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Plumbylenes are reactive intermediates whose discovery and characterizations are of great significance. Here, ten novel plumbylenes
are introduced and characterized. A comparison is made between novel 1,4-di(R)tetrazol-5-plumbylenes (Iz) with their corresponding 1,3-
di(R) isomers (IIz), at DFT (R = H, Me, Et, i-Pro, and #-Bu). Each of the plumbylene (I or Ilz) appears to be less stable, with a lower band
gap (4Enomo-Lumo), and a higher nucleophilicity () than its corresponding carbene (I'g or II'g). For both Iz and IIg plumbylenes, the trend
of N values emerges consistent with the size of substituents (#~Bu > i-Pro > Et > Me > H). Every Iz shows a higher N than its
corresponding Iz. Except Iy, each IIx shows more aromaticity than its counterpart Iz. The nucleophilicity index (N) of both Iz and Il
appears to be directly proportional to the size of R, proton affinity (PA), and plumbylene bond angles (N- PZ; -N); while it is inversely

proportional to electrophilicity (w), and 4 Eyomo-Lumo-
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INTRODUCTION

Plumbylenes ( ph R;) are the heaviest members of group
14 of divalents which appear to be more stable than
carbenes [1,2]. Despite toxicity of lead, many reports on N-
heterocyclic plumbylenes (NHPbs) have been presented
[3,4]. The first examples were isolated after 1973 [5-14].
Evidently, steric protection by bulky substituents stabilize
plumbylene by preventing attack on its electron-deficient
center. In addition, heteroatoms adjacent to Pb induce
stabilization through efficient pz-pm overlap between the
heteroatom lone pairs and the vacant p-orbital of
plumbylene [15]. Grimme and Hahn showed the binding of
NHPbs to metals [16-20]. Lead compounds are used mainly
in the formal oxidation state IV. Most of those with
inorganic ligands appear with Pb(I). Divalent organolead
compounds are rarely found [17-19].

We have already compared stability, in terms of singlet-
triplet energy separations, for halogenated five-membered
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cyclic conjugated plumbylenes I, and II, (X = H, F, Cl and
Br). Every 3-halo-substituted species (II;) appeared to be
more stable than the corresponding 2-halosubstituted isomer
(Iy). Every singlet I, or Il showed a larger plumbylene
angle (C- Ph -C) than its corresponding triplet state (Fig. 1)
[21]. Also, recently, one of us made a quest for Arduengo’s
type B-heterocyclic
bis(halobora)cyclopentenplumbylene, III,. Triplet III, is

stable five membered ring 2,5-

assumed to have a planar geometry with a dihedral angle of
about zero degree. In contrast, its corresponding singlet state
showed a high tendency for puckering with dihedral angle
of 66° (Fig. 1) [22].

Stability (AEs-t) of propargylenic plumbylene H-C=C-
Pb-H was investigated at theoretical levels. Plotting MP2
relative energies of H-C=C-Pb-H as a function of the
plumbylene bond angle, (H- Pb -C) gave a cross points
between the singlet and triplet states at 153°. No significant
contribution was found for lead valence d-orbital [23].
Considering the importance of NHPbs, in this work, steric
effect on the nucleophilicity index (N) of two series of them,
Ir and IIg, are probed at DFT level.
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COMPUTATIONAL METHODS

Gaussian 98 program package was used for optimization
of our compounds, at 6-311++G** level of theory [24-25].
The latter is a B3LYP method which unites Becke's B3 with
the LYP correlation [26,27]. The keyword "Extrabasis" is
used in the Gaussian 98 (Using LANL2DZ, McGrath-
Curtiss basis set for plumbylene) [28,29].

Frequency measurements presented thermodynamic data,
including zero-point energy, thermal correction, Gibbs fiee
energy, enthalpy, and entropy (298.15 K and 1.0 atm) [30].
The nucleophilicity index (N) was measured as N = Eyomom)
- Euomocreng), where HOMO(Nu) denotes the highest
occupied molecular orbital of nucleophiles and HOMO
tetracyanoethylene (TCNE) represents the highest occupied
molecular orbital of TCNE [31], TCNE is chosen as the
reference with the lowest N for carbenes and their heavy
analogous [32-39]. Moreover, global electrophilicity () was
measured as ® = (n2/2n) [40]. In this equation, u denoted the
chemical potential (1 = [Eromo + ELumo]/2) and 1 represented
chemical hardness (N = Enomo - Erumo) [41].

