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Abstract 

This Dissertation describes experimental and theoretical aspects of p-hydrido bridged 

carbocations, focusing on the bicyclo[3.3.3]undecyl and tricyclo[5.3.1. 13*9]dodecyl systems. 

Also described are results involving the classical mono and dications of these systems. 

An analysis of approaches to the synthesis of a pH bridged bicyclo[3.3.33undecy1 cation 

showed that the most promising way would be to generate the dication aud to introduce a 

hydride between the two cation centers. This process could be done via an external hydride 

delivery or via internal hydride delivery. 

Precursors needed for the external hydride delivery involved a twelve step synthesis in the 

bicyclic system and an eight step synthesis for the tricyclic system. Many of the intemediates 

were already known; however, most of the steps have been modified. 

The bicyclo[3.3.3]undeca- 1,s-diyl and tricyclo[S .3.1.1 3*g]dodeca-5,9-diyl dications were 

prepared fiom their dichloride precursors and the NMR spectra were compared with high level 

a b initio calculations. 

Preparation of the bicyclic and tricyclic dications led to the discovery of three different 

rearrangement reactions. The bicyclo[3.3.3]undeca- 1,s-diyl dication was found to rearrange 

into the 2,7-dimethytbicyclo[3.3.l]nona-2,7-diyl and then into the 3,7- 

dimethylbicyclo[3.3.1]nona-3,7-diyl dication with associated energy barriers of 16.0 and 1 7.4 

kcal/mol; the tricyclo(S.3.1.1 39]dodec-5-yl cation rearranged into the 2-ethyl-2-adamantyl 

cation with a barrier of 16.0 kcaUmol, and the 9-ethylbicyclo[3.3.l]non-9-yl cation into the 5- 

ethylbicyclo[4.3 .O]undec- 1 -y 1 cation and then into the 2-methy l-Zdecal yl cation with barriers 

of 12.2 and 15.4 kcal/mol. 

The reduction of the bicyclic and tricyclic dications with hydride donors such as isopentane, 

sodium borohydride or hydrogen gas was unsuccessll and resulted in the formation of the 

classical monocations. 

The internal hydride delivery was first attempted on the 3-methoxy substituted 

bicyclo[3.3.3]undecyI system, and the fourteen step synthesis leading to the dihydroxy 

derivative was unsuccessfid at the last step. 

The synthesis of an isobutyl substituted tricycl0[5.3.1.1~~]ddecane as a precursor for 



internal hydride delivery was completed to the tricyclo[5.3.1.1 33 Idodecan-7-01 stage, but was 

stopped due to the results of a& initio calculations, which predicted the internal hydride shift 

to possess an energy barrier of 75.5 kcal/mol. 
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CHAPTER I 

Introduction 

This dissertation is concerned with theoretical and experimental aspects of compounds 

suitable for the construction of p-hydrido bridged carbocations. The field of carbocation 

chemistry makes use of specialized techniques and principles not common to every organic 

chemist. Therefore, in addition to general background information, the introduction also 

discusses all the relevant techniques and principles necessary for generating and observing 

carbocations 

1.1 Definitions 

Carbocations are positively charged organic molecules, in which at least one carbon atom 

bears a positive charge. The coordination numbers vary considerably, and range fiom one to 

six. Examples are the one coordinated ethinyl cation 1 ' and the tri&clic dication Z2 containing 

4 six coordinated centers. 

Most known carbocations however, are three to five (3 - 5) coordinated and include many 

key reactive intermediates in a variety of reactions ranging fiom enzymatic biotransformations 

to the largest petroleum refining processes. 



According to 01ah3, three coordinated carbocations (e.g. 3) are termed carbenium ions and 

the five coordinated (e.g. 5) as carboniurn ions (in some older literature, the term carbonium 

ion has been used for carbenium ions or just as a general term for positively charged carbon 

compounds and this has led to some confusion). The term carbocation is now widely used as 

a generic description for a positively charged carbon compound. Commonly, the trivalent or 

three coordinated carbocations are also referred to as classical and the four or higher 

coordinated carbocations as nonclassical. However, the distinction between classical and 

nonclassical cations can involve very subtle interpretive differences of an experimental result 

and this led to the nonclassical ion debate? 

This dissertation will folIow the combined efforts of Brown and Schleyer and use the term 

classical carbocation for a positively charged species which can be appropriately described 

using only two center two electron bonds. A nonclassical carbocation will be considered as a 

species requiring electron deficient bonds ( e g  a three center two electron bond) for its 

adequate description. Other terms such as carbonium ion or &eniurn ion will be avoided. 

The naming of carbocations according to IWAC rules can be categorized in the following 

two examples. 

1. Carbocations formally derived by the addition of a proton to a neutral molecule. The 

name of the parent hydride is altered by replacing the final "e" by the suffix "-ium" for 

mono cations or "-diiurn" for dications etc. 

Methanium Benzenium Pyridin-1-ium 

2. Carbocations formally derived by the removal of a hydride ion (H-) fkom the parent 

molecule. The suffix "ylium" is used in the same way as  the suffix "yl" with radicals. 

Alternatively, the radical name can be used followed by "cation" as a separate word. 



Methy liurn Cydohexane-1 , 1 -bis(ylium) Propylium 
Methyl cation Cyclohexylidene dication Propyl cation 

Propane-1,3=bis(yfium) Cyclopropenylium 
Propanel .3diyl dication Cyclopcopenyl cation 

1.2 Historical Development! 

The origins of carbocation chemistry were laid in the late 1 century when the discovery 

and preparation of synthetic dyes by Perkin, Hohann and others6 initiated the search for new 

theoretical explanations. 

Arrhenius developed a theory about ionic dissociation of inorganic compounds in the 

1880s.' These fhdamental new ideas revolutionized the field-of chemistry and in 1899 

Stieglie announced the first carbocation as a reaction intmediate. Initially not accepted by 

the chemical community, these ideas were later awarded with the Nobel Prize for Arrhenius 

in 1 903 and for Ostwald in 1 909.9 

In 190 1 Noms" and Kehrrnan' ' independently reported the formation of an intensely yellow 

or orange colored solution by the treatment of triphenyl carbinol with conc. sulfuric acid or 

aiphenylchloromethane with aluminum chloride, respectively. 

Conductivity and molar freezing point depression measurements provided M e r  proof for 

the salt like character of triphenylrnethyl carbinol in sulfuric acid. Later, ~ammett , '~  

Hantzsch13 determined that four charged particles were formed. 

In 1922 Meerwein and Van Emster" found that reaction conditions expected to favor the 



foxmation of carbocations accelerated the reansmganent of camphene hydrochloride into 

isobomyl chloride, a reaction first discovered by Wagner1% 1899. They then proposed the 

involvement of a cationic intermediate rather than a migration of the chlorine atom and laid 

the foundation for the modern concept of carbocationic intermediates. 

Further developments of the concept involving reactive carbocation intermediates were 

carried out by Hughes and IngoldI6 who introduced in the 1920s the theory of nucleophilic 

substitution at a saturated carbon and also polar elimination reactions, later termed S, I ,  S,2 

and El.  

Freudenberg proposed in 1927 the first nonclassical carbocation s t r~cture '~  as a transition 

state structure in a 1,2-phenyl shift reaction and illustrated this with Bohr-Sommerfeld orbits 

represented by ellipses, each supposed to be occupied by one electron (Figure 1). 

Figure I: Freudenberg's 
representation of a nonclassical 
structure in 1927. 

Mainly based on the work of Meerwein, Whitmore generalized the concept of carbocationic 

intermediates in a series of papers starting with the famous article " The Common Basis of 

Intramolecular Rearrangements" spanning the theory of an entire field. l8 



Figure 2: Designation according to Whitmore 1932. 

In the 1930s, carboations were considered to be extremely reactive species since they could 

not be observed directly in solution. Many chemists therefore disputed the concept of cationic 

intermediates and consistently doubted the existence of carbocations. The prestigious Journal 

of rhe American Chemical Sociev did not accept any article containing the notation R,C' and 

Whitmore for example was never allowed to publish his structures according to his rationale. 

Ln 1939, Wilson and  coworker^'^ solved Meerwein's stereochemical problem of the bomyl- 

isobomyl rearrangement, by using radioactive Cr isotopes. The absence of significant 

incorporation of radioactivity led to the proposal of an ion pair mechanism, involving the 

nonclassical structure 6. 

A bridged bromoniurn ion intermediate was suggested by Rob- and Kimbal in 1937 as 

an explanation for the stereospecifity of trans brorninations in alkenes. Winstein and coworkers 

extended this theory to nucleophilic substitution reactions having a similar stereochemical 

behavior, and these observations evolved into the concept of neighboring group participation, 

also termed anchimeric assistance (Figure 3). 



Figure 3: Anchimeric assistance according to Winstein 1948. 

In search of observable cations, Meerwein prepared a series of oxonium ions:' known as 

Meenvein salts; however, no acyl or alkyl cation salts were obtained. In 1943, See12' prepared 

acetylium tetrafluoroborate by the reaction of acetyl fluoride and boron trifluoride. 

During the period from 1933 to 1959, great efforts were devoted toward the preparation of 

observable alkyl cations by numerous researchers (Brown," WetyprorochYu 01ah,24 

Fa i rbr~ ther ,~~  Rosenba~rn,~~ Finch and Symons2'). However, all the experiments were 

unsuccessful and spectroscopic observation of carbocations remained reserved for gas phase 

mass spectrometric studies28 until the early 1960s. 

Known from Pearson's studies29 concerning Friedel-Crafts acylations, a mixture of 

acylation and allcylation products is obtained if pivaloyl chloride and aluminum chloride are 

reacted with benzene. Olah continued this study" and finally discovered the formation of a 

stable t-butyl cation solution upon reaction of pivaloyl fluoride with antimony pentafluoride.'' 

In 1964 a detailed report on alkyl cations including NMR and IR spectra was published by 

Olal~.'~ in the same year Hogeveen and Brouwer also reported the observations of alkyl 

cations.33 



These results finally proved the existence of long lived alkyl cations since alternative 

descriptions, such as a rapidly exchanging Lewis acid - Lewis base complex, could be ruled 

out. 

The acidic environment necessary for the formation of observable carbocations was 

characterized by Gillespie and coworkers in 1968. They defined acids stronger than 100 % 

sulfuric acid as superacidY after a term invented by Conant," who used it to describe acids 

stronger than usual mineral acids in his studies in 1927 on protodated carbonyl compounds. 

The still questionable participation of a-bonds in the stabilization of &cations prompted 

Schleyer, Saunders and Olah to investigate and directly observe the 2-norbornyl cation, and 

a long and intense debate followed: AAer nearly three decades of controversy, sophisticated 

NMR studies conducted by Saunders, Myhre and K o ~ h ~ ~  and high-level ab initio calculations 

by Schleyer and Sieber" proved particularly definitive in favor of the symmetrical nonclassical 

structure. 

The field of stable carbocation chemistry evolved explosively after Olah's discovery and 

a large variety of carbocations were characterized, rearrangements explored and the 

fundamental principles of this chemistry firmly established. 

In order to illustrate some of the more recent examples of this carbocation chemistry, a few 

highlights have been chosen and are outlined in the following paragraphs. 

Hogeveen and K w d 8  prepared the unusual pyramidal hexamethyl dication 7 from a 

variety of different precursors. 

Low temperature NMR experiments confirmed the proposed structure 7. The I3C N M R  

chemical shifts of the five-membered ring carbons had a value of 126.3 ppm and the apical 



carbon had the very high field shift of 2.0 ppm. These shifts could only be explained with the 

nonclassical structure 7. 

Early studies !+om Pre10g'~ and Copea implied the involvement of yhydrido bridged 

carbocations in dihydroxyIation reactions of medium shed carbocyclic alkeaes. However, it 

was not until 1978 that the first p-hydrido bridged carbocation could be spectroscopically 

observed. Sorensen and coworkers4' successllly prepared the p-hydrido bridged carbocation 

8 in superacidic medium at low temperature (this topic is expanded in Section 1.8, page 52, 

since this thesis involves further developments in this area). 

The first total synthesis of the dodecahedrane 9 by Paquette and coworkers42 enabled Olah 

and his research group43 to prepare the cations 10 and 11. 

F ' 

9 to 11 

The exceptional I3C NMR chemical shifts of the cationic carbons (363.9 ppm for 10 and 

3 79.2 ppm for 1 I) can be rationalized with help of ab initio calculations, which predict cation 

11 to be sp3 hybridized. The value of 379.2 ppm for the dication 11 is still the lowest field 

chemical shifi ever measured for a "pure" organic compound. 

Currently, over 1 00 articles on carbocation chemistry are published every year, making it 

a still interesting and challenging field. The results of theses studies continue to expand our 

fundamental understanding of chemistry and have had a major impact on synthetic organic 

chemistry.* 



1.3 C hedcal Behavior 

The reactivity of carbocations is controlled by electronic or structural effects of the atoms 

near the positively charged carbon(s). Electronic effects of substituents on carbocations are 

determined by their electron donating or accepting ability. Charge stabilization can occur via 

electron donating substituents, sharing the charge amongst a number of carbons (conjugation), 

and via solvation fiom solvents, destabilization occurs usually through having electron 

withdrawing substituents near the positively charged carbon. 

While stabilization through a -type interaction or conjugation has been accepted since the 

1920's and is now a firmly established concept, the participation of a-bonds in stabilizing 

carbocations has only been accepted relatively recently and the details of these interactions are 

the subject of many current carbocation studie~."~ C-C or C-H Hyperconjugation is the most 

important stabilizing interaction in alkyl cations, the main class described in this project, and 

various types of hyperconjugative interaction are illustrated below. 

If a neighboring C-H bond is properly aligned with the porbital of the cation, substantial 

overlap occurs and stabilization through hyperconjugation can be achieved. In a similar way, 

this type of interaction also occurs with neighboring C-C bonds (see Figure 4). 

C-H 
Hyperconjugation 

C-C 
Hyperconjugation 

Figure 4: Examples of C-H and C-C hyperconjugation. 

Carbocations are substantially stabilized by solvation." Tertiary alkyl halides for example 

have been estimated to dissociate log0 times faster in polar protic solvents than in the gas 

phase." Gold and Abraham estimated a solution energy for the tert-butyl cation in water of at 

least 50 kcaVrn01."~ 

Structural effects are mainly determined by the geometry of the cation center. in the ideal 

case, a simple tertiary carbocation adopts a planar trigonal sp2 geometry. Cyclic alkanes 

however, can force angle deviations from this ideal geometry and as a result destabilize the 



carbocation. 

The bicyclic carbocations resulting fiom dissociation of compounds 12 to 15 are even more 

geometrically restrained and the p s i  tivel y charged carbon cannot attain the desired planarity. 

The influence of these geometric restraints on the bridgehead reactivity of various polycyclic 

compounds has been studied by Schleyer and Bi~gham?~ The following series shows that 

increased geometric strain at the bridgehead position is paralleled by a decrease in the relative 

solvolysis rate. 

Figure 5: Approximate relative solvolysis rates for some bicyclic compounds. 
X = Cl, Br, or Ts. 

In many cases, the implementation of a given strain on a carbocation center is lessened 

because of a change in other interactions, which are stabilidg. Thus, a geometrically 

restrained cation can actually be energetically more stable than a cation with a planar sp2 

geometry. For example, the 1-adamantyl cation is about 4 kcaVmol more stable than the 

geometrically unstrained tert-butyl cation, according to gas phase experirnent~.~~ 

1.4 Stability 

Carbocations in general are highly reactive and their stability compared to "normal" isolable 

compounds is very low in terms of temperature and environment. Most carbocations are only 

observable in either the gas phase or in a specially designed super acidic environment, which 

is characterized by an extremely low nucle~philicity.~' The measurement of all the required 

thermodynamic data has proven to be difficult, and so there are various ways to describe 

carbocation stability." 



These can be divided into three different categories. 

1. pK, stability 

2. thermodynamic energetic stability 

3. kinetic stability 

1.4.1 pK, Stability 

One way to describe the stability of a h c a t i o n s  is to determine the least "drastic" 

environment needed to prepare the cation. For this purpose the following reaction can be 

considered. 

The alkene is the base in this example and the stability of the cation (expressed as a pK, 

value, where pK, = -log KJ can in principle be calculated by measuring the acid strength (or 

activity) of the solution needed for the protonation of the allcene, and the ratio of alkene / 

carbocation, as shown below: 

a = activity - 
y = activity coefficient 
C = alkene 
C= carbocation 

In general, extremely strong acids are needed to achieve protonation of an alkene to a 

measurable extent. In order to characterize the "acidity" of such strongly acidic solutions, 

Hammett defied the Ho acidity function by using different aniline derivatives as  indicator^.^^ 

Rearrangement of equation (6) yields the acidity function according to Hammett. 



Table I illustrates the acidities of some akid systems. 

Table 1: H, acidity function values for some selected acid svstems. - - - - - - - -  

- ~ ~ i d  iYstem H, value Acid system H, value 

Some carbocation substrates carmot undergo an elimination reaction and a p& stability of 

H2S04 50% in H20 a -3 
HzSOJ 90% in H20 a -9.2 
H2S04 98% in H,O a - 10.4 
HZSO, 100% in H,O " -1 1.9 
H2SOJ + 10 m01 % SO3 -13.9 
HzSz07 - 14.4 

the above type cannot be defined. In these cases the ionization equilibrium of a protonated 

alcohol has been considered as an alternative to the H, definition, leading to the H, acidity 

function and the related pK, scale.M 

HSO3C1 -13.8 
HSO~F -15.1 
HSO,F + 10 mol % SbF, -18.9 
HS0,F + 90 mol % SbF, -26.5 
HF 100%' -1 1.5 
HF + 1 m01 % SbF, ' -20.5 

ROH + H+ R' + HzO 

Table 2: pKR, values for some triphenylmethyl cations6' 
- -- -- 

Compound pK,, value 
Tris(4-nitropheny1)methyl cation - 16.27 
4-Nitrophenyldiphenyhethyl cation -9.15 
Triphenylmethyl cation -6.63 
4-Methoxyphenyldiphenylmethyl cation -3.40 
Tris(4-methoxypheny1)metbyl cation +0.82 
Tris(4-aminopheny1)methyl cation t7.57 

Basicity measurements using the H, scale have often yielded inconsistent values (non- 

thermodynamic). Th is  has led to the definition of a variety of different acidity hctions, each 

one usually applicable to a given type of base.62 All of these functions are variations of the 



Hammett acidity hnction H ,  trying to specify a thermodynamic proton activity, which will 

apply to the particular system. 

A pK, "stability" is exclusively a condensed phase property, mainly because all the 

measurements are comected with the proton activity. Corresponding gas phase measurements 

would not consider the abovementioned equilibrium reactions but rather the proton a e t y ,  

which is discussed below (see Section 1.4.2, page 14). 

1 A.2 Thermodynamic Stability of Carboxations 

A thermodynamic stability scale for carbocations can take many forms. One of the simplest 

definitions involves high level ob initio calculations on a series of isomeric carbocations, the 

most stable cation being that one with the lowest -E value. A similar approach is possible 

using semi-empirical calculations, the most negative heat of formation corresponding to the 

most stable carbocation. However, total energies and heats of formation are not necessarily 

very relevant as a practical manifestation of carbocation stability, as measured by other criteria. 

For example, the 1-adamantyl cation and the tricyclopropylmethyl cation are isomeric 

(C,,H,,-), with the 1-adamantyl cation expected to be much more stable on the calculated 

global potential energy surface, while the tricyclopropylmethyl cation would be expected to 

have considerably more stability as measured using hydride m t y  values, expected 

solvolysis rates etc. 

In the following sections, a number of these latter measures of cation stability are discussed, 

e-g. hydride affinities, proton affinities, ionization potentials, rates of solvolysis or dissociation 

enthalpies. 

Measuring the electron beam energy or the irradiation energy necessary to convert a neutral 

molecule into a cationic species in the gas phase allows one to measure the appearance 

potential AP (corresponding to the energy change of the reaction, AEd , which is the sum of 

the reaction enthalpy AH, and the excess energies of A' and B', ZE,, of the reaction (18) (see 

Section 1 -5.1, page 24). 



The heat of formation of the cation AH,, can then be derived as follows. 

The determination of the excess energies xEe of the different particles has proven to be a 

problem, and the corresponding heats of fonnation have an uncertainty of about 2 L~aVrnol.~~ 

Ionizing radicals gives access to ionization potentials. Together with the heat of formation 

of the in situ generated radical one can determine the gas heat of formation of the 

corresponding carbocation (see also reaction (1 9) Section 1.5.1 , page 25). 

AHn,, = heat of formation of the cahocation 
AHn,-, = heat of formation of the radical 
IP = Ionization potential 

The enthalpy change of reaction (13) is defined as the proton affinity (PA) of B and the 

change in free energy as the gas phase basicity (GB),& which in turn are a measure of the 

cation stability. 

B + H+ - - BH' (13) 

PA = AH, = A H y e ~ - )  - AH,("-) - A H t ( ~  1 

GB = AG- = AGR,,,, - AG,,,, - aG,, , 
= dissociation enthalpy of reaction (13) 

AHQBH,, = heat of formation of the BH' 
AH,,,, = heat of fonnation of H' 
AHrrB, = heat of formation of B 
AGSBH,), etc. are the corresponding free energies 

The hydride ion affinity (HIA) is a very practical value for comparing gas phase and 

condensed phase thennochemical data. The enthalpy change in reaction (15) is defined as the 

hydride ion affinity (HIA), which is the sum of the heat of formation of the associated cation 

R- (AH,,) , the hydride anion H- (AHRH-)) aud the hydrocarbon RH (AHRRIO) , whose values 



are usually obtainable by appearance potential or ionization potential measurements. 

HIA = AH m-) + AHW) - *hw 

Table 3 gives some gas phase thennochemical data for selected examples. 

Table 3: Thermodynamic data for selected carbocations in the gas phase.= 65 

carbocation R* AHR, DtR-, IPR. HL4,- AHM GBd+ PAdem AHd4m olefin 

184.9 4.9 propene 
184.9 4.9 propene 

A broad range of thermochemical data in the condensed phase is available through the work 



of Arnett and coworkerd6 Calorimetric measurement of the ionization energy of organic 

halides RX and alcohols ROH in superacids has yielded valuable data on condensed phase 

carbocation stabilities and has allowed a comparison of these results with the corresponding 

gas p base measurements. 

R-X + 2SbFs - R+ + SbzFr& 
S02ClF 

R-OH + HOS02F-SbF5 - R+ + &0+ + S03F-SbF5' 
S02ClF 

The dissolution of a sample of solid RX in a S0,ClF solution of SbF, involves a number 

of different energy factors. Since the carbocations produced usually are only stable at a 

relatively low temperature, all of the measurements were conducted at -60°C. Cooling the RX 

(solid) from 2S°C to -60°C involves the heat energy change, AH, = E':cP,, d ~ ,  where C,, 

represents the molar heat capacity. Dissolving the solid material on the other hand involves the 

heat of solution AH, followed by complexation of the dissolved RX by the superacid, which 

forms the hypothetical alkyl halide - acid complex, and the complexation enthalpy is shown 

as AHcmpIm- Finally, the heat of ionization (AHR-i,,,oJ results fkom the separation of the halide 

- acid complex into the corresponding ions R' and HAX-. 

R-X A H ~ a a t  AHs - R-X - R-X 

(solid I 298K) (solid / 21 3K) (soh. 1213K) 

R+ + HAX R-X----- AHR+. ionization HA 
(21 3K) 

- (complex I 2 1 3K) 

However, control experiments6' showed that the observed enthalpy (AH& = AH,, + AH, 

+ AH,,,,,. + AH,, i0,,,3 depends only on structural changes which have a direct influence on 



the stability of the cation R'. In other words, the enthalpies A H ,  AH, and am, are 

relatively constant for a variety of different cations and the differences in AH, are almost 

exclusively due to changes in AH,. Therefore, the measured AH, values are a useful 

criterion for determining the stability of carbocations. 

Table 4: Ionization enthalpies of some alcohols in a mixture of SbF,, FS0,H and SOzCIF and for 
comparison, the corresponding gas-phase hydride ion affinities. 

alcohol cation HIA 

Solvolysis reactions can also be used to derive a stability criteria for carbocations? In 

solvolysis reactions proceeding according to an S, 1 mechanism, one can correlate the reaction 

rate with the stability of the corresponding carbocation, since the first step is rate-dete~nining, 

and the transition-state should ressernble the carbocation intermediate (Figure 6)." 

Variable solvationa- 'O or neighboring group participation (i.e. anchimeric effect)71 are 

factors in the stabilization of a carbocation intermediate. However, a same solvent comparison 

can be made in some cases and in the examples shown here anchimeric effects are probably 



not large. 

Reaction Coordinate 

Figure 6: Free energy profife for an S,l reaction (carbocation as a reactive intermediate). 

The nature of the leaving group can have a large influence on the reaction rate of solvolysis 

 reaction^.'^ In most cases, a comparison of rates of solvolysis reactions and gas phase 

stabilities of the corresponding carbocations show very good to excellent correlation." 

A particularly useful group are compounds with bridgehead halides, whose solvolysis 

reactions follow a pure S,I mechanism, since the backside of the reaction center in question 

is blocked. The relative stabilities of the associated carbocations have been estimated Erorn 

strain energy calculations. Comparison of the calculated stabilities with the corresponding rates 

of solvol ysis shows a good co~~elat ion~~- 73 (Figure 7). 



Figure 7: Correlation of the Hydrocarbon-Carbocation Strain Energy 
difference and the relative rate of solvolysis of the corresponding alcohols and 
 halide^.^ 

These findings indicate that the solvation energy in a specific solvent system is constant for 

a variety of different carbocations and the relative rate of solvolysis can be used to estimate 

the reIative stability of carbocations. 

Despite the good general correlation of measurements in the gas phase and in the condensed 

phase, there are still many cases where important differences occur. For example, the tendency 

of larger alkyl substituents to be more stabilizing than their smaller homologs in the gas phase 

is reversed in solution. This behavior has been explained as involving the less effective 

solvation of carbocations with big substituents because of steric hindrance. 

Despite the enormous amount of thennochemical data available for the estimation of 

carbocation stabilities, the measurements are often difficult and experimentally demanding. 

It is important to control as many of the variables as possible when making comparisons 

bebveen different methods. 
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Scheme 1 summarizes the different energy terms important to carbocation stability 

considerations. 

Scheme 1: Thennochemical terms for carbocations. BDE = 
bond dissociation energy, AHK,, = heat of formation of the 
alkane, AHfi,, = heat of formation of the olefm, XA = halide 
aKmity, for the explanation of the other terms see text. 

- 
X (soh. ) +HX NX (soh.) 

1.4.3 Kinetic Stability 

The third category of stability is kinetic stability, which reflects mainly how easily a 

particular carbocation rearranges, i.e. the height of various transirion-states barriers. 

For example, the secondary 2-propyl cation, generated fkom isopropyl fluoride and SbF,, 

is observable via NMR spectroscopy in the condensed phase at -60°C." No other rearranged 

cation can be observed even over a long period of time. The related 2-butyl cation on the other 

hand was found to undergo a facile rearrangement to the thennodynamically more stable tert- 



butyl cation. 

Another example is the comparison of the cycloptyl  and the cyclohexyl cation- The 5 

membered cation 16 can be prepared in a SOtCIF / SbF, solution at -78OC without any 

significant rearrangement or decomposition, despite its very high heat of formation (1 9 1.4 

The NMR data recorded in solution76 at -78°C and at -203OC as a solid," reveal very rapid 

1,2-hydride shifts. The solution 13C NMR shows only one carbon signal at 99 ppm, 

representing an average of all the different environments. The solid-state NMR spectrum at - 
203°C however freezes out the hydride shifts and the individual 13C NMR signals at 32471  

and 28 ppm can be observed." The associated energy barrier of this process was narrowed 

down to a value of less than 4.5 kcal/mol. 

On the other hand, the very similar secondary cyclohexyl cation with a heat of formation 

of 175 kcaVrn01~~ has never been observed in the condensed phase. All attempts to produce the 

cation in super acidic media result in the formation of the 8 kcal/mol more stable 

methylcyclopentyl cation.78 However, more recent gas phase experiments have been successful 

in the detection of this secondary cation.79 Saunders and coworkers have prepared different 

isotopically labeled methylcyclopentyl cations and measured the activation energies for proton 

scrambling (1 5.4 kcal/mol), and for carbon scrambling (1 8.2 kca l /m~l ) .~~  



Scheme 2: Proposed mechanism for proton and carbon scrambling in the 
methylcyclopentyl cation- 

The carbon scrambling logically involves the secondary cyclohexyl cation as an 

intermediate and the activation energy for the rearrangement of the secondary cyclohexyl 

cation back into the tert-methylcyclopentyl cation was calculated to be about 10 kcdm01 using 

the energy bamer for the carbon scrambling and the heats of foxmation of the two carboations 

in questions0 (see Scheme 2). 

1,2-Hydride shifts are in general very rapid. Similarily, 1,3- and 1 ,S-hydride shifts can also 

be extremely fast, if the geometric arrangement is appropriate. In molecules such as the 

substituted cyclohexyl 17 and the bicyclo[3.3. llnonyl cation 18, hydride shifts proceed very 

fast with an energy barrier of only 1 0S8' and 3.5 kcal/mola respectively. 

Intermolecular hydride shifts have also been shown to proceed in a very facile manner, with 

hydride exchange £iom isobutane to tert-butyl cation requiring an activation energy of only 3.6 

kcaUrn01.~~ 

As illustrated by the above examples, carbocation rearrangements involving alkyl cations 

can be categorized into three groups. 



Hydride shifts: These rearrangements proceed very rapidly if the atoms 

involved (and the corresponding orbitals) are properly aligned (see Figure 8). 

This usually means that there is a substantial overlap of the p orbital of the 

cation and the C-H bond, so that the C-H bond is already weakened before 

much movement of the H has occwred. 

Figure 8: Participating orbitals in hydride shifts. 

Typical energy barriers of 2 - 10 kcdmol are usually obsaved if the H-shift 

takes place between carbons of the same carbocation type (i. e. fert- - tert-) 

"Classical" 1,2- Wagner-Meerwein shifts. Again, properly aligned orbitals 

facilitate this alkyl shift and typical energy barriers have been found to be only 

slightly larger than the corresponding hydride shifts. 

Rearrangement involving protonated cyclopropane structures. 

These reactions often involve a route which avoids the intermediacy of an 

actual primary cation intermediate or transition state, and the overall barriers 

typically range from 15 to 30 kcdmol. 



Brouwer and coworkers introduced the terminology of A- or B- type rearrangement 

reactions,& which refer to non-branching and branching reaction types, respectively. The 

above mentioned categories 1 and 2 would correspond to A-type reactions and generally 

involve less drastic reaction conditions than the B-type reactions cbrresponding to category 3. 

1.5 Formation of Observable Carbocations 

The formation of reactive species such as carbocations requires a large thermodynamic 

driving force. Once generated, the environment needs to be inert enough to support a 

carbocation life-time sufficient for the observation. An inert environment for carbocations is 

characterized by the presence of a very weakly nucleophilic counterion and solvent. 

In the gas phase, carbocations can be generated as "isolated" species using high energy 

electron beams or photo irradiation as the thermodynamic driving force for their generation 

and the only environment the cation center has is in the molecule itself Any rearrangement 

fiagrnentation reactions are intrinsic to the cation itself, at least in low pressure situations. An 

advantageous aspect of gas phase cation chemistry is the fact that the produced particles can 

be "observed" within a very short time of their generation (1 0 "s). These factors allow one to 

"observe" carbocations which are extremely electrophilic (CH,') or very prone to rearrange 

(secondary cyclohexyl cation). 

1 S.1 Gas Phase 

Irradiation of a neutral molecule AB in the gas phasess iZI with either an electron beam or 

electromagnetic energy results in a transfer of energy into AB, which can then lose one 

(electromagnetic irradiation) or two electrons (electron beam) to form a cation radical. This 

process occurs according to the Frank-Condon principle, within a time frame of approx. 10-l5 

S. 



The dissociation of the cation radical can involve a much longer time period, up to lo-' s? 

This presents a problem for very reactive carbocations such as primary propyl or butyl cations, 

which rearrange into their more stable secondary or tertiary isomers in less than 106s. One can 

get around this problem by irradiation of in situ generated radicals, since this directly 

generates the cation, and this allows one to observe extremely reactive primary carbocations." 

This process has a time h e  of about lo-'' s. 

The energy of the irradiation can be adjusted to the energy level required to achieve 

ionization of the free radical and this provides additional information about the stability of the 

cation (compare Section 1.4.2, page 13). 

Ion molecule reactions can be camed out with high pressure mass spectroscopy Tom) 

or with ion cyclotron resonance spectroscopy (ICR).88*89*n These techniques keep the ions in 

the generation chamber for a relatively long time, which allows them to collide with other 

molecules as they undergo reaction. 

Equilibrium measurements of proton, hydride or halide transfer reactions allows one to 

measure relative thennochemical data to an accuracy of 0.1 kcal/molRLRb (see also Section 

1.4.2, page 14). 



1.5.2 Condensed Phase 

In comparison with the gas phase generation of carbocations, the production of condensed 

phase carbocations puts extreme restrictions on the kind of medium one can use, and on the 

thermodynamics involved in forming the free cation-anion pair. In addition, low temperatures 

are also an essential requirement. 

1 S.2.l Solvent 

An appropriate solvent for the observation of long lived carbocations needs to possess a 

relatively large polarity in order to ionize and solvate the charged species. In addition to that, 

the basicity or nucleophilicity must be extremely low so as to not initiate substitution or 

elimination reactions. Initially, pure superacids such as mixtures of SbFS and HF or HS03F, 

or even neat SbF, were used to prepare carb0~ations.~'- 32 Later, solvents such as HF, SO2, 

S0,ClF and SO,F, were used to dilute the superacid mixtures. 

Sulfuryl chloridefluoride (S0,ClF) has a boiling point of 7°C and a freezing point of - 
125OC. Its viscosity is very low, comparable to ether, overthe whole liquid range. The polarity 

is relatively high and polar compounds such as carbocations are reasonably soluble. 

SulfUryl fluoride (SO,Fd is a very stable and inert compound, boiling at -55°C and melting 

at -135OC. However, its polarity is relatively low and in conjunction with superacids, the 

carbocations formed often crystallize out of solution at low temperature. Commonly, a mixture 

of sulfkyl fluoride and sulfUryl chloridefluoride are employed for NMR experiments 

conducted at very low temperature (down to - 1 50°C). 

Hydrogen fluoride exists as a volatile liquid with a bp. of 19°C and a melting point of - 
83.4"C. The relatively high bp. and the very low viscosity of 0.256 cP at O°C (0.772 cP at - 
62S°C) results from its ability to form linear hydrogen bridged oligomers. At -73"C, this 

liquid has a very high dielectric constant of 175 (84 at O°C), which makes it an excellent 

solvent for carbocation studies. The biggest disadvantage is its incompatibility with glass and 

specially designed fluoropolymers have to be used to handle such  solution^.^ 

Sulfur dioxide is a colorless, pungent gas with moderate toxicity. Its low viscosity as a 

liquid between -lO°C and -75.S°C, its reasonably large polarity, and its ready availability and 



low cost have made it a commonly used solvent. However, extremely reactive carbocations 

such as the secondary propyl cation have been found to 0-alkylate so2? It appears that 

SOzCIF and S02F2 are less nucleophilic than SO,. 

Fluorosulfonic acid is a mobile liquid with a bp. of 162.7"C and a mp. of -89.0°C. The 

viscosity is 1.56 cP at 25°C (comparable to water), and its density is 1.726 ghnLg2 The high 

polarity of this solvent makes it very useful for preparing carbocations, but one cannot carry 

out solution-phase observations lower than ca. -100°C. Table 5 summarizes some physical 

properties of the most important solvents used for the preparation of stable carbocations. 

Table 5: Physical ~romrties of selected solvents for carbocation  mara at ion chemistrv. - .  a .  

Property HF SO2 HS0,H S02CLF S02Fz 
mP- EOCI -83 -4 -75.5 -89 - 125.7 -135.8 
bp. C°CI 19.5 - 10.0 163 7.1 -55.4 
viscosity [cP] 0.256 (0°C) 0.403 (0°C) 1.56 (25°C) 
dielecaicity 84 (0°C) 15.4 I 5W 
constant 175 (-73°C) 

" value estimated according equivalent conductivities by Gillespie.p3 

1.5.2.2 Lewis Acid systems 

In a similar way to the arbitrary definition of a Brransted superacid being stronger than 

100% H2S0,,.'4 Lewis superacids are defined as those stronger than anhydrous aluminum 

trichloride? Despite the somewhat contradictory order of the acid strength of various Lewis 

acids, as measured in the older literature by a variety of different methods,% a relative order 

is now well established. Electrochemical measurements in anhydrous hydrogen fluoride 

revealed the following qualitative Lewis acid strengths:" 

SbF5 > AsFS > TaF, > BF, > NbF, > PF, > TiF, 

Neat boron trifluoride at low temperatures, first used by See12' in 1943, led to the formation 

of acetylium tetrafluorborate salts when reacted with acetyl fluoride. Attempts to prepare alkyl 

cations using this Lewis acid, initially by Meerwein20 and later by O l a l ~ ~ ~  resulted in the 

formation of polarized complexes. In the reaction of ten-butyl fluoride and boron trifluoride, 

polymeric materials were isolated, indicating an equilibrium of the polarized complex, the 



ionized cation and anion species, and 2-methyl-2-propene and HBF4, with the latter alkene then 

polymerizing in the presence of some of the cation. 

Mixtures ofboron trifluoride and hydrogen fluoride are used as catalysts in many industrial 

Friedel-Crafts reactions, with the advantage of an easy removal of the volatile catalyst?' 

Furthermore, this mixture is also used in conjunction with hydrpgen as a system for ionic 

 hydrogenation^.^^ Acidity measurements of a 7 % (moVmol) solution of BF, in HF yielded an 

Ho value of - 16.6" (for the definition of Ho see Section 1 -4.1, page 1 I). 

Arsenic pentafluoride is a colorless gas at room temperature with a boiling point of -53°C. 

As a liquid, it is largely a monomeric covalent compound with a high coordinating ability for 

halides. It has been used for a few halide cation preparations,'@' but has not found extended use 

in carbocation chemistry, possibly due to its potentially high toxicity. 

Tantalum and niobium pentafiuorides show very similar properties (tantalum pentafluoride 

being slightly stronger). They are both thermally stable white solids, which can be prepared 

by direct fluorination of the corresponding metals. However, they are much less soluble in HF 

or FS0,H solvents compared to antimony pentafluoride and are therefore somewhat limited 

for use in the preparation of observable carbocations. Tantalum pentduoride dissolves only 

to the extent of 0.6 % in HF at O°C, the solution having an H, value of - 1 8.85. lo' On the other 

hand, the high redox potential and the low volatility of these Lewis acids are valuable 

properties for the preparation of catalysts for alkane alkylations and aromatic protonation 

reactions. lo2 

The strongest Lewis acid known todaylo' is antimony pentafluoride, which melts at 7OC and 

has a boiling point of 142.7OC. The pure liquid at 20°C has a viscosity of 46OcP, which is 

similar to that of glycerol. In the absence of moisture, it can be handled in glass without any 

appreciable attack. It is a powerful oxidizing reagent with moderate fluorinating ability and 

reacts violently with water to form a hydrate (SbF,-2H,O), which dissolves in more water to 

a clear and colorless solution. 

Its preparation can be accomplished by direct fluorination of antimony or by the halogen 



exchange of antimony pentachloride with anhydrous hydrogen f lu~ r ide . ' ~  The commercial 

product often contains some HF, which reduces the viscosity ckaitically. For purification, it 

can conveniently be distilled in high vacuum at room temperature or at nonnat pressure at 

elevated temperature. The thermal stability is sufficient to keep a sample at 250°C over several 

hours without any sign of decomposition. 

Anhydrous solvents such as HF, SO2, FSO,H, HOSO,CF,, SOzCIF and S02F2 form clear 

solutions with SbF, in any ratio. Addition of SbF, to a pure acid produces a drastic increase 

in the acidity. Solutions of SbFS in HF or HS03F reach H, values of nearly -30 (see Table 1, 

page 12) 

The high solubility of SbF, in conjunction with the strength of this Lewis acid make it the 

best candidate for studying carbocations, using a variety of different methods (see Section 1.6 

page 33). Antimony pentafluoride at room temperature forms oligomeric cisoid structures, in 

which each antimony is surrounded by six fluorine atoms in an octahedral arrangement.los In 

carbocation solutions the antimony fluoride counter anion is m w y  the mono- to trimeric 

species 19 - 21, depending on the SbF, excess used. 

I- 1- 

20 21 22 

Fluorine NMR experiments of Magic Acid using different HS03F I SbF, molar ratios 

revealed that in solutions with up to 40 % SbF, the mono anion 19 is the most abundant 

counter anion, fiom 40 to about 60 % it is the dirner 20 and above 60 % the trimer 21.1Q 

However, even the strongest systems such as 10 % HS0,F I 90 % SbF, or 20 % HF I 80 % 

SbF, still have limitations and many cations "observable" in the gas phase are too 

"electrophilic" to be observed in the condensed phase in these media. For example, the "naked" 

proton, considered as the "ultimate" electrophile, would require en*ironments with anti. value 

of -50 to -60, according to thennochemical gas-phase dataS6* lo' In fact, the unsolvated proton 

in the gas phase is so reactive, that it is able to protonate helium to form HeH+. '08 



1.5.23 Techniques for Stable Carbocation Preparation 

Olah and coworkers were the first to develop techniques for the preparation of solutions of 

stable alkyl carbocatioa~.'~~ The method of Olah consists of mixing a precooled solution of the 

cation precursor (mostly alcohol or chloride) in SO, or S0,Cl.F with a cooled mixture of 

superacid using vortex stirring techniques. Typical temperatures for the generation of cations 

are -78°C (dry ice / acetone) or - 1 16°C (N, / ethanol), depending on the nature of the generated 

cation. 

An apparatus for the generation of carboation solutions using syringe techniques was 

suggested by Kelly and Browd'O 

Figure 9: Apparatus designed 
by Kelly and B r ~ w u ' ' ~  for the 
generation of carbocation 
solutions. 

For the generation of very thermally labile cations, the use of standard cooling baths such 

as dry ice / acetone (-78°C) or ethanol slush (-1 16°C) is not sufficient. In these cases 2- 

methylbutane (mp. -1 50°C) can be cooled with a stream of cold nitrogen, whose temperature 

can be regulated by heating a pool of liquid nitrogen. Ahlberg and Engdahl designed the 

following apparatus for the generation of a carbocation solution directly in an NMR tube."' 



Figure 10: Apparatus designed by Ahlberg and 
Engdahll for the prepartaion of carbocation 
solutions as low as to - 150°C. 

Since the ionization reaction is relatively exothermic (typically 30 to 40 kcal/mol for 

alcohols and 20 to 30 kcal/mol for chlorides) it is very difficult to prepare carbocation 

solutions without having transient "hot spots" developing in the sample. In the case of a 

thermally-labile carbocation, some rearrangement can therefore occur during the preparation 

stage. This problem is quite variable, so that some preparation attempts are more successfbl 

than others. Even when the cation generation is conducted at a temperature 30 to 50°C below 

the temperature where a rearrangement becomes rapid, this local heating can cause a 

significant amount of the initially formed cation species to rearrange. The protonation of 

alkenes for the generation of carbocations is often accompanied by polymerization reactions, 



which result from having carbocations and alkenes in the same solution. Using conventional 

mixing techniques, these side reactions are extremely difficult to avoidY2 Saunders and 

coworkers, however, have developed a method which allowed them to suppress competitive 

side reactions efficiently. 

vacuum 

1 

tube liquid nitrogen I 
Figure 1 I: Apparatus for the generation of NMR samples using a 
matrix condensation technique developed by Saunders."' 

Their procedure was to condense SbF, and the carbocation precursor simultaneously onto 

a surface of sulfuryl chloridefluoride or fluorosulfonic acid at cryogenic ternperature~.''~ In this 

way, a matrix of superacid and starting material was produced, which could then be melted by 

warming the matrix to the desired temperature (i. e. - 1 50°C to - 1 20°C). 

For the most reactive carbocations, these again were produced using matrix condensation 

techniques, but the resulting solid was then directly used for solid state NMR measurements. 

In order to load a CPMAS spinner with the solid sample at cryogenic temperatures and under 

an inert atmosphere a two piece setup was suggestedY1 I4  as shown in Figure 12. 



Figure 12: Apparatus developed by Vaneik and Sunko for the preparation of solid state NMR samples at 
cryogenic temperatures. ' l4  

1.6 Observation Methods 

1.6.1 Conductornetry 

Heterolytic dissociation of a neutral species forms ions, which are electrolytes and therefore 

capable of conducting electricity. Thus, conductivity measurements can be used to estimate 

the dissociation equilibrium into ions and the methods can also be used to probe ion-pair 

formation. 

R-X R' + X- or R'IIX- 

For example, sulfbr dioxide solutions of triphenylmethyl halides show some dissociation 

into ions, as determined from conductivity measurements. The protonation behavior of 

alcohols, esters, anhydrides among other classes of compounds have been investigated by this 

method, using sulfuric acid, chlorosulfonic acids and hydrogen halides.'15 



1.6.2 Cryoscopy 

A melting point depression depends on the molal concentration of dissolved particles and 

the cryoscopic constant of the solvent used. Ionization of a neutral compound, dissolved in an 

appropriate solvent, generates a larger number of particles and therefore increases the mold 

freezing point depression. For example, dissolution of an alcohol in strong acid can result in 

complete ionization, which forms four particles for every molecule of alcohol. 

R-OH + 2HX = R' 4 H30+ 4 2X-  

The very large cryoscopic constant of 6.12 K kg mol-I and a convenient rnp. of 10.37OC 

have made sulfuric acid very useful, and this solvent has been used extensively for the study 

of stabilized carbocations such as triphenylmethyl.1'6 Less stabilized &cations can be 

measured in the more acidic fluorosul fonic acid, which has a mp. of-88.98OC and a cryoscopic 

constant of 3 -98 K kg mol-I . l7 However, many allcy1 carbocations require a much more acidic 

environment, which can only be obtained by preparing mixtures of the strong acids HF or 

HS0,F with Lewis acids such as SbF,. The latter forms oligomers in solution, whose 

molecular weight depends on the nominal SbF, concentration. Mold fteezing point depression 

measurements therefore become unreliable in this type of system. 

1.6.3 UV Spectroscopy 

Despite initial reports of a UV absorption of alkyl cations at approximately 270x1111, it was 

later shown that these carbocations do not posses any absorption bands above 2 1 Onm. The 

measured absorption could be traced to the formation of small amounts of substituted ally1 

cations. 

Conjugated carbocations show characteristic UV absorptions, and the individual data for 

these has been summarized by Olah, Pittman and Symons."* 



1.6.4 NMR Spectroscopy 

NMR spectroscopy is by far the most important method for the observation of carbocations 

in solution or in the solid state. Chemical shifts, coupling constants, line broadening, 

temperature dependence of chemical shifts, use in measuring reaction rates, solid state NMR 

spectroscopy and nutation NMR spectroscopy have successfblly been used for the exploration 

of structure and reactivity aspects as well as  for the rearrangement pathways of a variety of 

different ~arbocations.~~ 

1.6.4.1 Chemical Shift 

The chemical shift of a hydrogen mainly depends on the diamagnetic shielding properties 

of its environment and is therefore a sensitive indication of the charge borne by this hydrogen. 

The secondary hydrogen of the isopropyl cation for example has a chemical shift of 13.5 ppm 

with the methyl hydrogens found at 4.5 ppm.lI9 Typical chemical shifts of a-protons in alkyl 

cations are in the range of 4 to 4.5 ppm, with $-protons fiom 1.3 to 2 ppm (see Figure 13 for 

the definition of a or f3 position). 

a - methyl hydrogens: 3.7 ppm 
a - methylene hydrogens: 4.2 ppm 
f3 - methyl hydrogens: 1.6 ppm 

a a 

Figure 13: Hydrogen chemical shifis of the isopentyl 
cation. 

The interpretation of '3C-chernical shifts is more difficult, because a substantial 

paramagnetic deshielding is the largest contributor to the chemical shift of any given carbon, 

and this chemical shift parameter is not directly related to the charge density experienced by 

the carbon. According to Olah, Spiesecke and Nelson, l 20 carbocations with similar 

hybridization and substitution relationships show relatively constant paramagnetic deshielding, 

with the chemical shift changes being a direct consequence of the charge variations of the 

particular carbon. The positively charged carbons in carbocations are found at very low fields 

compared to the values in related hydrocarbons. The distinct chemical shift behavior of 

different carbocations allows one to arrange them into four groups: 



1. Classical alky 1 cations: 

The main stabilization of this class of carbocations occurs via C-H or C-C 

hyperconjugation but in some examples partial bridging (2-alkyl-2-norbomyl cation) or other 

unique types of delocalization exist, such as in the cyclopropylcarbinyl cations. These latter 

two species represent borderline cases which show some similarity to nonclassical cations or 

to the R-conjugated cation group. The positively charged carbon atom of a typical classical 

alkyl cation has a chemical shift of approximately 330 ppm. The following examples are 

illustrative (see Table 6). 

Table 6: Selected carbocations and their corresponding chemical shifts. "' - 
Compound 6 I3C in ppm 1 Compound 6 I3C in m 

Some alkyl cations undergo reversible hydride or alkyl shift reactions, which are fast in 

terns of the NMR time scale (see also below, page 40). As a result of this, one can only 

observe an averaged signal at an unusual position. However, at very low temperatures it is 

usually possible to fieeze out these reactions and one can then find typical chemical shift 

values for the cationic carbon in the range of 330 ppm (see Table 7 for examples). 



Table 7: I3C NMR data of equiliifating  system^.'^ 

carbocation activation barrier 6 13C Ippm] averg. 6 13C Ippm]; static 
AG" [kcal/mol] C1 / C 2 / T r C ]  C1 / C 2 / T  rC]  

Many of the carbocations associated with this dissertation are classical alkyl cations and 

the carbon chemical shift of the C is expected to be in the range of 330 ppm. 

2. x-Conjugated cations: 

Carbocations with substituents allowing conjugation experience significant stabilization by 

distributing the charge over two or more carbons. 

Electron donation involving rr-type interactions can also occur in heteroatom substituted 

carbocations. Particularly stabilizing are nitrogen and oxygen stubstituents but even an 

Table 8: Selected conjugated carbocations and their corresponding chemical shifts.'" 
Compound 6 'jC in ppm 

w 23 1 / 147 

Compound 6 "C in ppm 

Q 3 19 

dH cH 



electronegative fluorine substituent has a stabilizing effect on a carbocation center if the 

electron demand is large. The chemical shift of the cationic carbon atom of various heteroatom 

substituted cations are given in Table 8. 

3. Aromatic carbocations: 

Cyclic carbocations stabilized through aromatization show an exceptional stability. Well 

known examples are the dibenzotropyliwn and tricyclopropylcyclopropenyl cations. Figure 

14 shows retevant carbon chemical shifts. 

Figure 14: 13C JYMR shifiS of aromatic 
carbocations. 

4. Nonclassical carbocations 

Carbocations possessing four or more coordination sites are considered nonclassical. The 

change of the total chemical shift sum comparing the cation with the corresponding 

hydrocarbon is in general considerably smaller for nonclassical than for classical Cafbocations. 

This smaller difference has also been used as a criterion to distinguish between classical and 

nonclassical carbocations. 12' However, rather than a strict separation between these two groups 

of carbocations, numerous examples with various degrees of nonclassical character were 

found. 

Some of the unusual chemical shifts found in nonclassical cations are shown in Table 9. 



1 A.4.2 

The 

Table 9: Examples of chemical shifis in some nonclassical carbocations. 
carbocation 6 13C Cppm] compound S "C [PPm) 

Coupling Constants 

magnitude of the "CJH coupling constant reflects - the hybridization of the 

corresponding C-H bond, revealing valuable geometrical information of the particular carbon 

center in question. The empirical formula (20) allows one to calculate the s-character of the 

carbon under consideration (typical value for an sp3 C-H: 124 Hz, and for an sp2 C-H: 172 

Hz). 

'I, = '3C-'H coupling constant in Hz 
sc = s character of the carbon atom in % 

However, the number of NMR observable carbocations possessing a C-H bond with the 

cation center is very limited. One example is the classical isopropyl cation, whose C+-H 

coupling constant was measured as 169 Hz, reflecting the profound sp2 character of the cation 

center. The nonclassical p-hydrido bridged carbocation group is another class of compounds 

with C-H bonds to positively charged carbon centers (partial formal bond), for which C-H 

coupling constants provide valuable geometrical information (see also Section 1.8, page 54). 

Values in the range of 35 to 40 Hz were found to be typical for the p-hydrido C-H-C bond. 

Another typical feature of carbocations in terms ofNMR coupling constants is the presence 

of relatively large 9 H-H long range coupling as shown in Figure 15. While these couplings 

are usually too small to be observed in neutral compounds such as hydrocarbons, a value of 

4 to 6 Hz is often observed in carbocations. 



Figure 15: *J Couplings in carbocations. 

1.6.4.3 NMR Line Broadening 

NMR measurements of two interconverting compounds show separate sets of  signals if the 

exchange rate is slow (ca. 10 s-I or less). An increased exchange rate causes the individual 

signal pairs (e. g. one particular carbon atom in one compound and the same carbon atom in 

the rearranged compound) to collapse and finally to form a peak at the averaged position (see 

Figure 16 for an illustration). 

Figure 16: Typical NMR spectra of two 
exchanging spins at different rates. 
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At the point of signal collapse or coalescence, the exchange rate can be estimated according 

to equation (21), in which v, represents the fkequency difference of the two exchanging 

signals. 

More accurate results can be obtained by line shape analysis of the experimentally obtained 

spectra.126 Using this NMR technique, energy barriers of reversible exchange reactions with 

values as low as ca. 6 kcaVmol can be measured. Since the cation center C+ possesses an empty 

orbital, carbocations are particularly prone to rearrangement reactions, with many examples 

known. 

1.6.4.4 Temperature Dependance of Chemical Shifts for Rapidly Equilibrating Systems 

If an equilibrium involves two compounds with different heats of formation, the 

concentration of each individual compound becomes temperature dependant. Since the 

resulting NMR signal consists of a weighted average of the two chemical shifts, a change in 

concentration as a result of a temperature variation can cause the averaged chemical shift to 

change accordingly. 



Figure 17: Isotopic perturbation of the 
dimethylcyclopentyl cation according to 
Saunders and coworkers.''' 

Many equilibrium systems however involve "two" structures with identical heat of 

formation (degenerate equilibria), thus a change in temperature has no effect on the averaged 

chemical shift. In this case, one can use Saunder 's isotopic perturbation method. 12' Isotopic 

desyrnmetrization causes the two initially equivalent compounds to become different in terms 

ofheats of formation and to therefore show temperature dependent chemical shifts (an example 

is shown in Figure 17). 

This technique is important for distinguishing between a rapid equilibrating system or a 

static structure, if the barrier for the exchange reaction is too low to be frozen out usinp NMR 

spectroscopy. 
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1.6.4.5 Reaction Rate Measurements 

Irreversible rearrangement reactions can also be followed by NMR spectroscopy. Most of 

these rearrangement reactions are first order reactions, illustrated by equation (22). 

The associated energy barrier can be calculated using the transition state theory. 

k, = rate constant 
kB = Boltzmann constant 
h = Planck constant 

A temperature of - 1 50°C is the lowest feasible temperature for preparing carbocation 

solutions, and for measuring them with conventional NMR spectrometers. From equation (23), 

and using a cation preparation time in the order of minutes, then the lowest possible A@ that 

can be measured is approximately 10 kcal/mol. 

However, in observing cation systems with low rearrangement barriers, two other aspects 

become important. First, thermally labile carbocations need to be generated at a temperature 

which is 30°C to 40°C below the temperature where the rearrangement becomes rapid (see 

Section 1 52 .3 ,  page 3 1). Second, at temperatures as low as -1 50°C, only dilute concentrations 

of the carbocation in a superacid - SOzCIF - S02F2 solution can be prepared and even these 

mixtures can become viscous, causing the absorption peaks to become broad and weak. 

1.6.4.6 Solid State NMR Spectroscopy 

The development of cross-polarization and magic-angle spinning techniques (CPMAS) 

allow one to record 13C NMR spectra of solids with sufficient resolution to recognize the 

individual signals of many carbocations. Yannoni, Myhre and Fyfk have obtained solid state 

spectra at temperatures as low as 



Figure 18: Variable temperature CPMAS 
NMR of the norbornyl ~ a t i o n . ' ~  

The availability of NMR data at such low temperatures is usel l  for the detection of very 

low energy degenerate rearrangement processes. For example, the absence of any low field 

peak at ca. 330 ppm for the 2-norbomyl cation at 5 K (see Figure 18) showed with high 

certainty that this species was a symmetrical nonclassical cation and this result helped to end 

the controversy about this system (see Section 1.2, page 7). Another example is the cyclopentyl 

cation, whose rapid 1,2 hydride shifts could be fiozen out at cryogenic temperatures using solid 

state NMR techniques (see Table 7, page 37). 

1.6.4.7 Nutation NMR Spectroscopy 

In solids, two magnetic nuclei in close proximity experience a dipolar coupling, which is 

not canceled through fast tumbling of the molecule as in solution NMR. This dipolar coupling 

depends on the distance between the two nuclei and with appropriate pulse sequences, 

eliminating the J-coupling through bonds, generates a "Pake" doublet. Comparing the doublet 

shape with calculated spectra allows one to measure the distances between the two nuclei. The 

advantages of this method, called nutation spectroscopy, are that polycrystalline compounds 

can be used at cryogenic temperatures.129 



Figure 19: Determination of C-C bond length in the tert-butyl cation 
using nutation NMR techniques. 

Using various "C enriched carbocations, Yannoni and coworkersn0 measured the C-C bond 

distance and the C-C-C angle of the tert-butyl cation (see Figure 19), which agree well with 

the theoretically computed values. 

1.6.5 IR and Raman Spectroscopy 

The first reported IR spectrum of a carbocation was published by Olah and coworkers and 

involved the tert-butyl cation.I3l Later, the IR spectra of stabilized cations such as the 

tropylium, cyclopropylcarbinyl and triarylmethyl cations were reported."' Substantial 

technical difficulties were found preparing concentrated samples and in recording the spectra, 

and this prevented this method fkom becoming popular in the field of carbocation chemistry. 

The development of fast computers, allowing one to calculate accurate vibrational 

frsquencies for reasonably large molecules (10 to 15 "heavy", non hydrogen atoms), greatly 

increased the attractiveness of IR spectroscopy in this field. A further step was achieved when 

Craig and coworkersn3 designed a technique to record JR spectra of polycrystdline 

carbocations. This method was then f'urther perfected by Sunko and coworkers who used 

Saunders molecular beam technique to produce a carbocation matrix film on a CsI plate, 



suitable for recording IR spectm'" 

IR spectroscopy can be extremely helpfirl in distinguishing between a fast equilibrium 

process and a static structure, due to the shorter time scale of IR spectroscopy (LO-" s) 

compared to NMR spectroscopy. 

1 -6.6 Mass Spectroscopy 

The only direct information mass spectroscopic techniques provide are the molecular weight 

and the abundance of cationic species, ca. LO-' to 10-1°s after their generation by electron 

impact or electromagnetic irradiation. However, using graduated irradiation energies can yield 

information about the stability of cations in the gas phase. High pressure mass spectroscopy 

allows one to perform ion molecule reactions which provides information about the relative 

stability of carbocations through proton, hydride or halogen transfer reactions (see also Section 

1.5, page 24). Ion cyclotron resonance spectroscopy can keep the generated cations in a 

specially designed chamber for up to about 1 s, which is usefbl for studying a variety of 

di fferent ion molecule reactions. '35 

The drawback of this spectroscopy is the difficulty of deriving structural information, which 

is only available in a limited way through various advanced techniques. 

1.6.7 ESCA 

Core electron spectroscopy for chemical analysis, called ESCA, utilizes high energy x-ray 

beams to initiate core electron emission fkom a particular atom. lJ6 The ionization process takes 

in the order of 10-l6 s, which like IR spectroscopy, provides "instantaneous" structural 

information. 

The "binding" energy of the 1s electrons in a carbon atom (280 to 290 eV, corresponding 

to ca. 6500 to 6700 kcal/mol) depends slightly on its chemical environment. However the 

differences between various neutral hydrocarbons are rather small and the resolution of ESCA 

spectroscopy does not allow one to distinguish between the carbons of hydrocarbons such as 

ethane, ethene or ethyne. Larger binding differences of the 1s electrons are observed in 

positively charged carbon atoms when compared to neutral ones. For example, the ten-butyl 



cation has approximately a 4 eV (92 kcal/mol) higher binding energy than the corresponding 

carbon of the neutral hydrocarbon. 

Table 10 illustrates the binding energy (EJ of 1 s electrons in some selected compounds.i37 

Table 10: ESCA energies of some selected compounds.'37 
compound E b  lev) ma Lev] 

290.6 

3.7 

C Y  

6. 1.5 

" AE, = ESCA energy merence of between the cation and the 
corresponding hydrocarbon. 



1.6.8 X-Ray Crystallography 

Due to the high reactivity of carbocations, the generation of single crystals suitable for x-ray 

crystallography is an extremely difficult task. Highly stabilized carbocations, such as the 

triphenylrnethyl cation 22 or the substituted cyclopropenylium cation 23, are stable at room 

temperature and were the first carbocations to be analyzed by x-ray crystallography. 

In general, relatively stable (stable at -2S°C) carbocation salts can be obtained as 

hexafluoroantimonates by reacting the corresponding aikylfluoride with antimony 

pentafluoride in 1,2,2-trichloro- 1,2,2-trifl~oroethane.'~~ 

Alternatively, alkyl chlorides can be reacted with antimony pentafluoride in HF. However, 

these systems usually require a working temperature of -70°C. The solubility of carbocations 

in freons is relatively low and addition of these solvents to a concentrated superacid solution 

of a carbocation can be used to initiate ~rystallization.'~~ 

X-ray crystallographic data on alkyl cations stabilized only by C-C or C-H 

hyperconjugation is rare, hence only a few of these structures have been determined. Two 

examples are the Sb2F, ,- salts of tert-butyl cation 24" and the trimethyladamantyl cation 2S.'41 



The availability of a crystal structure of the norbomyl derivative 26'" provides one with 

valuable information about the much argued nonclassical character of these systems, as 

determined tiom NMR experiment and ab initio calculations. 

