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Spectral quantities of cyclopropane, cyclobutane, cyclohexane, and of several 
derivatives, have been calculated by a semiempirical all-valence electron SCF-CI 
MO method. In cyclopropane, HOMO is practically localized in the carbon- 
frame, and LVMO is purely so. In cyclobutane, these two MO's are based on 
C-H bonds, while cyclohexane holds an intermediate position. Despite the 
overall similarity-experimental and computed-of the spectra of these mol- 
ecules, assignments are non-parallel. Like cyclopropane, cyclobutane can extend 
conjugation, but to a diminished degree; cyclohexane behaves in this respect like 
an acyclic alkane. An interpretation of this gradation, in terms of the nature of 
high-lying MO's, is proposed. 
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1. Introduction 

Cyclopropane and cyclobutane have both attracted attention because of their 
ability to interact with, and to modify-cyclopropane more, cyclobutane less-the 
electronic spectrum of substituting chromophores [ 1-3]. In the unsubstituted rings, 
absorption onsets at lower frequencies than in other alkanes [4]. Cyclohexane does 
not extend conjugation, but its spectrum is similar to that of cyclopropane [4]. 
Much effort has been devoted to the recording and interpretation of the 
cyclopropane spectrum [5], and theoretical analyses, in various degrees of 
refinement, have been published [6-8]. Less attention has been paid to the spectra of 
cyclobutane and cyclohexane, but they have been recorded and discussed [4, 9- 
11]. 1 

1 We thank Prof. Sandorfy for a large-scale copy of the cyclopropane and cyclobutane absorption 
curve. 
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As a step towards a general electronic theory of cyclic alkanes, we present here 
semiempirical MO results on cyclopropane, cyclobutane, cyclohexane, and some 
relevant derivatives. The method used was the all-valence-electron LCHO ("Linear 
Combination of Hybrid Orbitals", see below). A single geometry (D3h, Dza , O3a ) 
was taken for each of the cycloalkanes. The resulting picture is necessarily crude, 
because Rydberg orbitals were not included in the basis-set, and non-vertical 
transitions not looked into (cf. [4, 7]). Still, configurational-interaction (CI) was 
quite extensive for this type of work, so that the omission of non-valence orbitals 
should not be viewed as implying the loss of essential species of orbital-symmetry 
and size [12]. Incidentally, attempts to improve semiempirical all-valence electron 
results, by implementing the basis-set with Rydberg orbitals, have not led to clear- 
cut conclusions [13]. As for non-verticality, the general resemblance of the 
computed and observed spectra of cyclobutane and cyclohexane, suggests that it is 
less decisive in these molecules than it might be in cyclopropane [4]. Anyhow, our 
understanding of the experimental spectra is not sufficiently advanced to define 
discrepancies between them and the numbers computed. 

2. Method 

LCHO is a semiempirical all-valence electron SCF-CI MO method which is based 
on bonding orbitals and AO's, and is specifically oriented towards the computation 
of spectral quantities [8, 11]. In a way, it is analogous to Sandorfy's "H- 
approximation" [ 14], but application indicates that it is much wider in scope [ 15]. 
As used here, the basis-set comprises four hybrid sp" orbitals at each carbon, with 
indices n (not necessarily integer) determined from the molecular geometry, and 
valence orbitals (ls or 2s, 2p, respectively) on hydrogen and oxygen. When applied 
to cyclopropane and cyclobutane, this is seen to be a MO realization of Coulson and 
Moffitt's bent-bond model [16], except that hydrogens are here included and 
cyclobutane taken in its realistic non-planar geometry. 

Parameters for carbon and hydrogen were taken over from previous work [17]. 
Hydrogen parameter-values were arrived at by fitting to strong absorptions in the 
spectra of methane, ethane, and propane [18]. No adjustments were done in dealing 
with the cyclic alkanes. In the CI process, 53 mono-excited configurations were 
involved. 

The geometries of cyclopropane and cyclobutane were those described [8, 11 ]. The 
geometry of other molecules was derived by molecular-mechanical optimization 
[19]. 

