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New cruciform structure$—4 were synthesized to investigate a new single molecule switching mechanism
arising from the interplay between the molecule and the electrode surface. These molecular cruxes consist
of two rod-type substructures, namely an oligophenylenevinylene and an oligophenyleneethynyl. While
the oligophenylenevinylene rods are functionalized with acetyl protected sulfur anchor groups, the
oligophenyleneethynyl rods provide terminal pyridine units. The hypothesized switching mechanism should
arise from the electrochemical potential dependent coordination of the pyridine unit to the electrode
surface. The assembly of the oligophenylenevinylene substructure was based on a Wittig reaction whereas
its perpendicular oligophenyleneethynyl rod was assembled by Sonogadhaigéhara coupling reactions.
Preliminary transport investigations with molecular crucifo2rend4 in a mechanical controllable break
junction in a liquid environment displayed the trapping of single molecules between two gold electrodes
via the terminally sulfur functionalized oligophenylenevinylene rod.

Introduction becomes increasingly difficult due to both physical and eco-
) ) . nomical limitationst2 The currently growing interest in alterna-
The semiconductor industry has seen a remarkable minia-tje concepts to further reduce the feature size at reasonable
turization trend of silicon-based integrated circuits during the prices is not surprising and led to a revival of molecular
past four decades. However, further decrease in feature Sizeelectronicsl,‘7 a concept originating in the seventfsin the
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past few years, numerous molecular structures have beerelectronic features like hysteretic switchiigor negative
integrated as small assemblies or even on a single moleculedifferential resistancé for which the origin of the observed
level in various setups to investigate both their structure property effect is the topic of current investigations.
correlations and their potential as the origin of the electronic To the best of our knowledge, conductance switching
function?19-12 Recently, even electronic functions like, e.g., concepts based on the interplay of the molecular structure with
rectificatiort14 or hysteretic switchiny-16 emerging from the electrode surface have not been proposed so far. Together
integrated molecules have been reported. However, to trace thewith the switching concept we present the synthesis and
origin of the observed electronic features remains very chal- characterization of the cruciform structufeand2. Furthermore,
lenging. To differentiate between effects arising from the first attempts to integrate these molecules in a mechanically
molecular structure or from the molecule electrode interface is controlled break-junction (MCBJ) in a liquid environment are
exceedingly delicat&)17in particular on a single molecule level.  shown. Structurally related cruciform-systems have already
Therefore, current comprehensive models consider both thebeen reported as test structures for molecular electréhi€s,
molecular structure and the contact area of the electrbdes.  as electrooptically active chromophores in self-assembled thin
Here we would like to propose a new switching concept for films,31-32as chromophores with tunable band g&pas metal
integrated molecules emerging from the interplay between the ion3*3>or pH-36sensor$/ and as building blocks of coordination
molecular structure and the electrode surface. So far, severalpolymers3®
concepts for molecular switches have already been proposed Reversible potential dependent coordination of nitrogen-
and some of them have already been realized for derivativescontaining heterocycles to metal substrates has been observed
integrated in an electronic circuit. Light triggered photoreac- in electrochemical scanning probe investigati&h®.Interest-
tions!® and electrochemically active chromophdfeg? have ingly, upon coordination, ther-system of the heterocycle is
been used or proposed to alter the conjugation along a molecularexpected to couple strongly with the electrodes fermi level. In
structure. Electrochemical charging of subunits altered transportcontrast to that, the sulfur noble metal bond is known to provide
properties through an integrated redox active suB¥aitd has a considerable tunnel barrier for electronic transpott.
been successfully applied to rearrange mechanical interlinkedFurthermore, the extent of coupling of the sulfur anchor group
structures in supermolecul&s?®Integrated molecules reacting  strongly depends on the relative substitution position with
with an analyte have been reported as switches but also asespect to the molecules backbdAeroviding further tunability
potential sensing devic&82? Furthermore, there are several of the resistivity through the integrated structure.
reported integrated molecule based devices displaying promising The here proposed switching mechanism profits from the
subtle interplay between molecule and electrode (Figure 1). The

4 4(()%) Carroll, R. L.; Gorman, C. BAngew. Chemint. Ed.2002 41, 4378~ two rod-like z-systems crossing each other in the target
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FIGURE 1. Target structured and?2 and hypothesized potential dependent switching mechanism in an electrochemical setup.

