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Abstrast — Tis aromticity of trensition states of gensralised perisyolic
reactions has been examined by the HM) method. Established theredy is s
secular equation from which all the specific secular equations for differ-
nttm.ofprieycnomcuouanbodmmmuthmwmmm
alisation of Woodward and Hoffwann oan be substantiated.

INTRODUCTION

The principal merit of the approach to pericyclic reactions in terms of aromatic transition state
(TS) theory is that energy changes in this kind of reactions can be interpreted by the comcept of
aromticity that wes developed in empirical organic chemistry and gains support from modern quantum
theory 1 3 Hovwor, so far trutnnt of the potential aromaticity of the TSs of pericysliec reactions
bas had to resort to the Huckol-llohdnl aromticity oriterion for normal oyclic polymsthines.In order
to devise s sounder theorstical basis for aromtic transition state theory, we have approsched ths
TSa of various types of pericyclic reactiona by MO method and thersby obtained the energy levels

of the M0s of TSs and, in turn, the activation ensrgies of the reactions. The evidence thms provided
indicates that pericyclic resctions are thermally allowed, provided their TSs are aromatic, so that
their activation snergies are lower than thoss of the non~ or antiaromatic ones. In the light of
such an approach, we ars in a position to clarify the feasibility to predict the electronic and
topological requirements for the allowance and prohibition of the pericyclie rescticns by means of
aromticlty concept for the normal molscules of eoyclie polyuthinu‘.

In the present work e are attempting to trest the TSs of the generalised pericyclic resctions,
8o as to find out the generalised structursl and topological requiremsnts for the TSs of diversi-
fied reasting systems as they partake of the aromtic or antisromatic properties,

As is vell kmown, Woodward and Hoffwann have formulated for the pericyclic reactions an sapirical
generslisation in vhich various types of this kind of reactions are regarded as intra- or inter-
molecular cycloadditions. In the present approach periocyclic reactions are likevise so regarded and
the results thus obtained are compared and analysed in contrest vith those attained by Woodward and
Hoffwann',

MATHEMATICAL APPROACH
The topological structures of TSs of differentisble types of paricyolic reactions have one thing in
common that they are equivalent to those of the corresponding oyeclic polymethines oontaining as msny
electrons as take part in first order pericyclic tremsformation of bonding relationships, ( bond
breaking and making) since thess resctions can be treated as ochosrted intre- or intermolecular
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cycloaddition processes as Woodward and Hoffwann pointed out peyersl years before. Based on such
& generalisation we are in a positicn to devise & mathematiocal approash to the T8 of the gensralised
perisyclic trensformation.

Let the total number of the oomponents taking part in the pericyclis resstions be n (n> 2) and
TysTyp ece T, be the nusbers of carbon atoms oonstituting the conjugeted chains of oorresponding
components. If the total nusber of oarbon atoms of the atomioc obain of the T8, N = ¥y o 1s even,
ve my take all the r, be even; 1if, hovever, N is odd, we may take that there is ouly ons component
vith r, being odd. It is remarkabls vhat is postulsted hers is the generalised wode yather than the
individua) special one, bscauss of the following: (1) It is both theoretioally and prectioslly
inconceivable to have two or mors cowponsnts with an odd number of carbon atoms irrespective of
vhpther anions, cations or redicals containing 43 + 1 or ig + 3 earbon atoms the components my bee
(2) Since electrocyolic and sigmatropic resctions can sll be regarded ss intramolecular eoncerted
oycloaddition, it is sheerly unnecessary to single out two or more ocomponsuts eontaining an odd’
nunber of carbon atoms.

The interaotions between the two Sexrminal atomic oridtals of two neighboring somponents taking
part in the formation of the TS of a generelised perioyclic
resction is showa in Mg, 1 mn:bipu- 152y eeo 1)
stand for the intersotions between twe torninel Py atonie
orbitals of neighboring components with + or =~ indicating
ororhpc in phase and cut of phase respectively; c'ipmd
s, g represent. the intersctions between Py orbitals of the
torainal atoms and the neighboring ones within the ssme

component, Figs 1« Mol a , od perie
Obviously, &, snd u are identioal for oolponanu osone m":m one T m:
taining two atoms (T -2) Morsover, b annda are (1nvolving C,, )udm‘ﬂ'ool-
i . * O3 &y ponent { umivﬁ( 4 ....c'}.

functions of the angles q? resulting from routtnn of the
P, orbitals from their original axis perpendicular to the
plane of the pericycliec ring.