3. Results 

The computed sequence of molecular orbitals is given in Table 1. For cyclopropane, 
a comparison is possible with ab initio results [-7]: our eigenvalues for occupied 
levels are quite close to the ab initio numbers, but the sequence of virtual orbitals 
differs somewhat. However, a considerable re-ordering takes place at the CI stage. 
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Table 1. Molecular orbitals 
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No. Sym. ~ C - C  No. Sym. ~ C - C  No. Sym. ~ C - C  

Cyclopropane a Cyclobutane b Cyclohexane c 
1, 2 e' 80 1 a 1 0 7 a2, 36 
3, 4 e" 0 2 b 2 97 8, 9 e o 12 
5,6 e' I7 3,4 e 1 10, 11 e, 41 
7 a] 1 5 b 2 3 12 a2o 100 
8 a~ 0 6, 7 e 34 13, 14 e o 52 
9 (LVMO) a~ 100 8 a 2 100 15 a2, 12 
10, 11 (HOMO) e' 90 9, 10 e 65 16 al0 2 
12, 13 e" 0 11 a 1 1 17, 18 (LVMO) e, 45 
14 a[ 33 12 (LVMO) b2 0 19 (HOMO) al0 12 
15 a~ 0 13 (HOMO) al 1 20, 21 eg 51 
16, 17 e' 11 14, 15 e 72 22, 23 e, 3 
18 a] 66 16, 17 e 3 24, 25 e, 62 

18 bl 100 26 al,  100 
19 bz 0 

a Eigenvalues (eV): 8, 3.40; 9, 3.04; 10, 11, -11.80; 12, 13, -12.50. 
b Eigenvalues (eV): 11, 3.24; 12, 3.19; 13, -10.90; 14, 15, -11.35. 
c Eigenvalues (eV): 16, 3.42; 17, 18, 3.24; 19, -11.03; 20, 21, -11.08. 

A u s e f u l  f e a t u r e  o f  L C H O  is t h a t  e a c h  o f  t he  b a s i s  o r b i t a l s  r e fe r s  to  o n e  p a r t i c u l a r  

b o n d ,  so t h a t  M O ' s  a r e  a s s i g n a b l e  e i t h e r  to  ske l e t a l  C - C  b o n d i n g ,  o r  to  C - H  b o n d s ,  

o r  as  m i x e d .  D a t a  a r e  g iven  in  T a b l e  1 ; t h e y  b e c o m e  o f  i m p o r t a n c e  w h e n  s u b s t i t u t e d  

r i ngs  a re  d i scussed .  

T a b l e  2 l is ts  t h e  C I  t r a n s i t i o n - e n e r g i e s  f o r  c y c l o p r o p a n e .  W e  h a v e  n o  n e w  

i n t e r p r e t a t i o n  fo r  t he  c o n t r o v e r s i a l  a b s o r p t i o n  n e a r  54 k K  [4 ] ,  b u t  o b t a i n  t he  f i rs t  

t r i p l e t  a t  53.1 k K .  T h e  c o m p u t e d  s i ng l e t - t r i p l e t  s e p a r a t i o n  fo r  th i s  e x c i t a t i o n  ( E ' ,  

6 5 ~  10, 11 --~ 9 in  V, 9 3 ~  in  T)  is 6.63 k K .  

Table 2. Cyclopropane transition energies a 

Symmetry and 
Energy f main contributor Expt. band b Previous interpretation b 

59.7 0.1 E' (10, 11-* 9) 60-66 (max. 63) E'(e'~a;,3sande'--~3p, 
superposed) 

67-72 (max. 69.5)f~ 0.04 E'(e' -~ e') or A~(e" ~ e') 

74-85 (max. 80.5)f~0.7 

66.7 0.0 E' ( 1 0 , 1 1 ~  5, 6) 
69.9 0.3 E' ( 1 0 , 1 1 ~  7) 
73.0 0.5 E'(12, 13 ~ 8) 

75.6 .0.1 A ~ ( 1 2 , 1 3 ~ 5 , 6 )  
81.6 0.2 E'(10, 1 1 ~  5, 6) 
82.0 0.2 A~ (10,11-* 3, 4) 

e' -* 4p, e' ---~ 5p and E'  (e' 
a~) 

a Only allowed transitions listed. Energies in kK. 
b See Ref. [4]. 
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Table 3. Cyclobutane transition energies a 
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Energy f Symmetry and main contributor Expt. band b 

