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Introduction

The adsorption of electro-active compounds onto metal surfaces has recently emerged
as an important way to impose order on the individual molecules and examine their
properties. The metal may also serve as an electrical contact and, by placing electro-
active molecules between two metal surfaces, the concept of single molecule
conduction may be realized. In most cases binding of the electro-active compound to
a metal relies on a "tether" specially installed for this purpose and it is the synthetic
aspects of preparing such compounds that are the subject of this review. Depending
on the functional groups involved, the adsorption may be classed as "physisorption"
or "chemisorption" but, since the focus is on the organic preparative procedures
involved, the compounds are classified according to the nature of the functionality
present rather than the precise nature of the adsorption. The presence of the electro-
active function often limits the methods available for such synthesis and many
common procedures may be unsuitable. In addition, such studies are often carried out
by multi-disciplinary research groups and appear in journals unfamiliar to the organic
chemist. This review covers the most significant methods used since the birth of this
relatively new field around 1990. A recent review on surface-attached sensors for ion
recognition also contains some relevant electroactive examples.'

L. Thiol - Gold adsorption

A previous review of self-assembled monolayers of thiols on metal surfaces includes
a useful table listing examples of the formation of such monolayers by interaction of
many of the common organic functional groups with different metals, metal oxides
and semiconductors.” It is clear that the interaction of thiols or their derivatives with a
gold surface is the most widely studied, due both to the high affinity of sulfur for gold
and the fact that gold does not suffer from problems caused by formation of surface
oxides. Although most studies have involved aliphatic thiols,” aromatic thiols can also
be used and self-assembled monolayers of 1,2-benzenedimethanethiol on gold® and
benzene-1,2-dithiol on both gold and silver* have been reported. The use of
multidentate adsorbates, which bind by two or more thiol groups, may also be
advantageous.’

II. Tetrathiafulvalenes
1. Direct adsorption on metal surfaces

The adsorption of TTF itself on a gold surface as shown in 1 (Scheme 1) has been
studied theoretically,®” and adsorption on silver’ and copper® has also been reported.
However this mode of adsorption is generally not useful for electronic applications
and, for example, attempted formation of the classic TTF-TCNQ charge transfer
complex on gold simply by co-adsorption of the two components leads to a mixed
phase.” The co-immobilization of TTF with 3-mercaptopropionic acid or 11-
mercaptoundecanoic acid on gold illustrates another approach avoiding direct binding
of the electro-active molecule to the metal surface.'’

2. TTF sulfides



Self-assembly of tetradodecylthio-TTF 2 (Scheme 1) on a graphite surface has
recently been described.'' The anthracene-containing TTF derivative 3 was initially
introduced as a chemiluminescent probe for singlet oxygen in homogeneous
solution."> However it was later shown to assemble on the surface of gold
nanoparticles, interacting as shown, but the weak nature of this interaction was
emphasized by the rapid disassembly observed upon addition of hexane-1-thiol."
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3. TTF bearing a single CH,SH group
The simple mercaptomethyl-TTF 6 provides the first synthetic example.'*"” It forms

self-assembled monolayers on gold and these have also been studied in the presence
of added TCNQ. The synthesis (Scheme 2) involves condensation of the TTF alcohol
4 with thioacetic acid under Mitsunobu conditions to give the thioester 5, which is
then subjected to lithium aluminium hydride reduction. It should be noted that many
of the alternative ways of activating the alcohol function towards nucleophilic
displacement are incompatible with the presence of the TTF unit.
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4. TTFs with a single longer chain thiol tether

In pioneering work, Yip and Ward reported construction of a range of TTF esters 9
with a long alkyl chain terminated by a thiol (Scheme 3).'"® TTF was deprotonated
with LDA and treated with CO; to give the carboxylic acid 7 which was condensed
with the appropriate w-bromo alcohol using dicyclohexylcarbodiimide to give the
bromoesters 8. Reaction of these with thiourea followed by KOH hydrolysis then
afforded the products 9. These reactions were, however, rather inefficient with an
overall yield in going from 7 to 9 of just 15% for n = 16.
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More recently the ethylenedithio-TTF derivative 13 was prepared and the
electrochemical response of self-assembled monolayers was determined as well as its

