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Abstract

Relative to isotropic organic solvent medium, the structure and conformation of a reactant molecule in an organized and
confining medium are often different. In addition, because of the rigidity of the immediate environment, the reacting molecule
have a little freedom to undergo large changes even upon gaining energy or modifications in the electronic structure. These
alterations give rise to differences in the photochemistry of a molecular and supramolecular species. In this study, one such
example is presented. a-Alkyl dibenzylketones upon excitation in isotropic solvents give products via Norrish type I and type
II reactions that are independent of the chain length of the alkyl substituent. On the other hand, when these molecules are
enclosed within an organic capsule of volume ~ 550 A3, they give products that are strikingly dependent on the length of the
a-alkyl substitution. These previously reported experimental observations are rationalized based on the structures generated
by molecular modeling (docking and molecular dynamics (MD) simulations). It is shown that MD simulations that are utilized
extensively in biologically important macromolecules can also be useful to understand the excited state behavior of reactive
molecules that are part of supramolecular assemblies. These simulations can provide structural information of the reactant
molecule and the surroundings complementing that with the one obtained from 1 and 2D NMR experiments. MD simulated
structures of seven a-alkyl dibenzylketones encapsulated within the octa acid capsule provide a clear understanding of their
unique behavior in this restricted medium. Because of the rigidity of the medium, these structures although generated in the
ground state can rationalize the photochemical behavior of the molecules in the excited state.

Graphical abstract

-! .!"
LR

m

(\\

: : Wiy
B S @y
Type L:Type Il Type L:Type 1l
94:06 10:90

Keywords Supramolecular photochemistry - Confinement - Molecular dynamics simulation - Norrish type I and type II
reaction - a-alkyl dibenzylketones

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s43630-023-00486-2&domain=pdf
http://orcid.org/0000-0003-1137-1272
http://orcid.org/0000-0002-3168-2185

2782

Photochemical & Photobiological Sciences (2023) 22:2781-2798

1 Introduction

Molecular organic photochemistry concerns with predict-
ing and understanding the behavior of electronically excited
molecules in isotropic solution and in gas phase [1, 2]. In
these media, photochemical transformations are understood
on the basis of the assumption that following vertical exci-
tation, the new electronic configuration controls the nuclei
motion. In the absence of strong intermolecular interactions,
the environment has a little influence on these dynamics.
Examination of several organic molecules in isotropic solu-
tion has led photochemists to recognize that a better con-
trol of molecular behavior on the excited state surface can
be achieved in a highly organized and confining environ-
ment, where the mobilities of the nuclei are restricted and
changes in the electronic configuration will not have much
influence on the positions of nuclei [3—6]. Such environ-
ments include crystals, zeolites, and rigid host — guest com-
plexes in solution. In a ‘hard” medium, in contrast to an
isotropic solvent, the new electronic configuration generated
by excitation of a guest molecule will not be able to easily
influence the nuclei positions [7, 8]. Therefore, under these
conditions, the excited state chemistry would be controlled
essentially by the ground state structure of molecules. The
best example of this is the photoreactions in the crystalline
state [9—11]. The fact that photoreactions in crystalline state
can be rationalized on the basis of the ‘reaction cavity con-
cept’ and ‘topochemical postulate’ developed by Schmidt,
Cohen, and coworkers by correlating the crystal structures
with reactivities to understand the photoreactions in the
crystalline state is a clear example of ground state nuclear
structure controlling the excited state chemistry [9, 12—14].
The above condition can also occur in solution to provide
the medium in which the reaction occur is hard and inflex-
ible [7, 8]. This study represents one such supramolecular
assembly in aqueous solution, namely, an organic capsule
solubilized in water where the walls are rigid and inflexible
similar to that in crystals. The reaction cavity we are con-
cerned with is a capsule made of two molecules of octa acid
(OA, 1) [15]. The structure, chemical formula and the inter-
nal dimensions of OA capsule are shown in Fig. 1. In these
capsules, we believe like crystals the excited state reactivity
of the included guest will be controlled by the ground state
structure of the reactant. Also, it is important to recognize
that the structure inferred in isotropic solution may not be
helpful to understand the excited state behavior within the
capsule. Thus, knowing the ground state structure of guest
molecules in these rigid capsules is sufficient to understand
their excited state behavior.

Unlike typical organic molecules, since supramolecular
complexes do not readily crystallize, one needs reliable
methods that can identify the structure of the reactant in
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the complex. One of the commonly used experimental
tools in supramolecular chemistry is "H NMR spectros-
copy. With increasing applications of molecular dynamics
(MD) simulations in predicting the structures of small and
large molecules, we explored its applicability in qualita-
tively predicting photoreactions of molecules within OA
capsule [16-18]. The information obtained from MD sim-
ulations can complement (and in some cases substitute)
the information gleaned from the '"H NMR spectroscopy.
These simulations have been extensively used in bio-
logical systems to study protein — protein, protein — drug,
and enzyme — substrate interactions [19-26]. It needs to
be emphasized that in these simulations, the electronic
effects of molecules are ignored, and the host — guest com-
plexation is promoted by noncovalent interactions, such
as Van der Waals and electrostatic interactions [27-29].
Despite these limitations, [30, 31] elucidations of the
structures and dynamics of molecules in the confined
medium by these simulations would be useful to under-
stand photoreactions.

