A STUDY OF THE
MECHANISM OF RISONUCLEASE~S

USING CNDO/2 ELECTRONIC STRUCTURE CALCULATIONS

Micheel Ardto
i

Submitted in partial fulfillment
of the requirements for
Honors in the Cepartment of Chemistry

UNION COLLEGE

May, 1980




UN 82
ALeDs

1980

ARATO, MICHAEL A Study of The mechanism of Ribonuclesse -8 Using
CNDO/2 Electronic Structura Calculstions. Department of

Chemistry, May 1980.

Bovine Pancreatic Ribonuciease=5 hydrolyzes RNA molecules in @ two
step mechanism: 1. trensphosphorylation, snd 2. hydrolysis.

The mechanism of the enzyme {s studied using s model substrete
for RNA, 2-hydroxyethyl methyl phosphute enion. Electronic structure
calculations sre done at the CNDO/2 leval, using the CINMIN optimizetion
routins to minimize geometries. Two possible resction paths are plotted
for each step of the reaction, with the lowest activation eneray path
essumed to be the one taken by RNA, CNDO/2 results, howevsr, yeild
neaative sctivation enercies, ® phyaicelly impossible result.

Improved snergy calculations for the minimized qeometries sre then
done using GAUSS/70. These results, unfortunstely, slso yield negstive
sctivation energies.

It is concluded that CNDO/2 is unsuitable for work with cyclic

phosphate esters.
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CHAPTER 1

THE ACTION OF RISONUCLEASE-A

Bovine pancreatic Ribonucleese-A, like a1l enzymes, is a protein
catelyst which serves to iouer the activation energy of a bfochemicel
reaction. The reaction, in this case,- is the hydrolytic clesvace of
en ANA molecule at e non-endpoint position of the polynucleotide. Ribo-
nuclease-A is en extracellular, monomeric enzyme of 124 amino acid residues
and molecular weight 13,700. It is helieved to function in the dicestion
of RNA, The enzyme hes received a lot of ettention snd hes heen studied
in both fts native form and ss Rihonuclease=S, & more eesily crystellized
variant in which the polypeptide chain is cleaved into two inmctive suh-
units. The cleavege is effected by subtilisn and the enzyme is reactivated

in equimoler ratio.

FIC. 1. Ribonucleese-A. The phosphate oroup in crevice openinc (P)
marks the active site. Disuifide bridoes sre represented hy e
bent double lire.




on occurs in two stepst

The ribonuclesse rescti
of the 2'0H group {on the 2° ritose)

4. TRANSPHOSPHORYLATION: addition
to the phosphate group cleaving the ribonucleic acid chein at the 5° end,

yielding a 2'=3' cyelic phosphate snd & fres 5¢ OH group.

2. HYDROLYSIS: addition of water to the cyclic intermediste, yisldino

a terminel 3' phosphate monoester.

Busa UE*: 8xe
?
‘é'o “ on

__Ll_y

o

p o f

E’;E S*r;:ol 5

(Cychic IAITO‘M‘D.

FI1G. Il1. The reaction catalyzed by Rihonuclease-A.
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In the eerly 1960°'s, His 12 and Hir 119 were unambiguously impliceted
in catalysis. Furthermors, from the fact that, st pH = 5.5 the His 119
is spproximately sight times more resctive with iodoacstate than His 12,
one cen conclude that His 119 is active in theacidic form (pK, = 5.5),
while residue 12 is ective in the -basic form (pKy = 6.8).

In 1971, Click and Barnard showed Lys 41 to be involved in the active
site of Ribonuclease=A. The enzyme was inactivated by reaction with di-
nitrofluorobenzene. Lys 41 was then shown to be the residue responsible
for inectivation by selsctive addition of guanine. These and other exper-
imentel results, along with X-ray crystalloaraphy of the structure of ribo-
nucleass and theoretical calculstions have allowed researchers to propose
some possible mechanisms for the action of ribonuclease.

Mathiss and Rabin, ate al, have proposed that, for step 1, removal of
the proton on the 2' OH by an imidazole residus in the basic form (His 12)
and protonation of the 5' 0 of the leavina nucleoside by the scidic imidazols
(His 119) is the basis for the mechaniem. This ia followsd by an sttack
by the 2' alkoxide on the phosphorous atom to yleld the cyclic phosphste.
Step 2 follows the reverss of these steps with His 12 acting as the acidic
group and His 119 as the basic group. Lysine 41 was also implicated in
stabilization of the nagat:{ve charge on ths phosphats oxygens end water was
included in hydrogen bonding the acidic His and the carbonyl oxygen of the

pyrimidine base.




FIG, III. Mechanism of action of Rihonuclease sccordino to Mathies end
Rebin, at, ol. =. role of Histidines. b. with Lysine end Hy0

Another possible mechanism for the action of ribonuclease is the
Witzel mechaniss. He assumed thet the 2! carbonyl oxyaqen of the pyrimidine
bease plays a mgjor role end that the enzyms ects only to alter the electro-
phillic character of the phosphorous by sinale or double protonation of

the transition state. His 119 end Lys 41 ere sssumed to be the positive

sites on the enzyme and His 12 1s sssumed to interact with Hie 119 by

sharing & proton to maintein propsr snzyms geometry,
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FIG. IV. Mechenism of action of Ribonuclesse accordino to Witzel.

Wang used the concept of facilitated proton transfer to explain
Ribonuclease=A ection. A basic imidazole aroup plucks the hydrogen from
the 2' OH group of the ribose to form the transition state. The same
proton is then donated to the S' oxyoen of the leavina nucleotids at the
end of the cyclization of Step 1. For Step 2, the path is reversed. This
process would require e leck of movement by any of the atoms involved if
it is to occur efficiently. The 2° oxygen stom must, howsver, be close
to the imidazole to donate the proton end the 5* oxyocen atom must elso be
close to the imidazole group to sccept {t. Pseudorotation s, therefore,
8 necessary peart of the mechanism, Lys 41, or tha. second His, is. believed
to be involved in the protonation of e free equatorisl oxygen to fecilitate

atteck snd deprotonstion.
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FIG. V. Machanism of sction of Ribonuclease sccording to Weng.

Intrinsically related to the mechenism of Ribonuclesse action is the
stereochemigtry of the trensesterificstion and hydrolyeis of the substrste.

For esch step, there is the possibility of an "fn-lins" attack or an

"ad jacent”

attack with respect to the leaving group. In the case of
adjacent attack, pseudorotation is necessary. For in-line mechanisms it
is possible but not obligatory.
Roberts, in 1961, showed by using s dinucleotide enzyme complex thet
8 linear mechenism is probably correct. Similerly, in 1972, Eckstein,
akeal, rescted uridine 2°, 3'-0, D.cyclo-thiophosphate with pencreetic
Ribonuclease-A in squeous methanol. The ensuing Xeray anslysis of the
sbsolute configuration of the resulting uridine 3'o-thiophosphate methyl

ester showsd that Step 2 is slso an in-line mechenism.

Both of these




results have helpad support the mechsnism proposed by Mathias and Rabin,
88 the mechenisms of Witzel and Weno both imply edjecent attack. Evidence
is, however, still inconclusive.

X-ray studies have also shown the aromatic rings of PHE 120 to be im-
portant in the binding of the pyrimidine beses to the enzyme. In 1975,
however, Sigman and Mooser tested Ribonuclesse~A substituted at position
120. While activity was areatly reduced for substituted amino ecids
(other than PHE), the loss was attributed to reduced re~binding of the
two enzyme fragments, since Kp values for the resction were unaffected.
They therefore concluded that PHE 120 is not essentiasl in binding the
substrate,

Hodges end Merrifield, in 1975, used base snslogs end Ribonuclease-$
to show that the hydroxyl group of SER 123 and the C4 carbonyl oxycen of
uridine contributed significantly to the substrate bindina, slono with
THR 45, Cytidine and formycin did not follow a similer patterm. This
evidence shows that Pyrimidine bases may bind to the enzyme differently

than the purines.

