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Design, System, Application Statement

Carbenes have been playing a significant role in organic chemistry and considerable efforts have
been spent to develop new types of carbenes. Inspired by the recent experimental work reported
by Li et al. (J. Am. Chem. Soc. 2021, 143, 8244-8248), we designed a family of novel carbenes,
(Si and B)-heterocyclic carbenes (SiBHCs), and computationally demonstrated that they are stable
and can bind with silver complexes to form stable (SIBHC)AgC=CH which contain a planar
tetracoordinate carbon (ptC). They can also occur Diels-Alder reactions with butadiene. Based on
these novel carbenes, we further designed three porous organic molecules (POMs) and one 2D
covalent organic framework (COF) whose structures and properties were studied computationally
as well. We expect that this work is of general interest to the readership of MSDE.
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ABSTRACT: Using density functional theory (DFT), we theoretically designed fifteen novel and stable (Si and B)-
heterocyclic carbenes (SiBHCs). While these SiBHCs are structurally similar to the B-heterocyclic carbenes (BHCs), their
carbene character origins from the charge-shift (CS) bond of the inverted C=C bond. To demonstrate the applicability of
these novel carbenes, we showed that they can bind with silver complexes to form (SiBHC)AgC=CH which are
thermodynamically and electronically stable and contain a planar tetracoordinate carbon (ptC). Notably, SiBHCs can go
through Diels-Alder reactions with butadiene and the Diels-Alder reactions are feasible both thermodynamically and
kinetically. Based on SiBHCs as C; building blocks, we further designed three porous organic molecules (POMs) and one
2D covalent organic framework (COF). The three POMs (D1-D3) are situated at the minima on the potential energy surfaces
and contain regular hexagonal channels. The POMs are extended into 2D structures with infinite lattices to produce COF.
Optimized lattice parameters of such COF (COF-SiBHC-1) using Mo6-2X functional under the periodic boundary condition
(PBC) indicated that the COF is of hexagonal lattice. Thus, SiBHCs have potential applications in ptCs, organic chemistry

and material design owing to their unusual geometrical and electronic structures.

INTRODUCTION

Carbene (CH,) is a highly active intermediate and has
played an important role in organic chemistry.
Recognizable ‘carbene’ research started with the attempts
by Dumas et al. to isolate and characterize methylene in
1835." Carbene can be divided into Fischer- and Schrock-
type carbenes according to its electronic structure. Fischer-
and Schrock-type carbenes were successfully synthesized
in1964 and 1974, respectively.>3 Remarkably, Arduengo et
al. experimentally obtained a stable N-heterocyclic
carbene (NHC) in 1991.* Since then, NHCs have become a
standing interest in experimental and theoretical domains
due to their unique electronic structures and extensive
applications in the fields of metal-organic chemistry’s9
and catalysis.>>2# Interestingly, carbenes can be produced
by the isomerization of reactive intermediates C;H, and
C,H, with a planar tetracoordinate carbon (ptC).>52¢

Recently, we theoretically designed a new type of
carbene, i.e., B-heterocyclic carbene (BHC).?” In contrast to
the structures of Fischer- and Schrock-type carbenes, the
carbene characteristic of BHCs arises from a charge-shift
(CS) bond.>83' Moreover, we found that BHCs can act as
ligands and Lewis bases to form complexes with ptC.27 3236
BHCs can also participate in the Diels-Alder reaction as
dienophiles to generate novel [1.1.1]propellanes containing
boron atom.37-3® Additionally, BHCs were recently used to
design porous organic molecules (POMs)39 and stabilize a
planar tetracoordinate silicon (ptSi).4°

