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Abstract: Catalysis of the aldol reaction between
cyclohexanone and 4-nitrobenzaldehyde by mixtures of L-Arg
and of L-Glu in wet DMSO takes place with higher
enantioselectivity (up to a seven-fold enhancement in the anti-
aldol for the 1:1 mixture) than that observed when either L-Glu
or L-Arg alone are used as the catalysts.

These results can be explained by the formation of a
catalytically active hydrogen-bonded complex between both
amino acids, and demonstrate the possibility of positive
cooperative effects in catalysis by two different a-amino acids.
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Introduction

The asymmetric aldol addition reaction is not only one of the
most useful tools for the formation of carbon—carbon bonds in
the stereocontrolled synthesis of chiral organic compounds, but
also plays a key role in metabolic pathways." Aldolase enzymes
(or catalytic antibodies) are able to exert an exquisite control of
the regio- and the stereoselectivity of the direct aldol reaction,??
and much effort has been devoted to the development of purely
chemical catalytic asymmetric versions of this fundamental
process*” Arguably the most important recent achievement in
this area was the pioneering finding by List, Barbas Il and co-
workers, in 2000,%"° of the ability of proline to catalyze the direct
intermolecular aldol reaction of acetone with aromatic and
aliphatic aldehydes in high yields and with up to more than 99%
ee. Since then, the asymmetric organic catalysis of the aldol
reaction has become an actively pursued area of research.>® "'
In contrast with proline, acyclic amino acids were initially
considered to be poor catalysts for intermolecular
enantioselective aldol reactions, since in the conditions used for
the proline-catalyzed reactions (pure DMSO as a solvent at r.t.),
less than 10% vyields of aldol adducts were obtained.® However,
in 2005 both Amedijkouh' and the Cérdova group'®'® reported
independently that, in aqueous DMSO, several unmodified
acyclic amino acids (especially L-valine and L-alanine) were able
to catalyze the direct catalytic asymmetric intermolecular aldol
reaction with good yields and enantioselectivities. Also in 2005,
Tsogoeva disclosed the use of L-histidine-based dipeptides (in
dry DMSO) as catalysts for the aldol reaction.”’ Subsequent
work by other groups has shown that the reaction medium is
crucial in determining the catalytic efficiency of acyclic amino
acids in aldol reactions. A systematic study of the twenty
proteinogenic amino acids in the aldol reaction between
cyclohexanone and 4-nitrobenzaldehyde in DMSO and in
aqueous DMSO was performed by Hayashi and co-workers. A
positive water effect on the diastereoselectivity was observed for
most amino acids, while the enantioselectivity was increased
only when proline, serine or histidine were used.?' In pure water
tryptophan appears to be the best catalyst,22 although in the
presence of 2,4-dinitrophenol isoleucine was the most effective
one.? Interestingly enough, both in aqueous micelles®* and in
ionic liquids® arginine showed a high catalytic efficiency, even if

in the first case the enantiomeric excesses of the aldol products
were rather low.

The complete enantiomeric homogeneity of the chiral building
blocks of proteins and nucleic acids (i.e., L-amino acids and D-
carbohydrates) is generally recognized as a necessary
requirement for the origin of life on earth.?**° The delivery of
functionalized organic compounds by carbonaceous chondrites
to the early Earth has been considered as an important source
of prebiotic compounds necessary for the emergence of life.*
In this context, the discovery both of extraterrestrial amino
acids in carbonaceous meteorites displaying variable excesses
of the L-forms®* and of their ability to catalyze the
enantioselective formation of D-carbohydrates from aldol
reactions of glycolaldehyde in aqueos media (a reaction that
significantly cannot be catalyzed by proline),* has further
increased the interest on primary amino-acid catalyzed aldol
reactions. It has to be born in mind, however, that in
prebiotically relevant conditions formation of carbohydrates
must have taken place in the presence of complex mixtures of
primary amino acids. In effect, more than 80 different amino
acids have been identified in the parent bodies of the
Murchison and Murray meteorites,*"* and a recent analysis of
the distribution and enantiomeric composition of three
fragments of the Tagish Lake carbonaceous chondrite has also
revealed the presence of several proteinogenic and non-
proteinogenic acyclic amino acids of extraterrestrial origin (in
some cases with 43-59% ee of the L-form).*® However,
probably because of the numerous experimental and
theoretical results that support the presence of a single catalyst
molecule in the transition state of the rate-determining step of
amino acid-catalyzed aldol reactions,® no attention has been
paid to the possibility of cooperative effects in this type of
catalysis.

