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Fluxional bonds in analogs of bullvalene C,H,", C,BH, and C;sNH,

GAO Caiyue, MA Yuanyuan, YAN Miao, LI Sidian’
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Abstract: Chemical bond is the most important concept in chemistry. This paper proposed the concept of fluxional bonds which form
and break constantly under certain conditions and applied it successfully to various boron clusters and bullvalene C,,H,,, unveiling
the fluxional bonding nature of these important species. We continue in this work to explore the fluxional bonds in analogs of bullva-
lene, C;H,", CoBH,y and C¢NH,, to reveal the bonding fluctuation mechanisms of these interesting species at molecular orbital level.

The detailed orbital and bonding analyses indicate that the fluxional bonds of these model compounds exhibit obvious similarity with
that of bullvalene. The fluxional process of CyH," mainly involves two fluxional c-bonds from the ground state (GS) to transition
state (TS) (GS(1 2¢c-2e 6 + 1 3c-2e 6) > TS(2 2¢c-2e 6) > GS'(1 2c-2e 6 + 1 3c-2e 6)), while the fluctuations of both C,BH, and
C3NH, involve two fluxional n-bonds (GS(2 2c-2e ) —> TS(2 3¢-2¢ m) >GS'(2 2¢-2¢ 7)) and one fluxional o-bond (GS(1 2¢-2¢ 6) —>
TS(1 4c-2e 6) > GS'(1 2¢-2¢ o)) in concerted mechanisms.
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1 Introduction

Various molecules are known in chemistry to ex-
hibit structural fluxionalities under certain conditions.
Typical fluxional molecules include iron pentacarbonyl
Fe(CO)s, phosphorus pentafluoride PFs, dimethylfor-
mamide (CH;),NC(O)H, and protonated methane CH;"
which undergo Berry pseudo - rotations through the
bending, swaying, or stretching of localized two-center-
two-electron (2¢-2e) o bonds!"*. No chemical bonds are
formed or broken in the fluxional processes of these
molecules. Our group recently proposed the concept of
fluxional bonds (FBs) in planar B,,, tubular Ta@B,, ,
and cage-like B, , as an extension of the classical lo-
calized and delocalized bonds known in chemistry'.
FBs in these species form and break constantly under
certain conditions at finite temperatures. We also re-
ported multi-center FBs in half-sandwich MB;;~ (M =K,
Rb and Cs) ® and NiB,, ™, planar or quasi-planar G,
B (B.@B, )", G, Bis" (B;@B,)™" ™", and C,, Bys'
(B.@B,,)™", and tubular B;-[Ta@B 5], Bs-[Ta@Bs],
and La,[B,@B,s]"""®. Typical n-FBs and 6-FBs were
very recently observed in the well-known fluxional
molecule bullvalene (C,H,,) and its analogs CiHs, CoH,
and CsBH,in rapid Cope rearrangements'”, opening the
door to explore novel FBs in both stable organic mole-
cules and important catalysis processes.

Based on extensive first-principles theory calcu-
lations and detailed bonding analyses, we report here-
in the existence of multi-center FBs in more bullva-
lene analogs including the cage-like C;H,", C,BH, and
C;NH,. Two fluxional o-bonds were revealed in the
fluxional process of C,H,", while two fluxional = -
bonds and one fluxional o -bond were identified in
concerted mechanisms in both CysBH, and CNH,.
The activation energies between the ground states and
transition states and the corresponding reaction rate
constants k" are predicted to facilitate future experi-

ments.

2 Theoretical procedure and computational
method

The ground state (GS) and transition state (TS) of

18-20

all molecules were optimized at the DFT-PBEO "**" level

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

with the basis sets of 6-311+G(d)?". Frequency checks
were performed to ensure that all optimized structures
are true GSs or TSs. Intrinsic reaction coordinate (IRC)
22291 path analyses were also performed to confirm the
TS structures. All the PBEO calculations in this work
were performed using the Gaussian 09 package®™. The
activation energies in the fluxional processes were fur-
ther refined at the more accurate CCSD(T)/6-311G(d)

level &7

[28]

at PBEO geometries using the Molpro program
. Detailed bonding analyses were performed on the
GS, TS, and GS' of the concerned species (GS' repre-
sents the second ground state in the GS—TS—>GS’
fluctuation process. It may be the same as the GS or it
may be an intermediate state in the reaction path) using
the adaptive natural density partitioning (AdNDP)