RESULTS AND DISCUSSION

Novel 1,4-(R)tetrazol-5-plumbylenes (Iz) are compared
and contrasted to their corresponding 1,3-(R)tetrazol-5-
plumbylenes (IIg), at B3LYP/6-311++G**, where R is H,
Me, Et, i-Pro, and #-Bu (Fig. 1). Changes of N (for Iz and
IIlz) are studied as functions of: singlet-triplet energy gaps
(4Es.t = Et - Es), proton affinity (PA), nucleophilicity (N),
electrophilicity (w), and band gap (4FEwomo.Lumo) (Fig. 2).

Changes of Nucleophilicity (/V) as a Function of R

A comparison between NHPbs and NHCs indicates that
each NHPb is more nucleophilic than its corresponding
NHCs (Table 1) [42]. Each Ik is more nucleophilic than its
related Iz isomer (Table 1). For instance, Il g, (N =4.38 eV)
shows more nucleophilicity than I, (N = 3.90 eV) (Table
1).

Because of the steric hindrance, asymmetric Il
plumbylenes are kinetically more accessible than their
symmetric Iz analogues. Plumbylene angle for every Il is
larger than its corresponding Ir. For instance, plumbylene

angle for II; p, is almost 2.89 degrees wider than I, p,, (Table
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2). The band gap of each Il appears to be narrower than its
corresponding Iz. For instance, 4Exomo.Lumo of Il is (3.64
kcal/mol) narrower than that of Iy (Table 1). The band gap
of every NHPb is narrower than its corresponding NHC
(Table 1).

Changes of N as a function of R is: Iy < Iye < Igt < Iiprp <
I, < Iy < Iy < g < ;_p, < 1.5, Hence, N increases as
the size of R increases (Fig. 3). Hence, each Il has a higher
N than its corresponding Iz (Table 1). The smaller is the
Hammett substituent constant o, the larger is N. For
instance, II, 5, and I with 6, values of -0.20 and 0.00 (Table
S1) display N values of 4.38 and 3.37, respectively. N is
relative to the energy of its HOMO (Epowmo) in each species
(Table 1) [43].

Trend of the calculated global electrophilicity (w/eV)
[40,41] is exactly opposite of that for N (Table 1). Each Ilx
is less electrophilic than its corresponding I isomer. For
instance, Il.5, (w = -1.38 eV) shows less electrophilicity
than its corresponding I, 5, isomer (o = -1.78 eV) (Table 2).

Dihedral Angles (p5-N;-N»-N;, D) or Degrees of

Puckering for Iz and IIg Plumbylenes

While puckering is known as a source of stability for
many cyclic compounds, none of the rather aromatic species
(Iz and IIR), except I p,, showed any degree of puckering
(Table 2).

Nucleophilicity (V) vs. Plumbylene Bond Angle (N-
P -N, Deg)

The N- Pl'; -N is increased from Iz to Il plumbylene
(Table 2). Likewise, N as well as Pb-N; bond lengths
increase from Iz to their corresponding Iz plumbylenes
(Fig. 1, Table 2).

With a smaller divalent angle, more p character is
imposed on the covalent sp> bonding orbitals. The greater s
character of nonbonding o orbital in plumbylene
compensates for the change in bonding orbitals. Moreover,
it reduces the ¢ orbital energy state and increases the c-p,
gap, producing acceptable singlet and triplet (relatively
unstable) states [44]. Therefore, the greater s character of ¢
orbital shortens the orbital and reduces nucleophilicity

[45,46].



N-Heterocyclic Plumbylenes (NHPbs) at Theoretical Levels/Phys. Chem. Res., Vol. 5, No. 4, 819-830, December 2017.

oo 5 5
Pb R R .o 5 1
N1/ N4 R R N R
OO NN TN ;e N1/ N
\ /
N=N Y=o \ =y \
e ZS 2 O3\ '\2]_6;‘\
R
Ir g 'r 1%
R =H, Me, Et, i-Pro, and #-Bu
S .. p
AN
g | T
X
X=H,F,Cl, Br X=F,CLBr,I

Fig. 1. Reported divalents: I, IIx [21], IlIx [22], ', II'g [33] along with the ones scrutinized in this work including
1,4-(R)tetrazol-5-plumbylenes (Ig), and 1,3-(R)tetrazol-5-plumbylenes (IIg).

