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Pentacycloundecanylidene was spectroscopically identified during the photolysis of the corresponding
aziridine and its aerial oxidation results in the corresponding ketone. Here we report the role of
hyperconjugative interactions in stabilizing the singlet pentacycloundecanylidene and its corresponding
ketone pentacycloundecanone. The pentacycloundecanylidene possesses a singlet ground state with
two possible geometrical isomers based on the orientation of the carbene bridge (U1 and U2). The
energy difference between U1 and U2 is minimal (0.9 kcal mol™) and the triplet state is 5.6 kcal mol™?
energetically higher than the more stable singlet state Ul. The proximal C-C bonds of the carbene
bridge in the singlet state are significantly elongated as compared to the distal C-C bonds. The bending
of the carbene bridge in the triplet state and the carbonyl group in the ketone are minimal as compared
to the parent pentacycloundecane. The molecular orbital (MO), natural bond orbital (NBO) and energy
decomposition analysis (EDA) show that both Cieplak-type hyperconjugation viz. donation of electrons
from the proximal C-C o bonds to the empty p-orbital on the carbene centre and Felkin—Anh type

Received 25th March 2024, hyperconjugation viz. donation of the lone pair of carbene carbon to the distal C—C o* orbitals exist in

Accepted 11th April 2024 carbene systems. The bending of the carbene bridge in singlet carbene is to enhance the Cieplak-type
hyperconjugative interaction. The ketone is also stabilized by Cieplak-type hyperconjugative interaction

but to a lower extent as compared to the singlet carbene. The reactivity study suggests that the singlet
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Introduction

Carbenes are of immense interest to experimental and theore-
tical chemists due to their divalent nature that violates the
natural tetravalency of classical compounds.’” The advance-
ment of synthetic strategies and the development of deeper
insight into chemical bonding have played a pivotal role in the
growth of carbene chemistry.® Carbenes generally exist in either
the low-spin singlet state or the high-spin triplet state, even
though there are other excited state possibilities.* Since the
singlet carbene features a c-lone pair and a formally empty
p-orbital, the ideal singlet carbene is expected to show ambi-
philic reactivity.” However, one type of philicity of singlet
carbene was found to be predominant over the other. Singlet
carbenes can be stabilized by placing hetero group-15
and group-16 main group elements adjacent to the carbenic
centre.®® Similarly, stabilization of singlet carbene by
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pentacycloundecanylidene is ambiphilic in nature.

transition metal coordinations adjacent to the carbenic centre
was also reported.”'® The electron-rich hetero main group
atoms or transition metal fragments stabilize the vacant p-
orbital of a carbene carbon atom by donating a lone pair of
electrons from the former. Hence, these types of carbenes are
expected to show predominantly nucleophilic character.

Apart from the electron-rich hetero main group/transition
metal fragment substituted carbenes, singlet dialkyl carbenes
such as 2-adamantylidene, norbornen-7-ylidene, cyclobutyli-
dene, tricyclooct-8-ylidene, etc. are reported experimentally or
computationally."*™” They are normally classified in the cate-
gory of foiled carbenes."®'® The stability of these carbenes was
explained by through-space interaction, non-classical bonding
and hyperconjugative interaction. It has been reported that the
stability of norbornen-7-ylidene is attributed to the through-
space donation of electrons from the C-C © MO to the empty p-
orbital on the carbene centre (Scheme 1a). Brinker and co-
workers theoretically reported a cyclobutyl carbene and estab-
lished that the stability of the singlet carbene is attributed to
the nonclassical three-centre two-electron bond (Scheme 1b).*°
In another report, Brinker and co-workers computationally
analyzed a caged carbene tricyclopentylidene (Scheme 1c). They
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Scheme 1 The schematic diagrams of the molecules (a) norbornene-7-
ylidene, (b) cyclobutylcarbene, (c) tricyclopentylidene, (d) 2-
adamantylidene and (e) pentacycloundecanylidene and pentacyclounde-
canone, and reactions for the formation of (f) pentacycloundecanylidene
and (g) pentacycloundecanone.

reported that it is a nucleophilic carbene having a bridge
flapping, resulting from a nonclassical interaction.*’ We have
established the role of hyperconjugative interactions in stabilizing
caged carbene singlet 2-adamantylidene. Our studies proposed that
the Cieplak-type hyperconjugation plays a major role in stabilizing
the singlet 2-adamantylidene (Scheme 1d).>*** Since the hypercon-
jugative interactions are second-order interactions, both the lone
pair and empty p-orbital on the carbene centre are susceptible to
protonation and hydride adduct formation. Hence, the singlet 2-
adamantylidene behaves as an ambiphilic carbene. The cage
constraints of 2-adamantylidene enhance the hyperconjugative
interactions.

