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SummaryThis projet work was done at the Centre for Analysis and Synthesis (CAS)at the Department of Chemistry at Lund University in ooperation with theUniversität Leipzig in the period of November 2011 to April 2012. In that timethe synthesis of the preursor leading to the so alled tris-Tröger's base wasaomplished. Starting point of the synthesis was 4-bromo-3-methylaniline,whih was funtionalized in para position to the methyl group with an iodineresidue, followed by a ondensation reation to the Tröger's base. Two di�erentreations were tested for the removal of the iodine moiety. The dehalogenationwith zin powder and HCl in EtOH proved to be the more suitable than thelithiation with n-BuLi and exhange with a proton. The bromine substituentswere transformed into amine groups via a Buhwald-amination and were sub-sequently proteted with TMS-groups. The raemi mixture was lithiated witht-BuLi and further reated with R-menthyl hloroformate. The orrespondingdiastereomers of the Tröger's base were formed and separated with olumnhromatography. With the single diastereomer at hand the ester was reduedto an alohol with LAH.From there the next steps would have been the alkylation of the hydroxylgroups, the deprotetion of the amine groups with TBAF and the monoprote-tion by tri�uoroaeti anhydride to ahieve a desymmetrization. This wouldhave been neessary for the following ondensation with paraformaldehyde inTFA that leads to the tris-Tröger's base. This moleule should have been thesubjet of further isomerization studies. Optimization of the syntheses and thefull haraterization of the ompounds were also in the fous of this projet.
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1 IntrodutionSupramoleular hemistry has been desribed as 'hemistry beyond the moleule'and the 'supermoleule' is an aggregate of ovalent moleules or ions, held to-gether by non-ovalent interations. These building bloks or units usuallyform reversible intermoleular bonds, whih inlude eletrostati interations,hydrogen bonding, π-π-interations, dispersion interations and hydrophobior solvophobi e�ets.Supramoleular Chemistry ombines multiple �elds and disiplines. Thereare the organi and inorgani hemistry, so one an synthesize the supra-moleular hosts. Physial hemistry is needed to understand the propertiesof these systems. A lot of spuramoleular onepts an be found in biologialhemistry as well and omputational modelling an be of help to understandthose onepts and omplex supramoleular behaviour.[1℄
N

N

1Figure 1.0.1: 2,8-Dimethyl-6H,12H -5,11-methanodibenzo-[b,f ℄[1,5℄diazoine.A valuable and versatile strutural motif for supramoleular appliations isthe so alled Tröger's base, seen above in �gure 1.0.1. It is a C2-symmetrimoleule. Two aromati rings, nearly perpendiular to eah other, are on-neted by a 1,5-diazoine bridge. The hirality of that ompound inheres inthis bridge, as the two nitrogen atoms are hindered in their inversion by amethylene bridge that generates a biyli struture. In this way the moleuleprovides a hiral, hydrophobi, onave avity that an be used as buildingblok for ompounds that shall be utilized for example as reeptors for mole-ular reognition or ligands in asymmetri synthesis. Due to its hirality andits rigid struture one an antiipate regio- and stereoseletive properties ofTröger's base-ontaining atalysts. In the following, the way from an under-estimated and unappreiated disovery to an important and valued buildingunit in today's supramoleular hemistry shall be shown.[2, 3℄
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2 The Tröger's BaseIn this hapter the history behind the Tröger's base shall be outlined andmisellaneous examples for the use of the Tröger's base as important struturalmotif are to be given. Speial attention will be turned to the attempt ofsynthesizing higher generations of linear Tröger's base analogues with a uniquestruture, whih is the driving fore behind this thesis projet.2.1 Julius Tröger and the belatet FameJULIUS TRÖGER, the eponym of this base, was born on Otober 10th 1862in Leipzig as the son of the manufaturer CARL FRIEDRICH TRÖGER. Hestudied natural sienes from 1882 until 1888 in Leipzig. He submitted his dis-sertation for ahieving his dotoral degree in 1887. In that thesis �Ueber einigemittels nasirenden Formaldehydes entstehende Basen�1 he desribed the syn-thesis of the ompound, that later on was going to arry his name. Withoutany doubt, he desribed its moleular formula C17H18N2, the melting point(134°C) and haraterized also its derivatives. Bak then it was not possibleto determine the true struture of the moleule, though. Julius Tröger was re-warded for his dissertation with the rather moderate grade three by Prof. Dr.JOHANNES WISLICENUS and Prof. Dr. GUSTAV WIEDERMANN. Theyritiized that the determination of the ompounds onstitution was neessaryand undoubtedly within the realms of possibility. TRÖGERs e�orts were hon-oured, but it was thought that his work was only a stepping stone for furtherinvestigations in the future and it only was of marginal value for that timebeing. Nonetheless TRÖGER went to Braunshweig, habilitated in 1891, andfrom there on, limbed the ranks of university hirarhy, from assoiate profes-sor up to full professor and head of the department in 1920. He retired eightyears later and died on July 29th 1942 in Braunshweig.[4℄Still it took 48 years from the synthesis to the determination of the truestruture by SPIELMAN[5℄ and 31 more years for its veri�ation with the helpof X-ray di�ration analysis.[6℄ The dispute was �nally dislosed in 1991 byfurther XRD analysis of WILEN and WILLIARD.[7℄ Also remarkable is thefat that the Tröger's base was the �rst raemi mixture that was resolved.PRELOG and WIELAND[8℄ used a modi�ed latose hromatography to sepa-rate the enantiomers of the base. Nowadays it is still used as a model ompoundto evaluate new hiral hromatography stationary phases.1�About some bases generated by nasent formaldehyde�2



The Tröger's Base2.2 Strutural Diversity of oligo-Tröger's BasesWhen Julius TRÖGER synthesized 2,8-Dimethyl-6H,12H -5,11-methanodibenzo-[b,f ℄[1,5℄diazoine for the �rst time, he let p-toluidine reat with dimethoxy-methane in aqueous hydrohlori aid. Most of the proedures used nowa-days are variations of that desribed methodology.[9℄ The most ommonlyused soures of methanal are formalin, paraformaldehyde and hexamethylene-tetraamine (HMTA). Also dimethoxymethane and trioxane are possible amongothers, but rarely used. Together with the aniline the methanal synthon is sub-mitted to aidi onditions. Hydrohlori aid, tri�uoroaeti aid (TFA), infew ases aeti aid or methanesulfoni aid are the aids of hoie. As solventserves either a slight exess of the aid or methanol, ethanol, THF, dioxane orhloroform. Reation onditions an vary from -15°C to 90°C, reation timeslie between hours and days.Problemati is the aniline beause it does not allow too many variations.Eletron-withdrawing groups often result in a slow ourse of reation with lowyields. Regioseletivity is also an issue. An un-substituted para position atthe aniline is the reason for polymerization and therefore, a derease in yield.There are two ortho positions apable of eletrophili substitution and if theyare equivalent, this an lead to a mixture of produts. Hene bloking of thisposition an be bene�ial to the regioseletivity and yield.[10℄
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Figure 2.2.1: Di�erent syntheses of tris-Tröger's base 4.In general, there are two di�erent routes that lead to oligo-Tröger's bases.One an use an all-at-one strategy, where all Tröger's base units are formed si-multaneously. Or, the Tröger's base units are formed step by step and they are3



