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involved in the early stages of the development of this emerging field and had built a school of polymer chemistry at the University of Louvain which had gained world-wide recognition. When I joined his laboratory, he was already famous for his pioneering work on block and graft copolymerisation by radical transfer reactions between a growing polymer chain and an existing polymer. Joining this international group was thus a privilege for a young student interested in a field of science which was expected to lead to major industrial applications. My PhD dissertation dealt with the "Kinetics of Polymerisation and Copolymerisation of N-Vinylurethane" [1]. This monomer was Fig. 2. Prof. Georges Smets not highly reactive but it was a precursor of an important class of polyelectrolytes, the polyvinylamines [2]. In 1958 I got my PhD degree with « summa cum laude » and joined the Belgian army for a compulsory military service. Fortunately, I was soon transferred to the Royal Military School into the laboratory of Prof. R. Coekelberghs where I spent ten months studying chemisorption on molecular layers of metals evaporated under very high vacuum. However, this very welcome break in physical chemistry convinced me that I was more interested in creating new molecules and materials than in measuring physical properties. Working in industry had been my career option till I was asked by my supervisor whether I would be interested in an academic career. I shall never be grateful enough to Prof. G. Smets for this discussion which had a profound impact on my professional life. I eventually decided to change my career plans and complete my training by postdoctoral studies in the USA which, after world war II, had developed world leadership in scientific research. I therefore decided to spend some years in this wonderland and broaden my scientific profile by training in synthetic organic chemistry. After some days in the chemistry library I selected two scientists as possible postdoctoral supervisors: Vincent du Vigneaud, Nobel Laureate 1955 and Robert Woodward who had not yet obtained the Nobel prize. When I submitted both names to G. Smets, he immediately replied: go to Woodward! He suggested me to apply for a fellowship of the Belgian American Educational Foundation (BAEF). World War I had been particularly hard on the Belgians who had faced imminent starvation. Fortunately, an international (mainly American) organisation (Commission for Relief of Belgium: CRB) was established by H. Hoover which provided food supply (almost 6 million tons) to the Belgian population. After the war Herbert Hoover established the BAEF and the CRB fellowships hoping that the common cause of higher education would further strengthen the warm friendship that already existed between the dwarf and the giant. This was a highly competitive program: in 1958 only 15 fellowships were awarded to Belgian students for graduate and postgraduate studies in all fields. The final interview (in English) took place with the representatives of the Foundation and the rectors (presidents) of the Belgian universities. I was fortunate enough to be selected. The new fellows were then invited to a welcome dinner at the University Foundation in Brussels to meet their "patrons". Mine was Mark Eyskens, future prime minister of Belgium!

To make acquaintance with each other, all new CRB fellows were invited to cross the Atlantic Ocean by ship. We thus discovered the new world at sunrise just off Manhattan. These were great times: the Foundation had enough money to invite us for a few days in a first class hotel in New York City. When we each moved to our final destination, we all felt that we had become members of a club of privileged youth.

I got married just before leaving for the USA. My wife Monique was a classmate (Fig. 3). She had stopped studying chemistry after her master degree to start teaching in high school. From the very beginning she had supported my decision to pursue an academic career and she constantly encouraged me in this endeavour. Her caring support was undoubtedly a major factor in the success of my professional career. Monique had successfully applied for an exchange teaching position at Wellesley College Fig. 3. Monique Ducarme near Boston. We thus traveled from New York City to the route 128 train station which, at that time, was just a park-and-ride facility near Boston, Mass. We were met by colleagues of Monique and spent our first night at Wellesley College….in separate (!) rooms since, at that time, men and women had to be hosted in different quarters of the premises. After this first culture shock, I hitched a ride to travel to Harvard University. A thumping man (former member of the Marine Corps) driving a huge Cadillac was kind enough to pick me up. He quickly noticed my strange accent and asked me where I came from. When I said that I was Belgian, he looked confused and replied: « never heard about this country, is it in Europe? » This was my second culture shock in less than 24 hours. I was somewhat disturbed but, after all, wouldn't you get a similar answer if you asked an « average » Belgian citizen where the state of Maryland (about the size of Belgium) is located?

The two years spent at Harvard gave my scientific career a real boost. I found myself immersed in a university at the tip of an educational system which had been extraordinary successful in producing creative academic and industrial chemists.

Mallinckrodt laboratories in Cambridge, Massachussets, hosted some of the best practionners of organic chemistry of the time: R. B. Woodward (Fig. 4), Paul Bartlett, Frank Westheimer, L. Fieser, Peter Yates. Accordingly, Harvard chemistry department attracted bright and highly committed students who were prepared to work more than 60 hours a week to face the challenges imposed by their supervisors and the groups alike. This was a time when chemistry was very popular and when there were plenty of academic and industrial jobs. That probably explained why this generation of graduate students could cope much better than the present generation with the intense pressure imposed by these elite graduate chemistry programs. Nothing mattered but your research program! Eventually I am not sure that it was always very productive because few only were really able to work intensively for so many hours. Also, these working habits impacted a lot their private life. This was perhaps why I decided that, in my future life, I would always have breakfast and dinner with the family. Evening and Sunday work would also be performed at home to be available to the family. Woodward's group mainly consisted of postdoctoral research fellows coming from outside the USA. I think that could be the reason why competition was less severe in our group. I was the only one who did not come from a well-established laboratory of organic chemistry. Therefore, I somewhat worried about my first encounter with RBW. It turns out that this meeting was a real treat. Woodward did not put any pressure on me. He recommended me to interact a lot with the group to learn as quickly as I could the techniques of organic chemistry. My research project was to find a substitute to the Edman's method to study the aminoacid sequence in peptides. The idea was to attach hydrazino-acetic acid to a terminal NH2 group and try to cleave at least two N-terminal aminoacids by two or three successive acid catalyzed cyclization. Unfortunately, this interesting idea did not lead to a workable procedure for peptide sequencing.

Meetings with Woodward were made by appointment except for the « pressure » group of postdocs working on the total synthesis of chlorophyll: RBW met them several times a day and closely followed their research. After two months I thought I should discuss my results with RBW and asked for an appointment. The answer of Dodie Dyers (RB's secretary) was: "Dr. Woodward is presently very busy but he would be delighted to meet you in two weeks; what about that Monday at midnight"? We indeed met on that day but despite the late (or rather the early!) hour, RBW took his time and an interesting discussion went on for more than one hour.

During my stay at Harvard, I attended the inspiring lectures of a new bright faculty member called E. J. Corey, another future Nobel laureate! I also took regularly part in the physical organic seminar organized by P. Bartlett and F. Westheimer but I think that I benefited the most from the weekly Woodward's seminars which attracted attendance from MIT and other Universities of the Boston area. It always started by a lecture from a visitor or a member of the group. The second (and endless) part of the evening was even more exciting: Woodward was raising questions and problems and then he discussed solutions at the blackboard with the audience. Extraordinarily inspiring evenings or, sometimes, nights! When I left this unique environment, I was taken for lunch by RBW in his favourite French restaurant "Joseph" in Boston. This was the tradition. This was also my first experience (and an additional culture shock!) of having an excellent meal washed down with …. whisky, RBW being allergic to wine. We talked about my future career. I asked him: what would be your main advice to a junior researcher? He immediately replied: "work, work and work"! Second question: any recommendation about a field of research? RBW's answer: "anything can be interesting, it depends the way you do it "! My stay at Harvard which undoubtedly was the "Mecca" of organic chemistry (ETH in Zürich being then the "Vatican"!) gave me the opportunity of becoming acquainted with many great organic chemists who visited the department but also with many promising young chemists who later became renowned academic or industrial scientists. Since then I always felt that the USA had become my scientific homeland. I could not cite here the many friends I made in the community of US organic chemists. Later in my career I frequently traveled as a visiting professor or invited lecturer throughout the USA and this was always a real treat. I was also privileged to be a member of the "Organic Synthesis" board of editors as the European representative and still enjoy taking part in the famous dinners in restaurants which used to be selected by C. Johnson who made me a fan of red Zinfandel! It was always a pleasure to meet the late R. Breslow who introduced me to baseball, the great J. D. Roberts, H. Wasserman, P. Schleyer, A Meyers who are no longer with us but also K. C. Nicolaou and R. Lerner who invited me as guest professor at Scripps, and also my many friends I often visited or who came to Louvain or Bordeaux such as D. Evans, A. Smith, S. Martin, K. Houk, D. Boger, S. Denmark, M. O'Donnell…. I shall also mention here the names of two scientists of the older generation who, like Woodward, had really impressed me by their way to do science: G. Stork (Fig. 5) and S. Danishefsky (Fig. 6). From my early days as an organic chemist, I voraciously read their inspiring and beautifully written publications. I had the opportunity to often meet with Gilbert who was born Belgian and spoke French. In 2016, I met him at Columbia where he was working half-time with Ayako and a former coworker of him who had retired from industry. The 95year-old Gilbert immediately went to the blackboard to describe the total synthesis of (±)-4-methylenegermine they had just finished! We then chatted for about one hour (Gilbert was a fantastic story teller). Then I realized that he was getting tired and I left: this was the last time I met this exceptional scientist. I also much-admired Sam Danishefsky, a great scholar whose papers were masterpieces of our science. Despite my attraction for this great country, family considerations and new opportunities offered to me in Belgium drove me back to my roots.

A small tour into carbene chemistry

Back to the old town of Leuven (Louvain) in Belgium, I was hosted in the laboratory of Prof. G. Smets to prepare my « Thèse d'Agrégation » (Habilitation). Undertaking a long and tiresome journey aiming at synthetizing a complex natural product would have been a risk for a still inexperienced and rather isolated researcher. At Harvard I had learned and found intellectually attractive to approach synthetic problems with the mind of a physical organic chemist. I thus decided to tackle a project combining synthetic and mechanistic studies. My attention had been drawn to the chemistry of divalent carbon species for which Doering, Winstein and Woodward had collaboratively proposed the name « carbenes » in a nocturnal Chicago taxi and which was later diurnally delivered in Boston [3]. The existence of such divalent carbon species had been suspected as early as 1862 by Geuther who had described chloroform as a dichlorocarbenehydrochloride CCl2.HCl [4]. Till the mid-fifties there had been a lot of studies on the generation of carbenes by thermal or photochemical decomposition of diazo compounds such as diazomethane [START_REF] Moss | Early reviews[END_REF]. They were known to give cyclopropanes by addition to olefins. However, in the early sixties, there were still few practical synthetic applications of these reactions because the starting diazoalkanes were dangerous chemicals and the carbenes they generated were often unselective yielding mixtures of addition and insertion products. The work of and the seminal discovery by Doering [9] that dichlorocarbene generated from chloroform could be trapped by olefins to generate exclusively gem-dichlorocyclopropanes were real breakthroughs in the field and opened avenues towards molecules containing three-membered carbon rings. It was also the starting point of my personal addiction to cycloaddition reactions and small ring chemistry. Both Skell's and Doering's groups had reported that the reactions of dibromocarbene (generated from bromoform and t-BuO -K + ) and cis-and trans but-2-ene were 100% stereospecific and proceeded with retention of configuration: the cis-olefin yielded the cis-dichlorocyclopropane while the trans-olefin yielded the trans-dichlorocyclopropane [10,11]. This was taken as an evidence for a concerted formation of the two new σ bonds. To strengthen these conclusions, we decided to examine a pair of stereoisomeric olefins which were of very different stability [12]. Cis-and trans-cyclooctenes fulfilled this requirement since the trans isomer has a free energy of formation around 44 Kjoules higher than the cis-isomer. Dichlorocarbene was generated from methyl trichloroacetate and sodium methoxide to avoid the formation of an alcohol as by-product [13] We found that these reactions were totally stereospecific (Scheme 1) : the cis-olefin yielded the cis-bicyclo [6.1.0]nonane and the more reactive strained trans-olefin exclusively yielded the transbicyclo [6.1.0]nonane which was the first representative of this class of bicyclic molecule [12].These results strongly supported the absence of any 1,4 dipole or diradical intermediates in the cycloaddition.

In 1963-64 no less than five groups [14] described the addition of dihalocarbenes to norbornene (X=CH2). Compounds with the bicyclo [2.2.1.]heptene skeleton which had been found in many terpenes were indeed readily available by Diels-Alder reactions of cyclopentadiene and olefins. We became interested in this bicyclic molecule because it contained a strained and highly reactive olefin and had been found to stereoselectively react with electrophiles to give products resulting from an attack on the exo face of the double bond. Dichloro-and dibromocarbenes were generated from the corresponding haloforms or, Scheme 2. Addition of dihalocarbenes to norborneneand oxanorbornene.

Exo-selectivity was also observed in this case in spite of the severe steric repulsions between the methylene bridge and the incoming halocarbene reagent. This probably accounted for the instability of the adducts with dibromocarbene. We also showed that oxanorbornene (Z=O) gave a better yield of a more stable dichlorocarbene adduct (Z=O) which could be easily recrystallized. Heating for three hours at 150°C in nitrobenzene was required to observe a cyclopropyl-allyl rearrangement. Relief of strain was obviously an important driving force for the cyclopropyl-allyl rearrangement but further results of our group also demonstrated the importance of stereoelectronic factors on these transformations. The theoretical calculations of Woodward and Hoffmann had predicted a disrotatory mode as the favoured process in a cyclopropyl-allyl cationic rearrangement. They also predicted the operation of stereoelectronic factors on the mode of rotation of the two substituents [15]. Clearly in the tricyclic adducts to norbornene and oxanorbornene, the substituents of the cyclopropane can only rotate inwards. This would push out the cis-chlorine atom as a result of stereoelectronic factors in a concerted ionization-ring opening process. To verify this prediction, oxanorbornene adduct (Z=O) was partially dechlorinated with tributyltin hydride to give a 2 :1 mixture of the monochlorinated compounds (Scheme 2). The "exo" chloro compound was easily purified and found to be stable to prolonged heating at 150°C or to treatment with silver nitrate. On the other hand, the corresponding "endo" isomer readily underwent a cyclopropyl-allyl cationic rearrangement upon gentle heating to yield the exo-chloride. Later we made a spectacular demonstration of the importance of stereoelectronic effects in these cyclopropyl-allyl rearrangements by studying the cycloaddition of chlorofluorocarbene to norbornene (Scheme 3): two products were isolated in almost equal amounts [16]. The first product was the least hindered carbene adduct with an endofluorine substituent. The second product probably resulted from a fast cyclopropyl-allyl cationic rearrangement of a more hindered adduct carrying an endo-chlorine substituent. This strained adduct which carries the best leaving group (chlorine) cis with respect to the substituent rotating inward in this concerted process rearranged so fastunder the reaction conditions that it could not be identified. The less strained isomeric adduct carried Scheme 3. Addition of chlorofluorocarbene to norbornene. a bad leaving group (fluorine) cis with respect to the ring substituent and was thus thermally stable. However, when being passed through a QF-1 column at 150°C, it underwent a concerted cyclopropyl-allyl rearrangement with loss of a fluoride ion! This spectacularly demonstrated the importance of stereoelectronic factors in these concerted processes. R.B. Woodward was delighted to learn about these exciting findings! Both Skells's and Doering's groups had already found that the rate of addition of dihalocarbene to olefins increased with the introduction of alkyl groups on the double bond. [17]. This observation and the stereospecificity of the cycloaddition pointed to a concerted electrophilic cycloaddition. We had been intrigued by the differences in reactivity between the strained double bonds of trans-cyclooctene and norbornene and therefore decided to measure the relative rates of some cyclic olefins towards dichlorocarbene and Simmons-Smith carbenoid reagent (Table 1) [18]. Trans-cyclooctene was slightly more reactive than the lessstrained cis-isomer and cyclohexene and cyclopentene since the concerted cycloadditions are expected to partially relieve the torsional strain. Interestingly the highly strained double bond of norbornene was much less reactive towards dichlorocarbene than that of cyclohexene or cyclopentene. Norbornene was indeed known to be more reactive than cyclohexene towards a variety of electrophilic reagents and Huisgen had shown that it was also a very reactive dipolarophile [19]. We assigned this surprising low reactivity of norbornene toward dichlorocarbene to repulsive interactions between a chlorine atom and a hydrogen atom of the methylene bridge in the transition state of a concerted reaction.

Also, the relief of strain in the formation of a three-membered ring was obviously smaller than in processes leading to fivemembered rings such as in 1,3 dipolar cycloadditions. In agreement with this hypothesis, we found that norbornene reacted slightly faster than cyclohexene with Simmons-Smith reagent: the replacement of chlorine by hydrogen should indeed decrease the repulsive interactions in the transition state. Accordingly, we also found that dichlorocarbene selectively cycloadded to the less strained double bond of dicyclopentadiene (Scheme 4) [20]. This excursion into carbene chemistry ended up with a short stay (summer 1963) as a NATO fellow in the laboratory of R. Huisgen at the University of Münich. Originally, I was supposed to stay there for a year but I was urgently called back to Louvain after the summer to help teaching medical students whose number had unexpectedly increased. Short but productive stay: I learned a lot from R. Huisgen (Fig. 7). I always had a lot of respect and admiration for this great scientist and man of exceptional culture. He and his charming wife Trudl were art collectors. Rolf introduced me to German Expressionism and, in particular to the Münich group "Der blaue Reiter" with Wassily Kandinsky, Gabriele Münter and Franz Marc. Later, on each of my visit to Münich, I had to devoid some time to the Huisgen to (1) discuss some chemistry with Rolf, (2) spend half-a-day with him in an art exhibition and (3) go with Trudl to a Sunday High mass sung by soloists, choir and orchestra. For a music lover it was always a real treat to listen to Bach, Haydn, and Mozart masses plaid by excellent artists in a beautiful environment. Huisgen at a « nachsitzung » in a Yugoslavian restaurant after the weekly department seminar [21].

Scheme 5. The first 1,3 dipolar cycloaddition of a ketocarbene

Intermezzo-1

At that time Münich had recovered from the immediate postwar period and was again a center of excellence in chemistry. Münich hosted at that time R. Huisgen, F. Weygand and E.O. Fischer who were leading figures of German organic chemistry. During my few months stay, I had the opportunity to meet many high-profile German scientists who visited the Institute or the Technical University. This was the beginning of a long-standing relationship with several great german organic chemists such as E. Winterfeldt, D. Enders, A. de Meijere, H. Mayr, P. Knochel, E. Vogel to cite a few.

Back to Belgium after these three fruitful months in München, I embarked on an initiatory journey into academic teaching. In September 1963, I started teaching general and organic chemistry to a class of more than 500 premedical students. I discovered that I loved the contacts with these open and unprejudiced minds. As a matter of fact, I kept loving teaching throughout my entire career. During this period, I met Dr. José Jaz, a Rumanian-born assistant of Prof. A. Bruylants who had been my Professor of organic chemistry in Louvain. Both of us decided to organize weekly organic chemistry seminars in the department. Jaz left unexpectedly the department after a few years but the seminar programs went on with the help of my future colleague H. Viehe and the continuous support of A. Bruylants. Thanks to this initiative, for about 50 years, our students and researchers had the opportunity to meet the best organic chemists of the time. Also, with J. Jaz we had started a series of Symposium initially entitled: "International Symposium on Small Rings Chemistry and Applications". They later became "International Symposium on Small Rings and Activated Multiple Bonds". These meetings were immediately successful and very well attended. They brought the big "names" of the field to Leuven and late to Louvain-la-Neuve.

In 1966 I received the diploma of "Agrégé de l'Enseignement Supérieur" (Habilitation) for my experimental work on "Cycloaddition Reactions of Carbenes" and three research proposals. I was immediately appointed Professor of Chemistry and in 1969 I became "Professeur Ordinaire" which was the highest position I could get in a Belgian University.

Ketene chemistry: an unexplored territory in the fifties

Carbene chemistry unexpectedly led us to the territory of ketene cycloadditions. At that time, there was much discussion about the spin state of carbenes and their reactivity. It was admitted that dichlorocarbene generated from the reaction of an alkoxide ion on a haloform was reacting with olefins as a singlet carbene. A possible approach for the generation of a triplet dichlorocarbene would have been a photosensitized fragmentation of dichloroketene. I had also envisaged that dichlorocarbene could possibly be produced from the thermal decomposition of dichloroketene with loss of CO. In the 30's, H. Staudinger, had described dichloroketene and other haloketenes as unstable species which readily polymerized even at low temperatures [22]. Despite the clear tenor of this respected chemist, we daringly embarked on our project. It is highly probable that nowadays such a project would have been rejected as being "too risky" by most funding agencies! As often, risk did pay off and led to one of the major discoveries of our laboratory which certainly contributed to the renaissance of ketene chemistry.

When we treated dichloroacetyl chloride with triethylamine in the presence of cyclohexene, we did not get a dichlorocarbene adduct but a complex mixture. We then performed the reaction in the presence of cyclopentadiene and rewardingly obtained a [2+2] cycloadduct of dichloroketene (Scheme 6). Interestingly the same discovery was independently made on the other side of the Atlantic: the group of Stevens at PPG industries interested in the valorization of dichloroacetic acid also generated dichloroketene from the acid chloride in the presence of cyclopentadiene and obtained the [2+2] cycloadduct which yielded tropolone upon treatment with an acetate buffer [23]. We also found that less reactive olefins gave better yields of cycloadducts when the dichloroketene was generated from the dehalogenation of 2-chloro-or-bromo-acyl chloride with Zn. This observation led us to generalize this practical method of cyclobutanone synthesis from simple and cheap starting materials. Yields were generally good [24]. This discovery had a significant impact on the development of the field [START_REF]Selected reviews[END_REF] which, after Staudinger's pioneering work, had remained unexplored till the early sixties when Huisgen et al. decided to study the reaction of diphenylketene with olefins with the tools of physical organic chemistry. Diphenylketene was a stable, distillable liquid which made kinetic studies easy. Dimethylketene was much less stable and showed a high tendency to dimerize. The introduction of bulkier alkyl substituents slowed down the dimerization reaction.

Thus, dialkylketenes carrying bulky substituents yielded [2+2] cycloadducts with activated olefins such as enamines. These ketenes also reacted with dienes and olefins but at fairly high temperatures (eg 150°C). However, in these series of ketenes, the necessary presence of two alkyl or aryl groups on the ketene was a serious limitation for a general use in synthesis. The discovery that the presence of two chlorine atoms on the ketene significantly increased its reactivity made thus available functionalized cyclobutanones which were shown to undergo interesting transformations. Thus, the chlorine substituents could be easily removed one by one and the cyclobutanone ring could be readily cleaved by various nucleophiles such as alkoxides (Scheme 6).

The sequence "cycloaddition-ring cleavage" offered thus a method for the stereospecific vicinal carbofunctionalization of an olefin [START_REF] Ghosez | First International IUPAC Symposium on Organic Synthesis[END_REF]. The stereospecificity of the reactions of olefins with diphenyl-and dialkylketenes had been demonstrated [START_REF]Selected reviews[END_REF]. Here also we applied our stereochemical test using the cis-and transisomers of cyclooctene. Both dichloroketene and diphenylketene reacted stereospecifically (100%) (Scheme 7) [27].

The absence of isomerization in the case of the highly strained trans-isomer allowed to rule out the formation of free-rotating dipolar diradicalar intermediates. Interestingly, like dichlorocarbene, dichloroketene added chemoselectively to the less strained double bond of dicyclopentadiene [24]. This observation was taken as another experimental support for a concerted reaction involving the orthogonal approach of the two reactants as predicted by the Woodward-Hoffmann rules. As in the carbene cycloadditions, the orthogonal approach of the ketene to the strained double bond of cyclopentadiene would result in repulsive interactions with one hydrogen of the methylene bridge.

We then decided to further explore the potential of ketenes carrying heteroatoms or (and) functional groups (Scheme 8). All ketenes were unstable and had to be generated in situ. Dichloroketene was found to be more reactive that the other haloketenes. Ketenes carrying thioether or thioketal groups were less reactive. We found that they could be conveniently generated by in situ thermolysis of α-acyloxyenamines which were readily prepared from the corresponding carboxylate and the commercially available tetramethyl-α-chloroenamine (Scheme 9). Scheme 10 illustrates the potential of this strategy for the carbofunctionalization of olefins. The sequence was successfully applied to the synthesis of advanced intermediates for the synthesis of natural prostaglandins and prostanoid scaffolds [START_REF]Selected reviews[END_REF][START_REF] Ghosez | First International IUPAC Symposium on Organic Synthesis[END_REF]28]. Scheme 10 also shows a practical route to highly functionalized cyclopropanes.

