An automatic tool computationai
(biack box) to compute strategy

a reaction mechanism needed
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quantum mechanical ; Computational
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A deep knowliedge
of the asigonthms

;:':l‘:e:" uses 18 . ™. “Computauonai
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‘ Knowiedge aad
. understanding ofl

the experimental)
: data

The coneept The concept of
of Pes Reaction Path

The concept of
Equiiibrium
Geometries and |

Transition Structure

l ; All these fundamental
. ideas are a consequence
of the Bore-Oppheneimer

; Approximation
The meaniag of the ! i The motion of the
Botn-Opphencimer : __ , elections is described
Approximation ' as indipendent and
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to associate an energy

vaiue E with ail nuciear [
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Energy Diagrams
—_  as functions of
PES == nuciear coordinates
can be used

Relevant poinis on a PES

All the reievant points on 2 PES

are stationary Ell\li
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First Denvatives of the Energy with respect
to nuciear coordinates (forces) are zeto:
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In topoiogy stationary points are known
as critical points

A few fundamentai concepts:

_The concept of potentiai
' energy surface (PES}
1 associated with a chemical
! reaction

What can you get from a PES:
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© All the possible : . The reiative
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reactant to products | ' the vanous paths
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energy barriers
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Reaction Mechanism
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Important Statement:

Not ali the cnticat potnts on a
PES have chemical meaning

l

Consequently, after having found
a enticai point on a PES. you
must also determine very carefully

its nature
:I" direcuo
A memm {rst order ~ "-":.:'
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1IreRRDOn State) N r
N
E one direchon

of pasitive

order
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SOSP

1no chemical
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%0 directions.
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\M,M; == minimum
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\ntermegiates)
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A 3 - Dimensional
case: E=E{X).X3)

The full second energy.
Denvative matrix (hessian)

is required.

The cortesponding cigenvaises
must be computed
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compste the
corresponding cigenvaiues

— 7/

2 pasitive 1 positive eig. 2 negative
Eigenvaiues | negative e1g. eigenvasues
Minimum First Ouder Maximum
(Reactants, Saddle Point ot
Progucts, {Teansiion Second Order
[ntermediates) State) fmdlz Point
Sosps
(no chemical
meaning}
The 1onai
strategy which 1s
emoioyed is
comoieteiy generai
in principie you can
geta
[ ‘a pniori® anaivsis
of the PES

1n practice a too

large numoer of
computations is

reguized 10 do that

This makes a

full * a pnori‘ anatynis .
too expenstive for
reacuons of chemicai
interest

Consequently ——— in a ‘routine’ investigation
of a chemtcal reaction it 1s
convement to petform the
search for the vanoas enticai
pornts { and the optimization
of the corresponding geometn~
czl structures) in some restncted
areas of the Pes

The nature of a cnitical point

can be found easily if one can
compute the force constant matnx
with respect to the nuciearcoordinates

The foree constant
for coordinate X;
!!'
E
~= (Second Denvative of the energy)
ox;

A 2 Dimensional case Trivial
E = EIX) — solution
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3 - di case Easy to extend
to the
n - dimensional
case
n=3N-35

evaiuation of __J

the nxa force
costant matnx
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& cigenvaijues

— | ™~

All eigenvaiues  oniy one P eigenvaices
are positive etgenvaiue aze negative
1S negative l
Minmimum Fitst order A saddie
sagdle point point of
l oraer P
T.S. No chemically
Meaning



Factors whieh stlow to choose

the important restricted areas of
the PES and to guess reasonabie
starting geometrnies for the critical

points
Chemcai Computationai
ttaition expertence
Expetimental Theoreticai
Evidences Considerations
—
. Guess
for a ressonabie
L3 y
———
——
Start the
sesrch procedure
for a given
critical point
—_——
QUANTUM MECHANICAL MC-SCF
METHOD USED ———  {mwid-conrle
stenc tleld)
Y=L Cutr
<
| I— CSF scace
funcnoes:
= ¢ virtasl orditais (unoccapied)
-
= 3ctive orbicals (variable occupascy)
= core orbitals 1doudly occupied)

CAS (compiete acnve space)

l_ ail possible conrigurations arisiog

from the valence space

CYCLOADDITION REACTION BETVWEEN
KETENE » ETHYLENE

H2C+C=0 « HZCxCH2

particular reaction

/ \
butanose 1-Methyiene-Oxetsne
Dowunsat) P (Observed oniy under
ol
° C

rerimantal [oterust : Prototype Reaction for an isaportant
ciass of Reactioas

|

CUMULENES - OLEFINS

l

An important synthetic tool to obtain
cyclic compounds

—
Seatch proceguze

———

The wave~function ©

is computed for

The geometry is
each geometneai - | - graduaily changed
l’::;:‘gon“""““ unul a structure with
-0 d
Seif-Consistent Fieid M_

Method = Mesef )

Loeauon of the enucal point
(if it exists} and of the
corresponding optimum
geometry

