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Ati-The structure and UV spectrum of cyclobutadlcnc have been studxd thcoretxally by a modlfiu- 

tlon of the Panscr-Parr method. whxh cxpl~c~~ly Includes the cfTcc~ of the SI~U sys~cm in determining 

molecular gcomctry. It was concluded that the ground state IS probably a tnplet wth the gcomctry of a 

regular square. The UV spectrum for the actual tnplct mokcuk IS predicted IO show a strong absorption 

band at about 363 mp. and the compound should bc colored. probably yellow. The lowest singkt state 

has a rectangular geometry. and it IS prcdxtcd IO show no allowed tranritlons above 200 rn)L but baxusc 

of forblddcn transltlons at 439 and 4%7 rnh should appear red m color. 

INTRODUCTION 

THE pi system of cyclobutadiene has been subjected to many theoretical investiga- 
tions, of which the most modern is that reported recently by Dewar and Gkicher,’ 
which utilized an SCF method.’ The method used by Dewar to obtain geometries 
rests on the assumption that there is a linear relationship between pi bond order and 
bond length. While such an assumption is certainly very reasonable, it has not been 
possible to really justify it theoretically or experimentally, although the experimental 
data on this point also leave much to be desired.* 

In the absence of any convincing method for the prediction of the bond lengths 
in delocalized systems. a method was developed6 following earlier suggestions by 

TAnLC I. <‘ALC’ULA~U) BOND LPJGTt~s ((A) AMI EhZllGlES (kcol.‘molc) OF THE WX’r STABLE 

GFGYFrRIM W REFEXl!WE (-0YPGUNUS 

Bond IcngtMs) E. E. r; 
.- -- .-- .- .-_ .- .-.. _- 

Fthyknc 1.333 4Q62 - 243.41 - 202.78 

Zero-bond order cthylme I.504 4.55 -95.17 - 9062 
BCWBK I.403 12904 - 738.50 -60946 

Buradene’ 1,331. 1,470 91.52 - 131007 - 1218 55 

l If all bond kngths arc kept cqual. tbc minimum of cncrgy is - 121442 kul/mok 

with a bond kngth of l.3gOA. 

l Tbc muxporalioo of a bood-orckr length rclallonshlp into an SCF rbcmc wu conaidcral ~)mc yars 

ago ’ While this type of prooadure cuabla ooc to atimatc bond kngthr in tbc rbsma of 0th~ data, in 

I%2 artain key compounds. apuidly butadicnc, pouard cxpcrimcotily known bond k&u which 
d&red significantly from tboac predicted with the lincu rclationabip We wcm tbcrdorc reluctant to uac 

tbia schcmc. altbougb it oow appears that it may ban bao tbc apaimcotal. ntbcf than tlx thmrrtial 

bond Imgths which wm io mar. at lcut in I& importaot sac of butadknc itwlf. 
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Codson.’ in which the sigma system was treated by a classical mechanical method,. 
while the pi system was treated by a suitable quantum mechanical method, an 
adaption of the Parker-Parr method actually having been used.t By this scheme 
unt can cakulate the total energy of the molecule as the sum of the energies of the 
pi and sigma parts. At present one is hampered in the application of this method 
by the fact that the procedure has not been made automatically adjusting and itcra- 
tivc. One must assume a certain structure, and calculate an energy. Then a somewhat 
different structure can be assumed, and the energy calculated. and the process can 
be repeated until one is satisfied that one has a structure sufficiently close the energy 
minimum. In practice the method has been applied to the determination of gross 
differences. such as diffe~nt~ting molecules with alternating long and short bonds 
from those with equal bond lengths. and it has given satisfactory predictions in 
this regard. UV spectra have also been reasonably well predicted. Ordinarily the 
present procedure is too tedious to apply to all possible combinations of bond lengths 
for a molecule of considerable size or low symmetry. In the case of cyclobutadiene, 
however. the molecule is sufficiently small and symmetrical that this method can be 
applied to an exhaustive way. 