rod is functionalized terminally with pyridine subunits. The task assemble the OPV rod in first place by Wittigpe chemistry3
of the sulfur functionalized oligophenylenevinylene (OPV) rod Subsequently, the transversal OPE rod will be assembled by
is solely to fix the molecule in the junction. Even though the SonogashiraHagihara coupling reactiorf$#°In addition to the
delocalizedr-system of the OPV rod favors electronic transport, functional groups required for the Wittig reaction (aldehyde and
the sulfur anchor groups df and 2 considerably reduce the triphenylphosphonium salt), a suitably functionalized building
electronic transport features through this channel. These poorblock for the cruciforms central phenyl ring comprises already
transport properties are even more pronounced in the cabke of leaving groups allowing the further assembly of the transversal
with the sulfur anchor group in meta positions. The perpen- rod, while an ideal building block of the terminal phenyl rings
dicular oligophenyleneethynyl (OPE) rod with terminal pyridine of the OPV rod comprises already the sulfur anchor group. The
anchor groups is the active component of the switch. In an syntheses of the required functionalized building blocks are
electrochemically controlled junction, the coordination of the displayed in Scheme 1.
pyridine nitrogen should depend on the surface potential of both Commercially availablg-xylene &) was iodinated to 2,5-
electrodes with respect to a reference electradigs(in Figure diiodop-xylene 6).#6 The bromination of both methyl groups
1). of 6 turned out to be challenging in spite of several reported
At a negative electrode potential, both pyridine groups are Procedured’“¢Double bromination of one methyl group is often
not coordinated to the electrode surface due to the electrostaticobserved and besides the desired prodictconsiderable
repulsion between the electrode and the nitrogen lone pair ( @mounts of compound arising from a halogen exchange
(OFF-state) in Figure 1). The only connection between both reaction were provided at any condition. However, both reaction
electrodes is the OPV backbone with poor electronic transport Products 7 and 8 can be separated by crystallization and
properties due to its sulfur anchor groups in the meta position. derivative8 is of particular interest as it enables the controlled
Upon movingUger. into a positive potential regime, the pyridine ~ @ssembly of asymmetric OPE rods due to the substantial
nitrogens coordinate to the electrode surface. The strongdifference in reactivity of both halogens in metal-catalyzed
coupling of the OPE rod's-system via the pyridine nitrogens ~ cross-coupling reactions. However, treatifig with triph-
to both electrodes is expected to provide an efficient transport €nylphosphine provided the desired Wittig $hin quantitative
channel between both electrodel$(ON-state) in Figure 1). ~ Yield. The benzaldehyded4 and 15 comprising atert
Thus, both states displayed in Figure 1 are expected to differ Putylsulfanyl group in the meta and para position, respectively,
considerably in their current transport properties. Furthermore, @8 @ second precursor of the Wittig reaction, have been
the switching process is expected to be fully reversible, as the Synthesized from the corresponding fluorine derivati@and
potential dependent surface coordination will be reversible and

the active molecule has to remain in the junction, as it is (43) Maryanoff, B. E.; Reitz, A. BChem. Re. (WashingtonDC, U.S)
1989 89, 863-927.

immobilized by the sulfur-terminated less-conducting rod. (44) Sonogashira, K.: Tohda, Y.; Hagihara, Retrahedron Lett1975
4467-4470.
. . (45) de Meijere, A.; Diederich, F., Edsletal-Catalyzed Cross-Coupling
Results and Discussion Reactions 2nd completely revised and enlarged edition; Wiley-VCH:
Weinheim, Germany, 2004; Vol. 2.
Synthesis and CharacterizationBoth target structuresand (46) Wirth, H. O.; Herrmann, F. U.; Kern, Wakromol. Chem1964

; i ; ; 80, 120-140.
2 consist of a terminally acetylsulfanyl functionalized OPV rod (47) Wilson, J. N.: Windscheif, P. M.: Evans, U.: Myrick, M. L.: Bunz,

and a terminally pyridine functionalized OPE rod with @ (. H. E Macromolecule2002 35 8681-8683.
common central benzene unit. The synthetic strategy is to  (48) Wheland, R. C.; Martin, E. L1. Org. Chem1975 40, 3101-3109.
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SCHEME 1. Synthesis of the Functionalized Building Blocks 9, 14, 15 and 8
R3
. &

é\ Br—{ N -HCI
R? N\ N
. K

R3

12 13 16

R'=R’=R%H: j o} |o Ih
a
R'=R2=|, R%H: 6 Os g Os
b —_— N H—=-=r°
R'=R2=|, R®=Br: 7 s R s
R'=1, R%=Br, R®=Br: 8 R®=TMS: 17
¢ R*=F,R%=H:10  R*=fBuS, R®=H: 14 :_I i

R'=R?=|, R®=PPh,Br: 9 R*=H, R%=F: 11 R*=H, R®=BuS: 15 R®=H: 18

aReagents and conditions: (g) HIOs, glacial CHCOOH, concd HSOy, CHCL;, H0, 85°C, 4 h, 79%. (b) Bs, B,CH,CH,Br, 135°C, 6 h, 20%. (c)
PPh, DMF, 85°C, 100%. (d)11— 15 NaSBu, DMI, rt, 20 h, 74%. () HOCLCHOHCH;, pTSOH, toluene, 98C, o/n, 84%. (f) Na®Bu, DMI, 150°C,
o/n, 66%. (g) 0.5 M HCI, dioxane, rt, 1 h, 92%.(h) Trimethylsilylacetylene , Pd{RP@ul, THF, i-PeNH, 2.5 h, rt, 70%. (i) TBAF, THF, OC—rt, 1 h,
83%.

SCHEME 2. Synthesis of the Cruciforms +42

0 PPhsBr
|
2 +
R' 1

2 BrPhsP
R'=BuS, R?=H: 14 9 r R'=tBuS, R%=H: 19 R'=AcS, R%=H, A=N: 1
R'=H, R?>=(BuS: 15 R'=H, R?={BuS: 20 R'=H, R?=AcS, A=N: 2
b | RS, Rt 21 R'=AcS, R?%=H, A=CH: 3
=AeS, R =H: R'=H, R2=AcS, A=CH: 4

R'=H, R?=AcS: 22

aReagents and conditions: (a) 50% aq NaOHCld rt, 2 d, 70% (9), 73% @O0); (b) BBr;, CH;COCI, toluene, rt,Z1: 2 h, 87%), 2. 2.5 h, 80%).
(c) 1: 18, Pd(PPB)s, Cul, THF, i-PeNH, 24 h, 45°C, 51%.2: 18, Pd(PPH)4, Cul, THF, i-PeNH, 22 h, 50°C, 52%.3: Ethynylbenzene, Pd(PBh, Cul,
THF, i-PpNH, 3.5 h, 40°C, 53%.4: Ethynylbenzene, Pd(PBh, Cul, THF, i-PeNH, 3 h, rt, 43%.

