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Ah&act-Molecular wavefunctions for C,O and CoN, have been computed by the extended Hfickel 
and by the INDO methods. Both procedures lead to a linear triplet ground state for the two molecules. 
In C,O there is a charge shift in the u-framework toward oxygm but the opposite effect takes place in the 
n-orbitals, with the result that the total charges are primarily located on the carbons (negative on the 
terminal atom, positive on the middle atom). The reactivity of the compound with olefins is then analyzed ; 
INDO calculations on the biradical intermediate resulting from the reaction of ethylene with C,O indicate 
a charge transfer of @l le to C,O, essentially due to the polar e&c% of oxygen. These results point to an 
electrophilic character for the compound, in agreement with the observations of Bayes et aL6 

The n-bond order for the CC bond in C,N, is found to be remarkably small (l.OS), which explains the 
10% resistance to bending around the central atom. The zero-field splitting parameters derived from the 
spin densities are in good agreement with the values obtained from the ESR spectrum. 

INTRODUCTION 

IN A continuation of our work on molecules related to C3, we wish to present herein 
the results of some relatively simple quantum chemical calculations on the molecules 
C,N, and C,O. The first paper in this series concerned itself with the electronic 
structure of carbon suboxide.’ 

Carbon suboxide undergoes a photochemical reaction with olefms, the net effect 
of the reaction being an insertion of a single C atom yielding a mixture of allenes and 
alkynes along with two molecules of C02. When C,O, labeled in the central position 
is used in the photolysis reaction, the resulting allene is found to have the labeled 
carbon primarily in the central position.’ The reactive intermediate in the photolysis 
of C,O, is thought to be the C,O molecule.2 C,O acts then essentially as a C atom 
donor in its reactions with olefms.2 

Baker et n1.4 studied the relative reactivities of a series of olefms in the photolysis 
of C30,. These workers found that the olefm reactivity decreased with increasing 
substitution at the double bond and concluded that the reactive intermediate in the 
photolysis of C,O, possessed nucleophilic properties. In complete contrast, Bayes 
et al.‘*6 performed similar reactivity studies and found that the reactivity of the 
olefin increased with increasing substitution. These workers attributed electrophilic 
properties to the reactive intermediate. 

l Work supported by the U.S. Army Research Office fDurham). 
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Bayes et al. ‘* 6 have also demonstrated that the properties of the reactive inter- 
mediate generated in the photolysis of C,O, are strongly dependent on the wave- 
length of the photolyzing light used. Thus they have found that when light of 29OOA 
or greater wavelength is used, the intermediate produced has electrophilic properties. 
This intermediate is thought to be the C,O molecule in a ‘Z- electronic state. If 
25OOA light is used, the reactive intermediate is found to be indiscriminate in its 
reactions with olefins. In this case the intermediate is thought to be the C,O molecule 
in a ‘A electronic state. 

To our knowledge C,O has not yet been the object of a detailed quantum-mech- 
anical study.’ In this paper we have used two simple quantum-mechanical methods, 
with a view to shedding some light on the physical and chemical properties of the 
compound. 

Dicyanocarbene, CJN2, undergoes reactions that are characteristic of carbene 
species.’ This molecule is also moderately selective in its CH insertion reactions, 
indicating a stabilized carbene. In addition, C3N, has also been found to bend very 
easily about the central C atom; the bending frequency is predicted to be very small 
(-20 cm-‘).* Although the bending frequency has not been measured directly for 
C,N,, m Ca9 and CjO, lo it has been measured at 63 cm- ‘, which is indeed very low. 

In our previous paper,’ we have discussed this feature in terms of the electron 
density distribution in CJ and C30,. We have thought it of interest to examine 
whether our interpretation would also hold in &N,. The ESR spectrum of the 
compound has been analyzed recently and the zero-field splitting parameters have 
been determined. l1 The computation of these parameters has provided a test for the 
adequacy of our wave functions. 