The synthesis of cyclobutadiene has been as challenging to experimental chemists 
as an understanding of its electronic system has been to theoreticians. While cyclo- 
butadient itself has not been isolated and studied in detail. there is strong evidence 

l Tbc Wathemcr melhod (- 

t lo tbc art& paper.‘ tbc comprasioa energy d the ttgma ryuem was taken ax: 

E, = 9223fr - 1~517)‘kal!mokA’ 

This function was arrived a( assuming rhe naturat tensh for Ihe o bond was I.517 A, and picking the 
slretchmg constant so as to gve the correcr bond kagth for erhykne. Actually. fhtr procedure IS not qurtc 
carrcct. al&ougb It @vu satrrkaory energies for bon& of I& kogttu ordinanty found m xsmpk olefinr 
and aromatra Far very tong bonds. however, it u inadequate. Sina we want a doubk bond wish a pi 
bond order of zero 10 have a knl[th of about I-50 A. we must assign a arfurat knglh to tbc r~grna bond xo 

thaw Ibis ~111 be true The value t317A is not ~hc natural kngth. lhcn, of lb sigma bond Wbik rbe PI bond 
order of zero means tbaC the raonrna inregral (fit is DOI conlribuling 10 a bond shortenin& th pcnctralioa 
integrals are slit1 exertmg thctr usual &ah and nna: this eflcct u aHratitvc. the doubk bond wilt compress 
10 rhc potnr where the lowering in energy from Ihe pcnctratton c&cl 19 JUST &tan& by rhc sigma system 

comprcsxron. and Abe cakutatcd doubk-bond tcn@h wdl rbcn be loo short. 
It was therefore de&cd 10 derive a new expression of the same form which would ptalict the correct 

bond length for ethykne. and prcdtct a bond length of about 15 for a double bond of xero pc bond order. 
7he poaaibilily of using a Mom functioa wax cons&red. bur it was decided not lo. bccaucc of tbc mathe- 
mtial complexity of ruch ;I funnioo on the one haod. and [be facl thaw sdcquak rcsul~ were ohtamable 
uxmg Hooke’s hw The aprwaioa for compression energy derived is: 

E, = 615@ - 1~59)‘katimottA 

The value 159 A is &c bond length which would result If the PI bond order were zero, m tbe l bacncc of 

penetration effects 

This functron wax cbcckcd out by alcutaGng tbc bond Imgtbx which yield tbc ~mrriu ol minimum 

energy for ethylene. zero-bond order clbykac bcnxsnc. rod buudenc. ‘I& raulrs are summarized in 

Tabk I inxpectioo of the Table shows &a$ the bond kogtb ulcularcd for benttac ix too tong by ooo6 A. 
white the short and tong bonda of buudsenc hsvc calculated valua which are foe xmall by 013 and W3 A. 
rape&sly. fhix a-meat u regarded as u~ulatiory, and u illus~ra~~vc of the aozuracy to wb~cb we mrgbf 

hope toalcutatc bond kagtbs by the present method Tbc varmrion oftncrgy with bond knab ia butadicnc 

(and usually) u very xtigbl lncrcaxinp the kngtb of the tbon bondr by 0013 A. 10 y&J tbc expcnmcaut 

bond tcngtbx. ra~sa rbc energy only 07 kcal’mote 
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for the existence of the molecule as a heavy metal complex, from which the free 
cyclobutadiene m be generated and subeaquently rccaptura! without change.’ Thus 
it would appau to be only a technical problem to obtain the W spactrum of the 
molecule. and the predictions herein are made to assist expcrimentalists in identifying 
the material when the time comes. 

Considerable discussion has been going on over the years concerning the possibility 
of the existence of the ground state of cyclobutadiene as a triplet. Experimental 
evidence on this point is not completely defiiitivt, but tends to suggest that the 
molecule has a singlet ground state.’ On the other hand, tetramethylcyclobutadieoe 
appears likely to have a triplet ground state.’ 

DISCUSSION AND RESULTS 

A Cmemhered ring contains a rather strained sigma system, and the method 
which we wished to use for predictions in the c&e of cyclobutadiene had not pn- 
viously been demonstrated to be applicable to any compound containing a Cmem- 
bered ring. It was deemed advisable, therefore, to first apply the method to the calcula- 
tion of the properties of a Qmembered ring compound where the accuracy of the 
predictions could be checked against data to ascertain that the results were valid. 
We therefore considered the molecule 3,4dimethylenecyclobutene, which had 
been prepared earlier and studied experimentally, but on which no theoretical 
studies had been reported at the time this work was done. Subsequently, a theoretical 
study on this molecule was reported by Brown.” 

