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Abstract: The synthesis of molecules terminated with
complementary thiol-protecting groups is described. The
target compounds contain functionalities on one end known
to form self-assembled monolayers on metal surfaces while
at the other end an intact thioacetate is present whereby
self-assembly may again occur after an in situ deprotection.
Self-assembly data is reported for selected compounds to
assess their efficacy in surface adhesion.

We recently reported the advantages of using the
mononitro thiol—thioacetate terminated oligo(phenylene
ethynylene) (OPE) (1) for use in the NanoCell, a func-
tioning molecular memory device.! We report here the
synthesis of this and other related molecules. The
structures of the target compounds 1—6 are shown in
Figure 1. We have designed these compounds to allow
for self-assembly of the molecules via the free thiol?2 or
nitrile* while protecting the other sulfur atom as a
thioacetate to ensure molecular directionality and to
inhibit cross-linking if self-assembled monolayer (SAM)
assembly on nanorods is desired. Following initial as-
sembly, the acetate can be removed with NH,OH or acid
to afford the thiolate or thiol, respectively, which can be
assembled onto another metallic material.> For the
mononitro compounds 1 and 6, this affords a monolayer
with all the nitro groups oriented in the same direction,
a result made possible only by the orthogonal protection
scheme outlined here.®

To exploit the orthogonally functionalized approach,
the syntheses were accomplished with the use of a Boc-
protected sulfur atom that could be deprotected using
trifluoroacetic acid (TFA) to afford the free thiol,” leaving
the thioacetate moiety on the other end intact.

The synthesis of the S-Boc-protected intermediate 7
is shown in Scheme 1. Treatment of 1,4-diiodobenzene
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with tert-butyllithium at —78 °C, followed by the addition
of sulfur,® and quenching with di(tert-butyl)dicarbonate
(Boc,0) afforded the desired compound 7 in moderate
yield.

The synthesis of the mononitro compound 1 is shown
in Scheme 2. Diazotization of 4-bromo-2-nitroaniline®
followed by iodination afforded the desired aryl iodide 8,
which was selectively coupled with trimethylsilylacety-
lene to give 9% in high yield. Compound 9 was coupled
with 1-ethynyl-4-thioacetylbenzene?® to afford 10. Depro-
tection of the alkyne using tetrabutylammonium fluoride®
afforded the terminal alkyne 11, which was coupled with
7 to give the orthogonally protected 12 in moderate yield.
Chemoselective cleavage of the Boc group using TFA in
anisole and methylene chloride yielded the target mol-
ecule 1 with the nitro group exclusively at the 3'-position
oriented toward the thiol.

To examine the effects of the nitro group on the
electrical characteristics of the series of molecules, the
unfunctionalized compound 2 was synthesized. The
synthesis of 2 is shown in Scheme 3 and began by
coupling 13%° with 1-ethynyl-4-thioacetylbenzene® to af-
ford the desired product 14. The alkyne was then
deprotected to afford 15. Without the addition of AcOH
and Ac,0, the acetate was also lost. Compound 15 was
then coupled with 7 to give 16. Treatment of 16 with TFA
afforded the target molecule 2 in fair yield. Also shown
in Scheme 3 is the synthesis of the more soluble diethyl-
derivatized compound 3, accomplished by coupling 1-eth-
nyl-4-thioacetylbenzene® with 17 to give 18. Intermediate
18 was then deprotected to give the alkyne 19, which was
coupled with 7 to give 20. Chemoselective deprotection
of 20 using TFA afforded the target compound 3.

With several OPEs synthesized, we focused on making
the aliphatic thiol—thioacetate-derivatized molecule 41
as shown in Scheme 4. Although the synthesis did not
require the use of a Boc-protected intermediate, this
compound was needed as a control for electrical testing.
Commercially available 1,12-dibromododecane was con-
verted to the dithioacetate using potassium thioacetate
in DMF*? to afford 21.1% The dithioacetate was depro-
tected using NaOH in acetone to give the dithiol 22.%4
The dithiol was then monoprotected using 1 equiv of
acetic anhydride in pyridine and methylene chloride to
afford the target molecule 4.

