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e : . . The results of nonemplrlcal theoretlcal s)udles

: S based on the molecuLgr orbital theory are reported for a.

number of small polyatomlc molecules of chemlcal intérest..

k)

The "halffelect;on" method and the use of ground state

**orbitals are compared to the Roothaan restricted oben-

R i ) R i LY °
shell method both on a formal basis, and by .contrasting.

_the ab initio energles predlcted by these schemes for a
s

serles\of radlcals and trlplets to test the efficacy of

\

the former two methods in the computatlon of wavefunctions

and energies of open-shell systems+_ Use of the Roothaan

., method rather than the half—eledtfon method is found'to.

-{’ 1ifd to.an average 1mprovement of 4.8 kcal mol” in the

energles of elght radlcals, whereas the average 1mprove-

¢

-ment for nineteen tripl&t states is 8.2 kcal mol 4. The

A

. - - -

p predicted equilibrium geometries do not differ appreciably

>

between these two methods. The use of closed-shell eigen-

R

vectors leads to large errors in triplet states for which

- the electron density distributions differ appreciably from

those in the ground state. w

*

Ab imitio calculations using the STO-3G basis set

for two monomeric ofgaﬁoberyllium compounds, HBeCH, and

&
Be(CH3) 2, 1nd1cate that stabllzatioh due to hyperconju:

- gatlon is la;ger than was prev1ously supposed. Charge_'

dlstrlbutlons suggest that the degree Qf ionicity of

t

o theSe systems ‘'i® less than that of tha'oorrespondlng

] 14

alkylllthlum compounds. The predlcted geometrywof HBeéﬁ;

S
T

. A - o~

. A iv
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-agrees well with available experihental'data. In addition,

the caICulated dimerization energy &¥ HBeCH; of 4 3 kcal

mol agrees qualltatlvely with experimental flndlngs for

alkylberylllum compqundsr In contrast, similar calcula-

1

tions for.HBeNH; .indicate a greater degree of ionicity,
the presehCe of strong m bonds, and large :dimerization

energiés'for aminoberyllium compounds.

The électronic structure of carbonylnitrenes“is e

- -

1nvest19ated on the basrs of STO 3G calculatlons for the
S angd T1 states of formylnltrene and carbhydfoxynltrene.
The So—Tl separatkon is predlcted to be ~45 kcal mol -1

for both molecules, with the triplet state lying 1

~‘im energy. CIa additibn, the S; state is predicted to lie

close in energy to the So state and thg involvement. of

the former state ln fhe photochemlstry of carbonyﬁnltrenes
|
is suggested. Calculatlons using an extended ba#ls Set

’

L ) _ - : ‘
. of orbitals predict that’oxazirene and formylnitrene are

of comparahle sFability, and that there .is only a small

energy barrler to the1r J.ntercpnvermon.~ The p0551b1e
role of oxa21renes in the chemlstry of‘carbgrylnlttenes
is also drscussed.

A study of the bondlﬁg and energetlcs in amlnonl-
v *

trenes is presented using HZNN as: the prototype'amxno—( .

nltrene..“Ccmplete geomeﬁry optlmlzatlon for both the o

,1'1owest 51nglet and trlplet states 1eads to the predic-

L

tlon that the trlplet state lles léwer 1n energy, 1n -con-, -

»

~

trast to 1ndicatlons from exPerlment. A ratlgﬂallzatlon




L . _
of this d'iscrepan‘cy, based o&q éhortcbmings 'in the theore-
tical method, is pregentédf The effect of merﬁyl} fluoro
and carbonyl substituéﬁtg ;n the charge distribution .and
upon the singletftriplet‘separation"is aisp studied.

The barriers to in;ernal rotation in éthylene and
allene have been calculated ﬁsing a minimal basis set.
For ethylene, a barrier height which i% in rgaéonablé ’
agreement with the. éxperimenéal value can be obtained
v R . u51ng the STO-3G ba51s set and - ‘simple 2X2 conflguratlgr

interaction gxovxded that the C-C bond distance is optl—

ined forrboth the planar and twisted conformatlons.

L A 51m11ar ‘calculation for allene u51ng an open-shell SCF
L “
. method predlcts a barrler height of 55.5 kcal mol l, ,

' . some 17 kcal mol -1 lower than the barrier height in' ethyl-

ene. : ’ .

A siddy of the bonding and energeticé in ethyléne

dione, 0=C=C=0, is presented. The ground state is pre-

dlcted to be a 11near trlplet and ‘is - calculated to lie
-1

-~

17_kcal mol below the 1owest $inglet state. -Cis bend-
ing of ‘the molecule is predicted‘toégesult in é‘éhange in -

.

i : electron configuration when the OCC angle reaches =120°.

The new state corrélatés_witﬁ3tﬁe gr pnd-étate of two C=0

- - I .' - e - . K . \

molecules. It is suggested that this distortidn is the

. - N

pr1n¢1pal reason for the lack - of success.&n the synthesxs “ J

»

- » . -

T/ of ethylenedlone from 1,2- dlones. ’
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" GENERAL "INTRODUCTION

1.

Scope of Work

o The molecular»orbifg; model'hed its origins more

than%%orty-five years ago in the work of Hund (l)‘an&

Mulliken (2) who deuelopedlit to explain diatomic mole-

cule band spectra._ Thelr success in thzs area, together

w1th the classic work of Lennard- Jones (3) in elu01dat1ng
the electronlc structure og dlatomlc molecules .and that
0of Huckel (4) in dé%eloplng methods for treating conju-

.gated organic molecules, are h;ghllghts in the ‘evolution

of a theor& ‘pich has become almost univérsally accepted

in the chemical sciences.

>

00

It has only been in the last decade - with the ad-.

vent of modern‘digital computers and the concurrent de-

!

velopment of sophlstlcated c0mputatlona1 methods - that
S

1
e m

rigorous 1nvestlgatlons of electronlc structure, in .the

frameworh of the molecular orbltalgmethod, hege become

generally possible. ‘Early apbiicatioﬁs of these proce-
dures (5) .to systeme whlch had already heen ‘well charac-

) | terlzea experlmentally indicatéed. that the theory glves
°reasonab1e descrlpfions of~a é“rlétynof molecular prop-

I

Encouraged by the resuiﬁs of these studies, the

-]

. ertied .

3

1]

- subsequent growth in the use of nonempirical ("ab initio") .

calculatfons to investigate molecular electronic struc-

-~

'
e
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-
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ture has been endrmous.! In addition, many of the recent

applications_heve dealt with properties or processes which *

are difficult to examine experimentally, such as the struc-
e - ¥ .

tures of reaction intermediates and the paths of chemical

Lo

;

_reactions. : , .
The contents of- this thesis emphasize two aspects .
of the current effort in nonempirical molecular orbital

A

theory.. In Ciapter iI, two widély.qsed} bnt appfoximate
computa ional echemes'fbr tne.caleulagion'of self con-
sieten;tgieid waveﬁuncfions for‘open-shell systems are
compared to.a third, more gophlstlcated method. Such-an
}1nvestlgat10n is ‘required in order to assess. the perfog-
m&nee of the approx;mete schemes and to 1nd1cate 1n‘wnrch
v . eircnmetences they can $& used safely. . -
Secona, in Chapter: III, recently developed nolequ—
lar Qrbital_methodelafe applied to a nnmber of systems

A of chemical interest of pr1mary concern in the molecules

5
P4

cddbldered are the equilibrium geometrles for the ground

state (and'ln some cases, for the loyer exc1te§ states),
» “ "+ the ekéitafion energies, and‘tne,enérgetics of some of

the:mere interestiné intranolécular'traneformations.‘ In
raddifion, the calculated'wevefunctions,are.used.té“dednce

the..charge distributions and the types of Bonding pgeeent

T 1For example, the number of papers (per year) re- '
' porting nonemplrlcal calculations on polyatomic mole~
cules has rzsen from less 'than 20 in 1964 to almost 200
in 1970. (6) -

P , - f . - . , ‘ ,
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- : i ., . i
in each state. 1It is hoped that the results of these cal-

¢ Ce -

culations will lead to a greater understandlng both of
the electronic structure of . the. partlcular molecules con-

~sidered and of the chemical processes involved. - :

°
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2. Detalls of Calculations . -
.; .

s

All of the calculatlons reported herein - have been o

:

cafrieq out within the framework of the llnear combina~-
tion of atomic orbitals'(LCAO); molecular orhital_(MO),

‘ self conslstent field (SCF) theory. In this approxima—

o,

—tioni the total molecular eLectronlc anefunctlon,'w,
for a system of 2N electrons is taken to be an antl-ﬂ
symmetrized product of orthorormal spatial molecular-
orhltals; wi' and the spin functions a or B. The spatial

functions, in turp, are taken to be linear combinations .°

of basis functions dy

c -

s

wﬁ‘* & Ciu %u : S N .I-1
Once these latter fupctions are specified,/the-coef-

ficients, cj , are chosen to minimize the total electronic

energy: 7.
d
] L - : -
oo E, = [?*HerT I-2
. : . &
" ‘where H, is the.non—relativistic electrostatic Hamiltonian:
H, = -hD V2 -2 T (3/t, L. (1/r,)) 1-3.
e ia - ?“ i>j Rt s
A general set of equatlons for the coeff1c1ents has been'
derlved by Roothaan for both closed (7) and open (8) shells T
1 of electrons.' Speciflcally, the c1 are determlned by solv-.
. ! &
L 1ng the set of simultaneous- homogeneous equations:

‘ . - 5 B
& an Fiv =€ & Suv Siv A

i1 ~
4" . - .




-
.
4 - - 3 N

where for closed ‘shells: , ‘ ' > . L M

-

ng%;{<hV|rs> * y<ur|vs>} . ¢ 1-5 4

\ F =
uv v
St ' K\%ij o - - . » ] ) '
" oHy T /e, ﬂ."’?v'; ) '%/,rla”%(&?' dt (1) I-6
. <uv|rs> = ff¢u(i)¢v(l){l/r1;}¢r¢2)¢s*3) drt(1)dt(2) I-7
. N | ) . - ) . .' h . on
PrS = 2 icir_ Cis . , -7 - - ' I-8
Suv =[O, {1k, (1) dr (1) ‘ ‘ . . 1-9

" B . - ‘ . ¢ - i

A non-trivial solution for the equations I-4 exists only if .-

\ the secular determinant vanishes:

- €8 =0 o Co I-10

-

|F

uy} uvI

’/,,éf " The N lowest toots,=eih of the éecular déterminant rep-
resent the energies of the molécular orbitals wi' and for
clpsgdishe}ls are approx{matiops to,the.iqpization po- i

- T . - . ; - .
tentials. - The first term in equation I-5, H.v is the ma-
2 [ 1 : - . . . . :

‘trix element of the one-electron Hamiltonian andjincludes

the kinetic energy of the electrons and the potential due.

to electron-nucleus attraction.‘ The second term, some- .

" times abbreviated Guv' contains the potential due to-

Aéleétfon—electron repulsion.: Sinc@;the matrix elements. -
-.Fuv depénd on thé-éeeffiéients,‘an iterative meﬁhbd of -

successive approximations to F o must 2; adopted and con-

’éinued until the electfoniC'energy'is stationgry with re-

: «

'spect to a'variqtion'ih:tﬁé‘coefficienté.. The total mol-
' . ) . - Lo

O oy

L




ecular energy is then obtained by addlng the potential

associated w1th repu1510n of the flxed nucle1 to the

[

electronlc energy. . S S
For the majority of the calculations presented here,

: a4 . .
the set of basis functions chosen corresponds to a-mini-.’
\ . - - . .

mum basis set of Slater-type orbitals (STOs) centred at

L)

" the respective nuclei:

N
- . ) B

¢,(¢,x) é'(g3/n)%rex§€-Cr) | for ls orbitals I-11
¢,(c,0) = (£5/96m) * r exp(-fr/2). ° for 2s ofbitals  1-12
¢u(;,£) = (z%/32m)* r exp(-zr/3) cosé for 2pz’prbitels_1-13

ﬁere‘r is the dlstancegirom the nucleus on whlch the or- -

5 P'd

bital is. centred and” ¢ is the STO exponent. Expressions

for the 2p ana 2p jorbitals are similar to I-13. ‘This
basis set has the advantage of being conceptually close

»

to treditional chemical ideas‘of'eleetfonic'structure and
is geherally con91dered~to .be the most approprlate for
molecular Orbrtal calculat10ns.{ -Because of the exponen-
tial form of'tﬁe STOs however, thg computation of the
multicentre integrals <uv]£s> neeéed'for the‘calculation
of an ean Be accomplished on;y by.nunerical quaaraﬁure,
a difficult .and time-consuming task.  For this ‘r‘eas'c')n
"each STO is heie represented. by a 1inear‘combination of
"' '. Gaussian functions. The corresponding integrals over
.these latter functions can be .evaluated in closed form

using the expressidns originally derived by Boys (9)

-
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The partlcular Gau531an representat;ons used in this,WOrk

..

‘are the STO-NG expan51ons developed by Pople and co~work- R

é exs (10, 1;% ~ - C T ‘Cie;«\ L N,
v - P o .
. T 4 - - . -
;?' I(;lr) = C Ed g ( un:;_{) . ."/ " : ‘ 1-14 —
j& . T .o . | . - . : - .
¥ - where g _(a,r) a-(2a/n)» expt—arz) for s orbitals -  I-15
» ‘ ) . ‘o ' > " . ‘ :
r‘. . gu(a,gr = (128a'¢n )k‘r exp(*ar ycos® for p

C el T o I orbltals I-16

Ll . ) b
~ .
’ . -
- N .
. . .
s

In these expansioms, the coefficients d and Gaugikian
. ' S .
.-exponents a.n are’ chosen to glve a least-squares,flt of

fthe Gau531an representatlon to the STO. The STO ekpon- - ¥ g;
- ! ] . »

. vents,‘;, are retained as Varlatlonal parameters. A stan-

“ dard set of exponents (listed in Table I- 1), has hOWever .

-

~'been proposed (10 11) and, unless 1nd1cated otherw1se, S .
these exponents are used in the~present calculatlons. All

of the-lnxegnals over Gaussian functions ‘have beeﬁ‘evaluz -

ate3~nsing subroutines from the POLYATOM (12) and iBMOL (13)
: T S :
s ' '

-programs. . B i , - : . R '

: Altho;gn expaneions are avai;ablepfon N%zfnpito<‘ : f. (;)
N=6, extensive,studies bg}Pople and cofwoxkere'(ld,l4;17fp |
have‘ehownrthat the éfd43¢ expansionﬁiiieﬁernoit econom- '?—',f .
igal to use for the accurate pred1ct10n of moiecular geo-

,'metrl . The average dev1at1ons from experimental bond
lengths and bond angles have been found to be 0. 035 1 and

.7° respectively for A ;arge selection of first-row poly-

. ~ atomic molecules using such? basis set expansion.™ Many




>

Atom

,"‘

-

TABLE I-1

é&andard STO Equnéngé"4 -

‘ ' Exé8ﬂent
K Shell L Shell

1.24

1.69 . .

3.68 1.15
- 4.65 . l1.50‘
TseT e 1.72
“6.67 - 1.95

7.66 . 2.25

" ..8.65 © ~  2.55
14.50 ,  5.37
15.47  5.79
. : .
? . e _
~ ﬁ-- - LY Wamnl .
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e
;
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experimental trends (such as the progressive shortening -

of the C=C bond along the series propene—allene-cyclo—

prOpene (16) ) are well reproduced. In addition, calcu—
- ‘,; .
lated dipole moments are in reasonable agreement with ex-

/
per1menta1 values and charge dlstrlbutlons agree*quallta—

tlvely with expectatlons from chemlcal react1v1ty (18)

-
]

'

- For the accurate prediction of isomerization energies
or‘enthalpies-of‘reactions,.however, the STO-3G basis set
has been found to be unsatisfactory (15,16,19). For cal-

culation of'these prbperties, Pople and cd-workers have
B a,

e _proposed ,an extended‘basis'set (20) containing\more‘than M-

-

the mlnlmal number of ¢ functlons. For.this basis set,

>
LS

termed 4 31G, the 1nner—she11 orbitals of heavy atoms are.

represented by a fixed 11near combinatlon of four Gau551an‘a

4

functrons.7 The valence-shellsorbltals (1e. hydrogen ls

and heavy atom 2s and .2p) are descrlbed by 1nner and outer

.. parts which are respectlvely, sums of three and one Gauss-

T ‘1an fdnqtlons, The Gaussian functions have thevsame form

[}
as those in equation I-14, but for this basis set the coef-
' ficients d__-and exponents,a“.have been dete
- un’ _ .. un -
R imizing the calculated energy of the atomic gi
" The 1~ exponents for the 1nnex and outex parts/of the val- ,

%
ence shell orbltals are used as molecular scale factors

-

to allrm;for changes in orbital size_in a molecular en-

v1ronment. Standard values were determined by POple and

co-workers (20) . by m1n1m1zlng the ground state energy of

a seleCted set of small polyatomic molecules. Although
. . T 3» ' '

- - . .




predicted‘geomet;ies are only marginally improved with .

the 4-31G-basis set (15,17), total energies are predicted

to be somewhat lower and e greater -flexibility affordéd

’ .
' .

by the “split"ﬂvalenceishell leads to greater reliability
in the calculation of potential surféceé and %ova large
”iﬁpggyement in célcuiated reiafiVe eﬁefgieé of isomers.
Becausé of the higher cost, howeﬁer, the use.of ;his'paéis
-sgt.in the present calculations is restrictéd to those
ipspances:when the STO-3G results are expected to be unre-
1iablg. |

Charge distributions and orbital populations for the

‘molegules considered in Chapter III have been computed-

using the scheme proposed by Mulliken (gl)a In this method

the total electron density is divided into:two paf@s; thatv
psgbcia;ed solely with' single atomic- orbitals ("ﬁet orbi-
. ‘tal populaﬁionsf) and ¢€hat shared betwegn pairs of'qrbitalé'
‘iffg(nayerlap p0pu1a£i6hs"?.p The éleét;on.dénsity”assigngd to
an atom in a molecule ("gross atomic popu;ationa)'is“taken
to be the sum of the:net 6rbita1 pééulations f6r~all the -
orbitals of that atom plus exacgly one-half the‘oéeflap
popplation'bétwéen the brbi#alé of the atoq in questioh
-and all the other orbitais in the moleqﬁlew '
. It is widely appreciatéd that the single determin-

ant methéd discusged abové does not maké any provision

‘for the correlation of the motion of electrons with anti~
paraliél spin. THe convéntional way of c&mpensafing fér

this deficiency is to refbrmﬁlate the molecular wave-~

I

* -~

-

10
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function and to express it as a linear- combination of de-

terminants Wk, each of which s formed from the lowest*
energy configuration Yo, by excitatien of one or more elec- -
trons: ' : ‘ j

_\P = wo‘ + I ¥y 1-17

v

In principle a configuration inteéraction (CI) formulation

can lead to an exact solution; but oniy in the unattain-

able limit of a complete set of conflguratlons. In the
calculations presented here, the gross errors’ of neglect
of electron correlat;on are taken into account by carry-

ing out a limited CI calculation using the most important

-
u

cbnfigurationsf Since the‘single determinant orbitalsaare‘ha‘
determined self-éonsistently, Brillouin's Theorem (22) is
assumed to apply at least approxlmately and - thus config-
uratlons dlfferlng from the ground conflguratlon by only
one spin orbital can be neglectedvln the CI procedure

since they do nof interact directly with the lowest energy.