The aim of this study is to examine the value of MD
simulations to rationalize reactivity of molecules in the
OA capsule. Like X-ray crystal structures that help fore-
see the reactivity of molecules in the crystalline state, we
anticipate that the structures deduced by MD simulations
would be valuable to predict photoreactions of molecules in
restricted spaces. With this goal, we proceeded to examine
the MD simulations of an experimentally well-investigated
system, a-alkyl dibenzylketones (2a —h) within a closed
organic capsule of octa acid (OA, 1 Fig. 1) [15, 32]. The
structures of a-alkyl dibenzylketones 2a —h, reactions and
products are provided in Scheme 1. In a previous study, we
established through "H NMR titrations that these molecules
form 2:1 (host:guest) complexes [32]. For a detailed dis-
cussion, the readers are referred to the earlier publication.
The DBK molecules 2¢ —h upon excitation in an organic
solvent undergo both Norrish type I and type II reactions;
ketones 2a —b due to the lack of y-hydrogens react only via
Norrish type I (Scheme 1). In isotropic solution, the prod-
ucts AA, AB, and BB (3 — 8) resulting from Norrish type
I and cyclobutanol 11 and olefin 13 from Norrish type II
reaction (Scheme 1) were independent of the length of the
alkyl chain (Table 1). On the other hand, within the OA
capsule, although the primary photoreactions are the same
as in organic solvent (Norrish type I and type II reactions),
the products and their distributions are different. In addi-
tion, they depend on the length of the alkyl chain (Table 1).
Earlier, the alkyl chain length dependent products distri-
butions was rationalized utilizing the structures of DBK
2a —h within the OA capsule derived from 1 and 2D NMR
spectra (Fig. 2) [32]. This is an elegant example where the
‘new’ electronic configuration (excited state) and ‘original’
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Fig.1 Chemical structure of the host octa acid, 1 (OA), its internal dimensions and capsular assembly of two molecules of OA showing the
internal space (red filling). The labels a—j in chemical structure of OA (i) represents distinct identifiable proton signals in NMR

nuclear configuration (ground state) control the reactivity.
In this study, the same set of molecules was used as a test
case to validate the applicability of MD simulated structures
in exploring structure — reactivity relationships in confined
spaces. The results presented here suggest that MD simula-
tions can be used as a complementary or additional tool to
predict and understand photoreactions of a-alkyl dibenzylk-
etones 2a —h within the OA capsule. In fact, it provides
additional information on interatomic distances that are not
accessible through 1-D NMR spectroscopy. This opens a
possibility of predicting the reactivity of molecules enclosed
in small spaces based on the MD simulated structures. It is
worth mentioning that MD simulations are not guaranteed to
provide accurate structures that are supported by the meas-
ured NMR data. A guest molecule can adopt many differ-
ent conformations inside the cavity of a host molecule and
will need optimum conditions to find the global minimum.
Thus, a successful outcome of these simulations depends on

the quality of initial structures, sufficient time lengths, and
accurate modeling of experimental conditions.

Although considering the usefulness of MD simula-
tions in generating structures of host—guest complexes it
is important to highlight their advantages and limitations.
These simulations can provide a link between structure,
reactivity, and dynamics by enabling the exploration of the
conformational energy landscape accessible to both host and
guest molecules. Quite remarkably, even short timescale MD
simulations can reproduce many experimental parameters.
However, their accuracies depend on the precise simulations
of molecular structures and experimental conditions, such
as solvent, temperature, and pH. The quantum mechanical
methods can accurately model geometrical parameters, such
as bond lengths, angles, and dihedrals of many molecules
[33]. However, these are restricted to relatively small mol-
ecules even with the supercomputing power available these
days. The multiscale approaches, such as hybrid quantum
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Scheme 1 Photoreactions and products upon excitation of a-alkyl dibenzylketones 2a—h

Table 1 Products formed upon
photolysis of a-alkyldibenzyl

ketones in hexane.?

Reactant Type I products Type II products Type I:
a-alkyl DBK Type II products
AA AB BB C)) (10) DBK CB
® 3 ) 12) an
2a 24 48 28 0 0 - - -
2b 23 48 29 0 0 - - -
2c 16 40 24 0 0 11 9 80:20
2d 17 45 20 0 0 7 11 82:18
2e 16 41 23 0 0 4 16 80:20
2f 15 46 32 0 0 4 3 93:7
2g 13 49 26 0 0 4 88:12
2h 16 46 23 0 0 5 10 85:15

Structures of, 2, 3, 7-12, DBK, and CB are included in Scheme 1. The data taken from Ref. 32

mechanics/molecular mechanics (QM/MM) methods can
provide an accurate treatment of large macromolecules
[33-35]. In these methods, the electronic effects of atoms in
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the QM layer are included and electrostatic and steric effects
of the atoms in the MM layer are incorporated.
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a b Cc

Fig.2 Conformations of octa acid encapsulated o-alkyldibenzyl ketones as inferred from 'H NMR spectra. The double headed arrows in ¢ and f
indicate the possible existence of two conformations in equilibrium within octa acid. The figure was adopted from ref. 32