58.0 0.00 B 2 (14, 15-~ 9, 10) 56.8 (1,000) 
62.4 0.00 E(13--~ 9, 10) 58.7 (1,300) 
63.5 0.01 E 60.8 (1,700) 
65.5 0.01 E (14, 15 ~ 12, and 14, 15 ~ 11) 62.6 (2,000) 
65.8 0.01 B z (13 -~ 12, and 14, 15 ~ 9, 10) 
66.0 0.00 E 
68.2 0.06 E 
70.2 0.29 E (14, 15 -~ 8, and 13 ~ 3, 4) 71.2 (6,800) max. 
70.3 0.0I B 2 (14, 15 ~ 6, 7) 
71.4 0.03 B z (13 ~ 2) 72.6 (7,100) 
73.2 0.02 E(14, 15--+ 5) 
73.3 0.03 B 2 (13 ~ 5, and 14, 15 ~ 3, 4) 75.3 (7,900) 
77.2 0.31 B z (14, 15 ~ 3, 4) 77.0 (9,500) 
79.8 0.27 E(14, 154-* 2) 79.2 (ll,500) max. 
81.7 0.02 E(14,15~ 1) 83.5 (11,200) 

a Only allowed transitions listed. Energies in kK. 
b Ref. [4]. Expt. molar extinctions (in parentheses) estimated from published 

curve [10]. 

In  cyc lobutane ,  r ing-angle  s t ra in  is mi lder  than  in cyc lopropane ,  and  one expects 
exci ta t ion  processes  to be simpler.  The  s imilar i ty  o f  the c o m p u t e d  spec t rum (Table  
3) to  the  exper imenta l  [10] suggests tha t  our  results  are significant,  at  least  as 
concerns  symmet ry  and  the reg iona l  charac te r  (CH ~ CH*,  etc.) o f  t ransi t ions .  

The  ma in  features  in the spec t rum of  cyc lohexane  [-9] are a s t ruc tured  abso rp t ion  
near  63 k K ,  a b r o a d  p e a k - m o s t  p r o b a b l y  a valence-shel l  t rans i t ion  [ 4 ] -  a r o u n d  
69 kK,  a v ib ra t iona l  series s tar t ing at  ca. 72 kK,  and a h igh-energy t rans i t ion ,  ca. 
84 k K ,  also cons idered  as valence-shell .  These  four  features  have their  coun t e rpa r t  
in the  ca lcu la t ion  (Table  4). 

4. Discussion 

We c o m m e n t  first on the changes predic ted ,  in the regional  charac te r  o f  molecu la r  
orbi ta ls ,  as one passes f rom the three-  to the four-  and  s ix -membered  rings. 

In  cyc lopropane ,  the highest  occupied  molecu la r  o rb i t a l  ( H O M O )  is essential ly 
local ized in the c a r b o n  frame,  and  the lowest  vacan t  ( L V M O )  is pure ly  so. The  
former  is preceded,  the o ther  fol lowed,  by  M O ' s  tha t  are based  on  C - H  bonds .  In  
cyc lobutane ,  on the o ther  hand ,  H O M O ,  L V M O ,  and  L V M O  + 1 are ob ta ined  as 
C - H ;  the next  deepest  and  next  highest  orb i ta l s  are mixed bu t  o f  apprec iab le  C - C  
content .  In  cyclohexane,  the reg iona l  charac te r  is b lurred.  I f  anyth ing ,  the c o m p u t e d  
sequence o f  occupied  levels resembles  more  tha t  o f  cyc lobu tane :  H O M O  is 
p r e d o m i n a n t l y  C - H ,  and is fo l lowed by  an o rb i t a l  tha t  con ta ins  an apprec iab le  C - C  
percentage,  then  by  C - H ,  and  C - C  again.  In  this respect,  c yc lop ropa ne  differs f rom 
the o ther  two,  which are more  s imilar  to a c y c l i c  alkanes  [12, 18]. 



Electronic Properties of Cyclopropane, Cyclobutane, and Cyclohexane 49 

Table 4. Cyclohexane transition energies a 

Symmetry and 
Energy f main contributor Expt. band b 

63.1 0.09 Eu(19~ 17, 18) 63 
64.9 0.01 Aau (20, 21 -~ 17, 18) 
68.6 0.13 E u (20, 21 --~ 17, 18) 
70.6 0.48 Azu(19~ 15) 69 
71.4 0.11 E,(20,21~ 15) 72 
74.6 O.47 E,, 
76.8 0.03 A2u 
78.1 0.01 Eu (20, 21 -+ 10, 11) 
78.6 0.00 A2, , 
79.5 0.00 Eu (20, 21 -+ 7) 
81.8 0.11 E u (20, 21 --~ 7) 
84.5 ~ 0.11 E,, 84 

a Only allowed transitions listed. Energies in kK. 
b Refs. [4, 9]. 
c Close to CI limit. 

