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Is the E/Z Iminium Ratio a Good Enantioselectivity
Predictor in Iminium Catalysis?

Matthijs A. Hellinghuizen,” Pietro Franceschi,”

Developing new enantioselective reactions is an important part
of chemical discovery but requires time and resources to test
large arrays of potential reaction conditions. New techniques
are required to analyse many different reactions quickly and
efficiently. Mass spectrometry is a high-throughput method;
when combined with ion-mobility spectrometry, this technique
can monitor diastereomeric reaction intermediates and thus be
a handle to study enantioselective reactions. Through this
technique and others, it was noted before that in the organo-
catalytic 1,4-addition to a,f-unsaturated aldehydes, the abun-

Introduction

In the last few decades, organocatalysis has become an
important part of asymmetric chemical synthesis," illustrated
by the 2021 Nobel Prize awarded to MacMillan and List for their
roles in developing this field.”" Developing new enantioselec-
tive reactions traditionally requires time, labour, and large
amounts of chemicals because many reactions must be tested
to optimise the yield and enantioselectivity."” Even though
catalysts have been designed computationally, experimental
confirmation is still necessary."” Furthermore, enantioselectivity
analysis mostly relies on chiral chromatography methods,"?
increasing the time and labour costs. This can be improved
upon by relying on a combination of chiral chromatography
and mass spectrometry™ and, among others, by less frequently
employed methods such as VCD," ECD,"™ or NMR"® and many
other techniques."” Instead of focusing on the products of
these reactions, more efficient reaction optimisation can be
achieved with knowledge of the rate- and stereo-determining
steps and the intermediates involved."®'

An example of this can be seen in Scheme 1, where the
mechanistic explanation for the origin of enantioselectivity in
the amine-catalysed 1,4-addition of nucleophiles to o,p-unsatu-
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dance of initial diastereomeric intermediates correlates strongly
to that of the final enantiomeric products. This work determines
isomeric abundance for various catalysts and aldehydes and
uses it to predict the enantiomeric excess of two control
reactions. The prediction matches well for one reaction but
does not predict the obtained results for the second. This
finding confirms that the E/Z ratio of the iminium intermediates
can be used as a predictor for some reactions, but the kinetics
of the following steps can dramatically change the true
enantioselectivity.
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Scheme 1. A general mechanism for the enantioselective nucleophilic
addition to a,B-unsaturated aldehydes. (Nu=Nucleophile).

rated aldehydes is shown.?>?" The chiral amine-catalyst reacts
with an aldehyde reactant and forms iminium intermediates. A
bulky substituent on the catalyst sterically hinders the second
reactant’s approach to one of the two sides of the iminium
intermediates. Whether the iminium ion is in the E- or Z-
conformation determines which side is blocked and is, there-
fore, expected to largely determine the final distribution of the
enantiomeric products.”? Measuring the E/Z ratio is then a way
to determine the “enantioselective potential” of a catalyst,
which is defined as the predicted ee based on the E/Z ratio.

In previous research, the E/Z ratio was determined through
NMR, XRD, and DFT,*3% and was indeed found to be a
determining factor for the enantioselectivity. However, in many
cases, it is also clear that the kinetics of the following steps can
change the final enantioselectivity from this expected
value.®'¥ This difference between the enantioselective poten-
tial as predicted from the E/Z ratio and the “true” enantiose-
lectivity is, therefore, an interesting aspect to investigate, as it
gives insight into the role of kinetics in the following reaction
steps.

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Aldehydes 1-11 and catalysts P1-P5 used in this research. TMS =trimethylsilyl group.

When intermediates are highly abundant, they can be
investigated by NMR spectroscopy.?***? However, this is not
always the case; hence, more sensitive techniques are required.
Electrospray ionisation mass spectrometry (ESI-MS) has been
established as a useful technique for the detection of
intermediates,”’“*” because it allows parallel monitoring of
different intermediates based on their m/z ratios and excels
over other methods in sensitivity.""

