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Abstract: We report the syrdthesis and properties’ ‘of three members of a new class of phonochcmlcal model
compounds containing acovaieady—hnke&pa”phinn and a cyanine dye. In compounds 1 and 2 the dye absorbs in
the 450-570 nm reglgn 1 and €1 enu'gy trangfer occurd with 80% efficiency from the dye to the free base porphyrin. In
compound 3the dye abswbsm the 650-780 nm region and energy trasisfer occurs with 80% eéfficiency from: the
free base porphyrin to the dye. The zinc-porphyrin-dyes exhibit both donor and acceptor quenching with only
modermyleldsofenugymsfer 'I‘hszmklsaﬁrststep wwamthbde\reldpmzntofan arﬁﬁcialfphyeobﬂ:some
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- Introduction: Light-hatvesting by antenna comiplexes-is-an integral photosynthetic process. ‘Both the
chloropliyll light-harvesting coniplexes and the phycobilisomes ‘are; comprised of hundreds of pigmients which
function in a cooperative'manner to fanniel photonic energy to the reactiot: centers.] Given the importance of
photosynthetic light-harvesting it is surprising that few synthetic model systems have been prepared for absorption
of visible light followed by eniergy transfer.2-4 The ‘tajor synthetic challenge is to¢reate a structured-pool of
chromophores that together petform efficient vectorial energy transfer. I the phycobilisome, for example,
sticked arrays of bilin pigmerits absotb i thie ~500-650 rim region and perform & multistep energy cascade with
high quantum efficiency, ultimately sensitizing cilorophyll and thereby extending the spectral range for light-
harvesting.5- The bilin pigments are rigidly-positioned in proteins which self-assemble to give a functional
phycobilisome unit. In creating an artificial phycobilisome it is'desirable to preserve the paradigms-of the natural
system (high fluoréscence quantum yields, tigid 3-dimensional organization of pigmients, rapid energy transfer,
self-assembly of the component parts, etc.), but from a functional standpoint there are no compelling reasons to
limit the selection of pigments to bilin chromophores.

One especially intriguing class of photochemically-active abiotic molecules consists of the cyanine dyes.6 The
cyanines have an intense long wavelength absorption band (e ~50-200,000 M- lem-1), moderate fluorescence
quantum yields, and negligible yields of triplet state formation.” The long wavelength absorption band can be
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tuned with precision from the near-UV to the near-IR by synthetic design. Each additional vinyl group in the
polyene chain shifts the absorption about 100 nm to the red, and alteration of the terminal groups provides finer
tuning (Figure 1). Wavelength tunability is unique to the cyanines and in conjunction with their absorption,
fluorescence, and photochemical properties has led to diverse applications such as laser dyes,3:9 fluorescent bio-
probes, 10 and visible sensitizers in photography.11
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: Flgure 1, Wavelength tunability in cyanine dyes

- The rich photochemxstry of; the porphynns and the cyanine. dyes has pmpclled us to prepare thc new class of
compounds contammg a porphynn and a cyanine dye. To our knowledge this is the first example of the covalent
incorporation of cyanme dyes into a synthetic photochemical model system. The elucidation of the photochemical
properties of these bichromophoric molecules provides a foundation for the more ambitious long-term goal of
constructing synthetxc muluchmmophore assemblies for harvesung of visible light. -

Synthesis: The asymmetric dyes are synthesxzad by rehcumwf two mdolemnes with a polyene dianil. 12 If
both indolenines show equal reactivity toward the anil, a sxmultaneous condensation with Stoichiometric: quantities
will give the asymmctnc dye as 50% of the three dye products Because the carboxy indolenine 7 is the most
valuable component, the synthesis was performed by sequential additions of the two indolenines rather than by a
simultaneous condensation. . By addition of the second indolenine (11 or 12 after consumption of the carboxy
indolenine to give the intermediate 9 (but prior to extensive. formation of the symmetric dicarboxy dye 10), the
isolated yield of asymmetric dye-(13, 14, or 15) was increased with respect to the carboxy indolenine.

This approach gave good yaelds of the, C3 asy,mmetnc dyes (13 14), but thelr punﬁcauon by column
chromatography posed severe problems. Losses of up to 50% of total dye due to qutsxple adsorption and band
tailing with little separation were common on reverse phase HPLC (C8, aqueous acetonigrile or tetrahydrofuran).
Silica gel chromatography (methylene chloride/methanel) gave reasonable separations with much less irreversible
binding. The synthesis of the C7 dye (15); was performed analogously with facile. reaction occurring at room
temperature under base catalysis. The chromatographic separations were easier for the C7 dye and gave greater
isolated yields. 'The C3 and C7 dyes have. high solubilities in solvents such as dichloromethane (>0.01 M),
acetone, and methanol..
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13: X=0, n=0
14: X = C(CH3)2, n=0
15: X = C(CH3),,n=2"

We required a facile method for coupling the carboxy dyes 13, 14, and 15 with' the amino-porphyrin 17.
Though aromatic amides are formed readily from aniline and the acid chloride, attempts to. form the: dye acid
chloride for reaction with 17 failed. The phosphorous reagent 1813 was compatible with the dyes, afforded 50-
75% yields in the reaction of the C7 dye with p-substituted anilines, and gave straightforward chromatographic
separations. The amino-porphyrin generally coupled poorly with the dyes, though: the-coupling efficiency was
much greater for the C7 dye than for the C3 dyes No improvement was obtained psing.the zinc chelate of the
amino-porphyrin. The coupling reaction was very- mild, but the poor coupimg yield was further complicated by
the rearrangement of the carboxy dye-phosphorous nnhydnde to glve the dye-anilide. 14 with the amino-
porphyrin the ylelds of porphyrin-dye and dye-amhde were roughly equal, resulting in extremely difficult
chromatographic separations.
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Given the difficulties in chromatography. and low yield of pouphydn-dye coupling, we sought a direct synthetic
pathway of condensing a prefunctxonalued dye-carboxaldehyde ‘with pyrrole and benzaldértyde15 Oriission
experiments showed that C7(I-I) was stable to 0.02 M trifluoroacetic acid in dxchloromethqﬂe, bugthat it reacted
immediately with DDQ (0. 01 M) in the presence or. absence of acid. Thc dye also reacted’ ‘with TCQ (p-chloraml)
in the presence of acid, but was smble to TCQ in the absence of acid. The addition of ethanol (10% v#v) prior to
adding ‘PCQ buﬁ'md the acid, giving porphynnogen oxidation conditions to which the dye was stable. These
reaction condiﬁons m readily explained by considering the electrochemical potentials of the dye and the quinone
species. The one elecn'on reductlon potentlal of DDQ is +0.51 V while that of TCQ is +0. 01 v (in acetonitrile vs
saturated calomel electrode) 16 The oxidation potentlal of C7(I—I) is +0.46'V,17 therefore the' ovm'all potentials
for oxidation of the dye are +0.05 V for DDQ and 045V for TCQ In neutral solntlon DDQ is sxﬁﬁmcntly potent
1o oxidize C7(I-I) but TCQ is not. In the presence 6f acid, however, both quinones will oxx;hzc the dye, which is
not unexpected since the quinone oxidant strength increases with increasing ac:d conoemratum. o

