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We report here the design and synthesis of a covalently linked
stacked tetra porphyrin oligomer, which has been a challenging
task so far. The interlinking phenanthroline units and several intra-
molecular H-bonds help the molecule to fold into a sheet-like
structure with three cleft-like cavities that bind two electron-
deficient guests with high binding constant.

Nature efficiently captures and transforms solar energy into
chemical energy through photosynthesis, a vital process that
sustains life on Earth. Since the elucidation of the mechanistic
details of the photosynthetic process, substantial efforts have
been devoted to mimicking these natural processes by creating
artificial systems,' particularly to address the pressing
demand for renewable energy. Structural studies of photosyn-
thetic systems have provided valuable insights into the critical
role of the protein matrix in organizing chromophores in an
intricate arrangement, enabling efficient charge transfer and
separation.”> However, the de novo design of such complex
systems remains a formidable challenge. As an alternative,
chemists have developed simpler strategies to organize syn-
thetic dyes, such as assembling them into aggregates,® incor-
porating them into oligonucleotide backbones,* and creating
dye oligomers that fold and self-assemble through noncovalent
interactions.” Among these, discrete dye oligomers featuring a
defined number of stacked aromatic units have emerged as
particularly intriguing. Their well-defined folding behavior
allows precise control, enabling insights into the interactions
of m-conjugated systems and offers opportunities to tune
their photophysical properties for functional applications.®
Recent studies have demonstrated that dye oligomers contain-
ing strongly dipolar aromatic units or alternating donor-accep-
tor moieties exhibit efficient folding driven by favorable
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electrostatic interactions.” Additionally, the folded structure
offers multiple cavities, a challenging feature to achieve, with
the potential to encapsulate complementary guests and facil-
itate charge transfer.®

Porphyrins, central to the natural photosynthetic systems,
have attracted immense interest for their exceptional optical
and electronic properties.’ Stacked porphyrin oligomers are
particularly appealing due to their broad solar light absorption
and remarkable interchromophoric communication. These
systems remain invaluable for applications in artificial
light-harvesting systems, catalysis, host-guest interactions, and
optoelectronics.’® However, the covalent synthesis of multi-
porphyrin stacks beyond trimers is not known as they pose
significant synthetic complexities with reduced efficiency.'"'?

Here, we demonstrate the design and synthesis of a stacked
tetrameric porphyrin oligomer, 1. To the best of our knowledge,
this is a rare instance where a covalently linked four porphyrin
stack has been achieved. The phenanthroline derivative has
been considered as a turn unit, enabling the molecule to adopt
a folded structure in solution facilitated by multiple intra-
molecular H-bonds between endocyclic phenanthroline nitro-
gen and amide -NHs. These intramolecular H-bonds are quite
strong, and our previous studies showed that they were instru-
mental in the formation of strained [2+2] macrocycles.'® Den-
sity functional theory (DFT) geometry optimization confirms a
sheet-like structure with three cleft-like cavities that are suita-
ble for encapsulating electron-deficient guests, such as 2,4,7-
trinitrofluorenone (TNF) among several other planar guests.

The outline for the synthesis of 1 is given in Scheme 1. The
detailed synthetic method can be found in the ESL7 In brief,
the phenanthroline monoacid, 5, and diacid, 7, were prepared
by controlled hydrolysis from the diester 4. The porphyrin acid
6 was prepared in a two-step process. First, a standard acid
chloride mediated amide coupling between 5 and monoamino
porphyrin 2 and then ester hydrolysis under basic conditions
afforded 6 with an overall 36% yield. The preparation of
diamino porphyrin clip, 8, was carried out by an amide cou-
pling reaction between the preformed diacid chloride of 7 and
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Scheme 1 Synthesis of tetrakis-porphyrin stack 1. Conditions: (a) (i) KOH (1 equiv.), MeOH : THF (1:1), (ii) citric acid, 63%; (b) (COCl),, 2, THF, DIPEA, 44%,
(c) (i) NaOH, MeOH: THF (1:2), (i) citric acid, 82%; (d) (i) KOH (3 equiv.), MeOH: THF (1:2), (ii) citric acid, 92%; (e) (COCl),, 3, THF, DIPEA, 8%;
(f) azabenzotriazole tetramethyl uronium hexafluorophosphate (HATU), pyridine, 18%.

the trans-diamino porphyrin 3. This reaction was performed in
a dilute condition with slow addition of the components to
minimize oligomer formation. Finally, the condensation reac-
tion between acid 6 and diamine 8 in a 2:1 ratio in pyridine
using HATU gave 1 as a dark purple compound in an 18% yield.
A detailed characterization of all these intermediates is pro-
vided in the ESL¥

