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Abstract

The Kemp elimination is prototypical reaction used to study proton abstraction from carbon. 

Several hydrophobic systems are known to accelerate this reaction, including two classes of 

computationally-designed enzymes. However, it is unclear whether these computationally-

designed enzymes establish specific interactions with their substrates, as natural enzymes do, or if 

most of the rate acceleration is due to the hydrophobicity of the substrate. We used a simple 

system composed of cationic micelles and a long chain base (such as lauryl phosphate or lauric 

acid) to measure the rate acceleration for the Kemp elimination. Remarkably, we found that this 

simple system can accelerate the reaction by 4 orders of magnitude, approaching the rates of more 

complex designed systems. Use of different substrates suggests that the reaction takes place at the 

interface between the micellar head and water (the Stern layer) with the long-chain base embedded 

in the micelle and the substrate in the aqueous solution. Thus, we suggest that significant rate 

accelerations can be achieved regardless of the precise positioning of substrates. Because natural 

enzymes use specific interactions to position their substrates, we propose that acceleration of the 

Kemp elimination is not a suitable benchmark for the success of the design process, and we 

suggest that more complex reactions should be used.
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INTRODUCTION

The Kemp elimination is a well-studied reaction in which a catalytic base abstracts a proton 

from a benzisoxazole ring. This abstraction results in ring-opening, forming the cyanophenol 

product (FIGURE 1).[1–3] In contrast to many other proton transfer reactions, the negative 

charge that forms at the transition state is delocalized throughout the aromatic system, 

making the Kemp elimination a relatively easy decarboxylation to catalyse. Indeed, many 

systems have been used to accelerate the Kemp elimination: carboxylic acids in aprotic 
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solvents,[2,4] vesicles and micelles,[5] cyclodextrines,[6] synzymes,[2,7] cavitands,[8] bovine 

serum albumin,[9,10] catalytic antibodies,[11] minimally-designed peptides,[12] and 

computationally-designed enzymes[13,14] have been shown to possess significant Kemp 

eliminase activity.

Although this reaction is catalysed by a wide array of systems, direct comparisons between 

the catalytic parameters derived from different systems are not always meaningful, because 

different bases accelerate this reaction with significantly different rate constants. For 

example, the aqueous reaction of 5-nitrobenzisoxazole (5NBI) proceeds with second-order 

rate constants (k2) of 6 × 10−5 M−1s−1, 1 × 10−1 M−1s−1, and 15 M−1s−1 with respect to 

acetate,[15] primary amines,[2] and hydroxide.[3] Organic solvents such as acetonitrile and 

DMSO can accelerate this reaction by several orders of magnitude when the catalytic base is 

a (negatively) charged species such as acetate.[2,4]

The micelle-assisted Kemp elimination was studied in the past with respect to hydroxide.[5] 

Unsurprisingly, the effect of micelles was found to be minimal (~5-fold relative to the 

aqueous reaction), as the highly hydrophilic hydroxyl ion is not predicted to significantly 

interact with micelles. In this work, we wanted to test whether more hydrophobic catalysts, 

such as the ones with a long-chain carbon tail that might intercalate within the micelle, can 

provide substantial rate acceleration to the micelle-assisted Kemp elimination.

EXPERIMENTAL

Materials

5-Nitrobenzisoxazole and 5-bromobenzisoxazole were purchased from Ark Pharm. 5-

bromobenzisoxazole was recrystallized from methanol. Benzisoxazole and hydroxylamine 

hydrochloride were purchased from Alfa Aesar. 2-Hydroxy-1-benzaldehyde, 

triphenylphosphine, and DDQ were from Sigma-Aldrich. CTAC, sodium laurate, and 

dodecyl phosphate were purchased from TCI. Dodecyl phosphate was recrystallized twice 

from isoctanol. Naphthisoxazole was prepared in two steps from 2-hydroxy-1-benzaldehyde 

as described below, using slightly modified literature procedures.[16,17]

Synthesis of 2-hydroxynaphthalene-1-carbaldehyde oxime (1)

2-Hydroxy-1-benzaldehyde (2.5g, 14.5 mmol) was dissolved in 7 ml of ethanol and mixed 

with 7 ml of ethanolic NH2OH·HCl (2.9 g, 33 mmol) and 7 ml of aqueous sodium acetate 

(4.1 g, 50 mmol). The solution was stirred at room temperature and monitored by TLC 

(70:30 hexanes/ethyl acetate). After 3 hours the solution was put in fridge and left overnight. 

