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ABSTRACT: Electronic structure of the six-membered N-heterocyclic carbene, H i )
silylene, germylene, and stannylene having an exocyclic double bond at the C3  n fzi\ P Hy, /2'!\ /E«,IH?
carbon atom as well as the relative reactivity of the lone-pair on the divalent group |C| i YT

14 element and the exocyclic double bond have been studied at the BP86 level of

theory with a TZVPP basis set. The geometrical parameters, NICS values, and W h;l\” H/EJ\‘X/ I
NBO population analysis indicate that these molecules can be best described as the L) G
localized structure 1X, where a trans-butadiene (C1—C2—C3—C4) unit is 1X, 1X
connected with diaminocarbene (N1—X—N2) via N-atoms having a little

contribution from the delocalized structure 1X,. The proton affinity at X is higher A =H", BH;, W(CO);s
than at C4 for 1C, and a reverse trend is observed for the heavier analogues.
Hence, the lone pair on a heavier divalent Group 14 element is less reactive than H

25 H,

i is i i i 2 - : C—A
the exocychc. double bond. This is con51§tent mt‘h the argument that, even thgugh H\L P \L ~ % H, HTC /\ Ce’/‘*
the parent six-membered carbene and its heavier analogues are nonaromatic in || |3 { : I
nature, the cogtrolled and t;largeted protonation can Ie.ad to either the. aromatic NNy | 1/24\-/ Ny
system 3X having a lone pair on X or the nonaromatic system 2X with readily 2 N1 R
polarizable C3—C4 7-bond. The energetics for the reaction with BH; and W(CO),4 T (&)
further suggest that both thg long pair 9f Group 14 element a.nd the exocyclic 2X, 4%, 6X 3X. 5%, 7X
double bond can act as Lewis basic positions, although the reaction at one of the = C S Ge.S

=L, s, Le, 5N

Lewis basic positions in 1X does not considerably influence the reactivity at the
other. The protonation and adduct formation with BH; and W(CO); at X lead to
nonaromatic systems whereas similar reactions at C4 lead to aromatic systems due to 7-bond polarization at C3—C4. The degree
of polarization of the C3—C4 z-bond is maximum in the protonated adduct and reduces in the complexes formed with BH; and
W(CO)s.

H INTRODUCTION number of atoms in the ring and different electronic structure is

. . . . . . f immense interest.
Ever since their detection as transient intermediates, carbenes o ense interest

are realized as important reagents in organic, inorganic, and . The reports of six-membered carbenes areg limited  in
organometallic chemistry.1 The first successful isolation of 11teraFure, compared to ﬁvejmember'ecl' carbenes.” Reports of
stable singlet carbene C[PR,][Si(CH,);] (R = diisopropylami- ﬁle sm—meplbered carbene with perln;;dlne skeleton (Scheme 1,
no) has been reported by Bertrand and co-workers in 1988.**~¢ ii) b_y Richeson andm co-workers,™ - carbene analogl;gs of
However, the significant role of singlet carbenes in chemistry boram.ne (Scheme 1, iii) by Beljtrand anc.i Co-wo_rkers, and
has been marked by the synthesis of first N-heterocyclic th? six-membered N-heterocyclic c.arbanlons with B-atoms
carbene (NHC) in 1991 by Arduengo and co-workers.2%¢ Here, ad)acentgcto N-atoms (Scheme 1, iv) by Roesler and co-
the carbene carbon atom is flanked between two N atoms in a workers™ are the notable six-membered aromatic carbenes.
five-membered heterocycle (NHC) (see Scheme 1, i). The Apart from these aromatic systems, the satura;ed six-membered
) 1) 8d—g
cyclization and aromatic stability in the ring structure c:arbenes are also reported (Scheme 1, v). quever, the
contributed significantly to the stability of singlet carbenes. s¥m.plest su(-membe’red unsaturated  N-heterocyclic Carbe.ne
The characterization of stable NHC was followed by the similar to Arduengo’s carbene would be an open-shell species
isolation of heavier five-membered silylene,® germylene,* with 77 electrons. Nevertheless, the introduction of an
stannylene,® and plumbylene® analogues. lHowever, t};e exocycl%c doublf: bonfi at one of the nonc?rbene carbon
chemistry of NHCs' have been developed tremendously, atoms  in the rmg.mlght Iead‘to a stable smgletA carbepe,
compared to their heavier analogues.~” Despite the advances, consisting of a cyclic system with 67 electrons by imparting
the examples of stable NHCs are largely limited to aromatic
and saturated cyclic five-membered singlet carbenes."™" Received: April 21, 2012
Therefore, the synthesis of other cyclic NHCs with different Published: July 17, 2012
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Scheme 1. Schematic Representation of Experimentally
Reported N-Heterocyclic Carbenes (i—vii)
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polarization of the exocyclic double bond (Scheme 1, vi). In
this context, it is worth mentioning that Rivard and co-workers
reported the five-membered N-heterocyclic olefins, which show
high nucleophilic character at the exocyclic CH, group
(Scheme 1, vii).”® Although such six-membered N-heterocyclic
carbenes are not yet synthesized, the unexpected synthesis and
unusual reactivities of silylene” and germylene'® analogues are
undoubtedly remarkable. The reactivity study of the six-
membered silylene using muon spectroscopy by Percival and
co-workers identified two dominant reactive sites for free-
radical attack, viz., the Si atom and the exocyclic methylene
carbon.''* Driess and co-workers reported betain-type reactivity
for germylene with Me;SiOTf and 1,2-dibromoethane.'®
Similar 1,4-insertion reactions with other reactants are also
reported for both the six-membered silylene”''® and
germylene.l()b’12 Density functional calculations by Veszprémi
and co-workers suggest that the six-membered carbenes,
silylenes, and germylenes are nonaromatic and kinetically stable
toward dimerization."> There are a few theoretical studies on
six-membered ring carbene and its heavier analogues discussing