The aminoacetal 19 provided a convenient bxfuncnonal b\nldmg block for mcorporanng the dye with the
porphyrin, and the amide couplmg reaction proceeded in 58% yield to give the C7(-T)- acetal 20. The hybrid
porphyrin condensation was performed by condensation-of: C7(I-I)-carboxaldehyde 21 at room temperature for
1h. The acidic solution was then neutralized by addition of ethanol, followed by addition of p-chloranil to initiate
the oxidation process. The polarity imparted by the dye resulted in facile purification by chromatography, giving
an overall yle]d of 12% based on pyrrole. Though the overall yield was higher via the ammo-porphynn carboxy-
dye eouplmg route, the direct condensation of the ptefuncnonahmd dye—carboxaldehyde was supenor because of
the simpler chmmatograpluc purification.
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Direct condensation of prefunctionalized dye-carboxaldehyde
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Photochemical Results: The photochemical characterization of these cempounds was performed in n-
butymizdh-(e:QO)mmmdissociaichofﬂ:e'dyemdoomm The absorption and emission spectta of the
individual- dyes and porphyritis (frec base and zinc) are: shown in Figure 2. 'The porpbyrin absorption spectrum
conisists: of the.inténse Soret baad in:the 420 nm region and the weaker visible bands:(shown multiplied by:10).
The Soret and visible banids derive from thé $2-50'and $1-50 tfansitions, respectively. - Hiumination of the Soret
band is followed by rapid relaxation to'the S1 level, from which photochemistry and fluorescence:einission occur.
The dyes show & strong absorption band and a partiaily-overlapping emission band. The C3(1-O) absorption-and :
emission spectra (not shown) mirror those of C3(I-I) but ate transhated 40 nm to shorter wavelengsh (Table 1). -

Figure 2. Absorption and Emission Spectrh (arbitrary intensities).
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- The absorption spectra of the:porphyrin-dyes dre nearly but not eatirely the sum of the spectra of the component
pasts.: The: only noticeable change with dye attaclment is-a slight broadening of the porphyrin Soret band from.13
nm in the acetamidoperphyrin (AcP) to ~16 nm in the free base porphyrin-dyes. The: slight (8 nm) wavelength
shift in.dye absorption in going from C7d-B to PC7(I-1), for example, is attributable entirely to the presence of the
anilide snbstituent (Fable 1), The spectrum of PC7(E-I) isiatched well with the composite spectra of the AcPand
the C7(I-I)-anilide, as shown by the small residunl obtained by subtracting the dye and porphyrin speotra from: the
porphyrin-dye spectrur (Figure 3). - The:effects of substitnents are quite weak in the C3 dyes (Table.1). Thus
close absorption mehmgmmofwmmtmwm«chﬂummddmpaphmdm

Table 1. Dye Substituent Effects inPrCN). -« - - - - -Figure 3.. Absorption spectrum of PCT(-I). - .
Amax

Compound: : Absorption Emission — @f 0981 % -~

CIaD2 740 771 0286 —o— C"(Il)amhde

C76['I) - 748 777 0.35 : 0.781 e PCIA-D

CId-D-COH - 750 783 0.27 & AP

C7(-D-anilide - 755 786 0.31 © 0581 , &

PCIA-D : i - 756 785 0.26 ‘

ZaPC7(1-]) 756 787 0.07 " 038

o0 | 512 534 0.046 :

C3(-0}-COH 513 537 0.046 " 0.8 :
C3@-D) 553 571 0.057 A :

C3(- I)-COzH 555 572 0.048 Yy '

250 350 450 S50 650 750
a)Inmethanol .See ref. 18.-b) Rcf 9. ~Wavelength (nm)

The emission spectral bands of the porphyrins and the dyes also shift only slightly in the linked compounds, but
the integrated emission intensities change considerably (Tables 2 and 3). In the porphynn—C3 dyes the emission
band of the dye overlaps the visible absorption bands of the porphyrin. Illummauon of thc Soret band in PC3(I-0)
results in p(nphynn fluorescence with a quantum yneld within 15% that of AcP. Ilumination of the dye (490 nm)
results in weak fluorescence from the dye and §trong porphynn fluorescence. The dye fluorescence is quenched to
0.05 times that of C3(1-0) alone in solution. The excitation spectrum (Aem, = 720 nm) shows a very close match
with the dye and porphynn absorption bands, from which the energy transfer efficiency from dye to porphyrin can
be estimated to be 80% (see experimental section for methods). The closely-related PC3(I-I) exhibits nearly
identical features. The pOrphyrm shows normal ﬂnorescence but the dye fluorescence yield in PC3 (I is
quenched to 0.07 times that of C3(I-I) alonc m solution. Energy transfer from dye to porphynn also occurs with
80% efﬁclency, as shown by the excnauon spectrum (Figure 4).

The absorption band of C7(1-I) is shifted about 200 nm to the red of that of CB(I-I), and in PC7(I-I) the
porphyrin emission bands (650, 720 nm) overlap with the absorption band of the dye. lllnmmétion of the dye
(700 nm) in PC7(i-1) résults in dye flnorescence with quantum yield ®f = 0.26, whxch oompares well with C7(1-
D-anilide (®g= 0.31) and C7(-I) (@ = 0.35) (Table 1). Nlumination of PC7(J I) at 417 nm results.in only a small

amount of porphyrin fluorescence (0.09 times that of AcP) and a large amount of dye emission (Figure 5). The
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excitaﬁonspecmm(smaS%nm)showsadosemmhmmemmspecmfmmwhwhtheeﬂiciencyof
energy transfer from porphyrin to dye is estimated to be 80%. ‘

Figure 4. Energy transfer from dye'to'porphyrin. - Figure 5. Energy transfer from potphyrin to dye.
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The zinc-porphyrin-dyes were studied in a similar manner (Table 3). Hlumination of the Soret band (424 nm) in
ZaPC3(I-I) gave porphyrin fluorescence, but the yield was reduced-to 0.14 times that of ZnAcP. Ilumination of
the dye (520 nm) resulted in both dye and porphyrin flucrescence, with the dye fluorescence intensity reduced to
0.07 times that of C3(I-D) (Figure 6). The emission spectrum upon illumination of the dye was shown by
deconvolution to consist of 80-85% dye emlssmn and 15-20% porphyrm emission, with total dye plus porphyrin
emission equal to only 0.08 times that of C3(I T) alone. Though the excxtauon spectrum (Agm 660 nm) at first
glance would appear to indicate: ~70% ‘energy transfer, two comphcanons arise. First, the fluorescence quantum
yields are approximately equal for the porphyrin (0 045 x 0.14) and the dye (0.057 x 0.07) in ZnPC3(-T), and
second, the dye emission band tails into the 660 nm rcglon (Figure 2). Cbntrol experiments with- C3(I-I) showed
that over one-third of the em1ss1qn dctocted from the excitation scan through the dye absorption band in ZnPC3(J-I)
could be accounted for by the resxdual emission occumhg directly from ﬂk dyei m ZnPC3(I-I). Based on the 5-6:1
ratio of dye to porphyrin emxssxm following excltauon of J.he dye, we esumag; the yield of energy transfer to be
~10%. It must be emphasized amt the use of excitation specn'oscopy to quantitate energy transfer in a system
where the acceptor is highly quenched, as in ZnPC3(]- I) is ﬁ'aught with pitfalls. -

In ZnPC3(1-0) illumination of the Soret band gave porphyrm ﬂuorescence with intensity 0.56 times that of
ZnAcP. Mumination of the dye (490 nm) resulted in dye fluorescence withintensity 0.02 times that of C3(I-0), as
well as porphyrin flucrescence, with the total emission from dye plias porphyrin equal to 0.21 times that of €3(I-0)
alone (Figure 7). In ZnPC3(I-O) the dye emission band was well-separated from the porphyrin émission bands,
and compatison of the excitation and absotption spectrum of ZaPC3(I-0) showed the efficiency: of enérgy transfer
tobe 50%. Though the ratio ofdye to porphyrin €mission is ~1:16, the yield of energy transfer (50%) is still less
than the extent of dye quenching (98%). In ZnPC3(I-O) the decreased porphyrin fluorescence does not result from
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selective B-state quenching, since-identical porphyrin emission intensitics were observed upon illumination of
ZnPC3(I-O) at 424 nm (B-state) and 598 nm (Q-state). .

