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Optimized structures of the isoelectronic cumulenes (CCCB)~, CCCC, and (CCCN)" and of their isomers
formed by rearrangement have been calculated at the B3LYP/6-311+ G(3df) level of theory with relative
energies and electronic states determined at the CCSD(T)/aug-cc-pVTZ level of theory. The ground states of
CCCC and (CCCN)™ are triplets, whereas the ground state of (CCCB)™ is a quasi-linear singlet structure that
is only 0.6 kcal mol™! more negative in energy than the linear triplet. When energized, both triplet and singlet
CCCC cyclize to planar rhomboids, of which the singlet is the lowest-energy configuration. Ring-opening of
rhomboid C, reforms CCCC with the carbons partially randomized. Similar rearrangements occur for (CCCB)~
and (CCCN)™, but the reactions are different in the detail. In the case of (CCCN), rearrangement of atoms
is supported both experimentally and theoretically. Because (CCCB)~ and (CCCN)* are not symmetrical,
two fully cyclized forms are possible; the one more resembling a rhomboid structure is called a “kite” structure,
and the other is called a “fan” structure. The rearrangement of (CCCB)™ is more favored via the triplet with
equilibrating kite and fan structures being formed, whereas the singlet (CCCN)™" ring closes to give the singlet
kite structure, which may ring open to give a mixture of (CCCN)" and (CCNC)". Intersystem crossing may

occur for the triplet and singlet forms of CCCC and (CCCB)~ but not for (CCCN)*.

1. Introduction

The chemistry of cumulenes (carbon clusters) is of importance
in combustion processes, materials science, and interstellar
chemistry.! We have previously studied the reactivity of
energized CCCC,? CCCN,? CCCO,* and CCCS* by experiment
and theory, together with CCCB,> CCCSi,° CCCP,° and CCCAP
by theory alone. Of these, linear CCCC,” CCCN,? CCCO,> !
and CCCS®!' have been detected in interstellar molecular
clouds, as has cyclic C;Si.'*!* With the exception of energized
CCCO (which decomposes to CC and CO) and CCCS (which
fragments to give CCC and S), other systems cyclize to give
rhomboid structures. Linear CCCC is the only one of these
systems that can cyclize to give a true rhombus; other structures
can cyclize to give kite and fan structures; often, the kite and
fan structures are interconvertible.*>® The cyclic structures
drawn below show bond connectivities but not bond multiplici-
ties. It is not a simple matter to represent such multiply bonded
cyclic structures using the valence bond theory, even invoking
contributing structures of a resonance hybrid.

C
c /C\ /C\ /N
C c | >x c X
\c/ \C/ N\,
C
rhombus kite fan

The planar cyclic structures are both unusual and interesting.
They are relatively stable species with respect to the linear
CCCX isomers. As early as the 1970s, it was proposed that
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neutral C, should have a cyclic ground state, and that the cyclic
form might be present in interstellar regions.'* Linear CCCC
has a *Z, ground state that is 2.8 kcal mol ™! less stable than
rhombic C; ('A,) at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-
31G(d) level of theory;? other theoretical studies indicate that
the two structures are virtually isoenergetic.'>”!7 Scrambling of
the atoms of CCCX following equilibration with ‘rhomboid’-
type isomers was first noted experimentally (using *C labeling)
for CCCC,? then for CCCCC,'® and finally for CCCN.?
Analogous equilibria are predicted theoretically for CCCB,’
CCCSi,° and CCCP® but not for CCCAL. (Energized CCCALl
should form equilibrating kite and fan forms, but ring-opening
of these cyclic isomers will reform CCCALI rather that giving
CCAICY)