Several academic and industrial research groups significantly contributed to this "renaissance" of ketene chemistry making highly functionalized four-membered rings readily available in diastereomerically pure form. The internal strain of these adducts made them useful in syntheses of a wide variety of interesting complex molecules [START_REF]Selected reviews[END_REF][START_REF] Ghosez | First International IUPAC Symposium on Organic Synthesis[END_REF]29].

Intermezzo-2

I spent the first year of my academic career in the old town of Louvain (Leuven) which had hosted a University since 1425. I therefore watched with great sorrow the growing conflicts betweenthe already mentioned Belgian "tribes" which eventually led to the division of the University and the creation of a Frenchspeaking University (UCLouvain) into Walloon territory, 30 km south-east of Brussels and 30 km from the "twin-sister" Flemish (Dutch-speaking) University (KULeuven) which remained in the old city. After consultation with the members of the University, it had been decided to abandon a project aiming at building an UStype campus: the more than 500 years tradition of an "Oxbridge"type University in the town of Leuven (Louvain) was so strong that it was decided to create a new city named Louvain-la-Neuve (the new Louvain). This was the first new city to be built in Belgium since 1666 when the city of Charleroi had been founded. With the continuing move of Belgium towards a federation of states, it now appears that the creation of Louvainla-Neuve was a fantastic opportunity for the development of the University. It instilled creative initiatives and innovative approaches which made this city a unique scientific and cultural place in Europe. It is also a prototype of a city of the future but of human dimension as a result of its pedestrian-oriented design. As one of the younger chemistry faculty members, I was invited to be part of a team in charge of designing the new chemistry department. It was a rewarding task which gave me the Professor of Physical Chemistry at the University of Wisconsin showed me a file containing all information about my career: this was obviously the result of my visit to Union Carbide laboratories in West Virginia. The scientific standard of this research center was impressive. I met there high-profile organic chemists such as J. Dale, L. Skatteböl, J.F. Oth and, above all, H.G. Viehe. Heinz had been a Woodward's boy five years before me. When I told him that I was also member of the "gang", his answer was: "impossible! Woodward would never take a postdoc from the French-speaking part of Europe"!! I had to convince him that I had been indeed the first postdoctoral "Frenchie" of RBW.In spite of this first pretty rough touch, Heinz and I became very close friends. In 1969 he joined the chemistry department of UCL as "Professeur ordinaire". This was the beginning of an enjoyable, fruitful and friendly collaboration which eventually led to a true creation of a "school of organic chemistry" at UCL. Fig. 9 shows the two "Woodward's boys" and the "master" at the First International Conference in Organic Synthesis (ICOS) which had been organized in 1974 by A. Bruylants, H. Viehe and myself in Louvain-la-Neuve [30].

The first meeting with H.G. Viehe at ERA also resulted in my first industrial collaboration: Heinz had enthusiastically informed me about his seminal work on heterosubstituted acetylenes. I was particularly interested in ynamine chemistry because this new class of compounds that he and Jacqueline Ficini had thoroughly studied were potential sources of keteniminium salts. I was at that time looking to reactive ketene equivalents which would not dimerize or oligomerize like most ketenes. I reasoned that keteniminium would be more electrophilic than the corresponding ketenes but would not dimerize because, unlike ketenes, they lack a 1,2 dipolar character. Both Heinz and I had considered that αhaloenamines could be common precursors of both keteniminium salts and ynamines. I thus decided to undertake my first excursion into the land of keteniminium chemistry. I had certainly not anticipated that this unexplored land would become on of my favorite play grounds: 50 years after our first publication, we still have projects based on this chemistry. The first representative of this new class of enamine had been described in a brief experimental report by von Braun and Heymans in 1929 [31]. Then several reports described αhaloenamines stabilized by halogen atoms or electronwithdrawing substituents at C-2 [START_REF] Review | α-Haloenamines and Keteniminium salts[END_REF]. The von Braun publication and the discussion with H. Viehe were our incentives for the development of a simple method to prepare ß-alkyl and aryl-αchloroenamines from tertiary amides [START_REF] Ghosez | [END_REF]. Several chlorinating agents were studied. For many years we favoured phosgene gas which gave CO2 as side-product. Later we replaced the toxic phosgene by diphosgene or triphosgene, COCl2-DMF or, most often, by OPCl3 (Scheme 11) [34]. The use of OPBr3 yielded the corresponding α-bromoenamines. ß-Disubstituted fluoro-and iodoenamines were produced from the corresponding chloroenamines by halogen exchange [35]. ß-Disubstituted-αhaloenamines were thermally stable chemicals which could be purified by distillation. ß-Monosubstituted-α-haloenamines were much less stable and had often to be used in situ. Tetrahedron 10

General properties of α-haloenamines

This class of enamines exhibited remarkable chemical behaviors [START_REF] Review | α-Haloenamines and Keteniminium salts[END_REF][START_REF] Ghosez | [END_REF][34][35][START_REF]Reviews on amide activation and keteniminium chemistry: (a) Ghosez[END_REF]. They reacted as nucleophiles at C-2 and electrophiles at C-1 (Scheme 12). The nucleophilic reactivity resulted from the stabilization of a cationic intermediate by the nitrogen lone pair upon attack of the C=C bond by an Scheme 12. Ambiphilic reactivity of α-haloenamines (1,2 dipolar character) electrophilic reagent. The electrophilic reactivity was found to be the result of a prior ionization to a highly electrophilic keteniminium halide. Subtle structural changes have been shown to impact both nucleophilic and electrophilic activities:

(1) substituents on nitrogen: the basicity of the nitrogen atom impacted both electrophilic reactivity at C-1 and nucleophilicity at C-2. Interestingly, increasing the size of the substituents on nitrogen decreased the nucleophilicity at C-2 but dramatically increased electrophilicity at C-1. This was the result of a low energy conformation around the C-N bond where the nitrogen lone pair is antiparallel to the C-X bond, thus favouring ionization. An X-ray diffraction analysis of a crystalline bisαchloroenamine derived from piperazine (Fig. 10) showed "normal" olefinic bonds confirming that there was no interaction of the bond with the nitrogen lone pair [37]. The plane of the olefin is almost perpendicular to the plane formedby the amine group and thus the nitrogen lone pair was well-oriented to interact with the σ*C-Cl orbital. The net result was an exceptionally long C-Cl bond: the bond length was indeed higher than that expected for a simple Csp3-Cl bond. The interaction between the nitrogen lone pair and the C-Cl bond was further demonstrated by measurement of the nuclear quadrupole resonance frequencies for the chlorine atom (Table 2): a decrease of the NQR frequency of the chlorine atom was observed in the chloroenamines indicating that the electronegativity effect of nitrogen was counterbalanced by the hyperconjugative interaction n → σ*C-Cl. (2) nature of the halogen atom: as expected, electrophilic reactivity increased in the order F<Cl<Br<I. α-Haloenamines were less nucleophilic than the corresponding enamines. Interestingly α-fluoroenamines were much more nucleophilic than the other α-haloenamines.

(3) substitution at C-2: the conformational equilibrium was also shown to depend on the substitution at C-2. The presence of two substituents favours a conformation around the C-N bond where the nitrogen lone pair is antiperiplanar to the C-Hal bond and thus enhanced electrophilicity. Accordingly, ß-monosubstituted α-haloenamines were shown to be more nucleophilic than the disubstituted derivatives.

These readily accessible derivatives of tertiary amides were shown to be versatile building blocks which attracted the attention of several groups. In scheme 13 we have shown representative reactions of α-haloenamines behaving as nucleophilic reagents (enamine reactivity) [START_REF] Review | α-Haloenamines and Keteniminium salts[END_REF][START_REF] Ghosez | [END_REF][START_REF]Reviews on amide activation and keteniminium chemistry: (a) Ghosez[END_REF]42,43]. All α-haloenamines instantaneously reacted with halides and hydrogen halides to yield the corresponding addition products. Tetramethylα-chloroenamine (TMCE) did not react with acid chlorides but the corresponding fluoroenamine (TMFE) easily reacted with electrophilic reagents such as phosgene to yield an iminium salt which could be hydrolyzed to a tertiary amide. The pyrrolidone-derived-α-chloroenamines were more nucleophilic than TMCE and could be easily acylated to yield a quaternary carbon at C-2. The piperidone-derived α-chloroenamine was less nucleophilic but still reacted with acid chlorides. The 7-membered chloroenamines was unreactive. This behaviour could be rationalized by a decreasing conjugation of the nitrogen lone pair in the order 5-ring>6-ring>7-ring [START_REF] Ghosez | [END_REF]. The nucleophilicity of α-haloenamines has been exploited in synthesis by many research groups.

Scheme 14. Synthesis of ynamines (UCL).

It should also be mentioned that ß-monosubstituted αhaloenamines are potential sources of ynamines [START_REF] Ghosez | [END_REF] (Scheme 14). Our research programme rather focused on the more interesting feature of this unique class of halo-olefins which showed the ability of reacting as strong electrophiles. In contrast with most α-chloro-, bromo-and iodo-amines which exist as iminium halides, the corresponding α-haloenamines are essentially covalent. However, NMR studies demonstrated the existence of a fast equilibrium of these covalent structures with a keteniminium chloride, bromide or iodide. The addition of a Lewis acid (AgBF4, ZnCl2, BF3, TiCl4, Li + ….) was shown to generate highly electrophilic keteniminium salts which could be fully characterized. The electrophilic reactivity of αhaloenamines increased in the order F<<<Cl<Br<I. α-Fluoroenamines did also generate keteniminium salts in the presence of Lewis acids (Li + , BF3 ….) or of Brönsted acids (eg carboxylic acids or even alcohols). The three reactions shown in Scheme 15 provide a good summary of the structural factorscontrolling theelectrophilic Scheme 15. Electrophilic reactivity of α-haloenamines (UCL). reactivity of α-haloenamines [32-36, 42, 43, 44]. The observation that tetramethylfluoroenamine only reacted in the presence of an acidic cation (Li+) and that reactivity of cyclic chloroenamines dramatically decreased from the 8-to the 5-membered ring strongly supported a substitution mechanism involving prior ionization of the α-haloenamine to a linear keteniminium halide which then underwent the addition of the nucleophilic reagent. Scheme 16 showed that keteniminium salts readily reacted with strong carbon-nucleophiles such as Grignard or organolithium reagents. We also found that they could be trapped by weaker carbon nucleophiles such as furane, pyrrole or dimethylaniline in the presence of a base [45]. Treatment of 2-thioaryl-chloroenamines by a Lewis acid was accompanied by an heterocyclisation yielding benzothiophene derivatives (Scheme 17) [46]. Saturated fatty acids are plentiful and cheap starting materials for the synthesis of more useful organic intermediates such as the corresponding unsaturated acid derivatives. α-Chloroenamine chemistry offered an easy access to 2,3 unsaturated amides from the corresponding saturated amides (Scheme 18) [47].

"Umpolung" of the C-1 atom of α-chloroenamines could be easily achieved by metalation with Li or Na. The best results were obtained with the less basic enamines. The metallated enamines were used for the nucleophilic aminoalkenylation of representative electrophilic reagents. (Scheme 19) [48]. 

[ 2+2] cycloadditions of keteniminium salts to olefins and acetylenes

Our main objective in studying α-haloenamines was to find a convenient source of keteniminium salts which could act as "activated ketenes" in superior to the corresponding ketenes for the synthesis of fourmembered iminium salts and cyclobutanones. They indeed reacted with simple olefins and dienes. We showed later that less expensive Lewis acids such as ZnCl2, TiCl4, ZrCl4, EtAlCl2 or SnCl4 could also be used for the production of a reactive 2disubstituted keteniminium salt [32, 34, 49b].

These very encouraging observations did not hide that the method suffered limitations resulting from the versatile chemical behaviour of the precursors α-halo-enamines: a molecule which reacted both as an electrophile and a nucleophile was obviously expected to react with itself and generate undesired products. Thus 2-disubstituted-α-chloro-enamines were rather poor nucleophiles and could be used as electrophilic reagents with simple olefins or dienes without competing dimerization. On the other hand, α-chloro-enamines carrying no or only one substituent at C-2 gave self-condensation products in the presence of Lewis acids because the resulting more nucleophilic enamine reacted with the in situ-generated keteniminium salt.

The obvious solution of this problem was to by-pass the α-chloro-enamine and generate a non-nucleophilic source of keteniminium ion. We discovered that this could be readily performed by reaction of any tertiary amide with triflic anhydride followed by a treatment with a non-nucleophilic base (Scheme 21) [50]. The first step of this sequence converted the amide into an α-triflyliminium triflate, an "activated form" of the amide. This quantitative transformation was followed by the deprotonation of the iminium triflate to generate the desired keteniminium trifluoromethylsulfonate (triflate), an even more electrophilic derivative of a tertiary amide. Looking back at all synthetic applications using this simple transformation, we realize that this was indeed one of the most useful discovery made in our laboratory: a sluggish amide electrophile could be converted stepwise into iminium salts of increasing electrophilicity by a two-step sequence. Both iminium salts could be used in situ without isolation. A few years after this seminal paper A. Charette published a very nice and detailed mechanistic study of this sequence of reaction using different bases and new applications to synthesis [51]. Rewardingly, even 35 years after our 1973 paper, creative young chemists such as N. Maulide and M. Movassaghi have discovered new applications of both α-triflyliminium and keteniminium triflate salts as activated forms of amides [START_REF]Reviews on amide activation and keteniminium chemistry: (a) Ghosez[END_REF].

It would be out of context here to discuss the details of our synthetic and mechanistic studies of the cycloadditions of keteniminium salts to olefins, dienes and acetylenes. We will limit ourselves to general comments and show a few synthetic applications.

Most of the time we preferred the triflic anhydride method over the chloro-enamine method for the generation of the keteniminium salts. We have studied a wide variety of keteniminium reagents (Scheme 22). Those in black have been used in intermolecular cycloaddition reactions [36a, 43, 48-51]. Those in magenta yielded products resulting from an intramolecular reaction [36a, 52, 53,]. Keteniminium salts were often superior to the corresponding ketenes in their ability to undergo [2+2] cycloadditions with olefins, dienes and acetylenes. However, in contrast with ketenes, they did not yield cycloadducts with olefins carrying strong electron-donating groups such as enamines or enol ethers. Complex mixtures of open-chain products were obtained. An interesting comparative study of intramolecular [2+2] cycloadditions of ketenes and keteniminium salts has been reported by B. Snider [54]. Another mechanistically significant difference between ketenes and keteniminium salts was found when we studied their behaviour towards cis-fixed dienes: ketenes always gave [2+2] cycloadducts while keteniminium salts reacted as dienophiles yielding Diels-Alder adducts across the C=N + double bond (Scheme 23) [55]. More recently we found two examples (Scheme 24) of [4+2] cycloadditions of cis-fixed dienes across the C=C double bond of an aldoketeniminium salt [56]. The behavior of keteniminium salts appeared thus to be intermediate between that of ketenes which always yielded [2+2] adducts and of allenes which yielded [4+2] adducts. As already illustrated in several schemes, cyclobutaniminium salts could be easily hydrolyzed into the corresponding cyclobutanones.

Cyclobuteniminium salts derived from alkyl or aryl substituted keteniminium salts could also be hydrolyzed to the corresponding cyclobutenones. However functionalized keteniminium salts yielded cyclobuteniminium adducts which showed a more complex behaviour [52f]. They could be used as such eg as dienophiles but often could not be converted into the corresponding cyclobutenones [52f, 57]. Selected excerpts from publications and dissertations already cited are shown in Scheme 25. They illustrate the potential of keteniminium salts for the synthesis of 4-membered carbocyclic rings, 5-membered carboand heterocyclic rings (after insertion of an additional atom intothe strained 4-membered-ring) and 1,2-functionalized olefins (after ring cleavage of the 4-or 5-membered-ring). Yields of 4membered rings are based on the starting tertiary amides. Yields of carbofunctionalized products are for the ring expansion or ringcleavage steps. We should also mention here the important contributions of the groups of Demesmaeker, Snider and several others to the development of this chapter of cycloadditions chemistry [57,58]. A significant advantage of keteniminium salts over ketenes resulted from the possibility of introducing chirality in the readily cleavable iminium functional group. In 1982 we described the first examples of asymmetric [2+2] cycloadditions of keteniminium salts [59]. Boosted by this success we undertook a detailed study of these new asymmetric cycloadditions. Enantiopure keteniminium salts were generated in situ from the corresponding amides by the methods described earlier. Here again we favoured the one-pot method using triflic anhydride and a non-nucleophilic base. Scheme 26 shows some of the enantiopure keteniminium salts which were studied in our laboratory. The scope of this practical route to enantio-enriched 4-and 5-(after insertion of O, N or C atoms) membered rings has been examined in details in several publications and PhD dissertations [49,52,56,60,61,62]. Scheme 27 is an illustration of the potential of functionalized keteniminium reagents derived from chiral amides for the asymmetric synthesis of functionalized cyclobutanones, the vicinal bis-acylation and the cyclopentannulation of olefins. All products were obtained in high enantiomeric purity. We had already demonstrated that olefins could be easily transformed into precursors of natural and synthetic prostaglandins by a [2+2] cycloaddition to a cumulene (ketene or keteniminium salt) followed by a selective oxidation of the resulting cyclobutanone. The usefulness of this synthetic strategy for a fast and enantioselective production of prostanoid privileged scaffolds [63,64] is illustrated in Scheme 28. We believe that this short sequence of reactions represents one of the best routes towards this important class of molecules. We have indeed shown that it could be easily applied to the synthesis of multigram quantities of various scaffolds. However high selectivities were only obtained if we used two chiral inductors: an ENP trans-2,5-dimethylpyrrolidine and TADDOL. No selectivity in the formation of the cyclobutanone was observed in the absence of a chiral pyrrolidine. However, a publication from researchers of Glaxo had attracted our attention [58a]: they had indeed observed some diastereocontrol in a similar intramolecular [2+2] cycloaddition using a chiral allylic alkoxy group. We thus decided to use an allylsilane as cycloaddition partner: the silyl substituent should not only activate the double bond towards electrophilic attack but could also control the facial selectivity. My colleague K. Houk, another former member of the Woodward's gang, was kind enough to host one of my PhD students at UCLA. They both investigated the reaction path of this intramolecular reaction of a keteniminium salt with an allylsilane by ab initio and DFT methods (Fig. 11). The favoured transition structure TS-2 had a nearly perfect staggered tether between the alkene and the keteniminium group with the C-Si bond aligned with the alkene p orbitals [65]. This was experimentally confirmed: the addition of the ENP (R, R)-Cl-TiCpTADDOL reagent to the aldehyde yielded (63%, 2 steps) the desired acetoxy-allylsilane-amide reagent with high dia-(de > 98%) and enantioselectivities (ee = 93%) and the subsequent silicon-directed intramolecular cycloaddition of the keteniminium salt took place with high diastereoselectivity (de > 98%) (Scheme 29). Thus, one cheap chiral inductor was enough to control the relative and absolute configurations of all 4 stereocenters of the resulting bicyclo [3.2.0]heptanone.This could Scheme 29. Silicon-directed enantioselective intramolecular cycloadditions of keteniminium salts UCL).

be easily converted into the dioxolane of the corresponding bicyclo[3.2.0]heptenone. Both routes described in Schemes 28 and 29 offered a very practical and inexpensive method of synthesis of enantiopure cyclobutanoid and cyclopentanoid scaffolds.

We so much enjoyed this piece of work that we decided to explore new applications. An appealing extension of the strategy would be the coupling of an enantioselective allylmetallation with a silicon-directed ring closing metathesis (Scheme 30) [66]. This was successful yielding the protected cyclic hydroxysilane in 54-80% overall yields and very high dia-(de > 95%) and enantioselectivities (ee > 90%). These chiral cyclopenta-hexa-and heptadienes equivalent could be easily transformed in various enantiopuresynthetic intermediates by straightforward transformations. The effect of the silicon group was found to be essentially steric since similar results (rates, selectivities) were obtained by replacing the silyl substituent by a cyclohexyl group. We also applied this strategy to the synthesis of dihydropyranes. Before we published our results, B. Roush and his group reported a similar sequence using organoboranes instead of organosilanes [67]. They elegantly applied this strategy to the enantioselective synthesis of a variety of conduritols and inositols.

Obviously, we had been very much interested in the mechanism of cycloaddition of keteniminium salts to olefins and acetylenes as compared to that of ketene cycloadditions. This has been discussed in detail in the full account of our work on enantioselective bis-acylation of olefins [62]. We had proposed a two-step mechanism involving a stabilized cyclopropyl carbinyl cationic intermediate (Scheme 31). This mechanistic hypothesis successfully explained and predicted the stereochemical results of the cycloadditions. We have already mentioned the computations Scheme 31. Proposed mechanism for the asymmetric cycloaddition of a keteniminium salt to cyclopentene (UCL). performed in collaboration with K. Houk [65]. Recently two publications appeared which described computations of the reaction pathways of the cycloadditions of keteniminium ions to olefins and acetylenes [68,69] 

Intermezzo-3

The move to new facilities in Louvain-la-Neuve and the arrival of a high-profile organic chemist, H.G. Viehe, really boosted research in organic chemistry at UCL. Also, two younger academics joined us, J-P Soumillion a photochemist and J. Fastrez who had been educated as a physical organic chemist and then became a chemical biologist of international repute after a postdoctoral stay with sir Alan Fersht at the University of Cambridge. We were also fortunate to have a crystallographer, Gabriel Germain who, together with M. Woolfson at York, was a major actor in the development of "direct methods" for structural analysis by X-ray diffraction. Thus, already in the seventies, structural analyses of organic compounds by X-ray diffraction analyses were routinely performed in our Institute.

Chemistry was a very popular subject at that time and it attracted a lot of very good students. I was thus able to build quickly a large research group. Typically, the group was made up of 10 postdoctoral associates, 15-20 PhD students and 5-8 master students. I was always fortunate to attract students in the top 20% of their class as well as excellent postdoctoral associates from all over the world. We had very lively group seminars once a week at lunch time. I used to question my coworkers about the relevance of their research projects to force them to be critical and always question themselves. This was sometimes quite stressing for these young and enthusiastic researchers. Seminars were always in English because the group was quite international and also, I felt that the knowledge of English (even broken!) was a must in the modern scientific world. Weekly organic seminars on Friday late afternoon also offered our coworkers the opportunity of listening to the best organic chemistry practionners. We were also able to establish a visiting professorship which brought to Louvain an impressive group of renowned organic chemists from all over the world.

I would like to mention here the special link which was established in the seventies between organic chemists of our department and their colleagues from Israel. It all started by a visiting professorship of J. Klein of the Hebrew University in Jerusalem. Thereafter there were many exchanges of students and postdocs between UCLouvain and Israel (Hebrew University, Weizmann Institute, University of Tel Aviv and Technion at Haifa). Both H. Viehe and myself visited Israel several times and eminent Israeli colleagues visited our department. I particularly remember of D. Ginsburg who spent some time as a visiting Professor in our department. David was known as an imposing and authoritarian person. Students were quite impressed by him. However, after a few days, he had won them all and they were queuing in front of his office. David was not only a great organic chemist but he was also a great story teller and was full of humour. Our young coworkers really enjoyed talking with him. When he left, we had a special dinner in his honour in my home. After the meal, he gave a speech of thanks which he ended by saying: Léon, in appreciation of what you have done to make our stay so pleasant, I decided to appoint you as a "Honorary Jew"!! Organic chemistry was also flourishing in several Belgian Universities: R. Martin, G. Chiurdoglu, J. Reisse, J. Pécher and later J.C Braeckman, D. Daloze and D. Tourwé at ULB and VUB in Brussels, M. Vandewalle , P. Declercq and N. De Kimpe at the University of Ghent, G. L'Abbé and G. Hoornaerts at KUL, A. Maquestiau and R. Flammang at University of Mons, A. Noels at Université de Liège and A. Krief at the newly created University of Namur were among the most active organic chemists of Belgium in the 1970-1990 period. In 1975 with my senior colleague Prof. R. Martin whom I much liked and respected, we organized the first meeting "FNRS Contact Group on Organic Synthesis" in the town of Blankenberge. At that time, it was a one-day meeting. More than 40 years later this meeting of the Belgian organic Chemist still take place annually under the name "MOCS" thanks to the sponsorship of Merck.

