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Introduction

The fascinating properties of triply fused conjugated por-
phyrin oligomers originate from their completely planar

structure and extended p-electron delocalization.[1,2] Rela-
tive to their singly bonded analogues, the absorption spectra
of these flat, sheetlike molecules exhibit a remarkable red-
shift of the lowest energy electronic transition, which pro-
gressively increases with increasing number of linked por-
phyrin units. A highly efficient synthetic methodology utiliz-
ing 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) and Sc-
ACHTUNGTRENNUNG(OTf)3 to prepare triply fused pophyrins from singly, biaryl-
type fused precursors was recently developed by Osuka and
co-workers, and has been successfully applied to the synthe-
sis of longer oligomers, up to the dodecamer.[3] These rigid,
planar molecular tapes exhibit unusually low HOMO–
LUMO gaps and one-electron oxidation potentials, and may
eventually serve as molecular wires within electronic devi-
ces.[3] Recently, triply fused porphyrin dimers have been co-
valently derivatized with two C60 molecules, resulting in a
dyad structure capable of undergoing up to fifteen reversible
electron transfer steps.[4] Moreover, photophysical investiga-
tions demonstrated that the dyad does not exhibit the classi-
cal behaviour documented for numerous porphyrin–fuller-
ene dyads. Photoexcitation of the fullerene units resulted in
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quantitative sensitization of the weakly emitting lowest sin-
glet level of the porphyrin dimer, while the fullerene emis-
sion was quenched. Additionally, supramolecular interac-
tions between triply fused dimers and fullerenes have been
investigated on a metal surface.[5] Self-assembly of fullerenes
and porphyrins, governed by weak interactions between the
two components, has led to unprecedented nanopatterned
surfaces, as observed by scanning-tunnelling microscopy
(STM).
Single-walled carbon nanotubes (SWNTs) also represent

a class of fascinating molecules with extended p-electron de-
localization. Through the seminal work of Dai,[6] Chen,[7]

and Nakashima and co-workers,[8] it has become clear that
the electron-deficient surface of SWNTs facilitates the bind-
ing of large electron-rich organic molecules through nonco-
valent p-stacking interactions. The mechanical strength and
electrical conductivity of these materials impart significant
potential as components of electronic nanodevices. There-
fore, the coupling of SWNTs to other functional molecules
has attracted significant attention. Several recent studies
have shown that porphyrin molecules have a strong affinity
for noncovalent adsorption to the SWNT surface.[8–14] This
supramolecular SWNT–porphyrin interaction was shown to
be selective for semiconducting rather than metallic
SWNTs, allowing for the separation of nanotubes according
to their conductivity properties.[9] In addition, the assembly
of protonated porphyrins on the SWNT surface, followed by
aggregation of large nanotube–porphyrin assemblies, has
been reported.[12] Recently, we demonstrated that a conju-
gated porphyrin polymer, with the individual macrocycles
linked by their anti-meso positions through buta-1,3-diynedi-
yl moieties, exhibits a significantly stronger supramolecular
interaction with SWNTs than monomeric porphyrins, allow-
ing for effective solubilization of SWNTs and the formation
of very stable solutions.[15] More interestingly, it was shown
that SWNTs can act as a template to induce the neighboring
porphyrin units of the conjugated porphyrin polymer to
assume a coplanar orientation, resulting in increased p con-
jugation and a large red-shift (127 nm) of the Q-band ab-
sorption.
Although it was demonstrated that conjugated porphyrin

polymers can strongly interact with SWNTs, the ability of
each porphyrin monomer unit to rotate about the diacety-
lene linker limited the binding strength and allowed equili-
bration between bound and unbound polymers.[15] Triply
fused ZnII–porphyrin oligomers effectively restrict each
repeat unit to a fully coplanar orientation, resulting in en-
hanced conjugation and electron-donating ability relative to
all other porphyrin oligomers and polymers. These triply
fused oligomers were therefore deemed ideal candidates for
strong supramolecular interactions with SWNTs. In the pres-
ent work, we demonstrate that these interactions do indeed
occur and can lead to very strong, nearly irreversible bind-
ing of triply fused oligomers to the SWNT sidewall. Com-
parison of the triply fused dimer and trimer molecules, rela-
tive to the analogous monomeric control compound, uncov-
ered clear trends not only in the interaction strength with

SWNTs, but also in their spectroscopic and electrochemical
properties.

Results and Discussion

Synthesis and characterization : The structures of the triply
fused dimer 2 and trimer 3, and the control compound,
monomer 1, are depicted in Scheme 1. This series of rigid
ZnII–porphyrin oligomers have 3,5-di-tert-butylphenyl
groups as meso-substituents to improve their solubility. At
both ends of each compound, 4-cyanophenyl groups were in-
troduced to enhance product polarity and therefore facili-
tate chromatographic separation of the intermediates and
final products. These polar groups are also important for the
formation of ordered, self-assembled porphyrin monolayers
on surfaces.[5] As shown in Scheme 1, porphyrin 4[12, 16] was
treated with two equivalents of N-bromosuccinimide (NBS),
yielding dibromide 5, which was treated with phenylboronic
ester 6 by Pd-catalyzed Suzuki cross-coupling to give the
bis(cyanophenyl)porphyrin derivative 1 in high yield. When
porphyrin 4 was treated with one equivalent of NBS, fol-
lowed by Suzuki cross-coupling with 6, the (cyanophenyl)-
porphyrin 8 was produced. Monomer 8 was converted into
the triply fused dimer 2 in one step using the oxidative ring
closure mediated by DDQ and Sc ACHTUNGTRENNUNG(OTf)3, developed by
Osuka and co-workers.[17]

