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Introduction

Intracellular magnesium ions (as Mg2+) play a number of
critical roles in biological systems.[1] In normally functioning
cells, Mg2+ ions are involved in energy metabolism, and a di-
etary deficiency of Mg2+ has been correlated with many neu-
ronal diseases, including Alzheimer’s disease, migraines, and

Parkinson’s disease.[2] This importance has provided an in-
centive to develop new chemosensors (“sensors”) for Mg2+

ions because, ultimately, such probes could facilitate Mg2+

recognition and detection in vivo.[3] Among the limitations
that are associated with many of the current Mg2+-respon-
sive fluorescent sensors is interference from the ubiquitous
divalent calcium ion, Ca2+. Furthermore, the emission wave-

Abstract: The synthesis, characteriza-
tion, photophysical properties, and the-
oretical analysis of a series of tetraaza
porphyrin analogues (H�Pn : n=1–4)
containing a dipyrrin subunit and an
embedded 1,10-phenanthroline subunit
are described. The meso-phenyl-substi-
tuted derivative (H�P1) interacts with
a Mg2+ salt (e.g., MgCl2, MgBr2, MgI2,
Mg ACHTUNGTRENNUNG(ClO4)2, and MgACHTUNGTRENNUNG(OAc)2) in MeCN
solution, thereby giving rise to a
cation-dependent red-shift in both the
absorbance- and emission maxima. In
this system, as well as in the other H�
Pn porphyrin analogues used in this
study, the four nitrogen atoms of the
ligand interact with the bound magne-
sium cation to form Mg2+–dipyrrin–
phenanthroline complexes of the gen-
eral structure MgX�Pn (X=counter-
anion). Both single-crystal X-ray dif-
fraction analysis of the corresponding
zinc-chloride derivative (ZnCl�P1)
and fluorescence spectroscopy of the

Mg-adducts that are formed from vari-
ous metal salts provide support for the
conclusion that, in complexes such as
MgCl�P1, a distorted square-pyrami-
dal geometry persists about the metal
cation wherein a chloride anion acts as
an axial counteranion. Several ana-
logues (H�Pn) that contain electron-
donating and/or electron-withdrawing
dipyrrin moieties were prepared in an
effort to understand the structure–
property relationships and the photo-
physical attributes of these Mg–dipyr-
rin complexes. Analysis of various
MgX�Pn (X= anion) systems revealed
significant substitution effects on their
chemical, electrochemical, and photo-
physical properties, as well as on the
Mg2+-cation affinities. The fluorescence

properties of MgCl�Pn reflected the
effect of donor-excited photoinduced
electron transfer (d-PET) processes
from the dipyrrin subunit (as a donor
site) to the 1,10-phenanthroline accept-
or subunit. The proposed d-PET proc-
ess was analyzed by electron paramag-
netic resonance (EPR) spectroscopy
and by femtosecond transient absorp-
tion (TA) spectroscopy, as well as by
theoretical DFT calculations. Taken to-
gether, these studies provide support
for the suggestion that a radical species
is produced as the result of an intramo-
lecular charge-transfer process, follow-
ing photoexcitation. These photophysi-
cal effects, combined with a mixed di-
pyrrin–phenanthroline structure that is
capable of effective Mg2+-cation com-
plexation, lead us to suggest that por-
phyrin-inspired systems, such as H�Pn,
have a role to play as magnesium-
cation sensors.
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length in most Mg2+-responsive ratiometric fluorescent sen-
sors falls below about 550 nm, which, in the final in vitro or
in vivo applications, could lead to interference from endoge-
nous fluorophores. Thus, there is a need for Mg2+ sensors
that emit light at longer wavelengths.

Inspired by the chemical structure of Mg–chlorophylls
present in the photosynthetic light-harvesting complex, we
have recently designed porphyrin-related macrocycle H�P1
and studied it as a Mg2+-sensing unit (Scheme 1).[4] This por-

phyrin-based macrocycle was found to be effective for the
detection of Mg2+ ions in aqueous DMSO, as well as in
MeCN. It produces a relatively long-wavelength emission
(lmax = 640 nm) and displays good selectivity for Mg2+ ions
over most physiologically important cations, including—no-
tably—Ca2+. Herein, we analyze in detail the photophysics
and the underlying theoretical determinants of the Mg2+-
based response of H�P1 and extend these studies to include
several new analogues of this first-generation system.

From a structural point of view, this heteroleptic dipyrrin–
phenanthroline-hybrid ligand gives rise to a stable Mg–di-
pyrrin complex (MgX�P1: X=counteranion) when exposed
to various magnesium salts. This Mg adduct is regarded as
an analogue of the corresponding boron-difluoride–dipyrrin
complexes, of which BODIPY (4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene) is the best known. This latter system is
recognized for its high fluorescence, good chemical stability,
and the fact that the wavelength of its emission maximum
can be tuned through modification of the dipyrrin structure
and through the choice of the coordinated cationic center.[5]

In fact, many dipyrrin-based metal complexes have been ex-
plored for use in biological and materials applications.[6] A
few dipyrrinato complexes with transition-metal cations,
such as Zn,[7] Al,[8] Ga,[9] In,[9] Sn,[10] Si,[11] Pd,[12] Pt,[12] Rh,[13]

and Ir,[14] display emissive character. However, to the best of
our knowledge, no Mg–dipyrrin complex has been reported,
presumably owing to the inherent chemical instability of
stand-alone Mg2+–dipyrrin complexes.[15] Thus, in our
system, the heteroleptic macrocyclic core of H�P1 allows us
to investigate the structural and photophysical properties of
Mg2+–dipyrrin complexes.

To assess the further effect of structural changes on the
electronic features of the basic 1,10-phenanthroline-embed-
ded porphyrin framework present in H�P1, we have pre-
pared several new analogues, namely H�Pn : n=1–4, and in-
vestigated their photophysical properties (Scheme 2). These
compounds differ in the size and electronic character of
their peripheral substituents and contain, respectively, meso-
phenyl (H�P1), meso-mesityl (H�P2), b-tetramethyl (H�
P3), and meso-pentafluorophenyl functionality (H�P4).
These resulting structures allowed us to obtain basic insights
into the nature of the macrocyclic core and, thus, provided a
foundation for understanding the relationship between the
structure and the associated chemical and photophysical
properties of the corresponding Mg-adducts derived from a
range of electron-rich to electron-deficient ligands. In ac-
cordance with design expectations, modification of the di-
pyrrin unit (the expected fluorophore in H�Pn) led to dis-
cernible differences in their fluorescent-emission efficiency,
redox potentials, and cation-binding affinities. The observed
structure-dependent changes in the photophysical properties
were fully supported by theoretical DFT calculations. These
changes are especially manifest in the luminescent character
of the Mg-adducts (MgCl�Pn ; n=1–4), as reflected in the
donor-excited photoinduced electron-transfer (d-PET) proc-
ess, wherein the photoexcited dipyrrin and the ground-state
1,10-phenanthroline subunits act as donors and acceptors,
respectively.

Results and Discussion

Ligand design for Mg2+-ion binding : H�Pn have several
structural features that facilitate the complexation of Mg2+

ions, namely: 1) a non-planar macrocyclic geometry, 2) a
single acidic proton that makes it a monoanionic ligand, and
3) a smaller coordination sphere (Scheme 1). According to
theoretical analyses, the complexation of Mg2+ ions to por-
phyrins requires deformation of the porphyrin ring during
the initial step. Then, the first bond between the metal
center and one of the pyrrolic nitrogen atoms of the por-
phyrin ligand forms as the rate-limiting step on the pathway
to metal complexation.[16] Consistent with this suggestion is
the finding that distorted free-base porphyrins, including
ones with bulky peripheral side-chains and substituents on

Scheme 1. Schematic representation of the core structure and key design
features of Mg2+-ion receptor H�P1 (R=CO2Et).

Scheme 2. Syntheses of H�Pn (n= 1–4).
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the macrocycle, exhibit metala-
tion rates that are 103–105 times
higher than those of their
planar analogues.[17] Thus, the
introduction of exo-alkylidenyl
double bonds at the meso posi-
tions of the macrocycle is ex-
pected to stabilize a distorted
gable-shaped coordination ge-
ometry, which, in turn, should
open up the core to access by
the incoming Mg2+ ion. We fur-
ther considered that the re-
placement of a dipyrrin-like
“porphyrin half” by a 1,10-phe-
nanthroline unit bearing two ar-
omatic nitrogen atoms would
provide shorter nitrogen�nitro-
gen distances than are typical for porphyrins. In turn, we
thought that this ligand would be useful for the coordination
of the relatively small Mg2+ ion (ionic radius: 0.72 �[18]). We
were also cognizant of the fact that 1,10-phenanthroline has
been used as an indicator for determining the concentration
of Grignard reagents, thereby leading us to infer that, once
embedded in a porphyrin-like macrocycle, it could stabilize
a bound Mg2+ cation.[19] In fact, H�P1 was found to be a
highly effective ligand for Mg2+ ions.