Computational methods 
In this study we have employed the extended Hiickel MO (XHMO) methodlZ 

as used extensively by Hoffmann l3 and an approximate Hartree-Fock-SCF model l4 
developed by Pople et al. l5 The MO’s are approximated as linear combinations of 
atomic orbitals (LCAO) in both methods. The basis set of atomic orbitals used in 
these calculations were 2s and 2p Slater type atomic orbitals.16 The details of the 
XHMO method used in this study have been described previously.’ 

Two versions of the approximate SCF method developed by Pople et a1.l’ are 
enjoying remarkable success. On one level of approximation is the complete neglect 
of differential overlap (CNDO) method. ” The CNDO method is characterized by 
completely neglecting atomic overlap distributions of the type &(l)&(l) (v # cc), 
in electron interaction integrals. On a higher level of approximation is the inter- 
mediate neglect of differential overlap (INDO)‘* method. In this method, the product 
of two different atomic orbitals #,(l)&(l) associated with electron (1) are retained 
only in one-center electron interaction integrals. 

The molecules C,O and C,N, presumably have triplet ground states with two 
unpaired electrons. The approximations made in the CNDO method are too extreme 
to give a proper account of the spin polarization contributions to the unpaired 
electron distribution. The INDO method, on the other hand, is capable of yielding 
molecular wavefunctions that accommodate exchange polarization.‘s We have 
therefore used the INDO method in this study. 

This method uses a spin-unrestricted orbital wavefunction allowing different 
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spatial MO’s for electrons with different spins. l9 Thus, the double occupancy criterion 
of the MO’s is relaxed and this leads to negative as well as positive spin densities. 
An unrestricted INDO-LCAC&SCF molecular wavefunction for M a electrons and 
n (3 electrons (m 2 n) has the form: 

* = I $“i (1) a (1). . . ti (4 a (4 $P (m + 1) B (m + 1). . . d4 (4 B b)l 

where I& and I# form two different orthonormal sets 

(1) 

(2) 

The C$ and the C$ in (2) are the LCAO coefficients in the molecular orbitals $9 and $p, 
respectively. These LCAO coefficients are determined by solving two separate F 
matrices in a standard SCF manner. r* The approximations introduced in the evalua- 
tion of the atomic and molecular integrals are described in detail by Pople et al.” 

The LCAO coefficients are used to construct charge-bond order matrices for a and 
B spin electrons, respectively, defined by : 

(3) 

The total charge-bond order matrix for the molecule is obtained by summing the 
individual Q and /I charge-bond order matrices, 

P,, = p”p + PiV (5) 

while the spin density matrix is formed by taking the difference of these same two 
quantities, 

P,, = p”, - P!” 

It should be noted*’ that the wavefunction described by Eq. 1 is an eigenfunction 
of S, but not of S*. Thus in our case the INDO wavefunction is not a pure triplet but 
contains contaminants of higher spin multiplicities. A projection operator technique 
must be employed to obtain a pure triplet wavefunction.*l This projection has not 
been performed in this study as it was hoped that the proportion of higher spin 
multiplets present in Eq. 1 would be small. 

Since the experimental geometry for C,N, and C,O is unknown, we have employed 
the electron diffraction geometry ** of C,O, for these molecules. This corresponds 
to a CC bond length of 1*28A and a CX (X = 0, N) bond length of le16A. The labeling 
of axes and atoms was taken as follows : 

1 2 2 2 1 3 3 
C-C-O N-C-C-C-N kx 

Curbonyl carbene (C,O). The reactive C,O molecule is predicted to be linear 
according to the Walsh23 correlation diagrams for AB, and ABC type molecules. The 
following order of molecuiar orbitals for linear C20 was produced by the XHMO 
method : 

(lo)2 (la’)2 (2a)2 (17r’)4 (2a’)2 (l#: SE:-, ‘4 1x+, 
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where the prime orbitals would correspond to ungerade orbitals in linear AB, 
molecules. This ordering of MO’s by the XHMO method gives rise to three states, 
all of which are degenerate. This is inherent to the XHMO method which does not 
include electron interaction, and consequently can only give the average energy of an 
electron configuration. Thus the calculations performed using the XHMO method 
cannot make an outright prediction as to the ground state of this molecule. 

