J. Phys. Chem. 2003,107,11223-11230 11223

Comprehensive Model for the Electronic Structures of 1,2,4-Cyclohexatriene and Related
Compounds

Patrick W. Musch, Daniel Scheidel, and Bernd Engels*
Institut fir Organische Chemie, Upérsitd Wirzburg, Am Hubland, D-97074 Wzburg, Germany

Receied: October 7, 2003

To gain a better understanding of the chemistry of cyclic allenes, in the present work six-membered monocyclic
systems containing second-®) and third-row elements (AIS) of the periodic table of elements are
studied in detail, regarding the energetic order of the electronic states and the planarization energies, which
together determine their chemical behavior. The data obtained by high-level ab initio methods show that the
properties of the compounds strongly depend on the heteroatoms and can be related to trends in the periodic
table of elements. These trends in the series B to O and Al to S are rationalized by the degree of the interaction
between the various fragments and the interplay between this interaction and the strain in the allene moiety.
In addition, by applying the model to charged species, we reveal an unexpected link between the cyclic
allenes and the phenyl anion. Furthermore, our computations answer open questions about the chemical
properties of 1-aza-2,3-cyclohexadienes. Finally, we analyze how the various kinds of interaction influence
the chemistry of this important class of intermediates.

1. Introduction SCHEME 1: Possible Electronic Structures of Cyclic
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Trends in the periodic table of elements and the conceptsAllenes (a-d)

related with them have become the foundation of current
chemists thinking. Due to their simplicity and flexibility they
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hidden behind the complexity of the properties and the structures X H
of the various members belonging to a class of molecules. One a e _d _
example is the class of six-membered cyclic allenes represented * The denotation of the planar zwitterionic spectesndd will be
in Scheme 1, which recently gathered much interest as used to reflect the reversed polarity compared to each other.

intermediates in the cyclization of 1,3-diene-5-yhAdke rear- SCHEME 2: Orbital Diagram for Strain-Induced

rangement of carbenés’ or as heterobenzene isomer8 Their Splitting of the Allene z-Orbitals 16
complexity is expressed in the chemical properties that, being " "
dependent on the fragment X, range from those of strained e “@‘ — — —

allenes (X= CH,)® 11 to those of zwitterionic systems (%
NH).238For X = O the chemical behavior varies between both
extremes, depending on whether the six-membered ring or its _”\O” I - 4
benzo derivative is studigd:12Systems with heteroatoms from

the third row were also investigated to some extent. The role - + 0

of a cyclic allene with X= S formed by rearrangement of a H\&,H - °

sulfur-substituted cyclopropylidefewas investigated by Shev- ® =
lin et al*® Regitz et al. isolated a bulky substituted diphos-

phaisobenzene, which possesses substantial allene chdracter TTH H + + + =
This finding was supported by quantum chemical computations. H_ H T@ H\%/H ge % o H%H
Taking into account the rather similar composition of the @ D ‘ (&)
compounds, the variations in their chemical nature are unex- b c d
pected.

As shown previously2-11 an explanation for the variations moiety to that extent as it deviates from linearity and the bonding
in the electronic structure can only be obtained, if, aside from Planes of the termini are arranged no longer perpendicular as
the electronic structure at equilibrium geometry, also the N the parent allene ,.° For twisted ring geometries the
electronic characters of the low-lying electronic states at planar character of an allene is maintained (Scheme 1, struature
geometry are included in the consideration. The orbital diagram HOWeVer, as is shown in Scheme 2, originally proposed by

from which these electronic states can be derived (see Scheme©hnsotf for saturated ring systems, these geometric constraints
. Sl .
1) is depicted in Scheme 2. The ring strain affects the allene lift the degeneracy of the- and 7*-orbitals (depicted on the
left-hand side of Scheme 2), and a set ofr-®rbitals and 1

