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CHAPTER-A4

Ylide Decorated Monovalent Group 13 Carbenoids and
Probing their potential towards Activation of
Enthalpically Strong Bonds.

Abstract: In the first part of this chapter, we present the results of
our computational studies on the stabilization of neutral, monomeric
five-membered boron(l) carbenoids by employing two different
ylide functionalities, viz., a conventional carbon-based phosphorous
ylide and a zwitterionic four-membered cyclic ylide. The boron(l)
carbenoids proposed in this study possess the highest singlet-triplet
energy separation values (AEs-t = 25.5-42.3 kcal mol™) known to
date and are strongly nucleophilic in nature. In addition, the majority
of these borylenes are found to be capable of activating a variety of
enthalpically strong bonds such as C-H and C-F bonds, whose
computed relatively lower energy barriers than experimentally
evaluated systems such as cAAC confirm their potential in small
molecule activation. In addition, combined Activation Strain Model-
Energy Decomposition Analysis (ASM-EDA) methodology was
applied to quantitatively rationalize the different reactivity trends
exhibited by the proposed borylenes.

In the second part of this chapter, we have shown
computationally the remarkable ability of strongly electron donating
ylidic functionalities in stabilizing singlet group 13 carbenoids with
promising ligand properties. All the proposed carbenoids are found
to be considerably nucleophilic and possess significant singlet-triplet
energy separation values. The calculated activation barriers and
reaction free energies obtained for the cleavage of different
enthalpically strong bonds by these carbenoids are found to be either
comparable or lower to those of the experimentally evaluated
aluminium and gallium carbenoids thereby indicating their potential
in small molecule activation.
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Chapter 4

[4.1] Stable N-Heterocyclic Borylenes with Promising Ligand Properties: A
Contribution from Theory

[4.1.1] Introduction

The ground-breaking discovery of a bottleable and crystalline singlet N-heterocyclic
carbene (NHC, la, Scheme 4.1.1) [1] by Arduengo in 1991 as well as the isolation of the
game-changing cyclic alkyl amino carbene (CAAC, I1) [2] by Bertrand in 2005 brought a
paradigm shift in both main-group and transition metal chemistry. Owing to the
availability of high-lying donor and low-lying acceptor orbitals of appropriate symmetry,
they could mimic the behaviour of transition metals [3] and are extensively used in
several key areas such as in the stabilization of unusual or reactive species [4-8], small
molecule activation [9-11] and transition metal catalysis etc [12]. The heavier analogues
of NHC, viz., N-heterocyclic silylene (NHSI, Ib) and germylene (NHGe, Ic) are also
known and they too are explored comprehensively [11,13]. The monovalent group 13
carbenoids, which are isoelectronic to divalent group 14 compounds (e.g. NHC), are also
known for the heavier AI-TI(IIl) [14-17] derivatives and are found to be capable of
exhibiting metallomimetic behaviour such as small molecule activation [11]. The first
addition to this class of compounds came from Roesky and coworkers with the isolation
of a neutral six membered Al(l) carbenoid (I11a) supported by a bulky B-diketiminate
(NacNac) ligand framework [14]. This was followed by the synthesis of its gallium

analogue (I111b) by Power and coworkers [15]. However, the synthesis and isolation of a
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Scheme 4.1.1: Schematic representation of some of the experimentally known group 13
and group 14 bases discussed in this study.

Page|4.1



Chapter 4

neutral monomeric cyclic boron(l) carbenoid has remained elusive to date; this may be
attributed to smaller energetic separation between the valence s and p orbitals as well as
low singlet-triplet (AEs_1) separation [13,18]. In this context, it is pertinent to mention
the existence of mono- and bis(Lewis base) stabilized borylenes that have been
synthesized by various groups over the years and interestingly, some of them are capable
of activating different enthalpically strong bonds (C-H, C-C and B-H) and small
molecules like H> and N2 [19]. Similarly, efforts made towards the isolation of a B(l)
carbenoid, however, resulted in the formation of either an anionic species (1V) [20] or a
transition metal complex (V) [21]. Recently, based on computational studies, we
proposed a couple of B(l) carbenoids having considerable AEs T values [22].
Phosphorous ylides are found to be useful in stabilizing group 14 bases as exemplified
by the isolation of VI and V11 [23-29]. By virtue of the presence of a pseudo lone pair at
the carbon atom, these ylides can function as strong n-donating substituents that can be
employed towards the stabilization of reactive low-valent main-group species [30].
Based on these reports, we envisage that phosphorous ylides could be promising systems
for the stabilization and isolation of the hitherto unknown cyclic boron(l) carbenoids.
Herein, we present the results of our computational studies on the stabilization of neutral,
monomeric five-membered boron(l) carbenoids by employing two different ylide
functionalities, viz., a conventional carbon-based phosphorous ylide and a zwitterionic
four-membered cyclic ylide [31] (Scheme 4.1.2) and their potential in small molecule
activation. Furthermore, in order to make our study meaningful to synthetic chemists, the
various electronic, thermodynamic and Kinetic parameters of these proposed molecules
are compared to those of synthetically amenable compounds such as cAAC (11) and
Roesky’s Al(I) carbenoid (111a) [32].

[4.1.2] Computational Details

Density functional theory calculations were carried out to optimize all the
molecules without any symmetry constraints by employing the meta-GGA MO06
exchange—correlation functional [33] in combination with the valence polarized def2-
TZVP basis set for all the elements [34, 35]. Frequency calculations were carried out at
the same level of theory to check the nature of the stationary points and all the molecules
were found to be minima with real vibrational frequencies. The transition states were

characterized by the presence of only one imaginary frequency, which was further
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Scheme 4.1.2: Schematic representation of the cyclic five-membered boron(l)
carbenoids considered in this study.

confirmed by performing intrinsic reaction coordinate (IRC) calculations at the same
level of theory. Dispersion effects were incorporated by using the D3 version of
Grimme’s dispersion correction coupled with the original D3 damping function with the
keyword Empiricaldispersion = GD3 [36]. Solvent effects (Toluene) were incorporated
by using the polarizable continuum model (PCM) [37]. The ultrafine grid was used
throughout the calculations. Bonding analyses were performed with the help of the NBO
routine [38,39] as implemented in the Gaussian 09 suite of programs [40]. The reliability
of the calculated AEs 1 values were checked by recalculating them with three different
functionals: PBEOQ [41], ®B97XD [42] and B3PW91 [43]. Furthermore, to check the
presence of any internal instability in 1-9, we performed stability tests on the single-
determinant wave functions of the optimized geometries of 1-9 (both singlet and triplet
states) [44,45]. The activation energy barriers for all the bond splitting processes were
evaluated with respect to the sum of the energies of the separated reactants. Furthermore,
to check the reliability of the calculated energetics of the different reactions considered
in this study, we recalculated a few of them by employing different functionals (PBEO

[41] and ®B97XD [42]). The energetics for all the calculations were evaluated in terms
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of change in Gibbs free energies at 1 atm pressure and 298 K temperature unless

otherwise specified.

Activation strain model of reactivity and energy decomposition analysis

Within the ASM method [46], also known as the distortion/interaction model
[46c], the potential energy surface AE(C) is decomposed along the reaction coordinate, C,
into two contributions, namely the strain AEsain(C) associated with the deformation (or
distortion) required by the individual reactants during the process and the interaction

AEint(€) between these increasingly deformed reactants:
AE(C) = AEstrain(C) + AEint(C)

Within the EDA method [47], the interaction energy can be further decomposed into the
following chemically meaningful terms:
AEint(C) = AVeistat(C) + AEpauli(C) + AEorn(C) + AEdisp(C)

The term AVeistat cOrresponds to the classical electrostatic interaction between the
unperturbed charge distributions of the deformed reactants and is usually attractive. The
Pauli repulsion AEpaui comprises the destabilizing interactions between occupied orbitals
and is responsible for any steric repulsion. The orbital interaction AEqm accounts for
bond pair formation, charge transfer (interaction between occupied orbitals on one
moiety with unoccupied orbitals on the other, including HOMO-LUMO interactions),
and polarization (empty-occupied orbital mixing on one fragment due to the presence of
another fragment). Moreover, the NOCV (Natural Orbital for Chemical Valence) [48]
extension of the EDA method has been also used to further partition the AEom term. The
EDA-NOCV approach provides pairwise energy contributions for each pair of
interacting orbitals to the total bond energy.

The program package ADF [49] was used for EDA calculations using the
optimized PCM-M06-D3/def2-TZVP geometries at the same DFT level in conjunction
with a triple-C-quality basis set using uncontracted Slater-type orbitals (STOs)
augmented by two sets of polarization functions with a frozen-core approximation for
the core electrons [50]. Auxiliary sets of s, p, d, f, and g STOs were used to fit the
molecular densities and to represent the Coulomb and exchange potentials accurately in

each SCF cycle [51]. Scalar relativistic effects were incorporated by applying the zeroth-
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order regular approximation (ZORA) [52]. This level of theory is denoted ZORA-
MO6/TZ2P//PCM(toluene)-M06-D3/def2-TZVP.

[4.1.3] Results and Discussion

The optimized geometries of 1-9 in their singlet states possess a planar five-
membered central ring (Figure 4.1.1). All the newly designed B(l) carbenoids exhibit a
stable singlet ground state, which is evident from their calculated moderate-to-high AEs-
tvalues (Figure 4.1.2). We optimized both the singlet and triplet states of 1-9 to evaluate
their AEs_t values. Moreover, analysis of the Mulliken spin density values for the triplet
states of 1-9 reveals that for molecules 1, 2, 5 and 7-9, the spin is delocalized over the
borylene framework while for 3, 4 and 6, the spin is mostly localized at the central boron
atom (Table 4.1.1). Furthermore, it should be noted that the calculated AEs 1 values of 1,
2, 5 (8.5-15.7 kcal mol™?, Figure 4.1.2) and 8 (19.2 kcal mol™) are low-to-moderate
thereby ruling out their possible experimental realization and hence these molecules are
not considered for small molecule activation (vide infra). Interestingly, incorporation of
the strongly electron-donating four-membered ylide functionality into the ring
framework of 1, 2, 5 and 7 dramatically lifts the AEs r values of 3, 4, 6 (AEs_t= 31.5—-
42.3 kcal mol™) and 9 (31.6 kcal mol™) respectively; this may be attributed to enhanced
charge transfer from the a-nitrogen atom (w.r.t. the central boron atom) to the vacant p
orbital at the boron atom. This is also evident from the calculated B—N bond lengths,
which are found to be considerably shorter in 3, 4, 6 and 9 than that in their respective
parent B(l) carbenoids. It is encouraging to note that the AEs T values of 4 and 6 are very
high and especially, the AEs_tvalue of 6 is comparable to that of synthetically accessible
CAAC (42.7 kcal mol™, calculated at the same level of theory). To the best of our
knowledge, except 3, 4, 6, 7 and 9 no other neutral monomeric cyclic B(I) carbenoids are
known to date with such large singlet-triplet separations. The higher singlet state
stability of 4 and 6 may be attributed to the presence of two strongly n-donating groups
close to the B(l) center that significantly stabilizes the n-symmetric occupied orbital
compared to that in either 2 or 3, which is decorated with only one n-donating group
(Figure 4.1.3). Also, we argue that the presence of thermodynamically strong exocyclic
P—N bonds further contribute towards the improvement of the singlet state stability of 3,
4,6 and 9.
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Figure 4.1.1: Pictorial representation of the singlet state optimized geometries of 1-9
calculated at M06-D3/def2-TZVP (Toluene) level of theory. The occupancy of the
formally vacant p- orbital centered at the boron atom for 1-9 are given within
parenthesis. Bond lengths and bond angles are given in A and degree (°) respectively.
The HOMO-LUMO (AEw.L, in eV) gap values for 1-9 are given in italics.
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Figure 4.1.2: Calculated (M06-D3/def2-TZVP (Toluene)) energies (in eV) of the donor
(Es) and acceptor orbitals (Ex*) concentrated at the boron atom for 1-9 in their singlet
state. Also given are the singlet-triplet energy separations (AEs.t) and proton affinities

(PA).

Table 4.1.1: Calculated (M06-D3/def2-TZVP (Toluene)) Mulliken spin densities at the
central boron atom and a-nitrogen and carbon atoms (w.r.t. the central boron atom) of

the triplet states for 1-9.

Molecules B Na Co/Na
1 1.056 -0.050 0.002
2 0.586 0.058 0.259
3 1.675 -0.018 0.086
4 1.675 0.015 0.123
5 1.061 -0.068 0.049
6 1.613 -0.057 -0.015
7 1.270 -0.024 -0.087
8 1.003 -0.007 -0.042
9 1.036 -0.056 -0.035
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-7.9 eV

6
Figure 4.1.3: Pictorial representation of the occupied m-symmetric molecular orbitals

(along with their energies in eV) for 2, 3, 4 and 6 calculated at the M06-D3/def2-TZVP

(Toluene) level of theory.