about the stability and substituents effects.'* However, the
detailed understanding of the electronic structure and reactivity
of the six-membered N-heterocyclic carbene and its heavier
analogues are lacking.

Herein, we have undertaken the structure, bonding, and
reactivity study of six-membered N-heterocyclic carbene and its
heavier analogues, 1X, where X = C, Si, Ge, and Sn. 1X, and
1X, indicate two important resonating structures (see Scheme
2). Note that 1X,, is a nonaromatic localized structure and 1X,
is a delocalized structure with polarized exocyclic C3—C4
double bond. Hence, there are two major nucleophilic centers,
viz., the lone pair on X and the exocyclic double bond, which
are not a part of the aromatic delocalization in the six-
membered ring. The comparative study of the reactivity of
these two nucleophilic centers is focused in the current study.
The reluctance of the heavier elements to undergo sp
hybridization'® would also influence the relative stability of
these resonating structures and that, in turn, will affect their
reactivity as a ligand. In order to investigate their ligand
property, protonation and adduct formation with BH; and
W(CO); at X and at C4 were explored.

B COMPUTATIONAL METHODOLOGY

The geometries of all molecules were optimized at the nonlocal DFT
level of theory using the exchange functional of Becke in conjunction
with the correlation functional of Perdew (BP86)."® The basis sets
have triple {-quality augmented by two sets of polarization functions
(def2-TZVPP)."” This level of theory is denoted as BP86/TZVPP.
The nature of the stationary points on the potential energy surface has
been verified by calculating the Hessian matrices analytically.'® The
calculations were carried out with the Gaussian 09 program package.'”
Natural bond order (NBO)* and nucleus-independent chemical shifts
(NICS)*' by employing the gauge-invariant atomic orbital”* (GIAO)
approach were computed at the same level of theory. The more-
reliable indicator for aromaticity, NICS,, which is the component
perpendicular to the ring plane of the NICS tensor, was also
calculated. The NICS values are further verified using a more diffuse
function containing basis set def2-TZVPPD.> Single-point calcu-
lations on the BP86/TZVPP optimized geometries of 1X, 2X, 3X, and

Scheme 2. Schematic Representation of the Resonating Structures of 1X (X = C, Si, Ge, and Sn) and Its Reactions with H*, BH;,

and W(CO),
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Figure 1. Optimized geometries (BP86/TZVPP) and important geometrical parameters of 1X (X = C, Si, Ge, and Sn). Distances are given in

Angstroms, angles are given in degrees.

Table 1. Selected Wiberg Bond Orders, Charge Distribution Given by the Natural Population Analysis, and NICS Values for 1X

at the BP86/TZVPP Level of Theory

P(Cl-  P(C2—  P(C3- (X)° NICS(0)? NICS(1)?
X ) C3)” ) q(X)’ q(C3)" q(C4)’ q(CHY)® s(X)° p(X)° (';y(X)) (NICS(0),,) (NICS(1),,)
1C 1.73 113 1.73 0.13 0.09 -0.50  —0.09 127 057 1.15 (0.83) 5.1 (30.5) 1.6 (7.2)
1Si 1.72 1.13 1.71 1.01 0.11 —-0.50 —0.10 1.59 033 0.62 (0.40) 4.4 (27.4) 22 (8.3)
1Ge 1.70 1.12 1.70 1.03 0.10 —-0.52 —0.12 171 034 0.64 (0.26) 54 (31.5) 2.9 (10.9)
1Sn 1.69 1.12 1.68 1.09 0.10 —0.53 —0.13 178 033 0.54 (0.24) 6.2 (342) 3.8 (142)

“P represents bond orders. °q represents charge on an atom or group of atoms. “s(X), p,(X), p.(X), and p,(X) represent partial occupancies in the
respective atomic orbitals of atom X. INICS(0) and NICS(1) represent NICS values at the center of the ring and 1 A above. The dissected

NICS(0),, and NICS(1),, are given in the parentheses.