11 With sodium tert-butylthiolate as the nucleophile, the aldehydel4. The assembly of 4-ethynylpyridine as the required
protected sulfur anchor group was introduced inArSeaction. building block is based on a Sonogashitdagihara coupling
It was chosen to introduce the sulfur test-butyl thioether for reaction and.8 was obtained as a photosensitive colorless solid
two reasons, namely its robustness in the harsh basic conditionsn two step$253
of the Wittig reaction and its efficient transprotection to the With all required building block®, 14, 15, and18in hand,
desired acetylsulfanyl grouf3:>° The substantially increased  the cruciform structures were assembled as displayed in Scheme
reactivity of aromatic systems with an electron withdrawing 2. In a two-phase Wittig reaction, the aldehydd 6r 15) and
substituent in the ortho or para position with respect to the the bis-phosphonium sdtin methylene chloride (CkCl,) were
leaving group in KAr reaction8? is nicely reflected by both  vigorously stirred with an equal volume of a 50% aqueous
commercially available precursot® and11. While compound sodium hydroxide (NaOH) solution. After workup, an isomeric
11, with the electron withdrawing aldehyde in the para position mixture of all possible isomers (EE, EZ, ZZ) was isolated in
to the fluorine substituent, reacts with soditent-butylthiolate 83% yield. The mixture was then refluxed in toluene with traces
to the functionalized aldehyd&5 at room temperature, the of iodine to increase the fraction of the thermodynamically most
substitution of the fluorine atom df0 requires a considerably  stable EE-isomer by an iodine additiealimination reaction
elevated reaction temperature. To eliminate side reactions undeisequence. Subsequent recrystallization provided both desired
these harsher reaction conditions, the aldehyde functidit0of  EE-isomersl9 and 20 as yellow solids in yields of 70% and
was first protected as aceti2. After introduction of the sulfur, 73%, respectively.
the functionalized acetal3 is deprotected to the desired As acetyl protected thiophenols tolerate the mild basic
conditions of SonogashiregHagihara coupling reactions the

(49) Btaszczyk, A.; Elbing, M.; Mayor, MOrg. Biomol. Chem2004

2, 2722-2724. (52) Ziessel, R.; Suffert, J.; Youinou, M.-T. Org. Chem.199§ 61,
(50) Stuhr-Hansen, NSynth. Commur2003 33, 641-646. 6535-6546.
(51) Brickner, R., Ed.Reaction Mechanisms in Organic Chemistry (53) Stang, P. J.; Whiteford, J. A.; Lu, C. V.; Stang, PJ.JAm. Chem.
Spektrum Akademischer Verlag: Berlin, Germany, 1996. S0c.1997, 119 2524-2533.
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SCHEME 3. Different Strategies for the Assembly of the OPE Subunit of the Cruciform %

I:R1=tBu: 19 b, R'=tBu, R>=TMS: 23 :I — 1
a d

R1=Ac: 21 <> — R'=Ac, R2=TMS: 24
e [ 1 2
R'=Ac, R“=H: 25 g

aReagents and conditions: (a) BBCH;COCI, toluene, rt, 2h, 87%. (b) Trimethylsilylacetylene, Pd(®RICul, THF, i-PeNH, 2.5 h, rt, 80%. (c)
Trimethylsilylacetylene, Pd(PBh, Cul, THF, i-PeNH, 2 h, 60°C, 80%. (d) BBg, toluene, AcCl, 2h, rt, 11%. (e) TBAF, AcOAc, AcOH, THF, 40 min,
0 °C—rt, 80%. (f) 4-lodopyridine, Pd(PRh, Cul, THF, i-PeNH, 5 h, rt, 50%. ()18, Pd(PPh)s, Cul, THF, i-PsNH, 24 h, 45°C, 51%.

SCHEME 4. The Cruciform 2 and Its Intrinsic Molecular Rod Fragments 27 and 28 Together with the Cruciform 4 Lacking
the Pyridine Nitrogens as Potential Anchor Groups at the End of the OPE Rod

N= N=

27 2 28 4

strategy is to transprotect the sulfur of the functionalized OPV- compared to 32% for steps c, e, and f in Scheme 3) only
rods prior to the assembly of its transversal OPE-rods. For the considering the elaborate precursd, the parallel assembly
transprotection otert-butylsulfanyl groups to acetylsulfanyl  (steps a and g in Scheme 3) was favored compared with the

groups two alternative protocols have been repotié8iThe sequential assembly (steps a, ¢, e, and f in Scheme 3). Thus,
rather poor solubility of both starting material® and 20 similar reaction sequences have been applied for the assembly
favored the protocol based on Lewis aéfdastead of catalytic of the cruciform2 with the acetyl sulfanyl groups in the para
amounts of bromirfé as reagent to cleave thert-butyl group.  position and also for the two cruciform derivativBsand 4