‘configuration. Further discussion of the configurations

used is made in the context of the app%ications in Chap-.

ter III.




Lo

tions for closed~shell systems. A nﬁmber of methods have///

- she?l method (8) and the'fuhrestriqted" method progosed by

.being computationally expensive, is often plagued with con-

A . » . . P . o v
.8irable to explore alternative methods for computing open-

'fundgﬁental apprOximatioqf namely ‘that each unpaired elec-

o

o

CHAPTER I1

&7

Q

A COMﬁARISON OF THREE DIFFERENT METHODS FOR OBTAINING THE

( | ENERGIES AND GEOMETRIES OF, OPEN SHELL SYSTEMS

- N > -
]

(a) Introduction

.

&

.y o i . ’
It is well known that the calculation of wavefunctions

~
.

and energies for molecules with unpaired elec¢trons is’ con-
. . . 4 .. .

-

siderably:more complex:than are the corresponding calcgla=

3 - v

been propesed for dealing with'the ﬁroblemr(8,23—26)} the

most widely used of which are the Roothaan restricted open-

Poplé and Nesbet (23).. The former method however, besides

vergence difficulties (27),,whilefthe‘latter'sﬁffers'from
the objection that thelresultant'wavefunction is not an

eigenfunction of the operator S?. It therefore seems de-

2

shell wavefunctions and energies. 1In particplar, the con-

tents of this chapter are concerned with the comparison of
» ) . .A > ‘ . . ; A . . B
the energies of open-shell systems as.caléulated at three

L -
'

levels of'édbhispication‘- the Robthaan Spenréhell method,
the "half-electrbn" method (28-30, see also ref. 31) and,

in the case of trlplets, the simple use of optlmum ground

state elgenvectors for . the exc1ted state. ’ S -
rr AU L]

The half-electron méthod was deve%sped primarlly for'

use lnusem;emplrical ca;culatlons (28,29) and .contains one

) ¢




%3

. 4

‘tal pne- eleétron %nergy and for thle. two- electron terms -

,ar451ng from ‘the Coulomb and exchange repu151on of the elec~"

‘ v
“ the elecigon(s) in the 51ng1y—OCCup1ed orbltal(sL, and from .

4

. ’ 3 . . M oL
- te . N .
) . . . [ L -
! . - 13
. . @ - P . . .

tron 1s replaced by two "half- electron " of opp051te spin
’;) .

_and a calculatlon mploylng the usuail closed- shell meqbods

is carrl t on the resultlng pseudo closed- shell system..,. .

Thus—tHe method retains the computatlonal sxmplloaty and

speed of a closed—shell,\flngle determlnant calculatlon,
while employing the correct QOpulatlons for the moIecular I

orbltals in the open- shell problem An error occurs bé-

cause the quantlty Wthh is mlnlmlzed in determlnlng the. !
'1 " r-'i
MO cogff1c1ents does ndt correspond exactly tokthe energy :

of a radical or a triplet state. Speciﬁically, & spurious
o

Coulomb repulsron betweén' the two half—electrons in the
singly-occupied'orhitals is always_included. In addition,

a
-

for triplet states the exchange.repulsionterm bgtween the )
£
C ~
electrons 1n the two open shell orbitals is underestlmated ) .
o ~ 8

by one-half. Yhe method does account properly for the to- -

trons in doubly—occupled Orbltals w1th one another and with

R . - N . - -,

the,Coulomb repulsion of the unpaired eléctrons in diﬁferent:

e T, 9 - - ' 4 \ ~— - .
orbitals. Thus the quality of the half-electron method * _ . .
wavefunctlon is affected the extent to wh;ch the wave-

functlon is altered by mlnlmlzlng not the true energy but '
— 0
the true: energy plus the errors mentlgneﬁ above.

v
3 .
L]
i.e. the

i,

ry o

m
The gsecond al g rnative methoa con51dered here,

use of the e1genvect s from the closeddshellagiound state
° ] P . .
to répresent the triplet wavefunction, has been widely used N




in both semlemplrlca1 and ab 1n1t10 calculatlons for: ex;

A

cited states. The errors .in this approagh can be expected ’
! % s )
to be somewhat larger than-fp;\the half—electgon method - S
. - ) . . !
however, since the determination of the MO coefficients is
: /

+  carried out with the ground statg'(closedeshell) Fock oper-= e
ator, without regar&*for the'ﬁopulatiégs of the MOs 1h§£ﬁéﬁW*”“”“"wmw~~
N - £~ ’ . e

trlplet‘ﬁtate. Thus the dif}erence'between the'enerqy'de—

termlned by » thls method and the true-open -shell energy is

a reflectlon of the extent of orbltal reorganxzatlon whlch
accompanles the eXC1tat10n from closedoto ogen shell. -
The'intentiOn‘here is to make/; thorough and qugnt1~: . *“"

tative comparlson between the three technlques mentloned
above in the c0ntemt of ab 1nkt10 calculatlons of the to- ;0 “

tal energy and_ of the predlcted geometrles for polyatomlc
'.radlcals\and;trlplets, To this end; tﬁe half-electron P o ,
- . : K ’ . P NS ;
and Roothaan :open-shell procedures are compared on a for- . ¢
. -

]
-

mal basis in the hext sectien, and the performance of the

. . v

7

three methods is compared for eiéhtd%ifgérent radicalsv. RS ¢
‘and nineteen different #riplets in the .third ‘section.
- ) el

‘ - 9 . . “'ca
- (b) Theory g ‘ ' : .
3 . o rd o - . ] - -
- . The expectatlon value for the energy .of an open— -{
SN »

., shell configuratlon 1s ngen in Roothaan s formulation(B)

Q

"’,by equation II-I, in which f, 2, and b are ngperxcal con- o
- :
- . -7 « .
stants;! , S -
> ) . ' :“a e Al o h o
. 0 4 - i . . / .
: lFollow;ng Roothaan, ‘the indiees k and l are used=for s
the 1nd1v1dua1 closed*shell orbitals, m and n for the open- e
° o v :
’ ' : ! . E3 , q. -] . ' oo

2 ' - o




P o ’ .. t | ! =] - 1 5
Z/ & { ‘ o o . .
BN 2 Q;Ik + 2 (23,7 x“’) * (2 g I+ fL1Z (2aJ -bK_ )
., . - - +2 5 3. (gq - K, )} II-L
& .., - R P . . N . ‘ . . k m km k .

1
]

n

» Most radicals and triélets can-be°classifie§ as "half-filled”

0

shells (i.e. the same number of open-shell electrons as

(_' .
° ‘ - occupied open- shelLforbLtals, with all spins parallel in -

”

ﬁslngly-occuplea orbltals) in whlch case £,a and b take on the

N _ fixed values of %,l and 2 respectlvely (87 Equatlon I1I-1°

-

then 51mp11f1es to the forT ' . ' . Cs

? =2 i I # i i fZJkl Kep) +fF In 3& k (I "Emn’

o A R (23

nm "k m
- In the half-electron method, the quantity E', minigized

em™ km) I1-2

in the‘SCF,process is given by a modification of the usual

1 clo d-Shell'expression (28):

R r . . - - '.- LY
E' = ¢ N 1 + az Z N.N.(2J l/f . - II-3,
T U T T ij° 13 \ - e S

‘Here i and NJ -represent the OCcupatlon numbers(q‘l ,0r 2

ectrons) of . molecular orbitals i and j. Expansion of

—

II-3 for the half—filled shell leads to_

a

' E'“* 21 + ﬁ’& + I (23 =K )+ RE X (231n m; " . ‘ :

-, e k k bk 1 kl ki
. + 2z (23 -K ) I1-4
k-m . km  km -

-

N
‘0 . )

shell orb;tals ‘and i-and 9 for. the Orbltafs of elther set
>, . The inptegrals used in II-l are deflned as: .y, -

I, =,<w*(1)|m+v|¢*(1)> o ' Co R
T4 =}<w:(1)w;(2)[l/r12|¢1(1)¢142)>. ML .
“ ;Kij = <w*(1)w*(2)|1/rnlw (g5t > = ,

~y

";
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The only difference between the true energy E cf‘equation

II-2 and the quantity E' of equation II-4 is the term asso-.

ciated with the singly-occupied orbitals:

-

E’- E' %% g-gJ -K .) - %g % (2Jmn Kmn)

.

EE - .

/

II-5

This is the correctlon which must be applled to E' after

convergence ‘of the SCF process’ to yleld the half—electrou

T et s

approx1mat10n‘to the open-shell energy.

Aq-éppreciation of;the effect of~this'spurious
[ . .

on thHe wavefunctions determined by the half-electron
'can be gained by examining the diatomic radical HeH.

the LCAO-MO formulaticdn, the MOs can be written as

F 2 = . l.'
L wl cll¢H + c12¢He

. = ¢ +
¢2 ‘,21¢H © z?He

. ) . o s
Here wl is ‘the doublyrqccupied,_bonding_Mo.an& wz is

term

méthod’

In

I1-6

the 

singly-occupied, antibonding MO. Given any arbitrary val-

ue for oqe of the four coe£f1c1ents (say c. ) and a value

for the bverlap lntegral S 'the other three coeffiéienté

can -be determlned eas1ly u51ng orthogonallty and normal-

ngtlon cond;tlonSx Thus, both xhe‘Roothaan,energy-E and

the quantity E' can be calculated as ‘a funétion of c

the results are plotted againstlcl;.for the range of

R

11

in- -

terest in Figure II~1.2 The minimum for.the E function

20hese results refer to Salculations which were

v .

’

T
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FIGURE II-1

Y - - M *

 The Roothaan Energy; E and the Quantity,E’

. ‘versus c for HeH..
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'occurs at c11 = 0.033 whereasithat for E' occurs at cl;;=~.

0.059; complete wavefunctions for these points are listed

in Table II-1. The extra delocalization of the electron

densigy in- the singly-occupied orbital in the half-élect}on

wavefuncfidﬁ:aﬁ;compared to that in. the Roothaan wavefunction
isbconsistent with the attempt of the former method to
minimize the repulsion of the two half-electrons. In gen-

eral, this-effect will always be present for a radical
/ . ’ - o
since from equation II-5: )

E'=E + K /4
_ . 22 . II_7

+ J 4

: B+ I/

-

Although the difference in energy bétween the two methods

amounts to only 0.0006 a.u. for HeH, the difference is .
. L ¢

gnerally expected to be larger for triplet_stateé since E'

ST

- ' : ¢
then contains three, rather than just. one spurious terms:,

[ ' ’ =
E' =FE + Jmm/tl + Jnn/4 + Kmn/z. . o II-8

v

Carsky and Zahradnik have discussed seveﬂ:_:ﬁaf instances

s . - L
.from semiempirical calculations in which the Roothaan- and

.

half-electron meth%ﬁf yield identical energies and wave-
fdnctions’(32); “This will &dlways occur in minimél'basis

set calculations in which ‘the singly-qccupied MOs are com-

[
-~

pletely detérmined by 5ymmetry, since the spurious terms

in E' involve only the sinély-ocdupied MOs and are constants

-
- f

carried out using the STO-4G basis set with standard ex-
ponents and an He-H séparation of 1.5875 A,




f“r . s G 3 j . ' ‘ ©
R . " . .-° TABLE II-1 : :
/ "SCF Wavefunctions For HeH
. i !
- (a) Calculated With Roothaan's Method
. ‘
MO AO
¢H ¢He )
o , B A 0.0328" 0.9946
N B Yo 1.0108 ~0.1832 -~
P o .. ' . -
electronic energy = -3.95752 a.u.
' .
” ) B * -
(b) Calculated With the Half-Electron Method
| ) R0 .

o » ' '¢H ¢He .

Y1 0.0593 " . 0.9894 .
Ve 1.0096 <° | -0.2093 °
. electronic energy = -3.95690 a.u. P
. K
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x

. ' . . I .
in. such cases. In general, the Fock operators for the open
and closed shells ip the Roothaan method differ from-the

Fock operator for the half-electron method:

.Fc = F% + ﬁ Mm ‘ .for doubly—occupied MOs k 'II-9
.Af B & ~ N . ‘A - ” -
F.o = }3‘;5 + i Mk,' %& Km for sxnglyfoccupled MOslm IIle

a3

Here.Kﬁzis the familiar exchange operator and M, and M are

4

exchange coupling operators, defined in general by -equation

\

II-11: , " .
M= §¢i|K§[¢>Qi +\<¢i[¢>xowi - . II-11
. : | where K, = 3& K

oA

" The effeat of the closed-shell Fock operator, F. and that

of the half-electron Fock operator on an arbitrary function

from the closed-shell set is the same, however:

L]
~

e £A -
chk F%wk<6 ’II 12

Thus the eigenvalues,

n, of the closed-shell operator), F,
‘are identical with the,eigénvalues'of F%: )
F b, = kak ) N
- F A : S VI

o Fah = i

o a -~

Note that the eigenvectors of Fc‘must be identical to those
deduced from F% whéngver the,singiy-occhpied orbitals are
symmetryudetermined; For fhe'singly-obcupied orbitals,

k-4
N

21




even in symmetry-detérmined cases, the eigenvalues of F

and F% differ:

but

“as)

If the Rocthaan method is formulated in terms of a 51ngle
Fock 0perator, llphowever, the. elgenvalues of the - 31ngly—
occupled orbltals in the two methods‘become 1dent1ca1 -but

those of the doubly—oécupled MOs differ:

Fyp = €4¥k

(ﬂk + Ck) wk

where ty = & Xxm _ I11-19

-

PV = ¥ S, 1120
[ . / . ) ' B )
Thus, for symmetry-determined cases, the eigenvalues for
the closed-shell orbitais as'determihed-by;the,twq methods
differ by the exchange fntegrals Kk while the eigeﬁvalues

. for the open-shell orbitalssare 1dent1ca1. Sipce the'eig-

e

envectors for both sets of orbxtals are 1dent1ca1, the to-
tal energles determlned by the Roothaan and half-electron
methods will also be 1dent1cal ‘These arguments are‘more
generally appllcable tha those given by Carsky and Zah-
'radnik who arrive at thls Jlatter conclu51on only for spe~_

[cial ‘cases ‘in which the exchange integrals, Kem of equa—

thon I11-19 are zero. -The conclugions.presented here have




‘s 0

L]

also beén tested by calculatlons on several symmetryvdeter—‘

-

mined systems, namely, planar Cﬁs; NHz’ planar Cth+, planar

-/CZHH_ and thefplanar;$Cn,n*) state of QZH“; in all~cases the:

total ehergy deduced by the Roothaan scheme and’t@e half-
electron method agreed eéactlyj'hhereas the doubly-occupied

MO eigenvalues of F and F% differed since the exchange inte-

1

grals, Kim? Were nonzero.

-

-

;
-~

(c) Reeults and Discussion

- 2 -

In order to compare quantltatlvely the performance

-

of the three methods,.ab 1n1tlo calculatlons using the- S

3G expan51ons have,been performed,for a number of r

a

.and trlplets. : : '".1‘? .

R )

[N

.The total energles for the ground states of eight

small- free radlcéls calculated by the ‘Roothaan open—shell

.

method are compared in| Table II -2 with those calculated -

for the same geometries by the.half-electron procedure.

3

(Calculations for CH_, NH_, c,# ¥ and c H ~ have been, gmit-
ted since the singly-oceupied MOs are determined by‘s§h- ,
metry in théfSTO—3G~approk mation, with the result.that'

. the energies calculated by the two. metho&s are id%nticall)

A\J

The root mean square merovqpent in the energy cjFihg the

i

=1

Roothaan\wavefunctlons 1s 0.0076 a. u., or 4.8 kcal mol *°.

leen this dlfference, lt mlght be\expected that the geo-
metries Qredlcted by the two methods for such radlcals
4WDuld dxffer signrflcantly. However, complete optlmlza—

_tlon of the geometrlcaI structures of HCO, NO; and NE: pro—

L]
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TABLE II-2

Energies (in a.u.) for Ground States of Free Radicals

s Roofhaan‘Method

State . Roothaan  Energy Improvement over
Radical Designation , Energy  Half-Electron Method

BH,? S S -25,40817 0.00234

2B, -92.23328 0.00985 .
4}25{67874 0.01447 -
-11f.72751 ' 0.00159

-76.41135 0.00796
_73.65919 | 0%00458

-201.26761 0.00060
By . -249.74005 0.00810

o,

R

8calculated using experlmental geometry glven in ref-
erence 33. . :

s Geometry assumed (34) R(CN)=1.273§,,Rxcﬁ)ai.aei,
aﬁxle (HCN) 121.5° ) o

Calculated using geometry given in reference 35.

o d.Calculated using geometry given in reference 15.

-




duce r.m.s. differences of only t0{003uﬁ in the bond
‘lengths and *0:5° in the bond angles (see Table II-Bf}
Thus the energetic inferiority of the half-electron wave-

function-is appreciable but is almost independent of geo-

'metry for these radicais.

AQ‘ngicipaéed earlier, the errors associated with

the~half-éiectron method are greater for triplet states
. than for free radicals._ For the Hineteen moleéules listed
in Tablé II—@, the r.m.s. energy improvement using the
Roothaan. open-ghell wavefunction relative to that of the.
half—electron_procédure is 0.013 a.u., or 8;21kcal\hpl—{.
In addition, the differegcéshin,optimﬁm geometrical s£ruc-
tures for the six triplet‘st;tes‘documented in Table II-%
are glsé somewhat iarger than for the free radicals; the
r.m.s. éeviation in the,bondtdiﬁtances is +0.007 A and in
the -bond angles €2.4° . ' :

| Fo§ fifteen of the nineteen'triplgﬁs listed in
Table II-4, the‘haif;eleqtron methéd yields an eneréy su-
perior éo that obtained using MOs‘df fhe loyes%‘closéd—'
shell singlgt state. On the average the energy obtained
using the closed—she}% eigeﬁvectors‘is much farther from
the Roothaan open—shéil»result (r.m.s. deviation of
0.042 a.u., or 26 kcal mol !) than is the half-électron
egergy (r.m.s. devigtiﬁn'of'0.013'a.u.,'6ﬁ58.2 kcal mol”l).
In addition, the magnitude of the energy—improvémgnt‘frém
‘ /

the closed-shell result is much les% predictable than is

. that from the hélf—electron results, since the standard
. , , )
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" TABLE II-4

G

BN

©

]

Calculated Energies (in a.u.ﬁgfoi Tfiple; States

. ©

State

Desm- Rooi;haan

Moleculea‘g nation

Endrgy

. Roothaan Method
Energy Improvement over

Half-Electron

Method

Closed-Shell

Orbitals -

CH, (36)
NH,* (17)
C2H, (37)
C,H, (38
'CuHe (39)
HCF (33)
CF2(4of .
. CH3CH(36 41)
HCN(33) |

E HNO(33),

‘ HNNH(42y/
H,BNH, (34)
"H,CNH (43)
H,NN (44)
H,CO(33)
H,CS (45) -
NCN (33)

O3 (46)

’B,
3A2
. 3B
u
%Al!
3Bl
3All

' 3Alyl'

3Al'
3A||
.3B

3A2
3Al '

» ~38.42916

-54. 54242

~75.74540
~77.01162
-152.90442

-135.89433
-233.36019
~77.01453
~91.54580
-374.68753
-126.071:96

t108 51529

-80.28197
-92.7720
-108@588 6
-112:31850

- ~431.65805
-144.79811

0.00617
0.00418
0.01074
0.00855
©0.01533
0.01168

0.01190
#.0.01523 -

0.01587
0.00731
0.01331
0.01732

~0.02033 -

" 0,01147
0.01711
'0.01824
- 0.01117
0.00000
0.01640

 0.00316
0.00122
0.01523
0.00887
0.03195
0.01125
0.01409
0.02156
0.02753
0.00676
0.01827
0.02250
10.05941

- 0.10944 .

