tration of serotonin S, receptors in monkeys
whose behavior is socially adapted as well as
a low concentration in aggressive, socially
uncooperative animals (15). In contrast,
structures in the dorsolateral region are in-
volved in other domains of cognition con-
cerning extrapersonal space, objects, lan-
guage, and arithmetic (16). These structures
are largely intact in Gage-like patients, thus
accounting for the patients’ normal perfor-
mance in traditional neuropsychologic tests
that are aimed at such domains.

The assignment of frontal regions to
different cognitive domains is compatible
with the idea that frontal neurons in any of
those regions may be involved with atten-
tion, working memory, and the categoriza-
tion of contingent relationships regardless
of the domain (17). This assignment also
agrees with the idea that in non-brain-
damaged individuals the separate frontal
regions are interconnected and act cooper-
atively to support reasoning and decision
making. The mysteries of frontal lobe func-
tion are slowly being solved, and it is only
fair to establish, on a more substantial
footing, the roles that Gage and Harlow
played in the solution.
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Highly Conjugated, Acetylenyl
Bridged Porphyrins: New Models for
Light-Harvesting Antenna Systems

Victor S.-Y. Lin, Stephen G. DiMagno, Michael J. Therien*

A new class of porphyrin-based chromophore systems has been prepared from ethyne-
elaborated porphyrin synthons through the use of metal-mediated cross-coupling meth-
odologies. These systems feature porphyrin chromophores wired together through single
ethynyl linkages. This type of topological connectivity affords exceptional electronic inter-
actions between the chromophores which are manifest in their room temperature photo-
physics, optical spectroscopy, and electrochemistry; these spectroscopic signatures in-
dicate that these species model many of the essential characteristics of biological light-

harvesting antenna systems.

The optical, electronic, and photophysical
properties of porphyrins have made these
molecules desirable targets for incorpo-
ration into supramolecular systems and
polymers due to their central importance in
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the developing biomimetic chemistry of
multichromophoric assemblies in biology as
well as for potential .application in sensing
(1), opto-electronic (2), magnetic (3), ar-
tificial photosynthetic (4, 5), catalytic (6),
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and photosensitizing-pharmaceutical mate-
rials (7). A common objective in the fab-
rication of many of these macromolecular
systems has been the facile organization of
the individual porphyrin molecules com-
prising the multichromophoric assembly
such that they exhibit maximal mutual
electronic and excitonic interactions.

Nature is replete with systems where
large ground- and excited-state electronic
interactions between chromophores are es-
sential for biological function. The photo-
synthetic antenna systems, which play cru-
cial roles in both light harvesting and en-
ergy transfer, serve as archetypal examples
illustrating the application of highly cou-
pled chromophores in biology. Effective
biomimetic modeling of the natural pho-
ton-gathering machinery is dependent upon
overcoming several obstacles, two of which
include: (i) fabricating systems that have
high molar absorptivity throughout the vis-
ible and high-energy near-infrared regions
of the electromagnetic spectrum and (ii)
demanding that the system’s constituent
chromophores exhibit significant overlap in
their absorption and emission bands so that
directional energy transfer can be realized.
Biological systems overcome these problems
in part through the utilization of a wide
variety of pigments; Fig. 1 illuminates this
point, displaying the electronic absorption
spectra of the key chromophores involved
in photon gathering in the chloroplasts of
green plants.

In an effort to prepare new biomimetic
light-harvesting systems that exhibit these
properties, we have fabricated a variety of
supramolecular, multichromophoric sys-
tems that have been hard-wired together by
yne and polyynyl units. Ethyne, oligo-
ethyne, and multiple ethyne bridges be-
tween porphyrins are the ideal linkage to-
pologies to enable unusually high excitonic
and electronic coupling between chro-
mophore centers. Although the synthetic
chemistry of the porphyrins is well devel-
oped, routes into appropriate yne-elaborat-
ed porphyrinic synthons suitable for devel-
opment of such biomimetic supramolecular
systems have been limited (8). We have
recently demonstrated the general utility of
metal-mediated cross-coupling as a power-
ful and versatile synthetic approach to both
catalytically and quantitatively append a
wide variety of organic moieties directly to
the porphyrin periphery (9, 10). This
methodology is ideal for preparing a host of
yne-elaborated porphyrin precursors as well
as novel porphyrin arrays based on these
units (11).

The authors are in the Department of Chemistry,
University of Pennsylvania,- Philadelphia, PA 19104—
6323, USA.

*To whom correspondence should be addressed.

1106

_— Chiorophyll b Solar spectrum
Chiorophyh &
:0: V\| |/"\— Carolencids
:.E_ AY - Physoerythrin
=
5] [
4 | Phycocyanin
E, y \ /
A
S matnal X
400 500 600 700

Wavelength (nm)

Fig. 1. The photosynthetic pigments and the
solar spectrum. [Reprinted from (34) with per-
mission © Wiley]

When appended directly to the porphy-
rin meso or B positions, the acetylenyl
group allows significant modulation of
ground- and excited-state optical and elec-
tronic properties; yne linkages between por-
phyrin units give rise to multichromophoric
systems that display unusually strong exci-
tonic coupling, exceptional electrochemi-
cal behavior, and phenomenally broad,
high oscillator strength absorptions in the
visible and near-infrared regions of the elec-
tromagnetic spectrum.