8X have also been carried out using meta-GGA exchange correlation
functional M06>* with TZVPP basis set. The energies at MO6/TZVPP
level were corrected by adding the zero-point energies from the BP86/
TZVPP level of theory. The variations in the calculated proton
affinities are within +3 kcal/mol; hence, we limit our discussion at the
BP86/TZVPP level of theory, unless otherwise specified.

B RESULTS AND DISCUSSION

Structure and Bonding Analysis of 1X. The optimized
geometries of the six-membered carbene and its higher
analogues are shown in Figure 1. All structures are planar
with the exocyclic CH, group at C3 lying in the same plane as
that of the six-membered ring. The C3—C4 bond distances are
close to standard C=C bond distances. The geometrical
parameters for C1—C2—C3—C4 skeleton are similar to that of
trans-butadiene at the same level of theory.”® The N1-X—N2
bond angle reduces from 111.5° when X = C to 88.4° when X =
Sn, because of the increasing size of X. However, the
geometrical changes do not have a significant effect on the
butadiene unit. These geometrical parameters are con51stent
with the DFT calculations by Veszprémi and co-workers."* The
structures with CH, group perpendicular to the six-membered
ring converge into planar geometries upon optimization.
Hence, the resonating structure 1X; with completely polarized
C3—C4 z-bond is unstable.

The NICS calculations®' were performed at the center,
NICS(0) and NICS(0),, and 1 A above the center of the six-
membered ring, NICS(1) and NICS(1),, (see Table 1) for
these molecules. A basis set with diffuse functions def2-
TZVPPD is used to verify these NICS values on 1X (see Table
S4 in the Supporting Information); however, the calculated
NICS values do not vary 51gn1ﬁcantly Hence, the NICS
values at BP86/TZVPP level are discussed. The close-to-zero
NICS values indicate the nonaromatic nature of 1X, as
concluded by the earlier theoretical calculations.”> The
NICS(0) values for the five-membered N-heterocyclic carbene,
silylene, and germylene are —12.9, —10.1, and —10.1,
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respectively, at the B3LYP/6-31+G* level of theory.”® A
small increment in the NICS values is noted when X changes
from C to Sn. However, the highly positive NICS,, values
indicate a large paratropic ring current perpendicular to the
ring. Note that NICS(0),, and NICS(1),, values for benzene
are —15.7 and —28.9, respectively, at the same level of theory.
Thus, the most contributing resonance structure would be the
localized structure 1X,, rather than the aromatic structure 1X,,.
This indicates that the stabilization gained from aromaticity is
not enough to compensate the destabilization from the
polarization of C3—C4 m-bond. Hence, the geometrical and
NICS analysis suggest that the six-membered N-heterocyclic
carbene and its heavier analogues can be best described as a
diaminocarbene (or its heavier analogues) unit connected to a
butadiene unit via N-atoms and the most contributing
resonance structure is 1X, (see Scheme 2).

The important molecular orbitals (MO) of 1C are plotted in
Figure 2. The HOMO—-LUMO gap of 1X is slightly less than
that of the corresponding five-membered NHC at the same
level of theory.”” The HOMO of 1C is a 7—MO mainly located
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< -5.5 ! o
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E <6.0- i e
£ HOMO-1
w -6.5 it
-7.0-
751  nomoz

1C 18i 1Ge 18n

Figure 2. Plot of important molecular orbitals of 1C and the
correlation diagram connecting the molecular orbitals of 1C, 1Si, 1Ge,
and 1Sn.
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Figure 3. Optimized geometries (BP86/TZVPP) and important geometrical parameters of 2X and 3X (X = C, Si, Ge, and Sn). Distances are given

in Angstroms, angles are given in degrees.

