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A growing number of products, including many heterocycles, can be prepared by the one-pot
MultiComponent Reactions (MCRs) just by mixing three or more educts, and in many cases practically
quantitative yields of pure products can be obtained. The 3CR by a-aminoalkylations of nucleophiles
began in the middle of the last century, and the syntheses of heterocycles by MCRs of three and four com-
ponents were introduced by Hantzsch in the 1880s. The MCRs of the isocyanides with four and more
educts began in 1959, and their compound libraries were mentioned since 1961. However, only since 1995
the often automated one-pot chemistry of the MCR of the isocyanides is used extensively. If a chemical
compound can be prepared by a sequence of two component reactions or a suitable MCR, the latter is
always a superior procedure. The U-4CR can be combined with other chemical reactions and MCRs as
one-pot reactions of n > 4 components, and such unions even have a much greater variety of structurally
and stereochemically different products. The educts and products of Ugi-type MCRs are more variable
than those of all previous chemical reactions and other MCRs. Due to the progress in screening and
automation processes in the last few years, many new compounds have been formed and investigated more
rapidly than ever before. The search for new desirable products can be accomplished more than 10,000
times faster than by the older conventional methods. The now popular chemistry of the MCRs of the iso-
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cyanides fills the since long empty part of organic chemistry.

J. Heterocyclic Chem., 37, 647 (2000).

Introduction.

The previously moderately used chemistry of MCRs,
and particularly their libraries that are often automatically
accomplished, have suddenly become one of the favoured
research methods of the chemical industry since 1995.

In principle all chemical reactions correspond to equi-
libria between one or two educts and products, but the
preferred preparative chemical steps correspond to practi-
cally irreversible reactions. Without competing formations
of by-products, quantitative yields of products can be
obtained. The usual syntheses of chemical compounds
from three or more (N = 3) different starting materials
correspond to sequences of preparative steps (M) that
increase with the number of educts (M = N -1). After each
step its intermediate or final product must be isolated and
purified. With each preparative step the amount of work
increases, and the yield of the product decreases.

Alternatively a great variety of chemical compounds
can also be formed directly from three and more different
educts by one-pot multicomponent reactions (MCRs), and
under optimized reaction conditions quantitative yields of
products can be obtained [1-7]. Whenever a product is
formed by a suitable MCR, this has obvious advantages
over any multistep procedures.

Three basic types of MCRs are known. Type 1 corre-
sponds to a collection of equilibrating subreactions
between educts, intermediate and final products. Type II
has equilibrating reactions between the educts and inter-

mediate products, but their final formations of producis
proceed irreversibly. The MCRs of type III are sequences
of irreversible subreactions that proceed towards their
product [4].

The first MCR was accomplished by Laurent and
Gerhardt [8] in 1838. They mixed bitter almond oil and
ammonia, and from that a product "benzoylazotid"
resulted from ammonia, hydrogen cyanide and two parts
of benzaldehyde [9]. In 1850 Strecker [10] began to con-
vert carbonyl compounds, hydrogen cyanide and ammo-
nia into the derivatives of aminomethyl cyanides. Then,
after the First World War the Mannich reaction [11] was
introduced. In 1960 Hellmann and Opitz described in
their book of a-Aminoalkylierung [9] that most of the
classical reactions of three components (3CRs) are o-ami-
noalkylations of nucleophiles, the so-called HO-3CRs, of
type 1 which equilibrate, and usually therefore low yields
of products result. Many advantageous syntheses of hete-
rocycles that usually belong to type II reactions consist of
MCRs of bi-functional educts and begin with o-amino-
alkylations to react further, forming irreversibly their final
products. Preparative reactions of type III are rare [12],
but in the biochemistry of living cells the majority of
compounds are formed by processes of type IIL

Essential Steps of the Isocyanide Chemistry.

