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Redox-active molecules that afford high charge density upon attachment to an electroactive surface are
of interest for use in molecular-based information-storage applications. One strategy for increasing charge
density is to covalently link a second redox center to the first in an architecture that uses the vertical
dimension in essentially the same molecular footprint. Toward this end, a set of four new porphyrin
dyads have been prepared and characterized. Each dyad consists of two zinc porphyrins, an intervening
linker (p-phenylene or 4,4iphenylethyne), and a surface attachment group (ethynyl or triallyl group).
The porphyrin dyads were attached to an electroactive Si(100) surface and interrogated via electrochemical
and FTIR techniques. The charge density obtainable for the ethynyl-functionalized porphyrin dyads is
approximately double that observed for an analogously functionalized monomer, whereas that for the
triallyl-functionalized dyads is at most 40% larger. These results indicate that the molecular footprint of
the former dyads is similar to that of a monomer while that of the latter dyads is larger. For both the
ethynyl- and triallyl-functionalized porphyrin dyads, higher charge densities (smaller molecular footprints)
are obtained for the molecules containing the'-djphenylethyne versus thephenylene linker. This
feature is attributed to the enhanced torsional flexibility of the former linker compared with that of the
latter, which affords better packed monolayers. The FTIR studies indicate that the adsorption geometry
of all the dyads is qualitatively similar and similar to that of monomers. However, the dyads containing
the 4,4'-diphenylethyne linker sit somewhat more upright on the surface than those containing the
p-phenylene linker, generally consistent with the smaller molecular footprint for the former dyads.
Collectively, the high surface charge density {38 uC-cm?) of the porphyrin dyads makes these
constructs viable candidates for molecular-information-storage applications.

Introduction chips! As part of this program, we have prepared a wide variety
. of redox-active molecular architectures as candidates for

Over the past few years we have been working to develop jnformation-storage applications. The design of the information-
an approach for molecular-based information storage. In this storage molecules includes a redox-active unit and a tether for
approach, redox-active molecules are employed to store chargegttachment to a surface. The molecules prepared to date, which
where the presence of stored charge at a given potentialare primarily porphyrinic in nature, have been designed for

represents the storage of information. This approach is amenableyttachment to gold (via thiol group3)silicon or germanium
to implementation in a hybrid technology, where the charge-
storage molecules replace the semiconductor material that serves (1) (a) Roth, K. M.; Dontha, N.; Dabke, R. B.; Gryko, D. T.; Clausen,
as the charge-storage medium in existing memory or processingC; Lindsey, J. S.; Bocian, D. F.; Kuhr, W. @. Vac. Sci. Technol., B
2000,18, 2359—-2364. (b) Liu, Z.; Yasseri, A. A,; Lindsey, J. S.; Bocian,
D. F. Science2003,302, 1543—1545.

T North Carolina State University. (2) Gryko, D. T.; Clausen, C.; Roth, K. M.; Dontha, N.; Bocian, D. F.;
* University of California. Kuhr, W. G.; Lindsey, J. SJ. Org. Chem2000, 65, 7345—7355.
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CHART 1

(via alcohol, thiol, selenol, or diverse carbon tethérsind a
wide variety of metal oxides (via phosphonic acid groups).
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such as compoun¥.® Electroactive films containing 10—50

or more porphyrins could be obtained by controlling the
deposition procedure; however, fine control over a specific
number of layers is not available via the polymerization
approach. We have also previously prepared several porphyrin
dyads bearing a single surface attachment group such as
thioacetyt or phosphonic ackfor attachment to gold or metal
oxide surfaces, respectively. However, dyads bearing hydro-
carbon tethers, as desired for attachment to silicon, have not
been prepared.

In this paper, we describe the synthesis of a set of porphyrin
dyads bearing hydrocarbon tethers. The tethers include an
ethynyl group and a triallyl group. The dyads have been attached
to silicon for studies of charge storage. This work illustrates
the utility of presynthesized dyads for exploiting the vertical
dimension to achieve increased charge density, as desired for
use in information-storage applications.

Results and Discussion

Molecular Design and Synthesis StrategyThe target dyads
are shown in Chart 2. The two porphyrins in each dyad are
joined by ap-phenylene or a 1,4-diphenylethyne unit. The
surface attachment group consists of an ethyne or a triallyl
moiety. The synthesis of the diphenylethyne-linked dyads relies
on well-established methodology, whereby iodo- and ethynyl-
substituted porphyrin building blocks are joined via Sonogashira
coupling reactions. Such reactions proceed under mild condi-

A key advantage of employing molecules for charge storage tions, afford a good yield of the multiporphyrin array, and have
is that redox-active molecules afford significantly higher charge been extensively used to prepare porphyrin-based light-harvest-

density than semiconductors. For example, compouindi$
(Chart 1) each exhibit saturation surface coverages@® x
10~ mol-cm2 (molecular footprints;~190 A%), which afford

a charge density of17 uC-cm2 (based on two electrons per
porphyrin)*6 CompoundlV (Chart 1), which bears a triallyl

ing arrayst! Phenylene-linked porphyrin dyads lacking surface
attachment groups have been prepared by Suzuki coupling
reactions in a strategy mirroring that for Sonogashira coupfing.
However, we did not expect that the ethynyl or the triallyl groups
would readily survive the Suzuki coupling process, which entails

tether, exhibits an even higher saturation surface coverage ofmore forcing conditions. Accordingly, new synthetic routes to

~2.2 x 10722 mol-cm 2 (molecular footprint~75 A2), which
affords a charge density 6f43 4C-cn2.7 The charge-storage

p-phenylene-linked porphyrin dyads were developed that avoid
any Pd-mediated coupling reactions.

densities for all of these “molecular capacitors” are considerably  Two general strategies for the preparation offighenylene-

higher than the 1-2C-cn? afforded by Si/SiQ@ capacitors
currently used in dynamic random access memdriRegard-

linked dyads are illustrated in Figure 1. Both routes rely on
successive condensation reactions and extend approaches we

less, as feature sizes continue to shrink, still higher charge- have developed previously f@-phenylene-linked dyads and

storage densities are desirable.

triads (lacking surface attachme#t)t* The dyad bearing the

To further increase the charge density, multilayer architectures ethyne was prepared via a linear sequence~B + C + D)
composed of redox-active molecules are required, where thefrom one end to the other along the axis of the molecule. The
redox-active molecules remain electrochemically accessible fromdyad bearing the triallyl moiety was prepared via a divergent
the electroactive surface. In this regard, we previously preparedstrategy, beginning with thp-phenylene-linked core unit (A)

porphyrin films by the polymerization of diethynylporphyrins

(3) Yasseri, A. A.; Syomin, D.; Loewe, R. S.; Lindsey, J. S.; Zaera, F.;
Bocian, D. F.J. Am. Chem. So®004, 126, 15603—156122005, 127,
9308.

(4) Liu, Z.; Yasseri, A. A.; Loewe, R. S.; Lysenko, A. B.; Malinovskii,
V. L.; Zhao, Q.; Surthi, S.; Li, Q.; Misra, V.; Lindsey, J. S.; Bocian, D. F.
J. Org. Chem2004,69, 5568—5577.

(5) Muthukumaran, K.; Loewe, R. S.; Ambroise, A.; Tamaru, S.-1.; Li,
Q.; Mathur, G.; Bocian, D. F.; Misra, V.; Lindsey, J. $. Org. Chem.
2004,69, 1444—1452.

(6) Wei, L.; Syomin, D.; Loewe, R. S.; Lindsey, J. S.; Zaera, F.; Bocian,
D. F.J. Phys. Chem. B005,109, 6323—6330.

(7) Padmaja, K.; Wei, L.; Lindsey, J. S.; Bocian, D.F.Org. Chem
2005,70, 7972—7978.

(8) (@) Mandelman, J. A.; Dennard, R. H.; Bronner, G. B.; DeBrosse, J.

K.; Divakaruni, R.; Li, Y.; Radens, C. JBM J. Res. Dev»2002,46, 187—
212. (b) Kuhr, W. G.; Gallo, A. R.; Manning, R. W.; Rhodine, C. MRS
Bull. 2004, 838—842.

(9) Liu, Z.; Schmidt, I.; Thamyongkit, P.; Loewe, R. S.; Syomin, D.;
Diers, J. R.; Zhao, Q.; Misra, V.; Lindsey, J. S.; Bocian, DCRhem. Mater
2005,17, 3728—3742.

(10) (a) Clausen, C.; Gryko, D. T.; Dabke, R. B.; Dontha, N.; Bocian,
D. F.; Kuhr, W. G.; Lindsey, J. Sl. Org. Chem2000,65, 7363—7370.
(b) Clausen, C.; Gryko, D. T.; Yasseri, A. A.; Diers, J. R.; Bocian, D. F;
Kuhr, W. G.; Lindsey, J. SJ. Org. Chem2000,65, 7371—7378.

(11) Harvey, P. D. InThe Porphyrin Handbook; Kadish, K. M., Smith,
K. M., Guilard, R., Eds.; Elsevier Science: New York, 2003; Vol. 18, pp
63—250.

(12) (a) Zhou, X.; Chan, K. SJ. Chem. Soc., Chem. Commu®94,
2493-2494. (b) Hyslop, A. G.; Kellett, M. A.; lovine, P. M.; Therien, M.
J.J. Am. Chem. S0d 998,120, 12676—12677. (c) Zhou, X.; Chan, K. S.
J. Org. Chem1998,63, 99-104. (d) Deng, Y.; Chang, C. K.; Nocera, D.
G. Angew. Chem., Int. E®000,39, 1066—1068.

(13) Yu, L.; Lindsey, J. STetrahedron2001,57, 9285—9298.

(14) Speckbacher, M.; Yu, L.; Lindsey, J. Biorg. Chem.2003, 42,
4322—-4337.
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CHART 2

Dyad-dpe/E

Dyad-p/E tBu

Dyad-p/Tpd +Bu

Dyad-dpe/Tpd-1 tBu

Dyad-dpe/Tpd-2

and then successively adding the end units (B, C) to create the Synthesis. A. Linear Synthesis of g-Phenylene-Linked

two porphyrins. In this manner, the triallyl unit is added in the Dyad. The synthesis obyad-p/E is shown in Scheme 1. The
final stage of the synthesis. The syntheses are described in morearly stages of the synthesisa( 2—4) have been described
detail below. Each new porphyrin was characterized by absorp- elsewher& and are shown here for completeness and for a
tion and fluorescence spectroscopif NMR spectroscopy, comparison of linear versus divergent strategies. Porphyrin
laser-desorption mass spectrometry (LD-MS)and high-

; _ ; (15) (a) Fenyo, D.; Chait, B. T.; Johnson, T. E.; Lindsey, J.JS.
reso'”.tlon FAB-MS. Each dyad Was c_haractenzgd by the same Porphyrins Phthalocyanine$997,1, 93-99. (b) Srinivasan, N.; Haney,
techniques as well as by analytical size exclusion chromatog- ¢ A - Lindsey, J. S.; Zhang, W.: Chait, B. T. Porphyrins Phthalocyanines

raphy?6 1999, 3, 283—291.

