
J. Am. Chem. Soc. 1994, 116, 11775-11778 11775 

Experimental Enthalpies of Formation and Strain Energies for 
the Caged C20H20 Pagodane and Dodecahedrane Frameworks 

Hans-Dieter Beckhaus,f Christoph Riichardt,1 Dean R. Lagerwall,* 
Leo A. Paquette,* Fabian Wahl,* and Horst Prinzbach*'1, 

Contribution from the Institut fur Organische Chemie und Biochemie, Universitat Freiburg, 
D-79104 Freiburg, Germany, and Chemistry Department, The Ohio State University, 
Columbus, Ohio 43210 

Received July 18, 1994® 

Abstract: The enthalpies of formation (A//f°(g)) and the strain energies (£str) have been determined from combustion 
calorimetry for [l.l.l.l]pagodane 1 (47.9; 95.5 kcal/mol), its 4,9-bis(methoxycarbonyl) derivative 3 (—107.3; 95.5 
kcaiymol) and the l,6-bis(methoxycarbonyl)dodecahedrane 4 (—151.8; 61.4 kcal/mol). On the basis of these 
measurements AHf°(g) = 22.4 ± 1 kcal/mol (standard deviation) and Estr = 61.4 ± 1 kcal/mol are reliable estimates 
for parent (CH)2o dodecahedrane 2, an "evergreen" for computational activities, in good agreement with the MM2 
predictions. 

Introduction 

The C20H20 hydrocarbons [l.l.l.l]pagodane I1 and pentago­
nal dodecahedrane 223 are the parent representatives of two 
prominent families of organic cage compounds. For the design 
of synthetic strategies to be followed within the pagodane— 
dodecahedrane scheme,45 particularly for the evaluation of the 
various routes developed for the installation of functionalities 
into 1 and 2,6,7 and for the assessment of energetic and steric 
differences within related sets of cage structures, force-field 
calculations (MM2, MM3)8-11 have proven to be highly 
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serviceable. The appreciable level of reliability achieved with 
respect to structural parameters was attested to by X-ray 
structural analyses for most of the molecular frameworks in 
question (pagodanes,1,12 bissecododecahedranes,13'14 secododeca-
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hedranes,15,16 dodecahedranes17-21 ). However, whenever it 
came to absolute energies, larger errors in the force-field data 
had to be anticipated.8-11 Semiempirical and ab initio 
calculations—whilst generally confirming the energetic trends 
manifested in the force-field data—furnished rather conflicting 
results. The enthalpies of formation (ArYf°(g)) and strain 
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Table 1. Theoretical AHf° and £str
fl Data for 1 and 2 (kcal/mol) 

MMl 
EAS 
MM2 
MM3 
SSR 
MINDO/3 
MNDO 
ST0-3G 
4-3IG 
6-3IG* 

EFF 
MP2/6-31G* 
6-31G* 

(1971) 
(1973) 
(1979) 
(1992) 
(1973) 
(1978) 
(1984) 
(1984) 
(1984) 
(1985) 
(1989) 
(1990) 
(1994) 
(1994) 

AHf° 

64.4 
72.3 

27.8 
48.2C 

1 

Em° 

112.0 
119.9 

ref 

5 
18 

22 
30c 

AH1" 

45.3 
-0.2 
22.2 
39.4 

62.3 
-46.9 
-8.1 
-3.5 

4.6 
12.8 

-8.4 

2 

En" 

88.5 
43.0 
65.4 
82.6 

(42.6)" 
105.5 
-3.7 
35.1 
39.7 

56.0 
34.8 

ref 

23 
24 
25 
19 
26 
27 
28 
28 
28 
29 
30a 
31 

" Strain energy was calculated from the AHf value by a common 
scheme (see Table 2, footnote c) to obtain comparable values. The 
authors partly used different definitions of strain energy. b Strain given 
by the authors. c From the calculated energy difference between 1 and 
2 AAHf0 = 43.6 kcal/mol (6-3IG* level)300 and the earlier reported 
AHf° (2) = 4.6 kcal/mol from the homodesmic method at the 4-31G* 
level.29 

Table 2. Experimentally Determined Heats of Combusion (AHf), 
Heats of Sublimation (AHSUb), Standard Heats of Formation 
(AHf°(c), AHf °(g)), and Strain Energies (Em) in kcal/mol (±CT) of 1, 
3, and 4 