Coordination geometry of the Mg2+ adduct, MgCl�P1: Ac-
cording to our previous findings, H�P1 is capable of stabi-
lizing the corresponding Mg adduct upon exposure to MgCl2

in MeCN.[4] The coordination of a magnesium cation within
the H�P1 core was confirmed by optical and NMR spectro-
scopy, as well as by HRMS (FAB; see the Supporting Infor-
mation, Figure S1). However, an inability to obtain diffrac-
tion-grade crystals (see above) precluded a direct elucida-
tion of the coordination geometry within this complex by
using X-ray diffraction analysis. Previously, a related system,
the copper(II) complex of H�P1, was found to adopt a
square-planar geometry with a non-coordinating hexafluoro-
phosphate (PF6

�) anion.[20] This result is consistent with the
notion that the H�P1 ligand can provide a monoanionic co-
ordination environment for divalent cations. Thus, a square-
pyramidal structure was expected for the corresponding
adduct, MgCl�P1, wherein the chloride counteranion would
serve as an axial ligand.

Support for the proposal that the counteranion would be
ligated to the coordinated magnesium center in an axial
fashion came from preliminary studies of complexes that
were produced from the reactions of H�P1 with various
magnesium salts (e.g., MgCl2, MgBr2, MgI2, Mg ACHTUNGTRENNUNG(ClO4)2, and
Mg ACHTUNGTRENNUNG(OAc)2) in MeCN under ambient conditions. With the
exception of the acetate salt, the products were formed
quickly on a preparative timescale and gave rise to similar
levels of emission enhancement (i.e., the appearance of a
feature at around 640 nm). This result is consistent with the
magnesium complexes in question (i.e. , MgX�P1; X =Cl,

Br, I, ClO4), which formed quickly with all of the tested
magnesium salts except for the presumed acetate derivative,
Mg ACHTUNGTRENNUNG(OAc)�P1 (Figure 1). In the case of Mg ACHTUNGTRENNUNG(OAc)2, the rate
of complexation was slow. However, allowing a mixture of
H�P1 and Mg ACHTUNGTRENNUNG(OAc)2 in MeCN to stand for more than 24 h
at room temperature led to the formation of the expected
magnesium acetate complex, as evidenced by an increased
emission intensity at 639 nm.[21] Importantly, the emission
properties of MgX�P1 were dependent upon the properties
of the Mg salts that contained different counteranions. The
emission intensities of the Mg adducts of the bromide and
iodide derivatives (MgBr�P1 and MgI�P1, respectively) de-
creased relative to those of the chloride derivative (MgCl�
P1). Presumably, this decrease reflects an intramolecular
heavy-atom effect that serves to diminish the efficiency of
the fluorescence emission. However, the fact that an anion-
dependence of the emission behavior was observed provides
support for the basic structural inference that each MgX�P1
complex contains an axially ligated counteranion that is
bound to the Mg2+ center. This result was also expected to
be true for the corresponding species that were derived
from other ligands, namely MgX�Pn, where n= 2–4 (see
below).

To obtain further insight into the geometry of the Mg ad-
ducts of H�Pn and to confirm the basic ligand structure, an
effort was made to characterize structurally an analogous
metal complex. Based on the expected analogy in coordina-
tion environments with those in various crystallographically
characterized complexes of monoanionic porphyrin ana-
logues with zinc(II) chloride,[22] the zinc(II) chloride com-
plex (ZnCl�P1) of H�P1 was considered as a promising
structural “surrogate”. Complex ZnCl�P1 was prepared by
treating H�P1 with zinc(II) chloride in CHCl3/MeOH (5:1)
in the presence of 2,6-lutidine. Single crystals of ZnCl�P1
that were suitable for X-ray diffraction were obtained by
the slow evaporation of a CHCl3/MeOH mixture.

The crystal structure of ZnCl�P1[23] revealed that the zinc
center is pentacoordinate and adopts a distorted square-pyr-
amidal geometry wherein the macrocyclic ligand provides

Figure 1. a) Fluorescence spectra of H�P1 (2 � 10�5
m, black line) in the presence of various magnesium salts in

MeCN: MgCl2 (green), MgBr2 (purple), MgI2 (sky blue), Mg ACHTUNGTRENNUNG(ClO4)2 (pink), and Mg ACHTUNGTRENNUNG(OAc)2 (orange). b) Fluo-
rescence spectra of H�P1 (black) in MeCN after standing for 24 h in the presence of Mg ACHTUNGTRENNUNG(OAc)2 (orange);
lex =520 nm.
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four equatorial nitrogen atoms and the fifth ligand consists
of a chloride counteranion that is bound in an axial manner
(Figure 2). The metal ion is located about 0.688 � above the
mean plane that is defined by the four nitrogen atoms. The
Zn�N(1) and Zn�N(2) bond lengths (2.16–2.17 �) are
longer than those of the Zn�N(3) and Zn�N(4) bonds
(2.03–2.04 �), in analogy to what was found for the corre-
sponding copper(II) complex.[20] This asymmetric positioning
of the zinc center within the central cavity leads us to con-
sider that the extent of ligation differs between the neutral
1,10-phenanthroline donor and the monoanionic meso-phe-
nyldipyrrin subunit, with the latter unit being more impor-
tant in terms of stabilizing complex formation. Such a con-
clusion is consistent with the zinc(II) chloride complex of
pyriporphyrin, wherein an unsymmetrical coordination envi-
ronment was found (Zn�Npyridine: 2.353 �, Zn�Npyrrole : 2.05–
2.11 �), albeit with a larger displacement from the mean
plane (0.512 �).[21b]

The macrocycle framework of ZnCl�P1 adopts a non-
planar gable conformation, based on the dihedral angle be-
tween the 1,10-phenanthroline plane and that defined by the
dipyrromethene subunit (about 1178). This angle is slightly
smaller than that of the free-base H�P1 (122–1248).[4] Im-
portantly, the optimized structure of MgCl�P1 obtained
from calculations at the B3LYP/6-31G(d) level is also gable-
like and is characterized by an unsymmetric binding envi-
ronment for the Mg2+ cation. Thus, the calculated structure

reproduces well the experimentally derived X-ray structure
of ZnCl�P1 (see above and the Supporting Information,
Figure S2).

Substitution effects on photophysical properties and binding
affinities : The exposure of H�P1 to MgCl2 gives rise to an
intense band at around 640 nm in the emission spectrum
(see the Supporting Information, Figure S2). Whereas the
overall emission efficiency (Ffl =0.015) of the corresponding
MgCl�P1 complex is low, these optical changes could pro-
vide a ratiometric basis for Mg2+-ion detection. To explore
this possibility, additional modified macrocycles that are
analogous to H�P1 were designed and synthesized. These
new systems, H�Pn (n=2–4; Scheme 2), incorporate periph-
eral substituents at either the meso or b-pyrrolic positions of
the dipyrrin.

The choice of specific H�Pn (n=2–4) targets was based
on the expectation—supported by DFT calculations—that
the photophysical properties of this general class of porphyr-
in analogue would largely be dominated by the dipyrrin
moiety. In designing each particular derivative, the following
previous findings were considered: First, we recognized that
the presence of methyl groups at the ortho positions on a
meso-aryl ring in BODIPYs[10] or in dipyrrinato metal com-
plexes (M= Al, Zn, Ga, In, Sn)[11–15] gives rise to a distinct
increase in fluorescent quantum yield, as does the presence
of methyl groups on the adjacent b-pyrrolic positions. Pre-
sumably, this increase reflects the restricted rotation of the
meso-aryl ring relative to the core plane of the dipyrrin
chromophore. In fact, enhanced emission has also been seen
in meso-2-pyridyl dipyrrin complexes as the result of metal-
based restrictions in rotation.[11e] Second, we appreciated
that other physicochemical properties, such as the stability
of the complex, the extent of supramolecular association,
and the inherent cation-binding capability, would also be de-
pendent on the specific structures of the macrocycles.[24] On
this basis, the meso-mesityl- (H�P2) and b-tetramethyl-sub-
stituted systems (H�P3) were designed and prepared. Third,
we noted that an enhanced emission intensity is seen in pe-
ripheral-fluorinated magnesium porphyrins, likely as the
result of a shift in electron density from the macrocycle and
the metal onto the fluorinated phenyl rings.[25] Given this
precedent, meso-pentafluorophenyl substituents were intro-
duced as putative electron-withdrawing groups in the case
of target H�P4 ; thus, this latter system was expected to pro-
vide an electron-deficient complement to the electron-rich
targets (H�P2 and H�P3).

