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Distance Dependence of Photoinduced Electron Transfer in Metalloporphyrin Dimers
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To study the dynamics and mechanism of intramolecular photoinduced electron transfer (PET) reactions, a
series of (ZH—F€") mesetetraarylmetalloporphyrin dimers were synthesized and the kinetics of their PET
reactivity was measured. Molecular building blocks were prepared by selective nucleophilic aromatic
substitution of a para fluorine on tetraarylporphyrins containing a single pentafluorophenyl group. This synthetic
approach allows a wide variety of systematic modifications such as type and length of spacer, metal center,
and redox-potential difference between donor and acceptor. The edge-to-edge distance between the two
porphyrins varies from 14.4 to 27.3 A. Into a symmetric dimer, with two identical porphyrins covalently
linked by a rigid partly saturated bridge, one zinc(ll) and one iron(lll) can be inserted. From measurements
of fluorescence lifetimes the rate constants for PET from the electronically excited state of the zinc porphyrin
to the bis(imidazole)iron porphyrin cation were evaluated. The electron-transfer rate decreases by a factor of
only 165 when the distance increases by 13 A. This small decrease is indicative of a surprisingly weak
attenuation of the electronic coupling with distance.

Introduction ET occurs through the bonds of the bridge and not through the
§urrounding medium. Often ET appears to be mediated by a

Over the past decade substantial theoretical and experimenta S . . . ;
superexchange mechanism involving the antibonding orbitals

effort has been directed toward understanding the dynamics of ) - ;
electron transfer (ET) in both proteins and mogdel co%/wpodnds. of the bridge:® Therefore, aromatic and unsaturated bn_dges are
Remarkable progress has been achieved through experimentgxPeCted to be more effective than fully saturated P”dges-

with defined distances, energetics, and orientations of electron A recent study of three supramolecular porphyrin systems
donor and acceptor in supramolecules. Nevertheless, an incom@llowed a comparison of the electronic coupling provided by
pletely solved problem is the delineation of the factors that ¢ 7 and hydrogen bonds.Contrary to general expectations,
control the dependence of ET rates on the distance betweerfn€ €lectronic coupling across a hydrogen-bond interface is
the electron donor and the electron acceptér.theoretical greater than that across an analogous interface composed entirely
model has been developed for electron tunneling across ©f carbon-carbono bonds. Moreover, only a two-fold increase

proteins? The distance dependence of ET across DNA is In the ET rate was observed in a porphyrin dimer with a
currently a matter of considerable controvetsy. n-conta|n|ng<:|s-b|cyclo[3.3.0]_oct§-2,6-d|en-3,7-y||dene (B_COE),
Covalently linked porphyrirquinone diads have been ex- S compared to the saturat@e-bicyclo[3.3.0]octan-3,7-ylidene
tensively studied from the point of view of photoinduced (BCO) linker.
electron transfer (PET):13 However, considerably less infor- To test how the efficiency of ET is related to the molecular
mation is available for two porphyrins covalently linked by a structure of the spacer, systems with rigid, nonaromatic bridges
rigid spacei15 McLendon and co-workers studied PET in a that impose a well-defined molecular geometry should be
series of Zn,Fe protoporphyrin dimers where the bridge consistsinvestigated. Through the precise experimental control of
of either one, two, or three para-linked phenyl grotfpghey geometry, we hope to provide further experimental information
found a weak distance dependence for the ET rates, which wasfor refinement of theoretical treatments. We now report the
interpreted in terms of a moderate loss of conjugation at eachresults of photoinduced ET in a series of metalloporphyrin
phenyl junction. This result can be described by a simple theory dimers rigidly connected by systems including aliphatic rings.
that assumes delocalization within the phenyl ring. The saturated rings used here offer the advantages of high
The molecular structure of the bridge plays an important role chemical stability and superior insulating characteristics, which
in ET between donor and acceptor moiefiésn most cases ~ we expect will minimize direct interactions between the donor
and acceptor chromophores. The minimal interaction is impor-
T Dedicated to Kent R. Wilson. tant for analogy to photosynthetic reaction centers, where the
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from Aldrich, Sigma, or Fluka and used as received unless
otherwise noted. THF was distilled under argon from sodium
benzophenone ketyl immediately prior to use. Pyrrole was
distilled from CaH under reduced pressure prior to ulsi\'-

SPACER Dimethylpropanediamine (Aldrich) was dried over molecular
sieves. Solvents for physical measurements were of spectro-
photometric grade.

General Methods. 'H, 19, and 13C NMR spectra were
measured on either a 500-MHz Varian Unity or a 300-MHz
GE QE spectrometer, in CD&With tetramethylsilane (TMS)
(*H, 13C) or hexafluorobenzené®F) as the internal standard
g m‘ - mzz ﬁ” unless noted otherwise. UWisible spectra in dichloromethane
10 My=Hy My=Zn were recorded on a Kontron Uvikon-810 spectrophotometer.
11 My =Fe(lll)-OAc, Mp= H, Molar absorption coefficients were determined on3mg of
12 My =Fe(lll)}-OAc, Mz= Zn a compound, weighed accurately, and diluted to an appropriate
absorbance. All reactions were carried out under an argon
Compound Spacer R atmosphere in purified solvents with shielding from light and
were followed by thin-layer chromatography (silica gel on
a CoFam N%N CoFa: H aluminum foil, Merck 5554). Preparative column chromatog-
raphy was performed on silica gel (Davisil grade 643 type 150A,
230—-435 mesh) or neutral alumina (Brockman Activity I1,-60
b CGF4NH&NHC5F4 H 325 mesh). Mass spectral analyses were conducted by The
Scripps Research Institute Mass Spectrometry Facility, La Jolla,
%\%N‘Ceﬂ- CA, by FAB*, EI*, or electrospray techniques. These mol-
¢ CeF4—N H ecules are so large that the peak calculated for the lightest
O-CeF isotopes is not the most prominent, so that sometimes only the
M H most abundant is reported, and this does agree with the
d calculated peak. Microanalyses were performed by Desert
-CeF4~O Y Analytical, Tucson, AZ.
N-CeFs- Samples for fluorescence measurements were prepared at
e or ’HM H concentrations of ca. & 10-° M in dichloromethane containing
e 0.01 M 1-methylimidazole. The excitation source was a mode-
locked argon ion laser coupled to a synchronously pumped
cavity-dumped dye laser operating at 568 nm. Fluorescence
CoFm N/\, \/\N P decay at 610, 650, or 670 nm was monitored by time-correlated
single-photon counting (TCSPE&}22Further details have been
described elsewher8.
g “CoFary~~nNCoFar . The fluorescence lifetime of the reference dimer is given by

Me Mo eq 1, wherekg, ksc, and kc are the rate constants for

2Mixture of regioisomers for 10-12
. - 7o = UK + Kgc + kic) )
Figure 1. Porphyrin dimers for study of the dependence of ET rate

on distance. . . T
fluorescence, intersystem crossing, and nonradiative internal

conversion, respectively. If the only additional deactivation
pathway available for the Zn,Fe derivatives is the electron
transfer and if the rate constants for all of the other deactivation
pathways are the same as those in the corresponding reference
dimer, the fluorescence lifetimes of the Zn,Fe dimers are given
by eq 2. This assumes that energy transfer does not contribute

spacers, namely, piperazyl (pip), bicyclo[2.2.2]octane-1,4-
diamine (bcoda), 4,4ipiperidyl (bip), the steroidal diamine
5a-androstanyl-8,173-diamine (stda), the steroidal diether-5
androstanyl-8,175-diether (stde), bis(piperazyl)perfluorobi-
phenylyl (pip-pfbp-pip), andN,N'-dimethyl-1,3-diaminopropyl
(dmdap), each linked to the two porphyrins by a tetrafluorophe-
nyl group. The further tasks are to insert two different metals, —

so as to allow PET, and to characterize the various porphyrin 7= Vet kise T kic + ken) 2)
derivatives, which is not trivial for substances of such high
molecular weight. These porphyrin dimers then permit the study
of the dependence of electron-transfer rates on distance and on
the molecular structure of the intervening linkage. In this series
the other critical parameters governing PET rates, such as
driving force, reorganization energy, and orientation, can be kept ker = 1k — 1/, 3)
constant. In particular, the electron transfer is always from a T 0
singlet excited-state Zn porphyrin to the six-coordinate low-
spin Fe(lll) complex of the identical porphyrin.

to the deactivatioA®@1%n issue that is further addressed below.
It then follows that the electron-transfer rate constanitcan

be obtained from the observed fluorescence lifetimes as in eq
3. Experimental values are averaged over data sets from different

preparations on at least two different days, with at least two
measurements at each of two wavelengths on each day.
Distance Measureslt is necessary to establish a measure
of the spatial distance between the donor and acceptor in these
Materials. All solvents were purchased from Fisher, dried, porphyrin dimers. We have chosen the distance between
and distilled by standard methods. All reagents were purchasedporphyrin edges. The through-space distangad is the length

