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A Basis for Orbital Svmmetry Rules

By Horia Vletiu, John Ross, and George M. Whitesidesl-]

The influence of molecular symmetry on reaction rates is examrned *'ith .ln approach in

which reactions are viewed as electronic transit ions-between states.) l ' reactants:nd products

(described. in turn. by quasiadiabatic potential surfaces). The moiecular Hamritonian is used

to derive selection rules lbr these transitions. The complete Hamlltonlan has n,,'r uselul st'mfiie '!iy.

Neglect of non-Born-Oppenheimer and spin-orbit terms (and oi r)ther rngular momentum

coupling terms) leads to an approximate Hamiltonian and to selectron ruies rrhrch form the

basis for the Woodward-Hoffmann rules. This approach provides an alternan\e to the adiabatic

potential surfaces. reactton coordinates. and transition state theorl used in more famiiiar

discussions of the Woodward-Hoffmann rules. Further, i t  provides a partrcuiarlr  clear method

for discussing vioiations of these symmetry ruies, and for differentiatrng conce rted and noncon-

certed reactions.

1. Introduction

The prediction of chemical reaction rates and rate constants

is a difficult endeavor. Formal theories of reaction ratestll

are just beginning to be used successfullytzl (at times with

great computational expense) for the simplest three-atom

exchange reactions and are not presently applicable to more

complex problems. The difficulty in analyzing the motion

of many-atom systems can, however, be reduced substantially

by considerations of symmetry. In molecular quantum

mechanics, the classification of electron states of atoms and

molecules according to symmetry is fundamental to the con-

struction of correlation diagrams and optical selection rules.

By considering symmetry, these rules can be constructed and

applied without calculating details of the motion of the elec-

trons and nuclei. Similarly, "symmetry rules" such as those

proposed by Wigner and Witmert3t, Shulertol, and Woodward

and HoJfmannl'\, and discussed by many other authors{61,

have greatly clarified certain types of problems in kinetics,
without requiring elaborate calculation. The Woodward-Hoff-
mann (W-H) rules for the prediction of relative rates of con-

certed reactions are based on considerations of the symmetry

of the electronic wavefunctions of the chemical reactants and
products. These wave functions seldom figure explicitly in
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lpplrcatrons ,--r i  the W-H rules: because electronic wareiunc-

Irons caiculated in the Hiickel LCAO-MO appro.r imattoni?l

rel'lect mt'rlecular s)'mmetry in easily predictable $/ a\ s. a knowl-

edge oi lhe molecular symmetry of the substance{st oi interest.

and oi the svmmetry propert ies of the Hiickei w'aveiunctions

cienred preriously for these or related materials. normally

is sufficrent ior an application of the W-H rules.

The Hiickel rvavefunctions, on which the application of

the \\  -H rules usually depends. are calculated w' i th an

approxlmate Hamiltonian: any inf luence of nuclear motion

on the eiectronrc wavefunction is neglected (the Born-Oppen-

heimer approximation) ;  angular momentum terms (molecular.

electronic spin-orbit ,  and nuclear and electronic spin) are

ignored: and electron-electron interactions are incorporated

semi-empirically. The enormous predictive success of the W-

H rules indicates that the neglected terms are norrnally unim-

portant for the success of qualitatiue arguments based on

orbital s-v-mmetry. Nonetheless, the complete moleculur Hamil-

tonian does not haue the sj,mmetrv required to protide a rigorous

busis Jbr the W-H rules. and a more complete calculation,

including Born-Oppenheimer terms and consideration of

angular momentum may, in principle, lead to predictions

different from those of the W-H rules.

The purpose of this article is to discuss a number of aspects

of symmetry rules in chemical kinetics. particularly the W-H

rules. We present a theoretical framework with which we:
- derive symmetry rules and their limits of applicability
- provide operational definitions of the concepts of concerted

and nonconcerted reactions
- derive extensions of present symmetry rules.

Volume 18 '  Number 5
MaY 1979

Pages S/7-@

in Engl ish

s  02 .50 t0

377



The utility of our analysis is tested for various applications.
Further, we show that symmetry rules for reactions can be
obtained as selection rules analogous to those used in ooticai
spectroscopy.

Our interest is in the influence of symmetry on reaction
rates and in the assumptions underlying the symmetry rules,
not in the detailed calculation of rates for specific reactions.
Recent work on photodissociation of polyatomic moleculest8l
and dynamics of simple rearrangement reactionst2bl indicates.
however. that the types of methods discussed here can be
used to provide quantitative estimates of rates.

Our treatment of reaction rates clarifies the relationship
between the relatively high symmetries assumed in applying
these rules and the much lower symmetry actually characteris-
tic of the complete molecular Hamiltonian. Two other worth-
while features emerge from this development. First. it is pos-
sible to derive relatively compact expressions which give the
reaction rates in terms of the complete Hamiltonian (including
nuclear and non-Born-Oppenheimer terms) and appropriate
wave functions of reactants and products. This expression
can be separated into a part havin! the symmetry assumed
in the W-H rules (that is. the symmetry of the nuclear frame-
work;, and other parts that do not have this symmetry. The
experimental observation that many reactions obey the W-H
rules then makes it possible to identify terms in this rate
expression that are normally nor important in determining
reaction rates. Thus, the observation that certain features
of reaction rates are adequately described by terms havin,e
symmetries characteristic of only a part of the complete molec-
ular Hamiltonian permits an estimation of the relative impor-
tance of the remaining parts in determining reaction rates.
Second, by identifying explicitly the terms in the Hamiltonian
that do not have the symmetry of the molecular framework,
it is possible to suggest areas and circumstances in which
the W-H rules might be expected to fail. Our discussion
proceeds in four stages:

First, we describe the distinction between "adiabatic" and
"quasiadiabatic" potential surfaces[*], and indicate the advan-
tages of the latter in discussing the role of symmetry in the

Fig. 1. A reaction in an adiabatic model (a) is represented by a smooth
progression of nuclear posit ions within a surgle electronic state. Al l  interactions
present in the real physical system are, in principle, included in this representa-
t ion. The highest energy species in this progression is cal led the transit ion
state or act ivated complex, and, within the usual act ivated complex theory,
is assumed to be in thermodynamic equi l ibr ium with the ground srate of
the reactants. I ts decomposit ion to products is the result of molecular motion
along a vibrat ional coordinate having a negative force constant. A reaction
in a quasiadiabatic model (b) is treated as a transit ion between electronic
states of dist inct species-"reactants" and "products".

[*]  In this context, adiabatic and quasiadiabatic should be considered as
arbitrary labels. with no obvious connection to the word adiabatic as used
in classical thermodynamics.

378

reaction rates. Briefly, udiabarlc potential surfaces are those
which organic chemists commonly use in discussing kinetics
(Fig. 1). A continuous surface connects reactants and products.

and the lorvest energy path between the two is called the
"reaction coordinate". The "activated complex" or "transit ion

state" is considered as a discrete species at the position of
highest energy along that path. A complete adiabatic surface
is generated with a single electronic Hamiltonian: reactants.
products. and intermediates are represented by eigenfunctions
of this Hamiltonian calculated for different sets of nuclear
coordinates. A reaction is the result of the motion of nuclei:
since the adiabatic surface is continuous, reactants and prod-

ucts belong to the same electronic state. In the present work.

a distinct r1uasiadiubdric potential surface is required for reac-
tants and products; each is calculated using a procedure specifi-

cally design edto eliminate all of the interactions which provide

the drivin,e force ior reaction. The wave functions used to

represent these artificially non-reacting species are not eigen-
iunctions of the Hamiltonian for the complete system. A reac-

tion is considered as an electronic transition between the
quasiadiabatic surface (state) of the reactants and the quasl-

adiabatic surface of the product. The transition state may be
viewed as the nuclear configuration at or near the crossing
of these two surfaces. Although the quasiadiabatic picture

of a reaction is not the one customarily used in physical

organic chemistry, Euanstet proposed and made innovative
use of quasiadiabatic energy surfaces, as early as 1938, for
a discussion of the electronic theory of reactions.

Second. we state and develop an equation that describes
the rate of a concerted reaction in terms of the quasiadiabatic

wave functions for reactants and products, and the Hamil-
tonian of the reacting system. This equation permits the rate

to be expressed in terms of contributions from several well-

defined. although not necessarily easily calculated, quantities:

overlap integrals of eiectronic wave functions; overlap integrals
of nuclear wave functions; nuclear _qeometry at the intersection

of the two quasiadiabatic potential surfaces ; non-Born-Oppen-
heimer terms; and spin-orbit terms. Those terms rvhich must
be negligible for the reaction to follow orbital symmetry rules
of the W-H type are easily identified.

Third. we study various contributions to the rate expression
for reactions which are forbidden according to electronic sym-
metry rules of the W-H type. Examination of the vibronic
and spin-orbit contributions to the rate shows that these
also follow symmetry rules. These rules differ significantly
from the W-H rules, however, and are neither generally

nor easily applicable. These discussions are illustrated with
the example of the closure of butadiene to cyclobutene.

Fourth, we discuss the concepts of concerted and noncon-
certed reactions, and present useful (operational) definitions.

Our analysis emphasizes that many organic reactions classi-
hed according to the simplest electronic symmetry rules (W-H)

as allowed or forbidden can in fact be categorized according
to varying degrees of reactivity, and that reactions forbidden
by these simplest rules may at times proceed at significant
rates. Several representative reactions are classified in terms
of "orders of forbiddenness". Identification of those terms
in the complete rate equation that are not taken into account
in the W-H treatment makes it possible to suggest reaction
types in which violations of orbital symmetry rules migirt
be expected.

productsproducls
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2. Adiabatic and Quasiadiabatic Potential Surfaces

Most discussions of reaction kinetics based on transit iorr
state theory presuppose a single. continuous. potential surface

connccting reactants and products. The points on this surface

arre calculated by assuming the nuclei to be stat ionary (the

Born-Oppenheimer npproximation) and solving the

Schrodinger equation (1) to obtain electronic energies and

lr 'avefunctions for selected nuclear posit ions.

H" ( r ' .  R6 )O ' ( r ' .  Rn l :  E ; (Ro ) rD ; ( r ' .  R0 )  ( 1  )

Here. H. is the electronic Han-ri l tonian. r '  are the electronic

coord inates.  R6 urc  thc  ( f ixed)  nuc lear  coord inatcs.  Oi ( r .Ro)

is the eigenfunction which describes a part icular ( i- th) elcc-

tronic state (say the _sround state. for thermal reactions) at

the chosen va lues of  Rp.  and Ei (Ro)  is  thc  assoc ia tcd c lect ron ic

cncrgy[*J. By varying the coordinates Rs to correspond tcr

the forming and breaking of bonds hypothesizcd for the reac-

t ion. we trace out a reuctic 'x-r coordinate. Manl- approximations

have bccn introducccl to make this procedr-rre practical in

the Ht icke l  approx i rnat ion:  in  par t icu lar .  a  l imi ted numbcr

of atomic orbitals are used as the basis set. and two-electron

terms and certain integrals are ncglectcd.

For example. for the exchange of a hydrogen atom between

dihydro-een and a hydrogen atom

H o - H n * H 1 . - H A + H n - H c

onc can calculate the changes in energ\ lrccomprln_r ing t l ic

transfer oi Hn from Ha to H1.b1' assumin-e a l incar arrangcr-ncnt

ol threc nuclei.  choosin-e one distance. ancl rr-r inimizing the

total energy of t l ie system by varying thc scccrnci cl istancc.
Thc resu l ts  o l  such a ca lcu la t ion are summar izcd in  F i -qure
2a. I t  is. of course. not general ly useful to cc'rnsider potential

energies varying with a single distance for any purpose but
schemat ic  i l lus t ra t ion:  we shal l  do so hcre s ince a qual i ta t i rc

reprcscntation is al l  that is required. Surf irces generatec' l  in

this way b"v- thc solut ion ol Eq. ( l  )  for thc part icular choscn
system are cal led udiubutiL' .  We emphasize that sincc u singlc
Flarni l tonian is used to calculate the ene rsics and uurcf 'ur-rc-

t ions of nuclear configurations corrcspondin-u to u'hat wc

cal l  the reactants. products. and intermediates betrvccn thc

two. and since the result ing surface is continuous. al l  of these

species ure normally in the same electronic state: that is.

they have the serme electronic wave function.

'  . A B  ' ' A B

Fig .  L  Schcnra t ic  ad iahat rc  {a )  anc l  quas iad iubat ic  (b l  po tcn t iu l  sur l 'aces  l i r r
I  I ^  -HB *  F{ r -  '  Hr  *  Ht  H. .  For  a l l  curves .  the  c l i s tance be t *een I  I .1  an i l
I l ( .  R^( .  i s  I ' i xc t l .  i tn t l  R^s  is  ra r icc l .  In  thc  l c f t -hanc1 curvc  fo r  thc  c luas iac l i lb l t ie
s t t r fhces .  r to  in te rac t ion  is  a l lowcc l  bc t r . r ' cc r - r  Hs  anc l  H , .  a t  an \ ,  r  u luc  o f
R a s : f o r  t h c  r i g h t - h a n d  c u r v e .  n o  i n t e r a c l i o n  b c t u e e n  I I ^  a n r l  i l 1 ,  i s  u l l o r , r e c l .

Alternativc theoretical methods for studying reaction rates

are avai lablc. although they are not commonly Llsed i l1 physi-

cal-organic chcn"ristry. Thc onc cmployed throughout this
papcr involvcs calculatrons of two dist inct potenti i i l  surf i ices.

onc for reactants and one for products. Reactiort is considered

to result from a transit ion between them. The procedure used

to corrstruct these so-cal lcc1 quusiut l iubtLl ic potential surfaces
(and the corresponding clcctronic statcs) is bascd on calculat-

ing energies and wavelunctions fcrr svstems in which certain

interactions actual ly prcscnt and crucial for t l ic rcaction to

occur  are in tcnt iona l ly  omi t tcd.  Th is  procedurc  is  thus r - ro t

bascd on f incl ing electronic eigenfunctions lor the chosen react-

ing svstcm. and is thus very dif ferent in spir i t  from that Lrsecl

lor adiabatic surfacestr0l.  Typical l-v-. for the reaction of H,r H,,

rvi th Hr..  thc calcLrlut ion of a cluasi i idiabatic surface for thc

thrcc-atom svstenr that forms the reactants determines thc

energy of that configunrt ion * ' i th expl ici t  r , .rr ' f tr .slorr of boncl ing
betwecn H6ancl  F I1  I I1 ; .  Thec i t lc r - r la t ion o i the c luas iac l iabr r t ic
sur face of  the proc lucts .  that  is  the ca lcu la t ion lor  Hr*  Hrr

I I1 . ,  is  c lone wi th  erp l ic i t  c . r r ' / r r .s lon o f  bonding bctuccn H1

ancl  H11 H1. .  The resu l ts  o f  these ca lcu la t ions can bc rcprc-
scntcd schernatical l l  br t$'( ' )  intcrsccting potential encrs\

cur \es (F ig .  l ) .  T l ie  e lect ron ic  quas iad iabut ic  navc funct ions

lurc  l ' ro t  c igenfunct ior . rs  o f  thc  Hami l ton iun of  thc  cor t rp lc tc
s \s tcm.  bccause th is  Hanr i l ton ian inc ludes r r l /  thc  in tcnrc t ions
prcscnt  in  the svstcm.  Thc c luas iad iabat ic  rvuvc funct ions crp l i -
ci t l r  erclude al l  borul i t tr l  interactions betrveen proclucts uncl
re lrctants.