Taks, for example, sn elscirosyciic resstion of a linsar conjugsted polyeus. is the resction
procesds, the intersotions betwesn the terainal carbon atoms and the neighboring oarbon stoss change
from B to gvosP. Becauss of the rotation of the tersinal atoms, the axis of the p, orbitals
devintes from its original place by an angle . This angle is refersd to as the sagle of rotation,
At the initial stage of remction, there is no intersotion betwesn the termipal cerbon atous. Howevsr,
s¢ the resction procesds, it inoresses with increasing the degree of fdsaignated by ¥(1 - cosq) or
«7(1 = concp) depending on whether the orbital intersctions are in phase or cut of phass,vhere 7 is
the energy of C~C single bond, If the usual valuss are adopted for 7 and 8, then 7/8 = 1.3, Heace
an electrocyclic reaction can be regarded uth-.cyclotwuon of & {f and & T component (r‘ =2,

T, =N =2) invhdochn=2, a =13 (1 =cosp), ‘2"" -1:&; by = coscP (Fige 1)

Using the notation defined in Mg, 1, the secular detsrainant "ll for the resoluticn of ths MOs of
the TS of the generslised perioyalic resction can be established sa follows {page 3), vhere x =
(&= 3)/?»

Expansion of the determimant by the Laplacisn theorem and mathematiosi inauetion gives the follow
ing secular polynomial for the TS of the generslised perioyclic reastion:

S 2 L]
Wenr > 1, R ezt - g = DTS 14-1:,»’1: _38‘_‘

_mm . 1
+ (=1) :111‘”.1“11;[‘"’1 0 )

x',?z

W2 2.t
=t ™ PnetSnet = PaSney

~1k2 b TT W TT ab, =0 (2)
M uu(n-ﬂ 1 1;3&(,.1) 1"
T2 Ty =2
In Egs {1) and (2}, k is the nusber of times vhich the termins) mm stoss of neighboring

g8
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components overlap in an cut~of-pbess manner, In other words, it is the nunber of times which the
components participats in the reaction in an antarefacial mamner.
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When Ty = 2 (1 = 1,2,3000en), 2, = X2 = a?
]
n, =% -P~-.f-a§x
ri> 3

X ‘i 0 . . . * .
‘1 X 1 a . . . -
0 1 X 1 0 + .+ .

2y = » » . ] . . L] bl ( - '2 2 i24

s . x(xK, o -8k ) -af (xK KL )(3)
e+ .0 1 X 1 0 1 T3 T T3t Tyt
. . . . o 1 x l;

0 \J
. . - . - ai X X‘i order

Yl is a ainor of (ri - 1) order obtained from the determinant zi by deleting the firat »ow sand column.
Hhonriuz, !1-X

2 .
Uhonri>2,!i-xx_2-aix‘_3 7y

Yi is Likewisze & minor of (r = 1) order obtained fros the dsterminant Z; by delsting the r,th rov
snd columns, Thus

vhen r=2, Y, = X

.t ' 2
R e L L AW -¥, 81 1 (4 1,2,3 oo a-1)(5), (6)
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T, is a ainor of Zr
= 3
oolnmanttortho(jz rj)thonu.SotT =1, 8, -0,vohan'l'1 z,msiuamror

order obtained from the secular determinant ll:s by delsting the rovs and

(J}:,'r’) =1 order obtained from the determinant T, by deleting the (ZI:- )th rov and osluma.
2
81 - !i 1=1 b1.1 r14 11 (1 = 1,2,3’ sses D = 1) (7)

i

' e

Obvioualys1-!1. s1 1al¢u1nnl1norof(};‘ rj)-1ordordor1vod m-'riuithmﬂrltmv
3-

and column stricken out.