Furthermore, it is evident from Figure 4.1.2 that substitution of the amino group in 7 by
an ylidic moiety vyielded structure 8 with a considerably lower singlet—triplet energy
separation value (19.2 kcal mol™). Such a reduction in the AEs t value of 8 may be
attributed to the inductive destabilization of its singlet state. Calculations at different
levels of theory provide similar AEs_t values (Table 4.1.2) thereby supporting the level
of theory used in this study. In addition, the thermodynamic stabilities of 1-9 were
further judged by separately calculating the hydrogenation energies of their singlet and
triplet states (Table 4.1.3). Interestingly, the differences in the calculated hydrogenation
energies for the singlet and triplet states (AEnydro) Of 1-9 are found to be in excellent
agreement with their respective AEs_t values. In addition, the calculated AEs_t values of
3,4, 6 and 9 are found to be comparable (3 and 9) and higher (4 and 6) than that of the
experimentally determined singlet-triplet energy separation value of the parent B-H
(AEs.t = 30 kcal mol™) moiety [53]. Furthermore, 3, 4, 6, 7 and 9 also possess
significant kinetic stability as evident from the calculated higher HOMO-LUMO gaps
(Figure 4.1.1). We did not obtain any internal instability for 1-9.

The ligand properties of 1-9 were examined by evaluating the energies of their o-
symmetric donor (Es, in €V) and -symmetric acceptor orbitals (E*», in eV) concentrated
at the boron atom. It is evident from Figure 4.1.2 that all the newly proposed borylenes

exhibit substantially higher electron donation ability (E varies from —2.9 to —4.1 eV)
Pagel|4.8
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Table 4.1.2: Calculated singlet-triplet energy separation values (AEs.t, in kcal mol™) for
1-9 with different functionals.

AEsT
Molecules MO6 PBEO ©B97XD B3PWO1
1 85 4.0 85 24
2 15.7 13.0 16.1 13.3
3 315 25,8 31.8 26.4
4 36.1 30.7 40.2 303
5 14.3 11.0 14.7 11.8
6 423 37.8 436 38.1
7 255 21.9 25.4 21.7
8 19.2 15.2 17.9 15.1
9 31.6 28.1 31.2 27.9

Table 4.1.3: Calculated (M06-D3/def2-TZVP (Toluene)) hydrogenation energy values
(in kcal mol™) for 1-9 in their singlet and triplet states. The difference in the calculated
hydrogenation energy values for the singlet and triplet states (AEwydro) Of 1-9 are given in
kcal mol™.

Molecule Hydrogenation Energy
Singlet Triplet AEnydro
1 29.8 21.3 8.5
2 53.9 38.2 15.7
3 38.8 7.3 315
4 51.8 15.6 36.2
5 48.3 33.9 14.4
6 46.9 4.5 42.4
7 39.8 14.3 25.5
8 46.6 27.4 19.2
9 44.6 13.0 31.6

than that of either NHC la (6.5 eV) or cAAC Il (-5.8 eV) although all of them possess
low m-acidity (E*x = —0.3 to 1.4 eV). Furthermore, it should be noted that 3, 4, 6 and 9,
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which are decorated with a four-membered ylidic moiety, exhibit superior electron
donation ability compared to their parent analogs; this may be attributed to the inductive
destabilization of the boronic lone pair as the valence shell of the ylidic nitrogen atom
gets saturated by withdrawing electron density from the electron-rich P(N'Pr,), fragment.
Thus, 1-9 may be considered as strongly nucleophilic ligands and their nucleophilicity is
probed by evaluating their proton affinities (PAs). As expected, all these molecules
possess very high PA values (323-349 kcal mol™, Figure 4.1.2) and are appreciably
higher than those calculated for either NHC (255.0 kcal mol™) or cAAC (287.6 kcal
mol ™). The calculated PA values of 1-9 are in good agreement with their respective Es
values and indeed, we obtained a good linear relationship (R? = 0.84, omitting the point
corresponding to 8, Figure 4.1.4) when plotting the calculated PA vs. the E; values. The
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Figure 4.1.4: Correlation plot between proton affinity (PA, in kcal mol™?) and E, (in eV) values
for 1-9 (omitting the point corresponding to 8).

significant singlet state stability of 3, 4, 6, 7 and 9 coupled with promising ligand
properties make them interesting synthetic targets and this motivated us to undertake a
comprehensive study towards probing their potential in small molecule activation.

We began our reactivity study of the proposed borylenes by considering the
activation of dihydrogen and methane as these are some of the most widely investigated
reactions. Interest in the activation of Hx stems from the fact that it is a key step in
various reaction processes such as hydroformylation and hydrogenation [54,55]. On the
other hand, C—H activation helps in the functionalization of hydrocarbons as value added
products. Earlier, the splitting of the enthalpically strong H-H and C—H bonds (bond
dissociation energies of H-H and C-H bonds are 104.2 and 105.0 kcal mol™
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respectively) [56] was carried out by transition metal (TM) complexes and are well
documented [57]. However, TM complexes are generally not only expensive but also
toxic and hence, alternatives were sought. Environmentally benign single-site main
group systems that can exhibit metallomimetic behavior are ideal candidates for such a
task [3,11]. A number of main group systems are known to activate dihydrogen and
methane under ambient reaction conditions [9a,e,11,58,59]. For example, in 2007,
Bertrand and coworkers reported the facile splitting of dihydrogen by employing a
strongly nucleophilic cAAC ligand [9a]. Similarly, in a recent study, Wang and
coworkers reported the oxidation of methane under mild conditions by a carbene
stabilized hydroborenium complex yielding the corresponding methylborenium complex
[60]. Prompted by these reports, we decided to investigate the potential of 3, 4, 6, 7 and

9 towards the activation of these enthalpically strong bonds.

[4.1.3.1] Activation of Dihydrogen

The mechanism of activation of Hz by 3, 4, 6, 7 and 9 is envisioned to be similar to that
for activation by cAAC (11) [9], i.e., the interaction of the lone pair at boron with the
o*n-n orbital generates a hydridic hydrogen that is captured by the positively polarized
boron center. The overall process proceeds via a transition state (TS) featuring a
substantially elongated and polarized H-H bond. We searched for the probable TSs and
the optimized geometries of all the TSs involved in the activation of dihydrogen by 3, 4,
6, 7,9, I, lllaand I11b is shown in Figure 4.1.5. Some of the computed structures along
the reaction pathway for the activation of H, by 3 are shown in Figure 4.1.6 as an
illustrative example. All the computed TSs (3TSHH, 4TSHH_7TSHH and 9TSHH)
exhibit substantially elongated (0.894-1.073 A) and polarized H-H bonds (Table 4.1.4)
with the positively polarized hydrogen atom being strongly bonded to the boron center
(Wiberg Bond Index (WBI) = 0.499-0.628) whereas the hydridic hydrogen remains
detached from it (B—H® bond length = 1.865-2.494 A). Nonetheless, the calculated WBI
values between the central boron and the hydridic hydrogen atoms (WBI = 0.324-0.518)
indicate the presence of considerable bonding interactions between them. This is further
corroborated by a comparison of the occupancies of the vacant p orbital at boron in the

TS and the parent compounds (Table 4.1.4 and Figure 4.1.1).
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Figure 4.1.5: Optimized geometries of the transition states (TS) involved in the
activation of dihydrogen by 3, 4, 6, 7, 9, 11, I11a and I11b (bond lengths are given in A)
at M06-D3/def2-TZVP (Toluene) level of theory.
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LP(B) —» o*(H-H) O(H-H)—»p.(B)
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Product

Figure 4.1.6: Some representative structures along the reaction pathway obtained from
IRC calculations (PCM(toluene-)M06-D3/def2-TZVP) for the activation of dihydrogen
by 3 (bond lengths are given in A). The hydrogen atoms of the methyl groups are
omitted for clarity. Inset: deformation densities of the dominant orbital interactions in
complex 4TSHH. The colour code used to represent the flow of charge is red—blue.

These results are in line with the bonding analysis provided by the EDA-NOCV
method. According to this approach, two main orbital interactions dominate the
borylene-mediated dihydrogen activation reactions, namely donation from the LP(B) to
the o*(H-H) molecular orbital and reverse donation from the doubly-occupied o(H-H)
molecular orbital to the vacant p; atomic orbital of the boron atom (see inset in Figure
4.1.6). Not surprisingly, the LP(B) — o*(H-H) interaction is much stronger than the
reverse o(H-H)—pz(B), which confirms the high nucleophilicity of the considered
borylenes. This is also consistent with the asymmetric nature of the located transition
states (i.e. the formation of both B—H bonds does not occur simultaneously but at rather

different stages of the transformation, Figure 4.1.6).
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Table 4.1.4: Calculated (MO06-D3/def2-TZVP (Toluene)) important geometrical
parameters, natural charges at the pseudo hydridic hydrogen (H¥) and positively
polarized hydrogen atom (H%) and occupancies of the formally vacant p. orbital
centered at the central E atom (E = B, Al, Ga and C) for the transition state involved in
the activation of Hz by 3, 4, 6, 7, 9, I1, I1la and I11b. The bond lengths are given in A.
The Wiberg Bond Index values (WBI) are given within parenthesis.

Molecules H¥*-H¥ E-H¥»  E-H¥ q gu®*  Occp,

[I-TSHH 1076 1950  1.213 -0.196 0.185 0.756
(0.315)  (0.465)  (0.621)

la-TSHH 1266 1973 1591 -0.250 -0.159 0.511
(0.228)  (0.689) (0.721)

Ib-TS*H 1398 1994 1556 -0.269 -0.097 0.552
(0.167)  (0.727)  (0.773)

3TSHH 0894  1.865 1420 -0.046 0021 0.452
(0.480)  (0.468)  (0.499)

4TSHH 1035 2482 1525 -0.380 -0.030 0.404
(0.457)  (0.324)  (0.523)

6TSHH 1073 2180  1.361 -0.269 -0.019 0.425
(0.349)  (0.467)  (0.628)

7TSHH 0922 1787 1367 -0034 0034 0.497
(0.422)  (0.518) (0.561)

9TSHH 1035 2108  1.368 -0.217 -0.023 0.462
(0.365)  (0.505)  (0.615)

The free energy barriers for the activation of Hz (AG°tsH-H*) lie within 14.4—18.5
kcal mol™ (Table 4.1.5) with the highest barrier height being computed for 6. In addition,

it is inspiring to note that the computed AG°rsH-H* values are appreciably lower (two
times lower for H» activation by 3 and 4) than those computed for the experimentally
evaluated cAAC (1) which is known to activate H> under ambient reaction conditions.

The calculated AG°tsHH* values are also found to be substantially lower (two-to-four
times) than those calculated for the heavier group 13 carbenoids Illa and Illb at the
same level of theory (AG°tsH+* = 39.9 and 56.4 kcal mol™ for Illa and Illb
respectively). Moreover, the calculated reaction free energies (AG°toaH-H) for 3, 4, 6, 7
and 9 are found to be substantially exergonic (-48.8 to -61.4 kcal mol™?) indicating the
feasibility of the reactions. The relative ease of activation by 3, 4, 6, 7 and 9 than that by
Il may be attributed to the substantially higher nucleophilicity of the former (vide

supra). Therefore, from the calculated free energy barriers as well as reaction free
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energies, the computationally discovered borylenes 3, 4, 6, 7 and 9 may be considered as

promising candidates for the activation of dihydrogen under ambient reaction conditions.

Table 4.1.5: Calculated activation energy barriers and reaction free energies for the
formation of the E-H (E = H and N) and C-F bond splitting products obtained for 3, 4,
6, 7 and 9 at the M06-D3/def2-TZVP (Toluene) level of theory. The energetics for the
activation of H> and NHs by the experimentally evaluated cAAC (11) is also given for
comparison. The energies are given in kcal mol™.

