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Introduction

Synthesis and characterization of 5,15-
bis(hydroxymethyl)porphyrins — simple
compounds distantly inspired by the
chlorosomal bacteriochlorophylls

Vy-Phuong Tran, 22 Arup Kundu, ©2° Madelyn N. Scott, & ° Ainsley Iwanicki, € °
Phattananawee Nalaoh, €2 ¢ James R. Diers, (2% Masahiko Taniguchi,?
David F. Bocian, (2 Gabriela S. Schlau-Cohen (2 *° and Jonathan S. Lindsey () *@

A self-assembly paradigm is provided in green photosynthetic bacteria by the chlorin macrocycle
bacteriochlorophyll (BChl) ¢, which contains a 3-(1-hydroxyethyl) substituent, central magnesium ion,
and 13-keto group. The assembled BChl ¢ structure is a powerful light-harvesting apparatus that can
support life even under extreme low-light conditions. Here, inspired by the work of Balaban, two far
simpler porphyrins have been synthesized, 5,15-bis(hydroxymethyl)-10,20-diphenylporphinatozinc(i) (Ph/
CH,OH) and 5,15-bis(hydroxymethyl)porphinatozinc(i) (H/CH,OH), and analogues wherein ethyl
replaces hydroxymethyl (Ph/Et and H/Et). Examination of Ph/CH,OH and H/CH,OH by time-resolved
spectroscopy showed an ~2-fold enhancement in the singlet excited-state lifetime compared to meso-
tetraphenylporphinatozinc(in) (ZnTPP). The single-crystal X-ray diffraction revealed distinct packing
patterns. Porphyrin Ph/CH,OH exhibited double staircases wherein (1) each zinc is pentacoordinate (by
apical coordination of one hydroxymethyl group of a porphyrin in the same staircase), (2) the second
hydroxymethyl group is hydrogen-bonded to an apically coordinated hydroxymethyl oxygen atom in the
adjacent staircase, (3) the porphyrins in a given staircase are coplanar but cofacially offset with each
other, and (4) the adjacent staircases are oriented approximately 72° relative to each other. Porphyrin
H/CH,OH assembled wherein (1) each zinc is hexacoordinate by ligation of hydroxymethyl moieties, (2)
each hydroxymethyl —OH is hydrogen-bonded with an acetonitrile solvent molecule in the lattice, and
(3) the planes of the four nearest neighbor porphyrins are essentially perpendicular to a given porphyrin.
Study of the solid-state packing patterns of sparsely substituted porphyrins enables insights into how the
structural design of tetrapyrroles can guide their aggregate self-assembly.

bodies (i.e., chlorosomes) with little proteinaceous scaffolding.>
The resulting highly organized molecular architecture supports

Chlorophylls and bacteriochlorophylls are the key components
of photosynthetic antenna complexes that absorb light and
funnel excitation energy to the reaction centers." A general
strategy found in plants and purple bacteria relies on (bacterio)-
chlorophylls embedded in pigment-binding proteins in elaborate
3-dimensional structures. In green photosynthetic bacteria, by
contrast, the tetrapyrrole pigments self-associate to give green
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efficient energy transfer and thereby provides the basis for a light-
harvesting antenna. A representative self-assembling macrocycle is
bacteriochlorophyll ¢, a dihydroporphyrin that is equipped with a
3-(1-hydroxyethyl) group, a 13-keto group as part of the isocyclic
ring, and the centrally chelated magnesium(u) ion (Fig. 1).> The
proposed organization entails a layered stack of relatively coplanar
and cofacially offset macrocycles. The proposed intermolecular
interactions that engender the organization include the combi-
nation of (i) apical coordination of the magnesium(u) ion by the
3-(1-hydroxyethyl) group of a neighboring macrocycle, (ii)
hydrogen-bonding of the hydroxyl group with the keto group of
yet another macrocycle, and (iii) n-n stacking.’

Much effort has been devoted to understand the essential
structural features that undergird the assembly into functional
light-harvesting antennas. Tamiaki has employed semisynthesis
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Fig. 1 Native bacteriochlorophyll ¢ and proposed molecular interactions i

with derivatives of natural pigments to create diverse macro-
cycles for probing the role of structural substituents on the
self-assembly pattern.’'> Balaban pioneered the design and
synthesis of a set of far simpler porphyrins, which upon self-
assembly give broad and red-shifted absorption maxima.”"?~*
The evolution of the Balaban design is shown in the 10,20-diaryl
family by the 3,13-substitution pattern of IL'* the 3,15-
substitution pattern of II'> and III,* and the 5,15-substitution
pattern of Iv," v,'* and VI** (Chart 1). The 3,13-substitution
pattern also was examined in the B-substituted porphyrin VIL'*
In all cases, the zinc chelate was employed as a chemically more

n the self-assembly.* Many substituents are omitted for clarity.

robust surrogate for magnesium. Among this set, porphyrins
1L, Iv,'® and VI* have been characterized by single-crystal X-ray
diffraction (SCXRD) analysis. The pioneering work of Balaban
(1958-2016) was left undeveloped owing to his untimely
passing.”®

The question of interest here is whether even simpler mole-
cular designs can afford chlorosomal-like assemblies. In this
work, four meso-substituted zinc(u)porphyrins have been synthe-
sized (Chart 1). Two porphyrins contain 5,15-dihydroxymethyl
groups with the presence of 10,20-diphenyl groups (Ph/CH,OH)
or with the lack of 10,20-diphenyl group (H/CH,OH). Two other

o /f 0
v v vi
OH : New porphyrins
| R R
o i R R
vil | Ph/CH,0H, R = CH,0H HICH,0H, R = CH,OH
' Ph/Et, R = Et H/Et, R = Et

Chart 1 Porphyrins bearing hydroxyalkyl substituents for possible self-assembly.
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porphyrins (Ph/Et, H/Et) have identical substitution patterns but
with an ethyl group in place of the hydroxymethyl substituent.
The electronic properties and dynamics of the synthetic porphyr-
ins have been characterized by steady-state and time-resolved
spectroscopy. All four porphyrins were also analyzed by SCXRD
for comparative assessment of their structural packing patterns.
The results provide insights into the relationship between the
structure and assembly of simple compounds as putative analogs
of chlorosomal bacteriochlorophylls.

Results
Synthesis

Porphyrin Ph/CH,OH is a trans-A,B,-porphyrin whereas porphyrin
H/CH,OH is a trans-Ay-porphyrin, where A is a hydroxymethyl
group and B is a phenyl group (Scheme 1). Dipyrromethane
building blocks that bear various one-carbon units are key to the
general synthetic approach. The tert-butyldimethylsilyl (TBDMS)-
protected 5-hydroxymethyldipyrromethane 1 comprises a key

/
OTBDMS (1)=N\® |©
CH,Cly, Ar, 1t, 1 h OTBDMS
(2) NaHCO; H
X =
\_NH HN—Z
1-Esch 1

(1) Zn(OAc)y, EtOH, reflux, 2 h

115% | (2)DDQ, rt, 15 min
(3) Et3N, rt, 15 min
TBDMSO
5
OTBDMS
o, | TBAF, THF
0% i, 9h
HO
H/CH,OH
OH

Scheme 1 Synthesis of bis(hydroxymethyl)porphyrins.
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building block and has been prepared and used previously in the
synthesis of I. The unprotected 5-hydroxymethyldipyrromethane
also has been employed.>* Dipyrromethane 1 has been converted
in 54% yield to the 1,9-dibenzoyl derivative complexed with
dibutyltin (2), where the tin complexation affords a crystalline
product that is readily purified.”* Treatment of 2 with NaBH,
afforded the corresponding dipyrromethane-1,9-dicarbinol (and
concomitant loss of dibutyltin), which upon condensation with
dipyrromethane 1 in the presence of InCl; followed by oxidation
with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) afforded
free base porphyrin 3 (5%). Subsequent reaction with Zn(OAc),
gave zinc porphyrin 4 (68%). The TBDMS group was removed
upon treatment with tetrabutylammonium fluoride (TBAF) to
afford the target porphyrin Ph/CH,OH (76%). It should be
mentioned that an attempt to condense 1 and benzaldehyde in
the presence of BF;-OEt, was not effective, which prompted
pursuit of the route reported here.

