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The objective of this study was to synthesize and 

characterize new energetic polycyclic "cage" compounds. 

As part of a program involved in the synthesis of new 

polynitropolycyclic compounds, 2,6-dinitro-5-methoxy-

7-carbomethoxypentacyclo[5. 3 .0 . 0* • * . CP • i ° . 0* •8]decane has 

been synthesized. This is a model system which can be used 

to study (1) the effect of nitro substitution on the 

photolability of carbon-carbon double bonds and (2) to 

develop methods for avoiding Haller-Bauer cleavage in cage 

/3-keto esters when synthesizing polynitro-substituted cage 

compounds. 

The stereochemistry of l-methyl-exo-6-carbomethoxy-

tricyclo[5.2.1.02•6]deca-4,8-dien-3-one, which is an 

intermediate in the total synthesis of (±) silphinene, was 

studied by one- and two-dimensional NMR spectroscopy. A 

mixture of epimeric 1,5-dimethyl-exo-6-carbomethoxy-

tricyclo[5.2.1.0Z•&]deca-8-en-3-ones was obtained by 

/3-alkylation of the corresponding enone with Me2CuLi. 

Another effort to synthesize new energetic compounds 

involved a twofold approach: (1) Ru(III)- and 



Ir(XII)-promoted ring opening polymerization of an endo.endo 

norbornadiene dimer has been studied. The Ir(III)- promoted 

polymerization afforded a linear, ring-opened polymer. (2) 

Ti(0) (McMurry reagent) promoted polymerization of 

pentacyclo[5.4.0.0*•'.0'• .0 *•']undecane-8.11-diones 

afforded a low molecular weight polymer. A dimer of 

pentacyclo[5.4.0.0*•'.0 =-»•.0 = ']undecane-8-one was 

synthesized as a model compound for structural 

characterization of this polymer. 

Diels-Alder additions of methylcyclopentadienes to 

polymethyl-p-benzoquinones were performed. The cage 

molecules obtained via intramolecular [2+2] photocyclization 

of these Diels-Alder adducts are of interest in connection 

with a continuing study of the synthesis and chemistry of 

substituted Pentacyclo[5.4.0.0=^.03.10. 0s.»]undecanes. Two 

such compounds, 1,5-dimethyl- and 1,5,9 trimethyl 

pentacyclo[5.4.0.0*•'.03•io.05.9]undecane-8,11-dione were 

synthesized and characterized. Their structures were 

elucidated via analysis of their respective one- and 

two-dimensional NMR spectra in combination with single 

crystal X-ray structural analysis. The C-13 NMR data were 

used to study the steric effect of methyl substituents on 

i3c chemical shifts in the pentacycloundecane system. 
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CHAPTER I 

SYNTHESIS OF NEW POLYNITROPOLYCYCLIC COMPOUNDS 

Introduction 

There is considerable current interest in the synthesis 

and chemistry of strained energetic compounds (1, 2). 

Polynitropolycyclic compounds are potential members of this 

important class. The prediction that nitro-containing 

polycyclic "cage" compounds should be stable and have 

unusually high densities strongly suggests that these types 

of compounds would be useful as a new class of explosives. 

Properties such as heightened strain energy, molecular 

compactness, and self-contained oxidizability have been 

deemed especially important. Therefore, approaches to the 

synthesis of such compact high energy molecules warrant 

detailed investigation (3). 

However, very few nitro-containing "cage compounds 

have been synthesized. At present, 1,4-dinitrocubane, 1, 

3,5,5,-trinitropentacyclo [5.3.0.02•6.03•10.04•8] decane, 2, 

5,5,9,9-tetranitro-pentacyclo [5.3.0.02•6.03•10-04-8] 

decane, _3' dinitro-bishomopentaprismane, 4a, tetranitro 

bishomopentaprismane, 4b, hexanitro-trishomocubane, 5_, and 

the tetraphenyl-tetranitro-1,3-bishomocubane, 6, represent 

the most advanced candidates to have yielded to synthesis 



(4, 5, 6, 7a, 7b, 8a, 8b). Their structures are shown as 

below: 

NO, 

o2N 
> 

— NO, 

O2N NO2 

•NO 

4a 

O 
4b 

0„N^ 

O2N NO2 

Ph 
Ph 

NO 

— Ph 

Ph 



Pentacyclo [5.4.0.02•6.03 1 0 . 05•9] undecane-5,8-diones, 

7, owing to the high yield Diels-Alder addition and smooth 

photochemical cyclization, is a useful intermediate for 

synthesizing polynitro cage molecules (9) as shown below: 

hv 

However, because of the close proximity of the two 

carbonyl groups, direct introduction of nitro substituents 

(N02) into this skeleton has proved difficult (3). 

A Favorskii-type rearrangement has been utilized as a 

synthetic entry into the pentacyclo [5.3.0.02-6.0310.0483 

decane ("1,3-bishomocubane") system 10 (5) as shown below: 

NaOH 

MeOH 

hv 

0 
10 



This approach takes advantage of the fact that the 

known epoxide, 8, (10) when treated with ethanolic sodium 

hydroxide, undergoes a Favorskii-type ring contraction to 

afford ester 9 (11). That compound 9 possesses the endo 

configuration could be demonstrated via its smooth 

photolytic conversion to the corresponding carbethoxy 

bishomocubanone, 10. The carbethoxyl substituent can then 

be converted subsequently into a nitro group, (vide infra). 

A trinitro-1,3-bishomocubane, 2, has been synthesized 

according to this suggestion (5) as shown below: 

— C09Me 
I Several 

Steps 

0 

10 

V / 
y ~ 2 

0
2N' NO. 

To our knowledge, this is the first polynitro-1,3-

bishomocubane to have been synthesized. 

The ketone carbonyl group in 10 was converted into a 

CHN02 group via the sequence shown below: 



NaBH 

NO Br NO 
OH 

11 12 13 

Compound 10 was first treated with hydroxylamine 

hydrochloride in the presence of sodium acetate to afford 

the corresponding oxime, 11 (12). Oxime 11 was then 

converted into the corresponding geminal bromonitro 

derivative, 12. Compound 12 was reduced with sodium 

borohydride to furnish 13 (13). 

An additional nitro group can be introduced via the 

procedure (14) shown below: 

NaOH, Fe 
+3 

NaNO, 

NO, 

co2H 

13 14 



Compound 13 was oxidized by ferricyanide then substituted by 

another nitro group to afford the dinitro pentacyclo 

[5.3.0.02•6.03•10.04•8] decane-2-carboxylic acid, 14. 

There are several ways to convert a carboxylic acid 

group into a nitro group via the corresponding intermediate 

amine as shown below: 

- C0oH Several 
2 Steps ^ 

- NO 

0 2N NO 2 

14 

For example, 14̂  could be converted first to the 

corresponding carboxylic acid azide, then to the 

corresponding amine via a Curtius Reaction (15). 

Alternatively 14 could be converted to the corresponding 

urethane, and then to the amine (16). The amine could then 

be oxidized by peracid to a nitro group thereby affording 

the corresponding trinitro cage compound, 2 (5). The 

foregoing synthesis demonstrates practical methods to 

convert one carbonyl group into geminal nitro groups and 



ester or acid functionalities into nitro groups in a cage 

molecule. 

A simple extension of this approach led to the 

successful synthesis of a tetranitro-1,3-bishomocubane, 3̂  

from the corresponding 1,3-bishomocubanedione, 15 (6). 

,0 

II 
0 

15 

Several 
Steps 

NO 

The synthesis of compound 1_5 has been reported 

previously (17). Once 1_5 was in hand, the two ketone 

carbonyl groups could be converted into geminal dinitro 

groups, via Kornblum's published procedure (14), thereby 

affording the corresponding tetranitro 1,3-bishomocubane, 3_ 

The single crystal X-ray structures of 2 (18) and of 3_ (19) 

are shown below. 

CQ 

CiC » 

C 5 

i! A 
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SuTnuyquoD b j o qiBd b aae« suoTqBfcTqsaAUT xB;rn'::l-Dn;r^s ssaqj, 



Compounds 16 (20) and 17 (21) have both been 

synthesized. Approaches to convert them into the 

corresponding polynitropolycyclic cages currently are under 

active investigation. 

It is important to design a model system which can be 

used to study methods 

1. to effect intramolecular photocyclization of an endo-

dicyclopentadiene derivative that contains a vinyl 

N02 substituent,thereby affording the corresponding 

nitro-substituted 1,3-bishomocubane; and 

2. to avoid Haller-Bauer cleavage (retro-Claisen 

condensation) when manipulating cage /3-keto esters 

( 2 2 ) . 

A suitable model study is indicated below: 

:0 hv 

NO 

20 

The target compound, 20, is another new polynitro 

bishomocubane. Compound 18 contains a nitro group 
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The target compound, 20, is another new polynitro 

bishomocubane. Compound 18 contains a nitro group 

substituted at the vinyl position. It is of interest to 

determine the appropriate conditions needed to photocyclize 

18 to 19. Haller-Bauer cleavage in 19 (a cage 0-keto ester) 

may occur in the manner indicated below (Scheme I). 

Scheme I 

0 

jj £Me-
COMe" 

H 
MeOH 

C f i = ^ ° 2 N 

COMe 

MeO C0_ 

COMe 

COMe 

MeOH OH 

-H+ 

:0Me 
(&H 

MeO ^OH + 

H 

COMe 

MeO OH 

If Haller-Bauer cleavage can be avoided when converting 

ketone carbonyl and ester groups into N02 substituents in 

this system, then more highly N02 substituted cage compounds 

might be synthesized via a similar approach. 
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Recently, a series of nitro-substituted 

1,3-bishomocubanes has been studied by differential scanning 

calorimetry (DSC) to determine their thermal and kinetic 

stabilities. The results of this study indicate that nitro 

group substitution increases the thermal stability of the 

cage system relative to that of the parent hydrocarbon, 

1,3-bishomocubane (23). 
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Results and discussion 

Scheme II 

O H 2°2 

Na2C03 

C02Me C02Me 

NaOH 
MeTJH 

Na2C03 

NH2OH-HCI 

NaOAc 

C02Me 

C02Me 

(CF3CO)2O 

C02Me 



Scheme II (continued) 

13 

PCC 
02Me 

hv 

o2N 

0 2N 
NBS 

OH Br NO 

10 10 

° 2 

OMe" 

NaNO NaBH 

NO Br 

C02Me 

° 2 
s'°2 13 



14 

The purpose of this project is to synthesize a new 

polynitro cage compound from a cage /3-ketoester while at the 

same time avoiding Haller-Bauer cleavage that might 

accompany this process. The overall approach to the 

synthesis of a tetranitro-1,3-bishomocubane is shown in 

Scheme II. 

The adduct 1 from Diels-Alder addition of 

cyclopentadiene to p-benzoquinone was chosen as the starting 

material. This product is formed via [4+2] cycloaddition in 

high yield (93%) and it possesses two endo,endo double bonds 

which can be easily cyclized via [2+2] photocycloaddition to 

form the corresponding cage also in high yield (82.5%). 

However, directly introduction of nitro groups into this 

cage system has proved difficult, adduct 1 has been 

converted to compound 3̂. 

In aqueous sodium carbonate solution, hydrogen peroxide 

attacks the enedione double bond to form epoxide 2 as shown 

below: 

CJ? 
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At this stage, formation of a carbanion in base solution 

leads to Favorskii-type rearrangement. The six-membered 

ring in 2 undergoes ring contraction to form ketoester 3. 

CH„0 CH.,0 

C02CH3 

Compound 3̂  could be photocyclized to afford the 

corresponding 1,3-bishomocubane system. Presumably, this 

molecule can then be converted into the corresponding 

polynitro-substituted 1,3-bishomocubanes. Another potential 

use of 3 takes advantage of the fact that it contains an a, 

£-unsaturated ketone moiety. In 20% aqueous sodium 

carbonate solution, 3̂  was selectively oxidized by aqueous 

hydrogen peroxide (30%) to form epoxide 4. The fact that 

the enone carbon-carbon double bond in 3 was selectively 
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epoxidizied in this reaction is indicated by the *H NMR 

spectrum of the product. The number of vinyl protons was 

reduced from four to two [<£ 6.18 (m, 2H)]. The * 3C NMR 

spectrum of this product displayed new peaks at £ 52.35 (d) 

and at S 60.09 (d), consistent with the conclusion that the 

corresponding epoxide had been formed. Also, the mass 

spectrum of the product displayed the molecular ion, M+ at 

m/e 220, as expected for jl. This reaction proceeded in high 

yield (82%); epoxide 4 is a microcrystalline solid which 

could be recrystallized from methanol. 

Once epoxide A was in hand, the ketone carbonyl group 

could be converted easily into the corresponding oxime, 5a 

and 5b, (mixture of syn and anti isomers): 

C02Me 

CCLMe 

NH2OH 

Strong absorption at 3335 cm-i in the IR spectrum of 5 

indicated the presence of a hydroxyl group. Vinyl carbon 

signals in the i^C NMR spectrum of _5 occurred at & 132.7 

(d), 132.9 (d), 137.7 (d), and 138.1 (d), which correspond 
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to the vinyl carbons in 5a. and 5b. Also, two peaks at S 

160.0 and 160.4 represented C5 of syn and anti isomers. 

This reaction afforded 5 in high yield (82%). However, the 

mixture of isomeric oximes was obtained as viscous oil which 

resisted further purification. 