The chemistry of the isocyanides began in 1859, but for
a whole century its subsequent activities remained moder-
ate [13]. This was mainly due to two reasons: At that time
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the isocyanides could not yet be prepared sufficiently
well, and then the known ones had intensely unpleasant
smells [13]. One of the activity islands was the introduc-
tion and investigation by Passerini’s reaction [13-15] in
the decade of 1921-1931. This P-3CR was the first MCR
of the isocyanides of type II, where carbonyl compounds,
carboxylic acids and isocyanides form a-acyloxycarbox-
amides.

In 1948 Rothe [16] discovered the natural product
Xanthocilline 2a containing a diisocyanide moiety, which
was later used as an antibiotic. In 1956 Hagedorn and
Toénje [17] formed the O,0’-dimethylderivative 2b by the
first dehydration of an N-formylamine 1.
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The isocyanides § are the only organic compounds that
contain a functional group with a divalent carbon atom
Cl and almost all of their reactions are exothermic o-addi-
tions of o-aminoalkyl cations and anions onto the C! of
the isocyanides, whose carbon atom becomes then a CIV.
Often these o-adducts undergo rearrangements to their
final products, whose constitutional structure depends on
the last reaction [13].

As soon as the isocyanides became well available, the
four component reaction of the isocyanides was intro-
duced [23,24]. Since 1962 it is mentioned as the Ugi-reac-
tion [15a,25], which is abbreviated as the U-4CC [1] or
the U-4CR [2]. The U-4CR can formally be considered as
a union [26] of the HO-3CR and the P-3CR.

Scheme |

Later many naturally occurring isocyanides were found,
and several of them have interesting plant protecting or
pharmaceutical properties [6,7]. Recently Miyaoka et al.
[18] discovered in the Okinavian marine sponge three di-
isocyano diterpenoids. Its product Kalikinol A 3 has in vitro
an unusually efficient antimalarial activity.

Scheme 2
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Kalihinol A

Early Preparative Progress in the Isocyanide Chemistry.

A new era of isocyanide chemistry began in 1958, when
the isocyanides 5 became generally well available by the
dehydration of the N-formylamines 4 [19]. The alkyl-
formylamines are easily converted into their isocyanides
by phosgene, or its dimer [20], or its trimer [21] in the
presence of suitable amines like trialkylamines or pyri-
dine [13). Since 1985 the alkyl- and arylisocyanides can
usually be well formed by the combination of phos-
phorous oxychloride (POCl5) and diisopropylamine [22].

RO.
L
Ph-SO,CI &

7 O
NC
OR

2 2a:R=H
2b: R =Me

The educts and products of the U-4CR are more variable
than those of any previously introduced chemical reaction,
not only since this reaction uses four functional groups of the
educts. In 1993 it was realized that even higher numbers of
educts can participate, if the U-4CR can be combined with
other reactions, also including further MCRs and their unions
[26], which increase their variability very much [4,7].

Scheme 3
Iy
n—-NH-c\'\V ——=  R—N==C'
4 0 5

In 1961 it was mentioned that the U-4CR of four collec-
tions of different educts can form large collections of
products as libraries. In 1982 Furka [27,28] began to pro-
duce and to investigate the solid-phase multistep libraries
of peptides, and since then the formation of various types
of libraries were produced and investigated. Since 1995
the one-pot libraries of the U-4CRs and their unions with
other reactions are used with still increasing activities,
particularly in the industry [7].
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The U-4CR.

Particularly in the chemical industry, the U-4CR is
nowadays used very often, since their products can be
prepared by minimal preparative work, and usually in
very high yields and are thus easy to automate. In 1961 it
was demonstrated that educts of a U-4CR can simultane-
ously form 10,000 substitutionally different products if all
four classes of educts contain 10 different starting materi-
als [29]. In the search for new products libraries of the U-4CR
and related processes are now formed and industrially
investigated very intensely [4,6,7].