*To whom correspondence should be addressed. Fax49) 931 o-orbital is obtained. The three lowest lying electronic states at
8885331. E-mail: engels@chemie.uni-wuerzburg.de. planar geometry are obtained from the occupation pattern of
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these orbitals. The diradical stabeoriginates from double ate, as the error in the MR-Ct+ Q computations employing
occupation of ther-orbital and single occupation of tlee and optimized triplet orbitals instead of optimized singlet orbitals
mr*-orbitals. Pairing of the latter two electrons in teorbital for the open-shell singlet wave function is within the expected
leads to the zwitteriorc possessing a formally negatively error bar for this method of about-P kcal mot™. All CASSCF
charged central carbon atom?@epicted in Scheme 1) and a and CASPT2 single-point computations were performed with
formal positive charge in the-system of the allene moiety. In  the MOLCAS 5.0packagée?
the following, all states with this formal charge distribution will The MR-CI approach used in this study is based on a direct
be abbreviated as statelf the occupation of the-orbital and individually selecting MR-CI algorithm8 which computes the
then*_-orbitql ofcis_switched, a second zwitterion with reversed MR-CI energy for a reduced dimension of the CI eigenvalue
polarity (d) is obtained. _ ~ problem, while the contributions of the neglected configuration
In the present paper, we extend the known considerationsgiate functions (CSF) were taken into account by the Buenker-
abqut_ the che_rmcal natgre of cyclic allenes by analyzing the Peyerimhoff extrapolation scher#®2 The influence of qua-
variations within the series %= BH (1), CH (2), NH (3), and druple excitations was estimated by the normalized form of the
O (4) and the series of the higher homologues with=XAlH Davidson correctio! These calculations abbreviated as MR-
(5), SiHz (6), PH (7,8), and S 9). With these data, which we CI+Q were performed with the DIESEL-CI program package.

obtained by high-level ab initio computations of the low-lying The reference spaces of the individually selecting MR-CI

electromc states, we propose a comprehensive molecu_lar Or_Io'talcomputations were determined iteratively and consisted of up
model in which the orbitals of the fragments (allenic unit,

. . . to nine reference configuration state functions, from which a
ethylene mo'Ety’ and fragment X) are 'successwely combl'ned configuration space of up to 47 10° CSF was generated. The
to the orbitals of the entire system. This model fully explains number of secular equations to be solved in the reduced CI
the variations depending on the fragment X and shows their roblem was up to the order of 12 10F. The ano-P324 basis
relationships to trends in the periodic table of elements. The P . plott Co
model also reveals an unexpected connection between the clas: et of triple< quality in a 5s3p1d contraction for the.atoms of
of cyclic allenes and the phenyl anion & CH-). Finally, it is e second and the third row and a 3slp contraction scheme
analyzed whether a model based on simple orbital energiesfor hydrogen was used for all CASSCF, CASPT2, and
actually contains all important aspects or if more subtle MR-CI+Q calculations.
interactions also have to be considered (e.g., geometry relax- The reliability of the MR-C#Q computations was checked

ation, electron correlation). against the energy differences between the cyclic allenes and
the zwitterions (see Supporting Information) obtained at the
2. Computational Aspects CCSD(T) level of theory with theMOLPRO package®® For

these computations the Dunningis-pVTZ?® basis set with
For a reliable description of systems which possess diradical d-functions omitted for the hydrogen atoms was employed and
character, a multireference treatment is essential in most casesjs denoted asc-pVTZ(f/p). The data of (U)B3LYP, CASPT2,
Since the planar diradical species are significant for the MR-CI+Q, and CCSD(T) computations are provided in the
understanding of the chemistry of cyclic alleAgg!141yelative Supporting Information. MR-CFQ, CASPT2, and (U)B3LYP
electronic energies of all species were computed at the multi- ysed in this work agree quite well on the energy separation of
reference configuration interaction (MR-CI) and the CASPT2. the states. The energy difference between the zwitterion and
level of theory employing (U)B3LYP geometries. Orbitals for ine gllenea agrees well at the MR-GIQ and CCSD(T) level
the CASPT2 and MR-Cl approaches were obtained by CASSCF ot theory (max 2 kcal/mol, see Supporting Information).
calculations using the MOLCAS 5.0 packadeA balanced  cAspT2 shows a slightly inferior performance, while it predicts
description of the active spaces in the CASSCF procedure oomparable energies for the diradical states compared with MR-

chosen for the closed-shell compounds consisted of the tWo |5 B3LYP does well for the zwitterionic and diradical states
highest lying occupiedr-orbitals (&) with the corresponding except for X= CHy.

number of virtual orbitals and the occupieebrbital (d) at C. Th i ¢ f the stati int
In addition, since the distorted geometries of the allenes possess . € geometric parameters ot he stationary points were
C. symmetry, allo-type orbitals lying between the-orbital at optimized by using analytical gradients of the density functional