Upon bending, each x orbital splits into two levels ; one which is relatively unaffected 
by the bending is formed from 2p orbitals perpendicular to the plane of the distorted 
molecule and belongs to the a” representation of the C, point group. The other one 
is formed from s and p orbitals located in the plane of the bent molecule and is of a’ 
symmetry. A plot of the XHMO one-electron energies versus bending about the apex 
angle for C,O is illustrated in Fig. 1. It should be noted from Fig 1, that the 6a’ and 
the 7a’ levels cross in the vicinity of 100”. This crossing should not actually take place 
as it violates the non-crossing rule. The one-electron energies are probably best 
represented schematically by the broken curves in the figure. Since in linear C,O 
two electrons are located in the degenerate lx orbital, the XHMO method will give 
rise, upon bending, to a splitting of the lowest computed linear state into three levels. 
These will have the following electronic configurations : (2a”)2, (2a”) (6a’) and (6a’)?, 
respectively (all the lower orbitals up to 5a’ remain doubly occupied), We illustrate 
in Fig. 2 the variation of the energies of these three configurations as a function of 
the apex angle. The (2a”)2 configuration has its minimum energy for a CC0 angle 

-16 - 

CC0 angle. dw 

2a 

FIG. 1 XHMO orbital energies versus angle for C,O. 
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equal to 145”. The minimum lies O-29 eV below the energy of the (2a”) (6a’) configura- 
tion at the same angle, and 0.20 eV below the energy of the linear system. The smallness 
of these differences is a consequence of the small splitting (for a CC0 angle in the 
vicinity of 145” at least) exhibited by the lx orbital when the molecule bends. 

-_- 
(60’)’ 

IO 

cc0 0ngle. d-a 
FIG. 2 Energies of the lower XHMO configurations of C,O as a function of the apex angle. 

Under such conditions it may very well happen that in actuality, the lowest 
electronic state does not correspond to the double occupancy of the lowest orbital, 
but to the triplet associated with a single occupancy of each orbital. This is actually 
the case in methylene,24 where the behavior of the orbital energies is comparable in 
several respects to the one observed in C,O, and where it is known that the inter- 
electronic interaction actually causes the lowest state to be a triplet. Methylene is 
also characterized by a small splitting of the components of the x orbitals. Hoffmann 
labels them cr and p, respectively, the former lying in the plane of the bent molecule, 
the latter being perpendicular to that plane. When the molecule bends, the CJ orbital 
lies below the p orbital, contrary to what we observe in C,O for the lx MO. In a 
study on substituted methylenes, Hoffmann proposes the following criterion for 
determining which configuration has the lowest energy : if, at the angle at which the 
cr2 configuration is minimized, the splitting between the two components o and p is 
smaller than 1.5 eV, the ground state will probably be the triplet derived from the 
ap configuration. If we apply the same criterion to C,O, we are led to predict that the 
ground state of this molecule is the triplet correlating with the (2a”)(6a’) configuration, 
i.e. it is the linear triplet 3Z-. Experimental evidence is in favor of a linear geometry 
for this triplet molecule. 25 In addition, the first excited singlet state is predicted by the 
XHMO method to be a bent ‘A’ state which correlates with ‘A. 