1.7 Calculation Metbods 

Molecular orbital calculations became routine in the 1370's after the development of a 

gradient based algorithm by Pulay, 143 allowing one to optimize molecular geometries. 

However, it was quickly recognized that accurate calculations required an enormous amount 

of computer power. The availability of high performance computers have improved 

tremendously during the past five years and it is now possible to calculate relatively large 

systems ( 10 to 1 5 atoms of second row elements) at levels adequate to achieve good agreement 

with experimental data. However, computing power requirement still represents a major 

problem, because it is desirable to calculate bigger systems at even higher levels of theory. 

Attempts to reduce the demand for computer power has led to-the introduction of various 

approximations using a variety of calculation methods. The presentiy available calculation 

methods can be divided into three groups. 

1. molecular mechanics calculations 

ab initio calculations 



The fastest method for calculating molecular structures is the molecular mechanics 

method. l" This method uses parameters such as optimal bond distances, bond angles etc. for 

each atom to arrange the geometry of particular molecule in a way to minimize the deviation 

of these parameters. However, this method does not calculate molecular orbitals, and therefore 

properties such as the energy and shape of the HOMO or LUMO, NMR chemical shifts etc., 

cannot be obtained. The output fiom these calculations usually consists of a "strain" energy 

and an optimized geometry. 

Relatively fast for calculating molecular orbital properties are the semiempirical methods. 

These methods use experimental data in the evaluation of the energy. The availability of 

various different parameter sets provides the possibility of calculating molecular orbital 

properties for a large variety of compounds, and for achieving a reasonably good agreement 

with experimental data. liS 

The most universal type of calculations are the ab inirio calculations, whose accuracy 

mainly depend on the level of the approximations made.'" One limitation involves the basis 

set used, which defines the "flexibility" of the electrons in the molecule under consideration. 

The use of more basis functions however results in a large increase in computer time needed 

for the calculation. A second type of approximation is in the treatment of electron correlation, 

which describes interactions between electrons. The simplest case is Hartree-Fock theory, 

which considers only a single assignment of electrons to orbitals (single electron 

configuration), neglecting the electron correlation energy completely. 

For the inclusion of electron correlation energies, different methods have been suggested, 

of which hller-Plesset perturbation methods and density fhctional theories are most 

frequently used. The designation MP2 or M . 3  corresponds to the extent of which the 

Rayleigh-Schrlidinger perturbation expansions are ~onsidered.'~' However, the use of MP2 

methods is extremely expensive in terms of computing power, which increases to the 6 order 

of the number of basis functions. Density fhctional theories include correlation energy by 

using an electron gas, described with different bctionals of the density.148 The advantage of 

this method is the speed, which is of the same order as a ~ar t ree i~ock calculation. BeckeIdg 

combined the Hartree-Fock method with selected hctionals, constructing very accurate 



calculation methods, and involving reasonably economical computer power. The most 

frequently used method of this kind is the Becke3LYP variant. 

Table 11: Suggested protocol for the ab initio calcuIations at various levels of theory. 
I 

In order to find a proper balance between the size of the basis set, the calculation method, 

and the time demand on a computer, a variety of different basis sets and methods have been 

applied to specific systems1" whose calculation results could be compared to experimental 

values. The outcome of this investigation suggested that one could improve Hartree-Fock 

calculations up to the 6-3 1 G* basis set. IS' Further increase of the basis set size does not result 

in a significant improvement of the calculation results, which is kmwn as the Fock limit. 

Using at least a basis set of 6-3 1 G*, one can then use a variety of different correlation methods 

to achieve more accurate calculation results (see Table 1 1). 

In this dissertation the following protocol was used for calculating structures. 

Basis set 
Correlation method 

MP2 MP3 MP4 



built with Hyperchem, 
Spartan or by 
constructing a z-matrix 

Conformational 
search; using the 
Monte Carlo method 
at MM+ or MM3 
molecular M a n i c s  level 

-- - - - - - - 

geome!ry optimization 
ofthe3or4strudures 
with the smallest strain 
energies.using the 
semiempirical level am1 

single point calculation 1 1 1 optimization and analytical 1 1 optimizationofthe I 
at MP2 level using 631  G' t---- frequency calculation at the c--- lotnest energy structure 
6-31 1 +G" basis sets Becke3LYP 1 6-31 G' level at the HF / 6-31G' level 

single point calculation at 
Becke3LYP level using the basis se 
631  1 +G" or 6-31 1 ++Gu or 
6-31 1 ++G(2p. 3df) 

1.8 pHydrido Bridged Carbocations 

In 1 952, Cope and Prelog independently reported the occurrence of transannular shifts in 

the dihydroxylation reaction o f  cyclooctene. Is* 

Deuterium labeling experiments by Cope and Robertsls' showed that both 1,3- and 1,s- 
hydride shifts occur. Initially, the stereospecifity of the formation of the cis 1,4diol could not 

be explained by a "normal" 1,S-hydride shift. Later, a phydrido bridged species was suggested 

to be involved. 



First thought to be transition states, p-hydrido bridged carbocations were later shown to be 

intermediates and the first spectroscopic evidence for the existence of a pH carbocation was 

published in L 978.*l. 

In the following few years a variety of different p-hydrido bridged carbocations were 

prepared, revealing that certain structural requirements have to be met in order to obtain an 

observable p -hydrido bridged carbocation. 

-7.7 ppm -6.6 ppm -6.9 ppm 
2.39 A 2.44 A 2.48 A 

-6.3 pprn 
2.52 A 

-5.64 ppm -4.28 ppm -1 -46 ppm -0.07 ppm 40.3 ppm 
2.45 A 2.76 A 2.00 A 2.82 A 3.02 A 

Figure 20: A series of s e c o n w  and tertiary p-hydrido bridged carbocations with the experimental 
chemical shift of the p-hydrogen and the calculated bridgehead distance (this work) at Becke3LYP 
I 6-3 lG*.Is6 

Studies on a series of secondary and tertiary systems with various bridgehead distances 

showed that the latter need to be in the range of 2.4 to 2.5 A. Larger bridgehead distances 

result in the formation of classical cations, usually involving rapid equilibrating hydride shifts. 

The lower series of tertiary p-H cations illustrated in Figure 20 show a gradual change fiom 

a stable p-hydrido bridged carbocation (bridgehead distance 2.45 A) to a system involving 

rapid hydride shifts (bridgehead distance 3.02 A). This gradation can also be followed by 

observing the change in the NMR shift of the p-hydrogen. The more distinct the p-H bond is, 



the higher field the chemical shift, which reach a maximum in the cyclooctyl system of -7.7 

ppm (see Figure 20). 

Proof for the p-H bridged species possessing a single energy minimum rather than a double 

well minimum, as in a rapidly equilibrating system, was obtained using IR spectroscopy, a 

consideration of C-H coupling constants, Saunders' isotopic perturbation criterion and the 

Altman-Foaen test. IR stretching frequencies of the p-hydrogen are distinctly different fkom 

the usual 2 center - 2 electron bonded hydrogens. The p-hydrido bridged 

bicyclo[4.4.4]tetradecyl cation, for example, showed a value of 2 1 1 3 c d ,  which agreed rather 

well with the theoretically predicted value of 20 1 9 an-'. ' " Symmetrically bonded p-hydrogens 

should exhibit an equal coupling to both bonded bridgehead carbons and with a much smaller 

coupling constant than for an alkane C-H bond ( J = 120 to 125 Hz). For most of the p-H 

cation structures, coupling constants of 35 to 40 Hz, which are distinctly different fkom the 

expected 60 to 65 Hz for a rapidly equilibrating species (average of 120 to 125 Hz for the 

saturated C-H bond and 0 Hz for the no bond).82 Another useful method to distinguish between 

a system with a double well energy potential (rapidly equilibrating system) and a single well 

potential is Saunders' isotopic perturbation method (see also Section 1.6.4.4, page 42). 

Using this method the pH cations 27 and 29, for example, showed a chemical shift 

difference for the bridgehead carbons compared to their parent systems of only 0.6 or 0.8 ppm 

and no temperature dependance could be measured, indicating a static structure rather than 

rapidly equilibrating structures. 

Theoretical treatment of these p-hydrido bridged species revealed a large discrepancy 

between the calculated pH chemical shifts and the experimentally measured values. 

Calculations at an MP216-3 1 G** N HF/6-3 1 1 G** (GIAO-CPHF) level predicted - 10.06 ppm 

for the p-H of cation 28 compared to the experimental value of -3.46 ppm.'" Cioslowski 



suggested that large vibrational motions of the pH hydrogen at 298 K, as a result of a very flat 

energy profile for the movements of this hydrogen, was a likely cause for the discrepancy, 

since calculated structures assume £kozen positions for all atoms at 0 RIS9 

McMuny and coworkers have prepared a series of pH bridged bicyclic cations, where the 

bicyclic bridges were (6.4.21, 16.3.31, 15.4.41 and r4.4.41. They observed relatively large 

differences in the pH chemical shifts in these structures, and proposed that the C-H-C bond 

angle was the critical factor in determining the differences. This comelation was based on semi- 

empirical AM 1 calculations of the cation geometries, and is shown in Figure 2 1 .Ism 
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Figure 2 1: Correlation of the calculated C-H-C bond angle (AM 1) vs. the 
experimentat chemical shift of the g-hydr~gen-~~~" 

Considering the stability of these cations, it was found that secondary pH carbocations 

were thennally extremely labile. The cyclooctyl system for example rearranges into the 

methylcycloheptyl cation at - 1 SO°C within minutes. A number of tertiary bridged cations on 

the other hand proved to be much more stable, and solutions of tricyclo[7.3.1.1 3-11]tetradecyl 

or the bicyclo[4.4.4]tetradecyl cations were found to be unchanged after keeping them at room 

temperature for several hours.82- Is' The stability in terms of acidity also showed exceptional 

values, and the tricyclic cation was found to have a p& value of -1.00 and the bicyclic c4.75. 



Extending the idea to a carbocyclic system with an even closer bridgehead distance to fonn 

shouId result in the formation of a hyperstable pH cation (stable at room temperature and 

possessing a pK, value of greater than 7). This idea led then to the initial project goal of this 

dissertation - to synthesize a p-hydrido bridged cation in a bicyclo[3.3.3]undecyl carbocyclic 

fiamework. 

1.9 Scope of this Dissertation 

As mentioned, the original aim of this project was to prepare a p-hydrido bridged cation 

with a bicycIo[3.3.3]undecyl h e w o r k  30. 

All the known p-hydrido bridged carbocations have been prepared by the same approach, 

which consists of having a carbocyclic system possessing a C=C double bond and a C-H bond 

in close proximity, and p r o t o n a ~ g  the double bond to generate a cation. The hydrogen in 

close proximity then instantly interacts with the cation center to form the p H  bridged 

structure. 

Due to the small size of the [3.3.3] bicyclic system, a different approach was needed (for 

a discussion of the different approaches, see Section 2.1, page 58). The initial intention was 

to generate the dication 31 and hope that the large charge repulsion between the two close 

cation centers would allow a hydride shift fkom the 3 position of the ring to form the desired 

p-hydrido bridged cation 32. 

The attempted preparation of the dication 31 involved a long linear synthesis of the 

corresponding dihydroxy hydrocarbon skeleton, but this was ultimately unsuccessfbl at the last 

step. As a consequence of this, other approaches to the formation of this p-hydrido bridged 



bicyclo[3.3.3]undecyI structure were formulated. One of these involved the attempted 

preparation of the bishomoadamantyI cation 33. 

The synthesis of the bicyclic and tricyclic cations, as potential precursors for p-H bridged 

cations, led to the discovery of three different rearrangement reactions. 

The theoretical and experimental exploration of these rearrangements was then studied in 

detail and the results are described in Sections 2.2.3.1 through 2.2.3.3. 

All of the experimental details are described in one experimental section, and some details 

of theoretical calculations are summarized in Appendix A. Appendix B contains details on the 

x-ray structure of tricyclo[5.3.1.1 39]dodecane-5,9-diol, the precursor of dication 40. 



Chapter 11 

Bicyclo[333l m d y  and Tricyclo[S 3.1 . I ~ d  systems 

2.1 Possible Routes to Bicyclo[333 Jundeeyl and Tricyclo[53.1.13~ddecyl pH cations 

In principle there are three different routes for the construction of a pH bridged cation (see 

Figure 22: Three principal approaches for the production of a pH bridged 
cation. 

The first approach consists of the generation of an "ordinary" carbocation, which can be 

accomplished by various means, in a skeleton having an appropriate C-H bond in close 

proximity, which then causes an immediate interaction to form a pH bond. A completely 

different method is pictured in the second approach, in which a C-C bond is protonated to form 

the desired cation. The third principal approach is the reduction of a dication with a hydride 

to form the pH bridged monocation. 



Considering the target molecules 30 and 33, their close resemblance is obvious (see Figure 

23). 

I 

30 33 

Figure 23: Bicyclo[3.3.3]undecyl and tricyclo[5.3.1. 13.9]doQcy1 p-H 
bridged cations. 

Applying the above approaches to the bicyclo[3.3.3]undecyl or tricyclo[S.3.1.1 3S]-dodecyl 

systems results in the five following possible routes leading to 30 and 33. 

H + 

Approach 2 

isomerizatim 

Approach \ 4 

Figure 24: Five possible approaches to bicyclo[3.3.3]undecyI and 
tricyclo[5.3.1. 13-9]dodecyl pH bridged cations (In order to simplifi. Figure 24 the 
bicyclo[3.3.3]undecyl system is representative for both target systems). 



2.1.1 Approach 1 and 2 

The possible approaches 1 and 2 are closely related and are most conveniently discussed 

together. These approaches have been used for the generation of all known p-H bridged 

carbocations prepared to date. Applying these approaches to the two target molecules 30 and 

33 leads to the precursors in-bicyclo[3 .3.3]undec- 1 - m e  41, in-out-bicyclo[3.3.3]-undecane 42, 

in-hicyclo[5.3.1. 13-g]dodec- I-ene 43 or in-out-tricyclo[5.3. I .  1 3S]dodecane 44. 

Protonation of the alkenes 41 and 43 would then generate the corresponding bridgehead 

cations 45 and 46, which would instantly undergo interaction withthe in-hydrogen to form the 

corresponding p-hydrido bridged cations 30 and 33. 

Treatment of the in-out akanes 42 and 44 with super acids would protonate the tertiary out- 

hydrogen producing 47 and 48. The loss of dihydrogen, representing the reversed reaction of 

an ionic hydrogenation, would again generate the bridgehead cations 45 and 46, which, as 

before, would instantly form the p-H bridged structures 30 and 33. 



The most closely related known examples of30 and 33 are the bicyclo[4.4.4]tetradecyl- 1,6- 

p-hydrido bridged cation 28 Is" and the tricyclo[7.3.1.1 'J ' Itetradecyl pH bridged catiod2 

The generation of in-bicyclo[4.4.4]tetradec-1-ene was accomplished by a McMuny 

coupling of the aldehyde ketone 49, prepared h m  decalin in a six step procedure. 

The McMurry coupling yielded exclusively the in-alkene 51, which was calculated 

(Becke3LYP 1 6-3 1 G*, this work) to be 1 1 .O kcal/mol more stable than the corresponding out- 

isomer 50. However, the imposed strain of the in-hydrogen of smaller bicylic compounds 

increases significantly and the formation of the out-bicyclo[3.3.3]undec- 1 -me is favorable by 

3 8.9 kcdmol (B3LYP / 6-3 1 G*, this work) compared to the coxresponding in-isomer 41, 

making the preparation of 41, using the above route, very unlikely. 

Turning to tricyclo systems, the in-alkene 53 has been prepared by a McMurry coupling 

route in about 20 % yield from the ketoaldehyde 52, which was produced from 2- 

adamantanone in a nine step procedure." 



Ring closure of 52 to produce an o~ctricycloalkene is prevented by the C, bridge of the 

bicyclo[3.3.1 Inonyl unit in this ketoaldehyde. However, attempts to ring close the next smaller 

homolog 54 were not successfbl. 

Calculating the energies of the in- and out-isomers of the tricyclo[S .3.1.l 3*g]dodec- 1 -ene 

revealed that the in-isomer is 46.8 kcah01 (Becke3LYP / 6-31G*, this work) higher in 

energy. The corresponding energy difference in the tricyclo[6.3.1. 16*'0]tridecyl and in the 

tricyclo[7.3.1.1 '*"]tetradecyl systems was calculated to be 26.4 and 7.0 kcaVmol respectively. 

Since the formation of tricyclo[6.3. I .  1 6Jo]tridec- 1 -ene 55 has been reported to be unsuccessll, 

and since the in-tricyclo[5.3.1.1 3S]dodec- 1 -me 43 is expected to be even less likely to form 

by this route, this approach was not considered to be feasible. 

The formation of the pH bridged cation 28 by a C-H protonation followed by loss of 

hydrogen has been shown to be an unexpectedly facile process, presumably due to a large 

stabilization of the bridgehead cation through pH bridging.'" 



In this route to the target moi~uies  30 and 33, one would have to synthesize the in-out 

hydrocarbons 42 and 44. In these alkanes, calculations show that the in-out vs. the out-out 

energy difference is about 10 kcabol  less than in the corresponding alkenes. However, they 

are still very strained and there is no obvious synthetic route to these in-ou&bicycloalkanes. 

The results of the calculations carried out in this work, and involving these alkanes and 

alkenes, are summarized in Table 12. 

Table 12: Energ :s of different in- out-isomers at he B3LYP / 6-3 LG* and the MM3 level of theory. 
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values obtainec using the fonnuIa I 
result with the result obtained for the reference compound. 

A Ikther complication is the fact that even the out-out-alkanes possess a large steric strain 

(approx. 30 kcaVmol from Benson group equivalents161 or approx 50 kcdm01 total strain fiom 

MM3 calculations "). The additional strain in the in-isomer leads to a very large total strain 

energy (85 - 90 kcallmol). 

"The Benson group equivalents also possess a "strain'' and the use of these equivalents 
leads to strain values significant lower than the MM3 calculated total strain, which uses 
hypothetically isolated atoms with ideal angles and bond lengths as the reference base. 



2.1.2 Approach 3 

The third type of approach involves the protonation of the quaternary C-C single bond in 

a [3 -3 -3lpropellane or in a tetracyclo[5.3.l.l 3*g.0'7]dodecane. 

Protonation and deprotonation of a C-C bond (both processes should follow the same 

mechanism, but in an opposite direction) has been proposed to play a key role in the acid 

catalyzed isomerization or homologation reactions of small d k q s  and has been subject to 

intensive research!* Both, C-H and C C  single bond protonation processes are now widely 

accepted to occur in superacidic media. 

However, the known tricyclo[7.3.1.13*' 'Itetradecyl system shows no sign of exchange of the 

p H  with deuterium in a trifluoroacetic acid 1 D,O solution, while protons at the p-positions 

were exchanged instantly.82 

CF3COOD - D20 
----It--- 6+ - - 0 

In a similar way, the bicyclo[4.4.4]undecyl p-H bridged cation 28 also experiences fast 

exchange of the phydrogens, but there is no sign of pH exchange.'" 



Furthermore, deprotonation reactions of the p-H cation 67 yielded only bridgehead aikenes 

and in no case has any of the tetracyclo[7.3.1.1 .'*l'O-'gtetradecane 71 been obsewed, 82 even 

though the formation of a C-C bond giving 71 can be calculated to be 25.7 W m o l  more 

favorable than the formation of alkene 53 (major product) (see Table 13). 

These comparisons are much more dramatic when one applies them to cations 30 and 33. 

In these cases, the C-C bond formation is calculated to produce alkane products 65 and 66, 

which are 74.3 and 68.2 kcaVmol lower in energy than the comesponding alkenes 41 and 43 

(see Figure 25). It can be argued on thermodynamic grounds alone that the C-C protonation 

of alkanes 65 and 66 would be beyond the capability of even the strongest superacid (H, = -30, 

see Section, 1.5.2.2, page 29). 

41 
Energies according to 
B3LYP I 6-3 1 G' (kcaUmol) 0 

Energies according to 
B3LYP 1 6-31 G' (kcaumol) 0 

Figure 25: Relative free energies of bicyclic and tricyclic in-alkenes and alkanes. 
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The H-D exchange studies discussed above show that pH cations are much more readily 

deprotonated to alkeaes than to alkanes. Since the mechanisms of protonation and 

deprotonation reactions should follow the same pathway, this implies that C-C alkane 

protonation has a much higher activation barrier, than a C=C protonation. Taken together with 

the above thermodynamic discussion, it would appear that the C-C protonation of 65 and 66 

to give 30 and 33 is an "impossible reaction". 

ZPE 
FcaVmol] 

el- energy (ref.) 
kdmol] 

Structure I [Hiurnel 



An explanation for the high energy barrier for deprotonation of the C-H-C proton in pH 

cations can be found by considering the fiontier orbitals involved in this type of structure. 

As illustrated in Section 3.1, page 18 1, a linear C-H-C bond possesses a non-bonding 

LUMO orbital, which one needs to attack with a base in order to abstract the proton. Due to 

the linear arrangement of the C-H-C atoms, the abstraction of the proton can only occur in a 

perpendicular direction. Since the nodal plane of the 3c-2e LUMO is also perpendicular to the 

C-H-C axis intersecting the hydrogen, the orbital interaction of the HOMO of the approaching 

base and the LUMO of the 3c-2e bond is symmetry forbidden (the overlap is zero). 

Nodal plane 

Figure 26: Orbitals involved in a 
proton abstraction of a p-H bond. 

In summary, the results of the present calculations and the experimental work from 

Sorensen, McMuny and coworkedn clearly illustrate that direct protonation of an 

appropriate C-C single bond to form pH bridged carbocations is not a promising approach and 

was not further considered in this project. 

2.1.3 Approach 4 

The p-hydrido bridged cations 30 and 33 are isomeric with the corresponding classical out- 

cations 78 and 34, respectively, and approach 4 considers the possibilities for an isomerization 

reaction, leading to the respective pH cations. 

A very related example of such an isomerization is the electrochemical oxidation of 1,6- 

diazabicyclo[4.4.4]tetradecane 72, which was found to induce the migration of a bridge 



hydrogen atom into the cavity of the bicyclic structure to form a symmetrical hydrogen bond 

(see Scheme 3).'" 

Scheme 3: 1,5-Hydrogen shift in 1 ,6-diazabicyclo[4.4.4]tetradecauee 

+ 1.5-hydmgem 
+Nuell - 

shift 
H -H+ 

Despite the difference between the formation of a pH bridged carbocation (3c-2e bond), 

and the formation of the 3c4e bond in 75, this example illustrates the potential of this 

approach. 

Using this approach for the bicyclo[3.3.3]undecyl or tricyclo[5.3.1. 13g]dodecyl systems, 

there are two aspects one has to consider. 

ThermodynamicaI consideration of the in- out-isomerism of the monocations was explored 

with high level ab inirio calculations at a B3LYP / 6-3 1 G* or MP2(Full) / 6-3 1 i +G** level 

of theory. At the B3LYP level, the p-hydrido bridged cations wke found to be moderately 

higher in fiee energy than the corresponding classical our-isomers and values of 5.9 kcaVmol 

for the bicyclo[3 -3.3lundecyI and 17.0 kcdmol for the tricyclo[S .3.1.1 3S]dodecyl system were 

calculated (see Figure 27). 

Relative free energy at 
B3LYP 1 6-31 G' [kcaUrnor] 7-0 

Relative energy at 
B3LYP / 6-3 1 G' /I 
MP2(FuII) / 6-31 1 +G" +1.7 
pccal/mol] 

Figure 27: B3LYP / 6-3 1 G* and MP2(Full) / 6-3 1 1 +G** relative free energies and relative energies, 
respectively, for the in- out  isomerism of the bicyclo(3.3.3]undecyI aud tricyclo[5.3.1. l3"]dodecyl 
systems. 
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However, p-hydrido bond energies appear to be underestimated at the B3LYP / 6-3 lG* 

level and single point calculations of the B3LYP / 6-31G* optimized geometry at an 

MP2(Full) / 6-3 1 1 +G** level, significantly lowered the relative energy of the pH cation 

structure compared to the out-isomers. The bicyclo[3.3.3]undecyl pH bridged cation 30 was 

found to be 3.0 kcdmol more stable than the classical out-bicyclo[3.3.3 JunCcc-1 -yt d o = ;  78 

and the tricyclo[S.3.1.1 33]dodecyl pH bridged cation 33 1.7 kcdmol less stable than the out- 

tricyc10[5.3.1.1 3g]dodec- 1 -yl cation 34. The similar energy of the in- and out- isomers suggests 

that isomerization is feasible on thennodynamic grounds. 

A second consideration is 

isomerization could take place. 

whether there is a reasonable mechanism by which the 

-. 

Figure 28: Possible bridge hydrogens (solid black) to shift into the 
cavity of the polycyclic stnrctures. 

The migration of a hydrogen at the 3 or 7 position of the bicyclo[3.3.3]undecyl or 

tricycl0[5.3.1.1 3-9]dodecyl system (see Figure 28) respectively involves the secondary cations 

76 and 77, which were calculated to be 5 1.2 or 64.5 kcaVmol higher than the classical out- 

isomers 78 and 34 (see Figure 29). 
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Figure 29: Calculated relative h e  energies of some involved intermediates in bridge 
hydrogen shifts of the bicyclo[3 -3.31undecyl and the mcyclo[5.3.1. I 3-9]dodecyl systems. 

Despite the favorable thermodynamic aspects of the final pH cations, the very high relative 

free energy calculated for the intermediates 76 or 77 make this approach unlikely to occur. 

Detailed computational results are summarized in Table 14. 

rable 14 : Calculated energies of multicyclo monocations at B3LYP / 6-3 IG* and MP2(Full) / 6-3 11+G** / 
33LYP / 6-3 lGf.  
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2.1.4 Approach 5 

The final approach describes the possible reduction of a dication with a hydride. The highly 

electrophilic cavity of the bicyclo[3.3.3]undeca- 1,s-diyl dication or tricyclo[5.3. 1. I 3.9]dodeca- 

5,9-diyl dication could attract a hydride ion (or equivalent) to form the desired p-hydrido 

bridged cations. 

A thermodynamic consideration of the in- vs. out-isomers of the bicyclo[3.3.3]undecyI or 

the tricyclo[5.3.1.1 3.g]dodecyl systems shows that these have very similar energies, (see Section 

2.1.3, page 69), so on thermodynamic grounds this route is also feasible. 

One difficulty in this type of approach involves the preparation of the corresponding 

dications, due to the very close proximity of the two cation centers. The smallest observable 

alicyclic alkyl dication is the 2,s-dimethyhexyl-2,s-diyl dication with a calculated (B3LYP 

/ 6-3 1 G*) separation of the cation centers of 3.96 A, while in the bicyclo[3.3.3]undeca- 1,s-diyl 

or tricyclo[5.3.1.1 3g]dodeca-5,9-diyl dications, the cation center separations are only 2.80 A 
and 2.8 1 A (B3 LYP / 6-3 1 G*), respectively, and the latter therefore experience a significantly 

higher repulsion energy. However, Olah and coworkers have already prepared the 

bicyclo[3.3.3]undeca-1,s-diyl dicationls3 and it is therefore conceivable that the related 

tricyclo[5.3.1. lJg]dodeca-5,9-diyl dication should also be capable of preparation. 

Considering the orbital interaction of such a possible reduction of a dication, this reaction 

is symmetry allowed and should therefore proceed without an intrinsically large energy barrier 

as illustrated in Figure 30. 

Structure 
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" single point calculations at MPZ(FuU) 1 6-3 1 1+G** of B3LYP / 6-3 lG* optimized geometries. 

HF Wartreel 

-468.435649632 

-467.0854 1 190 

-468.35634 1354 

ZPE 
FcaVmol] 

18 1.2 

180.0 

HOa-HOo 
BcaYmol] 

6.2 

6.9 

SOss 
[caVmol 
Kl 
90.1 

95.8 

Go,[ [-I 

468.1849673489 

-468.109139 1243 

rel- ~ W Y  
(ref-) 
@ccaVmol] 
17.0 (34) 

1.7 (34)" 

64.5 (34) 



@- HOMO 

Figure 30: Orbital interactions of 
the reduction of a dication with a 
hydride ion. 

The reduction of a dicatioa with a hydride can in principle occur in two possible ways. 

1. external delivery of the hydride 

2. internal delivery of the hydride 

The external delivery of a hydride requires hydride donors, which also must be stable under 

superacidic conditions, which are necessary to prepare the dication in the first place. Some 

appropriate hydride donors under these conditions might be hydrogen, sodium borohydride or 

alkanes such as isopentane. 

The internal hydride delivery corresponds to a dication rearrangement. As in the approach 

4 (Section 2.1.3, page 70) the hydride with the closest proximity to the dication cavity would 

be located in the 3 position of the bicyclo[3.3.3]undecyI system or in the 7 position of the 

tricyclo[5.3.1.1 39]dodecyl system as illustrated below. 



A cation stabilizing substituent in the R position should facilitate the hydride shift. Ab initio 

caIculations at a B3LYP / 6-3 1G* level of theory on bicyclic and tricyclic systems with a 

variety of different R substituents showed that the most promising candidates would be the 

isobutyl or methoxy substituents, with some examples favoring the pH bridged structure by 

up to 1 1.75 kcdmol (see Table 15 for detailed computational results of substituted bicyclic 

and tricyclic systems). 

Table 15: Calculated energies of substituted bicyclo[3.3.3]undecyl and tricyclo[5.3.1. ~~-~ ]dodecy l  dications at 
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Considering the fact that the bicyclo[3.3.3]undeca- 1,5-diyl dication 36 has been prepared, 

and the high probability that the related tricyclo[5.3.l.l 3*g]dodeca-5y9-diyl dication 40 could 

be prepared, together with the calculations that show the in and out- isomers to possess similar 

energies, makes this type of approach the most promising route to prepare the target molecules 

30 and 33. Therefore, it was decided to follow this approach. 



2.2 External Delivery of a Hydride 

This section discusses the synthesis of the starting materials for the generation of the 

dications 36 and 40 (Section 2.2.1, page 77 and Section 2.2.2, page 83) and comments on the 

generation of these dications (Section 2.2.3, page 9 1) as well as the reduction of these cations 

with various hydride donors (Section 2.2.4, page 157). Along the way, three different 

rearrangements were discovered, and these were investigated in detail. The results associated 

with these three rearrangements are discussed in this section as well (Section 2.2.3.1, page 1 10, 

Section 2.2.3.2, page 129 and Section 2.2.3.3, page 142). 

2.2.1 Synthesis of the Bicyclo[3.33]undecyl system 

Bicyclo[3.3. I lnonan-9-one 100 is a well-known starting material for a variety of bicyclic 

compounds and is one of the key intermediates for the preparation ofthe bicyclo[3 .3.3]undecyl 

system. There are a number of reported syntheses; the most direct methods are an Organic 

Synthesis preparation starting from 9-BBN (9-borabicyclo[3.3.1 Jnonan) (78 - 83 % yield) 

and the reaction of 1,5-cyclooctadiene with Ni(CO), (60 %).I6* The 9-BBN method employs 

syringe techniques, and is moderately costly (9-BBN, nBuLi, dichloromethyl methyl ether). 

The latter method is unattractive because of the toxicity of Ni(CO),. The 1964 six step 

synthesis of Foote and Woodward,'" starting fiom the cyclohexanone enamine 95 and 

acrolein, has been the most used route in the older literature but an overall yield of only ca. 20 

% and difficulties in purifjmg intermediates are the drawbacks of this method. 

Using the same starting materials as the Foote and Woodward synthesis, pure 

bicyclo[3.3.l]nonan-9sne was prepared in this work in a three step sequence (Scheme 4) with 

an overall yield of 47 % without purification of any intermediates. 



Scheme 4: Synthesis of bicyclo[3.3.1 Inonan-9-one. 

1. Zn, Naf, DMF, rf, 14h 
2. PtOz, Hz, 1 bar. RT, 2h 

3. Cr03, H2S04. acetone, RT 
- 7 5 %  

The reaction of enamine 9516' with acrolein is known1" to first give 96, but ultimately 

2-N-morpholinobicyclo[3.3.l]nonan-9-one is formed. This latter compound was used by 

Foote and Woodward but the removal of the morpholino group is troublesome. One can verifj. 

the in situ formation of 96, fkom 95 and acrolein, by means of an 'H NMR spectrum of a 

sample of the crude mixture, focusing on the alkene hydrogens. Cope et. and Allan et. 

a1.I7O, have described the mild hydrolysis of 96 to the respective keto-aldehyde, and the 

subsequent aldol condensation to give an epirneric mixture of 97. We have modified this 

procedure to give 97 in a one pot process fiom 95, using a 12 % aqueous H,SO, solution for 

the combined hydrolysis-aldol condensation step. The overall yield is much improved since 

isolation of the labile keto aldehyde is avoided. The crude alcohol 97 was used directly for the 

next step (purity > 95 % by GC and lH NMR). The replacement of the hydroxyl group in 97 

by chlorine, using POC1,-pyridine, results in a mixture of 98 and 99, as also reported by Allan 

et. aP70 Premixing the pyridine-POCl,, using an excess of pyridine, and then adding 



97, gave the best results. Various attempts to reduce the formation of 98 were unsuccessfula, 

so 98 and 99 were directly used in the zinc reduction step, a modification of the method of 

Fujimoto et. ~ l . . ' ' ~  In the work-up of this final reaction, a room temperature-atmospheric 

pressure Pt02 / H2 hydrogenation was carried out on the mixture of  98 and 100. This reaction 

is rapid in methanol, but is accompanied by ca. 5 % of ketone reduction, which was reversed 

with a small amount of Jones reagent. The crude off-white crystalline product 100 has an 

estimated 99.5 % purity by GC and the 'H NMR spectrum is identical to that obtained from 

recrystallized material, m.p. 152-1 54 OC (crude), reported,'6S 155 - 158.5 OC. 

Bicyclo[3.3.3]undecane was first synthesized by Leonard and-coworkerdn by a two fold 

Tiffeneau-Demjanov ring expansion of bicyclo[3.3.1]nonan-9-one. The first ring expansion 

could be carried out by simply adding in situ generated diazomethane to 100 forming 

bicyclo[3.3.2]decan-9-one 101. Attempts to fiuther ring expand 101 using diazomethaneunder 

a variety of different conditions and with addition of Lewis acids, such as BFpEt20 resulted 

in no detectable rea~ti0n.l'~ This unusual behavior can be explaned by the large steric strain 

contained in the bicyclo[3.3.3jundecyl system. 

The strain energy of bicyclo[3.3.3]undecane has been measured experimentally as 27.2 

kcal/m01,'~~ which is in very good agreement with the 26.1 kcdmol  calculated at a B3LYP 1 

6-3 1 G* level of theory using the homodesrnic reaction (24) (this work); 

a 

Chloride 99a has been shown to undergo aqueous (NaOH) base-induced elimination 
whereas isomer 99b gives mainly a ring-opened cyclooctenecarboxylic acid under the same 
conditions. We also find that only the exo chloride 99a is dehydrochlorinated by t-butoxide. 
The OH and C1 replacement in my work requires temperatures of at least 20°C and several 
hours reaction time. It is possible therefore that 99. is the source of alkene 98 via a slow 
reaction with the excess pyridine. Alternatively, the elimination may occur via the initially 
formed phosphate ester of the exo alcohol. 



The total strain energy according to Molecular Mechanics Calculations using the MM3 

force field was found to be 44.4 kcal/mola (see Table 16). 

Table 16. MM3 strain energy of the bicyclo[3.3.3]undecane."' 
MM3 strain in kcaVmol 
Total Strain Energy 44.4285 Gradient 0.0704 
Stretching 1.1528 Torsion-Stretch -0.3592 
Bending 13,6463 Bend-Bend 0.5597 
Torsion 12.644 1 VdW Energy 16.2442 
Stretch-Bend 0.5406 Bond Moments 0.0000 

The bicyclic ketone 100 proved to be inert to a variety of nucleophiles and the foxmation 

of the needed amino alcohol 105 was accomplished by a sequence of a Wittig type reaction, 

epoxidation with mCPBA, nucleophilic ring opening of the epoxide with sodium azide and 

reduction of the azide with catalytic hydrogenation. The second Tiffeneau-Demjanov ring 

expansion was then carried out in aqueous solution with acetic acid and sodium nitrite. 

Scheme 5: Synthesis of the bicyclo[3.3.3]undecane 59 according to Leonard el. aLtn 

a 

The large difference between the experimentally measured strain energy and the Molecular 
Mechanics calculated value is mainly due to using different reference points. 



More recently, Wayne and Snyder1" used trimethylsilyl cyanide in the presence of zinc 

chloride to convert the ketone 101 into 9-cyano-9-trimethylsiIoxybicyclo[3.3.2]decane 

followed by LAH reduction to form the amino alcohol 105. 

NC 0 
TMSCN, ZnC12 v lTMS 

LAH. ether 

The synthesis employed in this work followed closely the pathway of Leonard, but for 

preparation of the amino alcohol 105 the method of Wayne and Snyder was employed. 

The first ring expansion of bicyclo[3.3.l]nonan-9-one 100 was carried out by a dropwise 

addition of a methanol solution of DiazaldQ (Aldrich product) to a mixture of 100 and 

potassium hydroxide in water - methanol at 0°C. It was found that extending the addition 

period of the Diazalda solution from the 4 hours used by Leonard to 20 h increased the yield 

fiom the published 60 % to 72%. An even slower addition or the use of a larger excess of 

Diazalda did not result in a significant improvement of the yield. The resulting crude mixture 

consisted of bicyclo[3.3.2]dodecan-9-one 101 and bicyclol[3.3.1 Inonan-9-one 100, whose 

separation via column chromatography was troublesome. 

Heating a mixture of the ketone 101, zinc chloride and TMSCN to 100°C for 1 2 hours 

produced the cyanide 108, which was reduced to the amino alcohol 105 with LAH in ether 

according to the procedure of Wayne and Sn~der."~ The second ring expansion was 

accomplished by dissolving the amino alcohol 105 in an aqueous solution of acetic acid and 

dropwise addition of a sodium nitrite solution over a period of 30 min. The resulting solution 

was stirred at ambient temperature for 4 hours before it was heated to 90°C for 3h. According 

to the method of Leonard, the reaction mixture obtained after the addition of the sodium nitrite 

solution was immediately heated to 90°C, but in this work an additional stirring period at room 

temperature was found to improve the yields f?om 47 % to 87 %. Application of the Wolff- 

Kishner reduction according to Nagata and ~tazaki~~' was found to be the best method of 

reducing the ketones 106 and 107 to the alkane manxane (bicyclo[3.3.3]undecane 59) in 9 1 % 



yield. 

Hydrogen NMR spectra of manxane solutions in chloroform-d were found to be temperature 

dependent, which is associated with a flipping process of the three bridges. 

Figure 31: Flipping process of the bridges in 
bicyclo[3 ,3.3]undecane, 

Using line shape analysis techniques, the associated energy barrier for this process was 

measured to be 1 1.0 kcaVmol * 0.2 kcal/mol, which was in good agreement with the estimated 

value of 1 1 2 kcdmol by Parker and Schleyer. 

The facile oxidation of the bridgehead positions of bicyclo[3.3.3]undecane 59 was first 

recognized by Parker and coworkers who obtained mono and diperoxides upon bubbling air 

through a pentane solution for 2 h.'79 However, attempts to reproduce this hctionalization 

reaction yielded only traces of the oxidized products. Irradiation using a sunlamp and extended 

periods (2 - 4 weeks) of bubbling air through pentane or hexane solutions of 59 were required 

to yield the desired peroxides. Later, it was found that exposure of the solid alkane to air or 

pure oxygen resulted in a much higher reaction rate. Exposure of the solid alkane as a film on 

the surface of a round bottom flask to oxygen for 2 days formed a mixture consisting 

predominantly of the bicyclo[3.3.3]undecan-1-01109, mono and di peroxide as well as small 

amounts of the dioi 110. Exhaustive oxidation by exposing the solid bicyclo[3.3.3]undecane 

59 to oxygen for 3 weeks resulted mainly in the formation of bicyclo[3.3.3]undecane- 13- 

diperoxide, which was reduced with sodium borohydride to yield the desired diol 110. 



I conc. HCI 
CH2CI2 
0°C. 15 min. I m c .  HCI 

CH2CI2 
0°C. 15 min. 

Stirring a solution of the mono alcohol 109 or diol 110 in dichloromethane with conc. 

hydrochloric acid at O°C for 1 5 min. formed pure chlorides 1 1 1 and 1 12. This procedure was 

found to be superior to the treatment of the alcohols with thionyl chloride, as reported by 

Parker and  coworker^."^ The thermal stability of these tertiary chlorides is rather low and 

storing them at room temperature for 1 day causes significant decomposition. 

2.2.2 Synthesis of the Tricyclo[53.1 .l3~ldody1 system 

Tricyclo[S .3.1.1 3.9]dodecane 61 is known and has been synthesized by Sasaki and Tabushi 

via a two fold Tiffeneau-Demjanov ring expansion of 2-adamantanone by two cycles of HCN 

addition, reduction with LAH to the amino alcohol and reaction with sodium nitrite in acidic 

solution, forming tricyclo[4.3.1.13*7]undecan-2-~ne llSNO in 48 % to 85 % yield and 

tricyclo[5.3.1.1 3-7]dodecan-2-one 1 18'81 in 15 % yield from 115. Another method for the 

preparation of 115 makes use of a selective C-H insertion of dichlorocarbene followed by a 

hydrolytic rearrangement182 producing the desired ketone in 63 % yield from adamantane. 

Similar to the bicyclo[3.3.3]undecyl system the tricyclo[5.3.1. 13*9]dod~yl system has a high 

ring strain, which has a large effect on the reaction chemistry of this skeleton. According to 

B3LYP 1 6-3 lG* calculations the strain energy was estimated as 24.2 kcaVmol using the 



homodesrnic reaction (25). 

Molecular Mechanics calculations with the MM3 force field predict the total strain to be 

45.2 kcdmol (Table 17) . This result is analogous to that of the bicyclo[3.3.3]undecyl system 

and the discrepancy between the homodesmic reaction number and the MM3 strain energy can 

be largely attributed to having different reference points (see Footnote a on page 80). 

Table 17. MM3 strain energy of the tricyclo[5.3.1.1 39]dod~ii~le.'75 
MM3 strain in kcal/mol 
Strain Energy 45.229 1 Gradient 0.1887 
Stretching 1.3 196 Torsion-Stretch -0.4225 
Bending 10.6499 Bend-Bend 0.4050 
Torsion 16.2772 VdW Energy 16.5528 
Stretc h-Bend 0.4472 Bond Moments 0.0000 

In this project, the dichlorocarbene insertion procedure was slightly modified in the 

preparation of ketone 115, which was then used for the second ring expansion using TMSCN 

addition followed by LAH reduction to obtain the amino alcohol 117 (Scheme 6). 

Scheme 6: Synthesis of the tricyclo[5.3.1. 13.9]dodecane by a two fold ring expansion of 2-adamantanone. 



Dropwise addition of chloroform to a mechanically stirred mixture of adarnantane 113, 

sodium hydroxide solution (50 %) and benzene over a period of 36 hours yielded a mixture of 

adamantane and dichloromethyladamantane 1 14. Despite the foxmation of a black solid, which 

is most likely due to polymerization of the in situ generated dichlorocarbene, the yield of the 

reaction can be as high as 95 %, based on consumed adarnantane. Separation of the mixture, 

consisting of adamantane 1 13 and dichloromethyladammtaae 1 14 can best be achieved by 

sublimation, which becomes burdensome with large scale reactions (larger than 10 g). The low 

poiarity of both 113 and 114 makes a separation via silica gel column chromatography 

impossible. 

However, adamantane was found to be inert in the next step, allowing one to use the 

unseparated mixture of 113 and 114 as starting materials for the preparation of the 

tricycl0[4.3.1.1~~~]undecanone 115. Heating the reaction mixture of 113 and 114 in 85 % 

phosphoric acid to 120°C for an extended period of time (24 h) converted 69 % of the 

dichloride 114 into homoadamantanone 115, producing a mixture with adamantane and 

dichloromethyladamantane. Purification of the homoadamantanone 115 at this stage was facile 

and column chromatography on silica gel yielded pure 115 in 94 % yield based on consumed 

starting materiai. Increasing the reaction temperature substantially increases the reaction rate, 

but the yield is lowered due to the formation of white insoluble impurities (sparingly soluble 

in hexanes, not soluble in any other common solvent). 

Lewis acid (ZnI3 catalyzed addition of TMSCN to the ketone 115 was completed in 12 h 

at room tempreature to quantitatively yield the cyanide 116, which was reduced with LAH in 

reflwing ether within 4 hours. Dissolving the amino alcohol 117 in an excess of aqueous 

acetic acid and adding sodium nitrite solution induced the second ring expansion, to produce 

a mixture of the isomeric ketones 118 and 119, in the ratio 96 : 4. 

Reduction of the tricyclo[5.3.1. 13-g]dodecyl ketones 118 and 119 was accomplished via a 

Wolff-Kishner reaction,177 which was found to be superior to a sodium borohydride reduction 

of the corresponding tosyl hydrazonels ' in terms of number of steps and yield (89 % vs. 65 %). 

The hydrogen and the carbon NMR spectra of 61 were found to possess a temperature 

dependence, which can be attributed to a flipping process of the single flexible bridge (C6 - 



C7 - C8) in the tricyclo[5.3.l.l 3*9]dodecane hydrocarbon (see Figure 33). 

Figure 32: Riug flip of the C6-C7-C8 bridge in the 
bicyclo[S.3.1.1 39]dodecane 61. 

Using the carbon NMR spectra in the temperature range of 2 4 0 k  to 280 K and line shape 

analysis techniques, the associated energy barrier for this flipping process was measured as 

13.1 * 0.1 kcaVmo1. This value is slighty higher than the corresponding energy for the 

bicycloC3 -3.3Iundecane (1 1.0 0.2 kcdmol), which can be attributed to having a more rigid 

fkamework in the tricyclic hydrocarbon compared to the bicyclic structure. A more rigid 

structure would imply that large-angle strain, experienced by the carbon h e w o r k  in the 

transition state of this flipping process, involves a larger energy change, hence a larger energy 

barrier would be observed. 

Similar to bicyclo[3.3 .3]undecane9 tricyclo[5.3.1.1 3.g]dodecane 61 is readily oxidized with 

oxygen at room temperature. However, two different bridgehead positions with tertiary 

hydrogens are present in the tricyclic system, presenting two possible sites for an oxidation 

reaction. 

The oxidation of the solid alkane 61 proceeds without the need for a light source. 

Furthermore, no "initiation" period was observed and the products are formed in a relatively 

constant reaction rate. Partial oxidation of the alkane formed a crude mixture consisting of 

starting material, mono alcohol 120, diol 121 and only minor amounts of peroxides. This 

implies that initially formed peroxides must experience a homolytic 0-0 bond cleavage and 

a hydrogen atom abstraction to form the alcohol. The following proposed mechanism describes 

these reaction types (Scheme 7). 



Scheme 7: Proposed mechanism for the oxidation of tricyclo[5.3.1. 13.g]dodecane. 

Termination: 

Ab initio calculations at a B3LYP / 6-3 lG* level of theory of the homodesmic reactions 

(26) and (27) allow one to compare the two radicals 122 and 127. 



The radical 122 was calculated to be 8.1 kcaVmol more stable than 127, explaining the 

selectivity of this oxidation reaction (no alcohol or peroxide groups could be observed at the 

1 or 3 position of the tricyclo[5.3.1. 13*9]dodecyl system). In comparison with the tertiary butyl 

radical, species 122 is 5.9 kcaVmol more stable, which explains the high reactivity of the 

bridgehead hydrogens at the 5 and 9 position of the tricyclo[5.3.1. 13"]dodecyl system. 

Table 18: Caiculated energies of bicyclo[3.3.3]undecyl and tricyclo[5.3. l.13-9]dodecyl radicals at B3LYP / 6- 
3 lG*. 
Structure 

The diol 121 forms colorless tetragonal crystals, of which an x-ray crystal structure was 

obtained. 
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Figure 33: X-ray crystal structure of the 
tricyclo[5.3. I .  I 3.q]dodecane-5 9-diol. 

The geometrical parameters of this diol (see Table 19) indicate that all C-C-C angles 

involving bridge carbons (that is all carbons but C6') are unusual large, which confirms the 

steric strain involved in the tricyclo[5.3.1. 13-9]dodecyl Wework .  Furthermore, one of the 

hydrogens, bonded to the C3 carbon is relatively close to the cavity within this tricyclic 

structure, and this would be a potential candidate for a possible migration in the case of 

intramolecular hydride delivery (see Section 2.3, page 164). 

Table 19: Some geometrical parameters fiom the x-ray crystal structure of mcycIol5.3. I .  I 3-9]dodeca-5,9-diol 

Preparation of the dichloride 129 was accomplished by treating a solution of the 

corresponding alcohol in dichloromethane with conc. hydrochloric acid at O°C for 15 rnin. 

Filtration and evaporation of the dichloromethane by using a stream of nitrogen at 0°C 

produced solid 129, which was immediately used for subsequent reactions, since 

121 (see Figure 33 for the numbering system). 

Atoms 

01 -C1 

C1 -C2 

Bond length [A] 
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1.535 

Atoms 

0 1  -Cl-C2 

C2 -C1 -C4 

Angle [Ol 

104.1 

1 12.8 
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decomposition into a complex mixture occurred within one to two hours at room temperature. 

Several attempts to prepare the monochloride 128 in a similar way were not successll and 

resulted in the formation of a complex mixture. Using the method of Parker and coworkers179 

(thionyl chloride 1 chloroform) also only resulted in the formation of a complex mixtwe. 



2.2.3 Generation of the Bicyclo[3.33]undeeyI and Tricyclo[53.1.l3~dodefylI cations 

Bridgehead carbocations in small multicyclic compounds are often destabilized due to 

geometrical restrictions, which prevent the cation fkom attaining a favorable sp2 geometry, and 

additionally, because of limited flexibility of the a hydrogens the cation cannot obtain an 

optimal configuration for hyperconjugative overiap. However, the unique geometry and the 

large ring strain in the bicyclo[3.3.3]undecy1 or tricyclo[S.3.1. ~ ~ ~ ~ ] d o d e c y l  systems greatly 

favor an sp2 geometry at the bridgehead positions, thus stabilizing the formation of the 

corresponding carbocation (see Figure 34). 

Figure 34: Comparison of the improper torsion angle at the bridgehead position of the alkane and the 
monocation of the bicyclo[3.3.3]undecy1 and the tricycto[5.3. I .  1 3.9]dodecyl systems. 

An estimate of this stabilizing effect can be obtained by comparing the tert-butyl cation - 
tert-butane pair with the multicyclic monocation - alkane pairs. The following homodesmic 

reactions were considered in this work using a B3LYP / 6-3 1 G* level of theory. 

These calculations yield a fiee energy change for reaction (28) of -19.5 kcaVmol and -20.3 

kcaVmol for reaction (29). 



Considering the geometrical arrangement of the a-hydrogens and of the a-$ C-C bonds (see 

Figure 3 9 ,  it becomes obvious that C-C hyperconjugation rather than C-H hyperconjugation 

must make the major contribution to the stabilization of the monocations 78 and 34. 

Bridgehead axis 
1 

Bridgehead axis 

Figure 35: B3LYP / 6-3 1G* calculated geometries of the * 
bicyclo[3.3.3]undecyl and tricycIo[S.3.1- 13.g]dodecyl cations. 

The best arrangement for optimal hyperconjugation involves a parallel alignment of the 

interacting bond with the p-type-orbital of the cation carbon, which corresponds to a torsion 

angle with either 0 or 1 80" to the bridgehead axis illustrated in Figure 35. 

The B3LYP / 6-3 lG* optimized geometry of the bicyclo[3.3.3]undecyl cation 78 shows 

torsional angles between the bridgehead axis and hydrogen 1 of 37", indicating that 

hyperconjugation is expected to be effective, but not optimal. The C-H bond of hydrogen 2 is 

almost perpendicular to the bridgehead axis and is expected to make no significant contribution 

to the hyperconjugative stabilization of this cation. The C3-C4 bond showed a torsion angle 

to the bridgehead axis of 27O, which suggests that this interaction should be even more 

significant than for hydrogen 1. 

The tricyclo[5.3.1. 13*9]dodecyl monocation 34, shown in Figure 35, shows torsional angles 

between the bridgehead axis and the hydrogens 1,2 and 3 of 40°, 45" and 3 1 O, respectively, 

indicating that the C-H hyperconjugation of H3 is expected to be larger than for HI or H2. The 

torsional angle of the bridgehead axis to carbons 8, 10 and 12 was measwed as 26", 3 1 and 

32". Thus, one would expect that the C9-C10 bond of 34 would undergo the most efficient 

hyperconjugative interaction. 

The exceptional thermodynamic stability of 78 and 34compared to the tert-butyl cation 



explains the facile dissociation of the corresponding chlorides. The l-chloro- 

bicyclo[3.3.3]undecane, for example, has been shown to be 1 O4 times more reactive in 

hydrolysis reactions in aqueous ethanol than the terr-butyl system.'79 Attempts to prepare the 

tricyclic chloride 128 at O°C resulted in the formation of a wmplex mixture (see Section 2.2.2, 

page 89), which can now be explained by the facile dissociation of this chloride, followed by 

other reactions. 

Despite the large stabilization of the bicyclo[3.3.3]undecyl and the 

tricyc10[5.3.1.1~~]dodecyl cations, the formation of the dications 36 and 40 with a close 

proximity of the two catim centers, is expected to cause a very large repulsion energy. In 

order to quantify the magnitude of this repulsion energy, the following homodesmic reactions 

of the monocations 78 and 34 and the tert-butyl cation were considered at a B3LYP / 6-3 1 G* 

level of theory. 

The expected high repulsion energy is clearly reflected in the two strongly endothermic 

reactions (30) and (31), with calculated free energies of + 89.0 and + 88.7 kcal/mol. In an 

attempt to estimate the stabilization of the dications 36 and 40 through strain relief, the tertiary 

dication 130, with a fixed cation center separation of 2.8 1 A (cation center separation in the 

bicyclic dication 36 is 2.80 A and in the tricyclic cation 40 is 2.8 1 A), was compared to the 

multicyclic dications 36 and 40. 



Despite the incorporation of some error due to additional steric interactions of the methyl 

groups in the dication t 30 , the homodesmic reactions (32) and (33) illustrate that stabilization 

through angle strain relief is in the order of 2 1.0 kcaVmol for the bicyclo[3.3 -3Iundeca- 1 ,Zdi yl 

dication and 22.2 kcaVmol for the tricycl0[5.3.1. t 3.g]dodeca-5,9-diyl dication. 

The bicyclo[3.3.3]undecy1 mono and dication have already been prepared by Olah and 

 coworker^;"^ however, no experimental details were given. 

In this work the bicyclo[3.3.3]undec- 1 -yl monocation 78 was prepared either by dissolving 

a CDzClz solution of the alcohol 109 in a solution of SbF, and FS03H in S02ClF at -1  16OC or 

adding a solution of the chloride 111 in CD,Cl, to a solution of SbF, in S02ClF. 

At very low temperatures (- I 1 6OC), the 'H NMR spectra are consistent with a C,-symmetry 

axis, which produces axial and equatorial type hydrogens in the three bridges, and these show 

different chemical shifts. Warming the monocation solution to 2 1 1 K caused a collapse of two 

of the NMR peaks at 3.9 and 2.8 ppm, showing that a ring flipping confoxmational change was 

occuring (Figure 36). The rate for this process was measured as 10.5 * 0.3 kcal/mol. In the 

previous work of 01ah,183 this conformational flip was not seen. 

I 7  

78 78 

Figure 36: Flipping process of the C,-bridges of the 
bicyclo[3.3.3]undecyl cation. 

Upon further heating, the cation sample experiences decomposition into a complex mixture. 

At 232 K within a time period of 25 min. decomposition peaks became noticeable and at 242 

K, 70 % of the monocation had decomposed within 25 rnin., corresponding to an activation 

energy of 1 7 + 0.3 kcdmol. 



The best results for the preparation of the bicyclot3.3 -3Iundeca- 1 ,S-diyl dication 40 were 

obtained by dissolving the dichloride 129 in a solution of SbFS in SOslF at - I  ld0C, resulting 

in the formation of a clear, slightly yellow solution of the cation. In some cases, the addition 

of a small amount of CD2C12 was used to obtain a lock signal in the NMR spectrometer. In 

these cases, using typically 15 mg of the dichloride with LOO mg SbF, in 1.8 mL of S02ClF 

and 0.2 mL CD2C12, a metastable solution was formed at - 1 16°C. The sample could be 

maintained at this temperature for several hours without any noticeable change. However upon 

warming to -80 to -70°C (1 89 to 200 K) most of the dication irreversibly precipitated. 

Generation of the dication at -78OC in the concentrations describeh above, formed initially a 

clear yellowish solution, fiom which most of the dication precipitated as tine white crystals 

after a time period of cu. 1 m i . .  Addition of fluorosulfonic acid only slightly increased the 

solubility of the dication. Using a much more concentrated SbF, solution in S0,ClF (300 m g  

SbF, in 0.4 mL S0,ClF) finally prevented precipitation of the dication. On maintaining these 

dication solutions at -73OC (200 K) for 20 min., small amount of decomposition product was 

noted. At -52OC (22 1 K) 80 % of the dication decomposed within 20 min., corresponding to 

an activation energy for decomposition of 15.4 * 0.5 kcal/mol. 

Interestingly, the absence of the small amount of CD2Cl, in the dication solution had a 

dramatic effect on the behavior upon heating, resulting in a well defined rearrangement (see 

Section 2.3.3.1 page 1 10). 

The observation of dynamic NMR behavior as a result of the flipping process previously 

discussed was somewhat difficult, since significant decomposition was occurring at the 'H 

NMR coalescence temperature of -62°C (21 1 K). Nevertheless, the energy barrier for the 

flipping process was measured as 9.4 i 0.5 kcdmol using line shape analysis techniques. 

Comparing the energy barrier for this bridge flipping process in the alkane, the monocation 

and the dication of the bicyclo[3.3.3]undecyl system one sees a gradual decrease of the energy 

barrier &om the 1 1.0 kcaVmol in the hydrocarbon to 10.5 kcal/mol in the monocation and 9.4 

kcal/mol in the dication. This decrease can be explained by a smaller amount of angle strain 

in the transition state implied by the sp2 hybridized bridgehead centers compared to the sp3 

hybridized bridgehead centers of the hydrocarbon (see Figure 37). 



increasing angle strain of the C2-CSC4 bridge 

Figure 37: Transition states for the C,-bridge flipping process in the 
bicycio[3.3,3]undecy1 system. 

An interesting property of the bicyclo[3.3.3]undecyl cations 34 and 40 is the I3C NMR 

chemical shift behavior. The positive carbocation carbon chemical shift of the monocation 34 

was measured as 357.5 ppm and in the dication 40 as 347.0 ppm. Since the geometry of the 

charged cation center is practically identical in the mono or the dication, one would expect that 

the stabilization through relief of angle strain as well as hyperconjugation to be very similar 

in both cations. Hence, the paramagnetic shielding effect of the cation center is expected to be 

very similar and the difference of the chemical shift should be a result of different charge 

densities around the cation centers. Naively, one might have expected the dication to show the 

lower field chemical shift, but if one examines the LUMO orbitals of the mono cation 78 and 

the dication 36 (see Figure 38) one can see that the charge is more localized in the monocation. 



Figure 38: LUMO and LUMO + I orbitals of the monocation 78 and the dication 36. 

Furthermore, the calculated Mulliken charges (B3LYP 1 6-3 lG*), normalized to one in the 

monocation and two in the dication, quantify the local charge at the wnesponding cation 

center in question and values of 0.32 and 0.27 were obtained for the monocation 34 and the 

dication 40 at a B3LYP / 6-3 1 G* level of theory. 

This unexpected property of the monocation having a lower field I3C chemical shift than 

the dication could be reproduced theoretically using ab initio calculations. The B3LYP 1 6- 

3 1 G* optimized geometries of the bicyclic monocation 78 and dication 36 were used for the 

GlAO NMR calculations at an MP2(Full) / 6-3 lG* level of theory. The experimental and 

theoretical spectral comparisons are shown in Figures 39 and 40. 
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Figure 39: Experimental (bottom) and calculated fMP2(Full) / 6-3 LG* N B3LYP I 6-3 lG*) (top) NMR 
spectra of the bicyclo[3.3.3]undecyL cation 78. 
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Figure 40: Experimental (bottom) and calculated (MPZ(Ful1) / 6-3 LG* I1 B3LYP ! 6-3 lG*) (top) NMR 
spectra of the bicyclo[3.3.3]undecyl dication 36. 



The experimental high field 13C signals show excellent agreement with the calculated gas- 

phase values, with deviations of approximately 2 ppm. The cationic centers however, show 

a slightly higher deviation which could be caused by solvation effects, which should have a 

larger influence on the charged atoms. Nevertheless, the theoretically calculated "C chemical 

shift for the cation center in the monocation was predicted to be lower field than the 

corresponding shift in the dication, which is in agreement with the experimental observations. 

Attempts to generate the tricyclo[5.3.1.1 3*g]dodec-l -yl cation in superacid solutions fiom 

the alcohol 120 under conditions used for the generation of related bicyclo[3.3.3]undecyl 

monocation were not successfbl (the corresponding chloride was not available as starting 

material see Section 2.2.2 , page 90). Instead of the expected tricyclo[5.3.1.1 3S]dodec- 1 -yl 

cation, a pure solution of 2-ethyl-2-adamantyl cation 35 was obtained. 

Lowering the temperature at which the alcohol 120 was ionized, to -1 35°C to - 130°C, still 

resulted in the formation of cation 35 and no tricyclo[S.3.1.1 39]dodecyl cation 34 was formed 

(at this low temperature, the superacid mixture consisting of SbF* FS0,H and S0,CIF 

becomes very viscous, and it freezes if cooled fbther to ca. -140°C). 

Since the ionization of alcohols in super acid solution is strongly exothermic (see Section 

1.4.2, page 17) local heating was thought to be the reason for the complete rearrangement of 

the monocation 34 into the ethyladarnantyl cation 35. Alternatively, the protonation of an 

alkene to generate a carbocation is less exothennic and such a reaction should result in smaller 

local heating effects than for the ionization of the alcohol. 