Enantioselective reactions usually proceed through the
reaction of a prochiral substrate with a chiral catalyst, leading to
diastereomeric intermediates, which cannot be distinguished
with mass analysis alone. This limitation can be overcome by
lon Mobility Separation (IMS), which separates ions according to
their different shapes (collision cross sections) in the gas
phase.*>™* IMS can separate the diastereomeric intermediates
in asymmetric reactions if they can be transferred to the gas
phase by ESI. The combined technique of ESI-IMS-MS is a
powerful tool that allows the relative abundances of isomeric
intermediates to be followed over time.***"

Using ESI-IMS-MS, our group previously explored the
reaction pathways of the addition of cyclopentadiene to p-
methoxycinnamaldehyde catalysed by a diarylprolinol silyl
ether. In an attempt to gain insight into the enantioselective
potential, the relative amounts of E- and Z-isomers of eleven
different o,B-unsaturated aldehydes with five different S-diary-
Iprolinol catalysts (Figure 1) were determined using ESI-IMS-MS.
The group of aldehydes consists of differently substituted
cinnamaldehydes, along with several aliphatic o,f-unsaturated
aldehydes. The prolinol catalysts differ in the substitution
patterns on the aryl rings and the presence of (non—)silylated
hydroxyl groups. The measured E/Z ratios were then compared
to the true enantioselectivity of two organocatalysed reactions.
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Results
Detection & lon Mobilograms of Iminium lons
ESI-MS spectra of the solutions of aldehydes 1-11 with catalysts

P1-P5 showed the expected iminium ions of each aldehyde
with each catalyst (Figure 2). In addition, we also detected
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Figure 2. The ESI-MS spectrum of a solution containing aldehyde 6 with
catalysts P1, P2, and P3. The iminium ions are denoted by a simplified
nomenclature, indicating the combination of the aldehyde and catalyst
forming the iminium ion. The listed m/z values represent the nominal

masses; however, the measurements were conducted with high resolution.
The ions were assigned based on the exact masses, which matched the
theoretical predictions to three decimal places within the experimental error.
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protonated (silyl)prolinol catalysts and ions formed by eliminat-
ing TMS-OH or H,0 from the protonated catalysts. The ion
mobilograms of iminium ions 3P2 and 6P2 are shown in
Figure 3. These mobilograms exhibit several peaks, indicated by
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Figure 3. Mobilograms of the iminium ions 6P2 (top) and 3P2 (bottom). A - C
indicate different isomers of the iminium ions. * Denotes artefact signals
caused by methanol adduct fragmentation after ion-mobility separation (see
supporting information). TMS =trimethylsilyl group. The green and red
dotted lines in the lower mobilogram are the deconvoluted Gaussian fits of
isomers A and B, respectively. The table gives the ratio of inverse mobilities
of the 6P2 isomers compared to the ratio of their theoretical collision cross-
sections (CCSs).

the letters A-C. A and B correspond to the iminium ions with
the C=N bond in the E- and Z-configurations, respectively.“® A
and B were assigned through the correlation of calculated CCSs
(Collision Cross Sections)* and the ratio of their inverse ion
mobilities (1/K,) (Figure 3). C is an unidentified third isomer
observed with most cinnamaldehydes. Isomer C usually has a
low abundance, varying depending on the aldehyde and
catalyst. In some mobilograms, an artefact caused by the
fragmentation of methanol adducts is also observed, indicated
by * (see supporting information).

Investigation of E- and Z-Isomers

The relative abundance of E- and Z-isomers of the iminium
intermediates derived from each aldehyde-catalyst combination
was determined by integrating the peak areas of A, B, C, and *
in the mobilograms (Table 1 and Tables S1-S5). For the smallest
aldehydes (1 and 2), we did not resolve the stereoisomers of
some of the iminium ions and observed only a single ion-
mobility signal. Most likely, the difference in CCSs of the E- and
Z-isomers is too small to separate them despite our high-
resolution capability. In the rest of the mobilograms, the peaks
were either separated at the baseline or it was possible to
deconvolute them.