Experimental Section
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of the vector connecting thesecarbons of the zinc and iron 5-(Pentafluorophenyl)-10,15,20-triphenylporphinatozinc
porphyrins that are bonded directly to the bridge. The through- (ZnTPPFs, 2). A solution of 1 (0.43 g, 0.61 mmol) and zinc
bond distancedyong is the sum of the lengths of the bonds acetate dihydrate (0.81 g, 3.68 mmol) in dichloromethane (90
connecting thenesacarbons of the zinc and iron porphyrins  mL) plus methanol (90 mL) was heated to reflux foh under
that are bonded directly to the bridge. The number of bonds argon in the dark. The reaction mixture was then cooled to room
present in the shortest pathway across the bridge connectingemperature and concentrated approximately three-fold by
the zinc and iron porphyrins at theitesecarbon atoms is the  evaporation of solvent in vacuo. The residue was diluted with
total bond pathwayNponad. The through-space and through-  dichloromethane (600 mL) and washed with water{3100
bond distances were calculated by using a Monte Carlo mL), saturated sodium bicarbonate solution{300 mL), and
conformation search and MM2 force field. For the more brine (3 x 100 mL). The water layers were combined and
complex stde and stda bridges &d, 12d, 8¢, and12€ dspace rewashed with dichloromethane ¢2 50 mL). The combined
corresponds to an average over representative conformersorganic layer was dried over sodium sulfate, filtered, and
selected from a series of low-energy minima. evaporated in vacuo to dryness. The crude product was purified
Even though the linkages may permit rotation of the por- by column chromatography (silica gel: petroleum ether/dichlo-
phyrins relative to the bridge, and also within the bipiperidyl romethane= 4/1) to yield2 (0.460 g, 97%) as a pinkish-purple
and bis(piperazyl)perfluorobiphenylyl bridges, those rotations solid: *H NMR 6 9.02 (d, 2H,J = 5 Hz, pyrrole), 8.94 (d, 4H,
do not greatly change the distance between the two porphyrinJ = 3.5 Hz, pyrrole), 8.85 (d, 2H] = 5 Hz, pyrrole), 8.35
edges. This is a consequence of the rigidity of the piperazine, 8.15 (m, 6H), 7.887.70 (m, 9H);1%F NMR ¢ 24.62 (dd, 2F)
bicyclooctane, and piperidine rings. For the bicyclooctane and = 24 and 8 Hzp), 8.41 (t, 1F,J = 24 Hz,p), —0.76 (dt, 2F,
steroidal linkages, rotation around the inneriCor C—O bonds J =24 and 8 Hzm); UV Amax 416 (S), 547 (w), 585 (w) nm.

could lead to conformational heterogeneity, if it is slow relative Anal. Caled for G4HsNsFsZn: C, 68.84; H, 3.02; N, 7.29.
to fluorescence, but the data below show that this complication Found: C, 69.08: H, 2.86: N, 7.37.

does not ‘””!Jde_- . 5-(Pentafluorophenyl)-10,15,20-tris(2,6-dichlorophenyl)-
An alternative is to choose the metahetal distance, although 51 23H-porphyrin (H >TPPCIsFs, 3).2% A 3-L three-neck
this is conformation-dependent and less well-defined. Besides, ;o \nd-bottomed flask equipped with a reflux condenser and

the QOnor wave .f“T‘C?iO” ofznP* and the acceptor wave 5, argon inlet, was charged with dry dichloromethane (1400
function of Fd' P[bis(imidazole)] are both delocalized over their mL), 2,6-dichlorobenzaldehyde (2.45 g, 14.0 mmol), pentafiuo-

entire porphyrin rings. Therefore, it is reasonable to measure robenzaldehyde (0.25 mL, 2.0 mmol), and pyrrole (1.14 mL
distances in porphyrin dimers simply between porphyrin edges. 16.0 mmol). The mixture ;Nas stirred ,and purged with argor;

Porphyrin Syntheses and Characterization for >20 min, after which BE-EtO (40 mL) was added. The
5-(Pentafluorophenyl)-10,15,20-triphenyl-2H,23H-por- solution rapidly turned dark yellow and then orange-red. The
phine (H,TPPFs, 1). Freshly distilled dichloromethane (2.5 L) m'xtt.“re s _Sé't”gd ngr le h at room ‘erzp;ra‘”rle-t.A”Other
in a two-neck, round-bottomed flask protected from light and portion o FEO (20 mL) was added, an the solution Yvas
fitted with septa was stirred and purged with argon Tch at stirred for 24 h more. Tetrachloro-1,4-benzoquingmet{loranil;

room temperature. Then benzaldehyde (5.0 mL, 49 mmol) 3.93 g, 20 mmol) was then added to the dark solution. After
pentafluorobenzaldehyde (0.86 mL, 7.0 mmol) pyrr’ole (4.0 mL " refluxing for 4 h, the green solution was concentrated in vacuo

59 mmol), and 2,2-dimethoxypropane (4.0 mL, 33 mmol) were to abom_Jt 100 mL. Neutral alumina (@0 g) was gdded, and .
added via syringe in this order. The stirring and bubbling with the residual solvent was removed by evaporation in vacuo. This

argon was continued for an additional 15 min, when boron material was first flash chromatographed (neutral alu_rr_1ina:
trifluoride etherate (1.6 mL, 13 mmol) was added via syringe toluene/_dlchloromethane 1/1), concentrated, and the_n purified
in two portions at 30-min intervals. After this addition was PY gradient column chromatography (neutral alumina: petro-
completed, the reaction mixture changed immediately from '€Um ether/dichloromethane 3/1 gradually to 1/1) to yiele
colorless to red-brown. The dark reaction mixture was then (314 Mg, 17%) as purple crystals after recrystallization from
stirred for 1.5 h with a slow stream of argon passing through dichloromethane/methanotH NMR 6 8.77 (m, 4H, pyrrole),
the solution. A solution of 2,3-dichloro-5,6-dicyanobenzo- 8:70 (m, 4H, pyrrole), 7.837.79 (m, 6H,m), 7.74-7.68 (m,
quinone (DDQ; 10.2 g, 45 mmol) in freshly distilled toluene 3H: P), —2.61(s, 2H, NH);*F NMR 6 25.40 (dd, 2F) = 24
(100 mL) was then added via a cannula needle. The mixture @d 8 Hz,0), 9.25 (t, 1F,J = 24 Hz,p), —0.44 (dt, 2FJ = 24
was stirred for an additional 5 h. A longer condensation or @nd 8 Hzm); UV Amax (10~%) 416 (25.6), 512 (1.63), 540 (sh),
oxidation time leads to a larger amount of polymeric material, 87 (0.53), 642 (0.25) nm; MS (CINHs) nVz911 (M, 100%).
decreases the overall yield, and causes purification difficulties, Anal- Caled for GiHioCleFsNa: C, 57.99; H, 2.10; N, 6.15.
The solvent was evaporated to dryness in vacuo. The crudefFound: C, 57.89; H, 2.12; N, 6.05.

mixture (purple-black powder) was flash chromatographed 5-(Pentafluorophenyl)-10,15,20-tris(2,6-dichlorophenyl)-
(neutral alumina: toluene/dichloromethamel/3) to remove porphinatozinc (ZnTPPClgFs, 4). 3(243 mg, 0.266 mmol) was
polar substances. The mixture of products was purified by dissolved in a mixture of dichloromethane (40 mL) and methanol
gradient column chromatography (neutral alumina: petroleum (40 mL). Zinc acetate dihydrate (580 mg, 2.66 mmol) was
ether/dichloromethane 6/1 gradually to 3/1) to yield 5,10,- added, and the reaction mixture was refluxed for 12 h. After
15,20-tetrakis(pentafluorophenyl)4223H-porphine (0.07 g, cooling to room temperature, the solution was neutralized with
2%) as purple crystals, 5,10,15,20-tetrapheny#2BH-por- a saturated aqueous sodium bicarbonate solution. The organic
phine (0.16 g, 7.4%), and the desired compolid.71 g, 29%) solvents were evaporated in vacuo. Dichloromethane (200 mL)
as purple crystals!H NMR 6 8.95-8.75 (m, 8H), 8.25-8.20 was added, and the organic layer was washed with water (2
(m, 6H), 7.817.70 (m, 9H),—2.57 (s, 2H, NH); UV Amax 50 mL) and brine (2x 50 mL), dried over sodium sulfate,
(10~%) 396 (sh) (8.61), 416 (42.3), 513 (1.9), 548 (0.57), 588 filtered, and evaporated in vacuo. The residue was recrystallized
(0.58), 643 (0.26) nm. Anal. Calcd forygsN4sFs: C, 74.99; from dichloromethane/hexane to provide zinc complg255

H, 3.58; N, 7.95. Found: C, 75.29; H, 3.55; N, 7.97. mg, 98%) as red-purple crystals$H NMR 6 8.85 (m, 4H,
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pyrrole), 8.80 (m, 4H, pyrrole), 7.80 (m, 6Hy), 7.74-7.68
(m, 3H, p); *F NMR 6 25.15 (dd, 2FJ = 24 and 8 Hz,0),
8.67 (t, 1F,J = 24 Hz,p), —0.76 (dt, 2FJ = 24 and 8 Hzm);
UV Amax (107%) 418 (72.4), 510 (sh, 0.35), 548 (2.93), 582
(sh, 0.39) nm; MS (Ci NH3) m/z975 (M*, 100%). Anal. Calcd
for C44H17CleFsN4Zn: C, 54.22; H, 1.76; N, 5.75. Found: C,
54.05; H, 1.97; N, 5.70.
5-(Pentafluorophenyl)-10,15,20-triphenylporphinatoiron-
(1) Acetate (FeTPPFs-OAc, 5). A mixture of 1 (100 mg, 0.14
mmol) and ferrous bromide (42 mg, 0.45 mmol) in 10 mL of
freshly distilled tetrahydrofuran (THF) was heated to reflux
under argon for 2 h. After cooling to room temperature, solvent

J. Phys. Chem. A, Vol. 103, No. 49, 19980543

and washed with water (x 20 mL), a saturated sodium
bicarbonate solution (%X 20 mL), and brine (3< 20 mL). The
water layers were combined and washed with dichloromethane
(2 x 40 mL). The combined organic layer was dried over
sodium sulfate, filtered, and evaporated in vacuo, and the
residual 1-methyl-2-pyrrolidinone was removed by vacuum
distillation at 60°C. Purification by column chromatography
(silica gel: dichloromethane/methanol/ammonium hydroxide
15/1/0.1) providedrc (158 mg, 70%) as a dark purple solid:
IH NMR ¢ 8.98-8.89 (m, 8H), 8.26:8.23 (m, 6H), 7.76:7.74

