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e N Introduction

Abstract: Investigation of the fundamental microscopic
processes occurring in organic reactions is essential for
optimising both organocatalysts and synthetic strategies.
In this study, single-molecule fluorescence microscopy
was employed to study the Diels—Alder reaction catal-
ysed by a first-generation MacMillan catalyst, providing
direct insights into its kinetic dynamics. This reaction
proceeds via a series of reversible processes under
equilibrium conditions (S = IM; = IM; — P, IM,
and IM,: N,O-acetal and iminium ion intermediates,
respectively). The individual reaction trajectories of
single molecules were directly observed in real-time,
and the kinetic transitions between the different states
were quantitatively analysed using a hidden Markov
model, thereby enabling precise determination of the
kinetic rate constants and transition probabilities at the
single-molecule level. In particular, the unique structural
features of the MacMillan catalyst were probed to reveal
how specific interactions stabilise the reaction intermedi-
ates and influence their kinetic behaviours. These findings
highlight the importance of single-molecule fluorescence
microscopy in understanding the fundamental mecha-
nisms of organic reactions and guiding the rational design
of more effective catalysts.

Understanding the kinetics of organic reactions and elu-
cidating their mechanisms are central goals in organic
chemistry, as they enable the rational design of novel
reactions and catalysts.['3] Traditionally, these mechanisms
have been studied by investigating multiple experimental
variables, and have subsequently been refined. However, the
conventional ensemble averaging approach, which involves
averaging the outcomes over time and across many molecules,
often obscures dynamic processes. While recent single-
molecule methods based on surface-bound molecular probes
or electrode-positioned molecules have provided valuable
mechanistic insights, their application can be limited by tech-
nical constraints, such as the requirement for conductive sub-
strates, electrochemical compatibility, vacuum conditions, or
specialised interfaces, potentially restricting their adaptability
to certain solvents and reaction environments.[*°] In contrast,
fluorescence-based single-molecule microscopy enables the
real-time observation of freely diffusing molecules in solution
without requiring specialised surfaces or vacuum conditions.
However, its successful implementation critically depends
on both the solvent purity and the optical transparency. It
is therefore apparent that each approach possesses unique
advantages and limitations from the viewpoints of their
solvent and environmental compatibilities.

Recent advancements in optical microscopy, which can
realise a millisecond (ms) temporal resolution and a nanome-
tre (nm) spatial resolution, have enabled the real-time
observation of single-molecule biochemical processes.!'*"%]
Although single-molecule studies have significantly advanced
our understanding of enzymatic mechanisms, their application
to conventional organic reactions remains relatively underex-
plored. The abovementioned recent developments in optical
microscopy, therefore, show considerable potential for use
in the study of organic reactions that occur on timescales
ranging from ms to s, which could consequently enable the
direct observation of transient structural rearrangements and
subtle dynamic events.'*'°] Since spatiotemporal resolution
is subject to a trade-off, careful experimental design is
essential to effectively optimise these parameters.

In this study, single-molecule fluorescence microscopy is
employed to investigate the elementary steps of an organic
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reaction using a fluorescent substrate as an optical probe
(Figure 1a). By observing the real-time reaction interme-
diates, kinetics, and structural dynamics, this approach is
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Figure 1. Experimental design for observing individual molecules during iminium ion formation in the presence of a MacMillan catalyst. a) Probe
design for observation of the chemical reaction at the single-molecule level, which incorporates the optical probe (BODIPY), an «,-enal moiety for
the Diels—Alder reaction catalysed by catyac, and -Si(OEt)3 groups for immobilisation. The functionalised optical probe was immobilised on a glass
slide and monitored using TIRF microscopy during the chemical reaction with caty,c. b) Variation in the fluorescence intensity over time, allowing
the formation of iminium ions to be monitored. Time traces for the individual probes were observed and separated by HMM analysis to provide
details regarding the molecular kinetics via quantum chemical calculations. c) Intensity histograms showing the distribution of states over the time
trajectories during the reaction performed in the presence of catyac. The fluorescence intensities of S and the IM; analogue were compared with the
states inferred by HMM analysis. The paired fluorescence intensities showed no statistically significant variations, specifically between S and its
HMM-estimated S, as well as between the IM; analogue and its HMM-estimated IMy. ns, not significant.

expected to offer a novel methodology for studying organic
reaction mechanisms at the single-molecule level. Moreover,
the insights gained could facilitate the design of more efficient
catalysts and reaction strategies.

