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Abstract: We have developed a new spectroscopic system for detecting carbon—carbon bond formation
by fluorescence to enhance high-throughput catalyst screening and rapid characterization of catalysts on
a small scale. Fluorogenic substrates composed of a fluorophore possessing an amino group are readily
prepared as amides of o, 5-unsaturated carbonyl compounds and generally exhibit low fluorescence, while
Michael or Diels—Alder reactions of these fluorogenic substrates provide products of significantly increased
fluorescence. The product’s fluorescence is approximately 20- to 100-fold higher than that of the substrate.
The assay system was validated by screening potential catalysts of the Michael reaction and in solvent
optimization experiments. The covalent combination of fluorophores possessing an amino group with o,3-
unsaturated carbonyl compounds should provide a diverse range of fluorogenic substrates that may be
used to rapidly screen catalysts and to optimize reaction conditions.

Introduction not available for the reverse reactions, that is, bond forming
reactions in solution. This is because when a bond forming
reaction is performed by using the fluorophore as the substrate,
the resulting small decrease in fluorescence (consumption of
the fluorophore) is difficult to detect at the initial stage of the
reaction because of the fluorophore’s intense fluorescence.
Therefore, alternative strategies are necessary for detection of

the progress of €C bond formation has lagged behihd. bond formation by fluorescence. Here, we report a spectroscopic

Fluorogenic substrates for cleavage reactions often possess$YStem for detecting €C bond formation that results in an
masked fluorophores with a cleavable moiety, after which the Increase in fluoresc_ence an(_j apply t_h|s system to I_(ey reactions
cleavage reactions restore the fluorescence of fluorophores by SYnthetic organic chemistry, Michael and Dielslder

removing that masking moiety. Such substrates typically are '€actions. Because fluorogenic thiol reagents, for exarh;
(2-benzimidazolyl)phenyllmaleimide (BIPM)1), have been

(1) Crabtree, R. HChem. Commurl999 1611. Kuntz, K. W.; Snapper, M. reported as useful for analyzing carbesulfur bond formatior,

L.; Hoveyda, A. H.Curr. Opin. Chem. Biol1999 3, 313. Reetz, M. T. B ; inMi
Angew. Chem., Int. EQ0O1, 40, 284. Wahler, D.; Reymond, J-Cur. and BIPM is nonfluorescent whereas its thiol-Michael adducts

Spectroscopic monitoring of the progress of chemical reac-
tions enhances high-throughput catalyst screening and rapid
characterization of catalysts on a small sdaddthough many
fluorogenic or chromogenic substrates exist to monitor cleavage
reactions including retro-aldol reactidnécleavage of G-C
bonds), the development of spectroscopic methods to monitor

o ?[))ighBioteghngIhZObOl %2, 5L35. 5 And L Shinha S, o L . are fluorescent, we used these types of compounds to develop
a ong, G.; Shabat, D.; List, B.; Anderson, J.; Shinha, S. C.; Lerner, R. . . .
A.; Barbas, C. F., lllAngew. Chem., Int. EA998 37, 2481. (b) List, B.: systems to detect-©C bond formation in solution.

Barbas, C. F., Ill; Lerner, R. AProc. Natl. Acad. Sci. U.S.A.988 95,

15351. (c) Jourdain, N.; Perez Carlson, R.; Reymond, Jetrahedron Results and Discussion

Lett. 1998 39, 9415. (d) Carlson, R. P.; Jourdain, N.; Reymond, J.-L.

Chem.-Eur. J200Q 6, 4154. (e) Tanaka, F.; Lerner, R. A.; Barbas, C. F., Lo . . .
Il J. Am. Chem. So200Q 122 4835. (f) Tanaka, F. Kerwin, L.; Kubitz, In our initial experiment, we performed the Michael reaction

2DS.J;BI::;emer, R. A.; Barbas, C. F., lIBioorg. Med. Chem. LetR001, 11, of 1 with acetone using proline as the catalyst in DMSO
(3) (a) Fluorescence-based assay for@ bond formation using a solid (Scheme 1}.Product2 was generated, and the fluorescence of

support: Shaughnessy, K. H.; Kim, P.; Hartwig, JJFAm. Chem. Soc. i ~

1999 121, 2123. (b) C-C bond formation based on fluorescence resonance 2was compqred to. that df(Flgures_ 1_3)' V.Ve found thgt ec

energy transfer: Stauffer, S. R.; Beare, N. A.; Stambuli, J. P.; Hartwig, J. bond formation with the maleimide moiety df provided a

F.J. Am. Chem. S0@001 123 4641. Because decreases in fluorescence - remarkable increase in fluorescence. When the fluorescence was

were monitored, an aliquot from the reaction mixture was diluted, and the . )

yield was determined after a measurable amount of the product was analyzed in 5% CBCN—47.5 mM Na phosphate (pH 7.0) by

generated ¥10%). (c) Examples of spectroscopic and visual catalyst i it

screening for bond forming reactions (other than@bond formation): using an eXCI_tatlon _Wavelength of 315 nm(( 315 nm)’_ the

