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Abstract: Self-assembled monolayers (SAMs) of alkane thiols on gold and other metals are versatile constructs
with which to study interfacial phenomena and reactions at surfaces. Surface properties of SAMs — e.g., wettability,
stability in diverse environments, propensity to interact with or to resist adsorption of macromolecules -- depend on
and can be controlled flexibly by the properties of the functional (head) groups in the w position of the alkyl chain.
SAMs provide a basis for many important scientific and technological applications, ranging from micropatterning
methods, through sensing, to biological recognition. Despite their importance, the literature on SAMs and the
synthesis of molecules that constitute them remains scattered and often conflicting. The purpose of this Review is (i)
to summarize the applications and physical properties of SAMs and (ii) to systematize the strategies of synthesis of
w-functionalized alkane thiols. Generic retrosynthetic scheme is developed that allows efficient synthetic planning.
Issues related to the selection of appropriate protecting groups and the ways of introduction of the thiol functionality
are discussed in detail, and illustrated with examples of syntheses of several complex alkane thiols.

1. INTRODUCTION

Over the last decade, self-assembled monolayers (SAMS)
of thiols and disulfides on gold [1-3] (and, to a lesser degree
on Ag [4], Pt [5], Cu [6], Pd [7], Hg [8]) have emerged as
one of the most important classes of surface coatings. In
particular, alkyl thiols (ATs) and disulfides (ADs) are widely
used to prepare highly ordered monolayers whose properties
can be adjusted by changing the chemical nature of the
terminal groups [9,10,11]. SAMs of alkyl thiols and
disulfides are used in modern micro- and nano-fabrication
[12,13], in biomaterials and biological assays [14], in
molecular electronics, [15] in analytical [16] and sensory
applications [17], and as molecular lubricants [18],
protective coatings [19], or templates for crystal nucleation
and growth [20]. As the number of publications on SAMs
steadily increases (273 in 1996, 562 in 1998, 721 in 2000
and 946 in 2002), new applications are likely to be
developed and new types of thiols and disulfides
synthesized. Yet, despite the importance of these classes of
compounds and sometimes non-trivial aspects of their
synthesis and purification, the literature on their preparation
remains scattered and fragmentary. In our academic and
business practice, we have found that the published synthetic
procedures are often inefficient, incomplete or in some cases
even wrong. The logic of some published syntheses is
unclear and there is no available compendium that would
help a practicing organic chemist to learn about the
important aspects/caveats of synthesis of different structural
subclasses [159].

The current Review is intended to fill this gap and
become an accessible reference on the broad applications,
structural properties and synthetic aspects of ATs and ADs.
Since it is impossible to discuss all the ATs and ADs that
have been made, we will focus on the most important,

*Address correspondence to this author at the ProChimia Poland, ul. Zacisze
2, 81-850 Sopot, Poland; Tel: ; Fax: ;
E-mail: grzybor@northwestrn.edu or chemistry@prochimia.com

technologically relevant structural sub-classes. With this
objective, we will first review the applications in which alkyl
thiols and disulfides are used, and will tabulate the most
representative compounds. Next, we will summarize the
general characteristics of thio- and disulfide groups
emphasizing  their  reactivities, ways of  their
protection/deprotection, spectroscopic characteristics, and
propensities to form monolayers. We will then discuss (i)
synthetic strategies for the introduction of thiol/disulfide
groups onto alkane chains in the absence of other
functionalities and (ii) general schemes for the synthesis of
functionalized ATs and ADs. We will suggest a logical
approach to the synthesis of these compounds that is based
on the categorization of functional head-groups. We will
conclude by providing several illustrative syntheses of
important ATs and ADs.

2. APPLICATION OF ALKANE THIOLS AND
DISULFIDES

2.1. Micro- and Nanofabrication

Arguably, the most important application of alkane thiols
is in soft lithography [21-23]. This technique, developed by
the  Whitesides group, uses elastomeric  stamps
micropatterned in bas relief to locally deliver thiols onto
metallic (usually, gold) surfaces. The stamp is first inked
with an ethanolic solution of a thiol, rinsed, dried, and gently
placed onto the gold surface. Thiols transfer from the raised
portions of the stamp onto the metal. The resulting SAM
micropattern can be used to either protect the portions of the
metal or to tailor surface properties. In the first case, the
unprotected (i.e., bare) gold can be etched away to leave
behind a metallic microstructure. Usually, simple methyl-
terminated alkane thiols (~10-18 carbons long) are used in
these etching procedures; interested readers can find a list of
surface-specific etchants in Reference 1. Tailoring of surface
properties is achieved by using appropriate chemistries at the
w position of the n-alkyl thiols. Surfaces can be made
hydrophilic by introduction of polar groups [24, 26] (X=0H,
COOH or CONH,); non-polar head-groups groups give
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hydrophobic surfaces (X= CHj, [4] OCH,CF,CF; [25] or
O(CHy)mCH3, m=3,4 [26]). By using more complex
functionalities, SAMs can be made (bio)chemically reactive,
adhesive [27] or biologically inert (cf. Sections 2.3, 2.4).

2.2. Studies of Surface Reactions

Owing to their stability, the ease of preparation/modi-
fication and high degree of order, SAMs of alkanethiols on
gold are interesting constructs with which to study reactions
and reactivities at surfaces. Since this interesting area has
been recently reviewed [28], we will only briefly summarize
the most important -- in our view -- aspects of ongoing
research, and will give examples of some thiols used (cf.
Table 1). Interested readers are directed for more information
to Reference [28].

(i) Most synthetically useful reactions on SAMs are
performed on monolayers containing thiols terminated in
carboxyl, amino or hydroxyl groups. These groups can be
modified either prior to or after the formation of the
monolayers. Activation of COOH groups is usually achieved
by treatment with carbodiimides [29] such as dicyclohexyl-
carbodiimide (DCC) or 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), by reaction with ethyl chloroformate
[30], or by exposure [31, 32] to gaseous SOCI,; active esters
are prepared usually by EDC-mediated coupling with N-
hydroxysulfosuccinimide (NHSS) [33] or N-hydroxy-
succinimide (NHS) [34]. Monolayers with terminal amine
groups were reacted with acylating reagents such as active
esters [35, 36], acid chlorides [37] or quinones [38].
Monolayers with terminal hydroxyl groups can be acylated
by reaction with acid chlorides or anhydrides to produce
esters [39]. The methods of surface activation are important
in immobilization of biomolecules onto SAMs, all will be
further discussed in Section 2.4.

(ii) The head groups of the SAM can react with one
another to give a polymerized monolayer. N-
pyrrolylalkanethiols adsorbed on the surface of a gold
electrode undergo electropolymerization [40, 41] similar to
that occurring in the bulk. Thiols containing terminal
diacetylene groups are polymerized by UV irradiation [42].
Hydrolysis of the monolayers of (3-mercaptopropyl)-
trimethoxysilane, HS(CH,);Si(OMe);, produces a siloxane
polymer [43] (cf. Section 2.9). Monolayers terminated in
anthracene [44] and coumarin [45] undergo reversible
photodimerization. SAMs can also be used to initiate the
growth of surface attached polymers [46]. For example, Paul
et al. synthesized grafted polyacrylonitrile (PAN) brushes
from SAMs containing modified AIBN head groups by
irradiation at 300 nm.

(iii) Thiols terminated in photoswitchable groups can be
used to prepare mixed SAMs whose surface properties
change reversibly upon irradiation. Monolayers of cis- and
trans-cyanostilbene-terminated thiols [47] have different
wetting properties: the contact angle of water on cis-
cyanostilbene is 60°, while that on trans-cyanostilbene is 45°.
In monolayers with terminal azobenzenes [48], the changes
in wettability are smaller in magnitude, and it is the trans-
conformation that gives a more hydrophobic surface.

2.3. Surfaces Inert to Protein and Cellular Adhesion

Controlling the interaction of proteins, biomolecules, and
cells with surfaces of synthetic materials is important for the
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development of new biocompatible materials. When
synthetic materials are exposed to a biological fluid, proteins
are adsorbed on their surfaces. These proteins, in turn, harbor
specific bacteria that can cause an infection [49, 50].

SAMs made of alkane thiols have proven to be useful
model systems with which to study protein adsorption onto
surfaces [51,52]. In particular, lot’s of effort has been
devoted to preparing monolayers that would resist protein
adsorption. Recently, Whitesides” [53-57] and later
Mrksich’s [58] groups studied surfaces systematically to
determine the molecular characteristics that impart
resistance. They identified several molecular functionalities
that, when presented at surfaces, resisted the adsorption of
representative proteins in a manner comparable to surfaces
decorated with poly(ethylene glycol). The molecular groups
identified as part of this screen shared four characteristics: (i)
absence of hydrogen bond donor groups; (ii) presence of
hydrogen bond accepting groups; (iii) polar characteristics;
(iv) overall charge neutrality. Examples of the most resistant
groups are given in (Table 1).

2.4. Immobilization of Biomolecules

It is sometimes necessary to attach biomolecules to
synthetic surfaces; applications include sensors, biocatalytic
electrodes and arrays for high-throughput screening.
Biomolecules can be linked to functionalized SAMs
covalently or by coordination/electrostatic interactions.

2.4.1. Covalent Immobilization

Patel et al. used mixed SAMs formed from 3-
mercaptopropanoic acid and 11-mercaptoundecanoic acid to
immobilize catalase using NHS/EDC chemistry; the
resulting orientation of the protein could not be specified a
priori [59]. NHS-activated carboxy-terminated thiols were
also used to immobilize b-galactosidase [60], collagen V and
horseradish peroxidase [61]. Biebuyck et al. have used thiols
terminated with active NHS esters for covalent attachment of
antibodies to SAMs for the development of immunosensors
[62]. Deckert’s group studied the attachment of myoglobin
to surfaces terminated in mesylate, chloride or bromide [63].
Corn and coworkers [64,65] designed a method for
reversible protection and reactive patterning of amine and
hydroxyl-terminated SAMs and used it to fabricate several
biopolymer arrays. Maleimide-terminated mixed disulfides
[66] were used to capture thiol-terminated peptide and
carbohydrate ligands, and were the basis of detection
biochips. Peptide microarrays were prepared using the Diels-
Alder reaction between SAMSs presenting benzoquinone
groups and peptide-cyclopentadiene groups [67]. Finally,
aldehyde terminated-thiols [68] were used to anchor amino-
containing molecules, including enzymes and antibodies, to
gold surfaces.

2.4.2. Non-Covalent Immobilization

Sigal et al. developed a SAM terminated with a
nitrilotriacetic acid (NTA-SAM) chelating agent that binds
Ni(ll) and the His-Tag motif selectively and tightly [69].
SAMs presenting NTA ligands enabled the selective
immobilization of His-tagged proteins (human TATA box
binding protein, transcriptional activator Gal 4, two
components of the yeast RNA polymerase Il holoenzyme,
and a single chain T-cell receptor construct) through
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complexation of the Ni(ll) atom by two histidines. Recently,
Corn’s group prepared maleimide-NTA SAMs for the study
of protein-protein and protein-DNA interactions [70].
Biotinylated thiols were used in mixed SAMs to immobilize
streptavidin [71]. Thiols terminated in imidazoles permitted
selective  immobilization of metalloporphyrins [72].
Whitesides’ group studied the biospecific interaction
between mixed SAMs presenting benzenesulfonamide
ligands with bovine carbonic anhydrase (BCA) [73,74].
Mrksich and coworkers used SAMs terminated in
phosphonate ligands for specific binding of fusion proteins
[75,76]. The surfaces they prepared were subsequently used
to guide the adhesion and spreading of cells. SAMs with
amine and carboxy head groups were used to control the
orientation of adsorbed antibodies [77].

