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The amino acid catalyzed aldol condensation is of great interest in organic synthesis and natural environments
such as atmospheric particles. However, kinetic and mechanistic information on these reactions is limited. In
this work the kinetics of the aldol condensation of acetaldehyde in water and aqueous salt solutions (NacCl,
CaCb, N&SO,, MgSQy) catalyzed by five amino acids (glycine, alanine, serine, arginine, and proline) at
room temperature (29%& 2 K) has been studied. Monitoring the formation of three products, crotonaldehyde,
2,4-hexadienal, and 2,4,6-octatrienal, by Y¥is absorption over 2001100 nm revealed two distinct kinetic
regimes: at low amino acid concentrations (in all cases, below 0.1 M), the overall reaction was first-order
with respect to acetaldehyde and kinetically limited by the formation of the enamine intermediate. At larger
amino acid concentrations (at least 0.3 M), the kinetics was second order and controlled byGHmad-
forming step. The first-order rate constants increased linearly with amino acid concentration consistent with
the enamine formation. Inorganic salts further accelerated the enamine formation according &, {hleingibly

by facilitating the iminium or enamine formation. The rate constant of th&¢@ond-forming step varied

with the square of amino acid concentration suggesting the involvement of two amino acid molecules. Thus,
the reaction proceeded via a Mannich pathway. However, the contribution of an aldol pathway, first-order in
amino acid, could not be excluded. Our results show that the rate constant for the self-condensation of
acetaldehyde in aqueous atmospheric aerosols (up to 10 mM of amino acids) is identical to that in sulfuric
acid 10-15 M (K ~ 10 7—10 ¢ s clearly illustrating the potential importance of amino acid catalysis in
natural environments. This work also demonstrates that under usual laboratory conditions and in natural
environments aldol condensation is likely to be kinetically controlled by the enamine formation. Notably,
kinetic investigations of the €C bond-forming addition step would only be possible with high concentrations

of amino acids.

Introduction was found to be potentially important for the optical properties

. L . of the aerosols and their contribution to climate.

The asymmetric aldol reaction is an important method for R : . .
forming carbor-carbon bond$2 In nature, this reaction is Kinetic information on the amino acid catalyzed aldol
catalyzed by aldolase enzymes, which, if they are of class |, condensation is, however, limited. Our recent stéidgports
employ chiral enamines as nucleophiles to achieve stereoselecSOMe rate constants for these reactions in aqueous and salts
tive addition between carbonyls compounds in buffered aqueousmedia. Some aspects of their mechanism have also been
media! Another approach for achieving highly stereoselective addressed by studying the aldol reaction catalyzed by secondary
aldol reactions in synthesis is the use of amino acids and theirand primary amine® which involves the same mechanism as
derivatives as catalysts in organic solvéftMoreover, amino  the aldol condensation apart from the final dehydration tep.
acids and oligopeptides can catalyze these reactions in mild andThe retroaldol reaction of the amino acid catalyzed asymmetric
environmentally compatible media such as water and aqueousaldol reaction has also been investigdfednd has been
salt solutions$. Amino acids are ubiquitous in natural environ- concluded to involve only one molecule of amino acid in the
ments at earth’s surfaeand in atmospheric particles. In  transition staté® Solvent effects have also been studied for the
particular, their concentrations are enriched by several ordersinitial steps of the amino acid catalyzed aldol reaction in organic
of magnitudes in rain droplets$ fog droplets?1 and aero- medial®®< but the mechanisms affecting the rates of reaction
solg%11 compared to oceans and other natural waters. In this could not be clearly identified. Thus, essential information on
context, the amino acid catalyzed oligomerization of acetalde- the mechanism of the amino acid catalyzed aldol condensation
hyde in water and ionic solutions was recently shown to be an remains to be established, such as the reaction order in carbonyl
efficient route to linear conjugated olefinic compounds in compound, the identity of the step kinetically controlling the
atmospheric aerosotd.This formation of light-absorbing com-  reaction (thus catalytic efficiency), and the reaction order in
pounds in particles that would be otherwise transparent to light amino acid. Admittedly, a challenge encountered by previous
studies was that they focused on cross-reactions, making it
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acordova@organ.su.se (A.C.). . . .

* Department of Meteorology. from other steps (see mechanism below) on the basis of reaction

* Department of Organic Chemistry. order.

10.1021/jp7096845 CCC: $40.75 © 2008 American Chemical Society
Published on Web 03/04/2008




2828 J. Phys. Chem. A, Vol. 112, No. 13, 2008 Noziere and Codova

I 18
COOH a
nei - N 16 o
) A 14
= COOH s
> | -
@ HzN x 12
= x
B COOCH o
E cooH|[7 10
% HN" cHaoHf | N COOH ‘s
=] 2 o
£ s = 8 - p— ¢ +
s 0 ] B ab—  *
= ! S 6
[=% 7]
g <
w0
= “ “_’__,._——*—4‘——_’_’_ *
Wi A a¥ 2 ‘ Prad
CHO COOCHs :./(“
0 T
200 300 400 500 600 700 800
wavelength (nm) 0 2000000 4000000 6000000
time (s)
b 0
-0.5
) -1
»
% -1.5
2 ° £
= L9
= .
g° v
§ . %-2.5
< = 3
2 -35
0 -4
200 250 300 350 400 450 500 550 600 45
wavelength (nm) :
Figure 1. Absorption spectra of reaction mixtures. (a) Reactions 0 2000000 tim:?:)oooo 6000000