FIG. VI. Binding of Uridine to SER 123 and THR 45,




The specific role thet lysine plays in ceatslysis has been clerif {ed
somewhat by Walter snd Wold in 1976 and by Gutte in 1977, By studyina »
63 smino acid snslog of Ribonuclesse<A, the resesrchers showsd thet LYS 41
plays no role in the binding of the substrete (in the formation of the
Michalis-Menton complex) but is essentiel for catalysis. It is still not
clear just what this role is, howsver.

Deskyne and Allen, in 1978, combined some of the previously sccumul~
sted experimental data with CNDO/2 electronic structure theory celculstions
in examining the mechenism of Step 1. The results favor s modif {ied ver~

sion of the mechanism proposed by Mathiss and Rebin, They concluded that,

for the attachment and partial protonatfion segment of transphosphoryletion:

1. HIS 119 partially protonates the the lesving group, weskening the
P-0O5 bond and facilitating in<line addition of 2! oxyqen,

2. The 119-120 backbons N=H aids 2°* oxyosn attack by increesing
the electrophilicity of Phosphorous, CLN 19 ,,. HoO serves the seme
purpose.

3. The substrate must be hydrogen bonded to HIS 119 and the N-H
backbone to activate both Phoephorous and the leaving group.

4. The probable function of ASP 1219 i3 to position the adenine
ring of the substrate by mesns of a water medisted hydrogen bond.

For the deprotonstion segment of transphoryletion:

1. HIS 12 is more. likely to deprotonste 2* oxygen, but {in fts eb-
sence ASN 44 may fulfill this role.

For the nucleophilic sddition segment ~F transphosphorylations

1. HIS 119 rotates with the phosphete qroup snd protonates the

leavino aroup, facilitating breskdown of the triconsl bipyramid.




2. LYS 41 increases the electrophilicity of Phosphorous and steb-
ilizes the TBP during the addition of 2' oxyaen.

3. ASP 121 is not involved in this ssoment of the resction.

One cen, therefore, ses that the Mathias snd Rebin mecheniam has
received the most support, although thers are meny intricecies still
being debated. It is, for example, often sssumed thet Step 1 and Step 2

proceed by reverse mechenisms, This is not nacesserily trus. More work

is needed before a definitive muef to the question of Ribonuclesse-A

activity can be obteined.
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CHAPTER I
ROLYSIS T TER!

Ribonuclease-A, as -;\entionud in the previous chapter, works to cleeve
RNA in & two stage process: 1. transphos___iphorylation to form e five
membered cyclic phosphate sater intermediate snd 2. hydrolysis of the
intermediste. Using the model substrate, 2-hydroxyethyl meihyl phosphate

anion, these stages sre illustrated es follows.

oy C > ‘{fz
b’ "zm’ : O on O
(14 17} C.-“"
{
cH
3
Movs. RNA ?Gll‘ P HeSpHAT HyoRosy és0
SvasTRaTE sran LTakmeD, RIDKT

FIG. I. The action of Ribonucleass on 8 model RNA aubstrate moleculs.

This chepter will outline some of the racent research that has been cone-
ducted in the srea of phosphates ester hydrolysis. Emphesis will bs pleced
on kinetic acceleration and the mechanism of hydrolysis.

One of the most unique charscteristics of cyclic phosphats ester hy~
drolysis is the tremendous kinetic scceleration of the five mesbersd ring
in comparison with corresponding open chein enslogs. For exampls, sthylene
phosphate hydrolyzes in both alkali and scid spproximately 107 times fester
than dimethyl phosphate. The six membersd cyclic phosphete, trimethyl
phoaphate, however, end ths seven membersd cyclic phosphate estsr is only
slightly more stable. This accelerstion of the five membered rina has besn
sttributed to ring strain, as the heat of hydrolysis of methyl ethyl phose

phate excesds that for dimethyl hydroxyethyl phosphate by sbout 7-9 kesl/mols.




13

In 1960, Heske ane Westheimer used 180 trecers to investigate the
position of clsavege of ethylene and dimethyl phosphate in both ecid end
base. The hydrolysis result and the sccompanying exchence reaction for

ethylene phosphate are shown below.

O,H _*h'Y
HC—0 HC—o

ie—»”l’()Po"OH +H,0

F1G. II. Hydrolysis end Exchange for Ethylene Phosphete.

This exclusive P=0 bond cleavage contrasted with the result for dimethyl
phosphate, which showed & grest deal of C-0 bond cleevage in addition to
the P=0 cleavace.

The lsrae percentage of molecules (spprox. 20%) thst underqo exchsnoe
implies that this rate, like the hydrolysis rate, is enhanced. Since the
strain that presumsbly ceuses the rapid hydrolysis snd exchance is elso
present in the exchange product, one must assume that the strein is re-
lieved in the trensition stetes for both reactions. Three possible peirs
of trensition states for the hydrolysis end exchanqe resction ere shouwn

below,

Ha “Hy

s K
-------- M. Hy 0" "o m e e ™
" > 2 zg, o “(oﬂ

FIG. 111. Possible Trensition State Geometries for the scid catalyzed

Hydrolysis and Exchenge of Ethylene Hydrogen Phosphate.
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One would sxpect that, for eech pair, strsin is relieved in the transition
state to explain the Pact thet both hydrolysis end sxchange occur, @ith the
strain still present in the sxchange product.

Structures I and II are transition statess for en SN2 mechenism. They
do not, however, meet the equal strain relief requirement, me geometry I
hes the 0-P=0 angle expsnded to 1200 end geometry II has the O«Pe0 engle
contracted to 90°. The normal angle is spproximately 1109, It is une
1ikely that both sxpansion and contraction would relieve ring strain end
yield both the hydrolyais and exchange product; this set is, therefors,
disqualified.

Formulas 111 and IV are similar to I snd I1 in thet they arise from
an SN2 resction but, in this set, both the entering snd lesving aroups
are at the basal positions., Both IIIand IV have contracted O-Pu0 sngles
of 90° gnd would, therefore, be expected to have comparsble sneraies
relative to the resctants, sllowing both hydrolysis snd exchenge to oceur.
This sat, therefors, rminok a likely cendidats.

Formulas V end VI heve the geomstriss of square pyramids snd,
similar to III and 1V, have dquivalént O«P=D engles of 900, They too
remain likely candidates. One must kesp in mind, though, that the
precesding enalysis assumes that ring strain is ceused by enols strain
and that the ring strain causes the accelerated kinetics. This was shown
to be an errocneous assumption by leter workers.

In connection with the phenomenon of kinetic sccelerstion found in
cyclic phosphates, it is of interest to consider studies done on cyclic
sulfates and sulfites. In 1964, Davis did studies similar to Westheimer's,
using sulfites in lisu of phosphetes. His results showed that, while there

was 8 kinetic acceleration of 360 for the cyclic dimethyl ester relative




to the open chein enalog, the heats of hydrolysis were, however, epprox-
imately the same for for the ring end open chain structures, This doss
not support Westheimer's earlier conclusion of ring strein being the ul-
timete causs of the acceleration. Similer results were leter obtained
with phosphite esters.

In 1962, Keiser, Panar and Westheimer did similar studies with cyclic
sulfete esters.

