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Helicity Modulation in NIR-Absorbing Porphyrin-Ryleneimides
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Mateusz Kondratowicz, Joanna Cybinska, and Marcin Stepien*

Abstract: Peripheral substitution of a m-extended por-
phyrin with bulky groups produces a curved chromo-
phore with four helical stereogenic units. The curvature
and stereochemistry of such porphyrins can be con-
trolled by varying the substituents, coordinated metal
ions, and apical ligands. In particular, when the achiral
saddle-shaped free bases are treated with large metal
ions, i.e., Cd" or Hg", the resulting complexes convert to
chiral propeller-like configurations. X-ray diffraction
analyses show that apical coordination of a water
molecule is sufficient to induce a notable bowl-like
distortion of the cadmium complex, which however
retains its chiral structure. For phenyl- and tolyl-
substituted derivatives, the conversion is thermodynami-
cally controlled, whereas complexes bearing bulky 4-
(tert-butyl)phenyl groups transform into their chiral
forms upon heating. In the latter case, the chiral Hg
porphyrin was converted into the corresponding free
base and other metal complexes without any loss of
configurational purity, ultimately providing access to
stable, enantiopure porphyrin propellers. )

Introduction

Introduction of chirality into large m-aromatic molecules,
such as nanocarbons™ or porphyrinoids,”! can produce
unique optical characteristics ranging from extreme specific
optical rotation values[® through amplified circular
dichroism,M  to  exceptional  circularly  polarized
luminescence.®” Ongoing research on chiral aromatics
explores their utility as e.g. catalysts,'*"! switches,'*!"
receptors,!®! self-assembling motifs,”**! semiconductors,*!
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and emissive materials.”? Chiral features useful for

supramolecular interactions can be introduced into aromatic
molecules by substitution with groups containing stereo-
centers. However, intrinsic chiral distortion of m-aromatic
surfaces, which strongly affects chromophore properties, is
more efficiently induced by steric congestion of peripheral
substituents or fused rings,”” or by combining persistent
curvature with appropriate topology of the ring system.>?)
In systems containing several such stereogenic units, such as
multi-helicene nanocarbons,”>* stereoisomer distribution is
either not controllable,”**” or is predetermined by use of
homochiral building blocks.* Post-synthetic modulation of
stereochemistry is typically restricted to a single n-conju-
gated stereogen,'™'"! and it is generally difficult to achieve
concerted stereocontrol over multiple sites in large aromatic
molecules. While examples of thermodynamic equilibration
are known,”*! n-conjugated systems that will change
diastereomer populations in response to a stimulus remain
rare.F*!

Looking for new designs of chiral aromatics, we consid-
ered sterically overcrowded porphyrins containing periph-
erally fused naphthalimide (NMI) subunits (Figure 1A).
Porphyrin macrocycles have highly moldable shapes, which
can be tuned by peripheral substitution and metal
coordination.” Chirality in porphyrins and metalloporphyr-
ins has been typically introduced with dissymmetric sub-
stituents or apical ligands, or by simultaneous desymmetriza-
tion of the substitution pattern and axial ligation.”! In the
present design, the stereochemistry of the macrocycle is
controlled by bulky non-stereogenic groups (R, Figure 1A,
B) placed at a distance from the core, i.e., at the outer NMI
units.*! We show that upon coordination of judiciously
chosen metal ions, these structures can convert between the
achiral saddle-shaped isomers, previously observed in meso-
substituted NMI porphyrins,® and chiral, propeller-shaped
isomers. Depending on the bulk of the R groups, the
transformation can occur spontaneously, or upon additional
thermal activation.