Figure 6. ZnPC3(-D). - |, Figure 7.. ZnPC3(I-0)..
“' ZnPC3(1-D) g ZnPC3(1-0)
1 Absorption - o o Absorpnﬁn ’
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Dye Z“'lg’l{lph)fnﬂ M Zn‘P"WhY“n
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Figure 8. ZnPC7(I-D.
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The unusual quenching of the acceptorand only parual energy transf@r observed in the porphyrin-C3 dyes also
occurred with ZnPC?(I-T).. Dlumination of the.dye in ZnPC7(I-I) resulted in the characteristic dye flucrescence
spectrum but the intensity was decreased to 0.2 times. that of C7(I-I). INlumination of the zin¢ porphyﬁn gave
porphyrin fluorescence with intensity 0.05 times that of ZnAcP, as well as a.small amount of dye‘ﬂubrescence.
The ¢xcitation spectrum: showed the efficiency of energy transfer in ZnPC7(I-I) was only ~20-30% (Figure 8).
The extent of dye quenching in ZnPC7(I-I) was nearly identical to that of CaPC7(I-I). These results were obtained
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with a freshly prepared solution of ZnPC7(I-1). The photochemical stability of C7(I-) as a laser dye has been
rcpomdtobequitelﬁglx9mbntwefonnd1hltmc‘7mnpounds slowlydegumﬁu}ﬂdilutesohuom with the
ledst smbﬂny swwnbym 121

" In sumimary, in the free base porphynn-dyes the extent of donor quenching matched the extent of energy:
transfer as' measured by comparisont ‘of the absorption and excitation spectra. In the zinc-porphyrin-dyes, the.
extent of donor quenching was greater than the yield of energy. transfer, and most.unexpectedly, the acceptor
fluorescence was quenched by 2-7 fold ¢Table 3). This can be contrasted with the free base porphyrin dyes, where
the acceptor (the porphyrin in the PC3 compounds, the dye in PC7(I-)) exhibited fluorescence: properties that were
relatively insensitive to the presence of the donor. The energy transfer efficiencies in the zinc-porphyrin-dyes are
low, and the net photochcmxcal efficiencies are further decreased after taking into account the quenching of the
acccptor ‘ . ,

'l‘able 2 Flumescence Quantum Ylelds (in PxCN)
Cnnmmmd ) of Rdmnqe of

AcP 0120  TPP 0:10 (e 22)
ZoAcP  0.045  ZoTPP*  0.04 (ref.22)
C301-0) 0046 Rh6GP 095 (ref. 23)
C3@-D 0057 Rh6GP 095 (ref. 23)
c1@D - 035 C70-D° 028 (ref. 19)

a) In toluene or PrCN. b) In EtOH. c) In MeOH.

Table 3. 'E‘nergy Transfer Pmpemes of Porphynn-Dyes
P " ‘

PC3(LO) 0.05 1.14 80
PC3(-D) 0.07 0.90 80
PCI(I-) 0.09 0.75 80
ZnPC3(1-0) 0.02 0.56 50
ZnPC3(I-D) 0.07 0.14 10 -
ZnPC1(I-) 0.05. 0.20 25

a) Yields are relative to unity for each of C3(I-O), C3d-1n, C1-D,
AcP, and ZnAcP. Sec Table 2 for conversion to absolute quantum
yields. b) The C3 dyes are donors; the C7 dye is ah . ‘The
porphyrins are acceptors with C3 dyes and donors with the 7 dye.

Discussion: Two possible interpfetaﬁqns of the photbéhemicai data are 1) energy transfer proceeds via the
Forster mechanism and the nén-energy transfer quenching is due to competing electron transfer reactions, or 2)
energy transfer proceeds via the Dexter mechanism of electron exchange and recombination of radical intermediates
leads to quenching. This discussion focusses on mechanisms of energy transfer and the feasibility of electron
transfer in the porphyrin-cyanine dyes.
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“In the Forster theory of energy transfer the rate of transfer is k = 8.8 x 1023x2@gIn-4v IR0, whexe %2 is the
oriextation factor, Py is the fluoresoence quantum yield of the donos in the absence of the acceptor, (Table 2), 1is
the spectral overlap term (Table 4), n is the solvent refractive index (n = 1.382 for butyronitrile), % is the donor
fluorescence lifetime, and R is the donor-acceptor center-to-center distance of separation in A.24 The values of
Eximax (in M-1cm"1) used in calculating the spectral overlap term are 4 x. 105 (AcP), 2 x 109 (C7(I-D) and 5 x 105
(ZaAcP). -x2 is a measure of the relative orientation of the donor-acceptor. transition dipoles; it ranges from 0
(perpendicular) to 4 (colinear) and has a value of 2/3 for randomnly-oriented chromophores: The: porphyrin-C3and
porphyrin-C7 compounds have cenm to-center dmtances (R) of ~19 and 21A rcspectwely,abawd on-Corey-
Pauling—Kolmu models

We meke séveral assumptions. First, the relative. orientation of ‘the dye and porphyrin-is not:known, byt
molecular models show that rotation at the phenyl-amine or dye-carbonyl linkages enables the dye to sweep-out the
surface of a cone with a half-angle of ~40° with respect to the cone axis (defined by the pom'phyrm meso-position
and the p-amino phenyl group) (Figure 9). We assume the’ oonfamauonany-avmged ‘dynamw limit' where each
and every donor-acceptor pair samples all orientations by pwohng at the’ spaoer anit. 25" ‘Second, in some cases a
single substituent conjugated with thé porphyrin ring can rotaté the polatization of the trunsition moment, but we
ignore any perturbation due to the p—amide substxment.zs Third, a con'ection in expectea rate is necessary when
the donor-acceptor distance is comparable to the size of the donor-acceptor n-systems For chlorophyll-
chlorophyll energy transfer at 20 A separation the rate meodification can reach * 30% dependmg on orientation, but
we neglect any corrections to the point-dipole appmnmanon.ﬂ

The value of the orientation factor K2 can be calculated using the above assumpuons. The transition dipole of

the dye lies along its longitudinal axis. In free base teuaphenylpotphynn the x and y ‘transition dipole moments are
polarized along the N-N axes (450 with respect to the cone axis, as shown in Figure 9). 28 The Q state is of

lowest energy and is considered a smgle-dlpole oscillator. As the dye sweeps out the cone surface x2 takes on
values from 0.40 to 2.37, and in the dynamic Limit each porphyrin—dye has an average > %2 value of 1.28. In zinc
tetraphenylporphyrin the Qy and Qy states are degenerate. This gives a planar osclllawr, which can be treated as a
combination of two linear orthogonal in-plane oscillators. 28 In .the dynamic 11m1t the k2 value for each zinc
porphyrin-dye is also 1.28. (The participation of two oscillatort'in the cnergy transfer process in the zinc
porphyrin is cancelled by their equal contribution to the fluorescence quantum yield)