_©O

)

(Cf%o 0, T Hotuy),~o—-50p + y©

FIG. IV. Sulfate Ester Hydrolysia Reaction,

Kinetic mcceleration for cyclic esters with respect to scyclic analogs
was discovered and, liks the cyclic phosphate ssters, = thermodynamic
difference of S5=6 kcel wes noted. Westheimer, gt 8l. ussd these results
along with the phosphite and sulfite deta to conclude that partiel ped
double bonding between the ester oxygen and the heteroatom (respectively)
is essential to the kinetic acceleration. This doubls bond would be sup-
pressed in the sulfites and phosphites by the presence of an unshaired
pair of electrons in the hetsroatom. Xe-ray and N.M.R. data have helped
to support this theory.

In 1976, Gorenstein, st,cal. , used CNDO/2 LCAQ-MD calculations to
shou that some of the extra heat of hydrolysis may be attributed to tor-
sional strains in the cyclic esters. The results of this thesis, however,
question the validity of results obtained using CNDG/2 for cyclic phos-

phate estsr calcu’ations. Gorsnstein's results will, thersfore, be dis-

regerded.




PMore light was shed on the subject of mechenism when expariments
revesled that enhenced rates (105.108 times) of hydrolysis for phosphates
are slso manifest in resctions that occur external to the ring. In 1966,
Dennis and Westheimer found that, while sn enbanced rate sxternel to the
ring wes evident for the cyclic phosphete ssters, molscules such ss the
methyl sster of propyl-phostonic scid, (ses Fig. V.), underge hydrolysie
at sh esnhanced rate, but with ring clesvage only. This result wes ex-

plainsd by the following mechaniam.

CH,
\CHL
L

o~

oo
g

dn,

Fige V. Methyl sster of Propylephostonic scid.

Weter adds to occupy en spicel position in a triginel bipyremids
the shift of the proton praoduces an squitoriel water wolecule that cen
serve ss a point for pssudorotation. The pseudorotetion process places
a methoxy group in the spicel poaitjm of a new triginsl bipyremids sfter
a proton ahtf;.. a methanol molscule cen lesve from the apicel position,
In both triginal bipyramids, the five membered ring spens ane epicsl snd
one equitorisl position, with reduced ring strain. This explaine why hye
drolysis external to the ring is also accelersted.

The corresponding hydrolysis with ring opening cen oceur from the
original triginal bipyramid with e proton shift, with or without pseudo-

rotation. This process would, however, bs snergeticelly unfavorsble for




the molecule in Fige V., 88 it would demend that an alkyl group be

placed in the spical position. This {s undesirable becsuse orbital
overleps favor the more electronsgative species i{n the epicsl positions.
In the apical positions, py and d orbitals are directed in space and so
cen provids good overlep with polar atoms that pull slectrons ewey from
the phosphorous. The s charactar in the squitorisl sp? orbitals, however,
will bond best with electron donating groups. Earlier NMR studies on
TBP's of fluorine compounds had shown this to bs true.

The intermediates leading to the external hydrolysis for the mol-
scule in Fig. V., while unfavoreble, are not forbidden. Ons may then
pradict that such resctions will occur when an espscially large reduction
in ring strain accompanies the formation of the intermediate. Such
strained compounds have baen tested by Kluger, gt. gl in 1967 and the
results support this theory.

In 1968, Doneld Boyd used the LCAD method of computing molecular
orbitels on cyclic phosphate esters. His results verify Westheimer's
mechanism snd allow us to make the following conclusions recsrdina

cyclic phosphate estsr hydrolysiss

1. the hydrolyses procu‘ vie 8 nucleophilic attack on phosphor-

ous leading to a trigonel bipyramid intermadiate,

2. the five membered ring spans one apical and ons basal position,

3. groups enter snd lesve from apical positions,

4, pseudorotation of the trigonal bipyramid cen teke plece leading
to axchenge of the apical and basel positions,

S. the pseudorotation occurs sub ject to the preference of less
alectronegative substituents to occupy basal positions end of the more

slsctronegative substituents to occupy apicel positions,
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6. pesudorotation is the rete limiting step in hydrolysis externel
to the ring. (This wes ve~if{ed by Kluger, gt, al, in 1969.)
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This section expleins the besic workinas of the method employed
in calculating moleculer geomstries and sneroies. First, an outline of
Quentum mechanical theory is presented and then the Schroedingsr equation

is used as the basis for the SCF-LCAQC method.
UANTUM MECHANICS

Experiments done in the late 1800's and serly 1300°'s led many sciane
tists to believe thet Newtonian (classical) mechenics could not sxplain
obssrvations made at the atomic level. A -new model hed to be con-
structed and, in 1926, quentum mechanics was born. B8efors the resulting
quantum mechanical theory is discussad, however, a review of classical
physics is in order.

Classical mechenics describes the behavior of particles with two
equations., The first {s

E = dm2 o v(x),
where x and v ars functions of t. This may also be written in terms of
linear momentum

E = p2/2m + V(x).
This equation implies that the whole future behavior of a particle cen be
predicted if its present position and velocity are known. Thers appeared
to be no limit to the accuracy with which these values could be known.

The second equation is a statement of Newton's second law

[ F(X).

which relates the acceieration of e particle and the force it axpeariences.




This implies that, if the force scting on a perticle in every region of
space is known, we cen find #(t) end from this, find position,

When the two equations are considersd together, one may conclude that
the force and time may be weried arbitrarily end the snergy of a particle
is, therefore, random, being controlled by the impulse of forces snd
torques acting on it. While these conclusions are in sccord with our
everyday experisnces, experiments have shown that they fail for swell
masses and small transfers of snergy.

For exempls, in the late 1800°s, physicists found thaet Maxwell's
equations fail to predict the observed behavior of thermel radistion
for short wavelengths. In 1897, howsver, Mex Planck accidentally found

that sn accurate squation could be derived if one assumed that the thermel

t'nnrqy is released in discreet packets. This amazing result impliss

that Maxwell's equationa do not fully describe energy behevior and
that radietion has perticular properties.

There was also svidence that matter, previously assumed to be par=
ticular in nature, has wave properties. It wasn't until 1925, thouah,
that Davison and Germer's experiment with Nickel crystals silenced all
opposition. They found that the behevior of electron scattering in their
sample could only be explained if one assumes thst mettesr has wave
properties. This had been sugqestsd by deBroglie in 1924, Thess end
other experiments led scientists to conclude that metter hes wave cher-
acteristics and thst snergy hes perticuler properties.

Thus, it sesmed that the basic tenants of classical mechenics needed

to be modified. The old laws of Newton and Maxwell had to be replaced




by quantum mechanical theory. Some of the interesting implications of
this theory are that it is impossible to know position and momentum to
arbitrery precision, that it is not possible to think {n terms of s
definite trajectory end that it is not poasible to inject esrbitrary
amounts of snergy into a system., OQuentum mechenicel theory also has
philesophical, es well as chemicel implications, Thess will now be
discussed.

One of the basic tensnts of the doctrins of fatalism, the law of
the excluded middle, is voided by quantum mechanical theory and by ex-
perimental verifications of the theory. Fatalism is based on the idea
that everything that heppens in the universe is caused by prior actions
and forces, Whether we have a "soul®™ or sre composed merely of stoms
and molecules does not concern us, as our soulsiwould still be controlled
by the seme cause end effect relstionship. While a rigorous treatment of
fatalist doctrine will not be pressnted here, we nesd to know that pro=-
ponents of this metaphysical perspective srgue that any statement mmy
be judged true or false, only. This is ths law of the excluded middle.