Both ad iabat ic  and quas iac l iabat ic  representat i t . rns  hur  c

attract ive features for t lcscribing chcmical reuctions. fhc

former is more rcadi ly appreciatecl ph1, 'sical l1". ancl sccr.r.rs con-

ceptr-ral ly simple. Constructic 'xr of an adiabatic cnergr surl lcc

i r tvo lves assuming a pc- rs i t ion for  thc  nuc lc i  and thcn ca lcu la t ing
the to ta l  e lcc t ron ic  enerqv o l '  the system at  th is  ; los i t ron.
Th is  ca lcu la t ion is  rcpeatcd for  any r - ruc lear  pos i t ions that
arc considcrcd rclcvant to the problem beirrg consicicrccl.  

- [ 'hc

resu l t ing ad iabat ic  energy sur facc thus ( in  pr inc ip lc)  pr ror  i t lcs

thc corrcct cncrg) '  ol thc svstcm its a I 'unction of t l tc nLrclcar
pos i t ions.  T I re  cont inuous rearrungement  o l  thc  nuc lc i  f ront
reuctnnt to product conl igurations tmces u path on this sLrrf ircc.

Thc lor. lest energy path fronr reactants to trrroclucts is frcclucntlv

c l r l l ed  l l t c  " r c l r c l i t r n  c r r t r [ t l i n l r l c " .  Thc  t r l r r r s i t i t r r r  s l l r t c  i s . j r r s t
the po in t  o f  h ighcst  encrsv a long th is  coorc l inutc .  In  thc  act i -
r, 'atcd complcx theon". r.r 'hich rs lormulatecJ r. i i th thc lcl iabatie
cncrgy surface. the ratc is cleterrnined by t l te cLrn.aturc of
thc surfacc (that is. bl thc lorce constants) at thc sacldlc
point corresponcl ing to the transit ic ' l ' r  state. Adiubatic potential

surfaces have the appeal of being "pht 'sical l l '  measurablc".

in the sense that thev gi l 'e the correct ener-q) '  for the bcst
arpprorimatiori  to this energy that can be calculatccl (rn, i th

the part icLrlar procedure used) for anv assumed sct of nuclear
posit ions. The1, have. hgwever. a deficiency as the basis for
discussing the inf lr-rence of symmetry.

The reason for this wi l l  become clear as \\ 'e procccd. At
this point we only note that once thc adiabatic ener-sy surlace
is calculated the electronic wave function is cl iminated from
the problcm. If  wc r,vant to compute thc rate of reactiol.r
numerical ly u'e have to solvc the mechar-r ical equations of
motion (classical or quantuml with the adiabatic energy surface
serving as potential energy. For instance. irr  Figure 3 we
givc a simplc one-dimensional reprcscntation of this point.

[+ ]  Of  coursc .  th is  tc rm a lso  conta ins  thc  C 'ou lonrb  cncrg t
skc lc ton  a t  rcs t .

. . l t tqeu .  ( ' l t t ' tu .  I r r t .  Ed .  E t t ( l l .  /1 .  -177 -19 :  (  1979 )
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where we show the adiabatic energy surface alon-e the lowest
path from reerctants to products (usually cal led reaction coor-
dinate). The total energy of the system is a constant and
hence a straight line. The difference between the two lines
is the kinetic energy of the nuclei,  which changes as the reaction
proceeds. The potentialenergy al lows us to compute the forces
exerted on the moving (reacting) nuclei.  at any given nuclear
configuration. Nowhere is the electronic symmetrl ' '  of reactants
and products obviously present in this type oi treatment.

Fig .  3 .  
' f yp ica l  

rcac t io r r  coorc l ina tc .  The leve l
reac t ins  svs tcm.  uh ich  is  cons tan t .  i s  ind ica ted

thc  to ta l  cncrg . " '  o f  the
the  hor izon ta l  l ine .

In the quasiadiabatic scheme the situation is conspicuously
dif ferent. The reaction is considered to be a transit ion from
the potential surface ( i .  e. the electronic state) ol the reactants
to the potential surface ( i .  c. the electronic state)of the products.
We emphasize that the adiabatic and quasiadiabatic ways
of describing reactior-rs are equivalent and the choice of one
of them depends on the problem to be solved. For er discussion
of electronic s1'mmetry i t  is morc convenient to use a represen-
tat ion that displays the electronic degrees of freedom. The
reader wil l  discover. as he proceeds. that the language of
the symmetry rules is that of the quasiadiabatic representation.

The quasiadiabatic potential surfaces do not necessari ly
give the correct encrgies. because thc bonding interactions
that are responsiblc lor conversion of reactants to products
are expl ici t ly omitted in their calculat ion. For nuclear confi-eur-
at ions which can bc identi f ied clearlv as "products" or "reac-

tants". quasiadiabatic potential surfaces give energies very
close to those of adiabatic surfaces: for intermcdiate configura-
t ions. however. the two types or surfaces are verv dif ferent.
Although t l ie idea of a reaction as a transit ion between two
electronic states seems quali tat ively more complex than that
of a smooth progression along a reaction coordinate. the
quasiadiabatic approach offers a great advantage for discus-
sions of the inf luence of symmetry on rarte. Tl ie reaction is
considered as an electronic transit ion from a state of the
reactant to a state of the product, and i t  is possible to calculate
the rate using an expression of the form of Eq. (2; l t 's l .

Areac tanr -pro< l , r . ,  -  ( f l " ' ' d t ' " t lOpcra tc l r l \ l / t " " " t " " t ) t  (2 )

In tcns i ty :  ks . . ,u , , , r - " r . , "a  -  ( \ l / " ' . ' , . , , lOu,nn , " l r le ro .nc l12  (3 )

Once the symmetry of the appropriate opcrator and that
of the wave functions {.rn""tu'' and ry'"""t""t have been identified.
thcn i t  is easi ly possiblc to establ ish whether thc rate must
be small  on tht,  busis of '  svn1n1etr.r.( i t  may, of course, be small .
for reasons unrclated to symmetry). This type of procedure
has abundant precedent in the development of optical select ion
rr-r les (that is. in procedures for est imating the rulcs of spectro-
scopic trzrnsit ions). where cxpressions of the same form are
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uscd [Eq. (3)].  The abi l i ty to classify reuctiou rates in terms
of symmetries is ol obvious pert incnce to the W-H rules.
This approach is also l 'ery convenient in deal ing r,vi th "un-

usual" contr ibr-rt ions to the kinetics. such as the dynarnic effects
arising from non-Born-Oppenheimer terms or spin-orbit
couplin-e. which ma\, cause violat ions of the W-H symmetry
rules. much in the u'ay in lvhich thcy cause violat ions o1'
the selection rules in spectroscopy.Such terms are not prcsentlv

included in transit ion stzrtc theory.

To i l lus t ra tc  thc  const ruct ion o f  ad iabat ic  and quas iad iabat -

ic surfaces in an cxample direct ly relevant to pericycl ic reac-
t ions. we consider thc closurc of br-rtadiene to cyclobutene.
For  a  qual i ta t i re  d iscuss ion of  an ad iabat ic  potent ia l  cnergy
surface for this transformation we consider only the intercon-
versions of molecular orbitals lormecJ from four atomic orbi-
ta ls .  H i icke l - leve l  ca lcu la t ion o f  the ad iabat ic  potent ia l  sur facc
u 'ou ld  proceed . ,1 i th  thc  so lu t ion o i  the sccu lur  de terminant
in the usual wa1' for r ariotts nuclcar coordtnates corresponding
to br-rtadiene. cyclobLrtene. and plausible geometries intcrme-
diatc betu'een these cxtremes

t / 1  L ,  [ ] ' r  0

r.2 - F, [J,.,
1 . t -  [

l J ' *  l a c i i a b a t i c
o  l : o

o l
P.r+ 

|
"t.+ - E

Char . r -ues in  thc  magni tudes o l ' the resonance (0 , i : ( i lH l . i ) )

anc l  Coulomb (z i :  ( i ] f { ] i ) )  in tcgra ls  u i th  gcomctrv  lead tcr
chan-ues in thc cne rgies of the n-rolccular orbttals. and generate
the assoc ia tec l  ad iabat ic  potent iu l  sur faces (F ig .  4a) .

of
br,

( * t:' ffirr^'
\ t\ /
\  /  \  /  ' , .-  7\- '
\-/ 

-\ 
\. / \-/

l ^^  i+  ' ' . - - /  \ ^/ -iH,l 
'\' 

/ \
A-1 /

dF* 
cr'\-\ 

/-ti /f:lr
J u ,T 

-I

Fig .  4 .  Sche rnu t  i c  ac l iabat ic  (a  )and quasrad iab l t i c  (b )  po tcn t i l l  sur faccs  dcscr rb -
ing  thc  conro ta t ( ) r \  in te rconversron  o l  cvc lobutcnc  anc l  bu tad icnc .  The l ine :
conr tec t ing  orh i t l r l s  ind ic l tc  those in te rac t ic ' rns  inc luc icc l  rn  thc  cu lc r - r la t ion .
These in te f t rc t i r rns  n ra) ' .  o f  course .  ransc  1 ' ronr  la rgc  t ( )  / c l - ( )  (us  sh t .$n  br
t h e  m a g n i t u r l c  o l ' f j 1 I  i r r  t h e  l d i a b a l i c  c a l c L r l a t r o n ) .

Two dif ferent Hamiltonians are used for computing the
quasiadiabatic states for butadicne and cl,clobutene: neithcr
is that uscd for the adiabatic calculat ion. For br-rtadicne we
take p23 and B1+ to bc zero. regardless of the nuclear configura-
t ions. to exclude from the quasiadiabatic elcctronic state ol '
butadiene the bonding interactions characterist ic oi c1, 'clobu-
tene (Fig. 4). Similarly. the quasiadiabatic Hamiltonian for
cyclobutene has 0r+ and p12 eQual to zero to exclude t l ie
bondine interactions characterist ic of butadiene.
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This way of constructing the quasiadiabatic states gives the

correct electronic symmetry of both butadiene and cyclobu-
tene. Having imposed the condit ions u'hich characterize this
pair of quasiadiabatic calculat ior-rs. we can calculate potential

surfarces relevernt to the interconversion of butadiene and cyclo-
butene bv varying appropriate parameters but the shape of
these surfaces wil l  depend on the pararmeters varied. Thus.

calculat ions in which onlv the distance between Cr and Ca

is al lowed to vary wil l  produce excited states of butadiene

and cyclobutcnc which dif fer signif icantly in shape; calcula-
t ior.rs in which the torsional angles cD around the Ct Ct
and C3-Ca bonds are also al lowed to vary producc structures

that are more closely related geometrical ly. We shal l  discuss

later. in more detai l .  the importance of this dif ference for
the rate of the reaction[*].

3. The Transition Probabilitv for Chemical Reactions

3.1. General Theorv

A rcaction can be trcated as i tn electronic transrt ion be-

tween two dif ferent elcctronic states correspc'rnding to trvct
di i ferent quasiadiabatic potcntial surfaces. one for reitc-

tants and one lor products. The reactlurt s)stem is taken

to be in a given quasiadiabatic electronic state and in a given

nuclear state (specif ied in terms of the rotat ion" vibratron.

and relat ive motion of reactants) corresponding to the given

total energy of the reacting system. This energy may be deter-

mined by an eqr,r i l ibr ir .rm thermaldistr ibution or by a non-equi-

l ibr ium photoexcitat ion. Tlte stt t te ol the reu(' tont,\ .  t 'onstrut ' ter l

us t lest 'r ibed to exclut le the boudinq ir teructiotts t l tut t ' l turucteri : t '

reuction. i ,s t t t t t  u stut ionurt '  ( t inrc-i t tdepetulertt)  stute d th(
cornpleta Hutt i l tott iul .  A stat ionary statc descript ion. based
on the avai lablc qr"rasiadiabatic wave functions. would require

mixing of reactant and product states. Sincc the reactants

are not in a stat i t 'x-ra11" state. the re is a t in"re-clependent probabi-

l i ty that they wil l  under-eo a transit ion to a state oi the procluct.

Thc ratc of the transit ion between reactant and product states
(as between atl l  non-stnt ionary states in quarntum mechanics)

is calculated in terms of an inte-eral of the form (!rp'u"""]Opera-

torl ! / ' ""t"nt) [ t ,q (]) ] :  the practical probleni is to defir te the

appropriate operator for the reaction and to tr.v- to dcvclop

metl"rods of est imating the ma-enitude of this integral u' i thout

resort ing to dctai led computation.

It  is helpful in describing the tcchniqucs uscd to calculatc
t l iese transit ion probabil i t ies l ' rom reactants to products ( i .  c.

rates of rcaction) to begin by describin-e an analogous and
morc f irmil iar problem: r ' i : .  that of the clectronic excitat ion

o1 'a  molecu le  by the absorpt ion o f  a  photonf  l2 l .  Thc cxc i ta t ion
is a transit ion bctwccn dif fe rcnt clectronic states (that is.
betrveen di l ferent adiabatic potential energy surfaces). The

l * I  Qr - ras iad iabat ic  descr ip t io r rs  make i t  poss ib lc  to  cnns ic lc r  most  rcac t ions
as  r ' lec t ro l l i c  t rans i t ions :  th is  lea ture  is  convcn ien t  in  the  s tuc l l  o l  the  ro le
of the clcctronic s)"mmetry ()n rates. 