Oxidization of to the corresponding nitro alcohol 6 

was effected by using trifluoroperoxyacetic acid (11). A 

reasonable mechanism for the oxidation of oximes 5a and 5b 

is indicated below: 

cf3-c-*-o 

C02Me 

C02Me 
C02Me 

// urea 
NaHCu 

0^ OH 

This mechanism is based on the assumption that the 

peracid reacts through a cyclic hydrogen-bonded form. This 

type of structure for peracids has been demonstrated 

spectroscopically in the cases of performic (24) and 

perbenzoic acids (25). In order to avoid formation of the 

oxime trifloroacetate and the nitrile derived therefrom, 

sodium bicarbonate was used as a buffer. It was also 
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necessary to add small amounts of urea to scavenge any 

oxides of nitrogen (e.g., NO, N02) that might be formed 

(26) . 

Two strong absorbtions at 1500 and 1340 cm*i are 

observed in the IR spectrum of 6 due to the presence of the 

nitro group (N02). Also, the mass spectrum of the product 

displays the parent ion at m/e 251, as regard for 6. 

It was reported that the use of excess 

trifluoroperoxyacetic acid prepared by mixing 90% hydrogen 

peroxide in trifluoroacetic anhydride increases the yield of 

the reaction (27). Oxime 5̂  possesses an isolated C=C unit, 

which readily reacted with trifluoroperoxyacetic acid to 

form the corresponding epoxide: 

?°2Me i C02Me 

If 2.5 fold trifluoroperoxyacetic acid was reacted with 

5, compound 7 was obtained. The peak at £ 6.10 (2H) that is 

present in 6 is absent in compound 1_. Also, peaks at & 

133.9 (d), 138.1 (d) in 6_ are absent in 1_, and the mass 

spectrum of 1_ displayed the molecular ion at m/e 267. 
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So, this reaction must be carried out by using 1:1 mole 

ratio; otherwise ]_ instead of 6 is obtained. Since compound 

7 has only one double bond, it can not undergo 

intramolecular photocycloaddition to form the corresponding 

cage. Compound 6 is formed in low yield (15%), although 

various reaction temperatures were tried (28), i.e., 0°C, 

room temperature or reflux under nitrogen (acetonitrile as 

the solvent). Compound 6 could be obtained only at 0°C. If 

the temperature was raised, the color of the reaction 

mixture would gradually become black and nothing useful 

could be obtainted after work up. 

Nitro-olefins are excellent dienophiles in the 

Diels-Alder reaction and react with dienes at much lower 

temperatures than are required for the case of simple cyclic 

enones (29, 30). However, compound 6 could not be 

photocyclized to form the corresponding cage in ethyl 

acetate (medium-pressure Hg lamp, Pyrex filter). 

The hydroxy1 group in 6 was readily oxidized to the 

corresponding ketone group by pyridinium chlorochromate 

(PCC). PCC is a neutral species, and the reaction could be 

carried out at room temperature. The product was easy to 

purify after the reaction had been completed. Other 

oxidizing agents such as chromic acid-sulfuric acid also 

could be used for this purpose. The reaction yield was 

high, (84%). Nitro ketone 8 is a yellow solid which could 
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be further purified by column chromatography (silica gel 

stationary phase, 10% ethyl acetate-hexane eluent). 

The strong IR peak at 3350 cm-i in 6 was absent in 8, 

while two nitro group absorptions (1510, 1330 cm"i) still 

remained. The chemical shift of C3 in i3C NMR was changed 

from £ 76.02 (d, OH) in 7 to £ 198.9 (s, C=0) in 8; the mass 

spectrum of 8 displayed the expected molecular ion at m/e 

249. 

Nitro ketone 8 possesses an a,/3 unsaturated ketone 

moiety. It could be photocyclized to form the corresponding 

cage 9. Different photolysis conditions were tried, e.g., 

acetone, ethyl acetate or methanol as solvent; Pyrex or 

Vycor were chosen as filters (450 W-Hanovia medium-pressure 

Hg lamp); also different reaction temperatures (0°C or 25°C) 

were utilized. It was found that room temperature using 

Pyrex as filter and ethyl acetate as solvent provided the 

best reaction conditions. The reaction was carefully 

monitored by TLC; the yield of photocyclization product was 

low (20% after purification). 

The spectra of 9 were compared with that of 8. the 

three vinyl protons in the proton NMR spectrum of 8 at £ 

5.93, 6.08 and 6.57 were absent in the corresponding NMR 

spectrum of 9. The n C chemical shift of C5 (which bears 

the nitro group) changed from £ 169.0 in 8 to £ 74.14 in 9. 

The strong nitro group absorption in the IR spectrum of 8 



21 

(1500, 1350 cm - 1) remained unchanged in 9_. These results 

are consistent with the expectation that 8 had been 

photocyclized successfully to form the corresponding cage 9. 

To avoid Haller-Bauer cleavage, nitro cage 9_ was 

converted to the corresponding oxime 10. However, 

subsequent oxidation of oxime 10 by trifluoroperacetic acid 

afforded numerous undesired reaction products. So, it was 

necessary to employ milder reaction conditions. 

Accordingly, oxime 10 was treated with NBS to form the 

corresponding bromonitroso cage, which could be converted 

subsequently to the bromonitro cage via ozonolysis. The 

resulting bormonitro cage could then be converted to the 

corresponding dinitro cage 11 by sodium borohydride in high 

yield. Compound 11 could be purified via careful column 

chromatography (silica gel stationary phase, 15% ethyl 

acetate-hexane eluent) to afford a single compound. 

The evidence that the ketone carbonyl group of 9 had 

been converted into nitro group was provided by the i3C NMR 

spectrum of 11. The ketone carbonyl peak at £ 203.3 (s) in 

j? was absent, and a new peak was present at £ 90.48 (d) in 

11 indicating the presence of the nitro group (CHN02) at C5 

position in 11. Also a peak in the iH NMR spectrum of 11 at 

£ 5.22 (m, 1H) can be assigned to the C5 proton (i.e., 

CHN02) of the dinitro cage. 
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Application of the procedure described by Kornblum and 

corworkers (14) was utilized in an attempt to convert 

dinitro cage 11 into the corresponding trinitro cage 12, as 

shown below: 

O9 

+ 3 
Fe OMe 

NO NO NO 
11 

NOT 
0o 

+ 3 

12a 

However, the proton NMR spectrum of 12 clearly showed 

two nonequivalent OMe signals at & 3.60 (s, 3H) and £ 3.78 

(s, 3H), and the 13C NMR spectrum of 12 displayed two peaks 

at S 85.54 (q) and & 59.09 (q). These observations suggest 

the presence of two OMe groups in the product. In addition, 

two peaks at £ 79.08 (s) and S 97.23 (s) could be assigned 

to the carbons bearing the nitro group. The mass spectrum 

showed the molecular ion at m/e 310 for 12. All these 

information led to the conclusion that a methoxyl dinitro 

cage compound, i.e., 12, was formed in the reacion. 



23 

The structure of 12 was proved by single crystal X-ray 

sturctural analysis (performed by Dr. George, Clifford F. 

and coworkers at Naval Research Laboratory). The structure 

(ORTEP) of 12 is shown below: 

NO 
OMe 
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Compound 12 is not the expected trinitro product 12a, 

A mechanism for this rearrangement is proposed below: 

8 OMe 
O.N—• 

C02Me 

H NO 

sQ/C02Me 

0„N-

CO-Me 
" MeO 

11a 

C02Me 

lib 

+ 3 

NO 
MeO' 

NO 

OMe 

12 
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In the foregoing mechanism, the sigma bond (between C2 

and C6) which is in the four member ring breaks after the 

anion (at C5 position) is formed. The newly formed anion 

(at C2 position) and the double bond (between C5 and C6) 

respectively are stabilized by the nitro groups. The 

methoxyl group attacks the double bond (Michael addition) at 

the less hindered exo position, thereby affording the 

corresponding C5 nitro anion. The anion at C2 then is 

oxidized to form the corresponding radical anion 11a. The 

anion at C5 then attacks C2 to form the ring-closed radical 

anion, lib. Intermediate lib is then oxidized by Fe(III) to 

afford 12* -'-f instead, the radical is formed at the C5 

position, anion at C2 will attack C5, thereby affording the 

same result. The desired tetranitro cage, 13, therefore, 

cannot be obtained due to this unexpected rearrangement. 
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Experimental 

Melting points and boiling points are uncorrected. 

Proton NMR spectra (60 MHz) were recorded on a 

Hitachi-Perkin-Elmer Model R-24B NMR spectrometer. i3C NMR 

spectra were recorded on a JEOL FX-90Q NMR spectrometer. In 

all cases, signals are reported in parts per million (£) 

downfield from internal tetramethylsilane. Infrared spectra 

were obtained with a Perkin-Elmer Model 1330 infrared 

spectrophotometer. Mass spectra were obtained with a 

Hewlett-Packard Model 5970A GC/MS system operating at 70 eV. 

Elemental microanalyses were performed by Galbraith 

Laboratories, Inc., Knoxville, TN. High Resolution GC-MS 

spectra were performed by Midwest Center for Mass 

Spectrometry, University of Nebraska, Lincoln, NE. 

Exo-2-carbomethoxytricyclo [5.2.1.0 2 6] deca-8-en-
Deca-8-en-5-one-3-ene Oxide, 4 (10) 

To a mixture of 

2-carbothoxytricycle [5 . 2 .1. 0 2 • 6] 

deca-4,8-dien-5-one, 3, (22.0 g, 

0.11 mol) in acetone (110 mL) and 

20% aqueous sodium carbonate 

solution (22 mL) was added 30% 

aqueous hydrogen peroxide solution 

(44 mL, excess) dropwise at room 

CO. Me 
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temperature. After the addition of hydrogen peroxide had 

been completed, the reaction mixture was stirred at room 

temperture for 45 min and then concentrated in vacuo. The 

residue was dissolved in ether, and the ethereal solution 

was washed with water then with brine, dried (anhydrous 

sodium sulfate) and filtered, and the filtrate was 

concentrated in vacuo. A colorless solid was thereby 

obtained. Recrystallization of this material from methanol 

afforded 4 as a colorless microcrystalline solid (17.8 g, 

82.5% yield): mp 107-108°C; iH NMR (CDC13) £ 1.53 (AB, J 

= 9.5 Hz, 1H), 1,76 (AB, J = 9.5 Hz, 1H), 3,28 (m, 4H), 

3,78 (m, 1H), 3.84 (s, 3H), 6,18 (m, 2H); i N M R (CDC13) S 

46.11 (d), 48.39 (t), 49.16 (d), 49.36 (d), 52.35 (d), 58.66 

(q), 60.09 (d), 60.48 (s), 133.6 (d), 137.2 (d), 172.9 (s), 

206.3 (s); IR (KBr) 3100 (m), 1710 (vs), 1430 (s), 1325 (m), 

1275 (s), 1230 (s), 1050 (s) cra-i; mass spectrum (70 eV), 

m/e (relative intensity) 220.00 (M+, 0.5), 154.95 (67.9), 

103.05 (10.5), 76.95 (16.5), 65.95 (100.0), 50.95 (11.1), 

38.95 (28.3). 

Anal. Calcd for C12H1203: C, 65.45; H, 5.49. Found: C, 

65.65; H, 5.24. 
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CO_Me 

noh 

Exo-2-carbornethoxytricyclo [5.2.1.Q2 • Deca-8-en-5-one 
syn and Anti Oxime-3-ene Oxide, 5a + 5b (12) 

To an ice-cold solution of 4 (2.0 

g, 9.1 mmol) in methanol (10 mL) 

was added sodium acetate (1.64 g, 

20.0 mmol) and hydroxylamine 

hydrochloride (0.69 g, 10 mmol). 

The reaction mixture was stirred 

for 2 h at 0°C and then diluted 

with water. The resulting 

mixture was then extracted with ether. the organic layer 

was washed successively with water and then with brine. The 

organic layer was then dried (anhydrous sodium sulfate) and 

filtered, and the filtrate was concentrated in vacuo. The 

residue was then chromotographed on silica gel (20% ethyl 

acetate-hexane eluent), affording 5 [mixture of syn and anti 

oximes, (5a and 5b) 1.75 g, 82% yield]: iH NMR (CDC13) S 

1.50 (AB, J = 1 0 Hz, 1H), 1.75 (AB, J = 1 0 Hz, 1H), 

3.25, (m, 2H), 3.50 (m, 2H), 3.77 (s, Carbomethoxyl methyl 

carbon, 3H), 4.15 (m, 1H), 6.10 (m, 2H), 9.35 (s, 1H); i3C 

NMR (CDCl3) £ 47.54 (d) , 48.63 (d), 49.06 (t), 49.49 (d), 

52.63 (d), 53.87 (d), 61.25, 61.63 (q), 62.40 (s), 160.0, 

160.4 (s, C5 of syn and anti oxime isomers), 173.3 (s); IR 

(neat) 3335 (vs), 3080 (w), 1690 (vs), 1420 (s), 1270 (s), 

1220 (vs), 1040 (s) cm-i; mass spectrum (70 eV), m/e 

(relative intensity) (no molecular ion), 155.05 (71.0, 
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CC^Me 

73.4), 76.95 (24.6, 32.9), 66.05 (100.0, 100.0), 50.95 

(24.6, 27.8), 39.05 (40.6, 48.1). 

