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The relation of molecular structure to the six perturbation paraméters, Ip, h, s, andl of the theory of

MCD (magnetic circular dichroism) spectramfsystems derived fromNMkelectron perimeters (parts-B) is
developed explicitly. The MCD spectra of acenaphthylene and pleiadiene are interpreted in the way of
illustration. Simple PMO arguments are used to derive general rules for the response of the MCD spectra of
nonaromatic cyclict chromophores to inductive and mesomeric effects of substituents.

The purpose of this paper is to work out the consequencesand pleiadienel(0). These are ambiaromatic molecules and their
of the general theory of the MCD (magnetic circular dichroism) low-lying electronic states have been already interpreted in terms
and polarized electronic spectra of nonaronfatitolecules of the ordinary (M + 2)-electron perimeter model for aromat-
derived from MN-electron perimeters, such &s12, developed ics” The present alternative description permits us to contrast
in parts 12 2,2 and 3 using the MN-electronn-center perimeter  the 4N- and (N + 2)-electron perimeter models. The two yield
model and to point out similarities and differences relative to different state labels but predict the same MCD signs, and these
the spectra of aromatic molecules, derived from & (4 2)- are in agreement with experiment. In subsequent papers of this
electronn-center perimetet> We distinguish three categories  series, we plan to report and interpret the MCD spectra of several
of nonaromatic molecules: (i) antiaromatic biradicals with a families of unaromatic compounds.

very small energy gap (less than about 2 eV) between the  Third, we use first- and second-order perturbation theory to
orbitals that are occupied and those that are unoccupied in theformulate general rules for the effect of substituents on the MCD
lowest energy configuration and closed-shell, (ii) unaromatic of the first two allowed bands of soft unaromatic and ambiaro-

and (i) ambiaromatic, molecules in which this energy gap is matic chromophores. Although reminiscent of the rules for
sizable. The difference between unaromatic and ambiaromaticaromatics6 they are distinctly different.

molecules is that the latter can also equally well be derived

from a (AN + 2)-electron perimeter. All results of the present —

paper apply equally to unaromatic and ambiaromatic molecules. © % @ @
In parts 2 and 3! we showed that qualitative information 5 N

about absorption intensities and polarizations, and about the !

signs of the MCDB terms, can be deduced simply for six low- 0 o

lying szz* excited states of unaromatic and ambiaromatic @ N @ . @ I |

molecules with a plane of symmetry, perpendicular to the H E,‘l I ‘ @ ——»@

molecular plane. This information is obtained from the knowl- 5 6 ° 4, @ H |

edge of the relative size and signs of six quantities. Three are o 8 o

derived from orbital energy differenceSHSL, AHL, and=HL,

and three are the phase anghkesy, andA. For molecules with

a plane of symmetry, or oq4, the phase angles are dictated by ‘ O ‘ ‘
the energy order of orbital symmetries relative to this pfane. OO OO OO
These six quantities can be obtained from the six parameters OO Q
9 10 11

hp, sp, Ip, h, s, and| that describe in terms of degenerate
perturbation theory how the perturbation converts the degenerate
complex frontier orbitals of the perimetep..(n-1), ¥+n, and ] )
1 n+1) INto the six frontier orbitals of the resulting molecule, Results and Discussion
hs, s¢, andlL. Next, the six important perturbation parameters
hp, o, Ip, h, s, andl need to be related to molecular structure.
The arguments are similar to those nfdrer les$ implicitly
contained in the earlier work on theN4t+ 2)-electron perimeter
model.

Second, we illustrate the use of the model by showing how
it accounts for the low-energy transitions of acenaphthyl@&he (

Fdl

P

a:anion
12 b: cation

Perturbation of the Perimeter. Earlier, we presented the
results for spectroscopic properties of high-symmetry (threefold
or higher order rotational axis, paff)2and low-symmetry (part
3% unaromatic and ambiaromatic molecules in terms of quanti-
ties describing their parent perimeter, i.e., the number of centers
n and the number of electrondNdand in terms of quantities
describing the perturbation that formally converts the perimeter

T Permanent address: Instittitr fOrganische Chemie, RWTH Aachen, into the mo.leCUIe in qu.eStlon' These were three off-diagonal
Prof.-Pirlet-Str. 1, D-52056 Aachen, Germany. and three diagonal matrix elements of the one-electron operator
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h=(AH/2) €" = Ty aly ;0 (1) AHL = AH = AL

SHL = AH + AL

AHSL=2(AHS — ALS) = 2[2E(SO)— E(HO) —

| = (AL2) &' = Gy faly_y ;0 3) E(LO) + 2% = o = o]
R AHS=[E(s,) + E(s_) — E(h,) — E(h_)]/2 9)

hp = Wy 4l@lyy, 0 (4) " "

ALS=[E(1,) + E(1.) — E(s;) — E(s)))/2
S = [pylalyyd ©)

s=(AS2) € = plaly_O )