0.01907

- 0.07535

9.06080
0.02061
0.06035

o

3

or

s 3Phe numbers in parentheses refer to the reference
frém which the molecular geometry was taken. " In some cases’
the geometry of the triplet state”™is not known experiment-
ally and is estimated from the geometry of the sanglet °
state of the same electron conflguratlon.
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deviation from-the mean deviation of the former/is five
- times that of the ilatter. ‘

1 o
- L)

It is 1nstruct1ve to, con51der more cibsely thi five
3

triplets 1n Table HI- 4 for which the use of- closed shelleh

Y —r

eigenvectcrs 1eads to an energy Wthh is espec1ally poor

in relation t9 that obtained with the‘open1shell methods.

for the

Ixe

. In particular, triplets of H,CO, H,CS, H,CNH, O;
S

v ) and H-IZBNHz, the energy

N

method is greater than

improvement using the Roothaan .

0.05 a.u.. In all five cases, thé
. ) o : .

4.,
<

/..electronic charde distribution in tHe“triplet state is
significaﬂtly diffe’ren't from th@ in the ground state since
- the exc tation 1nvolves movang an electron from a highly

T ‘localf zed non—bonding orbitdl to an antibonding orbital

.~ “localized in another region of space. Evidently, the charge

. . - - ’ i X ! . !
reorganization accompanying such an,excitation is handl%d\

rather well by the half-electron method, since the Ralf-
electron to Roothaan energy improvement for these five cases

o L. -

\ averages one«quarter the closed shell to Roothaan energy

-

difference. This conclusion is illustgated particularly :
Ve ' o .. . e
‘well by an analysis & the MO coefficients predicted by theé

. three methods for formaldehy,eL The 3(nw*) staté of H2CO

is formed by the exc1tat10n of 3n electron from the non-
. -~ C L
bonding b orbital 1n the . plane/bf the molecule and local- .
~ 2 .
,.1zed ‘on the oxygen atom to the antibonding mE orbital above

and below the molecular plane. In the ground state, the ﬂ

and 7* orbitals are polarized slightlx'toward the oxygen‘bnd

.I

! K - e




carbon atoms respec@ively.. Use of these orbitals to &ps-
. cribe the triplet etate leads to an excited state charge
dietribution inh which the carhon atom’carries:a substan-
tial - negative charge and the oxygen atom a substantial

-3

positive charge.(see Table II-5).' In contrast, both open--

<

shell methods predlct a 51gn1f1cant reorganlz%tlon of the

7 and m% orbitals so that the °former is 1OCallzed prlmar—

Ry

ily on oxygen and the latter onicarbon. This results in

~

the prediction of slight net negative charges for both

'OXYgen and carbon as shown in Table II-5 for the lowgst

trlplet state. ‘ %

The reorganlzatlon of the electron dlstrlbutlon in
the half-electron and Roothaan methods also leads to an”
optiuym geometry’for the 3(nn*),sta"te of H4CO which is

significantly different from that'predigted using closed-
i = ’ ) E ) . : *
shell elgenvectors. In particular, the carbon-oxygen
“l« .
bond length elongatlon (compared to the ground state) is

preed to be =0.23 accordlng to the first two methods, ~

compared to =0.13" accordlng to the latter (see Table 11—6);
- . ‘ . v .
" In addition, use of the closed-shell wavefunctions yields

a planar, rather than ; pkramidal "flapp;d" geometry, for
the 3(nm*) state. For the other triplets listed in Table
II;G; the excitation does not'involv2_as much chargé,trans;
fer and the agreement hetyeen the closed-shell and open-, ¢

'shell wavefunction qeometries is rather/good.

Hor e
a




* TABLE II-5

E2 N

Gross Orbital and Atomic Populations Predicted
' + for the ®(nm*) State of H,CO

.

. Atém Orbiyala' Gross Population (in 'e)
/,/“ g . Roothaan - Half-Electron - Closed-shell
Method Method Orbitals g
H . 1s . 0.9304 , 0.9158 : '0.8573
c . 1s, 1.9933 1.9932 .1.9937
- 2s ¥ o 1.1805 1.1883 ° 1.2381
2p,, 1.1072  1.1632 1.3891
_ | 2p,, 1.0016 0.9706 0.9611
o , 2p, .. 0.7715 . 0.7733 10,8581
total atomic  6.0541  6.0886 6.4401
o ;s 1.9985 . 1.9985 1.9985
2s 1.9021 ‘}u9001' | 1.8935‘..b
2p, 1.8319 1.,7607 ©.1.5076
- 2p, 1.0106 , ?1.0699 1.1686
, 2p, 1.3419 "1.3514 1.2766
total atomic °08.0850 8.0797 - 7.8448

79
-

<

- @The coordinate system was chosen with,the origin at
the carbon atom, the positjve 2z axis coincident with the «
: .C-0 bond, the y axis in the HCH plane and the x axis mutu-
. ally perpendicular to y and z. The experimental geometry
was taken from reference 33, T . :

3 “ . - —
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| TABLE 11-6
. o ~ : /
' - Predicted Geometries for Six Triplet States.
- R R Method .
. ’ ) a . , » Closed-Shell
, Molecule State Parameter Roothaan Half-Electron Orbitals
;51 Loy R(CH) 1.082 1.078 1.079 .
angle (HCH) »,| 124. © 125, : 124.
. total energy | -38.43174| . -38.42504 -38.42860
' co Y R(CO) 1.220 . 1.222 - 1.227°
. total energy | -111.036%1 ", -111.02353 * -111.0252¢
~ - ‘ NCN ] I R(CN) . 1.238 1.239 1.231 °
' angle (NCN) <[ 180. 180. 180.
N . . -
.| total energy | -144.75825| - -144.75830 © -144.73750
o - . .
R H,CO iatt ! R(CO) 1.395 1..411 . > 1.318
. . 3 (nn*) R(CH) 1.088 o1.077 1.062
v, ) .| angle (HCH) 117. 121. 12s.
e 37. 36, 0,0
total energy | -112.32588 -112.31043 -112.24651 <
. | H,cO . lav) R(CO) 1.472 | 1.470 - ol.456
] 3 (%) R(CH) 1.092 ) 1.087 ° 1.081
N . angle (HCH) -1153% 118.8 121.6
- " gP 36. * 23, 23. ]
. . total epergy |-112.29489 7112.29118 -112.28875
- N . ' ‘.
C,H, B, R(CO) T 1.314 1.313 . 1.316
o ' . R(cH) 1.091 . 1.085 1.084
. angle (HCC) 126. (cis) 127. (cis) . 126. (cis)
total emergy | -75.74567 -75.73479 =75.73046
A - )
® ? : . . . M L)
B ‘ , ’ ond lengths are in X, angles in degrees, energies in a’.u._.
- b is the angle between' the HCH plane ahd CO° bond. )
‘. ) - ] '
) ® . N
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(d) Conclustons

The half-eiectron method, although not converging to
. « ' -
the wavefunction yielding the lowest total energy because

of the inclusion of spurious'correction'terms, is generally

LY

superior to the use of eigenvectors deduced for the lowesg(f

closed-shell Singlet state. This effect is pérticularly 
noticeable when the electronic charge distribution in the
triplet state differs appreciably from that in the ground

state. The r.m.s. de&iations between the half:eiectfbn

.and the Roothaan,open—shel;Qenergies of =5 and =8,kcal .

) . n . v . -
! for radicals and trfplet states, respectively are

4

probably too great for the former method to be used in-

mol~

stead of the latter in applications where total energies, 7~

rather than geometries, are of prime importance. 1In prac-

.

tice, the half-electron method is significantly faster,

cqmputationally'thap is the Rooth&an method and in many -

-

cases the use of the haif—electron wavefunétion as an "ini-

tial guess" for the Roothaan procedure decreases the number
f ‘ o - -
of iterations (and thus the computational expense) required

to reach an SCF solution. - In addition, this technique can

often overcome the tendency of the Roothaan method to either

diverge, or converge to a higher excited.state.

*
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" CHAPTER III -

¥

APPLICATIONS TO CHEMICAL SYSTEMS

1. The Bonding, Structure and Energetics.

in Alkyl'and Aminoberyllium Compounds |,

®

(a) Introduction

L

Compared to that .of the other group II elements of

\J [

the periodic table, the organic chemistry of beryllium

has been'relatively neglecteda The‘extréme toxicity of
S . A
organoberyllium compounds and their tendency to aggregate

(or, in solution, to~coordin#tg'with the solvent) has of-

‘ten made it difficult to carry out the usual experiments

'
[

in structure determination. Several fevieWS»(47,48,49)

have appeared'on the subject and, although these indicate
. that some progress has been made in the synthesis of these

species, they also indicate a lack of quantitative physi-

cal data pértaiﬁing to bonding and enexgeticé.

"The available information relates primarily to the

dialkyl derivatives and indicates that organoberyllium

compounds,glike.thei; magnesium_counterpé;tsv hav% cova;v
ent bonds of a highly polar nature and, like the boranes,
.gxhigit."electron-deficient“ bonding. Foruthis réason,;
séyiemﬁirical’moleCuLarfbrbitél methods aié éarticplariy
unsuited to the'calcu;ation of wavefunctions for these

4

systems and their use has led to some rather unrealistic

résuitsu_;For_example, calculations of the Extended:Huckel -

~type (50) pfedict that the beryllium'and carbon atoms in




- mol

. meric (51), this latter predlctlon cannot be taken serlously."'

‘ dexrtaken in order to deduce the boriding (e.g;,‘the ionic

the{dimethylberyllium monomer carry -charges of +1.83 and
-1.18e réspectivel&. In addition, these«celculations pke-

dict that the dimethylberyllium dimer is more than 180 kcal

! more stable than two monomers.A Given that, in the

~
A

gas, dlmethylberylllum is found to be predomlnantly mono-

The ggjinitio:calculations presented here, the*first

to be carried out for organoberyllium compounds, were un- °

@

P 4

-¥ersus covalent character, the degree of hyperconjugation,

N

etc ) ‘in both alkyl and amlnoberylllum derlvatives, the

opt;mum geometries for HBeCH; and HBeNH, monomers,,and the

@

nature of the monomer-monomer 1nteract10ns.

’

(b) Alkylberglllum Compounds : » ‘ o ‘

In contrast to the lithium alkyls which are’ found

in tetrameric or hexamerlc form (52,53), berylllum alkyls
are usually found- 1n lower degrees ef’assoc1at1on. Di-

methylberylllum, for 1nstance, is found to he polymeric
1n the solid (54), but monomerlc (51) in the gas phase.’

The dlethyl di-n-propyl, dllsopropyl, dl-n-butyl and

dllsobutyl derlvatlves dre all found to be dimeric in

Bv-

benzene (55) while di- t—butylberylllum is found 'in mon-
omeric form only. For thls latter compound, dlmerlza- :
tion is thought to be prevented by the steric 1nter-

actxons of the\volumlnous t—butyl groups (49). For the

dimethyl derlvatlve, however, the unusual stability of the

o
®

o~




*

J_ .
i‘derlvatlve and, -since they do not observe \his:shortenlng

monomer has been attributed. to a hyperconjugative effect |

(51) as represented by the valence bond structutes (lé)

and (1b). ‘Suéport for thisgﬁechanism,is based on the ob-

3c—se—c<u -— H3C——Be-—- —:I'

.

(la) -, . . | (1b)

- 1 v

v

servatlon that the C—Be C asymmetrlc stretchlng frequency .

' 3f 1081 cm "1 in glmethxlberydllum is oons1derab1y hlgher

-

“than the‘vaiue of 450 cm”! measured-for dl-t-butylberyl—_

. lium and on the assertion that hyperconjugatlon in tﬁe d1-

- -

—butyl derlvatlve 1s negllglble.. However, Almennlngenw

3 -

et al. (56). suggest that 31gn1f1cant hyperconjugatlo? ] .

F

should be manifested by a shortenlng of’ the Be-C bond dis-

~tance ‘in ‘the dimethyl derlvatlve relatlve to the dl—t—butyl
vf,‘

i T

effect, conclude that hyperconjugatlon 1s relativer unim—
portant. In‘addltlon, there is ample ev1dence from other
sources 657) which indicates thatﬁthere'is little or no
¢ oo [ . "

differerice between the stablization'afforded by metﬁyl'

groups'ahd that afforded by t—Butyl groups. Nevertheless,-

- ceive electron dens;ty by thls mechanism and the hypercon-

Jugatlve stabllzatxon may amount to somewhat more than the
. it}

s usual 1-2 keal mol T1o(s7). .

-




-t

" to be 1.71 and 1.33 2 respectlvely (The former agrees T

-« ¢-bonding only. The'energy difference between}calcula~

. catbon to beryllium. First a partial exponent optimiza- - -
tropyJinto the basis sets (see Table III-1 for the resul-

. ‘
. -the full basis set on beryllium, and assumlng C ~-H dlstances

-well with the electrpn diffraction values of 1.698 and S
>'(59), respectively). The total energy for HBeCHg in thrs

,éeometry with the full basis set is dalculated to be -

'--54 16140 a.u. compared to an energy of -34.15004 a.u..

to bef7 1 keal mol”! for one methyl group.

To deduce the* strength of the quasi-m bond of (lb),,!
STO-3G calculatlons were carrled out on. the hypothetlcal
beryllium alkyl HBeCHs and On.BE(Cﬂa)z. ' Two basit.sets :
uere used; one with a full 1ls, 2s, 2p set of orbitale on ’
the ber}iiiummatom;and-dne with only 1s, 2s, and 2po orbi- .
talsAon bery;i}umm cRenoval’of the beryllium 2p, orbitals

-

in the.second basis set constrains‘the Be-C linkages to
) ) '
tions with the two basis sets then represents the stab-

lization afforded by the “back—reiease“”of electrons from

tion was carried out on HBeCH; to introduce:.some aniso-

. ) . . -

tants exponents and details of the procedure). Then, with

of 1.094 A and exactly tetrahedral HCH angfes, the Be-C

v
and H- Be bond lengths in HBeCH; were optlmlzed and found

1. 699 A for dimethylberyllium (56) and dl-t-butylberylllum c - -

-

calculated w1th the partlal basrs set. Thus, the energy~

galn by allowrng hyperconjugation to operate 1s calculated

-
A similar STO- -3G-calculation ' on Be(CH,)z was carrled




TABLE III-1

-
" L]

STO Exponents Found for HBeCH; and HBeNH, 2

'Molecule . - Atom " . ‘orbital ' * “Exponent
HBeCH - ls © 376848
’ ‘ I 2s 2p 1.12
»2p _ 0.75
ls - - 5.6727
2s,2p 1.68
1.24

1.12

' 3.6848
1.12.

2s, 2pc,29
2p,
s 18
1s

’

. "

Exponent for the 1s orbital of .the H atom bonded
.Be is the value which is optimum for BeH,, while for the
ﬂmethyl and amino hydrogens the standard valués are used.
Exponents for the 1ls orbitals of'the heavier atoms’are
those established to be optimum for the free atoms (58).
-Valence shell o orbital exponents for these atoms in
HBeCH; are the result of an optimization using the 1s,
2s, 2p., basis set on beryllium. Exponents for the 2p
orbltaig are those found to be optimum for HBeCH; u51ﬂg
these‘c exponents. For HBeNH;, the Be and N valence
shell ¢ exponents are the result of an. optlhlzatlon with -
the 2p_ orbital .iricluded., Exponents for the m orbitals
are opg1Mhm values using these ¢ .exponents. 1In all cases,’
the starting value for the exponent varlation was the
standard value.
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out using the beryliium and cérbon ekponents found for
HBeCH; (Table III-1) and employing Be-C bond lengths of .
1.71 A. Tetrahedral HCH angles and C-H bond distances of
1.094 ﬁ‘were assumed here also. A staggered conformation
was assumed for thelmethyl hydrogens. The total energy of
-92.74746 a.4. for the full basis set is 13.9 kcal mol™}
more negétive than the value of -92.72535 a.u. determined
‘with the partial basis set. Thgé, the gxteﬁt‘of n-bghding
in this systéh is considerably éreater thaﬁ that usually
. attributed to ﬁyperconjugation.

. The- SCF wavefunction: overlap populationvahd both
prbital and grqss‘populations for .Be(CH;), (using the full
basis set) are éiven in Tables III-2, III-3 and III-4, re-
spectively. For comparison, the overlap, orbit;l and gross
populations for the‘partial basis set are also included.

- , In both\cases'thé calculated net atomic cﬁarge% are more °

4 , ‘
: . ‘ 4
in line with chemical intuition than are those predicted

3

by the Extended Huckel Method;(SO). The charges on the

-
v '

carbon a;oﬁs are essentially constant in the two basis sets,
while tge decrease in electron aensiﬁy on beryllium with;
out the P, orb%tais is reflected in an incréase in eagctron
density on the methyl‘hydfbgeﬂs. The cyclic pattern of
—withdrawal/n-dbnation is also evidenfrfrom the changes
in carbon orbital populatlons on removal of the 2p orbi-
tals of beryllium (i.e., an increase in eiectron dens1ty /
. ' in the 25‘ and ZPY orbitals with an accompanying decrease

»
[]

in the 2s and 2p, orbitals). K | -
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TABLE III-3

40

TAtom-Atdm Overlap Populations in Be(CHj): , .
Atom ;?lr ngrlap Population (in e)
e ¢ with p_ without p_
Be-C, (o) 0.6903 0.6921
Be-"c.l(n)~ 0.0867 - ..
Be-C, (total) 0.7770 - 0.6921
C1-C; - =0.0029 -0.0027
" c,-H{C}) 0.7606 0.7862
Cy-H(Cy) 0.0001 40.0001
Be-H - -0.0412 -0.0699
H(C1)~H(C1) 0. 0346 ;;--0.0375
T H(C;)-H(C2) 0.0 T 0.0
ra
9
P‘h .
-
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’ TABLE III-4
o .
Gross Populations for Orbitals and Atoms in Be (CH;3) »
o N , ’ e ,
Atom . ‘Q Orbital?® “Grdssj?opulaﬁion (in e)

with'p ~. witlout Po

Be - “1s 1.9934 = 1.9936
° o 2s 0.8070 ° 0.8400
.- 2p, 0.6919 T 0.7182
‘ o total o 1.4989 1.5582
‘ 2p, = 2p, - 0.1055 -
s ' ® total = ., 0.2110 | -
_ total atomic . 3.7033 3.5518 ,
c A T © 1.9922 1.9922
. 2s - «° 1.23% .1.2315
.29, " 1.1950' | 1.1620 °
o 2p, = sz ~1.0014 - 1.0261
- total atomic 6.4291 6.4379
He = a T 1s 0.9064 0.9288
- A ‘

o

wasee footnote, Table III-2

o ' °

M
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e . ‘ Interpreting the charge_distributiod in Be(CH3):2 in

terms. of twq-centfe, two-electron bonds results in an ionic

character of 15% for each Be-C bond (as Be6+C6"§. Tbﬂe‘es—
. . v - g '_‘,
< timate of bond ionicity for the Be-C linkage can be com-
® N N . .. R . A

pared to the value of 27% .computed recently for the Li-C

I\

"bond in an ab initio calculation on methyllithiume(60).

