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We report the synthesis by Suzuki cross-coupling methodology of oligo(arylene) molecular wires with
protected thiolates at both termini and a central electron-acceptor unit (3,5-dinitrofluorenone, com-
pounds 10—12) or an electron-donor unit [9-(1,3-dithiol-2-ylidene)fluorene, compounds 14—17] in the
backbone. Core reagents are 2,7-dibromo-3,5-dinitrofluorenone 7 (obtained by nitration of 2,7-
dibromofluorenone) and 2,7-dibromo-9-(4,5-dimethyl-1,3-dithiol-2-ylidene)fluorene 13. The solution
electrochemical redox properties of these oligo(arylene) derivatives have been studied. The reduction CVs
of the dinitrofluorenone-containing molecules display three reversible/quasireversible couples yielding,
sequentially, radical anion, dianion, and radical trianion species, e.g., for 11 E'™4 —1.02 V (vs. Ag/Ag"
in THF). The 1,3-dithiol-2-ylidene unit imparts good electron donor properties to molecules 14, 15, and 16
with radical cation formation observed at £ ca. 0.65 V (vs. Ag/Ag" in DCM). We also report studies on
the assembly of 11 and 15 on gold substrates. Current—voltage (/—V) characteristics and X-ray
photoelectron spectra of the monolayers reveal that 11 assembles via competing S—Au and NO,—Au
interactions. This unusual phenomenon is ascribed to the very electron deficient dinitrofluorenone core of
11 weakening the S—Au interaction. An important conclusion is that thiolated molecules which possess
strongly electron-withdrawing core units, especially those containing nitro groups, may not be suitable
for controlled assembly in junctions. In contrast, 15 assembles via conventional S—Au interactions.

The synthesis and electronic behavior of organic conjugated
molecules is a rapidly expanding field of study. A long-term aim
is to utilize an individual molecule, or small assemblies of
molecules, as active components in molecular electronic devices'

(1) Reviews: (a) Electronic Materials: The Oligomer Approach; Wegner,
G., Miillen, K., Eds.; Wiley-VHC: Weinheim, Germany, 1998. (b) Roncali, J. Acc.
Chem. Res. 2000, 33, 147-156. (c) Tour, J. M. Acc. Chem. Res. 2000, 33, 791—
804. (d) Segura, J. L.; Martin, N. J. Mater. Chem. 2000, 10, 2403-2435.
(e) Carroll, R. L.; Gorman, C. B. Angew. Chem., Int. Ed. 2002, 41, 4378—
4400. (f) Maruccio, G.; Cingolani, R.; Rinaldi, R. J. Mater. Chem. 2004, 14,
542-554. (g) Troisi, A.; Ratner, M. A. Small 2006, 2, 172—181. (h) James, D. K;
Tour, J. M. Aldrichim. Acta 2006, 39 (2), 47-56. (i) Weibel, N.; Grunder, S.;
Mayor, M. Org. Biomol. Chem. 2007, 5, 2343-2353. (j) Moth-Poulsen, K.;
Bjgrnholm, T. Nat. Nanotechnol. 2009, 4, 551-556.

(2) Meindl, J. D.; Chen, Q.; Davis, J. A. Science 2001, 293, 2044-2049.
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to overcome the impending miniaturization threshold of silicon
devices.? Currently, the most promising way to interconnect an
organic molecule into electronic circuitry is by thiol—gold
bonds.? For this purpose the organic molecule is functionalized
with terminal thiol groups, or protected thiols which hydrolyze
during the assembly protocol to liberate thiol functionalities.*

(3) Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G.
Chem. Rev. 2005, 105, 1103-1169.

(4) (a) Pearson, D. L.; Tour, J. M. J. Org. Chem. 1997, 62, 1376-1387.
(b) Tour, J. M.; Rawlett, A. M.; Kozaki, M.; Yao, Y.; Jagessar, R. C.; Dirk,
S.M.; Price, D. W.; Reed, M. A.; Zhou, C.-W.; Chen, J.; Wang, W.; Campbell, I.
Chem.—Eur. J. 2001, 7, 5118-5134. (c) Wei, L.; Padmaja, K.; Youngblood,
W.J.; Lysenko, A. B.; Lindsey, J. S.; Bocian, D. J. Org. Chem. 2004, 69, 1461—
1469. (d) Vaughan, O. H. P.; Turner, M.; Williams, F. J.; Hille, A.; Sanders,
J. K. M.; Lambert, R. M. J. Am. Chem. Soc. 2006, 128, 9578-9579.
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Alternative terminal groups such as amines® and isocyanides®
are also promising candidates. For electrical characterization of
the resulting hybrid nanostructures, scanning probe microscopy
(SPM), mechanically controllable break-junction (MCBJ), and
electromigration techniques have been developed.”