Results and Discussion

To develop a single-molecule fluorescence microscopy
approach for investigating the elementary steps of an organic
reaction, a well-known system was selected. This system incor-
porates the first-generation MacMillan catalyst, (55)-(—)-
2,2 3-trimethyl-5-benzyl-4-imidazolidinone monohydrochlo-
ride (referred to hereafter as caty,.), and an «,B-unsaturated
aldehyde substrate bearing a BODIPY (4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene) fluorophore. 20221

This particular reaction system was chosen based on
several experimental and mechanistic considerations. Firstly,
the reaction proceeds at a moderate rate with minimal side
reactions, typically reaching completion within a few hours
under batch conditions (Figure S1). This slow reaction allows
temporal resolution of all key intermediate steps under
standard fluorescence imaging conditions.

Secondly, the reaction mechanism is well-documented and
involves changes in the conjugation length and electronic state
of the dye as the reaction proceeds, leading to detectable
optical variations.[*’] Previous kinetic studies have identified
two plausible intermediates: i) A hemiaminal species (corre-
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sponding to the intermediate later referred to as IM;), which
is formed via the nucleophilic attack of caty,c on the aldehyde;
and ii) an iminium ion (later referred to as IM,), which is
generated via an acid-catalysed dehydration protocol.[2*2¢]
Although these intermediates are typically transient and dif-
ficult to isolate in ensemble experiments, their existence and
kinetic relevance have been extensively supported by classical
kinetic and mechanistic studies. Furthermore, stabilisation of
these intermediates by intramolecular interactions between
the fluorophore and the aromatic ring of caty,. has been
reported, thereby highlighting their suitability for use in
single-molecule detection.

Building upon these established mechanistic foundations,
the selected iminium-catalysed system was expected to enable
real-time single-molecule monitoring of intermediate forma-
tion, state transitions, and their kinetics, with the aim of
providing detailed mechanistic insights at the molecular level.

More specifically, to ensure compatibility with single-
molecule fluorescence microscopy, the BODIPY-«,B-enal
was designed to incorporate four key features. First, BODIPY
was selected as the probe to ensure a high photosta-
bility and a reliable temporal resolution for fluorescence
observations.””!l Second, the «,8-enal moiety was incor-
porated as the reactive group to facilitate changes in the
fluorescence intensity via 7—m conjugation alterations dur-
ing the reaction. Third, a -Si(OEt); group was employed
for immobilisation, enabling stable attachment to a glass
surface to maximise the observation time and temporal
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Figure 2. Transition probabilities for the different states present during the chemical reaction performed in the presence of catyac, as defined using
HMM. a) Schematic illustration of the hidden Markov process. The molecule exhibits three different states, namely S, IMy, and IM3. In the
three-state system, the transition probability (P) indicates the probability of a molecule transitioning from its current state to the next state. b) Six
transition probabilities for the three states changing to any other state (Ps_.jm1, Ps—im2. Pm1—s, Pimz—s Pivi—im2 Piva—im1)- The probabilities of
transitions occurring from S to IM2 and from IM; to S are practically negligible, indicating that four types of transitions exist, namely S = IM; and
IM7 = IM3. ¢) The corresponding transition density plot analysis for [catyac] = 15.0 mM was derived from the three-state data sets, where the x and y
coordinates correspond to the intensity before and after each transition, respectively. The scale bar indicates the relative densities of the state-to-state
transitions. The gradient from blue to red corresponds to an increasing transition density, where blue denotes regions of low-density transitions, and

red emphasises regions of high-density transitions. **p<0.01; *p<0.05.