It is important to note that the isomer ratio can vary
between a kinetic distribution and a thermodynamic equili-
brium, and thus, it can depend on the reaction time. We have
considered two sets of values. Table 1 lists the initial E/Z ratios
obtained by averaging the ion intensities over the first
5 minutes immediately after the preparation of the solution.
The second set is the equilibrium E/Z ratios, obtained after the
ratio reached the equilibrium (5-30 min, Table S6). The catalysts
strongly affected how fast the equilibrium was reached. The
iminium ions with the silylated catalysts 2 and 5 quickly reached
a stable signal ratio, which remained constant over time. In

Table 1. The relative peak areas of A, B, C, and * in the mobilograms of the iminium ions. The values are expressed as percentages and are rounded to the
nearest whole number. These values are averaged from two duplicate measurements.

P1 P2 P3 P4 P5

A B C * A B cC * A B C * A B C * A B C *
1 100 nd. nd. 0O 8 16 0 1 100 nd. nd. 0 9" nd nd 4 100® nd.  nd O
2 91 9 0 0 98 2 0 0 100” nd nd 0 83 10 0 7 9% 6 0 0
3 88 1 0 1 94 5 o 1 85 15 0 0 8 9 0 9 9 9 0 0
4 94 5 2 o 92 7 1 0 9 7 3 0 80 12 2 6 89 1 0 0
5 92 7 1 0o 92 7 1 0o 87 13 0 0 84 12 0 4 94 6 0 0
6 89 11 0 0 91 8 1 0 81 19 0 0 86 12 0 2 93 7 0 0
7 89 1 0 0 92 8 0 0 80 19 1 0 79 20 0 19 10 0 0
8 77 16 7 0O 8 12 5 0 9 4 0 0 84 16 0 0 93 7 0 0
9 90 9 1 0 92 6 2 0 76 23 1 0 61 12 18 9 95 5 0 0
10 94 6 0 0 9% 4 0 0 9 10 0 0 9 10 0 0 94 6 0 0
11 87 13 0 0 97 3 o o0 87 5 8 0o - - - - 85 15 0 0

[a] Iminium ion 11P4 overlapped with the M+ 1 peak of its radical cation; thus, the mobilogram could not be interpreted. [b] The E/Z isomers could not be

resolved.
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contrast, the iminium ions formed with the catalysts having a
free hydroxyl group took longer to reach the equilibrium,
although all reached equilibrium within 30 minutes. The E- to Z-
isomer ratios for most of these iminium ions are slightly lower
at equilibrium than at initial formation.

Reaction 1: Ene-Addition of Cyclopentadiene to o,f3-
Unsaturated Aldehydes

The potential of the E/Z ratio of the iminium intermediates as a
predictor for enantioselectivity was tested by control reactions.
The reaction of cyclopentadiene with para-methoxycinnamalde-
hyde 7 was chosen, as this reaction was previously studied in
our group.” The reaction yields the ene-product (Scheme 2), as
described by Gotoh et al.®” We performed this reaction with
each of the five prolinol catalysts under identical conditions and
analysed the products with chiral HPLC. The final enantiomeric
excess is lower than the predicted value based on the E/Z ratio
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Scheme 2. The generalised reaction schemes for the ene-addition of cyclo-
pentadiene to aldehyde 7 (top) and the addition of nitromethane to
aldehydes 4 and 5 (bottom).

of the iminium ions (TableS7 and Figure 6 below). The
electron-poor prolinol catalyst P4 shows the largest deviation.

Reaction 2: Addition of Nitromethane to a,f-Unsaturated
Aldehydes

As a second control experiment, the addition of nitromethane
to aldehydes 4 and 5 was performed as well. This reaction was
performed as reported by Gotoh et al. using catalysts P3 and P4
(Scheme 2).5" This combination of aldehydes and catalysts was
chosen because the measured E/Z ratios predict that catalyst P3
should give different enantioselectivities for aldehydes 4 and 5.
Instead, catalyst P4 is predicted to give similar enantioselectivity
for the two substrates. The products of this reaction were
analysed by chiral HPLC to determine the enantiomeric excess.
The obtained enantiomeric excess from these reactions does
not correlate well with the predicted enantiomeric excess based
on the E/Z ratio of the iminium ions (Table S8 and Figure 6).

