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Abstract: The nature of the hydrogen bonding in complexes of alkylimidazoles and substituted carboxylic
acids has been studied as a model of the hydrogen-bonding interaction of the proton britlgaidHié 57

and thef carboxyl group of Asp 102 in the active site of chymotrypsin. The interaction has been postulated
to be a low barrier hydrogen bond (LBHB) in the enzyme and also in the model complexes which have a
small ApK,. In the present study, enthalpies of complex formatiem\Hsormation between alkylimidazoles
(2-methyl, 1n-butyl-, and 1tert-butylimidazole) and a series of carboxylic acids were determined by adiabatic
solution calorimetry in chloroform. In FTIR studies presented here, the concentration of LBHB present in
these complexes was determined. For complexation between dichloropropionic acid and alkylimidazoles for
which theApK,is small in chloroform, the- AHzormation Values varied from 12 to 15 kcal/mol. Thus in enzymes,
whereAG is similar toAH, AGsomationCan be as high as12 to—15 kcal/mol for LBHBs. If a weak hydrogen

bond in the initial Esubstrate complex with AGormationOf <—5 kcal/mol is converted to a low barrier hydrogen
bond in the transition state, there will be-Z0 kcal/mol of energy available to lower the activation barrier and

accelerate the reaction by-% orders of magnitude.

Introduction

Itis generally believed that hydrogen bonds increase the rate
of enzyme catalysis by stabilizing the transition state more than
the ground state of the chemical reaction in the active site. The
importance of these hydrogen bond interactions in catalysis has
been shown by X-ray crystallography, kinetics, and site-directed

zoles (—3) and carboxylic acids4—10) were utilized as models
to study the strength of this hydrogen bonding interactfon.

N o] Ry = CHz (1), CHaCH,CHoCHg (2), C(CHa)3 (3)
N ot
2
R, = CF3 (4), CHCI5 (5), CHCI,CHj (6), CHoCl (7),
1-3 4-10 CH,0CHj (8), CH,Ph (9), and CHj (10)

mutagenesis studies. It was recently hypothesized that for some
enzymes short, strong hydrogen bonds or low-barrier hydrogenProton chemical shift and antisymmetric carbonyl stretch values

bonds (LBHB) with more covalent character than ordinary

were observed for 1:1 methylimidazole/acid complexes as the

hydrogen bonds stabilize the transition state and greatly enhancekK, of the carboxylic acid4—10) was varied. The NMR studies

the rate of catalysis:2 This hypothesis is now being tested in
potential LBHB systems by examining the physical character-
istics that distinguish LBHBs. These characteristics include low
fractionation factors, deuterium isotope effects on NMR shifts
and IR stretching frequencies, and downfield proton NMR
chemical shifts"

In an enzymatic example, the proton bridgingtnf His 57
and thef carboxyl group of Asp 102 in the active site of
chymotrypsin has been identified as an LBHB based on its low-
field chemical shift (18.3-19 ppm) in the absengéand in the
presence of transition state analoglgkgw fractionation factor
(0.40)? and elevated basicity of Rlin His 57 of the transition
state analogue enzyme complékComplexes of alkylimida-
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showed a correlation between the chemical shift of the proton
and the differences between the aquedtigspof the acids and

1. The maximum chemical shift occurred with an acid of
aqueous K, 2.2, which presumably has a similaKp to
methylimidazole in chloroform. The FTIR studi€4lindicated
that three types of complexes (Scheme 1) are present in solution
distinguished by the value of the antisymmetric carbonyl
stretch: neutral hydrogen bonddd)( ion-paired (Il ), and an
intermediate (bond order :2) complex (). Weaker acidsq—

10) form neutral hydrogen-bonded complex#g (vith stretches
similar to free acids and ethyl esters. The stronger ad)d (
formed an ion-paired compleXk) with a stretching frequency
similar to that of its tetrabutylammonium salt. Acidsdnd6)
similar in pK, to the alkylimidazoles in chloroform form both
ion-paired (Il ) and intermediate complexes),the latter of
which is postulated to contain a LBHB. Deuterium labeling of
the acids showed a marked isotope effect, resulting in a shift in
the frequency of the antisymmetric carbonyl stretch from 1692
to 1723 cm! for the proposed LBHB complexes oy The
isotope effect arises from the lower zero point energies-6bN

(10) Tobin, J. B.; Whitt, S. A.; Cassidy, C. S.; Frey, P.Biochemistry
1995 34, 6919-24.