2 L]
S = 28y = Ve S (1723, cen = 1) (&)

Finally, let 31 I, 'auns1 is the unoror(): 7y ) = 2 order derived from T, by striking
=1
out the first and the (2: r)thronundco]nna
j-
8y = YSiq = By ‘ri-asm (1 =2,3, coce 2-1) (9)

Set s; - r1_2, then Kri-a' xr,_-B’ sese represent the charscteristic polynomials of open chain.

oconjugeted polyenses contsining r, - 2, - 3 eee oarbon atoms, respectively, It is of course well

known that for conjugated open chain polyenes with g carbon atoms, the charecteristis polynomial
can be expanded to give
8/2 or (g~1)/2
k. X (<1 e gz (10)
[ £=0 £1{g=21)!1 :
of vhich K = 1, K1-x.

It ia vorth ssntioning here that from the expressions for ths polynomials of the 78s of the
genoralised pericyclic reactions (1) and (2), all the secular polynomials of differsntisble types
of pericyclic resctions omn be deduced, we would like to put off this probles for the time being and
take into consideration the aromaticity of the TSs of generelised pericyclic reactions.

RESOLTS AND DISSCUSION

Bquation (10) is now being employed to analyse Eq (1), so as to examine the aromaticity of the T3s
of concerted cycloaddition processes oontaining n ocomponents,

1. Systems ocontaining an even number of carbon atoss

When the sum N of the number of carbon atoms of all components partisipating in the pericyclie
transformtion is even, the TS may be regarded as composed of E Jreey components oontaining iq + 2
ocarbon atoms each and !I.q components containing iq oarbon atoms each. By applieation of By (10) it
oan be aeen thntnuthorx‘qdnorx“involnl umotoddordimlmnn of x tut only terms
of even ordinal powers of x and & constant, K “‘_3 “ﬂ contain terms of odd ordinal powers of
xo Hence, z does not contain x to odd ordinal powers, but x to even ordinil ones and a constant,
thuamithor! nor!i contains terms of even ordinal powers of x and constant, but terms of odd

ordinal powers of x. Therefore, T, -z o T, does not contain odd ordingl powers of x tut even ones
and a constant, vhoreas

T, = 25Ty - BLS,
- 2,2, = YL,
Therefore, ‘l'z does not contain odd ordinal powers of x but even ones and constant which emerges from
and
= 23% - h;", 2 . '
= 2527 - VEaLY - T, (nz, - bz‘r 2 )
Hence, T 39 Just like ‘1‘1 or T,, does not conm.n odd ordinsl powers of x, btut even ones and &

constant vhich emérges fiom !12’2’ Therefors, T, _, does not contain odd ordinal powers of x, tut

even ones and a constant, ccnuqmtly,mhnznrn1mnq(1)dounotoonhinxtooddordm

zzz1 ’
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povers, but even ones and a constant, .
Intho“nnm.itmbonho\mthts nnds 1mﬂnm&ﬂnfmcﬂiﬂlmof:
mramhnt,mtoddonn.ﬂom,bomnmmr! nor Y oontains even ordinal powers of x
mm-mz,mmymuuoadmuuﬂnmzwt-b’ 18, , ad-tlr's . n By (1)
oontﬂnnooddod&ulmorxmtmm.!ottbﬂummmthhﬁotm
Inadditioutoml,uououuybonho\n.ﬂntmuuoddemnorthm,

nh_‘ bzxr 2 n'-1 of By (1), but there is even ones and a constant.

It 1s, f.hontoro, evident that Af N is even, the secular polynosial of T8, Eq (1), contains only
oven ordinal powers of x tut nd odd ones. Thus the distridution of energy levels of ¥0s is symme~
tric above and belov E = X being reminiscent of the normal oconjugated eyclio polymethines,

It can be shown that the constant term is msie of

(=0t TT &% T .2

A A
ri>2 rj-z
ewerging from z n Tn=1
=12 T1
161¢n "1'“

emerging from b n-1 n‘r-as and

T+
(=1) zﬂ.1‘11l';[‘n13
r172 rj-z
by susming them up altogether algetreioally, t being ﬂnmﬂhrofoomtl participating in the
reaction and ocontaining two ocsrbon atoms.
-8ince. the constants in sz wxxﬁ are =1 and +1 respestively, it follows that the constant
ummm(n olnbodanoudby

r .
(1) “"z n 22 TT v @@ TT 24 ™ 2 TT sty TTap (1)
LRV R 1634n 16360 163k 3 3
>z 12 EX rg=2