The synthesis and chemical functionalization of triply
fused porphyrin trimers has been practically unexplored out-
side of OsukaKs original work, despite their extremely inter-
esting structural and electronic properties.[2] We obtained
the new cyano-functionalized triply fused porphyrin trimer
3, by first preparing the meso–meso-linked trimer 11 by
means of Pd-catalyzed cross-coupling. Porphyrin 8 was treat-
ed with NBS to yield bromoporphyrin 9, followed by subse-
quent coupling with pinacolborane to give the porphyrin
boronate ester 10 in 84% yield (Scheme 1). Cross-coupling
of two equivalents of 10 with dibromoporphyrin 5 was car-
ried out in a mixture of toluene and DMF in the presence of
Cs2CO3 and a catalytic amount of [Pd ACHTUNGTRENNUNG(PPh3)4], to give the
targeted porphyrin trimer 11 in 17% yield. Four other side
products were obtained, including the debrominated mono-
mer 4, the deboronated monomer 8, the cross-coupled
dimer 12, and the homo-coupled dimer 13. Separation of
this product mixture was achieved by chromatography; flash
chromatography on silica gel allowed isolation of 4, 8, and
12, while a mixture of 11 and 13 was found to co-elute due
to the relatively small polarity difference between the two
compounds. However, preparative size-exclusion chromatog-
raphy allowed for successful separation of 11 and 13, be-
cause of the difference in their hydrodynamic volume.
Trimer 11 was then efficiently oxidized by using DDQ and
Sc ACHTUNGTRENNUNG(OTf)3 to produce the desired triply fused trimer 3 in
quantitative yield. The MALDI-TOF mass spectrum of 3
provided the most reliable evidence of its formation as it ex-
hibited the expected molecular ion peak at
2435.0001 gmol�1 ([M]+ , C158H150N14Zn3, calcd 2435.0037).
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The 1H NMR spectrum of 3 (CDCl3/CS2) was consistent
with the triply fused trimeric structure, but exhibited broad-
ened signals, likely due to aggregation of these flat, symmet-
rical molecules in CDCl3. Additionally, the byproduct 12
served as a building block for the synthesis of a triply fused
porphyrin tetramer. By using AgPF6 as the oxidant, dimer
12 was successfully converted into a meso–meso-linked por-
phyrin tetramer in 90% yield and subsequently subjected to
oxidative coupling (DDQ and Sc ACHTUNGTRENNUNG(OTf)3) to produce the
triply fused tetramer. Unfortunately, due to extremely poor
solubility, isolation and characterization of this compound
was not possible.

All three molecules of interest, monomeric 1, dimeric 2,
and trimeric 3 displayed good solubility in organic solvents,
such as CH2Cl2, CHCl3, and THF. The solutions of the three
compounds dramatically differed in color, with 1 forming a
red solution, 2 a purple-blue solution, and 3 a green solu-
tion. Figure 1 shows the UV/Vis/NIR absorption spectra of
the three compounds in CHCl3. Clearly, a significant Q-
band red-shift and intensity enhancement can be directly
correlated to the extended p-electron delocalization that re-
sults from increasing the length of the triply fused oligomers.
Thus, increasing the oligomeric length from dimeric 2 to tri-
meric 3 results in an extremely large red-shift of the Q-band

Scheme 1. a) NBS, CH2Cl2/pyridine, 0 8C, 10 min, 90%; b) 6, [PdACHTUNGTRENNUNG(Ph3P)4], Cs2CO3, toluene, D, 18 h, 97%; c) NBS, CH2Cl2/pyridine, 0 8C, 10 min; d) 6, [Pd-
ACHTUNGTRENNUNG(Ph3P)4] Cs2CO3, toluene, D, 18 h, 87% over two steps; e) Sc ACHTUNGTRENNUNG(OTf)3, DDQ, toluene, D, 2 h, 70%; f) NBS, CH2Cl2/pyridine, 0 8C, 10 min, 86%; g) pinacol-
borane, Et3N, [Pd ACHTUNGTRENNUNG(Ph3P)4], Cl ACHTUNGTRENNUNG(CH2)2Cl, D, 1.5 h, 84%; h) 5, [Pd ACHTUNGTRENNUNG(Ph3P)4], Cs2CO3, toluene/DMF, 90 8C, 18 h, 17%; i) Sc ACHTUNGTRENNUNG(OTf)3, DDQ, toluene, D, 2 h,
100%. NBS=N-bromosuccinimide; DDQ=2,3-dichloro-5,6-dicyano-p- benzoquinone.
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absorption, amounting to 324 nm (3.83 eV). Additionally, in
both the dimeric and trimeric systems, the Soret band exhib-
its splitting that is consistent with a previous report on relat-
ed oligomers.[3]

Electrochemical properties : We have recently reported sys-
tematic studies of the electrochemical properties for a triply
fused porphyrin dimer in comparison to monomeric ana-
logues.[16] Here, we compare the redox properties of com-
pounds 1, 2, and 3 as measured by cyclic (CV) and differen-
tial pulse voltammetry (DPV; Figures 2 and 3, respectively).

The cyclic voltammogram of the triply fused Zn–porphyrin
trimer 3 in CH2Cl2 is shown in Figure 2A. Six reversible
redox couples were observed, with identical current for each
of the peaks. Three reduction couples at �0.86, �1.01, and
�1.77 V versus Fc/Fc+ (ferrocene/ferricinium couple) corre-
spond to the one-electron reductions of 3, while three oxida-
tion couples at 0.01, 0.16, and 0.55 V are due to its one-elec-
tron oxidations. The CV of 3 was also performed in THF
(Figure 2B), and six reversible redox waves were again ob-
served. Four equivalent reduction couples at �0.88, �1.12,

�1.90, and �2.17 V versus Fc/Fc+ correspond to four one-
electron reductions of the compound, while two equivalent
oxidation couples at 0.02 and 0.28 V are due to its one-elec-
tron oxidations. Compared to the CV in CH2Cl2, the CV in
THF exhibits a larger separation of the first two reduction
and oxidation reactions, which could be due to decreased
aggregation of 3 in THF as a result of the coordinating abili-
ty of the furan oxygen atom to the ZnII center within each
porphyrin repeat unit.[16] The lack of this interaction with
CH2Cl2 potentially enables trimer aggregation, which de-
creases the barrier to oxidation and/or reduction of the mol-
ecules. The electrochemical gap (HOMO–LUMO gap) be-
tween the first oxidation and reduction potential of 3 is
0.87 V in CH2Cl2, and 0.90 V in THF.
Figure 3 compares the differential pulse voltammetry

(DPV) data of the monomer, dimer, and trimer in THF.
Clearly, the HOMO–LUMO gap of the trimer (1.00 V) is

significantly smaller when compared to those of the mono-
mer (2.16 V) and the triply fused dimer (1.22 V). The first
one-electron oxidation potential of the trimer (0.03 V) is
also lower than those of the monomer (0.47 V) and the
dimer (0.09 V). The significant difference in the voltammet-
ric behavior of the three structures can be attributed to the
increase in p-conjugation upon changing from the monomer-
ic, to the dimeric, and to the trimeric porphyrin sheet.