. The overall conversion of an ideaN4electron perimeter into
Ip = Wnpalalyn O (6) a molecule of interest is described by the operaorap-
proximated as a sum of one-electron operatérs, >; &, where
where ¥ and y_x are the complex perimeter MOs with  the sum runs over all electrons inorbitals. In the following,
“magnetic quantum numberstk (k > 0) that belong to the  we list the important classes of simple perturbations and define
irreducible representatiorg ande_x in Cy, respectively (in this the associated elementary operatéardheir matrix elements
convention basis vectors rather than functions are subjected toare specified in the basis of the AOs of the perimeter or in the
symmetry operations). In terms of thé wdin-orthogonalized basis of its complex MOsyy and y— [k = 0, +1, +2, ...,
AOsy,, labeled counterclockwise= 0, 1, 2, ...n — 1 modulo +(n/2 — 1), n/2 if nis even, withynz = _np, andk = 0, +1,

nO=n,1=n+1, etc): ..., T(n — 1)/2 if nis odd]. We assume that the effects of
composite perturbations are additive. In defining the operators
n-1 a, we rely heavily on the description of organicelectron
Yo =n Y y, expa2zikvin) @ structures in terms of perturbation theory (PMO) as summarized
V= in the book by Dewar and DoughertyThe elementary

perturbations are of two kinds: size-conserving and size-
The description of the structural perturbation by a one-electron €xpanding. The matrix elements of the former are defined simply
operator is compatible with the use of first-order perturbation N the AO basis and are handled using first-order perturbation
theory. Since the orbitals themselves are assumed not to changd1€0ry; those of the latter can be written in a simple approximate
as a result of the perturbation (except for mixing within Way in the MO basis and are handled using second-order
degenerate pairs that have equal two-electron contributions toP€rturbation theory, in a fashion that avoids an actual expansion
their Hartree-Fock orbital energies), the two-electron contribu- ©f the size of then-dimensional one-electron function space
tions to HF orbital energies do not change, either. Changes in (tiS can be done more formally by partitioning theory).
relative energies of configuration state functions, which deter- . Note that perturbations that are of pre'Y two—_(alectron nature
mine the resulting MCD patterns, then originate only in the in the model used, such as a geometrical distortion of the

effects of the perturbation on the one-electron parts of orbital perimeter from_ _the_ shape of a r_egular _polygon without a
gnificant modification of bonding interactions, do not affect

energies. Throughout the present paper, we shall therefore mear,z'1 functi fh imet del states in th i
the one-electron part of an orbital energy when we refer to the € wave functions of the perimeter model states in tne presen
approximation. It is still possible to incorporate the effects of

energyE of an orbital. . ; ! . .
oy such geometrical distortions on the matrix elements of electric

The off-diagonal perturbation parametefis s, and | are dipole or magnetic dipole operators in a very straightforward
complex numbers. Their absolute valua$j/2, AS’2, andAL/ way since atomic coordinates enter into their definitton.

2, respectively, and their complex argumenjs,o, and 4, After perturbation, each perimeter orbital pai, y—x will
respectively, combined with the three real diagonal elements, j, general yield a pair of real orbitals, at a lower one-electron
ho, sp, andlp, represent quantities that are adequate for a energy,E(y) + ko — AK/2, andx at a higher energyE(y)
complete characterization of the perturbation for the purposes 1 |, 3 AK/2, whereE(yy) is the energy of the unperturbed
of the perimeter model description of low-lying electronic states. orhitaly,. Their separation will be\K, and their average energy
In the following, we use the general symhbigJ to represent |l be E(ypy) + ko. For systems derived fromNdelectron
any one ofhp, sp, orlp, « to represent any one f s, orl, the perimeters, the knowledge of battK andkp is essential, while
symbolAK for AH, AS or AL, andx for 77, o, or 1. The analogy  for those derived from (4 + 2)-electron perimeters, onlK

of these quantities to those that describe the effect of a one-values were needed to predict signs in MCD spettra.
electron perturbation on an aromatid\(4- 2)-electron perim- In practice, the relative orbital energies can be estimated in
eter#S richer by two s electrons, is obvious:AS and AL a variety of ways, starting with PMO theory, throughd#el,
correspond ttAHOMO andALUMO, respectively, and and PPP, DFT or ab initio theories. The values &K, with the

A to m + arga and -argb, respectively. The simple explicit  exception of AS, can in principle also be derived from
rules derived in the following for obtaining these quantities by experimental data using Koopmans’ theorem. The PMO estimate
inspection of molecular structure will therefore be equally useful is most in keeping with the spirit of the perimeter model, which

for all cyclic & systems. keeps all the essential physics for a qualitative understanding
The quantities needed in partsahd 3 for the prediction of ~ but expends the smallest possible computational effort.
spectral properties were The PMO approximation defines the action of the perturbation
as combining the complex MOs of the perimeter pairwise into
AH=E(h,) —E(h.)=0 real MOs and changing their energies, but permits no mixing
of members of different degenerate pairs. The pairwise com-
AS=E(s;) —E(s)=0 (8) bination of a general orbital pairk andiy—« proceeds in a way

dictated by the complex phase, and we introduce the
AL=E(,)—E(l_)=0 definitions
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, = [eiﬂ/zwk I e_i”/zw,k]/«/i _ Sggitfigrnin inductive effect by a heteroatom or a substituent in
(2IN)"2 y, cos(2tkv/n + #/2) (10)
ZX kp =a,,/n (12)
© = [ei”/zzp _ e—mlzw k]/iﬁ _ Expressions foAK andx follow from their definition,x =
- k - 0 _ (AK/2)€*, by substitution from eq 7 intac = Epylaly
(2/n) Z %, Sin(2rkv/n + #/2) Modification of a valence interaction between A@sand z
v yields
where the energy of- is not above that ok Kk = 2(a,,/n) exp[—i(4k/n)(7/2)(x + p)] (13)
The specific three phase angles of interest ngweg, and4,
ultimately determine the phase fact@s = o + (i + 1)/2 of AK =4ja_|/n (14)
part 3 as well as the directions of spectroscopic transition
moments, and thus affect the signsBierms. The factop™ Inductive effect of a substituent or a heteroatom in position

only occurs if the parent perimeter is uncharged. The analogy p yields
to the aromatic (M + 2)-electron perimeter is also obvious.