1158 J. Org. Chem.Vol. 71, No. 3, 2006



Porphyrin Dyads Bearing Carbon Tethers

JOC Article

FIGURE 1. Successive condensation reactions are employed to cregpeptienylene-linked dyads. Upper: a linear sequence entails porphyrin
formation (A + B), dipyrromethane formation (-€), and porphyrin formation (4D). Lower: a divergent approach employs the core unit in
successive porphyrin-forming reactions ¢AB; + C), thereby incorporating the triallyl tether in the final stage of the synthesis.

formatiort® was carried out by the condensation of dipyr-
romethanela'®1® and dipyrromethanedicarbinol 2-diol2 in
CH,ClI, at room temperature, employing the mild Lewis &@id
Yb(OTf); for catalysis, followed by oxidation with DDQ. The
resulting porphyrir-aldehyde3 was obtained in 30% yield. This

condensation proceeds successfully despite the presence of the

of 7 with excess pyrrole (25 equiv) and a catalytic amount of
TFA (0.1 equiv) in a one-flask proceddfet room temperature
for 5 min afforded dipyrromethan&b in 48% vyield (~20 g).

>

carboxaldehyde group, illustrating the chemoselective reaction ©~_-0 0.0

at the carbinol positions. Porphyr8was previously prepared
via the TFA-catalyzed condensation @fdiol and la in
acetonitrile, albeit in lower yield (13%%. The porphyrin—
aldehyde3 was treated to slightly modified conditions for
dipyrromethane formatioH,®employing 300 equiv of pyrrole
in CH,CI, (rather than using neat pyrrole) containing TFA at
room temperature for 20 h. Porphyidipyrromethanet was
obtained in 68% yield? Porphyrin-dipyrromethane has been
converted to the corresponding porphyritipyrrin for studies
of bis(porphyrin-dipyrrinato) metal complexé<.The conden-
sation of4 and5-diol*®2*with Yb(OTf); catalysis?° followed
by oxidation with DDQ and metalation with zinc acetate, gave
dyad6 in 13% yield. TMS deprotection of the latter by tetrabutyl
ammonium fluoride (TBAF) gav®yad-p/E in 98% vyield.

B. Divergent Synthesis of gp-Phenylene-Linked Dyad.The

Pyrrole, TFA, rt
—_—
48%

1b (Eq. 1)

CHO
\NH HN-Z

The 1,9-diacylation of dipyrromethadd is shown in Scheme
2. To increase the solubilities of the porphyrins and the larger
arrays derived therefrom, 3,5-tBrt-butylphenyl groups were
employed for the 1,9-diacylation. We encountered difficulties
in carrying out this apparently simple transformation with good
efficiency using the standard procedures with 3,%edi-Hbenzoyl
chloride (8¥° or 2-pyridyl 3,5-ditert-butylbenzothioate9).26
The standard conditions for direct 1,9-diacylatiérwhereby
dipyrromethané.b in toluene (50 mM) is treated with EtMgBr

divergent s.ynthes.is of the dyad begins with the synthesis of (5 equiv), followed by acid chlorid® (2.5 equiv), afforded
the core unit (A, Figure 1), which consists of a dipyrromethane j_acyldipyrromethanel0 (47% vyield) and the desired 1,9-

and a diacyldipyrromethane linked bypaphenylene unit. The

diacyldipyrromethandlin 25% yield. Alternatively, selective

synthesis of a dipyrromethane bearing a protected aldehyde;-acylatiod” was carried out by the treatment Hf in THF at

group is shown in eq 1. Compound is available from
p-cyanobenzaldehyékor p-bromobenzaldehyd&. Treatment

(16) Wagner, R. W.; Johnson, T. E.; Lindsey, JJSAm. Chem. Soc.
1996,118, 11166—11180.

(17) Muthukumaran, K.; Zaidi, S. H. H.; Yu, L.; Thamyongkit, P.; Calder,
M. E.; Sharada, D. S.; Lindsey, J. &.Porphyrins Phthalocyaninez005,

9, in press.

(18) Rao, P. D.; Dhanalekshmi, S.; Littler, B. J.; Lindsey, JJ.S0rg.
Chem.2000, 65, 7323—7344.

(29) Yu, L.; Muthukumaran, K.; Sazanovich, I. V.; Kirmaier, C.; Hindin,
E.; Diers, J. R.; Boyle, P. D.; Bocian, D. F.; Holten, D.; Lindsey, J. S.
Inorg. Chem.2003,42, 6629—6647.

(20) Geier, G. R., lll; Callinan, J. B.; Rao, P. D.; Lindsey, J.JS.
Porphyrins Phthalocyanine2001,5, 810—823.

(21) Tamaru, S.-l.; Yu, L.; Youngblood, W. J.; Muthukumaran, K.;
Taniguchi, M.; Lindsey, J. S1. Org. Chem2004,69, 765—777.

(22) Lindsey, J. S.; Schreiman, I. C.; Hsu, H. C.; Kearney, P. C,;
Marguerettaz, A. MJ. Org. Chem1987,52, 827—836.

—78°C with EtMgBr (2.5 equiv), followed by pyridyl thioester

9 (1.0 equiv), affording 1-acyldipyrromethad®in 60% yield.
9-Acylation'8 of the 1-acyldipyrromethan®0 by treatment with
EtMgBr (2, 2, 1 equiv) and acid chlorid® (1, 1, 0.5 equiv)
sequentially and repeatedly at 10 min intervals, afforded the

(23) Eckert, J.-F.; Nicoud, J.-F.; Nierengarten, J.-F.; Liu, S.-G.; Eche-
goyen, L.; Barigelletti, F.; Armaroli, N.; Ouali, L.; Krasnikov, V.;
Hadziioannou, GJ. Am. Chem. So000,122, 7467—7479.

(24) Littler, B. J.; Miller, M. A.; Hung, C.-H.; Wagner, R. W.; O’'Shea,
D. F.; Boyle, P. D.; Lindsey, J. Sl. Org. Chem1999,64, 1391—-1396.

(25) (a) Korshunov, M. A.; Bodnaryuk, F. N.; Fershtut, E.Zh. Org.
Khim. 1967, 3, 140-143. (b) Alberti, A.; Benaglia, MJ. Organomet. Chem.
1992,434, 151-158.

(26) Taniguchi, M.; Ra, D.; Mo, G.; Balasubramanian, T.; Lindsey, J.
S.J. Org. Chem2001,66, 7342—7354.

(27) Rao, P. D Littler, B. J.; Geier, G. R., lll; Lindsey, J. 5.0rg.
Chem.2000, 65, 1084—1092.
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SCHEME 1

OHC

1a 2-diol (Ar = 3,5-di-tert-butylphenyl)

30% | (1) YB(OTfg, CHoCly, 1t, 25 min
(2) DDQ

tBu

3 (R=CHO) tBu

68%l Pyrrole, GHyClp, TFA, 1t

4R=

(1) Ph 5-diol

13%

Yb(OT)s, GHoCls, rt, 45 min
(2) DDQ
(3) Zn(OAG)»2H,0

6: R=TMS

98%l TBAF, rt

dyad-p/E: R=H

1,9-diacyldipyrromethangl in 58% yield after chromatographic  diacyldipyrromethane do not form the corresponding tin com-
purification. The overall yield of 1,9-diacyldipyrromethah# plexes?! Dialkyltin complexation in this manner affords a more
from dipyrromethanelb was 35%, which is similar to that facile means of purifying the desired 1,9-diacyldipyrromethane.
obtained upon direct diacylation. Additional data concerning This complexation process was applied to the reaction mixtures
the 1,9-diacylation are provided in Supporting Information. obtained in the synthesis @f.. Thus, after a preliminary workup
We recently discovered that dibutyltin dichloride @®mCL) of the acylation reaction (quenching with aqueous,8Hand
can selectively complex a 1,9-diacyldipyrromethane, affording washing with saturated aqueous NaHDd water), the crude
the stable 1,9-diacyldipyrromethangn complex in high yield, reaction mixture was treated with BBnCh and triethylamine
while the dipyrromethane, l-acyldipyrromethane, and 1,8- (TEA) in CH)Cl, at room temperature. The desired 1,9-

1160 J. Org. Chem.Vol. 71, No. 3, 2006
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SCHEME 2

(1) EtMgBr, THF, -78 °C
B
(1) EtMgBr, toluene U

NS
+Bu

@
< 9
Cl

47%
E—

60%

+Bu

(1) EtMgBr, toluene, 1t
58% l(2>8

25% from1b + 8
40% from 10+ 8

lBUQSnCIg, TEA, CHCly, rt

+-Bu Bu,Sn-11

diacyldipyrromethand 1l was separated as the corresponding
tin complexBu,Sn—11in 25% vyield (direct diacylation ofb)
and 40% vyield (9-acylation df0). In each case, the hydrophobic
Bu,Sn—11 was obtained in a straightforward manner upon

JOC Article

SCHEME 3
11

86% lCHQCIg, H,0, TFA, it

CHO

75% l Pyrrole, CHxClp, TFA, 1t

/NHHN\

+Bu

#Bu +-Bu

13

86% l Bu,SnCly, TEA, CHyCly, 1t

Bu,Sn-13

3). The conversion of the aldehyde to the corresponding
dipyrromethane was carried out using a slightly modified
proceduré® that employs a mixture of Ci€l, and excess
pyrrole rather than pyrrole alone. Thus, the formyl-substituted
1,9-diacyldipyrromethanel2 was dissolved in a minimum
amount of CHCI,, excess pyrrole (100 equiv) was added, and
the resulting mixture was treated with 0.1 equiv of TFA for 10
min at room temperature. Compoufd was obtained in 75%
yield. This synthesis relies on the chemoselective reaction at
the aldehyde rather than at the keto groups. TreatmeBof
with Bu,SnCh and TEA afforded selective complexation of the
diacyldipyrromethane moiety in the presence of the dipyr-
romethane. The hydrophobic produBt,Sn—13, was isolated

passage of the crude reaction mixture over a silica pad. Thein 86% yield.

dialkyltin complex can be decomplexed or used directly in
porphyrin-forming reactions.