Among proteinogenic amino acids, arginine (Arg) occupies a
very special position. Thanks to the presence of a guanidinium
moeity, Arg is the most basic proteinogenic amino acid, either in
aqueous solution or in the gas phase.’” As a result of that, the
zwitterionic form of Arg is relatively more stable than that of other
amino acids.*®*° Also due to the charged guanidinium ion, Arg
participates in a variety of specific noncovalent interactions
involving ionized functional groups that are observed crystal
structures. Crystalline Arg itself is different from all other a-amino



acids: typically, o-amino acids in the solid state arrange
themselves in a peptide-like fashion with the a-amino and the
carboxylic acid groups aligned, with the side chains protruding
on alternating sides; in contrast, Arg stacks end to end, enabling

the guanidinium and carboxylate interaction shown in Figure 1.*°
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FIGURE 1 Guanidinium-carboxylate bridge.

This motif is common in crystal structures containing Arg, as
illustrated by those of Arg acetate*' and of the dipeptide L-Arg-
L-Glu.*? Anionic clusters of general formula [nArg + xX - HI,
where n =1 -9 for x = 1 with X = Glu or Asp, have been
observed in the gas phase.*® Theoretical DFT calculations
(including the effect of water as a solvent) indicate that the
preferred arrangements of Arg / amino acid pairs are those
where it is possible to establish guanidinium-carboxylate
bridges like that of Figure 1. The strongest interactions (AE = -
35.6 kcal mol™") are with the carboxylate group of Glu.* In fact,
it has been shown that the well-known property of equimolar,
relatively concentrated Arg/Glu aqueous solutions of enhancing
the solubility of poorly soluble proteins up to 4-8 times*® is due
to the formation of a structured, hydrogen-bonded molecular
polyelectrolyte mixture.*®’

Bearing these precedents in mind, set out to study the catalytic
properties of Arg/Glu mixtures, taking as a benchmark reaction
the aldol addition of cyclohexanone (1) to 4-nitrobenzaldehyde
(2), as a promising system for the observation of cooperative
effects between two different a-amino acids in the catalysis of
the aldol reaction.

Materials and Methods

General methods

All reactions were carried out in small vials open to air
atmosphere, and under magnetic stirring. Solvents (DMSO, ACS
spectrophotometric grade), and commercially available reagents
and catalysts were purchased from Sigma-Aldrich and used as
received. N-Boc-L-Glu was prepared from L-Glu according to a
standard literature procedure (Boc,O, NEts, DMF, 1 h, rt).** "H
NMR spectra (400 MHz) were recorded in CDCl; at room
temperature on a Varian Mercury 400 instrument. Chemical
shifts (d) are given in ppm relative to tetramethylsylane (TMS)
and coupling constants (J) are given in Hz. HPLC analyses were
performed on a Shimadzu instrument containing LC-20-AD
solvent delivery unit, DGU-20AS degasser unit and SPD-M20A
UV/VIS Photodiode Array detector, with chiral stationary phase
(Daicel Chiralpak® IB column).

Typical experimental procedure for the study of the
glutamic acid-arginine system in the aldol reaction