Exo-2-carbomethoxy-5-nitrotricyclo [5.2.1.02-6] 

Deca-4, 8-dien-3-ol, 6 (28) 

A freshly prepared solution of 

peroxytrifluoroacetic acid (4.3 

mmol) which was made from 90% 

hydrogen peroxide (0.13 mL, 4.3 

mmol) and trifluoroacetic anhydride 

(0.60 mL, 4.3 mmol) in 10 mL of 

acetonitrile was added 

dropwise during 45 min to a stirred mixture of _5 (1.0 g, 4.3 

mmol), sodium bicarbonate (2.56 g, 30.4 mmol) and urea 

(0.076 g, 1.23 mmol) in 20 mL of dry acetonitrile under 

nitrogen at 0°C. The reaction mixture was then stired for 

45 min at 0°C. The resulting mixture was concentrated in 

vacuo and the residue was diluted with water and extracted 

with methylene chloride (3 x 20 mL). The organic layer was 

washed successively with water and with brine, dried 

(anhydrous sodium sulfate), filtered, and the filtrate was 

concentrated in vacuo to afford crude 6 as a light yellow 

oil. The crude product was chromatographed on silica gel 

(20% ethyl acetate-hexane eluent), affording pure 6 as a 

yellow microcrystalline solid (0.16 g, 15% yield): mp 

104-105°C; iH NMR (CDC13) £ 1.43 (AB, J = 7.5 Hz, 1H), 
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1.63 (AB, J = 7.5 Hz, 1H), 3.17 (m, 1H). 3.44 (m, 1H), 

3.69 (s, 3H), 4.11 (m, 1H), 4.33 (m, 1H), 6.10 (m, 2H), 6.53 

(m, 1H); i3C NMR (CDC13) S 44.71 (d), 48.88 (t), 50.26 (d), 

52.46 (d), 55.27 (q) , 67.52 (s), 76.02 (d), 133.9 (d), 135.7 

(d), 138.1 (d), 155.7 (s), 172.8 (s); IR (KBr) 3380 (vs), 

3020 (m), 1680 (vs), 1500 (vs), 1420 (s), 1340 (s), 1220 

(vs), 1100 (s), 1050 (s) cm-i; mass spectrum (70 eV), m/e 

(relative intensity) 252.00 (3.1), 251.00 (M+, 18.0), 170.00 

(10.0), 169.00 (23.7), 77.05 (12.2), 66.05 (100.0), 39.05 

(19.0). 

Anal. Calcd for C 1 2H 1 30 5N: C, 57.37; H, 5.22. Found: 

C, 57.61; H, 5.07. 

Exo-2-carbomethoxy-5-nitrotricyclo |_5 .2 .1. 0 2 • &] 
Deca-3-ol-4-en-8-ene oxide, T~(28j 

A freshly prepared solution of 

Co^Mg peroxytrifluoroacetic acid (11.47 

mmol) which was made from 90% 

hydrogen peroxide (0.35 mL, 11.5 

mmol) and trifluoroacetic anhydride 

(1.80 mL, 12.8 mmol) in 10 mL of 

acetonitrile was added dropwise 

during 45 min to a stirred mixture of 5 (1.0 g, 4.3 mmol), 

sodium bicarbonate (2.56 g, 30.4 mmol) and urea (760 mg, 

1.26 mmol) in 20 mL of dry acetonitrite under nitrogen at 

0°C. The resulting mixture was stirred for 40 min at 0°C. 
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The resulting mixture was then concentrated in vacuo, and 

the residue was diluted with water and extracted with 

methylene chloride (3 x 20 mL). The organic layer was 

washed successively with water and with brine, dried 

(anhydrous sodium sulfate), filtered, and the filtrate was 

concentrated in vacuo to afford crude 7 as a light yellow 

microcrystalline solid. This solid was recrystallized from 

chloroform to afford pure 7 (0.23 g, 21% yield): mp 

139-140°C; ih NMR (CDC13) 6 1.49 (AB, J = 7.5 Hz, 1H), 

2.92 (AB, J = 7.5 Hz, 1H), 3.19 (m, 2H), 3.23 (m, 2H), 

3.72 (s, 3H), 4.07 (m, 1H), 4.98 (m, 1H), 6.71 (m, 1H); i3C 

NMR (CDCl 3) <£ 28.6 (t), 37.9 (d) , 42.5 (d) , 47.7 (d) , 49.5 

(q), 52.4 (d), 52.7 (d), 67.7 (s), 72.7 (d), 135.5 (d), 

153.4 (s), 171.8 (s); IR (KBr) 3350 (vs), 1690 (vs), 1520 

(vs), 1420 (s), 1350 (s), 1210 (vs), 100 (s), 1040 (s) cm-i; 

mass spectrum (70 eV), m/e (relative intensity) 267.00 (M+, 

12.1), 218.90 (2.9), 178.05 (26.7), 150.05 (22.4), 131.05 

(25.2), 103.05 (38.1), 80.95 (100.0), 76.95 (66.4), 50.95 

(42.6), 38.95 (63.2). 

Anal. Calcd for C12H1306N: C, 53.94; H, 4.87. Found: 

C, 53.86; H, 4.88. 
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Exo-2-carbomethoxy-5-nitrotricyclo [5.2.1.02-6] 
ce Deca-4, 8-dien-3-one, 8 (30) 

CO^Me 

To a stirred suspension of 

pyridinium chlorochromate (PCC, 

1.03 g, 4.78 mmol) in 5 mL of 

methylene chloride under nitrogen 

at room temperature was added a 

solution of 6 (1.0 g, 3.98 mmol) in 

10 mL of methylene chloride. 

After 2 h at room temperature, the mixture was diluted with 

dry ether and the supernatant liquid was passed through a 

short pad of silica gel using dry ether to wash the filter 

pad. Removal of solvent in vacuo afforded crude 8 as a 

yellow oil. The crude product was chromatographed on silica 

gel (10% ethyl acetate-hexane eluent), thereby affording 

pure 8 as a yellow microcrystalline solid (0.83 g, 84% 

yield): mp 88.5-89.5°C; iH NMR (CDCl3) S 1.84 (m, 2H), 3.30 

(m, 1H), 3.48 (m, 1H), 3.69 (s, 3H), 3.76 (m, 1H), 5.93 (m, 

1H), 6.08 (m, 1H), 6.57 (m, 1H); i3C NMR (CDCl3) £ 44.61 

(d), 48.40 (t), 50.67 (d), 52.13 (d), 53.00 (q), 69.04 (s), 

130.8 (d), 134.8 (d, 2C), 169.0 (s), 175.1 (s), 198.9 (s); 

IR (KBr) 3040 (w) , 1690 (vs), 1510 (vs), 1420 (s), 1330 (s), 

1225 (vs), 1040 (s) cm-i; mass spectrum (70 eV), m/e 

(relative intensity) 249.05 (M+, 21.4), 205.00 (1.5), 155.05 

(75.8), 103,05 (12.3), 94.95 (10.5), 66.05 (100.0), 51.05 

(11.5), 39.05 (30.2). 
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Anal. Calcd for C 1 2H u0 5N: C, 57.83; H, 4.49. Found: 

C, 57.73; H, 4.42. 

2-Nitro-4-carbomethoxypentacyclo [_5.3.0.02-6.03- i°.04•81 
Decan-5-one, 9 (8) 

A solution of 8 (1.50 g, 6.02 mmol) 

in ethyl acetate (250 mL) was 

irradiated under nitrogen for 1 h 

with a 450-W Hanovia 

medium-pressure Hg lamp (Pyrex 

filter). The reaction mixture was 

then concentrated, and the residue 

was distilled in vacuo to afford 9 

as a colorness oil (0.3 g, 20% yield). The distilate was 

placed in a refrigerator and allowed to stand overnight, a 

solid was obtained. This solid was recrystallized from 

acetone to afford pure _9 as a colorless microcrystalline 

solid: mp 52-53°C; iH NMR (CDCl3) £ 1.58 (AB, J = 9.4, 

1H), 1.98 (AB, J = 9.4, 1H), 2.52 (m, 2H), 3.51 (m, 4H), 

3.70 (s, 3H) ; i 3C NMR (CDC13) <£ 32.07 (d), 40.78 (d), 41.75 

(t), 45.59 (d), 45.92 (d), 50.33 (d), 51.05 (q) , 52.48 (d), 

64.12 (s), 74.13 (s), 167.5 (s), 203.3 (s); IR (KBr) 2990 

(s), 1710 (vs), 1500 (vs), 1420 (s), 1350 (s), 1100 (s) 

cm i; mass spectrum (70 eV), m/e (relative intensity) 249.05 

(M+, 1.9), 203.00 (34.4), 143.00 (21.0), 116.00 (37.6), 

115,00 (100.0), 58.90 (25.7), 39.00 (24.6). 
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•C02Me 

"HOH 

Anal. Calcd for C 1 2 H u 0 5 N : C, 57.83; H, 4.49. Found: C, 

57.95; H, 4.66. 

2-Nitro-4-carbomethoxypentacyclo JV5.3.0.02-6.03- io,ot.8") 
Decan-5-one oxime, XoT 

To an ice-cold solution of 9 (1.00 

g, 4.02mmol) in methanol (10 mL) 

was added sodium acetate (0.66 g 

8.1 mmol) and hydroxylamine 

hydrochloride (0.34 g, 4.8 mmol). 

The reaction mixture was stirred 

for 4 h at 0°C and then diluted 

with water. The resulting 

mixture was then extracted with ether. The organic layer 

was washed sucessively with water and then with brine, dried 

(anhydrous MgSOj, and filtered, and the filtrate was 

concentrated in vacuo. The residue was then chromatographed 

on silica gel (30% ethyl acetate-hexane eluent) affording 10 

as an oil (mixture of syn and anti oximes, 0.85 g, 80% 

yield): iH NMR (CDC13) £ 1.45-1.90 (m, 2H), 3.04-3.62 (m, 

6H), 3.78 (s, 3H), 8.45 (s, 1H); 13C NMR (CDC13) & 36.39 

(d), 39.48 (t), 40.13 (d), 40.52 (d), 48.57 (d), 48.95 (d), 

52.75 (d), 53.33 (q), 62.07 (s), 79.77 (s), 162.82 (s), 

168.41 (s); IR (neat) 3340 (s), 1710 (vs), 1520 (vs), 1340 

(s), 1270 (s), 740 (m) cm-i. 
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2,5 Dinitro-4-carbomethoxypentacyclo [5.3.0.02-6.03-i ° . 0 4 • 81 
Decane, 11 (31) ' 

To a suspension of 10 (0.60 g, 2.3 

mmol) and sodium bicarbonate (1.2 

g) in 5% aqueous dioxane (80 mL) 

was added N-bromosuccinimide (1.03 
•C0?Me 

1 g, 5.8 mmol) and the resulting 

mixture was stirred at room 

temperture for 48 h. The reaction 

mixture was extracted with 

methylene cholride (3 x 30 mL). The combined organic layers 

were washed with 10% aqueous sodium thiosulfate and then 

with water. The organic layer was then dried (anhydrous 

MgS04) thereby affording a blue solution. This solution was 

cooled to 0°C and ozone gas was bubbled through the solution 

until the blue color had disappeared. The reaction mixture 

was then concentrated in vacuo to afford an oil. This oil 

was dissolved in methanol (1 mL), then added dropwise to a 

methanolic sodium borohydride solution (90 mg, 2.4 mmol in 5 

mL 75% aqueous methanol). The resulting mixture was stirred 

for 30 min at room temperature and then extracted with 

ether. The combined ethereal layers were washed with water, 

dried (anhydrous MgS04) and filtered. The filtrate was 

concentrated in vacuo to afford crude 11 (100 mg, 15.7% 

yield). The crude product was chrometographed on silica gel 

(30% ethyl acetate-hexane eluent) to afford pure 11 as a 
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single compound (oil): iH NMR (CDC13) S 1.52 (AB, J = 1 0 

Hz, 1H), 2.05 (AB, J = 1 0 Hz, 1H), 2.96 (m, 1H), 3.05 (m, 

1H), 3.46 (m, 1H), 3.56 (m, 1H), 3.74 (s, 3H), 3.85 (m, 1H), 

3.98 (m, 1H), 5.22 (m, 1H); i3C NMR (CDC13) £ 36.11 (d), 

36.31 (t), 36.83 (d), 46.33 (d), 47.59 (d), 47.70 (d), 50.44 

(d), 51.76 (d), 64.35 (d), 82.07 (s), 90.48 (d), 167.80 (s); 

IR (neat) 1680 (vs), 1510 (vs), 1350 (s), 1250 (s), 1100 (m) 

cm-i; mass spectrum (70 eV), m/e (relative intensity) (no 

moleculer ion), 249.05 (4.6), 234.05 (21.8), 188.05 (22.8), 

145.05 (51.3), 128.10 (100.0), 117.10 (60.3), 91.10 (17.9), 

66.10 (93.2), 39.10 (27.1). 

High Resolution GC-MS Anal. Calcd. for (M-31)+ of 

C I 2 H 1 2 N 2 0 6 ; 249.0511. Found: 249.0512. 

—'6-Dinitro-5-methoxy-7-carbomethoxypentacyclo-
J _ 5 . 3 . 0 . 0 2 & . Q 3 . I O . Q 4 . 8 ] decan, 12 (14) 

To a rapidly stirred solution of 

sodium hydroxide (0.042 g, 1.04 

mmol) in 38.3% aqueous methanol 

(2.26 mL) was added 11 (83 mg, 0.30 

mmol in 0.5 mL methanol) under 

nitrogen. The resulting yellow 

solution was stirred for 20 min and 

then was added dropwise under 

nitrogen to a vigorously stirred solution of potassium 

ferricyanide (0.51 g, 1.6 mmol) and sodium nitrite (0.21 g. 

NO 

MeO 
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2.7 mmol) in water (3.5 mL). The reaction mixture was 

stirred for 30 min after the addition had been completed. 

The aqueous layer was extracted with ether (3 x 10 mL), and 

the combined ether extracts were washed with water, dried 

(anhydrous MgS04), and filtered. The filtrate was 

concentrated in vacuo to afford crude 12 (55 mg, 57% yield). 