We report the electronic spectroscopy,
electrochemistry, and room-temperature
photophysics of three monomeric acetyle-
nyl porphyrins as well as three prototypical
porphyrinic arrays derived from these spe-
cies that highlight the remarkable spectro-
scopic and electrochemical characteristics
of these new classes of chromophoric struc-
tures. We have synthesized bis- and tris-
porphyrin arrays which are noteworthy in
that the chromophores are linked by single
ethyne bridges; the photophysical proper-
ties of these species have many features in
common with the natural photosynthetic
antenna systems. Additionally, we contrast
herein the optical and electrochemical be-
havior of ethyne- and butadiyne-bridged
porphyrins; the distinct spectroscopic and
electronic properties afforded by each of
these linkage motifs should be particularly
useful in the developing chemistry and ap-
plication of multichromophoric assemblies.

Electronic absorption spectroscopy.
Metal-mediated cross-coupling techniques
applied to appropriately halogenated por-
phyrin precursors allow the synthesis of an
extended family of acetylenyl porphyrins
(12); Fig. 2 shows three such molecules:
(5-trimethylsilylethynyl-10,20-diphenyl-
porphinato)zinc(Il) (1), [5,15-bis(trime-
thysilylethynyl)-10,20-diphenylporphina-
tolzinc(Il) (2), and (2-trimethysilylethy-
nyl-5,10,15,20-tetraphenylporphinato)-
zinc(II) (3). Appending an ethynyl moiety
directly to the porphyrin carbon framework
imparts distinctive features to the optical
spectra of such molecules relative to the
electronic spectra of more conventional
meso-substituted metalloporphyrins. The
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Fig. 2. Room-temperature electronic absorp-
tion spectra of molecules 1 (A), 2 (B), and 3 (C)
in CHClI, solution.

full width at half maximum (FWHM) of the
intense, high-energy Soret (B) transitions
of (5,10,15,20-tetraphenylporphinato)zinc
(ZnTPP) (Fig. 3A) and (5,15-diphenylpor-
phinato)zinc (ZnDPP) (Fig. 3B) are narrow
and correspond to energies of 747 and 719
cm™!, respectively. In contrast, for both
singly ethyne-elaborated porphyrins 1 and
3, the B band transitions are broader
(FWHM = 769 and 1032 cm™!, respective-
ly). The di-meso ethynyl porphyrin 2 has a
clearly split B band. The splitting (506.9
cm™') between the B, and By bands likely
results from the removal of the degeneracy
of the porphyrin e symmetry lowest unoc-
cupied molecular orbital (LUMO), due di-
rectly to the cylindrically symmetric ethy-
nyl groups fused to the porphyrin 5 and 15
positions. The pronounced disparity in os-
cillator strength stems from the increased
conjugation along the C, molecular axis
defined by the two ethynes. The x- and
y-polarized transitions are not only energet-
ically inequivalent; increased conjugation
in one dimension results in one transition
stealing oscillator strength from the other.
Consistent with this model, the low-energy
(wavelength A > 540 nm) quasi-allowed
(Q) transitions of both 1 and 2 show
splittings not present in their parent com-
pound, ZnDPP, with the disparity in oscil-
lator strength between their respective low-
energy absorptions dependent upon the
number of ethyne moieties fused to the
porphyrin meso position.
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Fig. 3. Room-temperature electronic absorp-

tion spectra of (A) ZnTPP and (B) ZnDPP in

CHClj solution. Magnified views of the respec-
tive Q- band regions of these molecules are
shown in the boxed insets. .

Porphyrin molecules 1, 2, and 3 can be
used as synthons in the fabrication of a
variety of acetylenyl porphyrin arrays (13,
14); representative structures include bis-
[(2,2',-5,10,15,20-tetraphenylporphinato) -
zinc(II) Jbutadiyne (4), bis[(5,5',-10,20-di-
phenylporphinato)zinc (Il)Jethyne (5), and
5,15-bis{[(5’-10,20-diphenylporphinato)-
zinc (II)]Jethynyl}(10,20-diphenylporphi-
nato]zinc(II) (6). The structures and op-
tical spectra of these yne-bridged porphy-
rin dimers and trimers are shown in Fig. 4.
Molecule 4, synthesized through an Eg-
linton reaction from (2-ethynyl-5,10,15,20-
tetraphenylporphinato)zinc, shows several
pronounced characteristics in the optical
spectrum (Fig. 4A) that are distinct from a
recently reported bisporphyrin system that
features a butadiynyl bridge at the porphyrin
meso position (15). Additionally, consider-
able structural information can be gleaned
from the optical spectroscopy of 4 with
respect to its previously synthesized nickel
derivative (16). First, the high-energy re-
gion of the spectrum shows multiple optical
transitions, with clearly discernible absorp-
tions at 438.1, 460.1, and 489.8 nm. Sec-
ond, relative to ZnTPP, the high-energy
electronic transitions in 4 span a wide wave-
length range (~380 — 510 nm) in which
the FWHM is ~3000 cm~!. Third, the
energies of the absorption maxima in the
QQ-band region (611.9 and 569.5 nm) of 4
are essentially invariant with respect to the
Q(0,0) and Q(1,0) absorptions of ZnTPP
(603.4 and 563.7 nm, respectively). This
latter point indicates that the porphyrins
have essentially electronically decoupled
ground states; given that a butadiyne wire
links the two chromophores, we interpret
this as evidence that the two porphyrins of 4
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Fig. 4. Electronic absorption spectra of porphy-
rin arrays 4, 5, and 6 at room temperature in (A)
CHCl,, (B) CHClI,, and (C) 10:1 CHCl,:pyridine.