Another caged type carbene recently isolated was pentacy-
cloundecanylidene. It has been reported as an intermediate
during the photolysis of the corresponding diaziridine by
Marchand and coworkers (Scheme 1f).>* Later it was spectro-
scopically identified by Basari¢ and coworkers.>” It was found to
be highly reactive and the aerial oxidation results in a ketone
(Scheme 1g). Note that the 2-adamantylidene consists of only
six membered cyclohexyl rings in the chair conformer. On the
other hand, the pentacycloundecanylidene consists of one four-
membered ring, four five-membered rings and one six-
membered ring in the boat conformation. The more strained
4-6 membered rings in the pentacycloundecanylidene are
expected to show variation in the hyperconjugative interactions
as compared to the 2-adamantylidene. To understand the
nature and the extent of hyperconjugative interactions, we have
carried out comprehensive quantum computational analyses of
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the structure, bonding, reactivity, and stability of pentacycloun-
decanylidene. We have also analyzed how these hyperconjuga-
tive interactions varied when the carbene changes to the
corresponding ketone.

Computational methodology

All calculations were carried out using the Gaussian09 and
ADF2020.102. program packages.>®® All the geometries were
optimized in the framework of DFT using the generalized
gradient approximation with Becke’s exchange functional
included with the correlation functional of Perdew
(BP86).>° " The basis set used has triple {-quality, augmented
with a double polarization function (def2-TZVPP).**> This is
represented as BP86/def2-TZVPP. The nature of the minimum
was characterized by calculating the Hessian matrix analyti-
cally. Single point calculations were done using the meta
hybrid-GGA MO06 functional with a triple {-quality double
polarization basis set (M06/def2-TZVPP).>* Reaction energies
were refined by taking electronic energy at the M06/def2-TZVPP
level with zero point correction from the BP86/def2-TZVPP
level. Gibbs free energies were calculated by taking electronic
energy at the M06/def2-TZVPP level with thermal correction to
the Gibbs free energy from the BP86/def2-TZVPP level. Natural
Bond Orbital (NBO) and Natural Population Analysis (NPA)
were done using the NBO 6.0 program package at the MO06/
def2-TZVPP//BP86/def2-TZVPP level of theory.>* NBO/NPA ana-
lysis gives the natural charge, second-order interaction, and
Wiberg Bond Index (WBI). The WBI gives the average electron
pairs shared between atoms, which can be taken as a measure
of the bond order. Multi-reference calculations were carried out
at the CASPT2(2,2)/cc-pVIZ level of theory using MOL-
PRO2012.1 program package.***” The active orbitals used for
calculation are c-lone pair type orbitals and the vacant p-type
orbitals on the carbene carbon atom. The Energy Decomposi-
tion Analysis coupled with Natural Orbital for Chemical
Valence (EDA-NOCV) was carried out at the BP86/TZ2P level
of theory using the ADF2020.102 program package.*®** Scalar
relativistic correction using the zeroth order regular approxi-
mation (ZORA) was incorporated and the core electrons were
treated with the frozen-core approximation.*®° The TZ2P basis
set with a small frozen core was employed for the calculations.
The frozen core orbitals considered for carbon is 1 s.

EDA calculates the intrinsic interaction energy (AEiy) (1)
between fragments A and B in molecule A-B. The interaction
energy can be considered as an indicator of the bond strength
between the two fragments under consideration. This inter-
action energy can be correlated to a physical observable, the
bond dissociation energy (D) by eqn (1). This makes the EDA
scheme a powerful tool for interpreting data regarding mole-
cular structure, bonding, and reactivity. Here, the AE,,., is the
deformation energy required for fragments A and B from their
respective ground and electronic states to the state where the
electronic and geometric state of the fragments is as that in
molecule A-B. It can be calculated using eqn (2).
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AEint =—D¢ + AEprep (1)
where,

AEprep = (E(A}S + Egs) - (EA + EB) (2)

The terms Ef° and E§° represent the electronic energy of the
fragments A and B in their respective ground states, while E,
and Eg refer to the electronic energy of the corresponding
fragments in their frozen geometries of the molecule.

The instantaneous interaction energy of a bond A-B, which
is an indicator of the bond strength, is partitioned into chemi-
cally meaningful components (eqn (3)). In the EDA scheme
given by Morokuma, this partitioning is as follows

AEint = AEelect + AEPauli + AEorb + AEdisp (3)

The term AE,.; corresponds to the quasi-classical electrostatic
interactions between the frozen electron density and the nuclei
on the fragments in the geometry. AEp,,; represents the
repulsive interactions between the fragments with the same
spin as they interact. AE,,, represents the energy stabilization
of orbitals through the bond formation and is an attractive
component.

The AE,, term can be again classified into contributions
from each symmetry-adapted interacting system. The natural
orbitals for chemical valence (NOCV) give an understanding of
the various orbital interactions between the fragments and the
contribution of each pair of the interacting orbitals (¥ _,/¥,) to
the total orbital stabilization energy (eqn (4)).