- l-here 
are. lror.r 'c-r,er. reactions

(LO: -C 'L l+O is  onc  c ramplc )  n ' l i i c l i  ac tua l l y  inc lude a  t r lns i t ion  f ronr
t r r re  e iec t ron ic  ud iuhut i t  sur l l rcc  tc )  anothcr  (hcre  sp in  lngu la r  n ton tc l t tu l r
i s  n o t  c o n s c f \ r ' d )  L l l l .  I n  s L r c h  r r t r u s u l t l  c a s c s  t h c  s i t u a t i o n  i s  r c r e r s e r l  :  t h c
adiabatic statcs rnakc i t  possible t t-r ct-rnsider the reactir-rn as arr electronrc
t rans i t ion  vnh i l c  thc  quas iad iabat ic  ones  fo r  th is  example  nou ld  c lescr ibe
thc  reac t ion  as  a  cont inuous  evo lu t ion  over  a  no ten l ia l  bar r ie r  loca tec l  be tu  ccr r
leac tan ts  and produc ts .

'1 r t t1 t rv .  C l r t 'n t ,  I r t t .  Ed .  E t tq l . , / , \ .  - i77  -19)  (1979 )

interaction of the dipole moment of the molecule and the

ele"^troma-enetic field of the light provides the drivrng force

for the transit ion: thc dipole moment operator is the required

operator. Tw'o famil iar erssumptions are usually used in obtain-

ing i in expression lbr the transit ion probabil i ty: f i rst.  that

the motion of the electrons is so much faster than that of

the nuclei that only the nuclear posit ions inf luence the elec-

tronic rvave functions and that the nuclear movements are

not important (the Born-Oppenheimer approximation);

second. that the electronic transit ion is suff iciently rapid that

the nuclei are effect ively motionless during the transit ion (the

Franck-C--ondon approximation). The selection rules of optical

spectroscopy fol low from considcration of thc symmctry pro-

pert ies olthe init ial  state. thc f inal statc. and the dipolc moment

operator. We enrphasize that these selection rules ref lect

approximations made concerning wave functions (Bom

Oppenheimer  and Franck-Condon approx imat ions.  neglect

of spin-orbit  coupling. cr( ' .)  and the mechanism of interaction

of  l ight  w i th  the molecu le  (d ipo le  moment  apprr r r imut ion) .

I f  di f ferent assumptions are made. dif ferent select ion rules

may resu l t .  In  genera l .  the less drast ic  the assumpt ions.  the

r,veaker are the result ing selection rules.

Any' given sct of approrimations yields a sct ol sclcct ion

rules. I l the system is not adecluately described b1' thcsc appror-

imations. howcvcr. l incs appcar in expcrimcntal spcctra u hich

are not predicted on the basis of these selection rulcs. Such

lines are sometimes cal led "forbidden". This adjective essential-

ly implies that an improved analysis containin_s less drastic

approrimations is required to reconci le experiment and

theory: that is. that the analysis shor-r ld take into ucc()Llnt

more in teract ions in  thc  in i t ia land f ina ls ta tc  anc l  morc compl i -

catcd (and usually smaller) interactions bctr 'r 'ccn lrsht ancl

the molecu le .  Thus in  opt ica lspect roscopy there er is ts  a  I r ic rar -

chy o f  se lect ion ru les dcpending on the leve l  o l 'ana l ls is .

We f ind a similar si tuation for chemical reactions. Sy rnmctry'

rules such as the W-H rr-r les can be derived as selection rules

lor the electronic transit ion from the quasiadiabatic electrtrnic

s ta te  o f  the rcactants  to  that  o f  the products .  Thc csscnt ia l

dif ference betrveen the W-H rules and the spectroscopic sclcc-

t ion rules is the di l ferencc betr 'veen the operator l l .hich caLlses

the transit ion of interest: for spectroscopl '  i t  is. rn thc sir lplest

cerse, the dipole moment operator. u'hi le f t i r  chentical reacti tr tr

i t  is. again in the simplest casc. an operator u hose propert ies

are outl incc' l  belor.v. Since we i lre concerned herc onlf  uith

thc dcvelopment of slmmetry rules for chemical reactions.

i t  wi l l  be neccssary to describe this operator only in suff icic 'nt

detai l  to establ ish i ts symmetry propert ies ancl the symmetry

propert ies of i ts consti tuent parts. Much of what fol lorvs u' i l l

involve quali tat ivc arguments. and mathematical developmer-rt

wi l l  be held to the minimurn required to sketch the form

of the important inte-erals. Detai led discussions of t l ie basis

lor these arguments can be found slsswhslstos' t-r l .

As thc basis for our discussion of the inf luence of symmetry

on reactior-r rates. we assume that for a reaction of interest.

the appropriate quasiadiabatic potential surfaces and rvave-

functions are avai lable for reactants and products. We further

assume the reaction to be concerted and mcan thereby that

only two quasiadiabatic surfaces are important for the transi-

t ion f rom reactants  to  products  (F ig .  lb ) .  A l though in  n tost

cases this definit ion corresponds closely to the one commonly

used (a concerted reaction is one taking place in one step.
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without intermcdiatcs) a dctai lcd discussion of thc relat ion

betrvecn thc tu'o definit ions lvi l l  bc deferred to a later section

of this papcr. The rate of the reaction that is. the rate at
which reactants are convertcd into products is calculated
from the probabil i ty of a transit ion from cach state of the
reactants (electronic and nuclcar) to each state of the products.

The probabil i ty of that transit ion is proport ional to the square

ol '  a quanti ty T. cal lcd t l"re transit ion matrix. The reaction
rate constant is obtained by taking the average of ]Tl2 over
the thermal (Boltzmann) popr-r lat ior-r of al l  states of the reac-
tants. The transit ion matrix T czrn be writ ten i is the sum
o f  t h ree  t e rms  [Eq .  ( 4 ) ] t r r t

f : T r + T : + T - 3

In this expression. T1 is the term that gives r isc to clcctronic
orb i ta l  symmetry  ru les;  T2 conta ins cont r ibut ions to  the ra te
from non-Born-Oppcnhcimer terms: T: describes spin-orbit
cont r ibut ions.

The term T1 is  g iven by Eq (5) .

T 1 : ((o(( R)l ( lr l l (r ' .  R)l  Ollr l(r ' .  R ) ) o\( R) ))

r,vhere the superscripts r.  p rcfer to reactants and products

respectively. This expression dif fers from those normally

encountered in clcctronic theorv of molecules in that i t  depends
on botl i  clectronic hlr"(, ' .R)) and nuclear (t l t l (R)) wave func-

t ions. The integration over the electronic coordinates l  is
indicated by single brackets

( v ! ( r .R ) l o t r . .R ) l r l l ( r . .R ) )=  l r f | - ( r . .R ) l o ( r . "R ) r f l ( r . .R )d i .  ( 6 )

ancl the intc-uration over the nuclear coordinates R by' double

brackets t r  a l  :

( (q , ( (R) lo ' (R)< l r \1111 ' ;  =  l ' ( , , \ . tR)o (1 t ) l ( l ) \ (R)c lR 0 l

A detai led definit ion of the ope rator O requircs cornpl icated
arguments. and is neither u, i thin thc scopc of this art iclc
nor requirccl for an undcrstandin-e of the inf luencc of molccular

symmetry on reaction rate. In what fol low's. wc wil l  simply
assert without proof thc results of development and simpli f ica-
t ion ol ' thc cxpression for T1 ui l 'en by I:c1. (-5). ancl for corrc-
spondin-e expressions frrr T2 ancl T-1. The mechar"r ics ol this
dcvelopment is described elsel 'u'here{t '* '1 'r '  281. Thus. thc elec-
tronic part of Eq. (5) is siven b,v

tv | ( r ' .  R) lo( r ' "  1{ ) l r l4 ( r ' .  R) )  :  ( \ l / : ] ( / ' .  R) lH"( r . .  R) l r1 / l ( r "  R))  (S)

*  o thc r  { nc .u l cc t cd )  t cnns l ' 1 .

[* ' ]  Thc lcrn'rs lcl l  Lrr.rspccif iccl originatc f i 'om thc fact that rr,c harc confinccl
t l te  n ro t le  |  1o  on l_ r ,  1uo c lcc t ron ic  s t l l cs .  onc  f  o r  p roc luc ts  anc i  onc  fo r  rcnc tan ts .
and c l i s rcgarded thc  1 - ross ib le  (bu t  r - rsua l l l  un l i ke l l ' ) con t r ibu t ions  o l  e lec t lon i -
cu l l t  cxc i tcc l  s tu tcs :  anc j  f ro r .n  thc  fac t  tha t  thc  c lcc t ro ruc  c luas iad iab l t i c
s t l r tes  o l  lhc  rcac t ln ts  a rc  no t  r rcccssar i l v  o r thosona l  to  thosc  o f  thc  p roduc ts

11 3  ] .  I  e r rns  t lue  to  l l ck  o l '  o r t l ro r . ron l l i t l  huvc  thc  samc s lmmct r ) '  p roper t ies
a s  t h e  t e f r n  r i r i t t e n  i n  l q .  ( 8 )  a n d  h e n c e  m a v  l ' o r  s i m p l i c i t l  b c  o m i t t e t l .
' fhe  

opcnt lo r  I I . ( r ' .R)  i s  thc  e lcc t ron ic  Hami l ton ian  o l  thc  complc tc  rcac t rng
svs tenr  ( inc lu t l in *  u l l  in te l i c t ions  Lrc t ' , r ' ccn  a l l  nuc lc i  and c lcc t rons) .
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The second tcrm in the transit ion mrtr ir  T rs given by

Here .V1, is the mass of thc i- th nuclcus and thc summation

er tends ovcr  a l l  the nuc le i .  Not ice that  both the operator

0r , 'OR'2 in  Eq.  (9)  and the e lect ron ic  Hami l ton ian H"( r . I )

in Eq. (t l )  are total ly symmetric. which means that the terms

Otr l r ( , ' .R) '0Ri  and H"( r ' .R) r ] r ( r ' .11)  have thc same symmetry

as {/(r ' .  R). Thc sccond term in Eq. (9). therelbre. hats thc same

symmetry 'propcr t ics  us T1.  Dr- re  to  th is  symmetry  equiva lencc

and to  the lac t  that  th is  tc rm is  genera l ly  much smal ler  than

the l l rs t  one in  Eq.  (9) .  u 'e  sha l l  neg lect  i t .  The remain ing

first term in Eq. (9)rcprcser-rts the contr ibr.rt ion to the transit ion

probabil i t .u" (ancl hence to thc ratc) from an)'  coupling of

the mot ion o l ' the nuc le  i  to  that  o f  thc  c lcc t rons.  Such tcrms.

ca l lcc l  non-Born-Oppcnhc imer  terms.  appear  in  an anulogcrus

wa1,'  in spectroscopyI '  t  l .

There is a simple \\ ' l r t '  of seeing the ongin of the coLrpl ing

term invo lv ing the openr tor  0 ,0R;  in  the non-Born-Oppen-

hc imcr  cont r ibLr t ion T2.  In  quantum chemist ry  the e lect rc ln ic

wave functions and cnergics are calculated rvith an clectronic

Hami l ton iun in  u 'h ich thc  nuc le i  are  L lsua l ly  hc ld  f ixcd.  In

most cascs. t l -rc e lectronic statcs thus calculated (Born-Oppen-

heimer  s ta tes)  urc  An crce l lent  approx imat ion.  Wi th in  that

approrimation. the svstem is cor-r i ined to a single electronic

state und transit iorrs betwcen elcctronic states i tre not possible.

The removal of the approximaticln oi f  ixcd nuclei must take

into acccrunt the vclocitv (hencc. kinetic energy) of t l ic nuclcar

motior-r.  Thc velocit l 'ol thc nuclci is re presented by an operutor

propor t iona l  to  0  0Ri  uh ich appcars  in  T2 i ind induces t rans l -

t ions betu 'ccn the Born-Oppenhcimer  s ta tes.

Thc th i rd  term in  the t rur - rs i t ion matr ix .  T . r .  descr ibes cont r i -

br.rt ions to the ratc from spin-orbit  interactions and is -sivcn
bv

T. r  -  ( ' ( l ) \ (R )  .  \ l / l l ( / ' .  R ) i l l so l r l r i ( r ' .  R ) l  ( l ) \ (R ) . ) ) ( l 0 l

where H51y is  the sp in-orb i t  I  lami l ton ian.  Th is  term cc lu ld .

in principle. bc expancled to include contr ibutions to the rate

from other couplings of angular momcntum terms. For

ins tancc.  the rar ious in teract ions between c lect ron ic  sp in .  nu-

clear spin. and molecular motic-rn that dctcrmine the rates

of processcs important in CIDNP experiments could be

includccl here. Spin-orbit  i rr teractions mety become important

r,vhenever electron spin and orbital angular momcntum erre

couplcd. charercterist ical ly in radicals having heavy atoms.

We shall  sl iou' that electronic symmetry rules for reaction

rates of the W-H 11, 'pe origrnate in the T '  term and that ior reac-

t ions classif ied as "symmetry lorbidden" by the W-H rules T1 is

small .  T2 irncl T: may. hou'cvcr. bc suff icicntly lar-uc. compared
to T y. to make a symmetrl '  forbidden rezrct ion proceed rapidly.

The success ol '  W-H rules depends in part on thc fact that

contr ibutions to the rate from T2 and T3 are normally '  negl igi-

bly small .  Evcn i f  T2 ancl T-r arc small .  however. i t  is not

neccssari ly the case t l ' rat the relat ivc magnitr-rde of Tr (and

l r : -  |  t /  I  I  e  \  e  |  \ \f  :_  :  I  V  1 \1" t ,Rr1\ t , i r , .o , l , ^ ,  
r l , i r r . .R, /  u^  l , r , \ r / r r )

+(r,q1n; I(*r,, ^,l rt; 1,r,,,, ^,)j .nu,, ^) (e)

( 4 )

( 5 )



hence of T) fcrr two competit ive processes can always be

deduced solely from symmetry considerations.

3.2. Electronic Symmetry Rules of the Woodward-Hoffmann

Type

In the remainder ol this section we derive the condit ions

which lcad to symmetry rules. and discuss certain condit ions

under which these rules fai l .

We emphasize that t l ie form of these rules depends on

the levelof approximation with which the system is described.

In part icular. the W-H rules emerge from the most simpli f ied

treatment. in which virtual transit ions among excited elec-

tronic states of reactant and products. the non-Born-Oppen-

heimer terms, and spin-orbit  coupling are ignored; the Franck-

Condon approximation is used; and the electronic wave func-

t ions are generated by the Htickel method. Varic-r. ts other

possible approximations are discussed in Section ,1.

