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The He I PE spectrum of the transient title compound has been obtained by using the variable-temperature 
photoelectron spectroscopy technique. Agreement between the CIPSI calculations and experimental ion-state 
energies is very good. The electronic structure of this molecule is characterized by a net circumannular interaction 
and strong polar effects. 

Introduction 
Flash pyrolysis of double Diels-Alder adducts has been 

enabled us to isolate various reactive polyunsaturated 
compounds, in particular dimethylenecyclobutane-1,3- 
dione (la), which was characterized by NMR and low- 
temperature IR spectroscopy.2 In order to interpret the 
high reactivity of this molecule toward 1,3-dienes, its 
electronic characteristics were investigated with photo- 
electron spectroscopy in order to define the different in- 
teractions existing between the conjugated groups. 

A large number of theoretical and experimental publi- 
cations have dealt with the estimation of orbital interac- 
tions between .rr groups bound to small ring systems, but 
the rings generally bore only two groups. Thus, cyclo- 
butane-1,3-dione (2a) and its tetramethyl derivative 2b 
have been extensively studied. Swenson and H ~ f f m a n n , ~  
using EHT and CND0/2 calculations, were the first to 
show that nonbonding pairs in position 1,3 interacted via 
a through-bond interaction. The experimental verification 
of this interaction is seen in the photoelectron spectrum, 
where the first two bands, respectively associated with the 
ionization of n+ and n- combinations of nonbonding pairs 
of oxygens, are separated by 0.7 eV.4 The UV spectrum 
of 2b has been interpreted by transannular interactions 
between the .rr* orbitals of carbonyl  group^.^ Recently, 
Pasto and Chipman6 proposed a qualitative evaluation of 
these interactions: in agreement with Rao,' they concluded 
on an interaction via a greater degree of binding for the 
out-of-phase combination (big), associated with the band 
at  8.8 eV, than for the in-phase combination (bZJ asso- 
ciated with the band at 9.53 eV. 

The interpretation is unambiguous in the case of 1,3- 
dimethylenecyclobute (3).8 A circummular interaction 
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is observed between exocyclic a groups and the CHz or- 
bitals with a symmetry for the symmetrical combination 
associated with the 9.09-eV photoelectron band; the an- 
tisymmetric combination is associated with the 9.99-eV 
band. 

Experimental Section 
Photoelectron spectra were recorded with a Helectros 0078 

spectrometer. All spectra were calibrated with the 2P3,2 and 2Pli2 
bands of xenon (12.13 and 12.43 eV) and of argon (15.76 and 15.93 
eV). Thermolysis was at 700 "C directly in the ionization chamber, 
with a probe developed by LTD Laboratories. 

Three thousand point spectra were acquired in 60 s with a 12-bit 
A/D converter board connecting the spectrometer to  a micro- 
computer. 

The difference in spectra was based on the simple criterion of 
avoiding negative counts in the 8.5-11-eV region. 

SCF ground-state calculations were performed with the 
MONSTERGAUSS program? A double-t quality 4-31G ab initio basis 
set was adopted.1° This basis set was used to optimize all geo- 
metric parameters by a minimization process with variable metric, 
with gradient evaluation (Broyden-Fletcher-Goldfarb-Shanno 
algorithm). 

The Foster Boys localization process" was used, generating 
localized Aj orbitals (LMO). The examination of off-diagonal 
elements of the FA matrix enables through-space interactions to 
be characterized. In order to evaluate through-bond interactions 
between two LMO, A, and Ab, i t  is possible to set the F, matrix 
to  a partially diagonal F+ form and to  carry out an examination 
of the off-diagonal elements of this matrix. The following three 
steps were used to  obtain this matrix: (1) annulation of off-di- 
agonal elements in the FA matrix associated with rows and columns 
a and b; (2) diagonalization of the matrix, leading to a set of 
precanonical molecular orbitals (PCMO) + = PA; (3) expression 
of FA in the basis set of + FA - F+ = PFAPT (obtaining off-diagonal 
elements linking the PCMO gat, $v (A, and Ab combinations) to 
the PCMO $j (j # a', b'), called relay orbitals). 

