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One approach toward storage of multiple bits of information at the molecular level requires the
construction of molecular architectures comprised of multiple redox-active units. Four new
ferrocene—porphyrins have been synthesized to investigate questions concerning (1) the scope of
redox-active molecules that can be employed in molecular information-storage schemes and (2)
writing/reading rates as well as retention of charge in redox-active units located at different sites
in a molecular architecture. Three of the ferrocene—porphyrins have linkers of different lengths
between the ferrocene and porphyrin. The fourth ferrocene—porphyrin has two ferrocenes positioned
at the lateral sites on the porphyrin. The latter architecture is designed to provide a shorter distance
between the electroactive surface and the ferrocene while maintaining an upright orientation of
the porphyrin. Each ferrocene—porphyrin affords three cationic oxidation states (ferrocene
monocation, porphyrin monocation, porphyrin dication) in addition to the neutral state, thereby
affording the capability of storing two bits of information. Each ferrocene—porphyrin bears an
S-acetyl or S-(N-ethyl)carbamoyl-protected thiol moiety, thereby avoiding handling of free thiols.
Each ferrocene—porphyrin forms a self-assembled monolayer (SAM) on gold via in situ cleavage of
the thiol protecting group. The SAM of each array is electrochemically robust and exhibits three

well-resolved, reversible oxidation waves.

Introduction

We have shown that a self-assembled monolayer (SAM)
of porphyrins attached to an electroactive surface can be
used for molecular-based information storage. The por-
phyrins are addressed electrically, and information is
stored in the distinct oxidation states provided by the
porphyrins.t In principle, multiple bits of information can
be stored in a given memory storage location (i.e., a
memory cell) by accessing a series of distinct oxidation
states of a molecular assembly. Gold, the electroactive
surface predominantly employed, presents an electro-
chemical window that extends to ~+1.2 V (versus Ag/
Ag™). A number of writing and reading schemes require
a potential difference of AE = 150 mV in order to
distinguish distinct oxidation states. Thus, to store
multiple bits it is essential to have redox-active molecules
that span the full potential provided by the gold electrode.
For purposes of stability, we have selected redox-active
molecules that are reversibly cycled between neutral and
cationic states rather than anionic states, given the
greater stability of cations under ambient conditions.

In the preceding paper, we described the synthesis of
thiol-derivatized porphyrins for attachment to electro-
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active surfaces.? Porphyrins have two stable and easily
accessible cationic oxidation states (monocation, di-
cation).® In porphyrins the electrochemical potentials can
be tuned by attachment of appropriate substituents* or
by variation in the central metal,® thereby achieving
oxidation potentials in the range of +0.5 to +1.2 V. The
challenges of extending the electrochemical window and
storing multiple bits in a single memory location have
raised a series of questions. (1) What is the scope of redox-
active molecules that can be utilized for molecular-based
information storage? (2) Is there a difference between co-
depositing a collection of different types of molecules
having distinct oxidation potentials in a memory storage
location, versus employing a homogeneous population of
molecules where each molecule is comprised of multiple
redox-active units? The former approach is more easily
implemented while the latter avoids potential problems
such as differential partitioning onto the surface and/or
compartmentalization of attached molecules that may
occur with a heterogeneous population of molecules.
(3) In the design of arrays comprised of multiple redox-
active units, how is the rate of electron transfer (and
therefore the rate of writing and reading) and the
retention of charge affected by molecular architecture?
Though some information has been obtained concerning
the effects of linker length and composition on rate of
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electron transfer of redox-active molecules incorporated
in SAMs, very little is known concerning the factors that
control information retention.

One of the most widely studied redox-active molecules
in SAMs is ferrocene,® due to the central role played by
ferrocene in nonaqueous electrochemical studies. Fer-
rocene and its derivatives present a number of attractive
electrochemical features. Ferrocenes exhibit relatively
stable radical cations. The electrochemical potential can
be tuned by attachment of appropriate substituents,
affording oxidation potentials in the range of —0.2 to
>+40.5 V.7 One key distinction between a ferrocene and
a porphyrin, however, is that ferrocene only has two
easily accessible oxidation states (neutral, monocation),
while porphyrins have three accessible and stable oxida-
tion states (neutral, monocation, dication). The distinct
electrochemical windows that are readily accessible with
ferrocenes and porphyrins prompted us to explore the
combination of porphyrins and ferrocenes in order to span
the electrochemical window provided on a gold surface.