However, these methods are not straight forward to use
and include several considerations such as choice of right
DFT functionals, basis set, electrostatic embedding, treat-
ment of QM — MM interphase, etc. that require special
expertise and powerful computational resources. In addition,
QM/MM optimizations are driven by the maximization of
chemical interactions for the minimization of energy and do
not include the effects of molecular dynamics. On the other
hand, the QM/MM MD simulations that include dynam-
ics can be run for a very short time (a few hundred pico-
seconds) and may not provide very meaningful structures.
Therefore, these types of simulations are often performed
using semi-empirical methods [36—44]. In comparison to
these sophisticated methods, MD simulations are simpler
and easier to run for nonexperts with modest computational
resources. They rely on the quality of force field (FF) param-
eters to mimic structural properties of molecules and can be
applied to much larger molecules, especially host — guest
complexes. Quite clearly, a single computational method
cannot address all chemical issues. Based on the nature of a
chemical problem, a suitable method needs to be selected.
In the last decade, there has been a marked improvement
in quality of these parameters and several FFs have been
developed [45-48]. They perform quite well in modeling
standard (well-known) molecules. However, extra caution is
needed while simulating nonstandard (relatively unknown)

molecules using these FFs. As discussed below, MD simu-
lations identify conformations for all eight ketones (2a —h)
that are the same as the ones inferred from NMR (Fig. 2). In
addition, information regarding interatomic interactions and
available free space within the capsule that help to rational-
ize products preference, not available from NMR, is also
revealed. The results presented here validate the applicabil-
ity of MD simulations in obtaining the structures of reactant
molecules within a confined space and enable interpretation
of the excited state behavior of an entrapped molecule.

2 Computational Methods

The OA (host) and DBK (guest) simulations were performed
using the following multi-step procedure.

Structures of host and guest molecules: The guest mol-
ecules, DBK 2a —h, were modeled using the Gauss View
5.0 program, and the 3D structure of OA was obtained
from our previous study [49]. These structures were opti-
mized without any geometrical constraints at the B3LYP
[50, 51]/GD3BJ [52] level of theory utilizing the Gauss-
ian 09 software package [53]. In these calculations, the O
atoms were treated with 6 — 31+ g(d) and C and H with
the 6 — 31 g(d) basis set, respectively [54, 55]. The effects
of the surrounding solvent environment were incorporated
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using a dielectric constant of 2.3, corresponding to ben-
zene, and utilizing the self-consistent reaction field
(SCREF) integral equation formalism polarizable contin-
uum model (IEFPCM) method [56].

Calculations of Charges: The restrained electrostatic
potential (RESP) atomic charges for the OA and guest
molecules were calculated using antechamber [57, 58],
an inbuilt tool in the Amber program [59]. These charges
were utilized to create topology files that define molecular
parameters.

Starting structures of host — guest complexes: The ini-
tial structures of host — guest complexes were built using
molecular docking performed utilizing the Auto Dock
Vina 1.5.6 program package [60]. In this procedure, dif-
ferent conformations of the guest were used to identify
the potential biding sites within the entire cavity of the
host. Based on their binding energies, multiple poses
of host — guest complexes for each guest molecule were
obtained.

Molecular Dynamics (MD) simulations: The most
promising poses provided by the previous docking proce-
dure were subsequently used for MD simulations utilizing
the GROMACS [61, 62] program package and AMBERO3
[63] force field. In all simulations, the starting structure
(host — guest complex) was placed in a cubic box with
dimensions of 60X 60X 60 A2, and the remaining space of
the box was filled with the TIP3P water molecules [64].
Then, the system was neutralized by replacing some water
molecules with sodium and chloride ions. These models
were subsequently energy-minimized with a steepest descent
method for 3000 steps. All MD simulations were performed
on the energy-minimized structures for 100 ns using a con-
stant number of particles (N), pressure (P), and temperature
(T) (NPT ensemble). The bond lengths of the OA were con-
strained by the LINCS [65] algorithm whereas the SETTLE
[66] algorithm was used to constrain the bond lengths and
angles of the water molecules. The long-range electrostatic
interactions were calculated by the Particle-Mesh Ewald
method [67]. The MD trajectories for each model were cal-
culated with a time step of 2 fs. Next, the most representative
structures for the OA — guest complexes were derived from a
cluster analysis. The analysis of the root-mean-square devia-
tions (RMSDs) along the trajectories showed that structures
were well equilibrated within the simulation time. In addi-
tion, simulations for the 2a, 2¢, 2d, and 2e were repeated
at 500 K to explore the behavior of these complexes at a
higher temperature. An increase in temperature will test the
stability of a specific conformation by providing the sys-
tem enough energy to explore other conformations on the
energy surface. In addition, in some cases, simulation time
was extended to 200 ns to validate the stability of the com-
plexes formed.
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Binding energy and single point energy calculations:
The binding energy of guests within the host pocket was
calculated using the Molecular Mechanics Poisson—Boltz-
mann Surface Area (MM-PBSA) method [68] and a relevant
comparison was made to find the best favorable conforma-
tion for each complex. The absolute value of this FF-based
binding energy is not meaningful, but the difference in its
values for two conformers can be used to identify the most
plausible binding mode of a guest inside the cavity of OA.
A high value of binding energy doesn’t represent the ther-
modynamic stability of a host — guest complex. A guest with
a high binding energy can distort the structure of the OA
capsule and increase the overall energy of the host — guest
complex. The most representative host — guest complexes
obtained from MD simulations were subjected to single-
point energy calculations at the quantum mechanical level
(B3LYP/6-31 + g(d)) using the Gaussian 09 program pack-
age. These calculations will provide their electronic energies
that cannot be computed using molecular mechanics-based
methods. These pure QM energies of the different conform-
ers of the host — guest complexes are compared to determine
the most stable host — guest structure. These energies are not
applied to the potentials used in MD simulations. Recently,
the binding energies computed using QM/MM approaches
were reported to be similar to those calculated with MM
methods for the octa-acid host.[40].