Deprotection of acetalll was achieved in CHCl/TFA/
water® at room temperature for 5.5 h, affording the aldehyde-
substituted 1,9-diacyldipyrromethari®) in 86% yield (Scheme

Condensation ob-diol and dipyrromethane—diacyldipyr-
romethand 3in the presence of Yb(OTffollowed by oxidation

(28) Lindsey, J. S.; Brown, P. A.; Siesel, D. Retrahedron1989,45,
4845—4866.

J. Org. ChemVol. 71, No. 3, 2006 1161



JOC Article

SCHEME 4

Thamyongkit et al.

10% l

(1) YB(OTH)g, GHoCly, 1t, 40 min
(2) DDQ

1%

1c

Yb(OTf), CHoCly, 1t, 40 min
(3) DDQ
y ) Zn(OAc)2H0

Dyad p/Tpd

with DDQ gave porphyrin—diacyldipyrrometharigl in 10%
yield (Scheme 4). The latter was reduced with NaB&hd the
resulting dipyrromethanedicarbinol intermediate was reacted
with triallyl—dipyrromethanelc’” under Yb(OTf}-catalyzed
conditions. Subsequent oxidation with DDQ and metalation with
zinc acetate gave tieephenylene-linked dyad bearing the triallyl
tripod (Dyad-p/Tpd) in 11% vyield.

C. Synthesis of Diphenylethyne-Linked DyadsThe syn-

romethaneld'82°under Yb(OTf} catalysis followed by oxida-
tion with DDQ afforded the TMS-protected porphyrirb in
29% vyield. Treatment of porphyrill5 with TBAF gave
ethynylphenyl—porphyrirl6 in 96% yield.

The synthesis of the complementary iodopherpdrphyrin
is shown in Scheme 6. The reduction of diacyldipyrromethane
178 with NaBH, provided the corresponding dipyrromethane
dicarbinol, which was condensed with trialbytlipyrromethane

thesis of diphenylethyne-linked dyads can be achieved by the1c in the presence of Yb(OT§)followed by oxidation with
Pd-mediated Sonogashira coupling of a porphyrin bearing a DDQ. The resulting porphyrinl@) bearing an iodophenyl group

phenylethyne group with a porphyrin bearing a 4-iodophenyl
group. The dyadDyad-dpe/E (Chart 2) was prepared in this
manner-®

The synthesis of an ethynylphenyl-substituted porphyrin is
shown in Scheme 5. The condensation5efliol and dipyr-

1162 J. Org. Chem.Vol. 71, No. 3, 2006

and the triallyl tripod was obtained in 33% vyield. The Pd
coupling of porphyrind6 and18was carried out under standard

(29) Muthukumaran, K.; Ptaszek, M.; Noll, B.; Scheidt, W. R.; Lindsey,
J. S.J. Org. Chem2004,69, 5354—5364.
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SCHEME 5

(1) YB(OTf)3, CHoCl, 1, 40 min
(2) DDQ

29% l

15 (R = TMS)

96% l TBAF, 1t
16 (R = H)

conditions that have been established for use with porphyrinic
substrates [2.5 mM reactants in toluene/TEA (5:1) containing
tris(dibenzylideneacetone)dipalladium(0) oftba), and tri-
tolyl)phosphine, Rgtol)s, without any copper cocatalys&]Our
concern as to whether this reaction would proceed without Heck-
type side reactions owing to the presence of the three allyl

groups were unfounded, as the coupling reaction proceeded quite

well. The crude mixture was metalated with zinc acetate,
affording the desired diphenylethyne-linked dy&u/éd-dpe/
Tpd-1) in 51% vyield.

Dyad-dpe/Tpd-1lincorporates a 3,5-dert-butylphenyl group
at each of the flanking positions on the porphyrin that bears
the tripod. These groups were employed to increase the solubility
of the porphyrin dyad in organic solution. Subsequent surface
studies (vide infra) raised the question as to whether the bulky
tert-butyl groups might preclude tight packing of the dyads upon
surface attachment. Such concerns prompted the synthesis of
second diphenylethyne-linked dyad lacking the bulky groups.
The synthesis is shown in Scheme 7.

The treatment of 5-(4-iodophenyl)dipyrromethame{*3to
the standard conditions for diacylation (EtMgBr, followed by
the reaction wittp-toluoyl chloride) afforded the corresponding
1,9-diacyldipyrromethand9 in 27% yield. The reduction of
19 with NaBH,; gave the corresponding dipyrromethane
dicarbinol, which was reacted with triallydipyrromethané.c
in the presence of Yb(OTf¥ollowed by oxidation with DDQ.
The resulting free-base porphy@20 was obtained in 13% yield.

JOC Article

The Pd coupling of ethynylphenyporphyrin16 and iodophen-
yl—porphyrin 20 was carried out in the same manner as for
Dyad-dpe/Tpd-1. The resulting all-free-base porphyrin dyad
21 was obtained in 91% yield. The metalationZdf with zinc
acetate afforde®yad-dpe/Tpd-2in 97% yield.

Monolayer Characterization. Monolayers of the dyads were
prepared on hydrogen-passivated Si(100) substrates by using a
high-temperature (40CC) “baking” procedure previously shown
to give facile attachment of alkenyl- and alkynyl-functionalized
porphyrins to Si(100) surfacés;haracterization included inter-
rogation via electrochemical and FTIR techniques. The general
electrochemical and vibrational characteristics of the dyad
monolayers are similar to those we have previously reported
for porphyrin monomers tethered to Si(100) via carbon teth-
ers#67Consequently, we will not reiterate these general features
herein but rather only describe key features that distinguish the
dyads from the monomers.

Electrochemical Studies of Surface Coverage and Charge
Density. The main objective of the electrochemical studies of
the dyad monolayers was to determine the saturation surface
coverages, which in turn determine the achievable charge
density. To this end, representative fast scan (100 ayclic
voltammograms of the saturation-coverage monolayers of the
monopodal- and tripodal-functionalized dyads on Si(100) mi-
croelectrodes are shown in Figures 2 and 3, respectively. At
oxidizing potentials, each dyad monolayer exhibits two resolved
voltammetric waves. The redox potentials of these waves are
similar to those of the monolayers of compourdsand 1V,
which are monomeric analogues of the monopodal- and tripodal-
functionalized dyads, respectively (see Chart 1). For the
monomeric porphyrins, the two redox waves correspond to the
formation of the mono- and dications. In the case of the dyads,
the first wave is attributed to the overlapping one-electron
oxidations of each porphyrin that result in the formation of a
monocation on each unit. The second redox wave of the dyads
is attributed to the overlapping one-electron oxidations of each
porphyrin that result in the formation of a dication on each unit.
The evidence in support of the above interpretation of the
voltammetric data for the dyads stems from solution electro-
chemical studies of these dyads (not shown), as well as previous
studies of related dyads that lack groups for surface attach-
ment3233 In particular, these studies reveal that the coupling
between porphyrins linked via either phenylene or diphenyl-
ethynyl linkers is not sufficiently large to result in resolved
splittings of the one-electron waves of the individual porphyrins.
The coupling is sufficiently large, however, to result in rapid
hole transfer (microsecond regime) between the two porphyrins
in the dyad®2330ne observation of note is that the redox waves

Bbserved for the dyad monolayers are somewhat broader than

those observed for the dyads in solution or for the monolayers
of the monomeric reference compourtls and IV, 487 which
suggests a slight inequivalence between the redox potentials of
the porphyrin constituents. This inequivalence might arise
because the two porphyrins in the dyad monolayer are not at
the same distance from the working electrode.

The redox waves for the dyads were integrated to determine
the charge density on the surface, which is related to the surface
coverage. The charge densities and surface coverages for the
five different dyads are summarized in Table 1; for comparison,

(30) Wagner, R. W.; Ciringh, Y.; Clausen, C.; Lindsey, J.Chem.
Mater. 1999,11, 2974—2983.

(31) Thamyongkit, P.; Lindsey, J. 8. Org. Chem2004,69, 5796—
5799.

(32) Seth, J.; Palaniappan, V.; Wagner, R. W.; Johnson, T. E.; Lindsey,
J. S.; Bocian, D. FJ. Am. Chem. S0d.996,118, 11194—11207.

(33) Yang, S. |.; Seth, J.; Riggs, J. A.; Arai, T.; Kim, D.; Bocian, D. F.;
Holten, D.; Lindsey, J. SJ. Phys. Chem. B998,102, 9426—9436.
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SCHEME 6

(1) NaBH,
33% | (2) 1¢, Yb(OTf), CHoCly, rt, 40 min
(3) DDQ

+Bu

18

Toluene, TEA, 35 °C

(1) 16, Pdu(dba)s, P(o-tol)
51%
(2) Zn(OAC)p-2H,0

Dyad - dpe/Tpd - 1 -Bu

the values for the monomeric reference compoufidend|V Dyad-dpe/Tpd-2 are comparable to one another and ap-
are also included in the table. The entries in Table 1 include proximately 40% larger than that of reference compoivid
(1) the total charge density, which is based on the integration  These observations suggest that the surface coverages for the
of both voltammetric waves, (2) the surface coverage of the tripodal-functionalized dyads are in fact lower than that of the
porphyrin units, I, which equalst/,o, and (3) the surface tripodal-functionalized monomer. In addition, no significant
coverage of the moleculd&,,, which is/,0 for the dyads and difference was observed between the use of 3tedibu-
1,0 for the monomers. An inspection of Table 1 reveals the tylphenyl versus the use gttolyl groups inDyad-dpe/Tpd-1
following features. versusDyad-dpe/Tpd-2, respectively.
(1) For the monopodal-functionalizé2yad-p/E monolayer, FTIR Studies of Adsorption Geometry. The electrochemical
the integrated charge is approximately twofold larger than that studies indicate that the dyads afford larger charge densities
of the monomeric reference compouitid. For the monopodal-  than those of the monomeric porphyrins, regardless of whether
functionalizedDyad-dpe/E monolayer, the integrated charge the surface coverages are larger for the dyads. As an additional
is more than double that of the reference monolayer. Theseprobe of the adsorption characteristics of the dyads, FTIR studies
observations suggest that the saturation surface coverage foere conducted to investigate the orientation of the molecules
the Dyad-p/E monolayer is comparable to that of compound on the surface. The mid-frequency (708000 cnT?) IR spectra
Ill, whereas that ofDyad-dpe/E is larger. of the saturation coverage of monopodal- and tripodal-func-
(2) For all three of the tripodal-functionalized dyad mono- tionalized dyad monolayers are shown in Figures 4 and 5,
layers, the charge densities are much less than the twofoldrespectively. In the figures, the bottom trace of each pair is the
increase expected relative to the monomeric reference compoundpectrum of the monolayer, and the top trace is the spectrum
IV. The charge density for the phenylene-linkBgtad-p/Tpd of a solid sample. The general features of the IR spectra of the
is less than 10% larger than that of compou¥dThe charge dyads are similar to those we have previously reported for
densities for the diphenylethynyl-linkdodlyad-dpe/Tpd-1and monomeric reference compounds and IV.487 The key
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SCHEME 7