(m, 9H), 3.48 (d, 2HJ = 11 Hz), 3.01 (dd, 2HJ = 11 Hz),
1.40-1.28 (m, 1H), 0.99-0.87 (m, 3H), 0.770.66 (m, 2H),

was evaporated in vacuo and the residue was dissolved in0.14-0.11 (bm, 1H),~0.25 to—0.48 (bm, 2H),~0.49 t0—0.68
dichloromethane (50 mL), washed with 10% aqueous acetic acid (bm, 1H),—1.02 to—1.44 (bm, 1H),~2.00 to—2.32 (bm, 2H),

(3 x 15 mL) and brine (3x 15 mL), and dried over calcium

—2.41t0-2.80 (bm, 1H)3C NMR 6 150.62, 150.27, 149.99,

chloride. The solvent was evaporated in vacuo. The residue wasl143.37, 143.33, 134.63, 134.57, 132.87, 132.03, 131.71, 130.11,

crystallized from dichloromethane/hexanes to providg00
mg, 90%) as a brown-purple solid: UMyax 375 (sh, w), 415
(s), 509 (w), 580 (w), 648 (w) nm. HRM$nz calcd for
CueHoiNsFsFeQ, [(M + H)T]: 818.1404. Found: 818.1401.
5-(Pentafluorophenyl)-10,15,20-tris(2,6-dichlorophenyl)-
porphinatoiron(lll) Acetate (FeTPPCI gFs-OAc, 6). A mixture
of 3 (100 mg, 0.11 mmol) and ferrous bromide (42 mg, 0.45
mmol) in 10 mL of freshly distilled dimethylformamide (DMF)
was heated to reflux under argon for 0.5 h. After cooling to
room temperature, the mixture was diluted with dichloromethane
(50 mL), washed with 10% aqueous acetic acid<(35 mL)

127.38, 126.41, 122.21, 121.15, 51.67 (25H2.01 (2CH),
39.56 (CH), 38.25 (CH), 29.22 (2GH 25.33 (2CH); 1%F NMR
0 22.48 (bs, 2F), 10.54 (bs, 2F); UMnax419 (s), 548 (w), 587
(w) nm. HRMS. Calcd for @HasNsFaZn [(M + H)*]: 915.2777.
Found: 915.2747.

ZNnTPPF4-stde (7d) and Zn,Zn(TPPFR),-stde (8d).Com-
mercially available &-androstane<®,173-diol (8.8 mg, 0.03
mmol) was added to a mixture of sodium hydride (2.7 mg, 0.07
mmol, 60% dispersion in paraffin) and 1-methyl-2-pyrrolidinone
(2 mL) at 5°C under argon. After 1 2 (50 mg, 0.065 mmol)
was added, and the reaction mixture was heated toCstbr

and brine (3x 15 mL), and dried over sodium sulfate. The 48 h. After cooling to room temperature, the mixture was poured
solvent was evaporated in vacuo, and the remaining DMF was onto ice water (50 mL) and extracted with dichloromethane (3
removed by vacuum distillation. The crude mixture was purified x 15 mL). The combined organic layer was dried over sodium
by column chromatography (alumina: dichloromethane/metha- sulfate and evaporated to dryness. Purification by column

nol = 100/1) to give6 (91 mg, 81%) as a purple-brown solid:
UV Amax (107%) 380 (sh, 5.54), 416 (8.92), 511 (1.20), 582
(0.37), 649 (0.33) nm. MS. Calcd forsH21N4FsFeGClg [(M

+ H)*]: 1025. Found: 1025.

ZNnTPPF4-pip (7a). A solution of zinc porphyrir2 (100 mg,
0.13 mmol) and piperazine (112 mg, 1.3 mmol) in freshly
distilled dry 1-methyl-2-pyrrolidinone (1.5 mL) was heated to
110-120°C for 20 h under argon. The reaction mixture was
then cooled to room temperature, diluted with dichloromethane
(50 mL), and washed with water (2 20 mL), a saturated
sodium bicarbonate solution (8 20 mL), and brine (3x 20
mL). The water layers were combined and extracted with
dichloromethane (% 40 mL). The combined organic layer was
dried over sodium sulfate, filtered, and evaporated in vacuo.
The residual 1-methyl-2-pyrrolidinone was removed by vacuum
distillation at 60°C. Purification by column chromatography
(silica gel: dichloromethane/methanol/ammonium hydroxide
15/1/0.1) provided@a (97 mg, 89%) as a purple solidH NMR
0 9.05-8.90 (m, 8H), 8.33-8.10 (m, 6H), 7.96-7.64 (m, 9H),
3.89 (m, 4H), 3.78 (m, 5H); UMmax418 (s), 548 (w), 588 (w)
nm. MS. Calcd for GgH3aNgFsZn [(M + H)*]: 834. Found:
834.

ZNnTPPF4-bip (7c). 4,4-Bipiperidyl was prepared from its
commercially available dihydrochloride (362 mg, 1.5 mmol)
by treatment wit 1 M NaOH (3 mL), to produce a white solid
[229 mg, 91%, sublimatior 150°C, mp 172°C (lit.2* 172—
173°C)]: H NMR ¢ 3.02 (d, 4H,J = 11.7 Hz, H2a), 2.50
(dd, 4H,J = 11.4 Hz, H2b), 1.861.46 (m, 6H) 1.280.95
(m, 6H). A solution of zinc porphyrir2 (190 mg, 0.248 mmol)
and 4,4-bipiperidyl (125 mg, 0.734 mmol) in freshly distilled
dry 1-methyl-2-pyrrolidinone (3 mL) was heated to H120
°C for 18 h under argon. The reaction mixture was then cooled
to room temperature, diluted with dichloromethane (50 mL),

chromatography (silica gel: petroleum ether/dichloromethane
= 1/1) gave two compound3d and8d, as purple solids. For
the more polar7d (6 mg, 19%): '"H NMR ¢ 9.05-8.90 (m,
8H), 8.25-8.20 (m, 6H), 7.857.70 (m, 9H), 4.76-4.60 (m,
1H), 3.36-3.20 (m, 1H), 2.452.30 (m, 2H), 2.26-0.52 (m,
26H); UV Amax 418 (s), 548 (w), 584 (w) nm. MS. Calcd for
CoaHs4N4F400Zn: 2082 (2x MHT). Found: 2082 (2« MH™).
For the less polaBd (21 mg, 40%): 'H NMR & 9.10-8.90
(m, 16H), 8.36-8.20 (m, 12H), 7.857.70 (m, 18H), 5.05
4.95 (m, 1H), 4.754.60 (m, 1H), 2.66-0.55 (m, 28H); UV
Amax 418 (s), 547 (W), 586 (w) nm. MS. Calcd for&H77/NgFsO--
Zn [(M + H)*]: 1785. Found: 1785.

ZnTPPF,-pip-pfbp (7f). A mixture of 7a (20.0 mg, 0.024
mmol), perfluorobiphenyl (200 mg, 0.60 mmoN,N-diisopro-
pylethylamine (0.2 mL), and dimethyl sulfoxide (DMSO; 0.5
mL) was heated to reflux for 21 h under argon. The volatiles
were removed under vacuum. The residue was dissolved in
toluene (50 mL) and washed with 5% aqueous acetic acid (25
mL) and brine (25 mL). The organic solution was dried over
NaOH pellets, filtered, and evaporated to dryness. The residue
was purified by column chromatography (silica gel: petroleum
ether/dichloromethane= 1/2). Recrystallization from dichlo-
romethane/hexanes gavé (15 mg, 55%) as a purple solid:
IH NMR 6 9.03 (d, 2H,J = 5 Hz), 8.98-8.93 (m, 6H), 8.25
8.21 (m, 6H), 7.847.73 (m, 9H), 3.76 (d, 4H) = 3.5 Hz),
3.68 (d, 4H,J = 3.0 Hz); 1%F NMR 6 24.20-24.10 (m, 2F),
22.27 (dd, 2F) =9 and 23 Hz), 21.8421.66 (m, 2F), 11.586
(dd, 2F,J = 6 and 20 Hz), 10.45 (t, 1B8,= 22 Hz), 10.12 (dd,
2F,J = 9 and 23 Hz), 0.820.64 (m, 2F); UVAmax 418 (s),
548 (w), 588 (w) nm. Anal. Calcd fordgHsiF13NgZn: C, 62.76;

H, 2.72; N, 7.23. Found: C, 63; H, 2.73; N, 7.14.

ZnTPPClgF4-dmdap (7g). 4 (130 mg, 0.133 mmol) was
dissolved in excedy,N'-dimethyl-1,3-diaminopropane (1.5 mL)
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and stirred fo 2 h at 135°C. After cooling to room temperature,
the mixture was diluted with dichloromethane (50 mL), washed
with a saturated ammonium chloride solution X220 mL),
water (2 x 20 mL), and brine (2x 20 mL), dried over

Portela et al.

bicarbonate (3x 10 mL), and brine (3x 10 mL). The water
layers were combined and washed with dichloromethane (2
40 mL). The combined organic layer was dried over sodium
sulfate, filtered, and evaporated in vacuo, and the residual

magnesium sulfate, filtered, and evaporated in vacuo to dryness.1-methyl-2-pyrrolidinone was removed by vacuum distillation

The crude product was recrystallized from chloroform/hexane
to yield 7g (137 mg, 97%) as a purple solidH NMR ¢ 9.01

(d, 2H,J = 4.5 Hz, pyrrole), 8.758.70 (m, 6H, pyrrole), 7.78
7.57 (m, 9H), 3.68 (t, 2H) = 6.9 Hz), 3.61 (m, 2H), 3.36 (bs,
6H), 3.29 (bs, 1H), 2.382.30 (m, 2H);**F NMR (DMSO-dg)

0 21.37 (bs, 2F), 11.02 (bs, 2F); UMax419 (s), 550 (w), 589
(W) nm. Anal. Calcd for GgH3¢ClsF4NgZn: C, 55.68; H, 2.86;

N, 7.95. Found: C, 54.98; H, 2.81; N, 7.86.

