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/Abstract: Two new free-base [3-octa and hexaalkyl naphtho-
bipyrrole-derived sapphyrins are reported along with various
salts thereof. One of them has substituents at all of its § posi-
tions, whereas the pyrrole unit opposite to the bipyrrolic
moiety is unsubstituted in the other. The effect of bipyrrole
fusion on the structure of sapphyrins was explored. Interest-

\ingly, an unprecedented sandwiched supramolecular aqua-

bridged free-base sapphyrin dimer was also characterized in\
the solid state. Further, the effect of anions on the third-
order nonlinear optical properties of these sapphyrins were
explored in the salt form, along with their detailed excited-
state dynamics by both degenerate and nondegenerate
pump-probe studies.

/

Introduction
Sapphyrins belong to the class Ph H\ Ph
of expanded porphyrins that can
be structurally derived through
replacement of one of the pyr-
rolic moieties with a bipyrrolic
unit. The resulting macrocycle,
owing to its expanded core, dis-
plays affinity towards anions in
its diprotonated state.'¥ |Initial N
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Se
Ph Ph  ph Ph TOI
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efforts in this area were mostly X = NH CeFs
related to development of effi- N-CHs

cient synthetic routes and anion- Ph Ph ge

binding abilities of these macro- —

cycles."® As the area of expand- Cofs

ed porphyrins evolved tremen-
dously in the last two decades,
concomitantly sapphyrins were
also explored for their potential
applications as functional materi-
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Figure 1. Structural diversity in sapphyrins.

als, receptors for neutral molecules for drug delivery, and as
photosensitizers in photodynamic therapy.”

Initial efforts in sapphyrin chemistry involved the develop-
ment of efficient syntheses of decaalkyl sapphyrins. Subse-
quently, a large number of functionalized sapphyrins were syn-
thesized, which include C, O, S, and Se apart from N as sap-
phyrin core atoms,” along with N-confused sapphyrins and,
more recently, N-fused sapphyrins.”

Further, meso-tetraphenyl sapphyrin (4; Figure 1) displays in-
teresting structural diversity, wherein the pyrrole ring opposite
to the bipyrrolic entity adopts an inverted disposition with its
NH group residing at the periphery away from the core. This in
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turn undergoes a ring flip of the same pyrrole unit, producing
an all-N-in conformation on protonation.” Subsequently, sever-
al sapphyrin derivatives were synthesized having substituents
at the meso or [ positions or both, along with core modifica-
tion to study their structural diversity, in particular flipping of
the pyrrole unit.*™® '"H NMR and X-ray structure analyses show
that inverted structures are generally observed for larger core
sizes and the presence of smaller heteroatoms (N or O) in the
two flanking heterocyclic rings of the constituent tripyrrome-
thane unit.® For example, Chandrashekar and co-workers re-
ported that the presence of heavy atoms such as S or Se in
these two rings leads to planar structures, as observed for 5
(Figure 1), despite its having four meso substituents.”? Crystal
structure analysis of these compounds by Chandrashekar and
co-workers revealed the presence of NH--S and NH--Se hydro-
gen-bonding interactions in the macrocyclic cavity, which
probably stabilize the planar structure.”® Further, Lee and co-
workers demonstrated that ring inversion can also be effected
by imposing large ring strain (in 6 and 7) by increasing the
C,—C, distance of the bipyrrole moiety by replacing it with bi-
thiophene, rather than the presence of meso-aryl substitu-
ents.” However, trithiapentabenzo sapphyrin 8 reported by
Okujima et al. did not show any ring inversion owing to the
presence of B substituents, despite having a similar core to 6.

Similarly, t extension could be effected by fusing various ar-
omatic groups at the macrocyclic periphery, which thereby en-
hanced their absorbance in the red region. In this direction, bi-
pyrrole fusion"™ led to more dramatic consequences for the
photophysical properties in comparison to fusion of pyrrole
B positions."®' Latos-Grazynski and co-workers, through elabo-
rate NMR experiments and absorption studies demonstrated
the existence of an all-N-in and a pyrrole-inverted (N-out) con-
former in diprotonated meso-tetraphenyl sapphyrin, depending
on solvent polarity.""@ On the other hand, recently we found
that naphthosapphyrin 9, synthesized by mixed condensation,
in which the bipyrrolic moiety of meso-tetrakis(pentafluoro-
phenyl) sapphyrin is fused with an o-phenylene moiety, dis-
plays very interesting re-inversion of the pyrrole ring (latter
structure, i.e., inverted dicationic sapphyrin reported by Latos-
Grazynhski and co-workers!"'®) on addition of an excess of tri-
fluoroacetic acid (TFA) to give a single inverted diprotonated
species."”” In any case, to obtain an inverted structure, the pyr-
role ring opposite to the bipyrrole unit must be unsubstitu-
ted.""® However, except for meso-tetraaryl sapphyrins, there is
no report on an unsubstituted pyrrole ring opposite to the bi-
pyrrole moiety. In view of these developments, herein we
report the synthesis of two new naphthobipyrrole-derived sap-
phyrins by following the rational 342 approach. Whereas one
sapphyrin has all of its § positions substituted, the other has
an unsubstituted pyrrole unit opposite to the naphthobipyr-
role moiety. The idea was to see whether pyrrole flipping
occurs in the latter owing to bipyrrole fusion. Further, we also
evaluated their third-order nonlinear optical (NLO) properties,
using the Z-scan technique” with approximately 2 ps pulses,
and the effect of anions in their corresponding diprotonated
salts. This was necessitated by the emergence of expanded
porphyrins as a new class of attractive compounds for two-
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photon absorption (2PA) materials."*" The 2PA coefficients
and cross sections were estimated from the open-aperture Z-
scan data, and the nonlinear refractive indices n, from the
closed-aperture data.l"**! We also present extensive time-re-
solved studies on these sapphyrins and their various salts
using degenerate and nondegenerate picosecond pump-
probe measurements to study their excited-state dynamics. A
systematic study on the NLO properties and excited-state dy-
namics of sapphyrins with different counteranions has not
been reported so far.