The new members of the H�Pn series were prepared in
analogy to the approach that was used to prepare H�P1.
Thus, McDonald [2+2]-type condensations were carried out
between 1,10-phenathroline vinyl ester 1 and the corre-
sponding aryl-dipyrromethanes (2 b–2 d ; Scheme 2). The re-
sulting macrocyclic products were characterized by
1H NMR, 13C NMR, and 19F NMR spectroscopy, HRMS,
and elemental analysis. Upon addition of MgCl2 into solu-
tions of H�Pn in MeCN, complexation of the Mg2+ cation
occurred, as inferred from the observation of the expected

Figure 2. ORTEP of a) ZnCl�P1·CHCl3 ; ellipsoids are set at the 50%
probability level. The hydrogen atoms, ethyl ester groups, and solvate
molecules have been omitted for clarity in (b). Selected bond lengths [�]
and angles [8]: Zn–N(1) 2.161(1), Zn–N(2) 2.167(1), Zn–N(3) 2.046(1),
Zn–N(4) 2.031(1), Zn–Cl 2.2503(5), C(13)–C(30) 1.346(3), C(23)–C(37)
1.354(3); N(1)-Zn-N(2) 76.39(5), N(2)-Zn-N(3) 83.68(5), N(3)-Zn-N(4)
85.15(6), N(4)-Zn-N(1) 90.04(6), N(1)-Zn-N(3) 138.91(6), N(2)-Zn-N(4)
142.98(6).
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mass values in the mass spectra
(MALDI-TOF), namely m/z
801.94, 815.05, and 849.87 for
[Mg�P2]+, [Mg�P3]+, and
[Mg�P4]+, respectively. Fea-
tures in the optical spectra
(UV/Vis absorption and fluo-
rescence) that were consistent
with what would be expected
for these complexes were also
observed, as discussed below.

Two sterically restricted de-
rivatives, H�P2 (bearing a me-
sityl group at the meso posi-
tion) and H�P3 (bearing four
methyl groups at the b-pyrrolic
positions), were tested for their
ability to act as colorimetric
and fluorescent sensors for
Mg2+ ions, in accord with the
procedures that were used for
H�P1 (Figure 3 a–d). With both
derivatives, the addition of
Mg2+ ions gives rise to red-
shifts in the absorption peaks
and an increase in their spectro-
scopic intensities relative to H�
P1. However, the fluorescence
quantum yield was modest in
the case of MgCl�P2 (Ffl =

0.013) with almost no emission
intensity seen for MgCl�P3 (Ffl<0.001; Table 1).[26]

The electron-deficient derivative H�P4, bearing a penta-ACHTUNGTRENNUNGfluorophenyl group at the central meso position, was also
tested. In sharp contrast to the electron-rich deriva-
tives H�P2 and H�P3, titration with MgCl2 gave
rise to a large increase in the fluorescent emission
(Ffl =0.078; cf. Figure 3 e, f and Table 1). The fluo-
rescence-enhancement factor (FEF) of about 39
seen upon formation of the associated Mg2+ com-
plex (MgCl�P4) is significantly larger than that of
the other derivatives. Because such a dramatic en-
hancement is not observed for H�P3 (which bears
a meso-phenyl substituent) upon conversion into its
corresponding Mg2+ complex, this enhancement is
not thought to reflect a steric effect. Rather, this
effect is ascribed to the specific electronic structure
of the macrocycle in question (i.e., acceptor versus
donor meso substituents).

As can be seen from an analysis of the KMg

values (Table 1 and the Supporting Information,
Figure S3) the Mg2+-cation-binding affinities for H�
Pn decrease according to the sequence H�P3>H�
P2>H�P1>H�P4, in accord with the expected in-
ductive effects. For instance, derivative H�P3,
which directly incorporates electron-donating b-
methyl groups, was found to complex Mg2+ ions

most effectively. In contrast, the corresponding KMg value
for H�P4, whose electronic properties are reversed, was
found to be low (Table 1).

Figure 3. Changes in the absorption- (left) and emission spectra (right) of a) H�P2, b) H�P3, and c) H�P4 in
MeCN upon titration with MgCl2. For the fluorescence-emission studies, a lex value was used that correspond-
ed to the isosbestic point in the absorption spectra upon the addition of a Mg2+ salt.

Table 1. Summary of the photophysical data of H�Pn in MeCN.

Compounds H�P1 H�P2 H�P3 H�P4

labs(H) [nm][a] 489 492 497 493
lem (H) [nm][a] 572 579 602 587
labs (Mg) [nm][a] 532, 565 544, 573 550 577
lem (Mg) [nm][a] 639 637 578 631
KMg [m�1][b] 3.12 � 105 1.27 � 106 2.20 � 106 2.74 � 104

FH
[c] 0.003 0.002 >0.001 0.002

FMg
[c] 0.015 0.013 0.001 0.078

FEF[d] 5.0 6.5 1.3[h] 39.0
te (H) [ps][e] 5.0 8.5 4.2 9.2
te (Mg) [ps][e] 5.8(20),

182(80)
7.0(10),

195(90)
26 29(24),

578(76)
tfl (Mg) [ps][f] 252 270 n.d.[g] 721

[a] These values are for the peaks in the visible-light region; H= free base, Mg =MgCl
complex. [b] The binding constants for Mg2+ ions were estimated by using nonlinear
least-square analysis based on the absorption spectra of H�Pn. [c] Quantum yields
were determined relative to tetraphenylporphyrin (Ffl =0.065), which was used as a
reference. These values are subject to �10 % experimental error. [d] Fluorescence en-
hancement factor (FEF) between the free base and the Mg complex in solution, based
on the respective quantum yields. [e] Time constants of the singlet excited state were
obtained from a multiexponential global analysis of the relevant TA spectra; values in
parentheses are percentages of the total amplitude. [f] Fluorescence lifetime; lex =

400 nm. [g] Not determined. [h] Estimated based on a comparison of the relevant fluo-
rescent intensities.
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In the optimized structures of MgCl�Pn (all derived at
the same calculation level), there is no significant difference
between the derived structures; a similar distorted square-
pyramidal geometry with an axial chloride anion was infer-
red in all cases (see the Supporting Information, Figure S2).
In carrying out a detailed analysis of the bond lengths in the
set of MgCl�Pn complexes that were considered in this
study, small changes in the Mg�N distances and the N-Mg-
N angles were noted (see the Supporting Information, Table
S1). For instance, H�P3 showed a shorter distance between
the nitrogen atoms of the dipyrrin moiety (N(3) and N(4))
and the central magnesium atom than the other derivatives.
This result is consistent with the underlying hypothesis that
electronic modulation of the dipyrrin subunit within the
overall macrocyclic framework can be used to tune the bind-
ing affinities (and stabilities) of the corresponding Mg2+

complexes.

Time-resolved spectroscopy: In the steady-state optical spec-
tra of H�Pn and their Mg adducts, the electron-donating
derivatives display relatively lower fluorescence quantum
yields (see above); in contrast, the presence of electron-
withdrawing groups serves to enhance the emission efficien-
cy. To obtain further insight into the excited-state dynamics
of these derivatives, femtosecond transient-absorption (TA)
measurements were performed on the free-base ligands (H�
Pn) and on their Mg adducts (MgCl�Pn) in MeCN at room
temperature. Compared with the steady-state absorption
and fluorescence spectra, the TA spectra of H�P1 comprise

two negative bands that are centered at lmax =510 and
610 nm, respectively (Figure 4 and the Supporting Informa-
tion, Figure S4); the former band can be ascribed to ground-
state bleaching (GSB) and the latter band to the S1!S0

stimulated emission (SE). These TA spectroscopic features
of H�P1 are in line with most BODIPY-based complexes.[27]

The TA-decay profile of H�P1 at 607 nm was fitted to a
single exponential decay with a lifetime (te) of 5 ps. This fast
decay time is in agreement with its low quantum yield (Fig-
ure 4 b). Consequently, the decay of photoexcited H�P1 in
MeCN is thought to occur predominantly through an S1!S0

nonradiative internal-conversion process. The decay profiles
of all of the H�Pn derivatives with lifetimes of less than
10 ps reflect the non-emissive properties that were observed
in all of the free-base forms (cf. Figures S5–S7 in the Sup-
porting Information). The TA spectroscopic features of H�
Pn are also quantitatively similar to those of H�P1 and to
one another, except for H�P3 (see below).

Taking into account the thermodynamics, electron transfer
from the dipyrrin subunit to the 1,10-phenanthroline moiety
was expected to be favorable, based on an analysis of the re-
spective Gibbs energies as inferred from the relevant opti-
cal- and electrochemical data (see below). Nevertheless, the
TA spectra showed no clear feature that was attributable to
the formation of a dipyrrin-radical cation. Whilst further
analysis is required, this result could reflect the fact that the
putative positive TA features of the dipyrrin-radical-cation
species are masked by the strongly negative SE signals.

Figure 4. Femtosecond transient-absorption (TA) spectra of a) H�P1 and c) MgCl�P1 in MeCN at various decay times after excitation at 500 and
570 nm, respectively. The TA-decay profiles of b) H�P1 at 607 nm and d) MgCl�P1 at 484 and 583 nm, respectively.
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The UV/Vis spectrum of the one-electron-oxidation prod-
uct of H�P1 prepared electrochemically revealed a band at
529 nm with a broad tail to 800 nm; this band was red-shift-
ed compared to that of the neutral ligand (lmax = 489 nm;
see the Supporting Information, Figure S7a). These red-
shifted spectroscopic features were also observed in one-
electron-oxidized BODIPY derivatives and, thus, are ascri-
bed to the formation of the radical cation of the dipyrrin
subunit that is present in H�P1.[28] The slightly intense posi-
tive signal in the spectroscopic window between the ground-
state bleaching (GSB) and the SE features after a time
delay of 5 ps may reflect an intramolecular charge-separa-
tion process that occurs in the excited state of H�P1, as has
been observed in donor–acceptor BODIPY–dyad sys-
tems.[27–29] An alternative assignment, namely ascribing the
signal between the GSB and SE bands to an excited-state-
absorption (ESA) feature, can be discounted because the
shape of the TA band is reasonably close to the spectrum of
the one-electron-oxidized form of H�P1 (see above).

