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Density functional theory calculations were performed to elucidate the mechanism of the methylation
reaction of the N,N-dimethylaminopyridine (DMAP)-modified meta-phenylene ethynylene foldamer with
eight methyl sulfonate esters with different alkyl groups. The helical structure of the DMAP-modified
mPE foldamer results from multiple intramolecular -7 stacking interactions between m-phenylene
ethynylene arms, which can be characterized by the helical energy. The noncovalent interactions
between the foldamer and the substrate can stabilize the transition state and result in an acceleration of
the methylation reaction of the foldamer. Due to the different shapes of the alkyl chains of the
methylating agents, the methylation rates of the foldamers with linear and branched substrates show
different rules. It is expected that these mechanistic insights into supramolecular catalysis can be used in
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Introduction

As a rich research model system, phenylene ethynylene oligo-
mers have been applied extensively in supramolecular chem-
istry and nanoscale materials."® They include para-, meta-, and
ortho-connected types and can be used to construct various
architectures. The fully conjugated para-phenylene ethynylene
oligomers have been identified as excellent candidates for
molecular electronics.’”® The artificial meta- and ortho-phenyl-
ene ethynylene oligomers with unique helical structures,
namely foldamers, have also been used to mimic the behaviors
of natural biopolymers, such as molecular recognition and
catalysis.*® Hence, foldamer chemistry is also a fascinating field
of supramolecular chemistry and supramolecular catalysis.”®
At the same time, methylation is one of the most important
reactions in biological processes, such as DNA and RNA meth-
ylation.”** Recently, the meta-phenylene ethynylene (mPE) fol-
damer that contains N,N-dimethylaminopyridine (DMAP) was
used as a supramolecular reactor to accelerate the methylation
of DMAP with alkyl methanesulfonate esters (Fig. 1)."*™"7 As
a reactive sieve, the DMAP-modified mPE foldamer has a well-
defined helical structure with a tubular cavity and an active
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site to recognize and bind guest molecules. The mPE foldamer
can enhance the methylation rate of DMAP up to 1600-fold
relative to that of the reference reactions.' Despite these
advances in foldamer catalysis experiments, the exact nature of
this rate acceleration is unknown. Detailed theoretical studies
are required to understand the origin of the observed
enhancement.

Several theoretical investigations of phenylene ethynylene
foldamers exist, which are only focused on helix formation and
dynamic behavior.'®* In this work, we investigate mechanistic
details of the methylation reaction of DMAP-modified mPE
foldamer with different methyl sulfonate esters (Fig. 2). The
details were described in the Computational section. For
methylation reactions in mPE foldamer 1, we chose eight methyl
sulfonates with linear (2a, 2b, 2¢, and 2d) and branched (2e, 2f,
2g, and 2h) alkyl groups as methylating agents. The reaction of
the DMAP-modified trimer 1’ with each substrate can be
considered to be a reference reaction, because of its unfolded
conformation. We focus on the multiple effects of the host-
guest interaction on the free energy profile of the methylation
reaction of the DMAP-modified mPE foldamer. Calculated
results from this study will provide insight into the role of
noncovalent interactions between the foldamer and guest
molecules in accelerating the methylation reaction.

Results and discussion
Structure of DMAP-modified mPE oligomer

In acetonitrile solvent, the DMAP-modified mPE oligomer with
different monomer units will fold into a helical conformation
with a cavity by multiple intramolecular m-m stacking

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Methylation of DMAP-modified mPE foldamer. “n" represents the number of aromatic ring units.
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Fig. 2 DMAP-modified mPE foldamer 1, trimer 1, and linear (2a, 2b,
2c, and 2d) and branched (2e, 2f, 2g, and 2h) methyl sulfonate esters as
methylating agents.

interactions between meta-phenylene ethynylene arms."” To
verify the role of - interactions, we optimized the folded and
unfolded structures of the DMAP-modified mPE oligomer with
13 monomer units using two density functionals, namely,
B3LYP and M06-2X, and the same basis set, 6-31G(d,p). The
B3LYP results show that the helical conformation of foldamer 1
has a mean center-to-center distance of ~4.2 A and an almost
equal energy with the unfolded conformation of foldamer 1,
indicating that the B3LYP functional neglects m-m stacking
interactions and cannot describe this type of weak interaction.>®

