
27? 
AJ$/d . 

Aio. Ho 69 

THE SYNTHESIS AND CHEMISTRY OF POLYCYCLIC CAGE COMPOUNDS 

DISSERTATION 

Presented to the Graduate Council of the 

University of North Texas in Partial 

Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

3y 

Yanjun Wang, B.S., M.S. 

Denton, Texas 

December, 1994 



27? 
AJ$/d . 

Aio. Ho 69 

THE SYNTHESIS AND CHEMISTRY OF POLYCYCLIC CAGE COMPOUNDS 

DISSERTATION 

Presented to the Graduate Council of the 

University of North Texas in Partial 

Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

3y 

Yanjun Wang, B.S., M.S. 

Denton, Texas 

December, 1994 



v̂ -V 

Wang, Yanjun, The Synthesis and Chemistry of Polvcvclic 

raae Compounds. Doctor of Philosophy (Chemistry). December, 

1994, 240 pp., 3 tables, 112 illustrations, bibliography, 119 

titles. 

Chapter I.describes the synthesis of a trishomocubyl 

helical tubuland diol and some aspects of its inclusion 

chemistry. Thus, all three isomers of 4,7-dimethyl-

pentacyclo[6.3.0.02'6.03'10.05'9]undecane-4,7-diol have been 

prepared and their X-ray structures have been determined. 

The syn,syn-isomer crystallizes in a double-stranded 

hydrogen-bonded lattice, while anti,syn-isomer forms a 

hydrogen-bonded layer lattice. In contrast, the anti,anti-

isomer is a new member of the helical tubuland diol host 

family; its crystal lattice consists of parallel canals with 

a trefoil-shaped cross-section of area 25.4 A 2 . 

Chapter II describes the synthesis of new molecular 

clefts. These molecular clefts have been synthesized via 

base-promoted reactions of 3,6-diaryl-l,2,4,5-tetrazines with 

tetracyclo[6.3.0.04'11.05'9]undecane-3,6-dione and with tri- -

cyclo [ 6 .3 . 0 . O2, 6] undecane-3 ,11-dione, respectively. Compounds 

of this type are of interest as a potential new class of host 

molecules for use in host-guest complexation studies. 

Chapter III reports the synthesis of stereospecifically 

deuterated spiro(oxetane-3,8'-pentacyclo-



[5 .4 . 0 . O2' 6 . 03'10 . 05'9] undecanes) and their acid-promoted ring 

opening and concomitant rearrangements. The deuterium-

containing reaction products have been characterized via 

analysis of their NMR and mass spectra. The results strongly 

suggest that intramolecular 1,5-hydride shifts provide an 

important pathway through which the acid promoted 

rearrangements occur. 

Chapter IV reports the oxidation of heptacyclo-

[6.6.0 .02'6.03'13 .04'11.05'9 .010'14] tetradecane (HCTD) via 

application of Barton's "GoAgg" systems. The products have 

been characterized by NMR and mass spectral analysis. Under 

GoAggv conditions, oxidation of HCTD proceeds to afford 

heptacyclo [6.6.0 . 02-6.03-13 .04'11. 05'9.010'14] tetradecan-7-one 

in 1% yield. 
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CHAPTER I 

A TRISHOMOCUBYL HELICAL TUBULAND DIOL INCLUSION HOST 

Introduction 

The history of inclusion compounds dates back to the 

preparation of such chemical species by Davy, and shortly 

afterward by Faraday at the Royal Institution in the 

beginning of the nineteenth century.1 The most important 

event, however, was from the pioneering X-ray structural work 

of H. M. Powell on inclusion compounds,2 e. g., the 

structural resolution of the SO2 clathrate of hydroquinone in 

1945, which opened up a whole new science of the study of 

inclusion phenomena. Since then a large number of inclusion 

compounds, found serendipitously as by-products of research 

in other areas, have been characterized.3 Interest in 

inclusion received additional impetus with the report of 

crown ether hosts in 19674 and subsequently of cryptands.5 

Recently, the increasing number of publications and patents 

dealing with inclusion compounds attests to the high level of 

current interest in the physical and chemical properties of 

novel host systems. This is due, in part, to the fact that 

the study of inclusion compounds affords information about 

the native non-covalent, intermolecular forces that operate 



in host-guest complexes. In addition, these complexes serve 

as models for the study of topochemical problems and the mode 

of action of enzymes. Furthermore, inclusion complexes are 

utilized in laboratories, industry, and the home as ion 

exchangers, catalysts in chemical reactions, and for the 

microeneapsulation of sensitive, active, and aromatic 

substances.6 

Inclusion complexes, generally speaking, refer to the 

system in which one species (the "guest") is spatially 

confined within another species (the "host"). For the "true" 

crystal inclusion compounds, the term "clathrate" was 

introduced by Powell7 to describe a particular form of 

molecular complexes in which the host forms a cage structure 

that entraps the guest. 

Polar and coordinatively active functional groups are 

structural elements that are frequently found in the 

constitution of crystal inclusion host molecules.8 Typical 

examples are urea la, thiourea lb, hydroquinone 2, deoxy-

cholic acid 3, cyclodextrins 4, and calix[4]arene 5 (see 

Scheme 1). Thus, it seems reasonable to assume that the 

nature of functional groups plays an important part in the 

construction of crystal inclusion compounds. 

The crystalline structure of the urea la-linear 

hydrocarbon inclusion compounds has been determined by X-ray 

diffraction.9 Figure 1-1 schematically illustrates a cross 

section of the urea-normal hydrocarbon inclusion compound. 
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The unit cell is hexagonal, and the structure contains six 

urea molecules per unit cell. The urea molecules form a 

specific hydrogen bonded network in which each oxygen is 

bonded to four nitrogen atoms, and each nitrogen is bonded to 

two oxygen atoms of adjacent urea molecules.7 Hydrogen bonds 

NMi 

'A? 

Figure 1-1 A cross section of the urea-normal hydrocarbon 

inclusion compound 

are also responsible for the helical grouping of urea 

molecules in the channel wall and thus for the helicity of 

the inclusion lattice.10 Such structural compatibility 

between host and guest is a fundamental characteristic of 



most inclusion systems. In general, there must be congruence 

between the geometrical characteristics (size and shape) of 

the guest molecule and the inclusion cavity. It becomes 

clear from this analysis that the urea molecules form a 

hollow channel structure in which straight chain hydrocarbon 

molecules can become enclosed and that the hydrocarbons in 

the host-guest complexes lie in an extended planar zigzag 

configuration with their long axis parallel to the c axis.9 

In 1947, Angla reported that thiourea lb forms 

crystalline complexes with a variety of organic compounds at 

room temperature, either in the solid state or in saturated 

aqueous or alcoholic solutions.11 Subsequently, Schlenk also 

reported similar results.12 It was demonstrated that these 

thiourea complexes were similar to the urea complexes and 

were, in fact, inclusion complexes. In the presence of 

appropriate guests thiourea lb crystallizes in a channel 

structure in which the channels possess a slightly larger 

cross-sectional area than those in the corresponding urea 

inclusion compounds. The thiourea host lattice however has a 

channel diameter of approximately 6.1 A (correspond to 5.25 A 

for the urea host lattice). The expanded channel diameter 

enables thiourea to have enough space to accommodate more 

voluminous guest compounds, e. g., branched hydrocarbons13 

such as cyclohexane and its derivatives, into the channel. 

Wohler14 first reported that H2S was trapped by 

hydroquinone 2, then, ten years later, Clemm15 found SO2 to be 



similarly retained, in 1886 Mylius,16 discovered that 2 can 

include carbon monoxide, and he made the very shrewd 

observation that perhaps the molecules of hydroquinone were 

somehow able to lock the volatile component into position 

without chemically combining with it. In fact, hydroquinone 

can exist in three crystal modifications; designated as a, |3, 

and y forms; the a-form is the stable form at room 

temperature. The monoclinic y-form is produced by sublimation 

or by rapid evaporation of a solution of 2 in ether. The 

intricate and beautiful structure of a-hydroquinone has been 

fully elucidated as a result of a definitive X-ray study by 

Wallwork and Powell.17 The ability of""this form to include 

small guest species such as carbon dioxide,7 sulphur 

dioxide,18 and argon19 has now been explained. As shown in ' 

Figure 1-2, two of the three crystallographically independent 

hydroquinone molecules in the asymmetric unit, are involved 

in forming two interpenetrating, open, hydrogen-bonded 

networks that are similar to those found in the structure of 

P-hydroquinone and are capable of clathrating small 

molecules. The third hydroquinone moiety forms double 

helices that consist of hydrogen-bonded chains of molecules 

around a three-fold screw axes, one of which is denoted by a 

continuous line at the left side of Figure 1-2. The cage 

networks and double helices are hydrogen-bonded together in 

such a way that the interpenetrating cage networks are 



connected (unlike the p - f o r m ) , as are the two strands of the 

double helix. 

Figure 1-2 Single crystal X-ray structure of a-hydroquinone 

The P - f o r m is the most versatile of the three 

crystalline modifications. The classical studies of Powell 

and colleagues 20 established that three crystallographically 

distinguishable kinds of p - h y d r o q u i n o n e clathrate host 

lattice, now termed21 Type I-III, can exist. All three 

lattices possess the same general formula 3C6H4(OH)2 »XG, where 

G represents the encaged guest molecule and X is a site 

occupancy factor, 0<X<1. A stereoview of a single cage in 

the unsolvated form of P - h y d r o q u i n o n e is shown in Figure 1-3. 

As can be seen, the top and bottom of the void are formed by 

hexagons of hydrogen-bonded oxygen atoms. In addition, an 

ordered arrangement of hydrogen atoms is apparent in the 

[OH] 6 rings. Host molecules point alternately above and 



below the mean plane of the six oxygen atoms. As may be seen 

from Figure 1-3, the hexameric units that form the ceiling 

Figure 1-3 Single crystal X-ray structure of p-hydroquinone 

and floor of a given cage belong to two identical, but 

displaced, three-dimensional interlocking networks, first 

defined for the "empty" form by Powell and Riesz.22 

The structure23 of the y-form (produced by rapid evapora-

tion of a solution of 2 in etheri :s shown in Figure 1-4. In 

this case there are no hydrognn - b< i<ded hexameric units, and 

this lattice displays no known inclusion properties. The 

structure is built up from sheets <J£ hydrogen-bonded 

hydroquinone molecules in which two-fold screw axes that 

relate centrosymmetric molecules ot 2 are denoted by parallel 

lines in Figure 1-4. In accord with the instability and 



Figure 1-4 Single crystal X-ray structure of y-hydroquinone 

pronounced tendency of the y-form to suffer cleavage, these 

sheets apparently are held together only by weak van der 

Waals forces. 

3a, 12a-Dihydroxy-5(3-cholan-24-oic acid (deoxycholic 

acid, DCA) is shown in Scheme 2 together with its numbering 

system. The hydrogen atoms are omitted. 

Scheme 2 
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DCA forms stable inclusion compounds of the "channel" 

type with a wide variety of guest molecules, e. g, aliphatic, 

aromatic and alicyclic hydrocarbons, alcohols, ketones, fatty 

acids, esters, ethers, phenols, azo dyes, nitriles, 

peroxides, and amines. The guest components are generally 

inprisoned in channels that run through a host lattice which 

is composed of DCA molecules. The crystalline inclusion 

compounds, called "choleic acids", are often obtained by slow 

evaporation from a solution prepared by dissolving DCA and 

the guest component in ethanol. Alternately, they can be 

prepared by dissolving DCA in a liquid guest component, 

•sometimes by using a small amount of methanol. 

Several pioneering X-ray crystallographic studies were 

carried out in the past,24 especially by Giacomello, Kratky 

and co-workers, on some choleic acids. However, owing to the 

complexity of the crystal structures, many aspects of the 

choleic acids' fundamental structural characteristics 

remained obscure, and many misconceptions arose. Only 

recently have a number of choleic acid crystal structures 

been solved. Hence, the description of their structures can 

now be considered to be satisfactory.25 Choleic acid can be 

grouped into three crystal systems, orthorhombic, tetragonal 

and hexagonal. The first system is the most commonly 

observed and presents the best opportunites for forming 

inclusion complexes. The crystal packing diagrams of these 

three systems are shown in Figure l-5a, Figure l-5b, and 
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Figure l-5c.26 Figure l-5a shows molecular packing of the 

DCA-phenanthrene crystal viewed along c axis. Black and open 

circles represent methyl groups and oxygen atoms 

respectively. The dashed lines indicate hydrogen bonding. 

Figure l-5b shows crystal packing of DCA-Et0H-H20 viewed 

along a axis. The overall shape of the DCA molecules is 

drawn. Methyl groups and oxygen atoms are represented by 

filled and open circles respectively. Hydrogen bondings are 

omitted. Fugure l-5c displays DCA-DMSO-H2O crystal packing 

viewed along c axis. Oxygen and sulphur atoms and methyl 

groups are represented by open cirles and large and small 

black circles. 

Figure l-5a Crystal packing diagram of the DCA-phenanthrene 

viewed along c axis 
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+b 
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Figure l-5b Crystal packing diagram of DCA-Et0H-H20 viewed 

along a axis 

Figure l-5c Crystal packing diagram of DCA-DMSO-H2O viewed 

along c axis 

Cyclodextrins (4a, 40, 4y, CDs) are cyclic 

oligosaccharides that possess internal cavities capable of 
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complexing hydrophobic organic and organometallic molecules 

both in aqueous solution and in solid state. The three 

distinct CDs have a slightly different cavity diameter: 4a 

(cyclohexaamylose), with a 6.5 A cavity; 4p (cyclohepta-

amylose), with a 7.5 A cavity; and 4y (cyclooctaamylose), 

with a 9.0 A cavity. These molecules are shaped like 

truncated cones, with a smaller and a larger diameter opening 

at, respectively, the primary hydroxyl and the secondary 

hydroxyl faces of the cyclic suger network. The interior of 

the cavities is lined with ether oxygens and presents a 

relatively hydrophobic surface to an incoming guest. The 

guest is stabilized within the cavity -of all the CDs 

primarily by hydrophobic forces. 

As shown in Figure 1-6, Tanaka and co-workers27 reported 

the single crystal x-ray structure of 4a-/n-nitrophenol 

inclusion compound. They found that the in-nitrophenol is 

068 

Figure 1-6 Single crystal X-ray structure of 4a-m-

nitrophenol 
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located nearly parallel to the ac plane in the space between 

4a molecules. 

Recently, calixarenes have received extensive 

attention.28 Among the simple phenol-derived calixarenes, p-

tert-butylcalix[4]arene 5 forms complexes with variety of 

molecules.29 Andreetti and co-workers30 have established the 

endo-calix character of the p-tert-butylcalix[4]arene-benzene 

complex, showing that the calixarene exists in the cone 

conformation and that the benzene guest molecule is ensconced 

exactly in the center of the cavity. More recently, similar 

demonstrations with nonaromaric guest molecules have been 

provided by Atwood and co-workers.31 "They showed that the 

pentaammonium salt of p-sulfonato-calix[4]arene forms an 

endo-calix inclusion complex with.methyl sulfate (Figure 1-

7) . 

C7A 
CIA 

02 01 03 

Figure 1-7 Single crystal X-ray structure of p-

sulfonatocalix[4]-methyl sulfate 
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In 1979, Bishop and co-workers discovered that a certain 

rigid bicyclic aliphatic diol 6 provided a new hydrogen-

bonded channel inclusion network (Scheme 3),32 termed "helical 

tubuland" for the host structure and "helical tubulate" for 

the host-guest complex.33 

Scheme 3 

They expanded their studies to a whole series of 

compounds that bear certain structural similaritions 

("molecular determinents") to the prototype.34 They found 

that all of the alicyclic diols 6-11 (Figure 1-8) crystallize 

with a helical tubuland lattice, based on helical spines of 

inter-diol hydrogen bonds. This lattice is a multimolecular 

inclusion host system which is able to trap guest molecules.35 

The helical tubuland structure present in the crystalline 

state of these diols is unusual in that the essential 

crystallographic features are maintained along the series of 

diols 6-11. This situation results in radically different 
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void spaces and unobstructed cross-sectional area for the 

resulting tubular canals in the crystals. 

0$ 

-itf §!• ^ 
Figure 1-8 Projection view in the ab plane of one canal only 

of the helical tubuland lattices of diols 6-11 

While the diol 6-11 have structural similarities and 

have the same crystalline form, it is not at all unexpected 

that other closely related alicyclic diols behave quite 

differently since crystal structures cannot normally be 

predicted,36 especially for materials which are combinations 

of two substances. On the other hand, it seems reasonable 

that there must be underlying structural factors and 
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principles which can be developed into molecular design of 

new materials.37 

Based on the results of their studies, Bishop and co-

workers proposed following tentative molecular determinants.3® 

(i) The diol molecules must have average C2 rotational 

symmetry in solution. However, it is not necessary that this 

be adopted completely in the crystal. For example the diols 

9 and 10 cannot adopt exact twofold symmetry in the solid 

because of the propano bridge. 

(ii) The alicyclic structure must be flexible to some 

degree. This allows the skeleton to twist slightly, aiding 

the helical conformation imposed by the lattice. Thus, the 

relatively inflexible admantane analogue 12 (Scheme 4) adopts 

a different crystal structure. 

Scheme 4 

12 

(iii) Substituent groups around the periphery appear so 

far to be deleterious. Polar groups may disrupt the hydrogen 

bonding of the host, while substituents located in some 
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positions will effectively prevent the diol from packing in a 

helical fashion. 

(iv) A bridge on the opposite side to the hydroxy groups 

is optional. It can therefore be removed or modified in size 

to control the channel dimensions. 

(v) The two hydroxy groups must be separated by a 

molecular bridge. This performs a key function in 

buttressing the canal walls against collapse to form a denser 

structure. Thus, for example, the double epimer of 1 adopts 

a totally different crystal structure that involves the 

formation of hydrogen bonded layers. 

(vi) The tertiary alcohol groups"must bear a geminal 

methyl substituent. The resulting structure appears to 

possess just the correct size, shape and rigidity to support 

the canal wall structure in a helical tubuland lattice. All 

attempts to replace these groups with other substituents have 

so far led to the formation of non-helical tubuland crystal 

structures. 

We have designed a system to test molecular determinant 

(ii), i.e., to determine whether an inherently twisted but 

otherwise inflexible cage diol is capable of crystallizing in 

the desired helical tubuland lattice. Strictly speaking, the 

rigid cage skeleton disobeys the molecular determinant (ii); 

however, a degree of prior twisting is already incorporated 

into the system due to the geometry of the cage skeleton. It 
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was thus possible that the cage diol might be able to 

crystallize in a helical tubuland lattice.39 

Results and Discussions 

Pentacyclo [ 6.3 . 0.02'6.03,10.05'9] undecane-4,7-dione 17 

was synthesized by using the method described by Smith and 

Barborak (Scheme 5).40 

Scheme 5 

o 0 1. Methanol 

2. Acetone, hv 

(80%) 

LiAlH4, THF 

reflux, 10 h 

14 

HOAc, H2SQ4 

reflux, 72 h 

(70%) 
AcO 

OAc 

15 

KOH 

MeOH / H20 
reflux, 48 h 

(96%) 16 

GO3, H2SO4 

acetone/H20 

(98%) 
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Subsequent reaction of 17 with excess methylmagnesium 

bromide provided a mixture of all three possible diol isomers 

18-20 as shown in Scheme 6. 

Scheme 6 

1. MeMgBr 
dry Et20 

2. aqueous 
0 NH4C1 H0^ 

(89%) M<? 

-Me + - OH + 

18 19 20 

The three isomers were isolated by fractional recrystalli-

zation from acetone. The structures of all three isomers 

were determined by single crystal X-ray structural analysis.41 

The common crystallographic numbering system adopted for all 

three isomers is shown in Figure 1-9. 

c<i3y C(12) 

Figure 1-9 Single crystal X-ray structure of 18 showing the 

common crystallographic numbering system used 

for the diols 18-20 
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Since diol 19 doesany symmetry element. It can be 

identified readily via inspection of its proton noise-

decoupled 13C NMR spectrum, which shows 13 peaks (Figure 1-

17). Each of the other two diols (which possess C2 symmetry) 

displayed only 7 peaks in their respective proton noise-

decoupled 13C NMR spectra (Figure 1-16, Figure 1-18). Proton 

NMR spectra of the three isomers are shown in Figures 1-19, 

1-20, and 1-21, respectively. 

The first diol to be isolated and fully characterized 

was a C2-symmetric isomer, mp 248-249 °C. Single crystal X-

ray structural analysis of this material proved that it is 

the syn,syn-diol 18.42 Based on the molecular determinants 

decribed above, this compound disobeys the molecular deter-

minant (V) since it contains no molecular bridges that 

separate the two hydroxy groups. Such bridges perform a key 

function by buttressing the canal walls, thereby preventing 

collapse to a more highly dense structure. Therefore, it was 

predicted that diol 18 would not crystallize with the helical 

tubuland lattice structure, a prediction which was found sub-

sequently to be correct. 

A suitable crystal of diol 18 was obtained by recrysta-

llization from EtOAc. Compound 18 crystallized in space 

group P2i/c. Its molecular structure and lattice structure 

(unit cell) are shown in Figure 1-9 and figure 1-10 , 

respectively. 
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From inspection of Figure 1-10, we can see that the four 

diol molecules each contribute one hydroxy group to produce 

the hydrogen bonded cycles (~OH)4, and the second hydroxy 

group is hydrogen bonded to the other hydroxy group of one of 

the adjacent molecules already involved in the hydrogen 

bonding network. Since there is little steric obstruction 

between the syn hydroxy groups,43 the network is thus 

propagated in only one dimension to produce a series of 

double-stranded columns. Between the columns, only van der 

Waals interactions are present. The middle of the (-OH)4 

cycle is a center of symmetry; therefore, the diols on the 

left of the double strand consist of the same enantiomer and 

those on the right consist of the opposite enantiomer. 