‘». - The trend to increasing covalent cﬁaracter for beryllium
» " a €

compounds is also reflected ;n the overlap,populatlons,

the ingcrease being ~0 2e in going from Li-C to Be~C.
To further investigate the energetlcs of beryillum
‘alkyl systems, STO-3G calculations were executed on the

dlmer of HBeCH; in a geqmetry with the methyl grOups

4 brldglng the beryllium atoms-ag shown schematlcally by (2).
-

' o9 . ‘ ' . H3 Lo ’ ' $
- - * ) : ’
. - . .

BY’analogy with the X-ray diffractlon study of. the dlmethyl-

beryllium polymer: (54), a Be—Be.distance eof 2.09 ﬁ and- Be-C

oo bond lengths of 1. 93 i Were assumed Eor the methyl groups,

’ o

the&same distances and angles as 1ﬁ the,monomers were used
a - and in addition/ the hydrggens of one methyl group were- '
. > . [ . e N - s

. . - .. e ¢ v -

- . © . . . . N ’
l X . . s
b . - 4 f . B o
. M -
,

a Lo - 4 - R
~v
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: assumeé te be‘stagﬁered with reepect to ‘those of the second
‘methyl group. fhe hYﬁrgde,hydrpgenS'iere eesemed:to lie-
g on the Be-Be axis and in the plane formed by the ring atoms.
.Be-H dlstanceg of 1.33 A were employed.’ ‘

The caIculated energy of -108. 3159 a.u. for (HBeCHa)z '

L]

corresponds to a speties which 1s 4.3 kcal mol~! less

A

stable than two monomers. Although ogﬁ?ﬁﬁzatlon of the’

.

A . dimer Qeometry would probably yield, a small positive di=

-~

merization‘energy, such calculations were not ‘executed .

since the overall magnitude of the dlmerlzatlon energy will

~

probably be dominated by the change in correlation energy.

- »

o : It is clear however, that the dlmerizatlon of berylllum

alkyls is’ much less energetlcally favourable tﬂan for the
g -

. correspondlng llthlum alkyls..

The atom-atOm oéﬁglap populatlons and gross atomiée

f -

, populatlons for (HBECHa)z ‘and HBeCHg are compared in Tables

L

ITI-5 and III 6, respect;:.vely.~ Severhl p01nts shoula be

3.
e

. " noted from ghese tables.' First, the p051t1ye value for the

e—Be overlap pop latlon is 1nd1;\five of *substantial co- - L
. valent metal-mefAl bonding. Second, the‘total'beryllium-
carbpn overlap population decreases on dimerization suggest-

.
- . L)
.

ing ‘covalent interactions are not important in dimerization

‘e

_ahq, third, the electron density on both the beryllium and

' ",A L ," . o . . .. E ‘” '
R R - v, ' o {

- . ) o Ty ’ : o

1See eﬁEo the chénge% ine correlation energy calculated

by Ahlrchs' or the polymexzzahéBn of BeH; (61) S~ S

. 1 . ’ >

e e *The’ dlmerlzatlonven rqy for H; has been computed '
to be +35 kcal mol 1! w1th th 0-3G basis get (60). ;

N a
H . ' ‘ &\ * oL °

~ .
) \




TABLE III-S.

3

‘Overlap Populations in (HBeCH;)»

Dimer

0.7446

+. 0.7501

0.3222

-0.0224

078283

and HBeCH3

N

Change
.-0.0368 ,

-¢.0100
+0.0108
+0.3222
-0.0224

+ 4pe-C population is the sum of'Bel—Cl and Be;-C;

o

TABLE III-6 °

o

Gross Atomic Populations in (HBeCH3)., and HBeCH} ?

£

. Atom-Atom
P @
. Atom gair Monoger'
Be-c® ', 0.7814
* c-H (avg) 0.7601
' H-Be 0.8175
° Be-Be -
c-c ..
. interactions. -
P 4
) \
c %
Atom Monomer
. Be 3.7139
oo 6.4303
H(Be) - U 1.1530
"“H(C{.l 0.9012 -
. ;} '

Dimer

« 3.7316

- 6.4828

0.8729

.Cﬁange'
40.0177
+0.0525
+0.0139.
~0.8283

s

[
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carbon atoms increases on’dimerizationm, in contrast to-the

more 1on1c methyllithium system in Wthh the llthlum atom
o
becomes more- positive and the carbon atom more negatlve On

dimer formation (60).
Thus, as eipected_frpm tonsideration of the relative

electronegativities of lithium and beryllium; beryllium

-alkyls exhibit a- -lower degree of lon1c1ty than do the llth-

e

, }hm alkyls. 1In addltlon, the 1ncrease in covalent charac-

ter in going from lithium to berylllum results in 1mproved

-

'stablllty for the monomerlc forms.

[

(c) Aminoberyllium Compounds ¥

For theé amino derivatives of beryllium, even less is
known experimentally than for the alkyl ¢ompound§. - Most
are diheric_or trimeric in solution} only one derivative,

bis(di}trimethylsilyl)amino) beryllium, is found in mono-

‘meric foim (62), presumably because sterlc crowding pre-

vants assoc1atlon.. lamcontrast to the alkyl compounds,

B - -
considerable m-bonding is.expécted i the . amino deriva-..

tives through donation of the nitrogen lone pair electrons

ta the beryllium P, oﬁbital. The observation of a planar
[4 < : .
configuration about nitrogen in several dergyatives (62,63)

.

has been used ad evidence for extensive dative m-bonding.

In addition, the nitrOgenelone pair electrohs are avaiiable,
. for o-bonding to the beryllium atom of a second aminocberyl-’

lium molecule and their donation in this fashion is antici-

pated to lead to a relafiyely large dimerization energy.

-

Q .
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Preliﬂinafy STO;3G calculations»wieh the exponents ."1
listed"in Table III-1 established that monomeric HBeNH .
was planar and indicated that the NBeH angle Qas1180°.
- Assuming an HNH anéle of 112°; optimum valuZé-of’i.33, ‘ g
1.53, and 1.04. A were determined for the H-Be, Be-N and
N-H 'bond distances, respectively. The total ‘enefgy for
this geometry is calculeted to be —69.§6264 a.u.. Removel
of the be;yllium 2pn orbital'éerpendicuia; te the mélecu-
lar plane results in a loss of stability of 35.2 kcal.mol !;
the anonding Wifhithe,ether beryllium 2. orbital is rel—-
atively,ﬁnimpd;tant, contfibuting only 2.4 kcai..mol—1 to
‘tﬁe'total ehergy. 3 |
J : e ﬁ%amiﬁation of the SCF wavefunction in Teble I1I-7 -
' reveais that the highest occupied ‘molecular orbital ‘is the
bartially delocalizeﬁ hitregen lone pair. The predicted
ionization potential bf‘9.6eV‘for removal of ée'EIeetron

N from this orbital is only slightly less than the value of

9.7eV predicted for NHs; with the STO-3G. basis set. Both

the overlap populations”given in Table III-8 aﬁé tpe bopuj .
.lation enalySes'given in Table III-9 indicate significant
 sharing of the nitfogen lone pair. In,particular, the‘erbi-

taliéopuiations indicate thaelo 35. electrons are-traneferred '

from nltrogen te berylllum in the formatlon of the 7 bond.

The effect of U-Withdrawal/n—donatlon is more dramatlc here
. P

than Ln HBeCHa partly because of the greater electronega-

. . thlty of nitrogen and the correspondlngly greater ionic

character. From the'Mulllken populatlon analysis, the ion- :- d

- . - ! *
. . - o v
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. TABLE III-8

Atom-Atom Overlap Populations in HBeNH:

Atom Pair

‘Be-N (o)
Be-N(7)
Be-N(total)
H(Be) -Be
Be-H(N) |

~

N-H (N)

ﬁ(ﬁ)—H(B¢} 

H(N)=H(N) ~

1]

' Overlap Population (in .e)

with Pov

57728 "

0.3134

. .0.8913
- b.s225
~0.0719.
0.6852
0.0002

~0.0461

without‘"pTF

0.6314
~ 0.6314

' 0.8197

-0.1055

..0.7218

.0.0003

-0.0525

»

. -

a8




TABLE III-9 . )
Gross. Populations for Qrbitals and Atoms in" HBeNH, .
Atom ) ' Orbital Gross Population' (in e)

with'p1T _ without P,

Y )

Be - . 1s .. 71.9930 " 1.9934"
‘ ' 2s 0.6778 0.7251

2p, 0.6466 0.7007
total o . 1.3244 . 1.4258
* - _ - 2p . 0.3530 -
‘ L o - " total atomic .  3.6704. .- 3.4192
N o ’ ls 1.9954 ~ ~ 1.9951
2s . . 1.5695- 1.5127
J . - 2p0 ‘ 1.2957 - ° 1.1994
L 2p, . 1.6868 . 2.0900 -
o Y 2p, © © 1.1053 . 1.0836 o
& SEREETS ) " total atomic *.  7.6527 . - 7.7907 :
H(Be) ¢ . ils 1.1406¢  -1.x418 -
L - 7 TN, - ) ', . o - . (P - 7
H(N) C - 1s . -0.7681 =, 0.8241 .
DR S W e e o, N
o g S R
1/ L R AP ” : o, o .
l;'.h . ,
.'/ ‘




icity of the Be-N bond ls 21%,1midma¥ betwe;n the values

for Be-C and Li-C bondsf"hs expecte&} the”calbulations"<

predftt that the NH, group carrles a substantlal overall -‘

negatlve chargé even when v—bondlng is operatlve. g ;
As anticipated. above, the energy galn accompanyl

>d1merlzat10n of HBeNHz‘lS substanflal An STO-3G calcula— -

’

-tion on (HBeNHz)z uSLng a geome}fy w1th the nltrogen atoms

wr

: br;dglng, a Be-Be separatlon of 2.09 A, and Be—N bond

’

1engths of. 1 65 A3 predlcts a total energy of —140 0219 a,u.

-

or 60 6 kcal mol T more . negatlve than two 1solated monomers. -

- L i

Examlnatlon of the overlap populatlons in Table III—lO and

the gross‘atomlc populatlons in Table III-1l1 1nd1cates a ’
'“hlgher degree -of ionicity for thls system than for the Be-C “'g

dlmer. The large 1ncrease in Be=N overlap populatlon accom-
“panylng dlmerlzatlon is a result of the 1nvolvement of the

nltrogen lone pair in J-bondlng rather than nhbondlng as in

the monomer and the 1ncrease’of 0.044 in the p031t1ve charge .

on berylllum is lndlcatrve of an’ 1ncreased ionic attractlon o

in the dlmer.; Oof partlcular note is the large negatlve val— ' |

ue for the- Be—Be>overlap populatlon. | .

" “In conclusion ‘it should be p01nted out that the calcu-

latlons presented here,, although ‘more reliable and more real--

istic than the semlemplrlcal methods are 1ntended malnly to

lndlcate trends. Prov151onrfor polarizatlon of the bonds,

eleotron correlation, etc.,-may resu1t~in somewhat dlfferent

aDerlved from the X-ray diffraction structure of the
‘bls(drmethylamlno)berylllum trimet (63). .
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values for the numerical gquantities.
. , , : TABLE III-10 R s
: Atom-Atom Ove'riag Populations in {(HBeNH;), and HBeNH,
]‘ Atom Pair . -~ Monomer: ' Dimer Change"
. . - Be-N% 7 0.8913 - 7 0.9890 +.0977
v e = [ :"’_ ;‘," .
- . N-H ] ’ 0.6852 - - 0.6960 +.0108
. H-Be S 0.8225 . 0.7805 -.0420.
Be-Be \ - - -0.2665 -.2665
N-N - - - ~0.0485 © -.0485
l . -
3Be-N pop’alation'is the sﬁm of Be;-N; and Be-N; .
" TABLE III-11
& . ‘ Lt Gross Atomic Populations in (HBeNH,) , and HBeNH, 4
. . ’ - . .. . ' ,“ ) .
Atom : Monomer . Dimer. ‘ Change
Be . 3.6704 3.6260 . ~.0444
. " . . . . ) - .'
° N .7.6527 o 7.6001 . - -.0526
H(Be) . -~ 1.1406 1.2038 ° . +.0632 &

HN) © 0.7681 - . 0.7851 +.0170
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‘ 2. .Carbonylnitrenes: Structure and Energetics

(a) Introducdtion

Altpough'nitrenes are generally considered to be

high-epéééy reactive intermediates quite unco-operative to .
/

f
cgemical study, ‘a good deal of information about their prop- -
F/ ’ . :
“erties and reactivity has been obtained experimentally.
Carbonylnitrenes (1) and carbah{oxynitrenes (2) eﬁpecially}‘

have been the subject of some careful and'well-planned

o\ |
I\C’———N
/

R—O

(1) a (@)

&
studiee:f In péitichlar,'it has been. found that.these ni- .
treces can be produced both the;mally and photochemical;y,
and.ogde formed; react very-much like carbenes, their wide-~
iy studied (&5) ieoelectronfc'agé}ogs. That is, nitrenes

. addito‘olefins giving agifidines and react with'(C~H) ponds
;givihg'insertion products.

| The experiments Qf’McConAghy'and Iwowski with ther-
ﬁally generated carbethoxynitrene (66) indicaged that ooth

a sxnglet and a trlplet state were 1nvolved ln the addltlon

to doublegponds. On the basis of Skell's postulate (67)—
that the singlet add1t1on should occur stereospec1f1cally

‘}d that the trlplet addltion should occur in a non-con-

lFor a comprehensive review of the synthes1s and re-
actions of these species, see refer®n¢e 64, pp. 185-224.

i
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- o — -

d -

certed, non-stereospecific manner — it was concluded that .

the"nitrene was, initially producédjin the ‘singlet state and
that_iﬁ%ersystem c;ossing to the triplet state occured in
competition with addition to the olefin. The triplet state
has aiso‘been observed in low—teﬁperature esr studies (68)

but 'no experimental information exists concerning the eper-

'Aetics of intersystem crossing, or concerning the elec-

tronic structure of .either state.
Interestingly, when carbethoxynitreng was produced -
¥
photochemically from-ethyl azidoformate (66), the experi-

mental data indicated that approximafely.One—third of the

nitrene was generated in the triplet state as a primary
phatolysis product, while the remaining two-thirds was gen-
erated in the singlet state. The singlet state was then

observed .to react with olefins or’ to cross to the triplet

/

state -in the same manner as the thermally generated singlet
species. , '

o
. ’
'

stereospecific
“-addition

] .
non-stereospecific
addition

‘9
To rationaliie this observétion, Berry (69) has suggested'
that some of the nitrene molecules produced in the photol-
ysis are cRannelled to the triplét state directly, while

those remaining are trapped in a secondary minimum on the

2

53



]

singlet potentialrsurface. In addltlon, Berry 3pecu1ates
th&t the geometry of the molecule in this secondary mini-

mumdéould be the novel three-membered ring (3)-. No dlrect

0

c--._N‘ o

(3 - 3

¢ U o lit()

experimental evidence has been found for this structure’
> : .

but it is interesting to note that it has also been postu-~ °
- lated as an intermediate in the photolysis of @ nitrile

oxide (70): s o 7 |
y . | ) .
0. ‘ S _ / ’ s A7

ﬂ—'-» N 0 ﬁ /c:0 —— products -

M . s
. RS
.

Although the“rlng isomer is expected to be hlghly unstable

(51nce 1nvolvement of the -oxygen lone pair thh thé'double

v

borid makes the system formally ant1~aromat1c),.1t is poss-

°

ible that a minimum exlsts’bot far - in energy from the open L

* form. +The caleulations reéortéd,here explore this intri- ' f“
'guihg possibility and form the besis forféh.inv'stigatioh ‘ |

‘ into the electronlc strocture of. carbonylnltre;§:~;E‘!!e o

’f" , type represented by (1) ‘and (2) . ~ . S '

f ’ i .
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(b) The Slnglet and Trlplet States of Carbonylnitrenes

[

‘BOth the lowest closed-shell singlet state,ASo,“and

M v

the lowest triplet state, T;, of formylnitrene were sub;
‘jected.to a'complete geometry'optimization‘under-the con-
straint of C_ symnetry at»the SIO-3G~1evel. “The results
are presented in Figures IIX-1 and III—Zi

. Note that there is -little change‘in_structure be-~
tween,the two states, the,onl& noticeahle‘ﬁifference being

the length of thﬁ,clﬁ bSnd. This is not unexpected since

the change in orbital occupancy between the“two states .in-

'

volves orbltals which cOnxrnbute very 11ttle to bOndlng

EY

From the wavefunctlon for S glven in Table III -12, lt ¢an -
be;ieen that the highest occupled molecular orbital, 2a'’',

'formally;‘ rresponds to the npn~bonding i molecular orbi-,
/"
tal ofgfthe analogous allyl system, whlle the lowest unoccu-.

\ e o

. ﬂpled molecular orbital, 1Qa', is prlmarlly a 2p atomlc or—

L~

bital centrea on“nitrogen and in the plane of the molecule.

[

In T1, both of these orbitals (See Table III-~ l3) are srngly
occupled. Even though some reorganikatlon takes placecln :

,thetfasystem ‘to locallze the non-bondlng i orbltal complete-

ly on the nltrOgen agom:qthe OVerall change in charge den--

sity ln g01ng from So° to T;, as. measured by the gross orbi-

o

tal and atomlc populattons glven in; Table III 14 is’ s A11 .

"In add;tlon, the total C=O overlap pop&iatlon remains rela-

t1Vely consﬂ&nt, the change belng only about 2% with the

change in state. Reorganlzatlon of the = system in T;, is’
P . l

'reflected by a lengthenlng of the C-N bond apd by a decrease
. -i .