This intermediate energy band becomes more pronounced
in the H�P3 derivative, which contains b-electron donor
sites, presumably owing to poorer overlap with the SE band.
The strong positive band that is centered at 565 nm with an
associated tail in the NIR region (about 800 nm) in the TA
spectra of H�P3 provides further support for the assignment
of this feature as a charge-separated state (see above).
Moreover, the production of such a charge-separated state
would account for the lack of emissive character in H�P3
(see the Supporting Information, Figure S6).

The TA features of the magnesium complex, MgCl�P1,
were also measured. This species gives rise to TA spectra
that are characterized by a positive band centered at
480 nm, a GSB signal at 570 nm, and an SE band centered
at around 640 nm (Figure 4 c). Despite what are expected to
be favorable energetics for electron transfer, a clear band
ascribed to the radical cation of the Mg–dipyrrin chromo-
phore was not clearly observed in the TA spectra.[30] The
contribution of the putative Mg–dipyrrin cation radical
might be small, perhaps reflecting the masking effect of the
neighboring strong GSB and SE bands.

Small changes in the shape of the GSB feature were seen
over time, particularly at around 620 nm. These changes
could reflect a charge-separation process. The decay-associ-
ated TA spectra of MgCl�P1 that resulted from a global fit-
ting revealed the presence of two decay components with
lifetimes of 5.8 and 182 ps, respectively (see the Supporting
Information, Figure S4).[31] The first of their corresponding
extracted spectra revealed a negative peak centered at
615 nm, which evolved with a lifetime of 5.8 ps, thereby
leading to a loss of the negative amplitude at 615 nm and a
concurrent gain in the amplitude of the negative bands at
570 and 660 nm and of the positive band at 470 nm. The
slower decay component, with a lifetime of 182 ps, which
was observed in the TA-decay profiles, was similar to the
fluorescence lifetime of MgCl�P1 (tfl =258 ps; Table 1 and
the Supporting Information, Figure S9).

These spectroscopic changes lead us to suggest the forma-
tion of different excited states that are characterized by dif-
ferent lifetimes and, hence, decay timescales. The TA spec-
troscopic features of MgCl�P2 and MgCl�P4 are essentially
the same and, thus, are independent of the substituents (at
least in the case of these two complexes). The decay-time
constants, as deduced from the global fit, also match well
with the fluorescence lifetimes for MgCl�P2 and MgCl�P4
(Table 1 and the Supporting Information, Figure S9).

In the case of the non-emissive derivative, MgCl�P3, a
very weak positive signal at 670 nm was observed after 10 ps
in the TA spectra. This feature is ascribed to the formation
of a charge-separated species, which arises from a photoin-
duced electron-transfer process analogous to what was infer-
red in the case of H�P3 (see above). Unfortunately, owing
to the ultrafast decay (te =26 ps) associated with the pro-
posed charge-transfer event, the decay-associated TA spec-
tra of MgCl�P3 could not be extracted by using a standard
global analysis (see the Supporting Information, Figure S6).

Photoinduced electron transfer and Gibbs energy considera-
tions : As inferred from the TA spectra of H�Pn and their
Mg adducts, photoinduced electron-transfer (PET) processes
are expected to participate in the excited-state dynamics of
all of these derivatives. This result is consistent with emis-
sive behavior that is eventually governed by donor-excited
PET (d-PET) processes,[32] owing to electron transfer from
the excited fluorophore (i.e. , the dipyrrin core) to the ac-
ceptor moiety (i.e., 1,10-phenanthroline).[33] Support for this
suggestion comes from the work of Nagano, Fukuzumi, and
co-workers, who reported the direct observation of radical-
ion pairs of fluorescein-based probes by using EPR spectro-
scopy.[32a] Thus, the EPR spectrum of MgCl�P1 was record-
ed with photoirradiation at 77 K. Under these conditions, a
characteristic active signal was seen at g= 2.003. The obser-
vation of this signal is fully consistent with the proposed
photoinduced formation of charge-separated radical species
(Figure 5 and the Supporting Information, Figure S11).

Although the corresponding radical cation of the elec-
tron-donor moiety and the radical anion of the fluorophore
could not be assigned owing to signal broadening, a remark-
able substitution effect was observed in the intensities of the
ESR signals of MgCl�Pn. The relatively more strongly fluo-

Figure 5. ESR spectrum measured of a) MgCl�P1 at 77 K (1.0 � 10�3
m in

a frozen solution of MeCN) under photoirradiation with a high-pressure
Hg lamp. Asterisk (*) denotes a Mn2+ marker. b) Difference between the
spin-signal intensities of the radicals in each MgCl�Pn complex.
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rescent derivative MgCl�P4 gave rise to a weak signal in
the spectrum, whereas the almost-non-fluorescent adduct
MgCl�P3 exhibited a strong signal under the same irradia-
tion conditions. These effects of substitution on the intensi-
ties of the ESR signals leads us to suggest that the d-PET
process from the dipyrrin unit (fluorophore) to the 1,10-phe-
nanthroline (acceptor) is abetted by the electron-donating
nature of MgCl�P3. In contrast, in MgCl�P4, the corre-
sponding d-PET was inhibited, owing to the contrasting elec-
tronic inductive effects. On this basis, we conclude that the
emission properties of these Mg adducts (MgCl�Pn) are
strongly affected by the substituents at the meso and b-pyr-
rolic positions.

The inherent feasibility of electron transfer between an
excited-state sensitizer and a quencher can be analyzed in
terms of the change in free energy (DGeT). The DGeT values
were calculated from the Rehm–Weller equation, as shown
in Equation (1),[34] where Eox and Ered are the oxidation and
reduction potentials of the electron donor and acceptor, re-
spectively, DE0–0 is the singlet-excited energy, and wp is the
electrostatic interaction energy in the radical ion pair, which
corresponds to the work term for charge separation.

DGeT ¼ Eox�Ered�DE0�0�wp ð1Þ

For contact radical ion pairs, the wp value can be evaluat-
ed as �e2/er, where e is the dielectric constant of the solvent
(e= 38) and r is the distance between the electron donor
and -acceptor.[32a] The r value was estimated to be about
5.5 � from the crystal structure of ZnCl�P1. We assumed
that the MgCl�Pn complexes possessed the same value of
wp (0.07 eV) as the crystallographically characterized zinc
complex.

To evaluate the corresponding energies of derivatives H�
Pn and MgCl�Pn, cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) analyses were carried out in
MeCN that contained 0.1 m tetrabutylammonium hexafluor-
ophosphate (TBAPF6) as the electrolyte (Table 2). From the
redox potentials and optical data, the relative DGeT values

of MgCl�Pn were calculated to be �0.32 eV for MgCl�P1,
�0.34 eV for MgCl�P2, �0.51 eV for MgCl�P3, and
�0.33 eV for MgCl�P4, respectively. Thus, in all of these
cases, the proposed electron-transfer process was exergonic
in MeCN (Table 2) and was most favorable (in a thermody-
namic sense) in the case of MgCl�P3. On this basis, the flu-
orescence-quenching of the MgCl�Pn complexes and the
H�Pn ligands from which they derive is thought to most-
probably arise from a rapid internal d-PET process. Based
on the structure-dependent nature of the quenching, the
specific d-PET events are thought to reflect variations in the

peripheral substituents (Figure 6).

Charge-transfer properties as characterized by DFT calcula-
tions : To understand better the relevant photophysical prop-
erties and the presumed d-PET events seen upon photoexci-
tation of H�Pn and MgCl�Pn, their frontier molecular orbi-
tals (MO) were generated at the B3LYP/6-31G(d) level
(Figure 7 and the Supported Information, Figures S12 and
S13). Likewise, their corresponding electronically excited
states were calculated by using time-dependent DFT analy-
ses carried out at the B3LYP/6–31+G(d) level (see the Sup-
porting Information, Table S2 and Figure S14). As reported
previously,[4] both the HOMO and LUMO of H�P1 are ex-
clusively centered on the dipyrrin subunit with sizable con-
tributions from the exocyclic double-bond moieties. Based
on the associated TD-DFT calculations, the lowest-energy
HOMO–LUMO transition in H�P1 corresponds to a p�p*
excited state, in analogy to what is true for the BODIPYs.[9]

The electron distribution in the LUMO of MgCl�Pn
shows a significant penetration of the electron density into
the 1,10-phenathroline unit. This overlap is considered to be
directly reflective of the proposed charge-transfer character.
Moreover, the electron density in the LUMO+1 of these
magnesium complexes is almost exclusively centered on the
1,10-phenanthroline moiety. On this basis, we propose that
the experimentally observed fluorescence quenching in the
case of MgCl�P2 and MgCl�P3 reflects partial charge
transfer from the Mg–dipyrrin subunit to the 1,10-phenan-
throline moiety upon photoexcitation.

