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This paper reports 16 chemical reactions for elaborating the structures of self-assembled monolayers (SAMs) of
alkanethiolates on gold. This work takes advantage of matrix-assisted laser desorption/ionization and time-of-flight
mass spectrometry (MALDI-TOF MS) to rapidly characterize the products and yields of reactions that occur with
molecules attached to monolayers. The paper also describes a method for screening reaction conditions, wherein
monolayers are treated with an array of reactants and mass spectrometry is used to identify those regions that undergo
reactions to give new, and unanticipated, products in high yield. These examples serve to increase the collection of
reactions that can be used to elaborate the structures, and therefore the properties, of self-assembled monolayers of
alkanethiolates on gold and to introduce label-free methods for screening interfacial reactions.

Introduction force microscopy, cyclic voltammetry, and surface plasmon
resonance spectroscop§i®2® These analytical methods are
combined with control reactions (for example, verifying that
offered wide flexibility ti ¢ havi I-defined nco.ndensation ofasolub!e amine with animmobili.zed.carboxylic

1ty In creating surtaces having well-detined o 4 qoes not proceed in the absence of an activating reagent)
structures. The ability to tailor the molecular level structure, to ultimately validate interfacial reactions.

and thgrefpre the properties, of a surface h"?‘s proven significant The need for better-suited analytical techniques is particularly
to studies in a broad range of areas, including electron-transfer.

processes, biomolecular recognition, and micro/nanofabrication. Important for the characterization of products having multiple

o . functional groups and for products resulting from a sequence of
The availability of reactions that can be used to _elaborate the reactions. We recently demonstrated that matrix-assisted laser
structures of preformed monolayers (together with the use of

terminally functionalized alkanethiols in the preparation of (6) Yang, M.; Tsang, E. M. W.: Wang, Y. A.; Peng, X. G.. Yu, HiZngmuir
monolayers) has been central to these applicatiénéet, the 2005 21, 1858-1865.

development of interfacial reactions remains difficult, primarily gg 533”55"2'-LL';SL,eft?eég’Jﬁigm‘r"ﬁa%%% 12‘%16}33-48
owing to the challenges in characterizing the products and yields (g gngquist, i'; Lestelius, M.; Liedberg, Bangmuir1997, 13, 4003-4012.

of conversions. In practice, the development of each new reaction (10) Frutos, A. G.; Brockman, J. M.; Corn, R. Mangmuir200Q 16, 2192~

i i i 2197.
requires data fr_om several a_nalytlcal methOdS to establish the (11) Persson, H. H. J.; Caseri, W. R.; Suter, U.\Mihgmuir2001, 17, 3643~
presence and yield of the anticipated reaction. The modest paceygsg.

of interfacial reaction development (approximately 30 interfacial  (12) Himmel, H.J.; Weiss, K.; Jager, B.; Dannenberger, O.; Grunze, M.; Woll,
. . Langmuir1997, 13, 4943-4947.
reactions have been reported over the past 20 years (Table 1)

. | i . (13) Jang, C. H.; Stevens, B. D.; Phillips, R.; Calter, M. A.; Ducker, W. A.
is evidence of the challenges associated with these efforts.  Nano Lett.2003 3, 691-694.

; e f R _ (14) Sortino, S.; Petralia, S.; Compagnini, G.; Conoci, S.; Condorelin@ew.
As noted above, the primary difficulty in developing chem Chem.. Int. E42002 41 1914-1917.

istries for elaborating the structures of monolayers lies in the — (15) vang, w. R; Hibbert, D. B.; Zhang, R.; Willett, G. D.; Gooding, J. J.

characterization of products. Organic reactions performed in Langmuir%QQS 21, 260-265. Whitesid e
solution can be analyzed rapidly with a variety of reliable and 77&%)9'(‘;_“ in, J.; Isaacs, L.; Tien, J.; Whitesides, G. Ahal. Chem1999 71,
informative techniques, including NMR spectroscopy, mass  (17) Herrwerth, S.; Rosendahl, T.; Feng, C.; Fick, J.; Eck, W.; Himmelhaus,

spectromelry, infrared spectroscopy, and X-ray crystallography. ™ [ {iuci i, S S, Ganan @ Blebuyok, Ho Michel, B Gerber, C.
When working with interfacial reactions, by contrast, the small gigist, H.: Wolf, H.; Ringsdorf, H. Xanthopoulos, N. Mathieu, HLAngmuir

amount of compound (a few picomoles per square millimeter) 1996 12, 1997-2006.

(19) Lahiri, J.; Ostuni, E.; Whitesides, G. Mangmuir1999 15, 2055-2060.
and the attachment of the molecules to a surface prevent the use (20) Smith, E. A~ Wanat, M. J.: Cheng. Y. F.: Barreira, S. V. P.« Frutos, A.

of these common methods. Instead, a combination of spectro-g.: corn, R. M.Langmuir2003, 17, 2502-2507.

scopic and ultrahigh vacuum techniques are used, including IR 11(%%23&%989? P.; Hegner, M.; Guntherodt, H. J.; SemenzbaGgmuir1995

speptroscopy,_x-ray photoelec?ron spectroscopy, contact angle '(22) Kohli, P.: Blanchard, G. Langmuir200Q 16, 4655-4661.

goniometry, ellipsometry, scanning tunneling microscopy, atomic  (23) Collman, J. P.; Devaraj, N. K.; Chidsey, C. E. IZangmuir 2004 20,
1051-1053.

- . (24) Lee, J. K.; Chi, Y. S.; Choi, I. S.angmuir2004 20, 3844-3847.
* To whom correspondence should be addressed. E-mail: mmrksich@  (25) Lee, J. K.; Lee, K. B.; Kim, D. J.; Choi, . 8angmuir2003 19, 8141~

The introduction of self-assembled monolayers of alkanethi-

uchicago.edu. Fax: 773-702-1677. 8143.
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Rapid Bvaluation of Interfacial Reactions on SAMs

Table 1. Reactions That Have Been Performed on SAMs

h 1
P N/ Bu
N o el
(M=Fe, Co, or Mn)
gl/é[‘

/
N—M—0'

z O/ kel By
'Bu
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mation on the products and yields of reactions on monol&yéts.
In this paper, we use the SAMDI method to report 15 reactions

SAM Reagents ~ Product  Reference that occur on monolayers and we also demonstrate the use of

o o oA SAMDI to rapidly screen a multitude of reaction conditions to
< RJLXA:; < 6-10 identify an unanticipated interfacial reaction.