The green precipitate was washed with cold ethanol and hot water, then dried under vacuum 

and used without further purification. Yield in 1: 1.3 g (7.0 mmol, 48%). The 1H NMR 

spectra in CDCl3was consistent with the one reported in the literature,[16] with peaks at 

10.80 ppm (s, 1H), 9.15 ppm (s, 1H), 7.97 ppm (d, 1H), 7.79 ppm (d, 1H), 7.56 ppm (t, 1H), 

7.37 ppm (t, 1H), 7.26 ppm (s, 1H), and 7.21 ppm (d, 1H).
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Synthesis of naphtho[1,2-d]isoxazole

To a solution of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ, 341 mg, 1.5 mmol) and 

triphenylphosphine (Ph3P, 394 mg, 1.5 mmol) in CH2Cl2 (5 mL) was added 1 (187 mg, 1.0 

mmol) at room temperature. The resulting solution was stirred for an additional 10 minutes. 

Solvent was removed via rotary evaporation, and the crude reaction mixture was purified 

using SiO2 column chromatography with 50% hexane / 50% CH2Cl2 as the eluent. Solvents 

were again removed via rotary evaporation, and the product was isolated as a white solid in 

59% yield. 1H NMR δ (CDCl3): 9.12 ppm (s, 1H), 8.17 ppm (d, 1H), 8.00 ppm (d, 1H), 7.97 

ppm (d, 1H), 7.74 ppm (d, 1H), 7.70 ppm (t, 1H), 7.58 ppm (t, 1H).

General kinetic methods

Reactions were run in 25 mM buffer (MES, MOPS, HEPES, or phosphate) at 20 °C. We 

used plastic disposable UV microcuvettes (from Brand) for all trials. Typically, 25 µL of an 

aqueous buffer solution were mixed with 12.0 µL of a 47 mM aqueous solution of CTAC, a 

variable amount of catalyst (0–6 µL of a stock solution in methanol), and water to reach 500 

µL. Reactions were started by addition of the substrate (1–6 µL of stock solutions in 

methanol) and monitored using a Cary 50 UV spectrophotometer at the following 

wavelengths: 380 nM for 5-nitrobenzisoxazole (ε = 18,400 M−1cm−1); 349 nm for 5-

bromobenzisoxazole (ε = 8,500 M−1cm−1); 323 nm for benzisoxazole (ε = 5,080 M−1cm−1); 

370 nm for naphthisoxazole (ε = 10,000 M−1cm−1). Addition of methanol without catalyst 

did not accelerate the reactions.

RESULTS AND DISCUSSION

Because the catalytic base should bear at least a partial negative charge to be active, we 

decided to use the positively-charged cetyltrimethylammonium chloride (CTAC) as the 

micellar agent to ensure an attractive interaction with the hydrophilic heads of the long-chain 

base. The literature value for the critical micelle concentration (c.m.c.) of CTAC is 1.35 

mM,[18] but we found a maximum activity at [CTAC] = 1.1 mM. It is possible that small 

experimental errors in our stock solution account for this discrepancy; however, micelles 

were clearly formed because of the significant rate acceleration provided by our system (see 

below).

In the absence of added base, Kemp elimination of 5NBI proceeded with a second-order rate 

constant (k2) in hydroxide of 290 M−1s−1. This value is slightly larger than the reported 

value of 80 M−1s−1,[5] possibly because of the differences in the experimental conditions 

(previous results were obtained around pH 11, while our results were obtained over a wider 

range of pH values). The measured k2 for the Kemp elimination in the absence of micelles 

was found to be 15 M−1s−1, in very good agreement with the previously reported value of 

