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Trimerization of Ethyne: Growth and Evolution of Ring Currents in the Formation of the
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Current density maps computed with the ipsocentric-distributed gauge ab initio CTOCD-DZ method and
subjected to orbital-by-orbital analysis are used to follow the changing rolesantiz electrons along the
reaction coordinate for the trimerization of ethyr® {0 form benzenel). The transition state (TS) is seen

to sustain a diatropic-induced ring current that is entirely an induced circulation of ¢hextrons; there is

no sign of the benzenoid current in the TS. On the downhill portion of the reaction path, the first change
in the maps is that the inner part of the delocalizetrculation is replaced by a central paratropicurrent

as the news bonds relocalize. Only in the final stage of the reaction path does the typical benzenoid diatropic
ot ring current grow in. This sequence of changes frorm-dominated to azr-dominated ring current
accompanies the change of character of the highest occupied molecular-ddvitast unoccupied molecular
orbital gap fromo to .

Introduction CHART 1. Trimerization of Ethyne (2) to Benzene (1)
The existence of a diatropie ring current in a monocyclic Cs % Cs

system is taken as an unambiguous signature of aromaticity. ‘H —_

Ample evidence correlates the presence of diatropic and C, x C

paratropic currents in planar or planarized monocycles with

electron counts ofd+ 2 and 4, respectivel\2. A widely used Cs Cs

local probe for these currents is NIE&e nucleus-independent 2, D,y 1, Dy,

chemical shift-at or near the ring centé# More directly,
visualization of ring currents via current density maps is now
computationally feasibfe” and has been used to build a
physically based orbital model of the magnetic response of
ground stater systems:®

Thermally allowed pericyclic reactions are considered to take
place via a concerted pathway that passes througim a-(2)
electron transition state (TS) that is usually designated as
“aromatic” 1011 A well-studied example is the trimerization of
ethyne @) to form benzenel Chart 1)}2-16 The implication
is that the TSs in such reactions should support diatropic ring
currents'2 and many previous theoretical studies using various

magnetic f:rite_ri_a H NMR_ chemic_al shifts, exaltatioilzzof circulations of the three discrete ethy® inonomers, through
d|amagnet|zab|l|.tyAX)) are in line with this expectqtloﬁ. . a TS with only a globals ring current, to the well-known
However, there is a continuing debate on the relative contribu- o qcalizedr circulation of benzenel] itself.

tions made byr andur electrons to the current in the TS of the
ethyne trimerizatiod22324 Jiao and Schleyer concluded from
a dissected NICS study that both and & electrons made
significant contributions to a diatropic ring current in the As the trimerization of ethyne?] to benzenel) is symmetry-
transition state (NIC®() 56% and NICSf) 44% of NICS- allowed according to the Woodward and Hoffmann rdfes,
(total))'? whereas for the same reaction, Morao and Gpssi one-determinant wave function should be sufficient for the
found from a study of the height profile of NICS values that description of the essential features of this process. At the RHF/

The most direct way to deal with this dichotomy would appear
to be a computation of the ring currents themselves. In the
present paper, we use an ipsocentric-distributed gauge ab initio
method to visualize the evolution of the currents at different
stages of this archetypal pericyclic reaction. Mapgof, and
individual orbital contributions to the induced current density
are used to follow the changing rolesménds electrons along
the reaction coordinate and to record the emergence of the
characteristic magnetic features of benzemp As will be
described below, the maps show a sequence of distinct stages
in which the system is transformed from the localizednds