¢ 0S0;0H 7 . .
crsodn A Experimental Section
s _OPO(OH), 7 . .
o “ Materials. Reagents and solvents were purchased from Aldrich
Ph-N=C=0 “{OT“W 11,12 Chemical Co. (Milwaukee, WI) unless otherwise noted. t&ri-
° butylphosphine (10 wt % in hexane) was purchased from Strem
ouTCl OO 10 Chemicals, Inc. (Newburyport, MA), and absolute ethanol was
oour on 10 purchased from AAPER Alcohol (Shelbyville, KY). Tetrahydrofuran
4 TFA < (THF) was distilled from sodium/benzophenone, and dichlo-
" _on NalO, i 13 romethane was distilled from calcium hydride. Microscope cover
“o "‘LO " glasses and glass vials (7 mL) with plugs and septa were purchased
Ko socl, o 14 from Fischer Scientific (Pittsburgh, PA).
ROHand EDCor ] 8,15-17 Preparation of Monolayers.Monolayers were prepared according

. renamodme 2 o to reported method®.Briefly, 6 nm of titanium followed by 22 nm

o NH,R K 6,14-19 . of gold were evaporated by electron beam onto glass microscope
3o 10,20,21 slides. Self-assembled monolayers were formed by immersion of
o " 18.22 the metallized slides in an ethanolic solution containing a func-
o e X=C=N-R <My Ma Toa tionalized alkanethiol (or disulfide) and a background alkanethiol
© s o_on 11,22 (or disulfide) at an appropriate ratio (1 mM total thiol/disulfide
WV ROH 2“7* 11 concentration) at room temperature. After 12 h, the substrates were
. NHy 11 rinsed with ethanol and dried under a stream of nitrogen. Single
e YN,,N 23247 reactions were performed with monolayers measuring approximately
Mo =R N7 " i 4 mn? in glass vials. For the reaction screening, a larger substrate
~ - e 25 was placed in contact with a slab of poly(dimethylsiloxane) (PDMS)
< S NF‘ having an array of holes measuring 2 mm in diameter to give an
°}? g;és“ 2026 array of reaction wells wherein the floors of the wells presented
L HSR N ’ monolayers of defined composition.
LY

s\o Q . s\:ﬁ 20.20° SAMDI Mass Spectrometry Analysis.Monolayers were treated
“‘S s ‘{SH 20’ with 2,4,6-trinydroxyacetophenone 4L of a 5 mg/mL solution in
SR dihithreitol ‘ "fo acetonitrile or 10:1 v/v hexane/ethanol), allowed to dry in air, and
jL X Gonmmatr o A How 27,28 analyzed on a Voyager DE-PRO Biospectrometry mass spectrometer

(] . . . .

o . 13,2932 from Applied Biosystems (Framlngham, MA). A 337 nm nitrogen
P RNH, P laser was used as the desorption/ionization source, and all spectra
N D (@ 2733 were acquired with 20 kV accelerating voltage using positive ion

R ’ reflector mode.
N cooR N COOR Synthesis of Octadec-17-enyl-4-methylbenzenesulfonate (2).
c0? HO]/ , 34,35 11-Bromo-1-undecene (3.63 mL, 16.7 mmol) in THF (30 mL) was
™o o added dropwise to a reaction flask containing magnesium (0.6 g, 25
o OH JL ,R 36 mmol) and a few crystals of iodine. The reaction mixture was heated
O Hn N at reflux for 2 h and then transferred dropwise to a solution of
ﬂ"" . +°>\,pn 37 1,7di-tosyloxyheptanel)*? and copper(l) iodide in THF (30 mL).
° o The reaction was kept at 5@ for 14 h and then stopped by the
HO{\Q\ lectoshemisiry 0;@§ 33,38° addition of an aqueous solution saturated with ammonium chloride.
oH o The mixture was extracted with diethyl ether (30 mL3), and the
o oH _ 0 32 combined organic layers were washed with water and brine and
ﬁ,‘k/;@[wza clectrochemisry P . dried over anhydrous MgSQAfter removal of the solventa vacuq
o ONO 1) +0N
%N@[aa hv E)LQQC% 14 (30) Horton, R. C.; Herne, T. M.; Myles, D. @. Am. Chem. So4997, 119,
oo 12980-12981.
Oj\o - Hm 39 10(()?;]2-) Klare, J. E.; Tulevski, G. S.; Nuckolls, Cangmuir2004 20, 10068~
i1 .
5@‘”‘5 o (32) Yeo, W. S.; Mrksich, MAdv. Mater. 2004 16, 1352-1356.
0N OMe (33) Yousaf, M. N.; Mrksich, MJ. Am. Chem. S0d.999 121, 4286-4287.
Ph Ph . (34) Hodneland, C. D.; Lee, Y. S.; Min, D. H.; Mrksich, l&roc. Natl. Acad.
Py 7 B 40 Sci. U.S.A2002 99, 5048-5052.

(35) Murphy, W. L.; Mercurius, K. O.; Koide, S.; Mrksich, M.angmuir
2004 20, 1026-1030.

(36) Kim, K.; Jang, M.; Yang, H. S.; Kim, E.; Kim, Y. T.; Kwak, langmuir
2004 20, 3821-3823.

(37) Kell, A. J.; Workentin, M. SLangmuir2001, 17, 7355-7363.

(38) Hodneland, C. D.; Mrksich, MJ. Am. Chem. SoQ00Q 122, 4235~
4236.

@ These reactions had the immobilized molecule and soluble reagent
reversed.

(39) Dillmore, W. S.; Yousaf, M. N.; Mrksich, M.angmuir2004 20, 7223~
7231.

(40) Nielsen, M.; Larsen, N. B.; Gothelf, K. \Langmuir2002 18, 2795~
2799.

(41) Su, J.; Mrksich, MAngew. Chem., Int. EQ2002 41, 4715-4718.

(42) Yu, K. H.; Kim, Y. S.; Kim, S. W,; Park, S. W.; Park, J. H.; Yang, S.
D.; Herdering, W.; Knoechel, AJ. Labelled Compd. Radiopharr2003 46,
1151-1160.

desorption/ionization and time-of-flight mass spectrometry
(MALDI-TOF MS), when combined with monolayers in a
technique termed SAMDI, provides rapid and definitive infor-
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the residue was purified by silica gel chromatography with 9:1 hexane/
ethyl acetate as eluent to gi2g3.01 g, 7.13 mmol, yield 42.7%).

IH NMR (CDClg): 1.25 (m, 26H), 1.60 (m, 2H), 2.04 (m, 2H), 2.45
(s, 3H), 4.02 (t, 2H), 4.95 (m, 2H), 5.80 (m, 1H), 7.34 (d, 2H), 7.78
(d, 2H).

Synthesis of 2-(2-(2-(Octadec-17-enyloxy)ethoxy)ethoxy)etha-
nol (3). Sodium hydride (0.21 g, 8.7 mmol) was added to a solution
of tri(ethylene glycol) (3.1 mL, 23.2 mmol) in anhydrous THF
(30 mL). The solution was stirred for 2 h, and a solutio af THF

Li et al.

