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CHAPTER-3

Activation of Small Molecules by Cyclic Alkyl Amino
Silylenes (CAASis) and Germylenes (CAAGes): A
Theoretical Study

Abstract: Quantum chemical calculations have been carried out on a
series of skeletally modified cyclic alkyl amino silylenes (CAASIS)
and germylenes (CAAGes) to understand their ligand properties and
reactivity towards the activation of a variety of small molecules.
Installation of boron or silicon atom into the ring framework of these
silylenes/germylenes led to dramatic increase in their c—basicity
while incorporation of ylidic moieties resulted in sharp reduction of
their m-acidity although it did help in increasing the electron
donation ability. The calculated values of energy barriers for
activation of H-H, N-H, C-H and Si—H bonds by many of the cyclic
silylenes considered here are found to be comparable to those with
experimentally evaluated systems indicating the potential of these
computationally designed molecules in small molecule activation
and calls for synthetic efforts towards their isolation. Further,
activations employing CAAGes are found to be more demanding
than those with CAASIs which may be attributed to the significantly
lower Lewis basicity of the former than the latter.
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[3.1] Introduction

The chemistry of silylenes and germylenes are fairly diverse both in structure and
reactivity. N-heterocyclic silylene (NHSI) la [1] (Scheme 3.1) and germylene (NHGe) Ib
[2] are neutral divalent species with a vacant p—orbital and a non-bonding pair of
electrons. A majority of the silylenes and germylenes possess a singlet ground state
which may be attributed to the increased radial extension of ns and np orbitals as we go
down the group [3]. The ligating properties of NHEs (E = Si, Ge) are somewhat different
from their lighter congeners as NHCs possess a higher Lewis basicity and lower Lewis
acidity than NHSis/NHGes [4].
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Scheme 3.1: Schematic presentation of synthetically attainable carbene, silylenes and
germylenes discussed in the present study.

A steady growth was marked in the field of stable silylenes and they were found
to react with main group elements, organic substrates as well as the transition metals [5].
Later, NHGes were also reported to form complexes with transition metals [6]. Driess
and co-workers were successful in the isolation of zwitterionic NHSi (lla) [7] and
NHGe (I1b) [8] supported by a modified p—diketiminate ligand framework. These new
types of NHSis and NHGes are found to have unique electronic features and strikingly

different reactivities which enables metal—free activation of small molecules like NH3
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[9], P4 [10], etc. Later, different independent groups came up with some more silylenes
and also complexes featuring the silicon center in various oxidation states [11]. Recently,
the research groups of lwamoto [12] and Kinjo [13] independently reported the isolation
of Si (111) and Ge (IV) analogs of cyclic(alkyl)(amino)carbene (CAAC, V) [14] where
the central silicon or germanium atom is bonded to a nitrogen and a quaternary carbon
atom. These cyclic(alkyl)(amino)silylenes (CAASI) and cyclic(alkyl)(amino)germylenes
(CAAGe) are foundto have better electron donation ability than classical NHSis and
NHGes. It may be noted that theambiphilic property of CAAC led to its vast application
in stabilization of low valent transition metal complexes and main group element
species [15]. CAACs were also found to be usefulin the activation of various small
molecules like Hz, NH3[16], CO [17] and bonds such as B-H, P-H and Si—H [18].

In 2011, Driess and co-workers reported an aromatic ylide-stabilised silylene
(V1) [19] which demonstrates that replacement of the two amino groups of the NHSi
ring with more electron rich and less electronegative ylide moiety leads to an
enhancement of the o-basicity of the “ene” center. Kato and co-workers reported the
isolation of cyclic amino(ylide)silylene (VII) [20] and amino(phosphanylidene-c*-
phosphorane) germylene (VIII) [21] both of which have higher reactivity toward
transition metals compared to the classical NHSis and NHGes respectively. Similarly,
Kira and co-workers could successfully isolate a cyclic dialkysilylene (1X) [22] which
can activate Si—Cl and Si—H bonds of various silanes [23]. Very recently, Iwamoto and
co-workers found that CAASI could be used as a dehydrogenation reagent [24].
However, compared to the large number of studies being carried out on CAACs, to the
best of our knowledge, there exists no systematic and comprehensive study—either
experimental or computational, on CAASis and CAAGes. Herein, we present our results
of computational studies on the electronic and ligand properties of skeletally substituted
CAASiIs and CAAGes and based on their ligand properties, some of these molecules are
probed towards activation of small molecules (Scheme 3.2). Our choice of the carbonyl
group and phosphorus ylide as substituents was inspired by earlier reports of their use

towards enhancing the m-acidity and c-basicity respectively [19, 25].
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Scheme 3.2: Schematic representation of the range of silylenes and germylenes
considered in the present study [26]. [r, and r, are the distances between the ene center

(E) and a-nitrogen atom (E-N) and a-carbon atom (E-C) respectively].

[3.2] Computational Details

Density functional theory calculations were carried out to optimize all the
molecules without any symmetry constraints using the meta-GGA MO06 exchange
correlational functional in conjunction with def2-TZVP basis set for all the atoms [27a,
28]. Our Choice of the meta-GGA MO06 exchange-correlation functional in conjunction with
the def2-TZVP basis set is inspired from the fact that this combination of functional and basis
set could reproduce the geometrical parameters of the experimentally isolated CAASI (1Si)
and CAAGe (2Ge) (Table 3.1). In addition, M06 functional is widely used to study different
molecular properties of main group as well as transition metal complexes [27]. Frequency
calculations were performed at the same level of theory to characterize the nature of the
stationary points. The ground states are characterized by the presence of real vibrational
frequencies while the transition states are characterized by the presence of only one
imaginary frequency. The characterization of the transition states were further probed by
performing intrinsic reaction coordinate (IRC) analysis which connects the correct
pathways to both the products and reactants. For calculating the activation energy
barriers, the relative energies are evaluated with respect to the sum of the energies of the
separated reactants. Natural bonding analysis was performed with the natural bond
orbital (NBO) [29] partitioning scheme as implemented in the Gaussian 09 suite of
programs [30]. Solvent (Tolune) and dispersion effects were incorporated for all the

molecules by using the polarizable continuum model (PCM) [31] and the D3 version of
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Grimme’s dispersion correction [32] coupled with the D3 damping function using the
keyword “Empirical Dispersion=GD3” as implemented in Gaussian 09 quantum
package. The energetics were evaluated for all the calculations in Gibbs free energies at

298K and latm pressure unless otherwise specified.