At temperatures of ca. -l4O0C (partially frozen superacid mixture) addition of a tricyclic 

bridgehead alkene 62 solution to the superacid solution produced a mixture of the desired 

tricyclo[5.3.1.1 33]dodec- 1 -yl cation 34 and the rearranged cation 132. 



The preparation of the pure cation 132 was achieved by ionization of 6- 

methyltricyclo[4.3.1.1 3*a]undecan-6-ol 133 in superacid at - 1 3S°C, allowing one to assign all 

of the I3C NMR signals of this cation. 

The carbon NMR of the cation 34 showed 12 signals with a C+ chemical shift of 335.5 ppm. 

This chemical shift is distinctly different fiom the vdue found in the related 

bicyclo[3.3.3]undecyl monocation 78 (357.2 ppm), suggesting that structural and electronic 

effects must be rather different in these two systems. 

- 
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between the bridgeheads. 

Figure 41: B3LYP 1 6-3 LG* optimized geometries of the 
bicyclo[3 -3 -3Iundecyl cation 78 and the mcyclo[5.3.1.1 3-9]dodecyl cation 34. 

The B3 LYP / 6-3 1 G* optimized structural features of cations 78 and 34 are summarized 



in Table 20. 

C'-aC bond length C8-C 1 1 I 

Table 20: GeomeaicaI parameters of B3LYP 1 6-3 lG* optimizec 

aC-PC bond I C1l-C1o I 1.575 

geometrical 
feature 

bicyclo cation 78 (C, symmetry) 

I a~ - PC torsion I I 
bridgehead axes - 

I bridgehead axes - I PC-aC: C lo-C 1 1 1 27.3 

aH: H28 I H29 37.3 182.9 

I improper torsion 
angle at the C' 

structures 78 and 34. 

tricyclo cation 34 

distance to center 
between 
bridgeheads (ghost 
atom) [A] 

While the bicyclic monocation 78 has a C,-symmetry and all the three bridges contribute 

the same amount of stabilization through C-H and C-C hyperconjugation, the tricyclic cation 

34 shows slight differences between the three bridges. The two bridges in the adamantane-like 

substructure ( C3-C4C9 and C 1 -C6-C7) show shorter aC-C' bonds and longer aC-PC bonds 

than the C 1 0-C 1 1 -C 12 bridge, indicating that C-C hyperconjugation is more effective in the 

adamantane-like substructure, with the C3-C4-C9 bridge possessing the strongest C-C 

hyperconjugation. This property can be explained by the effect of the CS CH2 group in closing 

up the distance between carbons 4 and 6, which then results in a smaller torsion angle between 

the C2-C8 ax is  and the C3-C4 or C1-C6 bonds, respectively, as well as a smaller distance 

C3-C8-C7-C 1 1 174.3 

C 10 2.092 



between the carbons 4 or 6 and a line drawn between the bridgehead carbons. A smaller torsion 

angle and a closer proximity of the carbon atoms in question forms a geometry with more 

efficient overlap of the LUMO orbital (see Figure 35 and 42) and the corresponding C-C 

bonds, which in turn increases the C-C hyperconjugation. The difference between the two 

bridges in the adamantane-like substructure can be explained by a deformaton of the LUMO 

orbital by the C-C and C-H hyperconjugation of the C 10-C 1 1 -C 12 bridge. This deformaton 

forces the LUMO orbital to be slightly bent towards the C3-C4-C9 bridge, which in tum 

reflects a more extensive hyperconjugation (see orbitals in Figure 42 for the monocation 34 

and Figure 46 for the dication 40) 

Figure 42: LUMO orbital of the tricyclo[5.3.1. I'-g]dodecyl cation 34 at B3LYP 1 6-3 lG*. 

One can see a rather distinct difference between the orbital lobe sizes on the two bridges in 

the adamantme substructure (top two C3 bridges in Figure 42) and the other bridge. The 

corresponding coefficients on the a-hydrogens, illustrating the strength of the C-H 

hyperconjugation, show the opposite trend and it appears that C-C and C-H hyperconjugation 

on an individual bridge are balanced out. 

At this point it seems appropriate to mention that the shape of the LUMO orbital of a 

carbocation shows two important features. First, the coefficients of the LUMO indicate the 

most electrophilic regions, which is where a possible attack by a base or a nucleophile is 

expected to occur. Second, the strength and location of stabilizing interactions can be 

recognized from various Iobe sizes. The latter feature is not a direct consequence of the LUMO 



orbital and is easily misunderstood. Therefore, this principle is explained in somewhat greater 

detail in the following paragraph. 

orbital in a 
carbocat ion 

PC' orbital 

- - 
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interaction (can also be a G C  bond) 

Figure 43: Hyperconjugation interaction between the porbital of a carbocation 
center (p-C') and a C-H bond. 

Electron donation (stabilization) in most alkyl carbocations involve C-C or C-H bonds 

(hyperconjugation), which donate a small amount of their total electron density. A bonding 

interaction (in-phase interaction) between a p type orbital of a carbocation center (p-C') and 

a C-H bond (C-H- hyperconjugation) forms a new orbital (yI in Figure 43) with a lower energy 

than the original C-H bond. This interaction is the direct cause for the associated stabilization. 

However, in all but the smallest carbocations, these low-lying bonding orbitals are very 

complex (unlike the simple picture in Figure 43) and it is therefore difficult to identify the 

contribution made by this hyperconjugative interaction. Since every bonding interaction also 

has an antibonding counterpart, it is usually much easier to examine the LUMO orbital ( ~ 3  
to see these hyperconjugative interactions. 

Ab initio GIAO NMR calculations at an MP2(Full) / 6-3 1 G* level of theory on the B3LYP 

/ 6-3 1 G* optimized geometry of 34 were in good agreement with the experimentally measured 

data, as shown in Figure 44. 



Figure 44: Calculated ( MP2(Full) 1 6-3 IG* N B3LYP 1 6-3 lG*, top) and experimental (bottom) ''C NMR 
spectra of tricyclo[5.3. I .  I'.9]dodec- 1 -yl cation, isopentyi cation and 2-methylpentme. 

The cleanest spectra of the tricyclo [5.3.1.1 3s]dodecyl monocation 34 were obtained by 

reducing the dication 40 with 2-methylpentane (see Section 2.2.3.2, page 132). The chemical 

shift of the cation carbon of 34 was calculated as 332.6 pprn and agreed very well with the 

experimental value of 335.1 ppm. A large difference in the chemical shift of the $-carbons in 

this system confirmed the distinct differences of the C-H versus C-C hyperconjugation in the 

three different bridges (C4: caic. 79.8 ppm, exp. 75.5 ppm, C6: calc. 74.1 ppm, exp. 69.2 ppm, 

C 1 1 : calc. 36.8 ppm, exp. 32.2 pprn). 

Comparing these values with the bicyclic monocation 78 (C': calc. 346.5 ppm, exp. 357.5, 

PC: calc. 39.3 ppm, exp. 37.5 ppm) one sees a large difference in these chemical shifts, 

confirming the distinct nature of these two systems. 

The 12 individual signals in the I3C NMR spectrum of 34 at temperatures lower than -60°C 

indicate that no symmetry is present in the molecule. Hence, the possible ring flip of the bridge 

C 10-C 1 I -C 12 must be slow compared to the NMR time scale. 



Attempts to measure the associated energy barrier for this process by warming 34 above 

-60°C resulted in irreversible reamgement into the 2-ethyl-2-adamantyl cation (see Section 

2.2.3.2, page 129), preventing one fiom measuring the energy barrier for a possible ring flip 

process. 

Tricyclo[5.3.1. 13~g]dodeca-5,9-decyI dication 40 was prepared by addition of a CDzClz 

solution of the tricyclic dichloride 129 to a solution of SbFS in S0,ClF at -1 16°C. NMR 

experiments at - 1 OS°C (1 68 K) revealed a species with eight different 13C signals containing 

one absorption at 327.8 ppm, which is in accordance with the static geometry of the dication 

40. 

Considering the ring flip process of the bicyclo[3.3.3]undecyl system, the associated energy 

barrier varies less than 2 kcaVmol comparing the alkane 59 with the dication 36. By analogy, 

one would expect the energy barrier for the corresponding process in the 

tricyclo[5.3.1.1 3.9]dodecyl system to behave similarly and an energy barrier for this process in 

the dication of ca. I 1 kcaVmol would be expected. NMR experiments at - 105°C therefore are 

expected to reveal the fiozen out or static structure, which is in agreement with the observed 

Furthermore, the extensive C-C hyperconjugation, observed in the monocation 34, should 

also be present in the two adamantane like bridges of the tricyclo[5.3.1. 13*g]dodecyl dication 

40 and all but two carbon signals are expected to possess a relatively low field chemical shift. 

This indeed was the case with the observed "C NMR spectrum, which showed two CH signals 

at 72.1 and 67.1 ppm respectively as well as 3 CH2 groups at 65.9,60.1 and 57.4 ppm and two 

high field CH,'s at 35.1 and 27.6 ppm. 

Theoretically calculated NMR shifts at a MP2(Full) / 6-3 1G* // B3LYP / 6-3 lG* level 

using the GIAO method were in good agreement with the ex&ental data (see Figure 45). 
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Figure 45: Experimental (bottom) and calculated (MP2(Full) 1 6-3 1G8 I/ B3LYP I 6-3 IG*) (top) '?C NMR 
spectra of the tricycio[5.3.1. l'.9]dodeca- l,5-diyl dication 40. 

The chemical shift of the cation centers, 327.8 pprn, had a higher field chemical shift than 

the corresponding value for the monocation 34 (335.1 ppm). Although the theoretical 

prediction is for the opposite trend, the corresponding values differ only by a few ppm. These 

deviations most likely result from different solvation effects. Slightly different concentrations 

of the cation or SbF, in a sample solution can cause chemical shift changes of the C' carbon 

by several ppm. Hence, the deviation of the calculated and experimentally measured values can 

at Ieast partially be attributed to solvent effects. 

The higher chemical shift of the cation centers in the dication 40 compared to the cation 

center in the monocation 34 parallels the findings in the bicyclo[3.3.3]undecyl system and can 

be explained by the positive charge of the dication being spread out over a larger space, 

dispersing the positive charge on the cation centers (see also Section 2.2.3, page 96). 

The Mulliken charges of the cation centers were calculated (B3LYP / 6-3 1 G*) to 0.296 in 

the monocation (normalized to 1.00) and 0.266 in the dication (normalized to 2.00). The 

LUMO and LUMO+ 1 orbitals are given in Figure 46. 



Figure 46: LUMO and LUMOt1 orbitals of the tiryclo[S.3.1. 13,9]dodec- 1.5-diyl dication 40 at B3LYP / 6- 
3 IG*. 

The two p type orbitals of the cation centers interact with each other and produce an in- 

phase interaction, resulting in the formation of the LUMO and an out of phase interaction in 

the formation of the LUMO + 1 orbital. As in the monocation (see Section 2.2.3, page 101), 

stabilization of the dication through hyperconjugation forms a bonding and an antibonding 

interaction with the electron accepting orbital. In this case, however, there are two electron 

accepting orbitals, the LUMO and the LUMO + 1, which both interact with other bonds in the 

molecule. The LUMO orbital shows a relatively large component involving the a - f3 C-C bond 

and only minor contribution fkom the a C-H bonds. The LUMO + 1 orbital has about an equal 

contribution fiom the a C-H and the a - C-C bond. Since the LUMO + 1 orbital possesses 

a higher energy than the LUMO orbital, the hyperconjugation interaction is expected to be 

stronger in the LUMO than in the LUMO + 1. Since the C-C hyperconjugation has a larger 
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contribution in the LUMO orbital, the stabilization of the dication through C C  

hyperconjugation is therefore expected to be larger than that f?om C-H hyperconjugation. 

A comparison of the geometrical features of cations 36 and 40 was carried out and the 

results are summarized in Table 2 1. 

36 
= 'ghosr atom marking center 

between the bridgeheads. 

Figure 47: Optimized geometries of the dications 36 and 40 
3 1 G* level of theory. 

at the B3LYP I 6- 

Table 2 1: Geometrical parameters of B3LYP 1 6-3 1 G* optimized structures 36 and 40 (see Figure 47 for the 
numbering system). 

geometrical 
feature 

C'-aC bond length 
[A] 

aC-PC bond 
length [A] 

aC-f-f bond length 
14 

bridgehead axis - 
aC - PC torsion 
angle [O] 

bicyclic cation 36 (C, symmetry) 

C8-C 1 1 

CI 1-ClO 

C 1 1 -H28 1 C 1 1 - 
H29 

aH: H28 1 H29 

tricyclic cation 40 

1.475 

1.577 

1. 103 1 1.093 

37.7 I 82.1 

1.475 1 1.476 1 
1.473 

1.572 / 1,595 1 
1.597 

1.104 1 1.1001 
1.100 
1.093 / 1.092 1 
1 -092 

36.0 135.1 135.4 
83.2 186.2 1 86.5 

C2-C 10 I C2-C3 1 
C2-C 1 

CIO-CI 1 1 C3-C4 
I C1-C6 

C6-H10 1 CIS- 
H20 I C 16-H26 
C6-HI4 1 CIS- 
H19 / C16-H27 

I 

a-H: HI0 / H20 / 
H26 
a-H: H14 / H19 / 
H27 



Comparing the properties of the two dications 36 and 40 only small geometrical differences 

in terms ofbond distances and torsional angles were noted kom the calculated structures. The 

biggest difference is in the distances of the carbon centers C2 I and C28 of 40 to the center of 

the dication cavity (marked with a black dot in Figure 46; ghost atom) compared to the carbon 

center C 10 - ghost atom in the bicyclic dication 36. The smaller distances in the tricyclic 

dication 40 are in agreement with a stronger C-C hyperconjugation in the tricyclic structure, 

which would explain the experimental NMR data for the C2 1 and C28 carbons, which were 

found to be at a relatively low field position compared to the carbon C4 (see Figure 45). 

However, these differences in C-C or C-H hyperconjugation are not as large as in the 

monocation, which is also reflected in the sizes of the LUMO orbital lobes (see Figures 46 and 

42). 

Investigating the thermal stability of the dication 40, one finds that the solution is stable up 

to -78°C for 15 min. without significant decomposition. Maintaining the cation solution at 

-63°C (2 10 K) for 10 min. causes approximately 90 % of the dication to decompose into a 

complex mixture, which corresponds to an activation energy of 14.5 * 0.4 kcaVrno1. 



2.2.3.1 Rearrangement of the Bieyclo[333] undecyl dieation 

Maintaining a solution of bicycio[3.3.3]undecyl dication in S4ClF at -78OC (absence of 

CD,Cl, ) for an extended time period (12 h) caused a significant amount of the dication 36 to 

remange. Measuring the rate for the corresponding rearrangement at -52°C revealed that 36 

% of 36 rearranged after 30 min., corresponding to an activation energy of 1 6.0 * 0.4 kcal/mol. 

The initially formed rearrangement product showed 13 low field protons in the 'H NMR 

spectrum, all of these assignable to an alpha position relative to the cation center, as well as 

two different C- signals at 329.3 ppm and 323.6 ppm in the I3C NMR. DEPT experiments 

identified two overlapping methyl groups (peak areas determined using an inverse gated "C 

NMR spectrum), five methylene groups and two methine groups. The combination of this data 

allows one to propose the two possible candidates 134 and 135 for this first rearrangement 

product. 

Using ab initio calculations at a B3LYP / 6-3 1G* level of theory, the ground state energy 

of 135 was calculated to be 5.0 kcdm01 higher than for 134, suggesting that proposed 

structure 134 is the first observable intermediate. 

Table 22: Calculated energies of possible intermediates in the rearrangement of bicyclo[3.3.3]undeca- 13-diyl 

Further support for this structure was gained by comparing the theoretically predicted "C 

dication at B3LYP / 6-3 IG*. 
rel. energy 
(ref) 
[kcaVmol] 

0 

-22.07 (36) 

-17.07 (36) 

Structure 

A 36 

%'&c*, 134 

,,,Ach 135 

HF [Hartreel 

-429.294393323 

-429.323 166043 

-429.3 13 157785 

ZPE 
Fcdmol] 

168.46 

165 S O  

164.9 1 

H0298'H00 

@cal/mol] 

6.73 

7.44 

7.7 1 

Sobs 
[caYmol 
Kl 

93.29 

99.50 

102.82 

[Hartreel 

429.06424 1257 

-429.0994 13003 

429.09 1437375 
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NMR shifts (B3LYP / 6-31GS) with the experimental values (see Table 23). From this 

comparison, structure 134 can be assigned to the first observable intermediate with a high 

degree of certainty. 

exp. values $-, 134 6 ( P P ~  135 

+2 pcc 
2 

13 M1 
+ H 2 5  C42 "a 

atom calc. value: difference to differwce to calc. value: atom number 
number 6 (ppm) exp, values exp. values 6 (ppm) 

1 (CH,) 63.16 4.1 59.1 4.97 64.07 2 (CH2) 

2 (0 32 1.80 -7.5 329.3 6.47 335.77 1 (c) 

3 (CHL) 55.92 1.9 54.0 - 14.7 39.29 5 (CH3 

4 (CHI 64.26 1.2 65.4 -5.8 59.59 6 (CH) 

5 (CHL) 57.47 -0.2 57.7 2.22 59.92 8 (CH2) 

6 (CH) 3 5.48 2.7 32.8 2.78 35.58 3 (CHI 

7 (CH,) 64.09 -1.3 63.1 3.0 1 66.11 lO(CH2) 

8 (CHd 51.51 -2.5 54.0 -27.68 26.32 4 (CHJ 

9 (C') 310.19 -13.4 323.6 2.88 326.48 9 (C7 

LO (CHj) 46.1 1 -0.7 46.8 0.18 - 46.92 7 (CH3) 

1 1  (CHd 46.28 -0.6 46.9 2.06 48.96 i I (CH3) 

In measuring the rearrangement rate for the fonnation of 134 from 36 by maintaining the 

sample at -52OC for 30 min., a second rearrangement product could also be observed. After 

about 30 min. at -46"C, most of the initial dication 36 had disappeared and the first 

rearrangement product 134 became the main component of the reaction solution. Raising the 

temperature to - 4 1 "C and maintaining it there for 30 min. caused 32 % of 134 to rearrange into 

the second product. This reaction rate corresponds to an energy bamer of 17.4 * 0.4 kcallmol. 

The formation and disappearance of the various dications in this reaction mixture can be 

followed by 13C NMR spectroscopy, illustrated in Figure 48. 
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Figure 48: A series of 13C NMR spectra showing the progress of the reamgemeat of the 
bicycIo[3.3.3]undeca- 1,S-diyl dication. 



Eventually a relatively clean solution of the second rearrangement product was formed, 

which proved to be thermally quite stable. Only about 40 % of this cation had decomposed into 

a complex mixture after storing the sample at -1 8OC for one week. The 'H NMR spectrum of 

this second product showed a low field doublet (4 H) at 4.6 ppm, a doublet of doublets (4 H) 

at 4.3 ppm and a quintet (6 H) at 3.7 ppm. Higher field singlets were found at 3.1 and 2.3 ppm, 

each of area two. 

The 13C NMR spectrum showed only five signals, whose relative areas could be determined 

using inverse gated broadband decuupling techniques. The five sighals were measured at 332.3 

ppm (two quaternary carbons), 64.0 (four methylene carbons), 45.3 (two methyl carbons), 27.3 

(two methine carbons) and 26.7 (one methylene carbon). The presence of four identical 

methylene groups in a molecule with a total of 1 1 carbons requires one to have at least two 

planes of symmetry. Arrangement of two more pairs of identical carbons (one pair C+ and one 

pair CH) and a singIe CH, in a system with two planes of symmetry leaves only one possible 

structure, 3,7-dimethylbicyclo[3.3.1 lnona-3,7diyl dication 37, for the second rearrangement 

product . 

A b  inifio calculations at a MP2(Full) / 6-3 1 G* // B3LYP / 6-3 I G* level of theory were used 

to compare the experimentally obtained I3C NMR spectrum with the theoretically predicted 

chemical shifts (see Figure 49). 
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Figure 49: Comparison of the experimentally measured and the calculated (B3LYP / 6-3 1G+) I3C NMR 
spec tnun of 3,7-dimethylbicyclo[3.3.1 Inom-3,7-diyl dication 37. 

Quite good agreement between the theoretically predicted and experimentally measured 

chemical shifts were obtained, confirming the proposed structure 37 as the second 

rearrangement product. 

The optimized (B3LYP / 6-3 1 G*) geometry of 37 (see Table 24 for selected parameters) 

reveals a bicyclo[3.3.l Jnonyl structure with a very large torsion angle of the methyl groups to 

the bridgehead methines. This unusual geometry, resembling the transition state of a flipping 

process of the C3 bridges in the bicyclo[3,3.I]nonyl system, can be attributed to the large 

repulsion energy of the two cation centers. 

18 I? 



Table 24: Geometrical uarameters 4 

I geometrical feature 

3f  B3LYP / 6-3 lG* optimized structures of dication 37 (G). 

1 I 
I C - a C  bond length [A] 

I aC+C bond length [A] 

aC-H bond length [A] 

I bridgehead axis - aC - $C torsion 
angle ["I 

- - -  

I a ~ - C - -  a~ - PC torsion angle lo] 

I improper torsion angle at the C 

I distance of PC to C [A] 

The considerably larger separation of the two cation centers in 37, relative to 36 (3.58 A vs. 

2.8 1 A) is expected to be the main driving force for the reammgement, in which dication 37 

was calculated to be 26.9 kcdmol more stable than dication 36, using a B3LYP / 6-3 1 G* level 

of theory. This value is close to the calculated (B3LYP / 6-3 1 G*) energy difference (27.0 

kcalhol) beween the two 2,5-dimethylhepta-2,Miyl dication structures 130 and 136. In the 

latter, the cation structure was hlly optimized to give a C- - C separation of 5.21 A, while 

structure 130 was optimized with the cation centers being restricted to a 2.8 1A distance. 

An interesting feature of dication 37 is the "C NMR chemical shift of the bridgehead 

carbons (C4, C6), which show very little sign of being involved in C-C hyperconjugation. 



A comparison of 37 with the related tricyclic dication 40 itlustrates the dependawe of C-C 

hyperconjugation, as reflected in the chemical shift of the affeaed carbons (e.g. C4 I C6 in 37 

and C2 1 C28 in 40), and the distance between these and the corresponding C' carbon (2.59 A 
in 37 and 2.49 A in 40). 

In the tricyclic dication 40, C2l and C28 had chemical shifts of 67.1 and 72.1 ppm, 

respectively, while in the dication 37, C4 and C6 were observed at 26.3 ppm (see Figure 48). 

Off-setting the lack of C-C hyperconjugation in 37 is a much stronger C-H 

hyperconjugation (in comparison to 40). This interaction is visible in plots of the LUMO and 

LUMO + 1 orbitals of 37. 



Figure 50: LUMO (top) and LUMO + 1 (bottom) orbitals of the 3,7-dimethylbicyclo[3.3.l]nona-3,7-diyl 
dication 37. 

In considering a possible mechanism for the rearrangement of  dication 36 into 37, it 

becomes clear that the first step must be a 1,2 hydride shift in the bicycIo[3.3.3]undecyl 

dication (see Scheme 8). The only other plausible first step is a ring contraction which would 

result in the formation of a primary carbocation (or protonated cyclopropane), both high energy 

intermediates, so this reaction is unlikely to occur. 



Scheme 8:Proposed reaction mechanism for the rearraagement of the 
bicyclo[3.3.3]undecyl dication 36 (numbers in brackets are the relative free energies 
according to B3LYP / 6-3 lG* calculations referenced to the dication 36). 

Ab initio calculations at the B3LYP / 6-3 1 G* level of theory show the secondary cation 137 

to possess a relative fiee energy of 14.9 kcdmol (relative to the bicyclo[3.3.3]undecyl dication 

36 as zero). A 1,2-alkyl shift of either bridge would form the secondary cation 138 with a 

relative free energy of 1 0.7 kcdmol. At this point two reasonable pathways leading to the first 

observable rearrangement intermediate 134 are proposed. 



Scheme 9: Pathway A of the bicyclo(3.3.3]undecyl dication rearrangement. Values in brackets correspond 
to reiative free energies according to B3LYP / 6-3 lG* calculations referenced to the dicatim 36. 

Pathway B - 

The first proposed pathway (pathway A) consists of an initial ring contraction of the 

intermediate 138 to the methyl substituted bicyclo[3.3.2]decyl dication 139 with a relative fiee 

energy of -3 -7 kcal/mol. A 1,2 hydride shift fiom the C, bridge to the bridgehead in 139 would 

form the secondary cation 141 which was not a ground state according to calculations at the 

B3LYP 1 6-3 1 G* level of theory. Attempts to optimize the geometry of 141 led to the structure 

142, which was found to be 1.1 kcdmol lower in energy than the initial bicyclo[3.3 -3Jundeca- 

1,5-diyl dication 36. Rearranging 142 by a 1,2 allcyl shift of the C, bridge leads to the 

bicyclo[4.3.1 Idecyl cation 143 (rel. fkee energy: -4.1 kcal/mol) fiom which either a 1,2 hydride 

shift (intermediate 147 with a rel. fkee energy of -3.4 kcdmol), followed by a ring contraction 

would lead to the first observable cation 134, or one could have an initial ring contraction of 

143 to form 144 (-22.1 kcdmol) followed by series of hydride and methyl shifts involving 

intermediates 145 and 146 to also fonn the first observable cation 134. 

Starting fiom the intermediate 138 the second pathway (Pathway B) (see Scheme 10) 



follows a route involving intermediates 140 (+ 13.3 kcallmol), 148 (+0.0 kcal/mol), 149 (-0.3 

kcal/mol) and 150 (-0.5 kdmol ) .  From the proposed intermediate 150 two different routes 

would lead to the final rearrangement product 37. The first route would be a hydride shift 

followed by a ring contraction involving the secondary cation intermediate 151, with a relative 

free energy of -6.9 kcal/mol compared to 36. This route however would not involve the first 

observed intermediate 134 and it is therefore not the most promising pathway variation. The 

second route would be a ring contraction of the intermediate 150 to form the first observable 

intermediate, which could then undergo a hydride - methyl - hydride shift sequence to form 

the final 3,7-dimethylbicyclo[3.3.1 Jnona-3,7-diyl dication. Only the first intermediate 152 was 

found to be a ground state according to B3LYP / 6-3 lG* calculations, possessing a relative 

fkee energy of -1 1.9 kcal/mol. Attempts to optimize the geometry of 153 at the same 

calculation level resulted in the formation of 37. 

Scheme 10: Pathway B of the bicyclo[3.3.3]undeca- 1,S-diyl dication rearrangement, Relative free energies 
compared to the dication 36 are given in brackets. 

Considering that all the reaction steps are hydride or alkyl shifts, which are expected to 
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possess similar transition states with similar energy barriers, pathway A involving the 

intermediate 145 would be the most probable reaction cascade,-since all the intermediates 

involved have relatively low free energies. The second route in pathway A consisting of the 

intermediates 144, 145 and 146 is expected to be a less probable reaction route, since the 

intermediate 144 was calculated to possess an almost identical relative free energy to the 

experimentally observed dication 134, and a reaction mechanism involving this intermediate 

should have resulted in a detectable concentration of this cation at some point in the 

rearrangement cascade. 

Table 25 summarizes the calculation results on all of the intermediates under discussion. 

Table 25: Calculated energies of possible intennediates in the rearrangement of bicyclo[3.3.3]undeca- 1,5-diyl 
dication at B3LYP / 6-3 lG*. 

rel. energy 
(ref.) 
~cal/moll 

-- la. 139 1-429.296996849 



In order to obtain conclusive evidence for the identity of the 3,74imethyl- 

bicyclo[3.3.1 Inona-3,7-diyl dication 37, it was synthesized via a more straightforward route. 

The synthetic strategy for the "direct" generation of dication 37 was to prepare a dimethyl 

substituted bicyclo[3.3.lJnonane system with two functionalitia in place suitable for 

ionization in superacid solutions. 

Possible precursors 154 and 155 would be expected to form the protonated ether 157, by 

analogy to the known reaction of the diene 158 to fonn the substituted adamantane derivative 

161 in acidic solutions.'84 

Less likely to form such adarnantane-like structures would be the precursor 162 . Ionization 

of the tertiary position in superacid solution is expected to occur very rapidly, while the 

primary chloride would probably initially form a Lewis acid complex, species 163. 



Eventually, the second ionization could be facilitated by a simultaneous hydride shift to 

generate 37. 

The synthesis of the precursor 162 was attempted starting fiom damantme. The 

electrophilic introduction of two chlorine substituents to give 164 was carried out according 

to a literature procedure. lSs 

The ketones 165 and 166 were obtained as a mixture, via a Grob hgmentation of 164 at 1 70 

to 175OC. According to McKervey et. 01. lS5 the Grob fragmentation of 164 under identical 

reported conditions resulted in the formation of the pure 165. In da ted  work Stepbanov and 

coworkers lg6 found that attempted hydrogenation of 3,7-dimethylidenebicyclo[3.3. llnonane 

158 with Raney nickel catalyst led to formation of the isomeric dimes 167 and 168. 

Similar observations were published by Kimoto and  coworker^,'^' who found that ketone 165 

was isomerized upon attempted hydrogenation with PtO, / H, in acetic acid. 



The Grob fragmentation reaction carried out in this work was conducted in a stainless steel 

apparatus and traces of noble metals f?om previous hydrogenation reactions could have been 

present on the surface of the reactor, explaining the formation of the 165 and 166 mixtture. 

MeLi, ether 1. BH3, THF 

2. NaOH, H202, H20 

Treatment of the ketone 165 with methyl lithium in ether resulted in the formation of the 

tertiary alcohol 169 in only 7 % yield, the rest being the recovered starting material 165. 

Refluxing the reaction solution of the ketone 165 and methyllithium had no influence on the 

yield. This result can be explained by a competitive enolization reaction of the carbonyl group, 

with methyllithium acting as a base, as shown below. 

Nevertheless, repeated cycles of methyllithiurn addition to an etheral solution of the ketone 

165 could be used to increase the overall yield of the tertiary alcohol, which was then separated 

using column chromatography. Hydroboration followed by alkaline oxidation formed the diol 

170. However, attempts to convert the diol 170 into the desired dichloride 162 using thionyl 

chloride resulted in the formation of a complex mixture. 

Since diol170 was available, an ionization of this was attempted using a mixture of SbF, - 



FS0,H in S0,CIF at -1 16OC. However, the resulting solution consisted of a mixture of the 

protonated ether 173 and the dication 174 in a 1 : 0.6 ratio. Increasing the temperature to -52°C 

(22 1 K) for 78 min. caused about 80 % of the cation mixture to decompose. No formation of 

the dication 37 could be observed. 

Another approach to dication 37 would be the treatment of the chloride 175 with Magic 

Acid solution. The possible cationic cyclization of the alkene 175 to 176 is expected to be 

considerably less favorable than the corresponding reaction of the aikene 158 due to the larger 

ring strain in 176 as well as an unfavorable steric interaction between the two methyl groups. 

Reaction of ketone 166 with methyllithium once again involved a competition with an 

enolization side reaction, however, the ratio was found to be more favorable towards the 

formation of the desired tertiary alcohol 179. 



179 166 

Attempts to convert 179 into the corresponding chloride 175 either with thionyl chloride 

or with conc. HCl (this reaction also had the prospect of forming a dichloride, which would 

also be an appropriate precursor) resulted in the formation of a complex mixture. Having no 

access to the chloride 175, the ionization of the alcohol 179 was attempted in superacid 

solution, in the hope that the rate for the protonation of the alcohol group would be comparable 

to the protonation of the double bond, which might then allow the formation of some 3,7- 

dimethylbicycto[3.3. ilnona-3,7-diyl dication 37. 
A 

However, the solution contained as the sole product, 0-protonated 1,3-dimethyl-2- 

oxatricy clo l3.3.1. I 3J]decane 157, which showed no sign of decomposition after several hours 

at -52°C. 

The final successful approach to 37 involved protonation of the dienes 167 and 168. 



The preparation of these starting materials, as a mixture, was accomplished by treating the 

advanced intermediate 179 with a mixture of POCl, - pyridine. 

Addition of  a precooled (-78OC) SbF, - FS0,H solution in S0,ClF to an NMR tube containing 

a thin film of the dialkenes 167 and 168 at -135°C finally formed the desired dication 37, 

whose spectral data were in accordance with the spectra obtained by the rearrangement o f  36 

(see Figure 5 1 and 52). The cation solution formed from dienes 167 and 168 was not entirely 

clean, but all of the peaks assigned to cation 37 were visible. 



Figure 51: 'H NMR spectra of the 3,7dimethylbicyclo[3.3.l]nona-3,7-diyl 
dication 37 generated h r n  the allcenes 167 and 168 (top) or obtained by 
rearrangement of the dication 36 (bottom). 

Spectrum 1 :-84°C (1 89 K) +.,A, -- &A 

Figure 52: 13C NMR spectra of the 3,7-dimethylbicyclo[3.3.l]nona-3,7-diyl dication 37 generated tiom the 
alkenes 167 and 168 (top) or obtained by the rearrangement of the dication 36 (bottom). 



2.23.2 Rearrangement of the Tricycl0(53.l.l~~]dodefyl monocation 

Attempts to generate the tricyclo[5.3.1.1 3g]dodecyl monocation 34 by adding the alcohol 

120 to superacid solutions resulted in the formation of a rearranged cation species, which was 

identified as 2-ethyl-2-adamantyl cation 35 by comparing the NMR data with those of 

authentic 2-ethyl-2-adamantyl cation generated fiom the alcohol 180 (see Figure 53 and 54). 

Spectrum 2: -73°C (200,K) 1 

Figure 53: 'H NMR spectnun of 2-ethyl-2-adamantyl cation 35 
prepared from 2-ethyl-2-adamantan01 180 (Spectrum 1) and from 
tricycl0[5.3 - 1.1 3-9]dodecan-5-ol 120 (Spectrum 2). 



Spectrum 1: -62"C(211 K) 

Spectrum 2: -73°C (2130AK) I 

Figure 54: I3C NMR spectra of 2-ethyl-2-adamantyl cation 35 prepared h m  2-ethyl-2-adamantan01 180 
(Spectrum I) and from tricycio[5.3. I. 1 39]dodecan-5-ol 120 (Spectrum 2). 

The most successful way to generate the tricyclic monocation 34 directly fiom a neutral 

species was the protonation of alkene 62 with superacid at -140bC, which however did not 

result in the formation of a pure solution of 34 but as a mixture of 34 and 132 (see also Section 

2.2.3, page 99), as shown in Figures 55 and 56. 



5 4 3 2 1 
Spectrum 2: -126°C (147 K) (PV) 

Figure 55: 'H NMR spectra of the pure 6-methyltricyclo[4.3.1. 13.9]undec-6- 
yl cation 132 (top) and as a mixture with the mcyclo[5.3.1. 139]dodec-5-yl 
cation 34 (bottom). 

Spectrum 1 : -1 05°C (1 68 K) I 

Figure 56: I3C NMR spectra of the pure 6-methyltricyclo[4.3.1. 13.8]undec-6-yl cation 132 (top) and as a 
mixture with the tricy~l0[5.3.1.1 3-9]dodec-5-yl cation 34 (bottom). 



Warming this solution to 62OC (2 1 1 K) for 10 min. formed a relatively clean solution of 

the 2-ethyl-2-adamantyl cation 35. The observation of the intenpediate cation 132 strongly 

suggests that a two step reammgement reaction is involved in the formation of the adamantyl 

cation. In order to investigate each step of this rearrangement reaction, the preparation of pure 

sample solutions of the cations 34 and 132 was required. 

A pure sample of the tricyclo[4.3.1. 13-8]dec-5-yl cation 132 could be prepared by ionizing 

the alcohol 133 in superacid solution at a temperature of - 135°C (see section 2.2.3, page 99), 

and this preparation then allows one not only to measure the energy barrier for the subsequent 

rearrangement, but also to assign the I3C NMR signals of the 34 / 132 cation mixture, obtained 

from the protonation of the tricyclic alkene 62. The energy barrier for the rearrangement of 132 

into 35 was measured by warming the cation solution to -73°C (200 K) for 10 min., during 

which time 28 % of 132 rearranged, corresponding to an activation banier of 14.4 * 0.3 

kcdmol. 

The generation of a pure solution of the tricyclo[5.3.1.1 3S]dodecyl cation proved difficult 

and the cleanest solutions were obtained indirectly by the reduction of the tricyclic dication 40 

with isopentane, resulting in the formation of a solution containing 34, and the isopentyl cation 

as well as isopentane. Gradual warming of this cation solution brought about the formation of 

the 2-ethyl-2-adamantyl cation, which became apparent at -52°C (2 1 1 K). During a 10 min. 

period at -4 1°C (222 K), 33 % of 34 rearranged into 35, corresponding to an activation barrier 

of 16.0 * 0.7 kcdmol. No detectable concentration of the homoadamantyl cation 132 could 

be observed during the rearrangement process. Figure 57 illustrates the changes in the 'H NMR 

spectra in the temperature range of -94°C (179 K) to -41 OC (232 K) and Figure 58 shows the 

carbon NMR spectra before and after the rearrangement process. 



-84°C (189 K) 
10 min. 

I 

- 7 3 0 ~  (200 K) i 1 
10 rnin. 

-5Z°C(221K) " 
10 min. 

1 
J U '  

after 10 min. at 

Figure 57: 'H NMR spectra of the mixture of the monocation 34, 
isopentyI cation and isopentane in a temperature range from -94°C ( 1  79 
K) to -41°C (232 K). 
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Spectrum 2: -94°C (1 79 K) after 10 min. at 4 1  "C (232)o 

I I 

Figure 58: I3C NMR spectra of the mixture of the monocation 34 isopentyl cation and isopentane in a 
temperature range fiom -94°C ( 179 K) to 4 1 "C (232 K). 

Initially, the mechanism associated with the 34 - 132 rearrangement was considered to 

directly involve the tricyclic cation 132 (pathway A in Scheme 1 l), since it is observed as the 

initial rearrangement product in the experiments for the preparation of the tricyclic cation 34 

and in addition to that, 132 also rearranges into the the 2-ethyl-2-adamantyl cation 34. 
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Scheme 1l:Proposed mechanisms for the rearrangement of the tricyclo[5.3.1. 139]dodec-5-yl cation 34. 

H Pathway A - - 
Pathway B I 

However, high levet ab initio calculations at the B3LYP / 6-3 lG* level show the fiee 

energy of transition state 183 to be 33.2 kcaVmo1 higher than that of the starting cation 34. 

14 

CllH31 1881 A 

Transition state 183 



The transition state 183 has a developing C-C bond between C 10 and C 12 of only 1.6 18 A 
and the C 1 1 -C 12 bond being broken has already reached a length of 2.497 A, indicating that 

the carbon h e w o r k  for the ring-contracted species 132 is already nearly in place. The 

developing methyl group (C 1 1 ), however, corresponds closely to a primary carbocation, and 

this center (C 1 1) experiences only a relatively small stabilizing interaction with hydrogen H3 1 

(C 1 1 -HZ 1 : 1.88 1 A). This pronounced character of a primary dmcat ion  explains the high 

relative free energy of 33.2 kcdmol for this transition state. Despite the possibility that this 

energy barrier is overestimated due to the limited basis set being used in calculations, as well 

as a limited electron correlation treatment, a discrepancy of 1 7.2 kcaUmol between the 

experimental value of 16.0 * 0.7 kcaVmol and the calculated value suggests that the 

rearrangement reaction follows a different pathway. 

A much lower energy bamer (23.5 kcal/mol) was calculated for transition state 185 (B3 LYP 

/ 6-3 lG*), which can be described as a n-complex of a secondary carbocation and a C=C 

double bond, or more precisely an edge-protonated cyclopropane species.. 

(6 18 

29 - 

185 

Considering the TS as a ir-complex, the carbons C3 1 and C28 represent sp2-like centers with 

a distance between them of 1.462 A. The improper torsional angles on C28 and C3 1 are large, 

1 6 1 -7" (C3 1 -C28-H29-H30) and 140.1 O (C28-C3 1 -C2-H3). The two remaining bonds lengths 

in the cyclopropyl substructure are calculated as 1.554 A (C2S-C3 1) and 1.795 A (C25-C28), 

indicating that the developing C25-C3 1 bond has almost completely formed, but the C25-C28 

bond being broken is still quite strong. The migrating hydrogen H26 has a distance to C25 of 

1.198 A and to C28 of 1.46 1 A, which indicates that the migration is still in a relatively early 
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stage. This transition state directly leads to the secondary cation 182 without the direct 

involvement of the tertiary tricyclic cation 132. However, a facile 1,2-hydride shift of the 

secondary cation 186, with a calculated energy barrier of only 2.9 k d m o l ,  would lead to 132, 

explaining its presence in the protonation reaction of the allcene ?. In the formation of the 2- 

ethyl-2-adamantyl cation 35 a second ring contraction is involved and a comer protonated 

cyclopropane transition state 187 with a relative free energy (B3LYP 1 6-3 lG*) of 10.2 

kcal/moi compared to the starting tricyclo cation 34, or 15.1 kcaYmol compared to the 

homoadamantyl cation 132, was located in the calculations. The latter value can be directly 

compared to the experimentally measured activation energy of the rearrangement of the 

separately generated cation 132, which was measured as 14.4 * 0.3 kcaVrno1. 

The bond lengths in the cyclopropane-like substructure of transition state 187 were 1.41 5 

8, (C I 0-C 12 ), 1 -7 15 A (C2-C 12) and 2.327 A (C 10-C 12), the last one being the developing 

C-C bond, indicating a rather early transition state. The remaining step of the proposed reaction 

mechanism consists of a simultaneous rotation of the ethyl group and a 1,Z-hydride shift 

(structure 189), with a calculated energy barrier (B3LYP / 6-3 lG*) of 3.8 kcdm01 fiom the 

starting secondary cation 188. 

The transition states involved in these rearrangement reactions all show significant a-bond 

delocalization, which is known to require calculation methods with electron correlation and 

the use of large basis sets including polarization functions.'" Hence, expanding the basis sets 

from 6-3 1 G* to 6-3 1 1 ++G* * or 6-3 1 I *G(3df, 2p) and using a more sophisticated electron 

correlation method such as MPZ(fc), should result in calculated energies closer to the 
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experimental values. However, due to the massive amount of computer power needed for 

conducting these calculations, only single point calculations based on the B3 LYP / 6-3 1 G* 

optimized geometries could be performed, and these involved either a B3 LYP / 6-3 1 1 -(3df, 

2p) procedure or a MP2(fc) / 6-3 1 l++G** level of theory. Figure 59 illustrates the relative 

energies of all transition states and intermediates involved in the rearrangement (see Scheme 

1 1) at both a B3LYP / 6-3 IG* and a MP2(fc) / 6-3 1 l t t G * *  // B3LYP / 6-3 1G* level of 

theory. 

Reaction coordinate 
(structure numbers) 

Figure 59: Calculated relative free energies at a B3LYP / 6-3 IG* or relative energies at a MP2(Full) / 
6-3 1 1 *G** // B3LYP / 6-3 lGf level of theory. 

All of the relative energies at the MP2(fc) level were lower than the corresponding values 

at the B3LYP / 6-31G* level, with the structures possessing the largest amount of o- 

delocalization showing the most significant decreases. The transition state 185 showed the 

largest change between the two calculational levels and the relative energy at the MP2(fc) / 6- 

3 1 l++G** level was calculated as 12.3 caVmol compared to 23.5 kcaVmol at the B3LYP / 6- 

3 1 G* level. Since other transition states did not experience such a dramatic change between 

these two levels, the rate determining step at the MP2 (fc) / 6-3 1 l+G*  * level was predicted 



to be the first hydride shift (transition state 181; 14.8 kdmol ) ,  while at the B3LYP / 6-3 1 G* 

level, the edge-protonated cyclopropane structure 185 was calculated to be the rate 

determining transition state. The situation is somewhat different for the species involved in the 

rearrangement of the homoadamantyl cation 132. At both levels, B3LYP 16-3 1 G* and MP2(fc) 

/ 6-3 1 1 *G** /I B3LYP /6-3 1 G*, the structure 187 was found to be the rate limiting transition 

state. 

A comparison of  the experimental and calculated energy barriers is shown in Table 26 (the 

details of ail calculated values are given in Table 27). 

Table 26: Experimental and calculated activation energies for the rearrangement of tricyclo[5.3. I .  I 39]dodec-5-yl 

1 I 

experiment ~cal lmol]  I 16.0 h 0.7 I 14.4 * 0.3 

. - 

cation 34 and tricyclo[4.3.1. 13-8]undec-5-yl cation 132 into the 2-ethyl-2-adamantyl cation 35. 

I B3LYP / 6-3 1 G* (free energy) ~caVmoI] I 23.5 I 15.1 

6-4 
132 35 

Method 60-0 34 
35 



Table 27: Calculation results o f  transition states and intermediates involved in the rearrangement of 

Structure B3LYP / 6- I 31G** 
imag. fieq.b 
Irel. energy 



optimized geometries, referenced to 132. 

Smcture 

189 Q 
35 

"SCF energy of the filly optimized geometry at B3LYP / 6-3 IG*. bsmgle imaginary frrqueacy in cm-I. 
'relative SCF energy in kcaVmol at B3LYP / 6-3 LG* of fully optimized geometries, referenced to 34. hlative 
6-ee energy (298 K) in kcallmol at B3LYP 16-3 IG* of kUy optimized geometries, referenced to 34. The ZPE, 
the thermal correction for the enthalpy as well as the entropy were scaled with the factor 0.98.'a8 'relative fke 
energy in kcaVmol(298 K) at B3LYP / 6-3 lG* of hlly optimized geometries referenced to 34. The ZPE, the 
thermal correction for the enthalpy as well as the entropy were scaled with the factor 0.98.'8a *relative SCF 
energy in kcaVmol at B3LYP / 6-3 1 I++G(3df, 2p) of B3LYP / 6-3 lG* optimized geometries, referenced to 34 

relative SCF energy in kcallmol at B3 LYP ! 6-3 1 I ++G(3df, 2p) of B3LYP 1 6-3 lG* optimized geometries, 
referenced to 132. hlative MP2 euergy in kcaVmol at MP2(fc) / 6-3 1 I%** of B3LYP / 6-3 IG* optimized 
geometries, referenced to 34. 'relative MP2 energy in kcaVmol at MP2(fc) / 6-3 1 I*G** of B3LYP 1 6-3 lG* 

%Po- 
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-468.19245714 1 

7.64d 12-57' 
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- 12-89" 
-7.97' 

B3LYP16- 
3 1 l++G(3dfJp) 
rcl. energy f 
rel. energyg 

468.58 1036622 

8.9 13.48' 1f 
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rcl. mer& 
rel. energy' 

I 

-467.077783 

7.34h 1 1.83' 
467.1 1 12353 

-13.65" 
-9.16' 



2.233 Rearrangement of the 9-Ethylbicyclo[33.1~110nyl catibn 

Considering the facile rearrangement reactions of the bicyclo[3.3.3]undecy1 dication 36 and 

the tricyclo[5.3.1. 13-g]dodecyl monocation 34, which both require an initial 1 ,2-hydride shift 

of a bridge hydrogen onto the bridgehead cation center, one might expect the 

bicyclo [3 -3 -3Iundecy1 cation 78 to behave correspondingly, and follow the same rearrangement 

cascade as observed for the tricyclic monocation 34. 

However, no formation of either 190 or 38 could be observed at temperatures rangiug from 

- 105°C ( 168 K) to -4 1 "C (232K), at which temperature decomposition into a complex mixture 

became rapid. In order to probe the transition state involved iu a 1,2-hydride shift to the 

bridgehead carbon, the methyl substituted bicyclic alcohol 191 was prepared and ionized in 

superacidic solutions at - 1 16OC. 

not 

Instead of the expected tertiary cation 193, the bridgehead cation 192 was observed, 

possessing a carbon NMR chemical shift of 36 1.6 ppm. The facile formation of 192 indicates 

that the 1,2-hydride shift of the bridgehead hydrogen in 193 must be a low energy process and 

that the bridgehead cation 192 is thermodynamically more stable than the tertiary cation 193. 

In analogy to the tricyclic system, a single ring contraction in 78 would lead to the methyl 

substituted bicyclo[3.3.2]decyl cation. Hence the direct generation of this cation was 

attempted. The preparation of 9-methylbicyclo[3.3.2]decan-9-01 by reaction ofthe ketone 101 

using Grignard or methyllithium reagents was troublesome and yielded under dift'erent 

conditions (several hours reflw in THF) only a mixture of starting material and the reduced 

bicyclo[3.3.2]undecan-9-01 194. 



MeMgl or MeLi, 
THF 

rf, several hours 

This exceptionally low reactivity of the carbonyl group in 101 can be explained by a blocking 

effect of the carbonyl carbon by the axial hydrogens of the two C, bridges as illustrated in 

Figure 60. 

Figure 60: Blocking of an approaching 
nucleophile by axial hydrogens in 
bicyclo[3.3 -2Jdecan-9-one 101. 

Treatment of the ketone 101 with the Lombardo reagentIg9 quantitatively yielded the alkene 

102, which was protonated in superacidic solution at -1 3S°C. However, none of the expected 

cation 190 was obtained. Instead, a mixture of two rearranged, but as yet unidentified cations 

was produced, and these decompose into a complex mixture when the temperature was 

maintained at -63°C (2 10 K) for 1 h. 

2 rearranged no formation of - - cations 
-1 35°C 

101 102 198 

Based on the rearrangement products of the tricyclo[5.3.1. lA9]dodecyl cation 34, the next 

rearrangement product of 78 after 190, would be the 9-ethylbicyclo[3 -3.1 Inon-9-yl cation 38. 

However, experiments for the preparation of this cation directly fiom either the chloride 196 

or the alcohol 195 in superacidic solutions revealed that cation 38 easiIy undergoes fbther 

rearrangement reactions. Maintaining the solution at - 1 O5OC (1 68 K) for 1 h caused 83 % of the 



symmetrical bicyclic cation 38 to rearrange into a species with 1 1 different types of carbons 

( 1  C', 2 CH, 7 CH,, 1 CH,) and 5 low field protons between 3.2 and 4.4 ppm, as well as 14 

high field protons (see Figures 6 1 and 62). The rearrangement energy barrier was measured 

further 
reamngement 
Prod- 

The rearrangement of cation 38 is closely related to a previously reported rearrangement of 

9-methylbicyclo[3.3.l]non-Pyl cation 199, which was reported by Sorensen and Kirchen'" 

to rearrange into an unknown species at similar temperatures. A comparison of the carbon and 

the hydrogen NMR spectra of these rearrangement products shows that they have the same 

basic structure. 



Figure 61: Hydrogen NMR spectra of the first rearrangement cation from 9- 
rnetbylbicyclo[3.3.l]non-9-yl cation 199 and 9-ethylbicyclo[3.3.l]non-9-yl 
cation 38. 

Figure 62: Carbon NMR spectra of the first reacfangement product of the 9-methylbicyclo[3.3.l)non-9-yl 
cation 199 (top) and 9-et&ylbicyclo[3.3.1 Inon-9-yl cation 38 (bottom). 



For simplicity reasons and shorter calculation times, the methyl derivative was chosen for 

the structure elucidation of this first rearrangement product, the assumption being that the ethyl 

analog will have the same structure, except for a methyl vs. ethyl-group. The combination of 

the hydrogen and carbon NMR data allows one to propose two possible structures, 200 and 

201 . 

Using HETCOR and COSY 2D-NMR spectroscopy, the structure 200 was ruled out as a 

possible candidate due to an inappropriate chemical shift for H 15 (H 15 would have to possess 

a chemical shift of 2.2 ppm, which would be unusual for an a hydrogen) as well as an 

unreasonable coupling pattern for H 15 and H 17 (H 15 shows coupling to H6, while H 17 shows 

no sign of coupling to either H6 or H7 (see Figure 6 1 and the HETCOR I COSY spectra in 

section 5.4.28, page 255). The structure 201 was found to accommodate all of the coupling 

patterns as well as the chemical shifts, and all the peaks in the carbon as well as in the 

hydrogen spectrum could be assigned (see Figure 6 1 and 62). 

Further supporting information for structure 201 was collected using ab inifio calculations. 

The theoretically calculated NMR shifts (MP2(Full) I 6-3 1 G* N B3LYP / 6-3 lG*) of the two 

possible species 200 and 201 were compared to the experimental data, showing that cation 201 

was a better match with the experimental data than was the bridgehead cation 199 (see Table 

28). 
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Table 2%: Calculated and exrmhental  I3C NMR chemical shifis of the two cations 200 and 201. 

exp. values 8 

- - . -. - - . . 

atom number cdc. value: d difference 
@pm) " fiom exp. 

values I 

8 (CH) 117.1 36.5 80.6 

I0 (CH ;) 17.8 -2.4 20.2 

12 (C') 304.5 -26.8 33 1.3 

I3 (CHd 54.4 23.0 3 1.4 

14 (CH) 89.8 47.8 42.0 

16 (CH3 34.0 6.4 27.6 

19 (CHd 58.2 9.7 48.5 
"NMR shifts were calculated on a MP2(Full) 1 6-3 1G* levc 

. . 

values 

6.2 1 48.2 1 2 (CH) 

2.2 
! of theory using B3LYP / 6-3 lG* optimizec 

geornemes and referenced to a calculated TMS value. 

The energies of cations 200 and 201 were also calculated (B3LYP 16-3 1 G*) and cation 201 

was found to be 7.4 kcaVmol lower than 200 (free energy at B3LYP / 6-3 lG*; see Table 3 1 

for details), supporting the results of the NMR calculations as well as the experimental data 

derived fiom 2D-NMR spectra. Hence, the first observable intermediate in the rearrangement 

ofthe 9-methylbicyclo[3.3.l]non-9-yl cation 199 can be identified as 201 with ahigh certainty. 

The related rearrangement reaction of the 9-ethylbicyclo[3.3.1]non-9-y1 cation 38 was 

investigated in a similar way and the experimental 2D NMR spectra (HETCOR, COSY; see 

section 5.4.29, page 258) confirmed cation 202 to be the observed intermediate. Supporting 

data were obtained fiom theoretical NMR calculations of the intermediate 202, which showed 



good agreement with the experimental 

r 

The results of the ab inirio NMR calculation (B3LYP / 6-3 IG*) are summarized in Table 

Table 29: Calculated and experimental 13C NMR chemical shifts of cation 202. 

I ~'3 

I atom number 1 calc. value: 6 (ppm) ' I difference from exp. 1 exp. values b @pm) 

- 

3 

3 

L I I rn 

" NMR shifts were calculated at a B3LYP / 6-3 1 G* level of theory, referenced to a calculated TMS value. 

An interesting feature of these rearrangement products 201 and 202 is the unusually low 
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field chemical shift of the tertiary a-carbon (80.6 ppm for C6 in 201 and 82.9 ppm for C4 in 

202) . Looking at the LUMO orbital of the cation 201, one sees relatively large lobes on the 

hydrogens H 10, H 1 1 and H23 (for the numbering of atoms, see Table 28) indicating relatively 

strong C-H hyperconjugation. Much less pronounced are the C-C hyperconjugative 

interactions, indicated by the relatively small lobes on the C-C bonds C2-C6 and C3-CS. The 

exceptionally low field chemical shift of the C6 carbon can be explained by a combination of 

the strong C-H hyperconjugation, C-C hyperconjugation (C2-C6), as well as multiple alkyl 

substitution effects. The rather large I3C chemical shift difference between the two CH2 groups 

C9 (60.2 ppm) and C5 (48.5 ppm) can be attributed to a more efficient C-H hyperconjugation 

involving both C-H bonds of C9, compared to the single interaction of  the CS-H 10 bond. This 

difference also shows up in a plot of the LUMO orbital for this cation, where the C9 CH2 has 

a larger lobe (see Figure 63). 

Figure 63: LUMO orbital of cation 201 at the B3 LYP / 6-3 1 G* level of 
theory. 

The ethyl and methyl substituted cations 201 and 202 behaved very differently when the 

solutions of each were allowed to warm up to about -70°C. While a solution of 201 

decomposed into a mixture of at least 6 different classical and nonclassical cations at 

temperatures above -63OC (2 L 0 K), the 5-ethylbicyclo[4.3.0]non- 1 -yl cation 202 experienced 

a well defined rearrangement reaction. Maintaining a correspondkg sample solution at -73OC 

(200 K) for Ih converted 67 % of 202 into the known trans 2-methyl-2-decalyl cation 39 , 

which was identified by a comparison of I3C NMR signals with the literature values'91 (see 

Table 30). The energy barrier for this second rearrangement reaction was measured as 15.4 * 



Table 30: Comparison of the 13C NMR shifts of the 2-methyl-2-decalyl cation 39 according to Sorensen and 
Kirc henI9' and the second rearrangement product of the 9-ethylbicyclo[3 .3.l]non-9-yl cation 38. 
I 1 

~ atom number cation 39 from the literature values 19' of 
rearrangement reaction at cation 39 at 

-73°C -90°C 

differences 

3 (CHJ 

1 1  ((343) I 44.1 I 43 -2 I 0.9 
NMR shifts were calculated at a B3LYP 1 6-3 lG* level of theory, referenced to a calculated TMS value. 

Ab initio calculations were used to determine the energies of all of the significant 

intermediates involved in the following proposed mechanisms, and these are shown in Scheme 



12 Proposed mechanism for the rearrangement of  the 6-methyIbicyclo[3.3. I]non-9-yl cation 199. 
Values in brackets represent the relative k e  energy in kcdmol at the B3LYP / 6-3 LG* level of  
theory using a scale factor of  0.98 for the ZPE , the thermaf enthalpy correction, as well as the 
entropy. 

Migration A Migration 8 

CH3 H 

BicycloU.3. llnonyl cation systems are known to undergo a facile 1,2 alkyl shift of the C, 

bridge.166- 192 The secondary cation 203 is therefore expected to be easily formed with a 

relatively low energy barrier. The most direct route to the observed cation 201 (Pathway A) 

could involve a methyl and a hydride shift forming 201 via the tertiary a w l  cation 204. 

Alternatively, a "ring-rearrangement" of the secondary cation 203, forming the new bond 

according to Migration B in Figure 64, would generate 205, which could be transformed into 

the observed cation 201 after two hydride shifts (Pathway B in Scheme 12). 



Figure 64: Two migration possibilities for the secondary cation 203. 

The "ring-rearrangement" in Figure 64 could also proceed acwrding to Migration B, which 

represents a way for cis / trans isomerization of the bicyclo[4.3.0]nonyt fknework to occur. 

Further elaboration of this pathway would form cation 207 with a very similar calculated 

relative free energy (B3LYP I 6-3 1 G*) to the observed cation 201 (0.3 kcaVmol). Since none 

of this cation was observed, the energy bamer for the "ring-rearrangement" is expected to be 

significant larger than the competing alkyl shift mechanism which proceeds via intermediate 

204 (Pathway A). 

The reaction mechanism for the rearrangement of the related ethyl substituted system 38 

into cation 202 is expected to follow the same reaction mechanism as for the methyl system 

and this is illustrated in Scheme 13 as "first rearrangement step". 



13 Proposed mechanism for the rearrangement of the 9-ethyIbicyclo[3.3. IJnon-9-yl cation 38. The 
values in brackets represent relative five energies according to B3LYP 1 6 3  lGf calculations. A scale 
factor of 0.98 was applied to the ZPE, the thermal correction of the enthalpy fkom OK to 298 K and 
the entropy. 

The second rearrangement step in Scheme 13 requires the formation of  a secondary cation 

center in the ethyl group at some point. The best geometrical arrangement for this hydride shift 

appears to be the secondary cation 209 , in which the hydride exchanging carbons are only 

separated by 2.55 A according to B3LYP / 6-3 lG* calculations (see Figure 65). The 

involvement of the cation 211 would be in agreement with the fact that the methyl derivative 

203 does not follow a similar rearrangement reaction, which would require a primary 

carbocation species. 



Figure 63: Geometry of the 1- 
ethylbicyclo[4.3.0]non-2-y1 
cation 209 (B3LYP / 6-3 IG*). 

The secondary cation 21 1 formed no ground state minimum according to B3LYP / 6-3 lG* 

calculations. Attempts to optimize the geometry of this structure, obtained at the semiempirical 

level AM1 as a ground state, produced only the tertiary cation 212, suggesting that the 

secondary cation 211 represents a saddle point on the reaction surface for a simultaneous 

hydride shift of H27 to C5 and an alkyl shift of C4 to C9 as illustrated in Figure 65. 

The optimized geometry of 2 12 shows a favorable alignment of the cation center and HS, 

suitable for a 1,3 hydride shift, leading to the secondary cation 213. A 1,2 methyl shift 

followed by a 1,2 hydride shift would then form the thermodynamically most favorable methyl 

substituted decalyl cation 39. 

The two secondary cations 213 and 214, also did not represent ground states at a B3LYP 

1 6-3 lG* level of theory. However, attempts to optimize these geometries revealed an 

extremely flat energy profile associated with the hydride shift reactions. Since such flat energy 

profiles require the calculation algorithms to perform numerous optimization steps for a 



relatively small change in geometry and energy, individual optimization cycles can be used to 

provide approximate energies. The energy values given for structure 213 and 214 were derived 

in this way. 

Table 3 1 : Calculation results on the intermediates involved in the rearrangement of 9-methyIbicyclo(3.3.1 Inon-9- 
cation and jnon-9-yl cation 38. 

energy (ref-)' 
Structure I 
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Smcture 

43 212 
H C b  

& 39 "¶ 

Tree energy values were calculated by using a scale factor of 0.98 for the ZPE, the thermal correction of the 
enthalpy fiom 0 K to 298 K and the entropy. brelative fize energy in kcaVmol. 

B3LYP 16-3 lG* 
Ch=tr=l 

-430.358L33473 

-430.362287876 

ZPE 
~caVrnol] 

175.67 

175.91 

Hoo-HoB9 
~caVmol] 

7.34 

7.24 

S 
[&mot 
Kl 

99.98 

98.66 

Gss Chartreesla 

430.1 18874 10 1 

430.122 195799 

El- fiee 
energy 

-2.93 (38) 

-5.02 (38) 



2.2.4 Ionic Hydrogenation 

2.2.4.1 Introduction 

Catalytic hydrogenation is one of the best studied reactions of organic chemistry and the 

development of more specialized catalysts is still being pursued, to obtain wider activity and 

selectivity patterns. Alternatively, ionic activation can be used to induce a reduction reaction, 

fonning another set of methods with unique activity and selectivity.193. However, only few 

methods are known compared to the huge variety in catalytic hydrogenation. 