Results and Discussion

there was nor aromaticity in the TS3 6-31G** level of theory, the TS for the trimerization h&s;
symmetry, with a single imaginary frequency 1063 cnt?)
13;;3 ngrjlosr; chrres_PoSdV?/nEe slhoctéld bet addreis?_dijwgsf%% and carbor-carbon separations of 1.217 and 2.214 A (see
enaeas E-n'qan;mji'r{nes'k@c%ﬂufﬁf er.ac.uk. LW.J.: Supporting Inforrpatlon), in general agreement with previously
* University of Exeter. reported result$3-16 A similar Ds, TS is obtained at the RHF/
* Utrecht University. 6-31G* and MP2/6-31G* levels of theory, albeit with several
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Figure 1. Maps ofo andx current density, induced by a unit magnetic field along the principal axis, plotted in a phaaddve the molecular
plane, at selected points on the reaction coordinate. (a)=#R€L; R(C;—C,) = 1.185 A;R(C»++Cs) = 3.119 A Q). (b) IRC = —0.1; R(C:—C))
=1.194 A;R(C++C3) = 2.387 A. (c) IRC= 0 (TS);R(C1—C) = 1.217 A;R(Cy+++C3) = 2.214 A. (d) IRC= 0.2; R(C;—C;,) = 1.292 A;R(Cy*++C3)
=2.033 A. (e) IRC= 0.4; R(C;—C) = 1.329 A;R(C++C3) = 1.907 A. (f) IRC= 0.6; R(C;—C;) = 1.358 A;R(C,—C3) = 1.697 A. (g) IRC=
1; R(C;—C,) = 1.386 A;R(C,—C3) = 1.386 A ().

low-frequency distortion modes at the MP2 level (e.g., a symmetry is found to be maintained along the reaction path.
degenerate mode at 29 cHr2® At the MP2/6-311G** level, The structure with carboncarbon distances of 1.185 and 3.119
the change of basis is sufficient to convert g structure to A'is the endpoint of the search in the direction of reactants (three
a stationary point of higher order (with three imaginary ethynes 2)) and is taken to have IR& —1; the TS has by
frequencie®). In density functional theory (DFT) calculations, definition IRC = 0, and the equilibrium structure of benzene
the D3, structure remains a true TS at BLYP/6-311G** and (1, with bond lengths of 1.386 A in RHF/6-31G**) is the point
B3LYP/6-31H-G** levels.!? Although the question of the  with IRC = 1. In all, 150 geometries on the reaction path from
precise symmetry of the TS is clearly a delicate one, the IRC = —1 up to the TS and 98 geometries from the TS down
optimized bond lengths are insensitive to the “negligibly sr#all”  to benzene were calculated. Current densities were computed
changes in energy on distortion. Therefore, the current density at each geometry with the ipsocentric CTOCD-DZ formulation
maps are not expected to change appreciably with theseof coupled Hartree Fock theory, using the SYSMODprogram
distortions, and in fact, none of the arguments used in the presenin the 6-31G** basis. In the selection of maps presented here,
paper will depend critically on the precise symmetry of the TS. the current density is that induced by an external magnetic field
Intrinsic reaction coordinate (IRC) calculations with GAMESS- acting at right angles to the plane of the nuclei. The plotting
UK 26 were performed to obtain geometries at a sequence of plane lies &y above that of the nuclei. If plotted in the molecular
points on the reaction path (see Supporting Information). plane, thes current density near the nuclei would be complicated
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of the carbon framework, while thecurrents remain essentially
unchanged, as localized circulations around the short carbon
carbon bonds. In the TS (IRE€ 0; Figure 1c) there is still no
indication of ax ring current. On the downbhill portion of the
IRC, we see first the disappearance of the central part of the
diatropico current and its replacement by a central paratropic
o current (compare Figure 1d (IR€ 0.2) and e (IRG= 0.4)).

The evolution of a post-TS paratropiccurrent is consistent
with a relocalization of ther bonds, signaling the formation in
the product of the new localized; carbor-carbon G—Cs
bonds. It is significant that the central paratropiccurrent
emerges in the current density maps at a computed geometry
(IRC = 0.6 (Figure 1f)), where the value &(C,—C3) (1.697

A) is close to that found for the longest knowr?sisp? carbon-
carbono bond (1.78 A@® Following this relocalization ofr
electrons, the typical benzenoid diatropiaing current starts

to grow in (Figure 1e,f). This current reaches full strength in
the reaction product benzeng& figure 1g).

A recurring theme in previous studies of benzene has been
the robustness of the ring current (and hence aromaticity) of
the benzene ring. Attachment of unsaturated clamping groups
can effectively destroy the ring current, but this has been shown

s g to be a result of electronic perturbation rather than a simple
: : o consequence of enforced bond alternafio#. The emergence
L ! of thes ring current on the reaction path at the first stage where
the long contactsR(C,—C3)?8) could reasonably be called
bonds is further evidence of the geometric tolerance and
robustness of the archetypal benzene ring current.