14.7 M−1s−1.[5] Thus, the micellar environment provides 5–20 fold rate acceleration to the 

Kemp elimination when hydroxide is used as the base. Because polar aprotic solvents 

significantly accelerate the Kemp elimination, this small effect is consistent with the reaction 

occurring in a slightly more hydrophobic environment than water, such as the one present at 

the micelle/water interface.[5]
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When we added dodecyl phosphate (C12P) to the reaction medium (at pH 6.6), we measured 

an increase in the velocity of the Kemp elimination of 5NBI with an apparent dissociation 

constant of about 93 µM and a maximum first-order rate constant of 1.0 × 10−3 s−1 (Figure 

2A). Because C12P is significantly hydrophobic (the calculated octanol/water partition 

coefficient for the neutral species of C12P is ~ 104),[19] we expected this compound to be 

present embedded within the micelle rather than in bulk water. Considering an aggregation 

number of 88,[18] the concentration of CTAC micelles when [CTAC] = 1.1 mM is estimated 

to be 12.5 µM. Thus, our results suggest that about 7 molecules of C12P associate with a 

CTAC micelle to achieve half of the maximum velocity. In contrast, we did not observe any 

saturation in 5NBI up to a concentration of 3.0 mM (Figure 2B). Thus, it is possible that the 

linear long-chain of CTAC allows efficient packing and intercalation within the micelle, 

while the bulkier and less hydrophobic phenyl ring of 5NBI prevents packing and constraints 

the substrate to the micelle-water interface. From the results above, we calculated the value 

of k2 for the micellar-assisted encounter of C12P and 5NBI at pH 6.6 to be 5.8 M−1s−1.

Importantly, an increase in butyl phosphate concentration over a much larger range did not 

result in significant differences between the observed velocities in the presence and absence 

of micelles (data not shown). This result suggests that the hydrophobic interactions between 

the micelle and the catalyst are important for the rate acceleration, supporting the hypothesis 

that C12P intercalates between CTAC molecules, as observed with other detergents.[20]

In order to determine whether the monoanionic or the dianionic form of C12P were the 

reactive species, we varied the pH keeping the base concentration fixed at 42 µM. Because 

the pKa of dodecyl phosphate is 7.0,[21] in case the dianion was the reactive species we 

expected the observed velocity to be constant above pH 7.0, as most of the phosphate would 

be in the productive dianionic state above such pH. On the contrary, if the monoanion were 

the reactive species we expected the observed velocity to drop above pH 7.0 because the 

concentration of the monoanion would significantly decrease above the pKa value.

The flat pH-rate profile observed between pH ~ 6.0 and 7.7 (Figure 3) strongly suggests that 

the monoester dianion is the reactive species. However, the pH-rate profile shown in Figure 

3 presents two additional interesting features. First, the apparent pKa value of C12P is below 

5.3, significantly different from the reported pKa value for C12P of 7.0 in the absence of 

micelles. This reduced pKa value suggests that C12P is indeed associated with the micelle, 

as expected by the hydrophobicity of its tail, so that the phosphoryl group of C12P is in 

proximity of the positively-charged trimethylammonium group of CTAC. This proximity 

with the positive charge will make it more likely for the phosphate to lose its protons, 

thereby reducing the pKa. Second, the observed velocity increases above pH 7.7. This is due 

to the hydroxide-catalysed reaction that starts to be prevalent above this pH. The pH-rate 

profile at 4.2 µM C12P can be fit using a kinetic pKa of 6.6, which is closer, but not 

identical, to the pKa of C12P in solution. This last result suggests even at 4.2 µM the base is 

partly associated with the micelle.

In order to determine the rate acceleration provided by the micellar system, we needed to 

compare the values of k2 for the C12P-catalysed Kemp elimination in the presence and in 

the absence of micelles. However, this comparison is problematic for two reasons: first, 
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C12P is poorly soluble in water, and it is not possible to achieve high concentrations of this 

base. Second, although the c.m.c. of C12P is higher than the concentrations used herein, 

detergents can form premicelles, which can also accelerate chemical reactions.[22–24] 

Because of these two potential problems, we decided to compare the measured value of k2 to 

that of the inorganic phosphate-catalysed Kemp elimination. Reactions of inorganic 

phosphate did not show pH-dependence above pH 6.8 (data not shown), suggesting that also 

in this case the dianion was the reactive species. At pH 7.0, which is in the plateau region, 

we measured a value of k2 for the phosphate-catalysed Kemp elimination in aqueous 

solution of 3.6 × 10−4 M−1s−1 (Figure 4). Because the value of k2 for the micellar-assisted 

encounter of C12P and 5NBI at pH 6.6 is 5.8 M−1s−1 (see above), this result implies that the 

rate acceleration brought about by the cationic micellar system is about 16,000-fold.