Results and Discussion
Symmetry Considerations

Metalloporphyrins 1-M, 2-M and 3-M containing in-plane
coordinated ions such as Zn" can form two achiral (meso)
isomers, with D,, and C,, point symmetries, respectively,
and two enantiomer pairs with different symmetries, D, and
C,, respectively (Figure 1C, D). Each of these four symme-
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Figure 1. Structure and stereochemistry of heavily substituted porphyr-
in-ryleneimides. R'=dipp =2,6-diisopropylphenyl in 1-M, 2-M and 3-M.
R'=Me in 1-M, 2'-M, and 3'-M (DFT only).

tries (PG, in Table 1) can be unequivocally distinguished
by counting the 'H NMR signals of (a) meso protons,
(b) isopropyl CH signals (n;p,) of the rotationally locked R’
substituents, and (c) signals of the bulky R substituents (ny),
e.g., the p-Me resonances in 2-M and 3-M. These three
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signal counts are labeled respectively 7,50, Hipr, and ng in
Table 1. In the free bases, the actual molecular symmetry is
lower (PGy,), however, because of rapid tautomerization in
solution, the NMR symmetry observed at room temperature
is identical with PG,,,. Similarly, rapid pseudoinversion of
sitting-atop/square-pyramidal complexes (e.g. with M =Hg")
or ligand exchange in apically coordinated species (e.g. M=
Zn"(pyridine)) will result in an increase of observed
symmetry from PG, to PG,,,. For simplicity, we will use
PG,,.« as stereochemistry descriptors, even if the molecular
symmetry of a given species is lower.

Dynamic Systems

We commenced by synthesizing free-base porphyrins 1-H,
and 2-H,, containing respectively phenyl and para-tolyl
substituents R. The two macrocycles were prepared from
monopyrroles 4a and 4b, each available in 8 steps from
acenaphthene,” and transformed into the corresponding
zinc(II) complexes, 1-Zn and 2-Zn (Scheme 1). The steric
bulk of R groups in monopyrroles 4a and 4b was previously
found to ensure stereospecific formation and configurational
stability of hexapyrrolohexaazacoronenes (HPHACs).[*!
However, because the overlap of adjacent R groups in
porphyrins is smaller than in the corresponding HPHACs
(which contain six rather than four pyrrole units around the
periphery), we anticipated that helix inversion barriers in
porphyrins may be lower, permitting equilibration of stereo-
isomers at room temperature. The '"H NMR spectrum of 1-
H, revealed a single species with D,,; symmetry, indicating
that the phenyl derivative prefers an achiral saddle-shaped
structure similar to those of the meso-substituted NMI
porphyrins.® In contrast, the tolyl-substituted 2-H, forms a
mixture of stereoisomers consisting of 65 % D,,;, 21 % rac-
C,, and 14 % rac-D, (Scheme 1). The predominant stereo-
isomer D,;-2-H, was isolated in the solid state (Figure 2),*
where it showed a noticeable saddle-like distortion. The
saddling parameter™ for the porphyrin substructure in D,,-
2-H, (2.78 A, Table S1) is comparable with values observed
for meso-aryl NMI porphyrins (2.9-3.0 A).®*) The vertical
extent of the n system of D,;-2-H, is however significantly
smaller (5.73 A, Figure 2, vs. ca. 9.0A in meso-aryl NMI
porphyrins), reflecting a more flattened arrangement of
NMI units in the present system.

Table 1: Isomerism and point symmetry groups (PGs) of 1-M, 2-M, and 3-M.

Configuration® PG e Mrmeso? A
PMPM Dy 1 1
PPMM Con 1 2
PPPP, MMMM D, 1 1
PPPM, PMMM G 3Mf 4l

”ipr[d ”R[CI PGf‘b[d] PG Sa[e]
2 .l Cz.; CZV

3Mf 2 C, G,

1 1 D, C,

418 4l8 G G

[a] Local helicities around the periphery as defined in Figure 1C, D. [b] Maximum point symmetry group (square-planar coordination). [c] Number
of equivalence classes (within PG, ,) for meso, naphthalene (NMI), and isopropyl CH protons, and R substituents, respectively. [d] Point
symmetry of the free base (M =2H, trans tautomer). [e] Point symmetry of sitting-atop complexes (e.g. M=Hg"), and complexes with an apical

