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Tetrabutylammonium Fluoride-
Mediated Rapid Alkylation Reaction
in Microtiter Plates for the Discovery
of Enzyme Inhibitors in Situ

Chung-Yi Wu,[a, b] Ashraf Brik,[a] Sheng-Kai Wang,[a]

Yu-Hsien Chen,[a] and Chi-Huey Wong*[a, b]

We have recently developed a new strategy for the rapid iden-
tification and optimization of enzymes inhibitors in microtiter
plates. This approach relies on the use of high-yield organic re-
actions that can be carried out in water or water-miscible non-
toxic solvents on microscales without protecting groups, so
that the product can be assayed directly in situ without isola-
tion or purification. Using this approach, one can quickly
modify a lead compound with a small set of building blocks to
identify a potent inhibitor. For example, using amide- and tri-
azole-forming reactions, we have discovered potent inhibitors
against HIV protease,[1] SARS 3CL protease,[2] a-fucosidase,[3]

sulfotransferase,[4] and a-1,3-fucosyltransferase.[5] In order to
expand the scope of this approach, we report here the devel-
opment of tetrabutylammonium fluoride (TBAF)-mediated alky-
lation in microtiter plates for the identification of potent inhibi-
tors in situ against several enzymes including cathepsin B, aryl-
sulfotransferase, and HIV protease.
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TBAF-mediated alkylation of carboxylates and nucleoside
bases under anhydrous conditions has been reported, in which
TBAF was used as catalyst[6] or as stoichiometric reagent.[7] We
have recently developed a method of TBAF-mediated selective
alkylation of purines at N-9 in aqueous solution and applied
the methodology to combinatorial synthesis in microtiter
plates for use in in situ screening to identify potent sulfotrans-
ferase inhibitors.[8] In this study, we have further extended this
strategy to TBAF-mediated alkylation of carboxylates, sulfona-
mide nitrogen, secondary amines, and the N-hydroxyl group of
triazoles, and demonstrated its utility in drug discovery. In our
initial study on ester formation, we found that on using com-
mercially available TBAF (1 M in THF) as a stoichiometric re-
agent without any additional solvent added, the reaction be-
tween acids and alkyl halides gave the corresponding ester in
high yield. As an example, treatment of benzoic acid with
1.2 equiv of TBAF (1 M in THF) and 1.2 equiv of benzyl bromide
at room temperature for 30 min gave rise to the corresponding
benzyl ester quantitatively. We then prepared 1 M TBAF in dif-
ferent solvents (Table 1) and found that the reaction can be

carried out efficiently in these solvents system as well. Interest-
ingly, the product was also isolated in excellent yields when
water was used as solvent, though a longer reaction time was
required for completion.

To examine the scope and efficiency of the TBAF-assisted es-
terification reaction, several acids and alkyl halides were used
(Table 2). Our results showed that most of these reactions
went to completion within 4 hours and that the product was
isolated in a very good yield. Secondary alkyl halides, such as
iso-propyl iodide require higher temperature and more time
for completion (entry 5). Interestingly, no restrictions were
found with regard to the nature of carboxylic acids; triphenyl-
acetic acid and tert-butylacetic acid, for example, do not affect
the reaction efficiency and could be transformed successfully
to the corresponding esters (entries 12–15). Moreover, esterifi-
cation of b-unsaturated carboxylic acids and a-substituted
acids proceeded well, and no isomerization was observed (en-
tries 16, 17, 20). Selective transformation of the carboxylic acid
in the presence of other functional groups to the correspond-

ing ester was also successful (entries 21–26). Notably, polyhy-
droxy acids, such as shikimic acid and quinic acid proceeded
well, and the corresponding benzyl esters were isolated in
good yields (entries 27 and 28).

The broad scope, efficiency, and reliability of TBAF-assisted
esterification permitted us to apply it in microtiter plates fol-
lowed by in situ screening. Isatin analogues based on core 1
are efficient inhibitors against caspases 3[9] and rhinovirus 3C
protease.[10] Cathepsin B is a cysteine protease that operates by
a similar mechanism. This enzyme has been a target for drug
discovery due to its association with a number of diseases,
such as metastatic tumors.[11] However, there are only a few
non-peptidic small molecules with Ki values in the mM range
that have been reported so far, thus development of new in-
hibitors is of current interest.

We selected the isatin core 1 (Ki>5 mM) as the starting point
to create a library in microtiter plates around the acid function-
ality. More than 150 compounds were generated from 78 dif-
ferent alkyl halides[12] and cores 1a and 1b (Scheme 1). The re-

actions were complete within 4 h, as analyzed by TLC and LC-
MS, and gave the desired ester compounds as the only prod-
ucts. Each well was diluted to 3 mM and directly screened
against cathepsin B (from bovine spleen) as previously de-
scribed.[11] Wells that inhibited 50 % of cathepsin B activity
were diluted to 200 mM for further assay, and compound 3
emerged as the best inhibitor from this library. Compound 3
was isolated, purified, and characterized, and was determined
to be a competitive inhibitor with Ki=100 mM. We also sought
to improve enzyme inhibition through replacement of the
isatin group in compound 3. To do this, a “reverse library” was
synthesized that contained 5, in which the 2-(bromomethyl)-5-

Table 1. Reaction of benzoic acid with benzyl bromide in the presence of
TBAF and different solvents.[a]

PhCOOH + BnBr
TBAF
��!PhCOOBn + HBr

Solvent Time Yield of PhCOOBn [%][b]

THF 30 min 96
DMF 30 min 97
DMSO 30 min 96
CH2Cl2 30 min 97
dioxane 30 min 93
CH3CN 30 min 96
C6H6 6 h[c] 91
H2O 6 h[c] 92

[a] Reaction conditions: Benzoic acid (1 mmol), benzyl bromide
(1.1 mmol), TBAF (1.1 mmol), room temperature. [b] Isolated yield. [c] Stir
vigorously.