One could say, for instance, that President John F. Kennedy wes es-
assinated in Texas. This statement is trus, regardless of whathar or
not a person has knowledge of the incident. One could also make the
statement thet Kennedy was thinking shout his mother when the incident
occurred., This statement is slso true or false, although no person on
earth could ever say, with certainty, whet Kennedy was thinking of, It
follows then, that all stetements, actions or thoughts are either true
or false. Those svents that have slready passad differ from those that

will happen in the future only in thet we have some limited knowledge of

the peat but know virtually nothing sbout the futurs. I could ssy that
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I wil} complete this thegis on time, This statement {4 either true or
false; we must eimply wait to 886 the resylt because our limited knowledge
Prevents us from making a certain prediction,

If the doctrine of the excluded middle {g true, as our sverydey ex.
periences lgad us tg bslievo, then one may conclude thet, since all actiong
are true or false and since ajl}l past avents heye 8 causel effect on future
events (which are also either trus or false) th.{:gutcom.“uf future events
is inevitebla, That is, our fate is slready predeterminad.

Ié??ortunate for those of ys who faeel urcomfortable with this eonclu=
aion, howsver, that the lew of the excluded middle i disproved by events
that have been observed at the molecular level, To cite the simplest
case, the lone electron that orbits a hydrogen atam does not haye an
axect poaition, If one were to sxamine 8n infinitesimal unit of volums,
dv, and tried to answer the question, "Is the slectron theze?™, the reply
would be neithep yes nor no;‘the question would hgve to be answered with
an intermadiate response, This follows from the Born interpretation of
¥, namely, thet ¥l 1sn density function for the slectron,

Similarly. the Halsenborg uncertainty principle atteats tq the fn-
exact nature of Our universe., While our deily experiences imply thet the
universe hag exact properties, regardless of whether they are known ur not,
Heisanborg showad this tq be untrue at the molecular level. Momentum and
position may not bg assigned values of nrbitrury pPrecision, Thig 10 ex-
pressed mathematically by

fnfq 4 %o
where p ig momentum snd q is position,

While other examples could be listed, the point has alresdy been made ;
quantum mechanical theory disproves the law of the excluded middle end

shatters the fatalist arguement ,




HROEDINGER EQUATION

The central festure of quantum mechenics is the association of weve
character with particles. We abandon the classical concept of localized
particles and replace it with the idea that the position of a8 particle
is distributed like the amplitude of & wave.

In 1926, Epwin schroedinger modified wave squationsthat had been
derived in the aarly 1800's by William Hemilton to describe the stending
weves that might occur on & plenst flooded with water. For example,
far & single perticle free to move in one direction, the equation reads

CHem) (I0h) V) +VOYPrr) = E¥)
where 1}! is a wavefunction, V(x) ia potential energy snd € is total enerqy.

The Born interpratation of the wavefunction stetes that the square

arjl , (7‘27‘) is proportional to the probsbility of finding the electron

in en infinitesimal region. This dest:"ays the classicel ides of a pre-
cise trajsctory, as we cannot even define an exact position at a time, t.
Another way of describing this snomoly is the Heisenberg uncertainty
principle, which reads

/P ‘(q 2,
where p 1s momentum and q is position. Thus, one cennot know the position
end mowantum of a particle to srbitrary precision,

The imposition of boundary conditions on a particle (such es a par-
ticle in & box or an electron in en etom) restricts the snergies which the
particle may assume. Some energies are possible, while sthers are not.
For large masses and large transfers of energy, though, the quantizetion
becomes so slight that the energy sppears to be e continuous function.

It 1a only at the astomic level that the effect is significant.




%

In work with stomic and molsculer structure, one is concernad with
the potentisl of sn electron moving in the fisld of s nuclevs. The

Schroedinger equation for one perticle in thres dimensions describes

such & system and is written
(h2/20)92F o V(xy,2)P = €,
whers Y= % (x,y,2) and V2 = ( "73:2) « (02/0y2) « (32/222), V wmy be

replaced by the classical expression for the potential of an wlectron
moving sbout a nucleus of charge Ze,

vs= Zel/p.
The Schroedinger equetion then becomes

H2/2mG2¥ ¢ 2e2/r¥ =« EF
The sum of the potentisl and kinetic snergy expressions in the sbove
squations is called the Hemiltonian Operator, and is dencted by H. Thue,
for a one slectron system (eg. the Hydrogen atom) the Schrosdinger egate~
ion is often written

H(1YK1) =€K1).
(One electron snergies sre usually written es& rether than E. The (1)
labelling reflects the functional dependence of H,¥end £ on one electron.

For meny particle systems one must consider repuleive end sttract-

ive interactions in kinetic end potential energies when constructing the
Hamiltonien operstor. For N nuclei and n electrons, the Hamiltonisn ie

H(142500eN3 1,2500en) = -fh/zr"’m“vi o&.zz;\zﬁqa (<K/2mm) x

Fok- ggm g

where My is the mess.of nuclsus A, m is the mass of en electron, Zpe is

the charge of nuclsus A, £yg is the distence between perticles i and f{,
A and B are varisbles that represent nuclei, end p end q ere verisbles

that reprasent electrons.




27

The sbbrevisted form of the Schrosdingsr equation for a many pare

ticle system is thus written '
HEOLOL(1,2,000N8 1,2,000n) #(1,2, 00085 1,2,000n0) =
EP(1,2500eN8 1,2,000n),
This equetion will yield an infinite number of aclutions, but only some
of the solutions will meet the restrictions imposed by boundery condite
ions discussed earlier.

The scceptable eneraies and corresponding wavefunctions will each be
sesigned a numerical subscript and, in genersl, we may write

ytotal %y = Es%.
Using differential equation nomenclature, the wavefunctions are celled
eigenfunctions, the snergies are called eigenvalues end two or more wave-
functions which result in equal ensrgies ere termed degenerste.

A very common spproximation for meny particle systems is known as
the Born=Oppenheimer approximstion, It sssumes that the nuclei are
fixeds This approximetion is reasonsble because the nuclei ars so much
hesvier than the electrons. The result is that the pert of the Hamiltonian
that considers nuclear moments can he factored out and considered as e
separste problem. We are then laft with the electronic Hamiltonien, Hel

Hel » K2/202¢ of - fvs o2 ZarR) ¢ qu o2rzl,
end
HO1(1,2,.040) #61(1,2,000n) 2£%,1(1,2,...n).
(Since M.0. thaory is concerned with electronic energy aonly, the super~

script will be dropped.)
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The total energy of thie '-u-lly elsotronic systew must include the
elestronic snergy,f, calculated from the Séhroedinger equetion whove and

The result {s

the fixed nuclei repulsion terms.
Exsf A!B.zllzﬁ'ﬂ'

JHE_VARIATJION ®ETHOD

The cbvious dissdvantage of the Schroedingsr equetion is that

solutions for many electron systems sre quite time consuming. What ie
used instesd is the veriational method, which, in ite full form, is

equivelent to the full differentiel equation method but is edepteble to

approximate wevefunctions.

The variation wethod approximetion involves attempting to find the

wavefunction which minimizes the total electronic enerqy. The inftim!

guess, or trial sigenfunction, is made end the theorem is employed. The
theorem states that "ths expsctetion valus of H for any srbitrery well
behaved function ,)‘, is not less than the lowest eigenvelue, E, of H."
Thus, the lowsst value of £ mey be considered the closest to the true

value and

JEN ey = YEfde2 = vue = YE/Dc, = O.
A curve fit of these simultenecus equations will afford one the c vslues

which minimize the energy. (A more specific interpretetion of c will be

presentad later.)
If one denotes the resulting function es ﬁ,. called basis functions,

then the veristion method results in

y(cq,cz....en) = cyfy + c1f2 T c,#,...
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These wavefunctions will be used to define orbitels, es will be described

in the next section.