The INDO method, which explicitly includes electron interaction, also predicts 
the ground state of the molecule to be the linear triplet. The calculated INDO 
potential curve for the triplet state of C,O is fairly similar to the (2a”)(6a’) curve 
illustrated in Fig. 2. The triplet state is predicted to be 1W eV more stable than the 
singlet state in the linear form of this molecule. The determinantal wavefunction for 
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the linear singlet is not an eigenfunction of the orbital angular-momentum operator 
and is really a mixture of the ‘A and ix+ states. Configuration interaction (CI) 
would have to be employed in order to separate these states. Assuming that the 
separation between the ‘A and the lx’ states is similar to that found in molecular 
oxygen (0.65 eV),26 one comes to the conclusion that the splitting produced by CI 
would not be large enough to bring the ‘A or ‘C+ state below the %- state. There is 
thus no doubt that the ground state of C,O will be a linear triplet. The ground state 
INDO molecular wavefunction for this molecule is given as 

\y= I{lolo’lx:lx;2o2o’ln.Ix,) a {lala’2al7r:ln;2a’} s):3z-, 

with the two extra a electrons in the degenerate pair of lx orbitals. 
The atomic charges, broken down into the (J and x components, are recorded in 

Table 1. These cr and x charges were obtained by assuming ansp hybridized cr frame- 
work for the molecule before electron redistribution occurs by the computational 

model. This localized model for C,O would then have three CT electrons and one x 
electron on Cl, two cr and two x electrons on C2, and three o and three x electrons 
on oxygen. We will only discuss the INDO electron populations since they are 
probably more realistic than the XHMO populations’. The charge distributions as 
recorded in Table 1 reveal that the carbons are electron deficient in the a-framework 
due to the electron withdrawing inductive effect of the 0 atom In the n-framework, 
on the other hand, Cl is seen to become fairly electron rich due in part to the “back- 
bonding” of the oxygen nrr electrons. This leads to total charges that are primarily 
located on the C atoms in the ground state of this triplet molecule. 

In addition to the distribution of the paired electrons in this molecule, the distribu- 
tion of the unpaired electrons should prove informative especially in regards to 
reactivity. The distribution of the unpaired electrons, as revealed by the spin densities, 
are recorded in Table 2. We have also performed INDO calculations on singlet and 
triplet NCN (b = 1.30A) at various apex angles Cyanonitrene, NCN, which is 
isoelectronic with C,O, is predicted by the INDO method to have a 32; ground 
state, in agreement with experiment.27” The unpaired electron distributions for lin&ar 
NCN are also recorded in Table 2. The unpaired electron distributions in linear NCN 
and linear C,O indicate that the terminal atoms in these molecules contain the excess 
positive spin density. Those orbitals which are associated with the l3 spin electrons 
are polarized towards the central carbon atom resulting in a net negative spin density 
at this atom. The large difference in the negative spin densities, observed for these 
molecules at the central C atom, is due mainly to the form of the highest occupied MO 
(homo). One component of the degenerate x-homo for these molecules is recorded 
in Table 3. The ($0 homo is seen to have a coefficient on the central C atom which 
leads to a positive contribution to the spin density at this atom. The NCN homo, on 
the other hand, is seen to be of Its symmetry which leads to no net contribution to the 
central atom spin density from this orbital. This gives rise to the large negative spin 
density on carbon in linear NCN. The unpaired electrons in triplet C,O and NCN are 
seen to be delocalized over the three atoms (as revealed by the spin densities of Table 2). 
Consequently, these molecules would be expected to show some discrimination in 
their reactivities compared to triplet methylene which has its unpaired electrons 
localized on the central C atom. This selectivity is found experimentally for C,06 and 
NCN.27b 



The electronic structure of resonance stabii dicyanocarbene and carbonylcarbene 5457 

The atomic charges in linear triplet C,O speak for a carbine possessing nucleo- 
philic properties since Cl, which is the reactive site in this molecule (vi& i&r), has a 
fairly large negative charge. Consequently, basing reactivities solely on the ground 
state charge distributions would tend to favor the reactivity pattern found by Baker 
et aL4 However, a more detailed analysis of the question should be based on the 
features of the transition state of the reaction. We are going to see that such a study 
reveals that other factors, such as, for example, the polar effect exerted by the 0 
atom of C,O in the course of the reaction, play a non-negligible role in deter- 
mining the reactivity of the compound We will see that one is then led to label C,O 
as an electrophilic reagent, in agreement with the experimental observations of 
Bayes et ~1.~ 