Supramolecular interactions with SWNTs : The observed
electrochemical properties of the triply fused dimer and
trimer, especially their electron-donating character, encour-
aged us to investigate supramolecular interactions between
these oligomers and SWNTs, which are known to be good
electron acceptors.[18–22] In all of these studies, pristine
SWNTs prepared by the HiPco process (Carbon Nanotech-
nologies, Houston, TX) were used as received, with no fur-
ther treatment to retain their original electronic and struc-
tural properties. Our recent work has shown that acidified
THF containing 5% trifluoroacetic acid (TFA) is a good sol-
vent medium to form and solubilize conjugated ZnII–por-

Figure 1. Electronic absorption spectra of a) monomeric 1, b) dimeric 2,
and c) trimeric 3 porphyrins in CHCl3.

Figure 2. CVs of triply fused ZnII–porphyrin trimer 3 in A) CH2Cl2 and
B) THF at room temperature (+0.1m nBu4NPF6).

Figure 3. DPVs of monomeric 1, dimeric 2, and trimeric 3 in THF. Ferro-
cene (Fc) was added to the monomer solution as an internal standard.
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phyrin polymer–SWNT nanocomposites.[15] The same sol-
vent system was again found to be ideal in the present work,
especially since the triply fused ZnII–porphyrin oligomers
are highly stable towards TFA in THF (unlike the mono-
mer), with no observable demetalation. This is likely due to
a stabilizing effect of extended conjugation in these struc-
tures, and is indicated by a lack of any changes in the UV/
Vis and 1H NMR spectra of the oligomers upon addition of
TFA. It should be noted that dissolving the oligomers in
THF acidified with H2SO4 instead of TFA resulted in slow
demetalation, as indicated by new peaks in the UV/Vis ab-
sorption spectrum (see Supporting Information).
In a typical experiment, a SWNT sample (1.0 mg) was

added to a solution of porphyrin (2.0 mg) in acidified THF
(5 mL) and the mixture was sonicated for 1 h. This was fol-
lowed by ultra-filtration through a 450 nm-pore Teflon
membrane and repeated washings with acidified THF until
the filtrate was colorless, indicating the removal of all excess
porphyrin. The residue was re-suspended in acidified THF
(5 mL) with sonication for 5 min. When this procedure was
carried out with monomer 1, re-suspension of the SWNT
residue resulted in no observable nanotube solubility, indi-
cating that the porphyrin monomer was completely removed
by our washing procedure, and no significant interaction be-
tween 1 and the SWNTs exists. In contrast, when the above
procedure was performed with a solution of the triply fused
dimer in acidified THF, sonication of the isolated residue re-
sulted in the initial formation of a homogeneous solution,
which was stable enough for characterization by UV/Vis/
NIR absorption spectroscopy. However, upon standing for
several hours, the SWNTs were observed to precipitate, in-
dicating that the solubilizing influence of the triply fused
dimer 2 could not overcome the inter-nanotube van der
Waals attraction that causes SWNTs to aggregate into bun-
dles. When trimer 3 was used, a very stable, dark solution
was obtained after sonication of the isolated residue for
5 min. This solution remained stable upon standing indefi-
nitely, with no sedimentation even after centrifugation for
20 min at 5000 rpm (see Figure 4). This stability indicates
that the interaction between trimer 3 and the nanotube side-
wall must be extremely strong, preventing nanotube re-bun-
dling after formation of the nanotube–trimer complex.

Clearly, the triply fused trimeric porphyrin exhibits stronger
binding interactions than the monomeric and dimeric sys-
tems due to extended p conjugation and enhanced electron-
donating character. Interestingly, when the above experi-
ments were performed with pure THF as the solvent, nano-
tube solubility was not observed to any extent when each of
the three porphyrin compounds was tested. In further con-
trol experiments, addition of acetic acid or potassium tri-
fluoroacetate also did not result in any solubilization of the
SWNTs. This indicates that addition of TFA is critical to the
supramolecular interaction of the porphyrin oligo ACHTUNGTRENNUNGmers with
nanotubes in THF. The exact reason for this effect is unclear
and is the subject of further investigation.
The supramolecular interaction of the triply fused dimeric

and trimeric porphyrins with SWNTs was further investigat-
ed by UV/Vis and NIR absorption spectroscopy. Figure 5

depicts the spectra of dimeric 2 and its SWNT complex in
acidified THF. Upon complexation to SWNTs, a bathochro-
mic shift of both the Soret and the Q-bands relative to the
dimer alone was observed. The longer wavelength compo-
nent of the split Soret band was observed to shift from 567
to 608 nm, while the Q-band shifted from 1100 to 1161 nm.
Figure 6 illustrates similar data for trimeric 3 and its com-
plex in acidified THF. Here, a larger bathochromic shift was
observed for both the Soret bands and Q-bands relative to 3
alone, with the longer-wavelength component of the Soret
band shifting from 680 to 714 nm, and the Q-band shifting
from 1430 to 1530 nm. These shifts in the absorption spectra
upon oligoporphyrin complexation to SWNTs are a clear
manifestation of electronic interactions between the por-
phyrins and the nanotubes, possibly signifying a porphyrin-

Figure 4. Photograph of three samples in acidified THF (containing 5%
TFA). SWNT complexes of A) monomeric 1, B) dimeric 2, and C) tri-
meric 3.

Figure 5. A) UV/Vis and B) NIR absorption spectra of a) 2 in acidified
THF, b) pristine SWNTs in DMF, and c) 2–SWNTs in acidified THF.