Results and Discussion
Synthesis of naphthosapphyrins

The new naphthosapphyrins were synthesized by following
a rational MacDonald-type 342 approach in which B-dialkylat-
ed naphthobipyrrole dialdehyde 2 (employed to increase the
solubility of the resultant macrocycles)® was condensed with
tripyrrane diacid 3a or 3b in acidified (p-TsOH) ethanol in the
presence of oxygen to form the desired naphthosapphyrins 1a
and 1b in 18 and 26% yield, respectively (Scheme 1). Com-

H ) H
4 EtOH, p-TsOH
- .
COOH COOH O, bubbling
~ “NH HNT
_ H —
N
\ / R R
R
3aR=Et 1aR =Et, 18%
3bR=H 1b R =H, 26%

Scheme 1. Synthesis of naphthosapphyrins 1a,b.

pound 3 b, previously unknown, was synthesized by following
the synthetic route of 3a.'*%! The sapphyrins were character-
ized by NMR and UV/Vis spectroscopy and HRMS. Further, sap-
phyrin 1a was characterized in the diprotonated (chloride) and
monoprotonated (acetate) states, whereas sapphyrin 1b was
characterized in the free-base form, by single-crystal X-ray dif-
fraction. meso-Tetraaryl naphthosapphyrin 9 was reported re-
cently by Lee et al. in collaboration with Sessler, Kim and us,!'?
whereby 9 was synthesized by a 2414141 strategy in the
presence of TFA in very low yield (ca. 2%) along with the di-
naphthorosarin.

'H NMR analysis of naphthosapphyrins

The 'HNMR spectrum of 1a in CDCl; at room temperature
shows a very broad NH signal at —0.51 ppm (confirmed by
D,0 exchange) and signals corresponding to meso protons at
11.27 and 10.92 ppm. This confirms a planar structure (all-N-in),
as observed for decaalkyl sapphyrins, which was expected
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owing to alkyl substitution at all pyrrolic B positions.” In com-
parison to the benzosapphyrin of Lee et al.,"® for which three
sets of NH signals were observed in the free-base form, tauto-
merization of NH protons seems to be more rapid in 1a. On
protonation, three sets of NH signals in 2:1:2 ratio appeared.
The positions of the NH signals depends on the presence of
different counteranions, as revealed by the '"H NMR spectra of
diprotonated 1a, prepared by washing the free base with dif-
ferent protic acids (Table 1). The "H NMR spectrum of free-base

Table 1. NH and meso-CH chemical shifts [ppm] in "H NMR spectra of 1a
and 1b with different counteranions in CDCls.

Compound  meso-CH B-pyrrole CH NH

1a-2HCI 11.85 (s), 11.54 (s) - —3.17, —3.65, —4.34
1a-H,50, 11.85 (brs), 11.54 (brs) - —3.16, —3.71, —4.34
1a:2p-TsSOH 11.75 (s), 11.36 (s) - —4.05, —4.26, —4.87
1a-2HCIO, 11.94 (s), 11.63 (s) - —5.14, —5.51, —6.41
1b-2HCI 11.96 (s), 11.65 (s) 10.35 —3.54, —3.56, —4.81
1b-2p-TsOH 11.85 (s), 11.47 (s) 10.31 —4.19, —4.43, —5.26
1b-2TFA 11.99 (s), 11.65 (s) 10.43 —3.91, —3.99, —5.13

1b in CDCl; shows similar trends to that of 1a. For example,
a broad signal at —0.95 ppm corresponding to NH (confirmed
by D,0 exchange) confirmed the absence of any inverted con-
formation in the macrocycle, at least at room temperature.
'HNMR spectra of diprotonated forms of 1b show a similar
pattern to that of 1a, but relatively broad NH signals were ob-
served. Table 1 lists the positions of the NH and meso signals
for different counteranions. The meso-CH signals are not much
affected by the counteranions, but significant shifts were ob-
served for NH signals, probably owing to the different coordi-
nation modes of various counteranions with pyrrolic NH
groups and the resultant strength of the hydrogen bonds. In
the free-base sapphyrins 1a and 1b, chemical shifts and inte-
grations of NH signals were found to depend on the amount
of residual water present in the NMR solvent (Supporting Infor-
mation). Since 1b has one unsubstituted pyrrole unit opposite
to the naphthobipyrrole unit, we were interested whether any
inversion occurs in the presence of excess anions, as noticed in
tetraaryl sapphyrins. To this end, we titrated a CDCl; solution
of free-base 1b with TFA (Figure 2). The results ruled out any
kind of inversion, even in the presence of an excess of TFA, as
no significant change in the spectra could be detected that
could be attributed to the corresponding inverted structure.