For the synthesis of porphyrin H/CH,OH, dipyrromethane 1
was treated with Eschenmoser’s reagent to give the

(1) EtMgBr, toluene
0°C,05h

(2) Benzoyl chloride
0°C,1h

(3) BuaSnCly, EtsN
EtOAc, rt, 0.5 h

OTBDMS

54%

(1) NaBH4
THF/MeOH
rt, 40 min

5% | (2)InCls, CHyClp, 1t, 1.5 h
(3)DDQ, 1t, 0.5 h

TBDMSO

M=H,H,3

OTBDMS

68% l Zn(OAc),, CHCI3, MeOH, rt, overnight

M=2Zn, 4

76% l TBAF, THF, 1t, 9 h

HO

Ph/CH,OH
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1,9-bis(dimethylaminomethyl)-substituted dipyrromethane as
the bis(hydroiodide) salt. Treatment of the reaction mixture
with saturated aqueous NaHCO; liberated the free base
dipyrromethane 1-Esch from the bis(hydroiodide) salt. Dipyrro-
methane 1-Esch was not characterized but was reacted in situ
with dipyrromethane 1 in the standard way* to form zinc
porphyrin 5 in 11.5% yield. Deprotection with TBAF gave zinc
porphyrin H/CH,OH in 90% yield.

An established route to dipyrromethane-1-carbinols was
applied for the synthesis of porphyrin Ph/Et. The meso-ethyl-
dipyrromethane®® 6 was treated with EtMgBr followed by
pyridyl thioester’” 7 to obtain 1-acyldipyrromethane 8 in 90%
yield (Scheme 2). Reduction of 8 gave the dipyrromethane-1-
carbinol, which was condensed in the presence of InCl; to afford
the trans-A,B,-porphyrin, 5,15-diethyl-10,20-diphenylporphyrin (9),
in 37% yield. Subsequent reaction with Zn(OAc), gave the target
zinc(n) chelate Ph/Et in (80%).

The meso-ethyldipyrromethane®® 6 also was treated with the
Eschenmoser reagent to give the 1,9-bis(N,N-dimethylamino-
methyl)dipyrromethane 6-Esch. Treatment to the standard
conditions established in the Eschenmoser route with dipyrro-
methane 6 gave zinc porphyrin H/Et in 8.3% yield.

Each porphyrin was characterized by "H NMR spectroscopy,
3C{"H} NMR spectroscopy, high-resolution mass spectrometry
via electrospray ionization-time-of-flight (HRMS via ESI-TOF),
matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS),?® and absorption and fluorescence spectroscopy.
The symmetry and sparse substitution of each of the four
porphyrins afford simple and readily interpretable "H NMR
spectra (Fig. S1). The results from absorption and fluorescence
spectroscopy are described in the next section.

90%

EtMgBr, THF, 20 min
rtto —78 °C

RG]
1) =N@ |
(1) \

CH,Cly, Ar, 1t, 1 h
(2) NaHCO,

Scheme 2 Synthesis of 5,15-diethylporphyrins.
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Spectroscopic characterization

Steady-state features. The steady-state absorption spectra of
the four zinc porphyrins (Ph/CH,OH, Ph/Et, H/CH,OH, H/Et)
were collected in tetrahydrofuran (THF) solution under ambi-
ent conditions without deaeration (“‘aerated”). In contrast with
the homogeneous solutions in THF, attempts to use toluene or
dichloromethane for all four zinc porphyrins resulted in incom-
plete solubilization (e.g., cloudy suspensions) and/or highly
broadened spectra indicative of aggregation; on the other hand,
addition thereto of a small amount of THF typically afforded
homogeneous solutions. For the free base porphyrins, homo-
geneous solutions were obtained in toluene without THF.

All of the following data for the four zinc porphyrins were
obtained in aerated neat THF solution. Each porphyrin exhibits
the characteristic B-band (Soret or S, — S,) and Q-band (S, — S,)
transitions. The Q-band transitions exhibit a vibronic progression,
denoted as Q(0,0) and Q(1,0) for the transitions with zero and one
vibrational quanta (respectively), with a spacing ranging from
~950-1280 cm " for each porphyrin (Fig. 2). Expanded spectra
are provided in Fig. S2-S6. The spectral features are summarized
in Table 1. Several trends are evident.

e First, the porphyrins with four meso-substituents (Ph/CH,OH,
Ph/Et) exhibit B (421, 424 versus 408, 410 nm) and Q(1,0) (555, 558
versus 543, 546 nm) bands at longer wavelength than porphyrins
with two meso-substituents (H/CH,OH, H/Et). Such shifts are
consistent with the previous observation of a systematic bath-
ochromic shift in the absorption spectra of zinc porphyrins with
an increase in the number of substituted phenyl groups.*®

e Second, the addition of an ethyl group instead of a hydro-
xymethyl group generally causes a bathochromic shift of several
nanometers for the B and Q bands, although one apparent

9,M=H,H

(1) NaBH,

THF/MeOH
(2) InClg, CH,Cl,
(3) DDQ

B

37%

Zn(OAc),, CHCly | 80%
MeOH, rt, overnight

Ph/Et, M = Zn
(1
S = 6
\ NH HN /
Zn(OAc),, EtOH, reflux, 2 h
(2) DDQ, rt, 15 min
(3) Et3N, rt, 15 min
H/Et

8.3%

New J. Chem., 2026, 50, 1990-2004 | 1993


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nj04118j

Open Access Article. Published on 14 January 2026. Downloaded on 3/3/2026 11:48:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

NJC

View Article Online

Paper

—— Ph/CH,OH e
~ry e ~r -8
—— HICH,OH —H/Et
500 600 7oo 800 500 600 7oo ..... 800

Wavelength (nm)

Wavelength (nm)

Fig. 2 Absorption spectra (solid lines) of the Q-band region and fluorescence spectra (dashed lines) of the four synthetic porphyrins in aerated THF

solution at room temperature.

Table 1 Absorption and fluorescence properties®

Zabs, DN fem, I Ino,0)/ Stokes Io(,0)
Sample B Q(1,0) Q(0,0) Q(0,0) Q(0,1) Igu,0f shift, em ™ Ig,0)
Ph/CH,OH 421 555 594 602 654 23 224 5.7
Ph/Et 424 558 601 607 661 28 164 2.4
H/CH,OH 408 543 578 582 637 29 119 3.7
H/Et 410 546 576 591 645 30 441 9.0
ZnTPP 423 555 595 603 655 31 223 3.2

“ All data were obtained in aerated THF solution at room temperature.
b Ratio of peak intensities.

Table 2 Singlet excited-state properties®

Sample 7 (ns) & 7° (ns) k(s kar 571
Ph/CH,OH 3.7 0.039 100 1.0 x 10’ 26 x 107
Ph/Et 2.03 0.026 78 1.3 x 10’ 48 x 107
H/CH,OH 4.2 0.042 102 0.98 x 107 23 x 107
H/Et 3.0 0.024 130 0.77 x 10’ 33 x 107
ZnTPP 1.87 0.026 72 1.4 x 107 52 x 10’

¢ All data were obtained in aerated THF solution at room temperature.
Lifetimes were obtained from time-correlated single-photon counting
(TCSPC) measurements. Fluorescence lifetime, t; fluorescence quan-
tum yield, @g; radiative lifetime, 7°; radiative decay rate, k; nonradiative
decay rate, k.

exception is the Q(0,0) band of H/Et (576 nm) versus H/CH,OH
(578 nm); this may simply reflect the relatively very weak band
Q(0,0) band on the tail of the more intense Q(1,0) band of H/Et.