A suspension of L-Glu, L-Arg, or a mixture of them (total amount
0.12 mmol) in a solution of cyclohexanone 1 (0.20 g, 2.0 mmol)
in aqueous DMSO (0.4 mL, 3.5 vol% H,0) was stirred at rt for 30
min. Next, 4-nitrobenzaldehyde 2 (62 mg, 0.41 mmol) was added
in a single portion and stirring was continued for 16 h. At this
point, a sample of the reaction mixture was analyzed by 'H
NMR. Ethyl acetate (5 mL) was added and the resulting solution
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was washed with aqueous saturated NH,CI (5 mL). The aqueous
phase was extracted with ethyl acetate (2x5 mL) and the
combined organic layers were washed with brine (10 mL), and
dried over MgSO,. The solvent was removed in vacuo and the
resulting solid was analyzed by HPLC, using as reference the
racemic and enantioenriched material obtained by catalysis with
proline.?
(S*)-2-((S*)-Hydroxy-(4-nitrophenyl)methyl)cyclohexan-1-
one, 3.*° "H NMR (400 MHz, CDCls, TMSiy): d 8.21 (d, J = 8.8,
2H); 7.49 (d, J = 8.8, 2H); 5.48 (m, 1H); 3.16 (d, J = 3.4, 1H,
OH); 2.67-2.59 (m, 1H); 2.54-2.45 (m, 1H); 1.80-1.44 (m, 4H).
HPLC (Chiralpak® IB, 1 mL/min, hexane:IPA 95:5, 270 nm): tg =
20.5 min ('R,2R), 23.0 min (1'S,2S).
(S*)-2-((R*)-Hydroxy-(4-nitrophenyl)methyl)cyclohexan-1-
one, 4.“° "H NMR (400 MHz, CDCls, TMS;): d 8.21 (d, J = 8.7,
2H); 7.51 (d, J = 8.7, 2H); 4.90 (dd, J = 8.5, J' = 3.1, 1H); 4.06
(d, J = 3.1, 1H, OH); 2.64-2.54 (m, 1H); 2.54-2.45 (m, 1H); 2.44-
2.28 (m, 1H); 2.16-2.08 (m, 1H); 1.87-1.79 (m, 1H); 1.64-1.45
(m, 1H). HPLC (Chiralpak® IB, 1 mL/min, hexane:IPA 95:5, 270
nm): tg = 26.0 min (1'R,2S), 32.3 min (1'S,2R).
(E)-2-(4-Nitrobenzylidene)cyclohexan-1-one, 5.° 'H NMR
(400 MHz, CDCls, TMSiy): d 8.24 (d, J = 8.8, 2H); 7.52 (d, J =
8.8, 2H); 7.52 (t, J = 2.2, 1H); 2.83 (m, 2H); 2.59 (t, J = 6.6, 2H);
1.98 (m, 2H); 1.82 (m, 2H).

Results and Discussion

As the first model reaction for our study, we selected the aldol
reaction of cyclohexanone (1, 5 mol equiv.) with 4-
nitrobenzaldehyde (2, 0.65 M), both in dry and in aqueous (3.5
vol% of H,0) DMSO at r.t. and in the presence of a 30 mol%
amount of amino acid catalyst, conditions very similar to those
used by Hayashi in his survey of the effectiveness of
proteinogenic amino acids in the asymmetric aldol reaction.?’
After 16 h of stirring, the reaction crude was analyzed both by 'H
NMR and (after aqueous work-up and extraction), by chiral
HPLC. The observed reaction products were the syn-aldol (3),
the anti-aldol (4) and the dehydrated aldol (5), and the catalysts
used were L-Arg and L-Glu (Scheme 1). According to the 'H
NMR spectra of the crude reaction mixtures, the dehydrated
aldol 5 was the main product (ca. 60% of the products mixture)
in the reactions catalyzed both by L-Arg and by the 1:1 L-Arg/L-
Glu catalyst mixture, while it could not be detected when L-Glu
alone was used as the catalyst.
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SCHEME 1 Amino acid-catalyzed aldol reaction between
cyclohexanone (1) and 4-nitrobenzaldehyde (2).

The main results concerning the aldol products are summarized



in Table 1. The absolute configurations of the major enantiomers
of the two aldol adducts were assigned by comparison with
those obtained with L-Pro ((2S,1'S) for 3 and (2S,1'R) for 4).%*'

TABLE 1 Initial study of the cooperative effects between L-Arg and
L-Glu in the aldol reaction.

Entry Catalyst xvol% H,O 34° %ee3” %eed
1 L-Arg 0 1.2:1.0 -21° 52
2 L-Glu 0 1.0:2.3 32 67
3 1:1 L-Arg/L-Glu 0 1.0:1.5 -17° 37
4 L-Arg 3.5 1.2:1.0 -25° 9
5 L-Glu 3.5 1.0:11 11 33
6 1:1 L-Arg/L-Glu 3.5 1.0:2.0 -27° 63

*Determined by "H NMR of the unpurified reaction mixture. bBy chiral
HPLC (Chiralpak® IB column). “The major enantiomer has a (2R, 1'R)
configuration).