Cooper, A. C.; McAlexander, L. H.; Lee, D.-H.; Torres, M. T.; Crabtree, ~fluorescence intensity d (1 «M) was about 100-fold higher

R. H. J. Am. Chem. Sod998 120, 9971. Taylor, S. J.; Morken, J. P. el

Sciencel998 280, 267. Reetz, M. T.; Becker, M. H.. Kuhiing, k. M., than that ofl (1 uM) at the emission wavelength of 365 nm

Holzwarth, A. Angew. Chem., Int. EAL998 37, 2647. Copeland, G. T; (Aem 365 nmp. No variation of the fluorescence & was

Miller, S. J.J. Am. Chem. S0d.999 121, 4306. Harris, R. F.; Nation, A.

J.; Copland, G. T.; Miller, S. JJ. Am. Chem. So00Q 122 11270.

Copeland, G. T.; Miller, S. J1. Am. Chem. So@001, 123 6496. Francis, (4) Kanaoka, Y.; Machida, M.; Ando, K.; Sekine, Biochim. Biophys. Acta
M. B.; Jacobsen, E. NAngew. Chem., Int. EA999 38, 937. Yeung, E. 197Q 207, 269. Sekine, T.; Ando, KAnal. Biochem.1972 48, 557.
S.; Su, H.J. Am. Chem. So00Q 122, 7422. Kanaoka, Y.Angew. Chem., Int. Ed. Endl977, 16, 137.
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Figure 1. Fluorescence emission specti@X 315 nm) ofl, 2, and4 in
5% CHCN—47.5 mM Na phosphate (pH 7.80Y>, 1 (1 uM), O, 2 (1 uM);
A, 4 (5 uM); O, 4 (1 uM).
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Figure 2. Fluorescence emission spectiaX 315 nm) ofl (1 xM) and 2
(1 uM) in organic solvent$.0d, 2 in 1% CHCN/DMSO; O, 2 in 1%
CH3CN/DMF; <, 2 in 1% CHCN/2-PrOH; A, 1 in the same solvents as
those for2.

Figure 3. Photograph of solutions df, 2, 4, 5, and6 (250 uM in 5%
CH3CN/2-PrOH) irradiated with a UV lamp (312 nm). A; B, 2; C, 4; D,
5; E, 6.

reaction was followed by both fluorescence and HPLC. Because
proline catalyzed the reaction in DMSO, a series of amino acids
were used for the reaction. The reactions were performed with
amino acid (5 mM) andL (50 uM) in 20% acetone0.5%
CH3CN—5% H,0—74.5% DMSO, and the initial velocities were
determined by HPLC (formation &) and by the increase in
fluorescenceAex 315 nm,em 365 nm). Because free amino
acids are not soluble in DMSO, amino acid solutions yOH

observed upon a change in pH, between pH 6.5 and 8.0. Thiswere added to the reaction mixture to employ the same

difference in fluorescence betweérand2 was also observed

conditions for all amino acids. The results are shown in Figure

in organic solvents, for example, DMSO, DMF, 2-PrOH, 4 The reaction with arginine showed the highest initial velocity
CH,Cl,, EtO, and EtOAc.

To analyze the reliability of this fluorescence detection cence. The second group of catalysts resulting in an increase in
system, the reaction ol with acetone to provide was

performed with a set of catalysts and reaction conditions. The

(5) Examples of amine-catalyzed Michael reactions of carbonyl compounds:

=

Yamaguchi, M.; Shiraishi, T.; Hirama, M. Org. Chem1996 61, 3520.

among the 12 reactions analyzed by both HPLC and fluores-

fluorescence included glycine, proline, or lysine, although these
reactions showed a much slower fluorescence increase than that
of the reaction with arginine. The HPLC assay also ranked
glycine and lysine in the second most active group of amino

Yamaguchi, M.; Shiraishi, T.; Hirama, MAngew. Chem., Int. Ed. Engl.
1993 32, 1176. Yamaguchi, M.; Shiraishi, T.; Igarashi, Y.; Hirama, M.
Tetrahedron Lett1994 35, 8233. Yamaguchi, M.; Igarashi, Y.; Reddy, R.
S.; Shiraishi, T.; Hirama, MTetrahedron1997, 53, 11223. Hanessian, S.;
Pham, V.Org. Lett.200Q 2, 2975. Sakthivel, K.; Notz, W.; Bui, T.; Barbas,
C. F., lll. 3. Am. Chem. So001, 123 5260. Bui, T.; Barbas, C. F., Ill.
Tetrahedron Lett200Q 41, 6951. Betancort, J. M.; Barbas, C. F., [Org.
Lett. 2001, 3, 3737. Betancort, J. M.; Sakthivel, K.; Thayumanavan, R.;

acid catalysts for the formation @ The HPLC assay indicated
that the velocity of the reaction with proline was slower than
that of the reactions with glycine or lysine. Although these
reaction profiles in DMS®H,O were different from those of
the reactions in DMSO in the absence of{ that is, arginine