There, the specific phase angles argnd argb dictated the k= (a,,/n) exp[~i(4k/n)zp] (15)
phase factory and ¢ and thus transition moment directions,
and, in the case of uncharged perimeten (4 2 = n), also AK = 2Ja,|/n (16)

affected the magnitudes of tieterms*> . .
The center of the perimeter is located at the center of the For a cross-link§ = 7, 7 & 1), a bond compressiop = 7 =
coordinate system. If the symmetry plangperpendicular to 1), or a+l effect (p = 7), we havea,, < 0, and the complex

the molecular plane passes through an atom, we lex thds phasex for these elementary perturbations therefore is
pass through this atom (i.e., give it the lalet 0), and only
the values: = 0 or x = x are possible. The former applies if n=—(2an)(z + p)k — /2] 17)

k- is antisymmetric and the latter if- is symmetric. If the
symmetry plane passes only through bond midpoints, the label
v = 0 is assigned to one of the atoms located counterclockwise

while for bond stretching or twistingo(= 7 + 1) and for a—I
effect (o = 1), a, > 0, and the phase is

next to a midpoint, and only the angles= 2stk/n or % = 27k/n % = —(27In)(t + p)k (18)
— gt are possible. The former applies4f is antisymmetric
and the latter ifkc— is symmetric. A general way to visualize In uncharged perimeters & 4N), the equations foo (k =

the location of the nodal points ia- is to first place one of  N) simplify. If a,, < 0, the expression far (k = N) becomes
them at the initial atomx = O and others at intervals a2k
bond lengths apart, and then move the positions of all of them o= —(w2)[t+ p—2] @an
clockwise by an amount equal t@2r times the internodal .
separation. Conversely, if the location of the nodal points in a If @: > 0, we obtain
articular orbitalc— is known, it permits the value of to be
e dced. P o= —(2) + p) (18)
Size-Conserving Elementary PerturbationsThese do not
change the size of the system. The most important are (i)
bond torsion, extension, or compression (ely;, (i) cross-
linking, either by introduction of transannular overlap between
nonneighboring AOs of ther perimeter (e.g., between 2p
orbitals on carbon atoms 1 and 7 2) or by introduction of

sigma bonds (e.g3); (iii) introduction of an inductive effect  1g show thats is an odd multiple ofr/2, andp~ = 0, p* = .

by heteroatom replacement (e.g, S, 6) or by inductive A example are cross-links forming even-membered rings. Then,
substituents with negligible conjugative and hyperconjugative e nodal planes ia. ands_ pass through midpoints of bonds.

effects. , , , Size-Expanding Elementary Perturbations.These are as-

A change in the strength of the valence interaction between gqciated with an increase in the size of theystem. Two kinds
the AOsp andr as in (i), or an introduction of anew one asin  4re important: (i) introduction of mesomeric substituents (e.g.,
(if) are represented by an operator with matrix elemepis= 7 and 8); (i) bridging (e.g.,9—12). Such perturbations are
a, in the AO basis set. In the kel approximation, they are  rqnerly described by direct addition of a one-electron space

a change in the resonance integfgl. _ of dimensionalitym equal to the number of-symmetry orbitals
In the same basis, an inductive effect of a substituent or @y (G=nn+1, ..,n+m- 1) on the substituent or the

heteroatom located at atgpis described by the matrix element  yiqgge to the space defined by the perimeter orbitals. The matrix

8- In the Hickel approximation, this corresponds to a change glements o in the expanded AO basis are like those for cross-
in the Coulomb integrab,, of the AO p. For atoms more jinking (Hiickel resonance integrals) but connect the substituent
electronegative than carbom, < 0 (+1 effect), for those less  Ag in the exocyclic position to a single perimeter AO, or a
electronegativeq, > 0 (—I effect). bridge AO or AOs to two or more perimeter AOs. In the order

Expressions forko, given by [§/ajyl) follow by direct 4 characterize this type of perturbation through the quantities
substitution from eq 7. For a change in the valence interaction |, s 1, hp, so, andlp, we need to express the effect of these

between AOs andr, such as an introduction of a cross-link

According to Moffitt? “even” elementary perturbations are
those for whichr + p is even. For these, egs'lahd 18 show
thato is a multiple ofz andp™ = p~ = 0. Examples aret-|
and —I effects and cross-links forming odd-membered rings.
In this case, the nodal planessn ands- pass through atoms.
For “odd” elementary perturbations,+ p is odd, eqs 17and

interactions within the originat-dimensional perimeter space.
Since we are treating symmetrical molecules, it is easy to do
kp = (2/n)a,, cos[2k(p — 7)/n] (11) this approximately, using degenerate second-order perturbation
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CHART 1
ll]o . 0 . w—k lpk . . ° ° °
Yo E(Y)
L E(y) 0
Yy 0 E(Y,)
v, <nld|-k> <n|d|k>
7 Sld|-k> <jlalk
oy <ntm-1|d|-k> <n+m-1|d|k>

theory within the spirit of the PMO mod#o derive the energies
and nodal properties of the perturbed perimeter orbitals.

