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"To me, the tragic alone has that significant beauty
which is truth, It is the meaning of life — and the
hope. The noblest is eternally the most tragic.
The people who succeed and do not push on to a
greater failure are the spiritual middle-classers.
Their stopping at success is the proof of their
compromising insignificance. How petty their
dreams must have been!"

Eugene O'Neill
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ABSTRACT

Part A, Generalized valence bond calculations on cyclopropene and
vinylmethylene lead to the following conclusions: (1) the allyl-type
n-system is strongly distorted by the presence of the unpaired sigma
electron leading to a methylene-like triplet, 'SA’, but a 1, 3-diradical-

like singlet state, lﬁi’; (2) the lowest-lying singlet state of vinylmethylene
has the form of a singlet methylene AT lying 12 kcal/mole above the

triplet ground state, while the diradical singlet state lies at 14 kcal/mole.

Part B. Generalized valence bond calculations on trimethylenemethane
indicate that the ground state is the planar triplet with the planar
singlet state 26 k. ..1l/mole higher, The rotational barrier for the
triplet state is 18 kcal/mole, while one component of the planar singlet
prefers the bisected geometry by 7 kcal/mole, Oscillator strengths

for vertical transitions and ionization potentials are also reported.

Part C, Generalized valence bond calculations on vinylidene predict
that the ground state is a singlet with a methylene-like triplet at 2 eV
higher, With extensive CI calculations, we find CC bond energy of
D, (H,C=C) =150.1 kcal/mole and a heat of formation of 111.5
kcal/mole at 298°K. The dipole moment for the singlet is calculated

to be 2, 23D, while the dipole moment for the triplet is 0. 55D,

Part D. Generalized valence bond calculations on aminonitrene indicate



that the ground state is a singlet (IAI) with a low-lying triplet state
(SAZ) at 15 kcal/mole. We find the nitrogen-nitrogen bond dissociation
energy for the singlet state is 70.4 kcal/mole. The dipole moment

is found to be 4. 036D for the ‘A, and 2. 351D for the A, state of

aminonitrene, The ionization potential is calculated to be 9.4 eV.

Part E. The kinetic distribution of isomeric xylenes formed on the
thermal aromatization of dl- and meso-1,1'-dimethyl-3, 3'-bicyclo-
propenyl and of 3, 3'-dimethyl-3, 3'-bicyclopropenyl has been determined
by extrapolation of the time-dependent xylene percentages to zero
percent conversion. The data is most consistent with a mechanism
involving initial cleavage of one of the cyclopropene rings, followed by
expansion of the other ring, closure toa Dewar benzene and finally

opening of the Dewar benzene to form aromatic products.
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PREFACE

Studies on the ring opening of small organic compounds have
raised many questions concerning the nature of chemical bonding.

The deeper we probe the structure and reactivity of radical centers,
the less certain we become of our fundamental concepts. The more
we try to distinguish between concerted and diradical pathways, the
less certain we become that there is any distinction, Recent work
by Berson and Peterson have indicated that very subtle differences
in chemical structure can have dramatic effects on the stereo-
chemistry of diradical reactions. This thesis is concerned with
probing the effect of structure on diradicals; in particular, we are
concerned with the interaction of a radical center with an
unsaturated w-system.

In Parts A and B we explore the interaction of a radical
center with an allylic m-system. Both of these studies involve
intermediates that have received considerable experimental attention:
the first concerns the intermediates derived from the ring opening
of cyclopropene, while the second concerns the intermediates
derived from the ring opening of methylenecyclopropane.

In Parts C and D we study the effect of a m-system on a
1,1'-diradical. The first reactive intermediate is vinylidene,
which can be considered to come from cleavage of methylene-
cyclopropane to give ethylene and vinylidene. The second inter-

mediate studied is the nitrogen analog of vinylidene — aminonitrene,
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Neither of these two intermediates have been extensively studied
experimentally although work on both is currently underway.

In Part E we present an experimental study on the thermal
rearrangement of bicyclopropenyls. Concepts developed in Part A

are used to elucidate the mechanism of aromatization.
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PART A: VINYLMETHYLENE AND THE RING
OPENING OF CYCLOPROPENE — AB INITIO
GENERALIZED VALENCE BOND AND CONFIGURATION

INTERACTION STUDIES 1



I. Introduction

In this paper we examine in some detail the electronic states
involved in the ring opening of cyclopropene., Detailed ab initio

calculations are performed to determine the electronic nature of

these excited states. 2

Stretching of the C-C bond in cyclopropene (1), without rotation of
H

rmH
H H

the methylene group, leads to the bisected geometry of the vinylmethyl-

ene diradical (2),

Racemization of 1 can then result from rotation of the methylene group

in 2 to give the planar geometry 3 where the circle on the right



3
carbon indicates a singly-occupied m-orbital. As suggested by Berg-

man, 3 this form of the vinylmethylene diradical (3) would be expected
to be in resonance with the vinyl carbene (4) so that this planar inter-

mediate

5o

state might be represented as 5,

We have carried out ab initio calculations on the states of both
the bisected (2) and planar (3, 4, 5) geometries of vinylmethylene and
of cyclopropene (1) using Hartree-Fock (HF), generalized valence bond
(GVB), 4 and configuration interaction (GVB-CI) wavefunctions. We find
that the exchange effects in 3 and 4 are larger than the resonance effects
with the result that the triplet state favors 4 while the singlet state
favors 3. Thus the form 5 is not an appropriate description of either
state.

We have also found a low-lying singlet state of the form 6 which



is analogous to singlet carbene and which might play an important role
in the racemization of cyclopropene 1. The likely roles of these states
in various thermal and photolytic processes is discussed.

In order to provide simple ways of characterizing these states the
wavefunctions of 3, 4, and 5 will be referred to as 3r while the wave-
function of 6 is referred to as 2¢ (indicating in each case the number of
electrons in ¢ orbitals). Using standard notation the triplet and singlet
states of 3, 4, and 5 are denoted as *A” and 'A” while the state of 6 is
denoted as 'A’. Although redundant we will often add a (37) or (27) to

aid in keeping track of the wavefunctions.



II. Calculational Details

A. Basis Sets and Geometries. Dunning's5 (4s2p/2s) contraction
of Huzinaga's (9s5p/4s) primitive Gaussian basis was used in all calcu-
lations. This double zeta basis (DZ) was augmented by a contracted set of
polarization d-functions (@ = 0.678) on each carbon. This more
extensive basis (DZd) had previously been shown to be necessary in
calculating the singlet-triplet gap in methylene.6

Geometries appropriate for bonding structures 1, 2, 3, 4, 5, and
6 were utilized. The experimental geometry'7 for 1 was used, while for
the others, CH bonds were taken as 1.08 A, CC single bonds as 1.54 ﬁ,
CC double bonds as 1.34 A, and all bond angles, except for the left HCC
bond angle, were taken as 120°,

A series of calculations (DZ basis) were carried out for the
planar geometry (5) using equal CC bond lengths of 1.38 A (appropriate
for bond order 1.5) and left HCC angles of 120°, 180°, 240°. These
calculations showed the triplet 3 state to have the form in 4 and the
singlet 3 to have the form in 3. We then repeated the calculations
using a DZd basis and geometries appropriate for 3 and for 4 (e.g., in
4, the left HCC angle was taken as 135°).

In the 27 singlet state (6) the left HCC angle was taken as 105°
(in analogy with the o state of methylene). Two different sets of CC
bond lengths were considered for 6; initially normal CC single and double
bond lengths (1.54 and 1,34 A) were used. Final calculations on the 27
=1.50A and R =1.324), values

ce-{ cec-r
optimized by Salem and Stroher8 using Hartree-Fock minimum basis -

state used CC bond lengths (R

set wavefunctions.
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B. The GVB calculations. The HF wavefunction for the triplet

state of 5 would consist of ten doubly-occupied orbitals and two singly-

occupied orbitals:

A 9% bin bam & _@B...aPapaa]. (1)
The most serious deficiency in this wavefunction is the lack of correla-
tion between the electrons in the 7 orbitals, an effect that has been found

9,10 his

to be very important in describing unsaturated systems.
problem is eliminated by using the GVB(2) wavefunction in which we
allow each of the three r-electrons and the one unpaired o-electron to
have their own orbitals. In our calculations we restrict the GVB(2)
wavefunction by partitioning the four singly-occupied orbitals into two
sets of mutually orthogonal singlet- or triplet-coupled pairs (referred
to as the perfect pairing approximation and indicated by the symbol PP).

Thus the GVB(2/PP) wavefunction for the triplet state (1) is of the form:

A [ ¢ - dsaB...aBl (0 dar + Gor buyr N@B) (P $ o) (@)} (2)

This wavefunction was then used in all preliminary calculations to obtain
the basic qualitative features of bonding.

Since we are concerned with the ordering of states within a few
kecal, we also carried out much more extensive calculations in order to
include the smaller additional correlation effects that affect excitation
energies. For conjugated systems the most important correlation
effects ignored in the GVB(2/PP) wavefunction are the interpair correla-
tions involving simultaneous ¢ = ¢* and 7 - r* excitations of the C-C

9,10

bond pairs. In order to include these correlations consistently, we

also correlated the CC ¢ bonds leading to the GVB(4/PP) wavefunction



(this results in localized CC o bond pairs and provides o * orbitals for
the interpair terms). These orbitals were then included in a configura-
tion interaction calculation (GVB-CI) to include various residual electron
correlation effects.

Finally, we were concerned that the perfect pairing restriction
might have prejudiced the localization of the double bond since it allows
only one spin coupling. To check for this possibility we relaxed the
perfect pairing restriction for the three r-electrons and one o-electron

using the SOGVB program. 11 Thus for example the

(D17 Parr + Psgr Pamr) Por P o @Baa]
= [d’m Paq Pog $o (@B - Ba) aal

part of (2) becomes

(D17 Gsqr Pog Do X]

where

X = C,(aB - Ba)aa/V2
+ C, (aa)(aB - Ba)/ V2
+ Cy[(aapB + BBaa) - 5(aB + Ba)(apB + Ba)]/V3

and both the orbitals and spin coupling coefficients (C,, C,, C,) are
optimized self-consistently (including self-consistent optimization of the
other o orbitals of GVB(4) wavefunction). Such calculations were
carried out for the DZd wavefunction using the appropriate geometry of

4 for the triplet state and of 3 for the singlet state. No change in the

extent of delocalization was observed in either case.
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Figure 1. Selected GVB orbitals for the SA,/ , A, and 1A' states of
planar vinylmethylene based on the GVB(2/PP) wavefunction
using the DZ basis set. Long dashes indicate zero amplitude;
the spacing between contours is 0.05 a.u. The same con-

ventions are used for all plots.
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III. Discussion

A. The GVB Orbitals. The GVB orbitals for the *A”, A’ , and
A" states are shown in Figure 1. These orbitals come from the calcu-
lations [GVB(2/PP)] using the geometry of 5 and a left HCC angle of
120°. By using the equal CC bond lengths of 5, we ensured that our
wavefunction would not be biased toward localization. However, as can
be seen in Figure 1, the v-system for ~ 'A” and A” is well localized.

In the *A” (37) state the GVB g-pair is localized on
the right CC bond while a siugly-occupied 7 orbital is localized on the
left carbon nucleus. Therefore, the *A” state has the form of a vinyl-
methylene instead of the allylic form 5. The A" (37) state shows an
entirely different type of localized 7 system in which the w-pair is local-
ized on the left CC bond while the singly-occupied 7 is on the right
nucleus. Thus the *A” state resembles the 1,3-diradical 3. The A’
(27) state resembles the A" state in that the 7-pair is localized on the
right, however the extent of delocalization is somewhat larger for the
A’ state. Some delocalization is expected in ‘A’ (2r) due to the absence
of a 7 electron on the left carbon; however, such delocalization tends to
build up a negative charge on the left center limiting this effect, The
*A” and 'A’ states have the form of a vinylmethylene, while the "A”
state resembles a 2,3-diradical.

The two 37 states (*A” and "A”) had been generally assumed to be
a resonance hybrid of 3 and 4, much as in the allyl radical. However,
the GVB calculation shows quire conclusively that the presence of the
unpaired sigma electron strongly distorts the r-system, The reasons

for this are analyzed next. The sigma electron interacts with the
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m-system through the exchange terms, resulting in the nondegeneracy
of the two resonance contributors ( 3 and 4). We can represent the
energy of each contributor as the sum or difference of a basic energy
term, E , and an exchange term, Koﬂ, which describes the interaction
between the two unpaired electrons. The triplet state is stabilized by
the exchange term as in (3), while the singlet state is destabilized by

KGn as in (4). The magnitude of the exchange terms

Ep = E,-K_ (3)

Eg=E, -K__ (4)

K il is related to the proximity of the orbitals. Thus for 4 (where
electrons are located on the same carbon), it is large (0.9 eV) but for

3 (where the electrons are well separated) it is small (0. 05 eV).19 Thus
eq (1) shows that in the triplet state localized structure 4 will be lower
than 3 by 0.05 eV, while from eq (2), in the singlet case state 3 will be
lower than 4 by the same amount. The consequences of these exchange

terms are the localized orbitals depicted in Figure 1,

B. ResonanceEffects. Since the ideas of resonance provide power-
ful arguments for qualitative discussions of organic systems we will next
analyze our wavefunction semi-quantitatively in terms of the interaction
of structures 3 and 4. We can consider the molecular wavefunction for

the *A” state to be composed of two nonequivalent wavefunctions,

Y = 8/\ and y, = @/\o ()
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with energies E, and E, such that E;, < E,. Allowing the total wave-

function to have the form

® =CiyY+Cys, (6)
we want to determine where the two states of & lie in comparison with
E, and E,.

The final separation of the resonant and anti-resonant states is

calculated from our GVB(2/PP)-CI wavefunctions to be
A, =2, = 3.56 eV, (M

In Appendix A we show how to use the excitation energy (7) along with

the energy separation

E, -E, = 0.85eV (8)
and overlap
S = (Wu|wp) = 0.630 9)

of Y, and y, (from the GVB calculations) to obtain the resonance energy

for the wavefunction (6). The result for the triplet state is

EF®S _ 6.6 keal/mole

which is 60% of the resonance energy, 11.4 kcal/mole, for the allylic
system. 12

The final wavefunction for the resonant state is

¢, = 0.728 y, + 0.366 y, (10)
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in terms of nonorthogonal functions. Orthogonalizing (and renormalizing)

Y, to ¥, , wavefunction (10) becomes

¢, = 0.959 3, + 0.284 y, (11)

in terms of orthogonal functions. Here we see that the total wavefunction
is 92% y, although the formulation (10) in terms of nonorthogonal orbitals
might have suggested greater delocalization,

In order to compare with a case possessing perfect allylic reso-

nance, we set E, = E,, obtaining

¢, = 0.554 Y, + 0.554 y, (12)

or in terms of orthogonal functions
¢ = 0.903 Y, +0.430 ¥, . (13)

From (13) we see that the allylic wavefunction is 81% ¥, (or ¥,). Com-
paring (12) with (10) or (13) with (11), we see that vinylmethylene has
about half the resonance or delocalization expected of an allylic pi system.
In the above discussion all numbers were based on the case for
equal bond lengths. The optimum geometry for 4 has unequal bond
lengths leading to a large increase in E,-E, and as a result will decrease

the resonance energy.

C. Inversion Barriers. To study the interconversion of the syn
and anti isomers of 5, we carried out calcula.ions at HCC angles of 120°
(anti), 180° (linear), and 240° (syn) using the equal bond lengths restric-
tions of 5. Because of this restriction, the separations between electronic

states are not as accurate, but the shapes of the potential surfaces should
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be reliable. In the A” state the calculations predict relative energies
of 0.48, 8.76, and 0.0 kcal for these angles, indicating that the syn and
anti forms are nearly degenerate (with syn more stable), but are separated
by a relatively large inversion barrier. This barrier compares well
with the inversion barrier of triplet methylene (9 kcal/mole)6 in agree-
ment with our qualitative picture of the *A” state as a substituted methyl-
ene. Inthe 'A” state the relative energies were 0.0, 1.56, and 0.84
kcal/mole; here there is a small inversion barrier, as one would have
expected for a vinyl radical (~ 2 kcal/mole). 13 Finally, the 'A’ state
gave energies of 0.0, 18.12, and 1. 44 kcal/mole, corresponding to the
large barrier observed in the inversion of singlet methylene (‘A,). 6 In
all three cases, the inversion barriers compare well with the qualitative

picture of a localized m-system.