JHE ORBITAL APPROXIMATION

In constructing an approximete many-electron wavefunction, a com=
binetion of one electron orbitals is used, with slectron correlstfonal
effects ignored. Mathematicelly stated

%(1,2,000n) = %K (1)%(2).. K (n).
The resulting expression is cslled & Hartree product end is comprised of
a product of one=slectron orbitals.?i.
The Hamiltonian is also modified to neglect the electron repulsion

term, rﬂ. This is done by writing the Hemiltonian s & sum of one=-

slectron operators, F(i), where

F(1,2c00en) = % (p) = (-3 V2 » v(p)).

The ong=electron potential, V(p), is calculsted by considering the
potential of the nuclei and the instentaneous position of all of the elec~
trons. Thus, one can compute the snsrgies for each of the electrons sep-
ereately usina the one-slectron wavefunction and the one-electron Hemiltonian
as

FDA() = &%)

In the formulation of F(p), it is necessary to know the moleculsr
orbitals, ?‘1, which are the basis for the computation of Vv(p). Thia is
done by the Varistional method mentioned sbovs. If the molecular orbitals
obtained by solving the ona-electron esquation above are identicel to those

used in formulating F(p), then these orbitals are termed self.consistent.




SPIN

Thus far nothing has been seid sbout electron spin states. Elec-
trons behave as if they werse spinning sbout en axis and,since they have
8 charge, they bshave like tiny magnets. The sngular momentum of the
electrons is quantized into states of 2 4/2 end is represented by S. 1r
8y, 8y and sz sre taken as the three dimensionsl vector components of S,
then one can say that the electron spin statss sre quentized sbout an ime
sginary z axis which represents the slignment of the epplied megnetic
field. If £is the spin coordinate, then these two spin states, (2 ¥72),
may bs repressnted by & (£) and B, end

s;UE) = WO
s:8(6) = AL,

s2y(f) = a(s + 1)
Sf) = mey(f),
where 7(£) may vea (f) ar/(f) and mg moy be & %.
Combining the previously considsred uvofunction,ﬂ, with the now

conaidered property of electron spin results in the complete wavefunction.

This is called a spin orbital

%1(’)7‘[)-

Since there are two spin state-,-l.orﬂ, for a given redisl orblt-l."i(r),

twe spin orbitals result,
A(eINE) end
P (e)BE) .

Our new Hertree praduct of spin orbitsls becomes

92(1,2,000,0) = P4 (18(1) F2(20K2) oo Kl ().




TISYMMETR 0_DETERMINAL WAVEFUNCTION:

Since all slectrons possessthe sxsct same physical properties, the
system will not be affected if they ere renumbsred. Since the density
funation is written in terms of Mfrm Born's interpretation of%

L0,2,0000) = ¥2(1,2,3,..00),
and since the expression must be unaffected by renmumbering, the followina
result is obtained

B(1,2, 000ty Jpeeen) & (1,2, 00008000000
There are thus two possible results. Either a fector of +1 precseds 7‘
or 8 factor of =1 precesds . In the former case we dasignut*hs wave=
function as being symmetrics in the letter case the wavefunction is des~
ignated as antisymmetric.

This "antisymmetry principle" is often stated in terms of @ perme
utation operator, pij' which interchanges all of the coordinates of the

elesctrons { end j,

P15 A1,2,00en) = K1,20000m)

Our originel Hertree product equation,

(1,2,000n) = B (1M(1) Y(2)8(2) 0. Fn(n) (),

must be modif isd to satisfy the antisymmetry principle, which is the

basis for the Pauli exclusion principle. The modification is written,
(for a two slectron system),
#1,2) =328, % (1)0d1)74(2)K2).
To {llustrate the relationship of the antisymmetry principle to
the Pauli exclusion principle, the equations are written in determinant
form. These determinants are called Slater determinants., A single Slater
detsrminant is the simplest wavefunction which satisfies the sntisymmetry

principle.
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for our two electron squation, the Slater determinent ie

R H)s)

T(2)(2)  H(2)A(2) | .

In the general case of 2n elsctrons, the Slater detsrminant 1ie
M) FAA) PN e ThMY)
Pa(232)  H (DA eierseinnrcnsiinireciansas

f(‘uz) '7

0*(1,2.0.0") ;7 e se0000000000080000000300 80000000000 00ITRROREIY

PS80 E00000000000000000000000000000800000torscs

Fr(Z0)M(2n) ceennsrnnensseranennnnans Fal2n)A20) |

Slater determinants are also written in the followin sbbreviated form

’}‘(1,2....n) -/')‘{?..........ﬁ-.’yl .

Using the Slater determinant notstion, the antisymmetry principle

results from the mathematicel result of the sion of the determinent
chungin, if eny two rows sre exchanged. The Pauli exclusion principle is
tied to the mathematical fect that, in order to construct s non-zero de-
terminant, no two columns cen be identical.

The Sleter determinant elsoc allows one to let the n spin orbitels
undergo any orthogonsl change without sasentislly chenging the deter-
minental product function., This will allow trensformetion of delocel-

ized molecular orbitels into localized orbitsls.

ELECTRONIC COf ON_AN NIC STAT!

Thus far, some of the gensral festures of how orbitals sre used
to find approximete solutions to the Schrosdingsr equation have been
outlined. We will now describe the relstionship bstwsen these orbitels

end electronic structure.




For a molecule of 2n electrons, the Schroedinger equetion will
yield 2n spin orbitals, esch of discrest energy. If the orbitel wave-
function is spin restricted, esch spatisl orbitesl mey be occupied by
two electrons one of ®spin and one of Ispln, with degenersts orbital
energies.

The diffsrent elsctronic configurstions sre representsd schematic-
ally on the next few pesges. Fig. I depicts a ground state configuration
in which only the first n orbitals are occupied. The configuration is
elso termed "closed shell', as each orbital hes the maximum of two elec-
trons. The closed shell configuration is slso called a "singlet state™,
since S = 0 due to the identicsl number ofd end A electrons,

If the nusher of electrons is odd, as is shown in Fig. 1I, the

ground stete slectronic confiquration is

P e ey -

This ground state configuration is one short of the meximum in the highe
est energy orbital and is termed "open shell", Chamicelly, this state
is 8 quentum mechanical representation of a free radical. Also, since
thers are an odd number of electrons, My = 24 and the spin state is
termed "doublet®,

Ground state configurations sre the most atable (lowest energy).
+f 8 molecule sbsorbs energy, however, an slactron may be moved to a
higher orbital and the confiquration is known 8s an "excited state”, as
shown in Figs. III and IV,

In Fig. 111, the singlet, closed shell cont iguration has been ex-
cited, resulting in two unpaired slasctrons. Four possible values of M,
are, therefore, possible. Both unpaired electrons mey have parallel
spins of oLo(My = 1) or AB(My = «1). The antiparallel conf igurations

both result in Mg = 0, so thers sre two spin states which are present.
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Fig. I+ A Ground State, Closed Shell Electronic Configuretion.
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Fig. 11. A Ground State, Open Stwll Electronic Configuretion.
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Fig. IV. The Excitation of en Open Shell Electronic Configuration.




A triplet stste results from the combination of the two parsllel states
and one of the entiparallsl stetes, end a singlet state results from the
remaining antipsrallel state. Surprisingly, the singlet end the triplet
stets have different snergiss, sven though the orbitals which are oceupled
are the sems. This is due to d:l"n{ina repulsion forces, with the triplet
usvally resulting in a lower energy.

