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Overcrowded polycyclic aromatic enes (I), e.g., bi-9H-fluoren-9-ylidene (2) and bi-4H-cyclopentaCdef1- 
phenanthren-4-ylidene (3) are potential starting materials for the preparation of bowl-shaped fragments of 
fullerenes. Semiempirical MNDO-PM3 calculations of C,,H, and C,,H, (n = 12, 14, 16) species 2-14 are 
used to analyze energetic and steric effects on the dehydrocyclization and isomerization reactions of these 
molecules. The out-of-plane bending and pyramidalization in these species are ascribed to intramolecular 
overcrowding in the fjord and cove regions and to strain introduced by C5 rings in the PAH skeleton. 
Oxidative photocyclization reactions on 2-2,2'-bridged derivatives of 2 and 3 are briefly outlined. 

Keywords: non-planar PAHs, strain. overcrowding, semiempirical calculations. photocyclization. 

INTRODUCTION 

The bistricyclic enes (1) enigma' has fascinated chemists since the red hydrocarbon 

1 

167 

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
a
t
i
o
n
a
l
 
T
a
i
w
a
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
0
8
:
5
3
 
3
1
 
A
u
g
u
s
t
 
2
0
0
9



168 P. ULRICH BIEDERMANN et a1 

bi-Y H-fluoren-Y-ylidene (2) was synthesized six score years ago.' Overcrowded polycyclic 
aromatic enes, e.g., 2 and bi-4H-cyclopenta[defphenanthren-4-ylidene (3) are potential 
starting materials for the preparation of bowl-shaped fragments of fullerenes. Dehyd- 
rogenation o f  2 and the isomeric dibenzo [g, plchrysene (4) may lead via benz[e]- 
indeno[ 1,2,3-hi]acephenanthrylene (5) and benz[g]indeno[l, 2,3,4-mnop]chrysenc 
(6)? respectively, to diindeno[1,2,3,4-defg; l', 2', 3', 4'-mnoplchrysene (7), while dehyd- 
rogenation of 3 and the isomeric tetrabenzolde, hi, mn, qrlnaphthacene (8) may lead 
via diindeno [4,3,2, l-opqr; 4',3', 2', 1'-avutlpicene (9) and dibenzo[mn, qrlfluoreno- 
[2,1,9,8,7-defghi]naphthacene (10) to diacenaphtho[3,2, 1,8-cdefg; 3', 2',1', 8'-lmnop]- 
chrysene (1 1) and difluoreno [2, I ,  9,8,7-defghi; 2', l', 9', 8', 7'-mnopqrlnaphthacene (12). 
respectively. Semifullerene 11 may also be viewed as cir~umpentafulvalene.~ Syntheses of 

3 4 5 6 7 

8 9 10 I 1  12 13 14 

the fullerene fragment 7, of 12 and of the intermediates 5,  6, 9, and 10 by thermal and 
catalytic dehydrocyclization have been reported recen t l ~ . ~  Semifullerene 11 has been 
synthesized by an alternative route from 1,2,5,6,-tetrao~opyracene.~ 

The present article describes the results of PM3 calculations of C,,H, and C,,H, (n = 12. 
13, 16) species including hydrocarbons 2-12, rubicene (13A6 an isomer of 5 and 6, and 
dibcnzorubicene (J4), an isomer of 8 and 9. Syntheses of bridged derivatives of 5 and 8 by 
oxidative photocyclization of 2-2,2'-bridged derivatives of 27 and 3 are also outlined.8 

RESULTS AND DISCUSSION 

The calculations of hydrocarbons 2-14 were carried out by the quantum mechanical 
semiempirical MNDO-PM3 method, using MOPAC6.9 Heat of Formation (AH;) 
values are given in kcal/mol; bond lengths, H. . .H,  and C. . .C  distances are given in A> 
bond angles and pyramidalization angles 

Ristricyclic enes 2 and 3 adopt twisted conformations with experimental average 
twist angles (about the central C = C bonds) of 32.5" and 24.7" in the crystalline state, 
respect i~ely. '~~ ' '  The P M 3  calculated twist angles of2 and 3 are 30.2"12 and 23.0". The 
isomeric compounds 4 and 8 also have twisted conformations, with twist angles of 
26.0" and 23.7", respectively, in their crystal s t r ~ c l u r e s . ' ~ . ~ ~  The corresponding 
PM3 calculated twist angles are 25.8" and 24.3". Schemes 1 and 2 describe the 

are given in degrees. 
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-H? 

