
This article was downloaded by: [University of California, San Diego]
On: 21 August 2012, At: 11:46
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid
Crystals
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

On the Ground State Multiplicity of Donor-Substituted
Cyclopentadienyl Cations
Ronald Beust a , Anna Schleitzer a , Fritz Dietz a & Nikolai Tyutyulkov b
a University of Leipzig, Institute of Physical and Theoretical Chemistry, Leipzig, Germany
b University of Sofia, Faculty of Chemistry, Sofia, Bulgaria

Version of record first published: 04 Oct 2006

To cite this article: Ronald Beust, Anna Schleitzer, Fritz Dietz & Nikolai Tyutyulkov (1997): On the Ground State Multiplicity
of Donor-Substituted Cyclopentadienyl Cations, Molecular Crystals and Liquid Crystals Science and Technology. Section A.
Molecular Crystals and Liquid Crystals, 306:1, 133-140

To link to this article:  http://dx.doi.org/10.1080/10587259708044559

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae, and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand, or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259708044559
http://www.tandfonline.com/page/terms-and-conditions


Mu/. Crysf. Liq. Crysf., 1997. Vol. 306. pp. 133-140 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1997 OPA [Overseas Publishers Association) 
Amsterdam B.V. Published under license 

in The Netherlands under the Gordon and Breach 
Science Publishers imprint 

Printed in India 

ON THE GROUND STATE MULTIPLICITY OF DONOR-SUBSTITUTED 

CYCLOPENTADIENYL CATIONS 

RONALD BEUST, ANNA SCHLEITZER, FRITZ DIETZ 

University of Leipzig, Institute of Physical and Theoretical Chemistry, Leipzig, 

Germany 

NIKOLAI TYUTYULKOV 

University of Sofia, Faculty of Chemistry, Sofia, Bulgaria 

Abstract It is shown that amino-substituted cyclopentadienyl cations (CPC) and 
benz-annelated amino CPCs might form a triplet ground state at torsion of the 
amino group out of the plane of the anti-aromatic CPC ring. 

INTRODUCTION 

Much attention, both experimental and theoretical, has been focused recently on anti- 

aromatic ring systems since some of them may have a triplet ground state'. Therefore, 

they could serve as building blocks for purely organic one-dimensional (I-D) polymers 

with a narrow energy band gap2 and/or with magnetic ordering.3v4 

The cyclopentadienyl cation (CPC) with D5h symmetry was found to have a triplet 

ground state5 as was the pentachloro CPC.6 The unsubstituted CPC with D5h symmetry 

is characterized by degenerate highest singly occupied MOs and degenerate lowest 

unoccupied MOs. The species is a typical Jahn-Teller (JT) active system. A significant 

second order JT effect' leads to a decrease in the symmetry of the molecule (D56 --+C*") 

with an anomalous alternation of the bond distances within the ring, Ab inirio 

ca lc~la t ions ' '~~~ indicate that the JT distortion of the CPC leads to two JT structures, 
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qualitatively shown in Figure 1. From the ab initio-CI results'" it was shown that the 

singlet-triplet energy gap is smaller than 10 kcal mol-'. 

FIGURE 1 Energy levels of the Jahn-Teller structures of CPC 

Most anti-aromatic systems invcstigated so far are very unstable, both 

thermodynamically and kinetically. However, it was shown experimentally'" that 

substitution and ring annelation result in a stabilization of the anti-aromatic species. A 

partial compensation of the positive charge of the CPC fragment can be achieved by 

donor substituents, e.g. amino groups. A twisting of the amino group(s) could open the 

possibility to create species with a triplet ground state.3 Recently, it has been shown" 

experimentally that specific compounds with large distorted spin carriers have a high- 

spin ground state. 

The aim of this paper is to show that the introduction of suitable substituents, a 

torsion of these substituents out of the plane of the anti-aromatic CPC ring andor 

annelation of a benzenoid system on the substituted CPCs can open possibilities to 

stabilize triplet states. 

COMPUTATIONAL DETAILS 

The geometries of the considered compounds have been investigated by ab initio 

calculation on RHF/ROHF (all investigated molecules), and on CASSCF (compounds 

1-3) levels. In each case, the RHFROHF optimizations have been followed by a CISD 

single point calculation. The active space consisted of all MOs with exception of the 
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lowest-lying MOs formed by Is AOs and their virtual analoga. Optimizations on 

CASSCF level have been carried out with an active space including all 71 MOs. 

A 3-21G standard basis set has been used throughout. By selected calculations on 1, 

2, and 5 it has been shown that the application of a 6-31G* basis set does not influence 

the results qualitatively. For this reason, only the results obtained with the 3-21G basis 

set are given in this paper. The program package GAMESS-UK", version 5.1, has been 

used. 