AHf(Cf 
AHSJ> 
AHf

0(c) 
AHf°(g) 
Esa

c 

1 

-2590.49 ± 0.73 
21.56 ±0.54 
26.32 ± 0.73 
47.88 ± 0.91 
95.52 

3 

-2934.75 ± 0.46 
34.92 ± 0.72 

-142.25 ±0.46 
-107.33 ±0.85 

110.03 

4 

-2891.89 ±0.77 
33.40 ± 0.29 

-185.04 ±0.77 
-151.80 ±0.82 

61.36 

" Obtained from the specific heats of combustion Au0C in Table 5. 
* Obtained from the temperature dependence of the vapor pressures in 
Table 6 . c Estt = AHf (%) — AHfN. The strain free reference values of 
the heats of formation (AHfN) are defined by group increments, obtained 
from a series of aliphatic esters42 and from group increments for 
alkanes.43 

large quantities,2d'3b the reluctance to put such valuable com­
pounds "through the chimney" ("Who wants to burn dia­
monds?"36 ) has now been overcome. In this paper we report 
on our efforts to determine experimentally the thermochemical 
properties of 1 and 2 and their bis(methoxycarbonyl) derivatives 
3 and 4. 

energies (E%a) as derived for 1 and 2 from calculations of 
increasing levels of sophistication are listed in Table 1. In 
particular, the h symmetrical nature of 2 with its 20 perfectly 
eclipsed C-H bonds attached to a nearly strain-free carbon 
skeleton together with its historical connotations,32 and its more 
recent consideration as perhydro-C2o fullerene3b'33—has appealed 
to theoreticians as a testing ground for their methodological 
improvements.22-35 The excitement of submitting these predic­
tions for 1 and 2 to experimental scrutiny has existed ever since 
their synthesis was accomplished,1'2 yet was tempered particu­
larly for 2 by the amount of time and effort needed for the 
acquisition of sufficient material for combustion measurements. 
With pagodanes and dodecahedranes now at hand in relatively 

(22) (a) Herges, R., private communication, (b) Zhao, C-Y.; Wang, Y.-
C; Wei, T.-S. Acta Chim. Sin. 1992, 50, 228. 

(23) Engler, E. M.; Andose, J. D.; Schleyer, P. v. R. J. Am. Chem. Soc. 
1973, 95, 8005-8025. 

(24) (a) Allinger, L. N.; Tribble, M. T.; Miller, M. A.; Wertz, D. H. J. 
Am. Chem. Soc. 1971, 93, 1637-1649. (b) Schultz, H. P. J. Org. Chem. 
1965,30, 1361-1364. 

(25) (a) Clark, T.; Knox, T. M.; McKervey, M. A.; Mackle, H.; Rooney, 
J. J. /. Am. Chem. Soc. 1979, 101, 2404-2410. (b) McEwen, A. B.; 
Schleyer, P. v. R. /. Org. Chem. 1986, 51, 4357-4368. 

(26) Gasteiger, J.; Dammer, O. Tetrahedron 1978, 34, 2939-2945. 
(27) Schulman, J. M.; Disch, R. L. J. Am. Chem. Soc. 1978,100, 5677-

5681. 
(28) Schulman, J. M.; Disch, R. L. J. Am. Chem. Soc. 1984,106, 1202-

1204. 
(29) Schulman, J. M.; Disch, R. L. /. Am. Chem. Soc. 1985,107, 1904-

1906. 
(30) (a) Disch, R. L.; Schulman, J. M. J. Am. Chem. Soc. 1988, 110, 

2102-2105. (b) Scamehorn, C. A.; Hermiller, S. M.; Pitzer, R. M. J. Chem. 
Phys. 1986, 84, 833-837. (c) Schulman, J. M., private communication, 
January 1994. 

(31)Dillen, J. L. M. J. Comput. Chem. 1990, / / , 1125. 
(32) Heilbronner, E.; Dunitz, J. D. Reflections on Symmetry; VCH 

Weinheim, 1993. 
(33) (a) Bakowies, D.; Thiel, W. / Am. Chem. Soc. 1991, 113, 3104-

3714. (b) Parasuk, V.; Almlof, I. Chem. Phys. Lett. 1991, 184, 187-190. 
(c) Feyereisen, M.; Gutowski, M.; Simons, J.; AImISf, J. J. Chem. Phys. 
1992, 96, 2926-2932. (d) Brabec, C. J.; Anderson, E.; Davidson, B. N.; 
Kajihara, S. A.; Zhang, Q. M.; Bernholc, J.; Tomanec, D. Phys. Rev. B 
Rapid Comm. 1992, 46, 7326. (e) Helden, v. G.; Hsu, M. T.; Gotts, N. G.; 
Kemper, P. R.; Bowers, M. T. Chem. Phys. Lett. 1992, 204, 15-22. (f) 
Haddon, R. C. Science 1993, 261, 1545-1550. (g) Raghavachan, K.; Strout, 
D. L.; Odom, G. K.; Scuseria, G. E.; Pople, J. A.; Johnson, B. G.; Gill, P. 
M. W. Chem. Phys. Lett. 1993, 214, 357-361. 