To test the scope and limitations of these contacting
techniques and to probe basic structure—property relation-
ships in molecular electronics, there is a requirement for new
thiol-terminated organic molecules, e.g., molecules which
possess tailored conformations, conjugation lengths, and/or
tunable carrier transport properties at nanometer length
scales. In this regard, the incorporation of redox-active
groups into molecular wires can impart a basic electrical
function to the system. However, integrating such mole-
cules, with their added structural complexity, into electrode
Imolecule|electrode architectures can be experimentally very
demanding, especially at the single-molecule level. None-
theless, for a few systems this has been achieved.®

The rationale behind the present work is to study new
oligo(arylene)s with thiolated groups at both termini de-
signed to bridge a gap between two gold surfaces and thereby
create an electrode|moleculelelectrode junction. Redox-
active units are incorporated into the backbone. Self-
assembled molecules which can be reduced or oxidized
are expected to play a key role in molecular electronics.
A major goal is to modulate conductance by an electro-
chemical or chemical process involving the molecules
within a molecular junction, thereby providing molecular
switches or sensors at the level of single molecules or small
ensembles.® Oligo(arylenes)s are an important family of
compounds within the field of molecular electronics. For

(5) Venkataraman, L.; Klare, J. E.; Nuckolls, C.; Hybertsen, M. S.;
Steigerwald, M. L. Nature 2006, 442, 904-907.

(6) (a) Bong, D.; Tam, I.; Breslow, R. J. Am. Chem. Soc. 2004, 126,
11796-11797. (b) Mayr, A.; Srisailas, M.; Zhao, Q.; Gao, Y.; Hsich, H.;
Hoshmand-Kochi, M.; St. Fleur, N. Tetrahedron 2007, 63, 8206-8217.

(7) Reviews: (a) James, D. K.; Tour, J. M. Chem. Mater. 2004, 16, 4423~
4435. (b) McCreery, R. L. Chem. Mater. 2004, 16, 4477-4496. (c) Tao, N.
J. Mater. Chem. 2005, 15, 3260-3263. (d) Lindsay, S. M.; Ratner, M. A. Adb.
Mater.2007, 19,23-31. (e) Chen, F.; Hihath, J.; Huang, Z.; Li, X.; Tao, N. J.
Annu. Rev. Phys. Chem. 2007, 58, 535-564.

(8) Specific examples include: (a) 4,4'-Bipyridinium: Gittins, D. I.;
Bethell, D.; Schiffrin, D. J.; Nichols, R. J. Nature 2000, 408, 67-69. Li, Z.;
Pobelov, 1.; Han, B.; Wandlowski, T.; Blaszcyk, A.; Mayor, M. Nanotech-
nology 2007, 18, 044018. (b) Perylene tetracarboxylic diimide: Xu, B.; Xiao,
X.; Yang, X.; Zang, L.; Tao, N. J. Am. Chem. Soc. 2005, 127, 2386-2387. Li,
X.; Hihath, J.; Chen, F.; Masuda, T.; Zang, L.; Tao, N. J. Am. Chem. Soc.
2007, 129, 11535-11542. (c) 3,3'-Dinitro-2,2-bipyridyl: Lortscher, E.;
Ciszek, J. W.; Tour, J.; Riel, H. Small 2006, 2, 973-977. (d) Metal-organic
Co”*" and Fe*-terpyridine complexes: Park, J.; Pasupathy, A. N.; Gold-
smith, J. I.; Chang, C.; Yaish, Y.; Petta, J. R.; Rinkoski, M.; Sethna, J. P;
Abruna, H. D.; McEuen, P. L.; Ralph, D. C. Nature 2002, 407, 722-725. Li,
C.; Fan, W.; Strauss, D. A.; Lei, B.; Asano, S.; Zhang, D.; Han, J;
Meyyappan, M.; Zhou, C. J. Am. Chem. Soc. 2004, 126, 7750-7751.
(e) Tetrathiafulvalene: Giacalone, F.; Herranz, M. A.; Griiter, L.; Gonzilez,
M. T.; Calame, M.; Schonenberger, C.; Arroyo, C. R.; Rubio-Bollinger, G.;
Vélez, M.; Agrait, N.; Martin, N. Chem. Commun. 2007, 4854-4856. Leary,
E.; Higgins, S. J.; van Zalinge, H.; Haiss, W.; Nichols, R. J.; Nygaard, S.;
Jeppesen, J. O.; Ulstrup, J. J. Am. Chem. Soc. 2008, 130, 12204-12205.

(9) (a) Tomfohr, J. K.; Sankey, O. F. J. Chem. Phys. 2004, 120, 1542~
1554. (b) Xiao, X.; Xu, B. Q.; Tao, N. Nano Lett. 2004, 4, 267-271.
(c) Grigoriev, A.; Skoldberg, J.; Wendin, G.; Crljen, Z. Phys. Rev. B 2006,
74, 045401. (d) Fujii, S.; Akiba, U.; Fujihira, M. Chem. Lett. 2008, 37, 408—
409.