Figure 9. Structural model for Forster calculations.
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These values were used to ¢alculate R, (the interchromophore distance at which-energy transfer is 50%.
efficient), where Ro (in: A) is‘defined by (Ro)® = 8.8 x 102364»1;1-41 nndtheexpemdmﬁwefﬁcwncy, ,

wmrsm)ﬁ/{wm)ﬁj”
o 'l’able4 FmsernergyTnnsferCalcuhnons.
. Observed
Donor Assm umémm_) 'Ro(A) Efﬁmmx.m Efficiency (Table 3)
C3(1-0) - AcP - 55x100d4 . . 30 - 94% - 80
C3aD) .. AP 3Tx1014 . 29 93_9@ . 80
AcP cI1(-D 21x1012 65 >99% 80
C31-0)  ZnAcP 69x10:14 31 . 9s% . 50 -
C3() ZnAcP 7.6x 1014 33 %% - 10

ZnAcP c7(1-1) 89x10-13 48 9% 25

The observed energy transfer efficiencies fall within the range expected by Forster theory ('I‘able 4) It is
mteresungihat C3(1-0) and C3(-I) have very similar spectral overlap with AcP (J dtffers by < 1.5). The dyes
have peak emission bands at 535 and 570 nm, respectively, but the four visible ba.nds of AcP are spread overa
range of 150 nm and thus overlap well with the emission bands of both dyes (thure 2). The overlap term is ~50
times larger for the transfer from porphyrin to C7 dye, partlyduetothegreaterexnmnoncoefﬁcrentofmeameptor
C7(-1). The zinc-porphyrin-dyes have predicted transfer efficiencies in the same range as the correspondmg free

base compourds, but other quenching modes must be operative.

Electron transfer is one quenching mechanism that in principle can compete with energy transfer. For
electron transfer to be a viable quenchmg mechanism, it must be both thertnodynamtcally feaslble and

kmeucally competmve Porphynns pamcrpate in a rich vartety of electron transfer ra.-.t\cttons,22 30 and_ ‘
cyanine dyes funcuon as sensmzers in, the ‘silver halide photogmpluc pnocess by a mechamsm -of
photomdnced electron transfer from the dye. 11,31 Unfortunately very little fundamental research has been

pubhshed concermng electron transfer reacuons of cyanme dyes, at least compared wtth the extenslve
hterature of the porphynns. ‘The cyamne dyes can be oxrdlzed elecu'ochenncally” 32 tmd the dye excited
state can be quenched with electron acceptors 33 We showed by Stem-Volmer analysxs that the ﬂuorescence
quenchmg of C7(-D by benzoqumone in either butyrommle orN N—drmethylacemmrde at room wmperatm'e

occurs with rate constant of ~2 x 1010 M-15-1 (assuming 1 = 1 ns34). Tetraphenylporphyrin (TPP) andits
zinc chelate (ZnTPP) react with benzoquinone with similar rate constants. 22 The ﬂuorescence qnenchmg‘ i
penment is oonsistent with a dtffusnon-comrolled electron transfer reaction from the exctted stame of C7(I I),

in analogy with the reactivity pattern of the porphyrins. 22

'I'he feasxbrhty of photomduced electron transfer among the porphynns and dyes can be assessed usmg the
formula AE E(hv) E(D"') + B(A') and the apyropnate energy values obtamed fnom modael compounds (Figure
10). 'I'lus expressxon must be used with caution.35 In ZnPC3(I I) the dye HOMO hes at over 023V lower
energy ﬂtan the HOMO of the zmc-porphynn Upon excitation the half—occuptcd HOMO of the dye can oxidize the
porphyrin (AE = +0. 44 V) which could explain the non-energy transfer quenching of the dye fluorescence.
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Similarly, the-excited porphyrin can reduce the dye (AE = +0.27 V). -Both electron transfer processes are.more
cxothermic. with the zinc then with the free base porphyrin (AE = +0.24 V and -0.11 V, respectively). A
comparison between C3(I-I) and C3(I-O) cannot be made because the electrochemical potentials of the latter were
not found. However it is intriguing that of the two ZnPC3 compounds, ZaPC3(LD). shows both the higher degree
of acceptor quenching and the lower yreld of energy transfer. In the porphyrm-C7 compounds the dye HOMO and
LUMO are sandwtched between the HOMO and: LUMO of the porphyrm. In ZaPC7(I-]) the excrted porphyrm can
cither reduce (AE = +0.67 V) or oxidizé (AE = +0.31 V) the dye, and'in PC7(ET) the samé redox reactions have
AE = +0.29 and +0.38 V; respectively. In neither porphyrin-C7 compound, however, does:this thermodynamic
analysis provide a clear means for electron transfer mediated quenchin"g;of the excited C7-dye w'the porphyitn,
Figure 10. The clectrochemical potentials E(hv) 3 12 Eg 2_27 _ 5%7.2_611

are used to approximate the HOMO and C :

LUMO energy levels.35 The porphyrin . -135 ‘
EA) 108  -1.08
electrochemrcal potentrals are versus the '.._ —
saturated calomel elecn'ode 22 The cyanine -1.0q - . _
dye potennals17 were corrected by 20mV ' <068
from the Ag/AgCl electrode to the SCE' .
standard. a) A value oflOVrsused for ’
E(D™) of C3(I-I) in the calculations. B 0 - o
| 046
1 07 S
EDD = o095 a

The lnnencs of electron transfer are drfﬁcult topredict. A su'ucnlrally-related porphynn-qumone separated by a
single phenyl group undergoes ‘electron transfer quenching with quantum yreld 0.98 (free base) and 0.965
(zinc).36 Usmg k1/k2 cXP[-Ol(dl-dz)] with o equal t0 1.0 A-1; d defined asthe edge-to-edge dlstanOe (65Ain
the porphyrm-dye, 4 Ai in the porphynn-qurnone), and porphyrm smglet state hfenmes of 10 (ﬁ'ee base) and 2
(zinc) ns, the expected quantum yrelds at 6.5 A would be 1% and 77%, respecnvely 22;30° Though electron
transfer to benzoqmnone may represent a best-case scenario, thrs kinetic analysrs mdrcates electron transfer can
compete wrth energy transfer at 6 5 A if the acceptor can play the dual role of a Forster energy transfer acceptor as
well as an electron acceptor

<o

An alternative 'mechanism for energy transfer is the Dexter mechanism of electron exchange 37 The rate of
transfer is k ='koexp(- 2R/L)Y, where R is the donor-accepmor edge-to—edge distance of separanon, Li 1s ‘aneffective
average Bohr radius, and J' is the spectral overlap term. Some major differences ‘from Forster theory are that a) the
distance dependence falls off exponentially rather than as the inverse sixth power, b) the donor fluorescence
quantum yield is not a factor, and c) the spectral overlap term J' i is normahzed with respect to the acceptor
absorption mtensrty Electron exchange can occur in either a concerted process or via stepwrse electron transfer
reactions involving radical intermediates (D+A- orD- -A*+). Recombination of the radicals to grve the ground state
rather than the excited state is one mechanism for quenchmg the electmn exchange energy transfer | process 38 39
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Electron' exchange energy transfer and electron. transfer are both dependent on orbital .overlap.. Electron
exchange involves both the LUMO's and the HOMO's of the donor and acoeptor, while electron transfer invalves
only- the :donorsacceptor: LUMO's, . The-participation of two pairs: versus one pair of orbitals leads to a
correspondence between the Tate expressions for electron exchange encrgy transfer and electron transfer.40- Both
electron transfer and electron exchange are very sensitive to the distance parameters (¢, L), but our lack of
knowledge of orbital interactions at Jong distances renders calculation difficult. However, rapid energy transfer via
electron exchange has been observed in blchromophonc model compounds having a donor-acoeptor distance of
separation of 5-10 A 40

The thermodynannc constrairits of electron excharige are not well-developed experitnéntally. If neither electron
transfer step can occur to an orbital at a higher energy level, then the HOMO and LUMO of the acceéptor must either -
be isoenergetic with. or sandwiched between the levels of the HOMO and LUMO of the donor. In this view
electron exchange energy transfer fmm excited C3(I-l) to h'I‘PP is precluded on thermodynamxc gmunds for
example, but transfer from ZnTPP to C'I(I I) is allowed (Flgure 10) The ptesenoe of only one acoessnble orbital
results in the electron transfer quenchmg processes descnbed prevtously This sunple conoept can be tested
through the synthesxs ofa famlly of porphynn-dyes with similar speclral overlap )] but whuo the redox levels of
the dyes are systemancally vmed.