Inspired by the recent work reported by Li et al., who
found that SiH, can stabilize C=N bond to produce 1-aza-
2,4-disilabicyclo[1,1,0]butanes,# we anticipated to obtain a
family of novel molecules X,SiC,BR given by the

substitution of SiX, for the CX, unit in BHCs. As such, a
type of novel carbenes, (Si and B)-heterocyclic carbenes
(SiBHCs) were anticipated. If the expected SiBHCs are
stable, a kind of new molecules with a CS bond can be
proposed as well. In addition, these SiBHCs may
coordinate to transition metals as ligands and the resulting
complexes should contain ptCs. These new compounds
with ptCs surely would enrich the ptC chemistry proposed
by Hoffmann in 1970.# The Diels-Alder reactions of
SiBHCs with butadiene were also computationally
explored. Finally, we rationally designed one kind of novel
2D covalent organic framework (COF) based on SiBHC
building blocks. In contrast to COFs reported in
literature, 45 such COFs constructed with SiBHC building
blocks can serve as ligands to form metal-organic
frameworks (MOFs) with ptC compounds.

COMPUTATIONAL METHODS

Previous studies of BHCs showed that the energies of
BHCs are higher than those of their linear isomers, that is,
the linear isomer of a BHC is more stable than the BHC
itself.3s Thus, in this work both the structures of SiBHCs
and their linear isomers were studied using the density
functional theory Mo6-2X functional4® in combination
with the 6-3uG** basis set.#” Vibrational frequencies of
these molecules were calculated at the same level of theory
to confirm the true minima on the potential energy
surfaces. Geometry optimizations and frequency
calculation of the complexes of SiBHCs coordinated to
AgC=CH were performed with the Mo6-2X functional and
the SDD basis set#® for Ag and the 6-3u1G** basis set for the
rest atoms. Diels-Alder reactions of SiBHCs with butadiene
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were investigated at the same Mo06-2X/6-3uG** level. To
design a 2D COF based on SiBHC building blocks, we
constructed three POMs. When these POMs structures
were extended into 2D structures with infinite lattices, the
COF constructed by SiBHC building blocks was obtained.
Both structural optimizations and frequency calculations
of these POMs were performed. The COF were optimized
under the periodic boundary conditions (PBCs). Wiberg
bond indices (WBIs) of the most stable SiBHCs and the
products of the Diels-Alder reactions of the SiBHCs with
butadiene were derived by the natural bond orbital (NBO)
analysis.# Nucleus-independent chemical shifts NICS(o)
and NICS(1) at the centers of the three-membered rings
formed by two C atoms and one B atom of SiBHCs were
calculated by the gauge-independent atomic orbital (GIAO)
method.>° All above calculations were performed with the
Gaussianog program.5* The AIM200oo program5>5 was used
to calculate electron density and Laplacian values of the
chemical bonds of the most stable SiBHCs. Ab initio
valence bond (VB) computations were carried out with
XMVB.5#5¢  Ab initio molecular dynamical (AIMD)
simulations with the example of B1 were carried out with
the Vienna ab initio simulation package (VASP)
program,575® where the core and valence electrons were
represented by using the projector augmented wave
(PAW)5 method and plane-wave basis functions with a
kinetic energy cut-off of 400 eV. The generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE)% exchange-correlation functional was used in the
AIMD calculations. The finite temperature simulations of
dynamical properties were performed at the temperatures
298 K and 673 K using the exact Hellman-Feynman forces
and applying the statistics of the canonical ensemble to the
motion of atomic nuclei by means of a Nosé thermostat.
Newton’s equations of motion were integrated using the
Verlet algorithm® with a time step of 1 fs. B1 molecules
were confined in the cubic box of 17*17*17 A and a vacuum
distance of more than 10 A was set to keep the interactions
between molecules in the adjacent boxes negligible. The
Brillouin-zone sampling was restricted to the I'-point. The
optimization of atomic geometries was performed via a
conjugate-gradient algorithm until residual forces acting
on atoms were less than 0.1 eV A~

RESULTS AND DISCUSSION

On the basis of the structures of 1-aza-2,4-
disilabicyclo[1,1,0]butanes# and BHCs>, we designed (Si
and B)-heterocyclic carbene (SiBHC), H,SiC,BH, as
illustrated in Scheme 1a. H,SiC,BH (a) is the substitution
of SiH, for the CH, unit in BHC (b). Scheme 1c illustrates
the fifteen SiBHCs (X=H, R=H, Me, NH, and NO,; X=F,
R=H, Me, tBu, NH,, CF; and NO,; X=Me, R=H, Me, tBu,
NO, and B(OH),). The linear isomers of SiBHCs were given
in scheme 1d. The linear isomers of SiBHCs are formed via
two isomerization paths as displayed in Scheme 1S (in
Supporting Information). Optimized geometries and the
relative energies of the possible structures of SiBHCs and
their linear isomers were illustrated in Fig. 1S (in