In the EDA-NOCV scheme, the AE,,, is expressed in terms of
NOCVs as

N/2 N/2
AEyp = Z AEy, = Z Vn [_in—n + FI1TI§:| (4)

n=1 n=1

—F", _, and Fy3, are the elements of the Kohn Sham matrix that
correspond to the NOCV pairs having eigenvalues v, and v_, in
the transition state electron densities. The orbitals possess a
negative value that indicates an antibonding nature, and those
with a positive value indicate a bonding nature. The strength of
these pairwise interactions can provide a deep insight about the
bonding interactions and the corresponding deformation den-
sities can give the direction of electron flow.

Results and discussion

The equilibrium geometries of pentacycloundecane, and sing-
let and triplet states of pentacycloundecanylidene and penta-
cycloundecanone were analyzed at the BP86/def2-TZVPP level of
theory (Fig. 1). The undecane consists of fused cyclic alkyl rings
viz. one four membered ring, four five membered rings and one
six membered ring. The six membered ring is in a boat
conformation. The flagpole hydrogens are the hydrogens
attached to the carbons, which are at the stern and bow of a
boat conformer of cyclohexane. These Hs point upwards like a
flagpole in a boat and cause steric repulsion. The corres-
ponding flagpole H-H distance is 2.149 A, which is longer than
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that of the cyclohexane in the boat conformer (1.830 A)
and shorter than in the twisted boat conformation (2.340 A).
Pentacycloundecane and its various derivatives were experi-
mentally isolated.>>> The removal of two hydrogen atoms of
one of the -CH, groups of the cyclohexyl ring results in the
corresponding carbene. The carbene, Ul and U2 are in the
singlet state whereas the U3 is in the triplet state. The orienta-
tion of the carbene bridge is different in U1-U3. These types of
bent carbene systems such as singlet 2-adamantylidene,
norbornene-7-ylidene, etc. are normally classified as foiled
carbenes. The foiling of these reported systems is established
as the consequence of an extra stabilization attained in the
particular geometry. We have calculated the deviation of the
carbene bridge for the corresponding -CH, group in undecane
(U) (Scheme 2). The carbene bridge in singlet isomer U1 is bent
towards the cyclohexyl -CH, group (0, = —17.1°) whereas the
carbene bridge in the other singlet isomer U2 is bent away from
the cyclohexyl -CH, group (0, = 27.5°). U1 is more stable than
U2 by 0.9 keal mol . The triplet state is 5.6 kcal mol ' higher
in energy than that of the most stable singlet U1. The carbene
bridge in the triplet state is not bent significantly with respect
to the undecane (0, = —0.7°). Note that the 2-adamantylidene
was experimentally isolated by Bally and coworkers. The sing-
let-triplet gap in 2-adamntylidene is only 3.1 kcal mol™'. We
have also calculated the transition state for the interconversion
of U1l and U2 (Uys, Fig. S1, ESIt). The corresponding energy
barrier is quite less (AE* = 1.3 kcal mol™* and AG' =
0.4 kcal mol'). Since the energy difference between the
isomers U1 and U2 is minimal and the transition state barrier
is less, we have calculated these isomers and transition states in
a multi-reference level at the CASPT2/cc-pVTZ level of theory.
The active orbitals used for calculation are c-lone pair type
orbitals and the vacant p-type orbitals on the carbene carbon
atom. It was found that the energy differences between U1 and
U2 are the same (0.9 kcal mol ") as the difference at the M06/
def2-TZVPP//BP86/def2-TZVPP level of theory. The transition
state barrier (1.7 kcal mol™") is found to be slightly higher than
at the MO06/def2-TZVPP//BP86-def2-TZVPP level of theory
(1.3 keal mol ') (Fig. S6, ESIt). Since the singlet carbene has
one vacant orbital (LUMO) and one sp-hybridized lone pair
(HOMO), we have used [2,2]-CASSCF calculation. Here, two
electrons and two orbitals are used in the active space. All
other unoccupied orbitals are high-lying C-C and C-H o*
orbitals. The CI vectors obtained from [2,2]-CASSCF calculation
for U1 and U2 are as follows,

Ver =P+ 69,

@, and @, represent the slater determinant having active space
configuration as 6 n° and c° n® respectively, where ¢ indicates
the valence sp-hybrid orbital on the carbene carbon atom and n
represents the valence p-type orbital on the carbene carbon
atom. The contributions from the other possible slater deter-
minants are negligible and hence are not given in the
above equation. The coefficients ¢; and c, for U1l are 0.98 and
—0.18 respectively and the corresponding coefficients for U2
are 0.99 and —0.16 respectively indicating that the ground state

This journal is © the Owner Societies 2024
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(5.6)
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U-CO
0,=-3.0°

