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Abstract:  The synthesis of epoxy-terminated dialkyl disulfides for incorporation into
polymerizable self-asssembled monolayers is reported. The epoxide is installed by an indirect
method in which the disulfide linkage is used as a built-in protecting group. © 1998 Elsevier Science Ltd.

All rights reserved
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such as chemical sensors. 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, e.g., diacetylene,’ vinyl,® pyrrole,” or boronic
acid.® Once intermolecular crosslinks have been made,*” even if a s:gmﬁcant fraction of the adsorbed thiolate
molecules oxidize to the more weakly adhering sulfinates and sulfonates, desorption and delamination are
minimized. We have accomplished the convenient synthesis of epoxy-terminated dialkyl disulfides that can
spontaneously self-assemble onto gold surfaces, and which can then undergo ring-opening polymerization (e. g.,
by cationic or anionic initiation)" to form novel thin-film polymers (Scheme I). While amphiphiles containing
epoxides have been synthesized for polymerizable Langmuir Blodgett films,'"'> and Lofés et al. have desribed a
method to modify hydroxyl terminated thiolates post-assembly to produce terminal epoxides,'* this is the first
synthesis of epoxy-terminated organosuifur compounds for self-assembly. Because epox1aes are one of the most
synthetically versatile organic intermediates," these mol

range of chemically modified SAMs.

fff ” rrs _fj)/

PR st rareiarnt ctortinog MmATrn + Lo -4

PN PP, S P . P o o Tep ~
CLUICS dIdO pl Vld a COnverucnt Star Ilg pUllIl 10I d W dC

n
]
i

Scheme 1
s nf PPN IR S il A-L o e bmamimnlon e ] AL 10T PR P L PO 4o PR . S Vo Y -
10C SYNUICSIS 01 UIC CPOXY-IWCHINIAICA AISULLIAES IS DUl dIUUIlU two Kﬁy Lrdist 14110118, une 1s
installation of the epoxide ring in the last step by selectively converting a 1° alcohol of a terminal 1,2-diol to a
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the ring indirectly, the problems of (a) oxidizing an olefin in the presence of an electron-rich sulfur, and (b) of
installing a thiol in the presence of the reactive epoxy ring are conveniently avoided. The second key

transformation involves oxidizing the thiol to disulfide prior to the tosylation step. We have taken advantage of the
fact that SAMs prepared from disulfides produce monolayers identical in structure to those prepared from the
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corresponding thiols. This protection (required in order to mask the nucleophilicity of the thiol) allows tosylation
of the alcohol to proceed without interference. Protecting the thiols as disulfides also helps minimize any
unwanted intra- or inter- molecular attack by the unprotected thiol on the epoxide ring once it has been installed.
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Figure 1

Figure 1 shows the synthetic route used to construct the epoxy-terminated symmetrical disulfides. The
first step involves dihydroxylating bromoalkene 1.'>'® A racemic mixture of diol 2 is obtained in almost
quantitative yield." (Although one advantage of obtaining the racemic mixture is that racemic rnonolayers pack
more densely and with fewer defects than monolayers composed purely of a bmgle enantiomer,'® the pure
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enantiomers may facilitate directed polymerization of the epoxides.) Protection of the 1,2-diol 2 is accomplished
by dissolving it in dry acetone and adding TsOH in cata}ytic amounts to afford th" acetonide 3, in 90% yield."””
Protection of the diol was found to be a necessary step. The subsequent transformation converts the 1° bromide
into a thiol under extremely basic conditions. When ceu'ried out with an unprotected diol, a white insoluble
polymer formed and the desired mercapto-diol was recovered in only ~30% yield. F olymerizalic" resumably