Scheme 1. The reaction of 5-carboxyl-isatin (1) with a library of 78 organic
halides for the subsequent high-throughput in situ screening of cathepsin B
inhibition.
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nitrofuran core group 4 was treated with 84 different acids[12]

by TBAF-assisted ester formation, then diluted to 20 mM and di-
rectly screened against cathepsin B. Unfortunately, no inhibitor
was found. Then, we used 2-(aminomethyl)-5-nitrofuran (6), 84

acids and (1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) to form the amide compounds.
None of the amide compounds showed inhibitory activities
toward cathepsin B at 20 mM concentration. However, from the

Table 2. TBAF-assisted esterification of carboxylic acids with alkyl halides.

RCO2H R’X Reaction time [h] Yield of ester[b] [%]

1 PhCO2H MeI 0.5 96
2 EtI 0.5 93
3 (CH3)2CH(CH2)2CH2Br 1 95
4 (CH3)2CHCH2Br 1 95
5[c] iPrI 4 82
6[c] (CH3)3Cl 24 0
7[c] (CH3)3CCH2I 24 0
8 CH2=CHCH2Br 0.5 91
9 HC�CCH2Br 0.5 90

10 CH3(CH2)7CO2H PhCH2Br 0.5 95
11 CH3(CH2)7CO2H MeI 1 93
12 tBuCO2H PhCH2Br 1.5 95
13 tBuCO2H MeI 2 92
14 Ph3CCO2H PhCH2Br 3 94
15 Ph3CCO2H MeI 2 92
16 trans-PhCH=CHCO2H PhCH2Br 0.5 95
17 trans-PhCH=CHCO2H MeI 1 94

18 PhCH2Br 1.5 95

19 MeI 1 95

20 PhCH2Br 2.5 59

21 PhCH2Br 12 83

22 MeI 15 70

23 MeI 1.5 86

24 PhCH2Br 4 83

25 1 85

26 1 89

27d PhCH2Br 2.5 87

28d PhCH2Br 3.5 91

29 Br(CH2)4CO2H K 1 95

[a] Unless other specified, the reaction was carried out with TBAF (1.2 equiv, 1 M in THF) and alkyl halides (1.2 equiv) at room temperature. [b] Isolated yield.
[c] At 55 8C. [d] TBAF (1.2 equiv, 1 M in DMF).
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HBTU-mediated formation of benzotriazole esters, compounds
7 and 8 were identified as the best inhibitors (Scheme 2), with
IC50 values of 8 and 10 mM, respectively. These compounds are
very stable, and no decomposition was observed at pH 5.0–8.0
over 24 h at room temperature. Compounds 7 and 8 are irre-
versible inactivators of the enzyme (detailed enzyme behavior
is shown in the Supporting Information), with inactivation con-

stants kinact=0.7 K 10�3 and 1.1 K 10�3 s�1 and inhibition con-
stants Ki=7.35 and 7.18 mM, respectively.

To further extend the scope of TBAF-assisted reactions, we
selected sulfonamide 9, benzotriazole (10), and 1-hydroxyben-
zotriazole (HOBt; 11) as core compounds. We found these
compounds were also very sensitive to N- (9, 10) or O-alkyl-
ation (11) in the TBAF-assisted reaction. Compound 9 showed

Scheme 2. Benzotriazole esters 7 and 8, identified through HBTU-mediated
ester formation, are irreversible inhibitors of cathepsin B with Ki values of
7.35 and 7.18 mM, respectively.

Table 3. Summary of reaction types and inhibitors found against different enzymes.

Core Library used Reaction type Inhibitor Target enzyme Ki

organic halides esterification cathepsin B 100 mM

carboxylates esterification cathepsin B 7.18 mM
[a]

organic halides N-alkylation HIV protease 1.1 nM

organic halides N-alkylation cathepsin B 125 mM

organic halides O-alkylation cathepsin B 44 mM

organic halides N-alkylation aryl-sulfotransferase 9 nM
[b]

[a] Irreversible inactivator. [b] See ref. [8] .
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alkylation at the sulfonamide nitrogen exclusively, no N-alkyl-
ation was found at the amide nitrogen. Benzotriazole 10 was
alkylated at N-1 exclusively. With these results in hand, com-
pounds 9–11 were treated with the same 78 organic halides
and TBAF in microtiter plates with small stirring bar (2 mm in
length) at room temperature for 6 h; then, after dilution, as-
sayed directly against HIV protease or cathepsin B. The inhibi-
tors with the highest activity were synthesized, purified, and
characterized. Compound 12 showed over 1000 times more
activity for HIV protease than core compound 9 (Ki>1 mM) with
Ki=1.1 nM. Compounds 13 and 14 were new-type nonpeptidic
reversible competitive inhibitors against cathepsin B with Ki=

125 and 44 mM, respectively. Table 3 summarizes the results of
TBAF-mediated alkylation and enzyme assays.

In conclusion, we have discovered that TBAF-mediated alkyl-
ation is an efficient, mild, and reliable approach for the rapid
synthesis of esters and alkyl derivatives of secondary amines
and sulfonamides. This chemistry is amenable to microtiter
plates for library preparation followed by in situ screening
without isolation or purification, and using this approach new
inhibitors of cathepsin B and HIV protease have been discov-
ered. Work is in progress to identify other organic reactions ap-
plicable to this approach.
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