Let the substituent or bridge carm AOs of = symmetry,
combined into a set af delocalized orbitals

n+m—1

1/),' = Zn CVjXV

with one-electron energids(y;), and let its AOsoy, oo, ..., 0,
... be attached to perimeter atoms p, .., o, ..., respectively.

(19)

<k|a|n> << <kla|j>
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U, * Y Wom1

<k|d|n> oo <k|d]> oo <k|d|ntm-1>

soe <k|d‘n+m-1>

(20)

E(W,)

EW)

E(lpnﬂn-l)

obtained. We specify the complex phasexd® by writing

[(k|alj O |Ekialj e (22)
The condition that; be the same for al|, or at most

different bys, permitting us to drop the subscripts satisfied

for many important structural classes of perturbations. In

particular, it holds if at least one of the following conditions

holds: (i) The perturbing group is a substituent and not a bridge,

i.e., is attached by its AQ), to a single perimeter AQ,, as in

We consider the effect of the perturbation on one degenerate; (jiy The substituent or bridge has only one orbital= yn,

perimeter orbital paityy, ¥« at a time and ignore substituent-

induced mixing of the members of different pairs.

In the MO basis, the Hamiltonian matrix of the expanded
system takes the form of eq 20 shown in Chart 1 (only those
off-diagonal elements that are pertinent to the behavior of

orbitals W_¢ and Wy are shown).
For the matrix elementstk|a|jCl substitution from eq 7 yields

kajO= n_mZca(l)jexp(—FZMikp,/n)a, (21)

wherea = [4|a|pl] Here and in the following, we usg and

o(l) interchangeably in order to avoid subscripts on subscripts.

If the complex phase of the elemerifsk|aljdis the same
for all values of the index (or differs bys), a simple result is

(others are absent or their effects can be ignored). An example
is 12. (iii) The perturbed molecule has one or more planes of
symmetryo, perpendicular to the plane of the perimeter, which
is the case considered here. Examples/ar&2. This instance
is particularly important for multiply perturbed perimeters such
as8 and will be discussed below.

We now define real orbitalg; andk; in the same way as;
and«—, respectively, were defined in eq 10, using the angle
instead ofx. From eq 21, we then obtain

[&,ajC= (2/n)" |an(,)j exp(—2zikp/n)a|  (23)

[&,lajl=0
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Next, we treat the effect of the substituent or bridge to second perturbations given above, this is not particularly useful in
order in perturbation theory, assuming that its orbitals are not practice.

degenerate with they, 1« pair. We obtain for the one-electron
energies of the perturbed perimeter orbitals

E(c) = E(yy) + (Z/n)Z|ZCg(|)j exp(—2ikp,/n)a|’/
T
[E(w) — E(y)] (24)
Elk,) = E(vy)

Since by definitionE(yy) + ko = [E(k1) + E(k2)]/2 andAK =
|E(k1) — E(x2)|, we obtain

kp = nfl]z{ an(l)jca(l')jaa' cos[2tk(p, — p)/nI}
[E(v) — E(y)] (25)
AK = 2[kp|
and
exp(»'/2) = an(,)j exp(—2nikp/n)a/

{Z CoCogry A8y COS[2tk(py — p)/n]} (26)

While in eq 24 the numerator is positive for eaghthe
denominator can be positive (donor orbitaJsor negative
(acceptor orbital§). If the one-electron energy of the perturbed
orbital k1 lies aboveE(yy), the perturber acts as a net donor,
and we introduce the notation

Ky =y
k. =«, 27)
=

If the one-electron energy of the perturbed orbitallies
below E(y\), the perturber acts as a net acceptor, and we
introduce the notation

Ky =Ky
k.=, (28)
n=uxn—x

With egs 24-26 and either eq 27 or 28 we can now effectively
replace the size-expanding elementary perturbatioy a size-

conserving one and proceed with the application of the perimeter sign, ¢, =
model. This perturbation behaves in a manner very similar to a
true size-conserving inductive perturbation, except that its effect k, =

on the orbital painy, -« depends on the orbital ener&yyy)
through the factoE(y) — E(y)).

Simple results are obtained for special cases. Throughout,
we haveAK = 2|kp|.

A. If only a single substituent orbitaly, needs to be
considered, the results simplify to

ko = n*cha,ncamnena, cos[2tk(p, — p)/MI/[E(p) —
| E(yn)] (29)
tange/2) = —an(,)nq sin(2tkp,/n)/
Zc,,(l)na1 cos(2tko,/n), if ky > 0 (30)
tan[(¢ + 7)/2] = —ch(l)na, sin(2tkp,/n)/
Zc(,(l)na1 cos(2tko,/n), if ky <0
(i) The substituent is only attached to atprof the perimeter:

ko = o @2, IN[E(py) — E(y,)]
» = —(27/n)2pk, if ky > 0 (donor)

(31)
(32)

» = —(2nIn)[2pk + n/2], if ky < O (acceptor)

These results for mesomeric (E) substituents thus are very
similar to those given in egs 12, 17, and 18 for a purely inductive
(I) substituent g = 7), with c &, playing the role ofa,,
except that the contribution of the mesomeric effect is attenuated
by division by the orbital energy differenégyy) — E(y;). The
phase factors are the same for both types of dontand —E)
substituents, and also for both types of acceptdrgnd +E)
substituents.