We record in Table 4 the relative reactivities of triplet 0 atoms, triplet C,O mole- 
cules, and triplet CH, molecules with various olefms, as tabulated by Bayes et aL6 
Whereas triplet CH, appears to be fairly unselective, triplet 0 atoms and triplet C,O 
molecules exhibit electrophilic properties, according to these data. The values col- 
lected in Table 4, together with the activation energy differences found for the 0 atom 
olefin reactions and the C20 molecule olefin reactions,6* ** are in agreement with 
a relatively loose 0 atom-olefin transition state with some charge-transfer 
characteristics.28 The C,O ole!in transition state is probably relatively tighter with 
more biradical character than the corresponding 0 atom-olefin transition state. The 
biradical nature of the C,O-olefin transition state is revealed by the reactivity of C,O 
with butadiene. Diphenylcarbene29 and propargylene3’ (isoelectronic with C,O), 
both molecules of which are known to have triplet ground states, react remarkably 
fast with butadiene. Indeed, Skell et al. 29* JO have found that both of these compounds 
are selectively consumed (over 100 times more rapidly than with isobutylene) by 
butadiene compared to simple oletins. We are inclined to believe that the C,O-olefin 
transition state lies between the olefm-0 atom transition state and the olefin- 
propargylene transition state, probably closer to the former. 

If one was to consider only the spin densities as the criterion of reactivity of C,O, 
then one would be forced to predict nearly equal reactivities at the two terminal atoms 
in this molecule. However, there is no experimental evidence- which indicates any 
tendency for C,O to react at the oxygen terminus. We feel that the form of the highest 
occupied MO is here the predominant factor. It is seen from Table 3 that the major 
contributor to this MO is the p (pX or p,) atomic orbital coefftcient at the carbon 
terminus. Consequently, this terminus should present the greatest overlap possibili- 
ties with a reacting olefin molecule at the transition state. On the other hand, the 
overlap at the oxygen terminus should be much smaller. 

This qualitative reasoning could, not too easily, be verified by exploring the calcu- 
lated energies of the various olefin-C,O adducts. However, this would involve an 
enormous amount of calculations. Instead of performing all these calculation% we 
have taken the theoretical license of calculating, rather arbitrarily, the biradical 
intermediates resulting from the reaction of ethylene with C,O (both termini) and 
with a triplet 0 atom. Only the INDO method has been used in these computations. 
The biradical model may not be a good representation of the transition state for these 
processes, expecially in the olefin-0 atom case. However, the charge distributions 
should be similar in the biradicals since both triplet 0 atoms and triplet C,O are 
assumed to possess electrophilic properties. 
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The following configurations and geometries were assumed for the biradical inter- 
mediates : 

Y 

t 

Z 

X 
X 

where X = a triplet 0 atom, or a triplet C,O molecule oriented parallel to the z axis, 
and presenting to the olefm either its carbon or its oxygen terminus. The bond lengths 
of C,O were kept the same as used for the ground state. In agreement with our 
qualitative reasoning, the biradical intermediate resulting from the C,O oxygen 
terminus attack was found to be 6.8 eV less stable than the corresponding biradical 
resulting from the Cl terminus attack. Although the magnitude of this energy difference 
between the two biradical intermediates is perhaps largely exaggerated, it is very 
suggestive that the Cl attack should be highly favored over the 0 atom attack. 