DNA immobilization requires the use of thiols terminated
in either charged or intercalating ligands. Mixed monolayers
of methyl- and tetraalkylammonium(TMA)-terminated thiols
on nanoparticles interacted with DNA via charge-charge
interactions leading to complete inhibition of transcription
by T7 RNA polymerase in vitro [78]. TMA-DNA
interactions were recently used by Wang and Murray to
prepare one-dimensional chains of gold nanoparticles coated
along DNA molecules in solution [79]. Intercalation between
DNA and anthryl head-groups of mixed-disulfide SAMs
allowed immobilization and hybridization of nucleotides
[80].

2.5. Molecular Electronics

Miniaturization of electronic devices has recently
reached molecular dimensions [81, 82], and several model
systems have been demonstrated whose electronic function
is controlled be single molecules. Alkane thiols — and less
frequently, alkane disulfides -- are important in molecular
electronics research as components of SAMs through which
electrons tunnel between two planar electrodes [83]. In the
simplest gold-SAM-gold architecture used to study the
electron transport through molecules, the thiols can be
covalently linked to either one (alkane thiols, SH-C,Hyq.1,
usually n>~7) [84-86] or both electrodes (dithiols, SH-
CyHzn-SH, usually n>~7) [87,88]; these molecules are also
used to form contacts with other conductive surfaces (e.g.,
Ag, Hg, n-Si, p-Si, Pt/Ir) [83]. Functionalized thiols and
disulfides are used in conductor-SAM-conductor or
conductor-SAM1//SAM2-conductor  junctions as current
rectifiers [89,90]. The SAM1//SAM2 junctions using thiols
terminated in carboxylic or amino groups have been used to
probe electron migration through specific covalent or non-
covalent chemical bonds [91].

2.6. Electrochemical Sensing

SAMs of appropriately functionalized alkane thiols have
been used in either pH or chemical sensing [92]. In the
former application, thiols bearing pH-sensitive groups are
used in conjunction with a charged redox couple. As the pH
of the solution changes, the head groups of the thiols change
their ionization state and thus influence the electron transfer
between the redox couple and the gold electrode. One of the
most widely used couples is that of a SAM of COOH-
terminated thiols groups, and Fe(CN)s>™ ions in solution
[93]. Electron transfer can also take place between different
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head groups in mixed SAMs. In the now classic
demonstration [94] of mixed-SAM pH sensors, ferrocenyl
and quinone thiols were used to form a mixed monolayer on
Au microelectrodes to give a two-terminal, voltammetric
microsensor with reference and sensor functions on the same
electrode. The detection was based on measurement of the
potential difference of current peaks for oxidation and
reduction of the reference (ferrocene) and indicator
(quinone). Since the quinone has a half-wave potential that is
pH-sensitive it was possible to use it as a pH indicator; the
ferrocene was a pH-insensitive reference. Ferrocenyl thiols
have been subsequently used in many electrochemical
applications in mixed or one-components SAMs, in some
cases in very adverse environments (e.g., in concentrated
sulfuric acid [95]).

Electrochemical detection of analytes other than protons
requires using thiols with highly selective head groups.
Turyan and Mandler [96] used SAMs of w-
mercaptocarboxylic acids, HS-(CH;),CO,H (n = 1,2,5, 10) on
gold and mercury for ultrasensitive (~4*10-12M) detection
of cadmium(Il). The same authors developed a selective
electrode for chromium-(VI) based on a self-assembled
monolayer of 4-(mercaptoethyl)pyridinium; this electrode
was capable of detecting Cr(VI) levels as low as 1 parts per
trillion [97]. Selective detection of Cu®* and Pb** cations
usually requires the use of tetradentate ligands, such as 2,2'-
thiobis(ethyl acetoacetate) [98]. We note that in all of these
applications the sensitivity of the device was better for short
than for longer alkyl chains. Longer chain alkane thiols (e.g.,
mercaptoundecanoic acid) were tried in electrochemical
detection applications, but the reported sensitivities and
selectivities were low.

Although the voltammetric detection of ions is very
sensitive, it is applicable only to electrochemically active
ions. As it has recently been shown, binding of
electrochemically inactive ions to SAMs can be monitored
by impedance spectroscopy (IS). Using this technique,
Reinhoudt’s group studied the selective binding of different
cations (Li*, N*, K* Cs") to thiols terminated with crown
ethers [99]. Bjorefors et al. prepared SAMs from phosphate-
terminated thiols; these monolayers showed discrimination
in binding monovalent and divalent cations (notably,
magnesium and calcium) [100]. Nahir and Bowden used 1S
to measure the rate of adsorption of cytochrome C onto
mercaptohexanoic acid SAM [101].

2.7. Detection By Mass Sensitive Devices

The quantity of an analyte adsorbed onto a vibrating
surface can be related to the change in vibration frequency
upon adsorption. This property underlies the operation of
quartz microbalance (QCM) and cantaliver-based sensors.
Lang et al. used a microfabricated silicon cantilever coated
with Au and supporting a SAM of mercaptoundecanoic acid
to detect water vapor [102]. SAM of dodecanethiol was the
essential element of a cantaliver used for selective detection
of mercury ions [103]; calixarene-terminated ditiols were
used to detect cesium ions [104].

Quartz microbalance was used for the detection of both
small as well as macromolecules. The adsorption behavior
and interaction mechanism of organic vapors on QCM
sensors coated with SAMs composed of either HS(CH,) ;OH
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or HS(CH,)¢OCH,Ph were investigated [105]. The hydrogen
bonding and dipole-induced/dipole interactions between the
vapor molecules and the monolayer gave an excellent sensor
response to organic vapors bearing strong electron attracting
groups (e.g., acetic acid and alcohols). Hook et al. studied
the adsorption of two structurally similar forms of
hemoglobin (met-Hb and HbCO) to a hydrophobic, self-
assembled methyl-terminated (octadecanethiol) monolayer
on gold, and discovered significant differences in the
viscoelastic properties of the two proteins [106]. SAMs
made of N-Hydroxysulfosuccinimide (NHS) activated
mercaptoundecanoic acid [107] were successfully tested for
the specific adsorption of DNA. The QCM responses during
the DNA hybridization were studied with high sensitivity
using a mixed SAM of hexanethiol, mercaptopropionic acid
and mercaptohexanol [108]. Finally, a QCM immunosensor
was developed [109] for rapid detection of Escherichia coli
0157:H7. It was based on the immobilization of affinity-
purified antibodies onto a monolayer of NHS-activated 16-
mercaptohexadecanoic acid. The binding of target bacteria
onto the immobilized antibodies decreased the sensor's
resonant frequency, and the frequency shift was correlated to
the bacterial concentration.

2.8. Molecular Lubrication

Ultrathin organic layers have long been used as
protective/lubrication organic coatings [110]. Chemisorbed
self-assembled monolayers are especially interesting in this
context [111] since their resistance to wear is much higher
than that of physisorbed monolayers (e.g., LB films). SAMs
composed of alkyl-thiols have been used to prepare SAMs of
adjustable frictional coefficients. For example, Nelles et al.
have shown that increasing the chain length from 2 to 18
carbons decreases friction forces by the factor of five [112].
In contrast, introduction of a small percentage of bulky CF3
or CH,(CHjs), terminal groups dramatically increases friction
[113]. Surface friction properties can also be varied by
adjusting the surface composition of mixed SAMs [114].
Interesting behavior is expected of buckyball terminated
thiols [4] — SAMs of similarly functionalized silanes on
quartz gave surfaces with atypical, velocity-dependent
frictional properties [115] (frictional forces showed a sharp
maximum for intermediate velocities).

2.9. Corrosion Protection

Alkane thiols and disulfides can be used as coatings to
prevent corrosion of an underlying metal surface. Copper is
effectively protected against corrosion when covered by n-
alkyl thiols; for chains having more that 16 carbons, the
effectiveness of protection increases linearly with chain
length [116]. Long-chain omega-alkoxy-n-alkanethiols
(CH3(CH2)m1O(CH,),SH; n = 11, 19, 22; m = 18, 22) are
also effective for Cu protection. For SAMs where the ether
substitution is farther from the copper surface, the initial
coating resistances are similar to those of unsubstituted n-
alkanethiolate SAMs of similar thickness. For SAMs where
the ether substitution is nearer to the copper surface (n = 11),
the resistances are significantly less than those for
unsubstituted n-alkanethiolate SAMs of similar thickness
[117].

Thiol-protection of silver is important for stabilizing
colloidal metal particles. Burleigh et al. developed a family
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of SAMs based on perfluoroalkyl amideethanethiols, [118]
CF3(CF,)mCONH(CH,),SH (m = 6, 7, or 8) that inhibit the
corrosion of silver by hydrogen sulfide in air. Unlike
conventional hydrocarbon thiols or disulfides [119,120],
these amidethiols are almost odorless and impart
fluorocarbon wettability properties to silver surfaces.
Polymerization of 3-Mercaptopropyltrimethoxysilane gave
an anti-corrosion, biocompatible layer for the protection of
otherwise chemically unstable GaAs surface [121].

Repetitive deposition of 1,2-bis(trichlorosilyl)ethane and
1,8-octanediol on the hydroxy-terminated SAM gave a layer
of mesh useful in corrosion protection of copper [122,123].

2.10. Definition of end Group(s) R

As seen from the discussion above, the properties of
SAMs made of alkyl thiols and disulfides depend on and can
be adjusted by changing the chemical nature of the terminal
(end) groups, R. These groups range from simple alkyl,
amino, or carboxyl functionalities to more elaborate ones
like peptides, carbohydrates, calix[4]arenes, or crown ethers.
(Tables 1 and 2) give examples of terminal groups
categorized by applications, in which the corresponding
thiols and/or disulfides are used. The synthetic approaches to
making these compounds are discussed in detail in Sections
4 and 5.

3. CHARACTERISTICS OF THE THIOL AND
DISULFIDE GROUPS

3.1. Physical-Organic Properties

Sulfur is isovalent with oxygen and this fact makes thiols
close analogues of alcohols. However, the decreased
electronegativity of sulfur has several important
consequences for the physical and chemical properties of
thiols. Intermolecular hydrogen bonds are much weaker
between thiol molecules and as a result thiols are more
volatile than alcohols. For example, methanethiol is gaseous
at room temperature, and the boiling point of 2-propanethiol
is 30°C lower than that of the corresponding alcohol [124].
Boiling point of n-alkanethiols increases with increasing
length of the alkyl chain and n-heptadecanethiol is a solid at
room temperature [124].

Unlike alcohols, thiols can be deprotonated by aqueous
base solutions and the resulting thiolate anions act as
powerful nucleophilic agents. Examples illustrating their
reactivity include nucleophilic substitution of alkyl halides to
generate sulfides [125]. In acidic conditions and in the
presence of a free-radical initiator, thiols easily undergo
addition to double and triple carbon-carbon bonds [126].
Attack on electrophilic carbon of aldehydes and ketones is
also possible to afford hemimercaptals [127] and
dithioacetals [128], respectively.