C2 and the occupied-orbitals were included. For the virtual  theory (DFT) utilizing the B3 exchange expressibr® in
orbitals a similar procedure was applied that include the COMPination with the correlation functional by Lee, Yang, and
o-orbitals up to the unoccupied-orbitals. The active space in ~ PaT (LYP}°and Dunning'sc-pVDZ?° basis set. This approach
the diradical species is merely identical to that of the closed- Was found to give more appropriate geometries for a post
shell species except that the former lowest lying virteairbital Hartree-Fock treatment than the CASSCF metHéé: The

is now singly occupied to form the diradical and the number of Singlet diradical species were optimized using broken-spin
virtual -orbitals is reduced to one. This choice ensures that Symmetry determinants in the unrestricted ansa®{{ap-

the allene includes the sameorbitals in the active space as Proximately 1), while the planar and the nonplanar closed-shell
the planar species. With this ansatz [6,6] £XCH™, NHy"), species were computed within a restricted approach. The minima
[8,8] (X = BH, BH2", CH,, NH, O, AlH, PH, S), and [10,10] were optimized without symmetry constraints, while the ge-
(X = SiH,, PH with additional P in the ring) CASSCF spaces Ometries of the planar singlet species were determineGsin
resulted. For the diradicalA states of both phosphorus- symmetry. IfC, and Cs optimized geometries were identical,
containing compounds, the orbitals for the MR-CI computations the latter were used for the subsequent computations. The planar
were taken from théA instead of alA CASSCF calculation. species of the phosphorus systems were optimized, constraining
This approximation was necessary since the relevant states the dihedral angle of the allene moiety t6 &s the full Cs

to ¢ posses<C; symmetry, and optimized orbitals for tHé& symmetry could not be retained because of thehgfridized

state in the diradicd from excited-state CASSCF computations phosphorus center. The nature of the various stationary points
could not be obtained because of convergence problems. Testvas analyzed by calculation of the DFT harmonic frequencies.
computations indicated that the use of these orbitals is appropri-Vibrational analyses were also utilized at the (U)B3LYP level
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Figure 1. Energies and characters of the electronic states of 1,2,4-cyclohexatriene and its hetero analogues.

TABLE 1: Geometric Parameters of Stationary Pointst

d(c—C?) d(Cc*—C?) d(X—CY) d(X—C9) O(C—C2—C?) O(H*—C—C3—H?)
1a 130 135 160 152 152 68
1b 136 140 157 156 128 0
1d 129 136 162 150 155 0
2a 133 134 152 153 131 100
2b 135 140 152 150 128 0
2c 140 143 149 148 110 0
3b 136 139 142 139 128 0
3c 140 142 137 135 111 0
4a 136 139 139 134 116 51
4b 135 139 140 138 127 0
4c 138 142 138 133 111 0
5a 130 134 201 194 158 89
5b 135 141 197 196 137 0
5d 127 136 209 190 162 0
6a 132 133 190 192 150 101
6b 135 140 189 188 134 0
6d 128 135 200 185 160 0
7a 132 133 185 184 144 94
7b 135 139 184 181 133 0
7c 134 140 185 175 130 0
8a 131 138 185 185 153 99
8b 135 139 183 180 138 0
8c 132 137 190 177 144 0
9a 134 135 178 176 132 83
9b 135 139 178 176 132 0
9c 139 142 177 170 115 0

a Distances are given in picometers and angles in degrees. The denotation of the species and the atomic centers can be taken from Figure 1 and
Scheme 1.

to determine the thermal corrections WGy9s All DFT gives the energetic positions of the low-lying electronic states
calculations were performed with the Gaussian 98 program at planar ring geometry with respect to the allene structures
package’! which possess puckered ring geometfied addition to the
parent compound 1,2,4-cyclohexatriene and systems with one
3. Results heteroatom, we also studied the parent system of the known

diphosphaisobenzene of Redita evaluate the influence of the

The influence of X on the electronic structure of the cyclic second phosphorus center in the ring system.

allenes of Scheme 1 can be taken from Figure 1, which
summarizes the computed MR-BD data of the present woik. Figure 1 and Table 1 show that in the minimifnmost
Some geometric parameters are presented in Table 1. Figure Tompounds represent strained allenes with a more or less twisted
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ring geometry. The second lowest lying species (diradical or SCHEME 3: Schematic Orbital Diagram Based on the
zwitterion) represents a transition state for the racemization of Main Three Bond Moieties (Allene, Ethylene, and X3
the allene. While most systems agree in this respect, the 3
planarization energies strongly depend on the fragment X. For @" ., ‘ ;
X = BH (1) and X= O (4) these energies are very smalH2 EC?;’X * @ [
kcal molY), while it vanishes for the isopyriding (X = NH), - 3
which hence prefers a zwitterionic ground st&e éee Schemes 2: t dx
1 and 2) as equilibrium structufe®1 The planarization energy " — 40
amounts 10 kcal mol for X = CH, (2). The planarization g{:r:i :