Table 2. Calculated Reaction Energies of 1X at the BP86/TZVPP and M06/TZVPP//BP86/TZVPP (in Parentheses) Level of

Theory
PA“ Epy” Eyw(coys”
2X 3X 8X 4X SX 9X 6X 7X 10X
C 250.1 (249.1) 228.6 (229.4) 361.2 (359.9) —-57.6 —16.0 —70.9 -9.5 20.7 14.3
Si 208.8 (212.0) 239.9 (241.7) 331.7 (334.5) -333 -18.3 —48.4 -3.1 18.3 18.0
Ge 189.1 (190.7) 246.5 (248.8) 318.7 (321.0) -21.6 -20.5 —38.9 72 16.1 26.6
Sn 174.9 (172.3) 254.3 (257.3) 315.1 (314.9) -12.9 -229 -33.2 14.9 13.3 309

“PA is the proton affinity of 1X at X and at C4 for the formation of monoprotonated products 2X and 3X and diprotonated product 8X. "Eyy; is the
energy for the reaction of BH; with 1X at X and at C4 for the formation of mono-BH; adducts 4X and 5X and di-BH; adduct 9X. “Ey(coys is the
reaction energy for 1X + W(CO)s — 6X/7X + CO and 1X + 2W(CO)4 — 10X + 2CO.

on C1—C2—C3—C4 skeleton (named as “butadiene-type 7—
MO” in the subsequent discussion) which is antibonding
between C2 and C3 with a small contribution from N atoms.
The HOMO-1 is a lone pair on the carbene carbon atom and
HOMO-2 is the 7—MO having a nodal plane through two C—
N bonds. The MOs of 1X (where X = Si, Ge, and Sn) are
similar to 1C and the correlation diagram connecting these
MOs of 1X are plotted in Figure 2. The HOMO and HOMO-2
destabilizes when X changes from C to Sn, because of improper
m-overlap of the 2p, orbital on N atom with heavier Group 14
elements. On the other hand, the lone-pair MO (HOMO-1)
stabilizes from 1C to 1Sn, which is attributed to the inertness of
the lone pair, because of poor sp mixing in the heavier Group
14 elements."®> The HOMO (—4.92 ¢V) and HOMO-1 (—5.00
eV) of 1C are very close in energy. The lone-pair type
molecular orbital becomes HOMO-2 for 1Ge and 1Sn. This
indicates that the nucleophilicity at X gradually reduces and
that at the C3—C4 exocyclic 7-bond gradually increases when X
changes from C to Sn.

The Wiberg bond indices and NBO charge analysis of 1X are
given in Table 1. The significantly less bond order for C2—C3,
compared to C1—C2 and C3—C4, supports the butadiene-type
nature of the C1-C2—C3—C4 fragment for 1X. The NBO
charge analysis shows a negative charge of approximately —0.5e
on C4 atom for all 1X and positive charge on X. The value of

the positive charge on X for 1C is only +0.13e, whereas the
charge at X increases to approximately +1.00e for 1Si—1Sn.
Correspondingly, the negative charges on N1 and N2 is higher
for 1Si—1Sn. The partial occupancies in the s-orbital on X
increase gradually from 1C to 1Sn, whereas that in the in-plane
p-orbital reduces, indicating the reluctance for sp mixing."* This
variation in partial occupancies can be correlated with the
reduction of N1—X—N2 bond angle from 111.5° (1C) to 88.4°
(1Sn). The negative charge on CH, group (between —0.09¢
and —0.13e) suggests that the C3—C4 7z-bond is less polarized
and it can be best described by the resonating structure 1X,
with a minor (~9%—13%) contribution from 1X,, by
considering the fact that a 100% polarization would lead to
negative charge of —1.0e on CH, group. The Mulliken atomic
and group charge distributions were also calculated (Table S3).
The variations in the group charges are minimal, while the
atomic charges vary significantly. Therefore, the qualitative
description for the degree of polarization of C3—C4 7-bond
obtained from the NBO group charge analysis will remain the
same. This charge analysis is well complemented with positive
NICS values and geometrical parameters.

Reactivity of 1X toward Proton, BH; and Complex-
ation with W(CO)s. The geometrical and bonding analysis on
1X suggests two important Lewis basic positions, which are not
a part of the 7-delocalization in the six-membered ring, viz., the

dx.doi.org/10.1021/ic300821r | Inorg. Chem. 2012, 51, 8265—8274
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Table 3. Calculated NICS Values at 1 A above the Center of the Ring, NICS(1), Its Dissected NICS(1),, (Shown in
Parentheses), and NBO Group Charges (q) of CH,/CH,A at the BP86/TZVPP Level of Theory

X 2X 3X 4X 5X 6X 7X 8X 9X 10X
NICS(1)% (NICS(1)zz)

C 5.3(17.6) —7.8(—19.8) 2.0(8.1) -3.5(-7.5) 2.4(10.2) —1.6(-24) —7.6 (—20.1) —2.4(—4.5) —0.6 (—0.4)

Si 4.3 (15.4) —4.8 (—12.2) 1.8(7.6) —2.2(—4.4) 2.1(9.0) —0.8 (—0.5) —4.9 (—11.5) -1.3(-14) 0.0 (2.4)

Ge 6.2(222) —4.7 (-11.6) 2.4(102) -2.7(-5.5) 2.6(9.9) —-1.0 (-0.9) —52(-114) —1.6(-18) —0.1(2.3)