To quantify the change in electron distribution over the
dipyrrin and 1,10-phenanthroline moieties in MgCl�Pn,

Table 2. Electrochemical data and parameters of the electron-transfer
energies of H�Pn and MgCl�Pn[a] (V versus SCE).

Compound Oxidation Reduction DE[b] E0�0
[c] DGET

[d]

Eox(1) Eox(2) Ered(1) Ered(2)

H�P1 1.09 1.42 �0.78 �1.09 1.87 2.32 �0.52
H�P2 1.08 1.40 �0.81 �1.09 1.89 2.32 �0.50
H�P3 0.86 1.31 �0.97 �1.34 1.83 2.26 �0.50
H�P4 1.21 1.46 �0.70 �0.99 1.91 2.30 �0.46
MgCl�P1 1.00 1.42 �0.81 �1.07 1.81 2.06 �0.32
MgCl�P2 0.97 1.42 �0.81 �1.09 1.78 2.05 �0.34
MgCl�P3 0.81 1.29 �0.95 �1.29 1.76 2.20 �0.51
MgCl�P4 1.06 1.46 �0.73 �1.06 1.79 2.05 �0.33

[a] These values were determined by DPV by using a platinum working
electrode, a platinum wire counter electrode, and a Ag/Ag+ reference
electrode in MeCN solution that contained 0.1 m TBAPF6 as a supporting
electrolyte. Scan rate: 0.1 V s�1. [b] Energy gap [Eox(1)�Ered(1)].
[c] Zero–zero excitation energy. [d] Change in free energy, as calculated
by using the Rehm–Weller equation.

Figure 6. Schematic representation of d-PET from the dipyrrin- to 1,10-
phenanthroline fragments in MgCl�Pn. The directly linked meso-
aryl(Ar) and b-(R) substituents on the dipyrrin unit can control the d-
PET effect.
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Mulliken population analysis was carried out by using the
GaussSum program.[35] Density-of-states (DOS) spectra pro-
vide a pictorial representation of the MO contributions to
the overall electron densities. The DOS diagrams (Figure 7)
and the content of electron distribution (see the Supporting
Information, Table S2) lead us to suggest that the HOMOs
mainly reflect dipyrrin-based density (84–88 %) with a
minor component from the exo-cyclic C=C bonds (6–10 %).
In contrast, the LUMOs are mixed and have contributions
from the 1,10-phenanthroline-, exo-C=C-, and dipyrrin
groups. Importantly, the electron distributions on the 1,10-
phenanthroline and dipyrrin portions in the LUMOs depend

on the nature of the meso- and
b-substituents: the contribution
of the 1,10-phenanthroline
moiety in MgCl�P1 (24 %),
MgCl�P2 (25 %), MgCl�P3
(39 %), and MgCl�P4 (17 %) is
substantial, whereas those of
the dipyrrin are estimated to be
39 %, 39 %, 27 %, and 49 %, re-
spectively. These results lead us
to suggest that increased elec-
tron density within the dipyrrin
portion of the LUMO, as seen
in the case of electron-deficient
derivative MgCl�P4, favors an
emissive p�p* transition be-
cause of the stronger MO over-
lap with the dipyrrin fluoro-
phore (i.e., HOMO–LUMO
transition; cf. the Supporting
Information, Table S2). In other
words, the S0!S1 transition,
which involves a partially
“dark” charge transfer from the
dipyrrin (donor) to 1,10-phe-
nanthroline (acceptor) frag-
ment, is dominated by the elec-
tronic structure of the dipyrrin
subunit.[36]

In accord with the above ex-
pectations, the transitions from
the HOMO to the LUMO�1 in
these magnesium complexes are
thought to reflect an effective
electron-transfer process (that
involves charge transfer from
the dipyrrin donor to the 1,10-
phenanthroline acceptor). Thus,
the oscillator strengths (f) of
MgCl�Pn become larger as the
electron-donating ability of the
dipyrrin unit increases (see the
Supporting Information,
Table S2 and Figure S14). The
direction of the dipole moment

in MgCl�Pn, namely from the dipyrrin to the 1,10-phenan-
throline moiety (see the Supporting Information, Fig-
ure S15), is consistent with the proposed d-PET.[37] From a
purely structural perspective, the smaller dihedral angle
about the meso-exocyclic double bonds between the dipyrrin
and 1,10-phenathroline units may enhance the super-ex-
change interactions between these key subunits upon Mg2+

complexation.[27b] The increased structural rigidity that is
provided by Mg2+ complexation could also contribute to the
spectroscopic effects that are ascribable to d-PET. In fact,
the increase in emission at low temperatures and the attend-
ant increase in structural rigidity are consistent with a “turn-

Figure 7. Representations of the HOMO, LUMO, and LUMO+1 of a) H�P1 and b) MgCl�P1. Partial densi-
ty-of-state (PDOS) diagrams for c) MgCl�P1, d) MgCl�P2, e) MgCl�P3, and f) MgCl�P4, in which the exo-
cyclic carbon�carbon (exo C=C, black), dipyrromethene (dipyrrin, blue) and 1,10-phenanthroline moieties
(phenanthroline, red) are considered as individual groups (Scheme 1).
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ing off” of nonradiative decay pathways and an attendant
enhancement of emissive transitions.[38]

Conclusions

In this study, we have described the synthesis and characteri-
zation of 1,10-phenanthroline-embedded porphyrin ana-
logues, H�Pn, that bear substituents at the peripheral meso
and b-positions of the embedded dipyrrin moieties. As infer-
red from the crystal structure of zinc-chloride complex
ZnCl�P1 and from fluorescence spectroscopy of magnesium
complexes MgX�P1, which contain different axial counter-
anions (e.g. X= ClO4, OAc, Cl, Br, I), the Mg-adducts adopt
a square-pyramidal geometry about the metal center, in
which the fifth ligation site is occupied by an axially coordi-
nated counteranion. The introduction of peripheral substitu-
ents at the meso and b-pyrrole positions of the parent
system allowed for the preparation of three new analogues,
H�Pn (n=2–4). These modifications gave rise to discernible
differences between their physicochemical properties, in-
cluding cation-binding affinities, emission efficiencies, excit-
ed-state dynamics, and redox potentials. Detailed EPR and
TA spectroscopic studies of the photoinduced charge-sepa-
rated species in MgCl�Pn provided support for the notion
that the emissive properties of MgCl�Pn are partially gov-
erned by an internal d-PET process from the dipyrrin subu-
nit to the 1,10-phenanthroline moiety. This conclusion was
supported by theoretical calculations, which revealed charge
transfer in the context of the principle HOMO–LUMO
transitions. Currently, d-PET-based fluorescent sensors are
still rare[39] and their application to the problem of Mg2+-ion
sensing is, to the best of our knowledge, without precedent.
Thus, this study is expected to contribute to our fundamen-
tal understanding of the electronic features of hybrid macro-
cyclic porphyrin systems, in particular, the design principles
that control internal-charge-transfer processes, whilst setting
the stage for the synthesis of improved Mg2+-sensor systems.

Experimental Section

Instruments : 1H NMR spectra were recorded on a JEOL JMX-GX400
(400 MHz) spectrometer. 13C NMR and 19F NMR spectra were recorded
on a JEOL ECA500 (500 MHz) spectrometer. Chemical shifts (d) are re-
ported with reference to residual non-deuterated chloroform (d=

7.26 ppm for the 1H NMR spectra, d= 65.00 ppm for the 13C NMR spec-
tra) and CFCl3 (d =0.00 ppm for the 19F NMR spectra). High-resolution
mass spectra (HRMS) were recorded on a JEOL LMS-HX-110 spec-
trometer. MS (FAB) spectra were measured by using 3-nitrobenzyl alco-
hol (NBA) as the matrix. UV/Vis absorption spectra were recorded on a
Shimadzu UV-3100PC spectrometer. Fluorescence spectra were recorded
on a Shimadzu RF-5300PC spectrophotometer. Temperature-dependent
fluorescent spectra were determined by using a UNISOKU cryostat tem-
perature controller.

Materials : Unless otherwise noted, chemicals and reagents were pur-
chased from commercial suppliers and used without further purification.
Certain precursors, including pyrrole, mesitylaldehyde, and benzaldehyde,
were purified by distillation in vacuo. All solvents were used after appro-
priate distillation or purification. All metal salts for titration experiments

were of the highest available purity. Analytical thin-layer chromatogra-
phy (TLC) was performed on Merck silica gel 60 pre-coated aluminum
sheets. Column chromatography was either carried out on silica gel 60N
(60 mesh, KANTO chemical) or on neutral alumina (Wako chemical).
6,18-Bis(diethoxycarbonylmethylidene)-1-phenyl-phenanporphodime-
thene (H�P1)[4] and meso-aryldipyrromethanes (2b,c)[40] were prepared
according to literature procedures.