I already mentioned the international meetings which had been started in the old town of Leuven with J. Jaz. These meetings went on till 1976. However, we did not want to limit these conferences to a single topic. Therefore, in 1984, we organized a meeting on "Organic Chemistry, Past and Future". This meeting was a huge success and, in his concluding remarks, sir Derek Barton suggested that such a conference be held in Louvain-la-Neuve every second year! This was indeed very kind to the organizers but neither H. Viehe or myself felt ready to do the job. However, if you fly to Belgium, you land in Brussels airport in the center of a country which is so small than in less than two hours you can reach any city. Therefore, why not make this event a "Belgian event" which would be organized every two years in one of the Belgian universities? We quickly met with a few colleagues who enthusiastically supported our proposal. The Belgian Organic Synthesis Symposia (BOSS conference) was born! It was decided that the first BOSS meeting would be organized in Namur by our junior colleague Alain Krief a French chemist who received his PhD with J. Ficini in Paris and a postdoctoral training with E.J. Corey at Harvard (Fig. 12). Both H. Viehe and I knew Alain very well: Heinz had been a member of the jury for his "Thèse d'Université" and I had been impressed by his creativity and his commitment to research. We had therefore strongly supported his appointment at the chair of organic chemistry in the new University of Namur. Alain and I became close friends and he often called me to ask for advice. He once informed me that Paul Janssen, founder and CEO of Janssen Pharmaceutica, was willing to install a prize to reward exceptional creativity in organic synthesis. I suggested that this Prize was awarded at the BOSS conference. Alain immediately bought that idea. It turned out that discussions with the Janssen management were somewhat slower than expected and Alain thus decided to look for another sponsor. And, what had to happen finally happened: a panicked Alain called me, saying : "what should I do? I have TWO prizes!" I suggested to him to keep the Janssen-sponsored prize and transform the other offer into a sponsored-chair: thus, thanks to the persuasive enthusiasm of Alain Krief, each BOSS meeting started with a one-day course presently sponsored by Elsevier (Tetrahedron Chair). Later in the week one afternoon isthen devoted to the lecture of the awardee of the Janssen Prize for Creativity in Organic Synthesis. The selection is still made by a group of European organic chemists chaired by a Belgian chemist. It must be stressed that Belgian chemical and pharmaceutical industries always supported the BOSS conferences which could maintain high scientific standards throughout the years and have become major scientific events on the European scene.

Excursion in the world of organic halides

We mentioned earlier that α-chloroenamines readily reacted with carboxylic acids and alcohols in the presence of a base. We were also aware of the conversion of carboxylic acids into acid chlorides by treatment with trichlorovinylamine in the presence of a catalytic amount of HCl [70]. This probably resulted from the intermediate formation of an iminium chloride and was therefore reminiscent of the well-known Vilsmeier deoxychlorination of alcohols. We discovered that tetramethyl-αchloroenamine (TMCE) smoothly reacted with a wide variety of hydroxyl-containing molecules without acid catalyst (Scheme 32). The reaction was shown to involve the prior ionization of TMCE to tetramethylketeniminium chloride which reacted with the hydroxyl group of the substrate. This led to the activation of the substrate for a substitution reaction by a chloride ion. The substitution yielded the corresponding chloride and a molecule Scheme 32. N,N dimethylisobutyramide as a vehicle for the replacement of OH by Cl (UCL and IECB).

of N,N-dimethyl isobutyramide which was the starting material for the synthesis of TMCE. Thus, in this sequence, the amide acted as a chlorine carrier and could be recovered and recycled. These seemingly unsophisticated chemical transformations did not arouse much interest of my young students and it took me quite a while to convince a PhD student to study the scope and limitation of the method. We successfully extended these early observations to the deoxybromination and deoxyiodination of alcohols and carboxylic acids [71]. In the meantime, TMCE became commercially available and was described in "Organic Synthesis" and in the "Encyclopedia of Reagents for Organic Synthesis" [32b, 34a]. This mild method of deoxyhalogenation proved to be a real success which led us to further expand the scope of the method. A first detailed account of our work has been published only recently [72]. An interesting feature of the deoxychlorination step is that it took place at room (or lower) temperature under weakly basic solution which allowed the presence of many sensitive functional groups in the substrate. It is a fairly "green" and atom economical process: the only consumed reagents were OPCl3 or OPBr3 with or without LiBr or LiI used in the synthesis of the α-haloenamine. When the substrates contained several hydroxyl groups, the selectivity of the reaction could be controlled by the relative rates of addition of hydroxyl groups on the keteniminium intermediate. We thus developed two groups of reagents which differed by the size of the alkyl groups on nitrogen (methyl: TMXE and i-propyl: DIXE) to ensure selective deoxyhalogenation of polyhydroxylated molecules. Scheme 33 shows some interesting features of this new class of deoxyhalogenation reagents. It can be seen that the method tolerated the presence of sensitive functional groups: thus, the room temperature unstable dimethoxyacetic acid chloride could be prepared at -40°C! The use of 2 equivalents of carboxylic acids led to formation of anhydrides. Functional tolerance was also observed with alcohols. Remarkably neopentyl iodide could be obtained in high yields after 12 h at rt with TMIE. As expected the substitution occurred with inversion of configuration but as expected, an homoallylic alcohol yielded a chloride with retention of configuration. Enols or phenols did not react but 4hydroxypyridine gave high yields of 4-chloro or 4-iodopyridines. Remarkably the alcohol function of an hydroxyacid reacted Scheme 33. Deoxyhalogenation of carboxylic acids and alcohols (UCL and IECB).

faster than the carboxylic group yielding exclusively the corresponding haloacid. As expected the use of a bulkier reagent (eg DICE) allowed to completely discriminate between a primary and a secondary alcohol. TMCE was less selective. We recently found [73] that both α-bromoenamines and α-iodoenamines could be generated in situ by reacting TMCE or DICE with LiBr or LiI at room temperature for 30 min. Thus, any halogenation can now be performed using the commercially available TMCE with or without LiBr or LiI.

In our first publication on deoxyhalogenation reactions [71a], we had reported three exemples of deoxyfluorination of carboxylic acids with tetramethylfluoroenamine. Apparently, this did not attract much attention from fluorine chemists probably because the interest of acyl fluorides as more handy substitutes for acyl chlorides had not yet been demonstrated. At that time fluorine chemistry was still a reserved domain of specialists. Then it became obvious that the element fluorine could play a pivotal role in modulating the biological activity of pharmaceuticals and agrochemicals [74]. Also, Positron Emission Tomography (PET) started to develop as a highly sensitive clinically important diagnostic tool. In this technology 18 F has become the favorite radionuclide since it became readily available (F2 and F -) from small medical cyclotron [75]. All this gave rise to an increasing interest of synthetic chemists in developing efficient late stage methods of introduction of fluorine or fluorine-containing groups in a molecule [76]. Could α-fluoroenamines effect the deoxyfluorination of alcohols? Odds were not in our favour since we had shown that all other deoxyhalogenation reactions occurred through the formation of a keteniminium halide in equilibrium with the α-haloenamine (Scheme 32). Therefore, the deoxyfluorination of carboxylic acids was unexpected and we first thought it could have occurred by a different mechanism involving the initial protonation of the ß-carbon atom of the enamine. We were thus very pleased to see that tetramethylfluoroenamine (TMFE) could affect the deoxyfluorination of many alcohols under very mild conditions. We have recently reexamined this important transformation in greater details and our most significant results have been presented in a plenary lecture at the 22nd International Symposium on Fluorine Chemistry-Oxford 2018 [77].

The exchange of Cl for F in the α-chloroenamine took place at much high temperature than that for Br or I. Good yields of TMFE and DIFE were obtained after several hours in refluxing o-dichlorobenzene (Scheme 34) [35]. Milder procedures would still be welcome in particular for late stage fluorination using the radionuclide F -. results will soon be submitted for publication. Yields were generally good and chemoselectivity was high. We found evidence that the fluorination reaction also involved the formation of a keteniminium salt generated by Brönsted acid catalyzed defluorination of TMFE or DIFE (Scheme 36). These Scheme 36. Deoxyfluorination of alcohols (UCL and IECB).

still preliminary studies are promising and deserve to be optimized: the reaction conditions are very mild and the procedure is quite "green": it produces no waste and lead to the quantitative recovery of the amides which are the starting materials for the synthesis of TMFE and DIFE. The reagents are safe and the reaction conditions are mild. We are presently defining the scope of this mild deoxyfluorination method.

The route to three-carbon annulation reagents

α-Cyanoenamines

Only few representatives of the class of α-cyanoenamines were known in the early seventies. They had been prepared from the cyanhydrin derived from chloroacetaldehyde and a secondary amine [78]. In the early studies of the reactivity of 2-disubstituted α-chloroenamines, we found that they readily underwent nucleophilic substitution with cyanide ion to give the corresponding α-cyanoenamines (Scheme 37). However, as mentioned earlier, 2-mono-and 2-unsubstituted-αchloroenamines were not very stable and it was thus desirable to directly react their precursor α-chloroiminium salts with a source of cyanide ion. We developed a practical method of synthesis of this class of α-functionalized enamines involving (1) the treatment of a tertiary amide with a chlorinating agent such as OPCl3, phosgene, diphosgene…. followed by elimination of HCl with triethylamine to generate the α-chloroiminium salt, (2) thein situ treatment of the saltwith Zn(CN)2 and then triethylamine. This convenient 4-step procedure with no purification of intermediates gave access to a wide variety of α-cyanoenamines [79,80]. Our curiosity led us to explore a few aspects of the reactivity of α-cyanoenamines but other groups and in particular those of Ahlbrecht and De Kimpe have also extensively studied this class of enamines [81,82]. Our first report already insisted on the fact that α-cyanoenamines could be considered as a form of activated amides which could undergo a wide variety of transformations. Also, their synthetic potential would be very much different from that of all iminium salts derived from amides which we have discussed in sections 6, 7 and 9.

α-Cyanoenamines are equipped with an intricate concatenation of functional groups whose "normal" properties could be considerably modified by their environment (Scheme 38). Thus a carbanion or an organolithium (or Grignard) reagent Scheme 38. The intricate functionality of α-cyanoenamines could react on the nitrile, on the 2-olefinic carbon or on the acidic hydrogen carried by a substituent. The double bond could still be nucleophilic enough to react with an electrophilic reagent. On top of all of these, our colleague Heinz Viehe had just made the seminal discovery that radicals were stabilized by a combination of electron-donating and electron-withdrawing groups on the radical center (capto-dative stabilization). Obviously αcyanoenamines were prototypes for this kind of radical stabilization and should thus be also good radical acceptors.

Our first report [79] already described the addition of organolithium reagents to the nitrile to yield an α-diketone after hydrolysis (Scheme 39). We found later that Grignard reagents could also selectively add to the nitrile group [80]. With αcyanoenamines derived from 2-substituted amides, diketones were obtained in excellent yields. In several cases we were also Scheme 39. A simple route to α-diketones from tertiary amides (UCL).

able to isolate the intermediate α-iminoketone (R 6 =H) or αmethyliminoketone (R 6 =Me) after mild hydrolysis and methylation with methyl iodide of the primary adduct. With αcyanoenamine derived from acetamides or from lactams, competitive additions to the C=C double bond were often observed [80,81]. Softer nucleophiles have been shown to add to the double bond of α-cyanoenamines [81]. The research groups of Albrecht and De Kimpe have nicely contributed to the field [ 81 82].

We had also studied the reaction of α-cyanoenamines with electrophiles. As expected they were less reactive than the corresponding enamines. Nevertheless, the group found some interesting and practical routes to even more functionalized enamines (Scheme 40). Reactions with acyl halides were generally sluggish. On the other hand, Viehe's group [83] and Stella et al. [84] found that carbenes and dienes added to the double bond of α-cyanoenamines to yield three and six membered rings carrying captodative substitution. α-Cyanoenamines have continuously attracted much interest and generated interesting applications in fields as different as polymer or agro-chemistry. During this brief visit into α-cyanoenamine's chemistry, we had observed a side-reaction while treating tetramethylcyanoenamine with MeLi or n-BuLi: it resulted from an initial deprotonation of the cyanoenamine by the strongly basic organolithium reagent (Scheme 38) [79]. This was quite interesting because the resulting anion could be considered as an equivalent of an homoenolate derived from the original amide.

I always told my coworkers that they should carefully analyze their reaction mixtures and that, often, side-products (especially if unpredicted) could be more interesting than those predicted to arise from the reaction. In this particular case we could have anticipated the deprotonation to occur in the presence of a very basic nucleophile. It was indeed quite easy to turn this minor pathway into a main transformation. The use of nonnucleophilic strong base such as LDA or the addition of HMPA to a solution of n-BuLi exclusively led to the deprotonation reaction offering us an easy entry into the world of homoenolate chemistry. Remarkably the anion generated at -40°C from LDA and the cyanoenamine reagent reacted regioselectively at the γ position when the nitrogen carried two ethyl groups. Some αalkylated products were formed when the nitrogen carried two methyl groups. Thus, here again we saw the important role of the nitrogen substituents for tuning the reactivity of these functionally complex molecules (Scheme 41) [80b, 85].

Scheme 41. α-Cyanoenamines as equivalents of carboxylic acids-derived homoenolates (UCL).

We also prepared a functionalized α-cyanoenamine which could be used to generate an equivalent of the β-anion derived from an acrylic ester -CH=CH-COOR (Scheme 42) [86].

Scheme 42. α-Cyanoenamine as -acrylanion equivalent (UCL)

The method was further improved by using a more electron-withdrawing phenylsulfonyl group instead of a phenylsulfide (Scheme 43). This was also better adapted to large scale syntheses: the carbanion could be generated with a cheap base such as KOH under solid/liquidphase transfer conditions [87]. Scheme 43. An improved -acrylanion equivalent (UCL).

A new class of cyclopentannulation reagents

We had already mentioned our continuing interest in developing convergent methods for the construction of fivemembered carbo-and heterocyclic molecules. The strategy involving the cycloaddition of electrophilic 2-carbon reagents (ketenes or keteniminium salts) to an olefin followed by a selective insertion of a carbon, nitrogen or oxygen into the strained four-membered ring was applicable to simple and electron-rich olefins or acetylenes. The three-carbon reagents derived from α-cyanoenamines were offering a potential complementary synthetic strategy involving the addition of a nucleophilic 3-carbon reagent (homoenolate equivalent) to an electrophilic double bond (C=C, C=O, C=N) followed by a cyclization. The results of section 10.1. and additional work of other groups showed that the additions to enones were easy. However, we found that the resulting products were not equipped for a one-step cyclization to a five-membered ring. We therefore decided to replace the α-cyanoenamine function by a simple orthoester or ketal which would, in principle, be more suitable for electrophilic cyclization (Scheme 44).

Scheme 44. New cyclopentannulation reagents (UCL and IECB).

A few representatives of this class of molecules had been already prepared [88a, b]. They all carried substituents on the 3carbon chain. However, the synthesis of the linear sulfoneorthoesters was performed by a simpler route using a Michael addition of sodium phenylsulfinate to an acrylic acid derivative followed by a Pinner [89] reaction (Scheme 45). This method of synthesis allowed the preparation of multigram quantities of these 3-carbon reagents. It could also be applied to the corresponding sulfides and acetals using 2-thiophenyl propionitrile or 2-phenylsulfonyl propanal. The branched 3carbon reagents were prepared from a phenylsulfonyl or thiophenyl substituted dialkoxycyclopropane by a modification of Parham's method [88c]. The cyclopentannulation sequence (Michael addition followed by electrophilic cyclization) has been thoroughly studied. The phenylsulfonyl-stabilized carbanion was formed by reaction of the sulfone with n-BuLi. It added with high selectivity at the terminal position of cyclic enones in the presence of 6-10 eq HMPA or >30 eq. DMPU. The intermediate enolate was trapped with TMSCl to yield an intermediate silylenol ether which could be isolated and analyzed. The enolether easily cyclized in the presence of TMSOTf to yield a five-membered ring. In the original publication we used a trimethyl-and triethylorthoesters but we found later that ethyl-dioxolane orthoesters were more stable. The cyclopentannulation usually gave a mixture of epimeric sulfones. The major isomer was shown to be exo [90]. Interestingly the method yielded highly functionalized products prone to undergo many transformations. Thus, for instance, they could readily regenerate an enone in the newly formed cyclopentane ring using known methods and offering thus possibilities for additions and cycloadditions to the activated C=C bond or to the carbonyl group.

We also developed less oxidized 3-carbon reagents such as the sulfide described in Scheme 47. In contrast with the corresponding sulfones these reagents gave good yields of cyclopentannulation products with acyclic enones [91]. This class of cheap and readily available 3-carbon amphiphilic reagents could also be used for the synthesis of 5and 6-membered heterocycles (Scheme 48). Thus, they readily underwent cyclo-condensation reactions with aldehydes and ketones to yield γ-lactones and butenolides [92]. The sampling Scheme 48. A convergentsynthesis of -lactones and butenolides (UCL). of reactions shown in Schemes 45 to 48 confirmed that these robust and relatively unsophisticated 3-carbon reagents should be useful for the synthesis of 5-membered carbo-and heterocyclic molecules by a [3 + 2] strategy. The combination of these reagents with oxiranes was shown to give high yields of pentenolides (Scheme 49) [88c, 93]. Application of this [3 + 3] annulation strategy to azirines was also studied in details in our group [93b, c]. The reaction worked only when the azirine carried a sulfonyl group on nitrogen (Scheme 50). However, the scope of this synthesis of piperidones was rather limited as a result of the harsh acidic conditions of the cyclization step.

In this brief survey we merely discussed the sulfonecontaining 3-carbon reagents which gave good results in our search for practical [3 + 2] annulation reactions. We also examined other groups (eg sulfoxides, sulfoximines, sulfides) but usually better results were obtained with the sulfones. We believe that the above results represented a modest but useful contribution to the field of sulfur-stabilized carbanions which had continuously generated a lot of interest in the community of synthetic chemists [START_REF]Recent reviews[END_REF].

Scheme 50. Exemples of [3 + 3] annulation reactions with aziridines.

Our next endeavour was obviously the application of these annulation reactions to the synthesis of enantiopure molecules. We tried several sulfones carrying chiral substitutents with limited successes. Eventually it was found that chiral sulfonamides derived from proline derivatives were doing the job (Scheme 51). The asymmetric cyclopentannulations of several cyclic enones proceeded with high diastereoselectivities [START_REF] Hastière-Némery | [END_REF]. Bicyclic enones were obtained in high enantiomeric purities after hydrolysis of the ketal and ß-elimination of sulfinic acid. The asymmetric version of the butenolide synthesis of Scheme 48 was best performed with a 3-carbon reagent derived from an enantiopure sulfoxide carrying a bulky 2,4,6-tri-isopropyl phenyl substituent (Scheme 52). Both enantiomers were readily accessible in multigram quantities. Good yields of butenolides of high enantiomeric puritiy were obtained with aldehydes. Yields were also good with ketones but diastereoselectivities were low [96].

The reader will have noticed that all asymmetric syntheses discussed until now were based on the use of a chiral auxiliary carried by the reagent. This was common at the time and accordingly our publications were well received. Nowadays the young generation of synthetic chemists which has grown in the "world of catalysis" could well consider thisas a bit corny Scheme 52. Asymmetric synthesis of butenolides (UCL). and maybe of little practical interest. This brings back to my memory a comment of the research director of a major German company at the end of a lecture I had delivered there. After describing a new asymmetric synthesis based on the use of chiral auxiliaries, my comment had been: "we have indeed progressed a lot in the field but I shall only be satisfied when we will be able to propose a catalytic version of this transformation!" His comment was: "Professor Ghosez, I must disagree with you. I am very satisfied with your chiral auxiliary. It is cheap and easy to make, it can be easily recovered and before removal from the product, it will deliver diastereoisomers which are much easier to separate than enantiomers. Therefore, obtaining an ENP product at the end of the sequence will be easier." I always bore this comment in mind. We will further discuss this when dealing with asymmetric catalysis. At this point, my conclusion is that eventually an "ideal" catalyst will of course win. However, presently, we have few of these (except for hydrogenation and some oxidation catalysts) and therefore all alternatives must be carefully examined in particular when dealing with large scale production of enantiopure chemicals. The chiral auxiliary approach should not be excluded from the outset.

Leisurely strolls among diverse heterocyclic architectures.

It started again with a reaction of tetramethyl-αchloroenamine. The student wanted to generate the corresponding α-azidoenamine by nucleophilic substitution with sodium azide. I went to the laboratory to inquire about the results. The answer to my question "where is your product?" was a simple glance from an embarrassed student at the roof of the hood! The product was indeed "there above"! Tetramethyl-αazidoenamine generated by the fast substitution of chlorine by azide was found to instantaneously lose nitrogen at room temperature to yield an almost quantitative yield of tetramethylaminoazirine (Scheme 53) [97]. A visit of H. Schmid who had studied phenylazirines convinced me that this was an interesting finding because our findings made these reactive heterocycles available in large quantities. We therefore undertook a systematic study of this transformation. α-Chloroenamines carrying two alkyl, aryl, alkenyl and thioalkyl groups at C-2 gave excellent yields of 2-aminoazirines [97,46a]. We also prepared solutions of the unstable 2-monosubstituted α-chloroenamines and reacted them with sodium azide. The corresponding 2-aminoazirines could only be obtained when the nitrogen atom was weakly basic (R 3 =Ph). Otherwise the reaction gave good yields of the aromatic 5-dialkylamino-1,2,3 triazoles. The presence of an ester group at C-2 [98] led to the formation of 4-H-triazoles which could be readily purified and analyzed. The 4-H-triazoles were stable at room temperature. They slowly lost nitrogen at high temperature to yield the corresponding aminoazirines. Saponification and decarboxylation yielded the aromatic aminotriazoles. We had also shown that the reduction of tetramethyl aminoazirine led to an aminoaldehyde which dimerized to give a diazine. We also studied in details the reaction of aminoazirines with Brönsted and Lewis acids. A crystalline tritylated aminoazirinium tetrafluoroborate could be isolated and characterized. It did not undergo electrocyclization and reacted with cyanide to yield a stable aminoaziridine. We did not further pursue studies of this interesting system but several groups and especially that of Heimgartner in Zürich exploited the rich chemistry of these readily accessible strained amidines [99,100].

We also became interested in the thermal rearrangement first examples of C-C bond cleavage of azirines but at much higher temperatures. As a result, their crude reaction mixture contained several fragmentation products. We believed that the C-C bond cleavage in 2-aminoazirines occurred more readily as a result of an increased electron density on the ring nitrogen and a stabilization of the intermediate carbene by the electron-donating dimethylamino group. The intermediate aminocarbene would then rearrange to the more stable 2-azadiene by a sigmatropic rearrangement. This reactive diene could be purified and analyzed. It gave Diels-Alder reactions with several dienophiles. We later observed a similar behaviour in the case of alkoxyazirines [101c]. The corresponding 1-alkoxy-2-azadienes also gave [4+2] cycloadditions. To us, these fortuitous observations were invitations to revisit a "monument of synthesis": the venerable Diels-Alder reaction (see 13.3.).

Intermezzo-4

Our journey in the world of chemistry has been mostly driven by an insatiable curiosity which led us to explore many different areas rather than embarking into comprehensive studies of applications of the new findings. Thus, we had been interested in the synthesis of three-and four membered rings as challenging high energy ring systems which were expected to exhibit unusual chemical behavior and lead to new chemical reactions and applications to synthesis. I believed that mere curiosity was sufficient to justify the selection of our research projects. Nevertheless, in view of our permanent contacts with industrial chemists, the selected projects were often connected to molecular targets of interest to our industrial colleagues. Thus, our interest in developing practical syntheses of 5-membered rings originated from discussions about the possible applications of prostanoids in human therapy.

We had shown a continuous interest in the construction of ring systems by cycloaddition or cyclocondensation reactions: this had been already illustrated by the various [2+1], [2+2], [3+2] and [2+2+1] cycloadditions and condensations leading to 3, 4 and 5-membered rings. The synthesis of 6-membered rings had always received a lot of attention because they were common substructures in natural products. The Robinson annulation and the Diels-Alder cycloaddition were historic milestones in the development of synthetic routes towards 6-membered rings. The Diels-Alder reaction uses most frequently an electrophilic olefin or acetylene and a nucleophilic diene. A wide range of olefinic and acetylenic dienophiles were commercially available or readily accessible from the early days. On the other hand, till the early seventies, there had been only one report on the use of functionalized dienes in Diels-Alder reactions. In 1952 McElvain et al. described Diels-Alder reactions using vinylketene acetals as nucleophilic dienyl partners [104]. Otherwise variations on the diene structures were mostly limited to alkyl and aryl substituents which did not provide much activation of the conjugated double bonds nor allowed for the introduction of functional groups in the cycloadducts. Also, there were very few useful heterodienes for the synthesis of six-membered heterocycles. This was rather surprising in view of the huge potential offered by this reaction:

(1) creation of structural complexity in one step using fairly simple reactants, (2) regio-and, often, stereochemical control. One would have expected much faster development and far more applications for a reaction discovered in 1928! K. Alder had described his discovery as "ein ideales Aufbauprinzip organischer Stoffe". He also explicitly reserved for his laboratory the applications of the method to the solution of problems such as the total synthesis of natural products such as terpenes, sesquiterpenes and even alkaloids which were considered to be "to the near prospect" …. those were the days! It took in fact almost 50 years to exploit the full synthetic potential of this marvelous reaction as a result of the preparation of new reactive and highly functionalized dienes and the studies of an intramolecular version of the cycloaddition. A first but still modest progress was published by our group in 1973: it described vinylketenimines as reactive and highly functionalized dienes [105]. This was immediately (1974) followed by the acclaimed publication of S. Danishefsky et al. who showed that the presence of electron-donating groups at C-1 and at C-3 of a diene provided a substantial increase of reactivity and yielded cycloaddition products with interesting functionalities [106]. One should also mention other pioneers such as Brassard [107], .