occurs through deprotonation of the alcohol followed by subse an
To convert 3 to the thiol, the bromo acetonide 3 is treated with thioacetic amd and excess sodlum methomd
two-step procedure to give thiol 4 in 90% yield.”"** Thiol 4 is then oxidized with 0.1 M iodine to afford the
deprotected disulfide 5 in 90% yield.”» In this transformation, methanolic iodine was used because it not only
selectively oxidized the thiol to the disulfide without over-oxidation, but it also deprotected the diol in the same
step.”* Disulfide 5 is dissolved in freshly distilled pyridine, treated with 2.5 eq TsCl to form the ditosylate, from
which most of the pyridine is removed by aqueous extraction; the residue left after evaporation of the organic
layer is taken up in CH,Cl,. Addition of 6 equiv of 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) effects the
intramolecular S, 2 ring-closure to yieid cpoxy-disuiﬁde 6 in a 55% yield.” The remaining materiai has been
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10,11-epoxides, as well as 10,11-diols and 11-tosyl-10-ols. These compounds are easily separated from the
target compound by flash chromatography. The six steps of this synthetic protocol
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terminated disulfide 6 in 40% overall yield.
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This new synthetic route to symmetrical epoxy-terminated disulfides utilizes well-known reactions and

common reagents, and can readily be extended to produce disulfides of varying chain lengths, affording control of
the SAMs thickness. Another advantage of this approach is that the products have only carbon atoms in the
backbone. Functional groups within SAMs can decrease the packing density and/or increase disorder in the
SAM, or compromise the integrity of the film by introducing “weak-links” or reactive sites (e.g., a hydrolyzable
ester linkage).”**’ The epoxides can readily be converted to a number of more interesting and syntheticaily useful
orgamc functionalities. Thus, these new disulfides provide the starting point for synthesizing new types of SAMs
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11-Bromo-1-undecene (Pfaltz and Bauer) was used as received.

Synthesis of 11-bromoundecane-1,2-diol (2) 10 mL of tert-butyl alcohol, 405 pl. of tetraethylammonium
hydroxide, (20% in water, 0.6 mmol), and 11-bromo-1-undecene 1 (1.26 g, 5.4 mmol) were added to the
reaction flask placed in a salt/icebath. 960 pL (8.6 mmol) of tert-butylhydroperoxide (90% in water) followed
by 100 uL (0.008 mmoi) of osmium tetraoxide (2.5% in zerr-butyi aicohol) were added. Upon addition of the
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mixture to turn orange-gray. Once warmed to R.T., the mixture was concentrated in vacuo to remove most of
the rprr-hntv] alcohol and water. The residue was extracted with ether (2 x 20 mL) and the organic phase washed
with brine. After drying over MgSO,, filtration, and concentration, the organic phase yielded diol 2 as white
crystals. (1.31 g, 99% yield). '"H NMR (CDCl,, 400 MHz) 8: 3.67 (m, 1H), 3.41 (m, 2H), 3.38 (t, 2H)(C-Br),
1.81 (quin., 2H), 1.79 (broad s, 1H), 1.40 (m, 3H), 1.3 — 1.2 (m, 12H). HRMS: calcd for C,;H,;0,Br 267.0960
(M+H)" & 265.0803 (M-H)"; found, 267.0960 (M+H)" and 265.0800 (M-H)".
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20. Synthesis of 1-bromo-10,11-isopropylidene-undecane (3). Adapted from a procedure reported by Lewbart et
al.,"”” diol 2 (1.4 g, 5.4 mmol) was placed in a flame-dried 1 L flask, to which were added dry acetone (700 mL)
and p-toluenesulfonic acid (0.362 g, 0.36 mmol). The reaction was allowed to stir overnight R.T., after which
excess NaHCO, was added. Most of the acetone was removed in vacueo and the residue extracted by adding 20
mL of DI H;0 and 30 mL of CH,Cl,(2x). The combined organic layer was washed with saturated brine solution
{30 mi), dried over MgSO,, and concentrated. The residue was purified by flash chromatography (65%:35%
Hex/EtOAc) to afford 2 (1.31 g) as a pale yellow oil in 90% yield. '"H NMR (CDCL,, 400 MHz) 8: 4.00 (m, 1H),
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34 (8, o), 1.27 (8, onj, 1.5-1.2 (m,

)
(4\- Modified from a proccdl_.rc described by Bain et al."®
to 20 mL of 0.25 M methanolic NaOCH,,
followed by l4g (4 5 mmol) of 3. The reaction was refluxed for 4 h under nitrogen and then cooled to R.T.