resolution.['¥?33233] Fourth, a -(CH,);- linker was incorpo-
rated to minimise steric hindrance between the substrate
and the glass surface. In this case, BODIPY-«,8-enal was
immobilised on a glass surface using a silane linker (<2 nm,
e.g., -(CH,)7-C,H,-Si(OEt);) to maintain stable fluorescence
signals within the evanescent field during the total inter-
nal reflection fluorescence (TIRF) microscopy observations
(Figure 1a). This probe was synthesised using the Vilsmeier—
Haack reaction, wherein the silane linker preserves the
optical properties of the fluorophore by not interfering with
the = system (Figure S1).**%] The reaction between the
BODIPY-«a,8-enal substrate (S) and caty,. proceeds as a
multi-step equilibrium process involving two intermediates,
namely the N,O-acetal IM; and the iminium ion IM,.
Upon the addition of cyclopentadiene, the final product (P)
is formed irreversibly (S = IM; = IM, — P). In this
system, changes in the fluorescence signals occur owing to
partial distortion of the m—x conjugation, which alters the
conjugation length and shifts the fluorescence intensity.!'”3%4]

At the ensemble level, the designed Diels—Alder reaction
was found to proceed at a sufficiently low rate under
ambient conditions in the presence of the catalyst and the
diene (Figure S1).[41] This reaction induced detectable optical
changes, and the maximum absorption wavelengths (Ap.x) of
species S and P were determined to be 535 and 508 nm,
respectively. Interestingly, despite the confirmed presence of
multiple intermediates (i.e., IMy and IM3), a clear isosbestic
point was observed in the ensemble fluorescence spectra. This
indicates that these intermediates are likely too short-lived or
sparsely populated to significantly perturb the overall spectral
balance in the bulk measurements. It was, therefore, antici-
pated that the intermediates could be effectively monitored
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and directly observed at the single-molecule level, under-
scoring the unique advantage of single-molecule fluorescence
microscopy for revealing transient states, interconversion
pathways, and detailed reaction kinetics that remain invisible
to conventional ensemble approaches.

Thus, for single-molecule imaging, the BODIPY substrate,
S, was immobilised on a glass surface using silane chemistry,
as described above, and subsequently observed in ethanol as
the solvent. Notably, ethanol was selected owing to its ability
to form hydrogen bonds with BODIPY, thereby ensuring
a high photostability for this substrate and a relatively
stable fluorescence signal.[?®] This setup enabled a sub-second
temporal resolution (~100 ms) and long observation times
(<1 min) without photo-blinking (Figure S2). The reaction
was monitored using TIRF microscopy with 488 nm laser
excitation, and the intensity trajectories (I(f)) were recorded
over 1 min. Bleached signals were excluded from the analysis.
To analyse the IM states, the hidden Markov model (HMM)
algorithm was applied to the I(¢) trajectories. HMM analysis
revealed key aspects of the reaction, including its reversibility,
the presence of intermediates, intermediate dwell times (),
and the transition probabilities (P,_,,,, n and m = S, IMy, and
IM;) and rate constant (k) between the different states (see
Figures 1b, 2a, and 3).[42%]

Following treatment with caty,., the single-molecule
trajectories revealed three statistically distinguishable signal
states (i.e., S, IMy, and IM,; Figure S3) that exhibited
reversible transitions indicative of a multi-step equilibrium
process (see Figures 1b, S4, and Movie S1). To validate
the HMM-inferred states, the fluorescence intensities of two
species (i.e., S and the synthetic analogue of IM;) were
compared with their respective HMM-estimated counterparts
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Figure 3. Dwell time distribution and reaction kinetics at the single-molecule level. All experiments were performed in an ethanol solution with
[catpac] = 15.0 mM. a) The distributions of the dwell time in each elementary step are fit with an exponential decay, t"~exp(—kt). The n values are
close to 1, as derived from the exponential fit, indicating that the reaction progresses via a sequential equilibrium pathway and all transitions follow a
single kinetic step. b) Plots of the reciprocals of the mean dwell times for the formation of IM; exhibit a linear dependence on the catalyst
concentration. The reciprocal of the mean dwell time (ts_.;p1) for the first step was used to calculate the rate constant (ks_,y1) for IM; formation,
which was determined to be 23.75 + 1.62 M~ s7, using 1/(<7s_ im1>) = ks_ im1[Catmac]- ), d), €) The reciprocals of the mean dwell times

-1 -1 -1
<TMI-s>T ), <TMI=IM2> 1, and <tz vt >

are independent of [catyac]. Averaged kjp1—s = 0.21 £ 0.01 s averaged kv m2 = 0.20 £

0.00 577, and averaged kjp2_ 1 = 0.22 4 0.00 s™'. Each data point represents an average calculated from ~200 trajectories.