The Tröger's Basealready part of the starting material. An example for the all-at-one strategyis the tris-Tröger's base 4. (see �gure 2.2.1)[10℄The approah that omes to mind as the easyest way is a one-pot reation,where a mix of aryl-amine 3 and -polyamine 2 is submitted to the Tröger'sbase reation onditions desribed in �gure 2.2.1. The throne-shaped produt4a was only gained in 2% yield.[11℄ Another possibility is route (B), wherethe sidewall arenes are already ontained in the starting material. First 5is redued into a hexaamine. The ondensation to the Tröger's base is ar-ried out with 36% formalin and HCl in MeOH at r.t. in 20 h and gave thethrone-produt 4a, with R beeing a methyl group, in 8% yield and 4b withmethoxy groups in slightly better yield of 18%.[12℄ After getting only thethrone-diastereomer it was tried to isomerize it, by submitting it to TFA at110°C in 15-17 h, but only 3% of the orresponding alix -diastereomer 4a/bwere formed.[11℄
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Figure 2.2.2: Tris-Tröger's base via entral reagent protool.The tris-Tröger's bases 7 and 8 (marked red in �gure 2.2.2) are prepared ina similar way. First 6 was reated with naphthalen-2-amine and anthraen-2-amine respetively to give the orresponding hexaamine. This entral reagentalready ontains the sidewall arenes and is submitted to the Tröger's baseondensation onditions. It gives the throne-diastereomers in good (throne-7:88%) to moderate (throne-8: 26%) yield. But also, for these produts theisomerization only gave 2-4% yield of the alix -diastereomer.[13℄ Espeially thealix -diastereomers would be of partiular interest, for example as a moleularompartment or box, maybe suitable as reation ontainers. XRD analysisshowed that these hiral avitands possess a avity volume about 0.092 nm3(alix -4b) and 0.215 nm3 (alix -8), not unsimilar to ylodextrines (α-CD0.174 nm3, β-CD 0.262 nm3).[14℄ 4



The Tröger's Base

Figure 2.2.3: Colour hanges of bis-Tröger's base 9 indued by addition ofTCNB.[15℄The Tröger's base, with its rigid struture, displays the perfet sa�old forsynthesizing so alled moleular 'lefts' or 'tweezers'. One ould desribe thestruture with the looks of a 'pine'. The binding sites are at two side armsthat are onneted with eah other through the rigid spaer. Thus a highdegree of preorganisation is ahieved, whih means that the host already hasa onformation that allows the guest to �t in and that it an be bound in themost stable way.[1℄ The binding abilities of syn-bis-Tröger's bases and syn, syn-tris-Tröger's bases have been in the fous of studies only reently.[15℄ Figure2.2.3 shows shematially the absorption spetrum that was reorded by Králet al.[15℄ when adding equimolar amounts of TCNB (tetrayanoethylene) toa olourless solution of syn-9 or anti -9. A harge-transfer omplex is formedwith the ligand 9 and the solution takes a dark violett olour in ase of thesyn-9 omplex and a light violett olour in ase of the anti -9 omplex. Thisan be explained by the fat, that the anti -9 isomer has not the 'tweezer-onformation', therefore it binds the TCNB not that well and the harge-transfer omplex does not absorb the visible light as strongly as the syn-9omplex does.Beause syn-syn-tris-Tröger's bases have a unique onave struture, theidea stands to reason, that if several bases in syn-syn onformation are om-bined a helial struture will be taken. This task has been of interest to thegroup around WÄRNMARK.[16℄
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The Tröger's Base

Figure 2.2.4: Retrosyntheti strategy for synthesizing higher generations oflinear Tröger's base analogues.In �gure 2.2.4 the retrosyntheti strategy is depited. When the Tröger'sbase with the envisaged substitution pattern of a 2,8-dihalo analogue is ahieved,and the positions 2 and 8 are transformed into proteted amine groups, thepositions 6 and 12 at the diazoine ringe should be substituted in exo,exo-on�guration. Previous investigations in the group lead to the establishmentof proedures to diaminate 2,8-dibromo analogues of Tröger's base through Pd-atalysis[17℄ and to ondut exo and endo 6,12-substitutions on Tröger's baseby metalation.[16℄ By funtionalization of the diazoine ring, it is antiipatedto irumvent the solubility problems that oured in prior studies with thetris-Tröger's base.[18℄Here the before mentioned step-by-step approah is used to generate poly-Tröger's bases. The Tröger's base units are already present in the startingmaterial 13 and after desymmetrizing it, through monoprotetion or monode-protetion, one an employ it in a following ondensation reation to give thewanted tris-Tröger's base 11. The idea is, that these steps of desymmetrizationand ondensation an be arried out again and again (from the tris-analogueto the heptakis, from the heptakis to the deapentakis-analogue and so on),until one has a tubular shaped poly-Tröger's base. Possible appliations ouldbe the inorporation into a membrane, where it ats as a hannel for the trans-port of ions or moleules. Or it may be used as an anti-aner drug. It ouldinteralate with the DNA of aner-ells and inhibit their proliferation by that.
6



The Tröger's Base2.3 Moleular ReognitionBefore, an example of an oligo-Tröger's base whih an at as a tweezer withbinding abilities has been given. But there are a lot of other ompoundsthat have been funtionalized with speial substituents to enable moleularreognition.The �rst to use a Tröger's base bakbone with its urvature shape for thedesign of reeptors was WILCOX.[19,20℄ In 1986 he developed a water-solublemaroyli reeptor that had the ability to reognize neutral moleules. Asseen in �gure 2.3.1, the ylophane reeptor 15 ombines the Tröger's basesa�old with a biphenyl moiety through alkyl hains with seondary ammo-nium groups and forms assoiation omplexes with benzoid substrates. Anal-ysis in aidi aqueous media showed that the reeptor 15 prefers aromatistrutures with eletron-withdrawing groups. With reeptor 16 even enantios-eletive and diastereoseletive moleular reognition of aliyli guests, suhas isomeri menthols, is possible.[21℄
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16Figure 2.3.1: Cylophanes with a Tröger's base bakbone.Also designed by WILCOX[22℄ is the following reeptor 17 in �gure 2.3.2,whih is apable of establishing four hydrogen bonds. It has two aeptor sitesand two hydrogen donor sites through the funtionalization with arboxyligroups. It an form omplexes with aromati amines and yli amides, suhas the depitet adenine derivative. Assoiation onstants ould be determinedby NMR spetrosopy.Other kinds of substrates ould also be reognized by hanging the sub-stituents at the Tröger's base sa�old. The pyridine funtionalized reeptor18, synthesized by GOSWAMI and GHOSH,[23℄ binds, through hydrogen-bondformation as well, diarboxyli aids of varying hain length. And NMR titra-tion experiments revealed that this host is seletively binding otanedioi aid(C6H12(COOH)2). 7