behaviour when embedded in a monolayer of decane-1-thiol on gold.'”'® In this case



the synthesis (Scheme 4) starts by unmasking a thiolate function by base treatment of
the 2-cyanoethyl sulfide in 10 followed by treatment with 11-bromoundecanol to give
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11. Such use of the 2-cyanoethyl sulfide as a masked form of the thiolate and its
deprotection with base involving a retro-Michael reaction with elimination of
acrylonitrile was first introduced by Becher and coworkers,'” and has proved very
useful in TTF chemistry. Condensation of 11 with thioacetic acid under Mitsunobu
conditions gives 12 and this is subjected to lithium aluminium hydride reduction to
give the product 13."

A slightly different approach is evident in preparation of the methylthio-TTFs
16 bearing thiol-terminated C; and Cg chains (Scheme 5).* In this case a step is saved
by reacting the cyanoethyl compound 14 with base then a bromide already containing
the acetylthio group to give 15. Diisobutylaluminium hydride is then used reduce off
the acetyl group to generate the thiol 16. Exactly the same approach was also applied
to synthesis of the crown ether analogues 17, which were studied as potential
electrochemical sensors for Ba*" at a gold electrode,” and similar metal-chelating
acyclic polyether analogues.'
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Crown ether-containing TTF derivatives have been of considerable interest for
ion sensor applications and several other derivatives suitable for adsorption on gold
have been prepared (Scheme 6).*** Reduction of the ester 18 using
diisobutylaluminium hydride to give the corresponding alcohol was followed by
Mitsunobu condensation with thioacetic acid and LiAlH4 reduction, exactly as in
Scheme 2, to give the thiol 19. On the other hand hydrolysis of 18 to the
corresponding acid with sodium hydroxide followed by application of the procedures
of Scheme 3 using 6-bromohexanol and 12-bromododecanol afforded the derivatives
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20 and 21, respectively.” Installation of the terminal thiol function in compounds 22
and 23 was achieved, starting from the corresponding silyl-protected alcohols, by
deprotection using tetrabutylammonium fluoride then treatment as in Scheme 2.
Installation of long-chain thiol functions to the pyrrole-fused TTF 24 was
achieved by deprotection using CsOH in the presence of a dibromoalkane to give 25
(Scheme 7).** N-Deprotection followed by reaction with potassium thioacetate then
gave the target compounds 26 while deprotection and reaction with a tripyrrole

fragment 27 followed by potassium thioacetate gave the calix[4]pyrrole compounds
28.

5. TTF dithiolates
As mentioned in section I, multidentate thiols have often been used and the influence

of the number of anchoring sulfur groups on the properties has been examined
theoretically for benzene- and anthracene-based molecular devices.”

NC/\/SIS SIS\/\CN CsOH HSs I I -- -Au
NC\/\S S S S/\/CN .
29

—Au

S
S \/\CN CsOH RS = —Au
IS: S S/\/CN : : ..

—Au
R=C,Hys; CgHsy
Scheme 8§

Generation of TTF-tetrathiolate by treatment of the tetrakis(cyanoethyl) compound 29
with caesium hydroxide using Becher's method,'” has been used to form monolayers
with structure 30 on gold (Scheme 8).*° Application of the same procedure to the TTF
derivatives 31 with long alkyl chains at the other side likewise gives self-assembled
monolayers based on structure 32.%’