As it can be seen, the stereochemical outcome of the reaction
depends on the solvent used, but our attention was caught by
the observation that in wet (3.5 vol% H;O) DMSO, the
enantiomeric excesses both of the syn isomer 3 and of the anti
isomer 4 were higher when we used an equimolar mixture of L-
Arg and L-Glu as the catalyst (entry 6) than either for L-Arg
(entry 4) or for L-Glu (entry 5) alone. Other solvents (pure H0O,
CH.Cl,, MeOH, THF) were also examined, but the low solubility
of pure L-Glu in all of them precluded the observation of any
cooperative effect.

On the other hand, when the reactions were performed in dry
DMF, in which both aminoacids are soluble, no aldol products
were detected after 16 h at rt. We decided therefore to take a
closer look at the catalytic activity of Arg-Glu mixtures on this
aldol reaction in aqueous DMSO.

The stereochemical outcome of the benchmark aldol reaction
between cyclohexanone (1, 5.0 equiv.) and 4-nitrobenzaldehyde
(2) was examined for different L-Arg/L-Glu ratios in DMSO / H,0
(3.5 vol%), but otherwise in the conditions of Eq. 1 (15 mol% of
catalyst, 0.65 M 1, 16 h, rt). The results are depicted in Figures
2A, 2B and 2C.

The anti/syn (4:3) ratio, plotted in Figure 2A as % of anti
isomer 4 vs. % of L-Arg in the catalyst mixture, diminishes
linearly from 11:1 (91.6% of 4) for pure L-Glu to 1:1.2 (45.5% of
4) for pure L-Arg. Interestingly enough, however, the
enantiomeric excess of 4 reaches a maximum (63% ee) for 50%
L-Arg (Figure 2B), clearly showing a positive cooperative effect
between both amino acids. For the syn diastereomer 3 (Figure
2C) a cooperative effect is also evinced, although in this case a
maximum ee is reached for a L-Arg/L-Glu ratio close to 2:1.
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FIGURE 2 Stereochemical outcome of the aldol reaction for
increasing % of L-Arg in the L-Arg/L-Glu catalyst mixture. A: % of
anti aldol 4. B: % ee of anti aldol 4. C: % ee of syn aldol 3.

An important observation is that the addition of L-Arg reverses
the configuration of the major enantiomer of 3, from (2S,1’S) for
pure L-Glu to (2R,1’R) in all L-Arg/L-Glu mixtures. This suggests
that a catalytically competent mixed species could be acting, in
which the active amino group belongs to L-Arg. In order to verify
this assumption, we set out to study the catalytic activity of L-Arg
/ L-Glu mixtures in which one of the amino acids is N-protected.
N-acetyl-L-arginine (N-Ac-L-Arg) is commercially available, and
N-Boc-L-Glu was prepared by a literature method.*®

)N]\H (0] O (@]
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We were pleased to find that, as shown in Table 2, the catalytic
activity of a 1:1 L-Arg/N-Boc-L-Glu mixture is essentially the
same than that of the equimolar L-Arg / L-Glu mixture (entries 1
and 2 in Table 2), while when using a 1:1 N-Ac-L-Arg/L-Glu
mixture, only a 22% of the starting aldehyde 2 had reacted after
16 h at rt, to afford a 3.8:1 mixture of syn- and anti-aldols with
low enantioselectivity (entry 3 in Table 2). A further proof of the
lack of catalytic activity of the amino group of Glu in the Arg/Glu
mixtures was provided by the observation that when L-Glu was
replaced either by D-Glu (entry 4 in Table 2) or by rac-Glu (entry
5 in Table 2), the results were again similar to those obtained
with original L-Arg/L-Glu mixture (entry 1). Finally, we observed
that essentially the same results arose when L-Glu was replaced
either by acetic acid (AcOH, entry 6 in Table 2) or by adipic acid
(entry 7).