1994 | New J. Chem., 2026, 50,1990-2004

e Third, the relative intensity of the Q(0,0) band is sensitive
to the nature of the substituents, as is seen by the ratio of the
intensities of the Q(1,0) and Q(0,0) bands, which ranges from
2.4 for Ph/Et to 9.0 for H/Et.

Excited-state features. The fluorescence quantum yield (&)
values were measured of porphyrins Ph/CH,OH and H/CH,OH,
along with their analogues Ph/Et and H/Et, using ZnTPP in
aerated THF as a reference (Table 2 and Table S1). Porphyrins
Ph/CH,OH and H/CH,OH demonstrated enhanced fluorescence
quantum yields (0.039 and 0.042, respectively) relative to ZnTPP
(0.026).° In contrast, Ph/Et and H/Et exhibited comparable or
decreased quantum yields (0.026 and 0.024, respectively) relative to
ZnTPP. Such changes in the fluorescence quantum yield can be
attributed to changes in the radiative and nonradiative dissipation
pathways (vide infra).

Time-resolved fluorescence measurements were performed in
aerated THF. The decay curves were well-fit with a monoexpo-
nential function (Fig. S7). The extracted decay timescales were
3.7 ns and 4.2 ns for the hydroxymethylporphyrins Ph/CH,OH
and H/CH,OH, respectively. For analogues Ph/Et and H/Et, where
the hydroxymethyl groups were replaced by ethyl groups, the
timescales were slightly shorter, 2.03 and 3.0 ns, respectively. The
reference compound ZnTPP exhibited a lifetime value of 1.87 ns,
which closely resembles the reported consensus value of 2.0 ns
(in aerated toluene).*°

To understand the origin of the enhanced fluorescence
observed in Ph/CH,OH and H/CH,OH, the measured emission
lifetime and fluorescence quantum yield of each compound

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026
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were used to calculate the radiative and nonradiative decay
rates of the singlet excited state (eqn (S1)-(S3); Table 2). The
nonradiative decay rates for Ph/CH,OH and H/CH,OH (26 X
107 s7' and 23 x 107 s™', respectively) were diminished with
respect to ZnTPP (52 x 107 s~'). Further, the radiative decay
rates also decreased for Ph/CH,OH and H/CH,OH (1.0 X
10" s7" and 0.98 x 107 s, respectively) relative to ZnTPP
(1.4 x 107 s7"). The porphyrin analogues Ph/Et and H/Et follow
a similar trend, albeit to a lesser degree than Ph/CH,OH and
H/CH,OH. These distinctions are attributed to differences in
the nonradiative rates, which has two components, internal
conversion (IC) and intersystem crossing (ISC). The rate of IC
often approximately scales with the number of normal modes,

View Article Online

NJC

but no correlation was observed between the nonradiative rate
and the number of normal modes, and indeed, the overall
Q(1,0) vibronic structure was similar for all four porphyrins.
The yield of ISC, which is quite high in zinc porphyrins (88% for
ZnTPP)*° is likely the dominant factor, although the rationale
for this is not clear.

To resolve the initial excited-state dynamics, porphyrins
Ph/CH,OH and H/CH,OH in aerated THF were examined by
femtosecond transient absorption (fs-TA) measurements. The
excited-state dynamics of the porphyrin solutions were probed
using a broadband white light supercontinuum (~400 nm to
800 nm) subsequent to 400 nm excitation, resonant with the B
band. Fig. 3a shows the fs-TA spectra traces for Ph/CH,OH and

Ph/CH,OH

-1 ps
0.5 ps
1ps
2.5ps
5 ps
10 ps

i —

-1 ps
0.5 ps
1ps
2.5 ps
5 ps
10 ps
25 ps

\

'_A-_ N P et

500 600 700
Wavelength, nm

(b)

AA, Norm.

10 15

Time, ps

20

Fig. 3 Femtosecond transient absorption spectroscopy of the porphyrins. (a

600 640 680

Wavelength, nm

560
(c)

S, A

TN
81_T§_IVR

IC (0.8 ps, 1 ps)
(4.6 ps, 134 ps)
(5.2 ps, 90 ps)

hv FL (3.7 ns, 4.2 ns)

1
1
1
1
1
1
1
1
1
1
1

A4

GS =

) Broadband transient absorption spectra (Aoump = 400 nm) of Ph/CH,OH

and H/CH,OH in aerated THF solution (20 pM). Zoom in on the AA spectra of the Q band. (b) Comparative single-point decay kinetics of Ph/CH,OH and
H/CH,O0H showing the S, — S; transition. The kinetic traces are collected at 457 nm and 630 nm for Ph/CH,OH and 447 nm and 620 nm for H/CH,OH,
respectively, shown by dotted vertical lines in (a). (c) Kinetic model for excited-state dynamics of Ph/CH,OH and H/CH,OH in solution. IC, internal

conversion; IVR, intramolecular vibrational relaxation; FL, fluorescence.
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H/CH,OH at representative time delays from —1 ps to 1000 ps.
The timescales of the dynamics were extracted with multi-
exponential kinetic fitting (Fig. 3b).

After initial photoexcitation, a broad excited-state absorp-
tion (ESA) feature was present in the spectral region of 415 nm
to 780 nm for both the porphyrins, along with a strong ground-
state bleach (GSB) of the Q bands at 548 nm for Ph/CH,OH and
536 nm for H/CH,OH, respectively. The initial broad ESA
feature is assigned to a photoexcited S, state, which evolves
to the S, state via IC. The IC of the S, — S, was observed as a
rise in a sharp ESA feature associated with the S; state around
450 nm and a concomitant decay of the stimulated emission
(SE) feature of the S, state around 545 nm to 690 nm (Fig. 3a,
left panel). Time constants of 0.8 ps and 1 ps were extracted for
S, — S; IC in Ph/CH,OH and H/CH,OH, respectively. The
subsequent two time constants were assigned to intramolecular
vibrational relaxation (IVR) in the S; state (4.6 ps and 134 ps for
Ph/CH,OH, 5.2 ps and 90 ps for H/CH,OH). The slowest time
constant (>2 ns) was assigned to the formation of a long-lived
triplet state via ISC. These dynamics are summarized in Fig. 3c
and are consistent with earlier reports on zinc porphyrins.***?
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Timescales obtained through the fs-TA measurements were
consistent with those obtained via time-resolved fluorescence,
revealing that these zinc porphyrins show an enhancement of
up to 2-fold in the singlet excited-state lifetime as compared to
traditional ZnTPP systems. The long-lived excited-state has the
potential to enhance energy transport for synthetic light-
harvesting systems and other optoelectronic applications.

Molecular orbital characteristics and absorption spectra
simulations

Density functional theory (DFT) calculations®® were performed
on the zinc porphyrins Ph/CH,OH, Ph/Et, H/CH,OH, and H/Et.
The energies and electron density distributions of the four
frontier molecular orbitals (MOs) are shown in Table 3. The
characteristics of the MOs are typical of porphyrins wherein the
macrocycles exhibit approximate two-fold or higher symmetry.**
In particular, the highest occupied molecular orbitals (HOMOs)
are a;,- and a,,like, and the lowest unoccupied molecular
orbitals (LUMOs) are eglike (D4, notation). For Ph/CH,OH, Ph/
Et, and H/Et, the HOMO is a,,-like and the HOMO-—1 is a,-like.
This pattern is reversed for H/CH,OH. For Ph/CH,OH and

Table 3 Energies and electron density distributions for the frontier MOs of four zinc porphyrins

Porphyrins HOMO-1/eV HOMO/eV LUMO/eV LUMO+1/eV
=
] o
Ph/CH,OH \iﬁ‘b A
-1.09
H/CH,OH %
-1.06
@
Ph/Et b L) #
o
-1.07
H/Et '

1996 | New J. Chem., 2026, 50,1990-2004
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H/CH,OH, the vertical symmetry plane of the eglike LUMO
passes through the 5,15-meso-carbon atoms and the plane of
the eg-like LUMO+1 passes through the 10,20-meso-carbon atoms.
This pattern is reversed for Ph/Et and H/Et.