The best experimental spectrum of 3,4dimethylcoecyclobutene available is that 
reported by Htffemao. ” Unfortunately, the exact geometry of the molecule has 
not been reported. This would be a more incisive test of the accuracy of the calcula- 
tions. as some uncertainty exists as to the value of the appropriate stretching coo- 
stant for a sigma bond which is so highly deformed. 

For dimethylenecyclobuttne, there seemed to be two general typts of structures 
which were reasonable. One of these would have all of the bond lengths approxi- 
mately equal. and approximately I.397 A (structure E). The other possibility, which 
seems intuitively more reasonable. would be that the bonds would alternate in 
length (as in the Kekult structure, A) and might be expected to have values on the . . 

. a: .: 

1. 

a I 
A 

order of I.35 and I.47 A for bonds written a8 double and single respectively. These 
are close to the values that are obtained using a bond-order. bond-length relationship, 
so that we actually used the latter to obtain the bond length8 given in the Appendix. 
The pi energy ~8s found to be lower for A than for E by 30 kcal/mole, while the sigma 
energy (compression energy) was 4.6 kcal/mole lower. Thus it is predicted that A 
is of lower energy than E by 7.6 kcal/mole. 

The calculation on a structure with +&lent bond kngths of I.424 A was also 
carried out (E’). Here the total energy was found to be higher by I.7 kcal/mole 
relative to E. 
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The UV spectra calculated for structures A and E using a singly-excited con- 
figuration interaction treatment are presented in Table 2, along with the experimental 
values. It should be emphasized that there are no available parameters to adjust 
in the calculation of spectra in this paper, all of the numerical quantities needed 
are available from previous work. 1*6 The spectrum predicted for structure A is in 

TABLE 2. THE ELECIILONIC SPECIXUM OF 2,3-~1mnn~m NEcYcmBIJlzNE 

Calculated Expcrimelltal” 

Singly-excited amfigurations 
E A 

Yw) (0 Yv) VI 

303 (Bll) 269 (@lo) 
295 @w 262 (@tw 
208 (093) 200 (092) 
199 wQ) 197 P79) 
163 (011) 157 (@w 

Doubly-excited configurations 
E A 

YIIICI) (9 &rip) (9 Wr) lose 

303 tom 256 PQQ 
276 (@13) 238 (017) 240 4; 

216 (@w 194 @6Q 

207 (Qll) 188 @lo) 
202 w4) 186 (054) 

I 

205 50 
193 (@61) 174 (017) 
162 013) 151 (@w 

fair agreement with that observed experimentally, while that of E is quite different. 
It has been noted previously6 that when the doublyexcited configurations are 
included in the configuration interaction treatment, any change in the calculated 
spectrum is usually an improvement. When this type of calculation (VESCF) was 
carried out for dimethylenecyclobutene, the spectrum calculated for A was in good 
agreement with experiment. Hence, it was concluded that the strain present in the 
Cmembered ring exerts no anomolous effect on the ultraviolet spectrum, and one 
might therefore reasonably hope to apply this method to cyclobutadiene with some 
degree of conhdence. 

The same general methods described above were next used to study separately 
the two general possible geometric structures for cyclobutadiene, R, a rectangular 
form, and S. the square form. 

R S 

As a starting point for a study of the rectangular form of the molecule, we chose 
that geometry suggested by Dewar which has alternating double and single bonds 
with bond lengths of 1.338 A and 1514 A respectively. The pi system was treated by 
the usual method, with configuration interaction including only the singlyexcited 
states, and including penetration inttgrals. The energy of the sigma system was 
computed as previously and added to that of the pi system. The total calculated 
electronic energy for that particular geometry was found for both the singlet and for 
the triplet. The single bonds were then shortened to a length of 1.510 A, and the 
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calculations were repeated. (Since the energy of the lowest singlet state was always 
below that of the lowest triplet state for (R), the following discussion is concerned 
with the singlet states only.) In this case the total energy had gone up slightly, The 
single and double bond lengths were then repeatedly adjusted by a few thousandths 
of an A each way, and the calculation was again repeated several times, until it was 
established that geometry corresponding to the energy minimum had been located. 
The bond lengths for this geometry were 1.334 and 1.518 A. The ultraviolet spectrum 
that would be shown by this structure was also calculated by the previously discussed 
methods. The geometric data are presented in Table 3, and the spectroscopic data 
in Table 4. 