Discussion
Patterns in the E/Z Distribution

Table 2 shows the data from Table 1, focusing on isomers E and
Z. The values give the percentage of the E-isomer in the sum of
E and Z. The data are visualised in Figure 4, excluding aldehyde
1, because the isomers could not be resolved for all but one
type of iminium ions. Figure 4 reveals clear patterns. In
particular, the silylated catalysts P2 and P5 show, on average, a
higher abundance of the E-isomer of the iminium ions and a
lower diversity in the relative preference for the E-isomer than
the non-silylated catalysts. This increased selectivity is probably

Table 2. The average integral areas of E-isomer as compared to the total area of E and Z.!

Aldehyde P1 P2

P3 P4 P5

1 bl 84.0% 0.9%

+0.1%

2 91.2% | 0.5%! +0.9% . 89.4%  +0.9%
+0.5% +0.6% 84.7% | 0.7% 89.7%  10.3% 90.5%  +0.8%
+0.3% 93.0% | 0.2% 87.3%  +0.8% 89.3%  10.8%
5 92.7% | 10.1% 92.8% | 0.1% £0.5%
6 89.9%  +1.9% 91.5%  +0.4% +3.8%
7 89.3%  10.2% 91.8%  $0.6% 90.3%  10.6%
8 82.8%  +1.4% +0.1% £0.8% , 3.3%  +0.5%
£0.8% 83.2% | +1.8%

+0.2%

85.5% +3.0%

thus, the mobilogram could not be interpreted.

[a] Cells are coloured on a spectrum from blue to red to indicate lower and higher values, respectively. [b] Grey cells indicate only a single signal was
observed in the mobilogram. [c] The variance from duplicate measurements. [d] Iminium ion 11P4 overlapped with the M+ 1 peak of its radical cation;
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Figure 4. The amount of E isomer normalised to the total amount of E and Z
for aldehydes 2-11 plotted per catalyst. Each point corresponds to a single
aldehyde. The translucent violin plots show the density of the individual
aldehydes. Aldehyde 1 was excluded from this analysis as it showed only a
single mobility signal in all but one case. TMS = trimethylsilyl group.

due to the additional steric bulk of the trimethylsilyl
group.[3°'52'53]

When comparing catalysts P1 and P3, the naphthyl-
substituted catalyst has a lower E-selectivity for forming the
iminium ions with most aldehydes. In particular, the abundance
of Z-iminium ions formed with catalyst P3 varies greatly
depending on the substitution pattern of the cinnamaldehydes.
This suggests that the m-system of the naphthyl groups may
play a role in stabilising the minor Z-iminium isomers. A similar
effect has been observed before in organocatalysis.®" Finally,
comparing the results for fluorinated catalysts P4 and P5 with
those of their approximate counterparts P1 and P2 shows that
they are relatively close in their abundance for the E-isomers,
with the values for the fluorinated catalysts being slightly lower.
This comparison suggests that electronic changes in the catalyst
are a minor factor in determining the E/Z selectivity, which is
mainly determined by steric effects.

Figure 5 shows the data of Table 2 in the form of a heatmap
to highlight the similarity between the aldehydes and the
catalysts. Again, aldehyde 1 has been excluded from this
analysis. The aldehydes and catalysts are grouped by their
average similarity in selectivity for forming the E-isomer. Among
the catalysts, P1, P2 and P5 show a similar response pattern
with a global higher selectivity for the E-isomer. P4 and P3 are
also close, lower in selectivity than the former group. Grouping
the aldehydes according to the similarity of their reactions
reveals no strong pattern related to the electron-withdrawing
or donating groups. For example, aldehydes 4 and 10 show
similar selectivity with all catalysts but are very different in their
electronic properties. This suggests that the E/Z distribution is
determined by a variety of factors in both the aldehyde and the
catalyst and cannot be easily attributed to a single factor such
as steric or electronic effects. However, as can be seen in
Figure 4, the selectivity of all catalysts except P3 showed
comparable diversities, meaning that the differences between
the aldehydes are relatively small. Therefore, additional catalysts