Structural analysis of naphthosapphyrins

Solid-state structures of 1a-:2HCl, 1a-CH;COOH (crystals ob-
tained by slow evaporation of chloroform/hexane), and free-
base 1b (from chloroform/methanol) were determined by
XRD.”"! The structure of 1a-2HCl has a nearly planar geometry.
The two N atoms of the bipyrrolic fragment (N1, N5) deviate
from the mean plane defined by the sapphyrin core (excluding
alkyl substituents) by 0.27 and 0.33 A respectively. These devia-
tions are larger than those in the benzosapphyrin (0.19 and
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Figure 2. 'H NMR titration of free-base 1b with TFA in CDCl,.

0.09 A) and can be attributed to the relatively bulky nature of
the naphthobipyrrole moiety compared to the benzo-fused bi-
pyrrole unit of the latter."% The other three N atoms of the tri-
pyrrane fragment lie closer to the mean plane with deviations
in the range of 0.05-0.13 A (Figure 3). Two chloride ions were

Figure 3. ORTEP of 1a:2HCI. a) Front view. Two solvent (CHCl;) molecules
and chloride counteranions are omitted for clarity. b) Side view. H atoms
and peripheral alkyl groups are omitted for clarity. Thermal ellipsoids are
scaled to 35% probability.

found above and below the macrocyclic core, each of which is
hydrogen-bonded to three pyrrolic NH groups of the macrocy-
cle with N---Cl distances ranging from 3.08 to 3.26 A. The dis-
tances of these two CI™ ions from the mean plane are 1.73 and
1.97 A. The unsymmetrical disposition of the two chloride ions
is more pronounced than that observed in analogous dichlor-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

CHEMISTRY

A European Journal

Full Paper

Figure 4. ORTEP of 1a-CH,COOH. a) Front view. One solvent (CHCl;) mole-
cule omitted for clarity. b) Side view. Peripheral alkyl groups are omitted for
clarity. Thermal ellipsoids are scaled to 35% probability.

ide salts of decaalkyl (1.77 and 1.89 A)'" and diphenyl sapphyr-
ins (1.82 and 1.85 A).”® The N2--N4 distance is 5.54 A. Similar
N--N distances were also observed for the monoprotonated
salt 1a-CH;COOH (Figure 4) and free-base 1b (5.57 and 5.60 A
respectively). This value is slightly greater than that of the fluo-
ride complex of a decaalkyl sapphyrin®® (5.40 A) and dihydro-
chloride salt of meso-diphenyl sapphyrin,?® which is known to
be inverted in its free-base form (5.33 A). Sapphyrins contain-
ing bithiophene units are known to have larger core sizes, with
values generally in the range of 6.23-6.39 A® and exist in in-
verted conformation. In comparison to 1a-2HCI, free-base 1b
(Supporting Information) and 1a-CH;COOH were found to be
more planar. Deviation of the N atoms of the bipyrrolic unit
from the mean plane were found to be 0.075 and 0.029 A for
1b and 0.04 and 0.05 A for 1a-CH;COOH. Likewise, N atoms of
tripyrrane fragment lie closer to the mean plane with a devia-
tion in the range from 0.04 to 0.09 A for 1a-CH,COOH and 0.03
to 0.06 A for 1b. The solid-state structure of monoprotonated
1a-CH;COOH® (also confirmed by the UV/Vis spectrum of a so-
lution of the crystals) reveals that the acetate ion is bound to
the sapphyrin molecule through three hydrogen bonds with
one of the O atoms of the acetate ion pointing towards the
macrocyclic cavity at N--O distances ranging from 2.70 to
2.74 A. Further, the acetate ion was found to reside much
closer to the mean plane (1.04 A) of the sapphyrin compared
to the benzoate ion in the monobenzoate salt of decaalkyl
sapphyrin derivatives (1.285 A), which reflects the stronger in-
teraction between the more basic acetate ion and the monop-
rotonated sapphyrin moiety.®" Assuming similar core sizes of
1a and 1b, we can conclude that bipyrrole fusion leads to
core expansion in sapphyrins, which however is not large
enough to effect inversion of pyrrole moiety opposite to the
bipyrrole moiety.

The crystal structure of free-base 1b (Figure 5) shows that
this compound exists in the solid state as an aqua-bridged
supramolecular dimer, in which each sapphyrin unit is coordi-
nated to a water O atom through hydrogen-bonding interac-
tion with the N3 and N4 atoms of the tripyrrane moiety with
N--O distances ranging from 2.78 to 2.99 A. This is reflected in
the strong water dependence of the NH chemical shift in the
'H NMR spectrum of free-base 1b (Supporting Information). To

Chem. Eur. J. 2014, 20, 15561 - 15570 www.chemeurj.org

15564

Figure 5. Supramolecular dimer of free-base naphthosapphyrin 1b. One sol-
vent (CHCI;) molecule is omitted for clarity.

the best of our knowledge, the crystal structure of free-base
sapphyrin has so far not been reported in the literature. Fur-
ther, m-nt stacking between the two monomeric sapphyrin
units is quite strong with an interplanar distance of about
3.48 A and centroid-centroid distance of about 3.64 A. This
type of aqua-bridged dimeric structure is unprecedented for
sapphyrins in the solid state, and the only report, by Sessler
etal., involves a self-assembled sapphyrin dimer in the dipro-
tonated state, in which the interplanar distance of about
3.76 A and centroid-centroid distance of about 7.65 A indicate
much weaker m-m stacking between the two diprotonated
sapphyrin units.®?