A pure 12 was obtained by recrystalliztion from methnol: mp 

133-134°C; ih NMR (CDCl3) £ 1.78 (AB, J = 9.4 Hz, 1H), 

1.96 (AB, J = 9.4 Hz, 1H), 2.66 (m, 1H), 3.25 (m, 1H), 

3.42 (m, 1H), 3.48 (m, 1H), 3.60 (s, 3H), 3.78 (s, 3H), 4.12 

(m, 1H), 4.58 (m, 1H); n c NMR (CDC13) £ 38.59 (t), 40.38 

(d), 47.35 (d), 47.75 (d), 51.65 (d), 52.34 (d), 53.11 (d), 

56.44 (s), 59.09 (q), 79.08 (s), 85.54 (q), 97.24 (s), 

168.14 (s); IR (KBr) 2980 (m), 1680 (vs), 1550 (vs), 1350 

(s), 1100 (s), 810 (m) cm-i ; mass spectrum (70 eV), m/e 

(relative intensity) (no molecular ion) 279.00 (13.5), 

202.00 (11.8), 197.90 (14.0), 175.95 (13.8), 155.95 (43.4), 

127.95 (34.8), 115.05 (100.0), 91.05 (20.2), 76.95 (36.0), 

58.95 (41.3), 38.95 (36.7). 

High Resolution GC-MS Anal. Calcd. for C13H14N207: 

310.0801. Found: 310.0790. 
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CHAPTER II 

STRUCTURE ASSIGNMENT OF EPIMERS 

Introduction 

As indicated above, 6-carbomethoxytricyclo[5.2.1.02 • 6] 

deca-4,8-dien-3-one, plays an important role in the 

synthesis of the polynitro substituted bishomocubane system. 

Therefore, it is desirable to further study the 

stereochemistry of this system and to complete its full NMR 

spectral characterization. 1—Methyl—exo—6—carbomethoxy 

tricyclo[5,2,1,02•6] deca-4,8-dien-3-one has been chosen as 

substrate for this study. This compound is also of interest 

since it serves as an intermediate in the total synthesis of 

(^) silphinene, a triquinane natural product (1). Only one 

isomer, 3̂, is useful for this purpose. 

A synthesis of 3 (2) is indicated below: 

CO„Me 
C02Me 

N^CuLi 
CO^Me 

41 
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/3-Alkylation of enone 2 with Me2CuLi affords a mixture 

of epimeric 1,5-dimethyl-exo-6-carboiuethoxy tricyclo 

[5.2.1.02-6] dec-8-en-3-one, 3̂  and _4 (3). The structures of 

3 and 4 could not be assigned unequivocally simply via 

examination of their respective one-dimensional *H and i3C 

NMR spectra. Accordingly, 2D NMR and one-dimensional NOE 

studies of 3 and 4 were undertaken in collaboration with 

Professor William B. Smith (Department of Chemistry, Texas 

Christian University) to complete the required structural 

assignments. 

In addition, a tricyclic ketone, whose structure is 

closely related to that of 3̂  and 4 was chosen as a model 

compound in connection with these NMR studies. 
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Results and Discussion 

Scheme 

NaOH 
Me^H 

.CĈ Me 

Me2CuLi 

C02Me 

CC^Me 

COOH 

0 

Me2CuLi 
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Alkylation of l-methyl-exo-6-carbomethoxytricyclo 

[5.2.1.02-6] deca-4,8-dien-3-one, 2, with Me2CuLi afforded a 

mixture of epimeric 1,5-dimethyl-exo- 6-carbomethoxy 

tricyclo [5.2.1.02"*] dec-8-en-3-ones, 3 and 4 via 1,4 

nucleophilic addition to the a, £-unsaturated ketone moiety 

in 2. The catalytic effect of copper salts on reactions of 

Grignard reagents with a, 0-unsaturated ketones has been 

reported (4). The presence of a catalytic amounts of Cu(I) 

resulted in predominant conjugate (rather than 1,2-addition) 

addition to the enone moiety. 

Further studies led to the characterization of 

organocopper reagents prepared by reaction of alkyl lithium 

reagents with copper(I) salts (5, 6). 

RLi + Cu(I) RCu + Li 

2 RLi + Cu(I) R2CuLi + Li 

3 RLi + Cu(I) R3CuLi + Li 

The species from the 2:1 mole ratio are very useful 

synthetic reagents. In solution lithium dimethyl cuprate 

exists as a dimer [LiCu(CH3)2]2, but the precise structure 

of the reagent is not known (7). 

If only CH3Li was used, a mixture from 1,2 and 1,4 

addition would be obtained. If Me2CuLi was used in this 

reaction, the dominant products were 3 and 4 in high yield 

(84.5%). 
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An interesting observation was made while the solution 

of methylithium in ether was added to the solution of 

copper(I) bromide; i.e., when the mole ratio was close to 

1:1, a dark yellow solid formed which then gradually 

dissolved as more CH3Li was added, eventually affording a 

pale solution when the mole ratio reached 2:1. 

Compound 6 could be readily decarboxylated to afford 

the corresponding diene 7 (9) as indicated below: 

0 

K &-&H 

Co 

H 

Alkylation of 7 with Me2CuLi afforded a single 

compound, exo-5-methyl-endo-tricyclo [5.2.1.0 2- 6] 

dec-8-ene-3-one, 8 (9). 

exo 

Me 
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This reaction appears to be controlled by steric 

effects. The reaction occurs predominantly via the less 

hindered exo face of 1_ to afford the corresponding 

exo-5-methyl isomer 

The 1 3C and *H NMR chemical shifts for 3, 4, 8 are 

given in Tables 1 and 2 respectively. Heteronuclear 1H- 1 3C 

NMR chemical shift correlation data were untilized to assign 

proton signals to their respective carbon signals in each 

case (Figure 1). The task of assigning iH and n c signals 

in 3_, was greatly facilitated via examination of proton 

coupling patterns in the COSY spectrum of each compound (2). 

The procedure is illustrated by using data for 8. The 

double quantum filtered phase sensitive COSY spectrum of 8 

reveals that the olefinic proton absorptions at S 6.10 and 

6.15 (H-8, 9) are mutually coupled, and they are also 

coupled to the bridgehead proton signals (H-l, 7) at 6 3.10 

and 3.06, respectively. In turn, H-l and H-7 (Figure 2) are 

each coupled to the bridge methylene protons (H-lOa and 

H-lOs) as well as to the neighboring exo protons, 

[H-2 (S 2.94) and H-6 (<£ 2.56), respectively]. Further 

differentiation is made possible by the obervation that 

proton H-6 is also coupled with methine proton H-5 (S 1.84). 

The assignments of the corresponding C-13 NMR signal in 

.M. f°l°w directly form the above considerations in 

conjunction with information contained in the heteronulear 



47 

shift correlation spectrum. The methyl protons at £ 1.09 

are split by H-5 into a doublet, (3J = 7.3 Hz). Protons 

H-4a and H-4s are associated with the C-13 NMR signal at £ 

49.74. The four-peak multiplet at £ 2.22 was assigned 

tentatively to H—4s on the basis of i (i) its observed large 

vicinal coupling to H-5 (0°dihedral angle) and (ii) its 

large geminal coupling to H-4a. This conclusion is 

substantiated via examination of the difference NOE spectrum 

that was obtained with double irradiation at H-6, (Figure 

3c). Inspection of Figure 3 reveals that this experiment 

produced positive enhancements for the protons at £ 1.09, 

1.56, 1.87, 2.94, and 3.06 ppm, thereby confirming the 

assignments of H-lOa, H—4a (and, therefore H—4s indirectly), 

H-2, and H-7. Confirmation of the assigned configuration 

of the methyl group at C-5 in 8 follows from inspection of 

the NOE difference spectrum that was obtained with double 

irradiation of that methyl group, (Figure 3b). Inspection 

of Figure 3b reveals that this experiment produced positive 

enhancements for the protons at £ 1.87 and 2.56 (H—4a and 

H-6, respectively). 

Essentially the same procedure was followed to derive 

the corresponding iH and NMR spectral assignments for 3 

and 4̂  Of particular interest was the NOE difference spectrum 

of § that was obtained with double irradiation of the C-5 

methyl group. Positive enhancement of the signals 
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corresponding to protons H-7 and vinyl proton H-8 were 

thereby obtained. Examination of a Dreiding model with the 

C-5 methyl group in the a configuration confirms that the 

C-5 methyl group protons are situated in relatively close 

proximity to H—7 and H-8, (ca. 2A and 1.7A, respectively). 

Experimental 

Melting points and boiling points are uncorrected. 

Proton NMR spectra (60 MHz) were recorded on a 

Hitachi-Perkin-Elmer Model R-24B NMR spectrometer. i3C NMR 

spectra were recorded on a JEOL FX-90Q NMR spectrometer. In 

all cases, signals are reported in parts per million (S) 

downfield from internal tetramethylsilane. Infrared spectra 

were obtained with a Perkin-Elmer Model 1330 infrared 

spectrophotometer. Mass spectra were obtained with a 

Hewlett-Packard Model 5970A GC/MS system operating at 70 eV. 

Elemental microanalyses were performed by Galbraith 

Laboratories, Inc., Knoxville, TN. 2-D NMR Studies on 3, 4 

and 8 were performed by Professor Williaim B. Smith, 

Deaprtment of Chemistry, Texas Christian University. 

Proton NMR spectra (300 MHz) and C-13 NMR spectra (75 

MHz) were obtained on a Varian XL-300 NMR spectrometer. 

WALTZ-16 decoupling was employed for all C-13 NMR spectra 

and in the appropriate 2D NMR experiments. All spectra were 

obtained for solutions in deuteriochloroform with 

tetramethylsilane as the internal standard. Spectra were 
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obtained for solutions in 5-mm NMR sample tubes in the 

*H-1 3C switchable probe. The 90° pulses were determined by-

standard methods at iH = 21 Hs, " c = 23.5 Hs and 83 Hs on 

the proton decoupler coil. 

Homonuclear proton correlation spectra (COSY) and 

heteronuclear correlation spectra (HETCOR) were run with the 

standard Varian 5.1-version software. COSY spectra were run 

with a 1024 x 1024 data matrix by using either 256 or 512 

increments in the first dimension. An initial delay of 1 s 

was used. These data were processed by "pseudoecho" shaping 

prior to transformation. HETCOR spectra were acquired with 

sweep widths dictated by the appearance of the C-13 and 

proton spectra by using a 1024 x 512 data matrix and matrix 

and 128 increments in the first dimension. NOE-difference 

spectra were obtained with the decoupler gated off during 

acquisition time. A delay of 5 s was set between pulses. 

Spectra were obtained in an arrayed experiment with the 

decoupler set 10000 Hz off-resonance and then with the 

decoupler cycled over the multiplet structure of the desired 

proton for irradiation; the procedure of Kinns and Saunders 

(10) was followed in this connection. The two resultant 

free induction decays (FIDs) were then subtracted and 

transformed (2). 
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1,5-Dimethyl-exo-6-carbomethoxy-tricyclo [5.2.1.02-6] 
Dec-8-en-3-ones , 3^ _4 (8) — — 

To a colorless solution of 

copper(I) bromide-dimethyl sulfide 
CCLMe 

complex (9.88 g, 48.1 mmol) and 

dimethyl sulfide (50 mL) in dry 

ether (50 mL) was added a 1.6 N 

solution of me thy11i thi urn in ether 

(61 mL, 96 mmol) at 0°C. To the 

resulting clear, pale green solution was added a solution of 

enone l-methyl-6-carbomethoxytricyclo[5.2.1.02•6] 

deca-5,8-dien-3-one (7.68 g, 35.3 mmol) in ether (15 mL) 

dropwise with stirring during 5 min. The resulting mixture 

was stirred for 1 h at 20°c after the addition of enone had 

been completed. The reaction mixture was then diluted with 

saturated aqueous ammonium chloride solution (pH = 8, by 

adding concentrated NH40H) until the washings became 

colorless. The ether layer was then washed successively 

with water and with brine, dried (anhydrous sodium sulfate), 

and filtered, and the filtrate was concentrated in vacuo. 

The residual pale yellow oil was purified via careful column 

chromatography (silica gel stationary phase, 2% ethyl 

acetate-hexane eluent). Two products were thereby obtained: 

3 (4.50 g, 54.5%) bp 85°C (0.02 mm), and 4 (2.5 g, 30%) bp 

80°C (0.02 mm). Proton and n c NMR spectra for 3 and 4 are 

given in Table I and II. 
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Anal. Calcd for C 1 3H 1 60 3: C, 71.77; H, 7.74. Found: 

for 3, C, 71.63; H, 7.79. Found: for 4, C, 71.51; H, 7.87. 

Compound 8 was synthesized via /3-methylation of endo-

tricyclo [ 5 . 2 . 1 . 0 2 . 6 ] deca-3,8-dien-5-one (11) by following 

a previously reported procedure (9). 