ligand. [f] 1:1:2 intensity ratio. [g] 1:1:1:1 intensity ratio.
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Scheme 1. Synthetic work. Reagents and conditions: a) i) paraformaldehyde, p-TSA, rt, 12 h, darkness, ii) DDQ, 1 h, reflux; b) Zn(OAc),2 H,0,
CHCl;/MeOH, 1 h, reflux; c) Cd(OAc),-H,0, pyridine or pyridine-ds, 10 min, reflux; d) Hg(OAc),, pyridine or pyridine-ds, rt, 10 min. Isolated yields
are given for all compounds. Isomer fractions are estimated by integration of 'H NMR meso resonances (300 K, CDCl; or CD,Cl,). In 1-Zn, 1-Cd,
and 1-Hg, rac-C, and G, forms are in fast exchange and yield one broad meso signal.

D;-2-Cd(H,0)

D,-3-Cd{py)

3.16 A

m
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e

Figure 2. Molecular structures of selected porphyrins and metalloporphyrins determined using X-ray diffraction (XRD) analysis. Solvent molecules
and disordered groups are removed for clarity. In the bottom projections R and R’ substituents are hidden to reveal distortions of the NMI-
porphyrin cores. For D,;-2-H,, D,-3-H,, and D,-3-Zn, the vertical extent of the 7 system is calculated from the displacements of imide N atoms
relative to their mean plane. For D,-2-Cd(H,0) and D,-3-Cd(py) the bowl depth is calculated as the distance between the Cd ion and the mean

plane of the imide N atoms.

Remarkably, in comparison with the free bases 1-H, and
2-H,, the corresponding zinc(II) complexes showed an
increased preference for the propeller-like chiral D, struc-
ture, which constituted respectively 9% and 55% of the
isomer mixtures of 1-Zn and 2-Zn. A '"H ROESY spectrum
measured for 2-Zn (CDCl;, 300K, Figures S14, S15) re-
vealed a dynamic behavior that is thought to be representa-
tive for the entire family of porphyrins and their complexes.
In particular, an array of intense exchange (EXSY)
correlations was observed among the four meso resonances
of the rac-C, species and the single meso signal of the C,,
form. No chemical exchange was however observable for
meso-H signals of the D,, and rac-D, species, even if the
temperature was raised to 330 K. At this temperature,
significant line broadening was seen for C, and C,,, whereas

Angew. Chem. Int. Ed. 2022, 61, €202200781 (3 of 8)

the signals of D,; and rac-D, remained narrow, in line with
the 300 K EXSY data. Exchange involving D,, and D,
structures is apparently too slow at these temperatures to be
observable using EXSY spectroscopy, but it is nevertheless
sufficiently fast to ensure equilibration of all species in
solution. For the less hindered 1-Zn, the dynamics are
apparently more rapid: the rac-C, and C,, forms are in fast
exchange at room temperature, yielding a single, dynam-
ically averaged meso resonance, which produces an EXSY
cross-peak to the D, meso signal. These observations
indicate that the dynamics follow the pattern shown in
Scheme 2. The achiral structure C,;,, with the PPMM stereo-
chemistry provides an inversion pathway between the two
C, enantiomers PPPM and PMMM. Each of these two
enantiomers can further isomerize to either the correspond-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Scheme 2. Chirality dynamics of 2-Zn. Arrows are color-coded to
indicate the helical site undergoing inversion.

ing D, enantiomer, PPPP or MM MM, respectively, or to the
achiral D,, (PMPM) structure. The C,—C,, transformation is
unique because the helical site undergoing inversion is
located between two sites of opposite handedness, whereas
in the C,-D, and C,-D,, transformations, the inverted site is
located between two sites of identical handedness. This
difference may account for the experimentally observed
lower energy barrier of C,-C,, exchange.

The above experiments indicated that (a) an appropriate
choice of coordinated metal cation may determine the
stereochemistry of the porphyrin ligand and (b) introduction
of bulkier R groups at the periphery may increase inversion
barriers and enhance configurational stability of the macro-
cycles. Changing the ionic radius seemed the simplest way to
test the first hypothesis, given the known effect of ion size
on metalloporphyrin conformations.”? While the interplay
between the metal-induced distortions and the unusual steric
interactions at the periphery of our porphyrins was difficult
to predict, we chose to increase the metal radius in 1-M and
2-M complexes, hoping to shift the equilibrium toward the
chiral structures. Cd" and Hg" ions were chosen because
their effective ionic radii in tetracoordinate environments®
(0.78 A and 0.96 A, respectively) are significantly larger
than the radius of Zn" (0.60 A).