ZNTPPF4-bip-CHO (7h). Reaction of ZnTPP§{2 with 4,4-
bipiperidyl does not proceed at room temperature in DMF and
is extremely slow at 60C. Therefore, a solution & (100 mg,
0.13 mmol) and 4/4bipiperidyl (225 mg, 1.1 mmol) in freshly
distilled dry DMF (8 mL) was heated to 14T for 24 h under

argon. The reaction mixture was cooled to room temperature,

and DMF was removed by vacuum distillation at 40. The
residue was redissolved in dichloromethane (150 mL) an
washed with water (X% 30 mL), a saturated sodium bicarbonate
solution (3x 30 mL), and brine (3< 30 mL). The water layers
were combined and rewashed with dichloromethane (20

mL). The combined organic layer was dried over sodium sulfate,

at 60°C. Purification by column chromatography (silica gel:
dichloromethane/methanol/ammonium hydroxidel5/1/0.1)
provided8b (60 mg, 34%) as a dark purple solidHd NMR &
9.06-8.92 (m, 16H), 8.288.20 (m, 12H), 7.847.70 (m, 18H),
2.26 (s, 12H); UVAmax419 (s), 547 (w), 585 (w) nm. MS. Calcd
for CygHe1N10FsZny [(M + H)+]I 1633. Found: 1633.
Zn,Zn(TPPF4)2-bip (8c). A solution of zinc porphyrin7c
(65.6 mg, 0.071 mmol)2 (100 mg, 0.14 mmol), and tributy-
lamine (0.034 mL, 0.14 mmol) in freshly distilled dry 1-methyl-
2-pyrrolidinone (1 mL) was heated to 13020 °C for 24 h
under argon. After cooling to room temperature, the mixture
was diluted with dichloromethane (50 mL) and washed with
water (3x 20 mL), a saturated sodium bicarbonate solution (3
x 20 mL), and brine (3x 20 mL). The water layers were

g combined and rewashed with dichloromethanex(20 mL).

The combined organic layer was dried over sodium sulfate. The
solvent was evaporated in vacuo, and the residual 1-methyl-2-
pyrrolidinone was removed by vacuum distillation at 8D.
Purification by column chromatography (silica gel: dichlo-

filtered, and evaporated in vacuo to dryness. The crude mixture fomethane/methanet 50/1) gaveBc (78 mg, 66%) as a purple

was purified by column chromatography (silica gel: dichlo-
romethane/methanet 50/1 and then 25/1) to providé (0.112

g, 91%) as a dark purple solidH NMR ¢ 9.01-8.90 (m, 8H),
8.28-8.24 (m, 6H), 7.857.72 (m, 9H), 5.29 (s, 1H, CHO),
3.70 (d, 2H,J = 11.4 Hz, H2a), 3.30 (dd, 2H] = 11.8 Hz,
H2b), 3.02 (d, 1HJ = 12.6 Hz), 2.84 (d, 1HJ = 12.9 Hz),
2.49-2.39 (m, 1H), 1.751.63 (m, 3H), 1.581.40 (m, 3H),
1.39-1.10 (m, 3H), 0.8+0.62 (m, 1H), 0.56-0.35 (m, 1H);

solid: 'H NMR ¢ 9.10-8.90 (m, 8H), 8.258.21 (m, 6H),
7.78-7.73 (m, 9H), 3.883.83 (m, 2H), 3.5%+3.46 (m, 2H),
2.18-2.12 (m, 2H), 2.16-:2.02 (m, 2H), 1.8%+1.71 (m, 2H),
1.64-1.53 (m, 2H), 1.29-1.23 (m, 2H), 1.03:0.90 (m, 2H),
0.90-0.83 (m, 2H); UV Amax 419 (s), 547 (w), 585 (w) nm.
MS. Calcd for GgHesN1oFsZno [(M + H)+]Z 1661. Found:
1663, 1665 (most abundant).

Zn,Zn(TPPF,),-stda (8e).5a-Androstane-8,175-diamine

%C NMR ¢ 159.43 (CHO), 150.55, 150.06, 149.76, 142.95, a5 prepared by oxidation of epiandrosterone followed by
134.53,132.89,132.19, 131.81, 131.23, 129.94, 127.39, 126.45¢qyctive aminatioR? A solution of this amine (5.2 mg, 0.018

126.39, 52.00 (2 Ch), 46.04 (CH), 40.86 (CH), 40.31 (CH),
39.41 (CH), 29.87 (CH), 29.71 (CH), 29.25 (CH), 27.91
(CHy); % NMR ¢ 22.50 (dd, 2FJ = 9 and 23 Hz), 10.56 (dd,
2F,J =9 and 23 Hz); UVAnax 419 (s), 547 (w), 586 (w) nm.
MS. Calcd for GgHa3sFsNgOZn [(M + H)*™]: 943. Found: 943.
Zn,Zn(TPPF4)2-pip (8a). A mixture of 2 (19.7 mg, 25:mol),
7a (64 mg, 77umol), and tributylamine in dry DMSO (0.25
mL) was heated to 120C for 24 h. After cooling to room

mmol), 2 (30 mg, 0.039 mmol), and tributylamine (0.013 mL,
0.053 mmol) in freshly distilled dry 1-methyl-2-pyrrolidinone
(1 mL) was heated to 140150 °C for 72 h under argon. The
reaction mixture was worked up in the usual manner. Purifica-
tion by column chromatography (silica gel: dichloromethane/
petroleum ether= 1/1) gave8e (7.5 mg, 23%) as a purple
solid: *H NMR 6 9.30-8.88 (m, 16H), 8.258.19 (m, 12H),
7.82-7.72 (m, 18H), 4.654.54 (m, 1H), 4.06-3.94 (m, 1H),

temperature, the solvent was removed by vacuum distillation 2.50-0.50 (M, 28H): UVAmax 418 (S), 548 (W), 586 (W) nm
. . 3 ’ max 1 1 *

at 60-80 °C. The residue was dissolved in dichloromethane

(50 mL), washed with a saturated sodium bicarbonate solution

(2 x 20 mL) and brine (3x 20 mL), and dried over sodium

MS. Calcd for GomH79N10FsZny [(M + H)+]Z 1783. Found:
1783.

sulfate. The solvent was evaporated in vacuo. The residue was  £MZN(TPPF4)2-pip-pfbp-pip (8f). A mixture of 7f (10 mg,

purified by column chromatography (silica gel: dichloromethane/
petroleum ether 3/1). The product was recrystallized from
dichloromethane/hexanes to yie8a (13 mg, 33%) as purple
crystals: 'H NMR ¢ 9.07 (d, 4H,J = 4.5 Hz), 9.02 (d, 4H,

= 4.5 Hz), 8.97 (m, 8H), 8.278.22 (m, 12H), 7.857.70 (m,
18H), 3.94 (s, 8H); UVAmax 419 (s), 547 (w), 587 (w) nm.
MS. Calcd for GHssN1gFsZn, [(M + H)*]: 1579. Found: 1582
(most abundant).

Zn,Zn(TPPFg4)-bcoda (8b).A solution of zinc porphyrir2
(205 mg, 0.267 mmol), bicyclo[2.2.2]octane-1,4-diami@5
mg, 0.107 mmol), and tributylamine (0.64 mL, 0.267 mmol) in
freshly distilled dry 1-methyl-2-pyrrolidinone (3 mL) was heated
to 150-160°C for 48 h under argon. The reaction mixture was
cooled to room temperature, diluted with dichloromethane (50
mL), and washed with water (8 10 mL), a saturated sodium

0.0087 mmol), 7a (15 mg, 0.018 mmol), 1-ethyl-2,2,6,6-
tetramethylpiperidine (0.1 mL), and dry DMSO (0.5 mL) was
heated to 120C for 44 h under argon. The mixture was cooled
to room temperature, diluted with toluene (50 mL), and washed
with 5% aqueous acetic acid (2 25 mL), saturated sodium
bicarbonate (2« 25 mL), and brine (2« 20 mL). The organic
solution was dried over sodium sulfate, filtered, and evaporated
to dryness. The residue was purified by column chromatography
(silica gel: petroleum ether/dichlorometharel/1). Recrys-
tallization from dichloromethane/hexanes g&¢10 mg, 59%)

as a purple solid*H NMR 6 9.03 (d, 4H,J = 5.0 Hz), 8.98-

8.94 (m, 12H), 8.26:8.20 (m, 12H), 7.827.73 (m, 18H), 3.82

(d, 8H,J = 3.5 Hz), 3.68 (d, 8H,) = 3.0 Hz); 1°F NMR 6
22.20 (dd, 4FJ = 9 and 23 Hz), 21.64 (dd, 48,= 5, 19 Hz),
11.21 (bd, 4FJ = 15 Hz), 10.11 (dd, 4R) = 9, 23 Hz); UV
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Amax417 (S), 549 (w), 586 (W) nm. Anal. Calcd forHsF1dN1-
Zny: C, 66.10; H, 3.18; N, 8.56. Found: C, 65.91; H, 3.36; N,
7.96.

Zn,Zn(TPPClgF4)-dmdap (8g). Amine 7g (62.0 mg, 0.059
mmol), 4 (28.6 mg, 0.029 mmol), and tributylamine (6.2,
0.029 mol) were dissolved in dry DMSO (30Q.) under an
argon atmosphere and stirred at T&8for 10 h. After cooling
to room temperature, the solution was diluted with dichlo-
romethane (100 mL). The organic phase was washed with a
saturated ammonium chloride solution %310 mL) and brine
(3 x 10 mL). After drying over magnesium sulfate, the solvent
was evaporated in vacuo. The crude mixture was purified by
column chromatography (silica gel: petroleum ether/dichlo-
romethane= 3:1) to give8g (32 mg, 54% based o4#) as a
purple solid: 'H NMR ¢ 8.96 (d, 4H,J = 4.5 Hz, pyrrole),
8.74 (d, 4H,J = 4.5 Hz, pyrrole), 8.73(d, 4HJ) = 4.5 Hz,
pyrrole), 8.70 (d, 4H,) = 4.5 Hz, pyrrole), 7.76 (d, 4H] = 8
Hz, m), 7.71-7.66 (m, 10H,J = 8 Hz, phenyl), 7.57 (t, 4HJ)
= 8 Hz, p), 3.71 (t, 4H,J = 6.8 Hz, N-CH,), 3.34 (s, 6H,
CHy), 2.31 (gn, 2HJ = 6.8 Hz, CH); °F NMR ¢ 22.27 (d,
4F,J= 16 Hz), 10.50 (d, 4F]) = 16 Hz); UV Amax (107%) 419
(26), 549 (1.6), 585 (sh) nm. MS (FAB CH,CI,/NBA). Calcd
for CoaH47Cl12FsN10Zn, [(M + H)™]: 2003. Found: 2012 (most
abundant).

