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1.0 ABSTRACT 

During the tenure of this project, progress on hydrocarbon fuel synthesis has accrued in 

three distinct areas: (i) large-scale synthesis of new high energy/high density hydrocarbon fuel 

systems; (ii) development of improved routes for the large-scale synthesis of 1,3,3-lxinitroazeti- 
dine (TNAZ); (iii) structural studies of energetic hydrocarbons and their synthetic precursors. 
Work on the synthesis of new hydrocarbon fuel systems involved: (a) a study of the synthesis 
and acid promoted rearrangement of pentacyclo[5.4.0.02'6.03'10.05'9]undecane (PCU)-derived 
pinacols; (b) synthesis of an heptacycloCe.e.O.O^ö.O^^.^ii.OS^.O^'^ltetradecane (HCTD)- 

derived pinacol; (c) a study of the generation and trapping of a PCU-derived vinylidenecarbene; 
(d) synthesis of "homosecohexaprismane-10,13-dione"; (e) synthesis and thermal rearrangement 
of pentacyclo[6.5.0.04'12.05'10.09'13]trideca-2,6-diene; (f) a study of the acid and base promoted 
rearrangements of hexacyclo[11.2.1.02'12.05'10.05'15.010'14]hexadeca-6,8-diene-4,ll-dione. The 

results of studies that were performed in collaboration with investigators in four external labora- 
tories are described. In addition, two new syntheses of TNAZ were developed, both of which 
proceed by way of an intermediate l-azabicyclo[1.1.0]butane. Finally, X-ray crystal structures 

have been determined for a variety of cage hydrocarbons. 



2.0 INTRODUCTION 

2.1 Large-Scale Synthesis of New High Energy/High Density Hydrocarbon Fuel Systems 

Work at the University of North Texas has been directed toward the synthesis of new 
polycarbocyclic hydrocarbon systems that are of interest as a potential new class of high 
energy/high density fuel systems for volume-limited military applications. Compounds of this 
type generally possess unusually high, positive standard heats of formation and unusually high 
densities.1 The objective was to synthesize compounds of this general type in 50 to 500-gm 

quantities. 
An example in this regard is provided by the titanium-promoted reductive 

dimerization2'3 of pentacyclic monoketones and their monomethylated analogs, as indicated in 

Scheme 1. These compounds were successfully prepared in relatively large quantities (i.e., 
several hundred gm). Samples were sent to a number of laboratories for evaluation of their fuel 
properties and combustion characteristics. 

Scheme 1 

TiCl4, Zn 
 >- 

pyridine, THF 
reflux 22 h 

la(R = H) 
lb(R = Me) 
(mixture of isomers) 

2a(R = H) 
2b(R = Me) 
("PCU alkene 
dimer", mixture 
of isomers) 

Although alkene dimers possess the potential to develop into useful fuel systems, it is 

first necessary to prepare them in relatively large quantities and to thoroughly evaluate their fuel 
properties and combustion characteristics. Whereas compounds of this type are relatively avail- 
able in multigram quantities, it will be necessary to develop new methodology for scaling up 
existing reactions to afford kilogram quantities of the desired materials. 

In collaboration with Professor Herman Ammon (University of Maryland), computation- 

al methods were utilized to predict the crystal densities of (i) several isomerically pure mono- 
methylated pentacyclo[5.4.0.02'6.03'10.05'9]undecane (PCU) alkene dimers and (ii) several poly- 

cyclic epoxides. The crystal densities calculated from X-ray crystal structure data were compared 



with the corresponding calculated values. By using advanced theoretical methods, attempts were 

made to address any discrpancies that may exist between computed densities and those derived 

from X-ray data. 

2.2 Improved Routes for the Large-Scale Synthesis of 1,3,3-Trinitroazetidine (TNAZ) 

In collaboration with Dr. Thomas G. Archibald (Aerojet Corporation, Propulsion Divi- 

sion, Sacramento, CA), several routes for the synthesis of 1,3,3-trinitroazetidine (TNAZ) were 

investigated. Of these, the most promising new method employed additions of various reagents, 

X-Y, across the highly strained C(3)-N o-bond in 3-ethyl-l-azabicyclo[1.1.0]butane. In the 

course of this study, it was found that reaction of this highly strained bicyclic amine with in situ 

generated HNO2 resulted in addition across the C(3)-N c-bond with concomitant iV-nitrosation 

of the resulting intermediate azetidine, thereby affording iV-nitroso-3-ethyl-3-nitroazacyclo- 

butane (54%), which was oxidized subsequently to the corresponding dinitroazetidine, AT-nitro- 

3-ethyl-3-nitroazacyclobutane (89%). These observations provided the basis of the method by 

which a novel synthesis of TNAZ was developed, as described herein. 

In 1969, Funke reported the synthesis of 3-ethyl-l-azabicyclo[1.1.0]butane and some 

aspects of its chemistry.4'5 Since that time, relatively little interest has been shown in this unu- 

sual ring system. Our own interest in this compound stems from its potential use as a key inter- 

mediate in the synthesis of N,3-disubstituted azetidines, which otherwise can be quite difficult to 

obtain [e.g., via SN2 displacements on JV-substituted-3-tosyloxy- (or -3-mesyloxy-) azdetidines].6 

Compounds of this type have attracted attention in recent years among members of the energetic 

materials community.7'8 In addition, natural products chemists have been attracted to azetidine 

alkaloids, a class of strikingly bioactive compounds that have been isolated from marine 

organisms.9 Finally, some unusual transformations of 3-functionalized azetidines that are of 

mech-anistic interest have been reported recently .10.11 

As a first step toward understanding the chemistry of the l-azabicyclo[ 1.1.0] ring 

system,12'13 reactions of 3-ethyl-l-azabicyclo[1.1.0]butane with a variety of electrophiles were 

investigated; e.g., N2O4, ClC02Et, Tf20, and MS2O. In each case, the observed reaction 

product(s) resulted from addition of the reagent, X-Y, across the highly strained C(3)-N a-bond 

in the substrate, thereby affording new iV-,3-disubstituted azetidines. The range of reagents 

studied has now been extended in an effort to explore the scope and limitations of reactions of 

this type. In the course of this work, several of the addition reactions were performed in aqueous 

solution in an effort to design environmentally benign (i.e., "green") synthetic routes to novel 3- 

substituted azetidines. 

3 



2.3 Structural Studies of Energetic Hydrocarbons and Their Synthetic Precursors 

The level of understanding of the structural factors that contribute to the crystal densities 

and total energy content of compact, strained polycarbocyclic cage systems has been aided 

materially through acquisition and subsequent analysis of X-ray crystal structures, which have 

been obtained for several of the new energetic materials and their synthetic precursors. This work 

was made possible by productive collaborations with three structural laboratories: (i) Prof. Simon 

G. Bott, Department of Chemistry, University of North Texas; (ii) Prof. William H. Watson, 

Department of Chemistry, Texas Christian University; (iii) Prof. Herman L. Ammon, Depart- 

ment of Chemistry and Biochemistry, University of Maryland, College Park, MD. 

3.0 METHODOLOGY, RESULTS, AND DISCUSSION 

3.1 Large-Scale Synthesis of New High Energy/High Density Hydrocarbon Fuel Systems 

3.1.1 Synthesis and Acid Promoted Rearrangement of PCU-Derived Pinacols. The 

results obtained from the study of the acid promoted pinacol rearrangements of 3a, 4a and 4b are 

illustrated in Scheme 2.14 These results indicate that in all three pinacol rearrangements, the 

cyclobutane ring [via C(7)-C(8) a-bond migration] appears to display higher migratory aptitude 

than does an endo norbornyl group [whose migration would involve 1,2-shift of the C(8)-C(9) o- 

bond in the protonated pinacol substrate].14 

Scheme 2 

migrate 

C(7)-C(8) 

migrate 
 »- 
C(7)-C(8) 

(d,D 
4a: X = CH2 
4b: X = spirocyclo- 

propyl 

X 
6a: X = CH2 
6b: X = spiro- 

cyclopropyl 



A molecular mechanics conformational search* of protonated diol 3a found three low- 
energy conformations. Analysis of the torsion angles C(7)-C(8)-C(8')-OH2+ and C(9)-C(8)- 

C(8')-OH2+ of the lowest energy conformation, which is populated to the extent of 90% at 25 °C 

(as gleaned from the Boltzmann distribution), indicated that the C(7)-C(8) a-bond lies in a more 
nearly antiperiplanar relationship to the protonated OH group than does the C(8)-C(9) cr-bond. 
On this basis the C(7)-C(8) bond is expected to display the higher migratory aptitude, as was 

observed experimentally.14 

3.1.2 Synthesis of an HCTD-Derived Pinacol. Sodium-promoted reductive dimeriza- 
tion of 12-methyleneheptacyclo[6.6.0.02-6.03'13.04'11.05'9.010'14]tetradecan-7-one (7) in dry 

tetra-hydrofuran (THF) afforded the corresponding "pinacol", i.e., 8 (Scheme 3). The structure 
of 8 was established unequivocally via single-crystal X-ray structural analysis.15 

Scheme 3 

H2C 

Na, dry THF 
 »- 
sonicate        HO 
25 °C, 2 h 

3.1.3 Generation and Trapping of a PCU-Derived Vinylidenecarbene. Recently, 
PCU-8-vinylidenecarbene (10a) was generated via reaction of 8-bromomethylene-PCU (9) with 
n-BuLi. Interestingly, when this reaction is performed in the presence of an alkene trapping 
agent (i.e., cyclohexene), a cage-functionalized e*e>-methylenecyclopropane, 11, is obtained as 
the only product. Compound 11 was characterized via its conversion to the corresponding 
dichlorospiro-(cyclopentane), 12 (Scheme 4), whose structure was established unequivocally via 

single crystal X-ray structural analysis.16 

Molecular mechanics calculations were performed by using GMMX, version 1.0, which is available from Serena 
Software, Box 3076, Bloomington, IN 47402. The MMX force field was used for this calculation, and a mixed 
statistical search on both bonds and coordinates was performed. 



No experimental evidence was found for the formation of products that might have 
resulted via alkene trapping of a putative cycloalkyne intermediate in this reaction. Interestingly, 

the results of semi-empirical molecular orbital (MO) calculations (PM3) indicated that 10b is 
only ca. 0.4 kcal/mol less stable than 10a, but that the energy barrier for rearrangement of 10a to 
10b is relatively high (>30 kcal-moH).16 

3.1.4 Synthesis of HexacycIoITAO.^.^.^^.O^Hltridecane-lOjlS-dione ("Homo- 
secohexaprismane-10,13-dione", 20). Compound 20 was prepared via a six-step reaction se- 
quence that resulted in homologation of two of the cyclopentane rings in PCU-8,ll-dione (13). 
The complete synthesis, shown in Scheme 5, has been published.17 

Scheme 4 

H-BuLi 
THF 

CBr2 

-78 °C to 
+25 °C 

(?) 