lie approximately orthogonal to each other.
Splittings in the Soret region observed in the
electronic spectra of dimeric porphyrins with
small porphyrin-porphyrin spatial separa-
tions have generally been ascribed to exci-
tonic coupling between the transition di-
poles of the two chromophores (17). Such a
B-bank excitonic splitting pattern, however,
is inconsistent with a simple point-dipole
description of a dimeric chromophore that
features coplanar or noncoplanar interacting
transition dipoles or both (I8). Since nei-
ther a single geometric conformation nor a
torsionally unrestricted bisporphyrin struc-
ture could account for the high energy re-
gion of 4’s electronic spectrum, we believe
that 4 exists at room temperature chiefly in a
few conformationally preferred states in
which the torsional angles between the
chromophores are near 90°; such a hypoth-
esis accounts for both the Q-band region as
well as the notion that the observed large
splittings in the blue region likely derive
from excitonic interactions between the
closely spaced chromophores. Vibronic cou-
pling, however, may provide a possible al-
ternative explanation for 4’s optical spec-
trum. The transitions at 438.1 and 460.1
nm, as well as those at 460.1 and 489.8 nm,
are separated by roughly 1200 cm™}; a vi-
bronic splitting of this magnitude is typically
observed between the Q(0,0) and Q(1,0)
transitions of simple fourfold symmetric por-
phyrins like ZnTPP. It is also curious to note
that approximately 4125 cm™! to the blue of

SCIENCE ¢ VOL. 264 < 20 MAY 1994

£ RESEARCH ARTICLE

the 569.5- and 611.9-nm transitions lie the
460.1- and 489.8-nm absorptions, signaling
a possible vibronic genesis for the lower
energy B-band features in the Q-band region
of the spectrum. While both of these postu-
lated vibronic origins for 4’s B-band region
are without previous experimental prece-
dent, the large vibronic splitting required by
the latter explanation make it highly im-
probable; the 4125 cm™! separations be-
tween the absorptions are quite likely fortu-
itous (19, 20).

Palladium-catalyzed coupling of desily-
lated derivatives of 1 and 2 with (5-bromo-
10,20-diphenylporphinato)zinc gave a por-
phyrin dimer with a single ethynyl bridge as
well as a trimeric porphyrin that incorpo-
rates two yne linkages. In contrast to 4, the
optical spectrum of dimeric porphyrin 5
shows what appears to be a distinctly exci-
tonically split Soret transition that features
at least six well-defined absorptions; like
that of 4, the FWHM of 5’s blue region of
the electronic spectrum is broad (~4600
cm™!). The low-energy region of the elec-
tronic spectrum has a number of distinctive
characteristics. Again, multiple transitions
are observable. The highest energy Q-type
transition (552.5 nm) is slightly red-shifted
relative to the reasonably intense Q(1,0)
transition (~540 nm) of ZnDPP. A weaker
absorption (625.1 nm), ~2100 cm™! to the
red of the 557.8-nm transition, is apparent
and may signal that an yne stretching mode
is vibronically coupled to the former exci-
tation. Finally, at 683.4 nm lies the lowest
energy transition in the ethyne-bridged por-
phyrin dimer, dramatically more intense
[extinction coefficient (e) = 23,250 M™!
cm™!, FWHM ~2000 cm™!] and substan-
tially red-shifted relative to the analogous
transition (A = 540.4 nm, £ = 8780 M~!
cm™!, FWHM = 905 cm™!) in ZnDPP.
The low-energy regime of the electronic
spectrum of 5 sharply contrasts with that of
4, in which the Q-type transitions are
scarcely red-shifted relative to those of the
parent monomer, ZnTPP. The electronic
spectra of ZnDPP, 4, and 5 indicate that
the ethyne linkage motif between porphy-
rin chromophores should be particularly
useful in the fabrication of supramolecular
systems that feature low-energy, high oscil-
lator strength transitions.

Such optical characteristics are further
amplified in the electronic spectrum of the
meso ethynyl-linked trimeric porphyrin
structure 6. Like 5, 6 has an unusually split,
very broad (FWHM = 4995 cm™!) Soret
region. The two sharpest transitions are
split by 3812 cm™! and are observed at
420.5 and 500.8 nm; this excitonic inter-
action is the largest such coupling yet re-
ported for a synthetic multichromophoric
compound and represents an increase over
the largest such energetic splitting previous-
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ly measured in solution of more than over
1000 em™! (21). Other less intense transi-
tions are apparent at 437.0, 457.2, 464.5,
and 490.9 nm. The 1906-cm™! splitting
between the 420.5- and 464.5-nm absorp-
tions is the same as that between the 464.5-
and 500.8-nm transitions, possibly indicat-
ing that a 1906-cm™! mode is vibronically
coupled to electronic excitation in this
spectral region (19). A probable origin for
such a vibrational spacing again lies with
the ethynyl moieties that link the porphy-
rin units. When conjugated organic groups
are bridged by an acetylene, the C=C
stretching frequency, typically near 2150
cm™!, can be considerably red-shifted. A
1906-cm™! vibrational splitting would sug-
gest that substantial electronic delocaliza-
tion is provided by the porphyrins pendant
to the ethynyl groups and that a cumulenic
resonance form for the excited state of 6
may be significant (Scheme 1).