(10) (a) Xue, Y.; Ratner, M. A. Phys. Rev. B 2003, 68, 115406.
(b) Shaporenko, A.; Elbing, M.; Bfaszczyk, A.; von Hénisch, C.; Mayor,
M.; Zharnikov, M. J. Phys. Chem. B 2006, 110, 4307-4317. (c) Zou, B.; Li,
Z.-L.; Song, X.-N.; Luo, Y.; Wang, C.-K. Phys. Rev. Lett. 2007, 447, 69-73.
(d) Pauly, F.; Viljas, J. K.; Cuevas, J. C.; Schon, G. Phys. Rev. B 2008, 77,
155312. (e) Haiss, W.; Wang, C.; Jitchati, R.; Grace, I.; Martin, S.; Batsanov,
A.S.; Higgins, S.J.; Bryce, M. R.; Lambert, C.J.; Jensen, P. S.; Nichols, R. J.
J. Phys.: Condens. Matter 2008, 20, 374119.
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example, 1,4-benzenedithiol continues to be a benchmark
compound for single-molecule devices’ and recent experi-
mental and theoretical studies have focused on 4,4’-biphe-
nyldithiol and its derivatives.'® Thiol-terminated oligo-
(thiophenes)!!' and benzene—furan co-oligoaryls with up to
nine aryl rings and terminal —CgH4-CH,-S units have been
synthesized recently.'? In this article we describe synthetic
protocols for new thiol-terminated oligo(arylene) wires with
redox-active building blocks in the backbone. The synthesis
of compounds 10—12 and 14—17 and the solution electro-
chemical properties of 11, 12, and 14—16 are presented.
The key molecular subunits are the following: (i) for
10—12, 3,5-dinitrofluorenone, which has enhanced elec-
tron-acceptor properties (compared to fluorenone),'>!*
and (ii) for 14—17, 9-(1,3-dithiol-2-ylidene)fluorene, which
has good electron-donor properties.'> The assembly of 11
and 15 on gold substrates is described. The monolayers are
characterized by XPS data and scanning tunneling micro-
scopy (STM) with a gold probe to create Aulmolecule|Au
junctions.

Results and Discussion

Synthesis. For the synthesis of thiol-terminated oligo-
(arylenes) we required the boronic acid derivatives 2 and 5,
whose syntheses are shown in Scheme 1. 4-Bromo(zerz-butyl-
sulfanyl)benzene 1 was converted into the corresponding
boronic acid derivative 2 by lithium—halogen exchange,
followed by addition of trimethylborate and an aqueous acid
workup. Reaction of 2,5-bis(2-ethylhexyloxy)-1,4-dibromo-
benzene 3'® with 1 equiv of 2 under standard Suzuki—
Miyaura cross-coupling conditions'” gave the bromobiphe-
nyl derivative 4 in 85% yield, which was converted to the
biphenyl boronic acid derivative 5 in high yield, by analogy
with the synthesis of 2. The alkoxy substituents in 5 were
present to ensure good solubility of the subsequent oligo-
(arylene) products.

Nitro substituents were attached to fluorenone to enhance
its electron affinity (Scheme 2).'® Nitration of 2,7-dibromo-
fluorenone with a mixture of sulfuric acid and fuming nitric

(11) (a) Taniguchi, S.; Minamoto, M.; Matsushita, M. M.; Sugawara, T.;
Kawada, Y.; Bethell, D. J. Mater. Chem. 2006, 16, 3459-3465. (b) Endou,
M.; Ie, Y.; Kaneda, T.; Aso, Y. J. Org. Chem. 2007, 72, 2659-2661.

(12) Chen, I.-W. P; Fu, M.-D.; Tseng, W.-H.; Chen, C.-h.; Chou, C.-M ;
Lu, T.-Y. Chem. Commun. 2007, 3074-3076.

(13) Nitro groups are known to enhance significantly the electron accep-
tor properties of fluorenone derivatives: Perepichka, I. F.; Kuz'mina, L. G;
Perepichka, D. F.; Bryce, M. R.; Goldenberg, L. M.; Popov, A. F.; Howard,
J. A K. J. Org. Chem. 1998, 63, 6484-6493.

(14) Fluorenone units have been incorporated into oligo(aryleneethy-
nylene) molecular wires. These molecules are rather weak electron acceptors;
cyclic voltammetric data show that radical anion formation typically occurs
at E'y, ca. —1.45 V in DMF solution, vs. Ag/Ag®. (a) Price, D. W.; Tour,
J. M. Tetrahedron 2003, 59, 3131-3156. (b) Wang, C.; Batsanov, A. S.; Bryce,
M. R.; Sage, I. Org. Lett. 2004, 6, 2181-2184. (c) Wang, C.; Batsanov, A. S.;
Bryce, M. R. J. Org. Chem. 2006, 71, 108-116. (d) Wang, C.; Batsanov, A. S.;
Bryce, M. R. Faraday Discuss. 2006, 131, 221-234.