Ground-state absorption and emission properties of naph-
thosapphyrins

The absorption spectrum of free-base 1a shows a split Soret-
like band with absorption maxima at 488 nm and a shoulder at
468 nm, whereas Q-like transitions appeared at 671, 692, 730,
and 765 nm (Figure 6). Thus, the Soret band and lowest-energy
Q-band are redshifted by 22 and 37 nm, respectively, in com-
parison to benzosapphyrin."” Similar split Soret bands at 502
and 527 nm were also observed for the meso-tetraaryl ana-
logue 9.'"? Diprotonated 1a displays a blueshifted Soret band
(10 to 15 nm) compared to the free base. On protonation, Q
bands also undergo blueshifts with a relatively intense Q-like
transition in the range of 696-699 nm accompanied by
a broad shoulder around 724-727 nm. The absorption patterns
observed for different salts are more or less similar. All salts
and the free base emit around 730 nm (Figure 6). However, the
quantum vyield of the free base is lower than those of its dipro-
tonated counterparts (Table 2). The absorption spectrum of
free-base 1b shows a well-defined split Soret band at 465 and
486 nm. The Q-type absorption bands at 670, 690, 733, and
771 nm showed a similar pattern to those of 1a (Figure 6). Di-
protonated forms of 1b, obtained by washing with aqueous
solutions of different acids, show an increase in intensity of the
Soret band with a marginal blueshift, accompanied by in-
creased intensity and blueshift of the Q bands compared to
the free base. Two well-resolved Q bands appeared around
699 (intense) and 731 nm. One notable difference between the
two protonated naphthosapphyrins is that the splitting of the
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Figure 6. Top: UV/Vis (left) and normalized emission (right) spectra of naphthosapphyrin 1a and its diprotonated salts in CHCl,. Bottom: UV/Vis (left) and nor-
malized emission (right) spectra of naphthosapphyrin 1b and its diprotonated salts in CHCI;.

the energies of the constituent

Table 2. Absorption and emission properties of 1a and 1b in CHCl,. pyrrolic units (alkylated versus
) o non-alkylated pyrroles). Emission
Compound Solvent Absorption Emission .
i P 2 7 o spectra of free-base 1b and its
[nm] M'em™] [nm] [nm] [%] different salts display maxima
1a CHal, 488 156000 502 732 13 | around 736nm, except for
1a-2HCI CHCl, 478 216000 440 731 38 1b-2HCIO,, the emission of
1a-2HCIO, CHCl, 473 283000 498 730 2.1 which is slightly blueshifted
1a-H,50, CHCl, 474 249000 497 731 53 (8 nm) compared to that of 1b
1a-2p-TsOH CHCl, 476 231000 497 731 45 Fi 6). To determi heth
1b CHl, 486 109000 500 737 14 | (Figure 6). To determine whether
1b-2HCI CHCl, 475 199000 498 737 54 | any structural change occurs in
1b-2HCIO, CHCl4 459 200000 440 729 8.1 the presence of excess acid, the
1b-H,SO0, CHCl, 470 122000 497 736 59 absorption spectrum of 1b was
1b-2p-TsOH CHCl, 474 169000 500 736 43 . . .
monitored  during titration
[a] Fluorescence quantum yields were measured with tetraphenylporphyrin as reference.** against TFA (Supporting Informa-

Soret band observed for the free base is still retained in pro-
tonated 1b, which was not observed in case of protonated 1a.
Although not a confirmation, this indicates that the energy
states associated with the Soret band probably do not become
degenerate on protonation of 1b owing to large difference in

tion). However, no significant

change was observed, and thus
any structural change, even in the presence of excess acid, is
excluded (as noted in the '"H NMR study). The fact that the
spectra became almost saturated before addition of two equiv-
alents of acid, unlike the tetraaryl analogue 9,"? indicated that
there is not much structural difference between mono- and di-
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cationic forms and that the pK,, and pK,, values are very simi-
lar.

Third-order NLO studies on naphthosapphyrins

Figure 7 shows the open-aperture Z-scan data recorded at
800 nm for all of the investigated sapphyrins. Clearly, two-

0
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Figure 7. Open-aperture Z-scan data at 800 nm. The input peak intensity
was approximately 100 GWcm™ for free bases and approximately