[3.3] Results and Discussion

The central ring of 1, 3-5, 8 and 12-14 (for both CAASIis and CAAGes) are
found to have distorted structures while the rest acquires perfectly planar geometries
(Figure 3.1). The important geometrical parameters and Wiberg Bond Index (WBI)
values of 1-14 in their optimized singlet states are collected in Table 3.1. It is evident
from Table 3.1 that the calculated geometrical parameters of the parent CAASI (1Si) and
CAAGe (2Ge) are in excellent agreement with the experimentally observed values.
Replacement of the alkyl group at position o to the “ene” center in 1, 2 and 6 by an ylide
moiety [26] resulting in structures 8, 9 and 10 dramatically increases and decreases the r;
and r, (Scheme 3.2) bond lengths respectively (Table 3.1). This indicates an increase in
electronic delocalization from the ylidic lone pair to the formally vacant p—orbital at Si
or Ge center than that between the lone pair at nitrogen (LPn) and “ene” center. In fact,
this interaction is also evident from their corresponding WBI values (Table 3.1). We also
obtained an appreciable change in both the r; and r, bond lengths as a result of
systematic installation of carbonyl group at different positions in the backbone of the
ring scaffold of 8 (i.e. in 11 and 12). The r, and r, bonds of 11 are found to decrease and
increase respectively than that in 8 while in case of 12 the r; and r, bonds are longer and
shorter respectively than that in 8 (Table 3.1). Such variations in bond lengths may be
attributed to the delocalization of LPn to the empty anti-bonding orbital of the carbonyl
group (7' co).

There is precedence in the literature for the evaluation of thermodynamic stability
of divalent group 14 bases in terms of calculated singlet-triplet energy separation (AEs.T)
values [33]. In principle, a greater singlet state stability is expected for a divalent “ene”
molecule with a large AEst value. However, NBO analysis suggest that the spin is not
localized at the “ene” center for all the molecules indicating the presence of biradical
character in the triplet states of some silylenes/germylenes Table 3.2. Accordingly, the
AEst values of these molecules cannot be compared with those having diradical

character (i.e., the spin is mostly localized at the ene center. The bar diagrams in
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14Ge

Figure 3.1: Singlet state optimized geometries of 1-14 at M06-D3/def2-TZVP (Toluene)
level of theory. The hydrogen atoms of the phenyl and methyl groups are omitted for the
sake of clarity.

Table 3.1: Calculated (M06-D3/def2-TZVP (Toluene)) X-E bond lengths (r,/r, in A),
Wiberg Bond Index (WBI) values and £X—E—X bond angles (in degrees) of the singlet
state geometry of 1-14 (X = N or C and E =Si or Ge). The experimental values are given
within parenthesis.

Molecule E-X(r,/r))  WBI(r)/r,) 2ZX-E-X | Molecule E-X(r,/r,) WBI(r,/r,) £ZX-E-X
1.742/1.900 915
(L71411.914) 0.711/0.676 02:6) 1Ge 1.869/2.012 0.704/0.680  87.7
2Si  1.766/1.901 0.703/0.704  89.0 2Ge 1.893/2.003 0.680/0.706 9.0
(1.859/1.998) (86.5)
3Si  1.751/1.895 0.645/0.674 935 3Ge 1.876/2.003 0.642/0.685  89.9
4Si 1.728/1.910 0.689/0.675  97.0 4Ge 1.856/2.024 0.688/0.688  93.7
5Si  1.763/1.890 0.622/0.678  91.1 5Ge 1.888/1.997 0.613/0.688  87.6
6Si  1.748/1.911 0.697/0.677  89.6 6Ge 1.871/2.014 0.683/0.683  86.1
7Si  1.725/1.885 0.792/0.754  88.1 7Ge 1.844/1.980 0.764/0.743  84.7
8Si  1.784/1.796 0.650/1.024  89.8 8Ge 1.926/1.918 0.652/0.998  83.6
9Si  1.798/1.826 0.696/1.005  87.0 9Ge 1.926/1.918 0.652/0.998  83.6
10Si  1.782/1.823 0.676/0.971  88.1 10Ge  1.907/1.915 0.635/0.968 845
11Si  1.735/1.832 0.744/0.847 895 11Ge  1.854/1.926 0.722/0.845  86.0
12Si  1.801/1.794 0.581/1.040  89.4 12Ge  1.931/1.885 0.542/1.049 8538
13Si  1.781/1.819 0.599/0.901  94.2 13Ge  1.914/1.912 0.561/0.909 905
14Si  1.778/1.819 0.616/0.883  92.4 14Ge  1.908/1.911 0579/0.891  88.8
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Figure 3.2 represents the variation of AEs.t values for all the molecules. Irrespective of

the nature of the triplet states, the AEst values of the skeletally substituted CAASis

(46.7-62.4 kcal mol™) are either comparable or higher than that of the experimentally

isolated 1Si (50.8 kcal mol™). In contrast, compared to the synthetically achievable

CAAGe (2Ge) that has a AEs- value of 39.0 kcal mol™, all other germylenes considered

in this study has significantly higher values (42.9-56.5 kcal mol™).

Table 3.2: Calculated (M06-D3/def2-TZVP (Toluene)) Mulliken spin density at the
central atom (E =Si/Ge), a-nitrogen (N«) and carbon (Co) atom (with respect to the

central atom) and occupancies of the formally vacant valence p-orbital (Occ) at the
central atom (Si/Ge) for 1Si-14Si and 1Ge-14Ge.

Molecule Si N Cq Occ | Molecule Ge Ne C« Occ
1Si 1.446 0.125 0.281 0.256 1Ge 0.917 0429 0.148 0.291
2Si 1.098 0.225 0.202 0.301 2Ge 1.029 0.284 0.145 0.310
3Si 1477 0.083 0.319 0.388 3Ge 1271 0.096 0498 0.265
4Si 1.471 0.066 0.267 0.212 4Ge 1248 0.036 0.449 0.286
5Si 1.558 0.088 0.215 0.182 5Ge 1292 0.064 0554 0.176
6Si 1.229 0.206 0.240 0.288 6Ge 1.024 0329 0.176 0.288
7Si 1.566 0.105 0.019 0.240 7Ge 0.834 0.502 -0.105 0.241
8Si 0.847 0.078 0.718 0.360 8Ge 0.884 0.078 0.715 0.353
9Si 0.967 0.137 0.184 0.531 9Ge 0951 0.167 0.205 0.530
10Si 1.045 0.115 0.273 0.426 10Ge 0.996 0.146 0.265 0.442
11Si 1.600 0.095 0.096 0.294 11Ge 0.828 0.506 0.036 0.298
12Si 0.890 0.052 0.656 0.346 12Ge 0.904 0.057 0.671 0.348
13Si 1496 0.026 0.152 0.276 13Ge 0.924 0.103 0.667 0.278
14Si 1.407 0.032 0.103 0.262 14Ge 0.885 0.355 0.159 0.262
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Figure 3.2: Bar diagrams representing the AEs.t gaps of (a) cyclic alkyl amino silylenes
(CAASIs) and (b) cyclic alkyl amino germylenes (CAAGes) considered in the present
study.