catalyzed by glycine (black), serine (blue), alanine (red), proline
(green), and arginine (yellow) evidencing the formation of crotonal- Figure 2. First-order analysis. Top: Real-time variation of the
dehyde (dark gray), 2,4-hexadienal (pale gray), and 2,4,6-octatrienal absorption index at 226 nm (blue), 273 nm (pink), and 320 nm (green)
(black). (b) Evolution of the absorption spectrum over 76 days for the for the reaction presented in Figure 1b and first-order fit to eq 3.
reaction of 0.1 M acetaldehyde catalyzed by 0.06 M glycine in NaCl Bottom: Fit to eq 4 providing the first-order rate constahts(s™),

4 M. for each product.

The present work proposes a kinetic study of amino acid
catalyzed aldol condensation reactions with the double ob- Experimental Section
jective of obtaining data useful to describe these reactions
in the environment and fundamental information on their
mechanism. A self-condensation was chosen to clearly distin- were protected from light with aluminum foil. The vials
guish between the €C bond-forming step and other steps of ;

the mechanism. The reaction of acetaldehyde, chosen asamode‘iomameoI 4 mL of continuously ;tlrred solupon .at room
for carbonyl compounds, has been studied in water temperature (295t 2 K). The solutions used in this work

and aqueous salt solutions (NaCl, CaGlaS0s, MgSQy). The mcluc_ied deionized water, sodium chloride (NacCl), ca_llcium
catalytic efficiency of five of the most abundant amino chloride (CaCl), sodium sulfate (N£5Qu), and magnesium
acids found in atmospheric particle! was investigated:  Sulfate (MgSQ). These solutions were first mixed with-0.7
glycine, alanine, serine, arginine, and proline. The measure-M of different amino acids: glycine, alanine, serine, arginine,
ments were based on the formation of three products, crotonal-and proline. Acetaldehyde (1 mM to 0.5 M) was then introduced
dehyde, 2,4-hexadienal, and 2,4,6-octatrienal, monitored by with a microsyringe. The kinetic analyses were based on the
UV—vis absorption over 2001100 nm. A first series of  absorbance of reaction mixtures over $4000 nm and were
experiments focused on determining the overall reaction order measured with small samples of solutios®)(3 mL) placed in

in acetaldehyde. A first-order kinetic analysis was then 1 mm quartz cells and in a UWis spectrometer (Agilent 8453).
applied to the reactions displaying a first order in acetalde- after the measurements, the samples were replaced in the vials.
hyde. A third series of experiments focused on the effects of These manipulations accounted for less than 20% of loss on

salts on the first-order rate constants. Finally, a last series of 4,4 sample volumes, which represented only small errors on
experiments studied the kinetics of the reactions display- o <oncentrations '

ing a second-order behavior. On the basis of these results,
the importance of aldol condensation in natural environments The absorbancéy,(4), wherel is the wavelength in centime-
and the general features of its mechanism will be discussed. ters, was measured by the spectrometer and was converted to

The experiments were performed in sealed glass vials and
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TABLE 1: Comparison of the First-Order Rate Constants of Formation of Crotonaldehyde, 2,4-Hexadienal, and
2,4,6-Octatrienal under Various Conditions

[amino acid]
[A]a (M) Catalyst (M) solvent klzze (Sfl) k|273 (Sfl) klgzo (Sfl) klzzdklzn k|27;Jk|320
0.1 alanine 0.3 water 5% 1077 6.0x 1077 0.9
0.1 glycine 0.06 water 6.3 1077 29x 107 25x 107 2.2 11
0.1 glycine 0.06 NaCl 4 M 1.6 10°° 8.9x 1077 6.5x 1077 1.1 1.4
0.1 glycine 0.06 NaCl 4 M 5. 1077 3.0x 1077 25x 107 1.7 1.2
0.1 glycine 0.3 water 4.9 10° 3.8x 10°° 3.4x 10 1.3 1.1
0.1 glycine 0.2 NaCl 4 M 5.% 1076 5.5x 1076 5.2x 10°® 11 11
0.1 alanine 0.6 water 25 10° 2.4x 107 1.1
0.1 serine 0.6 water 2R 10° 2.3x10°® 0.9
0.1 glycine 0.3 water 5.5 107 3.7x10°® 2.9x 10°© 15 1.3
0.1 arginine 0.06 water 78 10°° 49x 1078 15
0.1 serine 0.6 NaCl 4 M 3.2 10°¢ 2.8x 10°© 1.2
average 1.5+0.4 1.2+ 0.2

a Concentration of acetaldehyde (M).

absorption (or extinctionk;, by applying the BeerLambert completely ruled out were the formation of monounsaturated
law: compounds other than crotonaldehyde absorbing below 250 nm.
However, such compounds would affect the observed kinetics

Ad) =¢€; x| 1) only if they formed faster or in larger quantities than crotonal-

. . dehyde, which was not likely on the basis of the mechanism.

wherel is the optical path lengthl (= 0.1 cm). Because an  gydying the kinetics of the reactions from the absorption of

important application of this work was to determine the effects he three light-absorbing products was thus considered reliable.
of the reactions on the optical properties of atmospheric aerosolspg gescribed below, most determinations of the overall order

(as in ref 12), absorption spectra and their time variations are ot reaction in acetaldehyde were performed at these three
presented in absorpfllon index units in the figures. The relation- \ oy elengths (or two of them). However, determinations of rate

ship betweere; (cm™) and the absorption index (nondi-  ¢5nstants were mostly performed from the absorption band of
mensional), the imaginary part of the refraction index, is given ; 4 g qctatrienal at 320 and 350 nm because the latter was the

by least likely to be subject to spectral interferences and did not
A, =1 x el ) reach _saturation as fast as those of crotonaldehyde and 2,4-
hexadienal.