P




¢ FIGURE -2 o L0 D T

Calcula*ted Optlmum Geometry for the’ waest Trlplet Sy a
PR .y- Sta’te Tq, of-Formylnlt{ene ‘.. Ny
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TABLE. TII-14 ¢
" : ' _31' - Gross Orbital Populat;onsafor
’ ' the Sy, and T, States of Formilnitrene L
) - < (
- Atom ©  orbital® - Population (in e)
. L - .
- v © So T,
| c - .. 1s - © 0 1.9937 "7 1.9938
SR | " 2s . 1.1246 1.1435
b 2p, « . 0.9009 . 0.9207
2p,, " 0.9550 0:.9161
2p, 0.8580° - 0.8721
Lo total atomic - v’ 5.8322 .. 5.8462
N - 1s - 1.9986.. / 1.9988
. - 2s S 1.8905 1.9046
‘7»‘:-.»_’: ’ ’ .
'I"\ ' Q‘ . ‘ B ’ . 2p ,”' 1.8615 . 0.9801 .
: S S .. x | -
- “ C 2p, .0.0333 - 7 0.9963
. ' c . 2P, 1.2396 - 1.1708
‘total-atomic 7.0235 .. " . 7.0506
, . o ' . B ) S e
EEE T ' s 1 . 1.9982 1.9982
| N ‘28 © - 1.8741 1.8745
. - 2py ) 1.2376 1.0992 -
L 2p, s . 1.4365 ' 1.4898
_ ‘ 2p, .7 1.6823 + 1.7135
/ 'total .atomic 8,2287 # - 8.1752
) -‘. , - . . !
H - . S 1s o7 0.9155 - 0.9280
“-d . ‘ " 2gee footnote a, Table III-lZ;" " ,; , o
. ) o ~ . . :
. A - . %
{ Y , e S




60

‘in‘the C-N 1 overlap pooulatiqn from 0.0735e in Sy to
ERGE 0.0312e in T;. Since both of tngee values are low compared

to tie value of =0.3e calculated for the C=0Q 7 bond, it is

o

- reasonable to visualize the C-N bond as a 'single bond“ in
e L bath states. ' - P
\ Total energles for the T; and So states at their op-

timum geometrles are calculated tp be -165.4672 ‘a.u. ang ~
o ’ '

-165.3932 a.u., reipectively. The triplet energy was cal-

culated using‘Roothaan#e open-shell method (8), -.and 2X2 CI "
- 4 ‘/ . 3 - .
between the ground state configuration and that formed by

a double excitation from the non-bonding ¥ molecular orbi-
‘tal to the vacant 2p atomic orbltal on n1trogen was 1nclud7
ed in the calculatlon of the 81nglet enerqgy to compensate

for the automatlc correlatlon of the unpalred electrons in

‘the” trlplet\state.ﬂ The 51nglet—tr1plet separation is cal-'
~~

o | ‘culated-to‘be 63.1 kcal mol-l, in ﬂbns1derable‘d1sa;ree- e o :A
. meht with'the'ualue of'15 kcal»mol *1 computed reeentf? fonfe.
| formylnltrene by Alewood Kazmaler and. Rauk (71) . In the
latter calculatlon, however, the trlplet energy was estl— _ T
qmated using the closed-shell‘ergenyeotors of SP, thh,«ln
thie iustance ie a particularly poor procedure? he-2ui'
/ grbltal of the Plnglet state, as prev;ously ment oned, is
formally the allyl type non-bondlng molecular or ital and
is delocalized overothe carbonyl group 'to a- constiderable

extent.? Thue, removingy one e¥ectron from this orbital

¢

- 2The delocalizatlon of the Za" orbital in the singlet
-state is illustrated partzcularly well by examining the

- -t N , . 3




\.\"

- _to the carbonyl. group in the triplet state.

‘_‘and‘placipg it'initﬁelempty p“o}bital-on nitfogen consti-

tutes a charge transfer of the type discussed in Chaptef II.
'The Reothaan methbd,~on the other.hane, convefges to a eol-.
-ution in which the 7 bonding ereital, la';,ﬂis localized

on the C=0 group and both singly—bccupied orbitals are lo~-

calized on hitroged. 'This, incidently, agrees with indi-

cations from the esr work on carbethoxynitrene. {68) -that
- * .

- the unpaired-electrone are not extensively delocalized on-

[}

There 'is, however, some reason to believe that® the

. T ‘ ' . ‘ -1
singlet-triplet separation of 63.1 kcal mol

is too large. Previaus experience with calculation of.the

"correspondlng energy dlfference in CH;. (72, 73Y'suggests

that a m1n1m ba51s set does not . de;%Flbe the 51nglet
state as well as it does the triplet state. "In partlcular;
for CH,, use of the. STO -3G basis set w1th 2X2 cI for ‘the
51nglet state and wzth Roothaan s method for the trlplet

state ylelds a separation of\29 kcal mol ’, whereas more

.

sophlstlcated SCF calculatlons usxng a much larger basls

set including 4 polarlzat;on functions on the carbon and'

p ‘functions on the hydrogens and with a much greater de-
'gre® of configuration /interaction predict a value of 11.0’
- - L 9

‘gross orbltal'populatlons for the 2p atomic orbitals con—,
tributing +0 €his molecular orbital. T 1fydhe MO is occupied
by one electron, as is the case when closed-shell orbi-

tals are used ‘for-“the triplet state /the populations of the .

carbon, “hitrogen and oxygen 2p_ atghmic orbitals are 0.0367,
0.6368, and 0.3265e respectively. \The corresponding popu- .
lations whien the Roothaan method is\used are 0. 0008 0. 9510
and 0.0482e. °

computed here '
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42 keal mol™! i73). Two -other high-level gg'initio methodsh
GVB-CI (generaiized ﬁelenpe bond theory with confignration
intefaction)'and‘fEPA-PNO (independe}t'electron pair approach
. with pair natural o;bitals), predict separations of 11.5 .
(74) and 9.2 kcal mol™! (75) resbectively. all three val-
.'uee'are in:good agreement with the most recent experlmentalq
determinations of 8-8.5 (76) and 9 kcal mol™} (77). ;ginee
‘CHz is isoelectronic w%th the parent nitrene NH,'the 52}}0;#
in the present‘celculations is probably in the eame.direc- :
" tion and of the same magnitude as for CH;. - Thus, it is pre-
’ |}

. dicted thétﬁmore refined calculation® woq;d.predict a einglet-

AN

triplet sepafation‘of approximateiy’45 kgal mol ! for for-
mylnitrene. | -

It is interesting to notelthat‘the calculetions pre-
dict that the open-shell singtet state, 81, (i.e., with-the
same'electron“cdnfiguration as the triplet state but with
spins paired) lies 48.5 kcal mol ! above the trinlet state.
This is expected to be'somewhat of an overeetimation, since
it is computed by . assumlng that ‘the optimum ‘triplet state |
geometry and the t:lplet wavefunctlon are both suitable for
thlS singlet state._ &he ‘error is not expected to be appre-
ciable, since these two states are buzlt from the same elec;
‘tron conflguratlon, but 1t 1s probably largé enough to

-

place S;1 below: So-j Thus, it is concelvable that two singlet

-states are 1nvolved in—the reactlons of carbonylnltrsnes.

Verlflcatlon of thls poxnt experimentally appears to be “

difficult, however, s;noe recent ab initio calculations

62




by Haines and Csizmadia (78) on the 4ddition-of NH to ethyl-'

‘ene have 1nd1cated that the 81 and T; states. shouid behave

.

very much alike. Spec1f1ca11y, the calculatlons have de-
monstratéd that the lowest energy pathway for addltlon when

either Sy or Ty is involved leads to loss of stereospecim~

- ficity in the product a21r1d1ne, wh11e the addltlon of Sy

nltrene ocgurs w1th retention of stereochemlstry. "This 1is

‘also supported by the theoretical wqu of Hoffmann (79) on

/

the analogo&s'carbene-ethylene,reactions. Phe present cal-"

culations, therefore, suggeét'that the non-stereospecific

: addltlon of carbonylnltrenes to_oleflns a} reported by

McConaghy and Lwowsk1 (65}, could arlse from elther the
ground state trlplet/gz from the 0pen—shell 51nglet stete.‘

The calculatioas of Alewdod'et al. (71) indicate that

alkyl substldutlon in formylnltrene has only a small effect
on the/so-T4 separatlon, but thak alkoxy substltutlon could

!

‘:have a major effect. In partlcular, ‘it was found that for

)
acetylnltrene (4), the S$,-T, separation 1s reduced by only-

3 ﬁcal mol -1 from the value obtained for fofmylnitrene,

whlle for carbhydroxynitrene (57, it is reduced by 38 kcal

‘t"’

(4) » s .

Ca
. * 'l - T e

mol-? 50 phat the sxnglet is predlcted to be. the ground

stete, 1y1ng 23 kcal mol™ ! below Tue Although the authors
o . ’_' . . -




/ : . ’ : -

.-

‘point out that this separation would'decrease if an‘SCF
calculatlon, accomganled by geometry Optlmlzatlon, ‘was
carrled out for the triplet state, it was concluded that

,lcarbalkoxynitrenes may have singlet ground states. ‘However;

ne l .. since the;esr work on carbethoxynitrene (68) has‘definiteiy

ﬂ " shown th.at this molecule has a triplet ground ~state, this

»

conclusion is duestionable and worthy‘bf further investi-

gation as reported below. v

In view of the results fo§'formylnitrene, a complete
' I, N .
geometry optimization for both the S, and T; states of

carbhydroxynitrene-was not judged to be economical. 1In-
— ‘

stead, the optimhm‘geomerries deéérmined for formylnitfene
. * ’ ‘ . ' . .
~were used (see Figures III-l'and II1-2). The geometry of

the (O—H) group was chosen to be the same as that deter-

3

mlned by electroa dlffractlon for the. (0-H), group, in for-

'

J . mic acid (80). Total STO--ZfG epergles ;are'calcul'ated to be

‘

. . -239.2466 a.u. and j239.3504 a.u. for the 51nglet and trlp—

-

.let states, respectively. The 51nglet triplet separatlon

'is thus calculated to be qz.l kcal mol™ !, wvery close to*zne P
value of 63.1 kcal mol” ! computed for'form:}hagispe. The Lo

’ comments'regarding'the'formylnitrene wavefunction also-

* ' apply to thie sysfem; there is 11tt1e change in. overall
charge den31ty or overlap populatlon between the So and T1 '(*«-

states and the unpaired electrqps inm are localized on

- *That is, the OH group was assumed to be co—planar
“with the rest of the molecule, and with R(C-0) ' 1.36 &, e
R(0-H) = 0.97 A and angle (COH)*= 105°. As 1ndlcated in ‘
(5), the OH group was assumed to be cis relative to C=0. - . -
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) ? c. . ’i .
the nitrogen atom. Thus, any error in the S;-T; separation.
is expected to be much the same in both formylnitrene and .
carbhydroxynitrene. It should also be p01nted out that the
9
use of the closed- shell method along with the basxs/sét

used here predlcts (1ncorrectly) S, to be the ground state

lylng 34 kcal mol b “below T. Interactlon of the ‘hydroxyl-

oxygen lone pairs with the.n systé& in So causes a* greater

‘

delocalization of the nltgogen T lone parr’electrons ‘than

in formylnitrene, resuiting'in an even worse representatiOm

® of the trioiet-state by the singlet wavefunction. In sum- y
mary, the‘Sg-T; split is not'altered appreciably by substi—
tution of -OH for -H in formylnitrene if SCErWavefunctlons

K4 ifor both states are employed The contrary predlctlon 1n

/
the calculatlons reported by Alewood et al. is‘ﬁue to their

use of the So wavefunctlon for T, and their incorrect aSSump—
tion that ?ﬁe-“error“ in T, SO 1ntroduced is not affected by

. . . . , o . .
substitution. - - -

e

c) ‘Oxazireéne

iq;:

Interest ip.oxazirene, the ring isomer of formyl-

o ' nitkene, lies determining its ground state energy rela-

tive to thé énergy of the S, state of formylnitrene,. If

" this determinatiom is to -be done accurately, care must be

N

taken to ensure that both 1somers are treated on an equal

»?ba31s and that the dhanges in eléﬁtronlc structure which

&
occur durlng the 1somer12atlon .are descrlbed adequately.

In thls context, there .are- two a:or concerns, namely, the-
.
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the two-electron excitation from 9a' to 1l0a' introduces

Tt
<

o ., 66

change in-correlation energy accompanying the fqrmagion,
/-‘ N ——

> . -

- of the bond between the oxygen and nit;qgen’étoms, and the

increase in strain—energy*q;EGEfated with closing the ring.

The correlation energy problem arises from the mix-

ing of the oxygen in-plane lone pair orbital with the va-

cant 2p orbital on the nitrogen atom, Since the occupied
spétial drbital increases in siﬁé bééause of this mixing,
the electrons will be on Ehe average further apart."Thus,
the error from neglecting electron ;orrelatidn can be ex-~
pected to be somewﬁat greater in oxazirene than in formyl-
nitrene. The simplest way'té correct for this chahge in

correlation energy is to allow the bonding and antibonding

combinations of these orbitals to interact through config-

uration interaction. Molecular orbitals 9a' and 1l0a' are

localized representations of the atomic orbitals in the

open form and correlate smoothly with the ¢ and o* orbitals

\
©

of tﬁe closed form. - Thus, 2X2 CI between the ground con- - al

"fofigufation and the doubly excited configuration formed by =

3

) .
the proper electron correlation into the state wavefunction.

As for the pghctaon of strain- energy - -0of small rings,
the rellablllty of the STO- ié method is not known. Calcula-
t;ons réeported by Pople and coworkers (19) 1nq;cate that
the energles of cyclic relatlve/to/acycl;c hydrocgarbons ar?
ovérestimatéd, but” extension of this prediction to the pre-

sent case cannot be justified in view of the other errors

inherent in the method. For instance, use of the STO-3G

.




. —
basis has been‘found‘(IG)’to favou; single bondeiover"
double bonds in‘hydrocarbons and althouéh there is littié
“data on the correspondlng carbon-oxygen or. carbon n1trogen
systems, it seerms llkely that such errors will al:o occur
in theqe systems. This Particzlar problem can 5& overcome
by ueiﬁé the extended 4-31G basis set. 'Strain enexgy is
still overestimated (19) but Pople and coworkers (15 26)
have shown that the greater degree of flexibility afforded
by this basis set effecﬁiyely eliminates the errors asso-
ciated with changing bond types. In addition, thetlaréer
“basis set leads to a total eneréy cloeer.to the Hartree-
Fock limit sp -the use of.configuration i;teraetion will
ﬁot be as crucial in describing the oxygen-nitrogen o bond!
Cemplete geometry optimization for® both isomers with
the larger basis set is not economical»atcpresent: Con-
seqﬁentlf, the tﬁeoretical geometry of oxaiirene,,depictéa;
in Figure III -3, was&éetermlned using the STO 3G basis set

lncludlng the' CI discussed above and assuming C symmetry.

Conflguratlon 1nteractibn is found to Have a negligible

e

effect on the bredicted structure of formylhitrene,'bﬁt' -

has a rather dramatic effect for oxazirene. In‘particular:;
the .inclusion of CI leads to.the pred%et}on of a@ unusually
long oxygenfnitrogen.bgnd distence'of'l.GQZA, whereas the
single-determinant formalism predicts e’mu;h shorter dis-
eancé of 1.55 &. To check‘that this finding was realistic
- and! not a defect of the CI1 procedure, thls partlcular bond
»

length was also optlmlzed using the 4-31G basls, both with

!




-

. ,  FIGURE III-3

[ - i ]

Calculated Optimum Geometry ®or Oxazirene
5




and without CI.  In each case the bond is predifted to. be

L4

long; 1.75.A witheut_CI and 1.74 A‘with CIs Thus,fthe : v

-

effect of Ci 1s somewhat smaller when used in conjunctlon'

with the extended basms set. N
"0 . .
Total single-déterminant-4-31G_energies are computed

to be -167.3430 a.u. artd ~~167.3238 .a.u. for formylnitrene
' N . ' Ll ' . .

‘and bxazirene respectively wHen each molecule is at its
o?tlmum STO-3G (W1th CI) geometry. The 1somerlzat10n en-

ergy is thus(predlcted % be 12. 0 kcal mol !, with the
Hcyclic form lower in energy. Use- ofSCI reverses the order
. K -

v of stablllty, yleldlng total energles ‘of -167 3432 a.u. and

5-' bl

-1%67. 3511 a. u for.the acyalxc and cycllg spec1es, respeCn'~'
) _txvely, resultlng in a calcitlated isomerf%atron’energy of.

& * .
* 5.0 kcal m‘l L.

Ie is lmportant to p01nt out here, that in bfevious
4 Q &

calculatlons w1th thlS baSlS sét on the analogous hydro—

l

0

e -

e

i

carbon;systemf (15), the eﬁergles ofhcycllc relatLve to - ;,?
J ¢ v L gt ' - - ‘ . . » .

acyclic moleeuies have'been overeStimatéd.’pSpecifieaIly,‘

+ Pople and coworkéts have

£l

fOund that cyclcpropene is pg -

dlcted to be 15’4 kcal mol l'too unsgable w1thnnespect to
L ,

allene; and cyclopropaner5.8.kgal'mel;i too unstable rel-

‘ative to proféne. Configuration.interaction has rn¢t been ,
7 ) y " 2 o N B ..

used in -these ealcul ioné but it haSVbeeprohnd (81), that:

M raugmehting,the,hasis set with polarization .functions eli-,
. ‘EJ ) ,L ’ i “. 1 “ ' -t - T . i, 3" Lo d ]
minat%s mosttof the discrepancy and’gives isomerjization ) S

£

- //‘ energles in good agreement.w1th experiment. ‘For. Ehis

9

-reason 4t is sugqeste& tHat the isomerrzation energy of
R . ) ‘ . » N oy ' S o =

& T . i . ¢ & o s ' L

s ;“"i’f

]
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. 12.0, k‘c-al%mol o1 fo‘t the {fbrmyln1tre‘he oxaztrene 1ntérggn— : .
C e , . . . - N — . 8 “9?- . .
. vér51on 15 an overéﬁtlmatlon and ‘that the’ value-obtalned LI
. an > :\ . A ﬁ
;- SR by lncludlng CI'in the: cal;ﬁm the better estlmate. 5 ‘X *
’ -4-.~t'a'<” - g 3,
e c 'I’hls .value however, may ‘involve’ errors .of a few kflocal— T N
o T I : S < T RN
: - ories per mole and sho’hld ngt serve as a.nythlng more thaﬁ ‘3 X
: _ . g Sty .
e an 1ndlcatlpn that the asomers are of comparable energym IR
. ! . . , ’ ‘ 3 [ . . . g X ) . N R . y
’ ’ v - L4 - - * (Y * “
" . i . ' . . % ) - . . A s
(d) Barrler ro_ ‘Isomerizatiom - Lo T, !“ ‘
(2 L] .u. ' ¢ 1 N - 4 "‘f
N, " leen that formylnltrene and oxazu'e'ne are of app‘rox-— ‘,J
- & : “: -
. oL 1mately equal energy, it woxﬂ/d be 1nterest1ng to determ;.ne it T e
" o . c'° ¥ o ? ‘ =%
.
: . whetl\er -a substarﬁclal barrier. exasts to’ t-heJ.r ;.ntercon\“r- e 0t
f"f e sioq_zz whether it’ts, p0351ble for them to ex;st.ln thermal ;.ﬁ- :
- - -“ . ". .
L equil. rium, . Unfortunatély, the computatlonal fac111t1es
i o > s c. », e <,
: . SRV MR
! for/%tudylng the isomerlzatlon reactlon‘ln great detall a«‘b , e
are not yet- avallable-and consequentlyasome approxlmatlons - S
. & -~ ‘e
s . - i ; 4 -
T, must be used. fProbably the 1east severe apprqxlmag}on used .
e . for. thlS study 15 to assume tnat the mcvement of nuc1e1 ,T,A} o *
. ‘\. : - ! p ¢ ” :' .‘m e
R from thelr p031t10ns 1n fof@ylnitre e t@bthosé xn oxazlreﬁe,,fj ¥

fellows the least:mdtlon pathway lllust:ated schematacally

o ’ _,’c v R *
.Y e in Flg&te II$~& (Also-giown are the p01gts atrwhi?h STO-‘ -I3’l 4

e )

N T

¢ -

. 3G*CI calculatlons have been performed ) The total ener-"k

L] ‘ s . » e

-h.»4“’; gzes at each pOLnt are given 1n Table III iB and. ln tﬁ@

-~ »

« 8 o T ™y 2
« T ¢ . 9 ,0:"._-_ - B
, : upper part of Flgure III 5 thesqgenergies aré plotted a&. ) -.”;ij_
b. v . P 'z—A-m» \ o . o !