(ii) The substituent (bridge) is attached to two atoms of the
perimeter, throughs; to p; and througho, to p,, and the
resonance integrals are equak= a,(1)o(1) = 3o(2)0(2)-

Then, if the coefficients iny, at the position of attachment
are equal, or the same position of the substituent is attached to
both p1 and p,, Co)n = Co2n = Con (if the substituent consists
of a single atomgy = 1):

Because of the presence of the energy denominators, a

transformation of the Hamiltonian matrix containing the diagonal
shifts kp given by eq 12 from the MO basis back to the AO
basis yields a complicated matrix with many off-diagonal

elements containing energy differences. Thus, while the size-

expanding mesomeric effect of a perturbation can formally be
expressed in then-dimensional one-electron space of the
perimeter also in the AO basis, like those of size-conserving

ko = 4, G COSTk(p; — p)IMIN[E(y) — E(w,)] (33)
%= —(2an)(p, + pk, ifky >0 (34)
x=—2an)[(p, + p )k +n/2], ifky <0
If the coefficients inym are equal in size and opposite in
—Co(2n = Con,
45, ¢y sirflk(py — p)/MIN[E(y) — E(v,)]  (35)
%= —(2a)[(p, + p )k +n/2], ifky>0 (36)
%= —(21n)(p, + pk, ifky <O

B. If the substituent is attached in a single positoaf the
perimeter, through its A@, we obtain

ko = 5 al/nE(y) — E@w)] (37)
J
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» = —(21/n)2pk, ifky >0 (38) from the original development of the perimeter model for
aromatic»!! Simplifications occur in our case because the
x = —2na/n)[2pk + n/2], ifky <O composite perturbation is assumed to possess symmetry.

MCD Spectra of Acenaphthylene (9) and Pleiadiene (10).

Intruder Orbitals and Intruder States. When the perturbing ~ We shall use these hydrocarbons as examples to illustrate the
orbitalsy; of the substituent or bridge are empty and lie well use of the general results and to test them. The MCD spectra
above or are occupied and lie well below the orbital pair of both 9'2 and 10,2® and of a series of their simple deriva-
y_xin energy, size-expanding elementary perturbations can betives/ '3 have already been reported and analyz&te MCD
adequately handled by the above procedure. In the case of verysigns were found to agree with expectations based on the
strong mesomeric perturbations by substituents and, particularly,aromatic (N + 2)-electron perimeter, but certain transitions,
by bridges, this condition need not be satisfied and two in particular the weak first band, had to be treated as intruder

difficulties arise. transitions not related simply to those of the parent perimeter,
First, the second-order approximation kg and to AK and their existence and MCD signs could not be predicted by

diverges asE(y;) approache€(yy). This can be handled as inspection (the correct signs were compdtédin the PPP

usual in PMO theor§:Whenever one of the energi&y) is approximation). It has also been pointed out that the MCD

approximately or exactly equal to the energft/y), one sets spectra of9 and 10 exhibit an approximate mirror symmetry,
them exactly equal, describes the effectygfby first-order and the reasons for this were analyzed in simple térths.
theory, and ignores the other orbitals of the perturber. The orbital \We now take an alternative look at the MCD spectra of these
energy splitting that results from the perturbation is then ambiaromatic hydrocarbons, using thé-dlectron perimeter as
approximated by Z1]a|y;LJand the two new orbitals ares(+ the starting point. This will result in an alternative set of labels
1/4‘)/\/2- for the electronic states, an alternative view of the origin of the

The nature of the second difficulty is thus brought into focus. approximate mirror symmetry of their MCD spectra, and an
Which one of the two new orbitals is to be taken for “perturbed alternative derivation of the absolute signs in these spectra.
perime_,ter MQO” and_wh_ich one is to be ignored is determined  \;cp Spectrum of Acenaphthylené? (9). The s system of
by orbital occupancies in the ground state=(f))) lies between g g yjiewed formally as a union of the antiaromatic 12-electron
E(ic1) gndE(xz), one needs to interchange the roles¢§,) and [11]annulenide anion with the methyl cation. The resultant MO
E(yy) in the expression 21 fdE(k), [E(y) — E(pl/2 needs 5 4ering is dominated by the interactions of the symmetric
to be added t_o the expression _25 kg; and the sum overin orbitals of the perimeter with the empty 2wbital at the central
both expr_essmns becomes a smgle term. . carbon atom, which shall be labelegl (Figure 1). The

In the size-expanded system, itis clearly not always possible 4iinonding combination of the symmetric orbital of the SO
to ignore the existence of the other orbital or orbitals that result |, ¢ with ¢ is strongly shifted to higher energies. The bonding
from the perturbing interaction. As long as the mesomeric ., bination is strongly stabilized and forms the HOM©)(
perturbation was weak, the existence of those energeticallyof 9. The interaction ofp with the symmetric orbitals of the
distant new orbitals that contained only a small admixture of HO and LO levels is much weaker since the energy gaps are
«1 did not cause the appearance of any configurations with larger. These interactions causeandl. to be symmetric. The

Er;?,\:gi/e; ?fl?ﬁg ':](')t.;tr(;eerc.()erésldergg dlg thearp;e(r:llrgeéeL nt}?(]lel'antisymmetric orbitals of the perimeters are not perturbed in
’ ini gieB(yw) () S, bo the first approximation, and the antisymmetric member of the

resulting orbitals may have energies comparable with those of : :
: . X SO level of the perimeter represents the LUMD) (of 9. Since
the three orbital pairs treated by the perimeter model. They thenh_ and |- have different symmetry, the perturbation of the

give rise to low-energy configurations that are likely to . . _ .
contribute to low-energy states of the perturbed system. We gz:ltn;?ter is of the S typep( = #/2) in the nomenclature of

speak of “intruder” orbitals and intruder configurations. The ) ) ) ) ]
resulting states that are in excess of those expected from the It is clear from Figure 1 that these interactions yieldaS
simple perimeter model are called intruder states. value larger than thAHSvalue. SinceAHSL is then negative,