Few covalently-linked porphyrin model compounds have been prepared that undergo energy transfer. One
compound contains anthracene (Aaps 256 nm) and a porphyrin with an intervening conjugated polyene chain. A
broadened absorption spectrum is observed and illumination of anthracene results in both anthracene and
porphyrin-like emission.3 A more closely-related group of compounds are the carotencid-porphyrins.4 Energy
transfer from carotenoid to porphyrin has'been observed in yields of up to 80%. The carotenoids have very low
fluorescence quantum yields (®¢ < 10-3), and the energy transfer efficiency depends critically on the relative
orientation of the donor (carotenoid) and the acceptor (porphyrin). It is noteworthy that in some carotenoid-
porphyrin systems the porphyrin fluorescence was quenched by 75% by the polyene group. 4

Summary and Future Directions: The free base porphyrin dyes show high yields of energy transfer and
the direction of energy: transfer, from dye-to-porphyrin or from porphyrin-to-dye, can:be selected based on the
choice of dye. Thus the porphyrin can function as cither an energy donor or an energy acceptor. In
photosynthesis a' reaction center chlorophyll is the terminal acceptor of the photonic energy from the antenna
complexes. Energy transfer from a cyanine dye to a porphyrin mimics in a primitive fashion the antenna function
of the phycobilisome. Energy transfer from a porphyrin to a ¢yanine dye illustrates the photochemical versatility of -
this family of compounds. . Efficient energy transfer occurs despite the fact that in each case the donor has a low
fluorescence quantum yield (< 12%). Furthermore, the free base porphyrin functions well as an-acceptor in spite
of its weak extinction coefficients in the visible region. Energy transfer is the predominant pathway for
depopulating the donor excited state in the free base porphyrin-cyanine dyes. In the zinc chelates ¢lectron transfer
may partially account for the discrepancy between the high amount of donor quenching and the low yield of energy
transfer. Experiments using transient spectroscopy are required to elucidate the contribution of electron transfer
reactions to the observed results. The energy transfer efficiencies for both the free base and zinc compounds fall
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within the range expected for Forster theory, but these-data are insufficient to discriminate between mechanisms of
dipole-dipole coupling #hd electron exchange. The syntliesis. and characterization of porphyrin-dyes in othez.3-
dimensional geometries, with larger interchromophore distances, and with varying redox potentials will establish
further groundwork for preparing multichromophore systems for visible light-harvesting. .

Experimeqtal

General. Methylene chloride, chloroform, pyrrole, and triethylamine were distilled from calqum hydnde .
Trifluoroacetic acid, acetic anhydride, and pyridine were distilled and used within two weeks. Benzaldehyde was
distilled under reduced pressure and stored at 0°C. Butyronitrile was distilled from P20s. Other commercml

reagents were used as received.

1I-INMR spwmwmommedasmmnz(mmnsm)mdwmmomfm mspemwmwcoﬂedon‘

spectrometeror an I‘HM‘MBO scanmng syecuophotometer and, unless otherwise noted, were taken in butyromtnle
Routine ﬂuoreseeme analysxs was performed with aGﬂfordFluoroIVspecn'oﬂnmomem ‘Mass spectral a'nalym\ '
were obiained by '252C¥ fission fragment mass spectrometry. Melting points are nneorrected. Chro*matogmplue
separations were performed with a Harrison Research Chromatotron Model 7924T or by gnmty elution silica gel‘
(Si 60, 70-230 or 230—400 mesh) column chromatography

‘The xdenuty of thé counterion in edch isolated dye is not known. -For yxeld calculations we have assumed the
counterion:is I~; Because of its high mass this should provide a conservative estimate of the actual dye yield: The
1H NMR ‘signals in the aromatio and olefinic regions-of the porphyrin-dyes were. heavily overlapped, causing -
difficulty in assignment. The aliphatic signals and the N-H peak in the amide linked dyes could: be-assigned,
thovigh intégration was complicated in some cases dae to broad overlapping signals. Definitive proof of stractute
was based-on ‘absorption spectroscopy and 252Cf fission fragment mass spectrometry. The latter gave intense
parent ion peaks (M- counterion) for the dyes dnd the. porphyrin-dyes. The zinc chelates of porphyrins and
porphynn—dyes were pmpared at room temperature 22

1- ethyl-2,3,3-trimethyl Saearboxy-s-li-mdolmm iodide (7). Modified versions. of procedures
developed by Southwick and Grzywinski were used for the preparation of 7 from p-hydraziriobenzoic acid.41
1.55 g of p-hydrazinobenzoic acid and 3 mL 3-methyl-2-butanone were refluxed in 15 mL 95% ethanol for 30:min
to give the hydrazone upon cooling (1.97 g, 94%). mp 191-193°C; Abs (CH2C12:EtOH, 3:1) 314 nm.
Subsequent reaction in 15 mL refluxing glacial acetic acid under N2 for 3.5:h followed by removal of solvent gave.
a'red oil which-¢rystallized on cooling from 8 mL: ethyl acetate/petroleum ether (3:1), giving.2,3,3-trimethyl-5-
carboxy-3-H-indole in 71% yield. mp 210-212°C; !H NMR 8 1.30 (s, 6H, C(CH3)2), 2.30 (s, 3H, CH3),
7.58 (d, J =8 Hz, 1H, Ar-H {7]), 7.99 (4, J = 2 Hz, 1H, Ar-H[4)}), 8.07 (dd, J = 8, 2 Hz; :1H, Ar-H[6}); IR
(KBr) 1685 (s, sh, C=0); Abs (CH2C12:EtOH, 3:1) 274 nm. Reaction of the 3-H indole (1.3.g, 6.4 mmol): with
ethyl iodide (2 mk, 25'mmol) in refluxing acetonitrile (15 mL) for20 h proceeded with difficulty, giving'736 mg .
of 7-(32%) as & stabls, crystalline, non-hygroscopic solid upon precipitation with ether.. The starting 3-H indole.
was recovered in 40% yield from the mother liquor. mp 233-234°C (dec); 'HNMR & 1.64(t, J.= 8 Hz, 3H,
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CH2CH3), 1.69 (s, 6H, C(CH3)2), 3.15. (s, 3H,.CH3), 4.77 (q, J = 8 Hz, 2H, CH2CH?3)7.77.(d,J = 8 Hz, 1H,
ATH[T]), 8.26 (4, J = 2'Hz, 1H,-Ar-H[4]), 8.31 (dd, J = 8, 2 Hz, IH, Ar-H{6));:IR (KBr) 1725 cm-1 (s, sh;
C=0); Abs (CH2CI2EtOH; 3:1) 232, 330 nm. The similar reaction of 1.14 mL phenylhydrazine and 1 mL 3-
methyl-2-butanone afforded 1.12 g of 2,3,3-trimethyl-3-H-indole as a clear liquid after distillation (759C, 3 mm
Hg). Alkylation of 0.5 g 2,3,3-trimethyl-3-H-indole with 1 mL ethyl iodide in 2 mL CH?,CN gave 0.965 g (97%)
oleasawiutegmnuiarmhd. :