The two acetylated compoundd and22 were obtained in87%  |acking the pyridine nitrogen, which are intended as control
and 80% yields, respectively. compounds enabling the investigation of the switching mech-

To assemble the perpendicular OPE rod of the cruciform apism in detail (synthesis given in the Supporting Information).
structures several alternative synthetic strategies have beersiarting from the acetyl protected diiododerivati@isand22
considered and for target structdréne potential of the different o ¢ryciforms2, 3, and4 were obtained in yields of 52%, 53%,
synthetic routes has been investigated to some extent asy,q 430, respectively. In addition, the two substructures of

dis_l|_olayed i? Stghen}eth& Ifur after functionalizati ith compound2 namely the OPV molecular ro2i7 with terminal
TMéansp:ol ec |otn 0 de Sltj turg etr ugf lonaiiza I(Zi di ! lified sulfur anchor groups in the para position and the OPE molecular
-acetylene tumed out to be troublesome and aisqualied ., 4 5g yith two terminal pyridine uni® were synthesized to

the route over intermedia3 (b and d in Scheme 3). In the - .
. . trace the origin of the observed transport behavior in control
case of intermediat24, TBAF as reagent to remove the TMS . . .
experiments with the parent structural motives (Scheme 4).

protection groups of the acetylene also attacks the acetyl i ]
protection group of the terminal thiophenols. However, a All new compounds were.fully chgracterlzed by conventional
protocol based on in situ reprotection of thiophenols was applied analytical and spectroscopic techniques fikeand **C NMR
successfully and provide@5 in 80% yield*2 Coupling of spectroscopy and mass spectrometry. Due to solubility problems,
4-iodopyridine to25 provided the desired cruciform target No **C spectra were obtained for compoungis9, and 22
structurel in 50% yield. Alternatively, Sonogashirddagihara Furthermore, the purity of the compounds has been investigated
coupling of21 and18results in the desired cruciform structure ~ either by elemental analysis or by HPLC. It is noteworthy that
1 as well. It is noteworthy that this strategy has been reported in spite of impurity-free NMR spectra and HPLC protocols, all
by Bunz and co-workers recently for the assembly of OPV/

OPE cruciform structure¥:*6With a comparable overall yield (54) Grummt, U. W.; Birckner, E.; Klemm, E.; Egbe, D. A. M.; Heise,
but considerable increase of the relative yield (51% for step g B. J. Phys. Org. Chen200Q 13, 112-126.
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I 2(0.25 mM)
4 (0.25 mM)
solvent

N, (arb. u)

BN 27 (0.25 mM)

10°} k"| 1 - solvent -
10'F 1 R i
L |
SR - |
QO 10° g . A
10 . 10° 10 10° 107 107 10°
G(G)
5
107} It 1
20 60

40 80 FIGURE 3. (a) Conductance histogram for the pure solvent (gray),
z (um) (red), and4 (black). The histograms are made out of 200 consecutive
conductance curves. (b) Characterization of OR) ((red) as a
reference compound. The histogram is made of 100 consecutive
conductance curves. All histograms were normalized to allow a proper
comparison. The solvent was a 0.17 mM TBAOH solution in THF/
mesitylene (1/4).

und

.

sl

FIGURE 2. (a) Schematics of the MCBJ setup. The sample is inserted
in a three-point bending mechanism allowing the controlled elongation
of the lithographically patterned Au bridge. Inset: SEM image of the
free-standing Au bridge. Scale bar: 500 nm. (b) Typical conductance
vs elongation curves for the solvent (gray) and compoRndred).
Clear conductance plateaus develop when a molecule is trapped withininvestigation in a degassed THF/mesitylene mixture (1/4). The
the junction. The solvent was a 0.17 mM TBAOH solution in THF/  acetyl protection groups of the thiophenol anchor groups were
mesitylene (1/4) removed in situ by adding 5@L of a 10 mM solution of
tetrabutylammonium hydroxide (TBAOH) in THF. Hereafter,

reported cruciform structures—4 displayed slightly too low  the term solvent will refer to the degassed THF/mesitylene
carbon signals in their elemental analysis. mixture (1/4) with the deprotection agent. Typical conductance

Integration and Transport Investigations. Due to their vs elongation curves during junction opening are shown in
structural complexity and spatial extension, it is a priori unclear Figure 2b for the solvent (gray) and compou2id (red) as a
whether the cruciform structure&—4 can be efficiently 0.25 mM solution in the solvent mixture.
contacted for subsequent transport characterization. Before After a plateau close toQd, due to the breaking of a final
attempting any switching of these compounds, their immobiliza- monatomic Au contact, the conductance drops abruptly, signal-
tion on a single molecule level between contact electrodes hasing the opening of a gap in the Au bridge. In the presence of
to be demonstrated. For this purpose, a mechanically controllable27 in the liquid cell, conductance plateaus develop in the region
break junction (MCBJ) setup operated in a liquid environment 103G, to 104Gy, indicating the trapping of molecules within
has been developed recentyThe liquid environment will  the junction. By repeatedly opening and closing the gap, we
subsequently allow the extension of the setup to gain electro- can obtain good statistics for the molecular junction formation.
chemical control over the surface potential of both electrodes. For this work, about 200 consecutive opsariose cycles for