3 .2 .1 .  The Role o f  Nuc lear  Over lap

Using Eqs.  (5)  and ( t t )  we can wr i te  Tr  as:

T1 -  . l 'Ota(R;qr ' '1R1dR ( r f  l l i t l "  r l r i )  ( l  I  )

The term (l f i lH"l{/ :)  depends on the electronic wiivefunctions

and the electronic Hamiltonian and wil l  be referred to as

the electronic part of Tr; the product <DR(R)<Di(R) depends

on nuclear wave functions only and wil l  be cal led the nuclear

part of T'.  A similar classif icat ion can be made for T2 and

T3,g iven by Eqs.  (9)  and (10) .  The W-H and other  e lect ron ic

symmetry rules ori-qinate from the electronic part of the transi-

t ion rnatr ix. The cxistence of such rules presupposes, however.

certain propert ies for the nucleerr part.  These propert ies are

discussed in this subsection.

A 2

R

Fig .  5 .  I l l us t ra t ion  o l  rcg ions  o f  subs tan t ia l  nuc lcar  p ' ,  c r lap  fo r  reac tan ts
anc l  p roduc ts .  The heavy  l ines  represen l  the  quas iac l iabat ic  energv  sur faces
of  reac tan ts  and proc luc ts .  The l igh t  l ines  rcprescnt  thc  nuc lcar  conf igura t ions
l t  wh ich .  fo r  a  -e iven  to ta l  encrgy  o f  the  reac t i r - rg  s ]s tcm.  thc  nuc lear  navc
I 'u r tc t io r ts  (e i ther  r lne  or  bo th)  a re  d i lTerer r t  f rom zeru .  For  th is  qua l i ta t i rc
t l i scuss ion  r . r 'e  ncg lec l  thc  smal l  c lass ica l l y  l ' o rb ic ldcn  rcg io r - rs  ou ts ic lc  thc
* e l l s  o f  t h c  h c a " v  l i n c s .  A t  c n c r g v  8 1 .  ( l ) \  i s  u o u - / c r o  b e t * e e n  A 1  a n t l  B 1

arrd 4i l  rs r.rr- ln-zero bct$'ccn C1 ancl D'.  
' l  

hc procluct (r\ t l t(  is therelore

zcro for al l  r-rr.rclear coort l inates. At energv E.. O\ is t ton-zero lor nttclear

conl ' igurations bet$'een A2 and 82. and ( l(  is non-zcro for nuclcar confi-uura-

t ions bctrvccn C2 i tr lci  D2. Hencc tf t \ t l t \  is non-zero only belween C'2 ancl

B 2 .

The fr,rnct ions <lr l i r(R) and Ol,(R) describe the nuclcar posi-

t ic ' rns  and momenta l r3 l .  The in tegra l  ( l l )  for  Tr  is  non-zero

only lor thosc cncrgics lor which the two nuclear wavefunctions

have un appreciable overlap (Fig. 5): that is. when the posit ions

and momenta of the nuclei in the reactant and product config-

urations described bv the chosen ouasiadiabatic wavefunc-

. ' . l r r r l c r r ' .  C l tan t .  l r t t .  Ld .  [ . r tu l .  18 .  -177- - ]9 )  (  1979 )

t ions are similar. The nuclear ovcrlap is zero at low energies.

f irst becomes non-zero ncar the energy E* at the crossing

of the two quasi i tdiabatic surfaces. and then general ly grows

with thc energy. We dcnote by A(E) the set of al l  nuclear

configurations R for which. at a given total energy E. the

product O\(R)O((R) is not zero. In the i l lustrat ive example

presented in Figure 5. A(E2) is the set of al l  nuclear configura-

t ions between C'2  and 82.  The in tegra l  (11)  can be taken

over A(E) only: no other nuclear configurations contr ibutc

to the integral T1 since Oi(R)qrR(R) is zero for R outside

A(E) .

Tr  :  . l  tDf , (R)(D\ (R)d1{  { r f l : i f  l " l r f i )
f ( t_)

( r2)

The immediate conclusion from this analysis is that the

rate of reactton is zero i f  A(E) is zero. and that thc energy

of crossing. E*. corresponds to the activation energ)'  of transi-

t ion s ta te  theory .  s ince A(E)*  0  for  E> Ex ( l -  ig .  5) .  The ph1, 's ica l

picturc which emerges from Eq. ( l2) is the fol lowing. I f  t l ie

encrgy is less than E*. thc nuclear overlap and the contr ibtt t i tr t l

to the rate from T1 arc zero. I f  the energy is urel l tcl '  than

E* the nuclear overlap is t ' tot zero etnci thc rcacti t ' rn ratc

is thercfore not restr ictcd to zero by the nuclear lr  l tvefut-tct ions.

(We neglect  d iscuss ions of  tunnel ing.  which do not  a l ter  the

argument  substant ia l l l - . )  I f  thermal  or  opt ica l  erc i ta t to t r

increases the energy ol reactetnts to E2 (Fig. 5). the state

of  reactants  wi l l  be { / i ( f .  R)Ol (R)  and the r - ruc le i  w i l l  osc i l la tc

between ,A2 and 82 on thc quasiadiabatic energy sttrfacc of

reactants (corresponding to r l i l ) .  Since this state is not a statton-

ary state of the total Hamiltonian. a tratrsit i tr l l  l l l r l - \ '  occt lr

to the state of the products. described b1' thc uavcfut lct i t-r t t

r f3( r ,n) tp t (R)  (F ig .  5) .  In  th is  s ta te  the nuc le i  r i i l l  osc i l la te

between C2 and D2 on the quasiadiabatic el lerg) strr lace

of the products. The probabil i ty of this transit ion is pr()pt)r-

t ional to lT1 
2. Loss of energy from the product at cl lcrgY

E: wil l  produce a stablc specics with ener-ey less thatl  E*.

and complctc thc conversion ol rcactant to product.

Th is  analvs is  o f  T1 can be eas i ly  extended to  T1 and T-r

and irrdicates that regardless of the corresponding elcctrorl tc

parts of thesc terms. reactiolt  occln's onl1, '  i f  A(E)>0. ar-rd

onl l '  at nucleitr  confi-uuratiot. ts cotttairted in A(E). Sincc A(E)

represents those nuclear configuratictns u'hich are accessible

from both reactant ancl product state we reach the fol lou ing

conclusions: regardless ol how favorable the electr i tr t ic cortdi-

t ions may happen to be. a reaction occurs only through confor-

mations in uhich reactants and products har, 'e similar shapes.

If  the reactin-u molecules are excited specif ical ly. so that the

region of nuclear conl igurations ,\(E) avai lable to both rcuc-

tants and products is increetsed. the reaction wil l  be faster.

I f  the attainment of a common nuclcar configuration lor reac-

tants and products is preventcd by. say. a bulky group. then

thc reaction rate wil l  be decreased.

These conclusions can be i l lustrated by a pert inent example

prov ided by the react iont l5" l

N 2 O + B a ' N : * t s a O x

BaO is produced in an electronical ly excited state and the

rate of the reaction can be monitored. in a molecular beam
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experiment. by measuring the l ight emission from BaO*. The
mechanism is assumed to be

N2O + Ba - -  NzO" + Ba"  -  N.z  *  BaO*

where both the charge transfer and the molecular rearrange-
ment occur in a single col l ision. Since N2O is l inear and
NrO'o is bent, then according to the above discussion the
reaction rate should increase i f  the N2O bending vibrat ion
v2 is excited. Experiments show indeed a substantial increase
of the rate with excitat ion of this vibrat ion. Similar arguments

r90
N = N  +  B a

\\.fast-\ - o ( ]

p l
N=N' I o."hv

+ B a

underlie the theory of clectron-transfer reactions developec'l
bY Murt 'u5l l5t ' l ' .

3.2.2. The Role of Electronic Symmetry: Franck-Condon
Approximation

Alfer clari fying quali tat ively the role of the nuclear part
in the transit ion matrix. let us analyze the role of the electronic
term in T1

F r ( R ) : ( r.f lll H"l {,: ) : J,i,l t,." R ) H" ( r.. R ) !/: ( r. R) d I

Through Eq. (1 1 ),  the values of F , (R ) for al l  nuclear coordinates
in A(E) inf luence the rate. Suppose. however. that the major
contr ibution to T1 comes from nuclear configurations in a
small  relnge of nuclear coordinates around Ro so t l-rat we
can reasonably assume that the electronic term F1(R) n-ray
be evaluated with sr-rf f icient accuracy by taking into considera-
t ion only the region around Ro. (This assumption is equivalent
to the Franck-Condon approximation.) We further assume
that the nuclear configuration R6 has some useful symmetry.
Since the electronic Hamiltonian is total ly symmetric. the
electronic wave functions of reactants and products have the
same symmetry propert ies as the nuclei ( that is they belong
to the irreducible representations of the group generated by
Re). I f  the electronic wave function of reactants has a dif lerent
symmetry than that of the products (that is. i f  reactants and
products belong to dif ferent rcpresentations) we cal l  thc reac-
t ion symmetry  forb idden.  A l l  o thcr  re l rc t ions arc  s lmmctry
al lowed. To avoid confusion, we should emphnsize that the
precise meaning of such a statement depends upon the elec-
tronic functions rf [  and rf!  choscn to describe thc system;
Hiickel wave tunctions would lead to sl ightly dif ferent conclu-
sions tharn SC--F ones. We discuss this issue in detai l  later.

Lct  us  now return to  Eq.  (11)  for ' f  1  and see under  what
condit ions symmetry forbicidcn reactions are slow. For some
symmetrical nuclear configuration R6 for which reactants and
products havc dif ferent electronic symmetry we have for the
electronic integrzrl

Fr  (Rc, )  :  ( r l r3( r .  Ro) lH"( r .  Ro) l { r l ( r .  Ro))  -  0  (1  3)

The express ion F1(R)  cont r ibutes to  the ra te  T1 [Eq.  (11) ]
not only throu-uh i ts valuc at R6, howcver, but also through
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its value at al l  nuclear configurations R contained in A(E).

By continuity. i f  ( \ f i lH"l{/ :)  is zero at R6 i t  wi l l  be very

small  close to R11. I l  A(E) is just such a srnal l  neighborhood
ol 'Rp ( that  is .  i f  the Franck-Condon approx imat ion ho lds) .
then we can predict from the fact that rli and r.f! have different
symmetries that T1 is very srnal l .  I f  A(E) is lar-qe. however.
we cannot makc such a statement since nuclear configurations

R which are inside A(E) but far from R6 may result in a

substant ia l  va lue for  T1.
We can summarize this discussion with the fol lowing sym-

metry rule: a symmetry forbidden reaction wil l  have a very

small  rate i i  T2 and T-j  are negl igible. and A(E) is small
(corresponding closely to the Franck-Condon approximation
mardc in spectroscopy). C)f course. in order to be able to

speak of er symmetry forbidden reaction in the f irst place,

A(E) must contain a symmetrical nuclear configuration. For

reactions lvhich occur through nonsymmetric nuclear confi-e-

urations there arc no symmetry restr ict ions. We notc also

that the various approximations needed to derive the symrnetry
rulcs break thc coupling of the total angr-r lar momenlu-[t 's l .

Hence symmctry rules are obtained i f  the components of
the total angular momentum (electron spin. electronic orbital.

nuclcar. e,fr ' .)  Arc consen'ed separately.

Thc gencral clect l trnic svmmL-try rules derived contain as

a part icular casc the Woodu'ard-Hoffmann rules. The success

of the latter. in deahng r.vi th many examples, indicates that
the condit ions of val idi ty establ ished are satisf ied in most
cases.  Therc  ; . r rc .  houcrcr .  s i tu l r t ions when these condi t ions
rure not satisf ied. One erample has been already presented:

cxcitat ion of the bending mode of N2O increases both A(E)
and tD(<D\ and leads to an increase in the rate of the reaction

B a  +  N ' O  -  B u O x  *  N :

although lhc elet ' trort i t '  purt of T / lrrs rentuinetl  atchunqetl .
We must empharsize that the symmetry of the electronic

lvave functions carn tcl l  us. under the circumstances specif ied
above. whether a symmetry lorbidden reaction is very slow.
If .  horvever. the reaction is al lowed by symmetry (1.c..  i l  r l l
ancl r. f !  havc the sanre s_vmmctrl  ) .  i t  is not necessuri lv true
that (Vi lH.l ! / i ) .  and the ratc. : ,rre large. Poor overlap may
cause (V i lF I . iV l l )  to  be smal l .

3.3. Violat ions of Electronic Svmmetrl 'Rules

We have seen that electronic symmetry rules errc val id i f

we neglect coupling of electronic spin (T: small).  make the

Born-Oppenheimer approximation (T2 small).  and a Franck-

Condon approx imat ion [scc Eqs.  (1  1  ) .  (12)  and accompanying
discussion]. When any one of these condit ions is not satisf ied.

then the electronic symmetry rules are violated and "forbidden

reactions" may have large rates. Here we analyze these viola-

t ions for the purpose of clari fying their origin and f inding

ways of increasing the rate of symmetry forbidden reactions.

3.3.1. Violert ions Claused by the Interaction of Electronic and
Nuclear  Mot ion (V ibron ic  V io la t ions)

Let us analyze a symmetry-forbidden reaction ior which

the spin-orbit  coupling contr ibution to the rate is unimportant
(T: :0) .  I f  we assume that  A(E)  is  smal l .  then the term T1



wil l  be practical lv zero. Under these condit ions the rate is
given by T:T2; i f  T2 is very small  the forbidden reaction
is slow. I f  Tz is large the "forbidden" reaction is fast. in
violat ion of the predict ions of electronic symmetry rules.

The term T2, given by Eq. (9) has a structure which is
very similar to that of T1. and i t  is useful again to speak
of a nuclear contr ibution ((cD(lO0ii , 'ORt)) and an electronic
contr ibution (! i [ ]10!/: i0Ri).  As in thc case of T,. i t  is possible

to make some quali tat ive predict ions about the behavior of

these terms. The contribution from the nuclear part can be
increased by excit ing those nuclear motions that make more
nuclezrr configurations accessible to both reactants and prod-

ucts. The magnitude of the electronic term has not been

calculated for quasiadiabatic states. I t  is. however. general ly

considered to be small  for adiabatic states and is probably

aiso small  for quasiadiabatic ones. I ts srnal l  magnitude does
not preclude it from playing an important role in lurtlt, rnole-

cales where the number of nuclear states is enormous aud
the contr ibution of a small  electronic term is summed over
al l  the nuclear states involved; the compounded eflect may
be significant. In fact. this term is known to cause fast radiation-
less transit ions in large moleculestr" l .  In sol ids. which we

may consider to be large molecules with periodic symmetry.
these electronic integrals are responsible for important effects
l ike  superconc luct iv i ty t t  

- t .  
exc i ton migrat ion l ls l .  e lec t r ica l

resistancetl  el.  ett ' .