S 3,1'-Diethyl-3,3'-‘dlmeth‘yl-s‘-carbo‘iy-ihdoxa’carbocyanine -iodide (13). Samples-of 7 (100 mg,
0.279 mmol, 1 equiv) and 8a (54.3 mg, 0:35 mmol,:1.25 equiv) were added to a 15 ml round-bottom:flask:
containing 2 mL acetic anhydride, 1:mL glacial'acetic acid and sodivim acetate (110 mg; 1.3'mmol). The solution
was refluxed under Nz for 1.5 h.- By:-absorption:spectroscopy 7 had been consumed (Ayyax = 330 nm) and the
symmetric dicarboxylic acid dye was present in~4% yield (Amax = 518 nm, assuming € = 105 M-lem:1). After
cooling to rooni temperature 1142 (121 mg,0.42 mmol, 1.5 equiv) was added as a solid in one.portion: After:1h
under reflux the total dye yicld reached 46% (assuming € = 105 M-lcm*1 for:all three dyes) then the volatile
companents. were removed (2:5 mm Hg, 60°C). The viscous orange product'was chfomatographed (Si 60, 70-
230 mesh, 3 x 15 cm, 5-60% gradient-of MeOH in CHCI3) affording 38 mg of a metallic green solid (26%).
Ca5H7Np031, 403.2 calcd mass (M-I"), 403.2 obsd; \H NMR d 1:47 (1, J = 8 Hz, 3H, CH>CH3), 1.61.(t, J
= 8 Hz, 3H, CHpCH3), 1.72 (s, 6H, C(CH3)2), 4.16 (q, J = 8 Hz, 2H, CHyCH3), 4.56 (g, J =8 Hz; 2H,
CH2CH3), 5.70 (s, br, CH=CH), 6.02 (s, br, CH=CH), 7.01-7.51 (m, 5H, Ar-H), 8.01 (s, 1H, Ar-H), 8.10 (d,
J =8 Hz, ArH), 844(t,J 8Hz), Abskinnm(loge), 512 (4.97, 54nmfwhm)

l,l'-Diethyl-3,3,3',3'-tetramethil-s-carboxyin‘docarbocyanine- fodide (14). = Samples of 7 (100
mg, 0.279 mmol, 1 equiv) and 8a (54 mg, 0.348 mmol, 1.25 equiv) were added to a 15 mL reund-bottom flask.
containing 2 mL acetic anhydride, 1 mL glacial acetic acid, and sodium acetate (100 mg, 1.22 mmol, 4 equiv).
The solution was refluxed under N2 and after 1 h'7 (Amax = 330 nm) had been consumed.  The solution was
cooled to room temperature and 12 (132 mg, 0.417 mmol, 1.5 equiv) was added 4s a powder. The mixture was
refluxed and after 1.5h the total dye yield reached ~40% (Amax = 558 nm, assuming € = 105 M-lcm-1 for all
three dyes). Then the volatile components were removed (1.5 mm Hg, 60°C) and the dark viscous residue was
chromatographed (Si 60, 70-230:mesh, 3 x'15 cm, 5-45% gradient of MeOH in CHCI3).giving 55.6 mg (36%) of
a metallic green solid. C28H33N2021, 429.3 calcd mass (M-I7); 429.3 obsd; 1H NMR § 1.41: (t, 6H,.
CH2CH3), 1.70 (s, 12H, 1.72, C(CH3)2), 3.04 (s, br), 4.16-4.38 (m, 4H, CH2CH3), 6.51-6.54 (m, br);
7.01-7. 39 (m), 7.98-8.38 (m); Abs:A in nmh (log €), 555 (5.06, 55 nm fwhm).

1,1'-Diethyi-3,3,3' 3’-tetramethyl-s-carboxymdotricarbocyanine iodide (15) -Samples of 7
(100 mg,:0.279 mmol, 1 equiv) and 8b (95 mg, 0.351 mmol, 1.25 equiv) were added to a 15 mL round-bottom
flask containing 3 mL. acetic anhydride and 1 mL pyridine. After stirring at room temperature for 1 h an absorption
spectrum showed only a trace of 7 (Amax = 330 nm). A solid sample of 12 (130 mg, 0.42 mmol, 1.5 equiv) was
added in one portion, and the red solution turned deep blue within 5 min. After 1 h the total dye yield had leveled
off at approximately 81% (Amax = 756 nm, assuming € = 200,000 M-1cm-1).12 The volatile components were
removed (2.0 mm Hg, 750C) then the dark residue was chromatographed (Si 60 70-230 mesh, 3 x 15 cm, 5-50%
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gradient of MeOH in ‘CHaClp) affording 98 mg (58.1%) of a metallic red salid. - C32H37N2021, .481:3 caled
mass (M-I'), 481.5 obsd; 1H NMR $§ 1.13-1.41 (m, 6H, CHCH3), 1.67 (s, 12H, C(CH3)2, 3.96 (s, br, 2H,
CH2CH3), 4.19 (s, br, 2H; CH2CH3), 5.98 (d, J = 8 Hz); 6.4-7.4 (m), 7.5-8.1 (m); - IR (KBr) 3500 (br, O-H),
1702 (w, C=O), Abs A inam (log €), 750 (5.31, 64 nm fwhm)

5,10,15-tr1phenyl-20-(4-acetamldophenyl)porphyrm (16), AcP. A 2 L three neck:round-bottom
flask was charged with 1 L CH2Cl2. Samples of benzaldehyde (760 pL, 7.5 mmeol, 7.5 mM), 4-
acetamidobenzaldehyde (410 mg, 2.5 mmol, 2.5 mM), and pyrrole (700 uL, 10 mmel, 10. mM)  were added and
the condensation was initiated by addition of trifluoroacetic.acid (1.4 mL, 20 mmel, 20 mM), - After stirring at
room temperatirre under N2 for 1.5 hthe oxidation was initiated by addition of p-chloranil (1.85 g, 7.5 mmel): and
the mixture was stirred at réom temiperature for 1 h. The reaction was neutralized with triethylamine: (2.8 mL, 20
mmol) and then concentrated to 200 mL by rotary evaporation. Silica gel (15 g, 8i'60; 70-230 mesh)‘@asmddud,
the remaining solvent-was removed under vacuum, and the resulting dark gray powder was-added to the top'of a.
silica column poured with CH2Cl2. Elution with CH2Cl afforded: tetraphenylporphyrin, and 20% EtOAc in
CH2Cl2 gave 520 mg of total.porphyrin products. 16 was purified by centsifugal chromatography: and
recrystallized from 15 mL CH2CI2:MeOH (1:1). 283 mg, 17% yield; IH NMR § -2.79 (s, 2H, N-H), 1.50 (s,
3H, CH3), 7.5:8.22 (m, 19H, Ar—H), 8.84 (m, 8H, B- pyrrole), Abs A in nm-(log €), 417 (5.54, 13.nm fwhm),’
514, 548, 590, 648.