The low-energy spectral region of Fig.
4C shows a single absorption centered at
802.2 nm that tails well into the near-
infrared; it is broad (FWHM = 1485 cm™!)
and intense (e = 42,800 M~'em™!) and
considerably red-shifted with respect to the
low-energy optical transition observed for
dimeric porphyrin 5. Throughout the mo-
lecular series, ZnDPP-1-2-5-6, two trends
become apparent: (i) the = — w* gap
(taken as A, of the lowest energy transi-
tion) decreases regularly with increased
conjugation and (ii) oscillator strength in
the low-energy electronic transition in-
creases concomitantly with the ability of
the molecule to delocalize charge. The
broadness of the lowest energy absorption
in 6 underscores this latter point and sug-
gests that this electronic excitation has
more in common with a charge transfer
transition than a proper QQ band (22). This
interpretation is of course consistent with
the intriguing hypothesis that the excited
state of 6 has a significant cumulenic reso-
nance form.

Based on the optical spectra of 4, 5, and 6,
certain generalizations can be made regarding
the relative structures of these molecules. The
high-energy region of the absorption spectra
of 5 and 6 is clearly distinct from that present
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in 4. Additionally, 5 and 6, having substan-
tially red-shifted absorptions in the Q-band
region relative to ZnDPP, ZnTPP, and 4,
evince strong ground-state electronic interac-
tion between the chromophores. This infor-
mation, coupled with the spectroscopic evi-
dence suggesting some cumulenic character in
the excited state of 6, argues that the ethyne-
linked porphyrins 5 and 6 are essentially
coplanar. Such a structure is consistent with
the general features of the B-band region of
both 5 and 6.

Although it may be appropriate to con-
sider highly conjugated molecules 5 and 6
as “supermolecules” (that is, the ethynyl
wire and the porphyrin cannot be strictly
differentiated), and thus not amenable to a
grossly oversimplified point-dipolar argu-
ment for describing the electronic spectral
features, we believe that the exciton model
provides a reasonable rationalization of 5’s
optical spectrum (20, 23). As discussed in
the case of 3, the presence of an ethyne
moiety fused to the porphyrin meso position
removes the degeneracy of the B, and B,
transitions for the porphyrin chromophore.
In 5, for example, the two pairs of x- and
y-polarized transitions of the individual
chromophores would be expected to give
rise to both parallel and in-line transition
dipole interactions, producing four exciton
states. Theory predicts both a highly al-
lowed blue-shifted (B)) and a highly al-
lowed red-shifted (B,) singlet-singlet elec-
tronic transition (with respect to the mo-
nomeric porphyrin) for electronic excita-
tions to the exciton states generated from
parallel and in-line transition dipole inter-
actions, respectively, for a coplanar porphy-
rin geometry (18). These two key charac-
teristics are manifest in the high-energy
region of the optical spectrum of 5 as well as
that of 6. The slight broadening of the
blue-shifted B, transition with respect to B,
indicates the existence of molecular popula-

tions at room temperature that vary slightly
from a perfectly coplanar chromophore ar-
rangement, because the energy of a B tran-
sition is expected to have a dependence on
the chromophore-chromophore torsional
angle (18). The similarity of the extinction
coefficients for the B, and B transitions in
both 5 and 6 also indicates that significant
populations of yne-bridged dimers and tri-
mers deviating substantially from near-zero
torsional angles do not exist. Other factors
that further complicate the B-band region of
coplanar porphyrin arrays 5 and 6 likely
include vibronic coupling, transitions to for-
mally forbidden exciton levels, or both.
Because the magnitude of the w — w*
gap in 4 varies little relative to that in
ZnTPP, the chromophores in the bu-
tadiyne-linked dimer have little ground-
state electronic interaction. Porphyrin ar-
rays 5 and 6 thus stand in sharp contrast to
array 4 in which the available spectroscopic
evidence strongly suggests that 4’s [porphi-
natojzinc units have an approximate or-
thogonal orientation (24).
Electrochemical data. Electrochemical
data shown in Table 1 also support the
structural assignments based on the optical
data. Appending a single ethynyl group to
the B position of ZnTPP or the meso posi-
tion of ZnDPP has only a minor effect on
the porphyrin ring oxidations, but signifi-
cantly stabilize the one- and two-electron
(1e and 2e) reduced forms of the porphyrin.
For example, molecule 3, bearing two meso-
ethynyl moieties, is slightly more difficult to
oxidize and substantially easier to reduce
than its parent complex, ZnDPP. Ethynyl
and butadiynyl linkage motifs give rise to
substantially disparate porphyrinic electro-
chemical responses. For the ethyne-bridged
porphyrin dimer 5, each of the four porphy-
rin redox processes occurs in two le steps.
For each redox process, substantial (120 to
260 mV) redox splitting occurs between

Table 1. Comparative electrochemistry of the acetylenyl porphyrins. E,, is the half-wave
potential. Cyclic voltammetric experimental conditions: [Porphyrin] = 2 mM; [TBAPF4] = 0.15 M;
solvent = benzonitrile; scan rate = 1.0 V/s; standard calomel reference electrode, platinum-disk
working electrode; and an internal standard of ferrocene/ferrocenium (Fe'/Fe') with a redox

couple = 0.43 V.