Supporting Information). As shown from Fig. 1S, the lowest
energy structures of the fifteen SiIBHCs were denoted as Ai
(i=1-15) and their likely isomers as Ai-j. For instance, A1 has
only one linear isomer A1-1 but A2 has three isomers which
were labelled as A2-j (j=1-3).

4«

5 X=H; R=H, Me, NH,, NO,
/ \ X=F; R=H, Me, tBu, NH,, CF;, NO,
Ci7==C2  X=CH,; R=H, Me, tBu, NO,, B(OH),

9 J E SiXZICIZCZZB—R
(a) (b) (©) (d)
JHIBPCPsi

Scheme 1. (Si and B)-heterocyclic carbenes (SiBHCs) (a)
and B-heterocyclic carbenes (BHCs) (b). Fifteen types of
(Si and B)-heterocyclic carbenes (c) and the linear isomers
(d).

Notably, all 15 SiBHCs (Ai) have significantly lower
energy than their corresponding linear isomers (Ai-j). For
example, the energies of A1 and As are lower than those of
A1-1and As-1 by 30.2 and 49.0 kcal/mol, respectively. Thus,
in contrast to BHCs,3> SiBHCs are more stable compared
with their linear isomers. In other words, the substitution
of SiX, for the CX, unit in BHCs prefers to form SiBHCs.
The energies of SiBHCs also depend wupon the
conformation of the groups R bonded to the boron atom in
X,SiC,BR. Interestingly, A3-1 and A8-1 are much less stable
than A3 and A8 by about 17.6 and 20. kcal/mol,
respectively. The high stability of A3 and A8 can attribute
to the conjugated n bond between B and N. Vibrational
frequency calculations confirmed that all Ai structures
situate at the minima on the potential energy surfaces. Fig.
1 shows the optimized geometries of the Ai for the sake of
clarity.
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Fig. 1. Optimized bond lengths (in plain) and calculated
WABIs (in bold) in Ai (i=1-15) at the M06-2X/6-3uG** level.
The bond lengths are given in A.

As seen from Fig. 1, the distances of C-C, C-B and C-Si
bonds in Ai (i=1-15) are in the ranges of 1.442~1.490,
1.442~1.481 and 1.748~1.814 A, respectively. The lengths of
C-C and C-B bonds in Ai are well consistent with those of
BHCs.3537 Thus, the substitution of SiX, for the CX, unit in
BHCs does not impact the chemical bonds of the three-
membered ring CCB in a noticeable way. We further
calculated the WBIs of C-C, C-B and C-Si bonds in Ai which
were incorporated into Fig. 1. The WBIs of C-Si bonds in Ai
are around 0.80, suggesting the single bond nature for the
C-Si bonds. The WBIs of C-C bonds in Ai are in range of
1.50~1.60, thus, the C-C bonds are between single and
double bonds. The WBIs of the C-B bonds in Ai are in the
range of 1.04~1.17, indicating C-B are not classical single
bonds.

To better understand the bonding nature of the C-C and
C-B bonds in Ai, we plotted the orbitals involved in the C-
C and C-B bonds in Fig. 2 and Fig. 2S (in Supporting
Information). As shown in Fig. 2, the HOMOs of Ai are
mainly the linear combination of the AOs of the two
carbon atoms in the C-C bond, which are consistent with
those of BHCs.3537 According to the m orbital and HOMO,
it can be concluded that the C-C bond contains both 7 and
CS bonds analogous to the inverted C-C bond in BHCs.3
Fig. 2S shows an occupied m orbital extending over both
carbon atoms and the boron atom, i.e. I1;> with two ©
electrons moving over the three-membered ring (CCB).
Thus, the shorter bond lengths and larger WBIs (>1.0) of
the C-B bonds can be ascribed to the conjugate n orbital
(aromaticity). Because the lengths, WBIs and the HOMOs
are in good agreement with those of BHCs 3537 Ai (i=1-15)
were confirmed to have carbene characteristics which
origin from the charge-shift (CS) bond. As such, Ai can be
called SiBHCs. Calculated HOMO and LUMO energies and
the HOMO-LUMO gaps of Ai were compiled in Table 1S
(in Supporting Information). The gaps between HOMO
and LUMO of Ai are in the range of 8.23~9.20 €V,
indicating Ai are electronically stable.