Chem. Eur. J. 2024, 30, 202400294 (5 of 9)
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Figure 5. Each aldehyde-catalyst combination coloured by their selectivity
for isomer A. The horizontal and vertical axes correspond to the catalysts
and aldehydes, respectively. The aldehydes and catalysts are grouped by
their similarity, shown by the dendrograms on the left and top of the graph.
Aldehyde 1 was excluded from this analysis, along with iminium ion 2P3, as
the isomers were unresolved in both. The mobilogram of iminium ion 11P4
could not be interpreted due to overlap with the M+ 1 peak of its radical
cation.

with a more varied response could be included in further
studies to confirm the absence of such a relationship.

Comparing the Control Reactions with the Predictions
In the first control reaction, the E/Z ratio prediction correlates

quite well with the obtained enantioselectivity (Figure 6), with a
small drop observed in every case. We plotted the ee-
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Figure 6. Left: The addition product of cyclopentadiene to aldehyde 7 and
the resulting ee% plotted against the predicted ee% for each catalyst using
the initial (grey squares) and equilibrium (red circles) E/Z isomer ratios. Right:
The addition product of nitromethane to aldehydes 4 and 5 and the
resulting ee% plotted against the predicted ee% for catalyst P3 (blue) and
P4 (red). The experimental results are plotted against the initial E/Z isomer
ratios (squares) and equilibrium E/Z isomer ratios (circles). In both graphs,
the diagonal line corresponds to perfect agreement between prediction and
reality.
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predictions based on the initial and equilibrium E/Z ratios
(compare black squares vs. red circles in Figure 6). Both
correlate well, except for the result with catalyst P4. This catalyst
performs worst, and the drop in the predicted ee when shifted
towards equilibrium fits the experimental results better.

The observed small drop in enantioselectivity in Reaction 1
is expected based on the kinetics of the whole reaction
sequence that we investigated in our previous research.*® We
showed that the disfavoured Z-isomer of the iminium inter-
mediate reacts faster than the E-isomer, likely due to the larger
steric strain present in the former. This decreases the
enantioselectivity slightly. The steric strain, and therefore the
differences in the following kinetics, will be different for each
catalyst, explaining the observed variations in the decrease of
enantioselectivity.

The predictions for the second control reaction do not
match well with the observed results. The enantioselectivity
induced by catalyst P3 is predicted to differ greatly between
the two substrates. However, the obtained enantiomeric excess
for each substrate is within a few percent (blue points in
Figure 6). For catalyst P4, there is a major difference between
the obtained enantioselectivity and the prediction obtained
using the initial ratio of the formed iminium ions (red squares).
These results indicate that the initial E/Z ratio of the iminium
ion formation is no longer the main factor in determining the
enantioselectivity. The kinetics of the following reaction steps
likely play a larger role here than in the first control experiment.

The effect of the second step on the overall enantioselectiv-
ity can be analysed by a simple consideration of the reaction
kinetics leading via an iminium intermediate in the steady-state
approximation (Scheme 3). The simple analysis suggests that for
the reactions in which the iminium intermediates react rapidly
with the nucleophiles (Case 1), the rate of enamine formation
depends only on k; in the limiting case. Accordingly, the
enantioselectivity of such reactions is determined by the E/Z
ratio of the iminium intermediates. This is the case for the

R z N koZ - [Nu N
K4 R A 2" - [Nu] s
7
Aldehyde Catalyst \
R R Nu
Iminium Enamine
d[Enamine] _kqk,[Aldehyde][Catalyst][Nu']
at K1 +ko[NUT]
Case 1! 4[Enamine] [R-Enamine] _ K§