Following our earlier work on CCCX systems, we seek to
explore the structures and chemistry of (CCCB)~ and (CCCN)*,
two systems that are isoelectronic with CCCC. This work is
important for two reasons: (i) To obtain data concerning relative
trends in structure, bonding, and reactivity of the isoelectronic
systems. Detailed information on the relevant molecular orbitals
of the isoelectronic species as well as singlet—triplet (S/T)
energy gaps suggest molecular reactivity and provide direct
insight into the subtle balance of orbital energies and correlation
effects. (ii) Both (CCCB)™ and (CCCN)" are potential interstel-
lar molecules. A particular example of the importance of
investigations of isoelectronic cumulene systems is the theoreti-
cal study of CsN, and C¢N, and isoelectronic C,0, C,H,, C,N~,
and C,0,**, where it was shown that odd-numbered carbon
clusters had triplet ground states and cumulenic structures,
whereas even-numbered carbon clusters had singlet ground states
and polyacetylenic structures.’

Cumulene CCCC and its rhombus have been previously
studied both experimentally and theoretically,> and CCCC has
recently been confirmed as an interstellar molecule.” This study
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Figure 1. Geometries and singlet—triplet energy gaps of the isoelectronic linear structures of (C3B)~, Cq, and (C3N). CCSD(T)/aug-cc-pVTZ//
B3LYP/6-311+G(3df) level of theory. Positive values indicate the triplet being lower in energy.

of CCCC is theoretical and confirms experimental findings but
uses a higher level of theory than that used previously. The
present study of (CCCB)~ is also purely theoretical because
we have been unable to devise a synthesis of this anion in the
mass spectrometer by an unequivocal route.? Nothing has been
reported of (CCCB™), although BC™2° and CCB~2!*2 are known.

The final system, (CCCN)™, has been studied experimentally?
(using '3C labeled analogues) and here using theory. The cation
(CCCN)™ may be formed by electron-impact ionization of
cyanoacetylene® or C4;N,** or by synchronous loss of two
electrons from (CCCN)~.2 Linear (CCCN)* and cyclic C;N*
isomers have been investigated by theory,** and the gas-
phase ion molecule chemistry of (CCCN)" has been studied.?”?

The present study seeks to answer the following questions:
(i) are there trends in the structures of linear, kite, and fan
isomers of the three isoelectronic systems, (ii) what are the
ground states and singlet—triplet energy gaps of isomers in the
three systems, (iii) what are the mechanisms and energetics of
any cyclization/rearrangement processes, and (iv) having formed
the cyclic isomers, can these ring open to effect atom scrambling
within the cumulene ?

2. Computational Section

Geometry optimizations were carried out with the Gaussian
03 suite of programs® using the Becke RB3LYP (singlets) or
UB3LYP (triplets) method with the split-valence 6-311+G(3df)
basis set.3*3! Stationary points were determined by calculation
of the frequencies using analytical gradient procedures according
to the principle of either minima (no imaginary frequencies) or
transition states (one imaginary frequency). The minima con-
nected by a given transition structure were confirmed by intrinsic
reaction coordinate (IRC) calculations. Single-point energies for
the B3LYP/6-311+G(3df) geometries were determined using

the CCSD(T) method together with the Dunning aug-cc-pVTZ
basis set,>>* including zero-point energy correction (unscaled).

We obtained approximate minimum energy crossing points
by carrying out geometry optimizations at a series of points
along an appropriate coordinate that, in principle, connects the
minimum on one electronic surface with the minimum on the
other electronic surface using the CASSCF method. The
CASSCF/6-311+G(3df) spin—orbit coupling constants (SOC)
were computed at the crossing points using a one-electron
approximation.’~*® The details of active spaces chosen for the
CCCX (X represents B, C, or N) involve the o(CX), the two
o(CQC), the 7, and the corresponding antibonding orbitals. For
kite structures (C3N)™, the (C3N), 6(CC,), o(C,C3) (see Figure
3 for a definition of the number-labeled structure), and st orbitals
and the corresponding antibonding orbitals have been taken into
consideration.