079, | (1) EtMgBr, 1t
°v (2) p-Toluoy! chloride

(1) NaBH,
13%| (2} 1c, Yb(OTH)s, CHoCly, rt, 100 min
(3) DDQ

91% 16, Pd,(dba)s, P(o-tol)s
°| Toluene, TEA, 35 °C

21 (M = H,H)

97% l Zn(OAG),2H,0

Dyad-dpe/Tpd-2 (M = Zn)

vibrational features relevant to our studies are the porphyrin in the 2100-2250-cnT! range3® are extremely weak and cannot
in-plane ring-breathing mode near 998 ¢ni* and the out-of- be used as reliable structural markers.

plane hydrogen deformation at 797 th¥® For the solid samples The salient features of the IR spectra of the dyads are as
of the tripodal-functionalized dyads, other important features ¢ ,q\s.

are the C=C stretching vibration(C=C), of the alkene group

in the linker at 1638 cmt and the out-of-plane CH deforma- (1) The spectra for the monolayer and the solid samples of

tion, y(CH), of this group in the 910916-cnT range® In the the dyads are similar, consistent with previous IR studies of
case of the monopodal-alkynyl-functionalized dyads, teeac ~ Other carbon-tethered porphyrin monolayéts ndicating that
stretching vibration of this group is also of potential interest, the structures of the porphyrin macrocycles and the substituent
as is the C=C stretch of the diphenylethynyl unit of the dyads 9roups are retained upon monolayer formation.

containing this linker; however, these bands, which are expected (2) For all three tripodal-functionalized dyads, the absence
of the bands associated with th€C=C) (1638 cm?) andy-

(CH) (910-916-cnT? range) vibrations from the spectra of the

(34) Li, X. Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Su, Y. O.; Spiro,

T. G.J. Phys. Cheml1990,94, 31-47. monolayers indicate saturation of the double bond in each of
(35) Li, X. Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Spiro, T.GAm. the three legs of the tripod, similar to the behavior observed

Chem. Soc1989,111, 7012—7023. for th . f e and . ith
(36) Silverstein, R. M.; Bassler, G. Gpectrophotometric Identification or the monomeric reference co_mpou an_ COUS'Stem wit

of Organic Compounds; Wiley: New York, 1967. an attachment to the surface via a hydrosilylation reacfion.
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FIGURE 2. Fast-scan (100 V3) voltammograms of the monopodal-
functionalized monolayers on Si(100).

(3) The relative intensities of the in-plane (998 inversus
the out-of-plane (797 cm) porphyrin modes can be used to
determine the average tilt angleg ©f the porphyrin rings with
respect to the surface nornt8lWe emphasize that the surface
orientation obtained via this measurement is only meant as a
qualitative comparison, particularly because the top and bottom
porphyrins in the dyad can exhibit different orientations with
respect to the surface, owing to torsional flexibility in the linker.
The average tilt angles determined for the porphyrins in the
dyad monolayers are included in Table 1 along with those of
the monomeric reference compountdsandlV . An inspection

Thamyongkit et al.
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FIGURE 3. Fast-scan (100 V-8) voltammograms of the tripodal-
functionalized monolayers on Si(100).

of these data shows that the average angles for the porphyrinSTABLE 1. Charge Densitiest Surface Coverage Value$,and

in all of the dyads are qualitatively similar to one another and
similar to those of the porphyrins in the monomers. All of these
angles fall in a 10 range centered neat ~ 40°, suggesting
that the adsorption geometries of all the molecules (monomers
and dyads) are qualitatively similar. We do note, however, that
the angles for the diphenylethyne-linked dyads are somewhat
less than those of the phenylene-linked dyads, which could
contribute to the higher surface coverage of the former dyads.
Concluding Remarks. Together, the electrochemical and the
FTIR studies provide insights into the structural features that

Average Tilt Angles® for the Dyads and Reference Monomers

o Tpx 1072  Tpx 10710 tilt, «

monolayer (uC-cnm?  (mol-cn?  (mol:cm?)  (deg)
cmpdill 9 17 0.9 0.9 40
Dyad-p/E 34 1.8 0.9 42
Dyad-dpe/E 42 2.2 1.1 37
cmpdlve 43 2.2 2.2 46
Dyad-p/Tpd 46 2.4 1.2 41
Dyad-dpe/Tpd-1 58 3.0 15 38
Dyad-dpe/Tpd-2 58 3.0 15 38

aCharge densitieso} were determined via the integration of both

influence surface coverage and, thereby, charge density in thevoltammetric peaks? Surface coverage of porphyrin unif,f equalstzo;

dyad monolayers. The first, somewhat surprising, observation
is that the increased surface coverage afforded by the imple-
mentation of a tripodal versus a monopodal anchor in mono-
meric porphyrins does not scale to the dyads. Plausibly,

surface coverage of moleculeBy) is /.o for the monomers an#,o for

the dyads¢ Average tilt angle was determined on the basis of the intensity
ratio of the in-plane pyrrole breathing (998 th and the out-of-plane
B-pyrrole hydrogen deformation (797 ci) bands in the IR spectrd.Taken
from ref 4. Taken from ref 7.

increased steric interactions between the porphyrins in adjacent

(37) (a) Buriak, J. MChem. Commuri.999, 1051—1060. (b) Buriak, J.
M. Chem. Re»2002,102, 1271—1308.

(38) (a) Painter, P. C.; Coleman, M. M.; Koenig, J.The Theory of

Vibrational Spectroscopy and Its Application to Polymeric Materials;
Wiley: New York, 1982. (b) Allara, D. L.; Nuzzo, R. G.angmuir1985,
1, 52-66. (c) Harrick, N. J.; Mirabella, F. Minternational Reflection
Spectroscopy: Review and Supplemetiarrick Scientific Corp New
York, 1985. (d) Greenler, R. Gl. Chem. Phys1966,44, 310—315. (e)
Zaera, FInt. Rev. Phys. Chen2002,21, 433—471.
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dyads compromise the ability of the tripodal anchor to achieve
high coverage. The reduction in coverage observed for the
tripodal-functionalized dyads versus the monomers cannot be
obviously attributed to a large change in molecular orientation
on the surface. Indeed, the average tilt angles for the tripodal
dyads appear to be smaller than those for the monomeric
reference compound (Table 1). The second observation is that,
for a given type of surface attachment group, the dyads
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FIGURE 4. FTIR spectra of the monopodal-functionalized porphyrins d-dpe/Tod-2
in solid form (KBr pellet) and in monolayers on Si(100). Dyad-dpefTp 1638
containing the diphenylethynyl linker exhibit higher surface Solid
coverage than those containing a phenylene linker. Plausibly,
the enhanced torsional flexibility of the diphenylethynyl linker
affords better packing of the molecules on the surface, although MLW
steric differences between the 3,5telit-butylphenyl versus the Monolayer
p-tolyl groups do not appear to significantly alter the surface 800 1000 1200 1400 1600 1800 2000
coverage. The diphenylethynyl-linked dyads also exhibit a Wavenumber / cm”!

somewhat smaller average tilt angle than do the phenylene-

linked dyads (Te'lble 1), Wh_iCh would tend to give a smaller rigyre 5. FTIR spectra of the tripodal-functionalized porphyrins in
molecular footprint and a higher surface coverage. solid form (KBr pellet) and in monolayers on Si(100).

Regardless of how molecular structure affects packing and . )
surface adsorption geometry, the studies reported herein indicateExperimental Section

Fhat the utilization of a dyad.motif is effectivg for gchieyiqg 5-[4-(5,5-Dimethyl-1,3-dioxan-2-yl)phenyl]dipyrromethane (1b).
increased charge density relative to that accessible via a similarlya general procedure was follow@#A solution of7 (26.4 g, 0.120
tethered monomeric porphyrin. In the case of monopodal linkers, mol) in pyrrole (210 mL, 3.00 mol, 25 equiv) was treated with
the charge density can be doubled versus that obtainable for alFA (0.925 mL, 12.0 mmol) at room temperature for 5 min. The

monomeric species, indicating that this linking strategy takes réaction was quenched with 0.1 M aqueous NaOH (50 mL). Ethy!
full advantage of the vertical dimension for achieving increased ?ﬁ:;gtg ;Na;n%diﬁﬂ'C-ngr:t?;m.ﬁh%h?:;évf: \\’,szssh‘zﬂr‘g:g;\t’;atg’ ﬁggd
charge density in a particular molecular footprint. The charge (gijica, 4c’l-bCI2), affording a .slightly yellow solid, which ugpoﬂ
density achievable for a monopodal-functionalized dyad is at recrystallization (ethanol/iwater, 9:1) gave a colorless solid (19.5
best comparable to that of a tripodal-functionalized monomeric g, 48%): mp 139-140°C; *H NMR ¢ 0.80 (s, 3H), 1.29 (s, 3H),
species, owing to the superior packing density of the latter 3.65 (d,J = 10.8 Hz, 2H), 3.76 (d) = 10.8 Hz, 2H), 5.38 (s, 1H),
molecules. Although dyads constructed with a tripodal anchor 548 (s, 1H), 5.91-5.92 (m, 2H), 6.14—6.15 (m, 2H), 6.66—6.67

do not afford a doubling of the charge density versus a similarly E[)nr 22HH)) ZééBI\EﬁAJRZasz'? gzzél—:)) ;04; (ggz 879 6Hzl§|1-|)5 71%3 )
functionalized monomer, the increased charge density affordedloéz' 1’17.1, 126.4. 128.’3, 132’.2, 1?;7.21 1427 EAB-MS: caled

by certain dyad architectures (e.g., the diphenylethyne-linked 5, ¢, H,,N,0, 336.1838; found, 336.1848. Anal. Calcd for
motif) is sufficiently large that a dyad has clear advantages over C,,H,,N,0,: C, 74.97; H, 7.19: N, 8.33. Found: C, 74.94: H, 7.17;
a monomer. The nature of the linker architecture between theN, 8.32.
porphyrins in the dyad also appears to play some role in the 5,15-(3,5-Ditert-butylphenyl)-10-[4-(5-phenyl-10,20-dip-tol-
ability to achieve high charge density, with the more torsionally ylplg)rﬁhinc’ilgozincé_lI)-%5-yl)p(f|1§n%/(ls])-20i4-(2-(trin:ethylsil;(/jl)ethy-