In the case of T1 the magnitude of the electronic contr ibution
depends on the symmetry of the electronic functions. The
magnitude of the electronic part of T2 is not determined
by symmetry except for specialsi tuations. To just i f , ' ,"  this asser-

t ion. we use the fact that for small  displacements around
some symmetrical configuration. R6, the symmetry coordinates

Qy and the nuclear posit ions R1 are l inear combinations of
each other t2o l :

Q i :  I A ' , R ,
i

Here A;1 ?re rurnerical coefficients. Hence

At a symmetric nuclear configuration Rs, the terms rf l l (r .Rs).

V! ( r .Ro) .  and Q;  herve a def in i te  symmetry t20 '211.  and some.
hut not ul l .  of the integrals (rf i lOVlrOQ,) are zero (by symme-
trv). Hence

whcrc now the summation el iminates those Qifor which sym-
metry annihi lates the corresponding integral.  Since the summa-
tion on the r ight of this equation is not constrained to be
zero by symmetry. we cannot predict the magnitude of T2
from consideration of symmetry. Onlt '  in the speciul ( 'ust,  in
v'lticlr a1e st't1'tn'teft.t' t'ttttrtlinule is udetluute to tlest'ribe the
rcactiort t:cut T2 be estimutetl frun synrnetrl. For example.
in  a  react ion o f  thc  typc A*BA--AB+A th is  react ion
coordinate may be A + <-S A-' .  which indeed tends to break
the molecule in the desired wav. Let us assl lmc that the

. l r tq t ' r .  ( 'han t .  I t t t .  Ed .  Er tq l .  1N.  -1  77  -19 :  (  I97q )

1
displacements A--B---'A and A B A are r-rot capable of

J I
promoting the rearct ion. since they are not l ikely to create

nuclear configurations that are accessible to the product.

Hence we should consider that only (r lr i  0{r.1,00').  in which

Q 1 denotes the symmetry coordinate A-- *B - 'A. contr ibutes

to T2 in Eq. (9). l f  the reaction is symmetry forbidden and

rf i  and r lr l l  have dif ferent symmetry. (Vi lOVliOO1) need not

be zero. In fact. Q1 and therefore AiAQt are of symmetry

l j .  essume. for cxamplc. that the electronic states are of

symmetry  l i  and l i .  rne in tegra l  ( I i l0 i00, l I I ) .  which

appears in T2. need not be zero since Q1 is of symmetry

l l , .  ancl the derivative Or'O0r I I  is total ly symmetric. In

this i l lustrat ive erample the electronic symmetry, through
(Vi f lH. l , f : ) .  causes T1 to  be very  smal l  whi le  there is  no
indication that t l ie term T2. with electronic part (r}/310{/:  00 '  ) .
h l r s  t o  he  smu l l .  I l  i n  t h i s  examp lc  t hc  reac t i on  i s  s lmmet r )
al lowed. and the clectronic states have the same svmmetrv.
, ry  I i .  the e lect ron ic  cont r ibut ion to  

' f2  
is  < I i  I l , i I ;>

and i t  is zero. In this case T2 must be negligiblc. for sl ,mmetn'
re i isons.  whi le  T1 is  not .  T 'he argument  is  qual i ta t ive:  i t  c lear l r
is not possible to estrmate the ma-enitude ol T2 relat i 'u 'e to

T l  us ing these cons idcrat ions.  Nonethe less.  the arq l lment
estab l ishes a l ink  betw 'ecn rno lecu lar  symmetr ) ,  and T2 that
corrcsponds to dif ferent "rules" than those of T1 (r ihich are

esscntial ly of \ \ 'c 'rodu'ard-Hoffmann type) and is potential lv

usefu l  in  s imple reuct ior ts  r r t  suggest ing types of  v ibra t iona l

motions that might contr ibute to increasing the rate of thosc

reactions which arc forbidden accordins to electronic svmme-

trv rules.

3.3.2. Interaction between

Motion

Electron Spin and Electron Orbital

Let us nou'analyze a symmetry forbidden reitct ion lor u hich

T1 and T2 ure both zero. so that the rate depends on T-j

only. I f  T. j  is large the symmetrl '  forbidden reaction is iast

and we have what is cal led a spin-orbit  violat ion of s1'rnmctry'

rules. I t  is usualiy assumed that thc spin-orbit  couplin-u is

small  and a negl igible part of the Hamiltonian. as far as

the rate of chemical reactions is concerned. This assumptton

is not necessari lv correct. Assumc that the reactant electrontc

wavefunction {/: is a singlet and the product rf! is a triplet.

In this situation the electronic parts of T2 and T-r. i .  r ' . .

( \ i / ! lH"l{ i [)  and (r lr ! lOrf l  OR'). are zero. due to the orthogonal-

i ty of the spin part of the wavefunction. The only survir ing

term in T is T-r. Hence

T :T :  :  J , t , \ tR t . t , q1R)dR  ( { / l l lH to lV I )
- \ ( t )

( 1 l a )

The rate of the reactions between singlet and tr iplet states

is determined by T-j  (spin-orbit  coupling) only. Since the spin-

orbit  coupling Hamiltonian Hse is nol total ly symmetricl22l.

T3 does not harve to be small when the reaction is forbidden

according to electronic symmetry rules (Vi and rf! have differ-

cnt symmctries). As an example consider the reactiontlr l

co : ( '  I ;  t  -  co ( '  I - )  +  o (3P)

0, I,t I q : | 0, I ;, v),,n1, : To,, (,,1,?i)

(*,' l# lq : ;a, (,r,,i :I;)
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Schematic energy surlaces i l re presented in Figure 6. The
reactzrnt state is singlet and the product statc is tr iplet.  There-
fo re  T  ( :T : )  i s  g i ven  by  Ec1  ( l 3a ) .  Thc  sp in -o rb i t  coup l i ng
term can be estimated from spectroscopic measurements tcr
be about 50 cm 1. The nuclear wavefunction cal l  be computed
for a simple modcl. The result ing rate coeff icient agrees u'el l

w i th  the me: lsured onel r '1 .  ind icat ing that  the sp in-orb i t  cou-
pl ing is indeed the nece-ssun intr 'r 'uct ion for this reaction.

^ c o -  o

F ig .  6 .  Schemut ic  energv  sur faccs  f i r r  thc  rcac t ion

c o r ( 1 I i )  -  c o ( ' I -  t +  t l ( ' P t

The spin-orbit  coLrpl ins may be enhanced in the presence

of heavy atoms and inclusron of heavy atoms iu re'uctants

should increasc the probabil i ty that thcy wil l  take part in

symmetry  forb iddcn re i rc t ior rs .

3 .3 .3 .  The Role o l  Nuc lear  Mot ion.  V io la t ion o l  E lect ron ic

Symmctry Rules [)uc to Dynamics

We have alrcady stressed the importance ol the propert ies

of the nuclear r,r 'ar, 'e functions. I f  A(E) [see Eq. (t2;]  is ver1"

large and the nucleur overlap is very' lar-ee. predict ions of

the magni tude of  T1.  bascd on e lect ron ic  symmetr r  a lonc.

becomc doubtful.  Thc cl i f i icult ies in computing thc nuclcar

wave functions make i t  i rnpractical to propose anv general

calculat ic 'rna l  approachcs to pred ict in g r, ' iolat ions of sr mmet ry

rules duc to dl,narnics. Quali tat ivclv. how'cver. such r iolat ions

occur when i t  is possible ior the reactants to " look" l ikc

the product or rfu'c, r 'c,r ' .sa. that is^ for instance. when readi ly

acccssible vibrat ional states of the reactant(s) produce nuclear
posit ions that closely resemble those of accessible vibrat ional

states of the product(s). This results in an increase of the

nuc lear  over lap.  and in  ern increase in  Tr  [Eq ( l l ) ] .  Th is
quali tat ive consideration sug-eests that a plausible approach

to increasing the rate of a symmetry forbidden reaction is

to increase the vibrat ior-ral energy of the reuctunt. most simply
(but ineff iciently) by hcatin-u. but also possibly by sclcct ivc

lerser excitat ior-r of part icular vibrat ior-ral modcs. A part icularly

pert inent example is provided by the reactiorr oi H2 and

I:.  This reaction proceecl ing througli  u C:, trapczoidal config-

rurat ion is  symmctr l  Ibrb ic lcJcn l r ' r l  (F ig .  7) .  C lass icu l  mechanr-
ca l  ca lcu la t ionst ra l  o f  rcact ivc  co l l is ions ind icate  that  as lons

H - H  n o  / l l  H \

I--t ",fur I/ tl

0round s ta te

H  -  l |  r e a c t i o n  
/ H  

t \

r _ r  I  I
I 2  v i b r a t i o n a I t y
h  igh ty  exc i ted

Ftg .  7 .  Poss ih le  v io la l ion  o l '  thc  s rmmct rv  ru lcs :
n ta r le  poss ih le  bv  r .  ib r l t iona I  e  xc i ta t ion .
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as 12 is in the vibrat ional ground state the reaction does

not occur through a trapezoidal nuclear configuration. in

agreement with the predict ion of the W-H symmetry rulcs.

If  I2 is. however. vibrat ional ly excitecl.  half  of the reactive

trajectorics go through the trapezoidal conl igurations. con-

t rarv  to  thc  prcd ic t ions o f  W-H ru les.

4. Hierarchv of Sy' 'mmetrv Rules:

cis-Butadiene-Cvclobutene Conversion

4.1. Ntolecular Orbital Description of Electronic Wave Func-

f ions

In the discussion of the previous Section we derived elec-

tronic symmetrl ,  rulcs rvithout speci lyin_e anv part icular proce-

dure for generating clectronic wave functions. We shall  now

schematical lv i l lustrate the computation of the electronic part

of T1 for a specif ic cxample (butadiene --+ cyclobutene) and
state the clcctronic slrnmetry rules in terms of the symmctry
propert ics ol '  t l i . ickel nroleculur orbituls (as opposed to the
svmnrctr ies of the totul t , let ' t t 'ort i t '  t rura f iutct iorts usecl in the

cl iscr.rssions of thc prcvior-rs scction). We neglect here any contr i-

butions to the r:rtc l ' ronr T2 and T.1. The rel iabi l i ty of thc
predict ions result ing frorn these procedures depends on the
qual i ty  o f  thc  c lcc t ron ic  u 'uve funct ions:  d i f ferent  pred ic t ions

might emerge. lor erumple. from consideration ol Hl ickel

and SC'F uurc  l 'unct i t ' rns l ' r l . In  such ins tances.  i t  is  wor thwhi le

to unclerstand the origin of thc discrcpancy and the ways

of '  dc termin ing the cor rect  pred ic t ion.

Wc bcg in  our  anah s is  by '  e  r  a luat ing the re la t ive magni tudes

ol  the e lect ron ic  par t  o f  T '  IEq.  (13t ]  for  lour  cases thermal

and photochemical conrotatory and disrotatory r ing clo-
sures anrl compare the procedurc 'u'n i th that uscd in a W-H
anal rs is .  Thc W-H ru lcs  prcd ic t  that  thc  cor t ro ta torv  pathu 'av

is thcrmallv al lclr .r 'ed ancl photochemical l l  l i rrbidden. ancl that
the d isro tu tor l '  pathual  is  thermal lv  f i r rbrc lden and photo-

chenrical l l  al lor i  ct l .

:1 .1  .1  .  Thcr-mal  Rcact ions

The classif icat ion of ' thc H i- ickel molecular orbitals ior buta-

dienc and cvclobutcne orbitals by symmetry'  is too f irrni l iar

to requirc ci iscussion. but is summarized in Figure 8 for rcfer-

encc. C)ne t l ,pical nal 'efunction for ground-st i t te butadiene

,/
Or A-_ , / '

X.'n*  S 
- \ -\

t o " o \ o

A z . S

/\

0isrota toryConrotato ry

Fig .  S .  (  o r lc iu l ion  c l iagnrnr  l i r r  I l i i ckc l  n . r t r l ccu lu r  o lb i tu ls  use t l  fo r  qu ls i -
l d i a b a t i c d e s c r i p t i o n ( ) l ' c o n r ( ) t a t o n u n r l  r l i s r o t l t t o r \ r i n g c l o s u r c o l  b u t a d r c r r c .

i s  Bq .  ( 14 ) :  I n  t h i s  exp ress ion .  n1 ( l )  i nd i ca tes  t ha t  t he  n1

orbital contains arn electron arbitrari lv labeled L Eq. (14)

E

c o ,  ( r r l )
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n r  ( l )  r u r  ( 2 )  n r ( l )  r r r ( - + )  l
t  ] n , { l }  r , ( l )  n , t . l t  r : , t - l t  i
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I  i :  l n : t l t  n ; t l t  n ; { ' 1 1  r u ; { - { }  '  '

l n , t t t  
n r t l t  n : { . 1 )  r T 2 { + l

:  d e t  i n r (  I  ) n r ( 2 ) n : ( 3 ) n : ( 4 ) l  c D \ t R )

H " 1 i ' . R 1 :  I  U , 1 r ' . R t
i -  1 . - l

T r  :  . f  
( l ) ( ( R ) O l ( R ) c l R  ( d e t  l o ( l ) o ( l ) n ( 3 ) n ( - l ) l

\ ( l : r

( o (  I  ) l  H  r  I n r  (  I  ) )  ( o ( 2 ) l n r  ( l ) ) ( n ( 3 ) l n : ( 3 ) ) ( n ( 4 ) l r T : ( 4 ) )  -

:  ( s l H  A ) ( s l A ) ( A  s ) ( A l s )

( o (  I  ) l n : (  I  ) )  ( o ( 2 ) l H  z l n : ( l ) ) ( n ( 3  )  n r  ( 3 ) )  ( n ( 4 )  r r  ( 4 )  ) )  -

:  ( s l s ) ( s l H l s ) ( A l A ) ( A l A )

neglects the fact that i t  is not permissible to label clcctrons:

equally val id distr ibutions of electrons would be those -eiven
b1 'Eqs.  ( l5a)  and (15b) .  The correct ly  ant isymmetr ized wave

function for butadiene is thercfore given by the appropriatc

Sla ter  determinat r t  IEq.  (16) ] .