SR 3 funct*on of reaetlcn coordlnate.| The solid 11ne through g‘

A LS . 5 N
.!chg ff Q, thetp01nts is a 1east¥;qaares £1t t:urth~d%§ré$ pe;ynomlal fi ;-h
f?;i;?’fﬁI whlch peahs Just silghtly to the nitggge side 'of the gec- i:" ’ )

?}7ﬂ2£7i' metrléel mld;gognt.ﬁi«thftfeactaon.,,At.the maximﬁml&the . ;;-:
:"_,:.;. ,‘ a energy is éstimateam be -16"5;3698 agu. which exceeds t.hat " .’ /
LT o R . . . LA RO C e T

oWt . ' ) P T PR DR et . . ek, . . .
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of formylnitrene by 15.6 kcal mol ' and that of oxazirene

by 52.2 kcal ol '. - -

Although the inadeqdaciés,of the‘STO—3G basis set

cast .some doubt:on the accuracy of these*valqes,’it is not

iikely that thedescrintion of Phe fhterco%ve;sion deviates

‘fﬁy from this modél.‘.To try to estimate the barrler/h51ght
more precisely however, a 4-31G calculatlon was carrled

AOut at the reaction coordlnate correspondlng to the enex'gy

- f

‘max1mum in the STO- -3G~CI pathway. Inclu51on of‘CIvln-the
calculation yields a total enérgy of -167.3381 a.u. whjch.
is 8.2 kcal mol* above the total ehergy of oxazirene-&nd

above that of -formylnitrene. The

-~

only 3. 2 kKcal ‘mol” !

approximate potential curve is plotted in the lower’p&ft

of Figure III»SL leen that thg reactlon path assumed for -

e el

the caléul&t%?gq is only an approxlmathn to the HD!i%t_-.-\w :

'energy,rbute, these results ihdicate’%hét there is effect-
\ ! [
ively no barrler to the 1nterc0nversxon of formylnltrene
. .
and oxazirene. Obv1ously more detalled calculatlons are

J l

requlred to determlne the optlmum,énergy surface but it

° S

. is unllkely;that this would result in the,prediction of

- A‘.’ . . - - .
a substantial thermal barrier to isomerization. e
. ’ ) ‘ ‘;’, o ' )
N - T . 4 - e
- ‘ + . . 3 ) o : ; )
(e) Conclusions o R g - e Lo

‘The absehbe of an energy barrler between.the cyollc
and acyclic forms of carbonylnltrenes tends to d1scredlt

‘ Berry s.suggestlon (69) that oxa21renes can: act as efflcient

traps for slnglét caqueylnltreneS\and thus prevént the

L

. o ' ."'. .
b AP o X ' S .o
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\- - ) o 2.‘ “ $
dlrect formatlon of trlplet nltrene in the photolysxs of

a21des. ‘The oxazlrene isomer may Stlll play an ;mportant

role in. the chemlstry of carbonylnltrenes, however. In par-

tlcular, 51nce the. grounﬂ state of oxazlrene 1s predlcted

~

' to be a 51nglet whlle that of formylnltrene is a triplet,

the Sy and T, potential surfaces must cross for a geometry

1

intermediate between the open and closed forms. Intersystem

crossing ‘betwéen S, and:' T, is expected to be a ;elatively

efficient process near this inte¥section sdnce,:as<has been
. , - ‘ . . ~ - .. .. ‘_;?, -

shown ,expetrimentally for aromatic hydrocarbons (82), the

-

rate of intersystemicrOSsing;is extremely sensitive'to_the

A 2N - . d

energy dlfference between the states. 'Thus isomerization

; ln the So state from the'. acycllc to the cycllc form»(whlch

“

1s predlcted to’ be a fa011e process because of the flat

:

‘ potential energy surface) should- prov1de a. pathway to the
trlplet ground state of the nltrene. R ' LooTIs

. A sécond factor whlch must be con51dered in explaln—
\ [

ing the results of the photolysls experlments of McConaghy

_and Lwowskd (66) is the pred;ctaon that the open- shell

]
.
4

- s1nglet state, 8; of carbonylnltrenes,lles close in eﬁergy

¢

to Sg. As’ was p01nted out earller,.the calculations reported

by Halnes and Csizmadia (78) indlcate that the add1t10nﬁpro-~

'r

‘ Q;gifﬂ-ducts derlved.from S and T, nltrenes shOuld be 1dent1cal

Thus, the non- stereospeciflc addltlon products Whlch are

o -
'

.f. assume%bto arise- from the“T; state Qf carbethoxynltrene 1n
the photblysls of the.eorrespondlng az1de may, 1n fact,

. . :
arise from S;.A slnce it has alsovbeen “shown. that the trlp&

L " . . > s
/ ) ! - ' : o ’ fmzaﬁ ! W’
' ) ' . ‘ S W - ’ 2
¥ ol , P - . -‘“ ' - S L Alkj ' ¢
- ' pred

. X ' 2 ) N N B
e ey B e R M
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.iet state of the azide is not involved in the production of
- | the nltrene (66), .the p0551b111ty that 81 is a prlmary
photolysps product must also - be con31dered

In'summary; the'results presented here support the

major COﬂCluSlonS drawn from the exper1menta1 ‘work on car-

bOnylnltrenes — that both a 51nglet state and a triplet
'state are involved in the reactions of these compounds and
thatﬁthe trlplet state 1les lower AAn energy. Tﬁere~are

/,‘ ~1nd1cat10ns from the calculatlons however, that geometrlcal
. 1somerlzatlon in the 51nglet state affects ‘the rééé of

1ntersystem cross;n; to the trlplet stete and that a second

} singIet state offfeeetive'charécter similar'to.the.tripiet

state may be‘impprtaht in the chemistry of thesé nitrenes.
— Unfortunately no facile explanatibn\of all the experimental

resulfs in terms of the present calculatiens seems qbv10us

. Lt
0 . RN P

at this time. v

2

I \
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by-Rées and'co-workers (85-89, see also ref. 90) via exper-

: ‘state of the nitrene.‘ Thefgtereospe01f1c1t [s}

Y ' '
N e .0~ - :

{ [

o

_ W o
3. Singlet and Triplet States of Aminonitrenes

{a) Ihtroduction

\
PR N

The chemistry of aminonitrenes (l,l—diazenesa'has re—

\

-

[ —"

ceived some attentlon recently (83 84), due to the synthe- ol

A\

tic utlllty of these spec1es 1n the preparation of az;rge
-
dlnes. A considerable amount of 1nformathn concernlndf\

the reactivity of the "nltrehe nitrogen" has been collecte

i . 'é\;

. ) b 7 o ) '

"iments using phthalimido nitrene (1) and-related comgounds. .

-

+ ’ .
In particular, these compounds'are found to add stereospe-

cifically to olefihs, producingﬁaziridines (g). -In addi-

tion, if dlenes are employed as the acceptors, the addltlon

-
4

occurs exclu51vely ;n the 1,2 manner as shown:

U

Since the produet'éomposition dbes not‘change when the’ole-'

-

f1n concent;atlon 1s reduced to relatlvely low levels,.lt

T

has been concIuded that the reactlon ﬁpvoives the ground

and the obserVatlon that the yields of the a21r1d1ne in~

crease when oleflns substituted by electron—w1thdraW1ng
groups are used, are bqth consistent w1th a nucleophllgc

76
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.singlet state as the reacting species.
. : /

In contrast, most other types of nitrenes, including

carbonylnitrenes, discussed earlier, are found to have trip-
4.” i N o Il P
let ground states. The distinction in. the case of amino—

@

nltrenes is thought to be due to the presence af the lone/

pair = electrons of the !pmlno nitrogen" Delocallzatlon
R ]
of these electrons onto the nltrene nltrogen should stabllze

e

the 31nglet state, through the classical valence bond struc-

ture (3b) , and should destabllze the triplet state.
P ) ' ‘ | "’//F
RpN—N: —— RZN—-—N=

(3a) . (3b)

This effect is consiéered Lo be importént‘enouéh-to reverse

the usuai/order of Stability'of the singlet?and,triplet
states (85,89, 91? .

Unfortunately there ex1sts, at present, Very llttle
fquantitatlve 1nf0rmatlon from elther physical measurements-

A

or from accurate quantum mechanical calculatlons regardrng

'-,the bondlng and geometrles of the low-lylng states of elther

the (unkndwn) parent compound HzNN or its 51mple derlva-
tlves. Although sem&emplrlcal calculatlons by the INDO (91)
Jand GNDO/Z (92) methods for H}HN have been reported, the1r

e

rellablllty 1n this. context ls questlonabled especlally

:since the s:ngletftrlplet.separahlon_iall_of_morerthan 1 a.u. *

rs n

B e ? 630 kcal mol 1) js obvrously ‘much too Iarge.n ‘An

ab initio calculatlon reported by Wagnlére (93). ‘after “com- .-

te

-

‘ .

pletion ofvthxs workﬁs mpdicated that the tfiplet state was /rw

“

- .‘P..!

L]
vy e - ’ v
LN g

-
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2~ 4 kcal mol ! lower iﬁ energy than the{singiet state but
thls latter calculatlon did not 1nc1ude geOmetry optimiza-
tion fqr either statg. The calculat;ons~presented_here.
wefe undertakeén to obtain a better’estimate of the;siﬁélet—
" triplet sephtation, to find-the effect of substituenté\Yn

this separation and to determine the optimum geometry of

the parent molecule.

-
-

¢(b) The Lowest Triplet State

Simultaneous optimization. of the geometric variables

_for the lowest trlplet state of HQNN ylelds a no ggLanar,—~\
’.

almo t tetrahedral struoture of C symmetry»w1th_a rela-’
- .
tiv y‘&ong nitrogen- nltregen’bond. .

-

Reg = 1-43, & J ~ HNN = 107.5°

Rym = 1. 03, A . - HNH = 107.5°

bd

The total energf for this ﬁy;amidal shape,‘calculated with
the STO-3G basi's  set, using Roothean's open-shell procedure

(8), is —108.5389 a.u.. This enePyy is 7.6 kecal mol”! more

‘negatxve than that for the _optimum planar triplet (1n whieh.

the N- N dlstance contracts to 1.40 A), thlsilnver31on barr-'

» .
ier should be xegarded as an~upper llmlt1 glven that Pople

o

and co~workers have found that the NH; Hﬁ?rler 1s greatly

over-estlmated using an STO 3G baszs set (17). Both the

4

- qua51-tetrahedral shape and the Mullrken p0pulatlon analy-

'513 (see Table*i{I -16) for trlplet amdenltrene are consis-

.

tent with the valence bond representat10$,(4) CIn particu~

. lar, the unpalred spin. ‘is, é‘ost completely locallﬁed (9/6%)

1




- o ).A = ‘. A'.’,i . L d o ‘.Zﬁ‘ y
, ) ' - TABLE III-16 - .
-\ . ’ :
A Gross Orbital Populations for Singlet and Triplét H,NN

4
Atom Orbitala.‘ "'+ population (in e)
_ » Ef; _ "~ .* Singlet - Triplet .
. Namino s | 1.9951 - 1.9956
' : n , @
) o ..« 2s - 1.4406 1.5914
) o= - oo i . 4 o
RN R 2, . 1.6393" 1.6295
E %pin‘ ’ 1.1142 1.0681
2p, 1.0922 ~1.0656
- . .total atomic 7.2814 7.3502"
T Nyitrene Lo 1s 1.9982 ., ° 1.9988 .o
| 2s .. o uidi21 0 108038 .
' S ~2p, . - 0.3607 1.0607 °
| -, — 1.9270 ~  .1.0102
. . 2, T 0.9849 - 10337
total atomic ’ , ,7.1035 . 6.9972
N o
H. o “1s - . 0VBB76 - 0,8263 ,
¥ . . . ‘o ° . T
, T . - o . L % ) . . . \.
2 u . : N

%The orlgln of the ‘coordinate system was. chcsen at-the
amino nitrogen with the z axis coincident. with the N-N bond,

. the y axis lying in the.plane of the H;N. unit, ‘and the x.¢°
' axis mutually perpendlcular to y and z. The optlmum molecu-
lar geometry for’ the state 1n questlon is. used in both cases.

. L4
‘MIM&‘Q‘ *




oﬂ'the nitrene nitrogéﬁ atom and the symmétry:allowed de-
localizatiodn of the amino lone péir into the gquasi-n pr
‘orbipéi of the nitrepe nitrogen occurs only to the exfént
of‘0.0Ge. Simidarly the populaﬁion bf 1.01e fof‘the nitféneq
ﬁit;oqen Zﬁy'orbital is_very:close to_tpé idealized value
expected from: (4). Thué the Eiﬁfbgeﬁ—nitrogen Linkage in
the triple? is almost exacg&y that of %}single o bond.

g//'

(c) The Lowést Singlet State”
3 7

For reasons giben in the-introddction to this section,

it is- anticipated that the ;owést singlét state of amino-
‘\Smitréﬁe COfresponds to the closed-shell species, és illﬁs*;
‘i{trated'by the "idealized"‘structure (5), rather than to~£he
o§en:shell’conffbdtétioﬁ(gy. Thé triplEE:SZy, however, .
cérréla;;é‘ﬁifh.the:?(n’*)fstate!gf the isoelgc%ronicrmole-

(5) [T SRS ) B

‘culer formaldehyde, iq which the splitting beéﬁeennthe'singlet

o
N . [
. . . )

’. AR : ““,', . R
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' aid theidescrlptlon of the nitrogen- nitrogen bond. The 6p-

'value of 1 25 - A predlcted fdr " d11m1de (42)

B e ' 4

[y

“and triplet. (ﬁ?*)“?tatés 1s rather small (33), -an owgerva~

t;qn‘whlch suggests that the singlet (6) does ‘not lie far

above the triplet. ':‘STO-3G calculation (using the trip-
’ for : _
let wavefunction as was doneAformylnitrene'in the previous
section) however, predicts that the.splisting is rathei .
. c > a

large for H,;NN, — approximately 48 kcal mol !

fer the pyra-

,mldal geometry, cémpared to =13 kgal mol ! calculated for

H,CO. The differen;e between 'H,;NN and H?CQ is due to she
fact{that the unpnired T elecﬁron‘in'HZNN is local?zea
henéily on fhevnitrene.nitrogen,and thug the nn*'exchangé
1ntegral and the 51n§let églplet separatlon is Substantlal.

The correspond1ng unpalred electron density. in ézco is fb~

cal;zed largely on the carbon atom,.  thus yleldlng ‘a much

* smaller nﬂ* exchange 1ntegra1nand 51ng;et-tr1plet split.

-

_Thus, it is reasonable to -exclude the opén—shg}l corifigur-

.ation‘(g) from further consideration. ’ | .

‘  pptimizatiQn of‘the;geometrical'variablegzfor the
cloSe.d;—shell singletku(i) was cafried out with. the STO-3G
basis';et under Fhé assﬁmptii?-ghét tne qu;énlé hi? Cs‘;
gym%g;ryt&n5§qf§ sfate.ffgonfiéuraﬁion inte;actidn between

° 2
. . .
Y . . 4

the ground éqnfigurétion, ..u(n)z(n)ziw*)°, and ‘the doubly-

excited conflguratlon,-...(ﬂ)“(n)z(w*)zv was included to

l

tlmum structure is found to be planar with C symmetry and

a nltrogen—nltrogen bond length sxmzlar to the double’bond

) - 3 i
1.27¢.4° - angle HNN = 124°




* . N -
‘\'

These values are in good agreement with those of an earller
i

~ab initio calculatlon for planar s¢nglet HZNN by Allen and

co-workers (1 282 A 1. 003 ﬁ 122°. respegtlvely)(94) and

with th e semlemplrlcal fNDO (91) and;CNDO/Z (92) calcula-'

tions. loth the short NN QLstance‘and the requlrement for °

. . . t

a planar aeometry ares indicative of a relatively strdﬂg

coordinate 7 bond betfween” the nitrogens, even thbugh the »
. <

A
4 -

: transfer of charge from the amlno lone pair to the vacant

2p orbltal of the’ nltrens\nltfbgen amounts to only 0.36e.
As dlscussed by Baird and Datta 95), the exlstence of a
strong codrdinate g .bond does EQE requiré’near—equal.shar—'
'ing of tne electron phir; thb57 the 0 36e traﬁ!%er‘here A

ylelds a overlap populatlon Wthh Ls 73% of the m’?igum ,

i
"covalent" value (i.e., the value whlch would be achleved
LS N

iﬁ_the electron'pair was shared .equally). The ‘bondlng
MO (nredicted ionization ﬁotentiai 12:3eV) is n}t tqéjhigh:
est ‘occupied orbltal but rather lt‘ls the secdénd highest; -
the hlghest o€~ﬂp1ed MO- (pré&&&ked 1onlzat10n potentlal |

7. 6eV) corresponds to an ln—plane orblxal of b2 symmetry

Wthh is ‘almost conpletely locallzed on the nitrene n1tr<§L

"gen. The enerqetrc stabllLty of thxs 1one pair . orbltal lS';’

51gn1f1cantly lower than that in. ammonla (predlqted 1onlza~’
. ” .

a

-

“tion potential 8.7eV for‘Nﬂs). ! ) o A

. ﬁ’C')ver::\ll, the polarity of the nitfd%en:ﬁitrogen mul-

‘nticibated ..

Y

,tiple 11nkage agrees qualltatlvely with that

P

, from resonance betweenﬁ;ye two’ 1mportant valence bomrd struc-ﬂ' :

tures (3a) and (3b) fo

‘e -
. ~ /
e, : "L R ' © : . '

s

the srpglet, since the transfer of =~




!

v , ! - .
N .t N - [~ ’ Y \

. ‘ o . ‘ SR - .

[ » A Y S S v oo

i electrOn'Qensity“fnoﬁ the amino to the nitrene~hitrogen; >

-exceeds the back transfer of o. electrop den51ty in the. '

A

®»
opp051te dlrectlon. Tbe-gQgﬁ_Q& charge dlstrlbutlon (Fig- -
III -6) is in apparent dlsagreement W1th thls resonan¢ée .

re
: #l % ¢

since- the amlno nltIOgen is. ﬁere negatlvely charqed than is N

3

the nltremé nlt;ogen;'however the hlgh electron densxty at

P N
due prlmarlly to the pplarlty,of_the'
N-H bonds. - : - - o "f .