(due to instability, an analogue for IM, could not be
synthesised). The results showed no statistically significant
differences between the paired fluorescence intensities (S ver-
sus HMM-estimated S; IM; analogue versus HMM-estimated
IM;; Figure 1c), thereby supporting the existence of S and
IM; (N,O-acetal), along with a reversible equilibrium between
these species. Although the exact identity of IM, could not be
confirmed experimentally, its presence was inferred based on
its reversible interconversion with IM; and its strong consis-
tency with established mechanistic studies, which propose the
iminium ion as the likely intermediate. The number of states
was subsequently determined using the Bayesian Information
Criterion, based on>200 trajectories (Figure S5).[*#"] How-
ever, owing to the sub-second temporal resolution (~100 ms)
of this single-molecule imaging approach, rapid events such as
protonation/deprotonation and conformational changes (on
the ns—ps scale) could not be resolved. Consequently, analysis
was limited to relatively long-lived states that were detectable
within this timescale.[***°] Notably, this temporal resolution
constraint represents a fundamental trade-off with rigorous
chemical identification methods such as single-molecule spec-
troscopy, rendering it impractical to conclusively identify
reaction intermediates that exist on sub-second timescales
(for a detailed discussion, see Note S1).
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Subsequently, the state-to-state transition probabilities
(P,_) for the three-state system (S, IM;, and IM,) were
determined, wherein the transition probability Ps_,;; repre-
sents the likelihood that a molecule currently in state S will
transition to state IM; in the subsequent time step (Figure 2a).
Among over 800 transitions that were analysed herein, four
main types of transitions were observed, namely S = IM;
and IM; = IM,, while direct transitions from S to IM, (and
vice versa) were extremely rare. For instance, Ps_.;y1, Py s,
and Ps_ ), were determined to be 8.8x1073, 2.5x1073, and
1.7x107%, respectively (Figures 2b,c and S6). These values
confirm that the observed transitions predominantly involved
only two sequential pathways, i.e., S = IM; and IM; = IM,,
while direct transitions such as S = IM, were not significantly
detected.l?!]

To further assess whether these transitions (S = IM;
and IM; = IM;) represent single-step processes or involve
hidden intermediates, the dwell time () distributions were
analysed for the various states. These dwell-time distribu-
tions closely matched the single-exponential fits, indicat-
ing that, within the temporal resolution evaluated herein
(~100 ms), the observed transitions occur as apparent single-
step processes without kinetically resolvable sub-steps. This
behaviour is consistent with a Poisson process, suggesting
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Figure 4. Statistical analysis of the relative proportions of each state during iminium ion (IMz) formation, and NClI analyses of the iminium ion
intermediates (IM2). a) Proportions of the total dwell times of IMy and IM within the observed reaction trajectories in the presence of 7.5 mM
catyac and caty,. The addition of caty,c resulted in a 1.59-fold increase in the proportion of IM2, while the fraction of IMy remained unchanged. b)
Rate constants of the elementary steps occurring in the presence of catyac and catgy. Using catyac, a lower rate constant was observed for the
transition from IM3 to IMy. ¢) Computed structures and NCI analysis of the core scaffolds of several iminium intermediates. d) The Houk conformer,
the MacMillan conformer, and the iminium ion generated using catcy. IM3 ouk-Catmac, and IMy pmac-catmac are stabilised by CH-m and cation-n
interactions. Calculations were performed on a simplified model in which the long alkyl chains were excluded. The scale bar represents the strength
of the interactions, with negative values (blue) indicating attractive forces, near-zero values (green) denoting weak van der Waals interactions, and

positive values (red) representing repulsive forces. ****p<0.0001; ns, not significant.