Synthesis of 6,18-bis(diethoxycarbonylmethylidene)-1-mesityl-phenanpor-
phodimethene (H�P2): Compound H�P2 was prepared by using a
[2+2]-type condensation similar to that used to prepare H�P1.[4] Com-
pound 1 (0.5 g, 9.77 � 10�4 mol) and 5-mesityl-dipyrromethane (2b,
256 mg, 9.77 � 10�4 mol) were dissolved in CH3CN (200 mL) and then tri-
fluoroacetic acid (TFA, 1 mL) was added. The mixture was stirred for
3 days at room temperature. Then, 2,3-dichloro-5,6-dicyano-p-benzoqui-
none (DDQ, 0.665 g, 2.93 � 10�3 mol) and triethylamine (TEA, 2 mL)
were added. The mixture was stirred for an additional 1 h and the solvent
was removed in vacuo. The residue was passed through an alumina
column (CHCl3) and the first eluted red fraction was collected. Purifica-
tion by column chromatography on silica gel (MeOH/CHCl3, 2%) gave
H�P2 as a red powder. Yield: 480 mg (64 %); 1H NMR (400 MHz,
CDCl3): d=13.60 (s, 1 H; NH), 8.22 (d, J=8.3 Hz, 2H; Phen-H), 7.85 (d,
J =8.3 Hz, 2 H; Phen-H), 7.82 (s, 2 H; Phen-H), 6.87 (s, 2 H; Ar-H), 6.57
(d, J =4.3 Hz, 2H; Pyrr-H), 6.26 (d, J=4.3 Hz, 2H; Pyrr-H), 4.18 (dd, J=

14.1, 7.1 Hz, 4H; CH2), 4.12 (dd, J=14.1, 7.1 Hz, 4 H; CH2), 2.32 (s, 3 H;
Ar-CH3), 1.98 (s, 6H; Ar-CH3), 1.15 (t, J =7.1 Hz, 6 H; CH3), 1.08 ppm (t,
J =7.0 Hz, 6H; CH3); 13C NMR (125 MHz, CDCl3): d=166.04, 163.69,
154.19, 145.57, 143.97, 142.70, 141.51, 137.64, 136.67, 135.08, 133.81,
128.85, 128.92, 127.86, 127.61, 127.42, 126.26, 120.47, 62.08, 61.77, 21.20,
20.02, 13.91, 13.84 ppm; HRMS (FAB): m/z calcd for C46H42N4O8:
778.3003; found: 778.2978; elemental analysis calcd (%) for C46H42N4O8:
C 70.06, H 5.74, N 6.79; found: C 70.94, H 5.44, N 7.19.

Synthesis of 6,18-bis(diethoxycarbonylmethylidene)-1-phenyl-3,4,20,21-
tetramethylphenanporphodimethene (H�P3): Compound 1 (0.5 g, 9.77 �
10�4 mol) and 5-phenyl-2,3,6,7-tetramethyldipyrromethane (3c, 267 mg,
9.77 � 10�4 mol) were treated under similar conditions to those mentioned
above. The product was passed through an alumina column (CHCl3), fol-
lowed by column chromatography on silica gel (MeOH/CHCl3, 3%) to
give H�P3 as a red powder. Yield: 395 mg (52 %); 1H NMR (400 MHz,
CDCl3): d =13.09 (s, 1 H; NH), 8.17 (s, 2 H; Phen-H), 7.85 (d, J =8.3 Hz,
2H; Phen-H), 7.73 (d, J =8.3 Hz, 2H; Phen-H), 7.03–7.38 (m, 5H; Ph-
H), 4.21 (br s, 4H; CH2), 4.10 (br s, 4H; CH2), 1.92 (s, 6H; b-CH3), 1.19
(t, J =7.1 Hz, 6 H; CH3), 1.10 (s, 6 H; b-CH3), 1.05 ppm (t, J =7.0 Hz, 6 H;
CH3); 13C NMR (125 MHz, CDCl3): d =165.18, 164.08, 153.79, 148.75,
145.56, 144.62, 140.43, 139.92, 139.10, 135.51, 129.18, 128.81, 128.62,
128.42, 127.06, 125.93, 122.68, 62.12, 13.93, 13.90, 12.66, 11.08 ppm;
HRMS (FAB): m/z calcd for C47H45N4O8: 793.3233; found: 779.3237; ele-
mental analysis calcd (%) for C47H45N4O8: C 71.20, H 5.59, N 7.07; found:
C 70.35, H 5.75, N 6.46.

Synthesis of 6,18-bis(diethoxycarbonylmethylidene)-1-pentafluorophenyl-
phenanporphodimethene (H�P4): Compound 1 (0.5 g, 9.77 � 10�4 mol)
and 5-pentafluorophenyldipyrromethane (3d, 300 mg, 9.77 � 10�4 mol)
were treated under similar conditions to those mentioned above. This
acid-induced cyclization reaction was allowed to continue for 5 days.
Then, DDQ and TEA were added. Compound H�P4 was obtained by
using a purification procedure that was similar to that described above.
Yield: 178 mg (22 %); 1H NMR (400 MHz, CDCl3): d=13.59 (s, 1 H;
NH), 8.10 (d, J=8.3 Hz, 2H; Phen-H), 7.80 (d, J =8.3 Hz, 2 H; Phen-H),
7.79 (s, 2H; Phen-H), 6.70 (d, J =4.4 Hz, 2 H; Pyrr-H), 6.40 (d, J =4.4 Hz,
2H; Pyrr-H), 4.21 (dd, J =14.1, 7.1 Hz, 4 H; CH2), 4.11 (dd, J =14.1,
7.1 Hz, 4 H; CH2), 1.19 (t, J =7.1 Hz, 6 H; CH3), 1.06 ppm (t, J =7.0 Hz,
6H; CH3); 19F NMR (470 MHz, CDCl3): d=�139.98 (s, 2F), �151.93 (t,
J =20.1 Hz, 2 F), �160.6 ppm (d, J=59.6 Hz, 1F); 13C NMR (125 MHz,
CDCl3): d= 165.44, 163.66, 153.85, 145.48, 143.23, 135.49, 135.46, 135.42,
129.81, 129.75, 127.66, 127.63, 126.52, 126.49, 124.19, 124.16, 62.33, 61.95,
13.89, 13.81 ppm; HRMS (FAB): m/z calcd for C43H31F5N4O8: 826.2054;
found: 826.2062; elemental analysis calcd (%) for C46H42N4O8: C 62.47,
H 3.78, N 6.78; found: C 61.92, H 3.69, N 6.49.
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Synthesis of zinc [6,18-Bis(diethoxycarbonylmethylidene)-1-phenyl-phe-
nanporphodimethene] chloride (ZnCl�P1): Compoiund H�P1 (100 mg,
1.26 � 10�4 mol) was dissolved in CHCl3 (50 mL) and a solution that con-
tained an excess of ZnCl2 and a few drops of 2,6-lutidine in MeOH
(10 mL) was added. After the mixture had been heated for 10 min with
stirring, the color of the solution became dark purple. The mixture was
concentrated by using a rotary evaporator and then the residue was ex-
tracted with CHCl3 and washed with water, an aqueous solution of
Na2CO3, and brine. The organic layer was dried with Na2SO4 and the sol-
vent was removed under reduced pressure. The resulting products were
purified by column chromatography on silica gel (CH2Cl2/MeOH, 100:3).
The second set of purple fractions were collected and concentrated to
afford the pure product, ZnCl�P1. Yield: 57.8 mg (55 %); 1H NMR
(500 MHz, CD2Cl2): d =8.06 (d, J= 8.3 Hz, 2 H; Phen-H), 7.96 (d, J=

8.3 Hz, 2 H; Phen-H), 7.60–7.62 (m, 1H; Phenyl-H), 7.47 (dt, J =4.0,
0.9 Hz, 2H; Phenyl-H), 7.38 (s, 2H; Phen-H), 7.34–7.37 (m, 1 H; Phenyl-
H), 7.26 (dd, J =7.7, 0.9 Hz, 1H; Phenyl-H), 6.80 (d, J =4.0 Hz, 2 H;
Pyrr-H), 6.66 (d, J=4.0 Hz, 2H; Pyrr-H), 4.20–4.37 (m, 8 H; CH2), 1,29
(t, J =7.2 Hz, 6H; CH3), 1.22 ppm (t, J=7.2 Hz, 6 H; CH3); 13C NMR
(125 MHz, CD2Cl2): d=164.86, 163.11, 153.54, 152.97, 149.64, 143.37,
140.94, 140.02, 138.23, 137.68, 132.77, 131.32, 130.87, 130.58, 127.48,
127.28, 126.80, 126.34, 119.82, 62.52, 62.43, 13.80, 13.72 ppm; HRMS
(FAB): m/z calcd for C43H35N4O8Zn1: 799.1746 [M�Cl]; found: 799.1744;
UV/Vis (CH2Cl2): lmax (log e) =571 nm (4.54); elemental analysis calcd
(%) for C43H35N4O8Zn1: C 61.73, H 4.22, N 6.70; found: C 60.58, H 4.40,
N 6.41.