; ; : : ; n enyl]porphinatozinc ) eneral procedure was
flexible diphenylethyne linker being superior to the more fglllop\)/vedz&g’ Apsolution of 5 (263 mg? 0411 r%mol) ey

torsionally constramed phen_yler_1e linker. CoIIectlver,_these methanol (16 mL, 10:1) was reacted with Nap(621 mg, 16.4
results have important implications for the construction of mmely at room temperature for 3.5 h. The reaction mixture was
molecule-based charge-storage devices for electronics applicapoured into a mixture of saturated aqueous,8H20 mL) and
tions. CH.CI;, (20 mL), and the resulting mixture was stirred for 5 min.

J. Org. ChemVol. 71, No. 3, 2006 1167



JOC Article

Thamyongkit et al.

The organic phase was separated, washed with water, and concelNMR ¢ 21.8, 22.9, 30.1, 31.3, 34.8, 43.9, 77.5, 101.3, 107.5, 108.1,

trated. The resulting dipyrromethane—dicarbinol @43 mg,
0.410 mmol) were dissolved in GBI, (164 mL). Yb(OTf} (336

110.3,117.7,120.9, 123.3, 125.7, 126.4, 128.3, 130.8, 137.3, 137.8,
141.5, 150.6, 185.6. FAB-MS: calcd forsgE44N-05, 552.3352;

mg, 0.542 mmol) was added, and the reaction mixture was stirred found, 552.3334. Anal. Calcd forzgH4NO3: C, 78.22; H, 8.02;

at room temperature for 45 min. Then DDQ (279 mg, 1.23 mmol)
was added, and the mixture was stirred for 1 h. TEA (1 mL) was

N, 5.07. Found: C, 77.92; H, 8.04; N, 5.00.
Dibutyl[1,9-bis(3,5-di-tert-butylbenzoyl)-5-[4-(5,5-dimethyl-

added to neutralize the reaction mixture. The mixture was filtered 1,3-dioxan-2-yl)phenyl]-5,10-dihydrodipyrrinato]tin(IV) (Bu ,Sn—

through a silica pad (C¥l,), and the purple band was collected.

After removal of the solvent, the crude product was chromato-

graphed [silica, CECl,/hexanes (1:1)], affording the free-base dyad
as a purple solid (88.0 mg), which was directly used in the
metalation step.

A solution of the free-base dyad (44.0 mg) in CHC mL)
was reacted overnight with a solution of Zn(OA@H,O (64.6 mg,

11). A general procedure was followé8A solution of EtMgBr
(75.0 mL, 75 mmol, 1.0 M solution in THF) was added slowly to
a tap-water-cooled flask containing a solutionldf (5.05 g, 15.0
mmol) in toluene (180 mL) under argon. An exothermic reaction
with gas evolution ensued. The resulting mixture was stirred at room
temperature for 30 min. A solution & (9.48 g, 37.5 mmol) in
toluene (20 mL) was added over 10 min. The resulting mixture

0.294 mmol) in methanol (1 mL) at room temperature. The reaction was stirred for 30 min. The reaction mixture was poured into

mixture was washed with water, dried (}$0,), concentrated, and
chromatographed [silica, GBl,/hexanes (1:1)], affording a purple
solid (45 mg, 13% fron#): H NMR 6 0.40 (s, 9H), 1.55 (s, 36H),
2.77 (s, 6H), 7.52—7.66 (m, 7H), 7.76—7.88 (m, 4H), 7.89—7.91
(m, 2H), 7.98—8.06 (m, 2H), 8.10—8.30 (m, 8H), 8.64 (br, 4H),
8.94-9.10 (m, 8H), 9.16—9.24 (m, 4H), 9.38—9.48 (m, 4H). LD-
MS: calcd for GosHgaNgSiZn,, 1626.8; found, 1625.%4ps 423,
434, 552, 592 nm. The quality of the NMR spectrum for the title

saturated aqueous NEI and ethyl acetate. The organic layer was
washed with water and brine, dried (#$2;), and concentrated to
dryness. The residue was treated with TEA (4.2 mL, 30.0 mmol)
and BySnC} (4.56 g, 15.0 mmol) in CbkCl, (100 mL) at room
temperature for 30 min. The mixture was filtered over a silica pad
(CH,CI,). The first band was collected and concentrated to dryness.
The residue was dissolved in a minimum amount of diethyl ether.
Methanol was added, yielding a precipitate. Filtration afforded a

compound was poor (though key features were evident); however, colorless solid (3.80 g, 25%): mp 199—200 (dec);'H NMR 6

the dyad prepared from the title compound exhibited an NMR
spectrum of excellent quality.
1-(3,5-Di-tert-butylbenzoyl)-5-[4-(5,5-dimethyl-1,3-dioxan-2-
yl)phenyl]dipyrromethane (10). A general procedure for 1-acyl-
ation was followed’ A solution of 1b (3.36 g, 10.0 mmol) in dry
THF (10 mL) was treated with EtMgBr (25.0 mL, 25 mmol, 1.0
M in THF) at room temperature for 10 min. The mixture was then
cooled to—78 °C, and a solution of pyridyl thioest& (3.27 g,
10.0 mmol) in dry THF (10 mL) was added. The mixture was stirred
for 10 min at =78 °C and then allowed to warm to room
temperature with stirring for 20 min. The reaction mixture was
guenched with saturated aqueous/SH Ethyl acetate was added.
The organic phase was washed with brine and water, drieg (Na
SQOy), and chromatographed [silica, @El, — CH,Cl./ethyl acetate
(90:10)], affording a brown solid (3.31 g, 60%). The characterization

0.71-0.79 (m, 9H), 1.141.19 (m, 2H), 1.22-1.26 (m, 2H), 1.28

(s, 3H), 1.32—1.36 (m, 2H), 1.38 (s, 36 H), 1:46.50 (m, 2H),
1.54-1.59 (m, 2H), 1.68—1.72 (m, 2H), 3.63 @~= 10.8 Hz,
2H), 3.75 (d,J = 10.8 Hz, 2H), 5.36 (s, 1H), 5.60 (s, 1H), 6.12 (d,

J = 3.6 Hz, 2H), 6.99 (dJ = 3.6 Hz, 2H), 7.28 (d,J = 8.0 Hz,

2H), 7.44 (d,J = 8.0 Hz, 2H), 7.6+7.62 (m, 2H), 7.76-7.71 (m,

4H); 13C NMR 6 13.60, 13.63, 21.8, 22.9, 24.22, 24.77, 26.00,
26.25, 27.20, 27.24, 30.0, 31.4, 34.9, 45.6, 77.5, 101.4, 115.1,
123.22,123.70, 125.66, 126.39, 128.1, 135.9, 136.89, 137.05, 144.7,
150.72, 151.10, 185.6. FAB-MS obsd, 1001.5268; calcd, 1001.5218
[(M + H)Jr, M = C59H80N204Sn]. Anal. Calcd for GgHgoN2O4Sn:

C, 70.86; H, 8.06; N, 2.80. Found: C, 70.97; H, 8.11; N, 2.89.
The second band from the silica filtration was collected and
rechromatographed (silica, GEl,), affording10 as a brown solid
(3.98 g, 48%) with identical characterization data as described for

data were consistent with those obtained for the product of the direct 10 obtained by the direct diacylation of dipyrromethatie

diacylation procedure.
1,9-Bis(3,5-ditert-butylbenzoyl)-5-[4-(5,5-dimethyl-1,3-dioxan-
2-yl)]phenyldipyrromethane (11). A procedure for 1,9-diacylation
was followed!8 A solution of 1b (1.68 g, 5.00 mmol) in toluene
(100 mL) was treated with EtMgBr (25 mL, 25 mmol, 1.0 M
solution in THF) at room temperature for 30 min. Then a solution
of acid chloride8 (3.16 g, 12.5 mmol) in toluene (10 mL) was

added at room temperature. The mixture was stirred for 10 min.

9-Acylation of 1-Acyldipyrromethane 10, Affording 11. A
procedure for the 9-acylation of 1-acyldipyrromethanes was fol-
lowed?8 A solution 0f10(9.70 g, 17.5 mmol) in anhydrous toluene
(70 mL) was treated with EtMgBr (35.0 mL, 35 mmol, 1.0 M in
THF) under argon at room temperature for 5 min. A solutio of
(4.42 g, 17.5 mmol) in toluene (8.0 mL) was added. After 10 min,
the same addition of EtMgBr ar8iwas repeated once. After stirring
for 10 min, the reaction mixture was treated with additional EtMgBr

The standard workup and chromatography [silica, hexanes/ethyl (17.5 mL, 17.5 mmol, 1.0 M in THF), followed b§ (2.21 g, 8.7

acetate (8:1— 5:1)] afforded two fractions. The first fraction

mmol) in toluene (4.0 mL). After stirring at room temperature for

(containing the title compound) was concentrated to dryness. The 30 min, the reaction was quenched with saturated aqueou€INH
residue was suspended in methanol and sonicated three timeskthyl acetate was added. The organic phase was separated, dried

affording a slightly brown solid (0.98 g, 25%): mp 138 (dec);
1H NMR 0 0.80 (s, 3H), 1.28 (s, 3H), 1.29 (s, 36H), 3.65 Jd+
10.8 Hz, 2H), 3.76 (dJ = 10.8 Hz, 2H), 5.39 (s, 1H), 5.69 (s,
1H), 5.98—5.99 (m, 2H), 6.546.55 (m, 2H), 7.527.56 (m, 8H),
7.64 (d,J = 7.6 Hz, 2H), 11.48 (br, 2H}*3C NMR 6 21.9, 23.0,

(Na;SQy), and chromatographed [silica, @El, — CH,Cl,/ethyl
acetate (90:10)], affording a brown solid (7.85 g, 58%). The
characterization data were consistent with those obtained for the
product from the direct diacylation.