In an effort to synthesize similar molecules with
alternative metal bonding groups, we turned our focus
to synthesizing 5 (Scheme 5). Compound 5 allows for self-
assembly via the thiolate (after deprotection) with the
resulting SAM terminated with amino groups that could
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FIGURE 1. Structures of the target compounds 1—6.

SCHEME 1. Synthesis of the S-Boc Intermediate 7
—( )t Buliy—( >—sBoc
2)Sg
3) BOCzo 7

71%

TABLE 1. Chemical Self-Assembly Data for Compounds
1, 2, and 4 in THF for 40 min

thickness (nm)

compd found2 calcdP
1 2.5 2.3
2 2.1 2.3
4 2.2 18

aValue measured by ellipsometry with ca. = 0.2 nm error in
the measurement. ® The theoretical thickness calculated by mo-
lecular mechanics including the Au—S bond and a tilt angle of
20° for the OPEs'7and 33° for the alkane.18

then form coordination compounds with metallic nano-
rods and nanoparticles. Alkyne 235 was coupled with 9
to afford the desired compound 24. Intermediate 24 was
then deprotected to give 25 and coupled with 1-iodo-4-
thioacetylbenzene® to afford the target compound 5 in fair
yield.

Also shown in Scheme 5 is the synthesis of the nitrile-
terminated OPE 6, produced in order to take advantage
of the known bonding interactions between nitriles and
metals.*'® The alkyne 26 was coupled with 9 to give
27, followed by deprotection to afford the alkyne 28.
Compound 28 was then coupled with 4-iodothioacetyl-
benzene? to yield the target compound 6.

With the completed molecules in hand, we carried out
SAM formation on gold for compounds 1, 2, and 4. Using
ellipsometry, we compared the observed and theoretical
thicknesses (Table 1) to assess monolayer formation.
Immersion times were limited to 40 min, due to the rapid
assembly of thiols on gold compared to thioacetates.>'7
Assembly data for all three compounds are close to the
predicted values. Self-assembly data obtained corroborate
with our previous published data.?

In conclusion, we have synthesized several new or-
thogonally functionalized compounds for controlled self-
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assembly applications. Thiol—thioacetate derivatized
OPEs were accessed via a convenient Boc protection—
deprotection scheme to afford the free thiol in the
presence of a thioacetate. Self-assembly studies revealed
effective monolayer formation of selected compounds on
gold.

Experimental Section

Thioacetic Acid S-[4-[4-(4-mercaptophenylethynyl)-3-
nitrophenylethynyl]phenyl] Ester (1). To a 50 mL round-
bottom flask containing a stir bar were added 12 (0.25 g, 0.47
mmol), CH,CI, (6.0 mL), anisole (0.5 mL), and TFA (1.0 mL).
The reaction was allowed to stir at room temperature for 4 h.
EtOAc (25 mL) was then added and washed with water (3x).
The organic layer was dried using anhydrous MgSO,, and the
solvent was removed in vacuo. The residue was dissolved in a
minimum amount of CH,Cl,, and hexanes were then added. Care
was taken to evaporate only the CH,Cl, on the rotary evaporator.
The solid was filtered, washed with hexanes, and purified by
flash chromatography on silica gel (CH2Cl,) to afford the product
as an orange solid (0.125 g, 70%): mp 105—108 °C; FTIR (KBr)
2564, 2209, 1709, 1587, 1539, 1503, 1398, 1343, 1270, 1119,
1094, 1014, 953, 826, 620, 597, 526 cm~1; H NMR (400 MHz,
CDCl3) 6 8.23 (d, J = 1.5 Hz, 1H), 7.71 (dd, J = 8.1, 1.5 Hz, 1H),
7.67 (d, J = 8.1 Hz, 1H), 7.58 (d, 3 = 8.5 Hz, 2H), 7.47 (d, J =
8.6 Hz, 2H), 7.44 (d, J = 8.6 Hz, 2H), 7.27 (d, J = 8.5 Hz, 2H),
3.58 (s, 1H), 2.46 (s, 3H); 13C NMR (125 MHz, CDCl3) § 193.4,
149.6, 135.5, 134.6, 134.5, 134.0, 132.8, 132.5, 129.5, 129.0, 127.9,
123.9, 123.4, 119.4, 118.5, 98.9, 92.9, 88.6, 85.5, 30.6; HRMS
calcd for Co4H15NO3S, 429.0493, found 429.0496.