If the number of componsuts taking part in the resction snd oontaining 4q + 2 atoms is odd, i.e,
Eupz =20+ ( m = 0,152,0000e) and moreover if k = 21 + 1 (1 = 0,1,2, eces), then thudelooaliged
system of TS is of Wibius type with K = 4p + 2 ( p = 1,2,3, «eee)e Therefors, the coustant ters
in Eq (1) 1,0, the term (11) itself is

«TTaay T1 =TI v 2

1€ién 16j€n 1€idn

72 rj-z

Obwviously, vhon
a, -1 rl J = n b
14ign 1€j€n
Ty >2 1'j =2
the constant in Bg (1) is sero, lndingtolpbofmhxi-Q. Consequsatly the TS of diredioal
nature with antiaromatic properties, Such being the case, the pericyclic resction is thermally
prohibited. Hence the rotation angle <f,, vhich makes the term (11) equal sero, is refered to as
antizromatic charscteristic angle, This situation may be 80 rationalised that as the resstion
prooeeds the angle of rotation of the terminal p orbital becomes Uf“ vhich makes the dslooalised
system of the resction partake of the direadicsl nature, so that the formation of olosed shell is
impossible and the pericyclic remction is thermally prohibited. For intermolecular cycloaddition
containing n oo-pomt.l, the charaoteristic antiaromtic angle P, can be found from the teram (11).
Under such cases, a4 = 0.1 =cos<p, and by = 1.3(1 ~ cos P ). Therefors, as t = 0, P = - 48.13%
t = nyp, = 55,06°; when 0<t<n, them u.n"«p < 55,08°,
As to elesctrooyclic reactions anmd 1l,nj l&pﬂople reactions, the qp osn be easily caloulsted

to give P = 48,13° and 60° respective

. l!ovonr, 10k =21 (1= 0,1,2, ....2, MNWWefhmuﬁlmd
Mobius type with {p + 2 atoms, but of Huckel one, There does éxist in By (1) a constant other then
seros
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= 1«11: " 'Iijtn * 1110 b4 0
.r172 r‘-2 )

Thersfore, Eq (1) bas no solution, x, = O, but has (2p + 1) positive and negative roots each. The

ocorresponding energy levels are then distriluted sbove snd belovw the energy level with £ = &, It

the systen contains {p + 2 eléctrons they vill acoomodated to all the energy lavels below E = &,

resulting in the formstion of & closed electron shell with aromatic properties. Under such ciroumse

tances, the pericyslic resctions are, therefore, thermally allowed, :

So fur systems with odd nusber of componepis containing 4p + 2 atoms have besn examined.. The
discussion on sysisms of this kind but with an even number of components, L.e. th-hh,mun
order, Under such osges, N = {p (P = 1,2,3,es00)s I k» 21 (1 = 0,1,2, scee), Then the 7S oan be
ascribed to delooalized systems of Huckel type with 4p atoms. The ooustant term in Bg (1) i.e. (11)

1s
(nnil;rra-”b&)z
161€n 16360 3 1614n
r>2 rjnz

"

tégen 12 1-]‘1' kh 1111 "

rg22 rj-z
the constant term of By (1) is sero, with the result that the TS is diredieal in zature and anti-
aromtic in properties. Under such a circumstance, pericyclic reactichs are thermally prohibited and
the charsoteristic angle of tis aitiaromstic 73 is a1l the same s pointed out before,

Ifk =214 1 (1=0,1,2, soee), then TS is ancribed to Mobills sywtsa containing 4p atoms, and
the constant term of Bq (1) 1s not equel to sero, Therefore, there is no root, x, = 0, tut 2p
positive and negative roots each, Moreover, the corresponding suergy levels are symwetricelly
Aatributed above and below E = (X, At 75 the 4p elsctrons taking part in first order change of the
bonding relsationship can well sccomodate to ensrgy levels belov (K with the result that the TS ia
aromtic and the reaction is thermally allowed.