Ionic hydrogenation requires the generation of a relatively stable cation, whose lifetime is 

sufficiently long to capture a hydride from an appropriate hydride donor.lg3* Ig5 

X=NH,O 
Y = OH, ether 
R = Ar, Alkyl, 

Common reaction conditions call for the use of trifluoroacetic acid as the proton source and 

silanes as the source of hydride. Ig6 This hydrogenating pair can be used to reduce functional 

groups such as C=C, C=O, C=N, C-OH, C-Hal or cycl~propyl. '~~ These bctional  groups can 

only be reduced, if the corresponding carbocation is sufficiently long lived to capture a hydride 

from the silane. This implies the following requirements for the hydrogenating pair: 

1. The acid and the hydride donor must not react. 

2. The product formed must be stable under the reaction conditions. 

3. The acid must be strong enough to generate a carbocation with a reasonable lifetime. 

4. Abstraction of the hydride fiom its donor must be thermodynamically favorable. 

Using superacidic media, one has the prospect of generating less stabilized carbocations 



with an almost indefinite lifetime; however, the choice of appropriate hydride donors is very 

limited. In addition to that, hydrocarbons are known to react with superacidic media even at 

relatively low temperatures. In fact under superacidic conditions the reverse pathway of the 

ionic hydrogenation (see below) is usually observed'97 and this reaction has been investigated 

exten~ive1y.~- 19' 

The relatively strong oxidizing nature of antimony pentafluoride has been recognized in 

experiments connected with the protonation of hydrocarbons. It was found that increasing the 

SbF, content in either HF or FS03H mixtures also increases the oxidative character of the 

corresponding solution. Since many carbocations require a relatively large concentration of 

SbF, to form a stable solution, finding potential hydride donors (reducing reagents) for 

superacidic solution work is of critical importance. 

The ionic hydrogenation of alkyl cations in superacid solutions with hydrogen gas was first 

investigated by Hogeveen and coworkers.'99 The result of these ~vestigations indicated that 

temperatures above - i 0°C and relatively high pressures of hydrogen ( 1 5 atm.) were necessary 

to obtain a reasonable reaction rate. The necessity of high temperatures above - 10°C for these 

ionic hydrogenations represents a substantial drawback, since only a few carbocations are 

thermally stable under these conditions. In order to reduce the reaction temperature and still 

achieve a reasonable reaction rate, one has two options. The first of these is to increase the 

electrophilicity or electron demand of the substrate and dications should be useful in this 

regard. The ionic hydrogenation is then expected to involve a lower energy barrier and to be 

thermodynamically more favorable. The second option would be to use a more efficient 

hydride donor. 

Promising substrates for ionic hydrogenation are the dications 36 and 40, whose reactions 



are is discussed in the following section. Hydride donors used for this reaction were hydrogen 

gas, sodium borohydride and isopentane. Dications have another attractive feature for studying 

ionic hydrogenation reactions. With a monocation, the product hydrocarbon is often not 

soluble in the superacid solution and is also subject to a re-oxidation by excess SbF,, as 

mentioned above. With a dication, the monocation product is soluble in the acid solution, and 

the C-H center produced is not subject to re-oxidation by the SbF,. 

2.2 A.2 Ionic Hydrogenation of the Bicyclo[3.33] undecyl and Trieyelo[53.1 .13qdodecyl 

dications 

As discussed in Section 2.2.3, page 9 1 the high electrophilicity of the dications 36 and 40 

should facilitate the ionic hydrogenation to form monocations. In addition to that, the LUMO 

orbital of the two dications 36 and 40, which are the acceptor orbitals in the usual HOMO- 

LUMO treatment, show that the largest lobes of these orbitals are in the cavity of the 

multicyclic Wework ,  which might then support an attack of the hydride into the cavity as 

opposed to an outside position. Thermodynamic considerations, as already discussed, suggest 

that the classical monocations 78 and 34 are of similar energy to the jt-H bridged cations, and 

the formation of the pH species should be possible on these grounds, if only to a small extent. 

The formation of only a small amount of the p H  bridged cation is expected to be easily 

detectable, since experimental data of similar pH compounds, as well as the results of high 

level ab initio calculations, indicate that the p-hydrogen should possess an unusually high field 

'H NMR chemical shift (i. e. no competing peaks expected in the same region). 

Addition of isopentane to a solution of the dications 36 and 40 however, only formed a 

clean solution of the monocations 78 and 34 and isopentyl cation, and the excess isopentane 

is also seen in the NMR spectra. No high field peak could be observed in the hydrogen NMR 

spectrum, indicating that no detectable p H  bridged cation had formed. 



The individual compounds were identified by 

isopentane, NaBH4, H2 - d4 
isopentane, NaBH,, H2 

comparing the NMR data with that of the 

independently prepared species (see also Section 2.2.3, page 9 1). The reduction of the 

dications 36 and 40 with isopentane occmed instantly at temperatures of -1 16°C. For the 

tricyclic system, this reduction was found to be the best way to obtain the monocation 34 

without any of its rearrangement products (compare Section 2.2.3, page 9 1). 

The preference of these reduction reactions to form only the classical out-cations 78 and 34 

can be attributed to a significantly larger steric hindrance in the transition state for the delivery 

of the hydride into the cavity, as compared to the corresponding outside delivery (see Figure 

66). 

Figure 66: Possible transition states for the in-delivery (left) or the out-delivery (right) of a hydride by 
isopentane to the bicyclo[3.3.3]undecyl dication 36. 



The use of the hydride donor sodium borohydride yielded similar results and again no high 

field hydrogen signal in the 'H NMR could be observed. The reaction however proceeded 

significantly slower than the reaction with isopenttane. This could be attributed to a limited 

solubility of the NaBH, in a solution of SbF5 and S0,ClF at low temperatures. At - 105°C (1 68 

K) the progress of the reduction could be conveniently followed by NMR spectroscopy, which 

showed that 47 % of the dication was reduced to the classical monocation 78 within a time 

period of 3 h (see Figure 67). In a similar way, 3.5 hours were required at -84OC (189 K) to 

completely reduce the tricyclo dication 40, forming a solution of the monocation 35 (which 

results fkom a rearrangement reaction of the expected monocation 34) (see Section 2.2.3.2, 

page 129) . 



j 5.0 4.5 4.0 3.5 3.0 2.5 20 t .5 
(PQm) 

spearurn 3: I 

elcydo(3.3.3]undacy( dabon + MBH, 
at -105'C (168 K) for 3 h 

Figure 67: Reduction of the bicycIo[3.3.3]undeca- 1,5-diyl dication 36 with sodium borohydride at 
- 105°C (168 K). 



Finally, hydrogen gas was used as a reducing reagent, in the hope that the small size of the 

Hz molecule would cause less steric hindrance for the introduction of a hydride into the cavity 

of these multicyclic dications, and therefore result in the formation of a detectable amount of 

the pH bridged species. However, the reduction reactions were again relatively slow, and once 

again, none of the desired pH bridged cation could be observed. A solution of the bicyclic 

dication 36 was 69 % reduced at - 1 16°C within a time period of 6 hours at a hydrogen pressure 

of 8 bars. Similarly, approximately 66 % of tricyclic dication 40 was reduced at a temperature 

of - 126°C over 12 hours with a hydrogen pressure of S bars. 

Nevertheless, the reduction of these dications with hydrogen at temperature as low as - 
1 26°C has demonstrated that these dications have a considerably higher reactivity towards 

ionic hydrogenation compared to monocations, which are reported to require temperatures 

higher than -10°C. In the reactions described here, there was no indication that the 

monocations produced in the hydride transfers were being further reduced to the hydrocarbon, 

which is also evidence that there is a distinct break in the reactivity of the mono and dications. 

I t  is also significant that an excess of isopentane transfers only one hydride in these reactions. 



2 3  Internal Delivery of a Hydride 

The external hydride delivery attempts discussed in the previous section showed that the 

outside position of the multicyclic dications 36 and 40 is attacked by various hydride donors 

in preference to the inside. This selectivity can be attributed to a larger steric hindrance for 

hydride delivery to the inside position (see Figure 66, Section 2.2.4.2, page 162). The transport 

of a hydride to the outside position (e.g. shifi 1 in Figure 68) in the multicyclic dications 36 

or 40 should be prevented by fixing the location of the hydride donor closer to the inside than 

to the outside of the multicyclic framework. In principle, this could be done by introducing 

substituents at positions in the bicyclo[3.3.3]undecy1 and tricyclo[5.3.1. 133]dodecyl systems, 

which would allow an internal delivery of the hydride, and where this reaction would favor 

hydride transfer to the in-location as shown in Figure 68. 

shift 2 
21 5 31 32 

Figure 68: Preference for the inside delivery of  a hydride (shift 1) over the outside delivery 
(shift 2) by having a tixed donating group in an appropriate position. 

Preliminary ab initio calculations of bicyclic and tricyclic systems possessing a variety of 

substituents showed that an isobutyl or a methoxy substituent at the 3 position of the bicyclic 

system, or the 7 position of the tricyclic system were the most promising candidates for 

forming a pH bridged cation by this route (see Section 2.1, page 72). The first approach 

attempted was to try and prepare the methoxy substituted bicyclo[3.3.3]undecyl system, which 

is discussed in Section 2.3.1, page 165. 

However, problems with a late stage bridgehead fimctionalization in the synthetic pathway 

blocked a preparation of the desired cation precursor and a different approach had to be 

considered. The second synthetic attempt was to prepare an isobutyl-substituted 

tricyclo[5.3.1. 133]dodefyl system (discussed in Section 2.3.2, page 17 1). The isobutyl 

substituent was chosen for two reasons; tirst, the methoxy substituent was found to prevent an 



efficient functionalization of the bridgehead positions in the bicyclo[3.3.3]undecyl system. 

Secondly, a methoxy substituent might itself be protonated by the superacid, and the C- 

07H)CH, substituent formed would then actually disfavor the H- transfer shown in Figure 68. 

An isobutyl group would not have this problem. The tricyclic skeleton was chosen because the 

inner dication opening is calculated to be somewhat larger than in the [3.3.3] bicyclic system, 

and there should therefore be slightly more room for the internal hydride delivery process 

(Figure 69). 

larger opening 

82 91 

Figure 69: A larger opening of the cavity of the tricyclic system 91 
(right) should provide a structure for a more facile hydride shift than in 
the bicyclic structure 82 (left). 

At the same time as the synthetic preparation of the tricyclic structure was in progress, more 

sophisticated ab initio calculations at the B3LYP / 6-3 lG* level of theory were performed, 

which are discussed in Section 2.3.3, page 178. 

2.3.1 Synthesis of the 3-Methoxybicyclo(333~undecyl system 

3-Methoxybicyclo~ .3 -3lundecane was synthesized by following the synthetic strategy used 

by LeonardIn and coworkers for preparing the parent system, by introducing the methoxy 

substituent in the first stages of the overall sequence. At the time this synthesis was performed, 

the more recent variation of Wayne and Snyder'76 for preparing the parent system had not yet 

been published. 

4-Methoxyphenol is a cheap and readily available starting material for the preparation of 

4-methoxycyclohexanone on a large scale. Catalytic hydroge&ion at 1 3S°C and 35 bars 

hydrogen pressure using palladium on activated charcoal as catalyst produced the alcohol 217 



in high yield. Attempts to o d y  partially reduce the phenol 216 directly to the ketone 218 were 

found to be sluggish and could not be driven to completion without further reduction of the 

ketone 218 to the alcohol 217. Since the separation of a mixture of the phenol 216 and the 

ketone 218 by distillation was troublesome, the ketone 218 was generated by exhaustive 

reduction of the phenol to the alcohol, followed by Jones oxidation to form 218 in a two step 

procedure. The morpholino enamine 219 was prepared according to the method of Stork167, and 

this was reacted with acrolein in ether to form the adduct 220. This addition reaction could be 

monitored by 'H NMR spectroscopy, focusing on the alkene hydrogens, and was found to be 

complete within 12 h at room temperature. Formation of the bicyclic aicohol 221 was 

performed in water via an acid catalyzed aldol reaction using a cation exchanger as the proton 

source. The alcohol 221 was found to be soluble in water, and water insoluble polymeric side 

reaction products formed during the aldol condensation could be conveniently separated by 

filtration. Removal of the alcohol group was achieved by preparing the mesylate derivative 222 

followed by a zinc reduction according to the method of Fujirnoto and  coworker^.'^' 



Hz, H20, PdC -6 Jones-Reagent -6 Morphdine, PhMe 

35 bar, 13!j0C, 27 h Acetone rf, 13h 
91 % 78 % 100 % 

0 ' 3 3  och oc& 

MeSO2C1, Et3N cation exchanger 
MeCI2 

@ 

0 - 20°C, 1 -5h ~f, 1.5 h 
61 % c% bOH 66% 

-" 

1 Zn, Nal. DMF. rf, 5h 
47 % 

0 

A ring expansion reaction with in situ generated diazomethane fkom Diazalda produced the 

bicyclo[3.3.2]decyl ketone 224 in a reaction which was found to be slightly faster for the 

methoxy substituted substrate 223 than for the unsubstituted parent system (compare Section 

2.2.1, page 77). The second ring expansion of the ketone bridge was accomplished by a 

variation of the synthesis employed by Leonard. Ketone 224 was unusually unreactive towards 

nucleophiles (see also Section 2.2.3.3, page 142) but it could be converted into the exocyclic 

alkene 225 in 76 % yield using the acidic Lombardo reagent.Is9 



1 atm., RT, 2h 
85 % 

NH2NH2, CINH3NH3CI Air, hv 
!riethyleneglycol, KOH 

C H ~  130 - 210°C. 3h C& 5 to 10QC, 15h 
0' 88 % 

Epoxidation with mCPBA was critically dependent on 

temperature. The best results were achieved at 0°C with a 

the formation of the aldehyde side product 233 could not 

the reaction time and the reaction 

reaction time of 2 hours. However, 

be completely suppressed. 

Nucleophilic attack by azide anion on refluxing the epoxide in DMF with sodium azide and 

boric acid formed the azide 227 which was reduced by catalytic hydrogenation at room 

temperature and atmospheric pressure. The resulting amino alcohol was then dissolved in 

acetic acid and addition of sodium nitrite solution induced a second ring expansion to form 3- 

methoxybicyclo[3.3.3]undecan-6-one. Wolff Kishner reduction using the method of Nagata 
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and Itazakiln yielded the ether 230. The stereochemistry associated with the various 

intermediates was of no concern, since the final ether 230 has no stereochemical isomers. 

Attempts to oxidize the bridgehead positions according to the procedure of Parker and 

co~orkers"~ involved a sluggish reaction , which yielded in the best case the mono alcohol 

231 in 4 % yield. Longer exposure to air formed a complex mixture containing only traces of 

the 3-methoxybicyclo[3.3.3]undecanee 1 ,Mi01 232, according to GC-MS analysis. 

Attempts to brominate the bridgehead positions using Br, under irradiation (sunlamp) or 

using NBS with the initiators AIBN or dibenzoylperoxide were not successfuf and resulted 

in the fonnation of complex mixtures. 

This distinctly different oxidation behavior compared to the unsubstituted parent system can 

be explained by the facile formation of a radical adjacent to the methoxy group, resulting in 

the formation of an ether peroxide, which could lead to cleavage of the bicyclic h e w o r k  

(see Scheme 14). 



Scheme 14: Possible mechanism for the hgmentation of the bicyclol3 -3 -3Ju11decyl framework 

-- further radical reactions 
forming a variety of compounds 

Ab initio calculations support this proposal, showing that the bridgehead radical 234 is only 

2.2 k c a h o l  more stable than the oxygen stabilized radical 235. 

An alternative way to fhctionalize the bridgehead positions would involve the formation 

of a cation intermediate by a hydride abstraction route. An appropriate hydride acceptor would 

be formaldehyde activated with a Lewis acid such as aluminum chloride, as illustrated below. 

However, the ether substituted carbon is also expected to form a highly stabilized cation 



which would also then lead to undesired products. 

Furthermore, this fhctionalization method would produce the bridgehead halide, which 

bridgehead halides - kOHch 
would most likely be thermally rather unstable, and probably decompose into a complex 

mixture similar to what was found for known halides 111,112 arid 129. 

Ab initio calculations at a B3LYP / 6-3 lG* level of theory predict the oxocation 237 to be 

1 1.7 kcal/mol more stable than the bridgehead cation 236. For the details of the ab initio 

calculations, see Table 32. 

various & 0. + c b  - oxidah" produds 

2.3.2 Synthesis of a 5-substituted tricyclo(5.3.1 .13w~dodeeyl system 

The large ring strain of the bicyclo[3.3.3]undecy1 or the tricyclo[5.3.1. 13-9]dodecyl system 

is substantially reduced by introducing an sp2 center at the bridgehead positions (see also 

Section 2.2.3, page 91). This property is unusual for most multicyclic fnuneworks, whichoften 

Table 32: B3LYP / 6-3 1 G* calculation results of methoxy substituted bicyclo[3 .3.3]undecyl derivatives. 

show the opposite trend. It is therefore surprising that the formation of an enolate of the 

Structure 

hwc4 234 

235 

hWC4 236 

'&% 237 

"Free energy values were calculated by using a scale factor of 0.98 for the ZPE, the thermal correction of the 
enthalpy from 0 K to 298 K and the entropy. brelative free energy in kcal/rnol. 

ZPE 
~caVmol] 

197.15 

197.64 

197.65 

199.08 

B3LYP / 6-3 lG* 
[ b e e s ]  

-545.07 154 1926 

-545.07 154 1926 

-544.858443839 

-544.879639805 

H00-H0298 
[kcaVmol] 

8.43 

8.33 

8.4 1 

8.27 

GY8 [haTtTeeS]O 

-544.803328260 

-544.799808304 

-544.586327 192 

-544.604964688 

S 
[caYmol 

, Kf 
108.67 

107.25 

106.75 

105.55 

rel. free 
energy (ref.)b 

I 

2.2 1 (234) 

- 1 1 .70 (236) 



tricyclic ketone 118 forms the bridgehead isomer using LDA or LiHMDS. 

1. LDA or LiHMDS 

Ward and Murray found that the use of HMDS and TMSI directed the enolate towards the 

bridge to form a promising precursor for 7-substituted tricyclo[5.3.1.1 3qdodecane derivatives. 

HMDS, TMSl 

\ I Hexanes \ I 

Using the silyl enolether 239, four different electrophiles were found to attack it at the 7- 

position to form substitution products. 



Treatment of the silyl en01 ether 239 with isobutyryl chloride and titanium tetrachloride 

introduced an isobutyryl substituent directly at the desired 7-position in a moderate yield of 

47 %. 

Sulfur electrophiles such as benzenesulfenyl chloride or methanesulfenyl chloride were also 

found to react with the silyl en01 ether 239 over a 12 hour period at room temperature to 

produce the sulfur-substituted tricyclic products 241 and 242 in 44 % and 60 % yield 

respectively. 

The most efficient method to introduce a substituent at the 7-position was the use of 

Eschenmoser's salt in DMSO at room temperature, producing 243 in quantitative yield. 

The formation of a double bond in the C, bridge of the tricyclic h e w o r k  would increase 

the already high ring strain of this multicyclic structure. Hence, the formation of the enolate 

of 240 is expected to be less favourable than in "normal" 1,34iketones, which usually exist 

in the en01 form to a significant extent. NMR experiments confirm this supposition, showing 

no low field signal for the en01 hydrogen in the solution spectrum of the diketone 240. 

The unfavorable formation of an enolate of the diketone 240 suggested that the two ketone 

groups could be considered as isolated carbonyl groups, hence a Wolff-Kishner reduction was 

attempted despite the usual formation of a pyrazole derivative in such cases. However, the 

increase of ring strain in the C, bridge on forming a double bond was not large enough to 

prevent the formation of a pyrazole unit and the sole product of the attempted Wolff Kishner 

reduction was the heterocyclic derivative 245 . 



NH2NH2, CINH3NH3CI, 
triethyleneglycol, KOH 

A variation of the Wolff Kishner reduction is the use of tosylhydraziae to form the 

corresponding hydrazone derivative, which can then either be reduced with sodium 

borohydride or sodium cyanoborohydride to form the corresponding alkane. Attempts to form 

the bistosylhydrazone 246 by refluxing the diketone 240 with tosylhydradne in methanol for 

several hours was not successfbl. - 
rf, several hours 

Another way to reduce the ketone groups in 240, would be the use of ethanedithiol to form 

the bisdithiane derivative 247 followed by a nickel reduction using nickel chloride and sodium 

boro hydride. 

ethanedithiol, 
BF3Et20, 

Y-  O CH2CI2, RT, 2h 

NiC126H20, NaBH,, 
THF, MeOH, 

complex mixture 

Y& RT, 3h 

However, the reduction reaction of the bisdithiane 247 with in situ generated nickel did no 

result in the formation of any detectable amount of the desired alkane. 



Reduction of the diketone 240 with lithium aluminum hydride in ether resulted in the 

formation of the diol248, which was converted into the dichloride 249 using thionyl chloride 

in dichloromethane. However, the zinc reduction method ofFujimoto and coworkers1" left the 

dichloride 249 unchanged, even after 18 h of reflux. 

The diol was then converted into the diphosphate ester 250, and the reduction of this was 

attempted via a Birch type reaction using lithium in liquid ammonia in the presence of tertiary 

butyl alcohol as the proton source. However the material obtained contained no alkane 251. 

After the unsuccessfbl attempts to reduce the diketone 240, a carbonyl transposition of the 

ketone 118 to the ketone 119 was attempted, since the latter would be a valuable precursor for 

7-substituted derivatives of the tricyclo[S -3.1.1 3S]dodecyl system. 

A conventional sequence for a carbony1 tramposition using the a phenylthio ketone 241, 

consists of the reduction of the ketone to the alcohol, converting the alcohol into a leaving 

group followed by an elimination to form an en01 thioether, which can be converted into the 

new ketone on hydrolysis with aqueous mercuric salts. 

The thio ketone 241 was reduced to the alcohol 252 using lithium aluminum hydride in 

ether and the resulting alcohol converted to the chloride 253 by refluxing it with a solution of 

thionyl chloride in benzene. This chloride however, proved inert to an elimination reaction 



using potassium tertiary butoxide. 

Attempts to reduce the ketone group of the thio ketone 241 us& a WolEKishner reaction 

resulted in the formation of a mixture of the tricyclic alkane 61 and alkene 254 in about 20 % 

yield. The alternative method for this reduction, using the tosylhydrazone and sodium 

cyanoborohydride, was also not successful since the hydrazone 255 could not be formed. 

A third series of experiments was then performed, using a different strategy to try to achieve 

a carbonyl transposition. It was found that deprotonation of the ketone 242 with LiHMDS in 

ether formed the bridge enolate, which could be trapped by quenching the enolate solution with 

diethylchlorophosphate to form the en01 phosphate 256 in 65 % yield. Birch reduction of the 

phosphate ester 256 in liquid ammonia not only reduced the phosphate group, but also the 

methyl sulfide group, forming the alkene 254 in 89 % yield. Fortunately, hydroboration 

followed by an oxidative workup with sodium hydroxide and hydrogen peroxide formed the 

7-substituted alcohol 257 in a reasonable yield of 74 %. 



1, LiHMDS, ether 
-78°C to -10°C. 10 min. 

2. CIPO(OEth, ether 
-78°C to RT, 2h 

65 % 

1. BH3, THF, RT, 1.5 h 
- 

2. NaOH 3M, H202 
74 % 

1 Li, t-BuOH, 
NH3, THF 
-78°C. 2h 
89 % 

Although a route to 7-substituted alcohol 257 was found, which potentially opens a way to 

the foxmation of a variety of Fsubstituted tricyclo[5.3.1.1 3S]dodecyl derivatives, the project 

involving an isobutyl substitued tricyclo[5.3.1.1 3g]dodecyl derivative was canceled, for two 

reasons: 

1 . The synthesis of the desired isobutyl substituted tricyclic dichloride 261 would involve 

several more steps from the alcohol 257. 



At this point, more starting material was needed and in order to obtain a reasonable amount 

of the dication precursor 261, a significant amount of time would have been required. 

2. High level a6 initio calculations indicated that despite a thermodynamically favorable 

rearrangement of the classical dication 91 into the desired p-H bridged dication 92, the 

transition state involved was predicted to be extremely high, suggesting that this rearraagement 

was very unlikely to occur. 

2.3.3 Ab initio Calculations of the transition-states for internal hydride shifts in the 

bicyclo [3.3.3] undecyl and bicyclo[53.1.13~ldodeeyl systems 

At the same time as the preparation of the isobutyl substituted tricyclo[5.3.1.1 3S]dodecyl 

system was in progress, more sophisticated ab initio calculations at a B3LYP / 6-3 1 G* level 

of theory were carried out to determine the calculated transition-state barriers for the hydride 

shift reactions. 

The ground state calculations comparing the classical bridgehead dication with the 

corresponding nonclassical pH bridged dication revealed that the methoxy and isobutyl 



substituents were the most promising candidates (see Tables 33 and 34). 

Table 33: Calculated energy (B3LYP / 6-3 LG*) differences between the classical dications and the 
corresponding pH bridged species in the bicyclic and mcychc systems containing methoxy or isobutyl 
substituents. 

The transition-states of these four reactions were then calculated, and they revealed that 

these barriers had unreasonably high values of at least 50 kcdmol. 

Substituent 

R = 0CH3 

R = i-butyi 

Figure 70: Calculated transition states (E33LYP 1 6-3 LG*) of isobutyl- and 
methoxy-substituted bicyclo[3 .3.3]undecyl and tricyclo[S -3.1.1 3.9]dodecyl 
systems. Energy values are fkee energy activation energies. 

*@* - @* 
R R* 
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In order to have reactions which would occur at a reasonable rate at a temperature of -80°C, 

energy barriers of less than 1 8 kcaYmol are necessary. Calculated energies at the B3 LYP / 6- 

3 1 G* level of theory, involving highly nonclassical transition states such as 262 through 265 

usually overestimate the experimental values. However, the discrepancy typically does not 

exceed 1 5 kcaVmo1. Since the calculated energy values are over 50 kcal/mol, an experimental 

value of at least 35 kcaVmol is expected in the best case, and this is still far beyond a value that 

would allow the rearrangement to proceed. 

The reason for the unusually high energy barriers for these hydride shifts is found in the 

relatively long bond distances in the transition states. In the methoxy derivatives 263 and 265, 

this is due to the geometrical arrangement of the bridgeheads in question and the 3- or the 7- 

position in the bicyclic or the tricyclic system, respectively. The approach of the tertiary 

hydrogen of the isobutyl substituent into the cavity of the bicyclic or tricyclic structures 262 

and 264 is limited by a steric interaction of the methyl groups of the isobutyl substituent and 

the nearby bridge hydrogen of the multicyclic structure, as indicated in Figure 70. 

Table 34 summarizes calculation details on the four transition states 262 through 265. 

Table 34: Calculation results for the (B3LYP / 6-3 LG*) transition states of methoxy and isobutyl substituted 
bicyclo[3.3.3]undecyl and tricyclol5.3 
Structure B3LYP 6-3 lG* 

. - 1  39]dodec 
ZPE 
@ccaYmol] 

rl systems. 
H00-H0298 
[kdmol] 

rel. free 
energy (ref.) ' 
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Chapter III 

Theoretical Aspects of the p-Hydrido Bond 

3.1 Molecular Orbital Diagrams 

The p-hydrido bond can best be described as a 3-center-2-electron (3c-2e) bond. The H3* 

moIecuIe can be considered the prototype of this bonding mode, which results fiom the 

interaction between the normal 2-center-2-electron 

Figure 7 1). 

Closed or 
Triangular 
arrangement. 

bond of dihydrogen and a proton (see 

+ 
H-H I tH-H H' 

Open or 
Linear 
arrangement. 

Figure 71: Molecular orbital diagrams for closed and open geometries of H,'. 

The closed form of H,' has one occupied and a pair of degenerate unoccupied antibonding 

orbitals, and the linear form of H,- possesses one occupied bonding orbital, a nonbonding and 

an antibonding orbital. Various intermediate "bent" geometries can be constructed and 

gradually changing from the linear form to the closed or triangular form causes the HOMO 

(y,) to become lower in energy due to more efficient overlap of all three hydrogens. The 

energy gap between the two unoccupied orbitals (v2 and y3) vanishes as the angle of the center 



hydrogen approaches 60". This is due to the increasing antiinding interaction of y, and 

bonding interaction of yl, as the angle between the terminal hydrogens decreases (see Figure 

72). Since the occupied orbital experiences greater stabilization with this change, the triangular 

or closed form of H3* is preferred over the linear one. This is in agreement with high level ab 

initio calculations as well as spectroscopic gas phase measurements.2w 

+ 
I t t t H  H 

Figure 72: Walsh diagram for the hear to mangular form of 
H3-. 

In a similar way, a proton can interact with a C-C single bond to form a pH bridged 

species. This process can also be regarded as the protonation of an alkane (Figure 73). 



* 
Figure 73: Ektonation of a C-C single bond to form a p-hydrido bridged carbocation. 

The arrangement of the 3 atoms in question again can vary from a bent to a linear structure. 

However, the carbon atoms possess additional substituents, which experience increasing steric 

hindrance with an increasingly bent C-H-C bond. This effect opposes the electronic effects, 

which would favor a bent structure. Since the electronic effect is considerably weaker than the 

steric effect, most of the observed p-hydrido bridged &cations are calculated to have a 

linear or slightly bent structure as illustrated in Figure 74. 

Figure 74: Increasing steric interaction 
of the substituents R with decreasing 
C-H-C angle. 

3.2 NMR Properties of the p-Hydrogen 

Considering the HOMO orbital of a pH bond, one h d s  that most of the electron density 

is located close to the p-hydrogen. Therefore, it is better described as a hydride than as a 

proton. Since hydrogen chemical shifts depend mostly on diamagnetic shielding factors, the 



large electron density around the p-hydrogen explains its exceptionally high field NMR shift 

(down to -7.7 ppm in the cyclooctyl cation (see Section 1.8, page 53). 

Attempts by C i o s l ~ w s k y ' ~ ~  to predict corresponding NMR shifts using high level ab initio 

calculations did not result in a good agreement with experimentally measured values (compare 

Section 1.8, page 55). C i o s l ~ w s k y ' ~  suggested that large vibrational motions of the p- 

hydrogen as a result of a very flat potential energy surface (PES) were responsible for the 

discrepancy. Ab initio calculations at the Becke3 LYP / 6-3 1 G* level of theory were used to 

explore this PES and the associated chemical shifts of the p-hydrogen (this work). The known 

bicyclo[4.4.4]tetradecyl- 1,6-pH bridged cation 28 was calculated, since the availability of 

experimental data allowed a comparison with the theoretically predicted values. The geometry 

of 28 was optimized at a B3LYP / 6-3 1 G* level of theory and the structure obtained modified 

by changing the relative location of the p-hydrogen in both a horizontal or a vertical direction 

(see Figure 7 9 ,  but keeping all other geometrical parameters constant. 

horizontal 
variation 

vertical 
variation 

motion 6 

motion A Y 
Figure 75: Exploration of the potential energy surface (PES) by varying the 
relative location of the p-hydrogen. 

This simplified treatment is expected to closely resemble the real situation in the pH 

cation, for two reasons. First, the carbon atoms are considerably heavier than the hydrogen, 

hence the vibrations of these are expected to be of a much slower frequency and can therefore 

be approximated by a static carbon framework. Second, the p-hydrogen is expected to possess 

a much flatter PES than all other hydrogens in the molecule. Therefore the amplitude of the 

vibrations are expected to be much larger for the p-hydrogen than for all other hydrogens. 



-10 - ! -15 
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 

distance from central p H  position 
in vertical direction [A] 

Figure 76: Dependence of the calculated energy and the 'H NMR shift of the p-hydrogen on vertical variation 
of the p-hydrogen in the bicyclo(4.4.4]tetradecyl p-H bridged cation 28. 

Variation of the pH cation location in the vertical direction (see Figure 76) indicates a very 

flat energy profile within the first 0.2 A. At room temperature 95 % of the molecules would 

reside in a vibrational energy potential of ca. 1.8 kcal/mol, which corresponds to a vertical 

variation of no more than 0.18 A, involving an associated chemical shift change of the p- 

hydrogen of 0.98 ppm ranging fkom -2.94 to - 1.96 ppm. 
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-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 

distance frwn central p-H position 
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Figure 77: Dependence of the calculated energy and the 'H NMR shift of the p-hydrogen on horizontal 
variation of the p-hydrogen in the bicyclo[4.4.4]tetradecyl p-H bridged cation 28. 

The other principal vibrational direction of the p-hydrogen is in the horizontal direction 

(termed horizontal effect) (see Figure 77). Calculations at a B3LYP I 6-3 1G* level of theory 

using the GIAO method for the chemical shift computation, predicts that a change of the p-H 

location away &om the center of the 3c-2e bond in a horizontal direction, leads to a high field 

shift of the p-hydrogen. 

For relatively large vibrational motions of the )I-hydrogen, the effect of the horizontal 

variation (horizontal effect) opposes the effect of the variation in vertical direction (vertical 

effect). The magnitude of the horizontal effect is slightly smaller than the vertical effect and 

would partially cancel out the latter. Assuming vibrational motions corresponding to an energy 

of 2 kcal/mol, which would account for more than 96 % of the "vibrational" population at 

room temperature, the chemical shift change of the )I-hydrogen is expected to be only 0.32 

ppm, ranging from -2.94 to -3.26 ppm, numbers which are reasonably close to the 

experimentally measured value of -3.46 ppm. Hence, the explanation for the large chemical 

shift discrepancy between MP2 (Full) / 6-31G** I/ HF I 6-3lG** GIAO-CHPF NMR 

calculations (- 10.06 ppm) lMb and the experimentally measured value (-3.46 ppm) cannot be 



attributed to large vibrational motions of the p-hydrogen. Furthermore, GlAO NMR 

calculations using the packages Gaussian 94 and Gaussian 98'01 at the B3LYP 16-3 1 G* level 

have agreed much better with the corresponding experimental values than these reported by 

Cioslowski. lab 

The chemical shift of the p-hydrogen was found to be very sensitive to the separation of the 

terminal carbons of the C-H-C bond and a shorter distance is associated with much higher field 

chemical shifts for the p-hydrogen. An accurate calculation of this distance was difficult due 

to the relatively flat energy surface and the distance varied significantly at different levels. In 

general, low level calculations underestimated the strength of the pH bond, and the calculated 

terminal carbon separation is predicted to be too large. Reasonable agreement between 

calculations and the NMR experiment is only obtained with relatively large basis sets and 

methods which include electron correlation, such as B3LYP or the various M8ller-Plesset 

methods (MP2, MP3, M . 4  etc.). The difficulties in calculating an accurate terminal carbon 

separation of the pH bond are therefore proposed to be the reason for the large discrepancy 

between the theoretically calculated and the experimentally measured chemical shift of the p- 

hydrogen, as reported by Ciosl~wski.'"~ 

The good to excellent agreement of calculated and experimentally measured chemical shifts 

of a variety of different carbocations at a B3LYP 1 6-3 1 G* or MP2 (Full) / 6-3 IG* level of 

theory suggests that the prediction of the NMR shift is very accurate if the geometrical 

structure of the molecule in question is close to reality. Hence, the high sensitivity of the p- 

hydrogen to the distance of the terminal carbons in the p-H bond allows one to use the NMR 

parameter as an experimental measure of this distance, which turn out to be quite close to the 

calculated distance if high level ab initio calculations with electron correlation are used. 



4 . 4  -. 1 
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Figure 78: Dependance of the chemical shift of the p-hydrogen in the bicyclo[4.4.4]tetradecyl p-H 
bridged carbocation on the terminal carbon separation of the p-H bond. 

Using B3LYP / 6-3 1 G* calculations, a match of the theoretical and experimental chemical 

shift of the pH hydrogen was found at a distance of the terminal carbons of the p H  bond of 

2.493 A (see Figure 78). This result suggests that the calculations at MP2 / 6-3 1 G** (terminal 

carbon separation: 2.462 overestimate the bond strength of the pH bonds, which then 

results in a smaller distances between the two carbons in question. On the other hand, the 

B3LYP / 6-3 1 G* calculations appear to slightly underestimate this bond strength and predict 

a value of 2.535 A for the terminal carbon separation. Nevertheless, the calculated value of 

-2.95 ppm for the p-hydrogen at the B3LYP / 6-3 lG* level, compared to the experimental 

value of -3.46 ppm, is in the range of the commonly observed accuracy for this type of 

calculation and this method is therefore considered to be adequate for fiuther investigations 

into p H  bridged carbocations and their properties. 

Exploring the potential energy surface of the p-hydrogen of the bicyclic system 33 (see 

Figure 79), similar trends to those found for the bicyclo[4.4.4]tetradecyl pH bridged cation 

were noted. The chemical shift, however, of the p-hydrogen was calculated to be - 12.02 ppm 

versus the -2.94 ppm of the bicyclo[4.4.4] tetradecyl system (see Figures 80 and 8 1). Another 



difference between these two bicyclic systems is the steeper potential energy d a c e  of the 

smaller bicycio[3.3.3]undecyl system. Both of these differences indicate a much more distinct 

pH bond character in the smaller system, which can be attributed as a direct consequence of 

the closer proximity of the two bridgehead centers. 

Vibrational motions of the p-hydrogen in the [3.3.3] system, corresponding to a 2 kcaVmol 

energy difference, would involve a chemical shift change of 0.32 ppm, ranging fiom -12.02 

pprn to -12.34 pprn. The vertical effect again opposes the horizontal effect and a 2 kcaVmol 

energy difference would imply a chemical shift change of 0.8 1 pprn ranging fiom - 12.02 ppm 

to - 1 1.2 1 ppm. Adding the two effects, the B3LYP / 6-3 1 G* calculations predict a chemical 

shift for the p-hydrogen to be in the range of -1 1.78 pprn to -12.02 pprn (see Figures 79 

through 8 1 ). 

30 
horizontal 
variation 

30 
vertical 
variation 

motion 7 8 

Figure 79: Horizontal and vertical variation of the location of the p-hydrogen in the 
bicyclo[3.3.3]undecyl p-H bridged carbocation 30. 
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Figure 80: Dependence of the calculated energy and the 'H NMR shift of the p-hydrogen on vertical 
variation of the p-hydrogen ia the bicyclo[3.3.3]undecyl p-H bridged cation. 
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Figure 81: Dependence of the calculated energy and the 'H NMR shift of the p-hydrogen on horizontal 
variation of the p-hydrogen in the bicyclo[3.3.3]undecyI p-H bridged cation. 



The motions of the p-hydrogen in the tricyclic system 33 can also be divided into a 

horizontd and in a vertical variation. However, the tricyclic s y s t h  has a Cs symmetry and the 

orientation of the vertical motion is no Ionger degenerate. ol+ --- b-- = - ~ i m ~ t i o n ~  

motion A ''H , p t i m  c 

33 33 
horizontal vertical variation 
variation 

Figure 82: Different motions of the p-hydrogen of the 
tricyclo[5.3.1.1 3-9]dodecyl p-H bridged cation 33. 

Three different orientations (motions A, B, and C in Figure 82) were calculated and are 

illustrated in Figwes 83 and 84. 

- 1 -1 1 
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Figure 83: Dependence of the calculated energy and the 'H NMR shift of the p-hydrogen on horizontal 
variation of the p-hydrogen in the tricyclo[5.3.i. 1 3-9]dodecyi p H  cation 33. 
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Figure 84: Dependence of the calculated energy and the 'H NMR shift of the p-hydrogen on vertical 
variation of the p-hydrogen in the tricycio[5.3. I .  139]dodecyI pH cation 33. 

Similar to the bicyclo[3.3.3]undecyl system, the potential energy surface is steeper 

compared to the bicyclo[4.4.4]tetradecyl p-H bridged cation 28, however the qualitative trends 

are the same. Assuming vibrations corresponding to a 2 kcaVmo1 energy difference, the 

horizontal variation involves a chemical shift change of 0.34 ppm in the range of -9.47 ppm 

to -9.8 1 ppm. The vertical changes corresponding to the same 2 kcdmol, were found to be 

most significant for the motions A and C, involving a chemical shift change of 1.27 ppm 

ranging !+om -9.47 ppm to -8.20 ppm. Averaging the two opposing effects, the expected 

change of the chemical shift of the pH hydrogen ranges from -9.01 to -9.47 ppm. 

3.3 1,2-Hydrido Bridged Cations 

An exception to the distinct NMR property of the pH hydrogens are the 1,2-hydrido 

bridged cations, such as the ethyl and the sec-butyl cations 266 and 269. The absence of a 

distinct high field hydrogen can be explained by two effects. 

1. Having a relatively steep angle for the p-hydrogen, the HOMO orbital is dispersed over 

a larger area compared to the linear pH bridged protonated ethane (see Figure 85). The 



associated electron charge is therefore more spread out and the diamagnetic shielding effects 

on the pH hydrogen are not as effective as in the linear case. 

Figure 85: HOMO orbitals of the I ,2-hydrido bridged ethyl cation 266 and a 
linear C2H; cation 267. 

Calculation of the NMR chemical shift of the phydrogen at an MP(Ful1) / 6-3 1 1+G** level 

of theory yielded a value of - 1.19 ppm for the ethyl cation 266 and - 15.6 ppm for the linear p- 

H bridged protonated ethane 267. 

2. The phydrogen sits in a shallow energy minimum with respect to the "classical" 

structure. For the sec-butyl cation, an energy difference of only I .S kcaVmol (MP2(Full) 1 6- 

3 1 G*) was calculated between the symmetrical p-hydrido bridged structure 269 and either of 

the "classical" structures 268 or 270 (these "classical" structures still have partial bridging of 

one of the a hydrogens). 



MP2 (Full) / 6-3 1 G* calculations of the energy and the NMR chemical shift of the p- 

hydrogen with varying distances to C2 or C3 reveal the flat energy profile for this motion (see 

Figure 86). The chemical shift of the p-hydrogen and H6 (same value as H7 due to symmetry) 

were calculated to possess values of -2.3 ppm and 7 -4 ppm respectively in the symmetrically 

bridged structure 269. 

C2-pH distance [a] 
Figure 86: Calculated (B3LYP / 6-3 lG*) relative energy and chemical shift of the p-hydrogen depending on 
the reIative location of the "p-hydrogen" of the sec-butyl cation. 

Moving HS gradually closer to C2 (or C3; these are degenerate pathways, however one 

should note that the lengthening of the H5-C2 distance has a different step size than the 

corresponding H5 - C3 distance and the curves in Figure 86 are therefore not symmetric) 

increases the classical carbocation character. The chemical shifts of H5 (still partially 

bridged), H7 and H6 in 268 were calculated as 2.2,4.2 and 12.7. ppm, respectively. 

The facile 1,2 hydrogen shift causes rapid scrambling of the hydrogens H5, H6 and H7, and 

the experimental NMR spectra show only an averaged signal for these three hydrogens (see 

Figure 87). Interestingly, the averaged signal at different p-H - C2 distances is relatively 

constant and varies only fiom 4.5 ppm in the "classical" structure 268 or 270 to 5.0 ppm for 

the symmetrically bridged structure 269. Hence, the theoretically predicted averaged NMR 

shift (MP2(Full) / 6-3 1 G*) for the hydrogens H5, H6 and H7 is 4.8 ppm. 
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Figure 87: Scrambling of the secondary hydrogens of the see-butyl cation, 

Experimental measurements by Saunders and coworkers in the condensed phase have 

shown, that this scrambling process has a barrier of less than 2.4 kcaVmol and the averaged 

hydrogen shift for the three "secondary" hydrogens was measured as ca. 6.8 ppm.*02 Despite 

the relatively large discrepancy between this and the calculated value of 4.8 ppm, the absence 

of an unusually high field hydrogen is shown both experimentally and theoretically. 

3.4 Interaction of a Carbocation with a C-H Bond 

Another way to describe a p H  bond is the interaction of a carbocation and a normal 2c-2e 

C-H bond, which has the possibility of being a transition state process or a reactive 

intermediate in an overall hydride shift reaction. The electrophilicity or electron demand of the 

cationic center has a strong influence on the energy profile for an overall hydride shift. The 

more electrophilic (less stabilized cation) the cationic center that is involved, the greater is the 

stabilization experienced through the interaction with a C-H bond and the more likely it is that 

an intermediate will be formed as one moves along this reaction pathway. To recap, the 

likelihood of forming a pH bridged intermediate increases with the electrophilicity of the 

involved cation. 

In the gas phase, primary, secondary and tertiary carbocations form adducts with alkanes 

and these are thought to contain pH bonding structures. The extremely electrophilic methyl 

cation and methane form an adduct in a rather exothermic reaction (36 k ~ d r n o l ) . ~ ~ ~  The more 

stabilized ethyl cation, isopropyl cation and ten-butyl cation show gradually decreasing 

exothermic reactions with their corresponding alkanes (see Table 35). 
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Table 35: Reaction enthalpies of primq, secondary and tertiary a h c a t i o n s  with hydrocarbons on forming 
L-H bridged adducts. 

Reaction exp. AH0, I calc. AH0, @caVmol] 

were scaled by 0.98. The reaction enthalpy was calculated &om the absolute energies. 

Low level calculations (molecular mechanics or semiempirical calculations) or ab initio 

calculation without electron correlation are known to underestimate the bond strength of the 

p-bond, which is also associated with longer calculated C-H-C distances. In order to compare 

the influence of different calculation methods and different basis sets for these pH bridged 

carbocation calculations, three of the reactions shown in Table 35 were calculated at the 

B3LYP / 6-3 1 G*, B3LYP / 6-3 1 l+G**, MP2(Full) / 6-3 1 G* and MP2(Full) / 6-3 1 1 +G** 

levels of theory (see Table 36). 



Table 36: Reaction enthai~ies for selected alkv1 cation-alkane adduce. 

correction emhi&, a scale factor of 0.98 Is' was used for B3LYP calculations and 0.93 for MP2(FulI) 
calculations. %action energies without ZPE corrections. 

All the molecules involved in the three a w l  cation - alkane reactions were optimized at the 

indicated calculation level and analytical frequencies were then obtained on the optimized 

geometries except for reaction 3 in Table 36 for which only geometry optimizations were 

performed (analytical frequencies at these levels, using large basis sets such as 6-3 1 l+G** 

require massive computer resources, which were not available) 

The smallest differences between the various computation levels was found for the reaction 

of the primary methyl cation with methane. Consideration of the ZPE as well as the thermal 

energy correction for the enthalpy, decreased the reaction enthalpy ca. 2.8 kcaVmol at all four 

levels. The use of larger basis sets for a specific method (B3LYP, MP2(Full)) resulted in a 

larger reaction enthalpy, which can be attributed to a greater stability of the pH bridged 

reaction product This effect was considerably larger for the MP2(Full) level than for the 

B3LYP level. Nevertheless, rather good agreement with the experimental value was achieved 

in the case of reaction 1 in Table 36. 

Considering the reaction of the secondary cation (reaction 2 in Table 36) the differences 

between the B3LYP and the MP2(Full) calculations were considerably larger than for the 

primary reaction 1. A possible explanation for these findings would be the need for a more 

sophisticated electron correlation method to properly calculate the p-H bond which results 

from the interaction of a more stabilized cation and a C-H bond, compared to the extremely 

Reaction 

"Reaction enthalpies corrected with ZPE and thermal correction h r n  OK to 298 K. For the ZPE and the thermal 
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6-3 1 G* 

-37.70 

40 .4  1 
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- 13.44 
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a b  

Hoaa 

f i b  

s b  

B3LYP 1 
6-3 1 1 +G** 

-38.39 

-4 1.20 

-1 1.05 

-12.13 

-5.36 

MP2(Full) / 
6-3 1G* 

-34.66 

-37.56 

-14.16 

-15.63 

- 13.39 

MP2(Full) / 
6-3 1 l+G** 

I 

-38.58 

4 1 -46 
I 

- 16.69 

- 18.43 

- 16.82 



electrophilic methyl cation interaction with a C-H bond. This effect is even larger for the 

tertiary case involving the highly stabilized tert-butyl cation. - 

Comparing the geometries of a particular p-H bridged species as a h c t i o n  of the 

calculation method, the distance between the tenninal carbons of the p H  bond was 

consistently calculated to be smaller with the MP2(Full) method compared to the B3LYP 

method. Similarly, the use of the larger basis set, 6-3 11+G** compared to 6-31G*, also 

resulted in a smaller C-H-C distance; however, this effect was considerably smaller than that 

caused by the B3LYP vs. MP2(FdI) method variation (see Table 37). 

Table 37: Geometrical uarameters for the u-H bond in wrimarv. secondarv and te~ 

267 &W+d C-H-C dht. [A] 2.07 1 2.028 

C-H-C angle [O] 113.1 109.5 
- - - - -  - 

kc) :: (4- 271 
&C Cn3 

iary pH cat 

MPZ(FUll) / 
6-3 1 G* 

t 

C-H-C dist. [A] 2.554 2.543 
I 

C-H-C angle ["I 170.8 169.3 

271 

In the primary and secondary J.L-H bridged cations 267 and 271, the C-H-C angle becomes 

smaller, as the C-H-C distance is reduced in the higher calculation levels, and this can be 

attributed to a more effective interaction between the two texminal carbons of the p-H bond. 

A stronger interaction between the two terminal carbons on forming a bent C-H-C structure 

also involves increasing steric interactions of the substituents on these carbons, which is 

significant smaller in the cation 267 than in 271 or 272 (see Figure 88). 

C-H-C dist. [A] 2.603 2.597 
I 

C-H-C angle 101 180.0 178.4 



more 
overlap 

Figure 8%: Increased overlap of the terminal carbons of the pH bond and a decreasing C-H- 
C angle. 

Summatizing the results of these calculations, it becomes clear that MPZ(Ful1) methods 

generally predict a stronger pH bond for a particular system than the corresponding B3LYP 

method. A similar trend also exists for the use of larger basis sets, however this effect is 

significantly smaller than for the change of the calculation method. 

For most of the calculations conducted in this thesis work the B3LYP / 6-3 IG* level of 

theory was used, since the use of a larger basis set, or more importantly the use of MPZ(Ful1) 

methods, would require a much larger amount of computer resources. Knowing what kind of 

change in energy and geometry is brought about by the use of these higher methods then 

allows one to make better decisions about which system should be treated with the better 

procedures. 

The calculations shown in Table 3 5 predict that virtually all allcyl ca tion-alkene interactions 

should lead to stable p-H bridged cations. However, solvent effects play a significant role in 

stabilizing carbocations and one would expect that the formation of a pH d o n  would be less 

favorable in solution than in the gas phase, due to stronger stabilization of the carbocation 

compared to the pH bridged structure. Brownstein, and Olah, showed that the hydride transfer 

reaction between tert-butyl cation and butane has an energy barrier of 4.3 * 0.6 kcaVmol and 

does not form any observable adduct containing a pH bond?@' Similarly, the interaction of the 

secondary solution-phase isopropyl cation and propane involves a very rapid hydride shift, but 

there is no evidence for any observable p H  bridged adduct. More electrophilic cations such 

as primary carbocations are not observable in the condensed phase and the adduct reactions 

with alkanes remain reserved for the gas phase. 

Internal hydride transfers in secondary and tertiary carbocations show a large dependance 



on the geometrical features of the system under consideration. If  one fixes the distance between 

the two carbons involved in the exchange, then one can evaluate two factors: 1 .  at what C-C 

distances are pH structures formed and 2. for what distances does the H-transfer (hydride 

shift) involve a transition state process, and how does the sue of the transition-state barrier 

depend on the C-C distance? 

Figure 89: Theoretical model consisting of a tert- 
butyl cation and terz-butane where d 1 is fixed at set 
values, and d2 is then varied- 

An illustrative example is the model shown in Figure 89, which consists of a tertiary 

carbocation and an isobutane unit, where the C-C tertiary centers are artificially fixed at the 

set distances (d 1 = 2.60 to 3.3 A) and where the tertiary hydrogen is gradually moved from one 

tert-butyl system to the other (d2). 



distance of the phydrwn from the center position d2 [A] 
Figure 90: Energy changes according to B3LYP I 6-3 LG* calculations for the hydride transfer reaction 
between two ten-butyl species as a hction of the separation of the tertiary centers. 

The energy changes involved in these hydride shifts are illustrated in Figure 90. The 

reference energy of this system is the sum of the energies of tert-butyl cation and isobutaue 

calculated as separate molecules at B3LYP / 6-3 1 G*. A s  the two molecules approach in a face 

to face fashion (Figure 89) the corresponding ground states show a gradual increase of the 

tertiary C-H bond length, which is 1.10 1 A in isobutane, 1.1 32 A with a dl  = 3.3 A, 1.145 A 
with a dl  = 3.1 A and 1.179 A with a dl = 2.9 A. In addition to that, the energy barrier 

gradually decreases fiom 15.2 kcal/mol (dl = 3.3 A) to 7.8 kcal/mol (dl = 3.1 A) to 2.2 

kcaVmo1 (d 1 =2.9 A). With even smaller separations, d 1 = 2.7 A or 2.6 A, no energy barrier in 

the hydride shift process is involved, but an intermediate is formed. The calculated ground 

state (B3LYP / 6-3 1 G*) of this adduct without any geometrical restriction is found to be a 

symmetrical p-hydrido bridged species with a terminal carbon separation of the p-bond of 

2.6025 A, and an angle at the p-H of 180°. The two tert-butyl units are in a slightly skewed 

arrangement with respect to each other (torsion angle = 64.7O) (see Figure 91 and Table 37). 



aonion w e  2-1-14tS: 64.7 

Figure 91: Adduct of isobutane and 
tert-butyl cation. 

3.5 pK, Estimation of pH Bridged Carbocations 

As discussed in the Introduction (see Section 1 -4.1, page 1 1 ), the p& of a carbocation is one 

measure of stability, since this quantity relates to the strength of the acid-solvent needed to 

prepare the cation. As indicated previously, the pH cations 30 and 33, the targets of this thesis 

work, were expected to be very weakly acidic, probably stable in aqueous solution at pH = 7. 

In this section the calculations used to arrive at an approximate pK, value for 30 and 33 are 

described. 

The experimental measurement of a carbocation pK, is almost impossible, because at the 

point where pH (or H,) = p y ,  the equal concentration of alkene and cation react rapidly with 

each other. 

It is quite easy however to calculate accurate gas-phase energies for the cations and alkenes. 

I f  one makes some estimates for the p k ' s  of some known systems, then a working relationship 

between experimental pK, and alkene-carbocation energy differences can be set up. 

Ranging from the cyclooctyI to cycloundecyl structwes, secondary pH bridged- 

carbocations are thermally very unstable. One needs typical superacid conditions to prepare 

these so their pK, values are not very different from tert-butyl cation (see also Section 1.8, 

page 54). Tertiary monocyclic pH cations are also not very thermally stable, and in addition 
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require superacid conditions for their preparation. They are expected to be a little less acidic 

than ten-butyl because of the extra bond energy of the p-H bridge. 

More promising are the known series of bicyclic and tricyclic systems (see Section 1.4.1, 

page 1 1). The weakest cation acids among this group can be prepared in CF,COOH solvent 

and are estimated to have pK, values in the - 1 to +5 range. A minimum value of - 13 was used 

for tert-butyl cation, since this species is not stable in 100 % sulfUric acid (Ho = - 1 1.9). Some 

1,2-dimethyl-2-norbornyl cations are stable in 100 % sulfuric acid, so these are assigned the 

very rough estimate of -7, on the assumption that the ratio for stability should be at 
[cation] 

least lo4 or 4 units on the log scale. Figure 92 shows the relationship between these pK, 

estimates and the calculated energy difference between alkene and carbocation. Extrapolating 

the data to cations 30 and 33 produces estimated pK, values of +18 and +17. Even the 

tricyclo[6.3.1.1 '-lo] tridecyl pH bridged cation has an estimated pK, of + 12. 

The isomeric out- and pH bridged bicyclo[3.3.3]undeqd cations make an interesting 

comparison. From calculations, these two cations are almost equal in energy, but in a pKa 

sense one would expect the out-cation to have a value close to tert-butyl cation (-1 3), while 

the pH cation estimate is + 18. 
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Figure 92: pKa estimation of the two target molecules 30 and 33 using various "known"pKa values for 
constructing a working curve. 

All of the calculation data for Figwe 92 are given in Table 38. 

Table 3%: B3LYP 6-3 I G* energies and pK, values. 
Structure I E  at B~LYP 1 ZPE 

18.0 (calc.) 

258.64 

16.6 (calc.) 

256.68 

11.8 (calc.) 

250.12 



ZPE 
Chartrees1 

230.47 

224-22 

+4.75 (exp) 

23 1-25 

-5.3 (exp) 

222.49 

-6.8 (exp) 

2 16.40 

- 13 (exp) 



Chapter IV 

Summary, Overall Conclusions and Future Work 

4.1 Summary 

The preliminary analysis of the bicyclo[3.3.3]undecyl and tricyclo[5.3.1.1 3*g]dodecyl ring 

systems showed that the most promising approach for the preparation of the comesponding pH 

bridged carbocations would be the reduction of the bicyclo[3.3.3]undecyl or 

tricyclo[5.3.1.1 3S]dodecyl bridgehead dications with a hydride (Section 2.1, page 58). This 

hydride delivery can in principle be made to occur in two different ways - internal or external 

hydride delivery. 

Aspects on the external hydride delivery are described in Section 2.2.4, page 157. The 

preparation of the dication precursors 112 and 129 was accomplished in twelve and eight step 

procedures, respectively, mostly following known syntheses. However, most of the literature 

procedures were modified or changed to give a shorter and more efficient synthesis in both 

cases (Section 2.2.1, page 77). 

112 1 29 36 40 

The dications 36 and 40 were then generated by reacting the 1,5- 

dichlorobicyclo[3.3.3]undecane 112 and the 5,9-dichlorotricyclo[5.3.l.l 3"]dodecane I29 with 

SbF, at - 1 16OC (the bicyclo[3.3.3]undecyl mono and dications had already been reported by 

Olah Ig3). In order to ensure complete ionization of the dications, the NMR spectra were 

compared to those of the bicyclo[3 .3.3]undec- 1 -yl cation 78 and to tricyclo[SJ. 1.1 'v9]dodec-5- 

yl cation 34. In addition to that, the I3C NMR chemical shifts of the mono and dications were 

also compared to theoretically calculated (B3LYP / 6-31G*) NMR shifts, which showed 

excellent agreement with most of the experimentally obtained values. The C+ peaks showed 

the biggest differences, which can be attributed to solvent effects. The NMR spectra of the 



bicyclo [3 .3.3]undecyI system showed NMR line-broadening and the conformational change 

causing this was attributed to a ring flipping process. The associated energy barrier for the 

bicyclic alkane 59 was measwed as 1 1.0 k 0.2 kcdmol, the monocation 78 as 10.5 0.3 

kcal/mol and the dication 36 as 9.4 k 0.5 kcaVmo1. The tricyclic system was also found to 

undergo this ring flipping process, and the associated energy barrier was measured as 13.1 

0.1 kcaYmol for the hydrocarbon 61. Measuring the corresponding energy barriers in the 

mcyclic mono or dication was not possible with NMR spectroscopy, since complete 

rearrangement or decomposition, respectively, was noted, before any dynamic NMR behavior 

could be observed (Section 2.2.3, page 104). 

The stabilization of these cations was shown to be a result of angle strain relief and effective 

C-H and C-C hyperconjugation, the Latter being most important in the tricyclic system, leading 

to exceptionally low field NMR chemical shifts for the fl carbons. The combination of these 

stabilization factors was found to be the reason that it was possible to even generate the 

dications 40 and 36, given the exceptionally close proximity of the cation centers. Both system 

show a lower field NMR chemical shift for the cationic carbon(s) in the monocations than in 

the dications, which was rationalized on the basis of a more localized charge in the 

monocation. 

The preparation of these cations led to the discovery of the rearrangement reactions (34) to 

(36) 



The bicyclo(3.3.3]undeca-1,s-diyl dication was found to rearrange into the 3,7- 

dimethylbicyclo[3.3.l]nona-3,7-diyl dication 37 via the observable 2,7dimethyl- 

bicycloC3 -3.1 Inona-2,7-diyl dication 134, and the associated energy barriers were measured 

as 16.3 * 0.4 kcallmol and 17.4 + 0.4 kcallmol (see reaction (34)). The two rearrangement 

products were also investigated by ab initio calculations, and the theoretical results agreed with 

the experimental ones in terms of energy and NMR chemical shift predictions. A plausible 

mechanism for the overall rearrangement was proposed and a& initio calculations were used 

to estimate the energy of all intermediates involved (Section 2.2.3.1, page 1 10). 

The second rearrangement reaction involved a twofold ring contraction of the tricyclic 

monocation 34. The "intermediate" 132 could not be directly observed in the rearrangement 

reaction of the cation 34 into 35, which involved an energy barrier of 16.0 0.7 kcal/mol. 

However, this homoadamantyl cation 132 , prepared by a separate route, rearranged into 35 

upon warming the cation solution to -73"C, corresponding to an energy barrier of 14.4 * 0.3 

kcal/mol (see Equation (35)). A plausible mechanism was investigated in detail with ab initio 

calculations and two transition states leading to the products observed were found at a B3LYP 

/ 6-3 1 G* level of theory, yielding values of 23.5 k c h o l  and 15.3 kcaVmol, respectively. 

Single point calculations of these B3LYP / 6-3 1G* optimized structures at MPZ(fc) / 6- 

3 1 l*G** resulted in somewhat different values of 14.8 and 12.3 kcal/mol, which were in 

reasonably good agreement with the experimental values (Section 2.2.3.2, page 1 29). 

The third rearrangement involved the 9-ethylbicyclo[3.3.1]non-9-~l cation, which was 



found to also undergo a multi-step reaction to form the 2-methyl-2-decalyl cation 39 via the 

observable intermediate 202. The latter structure is related to a rearrangement product derived 

from 9-methylbicyclo[3.3.1 Inon-9-yl cation and first observed by Sorensen and Kirchea, 

however the structure of this rearrangement product was not known before this work was 

conducted. Using 2D-NMR techniques (C-H HETCOR, COSY) as well as ab initio 

calculations at the B3LYP / 6-3 lGf and the MP2(Full) / 6-3 lGf levels of theory, the two 

products in question were identified with high certainty as the 5-ethylbicyclo[4.3.0]non- 1-yl 

cation and the 5-methylbicyclo[4.3.O]non-1-yl cation. In the ethyl substituted case, energy 

barriers of 1 2.2 * 0.6 and 1 5.4 0.6 kcaYmol were measured, and in the methyl case a barrier 

of 1 1.4 * 0.6 kcaVmol was found (see Equation 36). A plausible mechanism for these 

rearrangements was proposed, which was also investigated using ab initio dculations, and 

the relative energies of all proposed intermediates were evaluated (Section 2.2.3.3, page 142). 