10a 10b 



Scheine 5 

Zn-HOAc 

25 °C ̂  

1. LiN(/-Pr)2 
dry THF, -78 °C 

O 2. MesSiCl 

OSiMe3 
OSiMe3 

aqueous NH4CI 
 >~ 

Et2Zn, CH2I2 
toluene, reflux 

\  OSiMe3 

15 OSiMe3 

1. anhydrous FeCl3 

DMF, 0 °C to 25 °C 

ÖSiMe3   
2'**UÄF 

OSiMe3 

17 

•OH 

activated MnC>2 
 +- 
CH2C12 (91%) 

hv, EtOAc 

O        (86%)      ^^*o 
19 20 

3.1.5 Synthesis and Thermal Rearrangement of Pentacyclotö.S.O.O4'12.*)5»10.!)9'13]- 

trideca-2,6-diene (27). Compound 27 was synthesized in five steps from 1-hydroxyhexa- 

cyclo[6.5.0.02'6.03'11.05'10.09'12]tridecan-7-one (21). The complete synthesis, shown in Scheme 

6, has been published.18 

Compound 27 undergoes thermal rearrangement to pentacyclo[7.4.0.02'6.03'n.05'10]- 

trideca-7,12-diene (i.e., "[2.2.1]triblattadiene", 29, Scheme 7). The intermediacy of cis,cisoid,cis- 

tricyclo[7.4.0.02'7]trideca-3,5,10,12-tetraene (29) in the thermal rearrangement of 27 was 

inferred via analysis of the lH NMR spectrum of partially rearranged 27 and subsequently was 

further established via the results of a trapping experiment (i.e., fluorene was produced when 

thermal rearrangement of 27 was performed in the presence of 10% Pd/C).18 



Scheine 6 

NaBH4, EtOH 
 >- 

O  0°C, lh(85%) 
TOH 

X    TsCl, py 

'SY   CH2ci2 
\ (80-100%) 

b *x 

'OH 
21 22a:X = OH,Y = H 

22b:X = H,Y = OH 
23a:X = OTs,Y = H 
23b:X = H,Y = OTs 

Ms20, CH2C12 

28 (not formed) 

Scheme 7 

120-150 °C 

DMSO-rffi 

27 

H2,Pd/C,A 

(trap reaction 
intermediate) 

-coo ion    ^->        "V> 

(fluorene) 

intramolecular 
28=== 

Diels-Alder 
reaction 

29 ("[2.2.1]triblattadiene") 



3.1.6 Acid and Base Promoted Rearrangements of Hexacyclo[11.2.1.02'12.05'10- 
.05-15.010»14]hexadeca-6,8-diene-4,ll-dione (32). Compound 32 was prepared via BF3 promo- 

ted ring homologation of hexacyclic cage diketone 3019 with ethyl diazoacetate (Scheme 8). 
Subsequent reaction of a toluene solution of 32 with a catalytic amount of HC1 resulted in 
extensive skeletal rearrangement, thereby affording 6,7-benzotetracyclo-[7.3.0.04'12.05'10]do- 
decane-2,6-dione (33, Scheme 8).20 In addition, 32 reacted smoothly with ethanolic KOH at 
ambient temperature (in 3 h) or at reflux (in 0.5 h) to afford a rearranged product, 34 (Scheme 
8).20 The structures of 33 and 34 were established unequivocally via application of single crystal 

X-ray crystallographic methods.20 

F3BOEt2 

O  N2CHC02Et 
O      25 °C 5 h (71%) 

Scheme 8 

NaCl 

30 

Q aqueous DMSO 
-OEt 150-160 °C 6 h 

0    p tvw. 

31   H 

KOH, EtOH 

reflux 0.5 h 
(or 25 °C, 3 h) 

aqueous HC1 
(catalytic amount) 

toluene, reflux 48 h 

3.1.7 Collaborations with Other Laboratories. In an effort to begin evaluating the fuel 
properties of new high energy density materials, active collaborations with a number of labor- 
atories were initiated during the tenure of this contract. A description of each of these collabora- 

tive efforts follows. 
Dr. Rodney L. Wilier (Thiokol Corporation). A collaborative project was 

undertaken with Dr. Rodney L. Wilier and his associates at Thiokol Corporation (Elkton 
Division) to investigate the potential use of mixtures of isomeric methylated PCU alkene dimers 
as crystalline modifiers for thermoplastic elastomer (TPE)-based solid propellant binders. 
Together with Dr. Wilier, an improved binder was developed for solid explosives and 
propellants, a major ingredient of which is a mixture of methylated PCU alkene dimers. The 
resulting castable solid propellant formula-tion displayed desirable processing and mechanical 



properties; e.g., it can be processed at elevated temperatures, and it solidifies via physical rather 
than chemical (i.e., cross-linking) mechanisms. A patent resulted from this study.21 

Dr. Herman L. Ammon (Department of Chemistry, University of Maryland, 
College Park, MD). The importance of high density as a feature of potential fuel systems that 
seek to maximize net volumetric heat of combustion is well-documented. The prediction of the 
crystal density of an unknown compound typically has been approached through the use of 
"volume additivity" procedures.22"25 Here, the crystal-molecular volume (Van) is calculated by 

summing appropriate crystal-atomic or group volumes (Vca): 

Vcm = 2Vc (1) 

and the corresponding crystal density is obtained by dividing the molecular mass (M) by Vcm; thus, 

r = M/Vcm (2) 

Vca values are usually obtained by least-squares procedures that fit Van values to experimental 
crystal-molecular volumes (Vce) from X-ray crystal structure data (Vce = unit cell volume 

divided by the number of molecules per unit cell). 
Volume additivity methods generally do not take into account crystal packing efficiency 

or molecular conformation effects and, thus, will afford identical calculated densities for posi- 
tional and conformational isomers and for compounds that possess different multiples of the 
same functional group composition. As an example, a volume additivity calculation predicts that 
l,3,5-trinitro-l,3,5-triazacyclohexane (RDX), l,3,5,7-tetranitro-l,3,5,7-tetraazacyclooctane (a- 
HMX and ß-HMX) will all possess the same crystal density, 1.783 g-cnr3.25 In fact, the experi- 

mentally observed densities of these three compounds differ markedly (i.e., 1.806,26 1.839,27 

and 1.902,28 respectively). 
Recently, Holden, Du, and Ammon29 reported a procedure for predicting possible crystal 

structures of C, H, N, O, and F-containing organic compounds. Their approach involves con- 
struction of crude crystal packing arrangements (MOLPAK = MOLecular PAcKing program), 
starting with an optimized model (search probe) for the compound of interest, by positioning 
molecules around a central molecule into predetermined coordination sphere geometries. The 
best of these arrangements are refined, subsequently, with a crystal lattice energy minimization 
(WMIN)30 program. This procedure takes molecular shape, conformation, and crystal packing 

efficiency into account. 

10 



As part of this study, crystal density modeling calculations were performed for four 
isomeric methylated PCU alkene dimers by using the MOLPAK-WMIN approach.29 The ob- 
served and calculated crystal densities generally agree within 1 to 2%.31 More recently, these 
crystal density modeling calculations have been extended to include several epoxide-functional- 
ized tetrahydro- and hexahydromethanonaphthalenes.32 

Dr. G. J. Kabo (Belorussian State University, Minsk, Belarus). Highly purified 
samples of heptacyclo[6.6.0.02A03»13.04'11.05'9.010'14]tetradecane (HCTD, 36), and PCU (37, 
Scheme 9) were sent to Dr. Kabo for study of their thermodynamic properties. The results of this 
study have been published in two papers which appeared in J. Chem. Thermodynamics (199433 

and 199534). 
Scheme 9 

36 37 

Dr. Corin Segal (Department of Aerospace Engineering, Mechanics and 
Engineering Science, University of Florida). Dr. Segal and members of his research group at 
the University of Florida have evaluated the combustion characteristics of mixtures of isomeric 
PCU alkene dimers (2a) as solid fuels in compressible flows. Subsequently, Dr. Segal extended 

these studies to include evaluation of 2a as a solid fuel under conditions of high shear flow. 
Samples of the mixture of isomeric PCU alkene dimers were cured with a styrene-polybutadiene 
copolymer (10% w/w) binder on the test chamber wall and ignited convectively via a gaseous 
flame in air at Mach 0.12-0.25 at a stagnation temperature and pressure of 300 K and 150-250 
kPa, respectively. Ignition times and rates of heat release were measured. The results indicated 
that, when compared with hydroxy-terminated polybutadiene (HTPB) fuel under the same 
thermodynamic conditions and geometrical configuration, 2a ignition times are an order of mag- 
nitude more rapid. The heat released during combustion of 2a is more than twice as great as that 
of HTPB fuel under comparable conditions. A manuscript that presents the results of this study 
has been accepted for publication (in press, 1996).35 Varying quantitites of four different candi- 
date energetic hydrocarbon fuel systems (i.e., 2a, 2b, 11, 34, and 35; see Scheme 10) have been 
sent to Dr. Segal for his combustion studies. 

11 
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Compound 

J2 
2a(R = H) 
2b(R = Me) 
(mixtures of 
isomers) 

35 (mixture of 
isomers) 

Quantity 

2a: 261 grams 

2b: 240 grams 

20 grams 

Compound 

$ 
<; 

34 (mixture of 
isomers)  

^6 
11 

Quantity 

2 grams 

12 grams 

3.2 Improved Routes for the Large-Scale Synthesis of TNAZ 

3.2.1 Additions of X-Y Across the N-C(3) a-bond in l-aza-3-ethylbicyclo[1.1.0]- 

butane (38). Model Studies for Developing Novel Routes to 3-Substituted Azetidines. 

Preliminary studies of the additions of several uniparticulate electrophiles across the strained N- 

C(3) a-bond in l-aza-3-ethylbicyclo[1.1.0]butane (38)4'5 were undertaken. The results of these 

studies are summarized in Scheme 11.12,13,36 

Scheme 11 

Et 

<1> 
N 

38 

X^-Y6" 

Y     .Et 

6 
N 
1 

X 

39a-g 

r 39a:X = NO,Y = ONQ212 

39b:X = CQ2Et,Y = Cl12 

39c:X = Ms,Y = OMs12 

39d:X = NO,Y = N}13 

39e:X= C02Et,Y = l^13 

39f:X= NO,Y = NQ13 

39g:X= SiMe3,Y = N3
36 
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Of particular interest in connection with the development of a new synthesis of TNAZ, 

we found that reaction of 38 with in situ generated aqueous HNO2 resulted in addition of the 

elements of HNO2 across the C(3)-N o-bond with concomitant iV-nitrosation of the resulting 

intermediate azetidine, thereby affording 39f (54% yield, Scheme 12). Subsequent oxidation of 

the AT-NO functionality by using 98% HN03-(CF3CO)20 afforded the corresponding JV-nitra- 

mine (40, 89% yield).13 Thus, the reaction sequence shown in Scheme 12 points the way toward 

a new synthesis of TNAZ, a key feature of which might involve electrophilic addition of the ele- 

ments of "nitrosonium nitrite", NO+ NO2", across the N-C(3) a-bond in appropriately function- 

alized 1 -aza-3-ethylbicyclo[ 1.1.0] butanes. 

Scheme 12 

CH2CH3 02K >CH2CH3 02N.   .CH2CH3 

y|\      aqueous NaNC^ Ä 98%HN03      /\ 

N HaO°Cto25°C N (CF3CO)20        ¥ 
(54%) l0 (89%) "^ 

38 39f 40 

3.2.2 A Novel Synthesis of TNAZ. Success in achieving the synthesis of 40 has been ex- 

ploited to develop a novel TNAZ synthesis.37 The key step in this synthesis, shown in Scheme 

13, is the formation of l-azabicyclo[1.1.0]butane, 44, which is removed rapidly from the reaction 

medium via azeotropic distillation and is trapped in situ in the distillation receiver via its reaction 

with aqueous NaN02-HCl, thereby affording iV-nitroso-3-nitroazetidine (45) in low yield.37 

The method by which 45 is subsequently converted into TNAZ is outlined in Scheme 13. 

The structure of 1,3-dinitroazetidine (46), an intermediate in the conversion of 45 to TNAZ (47), 

was established unequivocally via application of X-ray crystallographic methods. It should be 

noted that the formation and trapping of 44, the key intermediate in the reaction sequence shown 

in Scheme 13, proceeds in poor yield (ca. 1%). In addition, the starting material, 2-amino-l,3- 

propanediol (41), although available commercially, is nevertheless very expensive. 

In an attempt to address these issues, an alternative reaction sequence was studied which, 

like the method shown in Scheme 13, preserves the unique approach of formation and trapping 

of an intermediate l-azabicyclo[1.1.0]butane. Pertinent results in this regard are outlined in 

Scheme 14.37Thus, l-aza-3-(bromomethyl)bicyclo[1.1.0]butane (50) was generated by using the 
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method shown in Scheme 14 and is subsequently trapped by in situ generated HNO2. This results 

in the formation of two N-nitrosoazetidines, 51 and 52, each of which was oxidized8'38 subse- 

quently to the corresponding Af-nitro derivative (i.e., 54 and 53, respectively). The structures of 53 

and 54 have been established unequivocally via application of X-ray crystallographic methods. 