Barbas, C. F., llITetrahedron Lett2001, 42, 4441. List, B.; Pojarliev, P.;
Martin, H. J.Org. Lett.2001, 3, 2423. Enders, D.; Seki, ASynlett2002
26. Halland, N.; Hazell, R. G.; Jorgensen, K. A.Org. Chem2002 67,
8331. Alexakis, A.; Andrey, OOrg. Lett.2002 4, 3611. Paras, N. A,;
MacMillan, D. W. C.J. Am. Chem. SoQ002 124, 7894. Brown, S. P.;
Goodwin, N. C.; MacMillan, D. W. CJ. Am. Chem. So2003 125, 1192.
Halland, N.; Aburel, P. S.; Jorgensen, K. Angew. Chem., Int. E@003
42, 661.

Fluorescence spectra were recorded on Spectra Max Gemini (Molecular
Devices) using 10@L of the solution in a 96-well plate (Costar 3915) at

25 °C. The data are shown after background correction.
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was a poor catalyst in neat DMSO, the fluorescence assays
closely correlated with the HPLC assays. These results indicate
that the fluorescence assay is useful in ranking the relative
velocities with which a family of molecules catalyzes a particular
reaction. In addition, this fluorescence assay is significantly
faster than the HPLC assay. The fluorescence assay requires
10—20 min to determine the initial velocities of an entire set of
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Figure 4. Comparison of the initial velocities of the reactionland acetone in the presence of amino acids. (a) HPLC assay (analysis of formajon of
and (b) fluorescence assajek 315 nm,lem 365 nm). Reaction conditions: [amino acid] 5 mM, [acetone] 20%(v/v) (2.7 1])50 uM in 0.5%

CH3CN—5% H,0—74.5% DMSO. RFU= relative fluorescence unit.
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Figure 5. Comparison of the initial velocities of the reaction bfand
acetone with glycine in BO—DMSO. (a) HPLC assay (analysis of formation
of 2) and (b) fluorescence assajeg 315 nm,Aem 365 nm). Reaction
conditions: [glycine] 2 mM, [acetone] 20%(v/v) (2.7 M)][50 uM in
0.5% CHCN—79% HO (column 1), in 0.5% CECN—52% H0—27.5%
DMSO (column 2), in 0.5% CECN—22% HO—57.5% DMSO (column
3), in 0.5% CHCN—-7% H0—72.5% DMSO (column 4), in 0.5%
CH3sCN—2% H,0—77.5% DMSO (column 5).

reactions, while the HPLC assay requires-125h to acquire
similar data for a single reaction.
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Figure 6. Comparison of the initial velocities of the reaction bfand
acetone withL-proline in a set of solvents. (a) HPLC assay (analysis of
formation of 2) and (b) fluorescence assajek 315 nm,lem 365 nm).
Reaction conditions: Lfproline] 25uM, [acetone] 10%(v/v) (1.36 M),1]

50 uM in DMSO, DMF, CH,CN, or MeOH.

ester hydrochloride showed no increase in fluorescence, and
these amines did not catalyze the reaction.
Aldolase peptide'sand nonaldolase peptides were also used

f;Bhecause t?e reatlﬁtlon mt?d'””_‘thhald an effect Opf the \:jelocc;ty for the reaction ofl with acetone to assess the fluorescence
ot these reactions, the reaction with glycine was pertormed un e'rassay. The reactions were performed by using peptide/)0

a variety of mixed solvent conditions ,8—DMSO (Figure 5).
Reactions in DMSO with 7% and 2%,B (columns 4 and 5)

were dramatically faster than the reactions in DMSO with 22%
(column 3) or 52% HO (column 2). These reactions were also

faster than reactions inJ@ without DMSO (column 1). Results

and1 (400 uM) in 5% acetone (680 mM}1% CHCN—1%
DMSO—40 mM Na phosphate (pH 7.0) and were analyzed by
both HPLC and fluorescence. The results are shown in Figure
7. Peptides FT-YLK3, FT-YLK3-NAc, FT-YLK3-23S, and FT-
YLK25 catalyzed the reaction efficiently, and the acceleration

in the fluorescence assay were again correlated to those of theof the reactions was detected by both HPLC and fluorescence.

HPLC assay. Although the fluorescence intensity of pro@uct
in DMSO is ~1.5-fold higher than that in buffer, the fluores-

The low activity of FT-YLK3-R5 observed by HPLC was not
detected by the fluorescence assay. In the peptide-catalyzed

E:rincetas(iay dz_allo;/_ved t?fhre?lctlon velocmgs o be_thlch<]Jy r‘kaetd'reactions, the order of the velocities observed in HPLC assays
/' he standardization ol In€ Tluorescence In a variely of SOVeNtS ;g o exactly match the results of the fluorescence assays.
IS S'”.‘F_"e and provides for a more accu_rate ra_nklng. Thus, SOIVentNoncovalent binding interactions between the peptidesland

conditions can also be optimized using this approach. When may result in fluorescence changes in either direction. Addition-

the reaction with proline was performed in a set of solvents,

ally, peptides FT-YLK3, FT-YLK3-NAc, and FT-YLK3-R5

the fluorescence assay showed that the reaction was faster iFhave a cysteine residue in their sequences. The thiol group of

DMF (Figure 6).