Up to now, all osses vhere N is even have been run over, the conclusion thus far attained is
that all the TSs of periocyclic resctions follow the same ruls o0f arvasticity as normal moleculs of
conjugated oyolic polysethines do, In short, all allowed pericyclic reaelions mc»d ‘through
aromstic TSs,

2+ Systems containing an odd number of carbon atoss,

The reaction systems oontaining an odd number of carbon atoms may bs regarded as composed of

wz oolpomu ocontaining i{q + 2 and 4q atoms respectively and, in addition to this, a
single oonponmt oontaining odd number of atoms vhich is alvays denoted by Tpe Although T dou
not contain terms of odd ordinal power of x ut sven ones and a constant, yotz douadfhtho
result that znrm‘ is oolpoud of terms of odd ordinal powers of x but no terms of eéven ones or s
uc:mtl.nt. Evidently, Y, and !n do not contain terms of odd ordinal pover ofzx. neither 8 et nt:r‘
sn_1 contains even ouuml powvers of x but odd ones vith the result that n-1!n ) and -bn nsn-1
do nntoonuinmytomofcnnpoml ofxoruomhntm:muotoddpom otx.nomo
there 1s 1o odd ordinal powsr of x in S, ,, whereas there s In K _ , B2 3K, 8 1s lixewise
composed of terms of odd ordinal powers of x only. um«mhuui uzmmu?ao:oaaoxdm
povers of x and & constant in (1), thus the constant of vhich doss not equal to sero i,e.

(- 2 1]‘1“ '1‘1"1 ﬂ 1an 3 by 0 | (12)
rfz 1-2
Ifk =21 +1 (2= 0,1,2) aeee)y 100 the TS 1s of Nobius typs, then uamma:munm
side of the inequality (12) is negative; if k=21 ( 1 = 0,1,2, cees } 240. 13 i3 of Buckel type »

then the value of the left aide of (12) is positive. This situation is sheerly reminiscent of the
gecular polynomial of Hiakel-Hobius systes of normal cyclic polymethines sontaining an odd nusber of
carbon atoms. Under such osses, the energy level distributions of the NOs of the TSs are closely
similar to that of normal oonjugstad oyolic polymethimas, If the ensrgy level disgrem for the TSs
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of Huckel type is reflected symmetrioally, vith reference to E = & there vill give rise to the
H;hin- one, The TS likevise follow the same rule of aromtioity as do the normal moleowles of
conjugated oyclic polymssthiines. mtﬂnnto.TSlotu;uu type and anionic ﬂlotll:m type vith
total nusber of carbon atoms N = 4p + 1, and oationic TSs of Hickel type aad saisnic TSs of Nobdus
type vith total number of ocarbon stoms N = 4p + 3 all partake of the closed electrom shell of
aromatic structure through vhich the pericyclic reactions proosed thermally, In contrast to this,
cationic TSs of Huckel typs and anionic TSs of Mobius type vith total musber of earbon stoms

N = 4p + 1 and oationic TSs of Mobius type and anionic TSs of Huskel type vith total nusber of
carbon atoms N = 4p +3 are nonaromstic and it i1s unlikely for them to play the reole of the role of
TSs of pericyclioc reactions,

A brief acoount concerning Eq (2) is worth msationing., Actually this equation emerges from the
special case vhere the number of oarbon stoms of the component containing odd number of carbon
atoms is unity, i.e, T, = Te It can be seen that if such is the case, the rules of arommoity for
TSs of pericyclic reaction deduced from Eq (2) is entirely the same as those deduced above from
Eq (1)

In the following section we are attempting to deduce the gesneralisation for pericyclic reaction
firom-the ooncept of aromticity of the T8 of this kind of reactions.

1. Systems with even N

In the foregoing pressntation we have explained mtty fully that vhen ‘Wz = 2m¢+1(n=0,1,

2, evee)y X =21 (1 = 0,1,2, vees), then TS 15 of Huokel type oomtaining 4{p + 2 atoms with arome~
ticity. Such being the case pericyclic resctions are thermslly allowed, Now, let 4 yree; and sz

stand, respectively, for the numbers of the antarafacial and suprafucial components ocontaining
41+201.ctronlmdl‘q ndshmt, respectively, the numbers of the antarafasial and
suprafaoial componeats oontaining 4q electrons, we have