Fig. 1 Equilibrium geometries of pentacycloundecane (U), singlet pentacycloundecanylidenes (U1 and U2), triplet pentacycloundecanylidene (U3) and
the undecanone (U-CO) at the BP86/def2-TZVPP level of theory. 6y, is the bending angle in degrees, the —ve sign indicates that the bending is towards
the cyclohexyl —CH, group and the +ve sign indicates that the bending is away from the cyclohexyl —CH, group (Scheme 2). Bond distances are given in
Angstrom and bond angles in degrees. Relative energies (in kcal mol™?) of the carbenes at the M06/def2-TZVPP//BP86/def2-TZVPP level of theory are

given in parentheses.

has a major contribution from the 6> n° configuration. We have
identified the normal modes of vibration corresponding to
carbene bridge bending in U1 and U2. The anharmonic vibra-
tional frequencies were calculated at the BP86/def2-TZVPP level
using the Gaussian 09 programme. 332 cm ™' and 230 cm ™" are
anharmonic vibrational frequencies corresponding to the
bending vibration of the bridging carbene carbon atom of U1
and U2 respectively. The corresponding harmonic vibrational
frequencies are 361 cm™ ' and 237 cm™ " respectively. The zero-
point energy calculated using anharmonic vibrational frequen-
cies for U1 and U2 are 166 cm ™ (7.6 x 10~ * a.u.) and 115 (5.3 x
10~* a.u.) em™ " respectively. The vibrational energies of these
normal modes of vibration are well below (1.1 keal mol " for U1
and 0.4 kcal mol ™" for U2) that of the electronic energy level of
the transition state (Fig. S7, ESIT). Hence, the possibility of co-
existence of both isomers is likely. Accordingly, we have con-
sidered both isomers of the singlet carbene U1l and U2 for
further bonding analysis. As per the experimental reports, the
oxidation of the pentacycloundecanylidene results in a ketone,
where the oxygen atom is added to the carbene carbon. The

This journal is © the Owner Societies 2024

reaction energy was calculated and found to be highly exother-
mic and exergonic (2U1 + O, — 2U-CO, AE = —241.3 kcal mol "
and AG = —230.2 kcal mol™'). Even though there are two
possible geometries for the singlet state, we could locate only
one minimum geometry for the undecanone (U-CO). The
cyclohexanone ring in the undecanone, U-CO, is also in
the boat conformation with a slight bending of the CO group
(Ob = —3.00).

Apart from the bending angle, other structural parameters
have also significant differences between carbene and ketone.
The C1-C2 and C1-C5 bonds of carbene and ketone are shorter
than the corresponding bonds in undecane as well as other C-C
bonds of the corresponding molecule. Among carbene and
ketone, the carbene has the shortest C1-C2 and C1-C5 bonds.
On the other hand, the proximal C2-C8 and C5-C6 bonds of
U1, U3, and U-CO are longer than those in the undecane. The
corresponding bond lengths in U2 are slightly shorter than the
other C-C bonds in the molecule. The C2-C3 and C5-C4 bonds
in U2 are longer than the corresponding bonds in other
molecules as well as other C-C bonds in U2. There are

Phys. Chem. Chem. Phys., 2024, 26,13452-13462 | 13455
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Scheme 2 Schematic representation of the bending angle of the car-
bene/CO bridge, 0y, in carbene and ketone. The bending angle is calcu-
lated using the expression 0, = / (A-B-C;H,) of U - /(A — B — C}) of UX,
X =12 3o0r-CO.

significant differences in the bending as well as the other
geometrical parameters when the undecanylidene changes to
undecanone.

The important frontier molecular orbitals (MO) of carbene
and ketone are given in Fig. 2. The LUMO and HOMO of
carbene Ul and U2 and singly occupied orbitals of U3 are
similar. The LUMOs of U1 and U2 are majorly p-orbital on the
carbene carbon atom with slight contribution from the one set
of vicinal C-C bonds viz. C2-C8 and C5-C6 in Ul and C2-C3

SOMO
(-5.11)

SOMO-1
(-6.60)
(c)

Fig. 2
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and C5-C4 in U2. The HOMO of singlet carbene is a c-type lone
pair orbital on the carbene carbon with contribution from the
second set of vicinal C-C bonds. On the other hand, the
corresponding singly occupied orbital SOMOs in the triplet
carbene U3 have contributions from both sets of vicinal C-C
bonds. The lone pair orbital in singlet carbene is an sp” hybrid
orbital having 47% s character and 53% p character in U1 and
44% s character and 56% p character in U2. Even though U1 is
more stable than U2, the HOMO-LUMO (H-L) gap of U2
(4.02 eV) is more than that of U1 (4.46 eV). Hoffmann proposed
that a value of at least 2 eV for the H-L gap is sufficient to
impose a singlet ground state indicating the stability of both
the singlet states U1 and U2.”*

We also analyzed the frontier MOs of the undecanone U-CO.
The HOMO of the ketone is mainly a lone pair orbital on the
oxygen atom having antibonding interaction with C1-C2 and
C1-C5 o bonds. The LUMO of the ketone is a m* orbital
centered on the C-O bond with a major contribution on the
C atom and a slight contribution from the one set of vicinal C-C
bonds. The H-L gap in the undecanone is 6.40 eV, which
is higher than that of the singlet carbene (4.02 eV for U1l and
4.46 eV for U2).