All calculations were performed using the South Australian
Partnership for Advanced Computing (SAPAC) facility

3. Results and Discussion

3.1. Structures of Linear Isomers. The structures of CCCC
have been reported at the CCSD(T)/aug-cc-pVDZ//B3LYP/6-
31G(d) level of theory.? This has been upgraded to CCSD(T)/
aug-cc-pVTZ//B3LYP/6-311+G(3df) in this article to allow
direct comparison with the calculated structures of (CCCB)~
and (CCCN)*. Data provided using the two different levels of
theory for CCCC are very similar. The geometries and relative
energies of the singlet and triplet forms of the five isoelectronic
linear structures, that is, (CCCB)~, (CCBC)~, CCCC, (CCCN)*,
and (CCNC)™, are shown in Figure 1 with full details recorded
in Table 1 of the Supporting Information. The electronic
configurations of the singlet and triplet structures together with
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Figure 2. Electronic configurations and 3D HOMOs of the singlet and triplet isoelectronic linear structures. B3LYP/6-311+4G(3df) level of theory.

representations of their highest occupied molecular orbitals
(HOMOs) are recorded in Figure 2.

The triplet (°Z,) form of CCCC with D.., symmetry is the
ground state by 8.9 kcal mol ™!, with the HOMOs being doubly
degenerate. The structure of the corresponding singlet ('Z,) is
very similar to that of the triplet (Figures 1 and 2) with all bonds
showing significant double-bond character (C=C, 1.34 A%).

The structures of the linear (C;B)™ isomers are more complex
than the CCCC structures. The singlet ('A’) form of (CCCB)~
with C; symmetry is the ground state, but this structure is only
0.6 kcal mol™! lower in energy than the *=" triplet structure,
and it is possible that these two structures may interconvert by
spin—orbital coupling. The '=" linear (CCCB)~ structure with
C.., symmetry is unstable at the level of theory used in this
study with an imaginary frequency of 137i cm™! and is ~29.0
kcal mol™! above the ground state. It is likely that these two
structures may convert to each other via rovibrational coupling
between the motions of electrons and nuclear vibrations (the
Renner—Teller effect).*’ The triplet X" state of linear (CCCB)~
has a different electronic configuration than that of triplet *X,
CCCC. The valence AO—MO correlation diagram (at the
B3LYP/6-311+G(3df) level of theory) of the linear structure
(CCCB)" is shown in Figure 3. (For the AO—MO correlation
diagram of CCCC, see Figure 1 of the Supporting Information.)
The energy gap between the 2p and 2s orbitals of boron is 5.6
eV, whereas the corresponding energy gap for carbon is 8.8
eV. As a consequence, the 2s orbital of boron has more
perturbation of the p, orbital, which in turn leads to a significant
contribution from the 2s atomic orbital to the 90 molecular
orbital. This results in the 90 molecular orbital being above 27
for triplet (CCCB)~ (Figure 2). The bond lengths of the bent
singlet and linear triplet forms of (CCCB)™ are similar (Figure
1), with CC and CB bonds both showing significant double-
bond character. (The bond length of a CB single bond is reported
to be 1.56 A*)

In contrast with (CCCB)~, the triplet =~ form of (CCBC)~
(C.., symmetry) is the ground state by 16.9 kcal mol~!. This

ccc CCCB B
Figure 3. Valence AO—MO correlation diagram of linear (CCCB)™.

can be attributed to the doubly degenerate nature of its 5t orbitals
shown in Figure 2. Both singlet and triplet states have similar
geometries: they are both linear with all bonds having significant
double-bond character, as is the case with CCCC. This may be
due to analogous electronic configurations of these two states.
The valence AO—MO correlation diagram for (CCBC)™

shown in Figure 4. When the boron atom is located between
two carbon atoms, the perturbation among the 2p orbitals (the
2p orbital energies of boron and carbon atoms are close; —5.2
and —7.3 eV respectively) becomes dominant, which results in
four high-energy linear CBC 7 orbitals. (See Figure 1 of the
Supporting Information for details.) By correlating with the 2p,
and 2p, orbitals of another carbon atom, they form doubly
degenerated 2t HOMOs, which are located at a higher energy
level than the 90 orbital, resulting in st orbital splitting (77, and
m,) for the singlet structure. The HOMO electrons of the singlet
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Figure 4. Valence AO—MO correlation diagram of linear (CCBC)™.
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Figure 5. Valence AO—MO correlation diagram of linear (CCCN)™.