Hydrolysis39 of 54 produced the corresponding alcohol, 55, in good yield.* Finally, under the 

reaction conditions shown in Scheme 14, 55 undergoes retro-Henry reaction,40 and the resulting a- 

nitro anion subsequently suffers oxidative nitration in situ, thereby affording TNAZ (47) in 37% yield 

from 55. Full experimental details regarding the syntheses shown in Schemes 13 and 14 have been 

published.37 

Scheme 13 

HO^T^OH    HOAc      HO^V^OH   

^ CHCI3 NH3
+"OAc      HBr(g), 160°C, 12h 

41 42 43 

30%HBr-HOAc        BrY  Br 
*" NH3

+-Br 
\_-, i.i. 11 

"(71%) 

aqueous NaOH, 80 °C 
 ^ 

remove product via 
azeotropic distillation 

<1> 

45 
100% HNOj, (CF3CO)20 
 >- 
0 °C, 0.5 h (72%) 

N 

44 

H,    .NO2 

H,     .NO2 

NaNCb 

aqueous HC1,0°C      >>„■ 
(1% from 43) ■ 

O2N,,     .NO2 

K3Fe(CN)6, NaN02 
 ^ 

NaOH, aqueous MeOH 

*Dave and co-workers39 utilized NaI-dimethylsulfoxide-NaHC03 to oxidize primary alkyl halides to aldehydes. 
In our hands, application of this regimen to 54 resulted simply in hydrolysis to afford the corresponding primary 
alcohol (55) without concomitant oxidation. 
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Scheine 14 

NH2 1. HOAc, CHC13, Et20 

k 2.30% HBr-HOAc, HBr (g) 
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NH3
+Br" NaOH 
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[^ 80 °C 

Br ca. 60 mm Hg 
49 

,Brn 

N 
L   50     J 

1. aqueous NaN02   02N>    ^CH2Br    HCX    ^CH2Br 
2. aqueous HC1 y^C y^C 

(see Scheme 13) 

51 + 
100% HNO3 
(CF3CO)20 
0°C(81%)i 

N 
I 

N=0 
51 (10%) 

N 
I 

N=0 

02N.  £H2Br QIN  p 
y( NaHC03, NaI        y( 

,CH2OH 

52 + 
100% HNO3 

52 (3%)    (CF3CO)20 
0°C(83%)       o2NQ    .CH2Br 

6 
N 
N02 

53 

N 
N02 

54 

DMSO, 110 °C 
(78%) 

N 

N02 

55 

NaN02,K2S208 
 *- 
K3Fe(CN)6, 
aqueous NaOH 

(37%) 

47 
(TNAZ) 

Some important features of the reaction sequence shown in Scheme 14 should be noted. 

Thus, formation and trapping of the key intermediate in this reaction sequence, i.e., 50, proceeds 

in ca. 7% overall yield from the starting material, a significant improvement in yield vis-ä-vis 

that of the corresponding reaction sequence shown in Scheme 13. In addition, the route shown in 

Scheme 14 offers the distinct advantage that the 3-bromomethyl functionality in 54 can easily be 

replaced by NO2 via a two-step reaction sequence that employs the retro-Henry reaction with 

concomitant oxidative nitration of a carbanionic intermediate. Finally, in contrast to the prohibi- 

tively high cost of 41 (Scheme 13), the starting material for the reaction sequence shown in 

Scheme 14 [i.e., tris(hydroxymethyl)aminomethane, 48] is relatively inexpensive. New high- 

yield routes to appropriately functionalized l-azabicyclo[ 1.1.0] butanes continue to be purused, 

and the chemistry of these new systems as a potentially important class of alkylating agents 

continues to be studied actively. 

15 



3.2.3 Synthesis and Thermal Properties of l,3-Dinitro-3-(l',3'-dinitroazetidin-3'- 
yl)azetidine (60). Although TNAZ is a powerful and insensitive explosive, its munitions appli- 
cations have been limited by the fact that it is a low-melting and relatively volatile solid. For this 
reason, it would be desirable to form a binary eutectic mixture of TNAZ with another structurally 
related but less volatile material. To this end, l,3-dinitro-3-(r,3'-dinitro-azetidin-3'-yl)azetidine 

(60, Scheme 15) has been prepared in the hope that it might form a binary eutectic with TNAZ 
that would reduce the volatility of the resulting explosive relative to TNAZ without concomitant 

sacrifice of other advantageous physical and chemical properties of pure TNAZ. 
The synthesis of 60 is shown in Scheme 15. The starting material for this reaction se- 

quence, i.e., 56, was prepared by using the method reported by Hiskey and Coburn 41 Treatment 

of 56 with a solution of Br2 in aqueous base resulted in retro-Henry reaction40 with concomitant 

bromination of the resulting nitro-stabilized anion, thereby producing 57. Subsequent reaction of 
57 with NaBHLj-EtOH resulted in selective reduction of the carbon-bromine bond in 57, thereby 

affording 58 in good yield. 
Subsequent base promoted reaction of 58 with KOf-Bu-EtOH resulted in the formation of 

the corresponding a-nitro carbanion, which was then reacted with 57 to form a mixture of the 
corresponding 3'-azetidinyl-3-azetidine (59) along with unreacted 57 (as determined via analysis 
of the *H NMR spectrum of the crude product). This mixture of 57 and 59 could not be separ- 
ated, either by fractional recrystallization or by column chromatography. Thus, it proved advan- 
tageous to react this mixture as obtained with NaBHU. Under these conditions, 57 is reduced to 
58, but 59 remains unaffected. The resulting mixture of 58 and 59 can be separated readily via 
column chromatography. The structure of 59 was established unequivocally via application of X- 
ray crystallographic methods. Finally, when refluxed with fuming nitric acid, 59 was converted 
into the target molecule, 60, in good yield. The foregoing results, along with a detailed analysis 
of thermal properties of 60 (alone and in binary mixtures with TNAZ), are summarized in a 

recent U. S. Air Force Technical Report.42 
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02N 

60 

3.3 Structural Studies of Energetic Hydrocarbons and Their Synthetic Precursors 

In pursuing the studies described above, it was necessary to characterize several critical 

intermediates by using single crystal X-ray crystallographic methods. In addition, X-ray structure 

data was obtained for several cage hydrocarbons and other synthetic intermediates in order to 

obtain crystal densities and useful structural information (bond lengths, bond angles, etc.)- A 

listing of these structures appears in Figure 1.43-61 
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Figure 1 
Novel Cage Molecules Which Were Synthesized as Part of This Study 

and Whose X-Ray Crystal Structures-Have Been Determined and Published 
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Novel Cage Molecules Which Were Synthesized as Part of This Study 
and Whose X-Ray Crystal Structures Have Been Determined and Published 
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4.0 CONCLUSIONS 

Several new high energy/high density hydrocarbon fuel systems have been synthesized. 

These include: (i) large-scale syntheses of "PCU alkene dimers" and "methylated PCU alkene 
dimers" (2a and 2b, Scheme 1); (ii) PCU-derived pinacols 3a, 4a, and 4b and the corresponding 

"pinacolones" that result via acid promoted rearrangement of these compound (5, 6a, and 6b, 
respectively, Scheme 2); (ii) synthesis of an HCTD-derived pinacol (8, Scheme 3); (iii) gen- 
eration and trapping of a PCU-derived vinylidenecarbene (10a, Scheme 4); (iv) synthesis of hex- 
acyclo^^.O.O^S.OS^.^^.O^Hltridecane-lOJS-dioneC'homosecohexaprismane-lO.lS-dione", 

20, Scheme 5); (v) synthesis and thermal rearrangement of pentacyclo^.S.O.O4'12^5'10^9'13]- 

trideca-2,6-diene (27, Scheme 6). In addition, studies of the acid and base promoted rearrange- 
ments of hexacyclo[11.2.1.02'12.05.10.0515.010'14]hexadeca-6,8-diene-4,ll-dione (32, Scheme 8) 

have been performed. 
In collaboration with Professor Herman Ammon, crystal density modeling calculations 

have been performed for several polycyclic cage hydrocarbons31 and polycyclic ethers.32 Addi- 
tional collaborations with other laboratories, which were initiated as part of this program, include 
(i) the use of mixtures of isomeric methylated PCU alkene dimers as crystalline modifiers for 
TPE-based solid propellant binders (with Dr. Rodney L. Wilier, Thiokol Corporation);21 (ii) 
evaluation of the fuel and combustion characteristics of mixtures of isomeric PCU alkene dimers 
as solid fuels in compressible flows (with Professor Corin Segal, University of Florida);35 (iii) 
determination of thermodynamic properties of HCTD33 and PCU34 (with Professor G. J. Kabo, 

Belorussian State University, Minsk, Belarus). 
Two new syntheses of TNAZ were developed, both of which proceed by way of an 

intermediate l-azabicyclo[1.1.0]butane (44 and 50, Schemes 13 and 14, respectively).37 

Finally, X-ray crystal structures have been determined for a variety of cage hydrocarbons 
(61-92, Figure 1).43-61 
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Absract The synthesis of a novel caged quinonc, 1, is reported. Diels-Alder cycloaddition of 
cyclopentadiene to 1 results in the formation of two en do adducts, 2a and 2b, each of which can be 
photocyclizcd to the corresponding "doubly-caged" dikelone (3a and 3b, respectively). 
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The syntheses and crystal structures of pentacyclo[9.4.1.05,4.0713.012-,5]hexadecane-3,9-dione 
(2), a novel C16 diketone with potential inclusion ability, and the products of the reaction of 2 
with n-butyllithium and m«o-erythritol (i.e., meso-l,2,3,4-butanetetrol) are described. Crystal 
data: 2-H2C>, orthorhombic, Pmmn, a = 10.7385(8), b = 9.0188(6), c = 6.8411(4)A, V = 
662.55(7) A\ and R = 0.039 (379 reflections); 3 (product from reaction with n-butyllithium), 
triclinic, P\,a = 8.7192(7), b = 10.9351(8), c = 12.1842(8)A,a = 68.933(5), ß = 75.850(6), 
7 = 80.309(6)°, V = 1047.0(1)Ä\ and R = 0.081 (1811 reflections); 4 (product from reaction 
with erythritol), triclinic, P1, a = 7.7224(8), b = 10.1976(8), c = 10.7021(9)A, a = 85.405(7), 
ß = 85.766(8), 7 = 76.056(7)°, V = 814.0(1)Ä3, and R = 0.052 (1471 reflections). 
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The structure of a compound derived from a symmetrical cage diketone in which one of the ketone 
C=0 groups has been converted into a ketal is reported. An investigation into reasons for the 
selective functionalization resulted in the isolation of a eis, cisoid, eis linear triquinane derivative 
in which both ketones are converted to ketals that share a transannular oxygen atom. Crystal data: 
2, monoclinic, P2,/r. a = 7.6298(9). b = 7.673(3). c = 22.125(3)Ä, ß = 97.59(1)°, V = 
1283.9(5)Ä\ and R = 0.048 (1001 reflections); 4, triclinic. PI. a = 7.3864(9), b = 9.6362(9), 
c = 10.3889(9)A, a = 75.749(6), ß = 76.300(8). 7 = 83.100(8)°, V = 694.8(4)A\ and R = 
0.088 (1284 reflections). 
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Thermodynamic properties of 
heptacyclotetradecane C14H16 

G. J. Kabo, A. A. Kozyro, A. P. Marchand," 
V. V. Diky, V. V. Simirsky, L. S. Ivashkevich, 
A. P. Krasulin, V. M. Sevruk, and M. L. Frenkel* 

Chemistry Department, Belorussian State University, 
220080 Minsk, Belarus 

(Received 23 April 1993; in final form 12 July 1993) 

Thermodynamic properties of heptacyclo[6.6.02-6.03I3.04".05-,.0,0U]tetradecane (HCTD) 
are studied in this work. The molar enthalpy of combustion, found in five experiments is 
AcH°(cr, 298.15 K) =   - (7743.25 ± 2.65) kJ-mol"', and the molar enthalpy of formation is 
Af H^(cr, 298.15 K) = - (52.59 ± 3.27) Id • mol" \ The molar enthalpy of sublimation of HCTD 
was  measured with a heat-conduction differential microcalorimeter: A„,bH^(333.8 K)   = 
(77.99 ± 0.38) kJ-mol"'. The value A,ubH°(298.15K) = (79.29±0.39)kJmor' was obtained 
using the difference between heat capacities of crystal and gas. Vapour pressure of HCTD was 
measured by the integral effusion Knudsen method in the range T = 298 K to 349 K. As a 
result we obtained the equation: ln(p/Pa) =   -(10078±146)(K/T)  + (33.64±0.45). The 
weighted average value of the molar sublimation enthalpy: A,ubH°(298.15 K) = (79.78 ± 1.63) 
kJmol-1  was used to calculate the molar enthalpy of formation of gaseous HCTD: 
AfH°(g, 298.15 K) = (27.19 ± 3.65) kJ-mol"*. The heat capacity of HCTD was measured by 
vacuum adiabatic calorimetry (T = 5 K. to 304 K) and by the triple heat-bridge method 
(T = 300 K to 500 K). One solid-to-solid transition was discovered at T = 355 K with molar 
enthalpy A,„H° = (14.67 ±0.73) kJmol"1. The melting temperature of HCTD is 440 K, and 
the   molar  enthalpy   of  melting   is   &,„H°m   =   (5.57 + 0.28)kJ-mol-1.  Standard   molar 
thermodynamic functions   of HCTD  were calculated  on  the basis of these values at 
T = 298.15K: S^cr, 298.15 K)   =   (166.70±0.70) J-K"' mol"1, (AjHJTXcr, 298.15 K)  = 
(84.46±0.35)JK-1 mor1,      <J>°(cr,298.15K)      =      (82.25±0.40)J-K_l mor',     and 
AjS£,(g, 298.15 K) = (337.ll±5.53)JK-'mol-'. I.r. and Raman spectra of HCTD were 
recorded and vibrational analysis was made. The standard molar thermodynamic properties of 
HCTD in the gaseous state were calculated in the temperature range from 100 K to 1000 K. 
The calculated standard molar entropy at T= 298.15 K: S^(g) = 336.83 JK"1 mol-1 is in 
good accordance with the experimental value. The thermodynamic results confirm indirectly 
the correctness of structural studies of HCTD made by Hargittai et al. 
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SYNTHESIS, CHARACTERIZATION AND CRYSTAL DENSITY MODELING OF 

