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General Preperation

• Krätschmer-Huffman generator
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Chemical Aspects

• Structure:
– Euler Theorem
– 2(10+M) 
– IPR (Isolated 

Pentagon Rule)

• Why IPR?
– Electronic effect: 

Pentalene type
– Strain
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Strain

• The curvature-induced 
pyramidalization of the carbon 
atoms weakens the π-conjugation

• It demands rehybridization of the 
atomic orbitals

Fullerenes suffer large strain energy 
introduced by the deviation from 
planarity



7Haddon, R. C. Science 1993, 261, 1545.

Strain

• The pyramidalization angle (θp): the angle 
between its π -orbital and the σ -bonds 
minus 90

θp=θσπ-90
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Chemical Reactivity
• The reactivity of C60 is 

that of one:
– strained,
– electron deficient poly-

alkenes with 
– rather localized double 

bonds.

Cozzi, F.; Powell, W. H.; Thilgen, C. Pure Appl. Chem. 2005, 77, 843.
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Functionalized Fullerenes
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Exohedral Fullerenes

• Reaction with nucleophiles
– Bingel reaction

• Cycloaddition
– Prato Reaction
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Reaction with Nucleophiles
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Bingel Reaction
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Cycloaddition Reaction

-6,6 bond reacts as dienophile
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Prato Reaction

• Fulleropyrrolidine can 
accept up to 6 
electrons

• Through-space 
interaction of the 
nitrogen lone pair with 
the fullerene π –
system.

M. Maggini, G. Scorrano and M. Prato, J. Am. Chem. Soc. 115 , 9798-9799.
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Periodic Table of endohedral
Fullerenes 
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Preparation of endohedral
Trimetallic nitride Fullerenes 

• Vaporization of Graphite rods filled with M2O3/Graphit 
in Hellium atmosphere( 300 Torr) and  nitrogen (PN2 1-
3 Torr) (M = lanthanide atom e.g., Er, Gd, Ho, Sc, Tb,  
Y), 

• Products:
– C60, C70, C76, C78, C82, C84, C86 (m/z 1032), C88 (m/z

1056), C90 (m/z 1080), C92 (m/z 1104), C94 (m/z
1128) and C96 (m/z 1152), along with TNT EMFs
Sc3N@C68, Sc3N@C78,and Sc3N@C80.

-. Stevenson, S Rice, G.; Glass, T.; Harich, K.; Cromer, F.; Jordan, M. R.; Craft,; Hadju, E.; Bible, R.; Olmstead, M. M.; Maltra, K.; Fisher, A. J.; alch, A. 
L.; Dorn, H. C. Nature 1999, 401, 55.
- Stevenson, S.; Fowler, P. W.; Heine, T.; Duchamp, J. C.; Rice, G.; Glass,T.; Harich, K.; Hajdu, E.; Bible, R.; Dorn, H. C. Nature 2000, 408, 427.
- Olmstead, M. M.; de Bettencourt-Dias, A.; Duchamp, J. C.; Stevenson, S.; Marciu, D.; Dorn, H. C.; Balch, A. L. Angew. Chem., Int. Ed. 2001, 40, 1223.
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Chemical ionization mass spectrum of the toluene extract of 
soot made from graphite rods
packed with Sc2O3; as indicated, empty cage fullerenes
and TNT EMFs are present

HPLC (PYE column, toluene, 3mL/min, detection at 390 nm) traces of 

the toluene extract of "scandium soot",



18

Purification of Endohedral
Trimetallic Nitride Fullerenes

Synthesis of Cyclopentadiene (Cp)-Functionalized Resin

0.3 mg   (0.014%)80Gd3N@C80

9 mg   (0.13%)160Lu3N@C80

11 mg   (0.19 %)160Sc3N@C80

isolated  product 
(mg) 

mmol of reactive 
resine sites Species 

Ge, Z; Duchamp, J C.; Cai, T;  Gibson, H. W. and Dorn, H  J. Am. Chem. Soc.  2005, 127, 16292-16298.

Recovered TMN Fullerenes
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Chemical Purification   
Computational Chemistry can help

• Bond Resonance energy (BRE):
contribution of every
π-bond to aromaticity

27 +0.0839 D2dC84
-4

2 -0.0736 Cs-2
bC82

-4

30 +0.1652 D5hC80
-6

31 +0.1931 IhC80
-6

29 +0.1620 D3hC78
-6

28 +0.155 D3C68
-6

8 -0.0501 C2C84

11 -0.0316 CsC84

10 -0.0405 C2-1C82

1 -0.0887 C2v-2C78

16 +0.0074 D2C76

22 +0.0519 D5hC70

26 +0.0822 IhC60

predicted reactivity rankasymmetryspecies
BRE/
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MO- Interaction between Sc3N and Ih-C80

