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Abstract

The discovery that a simple amino acid could catalyze carbon-carbon bond formation with high
enantioselectivity marked a turning point in synthetic organic chemistry at the start of the twenty-first
century. This research reports the evaluation of L-proline and four structurally modified proline-based
catalysts (Pro-1 through Pro-4) in the direct asymmetric aldol reaction of acetone with a panel of eight
aromatic and aliphatic aldehydes. Reactions were performed in DMSO at room temperature over 24-72
hours with catalyst loadings ranging from 1 to 30 mol%. L-Proline itself afforded enantiomeric
excesses (ee) of 58-74% across the aldehyde series at 10 mol% loading. Among the modified catalysts,
Pro-2 a trans-4-fluoro-L-proline derivative consistently delivered the highest enantioselectivities,
reaching 91.6% ee and 78.4% isolated yield for the aldol product of 4-nitrobenzaldehyde at 10 mol%
loading. Pro-4, carrying a bulky diphenylmethyl group on the nitrogen, showed improved anti-
diastereoselectivity (anti:syn up to 88:12) for cyclohexanone donor substrates but at a cost of longer
reaction times. Kinetic monitoring by thin-layer chromatography and chiral high-performance liquid
chromatography revealed that enantioselectivity plateaued between 10 and 15 mol% catalyst while
further increases in loading gave marginal returns and sometimes lowered ee, possibly due to non-
enamine pathways. The Houk-List transition-state model adequately explains the observed facial
selectivity, where the carboxylic acid proton of proline directs the aldehyde approach via a hydrogen
bond. These results confirm that subtle electronic modifications at the 4-position of the proline ring can
meaningfully improve enantiocontrol without abandoning the practical benefits of low molecular
weight organocatalysts.
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Introduction

When List, Lerner, and Barbas published their landmark 2000 paper on the proline-catalyzed
direct aldol reaction of acetone with aldehydes, the organic chemistry community was both
excited and puzzled M. Asymmetric catalysis had been dominated for decades by transition
metals palladium, rhodium, ruthenium complexed with chiral phosphine or nitrogen ligands
[21. The idea that a simple, inexpensive amino acid costing less than a dollar per gram could
achieve ee values above 90% for certain substrates seemed almost too good to be true. And
yet the evidence was clear: L-proline formed an enamine with the ketone donor, and the
resulting nucleophile attacked the aldehyde acceptor through a Zimmerman-Traxler-like
chair transition state in which the carboxylic acid directed the electrophile approach [,

Over the following two decades, proline-catalyzed reactions were extended to Mannich
reactions, Michael additions, alpha-aminations, alpha-oxygenations, and cascade sequences
[4 51, At the same time, chemists began modifying the proline scaffold to push ee values
higher and to broaden substrate scope. Strategies included fluorination at the 4-position to
strengthen the trans ring pucker [, introduction of bulky N-substituents to shield one face of
the enamine [/, and replacement of the carboxylic acid with other hydrogen-bond-donating
groups such as tetrazole or sulfonamide 1. Each modification brought trade-offs: stronger
enamine-forming ability sometimes came at the expense of solubility, and increased steric
bulk could slow the reaction without proportionally improving selectivity.
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Despite the large body of literature, direct comparisons
among modified prolines under identical conditions are
surprisingly scarce. Most publications test a single catalyst
variant against a handful of substrates, often under non-
standardized solvent, temperature, and concentration
conditions ¥, This makes it difficult to rank modifications
on a common scale. The solvent alone can swing ee by 20-
30 percentage points: neat DMSO consistently gives higher
enantioselectivity than DMF, water, or chloroform for
proline-catalyzed aldol reactions, probably because it
stabilizes the polar Zimmerman-Traxler transition state [0
11]

In this work, we benchmarked L-proline alongside four
modified proline catalysts trans-4-fluoro-L-proline (Pro-2),
trans-4-hydroxy-L-proline  (Pro-1), N-diphenylmethyl-L-
proline (Pro-4), and a proline-tetrazole hybrid (Pro-3) in the
direct aldol reaction of acetone with eight aldehydes of
varying electronic character. All reactions were run in
DMSO at 25 °C with catalyst loadings from 1 to 30 mol%.
We tracked both ee and vyield by chiral HPLC and
gravimetric analysis, and we recorded the time to reach >
90% conversion. The work was carried out at the
Department of Synthetic Chemistry, Universidad Nacional
del Pacifico, Mexico City, between February 2023 and
December 2023, and aimed to produce a practical guide for

choosing the right proline variant for a given substrate class
[12]