FOUR C24H28 CAGE-FUNCTIONALIZED ALKENES 

Alan P. Marchand,* Anjali Zope, Florencio Zaragoza, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Denton, Texas 76203-0068 

Herman L. Ammon* and Zuyue Du 

Department of Chemistry and Biochemistry, University of Maryland, College Park, Maryland 20742-2021 

Abstract Titanium-promoted reductive dimerization of methylated pentacyclotSAO.O^.O3-10- 
.05-9]undecan-8-ones, 5a, 5b, and 8, afforded mixtures in each case of "methylated PCU alkene 
dtrners (6a-d, 7a-d, and 9a, respectively). Individual isomers have been isolated from these 
mixtures via column chromatography followed by multiple fractional recrystallization of individual 
chromatography fractions. Structures of four isomerically pure Q24H28 alkenes, i.e., 6c, 6d, 7c, 
and 9a have been established unequivocally by application of single crystal X-ray crystallography' 
methods. The crystal density of each alkene (calculated from unit cell parameters) is compared with 
the results of theoretical density predictions. 
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2,8,10,ll-tetrachloro-12-oxahexacyclo- 
[1.2A.fr*.fr\frn.06' 10]dodeca-l,9-diol and 
disorder and mixed crystals in a system of tetracyclo- 
[6.3.0.0411.05'9]undecanone and undecanol derivatives 

William H. Watson,*1 Ram P. Kashyap,1 Mariusz Krawiec,1 Duoli Sun,1 

Thomas F. Carlson1, Alan P. Marchand,*'2 and Yanjun Wang2 

Received November 15. 1993 

2,8,10,ll-Tetrachloro-12-oxahexacyclo[7,2.1.02-8.0,7.04".06l0]do<leca-l,9-diol is a strained 
cage molecule containing six five-membered rings and a four-membered ring. Twenty-five of the 
internal angles are less than 105° with 6 ranging from 89.5(3) to 97.4(3)°. The base promoted 
reaction of 3.6-dipyridyl-1.2,4,5-tetrazine with tetracyclo[6.3.0.04".05-9]undecane-3,6-dionc 
yields the monoketone 6.7-[3',6'-di(2"-pyridylH',5'-pyridizino)tctracyclo[6.3.0.04 ".05Y 
undecan-2-one. This compound crystallizes in the centrosymmetric space group P2,/n with en- 
antiomers related by a center of symmetry. In the crystal investigated the molecules are disordered 
with each site containing about 80% of one isomer and 20% of the enantiomcr. When the ketonc 
is hydrogenated and the product isolated, two different crystals were found to have a ratio of 
alcohol to ketone of .71/.29 and .75/.25 or about 3/1. The alcohol and ketonc occupy the same 
sites, but with opposite stereochemistries. 
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Reactions of l-Aza-3-ethylbicyclo[1.1.0]butane with Electropbiles. A 
Facile Entry into New, ^-Substituted 3-Ethylideneazetidines and 

2-Azetines 

Alan P. Marchand,* D. Rajagopal, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Denton, Texas 76203-0068 

Thomas G. Archibald* 

Aerojet, Propulsion Division, P.O. Box 13222, Sacramento, California 95813-6000 

Received December 10,1993* 

Reaction of l-aza-3-ethylbicyclo[1.1.0]butane (3) with N2O4 under a variety of experimental conditions 
afforded several products, 4-7, all of which resulted via addition across the strained central C(3)-N 
<r-bond in 3. The corresponding reactions of ClC02Et, Tf20, and Ms20 with 3 also have been studied. 
These reactions provide useful methods for synthesizing JV-substituted 3-ethylideneazetidines 
and 2-azetines. 
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Reactions of Some SuIfur(H)- and Iodine(III)-containing 

Electrophiles with endo-Tricyctoft.l.l.O^lundeca^-diene-Sjö-dione 

Alan P. Marchand*, Viktor D. Sorokin, D. Rajagopal, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Demon, Texas 76203-0068 

Abstract. Reaction of ArSCl (Ar = phenyl or orf/io-nitrophenyl) withe/ido-tricyclofö^.l.O2-7]- 
undeca-4,9-diene-3,6-dione (1) results in anti addition across the norbomene carbon-carbon double 
bond with concomitant aromatization of the cyclohexenedione ring, thereby affording 4 (87%) and 
5 (63%), respectively. The corresponding reaction of PhSCl with 1 in the presence of added Ag(T) 
proceeds via polar addition across the norbornene carbon-carbon double bond with concomitant 
intramolecular nucleophilic trapping of an intermediate episulfonium ion by a distant C=0 group, 
thereby affording 6 (57% yield). The reaction of PMCI2 with 1, when carried out in the presence of 
SbCl5 or AgBF4, proceeds with concomitant Wagner-Meerwein rearrangement and aromatization 
to afford adducts 7a and 8, respectively. 
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Additions of X-Y Across the C(3)—N <r-Bond 
in l-Aza-3-ethjdbicyclo[1.1.0]butane. Novel 

Routes to 3-Substituted Azetidines 

Alan P. Marchand,* D. Rajagopal, and Simon G. Bott* 

Department of Chemistry, University of North Texas, 
Denton, Texas 76203-0068 

Thomas G. Archibald' 

Aerojet, Propulsion Division, P. 0. Box 13222, 
Sacramento, California 95813-6000 

Received May 10,1994 

Introduction 

In 1969, Funke reported the synthesis of 3-ethyl-l- 
azabicyclo[1.1.0]butane (1) and some aspects of its chem- 
istry. ' Since that time, relatively little interest has been 
shown in this unusual ring system. Our own interest in 
1 stems from its potential use as a key intermediate in 
the synthesis of Ar,3-disubstituted azetidines, which 
otherwise can be quite difficult to obtain [e.g., via SN2 
displacements on N-substituted-3-(tosyloxy)- (or mesy- 
loxy-) azetidines].2 Compounds of this type have at- 
tracted attention in recent years among members of the 
energetic materials community.3 In addition, natural 
products chemists have been attracted to azetidine 
alkaloids, a class of strikingly bioactive compounds which 
have been isolated from marine organisms.4 Finally, 
some unusual transformations of 3-functionalized aze- 
tidines which are of mechanistic interest have been 
reported recently.5 

Previously,' we investigated reactions of 1 with a 
variety of electrophiles, e.g., N20<, ClC02Et, TfA and 
MsjO. In each case, the observed reaction produces) 
resulted via addition of the reagent, X-Y, across the 
highly strained (X3)-N o-bond in the substrate, thereby 
affording new AT,3-disubstituted azetidines. In the present 
study, we have extended the range of reagents studied 
in an effort to explore the scope and limitations of 
reactions of this type. In the course of this work, we 
performed several of the addition reactions in aqueous 
solution in an effort to design environmentally benign 
(i.e., "green") synthetic routes to novel 3-substituted 
azetidines. 

Results and Discussion 

Compound 1 was synthesized by using a previously 
published modification6 of a literature procedure.1 Reac- 
tion of 1 with in situ-generated aqueous HNO^ resulted 
in addition of the elements of HN02 across the C(3)—N 
o-bond with concomitant Af-nitrosation of the resulting 
intermediate azetidine, thereby affording 2 (54% yield, 

(1) Funke, W. Chan. Ber. 1969,102, 3148. 0» Funke, W. Angew. 
Chan., Int. Ed. Engt. 1969, S, 70. 

(2) Archibald, T. G.; Gilardi, R; Baum, K4 George, C. J. Org. Chan. 
1990, 55, 2920. 

(3) (a) Archibald, T. G.; Garver, U C; Baum, K.; Cohen, M. C. J. 
Org. Chan. 1989,54,2869. (b) Axenrod. T.; Watnick, C; Yazdehkasti, 
H.; Dave. P. R Tetrahedron Lett. 1993,34, 6677. 

(4) Kobayashi, J4 Cheng. J.-F.; Ishibashi, M.; Wakhh, M. R; 
Yamamura, S.; Otujumi, Y. J. Chan. Soc., Perlon Trans 11991,1135. 

(5) (a) Bartholomew, D.; Stocks, M. J. Tetrahedron Lett. 1991, 32, 
4795. (b) Bartholomew, D^ Stocks, M. J. Ibid. 1991,32, 4799. 

(6) Marcband, A. P.. Rajagopal, D.; Bott, S. G.; Archibald, T. G. J. 
Org. Chan. 1994,59,1608. 
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Scheme 1). Subsequent oxidation of the AT-NO function- 
ality by using 98% HNOj-(CF3CO)20 afforded the cor- 
responding AT-nitramine (3,89% yield). 

Addition of X+ N3
_ across the C(3)-N o-bond in 1 was 

performed in aqueous medium in two separate experi- 
ments. Application of the first procedure, which em- 
ployed aqueous NaNj and tit situ-generated HNOj, 
resulted in the formation of 4 (56% yield, Scheme 1). In 
the second procedure, 1 was reacted with an 'azidofbr- 
mate equivalent* which was generated by sequential 
reaction of 1 sith in «tu-generated HN» followed by 
CICOjEt. Application of this procedure afforded 5 in 
excellent yield (Scheme 1). 

N-Nitro-3-ethylideneazetidine (6) was prepared in two 
ways. First, 6 was obtained in 40% yield via reaction of 
I with (n-BuW NOT and TfzO.7 Compound 7 (15%, 
Scheme 2) was also formed along with 6 as a product of 
this reaction. In addition, reaction of azetidinol 8* with 
Tf20 m the presence of tertiary ammes afforded 6 in good 
yield. Subsequent low-temperature ozonolysis of 6 fol- 
lowed by reductive workup with Me^ produced N-ni- 
troazetidin-3-one (9), a potential precursor to 1,3,3- 
trinitroazetidine (TNAZ, an energetic material whose 
synthesis has attracted considerable attention in recent 
years3). 

Compound 11, another potential precursor to TNAZ, 
was synthesized from osime 10 which was readily avail- 
able to us from an earlier study.* Thus, sequential 
reaction of 10 with 100% HNOj8 and 90% HJOJ produced 
II and 12 (28 and 23% yield, respectively, Scheme 3), 
which could be separated conveniently by column chro- 

(7) Adams, C »t; Starts, C. M4 ShackeHbrd, a E. Tetrahedron Lett. 
1993,34, 6669. 

(8) Bull, J. R; Jones, E.RH.J. Chan. Soc. 1965,2601. 

0022-3263/94/1959-5499$04.50/0    © 1994 American Chemical Societv 
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SYNTHESIS OF «o-5-AZIDONORBORNENE 

AND exo-2/xo-5-DIAZIDONORBORNENE 

Alan P. Marchand*t, Viktor D. Sorokin, D. Rajagopal, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Denton, TX 76203-0068 

Abstract: Polar addition of HN3 to norbomadiene (1) affords exo-5-azido- 
norbomene (2, 70%). Subsequent azidomercuration-demercuration of 2, 
performed by using in situ generated Hg(N3)2 followed by reductive 
demercuration, proceeds stereospecifically to afford exo-2,exo-5-dizndo- 
norbomane (5,68% yield). 
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Structure of a C26H28 Alkene Formed via Titanium-Promoted 
Reductive Dimerization of 4-(Spirocyclopropyl)- 
pentacycloßAO.O2' ^O3' 10.05' 9]undecan-8-one 

Alan P. Marchand,1'3 Viktor D. Sorokin,1 William H. Watson,2'3 Thomas F. Carlson,2 and 
Mariusz Krawiec2 

Received February 24, 1994; revised May 16, 1994; accepted May 23, 1994 

A spiro-fused C26H28 "cage" dimer hydrocaibon contains two three-membered rings, two four- 
membered rings, eight five-membered rings, and two six-membered rings. The molecule is cal- 
culated by molecular mechanics to have 902 kJ/mol of strain energy distributed primarily between 
angle strain (457 kJ/mol) and torsional interactions (368 kJ/mol). Molecular mechanics calcula- 
tions and a geometry-optimized ab initio calculation are used to analyze the bond lengths and bond 
angles in the molecule. There is one major discrepancy between observed and calculated distances. 