Entry | AGorshH'  AGCProwHH | AGOTSNHY  AGOTomNH | AGOTSCH  AGOTotaCF
3 14.4 -61.1 16.4 -63.4 20.0 -99.9
4 14.4 -48.8 11.9 -50.5 20.6 -92.0
6 18.5 -53.9 19.5 -58.8 22.9 -96.2
7 18.1 -61.4 19.4 -67.4 22.7 -103.8
9 17.3 -56.1 18.5 -63.1 20.6 -99.2
I 28.7 -43.0 305 -26.4

[4.1.3.2] Activation of Ammonia

Another molecule of interest is ammonia as it prefers to form classical Werner-
type amine complexes with transition metal compounds over the N-H bond splitting
product [61]. This prompted us to further probe the potential of 3, 4, 6, 7 and 9 towards
the activation of NH3z and compare it with cAAC (1), which is known to cleave the N-H
bond under ambient reaction conditions [9]. Since 3, 4, 6, 7 and 9 are strongly
nucleophilic in nature, therefore, activation of the N-H bond by them is envisioned to
occur in a similar fashion to that for H-H activation mentioned earlier. In other words,
the reaction process is initiated by the transfer of electron density from the boron lone
pair of electrons to one of the N—H antibonding orbitals thereby yielding a pseudo-amide
(NH2%) fragment, which is captured by the vacant p orbital at boron to produce the
desired N—H bond splitting product. All the TSs exhibit substantially elongated (1.397—
1.490 A) and polarized N-H bonds (Figure 4.1.7 and Table 4.1.6) with the positively
polarized hydrogen atom being strongly bonded to boron (WBI = 0.660-0.712) while the
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NH2®~ fragment remains away from it (B-NH,>" bond distance =2.700-2.833 A). The
substantial polarization of the elongated N-H bond can be corroborated by the NBO-
based natural charge values, which indicate the presence of considerable positive and
negative charges at the hydrogen (0.147 to 0.166) and nitrogen atoms (—1.222 to —1.277)
of the pseudo-amide fragment respectively. In all the TSs, the lone pair at the nitrogen
atom is directed away from the boron center thereby supporting the nucleophilic mode of
activation (Figure 4.1.8) [9a]. Furthermore, the occupancy of the vacant p orbital at
boron increases considerably in 3TSNH 4TSN-H @TSN-H 7TSN-H gnd 9TSNH
compared to that in 3, 4, 6, 7 and 9 respectively indicating the presence of considerable
bonding interactions between the pseudoamide fragment and boron (Table 4.1.6 and
Figure 4.1.1).

Table 4.1.6: Calculated (MO06-D3/def2-TZVP (Toluene)) important geometrical
parameters, natural charges at the nitrogen atom of the pseudo amide fragment (NH2%),
positively polarized hydrogen atom (H%) and occupancies of the formally vacant px
orbital centered at the central E (E = B and C) atom for the transition state involved in
the activation of NHz by 3, 4, 6, 7, 9 and 1. The bond lengths are given in A. The
Wiberg Bond Index values (WBI) are given within parenthesis.

Molecules — H3*—H,N¥ E-NH®  E-H% ONHS qud* Occp,

11-TSNH 1542 2.428 1156  -1.165 0.324  0.792
(0.177) (0.401)  (0.695)

3TSNH 1.416 2.731 1406  -1224 0155  0.275
(0.277) (0.301)  (0.678)

4TSNH 1.397 2.833 1495  -1.277  0.166  0.586
(0.286) (0.190)  (0.660)

6TSNH 1.490 2.745 1490  -1.241  0.148  0.445
(0.242) (0.290)  (0.712)

7TSNH 1.446 2.700 1364  -1.222 0153  0.608
(0.256) (0.320)  (0.709)

9TSNH 1.453 2.743 1376 -1236 0147  0.312
(0.253) (0.290)  (0.707)

The activation barrier (AG°tsN-HY) lies within 11.9-19.5 kcal mol™ with the
highest and lowest barrier being computed for 6 and 4 respectively (Table 4.1.5).
Furthermore, it is encouraging to note that once again all the newly designed ylide
anchored B(l) carbenoids outperform the experimentally evaluated I1 in the N-H bond
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4TsNH

6TSNH

w
9TSN-H lI-TsN-H

Figure 4.1.7: Optimized geometries of the TSs involved in the activation of NHz by 3, 4,
6, 7, 9 and 11 (bond lengths are given in A) at M06-D3/def2-TZVP (Toluene) level of
theory.
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3TSNH

7TSNH

9TSN-H I1-TsN-H

Figure 4.1.8: Pictorial representation of the molecular orbital showing the orientation of
the amino lone pair for the transition states (TS) involved in the activation of NHz by 3,
4,6,7,9and Il at M06-D3/def2-TZVP (Toluene) level of theory.
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activation process which computes considerably higher AG°sN-H* value (30.5 kcal mol-
1) than those obtained for 3, 4, 6, 7 and 9. In fact, the computed barrier height for
activation by 4 is less than half that for activation by Il. In addition, the calculated
reaction free energies for 3, 4, 6, 7 and 9 are considerably exergonic (-50.5 to -67.4 kcal
mol™?) thus indicating the feasibility of the reaction.

To quantitatively understand the enhanced reactivity of borylenes over the parent
cAAC (1) towards the ammonia activation reaction, the activation strain model (ASM)
of reactivity was applied next. Figure 4.1.9 shows the corresponding activation strain
diagrams (ASDs) of the 4 + NHs3 and Il + NHs reactions from the initial stages of the
process up to the corresponding transition states and projected onto the N---H bond-
breaking distance. From data in Figure 4.1.9, the process involving 4 benefits from a
slightly lower destabilizing strain energy (AEstain), Which indicates that 4 requires less
deformation to adopt the geometry of the corresponding transition state than carbene I1.
This is also related to the fact that 4TSN is reached earlier than 1ITSNH and therefore
the reaction 4 + NHzs requires less deformation. In addition, the interaction between the
increasingly deformed reactants (AEin)) is clearly much stronger for the activation
reaction mediated by 4 along the entire reaction coordinate. For instance, at the same

consistent N---H bond-breaking distance of ca. 1.4 A, AEint = -33.0 kcal mol™ for the 4 +
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Figure 4.1.9: Comparative activation strain diagrams for the NHsz-activation reactions
mediated by 4 (solid lines) and Il (dotted lines) along the reaction coordinate projected
onto the breaking N---H bond distance. All data have been computed at the
PCM(toluene)-M06-D3/def2-TZVP level.
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NHj3 reaction whereas a lower (less stabilizing) value of -19.8 kcal mol™? was computed
for the analogous process mediated by Il. This difference in the interaction energy,
AAEint = 13.2 kcal mol™, roughly matches the difference in the total energy, AAE = 17.2
kcal mol™?. Therefore, the predicted enhanced reactivity of borylenes with respect to
cAAC (I1) in their ammonia activation reactions finds its origin mainly in the enhanced
interaction between the reactants and, albeit to a much lesser extent, in a less
destabilizing deformation energy. A rather similar ASDs were found for the dihydrogen
activation reactions mediated by 4 and 11 (Figure 4.1.10), thus confirming the key role of
the interaction between the reactants on the enhanced reactivity of borylenes.

The Energy Decomposition Analysis (EDA) method was used next to understand
the factors leading to the stronger AEint for the transformation involving 4. Initially, this
can be ascribed to the higher nucleophilicity of the LP(B) as compared to LP(C) (see
above). However, our EDA calculations (see Figure 4.1.11 for the evolution of the EDA
terms along the reaction coordinate) indicate that the total orbital interactions, AEom
(which are dominated by the LP(B/C)—c*(N-H)) are stronger for the process involving
the cAAC (I1). In addition, the latter process also benefits from stronger electrostatic
attractions (AVeistat), Which suggests that none of these attractive interactions are at all

responsible for the higher interaction computed for the reaction involving 4. At variance,
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Figure 4.1.10: Comparative activation strain diagrams for the H-activation reactions
mediated by 4 (solid lines) and Il (dotted lines) along the reaction coordinate projected
onto the breaking H---H bond distance. All data have been computed at the
PCM(toluene)-M06-D3/def2-TZVP level.
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Figure 4.1.11: Comparative energy decomposition analysis for the NHz-activation
reactions mediated by 4 (solid lines) and Il (dotted lines) along the reaction coordinate
projected onto the breaking N---H bond distance. All data have been computed at the
ZORA-MO06/TZ2P//PCM(toluene)-M06-D3/def2-TZVP level.

the borylene-mediated reaction benefits from a much less destabilizing Pauli repulsion
(AEpauii), which efficiently offsets the less favourable orbital and electrostatic attractions
and leads to the observed stronger interaction.

The origin of the lower (i.e. less destabilizing) Pauli repulsion in the 4 + NH3
reaction was investigated by performing a Kohn-Sham molecular orbital (KS-MO)
analysis. It is found that the computed reduction in the Pauli repulsion results from a less
destabilizing four-electron interaction involving the LP(B) and the key doubly-occupied
o(N-H) molecular orbital as compared to the same interaction involving the LP(C) of the
carbene I1. This is reflected in a significant reduction in the overlap involving these
orbitals: at the same consistent N---H bond-breaking distance of ca. 1.4 A, the computed
<LP(B)|c(N-H)> overlap for the reaction involving 4 is lower (S = 0.32) than that
(<LP(C)|o(N-H)>) for the analogous NHz-activation involving 11 (S = 0.34). A similar
reduction in the overlap was computed for the analogous four-electron interaction
involving the adjacent (i.e. not activated) N-H bond (S = 0.11 vs S = 0.15, for the
reactions involving 4 and 11, respectively). This result resembles that reported for

different cycloaddition reactions where, despite exhibiting favourable HOMO(donor)-
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LUMO(acceptor) interactions, are controlled by a significant reduction of the involved
Pauli repulsion, which is also reflected in a lower overlap [62].
A closer inspection of the data gathered in Table 4.1.5 indicates that the barrier

for the activation of NH3 mediated by 3 is kinetically more difficult (AG°TsN-H* = 16.4

kcal mol™?) than the analogous process involving 4 (AG°sN-H* = 11.9 kcal mol™). To
understand the reasons behind this markedly different reactivity between these strongly
related borylenes, we applied once again the ASM of reactivity for the NH3 activation
reactions involving 3 and 4.

Figure 4.1.12 shows the corresponding ASDs for both transformations from their
initial stages up to the corresponding transition states and projected onto the B---H bond-
forming distance. From the data in Figure 4.1.12, it becomes clear that the reaction
involving 3 benefits from a lower strain energy along the entire reaction coordinate.
Despite that, the analogous NH3 activation promoted by 4 proceeds with a lower barrier
because the interaction between the deformed reactants is clearly much more stabilizing.
This stronger interaction compensates for the more destabilizing AEstain term and is
therefore solely responsible for the enhanced reactivity of this species as compared to 3

in the NHsz-activation.
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Figure 4.1.12: Comparative activation strain diagrams for the NHs-activation reactions
mediated by 3 (dotted lines) and 4 (solid lines) along the reaction coordinate projected
onto the forming B---H bond distance. All data have been computed at the
PCM(toluene)-M06-D3/def2-TZVP level.
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According to the EDA method, the stronger interaction computed for the 4 + NH3
reaction results from stronger electrostatic and orbital interactions along the entire
reaction coordinate (Figure 4.1.13). Both attractive terms compensate for the less
destabilizing Pauli repulsion computed for the analogous activation reaction involving 3.
For instance, at the same consistent B---H bond-forming distance of 1.5 A, AAEq = 16.1
kcal mol™t and AAVeistar = 9.4 kcal mol™ favouring the reaction involving 4, whereas
AAEpaui = -9.4 kcal mol? favouring the process mediated by 3, which results in a

stronger interaction for former reaction (AAEin = 16.1 kcal mol™).
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Figure 4.1.13: Comparative energy decomposition analysis for the NHz-activation
reactions mediated by 3 (dotted lines) and 4 (solid lines) along the reaction coordinate
projected onto the forming B---H bond distance. All data have been computed at the
ZORA-MO06/TZ2P//PCM(toluene)-M06-D3/def2-TZVP level.

The NOCV extension of the EDA method was applied next to gain further insight
into the orbital interactions leading to the stronger AEon computed for the 4 + NH3
reaction. The NOCV identifies the donation from the LP(B) to the o*(N-H) molecular
orbital as the main orbital interaction in the process (Figure 4.1.14). Interestingly, this
LP(B)—o*(N-H) interaction is significantly stronger for the 4 + NHs reaction than for
the analogous reaction involving 3, which is translated into the computed higher AEom
and stronger AEint, ultimately leading to the observed lower barrier. For instance, at the
same consistent B---H bond-forming distance of 1.5 A, the stabilizing energy associated
with this orbital interaction is -57.9 kcal mol™ for the 4 + NH; reaction, whereas a much

lower value of -45.2 kcal mol™* was computed for the 3 + NHs reaction (Figure 4.1.14).
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Therefore, the replacement of the methyl groups in the carbon atom adjacent to the boron
atom in borylene 3 by the PMes group in 4 further enhances the nucleophilicity of the

borylene leading to a stronger LP(B)—c*(N-H) molecular orbital interaction.

AE g1y = ~57.9 keal mol-* AE g1y = ~45.2 kcal mol-

Figure 4.1.14: Plot of the deformation densities of the pairwise orbital interactions in the
NHz activation reactions mediated by 4 (left) and 3 (right), and associated stabilization
energies AEorm() computed at the same consistent B---H bond-forming distance of 1.5 A.
The color code of the charge flow is red — blue. All data have been computed at the
ZORA-M06/TZ2P// PCM(toluene)-M06-D3/def2-TZVP level.