In light of the size of the system, we were led to use a method 
of pseudo potentials1' (PS HONDO program13) for the rigorous 
calculation of ionization potentials. The pseudo potentials and 
the double-{ quality basis set (type 4-31G) previously determined14 
were adopted. 
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Figure 1. Photoelectron spectrum of (a) dimethylene-1,3- 
cyclobutanedione (la) and (b) diethylidenel,3-cyclobutanedione 
(W. 

The rigorous determination of the energies of ionic states re- 
quired the use of the CIPSI16 algorithm. A zero-order variation 
function was constructed by the iterative selection of the most 
important determinants the others were included through 
Moller-Plesset second-order perturbation. At the level of the 
variation function, 25 to 55 determinants were included, 4.106 to 
9.106 thus being created by the perturbational treatment (a 
configuration interaction was also carried out at the level of the 
ground state). 

Photoelectron Spectra. Flash pyrolysis of dispirocyclo- 
butanedione 4 was carried out directly in the ionization chamber. 

0 0' 

The spectrum obtained after subtracting cyclopentadiene 
ionizations is shown in Figure 1. The same figure shows the 
spectrum of diethylidenecyclobutane-1,3-dione (lb) recorded in 
the same way. 

In this type of system, the ionization potentials observed be- 
tween 9 and 11 eV are associated with,the ionization of nonbonding 
pairs of oxygens in the ketone groups and the u electrons, es- 
pecially those of the exocyclic ethylene bonds. The nature of the 
ionized molecular orbitals results from the degree of the 
through-space (1-2 and 1-3) and through-bond interactions. 

Using a quantum chemical approach, we initially determined 
the geometric structure of this molecule in order to evaluate 
modifications of the cyclobutane skeleton. Interactions between 
groups were quantitatively defined by reformulating the 

Table I. Orbital Energies of 
Dimethylene-l,3-cyclobutanedione (la), 

1,3-Cyclobutanedione (2a), and 1,3-Dimethylenecyclobutane 
(3) 

compd la compd 2a compd 3 
-16.56 
-16.19 
-15.50 

-14.59 bZg (T--) 
-12.71 bl,(T+c+) 
-1 1.25 bz,(n+o) 
-11.18 bl, (n,) 
-10.75 

0.35 bl, (T+*c+) 
4.35 bz,(n-*c+) 
4.61 

bl,(T+CH2) -16.68 
-14.92 b3, -15.80 
-13.58 bzg(T-cH2) -14.70 -13.78 
-12.22 bzu 
-11.11 blg -12.31 

b3u -12.20 
b3,(~-c+) -10.11 

4.31 bl,(r+c-& -9.18 
bl,(T+*c+) 4.10 

2.42 

through-space and through-bond interaction diagrams on the basis 
of localized orbitals.16 Using this minimized structure, we sub- 
sequently carried out a rigorous calculation of the first four ionic 
states. The aim of this procedure was to verify the coherence 
between experimental and quantum chemical data and to assure 
the reliability of our conclusions on the nature of the interactions 
occurring. 

Quantum Chemical Calculations: Ground State 
Geometric Parameters. Figure 2 lists all the mini- 

mized geometric parameters of la. For the sake of com- 
parison, we have also included those obtained for com- 
pounds 2a and 3. The calculated geometries of 2a and the 
experimental structure of 2b obtained by X-ray diffrac- 
tion" are in particularly satisfying agreement. See the 
paragraph a t  the end of paper about supplementary ma- 
terial. 