Thiol-derivatized ferrocene—porphyrins are attractive
as prototypical molecular arrays comprised of multiple
redox-active units for studies of multibit information
storage. A large number of ferrocene—porphyrins have
been prepared to date.?~1 The type of linker between the
two electroactive units in these structures ranges from
nonconjugated (ether,®° ester,® amide!*1?) to conjugated
(direct linkage,*® imine,** phenyl,'> alkene®). Two fer-
rocene—porphyrins that bear a thiol unit attached to the
end of a long flexible hydrocarbon chain have been
prepared for attachment to a gold electrode.®*? For our
studies, we required a set of molecules with a high level
of architectural rigidity and appropriate positioning of
ferrocene, porphyrin, linkers, and thiol unit.

In this paper, we describe a set of four thiol-derivatized
ferrocene—porphyrins. To achieve a high degree of 3-di-
mensional order, the p-phenylene linker has been used
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(c) Weber, K.; Creager, S. E. Anal. Chem. 1994, 66, 3164—3172. (d)
Abbott, N. L.; Whitesides, G. M. Langmuir 1994, 10, 1493—1497. (e)
Everett, W. R.; Welch, T. L.; Reed, L.; Fritsch-Faules, I. Anal. Chem.
1995, 67, 292—-298. (f) Campbell, D. J.; Herr, B. R.; Hulteen, J. C;
Van Duyne, R. P.; Mirkin, C. A. 3. Am. Chem. Soc. 1996, 118, 10211—
10219. (g) Sachs, S. B.; Dudek, S. P.; Hsung, R. P.; Sita, L. R.; Smalley,
J. F.; Newton, M. D.; Feldberg, S. W.; Chidsey, C. E. D. J. Am. Chem.
Soc. 1997, 119, 10563—10564. (h) Creager, S.; Yu, C. J.; Bamdad, C;
O'Connor, S.; Maclean, T.; Lam, E.; Chong, Y.; Olsen, G. T.; Luo, J,;
Gozin, M.; Kayyem, J. F. 3. Am. Chem. Soc. 1999, 121, 1059—1064. (i)
Kondo, T.; Horiuchi, S.; Yagi, I.; Ye, S.; Uosaki, K. J. Am. Chem. Soc.
1999, 121, 391—-398. (j) Ye, S.; Haba, T.; Sato, Y.; Shimazu, K.; Uosaki,
K. Phys. Chem. Chem. Phys. 1999, 1, 3653—3659.

(7) Encyclopedia of Electrochemistry of the Elements; Bard, A. J.,
Lund, H., Eds.; Marcel Dekker: New York, 1979; Vol. 13, pp 3—27.

(8) (a) Uosaki, K.; Kondo, T.; Zhang, X.-Q.; Yanagida, M. J. Am.
Chem. Soc. 1997, 119, 8367—8368. (b) Yanagida, M.; Kanai, T.; Zhang,
X.-Q.; Kondo, T.; Uosaki, K. Bull. Chem. Soc. Jpn. 1998, 71, 2555—
2559. (c) Kondo, T.; Kanai, T.; Iso-0, K.; Uosaki K. Z. Phys. Chem. 1999,
212, 23-30.

(9) Thornton, N. B.; Wojtowicz, H.; Netzel, T.; Dixon, D. W. J. Phys.
Chem. B. 1998, 102, 2101—2110.

(10) (a) Beer, P. D.; Kurek, S. S. J. Organomet. Chem. 1987, 336,
C17—-C21. (b) Beer, P. D.; Kurek, S. S. J. Organomet. Chem. 1989,
366, C6—C8. (c) Wagner, R. W.; Brown, P. A.; Johnson, T. E.; Lindsey,
J. S. J. Chem. Soc., Chem. Commun. 1991, 1463—1466. (d) Wagner,
R. W.; Johnson, T. E.; Lindsey, J. S. Tetrahedron 1997, 53, 6755—6790.

(11) (a) Hisatome, M.; Takano, S.; Yamakawa, K. Tetrahedron Lett.
1985, 26, 2347—2350. (b) Beer, P. D.; Drew, M. G. B.; Hesek, D.;
Jagessar, R. J. Chem. Soc., Chem. Commun. 1995, 1187—1189. (c) Beer,
P. D.; Drew, M. G. B.; Jagessar, R. J. Chem. Soc., Dalton Trans. 1997,
881-886. (d) Fujitsuka, M.; Ito, O.; Imahori, H.; Yamada, K.; Yamada,
H.; Sakata, Y. Chem. Lett. 1999, 721-722.

(12) Imahori, H.; Yamada, H.; Ozawa, S.; Ushida, K.; Sakata, Y.
Chem. Commun. 1999, 1165—1166.