= k4[Aldehyde][Catalyst] ————

ko1 << ka[Nu7] dt [S-Enamine] E

Case2:  d[Enamine] _ ks

k1 >> ka[Nul at kg

[R-Enamine] _kFk5K5

ko [Aldehyde][Catalyst][Nu’] —=
[S-Enamine] kﬁkfkg

Scheme 3. A steady-state approximation for the nucleophilic addition
reaction leading via the iminium intermediate and the two limiting rate
equations.
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studied cyclopentadiene addition (Reaction 1). Note that the
conditions during the nucleophilic addition (Scheme 3) differ
from those during our E/Z ratio measurements that proceeded
in the absence of a nucleophile. Hence, the determined E/Z
ratios are affected by the reverse rate constants (k,), and the
limiting case is valid under the assumption that the hydrolysis
of the E- and Z-iminium ions has the same rate. Alternatively,
the E/Z ratios should be determined from the initial iminium
ion intensities measured at the beginning of the reactions
between the organocatalysts and aldehydes. The relative ion
abundances should reflect the initial rates of the iminium ion
formations and not be largely affected by the reverse reaction.

In the second limiting case, the subsequent reactions of the
iminium ions with nucleophiles are slow (Case 2, k;>k,).
Accordingly, the rate of enamine formation depends on k, and
also k., (see Scheme 3). Thus, the E/Z ratio obtained from the
initial rates of the iminium ions will not predict the overall
enantioselectivity well.

The initial E/Z ratio does not work well for the addition of
nitromethane (solid squares in Figure 6), suggesting that the
nucleophile attack is slow. Therefore, we also plotted the
experimental results against the predicted ee% values obtained
with the E/Z isomer ratio determined at equilibrium (hollow
circles in Figure 6). These values are better predictors of the
outcome of Reaction 2. The low rate of the nucleophilic
addition may be related to a constrained transition structure,
possibly due to the hydroxyl group interacting with nitro-
methane. Alternatively, it could be due to a slow deprotonation
of the nitromethane, resulting in a low nucleophile concen-
tration. The latter possibility is supported by the observation
that the presence of base tends to increase the
enantioselectivity.®*=®

There are also other reactions where the isomer distribution
of the initial intermediate is not the determining factor for the
enantioselectivity. This has been observed in enamine-based
reactions, where later reaction steps determine the final
enantioselectivity.®**”!

Conclusions

In this work, we investigated several iminium ions generated
from diarylprolinol catalysts and o,f-unsaturated aldehydes. We
have determined the relative amounts of E- and Z-isomers of
these iminium ions using the combined technique of Electro-
spray-lonization lon-Mobility-Separation Mass Spectrometry
(ESI-IMS-MS). This technique allows multiple iminium ions to be
measured concurrently, allowing the E/Z ratios of many
catalyst-aldehyde combinations to be determined quickly.

The E- or Z-conformations of the iminium ions determine
which side of the molecule is sterically hindered for a
nucleophilic attack; therefore, the E/Z ratio can be taken as a
measure of the potential enantioselectivity. This is especially
useful as it is expected to be mostly independent of the choice
of nucleophile, meaning it applies to a wide variety of reactions.

However, the E/Z iminium ratio is a good predictor only for
the reactions in which the iminium ions react quickly in the
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follow-up reactions with nucleophiles. We show this for the
examples of the ene-reaction of cyclopentadiene with p-
methoxycinnamaldehyde. Conversely, for reactions where the
iminium reaction with nucleophiles is the rate-determining
step, the E/Z iminium ratio fails to predict the final enantiose-
lectivity. Such a situation was observed for the addition of
nitromethane to the iminium ions.

Using the E/Z ratio as an easily measured predictor for
enantioselectivity can form the basis of faster investigations
into organocatalytic reactions. The tables presented in this
paper could also be extended easily, adding more catalysts and
aldehydes. This could allow more reaction patterns to be
recognised or allow the potential of new catalysts to be quickly
evaluated.

Experimental Details
Preparation of Samples

Samples Containing Catalysts P1, P2, and P3

Solutions were mixed in methanol (2 mL) with the aldehyde at a
concentration of 2 mM and catalysts P1, P2, and P3 each at a
concentration of 0.1 mM.