Figure 6. A) UV/Vis and B) NIR absorption spectra of a) 3 in acidified
THF, b) pristine SWNTs in DMF, c) and 3–SWNTs in acidified THF.
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to-nanotube charge transfer. However, the specific nature of
this electronic interaction is yet unknown and remains
under investigation. Most significantly, with the triply fused
oligomers, we detected very little, if any, absorption of the
free dimer and trimer in equilibrium with the nanotube-
bound oligoporphyrins. This indicates that the triply fused
oligoporphyrins form very strong, and in the case of 3,
nearly irreversible complexes with SWNTs, unlike all previ-
ous reports of nanotube–porphyrin interactions.
The 3–SWNT complex was further investigated by atomic

force microscopy (AFM; Figure 7). The AFM image of this
material was acquired by spin-coating (2500 rpm) three

drops of the nanotube–trimer solution in acidified THF onto
freshly cleaved mica. From this experiment, the features ob-
served on the mica surface are consistent with the existence
of an interlinked network of porphyrin-coated SWNTs. Sur-
prisingly, the height profile of most features shown is consis-
tently in the 2–4 nm range, indicating that large nanotube
bundles must have been exfoliated into either individual
nanotubes or very small bundles that are coated with por-
phyrin trimer molecules. In addition, upon magnification of
various regions in the sample (Figure 7B), it was found that
the porphyrin coating on the nanotubes is relatively uni-
form, with practically no observable uncoated SWNTs. This
again demonstrates that the SWNT–trimer interaction is ex-
ceptionally strong, allowing for complete coverage of the
nanotube surface.

Conclusions

We have shown that triply fused ZnII–oligoporphyrin mole-
cules exhibit interesting photophysical and electrochemical
properties. These highly conjugated structures display signif-
icant bathochromic shifts in their absorption spectra relative
to their monomeric and meso–meso-linked oligomeric coun-
terparts. CV and DPV reveal that the electrochemical be-
havior is increasingly different going from monomeric por-
phyrin 1, to dimeric 2, and to trimeric 3. Splitting of the

redox waves is observed for triply fused porphyrin dimer 2
and trimer 3 owing to electron delocalization. The electro-
chemical HOMO–LUMO gap in monomer 1 is much larger
than those of dimer 2 and trimer 3, a direct consequence of
the electronic delocalization over all porphyrin rings in the
triply fused arrays. The larger peak-to-peak separation of
the first two reductions and oxidations observed for trimer 3
in THF, compared with the same ones in CH2Cl2, could
probably be ascribed to the coordination of the furan
oxygen to the ZnII centers. These properties give rise to a
high degree of complementarity between the oligoporphyr-
ins and SWNTs (known to act as good electron acceptors)
allowing for the occurrence of strong supramolecular inter-
actions that are directly proportional to oligoporphyrin
length. The trimeric porphyrin 3 imparted a high degree of
SWNT solubility as a result of nearly irreversible complex
formation, with no observable precipitation of the nano-
tubes over time. This was corroborated by absorption spec-
troscopy, for which bathochromic shifts of the oligoporphy-
ACHTUNGTRENNUNGrin bands were observed upon mixing with SWNTs. Addi-
tionally, AFM measurements indicated that oligoporphyrin
adsorption can result in the exfoliation of large nanotube
bundles into either individual SWNTs, or small nanotube
bundles that are uniformly coated with the oligoporphyrins.

Experimental Section

General : Chemicals were purchased from Aldrich, Acros, Lancaster, and
Fluka and were used as received. THF was freshly distilled from sodium
and benzophenone, toluene from sodium, CH2Cl2 from CaH2. Moisture
or air sensitive reactions were performed under an inert atmosphere of
Ar by applying a positive pressure. Flash chromatography was carried
out with silica gel 60 (particle size 0.04–0.063 mm, 230–400 mesh) from
Fluka or with ICN alumina B (neutral, activity grade III) and distilled
technical-grade solvents. Preparative size-exclusion chromatography was
performed by using a glass-column (4.5O180 cm) filled with Bio-Rad
Bio-Beads S-X3 and elution with CH2Cl2 at RT; flow rate approximately
40 drops (~0.84 mLmin�1) operated with gravity. The styrene–divinylben-
zene copolymer gel was allowed to swell for 24 h prior to use. IR spectra
were recorded on a Perkin–Elmer FT16000 spectrometer. The samples
were prepared as KBr pellets, as solutions in CHCl3, or as neat com-
pounds. Selected bands are reported by wavenumber (cm�1), and their
relative intensities are described as s (strong), m (medium), or w (weak).
UV/Vis/NIR spectra were recorded on a Varian-CARY 5 spectrophotom-
eter. All spectra were measured as solutions in the indicated solvents at
room temperature (RT) using a 1 cm cell. Absorption maxima (lmax) are
reported in nm and extinction coefficients (e) in dm�3mol�1 cm�1. NMR
spectra were recorded on a Varian Gemini 300 spectrometer. The chemi-
cal shifts (d) are given in ppm with respect to the residual non-deuterated
solvent. Coupling constants (J) are given in Hz. All 13C NMR spectra
were proton wide-band decoupled. HR-MALDI-TOF mass spectra were
recorded using and an Ion Spec Ultima FT-ICR instrument. 3-Hydroxyl-
picolinic acid (3-HPA) or 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-
enylidene] malononitrile (DCTB) were used as matrices for the MALDI
experiments. Melting points were determined using a BBchi Smp 20 ap-
paratus. All melting points were measured in open capillaries and report-
ed uncorrected. Electrochemical measurements for the target compound
were performed with the CHI 660 Electrochemical Workstation. 0.1m
nBu4NPF6 in CH2Cl2 or THF was used as the supporting electrolyte (de-
gassed with Ar). A platinum wire was employed as the counter electrode
and an Ag wire used as the pseudo-reference electrode. Ferrocene (Fc)
was added as an internal reference, and the potentials were measured rel-

Figure 7. AFM images of the 3–SWNT complex spin coated onto mica.
A) 5O5 mm image, with a black box showing the region magnified in B).
The height profile along the horizontal line of B) is shown in C).
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ative to the Fc/Fc+ couple. A glassy carbon electrode (CHI, 1.5 mm in di-
ameter), polished with aluminum paste and ultrasonicated in deionized
water and CH2Cl2 bath, was used as the working electrode. Experiments
were performed at room temperature. Ultrasonication was done in a
Branson Ultrasonics B1510 bath sonicator. Atomic force microscopy
(AFM) was performed using a Digital Instruments NanoScope IIIa Mul-
timode AFM, with samples prepared by spin coating (2500 rpm) onto
freshly cleaved mica substrates. The images were recorded with standard
tips in tapping mode at a scan rate of 1.0 Hz.