In Fig. IV., there ers thosszubpsired slectrons, resulting from the
excitation of the open shell configurstion in Fig. Il. Using ressoning
similar to that employed sbove, it can be shown thet this configuration
yislds ontquartet state of lowest energy end two doublet etates of dif-

fering enargies.

I Si ATOMIC ORBIT N MOLECULAR 1AL THEORY

Since each atomic orbital of the atoms in & molecule is larcely dome
inant in the ares of its own nucleus, s satisfactory spproximetion to
the molecular orbital involves a linesr combination of the atomic orbitals,
with sppropriats weighting coefficients.

1 ﬁ, (ust, 2, oo ) 18 @ sot of atomic orbitel functions, then
7‘1 is represented by

'fi = °11¢1 * czih * coay
where the c's are the wsighting cosfficients. The problem of finding the
molecular wavefunction ie thus reduced to the problem of defining the
coefficients.

Spherical polar coordinates simplify the meth and the one slectron

solution to the Schroedinger equetion is written

Pirof) = Ruilr) Vinlop).
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Slater-typs orbitals (5T0) are often used to spproximate the rediel part

of the function, Rﬂl(r). The functions ere nodeless snd are written

Rop(z) = (2)™3 (20)4 e exp(-Er),

where £ 2(Z-S)/n%. Here S is a acreening constant and n* is an ef=
fective principle quantum number.

The major drewback to the STO approximation, however, is that the
orbitels ars not mutually orthogonal, due to neglect of radisl nodes.
This problem is usually corrected by factoring out the overlap between

the orbitels.

SELF=CONSISTENT FIELD MOLECULAR ORBITAL THEDRY

Now that a genaral description of quantum mechanical theory has been
outlined, it is necessary to present = means of doing actusl calculstions.
The spproech used, called the Self-Consistent Field Moleculsr Orbital
Theory (SCF Theory) , was first explained by Hartree end is.basad on the
Varistional me.hod, discussed earlier. A description of some of the as=

pects of SCF theory follows.

THE ENERGY EXPRESSION FOR A CLOSED SHELL SYSTEM

The Variationsl method involves manipuleting the coefficients of

our basis set functions to find a minimum enerqy. 1t is,thersfore,

necessary to have derived an expression for the energy aexpactatjon value
that is suitable for this tlype of manipulation.
The orbital wavefunction, f?. was garlier shown to be
P =n F-1P SO R@DA2) ..o Kol2nlA20dh
where P is s permutation of 1, 2, «.. 2n for the coordinates of the

slectrons.




The normalizetion constent, 7 , is found by into,rc. ting the fole

lowing expression over the spin and spatisl coordinetes of all the elece
trons.
fﬁhf 9Pyeeentn 72§ GL-10PCDPS L SRR (1D,
eeFan(2n)B(20) ) X P EH(IM(1) ... Hon(20)é(20) ) dN...
eeedPne
There is a double summation over all permutations P snd Pt. The
multiple integral will however, vanish unless P = P', since the integ-
ration will violate the condition of orthogonslity, Ons cen then simplify
the exprsssion for 77 to
7= ( (2m),
We can now avaluate the expectstion value for snergy
<EmiEy .
The Hemiltonien is first expresssd as the sum of & one electron and o
two electron part
¥y « En¥E) o ¥ .
For the one electron portion of the Hamiltonien, it cen be shown that,
since all slectrons are indistinguishetle snd since we are working with
& restriction of orthonormality, (so all terms in which P £ P! ere
sliminated)
<FHIFY = ((2n-1)1)"1 x fj‘s PR (UK () X2)...
ess) HEOTS(1) x PP (1 (1YM(2)A(2)..00) deedPr.
Integration of this expresasion over sll elsctrons gives unity. Also,
HCOT® ;4 independent of spin end is, thorsfors, equel to unity fer electron
one.

Since there are two slectrons in sech orbitsl, the finel expression




FInl2? =28 ny,

where Hyg ,511(1).,901'-71(1 )d7y. This time, however, P* nsed not squal

P, P' cen differ from P by interchanging the assignation of electrons 1
and 2, Thus, thers sre two ceses; each will be considered ssparately.
Lase It P =P
There are two possibilities here. Either electrons 1 and 2 are as-
signed to differsnt spatial molecular orbitels { and Js in which case
there ers four possible spin permutations and
dig = [ P IK2) /ey B (OH(@) ory 0,
or the two electrons may be essigned to the ssme orbitel and thay must,
therefors, have opposite spins. The contribution is then
2§ A e Fu
Cege 11: P differs from P? by interchanging the assignetion of electrons
1 and 2
As in Came I, the electrons may be placed in different orbitals, in
which cese the contribution becomes
¥y,
where K, ;  {§ 9{'(1)9’_{'(2) 1/ryy KO K2) ary om,
or the slectrons may be assigned to the seme spatiel orbital. In this
instance, they must heve diffsrent spin and the integrels vanish.
The finel expression for the electronic enerqy is, therefore,
€=2 '1‘{”11 + 98y 0 02 j;ﬁ (2315 = Ky ).
Since Kyg = Jyj» this expression mey be simplified to
€= 2 98Ny 72 }g‘ (294 - Kyg)e
K:I.j and J” are known as coulomb integrals and sxchange integrals, respect-
ively.
One can relate the terms in the sbove equations to physical prop-

erties es follows, Thz one-electron integrsl, Hu, represents the enerqy




of an electron in a moleculsr orbitsl, P4, in tha field of the bere
nucled. It is multiplied by 2 since thers are 2 elsctrons per orbital.
Jiis the two electron integral, represents the intersctions of the emcathed
out charge distributions, 7% and /. The exchenge integral, Ky
reduces the energy of intersction between slectrons with parsilel epin in
different orbitels, %; end ?j‘
Ons may also write en expression for one-slectron orbitsl erergies
£y = Mg » 8295 - xy,),

which reflects the energy of en electron in fl intersating with the core
snd the other slectrons. This expression is of ten csllied Koopmen's ione
ization potential.

€ 1a not, however, equal to the sum of £ because the sum would in-
clude ssch slectren-slectron intersction twice. The escond term in the

follewing expression corrects for this

Ex2 184 - 22 1€ (29 - xyy),

€ = K€+ Hyy)e

Thus for the determinant form for meny slectron wevsfunctions end
the electronic ensrgy function un‘.‘gtwlum. One now nesds to write
out the detaile for the actusl determinetion of the orbitsls, 2|, for e
closed shell systeii. Thess sgustions are celled Hartree-f ock equetions,

According to the veristional theorem, we need to find the lowest
snergy to arrive at the closest spproximetion te the ectusl snergy. In

sddition, the orbitals must remsin orthonoresl or

514 l_?)“(‘l)fj(‘l) R [;J.




This process involves minimization of the function
Gel-2g8 85, =2y e QU= Kiy -

28 RE1g51y
whers 61 j ore constants that srs yet to be determined, We need to find

s point that is stationary, or
F (Y 211‘ (H“‘ * ’_‘ j‘ (Zﬁij -JK;J) -2 ’J‘cljlfsij'
where
Ty = SHHOHT(N) % (1365 + complex conjugete
and the other partisl derivetive expressions mey be written in a similer
fashion.
It can also be shown that
Fh= Ray¥y
where
F e (#0000, Ja'(zJ_,-xJ) Ye
F may be interpreted as an effective one electron Hamiltonian for the
electron in the molecular environment, with HCOTe representing the one
electron-bere wwclei intersction, J; (= Ki) is the potentiel due to the
other electrons in 7&.
Furthermore, by using matrix slgebra, one cen show that the sguation
sbove can be written as a standsrd eigenvalue equation
LAYt
whers £ = 1, seey Ne These are known as Hartree-fock egquations.
The general procedure involved in solving thess equations is a trial
end error process. Different guesses are made for %, %2, vee o until
the orbital no longer changes (within & given energy tolersnce) on

The orbitels are then said to be self-consistent.

further iterstion.