Synthesis of 1,1,1-Triphenyl-14,17,20,23-tetraoxa-2-thiahexa-
cosane-26-nitrile (16).Sodium hydroxide (3 mg) was added to a
solution 0f15(0.17 g, 0.3 mmol) in acetonitrile (5 mL). The reaction
flask was wrapped with aluminum foil, and acrylonitrile (0.03 mL,
0.45 mmol) was added dropwise. The reaction mixture was stirred
for 3 h and then quenched with water. The mixture was extracted
with dichloromethane (5 mix 3), and the combined organic layers
were washed with brine and dried over anhydrous MgS3Gter
removal of the solvents vacuq the product{6) was used without

(30 mL) was added dropwise. The reaction was then heated at refluxfurther purification.!H NMR (CDCly): 1.16-1.58 (m, 18H), 2.12

for 16 h and then quenched with water. The mixture was extracted
with ethyl acetate (30 mlx 3), and the combined organic layers
were washed with water and brine and dried over anhydrous MgSO
After removal of the solventi® vacuq the residue was purified by

(t, 2H), 2.63 (t, 2H), 3.44 (t, 2H), 3.573.74 (m, 16H), 7.187.42
(m, 15H).

Synthesis of 1,1,1-Triphenyl-14,17,20,23-tetraoxa-2-thiahexa-
cosan-26-amine (17)Lithium aluminum hydride (22@.L, 2.0 M

silica gel chromatography with 1:1 hexane/ethyl acetate as eluentin THF) was added to a solution @6 (0.14 g, 0.22 mmol) in dry

to give3(1.78 g, 4.45 mmol, yield 76.6%) NMR (CDCl): 1.25
(m, 26H), 1.58 (m, 2H), 2.04 (m, 2H), 3.45 (t, 2H), 3.66 (m, 12H),
4.95 (m, 2H), 5.80 (m, 1H).

Synthesis of S-18-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)-
octadecylethanethioate (4)Recrystallized azobis(isobutyronitrile)
(AIBN) (50 mg) and thiolacetic acid (1.31 mL, 18.32 mmol) were
added to a solution ¢ (1.83 g, 4.58 mmol) in MeOH (50 mL). The
reaction mixture was stirred under a UV source for 12 h. The solvent
was then removed under vacuum, and the proddiciMas used
without further purification'H NMR (CDCls): 1.25-1.58 (m, 32H),
2.32 (s, 3H), 2.86 (t, 2H), 3.45 (t, 2H), 3.66 (m, 12H).

Synthesis of 2-(2-(2-(18-Mercaptooctadecyloxy)ethoxy)ethoxy)-
ethanol (5). Concentrated HCI (5 mL) was added to a solution of
thiolesterd (2.17 g, 4.56 mmol) in MeOH (50 mL), and the reaction
mixture was refluxed for 6 h. The solvent was then removed under
vacuum, and the producdd)was used without further purification.

IH NMR (CDCly): 1.25-1.58 (m, 32H), 2.52 (g, 2H), 3.45 (t, 2H),
3.66 (m, 12H).

Synthesis of 1,1,1-Triphenyl-21,24,27-trioxa-2-thianonacosan-
29-0l (6).Trityl chloride (1.85 g, 6.63 mmol) was added to a solution
of 5(1.92 g, 4.42 mmol) in anhydrous THF (40 mL). The reaction
mixture was stirred for 14 h. The solvent was then removed under
vacuum, and the residue was purified by silica gel chromatography
(1:2 hexanel/ethyl acetate as eluent) to givEl.35 g, 2.0 mmol,
yield 45%).'"H NMR (CDCl;): 1.16-1.58 (m, 32H), 2.14 (t, 2H),
3.45 (t, 2H), 3.66 (m, 12H), 7.187.42 (m, 15H).

Synthesis of 1,1,1-Triphenyl-21,24,27,30-tetraoxa-2-thiatri-
triacont-32-yne (7).Sodium hydride (0.11 g, 4.5 mmol) was added
toasolution 06 (1.01 g, 1.5 mmol) in anhydrous dimethylformamide
(DMF) (15 mL) at 0°C. The reaction mixture was stirred at room
temperature fo2 h and cooled to @C, and then propargy! bromide
(80 wt % in toluene, 0.5 mL, 4.5 mmol) was added dropwise. The

ethyl ether at-30 °C. The reaction mixture was stirred-afLl0 °C

for 30 min and then quenched with an aqueous solution saturated
with ammonium chloride. The mixture was extracted with dichlo-
romethane (10 mlx 3), and the combined organic layers were
washed with brine and dried over anhydrous MgS&ter removal

of the solventsn vacuqg the residue was purified by silica gel
chromatography (10:1 methylene chloride/methanol as eluent) to
givel7(12.7 mg, 0.02 mmol, yield 9.1%} NMR (CDCly): 1.16—

1.58 (m, 20H), 2.08 (t, 2H), 2.13 (t, 2H), 3.13 (t, 2H), 3.52 (t, 2H),
3.57-3.74 (m, 14H), 7.187.42 (m, 15H).

Synthesis of 1-Amino-4,7,10,13-tetraoxatetracosane-24-thiol
(18). Triethylsilane (0.016 mL, 0.1 mmol) and trifluoroacetic acid
(0.15 mL) were added to a solution 7 (12.7 mg, 0.02 mmol) in
anhydrous methylene chloride (2.85 mL) and stirred for 2 h. The
solvents were then removed, and the residue was purified by silica
gel chromatography (10:1 methylene chloride/methanol as eluent)
to give 18 (3.8 mg, 0.01 mmol, yield 48.3%}H NMR (CDCl):
1.25-1.58 (m, 20H), 2.08 (t, 2H), 2.52 (q, 2H), 3.13 (t, 2H), 3.52
(t, 2H), 3.573.74 (m, 14H).

N-Alkyl Pyridinium Formation (Table 2, Entry 16). Propanal
(7.3uL, 0.1 mmol) and dimethyl sulfoxide (DMSO) (1 mL) were
added to a glass vial. An amino-terminated monolayer (prepared
from a 1:1 ethanolic solution of amino-terminated disulfideand
tri(ethylene glycol) disulfidd 2) was placed in the solution and kept
at room temperature for 1 h. The monolayer was then removed,
washed, and analyzed by SAMDI. Representative SAMDI spectra
are shown in Figure 7.