KEY WORDS: Cage compounds; C26H:g alkene; reductive dimerization; X-ray diffraction; molecular me- 
chanics; semiempirical calculations; ab initio calculations. 
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Diastereofacial Selectivity in Diels-Alder Cycloadditions of 
Methyl Acrylate to Facially Differentiated Unsymmetrical 

Cyclohexa-l,3-dienes 

James M. Coxon,* Siew Tai Fong, Karen Lundie, D. Quentin McDonald and Peter J. Steel* 
Department of Chemistry, University ofCanterbury. Christchurch. New Zealand 

Alan P. Marchand,* Florencio Zaragoza, Umesh R. Zope, D. Rajagopal and Simon G. Bott* 
Department ofChemistry, University ofNorth Texas, Demon. Texas 76203-0068 

William H. Watson* and Ram P. Kashyap 
Department of Chemistry. Texas Christian University. Fort Worth, Texas 76129 

Key words: Diels-Alder. facial selectivity, regioselectivity, transition state calculations 

Abstract: The Diels-Aldcr cycloadditions of methyl acrylate to the unsymmetrical 
hexacyclo[10.2.1.02".04-9.0414.0913lpentadecadienes lb-f proceed with a high 
degree of it-facial stereoselectivity but only moderate regioselectivity. The results 
of fixed model transition state calculations, performed in an effort to establish the 
factors which control selectivity in these cycloadditions, are reported. 
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The structure of ll,12-bis[spiro(cydopropyl)]- 
l,4,4a,5,8,8a,9a,10a-octahydro-l,4:5,8-dimethano-9,10- 
anthraquinone 

Andrew Burritt,(1) Mariusz Krawiec,<2) Alan P. Marchand,U) Duoli Sun,<2) and 
William H. Watson* '' 

Received September 19. 1994 

In the solid state the 2: 1 Diels-Alder adduct between spiro[4.2]hepta-l,3-diene and p-benzoqui- 
none has a planar cyclohcxadione ring with a center of symmetry. Both planar and boat confor- 
mations have been observed in similar systems, and the relative stability of the two conformers is 
of interest. The adduct in the gas phase should contain a mirror plane perpendicular to the cy- 
clohcxadione ring: however, a data set collected on a crystal in a capillary resulted in a structure 
where some bond lengths related by this mirror plane differed by more than 4<J in the solid state. 
Molecular mechanics. MOPAC. and the Cambridge Structural Data Base were used to investigate 
the factors influencing the conformation of the cyclohcxadione ring and the asymmetry across the 
noncrystallographic mirror plane. The energy differences between the planar and nonplanar ring 
system is small, and the conformation is determined by crystal packing. No reason for the bond 
length asymmetry could be found, and a recollection of data on a crystal exposed to the environ- 
ment led to a structure with statistically equivalent bond lengths. 

KEY WORDS: Diels-Alder adduct. molecular mechanics. MOPAC. bond asymmetry, ring conformations, 
absorption errors. 
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Crystal structure of a bulky cyclic sulfite 

Simon G. Bott,(1,,) Alan P. Marchand/1'** and Vijay R. Gadgil(1) 

Received January 24, 1995; accepted February 7, 1995 

The structure of the cyclic sulfite derived from the reaction of thionyl chloride with endo-8- 
hydroxy-exo-8-(emto-8'-hydroxypentacyclo[5.4.0.0.2-6.0310.05-9]undec-cxo-8'-yl)pentacyclo- 
[5.4.0.0.2,6.03l0.05']iindecane is reported. All bond lengths and angles are consistent with the 
strained cage geometry. A static disorder of the terminal oxygen was found to be present. 

KEY WORDS: Crystal structure, cyclic sulfite, pentacycloundecane-8,U-dione. 
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Synthesis and structure of ejcö-11-cyano-enJo-ll- 
(trimethylsUyloxyJpentacyclotS^.O.^'^^^.O^^undecan-S-one 

Simon G. Bott/1'** Alan P. Marchand,(1,) D. Vidyanand,(1) and Richard A. Sachleben(2>* ,*) 

Received February 27, 1995; accepted March 6,1995 

The crystal structure of an asymmetric pentacyclo[5.4.0.02-6.03l0.0S-9]undecan-8,ll-dione deriv- 
ative is reported, in which Me3SiCN has been added across one of the keto groups. The cage 
structure demonstrates the expected effects of this addition. 

KEY WORDS: Crystal structure, pentacycloundecan-8-one, pentacycloundecane-8,ll-dione. 
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A Novel Approach to the Synthesis of 
1,3^-Trinitroazetidine 

Alan P. Marchand,* D. Rajagopal, and Simon G. Bott* 

Department of Chemistry, University of North Texas, 
Denton, Texas 76203-0068 

Thomas G. Archibald* 

Aerojet, Propulsion Division, P. 0. Box 13222, 
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Received March. 10,1995 

Introduction 

1,3,3-Trinitroazetidine (TNAZ, 1) has received atten- 
tion in recent years as a new energetic material that is 
of considerable interest to U. S. military agencies.1"4 

Previously reported routes for synthesizing 1 generally 
proceed via intermediate N,3-disubstituted azetidines, 
which in each case requires subsequent conversion of the 
various substituents to CXNOjfe groups. We now report 
a novel approach to the synthesis of 1 which involves 
electrophilic addition of NO' N(V across the highly 
strained C(3)-N o-bondin l-azabicyclo[1.1.0]butane and 
in 3-<bromomethyl)-l-azabicyck)(1.1.0]butane. 

In 1969, Funke reported the synthesis of substituted 
l-azabicyclo[1.1.0]butanes and some aspects of their 
chemistry.5 Since that time, relatively little interest has 
been shown in this unusual ring system. Recently,6 we 
investigated reactions of 2 with a variety of electrophiles, 
e.g., N20«, ClCOjEt, TfjO, and MS2O. In each case, the 
observed reaction produces) resulted via addition of the 
reagent, X-Y, across the highly strained C(3)-N a-bond 
in the substrate, thereby affording new W,3-disubstituted 
azetidines. In the present study, we have used this 
approach to synthesize N-NO- and C-N02-containing 
intermediates which serve as useful synthetic precursors 
tol. 

Results and Discussion 

Compound 2, synthesized by using a previously pub- 
lished modification6 of a literature procedure,5 was 
employed as substrate in a model study .6b In our hands, 
reaction of 2 with in situ generated aqueous HNO2 
resulted in addition of the elements of HN02 across the 
C(3)-N o-bond with concomitant iV-nitrosation of the 
resulting intermediate azetidine, thereby affording 3 
(54% yield, Scheme IX Subsequent oxidation of the 
iV-NO functionality by using 98% HN03-(CF3CC»20 
afforded the corresponding tf-nitramine (4,89% yield).6*" 

Our success in achieving the synthesis of 4 via the 
route shown in Scheme 1 pointed the way toward a novel 
TNAZ synthesis. The key step in this synthesis, shown 

(1) Archibald. T. G.; Gilanti, R.; Baum, K.; George, C. J. Org. Chem. 
1990,55, 2920. 

(2) (a) Axenrod, T.; Watnick, C; Yazdehkasti, H.; Dave, P. R. 
Tetrahedron Lett. 1993, X, 6677. <b) Axenrod, T.; Watnick, C; 
Yazdehkasti, H.; Dare, P. B. J. Org- Chem. 1995, 60, 1959. 

(3) Katritxky. A. R.; Candy, D. i;. Chen, J. J. Heterocycl. Chem. 
1994,31, 271. 

(4)Hiskey, M. A.; Cobnm, M. D. Ü. S. Patent 5,336.784; Chem. 
Abstr. 1994,121, 300750s. 

(5) (a) Funke, W. Chem. Ber. 1969.102,3148. (b) Funke, W. Angew. 
Chem., Int. Ed. Engl. 1969.8, 70. 

(6) (a) Marchand, A. P.; Rajagopal, D.; Bott, S. G.; Archibald, T. G. 
J. Org. Chem. 1994,59,1608. (b) Marchand, A. P.; Rajagopal, D.; Bott, 
S. G.; Archibald, T. G. J. Org. Chem. 1994, 59, 5499. 
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in Scheme 2, is the formation of l-azabicyclo[1.1.0}- 
butane, 8, which is removed rapidly from the reaction 
medium via azeotropic distillation and is trapped in situ 
in the distillation receiver via its reaction with aqueous 
NaNOj-HCl, thereby affording N-nitroso-3-mtroazeti- 
dine (9) in low yield. The method by which 9 is converted 
subsequently into 1 is outlined in Scheme 2. The 
structure of 1,3-dinitroazetidine (10), an intermediate in 
the conversion of 9 to 1, was established unequivocally 
via application of X-ray crystallographic methods. It 
should be noted that the formation and trapping of 8, 
the key intermediate in the reaction sequence shown in 
Scheme 2, proceeds in poor yield (oa. 1%). In addition, 
the starting material, 2-amino-l,3-propanediol (5), al- 
though available commercially, nevertheless is very 
expensive. 

In attempting to address these issues, we studied an 
alternative reaction sequence which like the method 
shown in Scheme 2 preserves the unique approach of 
formation and trapping of an intermediate 1-azabicyclc- 
[1.1.0]butane. Pertinent results in this regard are out- 
lined in Scheme 3. Thus, l-aza-3-(bromomethyl)bicyclo- 
[1.1.0]butane (13) is generated by the method shown in 
Scheme 3 and subsequently is trapped by in situ gener- 
ated HNOj. This results in the formation of two N- 
nitrosoazetidines, 14 and 15, each of which was oxidized*-'1 

subsequently to the corresponding N-nitro derivative (Le., 
16 and 17, respectively). The structures of 16 and 17 
have been established unequivocally via application of 

(7) Bull, J. IL; Jones. E. R. H.; Meakins, G.D.J. Chem. Soc. 1965. 
2601- 

0022-3263/95/1960-4943$09.00fl)    © 1995 American Chemical Society 
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Structure of the 1:1 Cycloadduct Formed via 
Thermal Reaction of Cyclopentadiene with Hexacyclo- 

[10.2.1.02,n.04,9.04,i4.09,i3]pentadeca-5,7-diene-3,10-dionet 

Alan P. Marchand*, Rajesh Shukla, Andrew Burritt, and Simon G. Bott* 

Department of Chemistry, University of North Texas. Demon, Texas 76203-0068 

Key words: Diels-Alder cycloaddition; K-facial diastereoselectivity; MO calculations 

Abstract. The structure of the 1:1 cycloadduct which is formed via thermal reaction of cyclopenta- 
diene (CPD) with hexacyclollO.l.l.^-H^^^-^.O^^lpentadeca-SJ-diene-S.lO-dione (1) has been 
shown unequivocally to possess structure 3b via application of X-ray crystallographic methods. The 
results of semiempirical MO calculations (AMI Hamiltonian), taken together with MMX calculational 
results and conclusions that arise via FMO-based arguments, suggest that electronic and steric effects 
each may play an important role in directing the course of the cycloaddition reactions studied herein. 
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Acid Promoted Rearrangement of PCU-derived Pinacols 

Alan P. Marchand*, Zenghui Liu, Vijay R. Gadgil, Andrew Burritt, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Denton, Texas 76203-0068 

Abstract Three isomerically pure pinacols, i.e., 2, 3a, and 3b, have been prepared via Na promoted re- 
ductive coupling of pentacyclofSAO.O^.O^O.O^lundecane-S-one (la) and 4-spiro(cyclopropyl)- 
pentacyclofSAO.O^.O^O.O^lundecane-S-one (lb), respectively. Acid promoted pinacol rearrange- 
ment of each of these PCU-derived pinacols proceeds with exclusive migration of the C(7)-C(8) o-bond 
in each case, thereby affording the corresponding pinacolone (4a, 5 and 6, respectively) as the only ob- 
served rearrangement product 
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Disorder versus symmetry in the helical tubuland inclusion host 
lattice—a successful trishomocubyl diol probe 