The setup is schematically represented in Figure 2a. A sampleeach solution were recorded. Note that, during the measure-
consists of a lithographically fabricated gold structure with a ments, the liquid cell was kept under argon atmosphere to
freely suspended 80 to 150 nm wide constriction in the central suppress any oxygen-promoted oxidation process like disulfide
part (inset). The substrate is a flexible spring steel foil with a formation.
several micrometers thick polyimide isolation layer. When  From all individual measurements obtained for the solvent
mounted in a three-point bending mechanism, the suspendedor a specific compound, conductance histograms have been
Au wire can be elongated in a controlled manner and, ultimately, made (Figure 3). Plateaus in the individual curves translate as
broken. When broken in the presence of molecules with peaks in the histograms, denoting the most favorable micro-
anchoring groups, the two tips of the broken wire form ideal scopic conformation for the molecular junction. This analysis
electrodes to contact single molecules. A flexible viton tube was done accordingly to Gofiea and co-worker? The peak
mounted on a spring-loaded support serves as the liquid cell toin the conductance histogram is interpreted as the typical
deliver the molecules in situ. signature of a particular molectfte.

During the breaking process, the conductance of the junction  No molecular signature could be detected for crucifdrm
is monitored via a homemade currerbltage converter. To  Even though OPE rod-type structures with sulfur anchor groups
immobilize molecules in the junction, the cell (cell volume: 3 in the meta position have been investigated in a MCBJ setup in
mL) was flooded with a 0.25 mM solution of the molecule under vacuum?? similar lock-in characteristics of the OPV backbone

(55) Griter, L.; GonZ&ez, M. T.; Huber, R.; Calame, M.; S¢thenberger, (56) GonZéez, M. T.; Wu, S.; Huber, R.; van der Molen, S. J;
C. Small2005 1, 1067-1070. Schimenberger, C.; Calame, NNano Lett.2006 6, 2238-2242.
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bearing sulfur anchor groups in the meta position were not potentials of both electrodes to be able to investigate the
observed in the liquid environment. We foresee that the subunit switching potential of these molecular junctions and we are
investigated displayed a conductance below our detection synthesizing the next generation of cruciform structures for
threshold ¢1078Gg). To improve the transport properties of which a considerably increased difference between both states
the OPV rod, cruciforn® with sulfur anchor groups in the para is hypothesized.
position was designed and synthesized.

All three molecules comprising the para-thiolated OPV  gxperimental Section
backbone Z, 4, and27) have been integrated successfully in
the MCBJ setup in the liquid environment and their conductance  2-(3-Fluorophenyl)-4-methyl-1,3-dioxolane (12)3-Fluoroben-
histograms are displayed in Figure 3, together with the zaldehyde (2.00 mL, 19.0 mmol, 1.0 equiv) was dissolved in
conductance histogram of the solvent solely containing the 30 ML of toluene. Molecular sieves (3 A) amstoluenesulfonic
deprotection agent (TBAOH). Besides the pealGat= 2e%/h acid (1:70 g,9 mmpl, 50 mol %) were adde.d. Thg resulting mixture
which corresponds to the breaking of the Au bridge, the was stirred over night at 108C. The reaction mixture was then

A, filtrated over 1 cm of silica gel, washed with GEl,, and
measurement of the solvent (gray in Figure 3a) does not Showevaporated. The product was purified by column chromatography

any peaks. In contrast to that, both crucifortnged in Figure (CC) (silica gel, 3x 5 cm, CHCIy) to yield a colorless liquid (2.73

3a) and4 (black in Figure 3a) display a clear molecular signature g, 15.0 mmol, 79%). TLGR 0.51 (CHCl/hexane, 1:1)!H NMR

in the tunnel region@ < Gg) of the conductance histogram. (250 MHz, CDC}, 6/ppm) 7.39-7.16 (3H, m), 7.05 (1H, m), 5.95
We assign this signature to the OPV substructure of these5.80 (1H, 2s), 4.424.31 (1H, m), 4.274.10 (1H, m), 3.62-3.53

cruciforms, immobilized with their terminal sulfur groups in  (1H, m), 1.41-1.34 (3H);**C NMR (101 MHz, CDC}, 6/ppm)

control experiment, the OPV ro@7 was inspected in the 113.8,113.5,103.5, 102.6, 74.1,72.9, 72.4, 18.9, 18.7; MS (FAB)

junction under the same conditions (red in Figure 3b). The 181 (100%, M), 137 (24%), 123 (94%); EA calcd: C 65.92, H

AR . . ! 6.09, found: C= 65.59, H= 6.16; IR (neat,y, cm1) 2977.9,
similarity between the recorded histograms2Z@nd27 is quite 2877.6, 1593.1, 1454.2. 1091.6.

striking. Both display two marked peaks at (X2L0~4)Gg and 2-(3-ttert-Butvithio)ohenvl)-4-methvl-1 3-dioxolane (13)2-(3-