Samples Containing Catalysts P4 and P5

The iminium ions of the electron-poor catalysts P4 and P5 were
consistently present at a lower intensity than the other catalysts. To
get a sufficient signal for the mobilograms, these catalysts were
measured separately and at a higher concentration. Solutions were
mixed in methanol (2 mL) with the aldehyde at a concentration of
2 mM and catalysts P4 and P5 each at a concentration of 0.125 mM.

Samples Containing Aldehyde 11

Aldehyde 11 (a-methylcinnamaldehyde) proved to be especially
unreactive towards all catalysts, presumably due to the steric
hindrance of the a-methyl group. To get a sufficient signal for the
mobilograms, the concentration of each catalyst was doubled. The
samples were otherwise prepared identically.

Experimental Procedures

ESI-TIMS-TOF-MS

Trapped ion-mobility spectrometry-mass spectrometry experiments
were performed on a TIMS-TOF MS (Bruker Daltonics Inc. Billerica,
MA). lons were generated by electrospray ionisation (ESI), with the
following settings: capillary voltage 5 kV, end plate offset 500 V, dry
gas 3.5 L/min, dry temperature 200°C and nebuliser gas 0.5 bar.
TIMS was operated in ultra mode at a range of 0.7-1.55 Vs/m? with
an accumulation time of 10 ms. The RF funnels 1 and 2 were set at
400 Vpp, the multipole RF at 500 Vpp, and the deflection delta
voltage was 70 V. The quadrupole ion energy was 5 eV, the transfer
time 50 ps, and the pre-pulse storage time 15 ps. The samples were
measured immediately after mixing, and the isomer ratio was
determined based on the data collected within the first 5 minutes.
The ions were assigned based on the exact masses, which matched
the theoretical predictions to three decimal places.
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NMR Experiments

NMR experiments were conducted on a Bruker Avance lll 400 MHz
spectrometer. The residual solvent peak of chloroform (8H=
7.26 ppm) was used to reference the spectra.

Chiral HPLC

Chiral HPLC Chiral HPLC analysis was performed using a Shimadzu
LC-20 HPLC system. Compounds were detected using a UV detector
at 215, 220 or 254 nm. To determine the enantiomeric excess of the
reactions, the aldehyde products were reduced as is described in
the synthetic procedures. The products were dissolved in isopropa-
nol at an approximate concentration of 5 mg/mL.

Synthetic Procedures

Addition of Cyclopentadiene to 4-Methoxycinnamaldehyde

In methanol (1 mL), 4-methoxycinnamaldehyde (81.1 mg, 0.5 mmol,
1eq.) and prolinol catalyst (0.05 mmol, 0.1 eq.) were dissolved.
Freshly distilled cyclopentadiene (124 pL, 1.5 mmol, 3 eq.) was
added and the mixture was stirred at ambient temperature and
under inert atmosphere for 20 hours. The resulting mixture was
purified using column chromatography (silica, EtOAc:Heptane 1:20)
to yield the product. TH NMR (400 MHz, CDCI3): § 9.71-9.73 (0.6H, t,
J=2.1), 9.70-9.71 (0.4H, t, J=2.1), 7.08-7.15 (2H, m), 6.80-6.87 (2H,
m), 6.39-6.43 (1H, m), 6.29-6.33 (0.6H, m), 6.26-6.29 (0.4H, m), 6.23—
6.26 (0.4H, m), 6.07-6.10 (0.6H, m), 4.23-4.33 (1H, m), 3.78 (3H, s),
3.02-3.07 (0.4H, m), 2.98-3.02 (0.6H, m), 2.98-3.02 (1H, m), 2.89-
2.94 (0.6H, m), 2.85-2.89 (0.4H, m), 2.76-2.83 (1H, m).

