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The pentacyclic hydrocarbons 4-7 have been prepared from homocuneone (9) and theii photoelectron spectra 
have been recorded. In each instance, it has proved possible to assign the first five bands, reliance being placed upon 
a 2130 model and comparison with related compounds. The matrix elements for the through-space interaction be- 
tween the dicyclopropyl fragment and the structural unit at the 9 position were determined to be the same as in the 
corresponding norbornadiene compounds. A comparison between experiment and computational results derived 
from the all-valence-electron methods EH, CNDO/2, MIND0/3, and SPINDO/l indicates that the first three dras- 
tically underestimate through-space interaction. 

Recent photoelectron (PE) spectroscopic measurements 
on 7-isopropylidenenorbornadiene ( and 7-methylene- 
norbornadiene (2)4 have shown that  considerable through- 
space interaction exiists between the exocyclic T orbital and 
b 2 ( r )  orbital of the norbornadiene moiety. A similar interac- 
tion has been detected in 3.5 In  this connection, it was of in- 
terest to  supplant thle double bonds in 1-3 by cyclopropane 
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1 ,  R =  C H ~  3 
2 , R = H  

rings as in 4-7 and to investigate the magnitude of the 
through-space interaction in such structurally rigid molecules. 
Accordingly, these hydrocarbons were synthesized and their 
PE spectra were recorded. The  first measured vertical ion- 
ization potentials, Iv,*J, are listed in Table I together with our 
assignments. The  relevant spectra are illustrated in Figure 1 
and appropriate correlation of the first bands is made in 
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methylene- and isopropylidenetriphenylphosphorane, re- 
spectively, in tetrahydrofuran solution. Treatment  of 4 with 
bromoform and potassium tert-  butoxide in pentane afforded 
the dibromocarbene adduct 10. This intermediate gave the 
spirocyclopropane derivative 6 when reduced with lithium in 
a combined ter t  -butyl alcohol-tetrahydrofuran solvent sys- 
tem. Allene 7 was obtained when 10 was exposed to the action 
of methyllithium. 

ZDO Model for 4,5, and 6. T o  derive the orbital energies 
for 4-6 within a ZDO model, it is necessary to  define the wave 
functions, basis orbital energies, and interaction parame- 
ters. 

(a) Wave Functions. Wave functions for the highest oc- 
cupied MO's of 4-6 are constructed from the two basis orbitals 
es  and eA of the cyclopropane ring shown below: 

b 

e s = I / J 2 ( + 6 + c )  e A =  I / J i  ( ~ + ~ - + b - + c )  

T h e  relative phases of the tangential p orbitals, '# 'M, of dicy- 
clopropyl are defined as follows: 

c 0 0' c '  

$&) b b' z&-y 

Assuming Czu symmetry for the dicyclopropyl unit, one ob- 
tains the following four linear combinations: 

C 2 L  Figure 2. In this work, the validity of Koopmans' theorem ( - t ~  

= ZV,J) is assumed.6 The  individual orbital energies (q) have '$4 = 0.5 ('#'a -k '#'a') - 0.354 ('#'b -k '#'c + @c + (bb) a2 
been derived by a zero differential overlap (ZDO) treatment 
as discussed below. A comparison of the ZDO results with 
those of semiempirical calculations is subsequently provid- 

'$3 = 0.5 (d'b - d'c -k $c' - 4bf )  
'$2 = 0.5 (d'b - d'c - d'd + '#'b') 
icil = 0.628('#'a - 4a') - 0.23o('#'b + 4, - 4c '  - ( b ~ )  

a1 
bp 
bl 

The irreducible representations according to  which these wave 
functions transform in the point group C Z L  are listed following 
the  eauations. T h e  wave functions are sketched below. 

ed. 
Synthesis. The pentacyclononane derivatives 4 and 5 were 

available by direct condensation of homocuneone (9)7 with 

(b)'Basis Orbital Energies. The basis orbital energies for 
the wave functions of the dicyclopropyl unit in 4-6 are derived 
from 8.8 As concerns 4 and 6, an inductive effect of -0.15 eV 
is assumed for the double bond and the three-membered ring. 
This assumption is consistent with the results of earlier in- 
ves t iga t ion~ .~  In the case of 5 ,  the inductive effect of the iso- 
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Figure 1. PE spectra of 5-7. 