The numerical data obtained from the natural bond order
(NBO) and natural population analyses are correlated well with
the geometrical and molecular orbital data for the carbene and
ketone (Table 1). In corroboration with the geometrical data,
the C2-C8 and C5-C6 bond orders of U1 (0.93 and 0.88) and
U-CO (0.95 and 0.95), as well as C2-C3 and C4-C5 bond orders
of U2 (0.91 and 0.89), are slightly lower than those of other
bonds. Note that the vacant p-orbitals of the carbene carbon
atoms are significantly populated in the singlet carbenes (0.21e
in U1 and 0.25e in U2) indicating that electron deficiency of the

LUMO
(-0.36)

HOMO
(-6.76)
@

Important frontier molecular orbitals of (a) U1, (b) U2, (c) U3 and (d) U-CO. Eigenvalues are given in parentheses in eV. The isosurface value is 0.03.
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Tablel Wiberg bond indices of important bonds (WBI), natural charge on the carbene/carbonyl carbon C1 (g), orbital occupancy of important orbitals in
undecane U, singlet carbenes U1, U2, triplet carbene U3 and the ketone U-CO obtained from natural bond order (NBO) analysis at the M06/def2-

TZVPP//BP86/def2-TZVPP level of theory

WBI Occupancy

C2-C3 C4-C5 C2-C8 C5-C6 q(C1) C1(LP) C1(p)/C-O =* C2-C3/C4-C5 C2-C8/C5-C6
U 0.98 0.98 0.97 0.98 —0.40 — — 1.97/1.98 1.97/1.98
U1 0.96 0.95 0.91 0.89 0.18 1.90 0.21 1.97/1.97 1.92/1.89
U2 0.93 0.88 0.95 0.95 0.14 1.87 0.25 1.91/1.86 1.97/1.97
U3 0.95 0.94 0.93 0.93 0.23 0.97 1.03 1.96/1.95 1.95/1.95
U-CO 0.98 0.98 0.95 0.95 0.63 — 0.09 1.96/1.97 1.95/1.95
Table 2 Important second-order hyperconjugative interactions of U1, U2, U3 and U-CO calculated using natural bond order (NBO) analysis at the M06/

Def2-TZVPP//BP86/def2-TZVPP level of theory

Second-order interaction energy (kcal mol™)

C2-C3 to C1 (p)/ C4-C5 to C1 (p)/ C2-C8to C1 (p)/ C5-C6 to C1 (p)/ C1 (LP) to C2-

C1 (LP) to C4- C1 (LP) to C2- C1 (LP) to C5-

(60} CcO CcO co C3* C5* cs* Co6*
U1 — — 13.5 20.2 6.1 7.6 — —
U2 273 38.6 — — — — 10.2 10.7
U3 5.0 4.9 — — 7.6 8.8 3.4 3.0
U- 31 — 4.3 5.3 — — — —
co

carbene bridge is reduced by the second-order interaction. On
the other hand, the population of the C-O n* orbital in ketone
(0.09¢) is much less than that of the population of the p-orbital
in the singlet carbene. This suggests that the electrophilic
nature of the carbene carbon atom is much higher than that
of the carbonyl carbon atom in the ketone. The lone pair
occupancies are in the range of 1.87e-1.90e for the singlet
carbenes suggesting that they are stabilized by second-order
interaction. The natural charge on the carbonyl carbon in U-CO
(0.63) is significantly positive as compared to the carbene
carbon atom in singlet (0.14-0.18) and triplet carbenes (0.23).
Note that the charge on the carbon atom in undecane is
negative.

We have analyzed the nature of the second-order interaction
to explain the population of electron density in the empty
orbital of the carbene carbon atom in U1 and U2, and the C-
O n* orbital on ketone U-CO as well as the low value of the lone
pair occupancy in Ul and U2 (Table 2). The second-order
interaction data suggest two different types of hyperconjugative
interactions responsible for the stability of the system. The first
type is Cieplak-type hyperconjugation where the empty p-
orbital on the carbene carbon atom and C-O =n* orbital of
ketone are stabilized by accepting electrons from the C-C o
orbitals. The second type is Felkin-Anh type hyperconjugation
where the lone pair orbital is stabilized by donating electrons to
the C-C o* orbitals. Similar hyperconjugative interactions
were proposed for the stability of singlet 2-adamantylidene.
The Cieplak-type hyperconjugative stabilization energy of U1l
resulting from the donation of C2-C8 and C5-C6 ¢ bonding
electrons to the empty p-orbital on the carbene carbon atom is
33.7 keal mol . The corresponding value for U2 resulting from
the donation of C2-C3 and C4-C5 ¢ bonding electrons to the

This journal is © the Owner Societies 2024

empty p-orbital on the carbene carbon atom is 65.9 kcal mol .
Note that, the Cieplak-type hyperconjugative stabilization
energy of U-CO (12.7 kcal mol ') and the triplet carbene U3
(9.9 kcal mol ™) are quite less. On the other hand, the Felkin-
Anh type hyperconjugative energies are much less than that of
the Cieplak-type hyperconjugation values. The overall Felkin-
Anh type hyperconjugation energy of U2 and that for U3 is in
the range of 20.9-22.8 kcal mol~*. The corresponding value for
U1 is relatively low (13.7 kcal mol™"). Note that the Felkin-Anh
hyperconjugation is absent in the ketone.