§ ox m

~

energies correlate with the dihedral angle of the allene moiety @ + Qo } \
H1-C1-C3—HS3, which is a measure for the distortion relative ~—" 3{;:%3 '
to an unstrained allene possessing a value dfB0r X = CH> 3@“ Ay A \
(28), which possesses the largest planarization energy of the ' @_‘? n'
second-row systems, the dihedral angle (see Table 1) deviates Seg
from the_optlmum by only 10 For X = BH (_1a) an_d X : O Allene- Ethylene- No interaction Interaction with X
(4a), which both possess a smaller barrier, this difference fragment with X
increases to 22and 39, respectively. aThe left-hand side (allene fragment) corresponds to Schetfe 2.

The planarization energy rises on going from second to third Linear combination of the allene and the ethylene fragment extends
row fragments X, e.g., from X BH (1) to X = AlH (5) from the orbital scheme to set A in which fragment X has no contribution.
+2 to +10 kcal motL. This increase in the energy difference Interaction qf A with fragment X generates the orbital set B on the
is accompanied by a larger diameter of the six-membered right-hand side.
monocycle containing third-row elements with respect to the
second-row systems. The diameter rises according to Table 1,
since the %-C! bond length increases, e.g., from 160 pm for

o U

1
>+ :ﬂg _— «: s
" g O} x,

In contrast to the geometric parameters of the allenedich
correlate with the varying planarization energies, a similar
- 2 L relationship between the trends in the geometric parameters
iX _b\rfiH (1)f t?tﬁm)ggs Igi >:_nAIH (5) and a similar change described above and the varying sequences of the planar states
S0 ) ous for the ] S? ce. ] is not obvious (see Figure 1 and Table 1). As found for the

Aside from the planarization energies also the sequences ofgjiene structure as well as for the states at planar geometries

the electronic states at planar geometry depend on the fragmenthe x—C? distances of the various compounds decrease sys-
X. While the diradical state is favored over the zwitterionic one tematically from B to O (e.g., 157 pm ibb to 140 pm in4b)

for 2, 6, and7, the reverse order is found fdy 3, 4, 5, and9. and also from Al'to S (e.g. 197 pm Bb to 178 pm in9b). The
The energy of the diradical and the zwitterionic state are not sgme sequences are found for the correspondinG3tistance.
distinguishable for the phosphorus compo@nd@he additional ~ While these parameters are expected to depend on X, all other

phosphorus center in the ring Ys 7) destabilizes the diradical ~ parameters vary less with X but depend on the state under
state by 9 kcal mot', while the zwitterionic state is destabilized  consideration. For the diradical states of all systems (second
by 5 kcal mof with respect to the allene structure. The energy and third row) the &-C2 and the —C2 distances are computed
gaps between zwitterionic and diradical states range for second-+o be around 135 and 140 pm, respectively. In the zwitterionic
row fragments X from 9 kcal mot in 1 to 24 kcal moftin 3. statesc these parameters are 13840 pm (G—C?) and 1406-
No systematic variation in the gaps is found when the second- 142 pm (C—C8) with the exception o c having considerably
and the third-row systems are compared with each other. Forsmaller G—C? distance of 134 pm and a*€C® bond length
instance, X= AIH (5) has a slightly larger energy gap (11 kcal of 140 pm. The zwitterionic state$, which show a reversed
mol~1) than X= BH (1, 9 kcal mol?), but going from X= O polarity, possess bond lengths around 128 and 136 pm*er C
(4) to X = S (9) the difference between the zwitterion and the C? and G—C8, respectively. The most characteristic parameter
diradical is reduced from 15 to 4 kcal nmal to describe the structural differences between the zwitterionic
The situation is even more complex as the character of the Statesc andd and the diradical stati is the bond angle €
zwitterionic states also depends on X. The electronic structure C-—C® of the allene moiety. For all systems with fragments X
of the zwitterionic states of the oxyge#) @nd the nitrogen3) from the second row, the'€C2—C? angle of the zwitterionic
systems is characterized by a formally positively charged ring statec is nearly constant around 1% ivhile the only zwitterionic

and a negatively charged central “allene” carbon atom (SchemeState with rgve(sed polarity (= BH, 1d) is predicted to be
1, electronic structurec).l%! For the zwitterionic state of 155'. The diradical stateb possess bond angles around 128