(15) Amriou, S.; Wang, C.; Batsanov, A. S.; Bryce, M. R.; Perepichka,
D. F.; Orti, E.; Viruela, R.; Vidal-Gancedo, J.; Rovira, C. Chem.—Eur. J.
2006, /2, 3389-3400.

(16) (a) Monkman, A. P.; Palsson, L.-O.; Higgins, R. W. T.; Wang, C.;
Bryce, M. R.; Batsanov, A. S.; Howard, J. A. K. J. Am. Chem. Soc. 2002, 124,
6049-6055. (b) Irvin, J. A.; Schwendeman, I.; Lee, Y.; Abboud, K. A;
Reynolds, J. R. J. Polym. Sci., Part A: Polym. Chem. 2001, 39, 2164-2178.

(17) (a) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457-2483.
(b) Miyaura, N. Top. Curr. Chem. 2002, 219, 11-59.

(18) For a different approach to 2,7-dibromo-4-nitrofluorenone, viz. by
nitration of 2,7-dibromofluorene followed by oxidation, see ref 14a. Two-fold
Sonogashira cross-coupling of 2,7-dibromo-4-nitrofluorenone with trimethyl-
silylacetylene was reported.
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SCHEME 1. Synthesis of Reagents 2 and 5

1) n-BuLi, -78 °C, 5 h

2) (MeO)3B, -78 °C, 0.5 h,
thenrt. 12 h

3) aq. HCI, 78%

M}

SCHEME 2. Synthesis of 11 and 12

H2$O4

HNO; (fuming)
-10 °C then r.t.
12 h, 61%

7

2, Pd[PPh3]s, Na,COg,
THF-toluene, reflux,
24 h, 88%

NO2 N02
RS O ' O SR
o)
10 R = t-Bu

AcCl, BBr3, 0 °C,
20 min, 76%

11 R=C(O)Me

acid gave a dinitro product in 61% yield, which had only
limited solubility. Initially its structure could not be assigned
unambiguously from NMR data. Reaction of the product
with reagent 8'*" (2.2 equiv) under Sonogashira conditions'”
gave an interesting result. A monosubstituted derivative
was obtained as the major product (62% yield). X-ray crys-
tal analysis revealed structure 9 (see the Supporting
Information), which, in turn, established that the 3,5-dinitro
isomer 7 had been produced in the nitration of 6. Nitration at
the 3,5-positions is unusual and contrasts with the nitra-
tion of 2,7-diX-fluorenone (X = NO,, CO,H), which yields
initially 2,4,7 (mononitration)- and then 2,4,5,7 (dinitration)-
substitution patterns.”” The formation of compound 7, in
preference to the 4,5-isomer, can be explained as follows. The
first nitration occurs at C(4) of compound 6 as with other
fluorenone derivatives (i.e., the meta directing effect of the
carbonyl group plus the ortho directing effect of the other
phenyl ring dominate over the ortho/para directing effect of

(19) (a) Sonogashira, K. J. Organomet. Chem. 2002, 653, 46-49. (b) Chinchilla,
R.; Ndjera, C. Chem. Rev. 2007, 107, 874-922.
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3, Pd[PPh3],, KoCO3,
THF-toluene, reflux,

48 h, 85% >L
O 0
o
Br@—Br
0 4 X =Br
EH 1) n-BuLi, -78 °C, 4 h
2) (MeO)3B, -78 °C, 3 h,
3 EH = 2-(ethyl)hexyl thenr.t.
3) aq. HCI, 86%
5 X = B(OH),
, 0.0
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8, Pd[PPhy],, Cul by

THF-triethylamine
rt, 12 h, 80 °C, 9
2h, 62%

5, Pd[PPh3]4, N32C03,
THF-toluene, reflux,
24 h, 76%

12 EH = 2-(ethyl)hexyl

bromine). Electronic and steric factors then combine to favor
the second nitration ortho to the other bromine atom to give
product 7. Steric hindrance is thereby avoided between the two
nitro groups. The increased reactivity of the 2-bromo substitu-
ent of 7 (compared to the 7-bromo substituent) is due to an
enhanced activating effect of the o-nitro substituent at C(3).%°
In contrast to the Sonogashira reaction, both the 2- and 7-
bromo substituents of 7 were readily replaced upon Suzuki—
Miyaura reaction with 2 or 5 (2.0—2.1 equivs) to afford the
disubstituted oligo(arylene) derivatives 10 and 12, respec-
tively. The 7-Bu group is a useful protecting group for
thiols because it increases solubility and #-Bu-S-Ar species
are resistant to both strongly basic and acidic conditions.?'

(20) Attempts to replace both the 2- and 7-bromo substituents in 7 by
using an increased molar ratio of 8 and triethylamine and/or elevating the
reaction temperature led to an inseparable mixture of the 2,7-disub-
stituted product and the butadiyne derivative obtained by oxidative self-
coupling of 8.