no hidden intermediates under the current experimental
conditions (Figures 3a and S7). These results, together with
advanced statistical modelling, indicate that the reaction
follows a sequential equilibrium process (S = IM; = IM),
and that all transitions are governed by a single kinetic
step.1525]

A key advantage of these results is the ability to
obtain detailed temporal and kinetic information for each
elementary step (Figures la, 2a, and 3b). More specifically,
in the initial step, the nucleophilic 2°-amine catalyst attacks
the immobilised «,B8-enal S to afford hemi-aminal IMy,
wherein the rate is proportional to the catalyst concentration
([catmac]). Consequently, the reciprocal of the mean dwell
time of S (<7s>) shows a linear increase with an increase
in [caty,c], yielding a rate constant (kgs_.) of 23.75 £+ 1.62
M~! s7! based on the first-order kinetic law, 1/(<ts_a1>) =
ks_. v [catyae] (Figure 3b).°>* In contrast, the rates of
the other equilibrium reactions were unaffected by changes
in [catyac], consistent with zero-order kinetics at [H'] >
7.5 mM (Figures 3c,d,e and S8). Notably, the elimination
of water and the 2°-amine catalyst from hemi-aminal IM;
represents a unimolecular process. Although hydrolysis of
the iminium ion (IM;) depends on the water concentration,
the use of ethanol as a solvent results in a constant water
concentration. In addition, the kinetic data align well with the
well-established mechanism of iminium ion (IM;) formation
between aldehydes and 2° amines.

In the reaction performed using caty,e, the iminium
intermediate (IM3) is crucial as it activates the substrate by
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lowering the lowest unoccupied molecular orbital (LUMO).
This increases the electrophilicity and thereby enhances the
reaction rate, while also serving as a tool to control the
enantioselectivity (Figure $9).%1 To empirically and quanti-
tatively assess these effects, an identical set of single-molecule
experiments were conducted using a control 2°-amine cata-
lyst, namely pyrrolidine monohydrochloride (catcy), which
lacks key functional groups. More specifically, this catalyst
lacks the aromatic (C¢Hs-) and methyl (CH;-) substituents
that are responsible for stabilising the intramolecular inter-
actions (e.g., CH- and cation—r interactions) and spatial
orientation in caty,. (Figure 4a). Owing to this simplified
structure, cat, is not expected to promote significant non-
covalent interactions or steric effects, thereby allowing these
features to contribute to the formation and stabilisation of
IM,. Upon comparing the kinetic parameters obtained using
caty, with those obtained using caty,c, it was observed that
catyy,e increased the fraction of IM, by 1.59-fold, while the
fraction of IM; remained unchanged, and the rate constant
ks 1 decreased (Figure 4b,c). This observation, supported
by density functional theory (DFT) calculations and non-
covalent interaction (NCI) analysis, indicates that CH- and
cation—r interactions stabilise IM, via secondary interactions
with the syn-methyl group (IMj pouk-Catyac) and the iminium
moiety (IM;pac-catyae) of the catalyst (caty,:), respectively
(Figure 4d). These interactions enable a more efficient
reaction with the diene at the active site. Subsequently, the
Diels—Alder reaction was investigated upon the addition of
a diene, namely cyclopentadiene. Because of the limitations
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Figure 5. Kinetic studies of the organocatalyst-induced Diels—Alder reaction. a) Plots representing the reciprocals of the mean dwell times

(TiM2— P, est) for the Diels—Alder reaction conducted in the presence of caty,c. The rate exhibits a linear dependence on the diene concentration. b)
Calculated values of kiypp, ess = 6.64 £ 0.26 M~ s (in the presence of catyac) and 3.82 +0.24 M~" s (in the presence of cat.y). ) Frequency
of event occurrence in the Diels—Alder reactions performed using catyac and caty,. For catyac, the frequency of the Diels—Alder reaction increased
2.07-fold compared with that observed for cat,. Stabilisation of the iminium intermediate through secondary interactions with caty,c enhances its

reaction efficiency. **p<0.01.

of this single-molecule setup, the optical signal of P (Ip) was
statistically indistinguishable from that of IMy (I} ), thereby
complicating state differentiation (Figure S10). However, the
rate constant for product formation (kjyn- p, o) Was inferred
from the experimental results described below.