Since the kinetic analyses were performed at fixed wavelengths ~ The kinetic analyses presented in this work were performed

(see below), this relationship is a simple multiplicative constant, on experiments lasting between a few days and 2 months. The

and this conversion has no implications on the results. results reported in this work are based on over 250 such
In our recent study? the three main light-absorbing products experiments.

of the amino acid catalyzed aldol condensation of acetalde- 1. Overall Reaction Order in Acetaldehyde Before deter-
hyde in agueous solutions were identified as crotonaldehyde, mining any rate constant, it was indispensable to establish the
2,4-hexadienal, and 2,4,6-octatrienal by high-resolution massoverall order of reaction with respect to acetaldehyde. This
spectrometry (HRMS) and comparison with the absorption overall reaction order was determined from the variations of
spectra of pure references over 20100 nm (Figure 1a).  the initial rate of product formation as a function of acetaldehyde
Because 2,4,6-octatrienal was not available, the reference specconcentration. This initial rate was determined from the increase
trum in Figure 1 is the one of octatrienoic methyl ester. The of the absorption of the productag /At (s-2), for up to 25%
kinetics of the reactions could not be studied from the decay of of conversion (first four to six points in Figure 2). The absolute
acetaldehyde because 2,4-hexadienal absorbs at the samgncertainties on each value &;/At were estimated to be 20%
wavelengths and with much larger intensity. Instead, the kinetics pecause of the uncertainties in the degree of conversion.
was studied from the formation of the light-absorbing products However, between values measured in the same series of
as illustrated in Figure 1b. We will show that, for the reactions experiments, the relative uncertainties were only about 15%
studied in this work, both approaches are equivalent. Although pecause the same degree of conversion was chosen even if it
the spectra of crotonaldehyde, 2,4-hexadienal, and 2,4,6-was not well-known. In most experiments, the initial acetalde-
octatrienal somewhat overlap, this overlap is minimal at their hyde concentration was evaluated precisely by its absorption
respective maxima, 226, 273, and 320 nm. These wavelengthsat 277 nm before product buildup. However, in a few experi-
were thus chosen for the analyses. Few compounds werements, this concentration could only be estimated from the
expected to interfere with these absorption bands in the yolume of liquid initially injected because the absorption of
experiments. Carbonyl compounds have-m* transition bands  gcetaldehyde was too small, or its consumption was too fast,

in these regions, but those are several orders of magnitudes lesghich added some uncertainties in the variationd@fAt (s
intense than ther — 7* bands of the conjugated products \yith acetaldehyde concentration.

(2,4-hexadienal and 2,4,6-octratrienal). This is well illustrated
by the small contribution of acetaldehyde to the spectra around
270 nm (bottom spectrum in Figure 1b), which disap-

peared rapidly and did not interfere with the kinetic analyses. following expression was fitted to the time variations of the

Amino acids contributed to the absorption only below 230 nm : . . . L
as a constant offset (being the catalysts, their concentrationsabsorptlon’El(t) (see Figure 2a, in absorption index units):

did not vary) and did not affect the kinetic analyses. The only |
potential interferences to the kinetic analyses that could not be €,(t) = €, [1 — exp(-k x 1)] 3)

2. First-Order Analysis. For the reactions identified as being
first-order in acetaldehyde, a first-order analysis was performed
to determine the corresponding rate const&ht(s™1). The
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16 As illustrated in Figure 2, the formation of the products,
especially 2,4-hexadienal and 2,4,6-octatrienal, did not take place
immediately but after an induction timg, (s). Such induction
times have also been observed in the acid-catalyzed aldol
condensation and are due to the time necessary to buildup
significant amounts of crotonaldehyde before 2,4-hexadienal and
2,4,6-octatrienal are produced. These induction times did not

14 |

-
N
L

10

Absorption index x 10°
[e2]

. affect the kinetic analyses or the rate constants since eq 4 can
61 o be fitted by replacing with (t — t,). However, simulations of
4l the formation of aldol products in natural environments would
. need to take these induction times into account.
2 Approximating eq 3 at low reaction conversion gives the

expression for the initial rate of product formatiaxs',/At (s75),
measured in the previous series of experiments:

0 100000 200000 300000 400000 500000 600000
time (s | |
© Ae JAt ~ e, x K (5)

25

The rate constarit' (s™) can therefore also be determined
from the initial slopeAe',//At and frome... This would, however,
result in more uncertainties than using eq 4 because the
uncertainties ore, (15%) andAe';/At (20%) would add up
15 directly, resulting in 35% ork' (s). Using eq 4 was thus
preferred.