J. Org. Chem., Vol. 65, No. 22, 2000 7357

for attachment of the porphyrin to the thiol group. Three
of the ferrocene—porphyrins are designed such that the
ferrocene and porphyrin are separated by linkers of
different length. Each ferrocene—porphyrin is designed
for vertical orientation upon binding of the thiol group
on a gold surface, thereby disposing the ferrocene far from
the gold surface (Zn-1, Zn-2, and Zn-3). A fourth fer-
rocene—porphyrin explores a different architecture, where
the ferrocenes are attached to the lateral positions of the
porphyrin (Zn-4). In this case, the through-bond distance
from thiol to ferrocene remains essentially the same as
with the ferrocene—porphyrin having the same spacer
but in an upright position (Zn-2) while the through-space
distance to the gold surface is much shorter. This set of
ferrocene—porphyrins should provide valuable guidance
concerning the design of molecular devices for the storage
of multiple bits of information. All of the thiol-derivatized
molecules are prepared with S-acetyl or S-(N-ethylcar-
bamoyl) protected thiol groups, which undergo in situ
cleavage on a gold electrode and thereby obviate handling
of free thiols.1":18

Results and Discussion

Synthesis. We first sought to prepare ferrocene—
porphyrins for studying the effects of linkers of various
length interposed between the porphyrin and the fer-
rocene. Three such ferrocene—porphyrins are shown in
Chart 1. The different linkers in the ferrocene—porphy-
rins can be constructed using precursor ferrocenyl alde-
hydes that contain the corresponding linkers. Thus, the
syntheses of Zn-1—-Zn-3 require ferrocene carboxalde-
hyde (5), 4-ferrocenylbenzaldehyde (6), and a diphenyl-
ethyne-linked ferrocene aldehyde 7. This approach mini-
mizes manipulations of the porphyrin. Ferrocenecarboxal-
dehyde (5) is available commercially, and several syn-
theses of 4-ferrocenylbenzaldehyde 6 have been de-
scribed.'® We prepared 6 by reduction of ethyl 4-ferroce-
nylbenzoate?® with LiAlH, followed by PCC oxidation of
the resulting alcohol (see the Supporting Information).
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Chart 1

The diphenylethyne-linked ferrocene carboxaldehyde 7
was synthesized via Pd-coupling of ethynylphenylfer-
rocene 82! with 4-iodobenzaldehyde in 85% yield (eq 1).

CHO

Pd(PPh3),Cly, Cul
Et,N, 40 °C, 85%

CEN

7

(eq 1)

Each of the target porphyrins bears three different
meso substituents (AB,C type). One route to AB,C-
porphyrins involves a mixed condensation of one dipyr-
romethane and two aldehydes, forming three porphyrin
products. The porphyrins are then separated chromato-
graphically. This overall synthetic route has been aug-
mented recently by the development of improved condi-
tions for the condensation. Sterically hindered dipyrro-

(20) (a) Nesmeyanov, A. N. Proc. Royal Soc. London, Ser. A 1958,
246, 495—-503. (b) Akiyama, T.; Kitamura, T.; Kato, T.; Watanabe, H.;
Serizawa, T.; Sugimori, A. Bull. Chem. Soc. Jpn. 1977, 50, 1137—1141.
(c) Shimizu, 1.; Umezawa, H.; Kanno, T.; lzumi, T.; Kasahara, A. Bull.
Chem. Soc. Jpn. 1983, 56, 2023—2028.

methanes (e.g., 5-mesityldipyrromethane) give the ex-
pected three porphyrin products with no observable
scrambling upon reaction with 17.8 mM TFA in CH,CI,
at room temperature, while sterically unhindered dipyr-
romethanes (e.g., 5-phenyldipyrromethane) give rise to
only a low level of scrambling upon reaction with BF;-
etherate and NH,CIl in CH3CN at 0 °C.?? (Scrambling
refers to acidolysis and recombination processes that lead
to a mixture of porphyrins in a rational porphyrin
synthesis.??) While not elegant, this statistical route is
expedient if the porphyrins can be readily separated. The
difficulty of this separation depends on the difference in
polarity imparted by the substituents on the two alde-
hyde compounds. In the course of this study, we found
that the N-ethylcarbamoyl or the acetyl group attached
to the thiophenol moiety (aldehyde 9 or 10) provides
moderate polarity, thereby facilitating separation of the
porphyrin mixtures.

The condensation of 4-ferrocenylbenzaldehyde (6), 4-[S-
(N-ethylcarbamoyl)thio]benzaldehyde (9),'® and 5-mesi-
tyldipyrromethane (11)%3 was performed in the presence
of 17.8 mM TFA in CH,ClI, at room temperature (Scheme
1). The oxidation conditions were modified in two ways
due to the presence of the easily oxidized ferrocene unit.
(1) The acidic reaction mixture was neutralized with
DIEA prior to oxidation, given that acids are known to
increase the oxidation potential of quinones,?* and (2) the

(21) Ambroise, A.; Wagner, R. W.; Rao, P. D.; Riggs, J. A.; Hascoat,
P.; Diers, J. R.; Seth, J.; Bocian, D. F.; Holten, D.; Lindsey, J. S.
Manuscript in preparation.