AR
- ., . - h

thé amino -nitrogen

- -

o

o : glnally, 1E'should be noteq.that the total energy of

L -
—108 5470 a,u. -for- 51nglet amlnonltrene cbrresponds to a

‘ éf - W ” ‘

structure whlch is some 36.4 kcal mol b less stable !han.g;
P Py '

»

-

1s the isoméTtc trans- dllmlde (calculated uSlng '2X2 CI%with « ¥

q - -
*contrast, the lowest triEliiJState of HzNN is predlcted to-

,Qe 46.2 kcal mol ! more stabbe.than‘ls‘ihe lowest (twisted) *
triplet of dimide (42).: Tt S

' ’ “. ’ x Lo
(d) Amlnonltrene Derivatives 2, _ e . . .
' ' Q-
STO 3G calculations. for the monometh}i (8), mono—§

.

re

=fluoro (g) and monocarbonyL/TlO) derlvatlves of am1no~“
€ »
nltrene were " canrled out er both the 51ng1et and trlplet ﬁﬁ {

i ]
states. ‘kn all cases, nltrogeﬁ—nntrogen bormrd lengths and

LIRS

amlno‘gitrogen bond angles thch are optlmgp'for HZNN Were;

~

sumed 1n the der1vat1ves. All'remalning dlstances and’
.p

anglés 1n (10) weré assumed equﬁi~to the experlmental val=

ues establ;éhed £OF fafmamlde (96) The N-C and,N-F dls-

——
* - ’

tances of,l,47 and 1.3753 respect;vely,'assumed in (8) and

[

thewsame double ex01ted conflguratgons in both casesd% ‘In a.t.: .
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FIGURE‘III-G
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. ) . : .
SrOSS\A.om Net Chard%s (31gned quantltles) and Sel-

ected Gf

for the Lowest Trlplet and Slnglet Stateg of Amlno-
2 -~ * -
nitrenes.‘ All quant € es agé51n electron units..
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. HNN framework relative to the values calculated for ‘'singlet }”

and trlplet HzNN.

'p1r1cal Calculations, the copcluSLOn by the authors of the

‘tution in the net charges on the nitrene nitrogen are al- L.

' most entlrely due to changes 1n the 2p ‘orbital p0pu1atlon

,(9) were taken by analogy with (CH3)3N and NzFu (97), C H o

dlstances of 1.089 % and exactly t%trahedral HCH angles were.

.

assumed for-the methyl group. //;/”
A ’ .
.Gross atomic partlal charges and selected gross n e

#

orbital populatlons for these derlvatlves are compared to

those for the parent aminonitrene in Flgure III-6 Nete‘

[

that the overall effect of each substltuent con51dered i

/

1nclud1nq methyl, is to- w;thdraw electron den51ty from the .
!

. ' e, - «

-
.

?be net charge of the nitrene nltrogen is approx1-

“mately —Oale in the parent amlnonltrene singlet and in all

1

the s1nglet derluatlves considered. Although thlS amounts

‘to less“than half the negatlye charge predlcted by semlem-.f

latter. calculatlons (91 92)/-— that the nltrehe nitrogen
should be nucleophlllc — jé not altered. For bdath the

methyl and carbonyl derlvatlves, the changes due togsubstl— N

(glven in parentheses in the diagrams of Figure III—G),




¢

. . -
' whereas both the o and'm orbltal populatlons of' the amino
nltrogen are altered The fluorine atom 1n (9) donates
.0 02e to the NN 7 electron system, whereas the carbonyl

group Ep (19) w1thdraws 0 07eﬂ both effects agree quallta-

tlvely w1th 1ntu1t1ve ekpectatlons for such substltuents,

Notef howeyer,-that the sum of the T electron den51ty assor

piated:wfth_the two nitrogen atoms remains close to‘2.0e ~
in all cases. ' |

: The changes 1n the atomlc gharges due to suhstltutlon
in the aminonitrene. trlplet closely parallelathose estab-

lished for the singlets.. The total electron densxtx at the
e

aming nitrogen is about 0.07e greater and that for the ni-

trene nltrogen about 0.lie less in the trlplet compared to

the‘51nglet in all cases. Note that\the-nltrene n1trogep

I

. is predjcted’ to be~electrically neufral in the parent cbm3
pound. -

\

(e) The Slnglet-Trrplet Separatlon and The Ground State
of Aminonitrenes

D The calculated 51nglet—trlplet separatldhs for eachy’-

amlnonltrene are llsted in Table III 17 all values are

felatxve to the slnglet at its ogtgmum geometry. The cal-
culated eﬂergy separations are fhteneﬁxann-LR’§EQeral re-

spects.c,Flrst, the srnglet-triplet separatlon is quite F~_

. Low and is nowhere near the > 630 kcal mol ot estlmate for‘
H2NN from INDO calculations (91). Second, the triplet at’
1ts optxmum molecular geometry is predzcted to be more

 stable than the optimum _singlet, aga1n in contrast to the

M.\‘ ‘ . . b . A

L .
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_callzatlon of the amino nltrogen lone palr electrons.

‘cated calcnlatlons would‘gredlet that the 0pt1mum trlplets'ﬁlwg:

—— inanar—wrth~afﬁnr—~—1 24ﬁ~%*-ﬁfﬁﬁf*-—t‘ﬁ2l A angle'

. ) . + - R .
x ' - ~ - 8.9
S ' - . .
. ’ - -
4 P - . - .

semiempirical calculations but in ‘agreement with the ab
initio calculations of Wagnidre (93). " Third, the S¢-T: s

12 ]

j separatlon is almost zero at the optlmum 51nglet geometry,‘

a predlctlon whach is in good agreement w1th Wagnlere s

.fcalculatlons for Wthh the calculated separatlon of 2-4

i }

kcal mol ~1

is for a geometry! very close to the optlmum
. -
51ng1et structure predlcted 1n the present calculat:ons.

Fourth the 81ng1et trlplet separatlon is relatively un-

affected (w1th;n 3 kcal m.oI'L -when optlmnm geometrles are.

[ d

) compared) by subst1tut10n., Finally, the calculated separa- - ,°

. tion in H,NN is approx1mate1y 37 Kcal mol ! less than that . -

-~

.calculated for'formylnitrene; a difference wh{ch represehts

-

the stabllzatlon &£ "the singlet state of HzNN due to delo—~

L e

Alth?ugh the energy separatlon in H,NN. predicted by :

the ab 1n1t10 calculations is expected to belmuch-more real- -

‘-

istic than that obtalned by semlemplrlcal technlqueé thege

are 1nd1cat10ns that the values llsted 1n Table III 17 are A -

"u".

too negatlve. In partlcular, the errors known - to be ass&-J

.

' clated with using'a’ mlnlmum basis set of s and P functrons'

-—y

'to calculate the So-Tl, spllttlng in CH» (72 73) (as noted

in the prev1ous section in the discussion relatlng to car-
bonylnltrenes) also.ﬁpply to HZNN. It is antlcipated that—r

correctlon of these erxors by carrylng out more sophistl—.-

e - -

» -

(HNN) ='112°39'. - . L,



t

for amlnonltrenes are approximately 10 kca}.mol " ! more.
stable than are the optlmum 51ng1ets, and that' in most cases i

‘the 51ng1et lles below the triplet at the optlmum SLnglet

geo‘me try.

".Thus EEEQpbserved Chemlcal reactlons of. am1non1—

’

—

'trenes, all of which- have been lnterpreted as’ arlslng from

v

a 51nglet ground state, may be expilcable 1a terms of a . = -

singlet state Wthh undergoes 1ntersystem cr0551ng .very -

o [} .
\

.
!\

P
N g
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‘4. The Rotatlon Barriers in Ethylene and Allene

a

(a) Introductlon -

9

One of the sxmplest lntramolecular chemlcal .reactions

; - ‘:is.rotatlon about the doGPle bond~1n oleflns-and cummulenes\
For appropflately substltuted alkenes end planar cummulenes,
N '._ 'rotatlon through the 90° tw1sted conformatlon results in |
lnterconverSLQn of the cis and trans -isomers- whereas for.
’ the antjplanar membe;s of theff;mhulenesefiES, rotatidn'

through the planar structure can resul in optical 1somer~'
, S ization. : - - T e

The desire to accurately predict - the actlvatlon en-

ergysfor such readilons has stlmulated ngmerous theoret1ca1 .

.studles of the tw19ting motlon in ethylene. Radom’ and

Pople (98), u81ng the STO~3G b381s set: and" the sxngle de-q

termlnant formailsmy calculate a rotatlon barrler of 138. 6

. . .. -

Xkcal mol ! for ethylene.a ThlS value. is. 1n reasonable
;:>gfeement‘wi ! the Slngle determlnant valueg of 126 1’and

. . 128, 9 kcalgpol ~ 1 obtalned by Buenker (99) and by Kaldor
: L -
and Shav1tt (100) respectively. but 1s 1n _poor agreement
J’A’ i

. “With the experlmental vahue o&ﬁgs kcal mol ! (101) for the-

- e

| o "’actlvatlon energy of the cis, trans-lsomerizatlon in di=
‘f'deutereethylene.. mhe érlncipal xeason f0r this large dlS"

i ucrepancy between the calcuiated and experimental barrlers
, - K

'.{,"-f"f .'arlses from tha inclusiqn of . 'konic ‘terms in the gingle

\

L determinant wavefunctlon. The single confzguratlon w2~'
. '.‘. ‘ ' ¢

(2+’~’£-"u,‘,)wz {4» (1)¢» (2)+6 (m (2)} + {¢ m«p (2)+
ST S ¢ (1)¢ (2)} 111-1"-




e carbon 2p AOs, ¢u and ¢ ; in .the plaﬁar ground state of

3

"is reasoﬁabIY.adequate to describe %the pondihg between the,

- on the rlght in equatlon III-1- becomes less and less appro-

. of the same symmetry, wf- . - . v,

S : ‘ _ E ¢ (1)¢ (2)} I1IT-2

' is recovered.
l=%,,2° _ .2 ;‘ ~X - e o :’h o -
2 (W+ w_) = 2.“{¢u‘l)¢v(2) + ¢v(l)¢u(2)}_ .. . III-3

.. When Buenker (99) amd Kaldor and Shav1tt (100) 1nclude thls s

i mol T3 respectlvely, 1s obtained. Buenker, Pegerlmhoff and

‘the: min;.mum g:I " have shqwn that a ﬂwfﬁer 1mprovement in

ethylene, but upon ;otation away - from the‘planar conforma-'
tlon, the idnic contrlbutlon represented by the second.term
priate to the descrlptlon of the bonélng. ‘Because of.thls
effe®t, the energy of the’51ngle determlhantfwavefuhction
rises more rapidly than the true ground state energy. To
dlmlnlsh the 1mertance of the ionic térms( the 51ngle con=-

figuration, wi must be mixed with the second configuration _

-

(2;-25 )1P2 = ‘f¢ (l)¢ (2)+¢ (l),tt’ (2)} + {¢ (LYo (2)+

N ;."_7-' . ) ’ o &
e ethylene, the correct wave-

and xpz s’Ehat the ionic ‘

terms cancel and the. purely covaleﬁt singlet (equatlon III 3)

- '.

-1
. . . .

conflguratlon 1nteract10n ln their calculatlons, a substan- 'fﬁ

p
l

t1a1 lowerlng in the barrier height to 83. 7 and | 83 3. kcal

Hsu (387. u31ng a, larqf Gau581an bqals a@t and more than L

A




-

- - , T

the carbon- carbon bond length in both the planar and tw1sted

conformatlons.‘ In partlcular, 1t has beén: found that a sub-’

stantial lengthenrn&’of thlS bond from 1.33 A‘predlcted for
I's

the planar ground state to 1.47 A for the 90° tw1sted spe-

cies leads to a predicted barrier height of 63.7 kcal mol ¥,

in‘good agreement with the experiﬁental value. The most

,recent calculation, reported'by Wood (102), employs Douﬁle .

Configuration (DC) SCF methods coupled with bond length

e ‘ - '
optimization and leads to-a calculated activation energy of

63.2 kcal mol~ ! for the ethylene cis, trans isomerization.

In contrast to the results for ethylene, the results

- Lo

rof caICulatlons on the barrler helght in allene are not

nearly so satlsfylng Unfortunatelyp no experlmental esti-
mate is, avallable for this barrler, but since the hydrogen

atoms are further apart in allene than in ethylene, 1t

- . .might be 1ntu1t1ve1y expected that *the rotatlon barrler in:

‘allene would be lower tHan fhat in ethylene., Schaad (1}3)

has shown that the use of 91mp1e Hutkel theory, parametrlzed

to: reproduce the experlmentaal "xylene barrler, leads to a

value. of 38 kcal-mpl “! for the allemne barrlgr.« Howevgr, a
& AT

varlety of ab initio SCP calculatlons have recently been. .

reported in Wthh the predlcted barrler for allene 1s higher

than that:for ethylene. Calculatlons by Radom and Pople

_(98), Schaad, Burnelle and Dressler (104),. André and co-

Aworkers (105), Preuss’ and Janoschek (106), Buenker (99),

-and Weimann and Chrlstofiersen (107) predlct values wh1ch

0

' .are, . respectlvely, 91.9," 72 7 74 6 65, 82 I, and 75.1 kcal

‘ mol ‘,’ Although these predlqtlons.are alloin reasonable



. -
R d . . N v -

agreement with one another, none of the above calculations

\’rprgggrly describes the planar conformation of allene. Ro-"
tation to the nlanar'form involves breaking one of the two »

T

T Tty

'qua51 locallzed m bonds (see Flgure ITI-7) in the same way
that the rotatlon in ethylene destroys the 51ngle m bond

However, 1n allene'the 2p orbital on the end carbon atom
is rotated'lnto line with the remaln\ng 7 bond and becomes

part of the 1b nonbonding MO 1n DZh‘symmetry ThlS

29
latter interaétiOn stabllzes~thls Mb while the- otheh 2p AO

' on the central carbon in the plane of the mqlecule becomes
the nonbondlng 2b MO. Thus the degeneracy Wthh occurs

in ethyleae does not materlallze in allene and CI treat—

‘ -

- ments for the lowest 51ngiet state are not of the same im-

4

portance. In the terminology of Salem and Rowland (108), L
planar allene 1s a "heterosymmetrlc" diradical (1 e., the | ’

two - electrons respon51b1e for the d1rad1ca1 BehaV1our

occupy nonAEqulvalent,~non~degenerate MOs). The correct
descrlptlon of the lowest s;nglet of thls species is by the - = -
‘open~shell configuration lAu,,ln_.whlch each of the lb29 and

‘2b2u MOs are sinély-occupied.' Twieted ethylene, on the

" other hand, is a "ﬁohosymmetric“ diradical (i.e., the two
'”electronS'are equivalent anGAOCéupy deéenerate‘MGs) which

' -
IR X pr0per1y descrlbed asa mzxture of two closed-shell con~- =

\

flguratlons., All of the above mentloned calculations for J
Rlanar allene converge to the ‘Ag state corresponding to a

doubly-occupled lb 2g MO and a vacant szw.MO. Buenker (99)
& s T
' Has shownlthat attempts to improve the energy of the lower
. . . b oo . g'; . -
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'prfate for the calculatlon of double bond barrler helghts,
- lower barrler in allene than in ethyleneu Thus, in ‘the -

vboth 2X2 CI and geometry optlnuzatlonw are presented fbr E

<

"lAg state by including CI with the second lAé state (formed

¢

by doubly occupying the 2b2 MO’ rather than lb '3 1ead to a

negllglﬁze energy iowerlng of l x 10 -4 a u., i.e., 1ess than

-’

'0 1 kCal mol 1'.'-Although Schaad Burnelle and Dre ler (104)_',

calculate the energy of the,PA state usrng the orbltals

- ~ " *

determined for the.! Ag state, they flnd that the energy of

this state 1s only 0.7 kcal mol ! lower than~that of 1A ..

2

This small dlﬁference 1s not surprising 'since’ the lb 2g or-

bital  is formally the non- bondlng "allyl" orbltal locallzed

. on- the end carbon atoms- whlleﬂthe 2b2 orbital 1s 1oca1—

‘o . L ] *

1zed on -the centraL carbon. Thus excltatlon between these

two orbltals in gqing from the 1A )to the iA stat!% 1n-
0. -

'evolves a significant amount of charge transfer ‘and. conse—“

-

quently the use of closedtshell eidknvectors is expected to’
: » o .

lead to a 51gn1flcant error.’ T v
. ‘ ¢
I The motlvatlon for the present research was fxtst the

T .

» desfre to show sthat the m1n1ma1 STQ 3G basxs set was appro—

Ld

-

second to conflrm the 51mple 1ntuit1ve predlctlon/eé%a

1 o

.

next sectlon, the results of STO—3G calculat;ons 1ncludlng

T -

‘>

planar and 90° twisted ethylene% "In the flnal sgctlonQSCF .

o4

- résults using the Roothaan open-shell method are presen;ed

' for the tw1sted and pla ar conformatlons of allene.

-]
H T

, . S |
' A L ) , , I T L oo
(b) Ethylene - .- . S ' IR

* ) - ¥ Y .
‘In order.to effectively asfess the pefformange of the

/

;/’\\ L " . L
. . , a N . . . : rd 5
. . ) . - . 0



) STO—3G baégé set in Ealculatipg rotationalfbarriers} the

'on the glanar and 90° twisted confoPmations using bond

_mlnant-method (15) to be optlmum fo@ the planar spec1es

'leads to a dlffeqentlal lowerlng of 44 1. kcal mol

_basis set (98)!

‘well with the cI 1mproveﬂents of 42 4 and 45 6 Kcal mol”

-which is in much better agreement with -the exper1mental

and- to a, C-C bond dength-of 1. 498 K for the 90° tulsted cofi-.

: >
formatlon. Total CIaenergles for the planar’and twlstq?

L ﬁ

k4
v
@

¢ e

ethylene calculatlons'abre carrledq?ut 1n*two stages E}rst
the effect of CI was considﬁ&ed by’ carrylng ot calculatlons
$

lengths and angles, determlned by the STO 3G srngle-deter-

(i.e., R(CC) = 1.306 &, R(tw) = 1. 082 A and angle (HCH) =

115.6° ).- Employlng simple 2x2 €I fof both conformatlons

IREET Y tha.
A *

energy'df the twisted conformatlon so’ hat the barrlér is

predicted to 94.5 Kcal mol—l‘rather than -the value of -138.6 ™

‘kcal;ﬁol-l‘calbulated by Radom and Popfe dsing'the STO-QGf

An 1mprovement of this magnltude agrees
Qw

found by Buenker (99) and by Kaldor and Shav1tt (100), re-*

° q,

spectlvely. Second, Optlmizataon of the C-C bond lengﬂh

e *

was carrled out u51ng the same C-H bondolengths and HCH

bond angles .as befére—— I‘hclusum of .CI. J. thls prdcedure

leads to a- C—C bond 1ength in the pianar specres of 1. 34 A

-

%alue of 1. 338 L (1q9) than is the«pzngle determlnant value, e

[

conformatlons are calculated to be -77 11681 and -77 00099

a. u., rqspectlvely, ylelding a barrier helght of 72,7 K&aT— — — .

mol". Although this valu€ is,somewhat higher than tﬁeaex-
perlmental,yalue, the rmprovemeht 1n.the calculated barrler :

s

3

o

v
¢
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K 7 - achieved by varying.the C-C bond distance agrees well with
. ' that‘found by,ﬁuenker, feyerihhoff‘and Hsu'(38) A further e

lowerfng can be achieved py 0pt1mlzat10u of the exponents

of the carbon 2p orbitals; In partlcular,e employlng the

optlmum value of 1. 52 found for these orbitals in the planar )

gconformat:.on, 1. 48\é%und for the 90° tW1sted spe01es and

o

standard exponents ‘for all other orbltals yields 'a barrder ° .‘5

~

of 69 4 kcal mol ‘.’&In general, therefore, 1t‘can_Be con~

>

cluded that the-use of the STO—jG'basis:set'hith standard

exponents 1eads to double bond rotation barr;ers'which are

Y - f

, only illghtly overest:.mated L . R

° : - ’ 8 -
-

(c) Allene . N

B .. X .
. " . A {
. o _ As discussed above,; the, wavefunctlon for the antl- :

] /_‘ .,n
T O planar ground state - of . allene undergoes a cﬁange in char~ . .
; acter upon rotatlon to & planar geqmptry. In partfcular,.~' >

'5

. . : the lowedt srnglet state of the twrsted conformatlon, ( A
« .o in symmetry) whlch is descrlbed by a closedQ%hell elec-,
. ‘ ,tron conflguratlon, correlates with the open-shell s1nglet,

4 s T ‘Au in D2h ‘symmetry. “pirect calculatlon of the ‘A wavé-"

function (and hence'the energy).is, however, not p0351ble

-wr;h Roothaan s open-shell formallsm. In the' present cal-

v ., ] -

culatlons, the 1A energy is. calculated from the optlmum

[

3& Wavefunct:l.on wh;ch 13 calodlated by the open—shell meth- ’ i

%

b od._ This approxlmation is not expected tO be severe for:

A

plangr allene 51nce the electron dlstrlbutlon should be al-

»

S . most ;dentlcal in poth the ‘An amd ?Au states. In additipn,""p“”
P " the exahande integral -between tne singly-occupied orbitals, .