AAH”, = -1 1 .o 
- 

I hviFted 

MH“f= -27.8 I AAWf = 2.2 i 
3.+7 8 A 

4 twisted 6 t n a  

SCHEME 1 Dehydrocyclizations and isomerizations in the C,,H, series. 

bowl 

SCHEME 2 Dehydrocyclizations and isornerizations in the C,,H, series. 

dehydrocyclizations and isomerizations in the C,,H, and C,,H, (n = 12,14,16) series, 
respectively, including the reaction enthalpies AAH; of the various steps and the 
distance between the carbon atoms, which will form the new bond. 

Double dehydrocyclization of2 and 4 may lead to a single C,,H,, species, 7, while 
double dehydrocyclization of 3 and 8 may lead to two C,,H,, species, 11 and 12. The 
dehydrogenation of 2 all the way to 7 is thermodynamically less demanding than the 
dehydrogenation of 3 to 11. Moreover, the “aromatization” of 2 by dehydrogenation to 
the planar 5 is highly exothermic, while thc corresponding “aromatization” of 3 to the 
planar 9 is slightly endothermic. On the other hand, the dehydrogenations of 4 into 
6 and of 8 into 10 are highly endothermic. In all cases, the second dehydrocyclization 
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(5 to 7,6 to 7,9  to 11 and 10 to 12) is highly endothermic. In contrast, the isomerization 
reactions 2 to 4,3 to 8,9 to 10, and 11 to 12 are highly exothermic, with the exception of 
5 to 6, which is slightly endothermic. Apart from the energetic criterion the steric 
situation in the reactants may have an effect on their reactivity. Short non-bonded 
C . - . C  distances could be advantageous for the reactions 2 to 5 (3.080 A), 3 t o  
9 (3.157 A), 4 to 6 (2.966 A), 6 to 7 (3.183 A), and might explain why reaction 10 to 12 
(3.264 A) was observed under FVPconditions while reaction 9 to 11 (3.999 A) was 

The results of the PM3 calculations on the compounds 2--14 are summarized in 
Table 1, including the symmetry, heat of formation (AH;), and some important 
geometrical parameters. 3D projections of the most important structures are shown in 
Figures 1 and 2. All calculated structures presented are b o n a j d e  minima, unless 
otherwise stated. Figure 3 gives the bond lengths and bond angles of the bowl shaped 
hydrocarbons 7, 11, and 12, respectively. 

The benzenoid PAHs 4 and 8 are significantly more stable than the bistricyclic enes 
2 and 3, respectively (AHi(4) - AH;(2) = - 27.8 kcal/mol; AH;@) - AHi(3) = 

44.6 kcal/mol). Among the C,,H,, species, the planar 5 is the most stable; com- 
pounds 6 and 13 are higher in energy by 2.2 kcal/mol and 8.0 kcal/mol, respectively. 
Among the C3,H,, species, the planar 10 is the most stable; compounds 9 and 14 are 
higher in energy by 21.4 kcal/mol and 28.1 kcal/mol, respectively. 

TABLE 1 
PM3 calculated structures of compounds 2- 14 

Compound Conformation Symmetry AH; AAH; 

2 
2 
2 
3 
3 
3 
4 
4 
5 
6 
6 
7 
7 
8 
8 
9 

10 
11 
11 
I S  
1s 
12 
12 
13 
14 

twisted 
anti-folded 
syn-folded 
twisted 
anti-folded 
syn-lolded 
twisted 
anti-folded 
planar 
twisted 
planar 
bowl 
planar 
twisted 
a n  ti-fol ded 
planar 
planar 
bowl 
anti  

planar 
bowl 
planar 
planar 
planar 

D, 140.874 
145.481 
149.034 

D:' 175.291 
178.165 
181.499 C 

1):. 113.115 
1 17.279 
129.893 
132.052 

TS C 132.458 
C2' 184.745 

TS Di: 198.860 
D2 130.695 

134.504 
176.754 

CLV 155.358 
237.868 
288.032 
292.876 
3 3 6.200 

TS DZ 267.356 
137.948 
183.486 

EZh 
C Z h  

C,, 
C*" 
c2 

z2. 
c:t 
c2 h 7's c, 
D 2 h  

C Z h  

C Z h  

218.358 C 

0 
4.607 
8.160 
0 
2.874 
6.208 
0 
4.164 

0 
0.406 
0 

14.115 
0 
3.809 

0 
50.164 
55.008 
98.332 

48.998 
0 

twist = 30.2" 
fold =: 20.8" 
cold 22.5' 

fold = 18.1" 
fold = 19.4" 

twist = 25.8" 
fold = 24 8' 

twist = 11.9" 