. As discussed above, rate constants were generally determined
from the absorption of 2,4,6-octatrienal. Potential interferences
on this band (from 2,4-hexadienal for instance) were ruled out
05 | b by obtaining identical rate constants when analyzing the kinetics
at two different wavelengths of this band, 320 and 350 nm.
Only for the purpose of comparing the rate constants of
formation of the three main products were rate constants
determined simultaneously at 226, 273, and 320/350 nm (Figure
Figure 3. Second-order analysi_s _for 'ghe aldol condensation of 0.3 M 2 %n(?if-l;:l(t:)tleof:L)S.alts Previous works have reported that salts
acetaldehyde catalyzed by arginine in water. Top: Evolution of the | ** ) . ;
absorbance at 350 nm and fit to second-order expression (eq 6).increased the rates of chiral amine catalyzedXbond-forming
Bottom: Fit to eq 7 to determine the second-order rate constant, reactions'® The possibility of similar effect in the case of amino
(Mts, acid catalysis was investigated in this work by studying the
kinetics of the aldol condensation of 0.3 M of acetaldehyde
catalyzed by 0.3 M of glycine in aqueous solutions of sodium
wheree. is the absorption of the mixture at long reaction time chloride (NaCl) 0.+4 M, calcium chloride (CaG) 0.5-2 M,
(or high degree of conversion). All the experiments to which sodium sulfate (Ng&Q;) 0.5-1 M, and magnesium sulfate
this analysis was applied were carried out until at least 95% (MgSQ,) 0.5-3 M. First, the overall order in acetaldehyde was
conversion. In practice, this degree of conversion was deter- determined for solutions NaCl 4 M, where the reaction was the
mined as the point at which the absorption varied by less than fastest and thus most likely to be second-order. Once it was
10% (and often randomly), which determined the value.of  established that this reaction was first-order in these concentrated
and the uncertainties on it. Depending on the experiment, this solutions, and thus in all the salt solutions studied in this work,
was reached after 2 weeks to 2 months during which 2% first-order rate constants were determined in all these solutions
measurements were made. The rate constn(s™), was using the first-order analysis described above.

([1- €/€00)-1) -1

0 100000 200000 300000 400000 500000 600000
time (s)

determined from the slope of the expression 4, Second-Order Analysis.As presented below, a second-
| order kinetics was observed with most amino acids at large
IN(1 —¢le,) =—k xt 4) amino acid concentrations. This second-order regime was

studied with 0.3-0.6 M arginine and an initial concentration
as illustrated in Figure 2h. Obtaining linear plots from eq 4 was of 0.3 M of acetaldehyde. A second-order analysis was applied
a confirmation that. was determined accurately because under- to the time profiles to determine the second-order rate constant,
or overestimating this quantity by more than 30% would result k' (M~1 s™1). As in the first-order analysis, a time-dependent
in curves upward or downward. Using eq 4 to determine the expression was fitted to the variations of the absorption index
rate constant also had the important advantage of beingat 320 (or 350) nm (Figure 3, top)
independent from the initial concentration of acetaldehyde or
the absorption cross sections of the products. The uncertainties €3ot) = €,[1 — 1/(1+ C, x K' x 1)] (6)
on the rate constants obtained from eq 4 were also limited: 10%
uncertainties ore., combined with 5% uncertainties on the ~WhereC. (M) is the concentration of 2,4,6-octatrienal at long
measurements of the absorbance, and the errors in the lineafeaction time (or high degree of conversion). The second-order
regressions resulted in about 25% of uncertaintie® qg2). rate constant! (M~! s7%), was then obtained from the slope
Exceptions were the values af and rate constants determined ©f the expression
at 226 nm, which contained many more uncertainties as I
discussed below. [1/(1— €egpden)] —1=C, x K x t (1)
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amino acid; bottom row: formation of 2,4,6-octatrienal at 350 nm with 0.3 M (pale green) and 0.6 M (dark green) amino acid.

(Figure 3, bottom) wher€., was calculated by dividing.. by
the absorption cross section of 2,4,6-octatriené320 nm)=
37150 Mt cm™116 Unlike in the first-order analysis, the
uncertainties orC,, (assumed identical to those en, 15%)
directly reported ont&!" (M~1 s71) resulting in a total between
35 and 50% of uncertainties.

Approximating eq 6 at low-reaction conversion gives an
expression for the initial rate of product formation in the second-
order regime

A" IAt~ e, x C, x K (8)

k' (M~1s™1) can thus, in principle, also be obtained from these
initial formation rates. However, as in the first-order analysis,
uncertainties ome';/At, A., and C, would add up to larger
uncertainties than using eq 7.

Chemicals. The solutions were prepared by mixing known
quantities of the salts of interest with milliQ water, sodium
chloride, calcium chloride, sodium sulfate, and magnesium
sulfate: Merck, >99.5%; acetaldehyde, Aldrich>99.5%;
glycine, Aldrich, 99+%; L-alanine and -serine, Aldrich, 99%;
L-proline, Aldrich, 99+%; L-arginine, Aldrich, 98-%; crotonal-
dehyde, Fluka;>99.5%; 2,4-hexadienal, 95%, Fluka.