Sn 16.1 (52.3) —3.8(-8.6) 32(13.1) -2.1(=32) 3.6 (14.5) 6.1(21.9) —4.3(-8.1) -1.5(=11) 0.0 (1.3)

‘I(CHz/CHzA)b

C 0.09 0.13 —0.05 —0.48 —0.04 —-0.37 023 —0.42 —0.29

Si 0.08 0.10 —0.07 —0.53 —0.06 —0.42 021 —0.47 —0.36

Ge 0.06 0.10 —0.08 —0.56 —0.08 —0.46 0.19 —-0.51 —0.41

Sn 0.06 0.08 —0.11 —0.60 —0.10 —0.51 0.18 —0.57 —0.44

“For nonplanar molecules, NICS(1) and NICS(1),, are at 1 A from the center of the ring and away from group A (see Figure S1 in the Supporting

Information). ’A = H*, BH, and W(CO);

1.366 (€ )1.362
5C 5Si
C3-C4-B =96.6° C3-C4-B=98.5°

Si-N1-C3-C2=2.2°

5Sn
C3-C4-B=101.2°
Sn-N1-C3-C2 =5.8°

5Ge
C3-C4-B=99.8°
Ge-N1-C3-C2=3.5°

Figure 4. Optimized geometries (BP86/TZVPP) and important geometrical parameters of 4X and 5X (X = C, Si, Ge, and Sn). Distances are given

in Angstroms, angles are given in degrees.

lone pair at X and C4 atom or the C3—C4 7m-bond. The
protonated compounds and adducts with BH; and W(CO); at
X are represented by the structure numbers 2X, 4X, and 6X,
respectively, while the corresponding complexations at C4 are
represented by the structure numbers 3X, SX, and 7X,
respectively (Scheme 2).

Figure 3 shows the optimized protonated structures 2X and
3X. The six-membered rings of all the structures are planar
except for 28n. The C3—N1-N2—Sn angle is 161.2° and the
pyramidalization angle (6;), as defined by Haddon and co-
workers,”® is 8.9° around Sn. The geometrical parameters at the
butadiene fragment (C1-C2—C3—C4) do not change
considerably, compared to the parent systems 1X (Figure 1).
However, the X—N bond distances decrease and N1—-X—N2
angle increases in 2X. On the other hand, protonation at C4
leads to 3X, where the C3—C4 bond distance elongated
significantly as compared to 1X. The C1—C2 and C2—C3 bond
distances are almost in the same range 1.38—1.41 A. There is
significant reduction in the C—N bond distances and
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elongation in the X—N bond distances in 3X as compared to
parent systems. These geometrical data indicate greater
delocalization in the six-membered ring of 3X, compared to
1X and 2X.

The proton affinity values at X and C4 of 1X are shown in
Table 2. The proton affinities at the carbene carbon atom and
at C4 are 250.1 (249.1) kcal/mol and 228.6 (229.4) kcal/mol,
respectively, for 1C. The values in parentheses are at the M06/
TZVPP//BP86/TZVPP level of theory. Note that the proton
affinity at X is higher than that at C4 for 1C and a reverse trend
is observed for heavier analogues. The difference between the
proton affinity at X and C4 for 1C is 21.5 (19.7) kcal/mol. This
difference becomes —31.1 (—29.7) kcal/mol for 1Si, —57.4
(—58.1) kcal/mol for 1Ge, and —79.4 (—85.0) kcal/mol for
1Sn. The gradual decrease in the proton affinity values at X
indicates that the lone pair of electrons at X becomes less
available when X changes from C to Sn. This can be interpreted
from the gradual stabilization of the lone-pair type MOs for
1C—1Sn (Figure 2). Similarly, the increase in the proton

dx.doi.org/10.1021/ic300821r | Inorg. Chem. 2012, 51, 8265—8274
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7C
C3-C4-W =95.6°
C-N1-C3-C2=3.7°

7Si
C3-C4-W =98.0°
Si-N1-C3-C2=4.4°

1Ge
C3-C4-W=199.7°
Ge-N1-C3-C2 =6.8°

TSn
C3-C4-W = 100.8°
Sn-N1-C3-C2 =21.7°

Figure S. Optimized geometries (BP86/TZVPP) and important geometrical parameters of 6X and 7X (X = C, Si, Ge, and Sn). Distances are given

in Angstroms, angles are given in degrees.

affinity values at C4 can be correlated with the increasing
destabilization of the butadiene type 7-MO from 1C to 1Sn.
On the other hand, the proton affinity of NHC is 254.2 kcal/
mol at the BP86/TZVPP//BP86/SVP level of theory,29 which
is comparable to the proton affinity of 1C at X (250.1 kcal/
mol). It is noteworthy that the proton affinities of 1X at C4 are
much higher than that of ethylene (162.7 kcal/mol) at the same
level of theory. The higher proton affinity at C4 indicates
higher tendency for the polarization of the exocyclic C3—C4 7-
bond, leading to a resonating structure 1X, (see Scheme 2).
This polarization via protonation helps to attain aromaticity in
the six-membered ring, which is adequately reflected in the
negative NICS(1) and NICS(1),, values (see Table 3). The
NICS values reduce from 3C to 3Sn. On the other hand, the
NICS values for 2X are positive and higher than those of the
parent systems. The exceptionally high NICS values for 2Sn
can be attributed to a nonplanar geometry.