(11) Cassidy, C. S.; Reinhardt, L. A.; Cleland, W. W.; Frey, P.JA.
Chem. Soc., Perkin Trans. b press.

© 1998 American Chemical Society

Published on Web 12/08/1998



Alkylimidazole-Carboxylic Acid Complexes

Scheme 1
0 s o)
RIN y) R +
k l)Nv--H"~O)\H2 _ H\Q\I--H—OJ\RZ

[ “ I

RN O
1IN
NH

5

I
and O-D bonds compared to the correspondingiMand O-H

J. Am. Chem. Soc., Vol. 120, No. 51, 188867

acid and phenylacetic acid were recrystallized from chloroform and
dried under vacuum in the presence @OPRfor 2 days. All solvents
used were anhydrous.

FTIR Spectra. FTIR spectra were acquired on a Nicolet 5PC Fourier
transform infrared spectrometer at 4 ¢nmesolution with use of CsF
window material. Samples were dissolved in chlorofatrand were
prepared under anhydrous conditions. Overlapping peaks in the carbonyl
region were deconvoluted by using the computer program Peakfit
(Jandel Scientific Software). Absorbances determined with this program
were used in calculations to determine relative concentrations of LBHB
and ion pair in solution.

Calorimetric Measurements. Adiabatic solution calorimetry was
performed with a Parr Calorimetric Precision Thermometer Model 1674
(Moline, IL). Dilute concentrations of acids were used to limit self-
aggregation and higher-order aggregate formation. Excess base was

bonds in LBHB complexes. Complexes with all of the acids seq to ensure complete complexation of acid. Lower concentrations
contained broad bands associated with strong hydrogen bondingof base resulted in smaller temperature changes. No concentration

Hazdi type i (2500 and 1900 cr.12 These bands disappeared
upon deuterium labeling.

These previous studies showed that at least three spéeies (

IIl') are present in solution (Scheme 1), altholiggnd 1l are

simply extremes of one possible complex. A likely conformation

for the ion-pair speciesll() is one that has a face-edge
interaction involving both nitrogens of the imidazole ring.

Presumably also present in solution are aggregates containin

dependence was shown over the small range (00025 M) of acid
concentrations used. Stock solutions of a serfe3 Bl acid and 5 M
alkylimidazole were prepared in chloroform for duplicate or triplicate
runs. In a typical run, an acid (0.6®.05 M) in chloroform (100 mL)

was stirred under Ng) in an insulated reaction cell fitted with a
temperature probe, calibration resistor, and an immersed glass tube with
a very thin end, containing alkylimidazole-{x excess). When the
temperature reached equilibrium, the sample was introduced by breaking

Ghe sample tube. The temperature change was monitored. The heat

more than one acid or base per complex as shown in NMR ¢anacity of the solution was determined electrically by sending a known

studied® on similar complexes of carboxylic acids and pyridine,

current through the immersed resistor and monitoring the temperature

which show complex equilibria due to concentration dependencechange. The heat capacit@,, was calculated from the following

and aggregation which can b&pdependent. NMR and FTIR

equation wherd is the current appliedR, is the resistancd, is the

studied! have been performed on the alkylimidazole/acid time the current was applied, addr is the temperature change. The

complexes varying the steric hindrance of the 1-alkyl group

(methyl, n-butyl, tert-butyl) on alkylimidazole to show the
dependence on concentrationllbf, which can have interactions

C,=I ‘RYUAT

between the acid group and the alkylated nitrogen. Farther enthalpy,AH, was calculated by the following equation

downfield IH NMR chemical shifts (18.2 versus 17.9) and

higher relative absorbances for the LBHB antisymmetric car-
bonyl stretch (1.4:1) were measured for the more sterically

hindered3 than for1. Alkyl substitution did not have an effect
on the frequency of this carbonyl stretch.