(21) (a) Stuhr-Hansen, N.; Christensen, J. B.; Harrit, N.; Bjgrnholm, T.
J. Org. Chem. 2003, 68, 1275-1282. (b) Stuhr-Hansen, N.; Sarensen, J. K.;
Moth-Poulsen, K.; Christensen, J. B.; Bjgrnholm, T.; Nielsen, M. B. Tetra-
hedron 2005, 61, 12288—-12295.
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SCHEME 3. Synthesis of 15 and 17

5, Pd[PPh3]4, N32003,
THF-toluene, reflux,
48 h, 53%

THF-toluene, reflux,

l 2, Pd[PPhs]s, Na,COs3,
24 h, 59%

Wapve Ve vt

S _S
Me)_(Me

14 R =t-Bu
M¢’

AcCl, BBr3, 0 °C,
20 min, 78%

15R = C(O)Me

Conversion of the 7-BuS groups of 10 into the more labile
acetylthio groups was achieved by a bromine-catalyzed depro-
tection protocol.””> We have found that 2-(ethyl)hexyloxy side
chains are cleaved under these conditions (see Scheme 3), so the
comparable reaction was not attempted for 12.

To incorporate an electron donor unit into the backbones,
the 9-(1,3-dithiol-2-ylidene)fluorene reagent 13'° was treated
with compounds 2 and 5, as above, to give the oligo(arylene)s
14 and 16, respectively. Compound 14 was cleanly converted
into the bis(acetylthio) analogue 15. The comparable reac-
tion of 16 resulted in concomitant removal of the 2-(ethyl)-
hexyl chains to give the bis(acetylthio) derivative 17 (Scheme 3).
Nonetheless, compounds 12 and 16 may be useful for molecular
electronics applications as #-BuS-terminated wires can be phy-
sisorbed onto electrodes by a weak van der Waals contact.” The
X-ray crystal structure of 16 is reported in the Supporting
Information.

Solution Electrochemical Properties. Cyclic votammetry
(CV) studies have probed the solution redox properties of the
oligo(arylene) wire molecules. The reduction CVs of the
dinitrofluorenone-containing molecules 11 and 12, shown
in Figure 1, display three reversible/quasireversible couples
yielding, sequentially, radical anion, dianion, and radical
trianion species (peak potentials are given in Figure 1). The
electron-donating dialkoxyphenyl rings in 12 lead to a
negative shift (i.e., reduced electron affinity) for all three
waves compared with 11.

The 1,3-dithiol-2-ylidene unit imparts good electron do-
nor properties to molecules 14, 15, and 16 with radical cation
formation observed at E°* ca. 0.65 V (vs. Ag/Ag™). The CVs
are shown in Figure 2. No oxidative features were observed
for 12 (scanning to +2.0 V); no reductive features were
observed for 16 (scanning to —2.0 V).

Self-Assembly, XPS, and Electrical Characterization. We
have investigated self-assembled monolayer (SAM) formation

(22) Btaszezyk, A.; Elbing, M.; Mayor, M. Org. Biomol. Chem. 2004, 2,
2722-2724.

(23) Kubatkin, S.; Danilov, A.; Hjort, M.; Cornil, J.; Brédas, J.-L.; Stuhr-
Hansen, N.; Hedegard, P.; Bjogrnholm, T. Nature 2003, 425, 698-701.
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16 EH = 2-(ethylhexyl

20 min, then r.t.

AcCl, BBr3, 0 °C,
12 h, 69%

O OH O O HO O
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Me Me
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-2.23
25 2.0 15 1.0 05
E/V (vs Ag/Ag")

FIGURE 1. Cyclic voltammograms of compounds 11 and 12 in
THF solution containing BuyNPF (0.1 M) as supporting electrolyte,
scan rate 100 mV s~'. The peak potentials are shown for the redox
waves.

of 11 and 15 and performed STM experiments on the resulting
structures. Gold-coated substrates were plasma cleaned prior
to use and then immersed in dilute THF solutions of the
molecules (0.1 mg cm >, 20 cm?) and in solutions to which
ammonium hydroxide solution (0.1 cm?) was added to facili-
tate cleavage of the acetyl groups. They were repeatedly
immersed for 20 min intervals and washed with THF to
remove physisorbed material. The process was monitored
from the frequency change following assembly on the gold
electrodes of 10 MHz quartz crystals and the chemisorption
was verified by X-ray photoelectron spectroscopy (XPS).

Self-assembly of 15 occurs in the absence of the deprotect-
ing agent and a Sauerbrey analysis®® of the frequency data
yielded a limiting area of 0.72—0.76 nm?> molecule ' after ca.
600 min compared with 200 min when self-assembled in the
presence of NH4OH. X-ray photoelectron spectra (XPS)
confirm chemisorption and show an S 2p peak at 162 eV
characteristic of the Au—S link and another at 164 eV that
relates to the 1,3-dithiol-2-ylidene unit and unbound term-
inal group.

