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ABSTRACT: A set of carbon center-based P-ylidesubstituting bases
have been exploited computationally with pentacyclo-
[5.4.0.076.0%'°.0°?]undecane (PCU) and pentacyclo
(6.4.0.0%7.0%11.0%1°] dodecane (PCD) scaffolds using the B3LYP-D3/
6-311+G(d,p) level of theory. The proton affinities calculated in the gas
phase are in the range of superbases and hyperbases. The Atomsin-
Molecules and Natural Bond Orbital calculations reveal that the —C—
H---C— interaction plays a substantial role in improving the basicity, and
tuning the —C—H---C— interaction can enhance the basicity of such
systems. The free activation energy for proton exchange for PCD and
PCU scaffolds substituted with P-ylide is substantially low. The
computed results reveal the strength and nature of such — C—H---C—
interactions compared to the —N—H:-N— hydrogen bonds. The
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isodesmic reactions suggest that the superbasicity achieved using these frameworks arises from a combination of several factors, such

as the ring strain of the bases in their unprotonated form, steric repulsion, and the intramolecular —C—H---C— interaction.

Bl INTRODUCTION

In a multitude of physical, chemical, and biological processes,
weak interactions, including both inter- and intramolecular
hydrogen bonding, are well documented.' These interactions
have been exhibited in the molecular arrangement of crystals,
crystal engineering, proton-transfer reactions, enzyme catalysis,
and in many biological systems." One of the earliest
explanations of traditional hydrogen bonding was provided
by Linus Pauling” This traditional hydrogen bonding is
characterized by the D—H:--A interaction, where D represents
the hydrogen bond donor, covalently bonded with the H atom,
and A acts as the hydrogen bond acceptor.” " In the case of
traditional hydrogen bonding, D and A are majorly O, N, F,
and CL. The —O—H:-O— hydrogen bonding is widely known
from the crystal structure of ice to various oxygen-containing
molecules. The —F—H:--F— hydrogen bonding contributes to
various fluorinated organic compounds in crystal packing and
stability.” The complementary base pairs of guanine with
cytosine and adenine with thymine found in DNA are the most
prominent examples of —N—-H--O— and —N-H--N-
hydrogen bonding. The —N—H:--N— type hydrogen bond is
also prevalent in various chemical and biological systems,
ranging from small organic molecules to the folding of long
protein chains.”” This type of hydrogen bonding plays a crucial
role in the creation of nitrogen-containing superbases like 1,8-
bis(dimethylamino)naphthalene (DMAN) and 1,8-bis-
(tetramethylguanidino)naphthalene (TGMN).*’ The tradi-
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tional hydrogen bonds possess energy in the range of ~12—24
kcal/mol or even higher and are referred to as strong hydrogen
bonds.'”"" These traditional hydrogen bonds often referred to
as conventional hydrogen bonds have been studied exten-
sively,'"?

However, in the current scenario, the understanding of
hydrogen bonding spans a broader range of donors and
acceptors, which include electron-rich regions such as z-bonds
and alkyl radicals as hydrogen bond acceptors."*"*~'® The
existence of a weak —C—H:-O— hydrogen bond has been
reported in the adenine-thymine base pair along with the —N—
H--O— and —~N—H--N— hydrogen bonds."” The interactions
involving the —C—H:-N— hydrogen bonding interaction play
a significant role in many processes, including catalysis by
stabilizing transition states and peptide helical folding.'® These
types of hydrogen bonding interactions are referred to as
nonconventional hydrogen bonds and are generally weaker in
nature.'” Nonconventional hydrogen bonding interactions can
be classified majorly into four types: (a) hydrogen bonds with

—C—H bonds considered as unconventional donors (b)
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Scheme 1. Naphthalene, PCU, and, PCD Scaffolds Substituted with P and P,

o H
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hydrogen bonds with unconventional acceptors, like 7-
electrons in multiple bonds or within aromatic systems, (c)
hydrogen bonds with —C—H--C— (or —C—H:-7) systems
known as unconventional donors and unconventional accept-
ors, and (d) dihydrogen bonds.'>'® It has been reported that
when the carbon atom has an excess negative charge, it may
participate in hydrogen bonding as a hydrogen bond acceptor.
In literature, such —C—H---C— interactions have been
examined computationally using carbocations and carbanions
with water, acetylene, and methane molecules.”’ The —C—H--
C— interaction can be enhanced by using a higher acidic
proton donor moiety, such as acetylenes, or by enhancing the
basicity of the acceptor.'”> A computational study was
performed using the model ylide H;N*—CH,~ with acetylene
and methane to demonstrate the strength of hydrogen bondin

incorporating the acidic hydrogen in the former molecule.'