9-Acylation of 1-Acyldipyrromethane 10 with Subsequent Tin

30.2,31.4,34.8,45.3,77.6,101.5, 111.0, 120.9, 124.1, 125.3, 126.8,Complexation, Affording Bu,Sn—11. A solution of EtMgBr (35.3

129.0, 131.1, 137.4, 137.9, 140.9, 141.9, 150.2, 185.4. FAB-MS:

calcd for GiHgsN2O4, 768.4866; found, 768.4854. Anal. Calcd for
Cs1HesN2O4: C, 79.65; H, 8.39; N, 3.64. Found: C, 79.48; H, 8.42;
N, 3.61.

The second fraction was concentrated, affording the 1-acyldipyr-

romethanelO as a slightly yellow solid (1.32 g, 47%): mp 102—
104°C; *H NMR 6 0.80 (s, 3H), 1.29 (s, 3H), 1.36 (s, 18H), 3.64
(d,J=11.2 Hz, 2H), 3.76 (dJ = 11.2 Hz, 2H), 5.40 (s, 1H), 5.54
(s, 1H), 6.00—6.05 (m, 2H), 6.16—6.18 (m, 1H), 6.70—6.75 (m,
2H), 7.27 (d,J = 8.0 Hz, 2H), 7.50 (d,J = 8.0 Hz, 2H), 7.6+
7.62 (m, 1H), 7.677.68 (m, 2H), 7.92 (br, 1H), 9.35 (br, 1H$C
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mL, 35 mmol, 1.0 M solution in THF) was added slowly to a
solution 0f10(3.90 g, 7.05 mmol) in toluene (30 mL) under argon.
The resulting mixture was stirred at room temperature for 10 min.
A sample of8 (4.45 g, 17.6 mmol) was added, and the mixture
was stirred for 30 min. The reaction mixture was poured into
saturated aqueous NEI and ethyl acetate. The organic layer was
washed with water and brine, dried (#$2;), and concentrated to
dryness. Treatment of the residue with TEA (2.0 mL, 14.1 mmol)
and BySnC} (2.14 g, 7.05 mmol) in CkCl, (50 mL) at room
temperature for 30 min followed by the standard purification
technique (as described above) afforded the title compound as a
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colorless solid (2.82 g, 40%) with satisfactory characterization data was added, and the reaction mixture was filtered through a silica

(mp, *H NMR spectrum, and elemental analysis).
1,9-Bis(3,5-di-tert-butylbenzoyl)-5-(4-formylphenyl)dipyrro-
methane (12).A general procedure was follow&8A solution of
11 (18.5 g, 24.0 mmol) in CkCl, (120 mL) was treated with a
solution of TFA (40 mL) and water (20 mL) at room temperature.
The reaction was stopped after 5.3HH.NMR analysis of the crude
reaction mixture upon workup [wash with water and aqueous
NaHCG;, dry (N&SQy), and concentrate] indicated the complete

pad (CHCI,). A purple fraction was collected, concentrated, and
chromatographed [silica, GBl,/hexanes (3:1)]. The desired frac-
tion was concentrated. The resulting crude product was suspended
in hexanes and sonicated three times, affording a purple solid (0.159
g, 10%): *H NMR ¢ —2.78 (s, 2H), 1.43 (s, 36H), 2.71 (s, 6H),
5.95 (s, 1H), 6.52 (d) = 3.6 Hz, 2H), 7.22 (dJ = 3.6 Hz, 2H),

7.56 (d,J = 8.0 Hz, 4H), 7.64-7.67 (m, 4H), 7.76:7.79 (m, 3H),
7.81—7.82 (m, 6H), 8.10 (d = 8.0 Hz, 4H), 8.17 (dJ = 8.0 Hz,

removal of the acetal group. The crude product thus obtained was2H), 8.21-8.23 (m, 2H), 8.828.87 (m, 8H). LD-MS obsd, 1337.0

chromatographed [Ci€l,/ethyl acetate, 95:5> 90:10], affording
a brown solid (14.1 g, 86%): mp 16T dec;'H NMR ¢ 1.27 (s,
36H), 5.84 (s, 1H), 5.955.96 (m, 2H), 6.5%+6.52 (m, 2H), 7.52
7.53 (m, 6H), 7.88 (dJ = 8.0 Hz, 2H), 7.93 (dJ = 8.0 Hz, 2H),
10.03 (s, 1H), 12.22 (br, 2H}3C NMR ¢ 31.3, 34.8, 45.5, 111.2,

[(M + 2t — Bu)*], 1395.1 [(M+ 3t — Bu)", 1451.0 [(M+ 4t —
BU)+; calcd, 1218.6 (M: C85H32N602): /1ab5421y 516, 550, 590,
647 NnM;Aem (Aex 550 NM) 654, 722 nm.
5-Phenyl-10,20-dip-tolyl-15-[4-(2-(trimethylsilyl)ethynyl)-
phenyl]porphyrin (15). A general procedure was followé#2° A

121.0,124.2, 125.6, 129.8, 130.4, 131.3, 135.4, 137.7, 139.9, 148.0so0lution of5 (1.40 g, 2.03 mmol) in THF/methanol (81 mL, 10:1)

150.3, 185.6, 191.7. FAB-MS: calcd forsgEls4N-Os, 682.4134;

found, 682.4121. Anal. Calcd fors6Hs4N,O3: C, 80.90; H, 7.97;

N, 4.10. Found: C, 80.28; H, 8.16; N, 4.00.
5-[4-[1,9-Bis(3,5-di-tert-butylbenzoyl)dipyrromethan-5-ylJphen-

ylldipyrromethane (13). A general procedure with slight modifica-

tion was followed!* A solution 0f12(14.1 g, 20.6 mmol) in CkCl,

(25 mL) and pyrrole (143 mL, 2.06 mol, 100 equiv) was treated

with TFA (159uL, 2.06 mmol, 0.1 equiv) at room temperature for

10 min. The reaction was quenched with TEA (2 mL), and,CH

was treated with NaBI{(3.07 g, 81.2 mmol) at room temperature.
After 3.5 h, the reaction mixture was poured in a mixture of
saturated aqueous NEI (100 mL) and CHCI, (100 mL). The
organic phase was isolated, washed with water, driegSNg,

and concentrated to dryness. A mixture of the resulting dipyr-
romethane—dicarbinol antd (0.645 g, 2.03 mmol) was dissolved
in CH,Cl, (812 mL) and stirred until a homogeneous solution was
obtained. Yb(OTf) (1.61 g, 2.60 mmol) was added at room
temperature. After 40 min, the reaction mixture was treated with

Cl, was added. The reaction mixture was washed with water, dried DDQ (1.38 g, 6.08 mmol) and stirred for 1 h. Then TEA (3 mL)

(Na;SOy), and concentrated to obtain a brown oily residue.
Chromatography [silica, hexanes/ethyl acetate{5:3:1)] afforded

a colorless solid (12.5 g, 75%): mp 17@ (dec);'H NMR 6 1.30

(s, 36 H), 5.49 (s, 1H), 5.68 (s, 1H), 5:98.95 (m, 2H), 6.02
6.03 (m, 2H), 6.156.17 (m, 2H), 6.59-6.60 (m, 2H), 6.69-6.71
(m, 2H), 7.25—7.26 (m, 2H), 7.49—7.51 (m, 2H), 7.54—7.59 (m,
6H), 7.95 (br, 2H), 11.22 (br, 2H};*C NMR 6 31.4, 34.8, 43.6,

was added, and the reaction mixture was filtered through a silica
pad (CHCI,). The purple band was collected, concentrated, and
chromatographed [silica, GBl,/hexanes (3:1)]. The desired frac-
tion was concentrated. The crude product was suspended in
methanol and sonicated three times, affording a purple solid (0.430
g, 29%): 'H NMR 6 —2.79 (s, 2H), 0.39 (s, 9H), 2.72 (s, 6H),
7.57 (d,J=7.6 Hz, 4H), 7.76—7.78 (m, 3H), 7.88 (d= 8.0 Hz,

45.1,107.2,108.4,111.1,117.2, 120.9, 124.1, 125.4, 128.9, 129.2,2H), 8.10 (d,J = 7.6 Hz, 4H), 8.17 (dJ = 8.0 Hz, 2H), 8.22 (d,

131.2, 132.3, 137.9, 139.7, 141.0, 141.1, 150.2, 185.4. FAB-MS:
calcd for G4HeoN4O,, 798.4873; found, 798.4902. Anal. Calcd for
Cs4HeoN4O2: C, 81.16; H, 7.82; N, 7.01. Found: C, 80.73; H, 7.82;
N, 7.01.
Dibutyl[1,9-bis(3,5-di-tert-butylbenzoyl)-5-(4-(dipyrromethan-
5-yl)phenyl)-5,10-dihydrodipyrrinato]tin(lV) (Bu ,Sn—13). A
general procedure was follow@HA mixture of 13 (240 mg, 0.300
mmol), BbwSnC} (91.0 mg, 0.300 mmol), and TEA (83, 0.60
mmol) in CH,Cl, (3 mL) was stirred at room temperature for 1 h.