TABLE I 

C-13 NMR CHEMICAL SHIFTS (PPM) IN COMPOUNDS 
II-3, 4, 8 
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Position Compound 

3 4 8 

1 54.66 55.85 46.39 

2 64.11 64.45 54.73 

3 • • • • • • • • 220.85 

4 49.60 48.26 49.74 

5 34.55 35.10 31.18 

6 66.13 64.84 50.41 

7 49.66 48.90 46.68 

8 135.52 135.63 135.99 

9 142.60 142.07 135.14 

10 58.48 57.40 52.28 

11 17.83 17.74 • • • • 

12 17.76 15.47 23.41 

13 51.73 52.25 • • • • 

14 175.67 176.82 • • • • 
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TABLE II 

PROTON NMR CHEMICAL SHIFTS (PPM) IN COMPOUNDS 
II-3, 4, 8 

Position Compound 

3 4 8 

1 # • • • • •• 3.10 

2 3.06 2.99 2.94 

4s 2.24 2.18 2.22 

4a 2.18 1.80 1.87 

5 2.08 2.30 1.82 

6 • • - • • • # 2.56 

7 3.35 3.25 3.06 

8 6.16 6.21 6.15 

9 6.04 5.80 6.10 

10s 1.29 1.24 1.34 

10a 1.50 1.35 1.56 

11 1.43 1.34 • • • 

12 0.96 1.08 1.09 

13 3.74 3.64 • • • 

The stereochemical desiganations "s" and "a" indicate 

that the relevant carbon—hydrogen bond is either syn or 

anti^, respectively to the norbornene double bond. 
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CHAPTER III 

POLYMERIZATION OF CAGE KETONES 

Introduction 

As part of our program to study the synthesis and 

chemistry of substituted pentacyclo [5 . 4.0.02•*.03•i°.0*•?] 

undecane, we became interested in investigating the 

polymerization of pentacyclo [5.4.0.02•6.03•10.0s•9] 

undecane-5,8-diones, 4. In particular, this may provide a 

new route for synthesizing high density/high energy 

polycyclic polymers. System of potential use as new solid 

fuels for airbreathing missile should possess maximum net 

volumetric energy (1-2). This can be achieved by maximizing 

the ratio of carbon-atom content to hydrogen-atom content. 

Strained, saturated polycyclic "cage" molecules are 

particularly suitable for this purpose, since their 

elemental formulae present high carbon/hydrogen ratios, and 

they have been found to possess both high densities and high 

net volumetric heats of combustion (1, 2). 

We envisioned a twofold approach to synthesizing new 

high density polymers. The first is based on the well-known 

transition metal-promoted ring opening polymerization of 

strained alkenes (3). This process is illustrated below for 

the ring opening polymerization of norbornene: 

58 
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Catalyst 

It was reported that the ring-opening polymerization of 

norbornene can be carried out efficiently using 

titanacyclobutanes catalyst; this process affords polymers 

of controlled molecular weight. Polydispersities as low as 

1.08 (determined by gel permeation chromatography) have been 

obtained. This system is best described as a living polymer 

(4). An endo, endo norbornadiene dimer, 1, was chosen as 

substrate in the present study, and its transition 

metal-promoted ring opening polymerization was studied as 

shown below: 

Catalyst 

—» 
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The second approach involves polymerization of high 

density polycylic cage monomers by using low-valent titanium 

species (5). This process is illustrated below, for the 

reductive coupling of ketone carbonyl groups: 

TiCl./LAH 
2 R C=0 * ». R C=CR 

2 T H F 2 

Pentacyclo[5.4.0.02.6.03,io.0s.9] undecane-8,11-dione 

was chosen for this study. Since each molecule contains two 

ketone carbonyl groups, it is possible to form a polymer as 

shown below: 

TiCl3/LAH 

THF 

As an aid to structural characterization of this 

polymer, the product formed via reductive dimerization of 

pentacyclo [5.4.0.0*•*.03•10.0s.9] undecan-8-one, 7, was 

chosen as a model system. 
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TiCl3/LAH 

THF 

Characterization of the product of this reaction should 

be straightforward, and the spectral information obtained 

for this product should prove useful for structural 

characterization of the corresponding polymer produced from 

4 . 
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Results and Discussion 

Scheme I 

Ô-
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Cyclo-olefin monomers which possess unsaturation sites 

as constituents of the alicyclic rings have the potential of 

undergoing polymerization by two distinct mechanisms: 

CH=CH 

V 
CH—CH 
\ / 

R 

CH= CH— R 

Method A is the conventional addition polymerization process 

through the double bonds, whereas method B involves 

ring-opening. 

The capacity of transition metal catalysts to initiate 

polymerization of a-olefins is attributed to the ability of 

the transition metal to form ^-bonded coordination complexes 

with the olefinic ligands (9). 

A proposed mechanism (10) for ring-opening 

polymerization of bicyclo[2 .2 .ljhept—2 —ene promoted by Ru-*-3, 

Os+3 and Ir+3 in polar media is shown below: 

H 

M 
+3 EtOH 

O-Et 

M +3 

OEt 

M +2 

w +3 n +3 +3 f +3 M Ru j Os , Ir 
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The process involves activation of the monomer by 

^-coordination with M+3, followed by a rearrangement which 

involves participation of the polar solvent (11). 

This ring-opening polymerization reaction is greatly 

influenced by the nature of the catalyst system employed. 

Polymer 2, which was formed by using ruthenium (III) 

chloride as the catalyst, is a fibrous polymer. It cannot 

be dissolved in any common solvents. Different amount of 

ruthenium chloride had been tried, but the same result was 

obtained. This means that ruthenium chloride was very 

active towards the polymerization of nobornadiene dimer and 

a crosslinked polymer due to polymerization processing 

through double bonds was formed. 

The soluble polymer 3 which was formed by using iridium 

(III) chloride as the catalyst depended on the reaction 

conditions, that is, the amount of catalyst, reaction time 

and temperature. Various conditions had been tested, it was 

found that 1:300 mole ratio (iridium chloride to 

norbornadiene dimer) at 50°c and 7.5 h were the optimum 

condition for this reaction to obtain a linear polymer, 

otherwise, a crosslinked polymer would be obtained. 

The fractionation of polymer 3̂  was performed via 

fractional precipitation from ethanol. Polymer 3 was 

dissolved in mininum amount of chloroform then added 

dropwise to ethanol. Since the slight difference in the 
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solubility parameter with molecular weight, the product with 

the higher molecular weight precipitated. After 

fractionation, the number—average molecular weight, M , 

which was dependent on the number of particles, increased 

from 4.704 x 103 to 8.356 x 103 and the molecular 

distribution became narrow (the polydispersity, M /M , 

decrease from 4.87 to 1.92). 

The product formed via catalytic hydrogenation 

(chloroform solvent, Pd/C catalyst, 1 atm) of this polymer 

was characterized in part via analysis of its IR spectrum. 

The IR peak at ca. 3020 cm-1 which represented the 

cyclopropane ring in the polymer was absent in the product. 

This suggests that cyclopropane ring hydrogenlysis may have 

accompanied with the reduction of the C=C double bond. 



Scheme II 
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We next focused attention upon the Ti(0)-promoted 

polymerization of pentacyclo [5.4.0.02•6.03•10.0s•9] 

undecane-8,11-dione, A. The mechanism of the 

titanium-induced carbonyl coupling has been reported: 

Ti° 
R2C=O R2C-0 

0 0 
R2C"° + R2 C = 0 -R2C"C-R2 

rp . 0 0 

Ti Ti 

0 0 0 0 

R2 2 R2 -r
2 ^ R2

 R2 

An intermediate pinacol is formed, deoxygenation of the 

diols occurs in a heterogeneous process on the surface of an 

activated titanium particle (5). 

The presence of -OH in polymer 5 is suggested by the 

strong, broad IR absorption at ca. 3441 cm-i; the absence 

of C=0 is suggested by the disappearance of the strong 

ketone carbonyl absorption at 1720 and 1740 cm-i in the 

FT-IR spectrum of the jj. (See Figure 4, page 81). The 

presence of C=C is inferred from its i3C NMR spectrum (i.e., 

absorptions at 124.2, 126.2, 127.9, 135.6) and IR spectrum 

(i.e., absorptions at 3059 and 1636 cm-i). The structure of 

polymer 5 thus appears to contain C=C double bonds alone 
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with terminal hydroxyl groups. FT-IR was performed by Dr. 

John R. Reynolds, Department of Chemistry, University of 

Texas at Arlington. 

The molecular distribution is narrow (dispersity: 

1.26), since the repeating unit in this polymer is expected 

to be C 1 1H 1 0, there are only ca. three monomer units in the 

polymer (i.e., M = 597.4, n — 1). This could be further 

proved by the quantitative hydrogenation. The catalytic 

hydrogenation was carried out via a gas buret system 

(chloroform solvent, Pd/C catalyst). The result indicated 

that hydrogen (100 mL, 1 atm, 25°C, 4.46 mmol) was absorbed 

by polymer 5 (1 g, 2.13 mmol). So two C=C units exist in 

each polymer molecular, thus coincides with the molecular 

weight determination. 

There are several procedures reported for synthesizing 

monoketone 7 (6, 12). However, they are not well suited for 

synthesizing this material in quantity, (see Scheme III) 

Route 1 (6) is hard to be followed. The procedure for Raney 

nickel desulfurization of the mono (bis) thioethylene ketal, 

route 2 (12) could not be repeated in various conditions 

(new bottle of commercial Raney nickel, reflux for 7 days 

etc.). A revised procedure, route 3, via Wolff-Kishner 

reduction of the monoethylene ketal of 4̂  was therefore used 

(32% yield). 



Route 1 

Scheme III 
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four 
steps HO (CH„)o0 ( CH0 KO-

CH 
CH CH, 

Route 2 

KI04, KMn04 

K2C03, t-BuOH 

HSC0H,SH 2 4 

BF. • E<2° 

RaNi 

Route 3 
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Monodetone 1_ could be dimerized to form dimer 8 under 

similar conditions as polymer 5. Since there are four 

possible combinations for the two monoketones, four isomers 

which all are symmetric may be formed as shown below: 

syn Janti 

syn 
anti 
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One of the four isomers could be separated by-

fractional recrystalization from hexane. Owing to the 

presence of twofold symmetry, its " C NMR spectrum only 

shows eleven absorption peaks. The double bond carbons 

which connect the two cage skeltons can be observed at & 

133.4 (s). The ih and isc NMR spectra of one of these 

isomers are shown in Figures 5, 6 and 7. 

Experimental 

Melting points and boiling points are uncorrected. 

Proton NMR spectra (60 MHz) were recorded on a 

Hitachi-Perkin-Elmer Model R-24B NMR spectrometer, i3C NMR 

spectra were recorded on a JEOL FX-90Q NMR spectrometer. In 

all cases, signals are reported in parts per million (S) 

downfield from internal tetramethylsilane. Infrared spectra 

were obtained with a Perkin-Elmer Model 1330 infrared 

spectrophotometer. Mass spectra were obtained with a 

Hewlett-Packard Model 5970A GC/MS system operating at 70 eV. 

Elemental microanalyses were performed by Galbraith 

Laboratories, Inc., Knoxville, TN. Molecular weight 

determination of polymers were made on a Waters Model 150C 

ALC Gel-Permeation Chromatography Apparatus by South China 

Scientific Analytic Center, China. 
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Polymer of endo,endo nobornadiene dimer, 2 (7) 

A solution of endo,endo 

norborandiene dimer (11.7 g) and 

ruthenium (III) chloride (0.2 g) in 

ethanol solvent (50 g) was refluxed 

under nitrogen for five hours. A 

grey precipitate gradually formed 

as the reaction progressed. This 

material was collected via suction 

filtration and washed thoroughly with ethanol. The residue 

was then dried in vacuo to afford the gray fibrous polymer 2 

(5.9 g, 50%). This material was found to be insoluble in 

common solvents (DMSO, acetone, chloroform etc.). 

Polymer of endo,endo norbornadiene dimer, 3 (8) 

Iridium (III) chloride hydrate 

(0.13 g) was dissolved in ethanol 

(10 g); chlorobenzene (100 g) and 

endo,endo dimer norbornadiene (37.5 

g) were then added with stirring 

under nitrogen. The resulting 

solution was heated at 50°C with 

stirring under nitrogen 

for 7.5 h. The reaction mixture was then concentrated in 

vacuo, and the concentrate was poured into ethanol (500 mL). 

The fibrous polymer 3 (3.6 g) that immediately precipitated 
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was collected via suction filtration and air—dried. The 

resulting polymer, obtained in ca. 10% yield, was found to 

be soluble in chlorobenzene and in chloroform. This polymer 

could be purified by precipitation from chlorobenzene 

solution via gradual addition of ethanol. The material 

thereby obtained displayed the following properties: 

Melting Behavior: Softening occured in the temperature 

range 170-180°C. Upon continued heating, melting proceeded 

in a gradual fashion; the presence of some trace of solid 

material could be discerned until the temperature exceeded 

300 °C. 

Molecular Weight Data: 

Weight-Average Molecular Weight: 2.295 x 104 

Number-Average Molecular Weight: 4.704 x 103 

M /M = 4.87 

Intrinsic Viscosity = 0.0279 

Fractionation of the soluble polymer was performed via 

repeated dissolution (chloroform) and reprecipitation 

(ethanol); a colorless microcrystalline solid was thereby 

obtained which displayed the following properties: 

Melting Behavior: mp of this polymer > 250°C. 