The Tröger's Base
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The Tröger's Base2.4 Other AppliationsWith its hiral avity the Tröger's base ould also be utilized as ligand fora atalyst that displays stereo- or regioseletivity. In 1995 GOLDBERG andALPER[3℄ synthesized probably the �rst Tröger's base-based atalyst. Whena solution of (±)-Tröger's base in ethanol is submitted to a solution of RhCl3hydrate at r.t. the orresponding omplex TB·2 RhCl3 is readily formed.The Rh(III)-omplex 21 atalyses the hydrosilylation of terminal alkynes.This atalyst system an generate the usual syn-additon produt (β-trans-alkenylsilane), the less stable anti -addition produt (β-is-alkenylsilane) andthe α-isomer. (see �gure 2.4.1)
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Figure 2.4.1: Hydrosilylation of terminal alkynes atalyzed by a Tröger'sbase-Rh(III)-omplex.The Tröger's base is not only appliable to atalyse hydrosilylations ofalkynes, but also to other reations, suh as the addition of diethylzin toaromati aldehydes. WANG et al.[26℄ generated a nanoporous polymer thatinorporates the atalytially ative Tröger's base-funtionality. A ovalent or-gani framework (COFs) was prepared by reating the atalyti moiety 22 with1,3,5-triethylbenzene 23 as linker in a Sonogashira-Hagihara ross-oupling, asseen in �gure 2.4.2. The amorphous polymer showed a omparable atalytiativity and performane as the homogeneously atalyzed reation. The poly-mer is unsoluble in a wide range of organi solvents and has the main advantageof heterogeneous atalysis: the atalyst and reatands have di�erent state ofaggregation and the solid atalyst an be separated from the reatands moreeasily.
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The Tröger's Base
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Figure 2.4.2: Preparation of a Tröger's base-funtionalized nanoporous poly-mer.MIRKIN et al.[27℄ generated partiles that are made of so alled in�nite o-ordination polymers (ICPs). They hose the Tröger's base derivative 24 as aligand, beause they thought that with its V-shape a zigzag-type of struturewould be reated with Zn2+ as ion nodes (see �gure 2.4.3). It was hypothesizedthat small hannels or pores will be formed and by that the possibility ofdi�erentiation between gases with a di�erent kineti diameter ours. Indeedit has been shown that this material an disriminate between H2 and N2 andhas a high seletivity for H2. With these abilities this polymer is a promisingmaterial for hydrogen storage.
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The Tröger's BaseWith the disovery of YASHIMA et al.[28℄ in 1991, that a phenantroline-Tröger's base-analogue interats highly with DNA and even shows higher a�n-ity than the 1,10-phenanthroline from whih it was derived, an interesting �eldof hiral probes of nulei aid strutures adapted from the Tröger's base de-veloped. Compound 25 ould not only bind to DNA, but also leave it inthe presene of Cu2+ ions. Later the group around DEMEUNYNCK andLHOMME[29℄ developed another ligand, based on pro�avine 26 (see �gure2.4.4) and it showed that this kind of Tröger's base only binds seletivelyto DNA sequenes that ontain A·T and G·C base pairs, suh as the motifs5'-GTT·AAC and 5'-ATGA·TCAT. This reognition-ability is enantiospei�,meaning that only the (-)-26 enantiomer is apable this sequene-seletivebinding.
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3 Projet StrategyThe aim of this projet was the synthesis of the tris-Tröger's base, as seenin �gure 3.0.1. The tris-Tröger's base is an important building unit in theformation of higher generations of linear Tröger's base analogues, that arethought to ultimately lead to a helix shaped Tröger's base-polymer, as it wasdesribed in setion 2.2.
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4 Results and Disussion4.1 Synthesis of the Tröger's BaseChoosing the starting material is of great importane, given the fat that theoutome of the following reations is highly a�eted by the substituation pat-tern of the aniline. The �rst important group is the bromine substituent inpara position to the amine group, whih will be disussed in more detail in se-tion 4.3. Seondly, to assure the formation of linear Tröger's base analogues,the methyl group in meta position with respet to the amine group is of signif-iane. With both ortho positions unfuntionalized, a ondensation reationto the Tröger's base would give a mixture of regioisomers, as depited in �gure4.1.1. To prevent the formation of the unwanted regioisomer the position parato the methyl group was iodinated.
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3536Figure 4.1.1: Synthesis of the Tröger's Base and possible regioisomers.An eletrophili aromati substitution was arried out, where the ICl servedas soure of the eletrophile I+. This substitution reation onsist of severalsteps. In the �rst one the eletrophile forms a π-omplex with the aromatiring. In the following the eletrophile is attaked by the eletron-rih aromatiring and forms the so alled σ-omplex, whih inheres an unstable arboa-tion. The formation of this arboation, whih is stabilized to some extent byresonane, is haraterized by the short-time loss of aromatiity. The hloride14



Results and Disussionion ats as a Lewis base. It deprotonates the arboation and the aromatiityis beeing re-established (see �gure 4.1.2 ).[31℄
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Figure 4.1.2: Reation mehanism of the eletrophili aromati substitution.Ethanol was ooled to 0°C using a water/ie bath, before ICl was added.The ooling was neessary, beause of the otherwise ouring vivid deompo-sition reation of ICl with the solvent. To the dark brown solution 4-bromo-3-methylaniline was added in small portions. After 3 h the formation of largeamounts of preipitate ould be observed, whih was olleted by �ltration andwas washed with PE and hloroform to give the produt 33 as beige-pinkisholoured powder in 87% yield.The Tröger's base 34 was formed in a following ondensation reation of theaniline 33 and paraformaldehyde in TFA (see �gure 4.1.1 (b)). The onversionwas faster, if the reation mixture was heated to 50°C and took 19 h. Whenthe reation was arried out at r.t., the ompletion of the onversion took upto 70 h and resulted in similar yields. Previous work in the group has shown,that an amount of �ve gram of the aniline 33 is ideal for the reation. Theset-up at r.t. was more pratial to handle, if several bathes should be run inparallel. In this manner it was possible to arry out nine reations in parallel,with 6 g of starting material 33 in eah �ask. The bathes were ombined forthe following workup and after olumn hromatography the Tröger's base 34was gained as ream-white solid in 56% yield. An elongation of the reationtime by 24 h did not result in a bene�ial e�et on behalf of the yield.Several studies have dealt with the eluidation of the involved reationmehanism that leads to formation of the Tröger's base. One of the �rst pro-posed mehanisms was by WAGNER[32℄ in 1935. In this artile he disussedthe ondensation of aromati amines with formaldehyde in aidi media. This15