The bond orders of C1—C2, C2—C3 and C3—C4 for 2X are
closer to 1X (see Table 1 and Table S2 in the Supporting
Information). On the contrary, the bond orders of C1—C2 and
C2—C3 are comparable for 3X and lie within the range of
1.35—1.48 and the bond order for C3—C4 reduces, compared
to 1X. The NBO charge analysis shows that the positive charge
on X increases substantially for 2X, compared to 3X. The
positive charge of 0.09—0.06e on CH, group in 2X suggests
that the C3—C4 bond is less polarized (~9%—6%) by
considering the fact that 100% polarization would lead to a
charge of —1.0e on the CH, group (see Table 3). Interestingly,
the protonation increases the negative charge on C4 in 3X,
while a slight reduction in the negative charge is noted for 2X.
This is a clear indication of the polarization of the C3—C4 7-
bond toward C4 for 3X, which is well supported by the
negative NICS values. Similar group charge analysis on 3X
implies very high (~87%—92%) polarization of the C3—C4 7-
bond.

These data clearly support that both Lewis basic positions,
viz., X and C4 of the six-membered carbene and its heavier
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analogues, are highly accessible toward protonation and their
relative reactivity can be understood from the energetics of the
proton affinity discussed earlier. Even though 1X is non-
aromatic in nature, the controlled and targeted protonation can
lead either to the aromatic system 3X having a lone pair on X
or the nonaromatic system 2X having a readily polarizable C3—
C4 7-bond.

In order to further explore the Lewis basic character at X and
C4, we have studied the reaction of 1X with BH; and W(CO),
(see Scheme 2). The addition of BH; at X changes the
geometrical parameters in a similar fashion as that of the
protonated analogues 2X, but to a lesser extent (see Figure 4).
Note that 4Sn is planar in contrast to nonplanar 2Sn. The C3—
C4—B bond angles of 5X are in the range of 96.6°—101.2°. The
shorter C3—C4 and C1—C2 bond distances as well as the
longer C2—C3 bond distance, compared to 3X, indicate that
the C3—C4 z-bond is less polarized toward BH; than H*. The
C4—B bond distances are in the range of 1.80—1.75 A, while
the C3—B bond distances are in the range of 2.41—2.47 A. The
longer C3—B bond distances indicate a semibridging nature of
the BH; group and the highly polarizable C3—C4 7z-bond in
1X. It is interesting to note that the addition of BHj; to ethylene
m-bond leads to B—H bond breaking and forms CH;CH,BH, at
the same level of theory. In contrast, BH; could polarize the
C3—C4 n-bond in 1X and forms the semibridged BH; adduct
5X. Note that 5Si, 5Ge, and 5Sn are nonplanar. The Si—N1—
C3—C2 dihedral angle is 2.2° the Ge—N1-C3—C2 dihedral
angle is 3.5° and the Sn—N1—C3—C2 dihedral angle is 5.8°.

The reaction energies (Egy3) for the formation of 4X and 5X
from 1X are given in Table 2.%° All the reactions are exothermic
and show a similar trend, like protonation (viz-a-viz, the
reaction energy gradually decreases for 4X and increases for $X
when X changes from C to Sn). However, in contrast to the
proton affinity, the reaction energy for 1X + BH; — 4X is more
exothermic than 1X + BH; — 5X for X = C and Si. 1Ge shows
very close energetics for the above two reactions. The reverse
order is noted only for 1Sn, which implies that the lone pair on
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C-N1-C3-C2=4.9° Si-N1-C3-C2=3.9° Ge-N1-C3-C2 =6.9° Sn-N1-C3-C2=21.9°

Figure 6. Optimized geometries (BP86/TZVPP) and important geometrical parameters of 8X, 9X, and 10X (X = C, Si, Ge, and Sn). Distances are
given in Angstroms, angles are given in degrees.