Yoroinnnes
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Fig. 2. HOMOs and LUMOs of Ai (i=1-15).
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Since Ai (i=1-15) have similar structures, we employed
the ab initio VB method BOVB/6-31G* to investigate the
bonding of the inverted C-C bond in A1 and verify its CS
nature. A1 can be described in terms of three resonance
structures as shown in Scheme 2. Computations showed
that ionic resonance structures make 34% contributions to
the ground state of A1, suggesting that A1 favor a carbene
structure by charge-shifting. Additionally, the calculated
ratios of resonance energy to bond energy for the inverted
C=C bond in A1 is 49% and meet the definition of a CS
bond.

WA HoH He
\: \ 4

B B B

| | |

H H H

1 2 3

Scheme 2. The covalent structure (1) and two ionic
resonance structures (2 and 3) arising from charge-shift
over the inverted C-C bond in Ax.

Since Ai (i=1-15) has a IT;* delocalization © bond, the
three-membered rings (CCB) are satisfied with the 4n+2
rule and aromatic. Accordingly, both NICS(0) and NICS(1)
values in the centers of three-membered rings of Ai were
calculated and listed in Table 2S (in Supporting
Information). The NICS(o) and NICS(1) values are in the
range from -38.4~-20.5 and -21.6~-11.1 ppm, respectively,
indicating the strong aromaticity of these three-membered
rings in Ai. The electron density and Laplacian values at
the bond critical point (BCP) of Ai were calculated and
listed in Table 2S (in Supporting Information). Table 2S
showed that the electron densities and Laplacian values of
the inverted C=C bonds were close to 0.26 and -0.37,
respectively.

Similar to BHCs, the C-C bonds in Ai (i=1-15) result in the
carbene characteristics for these molecules. Accordingly,
we optimized the silver complexes Bi (i=1-15) which result
from the coordination of Ai to AgC = CH. Optimized
geometries of these complexes were illustrated in Fig. 3.
Binding energies between Ai and AgC=CH, and between
L(=CO, NHC) and AgC = CH in complexes LAgC = CH
where CO or NHC coordinates to AgC = CH, were
calculated and compiled in Table 3S (in Supporting
Information). The binding energies in the complexes LAgC
= CH (L=CO, NHC) were 18.4 and 45.2 kcal/mol,
respectively. The binding energies in the complexes Bi
formed by SiBHCs and AgC = CH were in the range of
18.9~32.7 kcal/mol, suggesting that the formations of Bi are
thermodynamically favorable and the coordination
capability of SiBHCs ranges between CO and NHC.
Frequency calculations also confirmed that Bi are the
minima on the potential energy surfaces as they have no
imaginary frequencies. The distances of ptC-Ag and Ag-
C(=CH) in complexes Bi (i=1-15) are close to 2.231 and
2.068 A, respectively. The lengths of ptC-Ag bonds are
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consistent with those of BHCs,* indicating that ptC-Ag
bonds are coordination bonds. The short lengths of the Ag-
C(=CH) bonds in complexes Bi result from the ionic bond
and coordination bond of the complexes AgC = CH. The
distances of ptC-B, ptC-C and ptC-Si bonds in Bi are close
to 1.489, 1.449 and 1.838 A, respectively, which are
consistent with those of BHCs.2 Thus, the carbon atom
(ptC) in complexes Bi forms four bonds. In addition, the
sum of the four bond angles of Si-ptC-Ag, Ag-ptC-B, B-ptC-
C and C-ptC-Si in Bi are close to 360°, showing that the five
atoms Si, C, ptC, B and Ag atoms are located on one plane.
Thus, all the complexes Bi (i=1-15) contain ptCs.
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Fig. 3 Optimized geometries of the complexes Bi (i=1-15)
at the Mo6-2X/6-3uG** level. Bond lengths (in plain) and
the smallest vibrational frequencies (in italic) are given in
A and ecm™, respectively.