Nucleophilicity (M) Stability (AE ¢7)

Proton Affinities (PA) Electrophilicity ()

Fig. 2. A flow chart for scrutiny of normal vs. abnormal tetrazole-5-ylidenes (Ir and Ilg, respectively), for R = H, Me,
Et, i-Pro, and t-Bu.
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Table 1. The Highest Occupied Molecular Orbital Energies (Eyomo/eV) and the
Lowest Unoccupied Molecular Orbital Energies (Erymo/eV), along with
HOMO-LUMO Energy Differences (4Epomo.Lumo, kcal mol’]), Singlet-
triplet Energy Gaps (4Es 1, kcal mol™) and Nucleophilicity (N, eV) for Singlet
States of Scrutinized NHPbs and NHCs (Table 1 Top and Bottom Portions,
Respectively) at B3LYP/6-311++G**

NHPbs Enomo Erumo AExomo-Lumo AEs t N

Iy -6.10 -2.00 94.65 44.18 3.37
JIVR -5.69 -1.89 87.65 37.53 3.78
I, -5.62 -1.83 87.34 37.16 3.85
Iipro -5.60 -1.82 87.28 38.38 3.87
|y -5.57 -1.78 87.42 45.95 3.90
1y -5.56 -1.61 91.01 40.02 391
1lve -5.27 -1.47 87.65 37.82 4.20
1Ig, -5.21 -1.44 86.92 37.63 426
1L pro -5.14 -1.39 86.68 3744 432
1L 5, -5.08 -1.34 86.28 3741 438
NHCs Enomo ELumo AEgomMo-Lumo AEs N

I'y -7.37 -1.17 143.06 87.53 2.10
I've -6.92 -0.93 138.1 87.28 2.55
Ik -6.84 -0.78 139.66 87.72 2.63
I'ipro -6.75 -0.65 140.69 86.88 2.72
| Y -6.56 -0.61 137.22 86.17 291
Iy -6.54 -1.99 104.97 52.44 2.93
1Ive -6.10 -1.54 105.07 54.77 337
1I'g, -6.00 -140 106.05 55.53 347
I pro -5.93 -1.28 107.18 55.84 3.54
11, 5, -5.80 -1.08 108.84 54.29 3.67
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Fig. 3. Nucleophilicity (V) as a function of substituent size for two series of plumbylene (Iz and IIR).

Table 2. Geometrical Parameters Including Plumbylene Bond Angles (N- ph N, Deg), and
Dihedral Angles ( P -N;-N,-N3, D) in Degrees, Carbenic Bond Lengths (A), Proton Affinities
(PA, kcal mol™), and Global Electrophilicity (w) at B3LYP/6-3114++G** Level of Theory

Plumbylenes N-pj -N D N.-Pb Pb-N, w PA

Iy 7039 0.01 2.131 2.131 -1.98 139.31
Te 7158 0.01 2.137 2.137 -1.89 183.23
Ie, 7140 0.00 2.145 2.145 -1.83 187.00
Lo 71.15 0.00 2.144 2.144 -1.82 190.13
L5, 7195 0.01 2.145 2.145 -1.78 191.39
Iy 73.86 0.00 2.103 2.206 -1.63 178.84
Tye 73.99 0.00 2.093 2211 -1.49 197.66
I, 7393 0.00 2.092 2.220 -147 200.80
;.pro 74.04 0.09 2.093 2217 142 205.82
1., 73.93 027 2.090 2215 -1.38 210.84
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Nucleophilicity and Stability of Plumbylenes vs.
their Corresponding Carbenes

Stability of carbenes and their heavy analogues are
presumed to be related to their corresponding singlet-triplet
energy gaps (4Est = Et - Eg). A higher stability for a
singlet state is indicated by its positive AEs-t, while a
negative value for the latter corresponds to a higher stability
for the triplet state [47]. Stability for ten scrutinized
plumbylenes are calculated at B3LYP/6-311++G** level of
theory (Table 1). Evidently, our singlet state NHPbs appear
to be more stable than their corresponding triplet states.
I and Il their
corresponding carbenes 'z and II'k (Fig. 1) are presumed to

Stability of plumbylenes and
be related to their 4Es. Interestingly, every plumbylene
appears to be less stable, with a lower band gap (4Enomo-
Lumo), and a higher N than its corresponding carbene, at
B3LYP/6-311++G** level of theory (Table 1). On the other
hand, each Il appears to be less stable, but more
nucleophilic than its corresponding Iz. For instance,
plumbylene 11,5, (with AEst = 37.41 kcal mol” and N =
438 eV) is less stable but more nucleophilic than
plumbylene 1,5, (with 4Eg 1 = 45.95 kcal mol ™ and N =3.90
eV). Likewise, each II'g appears to be less stable, but more
nucleophilic than I'g. For instance, carbene 11’5, (With AE
1=54.29 kcal mol” and N=3.67 eV) is less stable but more
nucleophilic than carbene I';p, (With 4Est = 86.17 kcal
mol”' and N=2.91 eV).