In comparison to cyclobutane-1,3-dione (2a) and 1,3- 
dimethylenecyclobutane (3), there is a shortening of the 
C-C bond of the ring to a value identical with that of 
bis [ 2,4- (diphenylmethylene)] cyclobutane- 1 ,&dione l8 (1.498 
A). In addition, the C1-C3 and C2-C4 bond lengths, 2.11 
and 2.12 8, are on the same order as those observed for 
2a and 3 (2.10 8, and 2.12 8). The transannular interac- 
tions observed for these systems can be expected to have 
the same importance for la. The exocyclic ethylene double 
bond is 1.31 8 long and the ring angles are very close to 
goo. 

Molecular Orbitals. Table I shows energy levels listed 
as a function of symmetry, choosing the z axis as the axis 
of highest symmetry and the x axis along the C = O  bonds. 

The energies of the orbitals of la corresponding to the 
nonbonding pairs n,, are -10.75 and -12.71 eV, i.e., a 2-eV 
separation. This separation is only 1 eV in 2a. An n+ 
orbital with bzu symmetry is noted for these two molecules 
with deeper energy than the n- orbital with b, symmetry. 

In the case of dimethylenecyclobutanedione and in 
contrast to  cyclobutanedione, this b2,, orbital presents a 
u C=C exocyclic bond character and a slight localization 
on carbons C1 and C3. This apparently indicates a slight 
through-bond interaction for the n+ combination. The 
interaction for the bl, combination, on the other hand, 
occurs via the orbital with the same symmetry as the cy- 
clobutane ring and appears to be greater, with notable 
localization on the C1 and C3 atoms. 

This difference in through-bond interaction appears in 
the wave function contours of the blg and bzU orbitals 

(15) Huron, B.; Malrieu, J. P.; Rancurel, P. J. Chem. Phys. 1973,58, 
5745. Pelissier, M. ThBse, Universite Paul Sabatier, Toulouse, France, 
1980. 
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(18) Gatehouse, B. M. Cryst. Struct. Commun. 1982, 11, 369. 
Sci. 1974, 30, 245. 
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Figure 3. Wave function contours: orbitals b, and b. Contour 
values 1, 2 , 3 , 4 , 5 , 6 , 7  are equal to 0.35,0.3,0.25,0.2,0.15,0.05, 
0.01 (electron B ~ h r - ~ ) ~ / ~ .  

(Figure 3). The latter exhibits a clearly greater localization 
on the oxygen atoms. 

One of the characteristics of this system is the impor- 
tance of interactions between r orbitals and especially the 
energy position of the exocyclic ethylene system. In com- 
parison to dimethylenecyclobute 3, the circumannular 
interaction occurs via the ketone groups. There is rela- 
tively weak overlapping between r w  and T- The SCF 
energies of the antisymmetric and symmetric combinations 
of rcpc are very close, in the order bl, < b,. The trans- 
annular interaction between the two ethylene groups thus 
appears to be compensated by the circumannular 
r ~ - r c 4  interaction. The latter interaction, however, 
appears to be greater at the level of virtual orbitals (greater 
localization on the ring carbons in r*-), since a vacant 
blu orbital is observed in this system with a particularly 
low energy (+0.35 eV). The energy position of this vacant 
orbital is probably the basis of the very high reactivity of 

Figure 4. (a) Interactions between +-% and the relay orbitals 
of bl, symmetry. (b) Interactions between $+% and the relay 
orbitals of bzu symmetry. 

this compound towards l,&dienes. 
Interactions of Localized Orbitals. In order to 

quantitatively estimate the importance of the interactions 
occurring, we reformulated the interaction diagrams on the 
basis of localized orbitals. 