D. Excitation Energies. The localization of the m-system in the
*A” and 'A” states suggested that the carbon-carbon bond lengths should
not be equal as assumed in the previous calculations. Appropriate
geometries (see Sec.II.A) were therefore used for the *A”, 1A”, and *A’
states. These modified geometries resulted in an energy lowering of
6-8 kcal/mole for each of the three states (see Table I).

In studies on methylene, Hay, Hunt, and Goddard6

found that the
inclusion of 3d polarization functions lowered the °B,-'A, energy separa-
tion from 22.4 to 11.0 kcal/mole. In vinyl carbene,inclusion of d-func-
tions lowered the *A” - A’ excitation energy by 18 keal/mole.

The 3A” (37) - A’ (27) separation was found to be sensitive not

only to inclusion of d-functions but also to inclusion of CC-sigma bond
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Figure 2. Electronic states of vinylmethylene (energies in Kcal mole‘l)
from GVB(4)-CI using DZd basis. CH bonds are omitted
in the diagrams. The lowest energy pathway (not shown)

involves simultaneous ring cpening and methylene rotation.
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correlation. Previous calculationsg’ 10

on systems containing multiple
bonds had showed that (0 — o*, 7 —7*) excitations are important in obtain-
ing accurate excitation energies. In vinylmethylene these correlations
involving CC-o bonds were included, leading to an increase in the *A” -
'A’ excitation energy of 4 kcal/mole.

The excitation energies for the planar states are shown in Figure
2. We predict a ®A” (37) - 'A’(27) separation of 11.7 keal/mole--
very close to the separation found for methylene itself (11.0 kcal/mole)%0
The ‘A” (37) state lies only 2.3 kcal/mole above the 'A’(27) state;
this A" (37) - 'A” (27) gap of 14,0 kcal/mole is considerably less
than the °B, - !B, splitting in methylene (44 kcal/mole). Thus, as
expected, the vinyl substitution lowers the 'A” (37) state relative to
the A" (27) state by reducing the repulsive exchange interaction
through localization of the singly-occupied orbital onto the g-carbon.

Also shown in Figure 2 are the excitation energies for the bisected,
twisted geometry 2 of vinylmethylene and for cyclopropene. The triplet-
singlet splitting for 2 is found to be only 0. 4 kcal/mole, as expected for
a orm 1, 3-diradical. The triplet-singlet splitting for cyclopropene is
found to be 119.9 kcal/mole (compare with 106.1 kcal/mole from

similar calculations on ethylene14) i

E. The Ring Opening of Cyclopropene. As shown in Figure 2, the

two states which correlate directly with ground state cyclopropene are
the twisted 'A’ (27) state and the planar ‘A” (37) state. The GVB

orbitals for cyclopropene and these two states are shown in Figure 3.
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Figure 3. GVB orbitals for ring opening of cyclopropene. All valence

orbitals are shown for the geometries 1, 2, and 3 .
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In cyclopropene there are two basic types of bonding pairs for the
o-system. The first type of bonding pair is the CC o bond between
centers 1 and 2 and consists of one orbital centered on carbon 1 and

1.6 )15 toward carbon 2 and one orbital on carbon 2

hybridized (sp
hybridized (spl‘ 6) toward carbon 1. As expected from the symmetry
of the molecule, these two orbitals are mirror images of each other.
The second type of bonding pair includes the two identical CC bonds
between centers 3 and 1 and centers 3 and 2. The orbital in each pair

3.8

that is centered on carbon 3 is sp hybridized while those on carbons

2.6 1, ybridized. Thus these pairs (sets B and C) consist

1 and 2 are sp
of orbitals that contain a greater amount of p-character than those of

set B; they are less spherical and more directional. Furthermore, each
orbital in the pair is not hybridized directly at the opposing carbon but
instead is hybridized more toward the outside of the ring. The resulting
picture is that of a bowed or strained three-member ring.

Stretching the CC bond of cyclopropene to give the ring opened
form--the twisted ‘A’ state--we can see the effect strain had on the cyclo-
propene bonds. In sets A and B, the bonding pairs of the two CC
o -bonds now consist of two orbitals pointing directly at the other bonding
center. The bowing of the sigma bonds is no longer present. The left
1.4 1.9 hybrids

on carbons 1 and 2, while the right CC bond is composed of sp2‘4

CC bond is composed of two orbitals which are sp and sp

and

sz' 0 hybrids on carbons 3 and 2.
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The o -bond pair corresponding to the broken CC bond (set C) shows
extensive rehybridization upon ring opening. The orbital on the left

5.4 hybrid, while the orbital on the right is a pure

carbon is now an sp
p-orbital.

As the right methylene group is rotated to give the 'A” state, we
see that the two CC sigma bond pairs change very little. In addition,
the unpaired sigma orbital on carbon 1 does not change. The only sub-
stantial change in the system is that the p-orbital previously in the
plane is now perpendicular to the plane. We see further that this
singly-occupied 7-orbital is largely localized on the right carbon.

The 7-bonding pairs for the three states are shown in set D. We
see that ring-opening has little effect on the 7-system. Rotation of the
methylene group leads to only small amounts of delocalization.

In the above discussion we have artifically broken the ring opening
of cyclopropene into two modes--bond stretching and methylene rotation.
In reality the reaction path near the saddle point no doubt involves
simultaneous rotation and bond stretching. Thus the activation energy
for ring opening--42.6 kcal/mole--shown in Figure 2 is probably a bit
high; we expect the activation energy to lie between 38-42 kcal/mole.

Our calculations show that the 1, 3-diradical singlet state (*A’)
correlates well with ground state cyclopropene, and therefore suggest
that 'A” is the state most important to the isomerization. The

"1, 3-diradical' state 'A” could possibly decay to the "'carbene' states

'A’ (27) and *A” (37), leading to products characteristic of singlet and
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triplet methylene; however, in this case ring closure must then be

preceded by reconversion to 'A”.

On the other hand, formation of vinylmethylenes by extrusion of
nitrogen from a vinyl diazo-compound should lead directly to 'A’, which
may react as a carbene, or decay to 3A”, which would react as a triplet
methylene. We would not expect significant formation of 1A”.

F. Comparison with ESR Spectra. Recent ESR experiments by

Wasserma.n16

and Chapma.nl'7 have reported the observation of two trip-
let vinylmethylenes having the following zero-field splitting parameters:
D = 0.4578 (0.4130), E = 0.0193 (0.0176) and D = 0.4093 (0.4090),

E =0.0224 (0.0233). [Numbers in parentheses refer to Chapman's
work.] The two triplets observed were interpreted16 as the syn and

anti A” vinylmethylenes.
8 )

The low values for the D parameters were interpreted as being indicative
of a fully delocalized allyl m-system.

The observation of two triplets in the ESR is in agreement with
our calculations, which predict the two isomeric forms of the *A” to be
nearly degenerate (separated by ~ 0.5 kcal) and separated by a substan-
tial barrier (9 kcal/mole). Thus both isomers should be observable in

the ESR.
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Our calculations, however, do not support the interpretation of a
fully delocalized allylic m-system for vinylmethylene. In fact, our cal-
culations suggest a considerable amount of localization., In order to help
resolve this apparent discrepancy, we sketch below a simplified calcula-
tion of the ESR D value for our wavefunction.

The D value for our total wavefunction & [see eq (1)] can be written

as
D = (|| o)

= Cf(%]ifCDWl) + cz(‘f/al"}cb'i\(’z) * 2C1C2<'~I/1I"‘D'wa) (14)

in terms of our nonorthogonal wavefunctions where ¥ is the Spin-spin

interaction Hamiltonian. Using the Mullikan approximation

%% = % S(‘Pﬂpl T "pztpz) (15)

for the cross terms we find
D = (cf + ¢,&,8) (¥, [3ep | ¥y) + (¢f + ¢,6,9) (¥ |3 | W) (16)

The second term of eq (16) represents the spin interaction between an
electron in the o orbital on carbon 1 with an elcctron in the 7 orbital on

carbon 3. Consequently, the term should be negligible compared with
(‘PJ.IGCDIWJ . Thus,

D = (cf + ¢;6,9) (Y, [%ep vy ) - (17)

Assuming that the one-center integral here is the same (0. 627 cm ™) as
for methylfme18 (neglecting then possible changes in the "methylene"
HCC angles), leads to the following D values:
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D = 0.627 cm™" for methylene
D = 0.438 cm™" for wavefunction (10)
D = 0.318 ecm™" for wavefunction (12)

where wavefunction (10) is vinylmethylene and wavefunction (12) is
vinylmethylene with perfect resonance, Qur predicted D of 0.44 is in
reasonable agreement with the experimental value of 0,43 (average of

syn- and anti-isomers), =P

Thus, because of the cross-term
¢, ¢, S{Y, IJCD[ Y, ), even a fairly localized r-system can have
substantially smaller zero-field parameters than the perfectly

localized system.
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V. Summarg

Summarizing, our calculations predict that

i the allyl-type m-system is strongly distorted by the presence of
the unpaired sigma electron leading to a methylene-like triplet,
A" (4), but a 1, 3-diradical-like singlet state, "A” (3);

2., the lowest-lying singlet state of vinylmethylene has the form of a
singlet methylene "A’ (6) lying 12 kcal/mole above the A" ground
state, while the diradical singlet state ‘A” (3) lies at 14 kcal/mole;

3. the *A” ground state of 4 should exist in two geometrical forms
(syn and anti) having nearly the same energy and separated by a
large barrier (9 kcal); and

4, the 1, 3-diradical singlet state has only a low barrier (2 kcal/mole)
between the syn and anti forms while the methylene triplet and
singlet states have large barriers.

These results suggest that the ring opening of cyclopropene proceeds

directly to a diradical planar intermediate.
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Aggendix

A. Calculation of Resonance Energy. Since y, and i, are non-

orthogonal, we will construct a new wavefunction Y, that is orthogonal

to ¢,. Thus,
— ‘pz = S‘pl
Wy & (1)
V1- 8?2
where

S = <’~P1|’J/2> . (2)

The molecular wavefunction (1) is now rewritten in terms of the orthog-

onal ¥, and -z;z to give
¢=7c Y + Ezu‘pz (3)

and the solutions are given by
i, gm\ APNE "
H,, Hy Cy Ca
Hy, = <¢1‘Jclwl) = E,

Em = ('%':’C'Ez) = (Hy, - SE))/V1 - s

where

(W|5¢|¥,) = (E, - 28H,, + SE,)/ (1 - §)

ae]
8
[

E, +[S(E, + E,) - 2H,,]5/(1-5%) .

Taking E, as our energy zero leads to the following expressions,

H, =0
H, = H,/V1-§

= E, + [S(E,) - 2H,,]S/(1-5")

ool
8
[
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Figure 4. Resonance effects in vinylmethylene. Numbers based on the

'y (37) state using equal bond lengths.
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|
(=]

where

d = [S(E,) - 2H,,]8/(1-5%).

The energy E, now represents the difference in energy between y, and
Y, before orthogonalization, while the energy 0 is the difference in
energy between y, and z-p; (i.e., after orthogonalization). The solutions

of (4) have energies

A =E +30 01024+ H,/(1-5). (5)

The lower energy solution uses the minus sign in (5), leading to an

energy we can represent as

A, = E, - ET®S

where

ET®® = _RH,,/(1 +9)

E, E,
R ={//(S+ )2+(1-Sz) - (S+———)}/(1-S).
2H,, H,,

The quantity EF®S is the stabilization or resonance energy of the state

Y, due to mixing in of state 1;2; R =1 for E, = E, and decreases toward
zero as E, - E, increases. The full resonance, R=1 is obtained when
E, =E, as for example in allyl radical.

The upper state of 5 has energy

A, = E, +6+E®,
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Thus in terms of the non-orthogonal functions the anti-resonance energy

is
ETeS | 5 . E, - E,).
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B. Calculation of Zero-Field Parameter D, Expanding the

molecular wavefunction ¢ in terms of y, and y, leads to

D

((Dl:}CD|<I>) ={c, ¥, + cz‘pzlﬁc])lclwl +C¥Yp)
cf(‘pLIJCD]‘Px) + cz(‘nvzlmljl‘»l/z> + 20102(‘P1|3CDW’2> .

Il

Using the Mullikan approximation that

Wol B |¥) = 3@l W] B ey + Wal B 1)

for a one-electron operator P,

D = (c]+ cxczs)<w1lJCD|‘P1> +(cz + c1czs)<"p2|3€])~‘l’z)
where
S = (W|¥s).

For a totally localized wavefunction ¢, = 1 and ¢, = 0, and hence

D = (¢1|JCD|IP1> .

The y, and y, in the above represent the many-electron wave-
function which we found to be S = 0.630 for the triplet state of vinyl-
methylene (DZ basis, equal bond lengths). Since the overlap of the singly-
occupied 7 orbital of i, with the singly-occupied 7 orbital of y, is

0.631, we can consider i, as the product of om, and y, as or,, and

r H
hence the use of the Mullikan approximation seems justified.
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PART B: ELECTRONIC STATES OF
1
TRIMETHYLENEMETHANE
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I. Introduction

Trimethylenemethane 1 has been a subject of much theoretical
discussion since the work of Moffitt. 3 Only recently, however, has the
molecule become a subject of serious experimental and theoretical work.
In 1966, Dowd3 reported the first preparation of 1 from the pyrolysis

of the pyrazoline system 2:

~

1 2

4

The early work of Dowd has been summarized in a review article™ and

will not be discussed. In 1971, Berson5

prepared the trimethylene-
methane diyl analog 3 from the diazo compound 4, and extensive
research has been conducted since then. Early esr experiments showed
3 to have a triplet ground state, and CIDNP studies showed the

dimerization of 3 had to include at least one triplet reactive species.

-~

b

.

Additional studiesﬁ'9 have shown that at least two distinct electronic
states are involved in the pyrolysis of the diazo precursor 4. Berson

has postulated that the two reactive species are a bisected singlet 5
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and a planar triplet 6.

3
3
o @

5 6

o~

Previous theoretical studies on trimethylenemethane diradical }\
have led to contradictory results. Most workers agree that for the
planar geometry the Jowest state is a triplet state; however, calculations
of the lowest planar singlet state lead to energies of 21,10 68,10 ang
701 kcal/mole from ab initio Hartree-Fock (HF) wavefunctions and 35
and 57 kcal/mole12 from semi-empirical Hartree-Fock wavefunctions,
Part of the problem here is a special difficuliy with spatial symmetry
for the Hartree-Fock wavefunction of the lowest singlet state, 13

We report here the results of ab initio configuration interaction
(CI) calculations based on generalized valence bond'? (GVB) wave-

functions of both the planar (1) and the bisected (7 ) geometries of
7
H H
\ﬁ/ C? o
H : H H C H
Sy C\ s R \C/

C
| | | l
H H H H

1 1

trimethylenemethane which eliminate the above difficulties and provide

a description of the other excited states, including the transition
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oscillator strengths. A summary of these results was communicated

earlier. 15

II. Calculational Details

For all calculations, a contracted Gaussian basis set equivalent
to a double-zeta (DZ) basis was used. For carbon, Dunning's con-
traction'® (3s, 2p) of Huzinaga's (9s,5p) basis set was utilized, while
for hydrogen a comparable (4s/2s) contraction was used with each
Gaussian exponent multiplied by a scale factor of 1.44 corresponding to
a Slater exponent of £ =1.2.

Our objective in these studies was to establish the overall
character of the states of planar and bisected trimethylenemethane.
Hence we have used a geometry of each form roughly appropriate for
the ground state: C-C bond lengths of 1.40 A, CH bond lengths of
1.086 A and bond angles of 120°. Since these geometries are roughly
appropriate for the ground state, we obtain vertical excitation energies
and ionization potentials. Geometry optimization would be particularly
important for the rotation barriers.

In the GVB calculations the 7 bond pair of the triplet state was
correlated with all orbitals described as symmetry functions (for the
appropriate symmetry group). For the planar configuration this led to
four occupied 7 orbitals. In the configuration interaction (CI)
calculations for the planar case,a full CI was carried out over these
four orbitals plus the four remaining (virtual) g orbitals for the DZ

basis. Thus the ground state sigma orbitals were used for all excited
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and ion states. This is adequate for the valence excited states and
reasonably adequate for the lower ion states.