propylidene group is taken to be +0.1 eVS3 
In these terms, the basis orbital energy for the ethylene 

moiety in 4 is expected to reside a t  -9.6 eV. This value is de- 
rived from the ionization potential of 7-methylenenorbornane 
(9.4 eV)485 reduced by the inductive effect (-0.2 eV) of the two 

cyclopropane rings. In a similar manner, the basis orbital 
energy of the A orbital in 5 (-8.7 eV) is derived from the ion- 
ization potential of 7-isopropylidenenorbornane (8.5 eV).5 
Since the ionization potentials assigned to the two Walsh or- 
bitals of the three-membered ring in 7-spirocyclopropylnor- 
bornane are 9.6 eV for ba(eA) and 10.9 eV for al(es),  the cor- 

8 9 10 11 eV 

Figure 2. Correlation between the first bands in the PE spectra of 
4-7. 

responding basis orbitals in 6 are anticipated to  be -9.8 and 
-11.1 eV. 

( c )  Interaction Parameters. The calculated orbital 
energies for 1 and 2 agree well with experiment3 by assuming 
the  matrix element 

(a- [ H I T )  = -0.64 e\.' 

In this expression, a- represents the antisymmetric linear 
combination of the a orbitals in the norbornadiene unit and 
a the ethylene moiety a t  the 7 position. For 3, the corre- 
sponding matrix element has been found5 to be 

(7r- IHleA) = -0.66 e\' 

If the same matrix element values are adopted for 4 and 5 ( I f L ,  
= -0.64 eV) as well as for 6 (HLl = -0.66 eV), the following 
secular determinants and solutions for the eigenvalues cor- 
responding to  the orbitals of Bz symmetry are obtained: 

-9.6 - t -0.64 c1  = -9.05 eV 
1-0.64 -9.8 - t c 2  = -10.34 eV 
-8.7 - t -0.64 e l  = -8.42 eV 

1-0.64 -9.5 - e t~ = -9.87 eV 
-9.8 - e -0.66 e l  = -9.15 eV 

1-0.66 -9.8 - t c z  = -10.48 eV 

We have not carried out a comparable ZDO based calculation 
on 7 since PE data on 7-allenylidenenorbornane or 1,l'-di- 
isopropylallene are missing. However, an alternate model for 
7-vinylidenenorbornane is 1,l-di-tert -butylallene. For this 
compound, the first two ionization potentials are seen to be 
located a t  8.55 and 9.30 eVS9 These values lie close to the first 
two bands of 7. The values for the ionization potentials of 
bands of 7 compare closely to  the ones observed for 4, 
as anticipated. The agreement between the calculated orbital 
energies and the measured band positions for 4-6 is very 
good. 

Semiempirical Calculations. To check the assignments 
made above, semiempirical calculations of the EH,l0 
CND0/2,11 MIND0/3,12 and SPINDO/l  typed3 have been 
performed for 4-7. Since the detailed structures of these 
compounds are not known, their geometries were optimized 
using the MINDO/3 method under the assumption of CzL  
symmetry. The predicted heats of formation, Hf, together with 
the orbital sequences are listed in Table 11. The MINDO/3, 
CND0/2,  and EH calculations predict in all cases a much 
smaller split between the bz orbitals than the values provided 
by the ZDO and SPINDO/l  models. This implies a relatively 
minute through-space interaction between $2 and the T sys- 

4 I = o  

5 I = O  

6 1 = o  
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Table I. Comparison between Measured Vertical 5 and 7. The main discrepancy is associated with 6 (see Tables 
I and 11). Such differences have previously been observed in 
other hydrocarbons endowed uniquely with small ring frag- 

Ionization Potentials ( ~ V , J )  and ZDO Orbital Energies for 
4-7 (all values in eV) 

Compd. Registry no. Band IJ,V Assignment ZDO 

4 64630-96-2 1 9.00 7 b2 (P - $2) 8.05 
2 9.40 3 a2 ( $ 4 )  9.30 
3 10.00 10 a1 ($3) 10.05 
4 10.15 6 bz ($2 + X )  10.34 
5 10.65 6 bl($1) 10.75 

5 65915-87-9 1 8.35 7 bz ( X  - $ 2 )  8.42 
2 9.14 4 a2 ($4 )  9.05 
3 9.65 1 2  a1 ($3) 9.80 
4 9.95 6 b2($2+ X )  9.87 
5 10.3 7 bl (SA) 10.55 

