of the Mobius
twist up to 77 % d.e. occurs with chiral amino ligands such
as methyl or ethylbenzylamine, with the highest stereose-
lectivity reported to date for a singly twisted molecule. The
asymmetric Mobius ring formation is triggered by an ace-
tato ligand through cooperative binding to the metal center
and is accompanied by an intense signature in circular di-
chroism. This last result is appealing in view of innovative
sensing systems relying on the stereoselective formation of
a Mobius twist.

Thus, molecular hosts with a Mobius geometry have been
discovered for the first time, connecting Nature’s ubiqui-
tous concept of molecular recognition to Mobius aromatic-
ity, whose Nature is deprived of. Current efforts in our
group are directed towards the specific metallation of the
tren unit of the herein described compounds, diversification
of capped hexaphyrin ligands, and more generally the de-
velopment of new Mobius-type allosteric sensors and cata-
lysts.
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37 It is worth reminding that aromaticity is not a variable that
can be quantified on a one-scale dimension, see: (a) Jug, K.; Koster,
A. Meimiinaniiies Chem. 1991, 4, 163-169. (b) Cyranski, M. K.; Kry-
gowski, T. M.; Katritzky, A. R.; Schleyer, P. v. Releldiig Chem. 2002,
67,1333-1338. (c) Stanger, A. Chem Commun. 2009, 1939-1947.
For description of aromaticity in porphyrins, see: (a) Broring, M.
I 2011, 50,2436-2438. (b) Wu, ]. I; Fernandez,
I; Schleyer, P. v. R. juinniiamiag 2013, 135, 315-321.

38 (a) Tanaka, T.; Sugita, T.; Tokuji, S.; Saito, S.; Osuka, A. 4ggeus
(Eaasesmbistelsd 2010, 49, 6619-6621. (b) Mori, T.; Tanaka, T.; Hi-
gashino, T; Yoshida, K.; Osuka, A. jmiinssiimd 2016, 120, 4241-
4248.

39 The protonation state of the tren cap of 8 has minor influence
on the d.e. (Table 2, entries 6 and 7, pathways A vs. B).

40 The AJof the acetato are similar to the case of AcO-/BuNHz,
indicating similar endo/exo selectivity for the coordination to zinc.
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41 It is also worth to note that the Adof MBA (a and [ positions
relative to nitrogen atom) are markedly different to those of BuNH2
and even of opposite sign (Table 2, entries 6 vs. 1), indicating dif-
ferent positioning relative to the host. Hence, both the endo and exo
coordination environments are sterically discriminating.

42 At values were not calculated, assessment of the accurate
concentration of the optically active species being difficult by ab-
sorption spectroscopy.

43 To the best of our knowledge, the highest chiral induction for
a Mobius hexaphyrin metal complex amounts to 23 % enantio-
meric excess, see ref 38a.

44 A quantitative measurement of the racemization barrier by
means of kinetic studies was hampered by the difficulty to assess
accurate concentrations of optically active species.
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