For the bisected configuration this GVB calculation leads to four
non-closed shell orbitals, three 7 and one ¢. For the CI this was
supplemented with three additional 7 and one additional ¢ (virtual)
functions obtained by starting with the most diffuse 7 function on each
of the three unrotated carbons plus the corresponding o-like orbital in
the rotated carbon and orthogonalizing to all original orbitals. In
additional CI calculations including single excitations from the com-
bination of CH orbitals on the rotated carbon, we concluded that such
excitations are unimportant.

All HF and GVB calculations were carried out with Bobrowicz-

Wadt-Goddard programl'7

using the fully self-consistent techniques of
Hunt, Hay and Goddard. A8 The CI calculations were carried out with
the Caltech CI porgram (Bobrowicz, Winter, Ladner, Moss, Harding,

Walch, and Goddard), 19

III. Results

The ground state energies for the planar and bisected geometries
of trimethylenemethane were calculated using HF, GVB, and GVB-CI
wavefunctions. These results are shown in Table I.

The results ol CI calculations on the excited states are presented
in Tables II and III where we have also listed the dominant configura-
tions for each state. Because of the use of the GVB orbitals there are

few dominant configurations.



43

Table I, Total Energies for the Ground State of Trimethylenemethane

(Hartrees)
State HF GVB GVB-CI
°A, (planar) -154. 82362 -154. 83639 -154, 873178

°B, (bisected) -154. 79619 -154, 81169 -154, 84478
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Talide 1, Esettotion Ve ecdes and Do oo e CondiuraQons for Py Franethy lenemotbuime

GVI- Ll AN conliraticrs contvibee gy e than O 00 bavteee 6,075 Leal meie are neluded,

ATt 4 Encry
pltli sy b
SlateSvaaaviny Enorgy Lower e
Dy Oy veal mete) By 0] B0 E N FaeTY sl B0 R v (eg) (hartree)
- U 0.0 2 0 1 1 0 [\ 0 0 --
1 1 1 1 0 0 0 0 0.036
0 2 1 1 0 0 0 0 0.013
' B 26.4 2 0 1 1 0 0 0 0 -
1 C 2 1 0 0 0 0 0.C60
2 1 O 1 0 0 0 0 0.043
‘A, 26.4 2 0 2 0 0 0 0 0 ——
2 0 0 2 0 0 0 0 -
1 0 1 2 0 0 0 0 0.061
2 1 1 0 0 0 0 0 0.043
A 1017.6 1 0 2 0 0 0 0 0 -
2 1 0 1 0 0 0 0  0.089
1 1 1 1 0 ] 0 0 0.049
2 0 0 1 1 0 0 0 0.021
0 1 2 1 0 0 c 0 0.015
1 2 0 1 0 0 0 0 0.015
s 107.8 1 0 1 2 0 0 0 0 o
2 1 1 0 0 0 0 0 0.089
1 1 0 2 0 0 0 0 0.029
1 1 2 0 0 0 0 0 0.029
2 0 1 0 1 0 0 0 0.021
0 1 1 2 0 0 0 0 0.015
1 2 1 0 0 0 0 0 0.015
1Al By 125.4 0 0 2 2 n 0 0 0 -
2 0 0 0 [ 0.015
2 0 2 0 i 0 0 o 0.015
A A, 195.9 2 1 1 0 0 0 0 0 --
2 0 1 0 1 0 0 0 0.036
1 0 1 2 0 0 0 0 0.013

a']‘he first four orbitals are the GVE orhitals while the last four are the remaining (virtual)
pi orbitals for the DZ basic,

b’nm cnerpy increase upon deleting this configuration from the wavefunction.
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Table L, Excilortwm Sner s and Iaaninast Conlhruracions for Bmec.ed Trinety lenemethane
[(‘.\"_:_(‘]l, Al confpreradions confrivulise pore e 0,010 Iretr e - 60295 Kool siale are fiwiuded,

s it i S e e e A S e L A i i i i s . i e i i . e el

BExciation ey
State Symmetry Fueray Confiruration Lowering
Coyv dheal/mole) o) #,(®) =.0) 5,0 of®) 5, M) w6
B, 18.2 1 2 0 1 0 0 0 0 -
1 1 1 1 0 0 0 0 0.023
1 0 2 1 0 0 0 0 0.617
‘A, 139.0 2 2 o 0 0 0 0 0 =
1 2 0 0 1 0 0 0 0 043
2 0 0 2 0 0 0 0 0.028
2 1 1 0 0 0 0 0 0.011
°B, 155,6 1 1 1 1 0 0 0 s
1 1 0 1 0 0 0 0.025
‘A, 160.1 0 2 0 2 0 0 0 0 v
2 2 0 0 0. 0.016
0 1 1 2 0 0 0 0 0.011
'B, 20,2 1 2 0 1 0 0 0 0 ==
1 1 1 1 0 0.025
1 0 2 1 0 0 0 0 0.0i7
A, 98,7 1 1 0 2 0 0 0 0 --
1 2 1 0 0 0 0 0 0.11
1 1 2 0 0 0 0 0 0.026
1 0 1 2 0 0 0 0 0.024
A 99.9 1 1 0 2 0 0 0 0 --
1 2 1 0 0 0 0 0 0.11
1 1 2 0 0 0 0 0 0.026
1 0 1 2 0 0 0 0 0.025
1 -2 0 0 0 0 1 0 0.011
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The CI results for the lower ion states of planar and bisected
trimethylenemethane are shown in Tables IV and V.

In Table VI we compare our results to those of previous workers.
Our numbers are in good agreement with the HF calculations of Yakony

10

and Schaefer (We avoided the ambiguity in the energy of the 'E’

state by carrying out CI.) The early HF calculations by Hehre et al. 14

12

and Mindo calculations by Dewar™“ led to excitation energies high by a

factor of two.

1V. litative Description

First we will consider the excited states of the planar geometry.
Given four orbitals each with one electron, we can form six states
(referred to as covalent or valence states): two singlets, three triplets,
one quintet. The quintet state is expected to be of high energy and was
not calculated.

The ground state triplet, 3A; can best be described with the three
outer orbitals high-spin coupled (S = ) and the central carbon orbital

low-spin coupled to all three (leading to S = 1):

b
s s ¢ a[d]

Il
I

(See Appendix for the precise expansion of the wavefunction). 2

Rotating, say, the upper CH, group to the bisected form leads to a loss
of bonding between centers b and d and hence to a higher energy (by
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Pluna Tewretholeaemetbsae
than 0, B haatree @200 Ledl paole s inelaadod,

e ry
Cueafi.wralion Lowesians

*

@) w0 agel) T ey) whag) agal) 2o (e .-_:(v;',\ (hartver)
2 0 e 1 0 0 0 0 --
1 1 i 0 0 0.028
0 0 2 1 0 0 0 0
2 0 1 0 0 0 0 0 -
1 0 2 0 0 0 0 0 0.016
1 0 0 2 0 0 0 0 0.016
0 0 1 2 0 0 0 0 0.013
1 0 1 1 0 0 0 0 -
0 0 1 1 0 0 1 0.006
2 1 0 0 0 0 0 0 --
0 0 0 1 0 0 0 0.033
1 0 0 2 0 0 0 0 0.018
1 0 2 0 0 0 0 0 0.018
1 2 0 0 0 0 0 0 0.012
0 1 0 2 0 0 0 0 0.012
0 1 2 0 0 0 0 0 0.012
1 0 1 1 0 0 0 0 -
1 1 0 1 0 0 o 0 0. 060
] 0 2 1 0 0 0 0 0.013
2 0 0 1 0 0 0 4} 0.012
0 1 1 1 0 0 0 0 0.011
1 0 2 0 0 0 0 0 --
1 ] 0 2 0 0 0 0 0.070
1 1 1 0 0 0 0 0 0. 060
0 0 1 2 0 0 0 0 0.013
2 0 1 0 0 0 0 0 0.012
1 1 1 0 0 0 --
] 1 1 0 0
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Figure 1. Electronic states of trimethylenemethane (energies in

-1
kcal mole ).
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18.2 kcal mole™") as indicated in Figure 1,

The other two valence triplet states are degenerate, 3]E:’, lying
107. 6 kcal mole™" above the ground state. These states can each be
represented as the singlet coupling of two orbitals and triplet pairing

of the other two:

\

(3

B, = /l\ = |b d (2)
MR e

=

r )

LA - /l\—)\ T L &)
I N -

Notice that the 3B2 state (2) has a bonding interaction between centers b
and d, while the 3A1 state (3) has an antibonding interaction between
these centers. As a consequence,rotation of the upper methylene group
leads to a lowering of energy for the °A, state (by 8.9 kcal) and a
raising of energy for the °B, state (by 48.0 kcal).

Turning to the planar singlet states, we find two degenerate
states 26,4 kcal/mole about the triplet ground state, These can be
represented, respectively, as either the coupling of b and d into a
triplet, the coupling of a and c into a triplet and then the coupling of

these two pairs into an overall singlet state
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B, = ] = [b @)

o w

or as the coupling of b and d into a singlet, the coupling of a and ¢ into
a singlet and then the coupling of these two pairs into an overall singlet

state,

(5)

=l leg
(e} [=7

oy
A, = _*=
AN R

Examining the net bonding-antibonding interactions, we see that both

states have two bonding and one antibonding interactions and hence
should be degenerate. Rotating the upper methylene group to the bisected
form removes a repulsive triplet pairing for 'B, (4),stabilizing this
state by 6.2 kcal but removes an attractive singlet pairing for ‘A, (5),
destabilizing this state by 73.3 kcal. These changes parallel the changes
in the triplet case,

Thus the overall picture for the five valence states for planar
trimethylenemethane is summarized in Figure 1,

Now we will examine the excited states of the bisected
trimethylenemethane. Considering the bisected trimethylenemethane to
be the union of the pi system of allyl radical with the sigma radical

orbital of methyl radical
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allows us to build up the excited states as follows.

The ground state of allyl has the form (6)

3

A, = = a|b] (6)
T

(corresponding to the resonance form =2 - X ), leading to
®A, (7%) symmetry. Combining this with the in-plane sigma p-orbital
[2B, (0) symmetry] leads to B, (o7°) (7) and 'B, (o7°) (8) states

B, = [ - Eﬁl (7

( /I ?J
1 (8)
= = d
. ) ” b‘




95

that should be nearly degenerate (separated by a two-center o7 exchange
integral). As expected, we find a 3B1 ground state for the bisected
geometry with the 1B1 excited state lying 1. 8 kcal/ mole™ higher in energy.
Rotating the upper methylene group to the planar form leads to a bonding
interaction for 3B1, stabilizing the state, and leads to an anti-bonding
interaction for 1Bl, destabilizing this state.

The first excited state of allyl is the antiresonant state

(ANt )

B, =, Tt . TN = [2¢ 9

21

which is °B, symmetry and lies 3.2 eV“" above the resonant state (6).

Combining this anti-resonant form of allyl with the sigma p-orbital
(°B,) leads to the °A, (10) and ‘A, (11) states

b
3A _ ¥ |

e

(10)
)

R-F
1A2 _ - _
Y T

T

(11)

o R o]
lon (o]
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which should be ~3.2 eV above the 3’lB1 states and nearly degenerate
(separated by a two center o-g7 exchange integral). In fact we find the
*A, and 'A, states at 3,3 eV above the B, ground state with a triplet-
singlet splitting of only 1.2 kecal/ mole'l. Rotating the upper methylene
group to the planar geometry destabilizes the SA.Z while stabilizing the
'A, state. These results are shown in Figure 1 .

Summarizing the above discussion, we find that the states corre-
late as shown in Figure 1,

Additional excited states are also given in Tables II and III .
Since our basis does not contain diffuse basis functions, these states
must be of ionic (zwitterionic) character. For such states one would
expect significant changes in the sigma orbitals and hence our energies
should be significantly too high.

The cation states can be easily understood in terms of the above
description. Ionization of one of the unpaired r-electrons in the planar
Al ground state results in a degenerate pair of doublet states (°E”)
lying at 8.3 eV. Rotation of a methylene group splits the degeneracy
of the states leading to a °B, ionat 8.9 eV and a “A, ion at 10. 6,

The °B, state has a o7° configuration in which the r-system is an allylic
cation; the higher energy 2A2 ion has the charge localized on the rotated
methylene., Ionization of a bonding r-electron leads to three different
planar states: a "A” at 11,3 eV, and two doublets, ’E” and ®B,, at 14.1
and 14.5 eV, respectively. Once again rotating the methylene group to
the bisected form raises the energy, since we decrease the delocaliza-
tion. Other ion states involving simultaneous ionization and excitation

are listed in Tables IV and V.
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V. Comggrison to E@eriment

A, Spectroscopic Data. Thus far little spectroscopic data have

yet been reported (Berson and Platz22

are attempting to observe these
transitions in the low-temperature ultraviolet spectrum)., For com-
parison with future experimental results we have calculated the intensi-

ties of the various transitions as shown in Table VII.

For the planar geometry we calculated that the vertical transition
energy from ground state *A/ to *E’ (°B, and °A, ) corresponds to

) = 266 nm with an oscillator strength of f = 1.7x 10™°, For the

max
bisected geometry we find that the first vertical transition energy from
the lowest singlet state (1A2 = 1B,) corresponds to T 359 nm with

f=7.9x10"", For the planar geometry the first absorption of the

singlet state is calculated as ) B— 289 nm with f = 0,10 This planar
singlet state, however, may be too short-lived for sufficient population
to observe the transition in absorption experiments.

On the basis of the ionization potentials Rydberg transitions are
expected at ~4.6 to 4.9 eV (270 to 250 nm) [ A, — "E” (3s)] and ~5.6
to 6.7 eV (220 to 200 nm) [°Al — °E’ (3p)]. Since we did not include

diffuse basis functions, we have not calculated these states directly.

B, Pyrolysis, The pyrolysis date of Berson®~° corresponds
qualitatively to the energy surface as we have calculated. We expect
that the pyrolysis of the diazo compound 4 gives planar excited singlet
(lEl); the le component quickly undergoes methylene rotation to give
the bisected 'B,. This singlet then intersystem crosses to give the "B,

state which quickly rotates to the 3A2’ ground state. Thus, since
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Table VII. Transition Strengths

TransitionEnergy Dipole Matrix

Geometry Transition (nm) Element (a.u.) f

Planar 1°A; ~2°E 266 0. 08638 1.7 %107
1°A, -2 °A! 146 -1,54566 5.0 x 107"
1'E’ ~ 1A, 289 1.40141 1.0 x 107

Bisected 1'B, - ‘A, 359 0.09641 7.9 x 107*
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intersystem crossing might be slow compared to trapping of the diradical,
we believe that the reactive species observed by Berson are the planar

Al and the bisected 'B;.

A possibly significant difference between 1 and 3 is that the lowest
'E state of 1 splits into two nondegenerate states ( 'A, and le) of 4,

Of these, the 'A, state seems more likely formed. If ‘A, is lower than
'B, for the planar geometry (only the 'B, states prefers twisting to the
bisected form), the "A, state may live long enough to do some chemistry
or to convert (intersystem cross) directly to the lower triplet state,

In this circumstance there could be three reactive forms of trimethylene-
methane (planar 3B2 and ‘A, and bisected 1Ba). With proper substituents
on 3 it may be possible to stabilize planar 1A1 lower than bisected le

so that all the chemistry would involve the two planar states. Such
possibilities could be probed by observing the absorptions at 266 nm
(planar 3B2), 359 nm (bisected 1BI), and 289 nm (planar 1Al) as a function
of reaction conditions and time for various substituents.

C. Photoionization. Thus far photoionization experiments have
notbeenreported. Starting with the planar triplet state the prominent
vertical photoionization potentials are calculated to be 8.3 eV to °E”,
14.1 eVto “E” and 14.5 eV to A. Other cation states involve
excitation simultaneous with ionization.