„ 

Figure 1-10 The unit cell of crystalline 18 

The second compound isolated and studied was diol 19, mp 

186-187 °C. This lacks C2 symmetry and thus must correspond 
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to the anti,syn-diol. Since it disobeys molecular 

determinant (i), it is predicted not to crystallize in a 

helical tubuland lattice. The crystal of diol 19 obtained 

via recrystallization from ethyl acetate belongs to space 

group P2i/c and crystallize in a rather complex hydrogen 

bonding arrangement, as shown in Figure 1-11. 

Figure 1-11 Single crystal X-ray structure of 19 showing how 

the diol molecules are arranged to produce a layer structure 

constructed using (OH)4 hydrogen-bonded cycles 

Once again, four diol molecules each contribute one 

hydroxy group to produce hydrogen bonded cycles (-0H)4. 

However, the second hydroxy group is hydrogen bonded to 

another hydros group that resides in a diol moiety which is 

not involved in the original hydrogen bonded network. 

Therefore, the resulting hydrogen bonding network is 

propagated in two dimensions, which produces a layered 

structure. The unit cell of diol 19 is shown in Figure 1-12. 
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The middle of the (-0H)4 cycle in crystalline 19 is a center 

of symmetry. However, unlike diol 18, diol molecules at 

opposite corners of each cycle in crystalline 19 possess 

opposite chirality. 

Figure 1-12 The unit cell of crystalline 19 viewed along c 

axis 

The last compound to be characterized was the anti,anti-

di°l 20• This compound possesses C2 symmetry and displays mp 

154-156 C. An inclusion complex was obtained by recrysta-

llization of 20 from EtOAc. Carbon-hydrogen elemental micro-

analysis indicated that the actual percantage of carbon was 

far below the theoretical value for pure 20. However,it 

agrees with the theoretical value if the compound forms an 

inclusion compound with EtOAc in approximate stoichiometry 

(20)3*(EtOAc). Further and definitive evidence for the 
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presence of ethyl acetate guest molecules was available from 

the IR and 1H NMR spectra of compound 20. For example, in 

its IR spectrum there is a weak absorption at 1746 cm-1 which 

must corresponds to the presence of the ester carbonyl group 

(Figure 1-13). 

The 1H NMR spectrum of 20 contains a triplet at 8 1,18 

(J = 6.0 Hz) a singlet at 8 1.95, and a quartet at 8 4.04 (J = 

6.0 Hz). The intergration of those peaks is consistant with 

the structural assignment (Figure 1-19). 

UJ ^ 

2210 I t 90 1310 1130 
WRVENUM0ER 

Figure 1-13 IR spectrum of 20 

However, the crystals as obtained were found to be 

twinned and thus were unsuitable for X-ray structural 

determination. The X-ray investigation was therefore carried 

out on a crystal grown from acetone-d6 solution. As shown in 
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to the formula (20) 3*(C3D6O) 1.2 . The canal-unobstructed 

cross-sectional area is trefoil-shaped and rather similar to 

that of diol 7 but at (25.4 A2)45 is somewhat smaller than 

that of 7 (30.2 A 2). 4 5
 The Figure 1-15 shows a typical guest 

orientation within one canal of 20. 

Figure 1-15 One canal only of the helical tubulate compound 

2 O 3 • ( C 3 D 6 O ) 1 , 2 viewed along c axis 
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Figure 1-14, this compound crystallizes in space group P3±21 

and does indeed adopt the helical tubuland host lattice. 

VD 

\ 

Figure 1-14 Projection view in the ab plane of the helical 

tubuland lattice of crystalline 20 

The structural requirements of this lattice necessitate that 

the diol molecules in each crystal be of the same enantiomer; 

thus, the bulk crystalline material is a conglomerate.44 x-

ray structural analysis indicated that six acetone-d6 

molecules are present per five unit cells. This corresponds 
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Summary and Conclusion 

The discovery of this new helical tubuland host diol 

strongly supports the idea that it is possible to define 

molecular determinants for multimolecular inclusion hosts and 

that these determinants can be applied to the design of new 

examples of such materials. The cross-ring 0-C«**C-0 torsion 

angles in diols 6 and 9 are 73.8 and 97.4° respectively; the 

corresponding value for new helical tubuland diol 20 differs 

significantly (163.1°). This result suggests that this 

parameter does not serve as a molecular determinant when 

selecting candidate diols.38 However, the cross-ring 

(Me)(HO)O•*C(OH)(Me) distances in 6, "9, and 20 are nearly 

constant. This result suggests that it is not necessary for 

a candidate diol to possess a degree of conformational, 

mobility in order for it to be able to crystallize in a 

helical tubuland lattice. The availability of a certain 

amount of twist between the two hydrogen bonding groups in 

alicyclic skeleton has already been shown to facilitate 

helicity in the lattice. Finally, the rigid pentacyclic 

skeleton of 20 is quite different from those bicyclic and 

tricyclic diols that have been reported by Bishop.34 This 

suggests that a wide range of carbocyclic skeletons may be 

capable of acting as molecular spacer groups that lead to 

formation of helical tubuland diols hosts provided that they 

adhere to the remaining molecular determinants. 
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Experimental Section 

Melting points are uncorrected. 

Methylation of Pentacyclo[6.3.0 . 02'6.03•10.05' 9 ] -

undecane-4,7-dione 17 To a solution of 1740 ( 2 1 2 . 5 mg, 

1.22 mmol) in 90 mL of dry Et20 under argon cooled externally 

to ca. -10 °C (ice-salt bath) was added dropwise via syringe 

a solution of CH3MgBr in Et20 (3 .0 M, 13 mL, 39 mmol). After 

the addition had been completed, the mixture was stirred at 

-10 °C for 3 hr and then was allowed to warm gradually to 

room temperature. The mixture was queched by addition of 

saturated aqueous NH4CI (50 .0 mL).- The organic layer was 

separated, the aqueous layer was extracted with Et20 (3 x 50 

mL) . The combined organic layers were dried (MgSC>4) and 

filtered, and the filtrate was concentrated in vacuo to give 

a mixture of three isomeric diols as a colorless 

microcrystalline solid (224 mg, 89%). The individual pure 

isomeric diols were obtained via fractional 

recrystallization. An acetone solution of the mixture of 

isomers was allowed to stand at room temperature. Diol 18 

crystallized out of solution after 24 hr, followed 

successively by 19 and 20. Compound 20 was further 

recrystallized from acetone. A total mass of 208 mg (83%) of 

pure diols was isolated. The remainder of the material was 

an oil which consisted mainly of 20 (by NMR analysis). 

Analytical samples were obtained via recrystallization from 

EtOAc. 
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4,7 -Dimethylpentacyclo [6.3.0.02'6.03,1°.05'9] -

undecane-syn-4,syn-7-diol 18. Yield 35.1 mg (13.9%): mp 

248-249 °C; IR (paraffin mull) 3295 (w), 2948 (s) , 2930 (s), 

2858 (s), 1461 (m) , 1377 cm"1 (m); XH NMR (acetone-d6) 8 1.26-

1.29 (m, 2 H), 1.32 (s, 6 H), 1.62-1.70 (m, 2 H), 2.20-2.40 

(complex m, 6 H), 3.29 (br s, 2 H) ; 13C NMR (DMSO-dg) 8 23.78 

(q), 33.93 (t), 42.99 (d), 43.29 (d) , 54.71 (d), 56.96 (d), 

79.93 (s); Anal. Calcd for C13H18O2: C, 75.7; H, 8.8. Found: 

C, 7 5.7; H, 9.0. 

4 , 7 - Dime thylpe t acyc lo [6.3.0.02'6.03,1°.05'9] -

undecane-anti-4, syn-7-diol 19. Yield 106 mg (42.1%): mp 

186-187 °C; IR (paraffin mull) 3303 (w) , 2943 (s), 2930 (s), 

2857 (s), 1459 (m), 1365 cm-1 (m); % NMR (acetone-dg) 8 1.24 

(s, 3 H), 1.26-1.36 (complex m, 3 H), 1.28 (s, 3H), 1.61-1.72 

(complex m, 2H), 1.75-1.83 (complex m, 1 H), 2.18-2.25 (m, 1 

H), 2.25-2.32 (m, 1 H), 2.41 (dq, J = 5.6, 1.4 Hz, 1 H), 

2.69-2.79 (m, 1 H), 3.34 (br s, 1 H), 3.40 (br s, 1 H); 13C 

NMR (DMSO-de) 8 23.55 (q), 23.62 (q) , 33.33 (t) , 41.29 (d) , 

43.75 (d), 44.43 (d) , 44.54 (d), 53.38 (d), 55.19 (d), 56.37 

(d) , 56.62 (d) , 80.15 (s), 80.32 (s); Anal. Calcd for 

C13H18O2: C, 75.7; H, 8.8. Found: C, 75.6; H, 8.9. 

4 / 7 - Dimethylpentacyclo [6.3.0.02'6.03'10.05'9] -

undecane-anti-4,anti-7-diol 20. Yield 67.3 mg (26.7%). 

mp 154-156 °C; IR (paraffin mull) 3296 (w), 2940 (s), 2929 

(s), 2910 (s), 2858 (s), 1746 (w), 1460 (m), 1376 cnr1 (m) ; 
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NMR (acetone-dg) 8 diol signals at 1.20-1.35 (complex m, 5 H) , 

1.23 (s, 3 H), 1.61-1.73 (m, 2 H), 1.73-1.82 (m, 2 H), 2.13-

2.25 (complex m, 2 H), 2.68-2.78 (m, 2 H), 2.84 (br s, 2 H), 

guest signals at 1.18 (t, J = 6.0 Hz, 3 H), 1.95 (s, 3 H), 

4.04 (q, J = 6.0 Hz, 2 H). There is an H2O signal at 3.39 (br 

s); 13C NMR (Acetone-d6) 8 23.76 (q), 33.68 (t), 44.02 (d) , 

46.23 (d), 55.12 (d) , 57.35 (d) , 81.74 (s); Anal. Calcd for 

(CI3HI802)3» (C4H802) : C,73.1; H, 8.8. Found: C, 72.6; H, 9.0. 
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CHAPTER II 

THE SYNTHESIS OF NOVEL POLYCYCLIC MOLECULAR CLEFTS DEVIRED 

FROM TETRACYCLO[6.3.0.04'11. 05'9]UNDECANE-8,11-DIONE AND 

TRICYCLO [ 6 . 3.0. 02' 6] UNDECANE-3 ,11-DIONE 

Introduction 

Since the discovery of the crown ethers by Pedersen 

twenty-five years ago, the chemistry of synthetic hosts for 

the selective complexation of organic and inorganic guests 

has developed rapidly.1 Synthetic organic chemists have been 

increasingly directing their attention to the preparation of 

"unnatural products".2 In the past such molecules were 

considered to be primarily of theoretical interest, and the 

careful study of their properties fell mainly within the 

realm of physical organic chemistry.3 

The results of recent studies of the design of molecular 

receptors indicate that orthocyclophanes might function as 

useful host molecules.4 In fact, the cleft between the two 

layered aromatic rings might indeed be relatively easily 

accessible to guest molecules. Various spacer groups have 

been employed to promote a syn parallel arrangement of the 

aromatic rings and to control the distance between the decks. 

Prinzbach et al.5 reported the synthesis and X-ray 

structure of cyclophane 1 (Scheme 1). They found distances 

42 



43 

di and 6.2 to be 3.04 A and 3.82 A, respectively. These two 

values indicate that the two benzene rings are not perfectly 

parallel to each other, with the result that the space 

between the aromatic rings resembles a "molecular cleft". 

The photoelectron (PE) spectrum of 1 indicates that 

Scheme 1 

there are unusual through-space interactions between benzene-

benzene ring in this cyclophane.5 

Tashiro and co-workers^ reported the synthesis of 

dibenzo- and dinaphtho[4.4.1]undecan-ll-one ethylene ketals 

(2 and 3, repectively; see Scheme 2). A one-pot synthesis of 

each compound was carried out by reacting the corresponding 

a,co-dihalide with excess dimethyl 3-oxoglutatrate under phase 

transfer catalytic (PTC) conditions (Scheme 3). 
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Scheme 2 

Scheme 3 

COaMe 

< ° 

C02Me 

/ ^ Y ^ X 1. N+Bu4Cl-NaOH 

X 2. HOCH2CH2OH 

X = Br, I. 

At = C6H4,2,3-C10H6 

2 + 3 

Absorption (UV-visible) spectra of 2 and 3 were measured 

in CHCI3. The results indicated that there is a through-

space interaction between the two opposing aromatic rings. 

Compound 4 (Scheme 4) was first prepared by Kagan and 
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co-workers7 via reaction of phenylacetaldehyde with fluoro-

sulfonic acid in carbon tetrachloride at 0 °C (Scheme 4). 

Scheme 4 

FS03H, CCI4,0°C 
PhCH2CHO 

or TMSI, CHCI3, 5°C 

X-ray data show that 4 exists in the solid state in a folded 

conformation with an angle 0 = 93° between the aryl rings.7 

Molecular models and X-ray data7 suggest that this angle may 

vary somewhat, depending upon substitution. Thus, concavity 

and rigidity combine to make Kagan's "root-like" ether a very 

promising building block for the construction of chiral 

molecular clefts. 

The fact that bridged, bicyclic dibenzo-1,5-cycloocta-

dienes can function as molecular clefts has been established 

through Wilcox's inspiring work on TrOger's base analogs of 

4. Thus, 5 (Scheme 5) provides a useful chiral structural 

element for a biomimetic system.8 Such molecules are readily 
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prepared via reaction of aniline derivatives with 

formaldehyde (Scheme 5). Compounds of the type 5 possess a 

folded structure wherein the three methylene carbons and two 

nitrogen atoms form a hingelike bridge between the two aryl 

units. 

Scheme 5 

3 CH-,0 

0 = 90 0 to 104 0 

Tr6ger1s base analogs have been incorporated into a 

macrocyclic ring to provide chiral, water-soluble cyclophanes 

which act as receptors for benzenoid substrates.9 All of the 

analogs of TrOger's base thus far examined have been found to 

be sharply folded. The angle, 0 , formed by the least-squares 

planes containing the two aryl rings varies (depending on the 

nature of ring substituents) between 92° and 104°, as shown 

in Scheme 5. 

Wilcox8 reported the first syntheses of non-macrocyclic 

chiral molecules, e.g., 8a, 8b, 8c, which contain a deep 
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cleft or groove that is large enough to include small organic 

molecules. The rigid chiral grooves are maintained by 

conformational constraints instrinsic to the architecture of 

these synthetic receptors. The concave surfaces in these new 

molecules are produced without recourse to macrocyclic 

structural elements. The syntheses of TrOger's base analogs 

are outlined in Scheme 6. 

Scheme 6 

[I J + MeOOC == COOMe 

1. HN03, MeN02 

2. SnCl/j* EtOH 
3 CH20, H+ 

8a + 8b + 8c 

(continued...) 
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Scheme 6 (continued) 

8b 
8c 

Single crystal X-ray structural analysis of 8a reveals 

that the dibenzodiaocine unit and the four ester groups 

define a concave surface which possesses helical symmetry. 

This U-shaped molecule contains a slight twist, and the span 

which separates one pair of equivalent -CC>2Me groups across 

the cleft is shorter than that which separates the other 

symmetry-related pair. Two echanol molecules are located 

within the cleft defined by the esters. Guest molecules in 
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this clathrate are held in a chamber of molecular scale 

(Figure 2-1). 

Figure 2-1 Single crystal X-ray structure of 8a 

More recently, Wilcox and co-workers have synthesized 

several new preorganized host molecules. As shown in Scheme 

7, the methanodibenzodiazodiazocine structural unit has a 

hinge region, the five saturated atoms of the central rings.10 
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Recognition sites on either side of this hinge may subtly 

respond to different guests through the result of movements 

induced in this hinged molecule. NMR titration techniques 

have been used by Wilcox and co-workers to study the host-

guest interaction of 9b.10 They found that 9b has strong 

binding with 9-ethyladenine and cyclic urea derivatives. 

Scheme 7 

9a R = COOH 
9b R = H 
9c R = Me 

Thummel and co-workers have utilized sequential 

Friedlaender condensations between aromatic ort-hoamino-

aldehydes and cyclic 1,2-diketones to synthesize a series of 

polyaza cavity shaped molecules.11 They also applied the same 

approach by using tetracyclo-[6.3.0.04<11.05'9]undecane-8,11-

dione (10)12 as substrate, thereby affording a novel, rigid 

syn-orthocyclophane 11 (Scheme 8).13 

Single crystal X-ray structural analysis of 11 showed 

that the dihedral angle between the quinoline rings is 50.5° 

while the Fieser models would predict an angle of only 40°. 
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CHO 

10 

KOH, EtOH 

They concluded that the observed splaying of the molecule was 

due to considerable distortion at the .. "hinge" carbons of the 

cage (C2, C5 and C14, C20) • Interestingly, as shown in Figure 

2-2, the X-ray structure of 11 involves the incorporation of 

16 

Figure 2-2 Single crystal X-ray structure of 11 
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a hydrogen-bonded water molecule which bridges the two 

quinoline nitrogens with N-H bond lengths of 2.12 and 2.19 A, 

respectively. Thus, the hydrogen bonded H2O molecule pulls 

the "arms" together, which consequently affects the shape of 

the cleft. 

Marchand and co-workers have reported the synthesis of 

2,3:6,7-bis (2 ' , 3 ' quinolino) pentacyclo [ 6.5 .0.04'12.05'10.09'13 ] -

tridecane 13 via reaction of compound 12 with ortho-

aminobenzaldehyde (Scheme 9).14 Compound 13 is a [2,2]ortho-

cyclophane analogue which contains quinoline moieties that 

are connected to a pentacyclo [6.5 .0.04'12.05'10.09'13] -

tridecane spacer group which gives the" system a splayed 

geometry. 

Scheme 9 

COOEt 
COOEt 

.CHO 
B2Q3,150 °C 

72 h 

12 13 
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Single crystal X-ray structural analysis of 13 reveals 

that the dihedral angle between the quinoline rings is 76.4°. 

The nonbonded intramolecular N(5)*-*N(5A) separation is 4.32 

A , and the C (12)*•*C(121) separation is 4.26 A . The planes 

containing the quinoline rings in 13 are not twisted with 

respect to one another. Therefore, the dihedral angle 

between two quinoline rings affords a good indication of the 

degree to which the "jaws" of the molecule can be accessed by 

a potential "guest" molecule or ion (Figure 2-3). 

Figure 2-3 Single crystal X-ray structure of 13 

Recently, Marchand and co-workers reported the synthesis 

of molecular cleft 15 which was obtained by reacting 

tricyclo[6.3 . 0. 02'6] undecane-3,11-dione (14)^5 with ortho-

aminobenzaldehyde.(Scheme 10).16 The structure of 15a was 

elucidated via single crystal X-ray structural analysis. A 
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14 

X a ,CHO 

NH2 

KOH, EtOH, heat 

15a, X = H 
15b, X = OMe 

structure diagram of 15a is shown in Figure 2-4. Inspection 

of molecular models suggests that 15a-might adopt a 

comformation in which the two quinoline nitrogen atoms come 

into close mutual proximity. This suggests that it might be 

possible for 15a to function as a "proton sponge",17 thereby 

Figure 2-4 Single crystal X-ray structure of 15a 
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reacting with one equivalent of a protic acid to afford a 

symmetrical monoprotonated species. However, when they 

attempted to isolate a quaternary ammonium salt from the 

reaction of 15a with trifluoromethanesulfonic acid, only the 

corresponding diprotonated species could be obtained (two 

polymorphic forms of diprotonated 15a were isolated and 

characterized). The single crystal X-ray structure diagram 

of this dication is shown in Figure 2-5. The two polymorphic 

structures have been superimposed in this diagram. 

Figure 2-5 Single crystal X-ray structure of diprotonated 15a 

When 15a was reacted with [Rh(COD)Cl]2 in EtOH, a 

cationic Rh(I) organometallic complex was obtained.18 The 
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single crystal X-ray structral diagram of this complex is 

shown in Figure 2-6. 

Figure 2-6 Single crystal X-ray structure of complex 

Rh(I)(COD).15a' 

Scheme 11 
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More recently, Marchand and co-workers reported the 

synthesis of "tetra-crowned cleft", 16 (Scheme 11), in which 

benzo-15-crown-5 units are fixed at each end of the the 

clefts in such a manner as to result in a paired array of two 

"sets" of two spatially proximate crown ether moieties.19 It 

was demonstrated that the crown ether moieties in each of the 

two sets in 16 interact cooperatively with guest alkali metal 

cations, thereby rendering 16 capable of highly selective K+ 

ion complexation and of K+ ion transport across a liquid 

membrane.19 -

As part of a continuing program which is concerned with 

the synthesis and chemistry of novel polycyclic "cage" 

compounds.18 We now report the synthesis of a series of novel 

molecular clefts via base promoted reactions of tetracyclo-

[6.3 .0.04'11.05'9]undecane-3, 6-dione12 and of tricyclo-

[6.3 .0.02'6]undecane-3,11-dione15 with 3,6-diaryl-l,2,4,5-

tetrazines.20 These new molecular clefts are of interest as a 

potential new class of "host" molecules for the study of 

host-guest interactions. 

Results and Discussions 

The starting materials used for the construction of 

molecular clefts via base-promoted inverse electron demand 

Diels-Alder reaction21 are tetracyclo[6.3.0.04'11. 05'9]-
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undecane-8,11-dione 11 and tricyclo[6.3 .0 . 02'6]undecane-3,11-

dione 14. As shown in Scheme 12, they can be prepared in 

high yield via a three step procedure: (i). zinc-promoted 

reduction11 of relatively available22 pentacyclo-

[5.4.0.02'6.03'10.05'9]undecane-8,11-dione 17, (ii) . flash 

vaccum pyrolysis (FVP) of 17, followed by (iii). catalytic 

hydrogenation.14 

Scheme 12 

O l.MeOH 

2. Acetone,hv 

17 

1.FVP (650-700 °C) 
2. H2/Pd-C 

HOAc 

Zn 

11 

14 
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The methodology used to synthesize new molecular clefts 

is based on Boger's report21 that ketone enolates function as 

electron-rich dienophiles in inverse electron demand Diels-

Alder reactions with electron-poor dienes, e.g., 3,6-diaryl-

1,2,4,5-tetrazines.20 Thus, a variety of molecular clefts 

have been synthesized by using this method, e.g., 19a, 19b, 

19c (crystals of 19c were obtained with CHCI3 included as 

solvate in the crystal lattice), 21a, and 21b (Scheme 13). 