130 GWcm™ for the salt solutions. Open circles: experimental data; solid
lines: 2PA fits.

photon absorption (2PA) is the dominant mechanism (also con-
firmed by intensity-dependent studies). Input peak intensities
of Ipy~100 GWcm™ for free bases and Iy~ 130 GWcm™2 for
the salt solutions were used. The occurrence of 2PA could be
due to the available two-photon resonant states in the vicinity
of the B bands, that is, in 400-505 nm (19800-25000 cm™)
range. Interestingly, at the same peak intensity at which the
free bases exhibited 2PA (/100 GWcm2), the salts did not dis-
play any nonlinearity, and only at slightly higher peak intensi-
ties (=130 GWcm™) did the salts start to exhibit nonlinear ab-
sorption behavior. Table 3 summarizes all of the NLO coeffi-
cients retrieved from the Z-scan data. The 2PA coefficients and
cross sections (200-1100 GM) obtained for the naphthosap-
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phyrin derivatives are slightly lower than the o, values of the
dihydrochloride salts of decaalkyl sapphyrins reported by Yoon
et al.®¥ Interestingly, the perchlorate salts showed the largest
0, values for both of the sapphyrin derivatives compared to
their free bases and other salts. Figure 8 shows the closed-
aperture Z-scan data of all investigated compounds. All of
them exhibited negative nonlinearity of n,, as is evident from
the peak/valley structures. The values of n, retrieved from the
fits were about 107 cm?*W~". We could not decouple the sol-
vent contribution in the closed-aperture mode. As the n, value
of chloroform is positive, the n, values of these compounds
will be higher than those presented here. The solvent contribu-
tion in the open-aperture data recorded at corresponding
peak intensities is negligible.

Degenerate pump-probe measurements

Complete details of degenerate pump-probe experiments
were presented in some of our earlier works."*3 The initial de-
generate pump-probe measurements were performed with
lower peak intensities (~100 GWcm™) of the pump beam.
The initial peak intensities were such that nonlinear effects
were avoided. It was observed that differential probe transmit-
tance gave an autocorrelation-type signal. In the case of free-
base samples, the pump-probe signal showed a positive rise
with double-exponential decay. We believe that in this case
the intensity was sufficient to excite the two-photon resonant
states (supported by Z-scan open-aperture measurements) and
the decay comprised two components. To excite the two-
photon resonant states of other compounds (i.e., the sapphyr-
in salts), the experiments were performed at slightly higher
peak intensities of the pump beam. Figure 9 shows the data
for 1a-2HCI, 1a-:2HCIO,, 1a:2p-TsOH, 1b-2p-TsOH, as well as
for 1a and 1b, both at low and at high peak intensities. The
differential probe transmittance was initially negative (especial-
ly for 1a-2HCIO,, 1a-2p-TsOH, 1b-2p-TsOH) and subsequently
became positive. The small negative component in the re-
sponse could be due to the coherent artifact.?™ The positive
part decayed biexponentially. Similar behavior was observed
for some of the corrole and cyclo[4]naphthobipyrrole deriva-
tives studied earlier by us.*®” The data were fitted with a biex-
ponential function (Table 4).253” The slower component of the
fits (1-2 ns, except for 1a and 1b) were almost comparable to

Table 3. Nonlinear absorption coefficients obtained from Z-scan measurements at 800 nm (estimated errors: =+ 15%).
Sample oo ¢ B n, g, Im| X®| Re| X¥| | X®| | X9
[GWecm™]  [mm]  [emW %107 [cm*W '1x107"7  [GM] [M2V=3%x1072  [Mm?V3x1072  [m*V3x10™% [esu]x107"

1a 97 033 4.00 39.3 498  2.80 432 433 31.0

1a-2HC 131 0.27 2.00 6.12 302 140 6.73 6.88 4.92
1a-2HCIO, 131 0.14 240 2.50 694 1.68 2.75 3.22 231
1a-H,S0, 131 0.24 2.00 6.60 339 140 7.26 74 5.30
1a-2p-TsOH 131 0.29 1.70 3.75 238 1.19 4.12 4.29 3.07

1b 107 0.34 3.70 63.6 447 259 70.0 70.0 50.1

1b-2HCI 123 0.30 2.00 10.4 274 1.40 1.4 11.5 8.26
1b-2HCIO, 128 0.07 2.00 2.12 1090  1.40 2.40 2.77 1.99
1b-H,SO, 136 0.23 1.65 1.87 295 115 2.05 2.36 1.69
1b-2p-TsOH 18 0.25 1.70 1.4 272 1.19 125 12,6 9.03

Chem. Eur. J. 2014, 20, 15561 - 15570 www.chemeurj.org 15566 © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

Norm.Transmittance

1.01

1.00

0.99

0O

o 1a.2HCI

00002

o

o 1b.2HCI

1.010

-10 0 10 20

1.005|
1.000

o 1a.2HCIO,
o ©

0.995,
30 20 0 0 10 20
1.01 o 1a-H,S0,
1.00
0.99
0.98 @
30 20 0 0 10 20 0 3 20 o m) 20

30

o 1a.2p-TsOH

OOOOO

| —1a.2HCI

=3
- 0.4 - 0 p
c -0.4L——1a.2p-TsOH ~ 0 20 40 60 ———1b.2p-TsOH N N N . s
: 10 0 20 20 30 20 50 50 0 10 20 30 40 50 60 70
: 09t 4 os} ]
06k 1a high intensity 1 sl
03p 1 o3t ]
0.0} i .
0.0t J
-10 [) 10 20 30 40 50 60 70 10
09} . . {1 os} ]
—1a low intensity
0.6} 1 o6l 1
0.3} i
3 O] | e 031 ]
0.0 ) S
T 1 oo} ]

Probe delay (ps)

Figure 9. Degenerate pump-probe measurements at 800 nm. The pump and probe intensities were about

