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Conformational studies are carried out on divalent seven-
membered C6H6M (M = Si, Ge, Sn and Pb) through DFT
calculations. The most stable tautomers and conformers are
suggested for singlet and triplet states of C6H6M. The Gibbs
free energy differences between singlet and triplet states, ∆Gs-t,
are calculated for C6H6C, C6H6Si, C6H6Ge, C6H6Sn and
C6H6Pb, at B3LYP/6-311++G (3df,2p). The singlet-triplet gap,
∆Gs-t, of C6H6M (M = C, Si, Ge, Sn and Pb) are generally
increased from M = C to M = Pb.
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INTRODUCTION

The properties of divalent carbenes and their heavier analogues are
studied through matrix isolation techniques1. Among the carbenes, cyclic
planar conjugated carbenes and their non-planar allene isomers are intensi-
vely investigated1-19. Allene (C6H6C) is suggested to be a key intermediate
in arylcarbene interconversions and related C6H6C rearrangements17,18.
Interconversions of the isomeric tolylmethylenes, through substituted 1TS,
are also reported19. Early trapping studies suggested equilibration between
C6H6C and (C6H6C)(TS).

In this manuscript, DFT comparative studies on completely conjugated
cyclohepta-2,4,6-trienylidenes (C6H6C, C6H6Si, C6H6Ge, C6H6Sn and
C6H6Pb) are carried out. We comparatively studied the singlet-triplet splitting
and stability for C6H6C, C6H6Si, C6H6Ge, C6H6Sn and C6H6Pb.

EXPERIMENTAL

Full geometry optimizations are carried out by B3LYP method20,21. This is
using 6-311++G(3df,2p) basis set of the GAUSSIAN 98 system of program22.
Global minima are specified on corresponding energy surfaces through
relax scan at B3LYP/6-311++G (3df,2p) level of theory. Energy surfaces
scanning is for obtaining more accurate values of change of electronic and
thermal energies ∆Es-t, enthalpies ∆Hs-t and Gibbs free energies ∆Gs-t. For



Sn and Pb atoms, the calculations are done via 'Extrabasis' keyword (hetero-
atoms are optimized using LANL2DZ basis set)23. To confirm the nature
of the stationary species, frequency calculations are carried out. For mini-
mum state structures, only real frequency values are accepted.

RESULTS AND DISCUSSION

Sum of electronic and thermal energy differences, ∆Es-t; enthalpy differ-
ences, ∆Hs-t; free energy differences between singlet and triplet states, ∆Gs-t,
are calculated for C6H6C, C6H6Si, C6H6Ge, C6H6Sn and C6H6Pb, at B3LYP/
6-311++G (3df,2p) (Table-1).

TABLE-1 
THERMAL ENERGY DIFFERERNCES ∆Es-t; ENTHALPY DIFFERERNCES 
∆Hs-t; GIBBS FREE ENERGY DIFFERERNCES ∆Gs-t, BETWEEN SINGLET 

AND TRIPLET STATES FOR C6H6M (M = C, Si, Ge, Sn AND Pb) 
CALCULATED AT B3LYP/6 311++G (3df,2p) 

Compound ∆Es-t ∆Hs-t ∆Gs-t 
C6H6C -18.097 -18.097 -16.662 
C6H6Si -29.695 -29.696 -30.010 
C6H6Ge -37.213 -37.213 -36.535 
C6H6Sn -36.767 -36.767 -36.331 
C6H6Pb -44.761 -44.761 -44.216 

 

DFT calculations on singlet state of C6H6C show a ground state with
non-planar, twist, conformer and allenic tautomer (1,2,4,6-cyclohepta-
tetraene) (Scheme-I). This allenic tautomer with non-planar conformer is
more stable than carbenic tautomer with planar conformer of 2,4,6-
cycloheptatrienylidene (transition state). Racemization of allenic tautomer
and non-planar 1,2,4,6-cycloheptatetraene are also shown (Scheme-II).
The racemization of the allene is found to go through their corresponding
planar singlet carbenic transition state of 2,4,6-cycloheptatrienylidene. In
contrast, carbenic tautomer with planar conformer of singlet states for
heavier analogues sila-, germa-, stana- and plumba-2,4,6-cycloheptatri-
enylidene is ground state and more stable than allenic tautomer (transition
state) (Schemes I and II). Meanwhile, the quasi double bond is formed for
singlet states of sila- and germa-2,4,6-cycloheptatrienylidene between C3