The reaction ofl with acetone to provid2 was also catalyzed
by small amines, 2-pyrrolidinemethanol and 1-(2-pyrrolidinyl-
methyl)pyrrolidine in DMSO. The fluorescence assay of the

peptide FT-YLK3 reacts to form a disulfide bond in solution,
but the reaction is incomplete and some free thiol groups
remain’2The reaction ofl with the remaining thiols may occur,
and the fluorescence assay cannot discriminate betwednh C

reactions with these amines provided an increase in quorescenceDoncl formation and €S bond formation. Although the

when the reaction was performed by using@5 M) and amine

(50 mM) in 10% acetone/DMSO. On the other hand, the
reactions with pyrrolidine, triethylamine, and proline methyl

(7) (a) Tanaka, F.; Barbas, C. F., IThem. CommurR001, 769. (b) Tanaka,
F.; Barbas, C. F., lllJ. Am. Chem. So2002 124, 3510.
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Figure 7. Peptide-catalyzed reaction ffand acetone. (a) HPLC assay (analysis of formatioB)afnd (b) fluorescence assay (relative fluorescence unit
above the background at 25 min). Reaction conditions: [peptideMJacetone] 5%(v/v) (680 mM),1] 400 uM in 1% CHsCN—1% DMSO-40 mM

Na phosphate (pH 7.0). Peptide sequences are following: FT-YLK3, YKLLKELLAKLKWLLRKLLGPTCLNHAT-YLK3-NAc, Ac-YKLLKELLAK-
LKWLLRKLLGPTCL-NH 2; FT-YLK3-23S, YKLLKELLAKLKWLLRKLLGPTSL-NH ; FT-YLK3-R5, YRLLRELLARLRWLLRRLLGPTCL-NH,; FT-
YLK25, SPFLGQYKLLKELLAKLKWLLRKL-NH »; FTLACT1, MSTFLVL-NH,; Peptide 20057, CPEKSKLQEIYQELTQLKAAVGEL.
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Figure 8. Antibody 38C2-catalyzed Michael addition to for? (a) HPLC assay (analysis of formation 2f Conditions: [antibody] 2&M (active site),
[1] 500 uM, [acetone] 5%(v/v) (680 mM), 5% CHCN/PBS (pH 7.4). (b) Fluorescence assagx 315 nmiem 365 nmf The same reaction conditions
were used except the concentrationlofs0 xM). O, 38C2;<, nonaldolase antibody IgG (contro®, the reaction with 38C2 in the absence of acetone.

observed increase in fluorescence may include componentsfluorescence (Figure 8). An increase in fluorescence was
corresponding to side reactions or noncovalent binding interac- observed for the catalyzed reaction, and HPLC assay showed
tions, the fluorescence assay was useful to approximatelythat antibody 38C2 catalyzed the desired reactiorhis
estimate the rate of the peptide-catalyzed reactions. When aconstitutes a new reaction for catalytic antibody 38C2.
catalyst containing (a) thiol group(s) is studied, fluorescence  Next, we examined the applicability of the fluorescent
contributed by €S bond formation must be taken into account. detection system by using for other reactions. The Diels
Fluorescence contributed by the reaction of the thiol iS, however, Alder reaction oflL with a,ﬂ_unsaturated ketor@was performed
Significantly lower than that contributed by CatalytieC bond in the presence of pro”n@, and the fluorescence of Diels
formation reactions because only an equivalent of fluorescent Ader product4 was analyzed. Like the Michael prodi;tthe
product is provided by the stoichiometric reaction of the piels—Alder product4 showed significant fluorescence, indicat-
catalyst's thiol group(s). Controlling for fluorescence increases ing that this assay can be used to continuously monite€C
attributed by such artifacts may be a key to developing more pond formation in the DielsAlder reaction (Figures 1 and 3,
accurate rankings of catalysts in some systems. and Supporting Information). Thus, fluorescence assays based
To test the application of our system with a third class of on compoundl are useful for reactions that use carbon
catalysts, aldolase antibody 380#as studied. Antibody 38C2  nucleophiles in addition to the in situ-generated enamine of
was examined as a catalyst in the reactiod fith acetone to acetone.
provide 2, and the reaction was followed by HPLC and

(9) Hydrolysis ofl to generate 4-{-benzimidazol-2-yl)aniline, a fluorophore,
contributes to an increase of fluorescence in the background reaction. In
the HPLC assay of these reactions without antibody (background) and with