Distance between y-H and carbonyl oxygen atom: The
100 ns MD simulation trajectories were used in the visual
molecular dynamics [69] (VMD) software to compute the
average distance between the y-H and carbonyl oxygen atom.
This distance is critical for the type II Norrish reaction. If
more than one equilibrated conformation was provided by
MD simulations, this distance was used as an additional
parameter to determine the preferred structure.

Additional Analysis and Visualization: The volume of the
OA cavity after removing DBK 2a —h from the complex
was calculated using a plugin in Yasara 13.2.2 package [70]
For visualization and preparation of the structural diagrams,
Yasara, Chimera[71], and VMD programs were utilized.

3 Results

A closer look at Table 2 reveals that the ketones 2a —h based
on their photochemical behavior within the OA capsule
could be divided into three groups—(1): undergoes mainly
Norrish type I reaction giving the coupling product AB and
the rearranged ketone 10 as the main product (2a, 2b, and
2¢); (2): undergoes mainly Norrish type I reaction giving
AB and the rearranged ketones 9 and 10 as products (2d
and 2e) and (3): undergoes both Norrish type I and type 11
reactions and the latter predominates as the chain gets longer
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Table 2 Produpts formed . Guest Type I products Type II products Type I:
upon photolysis of oct.a acid a-alkyl DBK Type II products
encapsulated a-alkyldibenzyl AA AB BB 9 (10) DBK CB
ketones in borate buffer.? 8 A3) @ 12) 8}

2a - 75 - 4 21 - - -

2b 7 51 8 5 29 - - -

2c - 50 - 35 4 7 89:11

2d 0 29 0 28 36 2 5 93:7

2e 0 28 0 34 32 3 3 94:6

2f 0 73 0 0 0 25 2 73:27

2g 0 60 0 0 0 32 8 60:40

2h 0 10 0 0 83 7 10:90

4Structures of, 2, 3, 7—12, DBK, and CB are included in Scheme 1. The data taken from Ref. 32

(2f, 2 g, and 2 h). The applicability of MD simulated struc-
tures in rationalizing the ketones dependent photoproducts
distribution is addressed in the current study. It is important
to note that in solution in the absence of a capsule all ketones
behave in a similar manner (Table 1).

In this section, the process to determine the preferred
structures of the guest DBK 2a —h within the OA capsule
is discussed. To keep the presentation concise, only one mol-
ecule from each group (2a, 2e, and 2 g) is chosen and the
results of the rest are summarized in Supplementary Infor-
mation (SI) section. During docking analysis, two conform-
ers termed as “m—n" and “extended” for 2a and “distorted”
and “extended” for both 2e and 2 g were identified (Fig. 3, 4,
and 5). The RMSD plots for both conformers of 2a revealed
a fast conversion of the n—x to the extended form. The lat-
ter form remained unchanged rest of the simulation time
(100ns). To confirm the stability of this conformation, the
simulation for the t—x form was further extended to 200
ns, and another simulation was performed at a much higher
temperature (500 K). Both these simulations generated the
same extended conformation (Fig. 3). In contrast, conform-
ers (distorted and extended) of 2e and 2g provided by the
docking procedure remained mostly unchanged throughout
the simulations (Figs. 4 and 5). The stability of the struc-
tures over the extended simulation suggested that these are
the preferred conformations of these molecules within the
OA capsule.

Based on three parameters, binding energy, single point
energy (Table 3), and the RMSD graph, the preferred struc-
ture of the ketones within the OA capsule is identified and
are displayed in Fig. 6. It is clear that not all ketones prefer
the same structure. To reiterate, the absolute value of bind-
ing energies presented in the table are not meaningful, but
the difference in their values for two conformers helps to
identify the most plausible binding mode of a guest inside
the cavity of OA. Less preferred alternate MD representative
structures for OA encapsulated 2¢c —2 g are shown in the
Supplementary materials section (Fig. S3). These structures

flipped to the more stable one with time as shown in Fig.
S4 —S9 in the Supplementary Information section. Once
again, based on the preferred structures the eight ketones can
be classified into three groups: (1) 2a and 2b; (2) 2¢, 2d, and
2e, and (3) 2f, 2 g, 2 h. This grouping has similarities, except
for 2¢, to the classification made above based on their reac-
tivities and "H NMR based structures. To get an insight into
the phototransformations of 2a —h to rearranged ketones 9
and 10 within the OA capsule, the encapsulation of 9¢ —h
and 10c — h was investigated. The most favored structures
obtained from MD simulations are shown in Figs. 7 and 8.
In the next section, these structures are utilized to elucidate
the interactions of the OA encapsulated ketones 2a —h at
the atomic level. Our goal is not to reinterpret the reactivi-
ties of the ketones 2a —h based on structures presented in
Fig. 6. It is mostly related to validate the applicability of MD
simulations in providing structures that are consistent with
the NMR spectral analyses.