H2,H2(TPPF,)2-pip (9a). A solution of8a (15 mg, 9.5 mmol)
in dichloromethane (15 mL) was vigorously stirred with 25%
aqueous hydrochloric acid (10 mL) for 20 h. The organic layer
was separated, diluted with dichloromethane (50 mL), washed
with water (3x 15 mL), 10% NaOH (2x 15 mL), and brine
(3 x 15 mL), and dried over NaOH pellets. The solution was
decanted, the solvent was evaporated, and the residue wa
recrystallized from dichloromethane/hexanes to y8ad13 mg,
87%) as purple crystalstH NMR ¢ 8.96 (d,J = 4.5 Hz, 4H),
8.92 (d,J = 4.5 Hz, 4H), 8.93-8.31 (m, 8H), 8.2#8.22 (m,
12H), 7.84-7.74 (m, 18H), 3.93 (s, 8H)}-2.73 (s, 4H); UV
Amax 418 (s), 513 (w), 548 (w), 588 (w), 643 (w) nm. Anal.
Calcd for GoHsgFsN1g: C, 75.92; H, 4.02; N, 9.62. Found: C,
76.19; H, 3.99; N, 9.39.

Ho,H2(TPPF4)2-bcoda (9b). A mixture of 8b (20 mg, 12.2
mmol), dichloromethane (20 mL), methanol (2 mL), and
aqueous hydrochloric acid (1M, 10 mL) was stirred for 10 h at
room temperature. The reaction mixture was worked up ac-
cording to the procedure f@a. After evaporation of the solvent,
the residue was taken up in @QEl, and precipitated with
pentane to yield®b (15 mg, 83%) as a dark purple solidH
NMR 6 8.98-8.92 (m, 16H), 8.188.28 (m, 12H), 7.827.72
(m, 18H), 2.30 (s, 12H);-2.75 (s, 4H); UVAnax 418 (s), 514
(w), 549 (w), 591 (w), 644 (w) nm.

Ho,Ho(TPPF,).-stda (9e). A mixture of 8e (4 mg, 0.002
mmol) in dichloromethane (5 mL) and methanol (0.5 mL) was
treated with aqueous hydrochloric acid (1 M, 1 mL) for 12 h,
followed by the usual workup. After evaporation of the solvent,
the residue was taken up in @El, and precipitated with
pentane to yiel®e (3 mg, 91%) as a dark purple solidH
NMR 6 9.27-8.82 (m, 16H), 8.288.15 (m, 12H), 7.867.70
(m, 18H), 4.56-4.40 (m, 1H), 3.96-3.70 (m, 1H), 2.56-0.50
(m, 28H),—2.70 (s, 4H); UVAnax 417 (s), 513 (w), 548 (w),
589 (w), 643 (w) nm.

H2,Ho(TPPF4),-pip-pfbp-pip (9f). A solution of8f (50 mg,
0.025 mmoal) in dichloromethane (25 mL) was vigorously stirred
with 25% aqueous HCI (20 mL) for 20 h. The organic layer
was separated, diluted with dichloromethane (50 mL), washed
with water (3x 20 mL), 10% NaOH (2x 20 mL), and brine
(3 x 20 mL), and dried over NaOH pellets. The solution was
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decanted, the solvent was evaporated, and the residue was
recrystallized from methylene chloride/hexanes to yEfi¢40

mg, 88%) as purple crystaldd NMR 6 9.00 (d, 4H,J = 5.1

Hz), 8.98-8.91 (m, 12H), 8.278.18 (m, 12H), 7.847.74 (m,
18H), 3.80 (d, 8HJ) = 3.5 Hz), 3.69 (d, 8H) = 3.1 Hz),—2.73

(s, 4H); UV Amax 418 (s), 513 (w), 547 (w), 587 (w), 643 (w)
nm. Anal. Calcd for GogHgeF16N12: C, 70.66; H, 3.62; N, 9.16.
Found: C, 70.79; H, 3.55; N, 8.97.

H2,Ho(TPPClgF4)-dmdap (9g). Dimer 8g (21 mg, 0.0104
mmol) was dissolved in dichloromethane (30 mL) and mixed
with 25% aqueous hydrochloric acid (5 mL). After 12 h of
reflux, a brownish green solution was obtained. Two phases
were separated. The dichloromethane layer was washed with
water until the pH was neutral, whereupon the organic layer
changed to dark red. The solution was then dried over sodium
sulfate, concentrated by evaporation in vacuo, and purified by
column chromatography (silica gel: petroleum ether/dichlo-
romethane= 1/1) to obtain9g (16 mg, 80%) as a purple solid:
IH NMR 6 8.90 (d, 4H,J = 4.5 Hz, pyrrole), 8.69 (d, 4H] =
4.5 Hz, pyrrole), 8.68 (d, 4H) = 4.5 Hz, pyrrole), 8.65 (d,
4H, J = 4.5 Hz, pyrrole), 7.79 (d, 4H) = 8 Hz, m), 7.69 (t,
2H,J =8 Hz,p), 7.67 (m, 8HJ = 8 Hz,m), 7.53 (t, 4H,J =
8 Hz,p), 3.71 (t, 4H,J = 7.5 Hz, N-CHj), 3.35 (s, 6H, CH),

2.33 (gn, 2HJ = 7.5 Hz, CH), —2.60 (s, 4H, NH)1°*F NMR

0 22.47 (dd, 4FJ = 23 and 8 Hz), 10.63 (dd, 4B,= 23 and

8 Hz); UV Amax (107%) 418 (61), 512 (4.2), 543 (0.6), 588 (1.3),
645 (0.1) nm. Anal. Calcd for &Hs0Cli1oFsN1g: C, 59.26; H,
2.67; N, 7.73. Found: C, 59.08; H, 2.69; N, 7.59.

Zn,Hy(TPPF4)2bip (10c). A solution of zinc porphyrin7c

§65.6 mg, 0.071 mmol)} (100 mg, 0.14 mmol), and tributyl-

amine (0.034 mL, 0.14 mmol) in freshly distilled dry 1-methyl-
2-pyrrolidinone (1 mL) was heated to 13020 °C for 24 h
under argon. The reaction mixture was cooled to room tem-
perature, diluted with dichloromethane (50 mL), and washed
with water (3x 20 mL), a saturated sodium bicarbonate solution
(3 x 20 mL), and brine (3x 20 mL). The water layers were
combined and rewashed with dichloromethanex(20 mL).
The combined organic layer was dried over sodium sulfate,
filtered, and evaporated in vacuo, and the residual 1-methyl-2-
pyrrolidinone was removed by vacuum distillation at 8D.
Purification by column chromatography (silica gel: dichlo-
romethane/methanet 50/1) gavelOc (78 mg, 66%) as a purple
solid: *H NMR 6 9.05-8.49 (m, 16H), 8.268.21 (m, 12H),
7.82-7.75 (m, 18H), 3.963.85 (m, 2H), 3.523.42 (m, 2H),
2.10-2.02 (m, 2H), 1.7#1.72 (m, 2H), 1.621.55 (m, 1H),
1.55-1.44 (m, 3H), 1.321.21 (m, 3H), 0.93-0.75 (m, 3H),
—2.69 (s, 2H); UVAmax 419 (s), 510 (w), 548 (w), 585 (w),
622(w) nm. HRMS. Calcd for 6He/N1oFsZn [(M + H)T]:
1599.47. Found: 1599.6.

Zn,H(TPPF,),stde (10d).Solid 7d (3 mg, 2.8umol) was
added to a mixture of sodium hydride (0.53 mg, 0.013 mmol,
60% dispersion in paraffin) and 1-methyl-2-pyrrolidinone (1 mL)
at 5°C under argon. After 1 1 (10 mg, 0.014 mmol) was
added, and the mixture was heated to°8&Dfor 48 h. After
cooling to room temperature, the mixture was poured onto ice
water (50 mL) and washed with dichloromethane<(35 mL).

The combined organic layer was dried over sodium sulfate and
evaporated to dryness. Purification by column chromatography
(silica gel: petroleum ether/dichloromethavel/1) gavelOd

(1.9 mg, 38%) as a purple soliddH NMR 6 9.10-8.80 (m,
16H), 8.20-8.10 (m, 12H), 7.867.70 (m, 18H), 5.064.90

(m, 1H), 4.96-4.80 (m, 1H), 2.66-0.50 (m, 28H),—2.70 (s,
2H); UV Amax 419 (s), 510 (w), 548 (w), 585 (w), 620(w) nm.
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Zn,Fe(TPPR,)2-pip-OAc (12a).A mixture of dimer9a (8.5
mg, 5.8umol) and ferrous bromide (1.25 mg, 5:8nol) in
freshly distilled THF (15 mL) was heated to reflux for 1.5 h
under argon. At this time additional ferrous bromide (1.0 mg,

4.6 umol) was added and heating was continued for 24 h. After
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purified by column chromatography (silica gel: dichloromethane/

methanol= 50/1) to yield12d (1.9 mg, 70%): UVAmax 418

(s), 511 (w), 548 (w) nm. MS. Calcd forigsHgiNsFsOsFeZn

[(M + H)™]: 1837. Found: 1777 [(M-OAC).
Zn,Fe(TPPFRy)2-stda-OAc (12e).A mixture of dimer9e (2.2

cooling to room temperature, the reaction mixture was exposedmg, 1.3umol) and ferrous bromide (1.4 mg, Gnol) in freshly

to air for 30 min to allow the spontaneous oxidation of iron(ll)

distilled dry THF (1 mL) was heated to reflux for 10 h under

to iron(l1), and the solvent was evaporated in vacuo. The residue argon. After workup and zinc acetate treatment, ad iy, the
was dissolved in dichloromethane (30 mL), washed with a 10% crude mixture was purified by column chromatography (silica

NaOH solution (2x 10 mL), and dried over NaOH pellets.

gel: dichloromethane/methansl 50/1) to yield12e (1.5 mg,

The solution was decanted, and the solvent was evaporated inr65%, mixture of regioisomers): U¥max418 (s), 513 (w), 547

vacuo. The crude mixture was purified by column chromatog-
raphy (silica gel: dichloromethane/methar®l100/1) to give
monometalated dimetla (8.3 mg, 60%) as a purple-brown
solid. Without further characterization monometalated dibiex
was dissolved in a dichloromethane/metharoR/1 solution
(10 mL). Zinc acetate dihydrate (100 mg, 0.045 mmol) was
added, and the mixture was heated to reflux for 2 h. After

(w) nm. MS. Calcd for GogHgoN10FsOFeZn [(M+ H)*™]: 1834.
Found: 1775 (M+ Ht — OAc).