The structure of each of these compounds was established 

unequivocally via single crystal X-ray structural analysis 

(Figure 2-9 to 2-13).23 

Scheme 13 

N=N 

N=N 

)"Ar 

11 

N—N 

DBUor 
KOH/MeOH 

reflux 

N=N 

N—N 

DBU 
reflux 

N=N 

18a: Ar=2-pyridyl 
18b: Ar=phenyl 

N-N 

19a: Ar=Ar'=2-pyridyl 
19b: Ar=Ar'=phenyl 
19c: Ar=2-pyridyl 

Ar'=phenyl 

(continued... 
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N = N 

N — N 

DBU 
reflux 

20: Ar=2-pyridyl 

N=N 

N - N 2eq. 

DBU, reflux 

21a: Ax=Ar'=2-pyridyl 
21b: Ar=Ar-phenyl 

Each of the clefts was characterized by analysis of its 

iH and 13C NMR spectra. The 1H NMR spectrum of symmetrical 

cleft 19a contains resonaces which correspond to a total of 

24 protons. The signals at 8 4.66 can be assigned to the 

tertiary benzyl protons. The proton noise-decoupled 13C NMR 

spectrum of 19a displays 10 signals. An "attached proton 

test" (APT) 13C NMR spectrum of 19a indicates that there is 

only one methylene group present in 19a. 
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A suitable crystal of 19a was obtained by recrystalli-

zation from EtOAc-CH2Cl2 • Cleft 19a crystallized in space 

group C2/c. Its sigle crystal X-ray structural diagram is 

shown in Figure 2-9. Inspection of Figure 2-9 reveals that 

three of the four pyridyl groups are parallel, while the 

fourth group makes an angle of ca. 15° with the other three. 

The pyridazine-pyridazine N---N distances in cleft 19a range 

from 4.473 A to 4.608 A. 

The •'•H NMR spectrum of 19b integrates for 28 protons, 

which is consistent with the structure. As discussed above 

for 19a, the protons at 8 3.82-3.84 cam be assigned readily 

to the tertiary benzyl protons, due to their large downfield 

chemical shifts. As required by the molecule's symmetry 

properties, the aliphatic protons only.show three peaks. The 

proton-noise decoupled 13C NMR spectrum of 19b contains 9 

carbons. There are 3 carbon signals in the aliphatic region 

and 6 signals in the aromatic region. The APT spectrum of 

19b also reveals the presence of one methylene group in the 

molecule. 

The crystal of cleft 19b obtained via recrystallization 

from EtOAC-CH2Cl2 belongs to space group P2i/n. As shown in 

Figure 2-10, the phenyl rings display large interplanar 

angles with respect to the pyridazine rings. There are severe 

steric interactions between the ortho-phenyl hydrogen atoms 

and the cyclopentanoid ring which is fused to the pyridazine 

moiety. In this compound, the pyridazine-pyridazine N---N 
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distances are increased to an average value of 5.048 A . This 

cleft-widening effect results simply via cross-cleft steric 

interactions that occur between opposing phenyl substitutents 

in 19b. 

Since there is only a mirror plane between the left and 

right side of 19c, the -̂ H NMR spectrum of 19c is more complex 

than those of 19a and 19b. The 1H NMR spectrum of 19c 

integrates for 26 protons, a result which is consistent with 

the expected structure. The proton noise-decoupled 13C NMR 

spectrum of 19c displays 20 carbons, five of which are 

aliphatic carbons, while the other-15 carbons occur in the 

aromatic region. The APT spectrum of 19c also indicates the 

presence of only one methylene group in this molecule. 

Compound 19c was recrystallized from EtOAc-CHCl3, 

thereby affording the crystal suitable for single crystal X-

ray structural analysis. The structural data show that 19c 

crystallizes in space group P2i/n. As shown in Figure 2-11, 

one phenyl group is nearly parallel with the two pyridyl 

group. The nonbonded pyridazine-pyridazine N---N distances in 

compound 19c are the same as those for compound 19a. 

The crystal packing diagram of compound 19c (Figure 2-7) 

indicates that CHCI3 molecules are included as solvate in the 

crystal lattice. However, the CHCI3 molecules are included 

in channels which lie outside of the cavity defined by the 

two "arms". 
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Figure 2-7 Crystal packing diagram of 19c showing solvated 

CHCl-* molecules 

Integration of the 1H nmf .-.pectrum of 21a reveals a 

total of 26 protons. Ten pit,* :.̂  appear in the aliphatic 

region, while sixteen proton:: u - located in the aromatic 

region. The proton noise-de>-••'ij.-Led 13C NMR spectrum of 21a 

displays 18 carbons, four of which are aliphatic carbons 

located at 8 38-57. The remaining fourteen carbons are 
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aromatic carbons which appear at 8 123-156. The APT spectrum 

of 21a indicates that there are two methylene groups present 

in this molecule. 

Compound 21a was recrystallized from CH2Cl2-EtOAc to 

provide a good quality single crystal suitable for X-ray 

stuctural analysis. The crystal belongs to space group 

P2i/c. Inspection of Figure 2-12 reveals that three of the 

four pyridyl groups are coplanar with their respective 

attached pyridazine moiety; the interplanar angles vary from 

4.2 (6)° to 8.5 (6)°. The fourth pyridyl group is twisted 

out of the plane defined by the attached pyridazine ring by 

35.0 (6)°. The two substituted pyridazine systems in 21a 

form a tapered cleft whose dimensions are defined by the 

saturated carbocyclic cis, cisoid-, cis tricycloundecane 

backbone in conjunction with the attached planar heterocyclic 

"arms". 

Integration of the 1H NMR spectrum of 21b reveals 30 

protons, as required by the structure. Since 21b is also a 

twofold-symmetric compound, its proton noise-decoupled 13C NMR 

spectrum displays only 20 carbons, four of which are 

aliphatic, in agreement with the structure. The APT spectrum 

of 21b indicates that there are two methylene groups present 

in this molecule. 

The crystal of compound 21b, obtained via recrystalli-

zation from CH2Cl2-EtOAc, belongs to space group P2i/n. As 
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shown in Figure 2-13, three of the phenyl groups are twisted 

out of the plane defined by the attached pyridazine ring by 

35.4 (5)° to 49.5 (5)°, while the fourth phenyl group 

deviates from planarity with its attached pyridazine moiety 

by only 8.5 (5)°. Deviations from aryl group coplanarity in 

21b result primarily from nonbonded interactions that involve 

the ortho C-H bonds in the phenyl substituents. 

When comparing the 1H NMR spectra of these clefts, it is 

surprising to find that the chemical shifts of tertiary 

aliphatic hydrogen atoms Hx, Hy in pyridyl ring-containing 

clefts (Scheme 14) are unusually far downfield (8 4.00-5.00). 

In general, the chemical shifts of tertiary benzyl protons 

occur at ca. 8 3.50.24 The results of molecular mechanics 

(PCMODEL)2^ calculations indicate that the pyridine.and 

Scheme 14 

21a 
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pyridazine nitrogen atoms are mutually trans. This 

arrangement minimizes steric and electronic interactions 

among nitrogen atoms (Figure 2-8). Thus, it is possible 

Figure 2-8 PCMODEL drawing of 19a 

that magnetic anisotropy associated with the nitrogen atoms 

in the pyridyl rings can affect hydrogen atoms Hx, Hy, thereby 

resulting in the observed downfield chemical shifts for these 

protons. 
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Comparison among the X-ray structural data for the 

various molecular clefts studied indicates that the 2-

pyridyl-substituted pyridazines may provide clefts which are 

more suitable for host-guest complexation as compared with 

the corresponding phenyl-substituted pyridazines. This is 

due to the fact that the pyridyl groups and the pyridazine 

rings in these compounds are able to achieve a nearly 

coplanar arrangement in which the pyridine and pyridazine 

nitrogen atoms are mutually trans. As discussed above, this 

arrangement minimizes steric and electronic interactions 

between neighboring nitrogen atoms- in these compounds. 

1H NMR titration technique10 has been used to examine 

whether these molecular cletfs can function as host. The 

guest molecules chosen for the studies are 1,4-

dimethoxybenzene and aniline. However, the results show that 

there are no significant host-guest interactions present. 

In an effort to determine whether there might be any 

face-to-face electronic interactions between opposing "arms" 

in new molecular clefts 19 and 21, studies of their solution 

electrochemistry (cyclic voltammetry) were undertaken.27 For 

comparison, two model compounds, e.g., 22a and 22b, were 

synthesized via the reactions of cyclopentanone with diaryl-

1,2,4,5-tetrazines and were included in both studies (Scheme 

15). Each of these compounds serves as a model for one 

isolated "arm" of a molecular cleft. 
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Scheme 15 

N - N 
Ar-^ ^-Ar 

N=N 
DBU, THF 

o 
Ar-d 

reflux N —N 
22a: Ar = 2-pyridyl 
22b: At = phenyl 

Electrochemical data, shown in Table 2-1, were collected 

in dimethylformamide (DMF) solvent and, in selected case, 

also in acetonitrile. For studies performed in DMF solvent, 

Table 2-1 Electrochemical Data of Molecular Clefts and 

Model Compounds* 

No. (Ec+Ea)/2 (V) E a-E c 

18a -2.23 84 

19a -2.24 60 

19b -1.33 240 

-2.48 90 

19c -1.46b'c 

1 to
 

to
 

to
 

60 

20 -2.24 70 

21a -2.45-k' c 

22a -2.22 70 

-2.31d 

e -1.25 70 

a Data at room temperature vs ferrocene/ferrocenium under same 
conditions. b Ec value. c Irreversible. d Data obtained for 
compound in acetonitrile solution. e 3,6-di-(2'-pyridyl)-
1,2,4,5-tetrazine. 
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several of the compounds that contain the bis(2'-pyridyl)-

pyridazine ring system [i.e., 18a, 19a, 20, 21a, 22a, and 

2,6-di(2'-pyridyl)-1,2,4,5-tetrazine] displayed a reversible 

or electrochemically quasi-reversible one-electron reduction 

at ca. -2.23 V (relative to ferrocene/ferrocenium). This 

mode of reduction was associated with ft(10), the LUMO of this 

aromatic system by analogue of bipryridine system.28 

In model compound 22b, no reduction wave could be 

obtained down to -2.88 V in acetonitrile and to -2.48 V in 

DMF. To the extent that differences in reduction potential 

can be equated with differences in- one-electron energies, we 

infer that ft(10) lies at least 0.5 eV higher in energy in the 

bis(phenyl)pyridazine system than does ft(10) in the 

corresponding bis(2'-pyridyl)derivatives.29 

An interesting feature of the data in Table 2-1 is that 

both 19b and 19c (but not the corresponding model compound, 

22b) show irreversible reductions at ca. -1.4 V. Another, 

closely related molecule, 18b, which also contains the 2,5-

diphenylpyridazine moiety, could not be studied due to low 

solubility in either DMF or acetonitrile. This irreversible 

reduction behavior appears to be a feature which is 

associated specifically with those molecules that contain the 

bis(phenyl)pyridazine functionality. 
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Figure 2-9 Single crystal X-ray structure of 19a 

Figure 2-10 Single crystal X-ray structure of 19b 
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Figure 2-11 Single crystal X-ray structure of 19c 

Figure 2-12 Single crystal X-ray structure of 21a 
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Figure 2-13 Single crystal X-ray structure of 21b 
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Figure 2-14 Single crystal X-ray structure of 18a 

Figure 2-15 Single cry:;* x\ X-ray structure of 20 
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Summary and Conclusions 

1. New molecular clefts have been synthesized via base 

promoted inverse electron demand Diels-Alder reactions of 

diaryl 1,2,4,5-tetrazine with tetracyclo[6.3.0.04'11.05'9]-

undecane-8,11-dione as well as tricyclo[6.3.0.02'6]undecane-

3,11-dione. 

2. All new molecular clefts have been characterized by NMR 

spectral analysis and elemental microanalysis. 

3. The structures of these new molecular clefts have been 

established unequivocally via application of single crystal 

X-ray structural analysis. 

'4. The CHCI3 molecule is solvated in the crystal lattice of 

19c in such a way that the CHCI3 molecules are located 

outside the cavities defined by the two "arms". 

5. Solution electrochemical (cyclic voltammetry) studies were 

pursued in an effort' to determine the importance of 

"electronic communication" between opposing "arms" of 

molecular clefts. The results of these studies suggest that 

intramolecular interactions of this type are probably not 

operative in these systems. 



95 

Experimental Sections 

Melting points are uncorrected. 

6,7[3,,6,-Di-(2"-pyridyl)- 4',5'-pyridizino]tetra-

cyclo [6 . 3 . 0 . 04'11. 05'9]undecan-2-one (18a). To a solution 

of tetracyclo[6.3.0.04,11.05'9]undecane-8,11-dione ll12 (1.76 

g, 10 mmol) and 3,6-dipyridyl 1,2,4,5-tetrazine20 (2.4 g, 

10.17 mmol) in boiling dried THF(50 mL) was added DBU (3.5 

mL, excess). The resulting mixture was refluxed with 

stirring under Ar until the color of tetrazine disappeared 

(ca.2-3hr). Then the solvent was removed in vacuo, and MeOH 

(7 mL) was added to the residue, thereby affording a yellow 

solid was formed. It was washed with MeOH (2 x 5 mL), then 

filtered and air dried, thereby affording crude 18a. Pure 

18a (2.8 g, 77%), as a pale yellow solid, was obtained via 

recrystallization from CH2Cl2~MeOH; mp 233.5-234 °C; IR (KBr) 

2944 (w), 1732 (s), 1577 (m), 1562 (m), 1372 (s), 788 (w) , 

738 cm"1 (w) ; *H NMR (CDC13) 8 1.57 (AB, JAB = 19.1 Hz, 1 H), 

1.97-2.20 (m, 3 H), 2.82 (br d, J = 10.9 Hz, 1 H), 2.96-3.02 

(m, 2 H) , 3.29 (s, 1 H) , 4.08 (br d, J = 10.4 Hz, 1 H) , 4.48 

(br d, J = 10.9 Hz, 1 H), 7.26-7.33 (m, 2 H), 7.78-7.87 (m, 

2 H) , 8.53-8.73 (m, 4 H) ; 13C NMR (CDCI3) 8 34.78 (t), 40.27 

(d) , 42.77 (t), 48.78 (d), 50.70 (d), 50.83 (d), 56.85 (d) , 

58.43 (d), 122.82 (d), 122.93 (d), 123.68 (d), 123.73 (d) , 

136.56 (d), 136.64 (d), 147.96 (d), 148.12 (s), 148.98 (d), 

149.08 (d), 153.99 (s), 154.46 (s), 155.05 (s, 2C), 218.31 
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(s); Anal. Calcd for C23H18N4O: C, 75.41; H, 4.92. Found: C, 

75.58; H, 5.20. 

6,7 -[3',6•-diphenyl-4',5'-pyridizino]tetracyclo-

[6 . 3 . 0 . 04'11. 05'9]undecan-2-one (18b) A solution of ll12 

(880 mg, 5.0 mmol) and .5% methanolic KOH (1 mL) in THF (20 

mL) was heated to refluxing temperature. To this refluxing 

deep violet solution was added dropwise with stirring a hot 

solution of 3,6-diphenyl-l,2,4,5-tetrazine20 (1.17 g, 5.0 

mmol) in THF (30 mL). The color of the reaction mixture 

faded immediately, with concomitant evolution of N2 gas. The 

reaction mixture was allowed to cool to ambient temperature 

and then was concentrated in vacuo.' MeOH (10 mL) was added 

to the residue, whereupon a colorless solid precipitated. 

This solid was collected by suction filtration, and the 

residue was air-dried to afford crude 18b (1.40 g, 75%). The 

crude product was recrystallized from CH2Cl2~EtOAc, thereby 

affording pure 18b as a colorless microcrystalline solid: mp 

201-202 °C; IR (KBr) 2959 (m), 1731 (s), 1371 (s), 773 (m), 

698 (s), 691 cm"1 (s); 1H NMR (CDCI3) 8 1.82 (AB, JAB = IB.8 

Hz, 1 H), 2.01 (AJ3, JAB = 16.0, 10.0 Hz, 2 H) , 2.42 (AB, JAB = 

19.0, 6.7 Hz, 1 H), 2.87-2.92 (m, 1 H), 2.98-3.20 (m, 2 H), 

3.29 (br s, 1 H), 3.40-3.51 (m, 2 H), 5.70-7.70 (m, 6 H), 

7.82-8.10 (m, 4 H) ; 13C NMR (CDC13) 8 35.33 (t) , 40.47 (d), 

43.09 (d) , 49.43 (d), 51.31 (d), 51.51 (d), 57. 48 (d), 61.23 

(d), 128.63 (d), 129.04 (d), 129.14 (d), 129.27 (d) , 129.80 

(d), 129.98 (d), 136.61 (s), 136.66 (s), 145.58 (s), 145.90 
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(s), 155.59 (s), 155.78 (s), 217.41 (s). Anal. Calcd for 

C25H20JJ2O: C, 82.39; H, 5.53. Found: C, 82.56; H, 5.75. 

2,3:6,7-Bis[3•,6'-di-(2"-pyridyl)- 4',5'-

pyridizino] tetracyclo [6 . 3 . 0 . 0 4' 1 1. 05'9^undecane (19a) . 

To a warm solution of 18a (60 mg,0.164 mmol) and 3,6-di(2-

pyridyl)-1,2,4,5-tetrazine20 (42 mg, 0.178 mmol) in toluene 

(20 mL) was added DBU (1.0 mL, excess). The resulting 

mixture was refluxed with stirring for 9 hr, then was allowed 

to cool to room temperature. The solvent was removed in 

vacuo. MeOH (5 mL) was added to the residue. A yellow solid 

was precipitated. This solid was collected after washing 

with MeOH ( 2 x 5 mL) , and recrystallized from CI^C^-EtOAc, 

thereby providing pure 19a (55.7 mg, 61%) as a pale yellow 

solid: mp 336-337.5 °C (decom.); IR (KBr) 2915 (w), 1577(m), 

1563 (m), 1464 (m), 1422 (m), 1374 (s), 790 (s), 736 cm"1 

(s); *H NMR (CDCI3) 8 2.25 (s, 2 H) , 3.74 (s, 2 H), 4.66 (t, J 

= 1.9 Hz', 4 H) , 7.04 (dt, J = 7.8, 1.8 Hz, 4 H) , 7.41-7.52 

(ddd, J = 7.5, 4.8, 1.1 Hz, 4 H!, 7.96 (d, J = 8.0 Hz, 4 H), 

8.22 (br d, J = 4.8 Hz, 4 H) ; 13C NMR (CDCI3) 8 34.40 (t), 

50.03 (d), 62.17 (d), 122.64 id), 123.07 (d), 136.14 (d), 

148.09 (d), 149.15 (d), 153.70 is), 155.17 (s); Anal. Calcd 

for C35H24N8: C, 75.54; H, 4.32. Found: C, 75.50; H, 4.60. 

2,3:6,7-bis[3,,6'-diphenyl-4',5•-pyridizino]-

tetracycclo [6 . 3 . 0 . 0 4 , 1 1. 05'9]undecane (19b). To a 

refluxing solution of ll12 (1.76 g, 10 mmol) and 3,6-

diphenyl-1,2,4,5-tetrazine20 (4.68 g, 20 mmol) in THF (100 mL) 
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was added dropwise with stirring 5% methanolic KOH (2 mL). 

The reaction preceeded with immediate evolution of N2 gas. 

Within minutes, the initial violet color of the reaction 

mixture was discharged. The resulting light tan solution was 

concentrated in vacuo, and MeOH (20 mL) was added to the 

residue, whereupon a white precipitate was formed. The 

precipitate was collected by suction filtration and air-

dried. The product, crude 19b (5.3 g, 97%), mp 325-330 °C 

(dec.), was recrystallized from EtOAc-CH2Cl2, thereby 

affording pure 19b: mp 335-336 °C; IR (KBr) 3035 (w), 2965 

(m), 1542 (m), 1485 (m) , 1443 (m),1436 (m) , 1372 (s) , 1358 

(S), 1020 (m), 760 (s), 689 cm"1 (&); NMR (CDCI3) 8 2.14 

(s, 2 H), 3.75 (s, 2 H), 3.82-3.84 (m, 4 H), 7.13-7.24 (m, 8 

H) , 7.28-7.38 (m, 4 H), 7.41-7.48 (m, 8 H) ; 13C NMR (CDCI3) 8 

34.21 (t), 49.55 (d), 64.18 (d), 128.47 (d) , 128.84 (d) , 

128.93 (d), 135.91 (s), 145.67 (s), 154.64 (s); Anal. Calcd 

for C39H28N4: C, 84.76; H, 5.11. Found: C, 85.04; H, 5.25. 