In contrast, the M06-2X functional can reasonably describe -7
stacking interactions.**** The M06-2X results show that the
energy of foldamer 1 is lower by 45.5 kcal mol ™" than that of the
corresponding unfolded structure (Fig. 3). The helical structure
has a center-to-center distance of ~3.5 A and a cylinder with the
diameter of ~6.1 A under considering van der Waals radius of
hydrogen atoms of the inner wall of the cylinder.”® All these
findings are consistent with experimental structures.** It should
be noted that the calculated potential energy of the foldamer
may further decrease by using a larger basis set. To gain
a compromise between accuracy and computational cost, all
calculation results reported below were obtained at the M06-2X/
6-31G(d,p) level.

The m-m stacking interaction between meta-phenylene
ethynylene arms can be characterized by the energy difference
between the folded and unfolded conformations of the DMAP-
modified mPE oligomer. We can term this energy difference
the helical energy (Epeiical), which can be calculated according to
the following formula:

Enelical = Erolded — Eunfolded 1)

where Egygeqa and Eynfolded Tepresent the energies of the folded
and unfolded conformations of the DMAP-modified mPE olig-
omer, respectively. As shown in Fig. 4, the helical energy of the
DMAP-modified mPE oligomer decreases with the monomer
units (2n + 1, n = 3, 4, 5, 6, 7, and 8). The contribution of -7
interactions between two meta-phenylene ethynylene arms is
approximately 10.3 kcal mol *. Simultaneously, the helical

Fig.3 The unfolded (a) and folded (b—e) structures of DMAP-modified mPE oligomer with 13 monomers, which were optimized at the M06-2X/
6-31(d,p) level. (b—e) represent ball-stick (b and d) and CPK (c and e) models of side and top views of foldamer 1, respectively.
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Fig. 4 Helical energy (a) of DMAP-modified mPE oligomer with different monomer units (2n + 1, n = 3, 4, 5, 6, 7, and 8) and the free energy

change (b) between unfolded and folded conformations.

process of the DMAP-modified mPE oligomer is a process of
entropy reduction. When the length (2n + 1) of the mPE olig-
omer is short, the free energy change of the folded process is too
small and the corresponding foldamer may be unstable. The
optimized structures of foldamers with 7-17 monomers are
shown in Fig. S1.7 It can also be seen that even if the oligomer
with fewer monomers can be folded, the cavity has very shallow
depth and cannot accelerate the reaction. When the monomer
unit is up to 13, the foldamer is stable due to the large free
energy change of —26.3 kcal mol™' and can form a unique
cavity. Because of the strong alkalinity of DMAP, the unique
cavity is able to recognize and bind linear and branched methyl
sulfonates, which can be termed a reactive sieve.'>'®

Methylation of DMAP-modified mPE foldamer with different
linear substrates

We firstly explored the reaction mechanism for the methylation
of mPE foldamer 1 with four linear methylating agents (2a-2d).
For comparison, we also studied the corresponding reference
reactions, the uncatalyzed methylation reactions of the DMAP-
modified trimer 1’, to illustrate the role of the host-guest
interaction in the rate enhancement. The free energy profiles of
the methylation reactions are displayed in Fig. 5.

We use methyl heptylsulfonate 2d as methylating agent to
rationalize the methylation reaction of the foldamer. When
methyl heptylsulfonate 2d is added to the DMAP-modified mPE
foldamer 1, a host-guest complex 3d is formed, which is less
stable by 3.3 kcal mol ' than the reactants. In the intermediate
3d, the methyl heptylsulfonate is close to the DMAP unit with
a C---N distance of 2.9 A, which indicates that the methyl agent
is preorganized for subsequent methylation. The methyl group
of 2d is transferred to the DMAP unit of the foldamer via the
transition state TS-d with a free energy barrier of 23.7 kcal
mol ', This is a bimolecular nucleophilic substitution (Sx2)
process, in which the lone pair of the pyridine nitrogen atom
attacks the methyl of sulfonate, and at the same time, sulfonate
leaves. In the transition state TS-d, the C---N distance is 2.0 A,
which indicates that C-N bond formation is in process. As
shown in Fig. 5d, the linear methyl heptylsulfonate 2d reclines
in the cavity and does not erect in the cavity of the foldamer.
Three C-H---O=S hydrogen bonds exist between the substrate