4 Discussion

The OA capsule has been known to alter the excited state
reactivity of a number of organic molecules [72-76].
Amongst these, its control on the photochemical behav-
ior of alkyl substituted dibenzylketones undergoing
competing reactions provides insight into the influence
of confinement on excited state behavior of molecules
enclosed in small spaces [32, 77, 78]. The importance
of dibenzylketones as photochemical probes for con-
fined and organized spaces (eg., micelles, zeolites etc.)
was initially established by Turro [79-82]. In the current
study, a-alkyldibenzylketones, a variation of dibenzylk-
etone that undergo competing a-cleavage (Norrish type
I) and y-hydrogen abstraction (Norrish type II) reactions
from their excited triplet states yielding multiple prod-
ucts (3 —13, Scheme 1) are used as probes to understand
the confining features of the OA capsule [32]. As shown
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Fig.3 i) Structures from the MD simulations of 2a (x— = form), for
200ns at 300K and 100ns at 500K, ii) The root-mean-square-devia-
tion (RMSD) of 2a (guest only) trajectories calculated from the 200ns

in Scheme 1, these molecules undergo a-cleavage to
yield intermediates RP-1 and RP-2 (RP =radical pair).
In isotropic solution, in the absence of confinement,
RP-1 and RP-2 eliminate CO to give RP-5 which leads
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MD simulation at 300K, iii) The RMSD of 2a at 500K from the
100ns MD trajectories, iv), The MD simulation of 2a (extended form)
for 100ns, and v) The RMSD of 2a (extended form) at 300K

to the coupling products of A and B radicals in statisti-
cal amounts (AA: AB: BB, 1:2:1). When the alkyl chain
contains y-hydrogens, the y-hydrogen abstraction by the
excited carbonyl chromophore competes with the type I
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RMSD (nm)

Fig.4 i) The MD representative structure of 2e (distorted n—mx
form), ii) The root-mean-square-deviation (RMSD) of 2e (guest only,
distorted ©— = form) trajectories calculated from the 100ns MD sim-

a-cleavage process. The 1,4-diradical intermediate formed
via y-hydrogen abstraction yields cyclization product 11
(Yang cyclization)[83] and fragmentation products 12 and
13. From Table 1, it is clear that in hexane the products
distribution is independent of the alkyl chain. Since the
conformational freedom of the excited molecule is not
restricted in isotropic solution, the alkyl chains even if it
is present in a different conformation in the ground state,
upon excitation can adopt the required conformation for
hydrogen abstraction. Thus, in solution new electronic

ii 2
() 020 distorted
€
£
[=]
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extended
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ulation, iii) The MD representative structure of 2e (extended form),
and iv) The RMSD of 2e (extended form) from the 100ns MD simu-
lation

configuration is able to control the nuclear configuration
and the medium is unable to resist the process. This, as
noted in Table 1, results in the same ratio of type I and
type II products for all ketones.

When the medium is rigid the reacting molecule and
the intermediates would have very little mobility and upon
excitation would be forced to yield products from struc-
tures/conformations that are close to the ground state one.
For example, when RP-1 and RP-2 are confined they may
undergo rearrangement to yield products 9 and 10 before
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Fig.5 i) The MD representative structure of 2g (extended form), ii)
The root-mean-square- deviation (RMSD) of 2g (guest only, extended
form) trajectories calculated from the 100ns MD simulation, iii) The

they decarbonylate to give RP-5 (Scheme 1). Again, if
RP-5 is confined, it would be forced to yield AB (3) and
its rearrangement products (4 — 6) rather than AA and BB.
Thus, the amounts of 9, and 10, and the coupling products
of radicals A and B formed would depend on the extent of
confinement and the freedom available for the intermedi-
ates. Further, since the y-hydrogen abstraction is in com-
petition with the a-cleavage, the conformational flexibility
of the alkyl chain will determine the partition of the excited
state between Norrish type I and type II pathways. Impor-
tantly, the extent of restriction of translational, rotational and
conformational mobilities of the excited reactant and reac-
tive intermediates is expected to depend on the free space
within the reaction cavity and the rigidity of the cavity wall.
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MD representative structure of 2g, and iv) The RMSD of 2g from the
100ns MD simulation