175 GWcm~2 and about 186 MW cm™, respectively. Black lines: experimental data; red lines: exponential fits. De-

generate pump-probe measurements of the free-base solutions of 0.3 mm concentration at 800 nm. The pump
and probe intensities were about 100 GWcm™ and about 186 MW cm ™2, respectively. Black lines: experimental
data; red lines: exponential fits.

the radiative lifetimes (typically a few nanoseconds). In the
case of 1a and 1b the slower decay components were about
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184 and about 65 ps, respective-
ly. Similar slower decay times
were observed even for stronger
pumping (at higher peak intensi-
ties, the decay components
were ca. 150 and ca. 68 ps).
These decay times probably
have strong nonradiative com-
ponents. The faster component
(2-4 ps) can be attributed to the
relaxation of population from
high-lying singlet states includ-
ing internal conversion (IC) from
S, to S, states and intramolecular
vibrational relaxation within S,
sates. The two-photon excitation
enables the population to reach
S, states, and the slow decay in-
cludes the relaxation of popula-
tion from the excited singlet
state S, to S,. The free-base sap-
phyrins 1a and 1b have longer
radiative lifetimes (1.5-1.6 ns)
compared to their meso-tetraaryl
analogue 9 (1.3 ns), and this may
be attributable to the greater
structural flexibility in the latter
due to free rotation of the meso-
aryl substituents.'? Expectedly,
the lack of tautomerization due
to absence of internal proton-
transfer processes in the sap-
phyrin salts led to an increase in
their radiative lifetimes (Table 4).
Except for 1a-H,SO,, all sapphyr-
ins, including the free bases,
showed single-exponential
decay with lifetimes ranging
from 1.50 to 2.18 ns, whereas
the sulfate salt of 1a exhibited
double-exponential decay with
lifetimes of 1.90 and 3.60 ns.

Nondegenerate pump-probe
measurements

Nondegenerate pump-probe
measurements were performed
by using the same experimental
setup that was used for degen-
erate pump-probe measure-
ments. However, a 2-mm [3-
barium borate crystal was placed
in the probe-beam path (no fo-
cusing of the probe beam was

performed) and 400 nm photons were generated. A schematic
of the nondegenerate pump-probe experiments is provided in

15567
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. - T second decay component
Table 4. Lifetimes of naphthosapphyrins. 7,, 7, are the fitted parameters from the pump-probe data. Radiative d includ ibuti
lifetimes 7, were obtained from time-correlated single-photon counting measurements. cou include  contributions
from both radiative and nonra-
Compound Nondegenerate Degenerate pump-probe data Radiative lifetimes diative processes. The dynamics
. pump_pr;’be data . . . of naphthosapphyrins are ex-
1 2 1 2 r . . .

[ps] Ins] Ips] Ins] Ins] plained in detail by the sche-
1a - - 2.2 (91%), 2.7 (83%) 0.184 (9%), 0.150® (16%) 1.60 matic in F'?”“? 1. The lower-
1a2HC  9(24%) 18(76%) 3.5 (55%) 15 (44%) 190 energy excitations at 800 nm
1a-2HCIO, 5(18%) 1.8 (82%) 2.1 (68%) 2.0 (32%) 218 (degenerate case) were not suf-
13'H2504 9 (21%) 1.9 (79%) - - 1.90 (47.7 %), 3.60 (52.3 %) ﬁcient to excite the mo'ecu'es
1a2p- 2(13%) 2.2(86%) 3.5(31%) 1.5 (69 %) 217
TOH to S, states, except for the free-
1b - - 3.4 (55%), 4.0% (55%) 0.065 (44 %), 0.068% (44%) 1.50 base molecules. Due to the
1b2HCl 3.8 (48%) 1.4 (52%) - - 1.59 nonlinearity of the free-base
1b-2HCIO, 2(34%) 0.04 (65%) - - 2.00 molecules, the lower-energy ex-
1b-H,50, 2(20%) 1.0 (80%) - - 1.78 o .

itation rmi
1b:2p- 4(30%) 2.0(70%) 3.2(79%) 1.55 (21 %) 1.90 citations  pe fred access to
TsOH two—photon resonant states.
—— - - - The decays at this energy are
[a] Data recorded with higher peak intensity of the pump (=175 GW cm™2). Other degenerate pump-probe data bi ial and include i
were recorded at about 100 GWcm™2. For nondegenerate pump-probe data the peak intensity of the pump lexponential and include intra-
was about 400 GWcm™2. molecular vibrational relaxation

the Supporting Information. Figure 10 shows the nondegener-
ate pump-probe data of 1a-2HCl, 1a-2HCIO,, 1a-H,SO,,
1a-2p-TsOH, 1b-2HCI, 1b-2HCIO,, 1b-H,SO,, and 1b-2p-TsOH.
The data (Table 4) show a positive rise in differential transmis-
sion with biexponential decay, which again could be due to
the relaxation of population in the higher excited singlet states
(S,) and IC from S, to S,. The faster lifetimes were 2-9 ps and
the slower decay times were 1-2.2 ns, except for 1b-2HCIO,
(=40 ps), and the longer decay time matches well with the ra-
diative lifetimes recorded independently. Since these com-
pounds emit at about 730 nm (from the emission spectra), the

and IC followed by radiative or
nonradiative decay. However,
stronger pumping allowed the population to be excited to S,
states.