Synthesis of 2-Ethyl-3,5-dimethyl-1-phenethylpyridinium (19).
2-Phenethylamine (0.28 mL, 1.5 mmol) and propanal (10.8 mL, 150
mmol) were dissolved in hexane (16 mL) and stirred at room
temperature for 24 h. The solvent and excess propanal were then
removed under vacuum, and the residue was purified by silica gel
chromatography (10:1 methylene chloride/methanol as eluent) to

solution was stirred at room temperature for 12 h and then quenchedgive 19(7.7 mg, 0.032 mmol, yield 2.1%% NMR (CDsCN): 1.22

with water. The mixture was extracted with ethyl acetate (15 mL

(t, 3H), 2.29 (s, 3H), 2.46 (s, 3H), 2.96 (q, 2H), 3.21 (t, 2H), 4.64

x 3), and the combined organic layers were washed with water and (t, 2H), 7.13 (m, 2H), 7.31 (m, 3H), 8.02 (s, 1H), 8.03 (s, 1H). MS

brine and dried over anhydrous Mg$@®@fter removal of the solvents

in vacug the residue was purified by silica gel chromatography (3:1
hexane/ethyl acetate as eluent) to giv®.89 g, 1.25 mmol, yield
83%).1H NMR (CDClg): 1.16-1.58 (m, 32H), 2.12 (t, 2H), 2.42
(t, 1H), 3.45 (t, 2H), 3.66 (m, 12H), 4.21 (d, 2H), 7:18.42 (m,
15H).

Synthesis of 4,7,10,13-Tetraoxahentriacont-1-yne-31-thiol (8).
Triethylsilane (0.16 mL, 1 mmol) and trifluoroacetic acid (0.4 mL)
were added to a solution af (0.14 g, 0.2 mmol) in anhydrous
methylene chloride (3.6 mL). The reaction mixture was stirred for
2 h. The solvents were then removed under vacuum, and the residu
was purified by silica gel chromatography (4:1 hexane/ethyl acetate
as eluent) to give8 (0.047 g, 0.1 mmol, yield 50%)H NMR
(CDCly): 1.25-1.58 (m, 32H), 2.42 (t, 1H), 2.52 (q, 2H), 3.45 (t,
2H), 3.57-3.72 (m, 12H), 4.21 (d, 2H).

Synthesis of 4,7,10,13-Tetraoxatetracos-1-yne-24-thiol (The
synthesis 0@ was identical to that o8 except that 11-bromo-1-
undecene was used in place2ofH NMR (CDClg): 1.25-1.58 (m,
18H), 2.42 (t, 1H), 2.52 (g, 2H), 3.45 (t, 2H), 3:53.72 (m, 12H),
4.21 (d, 2H).

(APCI™): 240.1 (M*). HRMS calcd for GH2oN 240.1747, found
240.1745.

Results and Discussion

Overview. Table 2 summarizes 15 known reactions that we
performed on self-assembled monolayers (SAMs) and one
reaction that we discovered through a screening process. The 15
reactions were performed on monolayers presenting a terminal
acetylene group (entries-b), a bromobenzene group (entry 7),

a primary alcohol (entries-810 and 12), or a primary amine

Qentries 14-16), as well as functional groups that were generated

through reactions of these groups (entries 6, 11, and 13). Below,
we describe the synthesis of alkanethiol reagents, the preparation
of the monolayers, the interfacial reactions, and an example of
screening to identify unanticipated interfacial reactions. The
Supporting Information provides the conditions employed for
each reaction and the corresponding SAMDI spectra.
Synthesis of AlkanethiolsWe synthesized several alkanethiol
and disulfide reagents that were used to prepare the monolayers.
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Table 2. Chemical Reactions on SAMs Performed in This Paper

Entry SAM Reactant Condition Product
/// NaH y D
1 .
o D,0 o 4
Y I Pd(PPhs),, Cul
2 ”—:m/ ©/ TBAF, THF Vi
g
7 Br
Y AgNO, y
° "’1/ <§N78r Acetone -111/
o
Y Au(PPhy)CI, AGOTF o
¢ LL"L/ H0 Toluene ‘LL)\
TIPS
Vi o Cul, HO-NH,-HCI V
s “n/ Bro=_Ts n-BuNH,, H,0, THF Vi
4
TIPS
Vi TBAF 7
6 Vi THF, 0°C 7
f e

&

Pd,(dba)s, P(t-Bu)s

KF, THF

”k
NaH
OH OMe
8 % Mel — /
" THF %
BFyEL,0
OH A i D\/
9 / Of-H
e = Et,0 _O 4
ke
o Q PPh,, DEAD
10 /O 0-p—d a{Ns
N THF
Neg
1 1{"‘3 PPhs THF iL{N:PPM
NaH
12 H_,{OH TsCl — H{OTS
THF
OTs - Nat EtOD OEt
By EtO" Na o/
0
14 NH, 0=<° MeOH /H o
i v — g
H o
15 _‘{NHZ 0{7&0 DMF "{N —
= OH
o
e
16 _‘{NHZ P DMSO 7\
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MgBr
N /\(\’)'9 ° ots P
TsO OTs AN T
1 a 2
o} H c S o) H d
/\(\*‘I 6 \(/\d,S \ﬂ/ \/\MTI 6 \(/\d’S
3 © 4
e PhsCS , O H f
HS\/\ng\(./\d/SH . ™ig \(/\0)3 —
5 6
PhsCSy_,.0 9. HS ,.0
MB\V\O)Q\ e O)g\
7 8

Figure 1. Synthesis of alkanethi@ (a) Cul, THF; (b) tri(ethylene
glycol), NaH, THF; (c) CHCOSH, AIBN, MeOH, hy; (d) HCI,
MeOH; (e) PRCCI, THF; (f) propargyl bromide, NaH, DMF; and
(g) TFA, TESH, CHCI,.

a
PhyCS.(_, O H 4+ ~en —2»  PhCS(,0 CN
AR AR ARG g

15 16

b € HS,0
PhaCS ,.O. _—
i 3 \M%\(“/\O);\/\NHz ‘(VY” \V\O)g\/\NHg

17 18

Figure 2. Synthesis of alkanethidl8 (a) NaOH, CHCN; (b)
LAH, Et,0; and (c) TFA, TESH, CbkCls.

followed a similar route (Figure 2). We started with a glycol-
terminated protected alkanethidl5j*® and functionalized the
hydroxyl group through addition to acrylonitrile. The cyano group
was reduced with lithium aluminum hydride, and the trityl group
was removed in trifluoroacetic acid to give the amino-terminated
alkanethiol18. The tri(ethylene glycol)-terminated alkanethiol
11 and the corresponding disulfide2 were synthesized as
described previousl§43A disulfide bearing one terminal amino
group and one tri(ethylene glycol) grotg was synthesized as
described previousl§4 as was a disulfide presenting one
maleimide group and one tri(ethylene glycol) gral®?® The
structures and molecular weights of the alkanethiols/disulfides
are shown in Scheme 1.