Optimized structure of Sc3N@C80 
at B3LYP/6-31G*//B3LYP/6-31G*

Sc3N@C80: Chemical description
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Regioselectivity

6,6 Junction Pyrene Type

5,6 Junction Corannulene TypeSchlegel-Diagram of Ih- C80,
Dr. R.Taylor, Sussex University



22259.47  1.434 5:6 48,49   

319.10  1.428 6:6            21,22   219.73  1.447 5:6 46,65   

309.25  1.434 6:6            47,48   1510.18 1.442 5:6 16,35   

299.31  1.434 6:6            38,49   1410.38 1.439 5:6 21,40   

289.34  1.432 6:6            22,53   1310.42 1.441 5:6 1,5     

279.37  1.427 6:6            6,20    1210.43 1.452 5:6 48,67   

279.37  1.427 6:6            1,9     1210.43 1.439 5:6   1,2     

269.40  1.429 6:6       3,15    1110.46 1.438 5:6 3,4     

249.60  1.448 6:6        8,9     1010.48 1.444 5:644,45   

239.64  1.429 6:6           4,18    910.55 1.434 5:644,64   

229.65  1.435 6:6           65,66   810.59 1.438 5:6    16,17   

219.76  1.451 6:6     6,7     710.68 1.439 5:6 36,37   

209.80  1.428 6:6          17,18   610.71 1.438 5:617,37   

199.82  1.423 6:6            46,47   

189.88  1.426 6:6           37,38   411.01 1.453 5:67,8 f   

179.89  1.424 6:6  36,47   311.37 1.459 5:6 67,68 f 

1610.00 1.450 6:6            22,23   211.47 1.452 5:67,23f   

510.91 1.447 6:6            66,67 f 111.79 1.461 5:6 23,24 f 

rankθp eBond 
lengths(Å)    

Type                 C−C Bondcrankθp eBond 
lengths(Å)    

TypedC−C 
Bond

Pyramidalization of Sc3N@C80



23

Diels-Alder Reaction

Iezzi, E. B.; Duchamp, J. C.; Harich, K.; Glass, T. E.; Lee, H. M.; Olmstead, M. M.; Balch, A. L.; Dorn, H. C. J. Am. Chem. Soc. 2002, 124, 524-525 
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Pyramidalization and regioselectivity
Cif-format of single-
crystal structure

Schlegel Diagram of Sc3N@C80

Pyramidalization of C-atoms in product
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Prato Reaction with Sc3N@C80

13C-NMR spectrum (125 MHz) of N-ethyl pyrrolidinofullerene derivative of  Sc3N@C80 . 

Prato reaction at the 5,6-ring 
junction (A B): 
A and B have a 
horizontalplane of symmetry, 
therefore the methylene
carbons are equivalent.

6,5 adduct
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Prato Reaction with Y3N@C80

13C-NMR spectrum (125 MHz) of N-ethyl
pyrrolidinofullerene derivative of  Y3N@C80

Prato reaction at the 6,6-ring 
junction (C D).

C and D have a vertical plane of 
symmetry.  Therefore  the 

methylene carbons are non-
equivalent. Only 6,6 adduct

Cardona, C;  Elliott, B and  Echegoyen, L J. Am. Chem. Soc., 128 (19), 6480 -6485, 2006



27

Sc3N@C80 and  Y3N@C80
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Pyrrolidino derivatives of 
ScxGd3-xN@C80 (x = 0-3) 

HPLC (Buckyprep-M, toluene eluent at 
12 mL/min)
profiles of reaction products: (a) [C4H9N]-
ScGd2N@C80, (b)[C4H9N]-ScGd2N@C80
after 1 h of heating at 180 °C, (c) 
[C4H9N]-Gd3N@C80, and (d) [C4H9N]-
Gd3N@C80 after 1 h of heating at180 °C.

Ning, Chen; Er-Yun, Zhang; Kai, Tan; Chun-Ru, Wang; and Xin,Lu, Org. Lett., ASAP Article, 2007 , published 21 April 

[5,6]               [6,6][6,6][5,6]Gd3N@C80

[6,6]      <=>   [5,6][5,6][6,6]ScGd2N@C80

[6,6]               [5,6]    [5,6][6,6]Sc2GdN@C80

[5,6][5,6]_Sc3N@C80

Major 
product

Minor 
product

Heating for one hour at 
1800C

Reactionmixture
Pyrrolidino-
derivate of

[6,6] [5,6]
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Pyrrolidino derivatives of 
ScxGd3-xN@C80 (x = 0-3)
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Isomerization
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• Natural Sources
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Heterofullerenes

Hummelen, J. C.; Knight, B.; Pavlovich, J.; Gonzalez, R.; Wudl, F. Science 1995, 269, 1554. 

R=CH3OCH2CH2O
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Heterofullerene

-CO
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