6. TTF's bearing two CH,SH groups and TTF-fused dihydro-1,2-dithiins

In a pioneering report in 1983, a range of substituted 1,2-dithianes 33 were observed
to adsorb readily to a gold surface with cleavage of the weak S—S bond to give the
adsorbed structure 34 (Scheme 9).*® Although electro-active groups were not used at
that time, it was later realized that both the cyclic disulfide function 35 and the
corresponding dithiol 36 are viable precursors for self-assembled monolayers 38 on
gold. In fact the interaction is so favourable that spontaneous loss of acetyl groups can
be observed making 37 a third suitable function for attachment to the metal surface.
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A theoretical analysis of the binding of the unsubstituted TTF derivative of type 36,
4,5-bis(mercaptomethyl)TTF has also appeared.® The preparative methods used for
TTF compounds of these types are illustrated by the conversion of 39, by way of 40,
into 41, 42 and 43 (Scheme 10).”° Reduction of the diester with sodium borohydride
and zinc chloride gives the diol 40 which is condensed with thioacetic acid under
Mitsunobu conditions to afford 41. This can be either reduced to the dithiol 42 using
diisobutylaluminium hydride or converted directly into the dihydro-1,2-dithiin 43 by
borohydride reduction followed by treatment with ammonium chloride. Oxidation of
the dithiol 42 to 43 may also be achieved directly in low yield with diethyl
azodicarboxylate. The same method was also used to prepare the unsubstituted
analogue 44 (Scheme 11),”° For the ethylenedithio-TTF compounds 45 and 46 the
same procedures were also used with the important exception that the Mitsunobu step
was replaced by condensation with thioacetic acid in the presence of
dimethylformamide diethyl acetal®?° This method was also employed in the
preparation of the symmetrical TTF-bis(dihydro-1,2-dithiin) 47 which is isomeric
both with 46 and the more familiar bis(ethylenedithio)TTF or "ET".*' Despite their
obvious potential for surface adsorption, such studies on these compounds do not
appear to have been carried out.
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A further recent illustration of the use of these methods is the synthesis of the
tetrakis(acetylthio)bis(dihydro-TTF) 50 (Scheme 12).** This uses the same methods as
shown in Scheme 10 to reduce the tetraester 48 to the tetraol 49 and condense this
with thioacetic acid to give the product which was adsorbed on gold with spontaneous
loss of the S-acetyl groups.
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Finally in this section, it should be mentioned that the fused ring dihydro-1,2-
dithiin has also been examined as a suitable way to adsorb other electro-active
functions to a gold surface. An example of such work towards adsorbing a quinone
(Scheme 13) shows a further method™ of forming the dithiin ring by reduction of a
bis(thiocyanate), but also emphasizes the pitfalls inherent in such an approach.** Thus
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the dibromide 51 is readily converted into the bis(thiocyanate) 52 and this reacts with
sodium borohydride to generate the dihydrobenzo-1,2-dithiin 53. However attempted
deprotection of the dimethoxybenzene to give the corresponding quinone 56 using
ceric ammonium nitrate failed, and instead resulted in formation of the monosulfoxide
of 53. On the other hand, deprotection at the bis(thiocyanate) stage readily gave 54,
but reductive cyclization of either this, or its Diels-Alder adduct 55 with
cyclopentadiene, resulted in undesired reduction at the carbonyl groups and 56
remains elusive.”*

7. TTFs with two or more longer chain thiol tethers

The ethylenedithio-TTF derivative 60 bearing two thiol-terminated C;; chains
(Scheme 14) is readily prepared by unmasking of 57 to the dithiolate and alkylation
with 11-bromoundecanol to give 58 followed by Mitsunobu condensation with
thioacetic acid to afford 59 and finally LiAlH4 reduction.!’
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TTFs with two long thiol-terminated chains, one on each ring, have also been
prepared (Scheme 15).>> For this the TTFs 61 were prepared with bromoalkyl chains
already in place and for shorter R groups, treatment with hexamethyldisilthiane and
tetrabutylammonium fluoride gave the desired dithiols 62. For longer R groups, a
different method was used, namely reaction with the piperidinium tetrathiotungstate
which gave the disulfides 63. Both 62 (R = butyl) and 63 (R = dodecyl) formed good
self-assembled monolayers on gold.”

The TTF-tetrathiol 64 (Scheme 16) readily forms self-assembled monolayers
on gold and these are much more electrochemically stable than those formed from the
corresponding monothiol 65 used for comparison.’® However details of the synthesis
of 64 and 65 have not appeared. The same authors also later reported similar
properties for the homologues 66 and 67 with Cg chains, and in that case gave a brief
indication that they were prepared by treatment of the corresponding thiolates with 8-
iodooctyl thioacetate followed by LiAlH, reduction.””’
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8. TTFs with long chain 1,2-dithiolane tethers

Esterification with the readily available thioctic acid 69 allows attachment of a chain
terminating in the 1,2-dithiolane ring which is known to adsorb readily to gold much
in the same way as the 1,2-dithianes 33 mentioned earlier. Typical reaction conditions
are illustrated for hydroxymethyl-TTF 68 (Scheme 17) giving the product 70 in
excellent yield.”® In the same way, compound 71, its analogue with two pendant
dithiolane groups, and larger ring crown ether compounds such as 72 have also been
prepared (Scheme 18).>*° More recently, the new derivatives 73 and 74 have been
reported, and the surface wettability of their monolayers on gold has been
determined.” In the case of 74 procedures for formation of the starting alcohol from
the corresponding TTF dimethyl ester as well as the final esterification are described.