#9 The reaction rate constant 4 is calculated

program!
based on the transition-state theory (TST) Y using the
following equation:

kUT —AG” /(RT)
)

where, «, ks, T, h, AG”, and R are the transmission co-

k'I‘ST f—

efficient, Boltzmann constant, temperature, Planck
constant, standard activation free energy, and molar gas
constant, respectively. The transmission coefficient k
can be valued by the Wigner tunneling correction™”, x =
1 +(1/24) [hIm(v")/ks T’, where Im(v") is the imaginary
frequency of the transition state. The calculated results
are summarized in Table 1 to facilitate future experi-

mental confirmations of these fluxional species.
3 Results and discussion

3.1 Structures and stabilities

The closed-shell C;, GS (1), G, TS (2) and G;,
GS' (3) of CHy' in Fig. 1 are constructed by removing
one CH group from the experimentally known G;,
GS, G, TS, and G;, GS' of C,H,;,"", respectively.
Similarly, C;, GS (4), C, TS (5) and C, GS' (6) of
Cy;BH, can be obtained by substituting one CH group
in C,H,, with a trivalent B atom. C; GS (7), C, TS
(8), and C; GS' (9) of C;NH, are achieved by substitut-
ing one C atom in C,H," with a trivalent N (Fig. 1).
There exists a three-center bonding interaction be-
tween C3, C4 and C5 in the C;, GS (1) which is the

true GS of the monocation with no imaginary vibra-
http://www.cnki.net
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tional frequency. The corresponding degenerate C;,
GS' (3) can be obtained by turning the G, GS (1)
structure up-down. The C,, C;Hy' (2) as the transition
state between C;, GS (1) and C;, GS' (3) has one
imaginary frequency at —544.33 cm’'. As can be
seen from the bond lengths indicated in Fig. 1, the dis-
tance between C3—C4 at the bottom with re; o =
1. 81 A in the GS has been shortened to 7oy = 1. 57
A in the TS, while the C1—C2 single bond on the top
with 7o, ¢, = 1. 51 A in the GS has been elongated to
Ferce = 1.57 A in the TS. That is, a C3—C4 single ¢
bond is formed in the TS while the C1 —C2 o bond in
the GS is to be broken. From the TS C,, C,H," (2) to
the GS' G;, CsH,' (3), the opposite process occurs. In

(a) C,H,'

1C, 68
Vofom™ 351735
A Eal'kcal - mol” 000
(b) C,BH,

f

1:53

2165

L W, cs
Vo fom 188.36
AE/keal - mol™  0.00

(c) C,NH,

(7} C,GS
295.67
AE /keal - mol™" 000

V . fem™

2)C, T8
~544.33

(5)C, T8

(8) C, TS

the fluxional process of GS—TS—GS', the upward
and downward sways of C5 induce the structural fluc-
tuation of the monocation. The calculated activation
energy of AE, = 22. 87 kcal-mol" at CCSD(T) from
the GS to the TS of CyH," approximately doubles the
corresponding value of AE, = 12. 9 kcal'mol ' calcu-

lated for bullvalene C,,H,, at the same level of theo-

ryl!”,

The G, GS (4) of C;BH, contains three equivalent
C—C o bonds on the top and three equivalent C=C
double bonds on the waist. Its transition state C, C,.BH,
(5) has one imaginary frequency at —254. 58 cm . The
C1—C2 distance 7¢; > = 1. 53 A in G, C;BH, (4) has
been elongated to 7¢, = 2. 15 A in C, C,BH, (5), while

51

9

(3) C, GS’
351.45
22.87 0.00

(6 C, C8’
-254.58 196.41
14.42 6.87

(9} C, GS’
-416.59 285.11
13.10 551

Fig. 1 Optimized structures of the ground state (GS/GS') and transition state (TS) of (a) CoHy", (b) CsBH, and (¢) CgNH,,
with the lowest vibrational frequencies v,,;, at PBEO level and relative energies AE, at the single-point CCSD(T)//PBE0/6-311+G
(d) indicated. The bond lengths are labelled in A

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.
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C5—C6 distance 7,5... = 2. 65 A in the GS has been si-
multaneously shortened to 7.s..s = 2. 21 A in the TS. The
calculated C1 —C3/C2—C4 (1. 39 A) and C3—C5/C4—
C6 (1. 40 A) distances in the C, TS have practically the
same bond lengths. This structural fluctuation indicates
the transfer of one 2¢-2e ¢ bond on C1—C2 in the GS
into one 4c-2e ¢ bond on C1—C2 and C5—C6 in the TS
and two 7 bonds from two 2c-2e © bonds over C3—C5/

(6) lies 6. 87 kcal'mol™ higher than the C;, GS (4) in
energy. It contains a newly formed C5—C6 ¢ bond at
the bottom, with the C1—C2 interaction on the top
broken.