The electron distributions found in the biradical intermediates produced from 
ethylene and C,O and ethylene and 0 atoms are as follows : 

Ql - 01 

H ‘..; il9 

/-(:g, 43 

,Ol 00 

H..;;Qs 
C- 

.2j..-H 

H/(78) ‘56 

i 

\H 

c-c-0 b 
I -0.28 0.38 -021 II -@I8 

(0.73) (0.54) ( 1.42) 

where the signed numbers refer to atomic charges, the parenthetic numbers represent 
the atomic spin densities, and the number between the CC bond of ethylene represents 
the INDO x-bond order. As might have been expected, both biradicals are seen to have 
fairly similar electron distributions. Both the C,O and 0 atom biradical intermediates 
are seen to possess some charge-transfer characteristics. In the 0 atom biradical this 
amounts to 0.18 electrons transferred to the 0 atom, while in the case of C,O this 
charge transfer amounts to a total of 0.11 electrons. This charge transfer in the C,O 
biradical is mainly due to the presence of the 0 atom which has increased in charge 
density significantly compared to the ground state charge density of this atom. The 
“free” C atom of ethylene is seen to be slightly electron rich in the biradical intermedi- 
ates. However, it is electron deficient in the o framework and in addition, the transi- 
tion states in these olelin addition reactions probably occurs before the C,O molecule 
or the 0 atom is localized on one of the olefmic C atoms. Consequently, both C atoms 
will in all probability be positively charged at the transition state. A calculation in 
which the C,O molecule is located 1.5 A below the ethylene molecule and symmetric- 
ally placed (between the CC bond) in the YZ plane, along the Y axis, indicates that a 
fair amount of positive charge (013 electron units) has developed in the o framework 
of the oletin*. This development of positive charge on the oletinic carbons should be 
stabilized by electron donating alkyl groups. This is in line with the electrophilic 
reactivity sequence observed by Bayes et aL6 

l Although the total change is not as large it is still positive (0.04 clccmn units). 
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The positive spin densities in the biradical I are also interesting. There is seen to be 
an increase in the amount of positive spin density at Cl in the biradical intermediate 
compared to the spin density at this center in the isolated molecule. The unpaired 
electron distribution in the 2s orbital has also increased considerably (- 7 fold) in the 
biradical intermediate. These unpaired electron distributions are consistent with the 
proposed cyclization of the biradical intermediate to the cyclopropylidene ketene, 
which loses a molecule of CO to form cyclopropylidene; the latter is known to re- 
arrange to allene : 

Hz Hz 
H,$-CH, 

Y ---co Hz 

*c=c=O - 77 
H, 

- H,C=C=CH2 
. . 

lb, 

301 
-I6 

90 135 I 

ccc angle. dcg 

FIG. 3 XHMO orbital energies versus apex angle for C,N,. 
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Dicyumcarbene (&NJ. The XHMO method predicts C3N, to be most stable in 
the linear form. The corresponding XHMO electronic configuration is : 

lo,2 lo; 2af 20; 3af lx: lx: 30; 2x,2: %;, ‘A*, ‘Z; 

This electron configuration gives rise to three states, all which are degenerate in 
XHMO theory. Following the procedure used for C,O, we record in Fig. 3 the orbital 
energy diagram for C3N, as computed by the XHMO method. The lower energy 
configurations of bent CJN, are (5a,),2 (5ai) (2b,), and (2b1),2 respectively. Their 
energy variation with the bond angle is illustrated in Fig 4. The results indicate that 
all three configurations are stable with respect to in-plane bending. The curves also 
suggest that C3N2 should have a linear triplet ground state. A similar conclusion was 
reached by Hotfmann et ~1.~~ for this molecule. Subjecting the energies of the @a,) 
(2b,) configuration to a polynomial fit leads to a calculated bending force constant of 
012 mdyn/A, which should be compared with the value of 003 mdyn/A estimated by 
Smith and Leroi.* The form of the highest occupied MO (Table 3) for the molecule 
also suggests that there should be a fairly low resistance to bending. 

-40 
do I:, 

I I I 
I20 140 160 

CCC angle. dw 

FIG. 4 Energies of the lower XHMO configurations of C,N, as a function of the apex angle. 