Results

1. Overall Reaction Order in Acetaldehyde.The results

presented in absorption index unifsA ;/At, using the conver-
sion of eq 2. Two distinct kinetic regimes are evident from these
results. For alanine and serine at all the concentrations used in
this work and for glycine, proline, and arginine at low
concentrations (and, for all the amino acids studied, below 0.1
M), the rate of product formation varied linearly with acetal-
dehyde concentration indicating a first-order kinetics. For larger
concentrations of glycine, proline, and arginine (6086 M),

the rate of product formation varied as the square of the
concentration of acetaldehyde evidencing a second-order kinet-
ics. Confidence in these kinetic orders was given by the least-
square regression factors, which were all larger than 0.8 both
for first- and second-order curves. The fact that these regimes
took place at different concentrations for different amino acids,
and that only one regime was observed with alanine and serine,
made it unlikely that these observations resulted from experi-
mental or analytical artifacts.

This transition between kinetic regimes will be discussed in
the next section. An important conclusion from these results
was that different kinetic analyses had to be performed for
different reaction conditions to determine the correct rate
constants. These results also showed that, whenever it could be
measured, the three products were always in the same kinetic
regime (Figures 4 and 5b), which was a first indication that
their formation might be limited by the same reaction step.

Another conclusion, more specific to arginine, the only basic

of the study of the overall reaction order in acetaldehyde are amino acid used in this work, is that potential contributions of

presented in Figures 4 and 5, where valuesAef/At are

the base-catalyzed mechanism were likely to be negligible as
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10 Koroine () = (8.5 2.1) x 10°° x [proline] ~ (11)

K gyeine (S 1) = (10.94 2.1) x 10°° x [glycine] (12)

Karginine(S ) = (4.54 1.1) x 10°° x [arginine] (13)

where [amino acid] is the molar concentration of amino acid.
Uncertainties on eqs-913 combine the 25% uncertainties on
K' from the first-order analysis and-3.2% error in the linear
* . regressions. The slopes of these expressions reflect the rel-
ative catalytic efficiency of each amino acid, which was already
apparent from the initial rates determined in the first series
of experiments: alanine- serine < glycine ~ proline <
T e arginine. This is comparable to the relative catalytic efficiencies
0 =l Qo of the amino acids reported previously for the Michael
0 0.1 02 03 04 05 06 07 reactiont32
[Amino acid] (M) 3. Effect of Salts on the Kinetics.The reaction catalyzed
Figure 6. First-order rate constant for the aldol condensation of By 0.3 M of glycine in NaC4 M solutions was found to be
acetaldehyde in water measured at 320 nm, catalyzed by argininefirst-order in acetaldehyde (Figure 7a, in absorption index units).
(yellow), glycine (black), proline (green), serine (blue), and alanine This implied that this reaction would also be first-order in all
(pink) (data for alanine and serine are almost superimposed). the salt solutions studied in this work. First-order rate constants
were therefore determined for these different solutions using
those should have resulted in a second-order kinetics inthe analysis described above. The results are presented in Figures
acetaldehyde for the whole range of conditions studied. 7b and 8. The results in Figure 7b show tkladisplayed linear
2 First-Order Kinetics and Effect of Amino Acid Con- variations with amino acid concentration in NaCl 4 M, as
centration. For a limited number of reactions that were found °PServed in pure water, but its values were systematically a
to be first-order in acetaldehyde, rate constants were determined@ctor 2 larger. This confirmed our previous observatiéasd
simultaneously for all three products at 226, 273, and 320 nm earlier works reportlng _that salts increase thel rati of_amme-
(Figure 2). These rate constants and their ratios are presente&atalyzed. reactlo_n’s? Figure 8 Sh.OWS th_atk (s In-
in Table 1. The errors on the average ratios at the bottom of creased linearly with the concentration of dissolved salt in the
Table 1 are statistical deviations only. The total uncertainties solutions
on the average ratid,79k's20 were estimated to about 53% (i.e., | 1 6
+0.6) when including the 25% uncertainties Idgys and ko Knaci (S 7) = (1.1+0.5)x 10 ° x [NaCl] +
The rate constants of formation of 2,4-hexadienal and 2,4,6- (3.2+ 1.5) x 10°© (14)
octatrienal were thus concluded to be equal. The rate constants
measured at 226 nrit\zz6, contained much larger uncertainties kICaq (s =(2.2+1.5)x 10" x [CaCl,] +
thank!,73 andk!zp0 because the absorption band saturated before
reaching a high degree of conversion (see Figure 2). It was (3.2+1.5)x 10°° (15)
therefore more difficult to compare the rate constant of formation
of crotonaldehyde with those of the two other products. k'N . (sH=(B.1+15)x 10 °®x [Na,SO,] +
Uncertainties ork';p¢ were evaluated to about 50% leading to > s
75% of uncertainties on the rati@s,gk'>73 and a total of 80% (3.2+1.5)x 10" (16)
on their average, that i;1.2. Within these large uncertainties,
these three rate constants were, however, concluded to bé<'Mgso4 (s =(1.0+ 1.5)x 10 ° x [MgSQ,] +
identical. As discussed in the next section, this suggested that 6
the formation of these three products was limited by the same (3.2+1.5)x 10 (17)

Ztetp O.f _the thmelf_ha?lsm.f ;ract(;cz;lllly, fjh's al_so rr;eantt tlgat where [salt] is the concentration of dissolved salts in sol-
etermining the kinetics ot the adol condensation of acelalde- iqn The intercept (3.2 1.5) x 1076 571, corresponding to

hyde from the consumption of acetaldehyde or from the o \41ye ofid for this reaction in pure water, was imposed to
formation of any of these products should be equivalent. all these expressions. Uncertainties on the slopes combine the

The first-order rate constants for the reaction in water 25% uncertainties on each value ldfand the errors in the
determined at 320 and 350 nm were also determined at differentlinear regressions. Note that the data with relatively large
amino acid concentrations for the five amino acids studied in dispersionm 4 M NaCl shown in Figure 8 are those estimated
this work. The results are presented in Figure 6. With arginine, from initial rates only (presented in Figure 7a) and not from
this could only be performed up to 0.1 M beyond which the complete first-order analyses, which, as discussed in the
kinetics became second-order. The rate constants were foundexperimental Section, contain larger uncertainties. The results
to vary linearly with amino acid concentration in Figure 8 and eqgs 1417 would, however, benefit from more
measurements for a more accurate description of the effects of
salts on these reactions.