The U-4CRs form their products from amines, aldehydes
or ketones, acids and isocyanides. In contrast to other reac-
tions, the U-4CR can form a very great variety of constitu-
tionally different types of products, whose different types
of acid and amino components determine their structural
features. If a U-4CR proceeds too slowly, then instead of
the amine and carbonyl components, their Schiff bases or
enamines are reacted with the acid and isocyanide. Under
suitable reaction conditions their products are then very
quickly formed, and their yields are often almost quantita-
tive [7]. In contrast to most other chemical reactions, the
U-4CR and related processes allow all combinations of
their educts to form their products. These reactions proceed
though their educts form products that are extremely
crowded. Thus, it was recently demonstrated that even the
tripeptide 9 can be formed by a U-4CR, which cannot be
produced by any other reaction [30].
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The Xylocain™ 14 of the AB Astra in Sweden was one
of the most popular local anaesthetics, which was origi-
nally prepared by several different multistep procedures
[31]. In January 1959 Ugi and co-workers [23] introduced
a new way of producing 14 by the U-4CR. The
Xylocain™ 14 was then the only widely used product of
its type, but in the last few years more than 20 different
but closely related products were derived. All of these
compounds could be formed in one step by a U-4CR {7].

The products shown in Scheme 6 were directly formed
by the U-4CR. They were thus always easier and in
higher yields prepared than by any different way that con-
sisted of some multistep syntheses [4,7].

Generally there are two ways of the formation of hete-
rocyclic compounds by MCRs. Either the heterocycle is
formed during the MCR - quasi de novo - or the heterocy-
cle is part of a starting material and is diversified during
the MCR.

Is the heterocyle synthesized during the MCR? One can
distiguish between the heterocycle formation as an intrin-
sic consequence of a starting material (inner circle of
Scheme 7) or as a consequence of a combination of func-
tional groups of one or more classes of starting materials
(outer circle of Scheme 7).

Recently the Merck Research Laboratory prepared the
HIV protease inhibitor Crixivan™ (MK 639) 20 by a
U-4CR as the central step. Thus, the number of prepara-
tive steps towards 20 could be tremendously reduced [32].

Scheme 4
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Scheme 8
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Stereoselective U-4CR and the Preparation of a-Amino
Acid Derivatives.

The stereoselective U-4CRs are most often accom-
plished by using chiral primary amines. Under suitable
conditions one of the stereoisomeric products is preferen-
tially formed. However, in many cases the other stereoiso-
mer can also be formed by a U-4CR, if the reaction condi-
tions are changed [33,34].

It was recognized very early that one of the most inter-
esting areas of the stereoselective U-4CR chemistry is the
direct formation of derivatives of a-amino acids and pep-
tides [13,35], but it was only gradually realized that such
one-pot syntheses cannot be easily accomplished. A suit-
able program of sufficient research was carried out; this
required almost four decades of investigations. Scheme 9
shows the formation of new peptide bonds by reacting N-pro-
tected o-amino acid or peptide derivatives 23 with car-
bonyl compounds 21, amines 22 and isocyano components
with a protected carboxyl group 24.

BocNH._  Cl_ _Cl
I NH
'lq \'Bu
CHO ©

19

20

Crixivan (MK 639)

Since 1961 it was tried to find ways of preparing de-
rivatives of a-amino acids and peptides by stereoselective
U-4CRs. It was quickly realized that the best way of
preparing chiral oi-amino acid derivatives by stereoselec-
tive U-4CRs is to use chiral primary amine components
with an alkyl group, whose N-alkyl group can be replaced
by a proton [24,34b].

After a systematic pre-study [36], it was recognized that
the course of the stereoselective U-4CR depends particu-
larly much on its reaction conditions. The reaction mecha-
nism of a U-4CR was investigated. The experimental
results were evaluated by mathematical and computer ori-
ented methods which led to a general understanding and
an improved planning of further investigations and forma-
tions of products, including the chiral ones [13,37].