Thiols also behave as excellent Michael donors. This
reaction involves the addition of a thiol anion to an
electrophilic multiple bond (Michaels addition). The
electrophilic reaction partner is typically an a,b-unsaturated
ketone, aldehyde, ester, or nitrile, but other electron-
withdrawing substituents such as nitro or sulfonyl groups
also activate carbon-carbon double and triple bonds towards
nucleophilic attack. For example, reaction of a thiol with
ethynyl-p-tolyl sulfon [155] or 3-(3-nitrophenyl)-1-phenyl-
propenone [152] affords Z-2-(alkylthio)vinyl p-tolyl sulfone
or 3 - (3 - nitrophenyl) - 3 - (arylthio) - 1 - phenylpropanone,
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Table 1. Examples of applications of SAMs of alkyl thiols and/or disulfides. Procedures applicable to smaller values but this is what we
suggest would work best. Abbreviations used: ® EG — ethylene oxide, ® Man — mannitol, ¢ Mal -- maltose [Glc-R(1,4)-Glc-,(1)-O]. Stars
denote that, although not recommended, chains of smaller values of n could be used.

Area Application End Group(s) R (HS-Cq-R) n Refs.
>10 21
Soft Etching CH, 15 2426
Lithography Control of Surface Wettability OH, COOH or CONH, '
CHs, OCH,CF,CF; [5] or O(CH2)mCHs 2,11,15,16 24,25,26
" " m=3,4
“Sticky” surfaces
y SH 8 27
Surface Surface Activation o >T7* 33
Reactions (})i \Q* SO3
_N
o
[¢)
(NHSS) > 7* 34
COO-NHS
O == 2,4,6 40,41
—
Surface & — — R
polymerization Si(OMe)s 10 42

) LN
m 10 44
Surface ‘K ) 0 0

polymerization AIBN-dithiol
- 10 45
WA, 0 o
Photoswitchable €-0 CN 10 47
Surfaces
€>—< >—N\\
N
6,10,12 48
Biocompatible Protein-resistant (EG)mOH?, m=2-6 11 55
Coatings Surfaces (EG)mOCH3Z*, m>3 11 55
O(Man)” 11 58
O(Mal)® 10 52, 55
H(CH3)N(Sar) ,N(CHg)y m=3-5,
where Sar = 11 55
e
N\
MY ek
CH; O
Immobilization Covalent COO-NHS 2-11 59-62
of Immobilization Cl, Br, -0SO,CH; . 16 63
Biomolecules.
(2 .4
o)
11 64,65
’ X—€»
X=0, NH o
E'G3/I'EG5-maIE|m|de 1 66
disulfide OH
EGs
11 67

OH
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and also 15-crown-5
and 18-crown-6

CHO
COOH 4 68
x/\/\)\ N(CH, COOH),
X=maleimide or EG3CONH
o (0]
Noncovalent HN‘( 11 69,70
Immobilization Hll\l M NH
NHCO(CH,)sEG; S
/=N
‘D—N — SO,NH, 14 71
O_ _NH(CH)gNH
¢« WKO
o] o] 10 72
H 9 OC,H
‘rN\H/O(CHZ)M—P\/ 25
e
0 1 73,74
COOH and NH,
N'\/|(33+ 0
Ot | |
Mixed disulfide
11,16 77
11 78,79
8,11 80
Molecular Elecron CHs 7-11 84,85,86
Electronics Tunelling SH 8-12 87.88
o.
o
Current 3 89
Rectification 0
NC >: CN
NC CN
COOH, NH, 10* 90
Probing Specific
Chemical Bonds 10 91
Electrochem. pH Sensing 8and 11 94
Sensing
HO OH Fe?*
COOH 3
COOH 1,25, 93
Voltammetric 10 96
Sensin
g ( / A NH®
o o} 2
97
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Impedance o] 1,6 99
Spectroscopy N IDI/ ona
tkfr V\o/ ~ ONa
(0]
COOH 2,15 100
5 101
Mass Detection Cantilever sensors COOH 10 102
CHs 11 103
oM OH and OCH,Ph 6 105
CHy 17 106
0.
0 o
’)J\ 500 10 107
N
@« o
(0]
CHs, OH, COOH
COO-NHS 36 108
15 109
Molecular Tailoring Frictional CHs 1-18 112
Lubricants Forces CF3, CH(CHs), 10-12 113
OH, CH; 12 114
CHs 7,11, 15, 116
Corrosion 17,19, 21,
Protection and 28
CH3(CHp)m10 m = 18, 22 11,19,22 117
F(CF2)nCONHmM=6,7,8 2 118
(CH;0)sSi 3 121
OH 6 122,123

respectively (cf. figure 1 section 3.2). These derivatives can
be consequently converted into thiols. This type of reactivity
has been used to reversibly block S—H bond and is discussed
in that context in section 3.2.

+ -
RS—SR + 2H + 2e

_—
-——

2 RSH

The primary need for the protection of S-H bond during
synthesis comes from the fact that thiols are relatively
unstable towards oxidation. Standard red-ox potential for the
following half-reaction is relatively low (-1.0 0.5 with
respect to SCE, strongly dependent on the structure, solvent
and electrode material) and thiols are readily oxidized to
corresponding disulfides with the use of a variety of
oxidizing agents, e.g. H,O, [130], Br, [131] and nitrogen
oxides [132]. More violent conditions, e.g. boiling HNO3,
give sulfonic acids. Thiols can also be oxidized to sulfonyl
chlorides with Cl, in water [133]. Thiol-disulfide equilibrium
is very important in biochemistry, where the oxidation of
cysteine side chains leads to the formation of disulfide
bridges, a process crucial to the proper folding of proteins
[129]. On the other hand, the thiol-disulfide often
complicates the synthesis of pure thiols, uncontaminated
with disulfide byproducts.

Dialkyl disulfides are typically oils only sparingly
soluble in water [124]. Reduction of disulfides to thiols is
straightforward and occurs in the presence of mild reducing
agents such as triphenylphosphine in water [134] or

potassium triisopropoxyborohydride in THF [135]. Further
reduction to the corresponding alkanes and H,S can be
accomplished by catalytic hydrogenation of the C-S bond
[136]. Disulfides can also be reductively cleaved by
Grignard reagents to yield sulfides [137].

Unlike thiols, disulfides behave as electrophiles in the
presence of strong nucleophilic agents. Enolates cleave S-S
bond, with one thiolate moiety combining with the enolate to
form a sulfide, and the other acting as a leaving group [138].
If the leaving thiolate anion is stabilized, this reaction occurs
upon treatment with moderately weak nucleophiles. For
example, di(2-pyridinyl) disulfide (Aldrithiol-2) [175] has
been used for the synthesis of unsymmetrical disulfides in a
clever way (see Section 4.4).

3.2. Protective Groups

Because of their high reactivity, thiols need to be
protected in multistep syntheses in which other
functionalities are introduced and/or modified. A
comprehensive survey of all available protection strategies is
well beyond the scope of this review, and in the following
we will focus on the most common and useful protection
groups; more detailed discussion can be found in a recent
monograph [139].

Historically, much of the research on thiol protection has
been stimulated by the great importance of the S-H bond of
cysteine in molecular biology and biochemistry. Thiols have
been most commonly protected as thioethers, and, to a lesser
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Fig. (1). Examples illustrating various approaches to the protection of S—H bond.

extent, as thioesters and disulfides [140, 141]. The use of
many common protecting groups is limited by the fact that
strongly basic conditions are required for their introduction,
and/or acidic, basic or reductive conditions are needed in the
deprotection step. Formation of the corresponding disulfide
is an expected and most often observed side reaction when
the thiol group is protected under basic conditions. Also,
presence of other functionalities in the molecule that are
sensitive towards these conditions may create serious
obstacles.

First successful examples of using protecting groups for
thiols date back to 1930s, when, e.g., resolution of racemic
D,L-homocysteine was achieved by conversion of the amino
acid to its S-benzyl thioether, actual resolution and the
subsequent removal of the protecting group [142]. Benzyl
group used to be popular in peptide synthesis, even though
its cleavage demands drastic conditions [143]. Introduction
of a nitro group in the para position of the phenyl ring (4-
nitrobenzyl group) makes the removal less troublesome
[144]. Of other substituted benzyl groups, 4-methylbenzyl
(MeBzl) group was shown to be practical [145].

Introduction of solid-phase peptide synthesis [146]
greatly facilitated search for new, improved protecting
groups. Acetamidomethyl (Acm) has been found to be
especially convenient [147] and it is one of the groups used
routinely nowadays. The presence of more than one disulfide
bridge in many natural peptides has been a challenge for
chemical synthesis requiring introduction of orthogonal
protecting groups for cysteine side chains. Tertiary alkyl

groups, of which t-butyl (tBu) and trityl (Trt) thioethers have
been the most popular reagents for selective protection [148-
150]. In a recent synthesis of _-conotoxin dimer,
orthogonality of four cysteine protecting groups (MeBzl,
tBu, Trt, Acm) has been demonstrated in an elegant way
[151].

The fact that sulfur atom of the S—-H moiety represents a
powerful potential Michaels donor center, creates a
possibility to selectively protect sulfhydryl group in the
presence of an alcohol. 3-nitrobenzalacetophenone has been
used as an acceptor in a reaction with thiophenol and the
resulting thioether readily underwent Friedel-Crafts
acylation, which has not been possible for the unprotected
thiol [152]. Removal of the alkyl group to liberate free
sulfhydryl group is, however, often troublesome [153]. p-
Toluenesulfonylacetylene has been recently shown to act as
a protecting agent for a variety of thiols, and reacts
selectively in the presence of a hydroxyl group. The resulting
Tosvinyl derivatives can easily be deprotected under
relatively mild conditions [154,155].

All of the procedures for introduction and removal of
protective groups presented in Fig. (1) are well established
[156-158, 191, 198, 235]. It is, however, very convenient
when (i) the protected thiol group can be obtained in one
step from the appropriate starting material or (ii)
deprotection conditions are very mild. For these reasons, in
the design of the retrosynthetic scheme described in Section
4, we have focused our attention on S-benzyl, S-acetyl, S-
benzoyl derivatives (readily available from the
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corresponding alkyl halides and/or terminal alkenes) and
symmetrical and unsymmetrical disulfides (very mild
conditions for thiol group recovery). The uses of other, more
“specific” protective groups are illustrated in the synthetic
examples in Section 5.

3.3. Spectroscopic Characterization

NMR is the most convenient method for the analysis of
thiols and disulfides. Features that are helpful in identifying
primary thiols by NMR include the presence of the S-H
proton signal in the spectrum and the chemical shift of the
—CH,-S protons (2.4-2.6 ppm). The chemical shift of the
S-H proton signal is variable and depends on solvent,
temperature, concentration, and the presence of other
functional groups. Its precise position is not particularly
significant in structure determination. The CH,-S signals for
thiols with a -CH,~CH,—SH fragment appear as a quartet.
The assignment of a signal for -CH,—SH protons is readily
confirmed by adding D,O - as a result, the observed quartet
reduces to a triplet. The corresponding disulfide
—CH,—CH,—S-S—-CH,—CH,— is usually easy to distinguish as
it always appears as a triplet. In practice, however, thiols and
disulfides are often confused. For instance, in a recently
attempted synthesis of 11-aminoundecane-1-thiol [159] the
authors identified the product (characterized by have
observed 'H NMR: (CDCls) d = 2.66 (t, J=7.2 Hz, 2H,
—-CH,-SH) and MS: m/z calculated 203.1708, found
203.1705) as a thiol. This identification is certainly incorrect,
as, firstly, the triplet at 2.66 suggests a disulfide, and
secondly, MS corresponds to (-S-(CH,).:-NH3"), [disulfide +
2H]*, i.e. to observed 203.1708 (calculated). Application of
the simple rules described above would have undoubtly
allowed correct structural assignment. We note that we have
recently synthesized 11-aminoundecane-1-thiol by a
different method and the following results were obtained: *H
NMR (CDClg) d = 2.52 (g, J=7.3 Hz, 2H, -CH»-SH) and MS
m/z calculated for C1;H26NS (protonated 11-aminoundecane-
1-thiol) [M + H]" 204.1786, found 204.1790.