The NMR and FTIR studies above substantiate the presenc
of a putative LBHB species in alkylimidazole complexes with

5 or 6 in chloroform. The values for chemical shift and

(S

AH=—C,AT/n

where AT is the temperature change of the solution on addition of
alkylimidazole or alkylamine and is the number of moles of acid.
This value was corrected by subtracting the heat of dilution of the
alkylimidazole or alkylamine in the solvent alone under identical
conditions.

antisymmetric carbonyl stretches observed for these complexesResults

have been shown to correlate with hydrogen bond strehigth.

the present study, adiabatic solution calorimetry was employed
to measure the strength of the hydrogen bonds formed in thes

alkylimidazole/acid complexes: AHtormationWas determined for
1-methyl, 1n-butyl, and ltert-butylimidazole with each of the
following acids: trifluoroacetic4), dichloroacetic %), dichlo-
ropropionic ), chloroacetic T), methoxyaceticg), phenylacetic
(9), and acetic 10).

Experimental Section

Materials. All chemicals were from Aldrich (Milwaukee, WI) except
tert-butylimidazole, which was prepared according to the literattire.
Liquids were fractionally distilled and handled undefdy. Chloroacetic
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1966 439-445. (e) Barrow, G. MJ. Am. Chem. Sod.956 78, 5802
5806. (f) Hadzi, PPure Appl. Chem1965 11, 435-440. (g) Lindeman,
R.; Zundel, G.J. Chem. Soc., Faraday Trans.1®72 68, 979-985. (h)
Bratoz, S.; Hadzi, D.; Sheppard, Spectrochim. Actd956 8, 249.

(13) Golubev, N. S.; Smirnov, S. N.; Gindin, V. A.; Denisov, G. S,;
Benedict, H.; Limbach, H.-HJ. Am. Chem. S04994 116, 12055-12056.

(14) Bedford, C. D.; Harris, R. N.; Howd, R. A.; Goff, D. A.; Koolpe,
G. A.; Petesch, M.; Koplovitz, I.; Sultan, W. E.; Musallan, H. A.Med.
Chem.1989 32, 504-516.

€

Figure 1 shows the carbonyl stretch region of FTIR spectra
of complexes between 1-methylimidazole (0.35 M) and acids
(0.05 M) 4, 6, and10 in chloroformd under the conditions of
the calorimetry experiments. In Figure 1b, botfl700 cnT?)
and Il (1647 cntl) antisymmetric carbonyl stretches are
observed for6 at this low concentration of acid. Under these
conditions the LBHB species is present in a larger relative ratio
(2.2:1) to the ion pair than at a higher concentration of
complex1911As shown in Figure 1al0, a weak acid, has only
one carbonyl stetch at 1709 ciwith a value consistent with
little proton transferl( ). Figure 1c shows that for strong acid
4 only the ion-pair specielll at 1673 cm?! is present. The
FTIR of complexes between tert-butylimidazole and the
substituted acids at lower concentration more closely resemble
those seen previously at higher concentrdfléh because
formation of alternate species was sterically hindered due to
the bulk of thetert-butyl group.

The heat produced; AHsormation from the addition of excess
1-alkylimidazolesl—3 or nonylamine {1, 7x excess) to a series
of substituted carboxylic acidd—10 (0.02-0.05 M) was
measured by adiabatic solution calorimetry as described in the
Experimental Section. Dilute concentrations of acids were used
to limit self-aggregation and higher-order aggregate formation.
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Figure 1. The carbonyl stretch region of FTIR spectra of complexes

betig@B5 M) and (a) acetic acidL(), (b) dichloropropionic acidf),

and (c) trifluoroacetic acid4) (0.05 M) in CDC} at room temperature. Onfyshows both LBHB () at 1700 cm* and ion pair (Il ) at 1647 cn?.