Since 1969 several methods of preparing chiral o-ferro-
cenyl alkylamines were introduced, which are nowadays
an essential method of preparing new stereoselective cata-
lysts [38]. Before that, a-ferrocenylamines were used as
components of the U-4CR, since suitable compounds of

Scheme 9
R'-CHO + R%NH, R'
21 22 |
PN.CO-0-C=N-P° PN-CO-lil-CH-CO-NH-Pc
N C
+ P-COOH+ CN-P R2-NH-CH-R' R?
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—

PM.CO-NH-CH-CO-NH-P¢
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this type have the unique advantage that they can be con-
verted into o-amino acid derivatives whose N-o-ferro-
cenyl group can be replaced by a proton in that way that
the chiral o-ferrocenyl alkylamine is simultaneously re-
synthesized [34b]. However, in principle this ideal
process had the disadvantage that the yield and stereose-
lectivity of the U-4CR does not proceed sufficiently well,
and some other steps have further disadvantages [39].

In 1988 Kunz et al. [40] introduced the U-4CR with the
2,3,4,6-tetra-O-pivaloyl-8-D-galactopyranosylamine 28 or
related sugar-based chiral amine components. It seems
that such reactions are limited to formic acid as the acid
component, forming thus very stereoselectively chiral o-ami-
no acid derivatives in excellent yields. However, its stere-
oselectivity-inducing assisting group can be removed only
by hydrolyses with hot hydrochloric acid to obtain o-ami-
no acids. :

Since this group did not continue, several years later Ugi
et al. [41] began to investigate the use of many different
aminocarbohydrates, in order to find related amine compo-
nents that react at least equally well, so that peptide deriva-
tives whose products should be cleavable under sufficiently
mild conditions can generally be prepared by U-4CRs.
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steps in relatively good yield, and this amine component
can be converted stereospecifically into the U-4CR prod-
ucts, whose xylose derivatives can be replaced by a proton
under extremely mild conditions [43]. This almost ideal
reacting 1-amino-5-acetamino component of U-4CRs has
the disadvantage, that its synthesis requires too much work.

The 1-amino-2-acetylaminoglucose 30 can be formed eas-
ily from the easily available 2-acetylaminoglucose and
ammonium carbonate [44]. The peptide derivatives that result
from the U-4CRs with this amine can be cleaved easily under
selected conditions by methanolic HCI [45]. It is now realized
that glucose and xylose react also with ammonium carbonate
to form their corresponding 1-amino derivatives 32 and 33
[45], and also the 5-mercapto-5-deoxyxyloses can thus be
converted into their 1-amino compounds 35 [46].

The Modern Unions of the U-4CR with Other Reactions.

Shortly after the introduction of the U-4CR some -amino
acids were converted into B-lactams [47b] and at that time
methanol and CO,, which equilibrate with methoxycar-
boxylic acid, were used as acid component of the U-4CR
[47a]. Only in the last few years it was realized that such
reactions belong to general concepts: educts with many

Scheme 10
PivOQ OPiv OR oH _—
RO HO AcO
PivO O RO o] HO Q AcO (o]
: NH, NH, NH, NH,
OPiv OR AcHN AcHN
28 29 30 31
R =Me, Et, Am, Bz
OH
HO HO AcO Ac RO
HO ) HO Q AcO N RO s
NH, NH, OAC NH,
OH OH NH, OR
32 33 34 35
R =H, Et, Bz

At first O-alkylaminosaccharides like 29 were investi-
gated. They react in U-4CRs to N-protected o-amino acid
and peptide derivatives which can be cleaved under some-
what milder conditions, but not yet sufficiently well. The
U-4CRs with the subsequently introduced 1-amino-2-
acetylamino-O-acylglucose derivatives 31 proceeded
very well, but their products were not yet cleaved as suffi-
ciently well, as desired [42].

The [-amino-5-acetamino-5-deoxy-2,3,4-tri-O-acetyl-
o-D-xylopiperidinose 34 can be formed by 12 preparative

suitable functional groups can undergo MCRs, and the
U-4CR can be combined with other reactions as their
union [1].

In 1993 a union of two other reactions, an equilibrating
reaction of methanol and CO, and the educts of an MCR
of Asinger were combined with a U-4CR, so that ulti-
mately MCRs of six or seven components could form
their products like 47 [48], and shortly thereafter the gen-
eral scheme of such and related reactions was described [49].
Gruber et al. represented the generalized, mathematically
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oriented chemistry at the German chemical conference at
Bitterfeld [50]. Shortly thereafter Domling and Gruber
presented three posters about such MCRs and their
libraries at a conference about pharmaceutically oriented
chemistry at La Jolla [S51].
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Besides the usual U-4CRs, those of multifunctional
educts and their unions with other chemical processes are
now increasingly accomplished, because further struc-
turally different types of products can be obtained, which
is illustrated here by a few examples.