4. Second-Order Kinetics.The second-order rate constant,
k' (M~1s71), obtained from experiments with high concentra-
klserine(sil) = (3.84 1.0)x 10 ° x [serine] ~ (10) tions of arginine and eqs 6 and 7 are presented in Figure 9. The

variations ofk! (M~ s™1) with arginine concentration were best

K (x10°s™)

W W 3~ @ W
*

M

Koanne(S D) = (3.9 1.1) x 10 ® x [alanine]  (9)
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Figure 7. (a) Initial rate of formation of crotonaldehyde (blue), 2,4-

hexadienal (red), and 2,4,6-octatrienal (green) for the aldol condensation

of acetaldehyde catalyzed by glycine in Na€ M solutions. (b)

o

0.1

0.2 0.3

[Arginine] (M)

0.4 0.5 0.6

Variations of the first-order rate constant for the reaction in NaCl 4 M Figure 10. Comparison of the apparent first-order rates for the first-
catalyzed by different amino acids. Same colors for the amino acids asand second-order kinetics for the aldol condensation catalyzed by

in Figure 6.
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Figure 8. First-order rate constant for the aldol condensation of
acetaldehyde catalyzed by 0.3 M glycine in various salt solutions: NaCl
(blue), CaCl (pink), NaSQO, (yellow), and MgSQ (green).

represented by a second-order expression:

K'(M™ts™) = (8+4) x 10 2 x ([AA] — 0.5F +
(6+3) x 102 (18)

arginine and determination of the different kinetic regimes.

to reflect the uncertainties on each valuekbf(M~* s71) and
the errors in the second-order regression.

Discussion

A. Mechanism. Competition between Limiting StepsThe
transition between the first- and second-order kinetics in
acetaldehyde implied that two different steps of the mech-
anism, one being first-order in acetaldehyde and the other
second-order, were in competition to limit the overall re-
action speed. This competition is best illustrated by Figure 10
representing the apparent first-order rate constants for the
reaction catalyzed by arginine in each regime as a function of
arginine concentration. The transition between the two kinetic
regimes results from the crossing of these two curves: for
[arginine] < 0.15 M, the rates corresponding to the first-
order curve are smaller than the rates given by the second-order
curve and limit the reaction, while above 0.15 M it is the
opposite. Figure 10 also explains why this transition occurs at
different concentrations for different amino acids: the slope of
the first-order line varies proportionally with the catalytic
efficiency of each amino acid and, accordingly, intercepts
with the second-order curve at different amino acid concentra-
tion. For the least efficient amino acids studied in
this work, alanine and serine, the first-order step was slow

Overall uncertainties on this expression were estimated to 50%enough to remain kinetically limiting over the entire range of
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SCHEME 1: Main Steps of the Mechanism of the Amino Acid Catalyzed Aldol Condensation of Acetaldehyde
R2 H,0 R? R2
0] ; R+ -H* Too
1) + R )\COOH N)‘COOH H R‘N)‘COOH
A N — X A
H H

Acetaldehyde Amino Acid (AA) Iminium lon (11) Enamine (E1)

Aldol Pathway

R2 R2

R1 .o R1 +)‘ - HZO Hzo

0 N~ TCOOH OH N7 TCO0 & OH O 0
RJ\H ' )\H - R)\)J\H ?} R/'\/U\H < R/\)LH

E1 I'