Although products distributions in hexane are independent
of the reacting molecules (Table 1), within the OA capsule
they are dependent on the alkyl chain length (Table 2). To
understand the chain length dependent products distributions
within the OA capsule, we need to know the conformation
of the ketones within the capsule and the free space around
the reactant. Furthermore, to predict the feasibility of the
y-hydrogen abstraction, the interatomic distance between the
carbonyl oxygen and y-hydrogen should be known. Earlier
we rationalized the products distributions listed in Table 2
based on guest conformation within the OA capsule derived
from NMR spectra. Our goal is to establish that MD simula-
tions of the host—guest structures (DBK2a —h@OA,) can
provide the required information to understand the unique
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Table 3 Binding and single point energies for all MD simulated A-DBKs conformations in OA

OA capsular complexes Binding energy Single point energy ¢ (AE, kcal/mol)? Remarks
(kcal/mol) (E)
2a@0A, (t—m) —45.8 — 12,896.7244192 +22.3 Converts into extended
2a@O0A, (extended) —-472 —12,896.7599425 0
2b@OA, (t—m) - 483 —12,936.0783193 +16.1
2b@OA, (distorted ®—m) —49.6 — 12,936.0823075 +13.6 Converts into extended
2b@0A,(extended) -50.4 —12,936.1040438 0
2¢@OA, (distorted ®—m) -533 —12,975.4310467 0
2¢@O0OA, (extended) -51.0 —12,975.3885317 +25.6
2d @OA,(distorted & — ) -575 —13,014.5466799 0 Stable
2d @OA,(extended) -57.8 —13,014.5275863 +8.2 Unstable at 500 K
2e@O0OA, (distorted T — 1) -574 —13,054.0957151 0
2e@0A, (extended) - 554 —13,054.0722112 +14.7
2f@0OA,(extended) - 69.6 —13,086.8150378 0
2f@OA,(distorted & — ) - 614 — 13,086.7815064 +21.0
2 g@OA,(extended) - 649 — 13,126.1908252 0
2 g@OA,(distorted T —m) —-69.2 —13,126.1613809 +18.5 Capsule unstable
2h@O0A, — 634 — 13,165.5093039 - Capsule is fully occupied

aThe energy of MD simulated 2a —h@OA, complex. Calculated using B3LYP hybrid functional and 6 —31 + g(d) basis sets

®The difference of single point energy (AE) between isomers. The value ‘0’ represents the isomer with lower energy and w.r.t that other isomer

is shown in+E (higher in energy)

behavior of a-alkyldibenzylketones within the OA capsule.
An excellent agreement with the measured NMR data for
DBK2a—h@OA, makes a strong case to use this set of mol-
ecules as a probe to check the validity of MD simulations as
a useful tool in supramolecular photochemistry.
Recognizing the lack of freedom for molecules and inter-
mediates in crystals, Schmidt and his co-workers formulated
the ‘topochemical postulate’ that states that reactions in the
excited state occurs with very little motion in the crystal-
line state [9, 12—14]. Schmidt’s group employed the crystal
structures of molecules in the ground state to predict the
chemical behavior in the excited state. The topochemical
postulate continue to be the fundamental guiding principle
for solid state photoreactions [84]. [85, 86] We believe that
topochemical principles are applicable within any reaction
cavity where the molecular freedom is restricted, and the
medium is rigid [7, 8]. We demonstrate here that valuable
insights could be gained into the reactivities of DBK 2a—h
from their MD simulated ground state structures shown in
Fig. 6. Perusal of Table 2 reveals that the photochemical
behavior of ketones 2a —h investigated here can be clas-
sified into three groups: (a) the ones that give mainly AB
(3) and its isomers (4 — 6) and the rearranged ketone 10;
(b) the ones that form AB and its isomers (4 —6) and both
rearranged ketones 9 and 10 and (c) the ones that provide
products of y-hydrogen abstraction and AB and yield no
rearranged ketones. It is important to note the products in
hexane are nearly the same for all 2a — h ketones (Table 1).

As will be discussed below that the MD equilibrated ground
state structures (conformations) of 2a — h within the con-
fined space of the OA capsule rationalize the alkyl chain
dependent photochemical behaviors of 2a —h (Fig. 6).
Regarding type II reaction, ketones 2a and 2b do not pos-
sess y-hydrogen and therefore no type Il products are formed.
On the other hand, ketones 2c-h that possess y-hydrogen
yield products of type II. The product formation is inde-
pendent of the alkyl chain length (~ 15%) in solution, while
it depends on the length within the OA capsule (Table 2). In
fact, for ketones 2f-h the Type II products yields are 27, 40,
and 90%, respectively. The MD equilibrated structures of
the reactants (Fig. 6) shed light on these intriguing results.
Evidently, conformations adopted by ketones 2f —h within
the OA capsule are distinctly different from that of all other
ketones. In the thermodynamically most stable conforma-
tions of these molecules, the carbonyl group is oriented
towards the y-hydrogen favoring the abstraction. In addition,
the distance between the y-hydrogen and the carbonyl oxy-
gen is estimated to be 3.2 A or less than that (Table 4). (The
distance distribution plot between ¥-H and carbonyl O atom
calculated along MD trajectories are provided in Fig S10 in
the Supplementary section.) Scheffer et al. reported earlier
that for type II reaction to occur in crystals the y-hydrogen
should be within 3.2 A [87]. It is interesting to note that
similar distance requirements are applicable even within the
confined capsule of OA. As expected, when the distance
is>4 A the contribution of type II reaction is minor within
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Fig.6 The most representa-
tive structures (g-clustered) of
2a—h@OA,

25@OA,

the capsule (ketones 2c —e; Table 2). One might argue that
MD simulated structures are no different from the ones
derived from NMR spectra. Because our goal is to test MD
simulations as an alternative tool to obtain the same infor-
mation, these results are valuable.