Reactions in micelles usually occur at the interface between water and the hydrophilic head, 

a region also called the Stern layer. This region has characteristics more similar to water than 

to the highly hydrophobic interior of the micelle, and the dielectric constant of the Stern 

layer has been often compared to that of ethanol.[25] To determine whether the Kemp 

elimination takes place at the Stern layer, we measured the values of k2 for two other 

substrates, 5-bromobenisoxazole (5BrBI) and benzisoxazole (BI). These two substrates have 

reduced ability to delocalize the negative charge present in the product-like transition state 

and thus are expected to react slower than 5NBI, with pKa values of 5.9 and 7.0 for the 

products of the reactions of 5BrBI and BI, respectively. Brønsted plots that relate the pKa of 

the cyanophenol product to the observed rate constant of the parent substrate have been 

determined in several environments, including aqueous solution,[2] acetonitrile,[2] catalytic 

antibodies,[26] and the computationally-designed Kemp eliminase HG3.17.[15] The slopes of 

these plots, commonly referred to as βLG, were found to be −0.67, −0.96, −1.0, and −1.4, 

respectively. When we plotted the observed values of k2 as a function of the pKa of the 

product in the micelle-assisted Kemp elimination, we found a slope of −0.75, which is very 

similar to that observed in water (Figure 5). This result suggests that the reaction takes place 

in an environment with water-like characteristics, such as the Stern layer, and not in the 

interior of the micelle.

To understand whether the benzisoxazole substrate is also associated with the micelle, we 

compared the C12P-catalysed Kemp elimination of BI (which contains one phenyl ring) to 

that of naphthisoxazole (NI, which contains two phenyl rings, Figure 6). The calculated 

octanol/water partition coefficients are 101.6 and 102.8 for BI and NI, respectively.[19] If the 

substrate were embedded in the micelle, we would expect a significant increase in the value 

of k2 for NI, which is significantly more hydrophobic than BI. In contrast to this prediction, 

we found that the two substrates reacted with very similar k2 values (0.071 and 0.068 

M−1s−1 for BI and NI, respectively). This result is in agreement with the lack of saturation in 

5NBI reported above, and suggests that the benzisoxazole substrate is not significantly 

associated with the micelle. Thus, our results are consistent with a model in which the 

anionic base intercalates within the micelle with the long hydrophobic chain and leaves the 

negatively-charged head to interact with the positively-charged head of the micelle, with the 

substrate present in the Stern layer rather than embedded in the micelle.

Sanchez et al. Page 5

J Phys Org Chem. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Other compounds such as dodecylamine and dodecanol did not promote the Kemp 

elimination above background levels (data not shown), but dodecanoic acid (lauric acid, 

C11COOH) provided significant rate-acceleration. We found that at pH 6.6 and in the 

presence of CTAC micelles, C11COOH catalyses the reaction with a k2 value of 0.98 M−1s−1 

(Fig. 7). Because C11COOH is even less soluble than dodecyl phosphate in aqueous 

solutions, we compared the k2 value reported above to that of acetate in aqueous solution 

(5.8 × 10−5 M−1s−1).[15] Thus, the rate acceleration was about 17,000-fold in case of 

C11COOH, which virtually identical to the value of 16,000 measured when C12P was used as 

the catalyst. On the contrary, we found no effect upon addition of 2-naphthaleneacetic acid. 

This result is consistent with the hypothesis that a long hydrophobic tail is needed to 

associate the base with the CTAC micelle.

The 104-rate acceleration measured in the micellar system is only 2–3 orders of magnitude 

smaller than the rate acceleration provided by the most successful computationally-designed 

Kemp eliminases (106 for KE59 and 107 for HG3).[15] The measured second-rate constant 

for a bimolecular reaction in micelles can simply reflect of the increased concentration of 

reactants in the hydrophobic surface of the micelle.[27] However, the comparison of k2 

values for reactions of BI and NI suggests that these substrates are not significantly 

associated with the micelle, and that the rate acceleration measured herein is due to other 

factors. In particular, the orientation of the catalytic base is fixed by the micellar 

environment, and this reduction in entropy might significantly contribute to the rate 

acceleration. Because the micelle provides no specific interactions to orient the 

benzisoxazole substrate relative to the catalytic base, our results suggest that precise 

positioning of the substrate might not be essential to produce significant rate accelerations in 

the Kemp elimination.