Scheme 11
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It seems that these events stimulated many chemists,
since in 1995 the MCRs of the isocyanides and their
libraries became increasingly active, when Armstrong
published his syntheses of natural products and related
products by the U-4CR and their libraries. At the
Hofmann LaRoche company, Weber et al. [52] combined
the chemistry of the U-4CR libraries with mathematically
oriented methods and described the formation of new
compounds by U-4CRs and their libraries. With these
methods they quickly found new antithrombine com-
pounds [52a]. Shortly thereafter industrial chemistry
began the search for new products by MCRs and their
libraries were obtained more intensely than by other com-
parable methods [27,53].

Formation of Products by MCRs of the U-4CRs with Mul-
tifunctional Educts and Their Unions with Other Reactions.

2-Aminobenzoic acid 48 can react with aldehydes and
isocyanides to form their different products directly or
with further reagents, depending on reaction conditions,
as is illustrated in Scheme 12 [54].

Usually products of the type 50 are formed extremely
well, and under somewhat different conditions also com-
pounds like 51 and 52 can result.

The heterocycles 56 and 57 can analogously be formed
from y-carbonylic acids 53, amino acid esters 54 and iso-
cyanides 55 [55].

Scheme 12
NH,
@ + R-CHO + R-NC
COOH 49 5

ROOC
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Scheme 13
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Schemes 14-19 illustrate in how many different ways
heterocyclic products can be made by the U-4CR and sub-
sequent reactions.
Short et al. published the formation of products 64.
Analogously the heterocyclic compounds 58, 59 and 60
were synthesized [56].
Scheme 14
H
N
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A variety of products could be formed by U-4CR
related reactions of carboxylic acids, whose functional
groups have distances of five to seven atoms [57].
Scheme 15
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Scheme 16 illustrates an example where the pyridine 71
reacts as acid component [58].

Scheme 16
A AN
N NH . _CHO NC \ =
Q ¥ g\/ ¥ /Q/ — MeO \_N__~
Z
MeO NH
OMe MOOO
71 72 73 74

The pyridone 79 is formed by a U-CR followed by ring
closure after base treatment [59].

Scheme 17
o]
CHO
O/\/ ©/Kcoon O/\NH’ O/NC
+ + + ——
o]
75 76 77 78

In 1993 Bossio et al. presented the synthesis of com-
pound 84, whose formation also consists of a U-4CR and
subsequent ring closure [60].

Scheme 18

(o] NH;CI
OEt ¢ )
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Et 2. AcOH

80 81 82 83 N’\)

Another example of the great variability of the Ugi
reaction is the formation of the bicyclic tetrazole deriva-
tive 89 shown in Scheme 19 [61].

Scheme 19
| =
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o e (J
P . Q . J[ + TMSN, NNy
CH00¢” “NC N g
b\ N Z
85 86 87 88 COOCH,



656 Vol. 37

A combination of a cycloaddition and a U-4CR is
described by Scheme 20 [62].

Scheme 20
o
COOE
O\_-CHO . NH, NC | cooH N
+ —
COOE!
90 91 92 93 o)

The one-pot combination of several reactions is illus-
trated by Scheme 21 [63].

Scheme 21
COOH
QjC(NHz cHo 1. U-4CR
N C[ _‘ 2. Pictet-Spengler
+ + CN ———
NH CHO 3.0,
95 96 97

The elegant syntheses of the natural products 101
(Scheme 22) [64] and 104 (Scheme 23) [65] by Currant et al.
illustrate heterocycles forming reactions of the isocya-
nides that are MCRs, which are related to the U-4CR but
differ from them essentially.