This situation usually reduces the number of spectroscopic (e HO— SO excitations are expected to lie at considerably
transitions whose MCD can be interpreted using the perimeter OWer energies than the SO LO excitations. Moreover, the
model, and each case requires a separate analysis, as illustratedP/Itings AH and AL are small, sinc@ is far in energy from
below on the examples of acenaphthyleBg dnd pleiadiene 1O @nd LO, and>HL is much smaller tham\HSL The
(10). It may appear surprising that the simple model can be chromophore should be “negatwe hard”, an_d according to Figure
used at all; it is very helpful that in the evaluation of the matrix 4 Of part 3 a —+ B term sign sequence is expected for the
elements of the electrigi) and magnetici) dipole operators !ow-ene_rgy pair of transitions to the N states in the order of
between a mixed perturbeperimeter orbitakyc; + cpj and ~ increasing energy, which should be Nelow N; (Figure 2 of
a pure perimeter orbitapy, only the perimeter part of the former ~ Part 3). The higher lying transitions to the P states should show
contributes ¢, [#1]6]yk ) whered = th or . The contribution a+— pattern.
is reduced by the factan relative to an otherwise analogous The first three transitions irD are indeed knowi to
contribution of a pure perimeter orbital, but for qualitative correspond to single-electron excitations of he— sy, hy —
interpretations this can often be ignored. sy, andh- — s; types in the order of increasing energy, and

Multiple Elementary Perturbations. The Effect of Sym- correspond to the G~ S, G— Ny and G— Ny transitions in
metry. The effects of the elementary perturbations, summarized the present nomenclature, respectively. Simeey, transitions
in Table 1, are additive at our level of approximation. Sikge into the o states should be polarized along thexis, which
is real, simple scalar addition is required. In contrast, »pr passes through a perimeter atdihis is the axis that lies in
vector addition in the complex plane is necessary, in a mannerthe symmetry plane, vertical in formua Transitions into the
known from the classical investigations of the effect of inductive /3 states should be polarized in the perpendicular direction. Both
substituents on the intensity of the band of benzer€ and results agree with the obserdégdolarization directions. In terms
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TABLE 1: Characteristics of the Elementary Perturbations of an [n]JAnnulene Perimeter

perturbation type ko AK/2 X
Size-Conserving
bond interaction of AOgp, T reduced (2)|ar,| cos[2tk(p — 7)/n] (2/n)|ay,| —2k(r + p)/n
increased —(2/n)|ay,| cos[2tk(p — 7)/n] (2In)]ay| 7 — 2k(t + p)/n
inductive effect ap =l [,,l/N [8,,l/N —4kmp/n
+l —[agl/n |ay,l/n 7 — 4kmpln
_ Size-Expanding
mesomeric -E @MIZ) CHIIEW) —EW)Il @ MIZico/[Ew) — Bl —4ako/n
effect atp +E @,/ CH/IEwWY — E@)]] (@)% CEw) — @]l 7 — 4akp/n

According to Figure 110 has arALSvalue smaller than the
AHSvalue, andAHSL is positive and again much larger than
SHL. The SO— LO excitations should lie at much lower
energies than the H&> SO excitations, and the chromophore
should be “positive hard”. Sincé- and |- have opposite
symmetries, the perimeter perturbation is again of the S type
(0o~ = @/2) and the state order should bg below N, (Figure
2 of part 3). Sinces- is antisymmetrico = 0, while h_ is
symmetric,7 = s, and thef transitions should be polarized
along the symmetry axig. This again agrees with observa-
tions!® According to the proposal made in part 8/ = Na
and N, = Ny, and the state order is SaNN\p.

The +— B term sign sequence is expected (Figure 4 of part
31) for the low-energy transitions into theylnd N, states. The
higher lying transitions to P states should show-& pattern.

@ & The first three transitions are knowto be well represented
O@ as the single-electron excitations of the— s, s- —1_, and

Figure 1. Derivation of the MO energy diagrams of acenaphthylene S- — I+ types and correspond to-6 S, G— N, and G— N,

(left, 9) and pleiadiene (rightl0) by perimeter perturbation. The HO, The observed signs of thiterms of the S, ) and N, states
SO, and LO orbital levels of the perimeter are indicated by H, L, and are++—. Once again, the-— sign sequence for thB terms
S, respectively. of the Nyand N, transitions agrees with that expected fromdS

> ALS When derived from an aromatic perimefehese were
the L; and L, bands (now we would call themyland L,
respectively), and their signs followed frodHOMO >
ALUMO.

The S band is weak both in absorption and in MCD, as
expected. Thus, while its presence follows from theedectron
perimeter model, the sign of i8 term does not. The {4 +
2)-electron perimeter viewpoihtlid not relate this excited state
to the states of the perimeter at all.

Higher excited states are not simply related to perimeter states.

of the spectroscopic labels proposed in patvBe have N =
Na and N; = Np, and the state order is SaN\p.