Molecular Weight Data: 

Weight-Average Molecular Weight: 1.605 x 104 

Number-Average Molecular Weight: 8.356 x 103 

M /M =1.92 

Intrinsic Viscosity = 0.01605 
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Polymer of pentacyclo [5.4.0.0 2- 6.0 3 1 0.0 5- 91 
undecane-8, ll-dlone, 5 (5T~ 

This procedure was performed in an inert (nitrogen) 

atmosphere. Titanium trichloride (48 g, 0.31 mol) and dry 

tetrahydrofuran (THF, 300 mL) were placed in a 1L 

round-bottom flask. A solution of lithium aluminum hydride 

(6.0 g, 0.6 mol) in dry THF (200 mL) was added dropwise to 

the stirred TiCl3-THF solution during ca. 1 h. To the 

resulting mixture was added dropwise with stirring a 

solution of diketone 4 (10.0 g, 0.056 mol) in dry THF (200 

mL). After the addition had been completed, the resulting 

mixture was refluxed for 4 h and then quenched by pouring 

into water (3.5 L). The crude product was isolated as a 

yellow solid via suction filtration. The material thereby 

obtained was purified by a two-step procedure: (i) 

preliminary purification of the telomer was achieved by 

dissolving it in a minimum amount of THF (10 mL); the 

resulting solution was then added dropwise with stirring 

into water (1000 mL). The resulting light yellow 
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precipitate (1.9 g, 22%, mp 80-90°C) was collected via 

suction filtration. (ii) This light yellow solid was then 

further purified via column chromatography (silica gel 

stationary phase, 1:1 methylene chloride-hexane eluent). A 

colorless solid (0.6 g, 7% yield, mp 85-95°C) was thereby 

obtained. The purified telomer displayed the following 

properties: 

Weight-Average Molecular Weight: 475.5 

Number-Average Molecular Weight: 597.4 

Dispersity: 1.256 

Intrinsic Viscosity: 5.97 x 10"3 

Polymer 6 (catalytic hydrogenation of 5) (13) 

To the solution of polymer J5 (1.0 g) in chloroform (30 

mL) was added palladized charcoal (0.3 g). The reaction 

mixture was stirred at hydrogen gas (1 atmosphere, room 

temperature) for 24 h. Hydrogen (100 mL) was absorbed 

during this process (measured by a simple gas buret). The 

solid was moved via filtration, and the filtrate was 

concentrated in vacuo, thereby affording polymer 6 as a 

white solid (0.6 g, mp 110-124°C). 



76 

Pentacyclo [5.4.0•02•6•03•10-Os • 9] undecan-8-one, 7 

To diethylene glycol (250 mL) at 

room temperature was added small 

pieces of sodium metal (12.5 g, 

0.54 mol), and the mixture was 

stirred until all the sodium had 

dissolved. Anhydrous hydrazine 

(17.5 mL, 0.57 mol) and monoethylene ketal of 4 (10.0 g, 

45.9 mmol) were added. The reaction mixture was heated to 

150°C and stirred at this temperature for 5 h, then at 220°C 

for another 3 h under nitrogen. The reaction mixture was 

allowed to cool to room temperature, and then poured into 

water (500 mL). The resulting mixture was neutralized via 

gradual addition of 10% aqueous sodium hydroxide solution. 

This mixture was extracted with chloroform (4 x 100 mL), 

washed with water, dried (magnesium sulfate) and filtered. 

The filtrate was then concentrated in vacuo to afford a 

yellow oil (10.0 g). To the solution of this oil in THF 

(100 mL) was added dropwise 10% aqueous hydrochloric acid 

solution until the solution became acidic (pH=4). The 

solution was then stirred at 60°C for 0.5 h, at which time 

the solution was neutralized via gradual addition of 10% 

aqueous sodium hydroxide solution. Water (200 mL) was 

added, and the resulting mixture was extracted with 

chloroform (4 x 50mL), washed with water, dried (anhydrous 
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MgS04) and filtered. The filtrate was then concentrated in 

vacuo to afford crude monoketone 7 as a yellow oil. This 

crude product was purified by two steps: (1) it was added 

dropwise into hexane (200 mL), and the resulting yellow 

precipitate was discarded; (2) after concentration, the 

resulting oil was further purified via column chromatography 

(1:10 ethyl acetate-hexane eluent). A white solid, 7, 

thereby was obtained (3.0 g, 32% yield): mp 194-195°C 

[reported: 193-194°C (6) ]. i3C NMR (CDCl3) £ 30.70 (t), 

36.36 (t), 37.20 (d), 39.00 (d), 42.86 (d), 43.32 (d), 44.03 

(d), 47.93 (d), 48.19 (d), 52.61 (d), 220.1 (s). 

Dimer of pentacyclo [5.4.0.02 <&.Q3 - 1 0 . 0 s• 9] 
undecane-8-one, 8 

A slurry of TiCl3-LiAlH4 (7.5 g, 

McMurry reagent) in dry THF (70 mL) 

under nitrogen was stirred for 1 h 

at 0°C, during which a black 

suspension formed. Monoketone 1_ 

(3.0 g, 18.8 mmol) in THF (30 mL) 

was added dropwise over 2 h. 

The reaction mixture was heated under reflux for 72 h. The 

excess TiCl3 reagent was destroyed by careful addition of 

aqueous NaOH solution (0.1%, 100 mL) followed by extraction 

with ether, dried (anhydrous MgS04) and filtered. The 

filtrate was then concentrated in vacuo. Chromatographic 
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purification of th© crude product on silica gel (hexane 

eluent) afforded a mixture of two isomers (white solid, 0.52 

g, 20% yield). The two isomers were seperated by careful 

fractional recrystallization from hexane. A single isomer 

was obtained as a white solid (0.2 g): mp 200-201°C; iH NMR 

(C6D6) S 1.15 (m, 1H), 1.25 (m, 1H), 1.62 (m, 2H), 2.22 (m, 

2 H), 2.33 (m, 1H), 2.58 (m, 2H), 2.75 (m, 2H) , 3.12 (m, 

1H); 13C NMR (C6D6) £ 31.08 (t), 35.40 (t), 39.30 (d), 39.92 

(d), 43.07 (d), 43.37 (d), 45.54 (d), 46.54 (d), 46.80 (d), 

47.54 (d), 133.4 (s); IR (KBr) 2915 (vs), 2842 (s), 1435 

(m), 1280 (m), 1250 (m) cm"i; mass spectrum (70 eV) 

(relative intensity) 290.05 (2.1), 289.15 (11.7), 288.05 

(M+, 56.5), 222.05 (100.0), 209.10 (48.4), 156.00 (83.3), 

141.00 (59.0), 115.00 (71.2), 79.00 (84.0), 39.00 (30.6). 

Calcd for C 2 2H 2 4: C, 91.67; H, 8.33. Found: C, 91.49; 

H, 8.53. 
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CHAPTER IV 

SYNTHESIS OF NEW POLYMETHYLPOLYCYCLIC COMPOUNDS 

Introduction 

Owing to current interest in energetic compounds, a 

number of substituted, highly strained hydrocarbon systems 

have been studied. As part of a continuing study of the 

synthesis and chemistry of substituted pentacyclo 

[5.4.0.0 2- 6.0 3 1 0.0 S- 9] undecanes, the synthesis and 

characterization of new polymethylated 

pentacyclo[5.4.0.02-&.03-lo05-9] undecane-8,11-diones were 

undertaken (1). 

Diels-Alder cycloaddition of an appropriately 

substituted cyclopentadiene to an appropriately substituted 

p-benzoquinone followed by photocyclization of the resulting 

endo cycloadduct was employed to synthesize the 

monomethylated pentacyclo [5.4.0.0 2- 6.0 3 1 0.0 5- 9] 

undecane-8,11-diones as shown below: 

HD 

All I I 

84 



85 

The isomeric Diel-Alder adducts formed via reaction of 

methylcyclopentadienes with p-benzoquinone were seperated by 

fractional recrystalization from methanol, and they have 

been characterized via proton and carbon-13 NMR spectroscopy 

and by single-crystal X-ray structure analysis (2-3). 

The cages of Diels-Alder additions of 

methylcyclopentadiene to polymethyl-p-benzoquinones are also 

of interest in this connection as shown below: 

CH 7EQ 
H3C x o 
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Two problems must be overcome in this connection: 

1. Mixture of isomeric products must be separated. 

2. Once single pure compounds have been obtained, each 

must be fully characterized. 

Compounds 1, 2, 2' A an<^ ^ have been synthesized. 

Characterizations were performed via one-dimensional and 

two-dimensional proton and carbon-13 NMR spectroscopy in 

combination with single crystal X-ray structural analysis. 

The single crystal X-ray analysis of 2 whose structure as 

closely related to that of 1 and 3 was used in connection 

with the structrual assignments. 

CH„ 15 

HOM CH3 
14 H 
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Results and Discussion 

Scheme 
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Diels-Alder addition of methylcyclopentadiene, which is 

a mixture of 1-methyl- and 2-methylcyclopentadienes (4) to 

methyl-p-benzoquinone potentially could lead to the 

formation of four isomers as shown below: 

CH 

CH CH CH 

CH 

la lb lc 

H, 

Id 

It is easy to distinguish la and Id from lb and lc by 

the iH NMR spectrum, i.e., la and Id contain three vinyl 

protons while lb and lc contain only two. However, further 

distinction between la and Id or between lb and lc via *H 

and/or 13C NMR spectral analysis is a more challenging 

problem. 

Adduct 1 thus obtained is a mixture of four isomers 

(yellow oil). The isomers were separated via flash column 

chromatography (hexane eluent), but only one pure isomer 

could be separated; other isomers could not be separated by 

this method. 
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Adduct 1 contains three vinyl protons at £ 5.81, 5.93 

and 6.39; also, there are three doublets in its 1 3C NMR 

spectrum at £ 134.51, 139.35 and 139.81. Thus, adduct 1 

must be either la or Id, since the methyl group in the 

norbornenyl moiety does not occupy one of the vinylic 

positions. Adduct 1 could be smoothly converted to the 

corresponding methyl diketone 3̂ . The !H and 1 3C NMR spectra 

of adduct 1 have been carefully analyzed, however, its 

structure could not be assigned on the basis of this 

spectral information alone. 

Adduct 1 and cage 3̂  are microcrystalline solids. 

However, a suitable single crystal of 1 or 3 could not be 

obtained. Accordingly, adduct 1 was reduced 

stereospecifically by using NaBH4-CeCl3 in methanol at 0°C 

(5). A single, pure diol 2 was obtained; a good quality 

single crystal of 2 was obtained via recrystallization from 

acetone. Two structures are possible for 2, i.e., 2a and 

2b: 

HO H 

HO H HCT H C H3 
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This problem was resolved via single crystal X-ray 

analysis (performed by Dr. George, Clifford F. and coworkers 

at the Naval Research Laboratory). The result firmly 

establishes that the structure of the diol 2 is 2a, (see 

Figure 1) and that the hydroxyl groups both occupy endo 

positions. Hence, adduct 1 possesses structure la. The 

result also reveals that steric effects play an important 

role in determining the regiochemistry of the Diels-Alder 

cycloaddition. Nonbonded interaction between the two methyl 

groups in the transition state that leads to Id destablizes 

this pathway relative to the process that leads to the 

formation of la. 

Two-dimensional NMR spectra of 1, 2 and 3̂  were obtained 

by Dr. Gary Martin (University of Houston). The *H and i3C 

signals in compounds 1 and 2 can be assigned respectively 

via examination of proton coupling patterns in the COSY 

spectrum of each compound. The 1 3C and *H chemical shifts 

for 1 and 2 are given in Tables V and VI. Heteronuclear 

1H- 1 3C shift correlation data were utilized to assign proton 

signals to their respective carbon signals in each case 

(Figures 9 and 11). 

The COSY spectrum of 1 (Figure 10) reveals that the 

olefinic proton absorptions at S 5.81 and 5.93 (H-9, 10) are 

mutually coupled, and H-10 is coupled to the bridgehead 

proton signal (H-l) at £ 3.37. H-l is coupled to the 
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methylene protons (H-ll) as well as to the neighboring exo 

proton (H-2) at <S 3.30. In turn, H-2 is coupled to its 

neighboring exo proton (H-7) at £ 2.81. Another olefinic 

proton absorption at £ 6.39 thus is H-5. H-5 is coupled to 

the nearby methyl protons (H-13) at £ 1.87. This also 

indicates another methyl protons at £ 1.52 is H-12. 

The same procedure was followed to derive the 

corresponding iH and *3C NMR spectral assignments for 

compound 2. The COSY spectrum of 2 (Figure 12) reveals that 

the olefinic proton absorption at £ 5.56 and 5.72 (H-9, 10) 

are mutually coupled, and hence another olefinic proton 

absorption at £ 5.08 is H-5. Proton H-10 is coupled to the 

bridgehead proton signal (H-l) at £ 2.72. Proton H-l is 

coupled to the methylene protons (H-ll) as well as to the 

neighboring exo proton (H-2) at £ 2.70. H-2 is, in turn, 

coupled to the nearby exo protons (H-3, 7) at £ 4.01 and 

2.24, respectively. H-5 is coupled to the methyl protons 

(H-13) at £ 1.55 as well as the exo proton (H-6) at £ 4.25, 

it is also coupled with H-3 (allyl coupling). Another 

methyl proton absorption at £ 1.34 thus can be proved to be 

H-12 indirectly. The geminal coupling of C-3 (£ 67.81) and 

C-6 (£ 65.95) can also be observed. Proton H-3 is coupled 

to the protons of hydroxyl group (H-14) at £ 4.46, and H-6 

is coupled to the hydroxyl group proton (H-15) at £ 4.37. 

Distinction between protons H-lla and H-lls is made by 
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"W-letter' long range coupling, i.e., H-lla (at S 1.35) is 

coupled to H-2 and H-lls (at S 1.38) is coupled to H-9. 

The 1 3C NMR spectra of 1 and 2 reveal that there are 

two singlet absorptions respectively, one singlet which is 

in vinyl range (£ 151.28 for 1 and £ 126.66 for 2) is 

obviously C-4, so another one (<S 53.49 for 1 and S 53.58 for 

2) is therefore C-8. 

The !H and 1 3C signals in compound _3 cannot be assigned 

via analysis its COSY spectrum, because the six proton 

resonance of 3̂  cannot be resolved. 

2,5 Dimethyl-p-benzoquinone is obtained via oxidation 

of 2,5 dimethyl-p-hydroquinone by using Fremy's Salt (6). 

Fremy's Salt affords the desired quinone in good yield 

(80%), however, the reaction is very sensitive to pH value 

(pH = 9). Fremy's Salt is unstable when dry, and care must 

be taken when handling this material. 