The reactivity and ligand properties of these CAASis and CAAGes can be well
understood by studying the nature and energies of their key frontier molecular orbitals
(Figure 3.3). In general, higher is the energy of the donor orbital, higher is its donor
ability while lower is the energy of the acceptor orbital, higher is its acceptance ability.
Further, for the sake of comparison, Figure 3.3 also includes the energies of the o-
symmetric donor (Es) and n-symmetric acceptor (Ex*) orbital of NHSi/NHGe (1). It is
obvious from Figure 3.3 that all of the CAASiIsS/ICAAGes (1-14) exhibits significantly

enhanced electron donation as well as accepting ability (except 8-12) compared to |

Page|3.9



Chapter 3

24
S
51 267.1 263.4
e0z) 254 e @8 (ae2a)  (261.0) ey 2539 o,
(33514'_1:7) (251.3) 5.94 2456 (251.1)  (252.4) -6.01 -5.96 (6 -7) -5.87
6 5. -6.31 (245.6) 7 -6.31
B -6.05 o -6.55 £.36 -6.03 5.98
(237.4) /6 28 2418 (242.8) d (249.0) " 624 -6.16 18 y
7. ] (241.8) "y ) @533)  (2459) (2436 (2 4 " o (2449
7T (235.9) @19 (248 (363 (2412)

P" Ph Ph Ph Ph ph Ph Ph p F'h

/ MBZN\E"\( .U\-Sw‘N/\ . / NN N{ . \
| e E: E: E: E: -
k:( 3 o H / \< )\«
s i Mes es ey

ph MesSi SiMes Me i SiMe,  MesSi SiMe,  MesSi SiMes e, .S SiMles MesSi SM
I 3 4 5 1 12

E = Si, Ge

Figure 3.3: Calculated (M06-D3/def2-TZVP (Toluene)) energies (in eV) of the occupied
o—-symmetric donor (Es) and unoccupied n—symmetric acceptor (E-*) molecular orbitals
concentrated at the Si/Ge atom of the silylenes and germylenes 1-14 and 1. The proton
affinity (PA in kcal mol™) values are given within parenthesis.

which may be attributed to the replacement of one of the amino nitrogen atoms of the
silylene or germylene framework of | by a less electronegative alkyl group [12, 13].
Further, it is evident from Figure 3.3 that compound 2 with an unsaturated backbone
possess somewhat lower c—donation (low Ec) and n—acceptance (low Ex*) abilities than
1 with a saturated backbone. The introduction of boron and silicon centre next to the o—
amino group of 1 (i.e., in 3 and 4) results in an increase and decrease in c—donation (1< 3
< 4) and m-acceptance ability (1> 3 > 4), respectively. Interestingly, a significant
reduction and enhancement of o—donation and m-acidity respectively is observed as a
result of incorporation of electron withdrawing carbonyl group (in 5) in the ring
framework of 1. On the other hand, introduction of benzene moiety in the backbone of
the ring framework (in 6) and at position a with respect to the Si/Ge center (in 7) of the
parent molecule marginally decreases the o-donation ability. The -acceptance ability of
6Si and 7Si are comparable to that of 1Si while that of 6Ge and 7Ge are slightly lower
than that of 1Ge. Replacement of the two silyl groups attached to the a—carbon atom
with respect to the “ene” center in 1, 2 and 6 by the more electron releasing ylide group
(in 8, 9 and 10) dramatically increases and decreases the 6—donation and m—acceptance
ability respectively. Incorporation of the m—electron withdrawing carbonyl group next to

the ylide/a—amino moiety of 8 (i.e., in 11 and 12) results in decrease and increase in 6—
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basicity and n—acidity respectively. However, the increase in m—acceptance ability is
more rewarding in case of molecules 13 and 14 as a result of installation of both
carbonyl group and boron atom, respectively, in the backbone of the ring scaffold of 8.
Among all the silylenes and germylenes, 5 are found to have the highest and lowest 71—
acidity and o—basicity respectively.

The o—donation ability of these silylenes and germylenes can be gauged from an
evaluation of their respective proton affinity (PA) values. In principle, molecules with
higher c—donation ability also have higher PA values. The calculated PA values for the
ylide anchored silylenes and germylenes are found to be higher than the non-ylidic ones.
For example, replacement of the alkyl group adjacent to the Si/Ge center in 1, 2 and 6 by
ylide moieties (in 8, 9 and 10) leads to enhancement of the PA values (Figure 3.3) which
is in agreement with their respective E, values. Indeed, we obtain a nice (R? = 0.94) and
reasonable (R? = 0.67) correlation between E, and PA values for all the silylenes and

germylenes respectively (Figure 3.4).
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Figure 3.4: Correlation plots between the Es (€V) and PA (kcal mol™?) for (a) silylenes
(1Si-14Si) and (b) germylenes (1Ge-14Ge).

From the above discussions, it can be envisaged that since many of the
computationally designed CAASis and CAAGes possess significant electron donation
and acceptance abilities as that of the synthetically isolable 1Si and 2Ge, hence they may
be considered as potential candidates for activation of a variety of small molecules. In
the present study, we have considered activation of Hz, NH3, CHsPh and Et:SiH by
considering compounds 1-5, 8, 9 and 14 as representative CAASIS/ICAAGes. To make

the study more meaningful or relevant to synthetic chemists, wherever possible, the
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energetics of the bond activations was compared with known silylene/germylene

systems.

[3.3.1] Activation of Dihydrogen

Even though dihydrogen is a highly inert molecule, it is extensively used in
various biological [34] as well as in chemical processes [35]. For example, reactions like
hydroformylation, hydrogenation and production of ammonia involve the splitting of an
enthalpically strong H-H bond as a key step. Earlier, this was achieved by using
transition metal complexes that are not only expensive but can also often be less efficient
and toxic [36]. To circumvent the disadvantages associated with transition metals, efforts
were made to design environmentally benign main group systems. In 2005, Power and
co-workers elegantly developed a digermyne complex that can readily split Hz under
ambient reaction conditions [37]. Thereafter, several main group element based
compounds were reported which can activate the H-H bond under mild reaction
conditions [38]. This has inspired us to undertake a mechanistic study to probe the
potential of the skeletally substituted CAASIS/ICAAGes towards the activation of
dihydrogen as most of them exhibit significantly enhanced ligand properties (1-5, 8, 9
and 14) compared to their synthetically accessible analogs.

The mechanism involved in the activation of dihydrogen by CAASi or CAAGe
can be thought of as similar to that for activation of dihydrogen by CAAC [16, 39]. In
other words, the lone pair at the ene center of CAASI or CAAGe interacts with the H-H
antibonding orbital, thereby generating a pseudo hydridic hydrogen (Hny) atom.
Thereafter, the migration of the Hny atom from the activated H-H bond to the vacant px
orbital centered at the Si/Ge center yields the H-H splitting product. The overall process
proceed via a transition state (TS) exhibiting a significantly elongated and polarized H-
H bond. In this context, in a ground breaking study, Ess and co-workers showed that
there is a significant difference between the transition state geometries involved in the
activation of dihydrogen by carbenes and silylens/germylenes [38i, 39b]. The differences
in the TS geometries basically occurs due to the different trajectories followed by H>
while approaching the main group compounds during the activation process.

The reaction profile and the optimized geometries of the TSs obtained for the
activation of dihydrogen by 1Si and 1Ge are given in Figure 3.5 as representative cases.