5,10,lS-triphenyl-ZO-(4-aminophenyl)porphyrin (17). 135 mg (0.2 mmol) of ‘the amide 16 was
dissolved in 14 mL trifluoroacetic acid. 15 mL conc HCI was then added and the solution was heated at 80°C for
21 h. The mixture was dilated with H2Oand extracted 5 .times with CH2CI2 to remove the green porphyrin di-
acid. The combined CH2Cl2. fractions were washed with H20 and 10% NapCO3,: dried. over 'MgS§04,
concentrated and chromatographed (2 mm silica rotor, CH2C12:MeOH 50:1) to give 98 mg of 17 (77%). In lieu
of chromatography the. product could be precipitated from 5 mL CH2Cl2:MeOH (1:4). - 1H NMR §-2.7 (brs,
NH), 4.0 (s, 2H; NHy), 7.0 (d, I = 10 Hz, 2H), 7.75 (m, 8H), 8.0 (d, J = 10 Hz, 2H), 8.20 (m,,ASVH), 8.83 (m,
6H, B-pyrrole), 8.93 (d, J = 5 Hz, 2H, {5 pyrrole); Abs A max 418 nm (CH2C12:EtOH, 3:1).

PC3(I-Q) (1) Samples of dye 13 (19 mg, 0.036 mmol, 1 equiv) and tnethylamme (15 uL;, 0. 10 mmml) were
added to a 4 mL conical vial containing 200 uLL CH2C12. The mixture was stirred for 5 min at.room temperature,
then porphyrin 17 (45 mg, 0.072 ‘mmol, 2 equiv) was added-as a solution in 1.5 mL CH2CI followed by the
addition of phenyl N-phenylphosphoramidochloridate 18 (15 mg, 0.056 mmol, 1.5 equiv) as a solid in one
portion. The mixture was stirred in the dark for 16 h under N2. After concentration by rotary evaporation and
preliminary chromatography: (Si 60, 230-400 mesh, 2.5 x 10 cm, 5% MeOH in CH2C12), the desired product was
isolated by centrifugal chromatography (1 mm silica rotor, 2-35% gradient of MeOH.in CHCI3):. 2,6 mg(6.3%);
C9H56N7021, 1014.5 caled mass (M-F), 1015.3 obsd; IHNMR 3 -2.93 (s, 1H, N-H), -2.79.(s; 1H, N-H),
1.40 (t, J = 8 Hz, CH2CH3), 1.89 (s, C(CH3)2), 3.09 (q, J = 8 Hz, 4H, CH2CH3), 3.6-4.3 (m),. 6.5-9.0 (m);
Abs A in nm (log €), 416 (5.31), 516(4.83).
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FC3(I-D) (2); Synthesis of 2 was performed according to the procedure. for 1 starting: with 26,1 mg of 14
and 59.0:mg'of 17 affording 5:6 mg (11%) of 2. C72HE2NTOL, 1040.5 caled mass (M-I), 1041.4 obsd; 1H
NMR § ~2.77 (s, <NH), 0.8-1:9 (complex multiplets), 4.16-4.26 (m, CH2CH3), 7.0-9:0.(x); IR (KBr)?3500
(br, O-HD), 103 (w, c=0). m An'nm (g ), 417 (545, 16 1m fwhm), 556 es 14).

PC7(I-1) (3). Symheasof3 was performed accordmgtothe pmcedm for 1 starting with 35.3 mg of 15
(0.058 mmol) and 73 mg of 17. After coupling for 1.5 h analysis by TLC (MeOH:CH2Cl3, 1:4) showed two
new dye components and no starting material. The crude reaction mixture was then purified by centrifugal
chromiatography (1mm silica gel rotor, 5-20% gradient of MeOH:in CH2C1?) to-give 15 mg (20%) of 3.
C76H66NTOL, 1092.5 calcd inass. (M-I"), 1093.4 obsd; 1H NMR (600 MHz) 8 2.8 (br s, NH), 1.25-1.8
(complex m), 423 (m, J = 5.5 Hz, CHyCH3), 6.05 (br g), 6.2 (br:s), 6.5 (br t), 6.6 (br s), 6.95 (d, ¥ = 10.9
Hz), 7.08.(4, J =109 Hz), 7.18 (t, J = 8.2 Hz), 7.25 d, J ='8:2 Hz), 7.3 (t, ] = 8.2 Hz), 7.75 (m), 8.29 (d, } =
10.9 Hz), 8.42 (d, J = 10.9 Hz), 8.54 (br m), 8.82 (d, J = 5.5 Hz, B-pyrrole), 8.85 (s, B-pyrrole), 8.92 (d, J =
5.5 Hz, B-pyrrole), 9.55 (s, NH); Abs A in nm (log €), 417 (5.40, 16 nm fwhm), 756 (5.13).

2-(4-aminophenyl)-5,5-dimethyl:I,3-dioxane (19). - p-Bromobenzaldehyde (3,7 g, 20 mmol) and
potassium phthalimide (3.7 g; 20 mmol) were added to a flask containing 200 ml. N,N-dimethylacetamide. Cul
(3.81 g, 20:mmol) was added and the mixture was refluxed for 24 h under N2 and shielded from ambient lighting.
After cooling to foom temperature, the solution was poured onto 800 g of ice yielding a light-orange precipitate.
80mL of 10N HC1 was added and the mixture was filtered. - The precipitate: was suspended in CH2Cl2.and heated
on & steam bath to dissolve p-phthalimidobenzaldehyds (solubility ~4g/100 mL CH2Cl12). Filtration gave a filtrate
containing p-phthalimidobenzaldehyde43 (homogeneous by silica TLC, CH2CI2:EtOAc, 1:1). 2.2.g (44%); 1H
NMR (60 MHz) § 7.5-8.0 (m, 8H), 10.1 (s, 1H). -

p-Phthalimidobenzaldehyde (1.5 g, 6 mmol) and 2,2-dimethyl-1 3—pmpanedlol (624 mg, 6 mmol) were added
to 60 mL, CH3CN. Upon dissolution, p-toluenesulfonic acid monohydrate (23 mg; 0.12 mmol) was added and
then the solvent was removed by distillation until a dry solid residue was obtained. The crude product was
recrystallized from CH3CN to give 1.573 g (78% yield) of the acetal. mp 195-200°C; IHNMR & 0.8 (s, 3H,
CH3), 1.3 (s, 3H, CH3), 3.6 (d,.J = 10 Hz, 2H, CH?), 3.8 (d, J = 10 Hz, 2H; CH2), 5.5 (s, 1H, CH), 7.5-8:0
(m, 8H). 12 mL of 0.2 M N2H4 in MeOH (2.4 mmol N2H4) was added to 396 mg (1.18 mmol) of the
phthalimide acetal with stirring at room temperature. The initial bright yellow slurry changed to a pale yellow
solution within 5§ min. TLC at 1 h (CH2Cl2:EtOAg, 20:1) showed a new component-(Rf = 0.2) and.no remaining
phthalimide acetal (Rf = 0.6). The.addition of CH2Cl) gave a yellow mixture, which upon filtration through Celite
gave a white precipitate (phthalhydrazide) and a yellow filtrate. The filtrate was evaporated to give a.yellow solid
which was washed with pet ether and collected on a fluted filter. 152 mg (62%); mp 89-93°C; 1H NMR 50.8 (s,
3H, CHg), 1.3.(s, 3H, CH3), 3.6 (d, J = 10 Hz, 2H, CH2), 3.7 (d, J = 10 Hz, 2H, CH?2), 5.3 (s, 1H, CH), 6.6
(d, J = 10 Hz, 2H), 7.3 (d, ] = 10 Hz, 2H).