(24) Sauerbrey, G. Z. Phys. 1959, 155, 206-222.
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20
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11 uA
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E/V (vs Ag/Ag’)

FIGURE 2. Cyclic voltammograms of compounds 14, 15, and 16 in
dichloromethane solution containinjf7 BuyNPFg (0.1 M) as support-
ing electrolyte, scan rate 100 mV s~ .

In contrast, 11 exhibits a limiting area of 1.0—1.1 nm?
molecule " after ca. 150 min when assembled both with and
without the deprotecting agent. The larger area of this less
bulky analogue may be explained by an alternative type of
packing that involves assembly of some of the molecules of
11 via one, or both, of the nitro substituents. This explana-
tion is consistent with a report that electron-withdrawing
substituents on aromatic thiols decrease the rate of conven-
tional adsorption®® and thereby weaken the interaction
between sulfur and gold.>® XPS data obtained for 11 also
suggest that the gold—thiolate link is not necessarily the
dominant adsorption in the SAM. The sulfur core-level
spectra, fitted with a Gaussian—Lorentzian function, exhibit
the characteristic Au—S doublet for an assembled aromatic
thiol*” at 161.9 (S 2ps2) and 163.1 eV (S 2p;»), as well as a
second, considerably stronger doublet at 163.4 and 164.6 eV
(cf. 163.7 and 164.9 eV for a powdered sample of 11) that
corresponds to the unbound sulfur-containing groups.
Quantitative analysis of the areas under the curves suggests
that only ca. 40% of molecules assemble via an Au—S link
(thus, ca. 60% via NO,) in the absence of a deprotecting
agent (Figure 3). The relative areas for SAMs formed under
basic conditions suggest that 40—65% of molecules assemble
via Au—S links with the remainder attached via their nitro
substituents (Figure 4).%

SAMs of 11 formed in the presence and absence of the
deprotecting agent exhibit similar N s core-level spectra
(Figure 5). A single peak at 405.6 eV is characteristic of the
NO, groups and the ratio of areas under the N Is and S 2p
peaks, when corrected for atomic sensitivity factors, isca. 1:1
and consistent with the molecular formula. The XPS data
provide no evidence of the chemical instability reported by
Stapleton et al.”’ These authors reported that nitro-substi-
tuted oligo(phenyleneethynylene) thiolate molecules as-
sembled in the presence of NH4,OH reveal the expected
NO, peak at 405.6 eV as well as others at 402.1 and 399.3 eV

(25) Liao, S.; Shnidman, Y.; Ulman, A. J. Am. Chem. Soc. 2000, 122,
3688-3694.

(26) Cai, L; Yao, Y.; Yang, J.; Price, D. W.; Tour, J. M. Chem. Mater.
2002, 74, 2905-2909.

(27) Ciszek, J. W.; Stewart, M. P.; Tour, J. M. J. Am. Chem. Soc. 2004,
126, 13172-13173.

(28) Assembly of the terminal nitro group of 4-(4’-nitrophenylethynyl)-
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FIGURE 3. S 2ps3;, and S 2p; ), spectra of a SAM of 11 prepared
without the deprotecting agent where the red doublet corresponds
to the Au—S link and the blue doublet to S—C(O)CHj;. The area
ratio, corrected for atomic sensitivity factors, is ca. 1:4, whereas if
self-assembled only via Au—S, this ratio should be 1:1.

FIGURE 4. Diagrammatic representation of the assembly of 11 on
a gold substrate showing competing nitro and thiol group attach-
ment.

which were assigned to NH(OH) and NH, arising from thiolate—
nitro redox processes. We observed a broadened N 1s peak in
the same range but only from some monolayer samples. More-
over, its occurrence each time coincided with a higher than
expected N:S ratio (as high as 2:1) whereas the ratio calculated
with the area of the NO, peak at 405.6 ¢V was 1:1. Thus, from
this study, we attribute the anomalous lower energy peak, when
observed (see the Supporting Information, Figure S3), to a
contaminant derived from NH4OH and note that its range is
consistent with the binding energies of NHj; (399 eV)*® and
NH, " (399—402 V). 3173

Current—voltage (/—V) curves of self-assembled mono-
layers (SAMs) formed from 11 and 15 on gold-coated highly
oriented pyrolytic graphite were obtained by scanning tun-
neling spectroscopy. The gold probe was landed at several
locations across each of the SAMs: /—V data were recorded
for different set-point currents and voltages and averaged
each time for ten scans at each of the sites. Typical I—V

(30) Larkins, F. P.; Lubenfeld, A. J. Electron Spectrosc. Relat. Phenom.
1979, 15, 137-144.