RESULTS AND DISCUSSION 

The optimized geometries of the investigated species are given in Figures 3 and 4. The 

singlet-triplet splittings AEST of all molecules in their equilibrium geometries and for the 

structures with distorted amino group(s) (0 = 90") are summarized in Table 1. In 

addition, the sums of the n-net charges of the carbon atoms of the CPC ring are given. 

Amino CPC 

The optimized ground state of amino CPC (1) is a singlet state with CzV symmetry. The 

geometry corresponds to that of the JTI structure of the unsubstituted CPC (see Figures 

1 and 3). The singlet-triplet splitting has been calculated (CISD based on RHFROHF 

optimized geometries) to be -17.9 kcal mol-I. At torsion of the amino group out of the 

plane of the anti-aromatic CPC ring from 0 = 0" up to 0 = 90", the total energy of both 

singlet and triplet states increases to a different extent, and the singlet-triplet splitting 

decreases with increasing 0. At about 0 = 70", the lowest-lying singlet and triplet states 

are degenerate. For values of 0 > 70", a triplet state is the ground state. The maximum 

singlet-triplet splitting (0 = 90") has been calculated to be about +8 kcal mol-l. Regard- 

less of the torsion angle @, the amino group remains planar (no pyramidalization). 

A multiconfigurational treatment (CASSCF optimization) of the amino CPC does 

not change the results qualitatively, but rather quantitatively: At this level of computa- 

tion, the singlet-triplet splitting amounts to -32.1 kcal mol-' for the planar equilibrium 

geometry (0 = 0", singlet ground state) and +0.7 kcal mol-' for the fully distorted 
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geometry (0 = 90°, triplet ground state), respectively. The torsion angle at which both 

states are degenerate was estimated to be about 0 = 82". 

In Figure 2, the relative energies of the singlet and triplet states are presented as a 

function of the torsion angle 0. Figure 3 shows the geometries of both the singlet and 

the triplet states for the planar amino CPC with C2" symmetry and for the fully distorted 

structure with 0 = 90". Whereas the geometry of the singlet state corresponds to that of 

the JT1 structure of the unsubstituted CPC, the geometry of the triplet ground state (0 = 

90°) shows the tendency to an equalization of the bond lengths (in analogy to the D5h 

symmetry of the triplet ground state of the unsubstituted CPC). 

+triplet 

FIGURE 2 CISD energies of the lowest-lying triplet (3B/3B2) and singlet states of 
the amino CPC in dependence of the torsion angle 0. Reference: 3Bz energy for 
O=Oo (Cz/C2, symmetry, 3-2 1G optimized geometries). 

1,2- and 1.3-Diamino CPCs 

The CPC structure may be stabilized by multiple substitution. Various stable substituted 

1,2- and 1,3-diamino CPC salts have been synthesized and characterized by Gompper et 

ui." As model systems, we have used 1,2-diamino CPC 2 and 1,3-diamino CPC 3. Ab 

initio  investigation^'^.'^ revealed that the energetically lowest-lying state is a singlet in 

both cases which corresponds to the JT1 of the unsubstituted CPC for 2 and to JT2 for 

3, respectively. 
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singlet 
1.52 1.55 

triplet 
6;5 

1.30 
6 : 2  1.42 

FIGURE 3 CASSCF optimized geometries of amino CPC 1 in the singlet and 
triplet states with 0 = 0" and 0 = 90", bond lengths in A, 0 in degree. 

It has been found that 3 has a singlet ground state in its planar geometry (CzV) as 

well as in its fully distorted geometry (0 = 90"). However, the singlet-triplet splitting is 

significantly reduced from about -36.3 kcal mol-' for the planar geometry to about 

-1.0 kcal mol-' for 0 = 90" (CASSCF optimization, in the singlet state at @= 90" the 

amino groups are pyramidalized). This means that the lowest-lying singlet and triplet 

states are nearly degenerate at this conformation. As in the case of amino CPC, the C-C 

bond lengths in the five-membered ring are nearly equalized in the triplet state ( 1.42 to 

1.43 A). This is depicted in Figure 4. 

The 1,Zdiamino CPC 2 in its equilibrium geometry has a singlet ground state. The 

molecule is surprisingly non-planar: one amino group is pyramidalized and rotated out 

of the plane of the anti-aromatic CPC ring by 0 1  = 90" while the other amino group is 

co-planar with the CPC ring ( 0 2  = 0"). This singlet state is stabilized in relation to a 

planar triplet state (Czv symmetry) by about 20.7 kcal mof'. If both the amino groups 

are rotated out of the plane of the CPC ring, the singlet and triplet states are almost 

degenerate. The singlet-triplet splitting was calculated to be about +O. 1 kcal mol-' 