To get a deep insight into the bonding and hyperconjuga-
tion present in the undecanylidenes and undecanone, we have
carried out an EDA-NOCV analysis at the BP86/TZ2P (ZORA)
level of theory by considering carbene carbon atom/CO groups
as one fragment and the rest of the cage as a second fragment.
The bonding possibility considered here is the classic electron-
sharing bonds between the carbene/ketonic carbon and the
cage fragment (Scheme 3).

The various energy components obtained from the EDA-
NOCYV analysis are given in Table 3. In corroboration with the
relative energy difference between Ul and U2, the AEj,
for U1l (—198.9 kcal mol™?) is slightly higher than that of U2
(—189.7 keal mol ). The C-C bonds of U1 and U2 have more
contribution from the covalent interaction (61-64%) as com-
pared to the electrostatic interaction (36-39%). The electro-
static stabilization energy of U1 (—302.0 kcal mol ™) is slightly
higher than that of U2 (—275.1 kcal mol ). Similar to the U1
and U2, the covalent contributions of the C-C bonds in the
triplet carbene U3 (55%) and the ketone U-CO (61%) are high
compared to the electrostatic stabilization (45% and 39%).
AEs; and AE;, are the orbital stabilization energy corres-
ponding to the two o bonding interactions between the
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Scheme 3 Schematic representation of the bonding possibility considered for EDA-NOCV analysis for (a) singlet carbene (U1 and U2), (b) triplet carbene
(U3) and (c) ketone (U-CO) by taking the carbene carbon/CO group as one fragment and the rest of the alkyl cage as another fragment.
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Table 3 EDA-NOCV results of singlet carbenes Ul and U2, triplet carbene U3, and the ketone U-CO at the BP86/TZ2P level of theory. Energies are in
kcal mol™

1951 U2 U3 U-CO

AEi —-198.9 —189.7 —289.6 —245.3

AEpagi 580.6 573.6 339.9 369.7

AEq, —302.0 (38.74%) —275.1 (36.04%) —283.4 (45.02%) —237.6 (38.63%)

AEo, —477.5 (61.26%) —488.2 (63.96%) —346.1 (54.98%) —377.4 (61.37%)

AEq, —237.2 (49.67%) —227.5 (46.60%) —157.3 (45.46%) —186.8 (49.50%)

AE, —186.5 (39.06%) —195.1 (39.96%) —143.2 (41.36%) —150.7 (39.93%)

AEp, —30.1 (6.30%) —38.3 (7.85%) —20.4 (5.89%) —13.8 (3.66%)

AEp, —12.3 (2.57%) —14.8 (3.03%) —13.0 (3.76%) —9.6 (2.54%)

AErest —11.4 (2.39%) —12.5 (2.56%) —12.2 (3.52%) —16.5 (4.34%)
Eprep 33.3 25.3 127.1 156.5

—165.6

—164.4

—162.5

—88.8

“vValues in parentheses give the percentage contribution to the total attractive interactions AEee + AEqyp. ” Values in parentheses give the
percentage contribution to the total orbital interaction AEg,. AErest = AEor, — (AEgy + AEgy + AEpy + AEps). AEp, and D, represent the preparatory

and dissociation energy, respectively.

carbene/ketone and cage fragments (Fig. S2-S5, ESIf). AEs,
represents the interaction between the bonding combination of
sp-hybrid orbitals on the cage carbons and 2p, orbital on the
carbene/ketone fragment, whereas the AE,, represents the
interaction between the antibonding combination of sp-
hybrid orbitals on the cage carbons and the 2p, (carbene
carbon)/n* (ketone carbon) orbitals. These interactions consti-
tute the major part of the total orbital stabilization energy (85—
90%) in all molecules. There are two more important energy
components contributing to the orbital stabilization energy in
the carbenes, viz. AEy; and AEy,. The AEy; corresponds to a
Cieplak-type hyperconjugation whereas the AE, represents a
Felkin-Anh type hyperconjugation. The deformation density
plots for AEy; and AE},, are given in Fig. 3a—c. The stabilization
energy corresponding to the Cieplak-type hyperconjugation is
most contributing in all carbene systems as compared to
Felkin-Anh type hyperconjugation. Note that the extent of
Felkin-Anh-type hyperconjugation is moreover the same in all