The absorption spectra of the four porphyrins were simu-
lated using the Gouterman module in PhotochemCAD.?> This
calculation utilizes the four frontier MOs shown in Table 3. The
calculations faithfully reproduce the relative energies of the
B(0,0) and Q(0,0) bands of the four porphyrins (Fig. S8-5S10). In
particular, the calculations reproduce the observed bathochromic
shift of the 10,20-phenyl-substitued molecules (Ph/CH,OH and
Ph/Et) relative to those that lack these substituents (H/CH,OH
and H/Et), as well as the additional bathochromic shifts observed
upon ethyl replacement of the hydroxymethyl groups: larger in
Ph/Et versus Ph/CH,OH than in H/Et versus H/CH,OH. More
interestingly, the calculation reproduces the observed relative
intensities of the Q(0,0) bands of the four porphyrins Ph/Et >
H/CH,OH > Ph/CH,OH > H/Et (Table 1). This pattern reflects
the observation that ethyl replacement of the hydroxymethyl
groups in the 10,20-phenyl-substituted porphyrins (Ph/Et versus
Ph/CH,OH) increases the intensity of the Q(0,0) absorption,
whereas this substitution in the porphyrins that lack the phenyl
groups (H/Et versus H/CH,OH) decreases the intensity of the
Q(0,0) band. The rank ordering of the porphyrins on the basis of
the relative intensity of the Q(0,0) absorption transition (Ph/Et >
H/CH,OH > Ph/CH,OH > H/Et) nearly parallels that of the
magnitude of the radiative rate constant (kg Table 2) (Ph/Et > Ph/
CH,OH ~ H/CH,OH > HJEt).

Single-crystal X-ray analysis

Each porphyrin was crystallized from THF upon slow vapor diffu-
sion with an antisolvent (hexane, heptane, acetone, or acetonitrile)
and analyzed by SCXRD. The full crystal structure data for the four

(a) Crystal structure
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porphyrins are provided in Tables S2-S5. The salient results for
each porphyrin are provided here. In the following text, the mean
plane is described by the carbon skeleton (C1, C2, C3, C4, ..., C19,
C20) of the porphyrin macrocycle.

Porphyrin Ph/CH,OH

Porphyrin Ph/CH,OH was crystallized from THF upon slow
vapor diffusion of heptane. The dominant organization in the
crystal displays coordination polymers with adjacent porphyrins
in a staircase arrangement (Fig. 4a). Each zinc atom is penta-
coordinate. The hydroxymethyl group of one porphyrin is coordi-
nated to the apical site of the zinc atom of the adjacent porphyrin
(O-Zn distance 2.1564(18) A (Fig. S11a)), while the angle C-O-Zn
is 136.94(15)° (Fig. S11a). Although the apical coordination of the
hydroxymethyl group is clearly displayed, the remaining hydroxyl
group is orientationally disordered. When a given hydroxyl group
is pointed toward the zinc atom, the nearest hydroxyl group from
the adjacent double staircase hydrogen-bonds with the hydroxyl
group coordinated to zinc. The O(hydroxymethyl oxygen)---H
distance when participating in the O-H- - -O hydrogen bond along
the tract is 1.87(4) A (Fig. 4b), which is well within the range of
known hydrogen bonds.*® Thus, hydrogen bonding may exist
between hydroxyl groups in adjacent staircases.

A given coordination polymer of apical-ligated porphyrins is
aligned alongside a second polymer of apical-ligated porphyrins.
The angle between the two staircases is 72.66(3)° (Fig. 4b). The
meso-phenyl groups are neither coplanar nor orthogonal with
respect to the plane of the porphyrin, as is typical; here, both
phenyl groups are tilted in the same direction with dihedral angles
of 115.15(7)° and 108.82(7)° (Fig. S11a). The plane of the phenyl
group on the porphyrin from the second staircase is rotated
75.37(10)° versus that from the first one, affording a putative CH/
T interaction (2.687(3) A) between two phenyl groups from adjacent

(d) Molecular interactions

I d
“ %ﬁ \ H.H
....... o °o— _\O/H :
e ) \ W H ; 13.4142(11) A
i :
I } o G o —\'_H
N e 7 e Y
& - 2 - o e o o— —_ M
I‘%ﬁ = 3 o— —\O/H' H \ ©
in H/,o\H .......
0—
© " ﬁ Y O

[}
[}
" 90°
v

3p4440(12) Ai : 75.37(10)° “
‘ = 1 E I

2
\

© M.87(4)A
2.687(3) A -

Fig. 4 Zinc porphyrin Ph/CH,OH (pentacoordinate zinc atoms). (a) Packing arrangement showing a section of infinite coordination polymer of
porphyrins. The hydroxymethyl of one porphyrin ligates to the apical zinc site of a second porphyrin. Two adjacent polymers form a double staircase
containing inner tract hydroxymethyl moieties in the crystal structure. (b) Possible hydrogen-bonding between staircase tracts. The labels 1-3
correspond to porphyrins shown in panel (a). (c) Top view showing the partial cofacial overlap between two adjacent porphyrins in a staircase. Many
substituents are omitted for clarity. (d) Illustration of proposed molecular interactions in the assembly of Ph/CH,OH.
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staircases, along with the distance to the centroid belonging to the
mentioned phenyl group at 3.4440(12) A (Fig. 4b).

Although the planes of porphyrins in adjacent staircases are
not parallel, the planes of every other staircase are parallel
giving an overall herringbone arrangement. The two adjacent
macrocycles are slipped from a completely cofacial alignment
to give only partial overlap of the m clouds (Fig. 4c). The
distance along the normal between the mean planes of two
porphyrins in a coordination polymer is 3.4142(11) A (Fig. 4d).
The resulting translation is such that the centroid offset of
porphyrins in adjacent steps is 5.3177(11) A (Fig. S11a). The two
infinite polymers thus constitute a side-by-side or double stair-
case comprised of cofacially offset porphyrins, which altogether
affords a zigzag shape. A model for the assembly showing the
key interactions of the central zinc metal and two hydroxy-
methyl groups is provided in Fig. 4d.

Porphyrin H/CH,OH

Porphyrin H/CH,OH was crystallized from THF upon slow
vapor diffusion of acetonitrile. The dominant organization in
the crystal involves coordination polymers. Each zinc atom is
hexacoordinate. Each hydroxymethyl group on one porphyrin
coordinates at the apical site of the zinc atom on an adjacent
porphyrin (Fig. 5a). Thus, each porphyrin donates two apically
coordinating hydroxymethyl groups and receives two apically
coordinating hydroxymethyl groups. The four nearest por-
phyrin neighbors to a given porphyrin display essentially
orthogonal planes thereto (90.28(3)°) (Fig. 5b). The angle
C-O-Zn is 115.85(10)°, while the O-Zn distance is 2.3504(14) A
(Fig. S11b).