We prepared.the alkyne-terminated alkanethipl using asynth.etic Preparation of Monolayers. Monolayers presenting the
strategy that is commonly employed for substituted alkanethiols ;o inal alkyne group were prepared by immersing a gold-coated

(Figure 1). Briefly, coupling 1, @i-tosyloxyheptand with one

equivalent of (10-undecen-1-yl)magnesium bromide provided

tosylate2, which was displaced with tri(ethylene glycol) to give
the terminal alken8&. The olefin was converted to the thioester
4 by radical-mediated addition of thiolacetic acid and then
hydrolyzed under acidic conditions to give the primary thipl
which was subsequently protected as the trityl thioethdthe
hydroxyl group of6 was alkylated with propargyl bromide
followed by removal of the trityl group (TFA) to give the alkyne-
terminated alkanethid@. In certain experiments, a related alkyne-
terminated alkanethiol9] having a shorter alkyl segment was

slide into a solution of an alkyne-terminated alkaneth&b¢

9) and 1-octadecanethiol or 1-undecanethiol in a ratio ranging
from 7:3to 1:9. Monolayers presenting a primary hydroxyl group
were prepared from a solution of tri(ethylene glycol)-terminated
alkanethiol11 and 1l-undecanethiol in a ratio of 1:1 or 1:9.
Monolayers presenting the maleimide group were prepared from
a solution of the maleimide-terminated disulfid® and a tri-
(ethylene glycol)-terminated disulfide in a ratio of 1:1. The
amino-terminated monolayers were prepared from solutions of
the amino-terminated alkanethid8 and 1-undecanethiol in a
ratio of 7:3 or the amino-terminated disulfilié and tri(ethylene

used and was synthesized by the same route. In practice, thgyycol).terminated disulfide2 in a ratio of 1:1. In each case,

larger molecular weights of the longer alkanethiols provide for {ho monolayers were allowed to assemble from solutions for 12
a clearer separation of the peaks for the alkanethiolates fromp, 54 were then rinsed with ethanol and dried under a stream
those corresponding to the matrix in the SAMDI spectrum. The ¢ nitrogen.

oxygen atoms may serve to increase the ionization efficiency of
the alkanethiolates, but we have not fully characterized this (43) paiegrosdemange, C.; Simon, E. S.; Prime, K. L.; Whitesides, G. M.
possibility. The synthesis of the amino-terminated alkanethiol Am. Chem. Sod991, 113 12—20.
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Scheme 1. Structures and Molecular Weights of (A) H
Alkanethiol and Disulfide Reagents Used to Prepare /i
Monolayers
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Hydrogen—Deuterium Exchange.The first interfacial reac- 50 %0 miz 1000 1200
tion started with a monolayer presenting the alkyne-group at a
density of approximately 50%. A mass spectrum of this monolayer
revealed peaks at mass-to-chargeéz) ratios of 779 and 965 (©) 100, 7806 sgro~ OO
(Figure 3B), corresponding to the sodium adducts of the disulfides N +Na*
derived from one background and one alkyne-terminated ‘E‘
alkanethiolate and from two alkyne-terminated alkanethiolates, £ o
respectively. As reported in our previous work, we find that E 0 9675 ?”H;;o~°\/\o~°~{ o
disulfides are the predominant species observed in SAMDI k) e g
analysis. The monolayer was immersed in a solution of NaOD E:
in D20 for 30 min, after which it was removed, rinsed with P — l whi, ,
acetone, distilled water, and ethanol, dried, and analyzed by 600 800 1000 1200
SAMDI. The resulting mass spectrum revealed a complete mz

conversion of the initial peaks at'z 779 and 965 to two new  Figure 3. (A) A monolayer presenting a terminal acetylene group

peaks at/z 780 and 967 (Figure 3C) consistent with an exchange Was treated with BD and base to promote the deuteration reaction.
of the terminal proton with deuteron. This example is notable ﬁ.ArI\]/'D.' rlzass spectra befgre (B()jand after (CI) t_he re«f’:lcstf,\r}léfrow the
because the product would be difficult to identify conclusively 'gh yIeld conversion and good mass resolution o '

with thetr_aditional t_echniques used in characte_rizing monolayers. ph| and TBAF in THF for 30 min (Figure 4). The peaksnaiz
The starting material and product differ by a single neutron, yet 583 and 769 for the initial monolayer (corresponding to the sodium
SAMDI provides a clear resolution between the starting material 5qqucts of the disulfides derived from one background and one
peaks atz 779 and 965 and the product peaksnat 780 and  3jkyne-terminated alkanethiolate and from two alkyne-terminated
967. ) . . alkanethiolates, respectively) gave rise to the expected peaks at
Coupling Reactions.Reactions that serve to couple a soluble v,659 and 921 for the product (Figure 4C). The other reactions
molecule with the monolayer are important for elaborating |ikewise proceeded efficiently to give the 1,3-diyne, biphenyl,

surfaces with biological or electronic functionalty>***We anq iminophosphorane adducts (see Supporting Information).
performed several reactions to this end, including the Sonogashirarpe compatibility of SAMDI with the reagents employed in
coupling?® the Cadiot-Chodkiewicz couplind,’ the Suzuki these reactions together with the straightforward implementation

coupling®and the Staudinger reacti®ifentries 2,5,7,and 11 of this method make it convenient for rapidly optimizing the
in Table 2). For the Sonogashira reaction, a monolayer presentingeaction conditions to give high vields of the interfacial
an alkyne group was treated with a solution of Pd@RICul,

(46) Mori, A.; Shimada, T.; Kondo, T.; Sekiguchi, 8ynlet2001, 649-651.
(44) Yousaf, M. N.; Houseman, B. T.; Mrksich, NProc. Natl. Acad. Sci. (47) Marino, J. P.; Nguyen, H. Nl. Org. Chem2002 67, 6841-6844.
U.S.A.2001, 98, 5992-5996. (48) Littke, A. F.; Dai, C. Y.; Fu, G. CJ. Am. Chem. So@00Q 122, 4020~

(45) Devaraj, N. K.; Miller, G. P.; Ebina, W.; Kakaradov, B.; Collman, J. P.;  4028.
Kool, E. T.; Chidsey, C. E. DJ. Am. Chem. So@005 127, 8600-8601. (49) Kohn, M.; Breinbauer, RAngew. Chem., Int. EQ004 43, 3106-3116.
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/] and one azide-terminated alkanethiolate, with a second peak at
(A) J m/z 703 corresponding to a side product resulting from
o nucleophilic substitution of the phosphonium intermediate by
H DEAD. We then carried out a Staudinger reaction by treating an
o identical monolayer with a solution of PPm THF for 1 h.
o Analysis of the resulting monolayer by SAMDI revealed that the