TABLE 2 Searching for the active amino group in the L-Arg/L-Glu
catalysis of the aldol reaction between 1 and 2.7

Entry Catalyst Conversion® 3:4° %ee 3" % ee 4°
1 L-Arg/L-Glu 100% 1.0.2.0 -27 63
2 L-Arg/N-Boc-L-Glu 98% 1.0:20 -28 57
3 N-Ac-L-Arg/L-Glu 22% 1.0:.3.8 -10 10
4 L-Arg/D-Glu 100% 1.0:1.9 -19 35
5 L-Arg/DL-Glu 94% 1.0.24 -12 52
6 L-Arg/AcOH 99% 1.0.1.0 -27 53
7 L-Arg/Adipic acid 98% 1.0:1.1 -37 50

®Reaction conditions: 2 mmol cyclohexanone (1), 0.41 mmol 4-
nitrobenzaldehide (2), 0.06 mmol of each component of the catalyst
mixture, 0.4 mL ag. DMSO (3.5 vol% H;0), rt, 16 h.

®Conversion (%) of aldehyde 2, measured by 'H NMR of the reaction
mixture. ‘Determined by 'H NMR of the unpurified reaction mixture.
“By chiral HPLC (Chiralpak® IB column); the major enantiomer of the
syn-aldol 3 has a (2R,1’'R) configuration.

In summary, all of the available evidences suggest that the
active catalytic species in the L-Arg/L-Glu mixture has the
structure depicted at the top of Figure 3, in which the amino
group of Glu is protonated while that of Arg is free and can
participate in the enamine catalysis. It is worth noting that the
formation of a guanidinium-carboxylate bridge from the most
stable zwitterionic forms of L-Arg and L-Glu would directly lead
to a catalytically inactive dimer, in which the a-carboxylic acid
group of L-Arg is not protonated, so that a proton transfer from
the carboxylic acid of the lateral chain of L-Glu is needed to form
a species that can catalyze the aldol reaction. This could explain
why no cooperative effect is apparent in the absence of water
(entries 1-3 in Table 1), that is necessary for a fast proton
transfer from L-Glu to L-Arg.
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FIGURE 3 Proposed mechanism for the formation of a catalytically
active dimer species in L-Arg/L-Glu mixtures.

We decided next to monitor the progress of the reaction, in order
both to establish accurately the time necessary to achieve total
conversion and to follow how the yields and the enantiomeric
excesses (for 3 and 4) of the reaction products (syn-aldol 3, anti-
aldol 4 and elimination product 5) change with time. We found
that this could be conveniently done by direct HPLC analysis
(Chiralpak® IB column) of reaction mixture samples taken off at
different times, by using 2,7-dimethoxynaphthalene (16 mol%)
as an internal standard, in the reaction conditions of Scheme 1
(see also footnote a in Table 2). We had previously used this
methodology in our analysis of spontaneous mirror-symmetry
breaking in the aldol reaction between acetone and 4-
nitrobenzaldehyde (2).%

The kinetic study of the catalysis of the aldol reaction between 1
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and 2 by L-Glu (30 mol%) in agueous DMSO (3.5 vol% H,0)
showed, after a small induction period of 1-2 h, an exponential
decrease on the concentration of 4-nitrobenzaldehyde (2), and
90% conversion was reached after 9 h (Figure 4A). After 25 h,
no starting aldehyde could be detected in the reaction mixture.
At the same time, the global concentration of aldol products (3 +
4) increased exponentially, and the yield of elimination product 5
remained very small (less than 1%). The 1:11 diastereomeric
ratio (3:4) was kept constant during all of the reaction time, but
we were surprised to find that when we measured the solution
enantiomeric excess of both diastereomers in the first hours of
the reaction (see Figure 4B), we found out that they decreased
exponentially, from initial values of 36% ee (for the syn-adduct 3)
and of 73% ee (for the major anti-adduct 4). The final measured
values (after 8 h) were of 11% ee (3) and of 30% ee (4), very
close to those we had determined previously for the isolated
aldol mixture after 16 h (100% conversion by 'H NMR, entry 5 in
Table 1). This result could be indicative of a kinetic resolution of

the aldol adducts by L-Glu, similar to those observed by

Blackmond and
53,54

co-workers in some proline-catalyzed

reactions.
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FIGURE 4 Kinetic analysis of the L-Glu catalysis of the aldol reaction
between 1 and 2. A: Evolution of the concentrations (normalized) of
the starting aldehyde (2) and the reaction products (3+4, 5) with
time. B: Variation of the solution enantiomeric purity of the syn-aldol
3 and of the anti-aldol 4 during the first 8 h of the reaction.