[4.1.3.3] Activation of Methane
Based on frontier molecular orbital theory (FMO), Bach and coworkers proposed

two different approaches viz., ocH, and mcH, (Scheme 4.1.3) via which a singlet
methylene (:CH3) can insert itself across the C—H bond of methane [63]. In the ochHy
approach, the vacant p orbital of the carbene molecule interacts with a filled ocH,
fragment orbital of methane while in the ncH, approach, it interacts with a m-symmetric

filled orbital (Scheme 4.1.3). Furthermore, the addition of carbene across the C—H bond

GCHZ

|
e - T

C. ”
H/ O ”’//H 7

H H

Scheme 4.1.3: Schematic representation of och, and mcH, mode of carbene insertion into
the C—H bond of methane proposed by Bach and coworkers [63].
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via mcH, mode may proceed via two different paths as shown in Scheme 4.1.4. Approach
A represents the carbene insertion via mcH, mode, while approach B denotes the inverted
TicHp. Bettinger and coworkers employed the same methodology to investigate the
addition reaction of acyclic borylenes (:B—-R) across the C—H bond of methane [64].

Accordingly, we have considered all the possible approaches while studying the

reactivity of 3, 4, 6, 7 and 9 towards the C—H bond activation of methane.
-1
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Scheme 4.1.4: Schematic representation of two different ncH, approaches for the carbene
insertion into the C—H bond of methane.

The TSs located for the different approaches (och, and inverted nchy) are shown
in Figure 4.1.15 for molecule 3 as a representative example (for others, see Figure 4.1.16
and Figure 4.1.17). The important geometrical parameters for the TSs obtained for 3, 4,
6, 7 and 9 via different approaches are given in Table 4.1.7 and Table 4.1.8. The TSs
obtained for 3, 4, 6, 7 and 9 via the ocH, approach exhibit significantly elongated and
polarized C-H bond (1.436-1.624 A) with the hydrogen atom strongly bonded to the
central boron atom (WBI = 0.626-0.729) while the CH3 fragment remains detached from
it (B—CHs bond distance = 2.339-2.959 A, Figure 4.1.15 and Table 4.1.7). However, the
calculated WBI values between the central boron atom and the methyl carbon atom
(WBI = 0.271-0.538) indicate the presence of considerable bonding interaction between
them. The reaction finally gets completed by the eventual migration of the methyl
fragment towards the boron atom to yield the desired C—H oxidative addition product.
Despite our best efforts, we could not locate the probable TS for pathway A but could

obtain the same for pathway B (Figure 4.1.15 and Figure 4.1.17). Akin to the och,

approach, the TS obtained for the inverted mch, approach exhibits a significantly
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elongated and polarized C-H bond (Table 4.1.8). However, the TS involved in the
inverted mcH, approach exhibits a somewhat shorter C—H bond distance than the one
obtained for the ocH, approach (Table 4.1.7 and Table 4.1.8). Finally, the simultaneous

addition of the hydrogen and CH3 fragment to the central boron atom yields the desired

C—H bond splitting product.

3Ts CH 3TS,H(inverted)

Figure 4.1.15: Optimized geometries of the transition states located for the activation of
methane by 3 via och, and inverted nich, approaches (bond lengths are given in A) at
PCM(toluene)-M06-D3/def2-TZVP level.

Table 4.1.7: Calculated (MO06-D3/def2-TZVP (Toluene)) important geometrical
parameters, natural charges at the carbon atom of the CHs% fragment, positively
polarized hydrogen atom (H®) and occupancies of the formally vacant p- orbital
centered at the central E (E = B and C) atom for the transition state involved in the
activation of CH4 by 3, 4, 6, 7, 9 and 11 via och, approach. The bond lengths are given in

A. The Wiberg Bond Index values (WBI) are given within parenthesis (X = C and N).

Molecules  H3—H3C% E-CHs> E-H% qcu® qu®*  Ocep,

11-TSCH 1557 2343 1167 -0827 0277 0832
(0.224)  (0.518) (0.674)

3TSCH 1.436 2402 1342 -0862 0112 0.374
(0.336)  (0.510) (0.633)

ATSCH 1.540 2059 1484 -1.062 0100 0.542
(0.339)  (0.271) (0.626)

6TSCH 1.624 2633 1302 -0.948 0081 0.448
(0.239)  (0.460)  (0.729)

7TSCH 1.439 2339 1319 -0.834 0116 0.439
(0.325)  (0.538) (0.650)

9TSCH 1.509 2482 1318 -0.894 0.092 0.438

(0.288)  (0.496)  (0.685)
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9TS CH I-ts CH

Figure 4.1.16: Optimized geometries of the transition states (TS) involved in the
activation of C—H bond of CH4 by 3, 4, 6, 7, 9 and 11 (bond lengths are given in A) via
ocH, approach at M06-D3/def2-TZVP (Toluene) level of theory.
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9TS=CH (inverted) I-TS7CH (inverted)

Figure 4.1.17: Optimized geometries of the transition states (TS) involved in the
activation of C—H bond of CHa by 3, 4, 6, 7, 9 and I (bond lengths are given in A) via
inverted mcH, approach at M06-D3/def2-TZVP (Toluene) level of theory.
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Table 4.1.8: Calculated (MO06-D3/def2-TZVP (Toluene)) important geometrical
parameters, natural charges at the carbon atom of the CHs¥ fragment, positively
polarized hydrogen atom (H%") and occupancies of the formally vacant p. orbital
centered at the central E (E = B and C) atom for the transition state involved in the
activation of CH4 by 3, 4, 6, 7, 9 and 11 via inverted nich, approach. The bond lengths are
given in A. The Wiberg Bond Index values (WBI) are given within parenthesis.

Molecules  H¥-HsC¥ E-CHs® E-H¥ qcn® gu®  Ocop,

11-TSCH 1.238 1833  1.322 -0.649 0298 0.740
(0.468)  (0.551) (0.401)

3TSCH 1.254 1865 1369 -0.781 0.237 0.637
(0.582)  (0.582) (0.403)

4TSCH 1.268 1862 1357 -0.783 0.257 0.606
(0.474)  (0.584)  (0.404)

6TSCH 1.267 1.844  1.385 -0.779 0212 0.579
(0.483)  (0.601)  (0.430)

7TSCH 1.251 1.834  1.384 -0.796 0.240 0.488
(0.501)  (0.604) (0.397)

9TSCH 1.276 1831 1382 -0.799 0.233 0.635

(0.474)  (0.623)  (0.425)

Furthermore, it should be noted that in the ocH, approach, the hydrogen atom of
the activated C—H bond can readily move towards the boron center whereas in the
inverted mch, approach, the migration of the hydrogen atom takes place from the
backside of the boronic lone pair [63]. Therefore, a relatively higher barrier height can
be anticipated for the inverted mchH, approach than that of the ocH, one. As expected, the
barrier heights obtained for activation via the inverted nch, approach are computed to be
considerably higher (almost two times) compared to the one obtained for cch, approach
(Table 4.1.9). Therefore, it can be concluded that all the newly proposed borylenes will
favor the ocH, approach over the inverted mch, one. In addition, the reaction free
energies for 3, 4, 6, 7 and 9 are considerably exergonic (-37.2 to -53.5 kcal mol?)
implying the feasibility of the reaction. Further, it is encouraging to note that the barrier
heights obtained for 3, 4, 6, 7 and 9 via ocH, approach are comparable to that obtained
recently for the activation of methane by a carbene-stabilized hydroborenium complex
[60]. Similarly, the barrier heights obtained for the newly proposed borylenes via

inverted mch, approach are found to be comparable to those reported by Bettinger and
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coworkers for a series of acyclic borylenes (:B—-R) [64]. In addition, the much higher
barrier obtained for activation by Il (40.1 kcal mol™?) is consistent with the lack of

methane activation promoted by cAAC.

Table 4.1.9: Calculated activation energy barriers and reaction free energies for the
formation of the C—H bond splitting products obtained for 3, 4, 6, 7, 9 and Il via och2
and inverted mtcH2 approach at the M06-D3/def2-TZVP (Toluene) level of theory.

Entry AG°TanHZC'HI AG®Tss CHZc-H]r AGCTotalC-H
(inverted)
3 50.8 29.1 -52.3
4 58.3 28.0 -37.2
6 59.7 31.7 -45.0
7 52.0 29.0 -53.5
9 59.7 29.9 -49.2
I 62.7 40.1 -28.2

The combined ASM-EDA methodology was also applied to rationalize, in a

quantitative manner, the strong preference for the och, approach over the alternative

TicHy activation. From the data in Figure 4.1.18, the preference for the former approach
results almost exclusively from a much stronger interaction between the deformed
reactants along the reaction coordinate. This, in turn, derives, according to the EDA
method (Figure 4.1.19) exclusively from a much less destabilizing Pauli repulsion and
not from the orbital or electrostatic attractions which are stronger for the mcH, activation.
Our calculations therefore suggest that the origin of the preferred och, pathway results
from a less destabilizing four-electron interaction between the LP(B) of the borylenes
and the closest doubly occupied o(C—H) molecular orbitals of methane. In other words,
the steric repulsion is the sole factor controlling the approach of the borylene to the

methane molecule.
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Figure 4.1.18: Comparative activation strain diagrams for the CHs-activation reactions
mediated by 3 in the o-approach (solid lines) and inverted m-approach (dotted lines)
along the reaction coordinate projected onto the forming B---H bond distance. All data
have been computed at the PCM(toluene)-M06-D3/def2-TZVP level.
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Figure 4.1.19: Comparative energy decomposition analysis for the CHgs-activation
reactions mediated by 3 in the c-approach (solid lines) and inverted r-approach (dotted
lines) along the reaction coordinate projected onto the forming B---H bond distance. All
data have been computed at the ZORA-MO06/TZ2P//PCM(toluene)-M06-D3/def2-TZVP
level.

[4.1.3.4] Activation of Fluorobenzene
Inspired by the ease with which 3, 4, 6, 7 and 9 activate dihydrogen, methane and
ammonia, we finally decided to check the ability of these borylenes in the activation of

the C—F bond of fluorobenzene. C—F bond activation is one of the most demanding
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reaction processes (C—F bond dissociation energy of CsHsF is 127.2 kcal mol™) [56] in
materials, agrochemical and pharmaceutical industry [65,66] that often needs drastic
reaction conditions or specially designed TM catalysts [67,68]. However, there is
precedence in the literature about the use of main group compounds which are capable of
activating robust C—F bonds under ambient reaction conditions [11,69]. For example, in
a recent study, Nikonov and coworkers reported the facile splitting of the C—F bond for a
couple of fluoroarene molecules with the assistance of the NacNac ligand supported
AI(l) carbenoid (I11a) [70]. However, Illa was unable to cleave the C—F bond of
fluorobenzene even at higher temperatures (100°C). In this context, it is pertinent to
mention the recent DFT study by Wang and coworkers who have highlighted the fact
that activation of the C—F bond by Illa computes a very high barrier and this could be
one of the reasons why Illa failed to activate the C—F bond even under elevated reaction
conditions [71].

The mechanism involved in the activation of C(sp?)—F bond by 3, 4, 6, 7 and 9 is
similar to that described for the activation of H> and NHs and hence won’t be repeated
here. The transitions states (3TSCF, 4TSCF, 6TSCF, 7TSCF and 9TSCF) feature the
fluorine atom in a bridging position between boron and the Ce¢Hs fragment (Figure
4.1.20). The calculated barrier heights lie within 20.0-22.9 kcal mol™? (Table 4.1.5) that
should be easily surmounted thermally while Ill1a computes a relatively higher barrier
(29.2 kcal mol™). Our results indicate that, unlike I11a which could not activate the C—F
bond even at higher temperature, 3, 4, 6, 7 and 9 should be able to activate the same
under mild conditions. Furthermore, the calculated reaction free energies (AG°toa® ") are
computed to be remarkably exergonic (-92.0 to -103.8 kcal mol™). From the calculated
AG°1sS Tt and AG°to®F values, it can be envisioned that the cyclic borylenes proposed
in this study may be considered as suitable candidates for the activation of C—F bond.

Furthermore, we have also investigated the possibility of the activation of C—H
bonds (para, meta and ortho) of fluorobenzene by employing 3, 4, 6, 7 and 9. The
reaction free energies for the splitting of all three kinds of C—H bonds by 3, 4, 6, 7 and 9
are found to be exergonic thereby indicating the feasibility of the reaction. However, it
should be noted that the barrier heights obtained for C—H activation by the proposed
borylenes are found to be comparable to that of the C—F bond activation process (Table
4.1.5 and Table 4.1.10). Thus both the C-H and C-F bond activated product may be
expected upon reaction of fluorobenzene with 3, 4, 6, 7 and 9. The optimized geometries
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6TSCF 7TSCF

9TSCF la-TSC¢F

Figure 4.1.20: Optimized geometries of the transition states (TS) involved in the
activation of C—F bond of CeHsF by 3, 4, 6, 7, 9 and Illa (bond lengths are given in A)
at M06-D3/def2-TZVP (Toluene) level of theory.
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of all the TS involved in the activation of C-H bond by 3, 4, 6, 7 and 9 are given in
Figures 4.1.21-4.1.23.