Reduction and Hydrogenation of the Cyclopentadiene Product

This procedure was adapted from Gotoh et al”® The aldehyde
product (10 mg, 0.04 mmol) obtained from the addition reaction
was dissolved in methanol (1 mL) at 0°C. Sodium borohydride
(5.3 mg, 0.14 mmol) was added, and the mixture was stirred at the
same temperature for 20 minutes. The reaction was quenched by
adding saturated NH,CI, after which the product was extracted
using ethyl acetate, dried over Na,SO,, and evaporated to dryness.
The crude product was redissolved in ethyl acetate (2 mL), and
10% Pd/C was added. The mixture was then stirred overnight
under the H, atmosphere. The reaction mixture was filtered over a
celite pad and concentrated under reduced pressure. The residue
was purified by preparative thin-layer chromatography (EtOAc:
Heptane, 1:3) to yield the product. TH NMR (400 MHz, CDCI3): §
7.07 (2H, d, J=8.6 Hz), 6.82 (2H, d, J=8.6 Hz), 3.79 (3H, s), 3.33-3.52
(2H, m), 2.32-2.42 (1H, m), 1.86-2.12 (3H, m), 1.14-1.81 (7H, m),
0.91-1.03 (1H, m). Chiral HPLC (Phenomenex Lux Cellulose-1, 97:3
Hept:iPrOH, 35°C, 0.5 mL/min): Tr=40.6 min (R) and Tr=37.6 min
(S).

Addition of Nitromethane to 4-Chlorocinnamaldehyde and 4-
Nitrocinnamaldehyde

This procedure was adapted from Gotoh etal”" In methanol
(1.2mL), 4-chlorocinnamaldehyde or 4-nitrocinnamaldehyde
(0.6 mmol, 1eq.) and prolinol catalyst (0.06 mmol, 0.1 eq.) were
dissolved. After stirring for 5 minutes, nitromethane (1.8 mmol,
3eq.) and benzoic acid (0.06 mmol, 0.1 eq.) were added. The
mixture was then left to stir overnight at ambient temperature.
Then, the reaction was quenched with saturated NaHCO;, extracted
with ethyl acetate, and dried over Na,SO,. After being concentrated
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under reduced pressure, the crude mixture was purified using
column chromatography (silica, 1:20 EtOAc:Heptane). Although
each product could not be obtained in complete purity, they
proved sufficiently pure after NaBH, reduction for chiral HPLC
analysis.

3-(4-chlorophenyl)-4-nitrobutanal: 1TH NMR (400 MHz, CDCI3): §
9.69 (s, 1H), 7.32 (m, 2H), 7.18 (d, J=7.6 Hz, 2H), 4.67 (m, 1H), 4.59
(m, 1H), 4.05 (q, J=6.8 Hz, TH), 2.92 (dd, J=7.1, 1.0 Hz, TH).

3-(4-nitrophenyl)-4-nitrobutanal: TH NMR (400 MHz, CDCI3): § 9.76
(s, TH), 8.25 (d, J=8.8 Hz, 2H), 7.47 (d, J=8.7 Hz, 2H), 4.65-4.81 (m,
2H), 4.24 (q, J=6.9 Hz, 1H), 3.05 (d, J=7.0 Hz, 2H).

Reduction of the Nitromethane Product

The crude aldehyde (10 mg) was dissolved in methanol (1 mL) and
cooled to 0°C. Sodium borohydride (5.3 mg, 0.14 mmol) was then
added and the mixture was left to stir at the same temperature for
20 minutes. The reaction was quenched by addition of saturated
NHA4CI, after which the product was extracted with ethyl acetate,
dried over Na,SO,, and evaporated to dryness.

3-(4-chlorophenyl)-4-nitrobutanol: Chiral HPLC (Chiralcel OJ, 95:5
Hept:iPrOH, 35°C, T mL/min): Tr=23.9 min (R) and Tr =26.7 min (S).

3-(4-nitrophenyl)-4-nitrobutanol: Chiral HPLC (Chiralcel OJ, 90:10
Hept:iPrOH, 35°C, T mL/min): Tr=283.3 min (R) and Tr =97.4 min (S).

Data Visualisation

Figures 5 and 6 were prepared in R*® relying on ggplot2® and
pheatmap®® packages.
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