(34) Minkin, V. I.; Minyaev, R. M.; Zhdanov, Y. A. Nonclassical 
Structures of Organic Compounds; MIR: Moscow, 1987; p 238. 

(35) Recent ab initio calculations for unsaturated dodecahedranes and 
related radical cations and dications: Herges, R. unpublished. 

Thermochemical Measurements 

The heat of combustion measurements were performed in an 
isoperibolic aneroid microcalorimeter.37 This equipment has 
been successfully used before (e.g., fullerenes38). The combus­
tion of the pellets of material was complete in all cases and no 
soot or carbon monoxide was formed (<0.03%); the addition 
of mineral oil as an auxiliary material39 had no influence on 
the results obtained. The samples to be studied were purified 
by chromatography, recrystallization, and sublimation in vacuo. 
No impurity >0.02% could be detected40 by GC, and no change 
of the samples occurred during storage under bomb conditions 
(30 atm O2) for 1 day. Initially, we studied the parent 
hydrocarbons 1 and 2. Whereas the results for a series of 
measurements with 1 were consistent, they were not consistent 
for several samples of 2 from either Columbus or Freiburg. A 
comprehensive analysis of the samples of 2 which were purified 
by crystallization and sublimation (purity better than 99.98%) 
could not establish the reason for this scatter.40 We coped with 
this problem by turning toward the diesters 3 and 4. Details of 
the procedures and the experimental data are listed in Tables 
4—6: the standard heats of combustion, the standard heats of 
formation, and the strain energies of 1, 3, and 4 in Table 2. 
The enthalpies of sublimation were deduced from the tempera­
ture dependence of the vapor pressures (Clausius—Clapeyron). 
The latter were measured by the slow flow method developed 
earlier.41 
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Table 3. £ V of 1-4 by Molecular Mechanics (kcal/mol) 

pagodanes dodecahedranes 

1 3 2 4 

MM2» 
MM3C 

exp/ 
MM2-exp 
MM3-exp 

112.0 
119.9 
95.5 
16.5 
24.4 

127.4 
123.8 
110.0 
17.4 
16.5 

65.4 
82.6 

65.9 
84.1 
61.4 
4.5 

22.7 

" Strain energies are calculated from AHf°(g) by the usual scheme 
(see Table 2, footnote c) for comparison. * Calculated with the MM2 
program ref 8.c Calculated with the MM3 program ref 44. d Standard 
errors of Table 2. 

Table 4. Results of Typcial Combustion Experiments of 1, 3, and 

m(mg) 
Wfiise ( m g ) 

Ar0 (K)* 
fcalor'Afc (Cal ) c 

-<wA7"c (cal/ 
A£Kotr (cal)e 

"ifuse Awc(fuse) (cal) 
AMC (cal/g) 

24.989 
0.644 
0.74686 

251.16 
-0.46 

0.13 
2.61 

39.066 
0.500 
0.86902 

306.31 
-0.56 

0.19 
2.03 

43.684 
0.572 
0.95827 

337.70 
-0.61 

0.21 
2.31 

-9937.7 -7789.3 -7678.3 

' Notations see ref 45; weights in vacuum; Th = 25 0C; T1 = 24.99-
25.01 0C; Vbomb = 0.046 1; pm = 30.00 atm (30.40 bar); rrimo = 0.23 
g; Eign = 0.55 cal; mpiatinium = 2.3 - 2.6 g. b Arc = Tf-Ti + Ark0IT. 
c Scaior = 341.076 ± 0.034 (1), 352.476 ± 0.070 (3), and 352.409 ± 
0.024 (4). d -ec„n. A7-c = «'«», (T - Th) + ef

cm (Th - Tf + Artorr). 
e Sums of items 81-85, 87-90, 93, and 94 in ref 45. 