13458 | Phys. Chem. Chem. Phys., 2024, 26, 13452-13462

carbene systems (—12 to —15 kcal mol™'). Even though the
Cieplak-type conjugation is higher for U2, U1 is slightly more
stable than U2. This can be attributed to the extra stabilization
energy obtained through electrostatic interaction in U2. This is
also evident from the slightly higher NBO positive charge on
the carbene carbon atom in U1 as compared to that in molecule
U2. On the other hand, the extent of Cieplak-type hyperconju-
gation energy in the triplet carbene U3 is much lower (—20.4
kcal mol %) than that of the singlet carbenes (—30.1 kcal mol *
for U1 and —38.3 kcal mol ™" for U2). Note that the magnitude
of orbital stabilization energy is much lower in the triplet
carbene than the singlet carbenes. However, the interaction
energy of the triplet carbene is found to be more than that of
the singlet carbene, which can be attributed to the lower values
of Pauli’s repulsion in the former. The Cieplak-type hypercon-
jugation is also present in the ketone (Fig. 3d) by the donation
of C2-C8 and C5-C6 ¢ bonding molecular orbitals to the C-O
n* molecular orbital. The extent of stabilization due to the

This journal is © the Owner Societies 2024
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(-30.1) (-12.3) (-38.3) (-14.8)
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AEy, AEy, AEy, AEy,
(-20.4) (-13.0) (-13.8) (-9.6)
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Fig. 3 Deformation density plots corresponding to the hyperconjugative interactions present in (a) U1, (b) U2, (c) U3 and (d) U-CO. Isosurface value is
0.003. The charge flow is from red to blue. Corresponding energies in kcal mol™! are given in parentheses.
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Ul-H* U2-H* Ul-H- U2-H-
0,=-27.3° 0,=43.6° 0,=-3.2° 0,=6.5°
= 0 =28.2° 0,=28.6°
] (262.6) (262.9) (98.4) (99.5)

U-CO-H-
(53.0)

Fig. 4 Equilibrium geometries and important parameters of the protonated adduct and hydride adduct of U1, U2 and U-CO at the M06/def2-TZVPP//
BP86/def2-TZVPP level of theory. 0y, is the bending angle in degrees, and 0, is the pyramidalization angle around C1, calculated as 360 — (L C5-C1-H +
/. C2-C1-C5 + £ C2-C1-H). Distances are given in angstroms, and angles are given in degrees. Corresponding PA or HA values in kcal mol™* are given
in parentheses.

Cieplak-type hyperconjugation (—13.0 kcal mol™") is less than in the ketone is not the Felkin-Anh type hyperconjugation
half of those present in the singlet carbenes. The AEy,, present present in the carbenes, rather it is a hyperconjugative
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interaction by the donation of the oxygen lone pair to the C1-C2
and C1-C5 o* orbitals. The extent of this hyperconjugation is
comparatively lower (—9.6 kcal mol ') than that of the Cieplak-
type of hyperconjugation (—13.0 kcal mol %)

Reactivity of the singlet carbenes (U1 and U2) and ketone (U-
Co)

To explore the reactivity of the singlet carbenes and ketone, we
have calculated proton and hydride affinities. The protonated
adducts and the hydride adducts are given in Fig. 4. The
calculated proton affinities are 262.6 kcal mol " for U1l and
262.9 kcal mol™* for U2. These PA values are quite high and
comparable with the PA of NHCs (250-254 kcal mol %),
norbornene-7-ylidene (263 kcal mol™') and 2-adamantylidene
(261.6 keal mol™). The C5-C6 bond is quite elongated (1.957 A)
as compared to the C2-C8 bond (1.615 A) in U1-H*. On the
other hand, the C5-C4 bond is elongated significantly (1.907 A)
compared to the C2-C3 bond (1.565 A) in U2-H". This can be
attributed to enhanced Cieplak-type hyperconjugatuve inter-
action in the protonated structure. The corresponding values
from the NBO analysis are —206.9 kcal mol " for the donation
of C5-C6 and —10.8 kcal mol™" for the donation of C2-C8
bonds to the empty p-type orbital on the formal carbocationic
centre in Ul. The corresponding value for the donation of
the C5-C4 bond is —464.3 kcal mol " and for the donation of
C2-C3 is —19.0 kcal mol™" to the empty p-type orbital on the
formal carbocationic centre in U2. The Cieplak-type hypercon-
jugative interaction values of the protonated structure from
the EDA-NOCV analysis are —85.0 kcal mol™* for U1l-H* and
—84.0 kcal mol™" for U2-H* (Table 4 and Table S1, ESIf). The
Felkin-Anh hyperconjugation is absent in the protonated
structures.