The tricyclic and the bicyclic systems show distinctly different behavior in these 

rearrangement reactions, which was explained by di Rerent relative energies for the 

intermediates involved. The lack of a defined rearrangement reaction in the tricyclic dication 

40 was attributed to a smaller flexibility of the carbon fkne, which inhibits the necessary 

Wagner Meerwein shifts. 

Ionic hydrogenation of the dications 36 and 40 was conducted using the hydride donors 

isopentane, sodium borohydride and hydrogen gas. However, in all cases only the 

corresponding classical monocations were formed and no p-hydrido bridged species could be 

observed. In the case of the tricyclic system, the ionic hydrogenation of the dication 40 with 

isopentane was the "cleanest" way to generate the monocation 34, without any of its 

rearrangement products (Section 2.2.4, page 1 57). 

Attempts at the synthesis of appropriate precursors for the internal hydride delivery route 

are described in Section 2.3, page 164. The first precursor target molecule was the 3- 

methoxybicyclo[3.3.3~decane- 1,s-diol. AAer a fourteen step synthesis, the last step was 

ultimately unsuccessful and a different target molecule had to be found. The second attempt 

involved the precursor 7-isobutylt1icyclo[5.3.1.1 3*9]ddeca-5 ,9 -do  260. The synthesis was 

completed up to the advanced stage of tri~yclo[5.3.1.1~~~]dodecan-5-ol 257. However, the 



synthesis was stopped due to results of more detailed ab initio calculation at the B3LYP / 6- 

31G* level, which were performed simultaneously. These results predicted that possible 

transition states for the internal hydride delivery reaction would have activation energies 

between 49.6 and 75.5 k d m o l .  

Chapter I11 describes theoretical aspects of the p-hydrido bond. The unusually high field 

NMR chemical shift of the p-hydrogen was investigated with ab initio calculations at the 

B3LYP / 6-3 lGS and the MP2(Full) / 6-31G* levels of theory. Using these, the potential 

energy surface of the p-hydrogen was examined and the chemical shift change brought about 

by varying the relative location of the p-H was evaluated, focusing on the 

bicyclo[3.3.3]undecyl, tricyclo[5.3.1.1 .3g]dodecyl and bicyclo[4.4.4]tetradecyl p H  bridged 

carbocations. The results of these calculations show that a very flat energy potential exists in 

all three cations if the p-hydrogen experiences a displacement of less than ca. 0.2 to 0.3 A. A 

possible large vibrational motion of the pH hydrogen would cause a chemical shift change 

of no more than ca. 0.5 ppm. Using B3LYP / 6-3 lG* calculations, the chemical shift of the p- 

hydrogen was calculated as - 12.02 pprn for the bicyclo[3.3.3]undecyl p H  cation 30, -9.47 pprn 

for the tricyclo[5.3.1.1 3-9]dodecyl p-H cation 33 and -2.94 pprn for the bicyclo[4.4.4]tetradecyl 

pH cation 28 (exp. -3.46 ppm). Because of the large dependence of the chemical shift of the 

pH on the distance between the terminal carbons of the p-H bond (C-H-C separation) this 

distance could be calibrated with the calculated NMR chemical shifts, and a value of 2.493 

A was obtained for the bicyclo[4.4.4] tetradecyl pH bridged carbocation 28. 

The absence of an unusually high field chemical shift for the pH in the bridged 2-butyl 

cation was rationalized by ab initio calculations, showing that a smaller electron density is 

located near the hydrogen in question, compared to that in a typical linear p H  bond. A 

calculated NMR chemical shift of +4.8 pprn was derived for the averaged peak of the three - 
CH,-'CH- hydrogens, somewhat higher field than the experimental value of +6.8 ppm. 

Calculations were also used to demonstrate the greater tendency of a carbocation with a 

large electron demand to form p-H bridged structures compared to more stabilized cation 

species. Furthermore, using primary, secondary and tertiary examples of a carbocation-alkane 

adduct possessing a p-H bond, the results of ab initio calculationsat four different theoretical 



levels were compared, which revealed that MP2 calculations seem to slightly overestimate 

and B3LYP calculations slightly underestimate the strength of the pH bond. 

The critical parameter of the terminal carbon separation in a pH carbocation was explored 

using an adduct of the tert-butyl cation and isobutane. The results show that a symmetrically 

bridged pH cation is an intermediate if the C-H-C separation is less than cu. 2.8 A. 
Finally, the pK, stability of the two target molecules 30 and 33 was estimated by calculating 

the free energy difference between the p H  cation and the corresponding alkene, and then 

placing these cations on a p& vs. calculated profile for a series of "known" p& values 

involving other cations. The pK, value of bicycl0[3.3.3]undecyl pH bridged cation was 

predicted to be + 1 8, and the value for tricyclo[5.3.1.1 3s]dodecyl pH bridged cation, + 1 7. 

4.2 Overall Conclusion - Future Work 

Various attempts to prepare the target molecules 30 and 33 by introducing a hydride into 

the cavity of a bicyclic or tricyclic dication using external hydride donors were unsuccessful, 

and a b  initio calcuIations show that internal hydride delivery involves transition states with 

very high energy barriers; hence, this type of approach, introduction of the "in-" hydrogen after 

the carbon flamework of the molecule has been assembled, has little hope for success. 

Considering the analysis of possible approaches discussed earlier for the preparation of pH 

cations (Section 2.1, page 58), most of these require a starting material which has an in- 

hydrogen in place. The direct preparation of these starting materials is not very feasible due 

to the very high strain energies involved. The protonation of a C-C single bond has also been 

shown in this thesis to be almost impossible to achieve. 

The remaining possible method to introduce the "in-" hydrogen-is to synthesize a relatively 

large carbocyclic framework, possessing an in-hydrogen and to then ring contract this system 

to form the smaller homologs. One possible example is outlined in Scheme 15. 



15 Possible approach to a mcyclo(5.3. I .  1 39]dodecyi pH bridged carbocation. 

McMurry Coupling 

or Wrttig type Coupling 

H 
0 0 

Favorski 
type ring reduction I 

oxidative 
decarboxylation 

- 
oxidation 

Despite the potential difficulties involved in preparing these strained carbocyclic systems, 

this type of approach (involving ring contractions) appears at this stage to be the most 

promising route to small p-hydrido bridged carbocations. 
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The preparation of cation 273 would involve a less strained structure intermediate between 

known p-H bridged cations and the very strained systems discussed in this thesis. 



Chapter V 

ErperimentaJ Section 

5.1 General Information 

NMR spectra were recorded on either a Bruker ACE 200 ('H 200 MHz), AMX 300 ('H 300 

MHz), AM 400 ('H 400 MHz) or DRX 400 Avance ('H 400 MHz) spectrometer. Proton 

chemical shifts were referenced to the residual CHCI, ( 6 7.27 ppm) in CDCI,, CHDCI, (S 5.32 

ppm) in CD,Cl,, HDO (6 4.80 ppm) in D20 and CD,OH (6 4.78 ppm) in CD30D unless 

otherwise stated. The carbon signals of CDCl, (6 77.00 ppm), CD2Cl, (6 54.00 ppm) and 

CD,OD (49.30 ppm) were used to reference the carbon chemical shifts. Unlocked samples 

were referenced using the spectrometer SR value, measured with locked samples under 

identical conditions. The coupling constants were measured with an accuracy of * 0.5 Hz. 

Variable temperature NMR (VT NMR) experiments were calibrated using 1 OO % methanol.205 

The assignment of carbons types (Cq), (CH), (CHd, or (CH,) was detemined using DEPT 135 

and DEPT 90 experiments. 

X-ray crystallographic data were measured and solved by Dr. M. Parvez. 

GC-MS data were obtained on an HP 5890 Series I1 GC / HP 5974 mass selective detector 

MS spectrometer. High and low resolution MS spectra were measured on a Kratos MS80 or 

a Micromass VG7070 spectrometer by Dr. Q. Wu and Ms. D. Fox. IR data were collected on 

Mattson 4030 spectrometer and mp. obtained fiom a Gallenkamp Melting Point Apparatus MF 

370. 

GC spectra were recorded on a HP 5890 GC, using a wide bore 3% OV-1 lmrn x lSm 

column and an FID detector. Purification of volatile analytical samples was performed on a 

HP 5890 GC using a 3 % OV- 1 4mm x 8' column and TCD detector. Merck 0.2rnm silica gel 

60 F254 on aluminum plates were used for analytical TLC analysis. The visualization of the 

corresponding spots was accomplished by spraying the plates with a solution of potassium 

permanganate and sodium carbonate (10 g KMnO, and 20 g Na2C0, in 250 rnL water). 

Column chromatography was conducted using a 30 to 50 fold mass ratio of silica gel 60 (20 - 



63 pm from Merck, cat. nr. 93 85-9) to the compound being purified. The solvent mixture and 

other details are given in the individual experimental description. 

All of the chemicals used were purchased fiom either Aldrich, Sigma, Fisher-Scientific or 

BDH and were used without additional purification unless stated otherwise. Antimony 

pentafluoride was purified by heating the commercial product with silicon dioxide in a thick 

wall Schlenk flask to 120°C for 20 hours (Caution, the developing pressure fiom the reaction 

4 HF + SiOz = SiF, + 2 H 2 0  has to be considered) and triply distilling the resulting mixture in 

high vacuum at room temperature. Fluorosulfonic acid was double distilled in high vacuum 

at approx. 50°C. The sulfuryl chloridefluoride was prepared by a hor ide  exchange of sulfiuyl 

chloride '06 and purified by double distilling over antimony pentafluoride. THF and ether were 

dried with sodium using benzophenone ketyl as indicator. Dichloromethane was distilled over 

phosphorus pentoxide under a stream of nitrogen. DMF, DMSO and diisopropylamine were 

dried with 4 A molecular sieves. Dried hexanes, distilled fiom lithium aluminum hydride under 

a nitrogen atmosphere, were used for the formation of 4-trimethylsilyloxy- 

tricyclo[5.3.1. 13.9]dodec-4-ene. [n all other cases, hexanes were used as obtained from BDH. 

The following known compounds are reported here because the published characterization 

data were unavailable or incomplete: N-cyclohex- 1 -enyl-morpholine 95, 2- 

hydroxybicyclo[3.3.1]nonan-9-one 97, 2-chlorobicyclo[3.3.1 Inonan-9-one 99, 

bicyclo [3.3.l Inon-2-en-9-one 98, bicyclo[3.3.1 Inonan-9-one 100, vicyclo[3 .3.2]decan-9-one 

101, 9-aminomethylbicyclo[3.3.2]deca.n-9-01 105, bicyclo[3.3.3]undecan-2-one 106, 

bicyclo[3 .3.3]undecane 59, bicyclo[3.3.3]undecan- 1 -01 109, bicyclo[3.3.3]undecane- 1,s-diol 

1 10, 1,5-dichlorobicyclo[3.3.3]undecane 11 2, 9-ethylbicyclo[3.3.1]nonan-9-01 195, 9- 

methylbicyclo[3.3.1]nonan3-01 197, 9-methylenebicyclo[3.3.2]decane 102, 1,3- 

Dichloroadamantane 164, 3-methylenebicyclo[3.3.l]nonan-7-one 165, 3- 

methylbicyclo[3.3.1]non-2-en-7-one 166,3,7-dimethylbicyclo[3.3.1]nona-2,6-diene 158,3,7- 

dimethylbicyclo[3.3.l]nona-2,7-diene 167, bicyclo[3.3.3]undec- 1 -yl cation 78, 

bicyclo [3.3.3]undeca- 1,5-diyl dication 36, 9-methylbicyclo[3 -3 .I]non-9-yl cation 199, 1 - 
dichloromethyladamantane 114,  tricyclo[4.3.1.1 3~8]undec-6-one 115,  

6-(aminornethyl)tricyclo(4.3.1.1 3.8]undecan-6-ol 11 7, tricyclo[5.3.1.1 3s]dodecan-6~ne 118, 



tricyclo[5.3. I .  1 3-g]dodecane 61 and 2-ethyl-2-adamantan01 180. 

The reported yields correspond to isolated yields for products of high purity (stated as pure 

compound). In some cases, the isolation of the pure product was difficult, and the yield was 

calculated fiom the amount of the product and a purity estimation via H NMR or GC. 

5.2 General Procedures for Carbocation generation 

A special apparatus, illustrated in Figure 95, was designed for the generation of the 

carbocations in NMR tubes. 
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Figure 95: Apparatus for the generation of carbocations a) with a cold stream of nitrogen 
and 2-methylbutane (lefi) as cooling bath orb) with a slush of frozen ethanol as cooling 
bath. 

Depending on the thermal stability of the carbocation, either a slush of liquid nitrogen (LN2) 

and ethanol ( - 1 16"C), or a stream of cold nitrogen to cool 2-methylbutane (down to - 1 50°C), 

was used to cool the NMR tube in which the cation was generated. The open ends on top of 

the argon stream line allowed physical access to the magic acid solutions and to the subsequent 

carbocation precursor solutions (mixing of solutions was canied out by stirring with a tungsten 

wire), while a constant flow of argon prevented the samples hi being contaminated with 



moisture. The advantage of this technique was that one could handle moisture and temperature 

sensitive reaction solutions requiring physical stirring and that the corresponding reactions 

could be carried out within a relatively short time period. 

Different starting materials required slightly different methods for the generation of the 

corresponding carbocations, and these are described in the detailed descriptions. 

5.3 3-Methosybicyclo[33.3] undecyl system 

oc ~3 
217 

4-Methoxyphenol (36.4 g, 0.293 mol), 10 % palladium on activated charcoal (2 g) and 

water (600 mL) were hydrogenated at 135°C and 35 bar (SO0 psi) for 27 h. The resulting 

reaction mixture was continuously extracted with dichloromethane for 2 days and the organic 

layer was filtered, dried with magnesium sulfate, filtered again and concentrated on the 

rotavapor to yield 49.7g of crude material. Vacuum distillation at 19 mmHg and 105°C to 

108°C yielded 34.76 g (yield: 91 %) of the pure (mixture of cis and trans from 'H NMR) 4- 

methoxy-cyclohexanol217. Spectral data were in accordance with the literat~re.'~' 

GC-MS m/z (rel. intensity): 4 1 (1 3), 58 (23), 72 (loo), 8 1 (8), 98 (7, M+ - MeOH), 1 12 (24, 

M' - H,O), 130 (2, M'). 'H NMR (200 MHz, CDCI,) G (ppm): mixture of cis and trans; total 

of 28 protons (OH not visible), 3.72 @, J = 5.4 Hz, 2H), 3.33 (s, 3H), 3.3 1 (s, 3H), 3.28 (tt, J, 

= 5.7, J2 = 2.8 Hz, IH), 3.17 (p, J=4.6  Hz, lH), 1.99 (m, 3H), 1.83 (m, 3H), 1.63 (m, 8H), 

1 -3 l(m, 2H). 13C NMR (50 MHz, CDCI,) G (ppm): 78.0 (CH), 75.6 (CH), 69.2 (CH), 67.9 

(CH), 55.6 (CH,), 55.2 (CH,), 32.4 (CHa, 30.2 (CHa, 28.8 (CHa, 26.9 (CH3. 



4-Methoxycyclohexano1 217 (1 34 g, 1 -03 mol) was dissolved in acetone (400 mL) and 

cooled to 10 - 1 S°C before Jones reagent (103 g CrO,, 87 mL H2S04, 300 mL water) was 

added dropwise until the yellowish color persisted for 5 min. (280 mL of the Jones reagent was 

required). The excess of Cr(V1) was destroyed by adding a few drops of 2-propanol. The clear 

colorless top layer of the reaction mixture was separated and the remaining green slurry 

washed twice with acetone (50 mL). The combined acetone layers were stirred with sodium 

bicarbonate (20 g) for 5 h before they were filtered and concentrated on the rotavapor to yield 

16 1.55g of the oily crude material. Vacuum distillation at 17 rnrnHg (86OC to 93OC) afforded 

1 04.0 g (yield: 78 %) of the pure (fiom 'H NMR) oily liquid 4-methoxycyclohexanone 218. 

Spectral data agreed with literature values.20s 

GC-MS d z  (rel. intensity): 41 (45),58 (46), 68 (59), 74 (100), 87 (12), 96 (13), 1 13 (14), 

1 2 8 (74). 'H NMR (200 MHz, CDCI,) 6 wpm): 3.62 (tt, J, = 5.7 Hz, J' = 2.85 Hz, 1 H), 3.42 

(s, 3H), 2.65 - 2.48 (m, 2H), 2.33 - 1.84 (m, 6H). I3C NMR (50 MHz, CDC1,) 6 (ppm): 210.8 

(CQ), 74.2 (CH), 55.9 (CH,), 36.9 (CHd, 30.0 (CH3. 

4-Methoxycyclohexanol218 (29.0 g, 0.226 mol), morpholine (34.8 g, 0.404 mol) and p- 



toluenesulfonic acid (0.3 g) were dissolved in 150 mL of toluene and refluxed with azeotropic 

removal of water for 13 h. The toluene of the resulting orange solution was removed on the 

rotavapor and the residual oily liquid distilled at 0.4 mmHg and 102 to lM°C to yield 46.6g 

(yield: quant .) of the pure (from ' H NMR) 4(4-methoxycyclohex- 1 -enyl)-morpholine 2 19. 

The measured boiling point was in agreement with the literature value (Literature 99.S°C at 

0.5 m~nHg).~O~ 

GC-MS m/z (rel. intensity): 41 (15), 54 (M), 67 (to), 8 1 (W), 94 (3 1), 108 (loo), 124 (3 1), 

139 (58), 166 (20), 197 (36). 'H NMR (200 h4Hz CDC13) G (ppm): 4.58 (t, J =  3.2 Hz, IH), 

3.79 (dd, J, = 4.6 Hz, 4 = 3.2 HZ, 4H), 3.46 (m, lH), 3.37 (s, 3H), 2.79 (ddd, J, = 4.6 Hz, J, 

= 3.2 Hz,J,= 1.2 Hz, 4H), 2.42 (dt,J, = 13.6 Hz,J2=8.2 Hz, IH), 2.31 - 1.88 (m, 4H), 1.72 

(m, lH).l3C NMR (50 MHz, CDCI,) G (ppm): 144.8 (Cq), 96.7 (CH), 75.4 ( 0 ,  66.8 (2 x 

CH2), 55.6 (CH,), 48.3 (2 x CH3,30.2 (CH-J, 27.4 (CH3,24.6 (CH3. 

53.4 exo- and endo-2-Hydroxy-7-rnethoxybicyclo[3~.l]non~-9~ne (em-221) and 

N-(4-Methoxycyclohex- 1 -enyl)morpholine 219 (63 -3 g, 0.32 1 mol) was dissolved in dry 

ether (400 mL) under an Ar atmosphere and cooled to 0°C. At this temperature, acrolein (16.2 

g, 0.289 mol) a was added and the reaction mixture was stirred for 12 h. Within the first 3 h, 

the reaction solution was allowed to warm to room temperature. After completion of the 

'The acrolein purchased from Aldrich, cat. no. 1 1,022- 1, was distilled into a trap cooled 
to 0°C. Hydroquinone (1 00 ppm) was added in the trap prior the distillation. 



stirring period, ion exchanger (400 mL) a and water (500 mL) were added and the resulting 

mixture stirred intensely for 1.5 h. The ether was then distilled off and the resulting aqueous 

mixture refluxed for 2.5 h. After the reaction suspension was cooled to room temperature, the 

solution was filtered and concentrated on the rotavapor to yield 39.1 g of a viscous pale 

yellowish oil consisting of an endo-exo alcohol mixture in a ratio of 1.43: 1. This crude 

material was used for the subsequent steps without fimher purification. An analytical sample 

was prepared by flash chromatography (silica gel, hexanes-ethg 1 : 1) for characterization 

purposes. 

exo-2-Hydroxy-7-methoxybicyclo[3.3.l]nonan-9-one (ex-221): GC-MS m/z (rel. 

intensity): 41 (79), 55 (loo), 67 (40), 79 (56), 97 (34), 107 (1 8), 138 (23), 152 (1 5), 184 (6). 

High res. MS (IE): (M'): calc. 1 84.109945 found 184.1098 (-0.6 ppm), M+ - CH,OH: calc. 

152.083730 found 152.0835 (- 1.3 ppm). IR neat (NaC1) cm": 3428 s, 2930 s, 1724 s, 1452 m, 

1094 s. 'H NMR (200 MHz, CDCI,) G (ppm): 4.36 (s, br, 1 H), 3.30 (s, 3H), 2.62 (s, br, lH), 

2.5 1 (m, br, 2H), 2.42 - 1.70 (m, 8H). I3C NMR (50 MHz, CDClJ G (ppm): 2 17.6 (Cq), 76.8 

(CH), 72.7 (CH), 56.0 (CH,), 52.2 (CH), 44.2 (CH), 37.7 (CH3,34.6 (CH,), 29.9 (CH3,26.9 

( C W -  

endo-2-Hydroxy-7-rnethoxybicyclo[3.3.1 Inonan-9-one (endo-221): GC-MS m/z (rel. 

intensities): 41 (99), 55 (1 00), 67 (36), 79 (43), 95 (42), lo8 (29). 134 (12), 152 (14), 166 (28), 

184 ( 1 0). High res. M S  (IE): M-: calc. 184.109945 found 184.1091 (4.4 ppm), M' - H,O: calc. 

166.099380 found 166.0994 (+O.Oppm), M' - CHIOH: calc. 152.083730 found 152.0830 (-4.6 

ppm). IR neat (NaC1) an-': 3401 s, 2933 s, 17 15 s, 1453 m, 1095 s, 1057 s. 'H NMR (200 

MHz, CDCl,) S (ppm): 4.00 - 3.76 (m, 2H), 3.28 (s, 3H), 3.03 (s, br, 1 H), 2.7 1 - 2.60 (m, 1 H), 

2.53 (dt, J, = 13.5 Hz, J, = 3.0 Hz, lH), 2.48 - 2.33 (m, lH), 2.18 - 2.07 (m, 2H), 1.99 - 1.55 

(m, 5H). I3C NMR (50 MHz, CDCl,) 6 (ppm): 216.3 (Cq), 73.1 (CH), 72.7 (CH), 55.8 (CH,), 

52.3 (CH), 42.5 (CH), 37.0 (CH7J30.8 (CH,), 28.0 (CH3,27.7 (CH3- 

"The cation exchanger Amberlite IR 120@lus), from Aldrich cat. nr. 2 1,653-4, was 
recycled from other reactions. The used ion exchanger was washed (methanol - HCl 1 : 1 to 
2: 1 solution), pure methanol and finally with deionized water until the washings were pH 
neutral. 



5.3.5 exo- and endo-2-Mesyl-7-methorybicyclo[33.l]nonan-9-one (ex-222) and (endo- 

222) 

A mixture of 2-hydroxy-7-rnethoxybicyclo[3.3.l]nonan-9-one 221 (37.1 g, 0.135 mol), 

triethylamine (60.7 g, 0.600 mot) and dichloromethane (500 mL) was cooled to O°C and 

methanesulfonyl chloride (45.8 g, 0.400 mol) was added dropwise at a rate such that the 

temperature remained below 8°C. During the addition the initially clear, slightly yellow 

solution darkened to a brownish color and some triethylammonium chloride precipitated. After 

the addition, the reaction mixture was allowed to warm to room temperature and stirred for an 

additional 1.5 h. Water was then added until all the triethylammonium chloride had dissolved, 

then conc. hydrochloric acid was added to acidify the reaction mixture. The dichIoromethane 

layer was separated and the aqueous layer extracted with dichloromethane (3 x 50 d). The 

combined organic layers were filtered through a silica gel column (ca. 250 g silica gel), and 

then washed with ether (1.5 L). Concentration of the resulting yellowish solution yielded 45.2 

g of a viscous yellow oil containing 7 1 % (fiom 'H NMR) of the desired product, as an endo 

: exo mixture in the ratio of 1.43 : 1 (yield: 6 1 %). This mixture was used in the following step 

without fiuther purification. An analytical sample was prepared (chromatography, silica gel, 

hexanes - ether 1 : 1) for the characterization of the pure isolated endo and exo isomers. 

exo-2-Mes yl-7-methoxy bicy clo [3.3.l Inonan-9-one (exd22): MS (EI) m/z (rel. intensity): 

41 (53), 79 (73), 107 (67), 166 (loo), 183 (2), 262 (1 5). High res. MS (IE): M': calc. 

262.087499 found 262.0873 (-0.9 ppm), M' - HOSO,CH,: calc. 166.099380 found 166.O989 

(-2.6 ppm). IR neat (NaCl) cm-': 2937 s, 1725 s, 1353 s, 1 174 s, 1097 s, 952 s, 929 s, 863 m, 

839 m. ' H NMR (400 MHz, CDC1,) 8 (ppm): 5.20 (q, J = 2.8 Hz, 1 H), 3.84 (m, 1 H), 3.25 (s, 

3H), 2.99 (s, 3H), 2.74 - 2.67 (m, lH), 2.55 - 2.48 (m, br, lH), 2.31 - 1.98 (m, 4H), 2.14 - 1.98 

(m, 3H), 1.95 - 1.86 (m, 1H). 13C NMR (100 MHz, CDCI,) S (pprn): 213.7 (Cq), 85.4 (CH), 



72.0 (CH), 56-0 (CH,), 48.9 (CH), 43.4 (CH), 39.1 (CH,), 37.6 (CH3,34.3 (CH3,29.0 (CHJ, 

25.5 (CH2). 

endo-2-Mesyl-7-methoxybicyclo[3.3.l Inonan-9-one (endo-222): MS (EI) m/z (rel. 

intensities): 43 (59), 55 (82), 79 (loo), 97 (63), 123 (SO), 135 (53), 151 (48), 166 (58), 183 

(22), 230 (14), 262 (49). High res. MS (IE): M': calc. 262.087499 found 262.0865 (-3.8 ppm), 

M+ - CH,OH: calc. 230.061284 found 230.0613 (+ 0.0 ppm). IR neat (NaCl) cm-I: 2936 m, 

1727 s, 1357 s, 1 175 s, 1097 s, 951 s, 927 s, 862 rn, 836 m. 'H NMR (400 MHz, CDC1,) G 

(ppm): 4.78 (dt, J ,  = 1 1.4 Hz, JZ  = 5.7 Hz, lH), 3.88 (m, lH), 3.3 1-(s, 3H), 3.04 (s, 3H), 3 . 0  - 
2.93 (m, IH), 2.58 - 2.47 (m, 2H), 2.30 - 1.99 (m, SH), 1.97 - 1.88 (m, lH), 1.76 - 1.63 (m, 

lH). I3C NMR (LOO MHz, CDCI,) S (ppm): 212.2 (Cq), 81.0 (CH), 72.2 (CH), 56.0 (CH,), 

50.2 (CH), 42.3 (CH), 38.6 (CH,), 37.0 (CHJ, 3 1.6 (CH3,27.2 (CHa, 26.3 (CHJ. 

A mixture of exo- and endo-2-mesyl-7-methoxybicyclo[3.3.1 Inonan-9-one 222 (45.2 g, 

0.122 mol, 7 1 % purity fiom 'H NMR), sodium iodide (128.9 g, 0.86 mol), and zinc dust 

(1 12.5 g, 1.72 mol) in dimethylfoxmamide (1.8 L) was refluxed for 5 h. The cold reaction 

mixture was then filtered using a sintered glass filter funnel, concentrated on the rotavapor, and 

after the addition of water (500 mL), the resulting mixture was extracted with dichloromethane 

(3 x 100 mL). The combined organic layers were dried with magnesium sulfate, filtered and 

concentrated on the rotavapor to yield 16.3 g crude material. Distillation at 0.05 rnm Hg and 

ca. 80°C afforded 1 1.49 g 3-methoxybicyclo[3.3.l]nonan-9-one 223, with a purity of 84 % 

according to GC Oleld: 47 %). This product was used for the subsequent steps without fkther 

purification. An analytical sample for characterization was purified using column 

chromatography (silica gel, hexanes - ether 955). 



GC-MS m/z (rel. intensity): 41 (loo), 55 (97), 67, (94), 79 (75),95 (62), 108 (57), 12 1 (2 l), 

136 (65), 153 (8), 168 (44). High res. MS (IE): M": calc. 168.1 15030 found 168.1 139 (-6.6 

ppm). IR neat (NaCl) cm-' : 2928 s, 1726 s, 1440 m, 1 100 s, 9 12 m, 732 s. 'H NMR (200 MHz, 

CDCI,) 6 wpm): 3.94 (tt, J, = 8.2 Hz, J, = 5.2 Hz, lH), 3.22 (s, 3H), 2.43 - 2.29 (m, 2H), 2.25 - 
2.08 (m, 2H), 2.05 - 1.73 (m, 7H), 1.61 - 1.41 (m, 1H). I3C NMR (50 MHz, CDCl,) G (ppm): 

2 1 9.2 (CQ), 73.0 (CH), 55.8 (CH,), 44.5 (2 CH), 37.5 (2 CH3,34.9 (2 CH3, 19.3 (CH2). 

A solution of 3-methoxybicyclo[3.3.1]undecan-9-one 22 3 (1 1.24 g, 56.1 mmol, 85 % purity 

from GC) in 20 mL of methanol was mixed with a solution ofpotassium hydroxide (45 g, 0.8 

mol) in water (65 rnL) and methanol (65 mL) at 0°C. Maintaining &is temperature, a saturated 

solution of DiazaldB (27.0 g, 127 mmol) in methanol (335 mL) was added dropwise over a 

period of 9 h. The resulting reaction mixture was then allowed to warm to room temperature 

and stirred for an additional 2 h. After filtration, water (200 mL) was added and the methanol 

removed using the rotavapor. Extraction of the resulting mixture with dichloromethane (3 x 

60 mL) yielded 1 1.95 g crude product. Purification using column chromatography (silica gel, 

hexanes : ether - 95 : 5) afforded 7.48 g of the 3-methoxybicycIo(3.3.2]dodecan-9-one 224 

with a purity of 76 % according to GC weld: 55 %). The impurity was 3- 

methoxybicyclo[3.3.1]dodecan-9-one 223. An analytical sample using preparative GC was 

prepared for the characterization. 

GC-MS m/z (rel. intensities): 41 (loo), 55 (63), 67 (49), 79 (SO), 93 (25), 108 (22), 122 

(1 4), 139 (6), 154 (6), 182 (6). High res. MS (IE): M': calc. 182.130680 found 182.1308 (H.7  

ppm), M+ - CH3: calc. 137.107205 found 167.1067 (-2.9 ppm), M': CH,OH: calc. I SO. 104465 

found 150.1049 (+3.0 ppm). IR neat (NaCl) cm-': 2923 s, 1696 s, 1453 m, 1092 s. 'H NMR 



(200 MHz, CDC1,) 6 (ppm): 3.76 (tt,J, = 8.4 Hz& = 4.2 Hz, lH), 3.31 (s, 3H), 2.85 @ , J =  

4.7 HZ, lH), 2.73 (dd, JI = 19.0 HZ, J2=4.0 HZ, lH), 2.48 (ddd,J, = 19.0 HZ, J2=4.1 H&J3 

= 1.5 Hz, lH), 2.33 (tt, J, = 9.0 Hz, J, = 4.5 Hz, lH), 2.17 - 1.94 (m, 2H), 1.92 - 1.50 (m, 8H). 

13C NMR (50 MHz, CDCI,) G (ppm): 215.8 (Cq), 76.6 (CH), 56.0 (CH,), 48.4 (CH), 47.3 

(CH,), 37.8 (CH,), 32.4 (CH3,32.1 (CH3,27.6 (CH), 27.2 (CH3,22.2 (CH3. 

The Lombardo reagentH9 (1 30 mL) and dichioromethane (52 mL) were cooled to O°C under 

an argon atmosphere. Within 1 0 min. a solution of 3-methoxybicyclo [3.3 .2]dodecanecat19-one 224 

(4.29 g, 19.1 rnmol, 8 1 % purity from GC) was added to the Lombardo reagent,la9 maintaining 

a reaction temperature of 0°C. The resulting slurry was allowed to warm to room temperature 

and stirred for a fiather 2 h before it was diluted with hexanes (1 30 mL). Portionwise addition 

of a slurry of sodium bicarbonate (78 g) and water (42 mL) caused the reaction mixture to 

separate into a gray, sticky precipitate and a clear colorless solution, after the evolution of 

carbon dioxide had ceased. The two phases were separated and the gray precipitate washed 

with 2 portions of hexanes (50 mL). The combined organic layers were dried with magnesium 

sulfate, filtered and concentrated on the rotavapor to yield 4.66 g of a yellow oil. Purification 

by column chromatography (silica gel, hexanes 100 %) afEordd 3.24 g weld: 94 %) 3- 

methoxy-9-methylenebicyclo[3.3.2]dodecane 225 (pure according to 'H NMR) as a colorless 

oil. 

GC-MS mh (rel. intensity): 41 (73), 53 (33), 67 (29), 79 (loo), 9 1 (86), 105 (39), 120 (26), 

133 (38), 148 (1 9), 180 (2). High res. MS (IE): M-: calc. 180.15 14 15 found 180.1506 (4.7 

ppm), M- - CH,OH: calc. 148.125200 found 148.1237 (-9.8 ppm). IR neat (NaCI) an-': 292 1 

s, 1449 m, 1096 s, 879 m. IH NMR (200 MHz, CDCI,) G (ppm): 4.71 (q, br, J= 1.9 Hz, lH), 



4.58 (q, J =  2.0 Hz, lH), 3.72 (tt,J, = 11.2 Hz,J, =4.9 Hz, IH), 3.30 (s, 3H), 2.86 - 2.72 (m, 

br, IH), 2.67 - 2.38 (m, 2H), 2.26 - 2.09 (m, 3H), 1.79 - 1.21 (m, 8H). I3C NMR (50 MHz, 

CDClJ 8 (ppm): 153.5 (Cq), 109.7 (CH3,77.2 (CH), 56.0 (CH,), 41.5 (CH), 40.3 (CHa, 39.4 

(CH2), 39- 1 (CH3930.9 (CH3,30-4 (CH3329-9 (CH), 24.1 (CH3. 

A solution of m-chloroperbenzoic acid (5.32 g, 30.8 mmol) in chloroform (1 50 rnL) was 

cooled to 0°C and 3-methoxy-9-methylenebicyc~3.3.2]decaae 225 (3.05 g, 16.9 mmol) 

dissolved in chloroform (30 mL) was added within 10 min. The resulting reaction mixture was 

stirred at O°C for 2 h before washing with a solution of sodium bicarbonate and sodium 

carbonate (1 : 1, 5 %). The organic layer was then dried with magnesium sulfate, filtered and 

concentrated on the rotavapor to afford 4.18 g of a colorless crude product. Purification on a 

silica gel column with hexanes - ether (95 : 5) yielded 1.87 g (yield: 48 %) of the 3-methoxy-9- 

oxiranylbicyclo[3.3.2]decane 226 with a purity of 85 % according to GC (main impurity 3- 

methoxybicyclo[3.3.2]decane-9-carbaldehyde 233). 

GC-MS m/z (rel. intensity): 41 (89), 55 (47), 67 (loo), 79 (83), 93 (39), 107 (30),12 1 (24), 

136 (27), 164 (6) ,  196 (1). High res. MS (IE): M': calc. 196.146330 found 196.1475 (+6.2 

ppm), M' - CH,OH: calc. 164.120 1 15 found 164.1 197 (-2.6 ppm). IR neat (NaCl) cm-' : 29 17 

s, 1457 m, I094 s, 9 19 m, 733 m. 'H NMR (200 MHz, CDCI,) 6 (ppm): 3.64 (tt, J, = 1 1.2 Hz, 

4 = 4.9 Hz, lH), 3.24 (s, 3H), 2.51 (s, 2H), 2.34 - 2.07 (m, 2H), 2.06 - 1.21 (m, 12H). 13C 

NMR (50 MHz, CDCI,) S (ppm): 76.6 (CH), 60.9 (Cq.',, 56.7 (CH3, 55.9 (CH,), 40.4 ( 0 ,  

40.3 (CH,), 39.7 (CH3,35.1 (CH-J, 29.8 (CH3,29.7 (CH), 27.3 (CH& 24.2 (CH3. 



A solution of 3 -methoxy-9-oxiranylbicyclo[3.3 2ldecane 226 ( 1.39 g, 7 .O8 mmol), boric 

acid (2.40 g 38.8 mrnol), sodium azide (2.40 g, 36.9 mmol) and dimethylfonnamide (70 mL) 

was refluxed for 3h. The DMF was removed in vacuo before water (100 mL) was added and 

the resulting mixture extracted with dichloromethane (3 x 25 mL). After drying, filtering and 

concentrating on the rotavapor, 2.15 g of a yellowish oil was isolated, and was purified on a 

silica gel column using hexanes : ether (1:l) to give 1.54 g of the pure (from 'H NMR) 9- 

azidomethyl-9-hydroxy-3-methoxybicyclo[3 3 2 227. 

MS (EI) d z  (rel. intensity): 41 (65), 67 (76), 81 (99), 108 (33), 123 (21), 133 (21), 151 

(loo), 21 l(2). Highres. MS(IE): Mi-N,:calc. 21 1.157229 found21 1.1574(+1.0ppm), M+- 

CH,N,: calc. 183.138505 found 183.1387. IR neat (NaCl) cm-I: 3427 s, 2924 s, 2099 s, 1454 

m, 1288 m, 1094 m. 'H NMR (200 MHz, CDCl,) 6 (ppm): 3.77 @, J =  5.7 Hz, lH), 3.67 (s, 

br, 1H), 3.38 (s, 3H), 3.33 (s, 2H), 2.37 - 2.1 1 (m, 3H), 2.10 - 1.10 (m, 11H). I3C NMR (SO 

MHz, CDCl,) S @pm): 78.7 (CH), 77.7 (Cq), 61.5 (CH,), 56.1 (CH,), 44.3 (CH3,39.9 (CH), 

34.2 (CH,), 33.6 (CH3,33.01 (CH3,30.2 (CH), 28.7 (CH3,22.2 (CH3. 

9-Azidomethyl-9-hydroxy-3-methoxybicyclo[3 3 2 227 (1.54 g, 6.44 mmol) and 10 

% palladium on activated charcoal (20 mg) in ethanol (40 mL) was hydrogenated at room 



temperature and atmospheric pressure for 2 h. The ethanol was removed on the rotavapor after 

filtration and the residue dissolved in hydrochloric acid (30 mL, 5 %). The aqueous solution 

was washed with dichloromethane (3 x 20 mL) before sodium hydroxide solution (1 5 %) was 

added until the mixture became basic. This solution was then extracted with dichloromethane 

(3 x 25 mL) and the combined organic phases dried with magnesium sulfate, filtered and 

concentrated on the rotavapor to yield 1 -42 g (yield: 85 %) of the 9-aminomethyl-9-hydroxy-3- 

methoxybicyclo[3.3.2]decanol 228 (82 % purity fiom 'H NMR). This material was used 

directly for the next step. An analytical sample was prepared for characterization using column 

chromatography (silica gel, ether - methanol 90 : 10, trace of ammonium hydroxide). 

MS (EI) m/z (rel. intensity): 41 (83), 67 (82), 81 ( 9 9 ,  91 (43), 109 (30), 151 (100), 183 

(39), 238 (8), 239 (1). IR neat (NaC1) cm-I: 3373 s, 2921 s, 1454 m, 1086 s, 1032 m, 980 m. 

' H NMR (200 MHz, CDCI,) 6 (ppm): 3.79 (tt, J, = 7.8 Hz, J, = 5.3 Hz, 1 H), 3.33 (s, 3H), 2.76 

(d, J= 12.8 Hz, IH), 2.57 (d, J=  12.8 Hz, IH), 2.33 - 1.82 (m, lOH), 1.81 - 1.41 (m, 7H). 13C 

NMR (50 MHz, CDCI,) G (ppm): 78.5 (CH), 76.0 (Cq), 56.0 (CH,), 5 1.9 (CHJ, 44.4 (CH,), 

39.5 (CH), 35.8 (CH2), 33.5 (CH3, 32.7 (CH,), 30.5 (CH), 27.8 (CH,), 23.4 (CH3. 

9-Aminomethyl-9-hydroxy-3-methoxybicyclo[3 -3.21decane 228 (0.3 20 g, 1.28 mmol) was 

dissolved in a solution of acetic acid (0.640 mL, 1 1.2 mmol) in water (10 mL). At room 

temperature a solution of sodium nitrite (0.64 g, 9.3 mmol) in water (2 mL) was added 

dropwise and the reaction mixture stirred for 2 hours and for a fbxther hour at 96OC (steam 

bath). Extraction with ether (3 x 25 mL), drying, filtering and concentrating the combined 

extracts afforded 0.32 g of a waxy solid. Purification via coI*rl~nn chromatography (silica gel, 

hexanes : ether 8 : 2) gave 0.18 g (yield: 6 1 %) of 7-methoxybicyclo[3.3.3]undecan-2-0ne 229 

(87 % fiom 'H NMR; impurity 3-methoxybicyclo[3.3.2]decan-9-one 224). An analytical 



sample for characterization was prepared using preparative GC. 

GC-MS m/z (rel. intensity): 41 (loo), 55 (69), 67 (47), 79 (29), 93 (13), 107 (9). 121 (6), 

136 (7), 168 (4), 196 (1). High res. MS (IE): M': calc. 196.146330 found 196.1455 (-4.4 ppm). 

IR neat (NaCl) cm-I: 2922 s, 1689 s, 1455 m, 1089 s. 'H NMR (200 MHz, CDCl,) 6 (ppm): 

3.52 (tt, J, = 11.4 Hz, 4 = 4.1 Hz, lH), 3.39 (s, 3H), 3.1 1 - 2.88 (m, 2H), 2.69 (q, br, J =  8.5 

Hz, 2H), 2.33 - 2.03 (m, 4H), 1.93 - 1.41 (m, 8H). 13C NMR (50 MHz, CDC1,) 6 (ppm): 2 18.9 

(Ce), 76.6 (CH), 56.4 (CH,), 46.6 (CH), 36.8 (CH-J, 35.1 (CH3,34.1 (CH3,29.4 (CH), 28.9 

(CH3,28.3 (CH,), 27.2 (CH,), 21.2 (CH3. 

7-Methoxybicyclo[3.3.3]undecan-2-one 229 (141.7 mg, 0.628 mmol, purity 87 % by 'H 

NMR), hydrazine ( 1 00 %, 9.80 g, 306 rnmol), hydrazine dihydrochloride (2.57 g, 24.4 rnmol) 

and triethylene glycol (1 7.2 g, 1 15 mrnol) was heated to 1 30°C for 2h. Then, potassium 

hydroxide (85 YO, 3.00 g, 45.5 mmol) was added portionwise before the temperature was 

gradually raised to 2 10°C and maintained there for 3 h. The cold reaction solution was then 

diluted with 50 mL water, extracted with ether (3 x 25 mL) and the combined ether extracts 

washed once with water, dried with magnesium sulfate, filtered and concentrated on the 

rotavapor to afford 19 1.8 mg of a crude material. Purification on a silica gel column using a 

hexane - ether mixture in the ratio 95 : 5 resulted in the isolation of 112.3 mg (yield: 88 %) 3- 

methoxybicyclo[3.3.3]undecane 230 with a purity of 90 % &om GC (impurity 3- 

methoxybicyclo[3.3.2]decane). For characterization purposes, an analytical sample was 

prepared using preparative GC. 

GC-MS m h  (rel. intensity): 4 1 (1 OO), 55 (39), 67 (41), 79 (26), 91 (lo), 107 (8). 122 (5) ,  

135 (5 ) ,  150 (1 ), 182 (1). High res. MS (IE): M': calc. 182.167065 found 182.1655 (-8.4 ppm). 

IR neat (NaCI) crn-' : 29 16 s, 1457 m, 1 16 1 m, 1094 s. 'H NMR (400 MHz, CDCI,) G (ppm): 



3.37 (tt, J, = 11.7 Hz, J2 =4.0 Hz, IH), 3.35 (s, 3H), 2.52 (q, br, J=9.3 Hz), 1.95 (dddd, J, = 

l3.9Hz, J2= 10.2Hz,J3=3.9Hz,J,= 1.1 Hz), 1.71 - 1.58(m,6H), 1.57- 1.40(m,8H). "C 

NMR ( 100 MHz, CDClJ 6 (ppm): 77.6 (CH), 56.2 (CH,), 34.3 (2 x CH3,29.5 (2 x CH3,29.4 

(2 x CH), 29.0 (2 x CH,), 20.4 (CH3,20.0 (CH3. 

230 231 

Air was bubbled through a solution of 3-methoxybicyclo[3.3.3]undecane (1 8.6 mg, 0.102 

mmol) in cyclohexane (30 mL) for 15 hours. During this procedure, the solution was irradiated 

with light (Sunlamp) and cooled to 5 to 10°C (quartz vessels). Concentration and purification 

of the crude material on a silica gel column (hexanes - ether 1 : 1) yielded 0.9 mg (yield: 4%) 

of 3-methoxybicyclo[3.3.3]undecan- 1 -01 231. Attempts to fhther oxidize the reaction mixture 

to the diol formed only traces of the desired 3-methoxybicycIo[3.3.3]undecan-1J-diol 232 

(from 'H NMR). All the other starting material decomposed into a complex mixture. 

GC-MS m/z (rel. intensity): 41 (loo), 55 (62), 67 (37), 79 (28), 97 (27), 109 (6), 123 (6), 

137 (4), 155 (2), 166 (I), 198 (1). 'H NMR (200 MHz, CDCI,) 6 (ppm): 3.40 (tt, J, = 10.8 Hz, 

4 = 4.4 HZ, lH), 3.37 (s, 3H), 2.49 (q, br, J =  9.3 HZ, lH), 2.02 - 1.87 (my 4H), 1.84 - 1.53 (my 

9H), 1.52 - 1.39 (my 3H). 13C NMR (50 MHz, CDCI,) G (ppm): 74.9 (Cq), 56.4 (CH,), 45.0 

(CH?), 40.5 (CH2), 40.5 (CH3, 34.8 (CH3,29.7 (CH3, 29.6 (CH3,29.1 (CH), 29.0 (CH3, 

2 1.5 (CH,), 2 1 .O (CHa. 



5.4 Bicyclo[33.3l undecyl system 

5.4.1 N-Cyclohex-1-enylmorpbohe (95) 

A solution of cyclohexanone (49.1 g, 0.500 mol), morpholine (52.3 g, 0.607 mol) and p- 

toluenesulfonic acid (2 g) in toluene (300 mL) were refluxed for 20 h with azeotropic removal 

of water. Concentration on the rotavapor yielded a orange oil, which was distilled in vacuum 

(0.3 mrnHg) and the fhction at 85 to 90°C was collected to give 74.8 1 g (yield: 8 1 %) of N- 

cyclohex-1-enylmorpholine 95 (90 % purity 'H NMR). The 'H and 13C-NMR data of the 

distillate was in accordance with the literature data.'66* 2 '0  

'H NMR (200 MHz, CDCl,) G (ppm): 1.61 - 1.72 (m, 4H), 2.00 - 2.10 (m, 4H), 2.76 (t, 

J =  4.8 Hz, 4H), 3.71 (t, J =  4.8 Hz, 4H). I3C NMR (50 MHz, CDClJ 6 (ppm): 145.41 (Cq), 

100.36 (CH), 66.95 (CH3,46.43 (CH3,26.77 (CHa, 24.37 (CHd, 23.18 (CH3,22.72 (CH3. 

N-Cyclohex- 1 -enylmorpboline 95 (75.0 g, 0.448 mol) was dissolved in ether (400 mL), 

cooIed to 0 "C in a 2 L RB flask, and acrolein (90 %, 33.3 mL, 27.9 g, 0.448 mol) was added. 

The resulting colorless solution was stirred for 12 h at 20 OC ('H NMR signals at 6.06 (m) and 

4.58 (m) for N-cyclohex- 1 -enylmorpholine). Water (300 mL) and then H2S04 (98 %, 65.9 g) 

in water (1 50 mL) was added to the reaction mixture (ca. 12 % w/w H2S04 in water). The 

ether was distilled off followed by about 50 mL of water. The resulting mixture was refluxed 



for an additional 3 h. The cold reaction mixture was filtered (sintered glass funnel) and 

extracted with CH,CI, (4 x 1 SO mL). The organic layer was dried (MgSO,) and concentrated 

to yield 59.0 g (yield: 85%) of the crude waxy solid 2-hydroxybicyclo[3.3.l]nonan-9-one 97 

as a ca. 1 : 1.45 mixture of the exo and endo isomers, whose I3C NMR shifts were in good 

agreement with the IiteratureZ" values. 

GC-MS m/z (rel. intensity): 39(72), 41(87), 55(100), 67(29), 83(34), 98(95), 1 1 1(10), 

126(4), 135 (9), 154(9). 'H NMR (200 MHz, CDCI,) 6 (ppm): 1.38 - 2.76 (m, 22H), 4.04 @, 

J = 4.5 Hz, 0.689 H), 4.36 (s, br, LH). I3C NMR (50 MHz, -1,) 6 (pprn): 220.5 1 (Cq), 

2 19.04 (Cq), 76.17 (CH), 72.74 (CH), 54.19 (CH), 54.07 (CH), 45.79 (CH), 44.88, (CH), 

34.37 (CH,), 33.76 (CH3,30.41 (CH3,29.10 (CH3,28.72 (CH3,28.09 (CHa, 27.5 1 (CH3, 

26.96 (CH,), 20.37 (CH3, 19.24 (CH3. 

5.43 2-Chlorobicyclo[33.1]nonan-9-one and Bicyclo[33.1]non-2len-9ane (99) and (98) 

2-Hydroxybicyc~o[3.3.l]nonan-9-one 97 (5.00 g, 32.4 mmol) in pyridine (10 mL) was 

added with magnetic stirring to a premixed solution of pyridine (21 mL, 0.26 mol) and 

phosphorus oxychloride (5.9 mL, 0.065 mol), cooled to 0 "C in an ice bath, at a rate such that 

the temperature remained between 0 and 5 OC. The mixture was allowed to warm to 20 OC and 

stirred an additional 3 h. Water was added cautiously at a rate such that the reaction mixture 

stayed below 50 OC. A slush formed during this addition making stirring difficult, and the 

mixture was manually shaken while the water was added. Eventually a clear brown solution 

formed. This was concentrated on the rotavapor to half the original volume. Acidification 

with aq. HCI (1 0 %) followed by extraction with dichloromethane (3 x 30 mL), drying with 

magnesium sulfate and concentration gave 5.27 g of residual solid (87 % 

I -chlorobicyclo[3.3.1 Iundecan-9-one 99 and 1 2 % bicyclo[3.3.1]non-2-en-9sne 98 by GC), 

(combined yield: 95 %). Samples of separated endo- and exo-l-chloro- 



bicycl0[3.3.l]undeca.n-9sne 99 and bicyclo[3.3.l]non-2-en-9-one 98 had 13C NMR spectra 

in good agreement with published data? 21Z 

Bicyclo[3.3.1]non-2-en-9-one (98): GC-MS mk (rel. intensity): l36(l OO), 108(1 I), 93(55), 

79(70), 67(40), 39 (1 8). 'H NMR (200 MHz, CDCl,) 8 (ppm): 5.92(dt, J, = 9.5Hz, 3.5Hz, lH), 

5.56(dddd, 5, = 9.5Hz, J, = 5.9Hz, J, = 2.4Hz, J, = ISHz, lH),2.64 - 2.90(m, 2H), 1.44 - 
2. I (m, 6H), 2.35 - 2.6 1 (m, 2H). I3C NMR (50 MHz, CDCI,) 6 (ppm): 2 15.4 (Cay 129.5 (CH), 

126.7 (CH), 47.2 (CH),45.1 (CH), 36.4 (2 x CH,), 32.7 (CH3, 16.4 (CH& 

exo- I -Chlorobicyclo[3.3.l]undecan-9-one (em-99): GC-MS m/z (rel. intensity): 4 l(2 1), 

55(24), 67(l OO), 79(33), 93(23), 1 Og(6 l), 1 l9(62), l37(42), l72(53), 174( 16). 'H NMR (200 

MHz, CDCI,) 6 (ppm): 4.29 (ddd,J, = 12.5 Hz,J,= 5.9 Hz,J,= 5.5 Hz, lH), 2.69 - 2.78 (m, 

1H),2.34-2.63 (m,3H), 1.79-2.28(m,7H), 1.50- 1.67(m, IH). '3CNMR(50MHz,CDC1,) 

S @pm): 2 16.18 (Cq), 65.48 (CH), 54.78 (CH), 45.6 (CH), 34.86 (CHa, 32.89 (CHa, 30.04 

(CH,), 28.5 1 (CHa, 19.8 l(CH3. 

endo- I -Chlorobicyclo~.3.1]undecan-9-0ne (endo-99): GC-MS m/z(rel. intensity): 41 (l6), 

55(18), 67(100), 79(19), 93(8), 1 O9(67), 1 19(27), l37(63), l72(42), l74(13). 'H NMR (200 

MHz, CDCl,) 6 (ppm): 4.60 - 4.70 (m, 1 H), 2.60 - 2.80 (m, 2H), 2.36 - 2.55 (m, 2H), 1.9 1 - 
2.22 (m, 7H), 1.50 - 1.67 (m, 1H). I3C NMR (50 MHz, CDCh) 6 (ppm): 216.18 (Cq), 65.48 

(CH), 54-78 (CH), 45-61 (CH), 34.86 (CH3, 32.89 (CH,), 30.04(CH3, 28.51 (CH3, 19.81 

(CH2)- 

A mixture of endo- I exo- 1 -chlorobicycfo[3.3.1 Iundecan-9-ones 99 and bicyclo[3.3.1 Inon- 

2-en-9-one 98 (29.9 g, 0.173 mol, based on 87 % 1 -chlorobicyclo[3.3.l]undecan-9-one and 12 

% bicyclo[3.3.1 Inon-2-en-9-one), sodium iodide (5 1.8 g, 0.346 mol) and zinc powder (45.2 

g, 0.692 mol) was mixed with 250 mL of dimethylformamide and refluxed for 14 h. After 



cooling, water (500 mL) was added and the mixture filtered. The filter residue was washed 

several times with hexanes and the aqueous filtrate was extracted with hexane (4 x 200 mL). 

The combined hexane solution was washed twice with water, dried with magnesium sulfate 

and concentrated on the rotavapor to give 20.1 g of solid product containing bicyclo[3.3.1 Inon- 

2-en-9-one 98 and bicycl0[3.3.1 Inon-9-one 100 (8 % and 89 % respectively by GC). This 

material was placed in a 250 rnL RB flask, methanol ( 100 mL) and PtO, (20 mg) were added, 

and the flask was fitted with a septum and a syringe needle inlet. The flask was evacuated 

through the needle until the methanol began to boil and hydrogen was introduced from a 

cylinder using a very low back pressure; this process was repeated 2 times. The solution was 

then stirred at ambient temperature for 2 h. The platinum was filtered off and the methanol 

evaporated. The residue was taken up in acetone (100 mL) and Jones reagent (5 mL) was 

added. After stirring for 10 min., aqueous sodium bisulfite solution (10 %) was added until 

the solution color became green, the precipitate was filtered, washed with acetone, and the 

acetone evaporated. The residue was taken up in ether, washed with water and bicarbonate 

solution (5 %), dried with magnesium sulfate and concentrated to give 1 7.96 g of an off-white 

crystalline residue (yield: 75 %) m.p. 152 - 154 OC, lit."3 154 - 156 "C. The 'H NMR spectrum 

of the crude product was identical to that of the recrystallized material (loo), and GC. analysis 

gave a single peak. 

GC-MS m/z (rel. intensity): 39 (loo), 55 (48), 67 (93), 82 (61), 95 (12), 1 10 (20), 138 (14). 

'H NMR (200 MHz, CDCl,) 6 (ppm): 2.46 - 2.32 (m, 2H), 2.18 - 1.91 (m, lOH), I .60 - 1.45 

(m, 2H). I3C NMR (50 MHz, CDCl,) G (ppm): 22 1.7 (Cq), 46.5 (2 x CH), 34.3 (4 x CH3,20.5 

(2 x CH2)- 



100 101 

A solution of potassium hydroxide (80.0 g, 1.2 1 mol) in water (32 mL) and methanol (30 

mL) was cooled to 0°C and mixed with bicyclo[3.3.l]nonan-9-one 100 (1 5.2 g, 0.1 10 mol) in 

methanol (30 mL). Maintaining a reaction temperature of O°C a solution of Diazalda (58.0 g, 

0.27 1 mol) in methanol (390 mL) was added dropwise over a time period of 17 h. The 

resulting suspension was then allowed to warm up to room temperature and then stirred for an 

additional 3h before it was concentrated on the rotavapor to half of the original volume. 

Filtration and extraction with ether (3 x 60 mL) yielded 14-89 g crude material, which was 

purified by column chromatography (silica gel, hexanes - ether, 95 : 5) to yield 13.47 g (yield: 

72 %) bicyclo[3.3.2]decan-9-one 101 (89 % purity from GC; impurity bicyclo[3.3.1 lnonan-9- 

one 100). The MS and NMR data obtained were in accordance with the literature 

GC-MS m/z (rel. intensities): 4 1 (33), 55 (40), 67 (80), 8 1 (1 OO), 96 (77), 109 (40), 123 (9), 

152 (68). [H NMR (200 MHz, CDC1,) 6 (ppm): 2.82 (p, J =  4.9 Hz, lH), 2.47 (d, J =  4.6 Hz, 

2H), 2.18 (hept, J = 4.6 Hz, 1 H), 1 -93 - 1.34 (m, 12H). 13C NMR (50 MHz, CDClJ 6 (ppm): 

2 17.1 (Cq), 5 1 .O (CH), 47.0 (CHZ), 3 1.9 (2 x CHa, 28.1 (CH), 27.0 (2 x CH,), 2 1.4 (2 x CH,). 

101 108 

Bicyclo[3.3.2]deca.n-%one 101 (0.784 g, 5.15 mmol) and dry zinc chloride (50 mg) were 

mixed with TMSCN (10 mL) and heated to 100°C for 12h. The excess TMSCN was then 

removed under vacuum (0.05 mrnHg, RT) before the residue was dissolved in ether (60 mL). 

The ether solution was washed with cold (0°C) sodium bicarbonate solution (596, 30 mL), 



dried with magnesium sulfate, filtered and concentrated on the rotavapor to give 1 -30 g (yield: 

83 %) of a waxy solid (83 % 108 by GC). This material was used for the following steps 

without fiuther purification. For characterization purposes, an analytical sample was prepared 

using column chromatography (silica gel, hex- 1 00 %) and the MS and NMR data obtained 

were in accordance with literature vatue~."~ 

GC-MS d z  (rel. intensity):67 (38), 75 (87), 82 (59), 95 (30), 1 10 (59), 133 (27), 155 (14), 

1 68 ( 1 2), 209 (67), 236 (1 OO), 25 1 (8). 'H NMR (200 MHz, CDCl,) 6 (ppm): 2.62 (dd, J, = 

15.3 HZ, J2=4.4 HZ, IH), 2.35 (p,J=4.2 HZ, lH), 2.20 (p, J=4.2 HZ), 2.1 1 (dd,J, = 15-3 ).Iz, 

4 = 4.4 Hz, lH), 2.17 - 1.9 1 (m. 2H, partial overlap, with H at 2.1 1 ppm), 1.90 - 1.45 (m. 

1 OH), 0.24 (s, 9H). 13C NMR (SO MHz, CDCI,) 6 (ppm): 124.1 (Cq), 75.3 (Cq), 48.3 (CH3, 

45-9 (CH), 32.6 (CH), 32.2 (CH,), 30.7 (CH3, 27.8 (CH3, 26.8 (CH3,22.3 (CHd, 22.2 (CH3, 

1.2 (3 x CH,). 

108 105 

Lithium aluminium hydride (2.2 g, 58 mmol) was added to a solution of 9- 

trimethylsilanyloxybicyclo[3.3.2]decane-9108 (2.92 g, 84 %, 9.76 mmol) in ether 

(1 00 mL). The resulting reaction mixture was stirred overnight at room temperature, before a 

solution of potassium hydroxide (5 mL, 209 g/L) was added cautiously. Stirring for 20 min., 

filtration and concentration of the resulting solution yielded an oily substance, which was 

chromatographed (silica gel, ether 100% with traces of ammonium hydroxide solution) yielded 

1 -50 g (yield: 84 %) of the pure 9-aminomethylbicyclo[3.3.2]decan-9-01105. The NMR data 

obtained agreed with the literature data. 

'H NMR (200 MHz, CDCl,) G (ppm):2.84 (d, J =  12.8 Hz, lH), 2.53 (d, J =  12.8 Hz, lH), 

2.26 - 2.03 (m, 3H), 1.97 @, J =  4.4 Hz, lH), 1.91 - 1.36 (my 1SH). I3C NMR (SO MHz, 

CDCl,) 5 (ppm): 76.8 (Cq), 52.1 (CH3, 44.3 (CH), 40.6 (CH), 32.1 (CH3,3 1.9 (CHa, 3 1.2 



5.4.8 Bicyclo[333)und~m-2-one and Bicyclo[333Jundeean-3-one (106) and (107) 

105 106 107 

Sodium nitrite (3.6 g, 52.2 mmol) in water (20 mL) was added to a solution of 9- 

aminomethylbicyclo[3.3.2]decan-9-01 (1.50 g, 8.18 mrnol) and acetic acid (3.6 rnL, 62.9 

mrnol) in water (72 mL) at room temperature over a period of 30 min. The resulting solution 

was further stirred at room temperature for 4 h and then heated to 90°C for 3h. Neutralization 

with sodium carbonate solution ( 10 %), extraction with ether (3 x 25 mL) drying the combined 

ether extracts with magnesium sulfate, filtering and concentrating yielded 1.4 1 g of semisolid 

crude product. Purification using column chromatography (silica gel, hexanes - ether 95 : 5) 

afforded 1 -23 g (yield: 87 %) bicyclo[3.3.3]undecan-2-one 106 containing about 3 % of the 

isomeric bicyclo [3 -3.3 Jundecan-3-one 107. The recorded M S  and NMR data are in accordance 

with literature data.176 

GC-MS m/z (rel. intensity): 4 1 (49), 55 (59), 67 (80), 8 1 (76), 96 (loo), 109 (75)- 122 (1 3), 

137 (8), 138 (8), 166 (47). lH NMR (200 MHz, CDCl,) 6 (ppm): 2.64 (p, J= 4.8 Hz, lH), 2.46 

- 2.27 (m, 3H), 1.88 - 1.68 (m, 2H), 1.64 - 1.17 (m, 12H). 13C NMR (50 MHz, CDCI,) 6 (ppm): 

220.4 (Cq), 47.8 (CH), 36.4 (CH3,30.5 (CH), 28.7 (CH3,28.0 (CH3,26.8 (CH3,20.4 (CH3. 