As shown in Fig. 1, CgNH, possesses similar
cage-like GS, TS, and GS’ structures with C,BH,,
with C, C{NH, (7) being 13. 10 and 5. 51 kcal-mol”
more stable than C, C;NH, (8) and C, C;NH, (9), re-
spectively. The calculated activation energies of
C,BH, and C;NH, are 14.42 and 13.10 kcal‘mol’
from their GSs to TSs at CCSD(T) level, respectively,
close to the energy barrier of 12. 90 kcal-mol" calcu-
lated at the same level for C,\H,/"". The predicted
rate constants k™' of C;H,", C,BH, and C;NH, from
their GSs to TSs and from TSs to the GSs' at 298 K in
Table 1 clearly indicates that CyBH, and C{NH, fluctu-
ate much more quickly than C;H," due to the huge dif-

ferences in their activation free energies AG™. It is al-

(@ )

C, GS ; g E
v
20x 2c-2e0 1x2c-2e o+l x3c-2ec
ON=1.94-1.99 [el ON=1.96 lel
c, T8 I l
v
20x 2c-2e0 2x 2c-2e0
ON=1.95-1.99 [el ON=1.86 lel
C3 GS' ' 3 i E
v

20x 2c-2e0
ON=1.94-1.99 [el

1x3c-2e 0+l x2c-2e0
ON=1.96 lel

Fig. 2

so noticed that both the intermediate states C, C,BH,
(6) and C, CyNH, (9) with higher rate constants k"'
are short-lived species compared to their ground
states C;, CoBH, (4) and C, CsNHj, (7), respectively.
3.2 Fluxional bonds in CoH,"

AdNDP bonding analyses recover both localized
and delocalized bonds of the concerned species. As
shown in Fig. 2(a), the C;, GS possesses 21 2¢-2e ¢
bonds including 12 C—C o single bonds and 9 C—H
o single bonds with the occupation numbers of ON =
1.94—1.99 le| and 1 3c-2e¢ 6 bond with ON = 1. 96
le|, among which the 3c-2e ¢ bond on C3, C4, and C5
at the bottom has been converted into a 2¢c-2e C3—C4
o bond in C,, TS. An opposite process occurs from
TS — GS’ where the 2c-2e C1 —C2 o bond is convert-
ed into a 3c-2e 6 bond on C1, C2, and C5 on the top
in G;, GS'. Thus, C;H," undergoes a GS (1 2¢-2e ¢ +
13c-2e0) > TS (22¢c-2e6) > GS' (1 2¢c-2e 6+ 1 3c-
2e o) bonding fluctuation which mainly involves two
fluxional o -bonds in a concerted mechanism, as
shown in Fig. 2(b). Such a process repeats itself at
950 K in molecular dynamics simulations (Video S1
in the Supporting Information).

3.3 Fluxional bonds in C,BH, and C;NH,

As indicated in Fig. 3(a), the bonding fluctuation of
C,BH, appears to be similar with that of bullvalene!”.
It mainly involves two fluxional & bonds and one flux-

ional o bond in the fluxional process. From C;, GS to C,

TS’

2c-2e0

3c-2e0 2c-2e0

3c-2e 0 2e-2e o 3c-2e 0

GS GS’ GS

(a) AANDP bonding patterns of the GS/GS' and TS of CoH,". (b) o-bonding fluctuation of CoH," in the fluxional process of

GS—>TS—>GS'—>TS'—>GS, with the energy barrier AE, indicated in kcal-mol™

(C)1994-2021 China Academic Journal Electronic Publishig House. All rights reserved.
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20x 2c-2e0
ON=1.93-1.99 [el

20x 2c-2e0
ON=1.94-1.99 [el

2

20x 2c-2e0

C, 68

ﬁ

1x2c-2ew
ON=1.94lel

*

1x2c-2ew
ON=1.96 lel

1x2c-2ew

25

2% 2c-2em
ON=1.96 lel

1x2c-2e0
ON=1.93 lel

K

2% 3c-2em
ON=1.96 lel

1x4c-2e0
ON=1.84lel

s

2% 2c-2em 1x2c-2e0

ON=1.91-1.99 lel ON=1.93 lel ON=1.93 lel ON=1.82lel
®) o fluctuation 7 fluctuation
TS TS’ TS
1x4c-2e0 1x4c-2e0 2x 3c-2em 2% 3c-2em
T E =75 T E =755,
AE =1442 AE = 1442
% 1><20 dea & S& 2X2° 2em %
1><20 260’ 1><20 260’ 2><20 Ze’rr 2><20 Ze’rr