The important calculated geometrical and electronic parameters for all the TSs are given
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in Table 3.3 and Figure 3.6. It can be ascertained from Figure 3.5 and Figure 3.6 that all
the TSs exhibit significantly elongated and polarized H-H bond (Table 3.3) with the Hyy
atom remains distant from the Si/Ge center (1.764-1.825 A). The polarization of the H-
H bond as well as the in situ generation of Hyny in the TSs is corroborated from an
analysis of the NBO based natural charges having values of -0.048 to -0.282 and 0.0 to
0.121 for the Hny and positively polarized hydrogen atom respectively for activation by
CAASIs (Table 3.3). The same is true for activation by CAAGes. A comparison of the
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Figure 3.5: Reaction profile diagram for the activation of dihydrogen by 1Si and 1Ge at
MO06-D3/def2-TZVP (Toluene) level of theory. The hydrogen atoms of the methyl and
phenyl groups are omitted for the sake of clarity.

geometrical parameters for the TSs (Table 3.3) with the respective ground state
geometries of corresponding CAASIs/ICAAGes (Table 3.1) show that there are
appreciable changes in their calculated E-X (E = Si, Ge and X = C, N) bond lengths and
also all of them exhibits wider ZC-E-N bond angles. The activation process is

accompanied by a marginal to significant increase in occupancy of the formally vacant
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3p orbital at the central Si atom compared to that of the free CAASIs (Table 3.2 and
Table 3.3) which is attributed to the interaction of the Hny atom with the vacant 3p
orbital. For example, the occupancy significantly increases from 0.256 in in 1Si to 0.791
in 1SiTSHH while the same increases only marginally from 0.388 in 3Si to 0.484 in
3SiTSHH,

Table 3.3: Calculated (MO06-D3/def2-TZVP (Toluene)) important geometrical
parameters and natural charges at pseudo hydridic (thy) and positively polarized

hydrogen atom (q,,) and occupancies of the formally vacant p-orbital (Occsice) of the

transition states involved in the activation of hydrogen by CAASIs (1Si-5Si, 8Si-9Si and
14Si) and CAAGes (1Ge-5Ge, 8Ge-9Ge and 14Ge). Bond lengths (E — X, E = Si, Ge
and X = N, C), bond angles (£ZC-E-N) are given in A and in degree (°) respectively.

Molecules  Hny—H E-H E-Hn E-X ZC-E-N  Ocesige  Qyyy, a,

1SiTSHH 1.174 1.514 1.764 1.746/1.879 96.8 0.791 -0.080 0.121
2SiTSHH 1.184 1.512 1.732 1.765/1.883 95.0 0.596 -0.055  0.029
3SiTSHH 1.151 1.520 1.756 1.751/1.880 98.9 0.484 -0.064  0.014
4SiTSHH 1.145 1.521 1.747 1.744/1.894 103.3 0.928 -0.062  0.012
5SiTSHH 1.180 1.510 1.732 1.770/1.873 95.8 0.671 -0.048  0.034
8SiTSHH 1.238 1.507 1.871 1.757/1.783 95.5 0.579 -0.171  -0.001
9SiTSHH 1.303 1.502 2.029 1.750/1.799 94.1 0.783 -0.282  -0.028

14SiTSHH 1.191 1.510 1.845 1.750/1.808 96.6 0.665 -0.133  -0.001

1GeTSHH 1.309 1.559 1.825 1.874/1.977 93.3 0.814 -0.108  0.037
2GeTSHH 1.316 1.557 1.804 1.885/1.975 91.6 0.603 -0.089  0.041
3GeTSHH 1.282 1.563 1.841 1.874/1.978 95.7 0.739 -0.177  0.028
4GeTSHH 1.287 1.565 1.819 1.866/1.984 98.7 0.535 -0.101  0.026
5GeTSHH 1.310 1.556 1.798 1.889/1.968 92.0 0.550 -0.079  0.044
8GeTSHH 1.351 1.548 1.898 1.877/1.887 92.3 0.625 -0.173  0.022
9GeTSHH 1.413 1.541 2.042 1.866/1.888 91.0 0.759 -0.294  -0.001

14GeTSHH 1.320 1.550 1.902 1.868/1.891 93.2 0.697 -0.171  0.017
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9GeTSHH 14GeTSHH

Figure 3.6: Optimized geometries for the transition states involved in the activation of
dihydrogen by CAASIs (2Si-5Si, 8Si-9Si and 14Si) and CAAGes (2Ge-5Ge, 8Ge-9Ge
and 14Ge) at M06-D3/def2-TZVP (Toluene) level of theory. The hydrogen atoms of the
phenyl and methyl groups are omitted for clarity.

The calculated reaction free energies (-11.9 to -31.0 kcal mol?) indicate

feasibility of the H-H cleavage reaction by these CAASIs. The computed activation free

energy barriers (AG°T8H_HI) are found to lie within 37.0 — 54.2 kcal mol? and this

perhaps explain the inertness of 1Si towards dihydrogen even at 150°C [12]. Further, the
barrier heights computed for 3Si-5Si are found to be comparable to that of the
experimentally isolated 1Si (Table 3.4) as well as that obtained for Driess’s zwitterionic
S-diketiminate stabilized N-heterocyclic silylene (Ila, Scheme 3.1) by Sicilia and co-

workers [40]. However, despite having high electron donation ability, the ylide
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decorated CAASIs 8Si and 9Si (Figure 3.3) computes significantly higher AG°TSH_HI

values (49.1-54.2 kcal mol?, Table 3.4) which may be attributed to their low

electrophilicity.

Table 3.4: Calculated (MO06-D3/def2-TZVP (Toluene)) activation energy barrier
(AG°TSH_H1, kcal mol™?) and reaction free energies (AG®. . n, keal mol™?) for the

activation of hydrogen by CAASIs (1Si-5Si, 8Si, 9Si and 14Si) and CAAGes (1Ge-5Ge,
8Ge, 9Ge and 14Ge).

Molecules AGoTsH_Hj; AG° . | Molecules AGoTsH_H:c AG® . H-H
1Si 37.9 -29.7 1Ge 49.5 -1.2
2Si 43.8 -23.1 2Ge 54.0 -2.7
3Si 37.0 -31.0 3Ge 49.0 -8.7
4Si 38.6 -26.8 4Ge 49.6 -6.8
5Si 39.8 -28.4 5Ge 50.3 -1.2
8Si 49.1 -18.9 8Ge 59.3 3.1
9Si 54.2 -11.9 9Ge 66.5 111
14Si 43.4 -26.2 14Ge 54.6 -3.6

Activation of H, by CAAGes may need elevated reaction conditions as evident
not only from the values of calculated reaction free energies which are significantly less
exergonic (endergonic for 8Ge and 9Ge) but also from the computed activation barriers
(49.0 — 66.5 kcal mol™?) that are relatively higher than those computed for CAASis
(Table 3.4). The relatively higher barrier heights obtained for CAAGes may be attributed
to their reduced Lewis basicity (lower E, values, Figure 3.3) compared to that of
CAASISs. As in the case with CAASIs, we observe similar increase in occupancies of the
formally vacant 4p orbital at the Ge center in going from the ground to the transition

states (Table 3.2 and Table 3.3).
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[3.3.2] Activation of Ammonia

Activation of ammonia has been an active area of research over the years because
of its wide application in various industrial processes [41]. For example, ammonia is
used as a source of nitrogen for the production of various industrial amines, fertilizers,
pharmaceutical products as well as inorganic acids etc [42]. However, it is to be noted
that unlike dihydrogen activation, activation of ammonia by transition metal complexes
is a challenging task as they tend to form classical Werner-type amine complexes over
bond cleavage [42]. However, a number of silylenes or germylenes are known which can
split NHz under ambient reaction conditions [43]. Thus, it may be rewarding to probe the
reactivity of these amphiphilic CAASis and CAAGes towards activation of the N-H
bond of NHs.