The INDO method also predicts the ground state of C,N, to be a linear triplet. 
That the molecule is a linear triplet has also been demonstrated experimentally.” 
The INDO ground state wavefunction is as follows : 

v= ~{la,la”20,20”(lx,)~(1X~~30*3a,(2~~)” 

X{la, la, 20,20” (lx,)2 (lxJ2 3o, 30”)s) : 3z:;, 

where (l~,),~ for example, indicates a single occupancy of the x and y components of 
the 1% orbital. This state is 1.31 eV more stable than the singlet mixture of ‘A, and 
‘I;: states. 

7’he electron populations recorded in the tables, together with an INDO central 
CC n-bond order of 1 a5 (this number represents the sum of the pr and the pr INDO 
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bond orders) and an INDO CN n-bond order of 161, are consistent with the following 
resonance structures contributing to the ground state of this triplet molecule: 

NX-&C=N N&Z-&C=fi &C--i’~N +C==C=C=fi 

Those resonance structures which act to reduce the x bond population between the 
central CC bonds serves to lower the bending force constant in this molecule. This 
situation is very similar to the one we have observed in carbon suboxide,’ where the 
central CC x-bond order was computed to be 1.24 and a CO x-bond order 1.39. 

The INDO spin densities of C,N, reveal that the terminal nitrogen atoms and the 
central carbon atom carry the positive spin densities, while the carbons of the nitrile 
groups are seen to have a large net negative spin density. Wasserman et al.’ l observed 
the ESR spectrum of this molecule (generated photolytically from (NC), C-N,) and 
obtained the following zero-field splitting parameters : 

D=1QO2cm-‘andE<O+lO2cm-’ 

A non-zero E value indicates the deviation of the triplet molecule from cylindrical 
symmetry, while the D value measures the extent to which the spin degeneracy of the 
triplet state is removed by dipole-dipole interactions of the unpaired electrons.31 
D is roughly proportional to the average of the inverse cube of the distance between 
the two electrons, (l/r;). The above measured zero-field splitting parameters are 
considered to be consistent with a linear structure for this molecule.’ 1 

Wasserman et al.’ ’ have used the following expression for the evaluation of D, 

D = ~pi2D, (7) 

where pi is the spin density in one orbital of the degenerate x set of the ith atom and 
D, is an empirical parameter having the value 1.86 cm-’ (spectroscopic value)324 
when i = N and 0.74 cm- ’ when i = C. 32b Assuming the following spin densities in 
C,N,: /+,, = 040, pc2 = - 0.20, and pcl = 060, Wasserman et al. l1 using Eq. 7 
have calculated a D value of 0.97 cm- ‘. This computed D value also includes a 005 
cm- ’ contribution from the two-center terms that contribute to D. 

Employing Eq. 7 and the INDO n-spin densities recorded in Table 2 together.with 
the 0.05 cm-’ contribution from two center terms leads to a computed D value of 
1.07 cm- ‘. The computed value of D reduces to 0.99 cm- ’ when a CC bond length 
of 1.35 A (minimum energy bond length by INDO) is employed. Wasserman et al. 1 ’ 
also obtained a D value of 1.54 cm- ’ for cyanonitrene. The corresponding INDO 
spin densities for this molecule recorded in Table 2 leads to a calculated D value of 
1.82 cm-‘. Clearly, as has been pointed out by Wasserman et al.,ll large negative 
spin densities are necessary in these molecules in order to avoid a much lower calcu- 
lated D value. The INDO unrestricted wavefunctions are apparently fairly good for 
these molecules. This is of course only true if the validity of Eq. 7 is accepted 