We have also calculated the hydride affinity values to check
the electrophilicity of the singlet carbene carbon atom. The HA
values are 98.4 kcal mol ™" for U1 and 99.5 kcal mol " for U2.
The HA values are also high as compared to the electrophilic
BH; (73.1 keal mol ') and the NHCs (8.0 kcal mol ') and
comparable to 2-adamntylidene (97.6 kcal mol ™). The addition
of hydride into the empty p-orbital on the carbene carbon atom
induces pyramidalization around the carbene centre. The
corresponding angles in U1-H™ and U2-H are 28.2° and
28.6°, respectively. The hydride addition enhances the Felkin-
Anh type hyperconjugative interactions as compared to those of
singlet carbenes. The corresponding values from the NBO
are —24.0 kcal mol ™' for U1-H~ and —38.2 kcal mol "
for U2-H . The corresponding EDA-NOCV analysis values are

Table 4 The hyperconjugation values obtained for the proton adducts of
singlet carbenes Ul and U2 (U1-H*, U2-H*), hydride adducts of the singlet
carbenes Ul and U2 the ketone U-CO (U1-H™, U2-H™ and U-CO-H") from
the EDA-NOCV analysis at the BP86/TZ2P level of theory. Energies are in
kcal mol™*

U1-H* U2-H* Ul-H™ U2-H™ U-CO-H™
AEpn, —85.0 —84.0 — — —
AEp, — — —29.1 —32.0 —
13460 | Phys. Chem. Chem. Phys., 2024, 26, 13452-13462
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—29.1 keal mol™" for U1-H™ and —32.0 kcal mol™" for U2-H™
(Table 4 and Table S1, ESI¥). It is noteworthy that the bending
of C1 is reduced in both molecules (—3.2° for U1-H™ and 6.5°
for U2-H ). This can be attributed to the absence of Cieplak
hyperconjugation due to the unavailability of a vacant p-orbital.
So, it is established that both the structural isomers of unde-
canylidene are ambiphilic in nature. We have also calculated
the hydride affinity of the undecanone. The hydride is added to
the C-O n* orbital, which has a major contribution on the
ketonic carbon atom. However, the hydride affinity value of U-
CO is much lower (53.0 kcal mol™') compared to the carbene
systems (98-99 kcal mol ™).

Conclusions

We have carried out a detailed computational quantum
mechanical study of pentacycloundecanylidene (U1, U2 and
U3) and its ketone derivative pentacycloundecanone (U-CO).
The spectroscopically identified pentacycloundecanylidene
possesses a singlet ground state with a singlet-triplet gap of
5.6 kcal mol~'. The singlet state exhibits two geometrical
isomers (U1 and U2), which have different orientations of the
carbene bridge. The energy gap between these isomers is
minimal (0.9 kcal mol™"). The cyclohexane ring in which the
carbene bridge is a part possesses a boat conformation. The
geometrical analysis established that the carbene bridge shows
a bending compared to the saturated undecane. The bending is
significant in the case of singlet isomers (—17.1° for Ul and
27.5° for U2) compared to the almost non-bent triplet analogue
(—0.7°). So, the singlet isomers can be classified as foiled
carbenes. The MO analysis suggests that the singlet pentacy-
cloundecanylidene could display ambiphilic reactivity due to
the presence of o-type lone pair and p-type vacant orbitals. The
second-order perturbation analysis using NBO shows two sig-
nificant types of hyperconjugative interactions in U1 and U2,
viz. Cieplak-type hyperconjugation and Felkin-Anh hypercon-
jugation. The Cieplak-type hyperconjugation is more in magni-
tude compared to the Felkin-Anh type. On the other hand, in
the triplet U3, the hyperconjugative interactions are very mini-
mal as compared to the singlet states. The detailed bonding
analysis using the EDA-NOCV method also bolstered the
presence of hyperconjugative interactions where the Cieplak-
type interaction is major in singlet systems. This emphasizes
that the Cieplak-type hyperconjugative interaction stabilizes
the singlet isomer. The high proton and hydride affinities of
U1 and U2 indicate the ambiphilic reactivity. The oxidation of
the carbene results in the undecanone U-CO, the reaction
energy calculations show that this reaction is highly exothermic
and exergonic. The undecanone possesses a singlet ground
state (U-CO). The bending of the CO bridge in the ketone is
much less (—3.0°) compared to the bending of the carbene
bridge in the singlet pentacycloundecanylidene. The MO ana-
lysis suggested the presence of a low-lying C-O n* orbital in U-
CO. The NBO and EDA-NOCYV analysis indicated the existence
of Cieplak-type hyperconjugation in U-CO, but less in
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magnitude compared to the carbene systems. The undecanone
also shows hydride affinity but comparatively less than that of
the singlet isomers. This study reveals that the singlet penta-
cycloundecanylidene is a foiled carbene stabilized by the
Cieplak-type hyperconjugation and can show ambiphilic reac-
tivity. Also, the oxidized product, undecanone, exhibits less
bending than the singlet carbenes and the extent of Cieplak-
type hyperconjugation is also less. The undecanone possesses
electrophilic reactivity, but less than that of singlet carbene
systems.
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