The two hydroxymethyl groups of a given porphyrin are
oriented in a trans-configuration with respect to each other.
The O-H bonds are not uncompensated due to the presence of
molecules of acetonitrile in the crystal lattice (two CH;CN per
porphyrin; in other words, one CH3;CN for each hydroxymethyl
group). Each hydroxymethyl group serves as a hydrogen-bond
donor with the nitrogen atom of a molecule of acetonitrile
(Fig. 5c). The H---N distances are 2.14(3) A. The acetonitrile
molecules are aligned in pairs with dipoles in opposite direc-
tions, with a distance of 3.983(4) A from the methyl carbon of

(a) Crystal structure

I
% e 90. 28(3)
— I %

e

(b) H-bond with ACN molecule

~"2.143) A
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one acetonitrile molecule to the nitrogen atom of the other
acetonitrile molecule (Fig. 5b). The oppositely aligned dimers
of acetonitrile are solvent molecules in the porphyrin lattice.

The four adjacent, apically coordinated porphyrins form a
square-shaped arrangement around a central porphyrin. Although
such nearest neighbors have essentially orthogonal planes, the
next-nearest neighbor porphyrins are coplanar with each other but
are translated such that there is essentially no cofacial overlap. A
model for the assembly showing the key interactions of the central
zinc metal, two hydroxymethyl groups, and the presence of the
acetonitrile molecules, is provided in Fig. 5c.

Porphyrin Ph/Et

Porphyrin Ph/Et was crystallized from THF upon slow vapor
diffusion of hexane. Each zinc is hexacoordinate, which is derived
from two molecules of THF (Fig. 6a). The O(THF)-Zn distance is
2.4495(12) A, and each THF oxygen is ligated to the zinc at an
angle nearly normal 78.81(6)° versus the mean plane (Fig. S11c).
Further, the zinc metal works as an inversion center of the
molecule. Both phenyl groups are tilted in the same direction
(dihedral angle of 70.59(5)°), whereas the ethyl groups are
pointed in opposite directions relative to the plane of the macro-
cycle (Fig. Sllc) The distance between two mean planes is
3.3400(15) A (Fig. 6¢), whereas the closest contact (2.3902(3) A)
in the same plane is observed between the para-positions of
phenyl C-H atoms (Fig. 6b). The two adjacent macrocycles are
slipped with no discernible interplanar overlap (Fig. 6c).

Porphyrin H/Et

Porphyrin H/Et was crystallized from THF upon slow vapor
diffusion of acetone. The packing pattern shows a zigzag pattern
of adjacent staircases of porphyrins (Fig. 7a). While the appear-
ance may resemble that of 1, here there is no opportunity for
heteroatom ligation to the zinc centers (from one porphyrin to
another), and indeed, each zinc atom is tetracoordinate. The
angle between the two staircases is 79.05(4)° (Fig. 7a). A putative
CH/n interaction (2.7993(15) A) from H7 to the macrocycle
between adjacent staircases, along with the distance to the
centroid belonging to the mentioned macrocycle at 4.9470(8) A
are shown in Fig. 7b. The two adjacent macrocycles are slipped

(c) Molecular interactions

3.983(4) A
i

Fig. 5 Zinc porphyrin H/CH,OH (hexacoordinate zinc atoms). (a) Packing arrangement showing a section of the infinite coordination polymer of
porphyrins. (b) Hydrogen bond between an acetonitrile molecule and a hydroxymethyl group (black dotted lines) and distances between acetonitrile
molecules (orange dotted lines). (c) Illustration of proposed molecular interactions in the assembly of H/CH,OH. Many substituents are omitted for
clarity.
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(c) No cofacial molecular overlap

W
{ 3.3400(15) A

90°

Fig. 6 Zinc porphyrin Ph/Et (hexacoordinate zinc atoms). (a) Packing arrangement showing a section of infinite coordination polymer of porphyrins. (b)

Staircase tract of Ph/Et. (c) Top view showing no cofacial overlap.

(a) Crystal structure

(b) Molecular interactions

4.9470(8) A

i 2. 7993(15) A

(c) Cofacial molecular overlap

L i323115)A

\§

Fig. 7 Zinc porphyrin H/Et (tetracoordinate zinc atoms). (a) Packing arrangement. (b) Staircase tract of H/Et. (c) Top view showing the partial cofacial

overlap between two adjacent porphyrins in a staircase.

from a completely cofacial alignment to give only partial overlap
of the n clouds. The resulting translation is such that the centroid
offset of porphyrins in adjacent steps is 3.9161(15) A (Fig. 7c). The
distance between the two mean planes is 3.2311(5) A (Fig. 7c).

Outlook

Efforts to understand the structural organization underpinning
aggregates of native chlorin macrocycles, such as those found
in green photosynthetic bacteria, have prompted studies of
model tetrapyrrole systems. The first question of interest con-
cerns the essential structural features that engender self-
assembly. The second question concerns how much structural
deviation - in the nature of the substituted tetrapyrrole macro-
cycle — can be present yet still achieve efficient light harvesting,
i.e., absorption of light and delivery of an exciton to a desig-
nated site. Almost all work to date, including that herein,
focuses on the first question.

Here, zinc porphyrins are employed rather than magnesium
chlorins (as in the native systems, e.g., BChl ¢). Both porphyrins

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026

Ph/CH,OH and H/CH,OH contain 5,15-bis(hydroxymethyl) sub-
stituents but contain or lack 10,20-diphenyl substituents. Both
afford infinite coordination polymers by ligation of a hydro-
xymethyl group at the apical zinc site. But otherwise the crystal
packing patterns are fundamentally different. In Ph/CH,OH,
where phenyl groups are present, each zinc is pentacoordinate
and a double staircase results in which adjacent porphyrins
within a staircase are aligned along the 5,15-axis, with separa-
tion of mean planes of the two porphyrins of 3.4142(11) A and a
cofacial offset of 5.3177(11) A; the adjacent staircases are linked
by hydrogen-bonding. In H/CH,OH, where phenyl groups are
absent, each zinc is hexacoordinate, the four nearest neighbors
coordinated to a given porphyrin display orthogonal planes in a
square-like architecture, and two molecules of acetonitrile per
porphyrin in the crystal lattice serve as hydrogen-bond acceptors
of the O-H derived from apical coordination; there is no cofacial
n-overlap of adjacent porphyrins. Whether incorporation of
acetonitrile (or another moiety) is essential for this pattern of
solid-state assembly remains to be determined. More broadly, a
next step concerns the all-important second question - the extent
to which these, or any other crystalline-like assemblies - can
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support the remarkable light-harvesting features found in native
systems.

Experimental section

General methods

All "H NMR spectra (500 MHz, 600 MHz, 700 MHz) and *C{"H}
NMR spectra (125 MHz, 150 MHz, 175 MHz) were recorded at
room temperature. Mass spectra of porphyrins were obtained
by MALDI-MS using the matrix a-cyano-4-hydroxycinnamic acid
(CHCA) or 1,4-bis(5-phenyloxazol-2-yl)benzene (POPOP).>®
Absorption spectra were collected in toluene or THF at room
temperature. Silica gel (40 pm average particle size) and alu-
mina (80-200 mesh) were used for column chromatography. All
reagents were used as received. Dry THF was distilled over Na/
benzophenone. CHCI; contained ethanol as an inhibitor.

Noncommercial samples

Dipyrromethane 1, dipyrromethane 6,”° and S-2-pyridyl ben-
zothioate 72’ were obtained as described in the literature.