(4.4 x 107%G (vertical _dashed Ilnes), W.h.ICh are attrlbuted to Fluoﬁop(henyl)-tzll-mezﬁyl-1,y3?dioxolar)1/a2)’ (1122 g, 6(1.6)mr$no|,

one and two molecules in parallel immobilized in the juncin. 1 0 equiv) was dissolved in 120 mL of DMI. Sodium 2-methyl-2-
The histogram recorded with cruciforfshows also a clear  propanethiolate (13.8 g, 123.2 mmol, 2.0 equiv) was added and
molecular signature in the same conductance regime, with thethe reaction was stirred overnight at 180. The reaction mixture

first two peaks being more blurred, although a shoulder at (2.2 was extracted with water and toluene. The organic phase was
x 104Gy s still perceivable. As additional control experiment, ~washed with water. The agueous phase was washed three times
an OPE rod28 comprising terminal pyridine groups as the With toluene. The combined organic phases were dried over Na
second rod-like subunit of crucifori2, has been investigated SO @nd evaporated. The crude was purified by CC (silica gel, 5

P ; : 12 cm, toluene/CkLCl,, 3:2) to givel3as a colorless liquid (10.24
under the same conditions in the MCBJ. No molecular signature > Putauits o)
has been observed in this conductance regime, further cor-?z’ég',\eﬂmzm(éb%fg/;‘;‘ﬁ?'gg_gollge&eécbnglz’;ézgé24’\]('\45
roborating that the OPV subunit of the cruciform is the trapped 2s), 4.46-4.13 (2H, m), 3.67:3.57 (1H, m), 1.46-1.35 (3H, m),

structure. These preliminary investigations demonstrate thaty 32 (9H, s);13C NMR (101 MHz, CDC4, 8/ppm) 139.5, 138.8,
designed molecular structures encompassing significant com-138.4, 133.2, 128.9, 127.4, 127.2, 104.1, 103.1, 74.0, 72.8, 72.4,
plexity can be successively immobilized in a MCBJ setup in a 71.8, 46.4, 31.4, 19.0, 18.8; MS (El) 252 (32%1M196 (100%),
liquid environment. This confirms the pertinence of developing 163 (7%), 137 (30%); EA calcd: & 66.63, H= 7.99, found: C
molecular complexes with added functionality such as that = 66.66, H= 7.94; IR (neat,y, cm!) 2939.3, 2862.2, 1685.7,
proposed with these cruciforms. We additionally demonstrate 1504.3, 1442.7, 1396.37.
that the molecules were anchored via the thiol end groups with ~ 1,4-Bis(bromidetriphenylphosphinemethyl)-2,5-diiodoben-
the OPV subunit as the immobilized rod. zene (9).1,4-Bis(bromomethyl)-2,5-diiodobenzene (1.960 g, 3.82
mmol, 1.0 equiv) was dissolved in 36 mL of dry DMF at 35.

) PPH; (2.002 g, 7.64 mmol, 2.0 equiv) was added. The homogeneous

Conclusion solution was stirred at 85C. After 5 min a white precipitate was

o . formed. The reaction mixture was cooled to room temperature. The
A new switching concept based on the electrochemically precipitate was filtered off, washed with toluene, and dried under

triggered reversible coordination between asinglg molecule a”dhigh vacuum to gived as a white powder (3.97 g, 3.82 mmol,
the surfaces of electrodes is suggested. New cruciform structures; gos). 234 NMR (250 MHz, CDC}, 8/ppm) 7.69 (32H, m), 5.70
consisting of terminally pyridine functionalized OPE rods for (4H, sb); MS (FAB) 440 (38%, Kt), 307 (15%), 262 (100%); mp
the reversible coordination on the metal electrodes and trans-276-277 °C; IR (neat,v, cm 1) 2823.6, 1666.4, 1434.9, 1099.4.
versal OPV rods comprising terminal sulfur anchor groups to  1,4-Bis(3-thiotert-butylstyryl)-2,5-diiodobenzene (19). 141.68
hold the molecule in the junction have been synthesized andg, 8.65 mmol, 3.0 equiv) was dissolved in 150 mL of . The
fully characterized as model compounds to investigate the phosphonium saf (3.00 g, 2.88 mmol, 1.0 equiv) was added, then
proposed switching mechanism. Furthermore, first immobiliza- 100 mL of aq 50% NaOH was added and the solution was stirred
tion attempts of these cruciforms in a mechanically controlled for 2.5 days at room temperature. The reaction mixture was then
break junction in a liquid environment are presented. The €Xtracted. The agueous phase was washed twice with dichlo-
observed histograms corroborate not only the sulfur-terminated romethane. The combined organic phases were dried ov&(ia

. filtrated, and evaporated. The crude was chromatographed (silica
OPV rod as the bridging structure between both electrodes, but el, 3x 12 cm, CHC,) to give an isomeric mixture in 83% yield.

also that molecules comprising additional functional properties The isomers were refluxed in toluene containing iodine in catalytic
can be immobilized on a single molecule level in the MCBJ amount overnight. The EE-product was precipitated, then it was
setup. Currently, we are assembling an MCBJ experiment filtrated off and washed with hexane to give a yellow solid (1.43