Further, the computational results revealed the strength of
hydrogen bonding using (—CH---C—) and CH,, CH;X, and
CH,X, (X = F, Cl) molecules.'* In a recent study, it was also
found that the —C—H---C— hydrogen bonds assist in substrate
binding with proteins.'> However, the —C—H--C— hydrogen
bonds are often considered weaker than typical hydrogen
bonds and have received less attention.

Neutral organic nitrogen superbases are known to have
broad applications in organic synthesis over ionic bases, since
such bases may be utilized under gentle reaction conditions
and have greater solubility.”" Recently, the preparation of such
organic superbases have received a lot of attention.”' Strong
neutral bases allow the deprotonation of various weak acids to
yield extremely reactive conjugate acids.”' In this regard, along
with the other nitrogen-containing superbases, phosphazenes
and phosphatranes have generated curiosity among synthetic
organic chemists.”"** However, the report indicates that P-
ylidic carbon bases, i.e.. phospharane or its higher analogues
may be even more powerful superbases than the phosphazene
bases.”” The computational results suggest that the intrinsic
basicity of phospharanes is greater than that of phosphazenes:
for instance, (Me,N),P—CH, (274.5 kcal/mol) has a higher
proton affinity (PA) than the equivalent nitrogen containing
phosphazene (Me,N);P=NH (256.3 kcal/mol) at B3LYP/6-
311+G**>** The P-ylide moieties are less explored in
experimental chemistry due to their air sensitivity.”> The
experimental basicity of a series of P-ylides was calculated in

THF and acetonitrile solvents;”* however, there are a few
reports which exploited different P-ylides as a substituting
group to generate superbases.”” Tris(dialkylamino)phosphine
ylides and their derivatives were synthesized and reported as
cyclic ylide bases.”® The tris(dialkylamino)phosphine ylide is
the carbon analogue of Verkade’s proazaphosphatrane base,
which involves a single ylide group as a proton-capturing
unit.”® However, the synthesis of 1,8-bis(methylylidene-
(hexamethyltriamino ) phosphorane)naphthalene (P-MHPN),
was the first report exploiting bisylide substitution (two ylide
groups) as a proton-capturing unit.” It was anticipated that P-
MHPN involves fast proton hopping and a dynamic —C—H---
C— interaction to achieve superbasicity.”> The NMR
spectroscopic study revealed that in the conjugate acid, the
acidic proton hops between the two ylide groups. At a lower
temperature, two sets of clearly distinguishable signals for 'H
and 3'P spectra were observed. However, at elevated
temperature, these signals got merged into a single set of
spectra, revealing the dynamic nature of the proton. It has been
suggested that the dynamic behavior of the proton is
responsible for the higher basicity of bisylide substitution.””
The computational results reveal that the calculated PA for P-
MHPN was 277.9 kcal/mol in the gas phase,22 which is higher
than that of the corresponding nitrogen analogue 1,8-
bis(hexamethyltriaminophosphazenyl) naphthalene (HMPN,
PA = 271.3 kcal/mol).”” In this work, we have computationally
examined the significantly higher basicity of the P-ylide group
and the contribution of the [—~C—H---C—] interaction to the
stability of the conjugate acid. Further, pentacyclo-
[5.4.0.0.2,60.3,100%°] undecane (PCU) and pentacyclo-
[6.4.0.0.270.%"10%"°]dodecane (PCD) scaffolds with P-ylide
substitution were used to generate superbases. These scaffolds
were also exploited to generate hyperbases with the higher
analogue of P-ylide.

B COMPUTATIONAL DETAILS

The DFT method incorporating Becke’s three-parameter
hybrid functional with Lee, Yang, and Parr (B3LYP)**
correlation and Grimme’s third-generation dispersion correc-
tion”” with the 6-311+G(d,p)™ basis set was used for
optimizing all developed systems, and calculations were
performed using the Gaussian 09 software package.’’ The
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Figure 1. NBO picture of the orbital overlap of nitrogen lone pairs for the H,C=P(NMe,); group calculated at the B3LYP-D3/6-311+G(d,p)

level of theory.

positive vibrational frequency was identified, ensuring the
optimized structural minimum.
The gas-phase PA value was calculated using eq 1°

PA(B) = (Eq) + (AZpyg) 1

Here, AE, = [E(B) — E(BH")] and (AZpyg) = [Zpyg(B) —
Zpyg(BH")] are, respectively, the electronic and zero-point
vibrational energy contributions to PA. Here, B stands for the
base and BH" stands for the corresponding conjugate acid.

The NBO (natural bond orbital) calculation was carried out
at the B3LYP-D3/6-311+G(d,p) level of theory with the NBO
3.1% program, implemented in Gaussian09. The second order
perturbation energy E, was evaluated by eq 2.