To confirm the thermodynamic stability of Bi, ab initio
molecular dynamical (AIMD) simulations of B1 at T= 298
and 673 K were carried out and illustrated in Fig. 2S (in
Supporting Information). As seen from Fig. 2S, the
structure of B1 has no significant changes at 298 K and 673
K for 8000 fs, in which the distances of Ag-C and Si-C are
around 2.041 and 1.920 A, respectively. Thus, B1 is
thermodynamically stable.

Because the LUMOs of the SiBHCs Ai (i=5-13) are similar
to those of ethene and cyclopropane as shown in Fig. 2,
these SiBHCs Ai (i=5-13) can be dienophiles to occur Diels-
Alder reactions according to the frontier molecular orbital
theory. The Diels-Alder reactions of Ai (i=5-13) with
butadiene were shown in Scheme 3a. The transition states
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(TSgi-endo and TSy exo) and products (Py;) involved in the
Diels-Alder reactions of Ai were illustrated in Scheme 2b,
in which TS4j-endo and TS4i.exo Were denoted in term of the
orientation of SiX, unit in Ai toward butadiene.

Calculated reaction free energies and energy barriers of
the Diels-Alder reactions of Ai (i=5-13) with butadiene
were given in Fig. 4. As seen from Fig. 4a, the reaction free
energies of the Diels-Alder reactions are in the range of -
33.6~-46.7 kcal/mol, indicating these Diels-Alder reactions
are thermodynamically feasible. Additionally, the electron
withdrawing group X and R can result in reduced reaction
free energies. For instance, the reaction free energies of Ai
(i=5-10) are lower than those of Ai (i=11-13), the order of
reaction free energies of Ai (i=8-10) is A8 < Ag < A10. In
particular, the reaction free energy of A1o is the lowest due
to the strong withdrawing group NO.,.

Si

5%y
i + C/=\C —— | (|/ / (a)
= N\ / €

/7 ‘(/7 ¢, ,.-S\X:
; D E|\ (b)

==

dz2 | dl :—— SiX,
/‘C/z’—/“ l/ /(/— G
RB X581
TS piendo TSaiexo Py

Scheme 3 Diels-Alder reactions of SiBHCs with
butadiene (a). Two transition states (TSajendo aNd TSi-exo)
and the products (Py;) (b).
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Fig. 4 Reaction free energies (a) and energy barriers (b)
of the Diels-Alder reactions of SiBHCs with butadiene.

Fig. 4b showed that the energy barriers of undergoing
endo transition states (TSai.endo) are lower than those of
undergoing exo transition states (TSgjexo). This is
consistent with the reactions of cyclopropenes and BHCs
with butadiene.373% ¢ The Diels-Alder reactions of Ai (i=5-
13) via transition state TSa;.endo to give Py; with the energy
barriers in the range of 16.4~29.5 kcal/mol, indicating that
these Diels-Alder reactions are kinetically feasible. More
interestingly, the sharpness of the energy barriers of the
Diels-Alder reactions of Ai (i=5-13) is completely similar to
that of the reaction free energies. Thus, the electron
withdrawing group X and R substitution of SiBHCs can
significantly reduce both reaction free energies and energy
barriers.

Optimized bond lengths of d1 and d2 (defined in Scheme
3) in the transition structures TSj.endo and TSaj.exo Of the Ai
(i=5-13) with butadiene were given in Table 4S (in
Supporting Information). As seen from Table 4S, the
distances of d1 and dz in the endo and exo transition states
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are in the range of 2.260~2.378 A, and in agreement with
those of cyclopropene and BHCs with butadiene.3536¢
Optimized distances of C,-C, bonds in Py; (i=5-13) were
listed in Table 5S (in supporting information). Table 5S
showed that the lengths and WBIs of the inverted C,-C,
bond in P,; are around 1.770 A and o.75, respectively,
indicating the weak interaction between C, and C,.