comprising the required reference electrode to control the surfaceg, 2.01 mmol, 70%). TLQR; 0.30 (hexane:ethyl acetate 20:3ht
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NMR (250 MHz, CDC}, 6/ppm) 8.12 (2H, s), 7.74 (2H, s), 7.60
(2H, d,334y = 7.70 Hz), 7.51 (2H, &3I4y = 7.70 Hz), 7.39 (2H,
t, 3Jyn = 7.70 Hz), 7.25 (2H, d3Jyy = 16.06 Hz), 7.00 (2H, d,
3Jyy = 15.73 Hz), 1.36 (18H, s)}3C NMR (101 MHz, CDC},
olppm) 141.2, 137.6, 137.4, 136.8, 136.4, 133.8, 132.2, 131.5,
129.3,127.4,100.7, 46.5, 31.4; MS (El) 710 (15%,)M653 (11%),
598 (46%), 551 (12%), 469 (5%); EA calcd: € 50.71, H=
4.54, found: C= 50.24, H= 4.46; mp 247248°C; IR (neat,v,
cm1) 3055.0, 2958.6, 2858.3, 1809.1, 1566.1, 1454.2.
1,4-Bis(4-thiotert-butylstyryl)-2,5-diiodobenzene (20). 15190
mg, 0.98 mmol, 3.0 equiv) and the phosphonium $3I(340 mg,
0.33 mmol, 1.0 equiv) were dissolved in 7 mL of g, then 6
mL of 50% agq NaOH was added and the solution was stirred
vigorously for 69 h. The reaction mixture was then extracted with
water/toluene. The combined organic phases were dried over Na
SQ,, filtrated, evaporated, and chromatographed (silica get, 2
12 cm, CHCI,). The isomeric mixture was then refluxed in toluene
with catalytic amounts of iodine overnight. It was then extracted
with 10% ag NaHSQ washed with water, dried over B&O,,
evaporated, and recrystallized from toluene to ob28ias a yellow
solid (170 mg, 0.24 mmol, 73%). TL& 0.74 (CHCI,); *H NMR
(250 MHz, CDC4, 6/ppm) 8.08 (2H, s), 7.53 (8H, m), 7.24 (2H,
d, 3Jyn = 16.06 Hz), 6.98 (2H, BJyy = 16.06 Hz), 1.32 (18H, s);
13C NMR (101 MHz, CDC}, &/ppm) 141.1, 138.2, 137.2, 136.8,
133.5,132.1,131.7, 127.3, 100.8, 46.8, 31.4; MS (EI) 710.0 (42.3%,
M), 597.8 (100%); EA calcd: & 50.71, H= 4.54, found: C=
50.74, H= 4.55; IR (neaty, cm1) 3018.9, 2954.7, 2858.3, 1892.5,
1356.3; mp 232233 °C.
1,4-Bis(3-thioacetylstyryl)-2,5-diiodobenzene (21},4-Bis(3-
thio-tert-butylstyryl)-2,5-diiodobenzenel9) (2.13 g, 3.00 mmol,
1.0 equiv) was dissolved in a degassed mixture of 500 mL of dry
toluene and 100 mL of acetyl chloride, then 6 niladl M solution
of BBr3 in CH,Cl, (1.408 mol, 2.0 equiv) was added. The reaction
was stirred fo 1 h atroom temperature. Another 4.5 mL of the 1
M solution of BBr in CH,Cl, was added and then the mixture
was stirred for another hour at room temperature. While cooling
with an ice-bath, the reaction mixture was quenched with water.
The product precipitated as a yellow solid, which was filtrated off

Grunder et al.

dry THF and 10 mL of diisopropylamine. The reaction mixture
was stirred for 24 h at 48C and was then poured into a mixture
of 250 mL of hexane and 250 mL of aq 5% NPH. The
precipitated solid was collected, dissolved in a minimum amount
of CH,Cl,, and dropped into 250 mL of rapidly stirring hexane.
The precipitate was collected and recrystallized from tolueng/CH
Cl, to give 1 as a yellow solid (246 mg, 0.39 mmol, 51%).

1,4-Bis(3-thioacetylstyryl)-2,5-bis(ethynyl)benzedd)((1.0 equiv,
0.167 mmol, 80 mg) was dissolved in a degassed mixture of 15
mL of dry THF and 2.5 mL of diisopropylamine. Then 4-pyridine-
halide (2.2 equiv, 0.368 mmol), Pd(PBiK (10 mol %, 42 mg),
and Cul (10 mol %, 7 mg) were added. The reaction mixture was
stirred for 24 h at 45C (X = Br) or room temperature (X I),
respectively, and was then poured to a mixture of 100 mL of hexane
and 100 mL of aq 5% NKEDH. The precipitated solid was collected,
dissolved in a minimum amount of GBI, and dropped into 200
mL of rapidly stirring hexane. The precipitate was collected and
recrystallized from toluene/Cigl, to give 1 as a yellow solid (X
= Br: <10%; X=1: 52 mg, 50%)H NMR (250 MHz, CDC},
o/ppm) 8.67 (4H, d3Juy = 6.06 Hz), 7.92 (2H, s), 7.64 (2H, s),
7.61 (2H, d3Jyy = 16.67 Hz), 7.58 (2H, BJyy = 8.08 Hz), 7.46
(4H, d,33yn = 6.06 Hz), 7.45 (2H, t3Jyy = 8.08 Hz), 7.35 (2H,
8Jun = 7.58 Hz), 7.26 (2H, d3Jyn = 16.67 Hz), 2.47 (6H, s):3C
NMR (101 MHz, CDC4, d/ppm) 194.4, 150.4, 138.5, 138.1, 134.3,
133.1,131.3, 131.0, 130.1, 129.8, 129.2, 128.2, 126.5, 125.9, 122.5,
93.7, 92.1, 30.8; MS (MALDI): 632 (M); mp 227.7-228.7°C
(melting followed by decomposition); IR (neat, cm1) 3049.7,
3008.3, 2201.1, 1699.2, 1588.3, 953.7; GPC (oligoporeng
toluene, UV/vis photodiode array detector) area 99.6%.