3.4. Propensities to form Monolayers

Both Au and S are “soft”, and the strong interaction
between these two species is a classic example illustrating
the theory of hard and soft acids and bases [160]. Stability of
a self-assembled monolayer (SAM) formed by alkyl thiols
and dialkyl disulfides is the consequence of two orthogonal
factors: interfacial linkage between sulfur and gold, and
lateral van der Waals attractions between hydrocarbon
chains. Therefore, the longer the hydrocarbon chains of the
deposited thiol, the greater the stability of the resulting
monolayer.

Although the most intensively studied SAMs were those
derived from alkyl thiols, the concept was first demonstrated
for dialkyl disulfides [161]. Disulfides can be delivered to a
gold surface either from a solution [161] or in ultra high
vacuum (UHV) conditions [162], and there is a general
consensus that either case leads to the S-S bond cleavage.
The resulting chemisorbed thiolate anions have a high value
of activation energy of desorption (~28 kcal/mol) [162] and
show remarkable thermal stability.

In the case of a gold surface immersed in a solution of an
alkyl thiol, it is generally assumed that a hydrogen atom is
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abstracted from a thiol molecule and the resulting radical
species undergoes precipitation onto the surface, forming a
covalent Au-S bond therein. [4] The presence of the thiolate
species has been detected by means of X-ray photoelectron
spectroscopy (XPS) [163,164] and time-of-flight secondary
ion mass spectrometry (TOF-SIMS) [165].

On the other hand, adsorption under UHV conditions
gives thiols only weakly physisorbed on gold; it has been
shown that S—-H bond scission does not occur under these
conditions [162,166]. The difference between these two
experiments is not completely understood. Therefore, SAMs
derived from thiols and corresponding disulfides are
indistinguishable and observation has been confirmed by
many criteria including XPS, [167] ellipsometry, [167] and
transmission electron microscopy (TEM) [168].

Regarding the organization of thiols in SAMs, it has been
originally proposed that sulfur atoms are arranged in a
regular manner at the threefold hollow sites on Au(111)
[169]. However, more recent studies using in-depth x-ray
diffraction [170] and high-resolution electron-energy-loss
spectroscopy (HREELS) [171] support the so-called
associative mechanism of the adsorption of alkyl thiols.
Here, it has been speculated that half of the sulfur atoms
remain at the hollow sites, while the rest occupy positions
near the bridge sites. Because of the resulting close
proximity of each two neighboring sulfur atoms on gold, it
has been assumed that disulfide bonds are formed on the
metal surface [170,171].

Additional evidence that adsorption of thiols and
disulfides results in the same chemical composition of a
SAM arises from kinetic studies of the film formation
[160,172]. The rate of adsorption of hexadecanethiol is
indistinguishable from that of the corresponding disulfide.
This fact suggests that the overall rate-limiting step is very
similar in both cases -- therefore, it can be neither disulfide
dissociation (dissociatove mechanism), nor thiol association
(associative mechanism) [167]. Most studies favor the two-
regime model of SAM formation on, in which a very fast
step (initial adsorption onto the surface) is followed by a
slow orientational ordering of the chains [173]. Although the
kinetics of both alkanethiol and disulfide assembly on Au
surfaces is the same, adsorption of thiols is strongly
preferred from a mixture of the two species [163]. Also, it
has been shown that the interchange between components of
a SAM and the species present in solution is equilibrated
much slower in case of disulfides [167]. The likely
explanation for these two observations is that adsorption of
the disulfide is sterically disfavored due to the large value of
the CSSC angle and the fact that a sulfur atom is more
sterically hindered than that of a thiol.

In conclusion, both thiols and disulfides form chemically
identical SAM on gold, although some concern remains over
the nature of the species that actually bind to the metal
surface.

4. SYNTHESIS OF FUNCTIONALIZED THIOL AND
DISULFIDES
4.1. Synthesis of Functionalized n-Alkyl Thiols

Demonstration of the usefulness of SAMS in a range of
applications has spurred an effort to synthesize new classes
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of constituent alkyl thiols terminated in a variety of
functional groups. The most prominent examples of
functionalities introduced in the omega position of the alkyl
chain include: 2-imidazolyl [176], 1-pyrenyl [177], carboxyl
[178], phosphonic acid [179], amino and ammonium [180],
permethylated b-cyclodextrin  [159], 15-crown-5 [181],
dibenzo-24-crown-8  [182], 2,6-diaminopyridin-4-gloxy
[183], benzaldehyde [184], amino acid [185], peptides [186],
calix[4]arene [187], phosphoric acid [188], fulleren [189],
terthiophen [190], carbohydrates [191], cyano [192],
benzoquinone and hydroquinone [193], bisphosphate [194],
4-aza-1-azonia-bicyclo[2.2.2]octane [195], methoxy [196], t-
butyldimethylsiloxy [197], phosphocholine [198], benzoic
acid [199], fluorinated hydrocarbons [200], azobenzene

SR

ﬂ

Witt et al.

[201], nitrilotriacetic acid [202], biotin [203], (ethylene
glycol), n=1-7 [65] etc. In the following, we will attempt to
systematize the synthetic strategies that allow preparation of
these and other functionalized alkyl thiols.

(i) Retrosynthetic Analysis

Based on published as well as on our own procedures, we
have created a retrosynthetic scheme that rationalizes
available synthetic approaches to the preparation of
functionalized thiols. There are two major ways to prepare
these compounds: in the first one, the end group(s) (denoted
R in the Scheme) is introduced after the protected thiol
functionality (left part of the Table 2 and Scheme 1 below);
in the second, functionalization is done before protection

1. Determine the final structure of thiol

2. Select deprotection conditions of thiol group
(D1-D7) which do not affect End Group(s) R

D1 D2 D3 D4 D5 D6 D7
NaOH / MeOH o .
dithiothreitol
HCIl/MeOH| K,CO;/ MeOH Na / NH3 NaBH,4 NH,-NH, OTT PBu, / EtOH
MeONa / MeOH
o
n /\S/SMR
S R n
™~

L |

T

Choose protected thiol structure
from available options

}

©q

Ph_S{ )R S{ )R Ph_ _S{ yR O__S{ YR HN__S{ )R S{_ )R
ST YT PSR SONPIT BENSRE o R,
(e} (e} S NH (0]
B2 B1 | A2 | A3 | A5 | Al |A4
4. Is the protected thiol group able to
Yes survive the introduction of End Group(s) R? No

Introduce the End
Group into the
protected thiol
bearing Y group(s).

v

R

| (0]

U

Ph VSMY
n

L

Yeim °

Select the method
for introduction of
protected thiol group
in the presence of
End Group(s)

R
Z n-2 XMR

Prepare the protected
thiol bearing the Y group
from starting materials v

by available method = Y2
n-

Starting materials

or X-alkane from
starting materials
bearing End Group(s) R

“ Prepare the alkene

X

5. Select the available starting materials

Y - functional group helpfull in the conversion, introduction, or attachment of End Group(s) R

X-in most cases halogen, tosyl or mesyl group

A1-A5 the most common methods of introduction of protected thiol group
B1 and B2 the methods of introduction of protected thiol group into the terminal alkene

Scheme 1. Retrosynthesis of Functionalized Thiols
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(right part of the Table 2 and Scheme 1 below). Based on the
literature data collected in (Table 2), the latter method seems
to be more common and versatile. This preference can be
explained by the fact that the number of groups available for
the protection of the thiol functionality is quite limited, and
that their introduction requires very mild conditions (cf.
methods A and B in Scheme 1).

The synthetic planning should begin with writing out the
structure of the desired thiol (Step 1) and choosing
appropriate conditions for the deprotection of the thiol group
(Step 2) from amongst the D1-D7 methods. These conditions
should be such that they do not affect the end group(s) R.
Since they are applied in the last step of synthesis, R must be
already deprotected, or deprotection of R and the thiol
groups must occur simultaneously. If the deprotection is
performed stepwise then the protective group of thiol has to
be stable towards conditions used for deprotection of end
group(s) R. These requirements allow selection of one or
more deprotection method (D1-D7) and the corresponding
protective group (Step 3). In Step 4, it is determined whether
the protected thiol group can survive the introduction of end
group(s) R. If it can, then R is introduced into the structure
after the protected thiol (left part of the Scheme); if it cannot,
R is introduced before (right part of the Scheme after Step
4). The latter procedure seems to be more common and
versatile, since most end group(s) (protected or not) are able
to survive mild conditions of the introduction of a protected
thiol group into the structure (Al-A5 Bl and B2).
Moreover, sulfur reagents can be used in excess to ensure
better overall yields using this method. By the end of Step 4,
both the order and the methods of introduction of R and the
thiol groups should be established in detail. Step 5, selection
of available starting materials, is the consequence of Step 4.
We note that if the retrosynthetic analysis fails at Steps 4 or
5, it is necessary to return to Step 3 and chose another form
of thiol protection. Experimental details: Nucleophilic
substitution of alkyl halides by: Al. Thiourea, A2. Potassium
thioacetate, A3. potassium thiobenzoate, A4 NazPOsS, A5
potassium ethyl dithiocarbonate. Radical addition to terminal
alkenes: B1. thioacetic acid, B2. PhCH,SH, Experimental
details for the deprotection of thiol group (see scheme 1 in
the frame) by means of: D1.HCI in the methanol (or other

I U W NN W e NN Y

R/O\/\o/\/o\/\o/\/g\)/\o e

J

R/OV\O/\/O\/\O/\/Oe
+
\\W4

O
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alcohol), D2.NaOH (other hydroxides, MeONa, Na,COs3, or
K,CO3) in MeOH (or EtOH), D3. Na in liquid NH3, DA4.
NaBH,;, D5. NH,-NH,, D6. dithiothreitol HSCH,CH(OH)
CH(OH)CH,SH (DTT), D7. PBug, EtOH

To illustrate the proposed retrosynthetic scheme we apply
it to design an efficient synthesis of an alkane thiol
terminated in n = 1-6 units of ethylene glycol (1) (Fig. (2)) -
this thiol is commonly used to prepare adsorption-resistant
SAMs [54].

Step 1. The structure of the thiol is given below:

HS O
OH
n
1

Fig. (2). Structure of an alkane thiol terminated in n = 1-6 units of
ethylene glycol.

Step 2. In considering the choice of the deprotection
method, it should be remembered that the (n)-ethylene glycol
end group is unstable in strongly alkaline media. The penta
or hexa ethylene glycol can be converted to the shorter tetra
or penta ethylene glycol respectively, and some elimination
of terminal hydroxyl group can occur (Fig. (3)); this
elimination is less likely to occur for n=1-4 homologs [174].

Because of these side reactions, methods D2 (NaOH,
MeONa)-D3 and D4 are not recommended. The suggested
deprotection conditions are either mildly acidic (D1) or
mildly basic (D2, D5), with a slight preference for the
former, since D2 and D5 might promote formation of
disulfides.

Step 3. All selected deprotection methods (D1, D2 and
D5) can be applied to S-acetyl or S-benzoyl derivatives.

Step 4. It is now necessary to evaluate whether the S-
acetyl or S-benzoyl groups would survive the conditions
required for the introduction of ethylene glycol unit. The
most convenient way do so is through the Williamson ether
synthesis. Since the anion generated from the glycol will
react with S-acyl derivatives, it must be introduced before
the protection of the thiol group. This, in turn, restricts the
synthetic choices to the left part of (Scheme 1) (“NO”); the
available methods for the introduction of S-acetyl or S-

@

R/O\/\O/\/O\/\o/\/OQ\QH
H H

Fig. (3). The side reactions observed for penta and hexa etylene glycol terminated compounds.
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benzoyl groups are based on either terminal alkenes (B1) or
terminal haloalkanes (Al and A3).