ACHTUNGTRENNUNG[5,15-Bis(3,5-di-tert-butylphenyl)-10,20-dibromoporphyrinato(2�)-kN21,
kN22,kN23,kN24]zinc(II) (5): NBS (154 mg, 0.94 mmol) was added to a stir-
red solution of porphyrin 4 (350 mg, 0.47 mmol) in CH2Cl2 (50 mL) and
pyridine (1.5 mL) at 0 8C under Ar. After 10 min, the reaction was
quenched with acetone (5 mL) and the solvent was removed. The residue
was washed with MeOH (3O10 mL) and the resulting solid dried to give
the title compound as purple crystals (391 mg, 90%). M.p.>300 8C;
1H NMR ([D8]THF, 300 MHz): d=1.57 (s, 36H), 7.91 (t, J=1.5 Hz, 2H),
8.06 (d, J=1.8 Hz, 4H), 8.88 (d, J=4.5 Hz, 4H), 9.66 ppm (d, J=4.8 Hz,
4H); 13C NMR ([D8]THF, 75 MHz): d=33.42, 37,16, 106.44, 123.42,
125.63, 132.27, 134.85, 135.67, 144.23, 150.91, 152.34, 153.41 ppm; IR
(neat): ñ=2959 (m), 2863 (w), 1797 (w), 1590 (m), 1514 (w), 1497 (w),
1474 (m), 1423 (w), 1391 (w), 1360 (m), 1320 (m), 1285 (m), 1245 (m)
1200 (w), 1070 (m), 1021 (w), 1000 (s), 929 (w), 898 (m), 882 (m), 815
(m), 788 (s), 725 (m), 713 (m), 695 (s), 617 cm�1 (w); UV/Vis (CHCl3):
lmax (e)=427 (198100), 565 nm (6840 dm�3mol�1 cm�1); HR-MALDI-MS
(3-HPA): m/z calcd for C48H50Br2N4Zn [M]+ : 904.1694; found: 904.1700.

ACHTUNGTRENNUNG[5,15-Bis(4-cyanophenyl)-10,20-bis(3,5-di-tert-butylphenyl)porphyrin-
ACHTUNGTRENNUNGato(2�)-kN21,kN22, ACHTUNGTRENNUNGkN23,kN24]zinc(II) (1): A 250 mL round-bottomed
flask was charged with porphyrin 5 (785 mg, 0.86 mmol) in toluene
(150 mL), and 6 (820 mg, 3.84 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (100 mg, 0.086 mmol),
and Cs2CO3 (4.0 g, 12.3 mmol) were added. The mixture was degassed by
bubbling Ar through for 30 min, then heated to reflux under Ar for 18 h.
The mixture was filtered through a pad of Celite and the solvent evapo-
rated in vacuo. Flash chromatography (SiO2, hexane/CH2Cl2, 1:2) afford-
ed the desired product as a purple solid (830 mg, 97%). M.p.>300 8C;
1H NMR (CDCl3, 300 MHz): d=1.61 (s, 36H), 7.89 (t, J=1.5 Hz, 2H),
8.04 (d, J=7.8 Hz, 2H), 8.16 (d, J=1.2 Hz, 4H), 8.40 (d, J=7.8 Hz, 4H),
8.90 (d, J=4.5 Hz, 4H), 9.12 ppm (d, J=4.5 Hz, 4H); 13C NMR (CDCl3,
75 MHz): d=31.93, 35.23, 111.53, 118.67, 118.97, 121.11, 123.34, 127.76,
129.85, 130.31, 131.28, 132.73, 133.08, 134.80, 141.35, 147.89, 148.70,
149.21, 150.73 ppm; IR (neat): ñ=2950 (m), 2865 (w), 227 (m), 1805 (w),
1591 (m), 1523 (m), 1475 (m), 1423 (w), 1392 (m), 1361 (m), 1290 (w),
1246 (m), 1220 (m), 1202 (m), 1176 (w), 1073 (m), 1000 (s), 934 (m), 898
(m), 874 (m), 820 (m), 794 (m), 772 (s), 713 (s), 671 cm�1 (w); UV/Vis
(CHCl3): lmax (e)=427 (201200), 556 nm (7600 dm�3mol�1 cm�1); HR-
MALDI-MS (DCTB): m/z calcd for C62H58N6Zn [M]+ : 950.4009; found:
950.3998.

[10,20-Bis(3,5-di-tert-butylphenyl)5-bromoporphyrinato(2�)-kN21,kN22,
kN23,kN24]zinc(II) (7): NBS (150 mg, 0.84 mmol) was added to a stirred
solution of porphyrin 4 (626 mg, 0.84 mmol) in CH2Cl2 (65 mL) and pyri-
dine (1.0 mL) at 0 8C under Ar. After 10 min, the reaction was quenched
with acetone (10 mL) and the solvent removed in vacuo. The residue was
washed with MeOH (3O10 mL), and the resulting solid was dried to give
a mixture of monobromoporphyrin 7 (major) and small amounts of di-
bromoporphyrin 5 and porphyrin 4. Isolation of pure 7 by flash chroma-
tography was difficult due to the very close polarity of the three com-
pounds, and therefore 7 was directly used for the next step reaction with-
out isolation and characterization.

[10,20-Bis(3,5-di-tert-butylphenyl)-5-(4-Cyanophenyl)porphyrinato(2�)-
kN21,kN22,kN23,kN24]zinc(II) (8): The crude monobromoporphyrin 7 was
placed into a 250 mL round-bottomed flask and dissolved in toluene
(200 mL). Compound 6 (525 mg, 2.29 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (105 mg,
0.09 mmol), and Cs2CO3 (2.03 g, 11.5 mmol) were added to this solution.
The mixture was degassed by bubbling Ar through for 30 min, then
heated to reflux under Ar for 18 h. The mixture was filtered through a
pad of Celite and the solvent evaporated in vacuo. The product was then
purified by flash chromatography (SiO2, hexane/CH2Cl2, 1:1) allowing its
isolation as a red solid (500 mg, 70%). M.p.>300 8C; 1H NMR (CDCl3,