14048 | RSC Adv., 2017, 7, 14046-14052

and the foldamer with distances of 2.4, 2.5, and 2.8 A. The alkyl
chain of the substrate is bent to achieve C-H:--1v interaction
with the meta-phenylene ethynylene arm of foldamer 1. The
distance between the hydrogen atom of the alkyl chain and the
center of the benzene ring is 2.9-3.5 A. Lastly, an ionic
compound 4d that is composed of the sulfonate anion 5d and
the foldamer cation 6 is formed. The overall reaction is exer-
gonic by —11.3 kcal mol™" and has an activation free energy
barrier of 23.7 kcal mol ™" with respect to the initial reactants.

To understand which factors accelerate methylation of the
foldamer 1, we have investigated the free energy profile of the
uncatalyzed methylation reaction of DMAP-modified trimer 1/
with methyl heptylsulfonate 2d, shown in Fig. 5d. First, these
two reactants would also form an encounter complex 3d’, in
which the C---N distance is 2.9 A. The ionic compound 4d’ is
formed via the transition state TS-d’. In the transition state TS-
d’, the C---N distance is the same as that in the TS-d. But only
two C-H---O=S hydrogen bonds exist between the substrate
and the trimer 1’ with distances of 2.3 and 2.6 A. The activation
barrier for the methylation reaction is 30.6 kcal mol™*. This
barrier is higher than that of the methylation reaction of the
foldamer 1 by 6.9 kcal mol™". The barrier of the reference
reaction is contributed to by an enthalpic term of 17.1 kcal
mol " and an entropic term of 13.5 kcal mol . In contrast, the
corresponding enthalpic and entropic terms in the methylation
reaction of the foldamer are 7.7 and 16.0 kcal mol ™", respec-
tively. As a result, the enthalpic contribution (7.7 minus 17.1)
offsets the disadvantageous entropic contribution (16.0 minus
13.5) and plays a major role in stabilizing the transition state in
the foldamer. A comparison of the optimized geometries of TS-
d and TS-d’ shows that enthalpic stabilization may result
because of three hydrogen bonds and C-H:--7 interactions
between substrate and foldamer in TS-d, but only pure
hydrogen bonds in TS-d’.

With methyl methylsulfonate 2a, methyl propylsulfonate 2b,
methyl pentylsulfonate 2¢, and methyl heptylsulfonate 2d as
methylating agents, the methylation rate within foldamer 1 is
also accelerated. For 2a, the activation barrier of the methyla-
tion reaction decreases from 29.6 kcal mol ™" with trimer 1’ to
26.7 kecal mol™! in foldamer 1. For 2b, the barrier of the meth-
ylation reaction decreases from 29.6 to 26.5 kcal mol . For 2c,

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Free energy profiles (AG in kcal mol™, (a—d)) of methylation
reactions of DMAP-modified mPE foldamer 1 and trimer 1’ with
different linear methyl sulfonate esters (2a—2d). The black and green
lines represent the methylation reactions of foldamer 1 and trimer 1,
respectively.
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Table 1 Activation free energies (G, in kcal mol™) and their energy
differences (AG, in kcal mol™?) for the methylation reactions of DMAP-
modified mPE foldamer 1 and trimer 1’ with different linear methyl
sulfonate esters (2a—2d)

G, (1) Ga (1) AG,
2a 29.6 26.7 ~2.9
2b 29.6 26.5 -3.1
2¢ 31.7 26.5 -5.2
2d 30.6 23.7 ~6.9

the methylation barrier also decreases from 31.7 to 26.5 kcal
mol . As listed in Table 1, the activation energies (G,) of the
methylation reactions of trimer 1’ and foldamer 1 decrease by
2.9, 3.1, 5.2, and 6.9 kcal mol ™" for 2a-2d, respectively. This
increased rule of linear methylating agents can provide
a reasonable explanation of the methylation rate enhancement
of the foldamer. Meanwhile, the activation energies for fol-
damer 1 with substrates 2a, 2b, and 2c are very similar, yet when
the size is increased to heptyl in 2d, the activation energy is ~3
kcal mol ™" lower. The reason is that the methyl sulfonate with
long alkyl chain has stronger C-H---w interactions with the
foldamer, which also can be seen from side-view structures of
transition states in Fig. 5.