Based on these considerations, the following structures of
the intermediates (2) and (3) can be proposed (Fig. (4));
where X is halogenand n=1...6.

/WW\/(O\/)\OH
2 n
X\/W\/\/\/(O\/a‘
OH
n
3

Fig. (4). The structure of the intermediates (2) and (3).

Step 5. These intermediates (2) and (3) can be made by
the addition of n-ethylene glycol to either a dihaloalkane (4)
or a terminal haloalkene (5) Fig. (5).

X X
4
X O,
OH
n
3

Fig. (5). The preparation of intermediates (2) and (3).

Witt et al.

product. We note that alkylation of ethylene glycol by means
of haloalkene is usually more effective. Also, yields are
optimal when (EG), is applied in four- to fivefold excess.

With this selection of starting materials, a complete
synthetic scheme can be outlined. In our practice, we use a
procedure that starts with the alkylation of (n)-ethylene
glycol with a haloalkene (usually, 11-haloundecene)
followed by a radical addition of thioacetic acid to the
terminal double bond (method B1, compound (6)) and
deprotection of thiol group (methods D1, D2 or D5).

Our synthetic solution based on the logic of Scheme 1 is
very similar to — but not identical with - the reported
synthesis [54]. First two steps of the synthesis are the same.
While the deprotection of the thiol group for compound (6)
reported in the literature was performed under acidic
conditions (D1), our approach offers two additional options
(methods D2 and D5). In general, the synthetic solutions
obtained from (Scheme 1) will lead to several alternative

\/9‘0H
n
% F
5

/\/\/\/\/\/(O\/}OH
) n

Fig. (6). The synthetic scheme for preparation of ethylene glycol terminated thiols.

In the former method, an excess of dihaloalkane is
required to replace one halogen; in the latter, excess of
ethylene glycol is required to achieve monoalkylated

ways of synthesis of functionalized thiol. Although all of
them will be viable, their efficiency will have to be verified
experimentally.
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The logic behind our retrosynthetic scheme can be used
to categorize syntheses of various alkane thiols reported in
the literature. This is done in (Table 2), in which the major
subdivision is done according to the sequence in which the R
and thiol groups are introduced; the methods of introduction
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and deprotection as well as the literature sources are also
provided. The combination of (Scheme 1 and Table 2) can be
a useful tool in planning the syntheses of new alkane thiols.
In the following, we discuss the specific aspects of such
retrosynthetic planning.

Table 2. Syntheses of various functionalized thiols categorized according to the logic of Schemel. Left column: The end group(s) is
introduced into the structure after the protected thiol group; right column: The end group(s) is introduced group into the structure before
thiolprotection. Subcolumns give the methods of introduction and deprotection of thiol group, and the pertinent literature citations.
Explanation of symbols corresponding to specific procedures is to be found in Scheme 1.

The end group(s) R is introduced after protected thiol group into the

The end group(s) R is introduced before protected thiol group into the

0 O A2, D1, 64,65

structure. structure.
end group(s) R Int. Depr. Refs. end group(s) R Int. Depr. Refs.
O(Man)® B1 D1 58
O(Mal)® Bl D1 52,55 CH;s Al D2 21
H(CH3)N(Sar)N(CHg)p, m=3-5, B1 D1 55 OH, COOH, CONH_, Al D2 24,26
where Sar = cH, OCH,CF,CF;, O(CH2)mCH3 Al D2 25
| Al D2 25
N\
Hnll/\n/ CH, A4 200
CH; ©
Si(OMe); A2 D1 43 (EG)nOH?, m=2-6 B1 D1 55
(EG)mOCHZ?, m>3 B1 D1 55
—aQ

€©- N<j
= Al

b-cyclodextrins

) D2 40,41
o—~ RS B1 D2
e s s
O_
X=0, NH
OH
EG
6 B1 D1 67 (’TR Al b2 4
OH
o)
0 HN
_ﬁH B2 D3 71, Al b2 “
~ 203 €
NHCO(CH,)4EG, s
Permethylated B1 D5 159

/@\/1 Al D2 45
& (o] (0] (e}

GO |||

©-0 CN
N
"_Q’ 3\ @ Al D2 48, 201
/\/\j\mH B1 D1 69,
X N(CH2COOH), 70,

202

X=maleimide or EG3CONH
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(;_ N /N Al D2 72
\%
Al D2 176
COOH and NH, Al D2 77,
180
NMes* B1 D1 78,79
NEt;" D1 180
o] o)
\): j Al D2 99
o
€ o o
/
181
and also 15-crown-5 and
18-crown-6
O A2 D2 177
QL |-
1-pyrenyl Bl
COOH A4 178
A5 D4 178
-P(0)(CH), A2 D2 179
-O-P(O)(OH), B2 D3 188
2,6-diaminopyridin-4-yloxy- B1 D2 183
CHO
o€ B1 D2 184
° Q A2 D2 185
HN— (l:H— C—OCH;,
CH,
26,28-calix[4]crown-6 B1 D1 187
Fullerenyl- D1 189
S S S Al D2 190
Tetrapeptide- B1 D1 186
-CN Al D2 192
OH
A2 D1 193
and
OH
i
A3 D5 194
S o~ P\\ Of)
o€
Carbohydrates Al D6 191
Phosphocholine derivatives D7 198
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(ii) Introduction of the Thiol Group

Thiol functionality is always introduced in the protected
form. When thiourea (method Al Scheme 1) or sodium
thiophosphate (method A4 Scheme 1) are used for formation
of carbon-sulfur bond, the corresponding S-alkylated
isothiourea and S-alkylthiophosphates are deprotected in
situ. The one-pot procedure is the main advantage of these
methods. Other syntheses of primary thiols begin with either
(a) radical addition of thioacetic acid (method B1 Scheme 1)
or benzyl mercaptan (method B2 Scheme 1) to terminal n-
alkenes or (b) by nucleophilic substitution of sulfur
nucleophiles (potassium thioacetate method A2, potassium
thiobenzoate  method A3, and potassium ethyl
dithiocarbonate method Ab5) at primary alkyl halides
derivatives.

The removal of specific protective group (methods D1-
D7, scheme 1) affords thiols terminated in end group(s) —R.
Although the synthetic routes starting from alkenes and alkyl
halides seem to be very similar, there are quite a few
substantial differences in the availability of starting materials
and deprotection procedures. We have observed that
preparation of thiols from alkenes usually gives better
overall yields and higher purities. On the other hand,
terminal-alkene substrates are harder to obtain and are more
expensive than corresponding alkyl halides.
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4.2. Synthesis of Thiols from Alkenes

Addition of thioacetic acid [177, 179, 180, 159, 183, 184,
185, 186, 196, 201, 202, 204](method B1, Scheme 1),
thiobenzoic acid [205, 206], and benzyl mercaptan [188,
203] (method B2, Scheme 1) to terminal alkenes in the
presence of benzoyl peroxide, AIBN or upon UV-irradiation
follows the anti-Markovnikov rule and gives protected thiol
derivatives in high yields (above 80-90%). The mild
conditions for the introduction and deprotection of resulting
thiol derivatives are the main advantages of these methods.
Moreover, the terminal double bond often does not require
protection during the introduction of end group(s) into the
structure. A wide range of functionalized terminal alkenes
(CH,=CH-(CHy),-Y, scheme 1) is known, and the Y groups
(halogen, OH, NH,, COOH, etc.) are very helpful in the
attachment of appropriate end groups R (Scheme 1).

This approach is well illustrated by the synthesis of
nitrilotriacetic acid (NTA)-terminated alkanethiol (7) shown
in Fig. (7) below [202] in which R was introduced before
protected thiol functionality (right part of the Scheme 1 after
Step 4 and right part of the Table 2) and the thiol group was
obtained from terminal carbon double bond.

The terminal double bond is inert toward nucleophilic
substitution. This inertness is advantageous, for example, in
the synthesis of ammonium terminated alkane thiol often

OtBu
(e}
/\/\/\/\/\/O\/\o/\/o\/\o/\"/OH i
H,N N\/‘I\
(6] \/\/I OtBu
(e} OtBu
DCC / NHS

OtBu

0 o)
H
O (@) N N
= \/\O/\/ \/\O/\Ir \/\/1 \)I\OtBU
O
O OtBu

CH; COSH, AIBN, hn, THF

\n/S

o

H;0* / MeOH / H,0, reflux

OtBu

0 o)
H
[e) (e} N N
\/\O/\/ \/\O/\n/ \/\/1 \/“\OtBu
(¢}
(e}

OtBu

OH

A

H HO @
O
O OH

7

Fig. (7). The synthesis of nitrilotriacetic acid (NTA)-terminated alkanethiol (7).
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CHzCOSH, AIBN, hn

S \N@
U TN
\IC|)/

NaOH/H,0, reflux

9

Fig. (8). The synthesis of ammonium terminated alkane thiol (9).

used in noncovalent surface immobilization of DNA [78,
79]. Reaction of 11-bromoundecene with trimethylamine
gives corresponding ammonium salt (8). Radical addition of
thioacetic acid (method B1) and deprotection (method D2)

\I(I;S

1. NaOH / MeOH /H,0
2.H,0"

HS 0. OH
6 o]
11

Fig. (9). The versatility of S-acetyl protective group.

D2

afforded trimethylammonium thiol (9) in good yield (80%)
Fig. (8).

As seen from the above examples, double bond is a very
convenient precursor to thiol group. Introduction of end
group(s) via nucleophilic substitution can be used without
risk of interaction with that bond. Thioacetic acid is the most
common and versatile reagent for the free radical addition of
thiol-precursors to terminal alkenes. It is inexpensive and
straightforward to deprotect: acyl derivatives (benzoyl and
acetyl) are deprotected in either acidic (HCI / MeOH, D1
Scheme 1) or basic (NaOH, KOH, K,CO3, EtONa, MeONa, /
MeOH, EtOH, butanol etc.; D2 Scheme 1) conditions. Less

Witt et al.

common organosulfur compounds that can be used for a free
radical addition include dimethylphosphinodithioic acid
(HSP(S)(CHg3),) and diphenylphosphinoditioic acid (HSP
(S)Phy). Although they also give good yields [207], and the
methods for their deprotection [208] are established, they
often lead to undesired side reactions [209] and are relatively
expensive.

The versatility of thioacetic acid is well illustrated in the
example below, where its deprotection gave — depending on
the conditions — two different and useful products Fig. (9).

Under acidic conditions (method D1), the (2-{2-[2-(2-{2-
[2-(11-acetylsulfanyl-undecyloxy)-ethoxy]-ethoxy}-ethoxy)-
ethoxy]-ethoxy}-ethoxy)-acetic acid ethyl ester (10)
precursor is converted to ethoxycarbonyl terminated thiol
(12), while its basic hydrolysis gives carboxyl-terminated
thiol (11). Both thiols are used in research on adsorption-
resistant SAMs. We briefly mention that although both
acidic (D1) and basic (D2) conversions are reported in the
literature as efficient, we observed that basic conditions give
a significant level of disulfide by-product. When the end
group(s) cannot withstand conditions required for the
deprotection of S-acetyl derivatives, protection with an S-
benzyl group is a viable alternative; deprotection is then
achieved with Na / liquid NH;3 (D3, Scheme 1). The final
step of the synthesis for phosphoric acid terminated thiol
(13) [188] illustrates this method Fig. (10).