X = CH, the same polarity was fourtd.Concerning X= BH A similar trend also exists for the third-row systems. The
(1) our computations predict a reversed polarity, which corre- zwitterions5d and6d (X = AlH and SiH) possess similar bond

sponds to the zwitterionic stattin Scheme 1. The opposite e_mgles c-c—C Sf 160 and_ 162, res_pec_uvg_ly, while for X
formal polarity of the zwitterions of and3 is nicely mirrored = PH (79 aEd X=S (30 this a“E'e is significantly smaller
. . (13 for X = PH and 115 for X = S).

in the computed dipole moments (B3LYP level of theory). The

dipole moment ofLd is predicted to be 1.9 D with a direction
that points through the molecular center toward Chis
direction is in line with a formally negatively charged ring and A general model that explains the varying planarization

a positively charged central “allene” carbon atom. The dipole energies and the sequence of the states at planar geometry can
moment of3c (5.5 D) points into the opposite direction and be obtained from an orbital diagram (Scheme 3) that builds up
reflects the reverse polarity of the zwitterion (see Scheme 1). the molecular orbitals of the entire system at planar geometry
The polarity of the zwitterionic states of the second-row systems from the orbitals of the fragments (allene moiety, ethylene unit,
and that of their third-row homologues are the same, with an and fragment X). In analogy to Scheme 2, the orbitals of the
interesting exception found for X SiH,. allene forma can be obtained from the orbitals at planar

4. Discussion
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geometry by relaxation to the lower molecular symmetry of the
allene. The diagram starts from the orbitals of the allene moiety
given by Johnsoft (the left-hand side of Scheme 3, see also
Scheme 2 for comparison), which are first combined with the
sr-orbitals of the ethylene fragment leading to orbital&efThe
positive and negative linear combination of the bondirgrbital

of the allene fragment with the bondingorbital of the ethylene
moiety yield two low-lyings-orbitals denoted ag; ands,. In

this model the nonbonding-orbital remains unchanged. The
next -orbital (r3) arises from the linear combination of the
nonbonding orbital of the allene fragment and the antibonding
orbital of the ethylene moiety. Higher lying orbitals are not
relevant for our problem. The combination of the orbitals of
the allene and the ethylene moiety in Scheme 3 (orbital set A)
is already sufficient to explain the properties of=XCH, (2),
SiH, (6), and PH {,8), as X cannot interact with the-system.
One bonding orbital of X= CH, or SiH, had the correct
symmetry (negative linear combination of CH or SiH orbitals)
but they represent-€H or Si—H o-bonds which do not interact
sufficiently with thesr-system in orbital set A (Scheme 3). For
X = PH no interaction of the lone pair of the phosphorus atom
with the m-system occurs, since the Sspybridization is
energetically strongly favored over the?dpybridization.

The relevant states f& and6—8 arise from the occupation
pattern of thes-orbital and thers-orbital, which are quite close
in energy. For the diradical specieg¢cf. Scheme 1) one electron
occupies thers- and one thes-orbital at the € center. The
two zwitterionic states with reversed polarity result if either the
o- (c) or themrz-orbital (d) is doubly occupied. The polarities
correspond to those of the states discussed by JoRh¥dithin
orbital set A the energy difference betweerandc is mainly
governed by the energy difference between #he and the
o-orbital on one hand and the spin pairing energy on the other.
Sincemrz ando are close in energy, the diradical state should
be preferred relative to the zwitterion. For=X CH, (2) and
PH (7,8) the g-orbital is slightly lower in energy than thes-
orbital so that the occupation patternd%rs® and zwitterions
of typec are found. Surprisingly, the electronic structure of the
zwitterionic state of X= SiH, (6), which is about as high in
energy as the zwitterionic state of the carbon sys&nis
described by the occupation patterg?c® and consequently
possesses a reversed polarity. In our opinion this finding is
related to the silicorg-effect. It comprises hyperconjugation
effects which stabilize a carboncationic center infhgosition
to a silicon cente?® Due to this effect, the zwitterionic state
possessing an unoccupieebrbital is stabilized, since only this
occupation pattern conserves a positively chargédedter in
the 5-position to the silicon center. Indeed, we find that for the
lowest zwitterionic state of the Si system the above-mentioned
hyperconjugation effects destabilize therbital with respect
to the srs-orbital to the extent that the energetic sequence of

both is reversed and the latter gets doubly occupied while the

former remains empty. It is interesting to note that this effect
only arises for the zwitterionic state. In the diradical state both
m- ando-orbitals are energetically very close to each other but
possess the sequeneebgelowr) as found in all other systems.
A zwitterionic state with the normal occupation pattesfr(z°)
also exists foi6 but is much higher in energy64 kcal moi?
with respect to the allene form).