Thioacetic Acid S-[4-[4-(4-mercaptophenylethynyl)-
phenylethynyl]phenyl] Ester (2). To a 100 mL round-bottom
flask containing a stir bar were added 16 (0.56 g, 1.16 mmol),
CH.CI; (18 mL), anisole (1.5 mL), and TFA (3.0 mL). The
reaction was allowed to stir at room temperature for 4 h upon
which time an orange precipitate had formed. Hexanes (50 mL)
was added, and the solid was filtered, washed with hexanes, and
purified by flash chromatography on silica gel (3:1 CH,Cly/
hexanes) to afford the product as a white solid (0.29 g, 65%):
mp 190 °C dec; FTIR (KBr) 2567, 2209, 1920, 1708, 1689, 1584,
1512, 1479, 1403, 1351, 1304, 1267, 1118, 1094, 1014, 947, 837,
822, 619, 596, 543, 524, 506, 448, 415 cm~*; 'H NMR (400 MHz,
CDClI3) 6 7.56 (d, J = 8.6 Hz, 2H), 7.50 (m, 4H), 7.40 (d, J = 8.6
Hz, 2H), 7.39 (d, 3 = 8.5 Hz, 2H), 7.24 (d, J = 8.5 Hz, 2H), 3.54
(s, 1H), 2.45 (s, 3H); 13C NMR (100 MHz, CDCl3) 6 193.7, 134.5,
132.39, 132.38, 131.8, 131.7, 129.1, 128.5, 124.5, 123.5, 122.9,
120.3, 91.1, 90.9, 90.7, 89.7, 30.5; HRMS calcd for C24H160S;
384.0643, found 384.0636. Anal. Calcd: C, 74.97; H, 4.19.
Found: C, 74.68; H, 4.12.

Thioacetic Acid S-[4-[2,5-diethyl-4-(4-mercaptophenyl-
ethynyl)phenylethynyl]phenyl] Ester (3). Compound 20
(0.228 g, 0.4 mmol) was dissolved in CHCl, (5 mL) followed by
addition of anisole (0.5 mL) and TFA (1 mL). The reaction was
stirred at room temperature for 4 h. The mixture was dissolved
in EtOAc, and water (20 mL) was added. The organics were
extracted with EtOAc (3x) and dried over anhydrous MgSO,
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SCHEME 2. Synthesis of the Mononitro Compound 1
NO2 1) tBuONO NO, NO,
BrONH BF -OEt, 5 ‘O*' TMSA 5 @;TMS
p ————» Br r —
2) Nal, I, PdCl,(PPh3)s
62% 8 Cul, TEA, THF 9
95%
NO,
AcS—< >—: H —
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PdCly(PPhs), —
Cul, TEA, THF 10
29%
NO,
TBAF —
' AcS / \ — \ / ——H
AcOH, Ac,0O —
84% 1
NO,
7, Pd(dba),, PPh = =
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Cul, i-ProNEt, THF —
59% 12
NO,
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70% 1
SCHEME 3. Synthesis of Compounds 2 and 3
R R
— AcS@%H /\ —
I =—TMS > AcS = =—TMS
\ 7 PACH(PPh); S \— \ 7
R Cul, TEA, THF R
13,R=R'=H 14,R=R'=H, 60%
17,R=R'=Et 18, R=R'=Et, 48%
R
TBAF =~
> As— = \ )—=H
AcOH, Ac,0 — >_/
R
15, R=R'=H, 74%