In this example, the acidic (D1) or basic (D2) conditions
(most frequently used for deprotection of the S-acyl group)
would have removed the phosphate end group - that is why
the benzyl group was applied to protect sulfur instead of
acetyl or benzoyl.

Because thiol group is rather sensitive and easily oxidizes
to a disulfide, its deprotection is usually the final step in a

o)
O\/\O/\/O\/\O/\/O\/\O/\/O\)LO/\

HCl/ EtOH

HS\/\/\/\/\/\/(O\/ao/\n’ o
6 0
12

P~
7'\ OH
Q/\S © OH

Na/ liquid NH;

O
Il

P
HS” N NN - 'V OH
OH
13
Fig. (10). The synthesis for phosphoric acid terminated thiol (13).
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synthesis. The best results are usually achieved by
performing the deprotection procedure under acidic
conditions and under nitrogen or argon in a degassed protic
solvent.

4.3. Synthesis of Thiols from Alkyl Halides

Preparation of thiols by this method begins with
nucleophilic substitution of the halogen by means of the
following reagents: thiourea [176, 178, 181, 190, 192, 201],
potassium thioacetate [177, 178, 179, 210, 211, 212],
potassium thiobenzoate [194, 213, 214], NazPO3S (sodium
thiophosphate) [178, 200], potassium O-ethyl
dithiocarbonate [178] as the source of sulfur nucleophiles.
Although other sulfur nucleophiles can displace the halogen,
they cannot be easily deprotected later on in the synthesis.
The methods usually described in literature use alkyl halides
but other derivatives like mesylates and tosylates should
react similarly. Specific aspects of these methods are
discussed below.

(i) Thiourea (Method A1, Scheme 1)

Reaction of an alkyl halide with thiourea gives a
compound known as an isothiouronium salt that can
subsequently be converted, by basic hydrolysis, into a
desired thiol. Both steps can be carried out in the same
reaction vessel without isolation of the intermediate
isothiouronium salt. The main disadvantage of this method is
the formation of disulfides and strong basic conditions it
requires. Nevertheless, the yields of thiols are very often
acceptable (above 60-70%). This approach is recommended
when the end group(s) R in the starting, functionalized alkyl
halide are not sensitive to strong basic conditions and
increased temperature. Synthesis of 11-
[2,27;57,2"]terthiophen-5-yl-undecane-1-thiol (15) [51] from

CH3COSKJ
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Fig. (11). The Synthesis of 11-[2,2";5",2"]terthiophen-5-yl-
undecane-1-thiol (15).

5-(11-bromoundecyl)-[2,27;5°,2”] terthiophene (14) and
thiourea provides an example of the method (for other
examples, refer to Table 2) Fig. (11):

(ii) Potassium Thioacetate. (Method A2, Scheme 1)

Substitution of a halogen by potassium thioacetate
proceeds in mild conditions and very often excess of
nucleophile can be applied. Most of the end group(s) R
(protected or not) are insensitive towards this reagent, and
mild conditions for deprotection of resulting S-acetyl thiols
are very well established. These characteristics make this
method one the most attractive ones for the introduction of a
thiol group in the presence of end group(s) sensitive to
strong basic conditions. In the Fig. (12) below, potassium
thioacetate was used in the synthesis of N-(w-thiol-
heptadecanoyl)-phenylalanine methyl ester (16) - a reagent
used in the study of ordering and hydrogen bonding within
chiral and non-chiral SAMs on gold [185]. Under mild basic
conditions, the acetyl group was efficiently removed from
the thiol, leaving the ester and amide bonds intact.

Potassium thioacetate method allows milder conditions
than thiourea method discussed previously. In addition,

O

OH

OH

Iz
/

j K,CO5 / MeOH

HS

16

Fig. (12). The synthesis of N-(w-thiol-heptadecanoyl)-phenylalanine methyl ester (16).
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acidic conditions can sometimes be used to deprotect the S-
acetyl group. This option facilitates the synthesis of 2-(11-
mercaptoundecyl) hydroquinone (17) [193] (Fig. (13)) used
in electrochemically modulated immobilization (through a
Diels-Alder reaction) of cyclopentadiene-containing ligands
[193c].

Deprotection of thiol and hydroxyl groups was performed
stepwise in excellent yield (99%) [193].

O/
Br
)
CH4COSK N
o) o”
A,
1.BBr, / CH,Cl, 0
2. HCl / MeOH
OH
HS
17
OH

Fig. (13). The synthesis of 2-(11-mercaptoundecyl) hydroquinone
@an.

(iii) Potassium Thiobenzoate. (Method A3 Scheme 1)

This method is less frequently used and is similar to the
method based on potassium thioacetate (A2). The starting
materials and conditions for substitution are almost the same.
The commercially available thiobenzoic acid is, however, of
lower quality than thioacetic acid. There is no particular
reason to use this method, but its low cost and
straightforward procedure (similar like for thioacetic acid)
makes this method quite popular, especially when extreme
purity is not a major concern. The following synthesis of
bis(w-mercaptoundecyl)phosphate (18) Fig. (14) (a reagent
for the formation of monolayer ion-gating membranes) was
reported by Nakashima and co-workers and uses potassium
thiobenzoate [194].

(iv) Sodium Thiophosphate.(Method A4 Scheme 1)

Reactions of sodium thiophosphates with alkyl halides
give alkyl thiophosphates, which can be hydrolyzed without
separation. High cost and poor quality of sodium
thiophosphate are major disadvantages of this method; they
are partly offset by mild conditions and one-pot procedure.
Although not highly recommended, this technique should
nevertheless be present in a portfolio of available protection
strategies. Literature examples of its use include alkane thiol
described in reference [200] and 15-mercaptopentadecanoic
acid [178b]. We remark that these compound could be done
be other methods we discussed (heptadecafluoronona-

Witt et al.

decanethiol- D2-A2, or D2-Al [200]; 12-mercaptodo-
decanoic acid- D4-A5 [178a and 178c], or D2-A2 [178€];
16-mercaptohexadecanoic acid- D2-Al [178d], or D2-A2
[178e]).

Br/\/\/\/\/\/\o 1)
\

‘%

/\/\/\/\/\/\/\
Br o “oH

PhCOSK
O

(6] \P//O

I3 ¥
P s YoH

NH,NH, / MeOHJ

/\/\/\/\/\/\
HS O\ /,O

/\/\/\/\/\/\ /P\
HS o OH
18

Fig. (14). The synthesis of bis(w-mercaptoundecyl)phosphate (18).

(v) Potassium O-Ethyl Dithiocarbonate (Method A5
Scheme 1)

Although preparation of thiols from alkyl halides and
potassium O-ethyl dithiocarbonate gives good yields of the
corresponding S-alkyl O-ethyl dithiocarbonates, deprotection
of these intermediates is less efficient than that of
corresponding S-actetyl and S-benzoyl derivatives obtained
from methods A2 and A3, respectively. Even vigorous
reduction of the dithiocarbonates (19) by means of 67-fold
excess sodium borohydride in the presence of
ethylenediamine in ethanol gives a mixture of a desired thiol
(20) (~90%) heavily contaminated by a product disulfide
(21) (~10%) [178a] Fig. (15).

The corresponding disulfide (21) is the major product
when a smaller or no sodium borohydride is present in the
reaction mixture (the value of excess was not reported)
[178a]. Formation of a disulfide is the main disadvantage of
this procedure. 12-Mercaptododecanoic acid (20) shown in
the Fig. (15) above can be prepared more efficiently by the
potassium thioacetate method (A2, Scheme 1) [178e] Fig.
(16).

Although the formation of byproduct (disulfide (21)) was
not reported in the original literature procedure [178e] we
have found that basic deprotection of 12-acetylsulfanyl-
dodecanoic acid (22) gives a mixture of a thiol (20) and a
corresponding disulfide (21). Pure 12-mercaptodecanoic acid
(20) was obtained when acidic conditions were applied
(method D1, HCI, MeOH / H,0).

(vi) Coda

Comparison of the described approaches (i) — (v) shows
that methods based on the reaction of alkyl halides with
thiourea (Al) and potassium thioacetate (A2) are the most
common and versatile ones. Their success stems from the
availability of starting materials, straightforward procedures,
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Fig. (15). Products distribution from the reduction of dithiocarbamate (19).
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Fig. (16). The synthesis of 12-mercaptododecanoic acid (20) from
potassium thioacetate.

and efficient deprotection of the thiol group. Other methods
(A3-ADb) are usually less attractive because of poor quality of
available sulfur nucleophiles, low yields, and/or formation of
disulfides upon deprotection.

4.4, Synthesis of Symmetrical and Unsymmetrical
Disulfides

The synthesis of  symmetrical disulfides s
straightforwardly achieved by oxidation of corresponding
thiols with: oxygen [215], (NH,),S,0g [216], iodine [175,
217], MnO, [218], Bi(NO3)3 [219] and other mild oxidants
[220]. However, some of these reagents suffer from
disadvantages such as long reaction times, limited
availability, toxicity, difficult work-up, complicated
preparation and instability. Oxidation with iodine is probably
the most convenient method as it can be carried out in a wide
range of solvents, always gives a good yields, and the
reaction mixture is easy to work-up and purify.

Several thiol derivatives can also be converted to
symmetrical disulfides. For example, sodium salt of
thiosulfuric acid S-alkyl ester (23) (Bunte salt) gives
dialkyldisulfides (24) upon treatment with samarium [221,
222] or iodine [223] Fig. (17).

Syntheses of unsymmetrical disulfides are performed
starting from two different thiols. Literature gives two major
approaches to such syntheses: The first one, less popular, is
the oxidation of a mixture of two different thiols by means of
iodine [224] or another mild oxidant [218]. Not surprisingly,
the reaction mixture contains three disulfides in variable
ratios. This method is not effective and can be performed

\/\/\/\/\/\/\/\/S‘S//O ) ®

23

J Smorl,
A T 2 S N g e
A T 2 S N g e
24

Fig. (17). The synthesis of dialkyldisulfides (24) from Bunte salt (23).

7°N Na
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only in cases when structures of the thiols and disulfides
allow facile separation. Oxidation of mixture benzenethiol
(25) and dodecane-1-thiol (26) with MnO, in the presence
molecular sieves in hexanes gave mixture of corresponding
disulfides: dodecyldisylfanylbenzene 27 (57%),
diphenyldisulfane (28) (20%) and didodecyldisulfane (29)
(22%) [218] Fig. (18). The observed ratios are typical for
oxidation of most thiols mixtures. This method is applied
when reactant thiols are inexpensive (low conversion into the
desired unsymmetrical disulfide) or when products can be
easily separated — the latter is a seldom circumstance
illustrated by the synthesis of hydroxy-iodo disulfide (32)
shown in the Fig. (19) below:

26

Witt et al.

common derivatives are symmetrical disulfides [225],
methanethiosulfonic acid S-alkyl esters (ethyl, propyl or
butyl) [226], alkyl thionitrite [227], sodium salt of
thiosulfuric acid S-alkyl ester (Bunte salt) [228], and 2-
(alkyldisulfamyl) pyridine [175,229]. All these derivatives
bear electrophilic sulfur atom that is substituted in reaction
with nucleophilic group of the reagent; all proceed in good
yield.

An example of this approach is the synthesis of
unsymmetrical disulfide (35) based on the disulfide
exchange of N,N’-bis(tert-butoxycarbonyl)-L-cysteine (33)
with octadecane-1-thiol (34) [225] Fig. (20).