Table 4.1.10: Calculated (M06-D3/def2-TZVP(toluene)) activation energy barriers and
reaction free energies (in kcal mol™) for the activation of the C—H (para, meta and ortho)
bond of CeHsF by 3, 4, 6, 7 and 9.

para meta ortho
Molecules | Agort  AG°Tom | AGOrst  AG°Totl | AGOTst  AG°Tow
3 22.7 -57.7 20.0 -58.6 17.4 -58.0
4 18.3 -48.0 16.6 -48.4 14.7 -48.8
6 25.0 -50.8 22.8 -51.3 20.8 -49.5
7 25.1 -60.1 23.8 -60.7 21.6 -61.0
9 24.8 -54.2 23.5 -55.8 20.6 -54.8

We finally explore the factors behind the observed reactivity trends involving the
activation of the different C—H bonds with the help of the ASM approach. To this end,
we selected the C—H activation reactions involving borylene 3. From the computed
activation strain values (see Table 4.1.11), it becomes evident that the lower barriers for
the activation of the C—H bonds in CeHsF as compared to CHs mainly result from a
much stronger interaction between the deformed reactants despite the activation strain
energies being more destabilizing for the reactions involving the aromatic system. The
higher reactivity (i.e. lower barrier) of the ortho-C—H bonds as compared to the
analogous meta- and para-counterparts finds its origin not only in a slightly higher

interaction but mainly in a less destabilizing activation strain.

Table 4.1.11: Computed ASM values (in kcal mol™?) for the C-H activation reactions
involving borylene 5. All data have been computed at the PCM(toluene)-M06-D3/def2-
TZVP level.

reaction AE? AEstrain” AEint*

3+ CHs (o) 20.8 32.2 -11.4

3 + CeHsF (ortho) 8.2 33.6 -25.4
3+ CsHsF (meta) 12.0 36.3 -24.3
3 + CeHsF (para) 13.3 37.5 -24.3
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3TSP(CH)

6TSPICH)

2.690 1,499

9TsP(CH)

Figure 4.1.21: Optimized geometries of the transition states (TS) involved in the
activation of para C—H bond of CeHsF by 3, 4, 6, 7 and 9 (bond lengths are given in A)

at M06-D3/def2-TZVP (Toluene) level of theory.
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6TS™(CH)

9TSM(CH)

Figure 4.1.22: Optimized geometries of the transition states (TS) involved in the
activation of meta C—H bond of CsHsF by 3, 4, 6, 7 and 9 (bond lengths are given in A)
at M06-D3/def2-TZVP (Toluene) level of theory.
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4780(CH)

6TS(CH) 7TS0(CH)

9TSCH)

Figure 4.1.23: Optimized geometries of the transition states (TS) involved in the
activation of ortho C—H bond of C¢HsF by 3, 4, 6, 7 and 9 (bond lengths are given in A)
at M06-D3/def2-TZVP (Toluene) level of theory.
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Further, we have recalculated reaction free energies and barrier heights for some
of the representative calculations considered in this study by employing PBEO and
®»B97XD functionals and obtained comparable values to those obtained at M06 level of

theory (Table 4.1.12) thereby lending credence to the level of theory used in this study.

Table 4.1.12: Calculated activation energy barriers and reaction free energies (in kcal
mol™?) for the formation of the E-H (E = H, N and C) splitting products obtained for 3, 4,
6, 7 with different functionals.

MO06 PBEO wB97XD
Molecules AGrs AG°total AGrs' AG®Total AGOTs AG®1otal
4+ Ha 14.4 -48.8 11.6 -47.0 14.7 -46.9
7+ Ho 18.1 -61.4 14.5 -62.8 18.8 -60.7
3+ NHs 16.4 -63.4 14.0 -63.6 15.9 -62.7
7 + NHs 19.4 -67.4 17.1 -68.1 20.2 -65.8
6 + CHa 31.7 -45.0 31.8 -44.6 35.6 -44.0
9+ CHs 29.9 -49.2 29.4 -49.2 33.3 -48.4

[4.1.4] Conclusions

Density functional theory calculations suggest that strongly m-electron donating groups
such as amino or ylides may be used for the stabilization of neutral monomeric five-
membered boron(l) carbenoids (1-9, Scheme 4.1.2). It is encouraging to note that the
molecules 3, 4, 6, 7 and 9 compute the highest singlet-triplet separation values (AEs.t =
25.5-42.3 kcal mol™) known to date, and to the best of our knowledge, no other cyclic
borylenes are known with such large values thus highlighting the remarkable power of
ylides in stabilizing unusual species. In addition, the calculated AEs.t values are found to
be either comparable or higher than that of the synthetically amenable Roesky’s Al(I)
carbenoid (34.1 kcal mol™?) or cAAC (42.7 kcal mol™) further providing a hint towards
their possible isolation. In addition, 3, 4, 6, 7 and 9 are remarkably nucleophilic and
compute considerably lower barrier heights for the activation of E-H (E = H, C and N)
and C—F bonds compared to that of the experimentally evaluated systems. According to
our ASM-EDA(NOCYV) calculations, the enhanced reactivity of the proposed borylenes

as compared to the parent cCAAC (I1) finds its origin in a lower Pauli repulsion of the
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LP(B) with the key o-(E-H) molecular orbital ultimately leading to a much stronger
interaction between the deformed reactants. Our findings clearly confirm the potential of
these proposed cyclic borylenes in small molecule activation and call for sustained

synthetic efforts toward their synthesis and isolation.
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[4.2] Unravelling the Potential of Ylides in Stabilizing Low-Valent Group 13
Compounds: Theoretical Predictions of Stable, Five-membered Group 13 (Al and
Ga) Carbenoids Capable of Small Molecule Activation

[4.2.1] Introduction

The synthesis of a “bottleable” singlet cyclic carbene (NHC) [1] and its unmatched
potential in several chemical process such as stabilization of highly reactive molecules
[2-3], olefin metathesis [4-5] and other catalytic process [6-10] has inspired the synthesis
of other potent carbenes such as cyclic(alkyl)(amino)carbene (cCAAC) [11] and diamido
carbene (DAC) [12]-to name a few. It may be worthwhile to mention that prior to the
advent of such strongly nucleophilic and ambiphilic carbenes, it was the transition metal-
based systems that enjoyed the monopoly in small molecule activation. While Lewis
basic group 14 compounds had already made their mark in coordination and main group
chemistry, similar group 13 compounds are yet to achieve that kind of a feat because of
the difficulties associated with the isolation of these compounds in low oxidation state
(i.e. +1) [13]. The two most celebrated examples of experimentally characterized group
13 carbenoids are [{HC(CMeNAr)}Al] [14] (I, Scheme 4.2.1) and
[{HC(CMeNAr):}Ga] [15] (11, Ar = 2,6-'Pr,CeHs) and they are found to be capable of
performing various chemical reactions. For example, Nikonov et al. experimentally
studied the activation of H-X (X = H, B, C, N, O, Al, P, Si) bonds [16] by I while
Crimmin et al. reported the reaction of | with a series of cyclic and acyclic 1,2-, 1,3- and
1,5-dienes [17]. Furthermore, the heavier analogs of I and Il are also known (111 and 1V)
[18-19].

Even though it is well established by now that both I and Il are promising ligands
for challenging bond cleavage and small molecule activation [16, 20-23], I suffers from
low yield and reproducibility [24] and hence, it is of interest to develop new robust Al(l)
systems. In this regard, seminal contributions came from the group of Inoue with the
isolation of the first neutral AIl(lI) compound containing an Al=Al double bond
(dialumene V, Scheme 4.2.1) that could fix CO> as well as undergo cycloaddition
reactions with ethylene and phenyl acetylene [25]. In addition, significant advances have
been made in the recent years with the isolation of several nucleophilic aluminyl anions
[26-34]. In 2018, Aldridge and Goicoechea et al. reported the first isolation of a
nucleophilic aluminyl anion ([K{AI(NON)}]., VI) by employing a chelating ligand
(NON = 4,5-bis(2,6-diisopropylanilido)-2,7-di-tertbutyl-9,9-dimethylxanthene) [26]. The
same group succeeded in isolating a monomeric charge-separated version of VI in the
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Scheme 4.2.1: Schematic representation of experimentally known group 13 compounds
discussed in this study.

following year (VI1, Scheme 4.2.1) [27]. Another significant contribution came from the
group of Braunschweig who reported the isolation of a monomeric Lewis base stabilized
Al(1) hydride (V111)- the ground state of which has a non-negligible contribution from
AI(I11) singlet diradical character [35]. Despite being nucleophilic, the reaction of VIII
with molecules such as CO, CO2 and H> led to a variety of decomposition products. Very
recently, Yamashita’s group reported an alkyl substituted aluminium anion (IX) that
exhibits very strong basicity and nucleophilicity [36]. IX was found to undergo [1+2]
and [1+4] cycloaddition reactions with unsaturated hydrocarbons and could activate C—F
bonds of hexafluorobenzene [37]. Moving a step forward, Kinjo and co-workers
succeeded in isolating a bottleable cyclic(alkyl)(amino) alumanyl anion (CAAAI, X) that
may be considered as an aluminium analogue of cAAC [38]. Similar to cAAC, the Al(l)
center of X readily cleaves both polar and nonpolar bonds under very mild conditions.

In a recent study, Frank and coworkers used an amino imidazoline-2-imine
(HAmIm) framework to stabilize the first neutral five-membered E(I) carbenoids (E =
Ga, Inand TI, XI). However, attempts to isolate the corresponding Al complex has led to
an unexpected Al(II1) insertion product [39]. Stalke and coworkers further enriched the
library of this class of compounds by isolating a number of neutral six-membered
heavier group 13 bases (XI1) via salt metathesis reactions [40]. More recently, Cowley
and coworkers successfully trapped a transient monomeric five-membered aluminyl
(XTI) (that exist in equilibrium with its dimeric form in solution) by reacting its dimer
with Me3SiC=CSiMez [41].
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Among all the group 13 carbenoids, the Al(l) carbenoid is of special interest due
to high abundance, low cost and less toxicity of aluminium. However, the synthesis and
isolation of a stable, neutral five-membered aluminium(l) carbenoid remains a
tantalizing goal. Compared to the extensive range of carbenes (and their heavier analogs)
that are known experimentally — both in terms of structure and reactivity [2-3, 13, 42],
the number and variety of stable group 13 carbenoids are very limited and this calls for
an in-depth study towards the design and development of novel stable group 13
carbenoids and probing their potential in stabilizing unusual species as well as in
reactions such as small molecule activation. In this context, it is pertinent to mention the
role of ylidic groups in enhancing the singlet state stability and nucleophilicity of
divalent group 14 bases [43-50]. Recently, we have computationally shown that ylidic
groups could be used as building blocks for the stabilization of hitherto unknown
boron(l) carbenoids [51]. Herein, we present the results of our computational studies
towards stabilizing monovalent five-membered group 13 carbenoids (Scheme 4.2.2, E

=Al and Ga) by employing strongly electron donating ylidic moieties.
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N'Pr. N‘Pr. N'Pr
Ph -~ il R
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Scheme 4.2.2: Schematic representation of the group 13 carbenoids considered in this
study.

[4.2.2] Computational Details

Density functional theory calculations have been carried out to optimize all the
molecules without any geometrical constraints by employing meta-GGA MO06 exchange-
correlation functional [52] in combination with valence polarized def2-TZVP basis set
for all the elements [53-54]. Frequency calculations were carried out at the same level of
theory to check the nature of the stationary points. All the molecules were found to be

minima with real vibrational frequencies. The transition states were characterized by
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only one imaginary frequency which was further confirmed by performing the intrinsic
reaction coordinate (IRC) calculations at the same level of theory. The activation energy
barriers for all the reaction processes were evaluated with respect to the sum of the
energies of the separated reactants. Dispersion effects were incorporated by using D3
version of Grimme’s dispersion correction coupled with the original D3 damping
function with the keyword Empiricaldispersion=GD3 [55]. Solvent effects (Toluene)
were incorporated by using the polarizable continuum model (PCM) [56]. The ultrafine
grid was used throughout the calculations. Bonding analysis were performed with the
help of NBO routine [57-58] as implemented in the Gaussian 09 suite of programs [59].
The energetics for all the calculations were evaluated in terms of change in Gibbs free

energies at 1 atm pressure and 298 K temperature unless otherwise specified.