C7(1-I)-acetal (20). 45 mg (0.074 mmol, 1 equiv) of 15§ was added to a 1 mL Kontes micro-ware vial.
300 pL of CH2C12 and 20 pL (0.15 mmol, 2 equiv) of triethylamine were added to give a homogeneous solution.
30 mg (0.15 mmol, 2 equiv) of aminoacetal 19 followed by 22 mg ( 0.082 mmol) of 18 were then added and the
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rediction was stirred at r0om témpérature for 2.5 h. ‘TLC.(CH2CI2:MeOH, 10:1):showed only-a traceiof 15 Rf =
0.1) and a new-tlye comhponent :(Rf = 0.3). The pioduct was chromatographed-(8i 60, 230400 mesh; 15 x 3 ¢my
5-10% graidient of MeOH in CH2Cl2) giving 35 mg of the acetal which was Homogeneaus:by TLC (58% yield):
1H NMR & 0.8 (s, CH3), 1.35 (8, 'CH3), 1.4 (br t, CH2CH3),: 1.5 (br t; CH3CH3), 1.7:(s, 0(61‘!3)2)‘[34 d,

= 10 Hz, OCH2), 3.6 (d, J = 10 Hz, OCH2), 4.0 (br m, CH2CH3), 4.2 (br m, CH2CH3), 5.4 (s, O2CH), 6.0-
7.0 (m), 7.15°(d;:3 =10 Hz), '7.25 (m); 7.4 (m), 7.5 (d, J = 10 Hz), 7.75:(m), 7.85 (m), 8.0'(d, J + 10'Hz), 8.1
(s), 8.2 (s), 8.25:(s);¢ 9:0:(s, NH);" Abs'A max 756 nm;

Direct condensation to prepare PC7(I-I) (3).  Prior to forming: the porphyrin, the acetal 20.was
hydrolyzed o the aldehyde 21 by dissolving 40 mg (0:05 mimol) of acetal dye (20).in 2:mL CH2Cl3. Then 200
UL of TFA:H20'(1:1 by vol) was added and the reaction was stirred at room temperature for 1-h.. Fhe solution
was taken up in: CH2Cl2, washed with'S mL each of saturiated NaHCO3 ‘and brine, - dried over MgS04, and
evaporated to give 35 'mg of dye carboxaldehyde. This was not characterized but was uséd diréctly in' the
porphyrin reaction. *

Samples of 21 (35 mg, 0.05 mmol), benzaldehyde (15 pL, 0.15 mmol), and pyrrole (14 pL, 0.2 mmol) were
added t0 20 mL CHCl2 under Ny. Trifluoroacetic acid (31 L, 0:4 mmol).. was added and the reaption was
stirfed for 1 h at room temperature. ‘The solution was then buffered by addition of 2 mL ethanol, then.the oxidation
was initiated by addition of p-chloranil (37 g, 0.15 mmel) . After I h at toom temperature the eradeseaction was
chromatographed (Si 60, 70-230 mesh, 10 x 2 cm), eluting TPP.and excess quinone with CH2Clp followed by
dye-components with CH2Cl2 containing 5-10% MeOH. - The desired product was contained in the fitspfive 45
mL fractions,  Further purification by centrifiigal chromatography: (1mm silica rotor, 15% MeOH in CH2Cl2) gave
considerable tailing. Fractions cotitaining the porphyrin-dye were combined and evaporated; affqnding 8 mg
(12%) of 3 which was tdenucal by absorption spectroscopy and TLC with an authentic sample

C7(I-I)-anilld0 (22) Anihne (10 uL 0.100 mmol) and 15 (20 mg, 0 033 mmol) were coupled: acconding
to the procedure for 20 to.yield 14.3 mg.(64%) of 22, C38H42N30L: 556.3 calcd mass; (M-I7), 556.3.0bsd;
1H NMR’ & 1.35(t, J = 5 Hz, CHCH3), 145 (1, J = 5 Hz, CHpCH3), 1.7 (pair s, C(CH3)2), 4.0/(m.J = 5
Hz, CHyCH3), 4.3 (m, J = 5 Hz; CHpCH3), 6.0-6.7 (m),:7.1-7.85 (m), 8.0 (d, J = 10 Hz), 82 (4, J'=10.Hz),
8.35%s), 9.3 (s, NH); Abs A max 755 nm. ‘

. Fluorescence Measurements:. Fluorescence yield measuréments were performed with a SPEX Fluotolog
2172 fluorometer. - The instrumental configuration employed a Rhodamine 6G quantum counter for excitation!(<600
nm) and'a Hamamatsu' R928 photomultiplier: cooled to -15 C:for.e¢mission. - Both excitation and emission
monochrorhatofs contained ruled gratings (1200 lines/inch) blazed at 500 nm. Spectra were collected at rogm
temperature using excitation and emission slit widths of 0.5 mm (giving ~1 nni spectral resolution). . The datal were
collected in the single photon counting mode. Peak areas were integrated after correcting for photomultiplier dark
current and converting the raw data to the wavenumber scale.

The fluorescence experiments were performed at ~0.25 M (A ~0.1) for Soret iluminations. Excitation inta the
Soret region was done reliably in spite of its very narrow absorption band. - Fluorescence yields with < 12%
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variability were obtained upon Soret and visible illumination for the two pairs of compeunds' (TPP and AcP, 417
and 512 imn; ZoTPP and ZnAcP; 424 and 558 m). The dyes wére generally illuminated into the short wavelength
shoulder (C3(I-0), 490 nm; C3(I-I), 520 nm; C7(I-I), 700 nm) so that the entire ‘dye. emission trace. could be
captured. - In these onses the concentration was adjusted so that the long-wavelength peak absarption was < 0.1 to
avoid the-inner filter effect; The only case in all six compounds where overlapping absorption bands presented a
problem was in'PC3(I-I)’ The absorption shoulder of the.dye (520 nm, e 69,000 M-1cm1) overlapped with the
first visible band of the porphyrin (514 nm, £ 17,000 M-1cm-1; €530 ~14,600 M-tem-1). The yield estimates
were corrected accordingly. : ' ' o

. Estimates of the efficiency of energy transfer are bracketed by 1) comparison of the donor fluorescence yield in
the donor-acceptor. complex with that of thé donor free in solution, and 2) the matching of the donor-acceptor
absorption and excitation spectra. The extént of donor quenching provideés: an upper estinate on the extent of
energy transfer, assuming constancy of the rate constants for fluorescence, intersystem crossing, and internal
conversion in the free donor and the donor in the donor-acceptor complex.. The excitation spectra are used to
assess whether energy transfer can account for the full complemerit of donor quenching. A shortfall between the
degree-of donor quenching and the excitation spectra-derived yield of energy transfer implies non-energy transfer
mode(s) of donor quenching.  One’ difficulty in using éxcitation $pectrd was that the instrumentally-corrected
excitation spectrum of a simple porphyrin did not precisely mirror-the corresponding absorption spectrum: When
the corrected excitation spectrum (Spex Fluorolog) of AcP or ZnAcP was overlaid with the corrésponding
absorption spectrum (HP 8452),-a precise. match of the Soret bands: resalted in the excitation spectrum
overshooting the absorption spectrum in the visible region (500-600:nm) by 20-30%. This may be due in part to
baseline problems and limitations in iristrumental dynamic range.. Until more precise measurements are available
we have conservatively scaled all the excitation spectra by this cosrection factor. Thus we interpret the near-perfect
absorption-excitation match seen with PC3(I-D), for example (Figure 4), as an energy transfer efficiency. of ~80%.
This value is in reasonable agreement with the 93% yield of donor quesichinig. - The porphyrin-C7 compounds are
analyzed similarly, though the present instrumental configuration.employs a thodamine 6G quantum counter which
does not permit excitation scans beyond 600 nm. The spectral overlap terms were computed by numherical
integration. ‘ R ‘ L
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