2,3-[3,,6'-di-(2"-pyridyl)-4',51-pyridizino]:6,7-

[3"', 6"1-diphenyl-4"1,5"1-pyridizino]tetracyclo-

[6.3.0.04,11-05'9]undecane (19c). To a warm solution of 18a 

(0.5 g, 1.37mmol) in THF (80 mL) was added 3,6-diphenyl 

1,2,4,5-tetrazine20 (0.32 g, 1.37mmol), followed by 5% 

methanolic KOH (1.5 mL). The resulting mixture was refluxed 

with stirring for 12 hr, then was allowed to cool to room 

temperature. The solvent was removed in vacuo, and MeOH (10 

mL) was added to the residue. The solid formed was washed 
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with MeOH ( 3 x 5 mL), then collected via filtration. The 

crude product was recrystallized from CH2Cl2~EtOAc, thereby 

affording pure 19c (0.5439g, 72%) as pale yellow 

microcrystalline solid: mp 288.5-289.5 °C; IR (KBr) 2965 

(w) , 1577 (w) , 1563 (w) , 1464 (w) , 1373 (s) , 787 (m) , 766 

(m) , 698 (s), 647 cm"1 (m) ; 1H NMR (CDC13) 8 2.25 (s, 2 H) , 

3.76 (t, J = 4.3 Hz, 2 H), 3.91 (dd, J = 9.7, 3.5 Hz, 2 H), 

4.84 (dd, J= 9.8, 3.7 Hz, 2 H), 7.05-7.25 (m, 8 H), 7.39 (br 

d, J = 7.0 Hz, 4 H), 7.69 (dddd, J = 7.9, 7.8, 1.9, 0.9 Hz, 2 

H), 8.26-8.31 (m, 2 H), 8.36-8.42 (m, 2 H) ; 13C NMR (CDCl3) 8 

34.82 (t), 50.20 (d), 50.45 (d), 63.15 (d), 64.11 (d), 123.60 

"(d, 2 C), 124.25 (d, 2 C) , 128.45 (d, )", 128.77 (d) , 128.83 

(d), 136.86 (s), 136.98 (d), 146.87 (s), 148.87 (d) , 149.01 

(s), 153,62 (s), 155.23 (s), 155.33 (s); Anal. Calcd for 

C37H26N6.CH2CI2: C, 71.36; H, 4.41. Found: C, 71.49; H, 4.36. 

10,ll-[3',6'-di(2"-pyridyl)-4',5'-pyridizino-

] tricyclo-[6 .3 . 0. 02'6]undecan-3-one (20) To a solution 

of tricyclo [6.3 .0.02'6]undecane-3,11-dione 1415 (178 mg, 1.0 

mmol) and 3, 6-dipyridyl-l, 2, 4, 5-tetrazine20 (236 mg, 1.0 mmol) 

in THF (20 mL) was added 5% methanolic KOH (2.5 mL). The 

resulting mixture was refluxed with stirring and monitored by 

TLC. After refluxing 2 hr, the starting materials were 

undetected by TLC. The reaction mixture was allowed to cool 

to room temperature, and concentrated in vacuo. Methanol (7 

mL) was added to the residue. A yellow precipitate was 

formed. It was washed with methanol ( 2 x 5 mL), and collected 
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by suction filtration. It was recrystallized from CH2CI2-

EtOAc, thereby affording 20 (120 mg, 33%) as a pale yellow 

solid: mp 189-190 °C; IR (KBr) 2930 (w), 2859 (w), 1727 (s) , 

1577 (m), 1563 (m) , 1535 (w) , 1464 (m) , 1415 (m) , 1374 (s) , 

793 (s), 740 (s), 612 cm"1 (ra); 1H NMR (CDCI3) 8 1.13-1.33 (m, 

1 H), 1.61-2.55 (m, 5 H), 2.93-3.28 (m, 4 H), 3..80 (q, J = 

9.9 Hz, 1 H), 5.07 (br t, J = 9.5 Hz, 1 H), 7.25-7.35 (m, 2 

H), 7.80-7.92 (m, 2 H), 8.58-8.80 (m, 4 H) ; 13C NMR (CDCI3) 8 

23.03 (t), 35.03 (t), 39.42 (t), 40.14 (t), 42.59 (d) , 44.24 

(d), 54.72 (d) , 55.74 (d) , 123.20 (d) , 123.24 (d) , 123.3.3 (d) , 

123.44 (d), 136.34 (d), 136.37 (d), 143.45 (s), 144.15 (s), 

148.03 (d) , 148.33 (d) , 155.03 (s), 155.97 (s), 156.02 (s), 

156.72 (s), 218.55 (s) ; Anal. Cacld for C23H20N4O: C, 74.98; H, 

5.47. Found: C, 74.88; H, 5.32. 

3,4:10,11-Bis[3',6'-di-(2"-pyridyl)-4•,5 ' -

pyridizino] tricyclo [6 . 3 . 0 . 02'6]undecane 21a To a warm 

solution of tricyclo [6.3.0.02' 6]undecane-3 ,11-dione 1415 (30 

mg, 0.17 mmol) and 3,6-dipyridyl-l,2,4,5-tetrazine20 (100 mg, 

0.42 mmol) in toluene (20 mL) was added DBU (1 mL, excess). 

The resulting solution was refluxed for 9 h, then allowed to 

cool to room temperature, and concentrated in vacuo. Methanol 

(3 mL) was added to the residue. A yellow solid was collected 

by filtration after washing with methanol ( 2 x 5 mL) (37.1 mg, 

39.3%). The crude product was recrystallized from CH2C12-

EtOAc, thereby affording pure 21a. mp 251.5-252.5 (decom.); 

IR (KBr) 2923 (w) , 2859 (w) , 1577 (s), 1563 (s) , 1528 (m) , 



101 

1464 (s), 1422 (s), 1373 (s), 985 (w), 790 (s), 731 (s), 647 

era'1 (m); *H NMR (CDC13) 8 1.87 (AB, JAB =14.4 Hz, 1 H), 2.42-

2.60 (m, 1 H), 3.09-3.34 (m, 4 H), 3.36-3.51 (m, 2 H), 5.25-

5.32 (m, 2 H), 6.96-7.03 (m, 2 H), 7.26-7.30 (dt, J= 3.8, 1.2 

Hz, 2 H), 7.58 (dt, J= 7.5, 1.8 Hz, 2 H), 7.79 (dt, J = 7.5, 

1.8 Hz, 2 H), 7.92-7.99 (m, 2 H), 8.16-8.23 (m, 2 H), 8.38-

8.44 (m, 2 H), 8.54-8.60 (m, 2 H) ; 13C NMR (CDCI3) 8 38.27 

(t), 41.01 (t), 46.96 (d), 56.35 (t), 123.16 (d), 123.61 (d), 

123.95 (d), 123.98 (d), 136.80 (d), 136.90 (d), 145.74 (s), 

146.30 (s), 148.47 (d), 149.17 (d), 154.92 (s), 155.48 (s), 

156.10 (s), 156.15 (s); Anal. Calcd for C35H26N8: C, 75.25; H, 

4.69. Found: C, 75.49; H, 4.81. 

3,4:10,11-Bis[3',6'-diphenyl-4',5'-pyridizino]-

tricyclo[6.3.0.02'6]undecane (21b) To a refluxing 

solution of tricyclo [6.3 .0.02'6]undecane-3 ,11-dione 1415 (66 

mg, 0.37 mmol) and 3,6-diphenyl-l,2,4,5-tetrazine20 (174 mg, 

0.74 mmol) in toluene (20 mL) was added DBU (1 mL, excess). 

The resulting mixture was refluxed for 20 h, then allowed to 

cool to room temperature. The solvent was removed in vacuo. 

Methanol (5.0 mL) was added to the residue. The pale yellow 

precipitate was collected by filtration, then washed with 

MeOH (2 x 3 mL). This precipitate was recrystallized from 

CH2Cl2-EtOAc, thereby providing 21b (0.12 g, 58%) as a 

microcrystalline solid: mp 248-249 °C; IR (KBr) 2945 (w), 

2925 (w), 1637 (w), 1445 (m), 1363 (s), 753 (s), 685 (s), 651 

cm"1 (s); XH NMR (CDCI3) 8 2.36-2.54 (m, 2 H), 2.67 (dd, J = 
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5.4, 16.5 Hz, 2 H), 3.02-3.34 (m, 4 H), 4.43 (dd, J = 2.1, 

5.0 Hz, 2 H), 7.17-7.25 (m, 6 H), 7.48-7.62 (m, 10 H), 7.72-

7.82 (m, 4 H); 13C NMR (CDC13) 8 36.69 (t), 39.88 (t), 47.53 

(d), 56.45 (d) , 128.08 (d), 128.41 (d) , 128.61 (d) , 128.63 

(d), 128.85 (d), 129.29 (d), 136.51 (s), 136.59 (s), 141.81 

(s), 142.75 (s), 156.00 (s), 156.07 (s); Anal. Calcd for 

C39H30N4: C, 84.45; H, 5.45. Found: C, 84.23; H, 5.64. 

l,2-[3 ,,6 ,-di(2"-pyridyl)-4',5•-pyridizino]cyclo-

pentane (22a) To a refluxing solution of cyclopentanone 

(0.9 mL, 10 mmol, excess) and 3,6-dipyridyl-l,2,4,5-

tetrazine20 (0.1051 g, 0.445 mmol) in 20 mL of THF was added 

1.0 mL of DBU (excess). The resulting mixture was refluxed 

with stirring for 4 hr, then cooled to room temperature. The 

solvent was removed in vacuo. Ethyl acetate and methanol (5 mL 

each) was added into the residue and the mixture was left 

overnight. The compound 22a was collected with filtration 

(93.5 mg,' 77 %) as a pale yellow microcrystalline solid. The 

analytical sample of 22a was recrystallized from EtOAc-CH2Cl2 • 

mp 156-157 °C; IR (KBr) 2960 iw). 2857 (w), 1585 (s), 1571 

(s), 1465 (s), 1417 (s), 1372 si. 982 (m), 783 (m),733 cm"1 

(m) ; lH NMR (CDCI3) 8 2.14 (q, J = 5.12 Hz, 2 H), 3.51 (t, J = 

5.17 Hz, 4 H),7.30-7.37 (m, 2 Hi. 7.87 (dt, J" = 5.14, 1.13 Hz, 

2 H), 8.56 (d, J = 5.22 Hz, 2 H), 3.59-8.84 (m, 2 H); 13C NMR 

(CDCI3) 8 24.21 (t), 33.42 (t), 123.32 (d) , 123.59 (d) , 136.59 

(d), 145.72 (s), 148.77 (d), 155.15 (s), 156.06 (s); Anal. 
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Calcd for C17H14N4: C, 74.44; H, 5.14. Found: C, 74.25; 

H, 5.21. 

1,2-[3',6'-diphenyl-4•,5'-pyridizino]cyclopentane 

(22b) To a solution of cyclopentanone (0.2 g, 2.38 mmol, 

excess) and 3,6-diphenyl-l,2,4,5-tetrazine20 (0.16 g, 0.68 

mmol) in 15 mL of THF was added DBU (1.0 mL, excess). The 

resulting mixture was refluxed with stirring for 5 hr, then 

allowed to cool to room temperature and concentrated in vacuo. 

The residue was recrystallized from a mixture of EtOAc-MeOH (5 

mL each), thereby providing pure 22b (0.136 g, 73%) as a 

white microcrystalline solid. The- analytical sample was 

further recrystallized from EtOAc-CH2Cl2. mp 161.2-162 °C; IR 

(KBr) 2952 (w), 1541 (m), 1445 (m), 1370 (s), 1062 (w), 760 

(s), 692 cm"1 (s); XH NMR (CDCI3) 8 2.13 (q, J = 7.35 Hz, 2 

H), 3.21 (t, J = 7.36 Hz, 4 H),. 7.52 (br d, J = 5.88 Hz, 6 H), 

7.88-8.05 (m, 4 H) ; 13C NMR (CDCI3) 8 25.09 (t), 33.06 (t), 

128.48 (d), 128.62 (d), 129.12 (d), 137.11 (s), 142.90 (s) , 

156.27 (s); Anal. Calcd for C19H16N2: C, 83.79; H, 5.92. 

Found: C, 84.00; H, 5.91. 
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CHAPTER III 

THE SYNTHESIS AND ACID-PROMOTED RING OPENING OF 

STEREOSPECIFICALLY DEUTERATED POLYCYCLIC 

CAGE SPIRO-OXETANES 

Introduction 

Hydrocarbons which hold the greatest potential as new 

solid fuels for air-breathing missiles are those which 

possess maximum net volumetric energy.1 This can be achieved 

by maximizing the ratio of carbon-atom content to hydrogen-

atom content, n/m, in compounds of the type CnHm. 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 

Interest in the development of new high-energy 

hydrocarbon fuels for use in volume-limited, air-breathing 

missiles has accelerated significantly in the past decade. A 

number of polycyclic hydrocarbons, e.g., pentacyclo-

[5.4.0.02'6.03'10.05'9]undecane 1 and the corresponding 

"alkene" dimers 2-5, appear to be particularly promising 

candidate fuels (Scheme 1). However, many of these 
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polycyclic hydrocarbon candidate fuels are highly volatile. 

Thus, e.g., pentacyclo [5 .4 .0 .02,6. 03,10 .05,9] undecane 1 

sublimes readily from solid fuel formulations when stored for 

long periods at ambient temperature and consequently is lost. 

In order to circumvent such difficulties, many researchers 

have become interested in incorporating such hydrocarbon fuel 

units into polymer networks.113'2 

Scheme 1 

< 
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Recently, there is considerable interest in the use of 

oxetane-derived polymers as binders in solid gun propellants 

and cast-cured explosives.3 Jones and co-workers4 reported 

the synthesis of poly[3,3-bis(ethoxymethyl)oxetane] 7 by ring 

opening cationic polymerization of 3,31-bis(ethoxymethyl)-

oxetane 6 (Scheme 2). Studies of the thermal decomposition 

Scheme 2 

BF3*OEt2 
—^CH2C(OEt)2CH2Oj 

7 

behavior of poly[3,3-bis(ethoxymethyl)oxetane] 7 was carried 

out. This process was observed to be endothermic, with a 

heat of decomposition of 18.6 kcal/mol. 

Campbell and Foldi5 reported the polymerization of some 

bulky spiro-oxetanes. They prepared a series of spiro-

oxetanes, in which the steric bulk of the hydrocarbon group, 

R, varied widely. Under cationic polymerization conditions, 

the oxetanes polymerized as shown in Scheme 3. 

It was of interest to incorporate energetic polycyclic 

hydrocarbon units into a polymer network by polymerization of 
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oxetane-functionalized cage hydrocarbons. Thus, Marchand and 

co-workers synthesized the spiro(oxetane-3,8'-pentacyclo-

[5 .4 . 0 . 02'6.03'10 . 05'9] undecane) ll6 from a readily available 

polycyclic cage ketone 10 (Scheme 4).7 

Scheme 3 

CH3C1 

n 

8 

R: 

8b 

Scheme 4 

5 steps 

10 
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Ring-opening cationic polymerization of 11 may provide a 

new route for synthesizing high density, high energy 

polycyclic polymers.8 However, preliminary attempts to use 

BF3*Et20 as a catalyst9 resulted only in the recovery of 

starting material. However, when 11 was treated with glacial 

acetic acid which contained a catalytic amount of 

concentrated H2SO4, oxetane ring opening occurred with 

concomitant skeletal rearrangement, thereby affording a 

mixture of bis(acetoxy)trihomocubanes 12a and 13a (ratio 

12a:13a = 4:1, see Scheme 5) .10 Compounds 12b and 13b were 

obtained by hydrolysis of the corresponding diacetate 12a and 

13b (Scheme 5).10 

Scheme 5 

HOAc, conc. H2SC>4 

11 

, ch2x ,ch2x 

12a: X = OAc 
12b: X = OH 

13a: X = OAc 
13b: X = OH 

A plausible mechanism to account for the formation of 

12a and 13a has been proposed (see Scheme 6),10 The key 

feature of this mechanism is the intramolecular 1,5-hydride 

shift that converts primary carbocation 14 into the more 
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stable secondary carbocation 15. Subsequent Wagner-Meerwein 

rearrangement of 15 permits access to a substituted D3-

trishomocubyl carbocation 16, which is known to be the 

"stabilomer" among C11H13 carbocations.11 Thermodynamically 

driven rearrangements of polycyclic skeletons are well 

documented,12 and enhanced solvolysis rates are frequently 

attributed to relief of skeletal strain which may accompany 

such rearrangements.13 

Scheme 6 

11 

1,5-hydride 

shift 

0+H 

CH2OH 

#ch2oh 
Wagner-Meerwein 

14 

15 

ch2OH 

glacial HO Ac 

AcO 

CH2OAC 

12a +13a 
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Watt and co-workers14 have extensively studied base-

promoted intramolecular 1,4-hydride transfers in some 

polycyclic hydroxyketones, e.g., 17, 18, 19 (Scheme 7). 

Scheme 7 

17 

As shown in Scheme 8, under basic conditions, anion 17a 

undergoes 1,4-intramolecular hydride shift to form anion 17b. 

Scheme 8 

17a 

base 

17b 

The energy farriers for this reaction were found to decrease 

in the order 17>18>19. The results of structure-reactivity 
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studies indicated that there is a qualitative correlation 

between the barriers to hydride migration and the magnitude 

of the H---C=0 non-bonded repulsion energy. The activation 

energy for 17 was determined to be 21.7 kcal/mol. 

The course of acid-promoted "hydration" of longifolene 

20 has been studied.15 Ion 21, which results via protonation 

of 20 followed by Wagner-Meerwein rearrangement, subsequently 

undergoes an 1,5-hydride shift to furnish 22 (Scheme 9). 

Scheme 9 

20 

22 

H+ 

HOAc 

OAc 

HOAc 

OAc 

W agner-Meerwein 

OAc 

Under mildly acidic conditions or even upon exposure to 

silica gel, 23 quantitatively regenerates logifolene 20.16 
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This process most likely proceeds via a 1,5-hydride shift to 

give cation 24, which subsequently affords logifolene (Scheme 

10) . 

Scheme 10 

24 

20 

Nickon and Weglein17 studied the acetolysis of exo-

twistbredan-2-ol brosylate 25. They found that the transition 

state energy for a Wagner-Meerwein shift could be influenced 

by the effectiveness of orbital overlap, which in turn could 

depend on the initial alignment of relevant bonds. As shown 

in Scheme 11, substrate 25 has two bonds "X" and "Y" which 

potentially can undergo Wagner-Meerwein migration. 
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Scheme 11 

28 
OAc 

BsO 

26b 26a 
27 

,OAc 

29 30 

Inspection of molecular models as well as the results of 

MO calculations indicated that the (sp3) orbital alignment 

factor clearly favors bond "X" migration to produce brexyl 



117 

system 26a, whereas product stability control favors bond 

"Y" shift to give the brendyl skeleton 27, which is more 

stable than the brexyl skeleton by 2.24-3.13 kcal/mol.18 The 

twistbrendyl system 25 also has the unusual feature that the 

best-aligned bonds are different for concerted and non-

concerted rearrangements. Thus the "sp2 alignment factor" 

would favor migration of "Y" over "X" and would act 

synenergistically with the stability factor. Table 3-1 

summarizes the four possible situations and shows that an 

experimental preference for "X" shift would uniquely support 

bond alignment control (situation A) whereas a preference for 

"Y" shift (situations B, C, D) wouldbe less informative. 

Table 3-1 Competitive Shift of X and Y in Solvolysis of exo-

Twistbrendan-2-ol Brosylate 25 

Situation Timing Control factor Bond favored 

A ' Concerted Bond alignment (sp3) X 

B Concerted Product stability Y 

C Nonconcerted Bond alignment (sp2) Y 

D Nonconcerted Product stability Y 

During acetolysis of 25, migration of bond "X" produces 

the corresponding brexyl cation 26a, which is captured by 

solvent to give a mixture of exo and endo acetates (28). 

Thus, they concluded that bond alignment in the reactant was 
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more important than product stability as a driving force for 

solvolysis. 

Pertinent to the present study is the observation by 

Watt and coworkers19 that polycyclic hydroxyketones, when 

Scheme 12 

CF3S03H 

liquid S02 

Hu M e 

31a 31b 

dissolved in strong protic acids, undergo 1,4-hydride shift 

from the alcohol CHOH group to the distant C=0 functionality. 

The degenerate rearrangement that occurs when 31a is 

dissolved in trifluoromethanesufonic acid-liquid sulfur 

dioxide (Scheme 12) has been studied by variable temperature 

NMR spectroscopy.19 

For the present study, the MM2 method20 has been used to 

calculate heats of formation as well as total strain energies 

(kcal/mol) for carbocations derived via acid-promoted ring 

opening and rearrangement of oxetane 11 (Scheme 13).20b As 
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CH2OH 
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1,2-hydride 
shift 

'H 
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191.41 
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shift 

CH OH 

H 
CH=OH+ 
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184.94 
(85.27) 

CH=OH+ 
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(63.36) 
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+ 

1,5-hydride shift 

CH2OH 
c h 3 

191.96r 

(63.86) 

W agner-Meerwein 
Rearrangement 

CH2OH 

H" - CH3 

182.68 
(54.59) 

12a + 13a 
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shown in Scheme 13, the actual pathway to the products is not 

the most thermodynamically favored route. This suggests that 

the ring opening and rearrangement reactions are not 

thermodynamically controlled. Thus, this reaction must be 

controlled by some other factors. 

Scheme 14 

1.M ».<• 1-W-
CuH*Dfcu»oe(A> 

IS 

The semiempirical AMI method21 was used by Sherrod21b to 

study the reaction coordinate for ring opening of protonated 

11. Thus, ring opening was modeled by systematically 
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increasing the relevant C-0 bond length and by monitoring the 

consequent energetic and geometric changes that occurred. 

The result revealed that cleavage of this C-0 bond leads 

directly to carbocation 15 (see Scheme 14). 

Subsequently, a more rigorous computational analysis was 

performed by incrementally increasing both the C-0 bond 

length as well as the C-H bond length of the mobile hydrogen. 

This resulted in an AMI calculated energy surface for the 

acid-promoted ring opening and hydride transfer. The results 

of this study indicate that the 1,5-hydride shift occurs 

spontaneously with incipient primary carbocation formation. 

Formation of the more stable secondary carbocation, together 

with the entropic advantages attendant with the newly-created 

rotating bonds, provides the driving force for this unusual 

rearrangement. 

In order to probe the mechanism of the 1,5-hydride 

shift, deuterium labeling experiments were performed. Thus, 

two stereospecifically deuterated compounds, endo-11-

deuteriopentacyclo [5 .4 .0 . O2,6.03'10 . 05'9]undecan-8-one 32a and 

exo-11-deuteriopentacyclo [5.4 . 0 .02,6.03'10.05'9] undecan-8-one 

32b, were synthesized for this study (Scheme 15). Once these 

two compounds had been synthesized, they were converted to 

the corresponding deuterated polycyclic cage oxetanes 52 and 

53 ( see Scheme 21), which subsequently were rearranged in the 

presence of HOAC-H2SO4. Characterization of the rearranged 
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Scheme 15 

32b 

products thereby obtained provided unequivocal evidence 

regarding the intramolecularity of the proposed 1,5-hydride 

shift, a key step in the mechanism shown in Scheme 6 (vide 

infra) . 