TABU 3. CALCZULA~~, GEGtWXRIES AND ENERGIPS FOR DtppERt?NT PGSSBLE BLt!CtRONtC !WRU~ FOR 

CYCLGBUTADiEM! 

c9 1.424 1.424 67.8 - 12766 - 1299.4 - 1208*8 - 1231.6 
(K) 1.334 1.518 87-O - 1312.5 - 1x177 - 1225.5 - 12207 

TABLE 4, THE CALCTJLA~D ELBCIROMC SPKX’RA POR cW.LOB~.~ADIENE IN THB 

stNGm AND TRIPId? STATES 

Smglet (K) Triplet (S) 

Smgly-excited Doubly-excited Singly-excited ~ubIy~x~it~ 
oonf@rations con@urations cdiitions configurations 
&I# (0 n, (9 a, (9 &I f9 

589 00 487 00 305 @4 387 001 
209 00 439 00 235 0.4 363 016 
156 1.2 192 02 171 

168 

If we fast examine Table 3, we note that for the singlet the energy (E$) is much 
lower for the rectangular form than it is for the square form. The triplet, on the other 
hand, is more stable in the square form fg). Perhaps the most interesting result 
is that the square triplet is predicted to be 61 kcal/mole more stable than the rec- 
tangular singlet, however this is not a very large energy difference for a ~l~lation 
of this type, and must be accepted with some reserve. It may well be that the single- 
triplet stability relatio~hip depends on the c~cumstan~; the calculation here is, 
of course, for the isolated molecule in the gas phase. It seems quite possible that 
substitute ~clobutadien~ may be found with either multiplicity having the lower 
ground-state energy. 

The UV spectra were studied by the methods described, and the results are sum- 
marized in Table 4. For the rectangular singlet, no allowed transitions are predicted 
in the easily observable region. Forbidden transitions are predicted at 487 and 439 
mp for the ~l~lation regarded as the more reliable (~clud~g doubly~x~t~ con- 
figurations). These should be observable with low extinction coefficients (probably 
E = l&200). and should cause the compound in this state to be colored, probably red. 
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Because of the degeneracy present in the system (S). the Tz2,. configuration 
which is formally a doubly-excited configuration is actually degenerate with T2,. 
and in fact the double excitation is really a result of nomenclature. as to reach either 
of these two states from T,,. a single excitation of an electron is required. from 3 to 
4 in one case. and from 2 to 4 in the other. Since 2 and 3 arc degenerate. it would seem 
that limiting the configuration interaction to a consideration of only singly-excited 
configurations (according to nomenclature) is not really legitimate. In this case. the 
configuration interaction between T2, and T,, causes these levels to be split further 
apart. so that the transition to the lower one was shifted out to 360 mu. while that 
to the higher one was pushed far down into the unobservable ultraviolet region. 
Another pair of transitions from the formally doublyexcited but degenerate set 
of states occurs in addition. and after configuration interaction (bccausc some of these 
configurations interact with other doubly-excited configurations). the transitions 
are not degenerate. In this case, only one strongly allowed transition was predicted 
in the obscrvablc region at 380 mu. 

Because of the degeneracy. the square cyclobutadicne triplet is an unusual case. 
in that while termination of the configuration interaction with the singly-excited 
states is a clear-cut concept ordinarily. in this cast it is more in line with the conven- 
tional treatment for the prediction of spectra to include the doubly-excited configura- 
tions here Hence the spectra which we predict will be observed for the molecule 
in the triplet state should show an absorption band about 360 mu with an extinction 
coefficient ofa few thousand. The compound in this state should therefore be colored. 
probably yellow, from the tail absorption of this band. 
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