1,4-Bis(4-thioacetylstyryl)-2,5-bis(ethynyl-4-pyridine)ben-
zene (2). 22155 mg, 0.227 mmol, 1.0 equiv) was dissolved in a
well-degassed mixture of 20 mL of dry THF and 2.5 mL of
diisopropylamine18(58.6 mg, 0.568 mmol, 2.5 equiv), Pd(RRh
(20 mg, 0.017mmol, 7.6 mol %), and Cul (8 mg, 0.042 mmol, 18.5
mol %) were added and the solution was stirré h atroom
temperature and 15 h at 5@€. The reaction mixture was then

and washed with water. The organic phase was washed with water,poured to a mixture of 50 mL of 5% aq NBH and 50 mL of
evaporated, and recrystallized from toluene to give more of product hexane. The precipitate was filtrated off, dissolved in,ChH and

21 (1.75 g, 2.56 mmol, 87%). TL&: 0.43 (CHCl,); *H NMR
(250 MHz, CDC4, 6/ppm) 8.06 (2H, s), 7.59 (2H, )y = 7.58
Hz), 7.58 (2H, d Jyn = 1.52 Hz), 7.44 (2H, 334y = 7.58 Hz),
7.35 (2H, d3Jyn = 7.58 Hz), 7.19 (2H, By = 15.66 Hz), 6.96
(2H, d, 334y = 16.17 Hz), 2.46 (6H, s)¥3C NMR (101 MHz,
CDCl, 6/ppm) 194.2, 141.2, 138.1, 136.9, 134.6, 133.3, 131.9,
131.8, 130.0, 129.1, 128.2, 100.7, 30.7; MS (EIl) 681 (84%),M
639 (34%), 597 (49%); EA calcd: & 45.76, H= 2.95, found:
C =46.20, H= 2.95; mp 214-215°C; IR (neat,y, cm?%) 3051.1,
2958.6, 1890.1, 1697.2, 1118.6.
1,4-Bis(4-thioacetylstyryl)-2,5-diiodobenzene (22). 2856 mg,
0.521 mmol, 1.0 equiv) was dissolved in a degassed mixture of 85
mL of dry toluene and 15 mL of concentrated AcCl. BBt M in
CHCly, 3.6 mL, 3.6 mmol, 6.9 equiv) was added portionwise during

precipitated into 60 mL of rapidly stirring hexane. The insoluble
material was collected and recrystallized from toluene to give a
yellow solid (75 mg, 0.119 mmol, 52%JH NMR (250 MHz,
CDCl3, d/ppm) 8.71 (4H, d3Juy = 6.36 Hz), 7.97 (2H, s), 7.80
(2H, d,3Jyy = 16.40 Hz), 7.63 (4H, By = 8.34 Hz), 7.48 (4H,

d, 34y = 6.02 Hz), 7.47 (4H, d3Jyy = 8.03 Hz), 7.31 (2H, d,
8Jun = 16.06 Hz), 2.48 (6H, s)¥*C NMR (101 MHz, CDC},
olppm) 194.3, 150.4, 138.4, 138.4, 138.1, 135.3, 131.3, 131.2,
129.9, 128.2, 127.9, 126.7, 125.8, 122.5, 93.6, 92.0, 30.7; MS
(MALDI) 633.6 (100%,M"); IR (neat,v, cml) 3046.4, 2217.5,
1699.2, 1588.3; mp 192-2199.5°C dec; GPC (oligopore @m,
toluene, UV/vis photodiode array detector) area 100%.

2.5 h atroom temperature. The reaction mixture was quenched with - Acknowledgment. M.T.G. thanks the “Ministerio de Edu-

water at 0°C. A precipitate was formed, which was filtered off
and recrystallized from toluene to givé as a yellow solid (283
mg, 0.41 mmol, 80%). TL& 0.48 (CHCl,); 'H NMR (250 MHz,
CDCls, 6/ppm) 8.08 (2H, s), 7.59 (4H, &J)yy = 8.37 Hz), 7.43
(4H, d,3Jyy = 8.37 Hz), 7.24 (2H, By = 16.06 Hz), 6.97 (2H,
d, 334y = 16.16.40 Hz), 2.45 (6H, s); MS (El) 681.8 (76%,"M
639.8 (56%), 597.8 (100%); EA calcd: € 45.76, H= 2.95,
found: C= 45.81, H= 2.97; mp 253-255°C; IR (neaty, cm 1)
2920.0, 2854.5, 1905.5, 1689.5, 1122.5.
1,4-Bis(3-thioacetylstyryl)-2,5-bis(ethynyl-4-pyridine)ben-
zene (1) 4-(Ethynyl)pyridine (8) (2.2 equiv, 1.65 mmol, 170 mg),
1,4-bis(3-thioacetylstyryl)-2,5-diiodobenzers) (1.0 equiv, 0.76
mmol, 520 mg), Pd(PRJy (10 mol %, 87 mg), and Cul (10 mol
%, 14 mg) were dissolved in a well-degassed mixture of 90 mL of
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