Determination of the nature
of the cntical pont: computation
of the foree constant matrnx 2nd
analysits of the corresponding

eigenvaiues
Non-dvnamic corre;
MC-SCF TT " energy tstructure aependent)
Good deseriotion
in the transition
repoc
MCSCFMP2 —— Dynamuc correlation
(singe compu- energy
on
opuimized at the
mc-sef levet)

Very important for the
comoutauoe of actvarion
energies

Bass sets — Minimal basis set
(sto=3g} for expioratory
work

Extended basis sets

for an accurate

geometres and energes
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HYPOTHESTS FOR THE STARTING GEOVETRY
ASSOCIATED \WITH THE SUPRA-ANTARA ATTACK

THEOCKTTICAL CONSIERA TIONS
ON THE ZLECTRONIC STRUCTURES
or

TRE APPROACK MUST IVVOLVE THT
TWO A SYSTENE SDALTANEOUSL Y

THE COMPUTATIONAL LXPERITNCT ON
STMILAA REACTIONS (ETRYLEVE -
ETRYLEVE) AN

SUCGEST
STARTENG YALULS POR THE APPROACHTNG
DITANCE AVD TNE G ANGLE

PARALLEL APPROACH =—me—= ClLU/)

LA N
oy el
e N4
u\ +8
gx—.—(..—aE
N (nr.J—l)A

X

Cyceonvmmmems’
FORMATION OF .
CTCLOSUTANONE Ao METWRENE OXETAVE
1 FORMATION OF
ANE

CONCERTATED PATH
RIGMLY ASYNCRONOUS

TWO STLFS PATH

PERPENDICULAR APPROACH ClM.

— G Wes
Se—a e e

CveLonvramsre

. >c.—-—-:.——.o
ClL)t TS AND C1(Ng TS Cl(.t TS ONLY
WITH ALMOST THE SAME SLIGHTLY DISFAVOURE:
ENERGIES (- 05 Keavmol.)

Supra- antara SOSF

=
T, BEEeRE
)
s wota .I"P‘ALTI
PESERGe e
TRANSTTION STATT NVESTIGATID

QPTIMUM GEOMETRICAL PARAME

. . R
CBTAINED FOR THE CRITICAL POL\TTES s
ASSOCIATED WITH THE C1om APPROACH

C../ig 757§
T ) —
“ousi '\‘-c: 14301
b jes (o Reiu
iheo . "
‘398 a2mi
=i
BIRADICAL
STRUCTURES
C.llg M
(5}

e
LEAR B 4

Vasss_
Jey

|
|




a n.aa; e
vi 1408

im7j
0.8

R= 1908 {i79:
P a0 oo

Cilitm

p22d R 1587 1.8030
Ll © D= (m) C: . APPROACH
. L
v Rc‘\. - -
; Cilec Ts. (&8 Tawah
(e) v i M ——
" 1.4 [
\\] nz.s /-réza 5_ ;"s" \,/\/
1.819 \'\\"'“’ 3 s
122.0 Oycioburnmmers
T edst

* (simay

C2()t HYGHER IN ENERGY THAN Cl(iNg TS
DE = 14.8 Kcalbmol.

l INVOL
C2(:) DISFAVOURED PATH —— HIGH!
ACTDH
ENER-
@
i s
C,(.l)gts. ¥ Cuhiiit M
./ 1518
Lan / (a.‘ )
by -
7\ by "3 ‘ 12.0 ‘Sﬁ ne
(b) *O | R-aam R
\ D) v rons Fersy -
2N 2 R 188 7/ 1843 L 428
1416 N > 1234 P 1281
are
. iy
(b\ 1413 C.in TS
Cailig TS. =
[T J——
{a) YL
\ 108.3

1519

" "\q\l\){f\ X
R =308 A — z
3 = 1208 ’ 1.542 N

(b)




Ol/h APPROACH
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Possibilnty for 2 two-siep
mechanism
It can expian the
resuits obtuned B
2 few cases 1n the
presence of large
subsuwents

Stereospecifiauty s lost

e A hUn fO7 3 TWO-S1CT

mechanusm

The C2(.) anc O/ patns (rwo-siep 1 are energetically
disiavoured

A supra-gntara reaction
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2} A zniucai point corresoonaing to a svn=gaucne
approach igenotea 2s C !81
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Hesstan matrix witb oanily positive ergenvajues
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This structure iies 2.2 Kcalimol higher in energy thap
C, transiuop structure

¢
Closure to eycioexene without aimost an¥ barner

Attack of Ethvlene on Cis Butadiene

Thiee difierent reaction paths

1
2
2 1wo=step path
which ieads 10 vinylcycio~
' butane. viz an

———————— | . anti~gauche attack
a £ 24
tpath, which lesas '
1o cyciohexene

1s disiavoured
+ by 10.8 kcalimol
« with respect to |

! 8 concerted asyachronous
| th. which ieads

: again to cyciohexene, via '
{ a syn~gauche attack

——— e
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this mechanism is disfavoured
by 2.2 Kcalimol with respect
to mechamism !
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Hessian matrix with only positive eigenvajues

This structure lies 5.6 Kcalimoie higner in cnergy
thao the C; transition structure

Ciosure to vinyi~cvciobutane involves a transition

Structure of conformational type with a batrier of
5.2 Kcal/mol.