6 65915-88-0 1 9.05 6 bz (eA - $2) 9.15 
2 9.35 4 a2 ( $ 4 )  9.30 
3 10.2 10a l  ($3) 10.05 
4 10.5 5 b:! ( $ 2  + e a )  10.48 
5 10.7 6 bi ($1) 10.8 
6 11.2 9 a l  (es) 11.1 

7 65915-89-1 1 8.75 7 b2 (T - $2) 
2 9.22 6b1  ( x )  
3 9.38 3 a2 ( $ 4 )  

4 9.9 11 a1 ($3) 
5 10.2 6 b2 ($2 +a) 
6 11.1 5 bi ($1) 

tem positioned a t  Cg.  As a consequence, the highest occupied 
orbitals of 4-6 are predicted to belong to the irreducible rep- 
resentations A2 and AI (see Table 11). A similar discrepancy 
has been encountered in the case of spiroconjugated mole- 
cules.14 A detailed analysis of the shortcomings of the CNDO 
and M I N D 0  methods in reproducing long-range through- 
space interaction has been given by Heilbronner and 
Schmelzer.15 According to their results, the SPINDO/l model 
seems at present the most appropriate model for interpreting 
the PE spectra of hydrocarbons. 

The  SPINDO/l results we have obtained on structures 
derived from MIND0/3  optimization compare very closely 
to those obtained from ZDO calculations, especially as regards 
4,5, and 7. The only differences are the ordering between 10 
a1 and 6 b2 in the case of 4 and the corresponding orbitals in 

ments.'6 
Concluding Remarks. The ZDO model predicts the 

HOMO for 4-7 to be bl(n-42) or b2(eA-$2). This prediction 
is corroborated by the following observations: (i) The first 
ionization potentials of 7-methylenenorbornane (9.4 eV),* 
7-isopropylidenenorbornane (8.5 eV),j  and 7-spirocyclopro- 
pylnorbornane (9.6 eVI5 are close to, but slightly higher than,  
the corresponding first ionization potentials of 4-6. The lower 
values for 4-6 are due to  the larger carbon skeleton and the 
through-space interaction discussed. (ii) Methyl substitution 
on a double bond is known to  substantially lower the ioniza- 
tion potential of the x orbital. A comparison between the 
spectra of 4 and 5 shows that  an appropriate shift is observed 
only for the first band. 

One of the purposes underlying publication of our semi- 
empirical results at  this time is to point out the difficulties and 
pitfalls encountered with such methods when applied to 
strained hydrocarbons. 

Experimental Section 
Proton magnetic resonance spectra were obtained on a Varian 

A-60A spectrometer; apparent splittings are given in all cases. Carbon 
spectra were recorded with a Bruker HX-90 instrument. Infrared 
spectra were obtained with a Perkin-Elmer Model 467 spectrometer, 
while mass spectra were measured with an AEI-MS9 spectrometer 
at an ionization potential of 70 eV. Elemental analyses were performed 
by the Scandinavian Microanalytical Laboratory. Herlev, Den- 
mark. 

9-Methylenepentacycl0[4.3.0.02.~.O~~~.O~~~]nonane (4).  To a 
stirred suspension of methyltriphenylphosphonium bromide (4.20 
g, 11.76 mmol) in 30 mL of dry tetrahydrofuran was added under ni- 
trogen at 25 "C 5.0 mL of a 2.35 M solution of n-butyllithium in 
hexane (11.75 mmol). After 2 h, a solution of 97 (1.50g, 11.35 mmol) 
in 20 mL of dry tetrahydrofuran was introduced dropwise via syringe. 
The reaction mixture was stirred for an additional 2 ha t  25 "C, heated 
to a gentle reflux for 30 min, cooled, poured into ice water (300 mL), 
and filtered. The precipitate was washed with 75 mL of pentane which 
was used to extract the aqueous filtrate. The pentane layer was 
washed with water (3 X 100 mL), dried, filtered, and distilled at am- 
bient pressure through a 1 X 13 cm Vigreux column to remove solvent. 
The residual oil was vacuum transferred at 50 "C (0.2 mm) into an 

Table 11. Calculated Heats of Formation and Orbital Energies for 4-7 According to EH, CNDO/2, MINDO/3, and 
SPINDO/l Methods (orbital energies are given in eV) 