Scheme 54. New dienes and heterodienes studied in Louvain-la-Neuve and in Bordeaux.

I had personally been always fascinated by this elegant, sophisticated yet simple in design method of building complex six-membered rings. Our group remained continuously active in the field and extensively used the Diels-Alder reaction for the synthesis of privileged scaffolds derived from bioactive natural products. This led us to design and prepare a collection of new dienes and heterodienes (Scheme 54). The guidelines were: (1) accessibility and low cost, (2) high functionalization, (3) the possibility of generating nitrogen-containing heterocycles. This research endeavour was intellectually very rewarding as a result of the many problems to be solved in terms of reactivity, chemoand stereoselectivity.

13. Back to the "old world" of synthesis: the Diels-Alder reaction

Vinyl ketenimines and vinyl keteniminium salts.

The first class of dienes we had studied were the vinyl ketenimines. In our early studies on singlet carbenes and ketenes which both underwent cycloaddition reactions, we had noticed that both systems contained both electrophilic and nucleophilic functionalities (Scheme 55) [25d]. Singlet carbenes could thus be regarded as a combination of a carbocation (empty p orbital) and a carbanion (lone pair). Ketenes and ketenimines could be regarded as acylium or nitrilium ylides exhibiting electrophilicityat C-1 and nucleophilicity at C-2 [110]. In principle they could act either as electrophiles or as nucleophiles depending on the reaction partner and the nature of the substituents. The high tendency of ketenes to dimerize obviously resulted from their ambiphilic character. Ketenimines are usually more stable than the corresponding ketenes and keteniminium salts which lack this dipolar character did not dimerize in spite of the fact that they were very strong electrophiles. The 1,1 or 1,2 "dipolar character" of singlet carbenes, ketenes and ketenimines made them especially suitable for concerted cycloadditions. On the other hand, keteniminium salts were shown to cycloadd to olefins via a two-step process. This rough description of carbenes and cumulenes merely aimed to underline the driving forces behind the special reactivity of these cumulenes. Our interest in [2+2] cycloadditions of ketenes and keteniminium salts led us to also examine the behaviour of ketenimines. In 1971 we described the first examples of cycloadditions of ketenimines to the recently described ynamines [111]. We found alkyl and aryl substituted ketenimines were much less reactive towards nucleophilic double bonds than the corresponding ketenes and keteniminium salts. The reaction with the highly nucleophilic triple bond of ynamines required several hours in a polar solvent when the nitrogen carried a phenyl substituent. The product was a formal Diels-Alder adduct between the triple bond and the diene formed by the C=N bond of the ketenimine and a double bond of the aromatic ring. The reaction was much slower when the nitrogen atom carried an alkyl group and took several days at room temperature in acetonitrile. We observed a mixture of a [2+2] cycloadduct between the triple bond and the C=N bond of the ketenimine and a product resulting from the reaction of the intermediate dipole with a second molecule of ketenimine. Thus, both ketenes and keteniminium salts appeared to offer more synthetic opportunities for reactions with nucleophilic unsaturated systems. The replacement of alkyl or aryl substituent by a strong electronwithdrawing group such as tosyl would be expected to increase the electrophilic character of the C=N bond. This was indeed observed in the reaction of ketenimine with aldimine (Scheme 57), N-alkyl and N-aryl ketenimines did not react with Schiff bases even at 100°C [110]. On the other hand, the readily available N-tosylketenimines [112,113] reacted at room temperature to yield azetidinimines. Thus, it appeared that the order of reactivity of these heterocumulenes toward nucleophilic Scheme 57. Reaction of activated ketenimines with imines (UCL).

partners was: keteniminium > ketene > "N-Ts ketenimine" > "Naryl ketenimine" > "N-alkyl ketenimine". It would be expected that a reverse order of reactivity would be observed for the reactions with electrophilic partners. We thus examined the nucleophilic reactivity of vinyl ketenimines in Diels-Alder cycloadditions with electrophilic olefins and acetylenes. This reaction was of particular interest to us because it was expected to provide a simple access to a wide variety of aniline and cyclohexenones with a predictable substitution pattern (Scheme 58) [114]. The first representative of this class of this class of highly functionalized diene was readily prepared from the corresponding amide. It behaved as a moderately reactive nucleophilic diene. Interestingly when the vinylketenimine was exposed to a nucleophilic partner (blue pathway) such as an ynamine, it reacted across the dienic system formed by the enamine and a double bond of the aromatic ring as already described in Scheme 56. This confirmed the ambiphilicity of this class of diene.

In the context of our general endeavour to expand the scope of the Diels-Alder reaction, we considered that vinyl ketenimines and the related vinyl keteniminium salts would give a quick and easy access to highly functionalized intermediates for total syntheses of complex molecules and also to unusual structural patterns which were not accessible before by a DA strategy. This is first illustrated in Scheme 59 which describes an intramolecular version of the reaction of alkenyl ketenimines with electrophilic acetylenes [115]. Good yields of carbazoles were obtained. The second example describes an application of Scheme 59. A general synthesis of carbazoles (UCL).

this DA strategy to the synthesis of an advanced intermediate in the total synthesis of ellipticine, an antitumoral agent. This was more than a pleasing method to construct a variety of carbazoles: it indeed highlighted the untapped synthetic potential of these readily available systems. Many more related intramolecular DA reactions of ketenimines could be easily thought of for convergent syntheses of complex polycyclic heterocycles.

Scheme 60. The rich synthetic potential of silylated alkenyl ketenimines (UCL).

The usefulness of these new dienes very much rested on their availability. At this point we had used ketenimines carrying alkyl, aryl and sulfonyl groups on nitrogen. We thought that the method should also allow for an easy generation of a primary amine in the products and therefore decided to study the preparation of ketenimines carrying an easily removable protecting group on nitrogen. The reaction of chlorosilanes with nitrile anions had been claimed by S. Watt to lead ketenimines (N-silylation) rather than the products of C-silylation [116]. We could not fully confirm these results when forming the anion from an allyl cyanide: with t-butyldimethylsilyl chloride (TBSCl) both N-silylated and C-silylated products were obtained. The use of a bulkier silylating agent such as triisopropyl silyl chloride (TIPSCl) exclusively yielded the desired ketenimine. α-Substituted allyl also yelded ketenimines with both TBS-and TIPS chlorides. This simple and general method was successfully applied to the synthesis of silylated alkenyl ketenimines which were stable and distillable compounds [117]. They behaved as moderately reactive diene partners in Diels-Alder cycloadditions to activated acetylenes. The desilylation of the nitrogen atom could be done selectively by treatment with KF in methanol. It left untouched the TIPS group on the aromatic ring. Addition of another equivalent of bromine then effected the bromodesilylation to deliver the 4,6-dibromoanthranilic ester in good yields. This indicated that the directing effect of the amine exceeded that of the silyl substituent. The presence of a TIPS groups thus offered interesting possibilities for the selective introduction of other functional groups on the aromatic ring using electrophilic substitution reactions. Activated nitriles reacted smoothly with these new dienes to give 2-aminopyridines. The reaction with olefinic dienophiles was also explored: after selective desilylation of nitrogen, interesting functionalized cyclohexadienes were generated which could be hydrolyzed to the corresponding cyclohexenones without losing the TIPS group.

Clearly the use of other "masked" carbonyl groups than imines could further extend the scope of the Diels-Alder reactions. Ketene acetals, thioacetals and aminals had been prepared and shown to be reactive toward electrophilic olefins as a result of the presence of two activating groups at C-1 [104,[107][108][109]. However, the presence of two substituents at C-1 destabilizes the syn conformation of the diene which is required for the formation of the 6-membered ring: this could lead to undesired side-reactions. Our approach rested upon the use of the recently discovered α-haloenamines. We had indeed shown that the reactivity of these enamines could be tuned by the selection of the α-halogen atom: α-chlorodienamines were therefore expected to behave as electrophilic dienes (alkenyl keteniminium chlorides) while the corresponding α-fluorodienamines should react as nucleophilic dienes [118]. This was spectacularly illustrated by their behaviour as Diels-Alder partners with acrylonitrile (Scheme 61). The α-chlorodienamines reacted indeed as a 2-propenyl keteniminium salt and cycloadded across the carbon-nitrogen triple bond of acrylonitrile to give a pyridine cycloadduct after aromatization. It also reacted with simple nitriles such as acetonitrile. The reaction was accelerated by the presence of KI as expected for a mechanism involving a keteniminium salt intermediate. The corresponding αfluorodienamine behaved as a nucleophilic diene adding to the olefinic bond of acrylonitrile to yield a cyclohexanone after hydrolysis. The corresponding aminal (X = NMe2) was expectedly more reactive. These Diels-Alder reactions were probably stepwise processes involving the formation of a 1,4 dipolar intermediate which cyclized to the thermodynamically more stable 6-membered ring. This mechanistic proposal was further supported by the unexpected result of the cycloaddition of another activated dienamine (X = OMe). The substituted aniline did not exhibit a substitution pattern resulting from a bona fide DA reaction. It could readily be explained by the initial formation of 1,4 dipolar intermediate which kinetically and irreversibly cyclized to a cyclobutene ring. This would undergo a fast electrocyclic ring opening (push-pull effect) to generate a triene which would then undergo an electrocyclization to yield the aniline with the observed substitution pattern. The high oxidation level of the new dienes described in Scheme 58-61 Scheme 61. Tunable dienamines for Diels-Alder cycloadditions (UCL).

have significantly expanded the number of functionally rich 6membered rings accessible by the Diels-Alder reaction and allowed the introduction of unusual substitution patterns. It certainly should have deserved more attention [119] and it is therefore quite rewarding to see a renewed interest for these classes of molecules [36c-f, 120]. At that time, we rather decided to face the challenge of finding readily available azadienes for practical and convergent preparation of pyridines, pyrimidines and piperidines which are ubiquitous substructures in many compounds of therapeutic interest.

1-azadienes

, -Unsaturated imines can be considered as the simplest class of 1-azadienes. The replacement of a terminal carbon atom by a more electronegative nitrogen atom in the conjugated system creates an electron-deficient diene which should be expected to react with electron-rich dienophiles. Few successful examples of such reactions had been described [121]. In most cases the vinyl imines did not give the expected adducts or reacted through their enamines tautomers. Electrophilic activation by sulfonyl, acyl or cyano groups on nitrogen or on the imine carbon enhanced the reactivity of the azadienes and led to successful cycloadditions with a variety of dienophiles as shown by Fowler, Boger, Grierson and a few others [122].

Our approach was different: our attention was drawn by three seminal papers published by Jacquier in Montpellier and Brehme in former "East Berlin". They showed that the presence of an electron-donating amine substituent on the nitrogen atom of an imine could reverse the polarity of the bond: as a result, electrophilic attack occurred on carbon rather than nitrogen [123]. This was an important discovery which led to many interesting developments by Brehme himself but also by Enders and others [124]. At that time R. Jacquier was widely recognized for his work in heterocyclic chemistry. Both he and his close coworker J. Elguero contributed a lot to our understanding of the behaviour of heterocyclic compounds. Their work was a harmonious blend of synthetic and physical organic chemistry. J. Elguero left France when democracy was re-established in Spain and became a major player in the development of chemical research in Spain since 1978. I had the privilege to be a friend of both Robert and José. I remembered that, in the early seventies, Robert Jacquier informed me that he was planning to stop his research in heterocyclic chemistry and move to peptide chemistry. He felt a need to address other challenges. Remarkably, he was able to convince his permanent staff to follow him in spite of the rather conservative environment of the French system: I always admired him and his coworkers for this scholarly attitude. They were indeed acclaimed heterocyclic chemists and nevertheless did not hesitate to move to a field which was entirely new for them, driven only by scientific curiosity and interest. Not surprisingly, after a few years, the "new" laboratory had become a major player in peptide chemistry! Jacquier's and Brehme's papers led us to anticipate that hydrazones derived from vinyl imines could behave as nucleophilic dienes. In 1982 we published a first report showing that N,N-dimethylhydrazone derived from methacrolein behaved indeed as a moderately reactive nucleophilic 1-azadiene [125]. With dienophiles carrying two electron-withdrawing groups, cycloadditions took place at room temperature. With less reactive dienophiles such as acrylic esters or nitriles, adducts were obtained only after prolonged heating in refluxing acetonitrile or toluene (Scheme 62). The presence of alkyl or aryl substituents on the dienophiles led to lower yields (α-substitution) or (βsubstitution) no reaction. Both methyl maleate and fumarate stereoselectively yielded a trans adduct as a result of the basecatalyzed isomerization of methyl maleate under these reaction conditions [126]. The role of the dimethylamino group was primarily the "umpolung" of the imine group. It also served as leaving group and base catalyst for the aromatization of dehydroaromatic adducts. The enehydrazine present in adducts to olefinic dienophiles could be reduced with zinc in acetic acid yielding a saturated piperidine ring. We observed with some disappointment that acetylene dicarboxylate gave a very poor yield of aromatized adduct. Increasing the size and lowering the nucleophilicity of the amine substituent by replacing alkyl by phenyl allowed to obtain the corresponding pyridine in excellent yields. However, the reaction was not general and less reactive acetylenic compounds did not yield the corresponding adducts. We also found that the corresponding 1-azadienes derived from unsaturated ketones were unreactive: the presence of a substituent on the imine carbon atom prevented the amine group from interacting with the diene by forcing the lone pair out of the plane of the π system (Scheme 63).

Scheme 63. Diagnostic tool for predicting the enophilicity of hydrazones derived from unsaturated aldehydes and ketones (UCL).

Most hydrazones showed indeed a UV spectrum reminiscent of conjugated triene with a strong absorption around 275-278 nm.

The corresponding oximes or simple imines showed an absorption maximum around 221-225 nm. Neither oximes or simple imines nor 2-substituted-hydrazones (in magenta) which all showed an absorption band around 222 nm did react with electrophilic dienophiles such as, eg, benzoquinone. All other hydrazones yielded cycloadducts. The presence of a substituent at C-2 (R = Alk, Ph) which should increase the population of the cis-conformation of the diene was found to increase the rate of cycloaddition and decrease side reactions. We thus decided to prepare and study the reactivity of a 1-azadiene carrying a

trialkylsilyloxy-substituent at C-3 which would activate the diene by both its electron-releasing properties and its effect on the population of the cis-conformation of the diene [125c ,126]. Scheme 64 gives a brief overview of our still unpublished work using these reactive 1-azadienes. These were the most reactive 1azadienes we have studied so far. They reacted even with poor dienophiles such as acrylonitrile and even when the diene carried a substituent on the imine group. Also, the method offered a practical route to polysubstituted pyridines and in particular to pyridines carrying functional groups at C-3. We believed that this was filling a gap in Diels-Alder chemistry. A full account of the work should appear soon. At this stage the reader could rightly ask why we did not try to catalyze these cycloadditions with an appropriate Lewis acid or by an organocatalyst. This had of course been studied, but it only led to a lot of frustration: no catalysis, plenty of side reactions resulting from the reaction of the vinyl hydrazones with the catalysts…nothing worked in our hands. At this stage it seemed thus that asymmetric catalytic cycloadditions of these 1-azadienes would not be feasible. We therefore had a look at vinyl hydrazones carrying a chiral auxiliary (Scheme 65) [127]. The reactions gave products of high enantiomeric purity. A drawback of the method resulted from the formation of two epimers upon reductive cleavage of the ene-hydrazone. We did not go any further with this approach.

Scheme 66. A general synthesis of 3-trimethylsilyloxy-2-azadienes.

2-azadienes

This program was initiated by our serendipitous discovery that 2-aminoazirines thermally rearranged to yield 1-dialkylamino-2azadienes which readily underwent Diels-Alder cycloadditions (see Scheme 53). The study of the synthesis and cycloadditions of 2-azadienes quickly became a major endeavour in our laboratory and kept us busy till recently! Not surprisingly this subject had attracted the attention of many research groups around the world which have developed nice chemistry. We thus followed closely the work of Barluenga, Palacios,Jacobi,Mariano and … many others [121a,d,g,128]. Our own approach was based on the simple consideration that the presence of a silyl ether on C-3 of the 2-azadiene should (1) increase the reactivity toward electrophilic dienophiles, ( 2) increase the population of the s-cis conformation of the diene, (3) allow for a convergent synthesis of the 2-azadiene by combination of three fragments: an aldehyde (blue), an equivalent of ammonia (black) and a carboxylic acid derivative (magenta). A large variety of 2azadienes were prepared following the simple synthetic route depicted in Scheme 66 [129]. Remarkably the sequence delivered only one stereoisomer except when R 2 was F. However, the E/Z mixture could be used because the E isomer did not undergo the Diels-Alder reaction (no access to the s-syn conformation).

In scheme 67 we describe a summary of the facile Diels-Alder reactions of the purified 2-azadienes with a wide variety of dienophiles. The products shown in Scheme 67 resulted from a mild methanolysis of the primary adducts. The reactions took place with the regiospecificity expected for a reaction of a nucleophilic diene with an electrophilic dienophile. The reaction was chemoselective: there were no traces of products resulting Scheme 67. Cycloadditions of purified 2-azadienes (UCL).

from the nucleophilic addition of the nitrogen lone pair to the dienophiles. Our studies revealed an unprecedented stereochemical dichotomy between cyclic and open-chain dienophiles. Maleic imides and quinones yielded predominantly an adduct resulting from an endo-approach of the reactants while methylvinyl ketone, acrylic, crotonic and cinnamic acid derivatives reacted with high exo-selectivity. This was of great synthetic value since it provided an access to a variety of diastereoisomers resulting from the choice of the appropriate dienophile (cyclic or acyclic, cis or trans). The minor diastereoisomers were easily separated by flash chromatography [130]. This unique stereochemical dichotomy probably resulted from different reacting conformations (s-trans for cyclic dienophiles and s-cis for open-chain dienophiles).

Remarkably these 2-azadienes also reacted with aldehydes with high endo-selectivities. [131]. Acid hydrolysis of the resulting 1,3-oxazinones yielded β-hydroxy-amides. The reaction was quite general. It showed that these 2-azadienes could be considered as activated derivatives of carboxylic acids which could thus be stereoselectively α-hydroxyalkylated using a Diels-Alder strategy. Cycloadditions to N=O, and N=N also yielded interesting adducts which could be hydrolyzed under acidic conditions to the corresponding α-aminoamides, αhydroxyamino-amides and α-hydrazine-amides [132]. A large number of students and postdoctoral associates were involved in the studies of these new azadienes to explore their high synthetic potential but also to try to understand theiroften intriguing behaviour. We quickly realized that they were offering unparalleled possibilities for the selective synthesis of a large number of heterocyclic compounds if we could avoid the need to purifythese often very sensitive reagent.

Our initial success in this venture was the development of an exceptionally practical and general synthesis of pyridines and pyrimidines (Scheme 68): (1) it used readily available andcheap starting materials, (2) it gave pure aromatized cycloadducts in yields which were usually higher than 70%, (3) it allowed the control of the substitution pattern of the aromatic ring by the choice of the appropriate components, (4) reactions were 100% regiospecific [133]. A multicomponent reaction involving an intramolecular hetero Diels-Alder reaction was also studied (Scheme 70) [134,135].

Here the cycloaddition step was extremely fast and the intermediate 2-azadiene could not be detected. As a result of additional constrains due to the intramolecularity of the cycloaddition step, mixtures of endo and exo adducts were often obtained. However, they could be easily separated by filtration on silicagel. This strategy has been easily applied to the synthesis of up-to 100g of bicyclic scaffolds.

We are confident that all cycloadditions described in Schemes 67 for purified azadienes should also be readily amenable to a multicomponent version without isolation of any intermediate. Thus, we had accomplished our first goal of assembling a carboxylic acid, an aldehyde, a derivative of ammonia into a six-membered nitrogen heterocycle by a multicomponent regioselective and highly stereoselective sequence of reactions. The next step was obviously the production of enantiopure heterocycles. Boosted by our successful results in asymmetric keteniminium cycloadditions, we first looked at chiral dienophiles carrying C-2 symmetric chiral auxiliaries (Scheme 71). Later we also examined other classes of chiral dienophiles. All dienophiles were available in multigram quantities from cheap starting materials [136][137][138][139]. They were first tested on model dienes [136,139,]. iminium triflate. All carbamoyl nitroso compounds were powerful dienophiles (Scheme 72) [139, 140,]but surprisingly, Nnitroso-D-bornan-10,2-sultam did not react with the dienes. All Diels-Alder reactions proceeded with very high diastereoselectivities except in the case of the prolinol derivatives. The reaction of 2-azadienes with these chiral acyl nitroso compounds yielded enantioenriched derivatives amino acids with moderate selectivities. The readily available 2azadienes carrying an i-propyl group at C-1 reacted smoothly at low temperatures (< -50°C) with the in situ generated carbamoyl nitroso compounds. Only one diastereoisomer was detected. The problem was the removal of the chiral pyrrolidine at the end of the sequence. This required strong acidic conditions which could well be unacceptable for adducts carrying sensitive functional groups. Other pyrrolidines carrying strong electron-withdrawing groups (eg CF3) were found to be unpractical and more difficult to prepare [141]. The acylnitroso compound derived from Dbornan-10,2-sultam was successfully used in an efficient enantioselective synthesis of a direct precursor of epibatine [142]. The various acylnitroso compounds were also evaluated as asymmetric amination reagents of the activated double bonds of enolates, enol ethers, ketene acetals [143] In the course of our studies of 2-azadiene cycloadditions, we tried to catalyze some reactions with unreactive dienophiles. Almost a full PhD thesis [144] and several isolated studies were devoted to the search of appropriate catalysts. Results were frustrating: destruction of the azadiene, low yields, poor enantioselectivites with chiral catalysts which had been successfully used with classical dienes. Obviously, the presence of a basic nitrogen atom in the diene led to competitive complexation of the Lewis acid catalyst with the dienophile and the diene. Eventually we found that the (S, S) t-butyl bisoxazoline (Box) copper triflate catalyst used by Evans [145] in Diels-Alder reactions selectively complexed the bidentate imide dienophile.

The results were spectacular: in most cases the reactions exclusively provided an exo -adduct of very high enantiomeric purity (Scheme 73) [146]. The imide group present in the adduct could then be transformed into a variety of functional groups such as amide, esters, acids, aldehydes. We dare to say that this is probably one of the best methods to produce enantiopure piperidines: indeed, we recently showed [147] that the sequence Scheme 73. A powerful catalytic asymmetric synthesis of piperidones (UCL and IECB) could be performed without isolation of the 2-azadienes. It just required the addition of 0.5 to 1 equivalent of TMSOTf just before adding the catalyst. These recent and unpublished studies led also to excellent yields, dia-and enantioselectivities.

Progresses in this field have been recently reviewed [148].

Further studies on new reagents for hetero Diels-Alder reactions met with less success. I remembered that I had taken my first steps as a synthetic chemist in making vinyl isocyanate from acryloyl chloride, a pungent liquid which often made me weep! A friend of mine R. Fuks who had been a coworker of H. Viehe at the Union Carbide European Research Associates in Brussels had discovered the first [4+2] cycloadditions of vinyl isocyanate to an ynamine [149]. Two more reports on such cycloadditions appeared then J. Rigby and his group published their nice and extensive investigation of heterocyclic synthesis using vinyl isocyanate [150]. We thought that the enophilic properties of vinyl isocyanate would be further improved by the introduction of an ether group on the olefinic bond. This did not meet our expectation: the combination of a nucleophilic enol ether and an electrophilic isocyanate did not lead to better reagents for bona fide Diels-Alder reactions (Scheme 74) [151]. The scope was quite limited. Yields were often mediocre and many side reactions did occur. We did not pursue this project although it was obvious that this highly functionalized class of reagents should certainly deserve more attention.