= 36.8' 

twist = 24.3'' 

twist = 23.0" 

Fold = 22.7' 

: 42.4" 
x = 40.9' 
x = 49.3"/6.9' 

= 40.9" 

n second order saddle point with 2 imaginary frcqucncies 
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0 

twisted twisted 

b 
bowl planar 

TS 

FIGURE 1 Conformations of the C,,H,-spccies. 

The bowl-to-bowl inversion of 7 involves a planar D,, transition state; the inversion 
barrier is 14.2 k ~ a l / r n o l . ~ ~  

The most stable conformation of semifullerene 11 has a bowl-shaped C,, geometry. 
The corresponding C,, anti-folded conformation is a local minimum higher in energy 
by 50.2 kcal/mol. The transition state for the C,, C,, isomerization is a C, conforma- 
tion 4.8 kcal/mol above the C,, conformation. Bowl-to-bowl inversion of the 
C, ,  conformation proceeds in two steps via the C,, intermediate; the barrier is 
55.0 kcal/mol. The planar D,, conformation of 11 is a second order saddle point with 
a relative energy of 98.3 kcal/mol. (Ab-initio calculations of various conformations of 
11 and of bowl-to-bowl inversions in other PAHs with curved surfaces have been 
r e p ~ r t e d . ~ . ~ )  

The isomeric C,,H,, compound, 12, is not a buckminsterfullerene fragment. It is 
19.5 kcal/mol more stable than compound 11. The transition state for bowl-to-bowl 
inversion of 12 is planar; the inversion barrier is 49.0 kcal/mol. 
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twisted twisted 

1o-c*" 14-Cu, 

planar planar Planar 

l l -Ca  11-cs 12-c*" 

hPwl TS bowl 

FIGURE 2 Conformations of the C3,,H,-species 

Isodesmic Reactions 

Table 2 gives the energies (AE) of isodesmic reactions related to the species shown in 
Schemes 1 and 2. Isodesmic reactions (a) and (b) indicate that the intermediate 5 is 
relatively stable while 7 is highly strained as compared with 9 and 11 respectively. On 
the other hand reactions (c) and (d) indicate that 10 is more stable than 6. 

Steric Strain and Overcrowding 

Two effects may cause non-planarity of the C&, and <&H, species: intramolecular 
overcrowdingin the fjord and cove regions and in-plain strain, The in-plain strain may 
qualitatively be cvaluated by counting the number of carbon atoms q that belong 
simultaneously to one 5-membered ring and to two 6-membered rings. Thc central 
carbon atom of acenaphthylene is the simplest example. At these carbon atoms the 
ideal bond angles of the polygons do not add up to 360". This would lead to 
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F R O M  AROMATIC ENES TO SEMIFULLERENES 

TABLE 2 
Energies of isodesmic reactions. 

Isodesmic Reactions AAH; 

(4 2 + 7  -t 5 t 5  -65.8 
(b) 3 + 1 1  --t 9 t 9  -59.6 
(4 4 + 7  ----t 6 + 6  -33.8 
( 4  8 t 1 2  - 10+10 -38.3 

173 

pyramidalization of the carbon centers and/or distortion of the ring angles. A chain of 
q = 3 such carbon atoms is still acceptable for a planar structure, a chain of q = 5, as in 
corannulene, is not. The number of overcrowded regions of compounds 2-14 along 
with the symmetries and conformations and the number q are given in Table 3. The 
overcrowding in the various C,,H, and C,,H, species (n = 14,16) is reflected in the 
short H . . . H  and C.. .C distances in the fjord and cove regions. Note in particular the 
very short H.. .H distances in the planar compounds 5 and 10, and the slightly twisted 
compound 6. 