300 MHz): d=1.65 (s, 36H), 7.94 (t, J=1.5 Hz, 2H), 8.05 (d, J=8.1 Hz,
2H), 8.22 (d, J=1.5 Hz, 4H), 8.41 (d, J=8.1 Hz, 2H), 8.94 (d, J=4.2 Hz,
2H), 9.19 (d, J=4.2 Hz, 2H), 9.26 (d, J=4.8 Hz, 2H), 9.47 (d, J=4.8 Hz,
2H), 10.32 ppm (s, 1H); 13C NMR (CDCl3, 75 MHz): d=31.98, 35.28,
106.46, 111.40, 118.36, 119.10, 121.01, 122.45, 129.92, 130.24, 130.99,
131.94, 132.77, 133.15, 134.81, 141.43, 148.22, 148.68, 148.72, 149.91,
150.43, 150.73 ppm; IR (neat): ñ=2953 (m), 2868 (w), 225 (w), 1712 (w),
1589 (m), 1522 (w), 1475 (w), 1391 (w), 1360 (m), 1325 (w), 1290 (m),
1218 (m), 1207 (m), 1174 (w), 1065 (m), 1042 (w), 1000 (s), 926 (m), 899
(m), 885 (m), 857 (m), 78 (m), 791 (s), 706 (s), 659 cm�1 (w); UV/Vis
(CHCl3): lmax (e)=421 (186500), 549 nm (7300 dm�3mol�1 cm�1); HR-
MALDI-MS (DCTB): m/z calcd for C55H55N5Zn [M]+ : 849.3743; found:
849.3733.

{m-[10,10’-Bis(4-cyanophenyl)-5,5’,15,15’-tetrakis(3,5-di-tert-butylphenyl)-
18,18’:20,20’-dicyclo-2,2’-biporphyrinato(4�)-kN21,kN22,kN23,kN24 :kN21’,
kN22’,kN23’,kN24’]}dizinc(II) (2): Porphyrin 8 (150 mg, 0.18 mmol), DDQ
(201 mg, 0.9 mmol), and Sc ACHTUNGTRENNUNG(OTf)3 (435 mg, 0.9 mmol) were dissolved in
toluene (100 mL) , and the mixture was heated to reflux under Ar for
2 h. THF (30 mL) was added, and the solution was stirred for a further
1 h at room temperature. The mixture was passed over a column of alu-
mina, and the solvent was removed in vacuo, affording a black powder
(105 mg, 70%). M.p.>300 8C; 1H NMR (CDCl3, 300 MHz): d=1.47 (s,
36H), 7.34 (s, 4H), 7.57 (d, J=4.8 Hz, 4H), 7.64 (m, 12H), 7.72 (d, J=
4.8 Hz, 4H), 7.87 (d, J=8.4 Hz, 4H), 7.93 ppm (d, J=8.4 Hz, 4H);
13C NMR (CDCl3, 75 MHz): d=31.80, 35.05, 111.37, 118.93, 126.51,
127.55,33.32, 135.93, 139.82, 146.55, 148.75, 151.67, 153.44, 153.81,
154.18 ppm; IR (neat): ñ=2961 (m), 2238 (w), 1593 (m), 1476 (s), 1393
(w), 1363 (m), 1345 (w), 1300 (m), 1266 (w), 1247 (m), 1225 (w), 1199 (s),
1074 (w), 1023 (m), 1001 (m), 943 (s), 900 (m), 881 (m), 826 (m), 791 (s),
724 (m), 716 (m), 696 (m), 658 (w); UV/Vis (CHCl3): lmax (e)=422
(163100), 464 (59400), 565 (146400), 955 (20500), 1087 nm
(33400 dm�3mol�1 cm�1); HR-MALDI-MS (DCTB): m/z calcd for
C110H104N10Zn2 [M]+ : 1692.7023; found: 1692.7006.

ACHTUNGTRENNUNG[5,15-Bis(3,5-di-tert-butylphenyl)-10-bromo-20-(4-cyanophenyl)porphy-
ACHTUNGTRENNUNGrinato(2�)-kN21,kN22,kN23,kN24]zinc(II) (9): NBS (108 mg, 0.61 mmol)
was added to a stirred solution of porphyrin 8 (518 mg, 0.61 mmol) in
CH2Cl2 (100 mL) and pyridine (2.0 mL) at 0 8C under Ar. After 10 min,
the reaction was quenched with acetone (10 mL) and the solvent was
evaporated in vacuo. The residue was purified by flash chromatography
(SiO2, CH2Cl2/hexane, 1:1) affording the product as a purple solid
(488 mg, 86%). M.p.>300 8C; 1H NMR (CDCl3, 300 MHz): d=1.58 (s,
36H), 7.83 (t, J=1.5 Hz, 2H), 8.02 (d, J=8.1 Hz, 2H), 8.06 (d, J=2.1 Hz,
4H), 8.33 (d, J=8.1 Hz, 2H), 8.78 (d, J=4.5 Hz, 2H), 8.97 (d, J=4.5 Hz,
2H), 9.05 (d, J=4.5 Hz, 2H), 9.78 ppm (d, J=4.5 Hz, 2H); 13C NMR
(CDCl3, 75 MHz): d=32.00, 35.18, 105.75, 111.96, 118.91, 121.42, 123.73,
130.12, 130.55, 131.55, 133.41, 133.52, 133.95, 135.04, 141.48, 147.96,
148.88, 149.76, 150.05, 151.02, 151.48 ppm; IR (neat): ñ=2951 (m), 2865
(w), 229 (m), 1590 (m), 1518 (w), 1496 (w), 1425 (w), 1391 (w), 1361 (m),
1323 (m), 1289 (w), 1241 (m), 1206 (w), 1145 (w), 1070 (m), 1000 (s), 934
(m), 898 (w), 860 (w), 817 (s), 787 (m), 733 (w), 724 (m), 714 (s),
652 cm�1 (w); UV/Vis (CHCl3): lmax (e)=428 (199200), 560 nm
(7430 dm�3mol�1 cm�1); HR-MALDI-MS (DCTB): m/z calcd for
C55H54BrN5Zn [M]+ : 927.2854; found: 927.2832.