Insertion of cadmium(II) and mercury(II) into 1-H, and
2-H, occurred rapidly in refluxing pyridine, yielding in each
case a mononuclear complex, as evidenced by mass-spectro-
metric analyses. We were pleased to find that for each
complex, the mixture of isomers contained predominantly
the chiral rac-D, species (83% to 94 % according to 'H
NMR, Scheme 1). The large cadmium(II) and mercury-
(IDF"% jons are often found located above the macrocyclic
plane in metalloporphyrins, either as “sitting-atop” tetra-
coordinate complexes,*** or as tetragonal-pyramidal spe-

Angew. Chem. Int. Ed. 2022, 61, €202200781 (4 of 8)
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cies with an additional apical ligand.”"! Room-temperature
'"H NMR spectra of 1-Cd, 1-Hg, 2-Cd, and 2-Hg correspond
to the maximum possible molecular symmetry of all isomers
(PG Table 1), consistent with effective equivalence of the
two sides of the macrocycle. However, at low temperatures,
a more complicated spectral pattern emerged for each
complex, in particular, the dominant isomer showed splitting
of the NMI singlet into two resonances of equal intensity.
The latter change, indicative of symmetry lowering from D,
to C,, is thought to be induced by restricted motion of the
metal ion across the macrocyclic plane, or by reversible
binding of an apical ligand. Indeed, when an excess of
pyridine-ds was added to the sample of 2-Cd, the decoales-
cence range in CD,Cl, changed from 240-260 K to 200-
210 K, suggesting possible involvement of apical ligation.

Further evidence for ligand binding came from an XRD
analysis of D,-2-Cd, which revealed a water molecule
apically coordinated to the Cd center (Figure 2). The off-
axis tilt of the Cd—O bond and its length (2.31 A) suggest
that the ligand is rather weakly bound. Remarkably,
coordination of the Cd(H,O) moiety by the porphyrin
produces a very pronounced bowl-shaped distortion of the
macrocycle, with an apparent bowl depth exceeding 3 A.
The curvature is induced by the mismatch between the ionic
radius and the diameter of the macrocyclic core, which can
occasionally result in dramatic deformations in oligopyrrolic
macrocycles.” A very significant doming distortion compo-
nent of 0.822A was determined for D,-2-Cd(H,0)
(Table S1).P! The latter value is much larger than typically
observed in pentacoordinate Cd" porphyrins, in which it
rarely exceeds 0.5 A. This level of flexibility is remarkable,
given the extent of substituent interdigitation at the periph-
ery of the macrocycle. The bowl-shaped porphyrin core in
D,-2-Cd(H,0) is not stereogenic, and the stereochemistry of
the complex is solely determined by the four outer helices.
However, local bowl chirality!®**! could in principle be
achieved in Etio-I-type porphyrin derivatives, e.g. ones
bearing different R groups on each NMI subunit.

Locked Systems

Molecular modeling indicated that the bulkier 4-(tert-
butyl)phenyl substituents might impart greater configura-
tional stability to the porphyrins, potentially enabling
separation of stereoisomers. The respective porphyrin, 3-H,
formed in lower yield than its less encumbered siblings 1-H,
and 2-H,, possibly because of the greater steric congestion
of peripheral substituents. 3-H, formed as the pure D,,
isomer, quite likely inheriting the stereochemistry of the
initially formed porphyrinogen.”! Metalation reactions,
carried out as described for 1-H, and 2-H,, took place with
perfect stereospecificity, yielding pure D,, isomers of 3-Zn,
3-Cd, and 3-Hg. However, we suspected that the D,,
structures were actually kinetic reaction products, and a
different isomer ratio might be attained under equilibrium
conditions. This hypothesis was based on the previously
observed differences in stereoisomer composition between
the corresponding 1-M and 2-M systems, which we had
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tentatively attributed to increased steric congestion around
the macrocycle.