Synthesis procedures

Dibutyl[5,10-dihydro-1,9-dibenzoyl-5-(tert-butyldimethylsilyl-
oxymethyl)dipyrrinato]tin(iv) (2)**. Following a literature procedure®
at 3-fold larger scale than reported, mesitylmagnesium bromide
(1.0 M in THF, 10 mL, 10 mmol) was added dropwise to a
solution of 1 (2.15 g, 7.41 mmol) in distilled toluene (15 mL) in
an ice bath. The reaction mixture was stirred at 0 °C for 30 min.
Benzoyl chloride (1.85 mL, 15.8 mmol) was added dropwise, and
the resulting mixture was stirred at 0 °C for 1 h. The reaction
mixture was poured into a mixture of saturated aqueous NH,Cl
solution and ethyl acetate. The organic layer was separated,
washed with brine, dried (Na,SO,), and concentrated. The
resulting yellow oil was dissolved in ethyl acetate (60 mL) at
room temperature and treated with triethylamine (3.1 mL) and
Bu,SnCl, (2.25 g, 7.41 mmol) for 30 min. The reaction mixture
was washed with water and brine, dried (Na,SO,), and concen-
trated. Chromatography [silica, hexanes/CH,Cl, (1:2 with 0.5%
triethylamine)] yielded a yellow viscous oil (2.92 g, 54%).
'H NMR (CDCl;, 500 MHz) § —0.14 (s, 6H), 0.61 (t, J = 7.3 Hz,
3H), 0.84 (s, 2H), 0.96-1.03 (m, 2H), 1.12-1.18 (m, 2H), 1.31-1.36
(m, 4H), 1.56-1.62 (m, 4H), 1.77-1.81 (m, 2H), 3.78 (d,/ = 7.3 Hz,
2H), 4.46 (t,] = 7.3 Hz, 1H), 6.44 (d, ] = 3.7 Hz, 2H), 7.11 (d, / = 3.7
Hz, 2H), 7.49-7.58 (m, 6H), 7.90-7.91 (m, 4H); "*C{"H} NMR
(CDCl, 125 MHz) 6 —5.7, 13.7, 13.8, 18.6, 23.2, 25.5, 25.9, 26.1,
26.8, 27.2, 27.8, 43.7, 71.3, 116.1, 123.9, 128.5, 129.2, 131.7,
136.3, 137.9, 150.0, 184.6. HRMS (ESI-TOF) m/z: [M + H]" caled
for C;5H5,N,0;SiSn 731.2691; found 731.2700.

5,15-Di(tert-butyldimethylsilyloxymethyl)-10,20-diphenylpor-
phyrin (3)*%. Following a literature procedure,®® a sample of
NaBH, (522 mg, 13.8 mmol) was added in portions to a stirred
solution of 2 (503 mg, 0.690 mmol) in THF/methanol (10:1,
40 mL). The progress of the reaction was followed by TLC. The
reaction was complete in 40 min, at which point the reaction
mixture was quenched by the addition of water and then poured
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into CH,Cl,. The organic phase was separated, washed with water,
dried (Na,SO,), and concentrated to give the dipyrromethane-1,9-
dicarbinol as a yellow oil. The latter was immediately subjected to
condensation with dipyrromethane 1 (200 mg, 0.690 mmol) in the
presence of InCl; (19.1 mg, 0.0863 mmol) in CH,Cl, (80 mL) for
90 min. Then, DDQ (680 mg, 3 mmol) was added to the reaction
mixture. The reaction mixture was stirred for 20 min. Then,
triethylamine (5 mL) was added. The crude mixture was concen-
trated to dryness and then purified by chromatography [silica,
hexanes/CH,Cl, (1:1)] to obtain a purple solid (26 mg, 5%). The
title compound could not be dissolved in CH,Cl,, CHCl;, DMSO
or THF but was analyzed by mass spectrometry and absorption
spectroscopy. MALDI-MS (CHCA) obsd 750.31, caled 750.38
(C46H54N,0,51,); Aaps (toluene) 416, 514, 544, 592 nm.

Zinc(u) 5,15-di(tert-butyldimethylsilyloxymethyl)-10,20-diphenyl-
porphyrin (4). Following a general procedure® with some mod-
ification, a solution of 3 (17.2 mg, 0.0230 mmol) in CHCl; (7 mL)
was treated with a suspension of Zn(OAc), (252 mg, 1.15 mmol)
in methanol (1.75 mL). The resulting mixture was stirred over-
night at room temperature. The mixture was washed with water
and extracted with CH,Cl,. The organic extract was dried
(NayS0O,) and then concentrated under reduced pressure. Chro-
matography [silica, hexanes/CH,Cl, (1:3 with 0.5% triethyla-
mine)] yielded a purple solid (12.8 mg, 68%). "H NMR (CDCl;,
600 MHz) 6 0.22 (s, 12H), 0.98 (s, 18H), 7.04 (s, 4H), 7.77-7.80 (m,
6H), 8.22 (d, J = 7.2 Hz, 4H), 9.03 (d, J = 3.0 Hz, 4H), 9.68 (d, J =
3.6 Hz, 4H). >C{"H} NMR (CDCl;, 175 MHz) § —4.5, 26.2, 29.9,
64.9, 117.0, 120.7, 126.7, 127.6, 129.5, 132.6, 134.6, 143.0, 150.1,
150.8. The title compound was not highly soluble in CDCl;.
MALDI-MS (CHCA) obsd 812.08, caled 812.29 (C46H5,N,0,5i,Zn);
Aabs (toluene + two drops of THF) 422, 554, 586 nm.

Zinc(u) 5,15-di(tert-butyldimethylsilyloxymethyl)-10,20-diphenyl-
porphyrin (5). Following a literature procedure® with modification,
a solution of 3 (145 mg, 0.500 mmol) in CH,Cl, (5 mL) at room
temperature was treated with N,N-dimethylmethyleneammonium
iodide (Eschenmoser’s reagent; 194 mg, 1.05 mmol). After 1 h,
CH,Cl, (4 mL) and saturated aqueous NaHCO; (3 mL) were added
to the reaction mixture. The organic phase was dried (Na,SO,) and
then concentrated to dryness to afford crude 1-Esch. A solution of
crude 1-Esch and dipyrromethane 1 (145 mg, 0.500 mmol) in
ethanol (50 mL) at room temperature was treated with Zn(OAc),
(1.10 g, 5.00 mmol). The mixture was heated to reflux. After 2 h, the
reaction mixture was allowed to cool to room temperature. A
sample of DDQ (340 mg, 1.50 mmol) was added, and the
mixture was stirred for 30 min. Triethylamine (355 pL,
2.50 mmol) was added, and the reaction mixture was concen-
trated to dryness. Column chromatography [silica, hexanes/
CH,Cl, 1:1 with 0.5% triethylamine] afforded a purple solid
(38 mg, 11.5%). "H NMR (DMSO-ds, 500 MHz) § 0.25 (s, 12H),
0.93 (s, 18H), 7.12 (s, 4H), 9.57 (d, J = 4.5 Hz, 4H), 9.82 (d, J =
4.0 Hz, 4H), 10.29 (s, 2H)); "*C{'"H} NMR (DMSO-ds, 175 MHz) §
—4.7, 18.1, 25.9, 64.3, 105.5, 115.1, 129.8, 132.2, 148.7, 149.9;
MALDI-MS (CHCA) obsd 660.19, caled 660.23 (C3,H;4N,O,-
Si,Zn). HRMS (ESI-TOF) m/z: [M + HCOO] caled for
C35H,45N,Si,06 705.2276; found 705.2287; Aaps (toluene + two
drops of THF) 412, 544, 580 nm.
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1-Benzoyl-5-ethyldipyrromethane (8). Following a literature
procedure®® with modification, a solution of dipyrromethane 6
(308 mg, 1.77 mmol) in THF (1.77 mL) was treated with EtMgBr
(4.5 mL, 4.5 mmol, 1.0 M in THF) under argon. The mixture was
stirred at room temperature for 10 min and then cooled to
—78 °C. A solution of S-2-pyridyl benzothioate (7, 381 mg,
1.77 mmol) in THF (1.77 mL) was then added dropwise. The
solution was maintained at —78 °C for 20 min. Analysis by TLC
[silica; dichloromethane/ethyl acetate (100: 3)] showed complete
consumption of the pyridyl thioester after 20 min, so the cooling
bath was removed. The reaction mixture was poured into a
mixture of saturated aqueous NH,CI solution and ethyl acetate.
The organic layer was separated, washed with brine, dried
(Na,S0,), and concentrated to afford a yellow oil. Purification
by flash column chromatography [silica; neat CH,Cl, to CH,Cl,/
ethyl acetate (100:3)] afforded a yellow oil (441 mg, 90%).
'H NMR (CDCl;, 500 MHz) § 0.95 (t, J = 7.5 Hz, 3H), 2.09-2.15
(m, 2H), 4.03 (t, J = 8.0 Hz, 1H), 6.05-6.07 (m, 1H), 6.10 (dd, J =
3.5 Hz, 6.0 Hz, 1H), 6.18 (dd, J = 2.5 Hz, 3.5 Hz, 1H), 6.83 (dd,
J = 2.5 Hz, 4.0 Hz, 1H), 7.47 (t, ] = 8.0 Hz, 2H), 7.56 (t,J = 7.5 Hz,
1H), 7.84-7.85 (m, 2H), 8.91 (brs, 1H), 10.47 (brs, 1H); “*C{'H}
NMR (CDCl,, 125 MHz) § 12.6, 27.3, 40.2, 105.5, 108.2, 109.3,
117.4, 122.3, 128.5, 129.0, 130.4, 131.9, 132.2, 138.7, 144.5, 185.1;
HRMS (ESI-TOF) m/z: [M + Na]" caled for C,gH;sN,ONa 301.1317;
found 301.1312.