5,15-Bis(3,5-di-tert-butylphenyl)-10-(4-cyanophenyl)-20-(4,45,5-tetrameth-
yl-[1,3,2]dioxaborolan-2-yl)porphyrinato(2�)-kN21,kN22,kN23,kN24]zinc(II)
(10): A 250 mL two-necked flask was charged with porphyrin 9 (427 mg,
0.46 mol), Et3N (5.0 mL, 39.60 mmol), and 1,2-dichloroethane (100 mL).
The mixture was degassed by bubbling with Ar for 30 min, after which pi-
nacolborane (3.0 mL, 18.90 mmol) and [PdCl2ACHTUNGTRENNUNG(PPh3)2] (35 mg, 0.05 mmol)
were added. The resulting solution was heated to reflux for 1.5 h and
quenched with water (10 mL), followed by washing with water (3O
50 mL). The organic phase was dried over Na2SO4, and the solvent was
removed. The residue was purified by flash chromatography (SiO2,
CH2Cl2/hexane, 3:1) to give the desired product as a red solid (377 mg,
84%). M.p.>300 8C; 1H NMR (CDCl3, 300 MHz): d=1.62 (s, 36H), 1.91
(s, 12H), 7.89 (t, J=1.8 Hz, 2H), 8.05 (d, J=8.4 Hz, 2H), 8.16 (d, J=
1.5 Hz, 4H), 8.38 (d, J=8.1 Hz, 2H), 8.89 (d, J=4.8 Hz, 2H), 9.10 (d, J=
4.8 Hz, 2H), 9.20 (d, J=4.5 Hz, 2H), 9.98 ppm (d, J=4.8 Hz, 2H);
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13C NMR (CDCl3, 75 MHz): d=25.64, 32.07, 35.36, 85.57, 110.67, 121.17,
122.90, 128.52, 129.06, 129.59, 130.07, 130.53, 131.16, 131.36, 132.63,
133.19, 133.77, 142.00, 148.50, 148.88, 150.85, 150.94, 154.64 ppm; IR
(neat): ñ=2959 (m), 225 (w), 1725 (w), 1590 (m), 1525 (m), 1448 (w),
1391 (w), 1360 (m), 1305 (w), 1277 (m), 1201 (m), 1140 (s), 1069 (m),
1035 (m), 1000 (s), 964 (w), 928 (m), 875 (w), 852 (m), 817 (m), 791 (s),
766 (w), 715 (s), 658 cm�1 (m); UV/Vis (CHCl3): lmax (e)=424 (186600),
552 nm (6500 dm�3mol�1 cm�1); HR-MALDI-MS (DCTB): m/z calcd for
C61H66BN5O2Zn [M]+ : 975.4601; found: 975.4596.

Preparation of 11 via Pd-catalyzed cross coupling between 5 and 10 : Por-
phyrins 5 (35 mg, 0.0386 mmol) and 10 (76 mg, 0.0772 mmol), Cs2CO3

(100 mg), and [Pd ACHTUNGTRENNUNG(PPh3)4] (10 mg, 0.0086 mmol) were dissolved in a mix-
ture of dry DMF (5 mL) and dry toluene (5 mL). The solution was de-
oxygenated by means of four freeze-pump-thaw cycles, and the resulting
mixture was heated at 90 8C overnight under Ar. The mixture was ex-
tracted with CH2Cl2 (50 mL) and washed with water (3O30 mL). The or-
ganic layer was dried over Na2SO4 and concentrated. The components in
the resulting residue were separated by flash chromatography (SiO2,
CH2Cl2/hexane, 3:1), resulting in four fractions. The first three fractions
corresponded to porphyrin monomer 4 (9.0 mg, 35%), dimer 12 (22 mg,
18%), and monomer 8 (17.2 mg, 26%). The fourth fraction was a mix-
ture of the homocoupling product, dimer 13, and the target cross-cou-
pling product, trimer 11. This mixture was separated by preparative size-
exclusion chromatography on Bio-Rad Bio-Beads S-X3 to give the final
pure products 13 (15 mg, 24%) and 11 (16 mg, 17%) as brown solids.

Data for {m-[15-(4-Cyanophenyl)-10,10’,20,20’-tetrakis(3,5-di-tert-butyl-
phenyl)-5,5’-biporphyrinato(4�)-kN21,kN22,kN23,kN24 :kN21’,kN22’,kN23’,
kN24’]}dizinc(II) (12): M.p.>300 8C; 1H NMR (CDCl3, 300 MHz): d=1.53
(s, 36H), 1.55 (s, 36H), 7.79 (t, J=1.8 Hz, 2H), 7.81 (t, J=1.8 Hz, 2H),
8.18 (d, J=1.8 Hz, 4H), 8.21 (d, J=1.8 Hz, 4H), 8.25 (d, J=5.1 Hz, 2H),
8.26 (d, J=5.1 Hz, 2H), 8.53 (d, J=8.1 Hz, 2H), 8.87 (d, J=4.8 Hz, 2H),
9.00 (d, J=4.5 Hz, 2H), 9.16 (d, J=4.5 Hz, 2H), 9.29 (d, J=4.8 Hz, 2H),
9.58 (d, J=4.5 Hz, 2H), 10.48 ppm (s, 1H); 13C NMR (CDCl3, 75 MHz):
d=31.93, 31.97, 35.25, 35.26 106.87, 111.78, 118.92, 119.77, 120.65, 121.10,
121.18, 123.23, 124.02, 129.93, 129.99, 130.65, 131.32, 132.07, 132.52,
132.71, 132.98, 133.12, 134.12, 134.48, 135.15, 141.71, 141.79, 148.51,
148.86, 149.28, 150.07, 150.28, 150.68, 151.26, 151.30, 154.73, 155.27 ppm;
IR (neat): ñ=2959 (m), 226 (w), 1803 (w), 1590 (m), 1520 (w), 1475 (w),
1423 (w), 1391 (w), 1382 (w), 1318 (w), 1289 (m), 1246 (m), 1220 (w),
1208 (w), 1063 (m), 1000 (s), 927 (m), 898 (m), 881 (w), 863 (w), 846 (w),
821 (m), 791 (m), 713 (s), 615 cm�1 (w); UV/Vis (CHCl3): lmax (e)=421
(220900), 456 (209600), 563 nm (9600 dm�3mol�1 cm�1); HR-MALDI-MS
(DCTB): m/z calcd for C103H105N9Zn2 [M]+ : 1595.7076; found: 1595.7061.