106 107 59 

A mixture of the bicyclo[3.3.3]undecanones 106 and 107 ( 1.2 1 g. 7.28 mmol), hydrazine 

(8 0 %, 27.6,7 1 0 mmol), hydrazine dihydrochloride (6.2 1 g, 59.2 mmol) and triethylene glycol 



(147 mL, 1.10 mol) was heated to 13O0C for 2 h. Then, potassium hydroxide (1 1.4 g, 173 

mmol) was added portionwise before the temperature was gradually raised to 210°C and 

maintained there for another 3h. The cold reaction solution was then diluted with water (50 

mL), extracted with ether (3 x 25 mL,) and the combined ether extracts washed once with 

water, dried with magnesium sulfate, filtered and concentrated on the rotavator to give a waxy 

solid. Purification was accomplished by dissolving the solid aude material in hexanes (5 mL) 

and filtering it through a column (silica gel, 15 g). The column was washed with 1 SO mL of 

hexanes and the combined filtrates were concentrated on the rotavapor to afford 1.05 g (yield: 

9 1 %) of the bicyclo[3.3.3]undecane 59 (96 % purity fiom GC). The raorded spectral data 

were in accordance with published  result^.'^ Variable temperature 'H NMR (400 MHz) 

experiments revealed a collapse of the axial-equatorial hydrogen signals at 23 1 K 

(coalescence), which corresponds to a "bridge-flip" barrier of 1 1.1 * 0.2 kcaVmo1. 

GC-MS d z  (rel. intensity): 4 1 (57), 37 (1 OO), 8 1 (98), 96 (99), 109 (46), 124 (26), 152 

(63).lH NMR (2 10 K, 400 MHz, CDCI,) S (ppm): 2.32 (q, J =  9.3 Hz, 2H), 1.64 - 1.44 (m, 
9H), 1.43 - 1.13 (my 9 H). 'H NMR (303 K, 400 MHz, CDCI,) 6 (ppm): 2.40 (s, br, 2H), 1.73 - 
1.29 (m, 18H). I3C NMR (303 K, LOO MHz, CDC1,) 6 (ppm): no observable change with 

temperature: 30.8 (2 x CH), 29.0 (6 x CH3,20.2 (3 x CH3. 

5.4.1 0 Bicyclo [3.3.3] undecan-1-01 and Bicyclo[3.33] undecane-195-diol(109) and (1 10) 

Method a (partial oxidation): Bicyclo[3.3.3]undecane (250mg, 1.64 mmol) was dissolved 

in hexanes (20 mL) and placed in a 1 L RB flask. Evaporation of the hexanes formed a thin 

film on the wall of the flask, which was then exposed to oxygen. The atmosphere of the 

reaction flask was replaced every 12 h. AAer two days, the solid material was 

chromatographed (silica gel, ether 100 %) to give 97.8 mg (yield: 53 % based on consumed 

starting material) of the pure bicyclo[3 .3.3]undecan- 1 -01 109, 42.0 mg of the monoperoxide, 



50.6 mg diperoxide and 15.2 mg bicyclo[3.3.3]undecane- 1 ,S-diol 110. 

Method b (exhaustive oxidation): Bicyclo[3.3.3]undecane 59 (340- 2.23 mmol) was 

dissolved in hexanes (20 mL) and placed in a 1 L round bottom flask. Evaporation of the 

hexanes formed a thin film on the wall of the flask, which was exposed to oxygen. The 

atmosphere of the reaction flask was replaced every 12 h. After 3 weeks, the solid material was 

dissolved in THF and sodium borohydride (OSg, 13.2 mmol) was added and the resulting 

mixture stirred for 24 h. Evaporation of the THF, addition of ether, filtration and concentration 

on the rotavapor yielded white solid crude material, which was purified by column 

chromatography (silica gel, ether 100%) to yield 212.2 mg (yield 52 %) of the pure 

bicyclo[3.3.3]undecane- 1,s-diol l 10. The spectral data obtained were in accordance with the 

literature. 216 

Bicyclo[3.3.3]undecan- 1-01 (109): GC-MS d z  (rel. intensity): 4 1 (32), 55 (40), 67 (29), 

79 (27), 97 (loo), 107 (9), 126 (37), 140 (6), 1 SO (1). 'H NMR (400 MHz, CDCI,) 6@pm): 

2.26 (hept., J =  5.0 Hz, IH), 2.97 (s, br, lH), 1.66 - 1.49 (m, 12H), 1.48 - 1.34 (m, 6H). 13C 

NMR (100 MHz, CDCI,) G (ppm): 76.4 (Cq), 39.8 (3 x CH,), 30.3 (CH), 28.9 (3 x CH3,20.9 

(3 x CH2). 

Bicyclo[3.3.3]undecan-1,5diol(110): GC-MS m/z (rel. intensity): 43 (SO), 55 (loo), 67 

(91), 83 (7I), 110 (59), 123 (57), 138 (24), 148 (6), 156 (I8), 166 (1). 'H NMR (200 MHz, 

CDCI,) 6 @pm): 1.74 (s, br, 18H), 1.49 (s, 2H). I3C NMR (50 MHz, CDCI,) 25 (ppm): 75.7 (2 

x Cq), 40.2 (6 x CH,), 2 1.5 (3 x CH3. 

5.4.1 1 1,s-Dichlorobicyclo[3.3.3] undecane (1 12) 

Bicyclo[3.3.3]undecane- 1,SdiolllO (1 8 mg, 2 1.6 mmol) was dissolved in dichloromethane 

(3 mL) and cooled to O°C. Hydrochloric acid (37 %, 3 mL) was added and the resulting 

suspension stirred vigorously for 15 min. The organic layer was separated and filtered through 



a column of magnesium sulfate (1 -5 g). Evaporation of the dichloromethane was performed 

by blowing nitrogen across the solution while keeping the temperature below 4"C, to afford 

I 7.0 mg of the pure 1,s-dichlorobicyclo[3.3.3]undecane 112, which was immediately used for 

the generation of the co~esponding dication (dichloride 112 experiences significant 

decomposition at room temperature within 2 hours). NMR data were in agreement with the 

literature. lS3 

'H NMR (400 MHz, CDCI,) S (ppm): 4.23 (t, br, J =  6.4 Hz, 12H), 3.87 - 3.72 (m, 6). I3C 

NMR (100 MHz, CDCl,) 6 (ppm): 78.5 (2 x Cq), 41.5 (6 x CHa, 23.3 (3 x CH3. 

Lithium (200 mg, 28.8 mmol) was cut into small pieces (3 mm wire, 0.2 - 0.5 mm long) and 

added to ether (20 mL). One crystal of iodine (approx. 0.5 mg) and a few drops of ethyl 

bromide were added at room temperature. A k  the reaction had started (disappearance of the 

yellowish color, slight turbidness and shiny silvery surface of the Li) the reaction mixture was 

cooled to - 1 O°C, the rest of the ethyl bromide (total 1.49 g, 13.7 mrnol) was added over a 

period of 3 hours maintaining the temperature below -10°C and the resulting mixture was 

stirred overnight while allowing it to warm up to room temperature. The ethyllithium solution 

was added to bicyclo[3.3.l]nonan-99ne 100 (400 mg, 2.89 mrnol) in ether (20 mL) at -78°C 

using a transfer needle, which allowed separation of the alkyllithium solution from the excess 

solid lithium. The reaction mixture was then allowed to warm to room temperature and stirred 

for an additional 2 h. The work up was conducted by pouring the reaction mixture into an 

aqueous ammonium chloride solution (5 %, 200 mL), followed by extraction with ether (3 x 

30 mL). After drymg (MgSO,), filtration and concentration on the rotavapor gave 440 mg of 

a crude material. Purification on a silica gel column (hexanes - ether 95 5)  afforded 430 mg 

of the pure 9-ethylbicyclo[3.3. I lnonan-9-01 195. The recorded NMR and IR data were in 



agreement with the literature.*" 

GC-MS m/z (rel. intensity): 41 (9), 55 (13), 67 (14), 79 (1 8), 1 1 1 (lo), 121 (57), 139 (I OO), 

150 (2), 168 (1). IR neat (NaCl) cm": 3368 s, 2954 m, 291 1 s, 2883 s, 1457 w, 1 136 w, 1 1 17 

w, 973 w. 'HNMR(400MHz, CDCl,)S@pm): 2.09 (tt,J, = 13.5 Hz,J2=6.3 Hz, 2H), 1.88 - 
1.67 (m, 4H), 1.64 (q, J =  7.7 Hz, 2H), 1.62 - 1.54 (s, br, 4H), 1.53 - 1.39 (m, 4H), 1.35 (s, br, 

1 H), 0.85 (t, J =  7.7 Hz, 3H). I3C NMR (100 MHz, CDCl,) 8 @prn): 73.0 (Cq), 36.4 (2 x CH), 

30.5 (CH3,29.1 (2 x CH3,27.2 (2 x CH3,21.1 (CH3,20.4 (CH3,6.1 (CH,). 

9-Ethylbicyclo[3.3.1]nonan-9-01 195 (57.0 mg, 0.339 mmol) was dissolved in 

dichloromethane (5 mL), cooled to 0°C and hydrochloric acid (conc., 5 mL) was added. The 

resulting mixture was stirred vigorously for 15 min., maintaining the temperature at O°C. The 

organic layer was then separated and filtered through a column of magnesium sulfate (approx. 

2 g). Evaporation of the dichloromethane was carried out by blowing nitrogen onto the solution 

and keeping the solution temperature below S°C, to yield 55 mg (yield: 87 %) of the pure 9- 

chloro-9-ethylbicyclo[3.3.1 Inonane 196. (This chloride was found to decompose into a 

complex mixture at room temperature within hours. Therefore, the characterization was 

conducted solely by NMR spectroscopy). 

'H NMR (400 MHz, CDCI,) 6 (ppm): 2.42 - 2.39 (m, ZH), 2.07 (q, J =  7.3 Hz, 2H), 2.02 - 
1.93 (m, 3H), 1.86 (tq,J, = 19.8 Hz, J, = 5.2 Hz, 2H), 1.72 - 1.64 (m, ZH), 1.63 - 1.55 (m, 2H), 

1.54 - 1.46 (my 1 H), 1.05 (t, J= 7.3 Hz, 3H). I3C NMR (LOO MHZ, CDCI,) 8 (ppm): 84.3 (Cq), 

3 7.9 (2 x CH), 3 3.1 (CH-J, 29.2 (2 x CHa, 28.6 (2 x CH3,20.8 (CH,), 1 9.8 (CH3,7 -8 (CH,). 



Methyllithium solution(l.5 M, 3.5 mL) was added to bicyclo[3.3. I lnonan-9-one 100 (322.4 

mg, 2.33 rnmol) in ether (20 mL) at -78°C. The reaction mixture was then allowed to warm 

to room temperature and stirred for an additional 2 h. The work up was conducted by pouring 

the reaction mixture onto an ammonium chloride solution (5 %, 200 mL), extraction with ether 

(3 x 30 mL), drylng the combined organic layers with magnesium sulfate, filtering and 

concentrating on the rotavapor to give 359 mg weld: quant) of the pure 9-methyl- 

bicyclo [3 -3.1 Inonan-9-01 197. The spectral data obtained were in accordance with literature 

values. lg9 

GC-MS m/z (rel. intensity): 43 (loo), 55 (43), 67 (52), 79 (32), 97 (40), 1 1 1 (1 I), 12 1 (IS), 

139 (1 6), 154 (1 3). 'H NMR (200 MHz, CDCL,) G (ppm): 2.24 (m, 2H), 1.93 - 1.54 (m, 9H), 

1.52 - 1.39 (m, 4H), 1.30 (s, 3H). 13C NMR (50 MHz, CDCI,) S (ppm): 72.0 (Cq), 38.7 (2 x 

CH), 29.7 (2 x CH2), 27.5 (CH3), 27.0 (2 x CH2), 20.7 (CH3,20.5 (CH3. 

Bicyclo[3 -3 -2Idocan-9-one 101 (1 2.4 g, 8 1 -5 mmol) in dichloromethane (90 mL) was added 

to a slurry of the Lombardo reagentls9 (300 mL) at O°C. The resulting reaction mixture was 

allowed to warm to room temperature and stirred for an additional 2 hours, after which hexanes 

(200 mL) and a slurry of sodium bicarbonate (1 85 g) and water (50 mL) were added and the 

resulting mixture was stirred until no gas development could be observed. The hexanes layer 

was decanted and the grey slurry washed with hexanes (2 x 50 mL). The combined organic 



layers were dried with magnesium sulfate, filtered and concentrated on the rotavapor to give 

13.17 g of a yellow oil. Purification using a silica gel column (hexanes LOOYO) yielded 9.9 g 

(yield: 8 1 %) of the pure 9-methylenbicyclo[3.3.2]decane 102. The spectral data obtained were 

in accordance with literature  value^.'^ 

GC-MS d z  (rel. intensity): 4 1 (57), 67 (9 1 ), 79 (1 00), 93 (66), 107 (SO), 12 1 (14), 135 (1 1), 

1 50 (6). IR neat (NaCl) c d :  3064 m, 290 1 s, 1627 m, 1448 s, 88 1 s. 'H NMR (200 MHz, 

CDCI,) 6 (ppm): 4.75 @, J =  2.1 HZ, IH), 4.62 (p, J =  2.1 Hz, lH), 2.84 (p, J=4.0 Hz, lH), 

2.59 (hex., J =  1.9 Hi, 2H), 2.18 (p, J =  4.0 Hz, lH), 1.85 - 1.43 (m, 12 H). I3C NMR (50 

MHz, CDCI,) 6 (ppm): 154.6 (Cq), 109.3 (CH3, 44.3 (CH), 38.7 (CH3, 32.7 (CH3, 32.2 

(CH?), 3 1.2 (CH), 22.0 (CH3. 

Methyllithium solution ( 1.5 M, 1 -5 mL) was added to bicyclo[3.3.3]nonan-2-one 106 (2 1 5 

mg, 1.29 mrnol) in ether (20mL) at -78OC. The reaction mixture was then allowed to warm to 

room temperature and stirred for an additional 2 b. The reaction mixture was poured into an 

ammonium chloride solution (5 %, 100 mL). Extraction with ether (3 x 25 mL) and 

concentration of the dried (MgSO,) extracts on the rotavapor gave 1 80.1 m g  (yield: 77 96) of 

the pure (by GC-MS) 2-methyl-bicyclo[3.3.3]nonan-2-01 191. 

GC-MS d z  (rel. intensity):4 1 (22), 55 (29), 7 1 (1 00), 8 1 (SO), 96 (76), 107 (1 l), 125 (22), 

136 (1 1), 149 (a), 167 (13), 182 (1). High res. MS (IE): M' - CHI: calc. 167.14359 found 

167. 14498 (-8.3 ppm). IR neat (NaCl) cm-':3395 m, 2904 s, 1459 m, 137 1 w, 1099 w, 889 w. 

IH NMR (400 MHz, CDCI,) G (ppm): 2.38 (hept, J =  5.0 Hz, l w ,  2.14 @, J =  4.9 Hz, lH), 

1.87 - 1.69 (m, ZH), 1.68 - 1.33 (m, ISH), 1.30 (s, 3H). I3C NMR (100 MHz, CDCI,) 6 (ppm): 

75.8 Cq, 44.5 (CH), 349 (CH3,3 1.0 (br, CH,), 29.9 (CH), 28.7 (CHa, 28.4 (CH3,27.6 (CH3, 

26.8 (CH,), 24.0 (CH3,2 1.0 (CH,), 2 1.0 (CH3. 



Parafoxmaldehyde (12 g, 400 mmol) was added in portions to adamantme (12.0 g, 88.1 

mrnol) and aluminum chloride (24.0g, 180 mmol) in dichloromethane (72 mL) at O°C. The 

reaction mixture was stirred for 1 h at 0°C and allowed to wann to room temperature before 

an additional portion of aluminum chloride (24.0 g, 180 rnrnol) and padormaldehyde (12 g, 

400 mmol) were added. AAer 3 hours of stirring of the resulting reaction mixture, it was 

poured onto ice (approx. 400 g). Extraction with ether (3 x 60 mL), drying of the combined 

organic layers with magnesium sulfate, filtering and concentration of the filtrates on the 

rotavapor yielded 18.0 g weld: 89 %) of 1,3-dichloroadamantane 164 with a purity of 89 % 

(from GC). This material was used for the subsequent reactions without fiuther purification. 

The spectral data were in agreement with literature values.219 

GC-MS m/z (rel. intensity): 39 (17), 65 (14), 77 (25), 9 1 (32), 105 (9), 1 13 (16), 127 (6), 

133 ( 16)9 169 (1 OO), 204 (2), 206 (1) M- + 2 - 56 % of M'. 'H NMR (200 MHz, CDCl,) S 

(ppm): 2.46(s,2H),2.31 (hept, J = 2 . 8  Hz,2H),2.06(d, J=3.0Hz,  8H), 1.60(t, J=2.9Hz, 

2H). 13C NMR (50 MHz, CDC13) 8 (ppm): 66.7 (Cq), 56.4 (CH,), 45.6 (4 x CH3,33.5 (CH3, 

33.2 (2 x CH). 



5.4.18 3-Methylenebicyclo[33.l]nonan-7-0ne and 3-Methylbicyclo[33.1]non-2~n-7-0ne 

(165) and (166) 

1,3-Dichloroadamantane 164 (1.89 g, 9.2 1 mmol), dioxane (60 rnL) and aqueous sodium 

hydroxide solution (1 M, 60 mL) were heated in a pressure vessel to 185OC for 70 hours. After 

cooling the reaction mixture to room temperature, it was extracted with ether (3 x 35 mL) and 

the combined extracts were washed with water (3 x 20 mL). The ether extracts were then dried 

with magnesium sulfate, filtered and concentrated on the rotavapor to give the crude material, 

which was purified using column chromatography (silica gel, hexanes - ether 80 : 20) to afford 

304.1 mg (yield: 22 %) of the pure (fkom 'H NMR) 3-methylbicyclo[3.3.1 )non-2-en-7-one 166 

and 5 83.9 mg (yield: 42 %) of the pure (from 'H NMR) 3-methylenebicyclo[3.3.1 Inonan-7-one 

165. The recorded spectral data were in accordance with literature values.z0 

3 -Methylbicyclo[3 -3.1 Inon-2-en-7-one (166): GC-MS d z  (rel. intensity): 39 (S), 58 (8), 

77 (14), 93 (loo), 150 (32). 'H NMR (400 MHz, CDC13 S (pprn): 5.41 (dhept., J, = 4.7 Hz, 

J2 = 1.2 HG lH), 2.64 (s, br, lH), 2.61 - 2.53 (m, IH), 2.49 (ddd, J, = 14.9 H z ,  J2 = 6.1 Hz, 

4 = 1.2 Hz, IH), 2.41 (dd, J, = 14.2 Hz, J, =4.3 Hz, lH), 2.37 - 2.19 (m, 3H), 1.97 (d, br, J 

= 12.7 Hz, lH), 1.91 (ddq, JI = 12.7 HZ, J2 = 3.2 Hz, JJ ~ 2 . 5  HZ, lH), 1.78 (d, J =  17.8 Hz, 

1 H), 1.57 (s, 3H). 13C NMR (1 00 MHz, CDCI,) S (ppm): 2 12.3 (Cq), 132.8 (Cq), 124.6 (CH), 

50.3 (CH,), 49.1 (CH3,37.4 (CH,), 3 1.1 (CH3,30.2 (CH3,30.2 (CH), 23.2 (CH,). 

3 -Methylenebicyclo[3.3.1 Inonan-7sne (165): GC-MS mlz (rel. intensity): 39 (1 1 ), 53 (6), 

67 (18), 79 (21), 92 (loo), 106 (31), 132 (3), 150 (41). 'H NMR (200 MHz, CDCI,) S (pprn): 

4.76 (t, J =  1.8 Hz, 2H), 2.42 (s, br, 2H), 2.40 - 2.30 (m, 6H), 2.24 (d, J =  13.6 H z ,  2H), 1.92 

(d, br, J =  13.2 Hz, IH), 1.88 (d, br, J =  13.2 Hz, 1H). 13C NMR(5O MHz, CDC1,) S (ppm): 

210.9 (Cq), 141.6 (Cq), 114.6 (CH3,47.3 (2 x CH3,41.3 (2 x CH3,32.0 (CH3,30.7 (2 x 

CH). 



Methyllithium solution (1 -5 M, 3.5 mL) was added to 7-methylenebicyclo[3.3.l]nonan-3- 

one 165 (774 mg, 5.15 mmol) in ether (20mL) at -78OC. The reaction mixture was then 

allowed to warm to room temperature and stirred for an additional 2 h. The workup was 

conducted by pouring the reaction mixture onto an ammonium chloride solution (5 %, 100 

rnL), extraction with ether (3 x 25 mL), drying the combined organic layers with magnesium 

sulfate, filtering and concentrating on the rotavapor. 

The resulting residue was dissolved in ether (20 mL), cooled to -78OC and methyllithium 

solution (1.5 M, 3.5 mL) was again added. This resulting reaction solution was worked up as 

mentioned above. The residue obtained was treated once more with methyIlithium and worked 

up as previously described to give 650 mg of a crude material containing 495 mg starting 

material. Column chromatography (silica gel, ether - hexanes 5 : 95) yielded 1 53.4 mg beld: 

50 % based on consumed starting material) of the pure (from 'H NMR) 7-endo 7-methyl-3- 

methylenebicyclo[3.3.1 Inonan-7-01 169." 

GC-MS m/z (rel. intensity): 43 (1 O), 77 (12), 92 (loo), 108 (108), 133 (4), 148 (2 l), 166 

(2). High res. MS (IE): M' - H20: calc. 148.12520 found 148.12479 (t2.8 ppm). IR neat 

(NaC1) c d :  3522 s, 2963 m, 29 10 s, 1627 w, 1426 m, 1375 m, 1250 w, 1 136 m, 1076 m, 889 

m. 'H NMR (200 MHz, CDCI,) S (ppm): 4.88 (t, J =  4.3 Hz, 2H),-3.53 (s, br, lH), 2.52 - 2.24 

(m, 4H), 2.1 1 (s, br, 2H), 1.86 - 1 -42 (m, 6H), 1.14 (s, 3H). 13C NMR (50 MHz, CDCI,) G 

(ppm): 148.5 (Cq), 1 12.3 (CHd, 66.2 (Cq), 44.6 (2 x CHZ), 39.3 (2 x CHd, 33.2 (CHa, 32.9 

(CH,), 28.9 (2 JC CH). 

'The assignment of the endo configuration was based on the fact that the use of this 
starting material for the preparation of carbocations produced protonated cyclic ether 
products, which are not expected to fom with the exo configuration of this starting 
material. 



7-Methyl-3-methylenebicyclo[3.3.1 Jnonan-7-01169 (1 48 mg, 0.89 1 mmol) was dissolved 

in THF (20 rnL) under an argon atmosphere cooled to 0°C and a BH, - THF solution (I M, 3 

mL) was added. The resulting reaction solution was allowed to warm to room temperature and 

stirred for an additional 3h. After the stirring period, water (3 mL) was carefblly added and 

after the hydrogen evolution had ceased, sodium hydroxide solution (5 mL) and hydrogen 

peroxide solution (30 %, 4 mL) were added. The resulting reaction mixture was stirred 

vigorously for 3 hours, then extracted with ether (3 x 15 mL). The combined organic layers 

were washed with sodium bisulfite (5 %, 10 mL), dried with magnesium sulfate, filtered and 

concentrated on the rotavapor. The solid residue was purified on a silica gel column (hexanes - 
ether 1 : 1) to yield 89.2 mg (yield: 54 %) of the pure 3-endo, 7-endo 3-hydroxymethyl-7- 

methylbicyclo[3.3.l Inonan-7-01 170." 

GC-MS m/z (rel. intensity): 43 (20), 55 (1 l), 67 (18), 79 (43), 93 (loo), 108 (40), 123 (12), 

135 (28), 148 (26), 166 (13), 184 (1). IR neat (NaCI) crn-': 3292 s, 2937 s, 29 10 s, 2864 m, 

1372 w, 1 141 m, 1035 m, 1007 w, 907 w. 'H NMR (400 MHz, CDCI,) 6 (ppm): 3.47 (d, J =  

3.8 HZ, 2H), 2.23 - 2.08 (m, 2H), 1.99 - 1.73 (m, 6H), 1.71 - 1.40 (m, 7H), 1.17 (s, 3H). I3C 

NMR (1 00 MHz, CDCI,) G (ppm): 7 1.5 (Cq). 67.5 (CHa, 45.8 (2 x CH,), 34.9 (CH,), 3 1.5 

(CH), 28.3 (CH-J, 28.3 (2 x CH,), 24.8 (2 x CH). 

"The assignment of the endo configuration was based on the fact that the use of this 
starting material for the preparation of carbocations produced protonated cyclic ether 
products, which are not expected to form with the exo configuration of this starting 
material. 



Methyllithium solution ( 1.5 M, 1.5 mL) was added to 7-methylbicyclo[3.3.l]non-6-en-3- 

one 166 (254.6 mg, 1.69 mmoI) in ether (20mL) at -78°C. The reaction mixture was then 

allowed to warm to room temperature and stirred for an additionai 2 h. The work up was 

conducted by pouring the reaction mixture into an ammonium chloride solution (5 %, 100 

mL), extraction with ether (3 x 25 mL), drying the combined organic layers with magnesium 

sulfate, filtering and concentrating on the rotavapor. The semi-solid residue was purified with 

column chromatography (silica gel, hexanes - ether 90 : 10) to afTord 125.8 mg (yield: 67 % 

based on consumed starting material) of the 3-endo 3,7-dimethylbicyclo[3.3.l]non-6-en-3~l 

179.= 

GC-MS m/z (rel. intensities): 43 (6), 77 (8), 93 (loo), 107 (9), 133 (2), 148 (26), 166 (1). 

High res. MS (IE): M+ - H20: calc. 148.12520 found 148.12553 (-2.2 ppm). IR neat (NaCl) cm- 

': 3548 s, 2961 m, 2911 s, 1449 w, 1379 m, 1141 w, 1079 m, 912 w. NMR (200 MHz, 

CDCl,) 6 (ppm): 5.78 (d, br, J =  6.3 Hz, lH), 3.50 (s, br, lH), 2.46 - 2.13 (m, 3H), 2.03 (d, J 

= 17.9 Hz, lH), 1.92 - 1.40 (m, 6H), 1.67 (s, 3H), 1-10 (s, 3H). I3C NMR (50 MHz, CDC13) G 

(ppm): 136.6 (CQ), 128.4 (CH), 70.0 (Cq), 45.7 (CH2), 41.8 (CH), 37.1 (CH), 32.2 (CH,), 31.5 

(CH?), 28.8 (CH), 26.9 (CH), 23.2 (CH,). 

"The assignment of the endo configuration of the alcohol group was based on the fact 
that the use of this starting material for the preparation of carbocations produced protonated 
cyclic ether products, which are not expected to fonn with the exo configuration of this 
starting material. 



5.4.22 3,7-Dimethylbicyclo[33.l]nona-2,6-diene and 3,7-Dimethylbicycto(33.1) nona-2,7- 

diene (158) and (167) 

3,7-Dimethylbicyclo[3.3.1]non-6-en-3-ol179 (200mg, 1.20 mmol) inpyridine (5 mL) was 

added to a solution of pyridine (1 5 mL) and phosphorus oxychloride (I .00 mL, 10.9 mmol) 

at room temperature. The reaction solution was heated to 40°C for 3 hours before it was 

carefully poured onto ice (300 g). The ice was melted and the resulting mixture extracted with 

hexanes (3 x 25 mL). The combined organic layers were washed 3 times with water, dried with 

magnesium sulfate, filtered and concentrated on the rotavapor to give a yellow oil, which was 

purified using column chromatography (silica gel, hexanes 100 %) to give 153 mg (yield: 78 

% based on consumed starting material) of a mixture of 3,7-dimethylbicyclo[3.3.l]nona-2,6- 

diene 167 and 3,7-dimethylbicyclo[3.3.l]nona-2,7-dime 158 in a ratio of 1 : 5. The recorded 

NMR data were in accordance with literature  value^.^' 

GC-MS m/z (rel. intensity): 40 (23), 80 (36), 9 1 (63), 93 (1 OO), 105 (34), 133 (1 6), 148 (42). 

H NMR (200 MHz, CDCI,) S (ppm): 5.42 (d, J = 5.4 Hz, 2H), 2.4 1 (s, br, ZH), 2.15 (dd, J, 

= 17.3 Hz, J, = 5.6 Xz, 2H), 1.69 (d, J =  17.3 Hz, 2H), 1.51 (s, 6H), 1.49 (t, J =  3.0 Hz, 2H). 

I3C NMR (50 MHz, CDCI,) 6 (ppm): 132.0 (2 x Cq), 125.8 (2 x CH), 36.1 (2 x CH,), 28.9 

(CH?), 28.6 (2 x CH), 23.6 (2 x CH3). 

5.4.23 Bi~yd0[3.3.3) undec-1-yl cation (78) 

Bicyclo[3.3.3]undecanan1-ol 109 (20 mg, 0.1 19 mmol) was dissolved in dichloromethane 

(4 mL), cooled to 0°C and conc. hydrochloric acid was added. The resulting mixture was 



intensely stirred for 15 min. before the dichoromethane layer w& separated using a pipette, 

filtered through a magnesium sulfate column (approx. 2 g) and concentrated under a stream 

of nitrogen, keeping the temperature below 5°C. The resulting solid was dissolved in 

dichloromethane-d2 (0.15 mL) and added to a solution of antimony pentafluoride (100 mg, 

0.46 1 mmol) in sulfuryl chloridefluoride (total 1.8 mL) at - I 16°C. The antimony pentafluoride 

solution was prepared by dissolving the SbF, in a small portion of the sulfbyl chloridefluoride 

(approx. 0.4 mL), transferring it into a 10 rnm NMR tube (0.8 mm wall), and condensing the 

rest of the sulfiuyl chloridefluoride on top of the SbF, solution. The sample was kept still in 

order to avoid mixing of the SbF, with the suIfuryl chloridefluoride. Addition of the 

dichloromethane-d, solution of the 1 -chlorobicyclo[3 -3.31undecane 11 1 to the cold s u l k 1  

chloridefluoride caused precipitation of the cation precursor, as well as partial fieezing of the 

dichloromethane. Using a tungsten wire, the reaction solution was then quickly mixed to form 

a slightly yellowish, clear solution. 

The 'H NMR spectrum agreed well with a low field spectrum previously published by 

O l a l ~ , ' ~ ~  although he was unable to see any line-broadening phenomena. In the present 

experiment at 189K, the ring flip of the C, bridges was clearly fiozen out in the NMR 

spectrum. Warming the solution to 2 1 3 K caused collapse of two of the resolved doublets. Line 

shape analysis of the spectra at 2 1 1 K, 22 1 K, 232K revealed energy barriers of 10.5, 10.7 and 

10.3 kcaVmol averaging to 10.5 0.3 kcalhol. At 232 K decomposition peaks of the 

monocation became apparent within 25 min., and warming the sample to 243 K for 25 min. 

caused approximately 70 % of the bicyclic cation 78 to rearrange into a complex mixture. The 

activation energy for decomposition was measured as 17.5 * 0.3 kcal/mol. 

'H NMR (1 89K, 300 MHz) G (ppm): 4.08 - 3.89 (my 3H), 3.85 (s, br, 3H), 3.04 - 2.75 (m, 

6H), 2.54 (q, J =  8.12 Hz, lH), 2.02 - 1.88 (m, 3H), 1.78 (ddd,J, = 15.9 Hz, J, = 12.9 Hz, 4 
= 5.0 Hz, 3H). I3C NMR (75 MHz) G (ppm): 357.5 (C'), 58.6 (3 x CH3,37.5 (3 x CH2), 36.0 

(CH), 33.2 (3 x CH2). 



Bicyclo(3.3 -3lundecane- 1,s-diol 110 (1 2.6 mg, 0.0683 mmol) was dissolved in 

dichloromethane (4 mL) cooled to 0°C and conc. hydrochloric acid was added. The resulting 

mixture was stirred vigorously for 15 min. before the dichlommmethane layer was separated 

using a pipette, filtered through a magnesium sulfate column (approx. 2 g) and concentrated 

under a stream of nitrogen, keeping the temperature below S°C. The resulting solid 1,s- 

dichlorobicyclo[3.3.3]undecane 1 12 was dissolved in dichloromethane-d, (0.1 5 mL) and added 

to a solution of antimony pentafluoride (100 mg, 0.461 mmol) in sulfkyl chloridefluoride 

(total 1.8 mL) at -1 16°C. The antimony pentafluoride solution was prepared by dissolving the 

SbF, in a small portion of the sulfiuyl chloridefluoride (approx. 0.4 mL), transferring it into 

a 10 rnm N M R  tube (0.8 mm wall), and condensing the rest of the sulfuryl chloridefluoride on 

top of the SbF, solution. The reaction mixture was then stirred with a tungsten wire to form 

a clear, slightly yellowish solution which was used direcly for NMR analysis. This solution 

was found to be "metastable" in terms of solubility. Warming the reaction mixture to -78OC 

caused, to a large extent, irreversible precipitation of the dication. No precipitation was 

observed when the reaction solution was kept at - 1 16°C over a period of several hours. Further 

warming of the precipitate-solution above -78OC brought about decomposition into a complex 

mixture within 20 min. At 22 1 K 80 % of the dication had decomposed within 20 min. The 

energy barrier for dication decomposition was determined to be about 15.4 * 0.5 kcal/mol. 

Decomposition of this dication into a complex mixture only occurs in the presence of 

dichlormethane-d, in the reaction mixture. The absence of this solvent leads to a clean 

rearrangement of the bicyclo[3.3.3]undeca- 1,s-diyl dication 36 into 3,7- 

dimethylbicyclo[3.3.1 Jnonyl dication 37 (see below). The hydrogen and carbon NMR data for 

dication 36 were in agreement with published values.18) 

'H NMR (168 K, 300 MHz) G (ppm): 4.39 (s, br, 12H), 3.52 (s, br, 3H), 3.17 - 2.90 (m, br, 



3H). ')c NMR (168 K, 75 MHz) S (ppm): 347.0 (C+), 58.1 (6 x CH3,23.6 (3 x CHa. 

Dication rearrangement: 

Bicyclo[3.3.3]undecane- 1 ,5-diol 110 (20.0 mg, 0.109 mmol) was dissolved in 

dichloromethane (4 mL), cooled to 0°C and cow. hydrochloric acid was added. The resulting 

mixture was intensely stirred for 1 5 min. before the dichloromethane layer was separated using 

a pipette, filtered through a magnesium sulfate column (approx. 2 g) and concentrated under 

a stream of nitrogen, in a 5 mm NMR tube (0.5 mm wall) keeping the temperature below S°C. 

The NMR tube was then cooled to - 1 16OC, suifuryl chloridefluoride (0.4 mL) was condensed 

into it and a precooled solution of antimony pentduoride (300 mg, 1.38 mmol) in sulfuryl 

chloridefluoride (0.4 mL) was added. Stirring the reaction mixture with a tungsten wire 

produced a slightly yellowish, clear solution. Keeping this reaction mixture at -78OC for 10 

hours caused partial rearrangement of the bicyclo[3.3.3]undeca-1,s-diyl dication 36 into 2,7- 

dimethylbicyclo(3.3.l Jnona-2,7-diyl dication 134 and 3,7dimethylbicyclo[3.3. I Inona-3,7diyl 

dication 37. The rate for the rearrangement into 2,7-dimethylbicyclo[3.3.1 Inona-2,7-diyl 

dication 134 was measured at 2 16 K (9 % of the dication 36 rearranged within 5 min.) and at 

22 1 K (36 % of the dication 36 rearranged with 30 min.) and gave an energy barrier of 16.4 

* 0.3 kcdmol. Further warming to 232 K and maintaining this temperature for 30 min. 

converted 32 % of the 2,7-dimethylbicyclo~3.l]nona-2,7-diyl dication 134 into the 3,7- 

dimethylbicyclo[3.3. Ilundeca-3,7-diyl dication 37 with an associated energy barrier of 17.3 

0.4 kcal/mol. This final dication proved to be thermally very stable and experienced only 

approximately 40 % decomposition into a complex mixture when kept at - 18°C for 1 week. 

This corresponds to an activation barrier of 2 1.9 kcal/mol. 

2,7-Dimethylbicyclo[3.3.l]nona-2,7-diyl dication (134): 'H ?MFt (189 K, 300 MHz) 6 

@pin): 4.91 - 4.72 (m, 3H), 4.65 - 4.45 (m, 2H), 4.10 (s, br, 2H), 4.00 (s, 3H), 3.94 (s, br, 3H), 

3.48 - 3.23 (my 3H), 3.06 - 2.93 (m, 1 H), 2.86 (s, 1 H). 13C NMR (1 89 K, 75 MHz) S (ppm): 



329.3 (C-), 323.6 (C*), 65.4 (CH2), 63.1 (CH), 59.1 (CHa, 57.7 (CH3,54.0 (CH3,54.0 (CH3, 

46.8 (CH,), 46.8 (CH,), 32.8 (CH). 

3,7-Dimethylbicyclo[3.3.1 Iundeca-3,7diyl dication (37): NMR (2 1 0 K, 300 MHz) 6 

(ppm): 4.63 (d, br, J =  18.8 Hz, 4H), 4.25 (dd, J, = 15.3 Hz, 4 = 6.3 Hz, 4H), 3.66 (p, J =  3.4 

Hz, 6H), 3.14 (s, 2H), 2.28 (s, 2H). 13C NMR (210 K, 75 MHz)  S (ppm): 332.3 (2 x C), 64.0 

(4 x CHa, 45.3 (2 x CH,), 26.3 (2 x CH), 25.7 (CH3. 

5.4.25 Ionic reduction of Bicycio[3.33)undeca-l~yl Dicition (36) 

5.4.25.1 Reduction with Isopentane 

Bicyclo[3.3.3]undecane- 1,s-diol 110 (1 5.6 mg, 0.0847 mrnol) was converted into the 

corresponding dichloride and subsequently ionized into the bicyclo[3.3.3]undeca- 1,s-diyl 

dication 36 as described previously (see Section 5.4.24, page 250). To the clear dication 

solution isopentane (12 pL, 0.268 -01) was added at -1 16OC and the resulting mixture was 

thoroughly stirred. Reduction of the dication 36 to the bicyclo[3.3.3]undec- 1 -y 1 cation 78 

occurred instantly, and quantitatively. No W e r  reduction of the bicyclo[3.3.3]undecyl system 

to the hydrocarbon could be observed. Warming the reaction mixture to 221 K caused line 

broadening of all signals due to rapid intermolecular hydride shifts between the excess 

isopentane and the various monocations present. 

Isopentane: 'H NMR (1 89K, 300 MHz) S (ppm): 1.45 (nonet, J =  6.7 Hz, lH), 1.22 @, J =  

7.1 Hz, 2H), 0.92 (t, J =  7.1 Hz, 3H), 0.91 (d, J =  6.7 Hz, 6H). I3C NMR (189 K, 75 MHz) 6 

(ppm): 32.1 (CH,), 30.4 (CH), 22.4 (2 x CH,), 12.3 (CH,). 

Isopentyl cation: 'H NMR (1 89K, 300 MHz) 6 (ppm): 4.19 (decuplet, J= 5.2 Hz, 2H), 3.72 

(t, J =  5.2 Hz, 6H), 1.57 (t, J =  5.4 Hz, 3H). 13C NMR (189 K, 75 MHz, CDCI,) G (ppm): 

335.9 (C'), 58.0 (CH2), 45.5 (2 x CH,), 9.9 (CH,). 

Bicyclo[3.3.3]undec-1-yl cation (78): 'H NMR (189% 300 MHz) S (ppm): 4.08 - 3.89 (m, 
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3H), 3.85 (s, br, 3H), 3.04 - 2.75 (m, 6H), 2.54 (q, J =  8.12 Hz, IH), 2.02 - 1.88 (m, 3H), 1.78 

(ddd, J ,  = 15.9 Hz, 4 = 12.9 Hz, J'' = 5.1 Hz, 3H). 13C NMR (1 89 K, 75 MHz) G (ppm): 357.2 

(C'), 58.5 (3 x CH3,37.4 (3 x CH3,35.8 (CH), 33.1 (3 x CHa. 

5.4.2 5.2 Reduction with Sodium Borobydride 

Bicyclo[3.3.3]undecane- 1,s-diol 110 (1 5.6 mg, 0.0847 mmol) was converted into the 

corresponding dic hloride and subsequently ionized into the bicyclo[3.3.3]undeca- 1 , M i  y 1 

dication 36 as previously described (see Section 5.4.24, page 250). To the clear dication 

solution, sodium borohydride (4.3 mg, 0.1 14 mmol) was added at - 1 16OC and the resulting 

reaction mixture was observed by NMR spectroscopy. At 168 K within a 3 hour period 47 % 

of the dication was reduced. The reaction was complete after 15 h, leaving a solution of the 

relatively pure bicyclo[3.3.3]undec- 1 -yl cation 78. The NMR data obtained were in accordance 

with the bicyclo[3.3.3]undec- I -yl cation 78 as previously describ;ed in this thesis. 

'H NMR (179 K, 300 MHz) 6 (ppm): 4.08 - 3.84 (m, 6H), 3.04 - 2.75 (m, 6H), 2.54 (q, J 

= 7.8 Hz, lH), 2.02 - 1.88 (m, 3H), 1.78 (ddd, J,= 16.0Hz, J2= 12.4Hz,J,=4.6 Hz, 3H). 13C 

NMR (1 79K, 75 MHz) G (ppm): 357.1 (C'), 58.3 (3 x CH2), 37.3 (3 x CH,), 35.7 (CH), 32.9 

(3 x CH2). 

5.4.25.3 Reduction with Hydrogen 

Bicyclo[3.3.3]undecane-1,s-diol 110 (9.80 mg, 0.0532 mmol) was converted into the 

corresponding dichloride and subsequently ionized into the bi~yclo[3.3.3]undeca- 1,s-diyl 



dication 36 (see Section 5.4.24, page 250) in a thick wall NMR tube, which was then attached 

to a pressure adapter, cooled to -1  16°C (slush of tiozen EtOH), and the solution was 

hydrogenated at 8 bars for 6 hours. The argon atmosphere present from the cation generation 

was replaced by hydrogen, performing 5 vacuum-pressure cycles (evacuating the sample (12 

mmHg) and pressurizing it again with 8 bars of hydrogen). The resulting solution consisted 

of a mixture of 69 % bicyclo[3.3.3]undec- I -yl monocation 78 and 3 1 % bicyclo[3.3.3]undeca- 

1,5-diyl dication 36. 'H and I3C NMR data were consistent with values obtained for the pure 

mono 78 or dication 36 respectively. 

'H NMR (200 K, 300 MHz) S (ppm): 4.08 - 3.84 (m, br, 6H), 3.04 - 2.75 (m, 6H), 2.54 (s, 

br, 1 H), 2.02 - 1.78 (rn, 6H). I3C NMR (200 K, 75 MHz) G (ppm): 357.4 (C), 58.8 (3 x CHa, 

37.6 (3 x CH,), 36.0 (CH), 33.2 (3 x CH3. 

5.4.26 2-Methylbicyclo[333~undec-1-yl Cation (192) 

2-Methylbicyclo [3.3.3]undecan-2-01 191 ( 1 7.2 mg, 0.0943 mrnol) in dichloromethane-d, 

(0.1 5 mL) was added to a solution of antimony pentafluoride (1 00 mg, 0.46 1 mmol), 

fluorosulfonic acid (70.0 pL, 1.22 mrnol) and sulfuryl chloridefluoride (1.8 rnL) in a 10 mm 

NMR tube (0.8 mm wall) at - 1 16OC. The super acid solution was prepared by dissolving the 

SbF, in an aliquot of the sulfiuyl chloridefluoride (0.4 mL) and transferring it into the NMR 

tube followed by the addition of the fluorosulfonic acid, and then condensing sulfuryl 

chloridefluoride on top of the Magic acid solution. The addition of the dichloromethane 

solution of the bicyclic alcohol caused instant precipitation of the alcohol and partial fieezhg 

of the dichloromethane. This mixture was then vigorously stirred with a tungsten wire to form 

a slightly yellow, clear solution of the 2-methylbicyclo[3.3.3]undec- 1-yl cation 192. Warming 

the cation solution to 21 1 K for 25 rnin. caused 50 % of the cation to decompose- into a 

complex mixture. The energy barrier for this decomposition was measured as 15.2 0.7 



kcal/mol. 

'H NMR (168 % 300 MHz) 6 (ppm): 4.64 (sestet, br, J =  3.3 Hz, lH), 4.3 1 - 3.58 (m, 4H), 
3.53 (s, IH), 3.19 - 2.79 (m, 2H), 2.69 (s, br, lH), 2.61 - 2.1 1 (m, 2H), 2-10 - 0.90 (m, 10H). 
I3c NMR (168 & 75 MHz) 6 wpm): 361 -6 (C), 61.1 (CH), 58.7 (CHJ, 55.8 (CHa, 45.0 

(c&), 37.8 (CH3,36.9 (CH3,35.8 (CH), 33.4 (CH3,33.0 (CH3, 30.6 (CHa, 20.5 (CH,). 

5.4.2 7 9-Methylbicyclo[33.2)dec-9-yl cation (190) 

102 190 

A solution of antimony pentafluoride (1 00 mg, 0.46 1 mmol), fluorosulfonic acid (70.0 pL, 

1.22 mmol) and sulfuryl chloridefluoride (0.4 mL) was transferred into a 10 mm NMR tube 

(0.8 mm wall) and cooled to - 1 3S°C. On top of the Magic acid, a sulfuryl chloridefluoride 

layer was condensed in such a way that no mixing occurred. At -13S°C, a solution of 

bicycloV .3.2]undec-9-ene 102 in dichloromethane-d, (0.15 mL) was added and the resulting 

mixture was intensely mixed with a tungsten wire until a clear nearly colorless solution was 

obtained. NMR analysis revealed the presence of two rearranged carbcations, whose 

structures could not be determined solely with hydrogen, carbon and DEPT NMR spectra. 

Warming the solution to 21 1 K for 55 rnin. caused about 60 % decomposition of the two 

cations into a complex mixture, which forresponds to an energy barrier of 14.7 kcal/mol. 

However, no rearrangement into the 9-ethylbicyclo[3.3.l]non-9-y1(38) or methyldecalyl cation 

(39) could be observed. 

'H NMR (300 MHz) G (ppm): 4.10 - 3.43 (m 4H), 3.33 - 2.63 (m, 2H), 2.47 - 0.77 (m, 

13H). I3C NMR (75 MHz) S (pprn): 327.0 (C'), 3 15.4 (C3,76.0 (Cq), 67.0 (CH?), 60.4 (CH), 

5 1.0 (CH2), 48.1 (CH& 44.4 (CHJ, 38.4 (CHa, 36.5 (CHI), 32.8 (CHJ, 29.8 (CH3, 23.7 

(CH?), 22.7 (CH3, 2 1.6 (CHa, 1 7.9 (CH,), 1 7.0 (CH,), 14.5 (CH-3). 



5.4.28 9-Methylbicyclo[33.l]non-9-yl Cation (199) 

A solution of antimony pentafluoride (1 00 mg, 0.46 1 mmol), fluorosulfonic acid (70.0 pL, 

1.22 mmol) and sulfhyl chloridefluoride (1.8 mL) was cooled to -13S°C and a solution of 9- 

methylbicyclo[3 -3.1 Inonan-9-01 197 in dichloromethane d, (0.1 5 mL) was added. The 

resulting mixture was stirred with a tungsten wire until a clear, nearly colorless solution had 

formed. The resulting cation solution consisted of the 9-methylbicyclo[3.3.1 Inon-9-yl cation 

199 with high purity. Rearrangement into the cis-5-rnethylbicyclo[4.3 .O]non- 1 -yl cation 201 

occurred to the extent of 49 % by warming the sample to 157 K for 15 min., corresponding 

to an activation energy of 1 1.3 * 0.2 kcdmol (the cis stereochemistry of 201 could be assigned 

using COSY and C-H HETCOR 2D NMR spectroscopy, see Figure 96 and 97). Further 

warming caused the cation solution to decompose into a complex mixture of at least 5 different 

classical and nonclassical carbocations. The 9-methylbicyclo[3.3.3]non-9-yl cation 199 was 

already known, and the spectral data was in agreement with the published data?' 

9-Methylbicyclo[3.3.l]non-9-yl cation 199: 'H NMR (148 K, 300 MHz) G (ppm): 4.34 (s, 

br, 2H), 3.60(s, 3H),2.93(s, br,4H),2.74(~, br,4H),2.13 - 1.89(m,2H), 1.47 - 1.15(m92H). 

I3C NMR (148 K, 75 MHz) S (ppm): 326.4 (C'), 68.8 (2 x CH), 49.4 (br, 4 x CH3,41.8 (CH,), 

20.6 (2 x CH2). 

cis-5-Methylbicyclo[4.3 .O]non- 1 -yl cation 201 : 

201 

'HNMR(179 K, 300 MHz) G (ppm): 4.29 (22, dd,J, =23.4 Hz, J2= 7.2 Hz, lH), 4.16 (16, 

d, br, J =  19.6 Hz, lH), 3.82 - 3.60 (23, m, lH), 3.60 - 3.36 (10, m, lH), 3.09 (11, m, lH), 2.70 
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(25,s,br, 1H),2.61 -2.35(14,21,m,2H),2.24(13,s,br, lH),2.13- 1.93(8,18,27,m,3H), 

1.93 - 1.77 (26, m, lH), 1.76 - 1.58 (12, t, J =  12.7, lH), 1.30 (4, 19, 20, d, J =  6.4 Hz, 3H). 

"C NMR (1 79 K, 75 MHz) 6 (ppm): 33 1.3 (15, C+), 80.6 (6, CH), 60.2 (9, CHa, 48.5 (5, CHa, 

42.0 (2, CH), 3 1.4 (3, CHa, 30.5 (7, CH3,27.6 (17, CH3,24.1 (24, CHJ, 20.2 (1, CH,). 

GI2 / 183K / lh 
B331-9-me-9-OR + SbPS/FS03H/S02ClF/~ - COSY 45 / 90210ctl 6 f 

L 

Figure 96: COSY NMR spectrum of the cis-9-methylbicyclo[4.3.0]non-1-yl cation at 179 K 201. 



Figure 97: H-C HETCOR NMR spectrum of the cis-9-methylbicyclo[4.3.0]non- 1-yl cation 201. 



5.4.29 9-Ethylbicyclo[33.1]non-9-yl Cation (38) 

Method a: A solution of antimony pentafluoride ( 100 mg, 0.46 1 mmol), fluorosulfonic acid 

(70.0 pL, 1.22 mmol) and sulfkyl chloridefluoride (1.8 mL) was cooled to -130°C and a 

solution of 9-ethylbicyclof 3.3.1 Inonan-9-01 195 in dichlorometfrane-d, (0.15 mL) was added 

The resulting mixture was stirred with a tungsten wire until a clear, nearly colorless solution 

had formed. This solution consisted of a mixture of the 9-ethylbicyclo[3.3.l]non-9-yl38, and 

the rearranged cis-5-ethylbicyclo[4.3.0]non- 1 -yl cation 202 (the cis stereuchemistry of this 

rearrangement product could be assigned using COSY and C-H HETCOR 2D NMR 

spectroscopy, see Figures 98 and 99). 

Method b: The 9-ethylbicyclo[3.3.1 Inonan-9-01 195 (1 7.1 mg, 0.102 mmol) was converted 

into the corresponding chloride by dissolving the alcohol in dichloromethane (4 mL), cooling 

the solution to 0°C and adding conc. hydrochloric acid (4 mL). The resulting mixture was 

stirred intensely for 15 min. before the layers were allowed to separate. The dichloromethane 

layer was then passed through a column of magnesium sulfate (2 g) and concentrated under 

a nitrogen stream in a 10 mrn NMR tube (wall 0.8 mm) (the sample temperature was 

maintained helow 5°C at all times). SuIfuryl chloridefluoride (1 mL) was added to the sample 

and the mixture cooled to -130°C, before a precooled (-78°C) solution of antimony 

pentafluoride (1 00 mg, 0.46 1 mmol) in sulfUryI chloridefluoride was added. Using a tungsten 

wire, the reaction mixture was stirred until a nearly colorless, clear solution had formed. This 

cation solution consisted of the 9-ethylbicyclo[3.3.l]non-9-yl cation 38 of high purity. 

Maintaining the sample for 1 hour at 168K induced 83 % of the initial cation to rearrange into 

the cis-5-ethylbicyclo[4.3.0]non-1-yl cation 202. This corresponds to an activation barrier of 

12.2 * 0.1 kcdmol. 

Once rearranged into the cis-5-ethylbicyclo[4.3.0]non-l -yl cation 202 the solutions prepared 

either by method a or b behaved identically. Maintaining them at 2OOK for 1 h induced M e r  



rearrangement to the trans-2-methyldecaly1 cation 39 to an approximate 67 % extent, which 

corresponds to a 15.4 * 0.6 kcal/mol energy barrier. 

9-Ethylbicycl0[3.3.1]undec-9-y1 cation 38: 'H NMR (158 K, 300 MHz) 6 (ppm): 4.28 (s, 

2H), 3-96 (q, J =  5.1 Hz, 2H), 2.89 (s, br, 4H), 2.65 (s, br, 4H), 2.02 (m, 2H), 1.53 (t, J =  5.3 

Hz, 3H), 1-32 (m, 2H). I3C NMR (1 58K, 75 MHz) S (ppm): 328.1 (C), 65.2 (2 x CH), 50.0 

(CH?), 48.4 (br, 4 x CH3, 20.5 (CHS, 9.06 (CH,). 

cis-5-Ethylbicyclo~.3.0]~11dec- 1 -yl cation 202: 

202 

'H NMR (179 K, 300 MHz, CDC13) 6 (ppm): 4.25 (12, d, br, J =  24.1 Hz, lH), 4.12 (20, 

d, J =  18.9 Hz, lH), 3.79 - 3.62 (13, m, br, lH), 3.61 - 3.48 (19, m, br, lH), 3.30 - 3.1 l (18, 

m,br, lH),2.80-2.52(21,24,m, 2H),2.45(14,m, 1H),2.29- 1.76(15, 17, 22,23,25,27, 

m, 6H), 1.71 - 1.38 (16, 26, m, 2H), 1.06 (t, J =  13.2 Hz, 3H). '!C NMR (179 K, 75 MHz, 

CDC1,) 6 (ppm): 326.7 (5, C'), 82.9 (4, CH), 59.9 (1, CHa, 49.8 (9, CH), 48.7 (6, CH,), 3 1.1 

(7, CH,), 28.9 (8, CH,), 28.1 (10, CHa, 28.0 (3, CH3,24.4 (2, CH3, 1 1 -0 (1 1, CH,). 
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Figure 98: COSY NMR spectrum of the cis-9-ethylbicyclo[4.3.0]non-1-yl cation 202. 



G11 / 183K / 2h 
B331-9-et-9-01 + SbCS/FS03H/S02ClF/CD2C12 

HETCOR / 90210ctl 7 1 

Figure 99: C-H HETCOR NMR spectrum of the cis-9-ethylbicyclo[4.3.0]non-1-yl cation 202. 

trans-2-Methyldecalyl cation 39: H NMR (22 1 K, 3 00 MHz) 6 (ppm): 4.20 (d, = 1 0.3 Hz, 

2H), 3.67 (s, 3H), 3.49 (s, 2H), 2.74 - 2.59 (m, lH), 2.16 - 1-81 (m, 6H), 1.55 (p, J =  12.7 Hz, 

2H), 1.45 - 1.25 (m, 2H), 1 . 1  1 (t, J =  1 1.5 Hz, 1 H). I3C NMR (22 1 K, 75 MHz) G (ppm): 325.7 

(C-), 65.7 (CH,), 59.0 (CH3,53.6 (CH), 44.1 (CH,), 42.2 (CH3,41.2 (CH), 35.8 (CHr), 32.1 

(CH2), 26.5 (CH,), 26.1 (CH,). 



5.4.30 Protonated lJ-Dimetbyl-2-oxaMeyel0[33.l.l~*~]dmnc (157) 

3-endo 3,7-Dirnethylbicyclo[3.3.1 Inon-6-en-3-01 179 (1 8.9 mg, 0.1 14 rnrnol) was added to 

a 10 mm NMR tube (wall 0.8 mm) cooled to -78OC and mixed with sulfirryl chloridefluoride 

( 1 mL). The resulting solution was then fooled to - 1 16OC before a precooled solution (-78°C) 

of antimony pentafluoride (1 00 mg, 0.46 1 mmol), fluorosulfonic acid (70.0 p1,1.22 mmol) and 

sulfiuyl chloridefluoride (0.8 mL) was added. The resulting solution was mixed with a 

tungsten wire to form a colorless, clear solution containing 157 as the sole product. 

'H NMR (168K, 300 MHz) 6 @pm): 7.87 (s, lH), 2.69 (s, 2H), 2.45 (d, J =  14.5 Hz, 4H), 

2.28 (d, J= 14.5 Hz, 4H), 2.19 (s, IH), 1.91 (s, 6H). 13C N M R ( ~ ~ ~ K ,  75 MHz) S (ppm): 101.9 

(2 x Cq), 40.0 (4 x CH3,32.3 (CH3,27.9 (2 x CH,), 26.9 (2 x CH). 

5.4.3 1 Protonated 3-Methyl4~xatricyclo[4.3.1.1?*] undecane (1 731, and Protonated 7- 

endo 7-Hydroxymethyl-3-methylbicyclo[3~.1]non-31 Cation (174) 

3 -endo, 7endo 3-Hydroxymethyl-7-methylbicyclo[3.3.1 Inonan-7-01 170 (1 6.8 mg, 0.09 12 

mmol) was added to a 10 mrn NMR tube (wall 0.8 mm) cooled to -78OC and mixed with 

sulfUryl chloridefluoride (1 mL). The resulting solution was then cooled to -1 16OC before a 

precooled solution (-78OC) of antimony pentafluoride ( 100 mg, 0.46 1 mmol), fluorosdfonic 

acid (70.0 pl, 1.22 mmol), and sulfuryl chloridefluoride (0.8 mL), was added. The resulting 

solution was mixed with a tungsten wire to form a nearly colorless, clear solution. This 



solution consisted of protonated 3-methyl-6oxatricyclo[4.3.l.l ."a]undefane 173, and 

protonated 7-endo 7-hydroxymethyl-3-methylbicyclo[3.3.1 Inon-3-yl cation 174, in a ratio of 

1 : 0.6 1 according to 'H NMR. 

'H NMR (168 K, 300 MHz) 6 (ppm): 2 cations combined: 9.51 (s, lH), 8.27 (s, 0.61H), 

4.82 (s, 1.59H), 4.74 - 4.3 1 (3.20H), 4.01 (s, br, 1.88H), 3.74 (s, br, 2.49H), 2.93 (s, 1.62H), 

2.53 (s, br, 2.96 H), 2.43 - 2.07 (m, 7.79H), 2.06 - 1.49 (m, 6.70H), 1.15 - 0.62 (m, 1.43H). I3C 

NMR ( 1 68 K. 75 MHz) 6 (ppm): protonated 3-methyl-6-oxatricyc10[4.3.1.1 ."]undecane 173: 

1 10.3 (Cq), 88.1 (CHa, 41.9 (2 x CH3,35.6 (2 x CHd, 32.9 (CH3,32.7 (CH), 29.9 (CH,), 

26.8 (2 x CH), protonated 7-endo 7-hydroxymethyl-3-methylbicyclo[3 -3. l Inon-3-yl cation 

174: 334.5 (C'), 8l.O(CH& 68.4(2 xCH3, 47.4(CH3), 31.4(CH3,28.3 (CH), 26.3 (2 xCH), 

24.2 (CH2). 

5.4.32 3,7-Dimethylbicyclo[3.3.l~nona-3,7-diyl Dication (37) (from 3,7- 

Dimethylbicyclo[33.1] nona-2,Mene) 

3,7-Dimethylbicyclo[3.3.1 Inona-2,7-dime 167 (1.30 mg, 0.00877 mmol) was added to a 

10 mm NMR tube (wall 0.8 mm) cooled to -78°C and mixed withklfiuyl chloridefluoride (1 

mL). The resulting solution was then cooled to -135°C before a precooled solution (-78°C) of 

antimony pentafluoride (200 mg, 0.923 rnmol), fluorosulfonic acid (70.0 p1, 1.22 mmol) and 

sulfuryl chloridefluoride (0.8 mL) was added. These were then mixed with a tungsten wire to 

form a yellowish solution. The spectral data obtained were in accordance with the same cation 

obtained by the rearrangement of the bicyclo[3.3.3]undeca- 1,5-diyl dication 37. 

'HNMR(179K,30OMHz)S(ppm):4.65(d,br,J= 17.8Hz,4H),4.27(d,br,J= 15.1 Hz, 

4H), 3.66 (s, 6H), 3.13 (s, 2H), 2.27 (s, 2H). I3C NMR (179 K, 75 MHz) 6 (ppm): 333.6,64.0, 

45.0,26.1,25.8. 



5.5 Tricyclo[5~.l.l3~]dy1 System 

5.5.1 1-Dichloromethyladamantane (1 14) 

Adamantme (55.4 g, 0.407 mol), sodium hydroxide solution (50 % (w/w), 8 12 mL), 

benzene (82 mL) and triethylphenylammonium chloride (1 .64 g) were heated to 40°C. Under 

vigorous stirring, chloroform (328 rnL, 489 g, 4.09 mol) was added dropwise over a period of 

36 h (formation of a brown-black suspension) followed by a 30 min. heating period at 40°C. 