Previous studies showed that BHCs can be C, building
blocks to obtain POMs.39 In this work, we used three A1
and a boron atom to obtain a C; building block with the
formation of B-B bonds. The C; building block have two
isomers owing to the conformation of A1, and these two
isomers (C-1 and C-2) were illustrated in Fig. 5. C-1 is
formed with three coplanar A1 monomers but in C-2, three
A1 monomers are perpendicular to the plane formed by
four boron atoms. Optimized geometries, relative energies,
and the number of imaginary frequencies of C-1 and C-2
were presented in Fig. 5. C-2 is more stable than C-1 by 24.8
kcal/mol and has no imaginary frequency. Based on C-2,
we constructed three POMs by forming Si-Si bonds.

Optimized geometries of three POMs were displayed in Fig.

6. The lengths of the edges of the hexagonal channels in
these POMs (D1-D3) are about 10.56 A. Thus, the
hexagonal channels in D1-D3 are regular hexagons, in
which the apertures of the hexagonal channels are about
13.9 A.

2@
3 @
@9 ?
J ?
]

;},’)” Jf,‘ 2 ‘J
j‘"‘ J”‘J 2 2
C-1 2484 3 C-2 0.00 0

JHIB DCPsi

Fig. 5 Optimized structures, relative energy (in plain)
and the number of imaginary frequency (in italic) of C-1
and C-2 at the M06-2X/6-311G** level. The relative energies
are given in kcal/mol.
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Fig. 6 Optimized side lengths (in plain) and apertures
(in bold) of D1-D3 and lattice parameters (in plain) of
COF-SiBHC-1. The side lengths, apertures and lattice
parameters are given in A.

When the structures of Di1-D3 were extended to 2D
structures with infinite lattices, one kind of COF could be
produced. Optimized lattice parameters of this COF (COF-
SiBHC-1) using the Mo6-2X functional under the PBC were
also illustrated in Fig. 6. The three lattice parameters (a, b
and the angle between a and b) of COF-SiBHC-1 are 18.28
A, 1838 A and 59.6° respectively. Thus, such 2D COF
formed by SiBHCs is a hexagonal lattice. The apertures of
the hexagonal channels of COF-SiBHC-1 are about 13.9 A.

CONCLUSIONS

Based on the DFT computations, we rationally designed
and theoretically predicted fifteen novel and stable SiBHCs
derived from the substitution of SiX, for the CX, unit in B-
heterocyclic carbenes (BHCs). SiBHCs at the singlet state
were found to be lowest energy structures. The carbene
characters of the SiBHCs result from the CS bond of the C-
C bonds in SiBHCs, analogous to BHCs. The NICS(o) and
NICS(1) values at the centers of the three-membered rings
covered CCB atoms of SiBHCs confirmed that SiBHCs are
aromatic compounds. The binding energies of the
complexes of SiBHCs with AgC=CH indicated that the
formation of (SiBHC)AgC=CH would be
thermodynamically favorable, in which the complexes of
(SiBHC)AgC=CH contain ptCs. These (SiBHC)AgC=CH
represent a new family of carbenes for designing
complexes with ptCs. Computations also confirmed that
the Diels-Alder reactions of the SiBHCs Ai (i=5-13) with
butadiene are feasible both thermodynamically and
kinetically. These Diels-Alder reactions prefer endo
transition states to give products. Finally, we designed
three POMs and one kind of novel 2D COF based on
SiBHCs building blocks, in which the structures of D1-D3
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are extended into 2D structures with infinite lattices to give
2D COF. The symmetry of 2D COF (COF-SiBHC-1) is
approximately hexagonal, in which the apertures of the
hexagonal channels of COF-SiBHC-1 are about 13.9 A. We
anticipate that these SiBHCs have potential applications in
metal organic chemistry and material design due to their
unusual structure and stability if they were isolated
experimentally.
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