The proportion of IM, decreased in the presence of both
caty, and the diene, while the proportion of IM; increased
in the presence of caty,. alone, suggesting contributions from
both IM; and P (zp) (Figure S11). In addition, using the
Markov property, which asserts that the current state depends
only on the previous state, it was possible to derive k;yn— p es-
Subsequently, the values of <t s>"" and <t > ""
remained constant and were identical to those obtained in the
experiment performed using caty,. alone, thereby allowing
the calculation of k. p o based on the relationship 7y, =
V(kivz—im + kivo—p esr) (Figure S12). Furthermore, a plot
of (<Tinop es>"") as a function of the diene concentration
showed a linear dependence, confirming first-order kinetics
(Figure 5a). Considering these analyses, k;yn-.p o Was esti-
mated for caty,c, yielding a value that was 1.75-fold higher
than that associated with cat.y (Figure 5b).°*>7 Additionally,
the frequency of the Diels—Alder reaction was found to be
2.07-fold higher in the presence of caty,. (c.f., catyy,; see
Figure S5c), thereby suggesting that secondary interactions
involving catyy,. significantly stabilise the iminium interme-
diate and the corresponding transition state to enhance
its reactivity, ultimately leading to an improved reaction
efficiency.

In the context of enantioselective catalysis, identifying the
structure of IM; is important for understanding the key reac-
tion pathways leading to P. As previously discussed, the IM,
species formed in the presence of catyj,. predominantly exists
in two conformers, as proposed by MacMillan (IMpy,c; Mac
conformer) and Houk (IMjgeu; Houk conformer).[2258-63]
If conformational transitions occur sufficiently slowly and
each conformer exhibits distinct, optically distinguishable
photophysical signatures, the single-molecule fluorescence
microscopy approach presented in this study offers significant
potential for directly observing conformational dynamics in
real-time. Indeed, the obtained experimental data provide
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indirect yet supportive evidence for such conformational
distinctions, in alignment with prior experimental reports.
However, a notable discrepancy remains between theory and
observation. Particularly, theoretical calculations predict an
extremely low rotational barrier (~6.0 kcal mol~!), indicating
conformational interconversions at the microsecond or even
nanosecond timescales, which are substantially faster than
the current temporal resolution. Thus, at present, this issue
remains unresolved, as discussed in Note S2. Addressing this
challenge will not only deepen our mechanistic understanding
of diverse organic reactions, but will also significantly broaden
the applicability of single-molecule methodologies.

Conclusion

This study demonstrates the ability of single-molecule fluo-
rescence microscopy to elucidate reaction mechanisms at an
unprecedented spatiotemporal resolution. By employing the
MacMillan catalyst, key intermediates (IM; and IM,) were
identified, and it was possible to directly observe that these
reactions exist in dynamic equilibrium. In addition, hidden
Markov model analysis enabled precise determination of the
kinetic constants for each elementary step, while density
functional theory calculations highlighted the roles of CH-
w and cation-r interactions with the MacMillan catalyst
in stabilising the iminium intermediate and enhancing its
reactivity, compared with the case of the control catalyst.
Beyond mechanistic insights, this study underscores the
broader applicability of kinetic methodologies in mechanistic
investigations. Unlike previous fluorescence-based studies,
which primarily tracked turn-on/turn-off signals or single-
step transformations, this approach enables the real-time
observation of multi-step equilibria and quantitative kinetic
profiling at the single-molecule level. The ability to resolve
and analyse multiple reaction intermediates, along with their
state-specific dynamics, offers a generalisable framework for
dissecting complex organic reaction mechanisms with high
precision. Overall, this work establishes a methodology that
extends beyond the MacMillan-catalysed reaction, providing
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a foundation for the real-time kinetic visualisation of multi-
step organic transformations. These findings emphasise the
importance of single-molecule techniques in uncovering
previously inaccessible mechanistic details and highlight the
potential of kinetic profiling for guiding the rational design of
catalysts and reaction conditions. Furthermore, this real-time
visualisation of organic reactions provides a methodologi-
cal foundation for future analyses of their statistical and
collective behaviours.
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