Nonbonding Pairs of Oxygen Atoms. As can be ex- 
pected, through-space interaction is pratically nil. Figure 

relay orbitals, leading to canonical maecular or %and itals the blg 
4 shows the interactions between $- and J/+ 

and b2,. For the two antisymmetric and symmetric com- 
binations, we initially note strong through-bond interac- 
tions: 3.70 eV (6bl, - e$-,,) and 1.95 eV (EbzU - e$+,,& 

At the level of the J/-% combination, we observe prlmarily 
the interaction of the relay characteristic of the bIg orbital 
of cyclobutane and the antisymmetric combinations of the 
C-H bonds. The lesser destabilization of the $+% com- 
bination results from an interaction with the relays 
characteristic of the bzu orbital of cyclobutane and the 
exocyclic C-C bonds. The energy of this relay is initially 
lower and presents above all a lesser localization on the 
cyclobutane orbitals, implying a lower degree of overlap 
with the nonbonding pairs of oxygen. 

Though-bond interaction is thus much greater for the 
bl, combination and in general we, observe more mixing 
between this orbital and the two relay orbitals of the same 
symmetry. 

In the case of the b2, orbital, these interactions result 
in a greater localization on the nonbonding pairs, 
through-bond interactions occurring only via a single relay 
orbital. The system in this symmetry group remains much 
more localized. 

7r System. We initially note a greater transannular 
interaction between the rc+ bonds ( A t  = 1.87 eV) than 
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Table 111. Calculated Ionization Potentials (eV) 

Sta t e  

diagonal- 
pair ized correla- 

Koopman polariza- correla- corrected, polariza- tion of calcd IP 
PS HONDO tion tion IP tion ion CIPSI expl IP 
10.86 -1.14 
12.83 -1.31 
11.32 -0.6 

2B, 11.25 -1 
‘B, (monoexcitation b*l, +- bl, for ionic state 

%I. 

Bl,) 

4Bz (monoexcitation b*, +- bl, for ionic state 
2Bl,) 

2B2u 

. .  
-11.18 -11.18 

l b i g  - 
I \+om 

-14.6s / -14.6s /+a50 

Figure 5. Orbital energies after interaction of the PCMOb, and 
blu. 

between the a- bonds (Ae = 0.16 eV). The importance 
of these transannular interactions is also shown by the 
Mulliken overlap population indexes, respectively calcu- 
lated to be -0.43 and -0.12. 

The spatial interaction between the C=O and C=C 
groups is relatively important, since the symmetric a+- 
combination exhibits an interaction with the symmetric 
P + ~  combination, leading to a 1.8-eV destabilization. 
This circumannular interaction is about twice as great as 
the transannular interaction cited above. For the bl, 
combination, this results in a clearcut delocalization on all 
the exocyclic a groups (Figure 5). 

Charge Diagram, Overlap Populations. Table 11 lists 
the net charges, a charges, and the Mulliken population 
indexes. See the paragraph at  the end of paper about 
supplementary material. 

The most striking fact is the clearcut polarization of this 
system. The net total chargea are respectively QC = +0.49, 
Qo = -0.56, Qc, = -0.12, Qc, = -0.25. In parahel to re- 
pulsive transannular interactions, notably between the two 
C=C bonds dipole-dipole interactions are important. The 
destabilizing interactions, spatial and through-bond ana- 
lyzed above, are not a priori more important than for 
molecules 2 and 3. It thus seems that the origin of the 
thermodynamic instability of this system is in the strong 
polarity of the bonds inducing considerable polar inter- 
actions. 

Ionic States 
The poor concordance between the calculated orbital 

energies and the experimental ionization potentials shows 
the impossibility of interpreting the photoelectron spec- 

+0.13 9.85 -0.94 -1.35 8.41 8.46 
+0.11 11.63 -1.02 -1.9 9.61 9.25 
+0.23 10.95 10.58 

10.60 
+0.31 10.56 10.72 

11.31 

11-11.3 
11.55 
12.13 

12.65 

trum on the basis of the Koopmans’ approximation. I t  is 
indispensable to take into account polarization and cor- 
relation effects for this molecule with nonbonding pairs 
and considerable conjugation. 