structure are mainly distributed between B and C, (for number-
ing system, see Table 1 of the Supporting Information): this
should be compared with the near-equal distribution of electrons
among the four atoms of the triplet. As a result, the C,C; bond
length becomes shorter (by 0.003 A), whereas the BC; bond
length is increased by some 0.003 A for the triplet.

Linear (CCCN)" and (CCNC)* are the most complex of the
linear isomers considered in this study. Calculations of the
systems have been previously reported.?>?>2¢ At the level of
theory used in this study, the ground state of (CCCN)" is the
triplet quasi-linear structure with C; symmetry. There is also a
stable linear triplet >~ structure with C.., symmetry and a stable
quasi-linear singlet 'A” state with C,; symmetry lying 0.2 and
13.8 kcal mol™! above the ground state, respectively. The two
triplet structures constitute a quasi-linear—linear Renner—Teller
system.*” The 3T~ structure has a different electronic configu-
ration than that of either of the triplet states of CCCC and
(CCCB)™, with the 80 orbital being of lower energy than the
1ot orbital. (See Figure 2.) According to the AO—MO correlation
diagram (Figure 5), the relatively large energy gap (12.4 eV)
between the 2s and 2p orbitals of nitrogen indicates much less
perturbation to the 2p, orbital from the 2s orbital. This results
in virtually no contribution to the 80 and 90 molecular orbitals
from the 2s atomic orbital, leading to the energy levels of the
80 and 9o orbitals lying below 1, and 27,. The bond lengths
of the (CCCN)* states show differences compared with those
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Figure 6. Geometries and singlet—triplet energy gaps of the isoelec-
tronic cyclic structures of (C;B)~, Cy, and (C3N)*. CCSD(T)/aug-cc-
pVTZ//B3LYP/6-311+G(3df) level of theory. Positive values indicate
the triplet being lower in energy.

of CCCC and (CCCB)™. Although the CC bonds are essentially
double bonds, the CN bond shows significant triple bond
character. (See Figure 1 for bond lengths (normal bond lengths:
CN double bond 1.30 A, triple bond 1.16 A%).)

The ground state of (CCNC)" is the quasi-linear triplet A
structure (C, symmetry). The bonds of the triplet are mainly
double bonds with the terminal NC bond being close to a triple
bond, a situation similar to that described above for the two
triplet states of (CCCN)*. The singlet state of (CCNC)" is a
bent !A’ structure (C, geometry) lying 12.0 kcal mol~! above
the ground state triplet.

It is of interest to consider the periodic trends in the
triplet—singlet energy gaps across the three CCCX systems. As
the nuclear charge increases across the period, the valence
electrons experience a screened charge, and the incremental
change in that charge upon going from anions to cations is
unlikely to be significantly different. There will be two opposing
effects: (i) because the valence orbitals include s character,
Coulombic attraction will increasingly favor the singlet upon
moving to the right across the period, and (ii) the increased
nuclear charge can result in an opposing effect, which arises
from the contraction of all MOs in response to the more positive
core. The contracted MOs will induce increased Coulomb
repulsion between the electrons, which may be relieved by
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promotion of one electron to form the triplet. Furthermore, the
favorable exchange energy available to the triplet is similarly
affected. In other words, when the interaction is mainly due to
Coulomb repulsion of electrons, the exchange energy favors
electrons with parallel spins,*? that is, the triplet states. These
opposing effects are important for a comparison of (CCCB)~,
CCCC, and (CCCN)™ because the S—T gaps are becoming more
positive from (CCCB)~ to (CCCN)™, as shown in Figure 1.