(FG, ) _ F
q —_— =

Le g "Ae Q)

E,= AE; =

where g; is the donor orbital occupancy, ¢ and ¢; are the
diagonal elements, and F(i;) is the off-diagonal NBO Fock
element. A better interaction between electron donors (i) and
acceptors (j) is indicated by larger E, values.

The wave function generated at the B3LYP-D3/6-311+G-
(dp) level using Gaussian09 was used for the Atoms-in-
Molecules (AIM) analysis. Multiwfn software was used to
perform AIM analysis,”* and VMD was used for the

.3
visualization.

B RESULTS AND DISCUSSION

The 1,8bis(methylylidene(hexamethyltriamino)-
phosphrane)naphthalene (P-MHPN) (Scheme 1 and Figure
2) consisting of two hexamethyltriaminophosphorane (P-
ylide) substitutions at the 1,8-positions of naphthalene is
reported as the first bisylide superbase with two interacting
carbon-based basicity centers. The report reveals that the
unprotonated P-ylide (P-MHPN) is protonated at the carbon
center observed in the crystal structure and is corroborated by
computational results.”” Interestingly, the acidic proton binds

with the carbon atom in the protonated P-ylide group instead
of the presence of multiple nitrogen centers in the
hexamethyltriaminophosphorane (H,C=P(NMe,);) group.
The crystal structure of hexamethyltriaminophosphorane
(H,C=P(NMe,);) has been reported in the literature.*®

We calculated the PA value for the (H,C=P(NMe,),)
group at the B3LYP-D3/6-311+G(d,p) level, and it was found
to be 275.9 kcal/mol (Figure S1 and Table SI in Supporting
Information). The PA for the nitrogen analogue of the (H,C=
P(NMe,);) group, i.e., (H,N=P(NMe,),) was also calculated
for comparison at the same level and was found to be 261.0
kcal/mol (Figure S2 and Table S1 in Supporting Information).
The result suggests that the (H,C=P(NMe,),) group has a
PA value ~15.0 kcal/mol higher than that of the (H,N=
P(NMe,);) group. This trend corroborates well with a
previous report where the PA of (H,C=P(NMe,),) calculated
at the B3LYP/6-311+G** level was 18 kcal/mol higher than
that of the corresponding nitrogen analogue (H,N=P-
(NMez)s)-4

To examine the more basic behavior of carbon centers in the
group (H,C=P(NMe,);), we have performed conceptual
DFT calculations. The Fukui function is a tool used to
determine the reactivity of a molecular system by identifying
the optimal location to add or remove an electron from a
molecule.”” The f* values describe the nucleophilicity of atoms,
while f~ describes the electrophilicity of atoms.”” The Fukui
function was calculated at the B3LYP-D3/6-311+G(d,p) level
for the (H,C=P(NMe,);) group. The Fukui function is
defined as the change in charge for a specific atom in
proportion to the change of the total number of electrons in
the molecule. The Hirshfeld population analysis was used in
determining the Fukui function. It is important to note that
molecular sites that donate electrons are termed nucleophiles,
and the basic sites of the (H,C=P(NMe,);) group must
possess a higher f* value to capture the acidic proton.””*® The
Fukui function values show that the carbon atom of the
(H,C=P(NMe,),) group has the highest f* value compared to
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Figure 2. Optimized geometry of unprotonated and protonated superbases at the B3LYP-D3/6-311+G(d,p) level.

the nitrogen centers present in the molecule (Figure S1 and
Table S2 in the Supporting Information). This finding suggests
that the carbon center has higher basicity than the nitrogen
centers. The lower basicity of nitrogen centers in (H,C=
P(NMe,);) was observed with NBO analysis. The second-
order perturbation energy (E,) calculations suggest that the
lone pair (n) of all three nitrogen atoms are delocalized over
either the antibonding orbital (6*) of the corresponding C—H
bonds or the antibonding orbital (¢*) of the C—P bond. The
orbital overlap visualization and its corresponding second-
order perturbation energy (E,) are shown in Figure 1. These
calculated results suggest that the nitrogen lone pairs are
partially engaged in the orbital interactions with neighboring
bonds and hence relatively less available for interaction with
the acidic proton. The PA value of bisylide was also
determined using the B3LYP-D3/6-311+G(d,p) level of
theory. It was observed that the PA value of bisylide was
~8.8 kcal/mol higher than that of a single P-ylide group
(Figure S3 and Table S1 in Supporting Information). Through
the NBO analysis conducted on the bisylide group, it was

found that there is an electron charge transfer occurring from
the 7¢_p orbital of one P-ylide group to the other 6¢_y* orbital
of the other P-ylide group (E, value of 4.8 kcal/mol) (Figure
S3 in Supporting Information). This electron transfer
occurrence may account for the higher PA value observed
for the bisylide group.