E1/2 (mV)
Com- . - . .
pound Ring oxidation Ring reduction
ZnP/ZnP* ZnP+/ZnP2+ ZnP/ZnP~ ZnP~/ZnP?2-

ZnTPP 785 1168 -1388 -1773
ZnDPP 803 1200 -1413 —1800

1 738 1285 -1075 —-1498

2 870 1260 -1100 -1570

3 870 1138 —-1320 —1660

4 830* 1215* —1300* -1670*

5 620, 880 13007 -1160, —1280 -1760, —1910

*Signifies a 2e redox step (all other redox processes are 1e in nature).

t1e step—the associated second 1e

step of second oxidation process occurs beyond the anodic solvent limit.
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each of its constituent le steps. Significant
redox splitting is a hallmark of strongly
interacting ground-state redox centers and
indicates that the resultant charge that
accumulates on 5 throughout the course of
the electrochemical experiment is consider-
ably delocalized over both porphyrin cen-
ters. The ethynyl bridging motif thus causes
the bisporphyrin system 5 to behave as a
single redox entity.

This redox activity contrasts markedly
to butadiynyl-bridged 4, in which each
redox process is 2e in nature. The 2e
signature of 4’s redox processes could indi-
cate either redox cooperativity between the
two porphyrin centers or complete elec-
tronic decoupling of the porphyrin units.
The former case results when the second le
step of the net 2e process is thermodynam-
ically more facile that the initial le redox
change; such could be the case if 4 is
subject to redox-induced transformations of
geometrical configuration. Because the an-
odic to cathodic peak-to-peak separations

for each of the 2e redox processes in 4 are
similar to the peak-to-peak separations
(~100 mV) observed in the cyclic voltam-
metric responses of 5, whose redox pro-
cesses occur in discreet le steps, we feel
that this interpretation of 4’s redox behav-
ior is less likely. A more plausible explana-
tion for the 2e redox processes observed in
the cyclic voltammetry of 4 is that geomet-
ric factors, such as porphyrin-porphyrin dis-
tance and porphyrin plane-porphyrin plane
relative orientation, serve to electronically
decouple the two redox units; the electro-
chemical responses observed are thus the
superposition of two nearly noninteracting
monomers. This behavior is in fact ob-
served in bisporphyrin systems where the
porphyrin planes have a face-to-face (cofa-
cial) orientation when the porphyrin inter-
planar separations are large (25). These
electrochemical responses are thus not in-
consistent with our structural picture de-
rived from the electronic spectra of these
molecules, namely, that the chromophores

A 612.3 —> Emission D 621.1—>
658.4 ~—671.2
580 740
570 7w 4
Excitation /
4<_//’\~u"\
B 6401 —> E 7204—>
=
8 ~—690.0
s N
L]
2 580 720 600 820
= 2
[
= 5
c 616.2 —>= F 835.5 —
-—660.3
720 880
570 780 3 6
s
400 500 600 700 800' 400 ' 500 ' 600 ' 700 ' 800
Wavelength (nm)

Fig. 5. Room-temperature excitation and emission spectra of molecules 1 to 6. (A) Fluorescence
excitation was monitored at 612 nm; A, (emission) = 427 nm; CHCI, solvent. (B) Fluorescence
excitation monitored at 640 nm; A, (emission) = 431 nm; THF solvent. (C) Fluorescence excitation
monitored at 616 nm; A, (emission) = 431 nm; CHCI, solvent. (D) Fluorescence excitation
monitored at 621 nm; A, (emission) = 438 nm; CHCI, solvent. (E) Fluorescence excitation
monitored at 720 nm; A, (emission) = 478 nm; THF solvent. (F) Fluorescence excitation monitored
at 835 nm; A, (emission) = 500 nm; pyridine solvent.
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in 4 are predominantly orthogonal whereas
those in 5 are predominantly coplanar.

Although the optical properties of these
ethyne- and butadiyne-bridged porphyrins
are unprecedented, these dimeric porphy-
rins are not the only bisporphyrin systems
that exhibit strong electronic coupling be-
tween the ground-state chromophores; the
cofacial porphyrin structural motif has been
well studied and allows for such electronic
interactions at small interporphyrin dis-
tances (25, 26). A comprehensive electro-
chemical survey of a large family of cofacial
bis[(porphinato)zinc] complexes shows that
the magnitude of redox splitting increases
with decreasing porphyrin interplanar sep-
aration at a constant porphyrin-porphyrin
relative orientation; the redox splitting for
the ethyne-bridged porphyrin 5 exceeds
that observed for even the most closely
interacting cofacial bisporphyrin complexes
(25). A more striking electrochemical
property of the ethyne-bridged porphyrin
arrays is the dramatic decrease in the
HOMO-LUMO gap (takenas E_ — E_, of
the first le oxidation and reduction) rela-
tive to the porphyrin monomer (that is,
1.78 V in 5 versus 2.21 V in ZnDPP). As
Collman and co-workers pointed out in a
qualitative molecular orbital analysis of
bonding in cofacial porphyrin dimers, such
porphyrin-porphyrin interactions result in
only slight stabilization of the dimer LUMO
relative to that of the monomer; the
HOMO-LUMO gap for most cofacial bis-
[(porphinato)zinc] systems is thus seldom
less than 2.0 V (25). Planar, yne-bridged
porphyrin arrays thus represent a chro-
mophore system with highly stabilized le
reduced and oxidized forms.

Excitation and emission spectroscopy.
For compounds 1 to 5, the excitation spec-
tra follow Kasha’s rule and mirror the ab-
sorption spectra, as expected for pure com-
pounds (Fig. 5, A to E). The excitation
spectrum of the yne-bridged trimeric por-
phyrin, 6, shows a curious feature (Fig. 5F):
Although the emission intensity scales as
expected at short wavelength (370 — 500
nm), there appears to be diminished signal
intensity in the 800-nm region of the spec-
trum, possibly signaling that the excited
state inefficiently converts to the emitting
state.