Nucleophilicity (V) vs. Proton Affinity (PA)

The reaction induces the NHC catalyst formation from its
salt through deprotonation; as a result, carbene basicity (salt
acidity) greatly affects catalytic function. Overall, various
experimental [48-53] and calculated [54-58] data have been
reported regarding proton affinity and carbenes basicity.

Our calculated PA, kcal mol” in Iy and IIx series takes
on a trend with an exactly opposite direction from AEyonmo-
tumo (Table 1). The band gap of every Iz appears to be
narrower than its corresponding Iz. The proton affinity of
every Il is more than its corresponding I and for Il series
the trend of proton affinity is similar to the nucleophilicity.
This result indicates that every Ilx plumbylene with
narrower AEpomo.umo and higher proton affinity is more
reactive or nucleophilic than its corresponding Iz For
instance, in Ilg series, I3, with (4Exomo-Lumo = 86.28
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Kcal mol™) and (PA = 210.84 kcal mol™) is more reactive
than others, and in Iy series, I3, With (4Exomo-Lumo = 87.42
kcal mol™) and (PA = 191.39 kcal mol™) is more reactive
than others (Tables 1, 2). 4Ewomo.Lumo for ten scrutinized
plumbylene, appears to be a function of PA with a
correlation factor of R* = 0.88 (Table 3, Fig. 4).

Nuclear Independent Chemical Shift (NICS)

For the assessment of aromaticity in molecules,
magnetic criteria can be applied. Owing to its effectiveness
and simplicity, nucleus-independent chemical shifts (NICS)
parameter is now among aromaticity criteria [59,60]. NICS
is a shielding constant of a virtual atom, situated near a
molecule for probing the generated ring current. In the
current study, the NICS-1 parameter was applied. This
parameter is measured at 1 A above the molecular ring
center and is responsible for p-electron involvement; it is
also free of s-electrons. In general, negative and positive
NICS-1 values represent aromaticity and antiaromaticity,
respectively.

For singlet plumbylenes Iz and IIz, NICS values are
calculated at 0.5, 1, 1.5, 2, 2.5 and 3 A above the ring center
at B3LYP/6-311++G** level of theory (Table 4). Each IIx
(except Ily) shows more aromaticity and nucleophilicity
than its corresponding Ir isomer (Tables 1, 4).

Atomic Charge Natural Bond Orbital (NBO)
Natural bond orbital (NBO) analyses of our NHPbs were
carried out at B3LYP/6-311++G** (Table 5). Divalent Pb
atoms display charges of +1.00 to +1.09, which appear in
the their
corresponding carbenes (-0.19 to -0.37) [30]. This may be

contrast to reported atomic charges for
attributed to the lower Pauling electronegativity of Pb (2.33)
compared to that of C (2.55). Charges on Pb atoms of
normal I are slightly higher than their corresponding

abnormal Il isomers.

CONCLUSIONS

A comparison is made between nucleophilicity (N),
electrophilicity (w), proton affinity (PA), substituent size
(R), bond angle (N- Pb -N),
independent shift (NICS, as a measure of

plumbylene nucleus

chemical
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Table 3. Direct or Inverse Proportionality Correlations (R?) between the Main
Thermodynamic and Structural Parameters of our Scrutinized Plumbylenes
Ir and Ilg, Including Nucleophilicity (N), Substituent Size (R), Proton Affinity (PA),
Band Gap (4Ewomo-rumo), Electrophilicity (w), and Bond Angle (N- pj -N) at
B3LYP/6-311++G** 1 Level of Theory (See Supplementary Information Fig. S1)

Parameter, vs. Parameter, R? Proportionality
N R 0.90 Direct
N w 0.90 Inverse
N PA 0.88 Direct
N N-ph -N 0.77 Direct
N AExHoMo-LuMO 0.60 Inverse
PA AEyomo-Lumo 0.88 Inverse
PA R 0.66 Direct
PA w 0.62 Direct
PA N-pj -N 0.5 Direct
w R 0.96 Inverse
w N-pj -N 0.90 Direct
N-pj -N R 0.83 Direct
96
95
94 |
5 93 R2=0.88
£ 92
-
o 91
o
= 90
89 -
< 88
L 4 g
85 - - - :
130 150 170 190 210
PA (kcal/mol)