(22) Littler, B. J.; Ciringh, Y.; Lindsey, J. S. J. Org. Chem. 1999,
64, 2864—2872.

(23) (a) Lee, C.-H.; Lindsey, J. S. Tetrahedron 1994, 50, 11427—
11440. (b) Littler, B. J.; Miller, M. A.; Hung, C.-H.; Wagner, R. W.;
O’'Shea, D. F.; Boyle, P. D.; Lindsey, J. S. J. Org. Chem. 1999, 64,
1391-1396.
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Scheme 1

CHO
&> L }cHo + © +
|
Fe
&> he

o)

9. R = NHEt 11
or
10. R=CHj,4

1. TFA, CHCl,, 1t
2. DIEA

3. p-chloranil

4, Zn(OAC)22H20

Aldehydes Porphyrin R
5,10 Zn-1 direct linkage CHj
6,9 Zn-2 —@— NHEt
7.9 Zn-3 O — O NHEt

weaker oxidant p-chloranil was used instead of DDQ.
Chromatographic workup yielded the desired free base
porphyrin (2) accompanied by a small amount of impuri-
ties. This material was treated with zinc acetate and
upon final purification porphyrin Zn-2 was obtained in
19% vyield.

The reaction of ferrocenecarboxaldehyde (5), 5-mesi-
tyldipyrromethane (11), and 4-(S-acetylthio)benzalde-
hyde (10)'® was performed identically, affording Zn-1 in
37% overall yield, a much higher yield compared with
that of porphyrin Zn-2. Analysis by TLC and LD-MS
showed significant skewing from the statistical 1:2:1 ratio
of the three expected porphyrins.

The same mixed-condensation approach was employed
with aldehydes 7 and 9, affording free base porphyrin 3
in 10% yield. Subsequent metalation afforded Zn-3 in
70% yield (Scheme 1). Thus a significant decrease in yield
of the ferrocenyl Zn porphyrin occurred with increasing
length of the linker in the ferrocene—aldehyde, from 5
(37%) through 6 (19%) to 7 (7%). As expected, analysis
by TLC or LD-MS of the crude reaction mixtures showed
no sign of scrambling in any of these reactions.

To synthesize the porphyrin bearing two lateral fer-
rocenes (Zn-4) we needed the corresponding dipyr-
romethane 12. Treatment of 4-ferrocenylbenzaldehyde 6
with excess pyrrole at room temperature using a stan-

(24) Fukuzumi, S.; Ishikawa, K.; Hironaka, K.; Tanaka, T. J. Chem.
Soc., Perkin Trans. 2 1987, 751—760.
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dard one-flask procedure® afforded 12 in high yield (eq
2). The reaction of ferrocenyldipyrromethane 12, 4-(S-

CHO

Fe

TFA

6
pyrrole (excess)
94% (eq2)

acetylthio)benzaldehyde (10), and 4-methylbenzaldehyde
was carried out in the presence of BF;—etherate and NHy-
Cl in CH3CN at 0 °C followed by neutralization with
DIEA and oxidation with p-chloranil (eq 3). The three
expected porphyrins and a small amount of scrambling
giving other porphyrins were observed. After purification,
the desired free base porphyrin 4 was isolated, contami-
nated with some undefined species. Conversion to the
zinc chelate enabled purification of Zn-4 by column
chromatography (3.1% yield overall). (The same reaction
using DDQ alone instead of DIEA and p-chloranil gave
0.33% yield.) In summary, we have successfully prepared
four thiol-derivatized ferrocenyl Zn porphyrins, with
reasonable yields except for Zn-4.
—Fe@

CHO CHs

\n/s CHO
\_NH HN-7
10 12

1. BF3-OEt,, NH4CI, CH3CN, 0 °C

2. DIEA

3. p-chloranil (eq 3)
4. Zn(0Ac),-2H,0

Electrochemical Studies. The electrochemical be-
havior of the ferrocenyl Zn porphyrins was investigated
for samples both in solution and self-assembled on gold.
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Figure 1. Fast-scan (100 V/s) voltammetry of the Zn-2 SAM
(left panel) and the Zn-4 SAM (right panel).