Zn,Fe(TPPFRy)2-pip-pfbp-pip -OAc (12f). A mixture of dimer
9f (10 mg, 0.005 mmol) and ferrous bromide (1.25 mg, 5.8
umol) in freshly distilled THF (15 mL) was heated to reflux
under argon for 10 h. After the usual workup, the crude mixture
was purified by column chromatography (silica gel: dichlo-

cooling to room temperature, the solvent was evaporated in romethane/methanet 2/1) to give monometalated dimédf

vacuo. The residue was dissolved in dichloromethane (25 mL),

washed with water (% 15 mL) and 5% aqueous acetic acid (3
x 15 mL), and dried over sodium sulfate. After evaporation of

(5.7 mg, 59%) as a purple-brown solid. Without further
characterization, monometalated diméicwas dissolved in 10
mL of 1/1 dichloromethane/methanol. Zinc acetate dihydrate

the solvent, the residue was purified by column chromatography (100 mg, 0.045 mmol) was added, and the mixture was stirred

(silica gel: 1% methanol in dichloromethane) to yield the single
speciesl2a(5.5 mg, 58%): UVimax418 (s), 509 (w), 547 (w)
nm. MS. Calcd for GsHgoN1oFsO-FeZn [(M + H)]: 1632.
Found: 1632.

Zn,Fe(TPPR)2-bcodaOAc (12b). A mixture of dimer9b
(4.5 mg, 3.Qumol) and ferrous bromide (0.65 mg, 3«nol) in
freshly distilled THF (1 mL) was heated to reflux for 24 h under
argon. After the usual workup, the crude mixture was purified
by column chromatography (silica gel: dichloromethane/
methanol= 50/1) to give monometalated dimédb (3 mg,
64%) as a purple-brown solid. Without further characterization,
monometalated dimetlb and zinc acetate dihydrate (50 mg,

at 25°C for 1.5 h. The reaction was briefly heated to reflux
(5—10 min), and the solvent was evaporated in vacuo. The
residue was dissolved in dichloromethane (25 mL), washed with
water (2x 15 mL) and 5% aqueous acetic acid %315 mL),
and dried over sodium sulfate. After evaporation of solvent,
the residue was purified by column chromatography (silica
gel: 1% methanol in dichloromethane) to yiel@f (5.5 mg,
58%): UV Amax 418 (s), 510 (w), 547 (w) nm. MS. Calcd for
C110HesN12F160FeZNn [(M + H)+]Z 2010. Found: 2012 (most
abundant).

Zn,Fe(TPPCIsF4)-dmdap-OAc (12g). A mixture of dimer
9g(14.5 mg, 7.7«mol) and ferrous bromide (1.8 mg, §«nol)

0.02 mmol) were heated to reflux in dichloromethane/methanol in freshly distilled DMF (2.5 mL) was heated to reflux under

= 1/1 (5 mL) for 2 h. After cooling to room temperature, the

argon for 20 min. After this time, additional ferrous bromide

solvent was evaporated in vacuo. The residue was dissolved in(0-5 mg, 2.3umol) was added and reflux was continued for 10

dichloromethane (25 mL), washed with water{2.5 mL) and
5% aqueous acetic acid (8 15 mL), and dried over sodium

min. The reaction mixture was diluted with dichloromethane
(50 mL) and washed with water (8 20 mL). The solvent was

sulfate. After evaporation of the solvent, the residue was purified €vaporated in vacuo. The crude mixture was purified by column

by column chromatography (silica gel: 1% methanol in dichlo-
romethane) to yield 2b (2 mg, 65%): UVAmax 418 (s), 512
(w), 547 (w) nm. MS. Calcd for gHgsN10FsO-FeZn [(M +
H)*]: 1684. Found: 1684.

Zn,Fe(TPPR)2-bip-OAc (12c).A mixture of dimerlOc (66
mg, 0.041 mmol) and ferrous bromide (17.4 mg, 0.078 mmol)
in freshly distilled dry THF (5 mL) was heated to reflux for 2

h under argon. After cooling to room temperature, the reaction
mixture was aerated for 30 min. The reaction mixture was then

chromatography (alumina: dichloromethane/methandl/1)

to give monometalated dimédrlg (8.3 mg, 63%) as a purple-
brown solid. Without further characterization, this was dissolved
in 1/1 dichloromethane/methanol (10 mL). Zinc acetate dihy-
drate (172.2 mg, 0.077 mmol) was added, and the mixture was
heated to reflux for 2 h. After cooling to room temperature, the
solvent was evaporated in vacuo and the residue was dissolved
in dichloromethane (50 mL), washed with 5% aqueous acetic
acid (3x 20 mL) and water (3< 20 mL), and dried over sodium

diluted with dichloromethane (60 mL) and washed with 5% sulfate. The crude mixture was purified by gradient column

aqueous acetic acid (8 20 mL) and water (3< 20 mL). The

water layers were combined and rewashed with dichloromethane

(2 x 20 mL). The combined organic layer was dried over

sodium sulfate, filtered, and evaporated in vacuo to dryness.

The crude mixture was purified by column chromatography
(silica gel: dichloromethane/methansi 50/1) to yield 12b
(0.064 g, 88%): UVAmax418 (s), 513 (w), 548 (w) nm. MS.
Calcd for GodHegN10FsOFeZn [(M + H)+]Z 1713. Found:
1713.

Zn,Fe(TPPFy)-stde OAc (12d). A mixture of dimerl0d (2.5
mg, 1.5umol) and ferrous bromide (1.56 mg, 7:3nol) in
freshly distilled dry THF (2 mL) was heated to reflux for 12 h

chromatography (alumina: dichloromethane, gradually to dichlo-
romethane/methanet 50/1) to give dimerl2g (5.5 mg, 63%)

as a dark purple solid: U¥max417 (s), 510 (w), 549 (w) nm.
MS. Calcd for GsHs,ClioFgN1gO2FeZn [(M + H)']: 2055.
Found: 2061 (most abundant).

Results and Discussion

Considerations of SynthesisA large part of the effort in
the studies of covalently linked doneacceptor systems lies
in the skillful synthesis of tailor-made supramolecular struc-
tures810.13Dimeric and oligomeric porphyrin arrays have been
prepared by several different building-block approach-

under argon. After the usual workup, the crude mixture was es10.16.18-20.27-30
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SCHEME 12

cd

4 R=Cl

a(a) BR-OEL, 2,2-dimethoxypropane, GBI, rt, 2 h. (b) DDQ, rt, 5 h, 2630%. (c) FeBs, DMF or THF, A. (d) Aqueous AcOH. (e)
Zn(OAc)-2H,0, CH,Cl,/MeOH, A, 98%.

Our synthetic strategy represents an application of a regi- Heating2 with excess piperazine in either DMF or 1-methyl-
oselective nucleophilic aromatic substitution previously de- 2-pyrrolidinone leads to clean substitution of the para fluorine
scribed in porphyrin chemistif. The regioselectivity of the  and conversion to amino derivativa (Scheme 2). This amine
coupling depends on a porphyrin bearing a singiese was next heated in DMSO with an exces2@ind tributylamine
pentafluorophenyl group, where only the fluorine at the para as a proton scavenger to afford Zn,Zn dinBerin good yield.
position can be successfully substituted with a nitrogen nucleo- This two-step procedure, using an excess of one reagent and
phile. This synthetic methodology allows the systematic modi- then the other, was found to be preferable to a single reaction
fication of many variables in the diporphyrin system, including under 2/1 stoichiometry. Hydrolysis of the Zn,Zn din8arwith
type and length of spacer, metal center, and redox-potentialHCI in methanol/dichloromethane, followed by neutralization,
difference between the donor and acceptor metalloporphyrin. provided free base dim@a. Iron insertion int®®awas achieved
We prepared a set of building blocks suitable for the sequential with 1.1 equiv of FeByin refluxing THF, followed by a standard
synthesis of all of the porphyrin dimers in Figure 1. ligand exchange and air oxidation, to provide monometalated

The reaction scheme calls for a suitable porphyrin with a iron(lll) acetate dimefila Dimerllaunderwent zinc insertion
single mesepentafluorophenyl group (Scheme 1). Stable, to form the donoracceptor dimed2ain 30% yield from8a.
crystalline BTPPF (1) fulfills the basic demands. Its synthesis The Zn,Zn dimer8b was obtained in only 34% yield by a
was accomplished by a modification of the procedure of one-step double coupling & with bicyclo[2.2.2]octane-1,4-
Lindsey3132 A 7/1 mixture of benzaldehyde and pentafluo- diamineé®2and tributylamine in 1-methyl-2-pyrrolidinone. Acid
robenzaldehyde was condensed with 1 equiv of pyrrole under hydrolysis provided9b, which was converted tdl2b by
Lewis acid catalysis (BfEt,0) and 2,2-dimethoxypropane as sequential treatment with ferrous bromide and zinc acetate.

a water scavenger, to provide a presumed porphyrinogen A different result was obtained when this coupling was
intermediate that was not isolated. Oxidative aromatization with attempted towar@c. Heating2 with 4,4-bipiperidyl in DMF
DDQ then provided the desired porphyrin in respectable yield. proceeds with clean substitution of the aromatic fluoride.