5,15-Diethyl-10,20-diphenylporphyrin (9). Following a litera-
ture procedure®® with modification, a sample of NaBH, (473 mg,
12.5 mmol) was carefully added in small portions to a stirred
solution of dipyrromethane 8 (139 mg, 0.5 mmol) in THF/
methanol (3:1, 10 mL). Analysis by TLC [silica; hexanes/ethyl
acetate (9:1)] showed complete consumption of 8 after 20 min,
so the reaction mixture was quenched by the addition of water
and CH,Cl,. The organic layer was separated, washed with brine,
dried (Na,SO,), and concentrated to afford the dipyrromethane-1-
carbinol as a yellow oil. The crude dipyrromethane-1-carbinol was
immediately dissolved in acetonitrile (100 mL), and TFA (231 pL,
3 mmol, 30 mM) was added. After 10 min, DDQ (227 mg, 1 mmol)
was added, and the mixture was stirred at room temperature for
1 h. Then, triethylamine (417 pL, 3 mmol) was added. The crude
mixture was concentrated to dryness and then purified by
chromatography [alumina, hexanes/CH,Cl, (1:1)] to afford a
purple solid (48 mg, 37%). "H NMR (CDCl;, 700 MHz) 6 —2.69
(s, 2H), 2.13 (t, ] = 7.7 Hz, 6H), 5.02 (q, J = 7.7 Hz, 4H), 7.75-7.81
(m, 6H), 8.20 (d, J = 7.0 Hz, 4H), 8.87 (d, J = 4.2 Hz, 4H), 9.45
(d, J = 4.2 Hz, 4H); *C{"H} NMR (CDCl;, 175 MHz) § 22.9, 28.8,
119.0, 121.3, 126.7, 127.7, 134.6, 134.7, 142.8, resonances from
the o- and B-carbons of the porphyrin were not observed; MALDI-
MS (CHCA) obsd 518.24, caled 518.25 (C36H30Ny); Aaps (toluene)
419, 516, 549, 653 nm.

Zinc(u)  5,15-bis(hydroxymethyl)-10,20-diphenylporphyrin
(Ph/CH,OH). Following a literature procedure® with modification,
a solution of 4 (12.8 mg, 0.0157 mmol) in THF (1.7 mL) under
argon was treated with TBAF (1.0 M in THF, 236 pL, 0.24 mmol) at
room temperature for 9 h. The mixture was washed with water and
extracted with CH,Cl,. The organic extract was concentrated. The
crude product as a solid was added to the top of a small Celite
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pipette and washed with CH,Cl, to remove impurities. The
resulting solid on top of the pipette was then treated with
distilled THF to achieve solubilization of the porphyrin and
subsequent elution. The filtrate was concentrated to dryness to
yield a purple solid (7.0 mg, 76%). "H NMR (DMSO-dg, 500 MHz)
J 6.02 (t,J = 6.0 Hz, 2H), 6.70 (d, J = 5.5 Hz, 4H), 7.69-7.70 (m,
6H), 8.04 (dd, J = 6.9 Hz, 2.1 Hz, 4H), 8.69 (d,J = 4.6 Hz, 4H), 9.62
(d, J = 4.7 Hz, 4H); *C{'"H} NMR (DMSO-ds, 175 MHz) §
62.7, 118.0, 119.5, 126.7, 127.5, 130.0, 131.5, 134.3, 143.0,
149.0, 150.2; MALDI-MS (POPOP) obsd 584.27, calcd 584.12
(C34H24N,0,Zn); Aaps (toluene + two drops of THF) 423,
555 nm. A single crystal from THF/heptane was examined by
SCXRD analysis.

Zinc(u) 5,15-bis(hydroxymethyl)porphyrin (H/CH,OH). Fol-
lowing a literature procedure® with modification, a solution of
5 (23.2 mg, 0.035 mmol) in THF (3.8 mL) under argon was
treated with TBAF (1.0 M in THF, 525 uL, 0.53 mmol) at room
temperature for 9 h. The mixture was washed with water and
extracted with CH,Cl,. The organic extract was concentrated.
The crude product was washed with CH,Cl, through a small
Celite pipette to remove impurities. The resulting solid on top
of the pipette was then treated with distilled THF to achieve
solubilization of the porphyrin and subsequent elution.
The filtrate was concentrated to dryness to yield a purple solid
(13.6 mg, 90%). 'H NMR (DMSO-ds, 500 MHz) é 6.13 (t, J =
6.0 Hz, 2H), 6.91 (d, J = 5.5 Hz, 4H), 9.54 (d, J = 4.5 Hz, 4H), 9.88
(d, J = 4.5 Hz, 4H), 10.27 (s, 2H); “*C{'H} NMR (DMSO-d,
175 MHz) § 62.5, 105.2, 116.7, 130.1, 131.9, 148.6, 150.1;
MALDI-MS (CHCA) obsd 432.05, caled 432.06 (C,,H;6N,0,Zn);
HRMS (ESI-TOF) m/z: [M + HCOO]™ caled for C,3H;;N,04Zn
477.0547; found 477.0552; Aaps (toluene + two drops of THF)
410, 543, 578 nm. A single crystal obtained from THF/CH;CN
was examined by SCXRD analysis.