Yet, the analysis above has also its quantitative aspect:  unlike in cyclopropane,  the 
two high-lying occupied levels, in cyclobutane and cyclohexane, are so close by 
eigenvalue that  a reversal o f  their order may  occur, e.g., under  the influence of  an 
interacting substituent. Moreover ,  the gap in cyclohexane is computed  so small 
(0.05 eV) that  the alternative sequence might be obtained for a slightly different 
input geometry,  or when using another  computa t ional  technique.2 We come back to 
this point  later. 

In the spectrum of  cyclopropane (Table 2), the first absorpt ion (around 63 kK) is 
interpreted as CC -~ CC* (E'), the second (70 ) - a s  CC ~ CH* (E') ,  and the third 
(80 ) - a s  mixed (E' and A~) but predominant ly  C H  ~ CH*.  

In cyclobutane,  H O M O  is C - H ,  and the first virtual C - C  orbitals (9, 10 and 8 in 
Table 1) are not  low-lying. Assignments are therefore different. The CI  analysis 
(Table 3) indicates a first cluster o f  weak absorpt ions (around 65 kK) as a group of  
overlapping CC, C H  -~ CH* transitions (E and B2). The second band (70) may  be 
interpreted as analogous to CC -~ CC* in cyclopropane;  it contains, however, an 
appreciable amoun t  o f  C H ~  CC, CH* (E and B2). The last band (80) is 
characterized as consti tuted mainly by two close absorptions,  one CC(CH)  

CH(CC)* (B2), the other CC(CH)  -+ CO* (E). 

Cyclohexane is still different, despite the overall similarity o f  its spectrum to that  o f  
cyclopropane [4]. It  is generally impossible to distinguigh here the role o f  C - H  
bonds  f rom that  o f  the carbon-frame.  The first absorpt ion (63 kK, Table 4) is 

This has indeed been reported for CNDO [9], but the input geometry was not specified. Users of 
CNDO/2 may recall that, just by inputting somewhat long C-C bonds in benzene, a degenerate 
sigma-pair is indicated as HOMO. 
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characterized as CH ~ CH, CC*, but is followed closely by transitions that are 
based on the complete molecular network. The next maximum (observed around 
69 kK, computed at 70.6, A2,) is assignable as CH -+ CH*. Absorptions at higher 
frequencies are again interpreted as mixed. 

To conclude, the spectral onset is CC ~ CC* in cyclopropane, CC, CH -+ CH* in 
cyclobutane, C H ~  CH, CC* in cyclohexane. Cyclopropane holds a unique 
position among all alkanes; as the ring gets larger, excitation processes in the 
cycloalkanes resemble more and more those of the acyclic. 

5. Effect on Chromophores 

Cyclopropane is known as capable of extending conjugation [1-3], and this is 
ascribable to interaction of its highest-lying C-C orbital-pair (HOMO, e', computed 
eigenvalue - 11.80 eV, 90 % C-C) with pi-orbitals of a suitably-oriented chrom- 
ophore. A corresponding effect is expected in derivatives of eyclobutane: here also, 
a high-lying C-C orbital-pair is available (HOMO-l, e, computed eigenvalue 
- 1 1 . 3 5  eV, 72% C-C). This is not indicated as the highest-occupied, but its 
eigenvalue does not differ greatly from the corresponding number in cyclopropane, 
and the (HOMO, HOMO-1)-gap is small anyhow, so that rearrangement may take 
place. What does make cyclobutane different from cyclopropane is that the high e- 
orbitals contain only about 70 % of C-C bonding, which makes interactions less 
efficient: the substituent is linked to a carbon, and its interaction with distant C-H 
bonds is necessarily small. The minimum effect documented [20] is for chrom- 
ophores linked to an acyclic alkyl radical, or to a ring larger than C4. For example 
[20a], the pi--> pi* transition of the enone grouping (C--C-C--O) shifts bath- 
ochromically by 12 nm for each alkyl added at position beta (-C=C-C=O 
--~ R-C----C-C=O). 

I II 

Ill IV 

Perhaps the best illustration of the gradual effect is provided by the series of 
piperitone (I), verbenone (II) and umbellulone (III). In ethanol, the pi-pi* 
absorptions (and molar extinctions) of these compounds have been given as [-21]: 
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I, 235.5 nm (17,780) 
II, 253 (6,840) 
III, 261 (3,290). 