HS
SH \©

25

MnO,, molecular sieves

S
O '
S S
So s s’ \©
27 57% 28  20% 29 22%
Fig. (18). The products distribution from Oxidation of mixture benzenethiol (25) and dodecane-1-thiol (26) with MnO,.
e e e e e UL L LS e P e e e N
|
30 31
I, / Ethanol
/\/\/\/\/\/\/5
! I
HO N~~~
32
Fig. (19). The synthesis of 11-(12-iodododecyldisylfanyl)-undeca-1-ol (32).
When the mixture of 12-iodo-dodecane-1-thiol (30) and In another procedure reported in the literature,

11-mercapto-1-undecanol (31) was treated with iodine in
ethanol the appropriate unsymmetrical disulfide (11-(12-
iodododecyldisylfanyl)-undeca-1-ol (32)) was isolated by
means of column chromatography [224] Fig. (19).

The success of this reaction was due to large differences
in the values of Ry for symmetrical and unsymmetrical
disulfides. Such behavior is not typical and separation cannot
be accomplished in cases when difference in the R¢ for
starting materials is less than 0.2. When the differences in
Ry¢’s are sufficient and high-quality of the product is sought,
at most ~75% of the main fraction should be collected.

A more effective class of methods is based on a reaction
of one thiol with a derivative of the second one. The most

2’Deoxyuridin-2’-yl-dodecyl disulfide (37) was prepared
using dodecyl thionitrite (36) for disufide bond formation
Fig. (21). The progress of this reaction was, however,
hampered by the formation of a symmetrical disulfide (38)
(2,2’-disulfanediyl-bis-(2’-deoxyuridine)) [227].

Bunte salts can be used either for the preparation of
symmetrical [221-223] or unsymmetrical disulfides [228].
The synthesis of  4-(12-(dodecyldithio)dodecyloxy)-
azobenzene (40) is based on this method Fig. (22). Bunte
salts (39) are readily available from the reaction of
appropriate alkyl halide and sodium thiosulfate.

The method based on the disulfamyl pyridine derivatives
seems to be one of the most attractive routes to
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Fig. (20). An example of disulfide exchange for synthesis of unsymmetrical disulfide (35).
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Fig. (21). The synthesis of 2’Deoxyuridin-2’-yl-dodecyl disulfide (37).

unsymmetrical disulfides. These derivatives are readily
available from the reaction of excess 2,2’-disulfanediyl-bis-
pyridine (Aldrithiol-2) with a thiol of interest. These
reactions proceed in good yields (above 60-70%), and the
unsymmetrical disulfides can be isolated by column
chromatography (usually, large difference in R; for
Aldrithiol-2 and the unsymmetrical disulfide is observed).
The major advantage of this method is the stability of the
isolated, pure disulfamyl pyridine derivatives. They can be
stored below 0 °C for long times (3-4 weeks). In addition, the
presence of most functional groups does not disturb this
reaction, and it is thus suitable for more sophisticated
disulfide synthesis. The S-acetyl and other thiol groups can
disturb formation of these derivatives. This problem may,
however, be avoided by application of appropriate protective

groups, as in the synthesis of an unsymmetrical disulfide
(41) terminated with maleimide group and outlined in the
Fig. (23) below (this disulfide was used as a building block
of maleimide functionalized self-assembled monolayers for
peptide and carbohydrate biochips [175]).

4.5. Synthesis of Thiols from Disulfides

A thiol can be protected by oxidation to the
corresponding symmetrical disulfide, which subsequently
can be cleaved by reduction using Sn /HCI, Zn/HCI or Zn
facetic acid [230]. Other reducing agents like Na or Li in
Et,0, xylene, and liquid NHs, LiAIH4, NaBH, [231] are also
known to convert disulfides to thiols. The disulfide bond can
be cleaved by other thiols such as dithiothreitol [191],
HOCH,CH,SH [232] or thiophenols [233]. Satisfactory
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Fig. (22). The synthesis of unsymmetrical disulfide (40) from Bunte salt (39).
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Fig. (23). The synthesis of an unsymmetrical disulfide (41).

cleavage of symmetrical disulfides is observed in some cases Conversion of thiols into corresponding disulfides is a
by means of tributylphosphine [234]. very attractive method for protection of thiol functionality
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Fig. (24). The synthesis of carbohydrate terminated thiol (42).

until efficient and mild conditions can be applied for
cleavage of disulfide bond. This approach is demonstrated
by the synthesis of carbohydrate terminated thiol (42) [191]
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ponding disulfide to the terminal thiol (43) was achieved
using tributylphosphine [234] Fig. (25).

Unsymmetrical disulfides as protected thiols have also
been prepared. Mainly, synthesis and cleavage of S-ethyl-
[198,235], S-propyl- [226], S-t-butyl- [236], and substituted
S-phenyl- [237] derivatives of thiols were performed. This
approach is recommended when reagents used for
deprotection (D1-D5) of functionalized thiol derivatives can
react with the end group(s) R or their protective groups
respectively. Preparation and cleavage of unsymmetrical
disulfides (D6 and D7) circumvents this problem. Synthesis
of glycero-3-phosphocholine terminated thiol (45) Fig. (26)
(used to construct vesicles that can be either oxidatively
polymerized or reductively depolymerized [198]) required
mild conditions for the deprotection of the thiol group. Most
other procedures (e.g., D1-D5 in Scheme 1) would lead to
breaking of ester bonds (phosphate or carboxylate). The use
of disulfide as the protective group allowed avoiding this
complication [198].

Similar strategy for the protection of a thiol group was
applied in the synthesis of dithio-phospholipids (46) Fig.
(27) for oriented immobilization of proteins on gold. The
disulfide bond was not cleaved under DCC conditions [226].

The major disadvantage of the synthesis of thiols via
symmetrical or unsymmetrical disulfides lies in variable
yields of the disulfide-to-thiol conversion. Although the
examples described above were all accomplished with good
(60%) [232] or excellent (above 90%) [198, 226, 230, 234]
yields, there are many examples in the literature when the

B 1. thiourea o
r
2. NaOH
o HYO HBr reflux
N Br
\|\;/ S uracil A G P P |S
|
5 KzCOq e e U N e
reflux Br

Fig. (25). The preparation of uracil terminated thiol (44).

developed by Mrksich and co-workers for adsorption-
resistant SAMs [57] Fig. (24).

Similar solution for protection of thiol group was
reported for the preparation of uracil terminated thiol (44)
used to functionalize and stabilize gold nanocrystals that
exhibited selective recognition and binding of a long-chain
alkane incorporating a complementary substrate (N,N’-2,6-
pyridinediylbis(undecamide)). Cleavage of the corres-

\Bua/ MeOH reflux
B a

SH

44

yields were poor (e.g. 32% in [191]). The origin of this
variability is unclear. Development of new, more reliable
procedures for transforming disulfides to corresponding
thiols would undoubtly expand the synthetic applicability of
this method.

5. SYNTHESES OF SELECTED CLASSES OF THIOLS

Successful synthesis of functionalized thiols depends on
a careful selection/planning of:
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Fig. (26). The synthesis of glycero-3-phosphocholine terminated thiol (45).
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Fig. (27). The synthesis of dithio-phospholipids (46).

1. the method of introduction and protection of the thiol
group.

2. the method of introduction and protection of end
group(s) R

3. functional group (see —Y group at the Scheme 1) helpful
in the conversion, introduction, or attachment of end
group(s) (see —R group at the scheme 1)

4. the order of steps 1 through 3.
This general strategy will now be illustrated in a series of

advanced syntheses of relatively complex thiols and

disulfides.

5.1. Synthesis of a Peptide-Substituted Alkanethiol

Self-assembled monolayers that present short peptide
ligands are a versatile model system with which to study
interactions of mammalian cells with artificial surfaces. The
syntheses of peptide-terminated alkanethiols are, however,
nontrivial. Houseman and Mrksich have reported a rapid and
efficient method, based on solid-phase peptide synthesis, for
the preparation of an alkanethiol terminated with a Gly-Arg-
Gly-Asp-Ser peptide ligand [238]. Their strategy required a
suitably S-protected alkanethiol (with Trityl group) that
could be coupled (carboxyl group is a helpful group Y for
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attachment of peptide, see Scheme 1) to an appropriate
peptide on solid support. The preparation of (2-{2-[2-(2-{2-
[2-(11-tritylsulfanyl-undecyloxy)-ethoxy]-ethoxy}-ethoxy)-
ethoxy]-ethoxy}-ethoxy)-acetic acid (51) from undec-1-en-
11-yl-hexa(ethylene glycol) (47) is shown in the Fig. (28)
below.
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The Fmoc-Gly-Arg-Gly-Asp-Ser pentapeptide (52) (Fig.
(29)) moiety was prepared on Fmoc-Rink amide MHBA
polystyrene resin as the solid support using routine protocols
[239].

Removal of the terminal glycinyl Fmoc-carbamate with
20% piperidine / DMF, followed by coupling with acid (51)
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Fig. (28). The synthesis of (2-{2-[2-(2-{2-[2-(11-tritylsulfanyl-undecyloxy)-ethoxy]-ethoxy}-ethoxy)-ethoxy]-ethoxy}-ethoxy)-acetic acid

(51).

Alkylation of starting material with ethyl diazoacetate in
the presence of 10 mol % BF; Et,O afforded appropriate
ester (48). Photochemical addition of thioacetic acid to the
terminal olefin (method B1, Scheme 1) gave corresponding
thioacetate (49) in 93% yield. The thiol group was obtained
in the protected form, but it would have to be removed under
conditions required for the conversion of carboethoxy group
into the carboxyl group. That is why the acetyl protective
group was first replaced by the trityl group (deprotection
conditions D1, Scheme 1, then treatment with trityl
chloride). This intermediate (50) was saponified with
aqueous lithium hydroxide in THF / MeOH to afford (2-{2-
[2-(2-{2-[2-(11-tritylsulfanyl-undecyloxy)-ethoxy]-ethoxy}-
ethoxy)-ethoxy]-ethoxy}-ethoxy)-acetic acid (51) with very
good overall yield of 35%.
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Fig. (29). The Fmoc-Gly-Arg-Gly-Asp-Ser pentapeptide (52)
moiety on Fmoc-Rink amide MHBA polystyrene resin.

(described above) in the presence of DCC and 1-
hydroxybenzotriazole (HOBT), provided the fully protected
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Fig. (30). The synthesis of pentapeptide terminated thiol (54).

conjugate (53). Cleavage of the peptide from the resin,
followed by precipitation with diethyl ether and purification
by gel permeation chromatography, afforded pentapeptide
terminated thiol (54) in 51% overall yield based on initial
loading of the resin Fig. (30). Note that terminal Ser was in
the amide form.

The chemical shift of the methylene protons adjacent to
the sulfur (t, 2.4 ppm, -CH,-S; triplet was observed instead
of a quartet because CD;OD was used as solvent for H
NMR) demonstrated the presence of a sulfhydryl group; no
disulfide (t, 2.7 ppm) was observed. Additionally, a thin
layer chromatogram of the product turned bright yellow
upon application of Ellman’s reagent [240], confirming the
presence of the sulfhydryl group.

The above example reminds us that although (Scheme 1)
is a useful synthetic aid, it does not provide complete
synthetic procedures and leaves much room for creative
planning. For instance, if the conditions required for the
attachment, conversion or deprotection of end group(s) R
interfere with the stability of the S-protective group, then it
might be necessary to replace R with another protective
moiety (cf. Section 3.2.). Here, the S-acetyl thiol (49) (from

H
N
N/\"/
H
O
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OtBu

o
© N
N

H
O

COOtBu
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1. TFA/PhOH/PhSM e/HSCH,CH,SH/H,0
2. Size Exclusion Chromatography

ﬂﬁrﬁﬂr

54

®

NH,

method B1, Scheme 1) was deprotected (D1, Scheme 1) and
masked with trityl group affording compound (50). This
replacement permitted simultaneous cleavage of the peptide
from the supporting resin and deprotection of the SH group
for compound (53) in the last synthetic step.