Thus, the interpretation that emerges from the sequence of
current density maps atad is that the Dz, 3 x CoH»
supermolecule sustains a diatropic ring current in the whole of
fad the region of the IRC from the TS down to the product but that
b oo B : el the character of this current changes continuously. A purely

B on : diatropico circulation in the TS gives way to weaker concentric
e e Y paratropic and diatropic currents, which are then overshadowed
e ' by the strong diatropier ring current of benzenel).

These trends have implications for the integrated magnetic
properties of the supermolecule. To compare our results with
Figure 2. Total energy, NICS(0), and the orbital energies of the those of the previous NICS studié$!**we evaluated the

occupied 6&(0), 1€’ () and unoccupied 7do*), 2€" (7*) orbitals magnetic shielding at the ring center for all computed points
as a function of the IRC coordinate. Indicated with dotted lines are the on the reaction path, using the PZ2 variant of the CTOCD
seven _selected points for which the current density maps are shownmethod®® The results are shown in Figure 2, which also includes
(see Figure 1). information on the variation of the total and orbital energies
by strong local circulations, which are no longer visible at the along the reaction path. The calculated NICS profile (Figure
height of Ja,. The contours show the modulus of the current 2b) is in good agreement with that reported by Jiao and
density, and the vectors represent the in-plane projection of theSchleyer:? the total NICS (NICS(total)) value remains close
current. In all plots, diamagnetic circulation is shown anticlock- to zero at the early stages of the reaction, decreases, reaches a
wise and paratropic circulation is shown clockwise. minimum near the TS, and then increases again. The NICS
Figure 1 shows andz current density maps at seven points, property is an isotropic average, but its trend in this case is
selected to illustrate the main stages along the reaction path: dominated by the strong contribution of the ring current to the
andz are here defined with respect to the molecular plane and out-of-plane shielding. With the post-TS onset of the paratropic
thus, in addition to the axial sgsp bonding orbitals of the o current, the NICS value increases and then decreases as the
ethyne fragments, the manifold includes those orbitals that at 7 current strengthens. The complete dominatiorv aver
the earliest stage of the reaction are in-plane tangenti@ p  ring currents in the TS is however not evident in the isotropic
bonding orbitals on the fragments and hence are initially NICS(0) property. Apparently, in this case, the height profile
degenerate with some of theorbitals. of the NICS value is a more reliable indicator of the minor role

At the beginning of the reaction path, where the system of thex electrons in the current at the PSNote that dissection
consists of three noninteracting ethyne molecufesonly of NICS(total) into NICS¢) and NICS(r) has been performed,
localized currents are discernible (Figure 1a). As the moleculesand it gave a ratio of:r contributions of 56:44:12 However,
approach, the in-plane p orbitals start to interact, and a the dissected NICS{ and NICSf) quantities are still averages
delocalizedsr current starts to flow between them (IRE—0.1; of the diamagnetism of the electron cloud under perturbation
Figure 1b). From this point on the IRC, as the reaction moves by magnetic fields in all directions. Ring current, per se, is solely
toward the TS, we see the growth of a delocalized, fully the response to a magnetic field perpendicular to the molecular
diamagneticy circulation on both the perimeter and the interior plane, and in the case of the present TS, this is a puakect.

E(a.u.)

IRC coordinate



1870 J. Phys. Chem. A, Vol. 107, No. 11, 2003 Havenith et al.

—
@
M = =t
7 “
— o -
g
$IOESITY Y p é 3
(=g PR A it
I | e N A (7 == - T}
B (= dar=T
St - o e L] v VAN
s L (Y} ; N ﬁ. (NN
@ (R R ,-“.
2 ne i WA
i Y lt
& B Y 8 8

©
>
o

(<
o'

T
3
)
£ .
1]
o E
L o
)
S
B
OO~}
o
D F
;- »
@
E
o
o, LLe
- A
o
ol -+"f. LR R a{a s
© et
© et
o
o B
[=:]

6e' (o)
]
L]
L]
D.
R
gl e
e
Ay
Tt
14
b
A
Fr—

Figure 3. Orbital contributions from the 6el€' orbitals to the totald¢ + 7) current density and the remaining part for the selected IRC points (see Figure 1).
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Further insight into the nature of the induced current density the IRC points. This material is available free of charge via the
can be gained by making an orbital-by-orbital analjdis.an Internet at http://pubs.acs.org.
ipsocentric formulation, the orbital contributions arise naturally
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