12
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Extended TTFs

The adsorption of extended analogues of TTF on metal surfaces is much less
developed. The growth and structure of self-assembled monolayers of compound 75
on gold has been studied,* and this same donor has also been co-adsorbed with a
functionalized Cgo derivative on gold giving a donor-acceptor "superlattice".” A rare

13



example of an extended TTF analogue with a covalently attached group specifically
for binding to a metal is the thioctic acid derivative 76 (Scheme 19) which was
prepared using the same method as shown for the simple TTF derivative 70.*®
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IV. Other Electro-active Functions
1. Terphenyl compounds

The structure and optical properties of self-assembled monolayers of the
methoxyterphenyl 80 (Scheme 20) on gold have been reported.* The synthesis begins
with reaction of the benzylic bromide 77 with thioacetic acid and triethylamine to
give the thioacetate 78. Suzuki coupling of this with the methoxyphenylboronic acid
affords 79 and the acteyl group is removed by acid hydrolysis to give the thiol 80 in
good overall yield. An exactly similar approach was used to prepare the analogue 81
with two anchoring thiol groups.*

14
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2. Cgp derivatives

A rare example of this type is provided by compound 86 prepared starting from 8-
bromooctanol 82 (Scheme 21).**° Reaction with thioacetic acid and triethylamine to
give 83 is followed by reaction with ethyl oxalyl chloride to give 84 and this then
undergoes a cyclopropanation reaction on Ceo to give 85. Final deprotection to give
thiol 86 is achieved almost quantitatively using acid hydrolysis with acetyl chloride in
methanol.

15
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The hybrid extended TTF / Cg compound 89 was prepared by initial
functionalization of Cg by 1,3-dipolar cycloaddition with the azomethine ylide
formed from extended TTF aldehyde 87 and N-4-hydroxyphenylglycine in boiling
chlorobenzene (Scheme 22). DCC-mediated condensation with thioctic acid 69 using
the method of Scheme 17 then proceeded in excellent yield to give 89 which formed
self-assembled monolayers on a gold surface.”’

16
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3. Porphyrins

There has been a great deal of work in the area of sulfur-functionalized porphyrins
and for reasons of space only representative examples are given. Two broad
approaches may be identified: introduction of sulfur functionality to a preformed
porphyrin or incorporation of a sulfur functionalized aldehyde into the porphyrin
forming reaction, either mixed with a non-functional aldehyde or on its own.

As an example of the former approach, compound 90 (Scheme 23) was
prepared from the corresponding 4-aminophenyl porphyrin by reaction with 6-
tritylthiohexanoyl chloride followed by deprotection of the SH using mercuric acetate
and hydrogen sulfide.** The same authors also described similar double
functionalization of a (trans) di(2-aminophenyl) analogue and cobalt derivatives of
both porphyrins were studied on a gold electrode. In another typical study, a range of
zinc porphyrins 91 were converted into compounds suitable for surface adsorption by

17



nucleophilic displacement of the bromine by potassium thioacetate and potassium
selenoacetate, with subsequent hydrolysis using KOH in the former case giving the
thiol.*”° In these studies adsorption to a silicon surface with a view to molecular
information storage was also studied. In a more recent study, it was found that
attempts to carry out Suzuki coupling of a zinc dibromodiarylporphyrin with 3-
(acetylthio)phenylboronic acids failed due to incompatibility of the acetylthio group
with the conditions, but the problem could be overcome using the protecting groups
shown i1511 product 92, derived by addition of the thiol to isooctyl (2-ethylhexyl)
acrylate.
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A wide range of sulfur-substituted benzaldehydes have been combined with
benzaldehyde or alkylated benzaldehydes in the reaction with pyrrole to form
products such as 93,°* and 94 (Scheme 24).”** In the latter study aldehydes bearing a
meta sulfur substituent were also used. A particularly interesting example is
compound 95 formed from a mixed coupling of pyridine-4-carboxaldehyde and
pentafluorobenzaldehyde with pyrrole followed by treatment with pentane-1,5-dithiol
and diethylamine which results in displacement of the 4-fluorine to give the product
in 79% yield.”