Starting with the bisected singlet state “B,, the prominent IP's are
10.6 eV for ionizing the o orbital and 10.6 and 17.0 eV for ionizing a
7w orbital,

Starting with the component of planar 'E that could be stable for

planar geometries the IP's are 8.3 and 14.12 eV,



60

VI. Summarg

Our calculations predict that the ground state of trimethylene-
methane is the planar triplet with the planar singlet state 26 Kcal/mole
higher. The rotational barrier for the triplet state is 18 Kcal/mole,
while one component of the planar singlet prefers the bisected geometry
by 7 Kcal/mole. We predict the transitions for the chemically
interesting states as follows: planar triplet: Aiviag = 266 nm with
f = 0.002; bisected singlet: Apasg = 359 nm with f = 0.0008; and
planar singlet: x .. = 289 nm with f = 0,10. The vertical ionization

potential is calculated at 8.3 eV,
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Appendix
The tableaux representation used in Section 1V describes the
precise coupling of orbitals and spins for each wavefunction. Two

orbitals in a horizontal box indicate that the orbitals are singlet coupled

a b| =[¢,%, (@B - Ba)]

while two orbitals in vertical boxed indicate that the orbitals are high-

spin or triplet coupled.

a]  =Qlo, ¢, 8 +pa)]

The cases used in this paper are:

a_cJ = {9, ¢, ¢, [aB - L(@B + Ba)al}

ac sd{¢a¢c¢>b(a6 - Ba)a}

ale] =d{e,9,90,94qleass +BBaa - 3(aB+Ba)(@p +pa)]}

a c| =({0,9.%p%q (@B - Ba)(@p - pa)}

a d| = d{¢,0,%%, (@B - Ba)(@B + Ba)}
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_d_l = {9,909, 94leaas - § (@ap + aa + paa)a]}

T

o

cl = ({9, ¢, ¢, 04laaBa - £ (@B + Ba) aal}

o)

|cz.cr
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PART C: THEORETICAL STUDIES OF THE
1
LOW-LYING STATES OF VINYLIDENE
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I. Introduction

Recent experimental results of Stang and co-vs.rorkers2 have
suggested that the ground state of vinylidene 1 is a closed-shell singlet
state, The difficulty in generating unsaturated carbenes has precluded

any direct measurement of the singlet-triplet energy difference. By
considering the effect of the HCH bond angle, 6, on the singlet-triplet gap of
methylene 2, Hoffmann and Gleiter> had predicted that vinylidene might
have a singlet ground state. Numerous theoretical calculations on

4

methylene” have shown that as ¢ is decreased below 135°, the energy

of the °B, state .

pole 1)

rises and the energy of the A, state
H
g O® @)

drops. At @ =105°, the singlet also begins to rise. At angles
less than 98°, the 'A, state is actually lower than the °B,. In analogy
vinylidene represents the case where 6 = 0 (or considering a double-

bond as two bent '"banana-bonds'", § = 30to60°), and thus on the basis of
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Figure 1. The energies of the electronic states of methylene as a

function of bond angle. Data from reference 4.



68

(03p) 39NV HOH
O'0Cl| 0'0¢l 006

Oo 12 ="y INITAHLINW

-

(A®) ADY3INT JAILV13Y



69

these arguments we would expect 1 to be a singlet ground state.

Despite the experimental interest in unsaturated carbenes, no
extensive theoretical treatment of vinylidene has been published. We
can consider vinylidene to be composed of methylene and a carbon atom.
Joining ground state methylene (°B,) and ground state carbon atom (*P)

gives 'A, vinylidene (denoted o?)

: o
H\})@ + CSZ - })ﬁ_—.% 3)

and "B, vinylidene (denoted 05)5

"o efe - oo

The second configuration (o7 ) also gives rise to a singlet state, le.

It is these three states which are considered below.

II. Calculations Details

A, Basis Set and Geometries. Dunning's6 (4s,2p/2s) contrac-
tion of Huzinaga's7 (9s5p/4s) primitive Gaussian basis was used in all
calculations. Since polarization functions are known to be important in
the singlet-triplet energy difference for methylene, we included one set
of d-polarization functions (@ = 0.6769) on each carbon.8

The geometry used maintained C,, symmetry and used the
following parameters: Rog = 1.076; /HCH =116.6°, Since the most

likely difference in geometry between the 0% and o7 states was expected
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to be in the carbon-carbon bond length, this parameter was optimized
using a parabolic fit to three points: Ro_o =1.25, 1.33 and 1.41 A.
The 1A1 state was found to have an optimum bond length of 1, 35 K,
while the °B, state had a bond length of 1.36 A. These optimum values

were used in all subsequent calculations.

B. The GVB Calculations. To accurately describe the variation
of the energy with bond length, we must consider those bonds which are
directly affected by modifying the geometry. The Hartree-Fock (HF)wave- -
function for the 1A1 state of vinylidene would héve sevendoubly occupied
orbitals, Breaking the carbon-carbon bond to give 3B1 methylene and
°P carbon atom requires HF wavefunctions consisting of five doubly
occupied and four singly occupied orbitals. Thus the HF wavefunction
for vinylidene cannot properly describe the dissociation of the CC bond.

The GVB wavefunction allows every electron to have its own
orbital. However, to properly describe the dissociation of the CC bond,
it is sufficient that only three HF pairs be correlated or split into
pairs of nonorthogonal singly occupied orbitals. The first two pairs
correspond to the CC sigma and pi bonding pairs, These are the pairs
directly involved in breaking the CC bond. We also correlated the
doubly-occupied "carbon' orbital; this orbital was split to make it
consistent with our treatment of the 3B2 state, in which the ""carbene"
carbon has two singly occupied orbitals. This GVB wavefunction which
has three pairs of singly occupied orbitals is denoted as GVB(3). ’

It is the GVB(3) wavefunction which was used in the geometry optimiza-

tion.
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Although the GVB(3) wavefunction is adequate for describing
the excitation energies of vinylidene, accurate bond strengths
generally require close attention to small correlation effects not in-
cluded in this wavefunction. In order to include all possible correla-
tions that might affect the CC bond energy, we increased the complexity
of our GVB(3) wavefunction by also correlating the two pairs of orbitals
corresponding to the CH bonding pairs. This GVB(5) [or GVB(5/10)
where the 10 refers to the total number of GVB orbitals| wavefunction
allows us to account for any differential correlation in the CH pairs
between vinylidene and methylene. From previous studies on ethylenelo
it was found that accurate CC bond strengths required the inclusion of
two additional correlating orbitals for each of the CC bond pairs. Thus
our GVB(5/10) wavefunction becomes a GVB(5/14) wavefunction which
was used for the °B, state. For the A, state wc also included an
additional correlating orbital for the lone pair leading to a GVB(5/15)
wavefunction.

C. CI Calculations, Three different levels of CI wavefunctions
were used. In the bond length determinations a full GVB(3)-CI was
carried out. This utilized all configurations with six or more distri-
buted among the six GVB orbitals (CCoo*, CCar*, LPoc*).

This resulted in 50 spatial configurations (104 determinants) for 'A,
and 27 spatial configurations (65 determinants) for °B,.

In determining the CC bond energy we carried out considerably
more extensive (I calculations [referred to as GVB(5/15)-CI(1)].

The reason is that it was necessary to include a consistent level of



72

correlation effects for both vinylidene and the separated molecule
(i.e., :CH, and - é:). To account for all correlation effects about the
CC sigma and pi bond, we allowed up to quadruple excitations within
the set of eight orbitals ~ (00.*0,* o r ) w: 11: ) describing the four
electrons of the CC bond, with the restriction that there be no excita-
tions between the o and 7 sets. To this set of configurations we added
another set to account for correlation effects available to separated
molecules but not normally utilized in vinylidene. This set involved all
five pairs of GVB orbitals: A=CC(00™); B=CC@g*); C= CH(oco™®)
+ CH,(00*); D =LP (00 ™). Double excitations in set A and in set B and
single excitations within set C and within set D were allowed (with the
restriction that no quintruple of higher excitations be included); no
excitations between sets were allowed. In addition all single excitations
from the dominant configurationsl'1 were includedand finally we allowed
all excitations from the doubly occupied CC o into the three g virtuals
This CI led to 166 spatial configurations (296 spin eigenfunctions) for
the 'A, state,

The final CI calculations [referred to as GVB(5/15)-CI(2)] was
identical to the one just discussed except that double excitations within
set D were allowed. This led to 166 spatial configurations (296 spin
eigenfunctions) for the ‘A, state and 136 spatial configurations (542 spin
eigenfunctions) for the 3B2 state. This CT was used to establish the
most accurate estimate - of the singlet-triplet energy gap.

The CI calculations for the IP's were carried out as follows.

For the o? state 2B, we used the GVB orbitals of the 'A, (0'?) state, for
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all other states we used the GVB orbitals of the *B,(c7 ) state. The CI
calculations were then carried out as for the ground state except that
CI excitations were based on the dominant confitc;urav.tions11 of the various

ion states.
II. The GVB Orbitals

A. The 'A, State. The ground state GVB(5) orbitals are shown
in Figures 2 and 3, We find that the orbitals localize in different
regions and have the basic character of valence bond wavefunctions,

In the o-system there are three different bonding pairs. The
first pair corresponds to the CC sigma bond; one orbital centered on

1.59)12

the central carbon is hybridized (sp toward the terminal carbon

while the other orbital centered on the terminal carbon is hybridized
(Spl' 78) toward the central carbon. The other two pairs correspond to
CH o bonds--one centered on the upper hydrogen and the other on the
lower hydrogen. The two pairs are identical and consist of two
orbitals: one centered on the hydrogen is essentially spherical with
some delocalization toward the central carbon, while the other is an

1. 8“) centered on the central carbon and

sp’-type orbital (actually sp
hybridized toward the hydrogen.

The other pair of orbitals in the sigma system corresponds to
the doubly occupied lone-pair orbital on the terminal carbon. The
orbitals of this pair have the hybridization spo‘,ﬁs. Thus they are
mainly s-like with high overlap as appropriate for singlet paired orbitals.

The 7 system consists of two p-orbitals centered on each carbon
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Figure 2. GVB orbitals for the 1A1 state of vinylidene based on the
GVB(5/15) wavefunction. Long dashes indicate zero
amplitude; the spacing between contours is 0.05 a. u.

The same conventions are used for all plots.
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Figure 3. GVB orbitals for the ng state of vinylidene based on the

GVB(5/14) wavefunction.
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Table I. GVB Pair Information

State Energy (h) Pair Overlap Energy Lowering (h)
YA, -76. 88407 CC - Pair 0.6593 0.0323

CC - Sigma  0.8889 0.0148

CH - Left 0.8450 0. 0142

CH - Right 0. 8450 0.0142

Lone Pair 0.7170 0.0272
°B, -76.81089 CC - Pi 0. 6445 0.0333

CC - Sigma  0.9043 0.0106

CH - Left 0. 8460 0.0106

CH - Right 0. 8460 0.0141
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and hybridized toward the other carbon.

The overlaps and energy lowering for these pairs are summa-
rized in Table I.

B. The °B, State. The bonding pairs corresponding to the
CH bonds and the CC w-bond are not shown, since they are essentially
identical with the corresponding ‘A, orbitals.

The CC o-bond, however, shows greater delocalization toward
the terminal carbon than was present in the IA1 case, The orbital on
the terminal carbon is Spo',45 hybridized, while the orbital on the

central carbon is Spl' 66.

This is due to the change in the lone pair
from a singlet coupled pair to triplet coupled orbitals. As can be seen,
the triplet pair of orbitals (the "'methylene' orbitals) now have the
character of a singly occupied Py orbital and a singly occupied szl‘ 8

orbital.
IV. Discussion

A. Heat of Formation. Since our GVB(5/15)-CI wavefunction
for vinylidene is sufficiently correlated to describe accurately the
breaking of the carbon-carbon bond to give °B, methylene and *P carbon
atom, we can calculate the carbon-carbon bond strength, D (H,C=C:).
The energies of H,C=C:, H,C:, and C are shown in Table II and lead to
an energy difference of D, (H,C=C:) = 155. 7 Kcal mole. . The inappro-
priateness of the HF wavefunction for bond-breaking processes is
illustrated by the low bond energy calculated using this wave-

function. In addition Table II shows that even second-order correlation
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effects can lead to a bond energy as much as 18 Kcal mole ™ too weak.
Since an experimental determination of this bond energy would
include the difference in zero point energies of the molecule and
fragments, it is necessary to apply a zero-point vibrational energy
correction to D,. Estimating the vibrational frequencies for vinylidene
based on the average frequencies of ethylene13 as shown in Table III
and using the experimental values for methylene, i we calculate a

zero-point correction of 5.6 Kcal mole™ .

Thus we predict the bond
dissociation energy for vinylidenetobe D, (H,C=C:)=150.1 Kcal mole™".
For comparison similar calculations on ethylene by Harding and Goddard
lead to D, (H,C=CH,) = 167 Kcal mole™ as compared to the experimen-
tal value of 170 Kcal mole™,

Using the experimental values for the heat of formation of
methylene (°B,) and carbon atom (°P) and the theoretical D,, we

calculate the heat of formation for vinylidene as

AHZ  (H,C=C:) = 92.2 +169.6 - 150.1 = 111.7 Kcal mole ™"
0°K

Correcting'> to 208°K leads to AH{ (,C=C:) = 111.5 Keal mole™,
98
There is currently considerable uncertainty in the heat of

formation of vinyl radical,

H\ /H

C=C
H/ 2

esi.nates ranging14 from AHy = 62 to 71 Kecal mole™", Using our
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Table ITI. Vibrational Frequencies Used in Zero-Point Energy

Calculation
Vibration H,CC H,C
(estimated) (experimental
cm*™! cm L
CH a, 3062 2960
b, 3131 3200
CH, a, 1393 1114
b, 1023 -
b, 946 -
cC a, 1623 -

Total zero-point
energy (kcal mole™") 31.96 20. 80
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calculated AHy for H,CC we find that the bond energy D, (H,CC-H) of
vinyl is 101 to 92 Kcal mole™", respectively, while the CH bond of

ethylene15 is 101 to 110 Kcal mole™. These results would seem most

1

reasonable for AH; (H,CCH) ~ 70 Kcal mole™ .
B. The Singlet-Triplet Splitting. As expected, we find that

the singlet state has a considerably lower energy, 45.9 Kcal mole'l,

than the triplet state (see Table )18 The large °B,-'A, splitting is

2

consistent with experimental observations™ that the only reactive species

is a singlet state.

Inmethylene the triplet state is 41,5 Kcal mole™" below the singlet state
for a HCH bond angle of 180°, 20.8 Kcal mole below for anangle of 135°, and
nearly degenerate for ~100°, That is, two electrons in the nonbonding
a, orbital are favored for small bond angles; hence for bond angles less
than 90° the singlet state is below the triplet. In vinylidene the carbon
is double bonded to another carbon; this double bond is equivalent to
reducing the bond angle to an angle much less than 90° and hence leads
to a singlet ground state,

The 'B, state is calculated to be at 116.5 Kcal mole” relative
to ground state. The resulting 3Bz-lB2 difference (2.9 eV) is consider-
ably larger than that found in methylene (1.9 eV at /HCH = 135°),

This might seem strange since in the simplest description this .
energy difference is just twice the exchange integral between the open

shell orbitals (denoted as ¢ and 7),

E('B,) - E('B,) = 2Ky5 .
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¢ 00 11 00 21 0 0.0273
0 01 20 00 20 0 0. 0271
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However, this exchange integral is a function of the hybridization of the
o orbital and for CH, increases from 2K =1,8eV at 180°to 1.9 at 135°
to 2.2 at 90°. Thus a value. of 2K = 3,0 eV for vinylidene is consistent
with a very small effective bond angle (see Figure 1),

C. Dipole Moments. In GVB wavefunctions, the orbitals are
unique and have clear valence bond characteristics which make it

useful to analyze properties such as dipole moments in terms of
orbital contributions. In order for the dipole moment to be independent
of origin we associate with the electron of each orbital a unit nuclear
charge centered at the nucleus on which the orbital is centered (in the
VB model). This leads to the results shown in Table V.