Results and discussions 

The stereospecifically deuterated pentacyclo-

[5.4.0.02'6.03'10.06'9]undecan-8-ones 32a and 32b were prepared 

from pentacyclo[5.4.0.02'6.03-10. 05'9]undecane-8,11-dione (822, 

see Scheme 16). Thus, Diels-Alder cycloaddition of cyclopen-

tadiene to p-benzoquinone afforded the corresponding endo 

Diels-Alder adduct, which was photolyzed subsequentely to 

form compound 33. Reaction of 33 with ethylene glycol (1 

eq.) in the presence of a catalytic amount of p-toluene-

sulfonic acid (PTSA) gave 34. Subsequent reaction of 34 with 
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NaBD4 (or NaBH4) afforded the corresponding hydroxyketals 35a 

(35b), which were reacted in situ with 48% aqueous HBr 

Scheme 16 

O i. methanol 
1 

ii. acetone, hv 
(80%) 

HCXCH^OH 

toluene, PTSA 
0 (90%) 

34 

i. NaBD4 

(NaBH4) 

ii. H+ 

(93%) 

37a: X=D 
37b: X=H 

HO(CH2)2OH 

toluene, PTSA 
(95%) 

36a: X=D 
36b: X=H 

48% HBr 

(90%) 

X 
35a: X=D 
35b: X=H 

Bu3SnCl 

NaBH4 (NaBD4) 
EtOH 
hv, Ar 

(83%) 
38a: X=D, Y=H 
38b: X=H, Y=D 

H+, THF 

(100%) 

32a: X=D, Y=H 
32b: X=H, Y=D 
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solution to produce the corresponding bromoketones, 36a and 

36b. Reactions of 36a and 36b with excess ethylene glycol in 

the presence of a catalytic amount of p-toluenesulfonic acid 

(PTSA) gave 37a and 37b, respectively. Subsequent reductive 

debrominations of 37a and 37b were performed by using in situ 

generated Bu3SnH (or Bu3SnD),23 thereby providing the 

corresponding ketals (38a and 38b, respectively). Subsequent 

hydrolysis of 38a and 38b provided the corresponding 

deuterated polycyclic cage monoketones (32a and 32b, 

respectively). The molecular ions in the mass spectra of 32a 

and 32b were observed at m/z 161, in agreement with the 

suggested structure. 

All deuterated compounds were characterized via analysis 

of their.̂ -H NMR and 13C NMR spectra. As shown in Figures 3-1 . 

to 3-8, the signals of the protons attached to deuterium-

bearing carbons appeared as broad singlets due to deuterium 

scalar coupling. Since the deuterium has a nuclear spin 

quantum number 1=1, the 13C NMR signals of carbons which bear 

deuterium atoms appear as triplets (Figure 3-9 to Figure 3-

16) . 

The 1H NMR spectrum of pentacyclo [5.4 .0 . 02'6. 03'10 . 05,9] -

undecan-8-one ethylene ketal (39, Scheme 17) is shown in 

Figure 3-17. Three doublets and one tripled doublet appear 

in the range 8 0.9-2.4. Inspection of the 2D COSY spectrum 

of 39 (Figure 3-18) reveals that the AB patterns which appear 
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Scheme 17 

H 4 b v 4 , H4 

:.%«V0̂ 12 

> 0 - / 1 3 
11 Huencfo 

39 

at 8 1.19 and 1.63 can be readily assigned to H4a and H4b, 

respectively. 

The Hnendo and Hn e x o protons also can be assigned by 

analysis of the proton NMR spectrum of 39. In earlier 

studies of the 1H NMR spectra of a number of 8-substituted 

and 8,11-disubstituted pentacyclo[5.4.0.02'6. 03>10.05'9]-

undecanes, the 1H NMR spectral signals that correspond to the 

exo-8,11 protons were observed generally to display triplet 

spitting, whereas little or no fine structure was observed in 

the corresponding signals for the corresponding endo-8,11 

protons.24 Thus, the 1H NMR spectral signal at 8 2.08 in 39 

can be assigned to Hnendoi and the corresponding absorption 

at 8 1.08 can readily be assigned to Hnexo. This assignment 

is also confirmed via analysis of homonuclear 2D-J spectrum 

of 38a.25 

Next, the 1H NMR spectra of compound 38a and 38b were 

examined carefully and compared to the corresponding NMR 
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spectrum of compound 39. Compound 38a displays a broad 

singlet at 8 1.08; there is no peak observed at 8 2.08. The 

l-H NMR spectrum of 38b contains a broad singlet at 8 2.08, but 

no peak is observed at 8 1.08. As discussed above, deuterium 

scalar-couples with geminal protons to produce a broad 

singlet. Thus, we conclude that the stereospecifically 

deuterated compounds 38a and 38b indeed have been 

synthesized. 

Scheme 18 

endo f BusSnH 

ex o 

40 

endo attack exo attack / \ 

38a 

Generally, free radical reactions do not proceed in 

stereospecific fashion.26 Inspection of intermediate 40 
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(Scheme 18) suggests that the bulky protecting group 

sterically hinders endo attack by Bu3SnH upon the radical 

center. Thus, reduction of this radical occurs via approach 

by Bu3SnH at the exo face, thereby affording 38a as the 

exclusive reduction product (Scheme 18). 

Two-dimensional NMR spectroscopy provides chemists with 

an important tool to determine the structures of organic 

molecules. The 2D INADEQUATE NMR spectrum27 establishes C-C 

connectivities and therefore can be used to assign the carbon 

peaks. Thus, a set of complete C-C connections can serve to 

establish the molecular carbon skeleton. Information about 

C-H connectivities can be obtained by analysis of a 2D HETCOR 

spectrum. 

Scheme 19 

H4bv4,H4l 

!>#* 0 13 
Hj, |I"D,U 
"11« 1 0 X 0 

3Xa 

Thus, the structure of the carbon skeleton of compound 

38a was elucidated by using 2D NMR techniques.25 The 

numbering system for compound 38a is shown in Scheme 19. As 
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shown in Scheme 19, there are thirteen nonequivalent carbons 

in compound 38a. The two carbon peaks at 8 62.4 and 65.2 

can be readily assigned to the -OCH2CH2O- methylene carbons. 

Similarly, peaks at 8 3.5-3.9 can be assigned to the 

-OCH2CH2O- protons (see the C-H HETCOR spectrum25 of 38a, 

Figure 3-19) . The carbon peak at 8 116.6 is assigned to Cs 

on the bases of its large downfield chemical shift. Thus, a 

2D INADEQUATE experiment was perfomed (spectral width 1695 

Hz, 26-48 ppm) in order to assign the remaining carbon peaks 

in 38a (Figure 3-20). The connected carbon-carbon peaks are 

symmetrically arranged with respect to the Fi=F2 diagonal.28 

Since the spectrum was recorded with"proton decoupling but 

without deuterium decoupling, the Cn carbon which bears the 

deuterium atom is split into three peaks. There were no 

paired peaks observed for Cn due to weak spectral intensity. 

Both C10 and Ci have a paired peak which is symmetric with 

respect to Cn. Thus, the connectivities between Ci-Cn and 

Cio-Cu have been determined. On the other hand, Cg and C7 

also have a paired peak which is symmetric to a position of 

ca. 26 ppm that is the folding position of Cs- Connectivi-

ties between Cg-Cs and C8-C7 were determined similarly. All 

other connections are obtained from the spectrum 

unambiguously. 

Proton peaks assignments for 38a were made via analysis 

of the 2D HETCOR and 2D COSY spectra.25 Inspection of the 2D-

J spectrum of 38a25 reveals that Hnexo (8 1.08) appears as 
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triplet with coupling constants J = 4.1 Hz. This triplet 

appears along the Fi axis of the proton homonuclear 2D-J 

spectrum,29 which indicates that the 4.1 Hz coupling constant 

is due to the 3J"HH coupling between Hi-Hnexo and between Hio~ 

Hiiexo- The gemina.1 coupling 2Jdh is too small to be resolved 

along the F2 axis in the 2D-J spectrum of 38a. The complete 

C and H assignments for 38a are shown in Table 3-2. 

Table 3-2 The assignment of C and H peaks of 

and H 8 C (ppm) 8 H (ppm) 

1 35.74 2.66 

2 41.69 2.50 

3 47.34 2 .22 

4 35.05 1.19 and 1. 

5 44.13 2.36 

6 39.60 2.50 

7 40.02 2.25 

8 116.64 

9 47.60 1.98 

10 42.79 2 .38 

11 28.84 1.08 (exo), 

2.08 (endo) 
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Several methods have been developed to promote one-

carbon homologation of carbonyl compounds to aldehydes.30 A 

most convenient method, which has been described by Levine,30d 

is shown in Scheme 20. Wittig reaction of cyclohexanone (41) 

with Ph3P=CHOMe afforded the corresponding vinyl ether (42) , 

which was hydrolyzed subsequently to formylcyclohexane ( 4 3 ) . 

Scheme 20 

Ph3=CHOCH3 / V H+ / V 
0 ~ 0 = \ c h 3 ~ O"CH0 

41 42 43 

Stereospecifically deuterated cage spiro-oxetanes 52 and 

53 were synthesized by using the method shown in Scheme 21.6 

Thus, compounds 32a and 32b, respectively, were treated with 

the ylide derived from methoxymethylphosphonium chloride to 

provide two mixtures of isomeric enol ethers (44a and 44b, 

45a and 45b, respectively). The integrated 1H NMR spectra of 

44 and 45 are consistent with the numbers of protons expected 

for the corresponding structures (Figures 3-23 to 3-24) . The 

downfield singlets at 8 3.5 correspond to the methoxy methyl 

group protons. There are two singles at ca. 8 5.7, which 

correspond to the vinyl protons in enol ethers 44 and 45 

(ratio 44a:44b = 1:1.3 or 1.3:1; ratio 45a:45b = 1:1.3 or 

1.3:1). 
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Ph3P=CHOMe 

THF 

32a: X = H, Y = D 
32b:X = D, Y = H 

H30+ 

W THF 

44a: X = H, Y = D 
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44b: X = H, Y = D 
W = OMe, Z = H 

45a: X = D, Y = H 
W = H, Z = OMe 

45b: X = D, Y = H 
W = OMe, Z = H 

a\rt Z 

46a: X = H, Y = D 
W = H, Z = CHO 

46b: X = H, Y = D 
W = CHO, Z = H 

47a: X = D, Y = H 
W = H, Z = CHO 

47b: X = D, Y = H 
W = CHO, Z = H 

aqueous HCHO (excess) 

50% KOH, ethylene glycol 

NaH, THF 

KXCH2OH 

CH2OH 

= H, Y = D 
= D, Y = H 

TsCl,CH2Cl2 

20% aqueous 
KOH 

A \ \ C H 2 Z 

CH2W 
X ' v 

50a: X = H, Y = D 
W = OH, Z = OTs 

50b: X = H, Y = D 
W = OTs, Z = OH 

51a: X = D, Y = H 
W = OH, Z = OTs 

51b: X = D, Y = H 
W = OTs, Z = OH 

52: X = H, Y = D 
53: X = D, Y = H 
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The 13C NMR spectra of compound 44 and 45 display only 

23 of the expected 26 peaks. Two triplet peaks at ca. 8 29 

correspond to the carbons bearing deuterium atoms. The 

quaternary vinyl carbons in 44 and 45 appear at ca. 8 13 6. 

The secondary vinyl carbon atoms in 44 and 45 are situated at 

ca. 8 123. APT NMR experiments performed for both 44 and 45 

indicated that only one methylene group is present in the 

aliphatic carbon region for each isomer. 

Subsequent hydrolysis of the mixture of 44a and 44b 

provided the corresponding mixture of isomeric aldehydes (46a 

and 46b, respectively). Similarly, the mixture of isomeric 

aldehydes of 47a and 47b was obtained" via hydrolysis of 45. 

The 1H NMR spectra of 46 and 47 contain two singlet peaks in 

the range 8 9.5-10, each of which corresponds to the isomeric 

aldehyde proton (ratio 46a:46b = 1:4 or 4:1; ratio 47a:47b = 

1:4 or 4:1). The integrations obtained for the 1H NMR 

spectra "of 46 and 47 are consistent with the required number 

of protons for each of these two structures. Due to the 

presence of deuterium scalar coupling, broad singlets were 

observed at 8 1.06 for 46 and at 8 0.93 for 47. 

The corresponding 13C NMR spectrum of mixture of 46a and 

46b shows only 23 of the expected 24 peaks. The aldehyde 

carbonyl carbons appear at 8 204. As expected for the 

structures, there are two methylene groups at ca. 8 34. The 

corresponding IR spectrum contain an absorption in the region 



133 

1700-1708 cm-1(aldehyde C=0 stretching vibration). The same 

results were observed in the 13C NMR spectrum of mixture of 

47a and 47b. However, the corresponding IR spectrum of the 

mixture of 47a and 47b shows absorption in the region 1700-

1712 cm-1 (aldehyde C=0 stretching vibration). 

Reaction of the mixture of aldehydes 46a and 46b with 

excess formaldehyde in the presence of NaOH resulted in 

crossed Aldol condesation followed by crossed Cannizzaro 

reactions, thereby affording the corresponding diol 48. 

Similarly, diol 49 was obtained from the mixture of 47a and 

47b under same reaction condition.. The IR spectra of 48 and 

49 show strong absorptions at 3300 cm-1, which provide 

evidence for the presence of hydroxy groups in these 

compounds. The 13C NMR spectra o.f 48 and 49 contain 13 peaks. 

Each spectrum displays a triplet at ca. 8 29, which 

corresponds to the carbon bearing deuterium atom in each 

case. The APT 13C NMR spectra of 48 and 49 reveal the 

presence of three methylene groups and one quaternary carbon 

in each compound. The two nonequivalent methoxy carbons in 48 

and 49 appear at ca. 8 66 and 70, respectively. The peaks at 

ca. 8 50 can be assigned readily to the quaternary carbons in 

48 and 49. The 1H NMR spectra of compounds 48 and 49 contain 

17 protons, as expected for each stucture. 

Several methods have been reported for the preparation 

of tosylates,31 two of which are shown in Scheme 22. The 
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second of these two is more convenient; thus, 50 and 51 were 

prepared by using this method. 

Scheme 22 

TsCl, Et3N 
R-OH • R-OTs 1 

CH2C12 

TSC]/CH2C12 R-OH — +- R-OTs 2 
20% NaOH (aq.) 

Monotosylates 50 and 51 were characterized by analysis 

of their 1H NMR and 13C NMR spectra. As shown in Figures 3-35 

to Figure 3-38, the 23 protons in compounds 50 and 51 can be 

accounted for by integration of their 1H NMR spectra. The 

four aromatic protons give two multiplets which appear in the 

range 8 7.2-7.8. 

The 13C NMR spectra of compounds 50 and 51 display 31 of 

the expected 36 peaks. The APT 13C NMR spectra reveal the 

presence of six methylene groups and six quaternary carbon 

atoms in 50 and in 51. Four methylene groups in the range 8 

63-75 correspond to the carbons attached to hydroxyl groups 

and tosyl groups. 

Monotosylates 50 and 51 were treated with NaH in THF, 

and the alkoxide anions thereby formed underwent intramole-

cular SN2 displacement (Williamson synthesis) to afford 
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spiro-oxetanes 52 and 53 with concomitant loss of TsO~. The 

resulting spiro-oxetanes 52 and 53 were characterized by-

analysis of their 1H NMR and 13C NMR spectra. In 1H NMR 

spectra of 52 and 53, 15 protons are observed. One broad 

singlet at 8 0.8 in 52 and at 5 1.0 in 53 can be assigned to 

the CHD protons, in each case. 

In the 13C NMR spectra of 52 and 53, 13 peaks are 

observed, including one triplet peak at 8 28 which can be 

assigned to the carbon bearing deuterium in compounds 52 and 

53. There are three methylene groups observed in 52 and in 

53. The two oxetane ring methylene groups appear at 8 77-83 

in both compounds. The remaining methylene group, which 

appears at 8 34 can be assigned to the secondary carbon atoms 

in 52 and in 53. 

Scheme 23 

HOAc 

H2SO4 AcO//if 

52: X = H, Y = D 
53: X = D, Y = H 

^-OAc 
CH2Y 

54a: X = H, Y = D 
55a: X = D, Y = H 

^iKOAC 
CH2Y 

54b: X = H, Y = D 
55b: X = D, Y = H 

Deuterated cage spiro-oxetanes 52 and 53 were heated 

with glacial HOAc in the presence of a catalytic amount of 
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concentrated H2SO4. Ring opening proceeds with concomitant 

rearrangement to afford a mixture of bis(acetoxy)trishomo-

cubanes 54 and 55 (Scheme 23, ratio 54a:54b and 55a:55b = 

4:1,respectively, determined by integration of their 1H NMR 

spectra). All attempts, e.g., recrystallization and column 

chromatography, to separate isomers 54 and 55 were 

unsuccessful. Thus the 4:1 mixtures of 54a and 54b, 55a and 

55b, respectively, were used as obtained in the next step 

without further purification. 

Saponification of the mixture 54 and 55 thereby obtained 

afforded a mixture of the corresponding diols (56 and 57, 

Scheme 24), which could be separated "conveniently by column 

chromatography by eluting with 50% EtOAc-hexanes. 

Scheme 24 

AcO 

rttt^OAC 
CH2Y 

NaOMe 

MeOH 

54 + 55 56a: X = H, Y = D 
57a: X = D, Y = H 

I1" "OH 

56b: X = H, Y = D 
57b:X = D, Y = H 

The major products, 56a and 57a, were characterized via 

analysis of their IR and NMR spectra. Their IR spectra 
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showed strong absorption bands at ca. 333 0 cm-1. The 1H NMR 

spectrum of 56a contained 17 protons, consistent with the 

expected structure. The 13C NMR spectrum of 56a shows 15 

peaks, including a triplet at 8 18 which can be assigned to 

the methylene carbon bearing deuterium. Compound 56a is 

derived from corresponding endo-deuteriomonoketone 32a. Only 

the endo-deuterium atom at Cn in 32a shifts to the endo-

methylene group in the oxetane ring when the oxetane ring 

opens, giving a methylene carbon bearing deuterium in 56a. 

This evidence provides strong support for the proposed 

mechanism (vide supra) in which the endo hydride selectively 

undergoes 1,5-hydride shift. 

In comparison, 57a, which was obtained by hydrolysis of 

rearranged product 55a, gave a singlet in its proton noise-

decoupled 13C NMR spectrum at 8 18. An APT experiment 

revealed this peak to be a quartet, which can be assigned to 

the methyl group in 57a. Compound 57a is derived from exo-

deuteriomonoketone 32b. Only the endo-hydrogen atom at Cn in 

32b shifts to the endo-methylene group in the oxetane ring 

when oxetane ring opens, giving the methyl group in 57a. 

There is a triplet at 8 50.93 which is absent in the 

corresponding APT spectrum. The peak at 8 50.93 corresponds 

to a quaternary carbon bearing a deuterium atom. Hence, 

there is no NOE effect on this carbon, and its intensity is 

too low to permit detection. 
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The mass spectra of 56a and 57a do not contain molecular 

ions; instead, they both show a peak at m/z 17 6. Thus, the 

results obtained via rearrangement of stereospecifically 

deuterated cage spiro-oxetanes 52 and 53 support the proposed 

intramolecular 1,5-hydride shift mechanism. 
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Summary and Conclusions 

1. Two stereospecifically deuterated pentacyclo-

[5.4.0.02, 6 .03'10.05'9]undecan-8-ones 32a and 32b have been 

synthesized. The key step in each synthesis involved a 

reductive dehalogenation which was performed by reaction with 

in situ generated Bu3SnH (or Bu3SnD). 

2. Two stereospecifically deuterated spiro(oxetane-3,8'-

pentacyclo[5.4.0.02'6.03'10.05'9]undecane), 52 and 53, have 

been synthesized. 

3. The structure of 32a was elucidated by using 2D NMR 

techniques. A 2D-J" homonuclear experiment, carried out to 

examine the stereoconformation at -Cuv confirmed the 

structures of stereospecifically deuterated ketals 32a and 

32b. 

4. Acid-promoted rearrangements of stereospecifically 

deuterated spiro(oxetane-3,8'-pentacyclo-

[5.4.0.02'6.03'10.05'9]undecane) (52 and 53) have been 

performed. The crude products (54 and 55) were examined by 

XH NMR spectroscopy. The results showed that both 52 and 53 

gave two isomers, i.e., 54a and 54b, 55a and 55b, 

respectively, in which the ratio of 54a:54b (55a:55b) was 

4:1. 

5. The rearragement products resisted all attempts to 

separate them. Accordingly, they were hydrolyzed directly to 

afford the corresponding alcohols, 56 and 57, respectively, 

which could be separated via column chromatography on silica 
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gel. The yield of minor products was too low to permit them 

to be characterized; therefore, only the major products were 

fully characterized. 