Indeed, we found that when D,;,-3-Zn was heated in
toluene at 150°C, it gradually isomerized into a mixture
containing the chiral rac-D,-3-Zn as the major component
(64 %) and the equilibrium was reached after 4 days (Fig-
ure 3, Table 2). The final mixture contained no C,, isomer,
but it was observed as an intermediate after 12h. A
simplified procedure, in which the free base 3-H, was heated
with zinc(II) acetate in pyridine, gave a very similar result.
Using the latter protocol, we were able to obtain isomer
mixtures of 3-Cd and 3-Hg containing respectively 83 % and
85 % of the desired rac-D, isomer. In the absence of a metal
source, the free base isomerized to a much smaller extent,

1.0
—e—D,, —9—C —o—(C;, —e—D,

0.8
ot
o >
5 0.6
&
=
o 0.4
Q
E

0.2

0.0 T o hd

0 12 24 36 48

t/h
Figure 3. Isomerization of 3-Zn (160°C, toluene). The sample was

isolated after each heating cycle, and the isomer ratio was established
by integration of a '"H NMR spectrum.

Table 2: Thermally induced isomerization of 3-M.
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with ca. 70 % of the D,, isomer remaining after 96 h of
heating.

After high-temperature equilibration, the composition of
isomer mixtures remained constant at room temperature.
We found that rac-D,-3-Hg could be separated from other
isomers by repeated fractional crystallization, which pro-
vided the pure product in a 51 % isolated yield (Scheme 3).
We took advantage of the inherent lability of mercury(II)
porphyrins and transformed rac-D,-3-Hg into the free base
rac-D,-3-H,. The metal ion could be removed without loss
of isomeric purity, by simply treating a dichloromethane
solution of the Hg" complex with 1M aqueous HCI.
Alternatively, the D, free base could be obtained by first
demetalating the mixture of 3-Hg isomers and subsequent
fractional crystallization. rac-D,-3-H, could then be stereo-
specifically converted into the corresponding zinc(II) and
cadmium(II) complexes, rac-D,-3-Zn and rac-D,-3-Cd, re-
spectively.

Racemic D,-3-H, and D,-3-Zn were characterized using
XRD analysis, which confirmed the propeller-like config-
uration of peripheral substituents (Figure2). In each
structure, the NMI pyrrole units are noticeably twisted along
their major axes, imparting a pronounced chiral distortion to
the chromophore. Interdigitation of the bulky R groups
results in much flatter aromatic cores than observed in D,
2-H,, with the NMI units held closer to the mean macro-
cyclic plane. The vertical extent of the n system is
particularly small in D,-3-Zn (0.46 A), possibly reflecting
the rigidifying effect of metal coordination. The porphyrin
substructures in D,-3-H, and D,-3-Zn show a combination
of “propellering” (0.48 A) and saddling distortion (0.48—

System Solvent T°C] t [h]
3-H, pyridine-ds®! 130 96
3-Zn toluene® 150 43
3-Zn pyridine-ds©d 130 86
3-Cd pyridine-ds®9 130 43
3-Hg pyridine-ds® 130 48

Dau (%] G [%] Car [%] D, [%4]
~70 d] [d] [d]

19 17 0 64

19 21 0 60

4 13 0 83

6 6 3 85

[a] Isomer distribution determined in situ. [b] Starting from D,,-3-Zn, isomer distribution determined after isolation. [c] Starting from D,43-H, and

the corresponding metal acetate [d] Not assigned.