AA

Mannich Pathway

U+ aAa

R H
F Hzo

(5)11: R = Me AA

(6) 122 R= Y
M3 R= K

concentrations: the two curves cross at higher amino acid to give the corresponding 2,4-hexadienal and 2,4,6-octatrienal.
concentrations than studied in this work, and the transition was In the Mannich pathway, a nucleophilic attack by the enamine
not observed. E1l to the iminium intermediatél gives directly the corre-
However, for the range of amino acid concentrations around sponding imminium ionl2 after the C-C bond-forming step
the intercept (for instance, between 0.1 and 0.3 M in Figure and elimination of one amino acid molecule (step 5). Thus, two
10), there is no clear dominance of one step over the other asmolecules of the amino acid are involved in this step of the
both have comparable first-order rates. Therefore, it might not reaction. The iminium ion intermediate can either react with
be possible to apply a simple kinetic analysis over this range. another enamind=1l or upon hydrolysis with water render
This will be further discussed below. crotonaldehyde. The former reaction will lead to the formation
Kinetics and Mechanism of the First-Order Step The first- of the dienal (step 6), which can react further wih to give
and second-order steps controlling the overall kinetics of the the corresponding triene (step 6).
amino acid catalyzed aldol condensation will now be identified  In both the aldol and Mannich pathway, the only reaction
on the basis of current knowledge of the mechanism. Two step that is second-order in acetaldehyde is theChond-
different mechanisms, the aldol and Mannich mechanisms, haveforming step, which is step 2 of the aldol pathway and step 5
been proposed for the amino acid catalyzed aldol condensationof the Mannich pathway. The second-order kinetics observed
involving aldehydes as the substrate’$. The simplified aldol at large concentrations of glycine, proline, and arginine is
and Mannich pathways, which possibly both are operating in therefore due to this €C bond-forming step. By contrast,
parallel, are depicted in Scheme 1 for the amino acid catalyzedseveral steps involve one molecule of acetaldehyde directly or
self-condensation of acetaldehyde. The first step in both indirectly (i.e., as the enamine E1) and could be responsible
pathways is the formation of the enamine intermedigtevia for the first-order kinetics at low amino acid concentrations:
the iminium intermediatél (step 1). In the aldol pathway, a the formation of the enamingl in step 1, the addition oE1
nucleophilic attack by the enamiiiel to the acceptor aldehyde  to crotonaldehyde and 2,4-hexadienal via the aldol pathway in
renders the corresponding iminium intermediatevhich upon steps 3 and 4, and the formation of the iminium ions from
hydrolysis releases the amino acid and gives the aldol productcrotonaldehyde and 2,4-hexadienal via the Mannich pathway
(step 2). Subsequent dehydration of the aldol product givesin steps 6 and 7. However, the results from our experiments
crotonaldehyde. This process will be repeated via eqs 3 and 4suggest that the formation of all three products is kinetically
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limited by the same step, which implies that the latter can only of the mechanism is second-order in acetaldehyde. Equation

be step 1, the formation of iminium idd and enamin&l. As 18 obtained for the variations & (M~1 s71) with amino acid

a further support to this conclusion, it seems that if neither step concentration implies that this-€C bond-forming step involves

1 nor step 2 were kinetically limiting the reaction, acetaldehyde two amino acids and therefore proceeds via the Mannich

and crotonaldehyde would be rapidly in equilibrium and all the pathway. However, it cannot be ruled out that this step also

subsequent steps involving crotonaldehyde (for instance, 3 andcontains a first-order component in amino acid (explicit in eq

6) would be at least second-order in acetaldehyde, which was18) from the aldol pathway. The apparent decrease of the rate

not observed. constant over 0:30.5 M might result from a contribution of
The linear variations of the first-order rate constahts™), the first-order enamine formation step for which a second-order

with amino acid concentration (Figure 6) imply that only one analysis might underestimate the second-order rate constant.
amino acid molecule is involved in the corresponding step,  Figure 9 suggests that the second-order Mannich pathway
which is also consistent with the mechanism of formation of would be dominating above 0.5 M of amino acid and that kinetic
the enamineEl in step 1. investigations of this pathway specifically would require such

An important conclusion from our results and this discussion Nigh concentrations. _
i that in natural environments, where amino acid concentrations B- Environmental Importance. Equations 9-13 allow the
are much lower than in this workuf1 to mM), the aldol calculation _oﬂ<' (s7}) for a wide range of co_ndltlons, |ncIud|ng _
condensation of acetaldehyde and, most likely, of other carbonyl hatural environments such as atmospheric aerosols. Glycine is
compounds should also be controlled by the first enamine Usually the most abundant amino acid in atmospheric particles,
formation. Correspondingly, under the conditions employed so With & concentration up to 20 pmol T (of air) in fine
far in laboratory to study the amino acid catalyzed aldol @erosols’**Assuming an aerosol specific volume of 8(m®
condensation (lower concentrations of amino acids than in this O aerosol/r of air), this corresponds to a molar concentration
work), the G-C bond-forming step could not have been limiting ©f 20 mM. For this concentration, eq 12 estimates the rate
the kinetics. Kinetic and mechanistic information on this@© ~ constant in pure water td = 1.5 x 1077 s™%. Over a typical

bond-forming step could therefore not have been obtained from résidence time of the aerosols in the troposphere of 4 days, this
such experiments and would require concentrations of amino 'at€ constant would correspond to a conversion of 15% of the

acids of at least 0.3 M. aldehydes initially present in the aerosols into light-absorbing
products, which is significant. Other amino acids found in
atmospheric particles, although at lower concentrations, would
also contribute to catalyze aldol condensation. In particular, only
50 mM of arginine in water resulted in a rate constank'of

5 x 1079 s71in our experiments (Figure 6). This indicates the
potential importance of this specific amino acid in natural
environments. A more accurate picture of this importance would

Effect of Salt. The fact that the aldol condensation of
acetaldehyde displays a first-order kinetics in salt solutions
(Figure 7a) implies that the formation of the first enamifie
(step 1) is also kinetically limiting in these solvents. Therefore,
the accelerating effect of the salts is due to an acceleration of
the enamine formation. A first possible explanation for this effect
could be an electrostatic stabilization of the activated complex require further studies below 50 mM of amino acid
between the iminium iohl and the enaminE1 by the solvent )