(8) (a) Wagner, J.; Lerner, R. A.; Barbas, C. F., 8tiencel995 270, 1797.
(b) Barbas, C. F., lll; Heine, A.; Zhong, G.; Hoffmann, T.; Gramatikova,
S.; Bjornestedt, R.; List, B.; Anderson, J.; Stura, E. A.; Wilson, I. A.; Lerner, nonaldolase antibody (control), no generation2ofvas detected (below
R. A. Sciencel997 278 2085. (c) Hoffmann, T.; Zhong, G.; List, B.; the detection limit).
Shabat, D.; Anderson, J.; Gramatikova, S.; Lerner, R. A.; Barbas, C. F., (10) Thayumanavan, R.; Dhevalapally, B.; Sakthivel, K.; Tanaka, F.; Barbas,
IIl. J. Am. Chem. S0d.998 120, 2768. (d) Tanaka, F.; Barbas, C. F., Ill. C. F., lll. Tetrahedron Lett2002 43, 3817. Ramachary, D. B.; Chowdari,
J. Immunol. Method2002 269, 67. N. S.; Barbas, C. F., lllTetrahedron Lett2002 43, 6743.

8526 J. AM. CHEM. SOC. = VOL. 125, NO. 28, 2003



Fluorescent Detection of C—C Bond Formation

ARTICLES

3000

2000

1000

Fluorescence intensity

U T T T T
360 380 400 420 440 460 480

Wavelength (nm)

Figure 9. Fluorescence emission specti@X 254 nm) of5 and6 in 5%
CH3CN—47.5 mM Na phosphate (pH 7.8X>, 5 (10 uM); O, 6 (10 uM).
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Figure 10. Fluorescence emission spectt@X 254 nm) ofs and6 in 5%
CH3CN/2-PrOH® &, 5 (10 uM); O, 6 (10 uM).

To examine the scope of our design to other fluorogenic
substrates, an additional fluorogenic substBatshich includes
the fluorophore 6-aminoquinoline, was synthesized and studied.
We found that the system was readily expanded to other
fluorogenic substrates. The reaction ®ivith acetone in the
presence of (2-pyrrolidinylmethyl)pyrrolidine in 2-PrOH pro-
vided 6 as the main product, formed by a Michael addition
followed by an intramolecular aldol reaction. Compouéd
showed 19- and 28-fold higher fluorescence intensity thah
Aem 364 nm fex 254 nm) in Na phosphate buffer (pH 7.0)
and in 2-PrOH, respectively (Figures 9 and 10). The fluores-
cence of6 was different from that of 6-aminoquinolifié!?
Compound?, which does not include the quinoline structure,
showed no fluorescence. When the mixturé&¢500xM) and
amine (2 mM) in 10% acetone/2-PrOH was monitored by
fluorescence Aex 254 nm,iem 365 nm), the intensity of
fluorescence increased during the reaction catalyzed by 1-(2-
pyrrolidinylmethyl)pyrrolidine. No fluorescence increase was

observed when triethylamine was studied as a potential catalyst,

indicating that triethylamine is not a catalyst for this reaction.

CHsop

o)

HO CHsy

H
N
0}

7

Conclusion

We have demonstrated direct fluorescent monitoring of the
progress of €&C bond forming reactions in solution. Fluoro-
genic substrates composed of a fluorophore possessing an amino
group are readily prepared as amides af3-unsaturated
carbonyl compounds and are generally poorly fluorescent, while
the Michael or Diels-Alder reaction products of these substrates
exhibit substantially enhanced fluorescence. Our system is
applicable to reactions with protein catalysts, peptide catalysts,
small molecule catalysts, and possibly with other types of
catalysts'3 The covalent combination of fluorophores possessing
an amino group witho,S-unsaturated carbonyl compounds
should provide a diverse range of fluorogenic substrates for the
spectroscopic detection of designer reactions and catalysts.

Experimental Section

Fluorescence Spectra.Fluorescence spectra were recorded on
Spectra Max Gemini (Molecular Devices) using 2000f the solution
in a 96-well plate (Costar 3915) at 2&. The data are shown after
background correction.

Assay for Figure 4. Reactions were initiated by addingul of a
stock solution of substraté (5 mM) in CHECN—DMSO (1:1) to a
mixture of acetone (2@L), 5 uL of L-amino acid solution (100 mM)
in H,0, and DMSO (74uL) at 25 °C. Final concentrations: [amino
acid] 5uM, [acetone] 20%(v/v) (2.7 M),1] 50 uM in 0.5% CHCN—

5% HO—74.5% DMSO. Produc2 was measured by HPLC detection
with a 10uL injection of the reaction mixture. The analytical HPLC
was performed on a Hitachi L-7100 equipped with an L-7400 UV
detector, using a Microsorb-MV C18 analytical column (Varian) eluted
with CH3CN/0.1% aqueous TFA (15:85) at a flow rate of 1.0 mL/min,
with detection at 254 nm. The retention timesladind?2 are 16.3 and
13.4 min, respectively. Fluorescence assay was performed at an
excitation wavelength of 315 nm and an emission wavelength of 365
nm in a 96-well plate (Costar 3915) on Spectra Max Gemini (Molecular
Devices).