The length of the bonds connecting the two halves of the bowl-shaped molecules are 
noteworthy: 7: 1.344 8, (ceqtral bond) and 1.471 A (peripheral bonds); 11: 1.356 
A (central bond) and 1.462A (peripheral bonds); 12: 1.353 8, (central bond), 1.358 
8, (peripheral bonds), and 1.446 A (inner bonds). Thus, the central bonds are of double 
bond character and the peripheral bonds (inner bonds in the case of 12) are more of 
a single bond character. The strain in the bowl-shaped species 7 , l l  and 12 is manifested 
in the C-C-C bond angles in their perimeter. The angles in the phenanthrene-type bay 
region of7 and 11 are 127.2" and 125.8", respectively. The angles in the fluorene-type 

TABLE 3 
Conformations, strain and overcrowding. 

Shortest" Compound Symmetry Conformation q Number of 
Overcrowded Regions 

Fjords Coves Baysb C . . - C  H . . . H  

2 - 2 3.080 1.883 twisted -~ 
- ~ 3.157 1.764 twisted 2 + 2  2 
2 2 2.966 1.848 twisted 
- 3 3.534 1.657 planar 1 + 1  1 

twisted 3 -  1 3 3.183 1.657 

8 D: twisted 2 - 2.953 1.847 
9 C planar 3 + 3  1 - 1 3.999 2.320 

CZ" planar 3 1 1 3.264 1.637 

2 DZ 
3 D, 
4 D2 

5 CZy 
6 c2 

_ _  

4 - I C bowl 6 -  
- -  

- bowl 10 - 2 
bowl 6 -  2 
planar It1 - 2 2 3.439 1.883 
planar 3 t 3  - 2 - 3.843 2.549 
bowl 5 -  corannulene CSv 

C60 1, sphere 60 - 

"The H . . .H  and C . . . C  distances given (in A) are the shortest in the fjords, coves and bays. 
bThe bays include proper (phenanthrene-type) and improper (fluorene-type) bay regions. 

c2' 

13 C Z h  

14 C*h 

10 
11 

- 12 c:: 

- - - - 
~ - - 
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,385 

1 

7 

1 

5 

FIGURE 3 Bond lenglhs and bond angles of 7. 11 and I ?  

bay regions of7 and 12 are 135.6" and 134.6", respectively. The C-C-(I: angles at the peri 
positions of 11 and 12 are 128.1" and 124.9" (for comparison: corannulene, 129.5"). 
Thus, angle strain is larger in 7 as compared with 11  and 12. Thc high values of thc 
pyramidalization angles, x, of the various bowl-shaped species should be noted: 
x(C,,-7) = 36.8", ~ ( C ~ ~ - l l )  = 42.4", x(C,,-12) = 40.9"; for comparison, x(C,,) = 

41.Sc,15 and x(corannu1ene) = 33.8".16 

Syntheses 

Scheme 3 describes the dehydrogenation reactions of 2-2,2'-bridged bi-9N-fluoren-9- 
ylidene derivatives 1 5 - c  and 2-2,2'-bridged bi-411-cyclopenta[deflphenanthren-4- 
ylidene derivatives 16a-c by oxidative photocyclizations leading to 17 and 18. The 
syntheses of 1 5 - c  and 16a-c have been descrihcd previously.',* A second oxidative 

15 

hv, Ph-Se-SePh - 
C& 30Oc.0.5h 

a: n = 1 50% yield 
b: n = 2 6% ylcld 

17 c:  n r 3 no reaction 

a: n = 1 50% yeld  
b: n = 2 nu rcacuon 

18 c :  n = 3  norcacuon 16 

SCHEME 3 Oxidative Photocyclization 
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photocyclization of compounds 17 and 18 to give derivatives of '7 and 11 could not be 
accomplished. The dramatic decrease in the yields with increasing tether length 
n suggests steric requirements, e.g., a short C . . .  C non-bonded distance in the reactants 
is essential for the dehydrogenation. It should be noted that the unsubstituted 
compound 2 does not undergo oxidative photocyclization.' 

CONCLUSIONS 

The insertion of 5-membered rings into the framework of benzenoid polycyclic 
hydrocarbons distorts mainly the bond angles at the sp2 carbon centers from the ideal 
120" (angle strain effect), as long as the number q is small and the conformation of the 
molecule is planar or a shallow bowl. However, at higher q values, with increasing 
depth of the bowl, pyramidalization of the carbon atoms increases, while the angular 
strain in the 6-membered rings is reduced. 
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