Scheme 74. Hetero Diels-Alder reactions with vinyl isocyanates (UCL)

As stated above, vinyl isocyanates could be considered as ambiphilic heterodienes. Protonated or N-alkylated 2-azadienes also belonged to this class but results were also disappointing: the reactions with nucleophilic dienophiles led to the formation of only one C-C bond connecting the electrophilic carbon of the iminium ion with the nucleophilic carbon of the dienophile. We then tried to generate the corresponding O-vinyl oxonium salts by the route described in Scheme 76. We were surprised and delighted to observe an interesting rearrangement [152] leading tothe ortho-thiomethylation of the aromatic ring of phenylacetic acid. The reaction was quite general and not restricted to thiomethylation: it could be applied to thioarylation as shown in Scheme 77. The availability of the starting aryl and heteroaryl acetic acids, the simplicity of the procedure and the mild conditions should appeal to the synthetic chemists: many interesting functionalized (eg fluorine containing molecules) aryl and heteroarylacetic acid derivatives should be easily prepared by this method. We have studied the scope, limitation and the mechanism of this transformation but the details have not yet been published [see 152b] We also published a first report of the extension of the method to the γ-thiomethylation of α, βunsaturated carboxylic acids (Scheme 78) [153]. The reaction was highly regioselective even when the -carbon atom was highly substituted: this allowed to create a functionalized quaternary carbon atom. This was indeed a rewarding fall-out of our diene chemistry.

A brief excursion into "special solvents"

During my stay at Harvard I became very much interested in the rapidly developing field of physical organic chemistry. Thus I closely followed the work of S. Winstein at UCLA. He was a very good friend of R.B. Woodward. I still remember of a Mini-Symposium at Harvard where both S. Winstein and H.C. Brown had been invited to give a lecture. This happened right in the acute phase of their dispute about the existence or non-existence of non-classical carbocations. I remember Woodward entering the room following the two opponents and pulling a gun (a toy of course!) at them. I enjoyed so much Winstein's lecture that I was wondering whether I should not spend my second year as a postdoc in his laboratory. However, when I asked Woodward what he thought about this project, his answer was clear: stay here! Scheme 78. -Thiomethylationof unsaturated carboxylic acids I remembered very well the striking observation of S. Winstein in 1954 that small amount of LiClO4 strongly accelerated acetolysis of benzene sulfonates [154]. This "special salt effect" was later found by Pocker et al. to be responsible for a 10 9 acceleration of the ionization of trityl chloride in ether by addition of LiClO4 [155]. Then the groups of Föhlish and Sauer observed that addition of LiClO4 strongly accelerated cycloaddition reactions [156]. Concentrated solutions of LiClO4 in organic solvents were then systematically used by P. Grieco's group as reaction media [157]. Grieco had many followers in spite of hazard associated with experiments using large amounts of lithium perchlorate, an explosive and strong oxidizing agent. In the early nineties I lectured at a CNRS-sponsored meeting dedicated to a discussion on the "state-of-the art" and "prospects" of catalysis, synthesis and several other areas of the chemical sciences. Nightly, in the local bar, we started a discussion about environmental problems associated with the use of large amounts of organic solvents.

I had mentioned the use of concentrated solutions of LiClO4 in ether as a way to catalyze organic reactions. An eminent French electrochemist M. Armand, Professor at the University of Montreal, asked me why organic chemists did not use lithium triflimide instead of the dangerous lithium perchlorate. Lithium triflimide had indeed become very popular in the community of electrochemists because of its importance as a safe Li + source in batteries. It had also become available at a reasonable price. I wrote to the American company which produced LiNTf2 and received 1 kg free of charge. They did not even ask what I was planning to do with it! As mentioned by Armand, the salt was very soluble in diethylether (up to 5M), acetone, acetonitrile, ethyl acetate to lead what I like to call "ionic solvents". A new PhD student measured and compared the polarity and the acidity of solutions of LiNTf2 and LiClO4 and found a lot of similarities. Then we studied several reactions which could not be performed under normal conditions in classical solvents and found indeed very interesting results.

In the meantime, I met P. Grieco in London and told him about our results. He then asked one of his students to compare his own results with LiClO4 solutions to those with the new salt. We then reported our results in a joint publication [158]. Scheme 79 is an illustration of the work performed in our group. For instance, we had found that 1,1-dimethylaminohydrazone derived from 2-methylpropenal reacted slowly (5 days at 100°C) with dimethyl fumarate in acetonitrile to give stereospecifically the expected trans-adduct. In 4M LiNTf2 in ether, the reaction took place at room temperature and a 78% yield of the transcycloadduct was obtained. The cycloaddition with dimethyl maleate was also very slow in acetonitrile and was accompanied by the isomerization of dimethyl maleate into dimethyl fumarate to also yield a trans-adduct. Running the reaction in the "ionic solvent" allowed to perform the reaction at room temperature and avoid isomerization: the cis-cycloadduct was then obtained in 76% yield. The acceleration of the cycloaddition reaction was assigned to a combination of two factors: high polarity of the solvent stabilizing a polar transition state and Lewis acidity of the lithium cation complexing the carbonyl groups of the dienophile. This contrasted with the behaviour of all other Lewis acids we had tried before and which usually led to inhibition of the reaction or destruction of the 1-azadiene. In scheme 80 it is shown that the reaction of a cyclic 2azadiene was not only strongly accelerated in the ionic solvent Scheme 80. Reversing stereochemical preferences. but also, that the stereoselectivity was reversed: in toluene we observed a preference for the endo-cycloadduct as generally observed for the cycloadditions of 2-azadienes with cyclic dienophiles. The reaction in 2.5M LiNTf2 in diethylether showed a high exo-selectivity under kinetic conditions probably as a result of the stabilization of the more polar exo-transition state in the ionic solvent. Such an observation was, as far as we could tell, unprecedented.

Another interesting observation which had already observed in lithium perchlorate solutions is shown in Scheme 81. The classical "allowed" thermal Claisen rearrangement of allyl vinyl ethers was not observed when the substrate was dissolved in the ionic solvent: a smooth [1.3] "forbidden" sigmatropic rearrangement occurred at room temperature. We feel that these "ionic solvents" have been underexploited in synthesis. LiNTf2 is now relatively cheap and can be recovered quantitatively by In 1979, I was fortunate to be invited as a JSPS fellow by Prof. Hitosi Nozaki (Fig. 14), a major figure of Japanese organic Tokyo, Osaka, Okayama, Hiroshima and, of course, Kyoto. I delivered several lectures and met some of the "Gods" of Japanese organic chemistry of that time: T. Mukaiyama, T. Kametani, K. Fukui, S. Torii and many others. I was however surprised that the tour programmed by H. Nozaki had not included Nagoya University. This was indeed the place hosting two exceptionally talented young organic chemists: R. Noyori and H. Yamamoto. H. Nozaki immediately reacted to my request by picking up the phone and arranging a meeting with his former coworkers, Rioji and Hisashi. This was the beginning of longlasting friendly relations with these exceptional scholars. I always admired the way R. Noyori developed asymmetric Fig. 15. Prof. R. Noyori, Mrs Noyori, Monique and Jean-Jacques Ghosez Tokyo catalytic hydrogenation: this was a major problem at that time which required a lot of creativity but also systematic in depthanalysis using the tools of physical organic chemistry and …patience. This lifelong effort led to results with enormous scientific and industrial impacts and these almost "ideal" catalysts have found worldwide applications. 

Silicon was good for us!

Electrophilic catalysis

After this long journey through so many different chemical landscapes, I noticed that very often we benefited from the presence of competent guides who helped us to reach our goals. Those were often silicon-derived substituents which acted as activating groups and selectivity controllers through the electronic -effect or (and) tunable steric effects. I already mentioned the often-encountered incompatibility between our highly functionalized reagents and many metal-derived Lewis acids. Thus, we ran into this problem while studying 1-and 2azadienes which often decomposed in the presence of metalderived Lewis acids. A solution had been found for 2-azadienes by using dienophiles which could form chelates with a copper (II)-derived catalyst and thus favorably compete with the complexation of the azadienes. However, we never found a good heavy metal-derived acid catalyst for 1-azadiene cycloadditions.

In the course of these studies, we found that trialkylsilyl triflates efficiently catalyzed cycloadditions of , -unsaturated amides with 2-azadienes. However, no catalytic effect was observed with the less basic , -unsaturated esters. Clearly a stronger silicon-derived Lewis acid was required. At that time, we were successfully working on ionic solvents derived from LiNTf2 and we had a lot of this salt. I had anticipated that trialkylsilyl triflimide should be stronger Lewis acids than the corresponding triflates because Si-N bonds were weaker than Si-O bonds. Facts were that silylated imides were indeed much stronger acids than the silylated triflates but not for the anticipated reason since that both structures had a silicon atom bonded to an oxygen atom.

Trimethylsilyl triflimide had been prepared by inorganic chemists before we started our work [160]. They used a metathesis reaction between AgNTf2 and TMSCl. We found more convenient especially for large scale preparation to effect the protodesilylation of the silanes R 1 R 2 R 3 SiH with HNTf2: the starting materials were indeed cheap industrial compounds and the reactions quantitatitatively yielded pure silylated triflimides and hydrogen as by-product. In the laboratory we often preferred to use the corresponding allyl-, vinyl-or phenylsilanes which were easily handled liquids (Scheme 82). was found that, in all cases, a 1:1 tetracoordinated silicon ionic complex was formed (Scheme 83). Silyl triflimides were found to behave as much stronger complexing agents (Lewis acids) than, triflates in line with the predictions based on the 29 Si chemical shifts: 55.9 for TMSNTf2 and 43.5 for TMSOTf. In these studies, we also found that silyl triflimides were formed of tautomeric structures where silicon atoms were bonded to an oxygen atom of the sulfonyl groups. The surprising reversal of acidity strength in going from the Brönsted acid (HNTf2< HOTf) to the Lewis acid (R3SiNTf2>R3SiOTf) was assigned to the size of the leaving groups. The imide group is much larger than the triflate and, therefore, a much larger decrease of internal strain should be expected for the formation of a complex where the large group is replaced by a carbonyl ligand. This was further confirmed by the remarkable observation that increasing the size of the silicon substituents led to a significant increase of Lewis acidity! Clearly more internal strain in the starting Lewis acid favoured the complexation with the carbonyl group which also released the bulky anion. This led to an increase of the complexation constant. Substitution at silicon was as usual a twostep process involving the addition of the ester group to silicon to form a penta coordinated silicon. This rate-determining step was slower with bulkier reagents (kinetic acidity) as shown by NMR. However, in all catalytic reactions we studied, the rate determining step always occurred after the complexation and thus only thermodynamic acidities were important.

The superiority of silylated triflimide catalysts over the corresponding triflates is spectacularly demonstrated in Scheme 84. Thus (A) TMSNTf2 efficiently catalyzed the reaction of sluggish Diels-Alder partners such as cyclohexadiene and methyl acrylate. On the other hand, no catalytic effect was observed with TMSOTf. More reactive dienes were also inert toward methyl acrylate and methyl crotonate in the presence of TMSOTf (B, C, D) but yielded cycloadducts at room temperature in the presence of TMSNTf2. These observations were in line with the higher Lewis acidity of silylated triflimides vs silylated triflates. Example (E) further illustrates the efficiencyof this new class of superacid catalysts which were able to catalyze the [2+2] cycloaddition of an acetylenic thioether with cyclohexanone. Here again, no reaction was observed with the corresponding triflates [165].

Scheme 84 also illustrates the functional tolerance of TMSNTf2 which catalyzed reactions involving acid-sensitive dienes (C,D) which did not tolerate most metal-derived Lewis acids.

The case of cyclopentadiene and methyl crotonate (B) was particularly interesting. The adduct was efficiently obtained only after addition of a small amount of 4-methyl-2,6-bis-tbutylpyridine, a Brönsted base which neutralized the small amount of HNTF2 often contaminating the catalyst. This experimental observation was of practical importance: it showed that BTBMP and silylated triflimides could be considered as a frustrated Lewis pair. This led us to almost systematically add a small amount (10% vs the catalyst) of BTBMP in all reactions involving our silylated catalysts as a sort of "safety belt" allowing to avoid side reactions due to the presence of traces of Brönsted acid contaminant. Addition of other bases (even Hünig's base) led to inactivation of the catalyst.

Finally Scheme 84 also revealed an unexpected result (A): it showed that the replacement of methyl by bulkier iso-propyl substituents on the silicon atom led to an increase of catalytic activity! Every chemist knew that TMS halides and triflate reacted faster with nucleophiles than the corresponding tri-isopropyl (TIPS) derivatives. However, here, we did not deal with kinetics but rather with thermodynamics: the increase of the catalytic activity of the silylated triflimides with the size of the silicon substituents just followed the increase of thermodynamic acidity.

This atypical behaviour of the silylated triflimide catalysts have been found to be quite general [161][162][163]. Not surprisingly our first publications attracted the attention of several groups which applied these new ecofriendly superacids to the catalysis of a variety of reactions such as allylations, alkynylations, as well as ene [161b] ring-opening polymerization reactions [161c] to mention a few. In several cases the catalyst was generated in situ from the silylated reactant and a catalytic amount of HNTF2: this made this catalytic procedure even more attractive.

A discussion with some colleagues from industry convinced me that it would be interesting to apply these new organocatalysts to alkylation reactions of carbon nucleophiles. Alkylation reagents are indeed genotoxic, in particular, if they are very reactive. The proposal was to generate a highly reactive alkylating agent in situ by activation of a non-genotoxic starting material with a silylated triflimide allowing for either SN2 or SN1 substitution by the carbon nucleophile. We decided to study the benzylation of silyl enolethers and allylsilanes by benzyl acetates which are not genotoxic (Scheme 85) [167]. The catalyst was generated in situ by addition of triflimide to a mixture of enol ether or allylsilane and benzyl acetate. Here again TMSNTf2 was a better catalyst than TMSOTf. Most reactions took place at room temperature and gave high yields. The reaction of the enol ether derived from cyclohexanone with less reactive benzyl acetates (here p-fluorobenzyl acetate) highlighted another interesting property of this class of electrophilic catalysts: tunability. The TMS catalyst gave a complex mixture resulting from the reaction of the reactive TMSNTf2 with the enol ether. Replacing TMS by TIPS was expected to decrease the reactivity of the silylating agent (kinetic) but increase the basicity (thermodynamic) and thus favour the complexation leading to the active benzylating agent. The reaction took place in good yields albeit at much higher temperature (100°C).

In an independent report [168] which appeared a few months after our first paper, Mikami et al described some Friedel-Crafts reactions catalyzed by TMSNTf2. We had also studied few examples of Friedel-Crafts alkylations [161b] which we did not report at the time because, in such a process, another acid was generated which could be responsible for the catalytic effect: aromatization generated indeed 1 equivalent of HNTf2 which could also act as a catalyst. We found that TMSNTf2 and HNTf2 were both the catalysts of these reactions. We anticipated that, if a Brönsted acid could be efficiently used as a catalyst, triflic acid, a stronger acid than triflimide, should be an even better catalyst (Scheme 86) [169]. This was indeed observed for benzylation of aromatics with benzylic acetates. The best catalyst was indeed triflic acid. With acid-sensitive hetero-aromatics triflimide gave sometimes cleaner reactions. In all cases, both gave better yields and cleaner reactions than sulfuric and phosphoric acids.

Asymmetric catalysis.

In a recent essay [170] I briefly discussed some aspects of contemporary research in catalysis. In a prophetic paper [171] which appeared in 1990, D. Seebach (Fig. 17) had foreseen that research on synthetic methods would more and more focus on the development of catalytic reactions. He had even predicted that by the year 2000, chemists would be able to prepare enantiopure compounds representing all classes of substances by efficient catalytic processes. Clearly, we have seen the huge progress of organometallic catalysis and the rediscovery of organocatalysis which have provided us with a large number of efficient catalytic variants of known reactions but also with new catalytic transformations we would not have dreamed of. Still Seebach's prophecy is not (yet) fulfilled in particular for asymmetric catalysis! Chemists have been excellent in designing catalysts which lead to compounds of high enantiopurity. However, we are still far from the Seebach's dream world of synthesis because many asymmetric catalysts have too low turnout frequency, too high molecular weight, too high cost (expensive ligands) and too low functional tolerance for general use.

We have seen in section 16.1 that silylated triflimides presented some interesting features as electrophilic catalysts. They were readily prepared in situ from commercially available industrial chemicals, they behaved as Lewis superacids and efficiently complexed carbonyl groups and efficiently catalyzed a large number of reactions allowing also for the presence of acidsensitive functional groups. Stimulated by these promising observations we decided to study enantiopure silylated triflimides for electrophilic asymmetric catalysis of various organic reactions. Catalysts containing an asymmetric silicon atom were ignored from the outset since steric course of substitution at a silicon atom was known to be complex. It was thus decided to introduce the chirality through the substituents on silicon. One should remember that introducing bulky groups on silicon to allow for facial selectivity would also be expected to increase the catalytic activity as also shown in section 16.1. Scheme 87 shows some representatives of chiral catalysts which were prepared and tested in our laboratory [162,172]. All chiral Lewis acids were indeed very efficient catalysts of the Diels-Alder reaction of cyclopentadiene with methyl acrylate and trans-methyl crotonate which took place in high yields even at very low temperatures. However enantiomeric were often low and never exceeded 59 %. This was rather disappointing since a step forward had been taken by Leighton's group who obtained excellent enantioselectivities with a silicon chloride reagent derived from a chiral amino alcohol in selected reactions involving fairly nucleophilic reagents. These could be activated by the moderately active silicon chloride which had to be used in stoichiometric quantity [173]. The search for efficient siliconderived catalysts for the activation of carbonyl-containing molecules has been a very bubbly field in recent years and exciting results have been obtained [174]. However, I am sure that we have not yet found catalysts which combine high activity, high chemoselectivity, high turnover frequency, "reasonable" molecular weight and low cost as it would be required for large scale carbon-carbon bonds forming reactions. Presently we are still looking for better silicon-derived catalysts in our small group of IECB.

Intermezzo-6

Natural product chemistry has been for years a dreamland for synthetic organic chemists. It was of course extremely important to find out about the nature of compounds found in living organisms. Small organic molecules derived from the secondary metabolism were particularly fascinating because of their structural, functional and stereochemical diversity. However, in the fifties, analytical techniques did not yet allow fast purification of natural product extracts or reaction mixtures and spectroscopic techniques (infrared, UV-visible, Raman) could rarely provide totally reliable information about the structure and stereochemistry of complex molecules. During my two years at Harvard I still had to prove the structures of my products by infrared spectroscopy and chemical tests. There was an NMR spectrometer in a physical chemistry laboratory of the Department but it was not yet accessible for structural studies by the synthetic groups. Therefore, the ultimate proof was the total synthesis of the "supposed" structure of the natural product and the comparison with an authentic sample. Hard to believe for the young generation of synthetic chemists! The infrared spectrometer was working 24/24 and 7/7 and students and postdocs were queuing to take a spectrum! If your molecule contained a chromophore, you could additionally benefit from information obtained by UV-visible spectroscopy. Quite often structural proof of a complex natural product would take months or even years. Nowadays the same study could probably be done in a day using all the sophisticated and precise spectroscopic techniques available in any laboratory. Thus, in modern times, total synthesis is seldom a tool for establishing the structure of a natural product.

Still, even nowadays, total synthesis of natural products is an important area of research in organic chemistry, in particular in academic research. Research in total synthesis is of course laborand time-consuming but this is not so important in academic research inasmuch as it is a unique tool for training young synthetic chemists: it stimulates creativity and imagination, develop experimental skill and considerably broaden the knowledge of students about chemical reactivity.

Many natural molecules derived from secondary metabolism exhibit interesting pharmacological properties and are thus of therapeutic interests. Some are accessible in sufficient amounts from natural sources. However large-scale supply of natural products is often impossible or too expensive and total synthesis in the laboratory or in industry is then the only alternative for their production. This has thus been another incentive for organic chemists to embark on projects aiming at the total synthesis of natural molecules of ever-increasing structural and stereochemical complexity. These studies played a leading role in the development of modern structural theories and the invention of new synthetic methods. They also contributed to a better understanding of biogenesis of natural products and their role in nature.

Natural products have obviously some purpose for their producers and usually this implies an interaction with a natural macromolecule from the same organism or from another organism (eg. defense against another organism). Originally it was obviously not programmed for the benefit of human being! Therefore, optimization of the pharmacological properties of the natural product involves chemical modifications to generate analogs with better therapeutic profile. Direct chemical modification of a natural molecules is often limited to simple transformations of functional groups. Therefore, analogs have also to be made by total synthesis.

Still we must recognize that, in spite of the knowledge generated by these studies and the number of new reactions which have been invented, chemists have not yet been as successful in implementing total syntheses of highly complex molecules which meet the criteria allowing large scale synthesis for applications in human therapy or material sciences. Most syntheses are too long, too expensive and often lacks sustainability. Many published total syntheses will remain elegant intellectual exercises which will never be reproduced outside the originating laboratory. I am confident that the new generation of synthetic chemists will provide new and better solutions to this endeavour. Synthetic biology will certainly be a competitor to synthetic chemistry but I think that chemistry is potentially more versatile and should provide access to a wider range of structures.

The development of the human genome project has led to an exponential increase of potential biological targets which could be identified and studied by their interaction with properly designed small molecules. These molecules should have a chemical descriptor thought to be optimal for interaction with the biological space of interest. A few years ago, some academic chemists and many pharmaceutical industries started to build platforms designed to prepare and test huge collections of molecules using well-established (often trivial) methods. As it could have been expected from the beginning, these huge and costly efforts came to nothing: the chemical space is so huge compared to the biological space that guidelines would have been needed. Natural products could have been a source of inspiration since their structures have been designed to interact with biological systems. A recent development of natural product chemistry has thus been the use of natural products as templates for the design of privileged scaffolds from which more biologically relevant libraries of analogs could be produced [175]. This better describes the approach we had always followed in our research of biologically interesting products: get inspiration from nature and then, with the help of molecular modelling, structural studies of molecular targets (X-ray, NMR) and enzymatic studies, design natural product inspired scaffolds for the preparation of focused libraries. This always involved collaborations with physical and theoretical chemists as well as biologists.

In the following paragraph, I shall make a survey of our collaborative research programme on the design and synthesis of -lactam antibiotics and analogs.

A group journey into the world of antibiotics.

In my early youth till the end of world war II, it was still common in Europe to see young children dying from infection. I remember that my parents did not allow my brother and me to leave the house when there were some infectious diseases in our neighborhood! This period was still the infancy of antibiotherapy. Sulfamides helped but were rather toxic. The discovery of penicillin G gave great hopes but soon some bacteria became resistant to the antibiotics. Fortunately, researchers at Beecham in the UK could produce and isolate 6aminopenicillanic acid (6-APA) from which a wide variety of semi-synthetic penicillin with better therapeutic profiles could be produced [176]. I had been fascinated by this class of natural products which contained a highly strained 4-membered lactam ring. R.B. Woodward had described it as "a diabolic concatenation of functional groups" [177]: quite a challenge for a synthetic chemist! As a Harvard postdoc, I often walked down Massachusetts avenue to the river. There was another great chemistry department at MIT. I had thus also the opportunity to meet J. Sheehan, a pioneer of penicillin chemistry who had described -lactams as "the enchanted rings" [177]. I think that it was my interest in this class of natural products which drew our attention to ketene chemistry. We were aware of the discovery by Staudinger in 1907 that diphenyl ketene reacted with imines to form azetidine-2-ones ( -lactams) [178a].

The reaction did not find much application because most ketenes were unstable and could not be isolated. In 1950 Sheehan et al. described the first synthesis of a penicillin involving the cycloaddition of an in situ generated ketene with a thiazoline [178b]. The ketene was generated from the reaction of an acid chloride with triethylamine in the presence of the imine reactant [178c]. It had been indeed shown that ketenes were produced by this reaction and could be reacted eg with olefins and acetylenes. However, the situation was much complex with imines because these can be acylated by an acid chloride and the treatment of the acylated imines by a tertiary base also yielded a -lactam. We had also shown that functionalized β-lactams could be readily obtained from the reaction of heterosubstituted ketenes (or their precursors) described in Scheme 8 and a variety of compounds containing a C=N bond [179] (Scheme 87). A detailed study of the reaction of functionalized acid chlorides with imines in the presence of a tertiary base led to practical routes toward a wide range of cis-substituted 3,4-β-lactams. Later we discovered that this reaction principle could be extended to amide chlorides, the precursors of keteniminium salts, for the preparation of azetidine-2-iminium salts, 2-aminoazetine and, after hydrolysis, azetidin-2one [180].