Data for {m-[15,15’-Bis(4-Cyanophenyl)-10,10’,20,20’-tetrakis(3,5-di-tert-
butylphenyl)-5,5’-biporphyrinato(4�)-kN21,kN22,kN23,kN24:kN21’,kN22’,
kN23’,kN24’]}dizinc(II) (13): M.p.>300 8C; 1H NMR (CDCl3, 300 MHz):
d=1.46 (s, 72H), 7.72 (t, J=1.5 Hz, 4H), 8.09 (d, J=1.5 Hz, 8H), 8.12
(d, J=7.5 Hz, 4H), 8.15 (d, J=4.8 Hz, 4H), 8.46 (d, J=7.5 Hz, 4H), 8.74
(d, J=4.5 Hz, 4H), 8.92 (d, J=5.1 Hz, 4H), 9.08 ppm (d, J=5.1 Hz, 4H);
13C NMR (CDCl3, 75 MHz): d=31.86, 35.17, 11.57, 118.76, 119.515,
119.96, 120.96, 123.80, 129.67, 130.39, 131.12, 132.51, 132.77, 134.10,
134.88, 141.41, 148.17, 148.58, 149.04, 150.35, 150.99, 154.86 ppm; IR
(neat): ñ=2951 (m), 226 (w), 1804 (w), 1589 (m), 1519 (m), 1422 (w),
1391 (m), 1361 (m), 1330 (w), 1285 (m), 1246 (m), 1205 (m), 1067 (m),
1000 (s), 928 (s), 898 (m), 876 (w), 822 (m), 810 (w), 792 (m), 712 (s),
616 cm�1 (m); UV/Vis (CHCl3): lmax (e)=421 (245600), 456 (237000),
563 nm (53400 dm�3mol�1 cm�1); HR-MALDI-MS (3-HPA): m/z calcd
for C110H108N10Zn2 [M]+ : 1696.7341; found: 1696.7272.

Data for {m3-[15,15’’-Bis(4-cyanophenyl)-10,10’10’’,20,20’20’’-hexakis(3,5-
di-tert-butylphenyl)-5,5’:15’,5’’-terporphyrinato(6�)-kN21,kN22,kN23,kN24:
kN21’,kN22’,kN23’,kN24’:kN21’’,kN22’’,kN23’’,kN24’’]}trizinc(II) (11): M.p.>
300 8C; 1H NMR (CDCl3, 300 MHz): d=1.38 (s, 36H), 1.50 (s, 72H), 7.61
(t, J=1.8 Hz, 2H), 7.59 (t, J=1.8 Hz, 4H), 8.10 (d, J=1.8 Hz, 4H), 8.14
(d, J=1.8 Hz, 8H), 8.14 (d, J=7.5 Hz, 4H), 8.21 (d, J=4.8 Hz, 4H), 8.30
(d, J=4.5 Hz, 4H), 8.49 (d, J=7.5 Hz, 4H), 8.76 (d, J=4.5 Hz, 4H), 8.81
(d, J=4.8 Hz, 4H), 8.94 (d, J=4.8 Hz, 4H), 9.10 ppm (d, J=4.5 Hz, 4H);
13C NMR (CDCl3/CS2, 75 MHz): d=31.82, 31.91, 34.94, 35.06, 111.69,
118.67, 118.84, 119.95, 120.30, 120.94, 123.74, 124.14, 129.50, 129.73,

130.32, 131.09, 132.16, 132.24, 132.50, 132.82, 134.05, 134.32, 135.00,
141.56, 148.11, 148.25, 148.43, 148.98, 150.38, 150.46, 150.94, 154.63,
154.84 ppm; IR (neat): ñ=2952 (m), 2863 (w), 2230 (w), 1590 (m), 1519
(w), 1474 (w), 1422 (w), 1391 (w), 1360 (m), 1320 (w), 1286 (m), 1246
(m), 1206 (m), 1066 (w), 1000 (s), 927 (m), 899 (w), 883 (w), 822 (m), 792
(s), 755 (w), 722 (m), 713 (s), 616 cm�1 (w); UV/Vis (CHCl3): lmax (e)=
420 (292000), 479 (260700), 571 nm (83000 dm�3mol�1 cm�1); HR-
MALDI-MS (DCTB): m/z calcd for C158H158N14Zn3 [M]+ : 2443.0663;
found: 2443.0600.

ACHTUNGTRENNUNG{m3-[10,10’’-Bis(4-cyanophenyl)-5,5’5’’,15,15’15’’-hexakis(3,5-di-tert-butyl-
phenyl)-18,18’:20,20’:10’,20’’:12’,18’’-tetracyclo-2,2’:8’2’’-terporphyrina-
to(6�)-kN21,kN22,kN23,kN24 :kN21’,kN22’,kN23’,kN24’:kN21’’,kN22’’,kN23’’,
kN24’’]}trizinc(II) (3): Porphyrin 11 (60 mg, 0.024 mmol), DDQ (60 mg,
0.24 mmol), and Sc ACHTUNGTRENNUNG(OTf)3 (125 mg, 0.24 mmol) were dissolved in dry tol-
uene (30 mL) , and the mixture was heated to reflux under Ar for 2 h.
The mixture was passed over an alumina column, eluting first with
CH2Cl2 and then with CH2Cl2/THF (5:1), resulting in the collection of a
green fraction. The solvent was removed in vacuo, and the residue was
purified by flash chromatography (SiO2, CH2Cl2/hexane, 1:1), affording
the product as a black powder (60 mg, quant.). M.p.>300 8C; 1H NMR
(CDCl3/CS2, 300 MHz): d=1.31 (s, 36H), 1.34 (s, 72H), 6.86 (s, 4H), 6.89
(s, 4H), 7.39 (m, 6H), 7.52 (d, J=4.5, 4H), 7.60 (m, 12H), 7.72 (d, J=
4.5, 4H), 7.87 (d, J=8.4, 4H), 7.93 ppm (d, J=8.4, 4H); IR (neat): ñ=
3625 (w), 2949 (m), 2359 (w), 2226 (m), 1715 (w), 1698 (w), 1694 (w),
1651 (w), 1589 (m), 1475 (w), 1391 (m), 1360 (m), 1299 (m), 1245 (m),
1224 (m), 1000 (s), 1117 (m), 1002 (s), 940 (m), 898 (m), 876 (m), 860
(m), 823 (s), 790 (m), 767 (m), 714 (s), 667 (m), 631 cm�1 (w); UV/Vis
(CHCl3, e): 427 (59,100), 669 (73900), 1185 (13800), 1407 nm
(46800 dm�3mol�1 cm�1); HR-MALDI-MS (3-HPA): m/z calcd for
C158H150N14Zn3 [M]+ : 2435.0037; found: 2435.0001.
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