Incorporation of aldehydes such as 96>* into the porphyrin formation gives
products with one, two, three or four such groups depending on the aldehyde ratios
used (Scheme 25),”° and porphyrins with four sulfur-containing groups are obtained
from aldehydes such as 97, 98 and 99.” In the case of the porphyrin derived from
97, compound 100, the direct observation of S-acetyl deprotection on a silver surface
was later reported.”®

18
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4. Ruthenium complexes

Again in this area there are two major approaches: complexation of a ligand already
containing a thiol group and introduction of a thiol to an existing ligand. An example
of the former approach is the formation of 101 (Scheme 26) simply by mixing the
thiol-bearing ligand with unfunctionalized bipyridyl during complex formation.’” The
thiol group was introduced to the ligand by treating the bromododecyl bipyridyl with
sodium hydrogen sulfide in dimethyl sulfoxide. An example of reaction at an already
complexed ligand is the formation of complexes 102 by reaction of the appropriate w-
mercaptocarboxylic acid with the 4-(aminomethyl)pyridyl complex.*’
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5. Ferrocene derivatives

Attaching long-chain thiol groups to ferrocene has been achieved in several different
ways (Scheme 27). Friedel Crafts acylation with an w-bromoacid chloride converts
ferrocene 103 into 104 and Clemmensen reduction of this to 105 followed by
treatment with thiourea followed by KOH gives106 for n = 5 and 10.°" ®
Alternatively104 can be treated with thioacetic acid to give 107 which is then reduced
to 108 and hydrolyzed to give 106 and this method has been used for n = 10 and 15.
In addition, compound 98 can be hydrolyzed to give thiol 109 still retaining the
carbonyl group for n = 10.* Staring from ferrocenecarboxylic acid, the bromo ester
110 is formed by condensation with the w-bromo acid and subsequent treatment with

sodium thioacetate followed by sodium carbonate gives the mercapto esters 111 for n
=11and 16.%
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Various other ferrocene derivatives have been prepared for adsorption on
surfaces (Scheme 28) including the benzyl compound 112 formed by sequential
treatment of the benzylic alcohol with Ph;P/CBrs, potassium thioacetate and
potassium hydroxide.*” The two 1,2-dithiolane derivatives 113 and 114 are formed,
respectively, by esterification of ferrocenecarboxylic acid and an azide 1,3-dipolar
cycloaddition to ethynylferrocene.”” The unusual octamethyl compound 115 is

prepared by intercepting the corresponding ferrocenylmethyl cation with the anion of
bis(2-mercaptoethyl) sulfide.®

21



Fe Fe
< L
112

<

Scheme 28

V. Molecular Junctions
1. Simple dithiols

Although many of the compounds already considered have two or more groups for
adsorption to a metal surface, the focus of most of these studies has been on the
properties of self-assembled monolayers on a single metal surface. A newer area is
the design of single molecule conductors or "molecular wires" that can act as
connectors between two metal surfaces, often the substrate and tip in a scanning
tunneling microscope. Attempts have been made to measure conductivity in
molecular junctions of simple thiols such as 115-117 (Scheme 29) between gold
contacts, although rather inconsistent results were produced.®’
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2. Viologens
A series of 4,4'-bi(pyridinium salts) or viologens 119 bearing thiol-terminated chains
(Scheme 29) have been shown to adsorb to gold electrodes and gold nanoparticles for

n = 10, and later to behave as molecular wires in single molecule experiments with
an STM tip for n = 6. In both cases the compounds were readily prepared by treating
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4,4'-bipyridyl with an w-acetylthioalkyl bromide followed by removal of the S-acetyl
groups with acetyl chloride in methanol.