The B3LYP-D3/6-311+G(d,p) level of theory was employed
to optimize the P-MHPN and the protonated P-MHPNH
systems, and the optimized structures were found to be in
good agreement with the corresponding crystal structures
[Figure S4, and Table S3 in Supporting Information]. The
naphthalene backbone of the unprotonated bisylide (P-
MHPN) exhibits severe out-of—zplane distortion of 11.3 and
12.3° in the crystal structure.”” The values for the former
mentioned plane are similar to the optimized geometry of P-
MHPN (Table S3 serial no. 23, 24 in Supporting Information).
The PA computed for P-MHPN at the B3LYP-D3/6-
311+G(d,p) level was found to be 278.0 kcal/mol (Table 1),
in good agreement with the reported PA (277.9 kcal/mol) at
the M062X/6-311+G**//M062X/6-31G* level of theory.””
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Table 1. Gas-Phase PAs Calculated at the B3LYP-D3/6-
311+G(d,p) Level of Theory

system PA (kcal/mol) system PA (kcal/mol)
P-MHPN 278.0 P,-MHPN 294.6
2 283.2 S 303.3
3 286.5 6 301.0

In our study, the P-MHPN was optimized at M062X/6-
31G(d) and B3LYP-D3/6-311+G(d,p) levels, which have
shown similarity with the available crystal structure. The
superbase calculations with a variety of systems are performed
with the B3LYP DFT functional, hence this functional was
used for the study.””* There are several reports where B3LYP-
D3 were employed in calculating PAs, and a reasonable
agreement was found between the experimental and
computated PA values.""*> The presence of an intramolecular
(—C—H--C-) interaction in the protonated P-MHPN helps
in alleviating the steric strain in the unprotonated base. This
naphthalene framework, which was employed to synthesize P-
MHPN and anchored to P-ylide to generate the superbase, is
similar to a class of nitrogen-based 1,8-bis(dimethylamino)-
naphthalene-type superbases, where the N—H---N hydrogen
bonding glays a predominant role in achieving super-
basicity.””*” Therefore, exploiting the possibility of intra-
molecular —C—H:--C— interaction opens a new avenue for the
design of neutral organic superbases.

The hydrogen bond under investigation is often represented
by the symbols D—H::-A, where D stands for the donor atom
and A for the acceptor atom. In the case of P-MHPNH, both
the D and A atoms are expected to consist of just carbon
centers. In the presence of any H bonding in D—H:--A systems,
the D—A distance would be smaller than the total van der
Waals radii of D and A.>*'*** The distance between the donor
C and the acceptor C in the optimized structure of P-MHPNH
was found to be 3.0 a, which is less than the sum of their van
der Waals radii (3.5 A). However, it is now widely accepted
that this H-bond criterion is excessively restrictive and only
applies to strong hydrogen bonds." It has been demonstrated
that the H---A distance, in a D-H---A-type hydrogen bond is a
criterion for verifying the D—H---A hydrogen bond,'®** and
the «DHA is anticipated to be close to 180°." In the P-
MHPNH geometry, the H--C distance is 2.3 A (Table 2),

Table 2. C-~H Distance and ZCHC from the Optimized
Geometries of Systems (P-MHPN, P,-MHPN, and 2H"—
6H") Calculated at the B3LYP-D3/6-311+G(d,p) Level of
Theory

system distance C---H (A) ZCHC (degree)
P-MHPNH 23 120.7
2H* 2.1 145.1
3H* 1.9 149.0
P,-MHPNH 23 125.8
SH* 22 131.7
6H* 2.0 143.8

which is less than the total value of van der Waals radii of
individual carbon and hydrogen atoms, and ZCHC is 120°
(Table 2). The —C—H bond of one P-ylide group functions as
an acceptor unit in the —C—H:--C— interaction generated in
P-MHPNH, while the z-bond of C=P of the other P-ylide
group serves as the acceptor unit. The interaction of —C—H

with the other P-ylide group in the P-MHPN system does not
fall in the category of a typical —C—H/x interaction. In the
case of a typical —-C—H/x interaction, the orientation of the —
C—H bond is supposed to align toward the interacting z-bond,
and the angle range largely lies at ~90°.*~*" In this case, the
£CHC for the studied systems lies in between 120° - 149°,
and the —C—H bond interacts with the P-ylide group in the o-
plane of the —C==P unit. The larger population of z-electrons
toward the carbon of the —C="DP unit assists in interacting with
the —C—H bond of another P-ylide group.”

Bader’s theory of AIM suggests the existence of a bond
critical point (BCP), and (3, —1) critical point along the bond
path between the interacting atoms is an adequate condition to
prove the interaction between the concerned two
atoms.”'**** Koch and Popelier also presented eight
requirements, including the presence of a BCP along the
bond path, for the existence of a hydrogen bond.*® Therefore,
the presence of a BCP point of P-MHPNH (Figure 3)
between the protonated P-ylide group and the unprotonated P-
ylide group signifies the —C—H:--C— interaction.