In contrast, there is no s character for the HOMOs of singlet
(CCBC)™, triplet (CCBC)™, or singlet (CCNC)*. However, there
is s character for the 13a orbital of triplet (CCNC)*, which is
mainly distributed between C, and C;. (The numbered structures
are designated in Table 1 of the Supporting Information.)
Therefore, the S—T gaps should decrease across the period, as
observed, from 16.9 kcal mol ™! for (CCBC)™ to 12.0 kcal mol ™!
for (CCNC)™, leading to the triplet state becoming less favorable.

3.2. Structures of Cyclic Isomers. The geometries and the
relative energies of singlet and triplet rhombus C, together with
kite and fan structures of (C3;B)~ and (C3;N)* are summarized
in Figure 6, whereas full details of these structures are recorded
in Table 2 of the Supporting Information. The electronic
configuration and HOMO of each of these structures are listed
in Figure 7.

Singlet 'A, thombus Cy of Dy, symmetry is the ground state
of this system with triplet B3, rhombus C, (also of C,
symmetry) lying 18.6 kcal mol™! above the ground state. The
bonds in the singlet rhombus have more double-bond character
than those in the triplet structure. The electronic configuration
of the triplet differs considerably from that of the singlet
structure (Figure 7), for example. The 5a, orbital is located at
a higher energy than 3b,,. The electronic structure of the singlet
shows that 5a, (NHOMO), mainly includes bonding p, orbitals

of C; and Cs, and is only 0.001 hartree more stable than 3by,
(HOMO) at the B3LYP/6-311+G(3df) level of theory. There-
fore, the electrons in either of these two orbitals can be almost
equally promoted to the lowest unoccupied molecular orbital
(LUMO) (1by,), which consists of empty p, orbitals perpen-
dicular to the molecular plane. The formation of the triplet
increases the bonding density in the p, orbitals, resulting in an
increase in bond lengths. In particular, an electron from 5a, is
promoted to 1b,,, weakening the bond between C; and C; and
increasing the bond length by 0.219 A.

Like rhombus Cy, the singlet !A’ kite (C3B)~ of C, symmetry
is the ground state, lying 20.5 kcal mol~! below triplet *A”
rhombus (C;B)™ (C; geometry). The bond lengths of the singlet
and triplet structures are different. The ground-state singlet CB
bonds are single bonds, with the CC bonds showing some
double-bond character, whereas all bonds in the triplet have
more double-bond character than those of the singlet kite (C;B)™.
For the singlet state, the anionic center is distributed near C,,
which indicates that the HOMO (11a”) involves considerable
overlap with the o bonding orbitals connecting the carbon atoms.
When an electron is excited to the LUMO (2a”), which is
perpendicular to the HOMO (the molecule plane), the anionic
center shifts toward the terminal boron atom. This moves some
electron density from C;—C, to the C—N and C,—C; bonds,
leading to the outer C—C bonds becoming longer and the C—B
and inner C—C bonds getting shorter.

The singlet 'A; kite (C3N)™ (C,, symmetry), like its coun-
terparts (above), is also the ground state, only lying 0.2 kcal
mol~! below the 3A” triplet of C; symmetry. The bonding of
the (C3N)* rhombus structures is different from that of the
corresponding (C3;B)™ structures. In the singlet structure, the
CC bonds are close to single bonds, whereas the CN bonds are
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Figure 8. Reaction coordinate profile for the rearrangement of singlet CCCC. CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(3df) level of theory. For
full details of geometries and energies of minima and transition states, see Table 3 of the Supporting Information.