Fig. 3

(a) AANDP bonding patterns of the GS/GS' and TS of C,BH,. (b) o and © bonding fluctuations of C,BH, in the fluxional

process of GS>TS—>GS'—>TS'—>GS, with the energy barrier AE, indicated in kcal-mol™

Table 1 Calculated standard activation free energies AG™ , transmission coefficient «, and rate constants k™" of C,H,", C,BH, and
C¢NHj, in the fluxional processes of GS—TS and TS—GS' at the single-point CCSD(T)//PBE0/6-311+G(d) level.

CoH,'! CyBH, CsNH,
GS—>TS TS>GS' GS—>TS TS—>GS' GS—>TS TS>GS'
AG7/ kealsmol ! 22.76 22.76 14.06 7.69 13.18 7.68
K 1.288 1.288 1.063 1.063 1.169 1.169
FTST /51 1.63x10 4 1.63x10* 3.22X 102 1.51 %107 1.57 X 10 1.69 X107
TS, two 2¢c-2¢ w bonds over C3—C5 and C4—C6 are to C, GS'. The fluctuation of C,BH, thus involves ba-

and C2:::C4:::C6 along two edges in the front, while
the 2¢-2e C1—C2 o bond on the top is transferred into
a 4c-2e o bond on C1 —C2 and C5
20 2c-2e ¢ bonds on the surface and 1 2¢-2e « bond at

—C6. The remaining

the back are kept basically unchanged in the fluxional

c};locess An opposite process takes place from the C, TS

994-2021 China Academic Journal Electronic PUb]lSth l[ousc. ‘All rights reserved.

sically two fluxional n-bonds (GS (2 2¢c-2e ) = TS (2
3c-2e ) > GS' (2 2¢-2¢ 7)) and one fluxional o-bond
(GS (1 2¢-2e 6) > TS (1 4c-2e 6) > GS' (1 2¢c-2e 6)) in
concerted mechanisms (Fig. 3(b)). We observed this
process in molecular dynamics simulations at 800 K
(Video S2).

g. S1(a) shows the AANDP bonding pattern of
http://www.cnki.net
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C:NH, and Fig. S1(b) demonstrates the ¢ and © bond-
ing fluctuations in it. Similar to C,,H,, and CyBH,,
the bonding fluctuation of CsNH, mainly involves two
fluxional m-bonds (GS (2 2¢-2e m) = TS (2 3c-2e
m) = GS' (2 2c-2e m)) and one fluxional ¢-bond (GS
(1 2¢-2e 6) = TS (1 4c-2e 6) > GS' (1 2¢c-2¢ o)),
while the remaining 19 2c¢c-2e ¢ bonds remain basical-
ly unchanged. The breakage and formation of two 7-
bonds and one o-bond of C{NH, occurred at 800 K in
molecular dynamics simulations (Video S3). To bet-
ter visualize the bonding changes in these processes,
we simulate the bonding fluctuations of CoH,", CosBHo,
and CgNH, in Video S4 — S6 in the Supporting Infor-

mation.

4  Summary

We have optimized the GS, TS, and GS’ struc-
tures of bullvalene analogs C,H,", C;BH,, and C;NHo,
and analyzed the fluxional bonds in them which facili-
tate the fluxionality of these cage-like species, unveil-
ing the ¢ bonding fluxional nature of CosH," (GS (1 2c-
2e g+ 13c-2ec0) > TS (22c-2e0) > GS' (1 2¢c-2ec
+ 1 3c-2e 6)) and o+7 dual bonding fluctuation in
both C;BH, and C{NH, (GS (2 2¢-2e @) = TS (2 3c-
2e ) = GS' (2 2¢-2e 7) plus GS (1 2¢c-2e 6) = TS (1
4c-2e 6) > GS' (1 2c-2e o)) in concerted mecha-
nisms. More theoretical and experimental investiga-
tions on related fluxional molecules are currently in
progresses. Fluxional bonds are expected to exist in
various intramolecular rearrangements in organic
chemistry and may have important applications in

both chemical catalysis and nanomaterials designs.
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