As is observed in the emission spectrum
of simple monomeric porphyrins, the emis-
sion spectra of compounds 1 to 4 (insets,
Fig. 5, A to D) consist of two peaks that
mirror the Q-band absorptions, shifted
slightly to the red. The ethyne-bridged
porphyrin dimer 5 exhibits a single unsym-
metrical emission band a 720.4 nm, a long-
er wavelength than observed for the fluo-
rescence emission of the less well electron-
ically coupled, butadiyne-bridged dimeric
porphyrin 4. The highly conjugated trimeric
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porphyrin 6 emits even further to the red
(\,,, = 835.5 nm) (inset, Fig. 5F). A
notable aspect of the emission spectrum of
6 is its close energetic (497 cm™!) proxim-
ity to the low-energy absorption centered at
802.2 nm; this Stokes shift is considerably
smaller than that observed for 5 (752
cm™!). The small Stokes shift signals high-
ly “nested” ground- and excited-state po-
tential surfaces, thus requiring minimal ex-
cited-state nuclear distortion with respect
to the ground-state nuclear coordinates
(27). Such is the case for monomeric por-
phyrins and the closely related chloro-
phylls, which typically show Stokes shifts
on the order of a few hundred wave num-
bers (28). It might thus be expected that
arrays of higher order than 6 should exhibit
highly overlapping absorption and emission
bands characteristic of the simple porphy-
rins and chlorophylls, but with the added
feature of having readily tunable, low-ener-
gy absorptions that have high oscillator
strengths.

Relevance to biological antenna mole-
cules and light-harvesting assemblies. The
design and fabrication of efficient photon-
harvesting polymeric structures and materi-
als necessarily precedes the development of
artificial systems that could convert light
energy into chemical energy (29, 30). The
unusual optical spectra of these acetylenyl-
bridged porphyrin compounds is further un-
derscored when viewed alongside Fig. 1,
and suggests their potential for use as pre-
cursors to such polymeric materials. The
spectra shown in Fig. 4 indicate that an
appropriately designed array consisting of
ethyne- and butadiyne-bridged porphyrin
structural elements may be able to mimic
the chloroplast’s essential light-harvesting
multichromophoric spectral characteristics,
accomplishing with a single chromophore
(porphyrin) what the natural photon-gath-
ering systems have required several pig-
ments to effect.

Considerable effort has been spent in the
elucidation of the biomimetic design crite-
ria for antenna molecules; covalently linked
porphyrin systems have figured prominently
in such studies (5, 30). The suitability of
these highly coupled porphyrins to such
investigations is made obvious in the opti-
cal spectrum of trimeric porphyrin 6, which
is the first synthetic system that accurately
models the salient spectroscopic character-
istics of the B820 subunit of the core an-
tenna complex (LH1) of the purple photo-
synthetic bacteria Rhodospirillum rubrum,
Rhodobacter capsulatus, and Rhodobacter
sphaeroides (31). Furthermore, compounds
5 and 6 bear many spectroscopic similarities
to other purple bacterial light-harvesting
complexes, as well as to the chlorosomes,
the light-harvesting structures in green
photosynthetic bacteria (32).

1110

In addition to being new structural ele-
ments for developing the biomimetic chem-
istry of natural photosynthetic antenna sys-
tems, the unusual photophysical and elec-
trochemical properties of these acetylenyl-
bridged porphyrins lend themselves to a
number of potential avenues for further
investigation, including the development
of near-infrared sensors, materials for non-
linear optics, novel higher order arrays and
polymers, as well as new photosensitizing
pharmaceuticals.

Note added in proof: Anderson (33) has
recently reported a butadiyne bridged bis-
porphyrin system with a similarly large ex-
citonic splitting.
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. Until recently, the only example of a porphyrin

bearing an ethyne substituent was A. W. Johnson
and co-workers' meso-ethynlyloctaethylporphy-
rin, isolated in ~80 percent purity from the dehy-
drohalogenation of meso-bromovinylporphyrin [D.
P. Arnold, A. W. Johnson, M. Mahendran, J.
Chem. Soc. Perkin Trans. 1, 366, (1978)]. Recent-
ly both Havesi and co-workers and Anderson
have reported examples of acetylenyl porphyrins
fabricated by various condensation methodolo-
gies [G. Proess, D. Pankhert, L. Hevesi, Tetrahe-
dron Lett. 33, 269 (1992); H. L. Anderson, ibid., p.
1101]. Arnold and Nitschinsk have also explored
metal-mediated cross-coupling as an alternative
methodology into such systems and have report-
ed a few examples of such structures [D. P.
Arnold, L. J. Nitschinsk, Tetrahedron Lett. 34, 693
(1993)]. Additionally, Lindsey and co-workers
have used such an approach to append ethynyl
moieties to the pendant phenyl rings of tetraaryl
porphyrins to form diphenylethyne-linked su-
pramolecular porphyrin systems [see (5)].