While the explanation of the trends for systethand 6—8
is already possible utilizing orbital set A, it is not sufficient for
the systems with X= BH, NH, O, AlH, and S, because their
fragments X can interact due to theig-grbitals. The corre-
sponding orbital scheme leading to orbital set B (right-hand side

J. Phys. Chem. A, Vol. 107, No. 50, 200B1227

of Scheme 3) is an extension of the previously discussed set A
and includes its interaction with the-prbitals of the fragment

X. The news-system now possesses faworbitals that are
relevant for our model. The orbitatg', 7o', andzs', which are
constructed from linear combinations of the formar, m,-,

and srz-orbitals with the porbital, are stabilized with respect
the latter and lie below the-orbital. Within a one-electron
picture theo-orbital is not affected. The next-orbital (7y") is
destabilized with respect to the formes, so that the energy
gap to theo-orbital is increased in comparison to the energy
difference between the formag- and thes-orbitals. The degree

of interaction between the-orbitalssi, 772, andszrs and the p-
orbital of X is relevant for the stabilization of;’, 7o', andms’

and the destabilization of,’. As a consequence it determines
the order of the electronic states at planar geometry. The degree
of orbital interaction depends on the radial extension of the p
orbital as well as on its energy. These properties are mainly
governed by the heteroatom in the fragment X and correlate
with its electronegativity. The interplay between this interaction
and the previously discussed strain in the allene moiety also
determines the varying planarization energies.

The order of the electronic states at planar geometries is first
addressed. For all systems with an approprigterpital at the
fragment X @, 3, 4, 5, 9), the interaction between this-prbital
and ther system of orbital seA leads to an energy gap between
the ¢’-orbital and ther,'-orbital, which is larger than the gap
between the formes andzs. The larger gap favors a double
occupation of thes-orbital, so that the zwitterionic state is
preferred with respect to the diradical one. The energy gap
between both states is dominated by the degree of interaction.
The interaction is strongest for % NH, which also possesses
the largest gap (24 kcal md)) of all systems in Figure 1. The
weaker interaction for X= O is expressed by a reduced gap of
15 kcal mot?, which is further reduced to 4 kcal md| if
X = S is regarded. This finding is in line with the chemical
experience about the-donor capability of the heteroatoms. The
fragments X= BH and AlH also possessprbitals which
interact with ther-system of the carbon framework, so that the
same orbital diagram, as has been described fer XH, O,
and S, is valid. However, the former systems differ from the
latter ones as to the number of electrons. Due to their electron
deficiency, B and Al both cannot contribute any electron to the
sw-system. Therefore only the six electrons contributed from the
allene and the ethylene moiety are distributed among the three
sr'-orbitals and the’-orbital. Since the threg'-orbitals are lower
in energy, they are occupied, while theorbital stays empty.

As a consequence the resulting zwitterionic state has the same
polarity of the zwitterionic statd defined in Scheme 1. It has

to be kept in mind that the reasons for the polarity (Scheme 1,
doubly occupiedr*; here, emptyr*- and g-orbital) are different.

The orbital occupation patterns also explain the geometric
differences between the zwitterionic and diradical states. The
bond angle &-C?—C8 was found to be the most characteristic
parameter to describe the structural differences between the
electronic states. The values in Table 1 in combination with
the occupation pattern of the states show that this angle
correlates with the occupation of theorbital. For the zwitter-
ionic states with a polarity as (double occupation of) the
angle is around 1F1while for zwitterionic states with a polarity
like d (empty o) the angle varies from 1850 162. For the
diradical state$ (singly occupiedo) it was computed to be
around 128. This shows that the angle depends on the spatial
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extent needed by the empty, the singly occupied, or the doubly AGoag / kcal mol”"
occupied o-orbital. This is in accordance with the VSEPR e
model. Mo Ve
To explain the planarization energy and the related electronic +24 @
structure of the minimum, the stabilization effects resulting from - N
the orbital interaction between the-grbital of X and the 12 7N HH
mr-system of orbital set A have to be compared with the opposing g 2N
strain introduced in the allene moiety. In the planar structure H @
the interaction between the various orbitals but also the strain N
in the allene moiety can be expected to have a maximum. On e ¥2 HH
going to the allene structure, the strain decreases but also the | — o 0 0 Q
strengths of the orbital interactions are expected to get smaller. B N
So if the g-orbital and ther-system in A interact strongly, a H H H

planar structure arises, since the strain effects are overcompen- 12 2 3*

sated. If the orbital interactions are weaker the strain effects Figure 2. Order of the electronic states of the doubly negatively
are dominant and a puckered ring results. The interplay betweenCTaVQEd systerfi, the phenlyanior2”, and the protonated isopyridine
both effects determines the planarization energy. Fer XH :