We initially estimated polarization and pair correlation 
effects by using a partial perturbational pr0~edure.l~ The 
estimated corrections, even considering an underestimation 
of the loss of correlation energy, do not correctly reflect 
the experimental spectrum. We thus carried out a com- 
plete perturbational procedure with the CIPSI algorithm. 
In order to define the importance of polarization and 
specific correlation effects of the ion, we also carried out 
a separate diagonalization of the configurations reflecting 
these two corrections in comparison to Koopmans. 

The results (Table 111) show a weak polarization effect 
for the ionization of the nonbonding pairs of oxygen, about 
1 eV, which was also relatively well shown by the partial 
perturbational procedure. As a result of the presence of 
a low-energy P* orbital, the correlation effect of the ion 
itself is very high at  1.35 eV for the 2Blg state and 1.9 eV 
for the 2B, state. The loss of ground-state correlation is 
greater than that determined uniquely on the loss of pair 
correlation. An important factor with these delocalized 
systems is the fact the interpair correlation is not taken 
into account. 

In the case of the two ionic P states, the greatest cor- 
rection effect corresponds to the electronic reorganization 
of ionic states. This phenomenon is probably related to 
the high polarity of these bonds. 

We also attempted to determine the energies of non- 
Koopmans ions of this highly conjugated molecule. We 
concentrated on the non-Koopmans ions of the first 2Blg 
ionic state, corresponding to P* - a excitations. The 
energies of non-Koopmans configurations are much higher 
for the other ionic states, either P ionic states or the second 
u ionic state. For the first ionic state, monoexcitation r*bl, - P bl, leads to a quadruplet state 4B1 with an energy 
of 11.31 eV, one of the doublet states 2B1, having an energy 
close to 11.55 eV. Similarly, for this same ionic state, the 
monoexcitation a*b% - abl, is associated with a qua- 
druplet 4B, having an energy of 12.13 eV and a doublet 
2B2u at  12.65 eV. The non-Koopmans ions associated 
primarily with the a*b3, - ab9 excitation have a higher 
energy, although this configuration participates to a slight 
extent in the 4B1g and 2B1, states. As invoked in the case 
of polyunsaturated hydrocarbons20*21 dimethylenecyclo- 
butadione appears to furnish additional examples of low- 

(19) Daudey, J., private communication. Gonbeau, D.; Pfister-Guil- 

(20) Koenig, T.; Southworth, S. J.  Am. Chem. SOC. 1977, 99, 2807. 
(21) Kreile, J.; Munzel, N.; Schulz, R.; Schweig, A. Chem. Phys. Lett. 

louzo, G. J.  Electron Spectrosc. Relat. Phenom. 1984, 33, 279. 

1984, 108, 609. 
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energy participation of non-Koopmans states. 
Considering the above data, the experimental spectrum 

is satisfyingly interpreted. The first two bands observed 
at 8.46 and 9.2 eV are associated with the ionization of the 
blg and bzu combinations of nonbonding pairs of oxygen. 
We note a similar intensity for these two bands. 

As seen above, the bzu orbital presents a clear localization 
on the ethylene carbons, explaining why the band is shifted 
toward lower energies after a monomethylation: a first 
broad band centered at  8.6 eV is observed, covering the 
two ionizations. The first band presents a clear vibrational 
structure of about 1200 cm-’, showing the slight geometric 
reorganization of the ion. In the case of the second less 
structured band, the vibrational space is lower, and, in 
addition to valence vibrations vc=o. may correspond to  
vibrations associated with the vC+ group. The third di- 
methylenecyclobutanedione band more intense at 10.60 
eV corresponds to the 2Blu and 2B3g ionic states. The 
calculated energies are very close and the two bands 
overlap. After methylation, however, the B1, state, more 
delocalized on C=O bonds, is asmciated with the band at 
10.48 eV, while the 2B3, state corresponds to the band at 
10.01 eV. 

In the 11 eV region of both spectra, there is a low-in- 
tensity band as a shoulder of the broad band of the non- 
substituted derivative and as a distinct band for the 
methylated derivative. This band is probably associated 

with the non-Koopmans 4B1g and 2B1, states. 