We also showed that N-tosyl ketenimine could also be used in [2+2] cycloaddition to imines to generate N-tosyl azetidine-2imines [181]. A detailed discussion of the scope and limitations of these reactions would be irrelevant in this context. Suffice it to say that a wide variety of 4-membered nitrogen heterocycles could be prepared by the general reactions described in Scheme 88 [182]. I would like to add a comment on the reaction of azetidiniminium salts with nucleophiles. These reactions were initiated by the formation of a tetrahedral intermediate resulting from the addition of the nucleophilic reagent on the C=N + bond. It was observed that, in all cases, the major or unique product resulted from the cleavage of the exocyclic C-N bond in spite of the expected relief of strain which could have resulted formation of atetrahedral intermediate resulting from the addition of the nucleophilic reagent on the C=N + bond. It was observed that, in all cases, the major or unique product resulted from the cleavage of the endocyclic C-N bond. The mechanism of hydrolysis of azetidiniminium salts was studied in details in collaboration with M. Page [183]. Both reactions involving acid or amide chlorides could take place via several pathways and therefore comparison of results was possible only if experiments were conducted strictly the same way. The more classical "acid chloride method" (route 1) has been intensively studied. Route 2 of Scheme 88 has been studied in details by Battaglia [184] and Cossio [185]. Azetidinimines an azetidiniminium salts are still attracting the attention of chemists as analogs of the much studied -lactams. Recently some azetidinimines have been reported to behave as carbapenemases inhibitors [186].

Scheme 88. General synthesis of nitrogen-containing four-membered rings At that time few asymmetric syntheses of -lactams had been studied [187]. The novel chemistry depicted in Scheme 88 (route 2) obviously offered the possibility of developing asymmetric syntheses of 2-azetidinones, but also of azetidinethiones and azetidinimines by using an amide derived from an enantiopure amine. Bezecki and Rogask were first to demonstrate that amide chlorides derived from (S) methylamphetamine or (S) 2ethylpiperidine could be used for the synthesis of enantioenriched 2-azetidinones [187] but they observed rather modest enantiomeric excesses (< 77%). Our group had already demonstrated that keteniminium salts generated from enantiopure pyrrolidines-derived amides yielded cyclobutanones of high enantiomeric purities (Schemes 26-28). We found that amide chlorides derived from chiral pyrrolidines also gave excellent diastereoisomeric excesses in their reactions with imines (Scheme 89) [183a,188,189]. Hydrolysis of the azetidiniminium salts (or thiolysis followed by oxidation) yielded 2-azetidinones of high enantiomeric purities except for R 1 =R 2 =H. This represented the first example of an asymmetric synthesis of βlactams using an equivalent of a carbonyl group which carried the chiral information. The use of a chiral iminium salt presented two main advantages: availability of many chiral amines and easy recovery of the chiral amine upon hydrolysis of the iminium salts to the corresponding 2-azetidinones. I had an opportunity to lecture about this work in a meeting dedicated toβ-lactam antibiotics. I met the big wigs of the field and was particularly fascinated by a lecture of Jean-Marie Ghuysen, a Professor of Bacteriology at the University of Liège (Fig. 18). Jean-Marie Ghuysen was both pharmacist and chemist. After a brief stay in the pharmaceutical industry, he joined the University of Liège. His close collaboration with Milton Salton, Jack Strominger and Gerald Shockman had led to major discoveries on the chemical structure of the bacterial cell wall. In 1976 he and his colleague J.M. Frère demonstrated that penicillin acylated a serine residue of a D-alanyl-D-alanine carboxypeptidases of penicillin-sensitive Streptomyces [190]. Scheme 90 describes the mechanism proposed by Ghuysen and Frère for the interaction of β-lactam inhibitors with a serine transpeptidase which disrupts the biosynthesis of the bacterial cell wall. The initial formation of a Michaelis complex is followed by the acylation of a serine residue by the inhibitor which leads to the deactivation of the enzyme. However, this can be followed by a third step involving the attack of an exogeneous nucleophile (eg H2O) to regenerate the enzyme. β-Lactamases are enzymes capable of catalyzing this step 3 leading to antibacterial resistance to β-lactam antibiotics. A good inhibitor will thus be characterized by k2/K being much larger than k3. In 1978 the group of Liège established the first structure of a D-alanyl-Dalanine carboxypeptidaseby X-ray diffraction analysis. At that time J.M. Ghuysen had been able to win the support of highly diversified top scientists in his studies of what I might call "chemical bacteriology". I was fortunate enough to get along very well with Jean-Marie who was not only a great scientist but also an exceptional person. We were both convinced that a synthetic group could be very useful to their "consortium" and decided to collaborate. That went on for more than 15 years and was generously supported by the regional government of Wallonia and successively by UCB-Pharma, Beecham, SK Beecham and eventually GSK.

At that time, my younger colleague, Dr. J. Marchand-Brynaert had expressed her wish of not (yet) working independently till her children were grown up (she became later a successful Professor in the department). I proposed her to be the privileged link with the group of the University of Liège and I thank her here warmly for having performed this task with an exceptional competence and thoroughness. We very much enjoyed this multidisciplinary collaboration with a group of highlevel scientists, and in particular, with Prof. Jean-Marie Frère (enzymology) and Dr. Georges Dive (quantum chemistry, modelling), two great scientists who also became good friends of mine. A great number of postdoctoral associates and several PhD students collaborated on this project. It will be just impossible to describe appropriately the work done. The molecules to be synthesized were designed on the basis of modelling, theoretical studies (eg activation energy of acylation step in a model of the active site developed by G. Dive), docking…. Biological studies were performed in Liège and in the industrial partner's laboratories. Unfortunately, some projects were abandoned at a too early stage to allow publication. Some of these "uncompleted" results were briefly described in review articles [191]. Here I shall limit myself to a brief description of the most important classes of structures which were prepared in Louvain. Several groups around the world followed similar lines of research.

One of the striking features of penicillin and cephalosporins was the presence of a -lactam ring which was much more reactive than simple monocyclic -lactam. We had also observed this striking difference in our studies of the hydrolysis of azetidiniminium salts to -lactams [183]. In penicillin the origin of this increased reactivity of the lactam was due to a pyramidalization of the nitrogen which decreased the interaction with the carbonyl group. In cephalosporins, the increased reactivity was assigned to the presence of a double bond conjugated to an ester group in the 6-membered ring which drew the electrons of the nitrogen lone pair from the carbonyl group of the 4-membered ring. There was some evidence that the biological activity of these molecules and their chemical reactivity could be correlated since it had been established that the mode of action of these -lactam antibiotics involved an acylation of a serine residue by the reactive -lactam. Woodward and his colleagues from the Woodward Research Institute in Basel were first to report the synthesis of a new class of -lactam antibiotics which combined both structural features of penicillin and cephalosporin thought to be responsible for their biological activity [192]. This elegant synthesis of the first penem used an intramolecular thiocarbonyl Wittig cyclization for the closure of the 5-membered ring and the introduction of the double bond. However, it made difficult the introduction of much diversity on C2 of the penem nucleus and, in particular, the introduction of functional groups. Therefore, we and others seeked an altrernative total synthesis allowing the preparation of penems carrying functional groups at C2 [193].

Our own efforts led to very efficient and practical total syntheses of penams carrying an exocyclic heterodouble bond at C2 from which an endocyclic heterosubstituted C=C bond could be easily formed by trapping an enol (enethiol, enamine) with electrophilic reagents [194]. The examples shown in Scheme 91 were prepared from Penicillin G but a slight modification of the sequence would allow to access to a wide variety of side chains. Also, the substitution at C2 could also be easily varied using this synthetic route. Many other groups in academic and industrial laboratories were also involved in the preparation of new penems and carbapenems but their work cannot be described in the limited frame of this "chemical biography" [195].

Another approach we followed in this project was to design inhibitors (penicillin analogs) which would form a carbamate Scheme 91. Short syntheses of 2-heterosubstituted penams and penems.

instead of an ester upon acylation by a serine residue of the enzyme (Scheme 92). The idea was to stabilize the acyl-enzyme and avoid step 3 of Scheme 90 which regenerates the free enzyme. This approach was further supported by the discovery of lactivicine, a natural antibiotic where the β-lactam ring is replaced by a cyclic hydroxamic acid derivative. This compound exhibited biological properties very similar to penicillin and were sensitive to β-lactamases [196]. A series of penicillin antibiotics were converted into the corresponding bicyclic imidazolidinones. The acylamino side-chains were introduced at both α-and βpositions with respect to the carbonyl group in order to explore a much larger chemical space [197]. Unfortunately, these Scheme 92. Synthesis of bicyclic imidazolidones derived from penicillin compounds did not exhibit any biological activity even when the NH group carried a strong electron-withdrawing group such as benzyl sulfonyl. We also developed practical syntheses of homopenams and homopenems (Scheme 93) [198] but like most of the similar compounds prepared in other groups, these were devoid of any interesting biological activity.

Scheme 93. Examples of homopenems prepared in Louvain-la-Neuve

We also became interested in the design and synthesis of molecules which could alkylate the active serine residue and thus irreversibly block the formation of the bacterial cell wall (Scheme 90: k = 0). Molecular modelling led to the design of a collection of alkylating agents carrying side-chains found in bioactive penicillin and cephalosporins (Scheme 94) [199]. None of these molecules showed significant biological activity in vitroagainst representative Gram-positive and Gram-negative bacterial strains although some showed weak activities against some β-lactamases.

Monobactams such as the natural product sulfazecin form a class of β-lactam antibiotics active against Gram-negative bacterial strains and show resistance against metallo-βlactamases. They are monocyclic β-lactam carrying a sulfonate group on nitrogen. Presently Aztreonam is still the only clinically used monobactam. In the early days of monobactam chemistry we also considered the preparation of alkylating agent inspired by this new class of antibiotics. We designed an α-epoxysulfonate as an alkylating mimick of the activated β-lactam of monobactams. Surprisingly little attention had been paid to the preparation of α,β-unsaturated sulfonic acids or esters by phosphonate olefination [201]. Our first task was thus to fill this gap as shown in Scheme 95 [202]. We then synthesized α-epoxysulfonic acid carrying an acylamino side chain but they were unstable as a result of a reaction of the amide carbonyl group with the highly electrophilic epoxysulfonate. We also studied derivatives of phosphinic acids [203].

Scheme 94. Examples of potential alkylating inhibitors prepared in Louvain-la-Neuve Scheme 95. Synthesis of -epoxysulfonates as monobactams mimics I found this multidisciplinary project a great scientific adventure which gave me the opportunity of meeting inspiring scientists from a variety of disciplines such as enzymology, theoretical chemistry, spectroscopy, molecular biology. Our synthetic work aiming at the creation of new molecules which were thought to be able to interact with the biological targets contributed to our understanding of the machinery responsible for the action of β-lactam antibiotics on the target enzymes even if they did not show useful antibiotic properties. We also prepared a lot of model compounds such as aza-and oxa-peptides [191d] as research tools for the biologists. Also, in 1988 we studied the susceptibility of coupling products of aminoacids to penicillin V and cephalotin to carboxypeptidases and lysosomal enzymes. The aim of this project was to prepare prodrugs susceptible to accumulate in phagocytic cells in contrast to the penicillin V or cephalotin themselves. The idea was to release the antibiotic in the cell after hydrolysis by lysosomial enzymes. The coupling was performed according to Scheme 96 [204]. HPLC studies confirmed that the amide linkage remained intact in the Scheme 96. Coupling of penicillin V and cephalotin to aminoacids presence of soluble lysosomial fractions from liver but that, in cephalotin the acetyl group was cleaved. We were more successful later in the identification of a series of mercaptoacetic acid thiol esters as metallo-β-lactamase inhibitors (Scheme 97) [205]. These thiol esters exhibited a variety of potenties against several β-lactamases. The most interesting result was the Scheme 97. New metallo-β-lactamase inhibitors irreversible inhibition of B. Cereus II which was assigned to a two-step process involving first the hydrolysis of the thiol ester to release mercaptoacetic acid which then irreversibly binds to the enzyme by forming a disulfide with the active cysteine under the aerobic conditions of the essay.

Our group was also involved in another collaborative study about the specificity of Streptomyces R61 penicillinsensitive D-Ala-D-Ala peptidase using synthetic substrates. It was found that the products of the transpeptidation reactions obtained with Gly-L-Xaa dipeptides as acceptors were themselves poor substrates of the enzyme. This was in apparent contradiction with the classically accepted specificity rules for D-Ala-D-Ala peptidases. The Gly-L-Xaa dipeptide was regenerated by both the hydrolysis and transpeptidation reactions. This reaction was observed when another Gly-L-Xaa peptide or D-Alanine were supplied as acceptors. Interestingly utilization of substrates in which the terminal carboxylate group had been esterified showed that a free carboxylate was not an absolute prerequisite for activity [206].

Intermezzo-7

There are undoubtedly many cultural links between French people and French-speaking Belgians although I quickly discovered that we were often quite different in the way we were looking at things. My first chemical contacts in France were polymer chemists I met during my PhD in Louvain: Georges Champetier in Paris and Charles Sadron in Strasbourg who were very good friends of my PhD supervisor.

When I returned from the USA, I was soaked into the anglo-saxon scientific culture and had little contact with French organic chemists. The connection with French chemistry started later with a symposium dealing with undergraduates teaching. It took place in the beautiful city of Rocamadour. I had been quite surprised to be invited but I realized that I belonged to the few among the delegates who followed the "Cram and Hammond" new approach for undergraduate teaching. Later, my German colleague H. Viehe introduced me to Jacqueline Ficini, her competitor and friend in ynamine chemistry. Jacqueline and I also became real friends. She introduced me to two of her female colleagues, Bianca Tchoubar who was the "voice" of physical organic chemistry in postwar France and Andrée Marquet who, with Claude Hélène whom I met later, were among the first "chemical biologists" (the term had not yet been invented at that time!) on the old continent. There were a lot of interesting characters in the community of French chemists of this postwar period. A. Horeau hold the chair at the Collège de France, a unique Institution aiming at doing advanced fundamental research in letters, sciences or arts and disseminating the results of this research through advanced lectures which were open to the public, entirely free and leading to …no degree or diploma. A. Horeau and his CNRS colleague Jean Jacques had done pioneering discoveries on synthetic hormones and were prominent stereochemists. I was then invited to the French "Gordon-like" organic chemistry conference GECO where I met Guy Ourisson who thought appropriate to educate this young Belgian by offering him a book "La Méthode à Mimile" aiming at teaching him real French (Parisian slang). Guy was not only a great scientist but also a "good citizen" who played an unequalled role in the recovery of scientific research in postwar France and in the development of the University of Strasbourg. Our work led us to also interact with the group of J.M. Conia at Orsay and Jacqueline Seyden-Penne, a deep thinker about reaction mechanisms. There I also met one of my heroes, Henri Kagan, an exceptionally talented scholar with such a wonderful personality (Fig. 19). My interest in small ring chemistry led me to meet with a young chemist interested in the fluxional process of nitrogen inversion in cyclic amine and the influence of the size of ring. This chemist was a former student of G. Ourisson and, as I discovered later, he had also been part of the Woodward's gang. He was actually the second "Frenchie" to be accepted in Woodward's group. Thus, I had a very small contribution to the immensely successful career of Jean-Marie Lehn (Fig. 20): behaving well during my postdoctoral stay and convince RBW Fig. 20. Prof. Jean-Marie Lehn that, after all, these "Frenchies" could be worthy associates! Later we had several discussions about becoming closer colleagues but, eventually, I decided to stay in Louvain-la-Neuve and later in Bordeaux in spite of the temptation of being able to work next to a dear friend whom I always considered as one the most brilliant chemists of our generation. Another French hero of mine was Marc Julia (Fig. 21) an exceptionally creative chemist, who truly established a school of synthetic chemistry and lefta splendid Fig. 21. Prof. Marc Julia legacy of brilliant disciples in academia and industry. There were many other treasures as, for instance, Jean Normant, a leader in organometallic chemistry or Marcel Bertrand in Marseille a creative chemist whose international fame unfortunately suffered from his reluctance to speak english. Synthetic chemistry was very much alive during these days in France and was strongly supported by funding agencies. This is no longer true and many gifted young synthetic chemists recently left the country to fully play their talent for the benefit of other communities. I was fortunate enough to interact with some of the best French organic chemists during my career. I shall mention here two very dear friends who held aloft the flag of French synthetic chemistry for many years: Prof. Janine Cossy from ESPCI and Prof. Sam Zard from Ecole Polytechnique. I also interacted a lot with scientists from Rouen, Rennes, Montpellier, Strasbourg and Lyon and I wish to express the thanks of a Belgian chemist for their warm and sincere welcome in their community.

Later, in my career, I became more involved in the French research structures, in particular as chairman of scientific committees supervising CNRS units (eg. Rennes, ICSN, Ecole Normale…) or working as expert for regional governments (eg. Haute et Basse Normandie, Auvergne). It gave me the opportunity of discovering excellent scientists who would have deserved to become independent researchers from the beginning of their career to infuse new blood into French organic chemistry. Unfortunately, these committees had little impact on the rigid and complex structures of CNRS and French Universities. Thus, after the departure of D. Barton, I had been asked by the CNRS to chair a group of prestigious French organic chemists in charge of proposing a more flexible organization for ICSN in Gif-S/Yvette which could have become a benchmark institution in chemical biology in France and in Europe. I quickly realized that even those who approved the conclusions of this committee would be unable to force the necessary changes. There was undoubtedly less money for research in Belgium but everything was faster and simpler in the little Kingdom. I was therefore quite reluctant to move to France because it would have meant spending time in useless and complex administrative tasks instead of being completely immersed in research. It is clear that things could be done differently: I had a very rewarding experience as chair of the international scientific advisory board of the "Fondation pour la Recherche en Chimie" in Strasbourg (2008Strasbourg ( -2017)). This Board played a significant role in selecting research projects and new members of the Foundation as well as helping the recruitment of new group leaders. I warmly thank Bernard Meunier, the director of the Foundation, Jean-Marie Lehn, Thomas Ebbesen and Paolo Samori, successive directors of ISIS for their trust and continuing support.

In 1993 I became visiting professor at the Ecole Polytechnique in Palaiseau. Ecole Polytechnique was known to attract among the best students in France. I was supposed to give an "advanced course" in organic synthesis to students who barely had an introductory course in organic chemistry. The first year I only attracted three students but that probably was the result of the importance of chemistry in their curriculum (at that time). Each of them received three papers dealing with asymmetric catalysis that they had to analyze and present. I was quite impressed by their exceptional analytical and summarizing skills: they had identified the key points of the paper and asked me appropriate questions. The year after, I had a group of 30 students and delivered a more formal course. When I was about to talk about retrosynthetic analysis, I asked the students what they would do if they had to propose a synthetic route for a given compounds. More than 85% answered: calculate!!!! This surprising answer just reflected the mode of selection of these students with much emphasis on mathematics and physics. Nevertheless, I think they enjoyed learning organic synthesis and I personally much enjoyed training these exceptionally gifted students.

These privileged contacts with the Ecole Polytechnique led me to actively take part in the creation of a "Multinational Master in chemistry" headed by my colleague François Mathey. Each year, students from Ecole Polytechnique, Universities Paris VI and Paris XI, Universities of Geneva and Berne, ETH Lausanne, University of Saarbrucken, Politecnico de Lisboaand UCLouvain would meet at the Ecole Polytechnique in Palaiseau to follow advanced courses in chemistry for a few weeks. At the beginning of this training session there was a mini-symposium where each student was presenting a poster on his master's thesis. This took place in a beautiful huge hall covered with marble. I noticed a list of names of scientists, some of them quite famous, and quickly realized that this was the list of all Professors of the Ecole Polytechnique. I felt somewhat funny when I saw my name: "Léon Ghosez 1934 -" ! Fortunately, it was still incomplete!

The reader should be reminded that Ecole Polytechnique was an undergraduate school. A project of F. Mathey was to create a graduate school in chemistry to allow some of these brilliant students to eventually obtain a PhD degree. François convinced me to join him on this project of a new "Institute of Molecular Chemistry" which had to be established outside Paris, "en province". I was somewhat surprised by the name selected by François because, to me, chemistry could be nothing but molecular. However, I realized that François wanted to differentiate this project from the one of Jean-Marie Lehn on supramolecular chemistry. I must congratulate François who was likewise gifted for scientific research and …. politics. Eventually it was decided by the French government to establish the Institute in the city of Bordeaux. That was good news for me because I felt that I would adapt more easily to an Atlantic mentality than to a Mediterranean environment. In Bordeaux there was a group of visionary scientists and politicians who had quickly grasped the benefit of such an Institution on the University campus. I cannot mention all here and but will only name Alain Juppé, the Mayor of Bordeaux and, at that time, Prime Minister, Alain Rousset, the President of the "Region Aquitaine" (not yet Nouvelle-Aquitaine), and Professor Pierre Bothorel former director of the CNRS "Centre Paul Pascal". In a typical French way, after many years of hard work by busy scientists, it was decided that Mathey's project would be replaced by another project named European Institute of Chemistry and Biology (IECB). The organization was entrusted to Professor Jean-Yves Lallemand, a colleague of François Mathey at the Ecole Polytechnique and a remarkable scientist who had been a pioneer in France of studies of protein by NMR spectroscopy. Jean-Yves gave me a call to ask whether I would join him on the new project. I decided to agree only if the government accepted a few basic rules: (1) scientific policy of IECB (selection of group leaders, scientific evaluation) controlled by an external scientific advisory board, (2) non-permanent positions at IECB (even for tenure appointments at University, CNRS, INSERM); (3) first contract for ten years then possible renewal upon approval of the Advisory Board; (4) scientific freedom of all group leaders, whatever their age or professional experience. To my great surprise, this was approved although it was so different from existing habits in France. In 1998 I moved a few members of my Belgian group to Bordeaux. The bad news was that Jean-Yves had decided to resign from the project to accept the directorship of ICSN at Gif. I was offered to become director of IECB. My feeling was that (1) only a French director could cope with such a complicated system, (2) I had moved there to do research after my retirement and not start being an administrator. I therefore refused but I proposed a two-person management. The scientific board agreed with the proposal of appointing Jean-Jacques Toulmé (Fig. 22) a biologist who was already known for his pioneering work on aptamers and later proved himself as an unusually talented manager. As deputy director, I enjoyed working with him and I thank him warmly for his immense contribution to IECB. The project has been scientifically a real success which validated this type of structure which gives young scientists the opportunity of doing independent creative research from the start of their career. This led to an unusual percentage of success in getting ERC chairs or EU, ANR and many other competitive grants. IECB is however a colossus with feet of clay: many "officials" do not accept this atypical institute and I am not sure that, in 9 years, we will be able to celebrate our 30th birthday anniversary.

To conclude this long intermezzo, I would like to thank this lovable but unmanageable and bureaucratic country for giving me wonderful opportunities of meeting so many superb scientists who were friendly colleagues and often became great friends. I was immensely proud to have received the medal of the French Chemical Society and more recently to have been appointed "Chevalier de la Légion d'Honneur". On a lighter note let me say that I have also immensely enjoyed the quality of life in Bordeaux: superb food, beautiful countryside and great city. I shall probably be politically incorrect in saying how much I also appreciate (d) drinking (with moderation) this nectar named "French wine". It was a great honor to be named "Chevalier de Tastevin" at Clos Vougeot in Burgundy. Walloon Belgians are known to be Burgundy enthusiasts while Flemish Belgians used to be Bordeaux lovers. As a good Belgian I was therefore also elected as member of the "Jurade de St Emilion": I thank my French friends for this very delicate attention.

A look at some spindle toxins.

In the course of some consulting with colleagues of the pharmaceutical industry, my attention was caught by two natural products of unusual structures which were both spindle toxins (Scheme 98). Rhazilinam had been extracted and isolated in very low yields (<0.03%) from Aspidosperma Quebracho-blancoand other Apocynaceae [207]. Interestingly it exhibited the activities of vinblastine and taxol classes of compounds inducing a nonreversible assembly of tubulinand inhibiting the cold-induced disassembly of microtubules [208]. We were also intrigued by some unusual structural features of this compound such as the presence of bi-heteroaryl group with an axis of asymmetry, a quaternary asymmetric carbon atom and a 9-membered ring lactam. The configuration of the quaternary centre induced a specific configuration around the axis of asymmetry.

Rhazilinam

Ottelione A Scheme 98. Spindle toxins with unusual structures.