.2

9 4

I ) . [N . 2 v. . . - . _ . ' . .
lbéé and 2b o ! is calculated to be‘only 0. 00082 a.u. so

that an)gd;fference between the 1A .and 3A wavefunctlons

dué\to the 1nteract10n of the unpalred electrons should be )

small. For the A, state OFf twisted- allene, 2%X2 CI has

: been 1ncluded in the calculatlon of the~energy to cqmpen-

©

sate for‘the electron.correlatlon 1ntroduced in the Au

state by the use of open-sheill procedures.: That is, the
moticns of the £wo electrone in singly~o&cupiéd orbitals

15 1A are automatlcally ccrrelated 51nce they‘Pccupy dlff—

erent spad:lal crbltals,k so, CI must be lncluded in the c”al-

-
-

c?latlon of the IAI energy if the two conformatlons are toti

R e ,
' be treated ehually. s : : B \

”

- U81ng C- H ‘bond 1engths of. 1. 083 A‘and HCH angles. of
- "116. 2 ' (as calCuLated by Pople and co—workers (16) in

) 51ngle'determ1nant ETO 3G calculatzbns) optlmlzatlon of o

'

) the C-C .bond lengths in the tw1sted ’Al state’ylelds a val- .

ue :of 1.30 A in good agreement with the experimental estl—:

mate of”1.308 xa(110) ) The ‘total CI- -ergy,ﬁbf thls geqme—
tu:y\}ls ¢alculated ‘to be —114 4336 a.u..  For the ‘A, »Sta"te-‘,
“of pianar allene, the C—C bonds aré predlcted by the present
calculatlons to lengthen to- 1.34 A. Note that ‘the 1engthen-
1ng in allene accompanylng the rupturp of arT bond 1s not '
nearly so dramatlc as that 1n ethyledel slnce in planar
allene, the c-c llnkages retaln some multiple bonding char~
acter. The total energy for the planar conformatlon 15
calculated to ‘be -114 34515 a. u., or 55.5 kcal mol ! higher

!

than that calcuiated for the twmsted species.' Thus thel

<.
ot .
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! Jjower than that pred%cted'for"ethylene, in agreemeht
with intuitivédgxpectations. Although this barrier height
is probébly overestimated with the STO-3G basis set, it is

anticipated that the difference betweén the allene and

. . : /
ethylene values is closely reproduced. .
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barrier-to rotation in allene is predicted to be 17.2 kcdl
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f . o 5. Ethylenedione

(a) Intro&uctlon

Recently some attentlon, both of a theoretlcal and

H

Qf an expe;imental nature, has been pald to. ethylenedlone,

2

. 0= C-C—O. - This molecule is, interesting 1n at least two re-

«speéts; first, 1t is the lowest even-carbon’ member of the

-

Qoxyeummulene serles, 0=Ch§p, which by analegy with the odd- |

carben series'should be‘most stable. Second, simple quali~

tatlve MO arguments (111) indicate that .the ground: state of

’

: CzOz is a trlplet state with an electronlc structure ana1—1~

' Jogous with that of O, or NCN. . . "A | *

Experlmentally, C,0, has-eluded. detectlon, presumably

because dlsch1atlon to two molecules of C 0 is a facile

process. THe~ p051t1ve lon, czoz, has however been observed~

in mass spectral studies (112)- and the neutral fragment,

C202 is apparently expelled(xhtact from o, B—unsaturated—y-

»

dllactones in: the mass spectra of these compounds . (113)

In addltloh, CzOz has been postulated as.a stable inter-

5 - o 8 @ - .

mediate in the chemllumlnescence reactions qﬁ hydrocarbon-

oxygen flames. Direct attempts to synthesize ethylenedione

. ) _ ) -
- have involVed'the'pYrqusis and” photolysis of annelated ge-

rivatives of bicydlo(?.2.2)octadieﬁé-2,3;dione (1), but for .

.
. .

W L

both reactions the.observed product was carbon monoxide

.
PP
N

~7N
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rather than.ethylenedione (114-116). This'latter observa-

.t 1s partlcularly puziilng glven that the expulsion qf

\\55952 from (1) is formaily a dlsrotatory reverse 2+4 cyclo-

’

additipn and thus is the’mally allowed by orbltal sYngetry

rules (117) In addltumh the correspondlng monoketones

»

fragment readily to yield ketene and.aromatlo hydrocarbons

i

(llB)

-

. The qualltatlve predlctdon of a triplet ground state -
(A’rfor‘ethylenedione has been eupported by botn semiempirical
- and ab initjo oalouiaﬂions. in'perticular,~calculetions
';~ - employing the iNDO method }119,126)‘have predioted a linear,
” ’ “Fripletfground state wnich is 5oﬁnd Qith respeot ‘two CO
| .molecules. Ab/IH}tlo calculatlons reported by 'Béebe and
Sabin (121) predlct that the lowest-energy linear confor—
. mation'of C,0, is =2.4eV (65.3 kcal mol ') ;gggg in energy

“than Ewo isolated CO nolecules and that éinglet'sfates‘of :

-t

® : ‘Ag and Z symmetry. lle 29.4 and 61.8 kcal mol ! respectlve-

ly, above the 329 ground ‘state.. The potentlal curVes for.
all three‘of these low~1y1ng states are predicted to- have
/ﬁx\.minIma for a*ﬂ*C*bond 1ength in the nelghbourhood of 1 34 i

and are predlcted to-dlssoclate to products not correspond-

e
B
b
-

, lng to ground state CO mOlecules.A

Thus, theoretlcal predictrwps_suggest that ethylene- B

t

dione is stable with respect gto two CO. molecules«and igdi-’

:cate that 1t should be observable*afov1ded it is prepared
L ]

» under approprlate reaction oondztlons. Th calculationq

reported- here were undertaken in order to ‘nvestigate the
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‘ -~ apparent dichg}omy between the\expérimental results and o
' o e ' 8 - IR 1

the theoretical predictions._ In particular, it is-of in-

, terest to confirm the results of the calculations reported

I\

by-Beebe and Sabin by reexamihing the electronic stfﬁcture

of ethylenedione,-and to determine te redsone for the - "

£ellure in "the synthe51s of czoz from the d;ones represent~
/ %4 by (1).

(b) Results and Discussion °

s

‘The lowest energy states of linear 0=C=C=O, 3;;, *Ag‘

4
and 1Zg, are derlved from the open-shell electron: conflg—

uration, (coreLEﬁ lﬂ; Znu. Accord;ng to Hund's rule, the

trlplet_state of this configuration'lies 1owest in energy,
pdand'the ‘E; §té;é\highest in energy. Although Roothaan s

-

open—;hell method is formally capable of treatlng all three
'ﬂ. stagés dlrectly, convergence problems.were encountered for
the tWo 31nglet states.- For this reason, the optlmum wave-
functlon obtalned for the triplet state was used to des~ -

}cglbe the's1nglet states in the present‘calculatxons.' Com-
pﬁtation of thé eneggy.for these sinéiet states is achieved
by tak1ng linear comblnatlons of the two- determxnants form-
ed by doubly occupyt;—\}n turn, each component of the Zn ~’, -

K Mo. The err5; 1ntroduced by 80 d01ng is not expected to AR
be apprec1ab1e since the electrongconfiguration is the
T ‘same for all three states. | . : f A~o//  oL
;)‘ : - - " Using this technzque with the STO-3G basls set, CgOg

is predicted:to,be~bound in all three of its 1QWfly1ng

-

]

~
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states, optlmum c=C and C‘O bond’ lengths1for the l;near con—

formatlon are listed in Table III:lEJp/f 'should be noted
ﬂthat the predlcted C—C bond lengths forcﬁhe three states
are somewhat shorter than both the values predlcted by
Beebﬁ and Sabln (121)’ (1 335 1 350 and l 350 3. for SEg,‘-
IA9 and Z . respectlvely), and the value of ~{.34 A usu-*
vally expected for ethylenlc C=C,. double bogﬁs (122). Thev‘
C=0 bonds,‘on the other hand, are predlcted to be, longer
than the Value of 1. 162 R.found experlmentally for CO;
(33) In addltlon, the total calculaﬂhd C“C and c 0 over-

[N

lap p0pu1atlons of 1. ‘294" anq 0. 870e respectlvely, are COn-

-51stent with a classical cummulene structure. . The gross
orbltal and atomlc populatlons listed in Tablg!III—lQ-for

thewjz state 1nd1cate a slight polarization of . the o elec-

- -

=
—,
Nea

trons toward the oxygen atoms, . resultlng in a charge distri-

'-.

'butlon w;th like charges on, the.adjacent carbon atoms.'
LY ’ -

s

The total STQ—3G energy for’the 3x; state at Lts,pptid‘

<
.,

_ mumiieometry.is calculated to/be ~222‘35155 a.u.. .The mini-

'.puﬁ energy"A' ahd 'zt states are predicted to lie 17:0 and

g g
34.0 kcal mol 1‘abow:a the triplet stqte. These energﬁgaJ

1.1 can be compared to a- total energy of -222 45086 a.u. for.

two isolated molecules of carbOn mpnoxide (each ca!culated

‘at the predlcted optimum c= O bond length of 1. 145 ﬁ) Thusg

"~ in contrast to the Calculatlonl by Beebe and Sabln, the

. 8TO-3G calculations predict that czoz is 62 3 kcal mol 1

1ess stable than two molecules of Cc=0. The reason,for th;s:

- ,
rather large drscrepancyqbetweenAthe,twoigg initio calcula-

o’ .

P

PR




TABLE TII-18 SR

s

Calculated bpt;mumfaond Lengths (ln ﬁ) for the Thr$g
. ST —

Lo&est States of Limear 630

R(CC) .° .. R(CO)
~ L S ' 1.263 -, Lo 1.207

J’A ' 1 « . 1 R 26I8 -—«. ;.J ‘ “'. ‘,“-\“{‘“f i - ‘ 2 . :]-‘a:zo‘g

. g 1.272 S 1.%09
“ * ’ . ‘ >

. . TaBLE ITI-19

~
A,

LI : . - K *

_Gross Orbital Populations for the I State of C,0, *
: s R ‘ . L

-

‘Atom ¢ . . Orbital® ' U population (ih e)

Tc S 1s St 1.9943

L. 2 o 0.9793,

e . Cs mg=mpy L 0099947
S o2py LT 008842

» . total'atomtc - - - 5.8566
’ . j : L 4..'.%\‘:'

o v, . e o 1s . -t 1" 1.,9080
SR T S —-;LL§§§7‘ -
135‘53’:" T o ;4V“,‘ V‘ 22x3= Zpy R o %.SQOG o
- IR N o ot "(—’ - . i ) o
e . 2w, 102778

f
{
- L " total atomie . . } 8. 1434

b,_"“‘

24 \‘

The coordinate system was: chosen with'the z ax;s
,:c01ncident with the molecular axis.

N

': ' e
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tions 1s.not 1mmed1ately obv1ous, but 1t should be p01nted i'_-f .

out. that'the STO-3G energy for czoz leads to an atomlza- ao
4\
. tion energy 1n reasonable agreement with emp1r1ca1 expecta- ol

tions. 1In partlcular, subtractlon of the optlmum STO~3G

- atom energles,;calculated by Pople and co-workerst(lO), L

from the total CzOz Szg energy results in an atomlratlon’ S } -
-energy. of 0.28593 a.u. wh,eh is 0 05844 agu. greatennthan

the atomlzatlon energy calculated for COz (10;19). Given . 4 ' 3';

.~that the 51ngle determlnant approx1matlon generally great- ;

T 1y underestlmates bondlng energy and that the C-O”bonds 1n (. ‘o
’ COQ are likely somewhat stronger than in Czéz (the C=On

.bond distance is somewhat shorter AR&COQ)y‘thLS estimate

N a2
. s

of. 36..6 kcal mdl ! for the-C=C‘bond'energy in C,0, indi# '
" cates, that the present calculatxons gLVe a reasonable re- | - "JJ
:.sultr- In addltlon, the 31nglet~tr1p1et separatlons of 17
and 34 kcal mol ~1 calculated hereln'are morg inlllne with
_chemical intuition than are the values of 29.4 and 61.8 ° ° -
‘keal mol-1 caloulatea by Beebe and Sabin. Sbecificall&,
- the electronlc structure of czoz 15 similar to that of 02
ratlons are found a
kCal, mol K respectlve- o

Ll

.for hlch the’ 3: -’A and Tt
i v g g g

experlmentally to be 22 6 and 3

ly (123) Since, in czoz, t‘e unpalred electrons respons-
ible for the separatlons are, on *the average, further a* -:
part .than in 02, the einglet-trlplet separetlons should be
sMEller 1n czoz than in,@z. “n summary, -the present cal--'v‘

e culatrons 12910ate that the dissocration of ethylenedxone

. to two molecules of C o 1s, overa;h, aq exothermic process,

L
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but the preoict}on oftaAs ble minimum for czoz by both K
_the present calculatlonsiand those of Beebe and Sabln,
suggeSts that, under the proper conditions, it should'be a ’
detectable species. i o
As pointea,out eerlier, attenpts to synthesize C.0,
by pyrolysisAand'bhotolysis‘of 1;2-diones hate'met with
fallure. Several reasons may be-suggested for this lack
of success, the foremost of whlch is that the C202 Lnlt;-
'ally produced, subsequently dlssoc1ates to CO and thus/ goes
;undetected. This, however, seems unllkely in v1ew_ofethe
':results presented above.' Alternatitely, the'stepWise loss
"J. ‘of Co, rather thah the concerted loss of C%0;- from the gi-
a yone, ig a p0531b1e pathway, but’ this also seems unlikely
given that the corresponding monoketones extrude ketene
readlly (118), and that the- concerted loss of CzOz is a
"'symmetry aliowed reactlon (117). In addit1on, the. argu-

. , ‘ments presented,by Haddon (119%, that the trlplet—51nglet
lseparatlon in C20; 1s suffic1ently 1arée to: prevent the ‘
vformation of,the allowed ‘99 product,Jarc.notzpleu51b1e.’
‘given that enaiOgous reactions of peroxldes‘are known to-

| B ~produce Oz in the ’Ag state (1é4)} |
ﬁ - ' “.'” o It is 1nstruct1ve to note that ‘the. gebmetrical con-=.
figuratlon of the dione unit is somewhat removed from that
. of stable linear ethylenedione. In particular, the bCO o !
angle in the dLone is approxlmately .120% and the C~C bond
.dlstanCe is expected to be substant;ally longer than the

-
C=C bond.. dlstance in CzOz. Thus the ethylenedidhe produced .




" initially will be considerably distorted from its equilib-

- rium geometry. To investigate' the effects of this distor-

o

tion on the electronic structureuof'czoz, STO-3G calcula-

‘tions have been carried out for several different CCO angles.

Cis-bending of the molecule at.the carbon atoms, lifts the
degeneracy of the 7 orbitals so that the nighest occupied
MO of’ the/ilnear conformatlon, 27 u’ spllts 1nto two compon-
ents of a; and b; symmetry ih tHe Chy polnt group. One of
these two orbltals, the a; orbital, is destabllzed on bend-
ing so that the lowest closed-shell singlet of the bent -

molecule corresponds 6 a double occupatlon of the type,

bl’orbital.,,For Small CCQ}angles;the triplet-state corresf

. pénding to singly-occupied a; and b; orbitals is the ground.-

state, but before theé CCO angle reaches 130°, the 'A; state

becomes the ground.state. The destablization.of.the aj OQ:

,bltal is also ‘reflected by an increase in the optlmum c-C

bond distance; at an angle of 130°, the optlmum value 'is

foudd to be 1.313 X corresponding to a total (single deter-

minant) energy of -222.23097 a.u. or 75.8 kcal mol” ! above
‘that of the optimum lihear triplet, Corresponding to the

,destabllzatxon of the a, orbltal, stabllzatlon.of an orb1-

tal of b symmetry, derlved from the (vacant) ng MO of the

linear confbrmatlﬁ:;Qelso atcompanles the bendlng (see Flg-

,ure III~8) . At a C anqle of 110 double cccupation of -
| thls bz orbltal becomes energetically more favourable than
double occupatlon of the b; orb1ta1 so that the:' lowest en-

ergy 51 state of the 110° bent confo:?ation corresponds

‘ B ]
s Lo “ J
v . - .
. » .
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¥ a dlfferent ‘electron conflg\ratlpn than does the lowest
q
s;nglet stete of ‘the 130° bent Gogformatlon. {?at is,- at

v 7

‘an’ dngle intermediate.betﬁeen'130° and 110°, the b; and b,
orbltal§=become_dégeneraté ard ag avoidedn.crossing of‘two’ ‘

states 6; 9?1 syQTetry occﬁrs.i The_lowest energy A, etete

of the lld’ bent spec}ee however, corfelates'smoothly with 1 e
two ground state- CO molecules.‘ Graduel 1ed§thening of'the

CC distance for thls conflguratxon is accompanled by a

sharp drop in thé. total energy so that‘tfor dlstances in ex- ‘
'cess of 1.80. %, the total €;0; energy ig less than that of. ;\
¢ 2

- the Bbund llnearﬁdonformetlon., o e e

ThUS, in dlsagreement with orbltal symmetry rules,’ -

productlon of C,0, from 1 2 drones is llkely to lead to
[ &
two molecules of c=o, because the 1n1t1ally expelled frag~
- ~g ?
ment i# formed in a reglon of the potent1a1 surface where

w pv »‘

«dissociation to Cz=0 is thefenergetlpally more faclle path- .os

‘way., For this reason, 1,2~dibnes aré not exbected_to be
precursors for C,0s so that if‘this molétule is to be

‘ e : ‘ -
sirdied‘experimentally in -any detail,oéﬁkaltegnative syn-

thesis must Be foﬁnd. R < , - i " BRI
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