In P-MHPN, the naphthalene ring framework anchored with
bisylide was employed to achieve the basicity with the —C—
H--C— interaction. It was reported that substituting the
naphthalene frame with the cage polycyclic framework with
nitrogen-containing groups such as amines and imines results
in higher basicity than their corresponding prototype, DMAN
or HMPN.”"** These versatile frameworks can accommodate a
range of functional groups, which further enhance the basicity.
Moreover, the saturated framework substantially minimizes the
side reactions and is structurally robust compared with
unsaturated frameworks. The flexibility of these polycyclic
rings allows for a better —C—H--C— interaction than the
naphthalene prototypes.”’’>> Herein, pentacyclo-
[5.4.0.0.20.51°0>"Jundecane (PCU) (2) with endo, endo-
8,11-bisylide substitution and pentacyclo[6.4.0.0.70.>10%]-
dodecane (PCD) (3) with endo, endo-9,12-bisylide sub-
stitution were exploited to generate superbases (Scheme 1 and
Figure 2). The PA values calculated for 2 and 3 are 283.2 and
286.5 kcal/mol, respectively (Table 1). The PA of 2 is ~5.2
kcal/mol and the PA of 3 is ~8.5 kcal/mol higher than that of
P-MHPN (Table 1). The literature report suggests that the
higher homologue of P-ylide (P,-ylide) anchored with
naphthalene (P,-MHPN) improves the basicity.”> Therefore,
the enhancement of basicity with P,-ylide anchored to the
PCU and PCD framework was studied. The gas phase PA
values for P,-MHPN, 5, and 6 were calculated at the B3LYP-
D3/6-311+G(d,p) level of theory (Table 1).

The reported PA for P,-MHPN calculated at the M062X/6-
311+G**//M062X/6-31G* level was found to be 294.7 kcal/
mol and was in very good agreement with the PA value
calculated at the B3LYP-D3/6-311+G(d,p) level (P,-MHPN
PA = 294.6 kcal/mol) (Table 1). The calculated PA for PCU
with P,-ylide (5) was 303.3 kcal/mol and for PCD (6)
framework was 301.0 kcal/mol (Table 1). Interestingly, the PA
values of § and 6 were higher than 300.0 kcal/mol, which
comes in the hyperbase range (Table 1). The geometrical
parameters of all the studied bases indicate a (—C—H---C—)
interaction. In all the cases, the —C---H distances are shorter
than the sum of their respective van der Waals radii (Table 2).
In the case of 2, 3, §, and 6, the flexible PCU and PCD
frameworks allow the ZCHC to be more alien toward 180° as
compared to P-MHPN and P,-MHPN (Table 2), favoring the
possibility of a better (—C—H--C—) interaction. However, the
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P,-MHPN

Figure 3. BCPs of P-MHPNH-6H" calculated at the B3LYP-D3/6-311+G(d,p) level.

bulkier P,-ylide substitutions in § and 6 hinder the ZCHC and
are devoid of linearity (Table 2). The AIM offers effective tools
and techniques for examining the hydrogen bonding
interaction, and the related parameters are well docu-
mented.”***°*>3 From the topological parameter V2p and
the total electron energy density Hc, the type of hydrogen
bonding can be categorized into strong, weak, and moderate
types. The weak and moderate hydrogen bonds demonstrate
positive V?p and H; values, while for strong hydrogen
bonding, the V?p value is positive and the H¢ value is
negative.”* The BCPs and positive V?p values indicate a
closed-shell interaction in all cases (Figure 3, Table 3).

Table 3. Topological Parameters of the —C—H-C—
Interacting Systems Calculated at the B3LYP-D3/6-
311+G(d,p) Level; Topological Parameters Are in au

system V (r) G (r) H (v) Vpc.u Pc.n
P-MHPNH —-0.012 0.014 0.0019 0.063 0.020
2H* —0.018 0.018 —0.0002 0.071 0.028
3H* —0.029 0.023 —0.0056 0.069 0.041
P,-MHPNH —0.013 0.016 0.0029 0.076 0.021
SH* —0.013 0.014 0.0005 0.057 0.023
6H" —0.021 0.019 —0.0024 0.065 0.034

Analyzing the topological parameters V?p and H, it was
concluded that in the case of P-MHPNH, both the V’p..g4
and H¢ values are positive, indicating the possibility of a weak
or moderate (—C—H---C—) interaction. However, in the case
of 2H* and 3H*, the positive V?p values and negative H¢
values indicate the possibility of a strong (—C—H:-C—)
interaction. These parameters also suggest weak or moderate
(=C—H--C-) interactions for P,-MHPNH and $H* and a
stronger interaction for 6H".