(31) Grunert, W.; Feldhaus, R.; Anders, K.; Shpiro, E. S.; Antoshin, G. V.;
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FIGURE 6. [—V characteristics of SAMs of 11 formed under basic
conditions on gold contacted by a gold probe. The data were
obtained by averaging 10 scans on the same site for a set point
current of 200 pA and bias of +0.2 V where the polarity is defined by
the sign of the substrate electrode.

characteristics are shown in Figures 6 (11) and 7 (15) and, for
the most part, their profiles are unaffected by the set point
conditions and the method of assembly (i.e., with or without
the deprotecting reagent). Both systems exhibit slight elec-
trical asymmetry. This is more pronounced for 11 where the
higher negative-quadrant current corresponds to electron
flow from the gold substrate (cathode) to gold probe (anode)
and this behavior can be explained by some of the molecules
being aligned parallel to the substrate and the electron-
accepting nitro groups of the central core being adsorbed
to gold. The considerably weaker asymmetry exhibited by 15
with the same preferred direction of electron flow can be
explained by an upright alignment with all molecules as-
sembled via Au—S links and with the electron-donating 1,3-
dithiol-2-ylidene unit in this case being tilted toward the gold
probe. We further note that an analogue without the redox-
active dithiole unit (namely, a 9,9-dimethylfluorene core)'*
exhibits symmetrical /—V characteristics.

These data establish that 11 forms a disordered assembly
on gold, which means the compound is unlikely to find
an application in molecular electronics. However, 15 forms
an ordered monolayer and functions as a molecular wire
in an electrode|molecule|electrode junction.
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FIGURE 7. [—V characteristics of SAMs of 15 formed under basic
conditions on gold contacted by a gold probe. The data were
obtained by averaging 10 scans on the same site for a set point
current of 200 pA and bias of +-0.2 V where the polarity is defined by
the sign of the substrate electrode.

Conclusions

New oligo(arylene) molecular wires endowed with func-
tional groups at their cores and thiolated anchor groups at
both terminal positions have been obtained via efficient
synthetic transformations. 4-(zerz-Butylsulfanyl)phenylboronic
acid 2, 2,7-dibromo-3,5-dinitrofluorenone 7, and 2,7-dibromo-
9-(1,3-dithiol-2-ylidene)fluorene 13 serve as key reagents in
these procedures. The solution redox properties of the oligo-
(arylene)s have been studied by cyclic voltammetry, which
reveals reduction waves for the dinitrofluorenone compounds
11 and 12, and oxidation processes for the 9-(1,3-dithiol-
2-ylidene)fluorene derivatives 15 and 16. Compounds 11 and
15 form self-assembled monolayers on gold substrates and their
current—voltage (/—V) characteristics have been probed by a
gold STM tip. Electrical studies and XPS data reveal very
different modes of assembly of 11 and 15. Evidence has been
presented that 11 forms a disordered monolayer due to assembly
via competing S—Au and NO,—Au interactions as a conse-
quence of the very electron deficient dinitrofluorenone core,
which is in conjugation with the thiolate group, thereby weak-
ening the S—Au interaction. This is consistent with previous
evidence that electron-withdrawing substituents decrease the
rate of conventional S—Au adsorption.” In contrast, 15 assem-
bles via conventional S—Au interactions. One of the goals of
molecular electronics is to understand the factors that govern
the assembly of specifically functionalized molecules. The work
described in this paper is informative in probing functional
group compatibility in electroactive molecular wires and mole-
cular electronic circuitry. An important conclusion is that
thiolated molecules which possess strongly electron-withdraw-
ing core units, especially those containing nitro groups in
conjugation with the thiolate group, may not be suitable for
controlled assembly in junctions.