reactant and product orbitals to the elcctron i .  However-

each individual tcrm rcf lects the -uiven rcactant and product

configuration: a reuctant t trbital which is doubly occupied

in the reactunt w' i l l  appcar r l l i ( '€ '  in the n intcgrals of each

term. i t  singlv occupicd onc (r/ l( 'c. and an unoccupied one

not (t t  ai i :  the same applies to thc product orbitals. The largest.

i .  c. dominant. tcrms obtained on expernsion Llre those in which

most  o f  thc  n  in tegra ls  ( t l , ' ( i )14,p( i ) )  and (0 ' ( i ) lH; l$" ( i ) )  are

charactcrized b1' the orbital t | '  and the orbital $r '  har ing

the same synrmetry: hcnce. i t  immcdiately fol lows that one

ol the dominant terms is obtaincd by making maximum pos-

s ib lc  usc in  i ts  in tcgra ls  ( t l l l ' ( i ) l<b ' ( i ) )  and ( ( r r ' ( i ) lHr l0 ' ( i ) )  o f

those rcuctant  orb i ta ls  $ '  anc l  product  orb i ta ls  S"  "vh ich 
cor re-

late l l ' i th one anothcr in the W-H orbital correlat ion diagram

for thc tn'o reucti tnt ancl product configuratrons under discus-

sion! In what folkr\\ 's. we discr-rss only thcse largest ternls

which are easrl l  clctertnined by inspcctiorl  of a W-H orbital

cor re la t ion d iagran i .  Thc number  o f  in tegra ls  i t l  a  poss ib le

dominant tcrnt u hicl t  arc cqual to zert l  f i l r  svmtnctr l '  rci tst ' r t- ts

is .  o l 'co t t rsc .  cc l t ta l  to  the t lumber  o f  e lec t r t lns  r ih ich h l t rc

t9  changc grb i tu ls  in  u t t  grb i ta l  cor rc la t ic - r t l  c l iagr l tm ( for rna l l r .

say a t  an orb i tu l  c r ( )ssover  po in t ) in  ordcr that  i t  g ivet l  rcacta t l t

cc-rnf iguntt ion bc trattsl irrntecl into a given proclt tct cotl l igttra-

t i t-ur ulottg the cttrrclat ion t l iagram.

For a thermal disrot i t ton r ing closure. iuspectiott  ol '  the

corrc la t ion d iagram (F ig .8)  in tn tcd ia te ly  y ie lds  t l le  io l lpu ing

rcprcsent l t t i r  c  dr rm i t t l t t t t  tc t ' t t t  :

( n , ( t t H r  o ( l l  ; r ( l l r r ( l l  r : ( . 1 ) t r ( - l l r r ; r : ( ' 1 ) l r ( ' l ) ) -

S I t S  S S  \ S  \ S r l l t

Sincc th is  r i t rg  c losr t rc  (1 . r ' .  t r l l ts i t io l l  { l ' t l rn  thc  rcact i t t l t  co t l l ' i s -

tur .a t ipp n i  n ]  to  the proc lpct  c r tu l igur l l t io l t  o l  n t  )  i t t r , r l i  cs

changeover  o f  tu t - r  e lec t rons f rom thc n2 r l rb i ta l  i t l to  thc

n orb i ta l .  t l r , 'o  i t - t tcgra ls  in  term (11)must  bc cc lu l t l  t ( )  zcro

lbr svntmctn rcusttt ts. us is confirmecl by inspcctiorl  ol- this

tc rnt.

Thc crprcss ions in  l :qs .  (10)  anc l  ( l l ) .  l l 'h ich rcprcsct r t  the

clcctrt tpic pi.rrt  ()f  T1 lbr thcrmlt l  ct-tnrotatgt '1'  ancl cl isrotatorl

r ing ck tsure rcspcct i r  c l r  "  arc  qual i ta t i r  c l r  c l i f l c rcnt  ;  1111r  p f

the terms in  E11.  ( l l )  l r rc  zcro br  s \ l l ln lL . t r \ ' :  l lo l lc  is  zcr t r

in Eq. (10). Since thc nt i tgt i i t t tclc of"f  1 is relatecl to the r l t te.

the relat i l 'e ma-unitt tc ' les ot ' t l tcse crpressiclns estinlate thc rcla-

t i r , 'e  cont r ibut ions to  thc  n t tc  a t t r ibutab le  to  molect t la r  s \  mnlc-

t rv .  S incc [ :qs .  ( ]0)  ( l l )  rcpresent  the e lect ror l ic  par t  o l  T1.

they c lc tcrminc the ra te  through in tegra ls  over  thc  nuc lcar

coorc l inatcs  Isee I - .c1.  ( l l ) ] :  for  the thermal  c l is rp ta tgry '  r i l rg

closurc. lbr cxaml'r lc. thc appropriate integral is:

T1  (E )  -  . l '  O \ ( , (  i  r  S  H lS . r r .S lS ) (A  S , ) (A lS ) l  dR
\ ( l ' l

Thc terms (A]S) i i re zcro for a symmetric nuclear configura-

t ion ir-rsidc A(E). Since A(E) is assunled small .  thc values

of (AlS) l i rr  al l  nuclear coordinates inside A(E) are very

sn-ral l :  r i 'e designatc the contr ibution ol eatch of those small

terms to T1 b-v- t ; .  and classi iy thc sizc of T1 by the number

of the terms of magnitude r; which appear in thc integral.

Thus. T1 for the thermal disrotatory reaction is of order

ar. since tr.vo small  terms appear in Tr. The same argument

indicates that the magnitude of Tl for the thermal conrotatory

(  l 4 )

( l - 5 a )

( t 5 b )

Similar equations can be r. l ' r i t ten for cyclobutene. Thus. usirtg

a one-e lect ron Hami l ton ian.  Eq.  (17) .  we can exprcss Ec1.

(12)  exp l ic i t ly .  for  thc  react ic tn  o f  in terest .  as  Eq.  t lE) :

(  r 6 )

( t t l

( 1 9 1

( 1 0 )

I  I  U , t , ' .  R )  d e r  l n , ( l ) n ,  ( l ) n : ( - l ) n ] ( - l ) l  . ,  ( l E )
I  I  =  l . +

This expression for T1. ful ly erpanded. contains an incon-

veniently large number of terms. Fortunately i t  is Llnnecessary

to evaluate al lof these terms expl ici t ly. Since wc arc interested

init ial ly only in the inf luence of moleculzrr symmctry on T1.

we need only estimate the largest terms in this erpression.

To f ind these lar-ucst terms. consider two tvpical tcrms. for

a  thermal .  conrotu tory  process as g iven in  Eqs.  (19)  and (20) :

for convenience. these terms are also prescnted in a simpli f ied

form in which only the symmetrl  L. l  of thc appropriate molecu-

lar orbital is indicated.

Evaluation of these products of inte-urals requires remembcritrg

tha t  (S lH lA )  :  (A lF { lS )  -  (A  S )  :  (S lA )  : 0 : t hus .on  t hc  bas t s

o l 'symmctr l ' cc . rns idcrat ions abc lve.  a l l  four  tc rms in  I :q .  (19)

are zero (at the chosen f ixed. symmetrical nuclear configuration

wli ich serves to classify the MOs according to symmetry)

and none of t l ie lour in Eq. (20) need bc zcro.

ln gcncral.  for a systcm with n electrons: Expansion ol '

thc cxpression analo-qous to (18) affords a large numbcr of

tcrms [analogous to (19) and (20)].  each being the product

of n intcgrals of type (<fI ' ( i )14, '( i ))  and (oncc pcr term) of

typc ($ t ' ( i ) lHr l0 ' ( i ) ) .  Onc such in tegra l  is  to  be ass igned to

t, t t t 'h of t l re n electrons in euc' l t  lcrm. $' is a singly or cloubly

occupiecl rcactant orbital in the given reactant configttrat ion.

$p is a singly or cloubly occupied product orbital in the

-eiven product configuration: al l  possible permutations of the

orbitals occur in the various terms on zrssignment of thcsc

l * ]  S  s tands  lb r  symmet r ic  und A fo r  an t isy -mmet r ic .

l t r q t t r .  ( - l t c t t t .  I t t r .  I : J .  l i t t q l .  l x . , l - 7  . l 9 l  (  1 9 7 9  ) 387



r ing closures. whose electronic part is eivcn by Eq. (18). is
o f  order  € : " :  l .  ( ln  Sect ion 4 .1 .2 .  which is  concerncd rv i th
the photochemical reaction. wc show that T1 for conrotatory
and disrotatory photochernical r ing closure is of order e.)
Then, since lT1l2 is the quanti ty related to ratc. i t  is possiblc
to classify the cl i f ferent typss of conversions of butadiene to
cyclobutene in terms of their "degree of forbiddenness". rvhich
is the exponent of e in T1. On grounds ol symmctry'  alone.
the quanti ty e is a small  nurnber compared to integrals l ike
(SlS)  or  (A lA) :  the greater  the exponent  o f  s  the smal ler
wi l lbe the va lue of  ]T112 due to  the e lect ron ic  in tegra l .  Qual i ta-
t ively. there wil l  be as many terms of magnitucle r;  in T,(E)
as there are electrons that cross. in goin_e frcm reactants
to products. between orbitals of dif lerent symmetr) ' .

This treatment thus dif fcrs from the standard W-H trcatment
in permitt in-e "degrees of iorbiddenness" rather than restr ict ing
reactions to the two categories ol "symmetr] '  al lor ie:d" and
"symmetry forbidden". Onc should horvever be invurc ol '  thc
quali tat ive nature of this arsument. Though each "svmmetry

forbidden" matrix elcment (SlA ) or (SlH lA ).  contr ibutes u i t l -r
a very small  term c. i t  is possiblc that cl i f ferent rcaction path-
ways give s's of dif ferent magnitude. I f  this di i ference of magni-
tude is large. thou-eh bclth r;  are verv small .  our classif icat i t-rn
according to t l ie po\\ 'crs ol '  r :  is not useful.  Also. terms l ikc
(S lS)  or  (A lA)  r . ih ich need not  be smal l  bv  srmmetr ) 'mu)
be small  for other reasons. Or.rr classif icat ion basccl r) l t  po\\ crs
of  c  impl ic i t ly  assumes that  (A lS)  <  (S lS)  or  (A lA) .  A tes t
of these condit ions lbr the case at hand is ncccssar\ bcl irrc
accepting th is classi l . icat ion.

4 .  1 .2 .  Photoc l remica l  Rcact ions

Since photochemical disrotatorl" anci coltrot i t tc)rv r ing clo-
sure have been the sub-jcct ol numerous cl iscussions and calcu-
la t ions12s l .  which somct imes seem to  ind icatc  thc  in l ic lec luacv
of W-H rules ir-r dcscribin-g these reactions. ne shal l  analvze
such reactions in dctai l  frorn the point of view of the present
paper. Past discussions of t l .rese mattcrs inl 'olved the detai ls
of the adiabatic cnergy surfaces and n'c l ind i t  useful to explore.
lor this part icular example. the cc.rnnectron to our quasiadiaba-

t ic descript ion. We shall  use here quasiadiabatic u ar cl 'unctions
which give a rearsonable descript ion of the t lvo clcctronic
states in the re-eion of nuclear con{' iguration in lrhich thc
reactant resembles the product. For this purpt-rse \\'r- rnodif-
the method describecJ in Sectior-r 2 and cl ioose the nalefunc-
t ions for the disrotatorv. nhotocl iemical reaction to be:

S r  - i r r  d e t  l n 1  T 1 T r 2 f t 2 ]  + b r  d e t  j o o n * n * ]

A r  - a z c l e t  l 1 1  n 1  n 2  n . ,  ]  * b : c J e t  l o o n * n l
S:  :  a. r  dct  In1 rr1 n. l  r r .1 |  + b.  det  jo o n n I

cy c lo bu ten e in th e co rre s po n ci in -u cl o r-r b I v e xc i t ed co n fi gu ra t i on.
Equations (23) and (2.1) provide analogous clcscript ions of

st i l tcs lvhich corrcsponcl at onc cxtreme (a: l .  b:0) to singly-

excited and doublv-excitecl coni igurations of butadienc.

E
A1

sD

E

(

Herc. for example, S1 correspc-rncls to thc -urouncl state of
buti icl icnc wheu ar :  I  atrd br :0.Thc mc'r lecular orbitals used
to lbrm the deterrninants arc thosc summarized in Fisure
8. 