19, R=R'=Et, 92%

R
7,PdCIp(PPhg); N/ - /=< _ A
CuLTEATHE o AL/ — >\ J— \ y SBec
R
16,R=R'=H, 56%
20, R =R' = Et, 64%
R
»  AcS = — SH
Anisole, CH,Cl, — \_/ \_/
R
2,R=R'=H,65%
3,R=R'=Et, 44%

followed by removal of the solvent in vacuo. Flash chromatog-
raphy (1:1 hexane/CH,Cl,) afforded the desired product (0.080
mg, 44%) as a sticky light brown residue: IR (KBr) 3679, 3019,
2968, 2870, 2402, 2209, 1704, 1593, 1495, 1404, 1359, 1216,
1119, 950, 828, 794, 750, 670, 616 cm~%; 'H NMR (400 MHz,
CDCl3) ¢ 7.58 (m, 3H), 7.44 (m, 5H), 7.28 (m, 2H), 3.55 (s, 1H),
2.86 (m, 4H), 2.46 (s, 3H), 1.32 (m, 6H); 13C NMR (100 MHz,
CDCl3) 6 193.6, 143.8, 143.6, 137.4, 134.4, 132.2, 132.1, 131.8,
131.5,128.2,124.8,122.8,122.2,93.9, 93.8,90.1, 88.7, 46.7, 30.4,
29.9, 27.3, 14.9; HRMS calcd for CgH240S, 440.1269, found
440.1270.
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Thioacetic Acid S-(12-Mercaptododecyl) Ester (4).1* To
a 50 mL round-bottom flask containing a stir bar were added
22 (0.20 g, 0.85 mmol), CH-Cl; (5.0 mL), pyridine (5.0 mL), and
acetic anhydride (0.08 mL). The reaction was allowed to stir at
room temperature overnight. The next day, the reaction was
concentrated in vacuo. The residue was dissolved in CH,Cl, and
purified by flash chromatography on silica gel (CH2Cl,) to afford
the product as a white solid (0.10 g, 41%): mp 32—34 °C; FTIR
(KBr) 2919, 2851, 1697, 1471, 1435, 1355, 1135, 1114, 959, 717,
638 cm™%;. 'H NMR (400 MHz, CDCl3) ¢ 2.85 (t, J = 8.3 Hz,
2H), 2.51 (quart, J = 8.3, 7.2 Hz, 2H), 2.31 (s, 3H), 1.60 (m, 4H),



SCHEME 4. Synthesis of the Aliphatic Compound 4
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SCHEME 5. Synthesis of the Amine (5) and Nitrile (6) Orthogonally Functionalized Thioacetate
Compounds

NO,
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1.34—1.25 (m, 17H); 3C NMR (100 MHz, CDCl3) 6 196.5, 34.5,
31.1, 29.93, 29.90, 29.85, 29.6, 29.51, 29.47, 29.2, 28.8, 25.1;
HRMS calcd for Ci4H250S, 276.1582, found 276.1587. Anal.
Calcd: C, 60.81; H, 10.21. Found: C, 61.01; H, 10.30.