Discussion 

For pagodane 1, the experimental Aiff°(g) and Eia values 
expectedly differ significantly (16.5 kcal/mol) from the MM2 
predictions (and even more from those based on MM3). When 
the force-field calculations had been introduced at the planning 
stage of the project,4,5 it was understood that the MM2 data for 
the pagodanes with its special structural features would be 
subject to a significant error. The thermochemical results 
(Ai/f°(g)) place pagodane-diester 3 by 44.5 kcal/mol above 
dodecahedrane-diester 4. For comparing the stabilities of 1, 3, 
and 4, the strain energy Esa was taken as reference in order to 
account for the differential contribution of the two substituents 
and for the different branching of the C atoms in the two isomers 
3 and 4. When calculated by the usual group increment scheme 
(Table 2, footnote c), Esu for diester 3 was found to be higher 
by 48.7 kcal/mol than for diester 4. Since parent pagodane 1 
turned out to be less strained than its diester 3 by 14.5 kcal/ 
mol—primarily a manifestation of the "cavity-strain" produced 
in 3 by repulsion between the syn-positioned ester groups and 
the cage—AjBstr for 3 and 4 (48.7 kcal/mol, Table 2) is not a 
direct measure for AEsa between the parent molecular frame­
works but contains a substantial discrepancy in substituent-strain. 
The portion of strain contributed by the two ester groups was 
estimated by molecular mechanics calculations (Table 3). MM2 
reproduces quite well the experimental £str for 4 (65.9 vs 61.4 
kcal/mol) and AEsa for 1 and 3 (15.4 vs 14.5 kcal/ mol) and 
has A£str for parent dodecahedrane 2 and its diester 4 at 0.5 
kcal/mol (MM3 1.5 kcal/mol). Thus, Esa for 2 can confidently 
be assigned as 61.4 ± 1 kcal/mol. A reliable estimate by 
subtracting two increments of —90.0 kcal/mol for CCO2CH342 

from AHt°(g) = -151.80 ± 0.82 kcal/mol for 4 and by adding 
two increments of —2.16 kcal/mol for CH43 places AHf(g) for 
2 at 22.4 ± 1 . 0 kcal/mol, clearly in good agreement with the 
MM2 value (the standard deviation (std) results from the 
experimental std of 4 and the precision of the group increment 
procedure42). Due to the above stated discrepancy of 16.5 kcal/ 

Table 5. Specific Energies of Combustion (Awc) Calculated from 
All Combustion Experiments" (cal/g) 

1 3 4 

Auc 

mean value 

-9939.0 
-9937.9 
-9927.3 
-9937.7 
-9946.9 
-9934.7 
-9944.5 
-9938.4 

±2.4 

7790.2 
7784.9 
7792.1 
7790.5 
•7789.3 

7789.4 
±1.2 

-7671.7 
-7681.5 
-7678.1 
-7670.9 
-7678.3 

-7676.1 
±2.1 

" For the resulting standard heats of combustion see Table 2. 

Table 6. 
Method" 

Vapor Pressure of 1, 3, and 4 as Measured by the How 

7V(0C) V(Ih-1) V(I) m^ (mg) P (torr) 

145.0 
150.0 
160.0 
178.0 
180.0 
180.0 
190.0 
195.0 
200.0 

119.7 
124.8 
130.1 
140.0 
149.8 
150.2 
160.2 
169.6 
170.2 
174.3 

121.5 
131.2 
132.9 
152.1 
161.2 
176.5 

0.96 
0.93 
0.95 
0.89 
1.93 
0.52 
0.92 
1.00 
0.98 

0.98 
1.06 
0.98 
0.98 
1.75 
0.95 
0.98 
0.98 
0.98 
1.11 

0.93 
0.95 
0.91 
0.94 
0.91 
0.91 

1* 
69.1 
61.1 
16.8 
16.1 
8.13 
8.32 
0.817 
3.00 
0.975 

3 C 

180.0 
27.4 
88.2 
72.3 
42.3 
23.0 
16.6 
4.71 
5.36 
5.05 

4d 

62.0 
22.8 
68.3 
16.5 
4.85 
2.35 

0.399 
0.438 
0.241 
0.886 
0.494 
0.494 
0.0948 
0.480 
0.208 

0.139 
0.419 
0.275 
0.643 
0.781 
0.576 
1.10 
0.600 
0.827 
0.931 

0.128 
0.127 
0.595 
0.679 
0.517 
0.891 

4.12-10"4 

5.12-10-" 
1.02-IO"3 

3.93 • 10-3 

4.34 • 10-3 

4.24 • 10"3 

8.28 • 10-3 

1.14-10-2 

1.52-IO"2 

3.82 • 10~5 

7.55 • 10~5 

1.54-10"4 

4.39 • 10-" 
9.12-10-" 
1.24-10"3 

3.27 • 10-3 

6.29 • IO-3 

7.61 • 10"3 

9.10-IO"3 

1.02-10-" 
2.74 • IO"4 

4.31 • IO"4 

2.04 • 10"3 

5.27 • 10"3 

1.87-10-2 

" Saturation of V of flowing N2 (v) and condensation of the 
compounds (msub) at condensation temperature rcond. * TcoaA

 = 14—15 
0C. c rcond = 21-22 0 C d rcond = 12-13 0C. 

mol relative to MM2 for AHf '(g) of 1, the exothermicity of the 
isomerization 1 —* 2 (AAiff°(g)) is smaller than originally 
assumed for the pagodane — dodecahedrane conversion3,4 but 
still amounts to 25.5 kcal/mol. 