In the 1A1 case we see that the largest contribution comes from
the lone pair on the terminal carbon which is strongly polarized away
from the carbon. (The CH pairs are also polarized away from the
central carbon,) This polarization is partially compensated by the 7
system which is polarized toward the central carbon. Hence the total
dipole moment for the 1A1 state is 2,232 D pointing toward the '""carbene"
carbon,

In the °B, state, unlike the ‘A,, the CC sigma bond is strongly
polarized toward the terminal carbon. All other orbital contributions
are approximately the same except for the diminished polarization of
the now singly occupied a, orbital. Thus the overall dipole moment is

0.554 D, only one quarter of the moment of the ‘A, state.
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Figure 4. Electronic states of vinylidene and vinylidene cation.
Energies in electron volts. ( lhartree =27.2116 eV =

627.5096 keal mole . )
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D. ITonization Potentials and Higher Excited States. Since the
methylene and ethylene ionization potentials are comparable, we can
expect several lower positive ion states for vinylidene. We carried out
CI calculations (vide supra) for these states leading to the results in
Figure 4 (all vertical ionizations), The first ionization is out of the
7-system leading to 2B1 at 10.8 eV, just 0.3 eV above the corres-
ponding IP of ethylene.”The second ionization potential (the 2Al) is at
11.3 eV, and results from ionization of the 7-electron of the °B, state.
The analogous ionization in methylene is at 11,4 eV. 17 Ionizationof an
electron in the -system of the 3B2 state leads to a 4A2 ion at 12.3 eV
and two “A, ions at 13,8 and 15.7 eV. Finally, ionization of the
o-electron of the *B, state yields a "B, ion at 16.2 eV.

On the basis of the IP and in analogy with ethylene, we expect
the first Rydberg transition to be at 7.4 eV (compared to 7.1 eV for
ethylene).

We have also carried out CI calculations (vide supra) for the
7 = n* transitions. The 7 — r* triplet state (°A,) was found at 5.5 eV,
which is about 1 eV higher than the corresponding state of ethylene,
(This calculated energy may be high by ~ 0.5 eV since the orbitals were
not solved for self-consistently.) The 5 — 7~ singlet state (lAl) state
was found at 10.5 eV. It is well known that a 7 = 7* singlet state such
as for vinylidene requires diffuse basis functions. Since we did not
include diffuse functions and since we did not even solve self-consistent-

ly for this state, we expect to calculate an energy considerably too high.



EAI

:Az

’p

10,82

11,28

12,26

13,76

15.72

16.24

[S- B

NN NN

o ©o o o

NN N
o o o ©

NN NN

o

o o o o

o ©o o ©

o o ©o ©

NN N
c o o o

o © o o

- o o ©o

Vo ol

t2

NN NN (LI B N3
o o o © Qo o o 9O

]
o

L R ]
o o o ©

-

(=

o o o o

90

o © o o© o o o © e o o o o ©o o ©

o o © ©o

1t

St toas

Eneryy Yonesins

Lone Yair
pi

= oatEt  ain oay

¢ 00 20 O -

O 00 02 0 0.0212
0 00 20 0 0. 0106
0 0 01 0 0.0005
0 00 10 - -

0 00 11 - 0.0229
1 00 10 - 0.0133
0 10 10 - 0. 0065
o 00 11 - .

1 00 It = ~0.0031
0 10 11 - 0.0070
0 00 11 - 0. 0097
0 00 11 = s

0 00 11 - 0. 0084
1 00 11 - 0.0080
0 10 11 - 0. 0070
G 00 13 = =

0 ¢o0 10 - 0.0128
0 00 11 - 0.0089
0 00 21 - 0. 0073
0 00 01 - =

0 00 11 = 0.0349
0 00 11 - 0.0233
2 00 01 - 0.0161

CC Dmds

4

Q 1
G 1
0 2
0 2
1] 2
0 1
0 1
0 1
0 0
0 0
0 1
0 1
0 1
0 0
0 0
0 1
1 1
0 1
0 1
0 2
0 2
0 2
0 0



91
V. Summa

We find the ground state of vinylidene is the singlet state ('A))
with the methylene-like triplet at 2.0 eV. The lower ionization
potentials are close to the values expected from the corresponding
ionizations of ethylene or methylene,

We find the carbon-carbon bond dissociation energy for
vinylidene to be 150.1 Kcal mole™ as compared to a dissociation
energy of 169.9 Kcal mole™" for ethylene.

The dipole moment is found to be 0.554 D for the *B, and
2.232 for the 'A, state of vinylidene.
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PART D: THEORETICAL STUDIES OF THE
1
LOW-LYING STATES OF AMINONITRENE
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I. Introduction

A number of chemically interesting systems incorporating
molecular dinitrogen bonded to an organic or inorganic framework are
currently under extensive investigation by various groups.

Using transition metals it has been possible to bond N, to a

single metal complex2

M-N-N

and to incorporate N, bridging two metal complexes3

M—N-N-M.

From such complexes it has been possible to reduce the N, to hydrazine
(N,H,) or ammonia (NH,) by reaction with hydrogen.
An exciting area of organic dinitrogen systems has been with

ring systems such as

3 O

5 8

where the extrusion of nitrogen may lead either to formation of biradical
intermediates or to concerted eliminations. 4 An unusual application of

5 who has suggested

such systems has recently been advanced by Dervan
that decomposition of systems such as 1 or 2 may lead to vibrationally
excited N, and that such a system could be the basis of a chemical laser.

Of particular theoretical interest is the electronic structure and
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bond energies of aminonitrenes

Yo

such as in 2 since these systems seem to be poorly understood. It is
generally presumed6 that the ground state of 3 is a singlet state as

would be expected from the valence bond diagram

R

® ©
>N:=N: )
R

However, nitrenes

R—N

generally have a triplet ground state, with the first singlet state much
higher (44 Kcal mole™ for NH). The only reported theoretical ab initio

studies of aminonitrene

H
N—N
H

2
resulted in a triplet ground state with the singlet state 26.3 Kcal mole™

higher. '
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In this paper we will concentrate on aminonitrene, 4. We
carried out Hartree Fock (HF), generalized valence bond® (GVB), and
configuration interaction (GVB-CI) calculations on both the singlet and
triplet states with geometry optimization. From these studies we con-
clude that the ground state is the singlet state with the triplet 15 Kcal
mole ™! higher.

In addition we obtained bond energies and dipole moments of
these states and examined several other excited states and cation states
for the optimum ground state geometry.

First (section II) we will summarize the quantitative results
while presenting a qualitative description of the states of 4. This is
followed by section III presenting the details of the calculations, and

section IV discussing the more theoretical aspects of the results.

1L, alitative Description and Summary of Results

The ground state of N is “S and has the configuration (15)2(25)2(2p)3.

Ignoring the 1s and 2s pairs we can represent this wavefunction as

& (2)

where 00O , 8 , and () represent p,, P, and p  orbitals and each
dot indicates one electron in the orbital. With three electrons in the

p orbitals we can also construct the °D and °S states lying at 2.4 eV and
3.6 eV above the ‘S state.® Configurations such as
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(3)

must lead to a doublet state; the single configuration (3) is half *D and
half “P.
Bonding an H to (2) leads to

where the line indicates a singlet bonding pair. Triplet pairing of the
Py and py orbitals of (4), as in (2), leads to the %~ ground state of NH.
Other couplings and occupations of the p, and py orbitals lead to the ‘A

10

and ‘2" states of NH lying™ = at 1.6 eV and 2.7 eV above °Z~. The

wavefunctions for these states have the form

8 o

- (pgpy - Py Py) (@B + fa) (52)
AT 1 (pePy + PyPy) (aB - Ba) (5b)
A" (pgPy - Py Py) (@B - ) (5¢)
Z' 1 (ogPy + By Py) (@B - o) (5d)

where we have ignored the bond pairs and closed shell orbitals which

should be similar for the various states. Inthis description
E('A) = E(’Z7) + 2K, (6a)

E('zh = E(°Z7) + 4K (6b)

Xy
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and hence since ny is necessarily positive the states are ordered
357, 'A, and ‘=¥ with *” lowest. The ®z” -'A and ‘A - 'zt
separations are nearly equal, 1.6 eV and 1.1 eV, respectively,
indicating the validity of this simple description. Simple alkyl nitrenes,

RN, such as
CH,—N

2

should lead to a very similar bonding description.
We can now consider the effect of replacing the H- group of
nitrene with an amino group to give aminonitrene 4. Joining an amino

radical (*A,) with (2), to form a planar molecule 4 leads to

T (O)—(+) (7)

where the sigma bond is represented as a line and only the three non-
bonded orbitals are indicated explicitly. This configuration (7) is
referred to as g7, indicating that there is one electron in the - orbital

il Triplet and singlet pairing of the

and one electron in the 7 orbital.
singly occupied orbitals of (7) leads to the °A, (r7), A, () states of 4
analogous to the =~ and 'A” states of NH, (5a) and (5b) respectively.
The main difference between the 77 states in aminonitrene and in
nitrene is the presence of the r-lone pair on the amino nitrogen;
however the interaction of this pair with the nitrene r-electron should

be equivalent in both the 1A2 (r7) and 3A2 (rw) states. Therefore we
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Figure 1. Energies of the valence states of nitrene ( HN ) and

aminonitrene ( H,NN ).
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would expect the 1AZ-SA2 separation in aminonitrene to be ~1.6 eV just
as in NH.

The results of our calculations are illustrated in Figure 1. As
can be seen the lAz-?’A2 separation is in fact 1.6 eV in complete agree-
ment with our predictions.

We now want to determine the effect of the amino lone pair on
the ‘A" and ‘=7 states of nitrene. Each of these states is combination of

two configurations (8) and (9)

H 9)

In nitrene the two configurations are equivalent and can mix leading

to a resonant combination (*A™)

H—‘@ - H‘@ (10)

& . . 1
and to an anti-resonance combination ('Z%)
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H + H (11)

In aminonitrene configurations (8) and (9) become

H o
7 o—() (12)
H &
and
H "
o C—) (13)
H ]

Now we find great differences due to the effect of the r-pair of the NH,
group. In (12) this pair can delocalize into the empty 7 orbital of the
terminal N whereas in (13) there are two doubly occupied 7 orbitals and
hence very repulsive interactions (arising from the Pauli principle).
These interactions with the NH, group split the states (12) and (13) by
~ T eV. Since this is far greater than the favorable interaction due to
the resonance interaction observed in (10) and (11) for NH, we expect
no significant interaction between (12) and (13).

Ignoring the interaction with the NH, group the configurations
(12) and (13) would be expected to lie about 2.2 eV above the SA.Z ()
state in analogy toNH, see Figure 1. In fact we find that 'A, (7?) is
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0.6 eV below °A, (r'7) indicating about 2.8 eV of bonding in the 7
orbitals of (12). Indeed the pi system of 1A1 (7 %) is quite delocalized,
strongly resembling the pi orbitals of a normal 7 bond, as shown in
Fig. 2. Similarly, the calculated NH bond length of 'A, (7°) is 1.24 &,

quite close to the valuel? of 1.23 A for dimide 6.

H

~
- =N
H

g

This indicates that the bond order for 'A, aminonitrene is very close to
2. In addition the dipole moment for the 1A1 state is 4. 0 Debye (negative
end on nitrene) indicating that dipolar species such as (1) contribute
heavily.

The calculated location of *A, (r°) indicates about 4.2 eV of
repulsive interaction due to the two pi pairs.

So far we have considered the states of aminonitrene assuming
a planar geometry. The n° configuration (13) is expected to adopt a
pyrimidal geometry, to reduce the overlap (and thus the repulsion) of
the two doubly-occupied orbitals. Similarly, configuration (12) would
undoubtedly prefer a planar configuration to maximize the pi bonding.

On the other hand, the optimum geometry for configuration (7)
is not so obvious from such qualitative considerations. Here there are
two opposing forces: 1) a pyramidal geometry would reduce the anti-
bonding interaction of the singly occupied r orbital with the doubly

occupied amino ¢ group (Pauli principle); 2) a planar geometry could
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allow delocalization of the amino r-pair onto the nitrene nitrogen,
leading to a 3-electron, 2-center bond. Our calculations indicate that
the delocalization effects are slightly more important than the repulsion
effects leading to an optimum planar geometry. This delocalization is
clear in the shape of the 7 orbitals, Fig. 3, and is reflected in the
optimum bond length (Ryy = 1.37 A) for the °A, state. While this bond
is longer than the 1,24 A of the 'A, (r) state, it is considerably shorter
than the typical single NN bond length (e.g., 1.45 & in hydrazinel2),
This delocalization is also reflected inthe dipole moment, which is
calculated to be 2.4 Debye.

Normally a doubly occupied amino 7 pair prefers a pyramidal
geometry, thus the inversion barrier of NH, is 6 Kcal. However, for
the 3A2 (mm) state we find a very flat potential surface (planar favored

by 0.1 Kcal over the pyramidal). This indicates ~ 6 Kcal of bonding due to

the 3-electron pi bond of the planar configuration.

III. Calculational Details

A. Basis Set and Geometries, Dunning's (3s2p/2s) contraction
of Huzinaga's (9s5p/4s) primitive Gaussian basis was used in all
calculations. We also included one set of d-polarization functions
(@ = 0. 8000) for each nitrogen. Such functions are important in calcula-
ting the singlet-triplet energy difference for methylene and, thus, should
also be important in the analogous nitrene,

In the planar states, we considered only geometries with C,y
symmetry and used the following parameters: RN-H =1.016 A;

/ HNH =115.4°, Since the most likely difference in geometry between
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the 77 and 7 states was expected to be in the nitrogen-nitrogen bond
length, this parameter was optimized (a cubic spline fit to four points:
Ry_y = 1.23, 1.33, 1,43, and 1.53 A). The ‘A, state was found to
have an optimum bond length of 1.246 A, while the °A, state has a bond
length of 1,374 A. These optimum values were used in all subsequent
calculations.

To determine the optimum pyramidal geometry for the lowest
triplet state, the N-N and N—H bond lengths were fixed at 1,016 A and
1.374 A, while the HNH and NNH bond angles were varied linearly.

We compared the geometries from Hartree-Fock minimal basis
set calculations on N,H,, H,N,, and NH, by Pople and coworkers with
experimental values of N,H, and NH, and estimated that pyramidal H,N,
would have ) HNH = 107.0° and ) NNH = 119.0°, while planar H,N,
A, (r7°) would have ) HNH = 115.4° and ) NNH = 122.3°, Extrap-
olating linearly we included a third point ) HNH =102.1° and
A NHH =117,1°, Converting to an inversion coordinate §, where the
planar corresponds to @ = 0, and requiring that —g-gi =0 & & =0,

the above three calculations correspond to five points. We fitted them

to a cubic spline fit to obtain the optimum geometry.

B. The GVB Calculations, To describe accurately the variation
of energy with bond length, we must consider those bonds which are
directly involved in stretching. The Hartree-Fock (HF) wavefunction
for the ‘A, state of aminonitrene has eight doubly occupied orbitals.
Breaking the nitrogen-nitrogen bond, retaining the planar geometry,
yields the 2Al amino radical and °P nitrogen atom and hence requires

HF wavefunctions consisting of seven doubly occupied orbitals and two
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singly occupied orbitals, Thus a HF wavefunction does not properly
describe the dissociation of the NN bond. Indeed as discussed in
section I, the HF wavefunction leads to the wrong ground state,
putting 1"Az (r7) below ‘A, (72).

The GVB wavefunction allows every electron to have its own
orbital. However, to describe properly the dissociation of the NN bond
of the 'A, (7?) state, it is sufficient that only two HF pairs be correlated
or split into pairs of non-orthogonal singly-occupied orbitals. The first
pair corresponds to the NN sigma bond, which is directly involved in
bond breaking. The second pair is the doubly-occupied 7 orbital on
the central nitrogen.

Near R, we expected and found that the amino lone pair exhibits
delocalization characteristic of a pi bond pair and, hence,we need also
to correlate this pair. For large R the most important correlation for
the amino lone pair will be in-out correlation in which one electron
occupies a more contracted orbital while the other occupies a more
diffuse orbital. Near R, the most important correlation is left-right
(between the two nitrogens). A consistent description should allow both
correlations, requiring three natural orbital for this ¢ pair. Since the
NH o bond pair is described by two natural orbitals, the resulting wave-
function has two electron pairs that are not closed-shell (doubly
occupied) and these two pairs are described with a total of five natural
orbitals; thus this wavefunction is denoted GVB(2/5).