To the resulting mixture, sulfuric acid (40 % in water) was added until the reaction mixture 

was acidic and then ether (300 mL) was added. The emulsion formed was filtered through a 

sintered glass filter -el, and the residue was washed with ether (50 mL). The ether layer was 

separated, and the aqueous solution was extracted with two mow 300 mL portions of ether. 

The combined organic layers were dried with magnesium sulfate and concentrated on the 

rotavapor, to produce a mixture of 49 % ('H NMFt) of 1 -dichloromethyladamantane 114 and 

48 % ( H NMR) of unreacted adamantane (yield: 95 % based on consumed adamantane). This 

mixture was used for the following step without further purification. The NMR data obtained 

agreed with the literature values.'" 

GC-MS m/z @el. intensity): 39 (79), 53 (30), 65 (33), 79 (89), 91 (100), 107 (29), 135 (6 l), 

183 (0.14), 185(0.07), 2 18 (0.88), 2 19 (0.25), 220 (0.70), 22 1 (0.17), 222 (0.08) 'H NMR (200 

MHz, CDCI,) 6 (ppm): 5.40 (s, 1 H), 2.1 9 (t, br, 3H), 1.64 - 1.80 (m, 12H) I3C NMR (50 MHz, 

CDC1,) 6 (ppm): 83.9 (CH), 37.7 (CH3,36.5 (Cq), 28.4 (CH3, 28.17 (CH). 



A mixture of adamantane and I-dichloromethyladamantane 114 (4.98 g, 57 % I- 

dichloromethyl adamantme) was heated with phosphoric acid (85 %, 100 mL) to 120°C for 

24 h. After cooling the reaction mixture to room temperature, water (250 rnL) was added and 

the mixture then extracted with ether (3 x 150 mL). The combined organic phases were washed 

with water (50 rnL), sodium bicarbonate solution (5 %, 50 mL), dried with magnesium sulfate 

and concentrated on the rotavapor to give 4.10 g of a crude mixture. Column chromatography 

(silica gel 100 g, hexanes-ether 955) yielded 1.45 g of pure tricyclo[4.3.l. 1 3b]undecan-6sne 

1 15 meld: 94 % based on consumed starting material). The NMR spectra obtained were in 

accordance with the literature.= 

GC-MS m/z (rel. intensity): 4 1 (loo), 53 (4 I), 67 (3 I), 79 (74), 91 (43), 107 (1 O), 135 (14), 

164 (1 7). '-H NMR (200 MHz, CDCI,) 6 @pm):2.65 (t, J = 6.2 Hz, I H), 2.5 l(d, J = 2.6Hz, 

2H), 2.14 - 1.90(m, 5H), 1.87 - 1.76 (m, 2H), 1.76 - 1.68 (s, br, 2H), 1.67 - 1.49 (m, 4H). I3C 

NMR (50 MHz, CDCI,) S (ppm): 217.9,49.8,49.0, 37.2,34.9, 32.0, 27.0,26.2. 

To a mixture of tricyclo[4.3.1.1 3s]undec40ne 1 15 (375 mg, 2.28 mmol) and zinc iodide 

(50 mg, 0.16 mmol) was added 1 mL TMSCN with cooling (water bath, 10°C). The resulting 

clear solution was stirred at ambient temperature for 12 h before the excess TMSCN was 

evaporated under vacuum (1 5 mmHg). The solid residue was dissolved in ether, washed twice 



with a sodium bicarbonate solution (5 %), dried and concentrated on the rotavapor to give 653 

mg of solid 6-cyano-6-(trirnethylsiloxy)tricyclo[4.3.1.1 3*8]undecane 1 16 (93 % pure by GC, 

yield: quant.). This product was used for the following steps without fiuther purification. 

GC-MS d z  (rel. intensity): 45 (SO), 53 (33), 67 (30), 75 (68), 84 (100), 91 (51), 105 (20), 

1 19 (24)y 127 (17), 151 (lo), 221 (58), 222 (13), 248 (77)9 263 (3.56, M'), 264 (0-55), 265 

(0.68). High res. MS found: M' - CH,: calc. 248.159643 found 248.1580 (-6-4ppm). IR neat 

(an-'): 2953 (m), 2900 (s), 2850 (m), 2222 (w), 1446 (m), 1248 (s), 1088 (s), 841 (s). 'H NMR 

(200 MHz, CDCI,) 8 (ppm): 2.68 (ddd, J = 15.3,4.3, 1.4, lH), 2.27 - 2.1 1 (m, 2H), 2.10 - 1.96 

(m, 3 H), 1.95 - 1.76 (m, SH), 1.74 - 1 -47 (m, 5H), 0.22 (s, 9H). I3C NMR (200 MHz, CDCI,) 

6 @pm): 124.7 (Cq), 77.9 (Cq), 52.2 (CH3,43.8 (CH), 38.1 (CH3, 36.9 (CH3,36.3 (CH,), 

33.1 (CH,), 30.7 (CH), 30.1 (CH3, 27.1 (CH3, 1.4 (CH,). 

A solution of 6-cyano-6-trimethylsiloxytricyclo[4.3.1.1 3.8]undecane 116 (2.65 g, 10.1 

mmol) in ether (30 mL) was added dropwise to a mixture of lithium aluminum hydride (1.91 

g, 50.0 mmol) and ether (20 mL). After completion of addition, the reaction mixture was 

refluxed for 4 h. Cautious addition of an aqueous solution of potassium hydroxide (200 g/L, 

4 mL) produced a white precipitate, which was filtered off after 2 h of stirring. The resulting 

solution was concentrated to give 2.03 g of  a waxy solid, 

6-aminomethyltricyclo[4.3.1.1 3-8]undecan-6-ol 117 (95 % pure by IH NMR, yield: 98 %). The 

spectral data of the amino alcohol agreed with literature values. 18' 

IR neat (an-'): 3363 (m, br), 2897 (s), 1652 (w), 1589 (w), 1446 (m), 960 (m). 'H NMR 

(200MHz, CDCI,) G (ppm): 2.86 (d, J =  12.6, lH), 2.55 (d, J =  13.2, lH), 2.28 (d, br, J=  13.8, 

lH), 2.07 - 1.95(m,ZH), 1.94 - 1.79 (m, 7H), 1.79 - 1.48 (my 8H); 1.42 (d, br, 11.5, 1H). I3C 
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NMR (SOMHz, CDCl,) 6 @pm): 73.6 (Cq), 5 1.8 (CHJ, 48.2 (CH3,38.7 (CH3, 38.7 (CH), 

36.8 (CH,), 36.6 (CH3,31.8 (CH,), 31.4 (CH3,30.4 (CH), 27.7 (CH), 27.6 (CH). 

5.5.5 Tricyclo(5 3.1. lw]dodecan-hne and TricycIo[S3.l.l~ddecur-7-0ne (1 18) and 

(1 19) 

6-(Aminomethyl)tricyclo[4.3.1.1 3*8]uadecane-2-ol 117 (22.8 g, 1 17 mrnol) was dissolved 

in a mixtwe of water (7 10 mL) and acetic acid (26.7 mL, 467 mrnol). At ambient temperature, 

a solution of sodium nitrite (24.2 g, 35 1 mmol) in water (2 10 mL) was added dropwise over 

a period of 2 h. A h  completion of the addition, the reaction mixture was heated to 90°C for 

2h, then recooled and extracted with ether. The ethereal phase was washed with sodium 

bicarbonate solution, dried with magnesium sulfate and concentrated on the rotavapor. The 

waxy solid obtained was purified by column chromatography (silica gel, 500 g, hexmesether 

955). Concentration of the major band eluant yielded 18.78 g product consisting of 96 % 

(GC) tricyclo[5.3.1.1 3-9]dodecane-6-one 118 and t~icyclo[5.3.1.1 .33]dodecan-7-one 119 3 % 

(GC) (yield: 90 %). The IR data were in accordance with the l i t e r a t ~ r e . ' ~ ' * ~  

GC-MS m/z (rel. intensity): 41 (94), 53 (42), 67 (44, 79 (1 OO), 91 (44), 107 (7), 1 15 (7), 

122 (S), 135 (S), 147 (S), 149 (4), 166 (2), 178 (My, 6). High res. MS (EI): M' calc. 

178.135765 found: 178.1343 (- 8.22 ppm). 'H-NMR (200 MHz, CDCl,) S (ppm): 2.59 (t, 2H, 

J =  6.6Hz), 2.28 (t, lH, J =  6.9Hz), 1.73 - 2.20 (m, 1 lH), 1.48 (t,4H, J =  6.6 Hz). "C-NMR 

(50 MHz, CDCI,) 6 (ppm): 223.6,43.2,39.2, 36.2,34.8, 34.6, 33.8,26.5, 25.4. 



Using the procedure of Nagata et. al. 17' a a x w e  tricyclo[5 .3.1.1 39]dodec-6-one 1 18 and 

tricyclo[5.3.1.1 39]dodec-7-one 119 (0.750 g, 4.2 1 mmol), hydrazine (55 %, 15.7 mL, 278 

mmol), hydrazine dihydrochloride (3.53 g, 33.6 mmol) and triethylene glycol (84.0 mL, 632 

rnrnol) was heated to 1 30°C for 3 h. The temperature was then increased to 2 1 S°C within 30 

min., at which point it was kept for 3 h. After cooling the reaction mixture was cooled to room 

temperature, water (300 mL) was added and the resulting solution was extracted with ether (3 

x 50 mL). The combined organic layers were dried with magnesium sulfate, filtered and 

concentrated on the rotavapor to give 0.87 g crude material. Purification on a column (silica 

gel, 50 g, hexanes 100 %) yielded 0.64 g of white waxy tricyclo[S .3.1.l 3g]dodecane 61 (96 % 

pure by GC, yield: 89 %). The following MS and NMR data were in agreement with the 

published data of Sasaki'sl and Murray? 

GC-MS m/z (rel. intesity): 4 1 (20), 55 (1 3), 67 (32), 79 (6), 93 (70), 107 (1 3), 12 1 (67), 1 36 

(20), 149 (7), 164(100). 'HNMR(40OMHz, CDC13)233K6 (ppm): 2.12 - 1.93 (m,4H), 1.91 

- 1.53 (m,9H), 1.51 - lm29(m,5H), l.l8(td,J= 13.8,2.8,2H). 'HNMR (400MHz,CDC13) 

363K 6 (ppm): 2.22 - 2.05 (s, br, 2H), 2.04 - 1.88 (m, 4H), 1.87 - 1.76 (s, br, 2H), 1.75 - 1.39 

(m, 12H). I3C NMR (LOO MHz, CDCl,) 233K 6 (ppm): 39.3 (CH2), 37.0 (CH3,35.4 (CH,), 

3 1 .O (CH3,26.2 (CH), 25.2 (CH), 24.9 (CH), 2 1.4 (CH,). I3C NMR (LOO MHz, CDCl,) 363K 

8 (ppm): 37.5 (CH3,36.0 (CH3,35.7 (CH3,26.5 (CH), 25.7 (CH), 21.7 (CH2). 



5.5.7 Tricyclo(53.1.13~dod~-5-01 and Tricyclo[53.l .13qdodecane-5,9=diol (120) and 

(121) 

Method a - partial oxidation: Tricyclo[5.3.1. 13gdodecane 61 (640 mg, 3.89 -01) was 

dissolved in hexanes (40 mL), placed in a 1 L round bottom flask and the solvent was 

evaporated on a rotavapor to produce a fine solid film of the hydrocarbon on the glass wall. 

The flask was stoppered and stored at ambient temperature for 7 days. AAer 3 and 5 days, the 

air in the flask was replaced with fresh air. The resulting mixture of alkane, mono alcohol and 

diol was separated via column chromatography (silica gel, 30 g, hexanes-ether 80:20, followed 

by ether 100 %) yielding 130.0 mg starting material, 172.8 mg mono alcohol 120 and 322.6 

mg diol 121, all of which were white solids (84 % yield of 120 and 121 based on consumed 

alkane). 

Method b - exhaustive oxidation: Tricyclo[5.3.1.1 3S]dodecane 61 (1 80 mg, 1.10 mmol) was 

dissolved in hexanes (20 mL), placed in a 500 mL round bottom flask and the solvent was 

evaporated on a rotavapor to obtain a fine solid film of 61 on the glass wall. Oxygen was then 

passed into the flask at a rate of 1 to 3 mL/min. for 2 weeks. The solid was then dissolved in 

methanol and sodium borohydride (2 g, 52.8 mmol) was added in small portions over a period 

of 2 h. The reaction mixture was then concentrated on a rotavapor and the diol121 extracted 

with warm chloroform (50°C, 3 x 20 mL). Purification of the diol with column 

chromatography (silica gel, 30 g, ether 100 %) yielded 69.2 mg of the pure solid diol121(32 

% yield). 

Tricyclo[5.3.1.1 3g]dodecan-5-01 120: GC-MS m/z (rel. intensity): 40 (33), 53 (I S), 67 (23), 

79 (1 OO), 9 1 (9 1 ), 105 (48), 1 19 (40), 133 (1 5), 147 (8), 162 (36), 1 80 (1). High res. MS (EI): 

M- : calc. L 80.1 5 14 1 5 found 1 80.1 5 14 (-0.1 ppm). IR neat (cm-I): 3340 (m), 2905 (s), 2847 

(m), 1450 (m), 1057 (m), 926 (m), 908(m), 732 (m). 'H NMR (400MHz, 300Y CDCI,) 6 

(ppm): 2.07 - 1.92 (m, SH), 1.91 - 1.82 (s, br, 2H), 1.82 - 1.58 (m, SH), 1.58 - 1.45 (m, 4H), 



1.44 - 1 -3 7 (m, 1 H). I3C NMR ( 1 H z ,  300Y CDC13) G (ppm): 7 1.1 (Cq), 46.1 (CH3,45.1 

(br, CH2), 37.1 (CH3,35.2 (CH3,34.5 (br, CH3,28.3 (br, CH), 24-8 (CH), 22.2 (CH3. 

Tricyc10[5.3.1.1 3s]dodeca-5,9-diol 121: GC-MS rn/z (rel. intensity):41 (12), 55 (12), 67 

(14), 79 (38), 95 (loo), 105 (32), 1 17 (64), 135, (49, 145 (2 l), 160 (89), 178 (5 1). High res. 

MS (EI): M' - H,O calc. 178.13 5765 found: 178.1347 (-6.0 ppm). 'H NMR (300MHz, 230K, 

CD,OH) 6 (ppm): 2.27 - 2.13 (2s, br, 4H), 2.01 (dd, J =  13.9,5.6,2H), 1.98 (m, lH), 1.94 (d, 

J=  13.6,2H), 1.83 (m, 2H), 1.78 - 1.56 (m, 7H). 13C NMR (75MHz, 240K, CD30H) G (ppm): 

7 1 -5 (CQ), 49.3 (CH3,47.0 (CH3,43.1 (CH3,36.1 (CH3 ,32.1 (CH), 3 1.1 (CH), 23.4 ( a d .  

'H NMR (300MHz, 330K, CD30H) 6 (ppm): 2.24 - 2.12 (s, br, ZH), 2.06 ( d  J = 14.1, 4H), 

1.88 (dd, J =  14.1, 5.6,4H), 1.80 (s,6H), 1.64 (s, 2H). "C NMR(75MHz, 330K, CD30H) G 

(pprn): 7 1.5 (Cq), 47.4 (CHJ, 46.6 (CH3,36.3 (CH3,3 1.9 (CH), 23.5 (CH3. 

Tricyclo[S.3.1.1 3g]dodeca-5,9-diol 121 (1 5.0 mg, 76.4 pmol) was dissolved in 

dichloromethane (3 d) and the solution was cooled to O°C. At this temperature, hydrochloric 

acid (conc., 2 mL) was added, and the heterogeneous mixture was stirred vigorously for 10 

min. The organic layer was then separated and dried by passing it through a column containing 

magnesium sulfate (2 g). The dichloromethane of the filtrate was evaporated using a stream 

of nitrogen. The solid obtained (129) was directly used for the next step. 

GC-MS m/z (rel. intensity): 39 (43), 53 (3 l), 67 (34), 79 (95),91(95), 106 (100), 119 (81), 

196 (I 7), 197(2), 198(4) (elimination of HCI in the injector). 'H NMR (400MHz, O°C, CDCI,) 

6 (ppm): 2.66 (dd, J =  14.6,6.3,2H), 2.60 - 2.45 (m, 4H), 2.37 (dd, J =  14.8,5.5,2H), 2.33 - 
2.21 (m, 3H), 2.16 (s, br, lH), 2.12 - 1.95 (m, 3H), 1.68 (s, br, 3H). 13C NMR (lOOMHz, O°C, 

CDCl,) 6 (ppm): 74.8 (Cq), 49.5 (CH,), 47.5 (CHa, 43.2 (CH,), 33.8 (CH3,32.1 (CH), 3 1.1 

(CH), 23.9 (CH,). 



n-Butyllithium solution in hexane (2.5 M, 3 -8 mL, 9.49 mmol) was added to a solution of 

diisopropylamine (1 -52 mL, 10.7 mmol) in THF (30 mL) at -78OC. The resulting solution was 

allowed to warm up to O°C and was stirred for 10 min. before it was cooled again to -78°C. A 

solution of tricyclo[5.3.1.1 3*g]dodecan-6-one 1 18 (404 mg, 2.27 mmol) in THF (4 mL) was 

added dropwise and again, the resulting solution was allowed to warm to 0°C and stirred at this 

temperature for 10 min. before it was cooled to -78°C. Then 

bis(dimethyIarnino)chlorophosphate (1.17 mL, 7.60 mmol) was added dropwise. The reaction 

mixture was then allowed to warm up to room temperature within a 2 hour time period and was 

stirred overnight. This reaction mixture was then poured into a solution of sodium bicarbonate 

(5 %, 150 mL) at 0°C. Extraction with dichlorornethane yielded a crude product as a yellow 

oil, which was purified on a silica gel column (15 g, ether 100 % / MeOH 100 %) to yield 

3 77.2 mg of the pure 6-bis(dimethylamino)phosphatotricyclo[5.3.1.1 3*9]dodec-5-ene 278 

(yield: 53 %). The NMR data obtained were in agreement with the literature? 

GC-MS m/z (rel. intensity): 44 (55), 67 (9), 79 (2 l), 9 1 (20), 105 (1 l), 1 17 (1 7), 135 (49, 

153 (100), 160 (24), 177 (O), 267 (O), 3 12 (l).'H NMR (200MHz, CDCI,) 6 (ppm): 3.03 - 2.86 

(m, lH), 2.85 - 2.72 (I), 2.68 -2.58 (4s, 12H), 2.38 -2.17 (m, 3H), 2.17 - 1.96 (m,4H), 1.95 - 
1-74 (my 4H), 1.74 - 1.47 (m, 2H), 1.47 - 1.13 (m, 2H). 13C NMR ( S O W ,  CDCI,) 8 (ppm): 

143.8 (CQ), 128.5 (Cq), 43.8 (CH3, 39.8 (CH2), 38.9 (CH), 36.8 (CH2), 36.6 (CH,), 35.7 

(CH2), 34.5 (CH), 33.5 (CHJ, 32.5 (CHI), 28.7 (CH2), 27.1 (CH). 



Sodium (198 mg, 8.63 mmol) was dissolved in a mixture of ammonia (20 mL) and tert- 

butyl aIcohol(320 mg, 4.32 mmol) at -78OC. A solution of 6-bis(dimethy1amino)phosphato- 

tricyclo L5.3.l. 1 3-9]dodec-5-ene 278 in THF (2 mL) was added dropwise within 5 min. The 

reaction mixture was stirred for an additional 2 h, while the temperature was allowed to rise 

to -33°C (bp. NH, liq.). After cooling to -7S°C, solid ammonium chloride was added until the 

blue color of the sodium disappeared. Diethyl ether (20 mL) was added and the reaction 

mixture was warmed up to room temperature allowing the ammonia to evaporate. Addition of 

water (50 mL) produced two phases, and after separation the aqueous layer was extracted with 

ether (2 x 20 mL). The combined organic layers were dried with magnesium sulfate and 

concentrated on the rotavapor to yield a yellowish oil. Purification on a column (silica gel, 1 Sg, 

hexanes 1 00 %) yielded 1 3 0mg of the pure tricyclo[5.3.1.1 3-9]dodec-5-ene 62 (yield: 93 %). 

The MS and NMR data of this product were in accordance with literature values? 

GC-MS (re1 intensity): 4 1 (38), 53 (22), 67 (22), 79 (1 OO), 9 1 (89), 105 ( 5  l), 1 19 (36), 133 

(13), 147 (10). 162(39). 'HNMR(400MHz,CDC1,)6(ppm): 5.44(dd, J =  11.5,4.4,1H),2.49 

(dq,J= 12.1,2.2, lH),2.44(qd,J=12.1,5.O,lH),2.34(s,br, 1H),2.26(d,J=10.4, 1H),2.17 

- 2.07 (m, 2H), 2.06 - 1.81 (m. 5H), 1.72 (ddp, J = 12.6,4.8,2.2, lH), 1.60 (dd, J = 13.3,5.0, 

lH), 1.56 - 1.43 (m, 3H), 1.05 (d, J = 12.6, 1H). I3C NMR (100MHz, CDCl,) 6 (ppm): 142.0 

(Cq). 124.8 (CH), 48.4 (CH3,46.2 (CH3,39.1 (CH), 36.1 (CH3, 35.6 (CH3,34.1 (CH,), 32.2 

(CH), 29.7 (CH,), 27.2 (CH), 26.7 (CH3. 



2-Adamantanone (1 94 mg, 1-29 mmol) was dissolved in ether (10 mL), cooled to -78OC 

before a solution of ethyllithium in hexanes (10 mL, 5.0 mmol) was added. The resulting 

solution was allowed to warm up to ambient temperature and was stirred for a further 2.5 h. 

Addition of the reaction mixture to cold ammonium chloride solution (5 %, LOO mL), 

extraction with ether (3 x 20 mL), drying (MgSO,), filtration and concentration yielded 1 19.5 

mg of 2-ethyl-2-adamantan01 180 (yield: 5 1 %), which was sufficiently pcre for fbrther use. 

The spectral data agreed with those from the l i t e r a t ~ e . ~ ~  

GC-MS m/z (re1 intensity): 41 (3), 57 (3), 67 (4), 81 (7), 91 (lo), 107 (S), 133 (4), 151 

(loo), 162 (4, M' - H,O). 'H NMR (200MHz, CDCI,) S (ppm): 2.17 (d, J =  11.7,2H), 1.94 - 
1.75 (s, br, 4H), 1.69 (q ,J=  7.3,2H), 1.75 - 1.61 (m, br, 4H), 1.54 (d, J =  11.7, ZH), 1.42 (s, 

br, 1 H), 0.88 (t, J =  7.3,3H). 13C NMR (SOMHz, CDC13) 6 (ppm): 74.8 (Cq), 38.3 (CH3,36.5 

(CH), 34.5 (CH2), 33.0 (CH,), 30.5 (CH3,27.5 (CH), 27.3 (CH), 6.4 (CH3). 

115 1 33 

Tricyclo[4.3.1.1 3-8]undecan-6-one 11 5 (420 mg, 1.46 mmol) was dissolved in ether (20 mL) 

and cooled to -78°C. At this temperature, methyllithiurn (I  .5 M, 3.4 mL, 5.1 mmol) was added, 

and the resulting solution was stirred for two more hours, while allowing it to warm to ambient 

temperature. The resulting reaction mixture was then poured onto an aqueous solution of 

ammonium chloride (5 %, LOO mL) at O°C. Extraction with ether (3 x 30 mL), drylag of the 



combined organic layers with magnesium sulfate, filtration and concentration afforded a semi 

solid crude material, which was purified on a silica gel column using a mixture ofhexanes and 

ether (955) to yield 439.3 mg of the pure, crystalline 6-methyltricyclo[4.3.l.l 3*s]undecan-6-ol 

133 (yield: 95 %). 

GC-MS m/z (rel. intensity): 43 (78), 59 (SO), 67 (44), 79 (loo), 93 (65), 105 (33), 122 (14), 

147 (1 6), 162 (38), 180 (2). High res. MS ( I . ) :  M': calc. 180.15 142 found 180.1496 1 (10 

ppm). IR neat (NaCl) cm-l: 3382 s, 2960s, 1444m, 1367 w, 1 1 12w, 919 w, 740 w. 'H NMR 

(200MKz, CDCl,) 6 (ppm): 2.24 (d, J= 13.2, 1 H), 2.02 - 1 .go (m, 3H), 1-90 - I .80 (m, 4H), 

1.80 - 1.67 (m. 4H), 1.67 - 1.59 (m, lH), 1.59 - 1.46 (m, 4H), 1.34 -1.28 (s, 3H). I3C NMR 

(SOMHz, CDCl,) 6 (ppm): 77.35 (Cq), 5 1.17 (CH3,45.03 (CH); 38.24 (CHd, 37.14 (CH3, 

36.86 (CH3,33.85 (CH,), 32.66 (CH3,3 1.42 (CHa, 30.49 (CH), 27.89 (CH), 27.68 (0. 

5.5.13 Tricyclo[S3.l.l3~dodec-5-yl cation (34) 

A mixture of antimony pentafluoride (50.0 mg, 23 1 pmol), fluorosulfonic acid (100 mg, 

1 -00 rnmol) and sulfinyl chloride fluoride (0.3 mL) was prepared and cooled to - 140°C (the 

solution became very viscous). On top of this mixture, sulfuryl chloride fluoride (0.2 mL) was 

condensed, and then a solution of tricyclo[5.3.1.1 3*g]dodec-5-ene 62 (1 2.3 mg, 75.8 pmol) in 

dichloromethane dZ (70 pL) was added. The dichloromethane solution immediately froze on 

contact with the suli-1 chloride fluoride and only slowely dissolvrf upon stirring with a 

tungsten wire. A constant stream of argon over the sample was maintained at all times to keep 

the sample fkee of moisture. This procedure generated a mixture of the 

tricyclo[5.3.1.1 3.9]dodec-5-yl cation 34 and the rearranged 6-methyltricylo[4.3.1.1 3S]undec-6-yl 

cation 132 and was the most successful attempt to obtain the tricyclo[5.3.1.1 33Jdodec-5-yl 

cation 34 directly. Upon warming the reaction solution to 200 K for 8 min. SO % of the cation 

mixture rearranged into the 2-ethyladamantyl cation 35. This corresponds to an activation 



energy of about 14.3 * 0.7 kcaVmo1. 

Tricyclo[5.3.1. 13.9]dodec-5-yl cation 34: 'H NMR (143 K, 400 MHz) G (ppm): (signals fkom 

the two cations are not resolved) 4.40 - 3.55 (m, 6H), 3.02 - 0.85 (13H). 13C NMR (143 K., 100 

MHz) S (ppm): 335.5 (C+), 75.8 (CH), 7 1 .O (CH3,69.4 (CH), 59.9 (CH3,58.1 (CH3,43.8 

(CH2), 37-4 (CH,), 36.0 (CH3,32.1 (CH3, 3 1.9 (CHa, 28.7 (CH). 

6-Methyltricyclo[4.3.l.l '*']undec-6-y1 cation 132: 1 H NMR (143 K, 400 MHz) 6 (ppm): 

(the signals from the two cations are not resolved) 4.40 - 3.55 (m, 6H), 3.02 - 0.85 (1 3H). I3C 

NMR (143 K, 100 MHz) 6 @pm): 322.6 (C), 67.3 (CH3,63.0 (CH), 44.0 (CH3), 33.4 (2 x 

CH2)9 33.1 (2 x CH,), 33.1 (CHd, 27-7 (CH), 26.7 (2 x CH). 

2-Ethyladamantyl cation 35: 'H NMR (195 K, 400 MHz) 6 (ppm): 4.23 (s, 2H), 4.1 1 (q, J 

= 6.7 Hz, 2H), 3.00 (d, J =  12.8 Hz, 4H), 2.67 (d, J =  12.8 Hz, 4H), 2.26 (s, 2H), 2.22 (s, 2H), 

1.59 (t, J= 6.7 Hz, 3H). I3C NMR (1% K, 100 MHz) S (ppm): 324.9 (C+), 63.1 (2 x CH), 5 1.9 

(4 x CH,), 50.0 (CHd, 36.6 (CH3,29.2 (2 x CH), 9.3 (CH,). 

5.5.14 Tri~yclo[SJ.1.1~~]ddeca-S,9-diyl Dication (40) 

The 5,9-dichlorotricyclo[5.3.l.l 3*9]dodecane 129 (1 5 mg, 64 prnol) was dissolved in 

dichloromethane-d, (0.2 rnL) and added to a solution of antimony pentafluoride (100 mg, 

0.46 1 mmol), and sulfuryl chloridefluoride (1.8 mL) at -1 16°C. The sample was mixed with 

a tungsten wire while an argon stream prevented moisture contamination. Warming the cation 

solution to 2 10 K for 10 min. caused decomposition of the dication to an approximately 90 % 

extent. This corresponds to an activation energy of about 14.5 * 0.4 kcal/mol. 

'HNMR(168K,300MHz)S@pm): 4.90°4.10(m, 13H), 3.76(s,br, lH),3.41 (s,br, LH), 

2.70 (s, 2H). I3C NMR (168K, 75M)rz) S (ppm): 327.8 (Cq), 72.1 (CH), 67.1 (CH), 65.9 

(CH2), 60.1 (CH,), 57.5 (CH3,35.1 (CH3,27.6 (CH3. 



A solution of antimony pentafluoride (1 00 mg, 0.46 1 rnmol), fluorosulfonic acid ( 1 00 mg, 

1.00 mmol) and sulfuryl chloride fluoride (1.8 mL) were cooled to -13S°C. At this 

temperature, a solution of 6-methyltricyclo[4.3.1.1 3*qundecan-6~l 133 (1 8.6 mg, 0.103 rnmol) 

in dichloromethane-d, (0.15 d) was added, and the solution was stirred with a tungsten wire 

until a clear slightly yellowish solution was formed, maintaining the sample under a constant 

stream of argon. At 168 K, the 6-methyltricyclo[4.3.1.1 3t8 Jundec-6-yl cation 132 could be 

observed ('H NMR and 13C NMR). At 2 1 1 K this quantitatively rearranged into the 2-ethyl-2- 

adarnantyl cation 35 within 20 min. The corresponding energy barrier was estimated as 14.4 

* 0.3 kcdmol. 

6-Methyltricyclo[4.3.1. 13~8]undec-6-yl cation 132: 'H NMR(168 K, 300MHz) 6 (ppm): 4.27 

(s, 2H), 4.16 (t, J =  6.9, lH), 3.59 (s, 3H), 2.54 (s, br, 2H), 2.40 (s, lH), 2.24 (s, 2H), 2.16 - 
1 -80 (m, 6H), 1.68 (d, J= 13.7,ZH). 13C NMR (168 K, 75MHz) 6 (ppm): 323.3 (Cq), 67.5 (lC, 

CHJ, 63.5 (lC, CH), 44.1 (IC, CH3), 33.6 (2C, CH,), 33.3 (3C, CHa, 27.8 (lC, CH), 26.8 

(2C,  CH). 

2-Ethyl-2-adamantyl cation 35: 'H NMR (200 K, 300MHz) 6 (ppm): 4.20 (s; 2H), 4.08 (q, 

J =  6.1, 2H), 2.99 (d, J= 12.2,4H), 2.62 (d, J =  12.2,4H), 2.23 (s, 2H), 2.21 (s, 2H), 1.58 (t, 

J = 6.1, 3H). 13C NMR (200 K, 7SM.z)  6 (ppm): 325.6 (Cq), 62.9 (CH), 51.6 (CH3,49.8 

(CH,), 36.3 (CH,), 28.9 (CH), 8.8 (CH,). 



5.5.16 2-Ethyl-2-adamantyl Cation (35) 

5.5.16.1 Method 1 : Ionization of Tricyclo[SJ.l.13~ddecm-5-01 

120 34 35 

A mixture of antimony pentafluoride (25 mg, 0.12 mmol), nifluoromethanesulfonic acid 

(65 mg, 0.43 mmol) and sulfuryl chloridefluoride (0.3mL) was cooled to -126°C. At this 

temperature a solution of tricyclo[S .3.1.1 39]dodecan-5~l 120 (1 0 mg, 0.056 mmol) in 

dichloromethane-d, (80 pl) was added, forming a white suspension. This mixture was stitred 

until a clear solution formed (a few minutes). Repeated experiments at - 130°C to - 13 S°C were 

not successfid in trapping the tricyclo[5.3.1. 13*9]dodec3-yl cation 34. In every case a clean 

solution of the 2-ethyl-2-adamantyl cation 35 was obtained. Attempts to prepare the 5- 

chlorotricyclo[5.3.1.1 3*g]dodecane 128 as a cation precursor resulted in the formation of a 

complex mixture. 

'H NMR (168 K, 4OOMHz) 6 (ppm): 4.20 (s; 2H), 4.09 (q, J =  5.9,2H), 2.97 (d, J =  12.8, 

4H), 2.61 (d, J =  12.8,4H), 2.22 (s, 2H), 2.22 (s, 2H), 1.58 (t, J =  5.9,3H). 13C NMR (168 K., 

1 OOMHz) G (ppm): 324.8 (C-), 62.9 (2 x CH), 5 1.7 (CH,), 49.9 (4 x CH3,36.4 (CH3,29.0 (2 

x CH), 9.1 (CH3). 

5.5.16.2 Method 2: Ionization of 2-Ethyladamantan-2-1 

A solution of antimony pentafluoride (50 mg, 0.23 mmol), fluorosulfo~c acid (50 mg, 0.50 

mrnol) and sulfuryl chloridefluoride (0.8 rnL) was cooled to -126°C before a solution of 2- 

ethyladamantan-2-01 180 (10 mg, 55 pmol) was added. The resulting mixture was stirred with 

a tungsten wire, under a constant stream of argon, until a clear solution of 35 was formed. 



'H NMR (1 53 K, 400MHz) 6 (ppm): 4.19 (s; 2H), 4.06 (q, J =  6: 1 Hz, 2H), 2.99 (d, J =  12.2 

Hz, 4H), 2.63 (d, J =  12.2 Hz, 4H), 2.22 (s, 2H), 2.20 (s, 2H), 1.58 (t, J =  6.3 Hz, 3H). 13C 

NMR (1 53 K, 100MHz) 6 (ppm): 324.8 (C), 62.9 (2 x CH), 5 1.7 (4 x CH3,49.9 (CH3,36.4 

(CH2), 29.0 (2 x CH), 9.1 (CH,). 

5.5.17 Tricyclo [SJ. l.lu] dodeca-$94~1 Dicaion + Isopentane 

1 29 40 34 35 

The 5,9-dichlorotricyclo[5.3.l. 13*g]dodecane 129 (16.6 mg, 7 1.2 pmol) was dissolved in 

dichloromethane-d, (70 pL) and added to a fiozen mixture of SbF, (50 mg) and sulfuryl 

chloridefluoride at -143OC. This mixture was then allowed to melt (ca. -135°C) before 

isopentane (IS pL) was added. Stirring with a tungsten wire thien formed a clear, slightly 

yellow solution consisting of a clean mixture of hicyclo[5.3.1.1 39]dodec-5-yl cation 34, 

isopentyl cation and isopentane. This method was the most successful way to prepare 34 

indirectly without any of its rearrangement products. Warming the reaction solution to -52°C 

(221 K) for 10 min. caused 34 % of the monocation 34 to rearrange into the 2-ethyl-2- 

adamantyl cation 35, corresponding to an energy barrier of 1 6.0 * 0.7 kcal/mol. 

Tricyclo[5.3.1.1 3*g]dodec-5-yl cation 34: 'H NMR (1 79K, 300MHz) 6 (ppm): 4.30 - 4.1 0 

(s, br, 2H), 4.10 - 3.70 (m, 4H), 2.87 (q, J =  12.3, lH), 2.54 - 2.31 (m, 3H), 2.30 - 2.14 (m, 

2H), 2.04 (t, J =  13.7,2H), 1.92 (s, IH), 1.90 - 1.63 (m, 4H). I3C NMR (179 K, 75MHz) S 

(ppm): 335.1 (CQ), 75.5 (CH), 70.9 (CH3,69.2 (CH), 60.0 (CH3,57.2 (CHa, 43.7 (CH3, 37.6 

(CH2), 36.1 (CH,), 32.2 (2 x CHd, 28.7 (CH). 

Isopentyl cation: 'H NMR (1 79 K, 300 MHz) G (ppm): 4.19 (s, br, 2H), 3.68 (s, br, 6H), 

1.56 (s, br, 3H). I3C NMR (179 K, 75 MHz) G (ppm): 335.7 (C'), 57.1 (CH3,44.7 (2 x CH,), 

9.2 (CH3). 

Isopentane: 'H NMR ( 1 79 K, 300 MHz) G (ppm): 1.42 (nonet, J = 6.6 Hz, 1 H), 1.1 9 (p, J 

= 6.9 Hz, 2H), 0.89 (t, br, J =  6.9 Hz, 6H). 13C NMR (179 K, 75 MHz) G (ppm): 3 1.4 (CHa, 



29.7 (CH), 2 1.7 (2 x CH,). 

5.5.18 Tricyclo(53.1. 131 dodeca-5,9-diyl Dication + Sodium Borob y M d e  

The 5,9-dichIorotricyclo[5.3. I . lS-9]dodecane 129 (1 0.0 mg, 42.9 pmol) was dissolved in 

dichloromethane-d, (0.2 mL) and added to a solution of antimony pentafluoride (1 00 mg, 462 

pmol), and sulfiuyl chloridefluoride (1.8 mL) at - 120°C. After stirring until a clear solution 

had formed the dication 40 was reacted with sodium borohydride (30.0 mg, 793 pmol). At 1 89 

K (-84OC) the dication 40 was initially reduced to the monocation 34 accompanied by the 

formation of other unknown species, which both rearranged to the adamantyl cation 35. The 

reduction was complete within a time period of 3.5 h, during which a substantial amount of 

the adamantyl cation 35 had formed. Raising the temperature to 22 1 K (-63°C) for 20 min. 

completed the rearrangement, forming a relatively pure solution of the cation 35. The 

measured energy barrier for the monocation rearrangement was 15.8 0.5 kcal/mol. 

Tricyclo[5.3.1. 13*9]dodeca-5,9-diyl dication 40: 'H NMR (168 K, 300 MHz) 6 (ppm): 4.76 

(s, br, lH), 4.60 (s, br, lH), 4.55 - 4.01 (my 12H), 3.78 (s, br, lH), 3.49 - 3.32 (m, lH), 2.72 

(s, 2H).I3C NMR (168 K, 75 MHz) 6 (ppm): 327.8 (C*), 72.1 (CH); 67. 1 (CH), 65.8 (2 x CH3, 

60.1 (2 x CH2), 57.5 (2 x CH3,35.1 (CH,), 27.6 (CH,). 

2-ethyl-2-adamantyl cation 35: IH NMR (200 K, 300 MHz) S (ppm): 4.20 (s, br, 2H), 4.10 

(q, J=6.1 Hz,2H),2.98(d, J =  12.0Hz,4H),2.62(d, J =  12.0Hz,4H),2.22(s,2H),2.20(~, 

2H), 1.57 (t, J =  6.1 Hz, 3H). 13C NMR (200 K, 75 MHz)  6 (ppm): 325.7(C'), 62.9 (2 x CH), 

5 1.6 (4 x CH2), 49.9 (CH2), 36.4 (CH2), 29.0 (2 x CH), 8.9 (CH,). 



5.5.19 Tricyclo[53.1 .131dodeca-5,9=diyl Dication + Hydrogen 

The 5,9-dichlorotricyclo[5.3.1.1 39]dodecane 129 (6.1 mg, 27 pmol) was dissolved in 

dichloromethane-d, (70 pL), placed into a 5 mm NMR tube and fooled to -78OC. At this 

temperature, sulfiuyl chloridefluoride (0.2mL) was added to the sample solution and the 

reaction mixture was cooled to - 126OC (n-pentane / liq. nitrogen slush). A precooled solution 

(-78°C) of antimony pentafluoride (50.0 mg, 23 1 pmol) in sulfuryl chloridefluoride (0.2 mL) 

was then added, before the NMR tube was placed into a stainless steel tube (cooled with n- 

pentane / liq. nitrogen slush; - 126"C), which was pressurized with hydrogen. The argon 

atmosphere was replaced by hydrogen by repeated pressurizing (8 bars hydrogen) and 

depressurizing (releasing the hydrogen) cycles (8 times). Finally, the hydrogen pressure (8 

bars) was maintained for 12 h, while the sample was kept at - 126°C. 

This procedure generated a mixture of mono- 34 and dication 40 (approx. 2: 1 ratio), which 

was stable up to about 1 98 K (-7S°C). Heating the sample to 2 1 3 K (-63 OC) for 1 0 min. caused 

the monocation 34 to rearrange into the ethyiadamantyl cation 35 to an extent of ca. 40 % and 

the dication 40 into a complex mixture. The associated energy barrier for this monocation 34 

rearrangement was estimated as 15.3 0.8 kcdmol 

Tricyclo[5.3.1. 13.g]dodeca-5,9-diyl dication 40: lH NMR (168 K., 300 MHz) G (ppm): 4.76 

(s, br, lH), 4.60 (s, br, lH), 4.55 - 4.01 (m, 12H), 3.78 (s, br, lH), 3.49 - 3.32 (m, lH), 2.72 

(s, 2H).13C NMR (168 K, 75 MHz) 6 (ppm): 327.8 (C'), 7 1.8 (CH), 66.8 (CH), 65.7 (2 x CH3, 

59.9 (2 x CH,), 57.4 (2 x CH3,34.9 (CH3,27.6 (CHa. 

Tricyclo[5.3.1. 13g]dodec-5-yl cation 34: 'H NMR (168 K, 300 MHz) S (ppm): (the signals 

for the tricyclo[5 -3.1.1 3gdodec-5-yl cation 34 were partially overlapped with the other cations 

present) 4.93 - 3 -69 (m, 6H), 3.48 - 1.36 (m, 13H). 13C NMR (1 68 k, 75 MHz) 6 (ppm): 336.2 

(C-), 75 -6 (CH), 7 1 .O (CH3,69.3 (CH), 60.0 (CH3, 57.3 (CH,), 43.7 (CH2), 37.6 (CH2), 36.1 



(CH,), 32.2 (CH3, 32.2 (CH3,28.7 (CH). 

2-Ethyl-2-adamantyl cation 35: 'H NMR (2 13 K, 300 MHz) 6 (ppm): 4.19 (s, br, 2H), 4.08 

(q, J=6.8  Hz,2H),2.97(d,J= 12.3 Hz94H),2.62(d, J =  12.3 Hz,4fI),2.22(~, 2H),2.20(s9 

2H), 1.57 (t, /= 5.9 Hz, 3H). 13C NMR (2 13 K, 75 MHz) S (ppm): 325.3 (C*), 62.6 (2 x CH), 

5 1 -4 (4 x CH3,49.6 (CH3,36.1 (CH3,28.7 (2 x CH), 8.8 (CH,). 

The procedure of Ward and Murray" was used: A solution of tricyclo[5.3.1.1 33]dodecan-6- 

one 118 (243mg, 1.36 -01) and hexamethyldisilazane (0.891g, 5.52 mmol) was dissolved 

in hexanes and cooled to -20°C. At this temperature, trimethylsil yl iodide (1 -09 g, 5.45 mmol) 

was added dropwise and the resulting reaction mixture was stirred for 30 min. at -20°C, 

allowed to warm to room temperature and stirred for a M e r  15 hours. The clear slightly 

yellowish solution was then washed with cold (0°C) sodium bicarbonate solution (5 %), dried 

with magnesium sulfate and concentrated on the rotavapor to give 327.7 mg (yield: 96 %) of 

a slightly yellow oil, which was essentially pure 6-trimethylsilyloxy-tricyclo[5.3.1. 13*g]dodec- 

6-ene 239. The spectral data obtained were in agreement with the literature.w 

GC-MS m/z (rel. intensity): 45 (1 8), 55 (1 3), 73 (1 OO), 91 (1 3), 105 (6), 1 17 (5), 129 (4), 

155 (2l), 168 (7), 181 (4), 235 (2), 250 (4). IR neat (NaCl) cm-!: 2905 s, 1678 m, 1439 m, 

1248 s, 1 175 s, 1 134 s, 929 s, 842 s, 75 1 m. 'H NMR (200 MHz, CDCI,) S (ppm): 4.72 (td, J, 

= 5.9 Hz, J, = 1.6 Hz, lH), 2.49 (t, J =  9.2 Hz, lH), 2.27 - 2.13 (m, 2H), 2.1 1 - 1.74 (m, 7H), 

1.71 - 1.35(m,6),0.15(s,9H). 13CNMR(50MHz,CDC13)G@pm): 156.3(Cq), 105.2(CH), 

37.8 (CH,), 35.5 (2 x CH,), 35.0 (CH), 34.8 (2 x CH,), 33.5 (CH3,25.4 (CH), 24.9 (2 x CH), 

0.5 (3 x CH,). 



6-Trimethylsilyloxytricyclo[5.3.l. 1 'qdodec-6-ene 239 (28.4 mg, 0.1 13 mmol) was 

dissolved in dichloromethane (5 mL) and cooled to -78°C. At this temperature isobutyryl 

chloride (23.7 pL, 0.245 mmol) and titanium tetrachloride (26.9 pL, 0.245 mmol) were added. 

The resulting reaction mixture was stirred at -78°C for 2 h and at -1 8°C for 12 h, before it was 

poured onto an ice cold sodium bicarbonate solution (5 %, 100 mL). Extraction with ether (3 

x 25 mL), drying of the combined organic layers with magnesium sulfate, filtration and 

concentration afforded 27.7 mg of yellow crude material, which was purified by column 

chromatography (silica gel, hexanes - ether 95 : 5) to give 13.3 mg (yield: 47 %) of the pure 

7-(isobutyryl)tricyc10[5.3.1.1 .3g]dodecan-6-one 240. 

GC-MS m/z (rel. intensity): 43 (loo), 55 (59), 79 (55),91 (24h 107 (lo), 1 17 (7), 135 (6), 

160 (1 7), 178 (24), 205 (S), 248 (3). High res. MS (IE): Mi calc. 248.177630 found 248.1782 

(+2.2 ppm). IR neat (NaCl) cm-I: 2910 s, 171 8 s, 1684 s, 1449 s, 1364 m, 133 1 m, 1086 m, 

1 047 rn. 'H NMR (200 MHz, CDCI,) 6 (ppm): 4.53 (dd, J, = 10.6 Hz, Jz = 6.5 Hz, 1 H), 2.62 - 
2.48 (m, 2H), 2.42 - 2.21 (m, 3H), 2.20 - 1.77 (m, 9H), 1.68 - 1.53 (m, 2H), 1.36 - 1.22 (m, 

lH), 1.08 (d, J =  2.0 Hz, 3H), 1.04 (d, J =  2.0 Hz, 3H). I3C NMR (50 MHz, CDCI,) 6 (ppm): 

2 19.3 (Cq), 2 10.0 (Cq), 54.8 (CH), 44.1 (CH), 4 1.7 (CH3,40.9 (CH), 38.1 (CH3,34.7 (CHa, 

34.1 (CH,), 33.9 (CH,), 3 1.7 (CHJ, 27.2 (CH), 26.1 (CH), 24.5 (CH), 18.9 (CH,), 18.0 (CH,). 



A solution of dimethyl disulfide (1 -05 mL, 1 1.8 mrnol) and sulfuryl chloride (0.960 mL, 

1 1 -8 mrnol) in dichloromethane (200 mL) was s W  at room temperature for 2 hours before 

it was cooled to -78OC and 6-trimethylsilylox)aicyclo[S .3.1.l 3g]dodec-6-ene 239 (1.40 g, 5.59 

mmol) in dichloromethane (50 mL) was added. This solution was allowed to warm to room 

temperature and was stirred for a fiuther 12 h. The workup was accomplished by pouring the 

reaction mixture onto ice (400 g) extracting it with dichloromethane (3 x 50 mL), drymg the 

combined organic phases with magnesium sulfate, filtering and concentrating it on the 

rotavapor to yield 1.27 g (yield: 60 %) of a crude product containing 60 % 

7-thiomethyltricycl0[:5.3~ 1. I 33]dodecan-6-one 242 and 2 1 % tricycl0[5.3.1.1 3g]dodecan-6-one 

118 (by GC). Purification of the crude product proved difficult and it was therefore directly 

used for subsequent steps. An analytical sample was prepared using a silica gel column 

(hexanes - ether 95 : 5) for characterization. 

GC-MS m/z (eel. intensity): 4 1 (40), 55 (4 1 ), 74 (89), 93 (49, 105 (3 I), 1 19 (26), 135 (33, 

149 (64), 177 (43), 191 (33), 224 (100). High res. MS (IE): M': calc. 224.12349 found 

224.12404 (-2.5 ppm). IR neat (NaCI) c d :  2909 s, 1694 s, 1447 s, 1356 w, 1067 m, 8 low, 

780w. 'H NMR (400 MHz, CDCI,) 8 (ppm): 4.27 (dd, J, = 12.6 Hz, J' = 5.0 Hz, lH), 2.36 (t, 

J =  7.6 Hz, IH), 2.28 - 2.13 (m, 4H), 2.10 - 1.96 (m, 3H), 2.01 (s, 3H), 1.95 - 1.77 (m, 4H), 

1.67 (t, J= 12.1 Hz, lH), 1.56 - 1.43 (m, 2H), 1.22 (d, J =  15.5 Hz, 1H). 13C NMR (100 MHz, 

CDCI,) 5 (ppm): 219.2 (Cq), 49.9 (CH), 46.5 (CHa, 43.9 (CH), 38.2 (CHJ, 34.5 (CH3,34.0 

(CH?), 33.8 (CH,), 33.4 (CH,), 30.8 (CH3,27.0 (CH), 25.8 (CH), 25.8 (CH). 



5.5.23 DiethyC7-thiomethyltricyclo[53.1.l3~dodecd-en-6-yl Phosphate (256) 

n-Butyllithium (2.5 M, 0.36 mL, 0.90 mmol) was added to a solution of 

hexamethyldisilazane (0.188 mL, 146 mg, 0.902 mmol) in ether(l5 mL), cooled to -78°C. The 

resulting solution was warmed up to 0°C for 10 rnin. before it was cooled again to -78°C. At 

this temperature, 7-thiomethyltricyclo[5.3.l. 13*9]dodecan-6sne 242 (100 mg, 0.446 mmol) in 

ether (3 rnL) was added. The reaction mixture was then allowed to warm to - 10°C for 10 min. 

before it was cooled again to -78°C and diethyl chlorophosphate in ether (2 mL) was added. 

This reaction mixture was stirred at -78°C for 30 min. and at room temperature for 2 h. The 

workup was conducted by pouring the reaction mixture into an ice cold sodium bicarbonate 

solution (5 %, 50 mL), extraction with ether (3 x 25 mL), drying with magnesium sulfate, 

filtering and concentrating on the rotavapor. The crude material obtained was purified on a 

silica gel column (hexanes - ether 1 : 1) to give 95.9 mg (yield: 65 %) of the pure diethyl7- 

thiomethy ltric yclo[S .3.l. 1 3-9]dodec-6-en-6-yl phosphate 256. 

GC-MS d z  (rel. intensity): 55 (58), 67 (52), 8 1 (100), 91 (66), 99 (63), 1 17 (57), 13 1 (56), 

149 (58), 159 (65), 19 1 (68), 206 (67), 13 1 (66), 346 (1 8), 360 (5). High res. MS (IE): M': 

calc. 360.152424 found 360.15 1 1 (-3.8 ppm). IR neat (NaCl) cm": 2909 m, 1443 w, 1272 m, 

1029 s, 972 m. 'H NMR (200 MHz, CDCI,) G (ppm): 4.28 (dqd, J, = 7.3 Hz, J, = 7.1 Hz, J, 

=3.2 Hz,2H),4.17@, J=7.3 Hz,2H),3.15(dp, J,= 11.4Hz,J2=2.2Hz, lH),2.39(dd,Jl 

= 12.7 Hz, J2=2.2 Hz, lH),2.31 (s, br, lH),2.23 -2.06(m,4H),2.19(s, 3H),2.05 - 1.79(m, 

5H), 1.73 (d, br, J =  12.6 Hz, lH), 1.66 (d, J =  14.9 Hz, LH), 1.51 (dh, J, = 12.6 H z ,  J, = 1.9 

Hz, lH), 1.44 (d, br, J =  16.0, LH), 1.34(td, JI =7.3 Hz,J,= 1.1 Hz, 3H), 1.33 (td, J, =7.3 Hz, 

J, = 1.1 Hz, 3H). 13C NMR (50 MHz, CDCI,) 6 (ppm): 141.5 (Cq), 132.9 (Cq), 64.4 (CH3, 

63.9 (CH,), 50.2 (CH3,46.2 (CH), 41.5 (CHd, 39.0(CH), 37.0 (CHa, 35.7 (CHa, 34.3 (CH3, 

34.0 (CH), 32.3 (CH,), 28.1 (CH), 16.1 (CH,), 16.1 (CH,), 15.1 (CH,). 



Diphenyl disulfide (1 74 mg, 0.797 mmol) was dissolved in dichloromethane (1 0 mL) before 

the addition of sulfuryl chloride ( I  08 mg, 0.800 mmol). The resulting solution was stirred for 

30 min. at room temperature and then cooled to -78T. At this temperature 6- 

t1imethylsilyloxytricyclo[5.3.1.1 3g]dodec-6-ene 239 (1 1 8 mg, 0.47 1 mmol) in dichlorornetbne 

(1 0 mL) was added and stirred for 2 h at -78OC and 12 h at -1 8OC. The workup of the reaction 

mixture was accomplished by pouring it onto an ice cold aqueous sodium bicarbonate solution 

(5%, 50 mL), extraction, drying with magnesium sulfate, filtering and concentration on the 

rotavapor to yield the crude material. Purification was accomplished by column 

chromatography (silica gel, hexanes - ether 95 : 5) to yield 87.1 mg of the pure 

7-thiophenyltricyclo[5.3.1.1 3*g]dodecan-6-one 241. 

GC-MS m/z (rel. intensities): 4 1 (go), 55 (64), 65 (56), 79 (1 00), 9 1 (79), 109 (76), 135 

(64), 149 (47), 177 (S), M ': 286 (32), My + 2: 288 (2) 6% of M'. High res. MS (E): M': calc. 

288.154789 found 288.1545 (-1.0 ppm). 'H NMR (200 MHz, CDCI,) G (ppm): 7.38 - 7.3 1 (m, 

2H), 7.30 - 7.22 (m, 2H), 7.21 - 7.16 (m, lH), 7.80 (dd, J, = 12.4 Hz, J2 = 4.7 Hz, lH), 2.43 

(t, J =  7.4 Hz, lH), 2.32 - 2.16 (m, 3H), 2.14 - 1.72 (m, 9H), 1.63 - 1.39 (m, 2H), 1.34 - 1.22 

(m, 1 H). 13C NMR (50 MHz, CDCI,) 6 (ppm): 2 1 8.5 (Cq), 136.8 (CH), 135 (Cq), 13 1.1 (CH), 

128.8 (CH), 126.8 (CH), 52.0 (CH), 47.0 (CH3, 39.6 (CH), 38.2 (CH3, 34.5 (CH3, 34.0 

(CH,), 33.4 (CH3, 30.9 (CHJ, 28.4 (CH), 27.0 (CH), 25.8 (CH). 



Lithium aluminum hydride (57.7 mg, 0.139 mmol) was mixed with ether (1 5 mL) under an 

Ar atmosphere, and a solution of 7-thiophenyltricyclo[5.3.1.1 33]dodecan-6-one 241 (87.1 mg, 

0.304 mmol) in ether (1 5 mL) was added dropwise. The resulting reaction mixture was stirred 

at room temperature for 4 h, before potassium hydroxide solution (209 g 1 L, 3 mL) was 

cautiously added and the resulting mixture stirred until the grey color changed to white. 

Filtration, and concentration on the rotavapor yielded 93.8 mg crude material, which was 

purified using column chromatography (silica gel, hexanes - ether 80 : 20) to afford 52.0 mg 

(yield: 59 %) of the pure 7-thiophenyltricyclo[5.3.1. 13*g]dodecan-6-ol 252. 

GC-MS m/z (rel. intensity): 41 (4 l), 65 (43), 79 (57), 9 1 (49), 1 10 (1 OO), 1 19 (20), 135 (25), 

16 1 (8), 178 (8), M-: 288 (8), M' + 2: 290 (1,3 % of M'). IR neat (NaC1) an-': 2903 s, 1473 

m, 1448 m, 14 19 m, 1093 m, 920 s. High res. MS (EI): M+: calc. 288.154789 found 288.1545 

(- 1 .O ppm). ' H NMR (200 MHz, CDCI,) 6 (ppm): 7.48 - 7.4 1 (my 2H), 7.37 - 7.25 (m, 3H), 

3.83 (dt, J, = 12.0 Hz& =4.9 HZ, IH), 3.56 (d, J =  8.5 Hz, lH), 2.65 (s, br, lH), 2.43 - 2.09 

(m, 3H), 2.05 - 1-55 (my 10 H), 1.54 - 1.21 (m, 3H). I3C NMR (50 MHz, CDC13) G (ppm): 

134.2 ( C a y  132.1 (CH), 129.1 (CH), 127.3 (CH), 70.7 (CH), 50.7 (CH), 40.6 (CHa, 35.9 

(CH?), 33-2 (CH2)y 3 1.0 (CH,), 30.6 (CH,), 30.3 (CH), 25.9 (CH), 25.8 (CH), 25.5 (CH,), 25.2 

(CHI- 



Lithium (23.7 mg, 3.41 mmol) was dissolved in liquid ammonia (1 5 mL) at -78°C before 

the addition of ten-butyl alcohol (127 mg, 1.71 mmol). The reaction temperature was kept at 

-78OC while diethyl7-thiomethyltricyclo[5.3.l.l 3g]dodec-6-end-yl phosphate 256 ( 123 -9 mg, 

0.344 mmol) in tetrahydrofuran (3 mL) was added. The resulting reaction mixture was stirred 

for 2 h at -78OC before solid ammonium chloride (ca. 5 g) was added until the blue colour of 

the reaction mixture disappeared. Ether (I 0 mL) was then added, and the mixture allowed to 

warm to room temperature (allowing the liquid ammonia to evaporate). Water (50 mL) was 

added and the resulting mixture was extracted with ether (3 x 25 mL), dried with magnesium 

sulfate, filtered and concentrated on the rotavapor. The oil obtain& was purified using a silica 

gel column and pure hexanes to give 49.6 mg (yield: 89 %) of the desired 

tricyclo[5.3.1.1 39]dodec-6-ene 254. 

GC-MS m/z (re. intensity): 41 (3 1), 53 (IS), 79 (loo), 91 (64), 105 (39,119 (3 l), 133 (23), 

147 (16), 162 (31). 'HNMR(200MHz, CDC1,)S (ppm): 5.89(ddt, Jl = 13.1 Hz,J2= 10.9 Hz, 

J3 =2.3 Hz, lH), 5.36 (dt,J1 = 13.1 HZ, J2=4.5 Hz, IH), 2.57 (t, J=9.2 HZ, lH), 2.26 - 2.00 

(m, 3H), 1.99 - 1.74 (m, 3H), 1.62 - 1.18 (m, 9H). 13C NMR (50 MHz, CDC1,) 6 (ppm): 134.0 

(CH), 126.8 (CH), 40.2 (CH3, 2 x 35.7 (CH), 2 x 35.3 (CH3, 33.7 (CH3, 29.7 (CH), 27.1 

(CH), 24.6 (2 x CH). 



Tricyclo[5 -3.1. L 33]dodec-6-ene 254 (1 0.9 mg, 0.0674 mmol) was dissolved in THF (1 0 mL) 

and cooled to 0°C. At this temperaturey borane in THF (lM, 0.34 mL) was added and the 

solution was stirred for 1.5 h. After the stining period, NaOH solution (3 M, 2 mL) and 

hydrogen peroxide (30 %, 2 mL) were added and the resulting mixture stirred vigorously for 

2 h. Extraction of this reaction mixture with ether (3 x 25 mL), washing the combined organic 

layers with aqueous sodium bisulfite solution (5 %, 20 mL), followed by drying with 

magnesium sulfate, filtration and concentration on the rotavapor, gave the crude material, 

which was purified on a silica gel column (hexanes - ether 95 : 5) to afford 9.5 mg weld: 74 

%) of the tricyclo[5.3.1.1 3*9]dodecan-7-01 257. 

GC-MS m/z (rel. intensity): 41 (69), 55 (54), 67 (58), 79 (97), 93 (loo), 105 (34), 1 19 (29), 

136 (69), 147 (12), 162 (27), 180 (4). IR neat (NaCl) c d :  3401 m, 2904 s, 1460 m, 1372 w, 

1099 w, 89 1 w. 'H NMR (200 MHz, CDCI,) G (ppm): 3.92 (tt, J,= 1 1 .S Hz, J2= 3.9 Hz, 1 H), 

2.29 - 2.03 (m, 6H), 1.90 - 1.67 (m, 6H), 1.54 - 1.43 (m, 4H), 1.37 - 1.25 (m, 3H). I3C NMR 

(50 MHz, CDCI,) 6 (ppm): 68.4 (CH), 46.4 (2 x CH3,39.5 (2 x CHd, 35.6 (CHa, 3 1.8 (2 x 

CH,), 26.1 (CH), 25.5 (CH), 24.9 (2 x CH). 



N,N-Dimethylmethylenimmoni~odide (Eschenmoser's salt) (235 mg, 1.27 mmol) was 

dissoved in DMSO (15 mL) followed by the addition of 6-trimethylsilyloxy- 

tricyclo[5.3.1. 13-9]dodec-6-ene 239 (LO6 mg, 0.423 rnmol) in DMSO (3 mL) at room 

temperature. The resulting reaction mixture was stirred for 24 hours before it was poured onto 

water (200 mL). Extraction with ether (3 x 30 mL), drying the combined organic layers with 

magnesium sulfate, filtering and concentration on tbe rotavapor yielded the crude product, 

which was purified on a silica gel column (hexanes - ether 1: 1) to afford 99.4 rng weld: 

quant .) of the pure 7-dimethylaminomethyItricyclo[5 -3.1 . 1 3g]dodecan-6-one 243. 