Note that the shifts in compounds II and III come on top of the usual alkyl effect, 
which already operates in I. The "bare" chromophore, that is, trans- 
CH3CH--CHCOCH 3, absorbs at 214 nm (12,300) [20b]. 

The absorptions in a non-polar solvent are: I, 225 nm (14,200); II, 241 (6,400) 
[ 15, 22]. Umbellulone (III) has not been studied in a non-polar medium but,judging 
from the solvent-effect in the other two cases, its absorption may be estimated as ca. 
249 nm. 

As a model for compound II, we have calculated the simplified structure IV. 3 A 
plausible geometry was first derived for II by molecular-mechanical techniques 
[19], and the three methyl groups were then replaced by hydrogens. Cyclobutane 
ring-puckering was obtained as 35 ~ in line with an experimental estimate, 34 ~ _+ 8, 
for a germane molecule [23]. 

By calculation, the (HOMO, HOMO-1)-reversal has taken place in IV. Here, the 
first two occupied MO's extend mainly on C--C-C--O, but contain some contri- 
bution from cyclobutane C-C bonding. Then come two MO's that are derived from 
the e-pair in the four-membered ring (14, 15 in Table 1), with eigenvalues computed 
as - 11.21 and - 11.69 eV. The first of these is based to 73 ~ on cyclobutane, of 
which 49 ~ are C-C;  the corresponding numbers for the second are 72 and 46 ~.  In 
other words, the cyclobutane portion of these orbitals contains only about 65 
C-C bonding. The lowest-vacant MO (pi*) is based to 92 ~ on C--C-C--O. 

To check this picture-and,  incidentally, the computational scheme-we compare 
the calculated with the observed location of the pi-pi* band. For IV, pi-pi* is 
computed at 225 nm ( f =  0.62). The theoretical value for II, which has an additional 
methyl on the double bond, would then be around 237 nm. The corresponding 
numbers for I and III are 226 (f~0.75) and 242 (f~0.4),  respectively. The 
agreement with available data, as regards the absorption wavelength and the 
sequence of intensities, is thus very good. 

Effects of the type above are not encountered when dealing with rings larger than 
cyclobutane. From Table 1, cyclohexane does have a high-lying orbital-pair (%) 
which is based to 51 ~ on carbon-frame bonding. This number seems to fall beneath 
a required threshold: even if interaction is allowed, the effect demands the 
participation of charge-clouds on the physically remote C - H  bonds. Moreover, the 
proximity of the substituent would split e o (in D3a ) into a' and a" (in Cs). Pilot 
calculations, on the two conformers of methylcyclohexane, suggest that a' would 
drift to the top and get the lower share of C-C bonding. In other words: the 
interacting orbital in cyclohexane would be based on its carbon-frame to an even 
lower degree than Table 1 indicates. The actual numbers we get, for the six- 
membered ring in methylcyclohexane, is 32 ~ C-C bonding in a'. 

3 Compound II itself could not be studied because of computer-memory and time limitations. 
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6. Conclusion 

T h e  s t ruc tu re  o f  c y c l o p r o p a n e  is such  t h a t  spec t ra l  t r ans i t i ons  are  a s s ignab le  to  

zones  w i t h i n  the  m o l e c u l e  ( c a r b o n  f r ame ,  C - H  b o n d s )  o r  to  t r ans fe r s  ( C C  ~ C H * ,  

C H  ~ C C * ) ,  a n d  the  C C  ~ C C *  t r a n s i t i o n  is p u s h e d  to  l ow energy .  T h e  z o n e  

s t ruc tu re  b e c o m e s  p rog re s s ive ly  b l u r r e d  as o n e  goes  to  c y c l o b u t a n e  a n d  cyc lo-  

hexane .  

T h e  a u x o c h r o m i c  effect  o f  these  r ings  has  b e e n  f o u n d  to  e v o l v e  in l ine wi th  t he  

c a r b o n - f r a m e  c o n t e n t  in the i r  h ighes t  d e g e n e r a t e  level.  Th is  is m a x i m a l  in the  th ree -  

m e m b e r e d  r ing,  and  i n s i g n i f i c a n t - t o  p rac t i ca l  p u r p o s e s - i n  cyc lohexane .  
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