Experimental Section

4-(tert-Butylsulfanyl)phenylboronic Acid (2). A solution of
4-tert-(butylsulfanyl)bromobenzene (12.26 g, 50 mmol) in THF
(200 mL) was cooled to —78 °C and »n-BuLi (2.5 M in hexane,
25 mL, 62.5 mmol) was added. The solution was stirred for 5 h at
—78 °C and then trimethylborate (20 mL, excess) was added slowly.
The mixture was stirred for 30 min at —78 °C and then slowly
warmed to room temperature and stirred for 12 h at room
temperature. The mixture was concentrated in vacuo and the
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residue was dissolved in dichloromethane (50 mL) and stirred with
HCI (5% aq, 200 mL) for 2 h. The organic phase was separated and
the aqueous phase was extracted with dichloromethane. The
combined organic phases were dried over MgSO,. The solvent
was removed under reduced pressure. The residue was triturated
with hexane (30 mL) and the solid product was filtered, washed
with hexane, and dried to give 2 as a white powder (8.26 g, 78%
yield): mp 172—174 °C; '"H NMR (400 MHz, CDCl5) ¢ 8.15 (d,
J =8.0 Hz, 2H), 7.67 (d, J = 8.0 Hz, 2H), 1.35 (s, 9H); '*C NMR
(100 MHz, CDCl3) 6 138.7,136.7, 135.7,46.9, 31.3. Anal. Calcd for
C,0H5sBO,S: C, 57.17; H, 7.20. Found: C, 57.28; H, 7.16.
2,7-Dibromo-3,5-dinitro-9-fluorenone (7). 2,7-Dibromo-9-fluo-
renone 6>* (10.14 g, 30 mmol) was dissolved in sulfuric acid
(200 mL) at room temperature with stirring and sonication. The
viscous solution was cooled to —10 °C followed by the dropwise
addition of fuming nitric acid (100%, 150 mL) with cooling and
stirring. During the addition, the temperature was maintained
between —15 and —10 °C to afford a yellow viscous suspension.
The cooling bath was removed and the mixture was stirred for 12 h
at room temperature then poured onto crushed ice (~500 g). A
yellow solid was obtained by suction filtration and washed with a
large volume of water. Crystallization of the solid from DMF
yielded 7 as yellow crystals (7.78 g, 61% yield): "H NMR (200 MHz,
DMSO-ds) 6 8.47 (d, J = 1.8 Hz, 1H), 8.30 (s, IH), 8.21 (d, J =
1.8 Hz, 1H), 8.18 (s, 1H); *C NMR (100 Hz, DMSO-dy) 6 186.7,
153.3, 144.7, 139.3, 136.8, 136.4, 133.0, 131.6, 131.4, 129.9, 123.9,
122.2, 116.3; MS (EI) (m/z, %) 427.7 (M, 86), 149 (100).
Compound 10. To a mixture of compound 7 (428 mg, 1.0 mmol),
2 (441 mg, 2.1 mmol), THF (30 mL), toluene (30 mL), and aqueous
sodium carbonate (1 M, 3.0 mL, 3 mmol) was added Pd(PPhs),
(46 mg, 0.04 mmol) in one portion, then the mixture was heated at
reflux for 24 h. The solvent was removed under reduced pressure
and the residue was dissolved in dichloromethane (40 mL) and
washed with water (40 mL). The red organic phase was separated
and dried over MgSOy. The solvent was removed and the residue
was purified by column chromatography (SiO,, eluent DCM) to
give 10 as a yellow powder (525 mg, 88% yield): mp 241—242 °C dec;

(34) Gallos, J.; Varvoglis, A. J. Chem. Res. (S) 1982, 150-151.
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ES-MS 598.3 (M™); "H NMR (400 MHz, CDCl;) ¢ 8.53 (s, 1H),
8.45 (d, J = 2.0 Hz, 1H), 8.26 (d, J = 2.0 Hz, 1H), 7.88 (s, 1H),
7.68 (d, J = 8.0 Hz, 2H), 7.64 (d, J = 8.0 Hz, 2H), 7.61 (d, J =
8.0 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 1.34 (s, 9H), 1.33 (s, 9H); '°C
NMR (100 MHz, CDClz) 6 189.0, 153.5, 145.0, 144.1, 140.0, 138.2,
138.0, 137.8, 137.1, 136.8, 136.3, 135.7, 135.3, 134.8, 133.7, 128.7,
127.6, 127.5,127.1, 126.8, 122.0, 46.7, 46.6, 31.1, 30.9. Anal. Calcd
for C33H30N,05S,: C, 66.20; H, 5.05; N, 4.68. Found: C, 66.18; H,
5.10; N, 4.56.

Compound 11. A suspension of 10 (120 mg, 0.20 mmol),
dichloromethane (15 mL), and acetyl chloride (4 mL) was
cooled to 0 °C and then BBr; (1.8 mL, 1.8 mmol) solution
in dichloromethane (10 mL) was added in one portion.
The resulting clear orange solution was stirred for 20 min at
0 °C then poured into ice. The organic layer was separated,
dried over MgSQ,, and concentrated, then the residue was
chromatographed (silica, eluent DCM) to give 11 as a yellow
powder (87 mg, 76% yield): mp 205—206 °C; ES-MS: 570.1
(M™); '"H NMR (400 MHz, CDCls) 8 8.56 (s, 1H), 8.45 (d, J =
1.2Hz, 1H),8.26 (d,J= 1.6 Hz, 1H), 7.90 (s, 1H), 7.73 (d, J =
8.4 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.4 Hz,
2H), 7.41 (d, J = 8.4 Hz, 2H), 2.48 (s, 3H), 2.46 (s, 3H);
13C NMR (100 MHz, CDCl;) § 193.1, 193.0, 188.8, 153.4,
145.0, 143.8, 140.1, 137.7, 137.4, 137.1, 136.39, 136.36, 135.2,
134.8, 133.8, 130.1, 129.8, 128.8, 128.4, 128.3, 128.0, 127.54,
127.49, 127.1, 122.0, 30.38, 30.35. Anal. Calcd for
CyoH1§N,05S,: C, 61.04; H, 3.18; N, 4.91. Found: C, 61.12;
H, 3.13; N, 4.87.
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