The expression for the sigenvaluss of the Nartree-Fock squations ie

€1 =M™+ (F (235K

AQ MOLECULAR JALS FOR CLOS| Y S

Hartres<Fock orbitals ers best spproximated by s linsar combination
of atomic orbitals (LCAD) as wes outlined esrlisr. In this method esch
orbital is defined by

%1 = uf cuthe

where A‘ are real atomic functions. Since the orbitals, f’_. sre required

to be orth 1, it ie y that the number of etomic orbitsls in
the basis set be greater then or equal to the numbsr of occupisd moleculer
orbitals and
w cus eyifov = J1p
shere fij is the Kroneker Delte and
Suv = :Al u’#v(‘)‘ﬁi‘j'
is the overlsp integral.
The molecular orbitals may be dexived within any sccorscy, depsnding
on the nusber of basis functions employsd in the function.
The matrix of elements, ©,,, is known as the density wetris, ss Pucfuv
is sn indication of the extent of chemicel bonding betwsen two atoms in 8
molecule, with
o P S = ud Py SBRIPL(R) R = JP(R) 68 = 20,
We way also write our ensrgy functions in terms of the stomic or-

bitels

Mg = o€ ©B1 Cyg Huur

shers




Hyy = £ u(1) neor-ﬁﬂaﬁ.

g = uhﬂ‘ cui % cyy ey (w/io),
Kij = ol oBs €3 Cyy ooy (W),

where (uv/Xs~) is the general two-electron interaction integral over atomic

orbitals
(wv/re) =S5 B )fe1) 1eyy PN2) (2) oy am.
Finally, the total electronic energy exprsssion may be written
£ = ¥ Puv Mov * % ol Puy e X ( (i) = 3 (uirwe) ).
We now need to find the optimum values of Cui which lead to a set
of SCF LCAD's where

0’%1 o ) "culﬁu

and it can be shown that the equations can teske the final elgebrsic form

¥ Fyy 'eisuv) cyy = 0,

Fuy = My * 8 P ( (uv/rye) = % (ur/ue) ).

Thess are called Roothesn's squations.

Since the Roothaan aquations for the LCAO-SCF are cubic, the squations

have tq be solved by an iterative procedurs. The cosfficients are deter-

minad by metrix meanipulation, with
C= S"é C’..

First an initisl set of coefficients, ¢, sre assumed. The correspondina

density matrix, puv

» is generated and a first guess et F,,, is computed.

The process is repeated until s given energy tolerance is reached.

MOLECULAR ORBITALS FOR OPEN-SHELL SYSTEMS

For open shell systems, the same basic SCF-LCAD iterative procedure
is employad, with some slight veristions. A rigorous treatment of these

systems will not be pressnted here.



APPROXIMATE MOLECULAR QRBITAL THEDRIES

Thus far we have outlined what is known as en *"gb initio" method

for computing wavefunctions and energies. This procsss is, however,

quite time consuming and restrictions on computer time have necessitated

further approximetion. These approximations avoid the svslustion of some

of the integrals by replacing them with expsrimental data. Thus, we will
»

be describing what have hecome known as "semi-empiricel" methods.

In cenaral, any approximete LCAO=MD method must sdhers to the fol-

lowing requirements:
1. 4t must ellow one to do celculations on relatively lerge mole~
sculea, without excessive use of computer time; ‘
2. the major physical and chemical properties of the system must
be retained,
3. there should be no bias towaerds sny conventions! bonding or

structural theorys

4. the results must be easily intcrprnt-a;

S. the theory should be general snough to take into sccount sll of
the chemically effective slectrons.

While meny different spproximation methode have been snd are being
developed, esch with its cwn inherent strenaths snd weeknesees, ws will
restrict our discussion to the complete neglect of differentisl overlep

(CNDG) method, which was used in these calculstions.

IHE CNDO METHOD

The CNDO method was introduced by Pople, Sentry end Segal in 1965,

Only valence sluctrons sre treated explicitly, with other electrons and

the nucleus considered ss part of s rigid core.
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The mejor spproximation i{n CNDO theory is the systematic neglect
of slectron repulsion integrals having uniformelly smell values. That
is

(w/ingd = (uufrpd 3’uv ‘);5"
and
S 5¢u(1)¢v(1) o
ars neglected.
The core integrals
Hyy = 5;00) weore A,m )
are not neglected but ere treated semi-empericelly.

If the Zero Differential Overlap (200) approximation were epplied

for sll the integrals, the following equetions would hold
W Fuy Cvi =& Cuy»

with the elements of the Fock matrix qiven by
Fuu = Ko = 3Py (ww/uw) « 280 uu/pe)

and
Fuv ® Hov = 4P,y (uu/vv),

with u # ve

Rotational invarience must be restored, however. This is eccom=
plished by making the remaining two~slectron jnteqrals depend only on the
neture of atoms A and B, to which ﬁu snd »pelong, and not on the ectual
orbital. Thus,

(wfpp) = b’;\a,
with sll u on atom A end sll J~on atom B.
Using the sbove squation, the CNDO expressions for the Fock Hamil=

tonian matrix elemente now simplify to
Fou® Hou = % Py Yan* ﬁ%arm-

#u on A, and
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Fuy = Ky = 3P, s
ﬂ,mlmﬂﬂ,ms.wh‘npﬁe- 93‘9277
A series of relsted spproximations is now spplisd to the one~

electron Hamiltonian
He-3q? - Hvg,
where -Vg i{s the core patentisl. One center terms are treated semi-
empirically, two center terms ere spproximsted by neglest of differentisl
sverlap end resonance intsgrels are treated semfempericslly.
To summarize the spproximstions mede in CNDOs
1. the overlap matrix is replaced by the unit metrix in the Rootheen
equations end the overlep integrals, J'u‘,, ere neglected in normalizetion
of the MO%e;
2, differential overlsp is neglected in 8ll two elegctron integrals,
80
(vubrng-) = 35, Srp-(uufrrds
3. the remaining set of couloshetype inteqrals is reduced to one
value per stom
(uulre) = ¥ AB»
with ¢u on A end ﬂon [-H
4. monetomic differsntial overlsp is neglectsd in the interection
integrals involving the cores of other atoms
(u]va|v) = ol Vams
5, distomic, offedisgonal core matrix elements sre assumed to be
proportional to the corresponding overlsp integrals
Hyy "AB"IWA: on A./,, on 8,
These spproximations result in the metrix elements of the Foek

Hamiltonisn being reduced to
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Fou ® Uuy ¢ (Pan = 3Puu) Xan + ods% (Paglie - Van)
and
Fuy 'pAB"Iuv - P Xag, uhve
This allows s set of CNDD coefficients, c,3, and a corresponding density
matrix to be calculated. The total energy cen then be derived from
E1omaL = $uf Puy My + Fu) * acd 2a20RR
which cen be expressed as the sum of monatomic and distomic contributions
Erarar = A6 + ack Enge
Two different versions of CNDO sre availables CNDO/1 end CNDO/2.
These differ in the procedures employed in acquiring values f‘otfw,
Uyye- Vags g 8nd ﬂmo. The latter method hes been shown to be more

auccucfﬁl, and is the method that was employed in our calculations.
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TS SS

Some possible reaction pathways for a model RNA sibstrate for
Ribonuclease wers traced at the CNDO/2 lsvel, using the CINMIN optime
ization routine, (Listings or tepsd copies of these programs mey be
obtainsd from QCPE).