Roger Bishop,*-" Donald C. Craig," Marcia L. Scudder," Alan P. Marchand*•* and Zenghui Liu* 
" School of Chemistry, The University of New South Wales, Sydney 2052, Australia 
" Department of Chemistry, University of North Texas, Demon, Texas 76203, USA 

New examples of the helical tubuland diol host family may be targeted for synthesis by consideration 
of structural rules which result in formation of the specific hydrogen bonding arrangement required. 
To test crystal engineering requirements of symmetry and substitution in these diols, the 
4,7,1 l-trimethylpentacyclo[6.3.0.02-6.0310.05-9]undecane-4,7-diol isomer 8a has been prepared and its 
X-ray structure determined: [C14H20O2, ^3,21, a 12.609(2), c 7.209(2) A, Z3, R 0.032]. This diol isa further 
example of the helical tubuland family despite it lacking C2 symmetry. Instead, overall C2 symmetry results 
in the solid state by means of crystallographic disorder. The Cl 1 methyl group which is equally disposed 
over its two possible positions reduces the canal unobstructed cross-sectional area to only 8.9 Ä2, but 
demonstrates that disruption of the lattice type can be avoided provided substituents are placed within the 
parallel canals. These observations now allow prediction of a much wider range of helical tubuland 
structures. The diol isomer 8b [C14H20O2, P2Jc, a 12.795(1), b 6.4608(4), c 15.003(1) Ä, ß 111.846(4)°, Z4, 
R 0.043] forms a layer structure involving (-OH)4 cycles in common with other diols of closely related 
structure. 
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Unusual occurrence of photooxidation of a cage diol 

Simon G. Bott,(1'*> Alan P. Marchand,(1*> and Zenghui Liu(1) 

Received February 16, 1995 

An unusual photooxidation was noted upon photolytic cage closure of a substituted 
tricyclo[6.2.1.02-7]undecane-cxo,exo-diol. The resultant compound, which may be regarded as 
a mono-reduced pentacyclo[5.4.0.02'6.03,,0.05-9]undecane-8,ll-dione, was characterized via X- 
ray crystallography. This species could be reduced to the tricyclo[6.2.1 .&-1]\mdecane-endo,exo- 
diol under conditions previously shown to be inert for the parent dione. 

KEY WORDS: Cage-diol; crystal structure; photooxidation. 
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Structure of the pinacol formed via sodium-promoted 
reductive dimerization of 12-methyleneheptacyclo- 
[6.6.02'6.0313.0411.05'9.010'14]tetradecan-7-one 

Simon G. Bott,(l)* Alan P. Marchand,(1) and Zenghui Liu(1) 

Received April 27, 1995 

The pinacol resulting from sodium promoted reductive coupling of a methyleneheptacyclc- 
ß.ö.O^.O3-13.^-11.05'9.0l0l4]tetradecanone possesses a conformation in which equivalent groups 
on the pinacol carbon are virtually perpendicular to each other. This rotation minimizes steric 
interactions, thus the geometries of all the fragments in the molecule are within expected values. 

KEY WORDS: Crystal structure; pinacol; reductive dimerization. 
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A Facially Dissymmetric 1,3-Cyclohexadiene as a Dienophile 
in Diels-Alder Reactions with Polyhalocyclopentadienest 

Alan P. Marchand*, Umesh R. Zope, Andrew Burritt, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Demon, Texas 76203-0068 

James M. Coxon* 

Department of Chemistry, University of Canterbury, Christchurch 1, New Zealand 

Key words: Diels-Alder cycloaddition; it-facial diastereoselectivity; MO calculations 

Abstract Diels-Alder cycloaddition of 1,2,3,4,5,5-hexachloro- and of 5,5-dimethoxy-l,2,3,4-tetra- 
chlorocyclopentadiene (2a and 2b, respectively) to hexacyclo[10.2.1.02-11.04'9.04'14.09-13]pentadeca- 
5,7-diene-3,10-dione (1) occurs in each case with highly stereoselective attack of the diene upon that 
face of the dienophile which is anti to the carbonyl groups. The corresponding endo,anti adduct (i. e., 6 
and 8, respectively) is obtained as the exclusive cycloadduct in each case. The structures of 6 and 8 
were established unequivocally via X-ray crystallographic methods. The results of AMI semi-empirical 
MO calculations for cycloaddition of 1 to 2a are in accord with experiment 
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Structure of a PCU-derived pinacol formed via sodium- 
promoted reductive dimerization of 
pentacycIotS^.O.^.O^^.O^lundecane-Sai-dione 
monoethylene ketal 

Simon G. Bolt/1** Alan P. Marchand/1* and D. Rajagopal 

Received May 10, 1995 

(1) 

STo&T0! ting fr0m S0dium Promoted reductive coupling of pentacyclo[5.4.0.02-6.- 
0* .üJ]undecane-8,ll-dione monoethylene ketal possesses a conformation, dictated by 
intramolecular hydrogen bonding, that lies midway between eclipsed and staggered The C-C 
and C-0 distances in the pinacol unit are, respectively, longer and shorter than usual, and all 
parameters are as expected. 

KEY WORDS: Crystal structure; pinacol; reductive dimerization. 
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Structure of the product formed via Cu(I)-promoted 
oxidative dimerization of ^JCO-8- 

ethynylpentacyclo[5.4.0.02'6.0310.05'9]undecan^wJo-8-ol 

Simon G. Bott,(1)* Alan P. Marchand,(1)* L. Kathleen Talafuse,(1) and D. Rajagopal(1) 

Received June 12, 1995 

The structure consists of two acetyl-substituted PCU cages linked by a diyne fragment. The 
conformation about the linker is midway between staggered and eclipsed, and the acetyl groups 
are somewhat distorted due to the proximity to the bulky cage units. 

KEY WORDS: Crystal structure; diyne; oxidative dimerization. 
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Jul-Aug 1995 Rearrangements of Substituted 3-Azidoazetidines: 1409 
Unexpected Formation of a Substituted Oxazole 

Alan P. Marchand*, D. Rajagopal, and Simon G. Bolt* 

Department of Chemistry, University of North Texas, Demon, Texas 76203-0068 
Received May 22, 1995 

Thermolysis of neat N-carboethoxy-3-azido-3-ethylazetidine (3) at 200° under argon produced the cor- 
responding cyclic imine 4 (68% yield). Prolonged refluxing of a mixture of W-triflyIazetidin-3-one (7), 
sodium azide, and titanium tetrachloride in acetonitrile solvent afforded recovered 7 (25% yield) along 
with a colorless microcrystalline solid, 8, mp 104-105° (20% yield), whose structure was established 
unequivocally via application of X-ray crystallographic methods. 

J. Helerocycik Chem.. 32. 1409 (1995). 
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Nucleophilic additions of primary and secondary amines to 
pentacyclo[5.4.0.02'6.0310.05'9]undecane-8,ll-dione 

Simon G. Bott,(1)* Alan P. Marchand,(1)* Kaipenchery A. Kumar,(1) D. Vidyanand,(1) 

Dongxia Xing,(1) William H. Watson,(2)* Ram P. Kashyap,(2) and Richard A. Sachleben(3)* 

Received July 14. 1995 

The crystal structures of three compounds formed via nucleophilic attack of a heterocyclic 
secondary amine on PCU-8,11-dione, with the concomitant intramolecular attack of one keto 
oxygen on the carbon of the other ketone, are presented. In all three compounds, the bridging 
oxygen contains substantial p-character, and the bonds to the "attacking" nitrogen are 
significantly shorter than would be expected. 

KEY WORDS: Amines; crystal structure; pentacycloundecane-8,11-dione. 
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Synthesis and base promoted intramolecular nucleophilic 
reaction of 8-hydroxy-l,2,3,4.tetrachloro.9,9-dimethoxy- 
la,4a,4aa,6,7,8ß,8aa-hexahydro-l,4- 
methanonaphthalene-5(l//)-one 

Sn3 A« ?2? T? l?,ng'   L* KathIeen Ta,afuse >(1) WilUam H. Watson/2)* Susan A. Bourne/2) and Thomas F. CarIson(2) 

Received July 14, 1995 

™ K n ^r Tu tW° SUbStkUted hex^^^niethanonaphthaIene-5,8-diones 
of ol on^f T\ K

C
 
enCdre «■*«"•*« d^le bond with concomitant reduction 

p clct wTth L? tWO,Chem,Ca"y e<*uivalent C=0 g^PS- Reaction of one partially reduced 
product w,th base results .n intramolecular addition to the carbon-carbon double bond. 

KEY WORDS: Crystal structures; hexahvdro-l.4-methanonaphtr.akne; reduction. 
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Highly stereoselective sodium borohydride promoted 
reduction of emfo-5-acetyM,2,3,44etrachloro-7,7- 
dimethoxynorborn-2-ene 

Simon G. Bott,(1)* Alan P. Marchand,(1)* Jennifer Bolin,(1) Dongxia Xing,(1» and 

L. Kathleen Talafuse(1) 

Received July 20. 1995 

Racemic ^0-5-acetyl-1.2,3,4-tetrachloro-7,7-dimethoxynorbom-2-ene w* stereo^leaively 

reduced by sodium borohydride to give only the S.S or R.R (iiastereomers. The crystal structure 

of the product displays no unusual features. ^  

KEY WORDS: Crystal structure; norbornene; stereoselective reduction. 
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Highly Regioselective Hypervalent Iodine Mediated Ring 
Cleavage and Ring Expansion Reactions of Some 

Pentacyclo[5.4.0.02,6.03,io.05,9]undecane Derivatives 

Alan P. Marchand,* D Rajagopal, Andrew Burritt, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Demon, Texas 76203-0068 

William H. Watson* and Duoli Sun 

Department of Chemistry, Texas Christian University, Fort Worth, Texas 76129 

Key words: lodosobenzene-iodine; oxidative ring fragmentation; Koser's reagent; ring expansion; penlacycloundecanes 

Abstract: Iodosylbenzene-iodine mediated oxidative fragmentation of 3-hydroxy-4-oxa-5-methyl-bexacyclo[5.4.1.0 ■ - 
.03'10.05'9.08'11]dodecane (1) proceeds with regioselective C(3}-C(10) a-bond cleavage to afford «o-10-iodo-4-oxa-5- 
methylpentacyclotS^.l.fr2-6^5-9^8-1' ]dodecan-3-one (4) in 94% yield. The corresponding reaction of l-hydroxy-12-oxa- 
pentacyclol5.4.1.02'6.03'10.05'9]dodecane (6) proceeds with regioselective C(l)-C(ll) o-bond cleavage, thereby affording 
enrfo-9-(iodomethyl>5-oxatetracyclo[6.3.0.02'6.03'10]undecan-4-one (9,94% yield). Treatment of <a»-8-(bromoethvnyl)- 
em/o-8-hydroxypentacyck)[5.4.1.02.6.03'10.05-9]undecane (12) with PhI(OH)(OTsH2 resulted in highly regioselective 
ring expansion to afford 8-[(Z-)rjromoiodomemylene]pentacydot5.4.0.()2'6.03>n.05'10]dalecan-9-one (13) as the exclu- 

sive reaction product (67% yield). The structures of 4, 9, ej»-8-ethynyl-emto-8-hvdroxypentacyclo[5.4.1.02>6.03- °.05- ]- 
undecane (11), and 13 were established unequivocally via single crystal X-ray structural analysis. 
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Synthesis and Thermal Rearrangement 
of Pentacyclo[6.5.0.04,i2.05,i0.09,i3]trideca-2,6-diene. 

Alan P. Marchand,* Dayananda Rajapaksa, Vuligonda Vidyasagar, Ralf Eckrich, 
and Kaipenchery A. Kumar 

Department of Chemistry, University of North Texas, Denton, TX 76203-0068 

Key words: pentacyclotridecadiene; thermal rearrangement; kinetic study 

Abstract. Pentacyclote.S.O.O^.O^O.O^ltrideca-l^-diene (16) has been synthesized in five steps 
from l-hydroxyhexacyclolö.S.O.O^.O^^O^O.O^^ltridecan-T-one (10). Compound 16 undergoes 
thermal rearrangement to pentacyclonAO.O^.O^.O^Ojtrideca-TJl-diene (i. e., "[2.2.1]triblatta- 
dicne", 19). The intermediacy of d5>ci'5oid,cw-tricyclo[7.4.0.02-7]trideca-3,5,10,12-tetraene (18) in the 
thermal rearrangement of 16 was inferred via analysis of the lH NMR spectrum of partially rearranged 
16 and subsequently was further established via the results of a trapping experiment (i. e., fluorene was 
produced when thermal rearrangement of 16 was performed in the presence of 10% Pd/C). 