Pentafluoroporphyrid is readily metalated with excess zinc  However, subsequent attack of the remaining amine functionality
acetate to form zinc(ll) porphyri@. Because this is stable under on DMF results in transamidation and formation of formamide
basic conditions, it proved to be suitable for nucleophilic 7h as the sole product. This amide was found to be stable to
substitution with amines. To demonstrate the generality of this various reaction conditions and unreactive in additional coupling
method, 2,6-dichlorobenzaldehyde and pentafluorobenzaldehydereactions. When DMF was replaced with 1-methyl-2-pyrroli-
were also coupled to form tris(2,6-dichlorophenyl)pentafluo- dinone, which is less prone to transamidation, the reactié¢h of
roporphyrin 3. Metalation of3 provided zinc porphyrird in with excess 4,4bipiperidyl gave exclusivelyc. This material
excellent yield. The iron(lll) porphyrins FeTPRPPACc (5) and showed interesting NMR behavior. The aliphatic CH signals
FeTPPC{Fs-OAc (6) could also be prepared by a standard iron of the 4,4-bipiperidyl fragment are broad and show an extreme
insertion methods334 upfield shift, tod —2.8 ppm in CDCJ. Such broadening was
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SCHEME 22

ZnTPPF5

a(a) Excess piperazine, 1-methyl-2-pyrrolidinone, 220 24 h, 96-98%. (b) ZnTPPEF; tributylamine, 1-methyl-2-pyrrolidinone, 13C, 24 h,
87%. (9 1 M HCI in MeOH/CHCl,. (d) FeBg, THF, A. (e) Zn(OAc)-2H,0, CH,CI,/MeOH, A, 92%.

not observed in formamidéh. At 50 °C some of the multiplets  excess perfluorobiphenyl gavé which after a second coupling
of 7c sharpen, suggesting a dynamic complexation and decom-with a slight excess ofa provided Zn,Zn dimeB8f. This dimer
plexation on the NMR time scale. We propose that the free underwent acid-catalyzed zinc hydrolysis, iron insertion, and a
amino group is cooordinated to the zinc of another molecule, series of ligand-exchange steps to prodli2zé
producing a “head to tail” dimer, where the aliphatic protons  Zinc porphyrind was reacted with exce$§N'-dimethyl-1,3-
are shielded by the electron cloud of the second porphyrin. The diaminopropane to form amir&y. When7gwas coupled with
Zn,Zn dimer8c was then obtained by coupling amiie with half an equivalent ofl, the Zn,Zn dimeBg was obtained. This
exces2. Alternatively,7c could be coupled with an excess of dimer could be converted in good overall yield to the Zn(ll),-
1 to yield monozinc dimerlOc Iron insertion into the free- Fe(lll) dimer 12g by acid removal of the zinc to produ@s,
base porphyrin unit o10cwas effected with ferrous bromide, followed by iron insertion, spontaneous oxidation, zinc insertion,
followed by acetic acid wash and spontaneous oxidation of Fe- and ligand exchange.
(I1), leading to the formation of Zn(ll),Fe(lll) acetate bipiperidyl Kinetics of PET. Fluorescence lifetimes were measured for
dimer 12cin good overall yield. the series of metalloporphyrin heterodiméda—g as well as
50-Androstane-8,175-diol was deprotonated with NaH and ~ for some of their reference homodimé&a—g. Figure 2 shows
coupled with2 to form a mixture of Zn-stde monoporphyrin  representative fluorescence decay curves. Excited-state lifetimes
7d (19%) and Zn,Zn dimeBd (40%). By comparison ofH determined from these measurements are presented in Table 1.
NMR spectra, the structure @ is consistent with a freed3 The fluorescence decays for nearly all of the porphyrin dimers
hydroxy derivative, which agrees with the greater reactivity of are monoexponential or else biexponential with a slower
17B-diol toward esterificatiod® The alcohol7d was then added ~ component of very low amplitude. A few of the Zn,Fe dimers
to excess NaH in 1-methyl-2-pyrrolidinone and heated With  are exceptions. The Zn,Fe dimEalinked by piperazine (Table
to produce Zn,H dimer 10d. Reaction of10d with ferrous 1, entry 5) exhibits triexponential kinetics with one dominant
bromide led to zn(ll),Fe(lll) dimerl2d. Regardless of the = component. Two minor components with slower decays were
assignments ford, 10d, and12d, the distance between the two  present, attributable to trace impurities. The lifetime of the third
porphyrins is independent of the regiochemistry. component is similar to that of the Zn,Zn dimer, suggesting
The Zn,Zn-stda dimeiBe was obtained by heatinga5 the presence of ca. 2% of this compound as well. The Zn,Fe
androstane{3173-diamineé?® with 2 equiv of 2. The mixture porphyrin dimers12c and 12f (Table 1, entries 9 and 15)
of regioisomeric Zn,Fe-stda dimet2ecould then be obtained  routinely exhibit a more pronounced biexponential kinetics. The
by acid hydrolysis to9e followed by two successive metal faster component may be assigned to the Zn,Fe porphyrin, and
insertions. Again the distance between the two porphyrins is the slower, of low amplitude (7% or 15%), can be attributed to
the same for both regioisomers. an impurity or decomposition product. When the two chro-
The Zn,Fe-piperazyl-octafluorobiphenyl-piperazyl dirh@f mophores are connected by the flexible propanediamine linker,
was made analogously to Scheme 2. Heating arimevith dimer 12g exhibits more complex kinetics that required a
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Figure 2. Typical 650-nm fluorescence decay curves for porphyrin

dimers in dichloromethane. Dots are data points at 16.26-ps intervals;
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the same in both regioisomers. Therefore, our choice of edge-
to-edge distance, rather than the more variable metaital
distance, is justified, despite the possibility of internal rotations.

The measurements were generally conducted under conditions
such that the acetate ligand on the iron was replaced in situ by
two N-methylimidazoles. The Fe(lll) acetate complex, with a
high-spin iron located above the plane of the porphyrin, was
thereby converted to an octahedral bis(imidazole)Fe(lll) cationic
complex with a low-spin iron in the porphyrin plaf&Table 1
shows that dimerl2a in the absence of 1-methylimidazole
(entry 4), has a longer fluorescence lifetime than that in the
presence of this ligand (entry 5). This result is consistent with
faster ET to the low-spin planar six-coordinated bis(1-meth-
ylimidazole)iron(lll) than to the high-spin five-coordinated iron-
(1) that is above the porphyrin plane.

The series of dimer§2a—g represents a selection of linkers.
The lifetimes in Table 1 generally increase with increasing
length of the linker, from 0.1 and 0.3 ns féRaand12b, with

continuous lines are fits (which often overlay the dots). The curves are ONe ring besides theE, units, through 0.36 ns fat2g with
convoluted with the instrument response and are scaled by small factorstwo rings, to 0.72, 0.85, and 1.4 ns fb2d, 12e and12f, with

for display on a common axis, in order of maxima from left to right:
Instrument response functiof2c fit to 0.927 exp(t/0.361 ns)+
0.073 expf-1/1.32 ns).9c: fit to 1.0 exp(t/1.60 ns).

TABLE 1: Fluorescence Lifetimes of Monomeric and
Dimeric Porphyrins in Dichloromethane

%

entry compoundl structurefitting 7,Nns

1 H;TPPR 1 100 9.1

2 ZnTPPE 2 99 1.68+0.05

3 Zn,Zn(TPPR).-pip 8a 100 1.60+0.05

4 [Zn,Fe(TPPR)2-pip]-OAC 12a  96° 0.0704 0.005

5 [Zn,Fe(TPPk)>-pip]-OAc® 12a 979 0.107+ 0.005

6 Zn,Zn(TPPk),-bcoda 8b 100 1.534+0.02

7 [Zn,Fe(TPPR).-bcoda}OAC 12b 99 0.30+0.02

8 Zn,Zn(TPPE)2-bip 8c 100 1.60+ 0.02

9 [Zn,Fe(TPPk),-bip]-OAc 12c 93 0.36+ 0.02
10 Zn,Zn(TPPE).-stde 8d 99 1.57+0.02
11 [Zn,Fe(TPPR)2-stde}OAc 12d 9¢ 0.72+0.02
12 Zn,Zn(TPPEk).-stda 8e 99 1.59+ 0.02
13 [Zn,Fe(TPPE),-stda}OAc 12e 9% 0.85+ 0.02
14  Zn,Zn(TPPE)2-pip-pfbp—pip 8f 100 1.59+ 0.05
15 [Zn,Fe(TPPE),-pip-pfop—pip]:OAc  12f 85" 1.40+0.05
16 ZnTPPCdFs 4 98" 0.620+ 0.04
17 Zn,Zn(TPPG4)-dmdap 8g 9% 0.620+ 0.04
18 [Zn,Fe(TPPGF4),-dmdap}OAc 12g 57 0.34

a Abbreviations: pip= piperazyl; bcoda= bicyclo[2.2.2]octane-
1,4-diamine; bip= bipiperidyl; dmdap= N,N'-dimethyl-1,3-diamino-
propyl; pfbp = perfluorobiphenyl; stda= steroidal diamine (&-
androstanyl-8,173-diamine); stde= steroidal diether (@-androstanyl
30,17B-diether).P Also 2% each withr = 0.35+ 0.07 and 1.6+ 0.1
ns. ¢ Without 1-methylimidazoled Also 3% witht = 2 ns.¢ Also 7%
with 7 = 1.32+ 0.02 ns.f Also 2% with7 = 2 ns.9 Also 1% witht
= 2 ns."Also 15% witht = 0.65+ 0.05 ns.' Also 38% witht =
0.105 ns and 6% withr = 0.96 ns.

triexponential fit. This is probably a result of multiple confor-
mations, each with its own distance and rate. This dimer is

omitted from subsequent correlations, because its distance is
not well-defined. In contrast, the monoexponential decay of the

four rings. The three-fold through-bond pathway for electron
transfer through the bicyclo[2.2.2]octane link Titb does not
overcome the shorter distancelifa The steroidal dimer$2d
and12eshow quite similar lifetimes, indicating that there is no
substantial difference between oxygen and nitrogen linkages of
ether and amine.