Assay for Figure 5. Reactions were initiated by addingul of a
stock solution of substraté (5 mM) in CHECN—DMSO (1:1) to a
mixture of acetone (2@L), 2 uL of glycine solution (100 mM) in
H,0, and HO (77uL) at 25°C for column 1 experiments. For column
2 experiments, a mixture of 8 (50 L) and DMSO (27uL) was
used instead of ¥D (77 uL) for column 1 experiments. For column 3
experiments, a mixture of ¥ (20uL) and DMSO (57uL) was used,
for column 4 experiments, a mixture of,@ (5 uL) and DMSO (72
uL) was used; for column 5 experiments, DMSO (7[Z) was used
instead of HO (77 uL) for column 1 experiments. Final concentra-
tions: [glycine] 2 mM (active site), [acetone] 20%(v/v) (2.7 M}] [
50 uM.

Assay for Figure 6. Reactions were initiated by addingik of a
stock solution of substrate(1 mM) in CH;CN to a mixture of acetone

(11) Brynes, P. J.; Bevilacqua, P.; Green,Anal. Biochem1981, 116, 408.

(12) The fluorescence emission of 6- ammoqumollne is-4680 nm (ref 11

and Supporting Information). When the formation ®fis detected by
fluorescence measurement at emission wavelengths shorter than 390 nm,
the increase in fluorescence can exclude the effect of 6-aminoquinoline
that may be generated by aryl amide hydrolysiSaf buffer.

Examples of catalysts of -€C bond formation selected from libraries.
Catalytic antibodies: refs 2a, 2e, 8a. Zhong, G.; Lerner, R. A.; Barbas, C.
F., Ill. Angew. Chem., Int. EAL999 38, 3738. Hilvert, D.; Hill, K. W.;
Nared, K. D.; Auditor, M.-T. M.J. Am. Chem. Socl989 111, 9261.
Braisted, A.; Schultz, P. G.. Am. Chem. So499Q 112 7430. Gouveneur,

V. E.; Houk, K. N.; Pascual-Teresa, B.; Beno, B.; Janda, K. D.; Lerner, R.
A. Sciencel993 262 204. RNA catalysts: Morris, K. N.; Tarasow, T.
M.; Julin, C. M.; Simons, S. L.; Hilvert, D.; Gold, LProc. Natl. Acad.

Sci. U.S.A1994 91, 13028. Tarasow, T. M.; Tarasow, S. L.; Eaton, B. E.
Nature 1997 389 54. Seelig, B.; Jaschke, Zhem. Biol.1999 6, 167.
Tarasow, T. M.; Tarasow, S. L.; Eaton, B. E. Am. Chem. SoQ00Q

122 1015. Mielcarek, M.; Barciszewska, M. Z.; Salanski, P.; Stobiecki,
M.; Jurczak, J.; Barciszewski, Biochem. Biophys. Res. Comm@002

294, 145,

(13)
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(10 uL), 0.5 uL of L-proline (5 mM in CHCN—MeOH (1:1)), and with CH,Cl,. The filtrate was purified by flash chromatography (EtOAc/
81.5uL of solvent indicated (DMSO, DMF, C4€N, or MeOH). Final hexane= 4:1 and EtOAc) to givés. Combined yield o6 (619.8 mg,

concentrations: LEproline] 25uM, [acetone] 10%(v/v) (1.36 M),1] 64%). Pale yellow solid'H NMR (500 MHz, CDC{—CD3;OD): ¢

50 uM in 5.25% CHCN—0.25% MeOH-81.5% solvent indicated in 8.73 (dd,J = 1.9 Hz, 4.4 Hz, 1H), 8.54 (d] = 2.2 Hz, 1H), 8.15 (dd,

the graph. J=1.9 Hz, 8.4 Hz, 1H), 7.98 (d] = 8.8 Hz, 1H), 7.63 (ddJ = 2.2
Assay for Figure 7.Reactions were initiated by addingu2 of a Hz, 8.8 Hz, 1H), 7.38 (dd] = 4.4 Hz, 8.4 Hz, 1H), 7.17 (dl = 15.4

stock solution of substraté (20 mM) in CHCN—DMSO (1:1) to a Hz, 1H), 6.95 (dJ = 15.4 Hz, 1H), 2.37 (s, 3H}3C NMR (125 MHz,
mixture of acetone (L), 5 uL of peptide (1 mM) in HO, H,O (3 CDClL,—CDsOD): ¢ 198.7, 162.9, 148.8, 144.7, 136.9, 136.8, 136.3,

uL), and 50 mM Na phosphate (pH 7.0) (8Q) at 25 °C. Final 134.6, 128.9, 128.8, 123.5, 121.5, 116.5, 28.7. MALDI-FTMS: calcd
concentrations: [peptide] 10@0M, [acetone] 5%(v/v) (680 mM),1] for C14H130:N, (MH™) 241.0971, found 241.0965.
400uM in 1% CHCN—1% DMSO-40 mM Na phosphate (pH 7.0). 3-Hydroxy-3-methyl-5-oxocyclohexanecarboxylic Acid Quinolin-