Intrnriiirtinn. As nart of an extensive research program which is concerned with the synthesis and 
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Strained tridecane cage systems 

Ram P. Kashyap,(1) Mahendra N. Deshpande,(2) Dayanada Rajapaksa,(2) Alan P. 
Marchand,(2) and William H. Watson(1)* 

Received June 12, 1995 

Hexacyclo[6.5.0.0Z7.04-,2.0510.09l3]tridecane (HCTD) contains two four-membered, two five- 
membered and two six-membered rings fused into a cage structure which contains about 77.0 
kcal/mol of strain energy. Attempts to prepare the thioketal from the diketone of HCTD led 
to a skeletal rearrangement to produce a cage with one four-membered, four five-membered, 
and two six-membered rings fused into a cage (RHCTD). The corresponding RHCTD 
hydrocarbon has a strain energy 13.7 kcal/mol less than that of the starting tridecane (HCTD) 
which provides the driving force for the rearrangement. The X-ray structures of two HCTD 
derivatives and one RHCTD derivative are reported. The bond lengths in the three reported 
structures are normal for cages of this type. The structure of tetracyclolö.S.O.O^.O4,1 l]\mdecane- 
5,10-dione monoflcetene r,3'-propanedithioacetal) is discussed also. 

KEY WORDS: Pentacyclicundecanes; hexacyclictridecanes; cage structures; molecular mechanics; 
strain energy. 
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Structure of a C2-symmetric bis(benzyloxy)trishomocubanone 

Simon G. Bott,(1)* Alan P. Marchand,(1)* and Zenghui Liu(1) 

Received September 1, 1995 

The structure of a bis(benzyloxy)trishomocubanone with molecular C2 symmetry reveals that 
substitution of benzyloxy groups has little effect on the trishomocubane cage. 

KEY WORDS: Crystal structure; trishomocubanone. 
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Improved Synthesis of Racemic and Optically Active 
4-Hydroxycyclohex-2-en-l-onet 

Alan P. Marchand*, Dongxia Xing, Yanjun Wang, and Simon G. Bott 

Department of Chemistry, University of North Texas, Denton, TX 76203-0068 

Abstract: A simple and inexpensive synthetic route which affords S-(-)-4-hydroxycyclohex-2-en-l- 
one (la) with high stereoselectivity and moderate enantioselectivity is reported. A key step in this 
procedure involves baker's yeast promoted reduction of la,4a,4aa,6,7,8aa-hexahydro-l,4-methano- 
naphthalene-5,8-dione (3), which affords optically active 8-hydroxy-la,4o,4aa,8ß,8aa-tetrahydro-l,4- 
methanonaphthalen-5(l//)-one (4a, 80% de, 67% ee) in 32% yield. The absolute configuration of the 
3,5-dinitrobenzoate ester of 4a (i. e., 5a) was established unequivocally via single crystal X-ray 
structural analysis. 
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Synthesis of (Z)- and (£)-l,2-Di(l-adamantyl)ethene 
and Their Respective Reactions with Dichlorocarbene1 

Alan P. Marchand*, Dongxia Xing, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Denton, Texas 76203-0068 

Keywords: (Z)- and (E)-l,2-Di(l-adamantyl)ethene; dichlorocarbene, carbon-hydrogen bond insertion 

Abstract The synthesis of (Z)- and (£)-l,2-di(l-adamantyl)ethene (la and lb, respectively) is reported. 
Compound la reacts with dichlorocarbene to afford (Z)-l-[3-(dich.loromethyl)-l-adamantyl],2-(l- 
adamantyl)ethene (2, 27%), (Z)-2,3-dichloro-l,3-di(l-adamantyl)propene (3, 20%) and l,l,2-trichloro-2- 
(l-adamantyl)chloromcthyl-3-(l-adamantyl)cyclopropane (4, 21%). The corresponding reaction of lb 
produced (£)-l-[3-(dichloromethyl)-l-adamantyl],2-(l-adamantyl)ethene (5, 34%) and (E)-l,2-di[3-(di- 
chloromethyl)-l-adamantyl]ethene (6, 5%). The structures of 6, 7, and 10 were established unequivo- 
cally via application of X-ray crystallographic methods. 
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Generation and Trapping of a Caged Cyclopentylidenecarbene 

Alan P. Marchand,* Kaipenchery A. Kumar, D. Rajagopal, Ralf Eckrich, and Simon G. Bott* 

Department of Chemistry, University of North Texas, NT Station, Box 5068, Denton, TX 76203 

Abstract The reactive intermediate that is produced both (i) via reaction of 8-(dibromomethylene)- 
pentacycloßAO.OZAO^O.O^lundecane (6) with n-BuLi-THF and (ü) via the corresponding reaction of 
pentacycloISAO.O^.O^O.O^lundecan-S-one (11) with diethyl diazomethylphosphonate (DAMP) has 
been shown to be vinylidenecarbene 7a rather than the corresponding cycloalkyne, 7b. 
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SYNTHESIS OF HEXACYCLO[7.4.0.02'8.03'7.04'12.06-"]TRIDECANE- 

10,l^DIONErHOMOSECOHEXAPRISMANE-10,13-DIONE") 

Alan P. Marchand,* Dayananda Rajapaksa, and Vuligonda Vidyasagar, 

Department of Chemistry, University of North Texas, Denton, TX 76203-0068 

William H. Watson* and Ram P. Kashyap 

Department of Chemistry, Texas Christian University, Fort Worth, TX 76129 

ABSTRACT: Hox;icycloi7.4.0.02-8.0-,-7.04'12.06'1' )iridccanc-10,13-Uione ("homosccohcxaprismanc- 

10,13-dionc", 8) has been prepared via a six-slep sequence lhal results in homologation of two of the 

cyclopemane rings in pcntacyclo[5.4.0.02-6.0:,'10.0-,i-<-,l-unUccane-8,ll-<lionc, 1. The structure of 8 has 

hrm i-siahlishral iincauivocallv via sinslc crvsial X-rav structural analysis. 
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1-Azabicyclo[1.1.0]butane with Dichlorocarbene1 
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Alan P. Marchand* and D. Rajagopal 

Department of Chemistry, University of North Texas Denton, Texas 76203-0068 
Received October 13, 1995 

Reaction of 3-ethyl-l-azabicycIo[1.1.0]butane (la) with chloroform-potassium rert-butoxide afforded a 
ring-opened product, l,l-dichloro-2-aza-4-ethylpenta-l,4-diene (4a), which was characterized via conver- 
sion to the corresponding //-substituted 5-chloro-l,2,3,4-tetrazole, 5a. Reaction of 3-phenyl-l-azabicyclo- 
[l.l.OJbutane (lb) with "Seyferth's reagent" (PhHgCCl2Br) afforded l,l-dichloro-2-aza-4-pbenylpenta- 
1,4-diene (4b), which also was characterized via conversion to a tetrazole derivative, i.e., 5b. Finally, the 
reaction of lb with dichlorocarbene generated under phase transfer conditions (chloroform-sodium 
hydroxide-TEBA) was studied. At short reaction times (0.5 hour), the major reaction product was 4b. 
However, at longer reaction times (20-30 hours), two secondary products. 8 and 9, were formed which 
resulted via subsequent dichlorocyclopropanation of 4b. 

J. Hetemcyclic Chem.. 33,93 (19%). 
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On the Mechanism of Acid Promoted Ring Opening of a 
Pentacyclo[5.4.0.02,6.03,io.05,9]undecane-SpiroannulatedOxetanei 

Alan P. Marchand*, Yanjun Wang, Chien-tai Ren, Vuligonda Vidyasagar, and Dongqing Wang 

Department of Chemistry, University of North Texas. Demon. Texas 76203-0068 USA 

Keywords: oxetane. cationic ring opening. J.5-hydride shift. Wagner-Meerwein rearrangement 

Abstract: Specifically deulcrated cagc-spiroam.ulalcd oxcUuies la and 11» each undergo ring opening with concomiianl 
skeletal rearrangement when heated with glacial HOAc in the presence of a catalytic amount of concentrated H2MJ4- "* 
fate of the deuterium atom in each substrate, as determined via analysis of the NMR spectra of the rearrangement r^xlucts 
establishes unequivocally that a key step in this process proceeds via highly stercoselective intramolecular 1.5-hyunue 
transfer. Copyright © 1996 Elsevier Science Ltd 
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Thermodynamic vs. kinetic control in the Diels-Alder 
cycloaddition of cyclopentadiene to 2,3-dicyano-/?- 
benzoquinone 

Simon G. Bott,(1)* Alan P. Marchand,(1)* and Kaipenchery A. Kumar(1) 

Received January 26, 1996 

Diels-Alder cycloaddition of cyclopentadiene (la) to 2,3-dicyano-p-benzoquinone (2a), when 
performed in methanol solvent at ambient temperature, proceeds with kinetic control to afford 
la,4a,4aß,8aß-tetrahydro-5,8-dioxo-l,4-methanonaphthalene-4a,8a-dicarbonitrile (7, 77% 
yield). However, when this cycloaddition is performed by refluxing an equimolar solution of 
la and 2a in benzene for 3 h, the product of thermodynamic control, i.e., la,4a,4aa,8ao> 
tetrahydro-5,8-dioxo-l,4-methanonaphthalene-6,7-dicarbonitrile (3a) is obtained in 64% yield. 
The structure of 3a was confirmed by an analysis of the reduced intramolecular photocyclization 
product, 9. 

KEY WORDS: Crystal structure; cyclopentadiene; 2,3-dicyano-p-benzoquinone; Diels-Alder reaction. 
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Syntheses of Bis- and Tetra-Crowned Clefts and 
Studies of Their Selectivities in Metal Ion Complexation 

Richard A. Bartsch* and Mark D. Eley 
Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, TX 79409-1061 

Alan P. Marchand,* Rajesh Shukla, Kaipenchery A. Kumar, and G. Madhusudhan Reddy 

Department of Chemistry, University of North Texas, Denton, TX 76203-0068 

Abstract: A novel "tetra[benzo(18-crown-6)]-crowned cleft" (2) and two new "bis[benzo(15-crown-5)]-crowned clefts" (3 
and 4) have been synthesized. Their respective selectivities in (i) alkali metal picrate extraction into chloroform and (ii) alkali 
metal perchlorate transport across bulk chloroform membranes have been determined relative to those of appropriate model 
compounds in each case. The observed picrate extraction selectivity order for 2, L e. Cs+ > Rb+ > K+ > Na+ > Li+, strongly 
suggests the existence of "sandwich" complexes which result from cooperativity between two spatially proximate benzo(18- 
crown-6) units in 2 and a guest alkali metal cation. Interestingly, the corresponding extraction selectivity order for 3 and 4 
suggests that only 1:1 metal ion-crown ether complexes are formed. For bulk chloroform membranes, bis- and tetra-crowned 
clefts exhibit much more efficient transport of certain alkali metal perchlorates than do model mono-crown ether compounds. 
Copyright © 1996 Elsevier Science Ltd 
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Synthesis, Characterization and Crystal Density Modeling of 
Polycarbocyclic Oxiranes 

Alan P. Marchand,* D. Vidyanand, Zenghui Liu, Kaipenchery A. Kumar, 

Florencio Zaragoza, L. Kathleen Talafuse, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Box 5068, Denton, Texas 76203-0068 

William H. Watson* and Ram P. Kashyap 

Department of Chemistry, Texas Christian University, Fort Worth, Texas 76129 

Herman L. Ammon* and Zuyue Du 

Department of Chemistry and Biochemistry, University of Maryland, 

College Park, MD 20742-2021 

Abstract. Polycychc bis-epoxides 5, 6, and 7 Have been synthesized, and their structures established 
unequivocally via application of single crystal X-ray crystallographic methods. The crystal densities of 
2-7 (calculated from X-ray crystallographic data) are compared with the results of theoretical density 
predictions. Copyright © 1996 Elsevier Science Ltd 
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Reaction of vinylmagnesium bromide with 
hexacyclo[10.2.1.0211.04'9.04'14.0913]peiitadeca-5,7-diene- 
3,10-dione: Transannular hemiketal formation 

Simon G. Bott,(1)* Alan P. Marchand,(1)* and Kaipenchery A. Kumar(1) 

Received April 10, 1996 

Reaction between vinylmagnesium bromide and the cage dione leads to attack of only one 
equivalent of Grignard and intramolecular nucleophilic attack on the second ketone. The 
product compound crystallizes in the monoclinic space group, P2|/a, with a = 9.509(1), b = 
11.071(2), c = 12.492(4) Ä, ß = 104.32(2)°, and Z = 4. 