HL 
Compd kcal/mol EH CNDO/2 MIND0/3 SPINDO/l 

-12.35 (all -11.91 (al) -9.31 (al) -10.45 (82)  

-12.70 (b2) -14.00 (bz) -9.51 (bz) -10.76 (al) 

4 12 1. '74 -12.27 (a21 -11.80 (a2) -9.07 (a21 -10.14 (b2) 

-12.56 (bz) -13.77 (b2) -9.35 (h2) -10.58 (b2) 

-12.96 (bl) -15.34 (b,) -9.76 (bl) -10.87 (bl) 
5 109.34 -12.18 (bz) -11.59 (b2) -8.87 (b2) -9.71 (b2) 

-12.33 (all -11.89 (al) -9.31 (al) -10.66 (bz) 

-12.83 (bl) -15.13 (bl) -9.70 (bl) -11.07 (bl) 

-12.30 (a]) -11.83 (al) -9.15 (all -10.58 (b2) 

-12.62 (b2) -13.53 (bz) -9.49 (h2) -10.95 (bz) 
-13.00 (bl) -14.61 (al) -9.87 (bl) -11.07 (bl) 

-12.27 (a21 -11.78 (bz) -8.85 (bz) -9.57 (b2) 
-12.34 (bz) -11.82 (a2) -8.99 (bl) -9.90 (bl) 

-12.58 (bl) -13.02 (bl) -9.36 (al) -10.56 (b2) 

-13.36 (bl) -15.38 (bl) -10.66 (bl) -11.42 (bl) 

-12.28 (a2) -11.73 (a2) -9.09 (a2) -10.52 (a21 

-12.59 (bz) -13.07 (b2) -9.49 (bz) -10.73 (al) 

-12.26 (a21 -11.65 (a*) -9.05 (a2) -10.48 (a2) 

-12.50 (b2) -12.49 (bz) -9.35 (b2) -10.61 (all 

-12.15 (all -15.20 (bl) -10.23 (al) -11.36 (al) 

-12.36 (al) -12.00 (al) -9.09 (a2) -10.44 (az) 

-12.59 (bz) -13.18 (bz) -9.47 (b2) -10.68 (al) 

Several u levels in the region between 12 and 15 eV have been omitted. 

6 122.76 

7 144.37 
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ice-cooled receiver to give 1.09 g (73.7%) of 4: vmax (neat) 3045,2985, 
1669,1283,810, 7 7 ,  and 728 cm-I; 'H NMR (CClJ 6 4.03 (s, 2 H), 2.61 
(m, 2 H), 2.18 (m, 2 H), and 1.94 (m, 4 H); I3C NMR (CDC13) 172.54, 
89.10, 44.13, 37.23, and 36.93 ppm; mle calcd 130.0782, obsd 
130.0785. 

Anal. Calcd for CloHl~,: C ,  92.26; H, 7.74. Found: C, 92.23; H, 
7.83. 
9-Isopropylidenepentacyclo[4.3.O.Oz~4.03~E.O5~7]nonane (5). To 

a magnetically stirred suspension of anhydrous isopropyltriphenyl- 
phosphonium bromide (1.40 g, 3.63 mmol) in 6.0 mL of anhydrous 
tetrahydrofuran was added dropwise under nitrogen at  25 "C a so- 
lution of n-butyllithium (1.64 mL of 2.08 M) in hexane. After l h, a 
solution of g7 (0.450 g, .3.41 mmol) in 4.0 mL of tetrahydrofuran was 
introduced dropwise via syringe. After 2.5 h the reaction mixture was 
heated at  gentle reflux for an additional 2.5 h, cooled to ambient 
temperature, and processed as above. Vacuum transfer at 70 "C (0.1 
mm) of the residual oil after removal of solvent gave 0.435 g (80.7%) 
of 5: urnax (neat ,3045. 3000, 2915,1283, 788, and 715 cm-l; 'H NMR 
(CC14) 6 2.86 (m, 2 H),  51.13 (m, 2 H), 1.88 (m, 4 H), and 1.55 (m, 6 H); 
13C NMR (CDC13) 159..43, 105.59. 40.76,37.74, 36.55, and 20.18 ppm; 
m/e calcd 158.1095, obljd 158.1098. 

Anal. Calcd for C12:H14: C, 91.08; H? 8.92. Found: C, 91.09; H, 
8.99. 