Assay for Figure 8. (a) H_PLC assay. Reactions were initiated by 6-ylamide (6). A mixture of 5 (95.7 mg, 0.398 mmol), acetone (1.0
add!ng 5ul of a stock solution of substrafb(l_o mM) in (_3H3QN to mL, 13.6 mmol), §)-(+)-1-(2-pyrrolidinylmethyl)pyrrolidine (12.9L,
a mixture of acetone (BL) and 90uL of an antibody solution in PBS 0.0791 mmol), and 2-PrOH (3.0 mL) was stirred at &7 for 45 h.
(10 mM N?HPQ, 1.8 MM KHPQ;, 137 mM NaCl, 2.7 mM KCl, pH Purification with flash chromatography (EtOAc/hexame4:1 and
7.4) at 25°C. Final concentrations: [antibody] 20M (active site), EtOAc) and prep-TLC (EtOAc/hexane 4:1) afforded6 (44.1 mg,

[1] 500 1M, [acetone] 5%(v/v) (680 mM), 5% CYEN/PBS (pH 7.4). 379 Colorless solidtH NMR (500 MHz, CDCh—CDsOD): § 8.76
Product2 was measured by HPLC detection with a5 injection of (dd,J = 1.9 Hz, 4.0 Hz, 1H), 8.41 (d] = 2.6 Hz, 1H), 8.28 (dJ =

the reaction mixture. (b) Fluorescence assay. Reactions were initiatedg 1 1H), 7.99 (dJ = 9.2 Hz, 1H), 7.84 (ddJ = 2.6 Hz, 9.2 Hz

by adding 5uL of a stock solution of substrate (1 mM) in CH;CN 1H), 7.51 (dd,J = 4.0 Hz, 8.1 Hz, 1H), 3.32 (m, 1H), 2.73 (dd=
to a mixture of acetone (L) and 90uL of an antibody solution in 13.2 Hz, 14.0 Hz, 1H), 2.63 (d,= 14.3 Hz, 1H), 2.54 (m, 1H), 2.43
PBS at 25°C. Final concentrations: [antibody] 26M (active site), (d,d= 14.3 Hz 1'H) 211&2.07‘(m 2H) 142 (s‘SH}?C NMR (’125

[1] 50 1M, [acetone] 5%(v/v) (680 mM), 5% CIEN/PBS (pH 7.4). — \pz, cDClL-CD,0D): ¢ 211.4, 174.8, 149.8, 145.7, 138.1, 137.8,

For the reaction in the absence of acetong) ias added instead of 1351 1295 1251 122.7 117.3. 73.7. 54.2. 43.6. 42.3. 41.3. 30.6.

aci“[’:‘?m Benzoimidazl-2-ylphenyl}-3-2 pyrrolic MALDI-FTMS: calcd for CiH;d0aN, (MH*) 299.1390, found 299.1379.
-[4-(1H-Benzoimidazol-2-yl)phenyl]-3-(2-oxopropyl)pyrrolidine- o o . . .

2,5-dione (2).A mixture of 1 (14.5 mg, 0.050 mmol), acetone (0.2 m'4t (‘: O);Orge?r: 2|Zr10n31/!ﬁmt|)ncr)])bert120|cl: 5A2C7Ig Meltgyi IrEnster r(ls)pi

mL, 2.72 mmol),L-proline (2.3 mg, 0.02 mmol), and DMSO (0.1 mL) X ul € OI' N 'dyl 114;70 elozcl)a e ( I. 173 gd" .th | L s |

was stirred at room temperature for 45 h. The reaction mixture was g?:gyﬁgzl;i)zﬁ%i d(e 'hy drogt’ﬂori. dem(?c:lg)’GE;[g-( 1'?5 m%ac;])lngm?ﬁi

diluted with EtOAc, then poured into saturated M}H and extracted methylamino)pyridine (31.5 mg, 0.258 mmol) in Gl (20 mL) was

with EtOAc. The organic layers were washed with brine, dried over stirred at room temperature for 2 h. The reaction mixture was added to
MgSQ,, filtered, concentrated in vacuo, and flash chromatographed ) ' )
950, grap 0.5 N HCI and extracted with Ci€l,. The organic layers were washed

EtOAC) to give2 (9.6 mg, 55%). Colorless solitHH NMR (500 MHz, A . . . .
( Jtog ( d ) ( with brine and dried over MgSQfiltered, and concentrated in vacuo.

CDCly): 6 8.10 (d,J = 8.5 Hz, 2H), 7.677.63 (m, 2H), 7.45 = - ) . )
) ( ) ( ) (@ The generated solid was filtered and washed with,ClFto give 8

8.5 Hz, 2H), 7.29-7.26 (m, 2H), 3.26-3.05 (m, 4H), 2.59 (ddJ = Sond was T _
5.0 Hz, 18.2 Hz, 1H), 2.22 (s, 3HRC NMR (125 MHz, CDCY): 6 (975.9 mg). Pale yellow solidH NMR (400 MHz, CDC4—CD;OD):