The compound is well soluble in chlorinated solvents, but
solubility drops drastically in more polar solvents. The char-
acterization by NMR and MALDI-TOF mass spectroscopy con-
firms the formation of 1 (Fig. 1a and b; also see ESIf). The
'"H-NMR spectrum of the compound in CDCl; shows three
amide -NH signals of equal intensities at around 11.5 ppm
and two porphyrin pyrrole -NH peaks at —3.4 ppm and
—3.9 ppm corresponding to three types of amides and two
types of porphyrin -NH. This is consistent with the folded
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Fig. 1 (a) Selected region 400 MHz *H-NMR spectra of 1 (0.5 mM) in
CDClz at 298 K and its MALDI-TOF mass spectra (b). Side view (c) and top
view (d) of the DFT optimized structures of 1 show the relative orientation
of the porphyrin units with their center-to-center distances.
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stacked structure, where a plane of symmetry can be imagined
that separates the molecule into two parts. Thus, porphyrin
-NH proton signals at —3.4 ppm and —3.9 ppm can be assigned
to the outer and inner porphyrins, respectively. Apart from this,
two types of aromatic protons were observed: a sharp set of
signals between 9-7.5 ppm and another broad and unresolved
set of signals at 7-5.7 ppm. The broad peaks shifted upfield can
be attributed to the central porphyrins, which face a significant
ring current. The broadness of the peaks, even below 0.12 mM
in CDCl; (Fig. S1, ESI}), indicated some intramolecular con-
formational dynamics in the solution, particularly in the inner
porphyrins. To ascertain this, a variable temperature (VI) NMR
was performed in C,D,Cl, in a temperature range of 298 K to
373 K (Fig. S2, ESIt). The "H-NMR spectra in C,D,Cl, at 298 K
are quite similar to what was observed in CDCl;, without much
noticeable change in the chemical shifts (Fig. S3, ESIt). Inter-
estingly, the broad peaks started to become sharper once the
temperature was raised, along with a significant downfield
shift. However, the other sharp signals do not show any
significant change during temperature variation. This behavior
indicates that there might be some conformational rearrange-
ment involved, which becomes faster at higher temperatures.
The downfield shift may indicate that the two central porphyr-
ins are probably initially in a slipped stacking arrangement that
unfolds at higher temperatures. At lower temperatures up to
243 K, these signals gradually become much broader and
shifted upfield (Fig. S4, ESIT), presumably due to the intermo-
lecular interaction.

Since obtaining single crystals of 1 was unsuccessful, we
have performed DFT geometry optimization (see ESI,} for more
details) to get some structural information. The optimized
structure showed that the geometry maintains a folded struc-
ture where intramolecular H-bonds between the phenanthro-
line endocyclic-N and amide-NH are prominent (Fig. 1c and
Fig. S28, ESIT). Importantly, four porphyrin units are located on
top of each other but not in an exact parallel orientation
(Fig. 1d). They maintain a diverging angle of ~25°. This is
presumably to avoid steric interactions among the two phenyl
rings close to the amide linkage. The center-to-center distances

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) UV-vis spectra of 1 in CHClz at 298 K, along with the spectrum

of reference TPP. (b) Normalized fluorescence spectra of 1 and TPP in
CHCl3 (Jex = 515 nm).

between the porphyrin rings are not equal; the two peripheral
distances (~8.3 A) are similar and smaller compared to the
central one (~9.5 A). The large distances ruled out the exis-
tence of substantial n-n interactions among the porphyrin
rings; however, the stacks have sufficient space for accommo-
dating suitable guests in the clefts. Notably, the phenanthro-
lines and porphyrins maintain a near orthogonal orientation to
adopt a folded structure, which was further confirmed by the
correlation between two types of porphyrins -NH signals origi-
nated from outer and inner porphyrins as observed from
NOESY NMR (Fig. S7, ESIt).

As expected, 1 displays several sharp, intense characteristic
bands in the UV-Vis spectrum in chloroform (Fig. 2a).
When compared with free-base tetraphenyl porphyrin (TPP),
the absorption maxima for both the Soret band and
Q-bands appeared nearly at a similar wavelength with some
broadness in 1. The molar extinction coefficient of 1 at 417 nm
is nearly double (¢ = 7.7 x 10° M~ "' cm™ ") that of the TPP
(e =3.7 x 10° M~ ' em™ ") with a broad Soret band. The broad-
ness and blue shifted shoulder at 408 nm could be the result of
the excitonic coupling between the porphyrin units that has
been observed in other dimeric and trimeric porphyrin systems
with varying interchromophore distances.”> The variable
concentration UV-Vis absorption spectra showed a linear varia-
tion of absorbance with a concentration range of 3.5-112 uM
(Fig. S9 and S10, ESIf). Additionally, variable temperature
absorption spectra of a 6.25 pM solution in the 303-343 K
range in dichloroethane indicate no significant change in the
spectrum (Fig. S11, ESIt). These results ruled out the existence
of any molecular association at this concentration range. The
fluorescence spectra of 1 in CHCl; showed an intense band at
660 nm and a vibronic band at 724 nm (Fig. 2b). Both these
bands are red-shifted by 7 nm compared to TPP.