GC-MS d z  (rel. intensities): 42 (9), 58 (loo), 67 (4), 79 (lo), 91 (9, 105 (I), 107 (I), 235 

( 1 ). High res. MS (IE): M- calc. 235.1936 14 found 235.194 1 (+2.0 ppm) IR neat (NaCI) cm-': 

2905 s, 1692 s, 1453 s, 1382 m, 1261 m, 1095 m, 1040 m, 1009 m. 'H NMR (200 MHz, 

CDCl,) S (ppm): 3.49 (ddt,J, = 12.3 Hz,J, = 7.6 Hz,J, = 4.7 Hz, lH), 2.79 (dd, J ,  = 12.0 Hz, 

4 = 7.9 Hz, IH), 2.41 - 2.21 (m, 3H), 2.17 (s, 6H), 2.15 - 1.78 (rn, 9H), 1.65 - 1.43 (m, 2H), 

1.42 - 1.14 (rn, 3H). I3C NMR (50 MHz, CDCl,) G (ppm): 223.2 (Cq), 61.1 (CH& 45.9 (2 x 

CH,), 45.8 (CH,), 43.9 (CH), 41.7 (CH), 38.3 (CH3,35.0 (CH3,34.2 (CH3,33.9 (CH3,3 1.0 

(CH,), 27.3 (CH), 26.3 (CH), 25.5 (CH). 
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Calculation Data 

1 Bicvclo[3.3.3lun~l m s t r  
1.1 B i c y c l o  I3.3.3lundrc-l-yl cation (78)  

M-N= 6.870949049607D+02 E-N=-2.353789415132DiO3 KE= 4.260061817611D+02 
l\l\UOFC-OXYGEN\EOpt\RB3LYP\6-3lG(d)\CllHl9(1+) \CTAESCHL\15-Oct-199610 
\\#BECKE3LYP 6-31G+ OPT FREQ\\aicycl0[3.3.3]undecyl rnonocation out sym 
metric\\l,l\C,-1.2677271433,-1.135564313S,-l.O072039847\C,O~O43643779S 
,-1.0523257445,-1.8024390257\C,1.372033373,-1.1075078313,-0.9584367054 
\C, -1.621468634,O. OOlO4l6346, O.O000685003\C, -1.2674635957,l. 4421066099 
, -0. 4793251956\C8 O.O43!i3l2768,2.O882466O2, -0.0087198176\CI I. 3716737066 
,1.384824878,-0.4794343487\CI1.4141297177,0.0004383042,0.0004068722\C, 
-1.2677714811,-0~305I515484,L,4879094017\C,0~0432766476,-1~037501772,1 
.8036836115\C, 1.3716087843, -0.276318364, 1. 4389605481\HI -l.329l8l9848, - 
2.I042582635,-0.4949894885\H,-2.0584933696I-1.1652865048,-1.7671662279 
\~,0.0599218258,-O.149i0713438-2.41965898\H,O.lO46323699f-l~8982954373 
, -2 .4947105788\H, 2.1936403357, -0. 9668936620,-1. 67793l9898\H, 1.48582142 
8,-2.0811737652,-0.4763367841\HI-1.3299274302,1.48480326,-1.57403077\H 
, -2.0584054879,2.1143246038, -O.l2376499OS\H, O.lO489622Ol, 3.1113228215, 
-0.3936757922\H,0.0595035898I2.l694379588Il.O82l36467\H,l.484666342l,l 
.4548990852,-1.5637252711\H,2.193496111,1.937401268,0.0018921812\HI-2. 
0587977617, -0.9490047076,l. 8923703978\H, -l.32e59l4752,O.62ll64473, 2-07 
30i5282\H,0.0593248703,-2.0197269681,1,3284053329\E,0.1045806017,-1.22 
11603496,2.8872071481\H,22193676965I-0.9690346711I1.6771941108\H,1.483 
372263,0.6271769197,2.0426065869\HI-227188598446,0.0011337~92,-0.00032 
64899\\Version=SGI-G94RevDD2\HF=-430.3387490\~ISD=9.594e-O9\~YSF=5.72l 
e-OS\Dipole=l. 1285438, OoOOO223l, 0.0003946\PCOl [X(CllH19) I \ \@ 

1.2 Bicyclo f3.3.31 undo--1,s-diyl d i u t i o n  (36) 
N-N= 6.753269365945Dt02 E-N=-2.313255048462D+03 KE= 4.250193847724Di02 
~ \ ~ \ U O E C - O X Y G E N \ E O ~ ~ \ R B ~ L Y P \ ~ - ~ ~ G ( ~ ) \ C ~ ~ H ~ ~ ~ ~ ~ ~ \ C T ~ S C H L \ O ~ - O ~ ~ - ~ ~ ~ ~ \ O  
\\#SECKE3LYP 6-31Gc OPT\\Bicyclo[3.3.3]undecyl dication symmetric\\2,1 
\C,-O.95566O3l29,l.l22li3lO59,l.33672~S7\CI-O.778l31O742,l.939958379 
3,0.0000056563\C,-0.9S56377836,1.12213044278-1.3367238293\C,0~00026770 
94,O. OOO2977l62,l.397W7894\C, I. 4SOO5549I9, 0.267016643, l.335589209\CI 
2.0670734354,-0.298459461,0.0000158115\C,1.4500779647,0.2670341718,-1. 
335560725i\C,0.0002912167,0.00031S8167,-1.3979178702\C,-0.4933999247,- 
1.388~338662,1.3362643253\C,-~.2905624072,-1.6419974019,-0.0000215288\ 
C8-O.4933774829,-l.3887I65857,-1.33629O7O62\Hf-l.99O9Ol36O2,O-7949l649 
77,1.4600092989\H,-0.7138414041,1.8271431008,2.1496912165\E,0~18198140 
23,2.4590137326,0.0000170847\H,-1.563224666,2.7016834458,0~0000039544\ 
5 ,  -0.71380497l9, 1.827i708265,-2. 1496803065\ff,-1.9908767171,0.794935285 
3,-1.4600331839\H,1.6845406409,1.3273401S34,1.4571019613\HI1.539827222 
9,-0.2433767302,2.149606O101\HI3312106S249,-0.0056358676f0.0000266476\ 
8,2.0299146327,-1.3891811384,0.0000084449\H,1.6845650928,1.3273593541~ 
-L.457O552451\H,1.9398639264,-0.2933483635,-2.l495764l7l\HI-l.22385674 
14,-1.53297S5434,2.1498972396\tfI0.30832665981 -2.1211599599,1.457913985 
\~,-2.2189809097,-1.0685524956,-0.0000256006\H,-1.5601258406I-2-70220O 
4?57,-0.0000306646\H,-1.2238203893,-1~5329478418,-2.1499379372\H~0.308 
3513411,-2.1211409409,-1.4579362157\\Version=SGI-G94RevD~2\HF=-429.294 
3933\RMSD=6.062e-09\fiMSF=4.093e-0S\Dipo1e=-0.0009945,0.0015839,0.\PG=C 
01 [X (CllHl8) 1 \ \@ 



I\1\UOFC-OXYGEN\ETS\RB3LYP\6-31G(d)\C12H2001(2+)\CT~SCHL\24-Apr-l998\ 
O\\#BZCKE3LYP 6-31G* OPT(CALCFC, TS, NOEIGENTEST) GEOM=CHECKPOINT GUES 
S=READ\\3-Methoxy-bicyc1o[3.3.3]unde~y1-1,5-dication\\2,1\C,1.57919408 
73,1.4650114731,-0.334492974\C,0.0951425431,1.3280i63479,-0.0596700295 
\5,-3.5777157978,0.7858234875,-0.1889935286\H,-1.3698983885,1.40570727 
08, i.5620274886\C, -0.7946865946,110825892753, -1.2745093281\H,2.0933076 
215,1.~786080891,0.5768935394\~,~.6319808243,2.3090201889,-1.043881408 
8\C~2.3518126958,0.285049509,-0.9691456413\C,2.3557774196,-1.008605804 
2,-0.0537886205\~,3.3974345167,0O5801543695,-1~0932979322\H,1.96666640 
3,0.039293645,-1.9610234481\H,2.9851109689,-0.8703231434,0.8284085979\ 
~,2.7650955251,-1.822322571,-0.674773427\C,0.9586508477,-1.2804520256, 
0.2699153755\H,0.4952251474,-I.5975691146,-1.8609486164\C,0.4409196825 
, -1.1024521743,l. 6629429145\H, -4 -2616446204, -0.8l7lg80597, -0.565122357 
4\C, O.4957388l45,O.3995646627,2.2395679778\H, l-Ogl4732297,-l.68l458746 
5,2.3364553272\H,-0.583270031,-1.4830301364,1.7481070299\H,0.064908024 
1,0.3444120924,3.2428655053\C,-0.2894015118,1.4852700702~1.4064674436\ 
H,1.5401620708,0.6930629638,2.3617150887\H,0.0282569915,2.4742608118,1 
.7680658075\H,-1.7242153878,1.6572244074,-1.2737001542\C,-l.O174223728 
,-0.3601906663,-0.7663249608\H,-0.2927102793,1.203843336,-2.236048633\ 
E, -0.513232609, -0.0147430634,0.2793131953\C, O.OOl628lO86,-l.S246S27I86 
,-0.8855195096\0,-2.243?5756~7,-0.8260111208,-0.4696284778\H,-0.550866 
6446,-2.4611314529,-0.7212207363\C,-3.4691372061,-0.1100932137,-O.80~~ 
645739\H,-3.4853061494,0.1301261782,-1.8722519572\\Version=SG1-G94RevD 
.2\HF=-543.7343766\RMSD=6.926e-09\RMSF=3.615e-06\Dipo1e=0.6047322,0.14 
2294,-0.101571\PG=CO1 [X(C12H2001) 1 \ \@ 

1.5 Transition-8-a of t h m  3-i8abutvlbicvclo[3.3.3undrcvl dication (262) 
?I-N= 1.153424022398Dt03 E-N=-3.625741347253D+03 KE= 5.806102566841D+02 
~ \ ~ \ U O F C - O X Y G E N \ F T S \ R B ~ L Y P \ ~ - ~ ~ G ( ~ ) \ C ~ ~ H ~ ~ ( ~ + ) \ C T X S C H L \ O ~ - A ~ ~ - ~ ~ ~ ~ \ O \  
\#BECKZ3LYP 6-31GC OPT(CALCFC, TS, NOEIGENTEST) GEOM=CHECKPOINT GUESS= 
READ'~\3-isobutyl-bicyclo[3.3.3~decyl-l,5-dication TS\\2,1\C,1.138135 
0827,1.5188769751,-0.9831432601\C,0.2720268626,1.1881958294,0.23961084 
92\H, -0.627l389769,-l.724l.644603,2.158489S4S5\H, 0.3254826386,0.2l5lO34 
838,3.1073997072\C,-1.1177566027,1.2833519646,0.8582777882\H,1.7459722 
375,2.4143474589,-0.8057248749\H,0.5752874003,1.6771177086~-1.90004304 



1 - 6 3,7-dimmthvlbicvclo t3.3.11 no--3 7-divl dicrtion (37)  
N-N= 6.560357083367D+02 E-N=-2.276133623951D+03 KE= 4.2503858732519+02 
~ \ ~ \ G ~ N C - ~ P H A ~ ~ \ F O ~ ~ \ R B ~ L Y P \ ~ - ~ ~ G ( ~ ) \ C ~ ~ H ~ ~ ( ~ + ) \ R O O T \ O ~ - O C ~ - ~ ~ ~ ~ \ O \ \ #  
aECKE35YP 6-31Gt OPT GEOM=CHECKPOINT GUESS=R2AD\\3,7-dimethyl-bicyclo[ 
3.3.~1nonany1-3,7-dication\\2,1\C,-0.S438S92431,-0.6372053774,1~615827 
782\C, O-62O82ll366,-l.36O429lOO8,l.O753O64685\C, 1.6?12791899,-0.637169 
7272,o. 3369773135\C, l.3456399404,0.79l55l7864,-0. 16l8267TS2\C, 0.517680 
1~O4~~.53869~4983,0.8967333461\C,-0.8l302941071O.79~~~7O6~2,~.O8442281 
51\C,-1.61500383,0.8044359426,-0.2394962749\C,0.6001346046,0.804471403 
, -1.5183467585\C, -0.8639207763,O. 6378681013, -1.4964074293\C, 0.77042581 
3t-2-7961237308,1.3344015397\C,-1.5852227708,0.3743171559,-2.74580S378 
3\Et-0.287602105,-O.5695503024,2.6978913453\H,-1.427I5O4453,-1.2940714 
2~3,~-6333649965\H,2.128159184,-112940142171,-0.4191971996\H,2.4802123 
826,-0.5695058i29,1.0999682607\H,2.3017546193,1.298175566,-0~320164273 
9\H, 0.338828l4l6,2.574S8SO3l5, O.5869669377\H, l.0648262672,l. 5974724842 
,1-6444645999\H,-1.4282538047,1.2981155424,1.83325S6541\H,-2.060601144 
5~1.8167089096,-0.3731111752\B,-2.5090162126,0.1619994083,-0.240529182 
5\HI 1.0462932916,O. l62OS62029, -2.2930912729\HI O.707213489,l. 8167S31151 
, -1.9710346774\~, 0.2769772411, -3.3054560283,0.4796706416\H, 1.811486234 
5,-3.1356861678,1.3226412603\H,0.2396834577,-3.1357111772,2.2300804S6~ 
\H , - l .6352743726 , -0 .7317794S43 , -2 .832S285442\H, -2 .6245040921 ,0 .71916~~ 
417,-2 .7309648407\H,-1.0527006558,0.7191905033,-3.638402878\ \Version=D 
E C - A X P - O S F / ~ - G ~ ~ R ~ V A . ~ \ H F = - ~ ~ ~ . ~ ~ ~ O ~ ~ ~ \ R S F = ~ . ~ ~ ~ ~ - O S \ D  
ipole=-0.2978235,-0 .8852147,-0 .51S8938\PG=COl [X(CIlH18)1\\@ 



1 . 8  9-mothvlbic~clo C3.3.11 non-9-~l cation (199) 
N-N= 5.823920354264D+02 E-N=-2.054469347484D+03 KE= 3.871217532834D+02 
I\1\GINC-ALPHA29\FOpt\RB3LYP\6-31G(d)\C1OHf7(1+)\R00T\O5-Feb-l999\0\\# 
BEC-KE3LYP 6-31Gf OPT\\9-metnyibicyclo[3.3~I]nonyI I cation / chair-cna 
ir\\l, l\C, 0 -  4987684026,l.2O23868448,-O.ll7O6l8O82\C, -0.290792583S, 1-26 
04477155,-1.4520482242\H,-0.8767331181,2.2053734926,-1.451259047\C,-l. 
186604402,0.0657395555,-1.7417942679\H,0.4543912425,1.39~3421299,-2.24 
96206864\H,1.2275204839,2.0173511295,-0.058223429\H,0.2524129006,1.466 
9812213,2.0628076615\C,-0.4159660697,1.3348931163,1.2045829594\H,-1.44 
569l9763,O.O66526l3l3,-2.8O6l384l6l\C, -0.5O5226767,-l.2693342OO5, -1.40 
17933406\H, -2.l363875927,O. l562360686,-I.2O98754444\H,-l.2379229793,-2 
.082O931541,-l.3642089597\CfO.2943~41799f-l.27l765O496,-O.O7O5393O79\H 
,0.2063729449,-1.5346133388,-2.1934500897\H,-0.9659726716,2.2734020185 
,i.0780848851\C,-1.3461285023,0.1378359605,1.4251508701\C,1.1315671943 
,-0.0916173909,0.1193430019\H,-2.2142290397,0.1952297876,0.?671803898\ 
H,-1.7400773715f0.1902088575,22448O982353\H,O.O2O4829326,-l.4O49461284 
,2.118810886\C,-0.6224591725,-1.2014752137,1.255124515\C,2.4896549243, 
-0.1931793843,0.6772489866\H,0.8791729472,-2.1928239631,0.020298465\H, 
-1.3169703597, -2.0434861118,l. 1658432986\H82. 7992795262,O. 699Sl679l4,l 
.2250080751\H,3.1582364211,-0.260IO4604,-0.2032945656\H,2.6533824862,- 
1.1066920497,1.2566584358\\Version=DEC-P-OSF/l-G90Re~~A.3\HF=-391.038 
4299\RMSO=9.936e-09\~SF=3.364e-05\Dipo1e=0.91579~5,-0.0700237,0.35738 
2\FG=CCI [X(ClOH17) 1 \ \ @  



1.10 5-mrthvlbicvclo t 4 . 3 . 0 1  non-1-vl cation (208) 
N-N= 5.636484142335D+02 E-N=-2.017155495884D+03 KE= 3.871235181187D+02 
~\1\CINC-ALPHA20\FOpt\RB3LYP\6-31G(d)\ClOHl7~l+~\ROOT\l3-Feb-l999\O\\# 
BECKE3LYP 6-31G* 0PT\\b430-2-me-6-cati0n\\1,1\C~0.8606204178,0.3897745 
109,-2.6139373384\C,0.9253426528I0.3787441044I-1.0833216722\C,1.175326 
9046,1.7789796121,1.0428090922\H,0.7373337028,-0.6176872336,-3.0236172 
986\CI-0-119966811,1.1630648237I1.6501067261\C,-0.3585020599I-0.272801 
5736I-0.4745911512\C,1.1391017689I117815703220I-0.4888046~16\HI2.03479 
02919,1.2022158521,1.4045016686\C,-1.0642S05317I-1.27752~~893I1.613625 
7467\H,-0.9568899019I1.86l2783373Il.4487928883\~,-l.22l8237O86,O.3lOl4 
36497,-0.871357441\HI0.3504010688I2.4591173503,-0~8458643424\ffI1.76586 
47543,-0-2599626636,-0.7749960671\H,1.2861834383,2.~923297056,~.438390 
5447\C,-0.5123034486,-0.0762628966,0.9755835433\HI-0.0832328857,1.0426 
464627,2.7378225565\C,-O. 643089882, -1 .7795307919, -O.i'lOg8O6494\E, 2-084 
4750641,2.185426142,-0.8684503898\HI117868145059,0~801631332I-3.026899 
1984\H,0.0285029074I1.0085540834I-229714246489\H,-~.5220701224I-3.2339 
116C84,3.7084494732\fII-II7408818452,-1.070755~S75,2.4521019748\ffI-0.~6 
4277044,-1.7328469392,2.0865288748\C,-1.5668639147I-2.1719135037I0.45~ 
5603476\H,0.3021861153,-2.3346750584,-0.6638599176\HI-1~0887406143,-1. 
5706361673,-1.6886508623\H,-2.611126303,-1.9274067994I0.2358325854\\Ve 
rsion=DEC-AXP-OSF/1-G98RevA.3\HF=-391.0414295\~SD=8.89le-O9\~SE=5.06 
8e-06\Dipo1e=-0.5322642,-0.0835127,1.0548553\PG=C01 [X(ClOH17)]\\@ 

1.11 2-methvl-2-&cal~l cation (39) 
N-N= 6.617171672733D+02 E-N=-2.303462405327D+03 a= 4.260432974463D+02 
1\1\GINC-ALP.W22\FOpt\RB3LYP\6-31G (d) \CllHlg (I+) \ROOT\l4-NOV-1998\0\\# 
aECKE3LYP 6-31Gc OPT\\3-methyl-bicyc10[4.4~Olde~y1-3-~ation\\l~l\C,-2. 
2624143278,-1.878044301,0.2018510252\C,-1.2843210103,-2.4152683918,-0. 
8458326377\C,-2.1470913246I-0.3533953456I0.3574108607\CI-0.6528022233, 
0.0664773511,0.6822337289\C,0.2545291734I-0.479~990294,-0.3956200954\C 
,G.17O4257292I-2.OO66~64337,-0.5433711456\CI-O.55l9683l83Il.58O9565223 
,0.8155498427\C,0.9663734194,1.9921787721,1.0959754368\C,1~7121277205, 
1.3819374754,-0.0054008408\C,1.7834681318,-0.0660075144,-0.0441575502\ 
C,2.184920625,2.199837687,-1.1359774536\HI-2.0652579012,-2.3S95229671, 
1. :6947267lS\HI -1.3370734133, -3.5087898876, -0. 9002331717\HI-1. 56498465 
74,-2.0424569046,-1.8443345583\H,-2.4659522779,0.1413429~5,-0.57101828 
45\H~-2.8131141487~0.0038390219I111508964319\H,-0.4167765236I-0.396418 
6881,1.642301593\H,-0.000723749I-0O021268366I-1.3615493397\HI0.8400991 
674,-2.3517670972,-1.339061952\HI0O504125665I-2.4~81678041,0.390845553 
3\H,-0.8982234858,2.0880371852,-0.09292I4616\H,-1.1301325708,1.9821421 
660,1.653958161\H,1.0534598629I3.0806847694,1.1255902449\HI1.242882113 
2,1.5593795647,2.0627887471\H,-3.2901896058,-2.139523824,-0~0726300728 
\H,2.446850C838,-0.4572858058,-0.8182229847\H,2.OO4020592lI-0.51396932 
l6,O .9288660279\H,2.287894513S, 1. 6360706444, -2. 0670499349\HI l.6OO5lSOO 
74,3.1144628055,-1.2776244599\H,3.2031007581,2.5300308312,-0.852044236 
\\Version=DEC-AXP-OSF/1-G98RevA.3\HF=-430.3622879\RMSD=4.074e-O9\~SF= 
2.205e-05\Dipole=1.5678844,1.46215O2I-OOO447325\PC-=COl [X(C11919)]\\@ 





2 . 4  Transition-*-to of t h m  7-wthorvtric~cloL5.3.1.1'~~ldodrcyl dieation (265) 
N-N= 1.009033758257D+03 E-N=-3.331998613219W3 E= 5.763427020885D+02 
l\l\UOFC-OXYGEN\FTS\RB3LYP\6-31G (d) \ C 1 3 H S C H L \ l 5 - F e b - 1 9 9 8 \  
O\\#BEC-fi3LYP 6-31GC OPT(CALCFC, TS, NOEIGENTEST) GEOM=CHECKPOINT GUES 
S=REP.D\\3-Methoxy-tricyclo[5.3.l.l]dodecyl mu H bridged dication trans 
ition state\\2,1\C,-0.3009977539,-1.8891141208,-0.3877912447\C,O.l~666 
29839,-1.017161061,0~7869863909\C,-1,3092810529,-1.0227378512,-1.23223 
33225\H,-0.8212796277,-233225\H,-0.8212796277,-2.7884544329,-0.07884544329,-0.0305487605\H,0.5563097701,-2.22 
44767664,-0.9804641716\C,-1.0479627327,-0.4012745367,1.5508099299\C,-2 
.5830318483,-0.7526049201,-0.4300553667\C,-0.7082008706,0.4387508819,- 
1. 6469226575\CI 1.4679195617, -0. 6919022761t 1.393616675\H, -1.5139309506, 
-1.536784542,-2.1743787584\H,0.6550352826,-0.2263394974,~0.3141079106\ 
C,-2.2324862759,0.1662257208,0.7357443866\C,-0.6721973689,1.3601482551 
,-0.4694744171\C,1.5043259873,0.3890651981,0.2828357676\H,-0.702401080 
6,0.3103674913,2.3050961069\H,-194186399485,-1.2707284676,2.1258281043 
\H,-3.3701317101,-0\H,-3.3701317101,-0.319931487,-1.0551379319931487,-11O5S1379877\H,-2~9856054O73,-l.69498O7 
54E,-0.0343867501\X,-1.4I12886603,0.8317606087,-2.~~~48~~~~~\H,~~~~~~~ 
87189,0.3251626429,-2.1220420118\H,2.2407401061,-1~4436703246,1.224150 
1382\H,1.457207991,-01382\H,1.457207991,-0,3773992293,2.436593773992293,2.4365998264\C,-1.9286173654,1.689389 
65l8,O. l4474796\C, 0.62624l8967,l.674lgl4729, O.2SS6670526\O, 2.543976938 
2,0.485766191,-0.5694188309\H,-3~0734032093,0.3551568109,1.410581788\C 
,3.8O608O1858,-0.2120488212,-0,3.8060801858,-0.2120488212,-0.35014282435Ol42824\H,-2.7544538938,l.9O799O646l, 
-0.5345782695\H,-1.8779209756,2.4036812132,0.968285967\H,l.l575866031, 
2.4308596133,-0.3471117313\H,0.4573341504,2.~2S6511791,1.2369362028\H, 
4.1622746559,-0.0439759221,0.668248221\H,3.7004590704,-1.2780005912,-0 
.5702030147\H,4.4862015285,0.2424167199,-1.0696643086\\Versio~=SGI-G94 
RevD.2\HF=-581.860026\RMSD=4.996e-O9\RMSF=9.949e-O6\Dipole=-~.~~~~48~, 
0.0460874,0.46074ll\PG=COl fX(C13H2001) I \ \ @  

2 . 5  Transition-mtato of th- 7 - i a o b u ~ l t r i c v c l o I S .  3.1 - 133sl Mcyl -cation (264) 
N-X= 1.009033758257D+03 E-N=-3.331998613219DiO3 KE= 5.763427020885Di02 
1\1\UOFC-OXYGEN\FTS\RB3LYP\6-31G(d)\C13H2001(2+)\CT~SCHL\l5-Feb-l998\ 
O\\#BECK%3LYP 6-31G" OPT(CALCFC, TS, NOEIGENTEST) GEOM=C-YECKPOINT GUES 
S=~AD\\3-Methoxy-tricyc10~5.3.l.l]dodecyl mu H bridged dication trans 
ition state\\2,l\C,-0.3009977539I-11889114l2O8,-O.38779l2447\CIO.ll666 
29839,-l.017161061,0.7869863909\C,-113092810529,-1.0227378512,-1.23223 
33225\B,-0.8212796277,-2.7884544329,-0.0305487605\H,0.5563097701,-2.22 
44767664,-0.9804641716\C,-1.0479627327,-0.4012745367,1.5508099299\C,-2 
.5830318483,-0.752604920I,-0.4300553667\C,-0~7082008706,0.4387508819,- 
1.6469226575\C, 1.4679195617, -O.691902276l, 1.39361667S\H, -l.5l393OgSO6, 
-1.536784542,-2.1743787584\R,O.6550352826,-0.2263394974,-0.3141079106\ 
C,-2.2324862759,0.1662257208I0.7357443866\C,-0.6721973689,1.3601482551 
,-0.4694744171\C,1.5043259873,0.3890651981,0.2828357676\H,-0.702401080 
6,0.3103674913,2.3050961069\H,-1.4186399485,-1.2707204676,2.1258281043 
\E,-3.3701317101,-0.319931487,-1.0551379877\H,-2.9856054073,-1.6949807 
548, -O.O3438679Ol\H, -1.4112886603,0.8317606087,-2.3904819729\H, 0-27335 
87189,0.3251626429,-2.1220420118\H,2.2407401061,-1.4436703246,1.224150 
l382\H, I..45720799l,-O. 3773992293,2.4365998264\C, -l.g286l73654,l-689389 
65l8,O. l4474796\C, 0.6262418967,l. 674l9l4729,O.2S5667O526\O,Z.543976938 
2,0.485766191,-0.5694188309\H,-3.0734032093,0.3551560109,1.410581788\C 
,3.8060801858,-0.2120488212,-0.350142824\H,-2.7544538938,~.90799~6461~ 
-0.5345782695\H,-1.8779209756,2.4036812132,0.968285967\H,1.1575866031, 
P.4308596133,-0.3471117313\H,0.4573341504,2.1256511~~~,1.~~6~~6~~~8\H, 
4.1622746559,-0.0439759221,0.668248221\H,3.7004590704,-1.2780005912,-0 
.5702030147\H,4.4862015285,0.2424167199,-~.0696643086\\Version=SGI-G94 
RevD.2\HE=-581.860026\RMSD=4.996e-09\RMSE=9.949e-O6\Dipole=-~.~~~~48~, 
0.@460874,0.4607411\PG=CO1 IX(C13H2001)]\\@ 

2 . 6  6-Methvltricvclo C 4 . 3 . l .  l3*'1 un&c-6-vl a t i o n  (132L 
l\l\GfNC-ALPHAl4\FOpt\RB3LYP\6-31G (d) \ClzHlg (I+) \ROOT\25-NOV-1998\0\\# 
BECKE3LYP 6-31G1 OPT\\2-methyl-bicyclo[4.3~111]undecyl-2-cation\\l,l\C 
,I. 0553798797,l. 1232419968, -1-2719540879\C, 0.3585058593,l. 6SO3999699,O 



2 . 7  2-Ethvl-2-rd8mn-1 cation (35) 
N-N= 7.808128307971E+02 E-N=-2.628841622743E+03 KE= 4.638302801092E+02 
LIlIGINC-UNKIFOptlRB3LYPI6-31G(d) IC12H19(1+) IPCUSER121-3un-19981OllWBE 
CKE3LYP 6-31G* OPT GEOM=CHECKPOINT GUESS=READl 12-ethyl-adamantyl-2-cat 
ionll1,1IC,-2.3535777143,-0~481109044,-0.0991156304lC,-1.2193252714,-~ 
.5236523S11,-0.02838356491C,-0.4017819351,-1.321308503,1.257327542llC, 
O.Z395lO46l6,O.O963252l96, L2576OSOl75 lCI -0. 94O45749O7, 1:17795656211 1- 
1812821319]C,-1.750894269S,0.9386982727,-0.09712285~1C,-0.826656601,1~ 
133i463914,-1.3039155057IC,0O353S6539S3,0~051410575,-1.23316142691C,1~ 
004336304,0.3761106932IO.0391812696IC,-0.2874170056I-l-~66~442~~6,-1.2 
4 0 4 7 8 2 1 0 7 ~ C , 2 . 3 1 5 9 9 8 1 1 1 1 , 1 . 0 3 9 0 0 5 1 3 8 4 , 0 . 0 8 7 2 9 4 1 3 9 8 l C I ~ - ~ ~ ~ ~ 7 ~ 8 4 ~ 8 , - 0 . 0  
990451207,0.1575534867~H,-1.6442352497,-2.53390S4273,-O-O296236971lHI0 
.38S3547902,-2.0787153499,1.3477084781~H,-l.O32844S666I-l.4O779l9687I2 
.1487683484~H,0.8321245429,0.284835575,2.157996385lH,-O.S290429333,2.1 
927572729,1.2159164017IH,-1.5325087128,1.0316402062,2-09142469391H,-2. 
5536138006,l. 6860422747, -0.147357933 1H,-O.4l2l26l945,2.l4672Ol475,-l.3 
373004357]H,-1.3333199727,0.9532099382,-2.25848758O3lH~l.O2626~~465IO. 
208382982,-2.08184498491HI-3.0326523999,-0.6003682515,O.7S34O83l62iH,0 
.5034332681,-2.1252231373,-1.23128O5748~HI-O.8345534550,-l~485864477I- 
2.18214829751H,-2.9521296949,-0.63208r6369,-1.00S2641648lH,2.497104839 
6 , l .  6339465089,-0.8I3824994l IH,2.414876S53, l.6665O95458,O.g79O53O5!H, 4 
.3762S89S19,0.38S4124246IO.193S989188~HI3.278873l362I-O.~lOll68l64Il.O 
560263728~H,3.3604919008,-0.7425515978,-0.72516665471 lVersion=x86-Win3 
2-G94RevE.llHF=-468.4733243~~SD=4.495e-OO9l~SE=l.O37e-~O5lDipole=O.8 
250162,0.4326797,0.0299773IPG=COl [X(C12H19)1 1 I @  

2 . 8  Transition 8-tm 1 (101) in tho ~racvclo t5.3.1.  l ' . 9 1 w - S - ~ l  crtion 
rearranaemmt 
N-N= 7.922822040352D+02 E-N=-2.651758740343D+03 KE= 4.637795159543D+02 
I \ ~ \ G I N C - Z I N C ~ O \ F T S \ R B ~ L Y P \ ~ - ~ ~ G ( ~ ) \ C ~ \ ~ ~ - J U ~ - ~ ~ ~ ~ \ O \ \  
#BEC'KE3LYP 6-31Gf OPT(CALCFCI TS, NOEIGENTEST) GEOM=CHECKPOINT GUESS=R 
EAD\\tricyclo[5.3.1.lldodecyl-1-cation TS to 2-cation\\l,l\C,-O.283S71 
0835,-1.0S78009459,-1.39S8938013\C,0.6738620873I-1.4846634912,-0.2l952 
93095\C,-0.0086119134,-1.4353372615,1.1779107222\CI-1-47~2580~~~-~-~98 
0272398,-1.0997033003\C,-I.0792965271,-0.3401173862,1.3604303462\C~~1. 
0761501105,1.4228416721,-1.0819879897\C,-2.1289490826I-0.454342339IO.2 
430298895\C,-0.4975821912,1.106393S371,1.3778282349\C,-0.0207319714I1. 
4746389301,-0.012289793S\C,1.3153243293,1.3246263927~-0~4238697506\C~2 
.3376327151,0.S8350044O9,0.3211446924\C,2.lO6l528l54I-O.88O98732l6,-O. 
2474000382\H,-2.1983215592,-0.2068528212,-1.912295812\H,-0.742826094,- 
1.97644SS85,-1.7782298572\H,-1.S551356126I-0.49l9131O25,2.33SS782l2S\H 



2 . 9  T r a n n i t i o n  s t a b  2 (183) in tho T r i c y c l o  C5.3.1- l3*'1 Irrvrlc-5-yl cation 
rearranuemmn t 
K-K= 7.6486995i7871D+02 E-N=-2.637887292623D+O3 KE= 4.637417174610D+02 
I \ ~ \ U O F C - O X Y G E N \ ~ S \ R B ~ L V P \ ~ - ~ ~ G ( ~ ) \ C I S C H L \ ~ ~ - J U ~ - ~ ~ ~ ~ \ O \  
\#SECKE3LYP 6-31G* OPT(CALCEC, TS, NOEIGENTEST) GEOM=CHECKPOINT GUESS= 
READ\\TS2 from T5311msc to t4311mtc\\l,l\C,1.0157974148,1.0779679909,- 
1.2754398556\CI0.2254719133,1.6535627217I-0.0791272489\C,0.8190546177, 
1.232162955,1.2794668645\C,1.4314285785,-0.4014855134I-1.1241187214\CI 
1.1661028052I-0.2633061762,1.366862713\C,0.252074628,-1.3884965485I-l.  
2278174313\C,2.1372877266,-OO6193444259,0.226273999\C,-0.0695034684,-1 
.186313138,1.3075877703\C,-0.7696453771,-1.25279134,-0.0732789728\C,-1 
.7533560747,-0.0918970821,-0.3189346797\C,-3.O8O7~6388l,-O.2762l4O742I 
0.114&295285\C,-1.3026440971,1.4545443934,-0.1628396027\H,2.1248578963 
, -0.6363833483,-1.9403607126\H, l.93067Ol257,l.674l74l244, -l.3845lOl449 
\HI1-655833OO34I-0~4388613246,2~3320190085\H~O~453272O2O4Il~2286247996 
,-2.2083470818\HI0.2943234943,2.7518649086,-O.l345692367\H,3.O35656522 
5,O. 006473l743,0.2926832367\H, 0.6498170126,-2.4100000775, -1.1979784887 
\8,-0.2541391471I-1.2879852931,-2.1988916639\Hn1.7426157703,1.80366~14 
02,1.4373506362\HI-0.7934826029,-0.9102570428,2.0881033681\H,0.2593537 
595,-2.2066239737,1.5406069611\H,-I.7080974896,2.011596029,-1.01201995 
21\H,-1.3934298773,-2.1580170135,-0.0875325756\EI0.~406612669,1.526385 
1833,2.092034993\H,-1.7617196674,198538128219n0.7456994994\H,2.4708231 
976,-1.6609832186,0.3137833488\HI-3.8373152424,0.4868643935,-0.0762464 
267\H,-3.4218268868I-1.1823566749,0.6212076619\H,-2~0156268283,-0.0823 
311843,-1.4238186081\\Version=SGI-G94RevD.2\HF=-468.3981207\~SD=7.293 
e-09\RMSF=3.155e-06\Dipole=-2.9521789,0.C01 [ X ( C 1  
2 x 9 )  1 \ \@ 

2.10 T r a n s i t i o n  s t a t 0  3 (185) i n  tho ~rievclo l ~ . 3 . 1 . 1 ' . ~ 1  Aryrrc-S-vl cation 
rearranasmmt 

N-N= 7.962576776580D+02 E-N=-2.659964839365D+03 KE= 4.637947509319D+02 
~ \ ~ \ G I N C - A Z P ~ ~ ~ \ F T S \ R B ~ L Y ~ \ ~ - ~ ~ G ( ~ ) \ C ~ ~ H ~ ~ ( ~ + ) \ S F ~ G \ ~ ~ - A U ~ - ~ ~ ~ ~ \ O \ \ #  
BECKE3LYP 6-31Gf OPT(CALCFC, TS, NOEIGENTEST) GEOM=CHECKPOINT GUESS== 
AD\\tSmctsSa second trial\\l,l\C,-1.2759639621,1.2742810147,-0.2131877 
119\CI0.1187532543,1.5133557381,0.4060905609\H,1.350285786S,1.07997583 
49,2.162390825\C, l.2397668278,l.33179l9394,-0.647777842\H, 0.1495439409 
,2.5540349955,0.7544183826\H,-1.4884225286,2.138840453,-0.8536872234\H 
,-2.0624068609,1.2915853167,0.5542632823\C,-1.3791384347,0.0046353078, 
-1.0813227006\C,-0.2969735464,0.0496078714,-2.1747298316\H,-2.37121537 
07,0.0027018645,-1.5480064075\C,-1.2460484397,-1.3110584897I-0.2881421 
047\H,1.213690918I2.1985687739,-1.3187520606\C,l.0896833771,0.05713264 
91,-1.5069626874\H,2.2231480829,1.3556890608,-0.1588566311\H,1.8654900 
639,0.0929863299,-2.281155832\H,-0.39455546,-0.8152393761,-2.842822515 
9\C,1.2881382791,-1.2644019637,-0.734614511\H,-O.4247441095,0.94507537 
83,-2.7948615956\C,0.1626121468,-1.5817951313,0.2861249683\H,-1.470078 
802,-2.1423117322,-0.9671039263\H,-2.0056788273,-1.3745287325,0~505312 
554\H,2.2673341651,-1.2856996054,-0.2377043901\H,1.3001423172,-2.09025 
07579,-1.4566864055\H,0.2211057622,-2.6464179617,0.5416573199\C,0.4958 
930978,-0.8513215666,1.6038781563\H,-0.374964037,-1.2163276843,2.34168 



2.11 Transition s t a b  4 11841 in tha T r i c v ~ ~ o C 5 . 3 . 1 . l ~ ~ ~ l ~ - 5 - v l  cation 
reartanaommnt 
N-N= 7.857864159227D+02 E-N=-2.638852341407D+03 KE= 4.637960029147D+02 
l\.l\GINC-ZINClO\FTS\~RB3LYP\6-31G (dl \Cl2Hlg (I+) \ W E C N O W N \ ~ ~ - J U ~ - ~ ~ ~ ~ \ O \ \  
#BZC,KE3LYP 6-31G' OPT (CALCFC, TS, NOEIGENTEST) GEOM=CHECKPOINT GUESS-R 
Z4D\\2-me~hyl-tricyc1o[4.3.1.llunde~y1-2-cation to 3-cation ts\\l,l\C, 
l.O977I8lOl6, l-13S14624711 -1.261990416\CI 0.3423963168, 1. 6829101548,-0. 
0129384899\C,0.9411695516,1.0910570101I1.32133096\CI1.2093972056I-0~42 
55759789,1.260771680S\CI22I162320032,-0.7440098572I0.0588808588\CI1.37 
57762968I-0.3786728S7SI-~.2396996261\CIO.105789992I-1~2418289727I-1.37 
06238744\CI-0.8443733729I-1.1552208716,-0.1533519317\CI-0.0682697198I- 
1.2934544386,1.1848351871\C,-1.1051914994I1.385345244I0.0407402629\CI-  
1.7100249684I0.1161146744I-0.1130804384\CI-3.1695876913I-0.0644520688I 
0 .284308853S\H, 0.3049733I94, l.347922879112. 1779658852\HI l.8859762963, 1 
.6260329337,1.475128396\H,1.7294445801,-O.6886548459,2~l897l3O2O3\HI2. 
3799862688,-1. 8082034861, O0O56894l432\H, 3. OS692OgOS9, -0.l844508843, 0.1 
313126035\H12. Oi79725728, -0.5974981669, -2. lOCgO3466l\H, 0. 413l822763,-2 
.2893885592,-1.4691139368\H,-0.4395152444I-O.9999924559I-2.29376O6938\ 
B,-1.5541184348,-1.9858654729I-OO225O955768\HIO.2277244543,-2.344l5l43 
93,1.2837934971\H,-0.7327717823I-110825799781,2.0333537365\H,2.0539974 
925,1.6695069145,-1.2897976342\H,0.55555162806I1.4278769594I-2.17043594 
76\H,0.45345526O7,2.770642433I0OO044984758\HI-1.7122371045I0~658432887 
2,-1.1909917687\H,-I.7923541222I222219968753I0.1949956134\HI-3.7218951 
75,O. 8792ll8965, 0.307346806\HI -3. 6728393265, -0.75557617061 -O-3965O7O45 
4 \ I 4 , - 3 . 1 9 9 6 2 3 8 4 8 8 , - 0 . 5 0 6 9 9 4 2 0 8 7 , 1 . 2 8 6 5 0 5 ~ - 0 ~ ~ / 1 - ~ 9  
4RevD.2\HF=-468.4370509\RMSD=9.749e-O9\RMSF=l.599e-O5\Dipole=-l.272769 
,O. 9075161,-0.0811456\PG=COl [X(C12H19) 1 \ \@ 

2-12 Transition 8-tm 5 (107) in thr Tricvclo 15.3.1. 13.*] d&c-5-vl cation 
rearranaemont 
N-N= 7.854149080324D+02 E-N=-2.638029548017Dt03 KE= 4.637891167312D+02 
~ \ I \ G I N C - A L P H A ~ ~ \ ~ S \ R B ~ L Y P \ ~ - ~ ~ G ( ~ ) \ C ~ S C H L \ ~ O - A U ~ - ~ ~ ~ ~ \ O  
\\4BECKE3LYP 6-31G* OPT(CALCFC, TS, NOEIGENTEST) GEOM=CHECKPOINT GUESS 
=RKAD\\TS 1 from T4311 ti T3311\\1,1\CI-0.0134016813,-1.819684935,-0.2 
634693054\C,0.8029562939,-0.904348433,0.6537359549\C,-0.1099530276,-0. 
2lO863376,l-7O3452lS48\C,-1.2266453757, -1. 0936278933, -0. 8786260769\Cr - 
2.1590615463,-0.6591208835I0.2682002283\CI-0~833217234I0.1283550448,-1 
.7480729918\C,-1.4317083125,0.3806857999,1.~418063628\C,-1.207944173,1 
.0475036616,0.3077210449\C,-0.28i3918062,1.318938016,-0.9333531023\CI1 
.0550088661,1.1761417936,-0.3567220806\CI3.268169293,0.1406901812,0.25 
34238668\C,1.8655500557,0.016922415,-0.3285204508\H,0.6224806661,-2.27 
08586228,-1.0334219551\H,0.4440283248,0.5368011066,2.2852224278\HI-2.0 
594817196I0.6513440259Iff9987168962\HI-3.086694112,-0.2280730923I-0.12 
73805521\H,1,8321436309,-0.5546600237,-1.2582642213\HI-2.4469818836I-1 
.5323923942,0.8657977276\H,1.5873331174,-l.4439864O65,l.~94O735l24\HI- 
1.7269308064,0.4825485678,-2.2735155341\H,-0.1192778992,-0.1622377458, 
-2.5296394666\H,-0.7800659207,2.4620082209I0~9042010617\HI-2.1S7345284 
3,2.0116606314,-0.098547335\H,-0,24893029~7I2~2458694923I-1.53253728O6 
\H,1.3804356188,2.0225011645,0.2564097563\HI3.7229O37797I-0.847l7083I0 
.3691275934\H,-1.7498093891,-1.8036143597,-l.5283l88l25\HI-O.38O967828 
9,-2.6492186571,0.3572516038\H,3.9102790306,0.7238412457,-0.4145145397 
\H,3.2587757605,0.6298263912I1.2333860247\HI-0.37206290~5I-l.OO3737069 
2,2.4144994656\\Version=DEC-AXP-OSF/l-G94RevE.2\HF=-468.4376388\WSD=4 
.067e-09\RMSF=8.108e-06\Dipole=0.8472223,0.6029998,-0.190283\PG=C01 [ 
X (Cl2H19) 1 \ \@ 



2.13 Transition a t r k  6 (189) i n  t h m  Tricvclof 5.3.1. dodme-5-vl cation 
rearranammu& 

N-?I= 7.824243651822D+02 E-N=-2.632806135921D+03 KE= 4.637859547628D+02 
~ \ ~ \ G I N C - ~ Z ~ N E ~ \ E T S \ R B ~ L Y P \ ~ - ~ ~ G ( ~ ) \ C ~ ~ H ~ ~ ( ~ + ) \ F S ~ \ ~ O - A U ~ - ~ ~ ~ ~ \ O \ \ # B E  
CKZ3LYP 6-31G' OPT(CALCFC, TS, NOEIGENTEST) GEOM=CHECKPOINT GUESS=READ 
\?t4mcts2g\\lI l\CI-0.4346719424, 0. 932574662l,l.4626942ll7\C, -0.O36OSll 
956,1.4386649169,0.0587951565\H,2.6909130808,1.6698437066,0.0452535754 
\C,-1.2542999292,1.427412685,-0.8812918589\CI2.377341717lI0.6237122746 
,-0.0316224305\H,-1.1754094422,1.6272571385,1.8774734749\H,O.432555629 
1I0.9495854167,2.138916168\C,-I.O2881434l3I-O.488O2323O8Il.3687lO9989\ 
C, -2.2594312615, -0.4701304136,O. 4360461997\HI -1.3261745651,-0.82089864 
33,2.3694884765\C,0.0309990938,-1.4554893048,0.8045711868\~,-2.0028341 
248,2.1203272719,-0.4776591502\CI-1.8399874886I0.0021364956,-0~9719389 
567\X,-0.9783336591,1.8025389031,-1.875466937\K,-2~710620838,0~0140737 
726,-1.6365340517\K,-2.701658O521I-1.4724584235,0.3814624472\C,-0.7754 
422952,-0.955~507033,-1.5449752784\H,-3.0310749927,0.1946726603,0.8436 
788502\C,0.4581885i38I-i.0Oi9357682I-0.6i38374~83\HI-O.37i692232~I-2.4 
730215062,0.746522114\H,0.9008519637,-11501777054,1~4757538339\H,-0.47 
76761577,-0.6421827027,-2.5550494079\H,-1.1847861266,-1~9680631744,-1. 
6400902524\H,1~2018476036,-1.6937793575,-1.0277657962\H,1.2452928323,0 
.8563507353,-1.5379630812\H,4.3487675335,-0-1163701351,-0.1537463188\C 
,1.0460i00235,0.41588000078,-0.5162145515\C,3.3878985231,-0.3638860294, 
0.3230932213\H,3.5961173333,-0.2147258518,1.4020848383\H,3.1035407247, 
-i.4006469914,0.1488246942\K,0.4099370072,2.4388406845,0.1106336402\\V 
ersion=DEC-AXP-OSF/1-G94RevE.2\HF=-468.4392183\RMSD=5.717e-O9\RMSF=l.6 
67e-05\Dipole=2.7037989,0.5602374I-O.O477837\PG=COl [X(C12Hl9)]\\@ 

3 BicycloC4.4.41 tmtrrrdrcvl u-H briduod cation (28) 
N-N= 1.026110052758D+03 E-N=-3.301363666929D+03 KE= 5.427637239087D+02 
~ \ ~ \ G I N C - O Z O N E ~ \ F O ~ ~ \ R B ~ L Y P \ ~ - ~ ~ G ( ~ ) \ C ~ ~ H ~ ~ ~ ~ + ~ \ C T ~ S C H L \ ~ ~ - A ~ ~ - ~ ~ ~ ~ \ O  
\\fBECKE3LYP 6-31Gf OPT(CALCFC)\\bicycl0[4.4.4Itetradecyl 1,6-mu-K cat 
ion\\~,l\C,-0.0000711il4I-OOOO1498O435,-l.26662839l9\CI-O.O8383Ol998,l 
.4866345818,-1.5792408658\C,1.330108829,-0.6743204937,-1~5803114496\CI 
-1.2480464896,-0.8173896124I-11579326434\H,-0.0011217716,-0.0036691786 
,-0.0002931456\C,-l.081273277,2.318710397lI-O.7465526633\C,O.OOl32869l 
2,0.0012008998,1.2671119892\C,2.5501589095,-0.2265092835,-0.7489310622 
\C,-1.4716497658,-2.094667OO99I-0.743183664l\H,O~9ll2998256,~.93838733 
05,-1.5082111574\H,-0.3699308051,1.5395650758,-2~641318286\H,1.5173959 
3-75, -0.4570345052, -2.643469431\H, 1.221564Sl81, -1.7613626346, -1.5046441 
672\H,-1.1522380534,-1.093589816,-2.6409964926\H,-2.1351137755,-0.1790 
7733~1 , -1 .50801118~5 \C , -0 .7331342974 I2 .4530827274 ,O.74565142?8 \C , -0~92  
44887722,l. l692743644,l. 5799155246\C, l.4764l743OS,O.2l98937S,l. 5765177 
291\CI2.4911939822,-0.59096S6934,0.7441031825\C,-1.7S78403962,-1~85833 
9679~0.~491912461\C,-O.5478326134,-1.3844619023,1.5819033117\H,-2.0999 
666838~1.92540977,-0.8563144857\H,-1.1004596734,3.3221157008,-1.185127 
706\HI3.4275575348,-0.7146224374,-1.1864490701\H,2.7225602727,0.851700 
6702,-0.8613300644\HI-2.3333621745,-2.6114593002,-l.1789780144\H,-0.62 
42857602,-2.7829472467,-0.8536867806\H,0.2890299821,2.8376167705,0.854 
7575246\H,-1.3864987246I332154078779,1.183013943\H,-1.9681263583,0.844 
96738,1.5087072974\H,-0.7462816378,1.3988925777,2.6421287449\H,1.58781 
94009,-0.0461127174I226392881987\H,1.7162983028I1.2855661998,1.5012629 
04\H,3.4784585938,-0.4066248218,1.1808251857\HI2.3123227428,-1.6679600 
267,0.8566832417\H,-2.0930476367,-2.8043961248,1.1874029607\KI-2.59990 
I4,-1.l63202Ol5l, 0.860402Il34\ti, O0254477O66,-2. 1262753306, 1.5086456088 
\H,-0.834695239,-1.3451958788,2.644352586\\Version=DEC-~P-OSF/l-G98Re 
vA.3\HF=-548.28680i1\RMSD=3.475e-O9\RMSF=l.l56e-O4\Dipo~e=O.OOOl8llI-O 
.0005238,0.0026636\PG=COl [X (Cl4H25) 1 \ \@ 



4 Tricvclo 16.3. I. 13.'01 tzackcvl u-8 bridumd cation (273) 
N-N= 9.027099663575iI+02 E-N=-2.962334745891D+03 KE= 5.027363148118D+02 
l\l\UOFC-OXYGEN\FOpt\RB3LYP\6-31G (dl \C13H21 (I+) \CTAESCHL\O9-Jan-1998\0 
\\#BECKE3LYP 6-31G* OPT GEOM=CHECKPOINT GUESS=READ\\Tricyclo[6.3.1.l]t 
ridecyl mu H cation\\l,l\C,-0.7396574927I-1.11l2814477,-l.3859O52l88\C 
IO.09607O1421,-1.2132399883,-0.1242669807\C,-O.73O66Ol824I-l.366O65746 
9,1.1378945003\C,-1.6646826502,-0.1304249107,1.261512357\CI-2.54541553 
53,-O.OOl22Ol62, -O.OOO33965O4\C, -1.6644569279, O-l288l9766gI -1.26194872 
54\C,-G.7316565121,I-3653725884,-1.1380657728\CI0-094827~903,1.2134222 
11,0.1243340199\C,-0.74I1168163,1.1105893487,1~385~202906\C~1.53314189 
87,-1.7205365403,-0.1872066314\C,2.5751378511I-O.6928995102,0~34609590 
96\C,2.5745072305,0.6953351287,-0.3455121411\CI1.5314203745,1.72195766 
75,0.1876364361\H,-1.3429703051,-2.0235565993,-1~4837889305\H,-0.10462 
1121i,-1.0449814168,-2.2756056153\H,-0.0927267286r-1.4718463026,2.0222 
981329\2, -1.3279362571, -2.2834425604, l.OS4579278\H,-2.2864827lSg, -0.22 
2521069,2.1565018315\H,-332019960611,0.8719226O95IO~090595S~54\H,-3.20 
li26OSO6, -0.8749971941, -0.0914561642\E,-2-2860971518, 0.2207596642,-2-1 
57106626\HI -L.3298604906,2.282l645223,-1.O54928Og29\H, -0.093S66029gI 1. 
4717737784, -2.0222794686\HI-1.345366203, 2.0222646337, l.483449564\HI-0. 
1062543682,1.044911694,2.2755968876\HI1.7778331744,-1.9676532272,-1.22 
59528061\HI 1.6092011588, -2.6448464857,O. 398944S391\HI 3.5597479806, -1.1 
481338093,0.2014946446\HI2.4570113161I-0.5679601769I1.4312120012\HI2.4 
566860444,0.5702994773I-114306488089\H,3.5586330657,1.151557471,-0.200 
7337276\H,1.6067485863I2.6463773843,-0.3984422439\H,1.77565~5~73I1.969 
2252248,1.226452683\H,0.3927327365,0.0001079479,0.0000789895\\Version= 
SGI-G54RevD.2\HF=-507.7678006\RMSD=5.777e-O9\MSE=7.482e-O6\Dipo~e=-O. 
OO97338,G. OOO3932,O. 0000331\PG=C01 IX(C13H21) 1 \ \ @  





Data Collection 

A colourless prismtic crystal of C,,H,,O, having approximate dimensions of 0.45 x 
0.40 x 0 -20 m was mounted on a glass fiber, All measurements were made on a Rigaku 
AFC6S diffractometer with graphite monochromated Mo-Ka radiation. 

Cell constants and an orientation matrix for data collection, obtained from a 
least-sqcares refinement using the setting angles of 25 carefully centered 
reflections in the range 19.42 c 28 c 23.12" corresponded to an I-centered 
zetragonal cell (laue class: 4 / m )  with dimensions: 

For Z = 8 and F.W. = 196.29, the calculated density is 1.261 g/m3. The systematic 
absences of: 

hkl: h+k+l r 2n 
hkO: h t 2n 
hhl: 2h+l * 4n 

uniquely determine the space group to be: 

The daca were collected zt a temperature of -113 + 1°C using the 0-28 scan technique 
co a maximu.?.? 28 value of 55.2" .Omega scans of several intense reflections, made 
prior to data collection, had an average width at half-height of 0.25" with a 
taice-off angle of 6.0". Scans of (1.31 + 0.34 tan 8 ) "  were made at a speed of 
4.0" /min (in omega) . The weak reflections (I < lO.Oo(I) ) were rescanned (maximum of 
4 scans) and the counts were accumulated to ensure good counting statistics. 
Stationary background counts were recorded on each side of the reflection. The ratio 
of peak counting time to background counting time was 2: 1. The diameter of the 
incident beam collimator was 1.0 mm, the crystal to detector distance was 400 mm, 
and the detector aperture was 9.0 x 13.0 mm (horizontal x vertical). 

Eata Reduction 

A total of 674 reflections was collected. The intensities of three representative 
reflection were measured after every 200 reflections. No decay correction was 
applied. 
The linear absorption coefficient, p, for Mo-Ka radiation is 0.83 cm-'. Azimuthal 
scans of several reflections indicated no need for an absorption correction. The 
datz were correceed for Lorentz and polarization effects. 

Structure Solution and Refinement 

The structure was solved by direct methods1 and expanded using Fourier techniques2. 
The non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included 
5ui  not refined. C5 and C6 were disordered for which allowance was made. Hydroxyl 
H was also located over two sites with half occupancy factors at each location. The 



final cycle of 
aid of SHELX973 
p a r m e t e r s  and 
unweighted and 

full-matrix least-squares refinement using F2 coefficients with the 
was based on 350 observed reflections (I > 2.00a(I) 1 and 47 variable 
converged (largest parameter shift was 0.000 times its esd) with 
weighted aqreement factors: R = 0,0506 and wR = 0.1403. The standard 

deviation of an observation of unit weight was 1.006. The weighting scheme was based 
on counting statistics. The maximum and minimum peaks on the final difference 
Fourier 
map corresponded to 0.278 and -0.328 $e-/A3, respectively. 

Neutral acorn scattering factors were taken from Cromer and Waberi. Anomalous 
dispersior, effecis were included in Fcalcs; the values for Of' and Af" were those of 
Creagh and McAuley6. The values for the mass attenuation coefficients are those of 
Creagh and Hubbe17. All calculations for data reduction were performed using the 
~eXsan~crystallographic software package of Molecular Structure Corporation. 

SIR52: Altomare, A., Cascarano, M., Giacovazzo, C., Guagliardi, A. (1993). 
J. Appf. Cryst., 26, 343. 

DIRDIF94: Seurskens, P.T., Admiraal, G., Beurskens, G., Bosrnan, W.P., de 
Gelder, R., Israel, El. and Smits, J.M.M. (1994) . The DIRDIF-94 program system, 
Technical Report of the Crystallography Laboratory, University of Nijmegen, 
The Netherlands. 

SEELXL97: Sheldrick, G. M. (1997). Program for the Refinement of Crystal 
Structures. University of Gottingen, Germany. 

Crorner, D. T. \ &  Waber, J. T.; "International Tables forX-ray 
Crysrallography", Vol. IV, The Kynoch Press, Birmingham, Englanc, Table 2.2 
A (1974). 

Ibers, J. A.  \ 6  Hamilton, W. C.; Acta Crystallogr., 17, 781 (1964) . 
Creagh, D. C. \ c  McAuley, W . J  .; "International Tables for Crystallography", 
Vol C, (A. J. C. Wilson, ed. ) , Kluwer Academic Publishers, Boston, Table 
4.2.6.8, pages 219-222 (19921. 

Creagh, D. C. \ &  Hubbell, J.H..; "International Tables for Crystallography", 
Vol C, (A.J.C. Wilson, ed.), Kluwer Academic Pubiishers, Boston, Table 
4.2.4.3, pages 200-206 (1992). 

EeXsan: Crystal Structure Analysis Package, Molecular Structure Corporation 
(1985 \ 6  1992). 



A. Crystal Data 

Empirical Formula 

To-mula Weight 

Crystal Color, Sabit 

Crysral Dimensions 

C r y s i a i  System 

No. of Reflections Used for Unit 

Cell Dererminaticn (28 range) 

Cmega Scan ?eak Width 

ac Half-height 

Lattice Parameters 

Space Group 

Z value 

Dza:= 

- : - - -  - - - 
;; ! M o K a  j 

Dif f ractometer 

Raaiat ion 

Temperature 

Scan Type 

Scan Rate 

Scan Width 

2 %x 

No. of Reflections Measured 

Corrections 

Cz0~2002 
196.29 

colourless, prism 

0.45 X 0.40 X 0.20 mm 

tetragonal 

8 .  Intensity Measurements 

Rigaku AFCGS 

MoKa ( A  = 0.71069 -A) 
graphite monochromated 

-113.0°C 

0-28 

4.0°/min (in o) (up to 4 scans) 

(1.31 + 0.34 tan 8)" 
55.2" 

Unique: 674 

Lorentz-polarization 



C. Structure Solution and Refinement 

St rccture Solution 

Ref inernent 

3mcrion Minimized 

Seasi  Squares Weights 

i3 

.?-factor 

&.onalous Dispersion 

go. Observations (1>2.00a(I)) 

No. Variables 

Coefficients Used 

3esiduals: R; wR 

Goodness of Fit Indicator 

Max Shift/Error in Final Cycle 

Xaximurn  peak i n  Final D i f f .  M a p  

Minimum peak in Final D i f f .  Map 

Direct Methods (SIR92) 

Full-matrix least-squares 

CoIlFol - IFcl)' 
,/mg~~( - i~d / ZDFO') 

I/ IS(FO) + ( O . O ~ O ~ P ) ~ + O . ~ ~ ~ P  

(FoZ+ 2Fc2/3 

All non-hydrogen atoms 

350 

47 

F2 

0.0506 ; 0.1403 

1.006 

0.000 

0 .27 8 e-/A3 
-0.328 e-/A3 



Table 1. Atomic coordinates ( x 1 0 A 4 )  and equivalent isotropic 
displacement parameters (AA2 x 10A3) for b. 
U(eq) is defined as one third of the trace of the orthogonalized 
Ui j tensor, 

Table 2. Bond lengths [A] and angles [degl for b. 

Symmetry transformations used to generate equivalent atoms: 
#lx,-y-l/2,z #2-x,y,z 



Table 3 .  Anisotropic displacement parameters ( A A 2  x 10A3) for b. 
The anisotropic displacement factor exponent takes the form: 
-2 piA2 [ hA2 a'"2 Ul1 + ... i 2 h k a* b* U12 1 

Acorn U11 U22 U33 U23 U13 

Table 4. Bydrogen coordinates ( x 10A4) and isotropic 
dispiacenent parameters (AA2 x 10A31  for b. 

Atom x 

Table 5 .  Torsion angles [deg] for b. 

Symmetry transformations used to generate equivalent atow: 
#1 x,-y+l/2,z 12 -x,y,z 



Table 6. Cartesian Coordinates [A)  

3.1701 
1.7192 
1.2941 
0.0000 
1.3375 
0.0000 
3.4781 
1.2184 
2.0136 
0.0000 
0.0000 
2.0387 
1.3146 
0.0000 
1.2941 
-1.2941 
-1.3375 

c!. 0000 
0.0000 
1.2 184 
2.0136 
-1.7192 
-1.2184 
-2.0136 
-2.0387 
-1.3146 
0.7856 
-0.7856 
-1 -2941 
0.0000 
-3.1701 
-1.2184 
-2.0136 
-3.4781 