The extensive delocalization of the unpaired electrons in this molecule speak for a 
selective carbene. This selectivity has been observed by Ciganek’ for singlet C,N,. 
The form of the highest occupied molecular orbital which is largely localized on the 
central C atom indicates that CJN, should react preferentially at this center. Experi- 
mentally,’ reaction only occurs at the central carbon and not at the terminal nitrogens, 
at least to our knowledge. 
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CONCLUSIONS 

The two methods used in this paper have provided a coherent picture of the elec- 
tronic structure of carbonylcarbene, cyanonitrene, and dicyanocarbene, which are 
predicted to be resonance stabilized triplets. It is encouraging to observe that the 
XHMO and the INDO methods are in agreement as to the nature of the ground state 
of C,O and C3N,. A point worthy of notice is the importance of the highest occupied 
MO, which appears to govern to a large extent the reactivity of the compounds studied 
here. In the case of CzO, an exploratory investigation on the transition state of the 
addition reaction with ethylene has brought evidence in favor of an electrophilic 
character for the compound. Furthermore, that the INDO wave functions provide a 
fairly good picture of the electron distributions in these molecules is evidenced by the 
gooa agreement with the ESR results. 

TABLE I. INDO CHARGES OF LINEAR CCO, NCN, HCH AND C,N, 

Atom: Orbital cc0 
Molecule 

NCN* HCHf NCCCN 

Cl u 0.143 
n -Q374 

0+x -0.231 
c2 u oQ90 

P 0.166 
atn 0.256 

X# 0 -0.233 
n @208 

U+K -0.025 
H 0 - 

- - - 0,029 
- 0006 

- - - 0.023 
OGIO -0.178 O-054 
@154 OGW 0.112 
0.194 - @178 0.166 

-0.020 - -0.039 
-0G76 -0.114 
-0096 - -@153 

- 0089 

l kN = 1.3OA 
t R, = l.lOA 
$ X = 0, or N 

TABLE 2. INDO ORBITAL SPIN DENSITIES IN LINEAR C,O, NCN, HCH AND &N, 

Atom Orbital cc0 NCN HCH NCCCN 

Cl: 2s 
2x 

2Y 
22 

c2: 2s 
2x 

2Y 
22 

x: 2s 
2x 

2Y 
22 

H: IS - - 

0025 
0.525 
@525 

-015 
-0.012 
-0.011 
-0011 
-0024 

0.022 
0487 
0487 
0.002 

- 
-MS7 
-0.350 
-@350 
-00l4 

O-029 
@675 
0.675 
0.022 

0.049 
- 0.518 

0.518 
- 0.030 
0.128 -0035 
1QCQ -@211 
1GCKl -0.211 
0.067 -0.032 
- 0.023 
- 0.452 
- 0.452 
- OcKl4 

.0+97 - 
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TABLE 3. FORM OF THB HOMO* AND niu CORRESPONDING ~IG~NVALUE POR LINEAR C,O, NCN AND C,N, 
ACCORDING TO -IIB XHMO AND rHu INDO METHODS 

Molecule C,O NCN C,N, 

Method XHMO INDO XHMO INDO XHMO INDO 

- 1245 -1362 - - 14.85 - 12.37 - 11.70 

at 0.75 @73 - - &69 066 
c2 0.47 051 - - 0.24 0.02 
c3 - - - - @24 002 
x2 -0-28 -051 - 071 - 0.42 -053 
x3 - - - -0.71 -042 -@53 

l One component of the doubly degenerate set is tabulated. 
t See text for the atom numbering scheme. 

TABLE 4. R~wrrvz rtn~crtv~t~~ OF IR~PL~ O~YQEN ~ror@s, TRIPLET CrO 
AND TRIPLET CHr6 

Reactant 0 (‘P) c,o (3x-) 

Ethylene 1.0 1.0 
Propylene 58 61 
Isobutylene 25 58 
Trimethylethylene 79 loo 
Tetr~e~ylethyiene 102 250 
1,3-Butadiene 24 210 

CH2 (‘Z;) 

1.0 
10 
2.9 
1.8 
2.7 

19 
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