(CASSCF optimization, both amino groups are pyramidalized regardless of the 

multiplicity at 0, = 0 2  = 90'). 
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(1.42) (1.42) 

2 3 

(1.43) (1.43) 

6 7 

/ \  

4 5 

(1.43) @' 

8 

FIGURE 4 Optimized structures (bond lengths in A) of the investigated 
compounds in  the singlet (at 0 = Oo) and triplet states (at 0 = 90" except for 
structure 4, values in brackets). Structures 2 and 3 are CASSCF optimized, 
structures 4 to 8 are RHF/ROHF optimized. 

Cata-condensed CPCs 

The optimized geometries are given in Figure 4, the singlet-triplet splittings 

(AEST = Es - ET) of all the investigated compounds are summarized in Table 1. The 

geometry of the unsubstituted indenyl cation (IC) 4 in its singlet ground state 

corresponds to the JT2 of the CPC. The S-T splitting amounts to about -9.7 kcal mol-' 

(3-21G, CISD). 

Amino substitution (amino IC 5 )  reduces the S-T gap so that the singlet and triplet states 

are approximately degenerate (singlet JTl; AESr = +3.5 kcal mol-') if the amino group is 

co-planar with the IC fragment. The geometry of the most stable singlet state 

corresponds to the JTl structure of the CPC while thc gcometry of thc triplet statc is 

characterized by a maximum equalization of the bond lengths. Thc S-T splitting (singlet 

JT2) increases to about -21.4 kcal mol-' at torsion of the amino group out of the 1C 

plane by 0 = 90". 
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SPIN MULTIPLICITY OF SUBSTITUTED CPCs [725]/139 

TABLE 1 S-T splitting, AEST = ES - ET (in kcal mol-'), of the investigated 
compounds (see Figure 4 , 0  in degree) and sum of the x-net charges of the carbon 
atoms of the CPC ring, Cq" (Mulliken analysis). 

Structure 0 AE* a** p.-z.¶?&-p- "s"**, 

1 0 -20.2 -32.1 0.521 0.403 
1 90 +8.0 +0.7 0.964" 0.964e 
2 0" -2.6 -20.7 0.480d 0.364d 
2 9ObSC +12.2 +o. 1 0.92ge 0.929e 
3 0 -27.7 -36.3 0.283d 0.1 32d 
3 90' 4 . 7  -1.0 0.932e 0.933" 
4 _- -9.7 -_ 0.504d/0.676C _- 

5 0 4-3.5 -_ 0.735d -- 
5 90 -8.3 _ _  0.659e I_ 

6 0 -6.3 -_ 0.369d -_ 

_ _  0.576c _- 
7 0 -1 1.3 _ _  0.354d _ _  
7 90b3' +11.4 _ _  0.606e _- 
8 0 -44.3 -_ 0.1 2Od -- 
8 90" -14.6 -- 0.637e _ _  

6 90" -2.4 

*SCF-3-21G, CISD ** CASSCF 3-21'3 
a one amino group is pyrarnidalized and rotated out of the plane of the CPC ring 

in the singlet state structure 
amino group(s) pyramidalized in the triplet state structure 
amino group(s) pyramidalized in the singlet state structure 
calculated for singlet state 
calculated for triplet state 

' 

Additional benzene rings (structures 6 and 7, respectively, see Figure 4) stabilize the 

triplet state more than the singlet state (3-2lG, CISD). This holds in particular for 

species with a fully distorted amino group (0 = 90°). 

In the case of 7, a significantly stabilized triplet ground state should be achieved if 

the amino group is twisted out of the plane of the conjugated n-system. 

An analysis of the geometries of the ground state multiplicity of the various 

investigated species shows that the lowest-lying triplet state is stabilized if the 

substitution and/or cata-condensation leads to 'a maximum equalization of the bond 

lengths within the anti-aromatic CPC fragment. 
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Charge transfer at torsion of the amino groups 

In all cases under investigation, a significant transfer of the positive charge from the N 

atom of the amino group to the anti-aromatic CPC ring was calculated at torsion of the 

amino group out of the CPC ring plane. This charge transfer is connected with a 

reduction ’of the singlet-triplet splitting. In some cases, the fully distorted structure 

(0 = 90’) corresponds to a triplet ground state. These structures are characterized by a 

maximum equilization of the bond lengths (in the CPC ring) and a concentration of 

nearly the full positive charge within the CPC ring fragment. 
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