-f  
he second dctcrminant in this expression serves to charrac-

terizc the system in a state (for cxample. at high energy)
which reserltr les cyclobutcne sufl lcicntlv that MOs derived
from butadiene no longcr provide an adequate descript ion:
in these interntcdiate stertcs. both al and b1 arc n() l t-zero.
Var ia t ions in  a1 and b1 prov idc a  method of  descr rbrng thc
systcm at erny point in-betwecn ground-stzrte butadiene and
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l : i g .  t ) .  S c l t c n l r t t c  t l r r u . i l i L l r l r l r l t i c  ( u )  c l l c f g \

d r s r o t a t o r r  c l c c t  r o c r  c I i c  r ! ' i t e t  I ( ) l r  o I '  b r - r I a c l i c n c

i n g  a t l i a b a t i c  s u l l ' u c c :  ( [ ' r  r

s t r r - l l t c c :  l i r r  t l r c  l t h t t t r r g l l g 1 l l l ! ' , 1 1

t o  c r  c l t l b u t l t r r c  i u r ( l  c ( r r ' f  c \ p ( ) n ( 1 -

In  [ ' i surcs 9u unc l  t )h  ue represenl  schemat ica l l l ' thc  cor rc-
s1-trrn r l  i r tu cl Lrus iucl ia bu t ic rr ncl acJ iabat ic surfaces. Thc acl iu bu t ie

sur luccs rescmblc  thc  rcsLr l ts  o f ' r  un der  Lr - rg t  and Oosterho[ '11 : ' t

Thc mcchanisrn of rcucti t ' rr-r in thc quasiadiabatic rcpresentu-

t ion is  as l i r l lous.  S incc on lv  Ar  car r ies  osc i l la tor  s t rength.

thc  rcact ior r  s tur ts  u i th  thc  molccu lc  cxc i tcd to  Ar .  a t  somc

cncrg\  E {scc } r ic .9r r ) .  F}ccausc t l rc  energy sur facc o f  Ar

is lair lr  f l l r t .  us eun bc secn from lhe schematic correlat i t-rn

diagram Figurc e)ip 1r '  from thc Lugt and Oosterhoff calcula-

t ion.  the molecu lc  unr lc rsocs largc ampl i tude osc i l la t ions akrng

thc rcact ior r  coord inatc .  I -or  nuc lcar  pos i t ions located at  thc

r i gh t  o f  R1  (F ig  9u )  t hc  c l cc t r r r n i c  t r ans i t i on  A r  -S :  uh rc l r

scncratcs  v ibra t ionu l l_r  c rc i tcd products  becomes poss ib le .  In

dirc-ct conlpcti t i r)n r i  i th this proccss. lbr nuclear confiqurations
to  t hc  l c l ' t  o l 'R . r .  t hc  t n rns i t i on , . \ 1 -S1  i s  poss ib l e  :  t h i s  t r aus r -
t ion gcncrutcs  r  ib ra t ion l r l l r  c rc i tcc l  rc i lc ta l t ts .  I f  u  c  assun-rc

that  l ib ron ic  and sp in-o lb i t  cont r ibut ions are sn-ur l l .  thcn

the  ra t cs  o1 - thcsc  t n rns i t i ons  u rc  c l c t c r rn i ncc l  b r  T , .  Fo r  t hc

c a s e  A r  - S :

T r :  I ' r l r i r l r q t A ,  l l . i S .  t l R

Lct  us unul r  zc  thc  c lcc t ron ic  par t  (A r  F l "  S:  . , '  f rom thc
point of vinr ol '  thc sr n-rrnetrv of the molcculur orbitals. \ \  c
scc thut , , \1  is  composcc l  o f  t *o  c lc tcrminur . r ts  [Eq.  (23) ]  and
inspcct ion o f 'F igure 8  inc l icates that  both determinants  havc

the samc slnrmctrv. 
-fhc 

samc is true' for the cleterminants
used  i r t  S2 .  F {ence  a l l  t hc  t c rms  i n  (A ' lH " lS : )  ha rc  t hc  same

svrurrctr) '  propcrt ies as :

z = ( d c t l n l 1 1  r 2 n . ,  l H " d e t  j o o n n l )

l f  we repeat  the anah 's is  o f  Scct i t - rn  : l . l . l .  we f ind that  the

largest terms in r arc rcprcscntecl bv

( n r  l H " i o ) ( n , i o ) ( r :  7 T ) ( T T r l r T )  -  ( S l S l S ) ( S l S ) ( A l S ) ( S i S )  -  r ; r

Thus the photochemica l  d is ro ta tor l ,  r i r rg  c losure is  o f  order
of forbiddenness one. By contrast. our prcvious anall ,sis indi-
cated that T1 l i rr  the t lrermal disrotatory r ing closurc is of
ordcr cr and thrs reaction is of order of forbiddenness t$,( ') .

( 12 )
(23  ;
{2,t )



Hence. a disrotatory r ing closurc is predictcd to take place

more readi ly by a photochemical than b-v'- a thermarl path.

There is no contradict ion between this descript ion of the

reaction and that result ing from the adiabatic representa-

t ionf25 i :  thc  la t ter  howcvcr  h ides thc ro lc  o f  symmetry .  The

quas iad iabat ic  proccss A1--52 (sce F ig .  9a)  becomes in  the

adiabatic picture (Fig. 9b) A "S" 
(at configurations to t l ie

r ight of Rr) fol lowcd by S"--S'.  at configurations around

R2. These transit ions are due to non-Born-Oppenheimer

coupling (bctrvccn the uLl iuhul ic strr/e^s) which may bc quitc

important at R2 since the electronic gap betwccn S' and A

is small .  This adiabatic descript ion of the reaction milv seem

diffcrent from that provided b1, the correlat ion diagrams and
this apparent discrepancy has created some confusion. The

adiabatic descript ion is however equivalent to the quasiadiaba-

t ic or-rc. u'hich in turn is equivalent to the one provided b1'

the corrclat ion diagrams.

_t' l

sen ted  (Sec t i t r n .1 . l . l ) b " v - 'SSAA.  and  t ha t  o f  t he  p roduc t  by

SSSS. As rvc have already discussed. when we know the symme-

try of ett t ' l t  nutlat 'ulur rrbi lul .  wc can predict for this reaction

lun order ol forbiddcnncss of two. Now let us assume that

lve r,vant to r-rse thc clcctronic symmetry rules to predict the

rate. but rve knou' onl l '  the symmetry of t l te v'ure . l imctiorts
of the reactants and products (from spectroscopic measure-

mcnts. for example) and know nothing about the symmetry

of the molecular orbitals lrom which the wave function is

bui l t .  For the disrotatory thermal r ing closure the wave func-

t ions ol 'reactants and products are both symmetric (the SSAA

behaves upon ref lect ion in the symmetry plane l ike SSSS

since AA does rrot changc sign). Therefore based on this

information alone. using electronic svmmetry rules. we see

that the reacti t ' rr .r  is al lowed: to be precise. this means that

u'e cannot usc electronic symmetry tct state that the reacti t tn

is slow. Obviouslv the tu'c-r predict iorrs are dif ferent and the

onc based on thc knouledge of the s-v-mmetry of the MOs

is more usclul.  Di i ierent degrees of information need not

lead to dif ferent conclusions. For exumple. in thc casc of

reactiorrs u'hich can bc rcprcsented ers transit ic 'rns front SSSA

to SSSS or  SAAA to  SSSS.  the symmetry '  o f  the e lect ron ic

l l 'ave lunction of the reactants is dif ferent from that of the

prc-rducts and i l  r ' r 'e do not know the symmetry'  of the MOs

lve precl ict that both reactions are lorbidden. The same predic-

t i t ' rn is madc i f  the symmctr-v- of the MOs is knou'rr atrd

usecl. but in this case \\ 'e garrr the addit ional informatitrn

that  thc  f i rs t  rcact ion (SSSA--SSSS) has an ordcr  o f  forb id-

denness onc uh i lc  the second (SAAA -SSSS) has an orc lcr

ol lorbrdc' lenncss three.

These eranrp lcs  i l lus t ra te  hon ac ld i t iona l  knou ' ledge of  the

s lmmetn of  MOs prov ides us r . r i th  addi t iona l  in lor tnat ton

which can change our  ab i l i ty  to  pred ic t  the outcomc o l  the

renction. Thus a hicrarchy of rulcs is possible. according to

the deta i ls  o f  k r rou lcdge of  the symmctry  o l ' the w ave funct ion.

This point has been made b-v- Sl l t 'cr j( ' r ' l  in a discussion based

on a dif lcrent approach.

,1.3. The Role of the Electronic Interactions

In thc prel ious subsection we havc seen hor'r  the use of

Hi. ickel MO thcorv. rvhich gives information about thc symnte-

t ry  o f  MOs.  a ic ls  in  learn ing more deta i ls  about  thc  ra te

of rcaction. t l i ickcl theorl- has. however. the disadvantage

that i t  ignores to a large extent thc interaction betu'een elec-

trons. In this scction we discuss the effect that ir-rclusion of

electronic intcractions. at thc lcvcl of Hartree-Fock theory.

has upon the predict ions of reaction rates based on electronic

symmctry.

I t  is very simple to take erccount of this interaction in

t l ie present approach in the electronic Hamiltonian H.. which

appears in thc electronic part of T 1 . I f  we write

H" :  H. l t )+  Hf  r  r ) .  for  the one-  and two-e lect ron par ts  (Hl t2)

are the coulomb interactions between electrons). the two-elec-

tron operator contr ibr.rtes to T1 terms of the form

({ r | lH! ' t ' l r i i )  For  the thermal  d isro ta tory  react ion.  for

erample. Vl :  det ISSAA i and tf l l :  det ISSSS I and a represen-

ta t ive two-e lect ron term in  (det  ISSSS l lH!12) ldet  iSSAA ]  )  is

(SSlHf t r ) lAA)(SlS)(S lS)  The one-e lect ron cont r ibut ion is ,

as  a l r cady  d i scussed .  (A lS ) (A lS ) (S lH i '  ) lS ) (S lS ) .  The  two -

electron term has an order of forbiddenness zero. since SS

c 2  t * 2

E

c 2 T  T x

q 2  t 2

* 2 * 2
" 2  " 4

t rz  t r  to

n 2  n  2
" ' l  " 2

(

Fig .  10 .  Quas iad iabat ic  s ta tes  lb r  thc  cor t ro ta to r )  photochc 'n t i cu l  opcr r ing
of cyclobutene to -et ive bLrtacl icne.

The  q t ras iad iah l l i c  s l a t cs  l o r  t hc  con ro ta t ( ) 11  r i ng  ( )pen inc

are presentecl in Figure 10. Sincc rcactant and product states

do not cross thcrc is no possibi l i ty of an clectronic transit ion

which wil l  lead to excited proclucts.

We have ignored in the analysis kinetic factors that ma1'

become important in photochemical reactions. l ike radiat ive

or radiat ionless de-excitat ion of the reactant state.

The discussion in this section serves to i l lustrate the elec-

tronic symmetrv rules at the simplest lcvel possiblc. when

a Hiickel descript ion is used for the electronic wave function.

Such rules are val id rvhen A(E) is very small  and the non-Born-

Oppenheimer and spin orbit  coupling are negl igible. Under

these circumstances we derive al l  the conclusions obtained
I 'rom the origirral W-H rules. The rules derived here -eivc
morc dctai ls about thc reaction, indicatin-u the possiblc cxis-

tence of dcgrccs ol forbicldcnncss, and point out the important

role that thc ovcrlap of thc molecular orbitals plays in the
e lect ron ic  par t  o f  T t .  and hence in  the ra te .

4.2. Hierarchy of Symmetrv Rules

We harve erlphasized at varic-rus placcs in this papcr thc
fact th:rt  the prcdict ions made by using the e lectronic symmctry
rules dcpcnd on thc clcgrce of infonnation that we have about
the clr.rersiadiabatic electronic wave functior.rs. We i l lustrate
this point now u' i th the cxamplc of thc r ing closurc reactior.r
ol 'butadicnc. Wc rcpresent the wave lunctions of both reactant
and product. schemert ical ly. by indicating the symrnetry of
the molccular orbitals used to construct them. For the thermal
disrotatory r ing closure the reactant wave function is rcprc-

l r r 4 r , r ' .  ( ' l t L , r t t .  I r t t .  F . l .  L , r t q l .  / 1 .  - 1  7 7  . 1 9 :  |  1 9 7 9  ) 389



has the same symmetry as AA: thc onc-e lectron term has
an order of forbiddenness two. In this part icular case. thc
symmetry  thus does not  requi rc  that  T1 be smal l^  a l thoLrgh
the one-electron contr ibution to T1 is. in l i rct.  very small .
I f  the two-e lect ron tcrm is  impor tant  ( in  o ther  words.  i f  the
H i i cke l  app rox imu t i on  i s  \ c r - \  po ( ) r ) ne  w i l l  ohse rve  r  i o l u t i ons
ol the W-H rules. Thc success oi W-H rules indicatcs that
the jo in t  cont r ibut ion o f  a l l  two-e lect ron terms to  T1 is  gener-
ei l ly small .  One should. however. keep t l"rem in mind as poten-
t ial  sources oi violat ion of the rulcs. Noticc also that for
a  react ion which can be descr ibcd as SSSA--SSSS.  and which
has an order of forbiddenness one. thc two-clcctron terms
behave l ike  the onc-e lect r r )n  oncs.  Indeed both (SAlHf  ' . , lSS)

and (S lH! ' )1A)  are o f  order  c .  Thcre fore the e lect ron ic  in terac-
t ions may change thc predict ions of the symmetry rules. basecl
on one-electron terms. onlr in the czlse or rcactions u' i t l t
order of forbiddenness two.

4.4. Role of Orbital Overlap

The principlc of marintum bondin-e. lvhich states that thc
reaction pathway is l ikeh, to bc along thc pathwity of maximunt
MO over lap.  is  in t rmatch conncctec l  to  the svmmetrv  ru lcs
by the present approach. In f trct.  in our approach thc svmmctrr
of molecular orbitals is r-rsccl to determine u'hether thc orcrlap
between the MOs o l '  t l te  quas iad iabat ic  uavc fLrnct ion o l .
reactant  anc l  products  is  smal l .  Poor  orer lap makes T1 rcr l
small  and leacls to the same cf l 'cct as selection rulcs bascd
on the symmetrv  o f  thc  e lect ron ic  uare lunct ion.  S ince the
overlap betu,een tr ' , 'o MOs ma_v be zcro even i l  the symmetrl ,
does not require i t  to bc so. rt  is useful to analyze the overlap
whenever possiblc. For examplc let us cr)mparc ugain the
d isro ta tory  photochcnt ica l  react ion u  i th  the d isro ta tor \ ,  t l te r -
mal reaction.

F igure 8  sho l i ' s  t l ta t  the lcad ing tcrm in  the e lcc t ron ic
par t  o f  T1 fcr r  thc  d isro ta tory  photochcmica l  rcact ion is

rvhi le that for the disrotatorv thermal reaction is

(n1  lH " l o ) ( r1  l o )1n .  r '  . ' . T r ; - ; r . ,  - , .S lS lS ) (S lS ) , (A lS ) (A  S )

The on ly  d i f fc rcnce is  the rep lacement  o f  (n . r in) :  (S lS)  in
the exprcssion ior the pl iotochcmical rcaction by
(nt ln) :  (A lS)  to  obta in  the thermzr l  one.  S ince (A lS)  musr
hc vcry  smal l  by  svmmctrv  lnd (S lS) :  ( r . r ] r r )  c loes not  havc
to be. the svmmctry rules predict that thc thermal rcactiorr
is thc slower of the two. This prccl ict ion wil l  be inaccuratc
i l - t hc  ovc r l ap  o l  (S lS ) : ( n , r l n )  i s  ve ry  poo r  so  t ha t  t h i s
tcrm is  in  fac t  as  smal l  as  (n2 ln) .  In  th is  s imple case.  howcvcr .
thc overlap is large and thc conclusion derived bv using symmc-
try alone corrcct. In gcncretl .  in comparing the- photochemical
(one electron cxcitat ion) with the thermal reactior.r.  on path-
ways of thc samc symmetry (c.o..  both cl isrotatorv). one has
to compare the over laps ( tJOMO reactar r t lHOMO product )
and ( t ,UMO rcactant lHOMO product ) .  I f  thc  la t tc r  is  la rger .
thcn the photochemical reaction is faster.
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The pr inc ip le  o f  mar imum over lap has ar  broader  va l id i ty
than t l-re electronic symmetry rules. The lattcr may' be viewed
as a part icular case of the former in which the symmetry
ol ' the MOs is used to cstabl ish the existence of a very poor

overlap. The principle of maximum overlap hars the same
lin-r i tat ions as the electronic symmetry rules in that both neglect
possible coupling of clcctron spin. and both require thc Born-
Oppenheimcr  and Franck-Condon approx imat ion.  Thus both
are restr ictcd to consideration of electronic motion only: the
r.reglect of nuclcar motion l imits the predict ivc value of these
analvses of  chemicn l  k inet ics .