[4.2.3] Results and Discussion

All the molecules exhibit a planar central ring (see Figure 4.2.1) with two
different E-X bond lengths (E = Al, Ga and X = N, C), and the central £X-E-N bond
angle varies from 76.8°-82.1° (Table 4.2.1). The calculated geometrical parameters of
the experimentally characterized group 13 bases I, 11 [60] and Xla are found to be in
excellent agreement with the observed values thereby indicating the reliability of the
level of theory used in this study. The thermodynamic stability of 1-4 was judged by
evaluating their singlet-triplet energy separation (AEs-t, in kcal mol™?) values (Figure
4.2.2) and were compared with those of synthetically amenable group 13 carbenoids I, 11
and Xla (Figure 4.2.2). All the molecules (1-4) exhibit a stable singlet ground state
which is evident from their calculated highly positive AEs.t values (43.5-53.9 kcal mol
1). Furthermore, optimization of the triplet states of 3Ga and 4Ga leads to a broken
geometry and hence, they were not considered for further study. It is apparent from
Figure 4.2.2 that installation of the thermodynamically robust four-membered ylide
group considerably raises the AEs.t values of 24, i.e., stabilizes the singlet state. Such
stabilization of the singlet state may be credited to the enhanced delocalization of
electron density from the a-nitrogen (ylidic nitrogen) atom to the vacant p orbital of the
central E atom. This is also corroborated from the considerable shortening of the E-Nq
bonds of 2—4 than that of 1 (Table 4.2.1). For example, the calculated E-N« bond lengths
for 2Al (1.958 A) and 2Ga (2.101 A) are found to be considerably shorter than that for

1Al (2.019 A) and 1Ga (2.157A) respectively. In addition, analysis of the molecular
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Figure 4.2.1: Singlet state optimized geometries of 1-4 at M06-D3/def2-TZVP(Toluene)
level of theory.
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Table 4.2.1: Calculated (M06-D3/def2-TZVP(Toluene)) E-X bond lengths (in A),
Wiberg Bond Indices (WBI) values and £X—E—N bond angle (in degrees) for the singlet
state geometry of 14, I, Il and Xla. The experimental values are given in parenthesis (E

=Al, Gaand X =C, N).

Molecules E-X (ri/r2) WBI ZX-E-N
1Al 2.019/2.005 0.290/0.539 79.4
2Al 1.958/2.006 0.297/0.549 80.8
3Al 1.927/2.112 0.289/0.353 82.1
4Al 1.941/1.965 0.281/0.312 80.6
1Ga 2.157/2.059 0.276/0.586 76.8
2Ga 2.101/2.055 0.295/0.614 78.0
3Ga 2.054/2.162 0.296/0.413 79.7
4Ga 2.104/2.076 0.288/0.273 77.5
| 1.973/1.973 (1.957/1.957)  0.261/0.261 89.3 (89.8)
1l 2.098/2.098 (2.053/2.056)  0.254/0.254 85.9 (87.5)
Xla 2.152/1.987 (2.061/1.959) 0.236/0.3503 78.1 (79.7)
A
24 —— En”(ineV)
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07 rommem - m NNNNNNN -— - e ———
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1Al 2Al 3Al 4Al 1Ga 2Ga I 0] Xla
AEgt 43.5 46.2 45.0 53.2 49.1 53.9 341 54.4 58.7
(kcal mol™)
PA 296.0 304.4 292.0 284.4 280.0 288.3 281.6 257.5 263.9

(kcal mol™)

Figure 4.2.2: Calculated (M06-D3/def2-TZVP(Toluene)) energies (in eV) of the o-
symmetric donor (Es) and m-symmetric acceptor (E-*) orbitals concentrated at the Al(l)
and Ga(l) center for the molecules 1-4, I, 11 and Xla in their singlet state. The singlet-
triplet energy separations (AEs-1) and proton affinity (PA) values are given in kcal mol™.
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orbitals (MO) also reveals that installation of the four-membered ylide group
substantially stabilizes the m-symmetric MOs (Figure 4.2.3). Also, the presence of the
thermodynamically robust ylidic P-N fragments further improves the stability of 2—4.
Therefore, it can be inferred that strongly n-electron donating moieties such as ylide and
amino groups remarkably stabilize the molecules 1-4 in their singlet states and hence,
such functionalities may be used as ideal structural motifs for design and synthesis of

(a)

(b)
Figure 4.2.3: Pictorial representation of the m-symmetric occupied molecular orbital
(along with their energies in eV) for the molecules (a) 1AI-4Al and (b) 1Ga-2Ga at
MO06-D3/def2-TZVP(Toluene) level of theory.
monovalent group 13 carbenoids. Furthermore, the calculated AEst values for the
proposed gallium bases are found to be comparable to those of Il and Xla. On the other
hand, all the newly designed aluminium bases (1AI-4Al) have a significantly higher
calculated AEs-t values (43.5-53.2 kcal mol™) than that computed for I (34.1 kcal mol™).
The reliability of the calculated singlet-triplet energy separation values of 1-4 was

checked by recalculating their AEs.t values by employing other functionals (PBEO,
®B97XD and B3PW91, Table 4.2.2). Interestingly, the calculated AEs-t values for 1-4
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with these functionals are found to be comparable to those obtained at M06 thereby

indicating the reliability of the level of theory used in this study.

Table 4.2.2: Calculated singlet-triplet energy separation values (AEs.t, in kcal mol™?) for
1-4 with different functionals.

AEs.T
Molecules MO06 PBEO ®B9I7XD B3PWOL
1Al 435 40.6 43.4 41.0
2Al 46.2 40.2 45.5 40.3
3Al 45.0 36.6 42.4 37.0
4Al 53.2 44.6 50.3 44.9
1Ga 49.1 46.4 48.7 46.6
2Ga 53.9 48.0 56.7 485

The ligand properties of the proposed carbenoids are judged by evaluating the
energies of their o-symmetric donor (Es) and m-symmetric acceptor orbitals (Ex*)
concentrated at the central group 13 atom (Figure 4.2.2). It is apparent from Figure 4.2.2
that 1-4 possess substantial electron donation abilities (higher Es values) compared to
that of I, 11 and Xla. Also, the lone pair centered at the central Al or Ga atoms of 1-4
has less s character than I, Il and Xla further implying the higher Lewis basicity of 1-4

(Table 4.2.3). It is to be noted that all the proposed carbenoids possess lower electron

Table 4.2.3: Calculated (MO06-D3/def2-TZVP(Toluene)) natural charges (q),
occupancies of the formally vacant valence p-orbital (Occp) and % s character of the lone
pair centered at the central E atom (E = Al and Ga) for 14, I, 11 and Xla.

Molecules q Occp % s
1Al 0.504 0.161 83.1
2Al 0.514 0.151 80.1
3Al 0.623 0.051 84.3
4Al 0.688 0.077 85.9
1Ga 0.470 0.170 89.2
2Ga 0.454 0.164 86.7

I 0.700 0.071 86.9
I 0.697 0.072 93.3
Xla 0.636 0.142 92.2
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acceptance abilities (higher Ex* values) than the experimentally known ones.
Furthermore, the electron donation abilities of these group 13 bases were probed by
evaluating their proton affinity (PA, in kcal mol™?) values (Figure 4.2.2). In general, the
higher the PA value, the higher will be electron donation ability of the molecule under
consideration. The calculated PA values for 1-4 lie within 280.0-304.4 kcal mol™ with
the highest and the lowest PA values being obtained for 2Al and 1Ga respectively. The
calculated PA values of 1-4 are considerably higher than that calculated for I, Il and
Xla further corroborating the higher degree of Lewis basicity of 1-4. In addition, the
calculated PA values are found to be in nice agreement with the Es values and indeed,
we obtained a good correlation (R? = 0.90) between the calculated PA and the Eo values

(Figure 4.2.4).

310.0 -
305.0 + Rz=0.90 °
300.0
295.0 -

290.0 -

PA (kcal mol1)

285.0 -

280.0 -

275.0 T T T
-4.8 -4.6 -4.4 -4.2 -4 -3.8

E, (eV)

Figure 4.2.4: Correlation plot between the calculated proton affinity (PA, in kcal mol™)
and Es (eV) values for 1-4 at M06-D3/def2-TZVP(Toluene) level of theory.

Motivated by the considerable stability (as evident from the calculated AEs-t
values) and promising ligand properties of the proposed group 13 carbenoids, we
decided to probe their potential in the activation of enthalpically strong bonds and
compare the energetics with that of 1 and 11 which were documented to perform a variety
of bond activations under ambient reaction conditions [16, 20-23]. Herein, we have
considered Hz, PHPhy, SiHsPh, CoH. and CsFs as some of the substrates that will be
subjected to activations by 1-4.
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[4.2.3.1] Activation of Dihydrogen

Activation of dihydrogen remains an area of intense investigation over the years
because of its widespread applicability in various industrial as well as biological
processes [61-64]. The splitting of the H-H bond by the proposed carbenoids may be
thought to proceed via a transition state (TS) that features significantly elongated and
polarized H-H bond (Table 4.2.4 and Figure 4.2.5) with the pseudo hydridic hydrogen
(H*) remaining distant from the group 13 (E) center [65]. Thereafter, the eventual
migration of the H* from the activated H-H bond to the vacant p orbital centered at the E

center yields the dihydrogen cleaved product.

The calculated activation energy barriers (AG°tsH-+%) obtained for 1AI-4Al lie
within 33.6-40.1 kcal mol™? (Table 4.2.5) with the highest and lowest values being
computed for 4Al and 3Al respectively. Further, it is encouraging to note that the barrier
heights obtained for them are comparable to that obtained for 1 (39.9 kcal mol?,

calculated at the same level of theory) which is known to activate dihydrogen at 70° C.

Table 4.2.4: Calculated (MO06-D3/def2-TZVVP(Toluene)) important geometrical
parameters and natural charges at the hydrogen atoms of dihydrogen molecule and
occupancies of the formally vacant p orbital at the central atom (E =Al and Ga) (Occp,)
of the transition states involved in the activation of hydrogen by 1-4, I and Il. Bond
lengths are given in A and Wiberg Bond Index (WBI) values are given within
parentheses.

Molecules ~ H-H E-H E-HP q,* q.f  Occp,

|-TSHH 1266  1.973 1591 -0.250 -0.159 0511
(0.228)  (0.689)  (0.721)

I-TSHH 1398 1.994 1556  -0.269 -0.097 0.552
(0.167)  (0.727)  (0.773)

1AI-TSFH 1277 2101 1610 -0.317 -0.193 0.568
(0.225)  (0.655)  (0.704)

2AI-TSHH 1280 2180 1619 -0.347 -0.213 0.345
(0.218)  (0.624)  (0.699)

3AI-TSHH 1234 1936  1.609 -0.229 -0.166 0.481
(0.245)  (0.686)  (0.688)

AAI-TSHH 1275 1963 1592 -0.258 -0.171 0.370
(0.225)  (0.693)  (0.714)

1Ga-TS*H 1404 2156 1573 -0.363 -0.318 0.468
(0.170)  (0.654)  (0.746)

2Ga-TSHH 1415 2234 1579 -0.395 -0.159 0.403
(0.162)  (0.617)  (0.746)
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1Ga-TSHH 2Ga-TSHH

I-TsHH II-TsHH

Figure 4.2.5: Optimized geometries of the transition states involved in the activation of
dihydrogen by 1-4, I and 11 at M06-D3/def2-TZVP(Toluene) level of theory.
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Table 4.2.5: Computed (M06-D3/def2-TZVP (Toluene)) activation energy barriers (AG°T5X'YI) and reaction free energies for the
formation of the intermediates (AG°n*Y) and X-Y (X =H, P, Si, C; Y = H, F) bond cleaved products (AG°towr*"Y) by 1-4, I and II.

The Energies are given in kcal mol™,

ENtry | AGorsHH  AGOTomtH | AGOnPH  AGoTsPH' AGCromaPH | AGOmSH AGOTsSiH AGOTotaiSH | AGOmCF AGOTsCF AGCrowiCF
1Al 38.5 -25.1 - 9.5 -31.4 2.4 20.3 -22.0 4.1 15.7 -103.0

2Al 35.7 -27.4 - 17.4 -36.3 0.8 19.2 -25.0 3.4 13.8 -105.6

3Al 33.6 -30.4 0.8 22.9 -36.4 3.1 18.4 -25.0 3.7 17.5 -104.0

4Al 40.1 -27.4 - 28.8 -33.9 2.3 23.0 -22.6 7.2 22.2 -102.8

1Ga 50.0 -3.9 - 19.4 -11.7 1.5 26.8 -3.5 - - -57.0

2Ga 45.6 7.7 - 26.2 -16.3 1.2 22.8 -6.7 2.9 18.3 -61.5

| 39.9 -29.2 2.0 26.2 -32.4 5.8 22.6 -24.0 5.1 22.1 -104.6

I 56.4 -4.9 -1.3 39.6 9.2 6.3 34.2 -54.6
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Therefore, it can be anticipated that 1AI-4Al could be considered as suitable

candidates for the activation of dihydrogen. The reaction free energies (AG°totai™-H) obtained
for 1Al-4Al are comparable to that of I (Table 4.2.5) indicating the feasibility of dihydrogen
splitting by these group 13 carbenoids. Furthermore, the activation barrier obtained for 1 is
found to be comparable to those reported earlier by others [65]. On the other hand, both 1Ga
and 2Ga compute significantly higher barrier heights than 1AI-2Al but are considerably
lower compared to that obtained for 11 (56.4 kcal mol™?). The lower reactivity of 1Ga and

2Ga compared to their aluminium analogs may be attributed to their low nucleophilcity. The

high AG°tsH-H values for 1Ga and 2Ga suggest that both the proposed Ga(l) bases may
need elevated reaction conditions to carry out the activation process. Our findings are in
stark contrast with the experimental observation of the activation of dihydrogen by the

gallium carbenoid Il at room temperature by Linti and coworkers [22].