One of the key features associated with any interaction and
specifically hydrogen bonding is the electron charge transfer
from the lone pair of the donor (1) to the empty antibonding

orbital of the acceptor (oy+)."" In all the studied bases, charge
transfer of 7o_p = 0c_y™ was observed, where the 7-_p bond
of one of the P-ylide groups acts as the donor and the oc_y™* of
the other P-ylide group acts as the acceptor. The NBO analysis
of P-ylide-substituted bases reveals that the E, energy value
increases progressively from P-MHPNH to 2H" and 3H'
(Table 4). The highest E, energy value observed with 3H*

Table 4. T_p — 6¢c_y* Interaction of the Bases Calculated
at the B3LYP-D3/6-311+G(d,p) Level of Theory

system E, (kcal/mol) system E, (kcal/mol)
P-MHPNH 2.5 P,-MHPNH 2.2
2H* 8.2 SH* 6.4
3H* 20.5 6H* 15.1

(E, = 20.5 kcal/mol) indicates the greatest 7c_p —oc_y*
charge transfer from the 7mc_p donor to the oc_y* acceptor
(Table 4). Importantly, this E, energy of mc_p — oc_y™
electron donation closely relates to the ZCHC. As the ZCHC
reaches better linearity from P-MHPNH to 2H" and 3H, the
Tc_p —0c_y* donation increases, resulting in a higher E,
energy value (Table 2, Table 4). A similar trend was also
observed for P,-ylide, where the E, energy value of the 7o_p —
oc_y™ electron increases from P,-MHPNH to SH* and 6H"
(Table 4), indicating improved donation. However, the E,
energy values for the conjugate acid of the P,-ylide bases are
lower than those for the conjugate acid of the P-ylide bases
(Table 4). The bulkier P,-ylide substitutions hinder the
£CHC of the corresponding conjugate acids to achieve
linearity, resulting in lower E, energy values.

Several experimental and theoretical studies have provided
insights into the nature of hydrogen bonds in the protonated
form of nitrogen-containing superbases. These studies indicate
that hydrogen bonds can be either symmetric or asymmetric.>’
In the case of asymmetric hydrogen bonds, the hydrogen atom
exists in a double well potential, while in the case of symmetric
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hydrogen bonds, it resides in a single well potential.’”>*® The
NMR study conducted on the protonated form of 1,8-
bis(dimethylamino)naphthalene revealed the asymmetric
nature of the —-N—H—N-— bond, and the proton resides in
the double minimum potential forming rapid interconvertible
tautomers.*® Similarly, the NMR study on the protonated form
of HMPN, which is the nitrogen analogue of P-MHPN,
demonstrated the presence of an unsymmetrical hydrogen
bond with fast intramolecular proton exchange between the
two nitrogen atoms.”” In the case of P-MHPNH, the NMR
study shows the protonated form of P-MHPNH which
undergoes a rapid intramolecular proton exchange between
the carbon atoms of both the ylide groups.”> The activation
free-energy barrier for this proton exchange process calculated
in the gas phase at the M062X/6-311+G**//M062X/6-31G*
level was found to be 14.5 kcal/mol.>* This value is relatively
higher than the free activation energy of the corresponding
nitrogen analogue, HMPN. The reported value for the free
energy of activation calculated at the M062X/6-311+G**//
MO062X/6-31G* level was in good agreement with the
experimentally calculated free activation energy value (12.9
kcal/mol). Therefore, the M062X/6-31G* level was employed
to recalculate the free energy of activation for the studied
systems. The free energy of activation value recalculated for P-
MHPNH was 15.2 kcal/mol, which was in good agreement
with the reported value. In the case of 2H" and 3HY, the values
were found to be 1.9 and 6.4 kcal/mol, respectively (Table SS
in Supporting Information). However, the free energy of
activation value for P-MHPNH was substantially higher than
those of 2H" and 3H". The results obtained from calculations
involving van der Waals radii, AIM, and NBO align closely
with the values documented in the literature for the
identification of hydrogen bonds, supporting the presence of
similar types of hydrogen bonding interactions in bisylide
systems. Therefore, the result suggests a possible neutral (—C—
H---C—)-type hydrogen bonding interaction in the designed P-
ylide-substituted bases.

To unravel the factors that influence the basicity of the
studied molecules, isodesmic calculations were performed for
all the bases (P-MHPN to 6) (Figure 4, Table 5).”” The strain
energies of the unprotonated bases were calculated from the
isodesmic setups (Figure 4, Table S) using optimized
geometries of the corresponding systems at the B3LYP-D3/
6-311+G(d,p) level. The geometry of X mentioned in Figure 4
suffers from severe steric stain due to the close proximity of
two bulky P-ylide substitutions in the unprotonated systems.
To estimate the strain energy present in the unprotonated
systems, one of the bulky P-ylide substitutions was replaced
with a hydrogen atom (Figure 4, X,) minimizing the steric
strain. The calculated strain energy is mentioned in the first
column of Table 5.