Considering the folded structure of 1, it offers cleft-shaped
cavities that can encapsulate guests. The planar electron-
deficient guests were chosen, it being an electron-rich host.
Therefore, we tested a series of guests with varying electron
deficiency (Fig. 3a). The host-guest interaction was probed by
UV-Vis and "H-NMR spectroscopy. For UV-Vis titration, a sub-
micromolar concentrations of host 1 and guests were used.
Among all the guests, we found that TNF (G1) had the strongest
binding with the host (Fig. 3b). Upon the addition of G1, the
absorbance of the Q bands at 518, 555, 593, and 650 nm
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Fig. 3 (a) A series of electron-deficient guests were tested for the host—
guest studies. (b) UV-Vis absorption spectra of 1 (50 pM) with the addition
of G1 (0-6 equivalents) in chloroform at 298 K. The selected region
400 MHz *H-NMR spectra of G1 (10 mM) (c), 1 (1 mM) in CDCls (d) and
after the addition of 1 (e), 2 (f), 3 (g), and 4 equivalents (h) G1 at 298 K.
(i) Side view of the space-filling model of DFT energy minimized structures
of 15G1, showing the relative orientation of the guests in the clefts.
Nonpolar hydrogens and side chains are omitted for clarity.

diminished, and an increment of the absorbance at 488, 577,
626, and 684 nm was observed with clear isosbestic points at
498, 569, 582, 607, 637, and 662 nm. In contrast, no significant
change was observed with other guests (Fig. S12-S16, ESIT).
Furthermore, the Job plot revealed the formation of the 1:2
host-guest complex with G1 (Fig. S17, ESI{) even though three
clefts are available.

Upon gradual addition of G1 to a solution of 1 in CDCl;, the
proton signals in "H-NMR become broad and shifted upfield
(Fig. 3c-h). The porphyrin -NH protons were shifted from —3.4
to —5.3 ppm and —3.9 to —6.8 ppm before the host-guest
complex precipitated out of the solution when a large excess of
G1 was added. While the sharp aromatic protons signal of 1
showed an upfield shift, the broad signals were shifted down-
field, indicating that the conformation dynamics of the central
porphyrins may be restricted upon guest binding. The
complexation-induced chemical shifts and broadness of the
peaks can be attributed to the presence of a strong shielding
effect when guests interact with the porphyrin rings and the
dynamic nature of the binding, which operates faster than the
NMR time scale, respectively. The chemical shift variations
were fitted using a 1:2 (H:G) binding model to obtain K; and
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K, of 4.08 x 10* M~ " and 1.43 x 10* M~ ", respectively (Fig. S18,
ESIt), to indicate a strong binding. The NMR titration with other
guests revealed that G2 and G5 have some weak binding affinities
with 1, whereas G3, G4, and G6 do not show any significant
binding (Fig. S19-S25, ESIt). The estimated binding constants are
summarized in Table S1 (ESIt). The differences in their binding
can also be understood from the relative HOMO and LUMO
energies of the guests compared to 1 (Fig. S26, ESIT).

Due to the lack of crystal structures and unresolved NMR
signals, the detailed structural information of the host-guest
complexation cannot be determined experimentally. However,
we performed DFT energy minimization of the 15G1, 15Gl1,,
and 1> G1; complexes to gain structural insights (Fig. S29-S31,
ESIt). The sequential encapsulation of guests is energetically
favorable, though the first complexation between 1 and G1 is
the most energetically preferred step (Fig. S27, ESIt) compared
to subsequent steps. In particular, the third encapsulation,
occurring between the two central porphyrins, is the least
efficient. This is likely because, after two encapsulations, the
two central porphyrins become the least electron-rich, further
reducing their ability to accommodate a third guest. Addition-
ally, the significant distance between the two central porphyr-
ins limits their ability to bind guests effectively and engage in
strong interactions. This is evident from the space-filling model
of 1D5G1;, where the two guests at the top and bottom cleft
cavities are tightly packed, whereas the central guest is loosely
bound (Fig. S31, ESIt). Overall, it corroborates the 1:2 host-to-
guest binding from the UV-Vis and NMR experiments.

In conclusion, here we have demonstrated the design and
synthesis of a rare covalently linked tetra porphyrin stacked
oligomer. The phenanthroline unit was strategically used to
provide several intramolecular H-bonds to help the molecule
maintain a folded structure, even though some dynamics were
observed between the two central porphyrin units, which was
investigated by VI NMR. The well-organized folded structure
offers three cleftlike cavities that encapsulate two electron-
deficient TNF molecules with high binding constants. This novel
system represents a significant advancement in developing multi-
porphyrin oligomers, thus offering new opportunities for their
potential applications in light-harvesting, energy conversion,
photocatalysis, and molecular electronics. These objectives are
being investigated, and the results will be reported in due course.
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