rac-D,-3-Hg (82%°7)
rac-C,-3-Hg (11%7)
b|94% Dy-3-Hg (7%7)
y e l 51%
a
—
97%
g ()
Dyi-3-H,
achiral

rac-D4-3-Hg

rac-D,-3-H, (82%)

rac-C,-3-H, (11%) g

Dii3-H, (7%)
e | 58%
rac-D,-3-Cd
d f
—_— —_—Y
95% 96%
rac-D4-3-H, rac-D,-3-Zn

Scheme 3. Metalation chemistry of 3-H,. Reagents and conditions: a) Hg(OAc),, pyridine-ds, rt, 10 min; b) Hg(OAc),, pyridine-ds, 130°C, 2x 24 h,
then basic alumina/DCM; c) 130°C, 2x 24 h, then basic alumina/DCM; d) 1 M HCl, DCM; e) fractional crystallization (DCM/hexane, 2 cycles);
f) Zn(OAc),-2 H,0, CHCl;/MeOH, reflux, 1 h; g) Cd(OAc),-2 H,O, pyridine-ds, reflux, 10 min. [a] Isomer distribution for route (b) after isolation.
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0.51 A, Table S1).5 The cadmium analogue was isolated in
the solid state in the form of D,-3-Cd(py), with a pyridine
ligand bound apically to the metal center. The doming
distortion in this species is much smaller than in D,-2-
Cd(H,0). Apparently, the difference is caused by the
greater size of R groups in the former complex, which
become more congested on the concave side of the bowl.

Electronic Properties

Porphyrin systems 1-M, 2-M and 3-M absorb strongly up to
ca. 900 nm, with weak tailing absorptions reaching up to
1000 nm (Figure 4 and Figures S6-S10). They feature more
intense Q-type bands in the NIR range and reduced
electronic gaps in comparison with the previously reported
NMI porphyrin derivatives.” These differences can be
ascribed to substitution effects; in particular, the absence of
meso-aryl groups in the present systems enables greater
planarization of the chromophore. Furthermore, the R
groups make significant contributions to the frontier molec-
ular orbitals of 1-M, 2-M, and 3-M, thus effectively
extending the m system. In particular, for D,-3-Zn (Ta-
ble S4), the average R group contribution is 24 % for the
five highest occupied levels and 6 % for the five lowest
unoccupied levels. Absorption spectra of the configuration-
ally locked chromophores, 3-H,, 3-Zn, 3-Cd, and 3-Hg, show
remarkable dependence on the stereochemistry. While the
absorption onsets are similar for the D,, and D, config-
urations, the latter isomers show narrower bands with
differently located maxima. These differences are most
significant for 3-Cd and 3-Hg, wherein they may correspond
to specific conformational effects caused by sitting-atop
coordination of large metal ions. TD-DFT -calculations
performed for 3-H, and 3'-Zn indicate that lowest-energy
transitions in these systems arise through mixing of multiple

0
1 — D,3-Zn
] — D;3-Zn
]
<0
S 14
P — D,3-Cd
o — D,-3-Cd
w 4
0
g — D,y3-Hg
— D,-3-Hg

0 T T - : : -
300 400 500 600 700 800 900
Wavelength [nm]

1000

Figure 4. Absorption spectra of D,y and D, isomers of 3-M complexes
(M=2H, Zn, Cd, and Hg, dichloromethane).
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excitations and should be more intense for D, isomers, as
indeed observed experimentally (cf. Supporting Informa-
tion).

Fluorescence spectra recorded for isomerically pure D,
and rac-D;-3-M (M=2H, Zn, Cd) revealed weak near-
infrared emissions (QY < 0.5 %), slightly dependent on the
stereochemistry of the porphyrin and its metalation status
(Figure S11, Table S3). The emission spectrum of rac-D,-3-
H, is notable for the narrow 0-0 band (1, =855 nm,
FWHM~37 nm) and relatively weak higher vibronic com-
ponents. In comparison, the spectra of D,;-3-H, and the Zn
and Cd complexes are slightly broadened, but their overall
appearance is similar. The small Stokes shifts imply that
these large chromophores do not change their geometries
significantly in the S1 state, possibly reflecting the rigidifying
effect of bulky peripheral substitution.