205.8, 178.5, 175.4, 150.5, 133.5, 129.8, 127.3, 127.0, 123.1, 43.4,

35.6, 34.6, 29.7. MALDI-FTMS: calcd for £H1g03Ns (MH™) H o

348.1343, found 348.1341. NM
2-[4-(1H-Benzoimidazol-2-yl)phenyl]-7-thiophen-2-yltetrahy- CHgo\(©/ o)

droisoindole-1,3,5-trione (4).A mixture of 1 (14.5 mg, 0.050 mmol),

trans-4-(2-thienyl)-3-buten-2-one@) (47.5 mg, 0.30 mmol),-proline o 8

(2.5 mg, 0.02 mmol), and DMSO (0.2 mL) was stirred at room
temperature for 45 h. The reaction mixture was diluted with EtOAc, 7 g9 (d,J=8.7 Hz, 2H), 7.71 (dJ = 8.7 Hz, 2H), 7.17 (d) = 15.6
then poured into saturated NGI ant_j extra_cted with EtOAc. The Hz, 1H), 6.89 (d,J = 15.6 Hz, 1H), 3.87 (s, 3H), 2.37 (s, 3HJC
organic Iayers: were washed with brine, dried over MgSitered, NMR (100 MHz, CDCh—CD,OD): & 198.6, 166.8, 162.7, 142.3,
concentrated in vacuo, and flash chromatographed (EtOAc/hexane 137.0, 134.4, 130.6, 125.6, 119.1, 52.0, 29.1. MALDI-FTMS: calcd
4:1 and Etocfc(l.‘A;gitionailgguriﬁcc?tifnlwith prleg_-'TLC (Et%ﬁclhexane for CisH1.0:N (MH*) 248.0917, found 248.0920.
= 4:1) afforde .0 mg, 36%). Colorless soliiH NMR (400 MHz, ' .
CDCIz): 5 8.02 ((d,J 2%5 Hz), 2H), 7.63 (brs, 2H), 7.5507_29 (m, 4—[(_3—Hy_droxy—3—methyl—5—oxocyc|ohexanecarbonyl)am|no]—
2H), 7.24 (d,J = 5.3 Hz, 1H), 7.19 (dJ = 8.5 Hz, 2H), 6.96 (ddJ benzoic Aud Methyl Ester (7).C_0r11pound7 was synthesized fror@
= 3.5 Hz, 5.3 Hz, 1H), 6.86 (d] = 3.5 Hz, 1H), 4.20 (m, 1H), 3.69 gsogescrlb_ed fob. Colorless sol|d.l-_|NMR (500 MHz, CDCE). o
(dd,J = 5.9 Hz, 9.7 Hz, 1H), 3.61 (dt] = 4.1 Hz, 8.8 Hz, 1H), 3.18 05 (d,J = 18.3 Hz, 1H), 7.99 (d) = 8.6 Hz, 2H), 7.63 (d) = 8.6
(dd.J = 4.1 Hz, 17.6 Hz, 1H), 2.94 (ddl = 9.7 Hz, 18.2 Hz, 1H), Hz, 2H), 3.89 (s, 3H), 3.11 (m, 1H), 2.71 (dii= 12.9 Hz, 14.3 Hz,
2.89 (dd,J = 4.7 Hz, 13.2 Hz, 1H), 2.79 (dd} = 9.1 Hz, 18.2 Hz,  1H), 2.56 (dJ = 14.3 Hz, 1H), 2.55 (m, 1H), 2.42 (d,= 14.0 Hz,
1H). 3C NMR (125 MHz, CDC4—CD:0D): & 206.3, 176.6, 174.6,  1H), 2.10-2.07 (m, 2H), 1.66 (br, 1H), 1.42 (s, 3HC NMR (125
150.5, 141.0, 132.3, 130.2, 127.2, 127.1, 126.5, 125.8, 125.0, 122.9,MHz, CDCL): 0209.6,171.8, 166.5, 142.0, 130.8, 125.8, 118.9, 74.0,
446, 430’ 378, 365, 35.3. MALDI-FTMS: calcd fOl’zﬁzoOgNgS 541, 521, 430, 420, 404, 30.9. MALDI-FTMS: calcd le'eI'@lQO?
(MH+) 442.1220, found 442.1230. NNa (MNa*) 328.1155, found 328.1163.

4-Oxopent-2-enoic Acid Quinolin-6-ylamide (5).A mixture of . .
6-aminoquinoline (579 mg, 4.02 mmolyrans-acetylacrylic aciéf Acknowledgment. This study WaS_SUpported in _part l_)y the
(464.3 mg, 4.06 mmol), 1-[3-(dimethylamino)propyl]-3-ethylcarbodi- NIH (CA27489) and The Skaggs Institute for Chemical Biology.
imide hydrochloride (942.6 mg, 4.92 mmol), and 4-(dimethylamino)- ) ) . . .
pyridine (2.0 mg, 0.016 mmol) in Gi&l, (20 mL) was stirred at room Supporting Information Available: Additional quorespence _
temperature for 20 h. The generated solidofas filtered and washed ~ spectra and NMR hard copy of compounds (PDF). This material
is available free of charge via the Internet at http://pubs.acs.org.
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