The mixture was concentrated. The resulting residue was chro-

J = 6.4 Hz, 2H), 8.86-8.88 (m, 8H). LD-MS obsd, 738.4. FAB-
MS obsd, 739.3253; calcd, 739.3257 [(MH)"; M = Cs;H42N4SI]:
Aaps 421, 516, 550, 596, 649 NMym (dex 550 Nm) 655, 722 nm.
5-(4-Ethynylphenyl)-15-phenyl-10,20-dip-tolylporphyrin (16).
A solution of 15 (0.150 g, 0.203 mmol) in CHEITHF (23 mL,
3:1) was treated with TBAF (0.305 mL, 0.31 mmol, 1.0 M in THF)
at room temperature. After 1 h, TLC analysis [H/hexanes (3:
1)] showed the complete consumptionld. The reaction mixture
was diluted with CHCI, and then washed with 10% aqueous
NaHCQ; and water. The organic layer was dried {8@y),

matographed [silica, hexanes/ethyl acetate (5:1)], affording a concentrated, and chromatographed [silica,Clklhexanes (3:1)].

colorless solid (266 mg, 86%): mp 10C (dec);*H NMR 6 0.70—
0.76 (m, 6H), 1.11-1.25 (m, 4H), 1.32—1.53 (m, 6H), 1.38 (s,
36H), 1.69-1.73 (m, 2H), 5.44 (s, 1H), 5.58 (s, 1H), 5.90 (br, 2H),
6.12—6.15 (m, 2H), 6.19 (dl = 4.0 Hz, 2H), 6.676.69 (m, 2H),
7.03 (d,J = 3.6 Hz, 2H), 7.13 (dJ = 8.0 Hz, 2H), 7.19 (dJ =
8.8 Hz, 2H), 7.61-7.63 (m, 2H), 7.16—7.21 (m, 4H), 7.91 (br,
2H); 3C NMR ¢ 13.61, 13.66, 24.0, 25.0, 26.02, 26.27, 27.25,

27.29, 31.4, 34.9, 43.5, 45.2, 107.2, 108.3, 115.0, 117.2, 123.2,

The solid product was suspended in methanol and sonicated three

times, affording a purple solid (0.131 g, 96%) NMR 6 —2.78

(s, 2H), 2.72 (s, 6H), 3.34 (s, 1H), 7.57 = 7.2 Hz, 4H), 7.75—

7.82 (m, 3H), 7.91 (dJ = 8.0 Hz, 2H), 8.11 (dJ = 7.2 Hz, 4H),

8.19-8.24 (m, 4H), 8.82:8.90 (m, 8H). LD-MS obsd, 666.5. FAB-

MS obsd, 667.2885; calcd, 667.2862 [(MH)*; M = CygHzaN4)]:

Aaps421, 516, 550, 596, 649 NMem (Aex 550 Nm) 654, 721 nm.
5-[4-(1,1-Diallyl-3-buten-1-yl)phenyl]-10,20-bis(3,5-dtert-bu-

123.7, 125.8, 128.32, 128.50, 132.4, 136.1, 137.1, 140.3, 142.9,tyl)-15-(4-iodophenyl)porphyrin (18). A general procedure was

150.8, 151.2, 185.6. Anal. Calcd fog£i7sN4O,Sn: C, 72.30; H,
7.63; N, 5.44. Found: C, 72.32; H, 7.62; N, 5.50.
5-[4-[1,9-Bis(3,5-di-tert-butylbenzoyl)dipyrromethan-5-ylJphen-
yl]-15-phenyl-10,20-dip-tolylporphyrin (14). A general procedure
was followed!®2° A solution of 5 (0.900 g, 1.30 mmol) in THF/
methanol (52 mL, 10:1) was treated with NaBH..97 g, 52.1
mmol) at room temperature. After 3.5 h, the reaction mixture was
poured in a mixture of saturated aqueous,8H50 mL) and CH-
Cl, (50 mL). The organic phase was isolated, washed with water,
dried (Na&SQy), and concentrated to dryness. A mixture of the
resulting dipyrromethane—dicarbinol ai@ (1.04 g, 1.30 mmol)
was dissolved in CkCl, (520 mL) and stirred until a homogeneous
solution was obtained. Yb(OT)1.06 g, 1.71 mmol) was added

followed 1820 A solution of 17 (0.350 g, 0.448 mmol) in THF/
methanol (18 mL, 10:1) was reacted with NapB®.339 g, 8.97
mmol) at room temperature for 40 min. The reaction mixture was
poured in a mixture of saturated aqueous,8H20 mL) and CH-

Cl, (20 mL). The organic phase was isolated, washed with water,
dried (NaSQy), and concentrated to dryness. The resulting dipyr-
romethane-dicarbinol andLc (0.160 g, 0.449 mmol) were dissolved

in CH,Cl, (180 mL) and then treated with Yb(OEf)0.357 g, 0.576
mmol) at room temperature. After 40 min, DDQ (0.306 g, 1.35
mmol) was added, and the mixture was stirred for 1 h. The reaction
mixture was neutralized with TEA (2 mL) and filtered through a
silica pad (CHCI,). The purple band was collected, concentrated,
and chromatographed [silica, GEl,/hexanes (3:1)]. The crude

at room temperature. After 40 min, the reaction mixture was treated product was suspended in methanol and sonicated three times,

with DDQ (0.885 g, 3.90 mmol) and stirred for 1 h. TEA (3 mL)

affording a purple solid (0.161 g, 33%3}H NMR 6 —2.74 (s, 2H),
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1.54 (s, 36H), 2.74 (d] = 6.8 Hz, 6H), 5.19-5.24 (m, 6H), 5.83
5.93 (m, 3H), 7.70 (dJ = 7.6 Hz, 2H), 7.81 (s, 2H), 7.98 (d,=
8.0 Hz, 2H), 8.10—8.11 (m, 6H), 8.19 (d= 8.0 Hz, 2H), 8.82—
8.86 (m, 4H), 8.90—8.94 (m, 4H). LD-MS: calcd forsl;sINy,
1098.5; found, 1016.7 [(M- 2allyl)*], 1058.8 [(M — allyl)*],
1099.7 [Mf]. Aaps422, 516, 551, 596, 650 NMizm (Aex 550 nm)
654, 722 nm.
5-(4-lodophenyl)-1,9-bis(4-methylbenzoyl)dipyrromethane (19).
A general procedure was followét3* A solution of EtMgBr (7.80
mL, 1.0 M in THF, 7.8 mmol) was added slowly to a flask
containing a solution ofle (542 mg, 1.56 mmol) in toluene (30
mL) under argon. The resulting yellowish brown mixture was stirred
at room temperature for 30 min. Then, a solutionpsfoluoyl
chloride (520uL, 3.93 mmol) in toluene (3.9 mL) was added over
a period of 3 min. The mixture was stirred at room temperature

Thamyongkit et al.

solvent under reduced pressure afforded a precipitate. The precipi-
tate was collected by centrifugation, suspended in hexanes, and
sonicated three times to provide a purple solid (48.3 mg, 91%):
IH NMR 0 —2.74 (s, 4H), 2.66-2.90 (m, 18H), 5.055.15 (m,
6H), 5.78—6.00 (m, 3H), 7.58 (d,= 7.9 Hz, 8H), 7.66-7.82 (m,
5H), 8.04-8.16 (m, 12H), 8.168.26 (m, 4H), 8.31 (dJ = 7.9
Hz, 4H), 8.78-9.00 (m, 16H). MALDI-MS (POPOP): calcd for
CioHsoNs, 1441.7; found, 1441.1. FAB-MS: calcd forgHgoNs,
1441.6584; found, 1441.6494,,s 424, 516, 552, 593, 649 nm;
Aem (Aex 424 nm) 655, 722 nm.

Dyad-p/E. A solution of6 (33.5 mg, 20.6:mol) in CHCL/THF
(3 mL, 3:1) was reacted with TBAF (316L, 31 umol, 1.0 M
solution in THF) at room temperature for 1 h. The reaction mixture
was washed with 10% aqueous NaH{ @ried (NaSQy), concen-
trated, and chromatographed [silica, £LH/hexanes (2:1)], afford-

for 4 h. The reaction was quenched by the addition of saturated ing a purple solid (31 mg, 98%)*H NMR ¢ 1.59 (s, 36 H), 2.77

aqueous NECI (25 mL). Ethyl acetate (30 mL) was added. The

(s, 6H), 3.34 (s, 1H), 7.627.63 (M, 5H), 7.79-7.87 (m, 4H), 7.93

layers were separated, and the organic phase was washed with watgd, J = 8.0 Hz, 2H), 8.19-8.27 (m, 12H), 8.64 (s, 4H), 8.99.10

and brine, dried (N£0,), and concentrated. The crude product
was chromatographed [silica, @El,/ethyl acetate (95:5)] to afford
a brown amorphous solid (245 mg, 27%)4 NMR 6 2.39 (s, 6H),
5.62 (s, 1H), 5.88—5.95 (m, 2H), 6.45—6.52 (m, 2H), 7.18)(;
8.4 Hz, 4H), 7.34 (dJ = 8.4 Hz, 2H), 7.64 (d) = 8.4 Hz, 4H),
7.70 (d,J = 8.4 Hz, 2H), 11.86 (br, 2H)}3C NMR (75 MHz) ¢

(m, 8H), 9.19 (dJ = 4.4 Hz, 2H), 9.22 (dJ = 4.4 Hz, 2H), 9.43

(d,J = 4.4 Hz, 2H), 9.46 (dJ = 4.4 Hz, 2H). LD-MS: calcd for

CioHseNsZny, 1554.6; found, 1553.0Laps423, 433, 551, 592 nm.
Dyad-p/Tpd. A general procedure was followég2°A solution

of 14(0.135 g, 0.111 mmol) in THF/methanol (4.4 mL, 10:1) was

reduced with NaBB(84.0 g, 2.22 mmol) at room temperature for

21.8, 44.9, 93.2, 111.4, 120.8, 128.9, 130.0, 131.2, 131.4, 135.6,40 min. The reaction mixture was poured in a mixture of saturated

138.1, 140.4, 140.6, 142.5, 184.6. FAB-MS: calcd feiHGsIN 0.,
585.1039; found, 585.1046.
5-[4-(1,1-Diallyl-3-buten-1-yl)phenyl]-15-(4-iodophenyl)-10,-
20-di-p-tolylporphyrin (20). A general procedure was followégi2°
A solution of 19 (180 mg, 0.31 mmol) in THF/methanol (25 mL,
3:1) was reacted with NaBH(59.0 mg, 1.54 mmol) at room
temperature for 50 min. The reaction was monitored by TLC. Two
additional portions of NaBi(55.0 mg and 460 mg) were added
at 50 min and at 1.25 h. The reaction was complete in 1h 45 min.
The reaction was quenched with saturated aqueou£NZ0 mL).
The reaction mixture was extracted with @. The organic phase
was separated, washed with water, dried @), and concen-
trated. The resulting dipyrromethandicarbinol andlc (114 mg,
319 umol) were dissolved in CCl, (124 mL) and then treated
with Yb(OTf); (248 mg, 40Qumol) at room temperature. After 1
h 40 min, DDQ (210 mg, 924mol) was added, and the mixture
was stirred at room temperature for 1 h. Methanol (12 mL) and
TEA (1.2 mL) were added to the reaction mixture. After stirring

aqueous NHCI (5 mL) and CHCI, (5 mL). The organic phase
was isolated, washed with water, dried ¢S8y), and concentrated
to dryness. A mixture of the resulting dipyrromethamkcarbinol
and1cin CHyCI; (44 mL) was treated with Yb(OT$)(87.9 mg,
0.142 mmol) at room temperature for 40 min. DDQ (75.4 mg, 0.332
mmol) was added, and the reaction mixture was stirred for 1 h.
TEA (1 mL) was added, and the reaction mixture was filtered
through a silica pad (C¥€l,). The purple band was collected and
concentrated, affording the crude free-base dyad (44.0 mg).