Additional insight into the electronic structure of 3-M
derivatives was obtained from cyclic and differential pulse
voltammetry measurements (Figures S1, S2, Table S2). The
D,;-3-H, free base undergoes the first electrochemical
oxidation at 0.67 V (vs. Fc*/Fc) and features six reversible
reductions in the —1.02 V to —1.87 V potential range. These
features, which correspond to a small electrochemical
HOMO-LUMO gap (HLG) of 1.69 V, reflect the fusion of
an electron-rich porphyrin core with multiple NMI subunits.
In comparison, the isomeric rac-D,-3-H, shows a small
cathodic relocation of all reduction potentials and an anodic
shift of the oxidation potentials, leading to an increase of the
HLG to 1.74 V. Interestingly, the electrochemical HLGs of
the D,;-3-Zn and rac-D4-3-Zn complexes are smaller than
those of the corresponding free bases (1.67 V and 1.63V,
respectively), in contrast to the HLGs observed in the
experimental and TD-DFT absorption spectra.

Chiroptical Properties

Initial experiments showed that cadmium(II) and mercury-
(IT) complexes were easily demetalated and were partly
decomposed during chiral chromatography. Separation of
enantiomers was thus only attempted for selected free bases
and zinc(IT) complexes. The isomeric mixture of 2-Zn
showed partial separation on a chiral HPLC column yielding
fractions with measurable circular dichroism (CD) spectra
(Figures S3-S5). The rapid exchange between C, and Cy,
isomers of 2-Zn, observed by 'H NMR (see above),
indicated that racemization of the former species should be
fast at room temperature. Thus, even though complete
diastereomeric separation could not be achieved chromato-
graphically, the entire intensity of the CD signal observed
for HPLC fractions could be attributed to the enantiomeric
excess of D, The gradual decay of the CD signal, occurring
at room temperature with a half-life of #,, =29 min, reflects
the isomerization rate of D,, which is indeed slower than
could be observed by EXSY spectroscopy.

In contrast to the stereochemically labile 2-Zn, rac-D ,-3-
H, and rac-D,-3-Zn were separated into enantiomers, which
did not racemize at room temperature. Their mirror-image
CD spectra extended up to ca. 850 nm, showing multiple
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Figure 5. Circular dichroism spectra of enantiomeric pairs of D,-3-H,
and D,-3-Zn (dichloromethane). Absolute stereochemistry was as-
signed on the basis of TD-DFT calculations.

Cotton effects in the UV, visible and near infrared ranges
(Figure 5). Except for a change in NIR intensities, the CD
spectra of the corresponding D,-3-H, and D,-3-Zn enan-
tiomers are similar, indicating that the chiral features of the
chromophore are not significantly affected by metal coordi-
nation. The experimental CD responses could be reliably
reproduced in TD-DFT calculations, permitting unequivocal
assignment of absolute configurations of the (P*) and (M*)
enantiomers (Figures S40, S41). The presence of appreciable
CD activity in the visible and NIR ranges of the spectrum
indicates that even though the chiral distortion is induced by
peripheral substitution it has a pronounced effect on the
properties of the n system. This effect may originate not
only from the propeller distortion of the NMI porphyrin
chromophore but also from the MO admixing of the
helically arranged R substituents (vide supra).

Conclusion

We have shown here that by suitably engineering steric
congestion around an electron-deficient n-extended por-
phyrin, it is possible to create chiral NIR-active chromo-
phores. In the strategy presented herein, it is not necessary
to introduce intrinsically chiral moieties, and the config-
uration of the chromophore is controlled by appropriate
interdigitation of non-stereogenic substituents. Importantly,
the chromophores can be transformed between achiral and
chiral configurations by coordination of metal ions, with
large ionic radii favoring the formation of chiral structures.
The curvature of the n system is further tuned by apical
coordination to the metal, which induces a significant bowl-
shaped distortion. The latter effect may be used to affect
curvature-dependent properties™ ! with metal coordina-
tion, e.g., to induce self-assembly or host-guest complex-
ation. The present strategy of stereocontrol is expected to
work with more complicated substituents, containing addi-
tional chromophores or redox units, and may be applicable
to other oligopyrrole macrocycles.
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