Diels-Alder addition of methylcyclopentadiene to 

2,5-dimethyl-p-benzoquinone can also lead to the formatiom 

of four possible isomeric adducts, as shown below: 

0 CH, 
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Adduct 4, a mixture of four isomers, is a yellow solid. 

This mixture was separated via fractional recrystallization 

from methanol; a single isomer was thereby obtained. 

Further separation of the other isomers via flash column 

chromatography failed. 

Adduct 4 displays three vinyl proton absorptions at S 

5.86, 5.94 and 6.40. Also, the 1 3C NMR spectrum of 4 

displays three doubets at S 134.25, 139.52 and 141.96. Thus 

the structure of adduct 4 must be either 4a or 4d since the 

methyl group in the norbornenyl moiety does not occupy one 

of the vinylic positions. 

Further examination of the structures of _4a and 4d 

indicates that H-l and H-2 are close together, also that two 

methyl groups at position 12 and 13 are close together in 

4a. So if the COSY spectrum of 4 shows the coupling between 

H-l and H-2 as well as between H-12 and H-13, compound 4 is 

4a whereas A is 4d. 

The COSY spectrum of 4 (Figure 14) reveals that the two 

proton absorptions at £ 2.92 and 3.25 (H-l, 2) are mutually 

coupled and that the two methyl signals at 6 1.38 and 1.48 

are also coupled to each other. This result establishes 

that the structure of adduct 4 is 4a. The structure of 5̂  

could be deduced in accordance with the reaction sequence 

shown below: 
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CHo 0 

hv 

The iH and i3C signals in compounds 4 and 5 can be 

assigned respectively via examination of the COSY and HETCOR 

spectra of each compound ( Figure 13, 14, 15 and 16). The 

two olefinic proton absorptions of 4 (Figure 14) at £ 5.86 

and 5.94 (H-9, 10) are mutually coupled, and H-10 is coupled 

to the bridgehead proton signal (H-l) at £ 3.25. This 

result also indicates that another olefinic proton at £ 6.40 

is H-5, and the proton at £ 2.92 is due to protn H-2. 

Proton H-5 is coupled to the nearby methyl protons (H-14) at 

£ 1.94. Two bridge methylene protons at £ 1.65 thus can be 

assigned to H-ll. Since the methyl proton signals (H-12, 

13) are not resolved in the COSY spectrum, they can not be 

assigned exactly . Also the chemical shifts of C-12 and 

C-13 which are correlated with H-12 and H-13 respectively 

can not be assigned. 

The COSY spectrum of 5 (Figure 16) is more complicated 

due to the exsistence of long range proton-proton couplings 
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in the cage system. The two proton signals at £ 1.77 and 

1.97 (AB pattern) are obviously due to H-4a and H-4s. Both 

H-4a and H-4s are strongly coupled to the bridgehead proton 

signal (H-5) at £ 2.67 as well as to the methyl proton 

signals (H-12) at £ 1.03. Proton H-5 is coupled to H-9 and 

H-6 at £ 2.79 and 2.27. Proton H-6 is strongly coupled to 

the nearby proton signal (H-2) at £ 2.88 as well as to the 

methyl protons (H-14) at £ 1.18. Proton H-2 is coupled to 

the neighboring proton (H-l) at £ 2.43 which in turn is 

coupled to the nearby methyl protons (H-14). The remaining 

methyl proton signal which is strongly coupled to H-9 thus 

can be assigned to H-13. However, the carbon signals of 

C-3, c-7 and C-10 which are all singlets in i3C NMR spectrum 

cannot be assigned. 

The *3C and *H NMR chemical shifts for 4 and 5 are 

given in Tables VII and VIII. 

All i3C NMR chemical shift data obtained from compound 

1' A' 1' §L a n d 1 a r e 9 i v e n i n Tables I3-3II. They 

are useful to interpret the effects of methyl substituents 

on 1 3C chemical shifts of ring carbons in pentacycloundecane 

system. The structures of methyl substituted compounds 

[-(CHJ , n = 0, 1, 2, 3] are shown below: 
3 n 
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Substitution of methyl group results in a downfield 

shift of 4.68 to 8.08 ppm for the substituted carbon and a 

downfield shift of 4.96 to 6.69 ppm for the a alipatic 

carbon (7) due to the inductive effect removing electron 

density from the carbon 2p orbitals. However, several 

exceptions are found in compounds 1, 4 and 6 at C5, C9 and 

CIO positions. 

i3C chemical shifts are extremely sensitive to 

molecular geometry. The interpretation of the steric effect 

as a consequence of induced polarization of C-H bonds (8, 9) 

has proved fruitful. According to this concept a steric 

pertubation of a C-H bond leads to a drift of charge along 

the bond towards carbon, thus cause orbital expansion and 

hence increased shielding (10). Grant's simple model (8) 

predicts a dependence of the induced shift not only on the 

proton-proton distance r but also on the angle 0 between 

the H H axis and the perturbed C-H bond as shown below: 

u 

' ' e-H 

The i3C NMR chemical shift increments (ppm) of 1, 4 and 

6b at CIO position (for 1: -2.13, 4: -2.39. 6b: -2.30) can 
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be interpretated as the result of the interaction between 

H-10 and the protons of methyl group at C4 position. 

In the olefins, the effect of a methyl substituent 

depends on its mode of transmission to the carbon of 

interest. If the effect is transmitted entirely through 

sigma bonds, the trends are qualitatively similar to those 

found for the alkanes whereas transmission through the K 

bond reverses the direction of the effect (11). 

The interesting observartion was made that the chemical 

shifts of C5 in 1, _4, 6̂  (incremental chemical shift for 1: 

-1.54, 4: -1.83, 6b: -2.33 ppm) and CIO in 6c (incremental 

chemical shift: -9.91 ppm) move to higher field. This is 

the result of the shielding effect of the /3 methyl 

substituent at C4 or C9 position through f[ bond. 

In practice, the steric effect is found to be operative 

whenever two proton-bearing carbons are in a y gauche 

relative orientation (10). The y effect can be observed in 

the cage system (compounds 5̂  and 7 ) . The chemical shifts 

increments: -0.30 ppm for C5 which is y orientated to the 

methyl group at C7 position in 7b, -2.27 and -3.12 ppm for 

C4 and C7 which are y orientated to the methyl group at C2 

position in 6c and -0.56 ppm for CI which is y orintated to 

the methyl group at C3 position in 7d all reveal this 

effect. More obvious evidence for y effect can be found in 

cage 5. Since CI, C2, C4, C5, C6 and C9 in 5 all occur the 
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V orientation relative to one, two or three methyl 

substituents, the chemical shift increments varies from 

-12.18 ppm to -29.09 ppm. It appears to be primarily 

operative through space rather than through the bonds of the 

molecule; therefore, it has important implications for 

stereochemical studies (11). 

Experimental 

Melting points and boiling points are uncorrected. 

Proton NMR spectra (60 MHz) were recorded on a 

Hitachi-Perkin-Elmer Model R-24B NMR spectrometer. 1 3C NMR 

spectra were recorded on a JEOL FX-90Q NMR spectrometer. In 

all cases, signals are reported in parts per million (£) 

downfield from internal tetramethylsilane. Infrared spectra 

were obtained with a Perkin-Elmer Model 1330 infrared 

spectrophotometer. Mass spectra were obtained with a 

Hewlett-Packard Model 5970A GC/MS system operating at 70 eV. 

Elemental microanalyses were performed by Galbraith 

Laboratories, Inc., Knoxville, TN. 
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4,8-Dimethyltricyclo [6.2.1.027] undeca-
4,9-dien-3,6-diones, 1 

To a solution of 

methyl-p-benzoquinone (4.0 g, 33 

mmol) in methanol (10 mL) at 0°C 

was added a solution of freshly 

cracked methylcyclopentadienes 

(mixture of 1-methyl- and 

2-methylcyclopentadienes, 2.8 g, 35 

mmol) in cold methanol 

(3 mL). The solution was allowed to warm to room 

temperature and was stirred at room temperature for 24 h. 

The reaction mixture was then concentrated in vacuo thereby 

affording 1 (a mixture of isomers) as a light yellow oil 

(5.4 g, 82% yield). The mixture was purified via flash 

column chromatography (silica gel stationary phase, 2% ethyl 

acetate-hexane eluent), thereby affording 1 (single isomer) 

as a light yellow microcrystalline solid (0.2 g): mp 

95-96°C; *H NMR (CDCl3) 6 1.40 (m, 2H), 1.54 (s, 3H), 1.90 

(s, 3H), 2.82 (m, 1H), 3.37 (m, 2H), 5.77 (m, 2H), 6.32 (s, 

1H); i3C NMR (CDC13) 6 16.07 (q), 17.05 (q), 49.43 (t), 

50.86 (d), 53.52 (d), 55.61 (s), 57.69 (d), 134.5 (d) , 139.4 

(d), 139.8 (d), 151.2 (s), 198.48 (s), 199.6 (s); IR (KBr) 

3010 (w), 1720 (vs), 1630 (vs), 1430 (s), 1360 (s), 1310 

(s), 1310 (s), 1225 (s), 1120 (s) cm"i; mass spectrum (70 

eV), m/e (relative intensity) 202.00 (M+, 73.2), 174.05 
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(40.6), 159.05 (47.3), 131.95 (45.4), 131.05 (100.0), 90.95 

(55.2), 80.05 (76.6), 76.95 (40.4), 38.95 (74.6). 

Anal. Calcd for C 1 3H 1 40 2: C, 76.79; H, 6.88. Found: 

C, 77.02; H, 6.98. 

4, 8-Dimethyltricyclo [6.2.1.02-7] Undeca-
4 , 9-dien-3 , 6-diol, 2 (5̂ ) 

Compound 1 (0.2 g, 1.0 mmol) was 

dissolved in a 0.4 M solution of 

cerium (III) chloride heptahydrate 

in methanol (5 mL, 2.0 mmol). The 

resulting solution was cooled to 

0°C via application of an external 

ice bath, and sodium borohydride 

(0.15, 4.0 mmol) was then added 

slowly during 10 min. 

The reaction was then quenched via addition of water (15 

mL), and the resulting mixture was then extracted with 

ether. The combined ether layers were washed successively 

with brine and then with water. The organic layer was then 

dried (anhydrous magnesium sulfate) and filtered, and the 

filtrate was concentrated in vacuo to afford endo,endo diol 

2 (0.18 g, 90% yield). Recrystallization of the crude 

product from acetone afforded pure 2 as colorless 

microcrystalline solid: mp 129-130°C; *H NMR (DMSO) & 0.90 

(AB, J = 9 Hz, 1H), 1.25 (AB, J = 9 Hz, 1H), 1.30 (s, 
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3H), 1.51 (s, 3H), 2.20 (m, 1H), 2.62 (m, 2H), 4.20 (s, 2H), 

5.00 (s, 1H), 5.50 (C, 2H) ; " C NMR (DMSO) <S 18.50 (q), 

19.93 (q), 44.18 (d), 46.65 (d), 48.28 (d), 53.42 (s), 56.86 

(t), 65.77 (d), 67.85 (d), 126.7 (d), 132.4 (d), 136.8 (s) 

139.2 (d); IR (KBr) 3500 (vs), 3010 (w), 1610 (s), 1410 (s), 

1320 (s), 1110 (s) cm-i; mass spectrum (70 eV), m/e 

(relative intensity) (no molecular ion), 159.00 (2.8), 

109.00 (17.0), 97.00 (18.5), 80.00 (100.0), 79.00 (43.0), 

77.00 (19.4), 52.90 (10.2) 39.00 (19.2). 

Anal. Calcd for C13H1802 : C, 75.69; H, 8.77. Found : 

C, 75.45; H, 9.01. 

A pure sample for single crystal X-ray analysis was 

prepared via fractional recrystallization from acetone 

(cooled in room temperature). This analysis was performed 

by Dr. Clifford F. George, (Naval Research Laboratory). The 

single crystal X-ray structure of 2 (ORTEP) and the tables 

of bond distance and bond angles are showed in Figure 8 and 

Table III and IV. 
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\ 

Fig. 8--The single crystal X-ray structure of 2 (ORTEP) 
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TABLE III 

BOND DISTANCES OF IV-2 IN ANGSTROMS 

Atom Distance Atom Distance 

1 2 1 2 

01 C3 1.421(9) C4 C5 1.34(1) 

02 C6 1.416(9) C5 C6 1.53(1) 

CI C2 1.56(1) C5 C13 1.51(1) 

CI CIO 1.53(1) C6 C7 1.54(1) 

CI Cll 1.56(2) C7 C8 1.57(1) 

CI C12 1.53(1) C8 C9 1.54(1) 

C2 C3 1.55(2) C8 Cll 1.54(1) 

C2 C7 1.57(1) C9 CIO 1.35(1) 

Numbers in parentheses are estimated standard 

deviations in the least significant digits. 
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TABLE IV 

BOND ANGLES OF IV-3 IN DEGREES 

Atom Angle Atom Angle 

1 2 3 1 2 3 

C2 CI CIO 108.9(8) C4 C5 C13 125.0(1) 

C2 CI Cll 98.7(7) C6 C5 C13 115.5(8) 

C2 CI C12 14.8(8) C2 C6 C5 109.7(8) 

CIO CI Cll 98.1(7) C2 C6 C7 110.9(7) 

CIO CI C12 115.3(7) C5 C6 C7 107.4(7) 

Cll CI C12 118.9(8) C2 C7 C6 115.3(9) 

CI C2 C3 118.4(8) C2 C7 C8 102.7(7) 

CI C2 C7 103.3(8) C6 C7 C8 119.7(7) 

C3 C2 C7 114.8(8) C7 C8 C9 108.5(8) 

CI C3 C2 115.0(7) C7 C8 Cll 99.0(7) 

CI C3 C4 109.7(7) C9 C8 Cll 100.5(7) 

C2 C3 C4 106.8(8) C8 C9 C10 106.2(7) 

C3 C4 C5 121.1(9) CI C10 C9 108.9(8) 

C4 C5 C6 119.3(9) CI Cll C8 94.5(8) 

Numbers in parentheses are estimated standard deviation 

in the least significant digits. 
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1,5-Dimethylpentacyclo [5.4.0.0 2 6.0 3- 1 0 . 0 5• 9] 
Undecane-8 ,11-diones , 3̂  

A solution of 1 (0.2 g, 1.0 mmol) 

in ethyl acetate (250 mL) was 

irradiated for 15 min under 

nitrogen with a Hanovia 

medium-pressure Hg lamp (Pyrex 

filter). The solution was 

concentrated in vacuo to afford 3 

as a light yellow oil. The crude 

product was distilled in vacuo 

(0.1 mmHg/90°C) to afforded a colorless oil. This oil 

solidified upon standing overnight in a refrigerator. 