Of particular interest is the comparison of the fluorescence
lifetimes observed for the Zn,Fe heterodim&s—f (Table 1)
with those of the reference Zn,Zn homodime3a—f. The
lifetime of the homodimer provides the rate for all of the intrinsic
deactivation processes in each skeleton under study. Actually
there is little influence of the distant skeleton, because all of
the TPPE homodimers8a—f have nearly the same lifetime,
which is quite close to that of the Zn monon&and dimerBg
has the same lifetime as monomér The comparison of
heterodimer with homodimer then provides a measure of ET,
which represents the dominant fluorescence quenching mechan-
ism 16219 Moreover, the invariance of the observed rates to
variation in dimer concentration from 10 to 1@01 excludes
bimolecular contributions to the observed rates. Therefore, the
deactivation of the photoexcited metalloporphyrin dimers can
be analyzed using eqs—B and converted to electron-transfer
rate constant&er.

Distance Dependence of Electron-Transfer RatesThe
electron-transfer rate constamts: for the Zn,Fe dimerd 2af
are presented in Table 2, along with three different measures
of the distances from porphyrin edge to porphyrin edge. For
comparison, the dimers with polyphenylene and bicyclo[3.3.0]-
octylidene spacers are also included. Direct deramceptor
coupling is extremely weak at the long distances involved here.
Therefore, the intervening bridge must mediate the denor
acceptor interaction.

It is interesting to compare all of the dimers with the same

other dimers is evidence that their linkers are more rigid and 13-9-14.4 A edge-to-edge distance. The rate constant for ET

impose a well-defined spatial relation between the two porphyrin
rings. Even with the steroidal and bicyclooctane linkers, the
possibility of conformational flexibility does not complicate the
decay, so it is unlikely that the more pronounced biexponential
kinetics in12cand12f is due to conformational heterogeneity,
nor does the presence of regioisomersldé (Table 1, entry
13) lead to discernible deviation from monoexponential kinetics,

in the piperazine-linked dimer2ais 18 times that of the dimer
with a terphenylene spac&®Likewise, ET inl12ais faster than
that across the bicyclo[3.3.0]octylidene spacééikhis difference

is perhaps due to the heterocyclic ring with nitrogen lone pairs
in 12ain place of the alkane, diene, and aromatic rings in the
comparison dimers. However, another possible explanation is
that electron transfer is faster ifabecause it has a low-spin

inasmuch as the distance between the two porphyrin rings isbis(imidazole)Fe(lll) that is already in the porphyrin plane, as
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TABLE 2: Electron-Transfer Rate Constants and Interporphyrin Distancesfor Dimeric Zn,Fe Porphyrins

structure bridge space A oona A Nbond 7,Ns 109%ker, st decay per ring

CeHs 5.8 7.2 5 0.025 40
(CeHa)° 10.1 12.9 9 0.15 ® 0.15
(CeHa)s® 14.4 18.6 13 0.90 0°8 0.13
CoeH4-BCO-GeH 8 13.9 14 4.3
CsH4-BCOE-GH,¢ 14.4 14 8.8

12a CeF4-pip-CsFa 14.4 18.6 13 0.0% 0.005 14+ 0.1

12b CeF4-bcoda-GF4 15.2 21.7 15 0.3 0.02 3.0+ 0.01

12c CeF4-bip-CsFs 18.6 24.7 17 0.36: 0.02 2.1+ 0.01 0.15

12d CeF4-stde-GF4 20.6 29.3 20 0.7 0.02 0.75+ 0.03

12e CoFs-stda-GF, 21.4 29.4 20 0.850.02 0.544 0.02

12f CeF-pip-pfbp-pip-GFa 27.3 35.6 25 1.46 0.05 0.085t 0.03 0.20

aBCO = bicyclo[3.3.0]octanylidene, BCOE bicyclo[3.3.0]octadienylidene; other abbreviations are as in Tabl&kgference 16&.Corrected
by subtracting . ¢ Reference 19.

24 TABLE 3: Comparison of # Values for Electron Transfer
” | o ° o «a Across Spacer Rings
S . correl k(r)/
2E e 5 o L ET system  distancef, A=t ko, st coeff k(r +4A)
b T polyphenylene Ogae  0.45 5.7x 10 0.9998 6
& T spacery

Y Obond 0.34 4.8x 10t 0.9998 4

- Nbond 049’ 4.7 x 1011 0.9999
v 12af dspace  0.36 1.3x 102 0.970 4
8 ° Ohona 028  2.0x 102 0.988 3

Noond 0.40 1.9x 10 0.989

aReference 16a, corrected withrd./® Per bond.

% clear that eq 4 is followed well regardless of the particular choice

of distance measure.

distance

Figure 3. Distance dependence of ET rates in dimeric Zn,Fe porphyrins
12a—f: dspace(O), dbond (0), Noond (O), €4 5, WithR = dspace+ 6.97 A

) k(r) = ko exp[=A(r—ro)] (4)

compared to the bicyclo[3.3.0]octylidene dimer, where the Fe-  The values off andk, obtained from least-squares fitting of
(1l1) was high-spin, five-coordinated, and above the porphyrin the data in Table 2 for each of the distance measures are
plane. summarized in Table 3. The scatter is greater, and the correlation
The long rigid saturated steroid skeleton of the stde and stdacoefficient is lower, than that seen with the polyphenylene
spacers inl2d and 12e represents an insulator between two series'®® which is also included. However, this latter is
tetrafluorophenyl rings. Yet electron transfer through these structurally homogeneous, where#2a—f include a variety of
dimers is quite fast, not much slower than the other, previously intervening atoms. Moreoveky near 2 x 10 is in good
measured dimers in Table 2, nor is there any deviation associatechgreement with that seen for electron transfer from a zinc
with the ether links unique t@0d. Moreover, it is remarkable  porphyrin to a directly attached quinoffeThe good linearity
that electron transfer ih2f, across the §4-pip-pfbp-pip-GF4 suggests that the current theory of electron tunneling via a
spacer, is fast enough to be measured, albeit with a larger relativenonconducting spacer ought to be applicable to all of these.
error than that for the shorter spacers. The through-space Previous studies of the distance dependence of PET rates in
distance of 27.3 A or the through-bond distance of 35.6 A is covalently linked systems have found tifaties between 0.5
quite long, especially for a saturated spacer, although it is notand 1.5 A, with the smallest values for bridges involving
as long as the 40 A across which an electron has been seen tenainly x orbitals® Yet our value of 0.36 or 0.28 &, depending
travel from a guanine to an anthraquinone in duplex DNA, on the distance measure chosen, is considerably smaller than
which is aromatié’ these and slightly smaller than the values for the phenylene
The data in Table 2 show that there is a consistent decreasespacerd®? Such low values mean that the ET rates are only
of the ET rate constant with increasing number of bonds, weakly attenuated by increasing the length of the bridge.
through-space distance, or through-bond distance. The matrix Also included in Table 3 ik(r)/k(r + 4 A), which is the
element governing ET can be assumed to decrease exponentialljactor by which the rate is reduced on increasing the distance
with distance® resulting in a distance dependence for the rate by 4 A and which can be calculated as exf)(4in previous
that should follow eq 4, wherk, is the limiting ET rate when cases this reduction factor was 20-f8idor aromatic spacers
the donor and acceptor are at the van der Waals contact distancend 100-fold for aliphatic one®. The difference has been
ro and whereg is the decay constant, also called the distance attributed to a superexchange mechanism that is more effective
decay factor. The equation is so simple because matching thewith the aromatic spacers. However, the five-fold reduction
zinc porphyrin with the identical iron porphyrin maintains a factor for the phenylene spacers, which are also aromatic, is
constant energetic driving foréelso, this equation incorporates  significantly lowerl%2and the reduction factor for dimet2a—
into  any distance dependence of the solvent reorganizationf, which include both aromatic and aliphatic spacers, is even
energy3® although this is likely to be negligible because the lower, only three- or four-fold. These comparisons imply that
positive charges are delocalized over porphyrin rings. Figure 3 the aromatic nature of the spacer is not the only determinant of
shows plots of Irket vs these various distance measures. It is the distance dependence.



Electron Transfer in Metalloporphyrin Dimers J. Phys. Chem. A, Vol. 103, No. 49, 19980551

The weak attenuation of ET rates with increasing length of methods for the preparation for these dimers are presented here.
these aliphatic spacers is surprising. Perhaps electron transfeihe rigid bridges allow the investigation of incremental distance
through the thick “wire” of the long steroidal bridges, which effects onkgr for similar collinear orientations, with edge-to-
have more parallel pathways, competes adequately with theedge distances ranging from 14.4 to 27.3 A. The precise control
transfer through the thin “wire” of the aromatic bridges. of the donor-acceptor separation distance allows unambiguous
However, that does not account for the rate with tRE.ip- determination of ET rates from time-resolved fluorescence
pfbp-pip-GF4 spacer. We conclude that electrons can find a measurements. The rates obtained show a remarkably low falloff
path to tunnel through the bonds of saturated systems and of rate with distance, even with the partly saturated linkages.
that nitrogen or oxygen lone pairs facilitate this process.

The distance dependence of ET is regulated by coupling Acknowledgment. We thank Jos&l. Onuchic for thoughtful
pathways that are optimal combinations of through-bond, discussions of bridge-mediated tunneling. This work was
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