For the *A, (r7) state the wavefunction in which the ¢ bond is
correlated is denoted as GVB(2) [or GVB(2/4)] since there are two

pairs of electrons that are not closed-shell. To be consistent with our
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description of the 1A1 (Ez) state we also correlated the amino 7 pair
using three natural orbitals, leading hence to a GVB(3/7) wavefunction
for °A, (r 7).

Although the above wavefunctions are expected to be adequate
for geometry optimization, accurate excitation energies and bond
strengths require close attention to small correlation effects not in-
cluded in these wavefunctions.

To obtain reliable excitation energies reauires correlation of the
7 pairs of the 'A, state (the “A, state with only one electron in 7 and 7
leads to little correlation error), leading to « GVB(3/7) wavefunction
for both "A, and “A,.

To obtain an accurate NN bond energy requires correlation of
other pairs localized near the NN bond since there will be interpair
correlation effects important near R,. Thus we increased the com-
plexity of our GVB wavefunction by also correlating the orbitals
corresponding to the two CH bonding pairs and the 2s non-bonding pair
on the terminal nitrogen. This lead to GVB(6/13) wavefunctions for the
3A2 and 1A1 states. The GVB(6/13) wavefunction allows us to account
for any differential correlation in the NH bond pairs between amino-
nitrene and amidogen. From previous studies on ethylene, it was
found that accurate bond strenghts required the inclusion of two
additional natural orbitals for the correlated CC sigma bond. In
analogy we have included this correlation in our NN bond leading to a

GVB(6/15) wavefunction.
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C. CI Calculations, Two different levels of CI wavefunctions
were used. In determining the NN bond length we carried out a full CI
over the active orbitals of the GVB(2/5) wavefunction for 'A, and the
GVB(3/17) wavefunction for *A,. For the singlet this utilized all con-
figurations of the GVB pairs and the nitrene lone pair (NNoo*,

LP, rnfn¥, LP,7) leading to 50 spatial configurations (104 determi-
nants) of the proper spin and spatial symmetry. The analogous CI was
performed for the triplet, resulting in 27 spatial configurations (65
determinants), Note here that by optimizing the orbitals of the GVB
wavefunction we allow high orders of correlation in just a few
configurations.

In determining the NN bond energy we carried out considerably
more complicated CI calculations. The reason is that it was necessary
to include a consistent level of correlation effects for both N-amino-
nitrene and the separated molecules (i.e., NH, and N). a.) To account
for all correlation effects about the NN sigma bond and r-orbitals, we
allowed up to quadruple excitations within the set of seven GVB orbitals
(co¥oXo¥nafn)) describing the four electrons of the NN bond and
w~-lone pair, with the restriction that there be no excitations between the
o and i sets. [Inthe 3A2 case we also included in this CI the singly-
occupied 7 orbital on the terminal nitrogen.] b.) In the 'A, case, to
allow for correlation of the 7 lone pair by the r-orbitals, we added -
to this set another set involving quadruple excitation within the space
(cofoXolwn¥n}). Atlarge R such excitations are required to describe
the 2D and °P states of N atoms. c.) In order to account for correlation

effects available to the separated molecules but not normally utilized
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in aminonitrene, and to include interpair correlation effects important
in the molecule we added another set of configurations involving all six
pairs of GVB orbitals: A =NN(co*); B=LP,(nn*); C=NH, (c0*) +
NH, (60*); D=2s(00*); E =LP, (7,7*) for 'A, or E = P, (r,7) for
*A,. Here we allowed all double excitations in set A, in set B and in
set C simultaneous with all single excitations within set D and within
set E but with the restrictions that (i) no excitations higher than
quadruple be included and (ii) no excitations between sets be allowed.
d.) In addition to the above, all single excitations from the dominant
configurations were included. Theresults ofa, b, ¢, and d are 139
spatial configurations (256 spin eigenfunctions) of the proper symmetry
for the 'A, case and 181 spatial configurations (687 spin eigenfunctions)
of the proper symmetry for the °A, case.

We should emphasize here that despite only a moderate number
of configurations this wavefunction contains a very intensive level of
correlation effects including a vast number of triple and quadruple
excitations. This is possible since we have self-consistently determined
the optimum correlating orbitals by carrying out the GVB calculations.
This does two things for us. First it reduces the number of orbitals
that need be considered in the CI, greatly reducing the number of
configurations resulting from a given level of CI. Secondly since the
GVB orbitals are localized with chemically identifiable character, we
can develop conceptual schemes identifying which higher order corre-
lations are essential, This serves the purpose of keeping down the total
number of excitations (while including all important effects) but just as

important, the conceptual scheme resulting from the GVB wavefunction
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allows us to compare wavefunctions of different states and geometries
and thereby to establish (before calculations) consistent levels of
correlation sufficient to trust excitation energies, bond energies, etc.
Thus we have benefitted here from studies on ethylene and methylene
which established guidelines on consistent levels of correlation that

apply also to the states of aminonitrene,

LY.  The GVB Orbiials

A. The'A, State. The GVB(6) orbitals of the "A, (7) ground
state are shown in Fig. 2, We find that the orbitals localize in different
regions and have the basic character of valence bond wavefunctions.

In the o -system there are five different bonding pairs. The
first pair (A) corresponds to the NN sigma bond; one orbital centered

1 .
3 (sz 8

on the central nitrogen is hybridized ) toward the terminal
nitrogen, while the other orbital centered on the terminal nitrogen is
hybridized (sp3' 3) toward the central nitrogen. The next two pairs
(C,D) correspond to the NH ¢ bonds--one pair for each bond. The two
pairs are identical and consist of two orbitals: one centered on the
hydrogen is essentially spherical with some delocalization toward the
central nitrogen, while the other is an sp’-type orbital (actually sp'* ')
centered on the central nitrogen and hybridized toward the hydrogen.
In section II the description of the 1A1 (7?) state involved a 7

lone pair

(14)
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and a N 2s pair

>—@ (15)

However, with the GVB(6) wavefunction we find the orbitals (E, F) of

Fig. 2 can be represented as

@
>— Eb (16)

[ignoring in (16) the correlation within each lone pair] where each lone

1.4

pair has hybridization of sp™* For a (closed shell) HF wavefunction

the energy of (16) and

O am

would be identical (corresponding to combining columns of the deter-
minant wavefunction). However, for the GVB wavefunction,(16) and (17)
lead to different energies with (16) being favored. On the other hand, the
energy of the GVB(6) wavefunction of form (17) [contracted from the
orbitals of the GVB(6) wavefunction for (16)] is only 6.0 kcal higher
than those of (16) so that the distortion between (16) and (17) is
energetically of only little importance. Exciting or ionizing one

electron out of one of the lone pair orbitals leads to

D . [
>—®‘>—® (18)
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based on (16) and

<) (19a)

or
G (19b)

based on (17). Again these descriptions are nearly equivalent; however
(19) is simpler to represent and hence is preferred for discussing
excited and cation states. Thus we continue to use (17) in describing
1A, (7?) although the orbitals can best be described as (16).

It is interesting to note that the two lone pairs and the NN o bond are
essentially trigonal about the terminal nitrogen, having hybridization
of spl'q, Spl'4, and Sp1'4.

From Figure 2, we can see that the 7 system consisting of a
doubly occupied Ione pair orbital (B) on the central nitrogen is con-
siderably detoealized onto the terminal nitrogen as expected from our
earlier discussion (see section II).

Energy lowerings and overlaps for these GVB orbitals are
listed in Table I.

B. The °A, State. The bonding pairs corresponding to the NH

bonds (not shown) and NN o -bond are essentially identical with the
corresponding 'A, orbitals (see Fig. 3).

The two triplet coupled orbitals (r and 7) are essentially pure
W and py orbitals centered on the terminal nitrogen. The 5 lone pair

on the central nitrogen is delocalized somewhat onto the terminal
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nitrogen, with a corresponding amount of antibonding character in the
singly occupied 7 orbital.

The remaining orbital on the nitrene N corresponds to a doubly
occupied, N 2s-like orbital [hybridized (sp' %) along the z-axis].

Thus the triplet state can best be represented:

H Q
pOOle®
H ¥
In Fig. 4 we show the orbitals for the *A” state which corre-
sponds to bending the hydrogens of the 3A2 state out of the plane.

The major change is that the delocalization of the r-lone pair is reduced.

Y. Additional Qwuantitative Results

A. TInversion Barrier. As in NH, the H configuration about an
amino N is generally nonplanar and hence for the 3A2 (mm) state we
carried out calculations to determine the geometry and energy barrier.
With the GVB(3/7) wavefunction we found a pyramidal geometry (the
angle between the H,N plane and the NN axis being 43.7°) with an
inversion barrier of 1.7 kcal mole™ . For comparison NH, has an

angle12 of 61.3° and a barrier'? of 5.8 kcal mole™, while H,N-NH,

has pyramidal angles12 of 49.6° and a barrier12 of 2.8 kcal mole™ .
With minimum basis HF, Pople et al. 1% found a pyramidal geometry for
H,NN of 36.6°. However, including all the correlation effects for the
GVB(6/13)-CI at the planar and optimum pyramidal geometries led to

the planar geometry being favored by 0.1 Kcal mole™".
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Figure 2. GVB orbitals of the 1A1 state of aminonitrene based on the
GVB(6/13) wavefunction. Long dashes indicate zero
amplitude; the spacing between contours is 0.05 a.u.

The same conventions are used for all plots.
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Figure 3. Selected GVB orbitals of the 3A2 state of aminonitrene

based on the GVB(6/13) wavefunction,
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Table I. Pair Quantities for the GVB(0, 15) Calculations

Energy
State Energy Pair Overlap
lowering (a.u.)
A, -110.10915 NH-sigma 0. 872 0.0181
NH-1eft 0. 840 0.0172
NH-right 0. 840 0.0172
m-lone pair/bond  0.712 0.0293
7-lone pair 0. 876 0.0095
2s-lone pair 0. 876 0. 0095
A, -110. 08525 NN-sigma 0. 831 0. 0233
NH - left 0. 844 0.0162
NH-right 0.844 0.0162
T-lone pair 0.882 0.0083
2s-lone pair 0.919 0.0048
A" -110.08513 NN-sigma 0. 827 0.0237
pramisial) NH-left 0. 840 0.0167
NH-right 0. 840 0.0167
m-lone pair 0. 881 0.0106
2s-lone pair 0.919 0.0048
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Table 1f. Excitation Energies and Duminant Configurations for Aminonitrene (GVB(8/15)-Cl

Excitation Energya Configuration Energy Lowering
; . NN-sipma  pi lone lune  2slone TE
State (eV) NH Bonds bond palr pair pair (hartrees)
a,af i, b o e* W'y waA"H # ¥ o
A, 0.00° 20 20 20 D0 200 02 20 =
20 20 20 00 G20 02 20 0. 0167
20 20 11 00 110 02 20 0.0142
20 20 02 00 200 02 20 0.0103
A 0.65 20 20 20 00 200 11 20 --
20 20 02 00 200 11 20 0.0155
20 I1 290 906 1119 11 2 0 0.0078
20 20 131 o0 1Lof 1L Z0O 0.0074
o 2,22 20 20 20 00 200 11 20 --
20 20 20 00 100 21 20 0.0149
20 20 02 00 200 11 20 0.0143
20 20 11 00 100 21 20 0.0127
A 7.06° 20 20 0O 00 200 20 20 .
20 20 20 00 100 12 20 0.0071
20 290 11 o8 Loog 12 29 0.0019
20 208 20 00 000 22 20 0.0013
A, 8. 84 20 20 20 00 100 21 20 -~
2 0 20 11 00 100 21 20 0.0341
20 20 11 00 200 1 1 20 9.0095
20 20 01 00 100 21 20 0.0075
‘A, 9.26 20 20 2¢ 00 L 00 21 20 --
2 0 20 11 0 1006 31 20 0.0355
2 0 20 131 an 200 11 20 0. 0096
20 20 D2 00 100 21 20 0.0080
LI 13.29° 20 20 20 00 1 10 02 229 -
20 2490 20 00 020 02 20 0.0234
2 N 28 11 oW 29 B2 29 n, 0200
20 20 29 00 200 11 20 0.0139
TPLaoar teiplet seometyy unless spocifwed,
l\i‘i.\:\.u' singlet goonetry,

SPemuidat ot peometey,
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Figure 4, Selected GVB orbitals of the pyramidal °A’ state of

aminonitrene based on the GVB(6/13) wavefunction.
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Because of the strong 7 bonding of ‘A, (72) we assumed that the
geometry is planar and did not carry out calculations of the inversion
barrier.

B. Ionization Potentials, The first ionization from 'A, (72) is
out of the doubly occupied 7 orbital, leading to a *B, ion at 9.4 eV
(see Table III). This same ion state is also obtained from °A, (r7) by
ionization of the unpaired r-electron (8. 8 eV indicating the effect on the
amino lone pair in this orbital). Ionization of the g-electron of the 3A2
state costs 11.4 eV resulting in a °B, ion at 12.1 eV above ‘A,.
Ionization of an electron from the doubly occupied r lone pair of the

3A2 results in three ions all having the same spatial configuration:

H o

O

H

leading to a quartet state and two doublets. Singlet-coupling of the two
rm-electrons to yield a r-bond results in a 2B2 state at 13,8 eV (13.1 eV

above 3A2). The resulting two states have triplet pairing of the 7,7

orbitals leading to *B, of 12.3eV and ‘B, at 18.7 eV.

C. Excitation Energies. The first excited °A, state corresponds
not to a # — 7* transition as might have been expected but instead to an
excitation of the doubly occupied 7 lone pair to the singly occupied 7
orbital., The singlet ¥ — 7* transition is seen at 13.3 eV; since we
neither included diffuse functions nor solved self-consistently for this

state, this energy is expected to be far too high.
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Figure 5. Electronic states of aminonitrene and aminonitrene cation.
Energies in electron volts. (1 hartree =27,2116 eV =

627.5096 kcal mole )
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D. Dipole Moments. In GVB wavefunctions the orbitals are
unique and localized with chemically identifiable characteristics making
it useful to analyze properties such as dipole moments in terms of
orbital contributions. In order for the dipole moment to be independent
of origin we associate with the electron of each orbital a unit nuclear
charge centered at the nucleus on which the orbital is centered (in the
VB model). This leads to the results shown in Table IV.

The dipole moment of the “A, (r7) state is dominated by the
nitrene nitrogen 2s pair which hybridizes away from the molecule due
to formation of the NN o bond. This orbital leads to a dipole moment
of 2.684 D, while the other orbitals lead to 0.333 D in the opposite
direction resulting in a total dipole moment of 2. 351 D.

For the 'A, (72) state the major change from °A, is the extensive
delocalization of the amino 7 pair due to the lack of a nitrene 7
electron. Thus the 7 system of 'A, has an increased dipole moment of
3.30 D. In response to this shift of  charge to the right, the sigma
orbitals all shift charge back to the left. The net increase in dipole
moment for 'A, is 1,69 D leading to a total y of 4,036 D.

It would be hoped that such analyses will eventually lead to con-
structing transferable bond dipoles useful in predicting dipole moments
of molecules. One of the limits on such procedures can be seen in
Table IV where the NH dipole is 0,358 D at an angle of 73.6° with the
NN axis in °A, and 0.486 D at an angle of 54.0° in 'A, (the NH angle is
is 57.7°). It is not immediately obvious how one could predict the

dipoles for the °A, case knowing the values for the A, state.
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Table IV. Contributions to the Dipole Moment of Aminonitrene (here a
positive moment implies movement of electrons toward the nitrene end
of the molecule); Based on the GVB(6/15) Wavefunction. [All quantities

in atomic units unless indicated otherwise; 1 a.u. = 2,541765 Dekye. ]

Orbitals Y Z Y /A
Non GVB 0.0 0.0 0.0 -0.001

(1s)
NH Bonds

Left -0.360 -0.106 -0.354 -0.257

Right 0.360 -0.106 0.354 -0.257
2s Pair 0.0 1.056 -1.429 0.454
T 0.0 -0.126 1.432 0.442
NN o Bond 0.0 -0.029 -0.003 -0.091
7 Pair 0.0 0.548 0.0 1.297
m 0.0 -0. 312 " -
Total ¢ 0.0 0.689 0.0 0.291
Total 7 0.0 0.238 0.0 1.297
Total

a.u. 0.0 0.925 0.0 1.588

Debye 0.0 2. 351 0.0 4.036
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E. Heat of Formation. Since our GVB(6/15)-CI wavefunction for
aminonitrene is sufficiently correlated to describe accurately the
breaking of the nitrogen-nitrogen bond, we can expect accurate values
for the bond dissociation energy for aminonitrene,

From the GVB diagram the dissociated 1A1 state is

H
PO C 20
H

while the dissociated “A, state is

H
H)@Q @1)

Here we have retained the planar geometry, forming the NH, group to

go to the “A, excited state rather than the B, ground state. As discussed

jole 22)

in section II, the configuration (3) for N in (19) describes neither -D

H

H

nor P (a correct adiabatic description would lead to "D here).