The monitoring of the catalysis of the same reaction by L-Arg (30
mol%) in the same conditions showed that after 7 h no starting
aldehyde 2 remained in the reaction mixture, and that the major



reaction product was the dehydrated aldol 5 (Figure 5). It is
worth noting that 5 is formed more rapidly than the aldol adducts
3/4, and that the aldol:elimination product ratio remains constant
after the total consumption of the aldehyde, so that 5 is not
formed by dehydration of the aldol adducts. Moreover, neither
the 1.2:1 3:4 syn/anti ratio nor (within experimental error) the
enantiomeric purities of both diastereomers did change with
conversion. All of this suggests that both 3, 4, and 5 arise from a
common intermediate, probably the imine 6, in which the
guanidium cation moiety can promote the dehydration of the
aldol adducts (Scheme 2).

H2N
Nl—ﬁ (_‘,o2

N

m

O OH

O.N ii_/k@\ 4 (anti)
NO,

2

SCHEME 2 Proposed mechanism for the formation of the
dehydrated aldol 5 under catalysis by L-Arg.
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FIGURE 5 Kinetic analysis of the L-Arg catalysis of the aldol reaction
between 1 and 2.

The kinetic profile of the reaction catalyzed by the 1:1 L-Arg/L-
glu mixture (15 mol% each) is depicted in Figure 6. Similar to the
catalysis by L-Arg alone, conversion was complete after 7 h and
the dehydrated aldol 5 also was the major product (ca. 66% of
the reaction mixture). However, in this case the amount of aldol
adducts (3 + 4) was somewhat higher then for L-Arg (33% vs.
25% of the reaction mixture, respectively). This ratio did not
change appreciably after the disappearance of the starting
aldehyde. It is worth noting that since the catalytic activity arises
only from L-Arg, this result implies that the complex with L-Glu
shows a 100% increase in the catalytic efficiency.
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FIGURE 6 Kinetic analysis of the L-Arg/L-Glu catalysis of the aldol
reaction between 1 and 2.

We could also see that the 1:2 syn/anti diastereomer ratio
remained constant throughout the reaction. On the other hand,
when we monitored the enantiomeric purity of the aldol products,
we found out that the enantiomeric purity of the syn adduct 3 (ca.
30% ee for the (2R,1’R) isomer) remained constant during the
first 5 hours of reaction. Meanwhile, the enantiomeric purity of
the anti aldol 4 increased with time, from a 20% ee measured
after 1 h to a maximum 55% ee after 5 hours. In order to check if
this increase in the enantiomeric purity of the anti aldol 4 in the
first hours of the reaction was due to a selective kinetic
resolution by the L-Arg/L-Glu catalyst, we monitored the
evolution of a 0.33 M solution of a 54:1 anti:syn (4:3) mixture
(racemic, obtained by the DL-proline-catalyzed reaction between
1 and 2) in aqueous DMSO, in the presence of a 15 mol% of L-
Arg and of a 15 mol% of L-Glu. We observed that, as expected,
only very minor amounts of 5 were formed (less than 10% after
27 h), and that the aldol products remained racemic during the
experiment. On the other hand, the diastereomeric ratio of the
aldol products 3 and 4 changed slowly with time, and a ca. 1.6:1
anti:syn ratio was measured after 27 h. Therefore, the 2:1
anti:syn ratio observed in the reaction must arise from kinetic
control, strongly suggesting that the 1:1 L-Arg/L-Glu complex
exhibits a characteristic catalytic behaviour in the aldol reaction.

Conclusion

In summary, the present results show that an equimolar L-Arg/L-
Glu mixture in wet DMSO gives rise to a distinct catalytic
species, with a behaviour clearly different from that expected if
both aminoacids catalyzed independently the aldol reaction. To
the best of our knowledge, this represents the first example of
cooperative effects between different proteinogenic a-amino
acids in the catalysis of the aldol reaction. In particular, the
observation of a seven-fold enhancement in the enantiomeric
purity of the anti-aldol 4 in the L-Arg-catalyzed reaction between
1 and 2 by the presence of equimolecular amounts of L-Glu
(from 9% ee to 63% ee) suggests that prebiotic amplification of
chirality could have taken place by cooperative effects between
amino acids in the complex mixtures present in carbonaceous
chondrites.
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