Experimental Section 

General Aspects. Spectroscopy: 1H NMR and 13C NMR spectra 
were measured on a Bruker AM 400 using Me4Si or CDCI3 as reference. 
Gas chromatography: Capillary-Column-GC Vega Series GC 6000 
(FTD), Carlo Erba, either split injector (270 "C) or cold on column 
technique; 15 m column SE 30 with electronic integrator HP 3393, 
Hewlett-Packard. 

Materials. Undecacyclo [9.9.0.01,s.02-12.02,18.03,7.0,i,10.08,12.01115.01W7-
.016^°]icosane (1). The sample (ca. 0.5 g) was prepared according to 
ref 1, recrystallized from CftCh/ethyl acetate, and slowly sublimed at 
140 °C/14 Torr. Purity > 99.99% (VPC). Undecacyclo 
[9.9.0.()W.03,l04^.0s,18.0"<i.08Js.010'14.0,2'19.013>17]icosane (2). The sample 

(42) Rakus, K.; Keller, M.; Verevkin, S. P.; Beckhaus, H.-D.; Ruchardt, 
C. Chem. Ber., manuscript in preparation. Veievkin, S. P.; Dogan, B.; 
Beckhaus, H.-D.; Ruchardt, C. Angew. Chem., Int. Ed. Engl. 1990, 29, 674. 
CH3CO2CH = -90.0, CH3CO2C = -87.14 kcahnol-1 
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(ca. 0.5 g) was prepared according to ref 3b, recrystallized from benzene 
and slowly sublimed at 140 °C/14 Torr. Purity > 99.85% (VPC). The 
sample (ca. 0.1 g) prepared according to ref 2d was very slowly 
recrystallized from benzene to give material of >99.9% purity (capillary 
GC). Dimethyl undecacyclo[9.9.0.01's.02'12.02>'8.03.7.0«'w.0W2.01w5.013'1'-
.01<W0]icosane-4-syn,9-syn-dicarboxylate (3). The sample (ca. 0.5 g) 
was prepared according to ref 1, recrystallized from benzene, and slowly 
sublimed at 140 °C/14 Torr. Purity > 99.85% (VPC). Dimethyl 
undecacyclo[9.9.0.02-».03>7.04-20.0518.0«1«.08'15.0ll,>14.012'19.0,317]icosane-
1,6-dicarboxylate (4). The sample (ca. 0.5 g) was prepared according 
to ref 6b, recrystallized from CIfeCVethyl acetate, and slowly sublimed 
at 140-150 °C/2 x 10-3 Torr (15 mg/h). At higher temperatures 
decomposition of 4 sets in. Purity > 99.98% (VPC). 

Heats of Combustion. Samples (30—50 mg) of 1—4 were pressed 
(3 t) into tablets of 5 mm diameter. The weights (Microbalance 
Sartorius) have been corrected to vacuum in order to obtain the masses, 
using the densities d = 1.37(1), 1.20(3), and 1.24(4) determined by 
floating in an aqueous solution of salt of known density. The 
combustion experiments were performed in our aneroid isoperibolic 
calorimeter37 equipped with a quartz-thermometer HP 28024, by the 
usual procedure.37 Complete combustion was generally ascertained by 
careful inspection of the calorimetric bomb before and after burning. 
The isothermic bomb processes and the correction to standard states 
were calculated following the procedure in ref 45 (see Table 4). The 
specific heat capacities were measured by DSC cp = 0.24(1), 0.23(3), 

Beckhaus et al. 

and 0.21(4) cal/g K. Calibration experiments were performed with 
benzoic acid (NBS, standard reference sample 39i). The results of all 
experiments are listed in Table 5. 

Heats of Sublimation. Finely powdered samples (ca. 0.1 g) were 
mixed with glass pellets (diameter « 1 mm) and filled in a tube41 which 
was heated to a constant temperature Tsai. A slow flow (0.5—2 1 h_1) 
of N2 was drifting through this tube and through a cooled trap connected 
to the saturation tube. The condensed material was quantitatively 
analyzed by GC after adding a previously defined amount of an internal 
standard. The saturation pressure p at Tsat of the compound was 
calculated from these data (see Table 6 and ref 41). The linear 
correlation of In p against Tsat"' allowed the calculation of the heat 
of sublimation AffSub (see Table 2). 
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