Methylation of DMAP-modified mPE foldamer with different
branched substrates

Similarly, the pyridine ring of foldamer 1 can also recognize the
branched methylating agents 2e-2h through their methylsul-
fonate groups and should show the same methylation behavior
with linear methyl sulfonate esters. Previous opinion thought
that long alkyl groups of branched methylating agents, such as
2h, can first go through the cavity and then the sulfonate groups
enter the cavity of the foldamer.”> However, Fig. 6 shows that
long alkyl groups of branched methyl sulfonates cannot enter
and go through the cavity (~6.1 A) of the foldamer due to the
limitations of the shape and size of methyl sulfonate esters.
Another factor may be that the foldamer lacks the function of
recognizing the alkyl groups, although alkyl groups can be
artificially stuffed into the cavity of the foldamer. In contrast,
the sulfonate groups of branched methyl sulfonates can enter
the cavity of the foldamer because the size (4.4 A) of the sulfo-
nate group can meet the requirement of the cavity, similar to the
linear methyl sulfonate esters. In fact, the real reactive site of
the foldamer is the nitrogen atom of the pyridine ring, which
can only recognize the sulfonate group of the methylating
agents, not the alkyl group. All these can also be seen from the
electrostatic potential maps of linear and branched methylating
agents. As shown in Fig. 6, the sulfonate groups have negative
charges and the alkyl groups have positive charges. Thus, the
cavity of the foldamer can recognize sulfonate groups prior to
the alkyl groups, whether linear or branched methyl sulfonate
esters.

Fig. 7 shows the Gibbs free energy profiles of the methylation
reactions of foldamer 1 and trimer 1’ with 2e-2h. These results
indicate that the methylation of foldamer 1 with branched

RSC Adv., 2017, 7, 14046-14052 | 14049
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Fig. 6 Optimized structures and electrostatic potential maps of methyl sulfonate esters with linear |-type ((a), 2a—2d) and branched Y-type ((b),
2e—2h) alkyl groups. The numbers represent the distances between two atoms.

methyl sulfonates can be catalyzed by its cavity. In contrast to
the linear methyl sulfonates, the reaction barrier of the meth-
ylation of foldamer 1, relative to trimer 1/, firstly decreases and
then increases with branched methyl sulfonates. As listed in
Table 2, from the trimer to the foldamer, the decreased barriers
of methylation are 5.0, 5.6, 6.4, and 5.6 kcal mol " for 2e-2h,
respectively. For example, branched methyl sulfonate 2g shows
a maximal decrease of activation energy with foldamer 1, which
should show a maximum accelerated rate of methylation. The
difference essentially results from the fact that the shape of the
alkyl group of branched methylating agents is Y-type and that of
linear methyl sulfonates is I-type (Fig. 6). This can also be seen
from the structures of the transition states (TS) of the methyl-
ation reactions. As shown in Fig. 7a, the shortest alkyl group of
the branched methyl sulfonate, 2e, can tilt in the cavity, not
vertically insert into the cavity. When the alkyl length increases,
such as for 2f, 2g, and 2h, the alkyl group cannot go through the
cavity and should stay outside the cavity of foldamer. Similarly,
the sulfonate group of the branched methyl sulfonate can easily
enter into the cavity of the foldamer. The branched methyl
sulfonates can interact with foldamer 1 through C-H:--O=S
hydrogen bonds and C-H:--m interaction. Due to the Y-type
structure, the branched methyl sulfonates need to adjust the
position and direction of the methylsulfonate and alkyl groups
to accommodate the cavity of foldamer 1. Meanwhile, as listed
in Table 2, the activation energies for foldamer 1 with substrates
2f, 2g, and 2h are very similar, further indicating that the
sulfonate group can enter into the cavity of the foldamer and the
Y-type branched alkyl groups can interact with the foldamer. All
these interactions can stabilize the transition state and lower
the overall barrier of methylation.

Methylation of DMAP-modified mPE foldamer with different
monomer units

In order to investigate the effect of the depth of the foldamer
cavity on the methylation rate, we further studied the methyl-
ation reactions of the foldamers consisting of 15 and 17

14050 | RSC Adv., 2017, 7, 14046-14052

monomer units. Fig. 8 shows the free-energy barriers of meth-
ylation reactions of DMAP-modified mPE foldamers (13, 15, and
17 monomers) with methyl methylsulfonate, respectively. The
results show that the barrier of the methylations of DMAP-
modified mPE foldamers decrease with the monomer units,
indicating that the deeper foldamer cavity can further
strengthen the interaction between the foldamer and the
substrate and minimize the energy difference between the
reactant and the transition state.