The next observation that needs to be understood is the
absence of rearrangement products 9 and 10 from ketones
2f —h, while 2a — e give either both or single rearrangement
product(s). Transformation of 2f —h to 9 and 10 requires
considerable free space within the OA capsule (Fig. 7). As
seen in Table 4, the estimated free volumes within the OA

@ Springer

2¢@OA, 2{@OA,

2h@OA,

capsule following the guest occupation are the smallest
(229.7, 228.2 and 224.2 A3) for 2f —h in the series. Rebek
et al. reported that in guest —host complexes one could
expect a maximum guest occupancy of 55% [88]. In these
ketones, the occupancy level is > 60%. Under this condition,
the guest molecules would be expected to have a very lit-
tle free space to reorient. Thus, the absence of 9 and 10 is
consistent with the MD equilibrated structures of OA con-
fined 2f — h ketones. Finally, the increased contribution of
Type II along the series 2h >2g > 2f is also in agreement
with the decreased C =0O—y-H distance, 2.8 <3.0<3.2 A
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10f@OA,

10g@OA,

Fig. 7 The most representative structures (g-clustered) of photoproducts 10c —10h

(Table 4). Clearly, despite lacking electronic effects the MD
simulated structures account for the excited state behavior
of OA confined 2f —h ketones. These agreements between
the measured and computational results suggest that MD
simulations can be a valuable tool to understand and predict
chemical outcome in confined spaces.

As seen in Table 2, ketones 2a — ¢ inside the OA cap-
sule mainly yield the rearranged ketone 10 and AB derived
products from Norrish type I reaction; type II contribution is
either zero or minimum. Absence of BB and AA and exclu-
sive formation of AB have previously been understood on
the basis of the ‘cage effect’, a concept that is widely dis-
cussed in the literature [89, 90]. Preference for the formation
of 10 at the expense of 9 can be understood on the basis of
the stability of the radical pair formed upon type I cleavage.

In principle, upon excitation 2a — ¢ can cleave on either side
of the carbonyl chromophore. Based on the stability of the
resulting radical pair RP-1 vs RP-2, one would expect the
more stable alkyl substituted radical pair RP-2 to be formed
faster. This would lead to the rearranged product 10 via RP-4
provided there is enough space for it to rotate (Scheme 1).
To examine the feasibility of rotation and availability of
free space, as an illustrative example, MD simulations of
9 and 10 from 2¢ within the OA capsule were performed.
As seen in Figs. 7 and 8 the products 9 and 10 fit within the
capsule. In ketones 2a — ¢, the capsule permits the forma-
tion of both 9 and 10. As shown in Table 4, the capsule has
plenty of free space following the occupancy of the reactant
ketones (292-302 A3), the most in the series. Also, the cap-
sular occupancy is less than 50%, much less than when the
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9f@OA,

Fig.8 The most representative structures (g-clustered) of photoproducts 9¢ — 9h

capsule is occupied by 2f — h. The preference for 10 arises at
the early stage of cleavage where the stability of the radical
pair drives the reaction towards RP-2. Thus, the principles
of physical organic chemistry (stability of the radical pair),
supramolecular chemistry (cage effect) and results of MD
simulations (identification of free space) aid in understand-
ing the unique behavior of the ketones 2a — ¢ within the
capsule.

The final observation that needs to be understood deals
with the behavior of 2d and e. These two ketones, once
again behave differently from the remaining six. In these
cases, once again Norrish type I is the predominant reaction.
However, unlike 2a — ¢, they yield both rearranged ketones 9

@ Springer

and 10. Based on the stability of the resulting radicals, one
would expect the formation of RP-2 to dominate over RP-1.
Why would a product (9) from less likely a-cleavage process
(to yield RP-1) will form? Once again, the answer is found
in the MD equilibrated structures of the complexes (Fig. 6).
In cases where rotation of RP-2 to form RP-4 is slowed by
the confinement, the slow path of via the RP-1 and RP-3 to
9 would be able to compete with the formation of 10. The
selection of a pathway can be explained on the basis of the
available free volume within the capsule (Table 4). Interest-
ingly, the free space in the case of 2d and 2e is larger than
that for 2f —h. In the latter case with much less free space
(<230 A®) there are no rearrangement products. Probably,
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Table4 Percentage occupancy, Host—guest  Volume  Guest Volume of % Occupancy of Free space within y—H
f{ee Space, an.d y—H d}stance complexes (AY guest (A% the reaction cavity  the reaction cavity?  distance®
of DBK within octa acid (OA) ( A3) ( A)
2a@0A, 522.7¢ 2a 230.3 44b (43.4)° 292.4 -
2b@OA, 554.9¢ 2b 252.7 46" (47.6)° 302.2 52
2c@0A, 566.3¢ 2c 269.5 48" (50.8)° 296.8 4.6
2d@O0A, 540.9¢ 2d 286.9 53% (54.0) 254.0 4.8
2e@0A, 549.2¢ 2e 302.5 55% (57.0)° 246.7 4.5
2f@0A, 549.3¢ 2f 319.6 582 (60.2) 229.7 32
2g@0A, 564.3¢ 2g 336.1 60 (63.3) 228.2 3.0
2h@0A, 577.2° 2h 353.0 61 (66.5) 224.2 2.8