Scheme 22
NC
+ —
99 101
Scheme 23
N
B
QN—COOEt 0
0
o L o)
NS NcooEt ABN N - . O O
8n MeCN SnBuy N o N
NC reflux L] o
102 103 MeOOC" 5,
104

In recent years more new chemical compounds have
been formed by MCRs than a few years earlier, and the
chemistry of the isocyanides is increasingly being used.



May-Jun 2000

REFERENCES AND NOTES

[ta] L Ugi, A. Démling, and W. Horl, Endeavour, 18, 115 (1994).

[2] L Ugi, A. Démling, and W. Horl, GIT Fachzeitschrift fiir das
Laboratorium, 38, 430 (1994).

[3] 1. Ugi, Proc. Estonian Acad. Sci. Chem., 44, 237 (1995).

[4] 1 Ugi,J. Prakt. Chem., 339, 499 (1997).

[5] Z. Hippe and I. Ugi, eds, MultiComponent Reactions &
Combinatorial Chemistry, German-Polish Workshop, Rzeszéw,
September 28-30, 1997; University of Technology, Rzeszéw/Technical
University, Munich, 1998.

[6] A. Domling, Combinatorial Chemistry & High Throughput
Screening, 1, 1 (1998).

[71 A.Domling and [. Ugi, Angew. Chem., submitted.

[8] A. Laurent and C. F. Gerhardt, Ann. Chem. et Physique, 66,
181 (1838); Liebigs Ann. Chem., 28, 265 (1838).

[9] H. Hellmann and G. Opitz, a-Aminoalkylierung, Verlag
Chemie, Weinheim, 1960.

[10] A. Strecker, Ann. Chem., 75, 27 (1850).

[11] C. Mannich and I. Krotsche, Arch. Pharm., 250, 647 (1912);
F. F. Blick, Organic Reaction, Vol 1, R. Adams, ed, John Wiley & Sons,
New York, 1942, p 303.

[12] ). Chattopadhyaya, A. Domling, K. Lorenz, 1. Ugi, and B.
Werner, Nucleosides & Nucleotides, 16, 843 (1997).

[13] I Ugi, Isonitrile Chemistry, Academic Press, New York,
1971, p 1-278.

[14] M. Passerini, Gazz. Chim. Ital., 51 0, 126 (1921); 51 1L, 181 (1921);
56, 826 (1926); M. Passerini and G. Ragni, Gazz. Chim. Ital., 61,964 (1931).

[15] I Ugi, S. Lohberger, and R. Karl, Comprehensive Organic
Synthesis: Selectivity, Strategy & Efficiency in Modern Organic
Chemistry, Vol. 2, Chap. 4.6, B. M. Trost and C. H. Heathcock, eds,
Pergamon, Oxford, 1991, p 1083, 1090.

[16] W. Rothe, Pharmazie, 5, 190 (1950); H. Griesebach and H.
Achenbach, Z. Naturforsch., B20, 137 (1965).

[17} I Hagedorn and H. Ténjes, Pharmazie, 11, 409 (1956);
Pharmazie, 12, 567 (1957); 1. Hagedorn, U. Eholzer, and A.
Liittringhaus, Chem. Ber., 93, 1584 (1960).

[18] H. Miyaoka, M. Shimomura, H. Kimura, H.-S. Kim, Y.
Wataya, and Y. Yamada, Tetrahedron, 54, 13467 (1998).

[19] I Ugi and R. Meyr, Angew. Chem., 70, 702 (1958); Chem.
Ber., 93, 239 (1960).

{20] G. Skorna and 1. Ugi, Angew. Chem., 89, 267 (1977); Angew.
Chem. Int. Ed. Engl., 16, 259 (1977).

[21] H. Eckert and B. Forster, Angew. Chem., 99, 922 (1987);
Angew. Chem. Int. Ed. Engl., 26, 1221 (1987).

[22] R. Obrecht, R. Herrmann, and I. Ugi, Synthesis, 400 (1985).

[23] 1. Ugi, R. Meyr, U. Fetzer, and C. Steinbriickner, Angew.
Chem., 71, 386 (1959).