The observed signs of the MCBterms are S, negative and
very weak, N, strongly negative, andgNstrongly positive. The
—+ sign sequence for thend N, B terms is just that expected
from AHSL < 0. In the previous derivation from an aromatic
perimeter, these were the {.and L, bands, and their signs
followed from AHOMO < ALUMO. According to the nomen-

clature proposed in part 3they are the L and L, bands, Acenaphthylene (9), Pleiadiene (10), Their Double lons,

respectively. ) ] ) ] and Phenalenyl (12) lons. A Comparisonln summary, the
The S band is weak both in absorption and in MCD. The perimeter labels of the lower states of the ambiaromatic systems

present treatment predicts its existence but yields zero intensitiesy g3nd 10 are G, S, N= Ls and N, = L. Either perimeter

for both and thus makes no claims concerning the MCD sign. chpjce correctly accounts for the absolute signs ofgtierms

The observed very weak negatieterm therefore presently  of the second and third transitions, but only thé-dlectron

has no simple interpretation, but at least the presence of a weakyerimeter has a transition that is simply related to the weak

transition is anticipated. The previous derivation from an |gyest energy transition. We believe that the present results

aromatic perimetércoulg not relate this first weak trgnsition represent a deeper level of insight and provide a theoretically

to the states of the perimeter at all and did not provide a Platt petter justified nomenclature than the K, L, M transition labels

label. that we proposed for these and related hydrocarbons some time
Beyond the first three excited states, the presence of intruderago?®

states makes it difficult to assign the state9 b the states of The mirror image symmetry in the signs of tBeterms of

either the MN-electron or the (M + 2)-electron perimeter and  the system is due to the approximate mirror image symmetry

to make simple predictions of MCD signs. between the orbital energies ®and10 (approximate alternant

MCD Spectrum of Pleiadiené? (10). The = system of10 pairingt¥), which yieldsAHSL values with opposite signs i
is constructed formally as a union of the antiaromatic 12-electron and in10, and to the dominance of th®HSL contribution in
[13]annulenyl cation with the methyl anion. Arguments similar dictating the MCD behavior.
to those given foB lead to the orbital scheme shown in Figure The MO level schemes fd@ and 10 are very similar, with
1. The HOMO §.) is the antisymmetric member of the SO three MO levels located between the weakly split HO and LO
pair of the perimeter, and the LUMQ) is the antibonding pairs. As far as the content of perimeter contributions is
combination of the symmetric member of this pair with the concerned, the bottom and the top among these three orbitals
central orbitalg. are similar. Either one could be used as a member of the SO
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pair, and the other one would remain unlabeled as an intrudertransition more positive or less negative, and it should have the

orbital. Which one needs to be used is determined by the reverse effect on thB term of the upper N transition.

occupancy of these three central levels, which determines the The opposite effect is expected for replacement positions at

sign of AHSL and thus the MCD sign pattern. B only the which hy has a particularly small angly a particularly large

lowest of the three MOs is occupied, and therefore the bottom amplitude. For electropositive heteroatorag, (> 0), the rules

two represent the perturbed SO pair.19 only the highest of are reversed.

the three MOs is empty, and therefore the top two represent Mesomeric Effects of Substituents.Since unaromatic al-

the SO pair. ternant hydrocarbons derived by an odd perturbation of the
Therefore, the sign pattern in the MCD spectrum of the perimeter have nodes cutting bond midpoints as we have seen

dianion of9 should be the same as that in the spectrum of neutral above, mesomeric monosubstitution lowers symmetry and is

10, and the MCD sign sequence for the dicationl6fshould generally characterized by and A values different from
be identical with that for neutr&l. The spectra of these doubly multiples of 7/2 even when the parent hydrocarbon is sym-
charged ions have not been measured. metrical, and we do not have an algebraic solution for the

There is a clear relation to other peri-condensed systems agPerturbed system. In multiply substituted systems, symmetry
well. For instance, the union of the uncharged antiaromatic may be restored. We shall assume in the following that we are
[12]annulene perimeter with a methyl anion or cation can lead dealing with a monosubstituted hydrocarbon and that the
to the highly symmetrical phenalenyl iori. Similar MO solution obtained by setting and/A equal to multiples oft/2
schemes are expected for all of these, except that the HO ands still approximately correct. In using second-order perturbation
LU degeneracy is not removed at all. The MCD signs should theory, we assume in the first approximatidfl[) — E(y;)] *
again be dictated by the occupancy of the central three MOs. = [E(I-) — E(yy)]™* = 0 and E(s:) — E(y)] ™" = [E(s-) —

In this respect, the anioh2a should be positive-hard lik&0 E(y)l ™ = [E(hs) — E(yy)] ™ = [E(h-) — E(y)] "t = AE"! >
or the dianion 0, and the catior2b negative-hard like or 0 for a mesomeric -E substituent with a donor orbital at energy
the dication of10. E(y;). For a+E substituent with an acceptor orbital of energy

Substituent and Heteroatom Effects on Soft Unaromatic > We use E(l+) — E(yp)]~* = [E(-) — E(y)] ™ = [E(s+) —
Chromophores. The best candidates for soft MCD chro- E(@W)l™ =[E(s-) — E(yy)] = AE™* < 0, [E(hy) — E(yy)]
mophores are those derived from uncharged perimeters. In the™ [E(h-) — E()]* = 0. With this extremely crude approach,
Hiickel and PPP approximations, alternant pairing guaranteesWe obtain
AHSL = 0 andAH = AL and thus “double softness” if the P N 2
perturbation of the perimeter is of odd parity and only even- A(AHSL— AHL) = (ZaPTAE )(ZCPS(+) - Cph(+))
membered rings are present. There is reason to believe that the
alternant pairing property does not hold well in the presence of A[AHSL— ZHL'(SQFAHL)] =
four-membered ring® but it might hold somewhat better in 2 Aa-—Lyo2 2

. . . (Zap‘[AE )(2Cp5(+) Cph(+))
systems with eight-membered rings. For alternant hydrocarbons i
of this type, simple predictions of substituent and heteroatom if —E,AHL > 0 or+E, AHL <0 (40)
effects on MCD sign8,based on PMO theo§/are possible.