6. Both the 13C NMR and mass spectral results support the 

proposed mechanism shown in Scheme 6 in which the key step is 

a 1,5-hydride shift. 
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Experimental Section 

Melting points are uncorrected, 

exo-11-deuterio-endo-11-hydroxypentacyclo-

[5.4.0.02'6'03'10.05'9]undecan-8-one ethylene ketal (35a) A 

solution of monoketal 3432 (1.006 g, 4.6 mmol) in EtOH (10 mL) 

was cooled to 0°C by application of an external ice-water 

bath. To this cooled solution was added dropwise with 

stirring a cold solution of NaBD4 (410 mg, 9.8 mmol) in water 

(2.0 mL) during 10 minutes. After the addition of the 

reducing agent had been completed, the reaction mixture was 

stirred at 0 °C for 2 h, at which time the cold bath was 

removed. The continuously stirred reaction mixture was 

allowed to warm gradually to room temperature during 2 h, at 

which time the cold bath was re-installed, and the reaction 

was quenched via dropwise addition of 3% aqueous HC1 (10 mL) 

to the stirred, cold reaction mixture. The resulting mixture 

was transferred to a separatory funnel and then was extracted 

with CH2CI2 (3 x 20 mL) . The combined organic layers were 

washed with brine (20 mL), dried (MgS04) , and filtered, and 

the filtrate was concentrated in vacuo. Compound 35a (0.951 

g, 93%), was thereby obtained as colorless oil; IR (neat) 

3421 (m) , 2955 (s), 2862 (m), 1332 (s), 1139 (s), 1059 (s), 

919 cm-1 (m); NMR (CDCI3) 5 1.08 (AB, J M = 10.6 Hz, 1 H), 

1.56 (AB, Jab = 10.8 Hz, 1 H), 2.05-2.71 (m, 8 H), 3.65-4.15 

(m, 4 H), 5.28 (br s, 1 H) ; 13C NMR (CDCI3) 8 34.78 (t), 38.57 

(d), 38.79 (d), 38.99 (d) , 39.68 (d), 43.34 (d), 44.40 (d) , 
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46.49 (d), 46.90 (d), 62.75 (t), 65.29 (t), 71.65 (d) , 115.53 

(s). The spectra of 35a agree with those reported by Eaton 

and co-workers.32 This compound was used as obtained in next 

synthetic step, without additional purification. 

exo-11-Bromo-endo-11-deuteriopentacyclo-

[5.4.0.02'6.03'10.05'9]undecan-8-one (36a) A mixture of 

deuterated monoketal alcohol 35a (951 mg, 4.30 mmol), and 48% 

aqueous HBr solution (20 mL, excess) was heated at 80 °C for 

3 h and then allowed to cool gradually to room temperature. 

The reaction mixture was poured into ice-water (20 mL), and 

the resulting aqueous suspension was extracted with CH2CI2 (3 

"x 20 mL) . The combined organic layers were dried (Na2SC>4), 

and filtered, and the filtrate was concentrated in vacuo. 

The residue, a brown oil, was purified via column 

chromatography on silica gel by using a 5-10% EtOAc-hexanes 

gradient elution scheme. Pure bromide 36a (929 mg, 90%) was 

thereby obtained as a colorless microcrystalline solid: mp 

82.5-83.5 °C (lit.32 mp 84.5-85.3 °C) ; IR (KBr) 2967 (m) , 2942 

(m), 2929 (m), 2854 (w) , 1733 cm"1 (s); 1H NMR (CDCI3) 8 1.63 

(AB, JAB = 11.1 Hz, 1 H), 1.89 (AB, JAB = 10.4 Hz, 1 H), 2.30-

2.40 (m, 1 H), 2.50-2.62 (m, 1 H), 2.70-2.79 (m, 2 H) , 2.86-

2.98 (m, 1 H), 3.04-3.17 (m, 2 H), 3.20-3.28 (m, 1 H); 13C NMR 

(CDCI3) 5 35.77 (d), 36.53 (t), 42.90 (d), 44.00 (d) , 45.18 

(d), 46.61 (d), 47.60 (d) , 53.49 (d) , 54.15 (s), 56.21 (d) , 

216.07 (s). The spectra of 36a agree with those reported by 

Eaton and co-workers.32 
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exo-ll-Bromo-endo-ll-deuteriopentacyclo-

[5.4.0.02'6.03'10.05'9]undecan-8-one ethylene ketal (37a) A 

mixture of deuterated bromomonoketone 36a (2.3 98 g, 10.0 

inmol), ethylene glycol (634 mg, 10.2 mmol) , and p-toluene-

sulfonic acid (TsOH,33 mg, catalytic amount) in PhCH3 (20 mL) 

was placed in a 50 mL round-bottom flask which had been 

fitted with a Dean-Stark apparatus and a reflux condenser. 

The reaction mixture was refluxed for 5 h, during which time 

water was removed by azeotropic distillation. The reaction 

mixture was allowed to cool gradually to room temperature and 

then quenched by addition of ice cold 10% aqueous Na2C03 (50 

mL). The resulting aqueous suspension was extracted with 

CH2CI2 (3 x 3 0 ml). The combined organic layers were dried 

(Na2SC>4) , and filtered, and the filtrate was concentrated in 

vacuo. The residue, a yellow oil, was purified via column 

chromatography on silica gel by eluting with 3% EtOAc-

hexanes. Pure ketal 37a (2.686 g, 95%) was thereby obtained 

as a colorless oil; IR (neat) 2969 (s), 2869 (m), 1332 (m), 

1106 (s), 1086 (s), 1032 (s), 939 (m), 686 (w), 653 cm"1 (w) ; 

!h NMR (CDCI3) 8 1.34 (AB, JAB = 10.9 Hz, ,1 H) , 1.70 (AB, JAB 

= 11.0 Hz, 1 H), 2.01-2.15 (m, 1 H), 2.27-2.45 (m, 1 H), 

2.45-2.68 (m, 3 H), 2.68-2.96 (m, 2 H), 2.96- 3.14 (m, 1 H), 

3.65-4.05 (m, 4 H) ; 13C NMR (CDCI3) 8 34.25 (t), 38.73 (d) , 

40.98 (d), 41.97 (d) , 44.37 (d), 45.33 (d) , 46.81 (d) , 49.73 

(d), 51.40 (d), 57.29 (s), 62.92 (t), 65.47 (t), 115.09 (s); 
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Anal. Calcd. for Ci3HisBr02: C, 55.12; H, 5.30. Found: C, 

54.94; H, 5.13. 

endo- 11-Deuteriopentacyclo [5.4.0.02'6.03'10.05' 9]undecan-

8-one ethylene ketal (38a) A solution of bromoketal 37a (13 6 

mg, 0.48 mmol) and Bu3SnCl (48 mg, 0.15 mmol) in dry EtOH (15 

mL) under Ar was cooled to 0 °C via application of an 

external ice water bath. To this cooled solution was added 

dropwise with stirring a solution of NaBH4 (20 mg, 0.053 

mmol) in dry EtOH (3 mL). After the addition of NaBH4 

solution had been completed, the cold bath was removed. The 

reaction, mixture was irradiated under argon with a W lilament 

lamp (250 w) for 20 hr. The reaction mixture was quenched 

via addition of saturated aqueous KF solution (10 mL), and 

the resulting mixture was stirred overnight at room 

temperature. The quenched reaction mixture was extracted 

with CH2CI2 (3 x 30 ml) . The combined organic layers were 

dried (Na2SC>4) , and filtered, and the filtrate was 

concentrated in vacuo. The residue, a cloudy white oil, was 

purified via column chromatography on silica gel by eluting 

first with hexane and then with 4% EtOAc-hexane. Pure ketal 

38a (82 mg, 83 %) was thereby obtained as a colorless oil. IR 

(neat) 2962 (s), 2949 (s), 2862 (m), 1332 (m), 1106 (s), 1086 

(m) , 1032 (m) , 945 (w) , 933 cm-1 (w) ; 1H NMR (CDCI3) 8 1.00 

(br s, 1 H), 1.19 (AB, JAB = 11.9 HZ, 1 H), 1.62 (AB, JAB = 

10.6 Hz, 1 H), 1.91-2.04 (m, 1 H), 2.17-2.72 (m, 4 H), 3.61-
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3.93 (m, 4 H); 13C NMR (CDC13) 8 28.60 (d) , 35.09 (t), 35.67 

(d), 39.62 (d) , 40.02 (d), 41.71 (d) , 42.73 (d), 44.16 (d) , 

47.36 (d), 47.63 (d) , 62.46 (t) , 65.30 (t), 116.69 (s); Anal. 

Calcd. for Ci3Hi602: C, 76.44; H, 7.90. Found: C, 76.55; 

H,8 . 00 . 

ando-11-Deuteriopentacyc lo [5.4.0.02'6.03'10.05' 9]undecan-

8-one (32a) To a solution of deuterated monoketal 38a (0.189 

g) in THF (5 mL) was added with stirring 10% aqueous HC1 (2 

mL). The resulting mixture was refluxed for 12 h, at which 

time the solvent was removed in vacuo. The reaction mixture 

was extracted with CH2C12 (3 x 40 ml) . The combined organic 

layers were washed with water (1 x 20 mL) , dried (MgSC>4) , 

filtered, and the filtrate was concentrated in vacuo to 

afford a colorless oil. The oil was purified by column 

chromatography on silica gel, eluting with 5% EtOAc-hexanes, 

thereby affording a colorless waxy solid 32a (0.147 g, 100 

%) : mp 195.5-197.0 °C (lit.32 191-192 °C sublimation) ; IR 

(KBr) 2967 (m) , 2928 (m) , 1740 cm-1 (s) ; 1H NMR (CDCI3) 8 1.38 

(s, 1 H), 1.50 (AB, JAB = 10.3 Hz, 1 H), 1.84 (AB, JAB = 10-8 

Hz, 1 H), 2.22-2.38 (m, 1 H). 2.42-2.60 (m, 2 H), 2.61-2.82 

(m, 2 H), 2.82-3.02 (m, 2 H) ; ;5C NMR (CDCI3) 8 30.59 (d), 

36.60 (d), 37.45 (t), 39.28 (di, 43.13 (d), 43.55 (d), 44.27 

(d), 48.14 (d), 48.37 (d), 52.68 (d), 220.99 (s); mass 

spectrum (70 eV), m/z (relative intensity) 161 (molecular 

ion, 67.4), 96 (100.0), 95 (47.3), 83 (48.3), 82 (9.0). 
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Z- and £-endo-ll-Deuterio-8-methoxymethylenepentacyclo-

[5.4.0.02,6.03'10.05,9]undecanes (44a and 44b) A suspension of 

CH3OCH2P+ PH3 CI" (5 .3 g, 15 mmol) in THF (40 ML) under argon 

was cooled to 0 °C via application of an external ice water 

bath. To this cooled suspension was added with stirring a 

2 . 5 M BuLi solution in hexane ( 7 .5 mL, 15 mmol). The 

resulting deep orange mixture was stirred at 0 °C under argon 

for 30 min, then a solution of 32a ( 0 .6 g, 3 .73 mmol) in THF 

(5 mL) was added dropwise during 6 minutes. The reaction 

mixture was stirred at 0 °C under Ar for 1 h and then allowed 

to warm gradually to room temperature. The reaction mixture 

was stirred at room temperature for 4\h and then was 

transferred into a separatory funnel and was washed with H2O 

(3 x 30 mL). The organic layer was dried (MgS04), and 

filtered, and the filtrate was. concentrated in vacuo, thereby 

affording a yellow semisolid residue. This material was 

distilled in vacuo to afford a colorless oil which was 

further purified by flash column chromatography on silica gel 

by eluting with hexane. Pure 44 (a mixture of Z and E 

isomers, 0 . 5 0 4 g, 72%) was thereby obtained as an colorless 

oil; IR (neat) 2 9 6 1 (s), 2 9 4 1 (s), 2 8 9 0 (m), 2 8 5 7 (m) , 1 6 9 5 

(m) , 1217 (m) , 1114 cm"1 (m) ; XH NMR (CDCI3) 8 1 . 0 8 (br s, 1 

H) , 1 . 2 6 (AB, JAB = 9 . 5 Hz, 1 H) , 1 . 6 2 - 1 . 7 4 (M, 1 H ) , 2 . 1 3 -

2 . 7 0 (m, 7 H) , 3 . 0 2 - 3 . 1 2 (m, 0 . 6 H) , 3 . 2 0 - 3 . 3 4 (m, 0 . 4 H), 

3 .50 and 3 . 5 1 (2 s, total 3 H), 5 .73 and 5 .77 (2 s, ratio 

1 . 2 : 1 , total 1 H); 13C NMR (CDCI3) 8 2 9 . 4 7 (d) , 2 9 . 6 3 (d) , 
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34.73 (t), 34.89 (t), 36.11 (d), 38.01 (d), 38.84 (d), 39.44 

(d), 42.70 (d), 42.79 (d) , 42.99 (d) , 43.09 (d) , 44.04 (d) , 

44.99 (d), 46.30 (d), 46.38 (d), 46.60 (d), 46.71 (d), 59.36 

(2 C, q) , 122.78 (s), 123.06 (s) , 136.04 (d) , 136.32 (d) . 

The spectra of 44 agree with those reported by Ren.6 

ejado-ll-Deuterio-8-formylpentacyclo-

[5.4.0.02'6.03'10.05'9]undecanes (46a and 46b) A mixture of 

44a and 44b (504 mg, 2.67 mmol) was dissolved in THF (7 mL) 

and water (7 mL) was added. Argon was bubbled through the 

resulting mixture for 30 min to remove dissolved oxygen. 

Concentrated aqueous HC1 (1.2 mL) was added, and the 

resulting mixture was stirred under argon overnight at 

ambient temperature. The reaction mixture then was poured 

carefully with stirring into 5% aqueous NaHCC>3 (50. mL), and 

the resulting mixture was extracted with diethyl ether (3 x 

30 mL). The combined organic layers were washed sequentially 

with water (1 x 20 mL) and brine (1 x 20 mL) , dried (MgSC>4) , 

and filtered, and the filtrate was concentrated in vacuo to 

provide a mixture of 46a and 46b (3 92 mg, 84%) as a colorless 

oil; IR (neat) 2962 (s), 2935 (s), 2799 (m), 2696 (w), 1708 

(s), 1055 cm"1 (w) ; *H NMR (CDC13) 5 1.06 (br s, 1 H) , 1.17 

U B , Jab = 10.5 Hz, 1 H), 1.67 (AB, JAB = 10.5 Hz, 1 H), 2.05-

2.90 (m, 8 H), 2.90-3.15 (m, 1 H), 9.51 and 9.99 (2 s, ratio 

1:4, total 1 H); 13C NMR (CDC13) 5 27.24 (d) , 30.04 (d) , 33.58 

(t), 34.16 (t), 35.52 (d) , 35.83 (d) , 36.09 (d) , 37.13 (d), 

41.27 (d), 41.64 (d), 41.78 (d), 42.10 (d) , 42.35 (d), 42.65 
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(d), 43.00 (d), 43.98 (d), 45.82 (d) , 46.02 (d), 46.32 (d), 

51.92 (d), 55.30 (d), 204.08 (d), 204.65 (d). The spectra of 

46 agree with those reported by Ren.6 

endo-ll-Deuterio-8,8-bis(hydroxymethy1)pentacyclo-

[5.4.0.02'6.03'10.05'9]undecane (48) A mixture of aldehyde 46a 

and 46b (392 mg, 2.24 inmol) , ethylene glycol (2.5 mL) , and 

37% aqueous formaldehyde (1.5 mL) was cooled to 0 °C via 

application of an external ice-water bath. To this cooled 

mixture was added with stirring a 50% aqueous KOH solution 

(1.5 mL). After the addition of KOH solution had been 

completed, the cold bath was removed. The resulting mixture 

was refluxed under argon for 6 h and"then cooled to room 

temperature. Water (40 mL) was added, and resulting mixture 

was extracted with CH2C12 (3 x 30 mL) . The combined organic 

layers were washed sequentially with water (2 x 20 mL) and 

brine (20 mL) , dried (MgSC>4), and filtered. The filtrate was 

concentrated in vacuo to provide a brown solid. The brown 

solid was recrystallized from chloroform, thereby affording 

pure 48 (336 mg, 72%) as a colorless microcrystalline solid: 

mp 106-107 °C (lit.6 111-112 °C) ; IR (KBr) 3296 (s) , 2954 

(s), 2941 (s), 2870 (m), 2857 (m), 1010 (m), 997 cm"1 (m) ; % 

NMR (CDC13) 8 1.04 (br s, 1 H), 1.19 (AB, Jm = 10.4 Hz, 1 H), 

1.61 (AS, J"Ab = 10.4 Hz, 1 H) , 2.05-2.26 (m, 3 H) , 2.26-2.65 

(m, 6 H), 2.65-2.78 (m, 1 H), 3.20 (d, J = 10.5 Hz, 1 H), 

3.39 (d, J = 10.6 Hz, 1 H), 5.88 (d, J = 11.4 Hz, 1 H); 13c 

NMR (CDCI3) 8 29.59 (d), 33.34 (t), 36.01 (d), 39.50 (d), 
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41.51 (d), 41.77 (d), 42.10 (d), 43.80 (d) , 44.50 (d) , 47.14 

(d) , 50. 17 (s), 66.43 (t), 70.28 (t). The spectra of 48 

agree with those reported by Ren.6 

Monotosylates of endo-ll-Deuterio-8,8-bishydroxymethyl-

pentacyclo[5.4.0.02's.03'10.05'9]undecanes (50a and 50b) To a 

solution of 48 (200 mg, 0.97 mmol) in CH2CI2 (7 mL) was added 

20% aqueous NaOH (7 mL). The resulting suspension was 

vigorously stirred, and p-toluenesufonyl chloride (TsCl, 240 

mg, 1.26 mmol) was added in small portions during 4 h. 

Progress of the reaction was monitored by TLC. The reaction 

mixture was stirred at room temperature for 24 h and then was 

transferred into an separatory funnel. The layers were 

separated, and the aqueous layer was extracted with CH2CI2 (2 

x 20 mL). The combined organic layers were washed with water 

(2 x 20 mL) , dried (MgSC>4) and filtered, and the filtrate was 

concentrated in vacuo to provide an oil. This oil was 

purified via column chromatography on silica gel by eluting 

with 10-15% EtOAc-hexane, thereby affording pure mixture of 

50a and 50b (266 mg, 75%) as an colorless oil; IR (neat) 3535 

(m), 2954 (s), 2877 (m) , 1592 (w) , 1352 (m) , 1172 (m) , 1094 

(m) , 1023 (m) , 952 (m) , 933 (m) , 849 (m) , 836 (m) , 810 (m) , 

726 cm-1 (m) ; *H NMR (CDCI3) 5 0.95,1.06 (two br s, total 0.5 

H), 1.15 (AB, JAB = 10.4 Hz, 1 H), 1.60 (AB, JAB = 10.4 Hz, 1 

H) , 1.77 (s, 1 H), 2.02-2.84 (m, including a singlet at 2.44, 

11 H), 3.05 (d, J = 11.2 Hz, 1 H), 3.26 (d, J = 11.1 Hz, 1 

H) , 3.48 (d, J = 9.2 Hz, 0.5 H) , ; 13c NMR (CDCI3) 8 21.58 (q, 
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2 C), 29.17 (d), 29.21 (d), 32.99 (t) , 33.08 (t), 35.88 (d) , 

36.14 (d), 38.44 (d), 39.04 (d), 41.26 (d) , 41.45 (d), 41.58 

(d), 41.79 (d), 43.40 (d), 43.85 (d), 44.20 (d), 47.08 (d) , 

48.51 (s), 49.88 (s), 63.11 (t), 65.86 (t), 71.71 (t), 74.98 

(t), 127.79 (d), 127.82 (d), 129.75 (d) , 129. (d) , 132.62 

(s), 132.84 (s), 144.65 (s), 144.76 (s). The spectra of 50 

agree with those reported by Ren.6 

endo-ll-Deuteriospiro(oxetane-3,8'-pentacyclo-

[5.4.0.02'6.03'10.05'9]undecane) (52) A suspension of NaH (197 

mg, 4.9 mmol) in THF (10 mL) was cooled to 0 °C via 

application of an external ice water bath. To this cooled 

suspension was added with stirring a solution of 50 (266 mg, 

0.74 inmol) in THF (5 mL) . After the addition of the solution 

of 50 had been completed, the cold bath was removed. The 

reaction mixture was stirred at room temperature under argon 

for 3 days. Methanol (3 mL) then was added to decompose 

unreacte'd NaH. The resulting mixture was transferred into a 

separatory funnel and washed with water (2 x 20 mL). The 

organic layer was dried (MgS04) and filtered, and the 

filtrate was concentrated in vac-jo. The residue was purified 

via column chromatography on .silica gel by eluting with 4% 

EtOAc/hexane to afford pure 52 ;57 mg, 41%) as a colorless 

waxy solid: mp 102.0-103.5 °C !lit.5 mp 102-103 °C); IR (KBr) 

2941 (s), 2928 (s) , 2851 (s), 1449 (w), 1288 (w), 1249 (w) , 

978 (m) , 946 cm"1 (m) ; XH NMR (CDC13) 8 0.99 (br s, 1 H) , 1.19 

{AB, Jab = 10.4 Hz, 1 H), 1.63 (AS, JAB = 10.3 Hz, 1 H), 2.04-
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2.12 (m, 1 H), 2.12-2.22 (m, 1 H), 2.28-2.60 (m, 4 H), 2.60-

2.75 (m, 1 H), 2.75-87 (m, 1 H), 4.26 (q, J = 5.5 Hz, 2 H), 

4.55 {AB, J® = 6.1 Hz, 1 H), 4.73 (AB, JAB = 6.1 Hz, 1 H); 

13C NMR (CDC13) 8 28.50 (d), 34.68 (t), 35.69 (d) , 41.37 (d) , 

41.83 (d), 42.00 (d) , 43.51 (d), 43.62 (d) , 46.40 (d) , 46.95 

(s), 50.34 (d), 77.90 (t), 83.63 (t). The spectra of 52 

agree with those reported by Ren.6 

endo-4-Deuteriomethyl-exo-4-acetyloxymethyl-7-

acetoxypentacyclo[6.3.0.02'6.03'10.05'9]undecanes (54a and 54b) 

To a solution of 52 (57 mg) in glacial acetic acid (6 mL) was 

added concentrated H2SO4 (5 drops, catalytic amount). The 

resulting reaction mixture was refluxed for 12 h and then 

allowed to cool slowly to room temperature. Excess HOAc was 

removed in vacuo, and CH2CI2 (40 .mL) was added to the . residue. 