(ionic strength effect). In this case, the rate constant should The rate constants rep_orte(_i in this work also QHOW the first
increase proportionally to the ionic strength of the salt and comparison of the catalytic efficiency between amino acids and

therefore with the same slope in calcium chloride and sodium other catalysts fqr aldol condensation, such as strong acid;s: The
sulfate solutions. In spite of the uncertainties, our results (Figure rri\tle constant estimated above for 20 mM of glycme l50-
8) show that this is not the case. In fact, ionic strength effects s™) is equivalent to the one measured previously for the same

are not expected for intramolecular reactions such as the reaction in sulfuric acid 80 wt % (14 M anqethi one
deprotonation of the iminium iol into the enamineEl obta}lned with 50 mM of arginine in water & .10 S )O'S
because the reactant and the activated complex have almos quzl(\)/ ZIent. fo the rate constant in sulfuric acid 85 wt % (15
identical charges. If anything, this effect should be slightly )_. 21This clearly illustrates the catalytic efficiency of amino
negative since the activated complex is slightly less charged acids.

than the iminium ionl. Another possible explanation for the
effect of salts considers the fact that the negative ions of the
salts (Ct, HSQ;~, SO") are weak bases and that the kinetic  This work presents a kinetic study of the self-aldol condensa-
effect seems correlated with the basicity constarks, pf the tion of acetaldehyde catalyzed by different amino acids. For
salts: water (K, = 17.5) < CaCh (pKp = 11.9}9% < MgSQy amino acid concentrations lower than 0.1 M in water and salt
(PKp = 9.9Y92 < NaCl (pKp = 6.2)°P < NaSOy (pKp = 5.5)% solutions, the reaction was found to be kinetically limited by
with decreasing value ofKy, indicating stronger bases. The  the formation of the first enaming&l (step 1). This is therefore
acceleration of the enamine formation could thus result from likely to be also the case in natural environments and under the

Conclusion

facilitating the deprotonation of the iminium ioml or, laboratory conditions used until now to study these reactions
alternatively, improving the charge relay system (through for acetaldehyde and other carbonyl compounds. The rate
deprotonation) of the amino acid to form the iminium idn constant increased linearly with amino acid concentration, in
This role of the solvent as a weak base would also explain agreement with the enamine formation, which involves a single
kinetic effects previously observed with organic solvétitas amino acid molecule. The presence of salts further accelerated
shown, this time, by their acidity constant&4{increasing value  enamine formation proportionally to theikpeither by facilitat-

of pKa indicating stronger bases): waterKp= 15.7) < ing the deprotonation of the iminium idd into the enamine
isopropanol (Ka = 17.1) < DMSO (K, = 35) < DMF (pKa E1 or the formation of the iminium ionl. This role of the

~ 40). solvent as a weak base would also explain kinetic effects

Kinetics and Mechanism of the C-C Bond-Forming Step previously observed with organic solvents.

As discussed above, the second-order step can be unambiguously An important conclusion from this work is that the—C
identified as the €C bond-forming step, since no other step bond-forming step cannot be kinetically accessed under the
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conditions typically used in laboratory to study aldol reactions.
This step would become accessible only at high amino aci
concentrations (at least 0.3 M) and with efficient amino acids,

such as arginine. Our results show that this@bond-forming

J. Phys. Chem. A, Vol. 112, No. 13, 2008337

(5) For selected references see: (a) Brogan, A. P.; Dickerson, T. J.;

d Janda, K. DAngew. Chemlnt. Ed. 2006 45, 8100. (b) Reymond, J. L.;

Chen, Y.J. Org. Chem1995 60, 6970. (c) Dickerson, T. J.; Janda, K. D.
J. Am. Chem. So@00Q 122, 7386. (d) Codova, A.; Notz, W.; Barbas, C.
F., lll. Chem. Commur2002 3024. (e) Chimni, S. S.; Mahajan, D.; Babu,

step proceeds through the second-order Mannich pathway butV: V. S. Tetrahedron Lett2005 46, 5617. (f) Peng, Y.-Y.; Ding, Q.-P.;

that the contribution of a first-order aldol pathway cannot be

ruled out. Investigating specifically the-C bond-forming step

Li, Z.; Wang, P. G.; Cheng, J.-H.etrahedron Lett2003 44, 3871. (9)
Pizzarello, S.; Weber, AScience2004 303 1151. (h) Cedova, A.; Ibrahem,
I.; Casas, J.; SundeH.; Engqvist, M.; Reyes, EChem. Eur. J2005 11,

and the Mannich pathway would require at least 0.5 M of amino 4772. (i) Mase, N.; Nakai, Y.; Ohara, N.; Yoda, K.; Takabe, K.; Tanaka,

acid.

F.; Barbas, C. F lll. J. Am. Chem. So006 128 734. (j) Dziedzic, P.;
Zou, W.; Hafren, J.; Calova, A. Org. Biomol. Chem2006 4, 38. (k)

With these results, the rate constant for the self-condensationyayashi, v.; Sumyia, T.; Takahashi, J.; Gotoh, H.; Urushima, T.; Shiji, M.
of acetaldehyde catalyzed by 10 mM of amino acids in water Angew. Chemint. Ed 2006 45, 958. (l) Jiang, Z.; Liang, Z.; Wu X.; Lu,
and aqueous salt solutions was found to be similar to the oneY- €hem. Commur2006 2801.

in concentrated sulfuric acid (35 M)2%21demonstrating the

efficiency of amino acid catalysis. These reactions are therefore

likely to be an efficient way for €C bond formation in aqueous
and ionic natural environments.
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