In the nondegenerate pump-probe experiments, since
pumping was performed at 400 nm, the excitation directly
pumped the population into S, states and the double-expo-
nential decays 7, and 7, (see Figure 11) followed. The data ob-
tained from both degenerate and nondegenerate studies
matched very well within the experimental errors. For example,
the values of 7, obtained for 1a-2HCIO, were 1.8 and 2.0 ns in
the nondegenerate and degenerate case, respectively. This
value again matches with the radiative lifetime of 2.18 ns ob-
tained from time-correlated
single photon counting studies.

The nonradiative de-excitation in
case of free-base sapphyrins 1a
and 1b can be attributed to the

i 1a.2Hcl |*° 1a.2HCIO, NH tautomerization processes
-20 -10 0 10 20 30 40 50 60 -20 -10 0 10 20 30 40 50 60 and, intriguingly, 1 b‘2 HCIO4 alSO
0.} 0.8 follows a similar path, unlike the
0.4} i2d other sapphyrin salts, which un-
— o0 dergo de-excitation from the S,
5 1a.H,SO, Jo.0 1a.2p-TsOH . .. . .
£ A S S D S S state via radiative paths, which is
by -20 -10 0 10 20 30 40 50 60 -20 -10 0 10 20 30 40 50 60 .
s ¥ beyond our understanding at
0.8 0.8 H
this stage.
0.4 o4
o Th:2HCl {50 1b:2HEI0, Conclusion
-10 0 10 20 30 40 50 60 -10 6 1‘0 2‘0 3‘0 40
o8 o5 We have synthesized and charac-
' terized in detail two new naph-
0.4f . .
04 thosapphyrins and various salts
0.0 1b.H,S0, {9, 1b.2p-TsOH thereof.  Although  bipyrrole
400 16 20 30 40 80 60 -0 0 10 20 30 40 50 60 fusion at B3, positions led to an

Probe delay (ps)

Figure 10. Nondegenerate pump-probe measurements (pump at 400 nm and probe at 800 nm). The pump and
probe intensities were 440 GWcm™2 and 186 MW cm ™2, respectively. Black lines: experimental data; red lines: ex-

ponential fits.
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increase in the size of the sap-
phyrin core, it is not sufficient to
cause the inversion of the oppo-
site unsubstituted pyrrole unit.
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Figure 11. Energy-level diagram describing the various transitions involved
once the population is excited into S, states through 2PA.

Further, an unprecedented aqua-bridged free-base sapphyrin
dimer showing strong m-m stacking interaction in the solid
state was isolated. Due to the higher nonlinearity of the free
bases, 2PA was observed even at lower peak intensities, where-
as the sapphyrin salts needed higher peak intensities. Excited-
state dynamics studies by degenerate and nondegenerate
pump-probe techniques revealed decay times of high-lying
excited states in the pico- and nanosecond regimes.

Experimental Section
General procedure for naphthosapphyrins (1a)

B-Diisopropylnaphthobipyrrole  dialdehyde®  (2; 170 mg,
0.49 mmol) was placed in a 500 mL round-bottom flask containing
absolute ethanol (360 mL) and the mixture heated to reflux until
no undissolved material remained. After cooling to room tempera-
ture, tripyrromethane dicarboxylic acid derivative 3a (210 mg,
0.49 mmol) was added, followed by the addition of p-TsOH-H,O
(378 mg, 1.96 mmol). The reaction mixture was protected from
light and stirred for 24 h at room temperature with continuous
oxygen bubbling. After completion of the reaction, the solvent
was evaporated under reduced pressure, and the residual dark
solid was dissolved in CHCl; and washed thoroughly with water.
The organic layer was evaporated and the resulting residue was
purified on a silica-gel column (CHCI; with increasing methanol
content up to 10 vol% as eluent). The green fraction thus obtained
was collected and washed with 1M aqueous NaOH solution to
obtain sapphyrin 1a in free-base form. Repeated column chroma-
tography was necessary to obtain the pure product. Yield: 57 mg,
18%. Diprotonated salts were obtained by washing a CHCl; solu-
tion of the free base with aqueous solutions of various acids.

Data for 1a: 'HNMR (400 MHz, CDCl;, ppm): =—-0.53 (brs, 3H,
NH), 2.08 (brs, 6H, CH; Et), 2.65 (brd, 12H, CH; iPr), 3.96 (s, 12H,
CH; Me), 4.52 (brd, 4H, CH, Et), 5.74 (m, 2H, CH iPr), 7.94 (m, 2H,
CH naph), 9.41 (m, 2H, CH naph), 10.92 (s, 2H, CH meso), 11.26 (s,
2H, CH meso); HRMS (ESI): m/z calcd for CuH,Ns [M+H]*:
646.3910; found: 646.3909; UV/Vis (CHCl,): A, (€): 335 (21343),
468 (130921), 488 (156565), 624 (4724), 671 (14845), 689 (10942),
730 (17024), 765 nm (3065).
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Data for 1a-2HCI: 'H NMR (400 MHz, CDCl;, ppm): 6 =—4.37 (s,
2H, NH), —3.64 (s, 1H, NH), —3.17 (s, 2H, NH), 2.30 (t, J=7.2 Hz,
6H, CH; Et,), 2.68 (d, /=6.8 Hz, 12H, CH, iPr), 4.14 (s, 12H, CH; Me),
4.65 (m, 4H, CH, Et), 5.79 (m, 2H, CH iPr), 8.01 (m, 2H, CH naph),
9.50 (m, 2H, CH naph), 11.54 (s, 2H, CH meso), 11.85 (s, 2H, CH
meso).