H /] original peak am/z 570 was efficiently converted to a peak at
o]

m

| o m/z596 and 782. The first peak represents the proton adduct of
Pd(PPhs)s, Cul H the monosulfide of the iminophosphorane product, and the latter

* ©/ TBAF, THF )\ represents the proton adduct of the mixed disulfide. In this
example, the predominant peaks were derived from protonated
(o] adducts of the alkanethiolates, with minor peaks that correspond

/ to the sodium adducts at/'z 618 and 804. We also observed

0 peaks atn/z562 and 750, which correspond to loss of the sulfur

from the alkanethiolates and which we occasionally observe as
s”s”S”S minor species in the SAMDI spectra.
7778u/77

We performed several additional reactions that serve to
demonstrate the range of reagents that are compatible with
(B) _ monolayers and to provide chemical routes to elaborating the
100, | 5834 ?A“’?°’\’°"‘°’\’°‘ﬁ structures of monolayer substrates. We demonstrated, for example,
° ’ the bromination of a terminal acetylene (entry 3) and hydration
to afford the corresponding methyl ketone (entry 4). Similarly,
Ao~ OO we report reactions of hydroxyl-substituted monolayers, including
769.4 é/*)r:\o/\,"\/\o/\,o\// e alkylation with alkylhalides to form ethers (entry 8) and with
epoxidesto form glycols (entry 9). Finally, we report the reaction
of primary amines with carbonyl reagents to provide acetoac-
Jal kot b sntakn etamide and maleamic acid products (entries 14 and 15,
600 800 1000 1200 respectively). The conditions and SAMDI spectra for each of
mz these conversions are provided in the Supporting Information.

/@ Estimation of Yields. A significant benefit of SAMDI relative
659.6 T/\(v);\o/\,o\/\o/\,o Z

I\

Relative Intensity
g

(C) to other analytical techniques is that it simultaneously provides
LR YA *Na® data on the presence of both the reactant and the product and
therefore provides an estimate of the yields of interfacial reactions.
In the hydration of a terminal acetylene to provide the methyl
AHAO,\,O\/\O,\,O\/Q . ketone (entry 4 in Table 2), for example, SAMDI shows a peak
S\/H;/O\/\ONO\AO/\© e for the appearance of the product (at 797 Da) as well as a peak

corresponding to the reactant. Absent the SAMDI method, IR

8

Relative Intensity
2
/ N\

m ll o ng'.7 . spectroscopy would have been the preferred method for analyzing

600 800 1000 1200 this reaction because it can measure the characteristic stretching
mz frequency of the carbonyl group. Yet, the weak intensities for

Figure 4. (A) A monolayer presenting a terminal acetylene group vibrations of the carboncarbon triple bond make it difficult to

was treated with Pd(PBR, Cul, Phl, and TBAF to give the  quantitate the amount of reactant and therefore difficult to

phenylacetylene. SAMDI spectra before (B) and after (C) the reaction getermine the yield of the reaction. We note that SAMDI also

show that the reaction proceeded in high yield. has limitations in providing quantitative measures of reaction

conversions. From this work, we suggest that the high efficiency yields. Because the intensity of the peak obs_erved inthe spectrum
ofthe Sonogashira reaction and the wide variety of commercially IS dependent on the mass and the properties of the parent ion,
available aromatic iodide compounds make this conversion the intensities of peaks corresponding to different structures cannot
particularly attractive for use in modifying surfaces. be d_irectly cc_)mpared to give.quantitative ir_lformation on thg
Multistep Reaction SequencesWe also show that SAMDI  felative density of each species. For experiments that require
is well suited for characterizing the efficiencies of multistep duantitative results, |t|s_nec¢ssarytof|rst callbratethemtensnlles
reaction sequences on the monolayer (Table 2, entries 5, 6, an®f €ach peak. The calibration can be performed by preparing
10-13). In one example, we started with a monolayer presenting Monolayers having only the component of interest at a defined
a primary hydroxyl group and carried out a Mitsunobu reaction density and normalizing the peak intensity for the substituted
to generate the corresponding monolayer that presents an azid@lkanethiolates relative to the peak intensity for the background
group (entry 10 in Table 2). SAMDI analysis of the initial alkanethiolate (thatis, the alkanethiolate that does not participate
monolayer revealed peaks afz 545 and 693 (Figure 5B) in the reaction). For rapid screening of reactions (as described
corresponding to the sodium adducts of the disulfides derived below), this calibration is not practical, and therefore, we recognize
from one background and one hydroxyl-terminated alkanethiolate that SAMDI does not provide rigorous quantitative information
and from two hydroxyl-terminated alkanethiolates, respectively. On the extent of reaction.
After treatment of the monolayer with a solution containing Incompatibility of Monolayers with Reagents. While we
diphenylphosphoryl azide (DPPA), PPhand diethyl azodicar-  were successful in performing several new reactions of SAMs,
boxylate (DEAD) in THF fo 1 h (Figure 5), the SAMDI spectra  we also found that several established reactions failed to give
revealed the expected peak@t 570 (Figure 5C) corresponding  the expected product when performed on the monolayer. For
to the sodium adduct of the disulfide derived from one background example, we found that the attempted reduction of an azide-




11832 Langmuir, Vol. 23, No. 23, 2007

(A)

Li et al.

Q N, PhsPsy
ﬁ PPh3, DEAD \ PPh; H
v BT [0 THF [o
& M 7 ]
h / /
[o] o
§$§S8 S ! ! ! 'J ! ! ! 'J
u.
OH 0. N3 o. N,
100, 5454 Emfowow"/\fna 100, 5708 TR 100, 5963 HeTHgO ™0™ e,
2 2 Z 7823 550~ O o~ e,
g ?"Pr;o’\'°\/‘o’\/g: S S s, H
E N0 O E 50, £
i G e g s 0| 5623
2 693.4 2 2
® k] 703.7 g do
& ] K 740.3
618.2 l 804.2
0L | 4 n sl . 0. (™ dadiagil " . 0 J._..v..u l » e y
500 700 900 1100 500 700 900 1100 700 900 1100
mz mz mz
(B) (C) (D)

Figure 5. (A) A monolayer presenting a terminal alcohol group was treated with DPPAg, RRt DEAD to convert the alcohol group
to the azide group. The azide-terminated SAM was then treated withtBRfive the iminophosphorane product. SAMDI spectra before
(B) and after (C and D) each reaction show that the reactions proceeded in high yields.