The mechanism may be envisaged as comprising of two steps [40] as shown in
Figure 3.7 for 1Si and 1Ge as representative examples. The optimized geometrical and
electronic parameters for all the intermediates and TSs are listed in Table 3.5 and Table

3.6 and their optimized geometries are given in Figure 3.8 and Figure 3.9 respectively. In
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Figure 3.7: Reaction profile diagram for the activation of N-H bond of NH3 by 1Si and
1Ge at M06-D3/def2-TZVP (Toluene) level of theory. The hydrogen atoms of the
methyl and phenyl groups are omitted for the sake of clarity.
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Table 3.5: Calculated (MO06-D3/def2-TZVP (Toluene)) important geometrical
parameters and natural charges at the nitrogen atom of NHz and Si/Ge center for the
intermediate (Int) involved in the activation of N-H bond of NH3 by CAASis (1Si-5Si
and 14Si), CAAGes (1Ge-5Ge and 14Ge) and NacNacSi (I1a). Bond lengths are given
in A and Wiberg Bond Index (WBI) values are given within parentheses.

Molecules H,;N-Si Ot qg Molecules  H;N-Ge Ot Oge

1SiIntNH 2.135 -1.013  1.021 1GelntNH 2.267 -1.020 1.004
(0.344) (0.317)

2SilntNH 2.085 -1.026  0.985 2GeIntNH 2.304 -1.027 1.010
(0.366) (0.303)

3SilntNH 2.097 -1.024 1.016 3GelntNH 2.349 -1.023 1.031
(0.356) (0.289)

4SiIntNH 2.137 -1.031 1.040 4GelIntNH 2.369 -1.025 1.040
(0.335) (0.281)

5SilntNH 2.087 -1.029  1.009 5GeIntNH 2.317 -1.030 1.040
(0.371) (0.311)

14SiIntN-H 2.097 -1.013 0.935 14GelntNH 2.310 -1.023 0.987
(0.360) (0.282)

la-IntN-H 2.141 -1.027 1.092
(0.335)

the first step, the lone pair at the nitrogen atom (LPn) of ammonia interacts with the
vacant p. orbital centered at the Si/Ge center, resulting in the formation of an
intermediate (1SilntNH and 1GelntNH, Figure 3.7). Thereafter, in the second step, the
intermediates pass through a TS (1SiTSNH and 1GeTSNH) involving barriers of 35.5
and 50.1 kcal mol™ respectively to yield the N—H bond splitting products. The splitting
of the N—H bond is assisted by interaction of the lone pair electron density from the
Si/Ge center to one of the c*n-H orbital thereby generating a pseudo amide fragment and
a positively polarized hydrogen atom. The TSs, 1SiTSNH and 1GeTSNH exhibits
significantly elongated and polarized N-H bond (Table 3.6) with the amide fragment
being strongly bonded to the Si/Ge center while the hydrogen remain distant from the
Si/Ge center. Both the pseudo amide fragment and the hydrogen eventually migrate to
the Si/Ge center producing the N—H splitting product. In all the TSs, the NH3 fragment is
perfectly oriented for activation with one of the N—H bond aligning in the direction of

the Si/Ge lone pair orbital. We observe a gradual and significant shortening of the
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Si/Ge—N (NH3) bonds all the way from the intermediates to the products through the

respective TSs (Figure 3.7 and Tables 3.5-3.6).

Table 3.6: Calculated (MO06-D3/def2-TZVP (Toluene))

important

geometrical

parameters and natural charges at the nitrogen atom of the pseudo amide fragment (qyy,)
and hydrogen atom (q,,) of the transition states involved in the activation of N-H bond

of NHz by CAASis (1Si-5Si, 8Si-9Si and 14Si), CAAGes (1Ge-5Ge, 8Ge-9Ge and
14Ge) and NacNacSi (I1a). Bond lengths (E — X, E = Si, Ge and X = N, C), bond angles
(£C-E-N) are given in A and in degree (°) respectively.

Molecule H,N-H E-H E-NH, E-X ZC-E-N Oy, a4
1SiTSVH 1.364 1.638 1.898 1.761/1.892 94.5 -1.250  0.226
2SiTSMH 1.371 1.636 1.881 1.781/1.889 92.7 -1.244  0.226
3SiTSMH 1.336 1.652 1.881 1.766/1.888 96.1 -1.238  0.231
4SiTSNH 1.356 1.641 1.913 1.739/1.905 100.2 -1.258  0.222
5SiTSNH 1.373 1.628 1.871 1.778/1.892 93.2 -1.203  0.231
8SiTSNH 1.368 1.640 1.896 1.776/1.811 93.2 -1.242  0.197
9SiTSNH 1.377 1.644 1.889 1.791/1.824 91.4 -1.238  0.189
14SiTSVH 1.369 1.638 1.890 1.772/1.821 94.3 -1.234  0.207
Ia- TSN 1.382 1.632 1.865 1.740/1.758 101.9 -1.237  0.212
1GeTSNH 1.490 1.648 2.014  1.889/1.982 90.8 -1.242  0.166
2GeTSNH 1.520 1.632 2.015 1.891/1.985 90.3 -1.237  0.160
3GeTSMH 1514 1.636 2.012 1.878/1.981 93.1 -1.234  0.160
4GeTSNH 1.518 1.634 2.032 1.867/1.998 98.1 -1.240  0.157
5GeTSMH 1.513 1.637 1.993 1.890/1.987 90.4 -1.229  0.165
8GeTSNH 1511 1.634 2.062 1.887/1.883 90.0 -1.257  0.142
9GeTSNH 1.515 1.649 2.046  1.899/1.898 88.5 -1.254  0.136
14GeTSNH 1.494 1.647 2.014  1.886/1.899 91.8 -1.247  0.151
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9GelntNH 14GelntN-H lla-IntN-H

Figure 3.8: Optimized geometries for the intermediate (Int"*H) involved in the activation
of N—H bond of NH3 by CAASIs (2Si-5Si, 8Si-9Si and 14Si), CAAGes (2Ge-5Ge, 8Ge-
9Ge and 14Ge) and NacNacSi (l1a) at M06-D3/def2-TZVP (Toluene) level of theory.
The hydrogen atoms of the phenyl and methyl groups are omitted for clarity.