Results and Disussionwork was re-assesed later not only by himself,[33,34℄ but also bei FARRAR.[35℄From these studies the following �ve steps ould be derived to be part of theassumed mehanism that leads to the Tröger's base. (see �gure 4.1.3)
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Results and Disussionby a hydride transfer from paraformaldehyde to the eletron-de�ient methinearbon (B). These positively harged speies 41 and B should also be stabi-lized in the highly ionizable TFA as solvent, that bene�ts the Tröger's baseformation.[38℄
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Results and Disussion4.2 DehalogenationAs the Iodine moiety was no longer needed and might have aused formationof unwanted side produts in the following Buhwald-amination, it neededto be removed. This was attempted by two di�erent reations. The �rste�orts with reation A (see �gure 4.2.1) gave only low yields around 20%.Often it did not show the desired purity after 4 h reation time, when theTLC indiated full onversion of the starting material to the produt. Butreation B, where 34 was dehalogenated with n-Buthyllithium, gave severalside produts. Therefore reation A is preferred over B, beause of its leanreation proess and simple puri�ation by rerystallization from EtOA.
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IFigure 4.2.1: Dehalogenation of the Tröger's Base 34.It proved to be important that the reation mixture is vigorously stirredand heated, above the boiling point, to 130°C. Also, the onversion time wasshortened by inreasing the amount of hydrohlori aid. The reation mixturewas �ltered hot through a glass �lter with Celite and washed with hot ethanoland DCM. After further workup and rerystallization from EtOA the produt48 was gained as olourless rystals in 77% yield.
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Results and Disussion4.3 Amination and Protetion of the DiamineAs depited in �gure 4.3.1, the next steps onsisted of an amination of theTröger's base 48 and the protetion of the two newly generated amine groupswith TMSCl.
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49Figure 4.3.1: Synthesis of the diaminated Tröger's base and its protetion.Previous work in the group has shown, that an amination using the method-ology designed by BUCHWALD and HARTWIG[42�46℄ is prefered to othermethods, suh as a bromine-lithium exhange, addition of an azide and follow-ing redution by NaBH4 .[17℄ DIDIER and SERGEYEV[47℄ used a benzophe-none imine/BINAP/NaOtBu/Pd2(dba)3 atalyti system for generating thediamino Tröger's base as well, but they applied the system to a 2,8-diiodoTröger's base instead of a 2,8-dibromo Tröger's base. Similar yields wereahieved in omparison to the work of the WÄRNMARK group, but a muhhigher amount of pre-atalyst was neessary. This disrepany was investi-gated by WÄRNMARK et al.[17℄ and it showed, that the diiodo Tröger's basehad a lower reativity and a mixture of mono- and diaminated produts wereformed. It was observed that the yields of the diamino Tröger's base inreasedwith inreasing amount of pre-atalyst (0.25-5 mol%) and therefore the nomi-nal ratio of I-:Pd was dereased. When submitting 2,8-dibromo Tröger's baseto the reation onditions and also adding a soure of iodide (tertbutylammo-nium iodide), a severe drop in the yield of the diamino Tröger's base ould beobserved and additionally the monoaminated Tröger's base was formed with43% yield. These �ndings lead to the assumption, that somehow the iodidepoisons the ative atalyst speies.
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Results and Disussion
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Figure 4.3.2: The atalyti yle of the Pd-atalyzed C-N-bond formation ofaryl halides and generation of the amine through subsequenthydrolysis.[48,49℄The atalyti yle of the Pd-atalyzed amination of halogenarenes onsistof several steps:
⊲ the formation of the ative atalyti speies from the ligand and thepre-atalyst[50℄
⊲ the oxidative addition of the aryl halide
⊲ a ligand substitution by the ammonia equivalent
⊲ the redutive elimination, where the produt is released and the ativeatalyti speies is reformed (see �gure 4.3.2)It is harder for the NaOtBu to attak the L-Pd-(Ar)(X)-speies when it is anPdII-I-omplex, beause these omplexes are more stable than the orrespond-ing Br-omplex.[51℄ The lower reativity of the diiodo Tröger's base in thisamination reation an therefore be attributed to the stronger PdII-I bond.In general the use of helating ligands, suh as BINAP, has one major advan-tage. It bloks the β-hydrogen elimination. This unwanted side reation ours
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Results and Disussionfrom a three-oordinate speies. With a bidentate ligand four-oordinate inter-mediates are formed, from whih the redutive elimination still ours, whilethe β-hydrogen elimination an not.[49℄ A helating ligand also failitates theoupling of benzophenone imine, whih is a valuable partner for this kind of re-ation.[52,53℄ It is sterially relatively unhindered, its nitrogen is sp2-hybridizedand it annot undergo a β-hydrogen elimination in the �rst plae.[54℄ To gen-erate the amine group, a hydrolysis was arried out afterwards in THF andhydrohlori aid (4 M). Saling up to 4 mmol starting material 48 resulted ina derease of the yield, so instead, two reations with 2.5 mmol starting mate-rial 48 were arried out in parallel and were worked up together to inrease thee�ieny. After puri�ation by olumn hromatography a pale brown solid 31was gained in 90% yield.Previous experienes of the group have led to the deision of utilising TMSgroups for the protetion of the diamine. They have proven to be robustenough to withstand alkyllithium reagents,[55℄ that will be employed in the nextreation step. The TMS groups an be leaved o� by nuleophili displaementwith �uoride. As soure of �uoride TBAF (tetra-n-butylammonium �uoride)an be used, where one an avoid an aqueous aidi removal of the protetinggroups, whih most likely would lead to an unwanted raemization of theTröger's base (see �gure 4.3.3).
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Figure 4.3.3: Raemization of Tröger's base in aidi media.As indiated in �gure 4.3.1, the amine groups were deprotonated with n-butyl-lithium, the nitrogen performed a nuleophili attak at the silion of thetrimethylsilyl hloride and the hloride served as leaving group. No furtherpuri�ation was arried out, exept �ltration through a pad of ativated neu-tral alumina. The proteted Tröger's base 49 was obtained as an ohre solidin 73% yield.
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Results and Disussion4.4 Synthesis of the Menthyl EsterOne way to separate enantiomers is performing olumn hromatography witha hiral stationary phase. This is often a high-pried proedure.[31℄ Also othermethods exist for resolving a raemix mixture, for example reating it withan enantiomerially pure ompound (ompare to �gure 4.4.1). The resultingdiastereomers have di�erent physial properties. Therefore, they should beseparable by hromatography.[31℄
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Figure 4.4.1: Synthesis of the Tröger's base menthyl ester 30.The Tröger's base 49 was submitted to t-BuLi and an α-proton next to thenitrogen atoms was abstrated. Due to the eletron withdrawing e�et of thenitrogen the protons at this position are more aidi and more easily removedthan the other benzyli protons for instane. The deprotonated Tröger's baseattaked as a nuleophile the arbonyl group of the R-menthyl hloroforamteand the C-Cl bond was broken. These two steps, lithiation and addition of theeletrophile, were onseutively arried out two times and the two diastere-omers 30a and 30b were formed, where the two R-menthyl esters are in exoposition. After the general workup the puri�ation was done by hromatogra-phy. Two olumn hromatographies were neessary and the diastereomers 30aand 30b were gained in 11% yield eah. The yields were quite low as a resultof the fat that the TMS groups are not stable on the silia stationary phase.One they are leaved o� it is not possible to regain the unproteted Tröger'sbase from the olumn, due to polymerization.
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Results and Disussion

Figure 4.4.2: Shemati Illustration of a Tröger's base Helix in a membrane.This enantiomerially pure Tröger's base beomes onvenient in the onden-sation reation to the tris-Tröger's base, sine only two (syn-syn, anti-anti) ofthree (the latter and syn-anti) possible diastereomers an be generated. Alsopreviously enountered problems with the solubility of the tris-Tröger's baseare solved by introdution of an alkyl hain at the methylenes of the base.Besides these two advantageous points it is also bene�ial to have these groupsin exo position. When a omplete helix is synthesized and one would like tointegrate it into a membrane, these ester moieties (depited in red in �gure4.4.2) an interat with the lipophili part of the lipid bilayer. In this way thehelix an be better integrated and stabilized in the membrane.
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Results and Disussion4.5 Redution to the DiolDiastereomer 30a was hosen to ontinue with on the syntheti route, wherethe R-menthyl ester will be replaed with an alkyl-ether. The Tröger's base30a was redued with LAH to the diol 50 in 85% yield as a olourless solid afterpuri�ation by olumn hromatography. LAH is an e�ient reduing agent.Without di�ulty it attaks the arbonyl group of the ester. A tetrahedralintermediate is formed, whih ollapses and forms an aldehyde. The aldehydeis more reative than an ester, it reats again with the LAH and is redued tothe orresponding alohol.[31℄ (see �gure 4.5.1)
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5 Disussion of the SpetraFor haraterizing the synthesized ompounds 1H- and 13C-NMR spetrosopywas applied. In the following the NMR-spetra will be disussed and ompared.In �gure 5.0.1, shown below, is the 1H-NMR spetrum of the aniline 33 thatwas iodated with iodo monohloride. The produt is not soluble in hloroform,but moderately in methanol and therefore the analysis was arried out indeuterated methanol, whih explaines the solvent residue peak at 3.28 ppm.Also the singlet at 4.87 ppm was due to water residues in the solvent. Only twosignals in the aromati region were to be expeted. The singlet at 8.09 ppmbelongs to proton H-1, that is loated between an iodine and a bromine moiety.These eletronegative substituents ause a down�eld shift of that proton. Theseond proton is not as strongly deshielded as the �rst one and an be foundat 7.30 ppm. At a loser look, one an see that the signal is atually a doublet.It has a very small oupling onstant of 0.6 Hz and indiates a oupling overfour or more bonds. In that ase it is most likely the proton H-1 that makesa para-oupling over �ve bonds. Usually the signal of the methyl group inp-toluidine is to be found at 2.23 ppm, but as a result of the neighbouringeletronegative bromine group the methyl group is slyghtly deshielded andshowes at 2.36 ppm.

Figure 5.0.1: 1H-NMR assignment of the iodinated aniline 33.
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Disussion of the SpetraAfter the ondensation to the Tröger's base one (proton H-2, �gure 5.0.1)of the two former signals in the aromati region disappeared, as it was to beexpeted. Also three new signals for the protons of the newly formed methylenebridges showed in the region between 4.42 and 4.16 ppm, as it an be seen in�gure 5.0.2. Eah proton of the CH2-groups H-14 and H-6 seems to have aslightly di�erent hemial environment and therefore generate two doubletsat 4.40 and 4.18 ppm. Also the oupling onstant of 17.4 Hz points to ageminal oupling. Eah doublet integrates for two protons though, beausethe CH2-groups H-14 and H-6 are equivalent. The singlet in their middle anbe attributed to the two protons H-13 of the middle methylene bridge and thesinglet at 2.18 ppm is integrated for 6 protons and belongs undoubtedly to thetwo methyl groups.