terminated SAM with LiAlH, to provide the corresponding reactions could be performed on SAMs. We have found that the
primary amine did not proceed, although the monolayer was time of reaction was often important, with most reactions
stable to the reagent. This lack of reactivity may be a consequenceproceeding efficiently within 1 h, but with deterioration of the
of the environment at the solidiquid interface, which can differ monolayer with significantly longer times (as evidenced by
substantially from that in homogeneous solution. Steric effects, SAMDI spectra with lower signal-to-noise). The method used
chemical interactions with functional groups of the monolayer, to stop the reaction and rinse the monolayer was also often
and geometric constraints may play arole in determining whether significant in obtaining good SAMDI spectra. Specifically, the
the energy barrier for an interfacial reaction is surmount&ble. use of acetone, water, and ethanol to rinse the monolayers was
We found other cases where the monolayers were not stable tausually sufficient, but a subsequent treatment of the monolayer
reagents. It is well-known, for example, that the thiolate group with solvents that dissolve adsorbed species was necessary. For
that anchors the monolayer to the gold film undergoes spontaneousxample, for entry 3 in Table 2, the surface was cleaned with
oxidation if exposed to the atmosphere for prolonged petfods  dilute ammonium hydroxide to remove silver bromide precipitate.
and that monolayers can be thermally desorbed at temperatureginally, we note that the current work did not exhaustively evaluate
greater than 76C 51 In our screening of reactions, we found that possible reaction conditions that may be used to elaborate the
monolayers were not stable in the presence of strong oxidantsstructures of monolayers. Using the method described here, it
(for example, 0zon& KMnO,, and iodine), several Lewis acids is straightforward to evaluate any number of reactions of self-
(for example, A8, Hg?", and Rd"), highly basic conditions ~ assembled monolayers.
(for example, high concentration of sodium hydroxide), and, on  Reaction ScreeningThe results reported above establish that
certain occasions, combinations of reagents (for example, theSAMDI is well-suited to the rapid evaluation of products and
monolayer was stable to a THF solution of either carbon yields of chemical reactions performed on SAMs. The ability to
tetrabromide (1 mM) or triphenylphosphine (1 mM) but not to obtain this information from a small region of the substrate
a solution containing both reagents). In each of these cases, théapproximately 1 m) together with the generality in character-
monolayer was completely degraded and we did not observeizing a broad range of reactions (because the use of mass
peaks corresponding to any alkanethiol species. We also observedpectrometry avoids the need for labeling strategies) suggests
partial damage of the monolayers under certain conditions. Forthat this strategy may be valuable for tthe nao screening of
example, in Table 2 entry 13, although treatment with ethoxide novel reactions. Current approaches to reaction screening have
gave the desired product, the quality of the mass spectrum, asaimed to identify optimal reagents and conditions for a specific
shown by the signal-to-noise in Figure S7 of the Supporting conversion. For example, Miller and co-workers demonstrated
Information, is degraded, which may suggest a loss of alkanethi-a screen to identify, from a peptide library, catalysts for
olates from the gold substrate. enatioselective transacetylation reactiétihis example utilized
Notwithstanding these findings of reagents that are not a protonation-dependent fluorophore to report on the reaction,
compatible with monolayers, we did find that a broad range of whereas other approaches utilize IR or spectrophotometry to
detect a spectroscopic transition that is specific to the praduct.

(50) Schoenfisch, M. H.; Pemberton, JJEAm. Chem. Sot998 120, 4502—
4513.

(51) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G. M.;
Nuzzo, R. GJ. Am. Chem. S0d.989 111, 321—-335.

(52) Copeland, G. T.; Miller, S. J. Am. Chem. So2001, 123 6496-6502.
(53) Petra, D. G. |.; Reek, J. N. H.; Kamer, P. C. J.; Schoemaker, H. E.; van
Leeuwen, PChem. Commur200Q 683—-684.
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It is this need for a labeling strategy that limits a broader A B c D E
implementation of chemical screening methods. This limitation H " o °
is particularly significant in the search fananticipatedeactions, 1 *f @’ [} Aon )\NJv
where prior knowledge of the reaction, and therefore the functional H
groups present in the product, is not available. OH
Liu and co-workers have described a strategy that can screen o j\j\ @’B‘OH AN S NH,OHe HCI
many reaction conditions to identify those that give a covalent : °
adduct between two functional grouffdn this method, a DNA .
template is used to organize two oligonucleotides such that their 0 N OH OH
termini, which are modified with common organic functional 3 ‘Q/\ o™ EJ @ E(~
groups, are broughtin proximity. In the presence of the appropriate
reagents, certain groups will react to form an adduct. The resulting o
tethered oligonucleotides are selected, and their sequences are )'\0
determined by hybridization to a DNA microarray, revealing the
identities of the functional groups that reacted. This approach
has the benefit that it does not require prior knowledge of the
reaction type to be discovered and that it can be performed in
a highly multiplexed fashion. The limitations are that only
reactions that result in the formation of an adduct between the
two reactants (and not those that involve transfer of an atom or
fragment from one reagent to the other) can be detected, the
screening method does not provide information on the nature of
the product, and the use of DNA strands limits the choice of
solvents and reagents that are employed in the screen.

o

ot .. Figure 6. A monolayer presenting primary amino groups was treated
The SAMDI method complements these existing strategies with an array of reagents (shown in the top panel). Reaction wells

for reacti(_)n_screening inthatitcan id(_entify a_II p_roducts tha_lt have \,ere created by applying a polymeric slab having an array of holes
amass distinct from the reactant (which omits isomerization and to the monolayer (bottom panel).

internal rearrangement reactions) without the use of labels. We ) )
performed a limited screening program to validate this approach. 4-nitrobenzaldehyde and the amine. We observed one spot (region
We prepared separate monolayers that were substituted with2D in the figure) that gave a strong peak representing a product
alkyne, amine, or alcohol groups and diluted with 1-undecanethiol that we could not immediately identify, and we address this
as background. We generated microwells having the monolayeresult next. _ _ _

as the bottom surface by placing a slab of poly(dimethylsiloxane) ' réatment of a monolayer presenting a primary amine group
(PDMS) with an array of holes directly in contact with the ~With propanal (100 mM in DMSO) at room temperature for
monolayer. We then applied solutions of various reagents in 1hresult§d|nanear-complete conversion ofthe ammo-tgrmmated
DMSO (40 mM, 30uL, Figure 6) in each well and allowed alkanethiol to an unknc_)wn product of higher mass (Figure 7).
reactions to proceed at room temperature for 1 h. We then aspirated 0r the following experiments, we used (1-mercaptoundec-11-
the solutions from each well, removed the PDMS film, and rinsed Y!)-tri(ethylene glycol) instead of 1-undecanethiol as the back-
the monolayer with acetone, water, and ethanol. We applied ground alkaneth|olz?1te in the monolayer because the dls_ulﬂde
matrix and analyzed each circular region by mass spectrometry.formed between this molecule and the product alkanethiolate
We inspected each spectra and discarded those that showed nBrovides a higher intensity signal in the SAMDI spectrum. The
reaction (that is, the only peaks in the spectra corresponded to@Mino-terminated disulfide in the parent monolayer gave a peak
the reactants in the monolayer) and those that gave multiple 2 M2z 780, corresponding to the sodium adduct of this species.
peaks with no single pronounced reaction product. For the spectra\fter reaction, this peak was absent and gave rise to a peak at
that gave a clean conversion of the reactant to a product (Wherem/Z of 876. Assuming this peak. corresponds again to the
we used as a cutoff an approximate yield of 50%), we could heterodisulfide species as the sodium adduct, the product has a

identify several that corresponded to known reactions and theseMass thatis 96 Da greater than the reactantamine. This difference
were not considered further. in mass clearly requires that more than one aldehyde molecule

In one example, we treated an amino-terminated SAM reacted with the amine and for this reason rules out the formation
: g of the expected imine product.