The solution electrochemistry of the ferrocenyl Zn por-
phyrins is characterized by three resolved oxidation
waves (not shown). These waves correspond to the
oxidation of the ferrocene constituent(s) and the two
oxidations of the Zn porphyrin. In the case of Zn-4, the
wave due to ferrocene corresponds to the overlapping
waves of the two identical ferrocene constituents. For Zn-
2, Zn-4, and Zn-3, the oxidation potentials for the
ferrocene constituent(s) and the porphyrin are essentially
identical to those of the isolated components (Zn porphy-
rin, Ey»(1) ~0.6 V; E12(2) ~0.9 V; ferrocene, Ey, = ~0.20
V versus Ag/Ag™; Ein (FECpo/FeCp,t) = 0.19 V). This
result indicates that the ferrocene constituent(s) and the
Zn porphyrins are electrically isolated from one another.
In the case of Zn-1, the potentials for all three oxidations
are shifted negatively by ~0.1 V. This shift is attributed
to conjugative interactions that occur because the fer-
rocene is directly bound to the porphyrin.

The ferrocenyl Zn-porphyrins bearing the different
linkers all form self-assembled monolayers (SAMSs) on
gold via in situ cleavage of the thioacetyl protecting
group. The SAMs of all the ferrocenyl Zn porphyrins are
electrochemically robust and exhibit three reversible
oxidation waves. This is illustrated in Figure 1 which
shows representative fast-scan (100 V/s) cyclic voltam-
mograms of the SAMs of two ferrocenyl Zn porphyrins
(Zn-2 and Zn-4). The E,;; values for the ferrocenes and
the Zn porphyrins in the SAMs are each shifted by ~0.15
V more positive than those observed in solution. This
trend parallels that previously reported for SAMs of both
ferrocenes?® and porphyrins.? The observation that the
voltammograms of the Zn-2 and Zn-4 SAMs are gener-
ally similar indicates that positioning the ferrocene
substituents either on top of (Zn-2) or at the sides of (Zn-
4) the porphyrin is a viable design for constructing
multibit information storage elements. However, the
former design offers the advantage of a smaller molecular
area and therefore, a higher packing density.

Conclusions
Ferrocene has been the benchmark for a wide variety
of electrochemical studies of self-assembled monolayers
on electroactive surfaces. Most prior studies have em-
ployed ferrocene alkanethiols. The facile in situ depro-
tection of the S-acetyl and S-(N-ethylcarbamoyl) protect-
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ing groups on gold surfaces has motivated the synthesis
of the corresponding thiol-protected ferrocene—porphy-
rins. Conditions giving no or minimal scrambling in
aldehyde-dipyrromethane condensations facilitated the
synthesis of the AB,C-type ferrocene—porphyrin-thiol
structures. A small set of ferrocene-aldehydes enabled
the preparation of the corresponding ferrocene—porphy-
rins. Each ferrocene—porphyrin is designed for vertical
organization on an electroactive surface yet possesses a
distinct location of the ferrocene in the molecular archi-
tecture. Each of the ferrocene—porphyrins forms a SAM
that exhibits robust, reversible electrochemistry. The
electrochemical studies indicated that all of the archi-
tectures examined are potential candidates for multibit
molecular information storage elements. Of particular
interest are the writing/reading rates and the information
retention of the various architectures. The comparison
of ferrocene—porphyrin arrays of different architectural
composition will provide a valuable assessment of the
prospects for use of arrays comprised of multiple redox-
active units for multibit information storage.

Experimental Section

General Methods. Sources of reagents, solvents, and
chromatographic media are described in the preceding paper.2
All reported NMR spectra were collected in CDCl; (*H NMR
at 300 MHz; 3C NMR at 75 MHz). UV—vis absorption and
fluorescence spectra were recorded in CH,CI, or toluene as
described previously.?¢ Porphyrin metalation was monitored
by fluorescence emission and excitation spectroscopy. Melting
points are uncorrected. Mass spectra were obtained via laser
desorption (LD-MS) in the absence of an added matrix,?” fast
atom bombardment (FAB-MS, 10 ppm elemental compositional
accuracy for the porphyrins), or electron-impact mass spec-
trometry (EI-MS). The synthesis of 6 is described in the
Supporting Information.

1-(4-Ferrocenylphenyl)-2-(4-formylphenyl)acetylene (7).
Following a general procedure,?® samples of 8 (500 mg, 1.75
mmol), 4-iodobenzaldehyde (406 mg, 1.75 mmol), Cul (18 mg,
94 umol) and Pd(PPh3).Cl, (8 mg, 11 umol) were reacted in
the presence of THF (5 mL) and DIEA (5.0 mL) at 40 °C for
40 h on a Schlenk line. The mixture was then evaporated and
the resulting orange solid was chromatographed (silica, CH-
Cly/hexanes, 1:1). The second orange band comprised the title
compound (579 mg, 85%): mp 219—220 °C; *H NMR 6 4.10 (s,
5H), 4.42 (s, 2H), 4.73 (s, 2H), 7.52 (s, 4H), 7.72, 7.92 (AA'BB’,
2 x 2H), 10.07 (s, 1H); **C NMR ¢ 67.3, 70.3, 70.5, 84.6, 89.4,
94.8, 120.2, 126.6, 130.4, 130.6, 132.6, 132.7, 135.9, 141.6,
192.2; EI-MS obsd 390.0696 (M), calcd exact mass 390.0707.
Anal. Calcd for CxsHigFeO: C, 76.94; H, 4.65. Found: C, 76.75;
H, 4.68.