Thioacetic Acid S-[4-[4-(4-Aminophenylethynyl)-2-ni-
trophenylethynyl]phenyl] Ester (5). See the general coupling
procedure. Used were 25 (0.78 g, 2.97 mmol), 1-iodo-4-thioacetyl-
benzene? (0.91 g, 3.27 mmol), Pd(dba); (0.09 g, 0.15 mmol), PPh;
(0.16 g, 0.60 mmol), Cul (0.06 g, 0.30 mmol), THF (20 mL), and
i-ProNEt (2 mL, 12 mmol). The reaction was stirred at room
temperature for 15 h. The mixture was then poured into water
and extracted with EtOAc (2x). The combined organics were
washed with brine (2x) and dried over anhydrous MgSO,. The
crude materials were purified by flash chromatography on silica
gel (12:24:1 hexane/CH,CIl,/EtOACc). The collected fractions were
concentrated to about 5 mL and then diluted with hexanes; the
formed precipitates were filtered to give 5 as orange crystals
(0.67 g, 55%): mp 181—183 °C; FTIR (KBr) 3447, 3366, 2214,
2194, 1710, 1626, 1600, 1534, 1518, 1477, 1399, 1348, 1289,
1268, 1121, 1088, 1015, 957, 895, 835, 823, 617, 556, 527 cm™;
1H NMR (400 MHz, (CD3),CO) ¢ 8.18 (d, J = 1.7 Hz, 1H), 7.85
(d, 3 =8.1 Hz, 1H), 7.82 (dd, J = 8.1, 1.5 Hz, 1H), 7.69 (d, J =
8.6 Hz, 2H), 7.55 (d, J = 8.6 Hz, 2H), 7.34 (d, J = 8.6 Hz, 2H),
6.73 (d, 3 = 8.6 Hz, 2H), 5.25 (s, 2H), 2.47 (s, 3H); 3C NMR
(100 MHz, (CD3),S0) ¢ 193.7, 151.2, 150.2, 135.9, 135.6, 135.4,
134.0,133.1, 130.4, 127.3, 125.9, 123.3, 115.9, 114.5, 107.6, 97.4,
97.3, 87.1, 85.8, 31.2; HRMS calcd for Cp4H16N,03S 412.0882,
found 412.0879. Anal. Calcd: C, 69.89; H, 3.91; N, 6.79. Found:
C, 69.99; H, 3.89; N, 6.71.

Thioacetic Acid S-[4-[4-(4-Cyanophenylethynyl)-2-ni-
trophenylethynyl]phenyl] Ester (6). See the general coupling
procedure. Used were 28 (0.35 g, 1.29 mmol), 1-iodo-4-thioacetyl-

benzene® (0.39 g, 1.41 mmol), Pd(dba), (0.04 g, 0.06 mmol), PPh;
(0.07 g, 0.26 mmol), Cul (0.03 g, 0.13 mmol), THF (5 mL), and
i-PraNEt (0.9 mL, 5.2 mmol). The reaction was stirred at room
temperature overnight. The mixture was then diluted with
EtOACc/THF (50/50 mL), washed with water (1x) and brine (1x),
and dried over anhydrous MgSO,. Flash chromatography on
silica gel (CH2Cl,) and concentration of the collected fractions
in vacuo to about 30 mL followed by filtration gave 6 as an
orange solid (0.32 g, 59%): mp 154—156 °C; FTIR (KBr) 2360,
2338, 2222, 1708, 1599, 1538, 1520, 1398, 1341, 1270, 1125,
1091, 960, 830, 611, 554 cm~%; 'H NMR (400 MHz, (CD3),SO) 6
8.39 (d, J = 1.6 Hz, 1H), 7.99 (dd, J = 8.1, 1.6 Hz, 1H), 7.95 (m,
3H), 7.82 (d, 3 = 8.5 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.53 (d,
J = 8.3 Hz, 2H), 2.47 (s, 3H); 3C NMR (100 MHz, (CD3),SO) 6
192.7,149.3, 136.0, 135.0, 134.6, 132.7, 132.4, 132.3, 129.8, 127.7,
126.1, 122.8, 122.2, 118.3, 117.1, 111.7, 97.4, 91.7, 90.5, 86.0,
30.4; HRMS calcd for CzsH14N203S 422.0725, found 422.0715.
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