Spectroscopic measurements : Stock solutions of H�Pn were prepared in
dry MeCN (2.0 � 10�5

m unless otherwise noted). Solutions of the cation
salts were prepared in absolute MeOH with a fixed concentration and
then diluted with dry MeCN. For the spectroscopic studies, about 2 mL
of the stock solution of H�Pn was placed in a quartz cell with a 1 cm op-
tical-path length. Increasing known quantities of the stock solution that
contained the cation of interest were then added dropwise into the
quartz cell by using a microsyringe. The fluorescent quantum yields were
determined by comparison to tetraphenylporphyrin (Ffl =0.065), which
was taken as a standard.[41]

Electrochemical measurements : Cyclic voltammetric measurements were
carried out on a CHI 620D electrochemical analyzer with a conventional
three-electrode cell. A solution of the sample (about 1 mm) in dry MeCN
that contained 0.1m nBu4NPF6 (TBAPF6) was then loaded into the cell
and an argon atmosphere was established. A Pt disc working electrode, a
Pt wire counter electrode, and a Ag/AgNO3 reference electrode were
used. The potentials were calibrated by using ferrocene but are reported
relative to the SCE by adding 0.29 V to the “raw” measured values. The
spectroelectrochemical experiments reported herein were performed in a
thin-layer spectroelectrochemical quartz cell (path length: 2 mm) by a
using a three-electrode arrangement, that is, a light-transparent Pt gauze
as a working electrode, a Pt wire counter electrode, and a Ag/AgNO3 ref-
erence electrode. The changes in absorption features during the associat-
ed experiments were monitored on a Varian Cary-5000 UV/Vis/NIR
spectrometer.

Determination of the binding constants for Mg2+ ion : To determine the
binding constant (KMg), the fluorescence intensity was recorded as a func-
tion of cation concentration (see the Supporting Information, Figure S3).
The changes were analyzed by using a nonlinear curve-fitting that was
based on 1:1 binding stoichiometry, according to Equation (2),[42] where
A and A0 are the absorption intensities of ligand H�Pn in the presence-
and absence of metal cations (M2+), CM and CL are the concentrations of
M2+ and H�Pn, and KS is the binding constant.

A=A0 ¼ 1þðAmax=2 A0�1=2Þf1þCM=CLþ1=KSCL

�½ð1þCM=CLþ1=KSCLÞ2�4 CM=CL�1=2g
ð2Þ

Femtosecond transient-absorption measurements : The femtosecond time-
resolved transient-absorption (TA) spectrometer consisted of a home-
made noncollinear optical parametric amplifier (NOPA) that was
pumped by a Ti:sapphire regenerative amplifier system (Quantronix, In-
tegra-C), which operated at a 1 kHz repetition rate, and an accompany-

ing optical-detection system. The generated visible NOPA pulses, which
were used as the pump pulses, had a pulse width of about 100 fs and an
average power of 1 mW in the range 450–800 nm. White-light-continuum
(WLC) probe pulses were generated by using a sapphire window (2 mm
thick) by focusing a small portion of the fundamental 800 nm pulses,
which were picked off by a quartz plate before entering into the NOPA.
The time delay between the pump and the probe beams was carefully
controlled by making the pump beam travel along a variable optical
delay (Newport, ILS250). Intensities of the spectroscopically dispersed
WLC probe pulses were monitored on a miniature spectrograph (Ocean-
Optics, USB2000 +). To obtain the time-resolved transient absorption dif-
ference signal (DA) at a specific time, the pump pulses were chopped at
25 Hz and the intensities of the absorption spectra were alternately
saved, either with or without subjection to the pump pulse. Typically,
6000 pulses were used to excite the samples and to obtain the TA spectra
at a particular delay time. The polarization angle between the pump and
the probe beams was set at the magic angle (54.78) by using a Glan-laser
polarizer with a half-wave retarder to prevent polarization-dependent sig-
nals. The cross-correlation fwhm in the pump-probe experiments was less
than 200 fs and the chirp of WLC probe pulses was 800 fs in the 400–
800 nm region. To minimize chirp, all-reflection optics were used in the
probe beam-path and a quartz cell with a path length of 2 mm was em-
ployed. After completing each set of fluorescence and TA experiments,
the absorption spectra of all of the compounds were carefully checked to
rule out the presence of artifacts or spurious signals that may arise from,
for example, degradation or photo-oxidation of the samples in question.

ESR detection of the photoexcited species : ESR spectroscopy of the
photoexcited Mg adducts was carried out on a JEOL JES-TE 300 spec-
trometer. To detect the transient radical species in frozen solutions of
MgCl�Pn in MeCN at 77 K, frozen glass solutions were made up in
quartz EPR tubes and subjected to photoirradiation with a high-pressure
mercury lamp (USHIO SX-U1501HR). The magnetic field was calibrated
from the hyperfine coupling constants of the MnII ion that was present as
a dopant in a MgO powder matrix (86.9 Gauss).

X-ray crystallography : Single crystals of ZnCl�P1 were grown from a
CH2Cl2/MeOH mixture. X-ray diffraction analysis was carried out on a
Rigaku RAXIS RAPID instrument that was equipped with an imaging
plate area detector by using graphite-monochromated MoKa radiation
(l=0.71075 �). For ZnCl�P1 (2q=54.88), the data were collected at
�140 8C. Corrections were made for both Lorentzian and polarization ef-
fects. The structures were solved by using direct methods (SIR 97 pro-
gram) and were refined anisotropically for non-hydrogen atoms through
use of full-matrix least-squares calculations. All hydrogen atoms were lo-
cated at their calculated positions and they were assigned a fixed dis-
placement and constrained to ideal geometry with C�H=0.95 �. The
crystallographic calculations were performed by using the Crystal Struc-
ture software package of the Rigaku Corporation.[43]

Nanosecond time-resolved fluorescence-decay measurements : Time-re-
solved fluorescence-lifetime experiments were performed by using time-
correlated single-photon-counting (TCSPC). As an excitation light
source, we used a homemade cavity-dumped Ti:sapphire oscillator, which
provided a high repetition rate (200–400 kHz) of ultrashort pulses (100 fs
at full-width at half-maximum (fwhm)) that were pumped by a continu-
ous-wave (cw) Nd-YVO4 laser (Coherent, Verdi). The output pulse of
the oscillator was frequency-doubled by a second harmonic crystal (thick-
ness: 1 mm, barium borate, BBO, CASIX). The fluorescence was collect-
ed by a microchannel-plate photomultiplier (MCP-PMT, Hamamatsu,
R3809U-51) with a thermoelectric cooler (Hamamatsu, C4878) that was
connected to a TCSPC board (Becker&Hickel SPC-130). The overall in-
strumental response function was about 25 ps (fwhm). A vertically polar-
ized pump pulse by a Glan-laser polarizer irradiated the samples and a
sheet polarizer that was set at an angle that was complementary to the
magic angle (54.78) was placed in the fluorescence-collection pathway to
obtain polarization-independent fluorescence decays.

DFT calculations : All calculations were carried out with the Gaussian 03
software package.[44] Energy calculations and geometry optimizations for
all of the molecules that were considered in this study, that is, H�Pn and
MgCl�Pn, were performed by using the B3LYP DFT method with the 6–
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31G (d) basis set without any symmetry restrictions.[45] Then, the opti-
mized geometries were used as the starting point for time-dependent
(TD-DFT) calculations of the excited-state energies and oscillator
strengths by using the 6–31+G (d) basis set and electron-population anal-
ysis with the 6–31G (d) basis set. All molecular orbitals were visualized
with the software GaussView 5.0. The GaussSun 2.2 software package[35]

was used to calculate group contributions to the molecular orbitals to
prepare the partial density-of-states (PDOS) spectra. The contribution of
a group to a molecular orbital was calculated within the framework of
Mulliken population analysis. The PDOS spectra (see the Supporting In-
formation) were created by convoluting the molecular-orbital informa-
tion with Gaussian curves of unit height and fwhm =0.3 eV.
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Eur. J. Org. Chem. 2006, 14, 3064.

[23] Crystallographic data for ZnCl�P1: C44H36O8N4ZnCl4; crystal di-
mensions: 0.56 � 0.25 � 0.08 mm3; monoclinic; space group P21/a ; a=

12.487(3), b =16.609(4), c =20.504(5) �; b=95.018(19)o; V=

4236(17) �3; Z=4; 1calcd =1.499 gcm�3 ; F ACHTUNGTRENNUNG(000) =1960; R1 =0.043
(I>2.0s(I)); Rw =0.105 (all data); GOF=1.068. CCDC-881769
(ZnCl�P1) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_-
request/cif.

[24] H. Maeda, M. Hasegawa, T. Hashimoto, T. Kakimoto, S. Nishio, T.
Nakanishi, J. Am. Chem. Soc. 2006, 128, 10024.

[25] S. I. Yang, J. Seth, J. P. Strachan, S. Gentemann, D. Kim, D. Holten,
J. S. Lindsey, D. F. Bocian, J. Porphyrins Phthalocyanines 1999, 3,
117.