The CIN®IN optimizetion routine automatically changes bond lenaths,
bond angles and dihedral sngles to effect the minimization of a moleculer
geometry. Initisl r,6, and f coordinstess for each atom are resd into
the progrem, with all atoms defined in terms of other etoms. Dummy
atoms, (etomic nusber = 9999), are often used to help define an atom.

If a perameter is to be kept constant or'::llnkod. symmetrically, to
enother paremeter, & "0" is placed in the column.

For example, Fig. I shows & sample input for e hydrogen atom. The
stomic number, "1", is listed and the hydeogen is assigned a number, "8",
in defining the molecule. This 8th atom is defined in tarms of atome
numbered 1, 3, and 6, respectively. The initial bond length between
atoms 6 end 8 is listed as 1.03A; the initial bond angle, =68, is
listed as 1062 and the initisl dihedral angle, 1=3«65-8, is listed as
0.00% Since all theee parameters are to bhe optimized, there is a

*1" listed in each IA column.

AN NA N8B NC ND BND LEN IAY BNO ANG IAZ DIH ANGC IA3
H 1 1 3 6 8 1.03 1 106 1 0.00 1

FIG. I. Semple Input for CINMIN.
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Each varisble is then conaidered separstely and “steps® sre teken
from the initial velus, at preset increments. (These increments are
sutomatically sdjustsd by the progrem to spesed the optimization process).
E€ech step results in the calculation of & nem electronic enerqy, untfl
e step results in an incresse in electronic ensrgy. When this occurs,

a quadratic fit is mede of sll of the energy celculations for the prior
steps and the minimum energy, (from the base of the persbole) is cal~
culated at that geometry. This process of minimizing one varisble is
called @ "linswsesarch”. )

Ons line=search is done for eech varisble in whet is termed
“cycle®. At the beginning of ssch new cycle the dirsctions of the steps
for each varisble are improved, based on the results cbtained in the
pracesding cycle. This process is celled s Gree<Schmidt orthogonalizetion,
The progrem terminstss when the energy calculations for successive cycles
are within s specifisd snergy tolsrasnce.

Geometries ware optimized for the structures shown in Fig. 11 end
improved snergy celculations wem done using GAUSS/70. The lowest ac-
tivation eneray path would be teken as the path sctuslly followed for
each step of the resction. Work on partisl optimizetion of nesr-
transition state geometries had been started but the projsct was sbor-
tad when anomolous results were ocbtained.

The results obteined from the CNDO/2 calculstions are presented on

the following pages.
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Optisized Geowetry for the Product.
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FINAL GEOMETRY

AN NA NB NC ND BOND LENGTH
cC 6 0 0 0 1 0.000000
g 8 0 [] 1 2 1.371884%
H 1 9 1 2 3 1-033805
R 1 3 2 1.6 1.090000
H 1 3 2 1 3 1.090000
H 1 3 2 1 6 1.090000

| TABLE VIII, Optimized Geometry for Methenol

FINAL GEQMETRY

AN NA NB NC NO BOND LENGTH
H 1 0 0 0 1 0.000000
0 8 0 0 1 2 1.029553
H 1 0 1 2 3 1.029476

TABLE IX . Optimized Geometry for Water.
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The figures sppesr ressonsble but, as the energy celeculstiens will
shaw, CNDO/2 was ejther not an sccurste predictor of cptimized guowestries
or CNDO/2 failed to calculats sccurate ensrgies for the sinimum geoms
stries. If the latter is true then one would expsct the GAUSS/70 cele-
ulstions of the energies to improve the sctivation enerqy plats. This
was not the ceass and it muat be concluded that the optimized gesosetriss

Qre Srronsous.

SPTIMIZED GROMETRY : Y (Hestress)

Substrate (e water) - 146.55570
{:1]] (+ water) - 145,53453
TBP2 (+ water) 14650494
Intermed. (+ water and MeOH) 146,51692
T8P3 (+ MeON) 146,52023
TBP4 (+ MeONH) . = 146,63277
Product (v MeOH) 145.51531

TABLE X. Calculsted CNDD/2 Energiss for Seversl Optimized Phosphates

These ensrgies are plotted on the following page.
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As FIG. XII shows, the normal ectivation energy plot expected for
each step of the resction was not. obtained, It was hoped, however, that
GAUSS/70 celculations (done et Berkeley) for the optimized geometries
would result in improved plots.

The GAUSS/70 approach differs from CNDO/2 in that GAUSS/70 does not
make the semi-smpirical estimations that are used in CNDO/2. All ore
and two slectron intearals are evaluated explicitly, with semi-empirical
spproximations and neglect of integrels used in CNDO/2 bah,tnatad in
an gh-initic manner in GAUSS/70. A rigorous treatment of CNDD/2 spprox-
imetions may be found at the end of Chapter III.

The results obtained using GAUSS/70 sre listed below.

L ¥d TRY ENERCY ‘I‘hﬂ;"l)
Substrate (e water) - 897.47885
TBP1 (+ water) - 897.55407
T8P2 (+ water) ‘ (Did Not Converge)
Intermed. (+ water and MeOH) - B97.52154
T8P3 (+ MeOH) -897, 58503
TRP4 (+ MeOH) - 897.66853
Product (+ maOH) - 897.52538

TABLE XI. Calculated .BAUSS/70 Energies for Several Optimized GCeometriea.

These energies are plotted on the following page.
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FIG. XIII shows negative activation energies (a physical impos-
sibility) for each step of the reaction. This snomolous result may be
attributed to one (or more) of the following:

1. since AE's wers calculsted end AF is approximately equal to 4H,
the nealected 45 term would compensate and the resulting 4C velues would
yield positive activation enargies;

2, T8P1, TBP2, TBP3 and TBP4 are saddie point geometries, with some
of thess geometries lying in a large potential energy well in comparison
with neighboring gsometrics;

3. CNDO/2 is not an sccurete geometry pradictor for phosphate
estor molecules.

The first possibility may be ruled out, as the larqge energy dif-
ference betwesn the octual result and what would be expected in s normal
activation plot could not be compensated for by the small 45 for this
reaction,

The sscond possibility may also be discarded, as theas saddle point
aeometries are obviously more strained and unstable than the substrate,
intermediate and product geometries and would, therefore, be expacted to
have higher energies,

The third possibility, that CNDO/2 is not an accurate geometry pre-
dictor for the molacules tested, is, unfortunately, the likely cause of
the results,

Mark Fraser (unpublished thesis, Union College, 1979), hed used
CNDO/2 to do calculations on small cyclic phosphete ester molacules.

Afte comparing his results with experimental velues, he concludasd that,

although CNDO/2 predicted conformations of acyclic systams with modere

ate success, it failed for cyclic phosphates. For example, the O=Pa0
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bond engles predioted for MEP were 10=15 degress in error of experissnt.
It was hoped that thess errors would cencel (ss we were only inter-

ested in relative enetqgy differsnces of similer wolecules) and that

final energy celculations dons with the GAUSS/70 method would improve

rssults. These expectations were, hosever, not met.




Our physicelly impossible result of negetive sctivation snargiss for
sech trensition stete prevented eny prediction of resction pattwsy., CNDO/2
must be disregerded for cyclic phosphate ester work. For the futurs, the
program may be epplisd to more suitsble moleculess, such as emino acids,
which contain only N, C, 0afid 4 atoms, A different guantum mecheniasl
program, such es GAUSS/76 (an improved version of GAUSS/70), mey also
be coupled with the CINMIN optimization routine for work on cyclic phose

phate esters.