Acid 10 shows only hydrogen bondl{ at 1709 cm?* and acid4 shows only ion pairl(l ) at 1673 cm. Assignments of hydrogen bond or ion

pair were made by comparing the carbonyl stretch values to those of the free acids alone and those of their tetrabutylammonium salts, #¥&4pectively.
In both cases, as the aciKpincreases the carbonyl stretch value decreases to a smaller wavenumber.

Table 1. Enthalpies of Complex Formatior; AHsomation (Kcal/mol) between Alkylimidazole$—3 and Substituted Carboxylic Acids—10
Determined by Adiabatic Solution Calorimetry in CHGIt Room Temperatute

imidazole (% excess)

acids nonylamine

(0.02-0.05 M) Kaaq 1-Me Q) n-Bu (2) t-Bu (3) (7x excessi1
trifluoroacetic @) 0.23 13.7(0.5) 13.0(0.6) 13.6(0.3) 23.8(0.6)
dichloroacetic §) 1.29 13.7(0.5) 13.4(0.3) 14.7(0.1) 21.0(0.5)
dichloropropionic 6) 2.06 12.3(0.8) 11.5(0.2) 14.9(0.8) 20.2(0.8)
chloroacetic 7) 2.86 6.8(0.2) 5.9(0.5) 9.4(0.3) 16.7(0.9)
methoxyaceticg) 3.53 6.5(0.3) 6.3(0.5) 7.2(0.3) 13.8(0.7)
phenylaceticg) 4.31 4.6(0.4) 3.9(0.6) 5.5(0.4) 14.2(0.5)
acetic acid {0) 4.76 4.8(0.5) 3.9(0.6) 4.0(0.2) 13.0(0.9)

aThe values reported are averages from triplicate experiments and the errdfs.are

The enthalpies measured are the sums of the enthalpy of proton—AHsomation fOr carboxylic acids having differentqy’s will be

transfer,AHpt, and hydrogen bond formatiodHyg, and are

AHformationZAHPT+AHHB (1)
listed in Table 1.

As shown in Table 1, the-AHsomation Of complexes of
methylimidazole and acidé—10 becomes more exothermic as
the K, of the acid decreases. The aqueols palues (7+
0.15 pH unit) of the unalkylated nitrogen are similar in the three
alkylimidazoles utilized. Ther-butylimidazole andert-butyl-
imidazole —AHormation Values with acids4 and 8—10 are
comparable to those of methylimidazole, although thert-
butylimidazole—AHtormation Values fors—7 are somewhat more
exothermic. Higher—AHiormation Values (5-10 kcal/mol more
exothermic) are found with nonylaminep10.13) and acids
4—10, where mixing results in full proton transfer to give only
ion pairs due to the largApK, between nonylamine and all
acids. That only full proton transfer occurs is shown in FTIR
spectra of nonylamine and the weakest ddigwhich has only
one carbonyl stretch at 1572 cfpnear the value (1575 criy!!
of the tetrabutylammonium salt df0. Likewise, the complex
of nonylamine and has only one stretch (1642 c@) similar
to the value (1648 cm)!! of the tetrabutylammonium salt of
6. Thus theAHpt contribution toAH¢mation fOr these complexes
is large. SinceAHpt is dependent oApK,, as the K, values
of the acid decrease, theAHsormation Values increase.

Both previou®!! and present FTIR studies on these com-
plexes have shown that the equilibrialpfi, andlll in solution
are dependent on thé&pof the carboxylic acid in the complex
and the alkyl substitution of the alkylimidazole. Thus, the

influenced by the relative concentrations of the three types of
complexes. The relative concentrations of the complexes can
be obtained from FTIR studies. In spectra of a compleX of
and6, absorbance values for the antisymmetric carbonyl stretch
for the proposed LBHB and ion-pair species show a 2:1 ratio.
By using complexes where only one species is present, the
average extinction coefficient of the ion-pair species is twice
that of the weakly hydrogen bonded species. An estimate for
the extinction coefficient for the LBHB species can be deter-
mined from the average of the extinction coefficients for these
two species. By using this approximation the relative concentra-
tion of I to Il is 2.2:1. The relative concentration bfll in
solutions of3 and6 is 1.4:1. Dichloroacetic acid, also shows
two carbonyl stetches in FTIR spectrain 1:1.2 and 1.2:1 relative
concentrations of the LBHB to the ion pair fdr and 3,
respectively.