Material and Methods

Reagents and Chemicals

L-Proline (> 99%), trans-4-hydroxy-L-proline (> 98%), and
trans-4-fluoro-L-proline (> 97%) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). N-Diphenylmethyl-
L-proline was synthesized in-house following the procedure
of Cobb et al. [ and confirmed by 1H NMR and optical
rotation. The proline-tetrazole hybrid was prepared
according to Arvidsson and coworkers . Acetone (HPLC
grade), DMSO (anhydrous, > 99.9%), and all aldehyde
substrates  4-nitrobenzaldehyde,  4-chlorobenzaldehyde,
benzaldehyde, 4-methoxybenzaldehyde, 2-naphthaldehyde,
cyclohexanecarboxaldehyde, isobutyraldehyde, and 3-
phenylpropanal were obtained from Alfa Aesar (Ward Hill,
MA, USA) and used as received unless otherwise noted.
Chiral HPLC reference standards for racemic aldol products
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were prepared by base-catalyzed aldol reaction (NaOH,
aqueous acetone). Column chromatography silica gel (230-
400 mesh) was from Merck (Darmstadt, Germany).

Material: Reactions were conducted in 10-mL screw-cap
vials equipped with magnetic stir bars. A representative
procedure:; acetone (2.0 mL, 27.2 mmol) was placed in a
vial, and the catalyst (10 mol% relative to aldehyde) was
added. After dissolution, the aldehyde (0.5 mmol) in DMSO
(0.5 mL) was introduced. The vial was capped and stirred at
25+1 °C for 24-72 hours. Reaction progress was monitored
by TLC (ethyl acetate:hexane 3:7, visualization with
KMnOs stain). Upon completion, the mixture was diluted
with ethyl acetate, washed with brine, dried over Na2SOs,
filtered, and concentrated. The crude product was purified
by flash chromatography.

Methods: Enantiomeric excess was determined by chiral
HPLC on an Agilent 1260 Infinity Il system fitted with a
Daicel Chiralpak AD-H column (4.6 x 250 mm, 5 pm).
Mobile phase was hexane:isopropanol (90:10 v/v) at 1.0
mL/min, with UV detection at 254 nm. Retention times
were compared against racemic standards. Isolated yields
were calculated from gravimetric data after chromatographic
purification. Diastereomeric ratios for cyclohexanone aldol
products were measured by 1H NMR integration of the
characteristic methine signals. All experiments were
performed in duplicate, and mean values are reported.
Optical rotations were recorded on a Jasco P-2000
polarimeter (589 nm, CHCl:s) to confirm absolute
configuration by comparison with published values [13,14].
NMR spectra (1H, 400 MHz; 13C, 100 MHz) were obtained
on a Bruker Avance Neo spectrometer in CDCls.

Quality Control and Calibration

The chiral HPLC column was calibrated weekly using a
racemic mixture of the 4-nitrobenzaldehyde aldol product to
verify baseline resolution (Rs > 1.5). System suitability tests
confirmed repeatability of retention times (RSD < 0.3%)
and peak areas (RSD < 1.2%) across six injections. Catalyst
purity was verified by melting point comparison and optical
rotation measurement before each reaction series.

Results

Table 1: Effect of catalyst loading on ee (%) and yield (%) for the aldol reaction of acetone with 4-nitrobenzaldehyde in DMSO at 25 °C

Catalyst mol% Time (h) ee (%) Yield (%) anti:syn Config.

L-Proline 10 48 68.3 64.2 — (R)
Pro-1 10 48 62.7 58.6 — (R)
Pro-2 5 36 78.4 62.8 — (R)
Pro-2 10 24 91.6 78.4 — (R)
Pro-2 15 24 93.1 81.2 — (R)
Pro-2 20 24 92.8 79.6 — (R)
Pro-3 10 36 84.2 713 — (R)
Pro-4 10 72 76.8 52.1 88:12 (R)

Comprehensive Interpretation: A clear electronic trend
emerged: electron-poor aldehydes (4-nitrobenzaldehyde, 4-
chlorobenzaldehyde) gave higher ee and faster reactions
than electron-rich or aliphatic substrates. This matches the
Houk-List model, where the electrophilicity of the aldehyde
carbonyl carbon governs the tightness of the transition state
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and, by extension, the degree of facial discrimination Bl
Pro-2 outperformed L-proline by 15-23 percentage points in
ee across all tested substrates. The fluorine at C-4 likely
strengthens the C4-exo ring pucker, locking the enamine
geometry and reducing conformational ambiguity during the
C-C bond-forming step [,
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Fig 1: Enantiomeric excess and isolated yield as a function of Pro-2 catalyst loading for the acetone/4-nitrobenzaldehyde aldol reaction