The molecules 1, 2, and 3 were synthesized in
high yield (typically >90 percent isolated) through
Pd-catalyzed cross-coupling of trimethylsilylethy-
nylzinc chloride with (5-bromo-10,20-diphenyl-
porphinato)zinc(ll),  (5,15-dibromo-10,20-diphe-
nylporphinato)zinc(ll), and (2-bromotetraphenyl-
porphinato)zinc(ll), respectively. Experimental
methods were similar to those reported previously
(9); the general synthetic approach is as follows:
a 10-fold molar excess of the trimethylsilylethy-
nylzinc chloride was transferred to a Schlenk-style
storage tube containing ~0.10 mmol of (2-bromo-
5,10,15,20-tetraphenylporphinato)zinc, (5-bromo-
10,20-diphenylporphinato)zinc, or (5,15-dibromo-
10,20-diphenylporphinato)zinc and 10 mg of
Pd(PPh,), or Pd(dppf) [Ph, phenyl; dppf, 1,1'-
bis(diphenylphosphinoferrocene)] catalyst in ~20
ml of tetrahydrofuran (THF). The total solvent
volume was adjusted to 40 ml. The (bromoporphi-
nato)zinc complex, Pd catalyst, and organometal-
lic reagent were heated to 60°C in a sealed
Schlenk tube under nitrogen. The time course of
the reaction was monitored by thin-layer chroma-
tography. At the endpoint [t ~ 16 and t ~ 12
hours, respectively, for Pd(PPh;), and Pd(dppf)
catalyzed reactions], the mixture was then
quenched with water, extracted with chloroform,
dried over CaCl,, and evaporated. Details for the
isolation of each compound as well as selected
characterization data are given below:

1: After completion of the Pd(PPhj),-catalyzed
cross-coupling reaction, the product was purified
by column chromatography on silica gel with 1:9
THF:hexane. A brownish-red band was collected
and evaporated. Isolated yield was 113 mg (91.5
percent based on 120 mg of the porphyrin start-
ing material). Proton nuclear magnetic resonance
("HNMR) (500 MHz, CDCl,): 3 10.01 (s, 1 H), 9.99
(d, 2 H, coupling constant J = 4.0 Hz), 9.76 (d, 2
H,J=4.4Hz),9.19 (d, 2H, J= 8.7 Hz), 8.98 (d,
2H, J=4.3Hz),8.17 (m, 4 H), 7.76 (m, 6 H), and
0.61 (s, 9 H). '3C NMR (125 MHz, CDCl,): 3
152.09, 150.29, 149.78, 149.14, 142.27, 134.52,
132.72, 132.23, 131.70, 131.01, 127.54, 126.63,
121.23, 107.76, 107.17, and 0.43. Visible absorp-
tion bands (Vis) (CHCI,): 427.5 (5.45), 519.9
(3.02), 560.5 (3.8), 604.2 (3.4) nm [log & (extinc-
tion coefficient)]. Fast-atom bombardment mass
spectrometry (FAB MS): 620 [calculated (calcd)
620]. Elemental analysis (Anal): Calcd for
CyHogN,ZnSi: C 71.43; H 4.54; and N 9.01.
Found: C 71.22; H 4.49; and N 8.77.

2. After completion of the Pd(dppf) catalyzed
cross-coupling reaction, the crude product was
chromatographed on  silica  with 11
CH,Cl,:hexane as eluent. A dark green band was



isolated and evaporated to yield 45.1 mg of
product (93 percent, based on 46 mg the porphy-
rin starting material). "H NMR (500 MHz, CDCl,):
8968(d,4H,J=46Hz),89(d,4H, J=47Hz),
8.15 (m, 4 H), 7.76 (m, 6 H), and 0.58 (s, 18 H).
3C NMR (125 MHz, CDCly): & 0.32, 107.34,
115.08, 122.64, 126.67, 127.69, 131.29, 132.77,
134.39, 112.10, 150.26, and 152.22. Vis (CHCl,):
437.0 (5.51), 446.9 (5.22), 539.3 (3.40), 582.2
(3.93), 621.8 (4.09), and 633.9 (4.35). FAB MS:
716 (caled 716). Anal: Calced for C,,H,,N,ZnSiy:
C 70.43; H 4.78; and N 7.82. Found: C 70.11; H
4.69; and N 7.48. -

3: Upon conclusion of the Pd(PPhy), catalyzed
cross-coupling reaction, the product was purified
by column chromatography on silica with 1:1
chloroform:hexane. A single red band was isolat-
ed and evaporated giving an isolated yield of
136.6 mg of the product (89.6 percent, based on
163 mg of the porphyrin starting material). 'H
NMR (500 MHz, CDCl,): 8 9.20 (s, 1 H), 8.90 (d, 4
H, J=4.13Hz),8.86 (d, 1 H, J= 4.4 Hz),8.77 (d,
1H, J=4.4Hz),8.19 (m,6 H),8.11 (m, 2H), 7.77
(m, 9 H), 7.66 (m, 3 H), and 0.22 (s, 9 H). Vis
(CHCI): 430.9 (5.42), 559.0 (4.16), and 598.0
(3.67). FAB MS: 772 (calcd 772). A desilylated
sample was analyzed. Anal: Calcd for
CeHogN,2Zn: C 78.69; H 4.02; and N 7.98. Found:
C 78.38; H 4.24; and N 7.69.