Sn is rather inert toward the reaction with BH;. The formation 3.08 A, the C4—W bond distances are ~2.48 A, and C3—C4—
of a stronger C—H bond, compared to the C—B bond, also W angles are in the range of 96.6°—100.8° in 7X. The less
contributes toward the reaction energy. The reaction energy for polarization of C3—C4 7-bond, compared to 3X, is reflected in
the formation of BH; adduct with five-membered NHC is the shorter C3—C4 and C1—C2 bond distances as well as the
—58.6 kcal/mol at the BP86/TZVPP//BP86/SVP level of longer C2—C3 bond distances. The corresponding bond orders

theory, which is comparable to our calculated data for 1C and NBO charges support this observation (see Table S2 in the
(=57.6 kcal/ mol).2913 Similar to 3X, the addition of BH; at C4 Supporting Information). However, the effect is marginally
renders aromatic character into the ring, as indicated by the smaller than that in 5X.

negative NICS values for 5X (see Table 3). The shorter C3— The reaction of 1X with W(CO), (1X + W(CO)4 — 6X +
C4 bond distance and higher bond order in 5X, compared to CO and 1X + W(CO);, — 7X + CO, Scheme 2) is less
3X, supports this (see Table S2 in the Supporting Information). favorable, compared to the reaction with BH; (Table 2). All the
The NICS values for 4X are positive indicating nonaromatic complexation energies are endothermic, except for the
localized geometry similar to that of 1X and 2X. Analysis of formation of 6C and 6Si. Note that this complexation energy

CH, group charges (between —0.0Se and —0.1le) in 4X is compared to that of the stronger ligand CO. In this context,
indicates slight polarization (~5%—11%) of the C3—C4 z-bond the exothermicity of the reactions of 1C and 1Si with W(CO),

(see Table 3). Similarly, the negative CH,BH, group charges demonstrates them as stronger ligands than CO for the
(from —0.48e to —0.60e) in 5X implies moderate (~48%— complexation reaction with transition-metal fragment W(CO)s.
60%) polarization of the C3—C4 r-bond. The effect of It is interesting to note that the corresponding complexation

polarization of the C3—C4 z-bond by BHj is significantly less energies of ligands such as five-membered NHC and ethylene
than the polarization by H*. However, both Lewis basic sites with W(CO)yg are only —9.9 and 17.5 kcal/mol, respectively, at

are available for coordination with BH. the same level of theory. This suggests that both X and C3—C4
The optimized geometries of 6X and 7X are shown in Figure m-bond of 1X could be accessible for complexation with metal
S. The changes in the geometrical parameters of butadiene fragments. The energy required for the dissociation of the

fragments (C1—C2—C3—C4) of 6X are similar to that of 2X NHC-W(CO); into NHC and W(CO)j is 58.6 kcal/mol at the
and 4X. The coordination of C4 to W(CO); also leads to a BP86/TZVPP//BP86/SVP levels of theory.”® The corre-

semibridging structure 7X as that of 5X. Even though the extent sponding dissociation energy for 6C is 52.1 kcal/mol, which
of nonplanarity in 7X is more, other geometrical parameters do suggests that the coordinating ability of the carbene carbon
not change considerably in comparison to 5X. The major atom in 1C is similar to that of NHC. Although 7X compounds
geometrical changes are observed in the X—N1-C3-C2 are nonplanar, the negative NICS values for 7C—7Ge support
dihedral angle, which can be attributed to the bulky W(CO); our description of a polarized C3—C4 z-bond (see Table 3).
fragment. The C3—W bond distances are in the range of 2.97— The higher degree of nonplanarity in 7Sn is reflected in the
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corresponding positive NICS values. Analysis of the CH, group
charges (between —0.04e and —0.10e) in 6X indicates slight
(~4%—10%) polarization of the C3—C4 z-bond (see Table 3).
Similarly, the negative CH,W(CO); group charges (between
—0.37e and —0.51e) in 7X suggests moderate (~37%—51%)
polarization of the C3—C4 7-bond. The effect of polarization of
the C3—C4 z-bond by W(CO); is comparable to BH; but
significantly less than the polarization by H".

Reactivity of 1X toward Two Lewis Acids (H*, BH;, and
W(CO)s). The concurrent reactivity of the lone pair on X and
the C3—C4 z-bond in 1X was examined by the reactions with
two Lewis acids. The optimized geometries of the diprotonated
compounds and diadducts with BH; and W(CO); at both the
Lewis basic positions are represented by structure numbers 8X,
9X, and 10X, respectively (see Figure 6).