Figure 5.0.2: 1H-NMR assignment of the Tröger's base 34.In the next step the iodine was removed and a new doublet appeared at 6.90ppm (see �gure 5.0.3) in the aromati region. As proton H-4/11 is further awayfrom the eletronegative bromine group than proton H-3/10, the latter an beassigned to the signal at 7.37 ppm. The remaining signals loated up�eld anbe attributed to the protons of the methylene bridges and the methyl groupsas in the previous example.
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Disussion of the Spetra

Figure 5.0.3: 1H-NMR assignment of the deiodinated Tröger's base 48.When the bromine groups were transfered into amine groups the protonsH-10 and H-3 were not shifted so muh to higher frequenies like before andnow an be found at 6.57 ppm. (see �gure 5.0.4) The doublet for the protonsH-11 and H-4 is still at 6.88 ppm. The methylene bridge protons are onlyslightly in�uened by the new substituend. The methyl groups shifted from2.17 to 1.88 ppm. The protons of the amine groups show a broad singlet at3.40 ppm.

Figure 5.0.4: 1H-NMR assignment of the diaminated Tröger's base 31.
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Disussion of the SpetraFigure 5.0.5 showes the spetrum of the proteted diaminated Tröger's base.The protons of the amine groups were replaed by four TMS groups, whihresult in two singlets at 0.02 and -0.16 ppm, whih integrate for 18 protonseah.

Figure 5.0.5: 1H-NMR assignment of the proteted Tröger's base 49.For onveniene, �gure 5.0.6 shows the full 1H-NMR spetrum of both di-astereomers 30a and 30b, generated by formation ot the orresponding R-menthyl ester. They share the same hemial shifts of the R-menthyl ester-sidehains, severals multiplets in the region between 2.07 and 0.80 ppm, as it anbe seen in �gure 5.0.9 more losely. The singlet at 1.91 ppm for the two methylgroups at the aromati ring they have in ommon though. In the aromati re-gion several doublets appear. The doublets at 7.04 and 6.99 ppm belong tothe protons H-10 and H-3, whereas the signal of diastereomer 30b is the moredeshielded one. The set of doublets assigned to the protons 11 and 4 at 6.81and 6.79 ppm overlap partially. (see �gure 5.0.7) Here also the signal of 30bis moved down�eld in omparison to 30a. The triplet of triplets depited in�gure 5.0.8 belongs also to the R-menthyl ester group (-COO-CH -R-). Thereis only one proton left at positions H-14 and H-6. They are equivalent andresult in a singlet signal. Diastereomer 30a is shifted to a lower frequenythan the signal of 30b at 4.63 ppm. For the next set of singlets at 4.46 and4.44 ppm it is reversed. Here the protons at position H-13 of diastereomer30a are less shielded than the protons of diastereomer 30b. There are foursinglets that an be assigned to two TMS groups eah. (see �gure 5.0.6) Theboth innermost signals at 0.00 and -0.13 ppm belong to the proteting groupsof diastereomer 30b, therefore the outermost at 0.02 and -0.16 ppm to 30a.
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Disussion of the Spetra

Figure 5.0.6: Full 1H-NMR spetrum of the Tröger's base diastereomers 30aand 30b.

Figure 5.0.7: 1H-NMR assignment of the Tröger's base diastereomers 30aand 30b - detail spetrum of the aromati region.
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Disussion of the Spetra

Figure 5.0.8: 1H-NMR assignment of the Tröger's base diastereomers 30aand 30b - detail spetrum of the methylene-bridges.

Figure 5.0.9: 1H-NMR assignment of the Tröger's base diastereomers 30aand 30b - detail spetrum of R-menthyl-moiety.
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Disussion of the Spetra

Figure 5.0.10: 1H-NMR assignment of the diol 50.After the redution of the diastereomer 30a with LAH to the orrespondingdiol a broad signal appeared at 3.55 ppm for the two hydroxyl groups. Theprotons of the methylene bridge 13 an be assigned to the singlet at 4.26ppm. The doublet of doublets at 4.13 ppm next to the previous signal an beattributed to the protons H-14 and H-6. The -CH2-OH side hains resultedin a multiplet at 3.97 ppm and a signal at 3.63 ppm. This is probably nota genuine triplet but two overlapping doublets. (see �gure 5.0.11) In �gure5.0.10 the full spetrum is shown. The remaining protons an be assignedas done before. At 6.87 ppm are the aromati protons H-10 and H-3 and alittle up�eld from that are the protons H-11 and H-4. The singlet at 2.02 ppmintegrates for the six protons of the two methyl groups. The signals of theTMS groups appear at 0.01 and -0.17 ppm.
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Disussion of the Spetra

Figure 5.0.11: 1H-NMR assignment of the diol 50 - detail spetrum.

Figure 5.0.12: COSY-NMR assignment of the diol 50.To on�rm the assignment also a COSY-NMR analysis was arried out andis shown in the following �gure 5.0.12. Correlated spetrosopy is a two-dimensional tehnique, that shows the orrelation between adjaent protons.A rosspeak appeared in the aromati region for the two neighbouring protons32



Disussion of the SpetraH-10 and H-11 and H-3 and H-4 respetively. For the protons of the methylgroups and of the TMS proteting groups diagonal peaks appear, as they areonly oupling with eah other. Also the two protons at 4.26 ppm for themethylene bridge H-13 only ouple with eah other and result in a diagonalpeak. There is a rosspeak between the signal at 4.13 ppm of the protonsH-14/6 and a proton (3.97 ppm) of the -CH2-OH side hains. The other rosspeak between the signals at 3.97 and 3.63 ppm shows the oupling of the CH2groups protons of the side hain among themselves. The ross peak between4.13 ppm and 3.63 ppm shows the oupling of the protons H-14/6 and theother proton of the -CH2-OH side hains.

Figure 5.0.13: HMBC-NMR assignment of the diol 50.As seen above, �gure 5.0.13 shows the HMBC-NMR spetrum of the diol 50.Heteronulear multiple-bond orrelation spetrosopy was used to verify theprevious assignments. With this tehnique one an see 3J and 4J orrelations,in some ases also 2J, between arbon and hydrogen. The protons H-3/10 showa orrelation to the arbons C-2/9 and C-5/12 over a 3J and 2J oupling. The2J oupling is of lower intensity than the 3J oupling. The protons H-4/11however, orrelate with a 2J oupling to C-2/9 and a 3J oupling to C-5/12.The arbon signals at 144.2 and 143.4 ppm are not that good resolved in thisspetrum and appear as one peak in the one-dimensional spetrum. The twoorrelation peaks in that region though show that one signal appears at 144.02ppm, whih is a orrelation over four bonds from C-7/15 to the protons H-3/1033



Disussion of the Spetraand the other signal appears at 143.2 ppm. The latter is a orrelation fromC-1/8 to the aromati protons H-4/11, also over four bonds. The methylenebridge protons H-13 have orrelations over three and four bonds to C-6/14and C-7/15 respetively. The protons H-6/14 orrelate to the arbon of themiddle methylene bridge C-13 over a 3J oupling. These protons also orrelateto the arbon of the -CH2-OH side hains over a 2J oupling just as the protonsignal of the -CH2-OH at 3.63 ppm does to the arbon signal of C-6/14. Theprevious mentioned proton signal H-6/14 has also orrelations to the aromatiarbons C-2/9, C-5/12 and C-7/15 over 4J, 3J and aordingly 2J ouplings.The methyl groups at the aromati rings have satellite signals in the protonspetrum. The protons of these methyl groups orrelate with the arbon theyare diretly attahed to and show signals in the 2D-spetrum, even though 1Jouplings are rare to be seen in HMBC-spetra. There are also small satellitesignals for the TMS proteting groups, but there an also a 3J oupling from aproton of one TMS-methyl group to a arbon of an adjaent TMS-methyl groupbe observed (H3C-Si(CH3)-CH3). At last the 4J ouplings of the aromatimethyl group protons to arbon C-3/10 and C-5/12 and the 3J oupling to thearbons C-2/9 and C-7/15 should be mentioned.
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6 Conlusion and OutlookThe main goal of this projet study was to synthesize the tris-Tröger's base 28.Not only its isomerization behaviour in non-aqueous aidi media was the fousof interest, but also the optimization of the synthesis and full haraterizationof the ompounds.
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Figure 6.0.1: Overview of the synthesis route.The �rst reation, the iodination of the aniline 32, was saled up from 202mmol to 354 mmol starting material and the produt 33 was gained in 87%yield. To improve the e�ieny of the ondensation reation, nine bathes with35