For complexes of—3 and acidst and7—10 the —AHsormation
represents either normal hydrogen bondiiig 10) or ion-pair
complex formation 4). The complexes betweehor 3 and5
or 6 have 45-68% of LBHB, I, present. The other species in
solution is the ion pairlll . The contribution from the ion pair
to the—AHsomationCan be estimated to be 325 kcal/mol. This
indicates that the- AH¢omation for the LBHB is of approximately
the same magnitude, A5 kcal/mol, as for the ion pair.

Discussion

Since the time that LBHBs were proposed to mediate enzyme
catalysis, the energy stabilization gained from an LBHB
interaction has been a subject of debate. It was proposed that
LBHBs catalyze enzyme reactions by stabilizing otherwise high
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energy transition states and thereby decrease the activation To approximate the active site of an enzymee~ 4—6),
barrier of the reactiof-3 The amount of stabilization depends chloroform, a nonpolar aprotic solvent £ 4.8), was used in
on the strength of the LBHB. In the present study, we measuredthese calorimetric studies. For small organic compounds, the
—AHformation Values for complexes of alkylimidazoles and strengths of hydrogen bonds in solution have been found to be
carboxylic acids and determined the contribution of LBHB solvent dependent. Calorimetric studies have shown that higher
formation to be 1215 kcal/mol in chloroform. hydrogen bond strengths are measured for the same complexes
The magnitudes of the-AHformation Values measured in the iy nonpolar rather than polar solvents including wafeg In
present work are consistent with values for strong hydrogen measurements of equilibrium constants, hydrogen bond strengths

bondhcorEpIexes r((ajported in thellir:;Lature. In ;he pasL, calcf)rim- were found to be both higher and more sensitive to substituent
etry has been used to measure formation OF @ NUMDET O changes in aprotic solvents than in wateiThis has been

hydrogen bondeql auql/base comple%(ﬂs,cluqmg compoqus attributed in part to the greater stabilization of the negatively
similar to those in this study such as pyridine or pyridine o . . ;

. . ; . charged species in water than in aprotic solvents and in part to
oxides and substituted acetic acidsthe enthalpies (1124 lack of solvent competition in aprotic solvent. Because of their
kcal) obtained here for nonylamineKp10.13) are consistent . . P apro - .

low dielectric constants, the interiors of proteins at the active

with the values for triethylamine K 10.7) with the series of e h ; il | :
carboxylic acids. The enthalpies{18 kcal/mol) for pyridine ~ S!t€ have environments more similar to a nonpolar aprotic

(PKa 5) complexe¥ were consistent with the enthalpies (12~ Selvent even in the presence of water.

15 kcal) measured here for the alkylimidazoles and the  The AGiomaion Of the complexes studied here, which model
substituted carboxylic acids. For complexes between a seriesthe His—Asp interaction in serine proteases, has a nonzero
of substituted pyridine or pyridinreoxides with only dichloro- entropy term that should vary depending on the nature of the
propionic or dichloroacetic acid, where the base was varied acid. In enzymatic active sites, reactions that lead to LBHB
instead of the acid, the-AHrormation Values ranged beween 8  formation should have little entropy contribution due to preor-
and 25 kcal/mol. The-AHyg values determined from IR spectra  ganization of enzyme and substrate in the active site. In
for these acids with a series of substituted pyridines and enzymes, them\Giomaton for LBHB formation will be similar
pyridine—oxides were 815.5 kcal/mol, the residual value being  to AH,maionand can be as high as12 to—15 kcal/mol. If a

—AHpr. weak hydrogen bond in the initial-Bubstrate complex with a
(15) Guryanova, E. N.; Goldstein, I. P.; Perepelkova, Russ. Chem.  AGrormation Of =—5 kcal/mol is converted to a low-barrier
Rev. 1976 45, 1578-1593. hydrogen bond in the transition state, there will belD kcal/
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