5. Concerted and Nonconcerted Reactions

A clef init ior"r ol- "conccrted" and "nonconcertecl" rcactions
is an integral purt of any exnmination ol '  svn-tntetrv rulcs
for reaction nltes. bccuuse t l iese rulcs are usualh appl iecl
to  concer ted rcuct ions l rn l .  The t rad i t iona l  v ieu '  is  that  er  con-
certecl rcaction is onc in u' l t ic l t  therc is no intermediate. Al l
boncls that brcak or fornr during the reactic-rn do so simul-
tancousl,y. A nonconccrtccl rcaction is onc in * 'hich there
is  un in tcnrcr l i l r tc .  T I tcsc arc  usefu l  c lua l i ta t i re  not ions.  The
cl iscussions of- t l rc prt- 'cceding sections provide a framework
l r i t l t  uh ich t t r  s i rc  opcnt t iona l  def in i t ions o f  both concer tcd
and rtor.tctrnecrlcr l  rcl tct ir- lr-rs.

Wc clcl ' inc lr  c()nccrtccl reaction AS onc which consists of
u  ,s i r tq l t ,  c lcc t ron ic  tnrns i t ion f rom the qr - ras iad iabat ic  s ta te
of reactants to that ol thc products. A nonconcerted reacti t-ru
is orre in r i  hich at lclrst I \ \ ' ()  un(()rrclutt , l  alct ' tronit '  tr : i , tsi t i () t ts

are needed to  complc tc  thc  react ion.  The most  common s i tua-
t ion l l 'h ich muv g i rc  nsc ' to  i l  uouconcer ted process is  onc
in  u  h ich thrcc r lur rs i lc l iabat ic  e lect ron ic  s ta t r -s  are requi red
to c lcscr ihc  thc  conrcrs ion of  reactants  to  products  (F ig .  11b) .
Onc cicscribcs the rei lctunts. one the products and thc thircl
onc  ( t l cno t cc l  I  i n  F ig .  l l b )  i s  ca l l ed  t he  i n t c rmcd ia t c .  The

tr,r 'o clectronic transit ions recluired to make the reacti t ' l t  l tou-
conccr tcr i  urc .  in  th is  case.  the t rans i t ion f rom thc s ta tc  o f
rcactunts  to  thut  o f  the in termediate  and a second t rans i t ion
l l 'onr  thc  in tcrnrcd ia tc  s tu te  to  that  o f  thc  products .  In  th is  scc-
t ion u c cl iscrrss l t() l tc()ncerte clne ss as i t  appea rs i l r  lc-; .re t  i r  e proc-
csses thlt t  ntr. t_r [-rc chuntctcrized by threc electronic states onlv.
The ncccl to consiclcr nrorc electronic states mar arise but
the d iscuss ion of  such u s i tuat ion is  a  s t ra isht forward senera l i -
zat ion o l  thc  three-s ta te  cuse.

The pornts  to  be cJ iscussed here c1r - ra l i ta t ive ly  are:  l )S ince

wc clcf inc a n()nconccrtcd rcaction as one which rcquires
t rvo c lcc t ron ic  t rans i t ions to  completc  the react ion.  rve must
erp la in  whv thc e lect ron ic  s_vrnmetr l  ru les  break down for
nonc()nccrtecl reactic ' lns ancl lvhat t l ic new symmetrv rules
arc .  i l 'anv.  2)  How can or . re  estab l ish by a  s imple ca lcu la t ion
rvhether a reaction is nonconcertcd' l  3) What is the conncctiorr
betrveen the present definit ion of nonconcertedness and t l ic
ones ex is t ing in  the l i te ra turc ' l

To answcr the f irst cluestion. let us consider the case pre-
scntcd in  F ig .  l lb .  For  energv l -1  ( the ener-ey a t  R, )  t l - re
cl ircct transit ion reactant +product by a sin-ele electronic tran-
sit ion is not possible since t lre overlap of the nuclear lvi tve
functions is extremely small .  I t  is, however. possible to havc
a transit ion rcactant--+intermediatc since the nuclear overlap
is  fa i r l l ,  substant ia l  around thc nuc lear  conf igurat ion R1.  cor -



F i g .  1 1 .  a )  A  r c a c t i o n  l i r r  l i h i c h  t h c  t h i r d  e - l c c l r o n i c  s t i l t c  { i r t t c r m c c l t a t c )
( l ) i s  too  h igh  to  bc  access ib lc .  l ' hc  s ta tc  I  i s  no t  popr r l r r tc t l  r r r t l  the  rcac t io r t

i s  concer ted .  b )  Thc  th i rc l  c luas ia t l rahat ic  c lcc t ron ic  s ta tc  i s  los  cnough a t rc l

t h e  t r a n s i t i o n s  R  ' l u n d  I - P  a r e ' c n c r g c t i c a l l l  1 . r o s s i b l c . . { t  c n c r g r  l 1  t h c

reuc t ion  is  nonconccr tcc l .  A t  cncrg ics  a rounc l  1 ;3  thc  rcuc t ion  i :  l - ro th  cor tcc r tcc l

anc l  t . t t ' r . t conccr tcd  (scc  tc r t  io t 'dc ta i l s ) .  c )  Ac l iab l t i c  cnergr  s t t t l l t cc  cor rcsp t l t ' td -

ins  to  the  casc  o l  F  ig .  |  1  b .  d )  . , \  f ' l a t  in tc r rned ia te  quas iac l iahr t t i c  cncrgr

sur l 'acc  ' , v l . t i ch  mar  bc  cxpcc tec l  in  the  case o f  a  d i rad ic r l .  c )  fhc  f l l t  bar r i c r

on  thc  ad iabat ic  cncrg)  sur iace  cor rcspond ing  to  F ig .  1  1  d .

responding to the crossing of the energy surl i lces of rcactant

and intermediate (Fig. I  I  b). Once the system is in thc clcctronic

s ta te  I  the nuc le i  undergo osc i l la tory  mot ion $ i th  the ampl i -

t udc  BD.  W i th i n  a  pc r i od  o f  osc i l l a t i on  (10  1 rs )  t he  nuc le i

visi t  the rcgion ED. in which the nuclear wave l 'unction rn

the st i i te I  overlaps well  with that in t l .re state P. A transit ion

from I to P bccomes possible and rvhen this happcns the

reaction is completed. One can show that thc clcctronic part

of the transit ion probabil i t t ,  for two Llncorrelatccl transit ions.

corresponding to thc part T1 for concertccJ reactions. is of

thc  tvnet l  . r .  . l l r  l .

' , , : l H . l v l  u , . r f l l H .  v l  n l r 5 l

r, l 'here the subscripts R1 and R2 indicate that only the nuclear

configLrrat ions located around R1 and R2 nced to be consicl-

crccl.  Thc clerivation of thc clcctronic svmmctrv rr-r les tbr

concerted rcactions has been based on thc fact that the elec-

t ron ic  par t  o l - thc  t rans i t ion matr ix  l ias  the lorm ( r f l l lH" l { r l )n ,

and the electronic states of reut ' tunts turt l  prot lut ' ts appci ir

in the szrn' le matrix element. lntcgrals of this form do not

occur in clescript ions of thc clcctronic part of a noncotlcertccl

rcaction. given by Eq. (25). ancl therefore the simplc clcctronic

symmetry rules rvhich apply to concertecl rcactions do l tot

apply. Otl ier rules are. however. possiblcf2sl.  We catt rcgard

thc two tcrms of Eq. (25) as electronic parts of trvo indcpcndent

concerted rearctions. one reprcscntcd by R - l anci the otl-rer

by I 'P. I Ience symmetry rr.r les apply for each of these terms

separately. l f .  for example. R1 is very close to a symmctric

nuclei lr  corrf iguri t t ion R?. and the wave functions rf |  and

rf !  have dif ferent symmetry (t l ' rcy bclong to dif fcrcnt irreducible

representations ol ' thc group gcnerated by R?). the reaction

R-*l is l i rrbiclcJen. l ts ratc. and correspondingly the r i t tc of

. l r t q t ' w .  (  l r t ' r r t .  l r t t .  L d .  L , r t i J l . 1 , \ .  - 1 7 7  3 9 :  ( 1 9 7 9  )

the nonconccrted reaction wil l  be slow. The same ar-qument

appl ies  scparate ly  to  thc  "s tep"  I - 'P .  a1nuc lear  cot l f igurat tons

R2.  Morc deta i ls  may be four- rd  in  Ref . l r8 l .

Concernit . tg thc sect-rt td questiort:  Alter clari fying how the

involvement of a third statc can make the reaction noncon-

ccrted. let us indicate vcry brief ly horv one can test whether

a given process is cctnccrted or uot. Onc should start by

l ist ing the chcntical structurcs that are l ikely candidates for

an intermccl iatc. Then cluasiacl iabatic states should bc cotl-

structed fbr euch intermediate. at the level of simple Htickel

theorl ' .  For cxarnple. in the case of butadiene r iug closure

onc mav think of a clradical wit l"r r .rnpaired clcctrons at Cr

and C'+. A quasiacl iabatic state for thc diradical cal l  be cou-

structccl b1' using 
" 

I  p, orbital on each of the carbons labeled

I and i  ancl tuo local izccl orbitals for the single elcctrt ' rns

on Cr  anc l  C ' * l r " l .  Thc e lect ron ic  energy 'sur facc may 'be locatec l

rvi th rcspcct to thc reactl t t- t ts aud proclr-rcts i ls shou't . t  in Figure

l la .  I r r  th is  casc the react ion is  concer ted.  I f  the resu l ts  l l re

as  shoun  i n  F igu rc  I 1b  t hen  a t  cne rg ies  E=E1  the  r cac t i o l t

is nonconcertcd. I i  the cnergy is raisecl (thcrntal lr ,  or thrt l l tsl- t

lascr incluccd r, ibrat ional excitat ion) close to L'2 thc conccrtccl

rcuctir-rn R-P sturts competing with the l tol lcol lccrtccl ot lc.

This possibi l i tv of sintultatreous coexistence ol '  col lccrtecJ at lcl

n()lrconcertecl pitth u itvs has been inferrecl frctnl crpcritl-tctltltl

da t l r l r  
( '1 .

Regarding thc thircl  clucsti t ' r t t :  Previous definit ions ol t lot. l -

concer tcdness l l " "  t l  l - l  a ' , r . ,  be a l l  der ived f rom the prcse l t t

onc. The acl iabatic surl l tcc corrcsponcl ing to the nonct 'r t lccrtcd

r c a c t i o n  ( F i g .  l l b t  i s  s h o u r t  i n  F i g t r r c  1 1 c .  W e  s e c  t h a t  t h c

prcsence of  thc  in ter t lcd ia te  s ta tc  i r t  F igure l lb  crer t tcs  t t

ue l l  in  the uc l iabut ic  s ta te  o l '  F ig t r rc  l lc  locatec l  hc t t tcc t l

rcactants  and proc lucts .  (  )uc  o f  thc  cur l r  c lc f  in i l io t ts  o f  l t ( ) l tc ( ) l t -

ccrtedncss reqtt irccl such a well  ( lor a cl iscttssiot l  of t l l is scc

B. ; .  t : rn l1 .  Thcrc  is .  hou 'ever .  a  poss ib i l i t l ' '  that  thc  in tcrn tcd ia tc '

statc may har.e u f lat or a slopecl shapc bctueen thc 1-loi l t t :
of intersection u i th thc rcactant and product surl i tccs. C'ot l lptt-

tut ior"rs shou that a l lut surf i tcc is very l ikely. for cratr lpl t- .

in  the case of  d i rac l rca l  in termediates l l l ' r '  2 '1 .  Such a s i t t ta t i t t t t

cun be scen in I- igtrrc l ld u' l t ich rcprescttts a t l t ' r t lcot lccrtccl

rcuct ion.  The corrcsponding ad iabat ic  sur facc is  f la t  (F ig .  I  I  e  )

anc l  does not  ha l 'c  a  uc l l .  The poss ib i l i tv  that  a  l l r t t  bar r ter .

()r an adiabatic surface. can be associatccl uith t l t l t lcol lcer-

tcc lness has been propt tscc ' l  in  the l i te ra t t r rc l r - "1 .  F in l t l l ) .  our

clcscript ion of a n()ncoltcertecl prclcess ful l l '  agrecs r i  i th l tncl

sLrt 'rstantiatcs. in i tn obriotts ua1,. the clne prop()sccl by Dot'r i t t t t

ancl Strr ' /rr1,,1'12-el l lhich involves ir-r thc intermecli l t tc l t  set

o l  r  ib ra t io t ra l  s ta tes.

Thus. this forrnal ism for reaction rates incorporates t. t ; . t tur-

al l f  inferertccs clraun ft 'om cxperimental studies cottcerning

thc characterist ics requircd for t t  rci tct ion to bc not-tconcerted.

I t  does r - ro t  ansucr  cxpt ic i t lv l2s l  thc  c l t tcs t ic - r t - t  o f  the min imum

lifetime recl u i rcc'l for th c dcfirrable existettcc ol ati intc rmcd la te.

but insteacl incl icatcs that t l i is cluestion is not a useful onc.

since therc is u smooth continuum of possible processes rar-rging

lrom concerted to nonconcerted.

T/ns r lr l 'k ur/, \  . \r lpp()r ' t t ' t l  i t t  purt bt '  t l te l lut ir t t tul  Scit ' t tcc

F oun tl tt t i t t tr tu r tl t h c En t' r q .t' Re sc ur t' h ur tl D e r e I o pme tt,4 drn i tt i s-

trut iott .

Rcccir cd : N4 ai 1 l{ .  1 971J [A ]7 |  IEI
( i c r n l r r r  r c r s i o l r  .  / \ n q c \ \ .  (  h c n i . 9 1 .  - r ) 6 1  ( 1 9 7 9 )
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