essentially double bonds. In contrast, for the triplet, the outside
CC bonds and the CN bonds have significant double-bond
character, whereas the inner CC bond is essentially a single
bond. The electronic configuration of the triplet state is exactly
the same as that of the triplet kite (C;B)~, with two unpaired
electrons filled in 11a” and 2a” respectively. The nonbonding
pair of electrons occupies a dominant sp’like orbital in the
planes (Figure 7), whereas the vertical p, orbitals are empty.
There is considerable overlap with the o bonding orbitals
connecting the C;, C3, and N atoms, and the cationic center is
approximately located at C,. The formation of the triplet
involves the promotion of one electron from the HOMO (11a")
to the LUMO (2a”), in this case the out of plane p, orbital; this
removes some of the bonding density between the atoms with
relative high charge density and meanwhile adds some bonding
density between the atoms with low charge density, which
makes the C—N bond longer and the C—C bond shorter (Figure
6). The other unpaired electron, located at the 11a” (NHOMO)
orbital, is almost equally distributed between C; and C,, which
makes the bond length of C;—C, slightly shorter than that of
C,—C;.

The fan structures of (C3B)™ both have C,, symmetry with
the ground-state singlet 'A; lying 11.7 kcal mol~! below triplet
3A’. The structures of both states are unusual (Figure 6), with
CC bond lengths close to double bonds, whereas the CB bonds
show essentially single-bond character. The two electrons of
7a, of the singlet structure are delocalized on C,, B, and between
C, and C;. The triplet structure has two unpaired electrons in
doubly degenerated 4b, and la, orbitals, which are mainly
distributed among C,;C,B and C,C;B, respectively. It is clear
that there is no obvious distribution of HOMO electrons between
C, and B, which may be the reason for the CB single-bond
character in both singlet and triplet structures. The shift of the
anionic center from kite to fan can explain the change of bond
lengths from singlet to triplet. Only the singlet fan state (‘A”)
of (C3N)7 is stable. Unlike the fan (C3B)™ structures, fan (C3N)*
has bond lengths closer to single than double bonds. The HOMO
of fan (C3;N)* is quite similar to that of rhombus C,, which
indicates more ¢ delocalization character. The triplet fan (C3N)*
also has C,, symmetry, yet the HOMO and NHOMO orbitals
are nondegenerate, which makes this structure unstable.

The s character of the singlet valence orbitals for the kite
(rhombus) structures decreases dramatically from a significant
value in kite (C3B)~ to zero in kite (C3N)* at the B3LYP/6-

A
C\C/C
(27.2)
(17.0)
3G
(0) PN
cl_c
E7 ~¢”

c—Cc—C—C
Figure 9. Reaction coordinate profile for the rearrangement of triplet
CCCC. CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(3df) level of theory.
For full details of geometries and energies of minima and transition
states, see Table 4 of the Supporting Information.

311+G(3df) level of theory, which means that the effect of
Coulombic attraction is reduced. The effects of contracted MOs
repulsion and exchange interaction are more important, and thus
the singlet becomes less favorable.

3.3. Rearrangement Reactions of CCCC, (CCCB)~, and
(CCCN)*. The rearrangement/cyclization of CCCC to thombus
C, has been described previously, as has the atom scrambling
of energized *CCC"3C following equilibration with the rhombic
isomer.” Triplet and singlet reaction coordinate profiles have
been recalculated at the CCSD(T)/aug-cc-pVTZ//B3LYP/6-
311+G(3df) level of theory to enable direct comparison with
the rearrangements of the other systems considered below. Very
similar results are obtained here compared with those of the
earlier report. The rearrangements of the singlet state and the
triplet ground state of CCCC are shown in Figures 8 and 9
respectively, with full details of geometries and energies of
minima and transition states recorded in Tables 1 to 4 of the
Supporting Information. It can be seen that the rearrangement
of singlet linear to rhombic structures involves the Cz;-mono-
cyclic intermediate 'D, which is 15.4 kcal mol™! above 'A. The
energy barrier TS A/'D for the formation of D from 'A is
26.9 kcal mol™". The second cyclization step from 'D to 'G is
barrierless; that is, 'G is directly formed once the initial
cyclization barrier has been surmounted. The triplet linear
structure 3A may rearrange to triplet rhombic *G by overcoming
the transition state TS 3A/*G, which represents a barrier of 27.2
kcal mol™!. We have investigated the possibility of intersystem
crossing between the triplet and singlet forms of CCCC on the
singlet and triplet C, potential surfaces. The spin orbit coupling
constant singlet/triplet CCCC is 19.8 cm™! (at the CASSCF/6-
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Figure 10. Reaction coordinate profile for the rearrangement of singlet (CCCB)~. CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(3df) level of theory.
For full details of geometries and energies of minima and transition states, see Tables 5 and 6 of the Supporting Information.
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Figure 11. Reaction coordinate profile for the rearrangement of triplet (CCCB)~. CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(3df) level of theory.
Because of the complexity of this Figure, the transition-state structures have been omitted. For full details of geometries and energies of minima