Conlusion and Outlook17 mmol starting material, whih was found to be the optimal quantity for thisreation, were run in parallel. They were worked up and puri�ed together. Theondensation yielded in 56% Tröger's base 34. To remove the iodide groups,that were only needed to ensure the formation of the linear ondensation pro-dut, lithiation with n-BuLi and subsequent quenhing with methanol turnedout to be unsuitable. Several side produts were formed, whereas the dehalo-genation with zin powder and hydrohlori aid in ethanol only resulted inone produt 48. The yield was very good (77%) and the produt was highlypure after rerystallization from EtOA. The studies showed, that vigorousstirring under onstant re�ux at 130°C is mandatory. By the inrease of hy-drohlori aid the reation time ould also be shortened. The amination wararried out using the Pd-atalysed methodology developed by HARTWIG andBUCHWALD, with Pd2(dba)3, BINAP, NaOtBu and benzophenone imine.The diamine was synthesized in exellent 90% yield. This reation step isstill the eye of a needle, beause the sale ould not be inreased over 4 mmolstarting material 31, without dereasing the yield. Doing two reations in par-allel and ombined workup was done to improve the e�ieny. Subsequentlya protetion of the amino groups with trimethylsilyl hloride was ondutedand gave the produt 49 in 73% yield. Another hallenging step followed. Thementhyl ester 30 of 49 was generated by reating the raemi mixture witht-BuLi and R-menthyl hloroformate. The purpose was not only to failitate abetter solubility of higher generations of the Tröger's base in organi solventslater on or establish side hains that ould interat with the lipophili partof a membrane, but resolving the enantiomers of the Tröger's base by trans-forming them into diastereomers. Like antiipated the TMS-proteting groupsremained una�eted by the harsh reation onditions.
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Conlusion and OutlookAfter synthesizing the diol 50, the next step would have been generating themethyl-ether, as it is depited in �gure 6.0.2. The hydroxy groups of the diol 50would have been alkylated with dimethyl sulfate. With TBAF the protetinggroups would have been removed. The Tröger's base 29 would have beenmonoproteted by tri�uoroaeti anhydride to ahieve a desymmetrization.The proteting group should be stable under the highly aidi onditions ofthe subsequent ondensation reation to tris-Tröger's base 28, whih is arriedout in TFA again with paraformaldehyde. Therefore the target moleule wasalmost obtained. Its struture determination via X-ray di�ration analysis isstill pending, as well as the studies onerning its isomerization behaviour.
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7 Experimental Setion7.1 General MethodsAll hemials used were ommerially available and used without further pu-ri�ation. Standard laboratory glassware and syringe-septum aps were used.When reations needed an inert atmosphere the glassware was dried in theoven or further with the heating gun prior to use. The �ask was heated undervauum and was purged with nitrogen several times. Dry solvents were ol-leted from a MBRAUN SPS-800 system and stored under nitrogen only for ashort time.Thin-layer hromatography analysis was performed using silia plates onaluminum (Merk, Silia 60-F254 sheets, 2 mm layer thikness). For detetionUV light was used. Column hromatography was arried out on silia gel(Merk, 0.063-0.200 mm).The produts were analyzed with 1H- and 13C-NMR spetrosopy. Thespetra were reorded with a 400 MHz NMR apparatus from BRUKER (400MHz 1H-NMR, 100 MHz 13C-NMR). Chemial shifts are given in ppm relativeto TMS. The residual solvent peak was used as internal standard (CHCl3 7.26ppm / MeOH 3.31 ppm relative to TMS). Proton ouplings are desribed ass (singlet), d (doublet), t (triplet), q (quartet), br (broad) and m (multiplet).Coupling onstants are reportet in Hertz.Melting points were determined in apillary tubes.
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Experimental Setion7.2 Chemial Synthesis7.2.1 4-bromo-2-iodo-5-methylaniline hydrohloride (1)
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To 650 ml ethanol, whih at �rst was ooled to 0°C, 65.00 g (400.34 mmol, 1.1eq.) of iodine monohloride were added and allowed to stir for a few minutes.In the following 65.88 g (354.1 mmol, 1 eq.) of 4-bromo-3-methylaniline wereadded portion wise. The resulting brown slurry was stirred for 3 h. During thistime large amounts of preipitate formed, whih was olleted by �ltration andwas washed with PE and hloroform and a beige-pinkish powder was gained.The �ltrate was evaporated and gave a brown residue, whih was taken upin PE and was �ltered and washed with PE and hloroform until the �ltrateremained lear. The produt was dried in vauo.MW: 348.41Yield: 108.05 g (310.13 mmol, 87%)1H-NMR (400 MHz, MeOH-d4, ppm): δ= 8.09 (s, 1 H, H-6), 7.30 (d,J=0.6 Hz, 1 H, H-3), 2.36 (s, 3 H, Ar-Me).7.2.2 2,8-dibromo-4,10-diiodo-1,7-dimehtyl-6H,12H-5,11-methanodibenzo[b,f ℄[1,5℄diazoine(2)
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In nine round bottomed �asks 45 ml TFA were ooled to -15°C. To eah�ask a �nely grinded mixture of ompound 1 (6 g, 17.35 mmol, 1 eq.) andparaformaldehyde (1.23 g, 40.87 mmol, 2.4 eq.) was added portionwise. Thereation mixture was allowed to stir for 40 min at -12°C, before it was allowed toslowly warm to room temperature and reat for 70 h. After that the TFA was39



Experimental Setionremoved in vauo. To the resulting red-brown oil 25 ml water were added andthe mixture was made basi with aq. NH3 solution (28%). The nine batheswere ombined for the following work-up. The mixture was extrated withDCM three times. The ombined organi phases were washed with sodiumthiosulfate solution (2M) two times and with brine. The solution was driedover MgSO4, �ltrated and evaporated to dryness under redued pressure.Rf: 0.35 (PE-CHCl3 1:1)MW: 659.92Yield: 28.8 g (43.6 mmol, 56%)1H-NMR (400 MHz, CDCl3, ppm): δ= 7.95 (s, 2 H, H-9, H-3), 4.40(d, J=17.4 Hz, 2 H, H-12a, H-6a), 4.24 (s, 2 H, H-13), 4.18 (d, J=17.3 Hz, 2H, H-12b, H-6b), 2.18 (s, 6 H, 2xAr-Me).13C-NMR (100 MHz, CDCl3, ppm): δ= 146.9, 140.4, 135.7, 130.4,121.8, 94.9, 66.2 (1 C), 56.3, 17.8.HRMS-ESI:m/z [M+H℄+ ald for C17H15Br2I2N2: 658.7691; found: 658.7711.7.2.3 2,8-dibromo-1,7-dimethyl-6H,12H-5,11-methano-dibenzo[b,f ℄[1,5℄diazoine(3)
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To a supension of ompound 2 (9.8 g, 14.9 mmol, 1 eq.) and 19.9 g zindust (304.7 mmol, 21 eq.) in 400 ml EtOH (99.5%) were added 12 ml of a aq.HCl solution (10%). The resulting reation mixture was re�uxed (130°C) for21 h. When TLC showed full onversion the reation solution was �ltered hotthrough a sintered funnel with elite. The �ltrate was brought to dryness byredued pressure. The residue was taken up in DCM and was washed two timeswith water. The aqueous phase was made basi and was further extrated withDCM. The ombined organi phases were washed with water and brine andwere dried over MgSO4. The DCM was removed in vauo and the resultingresidue was rerystallized from EtOA to give olourless rystals.Rf: 0.17 (PE-EtOA 85:15)MW: 408.13Yield: 4.72 g (11.56 mmol, %)1H-NMR (400 MHz, CDCl3, ppm): δ= 7.37 (d, J=8.6 Hz, 2 H, H-9,H-3), 6.90 (d, J=8.6 Hz, 2 H, H-10, H-4), 4.54 (d, J=16.8 Hz, 2 H, H-12a,H-6a), 4.19 (s, 2 H, H-13), 4.14 (d, J=16.7 Hz, 2 H, H-12b, H-6b), 2.17 (s, 6H, 2xAr-Me). 40