The diprotonated 8X renders intermediate geometrical
parameters, compared to 2X and 3X (see Figure 3). Note
that the geometrical parameters of the butadiene (C1—-C2—
C3—C4) fragment are close to those of 3X, whereas that of the
diaminocarbene (N1-X—N2) fragment is close to 2X. The
Wiberg bond order data are also in accordance with the
geometrical parameters (see Table S2 in the Supporting
Information). The first and second PA values for 1X are
calculated as follows. The highest mono protonation energy of
1X is considered as the first PA. The difference between the
double protonation energy (see Table 2) and first PA gives the
respective second PA. The first protonation occurs at the
carbene carbon atom in 1C and at C4 in 1Si—18n. The first PA
values for 1X are in the range of 239.9—254.3 kcal/mol, while
the second PAs are in the range of 60.8—111.1 kcal/mol, and it
decreases from 1C to 18n. It is interesting to note that the lone
pair on heavier elements show reluctance toward donation, as
indicated by lower values of second PA. The group charge
analysis by NBO shows that the C3—C4 z-bond in 8X is
slightly less (~77%—82%) polarized than in 3X (see Table 3).
However, this amount of polarization of the C3—C4 7-bond is
sufficient to introduce aromatic delocalization into the six-
membered ring, as observed by the negative NICS(1) and
NICS(1),, values.

The six-membered ring in 9X is nonplanar and the
nonplanarity increases from 9C to 9Sn (see Figure 6). The
semibridging nature of the BH; attached at C4 observed in $X
is also retained in 9X, as indicated by the C3—C4—B2 angles
(94.2°=99.3°) as well as the longer C3—B2 bond distances
(2.337-2.443 A). As observed in 8X, the geometrical
parameters and the Wiberg bond indices of 9X show similar
trends, viz., the butadiene unit is close to SX and the
diaminocarbene part is close to 4X. The reaction energy for
the formation of 9X from 1X is exothermic (see Table 2) and
reduces from 1C to 1Sn. It is noteworthy that the reaction
energy for the formation of diadducts with BH; (Egy; for 9X)
is approximately the additive reaction energies for the
formation of monoadducts (Epy; for 4X + Egyy; for 5X) with
an average deviation of ~2.9 kcal/mol. Thus, the reaction at
one of the Lewis basic positions in 1X does not significantly
alter the reactivity of the other. On the other hand, Driess and
co-workers reported that the heavier Group 14 elements act as
an electrophile toward OTf™ upon the addition of a Lewis acid
to the exocyclic CH, group.”'** However, the exothermicity of
the reactions indeed suggests both X and the C3—C4 z-bond
are available concurrently for the reaction with Lewis acids. The
polarization of the C3—C4 z-bond in 9X (~42%—57%), based
on NBO group charge analysis, is much closer to 5X (~48%—
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60%) (see Table 3). However, the NICS(1) and NICS(1),,
values are close to zero, which is attributed to the nonplanarity
of the six-membered ring in 9X.

The characteristic in the geometrical variations noted for 9X
are similar for 10X as well. The reaction energies for 1X +
2W(CO)¢ — 10X + 2CO are endothermic and increases from
10C to 108n. In this case, the reaction energy for the formation
of diadducts with W(CO)s (Eyco)s for 10X) also is
approximately the additive reaction energies for the formation
of monoadducts (Eyyco)s for 6X + Ey(coys for 7X) with an
average deviation of ~3.0 kcal/mol. Consequently, the reaction
at one of the Lewis basic positions in 1X does not significantly
alter the reactivity of the other. The polarization of the C3—C4
7-bond calculated by NBO group charge is less (~29%—44%)
than 7X (~37%—51%) and the NICS(1) and NICS(1),, values
for 10X shows nonaromatic character.

B CONCLUSIONS

Computational quantum mechanical calculations on the six-
membered N-heterocyclic carbene and its heavier analogues
(1X (X = C, Si, Ge, and Sn)) having an exocyclic double bond
at the C3 carbon atom have been carried out at the BP86 level
of theory with TZVPP basis set to explore their electronic
structure and reactivity of the lone pair versus the exocyclic
double bond. 1X can be represented by two resonating
structures, viz., the nonaromatic localized structure 1X, and the
delocalized structure 1X, with polarized exocyclic C3—C4 z-
bond. The geometrical parameters, NICS values and NBO
population analysis indicate that 1X can be best described as
1X, with a minor contribution from 1X;. The carbene carbon
atom shows higher proton affinity for 1C, whereas the exocyclic
C4 atom shows higher proton affinity for heavier analogues.
The aromatic stabilization energy gained by protonating the
exocyclic double bond is higher than the reactivity of the lone
pair on heavier Group 14 elements. The energetics for the
diadduct formation with BH; and W(CO); show that the
reaction at one of the Lewis basic positions does not affect the
reactivity of the other considerably. The protonation and
adduct formation with BH; and W(CO); at X lead to
nonaromatic systems, whereas similar reactions at C4 lead to
aromatic systems due to #-bond polarization at C3—C4. The
maximum polarization of the C3—C4 n-bond is obtained for
protonation.
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