Dibromocarbene Addition to 4. A solution of bromoform (1.30 
g, 5.14 mmol) in 3.0 mL of pentane was added dropwise to a vigorously 
stirred suspension of potassium tert-butoxide (0.480 g, 4.28 mmol) 
and 4 (0.550 g, 4.22 mmol) in 10 mL of pentane under nitrogen at  15 
"C. The reaction mixtme was stirred at  25 "C for 12 h, poured into 
15 mL of water, and extracted with 2 X 10-mL portions of ether. The 
combined extracts were washed with 3 X 20 mL of water, dried, fil- 
tered, and evaporated to leave a semisolid suspended in a small 
amount of oil. This mar.eria1 was taken up in 4 mL of 5% benzene in 
pentane and washed down a 1 X 5-cm column of neutral alumina 
(activity grade 1) using an additional 20 mL of solvent. Evaporation 
left 0.94 g of a white semisolid which was recrystallized from pentane 
to give 0.583 g (45.5%) of 10: mp 98.5-99.5 "C; urnax (KBr) 3050,1185, 
1032,1017, 789, 764, and 684 cm-l; IH NMR (CDC13) 6 2.44 (br s, 2 
H), 2.32 (br s, 4 Hi, 2.11 (br s, 4 H), and 1.76 (s, 2 H); m/e calcd 
299.9150, obsd 299.915'i. 
9-Spirocyclopropylpentacyclo[4.3.O,Oz~4.O3~E.O5~7]nonane (6). 

To a magnetically stirred solution of 10 (0.298 g, 0.987 mmol) and 
anhydrous tert-butyl alcohol (0.50 g, 6.75 mmol) in 10 mL of dry 
tetrahydrofuran was added at  25 "C under nitrogen finely cut lithium 
wire (0.22 g, 31.7 mg). 'The reaction mixture was stirred for 10 h at 
ambient temperature and excess lithium was removed by filtration 
(with ether washing). Twenty milliliters of 10% ammonium chloride 
solution was added, the layers were separated, and the aqueous layer 
was extracted with pent,me (2 X 10 mL). The combined organic layers 
were washed with three 20-mL portions of water, dried, filtered, and 
freed of solvent by distillation at ambient pressure. The residual oil 
was vacuum transferred at  80 " C  (0.1 mm) into an ice-cooled receiver 
to give 0.1143 g 080.5%) of 6: mp 28 "C; urnax (neat) 3040,2965, 1288, 
781, and 760 cm'-l; 'H NMR (CC14) 6 2.02 (br s with shoulder at 1.97, 
8 H) and 0.46 (s. 4 H); rnie calcd 144.0939, obsd 144.0942. 

Anal. Calcd for CllI112: C,  91.61; H, 8.39. Found: C, 91.62; H, 
8.43. 

9-Allenylidenepentacyclo[4.3.O.O*~4.O3~E.O~~7]nonane (7). To a 

magnetically stirred solution of 10 (0.2319 g, 0.768 mmol) in 10 mL 
of anhydrous ether was added under nitrogen at -24 "C 0.6 mL of a 
1.84 M solution of methyllithium in ether via syringe. After 40 min 
at  -24 "C, 3.0 mL of water was introduced, the layers were separated, 
the aqueous layer was extracted with 2 mL of ether, and the combined 
ether layers were washed three times with 5-mL portions of water, 
dried, and freed of solvent by distillation at  ambient pressure. The 
residual material was vacuum transferred at 0.3 mm into a receiver 
cooled to -24 "C to give 0.103 g (94.5%) of 7 as a crystalline solid; mp 
27 "C; urnax (neat) 3045,1277,846,787, and 720 cm-'; 'H NMR (CC14 
6 4.64 (s, 2 H), 2.96 (m, 2 Hj, and 2.12 (m, 6 H); mie calcd 142.0782, 
obsd 142.0785. 

Anal. Calcd for C11Hlo: C, 92.91; H, 7.09. Found: C, 93.01; H, 
7.14. 

Photoelectron Spectroscopy. The PE spectra were recorded on 
a Perkin-Elmer PS 18 instrument (Beaconsfield, England) and cali- 
brated with argon. A resolution of about 20 meV on the argon line was 
observed. 

Calculations. The semiempirical calculations have been carried 
out with standard programs. All calculations were based upon the 
geometrical parameters obtained by the MIND0/3 method. 
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