and transition states, see Tables 7 and 8 of the Supporting Information.

311+G(3df) level of theory), this large value indicates that
crossing from the bound triplet to the repulsive singlet state
should be rapid.>>-3#

The reaction coordinate profiles for the rearrangement of
singlet and triplet (CCCB)™ to singlet and triplet (CCBC)™ are
shown in Figures 10 and 11, respectively, with full energy and
geometric data of minima and transition states listed in Tables
5—8 of the Supporting Information. The rearrangements are
more complex than those shown in Figures 8 and 9 (for CCCC)
because of the unsymmetrical nature of reactants and products.
The processes shown in Figures 10 and 11 are marginally more
favorable than those shown in Figures 8 and 9 (for CCCC).
Kite and fan structures are interconvertible, but the barriers are
significant (G — 'H (+33.0 kcal mol™!); 3G — 3H (+20.8
kcal mol™!) (Figures 10 and 11, respectively)). The energy
difference between ground-state singlet (CCCB)™ and the triplet
is only 0.6 kcal mol ™!, and the spin orbit coupling constant for
these two states is 16.7 cm™! (at the CASSCF/6-3114G(3df)
level of theory), a value high enough to ensure the likelihood
of intersystem crossing between these two potential surfaces at
the singlet—triplet minimum energy crossing point.*-3%

The cation (CCCN)* has been previously prepared in the mass
spectrometer by charge reversal of (CCCN)~.> The anion
(CCCN)™ is a stable species under the collisional conditions

required to convert it to the cation (CCCN)* (a charge reversal
experiment***). Charge reversal of (CCCN)~, ('3CCCN)~, and
(CCBCN)~ produces (CCCN)*, (*CCCN)*, and (CC"3CN)™,
and the decompositions of these cations have been recorded.’
The spectrum of (CCCN)" shows peaks due to the losses of C,
N, C,, CN, and C,N. If there is no scrambling of atoms in the
labeled analogues, then (CC'3*CN)™ should lose only C and CC,
whereas ('*CCCN)" should lose '*C and '’CC. Instead, the
respective relative abundance ratios for losses of C and '*C are
15:7.7 from (CC"CN)*tand 24:14.5 from (3 CCCN)*. The
corresponding losses of CC and 'CC are 4.8:2.2 from
(CCBCN)* and 1.3:5.2 from ('3CCCN)*. These experimental
data indicate significant scrambling of carbons in energized
(CCCN)™ prior to or during fragmentation.

The reaction coordinate profiles for rearrangement of singlet
and triplet (CCCN)* are shown in Figures 12 and 13, respec-
tively, with full energy and geometric data of minima and
transition states listed in Tables 9—12 of the Supporting
Information. Consideration of the data shown in Figure 12 shows
that one of the processes forming (CCNC)™ (1B™) is feasible
(overall energy +5.9 kcal mol™!; maximum transition-state
barrier 29.4 kcal mol™'). The kite and fan structures are
interconvertible (energy difference between 'G* and 'H' is
+10.0 kcal mol ™!, and the barrier to the higher transition state
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For full details of geometries and energies of minima and transition states, see Tables 9 and 10 of the Supporting Information.
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Figure 13. Reaction coordinate profile of the rearrangement of triplet (CCCN)*. CCSD(T)/aug-cc-pVTZ//B3LYP/6-311+G(3df) level of theory.
For full details of geometries and energies of minima and transition states, see Tables 11 and 12 of the Supporting Information.