It can be ascertained from Table 3.7 that except the intermediates 5SilntN-" and
5GelIntN-H formed by the strongly electrophilic 5Si and 5Ge that lies lower in energy
(ca. 1.0 and 0.8 kcal mol™?) than the starting reactants, all others lie at a slightly higher
energy (0.3-5.2 kcal mol™?). All the intermediates compute significantly stretched Si—N
(2.085 — 2.137 A) and Ge-N (2.267 — 2.369 A) bond lengths but still maintains
considerable interaction between the LPn and the vacant p- orbital at the Si/Ge center as
evident from the calculated non-negligible values of WBI values (Table 3.5). It may be
noted that due to their low =-acidity (Figure 3.3), compounds 8 and 9 could not form a

stable intermediate with NH3s. However, considering their substantial Lewis basicity,
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9GeTSNH 14GeTSNH lla-SiTSNH

Figure 3.9: Optimized geometries for the transition states involved in the activation of N
—H bond of NH3z by CAASIs (2Si-5Si, 8Si-9Si and 14Si), CAAGes (2Ge-5Ge, 8Ge-9Ge
and 14Ge) and NacNacSi (I1a) at M06-D3/def2-TZVP (Toluene) level of theory. The
hydrogen atoms of the phenyl and methyl groups are omitted for clarity.

they should be able to activate ammonia in a manner similar to that of activation by
strongly nucleophilic carbenes such as CAAC, i.e., the activation is initiated by
interaction of the lone pair at Si/Ge center with one of the N-H antibonding orbital (c*n-

H) generating a pseudo amide like fragment [16].
The activation barriers (AG"TSN_HI) obtained for activation by CAASIs fall in the

range of 33.7-47.5 kcal mol? (Table 3.7) with the lowest being computed for 3Si and
5Si. It is encouraging to note that the barrier heights computed for these CAASiIs are
either lower (1Si, 2Si-5Si and 14Si) or comparable (2Si) to that obtained for the
experimentally evaluated NacNacSi Ila (38.4 kcal mol?, calculated at the same level of
theory). Therefore, some of these newly designed CAASIs (2Si-5Si and 14Si) could be

considered as suitable candidates for metal-free activation of ammonia. However,

Page|3.24



Chapter 3

Table 3.7: Calculated (MO06-D3/def2-TZVP (Toluene)) activation energy barrier
(AG"TSN_HI, kcal mol™), free energies of formation (in kcal mol™) of the intermediate
(AG®, n-n) @nd N—H splitting product (AG®°___n-1)-

Molecules  AG® . A G°T3N-Hi AG°_ . | Molecules  AG® ., AGoTsN_Hi AG \n
1Si 2.0 35.5 -38.6 1Ge 0.3 50.1 -6.2
2Si 2.4 38.2 -33.7 2Ge 18 52.6 0.1
3Si 2.1 33.7 -40.6 3Ge 3.2 46.7 -7.0
4Si 5.2 37.4 -36.1 4Ge 1.7 47.1 -6.1
5Si -1.0 33.7 -38.7 5Ge -0.8 49.3 7.2
8Si - 42.2 -31.6 8Ge - 55.3 1.2
9Si - 47.5 -24.6 9Ge - 62.2 115
14Si 1.8 35.4 -38.5 14Ge 1.7 50.7 -5.7
la 1.8 38.4 -35.7

despite possessing enhanced o-basicity, the ylide decorated CAASis 8Si and 9Si
compute considerably higher barrier than others which may be attributed to their lower

n-acidity than others. Furthermore, the calculated reaction free energies (AG®, _n.n) are

found to be significantly exergonic (-24.6 to -40.6 kcal mol™, Table 3.7) indicating that
N—H splitting by the CAASiIs are thermodynamically favourable.

On the other hand, the activation barriers computed for CAAGes (1Ge-5Ge and
14Ge) are found to be significantly higher (Table 3.7) than those for CAASis (1Si-5Si
and 14Si) due to the considerably lower Lewis basicity of CAAGes as explained earlier
(vide supra). The reaction free energies are also less exergonic. Thus, both the calculated
barrier heights and reaction free energies indicate that CAAGes may need elevated
reaction conditions for N—H splitting and this also perhaps explain why no 1,1-addition
product is obtained to date with N-heterocyclic germylenes. Therefore, similar to the
dihydrogen activation, once again CAASIs turned out to be better candidates for the

activation of ammonia than CAAGes.
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[3.3.3] Activation of Toluene

A number of silylenes or germylenes are reported which are capable of activating
enthalpically strong C—H bonds [44]. In this regard, it is worth mentioning the recent
work of Iwamoto and co-workers who have shown the reactivity of 1Si towards
activation of inert C—H (sp®) bond of toluene (CHsPh) [12]. Herein we have made an
attempt to study the potential of these skeletally substituted CAASis and CAAGes
towards the activation of toluene. The mechanism is similar to that of dihydrogen
activation, i.e., the o-symmetric lone pair orbital of the central Si/Ge atom of
CAASIs/ICAAGes interacts with one of the C—H antibonding orbital (c*c-H) thereby
generating a pseudo anionic fragment (PhCH2). Thereafter, the gradual migration of the
PhCH: fragment from the activated C—H bond towards the vacant p. orbital centered at
the Si/Ge center yields the desired C—H bond cleaved product. The overall process
proceeds via a TS in which the Si/Ge center interact simultaneously with the both the
hydrogen and PhCH. fragment. Accordingly, we have searched for the probable TSs

involved in the activation of toluene.

The complete reaction profile as well as optimized geometries of the TSs for
insertion of CAASIs into the benzylic C—H bond of toluene is illustrated in Figure 3.10
by considering 1Si and 5Si as representative examples. The important geometrical and
electronic parameters for all the TSs are given in Table 3.8 and their geometries are
given in Figure 3.11. All the TSs exhibit significantly elongated (1.609-1. 723 A) and
polarized (Table 3.8) C-H bond with the hydrogen being strongly bonded to the Si
center (1.595 - 1.626 A) while the PhCH, fragments remain distant from the Si center
(2.105 - 2.171 A). As observed for activation of Hy, the TSs for activation of toluene is
also accompanied by an increase in occupancy of the formally vacant valence 3p orbital
at the central Si atom. For example, the occupancies increase from 0.256 (1Si) and 0.182

(5Si) t0 0.475 and 0.461 in 1SiTSH and 5SiTSCH (Table 3.8) respectively.
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Figure 3.10: Reaction profile diagram for the activation of C—H bond of CHsPh by 1Si
and 5Si at M06-D3/def2-TZVP (Toluene) level of theory. The hydrogen atoms of the
methyl and phenyl groups are omitted for the sake of clarity.
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9GeTSCH 14GeTSCH

Figure 3.11: Optimized geometries for the transition states involved in the activation of
C—H bond of CH3Ph by CAASIs (2Si-4Si, 8Si-9Si and 14Si) and CAAGes (1Ge-5Ge,
8Ge-9Ge and 14Ge) at M06-D3/def2-TZVP (Toluene) level of theory. The hydrogen
atoms of the phenyl and methyl groups are omitted for clarity.
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Table 3.8: Calculated (MO06-D3/def2-TZVP (Toluene)) important geometrical
parameters and natural charges at the carbon atom of the PhCH: fragment (qgp,c,) and

hydrogen atom (q,,) and occupancies of the formally vacant p-orbital (Occsice) of the

transition states involved in the activation of toluene by CAASis (1Si-5Si, 8Si-9Si and
14Si) and CAAGes (1Ge-5Ge, 8Ge-9Ge and 14Ge).