(3) the degree of interaction in the zwitterion overcompensates . . o
the strain in the allene moiety and establishes the planar'S expected to be even stronger with respect to the Q|rad|cal
zwitterion as the minimum. The degree of interaction is reduced Stt€ than that d (X = NH). These predictions are confirmed
for X = O, because of the smallerdonor capability of O with Y our MR-CH-Q computations, which result in a planar

respect to N. As a result the stabilizationai decreased with ~ €duilibrium geometry with a closed-shell electronic structure
respect to X= NH and consequently the allene is slightly and a diradical state lying 47 kcal mélhigher in energy than

favored over the zwitteriok 1 For X = BH the planarization the ground state. This proves the distinctly stronger interaction
energy is similar to the value found for % O. The question N théz-system in comparison ®(X = NH), which possesses

it A .
to what extent the different number of electrons of both systems & 9P of 24 kcal mot'. From the description it is obvious that
influences the barrier will be addressed later. 2" behaves like3 (X = NH) and not as its neutral precursar

. . . . . (X = CHz).
The increase in t_he planarization energy on going from the Analogous to the change in the electronic structure of the
second- to the third-row elements results from the larger

) . f " pair2/2-, protonation of isopyridine3) to 3* (X = NH,") also
diameter of the rings allowing a better release of the strain P P Py ey ( 2)

. . X leads to a change in the electronic structure. In this pair, the
efTeCtS' A decreased interaction betweep thggﬁbnals of the delocalization found in ther-system of3 is destroyed due to
third-row heteroa;om X and thze'_system in ort_)ltal_set A could the protonation. Indeed, our computations predict for XIH,*
also be respons_lble for the higher planarization energy. A an allene species having a twisted ring as the equilibrium
reduced interaction, howeve_r, vyou_ld also Iead_ to a smaller structure instead of the planar zwitterionic ground state, which
energy gap between the zwitterionic and the biradical states.

. - is found for X = NH. The computed planarization energy is
The gap indeed decreases on going fror>O to S (15 kcal h Il 2 Kkeal [ he ol h
mol~ to 4 kcal moi?) but stays nearly constant if 3% BH (9 rather small {2 kcal mol ), but at the planar structure the

. mputations predict the diradical state t referr ver th
kcal mol?1) is compared to X= AIH (11 kcal mol™?). computations predict the diradical state to be preferred over the

. . © .. zwitterionic® one by 22 kcalmol™1, which is in difference to
Consequently, we expect that the increase in the planarization

for both pai Its f hat bil X = NH. This shows that the chemical nature 3f is very
energy for both pairs resufts from somewnat more Sublle Causes ;5 1o that of2 but distinctly different to that oB. This

The orbital diagram also explains the differences between gifference explains experimental findings from Christl et al.,
the phosphorus containing systemsand 8. The additional  \yho found that a 1-aza-2,3-cyclohexadiene behaves completely

phosphorus center hampers the delocalization intisgstem  different whether it has a three- or four-coordinated nitrogen
of orbital set A, so that both, the diradical and the zwitterionic gtom39

state, are destabilized with respect to the allene structure. This The doubly charged anion of, 1>~ (X = BH%), is
should also hold for other substitutions of th&-&i group since isoelectronic to3. Our MR-CH-Q computations predict that,
the carbon center enables an optimal delocalization. in analogy to3, 12~ possesses a planar equilibrium structure

The model based on the interplay between the strain in the and a “zwitterionic® ground-state only. The energy gap to the
allene moiety and the stabilization effects introduced by the diradical state is much smaller than for X NH. This may
orbital interaction of the fragment orbitals works very well for result from the stronger charge concentration in the ring. For
neutral species, so that the question arises whether it can alsahe diradical state the charge is more distributed over the whole
be extended to charged species. The computed values for threenolecule.