An additional 0.48 g (8.9 mmol) of NaOCH, was added, and the reaction was refluxed for 2 h more. Upon
addition of NaOCHj;, the reaction mixture turned from a light yellow to a peach color. Most of the CH,OH was
removed in vacuo. The reaction was quenched by addition of 30 mL of half-saturated aqueous NH,Cl. The
aqueous layer was extracted with 30 mL of CHCI, (2x); the combined organic phases were washed with water,
dried over MgSQ,, and concentrated. Purification of the resulting crude yellow oil (1.09 g, 95%) by flash
chromatography (1:1 EtOAc/Hexs) furnished 4 in 90% yield (i.05 g). 'H NMR (CDCl,, 400 MHz) &: 4.00 (m,

iH), 3.95 (m, 1H), 3.41 (i, iH), 2.46 (q, J =8 Hz, 2H), 1.41 (m, 4H), 1.34 (s, 3H), 1.30 (s, 3H), 1.3-1.2 (m, 14H).
HRMS: calc'd for C,;H,S0O, 261.1888 (M+H)"; found, 261.1884 (M+H)".

22. Rain. C D., T{'Oughfnn E. B.: Tao V.,T'; Evall T - Whitocidees (G M Nuzza R G. J

o
ASLily LIVVIdy 3 J., A @AV, L Aly Joy VY LEIWWSIULS, \J. 1V1., IVULLU, IN.

321-335.

23. Synthesis of di(10,11-dihydroxyundecyl) disulfide (5). 0.42 g ( 0.104 mmole) of 4 was dissolved in 2 mL of
methanol and titrated with 0.1 M methanolic iodine until the reaction turned from colorless to a persistent
yellow. The reaction was quenched with 2 mL of 5 % sodium bisulfite. Most of the solvent was evaporated to
afford a white precipitate that was collected by vacuum filtration, thoroughly washed with cold 5% sodium
bisulfite solution, then water. After drying, and recrystallization from CH,OH and CHCI,, white solid 5 was
obtained in 90% yield (0.31 g). '"H NMR (CDCl,+ CD,0D, 400 MHz) &: 3.60 (m, 1H), 3.55 (m, 1H), 3.39 (m,
1H), 2.67 (t, 2H), 1.61 (quin, 2H), 1.2-1.3 (m, 14H). HRMS: caled for C,,H,S,0, 438.2838 (M)"; found,

438.2837 (M)".
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solution of ucbniy distilled pyridine (1 ml), CH,Ci,
3 mmol) of TsCl. The mixture was stirred overnight
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(0.5 mL), and 5 (0.05g, 0.12 mmol), was added 0.05 g (0.2
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at room temnerature. The CH.Cl was gvapgramd
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x 20 mL), The separated organic layer was washed with 5‘7/ ueous NaHCO,

,,,,,, >, dried over MgSQ,, and
concentrated. The residue was taken up by CH,Cl, and 6 equiv. of DBU were added The solution was stirred at
20 °C for 15 h, after which the solvent was removed and replaced with ether. The ethereal layer was washed with
2 M HC1 (10 mL), saturated Na,CO, solution (10 mL), H,O (2 x 10 mL), and brine (10 mL), dried over MgSO,
and concentrated. The product was purified by successive chromatography (first column run with 3:1
EtOAc/Hexs, followed by a second column run with 1:9 EtOAc/Hexs). Compound 6 was recovered as a clear oil.
(0.025 g, 55% based on recovered starting material) '"H NMR (CDCl,, 400 MHz) &: 2.85 (m, 1H), 2.69 (dd, J =
4.1 Hz, 1H), 2.61 (t, 2H), 2.41 (dd, J = 2.7 Hz, 1H), 1.61 (quin., 2H), 1.49 (m, 2H), 1.35 (m, 2H), 1.4-1.2 (m,
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