Fig. 4. Bond gap (4Enomo-Lumo) of normal and abnormal tetrazol-5-plumbylene as a function of their proton
affinity (PA, kcal mol™) with a correlation factor of R* = 0.88.
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Table 4. The Nucleus Independent Chemical Shift (NICS) Calculated at0.5,1,1.5, 2,
2.5and 3 A above the Ring Center for Singlet Plumbylenes I and Ilg, at
B3LYP/6-311++G** Level of Theory

NHPbs Iy Tvie Ige Lipro L py
NICS (0) -11.99 -8.79 -8.06 -8.26 421
NICS (0.5) -12.21 -9.53 -9.20 -8.53 -5.68
NICS (1) -10.18 -8.48 -8.44 -6.68 -6.17
NICS (1.5) -6.83 -5.89 -5.77 -4.37 -4.77
NICS (2) -4.26 -3.75 -3.56 -2.67 -3.07
NICS (2.5) -2.66 -2.34 -2.19 -1.66 -1.81
NICS (3) -1.70 -1.49 -1.40 -1.04 -1.05

NHPbs 1T e I, 1, pro 1,5y
NICS (0) -11.14 -9.66 -9.57 9.11 -8.10
NICS (0.5) -11.53 -10.21 -10.52 997 922
NICS (1) -10.05 -9.15 -9.76 922 -8.95
NICS (1.5) -7.16 -6.620 27122 -6.86 -7.15
NICS (2) -4.71 -4.49 -4.87 -4.75 -5.25
NICS (2.5) -3.03 -2.98 -3.18 -321 -3.60
NICS (3) -1.97 -1.98 -2.07 215 -2.38

aromaticity), band gap (4Exomo-rumo ), and singlet-triplet
energy gap (4Esrt, assumed as a measure of stability) for a
series of 1,4-(R), “normal”, tetrazol-5-plumbylenes (Ir), vs.
their corresponding 1,3-(R), “mesoionic, or abnormal”,
isomers (IIg), at the B3LYP/6-311++G** level of theory;,
where R = H, Me, Et, i-Pro, and #-Bu. For every scrutinzed
plumpylene, N appears directly proportional to its R, PA,
and N- pj -N, while being indirectly proportional with w,
and AEyomo.Lumo With correlation factors (Rz) =0.90, 0.88,
0.77, 0.90 and 0.60, respectively. Changes of R directly
affect on NV, N- Ph -N, and PA with R*=0.90, 0.83 and 0.66,
respectively. The results of our calculations indicate that
each Iz is more nucleophilic than its corresponding Ir
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isomer for exhibiting a larger N. In addition, a comparison
between NHPbs and NHCs indicates that the former is more
nucleophilic than its corresponding NHCs. The trend of the
calculated global electrophilicity (@) is exactly opposite of
that for N. The least stable in the Il is II.g, with more
nucleophilicity. Except for II, z,, none of the rather aromatic
species scrutinized (Ix and IIz), show any degrees of
puckering. The N- Ph-N is increased from Iz to Ilx
plumbylene. Likewise, nucleophilicity is increased from Ix
to Ilx plumbylene. The proton affinity of each Il is more
than its corresponding Ir. This result indicates that every Ilg
plumbylene with narrower 4Exomo.tumo and higher proton
affinity is more active or nucleophilic than its corresponding
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Table 5. NBO Atomic Charges on pj, and N-Ny, for Two Series of Plumbylene (Ix
and IIR), at B3LYP/6-311++G** Level of Theory

Plumbylenes Ph s N, N, N; N,
Iy 1.09 -0.84 -0.08 -0.08 -0.84
JIVR 1.04 -0.64 -0.09 -0.09 -0.64
Ik, 1.02 -0.63 -0.89 -0.89 -0.63
Tipro 1.03 -0.63 -0.09 -0.09 -0.63
I:Bu 1.05 -0.64 -0.10 -0.10 -0.64
1y 1.02 -0.76 -0.12 -0.12 -0.78
J1IVR 1.01 -0.57 -0.13 -0.01 -0.80
11, 1.00 -0.56 -0.12 -0.02 -0.80
1l pro 1.00 -0.56 -0.13 -0.02 -0.80
1P 1.00 -0.56 -0.14 -0.02 -0.80

Ir. In IIx series, .5, (AExomo-Lomo = 86.28 keal mol™ and
PA = 210.84 kcal mol’]) is more reactive than the other Il
series. In Iy series, 1, 5, with 4Enomo.Lumo = 87.42 keal mol™
and PA = 191.39 kcal mol” is more reactive than its I
analogs. AFEpomo.umo for ten scrutinized plumbylene,
appears as a function of PA, kcal mol” with a correlation
factor of R? = 0.88
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