Molecule PhCH2-H E-H E-CH2Ph  Occsice  Opnchy dy
1SiTSCH 1.652 1.595 2.156 0.475 -0.570 0.066
2SiTSCH 1.676 1.596 2.155 0.524 -0.565 0.075
3SiTSCeH 1.609 1.609 2.136 0.359 -0.616 0.093
4SiTSCH 1.622 1.610 2.171 0.431 -0.573 0.056
5SiTSCH 1.654 1.600 2.156 0.461 -0.562 0.063
8SiTSCH 1.655 1.626 2.117 0.963 -0.604 0.073
9SiTSCH 1.723 1.608 2.135 0.957 -0.576 0.066
14SiTSCH 1.676 1.603 2.105 0.461 -0.606 0.087
1GeTSCH 1.807 1.668 2.239 0.503 -0.500 0.030
2GeTSCH 1.860 1.666 2.257 0.542 -0.481 0.029
3GeTSCH 1.781 1.689 2.220 0.373 -0.540 0.052
4GeTSCH 1.786 1.683 2.271 0.477 -0.491 0.020
5GeTSCH 1.811 1.672 2.242 0.491 -0.490 0.028
8GeTSH 1.795 1.684 2.224 0.382 -0.496 0.043
9GeTSCH 1.854 1.669 2.189 0.450 -0.550 0.081
14GeTSCH 1.815 1.712 2.192 0.863 -0.545 0.037

The barrier heights obtained for CAASis are found to be significantly high (62.9
— 82.6 kcal mol?, Table 3.9) and this explains the experimental observation of
requirement of higher temperature for activation by 1Si. It is indeed encouraging to note
that some of the computationally designed CAASis (3Si-5Si) exhibits lower barriers
compared to 1Si and thus they could be ideal candidates for experimental realization.
The unusually higher barrier obtained for 8Si and 9Si may be attributed to their
significantly reduced = acidity compared to that of other CAASis (Figure 3.3) considered
in this study for C—H activation.
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Table 3.9: Calculated (MO06-D3/def2-TZVP (Toluene)) activation energy barrier
(AG"TSC_HI, kcal mol™?) and reaction free energies (AG®, c Kkeal mol™?) for the
activation of C — H bond of toluene by CAASis and CAAGes.

Molecules AGoTsc_Hf; AG°, .cn Molecules AGoTSc_Hj; AG® . cH
1Si 65.8 -22.1 1Ge 73.5 0.4
2Si 70.6 -16.7 2Ge 76.8 5.6
3Si 63.5 -23.3 3Ge 72.6 0.3
4Si 64.3 -21.2 4Ge 68.0 1.3
5Si 62.9 -21.9 5Ge 69.8 11
8Si 75.0 -13.5 8Ge 85.5 9.3
9Si 82.6 -5.6 9Ge 94.8 16.7
14Si 72.0 -21.6 14Ge 79.1 2.4

Further, a comparison of Tables 3.4 and Table 3.9 show that activation of toluene
involve considerably higher barrier (ca. 23 — 29 kcal mol™?) than that for H activation
which may be attributed to the fact that the computed transition state for toluene
activation involves more steric hindrance than that for H. activation. The calculated
reaction free energies (AG°__ ) indicate possibility of the C—H activation process but
may need higher temperatures as observed experimentally [12]. As expected, once again
CAAGes compute much higher barrier (68.0-94.8 kcal mol™t) than CAASis. Also, the

calculated AG®, .., values are found to be endergonic in nature (0.4-16.7 kcal mol,

Table 3.9) indicating requirement of elevated reaction conditions in future synthetic

endeavors toward C—H activations employing CAAGes.

[3.3.4] Activation of Triethylsilane

The recently discovered cyclic(alkyl)(amino)silylene 1Si was found to insert into the Si—
H bond of triethylsilane (EtsSiH) upon heating at 100°C [12] which motivated us to
probe the potential of some of the molecules considered in this work towards activation
of Si—H bond. Conceptually, such an insertion process may proceed via two steps as
shown in Figure 3.12 by considering 1Si and 3Si as representative examples [45]. In the

first step, the silylene using its lone pair orbital forms a van der Waals complex
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(featuring slightly activated Si—H bond) with SiEtsH which then passes through a TS to
yield the Si—H scission product. The presence of an activated Si — H bond in the van der
Waals complexes facilitates the Si — H bond splitting process. Further, for the sake of
comparison, Kira’s five-membered silylene (X, Scheme 3.1) which is known to activate
SiEtsH under ambient reaction conditions is also considered in this study [23].

The van der Waals complexes lie marginally higher in energy than the reactants
(ca. 1.7-6.9 kcal mol?, Table 3.12) and they exhibit considerably elongated Si—SiEtsH
bond lengths (Table 3.10 and Figure 3.13) that lie within the sum of van der Waals radii
of Si (2.10 A). As shown in Figure 3.12, the van der Waals complexes 1Siv and 3Siv pass
through a TS (1SiTSSH and 3SiTSSH) in which both the SiEts fragments and the

negatively polarized hydrogen atoms (Table 3.11 and Figure 3.14) simultaneously
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Figure 3.12: Reaction profile diagram for the activation of Si—H bond of SiEtzH by 1Si
and 3Si at M06-D3/def2-TZVP (Toluene) level of theory. The hydrogen atoms of the
methyl and phenyl groups are omitted for the sake of clarity.
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Figure 3.13: Optimized geometries for the van der Waals complexes involved in the
activation of Si—H bond of SiEtsH by CAASIs (2Si-5Si, 8Si-9Si and 14Si), CAAGes
(1Ge-5Ge, 8Ge-9Ge and 14Ge) and IX at M06-D3/def2-TZVP (Toluene) level of
theory. The hydrogen atoms of the methyl and phenyl rings are omitted for clarity.

2siTsSHH 4SiTSSH 5SiTSSHH

Page|3.33



Chapter 3

9GeTSSHH 14GeTSSH

Figure 3.14: Optimized geometries for the transition states involved in the activation of
Si—H bond of SiEtsH by CAASIs (2Si-5Si, 8Si-9Si and 14Si), CAAGes (1Ge-5Ge, 8Ge-
9Ge and 14Ge) and IX at M06-D3/def2-TZVP (Toluene) level of theory. The hydrogen
atoms of the phenyl and methyl groups are omitted for clarity.
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important geometrical
parameters and natural charges at the silicon atom of the SiEtsH and at the central atom
(E = Si, Ge) of the van der Waals complexes involved in the activation of Si-H bond of
SiEtsH by CAASis (1Si-5Si, 8Si-9Si and 14Si), CAAGes (1Ge-5Ge, 8Ge-9Ge and
14Ge) and IX. The E-X (E = Si, Ge and X = C, N), Si — E bond lengths and #/C - E - N
bond angles (£C-E-N, E = Si, Ge) are given in A and in degree (°) respectively.