Zn(11)-5-[4-(S-Acetylthio)phenyl]-15-ferrocenyl-10,20-
dimesitylporphyrin (Zn-1). Following a general procedure,?
samples of 5-mesityldipyrromethane (264 mg, 1.0 mmol),
ferrocenecarboxaldehyde (107 mg, 0.50 mmol) and 10 (90 mg,
0.50 mmol) were dissolved in CH,Cl, (100 mL, undistilled) and
then TFA (0.137 mL, 1.78 mmol) was added slowly over 30 s.
The mixture was stirred at room temperature for 30 min, and
then DIEA (0.31 mL, 1.8 mmol) was added followed by a
solution of p-chloranil (370 mg, 1.5 mmol) in THF (20 mL) and
the mixture was stirred at room temperature for a further 6
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h. The reaction mixture was evaporated to one-third of its
initial volume and then filtered through a silica pad (CH.Cl,/
hexanes, 1:1). The filtrate was chromatographed (silica, CH,-
Cly/hexanes, 3:7; then 1:1). The second green band contained
the title porphyrin (188 mg, ~95% pure). LD-MS obsd 945.6,
961.8 [M* + 15], 905.4 [M* — CH3CO], impurities 762.7 and
1096.8; FAB-MS obsd 880.2839, calcd exact mass 880.2898
(Cs6H4sN4OSZnFe); daps (CH2CI,) 422, 510, 602 nm. A solution
of crude free base porphyrin (100 mg) in CHCI; (30 mL) was
treated with a solution of Zn(OAc),:2H,0 (498 mg, 2.27 mmol)
in methanol (15 mL) and the mixture was stirred for 16 h.
After metalation was complete (TLC), the reaction mixture was
washed with water and dried (Na;SO.,), filtered, concentrated,
and chromatographed (silica, CH,Cl./hexanes, 6:4) to give the
pure title compound (91 mg, 37% overall yield): *H NMR 6
1.87 (s, 12H), 2.57 (s, 3H), 2.67 (s, 6H), 4.24 (s, 5H), 4.79 (s,
2H), 5.52 (s, 2H), 7.31 (s, 6H), 7.77, 8.28 (AA'BB’, 2 x 2H),
8.7—8.9 (m, 6H), 10.17 (m, 2H); LD-MS obsd 945.6, 961.8 [M™*
+ 15], 905.4 [M* — CH3CO]; FAB-MS obsd 942.2073, calcd
exact mass 942.2033 (CsgHisN4OSZnFe); Aans (CH2Cl,) 423, 563,
616 nm.
Zn(11)-5-[4-[S-(N-Ethylcarbamoyl)thio]phenyl]-15-(4-
ferrocenylphenyl)-10,20-dimesitylporphyrin (Zn-2). Fol-
lowing a general procedure,?? samples of 5-mesityldipyr-
romethane (264 mg, 1.0 mmol), 6 (145 mg, 0.50 mmol) and 9
(105 mg, 0.50 mmol) were dissolved in CH,CIl, (100 mL,
undistilled) and then TFA (0.137 mL, 1.78 mmol) was added
slowly over 30 s. The mixture was stirred at room temperature
for 30 min, and then DIEA (0.30 mL, 1.8 mmol) was added
followed by a solution of p-chloranil (370 mg, 1.5 mmol) in THF
(20 mL) and the mixture was stirred at room temperature for
a further 6 h. The reaction mixture was concentrated and
chromatographed (silica, CH,Cl./hexanes, 1:1). The dark purple
solid was subsequently chromatographed (silica, CH.Cl,/
hexanes, 7:3; then CHCl,). The second purple band (R; = 0.54)
contained the title porphyrin together with some blue impuri-
ties. A subsequent column chromatography procedure did not
improve the product purity (101 mg, ~95% pure). LD-MS obsd
988.6, 917.4 [M* — CH3CH,NHCO], impurity 850.0; FAB-MS
obsd 985.3434, calcd exact mass 985.3477 (Cs3HssNsOSFe); Aaps
(CH.CI) 419, 517, 553, 593, 648 nm; Aaps 653, 720 nm. A
solution of crude free base porphyrin (17 mg) in CH.Cl, (15
mL) was treated with Zn(OAc)2:2H,0 (380 mg, 1.73 mmol) in
methanol (10 mL), and the mixture was stirred at room
temperature under argon. TLC analysis (silica, CH,Cl,) after
6 h showed no starting material (expected R; = 0.58) and the
presence of two new components (Rs = 0.51, Ry = 0.91). The
reaction was stopped by adding 100 mL of saturated aqueous
NaHCO3; and 20 mL of CH.Cl,. The aqueous solution was
extracted with CH,Cl,. The combined CH,ClI; layers were dried
(Na2S0O,) and concentrated, and the residue was chromato-
graphed (silica, CH.Cl;). The red band was collected and
evaporated, affording the pure title compound (16 mg, 19%
overall yield): *H NMR 1.30 (t, J = 7.0 Hz, 3H), 1.84 (s, 12H),
2.64 (s, 6H), 3.4—3.6 (m, 2H), 4.24 (s, 5H), 4.47 (s, 2H), 4.91
(s, 2H), 5.60 (s, 1H), 7.29 (s, 4H), 7.84, 8.15 (AA'BB’, 2 x 2H),
7.92, 8.28 (AA'BB’, 2 x 2H), 8.7-9.1 (m, 8H); LD-MS obsd
1051.2, 979.0 [M* — CH3CH,NHCO]; FAB-MS obsd 1047.2625,
calcd exact mass 1047.2612 (Ce3HssNsOSZnFe); daps (CH2CIy)
424, 552, 593 nm; Aaps 610, 650 nm.
5-[4-[S-(N-Ethylcarbamoyl)thio]phenyl]-15-[4-[2-(4-fer-
rocenylphenyl)ethynyl]phenyl]-10,20-dimesitylporphy-
rin (3). Samples of 5-mesityldipyrromethane (264 mg, 1.0
mmol), 7 (195 mg, 0.50 mmol) and 9 (105 mg, 0.50 mmol) were
dissolved in CH,CI; (100 mL) and then TFA (0.137 mL, 1.78
mmol) was added slowly over 30 s. The reaction mixture was
stirred at room temperature for 30 min, and then DIEA (0.3
mL, 1.8 mmol) was added followed by a solution of p-chloranil
(370 mg, 1.5 mmol) in THF (20 mL) and the mixture was
stirred at room temperature for a further 6 h. The reaction
mixture was evaporated to one-third of its initial volume and
filtered through a silica pad (CH.Cl./hexanes, 1:1). Fractions
containing the second purple band were collected and chro-
matographed (silica, CH.Cl,/hexanes, 1:1; then CH,CI,) to
afford a slightly impure product. A second column (silica, CH,-
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Cly) afforded the pure title porphyrin (56 mg, 10%): *H NMR
0 —2.55 (s, 2H); 1.31 (t, I = 7.2 Hz, 3H), 1.90 (s, 12H), 2.68 (s,
6H), 3.51 (m, 2H), 4.12 (s, 5H), 4.40 (s, 2H), 4.73 (s, 2H), 5.61
(brt, J = 6 Hz, 1H), 7.34 (s, 6H), 7.56, 7.64 (AA'BB’, 2 x 2H),
7.9—8.4 (m, 8H), 8.7—9.0 (m, 8H); LD-MS obsd 1089.0, 1018.0
[M* — CH3CH;NHCO]; FAB-MS obsd 1085.3766, calcd exact
mass 1085.3790 (C71HsgNsOSFe); Aans (CH2Cly) 422, 516, 551,
590, 647 nm.