Experimental Setion13C-NMR (100 MHz, CDCl3, ppm): δ= 147.5, 135.1, 131.4, 128.0,124.3, 120.1, 65.5 (1 C), 58.3, 18.0.mp.: 234.2 - 236.3°CHRMS-ESI:m/z [M+H℄+ ald for C17H16Br2N2: 406.9758; found: 406.9722.Elemental Analysis: ald for C17H16Br2N2: C 50.03, H 3.95, N 6.8;found: C 50.06, H 4.02, N 6.85.7.2.4 2,8-diamino-1,7-dimethyl-6H,12H-5,11-methanodibenzo[b,f ℄[1,5℄diazoine(4)
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The ompound 3 (1.02 g, 2.51 mmol, 1 eq.) was plaed in an oven-dried�ask with a srew ap, as well as 23.0 mg (36.9 µmol, 1.5 mol%) of BiNAP,0.72 g (7.53 mmol, 3 eq.) Sodium tert-butoxide and 15.78 mg (17.2 µmol,0.7 mol%) Pd2(dba)3 under N2. The �ask was purged under vauum and�lled with N2 for at least �ve times. After suspending the reagents in 10 mlanhydrous Tol 1.1 ml (5.62 mmol, 2.2 eq.) of benzophenone imine were addedand the rubber stopper was exhanged quikly with the srew ap. The dark-red suspension was lowered into a preheated oil bath (80°C) and stirred for18.5 h. A seond �ask was prepared in that way. The reations were arriedout in parallel and worked up together. When the yellow reation mixturehad reahed r.t., it was transfered to an round-bottomed �ask and the Tol wasremoved under redued pressure. The residue was taken up in THF (80 ml) andwas hydrolyzed by addition of ml 4 M HCl solution (20 ml). The mixture wasstirred for 4 h. It was partitioned by adding 20 ml of a 2 M HCl solution and50 ml of a EtOA/PE (1:2) mixture. After separating the phases, the aqueousphase was extrated further with the EtOA/PE-mix, DCM and again withthe EtOA/PE-mix. The aqueous phase was made basi with 10 M NaOHsolution, resulting in a yellow preipitate. This mixture was further extratedwith DCM for three times. The ombined organi phases were washed withwater and brine, were dried over MgSO4, �ltrated and the solvent was removedin vauo at last. The obtained solid was puri�ed by olumn hromatography(5x12 m, MeOH-CHCl3, 5:95), whih gave the diamine 4 as a pale brownsolid.
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Experimental SetionRf: 0.21 (MeOH-CHCl3 5:95)MW: 280.37Yield: 1.28 g (4.57 mmol, 90%)1H-NMR (400 MHz, CDCl3, ppm): δ= 6.88 (d, J=8.4 Hz, 2 H, H-10,H-4), 6.57 (d, J=8.4 Hz, 2 H, H-9, H-3), 4.51 (d, J=16.6 Hz, 2 H, H-12a,H-6a), 4.19 (s, 2 H, H-13), 4.14 (d, J=16.6 Hz, 2 H, H-12b, H-6b), 3.40 (bs, 4H, NH2), 1.88 (s, 6 H, 2xAr-Me).13C-NMR (100 MHz, CDCl3, ppm): δ= 140.7, 139.0, 126.1, 122.9,119.4, 115.3, 65.4 (1 C), 57.5, 11.2.mp.: 284.2 - 286.0°CHRMS-ESI: m/z [M+H℄+ ald for C17H21N4: 281.1766; found: 281.1732.Elemental Analysis: ald for C17H21N4·0.091 CHCl3: C 70.49, H 6.95, N19.24; found: C 70.48, H 6.88, N 19.25.7.2.5 1,7-dimethyl-N,N,N',N'-tetrakis-trimethylsilanyl-6H,12H-5,11-methanodibenzo[b,f ℄[1,5℄diazoine-2,8-diamine (5)
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The diamine 4 (0.782 g, 2.79 mmol, 1 eq.) was suspended in ml anhydrousTHF and ooled to -50°C under inert N2-atmosphere. Over 30 min 2.5 mln-BuLi (6.25 mmol, 2.2 eq.) were added dropwise. The resulting mixture wasremoved from the ooling bath and allowed to reah r.t., at whih it was stirredfor 1 h. The reation mixture was ooled to -50°C again, before TMSCl (0.85ml, 1.26 mmol, 2.4 eq.) was slowly added over 20 min. A lear orange solutionresulted, whih was stirred at r.t. for 1 h. These steps were repeated a seondtime with equal amounts of n-BuLi (6.25 mmol, 2.2 eq.) and TMSCl (0.85 ml,1.26 mmol, 2.4 eq.). The lear orange-brown solution was stirred at r.t. for 2h, before it was evaporated to drynes under vauum. The resulting oil was takeup in DCM and vauum �ltered through ative neutral alumina (3 m). This�lter ake was washed with DCM several times. The �ltrate was onentratedin vauo and gave the silylated Tröger's Base 5 as a yellow-brown solid.Rf: 0.35 (PE-EtOA 85:15)MW: 569.09Yield: 1.16 g (2.05 mmol, 73%)1H-NMR (400 MHz, CDCl3, ppm): δ= 6.83 (d, J=8.4 Hz, 2 H, H-10,H-4), 6.69 (d, J=8.4 Hz, 2 H, H-9, H-3), 4.44 (d, J=16.6 Hz, 2 H, H-12a,H-6a), 4.27 (s, 2 H, H-13), 4.06 (d, J=16.7 Hz, 2 H, H-12b, H-6b), 1.94 (s, 6H, 2xAr-Me), 0.02 (s, 18 H, 2xTMS), -0.16 (s, 18 H, 2xTMS).42