The peri-strain generated due to the substitutions at the 1,8
positions of naphthalene is the highest for P-MHPN and P,-
MHPN. The flexible PCU and PCD scaffolds with P-ylide
substitution generate relatively less strain in the case of
superbases 2 and 3. It is to be noted that as the strain in the
unprotonated cage scaffold decreases, ZCHC becomes more
linear, resulting in a better (—C—H:-C—) interaction.
However, in the case of § and 6, the strain energy is much
higher (Table S5) due to the bulkier P,-ylide substituents,
which also affect the linearity of ZCHC and the (—C—H-
C—) interaction.

R R R H

Xa Xb

Figure 4. Isodesmic setups to calculate strain energies for
unprotonated compounds P-MHPN, P,-MHPN, and 2—6. The
SE(X) = E(X) + E(X,) — 2E(X,) equation is employed to calculate
the strain energy. Here, R=P-ylide for P-MHPN, 2, 3, and R=P,-
ylide for P,-MHPN, §, and 6.

Table S. Strain Energies (SE), Strain Energies + Interaction
Energies (SE + IE)*, and Interaction Energies (IE)
Calculated at the B3LYP-D3/6-311+G(d,p) Level for
Conjugate Acids”

strain strain + (—C—H--C—) (-C—H---C-)
energy (SE) interaction energy energies  interaction ener;
system  (kcal/mol) (SE + IE)*(kcal/mol (IE) (kcal/mol
P- 7.4 -2.0 —14.8
MHPN
2 1.7 -3.5 —-12.2
3 0.7 -6.8 —16.5
P,- 7.1 =71 —12.5
MHPN
S 44 -6.9 —-13.2
6 4.7 —6.6 —20.8

“The values are in kcal/mol.

In the protonated bases, the steric strain is relieved due to
the formation of an intramolecular (—C—H--+C—) interaction
in the unprotonated bases. An isodesmic setup was prepared to
estimate the stabilizing effect of SE and (SE + IE)* (Figure S
and Table 5).”” These isodesmic reactions offer a qualitative
estimation of intramolecular interactions and should not be
employed for quantitative purposes. The geometry mentioned
in the isodesmic reaction in Figure 5 was optimized at the
B3LYP-D3/6-311+G(d,p) level of theory. In the geometry
XH* (Figure S), the stabilizing (—C—H--C—) interaction
lowered the steric strain. In X* (Figure 5), the protonated P-
ylide group was kept constant, whereas the other bulky P-ylide
substitution was replaced with hydrogen to eliminate the steric
strain. The other terms present in the isodesmic setup (Figure
S) were incorporated to satisfy the isodesmic equation. The
(SE + IE)" energies are provided in the second column of
Table S. The negative sign of (SE + IE)* energies indicates
after protonation the conjugate acid achieves an overall
stabilization compared to unprotonated bases. In P-ylide
substitution, the (SE + IE)" increase progressively from P-
MHPN to 3, indicating the stabilization of the corresponding
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Figure S. Isodesmic setups to calculate the sum of cation strain energies (SE) and (—C—H---C—) interaction energies (SE + IE)*, for P-MHPN,
P,-MHPN, and 2—6. The {[IE(XH") + SE(XH")] = E(XH*) + E(X*) — E(X*) — E(X®)} equation is employed to calculate cumulative (SE +
IE)*, where R=P-ylide is for P-MHPN, 2, and 3, and R=P,-ylide is for P,-MHPN, §, and 6.

Me,N  H H NMe; Me,N
\ | i / \
MezN‘ﬁ‘C\ .C=P—NMe,
/) H \
Me,N H H  NMe, Me,N
a

Me,N—P=N-P—C.__

NMe
NMe,H H NMe, V€2
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H NMe; NMe,

| -
NMe,H H
b

Figure 6. Model systems used to estimate cationic hydrogen bond energies for (a) P-MHPNH, 2H", and 3H" and (b) P,-MHPNH, 4H", and SH*.

conjugate acids (Figure S and Table S). System 3 shows the
highest (SE + IE)" stabilization energy of —6.8 kcal/mol and
the lowest SE, resulting in the highest PA value for P-ylide
substituents. However, in the case of P,-ylide, the (SE + IE)*
stabilization energies for P,-MHPN, §, and 6 are comparable.
In the case of P,-ylide, the bulkiness of the substituents hinders
the cumulative cationic and (—C—H---C—) stabilization for the
studied systems.