Zn(11)-5-[4-[S-(N-Ethylcarbamoyl)thio]phenyl]-15-[4-
[2-(4-ferrocenylphenyl)ethynyl]phenyl]-10,20-dimesi-
tylporphyrin (Zn-3). A solution of porphyrin 3 (43 mg, 40
umol) in CH.Cl, (20 mL) was treated with a solution of Zn-
(OAC)2-2H,0 (430 mg, 1.95 mmol) in methanol (15 mL) and
the mixture was stirred for 16 h. After metalation was
complete, the reaction mixture was washed with water, dried
(NazS0,), filtered, concentrated, and chromatographed (silica,
CH_Cl,) affording a purple solid (32 mg, 70%): *H NMR 6 1.30
(t, 3 = 7.2 Hz, 3H), 1.87 (s, 12H), 2.67 (s, 6H), 3.4—3.6 (m,
2H), 4.10 (s, 5H), 4.39 (s, 2H), 4.73 (s, 2H), 5.57 (brs, 1H), 7.32
(s, 6H), 7.54, 7.62 (AA'BB', 2 x 2H), 7.9—8.4 (m, 8H), 8.7-9.0
(m, 8H); LD-MS obsd 1154.0, 1082.7 [M* — CH3CH,NHCO];
FAB-MS obsd 1147.2724, calcd exact mass 1147.2925 (C71HsoNs-
OSFe); Adaps (CH2CI,) 423, 549 nm.