(prepared from an ethanolic solution of the amino-terminate .
To probe the structure of an unknown product, experiments

alkanethiol18 and 1-undecanethiol in a ratio of 7:3) with the o .
array of reagents shown in Figure 6. The majority of the SAMDI can_be repea_ted with isotopically labeled reactants (or reactants
spectra had a single pronounced peak/as02, corresponding havmg acjdmonal molecular fragments) to understand the
to the sodium adduct of the disulfide derived from one background relatl_onsh|p between the structures of the_reactants and pr_oducts.
and one amino-terminated alkanethiolate, and therefore, they!n this way, we performed several experiments that confirmed
represent combinations that did not promote reactions. For severafhat the adduct resulted from reaction of the amine with three
combinations, we observed peaks that were consistent with@/dehyde molecules. First, when we repeated the experiment
expected reactions. For example, iz 602 peak that was with butanal (which has one additional methylene group), th_e
originally present in region 4A of the array gave rise to a new Product had a mass that was greater than that observed with
peak atn/z 644 as is expected for the amide that results from Propanal by 42 Da, implying the incorporation of three aldehydes.
acylation of the amine. Similarly, for region 4D, we observed 1he Same experiment with valeraldehyde gave the analogous

a peak atn/z 735 that corresponds to the imine formed between result. Further, when a reaction was performed with a mixture
of propanal and butanal, we observed four products that were

(54) Kanan, M. W.; Rozenman, M. M.; Sakurai, K.; Snyder, T. M.; Liu, D. each spaced by a mass of 14 Da (Figure 8), again consistent with
R. Nature 2004 431, 545-549. the incorporation of three aldehyde units in the product. Finally,
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Figure 7. A monolayer presenting a primary amine group treated with propanal solution gave an unexpected reaction product. SAMDI spectra
before and after the reaction show that the reaction proceeded in high yield.

\/NH, v O & ~~® DMSO 890.5
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Figure 8. A monolayer presenting a primary amine group was treated with the mixture of propanal and butanal solution to verify the number
of aldehydes incorporated in the product. SAMDI spectra after the reaction prove that three aldehyde units were incorporated in the product.

Scheme 2. Proposed Mechanism for an Amino-Terminated reaction is reminiscent of the Chichibabin reacti®fS except

Monolayer Reacting with Aldehydes that on the monolayer it proceeds under mild conditions and
NH, o -HO N=/‘“ e R does not require elevated temperature or high pressure. A report
R Ty - 9"‘§R by Wang and co-workers also demonstrated a mild condensation
\ of aldehydes and alkylammonium chlorides to give 2,3-
° 0 dihydropyridinium and pyridinium derivatives. That reaction was
¢ R catalyzed by lanthanide triflate salts and proceeded over a period
A R A R A R of 24 h in aqueous solutiot.|t is notable that the interfacial
M8k < AR 0 N reaction we report here is completed h and does not require
= p = -OH JR - a catalyst. This efficient reaction may owe to the large excess

of the aldehyde in solution, the immobilization of the amine
(which prevents diffusion of the amine and reaction with other
amine-derived intermediates), and the interfacial environment
the use of an isotopically labeled aldehydenonaldehyde-1-  that may provide stabilization of the transition state(s) in the
13C, gave a product had a mass that was 3 Da greater than thatate-determining step(s). In any event, this example reveals the
for the nonlabeled aldehyde, which also establishes that each ofefficiency with which an unanticipated interfacial reaction can
the three carbonyl carbon atoms is present in the product.  pe discovered using the SAMDI method, and it adds an example
These data led us to postulate the formation ofNaalkyl that highlights the different reactivities that can accompany
pyridinium product (Scheme 2) resulting from condensation of common functional groups whenimmobilized to a solid surface.
three aldehydes with the amine on the surface, followed by ring We believe that the screening procedure reported here can be
closure and oxidation. To verify our hypothesis, we performed expanded to a much broader set of reagents and reactants to
the reaction in solution with 2-phenethylamine and propanal discover other reactions.
with the latter in large excess. We used 100 equiv of aldehyde
to approach the stoichiometry thatis used in the interfacial reaction  (55) Frank, R. L.; Seven, R. B. Am. Chem. Sod.949 71, 2629-2635.
conditions. We isolated a productld) in 2% vyield that (56) Farley, C. P.; Eliel, E. LJ. Am. Chem. S0d.956 78, 3477 3484,

(57) Yu, L. B;; Chen D. P,; Li, J.; Ramirez, J.; Wang, P. G.; Bott, SJG.
corresponded to the pyrdinium adduct shown in Scheme 2. Thisorg. Chem.1997, 62, 208-211.

19: R = CHg; §= CHoCH,CeHs
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Conclusions working with SAMDI makes it straightforward to tailor the

This manuscript demonstrates that SAMDI-TOF mass spec- structures of monolaygrs fqr divers_e applicati_ons and _pr_ovides
trometry is well-suited for characterizing the products and yields " efficient method to identify reactions that give unanticipated
of reactions that occur on self-assembled monolayers of al- Products.
kanethiolates on gold, and in turn it represents an important
addition to the current analytical methods now employed to ~ Acknowledgment. We are grateful to Jing Su and Justin
characterize the structures of monolayers. This method enabledVodica for providing the amino- and maleimide-terminated
the rapid screening of a broad range of known reactions on disulfides. This work was supported by the NIH and NSF.
monolayers and the optimization of conditions to give high
yielding conversions. Absent SAMDI, the characterization of  Supporting Information Available:  Experimental procedures
several of the reactions would have been very difficult. We are for €ach reaction reported in Table 2 and SAMDI mass spectra. This
most encouraged by the suitability of this method for screening material is available free of charge via the Internet at http://pubs.acs.org.
reaction products. The absence of labeling strategies whenLA701638D