[4.2.3.2] Activation of Diphenylphosphine

For carbenoids having moderate-to-high electrophilicity, the activation of Ph,PH can be
thought of as initiated by the formation of a loosely bound complex by interaction between
the group 13 center (E) and the lone pair at phosphorus (LPp) while that by nucleophilic
carbenoids involve interaction between the lone pair at E and the P-H antibonding orbital
(o*p-n). In the present study, only I, Il and 3Al are found to form van der Waals complexes
as intermediates while others failed due to their low electrophilicity (higher Ex* values).
Figure 4.2.6 depicts the energy profile diagram for the activation of Ph,PH by considering
1Al and 3Al as the representative carbenoids (similar energy profiles for activation by the
gallium carbenoids are given Figure 4.2.7). The formation of the intermediates is associated
with an increase and decrease in the occupancies of the vacant orbital at E and LPp
respectively (Table 4.2.3 and Table 4.2.6). For example, the occupancy of the vacant orbital

at Al increases from 0.05 in 3Al to 0.21 in 3Al-IntPH. Consequently, the occupancies of
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Figure 4.2.6: Energy profile diagram for the activation of P-H bond of PhoPH by 1Al and
3Al at M06-D3/def2-TZVP (Toluene) level of theory.

LPp decreases from 1.942 in Pho,PH to 1.751 in 3Al-Int?H. The formation of the

intermediates is followed by interaction of the lone pair at E with the activated P—H bonds

generating the P—H splitting products. A closer look at Figure 4.2.6 show that the optimized

geometries of the TS obtained for 1Al and 3Al differ significantly from each other. For

example, the Al-P bond is substantially stretched in 1Al-TSPH compared to that in 3AI- TSP

H while the Al-H bond is shorter in 1AI-TSPH than that in 3AI-TSPH. The important

geometrical parameters for all the TSs involved in the activation of P-H by 1-4, I and 11 are
listed in Table 4.2.7.
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Figure 4.2.7: Energy profile diagram for the activation of P-H bond of Ph,PH by 1Ga, 2Ga
and Il at M06-D3/def2-TZVP (Toluene) level of theory.

Table 4.2.6: Calculated (M06-D3/Def2-TZVP(Toluene)) important geometrical parameters
and natural charges and occupancies (Occp,) at the Al/Ga center for the intermediate (Int)

involved in the activation of P-H bond of PPh2H by 3Al, I and Il. Bond lengths are given in
A and Wiberg Bond Index (WBI) values are given within parentheses.

Molecules E-PPhoH g Occp,

I-Int>H 2753  0.651 0.133
(0.372)

1-IntPH 3190 0635 0.146
(0.186)

3AIFIntH  2.887 0532 0222
(0.401)
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Table 4.2.7: Calculated (M06-D3/Def2-TZVP(Toluene)) important geometrical parameters
and natural charges at the phosphorus atom of the pseudo phosphide fragment (qppy,,) and

hydrogen atom (q,,) of the transition states involved in the activation of P-H bond of PPh.H
by 1-4, | and Il. Bond lengths are given in A and Wiberg Bond Index (WBI) values are
given within parentheses.

Molecules H-PPh: Ph2P-E E-H Opphy gy  Occp,

I-TSPH 1.619 2.451 1949 0277 -0.046 0534
(0.631) (0.798)  (0.291)

11-TSPH 1.742 2.500 1.827 0286 -0.078 0.419
(0.501) (0.801)  (0.401)

1AI-TSPH 2,020 3.415 1668  0.362 -0.308 0.379
(0.204) (0.350)  (0.635)

2AI-TSPH 1.955 3.433 1703 0379 -0.305 0.227
(0.238) (0.348)  (0.599)

3AI-TSPH 1.605 2.493 1924 0307 -0.068 0.223
(0.648) (0.751)  (0.276)

AAI-TSPH 2214 3.461 1607 0352 -0.325 0.218
(0.132) (0.387)  (0.705)

1Ga-TSPH  2.226 3.415 1593 0300 -0.239 0.370
(0.131) (0.292)  (0.728)

2Ga-TSPH  2.160 3.512 1626 0293 -0.247 0.273

(0.152) (0.266)  (0.698)

The calculated barrier heights for 1-4 lie within 9.5-28.8 kcal mol™ (Table 4.2.5). It
is encouraging to note that 1Al (9.5 kcal mol™) computes almost three times less barrier than
that obtained for 1 (26.2 kcal mol) while the same for 1Ga (19.4 kcal mol™) is less than
half than that for Il (39.6 kcal mol?). Further, the reaction free energies are also
substantially exergonic (-11.7 to -36.4 kcal mol™?) indicating the likelihood of facile P—H
activation by these proposed carbenoids. The optimized geometries of the intermediates and
TSs involved the activation of P-H bond by 1-4, I and Il are shown in Figures 4.2.8 and

Figures 4.2.9 respectively.
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I-IntP-H Il-IntPH

Figure 4.2.8: Optimized geometries of the intermediate involved in the activation of P — H
bond of PHPh by 3Al, I and Il at M06-D3/def2-TZVP(Toluene) level of theory.
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Figure 4.2.9: Optimized geometries of the transition states involved in the activation of P-H
bond of PHPhz by 14, I and 11 at M06-D3/def2-TZVP(Toluene) level of theory.

[4.2.3.3] Activation of Silane (SiHsPh)

The activation of silane may be envisioned to proceed via two steps as shown in Figure
4.2.10 by considering 1Al and 4Al as representative examples. In the first step, one of the
Si—H bonds of SiH3PH transfer its electron density to the vacant p orbital located at the Al

center to yield the van der Waals complexes 1Al-IntSH and 4Al-IntSH, Thereafter, in the
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second step, these complexes pass through TS that feature a 3c-2e interaction between the
participating groups to generate the Si—H bond splitting products. The calculated important
geometrical parameters for the van der Waals complexes as well as the TSs involved in the
activation of Si—H bond by 1-4 and | are given in Tables 4.2.8-4.2.9 and Figures 4.2.11-
4.2.12 respectively.

A closer look at Figure 4.2.10 shows that the geometrical parameters of 1AI-TSS-H
and 4Al-TSSH differ significantly from each other. For example, the distance between the
hydridic hydrogen and the Al center is ca. 0.3 A shorter in 4Al-TSS™H compared to that in

1AI-TSS"H which may be attributed to better accepting ability of 4Al than that of 1Al

25
20
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0 —cTT
1A, 4Al

+
SiH;Ph
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Figure 4.2.10: Energy profile diagram for the activation of Si—H bond of SiH3zPh by 1Al and
4Al at M06-D3/def2-TZVP (Toluene) level of theory.
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(Figure 4.2.2). The incipient formation of the hydridic hydrogen as well as the substantial
polarization of the Si—H bond in all the TSs is also supported by the calculated NBO based
natural charge values which reveals the presence of considerable negative (-0.224 to —0.286)
and positive (0.453 to 0.607) charges at the hydridic hydrogen and silicon atom of the

SiH2Ph fragment respectively.

The activation barriers (AG°tsSi-H) obtained for 1Al-4Al and 1Ga-2Ga lie within
18.4-26.8 kcal mol™ and are comparable to that obtained for the experimentally evaluated |
(22.6 kcal mol™, Table 4.2.5). Furthermore, the calculated free energies (AG°tota> ) for the
reactions of 1AI-4Al are comparable to that obtained for I. The calculated energetics
indicate the potential of the proposed aluminium carbenoids towards facile activation of

silane.

Table 4.2.8: Calculated (M06-D3/def2-TZVP(Toluene)) important geometrical parameters
and natural charges at the silicon (qg;) atom of the SiHsPh and at the central atom (g, E = Al
and Ga) of the van der Waals complexes involved in the activation of Si—H bond of SiH3Ph
by 1-4 and I. The PhHsSi-E, E-X (E = Al and Ga and X = C, N) bond lengths and £ X-E-N
bond angles are given in A and in degree (°) respectively.

Molecules PhH3Si-E E-X ZX-E-N e Js;

I-IntSH 3.746 1.971/1.988 89.3 0737  0.933
(0.034)  (0.241)/(0.241)

1AI-IntS*H  3.813 2.015/2.011 79.3 0520  0.941
(0.016)  (0.279)/(0.515)

2AI-IntSH  3.797 1.954/2.017 80.9 0540  0.966
(0.022)  (0.291)/(0.496)

3AI-INtSH 3,789 1.932/2.116 82.1 0645  0.943
(0.036)  (0.275)/(0.337)

AAI-INtSH  3.817 1.942/1.974 80.5 0.700  0.966
(0.024)  (0.270)/(0.284)

1Ga-IntSH 3.989 2.152/2.060 76.7 0.427 0.945
(0.010)  (0.275)/(0.574)
2Ga-IntSH 3.784 2.096/2.067 78.2 0.471 0.965

(0.019)  (0.297)/(0.569)
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Table 4.2.9: Calculated (M06-D3/def2-TZVP(Toluene)) important geometrical parameters
and natural charges at hydridic (q,s) hydrogen and silicon atom of the SiH2Ph fragment
(g43+) and occupancies of the formally vacant p- orbital at the E = Al and Ga center (Occe,)

of the transition states involved in the activation of Si—-H bond of SiHsPh by 1-4 and I.
Bond lengths (E-X, E = Al, Ga and X = N, C), bond angles (£X-E-N) are given in Aandin
degree (°) respectively and Wiberg Bond Index (WBI) values are given within parentheses.

Molecules PhH,Si¥*—H% E-H¥ PhH,Si%*-E E-X £X-E-N Qs qgs Occp,

I-TSSH 1631 1088  2.493 1.008/1.915 940 -0.245 0618  0.545
(0.551)  (0.313) (0.734)  (0.305)/(0.299)

1AI-TSSH 1574 2251 2567 1.947/1.958 832 -0.232 0575 0479
(0.642) (0.215) (0.704)  (0.321)/(0.559)

2AI-TSS*H 1590  2.364  2.533 1.895/1.955 852 -0.230 0.453  0.237
(0.672)  (0.197) (0.735)  (0.313)/(0.543)

3AITSS™H 1612 1988 2,509 1.891/2.053 863 -0.224 0.607  0.338
(0.593) (0.297) (0.684)  (0.326)/(0.407)

4AI-TSSHH 1683 1956  2.424 1.872/1.904 857 -0.256 0550  0.253
(0.514) (0.347)  (0.806)  (0.340)/(0.355)

1Ga-TSSH 1709 2084  2.376 2.015/1.971 832 -0281 0558  0.430
(0.475)  (0.315) (0.857)  (0.365)/(0.645)

2Ga-TSSH 1717 2190 2375 1.971/1.974 846 -0.286 0.489  0.310
(0.517) (0.281) (0.853)  (0.657)/(0.374)

1Al-IntSi-H 2Al-IntSH
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I-IntSi-H

Figure 4.2.11: Optimized geometries of the van der Waals complexes involved in the
activation of Si—H bond of SiHsPh by 1-4 and | at M06-D3/def2-TZVP(Toluene) level of
theory.
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Figure 4.2.12: Optimized geometries of the transition states involved in the activation of Si—
H bond of SiH3Ph by 1-4 and I at M06-D3/def2-TZVP(Toluene) level of theory.
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[4.2.3.4] Activation of Hexafluorobenzene
Activation of the enthalpically robust C—F bond is of considerable interest as this can lead to
important organofluorine compounds that are extensively used in various industries like
pharmaceuticals, polymers and agrochemicals etc [66-70]. However, activation of C—F bond
is a difficult task and often demands forcing reaction conditions or transition metal catalysts
[71]. A number of main group compounds are known that are capable of activating C—F
bond under mild reaction conditions [21, 72]. For example, in 2015, the groups of Crimmin
and Nikonov independently reported the facile splitting of C—F bond for a range of
fluorinated molecules with the assistance of Roesky’s NacNac aluminium(I) base (1)
[73,74]. Similarly, more recently, Kretschmer and coworkers employed the gallium
counterpart of 1 (I1) to split the C—F bond for a couple of fluoroarene molecules [23]. This
has inspired us to further investigate the potential of 1-4 towards activation of C—F bond by
considering hexa-fluorobenzene (CsFs) as the representative fluoroarene.