[26] MgCl�P3 is originally non-emissive. The blue-shift in its emission
spectrum is in accord with the increase in the intensity of the maxi-
mum absorption band at 550 nm seen upon the formation of MgCl�
P3.

www.chemeurj.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 0000, 00, 0 – 0

�� These are not the final page numbers!
&12&

J. L. Sessler, D. Kim, Y. Naruta et al.

http://dx.doi.org/10.1039/c0an00087f
http://dx.doi.org/10.1371/journal.pone.0023684
http://dx.doi.org/10.1212/WNL.58.8.1227
http://dx.doi.org/10.1021/ac010914j
http://dx.doi.org/10.1039/b212835g
http://dx.doi.org/10.1021/ja049624l
http://dx.doi.org/10.1021/jo062341m
http://dx.doi.org/10.1021/ja056523u
http://dx.doi.org/10.1021/ja056523u
http://dx.doi.org/10.1016/j.tetlet.2006.12.147
http://dx.doi.org/10.1016/j.tetlet.2007.06.010
http://dx.doi.org/10.1016/j.tetlet.2007.06.010
http://dx.doi.org/10.1021/ic702388z
http://dx.doi.org/10.1016/j.tetlet.2008.09.052
http://dx.doi.org/10.1016/j.tetlet.2008.09.052
http://dx.doi.org/10.1039/c1cc12957k
http://dx.doi.org/10.1021/ol200530g
http://dx.doi.org/10.1246/cl.2011.75
http://dx.doi.org/10.1039/c002278k
http://dx.doi.org/10.1039/c002278k
http://dx.doi.org/10.1002/ange.200904859
http://dx.doi.org/10.1002/anie.200904859
http://dx.doi.org/10.1002/anie.200904859
http://dx.doi.org/10.1021/cr078381n
http://dx.doi.org/10.1002/ange.200702070
http://dx.doi.org/10.1002/anie.200702070
http://dx.doi.org/10.1002/anie.200702070
http://dx.doi.org/10.1021/cr050052c
http://dx.doi.org/10.1021/ja038763k
http://dx.doi.org/10.1039/c1cc11493j
http://dx.doi.org/10.1039/c1cc11493j
http://dx.doi.org/10.1021/ja102852v
http://dx.doi.org/10.1039/b404147j
http://dx.doi.org/10.1039/c1cc12181b
http://dx.doi.org/10.1039/c1cc12181b
http://dx.doi.org/10.1039/b820141b
http://dx.doi.org/10.1021/ic061581h
http://dx.doi.org/10.1021/ic061581h
http://dx.doi.org/10.1021/ja904470m
http://dx.doi.org/10.1021/ja904470m
http://dx.doi.org/10.1021/ja2001924
http://dx.doi.org/10.1021/ja2001924
http://dx.doi.org/10.1039/b908424j
http://dx.doi.org/10.1039/b912332f
http://dx.doi.org/10.1021/ic100633w
http://dx.doi.org/10.1002/chem.200400298
http://dx.doi.org/10.1021/ic50202a016
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1021/jp011476n
http://dx.doi.org/10.1039/b921609j
http://dx.doi.org/10.1134/S1070328406020060
http://dx.doi.org/10.1021/ol006316t
http://dx.doi.org/10.1021/ol006316t
http://dx.doi.org/10.1021/ja0637301
http://dx.doi.org/10.1002/(SICI)1099-1409(199902)3:2%3C117::AID-JPP110%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1099-1409(199902)3:2%3C117::AID-JPP110%3E3.0.CO;2-X
www.chemeurj.org


[27] a) A. C. Benniston, G. Copley, H. Lemmetyinen, N. V. Tkachenko,
Eur. J. Org. Chem. 2010, 2867; b) G. Duvanel, N. Banerji, E. Vau-
they, J. Phys. Chem. A 2007, 111, 5361; c) H. L. Kee, C. Kirmaier, L.
Yu, P. Thamyongkit, W. J. Youngblood, M. E. Calder, L. Ramos,
B. C. Noll, D. F. Bocian, W. R. Scheidt, R. R. Birge, J. S. Lindsey, D.
Holten, J. Phys. Chem. B 2005, 109, 20433.

[28] S. Hattori, K. Ohkubo, Y. Urano, H, Sunahara, T. Nagano, Y.
Wada, N. V. Tkachenko, H. Lemmetyinen, S. Fukuzumi, J. Phys.
Chem. B 2005, 109, 15368.

[29] a) C. A. Wijesinghe, M. E. El-Khouly, N. K. Subbaiyan, M. Supur,
M. E. Zandler, K. Ohkubo, S. Fukuzumi, F. D’Souza, Chem. Eur. J.
2011, 17, 3147; b) J. Y. Liu, M. E. El-Khouly, S. Fukuzumi, D. K. P.
Ng, Chem. Asian J. 2011, 6, 174; c) M. Galletta, S. Campagna, M.
Quesada, G. Ulrich, R. Ziessel, Chem. Commun. 2005, 4222; d) M.
Galletta, F. Puntoriero, S. Campagna, C. Chiorboli, M. Quesada, S.
Goeb, R. Ziessel, J. Phys. Chem. A 2006, 110, 4348.

[30] The UV/Vis absorption spectrum of the one-electron-oxidized
MgCl�P1 species is shown in the Supporting Information, Figure S4.
The temporal spectroscopic behavior of the charged species upon
excitation has previously been observed in push–pull BODIPY mol-
ecules; see reference [27a].

[31] This method yields the evolution-associated difference spectra and
the spectra of the individual excited-state species, together with
their respective rate constants; see: a) I. H. M. van Stokkum, R. H.
Lozier, J. Phys. Chem. B 2002, 106, 3477; b) C. Hippius, I. H. M. van
Stokkum, E. Zangrando, R. M. Williams, F. W�rthner, J. Phys.
Chem. C 2007, 111, 13988.

[32] a) T. Miura, Y. Urano, K. Tanaka, T. Nagano, K. Ohkubo, S. Fuku-
zumi, J. Am. Chem. Soc. 2003, 125, 8666; b) T. Ueno, Y. Urano, K.
Setsukinai, H. Takakusa, H. Kojima, K. Kikuchi, K. Ohkubo, S. Fu-
kuzumi, T. Nagano, J. Am. Chem. Soc. 2004, 126, 14079; c) T.
Mineno, T. Ueno, Y. Urano, H. Kojima, T. Nagano, Org. Lett. 2006,
8, 5963; d) T. Matsumoto, Y. Urano, T. Shoda, H. Kojima, T.
Nagano, Org. Lett. 2007, 9, 3375; e) X. Zhang, L. Chi, S. Ji, Y. Wu,
P. Song, K. Han, H. Guo, T. D. James, J. Zhao, J. Am. Chem. Soc.
2009, 131, 17452; f) X. Li, S. Qian, Q. He, B. Yang, J. Li, Y. Hu, Org.
Biomol. Chem. 2010, 8, 3627; g) Y. Wu, H. Guo, X. Zhang, T. D.
James, J. Zhao, Chem. Eur. J. 2011, 17, 7632.

[33] This trend is opposite to what would be expected for a typical ac-
ceptor-excited PET system. Therefore, we conclude that an a-PET
(a=acceptor) process does not play a significant role in regulating
the excited-state behavior in this instance. When trifluoroacetic acid
(TFA) was added to a solution of H�P1 in MeCN, protonation at
the one of the nitrogen atoms of the 1,10-phenanthroline unit took
place; see: M. Ishida, S. Karasawa, H. Uno, F. Tani, Y. Naruta,
Angew. Chem. 2010, 122, 6042; Angew. Chem. Int. Ed. 2010, 49,
5906. On the other hand, no enhancement in the emission character-
istics of the protonated form of H�P1 occurred in the visible-light
region (see the Supporting Information, Figure S10). This result pro-
vides further support for the conclusion that intramolecular PET
from the 1,10-phenanthroline moiety to the acceptor fluorophore
(dipyrrin; acceptor-excited PET: a-PET) does not occur to an appre-
ciable extent. See: A. P. de Silva, H. Q. N. Gunaratne, T. Gunnlaugs-
son, A. J. M. Huxley, C. P. McCoy, J. T. Rademacher, T. E. Rice,
Chem. Rev. 1997, 97, 1515.

[34] D. Rehm, A. Weller, Isr. J. Chem. 1970, 10, 259.

[35] N. M. O’Boyle, A. L. Tenderholt, K. M. Langner, J. Comput. Chem.
2008, 29, 839.
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Photophysical Analysis of 1,10-
Phenanthroline-Embedded Porphyrin
Analogues and Their Magnesium(II)
Complexes

Anything can H-Pn : A new series of
tetraaza porphyrin analogues (H�Pn :
n= 1–4) containing a dipyrrin subunit
and an embedded 1,10-phenanthroline
subunit have been developed as Mg2+-
responsive fluorescent sensors. Upon
complexation with Mg2+ ions, a struc-
ture-dependent emission enhancement
is seen that is partially governed by
donor-excited photoinduced electron-
transfer (d-PET) events.
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