In order to obtain bond energies we must carry out consistent
calculations of both the molecule and the separate fragments, We
elected to do this for the °A, state and to calculate the bond energy of
'A, using the calculated excitation energy.

The basic principles in the CI calculations for bond energies are:

(i) Fully correlate (several natural orbitals) the bond pairs that are
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broken; (ii) Correlate the orbitals for the other bond pairs and lone
pairs associated with the atoms of the broken bond and allow single
excitations in these pairs simultaneous with singles in the bond pairs
(this allows the important interpair correlations that affect bond
energies); (iii) In the case that either the molecule or separated frag-
ment has empty valence orbitals or an open shell configuration in-
clude the appropriate strong mixing configurations. In some cases
these principles will lead to a HF wavefunction of the dissociated
fragment and in others to a correlated wavefunction. 16

The relevant energies are given in Table V leading to a bond

energy of

D, [H,N-N (°A,)] = 89.2 Kcal mole™".

In Table V we see that the HF wavefunction leads to an error of

43 Kcal in the bond energy and that various levels of GVB (without the
additional interpair terms) lead to errors of 25-30 Kcal. Thus these
interpair correlation effects are quite important and must be included
for results of chemical usefulness.

Since an experimental determination of this bond energy would
include the difference in zero-point energies of the molecule and
fragments, it is necessary to apply a zero-point vibrational energy
correction to D;. Estimating the vibrational frequencies for 3A2
aminonitrene based on the average frequencies of hydrazine (as shown
in Table VI) and using the experimental values of NH,, we calculate a
zero-point correction 4,0 Kcal mole™. Thus we predict the dissociation
energy for ’A, aminonitrene to A, NH, and “S N is D, (H,NN) = 85.2 Kcal

mole~1,
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Table VI, Vibrational Frequencies Usedin Zero-Point Energy Calculation

Vibration H,NN(*A,)  H,NN('A)) H,N (°A,)
(estimated)a (experimental)b

NH a, 32170 3270 3173
b, 3340 3360 3226
NH, a, 1294 1294 1449
b, 1016 1016 e
b, 873 8173 -
NN a, 875 1224° -
Total zero-point energy 30.50 31.50 22.56

(Kcal mole™)

4Based on experimental results in hydrazine; ref, 12,
PRet, 12,
CEstimated from SA,Z using ratio of force constants obtained in

parabolic fit of bond legnths.
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This D; applies to dissociation to the 2A1 excited state of NH,,
but we want to obtain the dissociation energy with respect to ground

1T 2

state products [N(*S) + NH,(*B,)]. Using the experimental” ' “A,-’B,

1

splitting for NH,, 29.3 Kcal mole™ ", we calculate
D,[H,NN(°A,)] = 55.9 Kcal mole™ .

Using the calculated 3A2-1A1 splitting for H,NN and correcting for

differential zero-point energies, we calculate

1

D,[H,NN('A))] = 70.4 Kcal mole™".

This D, ('A,) can now be used to predict the heat for formation
of aminonitrene, Using the experimental values12 for the heat of
formation of NH,(*A,) and nitrogen atom (*S) and the theoretical D,

we calculate the heat of formation of 1A1 aminonitrene as

AH; _[H,NN('A,)] =70.1 +112.5 - 70.4 = 112, 6 Kcal mole™"
0°K

Using our geometry and predicted vibrational frequencies we find
that

1

AH,  [H,NN('A,)] = 114.3 Kcal mole”
fzse"x

Thus we find that aminonitrene is 60 Kcal mole™" higher in energy than

12

the isomeric diimide. Indeed this means that the ground state of

aminonitrene is 9.2 Kcal above the energy of

N, + 2H
indicating a rather unstable molecule. Thus if N,H is stable with N, + H
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then the process of H,NN('A,) — HNN + H is exothermic by more than
9 Kcal (there could still be an energy barrier to this dissociation).
We can now use this D, to predict heats of formation for a

variety of substituted aminonitrenes. For example, the heat of forma-
18

tion™° of piperidine is 0.90 Kcal mole™"; combining this with our
D, (*A,) and a N-H bond energy of 102 Kcal rnole'l, we calculate

that piperidine nitrene ’g, has a heat of formation of

AHfO"K (2) = 30.7Kcal mole™ (23)

Comparing this number to the heat of formation of the cyclic azo
compound 1 (AH; = 26.3) we conclude that the rearrangement of 2-1
should be only 4 Kcal mole™" exothermic. Comparing ( 2) with the
AHg of the tetramethylene  biradical the activation energy for blowing
the N, out of piperidine nitrene, 2, is estimated as 31 Kcal mole ™,
Such types of estimates should be quite useful in understandin: the

thermal rearrangements and reactions of nitrenes.

Y1 summary

We find the ground state of aminonitrene is the singlet state (1A1)
with a triplet state (SAZ) at 15,0 Kcal mole™'. This stabilization of the
singlet state is due to a large amount of double bond character in the
NN bond.

We find the nitrogen-nitrogen bond dissociation energy for amino-
nitrene to be 70.4 Kcal mole”™" for the ‘A, ground state of aminonitrene

1

leading to AHfO of 112, 6 kcal mole™ ",
°K



135

The dipole moment is found to be 4,036 D for the 'A; and 2,351 D for
the ®A, state of aminonitrene. The ionization potential in H,NN(A,)
is calculated to be 9.4 eV,

The various properties of the states of aminonitrene are quite

consistent with the GVB model for this molecule.
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PART E: MECHANISM OF THE THERMAL AROMATIZATION
OF 3,3'-BICYCLOPROPENYLS
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The rearrangement of 3,3'-bicyclopropenyls (1) to benzene deriv-
atives (2) is one of the most exothermic unimolecular isomerizations

2
known (AH;xn = 120 kcal/mole”). 1Its mechanism, however, is not well

u>—1<n——+©

understood. This rearrangement has been postulated to proceed through
Dewar benzene,3 benzvalene,4 prismane,5 diradical,6 and iopic
intermediates, although to date no definitive evidence has been
available for distinguishing between these mechanisms.

In 1959, Breslow and Gal7 first prepared hexaphenylbicyclopropenyl
(4) by dimerization of triphenylcyclopropenyl radical (3) and observed
its thermal isomerization to hexaphenylbenzene (3). They proposed
that the reaction proceeded by initial 242 cyclization to hexaphenyl-
prismane (6) followed by rearrangement to hexaphenyl Dewar benzene (7).
Subsequent isomerization of 7 would then yield 5. A subsequent study5
of the isomerization of tetraphenylbicyclopropenyl (8) supported this
mechanism, although it did not rule out other possibilities. Pyrolysis
of 8 was found to give 1,2,4,5-tetraphenylbenzene (9) and 1,2,3,4-
tetraphenylbenzene (10) in a ratio of 10:1 at 135°. The product
ratio, as well as the absence of 1,2,3,5-tetraphenylbenzene among
the products, was consistent with the prismane mechanism. Isomerization

of the proposed tetraphenylprismane by cleavage of the more-substituted
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cyclopropane bonds (path a) would lead to the less sterically
hindered Dewar benzene; thus path a would predominate over path b.

In 1973, Weiss and Andrae3 observed the formation of a Dewar
benzene in the thermal rearrangement of 1l. Pyrolysis of 11 in
refluxing dichloromethane for four weeks led to benzene derivatives
13 and 14 as the sole products; however, after two weeks of pyrolysis,

9% of the Dewar benzene 12 was observed by NMR.S In analogy with
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experiments on the AgI catalyzed rearrangements of bicyclopropenyls, Weiss

and Andrae suggested that the thermal rearrangement involved initial retro-

Scheme T

R'
R‘
/\ | — '__
> e CH:
R
R
R
R' R R
- - e
RT

carbene fission of the cyclopropene ring, followed by ring expansion and

closure to give the Dewar benzene, as shown in Scheme I. 1In 1975 Weiss and

K61b16 observed the photochemical Cope rearrangement of 11 to an isomeric
bicyclopropenyl lé, as well as the thermal Cope rearrangement of 15 to 1l.
They postulated that the Cope reaction was a two-step process proceeding
through an anit-1,4-tricyclohexylene diradical (lé)- This pathway was
claimed to be favorable on the basis of an estimate by the author that

16 has 25 Kecal mole_l less strain energy than the pericyclic transition

state (17). In addition to postulating 16 to be an intermediate in the

——
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16 17

Cope rearrangement, Weiss and K6lbl also argued that 16 could be an
intermediate in the aromatization process.9

Simultaneously with Weiss and K&lbl's observation of a bieyclopro-
penyl Cope rearrangement, the Cope rearrangement of 3,3'-dimethyl-3,3'-
bicyclopropenyl glg) was independently observed by two other research
groups. DeWolf, Landheer, and Bickelhaupt10 observed the rearrangement

of 18 to 1,1'-dimethyl-3,3"-bicyclopropenyl (19).

_—

CH
CH; CHj

CHg
18 19
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Two isomers of ig_were found; these were presumed to be diastereomers,
although no attempt was made to determine which was d,1 and which meso.
The ratio of the isomeric products was found to vary from 10:1 at 256°
to 1:1 at 320°. 1In addition further pyrolysis of the mixture of isomers
of 19 was found to give a 2:1 ratio of m- and p-xylene (10% yield). No
mechanism for the aromatization was suggested, but in previous studie54
of the pyrolysis of 3,3'-tetramethylenebicyclopropenyl (292 by these
authors a benzvalene intermediate had been proposed. This mechanism
involved initial retrocarbene fission leading to a vinyl carbene QJ),
which then could add across the double bond of the other ring to yield

the benzvalene(22). Aromatization of zg_was then assumed to lead to

the observed tetralin product (23).

G — (K=

20 21
— (33—
22 23
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Bergman and Shea11 have also observed the Cope rearrangement of
18 to the two diastereomers of 19 and have assigned the stereochemistry
of each diastereomer. The method of assignment is discussed in the next
section.

The present work is concerned with the kinetics of the Cope
rearrangement and the aromatization process. During this study it
occurred to us that determination of the ratios of isomeric xylene
products formed on thermal aromatization of the two diastereomers of
19 might provide a definitive solution to the aromatization mechanism
problem. We therefore set out to preparatively separate the two

diastereomers and to carry out the pyrolysis of the pure isomers.
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IT. Assignment of Stereochemistry to meso and d1-19

The stereochemistries of meso- and dl-19 were determined by
chemical correlation with compounds whose configuration could be
determined directly (Scheme II). Because our supply of 19 from the
pyrolysis of 18 was very limited, the following method, involving
methylenecyclopropanes 24 as relay compounds, was chosen.

First, usable quantities of g& were prepared independently by

addition of CBr, to 2,5-hexadiene, followed by reduction with zine in

2
acetic acid and elimination/isomerization using KOtBu/DMSO. This
sequence gave the two diastereomers of gﬁ in a 1:2 ratio, the minor
isomer (which proved to be the meso; vide infra) eluting first from
a Carbowax vpc column. A 2:1 mixture of diastereomers 19 was then
purified by vpc and converted to the diastereomers g& by base-catalyzed
isomerization, again using KOtBu/DMSO. Analytical vpc showed that
this reaction gave a 2:1 mixture of diastereomers g&. In this case,
however, the early-eluting diastereomer of g& was formed in major
amount. The fact that different bismethylenecyclopropane (24)
diastereomer ratios were obtained from 2,5-hexadiene and 19 siows that
equilibration of the diastereomers does not occur in KOtBu/DMSO. We
therefore conclude that in the 19 —a-gﬁ reaction, the major (early-
eluting) diastereomer in the 19 mixture corresponds stereochemically
to the major diastereomer in the 24 mixture.

After attempts at kinetic resolution of the diastereomers of g&

12a ; " "
(using both asymmetric hydroboration and epoxidation with a



147

W\W\IOWNE W\Iﬂ\lomma

0 Q 1o *Hd
€1 €
LZ=1p gg-1p
0 MWU mmo
" " HO ,NESA ~Hoou e
tan /4 = 3: 1)
o)
$g-osow $2-1p 61-1p

‘Ho

OWEQ
< ngion
/ OSIa/ 103

g g

OFH

ovoH/uz (2 (*HO)HD H2(*HD)

~Vgal/-HO/NaHD (1. vr\A
£

Id HO H H

T1 ewayog



148

deficiency of (+)-monoperchamphoric acid12b failed to produce optical
activity in either isomer, we decided to correlate the diastereomers
of 19 by chemical conversion to meso- and dl-2,4-hexanediones 27
using the route outlined in Scheme II (for brevity, only the cor-
relation of d1-19 is shown in detail). Epoxidation of 24 with
m-chloroperbenzoic acid gave the mixture of epoxides 25. These were
subjected to ring-opening reduction with LiAlH,, and the cyclopropanols
26 treated with dilute base. Predominant ring cleavage at the less-
substituted carbon, according to precedentlsa, gave diketone 27.
Control experiments showed that meso- and dl-27 underwent only slight
interconversion by epimerization under the reaction conditions. The
stereochemistries of meso- and dl-27 were then assigned through the
kinetic resolutiOn12a of d1-27 by asymmetric hydroboration (see

Experimental).

ITI. Mechanistic Considerations

Possible mechanisms for the aromatization process fall into two
general groups. The first (Group A) postulates sume sort of initial bond-
ing interaction between the two cyclopropenyl rings (examples are the
concerted double ring expansion and the classical Breslow mechanism), and
the other (Group B) involves cyclopropene ring bond cleavage as the
initial critical step. Comparison of the xylene ratios from pure meso-

and d1-19 allows us to distinguish between these two groups, because (as
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outlined in detail below) Group B mechanisms, involving initial ring
bond cleavage, destroy rLhe stereochemical distinction between these
diastereomers. Thus if one of the Group B mechanisms is operating, we
would expect very similar xylene ratios from each. Additionally, as is
outlined in detail below, we are able to distinguish among the Group A
and Group B mechanisms by considering additionally the xylene ratios

formed from lg.

A) Group A Mechanisms

1) Prismane Mechanism

Initial formation of a prismane from 18, d,1-19 and meso 19, followed
by isomerization to the corresponding Dewar benzenes and aromatization,
would predict formation of xylenes as is shown in Scheme III. Meso- 18

and 19 should form the same prismane intermediate and thus would give an

identical mixture of o- and p-xylenes, while d,1-19 would give m- and

p-xylenes,

2) The Weiss Biradical Mechanisms

The Weiss mechanism involves formation of a common intermediate for
the Cope and aromatization processes. The products expected from an anti-
l,4-tricyclohexylene intermediate are shown in Scheme IV. All three iso-
mers are expected to give a different mixture of xylenes. If, as Weiss
suggests, there is an additional pathway for aromatization including "pre-
fulvene" intermediates (e.g. benzvalene), we would still predict substan-

tially different product distributions from each of the isomers.
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3) The Concerted Ring Expansion Mechanism

A fourth mechanism not previously proposed involves concerted ring
expansion of both cyclopropenes to give a Dewar benzene directly. As can
be seen from Scheme V, in this pathway both 18 and d,1-19 are predicted
to give p-xylene exclusively while mesoflg is expected to yield m-xylene.

Note that there is no pathway for formation of o-xylene.

B) Group B Mechanisms

1) The Benzvalene Mechanism

The mechanism of deWolf, Landheer, and Bickelhaupt involves retro-
carbene fission of one cyclopropene followed by addition of the carbene
carbon to the other ring. This benzvalene would then aromatize to give
benzene derivatives. The predicted products from our labelled bicyclo-
propenyls are shown in Scheme VI. Assuming that vinylcyclopropane
rearrangement in the benzvalene is slow relative to aromatization, the
two diastereomers of 19 are predicted to give the same product distribu-

tions, while £§ is predicted to yield exclusively o-xylene.