The compounds 1, 2, and 3 are readily desilylated
to give the corresponding ethynyl-substituted por-
phyrins, which serve as synthons in further cou-
pling reactions. In a typical desilylation reaction,
10 ml of a 1 M THF solution of tetrabutylammo-
nium fluoride was added to 69 mg of 1 in 30 ml
CH,CI, under nitrogen. The mixture was stirred
for 50 min, quenched with water, extracted with
chloroform, dried over CaCl,, and evaporated.
The product was purified by column chromatog-
raphy on silica with 1:1 chloroform:hexane. Isolat-
ed yield = 54.9 mg of the desilylated product (90
percent yield, based on the silyl-protected ethy-
nylporphyrin starting material). '"H NMR (500
MHz, CDCl;): 8 10.18 (s, 1 H), 9.756 (d, 2 H, J =
47Hz),928(d,2H,J=46Hz),896 (d, 2H, J
=4.7Hz),894(d, 2H, J= 4.6 Hz), 821 (m, 4 H),
7.79 (m, 6 H), and 4.187 (s, 1 H). "3C NMR (125
MHz, CDCl,): 3 151.93, 150.14, 149.41, 149.11,
142,65, 134.23, 132.31, 131.75, 131.41, 130.29,
126.92, 126.06, 120.59, 107.29, 97.06, 86.79, and
77.21. Vis (CHCI): 424.0 (5.43), 5658.0 (3.97), and
600.0 (3.5). FAB MS: 487 (calcd 487).

. The compound 4 was synthesized through an

Eglinton coupling of 3 with itself (14); 5 and 6
were synthesized through an additional Pd-cata-
lyzed cross-coupling of an ethynyl-substituted
porphyrin with an appropriate (bromoporphina-
to)zinc(ll) species.

4: An oven-dried 50-ml Schlenk tube equipped
with a magnetic stirring bar was charged with
(2-ethynyl-5,10,15,20-tetraphenylporphinato)zinc-
(1) (50 mg, 0.07 mmol) and 1.4 ml of prepurified
pyridine. The solution was stirred under N,, for 10
min. Cu(OAc), (OAc, acetate; 40 mg, 0.2 mmol) in
2 ml of pyridine was heated to 60°C and added to
the porphyrin-pyridine solution by syringe; the
mixture was then warmed and stirred at 90°C for 1

14,

15.

hour. The solution was quenched with H,O. A
crude dark-green precipitate was collected, re-
dissolved in CHCl,, dried over CaCl,, and purified
by column chromatography on silica with 70:30
hexane:THF as eluent. A dark-green band was
collected and evaporated to yield 38.3 mg of
product (78 percent yield, based on the porphyrin
starting material). Selected characterization data:
"H NMR (500 MHz, CDCl,, 320 K): 9.15 (br. s, 2
H), 8.74 (m, 12 H), 8.11 (m, 16 H), and 7.65 (m, 24
H). Vis (CHCI,): 438.1 (4.64), 460.1 (4.44), 489.8
(4.16), 569.5 (3.8), and 611.9 (3.76). FAB MS:
1398 (calcd 1398).

5: Lithium bistrimethylsilylamide (1 mmol) was
added to a solution of (5-ethynyl-10,20-diphenyl-
porphinato)zinc(ll) (50 mg, 0.1 mmol) in 20 ml
THF to yield the (5-ethynyllithium-10,20-diphenyl-
porphinato)zinc(ll) reagent. (5-bromo-10,20-di-
phenylporphinato)zinc(ll) (60 mg, 0.1 mmol) and
10 mg of Pd(PPhj), in 20 ml THF were added to
this solution by canula. After completion of the
metal-mediated cross-coupling reaction, chroma-
tography was carried out on silica with 9:1 hex-
ane:THF as eluent. The first green band was
isolated and evaporated to yield 77.2 mg of the
product (yield = 72 percent, based on (5-ethynyl-
10,20-diphenylporphinato)zinc(ll)). "H NMR (250
MHz, CDCl,): 3 10.43 (d, 4 H, J = 4.6 Hz), 10.03
(s,2H),921(d, 4H, J=4.4Hz),9.06 (d 4H,J
=45Hz),891(d,4H, J=4.4Hz),8.22 (m, 8 H),
and 7.72 (m, 12 H). Vis (CHCIl;) 413.9 (4.96),
420.5 (4.97), 426.0 (4.96), 432.6 (4.92), 445.8
(4.89), 477.7 (5.1), 549.2 (4.15), 552.5 (4.14),
557.8 (4.15), 625.1 (4.09), and 683.4 (4.37). FAB
MS: 1070 (calcd 1070).

6: Pd(PPhg), (20 mg, 0.0173 mmol) and Cul (10
mg) were added to a solution of (5-bromo-10,20-
diphenylporphinato)zinc(ll) (120 mg, 0.2 mmol) in
20 ml THF. (5,15-diethynyl-10,20-diphenylporphi-
nato)zinc(ll) (57 mg, 0.1 mmol) and 0.35 ml of
diethylamine in 20 ml THF were added to this
solution by canula. After completion of the metal-
mediated cross-coupling reaction, the precipitat-
ed product was isolated by filtration and then
recrystalized from a pyridine-hexane mixture to
give 66.5 mg of the product (yield = 41 percent
based on the (5,15-diethynyl-10,20-diphenylpor-
phinato)zinc(ll) starting material). "H NMR (500
MHz, CDCl,): 3 10.86 (d, 4 H, J = 4.5 Hz), 10.78
(d, 4H, J=44Hz), 10.39 (s, 2 H), 9.50 (d, 4 H,
J=483Hz),9.42 (d, 4H, J=44Hz),932(d, 4
H J=48Hz),9.15(d, 4 H, J= 4.0 Hz), 8.52 (m,
4 H), 8.47 (m, 8 H), 7.89 (m, 6 H), and 7.85 (m, 12
H). Vis (10:1 CHCly:pyridine): 420.5 (4.84), 437.0
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