The mixture was washed sequentially with saturated aqueous 

NaHCC>3 solution (2 x 10 mL) , water (20 mL) and brine (20 mL) , 

dried (MgSC>4) , and filtered. The filtrate was concentrated 

in vacuo to provide an oil (70 mg). IR (neat) 2967 (s), 2867 

(w), 1733 (s), 1370 (m), 1239 (s), 1032 cm"1 (m) ; *H NMR 

(CDCI3) 8 0.96 (br s, 2 H) , 1.37 (s, 2 H), 1.73-1.88 (m, 2 H), 

2.00 (s, 3 H), 2.03 (s, 3 H), 2.05-2.32 (m, 4 H), 2.33-2.58 

(m, 2 H), 3.95, 4.03 (two s, total 2 H), 4.80, 4.90 (two s, 

total 2 H) ; 13C NMR of the major product (CDCI3) 8 18.59 (t), 

20.91 (q) , 21.23 (q) , 33.12 (t) 41.77 (d) , 42.20 (d), 43.83 

(d), 44.24 (d) , 47.62 (s), 48.61 (d) , 48.92 (d) , 49.27 (d) , 

54.14 (d), 69.77 (t), 79.25 (d), 171.18 (s), 171.34 (s); The 
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•'•H NMR spectrum of this crude oil indicated that it was a 

mixture of two compounds, i.e., 54a and 54b, (ratio 54a:54b = 

4:1) .34 This oil was used in next step without further 

purification. 

endo-4-Deuteriomethyl-exo-4-hydroxymethyl-7-hydroxy-

pentacyclo[6.3.0.02,6.03'10.05'9]undecanes (56a and 56b) To a 

solution of NaOMe (60 mg, excess) in MeOH (8 mL) was added 

with stirring a solution of 54 (70 mg) in MeOH (2 mL). The 

resulting mixture was stirred at room temperature for 12 h 

and then concentrated in vacuo while keeping the temperature 

of reaction mixture below 50 °C. Water (5 mL) was added to 

'the residue, and the resulting suspension was extracted with 

EtOAc (3 x 10 mL). The combined organic layers were washed 

sequentially with water (1 x 10 mL) and brine (1 x 10 mL), 

dried (MgSC>4) , and filtered. The filtrate was concentrated 

in vacuo to provide a white solid, which was purified via 

column chromatography on silica gel eluting with 50% EtOAc-

hexane. Pure 56a (10 mg), the major product, was thereby 

obtained as a colorless microcrystalline solid: mp 175.5-

176.0 °C (lit.34 mp 174-175 °C) ; IR (KBr) 3305 (s) , 3284 (s) , 

2954 (s), 2941 (s), 2927 (s), 2859 (m), 1347 (w), 1266 (w), 

1070 (m) , 1056 (m) , 1029 cm"1 (m) ; -̂H NMR (acetone-d6) 8 0.95-

1.0 (m, 2 H), 1.33 (br s, 2 H), 1.57-1.65 (m, 1 H), 1.75-1.82 

(m, 1 H), 1.82-1.93 (m, 1 H), 2.19 (br s, 2 H), 2.38-2.47 (m, 

1 H), 2.60-2.71 (m, 1 H), 3.30-3.52 (m, 4 H), 3.71-3.80 (m, 1 

H); 3.97 (br s, 1 H) ; 13C NMR (acetone-dg) 5 18.85 (t) 33.66 
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(t), 42.69 (d), 42.97 (d) , 44.36 (d), 45.08 (d), 50.19 (d), 

50.63 (s), 52.34 (d), 52.90 (d), 54.64 (d), 67.85 (t), 76.73 

(d); mass spectrum (70 eV), m/z (relative intensity) (no 

molecular ion), 176 (100.0), 132 (17), 94 (69.3), 82 (41.9). 

The spectra of 56a agree with those reported by Marchand and 

co-workers.34 

exo-ll-Bromo-pentacyclo [5.4.0. 0>'6.03-10.(>5^]undecan-8-

one ethylene ketal (37b) A solution of bromoketone 36b32 

(2.65 g, 11.1 mmol), ethylene glycol (1.03 g, excess), and p-

toluenesulfonic acid (TsOH, 3^2 mg, catalytic amount) in 

toluene (25 mL) was placed in;a 50 mL round-bottom flask 

which had been fitted with a tfean-Stark apparatus and a 

reflux condenser. The reaction mixture was refluxed for 5 

hr, during which time water w^s removed by azeotropic 

distillation.. The reaction mixture was allowed to cool 

gradually to room temperature and then quenched by addition 

of ice cold 10% aqueous Na2CO-i (100 mL) . The resulting 

aqueous suspension was extracted with CH2CI2 (3 x 50 mL). The 

combined organic layers were dried (MgSC>4) , and filtered, and 

the filtrate was concentrated in vacuo to provide an oil. The 

oil was purified via column chromatography on silica gel by 

eluting with 5% EtOAc-hexane. Pure 37b (2.91 g, 93%) was 

thereby obtained as a colorle ss oil; IR (neat) 2969 (s), 

2869 (M) , 1332 (M), 1292 (M), 1106 (s), 1086 (s), 1032 (M) , 

1012 (M) , 939 cm"1 (M) ; !H NMR (CDCI3) 8 1.36 (AB, JAB = 10-9 

Hz, 1 H) , 1 . 7 1 (AB, JAB = 11-0 Hz, 1 H) , 2 . 0 2 - 2 . 1 4 (M, 1 H) , 
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2.30-2.42 (m, 1 H), 2.50-2.68 (rrt, 3 H), 2.74-2.96 (m, 2 H), 

3.02-3.10 (m, 1 H) ; 13C NMR (CDC13) 8 34.13 (t), 36.64 (d), 

40.93 (d), 41.95 (d), 44.45 (d) , 45.30 (d) , 46.79 (d), 49.72 

(d) , 51.50 (d) , 57.53 (d) , 62.91 (t), 65.49 (t), 115.27 (s); 

Anal. Calcd for Ci3HisBr02: C, 55.12; H, 5.30. Found: C, 

54.94; H, 5.13. 

exo-11 -Deuteriopentacyclo [5.4.0.02'6.03'10.05,9] undecane-

8-one ethylene ketal (38b) A solution of bromoketal 37b 

(2.91 g, 10.28 mmol), Bu3SnCl (0.64 mL, 2.4 mmol) in dry EtOH 

(50 mL) under argon was cooled to 0 °C via application of an 

external ice-water bath. To this cooled solution was added 

dropwise with stirring a solution of NaBD4 (98.7 mg, 2.35 

mmol) in dry EtOH (10 mL). After the addition of NaBD4 

solution had been completed, the cold bath was removed. The 

reaction mixture was irradiated under argon with a W lilament 

lamp (250 w) for 24 hr. The reaction mixture was then 

quenched via addition of saturated aqueous KF (30 mL), and 

the resulting mixture was stirred at room temperature 

overnight. The quenched mixture was transferred into a 

separatory funnel. The layers were separated, and the 

aqueous layer was extracted with CH2CI2 (4 x 50 mL) . The 

combined organic layers were washed with brine (2 x 3 0 mL), 

dried (MgSC>4) , and filtered, and the filtrate was 

concentrated in vacuo to provide a milky white oil. This oil 

was purified via column chromatography on silica gel by 
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eluting first with hexane and then with 5% EtOAc-hexane. 

Pure 38b (1.43 g, 68%) was thereby obtained as a colorless 

oil; IR (neat) 2969 (s), 2961 (s) , 2869 (m), 1341 (m), 1318 

(m) , 1272 (w) , 1112 (m) , 1093 (m) , 1040 (m) , 1017 cm"1 (m) ; XH 

NMR (CDCI3) 8 1.19 (AB, Jab = 10.4 Hz, 1 H) , 1.62 (AB, JAB = 

10.6 Hz, 1 H), 1.91-2.02 (m, 1 H), 2.05 (s, 1 H), 2.17-2.28 

(m, 2 H), 2.28-2.40 (m, 2 H), 2.42-2.57 (m, 2 H), 2.57-2.60 

(m, 1 H), 3.60-3.95 (m, 4 H) ; 13C NMR (CDCI3) 8 28.50 (d) , 

35.12 (t), 35.69 (d) , 39.66 (d), 40.02 (d) , 41.73 (d) , 42.75 

(d), 44.17 (d), 47.30 (d) , 47.63 (d) , 62.48 (t), 65.33 (t), 

116.74 (s); Anal. Calcd for Ci3Hi602: C, 76.44; H, 7.89. 

Found: C, 76.55; H,8.00. 

exo-ll-Deuteriopentacyclo [5.4.0.02'6.03'10.05'9] undecan-8-

one (32b) To a solution of 38b (1.43 g, 6.98 mmol) in THF 

(50 mL) was added with stirring a 10% aqueous HCl (20 mL). 

The resulting mixture was refluxed for 18 h and then cooled 

to room temperature and concentrated in vacuo. Water (10 mL) 

was added to the residue, and the resulting mixture was 

extracted with CH2CI2 (3 x 40 mL) . The combined organic 

layers were washed sequentially with saturated aqueous NaHCC>3 

(2 x 20 mL), H2O (2 x 20 mL) and brine (1 x 30 mL), dried 

(MgSC>4) / filtered, and the filtrate was concentrated in vacuo 

to provide a colorless waxy semisolid solid. This material 

was purified via column chromatography on silica gel by 

eluting with 4% EtOAc-hexane. Pure 32b (1.06 g, 95%) was 
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thereby obtained as a colorless waxy solid: mp 195-196 °C 

(lit.33 mp 191-192 °C sublimation); IR (KBr) 2951 (s), 2930 

(s), 2859 (w) , 1732 (m) , 1267 cm"1 (w); XH NMR (CDCI3) 8 1.47 

(br s, 1 H), 1.54 (AB, Jab = 10.6 Hz, 1 H), 1.88 (AB, JAB = 

11.0 Hz, 1 H), 2.26-2.39 (m, 1 H), 2.44-2.64 (m, 3 H), 2.64-

2.86 (m, 2 H), 2.86-3.08 (m, 2 H) ; 13C NMR (CDCI3) 6 30.75 

(d), 36.77 (d) , 37.66 (t), 39.46 (d), 43.32 (d) , 43.71 (d), 

44.47 (d), 48.31 (d), 48.57 (d), 53.05 (d) , 221.57 (s); mass 

spectrum (70 eV), m/z (relative intensity), 161 (molecular 

ion, 58.7), 96 (10.6), 95 (100), 82 (48.5). 

z- and E- exo-11-Deuterio-8-methoxymethylenepentacyclo-

[5.4.0.02'6.03'10.05'9]undecanes (45a and 45b) A suspension of 

MeOCH2P+Ph3 CI" (predried, 4.40 g, 12.5 mmol) in THF (40 mL) 

under argon was cooled to 0 °C via application of an external 

ice-water bath. To this cooled suspension was added dropwise 

with stirring n-BuLi (6.2 mL of a 2.0 M solution in hexane, 

12.5 mmol). After the addition of n-BuLi solution had been 

completed, the ice water-bath was removed. The resulting 

deep orange mixture was stirred at 0 °C for 30 minutes. To 

this cold reaction mixture was added a solution of 32b (500 

mg, 3.11 mmol) in THF (5 mL) dropwise with stirring during 3 

minutes The resulting mixture was stirred under argon at 0 

°C for 1 h and then allowed to warm gradually to room 

temperature. The resulting mixture was stirred at room 

temperature for 4 h and then was transferred into a 
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separatory funnel and washed with H2O (3 x 20 mL). The 

organic layer was dried (MgSC>4) and filtered, and the 

filtrate was concentrated in vacuo to provide an orange oily 

semisolid. This material was distilled at reduced pressure 

to afford a pale yellow oil. This oil was further purified 

via flash column chromatography on silica gel by eluting with 

hexane. Pure 45 (a mixture of Z- and E- isomers, 395 mg, 

67%) was thereby obtained as a colorless oil (ratio 45a:45b = 

1:1.3 or 1.3:1); IR (neat) 2951 (s), 2932 (s), 2859 (w), 

2827 (w), 1699 (m), 1240 (m), 1214 (m), 1116 cm-1 (s); 1H NMR 

(CDCI3) 8 1.25 (AB, Jab = 10.8 Hz, 2 H) , 1.62-1.75 (m, 1 H) , 

'2.12-2.80 (m, 7 H), 3.01-3.11 (m, 0.6 H), 3.21-3.32 (m, 0.4 

H) , 3.50, 3.51 (2 s, total 3 H), 5.72, 5.77 (2 s, total 1 H) ; 

13C NMR (CDCI3) 5 29.41 (d), 29.57 (d) , 34.73 (t) , 34.89 (t), 

36.10 (d) , 37.99 (d) , 38.83 (d), 39.41 (d), 42.68 (d) , 42.77 

(d), 42.96 (d), 43.11 (d) , 44.03 (d) , 44.95 (d), 46.27 (d) , 

46.40 (d), 46.54 (d), 46.73 (d),59.44 (q), 122.81 (s), 123.10 

(s), 136.03 (d) , 136.30 (d). The spectra of 45 agree with 

those reported by Ren.6 

exo-ll-Deuterio-8-formylpentacyclo [5.4.0.02'6.03'10.05'9] -

undecanes (47a and 47b) Argon was bubbled through a solution 

of 45 (395 mg, 2.1 mmol) in THF (10 mL) for 30 minutes in 

order to remove dissolved oxygen. To this solution was added 

dropwise with stirring under argon 10% aqueous HC1 (10 mL) 

during 30 minutes. The resulting mixture was stirred under 

argon overnight at ambient temperature. The reaction mixture 
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was poured carefully with stirring into a 5% aqueous NaHC03 

(50 mL). The resulting mixture was extracted with CH2CI2 (3 x 

40 mL). The combined organic layers were washed sequentially 

with water (2 x 20 mL) and brine (1 x 30 mL) , dried (MgSC>4) , 

and filtered, and the filtrate was concentrated in vacuo to 

afford 47 (0.29 g, 80%) as a colorless oil; IR (neat) 2945 

(s), 2859 (w), 2800 (w), 2702 (w), 1712 cm_1(s); XH NMR 

(CDCI3) 8 0.93 (s, 1 H), 1.14 (AB, JAB = 10.3 Hz, 1 H), 1.64 

(AB, JAB = 10.5 Hz, 1 H), 1.90-3.20 (m, 9 H), 9.48 and 9.95 (2 

s, ratio 1:1.7, total 1 H) ; 13C NMR (CDCI3) 8 27.52 (d) , 30.20 

(d), 33.75 (t), 34.33 (t), 35.66 <d), 35.98 (d) , 36.22 (d) , 

37.30 (d) , 41.41 (d), 41.79 (d), 41.95 (d), 42.25 (d) , 42.50 

(d), 42.79 (d) , 43.16 (d), 44.15 (d) , 45.92 (d) , 46.18 (d), 

46.44 (d) , 52.13 (d), 55.45 (d), 204.63 (d), 205.05 (d) . The 

spectra of 47 agree with those reported by Ren.6 

exo-ll-Deuterio-8,8-bis(hydroxymethyl)pentacyclo-

ts . 4.0. 02/6.03'10.05' 9]undecane (49) A mixture of aldehyde 47 

(0.29 g, 1.7 mmol), ethylene glycol (2 mL), and 37% aqueous 

HCHO (1.5 mL, excess) was cooled to 0 °C via application of 

an external ice-water bath. To this cooled mixture was added 

with stirring 50% aqueous KOH (1.0 mL). After the addition 

of aqueous KOH solution had been completed, the ice-water 

bath was removed. The resulting mixture was refluxed under 

argon for 6 h and then cooled to room temperature. Water (40 

mL) was added, and the resulting mixture was extracted with 
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CH2CI2 (3 x 30 mL) . The combined organic layers were washed 

sequentially with water (2 x 20 mL) and brine (20 mL), dried 

(MgSC>4) , and filtered, and the filtrate was concentrated in 

vacuo. The residue, a brown solid, was recrystallized from 

CHCl3( thereby affording pure 49 (256 mg, 75%) as a colorless 

microcrystalline solid: mp 108.0-108.8 °C (lit.6 mp 111-112 

°C); IR (KBr) 3302 (s), 2945 (s), 2849 (s), 1007 cm"1 (s) ; XH 

NMR (CDCI3) 8 1.20 (AB, Jab = 10.3 Hz, 1 H) , 1.62 (AB, Jab = 

10.3 Hz, 1 H), 1.78 (s, 1 H), 2.08-2.26 (m, 2 H), 2.28-2.48 

(m, 4 H), 2.48-2.63 (m, 2 H), 2.65-2.70 (m, 1 H), 2.96 (s, 2 

H), 3.19.(AB, Jab = 10.4 Hz, 1 H), 3.38 (AB, Jab = 10.6 Hz, 1 

H) , 3.91 (AB, Jab = H.4 Hz, 1 H) , 4.08 (AB, Jab = 11.4 Hz, 1 

H) ; 13C NMR (CDCI3) 8 29.45 (d), 33.29 (t), 35.98 (d), 39.41 

(d), 41.45 (d), 41.74 (d), 42.04 (d), 43.71 (d) , 44.44 (d) , 

47.06 (d), 50.09 (s), 66.30 (t), 70.16 (t). The spectra of 

49 agree with those reported by Ren.6 

Monotosylates of exo-ll-Deuterio-8,8-bishydroxymethyl-

pentacyclo[5.4.0.02'6.03'10.05'9]undecanes (51a and 51b) To a 

solution of diol 51 (85 mg, 0.41 mmol) in CH2CI2 (7 mL) was 

added with vigorous stirring 20% aqueous NaOH (7 mL). To 

this vigorously stirred suspension was added p-

toluenesulfonyl chloride (TsCl, 0.102 g) in small portions 

during 4 h. The resulting mixture was stirred vigorously at 

room temperature for 24 h and was then transfered into a 

separatory funnel. The layers were separated, and the 

aqueous layer was extracted with CH2CI2 (3 x 20 mL). The 
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combined organic layers were washed with water (1 x 2 0 mL), 

dried (MgSC>4) and filtered, and the filtrate was concentrated 

in vacuo. The residue, a pale yellow oil, was purified via 

column chromatography on silica gel by eluting with 10-15% 

EtOAc-hexane to provide a mixture of 51a and 51b. (77 mg, 

52%) as a colorless oil; IR (neat) 3548 (m), 2949 (s), 2862 

(m) , 1591 (w) , 1356 (s) , 1188 (s) , 1174 (s) , 952 (m) , 839 

(m) , 806 (m) , 660 cm"1 (m) ; NMR (CDC13) 8 1.06-1.20 (m, 1 

H) , 1,56 (d, J = 10.3 Hz, 1 H), 1.79 ( s, 0.5 H) , 1.91 (s, 1 

H), 2.02-2.78 (m, 11 H), 3.01 (d, J = 11.1 Hz, 1 H), 3.23 (d, 

J = 1.1.3 Hz, 1 H) , 3.44 (d, J = 9.2 Hz, 0.5 H) , 3.75 and 3.84 

(two t, J = 10.7, 12.1 Hz, 1 H), 4.33 (q, J = 10.3 Hz, 1 H), 

7.30 (d, J = 8.1 Hz, 2 H), 7.75 (d, J = 8.1 Hz, 2 H); 13C NMR 

(CDCI3) 8 21.55 (2 C, q), 29.02 (d), 29.12 (d) , 32.95 (t), 

33.05 (t), 35.84 (d), 36.12 (d) , 38.38 (d) , 38.98 (d), 41.23 

(d), 41.41 (d), 41.54 (2 C, d), 41.76 (d), 43.35 (d) , 43.74 

(d) , 43.82 (d), 44.16 (d), 46.97 (d), 46.99 (d), 48.49 (d) , 

49.86 (d), 62.99 (t), 65.76 (t), 71.69 (t), 74.94 (t), 127.77 

(2 C, d), 129.73 (2 C, d), 132.58 (s), 132.80 (s), 144.63 

(s), 144.77 (s). The spectra of 51 agree with those reported 

by Ren.6 

exo-ll-Deuteriospiro(ox«tan«-3,8'-pentacyclo-

[5.4.0.02'6.03'10.05'9]undecan«) (53) A suspension of NaH (102 

mg, 4.25 mmol) in THF (10 mL) was cooled to 0 °C via 

application of an external ice-water bath. To this cooled 

suspension was added dropwise with stirring a solution the 
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mixture of 51a and 51b (180 mg, 0.5 mmol) in THF (10 mL). 

After the addition of compound 51 had been completed, the 

cold bath was removed. The reaction mixture was stirred at 

room temperature under argon for 3 days. Methanol (3 mL) was 

then added slowly to decompose unreacted NaH. The resulting 

mixture was transferred into a separatory funnel and washed 

with water (2 x 10 mL) . The organic layer was dried (MgSC>4) , 

and filtered, and the filtrate was concentrated in vacuo. 

The residue was purified via column chromatography on silica 

gel by eluting with 5% EtOAc-hexane to afford 53 (30 mg, 32%) 

as a colorless waxy solid: mp 101-102 °C (lit.6 mp 102-103 

°C); IR (KBr) 2944 (s), 2932 (s>, 2855 (s), 1450 (w), 1284 

(w) , 1265 (w) , 1170 (w) , 981 (m) , 947 cm-1 (m) ; 1H NMR (CDCI3) 

8 0.73 (br S, 1 H), 1.20 (AB, J^ = 10.4 Hz, 1 H), 1.63 (AB, 

Jab = 10.5 Hz, 1H), 2.03-2.12 (m, 1 H), 2.12-2.22 (m, 1H) , 

2.30-2.60 (m, 4 H), 2.60-2.75 (m, 1 H), 2.75-2.88 (m, 1 H), 

4.27 (q, J = 5.5 Hz, 2 H), 4.56 (AB, JXB = 6.1 Hz, 1H), 4.74 

(AB, JAB = 6.1 Hz, 1 H) ;
 13C NMR (CDCI3) 8 28.48 (d) , 34.73 

(t), 35.72 (d) , 41.40 (d), 41.86 (d), 42.02 (d) , 43.51 (d), 

43.66 (d), 46.41 (d), 46.99 (s) , 50 34 (d), 77.98 (t), 83.71 

(t). The spectra of 53 agree with those reported by Ren.6 

6-Deuterio-endo-4-methyl-exo-acetyloxymethyl-7-acetoxy-

pentacyclo[6.3.0.02'6.03'10.05'9]undecanes (55a and 55b) To a 

solution of 53 (27 mg) in glacial acetic acid (3 mL) was 

added concentrated H2SO4 (3 drops, catalytic amount). The 

resulting mixture was heated to 120 °C for 12 h, and then 



212 

allowed to cool slowly to room temperature. Excess HOAc was 

removed in vacuo, and CH2CI2 (20 mL) was added to the residue. 