Recrystallization of the solid from acetone afford pure 3 as 

a colorless microcrystalline solid (0.12 g, 60%): mp 

58-59°C; *H NMR (CDCl3) £ 1.70 (m, 6H), 1.87 (m, 2H), 2.42 

(m, 2H), 2.72 (m, 4H); i3C NMR (CDC13) £ 15.48 (q), 15.87 

(q), 41.88 (d), 43.52 (d), 46.11 (t), 46.37 (s), 47.74 (d), 

50.92 (d), 52.22 (s), 55.61 (d), 59.96 (d), 211.3 (s), 212.7 

(s); IR (KBr) 2990 (s), 1720 (vs), 1170 (s), 1010 (s), 850 

(m) cm-i; mass spectrum (70 eV), m/e (relative intensity) 

203.25 (9.3), 202.25 (M+, 71.8), 174.25 (37.5), 159.20 

(49.2), 131.20 (100.0), 91.20 (48.3), 80.15 (72.9), 77.05 

(41.6), 39.05 (66.9). 

Anal. Calcd for C 1 3H 1 40 2: C, 77.20; H, 6.98. Found: C, 

76.95; H, 7.00, 



TABLE V 

13C NMR CHEMICAL SHIFTS (PPM) IN COMPOUNDS 
IV-1 and 2 
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Position Compound 

1 2 

1 49.52 44.22 

2 50.82 46.61 

3 198.67 67.81 

4 151.28 126.66 

5 139.81 136.54 

6 198.67 65.95 

7 55.59 48.17 

8 53.49 53.58 

9 139.35 139.41 

10 134.51 132.45 

11 57.73 56.84 

12 17.53 20.12 

13 16.18 18.51 



TABLE VI 

iH NMR CHAMICAL SHIFTS (PPM) IN COMPOUNDS 
IV-1 AND 2 
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Position Compound 

1 2 

1 3.37 2.72 

2 3.30 2.70 

3 • • • 4.01 

4 0 0 0 • • • 

5 6.39 5.08 

6 9 • * • 4.25 

7 2.81 2.24 

8 • -• 0 • 4 « 

9 5.81 5.56 

10 5.93 5.72 

11a 1.35 0.98 

lis 1.38 1.17 

12 1.52 1.34 

13 1.87 1.55 

14 • - • • 4.46 

15 • - • 0 • 4.37 

The stereo chemical designations "s" and "a" indicate 

that the relevant carbon-hydrogen bond is either syn or anti 

respectively to the norbornene double bond. 
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4,7,8-Trimethyltricyclo [6•2.1.O2•7] Undeca-
4,9-dien-3,6-diones, 4 

To a solution of 

2,5-dimethyl-p-benzoquinone (4.0 g, 

29.4 mmol) in methanol (10 mL) at 

0°C was added a solution of freshly 

cracked methylcyclopentadienes 

(mixture of 1-methyl- and 

2-methylcyclopentadienes, 2.7 g, 

0.34 mmol) in cold methanol 

(3 mL). The solution was allowed to warm to room 

temperature and stirred for 24 h, and then concentrated in 

vacuo to afford the mixture of isomeric A as a yellow solid 

(5.1 g, 80% yield). This mixture was separated by careful 

fractional recrystallization from methanol. One of the four 

isomer, i.e., that which is least soluble in methanol, was 

isolated by this procedure. Continued fractional 

recrystallization from methanol (five times) afforded a 

single isomer as a light yellow micrCcrystalline solid (0.15 

g): mp 85-86°C; iH NMR (CDCl3) 6 1.34-1.40 (m, 8H), 1.85 

(s, 3H), 2.84 (m, IH), 3.18 (m, 1H), 5.74(m, 2H), 5.84 (s, 

1H); 13C NMR (CDCl3) £ 14.25 (q), 15.74 (q), 23.35 (q), 

48.71 (d), 52.09 (d), 53.52 (d), 58.21 (t), 59.44 (s), 134.2 

(d), 139.5 (d), 142.0 (d), 150.4 (s), 200.2 (s), 202.3 (s); 

IR (KBr) 3010 (w), 1720 (vs), 1625 (vs), 1430 (s), 1360 (s), 

1315 (s), 1220 (s) cm-i; mass spectrum (70 eV), m/e 
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(relative intensity) 217.10 (13.7), 216.10 (M+, 73.2), 

173.10 (48.4), 145.15 (100.0), 94.15 (42.5), 91.05 (45.8), 

80.15 (78.4), 77.05 (52.3), 39.15 (69.3). 

Anal. Calcd for C 1 4H 1 60 2: C, 77.86; H, 7.55. Found: 

C, 77.75; H, 7.46. 

3,7,10-Trimethylpentacyclo [5.4.0.026.03-1 0 . 0 5 • 9 ] 
Undecane-8 ,11-diones , 5. 

A solution of A (0.3 g, 1.4 mmol) 

in ethyl acetate (250 mL) was 

irradiated for 30 min under 

nitrogen with a Hanovia 

medium-pressure Hg lamp (Pyrex 

filter). The solution was 

concentrated in vacuo to afford 

crude 5 as a light oil. The crude 

product was distilled in vacuo 

(0.5 mmHg/125°C) to afford a colorless oil. Upon standing 

overnight at room temperature, this oil solidified (0.2 g, 

67% yield). Further purification of the crude solid by 

recrystallization from hexane afforded a colorless 

microcrystalline solid: mp 70-71°C; *H NMR (CDCl3) 5 1.01 

(s, 3H), 1.04 (s, 3H), 1.17 (s, 3H), 1.81-2.82 (m, 7H); i3C 

NMR (CDCl3) £ 13.40 (q), 13.86 (q), 14.96 (q), 40.58 (d), 

42.67 (d), 44.42 (t), 45.59 (d), 47.15 (s), 48.97 (d), 53.72 

(s), 59.77 (s), 62.82 (d), 212.5 (s), 212.8 (s); IR (KBr) 



115 

2990 (s), 1730 (vs), 1180 (s), 1100 (s), 850 (m) cm-i; mass 

spectrum (70 eV) , m/e (relative intensity) 217.20 (8.2), 

216.20 (M+, 44.8), 173.20 (35.3), 145.20 (74.6), 91.10 

(56.4), 80.10 (100.0), 77.10 (57.0), 39.10 (90.7). 

Anal. Calcd for C 1 4H 1 60 2: C, 77.44; H, 7.46. Found: C, 

77.58; H, 7.58. 
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TABLE VII 

13C NMR CHEMICAL SHIFTS (PPM) IN COMPOUNDS IV-4 AND 5 

Position Compound 

4 5 

1 48.93 27.64 

2 59.47 25.41 

3 200.27 # 

4 150.38 23.29 

5 139.52 25.64 

6 202.33 26.14 

7 47.28 # 

8 58.36 212.78 

9 141.96 25.20 

10 134.25 # 

11 52.23 212.46 

12 # 17.46 

13 # 19.66 

14 16.08 22.44 

# The signal can not be exactly assigned. 
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TABLE VIII 

iH NMR CHEMICAL SHIFTS (PPM) IN COMPOUNDS IV-4 AND 5 

Position Compound 

4 5 

1 3.25 2.43 

2 2.92 2.88 

3 • • • • • 

4 • • • 1.77, 1.97 

5 6.40 2.67 

6 » « * 2.27 

7 • • • • • • 

8 9 » • • • • 

9 5.86 2.79 

10 5.94 • .» • 

11 1.65 • • • 

12 # 1.03 

13 # 0.99 

14 1.94 1.18 

# The signal can not be exactly assigned. 
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TABLE IX 
13C NMR CHEMICAL SHIFTS (PPM) IN COMPOUNDS 

6b id. 1. 4 AND THE UNSUBSTITUTED 
•Di-p-RNT COMPOUND VI-6a 

Compound 

The data of 6a, 6b, 6c, 6d are obtained from Earlywme 

A.D.'s Ph.D. Dissertation (7). 
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TABLE X 

13C NMR CHEMICAL SHIFT INCREMENTS (PPM) IN COMPOUNDS 
6b 6c 6d, 1, 4 RELATIVE TO THOSE OF THE 

'UNSUBSTITUTED PARENT COMPOUND IV-6a 

Compound 

1.61 0.98 1.11 

11.9 1.73 0 . 8 2 

10 

11 

-0.33 

9.59 

-2.33 

9.95 

- 0 . 0 2 

- 0 . 0 2 

-1.74 

-2.30 

0.29 

0.43 

0.00 

0.40 

0.00 

0.53 

5.53 

8.78 

-9.19 

0 . 8 0 

-0.10 

0.05 

0.55 

0 .05 

4.76 

9 .48 

2.12 

-1.94 

7.14 

-0.03 

9.93 

-1.54 

-0.03 

8 . 0 6 

5.58 

2.71 

-2.13 

9.90 

1.57 

9.03 

-1.83 

3.63 

-0.25 

10.5 

5.32 

-2.39 

4.40 



TANBLE XI 

i3C NMR CHEMICAL SHIFTS (PPM) IN COMPOUNDS 
7b, [C, 7d, 5 AND THE UNDERSTITUTED 

PARENT COMPOUND IV-7a 
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Compound 

7a 7b 7c 7d 5 

1 43.42 48.10 48.38 42.86 27.64 

2 38.32 44.75 45.99 44 .00 25.41 

3 44.25 43.32 50.21 52.33 # 

4 40 .04 40.46 37.77 45.79 23.29 

5 44.25 43.95 44.61 44.31 25.64 

6 38.32 35.89 44.06 39.50 26.14 

7 43.42 50.11 40.30 44.08 # 

8 212.03 211.78 211.67 211.27 212.78 

9 54 .38 54.24 53.04 55.39 25.20 

10 54.38 54.41 55.64 59.91 # 

11 212.03 212.46 210.46 211.92 212.64 

The data of 

A.D.'s Ph.D Diss ertation (7). 
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TABLE XII 

13C NMR CHEMICAL SHIFT INCREMENTS (PPM) OF COMPOUNDS 
7b, 7c, 7d, 5 RELATIVE TO THESE OF THE 
UNDERSTITUTED PARENT COMPOUND IV-7a 

Compound 

7b 7c 7d 5 

1 4.68 4.96 -0.56 -15.78 

2 6.43 7.67 5.68 -12.91 

3 -0.93 5.96 8.08 # 

4 0.42 -2.27 5.75 -16.75 

5 -0.30 0.36 0.06 -18.61 

6 -2.43 5.74 1.18 -12.18 

7 6.69 -3.12 0.66 # 

8 -0.25 -0.36 -0.76 0.75 

9 -0.14 -1.34 1.01 -29.09 

10 0.03 1.26 5.53 # 

11 0.43 -1.75 -0.11 0.43 
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CHAPTER V 

CONCLUSIONS 

Some important features of this dissertation are 

summarized below. 

1. A dinitro cage compound, 2,6-dinitro-5-methoxy-

7-carbomethoxypentacyclo[5.3.0.02•6.03•i°.04•8]decane was 

synthesized from tricyclo[6.2.1.02.7]undeca-4,9-dien-

3,6-diones, via intramolecular photocyclization of an endo 

1,4-methanoindene derivative which contains a vinyl nitro 

substituent. Subsequently, a ketone carbonyl group was 

converted to the corresponding nitro group. This provided 

some new methods which can be applied to the synthesis of 

polynitro cage compounds. 

2. A mixture of epimeric 1,5-dimethyl-exo-

6-carbomethoxytricyclo[5.2.1.02•6]dec-8-en-3-ones one of 

which serves as an intermediate in the total synthesis of 

(±) silphinene was obtained via i8-alkylation of the 

corresponding enone with Me2CuLi. The two epimers were 

separated and their structures were characterized via 

analysis of their respective one- and two-dimensional NMR 

spectra. 

3. A cage polymer was obtained from pentacyclo-

[5.4.0.02•*.03•io.os.9] undecan-5,8-diones via reaction with 
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McMurry reagent. A cage dimer which was synthesized from 

pentacyclo[5.4.0.02.6.03.io.05.9]undeCan-5-one under the 

same conditions served as a model compound for the 

structural characterization of this polymer. This study is 

a part of a larger investigation that is concerned with the 

synthesis of new high density/high energy polymers. 

4. As part of a continuing study of the synthesis and 

chemistry of substituted cage compounds, 1,5-dimethyl- and 

1,5,9-trimethylpentacyclo[5.4.0.02&.03-io.05-9]-

undecan-8,11-diones were synthesized. Their structures were 

assigned via a combined study of one- and two-dimensional 

proton and C-13 NMR spectra and single X-ray structural 

analysis. The C-13 NMR data were used to study the steric 

effects of methyl substituents on 13c chemical shifts in the 

pentacycloundecane system. 
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