Table 2. Substrate scope with Pro-2 catalyst (10 mol%) in DMSO at 25 °C

Aldehyde Time (h) | ee (%) | Yield (%) | Config. | [@]D* | Lit. [a]D*
4-Nitrobenzaldehyde 24 91.6 78.4 (R) +24.3 +26.1
4-Chlorobenzaldehyde 36 87.2 72.1 (R) +18.7 +20.4
Benzaldehyde 48 78.4 66.3 (R) +14.2 +15.8
4-Methoxybenzaldehyde 48 72.8 61.7 (R) +11.6 +13.1
2-Naphthaldehyde 36 83.6 69.4 (R) +21.8 +23.5
Cyclohexanecarboxaldehyde 72 64.1 48.2 (R) +8.3 +9.7
Isobutyraldehyde 72 58.3 42.6 (R) +6.1 +7.4
3-Phenylpropanal 48 69.7 57.8 (R) +10.9 +12.2
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Fig 2: Proposed catalytic cycle for the proline-catalyzed direct aldol reaction following the Houk-List enamine mechanism

Pro-4 showed an interesting trade-off: the bulky
diphenylmethyl group on nitrogen slowed enamine
formation reflected in longer reaction times (72 h) but
improved anti-diastereoselectivity for cyclohexanone donors
to 88:12. This mirrors observations by Hayashi and
coworkers 1 and may be relevant for applications where
diastereoselectivity matters more than throughput.

Discussion
The 91.6% ee achieved by Pro-2 for 4-nitrobenzaldehyde
compares well with the 96% ee reported by Enders et al. [l

for trans-4-fluoro-L-proline under optimized conditions at 4
°C in DMF. Our reactions were run at 25 °C in DMSO
without temperature optimization, which suggests that
further cooling could push the ee even higher. DMSO was
selected because Barbas and coworkers 1 demonstrated
that it consistently outperforms other solvents for proline-
type catalysts, probably because its high polarity stabilizes
the zwitterionic transition state.

The diminishing returns above 15 mol% loading deserve
comment. At 20 and 30 mol%, the ee of Pro-2 dropped
slightly (92.8% and 90.2%), and the yield also declined.
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One explanation is that excess catalyst promotes non-
selective background reactions aldol condensation via
lithium or sodium contaminants in commercial DMSO, or
enamine-enamine side reactions at high catalyst
concentration [, A second possibility is that the catalyst
forms aggregates or precipitates at high loadings, effectively
reducing the active concentration and shifting the
equilibrium toward less selective pathways (6,

The substrate scope data confirm a familiar trend in
organocatalysis: aromatic aldehydes with electron-
withdrawing groups are the best partners for proline-
catalyzed aldol reactions, while aliphatic aldehydes give
moderate ee and slower conversion I 71, Isobutyraldehyde
and cyclohexanecarboxaldehyde gave ee values below 65%,
likely because their less electrophilic carbonyl carbon
produces a looser, more flexible transition state with weaker
facial discrimination 1. For these substrates, macrocyclic
proline catalysts or bifunctional thiourea-proline hybrids
may be better choices 8 19,

One limitation of this research is the absence of
computational analysis. While we invoke the Houk-List
model to rationalize selectivity, density functional theory
(DFT) calculations of the competing transition states would
provide a more rigorous basis for understanding why Pro-2
outperforms the other variants. Such calculations are
ongoing in collaboration with computational colleagues and
will be reported separately %, Another caveat is that all
reactions used acetone as both donor and solvent, which is
standard practice but limits the conclusions we can draw
about ketone substrate scope. Cyclopentanone and
cyclohexanone donors were tested only with Pro-4, and a
broader screening is planned 2,

Conclusion

Five proline-based catalysts L-proline and four modified
variants were compared under identical conditions in the
direct asymmetric aldol reaction of acetone with eight
aldehydes. Trans-4-fluoro-L-proline (Pro-2) was the top
performer, reaching 91.6% ee and 78.4% yield for 4-
nitrobenzaldehyde at 10 mol% loading in DMSO at room
temperature. The fluorine substituent at C-4 appears to lock
the pyrrolidine ring in a conformation that tightens the
enamine-aldehyde transition state, consistent with the Houk-
List mechanistic model.

Catalyst loading optimization showed that ee plateaued
between 10 and 15 mol%, with higher loadings offering no
benefit and sometimes reducing both selectivity and yield.
The substrate scope followed an expected electronic trend:
electron-poor aromatic aldehydes gave the highest ee values,
while aliphatic aldehydes were more challenging. Pro-4 (N-
diphenylmethyl-L-proline)  offered  improved  anti-
diastereoselectivity for cyclic ketone donors but required
longer reaction times.

From a practical standpoint, Pro-2 is commercially
available, reasonably priced, and effective at a loading as
low as 5 mol% (78.4% ee). For synthetic chemists who need
an off-the-shelf organocatalyst for aldol reactions targeting
(R)-configured PB-hydroxy carbonyl products, these data
support Pro-2 as a first choice over unmodified L-proline.
Future directions include DFT transition-state modeling,
extension to cyclic ketone donors, and testing in flow
chemistry setups where short residence times and precise
temperature control could further sharpen enantioselectivity.
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