The activation of C—F bond of CeFs by group 13 carbenoids may proceeds via two

steps [75] as shown in Figure 4.2.13 by considering 2Al and 2Ga as the representative

AG? (kcal mol) — 5
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Figure 4.2.13: Energy profile diagram for the activation of C—F bond of CeFe¢ by 2Al and
2Ga at M06-D3/def2-TZVP (Toluene) level of theory.
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examples. The first step involves the formation of an encounter complex (2Al-IntcF-2Ga-

IntCF) that features weak C—H....F-C interactions and lies slightly higher in energy from
their starting reactants (ca. 2.9-3.4 kcal mol™). The encounter complexes proceed through
TSs that possess significantly elongated and polarized C—F bonds with the fluorine atom
residing in a bridging position between the CsFs group and the E atom (Figure 4.2.13 and
Table 4.2.10). The substantial polarization of the C—F bond as well as the incipient
formation of the fluoride ion can be corroborated from the calculated natural charge values
which indicate the presence of considerable positive (0.097 to 0.218) and negative (-0.354 to
-0.378) charges at the ipso-carbon of the CeFs fragment and bridging fluorine atom
respectively (Table 4.2.10). However, despite several attempts, we could not locate the
probable TS for C-F activation by 1Ga. The optimized geometries of the encounter
complexes and TSs obtained for activation of C—F bond by 1-4, | and Il are shown in
Figure 4.2.14 and Figure 4.2.15 respectively.

Table 4.2.10: Calculated (M06-D3/def2-TZVP(Toluene)) important geometrical parameters
and natural charges at the ipso-carbon (q.s+) of the FsCe fragment and fluoride atom (q3-)
and occupancies of the formally vacant p, orbital at the E = Al/Ga center (Occp,) of the

transition states involved in the activation of C—F bond of hexafluorobeneze by 1-4, | and
I1. Bond lengths are given in A and Wiberg Bond Index (WBI) values are given within
parentheses.

Molecules Fo_CsFe* E—CsFed* E-F% 08t 0 Occp,,

|-TSCF 1.431 2.394 2401 0072 -0.387 0.168
(0.739) (0.422)  (0.128)

11-TSCF 1.527 2.198 2328  -0.032 -0.453 0.146
(0.612) (0.537)  (0.165)

1AI-TSCF 1.387 2.489 2718 0218 -0.361 0.240
(0.807) (0.393)  (0.078)

2AI-TSCF 1.373 2.594 2845 0176 -0.354 0.220
(0.826) (0.357)  (0.072)

3AI-TSCF 1.388 2571 259  0.159 -0.358 0.117
(0.803) (0.328)  (0.098)

4AI-TSCF 1.416 2.433 2448 0097 -0.378 0.164
(0.761) (0.401)  (0.114)

2Ga-TSCF 1.372 2.448 2894 0153 -0.360 0.234
(0.821) (0.418)  (0.068)
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The calculated activation energy barriers (AG°tsC-F) obtained for 1-4 lie within
13.8-22.2 kcal mol?, with the lowest and highest barrier heights being obtained for 2Al and

4Al, respectively (Table 4.2.5). Gratifyingly, the calculated AG°tsC-F* values for 1-4 are
either substantially lower or comparable to those obtained for I and Il which are known to
activate CesFe under ambient reaction conditions. Moreover, the calculated reaction free
energies are found to be remarkably exergonic (-57.0 to -105.6 kcal mol™) hinting at the
feasibility of the C—F bond splitting reaction by 1-4. Also, the calculated activation barriers
for 1 and 11 are found to be comparable to those reported earlier [23, 75a, 75c]. Hence, it can
be envisioned that akin to | and I, all the computationally proposed molecules may be

considered as suitable candidates for C—F bond activation.

3Al-IntCF

1Al-IntCF 2Al-Int¢F
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2Ga-Int¢F

I-IntCF -Int¢F

Figure 4.2.14: Optimized geometries of the encounter complex involved in the activation of
C—F bond of Ce¢Fs by 1-4, I and Il at M06-D3/def2-TZVP(Toluene) level of theory.
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3AI-TSCF 4Al-TSCF

I-TSCF II-TSCF

Figure 4.2.15: Optimized geometries of the transition states involved in the activation of C—
F bond of Ce¢Fs by 14, I and Il at M06-D3/def2-TZVP(Toluene) level of theory.
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[4.2.3.5] Reaction with Acetylene (C—H activation vs. cycloaddition product)

Activation of the C-H bond is a challenging task and often demands harsh reaction
conditions [76-77]. However, recent studies have demonstrated the successful utilization of
a variety of main group compounds that can readily cleave enthalpically strong C—H bond
under mild reaction conditions [21]. It is pertinent to mention here that Roesky’s aluminium
carbenoid | upon reaction with one equivalent of acetylene favors the formation of a [1+2]
cycloaddition product over the C—H bond splitting one [78]. Therefore, in the present study,
we have investigated both the possibilities i.e., the formation of the C—H activated product
as well as the cycloaddition product by 1-4 and compared the energetics with that of I and
1.

The C—H bond insertion reaction by 1-4 may proceeds via a single step in which the
lone pair of E interacts with the C—H antibonding orbital thereby producing a pseudo
anionic CCH fragment that eventually migrates toward the vacant p orbital at E to form the
C—H bond cleaved product. The overall process proceeds via a TS that exhibits a
substantially elongated (C—H = 1.470-1.585 A) and polarized C—H bond as shown in Figure
4.2.16 for 1Al and 2Al as representative examples (for others, see Table 4.2.11 and Figure
4.2.17). On the other hand, formation of the cycloaddition products by 1-4 proceed via two
successive steps [79]. The first step involves the formation of an intermediate (1Al-Intcy
and 2Al-Intcy, Figure 4.2.16) which is found to be almost at equilibrium for 1Al and
slightly exergonic (-5.0 kcal mol™) for 2Al. In the second step, the intermediates pass
through TSs (LAI-TScy and 2AIl-TScy) featuring a substantially elongated C=C bond
(1.349-1.355 A) to yield the [1+2] cycloaddition product. The optimized geometries of the
intermediates as well as the TSs involved in the cycloaddition by 1-4 and | are shown
Figures 4.2.18-4.2.19 respectively.

It is evident from Table 4.2.12 that the formation of the C—H splitting product
involves much higher barriers than that for the cycloaddition products—which is indeed in
agreement with the experimental findings of Roesky and coworkers who have reported the

formation of a cycloaddition product upon reaction of I with acetylene [78]. Furthermore,
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Figure 4.2.16: Energy profile diagram for the formation of the cycloaddition and C—H insertion products by 1Al and 2Al at M06-
D3/def2-TZVP (Toluene) level of theory.
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Table 4.2.11: Calculated (M06-D3/def2-TZVP(Toluene)) important geometrical parameters
and natural charges at positively polarized hydrogen atom (q,;s+) and carbon atom of the CCH
fragment (g..,,3-) and occupancies of the formally vacant p. orbital at the E = Al/Ga center

(Occp,) of the transition states involved in the activation of C—H bond of acetylene by 1-4, |

and 11. Bond lengths are given in A and Wiberg Bond Index (WBI) values are given within
parentheses.

Molecules ~ H*-CCH* E-CCH> E-H* gq__ s g Occ

|-TSCH 1.347 2.374 1690 -0.494 0.048 0.408
(0.472) (0.443)  (0.494)

11-TSCH 1512 2.430 1512  -0.477 0020 0.423
(0.328) (0.468)  (0.615)

1AI-TSCH 1.470 2.603 1712 -0.430 -0.067 0.421
(0.363) (0.357)  (0.590)

2AI-TSCH 1585 3.050 1726  -0.414 -0.150 0.232
(0.290) (0.283)  (0.643)

3AI-TSCH 1.298 2.363 1722 -0.479 0065 0.182
(0.523) (0.434)  (0.430)

4AIl-TSCH 1337 2.362 1693  -0.495 0.050 0.170
(0.484) (0.440)  (0.478)

1Ga-TSCH  1.803 3.141 1613  -0.425 -0.135 0.255
(0.180) (0.206)  (0.743)

2Ga-TSCH  1.730 3.053 1730  -0.414 -0.135 0.349

(0.208) (0.237)  (0.708)

1Ga, 2Ga and Il involve much higher barriers for the formation of either the C—H activated
or the cycloaddition products which perhaps explains why there is no experimental report on
activation of acetylene by gallium carbenoids. It is indeed inspiring to note that the proposed
aluminium carbenoids (1AI-4Al) compute significantly lower barriers than that obtained for

the experimentally evaluated I, which invites experimental verification.
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Table 4.2.12: Calculated (MO06-D3/def2-TZVP (Toluene)) activation energy barriers
(AG"TSC-HI and AG°TSCyI) and reaction free energies for the formation of intermediates

(AG®°,), C-H bond insertion and cycloaddition products (AG°toC-H and AG°totaY)
obtained for 1-4, I and I1. The energies are given in kcal mol™.

Entry C-H activation Cycloaddition
AGPTsCH'  AGCTotalCH AG®int AGO1 Y AG°Total®y
1Al 30.3 -38.4 0.04 7.6 -25.1
2Al 26.1 -40.4 -5.0 4.1 -28.2
3Al 30.9 -42.5 -3.8 33 -29.8
4Al 35.5 -39.3 3.5 8.7 -24.4
1Ga 39.1 -12.1 16.9 22.4 7.9
2Ga 33.3 -14.4 13.7 20.5 3.4
| 35.9 -41.3 3.3 10.7 -25.6
1 51.9 -10.7 24 26.2 13.9

3AI-TSCH
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Figure 4.2.17: Optimized geometries of the transition states involved in the activation of C—
H bond of acetylene by 1-4 and I-11 at M06-D3/def2-TZVP(Toluene) level of theory.
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1Al-Intc, 2Al-Intc,

3Al-Intc, 4Al-Intc,
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Figure 4.2.18: Optimized geometries of the intermediate involved in the formation of the
cycloaddition product by 1-4 and I-11 at M06-D3/def2-TZVP(Toluene) level of theory.
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I-TScy II-TScy

Figure 4.2.19: Optimized geometries of the transition states involved in the formation of
cycloaddition product by 1-4, I and 11 at M06-D3/def2-TZVP(Toluene) level of theory.
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[4.2.4] Conclusions

Motivated by the lack of isolable neutral monomeric five-membered aluminium carbenoids
as well as to contribute to the field of group 13 carbenoids with enhanced ligand properties,
density functional theory calculations were carried out on a number of ylide decorated
monovalent aluminium and gallium carbenoids (1-4). All the computationally proposed
molecules are found to be substantially nucleophilic and exhibit singlet-triplet energy
separation values that are either comparable or higher than those obtained for I, Il and Xla
indicating that all of them could be considered as potential synthetic targets. In addition, the
calculated activation energy barriers obtained for 1-4 in different bond activation processes
are found to be comparable to those of I and Il which are known to activate a range of small
molecules under mild reaction conditions. Therefore, akin to I and I1, all the newly designed
ylide anchored group 13 carbenoids may be considered as suitable candidates for small
molecule activation and calls for sustained experimental efforts toward their synthesis and
isolation. A hint towards their possible isolation came from the synthetic amenability of the
cyclic ylide [80] employed towards stabilizing the proposed systems in this study. We hope
that if one is successful in the synthesis and isolation of these proposed group 13 carbenoids,
then they may find use not only as strong nucleophilic ligands for transition metal catalysis
but also may be used as suitable platforms for activation of a range of enthalpically strong
bonds under mild reaction conditions.

Due to their better electron donation ability, the ylide decorated borylenes
consistently yields lower barrier heights in different o-bonds activation (H-H and C—F)
process than that of their heavier congeners. Therefore, the newly proposed borylenes are
expected to perform more efficiently in different enthalpically strong bond splitting process.

All the group 13 and 14 carbenoids considered in our work exhibit suitable ligand
properties for their application in different small molecule activation process. Infect, the
barrier heights obtained the group 13 and 14 carbenoids are comparable or lower than those
of the experimentally evaluated systems (CAAC, DAC, Roesky’s Al(I) and Power’s Ga(l)
carbenoid), indicating they may be considered as an suitable platform for the activation of
different enthalpically strong bonds. However, the nucleophilic borylenes which computes

substantially lower barrier heights as well as exergonic reaction free energies for different o-
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bond activation process may outperform all other 13 and 14 carbenoids considered in our

work.
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