Experimentally, the methylation rates of foldamer 1 with 2a-
2h increase from 40-fold to 1600-fold,*® the corresponding
energy barrier should decrease by 2.0-4.4 kcal mol " with very
small difference. It should be pointed out that these minute
difference are based on different reference reactions (1’ with 2a-
2h) and result in the difficulty of quantitative comparison with
experimental results. Qualitatively, whether linear or branched
methyl sulfonates are used, the computational results are in
agreement with experimental results. For linear methyl sulfo-
nates, the barriers of the methylation of foldamer decrease with
increasing substrate alkyl chain length. As the alkyl chain of the
branched substrate, the barriers of the methylation of foldamer
first decrease and then increase, relative to that of the small
molecule analogue. With the increase of monomer units and
the deepening of the cavity, the foldamer has a lower barrier of
the methylation.

Conclusions

Through density functional theory calculations, the structure
and possible methylation mechanism of DMAP-modified mPE
foldamer have been investigated. For comparison, uncatalyzed
methylation reactions of the reference trimer in an unfolded
conformation have also been studied. The helical structure of
DMAP-modified mPE foldamer results from multiple intra-
molecular w-7 stacking interactions between meta-phenylene
ethynylene arms, which can be characterized by the helical
energy. The unique cavity of the foldamer and the pyridine ring
with strong alkalinity can recognize and bind the methyl

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Free energy profiles (AG in kcal mol™, (a—d)) of methylation
reactions of DMAP-modified mPE foldamer 1 and trimer 1’ with
different branched methyl sulfonate esters (2e—2h). The black and
green lines represent the methylation reactions of foldamer 1 and
trimer 1, respectively.
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Table 2 Activation free energies (G, in kcal mol™) and their energy
differences (AG, in kcal mol™) for methylation reactions of DMAP-
modified mPE foldamer 1 and trimer 1’ with different branched methyl
sulfonate esters (2e—2h)

G. (1) G (1) AG,
2e 31.5 26.5 —5.0
2f 30.1 24.5 —5.6
2g 30.9 24.5 —6.4
2h 29.9 24.3 —5.6

Ga

AG,

15 mor 17

trimer 13

Fig. 8 Free-energy barriers (G, in kcal mol™) of the methylations of
DMAP-modified mPE foldamers (13, 15, and 17 monomers) with
methyl methylsulfonate (2a) and their barrier differences (AG, in kcal
mol™?) with the trimer.

sulfonates. Noncovalent interactions between the foldamer and
the substrate, such as hydrogen bonds and van der Waals
interactions, stabilize the transition state and accelerate the
confined reaction. As the alkyl chain of the linear substrate
increases, the host-guest interaction becomes stronger, which
enhances the methylation rates. On the contrary, as the alkyl
chain of the branched substrate, the methylation rates of fol-
damer first increase and then decrease. The difference mainly
results from the different shapes, I-type and Y-type, of the alkyl
chains of linear and branched substrates. With the increase of
monomer units and the deepening of the cavity, noncovalent
interactions also become stronger and further accelerate the
methylation of the foldamer. We expect that these mechanistic
insights into supramolecular catalysis can be used in the design
and preparation of supramolecular catalysts and reactors.

Computational section

All stationary points for the methylation reactions of DMAP-
modified mPE foldamer 1 and the reference reactions of
DMAP-modified mPE trimer 1' were fully optimized using
Gaussian 09 program with M06-2X functional and 6-31G(d,p)
basis sets.** All geometry optimizations were carried out in
acetonitrile solvent within the framework of polarizable

RSC Adv., 2017, 7, 14046-14052 | 14051
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continuum model (PCM) with the integral equation formalism
variant (IEFPCM).*>?* For each stationary point, vibrational
frequency calculations were carried out to verify whether it is
a minimum or a transition state and to obtain thermodynamic
data at 298.15 K and 1 atm. All transition states were verified by
intrinsic reaction coordinate calculations.®
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