Data for 1a-2HCIO,: '"H NMR (400 MHz, CDCl,, ppm): 6 =—6.41 (s,
2H, NH), —5.51 (s, 1H, NH), —5.14 (s, 2H, NH), 2.29 (t, J=7.6 Hz,
6H, CH; Et), 2.66 (d, J=7.2 Hz, 12H, CH; iPr), 418 (s, 12H, CH; Me),
467 (q, J=7.2 Hz, 4H, CH, Et), 5.75 (m, 2H, CH iPr), 8.08 (m, 2H,
CH naph), 9.63 (m, 2H, CH naph), 11.63 (s, 2H, CH meso), 11.95 (s,
2H, CH meso).

Data for 1a-2p-TsOH: 'H NMR (400 MHz, CDCl,, ppm): 6 =—4.88 (s,
2H, NH), —4.26 (s, TH, NH), —4.05 (s, 2H, NH), 2.36 (m, 6 H, CH; Et),
2.74 (d, J=7.2 Hz, 12H, CH; iPr), 4.10 (s, 12H, CH; Me), 4.61 (q, J=
7.2 Hz, 4H, CH, Et), 5.41 (s, 4H, Ph p-TsOH), 5.73 (m, 2H, CH iPr),
8.03 (m, 2H, CH naph), 9.45 (m, 2H, CH naph), 11.37 (s, 2H, CH
meso), 11.75 (s, 2H, CH meso).

Data for 1a-H,50,: '"H NMR (400 MHz, CDCl;, ppm): 6 =—4.34 (s,
2H, NH), —=3.71(s, 1H, NH), —3.16 (s, 2H, NH), 2.27 (brs, 6H, CH;
Et), 2.69 (brs, 12H, CH, iPr), 4.15 (brs, 12H, CH; Me), 4.66 (brs, 4H,
CH, Et), 5.79 (brs, 2H, CH iPr), 8.03 (s, 2H, CH naph), 9.52 (s, 2H,
CH naph), 11.54 (s, 2H, CH meso), 11.85 (brs, 2H, CH meso).

Data for 1b: Yield 26 %; 'H NMR (400 MHz, CDCl,, ppm): 6 =—0.95
(brs, 3H, NH), 2.68 (d, J=7.2Hz, 12H, CH; iPr), 3.83 (s, 6H, CH,
Me), 3.86 (s, 6H, CH; Me), 5.65 (m, 2H, CH iPr), 7.96 (m, 2H, CH
naph), 9.38 (m, 2H, CH naph), 9.55 (s, 2H, CH Py), 10.20 (s, 2H, CH
meso), 10.74 (s, 2H, CH meso); HRMS (ESI): m/z calcd for CyoH,oNs
[M+H]*: 590.3284; found 590.3286; UV/Vis (CHCl,): A, (¢): 335
(20735), 465 (105402), 486 (109862), 615 (5884), 670 (13220), 690
(11324), 733 (14325), 771 nm (4526).

Data for 1b-2HCI: 'H NMR (400 MHz, CDCl;, ppm): 6 = —4.81 (brs,
2H, NH), —3.56 (brs, TH, NH), —3.54 (brs, 2H, NH), 2.71 (d, J=
7.2 Hz, 12H, CH; iPr), 4.19 (s, 12H, CH; Me), 5.81 (m, 2H, CH iPr),
8.02 (m, 2H, CH naph), 9.52 (m, 2H, CH naph), 10.36 (s, 2H, CH Py),
11.65 (s, 2H, CH meso), 11.96 (s, 2H, CH meso).

Data for 1b-2TFA: '"H NMR (400 MHz, CDCl,, ppm): 6 =—5.13 (brs,
2H, NH), —3.99 (brs, 1H, NH), —3.91 (brs, 2H, NH), 2.67 (brs, 12H,
CH; iPr), 4.20 (s, 12H, CH; Me), 5.79 (m, 2H, CH iPr), 8.07 (m, 2H,
CH naph), 9.56 (m, 2H, CH naph), 10.43 (s, 2H, CH Py), 11.65 (s, 2H,
CH meso), 11.99 (s, 2H, CH meso).

Data for 1b-2p-TsOH: 'H NMR (400 MHz, CDCl;, ppm): 6 =—5.26
(brs, 2H, NH), —4.43 (brs, 2H, NH), —4.19 (brs, 1H, NH), 2.76 (brs,
12H, CH; iPr), 4.13 (s, 12H, CH; Me), 5.33 (s, 4H, Ph p-TsOH), 5.77
(m, 2H, CH iPr), 8.05 (m, 2H, CH naph), 9.48 (m, 2H, CH naph),
10.31 (s, 2H, CH Py), 11.48 (s, 2H, CH meso), 11.83 (s, 2H, CH meso).
1b-2HCIO, and 1b-H,SO,: Spectra could not be recorded due to
very poor solubility.
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