Zinc(u) 5,15-diethylporphyrin (H/Et). Following a literature
procedure® with modification, a solution of 6 (131 mg, 0.750 mmol)
in CH,Cl, (7.5 mL) at room temperature was treated with N,N-
dimethylmethyleneammonium iodide (Eschenmoser’s reagent;
291 mg, 1.58 mmol). After 1 h, CH,Cl, (6 mL) and saturated
aqueous NaHCO; (4.5 mL) were added to the reaction mixture.
The organic phase was dried (Na,SO,) and then concentrated to
dryness to afford crude 6-Esch. A solution of crude 6-Esch and
dipyrromethane 6 (131 mg, 0.750 mmol) in ethanol (75 mL) at
room temperature was treated with Zn(OAc), (1.65 g, 7.50 mmol).
The mixture was heated to reflux. After 2 h, the reaction mixture
was allowed to cool to room temperature. A sample of DDQ
(510 mg, 2.25 mmol) was added, and the mixture was stirred for
15 min. Triethylamine (532 pL, 3.75 mmol) was added, and the
reaction mixture was concentrated to dryness. Column chromato-
graphy [silica, hexanes/CH,Cl, (3 : 1) with 0.5% triethylamine] gave
a solid. The solid was washed several times with hexanes/CH,Cl,
(5:1) to remove impurities, affording a purple solid (27 mg, 8.3%).
'H NMR (THF-dg, 700 MHz) d 2.16 (t, J = 7.7 Hz, 6H), 5.19 (q, ] =
7.7 Hz, 4H), 9.40 (d, J = 4.2 Hz, 4H), 9.71 (d, J = 4.9 Hz, 4H), 10.08
(s, 2H); “C{'"H} NMR (THF-dg, 175 MHz) & 23.8, 29.5, 105.4,
121.2, 129.6, 132.6, 149.9, 150.9; MALDI-MS (CHCA) obsd 428.10,
caled 428.10 (C,4H,oN,Zn); HRMS (ESI-TOF) m/z: [M]" caled for
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Cy4H,oN,Zn 428.0979; found 428.0978; A,ps (toluene + two drops of
THF) 413, 546 nm. A single crystal obtained from THF/acetone was
examined by SCXRD analysis.

Zinc(u) 5,15-diethyl-10,20-diphenylporphyrin (Ph/Et). Fol-
lowing a general procedure” with some modification, a solution
of 9 (11.2 mg, 21.6 pmol) in CHCI; (8 mL) was treated with a
suspension of Zn(OAc), (231 mg, 1.05 mmol) in methanol
(2 mL). The resulting mixture was stirred overnight at room
temperature. The mixture was washed with water and extracted
with CH,Cl,. The organic extract was dried (Na,SO,) and then
concentrated under reduced pressure. The resulting solid was
washed several times with hexanes/CH,Cl, (5:1) to remove
impurities, affording a purple solid (10 mg, 80%). 'H NMR
(THF-ds, 700 MHz) 6 2.11 (t, ] = 7.7 Hz, 6H), 5.12 (q, ] = 7.7 Hz,
4H), 7.73-7.78 (m, 6H), 8.18 (d, J = 7.0 Hz, 4H), 8.85 (d, J =
4.2 Hz, 4H), 9.56 (d, J = 4.2 Hz, 4H); >C{'"H} NMR (THF-dg,
175 MHz) J 23.7, 29.7, 120.3, 122.5, 127.2, 128.1, 129.1, 132.7,
135.5, 145.1, 150.4, 151.0; MALDI-MS (CHCA) obsd 580.21,
caled 580.16 (C36H,sN4Zn); HRMS (ESI-TOF) m/z: [M]" caled
for C3¢H,sN,4Zn 580.1605; found 580.1608; .1 (toluene + two
drops of THF) 426, 557 nm. A single crystal obtained from
THF/hexane was examined by SCXRD analysis.

Measurement of steady-state absorption and emission

Each porphyrin was examined in a THF solution in air at room
temperature. Absorption spectra were measured with a Shimadzu
UV-2600i spectrophotometer using a spectral bandwidth of 1.0 nm
and a medium scan rate (500 nm/3 min). Emission measurements
were collected using a Horiba Canada-Fluorolog-QM™ using a
bandpass of 5 nm, 1-nm step sizes, and an integration time of
1 s. The samples were excited at the wavelength of the respective B
bands: porphyrin Ph/CH,OH at 421 nm, H/CH,OH at 408 nm,
H/Et at 410 nm, and Ph/Et at 424 nm.

Time-resolved spectroscopy measurements

(i) Sample preparation of Ph/CH,OH and H/CH,OH. Porphyrins
Ph/CH,0H and H/CH,OH were dissolved in tetrahydrofuran
(THF) followed by sonication for 5 min to ensure a uniform
concentration.

(ii) Fluorescence lifetime measurements from time-correlated
single photon counting (TCSPC). Fluorescence lifetimes were
measured for 20 pM solutions of Ph/CH,OH and H/CH,OH in a
10-mm excitation and 2-mm emission pathlength cuvette. A 20 uM
solution of ZnTPP was also prepared in THF solution for compar-
ison. All the porphyrin solutions were excited at 550 nm using a
10-nm band pass filter. To generate the excitation pulse, an
800 nm centered femtosecond 80 MHz pulse, produced by a
mode-locked Ti:sapphire pulsed laser (Mai Tai HP, Spectra Phy-
sics) was first focused into a nonlinear photonic crystal fiber
(FemtoWhite800, NKT Photonics) to generate a white light super-
continuum. This beam was passed through a 10-nm band pass
filter at 550 nm, selected for the excitation wavelength of 550 nm.
The emission from the sample was isolated using another 10-nm
bandpass filter (ZnTPP and Ph/CH,OH at 650 nm; H/CH,OH at
635 nm). Single photons from the fluorescence emission were then
detected by a single-photon avalanche diode (Micro Photon
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Devices) connected to a time-correlated single photon module
(PicoHarp 300, Picoquant) to record the arrival times, producing
a histogram of photon events up to ~12 ns.

The impulse response function (IRF) was similarly measured
with a colloidal silica (LUDOX) solution sample. The fluores-
cence lifetimes were then calculated by performing a reconvo-
lution of the IRF with an exponential fit optimized by a least-
squares regression.

(iii) Ultrafast transient absorption (TA) measurements. Solu-
tions of Ph/CH,OH and H/CH,OH (100 M in THF) were used for
femtosecond TA measurements. Both samples were measured
using a 2-mm flow-cuvette set up to control photodegradation.
Both porphyrins were measured with pump powers of 20 nJ per
pulse with time delays from —25 ps to 1.3 ns. The experimental
apparatus has been described.’”*® In brief, the femtosecond
transient absorption measurements were taken with a femtose-
cond 400 nm pump pulse and a broadband white light super-
continuum probe. The instrument response function measured
through the pump-probe cross-correlation from a frequency-
resolved optical gating (FROG) experiment was ~250 fs. Both
pulses were sourced from the 800 nm mode-locked output of a
Ti:Sapphire laser (Coherent Libra) with a repetition rate of 5 kHz.
Splitting this output in two, one path was sent through an argon
tube pressurized at 20 psi to generate the broadband white light
continuum used as the probe. The second beam path was used to
generate the pump pulse at 400 nm through second harmonic
generation after passing through a BBO crystal. The pump was
chopped using a 2.5 kHz optical chopper to create a repetition
rate half that of the probe to obtain the delta absorbance (AA)
signal. The time delay between the pump and probe pulses was set
by a motorized delay stage (Aerotech) which controlled the path
length of the pump. For the transient absorption measurements,
both pulses were then focused and spatially overlapped onto the
sample. The transmitted probe was then dispersed using a holo-
graphic grating (450 grooves per mm, Wasatch Photonics) and
detected by a 2048-pixel CCD camera (e2v Aviiva EM4). All data
analysis was done using home-built code in MATLAB-R2023a.

Density functional theory calculations

DFT calculations were performed with Gaussian 16 version
C.01.** The calculations used the PCM model in toluene. The
optimized molecular geometries, energies, and electron density
distributions were obtained using the long-ranged corrected
®B97XD functional and the 6-31++G** basis set.

SCXRD analyses

For each of the four compounds, the diffraction data were
collected at 100 K using a Bruker D8 Venture diffractometer
(MoKa, 0.71073 A) equipped with APEX5% software. The crystal
structure was calculated, integrated, and processed using
SAINT,*® SHELXL,"' and OLEX2"* software. All calculations for
crystallographic distances and angles were analyzed by OLEX2
software. The crystallographic information file (CIF) for porphyr-
ins H/CH,OH (2496240), Ph/Et (2496241), H/Et (2496247), and
Ph/CH,OH (2496248) can be retrieved at https://www.ccdc.cam.
ac.uk.
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