5-(4-Ferrocenylphenyl)dipyrromethane (12). Following
a general procedure,? pyrrole (3.00 mL, 43.2 mmol) and 6 (0.50
g, 1.7 mmol) were added to a 25 mL flask and degassed with
a stream of argon. Then TFA (13.0 L) was added and the
mixture was stirred under argon at room temperature for 10
min and then quenched with 0.1 M NaOH. Ethyl acetate was
then added, and the phases were separated. The organic phase
was washed with water, dried (Na,SO,), and concentrated to
afford an orange oil. The oil was chromatographed using
centrifugal preparative TLC (silica, CH,Cl./hexanes, 1:1) to
afford a yellow oil (660 mg, 94%): *H NMR ¢ 4.19 (s, 5H), 4.45
(s, 2H), 4.75 (s, 2H), 5.45 (s, 1H), 6.05 (s, 2H), 6.30 (m, 2H),
6.71 (m, 2H), 7.22, 7.53 (AA'BB’, J = 8.5 Hz, 2 x 2H), 7.94
(brs, 2H); 13C NMR 0 61.3, 67.4, 69.8, 70.5, 86.0, 108.1, 109.1,
118.2,127.1,129.3, 133.5, 138.6, 140.6; EI-MS obsd 406.1144,
calcd exact mass 406.1132 (CzsH22N2Fe).

Zn(11)-5-[4-(S-acetylthio)phenyl]-10,20-bis(4-ferrocen-
ylphenyl)-15-[4-methylphenyl]porphyrin (Zn-4). Follow-
ing a general procedure,?? acetonitrile (50 mL) was degassed
with a stream of Ar for 10 min. Freshly ground NH,CI (268
mg, 5.00 mmol) was added, and the flask was placed in an
ice-bath and cooled under Ar. Samples of 12 (203 mg, 0.50
mmol), 4-methylbenzaldehyde (30 xL, 0.25 mmol) and 10 (45
mg, 0.25 mmol) were added, followed by BFs;—etherate (7.0 uL,
0.055 mmol), and the mixture was stirred at O °C under Ar.
After 6 h, DIEA (10 uL, 0.055 mmol) was added followed by a
solution of p-chloranil (185 mg, 0.75 mmol) in THF (30 mL).
The ice bath was removed and the mixture was stirred
overnight at room temperature. Removal of the solvent gave
a black solid which was chromatographed (silica, CH.Cl./
hexanes, 1:1). The first band was collected and chromato-
graphed further (silica, CH,Cly/hexanes 7:3, then CH,Cl,). The
second purple band from the second column contained the title
porphyrin (29 mg). LD-MS obsd 1075.1; FAB-MS obsd
1070.2435, calcd exact mass 1070.2404 (Cs7HsoN4Fe,0S). The
crude free base porphyrin in CH,Cl, was treated with metha-
nolic Zn(OACc),:2H,0 (595 mg, 2.7 mmol) and the mixture was
stirred overnight at room temperature. The reaction mixture
was washed with water, dried, concentrated, and chromato-
graphed (silica, CH.Cly/hexanes), affording the pure title
compound (8.8 mg, 3.1% overall yield): *H NMR ¢ 2.60 (s, 3H),
2.72 (s, 3H), 4.26 (s, 5H), 4.49 (s, 2H), 4.94 (s, 2H), 7.5—-8.4
(m, 4 x AA'BB’, 16H), 8.95—9.10 (m, 8H); LD-MS obsd 1138.7,
1153.9 [M* + 15], 1095.5 [M™ — CH3CO], 966.0; FAB-MS obsd
1132.1526, calcd exact mass 1132.1529 (Ce7H1sN4Fe20S); Laps
(CH.CIy) 421, 551 nm.

Electrochemistry. Both the solution and SAM electro-
chemical studies were conducted using the same instrumenta-
tion, techniques, and preparation strategies as described in
Paper 1 of this series.? The solvent was CH,Cl,; tetrabutyl-
ammonium hexafluorophosphate (TBAH, 0.1 M) (Aldrich,
recrystallized three times from methanol and dried under
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vacuum at 110 °C) served as supporting electrolyte. The
potentials reported are vs Ag/Ag™; E1(FeCp,/FeCp,t) = 0.19
V.
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