(a) vhen Agra =2 (0 = 0;1,2, eees), then Sp2 =2 (m-u Y+
and the number of antarafaéial oomponents ‘-’ﬂ in (43) oowpenent should be
A/“1 -k-sz-Z(l-u)
resulting in i :
sw2+l<‘q-2(1+--zn)+1

This indicates that in aromatic TSsthe total number of (4q + 2), and (u)‘ components is odd;

Ab) vhen A 2= % + 1, ve bave swz-z(--u)

Al.q m2(l =u) =1
with the result that

SmfA“-z(l-fI-h) -1
This again indioates that the total number of (iq + 2), and (ig), components. is odd,

Hence the requirement of aromaticity of the T3s of (4p + 2) Huckel type of a thermlly allowed
pericyclic reaction implies that the total number of (‘q + 2) and (AQ) components is odd,

In compliance with the lbun"!ntm, it otn be o.tﬁ.rlod that vhen 'rs of a perisyclic reaotion
weets the requirement of aromaticity of (4p) Mobius typs, the total number of (iq + 2) and (k[)
ocomponsnt 1s necessarily odd, Such being the case, the pericyclic reacticons are M..’uy allowed.
But with MSbdus systens of (4p + 2) type and Riickel, (4ip) one, the reaction is thermally prehtbited,
Since under such circumstances the TSs are necessarily antiaromstic and the total number of (4q + 2),
and (Aq). components must be even,

2. Syltou vith odd N .

Set A Q42 S 2 to represent correspondingly the number of the lnun:uhl and suprefacial
components containing (4q + 2) atoms in the conjugated cheins, and A‘q “ stand, respesctively,
for the number of antarafucial and suprefacial ocomponents with iq atoms in the conjugated chains.
It should be noted that anionic and oationic components containing T, - iq + 1 atoms are asoribed to
(43 + 2) and (4q) components respectively} vhareas anionic and cationic componemts oontaining
T, = 43 + 3 atoms belong to (4q) and (u+z) components respectively.

When N = ,p + 1, the TS of ecationioc nobiul type is aromtic. Two oases stem froam such a situmation:
firstly, wz-zl+1, rn-‘q+3;tndnemdu, m-h, rn-Lq+1.
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Ir :“+2'-.z-+ Ty, = fq +3
(1) 1¢ sz =20+ 1, swz = 2(m ~yg)
Suppose u'u ath oomponent participates in the reaction in suprefacial mannar, then
swzns +1w2m=u) +1
AAq -k-‘wznz(l-u) vhere k = 21 + 1
Therefore,
Sm2+l‘q-2(1+l-2u)+1
In oase the nth component takss part of the resction in an antarefacial manner, then

84t2 = s;mz - 2(n =),

a2 " Mgzt V= Aut 1) ana

A‘q-k-l“ﬂznz(l-\l)-1

A

Hence,

s +A, s2(l+m=2u) =1

Y |
(2) 12 Al'.q+2 = 2u, it can be easily shown in the same maaner, that under such circumstances
the total number of (iq + 2). and (41). is odd,

With the ocases where sz-ZI, r, = g + 1, the oonclusion is self-evident and needs no further
romarks,

Ve are nov in a position to conclude that when H = 4p + 1, oaticnie TSs of Mobius typs are aroms-
tioj such being the cese, the systems must fulfil the requirement of the Woodward-Hoffwamn rulse,

i. o, the sum of the (4q+2).u:d(£q)‘ components must be odd for a pericyclic reastion to be
thermlly allowed,

When N is odd, TSs having aromtic properties still mmmmor&'}m1typoum
K=/p+1, otu.onicTSsorB;okoltypotndanlonie’rs-otuobiultypviﬂ:n-tpdv'j, In all such
systems the total sums of the number of (4q + 2). and (kq)‘ components are necosssarily odd,

A1l such conclusions oan easily be substantiated in exaotly the same manner and we are mot to dwell
upon this point redundantly.

To sum up, the aromatic TS theory and the general rule of the principle of conservation of orbital
symmetry can be regarded as the same ooncept desoribed in different terminology. These two theorems
have been being intricated together only becsuse of ambiguity of the terminology.

In short the TS of a thermally alloved pericyclic resotion is aromatic vherein the total sum o‘t
the (4q + 2). and (4&). components is necessarily an odd number,
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