*Volume of OA cavity after removing A-DBK from the complex. This gives the idea of change in volume
of capsular cavity in presence of different guests

The ratio of A-DBKSs volume over cavity volume (OA)
“The ratio of A-DBKs volume over standard cavity volume (standard OA, volume 533.9 A3)

4The free space is the difference between cavity volume (OA) and guest’s volume

®The average distance between y-hydrogen and oxygen atom. Calculated using VMD (virtual molecular

dynamics)

slightly larger free volume in the case of 2d and 2e (254 and
246 A’; Table 4) with respect to 2f — h does not fully inhibit
the tumbling within the capsule but makes it a slow pro-
cess. Apparently, slightly smaller free volume with respect
to2a—c (> 290/&3, Table 4) makes the rotation slow. Most
likely, slowing of the tumbling of RP-2 is also a result of
the location and conformation of the alkyl chain within the
capsule (Fig. 6). Rearrangement of 2d and 2e to 10 would
require the chain to further penetrate the capsule when there
is no room available (Fig. 7). Thus, by examining the struc-
tures of the reactant ketone and the product 10 (Figs. 6 and
7) one could conclude that the pathway leading to 10 in the
case of ketones 2d and 2e would be slow. On the other hand,
conversion of 2d and 2e to 9 would not be inhibited within
the capsule (Fig. 8). Although the rate of initial cleavage
is expected to be slow, this pathway could eventually win
because the later step is slowed down by the capsule for
the formation of 10. It is important to recognize that these
conclusions could not have been drawn without knowing the
structure of host — guest complexes.

5 Conclusion

To conclude, we have rationalized the alkyl chain length
dependent photoreactivity of a series of related a-alkyl diben-
zylketones encapsulated within the OA capsule based on MD
simulated structures of the host (OA)— guest complexes.
Clearly the ground state conformation and structure of encap-
sulated ketones are to a large extent retained even in the excited
state because of the restriction provided by the ‘hard and inflex-
ible’ reaction cavity of the OA capsule [7, 8]. Since the reac-
tions occur within a rigid small space, the cavity characteristics

also play a role. From the MD simulated structures of the
host — guest complexes, we have been able to identify the extent
of free space available within the OA capsule. This information
is valuable in predicting the behavior of confined a-alkyl diben-
zylketones. Further, the feasibility of type II hydrogen abstrac-
tion in some ketones is revealed by the distance between the
reactive carbonyl oxygen and y-hydrogen. In our earlier pub-
lication, we had used the information obtained from 1 and 2D
"H NMR spectroscopy to identify the structure of host — guest
complexes and to rationalize structure — reactivity relationship
within the OA capsule. Such spectra provided information only
about the guest structure independent of the host. Intracavity
relationships between the guest and the host are not readily
obtained by the above experimental approach. Also, informa-
tion regarding the cavity free space and inter-atomic distances
could only be extracted from MD simulated structures.

As mentioned above, there are limitations for the
approach adopted in this study since the simulations do not
consider electronic configurations of the reactant molecule.
When the space is limited, it is known that the environment
plays a major role in controlling the dynamics of a mol-
ecule rather than the new electronic configuration reached
upon light absorption. Results presented above with well
investigated ketones included in a rigid capsule suggest that
the MD simulations can be a valuable tool in understand-
ing excited state chemistry in rigid environments. Ideally
to quantitatively interpret photoreactions in supramolecular
assemblies one should employ hybrid quantum mechanics/
molecular mechanics (QM/MM) methods. We have recently
reported the excited state chemistry of anthracene within the
OA capsule where such an approach was employed [33]. In
the future, this may become the method of choice, especially
with the groups with considerable resources and expertise.
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Given the time and resource demand at this time not eve-
ryone can afford to employ such a sophisticated approach.
Under such conditions, a simpler approach described here is
useful to qualitatively assess the trend in reactivity of struc-
turally related molecules. Results discussed here illustrate
MD simulations that is accessible to nonexperts could be
useful in understanding excited state reactions in confined
spaces. More importantly, the message that comes out of this
study is that when the molecule is confined, the electronic
configuration in the excited state and nuclear configuration
in the ground state play roles in the dynamics of molecules
on the excited state surface. On the other hand, in isotropic
solution where the medium is soft and flexible the nuclear
configuration controlled by the excited state electronic con-
figuration dominates the chemistry. This difference makes
the supramolecular photochemistry in rigid environments
distinctly different from molecular photochemistry and the
search for new reactions by confining molecules rewarding.
Identifying conical intersections on excited state surfaces
of these confined molecules is expected to be challenging
and in all probability, these would be at a different place
from that for free molecules [34]. Pursuit of such studies
is beyond our reach at this stage but we are optimistic this
would interest others in the future.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-023-00486-2.
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