{24] L Ugi, Angew. Chem., 74, 9 (1962); Angew. Chem. Int. Ed.
Engl., 1,8 (1962).

[25] K. Sjoberg, Sv. Kem. Tidskr., 75, 493 (1963); J. W.
McFarland, J. Org. Chem., 28, 2179 (1963); G. Zinner and W. Kleigel,
Arch. Pharm. (Weinheim), 299, 746 (1966).

[26] S. MacLane and G. Birkhoff, Algebra, MacMillan Company,
New York, 1967 [p 3: Given sets of R and S have the intersection R C S
with the common elements R and S. This means R ¢ S = {xIx € R and
€ S}, whereasaunionRUSisRuUS={xlxe Rorxe s}

[27] F. Balkenhohl, C. von dem Buschen-Hiinnefeld, A. Lanshy,
and C. Zechel, Angew. Chem., 108, p 2436, 2445 (1996); Angew. Chem.
Int. Ed. Engl., 35, p 2288, 2299 (1996).

[28] A.Furka, Drug Dev. Res., 36, | (1995).

[29] 1. Ugi and C. Steinbriickner, Chem. Ber., 94, 734 (1961).

[30] K. Matsumoto and T. Uchida, Organic Synthesis at High
Pressure, K. Matsumoto and R. M. Acheson, eds, Wiley, New York,
1994, p 164.

[31] K. Lindquist, S. Sundling, Xylocain, A. B. Astra, 1993; R.
Dahlbon, Det hinden pd lullen, (Astra 1940 - 1960), A. B. Astra, 1993,

657

[32] K. Rossen, P. J. Pye, L. M. DiMichele, R. P. Volante, and P.
J. Reider, Tetrahedron Letters, 39, 6823 (1998).

[33] L Ugiand G. Kaufhold, Liebigs Ann. Chem., 709, 11 (1967);
1. Ugi, Rec. Chem. Progr., 30, 289 (1969).

{34a] 1. Ugi, The Peptides, M. Meinhofer and E. Gross, eds,
Academic Press, New York, 1979, p 365; [b] I. Ugi, D. Marquarding,
and R. Urban, Chemistry and Biochemistry of Amino Acids, Peptides
and Proteins, Vol 6, B. Weinstein, ed, Marcel Dekker, New York, 1982,
p 245.

[35] M. Bodanszky, Y. S. Klausner, and M. A. Ondetti, Peptide
Synthesis, G. A. Olah, ed, J. Wiley & Sons, New York, 1976, p 127.

[36] 1. Ugi, K. Offermann, H. Herlinger, and D. Marquarding,
Liebigs Ann. Chem., 709, | (1967).

[37] 1. Ugi and G. Kaufhold, Liebigs Ann. Chem., 709, 11 (1967).

[38] R. Herrmann and I. Ugi, Tetrahedron, 37, 1001 (1981); G.
Wagner, R. Herrmann, Ferrocenes, A. Togni, and T. Hayashi, eds, VCH,
Weinheim, 1995.

[39] F. Siglmiiller, R. Herrmann, and 1. Ugi, Liebigs Ann. Chem.,
623, (1989); A. Dembarter and [. Ugi, J. Prakt. Chem., 335, 244 (1993).

[40] H. Kunz and W. Pfrengle, J. Am. Chem. Soc., 110, 651
(1988); Tetrahedron, 44, 5487 (1988).

[41] M. Goebel and 1. Ugi, Tetrahedron Letters, 36, 6043 (1995).

[42] S. Lehnhoff, M. Goebel, R. M. Karl, R. Klgsel, and 1. Ugi,
Angew. Chem., 107, 1208 (1995); Angew. Chem. Int. Ed. Engl., 34, 1104
(1995); M. Goebel, H.-G. Nothofer, G. RoB, and 1. Ugi, Tetrahedron,
53,3123 (1997).

[43]) A.v. Zychlinski and 1. Ugi, Tetrahedron, submitted.