2) The "Benzvalene-like'" Diradical Mechanism

A slight variation on the benzvalene mechanism involves initial ring
bond cleavage to give the 1,3 diradical (28) followed by ring closure to
give the bicyclo [3,1,0] hexenediyl (29). Cleavage of the internal
cyclopropropyl bond yields xylene. As shown in Scheme VII, 18 would
yield exclusively o-xylene while d,1-19 and meso-19 would yield a

mixture of all three xvlenes.



153

Scheme V

18

dl-19

meso-19

P






155

., hu W \"l-

|
g f”

. — exclusively o-xylenc

29

M —./\._4#__’ @ —= m-xylene

l N

N

m-xylene p-xylene



156

3) The Weiss "AgI—Type" Mechanism

In their original work Weiss and Andrae had proposed the mechanism
shown in Scheme I involving a cyclopropenylcarbinyl cation ring expansion.
This mechanism predicts that 18 should give both o- and p-xylenes but no

m-xylenes, while d,1-19 and meso—l? would yield a mixture of all three

xylenes.
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1V, Results

Pyrolyses of 3,3'-dimethyl-3,3"'-bicyclopropenyl (18) were carried out
in both flow and static systems. Under all conditions used, xylenes were
the products observed at complete conversion. At earlier reaction times,
however, the buildup and disappearance of two new products were observed.
These compounds were obtained in nearly pure form (>95%) by preparative
vapor phase chromatography. The liquid phase used for the separation
proved to be crucial. The use of standard "olefin-separation" phases14a
resulted in decomposition of the bicyclopropenyls and, in at least one
case14b, resulted in quantitative isomerization tc the Dewar benzenes.
Hence, the only acceptable phase for vpc analysis of the bicyclopropenyls
was the relatively inert SE-30. The sensitivity of the bicyclopropenyls
also necessitated the use of glass columns in all vpc work. The stereo-
chemistry of the pure diastereomers was then determined as outlined in
Section II. When 18 was pyrolyzed in a flow system, the d,1/meso ratio
of 19 was found to vary from 10:1 to 1l:1 over a 40° temperature range.

It appeared that this temperature variation might be due to thermal
interconversion of the products d,1- and meso-19 under the reaction con-
ditions. The thermal reactions of all three isomers were therefore exam-
ined in more detail using a static pyrolysis system.

Pure samples of 18, 19a, and 19b were obtained by preparative vpc
and pyrolyzed at 166.5°. Samples were analyzed at various time intervals
ranging from 200 sec to 5000 sec; the data are shown in Figures 1,2, and

s Rate constants were determined by computer simulation of concentration-
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Figure 1: Time dependence of products formed on pyrolysis of 3,3'-
dimethyle-3,3'-bicyclopropenyl (18) at 165.5°. Solid lines

are computer simulated percentages.
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Figure 2: Time dependence of products formed on pyrolysis of d,1-
1,1'-dimethyl-3,3'-bicyclopropenyl (d,1-19) at 165.5°.

Solid lines are computer simulated percentages.
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Figure 3: Time dependence of products formed on the pyrolysis of meso-
1,1'-dimethyl-3,3"'-bicyclopropeny (meso-19) at 165.5°.

Solid lines are computer simulated percentages.
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vs,-time curves using the MS1M4 program.15 The calculated rate
constants are listed in Table I for the interconversion of the
dimethylbicyclopropenyls and for their conversion to xylenes. The
zero-time xylene distributions were extrapolated from the data shown
in Figure 4-6 and are listed in Table II. It was extremely important
that the xylene ratios be taken as close as possible to zero-time
due to two complicating factors. First, in the pyrolysis of 18,
the formation of any substantial amount of the Cope products 12
resulted in xylenes formed from both lg and 19. Second, the
aromatization of pure dl- and meso-19 occurred at a rate competitive
with that of interconversion of the diastereomers. With some effort,
we were able to analyze accurately for xylene formation at conversions
of starting material as low as 1%.

To determine the temperature dependence of the kinetic (zero-time)
dl/meso ratio, the pyrolysis of 18 was also carried out at 196.5°.
At both temperatures the dl/meso ratio extrapolates to 130 * 10 at zero

time (e.g. Figure 7) and shows no measurable variation with temperature.
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Figure 4: Time dependence of tiie percentage of each xylene produced on

pyrolysis of dl1-19 at low percent conversion.
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Figure 5: Time dependence of the percentage of each xylene produced on

pyrolysis of meso-19 at low percent conversion.
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Figure 6: Time dependence of the percentage of each xylene produced on

pyrolysis of 18 at low percent conversion.
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Figure 7: Extrapolation to zero time of dl1-19/meso-19 ratio from

pyrolyses of 18 at 165.5°.
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V. Discussion

a) Cope Rearrangement and Bicyclopropenyl Interconversion

The pyrolysis of 3,3'-dimethyl-3,3'-bicyclopropenyl (18) yields
both d,1- and meso-1,1'-dimethyl-3,3'-bicyclopropenyl (19) in a ratio
of 130 £ 10 at zero time. As shown in Scheme VIII two different
transition states are available for the Cope rearrangement with the
chair conformer yielding d,1 and the boat giving meso. Goldstein15 has
suggested that the Cope rearrangement in acyclic systems might be pro-
ceeding through other transition states (e.g. twist, plane, and anchor
conformers). 1In the bicyclopropenyl case, however, the rigidity of the
system prevents rearrangement through many of the conformations which
might be available in more flexible acyclic systems. Additionally the
unusual symmetry of the bicyclopropenyl molecule allows the chair and
boat conformers to interconvert by a simple rotation rather than a ring
flip. Thus it seems likely that the difference in free energy of
activation (AAG43 for the formation of d,1 and meso-19 accurately
reflects the free energy difference between the chair and boat tran-

4

sition states. The experimental AAG ' of 4.3 kcal/mole (166°) is in

+

good agreement with the AAG' for the acyclic system (~ 6 kcal/mole at
l+98°)1'7 Our results confirm that the variable dl/meso ratios observed
by deWolf, Landheer, and Bickelhaupt were the result of thermal inter-
conversion of dl and meso-19 at the temperatures required for reaction.

In view of this, one might ask whether this interconversion occurs via

retro-Cope rearrangement to 18 (Scheme IX). The following reasoning
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rules out this possibility. The rate of rearrangement for dl1-19 to meso-

k) ky
dl-19 > 18 == meso-19
kl k4 -

19 is limited by the rates of dl-19 -» 18 and 18 — meso-19. However,
the observed rate for the interconversion of d1-19 -» meso-19 is two
orders of magnitude faster than the rate for 18 —» meso-19. Therefore
the reverse Cope rearrangement cannot be operating at a significant rate
under our pyrolysis conditions. An additional piece of evidence against
interconversion by the reverse Cope rearrangement is our failure to
detect any 3,3'-dimethyl-3,3'-bicyclopropenyl or any 1,3'-dimethyl-3,3'-
bicyclopropenyl in the pyrolyses of pure dl-19 and meso-19.

A reasonable mechanism for the interconversion of dl- and meso-19
involves initial ring opening of one cyclopropene followed by bond rota-
tion and ring closure as shown in Scheme IX. This mechanism would pre-
dict that the rate of interconversion should be approximately the same
whether one starts with dl or meso-19. These ratios are found to be iden-
tical within experimental error (Table I).

b) Aromatization

The relative rates of formation of each of the xylene isomers from
each of the three bicyclopropenyls allows us to distinguish clearly
between the various mechanisms proposed in part III. Our data show that
d,1 and meso-lg yield very similar percentages of xylenes (mostly para-
and meta-),while 18 gives a quite different ratio (mostly ortho). We can

therefore rule out all Group A pathways--i.e., the prismane mechanism,
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Weiss's biradical mechanism, and any other pathways which would retain
the stereochemical distinctions between d,l1- and meso-lg. In addition
the benzvalene or "benzvalene-like'" diradical mechanism fails to predict
accurately the xylene distributions for the three isomers.

The only reasonable mechanism consistent with our observations is
the Weiss "AgI—Type” mechanism, This involves the zwitterionic form

(32) of the ring-opened bicyclopropenyl. While this species might

. @ ]
\ — ( J -— J
CH- CH: CH:
30 31 & 32

S~ s A

[

be important in solution, it is unlikely to play any role in the

gas-phase due to the greatly unfavorable energy required by charge
separation. Recent theoretical calculations 1 indicate that ring-opening
of a cyclopropene (33) most likely leads to a 1,3-diradical-cype state
(34) which then converts to the slightly lower energy "carbene' state
(35). When the symmetry of the system is perturbed (for example by the
extra cyclopropene ring in 18) configurations 34 and 35 can mix. Thus

it seems likely that the initial ring-opened intermediate formed by

ring cleavage in a substituted cyclopropene should have large contri-
butions from configurations resembling 34 and 35, and thus the

intermediate should possess significant radical character at carbon 3.
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We now propose that 1,2-vinyl migration occurs in 30 to yield a

cyclobutenyl radical (36 ). 1,2-vinyl shifts of this nature are well-
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precedented; e.g., the Az—cyclopentenyl methyl radical (37) rearranges

rapidly19 to 4-cyclohexenyl radical (38). Ring expansion in 30

CH,*
®
T
37 38

should be even more facile than in 37, since we are not only
relieving greater strain in the cyclopropene but also forming an

allylic radical.
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This "modified Weiss mechanism" is outlined in detail in Schemes X
and XI. This hypothesis accounts for the cbservation that, in the case
of the pyrolysis of 18, rearrangement gives both o- and p-xylene but not
m-xylene. In addition, since ring closure by path b (Scheme X) involves
greater steric hindrance and yields the least substituted double bond, we
would expect path a to preduminate. Thus, we expect 18 to yield only
two xylenes with the major isomer being o-xylene, as is found experi-
mentally. Scheme XI allows us to predict which xylenes should pre-
dominate in pyrolysis of d1-19 and meso=-19. On a purely statistical
basis, we would predict the ratio of o-/m-/p-xyxlens to be 1:4:3. Since
pathway a involves cleavage of the more substituted cyclopropene bond
and thus might be preferred over pathway b, we expect a greater
predominance of m-xylene. Experimentally we find a o:m:p ratio of
1:9:2.5 for d1-19 and 1:6:2.5 for meso=-19. Thus the xylene ratios
from pyroiysis of all three isomers strongly support the mechanism

outlined in Schemes X and XI.

The best evidence for this mechanism would, of course, be the direct
observation of a Dewar benzene intermediate. Although this has not
been possible in the gas phase reactions due to the low-steady concentra-
tion of Dewar benzenes (estimated to be <<10ﬁ6), it has been possible to
detect spectroscopically the presence of a Dewar benzene in the thermal
rearrangement of 18 in solution. In EPnjunction with Turro and Schus-

20
ter, we have observed chemiluminescent rearrangement of 18 to xylenes.

Furthermore we have shown that the chemiluminescent species is a ground
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state intermediate in the rearrangement of 18. Of the three plausible
ground state intermediates (prismanes, benzvalenes, Dewar benzenes), only
Dewar benzenes have been found to chemiluminesce with sufficient
intensity to account for the bicyclopropenyl pyrolysis results.
Measurements of the chemiluminescence yields suggest that at least
50% of the reaction must be proceeding by way of the Dewar benzene
intermediate. Thus this solution data clearly fit the postulated gas-
phase mechanisms. While it is always possible for a different
mechanism to be operating in the solution clemistry, we feel that the
mechanism outlined in Scheme X and XI present by far the most coherent

and economical picture of the aromatization of bicyclopropenyls.
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VI. Experimental

Materials. N-pentane (reagent grade) was stirred with concentrated
sulfuric acid until no further coloration resulted. The pentane was
then stirred overnight with 0.5 N KMnO4 in 3M H2504, washed with water
and aqueous NaHCO3, and dried over MSSO4. The pentane was distilled from
P205 through a one-meter distillation column packed with glass helices.21

3,3"-Dimethyl-3,3"'-bicyclopropenyl was prepared by the method of
de Woli,gj_gl.zz

Trans-1,2-dimethylcyclohexane was purified by preparative vpe. All
bicyclopropenyls were purified just prior to use by preparative vpc on
a Varian Aerograph 90-P gas chromatograph using a 20' x 1/4" glass
column packed with 307 SE-30 on 60/80 Chromosorb WAW-DMCS. The column
temperature was 60-70°C, the injector temperature 60°C, and the
detector temperature was 80°C. Other preparative vpc columns used:
Column A: 10' x 1/4" glass 15% carbowax 1500 on 60/80 Chromosorb WAW-

DMCS; Column B: 10' x 1/4'" glass 5% Diethylene Glycol Succinate (DEGS)

on 60/80 Chromosorb WAW-DMCS.

Apparatus. Static Pyrolysis of the bicyclopropenyls was carried out
in a reactor of 200 ml volume (Figure 8). The reactor was constructed of
lead-alkaline glass (Corning 0120) and was joined to a Teflon stopcock A
by a length of capillary tubing to minimize dead space. Fused to the
capillary tubing and extending into the center of the flask was a thermo-

couple well. Stopcock A was connected to a vacuum manifold which included

~
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a small coil trap, 14/20 joint B, vacuum stopcock and 14/20 joint C,
vacuum stopcock D, vacuum stopcock and 14/20 joint E, and large trap F.
System pressure was monitored by a mercury manometer at G.

The reaction flask was immersed in a 6-1 copper beaker containing a
high temperature silicon oil (Lauda Ultra-Therm 330-SCB). Also immersed
in the bath was a high-speed Sargent stirrer. Heat was supplied by two
500-W base heaters, one of which was connected to a thermoregulator. The
temperature was measured by inserting an iron-constanan thermocouple into
the reacter thermacouple well; voltage was read on a Leeds and Northup
millivolt potentiometer (Model 8686). Temperature could be routinely

kept constant during a run to better thanm * 0,2°,

The reaction vessel was conditioned by heating bicyclopropenyl 18 in
it at 195° for 24 hr. Rate constants were determined using the following
procedure. The entire system was evacuated to less than 0.05 torr by a
Welch Pump. An appropriate mixture of bicyclopropenyls and internal
standard (trans-1,2-dimethylcyclohexane) was degassed at joint C (stop-
cock A closed). The stopcock to the pump was closed and the mixture al-
lowed to vaporize into the manifold ( 15-20 torr). Stopcock C was closed
and then degassed pentane was vaporized into the manifold from point E to
give a total pressure of ~150 torr. The Teflon stopcock A was opened and the
manifold mixture expanded into the reaction vessel to give a total pressure
of 100 torr. The remaining manifold mixture was condensed, and the
system was re-evacuated. After the mixture had been pyrolyzed, stopcocks
C and D were closed, and the Teflon stopcock opered momentarily. The ma-

terial which expanded into the manifold was condensed with liquid nitrogen
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at point B. The aliquot was removed from the line and stored at —58°%¢
until analysis.

All analytical vpc was done on either a Hewlett-Packard 5751 gas
chromatograph with flame ionization detector or a Perkin Elmer 3920 gas
chromatograph. Peak areas were integrated using a Spectro-Physics Auto-
lab System I computing integrator. Two different amalytical columns were
necessary to determine the dl/meso ratio and to determine the o:m:p-
xylene ratios. To measure the relative amounts of 18, dl1-19, meso-19,
and xylenes, a 20' x %" glass column packed with 30%Z SE-30 on 60-80
Chromosorb WAW-DMCS was used. This column was temperatured-programmed
with a rise in temperature of i C/minute after an initial period of 60
minutes at 60° C. VPC analysis of the xylenes required the use of an
"internal tandem" 20' x %" glass column packed with 15' of 30% SE-30 on
chromosorb WAW (60/80) followed by 5' of 5% DC-SSS and 5% Bentone-34 on
chromosorb WAW (60/80). This column was usable for separation of xylenes
if temperature-programmed at 50o for 64 min (to elute the bicyclopro-
penyls) and then at lolmin to 850. Under these conditions the retention
times were: p-xylene, 94.4 min; m-xylene, 96.9 min; o-xylene, 101.0

min.
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Figure 8. Apparatus for Gas Phase Kinetics
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