CONCLUSIONS

In this paper, we have shown that the Kemp elimination can be significantly accelerated by 

long-chain bases associated with micelles. As observed in other systems, the long-chain base 

seems to be oriented with its tail inside the micelle,[28] while the aromatic substrate seems to 

be associated with the Stern layer. Thus, our results suggests that relatively loose and non-

specific interactions with the substrate can provide at least 4 orders of magnitude rate 

acceleration even in a non-hydrophobic environment when the catalytic base is easily 

accessible. This rate acceleration is larger than the ~ 20-fold rate accelerations measured for 

hydrolyses of benzoyl chlorides and benzenesulfonyl chlorides in the presence of CTAC,[29] 

and of the 30- and 100-fold measured for hydrolyses of aromatic phosphate triesters[30] and 

diesters[31] in CTAC; in fact, it is more similar to the 105-fold rate accelerations achieved by 

metallomicelles.[32,33]

Our results parallel and expand the findings of Korendovych et al. that placed a single 

Glu/Asp in the very hydrophobic binding site of calmodulin to achieve significant rate 

acceleration of 3 × 105,[12] which is very similar to what we measured with an even simpler 

system such as the micelle/long chain base system. The simple micellar system described 

herein, with its value of k2 = 0.98 M−1s−1 for lauric acid, is clearly less efficient than more 

complex systems that use a carboxylate base, such as the above-mentioned rationally-
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redesigned calmodulin (kcat/KM = 5.8 M−1s−1)[12] and the computationally-designed KE-59 

(kcat/KM = 160 M−1s−1)[14] and HG3 (kcat/KM = 1,300 M−1s−1),[13,15] but can nonetheless 

provide significant rate acceleration in spite of the simplicity of the system. These more 

complex, proteinaceous systems present the obvious advantage that they can be evolved to 

significantly increase their catalytic efficiencies.[14,15,34] Nevertheless, these increases have 

been somehow modest (100-fold) and probably due to increase in hydrophobicity of the 

active site, rather than to the establishment of specific interactions.[35,36] Further, despite of 

this increase, the rates of the evolved Kemp eliminases remain well-below the diffusion 

limit, as elegantly pointed out by Korendovych and DeGrado.[36]

Our results reinforce the idea that the Kemp elimination is a simple reaction that does not 

necessitate specific, enzyme-like interactions to be greatly accelerated. In addition, they 

suggest that precise positioning of active site residues might not be essential for the observed 

catalysis of Kemp eliminases. Therefore, we suggest that the Kemp elimination should not 

be used as a benchmark for the success of the design process, and that more complex 

reactions, that are not especially sensitive to the presence of a hydrophobic environment, 

should be used in future design attempts.
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Fig. 1. 
Schematic representation of the Kemp elimination.
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Fig. 2. 
Effect of changing the concentration of (a) C1P and (b) 5NBI on the rate of the Kemp 

elimination in the presence of 1.1. mM CTAC.
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Fig. 3. 
pH-rate profile for the Kemp elimination of 5NBI in the presence of 1.1. mM CTAC and 42 

µM (open circles) or 4.2 µM (open squares) C12P.
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Fig. 4. 
Effect of inorganic phosphate on the Kemp elimination of 5NBI in the absence of micelles at 

pH 7.0.
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Fig. 5. 
Brønsted plot for the Kemp elimination of 5NBI catalysed by acetate in water (red, ref. 2), 

C12P in CTAC micelles (blue, this work), the catalytic antibody 34E4 (black, ref. 26), and 

acetate in acetonitrile (gold, ref. 2).
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Fig. 6. 
Kemp elimination of naphthisoxazole (NI).
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Fig. 7. 
Effect of lauric acid (C11COOH) on the Kemp elimination of 5NBI at pH 6.6 in the 

presence of 1.1. mM CTAC.
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