and C4 as well as C5 and C6 (Scheme-I).
The planar conformer for triplet state of C6H6C with allenic tautomer

is ground state (1,2,4,6-cycloheptatetraene) (Scheme-III). For triplet state
of C6H6Si, the carbenic tautomer with planar conformer is ground state
(sila-2,4,6-cycloheptatrienylidene). For triplet state of C6H6M (M = Ge, Sn
and Pb), the carbenic tautomer with boat conformer is ground state.
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Scheme-I: Full optimized and ground state tautomers and conformers for singlet states:
allenic tautomer of C6H6C with boat conformer and carbenic tautomer with
planar conformer of C6H6M (M = Si, Ge, Sn and Pb)
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Scheme-II: a) Topologically singlet state racemization of allenic tatumer of C6H6C
through their corresponding planar carbenic transition state. b)
Interconversion of carbenic tautomer of C6H6M (M = Si, Ge, Sn and Pb) to
their corresponding allenic transition state
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Scheme-III: Full optimized and ground state tautomers and conformers for triplet
states: allenic tautomer of C6H6C with planar conformer, carbenic tau-
tomer with planar conformer for C6H6Si and carbenic tautomer with boat
conformer for C6H6M (M = Ge, Sn and Pb)

The singlet-triplet splitting, ∆Gs-t of C6H6C, C6H6Si, C6H6Ge, C6H6Sn
and C6H6Pb are generally increased from C6H6C toward C6H6Pb. Heavier
atoms prefer to have non-bonding electrons with a higher percentage of
s-character. The higher s-character of heavier atoms in C6H6M leads to
stabilize the singlet state state.
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The bond lengths of singlet and triplet states indicate an allenic tautomer
for C6H6C respect to a carbenic tautomer for heavier analogues of C6H6M
(M = Si, Ge, Sn and Pb) (Table-2). So, the bond lengths R12 and R34 for
singlet and triplet states of C6H6C are shorter than for C6H6M. The bond
length R12 for singlet state is shorter than for triplet states of C6H6C while
the bond length R12 for singlet state is larger than for triplet states of C6H6M.

TABLE-2 
CALCULATED B3LYP/6-311++G (3df,2p) BOND LENGTHS (R), BOND 

ANGLE (Å), FOR BOTH SINGLET (s) AND TRIPLET (t) STATES OF 
C6H6M (M = C, Si, Ge, Sn AND Pb) 
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Compound R12 R34 A712 
C6H6C (s) 1.33 1.37 146.2 
C6H6Si (s) 1.88 1.43 102.5 
C6H6Ge (s) 1.97 1.43 100.8 
C6H6Sn (s) 2.15 1.44 96.98 
C6H6Pb (s) 2.22 1.44 95.74 
C6H6C (t) 1.36 1.36 139.8 
C6H6Si (t) 1.84 1.46 116.8 
C6H6Ge (t) 1.93 1.46 112.6 
C6H6Sn (t) 2.13 1.46 106.4 
C6H6Pb (t) 2.21 1.46 104.1 

 
The bond angle A712 for singlet and triplet states is reasonably decreased

for C6H6M from M = C to M = Pb. The bond angle A712 for singlet state is
larger than for triplet states of C6H6C while the bond length R12 for singlet
state is smaller than for triplet states of C6H6M24,25.

Conclusion

The planar conformer for triplet state of C6H6C with allenic tautomer
is ground state. For triplet state of C6H6Si, carbenic tautomer with planar
conformer is ground state. For triplet state of C6H6M (M = Ge, Sn and Pb),
the carbenic tautomer with boat conformer is ground state. The singlet-
triplet splitting, ∆Gs-t of C6H6C, C6H6Si, C6H6Ge, C6H6Sn and C6H6Pb are
generally increased from C6H6C toward C6H6Pb. For singlet state of C6H6C,
the ground state is allenic tautomer and twist conformer. In contrast, the
carbenic tautomer with planar conformer for C6H6M (M = Si, Ge, Sn and Pb)
is ground state.
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