[44a] L. M. Likhosherstov, O. S. Novikova, V. A. Derevitkaya, and
N. K. Kochetkov, Carbohydr. Res., 146, C1 (1986); [b] L. M.
Likhosherstov, O. S. Novikova, V. N. Shibaev, and N. K. Kochetkov,
Russ. Chem. Bull., 45, 1760 (1996).

[45] ). Drabik, J. Achatz, and 1. Ugi, manuscript in preparation.

[46] G. Ross and I. Ugi, manuscript in preparation.

[47a] 1. Ugi and C. Steinbriickner, Angew. Chem., 72, 267 (1960);
[b] Chem. Ber., 94,2802 (1961).

[48] A. Domling and 1. Ugi, Angew. Chem., 105, 634 (1993),
Angew. Chem. Int. Ed. Engl., 32, 563 (1993).

[49) A. Domling, E. Herdtweck, and 1. Ugi, Acta Chem. Scand.,
52, 107 (1998).

[50] 1. Ugi, A. Domling, B. Gruber, M. Heilbrunner, C. Hei8, and
W. Horl, Software - Entwicklung in der Chemie, R. Moll, ed,
Frankfurtert, Gesellschaft Deutscher Chemiker, 1995, p 113-128
(Tagungsband zu GDCh, November 16-18, 1994).

[51] I Ugi, M. Goebel, B. Gruber, M. Heilingbrunner, C. Hei8,
W. Horl, M. Starnecker, and A. Domling, Res. Chem. Intermediates, 22,
625 (1996).

[52a] L. Weber, S. Waltbaum, C. Broger, and K. Gubernator,
Angew. Chem., 107, 2452 (1995); Angew. Chem. Int. Ed. Engl., 34, 2280
(1995); [b] O. Lacke and L. Weber, Chimia, 50, 445 (1996}, L.. Weber,
Current Opinion in Chemical Biology, 2, 381 (1998); K. Groebke, L.
Weber, and F. Mehlin, Synlett., 6, 661 (1998); L. Weber, Lecture at the
ANALYTICA 98, conference at Munich, June 1998.

[53] ). S. Friichtel and G. Jung, Angew. Chem., 108, 19 (1996);
Angew. Chem. Int. Ed. Engl., 35, 17 (1996); N. K. Terrett, Combinator-
ial Chemistry, Oxford Univ. Press, 1998.

[54] B. M. Ebert and I. Ugi, Tetrahedron, 54, 11887 (1998); B. M.
Ebert, Doctoral Thesis, T. U. Miinchen, 1998.

[55] C. Hanusch-Kompa and I. Ugi, Tetrahedron Letters, 39, 2725
(1998); C. Hanusch-Kompa, Doctoral Thesis, T. U. Miinchen, 1998.

[56) K. M. Short and A. M. M. Mjalli, Tetrahedron Letters, 38,
359 (1997).

[57] S. Heck, A. Démling, and E. Herdtweck, Angew. Chem., 53
(1999), submitted.

[58] A. Gueiffer, S. Mavel, M. Lhassani, A. Elhakmaoui, R.
Snoeck, G. Andrei, O. Chavignon, J.-C. Teulade, M. Witvrouw, J.
Balzarinri, E. De Clerq, and J.-P. Chapat, J. Med. Chem., 41, 5108
(1998); Such heterocycles are described as antiviral compounds.



658 Vol. 37

[59] R. Bossio, C. F. Marcos, S. Marcaccini, and R. Pepino, [62] K. Paulvanna, Tetrahedron Letters, 39, 1851 (1999).
Heterocycles, 45, 1589 (1997). [63] A.Domling and K.-C. Chi, Angew. Chem., 1999, submitted.

[60] R.Bossio, S. Marcaccini, and R. Pepino, Liebigs Ann. Chem., [64] I Ryu, N. Sonoda, and D. P. Curran, Chem. Rev., 96, 177
1229 (1993). (1996).

[61] H. Bienaymé and K. Bouzid, Tetrahedron Letters, 39, 2735 [65] H. Josien, S.-B. Ko, D. Bom, and D. P. Curran, Chem. Eur. J.,

(1998). 4, 67 (1998).