Experimental Setion13C-NMR (100 MHz, CDCl3, ppm): δ= 144.1, 141.8, 133.9, 129.5,126.7, 121.9, 66.2 (1 C), 58.6, 14.1, 1.95 (6 C), 1.80 (6 C).HRMS-ESI:m/z [M+H℄+ ald for C29H53N4Si4: 569.3347; found: 569.3391.7.2.6 2,8-bis-(1,1,1,3,3,3-hexamethyl-disilazan-2-yl)-1,7-dimethyl-6H,12H-5,11-methanodibenzo[b,f ℄[1,5℄diazoine-diarboxyliaid R-menthyl ester (6)
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To a solution of ompound 5 (1.164 g,2.05 mmol, 1 eq.) in 18 ml anhydrousTHF, whih was ooled to -78°C previously, were added 3.6 ml of t-BuLi (6.14mmol, 3 eq.) over 40 min under inert N2-atmosphere. The reation mixturewas stirred for 2 h at -78°C, before the addition of 1.9 ml (8.99 mmol, 4.4eq.) R-menthyl hloroformate over 30 min. In the following the ooling bathwas removed and the reation mixture was allowed to reah r.t., at whih itwas stirred for another 16 h. Then the THF was removed in vauo and theresidue was taken up with EtOA and extrated two times with water, washedwith brine, dried over MgSO4 and �ltrated. The solvent was removed underredued pressure to give a yellow oil, whih was further puri�ed by a �rstolumn hromatography (6x6 m, 1% EtOA in PE). The resulting oil was of
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Experimental Setiona pale yellow olour, still. A seond olumn hromatography (6x6 m), 0.5%EtOA in PE) gave the two diastereomers 6a and 6b.MW: 933.616a Yield: 237.1 g (0.25 mmol, 12%)Rf: 0.14 (PE-EtOAC 98:2)1H-NMR (400 MHz, CDCl3, ppm): δ= 6.99 (d, J=8.4 Hz, 2 H, H-10, H-4), 6.79 (d, J=8.7 Hz, 2 H, H-9, H-3), 4.83 (tt, J=10.8, 8.4 Hz, 2 H,-CO2CH -R), 4.59 (s, 2 H, H-12, H-6), 4.46 (s, 2 H, H-13), 2.09-2.01 (m, 4 H,menthyl), 1.91 (s, 6 H, 2xAr-Me), 1.75-1.68 (m, 4 H, menthyl), 1.57-1.45 (m, 4H, menthyl), 1.13-1.02 (m, 4 H, menthyl), 0.94-0.89 (m, 14 H, menthyl), 0.80(d, J=6.9 Hz, 6 H, menthyl), 0.02 (s, 18 H, 2xTMS), -0.16 (s, 18 H, 2xTMS).13C-NMR (100 MHz, CDCl3, ppm): δ= 170.8, 144.9, 142.5, 135.2,130.8, 124.9, 122.5, 75.3, 69.4, 58.4 (1 C), 47.3, 40.9, 34.4, 31.6, 26.1, 23.5,22.2, 21.0, 16.3, 14.8, 2.0 (6 C), 1.7 (6 C).HRMS-ESI:m/z [M+H℄+ ald for C51H89N4O4Si4: 933.5961; found: 933.5953.6b Yield: 236.9 g (0.25 mmol, 12%)Rf: 0.09 (PE-EtOA 98:2)1H-NMR (400 MHz, CDCl3, ppm): δ= 7.04 (d, J=8.4 Hz, 2 H, H-10, H-4), 6.81 (d, J=8.8 Hz, 2 H, H-9, H-3), 4.83 (tt, J=10.8, 8.4 Hz, 2 H,-CO2CH -R), 4.63 (s, 2 H, H-12, H-6), 4.43 (s, 2 H, H-13), 2.05-1.96 (m, 4 H,menthyl), 1.91 (s, 6 H, 2xAr-Me), 1.71-1.66 (m, 4 H, menthyl), 1.54-1.41 (m, 4H, menthyl), 1.11-0.97 (m, 4 H, menthyl), 0.94-0.89 (m, 14 H, menthyl), 0.80(d, J=6.9 Hz, 6 H, menthyl), 0.00 (s, 18 H, 2xTMS), -0.13 (s, 18 H, 2xTMS).13C-NMR (100 MHz, CDCl3, ppm): δ= 170.5, 144.4, 142.6, 135.3,130.7, 124.8, 122.6, 75.4, 69.5, 58.8 (1 C), 47.0, 40.7, 34.4, 31.5, 26.3, 23.2,22.1, 21.0, 16.1, 14.7, 1.93 (6 C), 1.75 (6 C).HRMS-ESI: m/z [M+H℄+ ald for C51H88N4Na O4Si4: 955.5780; found:955.5771.
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Experimental Setion7.2.7 2,8-bis-(1,1,1,3,3,3-hexamethyl-disilazan-2-yl)-1,7-dimehtyl-6H,12H-5,11-mehtanodibenzo[b,f ℄[1,5℄diazoine-exo,exo-6,12-bis-methanol(7)
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To a suspension of LAH (36.43 mg, 0.93 mmol, 6.2 eq.) in 4 ml anhydrousTHF was added a solution of 6a (139.89 mg, 0.15 mmol, 1 eq.) in 2 mlanhydrous THF under inert N2-atmosphere. The reation mixture was stirredfor 4 h at r.t., before it was quenhed by adding an exess of Na2SO4 ·10 H2Oportionwise until no developement of gas ould be observed. The resultingslurry was stirred for 45 min and vauum �ltered. The residue was washedfurther with with re�uxing THF and re�uxing EtOA. The �ltrate was broughtto dryness by evaporating the solvent and gave a yellow oil. Puri�ation wasarried out by olumn hromatography (2.5x8 m, 10% →25% →50% EtOAin PE) and gave the diol 7 as olourless oil.Rf: 0.30 (PE-EtOA 7:3)MW: 629.14Yield: 81.9 g (0.13 mmol, 85%)1H-NMR (400 MHz, CDCl3, ppm): δ=6.87 (d, J=8.4 Hz, 2 H, H-10,H-4), 6.76 (d, J=8.4 Hz, 2 H, H-9, H-3), 4.26 (s, 2 H, H-13), 4.13 (dd, J=10.4,4.4 Hz, 2 H, H-12, H-6), 3.97 (m, 2 H, -CH2OH), 3.63 (t, J=11.0 Hz, 2 H,-CH2OH), 3.55 (d, J=9.9 Hz, 2 H, -OH), 2.02 (s, 6 H, 2xAr-Me), 0.01 (s, 18H, 2xTMS), -0.16 (s, 18 H, 2xTMS).13C-NMR (100 MHz, CDCl3, ppm): δ= 144.2, 143.4, 134.9, 130.5,127.1, 122.5, 68.7, 61.6, 53.8 (1 C), 15.2, 1.90 (6 C), 1.76 (6 C).mp.: 192.9-194.9°CHRMS-ESI:m/z [M+H℄+ ald for C31H57N4O2Si4: 629.3559; found: 629.3539.
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Experimental SetionAppendix4-bromo-2-iodo-5-methylaniline hydrohloride (1): 1H-NMR Spetrumin MeOH-d4
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Experimental Setion2,8-dibromo-4,10-diiodo-1,7-dimehtyl-6H,12H-5,11-methanodibenzo-[b,f ℄[1,5℄diazoine (2): 1H-NMR Spetrum inCDCl3
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Experimental Setion2,8-dibromo-1,7-dimethyl-6H,12H-5,11-methanodibenzo[b,f ℄[1,5℄-diazoine (3): 1H-NMR Spetrum inCDCl3
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Experimental Setion2,8-diamino-1,7-dimethyl-6H,12H-5,11-methanodibenzo[b,f ℄[1,5℄-diazoine (4): 1H-NMR Spetrum inCDCl3
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Experimental Setion1,7-dimethyl-N,N,N',N'-tetrakis-trimethylsilanyl-6H,12H-5,11-methanodibenzo[b,f ℄[1,5℄diazoine-2,8-diamine (5): 1H-NMRSpetrum in CDCl3
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Experimental Setion2,8-bis-(1,1,1,3,3,3-hexamethyl-disilazan-2-yl)-1,7-dimethyl-6H,12H-5,11-methanodibenzo[b,f ℄[1,5℄diazoine-diarboxyli aid R-menthylester (6): 1H-NMR Spetrum in CDCl3
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Experimental Setion2,8-bis-(1,1,1,3,3,3-hexamethyl-disilazan-2-yl)-1,7-dimehtyl-6H,12H-5,11-mehtanodibenzo[b,f ℄[1,5℄diazoine-exo,exo-6,12-bis-methanol(7): 1H-NMR Spetrum in CDCl3
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Experimental Setion2,8-bis-(1,1,1,3,3,3-hexamethyl-disilazan-2-yl)-1,7-dimehtyl-6H,12H-5,11-mehtanodibenzo[b,f ℄[1,5℄diazoine-exo,exo-6,12-bis-methanol(7): COSY-NMR Spetrum in CDCl3
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Experimental Setion2,8-bis-(1,1,1,3,3,3-hexamethyl-disilazan-2-yl)-1,7-dimehtyl-6H,12H-5,11-mehtanodibenzo[b,f ℄[1,5℄diazoine-exo,exo-6,12-bis-methanol(7): HMBC-NMR Spetrum in CDCl3
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