The mixture was washed sequentially with 10% aqueous sodium 

bicarbonate (5 mL), water (5 mL) and brine (5 mL), dried 

(MgSC>4) , and filtered, and the filtrate was concentrated in 

vacuo to provide an oil (30 mg). IR (neat) 2965 (m) , 2867 

(w), 1735 (s), 1368 (w), 1237 (s), 1032 cm"1 (m) ; 1H NMR 

(CDCI3) 8 0.98 (s, 3 H), 1.37 (s, 2 ), 1.68-1.88 (m, 2 H) , 

1.96-2.28 (m, 9 H), 2.28-2.58 (m, 2 H), 3.95, 4.03 (two s, 

total 2 H), 4.79, 4.90 (two s, total 2 H) ; 13C NMR of the 

major product (CDCI3) 8 18.87 (q) , 20.96 (q) , 21.26 (q) , 33.14 

"(t), 41.75 (d), 42.10 (d), 43.82 (d), 44.24 (d) , 47.24 (s), 

47.66 (s), 48.83 (d) , 49.29 (d), 54.14 (d) , 69.81 (t), 79.22 

(d) , 171.27 (s), 171/42 (s); Its 1H NMR spectrum was 

integrated carefully and found that it was a mixture of two 

compounds, e.g., 55a and 55b, (ratio 55a:55b = 4:1).34 This 

oil was used directly in next step without further 

purification 

6 -Deuterio-endo-4 -methyl - exo-hydroxymethyl -7 - hydroxy-

pentacyclo[6.3.0.02'6.03'10.05,9]undecanes (57a and 57b) To a 

solution of NaOMe (40 mg) in MeOH (4 mL) was added with 

stirring a solution the mixture of 55a and 55b (30 mg) in 

MeOH (3 mL). The resulting mixture was stirred at room 

temperature for 12 h and then concentrated in vacuo while 

keeping the temperature of reaction mixture below 50 °C. 

Water (5 mL) was added to the residue and the resulting 
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suspension was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were washed sequentially with water 

(1 x 10 mL) and brine (1 x 10 mL) , dried (MgSC>4) , and 

filtered. The filtrate was concentrated in vacuo to provide 

a white solid, which was purified via column chromatography 

on silica gel by eluting with 50% EtOAc-hexane. Pure 57a (9 

mg), the major product, was thereby obtained as a colorless 

microcrystalline solid: mp 174-175 °C (lit.33 174-175 °C) ; IR 

(KBr) 3291 (s), 2954 (s), 2940 (s), 2927 (s), 2859 (s), 1441 

(w) , 1360 (w), 1266 (w), 1117 (w) , 1036 cm"1 (m) ; 1H NMR 

(DMSO-de) 8 0.94 (s, 3 H), 1.31 (s, 2 H), 1.52-1.61 (m, 1 H) , 

1.70-1.78 (m, 1 H), 1.78-1.88 (m, 1 H), 1.91-2.08 (m, 1 H), 

2.08-2.20 (m, 1 H), 2.32-2.44 (m, 1 H), 2.55 (br s, 1 H), 

3.15-3.35 (m, 2 H), 3.86 (br s, 1 H),.4.32 (t, J = 5.4 Hz, 1 

H) , 4.57 (d, J = 3.3 Hz, 1 H); 13C NMR (DMSO-d6) 8 19.16 (q) , 

33.08 (t), 41.73 (d), 41.88 (d) , 43.51 (d) , 44.07 (d) , 49.05 

(d), 49.81 (d), 50.93 (s), 51.90 (d), 53.71 (d), 66.45 (s) , 

75.13 (d); mass spectrum (70 eV), m/z (relative intensity), 

(no molecular ion), 176 (100.0), 132 (17), 93 (75.9), 82 

(34.9). The spectra of 57a agree with those reported by 

Marchand and co-workers.34 
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CHAPTER IV 

OXIDATIVE FUNCTIONALIZATION OF UNACTIVATED C-H BONDS IN 

HEPTACYCLO [ 6 . 6 . 0 . 02' 6 . 03'13 . 04<11. 05'9 . 010<14] TETRADECANE 

Introduction 

The selective oxidation of alkanes remains a challenge 

in organic synthesis. The development of economical 

processes for the functionalization of saturated hydrocarbons 

is of tremendous practical importance. In Nature, such 

reactions are mediated efficiently by various enzymes. 

Systems related to cytochrome P-450, which detoxifies lipid-

soluble compounds in the human liver,1.have received the most 

attention. 

The fundamental difficulties which are frequently 

encountered when one attempts to functionalize saturated 

hydrocarbons arise from the fact that their components, 

carbon and hydrogen, do not have lone electron pairs, and the 

molecules do not have orbitals of sufficient energy to render 

them energetically accessible. Thus, very reactive reagents 

and/or extreme reaction conditions typically are required. 

In addition, the primary reaction products frequently are 

more reactive than the starting saturated hydrocarbon 

compounds, which results in the frequent occurring of 

undesired side reaction. 
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Other complication arise if the saturated hydrocarbon 

molecules contains different types of C-H bonds (i.e., 1°, 

2°, and 3° C-H bonds) since formation of tertiary radicals 

and carbenium ions are favored energetically. Thus, the 

functionalization processes that proceed via these 

intermediates generally display the following order of 

selectivity for C-H bonds: tertiary > secondary > primary. 

For steric reasons, however, the attack of highly reactive, 

bulky reagents at primary C atoms may be preferred. 

In the past decade, Barton and co-workers have developed 

a series, of chemical systems, e.g., "Gif-family"2 and "GoAgg-

family",3 for oxidative functionalization of unactivated C-H 

bonds in saturated hydrocarbons. Their systems, which 

consist essentially of air, catalytic amounts of iron and/or 

zinc, acetic acid, pyridine, water, and peroxide, oxidize 

adamantane 1 to give adamantanone 2 as the major product 

along with 2-adamantanol and 1-adamantanol (3 and 4, 

respectively) as side products (Scheme 1). 

Scheme 1 

oxidation 

P^7 
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The oxidizing species are postulated to be 

[FeIIFe2III0(OAc) 6 (Py) 3.5]4 and CsH4NO+.5 Apparently, these 

species attack C-H bonds on a secondary carbon atoms in 

marked preference to those on primary and tertiary carbon 

atoms. Mechanistic studies suggest that the oxidation which 

affords ketones such as 2 does not proceed via the 

corresponding intermediate alcohol 3. Turnover rates of over 

3000 and almost quantitative reactions have been achieved for 

oxidations with several Gif reagents. However, one 

disadvantage is that the reactions can be conducted only up 

to 10-15% conversion to avoid the formation of considerable 

amounts of side products. 

Recently, Barton, Eaton, and Liu reported the regio-

specific functionalization of "Binor S" 5 by a Gif-type 

oxidation system (Scheme 2).6 The product obtained was 

Scheme 2 

oxidation 

o + o 

characterized by NMR, mass, and IR spectra. The results 

suggest that only compound 6 was obtained instead of the 

corresponding difunctionalized compound 7. Their work 
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represents the first example of a completely regiospecific 

oxidation of a methylene group into a ketone in the presence 

of so many saturated tertiary C-H bonds by a Gif-type system. 

There is intense current interest in the development of 

new high-energy hydrocarbon fuels for use in volume-limited 

military applications.7 Marchand and co-workers have 

reported the synthesis of several polycyclic cage compounds 

that are of interest as a potential new class of high energy 

density, high density hydrocarbon fuels.8 Pertinent to the 

programs ongoing in this area, heptacyclo-

[6. 6.0.02'6.03'13.04'11.05'9.010'14] tetradecan-7-one 8 is of 

great interest as intermediate in the synthesis of solid fuel 

systems (see Scheme 3). Althrough its synthesis has already 

been reported by Marchand and co-workers (Scheme 3),9 several 

synthetic steps are required, and the overall yield of 8 is 

only 1.7%. 

Scheme 3 

/dh? 
(PhCOO)2 

CuBr, 72h 

(36%) 

^OCOPh 1. Fe(CO)5 

n-Bu20,3 days 1 
• 14; 

10 

2. FeCl3-5H20 13 
7 days 

(14%) 

7 JDCOPh 

120C0Ph 

(continued.. 
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KOH/EtOH » 

reflux, 3.5h 

(85%) 

PCC, CH2C12 » 

overnight 

(93%) 

12 

HOCH2CH2OH 
PTSA, toluene • 

reflux 

(58%) 

NH2NH2 

K2CO3 

(75%) 

15 

H+, THF 

(100%) 

8 

Scheme 4 

GoAgg system 

16 

As a possible alternative to this lengthy synthesis of 8 

we'were interested in applying Barton's procedure6 to the 
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direct oxidative functionalization of heptacyclo-

[6.6.0.02'6.03'13.04'1:l.05'9.010'14] tetradecane (HCTD, 16, Scheme 

4). In this way, it may be possible to prepare 8 from HCTD 

16 in a single synthetic step (Scheme 4). The results of our 

attempts to promote oxidative functionalization of HCTD 16 

via application of GoAgg systems are reported herein. 

Results and Discussions 

The starting material HCTD 16 can be prepared as shown 

in Scheme 5.10 

Scheme 5 

Fe(acac)3 

17 

Si02, AI2O3 

300 °C 

16 

Fe(CO)5 

or MO(CO) 6 

16 
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Thus, HCTD 16 can be prepared from transition-metal promoted 

dimerization of norbordiene 9. 

Thus, compound 16 was oxidized by a variety of GoAgg 

systems. As shown in Scheme 6, three GoAgg systems were used 

in the present study, i.e., GoAgg111,3 GoAggIV,3 and GoAggv.3 

GoAgg111 contains FeCl3*6H20, pyridine-HOAc, picolinic acid, 

and HOOH. GoAggIV system contains Fe (NO3)3*9H20, pyridine-

HOAc, and t-BuOOH. The difference between GoAggv and GoAggIV 

is that GoAggv also contains picolinic acid. 

The results of the oxidation of compound 16 via 

applications of GoAgg systems are shown in Scheme 6. 

Scheme 6 

16 

GoAgg m 

16 + 

(65%) 

(6.1%) 

GoAggIV 

16 + 18 

(61%) (7.1%) 

GoAgg' 

18: R = 2-pyridyl 
19: R = 3-pyridyl 
20: R = 4-pyridyl 

•*"16 + 18 + 8 + 2 0 
(56%) (7.7%) (1%) (3.5%) 
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Under GoAgg111 conditions, only two compounds were 

isolated. They were characterized via analysis of their 1H 

and 13C NMR spectra. The first compound proved to be starting 

material by comparison its NMR spectra with those of starting 

material. The second compound isolated was an oil; its 1H 

NMR spectrum integrated for 19 protons, 15 of which are in 

the aliphatic region 6 1.8-3.2. However, 4 protons are in 

aromatic region 8 6.9-8.6. Its 13C NMR spectrum displays 19 

carbons; 14 carbons are in aliphatic region 8 42-70, which 

the remaining 5 carbons resonances fall in the aromatic 

region 8 120-167. An "attached proton test" (APT) NMR 

spectrum shows that this compound contains two methylene 

groups and two quaternary carbons at 8 42.07, 42.63, 70.49, 

and 167.04, respectively. The mass spectrum of this oil 

displays molecular ion at m/z 261. The spectral results 

suggest that this compound might be a pyridyl-substituted 

HCTD derivative. However, the structure of this compound was 

still unknown at this stage. 

Scheme 7 

16 

(n-Bu4N)4W 10O32 

A>280 nm (Pyrex) 
hv, CH3CN, 
with or without Pt(0) 
-15 °C, Ar 

21: R = COCH, 
22: R = COCD3 

23: R = CH2CH2COCH3 
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Oxidation of HCTD via free radical mechanism has been 

reported by Hill and co-workers.11 They found that HCTD could 

be photo-oxidized in the presence of (n-Bu4N) 4W10O32 to give a 

tertiary-substituted HCTD derivatives 21-23 (Scheme 7). 

When the results obtained by Hill, et al. are compared 

with the corresponding results obtained by using GoAgg111, it 

appears that the position where substitution occurs in HCTD 

under GoAgg111 conditions is the same as that in Hill's 

report. Thus, compounds 18, 19, 20 are the possible 

products. Since 20 contains a twofold symmetric pyridyl 

ring, it will display only 3 aromatic carbons, a result which 

is not consistent with the observed 13C NMR spectrum of the 

reaction product. Both 18 and 19 fit the NMR results. As 

shown in Scheme 8, Minisci and co.-workers reported that 

Scheme 8 

O+ r* 
N 
I 
H 

pyridine under acidic condition undergoes free radical 

aromatic substitution to form ortho- and para-substituted 

pyridine derivatives. On this basis, the structure of this 

oil is believed to be that of 18 (rather than 19 or 20). 
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Similar results were obtained when oxidation of HCTD 16 was 

performed by using GoAggIV system (see Scheme 6). 

Interestingly, application of the GoAggv system afforded 

some new results. In addition to liquid products, a small 

amount of white microcrystalline solid was isolated from this 

reaction. This solid was characterized via analysis of its 

1H and 13C NMR spectra. Its 1H NMR spectrum integrated for 14 

protons. Its 13C NMR spectrum shows six peaks, including one 

at 8 218.20 which represents the carbonyl carbon. Both 1H and 

13C NMR spectra data agree with the corresponding data 

reported earlier for 8 . 9 

Another compound isolated was an oil. It was also 

characterized via analysis its 1H and 13C NMR spactra. Its 1H 

NMR spectrum integrated for 19 protons, 4 of which are 

aromatic protons that appear as two doublets at 8 7.17 and 

8.43, respectively.• Its corresponding 13C NMR spectrum 

displays 17 peaks. Unlike 18, only 3 aromatic carbon 

resonances are observed. Fourteen carbons are in the 

aliphatic region at 8 42-67. The APT NMR spectrum of this 

oil shows two methylene groups at 8 42 and two quaternary 

carbons at 8 67 and 157, respectively. The mass spectrum of 

this oil shows molecular ion at m/z 261. On this basis, its 

structure was assigned to 20. 
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Summary and Conclusions 

1. HCTD 16 can be functionalized by the GoAgg111 system at 

room temperature to give a ortiio-pyridyl substituted HCTD 

derivative 18. 

2. Under GoAggIV conditions at 60 °C, the same results were 

obtained. However, the recovery of starting material is 

lower than that obtained by using the GoAgg111 system, while 

the yield of 18 is higher than that obtained by using the 

GoAgg111 system. 

3. HCTD 16 was functionalized by using the GoAggv system at 

room temperature to afford the desired monoketone in ca. 1% 

yield. Also, a para-substituted pyridyl HCTD derivetive was 

isolated. 

4. No hydroxy-substituted HCTD derivatives were isolated by 

using any of the GoAgg system in this study. 
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Experimental Section 

Melting points are uncorrected. 

Oxidation of HCTD by GoAgg111: To a mixture of HCTD 

16 (0.92 g, 5 mmol), pyridine (15 mL), FeCl3»6H20 (54 mg, 0.2 

mmol), HOAc (0.5 mL) was added picolinic acid (73.8 mg, 0.6 

mmol). The reaction mixture was stirred at room temperature 

for 30 minutes. The reaction mixture then was cooled via 

application of an external ice-water bath. To this cold 

reaction mixture was added dropwise 30% aqueous HOOH (1.0 mL, 

10 mmol) during 3 minutes. After the addition of HOOH had 

been completed, the ice water bath was removed, and the 

reaction mixture was allowed to warm gradully to room 

temperature. The reaction mixture was stirred at room 

temperature for 18 h. The reaction mixture then was cooled 

again in an ice water bath and was acidified via addition of 

25% aqueous H2SO4. The acidified reaction mixture was 

transferred into a separatory funnel and extracted with ether 

(3 x 50 mL). The combined organic layers were washed 

sequentially with saturated aqueous NaHC03 (2 x 20 mL) and 

water (30 mL), dried (MgS04) , and filtered. The fitrate was 

concentrated in vacuo to provide a brown solid. This solid 

was purified via column chromatography on silica gel by using 

a gradient elution scheme (0-10% EtOAc-hexane). The first 

chromatography fraction afforded recovered starting material 

(16, 600 mg, 65% recovery), followed shortly thereafter by 1-

(2-pyridyl) heptacyclo [6.6.0.02'6.03'13.04'1:L.05'9.010'14 ] tetra-
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decane (18, 80 mg, 6.1%) as a colorless oil: IR (neat) 2946 

(s), 2862 (m) , 1588 (m) , 1470 (m) , 1429 (w) , 745 cm"1 (w) ; 1H 

NMR (CDCI3) 8 1.81-2.05 (m, 4 H), 2.48-3.16 (m, 11 H), 6.99-

7.12 (m, 1 H), 7.22-7.47 (m, 1 H), 7.48-7.67 (m, 1 H) , 8.48-

8.62 (m, 1 H) ; 13C NMR (CDCI3) 8 42.04 (t), 42.63 (t), 51.02 

(d), 51.38 (d), 51.94 (d), 52.16 (d), 53.21 (d), 53.35 (d), 

53.42 (d) , 53.95 (d), 55.66 (d), 60.26 (d), 61.59 (d), 70.49 

(s), 120.30 (d), 120.55 (d) , 135.89 (d), 148.73 (d) , 167.04 

(s); mass spectrum (70 ev) m/z (relative intensity) 261 

(molecular ion, 100), 156 (11.8), 32 (10.6), 28 (35.6); HRMS 

Calcd. for C19H19N: Mr
+, 261.1517. Found: Mr

+, 261.1509. 

Oxidation HCTD by GoAggIV: A solution of 

Fe (NO3) 3*9H20 (202 mg, 0.5 mmol) and 16 (0.92 g, 5.0 mmol) in 

a mixture of pyridine (30 mL) and HOAc (3 mL) was stirred at 

room temperature for 5 minutes. To the reaction mixture was 

added 90% t-BuOOH (1.1 mL, 10 mmol), and the resulting 

reaction mixture was heated at 60 °C for 18 h. The reaction 

mixture then was allowed to cool to room temperature. 

Methylene chloride (30 mL) was added, and the resulting 

mixture was transferred into a separatory funnel. Saturated 

aqueous CUSO4 (7 x 20 mL) was added, and the layers were 

seperated. The organic layer was dried (MgS04) and filtered, 

and the filtrate was concentrated in vacuo. The residue, a 

brown semi-solid, was purified via column chromatography on 

silica gel by using a gradient scheme (0-5% EtOAc-hexane). 
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The first chromatography fraction afforded recovered 

starting material (16, 558 mg, 61% recovery) followed shortly 

thereafter by 18 (92 mg, 7.1%). 

Oxidation of HCTD by GoAggv: A solution of 

Fe (NO3)3*9H20 (202 mg, 0.5 mmol) and 16 (0.92 g, 5 mmol) in 

pyridine (30 mL) and HOAc (3 mL) was stirred at room 

temperature for 5 minutes. This mixture was treated with 

picolinic acid (185 mg, 1.5 mmol), and the resulting mixture 

was stirred at room temperature for 30 minutes. Then, 90% t-

BuOOH (1.1 mL, 10 mmol) was added to the reaction mixture, 

and the resulting mixture was stirred at room temperature for 

18 h. After work-up as described previously for GoAgg111 

oxidation of 16, the residue, a brown semi-solid, was 

purified via column chromatography on silica gel by eluting 

with 5% EtOAc-hexane. The first chromatography fraction 

afforded recovered starting material (16, 517 mg, 56% 

recovery) followed by 18 (100 mg, 7.7%) and then by 8 (8 mg, 

1%) and by 20 (45 mg, 3.5%). 

Heptacyclo [e.e.O.O 2' 6^ 3' 1 3^ 4' 1 1^ 5 , 9.!) 1 0' 1 4]-

tetradecan-7-one (8). mp 199-200.5 °C (lit.9, mp 200-201 

°C; IR (KBr) 2937 (vs), 1767 (s), 1288 (m), 894 (m), 548 cm"1 

(m); XH NMR (CDCI3) 8 2.10 (br s, 2 H), 2.26-2.44 (m, 4 H) , 

2.59 (br s, 4 H), 2.77 ( br s, 4 H) ; 13C NMR (CDCI3) 8 46.37 

(d), 46.52 (d) , 46.79 (t), 53.56 (d), 56.10 (d), 218.20 (s). 
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The spectra of 8 agree with those reported by Marchand and 

co-workers.9 

1-(41-pyridyl)heptacyclo-

[6 . 6 . 0 . 02'6 . 03'13. 04'11. 05'9. O 1 0 , 1 4] tetradecane (20). IR 

(neat) 2946 (vs) , 2857 (m) , 1596 (s), 1540 (w) , 1404 (w) , 

1288 (w), 804 cm"1 (w); -̂H NMR (CDC13) 5 1.75-1.92 (m, 4 H) , 

2.42-2.92 (m, 11 H), 7.17 (d, J = 4.2 Hz, 2 H), 8.43 (d, J = 

4.2 Hz, 2 H) ; 13C NMR (CDCl3) 8 42.11 (t), 42.68 (t), 51.16 

(d), 51.55 (d), 52.04 (d), 52.13 (d), 52.92 (d) , 53.06 (d) , 

53.42 (d) , 53.75 (d) , 62.10 (d), 62.25 (d), 67.55 (s), 121.50 

(d), 149.47 (d), 157.70 (s); Mass spectrum (70 eV) m/z 

(relative intensity) 261 (molecular ion, 29.1), 207 (73.4), 

73 (50.1), 55 (50.5), 44 (100); HRMS Calcd. for C19H19N: Mr
+, 

261.1517. Found: Mr
+, 261.1513. 
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