Ottelione A (Scheme 98) had been first isolated from the fresh water plant Ottelia alismoides collected in the Nile Delta [209]. It is one of the most potent natural products in terms of in vitro antiproliferative activity (IC50 values at pm-nm levels for a panel of 60 tumor cell lines [208 c]. It has been shown that Ottelione A was an efficient inhibitor of tubulin polymerization (IC50=1.2 μM) and was able to disassemble preformed microtubuleslike colchicine, vinblastine and vincristine. Here again we were attracted by some unusual structural features of this molecule and in particular by the presence of a conjugated dienone, a strong alkylating agent which was probably responsible for the cytotoxic activity. We were intrigued by the stability of the molecule which could be expected to easily aromatize after enolization and hydrogen shift. This did not occur as a result of the lack of acidity of the bridgehead proton (C-H is not parallel to the πC=O orbital). Indeed, we showed that isomerization to the phenol structure only occurred after prolonged reflux in the presence of a base.

As expected both the biological and chemical pedigrees of these natural products had attracted the attention of synthetic and medicinal chemists. Several total syntheses appeared in the literature but here again I shall limit myself to a brief discussion of our modest contribution to the field.

Rhazilinam.

We studied several approaches to the total synthesis of the natural product. This generated some interesting chemistry but did not lead to the desired structure [210]. We then decided to use rhazilinam as template for the design of privileged scaffolds from which libraries of rhazilinam "analogs" could be prepared and tested. With the help of molecular modelling we designed analogs exhibiting structural features of the natural product which had been shown to be essential to the biological activity (Scheme 99): presence of a secondary amide at a proper location, bis(het)aryl substructure forced into a specific configuration by a bulky R group at C-2 of the pyrrole ring. Additional diversity should be readily obtained by varying the substituent at nitrogen [210,211]. We quickly found out that 1,2,3 substituted pyrroles were not so readily accessible. Fortunately, we discovered a publication which described a method for the preparation of 2substituted, 3-bromopyrroles [212]. The procedure had to be improved and adapted to the preparation of the corresponding Scheme 99. Rhazilinam analogs 3-iodo-pyrroles which were found to be much more reactive in catalyzed coupling reactions with arylboronic acids [213]. This practical method of preparation of a variety of 1,2,3-substituted pyrroles is described in Scheme 100. The synthesis of3iodopyrrole derivatives was a simple variation of Masquelin and Obrecht synthesis of the corresponding bromo derivative. The key reaction was the coupling of the iodo derivative with various boronic acids. The conditions used in Louvain allowed the introduction of a wide variety of aryl and heteroaryl groups including those carrying substituents ortho to the boronic acid function.

Scheme 100. Practical synthesis of 1,2,3-substituted pyrroles.

Yields of the coupling reactions were high (from 66 to 98%). This method allowed us to prepare a rhazilinam analog which reproduced the biological activity of the natural product [211]. However, we stopped this project at that stage after the publication of a similar approach by the pioneers of the field in Gif s/Yvette [214]. Pyrrole derivatives carrying three different functional groups at N1, C2 and C3 should be useful synthetic intermediates. This was illustrated by a simple preparation of 3Hpyrrolo [2,3-c]-quinoline derivative shown in blue in Scheme 100.

Ottelione A.

Metha's group reported an elegant approach to the complete skeleton of the natural product in 1999. He reported the total synthesis of racemic ottelione A and B a few years later [215].

Here again we focused our attention to the development of short synthetic methods of privileged scaffolds derived from the naturalproduct. This is still an ongoing project at IECB. Scheme 101 briefly describes what seemed to be a short and attractive approach towards the bicyclic skeleton of ottelione A [216]. Preliminary studies had shown that thermal reactions at atmospheric pressure gave no adducts.

Scheme 101. Unusual regioselectivity in a Diels-Alder reaction.

The use of a Lewis acid catalyst yielded "Michael" type adducts in very good yields: only one carbon-carbon bond had been made.

Eventually we found that Diels-Alder cycloadducts could be obtained when the reaction was run in an autoclave at 15kbars. Diels-Alder reactions are usually highly (totally) regioselective when dienes and dienophiles carry substituents of complementary polarities. Unexpectedly we observed here the formation of two regioisomers. Furthermore the "expected" regioisomer on the basis of the diene/dienophile substitutions was the minor isomer! We later showed that this was the result of a thermodynamically controlled Diels-Alder reaction. The cyclopentannulation method described earlier (Scheme 46) was applied to the synthesisof an ottelione scaffold as shown in Scheme 102 [217]. We wanted to keep only the exocyclic double bond which should be easily generated from the carbinol group. Michael additions to the enone would be expected to lead to a wide variety of analogs. We still have some work along this line at IECB. A third approach towards ottelione privileged scaffolds was based on the disconnection shown in scheme 103 [218]. The chemistry of this new class of cyclic dienes will soon be reported.

I should acknowledge here the many nice reports from other groups on this class of natural products which I cannot discuss in this "biography". Glucocorticoids (GCs) are efficient agentsused for the treatment of allergic and inflammatory diseases but their immunosuppressive activity is often accompanied by undesired side effects. There is thus a demand for compounds which would be more selective. We had been asked by an industrial partner to investigate the development of new ligands which had been designed by modulation of the known fluocortivazol using molecular modelling (Scheme 104). We thus initiated a research program aiming at developing a practical synthesis of this new hGR using[ 3 H] dexamethasoneas radioligand. X-ray diffraction analyses and DFT calculations led to the conclusion that all compounds having a hydroxyl grouporthogonal to the axis of the mainscaffold showed a low affinity for the glucocorticoid receptor. The best compound is shown in magenta in Scheme 106. In line with the results from binding assays tothe human GR, compound in magenta was very potent in the human A549 IL6 inhibition assay with roughly 10-fold higher potency compared to prednisolone. The biological studies led to the conclusion that this new spirocorticoid ligand was a highly affine and highly potent hGR agonist with excellent anti-inflammatory effects in the subnanomolar range.

Mini-trips.

Throughout this long journey in the rich land of organic synthesis, we sometimes found an incentive to make mini trips to areas which arouse our interest as a result of a contact with an industrial partner or more simply because a new student or postdoctoral associate wanted to be involved in a project out of the main stream of research of the group. These were often excellent coworkers and many of them made brilliant careers in academia or industry.

After the successful use of ketocarbenes as 1,3 dipoles [21], we decided to examine the behavior of vinylogous ketocarbenes, alkenyl carbenes and iminocarbenes [220]. Later on we also examined in detail the thermolysis of N-nitroso-Ncyclopropyl ureas [221].

A few years later we patented and published [222] what appeared to be a first general synthesis of 3-(2H)-isoquinolones (Scheme 107).

Scheme 107. A general synthesis of isoquinolones.

In the early eighties we were involved in a project initiated by a former postdoctoral associate who had got a position in the USA. He had shown that the stable benzophenone imine derived from glycine ethyl ester could be easily alkylated to yield aminoacids. We had discussed this project in Louvain and together with our American friends, we published a paper in 1982 describing a general and practical method of alkylation of aldimines derived from glycine ethyl ester under various phase transfer conditions [223]. We studied the classical ionpair extraction conditions, catalytic liquid-liquid phase transfer and catalytic solid-liquid transfer conditions. Scheme 108 shows a few representative examples but many more have been studied [224]. With aldimines we had to face a selectivity problem resulting from a double alkylation. Careful study of the reaction parameters allowed to. to suppress this side reaction. Both aldimines derived from benzaldehyde and p-chlorobenzaldehyde worked well but the second was crystalline and somewhat easier to handle. In the case of naphtyl derivative we developed a "onepot" procedure from glycine ethyl ester to the enantiomerically pure (R) and (S) naphtyl glycine. We also exploited the possibility of double alkylation to develop a practical method of synthesis of α-methyl amino acids by catalytic phase transfer alkylation or alanine or catalytic phase transfer methylation of other amino acids (Scheme 108) [224]. Asymmetric versions of these catalytic phase transfer alkylations were successfully developed by M. O'Donnell and several other groups around the world [225].

Scheme 108. A practical method of alkylation of glycine.

Looking for fluorine-containing dienophiles, we prepared (E) and (Z)-difluorovinylphenyl sulfones in 1997. Both stereoisomers gave good yields of cycloadducts with cyclopentadiene but gave deceptively complex reaction mixtures with dienes activated by electron-donating groups. On the other hand, they reacted well as dipolarophiles with various 1,3 dipoles [226].

We also briefly examined the synthesis of various O-Alkyl-N, N-dialkylureas which are used as alkylating agents [227]. Searching for new chiral inductors and catalysts we studied the synthesis of various pyrrolidines and bis-silanes possessing C-2 symmetry [228].

Scheme 109. Scafffolds for libraries of potential tachykinin antagonists.

A collaboration with an industrial partner was established in the late 1990s with the aim of searching for tachykinin antagonists. The comparative conformational analysis of four substance P antagonists led us to identify a pharmacophore which included three aromatic rings suitably distributed in space around a central scaffold. In this context we became interested in di-and trisubstituted 6,7-dehydro-5H-cyclopenta [b]-pyridine and 1,2, 3,5,6,7-hexahydro dicyclopenta[b,e]pyridine scaffolds. We also looked for a non-glycidic analogs of TBC-265 and FK-888(Scheme 109) [229]. The details of this research program cannot be given in this report although it involved some interesting chemistry [230]. I shall limit myself to the description of one type of scaffold. In the late 1990s, the 6,7-dehydro-5Hcyclopenta [b]-pyridine scaffold, an indane isostere, had beenalmost ignored [231]. We prepared difunctionalized derivatives of this indane isostere as scaffold for solid phase chemistry (Scheme 110) [232]. This allowed our industrial partner to prepare libraries of biologically interesting compounds. Phytone is a key intermediate in many vitamin E syntheses. At the request of an industrial partner, we have examined the possibility of preparing phytone via acid catalyzed ene reactions of acetals with 1,1 disubstituted olefins. The pioneering work of Mukaiyama had shown that acetals and ketals could be used successfully in coupling reactions with electron-rich olefins such as enol ethers and allylsilanes [238]. A collaborative effort of the UCL and IECB research groups led to the development of a simple protocol allowing to perform the acetal-ene reaction under very mild conditions using 1-5 mol% FeCl3 as catalyst [239]. An application of this protocol for a practical synthesis of phytol is shown in Scheme 111. We are presently looking for a new partner since the original partner decided to give up research in the field of Alzheimer disease. Scheme 111. A synthesis of phytone using a catalyzed ene reactions of anacetal with an olefin. Scheme 112. Reagents for epoxidation of olefins .

The presence of a French postdoctoral associate who had done pioneering work on oxaziridinium salt with X. Lusinchi [235] led us to examine these reactive small rings as epoxidation reagents of olefins. We prepared a series of new oxaziridinium salts by oxidation of the corresponding iminium salts with mchloro-or p-nitroperbenzoic acids in the presence of sodium bicarbonate (Scheme 112, Part a) [236]. Oxaziridinium salts were sometimes quite unstable and difficult to handle. Oxidation of olefins were thus performed with catalytic amounts of an oxaziridinium salt generated in situ by oxidation of the corresponding iminium salts with oxone as reported by Hanquet and Lusinchi [235]. A few iminium salts prepared in Louvain are shown in Scheme 109, Part b [236]. The salts were successfully used for epoxidations of olefins but, with chiral iminium catalysts, we never obtained more than 69% enantiomeric excesses. The project was stopped at this stage because much better results had been obtained with other systems.

A significant part of the work performed at IECB has already been mentioned in preceding sections when the chemistry was related to some of our earlier discoveries. When I moved to IECB, I had just celebrated (?) my 65th birthday. In most old (very?) European states, it is accepted that anybody reaching the age of 65 suddenly becomes intellectually sterile. This has not changed in spite of the huge increase of life expectancy. Interestingly it seems as intellectual sterility never occurs before that magic 65th birthday! As a consequence, a >65 scientist is legally deprived of possibilities of applying to most funding agencies the minute he reached that shameful age. I had to face this problem when moving to IECB. Fortunately, neither the European Union nor privateFoundations or industrial partnersdo practice "discrimination based on age" thus allowing me to maintain some research activity. Many thanks to them. After a few years, IECB already hosted a good mix of synthetic and supramolecular chemists, structural biologists (mostly trained as physical chemists) and biologists. This multidisciplinary environment was certainly an incentive to start collaborative research with F. Ichas, a newly recruited group leader in biology. The project aimed at designing, preparing and testing new targeted antioxidants to achieve better neuroprotection by increasing the availability of the antioxidant drugs at the mitochondrial level within cells. Following a proposal of M. P. Murphy (1997) to covalently couple antioxidant molecules to a membrane-permeable lipophilic cation serving as carrier we prepared and tested the three charged antioxidants shown in Scheme 113 [240]. Our preliminary results indicated that these targeted compounds delayed apoptosis after an exogenous oxidative insult but were not more active than their Scheme 113. New cationic antioxidants.

untargeted variants. This questioned the general efficiency of the targeting procedure used and/or suggested that the main proapoptotic effector targets of exogenous oxidative insults were not located within mitochondria. In the same vein we designed and prepared new activators of the proapoptotic protein BAX. Under stress conditions, BAX was known to undergo a conformational change that causes translocation to the mitochondrion membrane. This leads to the release of cytochrome c whichpromotes activation of CASP3, and thereby apoptosis. The project aimed at finding activators of the protein which would induce this conformational change [241].

The first non-peptidic antagonist of V1b receptor SSR149415 was described by Sanofi-Synthélabo in 2002. We were asked to look for more stereoselective syntheses of this complex molecule and preparation of analogs. Unfortunately, the nice contribution of the PhD student was unfinished and could not yet be published [242].

Tramadol is an opioid which was originally considered as a derivative of codeine. It exhibits analgesic activity with a more favorable side-effect profile than morphine. The drug is one such example where the two enantiomers contribute in a synergistic manner to the analgesic activity of the drug. Many groups have synthetized analogs of tramadol with no great success. We decided to synthetize and test a series of tramadol analogs which would retain some essential features of the drug like the methyldiamine and the anisyl groups but differ by the scaffold which would be bicyclic. To this end we decided to use welldocumented chemistry developed by our group: [2+2] cycloadditions of dichloroketene, [3+2] cyclopentannulations and Diels-Alder reactions. Around 50 compounds were prepared. Our partner measured binding to the μ-receptor, 5-HT re-uptake inhibition and NA-re-uptake inhibition. Docking experiments on the μ-receptor were performed at IECB by J. Dessolin and M. Laguerre. This last PhD thesis in my group generated many interesting structure-activity relationships which we hope to be allowed to be published soon.

A few years ago, the Cancer Research Association (ARC) decided to support a research program aiming at finding inhibitors of proprotein convertases. These are calciumdependent serine proteases responsible for maturation of protein precursors by sequence-specific cleavage at the carboxy-terminal of a basic amino acid. Many PC substrates are well-known cancer-associated proteins: growth factors, growth factor receptors, integrins, matrix metalloproteases (MMPs). PC's act as «masterswitches » at different levels of tumor development and progression: cell proliferation, invasiveness, metastatic abilityand they are overexpressed in some cancer tissues. This project benefited a lot from our many years' experience on penicillinbinding protein and the synthesis of the privileged scaffolds has been successfully done [245]. This is still an on-going project which needs additional funding.

We also studied the synthesis of scaffolds related to the alkaloid and terpenoid cores ofthe terpenoid alkaloids shown in Scheme 115 [246]. During this "Bordeaux" period, I was invited by a group of colleagues from Louvain-la-Neuve, the Ecole des Mines in Paris and three industrial partners to be part of a research program on fullerene and other carbon allotropes. This project involved the development of new method of synthesis of fullerenes as well as applications in the material sciences and derivatizations. As a result of its unique properties, the all-carbon molecule C60 is indeed a potential source of new materials or chemotherapeutic agents. This has been a stimulus for the study of chemical modifications, which would not significantly modify the properties of the C60 backbone while allowing the introduction of substituents required for specific applications. Cycloadditions on C60 were already well documented in the early 2000s but little was known about the synthesis of C60 carrying a single carbon chain of variable length carrying functional groups. The resulting fullerene derivatives should be useful as building blocks for the synthesis of C60 containing new materials or biologically active products. The strong electrophilic character of fullerene was an incentive for the use of reagents which exhibit nucleophilic properties. At the outset of our studies, we decided to screen several classes of nucleophilic reagents. This allowed us to select the best reagents and the most appropriate reaction conditions for the synthesis of our targets. At that point we were able to prepare a great number of C6O-containing building blocks and study their chemical behaviour (Scheme 116) [247]. The main contribution of our group was technological: we had indeed developed practical methods for the synthesis of C60 which carried a tether terminated by a wide variety of functional groups or two tethers (1,4 relationship) carrying each a functional group. Also, we demonstrated that these new functionalized C60 could be readily anchored to biologically important compounds. At the same time, a collection of fullerene building-blocks have been made available and could be delivered. I should mention here a short but very instructive excursion into the world of foldamers. We had been fortunate at IECB to host two major players of the field, I. Huc and G. Guichard. Ivan and an Indian postdoctoral associate had been puzzled by the observation of the specific chloration at a given site of an oligomeric sequence. We undertook a systematic investigation of the bromation of oligoamides derived from 8-amino-4-isobutoxy-2-quinolinecarboxylicacid ("Q"). These compounds had been shown to adopt very stable helical conformations having 2.5 units per turn and a helix pitch of 3.5Å [248]. Scheme 117 shows two important results of these experiments [249]: the selective bromination of the third Q residue and the rate acceleration with respect to the simple dimer. We also observed unusual substituents effects. These unprecedented results definitely deserved further experimental and theoretical investigations to unveil the role of the helical conformation on the reactivity of the aromatic rings. Physical organic chemists will find there a land rich of surprises and exciting discoveries.

Presently our group is still involved in the synthesis of privileged scaffolds inspired from ottelione A and lycorine. My very able coworkers recently made exciting discoveries related to deoxyamination and deoxyfluorination reactions of hydroxylcontaining compounds under unprecedently mild conditions [ 250]. Some of the results have been communicated in a lecture at the International Symposium on Fluorine Chemistry in Oxford. The group is also developing the study of the silicon superacid catalysts described in Scheme 83. We hope to find financial support to achieve these exciting scientific goals.

Scheme 117. Unusual selectivity of electrophilic bromations of helical oligoamides.

Prizes, Honours, Endowed Chairs….

As a normal human being I have not remained completely indifferent to recognition and awards. Nevertheless, I was never a real "prize hunter". I always thought that a career should not be guided by egos if one wants to avoid bitter disappointments. I met indeed too many highly successful scientists who were permanently frustrated by not being awarded the "next" prize they had not yet received. I particularly enjoyed visiting professorships or endowed lectureships which allowed me to meet a lot of interesting colleagues. I was several times "Pacific Coast lecturer" and I greatly enjoyed travelling from Seattle to San Diego and visiting great Universities and excellent industrial laboratories. I shall not describe here all of these enjoyable and memorable visits.

Let me also mention the Bürgenstock adventures. I worked my way up the ranks from "accepted delegate" to "invited lecturer" then "president-elected", "president", "past president" and eventually guest of honor. My lecture was quite an experience: V. Prelog was my "chairman" and, as expected from such a friendly person, made a very kind introduction. I noticed in the first row the presence of sir Robert Robinson who, at that time, was almost blind wearing a visor to protect from strong light. After 5 minutes, I noticed that his eyes were close and that he had probably fallen asleep. I became more relax. The Bürgenstock conferences are known for leaving lots of time for questions. Thus, at the end of the lecture, Prelog asked the audience for questions and…instantaneously, the sleeping (?) sir Robert rose his hand and told me: "Young man, in your 5 th slide (!!!) you showed a mechanism which was complete nonsense!" I felt rather embarrassed but, fortunately, he began a long dissertation about the existence of "carbonium ions" and his conflict with Ingold. Eventually Prelog was kind enough to help me climbing outof the pit by saying "many thanks, sir Robert, everybody heard your comments and will now be able to make his own opinion about them".

Sometimes the award of a prize comes with some surprises. I was informed that the Royal Society of Chemistry had awarded me the 1985 Centenary medal and they invited me to a ceremony in London. I was very proud of this and wrote a letter of acceptance and thanks. A few days later, I was told that the tradition was that the recipient of this medal would tour a few British universities to give lectures. In principle I could choose the places I wanted to visit but I was also informed that, being a European scientist (thus having more opportunities to visit Britain), I should avoid the "big" places like Oxford, Cambridge, Imperial College...I was also informed that Universities at Belfast and Aberyswhyth would "very much like" to host me. I decided to play by the rules and to visit these places where I got an exceptionally warm welcome. After I landed in Belfast, I found myself surrounded by machine guns and soldiers armed to the teeth but my colleagues were exceptionally friendly. I must be honest by saying that I had never heard about Aberyswhyth. The colleagues of the RSC told me that it would take a day to go by train, from London to this resort located on the coast of west Wales. The last part of the trip was really interesting. The onetrack train was moving slowly through meadows and fields and when passing by a farm it was whistling just to say hello! The discovery of Aberyswhyth was an unforgettable experience. The place was beautiful and almost empty at this period of the year. I quickly discovered that there was almost no research in organic chemistry and, accordingly, I had to change somewhat my lecture to make it interesting to all chemists. Anyway, the lecture room was full of attentive and curious listeners. On that evening I was invited for dinner by the students. I had a great time. Later in my career I went back to this nice resort as a tourist: still great but crowded! This long visit to the UK was another occasion to enjoy British humour. My official host was the president of the RSC: David Ollis. David was a gifted speaker and had a great sense of humour. On the eve of the ceremony in London, he took me for dinner at the Atheneum Club on Pall Mall. After dinner we went to a lounge where he showed me the book where members were invited to vote for giving an Atheneum membership to Mrs Tatcher, prime Minister at that time. He was very proud to show me that most members had rejected this proposal. He also invited me to sit on a wheelchair in the library before telling me that was the chair where Faraday had been found dead by his colleagues who thought he was reading a book! The UK was another country I always loved to visit. Monique and I became good friends of Derek Barton and his wife Christiane. The four of us enjoyed good food and good wines. He kindly introduced me the brilliant members of his "gang" and thus, for many years, I interacted a lot with my friends S. Ley, S. Davies, A. Barrett, W. Motherwell and J. Baldwin. A. Battersby whom I much admired was first to invite me to lecture in Cambridge. C. Rees were also very good friends and we enjoyed going together to the ENO or watching a musical in London. I also remember the celebrated after-dinner speeches of Charles: they always were festivals of british humour. I also thank Jim Thomas and Richard Taylor and Stephen Neidle for the many good and interesting times together.

The Tetrahedron Adventure.

In 1985, I received a call from Derek Barton (Fig. 23) who, in his typical straightforward manner, told me: "Léon, the Board of Editor of Tetrahedron Publications met yesterday and we (he probably meant "I" !) have decided that you should become regional editor of Tetrahedron." At that time Tetrahedron and Tetrahedron Letters were very prestigious journals attracting a lot of excellent papers. They had been founded by Sir Robert Robinson and my former supervisor R.B. Woodward and this was an incentive for me to accept the Board's proposal. Also, both Tetrahedron and Tetrahedron Letters were prestigious journals at that time. On the other hand, I was totally unprepared and felt that I would probably have too little time to do the job properly. I expressed my concern to Derek whose answer was: "you should accept if not for the job, at least for the annual dinner in Maxwell's house where you will be served the very best wines!" I did not further resist joining this Board of editors and certainly did not expect that I would stay a member of this Board for 32 years! It was actually a great experience. I always believed that scientific publication should be under the control of the profession and that peer review, although not perfect, was the best way to select publishable results. I somewhat enjoyed to be part of this scientific endeavour and help maintaining the highest possible standards in scientific publication. At that time Tetrahedron publications were in the hands of Pergamon Press, a property of press tycoon R. Maxwell. Bob Maxwell was an utterly fascinating character. He was an extremely intelligent self-made man who had been able to take advantage of the many opportunities and difficultiesof life. My first board meeting took place in Oxford at the Maxwell's mansion. Bob and his French wife Elisabeth offered us, as usual, a sumptuous meal washed down by numerous fine wines. I was flabbergasted when I realized that Bob Maxwell would attend the full meeting together with the director of Pergamon. I learned that this was almost always the case. Bob Maxwell once explained that being involved in the creation of Tetrahedron journals had been an important step in his career. He therefore thought he owed a debt to the chemists. The presence of Maxwell was of great help because he was very supportive of the journals. I still remember of his robust comment after a complain of one of the editors. He looked at the director of Pergamon and banging his fist on the table, he said: "when the professors have decided, it should be immediately implemented". Those were the days! Although I was already 52 when I joined the Board, he kept calling me "young man" throughout the years. The publisher-board relationships were highly professional but there was also a family atmosphere which probably resulted from the fact that editor's partners were always invited to the meetings but also that the Pergamon staff did not change much. I particularly remember of the Executive Publisher Peter Sheppard and his colleague Eileen Morrell for their competence and kindness. I think that this had a great impact on the editors' commitment to the journals: it probably costed a little more to the publisher (which could be easily calculated) but probably brought much more money back to the publisher as a result of the dedication of the editors to the journals.