3. Di(arylalkynyl)biaryls and azulenes

The unsymmetrical di(arylalkynyl)biaryl 120 (Scheme 30) was shown to adsorb
between two gold surfaces with loss of the S-acetyl groups and to behave as a
molecular diode.”” In a more recent study a range of bis(acetylthio) functionalized
azulenes such as 121 and 122 were prepared and studied as single molecule
junctions.”' In both cases palladium-catalyzed Sonogashira coupling using 4-
(acetylthio)phenylacetylene and the appropriate aryl halides gives the products in
excellent yield.

122

Scheme 30

4. TTFs and extended TTFs

The acetythio-terminated dialkynyl-TTF 123 (Scheme 31) may be prepared by
Sonogashira coupling either between 4-(acetylthio)phenylacetylene and diiodo-TTF
or the diethynyl-TTF and 4-(acetylthio)iodobenzene.”” The compound is observed to
behave as a molecular nanowire between atomic sized gold electrodes. There has also
been considerable interest in the acetylthio-terminated dipyrrolo-TTF 124 which has
been investigated as a single molecule junction or molecular wire.”>”* The synthesis
in this case involves treatment of the parent NH dipyrrolo-TTF with sodium hydride
and 1,6-dibromohexane followed by potassium thioacetate.
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Scheme 31

The extended TTF derivative 125 (Scheme 32) is prepared by first constructing the
bis(trimethylsilylethynyl) extended TTF, using a Wittig reaction to introduce the
dithiole rings.” The terminal diyne is then liberated using potassium carbonate
deprotection and coupled under Sonogashira conditions with 4-(fert-
butylthio)bromobenzene. Finally the S-fert-butyl groups are replaced by S-acetyl by
treatment with BBr; and acetyl chloride.

MeO,C CO,Me SCeH11

SAc Cans\A
/
S

S>)\
—
126 R = Br SCeH11

127R = SAc CeHnS
128 R = 4-AcSCgH,
129 R = 3-AcSCH,

Scheme 32

Preparation of the bis(acetythio) extended TTF compounds 127-129 starts from the
dibromide 126.”° Treatment with potassium thioacetate gives 127 while Suzuki
reaction with the 3- or 4-(tert-butylthio)phenylboronic acid, followed by treatment
with BBr; and acetyl chloride gives 128 and 129. The unsymmetrical hybrid
compound with one meta and one para-substituted ring was also prepared.”®

BBr3, AcCl or
Bi(OTf);, AcCl

Scheme 33

24



The preparation of both 125 and 128/129 relies on a late-stage conversion of
the relatively inert S-tert-butyl function 130 into the more reactive S-acetyl 131
(Scheme 33) and the utility of this method was further enhanced by the recent report
that it could be achieved under milder conditions using bismuth triflate in place of
boron tribromide.”’

VI. TTF-carboxylic acids for adsorption on metal oxides and
sulfides

There has been recent interest in functionalization of nanoparticles and nanocrystals
of metal oxides and sulfides and a few examples involving TTF-carboxylic acids are
highlighted here. Functionalized Fe;O4 nanoparticles are formed using the monoacids
132-135"° and the diacid 136 (Scheme 34).”
PrS S S C02H C12H25S 002H
L~
PrS S S
132

C12H2sS
PrS S S COZH PrS S S S COZH
T~ =11y

prs” S S prs” S S S
134 135
PrS_ g S CO,
L=
PrS S S
136

J:S S

=T

_ (BuyN*)

OZC S S 4 2
137

-y

CO,H
CO,H

Scheme 34

The TTF-dicarboxylate 137 has been used as a molecular conductor to cross-link
lead(II) sulfide nanocrystals.®

Conclusion

The preparation of electro-active compounds with groups attached for adsorption to a
metal surface presents various challenges. Although the compounds are generally not
required in large amounts they must be of very high purity and free in particular from
electro-active contaminants. The presence of the electro-active functions may be
incompatible with normally used reagents or reaction conditions thus restricting the
range of methods that are applicable. Over the last 25-30 years organic chemists have
responded to this challenge and provided a wide range of reliable methods to prepare
the functional compounds required by the surface science and materials science
communities. Nonetheless, some problems remain, and there is ample scope for the
development of new improved high-yielding preparative methods in this area.
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