A solution of the crude free-base dyad (22.0 mg) in CHCI5
mL) was treated overnight with a solution of Zn(OA@H,0 (31.4
mg, 0.143 mmol) in methanol (2.5 mL) at room temperature. The
reaction mixture was washed with water. The organic phase was
isolated, dried (Ng50Oy), concentrated, and chromatographed [silica,
CH,Cl,/hexanes (3:1)]. The residue was suspended in hexanes and
sonicated three times, affording a purple solid (10.4 mg, 1194):
NMR (THF-ds) 6 1.60 (s, 36H), 2.73 (s, 6H), 2.80 (@~ 6.8 Hz,
6H), 5.17—5.25 (m, 6H), 5.896.00 (m, 3H), 7.62 (dJ = 7.2 Hz,

for 1 h, the mixture was concentrated and chromatographed (silica,4H), 7.76—7.81 (m, 5H), 7.92 (s, 2H), 8.17 @= 7.6 Hz, 4H),
CH,Cl,). The first purple band was collected and concentrated. The 8.22—8.24 (m, 8H), 8.64 (s, 4H), 8.86 (@= 4.4 Hz, 2H), 8.89-

residue was dissolved in GBI, and treated with methanol,
affording a precipitate upon the slow evaporation of approximately

8.92 (m, 4H), 8.94 (dJ = 4.4 Hz, 2H), 9.05 (dJ = 4.8 Hz, 2H),
9.08 (d,J = 4.4 Hz, 2H), 9.37—9.39 (m, 4H). LD-MS: calcd for

half of the solvent under reduced pressure. The precipitate wasCji0H100NsZn,, 1660.7; found, 1580.7 [(M- 2allyl)*], 1624.0 [(M
collected by centrifugation, suspended in hexanes, and sonicated— allyl)*], 1664.0 [M']. 1a,s423, 432, 551, 590 nniem (Aex 550

three times to provide a purple solid (37.4 mg, 13%) NMR 6
—2.78 (s, 2H), 2.622.76 (m, 12H), 5.165.25 (m, 6H), 5.75
5.95 (m, 3H), 7.53 (dJ = 7.6 Hz, 4H), 7.63 (dJ = 8.4 Hz, 2H),
7.91 (d,J = 8.0 Hz, 2H), 8.06-8.18 (m, 8H), 8.73-8.96 (m, 8H).
LD-MS: calcd for GgHa7AN4, 902.3; found, 902.5. FAB-MS: calcd
for CseHa7INg4, 902.2845; found, 902.291@3[35421, 516, 551, 591,
648 nm.
5-[4-(4-Allylhepta-1,6-dien-4-yl)phenyl]-15-[4-[2-[4-(5-phenyI-
10,20-dip-tolylporphin-15-yl)phenyl]ethynyl]phenyl]-10,20-di-
p-tolylporphyrin (21). A general procedure was follow&#l.A
mixture of20 (33.8 mg, 37.Qumol), 16 (24.9 mg, 37.umol), Pg-
(dba) (5.50 mg, 5.9&mol), and P¢-tol); (13.4 mg, 44.2umol)
in dry toluene/TEA (16 mL, 5:1) was reacted in a Schlenk flask at
35 °C. After 3.5 h, a second portion of fdba}); (5.50 mg, 5.98
umol) and P(o-toh (13.4 mg, 44.3umol) was added, and the
reaction mixture was stirred for 2.5 h. The reaction was stopped
after a total of 6 h. The solvent was removed, and the resulting
residue was chromatographed [silica, Oh/hexanes (1:2)> CH,-
Cly/hexanes (1:1)]. The resulting purple solid was dissolved ia-CH
Cl,. The addition of methanol and the slow evaporation of the
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nm) 601, 650 nm.

Dyad-dpe/Tpd-1. A general procedure was followéel. A
mixture of16 (49.5 mg, 72.7«mol), 18 (80.0 mg, 72.8:mol), Pg-
(dba} (10.1 mg, 11.Qumol), and P¢-tol); (26.5 mg, 87.1umol)
in dry toluene/TEA (29 mL, 5:1) was reacted in a Schlenk flask at
35 °C. After 5 h, the identical portions of Rdba) and P(o-tol
were added, and the reaction mixture was stirred for 17 h. After
removal of the solvent, the residue was purified by a three-column
sequence: silica [C}Ll/hexanes (3:1)], size-exclusion chroma-
tography (THF), and silica [C¥Cl,/hexanes (3:1)]. The resulting
solid (70.5 mg), consisting of the free-base dyad, was used directly
in the metalation step. A solution of free-base dyad residue (35.2
mg) in CHCE (12 mL) was reacted overnight with a solution of
Zn(OAC)2H,0 (49.0 mg, 223umol) in methanol (3 mL) at room
temperature. The reaction mixture was washed with water, dried
(N&SQOy), concentrated, and chromatographed [silica, ,Clk
hexanes (3:1)]. The resulting solid was suspended in hexanes and
sonicated three times, affording a purple solid (32.7 mg, 5194):
NMR (THF-dg) 6 1.57 (s, 36H), 2.71 (s, 6H), 2.72.82 (m, 6H),
5.12—5.26 (m, 6H), 5.846.00 (m, 3H), 7.58 (dJ = 8.0 Hz, 4H),
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7.75—7.82 (m, 5H), 7.89 (s, 2H), 8.68.26 (m, 16H), 8.288.38
(m, 4H), 8.80—9.02 (m, 16H). LD-MS: calcd for;&H104NsZny,
1760.7; found, 1682.3 [(M- 2allyl)*], 1725.3 [(M — allyl)*],
1765.3 [M]. Aaps 428, 552, 591 nmiem (ex 550 nm) 602, 651
nm.

Dyad-dpe/Tpd-2. A solution of 21 (20.0 mg, 13.9umol) in
CHCI; (8 mL) was treated with a solution of Zn(OA€2H,0 (31.3
mg, 142 umol) in methanol (2 mL) at room temperature. The
reaction was monitored by TLC. After 7 h, the reaction mixture
was washed with water, dried (b&0,), concentrated, and chro-
matographed [silica, C}€l,/hexanes (3:1)]. The resulting solid was
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p-type Si(100) working electrodes (100 100 um) and a Ag
counter/reference electrode, fabricated as described efrieo-
pylene carbonate containing 1.0 MBu,;NPFR; was used as the
solvent/electrolyte. The cyclic voltammograms were recorded using
a Gamry Instruments PC4AS1 femtostat running PHE 200
framework and Echem Analyst software. The charge density of
the dyads in the monolayer was determined by the integration of
the total charge in both anodic waves and by using the geometrical
dimensions of the microelectrode. The surface coverage of the
porphyrins in the dyad or of the intact dyad was determined by
scaling the charge density by a factor of two or four, respectively

dissolved in THF. The addition of hexanes and the slow evaporation (vide supra).
of approximately half of the solvent under reduced pressure afforded  FTIR Spectroscopy.The FTIR spectra of the porphyrin in both

a precipitate. The precipitate was collected by centrifugation,

solid and monolayer forms were collected at room temperature with

suspended in hexanes, and sonicated three times, affording a purpl@ spectral resolution of 4 cri. The spectra of the solid porphyrin

solid (21.3 mg, 97%):*H NMR (THF-dg) 0 2.71 (s, 12H), 2.74—
2.84 (m, 6H), 5.10—5.30 (m, 6H), 5.58—6.08 (m, 3H), 7.581d,
= 7.6 Hz, 8H), 7.76-7.82 (m, 5H), 8.02-8.15 (m, 12H), 8.15
8.26 (m, 4H), 8.31 (dJ = 8.0 Hz, 4H), 8.86-8.90 (m, 8H), 8.96-
8.98 (m, 8H). MALDI-MS (POPOP): calcd for fgH7eNgZny,
1564.4; found, 1564.9,,s428, 551, 592 nm.

Physical Studies. Monolayer Preparation.All of the mono-
layers on Si(100) were prepared using a high-temperature®@00
short-time (2 min) “baking” attachment procedure described previ-
ously# The surface coverage and the conditions for achieving
saturation coverage were determined electrochemically in a serie
of experiments wherein the concentration of the porphyrin in the
deposition solution (benzonitrile) was systematically varied. The
experiments revealed that the surface coverage could be varied i
a controlled fashion from the low 1€ to 101° mol cnT 2 range
(saturation coverage) by varying the porphyrin concentration from
~2 uM to ~2 mM.

The monolayers for the electrochemical experiments were
prepared by dispensing a2 drop of the porphyrin solution onto

samples were obtained in a KBr pelletX—2 wt % porphyrin).
These spectra were collected in transmission mode using a room-
temperature DTGS detector by averaging over 32 scans.

The IR spectra of the monolayers were obtained using a Harrick
Scientific horizontal reflection Ge attenuated total reflection ac-
cessory (GATR, 65incidence angle). The Si substrates were placed
in contact with the flat surface of a semispherical Ge crystal that
serves as the optical element, and IR spectra were collected with p
polarized light using a liquid-nitrogen cooled medium-bandwidth
MCT detector (606-4000 cnT') and averaging 256 scans. The Ge

scrystal was cleaned with neat 2-butanone before every experiment,
and the GATR accessory was purged with dry during data
acquisition. The spectra of porphyrin monolayers were referenced
Mygainst that of a hydrogen-terminated Si(100) surface previously
subjected to the same deposition conditions as those used to obtain
the monolayer but using only the neat deposition solvent.
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Electrochemical MeasurementsThe electrochemical measure-

Supporting Information Available: General experimental
section, NMR spectra for selected compounds, and LD-MS spectra
for all new porphyrins. This material is available free of charge
via the Internet at http:/pubs.acs.org.

ments of the dyads in solution were made in a standard three-
electrode cell using Pt working and counter electrodes and a Ag/ JO0522761

Ag* reference electrode. The solvent/electrolyte was,@
containing 0.1 Mn-BwNPF;.
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