Bob Maxwell had also weaknesses and, unfortunately, he got involved in a financial scandal. He later sold Pergamon Press to Elsevier in 1992. There was a huge garden party in his Oxford home. Each editor and his(her) partner were warmly welcome and thanked by Elisabeth. Surprisingly we did not see Bob till everybody had arrived. Then a loud roar was heard in the sky and a helicopter landed in the garden: the Gods (Bob Maxwell, one of his son and the Elsevier's high managers) were "descending" on earth! After a few speeches, Bob Maxwell strolled through the tables to greet and thank each of us, always remembering of our names. There were more than hundred editors!

The take-over by Elsevier could have been a cultural shock but actually the transition was smoother than expected because, during the first years, we had kept P. Sheppard as executive publisher and the new owner quickly realized how the Board was operating. We have been able to maintain the high scientific standards of the Board members. The prestigious Tetrahedron prize awarded annually by the Board to an exceptionally creative organic or bioorganic chemist was not only maintained but also completed in 2005 by two Tetrahedron Young Investigator Awards. Tetrahedron publications are also supporting the Tetrahedron Chair at the BOSS meeting in Belgium. Thus "Tetrahedron" has remained a prestigious brand name in the community of organic chemists although the journals were not able to maintain the high scientific quality of the early years. This was the result of several factors (1) the pricing policy of the publisher which made Elsevier very unpopular in the community of organic chemists (2) the missed opportunity to become the publisher of the new European journals while Elsevier, being a European publisher, had originally been a first choice of the negotiators, (3) the decision of the American Chemical Society to create Organic Letters to compete with Tetrahedron letters which had been a favourite journal of many American chemists. Unfortunately, others were able to take advantage of these opportunities. Still the high scientific quality of the Board and the professionalism of the new executive publishers make me quite optimistic about the future of Tetrahedron Journals.

Derek Barton had been chairman of the Board for many years. When he passed away, H. Wasserman (Fig. 24) who had been an editor since the beginning took over. Harry and his wife Elga were dear friends of us and he helped me a lot to insert into the group. When Elsevier decided to have a rotating chairmanship, I was asked to take the job which I did for three years. This was quite interesting because I had to be the interface between the new publisher and a prestigious Board and his traditions. I think it worked reasonably well and I take this opportunity to thank the Elsevier managers for their trust. However, my thanks will primarily go to my colleagues and friends of the Board. It was a fantastic group of great and enthusiastic scientists. At several occasions I had the opportunity to appreciate their kindness and their friendship. It was always a feast to attend the Board sessions and meet them and their partners. I thank them all.

I would like to end this section by a short comment about "modern" scientific publishing and evaluation. It seems that we are gradually moving to a system of evaluation driven by metrics such as impact factors of the journals or h-indexes and similar indices. These are much favoured by technocrats of funding agencies as an effortless way to assess applicants for grants, promotions, prizes. I recently sat in such a panel and one such very influential person comparing two applications argued that one candidate was much better because his publications were in journals with higher impact factors than those of the other candidates. I then asked the person: did you read the publications? The answer was: of course, no: I have no time! This is of course an extreme case but I am afraid that we are losing confidence in our own judgment. Metrics are useful but they remain very crude informations which should be used with care. Also, another concern of mine relates to the fact that the present evaluation system leaves too little chance to risky projects. Proof of concept is often required before starting the research: isn't that a sign of an ageing society?

In Universities we have all experienced the growing concern of our coworkers about the journals we select to publish their work. Tetrahedron journals have definitely lost part of their glamour for the young generation and there is often much pressure from our coworkers to publish in "higher impact journals". In some countries there is even some financial reward for publishing in these journals. I fully understand the concern of young researchers but they should be reminded that the content defines the quality of a scientific publication, not the journal. I already said that the selection of a paper for publication should be in the hands of the peers. I am thus worry that several publishers are using professional editors who, after consulting with referees, are responsible for the fate of a manuscript (publication or rejection). To me this is a source of concern because there could be a conflict of interest. A professional editor is an employee of a publishing company and, as such, in charge of running the journal and making it successful (at the end of the day: making money). Attracting and publishing good papers is certainly the best way to succeed in the business. However editorial decisions could be influenced by less scientific criteria which would be considered to increase the visibility of a journal or also promote other journals of the publishing company. These professional editors are often both knowledgeable chemists and great businessmen or women. Nevertheless, they do not have the independence of peers who are supposed to take only scientific arguments into consideration. I remember having submitted a manuscript to a renowned journal. The three referees had rated the paper excellent, excellent and very good. I thus expected a favorable decision from the professional editor. The answer was "no" on the basis of a sentence of a referee who wrote: "this contribution is a very interesting extension of a seminal paper of L. Ghosez in this journal". The proposal of the editor was to transfer the manuscript to a sister journal without further refereeing: efficient and clever way of a publisher's employee to feed the sister journal with good papers and increase its impact factor! I refused and publish the manuscript in Tetrahedron. I am therefore very glad that the scientific policy of Tetrahedron journals is still in the hands of fully independent Editors. Scientific publication is somehow a unique business: investors are taxpayers or private foundations which provide grants to the research institutions and salaries or fellowships to those performing research activities. The results of the researchers' creative and hard work are submitted to journals that often belong to private companies which, at this point, haven't invested a penny in the business. Thanks God, members of the scientific community are still asked to give expert opinion on the quality of a manuscript. If accepted, the manuscript will appear in a journal sold at high prize by the publisher to the scientific community. There will be no benefit for investors, researchers or institutions where the research was performed. I do not want to say that the publisher should not get some reward since it helps disseminating results, a very important task. I am indeed glad to find shops (journals) where I can select my preferred chocolates (Belgian, of course). I am ready to pay the shopkeeper but, in this case, I know that some of my money will serve to produce more (good) chocolates by going back to the producers and investors.

Conclusions

Looking back at this long but (fortunately) yet unfinished journey, I felt that I was a jack of all trades rather than a master of one. Clearly my research was driven by curiosity and by opportunities resulting from interactions with colleagues in particular with those working in industry. I never felt doing a job but rather considered enjoying a hobby even if that meant many hours of hard work and little free time. Of course, success in research was rewarding and publishing papers rated as "important" was exciting. Nevertheless, I was never fooled by success: I consider myself as a craftsman who merely brought a few stones to the building of our knowledge about the behaviour of molecules.

I want to stress that the results I presented here belong to a team of 297 talented young postdoctoral associates and PhD students from all over the world who put their trust in me. Their names appear in the references. Those who would not find their names should forgive me: some documents could have been lost and there was a period when computers did not exist (yes, yes!) All my talented coworkers deserve the applauses of the community of organic chemists and my warmest thanks. I am absolutely convinced that my greatest contribution to science and society was the training of these young researchers in creativity, experimental rigour and team working. I felt extraordinarily rewarding to help them achieving their professional ambitions and fulfill their dreams.

I was fortunate to be often invited to lecture at international conferences, universities, research institutes and industrial laboratories. This gave me the opportunity to see the world and be exposed to different cultures, landscapes and, above all, fascinating people. I feel very proud of having made many friends around the world and having kept them throughout the years. I feel extraordinarily privileged to have met these men and women who were not only great chemists but also fascinating human beings: I warmly thank them. I started my career during the "thirty glorious years". The first world exhibition (EXPO 58) after the second world war took place in Brussels in 1958 : its symbol was the "Atomium" a 102 meters high building made of nine interconnected spheres which represent an elementary iron crystal enlarged 165 billion times : it was and still is the symbol of the "democratic will to maintain peace among all the nations, faith in progress, both technical and scientific and, finally, an optimistic vision of the future of a modern, new, super-technological world for a better life for mankind". There was also an entire building devoted to fundamental research regarded as a borderless activity. Thus, at that time, science had become extremely popular and, in a few years, the number of chemistry students in Louvain had increased from 30 to up to 120 in the final year. We had excellent students and financial support from the government and the Belgian National Science Foundation (FNRS) was excellent. We had a very efficient though quite competitive system for awarding PhD fellowships. My group and that of H. Viehe also received substantial financial support from the government as a "center of excellence". My research group also benefited from government initiatives aiming at promoting collaborative research programs between university and industrial laboratories. We always received a lot of support from chemical, pharmaceutical and agrochemical companies. This interaction with industry was extremely useful: I always considered industry as a privileged "customer" of universities being the future employer of our students. Thus, if you believe that "the customer is king", you should learn what the customer wants! I already mentioned that it was also industry who enabled me to maintain a research group in France after I reached my infamous 65 th birthday.

I really enjoyed the atmosphere reigning in the chemistry department of the University of Louvain. We also had an excellent analytical infrastructure : I already mentioned that UCLouvain was hosting at that time a pioneer of X-ray diffraction analysis of small molecules, Prof. G. Germain. Later Prof. Jean-Paul. Declercq and Dr. B. Tinant (X-ray), the late R. Touillaux, A.M. Frisque and A. Mockel (high field NMR) and E. de Hoffmann (mass spectrometry) helped us a lot to analyze structures. IECB has a fantastic technical platform and we benefited a lot from the talents of K. Bathany and F. Rosu (mass spectrometry), S. Massip and B. Kauffmann (X-ray), A. Grélard and E. Morvan (high field NMR). As was seen before our group was involved in many collaborative programmes involving biologists or physical chemists. Collaboration with theoretical chemists was almost permanent and I must thank J.M. André (University of Namur), D. Peeters (UCLouvain), G. Dive (University of Liège), K. Houk (UCLA), M. Laguerre (IECB), F. Robert (U-Bordeaux) who made significant contributions to our research.

I am extremely grateful to the University of Louvain for the continuous support and, in particular, to Mgr E. Massaux who hired and always supported me, and to my friends Prof. P. Macq and Prof. M. Crochet who were both talented physicists and exceptional Rectors (Presidents) of the University. I have already mentioned the name of my colleague and former coworker, Prof. J. Marchand who helped me a lot for several years before starting her own group.

I was very fortunate to embark with Prof. F Mathey and later Prof. J.Y. Lallemand on the IECB boat in France. It was and still is a great adventure. I acknowledge here the great vision of Prime Minister A. Juppé and President A. Rousset who were very supportive of the creation of IECB. So was Prof. P. Bothorel who successfully put a lot of energy into this exciting project. I have already mentioned the contribution of Dr. J-J Toulmé and I shall also mention here his successors as directors of IECB, J-L. Mergny and R. Fronzes. Nevertheless, I strongly believe that IECB would no longer exist without its International Scientific Advisory Board: I thus warmly thank the successive teams of internationally renowned chemists and biologists who devoted much energy in selecting and evaluating IECB group leaders. As a co-founder and former deputy director of IECB, I wish to thank my younger colleagues for playing by the (unusual) rules of the Institute and supporting the project.

I always tried to escape from administrative tasks, and I am therefore grateful to my successive secretaries at UCLouvain Paula, Livine, and Chantal who efficiently helped me. Annie and Sandra were fantastic "gestionnaires" of IECB under the successive supervision of Stéphanie and Sylvie who guided me through the maze of the French structures, rules and regulations and ran the budget of the group.

Belgium had always excellent technical schools and we benefited from the help of several very able technicians: I thank thus warmly the late Marcel, Jean-Louis, Léon, and René, Christian and above all Anny and Huguette who played a decisive role in the organization of the group. Anny was not only a talented technician who was in charge of the equipment of the group but she was also my "minister of finance". She and her husband became very good friends of ours. Huguette was the very first person I hired in the group: I had been able to appreciate her experimental skills when she spent a semester in Smets laboratory at the end of her technical studies. She thus spent 39 years as technical assistant in my group. She worked in the laboratory for many years while being also in charge of some administrative duties. Later she gave up part of her laboratory work to become my editorial assistant. She did the job beautifully and became a well-liked figure by Tetrahedron authors. She played a very important role in my professional life and became a dear friend of us. More recently I have been given the privileged to share everyday life with this loving and beloved companion. Unlike many colleagues, I have never been able to separate the professional from the personal. There were several reasons for that. As said at the beginning of this professional biography, the decision to become an "academic" was a decision of a couple. I constantly needed and enjoyed the support of my wife who enabled me to be somewhat successful as a professor and researcher but also as a father of five children. Monique and our children were always my priority in life. Thus, as I said before, I tried to be with the family at breakfast and dinner when I was in town and I stayed (often working!) at home in the evenings and during week-ends. I often took our visitors and lecturers at home for dinner: I was often told by colleagues that they had very much enjoyed the cooking of Monique and the wines of my cellar. This gave my children the opportunity to meet interesting people from all over the world and… practice their English. Monique and I also hosted a few exchange students or young refugees: some became real members of the family and we remained in close contacts. Each year we hosted the research group at home for a big party (often more than 60 coworkers + partners) and the members of the group knew very well all members of the family. Monique and I valued a healthy balance between work and private life. Still I feel that I owe thanks to my children for having be supportive of a very busy father! I may have done some nice syntheses, but I always felt that our children were our most successful creations and I am very proud of them and of the seven marvelous grandchildren, Antoine, Mathieu, Caroline, Margaux, Guillaume Théo and Garance. Thus, I wish to address my loving thanks first to Anne, Isabelle, Françoise, Jean-Jacques and Marie-Hélène but also to Loan, Xana, Michele, Renée, James, Yang-Li and my niece Dominique.

Busy but interesting journey isn't it?

Fig. 1 .

 1 Fig. 1. Dr. Jean Ghosez I studied at the Catholic University of Louvain which had a good chemistry department. In 1955 I got a degree of « licencié en sciences chimiques » with summa cum laude. During the last few months of my studentship I experienced research for the first time with a little piece of work on the synthesis of N-vinyl sultams. I was then very fortunate to be accepted as a PhD student in the laboratory of Prof. Georges Smets (Fig. 2.) who was a prominent figure in polymer chemistry. Like Herman Staudinger (Nobel Prize 1953) the father of polymer chemistry, Smets had been trained as an organic chemist. He had been
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 4 Fig. 4. Prof. R.B. Woodward

Fig. 5 .

 5 Fig. 5. Prof. G. Stork

Fig. 6 .

 6 Fig. 6. Prof.S. Danishefsky

Scheme 4 .

 4 Scheme 4. Selective addition of dichlorocarbene to dicyclopentadiene.

Fig. 7 .

 7 Fig. 7. Professor Rolf Huisgen and his wife Trudl

Scheme 6 .Scheme 7 .

 67 Scheme 6. The first [2+2] cycloadditions of dichloroketene (UCL).

Scheme 9 .

 9 Scheme 9. Thermal generation of dithiolanoketene

Fig. 8 .

 8 Fig. 8. Chemistry building in Louvain-la-Neuve

Fig. 9 .

 9 Fig. 9. The "Master" and two disciples: Heinz G. Viehe and LG.

Fig. 10 .

 10 Fig. 10. C-Cl and C=C bond lengths in a crystalline α-chloroenamine.

Scheme 11 .Scheme 13 .

 1113 Scheme 11. Synthesis of α-chloro-and bromoenamine (UCL).

Scheme 16 .

 16 Scheme 16. Arylation of TMCE (UCL).

Scheme 17 .

 17 Scheme 17. Heterocyclization of an amide via an α-chloroenamine.

Scheme 18 .

 18 Scheme 18.A simple method for the dehydrogenation of tertiary amides

Scheme 21 .

 21 Scheme 21. Conversion of a tertiary amide into iminium salts.

Scheme 24 .Scheme 25 .

 2425 Scheme 24.Examples of[4+2] cycloadditions of a keteniminium triflate.

Scheme 26 .

 26 Scheme 26. Enantiopure keteniminium salts studied at UCL

Scheme 28 .Fig. 11 .

 2811 Scheme 28. Asymmetric total syntheses of prostanoid privileged scaffolds using intramolecular keteniminium [2+2] cycloadditions (UCL).

Scheme 30 .

 30 Scheme 30. Synthesis and transformations of enantiopure cyclic dienes equivalents (UCL and IECB).

  .

  a) pyrrolidine, Et 3 N, reflux,15h; b) (COCl) 2 , DMSO, Et 3 N, DCM c) nBuLi (1.13 equiv), PhMe 2 SiCH 2 CH=CH 2 1.13 eq, THF rt then e) Tf 2 O, di-t-butylmethylpyridine, then 1M HCl ; f) glycol / pTsOH then KOH in MeOH (R,R)-Cl-TiCpTADDOL ; d) Ac 2 O/ pyridine B3LYP/6-31G*//RHF/6-31G*

Fig. 12 .

 12 Fig. 12. Prof. Alain Krief

Scheme 34 .

 34 Scheme 34. Synthesis of α-fluoroenamine (UCL)

Scheme 37 .

 37 Scheme 37. General synthesis of of α-cyanoenamines:a new method of amide activation (UCL).

Scheme 40 .

 40 Scheme 40.Examples of electrophilic substitutions on α-cyanoenamines.

Scheme 45 .

 45 Scheme 45. Representative synthesis of the linear 3-carbon annulation reagents (UCL).

Scheme 47 .

 47 Scheme 47. Example of another class of 3-carbon reagents for annulation of enones (UCL).

Scheme 46 .

 46 Scheme 46. Representative examples of cyclopentannulation reactions (UCL and IECB)

Scheme 51 .

 51 Scheme 51. Asymmetric cyclopentannulation of cyclic enones.

  Scheme 53. Simple synthesis of 2-aminoazirines, aminotriazoles and pyridines from tertiary amides (UCL).

Scheme 55 .

 55 Scheme 55. The ambiphilic character of singlet carbenes, ketenes and ketenimines (UCL).

Scheme 56 .

 56 Scheme 56. First cycloaddition of ketenimines to an activated acetylenic bond (UCL).

Scheme 58 .

 58 Scheme 58. The first Diels-Alder cycloadditions of an alkenyl ketenimine.

Fig. 13 .

 13 Fig. 13. Prof. Robert Jacquier

Scheme 62 .

 62 Scheme 62. Hydrazones derived from methacrolein as nucleophilic 1azadienes (UCL).

Scheme 64 .Scheme 65 .

 6465 Scheme 64. Cycloadditions of activated 1-azadienes (UCL)

Scheme 68 .

 68 Scheme 68. Efficient multicomponent synthesis of pyridines and pyrimidines by a [2+2+2] strategy (UCL).

  Scheme 69. Five-component diastereoselective synthesis of piperidones(UCL and IECB) 

Scheme 71 .

 71 Scheme 71. Chiral dienophiles studied at UCL.

Scheme 75 .Scheme 76 .Scheme 77 .

 757677 Scheme 75. New heterodienes.

Scheme 79 .

 79 Scheme 79. Making possible the impossible (or the difficult).

Scheme 81 .

 81 Scheme 81. Making possible the forbidden. precipitation from the reaction mixture. It is soluble in many organic solvents and could thus be used as a Lewis acid catalyst. We are still exploring new applications of these ionic solvents [159]. 15. Intermezzo-5. From the very beginning of my career I had watched with an on-going interest the spectacular development of chemistry in Asia after world-war II. In 1957, during my PhD, I had been fortunate to meet Koichiro Hayashi, one of the first Japanese student who came to do a PhD in a European laboratory after world war II. He was working on the polymerization of vinylene carbonate and the hydrolysis of the resulting polymer. He became my first Asian friend and that certainly sparked my interest in the Far East. K. Hayashi made a very successful career as Professor at Osaka University and we always kept in touch. At Harvard, I had met two Indian scientists: Professor Bal Tilak and Dr. Bhide. Bal Tilak was a visiting professor in Woodward's group but wanted to work in the laboratory together with the students and postdoctoral associates. Tilak was a very openminded and pleasant person. Bhide was a Brahman and thus somewhat more traditional. Bhide and I were working back-toback and got along very well. Both he and Bal Tilak became my first Indian friends and remained so until the day they died.

Fig. 14 .

 14 Fig. 14. Prof. H. Nozaki carrying a Tanaka chemistry. These were still post-war times where commuting between two continents were not yet routine practice. It was thus a unique experience which gave me the opportunity to discover Japan but also to visit Hong Kong and some parts of India on my way back to Europe.During my two months stay in Japan, I visited several Universities and research Institutes in Sendai,

Fig. 16 .

 16 Fig. 16. Prof. H. Yamamoto

Scheme 84 .Scheme 85 .

 8485 Scheme 84. Representative [4+2] and [2+2] cycloadditions catalyzed by silylated triflimides (10% molar).

Scheme 86 .Fig. 17 .

 8617 Scheme 86. A convenient synthesis of di-(het)aryl methanes

Scheme 87 .

 87 Scheme 87. Asymmetric catalysis of Diels-Alder reactions with silylated triflimides.

Fig. 18 .Scheme 90 .

 1890 Fig. 18. Prof. Jean-Marie Ghuysen

Fig. 19 .

 19 Fig. 19. Prof. Henri Kagan I also enjoyed the friendship of Pierre Potier also a worldfamous scientist who impressed me by his exceptional intuition probably resulting from his education as a pharmacist and chemist. Pierre had Belgian family tights and that also brought us closer. When Derek Barton had to move to Texas, Pierre tried to attract me at ICSN but, at that time, I had already committed myself to join the Bordeaux project.

Fig. 22 .

 22 Fig. 22. Dr. Jean-Jacques Toulmé

Scheme 103 .

 103 Scheme 103. New strategy towards Ottelione privileged scaffolds

Scheme 104 .

 104 Scheme 104. Design of new potential spiro-glucocorticoids.class of potential spiro-glucocorticoids. The spiro-ketones were readily obtained by a sequence of 6 steps which led to some interesting surprises such as an unusual

Scheme 110 .

 110 Scheme 110. Scaffold for solid-phase synthesis 6,7-dehydro-5Hcyclopenta[b]-pyridine scaffolds.I will merely mention here another collaboration with the same industrial partner aiming at preparing imidazole-based angiotensin-converting-enzyme (ACE) inhibitors[233]. Another very exciting collaboration with this Belgian industrial group led to interesting development in the search for amyloid aggregation inhibitors. The project aimed at preparing KLVFF peptidomimetics as potential amyloid aggregation inhibitors by blocking the conformational change (α-helix to β-sheet) thought to be responsible for the formation of fibrillar aggregates. This project was a collaborative effort of several groups led by C. Houssier at the University of Liège, P. Lansbury and D. Hartley at Harvard Medical School and Brigham and Women Hospital, Boston, W. Klein at Northwestern University, Chicago and myself in Louvain[234]. It led to some very interesting compounds.In 2005 one of my last PhD students in Louvain-la-Neuve presented a dissertation co-supervised by O. Riant on the search for new catalysts for the enantioselective addition of diorganozinc compounds to aldehydes and imines[237]. This led to promising results but was unfortunately not pursued.

Scheme 115 .

 115 Scheme 115.Terpenoid pyrrolobenzoxazine alkaloids CJ-12662 and CJ-12663.

  Scheme 116. Examples of functionalized C60 prepared at IECB.

Fig. 23 .

 23 Fig. 23. Prof. sir Derek Barton

Fig. 24 .

 24 Fig. 24. Prof. Harry Wasserman

Fig. 25 .

 25 Fig. 25. Huguette Vanlierde

Table

  

.

  Relative rates of cyclic olefins towards CCl2 and Simmons-Smith reagent.

	CCl2	ICH2ZnI	
	trans-cyclooctene	6.25
	cyclopentene	1.23
	cic-cyclooctene	1.14
	cyclohexene	1.00	1.00
	norbornene	0.05	1.51

Table 2 35

 2 Cl Nuclear Quadrupole Resonance Absorption Frequencies

	Compound	q (MHz)	Ref
	CH3Cl	34.029	38
	H2C=CH-Cl	33.414	39
		31.15 (0.09) 40
		30.50 (0.05) 40
	H3C-O-	30.181	41
	CH2-Cl		

  Scheme 82. A practical in situ synthesis of silylated triflimides. Silylated triflimides were thermally stable but extremely sensitive to moisture [161-163]. Using 1 H-and 19 F-and 29 Si-NMR [164], we have studied the complexation of a series of silylated triflimides and triflates with trans-methyl crotonate. It Scheme 83. Complexation of silylated triflimide with trans-methyl crotonate.

Scheme 22. Keteniminium cations for [2+2]cycloadditions studied at UCL (in magenta: intramolecular cycloadditions). Scheme 23. Reactions of tetramethylketeniminium tetrafluoroborate with conjugated dienes (UCL).
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