To estimate the (—C—H:--C—) interaction from the (SE +
IE)* stabilizations, an independent model study was performed
(Figure 6 and Table 5). In the model systems, only the proton-
bound bisylide was separated from the respective main
scaffold, and the valences were satisfied by adding hydrogen
atoms. Single-point calculations (vibrationless) were per-
formed with the respective geometries at the B3LYP-D3/6-
311+G(d,p) level, and the individual molecules were separated
at an infinite distance to evaluate the respective energies.””
These calculations yielded (—C—H:--C—) interaction energies
in the range of approximately 12.5 to 20.8 kcal/mol, which are
comparatively higher than the strain energy calculated for the
unprotonated bases (Table S5). In the case of P-ylide
substitution, 3 shows the highest (—C—H--C—) interaction
energy. The lower strain in 3 allows the system to form a better
(=C—H:--C-) interaction. The augmented basicity of P-ylide-
substituted 3 results from the cumulative effect of a lower
strain of the unprotonated scaffolds, greater (SE + IE)*
stabilization, and a higher IE interaction. In the case of P,-
ylide substitution, system 6 with PCD scaffold possesses the
highest (—C—H:--C—) interaction energy, followed by system

5 with the PCU scaffold, followed by P,-MHPN (Table 5).
The hyperbase 6 possesses the highest interaction energy (IE);
however, the bulkier P,-ylide substitution diminishes the (SE +
IE)* energy lowering the PA of 6 to that of system S. The
isodesmic results suggest that the basicity appears to represent
the combined effect of the relative cation strain generated upon
protonation, the induced strain by the bulky ylide sub-
stitutions, and the establishment of a strong intramolecular (—
C—H--C—) interaction in protonated systems.

Under experimental conditions for organic superbases,
acetonitrile is employed as the solvent medium. Therefore,
PAs for all the designed bases were calculated in acetonitrile
solvent (¢ = 36.64) at the B3LYP-D3/6-311G+(d,p) level
using the CPCM (conductor-like polarizable continuum)
solvent model (Table 6). Notably, the PA values calculated
in the solvent phase for all the designed systems exceeded
300.0 kcal/mol and can function as hyperbases in the solvent
medium.

Table 6. Calculated PA Values in Acetonitrile Solvent
Calculated at the BSLYP-D3/6-311+G(d,p) Level of Theory

system PA (kcal/mol) system PA (kcal/mol)
P-MHPN 314.0 P,-MHPN 321.3
2 323.5 S 335.4
3 224.9 6 333.8
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B CONCLUSIONS

In this study, we have exploited a (—C—H:--C—) interaction-
functionalized cage framework with a bisylide group to design
organic superbases. Recently, an experimental report reveals
the organic superbase with bisylide substitution in the
naphthalene unit (P-MHPN). This compound demonstrates
a much higher basicity when compared to its nitrogen analogue
(HMPN). The enhanced basicity of HMPN is attributed to the
contribution of —N—H---N- hydrogen bonding, whereas the —
C—H:--C— interaction contributes in enhancing the basicity of
P-MHPN. We have explored the bisylide group with
pentacyclo[5.4.0.0.2,60.3,100°°Jundecane (PCU) and penta-
cyclo [6.4.0.0.2,70.3,1106,10] dodecane (PCD) scaffolds in
designing superbases and hyperbases using the B3LYP-D3/6-
3114+G(d,p) level of theory. The bisylide group exhibits two
interacting carbon-based basicity centers. The computational
results suggest that the nitrogen lone pairs of the P-ylide group
are partially engaged in the orbital interactions with
neighboring o-_y* and oc_p* bonds and hence make the
carbon center more basic in the bisylide group. The predicted
PAs for these polycyclic cage compounds were found to be
higher than those of the corresponding prototypes, P-MHPN
and P,-MHPN. The calculated basicities are in the range of
hyperbase in acetonitrile medium. The flexibility of these PCU
and PCD scaffolds allows ZCHC of the bisylide groups to be
more alien toward linearity, resulting in a better —C—H---C—
interaction. Consequently, this improved —C—H:--C— inter-
action favors the enhancement of the PA of the bases. In the —
C—H:--C- bridged interaction, the 7-bond, largely localized
over the carbon atom of one of the P-ylides, interacts with the
oc_u* orbital of the other P-ylide group. Comparing the
literature reported values for the hydrogen bonding interaction
with the calculated results suggests a possible neutral —C—H---
C— hydrogen bonding interaction in the P-ylide bases. The
higher analogue of P-ylide (P,-ylide) substituted with PCU
and PCD scaffolds results in hyperbases. The improved
basicity of P-ylide groups seems to be the cumulative effect
of strain relative to the conjugate acids and the establishment
of —C—H---C— interaction in the protonated systems.
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