KEY WORDS: Crystal structure; hexacyclopentadeca-5,7-diene-3,10-<lione. 

A-A2 



May-Jun 1996        Addition of Trimethylsilyl Azide and of "Mixed Anhydrides" to the 837 
N-C(3) G-Bond in 3-Substituted-l-azabicyclo[1.1.0]butanest 
Alan P. Marchand*, G. V. M. Shanna§, D. Rajagopal, and Rajesh Shukla 
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Grzegorz Mlostorf* and Romuald Bartnik* 

Department of Organic and Applied Chemistry, University of Lodz 
Narutowicza 68,90-136 Lodz, Poland 

Received February 2, 1996 

This paper is dedicated to the memory of Professor Nicholas Alexandrou 

Trimethylsilyl azide adds smoothly to the highly strained N-C(3) c-bond in 3-ethyl-l-azabicyclo[1.1.0]- 
butane (1) to afford an adduct, 2, that reacts in situ with a variety of electropbilic reagents (i.e., ethyl chlo- 
roformate, p-toluenesulfonyl chloride, benzoyl chloride, acetyl chloride, and oxalyl chloride) to afford the 
corresponding N-substituted-3-azido-3-ethylazetidines 3-7, respectively in 62-72% yield. Similarly, 1 
reacts regiospecifically with "mixed anhydrides'' (i.e., p-toluenesulfonyl acetate, methanesulfonyl acetate, 
and benzoyl trifluoromethanesulfonate) to afford the corresponding adducts, 8-10, respectively) in 38-68% 
yield. Reaction of p-toluenesulfonyl azide with l-aza-3-phenylbicyclo[1.1.0]butane (12) produces two 
products: A^-{p-toluenesulfonyl-3-azido-3-phenylazetidine (13, 15%) and a dimeric product, N-(N'-p-tolue- 
nesuIfonyl-3'-phenyl-3'-azetidinyl)-3-azido-3-phenylazetidine (14, 28%). Ethyl chloroformate adds to the 
N-C(3) rj-bond in l-aza-3-(bromomethyl)bicyclo[1.1.0]butane (15) to afford N-carboethoxy-3-(bro- 
momethyl)-3-chloroazetidine (16) in 73% yield. 

J. Heterocyclic Chem.. 33, 837 (1996). 
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Kinetics of the Reaction of Phenylchlorocarbene with an Azabicyclobutane 

Robert A. Moss,** Ljiljana Maksimovic,1 Alan P. Marchand,*" and K. C. V. Ramanaiah" 

"Department of Chemistry. Rutgers, The State University of New Jersey, New Brunswick, NJ 08903: 
bDepartment of Chemistry. University of North Texas, Denton, Texas 76203-0068 

Summary. The reaction of phenylchlorocarbene with 3-ethyl-l-azabicyclo[l .1.0]- 
butane (3) in pentane at 25 °C occurs with a rate constant of 3.2 x 10 M" s , most 

likely via ylide 4. Copyright © 1996 Elsevier Science Ltd 
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Tetracyclo[6.3.0.0411.05'9]undecane-2,7-dione 

Simon G. Bott,(1)* D. Rajagopal, Alan P. Marchand,(1)* and Kaipenchery A. Kumar(1) 

Received April 10, 1996 

The compound crystallizes in the triclinic space group, PT, with a = 6.7702(4), b = 7.0180(4), 
c = 9.1960(7) Ä, a = 92.457(6), ß = 96.150(6), 7 = 93.444(5)°, and Z = 2. The structure 
contains a rather short intramolecular H---H contact of 2.26(4) A. 

KEY WORDS: Crystal structure; tetracyclo[6.3.0.04n.05,]undecane-2,7-dione. 
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Electrophilic Additions to Pentacyclic and Tetracyclic Cage Enones; 
Synthesis of Some Brominated Tetracyclic and Pentacyclic Cage Ketonest 

Alan P. Marchand*, Yanjun Wang, Ralf Eckrich, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Denton, Texas 76203-0068 USA 

Alexander M. Aleksandrov,* A. E. Petrenko 

Institute of Bioorgank Chemistry, Ukranian Academy of Sciences, Kiev, Ukraine 

Tonis J. Pehk* 

Institute of Chemical and Biological Physics, Estonian Academy of Sciences 
EE001 Tallinn, Estonia 

and William H. Watson* 

Department of Chemistry, Texas Christian University, Fort Worth, Texas 76129 USA 

Abstract. Reaction of tetracyclotf.S.O.O^.O^^undec-Q-en-S-one (3) and of penta- 
cyclo[9.2.0.04'8.05>13.07-12]tridec-9-en-3-one (4) with PhSCl proceeds via addition across the 
carbon-carbon double bond with concomitant transannular trapping by C=0 of the resulting carbo- 
cationic intermediate, thereby affording 5 (50%) and 6 (59%), respectively. The structure of 5 
was established unequivocally via application of X-ray crystallography methods. In addition, syn- 
theses of several new brominated tetracyclo- and pentacycloundecanes (i.e., 7,9,11,12, and 
13) are reported. 
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IGNITION CHARACTERISTICS OF A NEW HIGH-ENERGY 
DENSITY FUEL IN HIGH SPEED FLOWS 

C Segal*, M J. Friedauer1, H. S. Udaykumar1 and W. Shyy* 

Department of Aerospace Engineering, Mechanics & Engineering Science 
University of Florida 

A. P. Marchand* 
Department of Chemistry 
University of North Texas 

Abstract 

"PCU Alkenc Dimers", C^H«, formed via titanium-promoted reductive dimerization of 

pentacyclo [5.4.0.0^0SH,.0s>ndecan-8-one, are members of a new class of high energy density 

hydrocarbon fuels. Their ignition characteristics have been evaluated as a solid fuel under 

conditions of high shear flow. Samples of the dimer were cured with a styrene-polybutadiene 

copolymer (10% w/w) binder on the test chamber wall and convectively ignited by a gaseous 

flame in air at Mach 0.12-0.25, stagnation temperature and pressure of 300 K and 150-250 kPa, 

respectively. Ignition times and rates of heat release were measured. The results indicate that 

compared with HTPB fuel at same thermod'ynamic conditions and geometrical configuration the 

dimer ignition times are one order of magnitude faster. The heat released by combustion by the 

dimers is more than twice as large. Phase change, ignition and combustion processes of these 

fuels are investigated with the aid of electron scanning microscope (ESM), high speed 

photography and pressure and temperature measurements. 

"Assistant Professor, Senior Member AIAA. 
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Professor, Associate Member AIAA. 

♦Regents Professor of Chemistry. 

A-47 



Acta Cry* (1096). C52, 2061-2063 

Two Meihylated Hexacyclic Cage 
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Abstract 
The structures of two methylated hexacyclic cage di- 
ketones, l-methylhexacyclotlO.Zl.O2'11.©4'9^14^9'13]- 
pentadeca-5,7-diene-3,10-dione, Ci6Hi402, and 13,14- 
dimethylhexacyclo[10.2.1.02'11.04'9.04'14.09'13]pentadeca- 
5,7-diene-3,10-dione, C17H16O2, have been determined. 
All bond lengths and angles are consistent with strained- 
cage geometry. 
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Structure of l-(2'-Tosyloxyethoxy)-8-tosyloxy-9,10-anthraquinone 

Simon G. Bott,*1'*) Stephen James Obrcy,(1) Alan P. Marchand,(1'*> and Kaipenchery A. 

Kumar(1) 

Abstract 

The title compound crystallizes in the monoclinic space group, P2,/c; a = 12.938(1), b 

= 11.041(1), c = 19.285(2) Ä, ß = 104.314(8)°, Z = 4. Refinement based on 1660 unique 

observed reflections converged to R = 0.0542. The anthraquinone moiety is distorted due to 

intramolecular steric hindrance from the tosylate groups. 

Key words 

anthraquinone, crystal structure, intramolecular hindrance 
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Structure of a deaza dimer of 4-methjl-3#-l,2,4-triazole-3,5(4/0-dione 

Simon G. Bott,(1'*) Alan P. Marchand,(1 •*> Kaipenchery A. Kumar,(1) and Dongxia Xing(1) 

Abstract 

The title compound crystallizes in the monoclinic space group, P21/n; a = 9.0024(5), b 

= 5.8135(3), c = 15.2232(8) Ä, ß = 91.153(4)°; Z = 4; R = 0.0496 based on 853 observed, unique 

reflections. The structure consists of two fused five-membered triazole rings, oriented relative 

to each other at 152°. 

Key words 

crystal structure, dimer, triazole 
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Acid and Base Promoted Rearrangements of 
Hexacyclo[11.2.1.02,12#o5,10.o5.15.olO,14]hexadeca-6,8-diene-4,ll-dione 

Alan P. Marchand*. Hyun-Soon Chong, Rajesh Shukla, G. V. M. Sharma*, 

Kaipenchery A. Kumar, Umesh R. Zope, and Simon G. Bott* 

Department of Chemistry, University of North Texas, Denton, Texas 76203-0068 

Abstract Hexacyclo[11.2.1.02-12.05-10.05-15.0l0-14]hexadeca-6,8-diene^,ll-dione (3) was synthesized via ring-expansion 
of hexacycloflO.2.1.02.11.04-9.04.14 .O^Vmadeca-SJ-diene^.lO-dione (1). Reaction of a toluene solution of 3 with a 
catalytic amount of HC1 resulted in extensive skeletal rearrangement, thereby affording 6,7-benzotetraeyclo[7.3.0- 
04,12 0S,lO]dodecane_2,6-dione (4). Subsequent reaction of 4 with 3,6-diphenyl-l,2,4,5-tetrazine (5) afforded a novel 
molecular cleft, 6. Compound 3 reacted smoothly with ethanolic KOH at ambient temperature (in 3 h) or at reflux (in 0.5 h) 
to afford a rearranged product, 7. The structures of 3. 4, 5, and 7 were established unequivocally via application of single 
crystal X-ray crystallographic methods. 
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Generation and Trapping of N-Substituted-3-azetidinylidenecarbenes 

Alan P. Marchand,* K. C. V. Ramanaiah, and Simon G. Bott* 
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John C. Gilbert* 

Department of Chemistry and Biochemistry, University of Texas at Austin, Austin, TX 78712 

Steven Kirschner* 

Department of Chemistry, Austin Community College, Riverside Campus, Austin, TX 78741 

Abstract The reactive intermediates produced via base-promoted reactions of AMosyl- "^^S^l^S^ 
and 8b, respectively) with diethyl diaLmefcylphosphonate (DAMP) have been shown to be vj^d»^njtefl« 
the corWSing cycloalkynes. Thus, tf-tosylazetidin-3-ylidenecarbene (9a) was «rapped «*^2**S ™^ 
cycloaddua\-p toluenesulfonyl-HT'-bicyclo^.l.Olheptanyüden^azeüdme(10),^JE^SKtote 
fefaed unequivocally via singkcrystal X-ray structural analysis. These results <f" ^^JJ^^^JS^ 
corresponding carbiyclic system (i. e., cyclobutanylidenecarbene-cyclopcntyne); in «he ^^s S£SS 
(rather than the vinylidenecarbene) is trapped in situ . The results of semi-empiric* MC^g£~^w«SwKtaof 
ring expansion of azeudinylidenecarbenes to azacyclopentynes offer clues to the observed difference between the behavior ot 
the heterocyclie and carbocyclic systems. 
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ABSTRACT 

The   synthesis   of   TNDAZ   in   four   steps   by  starting   with  W-t- 

butyl-3-hydroxymethyl-3-nitroazetidine        is       described. The 

structures of TNDAZ and of a precursor, N- t-butyl-3-nitro-3- W -t- 

butyl-3'-nitroazetidin-3'-yl)azetidine, have been established 

unequivocally via application of single crystal X-ray 

crystallographic techniques. Thermal properties of TNDAZ, TNAZ 

and admixtures thereof are presented. A binary phase diagram has 

been predicted computationally and confirmed experimentally by 

using differential scanning calorimetry and hot stage microscopy. 

The thermal data support the existence of more than one polymorph 

for TNDAZ and for TNAZ. 
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