5.2. Synthesis of an Amino-Terminated Semi-Fluorinated
Long-Chain Alkanethiols

A family of SAMs based on perfluoroalkyl
amideethanethiols, [118] CF3(CF;)nCONH(CH,),SH (m =6,
7, or 8) that inhibit the corrosion of silver by hydrogen
sulfide in air were developed by Burleigh and co-workers. At
the same time, Amato and Calas have designed and prepared
amino-terminated, semi-fluorinated long-chain alkanethiols
in order to form mixed SAMs that would constitute a new
platform system for biosensors [241]. General strategy for
the preparation of these compounds was based on the
introduction of fluorinated carbon chain and protected amino
group (phthaloyl protective group) before thiol functionality
(right part of the Scheme 1). The thiol group could then be
introduced using either thiourea (method Al and
deprotection D2, Scheme 1) or thioacetic acid (method A2
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and deprotection D5) methods. The reaction pathway and the
obtained yields are shown in the Fig. (31) below.

The introduction of fluorinated carbon chain and
protected amine group was performed and appropriate
functionalized alcohol (55) was then converted into the
amino-terminated semi-fluorinated long-chain alkanethiol

Current Organic Chemistry, 2004, Vol. 8, No. 15 27

A mixture of the starting iodide (57), thiol (58) and
undesired disulfide (59) (major disadvantage of this method,
see section 4.3) was obtained Fig. (32). Separation of the
thiol (58) could not be achieved, despite attempts of
recrystallization and column chromatography. In order to
overcome these difficulties, the Mitsunobu method was used

I-(CF )1 /‘M\ AN
-(CFo)e- = OH _— 1-(CF2)g 9
8 CICH, CH,CI . OH 52%
(0]
AIBN
CICH,CH,CI N
O
Buaan
NM’ (CF2)e \/M'\ OH \)\/ (CFs
3 8 toluene
(0]

55 70%

Fig. (31). The synthesis of N-protected semi-fluorinated alcohol (55).

0]

P/l
CF
NH/( 2)3\/\M'\OH _—
3 8
0

81%

O

N (CF2)s \/\M\
I
55 0
1. thiourea /EtOH, D
2. NH,NH,, H,0 / EtOH, D
3 8
2
57 9% 76% 59 15%
Fig. (32). The synthesis of alkanethiol (58) from iodide (56) and thiourea.
o 0
CHgCOSH Q
N CFy CF. Jl\
M/ 2 8\/M\ PPh3 I DIAD NH/ ( 2)8\/‘M'\ S
THF/ 0°C 3 8
0

55

NH,NH,, H,0 / EtOH, Dj

ZNM/ @ Fz)s\/\M\

76%

Fig. (33). The synthesis of amino-terminated semi-fluorinated Iong-cham alkanethiol (58).

(58) Fig. (32). The conversion of the alcohol (55) into the
iodide (56), was followed by formation of the
isothiouronium salt (Al Scheme 1). This salt was then
converted into the thiol (58) and the amino group was
deprotected with hydrazine.

to convert starting alcohol to corresponding thioacetate (60)
Fig. (33).

The resulting thioacetate (60) was purified by
recrystallization (a key step impossible to perform for the
iodide intermediate in the preceding method, Fig. (32)) and
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both the thiol and the amine functionalities were deprotected
with hydrazine (method D5, Scheme 1).

5.3. Synthesis of a Biotinylated Thiol

Streptavidin is an exceptionally stable tetrameric protein
in which each of the four subunits binds biotin tightly with
the free energy of binding comparable to that of a covalent
bond. Biotin can be attached to proteins and saccharides as
well to other compounds; streptavidin is then used as a
molecular linker between the biotin-derivatized units.
Among various biotinylated thiols reported in the literature,
the  12-mercaptododecanoic-(8-biotinoylamido-3,6-dioxao-
ctyl) amide (65) has been widely used to attach streptavidin
or avidin to SAMs of this biotinylated thiol. This compound
was prepared as follows in the Fig. (34):

The benzyl protected thiol group was introduced in the
first step before other end groups R (left part of Scheme 1) in
excellent yield (93%). 12-Benzylthiododecanoic N-hydroxy-

Br\,(/\)\/ COOH

Witt et al.

succinimide ester (61) was made using N,N’-disuccinimidyl
carbonate (DSC). The ester was reacted with excess 2,2’-
(ethylenedioxy)diethylamine to give monoamide (62) which
reacted with biotin N-hydroxysuccinimide ester (63) to
generate 12-benzylthiododecanoic-(8-biotinoylamido-3,6-di-
oxaoctyl) amide (64). The benzyl protecting group of this
compound was readily removed using sodium in liquid
ammonia (D3, Scheme 1) to give the final product (65)
[203].

5.4. Synthesis of a
Polymerizable SAMs

Binding of proteins to membranes is crucial for many
aspects of biology and pharmacology. Interactions between
SAMs and proteins mediated by transition metal ions can in
many ways mimick biological systems [51]. A class of thiols
has been designed and synthesized in which (i) various
metal-chelating end-groups mediate specific binding of

Metal-Chelating Thiol for

9 o)

PhCH,SH

MeCN/NEt; HN NH

\
Ph\/S\/H\/COOH
9 HO
S
DSC o
MeCN/NEty ‘ o
o}
DSC
Ph_-S o N DMF/NEt,
9 g o}
. A
DCM/NEt, o NH HN  NH
HZN/\/ \/\O/\/ 2 0
o
0
Ph\/s\,H\)J\N/\/O\/\O/\/NHz 5 63
9 H
62 0
DM F/NEt,
HN™ “NH
0
Ph S o N
N N/\/ \/\O/\/ s
9 H
64 0
o)
Na/NH, i S NH

(0]
H
9 H

DSC N,N'-disuccinimidyl carbonate

Fig. (34). The synthesis of biotinylated thiol (65).

O
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Fig. (35). The synthesis of a metal-chelating thiol (68).

proteins via metal ions, and (ii) diethylene glycol units
prevent non-specific protein adsorption [242]. In SAMs
formed from these compounds, metal cations act as
“bridges” connecting the metal-chelating moiety at the
surface of a monolayer to the histidine residues of a protein.
Because some of the investigated proteins (notably,
myoglobin and carbonic anhydrase) were found to penetrate
the SAMs, it was necessary to introduce polymerizable
diacetylene units into the alkyl chains of the thiols.

The reported synthesis of these multifunctional thiols was
rather elegant and highly convergent [242]. Thiol group,
masked as thioacetate (method A2, Scheme 1), was reacted
with  N-Boc-protected  2-bromoethylamine and the
subsequent deprotection of the amino group afforded
protected thiol (66) in a good overall yield (90%). The
product was then attached to only one side of the symmetric
diacetylenic dicarboxylic acid according to the standard
peptide chemistry and the amide (67) was obtained in 71%
yield. The remaining free carboxylic group was then coupled
to the previously reported iminodiacetate-derived primary
amine [243], and the resulting product was hydrolyzed
(method D2, Scheme 1) to afford free thiol (68) Fig. (35).

N(CH, COCH),

5.5. Synthesis of a Thiol for Surface-Polymerizable SAMs

As discussed in Section 3.4., stability of organized
monolayers of thiolates on gold arises from two orthogonal
factors — strong Au-S interfacial linkage and lateral Van der
Waals interactions between neighboring alkane chains.
Conventional n-alkanethiolate SAMs on gold cannot
withstand chronic exposure to organic solvents or air,
limiting their usefulness. One way to enhance the stability of
alkanethiolate SAMs is to incorporate a polymerizable group
into the alkane backbone. Once intermolecular crosslinks
have been made, they minimize desorption and delamination
of the adsorbed thiolate molecules oxidized to the more
weakly adhering sulfinates and sulfonates. Garrell and co-
workers accomplished a convenient synthesis of epoxy-
terminated dialkyl disulfides (73) Fig. (36) that
spontaneously self-assembled onto gold surface, and which
then underwent ring-opening polymerization (by cationic or
anionic initiation) to form novel thin-film polymers [244].

The starting bromoalkene was dihydroxylated with t-
butoxyperoxide and the resulting vicinal diol (69) was
protected as acetonide (70). This protection was necessary
for the next step, conversion of bromide to the thiol group



30 Current Organic Chemistry, 2004, Vol. 8, No. 15 Witt et al.
Br GOsO, (cat) oH
AN Br\/\/\/\/\)\/ OH
t-Bu-OOH
Et,NOH 69
TsOH
acetone
1. CH; COSH, )(
OA( MeONa /MeOH ©
HSWMO Brmo
2. MeONa / MeOH
reflux
I,/ MeOH
OH
\/\/\/\/\)\/ 1. TsCl, pyridine

IS OH CH2C|2 S/\/\/\/\/\d
I | 0
S/\/\/\/\/\l/\OH 2. DBU, CH»Cl» S\/\/\/\/\/<I

OH (6]

72 73

Fig. (36). The synthesis of epoxy-terminated dialkyl disulfides (73).

using thioacetic acid (introduction of protected thiol group
method A2, deprotection conditions D2, Scheme 1) in basic
environment. Oxidation of the resulting thiol (71) and
deprotection of the two hydroxyl groups was then achieved
in one step with iodine solution in methanol. Vicinal diol
(72) thus obtained in a high overall yield (69%) was
converted to ditosylate and treatment with a strong base
(DBU) afforded the final epoxy-terminated dialkyl disulfide
(73).

This synthesis hinges on two key transformations. The
first transformation is the formation of the epoxide ring in
the last step by selective conversion of a primary hydroxyl
group of terminal 1,2-diol to a tosylate group, followed by an
intramolecular Sy2 reaction to close the three-membered
ring. The problems of: (i) olefin oxidation in the presence of
an electron-rich sulfur, and (ii) introduction of thiol group in
the presence of the reactive epoxy ring are conveniently
avoided by the indirect formation of epoxide ring in the last
step of synthesis. The second transformation is the oxidation
of the thiol to disulfide prior the tosylation step. This
conversion (necessary to mask the nucleophilicity of the
thiol) allows the tosylation of the alcohol to proceed without
interference; it also minimizes any unwanted intra- or inter-
molecular attack by the unprotected thiol on the epoxide ring
once it has been formed.

CONCLUDING REMARKS

Functionalized thiols have become one of the most
important classes of molecules in modern surface science.
The self-assembled monolayers these molecules form have
proven to be extremely useful systems for studying a variety
of surface phenomena and reactions. Originally confined to
basic research, SAMs are rapidly finding industrial
applications, and the technologies of several companies rely
on them (e.g., Biacore [SPR], SurfaceLogix [cellular assays],
Platypus Technologies [DNA chips], BioScale [sensors]). As

the new methods of coupling biomolecules to SAMs are
rapidly being developed, we envision further applications in
bioanalytical techniques, especially in DNA and protein
microarrays.

Despite their apparent structural simplicity, w-substituted
alkane thiols are often difficult to synthesize, mainly because
of the high reactivity of unprotected thiol group.
Manipulation of this group has to well-timed within the
overall synthetic scheme — in this respect, the generic
retrosynthetic strategy we described should be useful in
identifying both the proper protection/deprotection
groups/conditions, and the sequence of functionalization of
the commonly used alkane or halo-alkane precursors.
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