(‘DT/'HY) is 19.3 kcal mol™! (Figure 12)). In contrast, the
formation of kite 3G' (4+25.0 kcal mol™') from 3A* with
transition-state barrier of 35.0 kcal mol ! is feasible, but further
rearrangement to (CCNC)* (®B™) is unfavorable (Figure 13).
The fan structure is not stable on this potential surface. The
main question is whether ground-state triplet (CCCN)* can
undergo intersystem crossing to singlet (CCCN)*, which can
then rearrange to singlet (CCNC)™, as shown in Figure 12. The
singlet—triplet gap for (CCCN)™ (*A"/AA™) is 13.8 kcal mol ',
with a calculated spin—orbit coupling constant of 0 cm™!. The
electronic configurations of single and triplet state (CCCN)™ at
the crossing point are identical (CASSCF/6-311+G(3df) level
of theory), which means that the spin transition will correspond
to spin inversion in the same orbital, and such a process is
forbidden.*?

However, the kite structures *G™* and 'G™ are minima on their
respective potential surfaces, and the energy difference between

the two forms is only 0.25 kcal mol™! at the level of theory
used in this study. The spin—orbit coupling constant 3G*/!G*
is 7.1 cm™!. Therefore, it is possible that this triplet/singlet
crossing may occur, with the consequence of some conversion
to product singlet (CCNC)* 3538

Kite and fan structures of (C3B)™ and (C3;N)™ are intercon-
vertible by different pathways. A transition state TS 'G~/'H~
is determined for singlet (C;B)~, whereas the analogous triplet
interconversion process involves the fully cyclized tetrahedral
structure 3F . In contrast, singlet kite (C3N)* first ring opens to
form a CCN-monocyclic structure 'D*. When energized, the
quasi-linear (linear) systems (CCCB)~ and (CCCN)" may
undergo cyclization to planar “rhomboid” or monocyclic
systems, which, when ring-opened to form (CCBC)~ and
(CCNC)™, may cause scrambling of the carbon atoms of the
skeleton. The cyclizations of singlet (CCCB)~ and (CCCN)*
to kite (C3B)” and (C3N)* are slightly less favorable than
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cyclization of singlet linear CCCC to rhombic C4. Rearrange-
ment of (CCCN)™ to a cyclic system is more facile than
cyclization of the corresponding neutral interstellar analogue
CCCN, with the initial transition state for the neutral surface
being 54.7 kcal mol ™! at the CCSD(T)/aug-cc-pVDZ//B3LYP/
6-31+G(d) level of theory.?

4. Conclusions

The structures of the three isoelectronic molecules, (CsB)~,
C4, and (C3N)*, have been investigated theoretically at the
B3LYP/6-311+G(3df) level of theory for both singlet and triplet
states. There are similarities among the structures and electronic
configurations. Linear and planar cyclic structures have been
located for all three systems. The singlet—triplet energy gaps
for linear and kite structures, calculated at CCSD(T)/aug-cc-
pVTZ with zero-point energy corrections, indicate that the
effects of Coulombic repulsion are a dominant factor in
determining the ground states of these systems. Singlet linear
CCCC can form rhombic Cy4 via the intermediacy of a Cs-
monocyclic minima, whereas triplet CCCC can cyclize directly
to the rthombic structure. Rearrangements of linear (CCCB)™
and (CCCN)™ occur via cyclic isomers to form (CCBC)™ and
(CCNC)™. Intersystem crossing by spin—orbit coupling (inves-
tigated at the CASSCF/6-311+(3df) level of theory) can take
place at some stable points, leading to rearrangements occurring
via more energetically favorable pathways.

A reviewer has requested that vibrational frequencies for
computed minima be included in this article. These data are
included in Tables 13—15 of the Supporting Information.
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