isoelectronic second-row systems £XBH?~, X = CH™, X = Our qualitative model, which explains the varying planariza-
NH"), obtained with the MR-CHQ approach, are summarized tion energy and the order of the electronic states at planar
in Figure 2. Within our model the isobenzene £XCH,) and structure, is based on orbital energies, while the influence of

isopyridine (X= NH) systems are the two prototypes, since the geometry, which varies considerably from state to state, and
they are representatives for the different degrees of interactionsmany-electron effects are not taken into account. The question
and the resulting orbital schemes. Deprotonation of the first at arises to what extent these factors influence the picture. An
the fragment X= CH, converts the isobenzene to the phenyl answer to this question is given in Table 2, which depicts the
anion 2= (X = CH").3637 In contrast to2, 2~ obviously energy differences between the zwitterionic and diradical states
possesses an occupiegiqubital that can perfectly conjugate  of X = CH,, CH™, NH, and O at various levels of theory. The
with thezz-system of orbital set A (see Scheme 3). Consequently, levels of theory used reach from simple orbital considerations
our orbital model predict®~ (X = CH™) to possess a ground to the computed MR-CtQ energies at optimized geometries.
state that corresponds to the zwitteriGhitatec. Its stabilization The latter were taken as reference (last line of Table 2).
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TABLE 2: Analysis of the Orbital, Geometric, and interaction and the strain effects in the allene moiety. The model
Many-Electron Contributions to the Energy Difference is found to be valid for all experimentally known species and
between b and € its predictions are in agreement with results obtained from MR-
X=CH, X=CH X=NH X=0 Cl + Q computations, which were employed to characterize
€F - €, +62 +127 +97 +87 still unknown compounds. Apart from neutral species, the model
Edel,+(C) - E%l2(c)° -3 +70 +36 +23 is also applicable to charged systems. The considerati@n of
E%®(b) - E42(C)° —20 +51 +22 +11 (X = CH") reveals an unexpected relation between strained

E(b) - E%(0) —15 +51 +25 +14 cyclic allenes and the phenyl anion. Comparing=4\H with
2 All energy differences are given in kcal mél Geometries, which X = NH* the model also answers the open question why three-
were taken for the calculation (diradidabnd zwitteriorc), are denoted and four-coordinated 1-aza-2,3-cyclohexadiene and 1-aza-2,3,5-
in parentheses. Orbital energies were taken from CASSCF/cc-pVDZ cyclohexatriene show different chemical reactivity. In addition,

computations. C| energies were obtained from MR-Qfano-l/ the present work investigates how the various factors (orbital
(U)B3LYP/cc-pVDZ computations and energy expectation values were . t | ti lect d lati
calculated with the DIESEL packafjeutilizing a cc-pVDZ basis set energies, geometry relaxation, many €lectron, and correiation

at (U)B3LYPlcc-pVDZ geometries. Note that the ClI results in both effects) ir!ﬂuence the various propgrties. It is shown that orbital
basis sets are comparabidifferences of orbital energies were energy differences already describe all trends correctly. For
computed with the orbitals of the I’state at zwitterionic geometries.  quantitative predictions, the different geometries of the various
The corresponding orbital energy differences obtained for diradical states and the many electron effects are essential, while the
geometries are 35 to 43 kcal mélower in energy; i.e., all trends are o maining electron correlation is less important. This shows that

kept.© EYt corresponds to the energy expectation value of the main o " . .
configuration state function (CSF) for each individual state. The main qualitative predictions for an unknown species can be made if

configuration for the zwitterionic state |s.(1942)(20d'3)(21420and its orbital energies, which are already accessible by simple DFT
for the diradical state is..(194%)(204'2)(2142)(22d'1) ] In Cs symmetry calculations, are compared to the orbital energies of the system
the orbitals of the irreducible representatidrarrespond t@-orbitals with X = NH. For quantitative predictions, however, more
while those of d correspond tor-orbitals. sophisticated approaches are necessary.

The first level, which can be used to estimate the energy  Acknowledgment. P. W. Musch thanks the Stiftung Sti-
differences between zwitterionic and diradical states, is basedpendienfonds im Fonds der Chemischen Industrie for a graduate
on the orbital energy differences,t — ¢,). For X = NH and scholarship. We thank Prof. Dr. M. Christl and the members of
X = O this simple approach reproduces the correct order of Graduiertenkolleg 690 Electron Density: Theory and Experi-
the states but overestimates the energy differences substantiallynent for valuable discussions.
by a constant value of about 70 kcal mb{X = NH, 97 vs 25
kcal mol™* at the MR-CH-Q level of theory; X= 0O, 87 vs 14 Supporting Information Available: Absolute energies and
kcal mol1). For X = CH, the correct order (diradical state computed structures of all stationary points in Cartesian
below zwitterionic state) cannot be described since spin-pairing coordinates (PDF). This material is available free of charge via
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into account.
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