Such predictions have been very successful for aromatic A[AHSL— ZHL'(SQMHL)] -

alternant hydrocarbons derived fromN4- 2)-electron perim- (2a§TAE*1)(2ci )~ C;2>h(—))

eters. They were used, e.g., for analytical purpéseeyr if +E.AHL > 0 or—E. AHL <0
separation of inductive and mesomeric effects of substitiénts, ’ ’

and for study of transannular interactih. In a more realistic description, the factor 2, would be

We shall now outline the application of the same principles reduced, making the formulas even more similar to those given
to unaromatic alternant hydrocarbons. In these, the orflitals  in eq 25. Clearly, not much more than an expectation of a trend
andly, hy andl-, ands- and s are paired in the sense of can be derived at this level of approximation. We conclude that

alternant symmetry, such thajh(_) = cfd(Jr), Qﬁh(+) = ci,(_), weak mesomeric donors and acceptors should have qualitatively
and cjs = cjs(ﬂ. similar effects on thd terms of the N transitions as inductive
Inductive Effects of Heteroatoms and SubstituentsWhen donors and acceptors, respectively. If the mesomeric effect is

the effect of the position of replacement or attachment is strong, i.e., when the energy of the substituent orbital lies closer
characterized by the change in the effective electronegativity in energy to the SO perimeter pair than either the HO or the
a,, (Ao in Hiickel theory), first-order perturbation theory yields LO orbitals, simple predictions become difficult.
With results given in egs 39 and 40 in hand, it is now possible
A(AHSL — AHL) = 4a (2. .. — 2 39 to label positions in any unaromatic alternant hydrocarbon with
( ) o(Chst )~ Gonc) (39) respect to expected donor and acceptor heteroatom and sub-
_ _ stituent effects on th8 terms of the N transitions, using only
A[AHSL ZHL(sgrAHL)] - tables of Hekel orbital coefficients. The rules for tH&term
4a, [Cys) = (Cosy T Con)/2] signs are quite different from those derived eaffiéor aromatic
alternant hydrocarbons, and it remains to be seen if they work

Thus, for an electronegative heteroatom such as an aza@nywhere near as well in practice. The first indications for aza

nitrogen,a,, < 0, and in a C-type systetHSL — AHL ought analogues of biphenyleffeare encouraging.
to increase in replacement positions at whigh(andl-) has a

particularly large amplitude argl- (ands-) a particularly small Conclusion

one (note that the coefficients of the orbitals andl+ do not We have provided an explicit link of the orbital energy
matter). In an S-type system one needs to use the average oflifference and orbital phase angle parameters that dictate spectral
the coefficients inhy andh_ instead of the coefficient ih.. observables in the perimeter model for unaromatic and ambi-

Such substitution should make thg term of the lower N aromatic molecules to the perturbations in molecular structure
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that produce these molecules from their pareNteflectron (3) Fleischhauer, J.; Heeler, U.; Michl, J.Spectrochim. Actd 999
perimeters. Elementary perturbations can be of the size-55A 585.
conserving type (bond torsion, extension, or compression, cross- () Michl, J.J. Am. Chem. S0d 97§ 100, 6801,
linking, and substituents or heteroatoms with an inductive effect) (5) Michl, J.J. Am. Chem. Sod978 100 6812, 6819.
e ) o . . (6) Michl, J. Tetrahedron1984 40, 3845.

or the size-expanding type (bridging and substituents with @ (7) kenney, J. W., III; Herold, D. A.; Michl, 3J. Am. Chem. Soc
mesomeric effect). Simple expressions have been presented for978 100, 6884.
both, and general rules for substituent and heteroatom effects  (8) Dewar, M. J. S.; Dougherty, R. C. the PMO Theory of Organic
in this class of compounds have been formulated. Although they Che(”;)'st\rﬂyofpﬁ'z”\‘;vm frgﬁm’\‘i";’];ﬁg&lgfézo 1820
are reminiscent of the rules for aromatics, they are distinctly (10) Petrus’ka, . Chem. Phys1961 34’ 111'1' 1120 and references
different. therein.

In the way of illustration, the spectra of acenaphthylene,  (11) Platt, J. RJ. Chem. Phys1949 17, 484.
pleiadiene, their double ions, and the phenalenyl ions have been (12) Thulstrup, E. W.; Michl, 3J. Am. Chem. Sod 976 98, 4533.
interpreted. In future publications of this series, we plan to report ~ (13) Kolc, J.; Michl, J.J. Am. Chem. Sod976 98, 4540.

similar treatments for several classes of unaromatic molecules. (14) Michl, J.J. Am. Chem. Sod 976 98, 4546.
(15) Michl, J.; Muller, J. FJ. Am. Chem. Sod 976 98, 4550.
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