Conclusion 
The photoelectron spectrum of dimethylenecyclo- 

butane-lb-dione was obtained by using the technique of 
spectrometer-coupled flash pyrolysis. We show the par- 
ticipation of a low-energy shake-up structure for this 
compound. The excellent agreement between experi- 
mental results and theoretical predictions illustrates the 
usefulness of the CIPSI approach for the calculation of 
ionic states. The electronic structure of this molecule is 
characterized by a clear circumannular interaction, in- 
ducing a particularly low-energy position for the first va- 
cant orbital, the basis of the high reactivity towards 1,3- 
dienes. Destabilizing through bond interactions, however, 
apparently cannot explain its instability, probably more 
related to polar effects. 
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Product distributions are described for 15 reactions between guanosine (1) and a series of p-Y-benzyl bromides 
(2a-e), p-Y-benzyl chlorides (3a-e), and N-nitroso-N-@-Y-benzy1)ureas (4a-e) where Y = a, 0,N; b, C1; c, H; 
d, CH,; e, CH30. The yields of products from reaction at the 7-position of guanosine to produce 7-(p-Y-  
benzy1)guanosines (5a-e), at N2 to produce M-(p-Y-benzyl)guanosines (6a-e), at the OB-position to produce 
06-(p-Y-benzyl)guanosines (7a-e), and at the 5-position to produce 4-(p-Y-benzyl)-5-guanidino-l-P-~-ribo- 
furanosylimidazoles (8a-e) are correlated with the mechanism of the reaction (Le., the SN2 or SN1 character) 
imposed by the para substituent and/or leaving group and the nature of the incipient charge density (Le., the 
“hardness” or “softness”) at the reaction center. These observations, coupled with the literature on sites of reaction 
of carcinogens with nucleic acid components, are used to rationalize the site selectivity differences exhibited by 
the alkylating and aralkylating classes of carcinogens in their nucleic acid reactions. 

Organic chemical carcinogens are electrophilic species 
that are either directly reactive from the outset or are 
produced by metabolism of a precarcinogenic and non- 
chemically reactive form.’-3 Once these reactive species 
are produced, their rates, extents, and sites of reaction on 
cellular macromolecules, such as DNA, are governed by 
their intrinsic electrophilic reactivity. This reactivity leads 
to substitution at  a variety of sites on the multidentate 
heterocyclic nucleic acid base components of DNA. For 

(1) Miller, E. C.; Miller, J. A. Pharmacol. Reu. 1966, 18, 805-838. 
(2) Dipple, A.; Lawley, P. D.; Brookes, P. Eur. J .  Cancer 1968, 4 ,  

(3) Miller, J. A.; Miller, E. C. J .  Na t l .  Cancer Inst. 1971, 47, 5-14. 
493-506. 
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example, the weakly carcinogenic alkylating agents (e.g., 
methyl methanesulfonate) primarily modify the pyri- 
dine-type ring nitrogen sites (e.g., the 7-position of guanine 
 residue^)^ while the more potent carcinogenic alkylating 
agents (e.g., the N-alkyl-N-nitroso compounds) modify 
exocyclic oxygen centers (e.g., O6 of guanine residues) in 
addition to ring nitrogen ~ i t e s . ~ , ~  In contrast, the aral- 
kylating 7-(bromomethyl)benz[u]anthracene~,~~~ the di- 

(4) Lawley, P. D. Prog. Nucleic Acid Res. Mol. B i d .  1966,5,89-131. 
( 5 )  Loveless, A. Nature (London) 1969,223, 206-207. 
(6) Singer, B. h o g .  Nucleic Acid Res. Mol. B i d .  1975, 15, 219-332. 
(7) Dipple, A.; Brookes, P.; Mackintosh, D. S.; Rayman, M. P. Bio- 

chemistry 1971, 10, 4323-4330. 
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