Molecule  EtsHSi-E E-X ZC-E-N  Ogiggn Ge
1Siv 4.198 1.749/1.903 91.3 1498 1.155
2Siv 3.852 1.775/1.904 89.0 1.516 1.103
3Siv 4.039 1.759/1.898 93.2 1515 1.192
4Siy 4.071 1.738/1.912 97.0 1494 1211
5Siv 3.822 1.773/1.895 90.6 1.514 1.210
8Siv 3.880 1.787/1.796 89.9 1.477 0.947
9Siv 4.264 1.803/1.823 87.2 1.458 0.777
14Siy 3.807 1.787/1.825 92.2 1512 1.035
IXv 4.247 1.903/1.903 92.9 1.453 1.246
1Gey 4.259 1.873/2.013 87.5 1.463 1.079
2Gey 3.860 1.891/2.007  85.5 1486 1.002
3Gev 3.924 1.880/2.009  90.1 1.509 1.097
4Gey 3.770 1.881/2.023  93.9 1.523  1.095
5Gey 3.844 1.899/2.003 87.2 1.514 1.118
8Gev 4.136 1.908/1.890 86.2 1.470 0.907
9Gev 4.205 1.932/1.914 83.9 1.453 0.764

14Geyv 3.938 1.916/1.912 88.7 1.487 1.002
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important geometrical

parameters and natural charges at the silicon atom of the SiEts fragment (qgg,) and

hydrogen atom (q,,) of the transition states involved in the activation of Si-H bond of
SiEtsH by CAASis (1Si-5Si, 8Si-9Si and 14Si), CAAGes (1Ge-5Ge, 8Ge-9Ge and

14Ge) and IX.
Molecule EtsSi-H E-H E-SiEts OsiEts dy
1SiTSSHH 1.845 1.659 2.425 1.522 -0.186
2SiTSSHH 1.749 1.693 2.469 1.527 -0.178
3SiTSSHH 1.704 1.768 2.444 1.348 -0.259
4SiTSSHH 1.713 1.734 2.475 1.497 -0.189
5SIiTSSHH 1.785 1.669 2.440 1.545 -0.177
8SiTSSHH 1.750 1.773 2.389 1.397 -0.184
9SiTSSHH 1.735 1.810 2.390 1.381 -0.195
14SiTSSHH 1.714 1.770 2.437 1.427 -0.171
IX-TSSHH 1.624 1.783 2.582 1.536 -0.193
1GeTSSHH 1.794 1.765 2.476 1.504 -0.164
2GeTSSHH 1.929 1.733 2.451 1.540 -0.151
3GeTSSHH 1.799 1.772 2.502 1.509 -0.159
4GeTSSHH 1.831 1.771 2.485 1.527 -0.167
5GeTSSHH 1.863 1.750 2.484 1.542 -0.154
8GeTSSHH 1.839 1.815 2.416 1.412 -0.185
9GeTSSHH 1.902 1.850 2.403 1.420 -0.215
14GeTSSHH 1.814 1.813 2.446 1.453 -0.168

interacts with the silylene center. This is followed by the eventual migration of the SiEts

fragment and the H atom from the activated Si—H bond towards the Si center to yield the

Si—H splitting product. The intramolecular charge transfer in the TSs is further
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corroborated from the presence of significant negative charge at the H atom of SiEtsH (-
0.171 to -0.259 and -0.151 to -0.215 for CAASIs and CAAGes respectively, Table 3.11).

The barrier heights (AG®° i) obtained for the CAASIs lie within the range of 17.3-

TsSi-H
37.0 kcal mol™ with the highest and lowest barrier being computed for 9Si and 3Si
respectively (Table 3.12). Furthermore, it may be noted that except 9Si, all others

compute comparable AG°TSSi_HI values to that of the experimentally evaluated 1Si

implying that majority of these newly designed CAASis could be considered as potential
candidates for activation of silanes. It is worth mentioning that the boron substituted
CAASI 3Si consistently outperforms the synthetically achievable 1Si in all these bond
activation processes considered in the present study. In addition, the reaction free

energies are found to be significantly exergonic implying the feasibility of the reaction.

Gratifyingly, the AGOTSSi-HI values for activation by CAASIs (except 9Si) are found to

be comparable with that computed for the experimentally evaluated Kira’s five-

membered silylene (IX, AG® f = 24.3 kcal mol?, Table 3.12) thereby bolstering

TsSi-H

their potential towards activation of silanes,

Table 3.12: Calculated (MO06-D3/def2-TZVP (Toluene)) activation energy barrier
(AG°TSsi_H1, kcal mol™) and reaction free energies (kcal mol™) for the formation of the
van der Waals complexes (AG® q) and Si-H splitting products (AG®_ siv) by
CAASis and CAAGes.

Molecule  AG® ., AGoTssi_Hi AG®_ .y | Molecule  AGe ., AG AG®_ sin
1Si 1.7 20.1 -15.1 1Ge 3.7 29.8 -2.2
2Si 3.8 26.4 -7.9 2Ge 3.1 34.4 7.4
3Si 3.0 17.3 -20.9 3Ge 2.2 28.3 2.4
4Si 3.2 20.5 -14.4 4Ge 1.6 25.9 -3.4
5Si 6.9 23.2 -16.7 5Ge 3.3 25.4 -4.1
8Si 2.9 27.2 -1.4 8Ge 3.7 36.3 9.5
9Si 4.3 37.0 -0.8 9Ge 4.2 44.4 16.3
14Si 4.4 24.5 -11.9 14Ge 35 30.6 15
IX 6.3 24.3 -15.8
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Similar to the activation of H-H, N-H and C-H bonds, once again all the

CAAGes compute considerably higher AG® T values (25.4 — 44.4 kcal mol™) than

TsSi-H
those obtained for the CAASIs (Table 3.12). This in part explains why till date no cyclic
germylenes are known to activate silanes even though there may be other factors. In
addition, the reaction free energies computed for the CAAGes are also found to be less
negative compared to the CAASIs indicating that all of them may demand elevated

reaction condition for the activation of silanes.

[3.4] Conclusions

Density functional theory calculations performed on a number of skeletally
substituted cyclic alkyl amino silylenes (CAASIs) and germylenes (CAAGes) show that
they compute significantly higher or comparable singlet-triplet separation (AEs-t) than
their synthetically accessible parent analogues implying that all of them may be stable
enough for experimental realization. Furthermore, some of the computationally designed
CAASis and CAAGes are probed towards activation of H-H, N-H, C-H and Si—H
bonds and the energetics of these reactions are compared with those of the
experimentally evaluated systems including Driess’s NacNac stabilized silylene (11a)
and Kira’s five-membered silylene (1X). Our study successfully explains many of the
experimental observations, e.g., requirement of higher temperature for C—H and Si-H
bond activations. The activation barrier obtained for some of the CAASis in NH3
activation are either found to be comparable or lower than that for the synthetically
evaluated Driess’s silylene indicating their potential in the activations of N—H bonds.
Based on the calculated energy barrier for all the bond activations considered here, it
may be concluded that these activation processes may need elevated reaction conditions.
Further, C—H activation is found to be the most challenging one which is in agreement
with experimental observations. Activations employing the heavier germylenes are
calculated to have higher barriers indicating requirement of significantly elevated
reaction conditions than those employing CAASis. We hope that our conclusion of many
of the skeletally substituted CAASIs considered here as promising candidates for small
molecule activations will inspire synthetic chemists not only towards their experimental
isolation but also their possible use as promoters of metal-free bond activations.

A comparison of the ligand properties of the group 14 carbenoids (MNHCs,

CAASis and CAAGes) considered in this study reveals that the MNHCs exhibit
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substantially higher electron donation ability compared to those of the
CAASIs/ICAAGes. Since the primary interaction involved in the activation of c-bonds
by group 14 carbenoids is the transfer of electron density from the lone pair localized at
the ene (C, Si and Ge) center to the o*-antibonding orbital therefore, the MNHCs are
expected to perform better than those of the CAASIS/ICAAGes. Indeed, the MNHCs
compute considerably lower barrier heights as well as exergonic reaction free energies in

different o-bonds activation process.
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