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1. Introduction

In comparison to all-carbon [4 + 2]-cycloadditions, imino Diels-Alder (ImDA) reactions are
still in their infancy. The last four decades, however, have seen intensive research activity
in this area, the result of which is that synthetic organic chemists now have a powerful tool
at their disposal for the rapid construction of highly functionalized six-membered nitrogen
heterocycles, often in a regio-, diastereo- and enantioselective manner.

This chapter encompasses the topic of imino [4 + 2]-cycloaddition reactions, of which
there are a number of variants, but the coverage of this review has been limited
exclusively to imine and iminium ion dienophiles that undergo inter- and intramolecular
Diels-Alder reactions with acyclic and cyclic all-carbon 1,3-dienes affording
1,2,5,6-tetrahydropyridines as the initial cycloadducts. There are a number of reports of
reactions of pmynes with oxygenated dienes where it is uncertain whether the cyclic
product aristia a concerted Diels-Alder cycloaddition mechanism or alternatively
through a two-step process involving an initial Mannich-like reaction followed by a Michael
ring closure. In many of these experiments, uncyclized Mannich by-products have been
isolated in varying amounts. Situations such as these where there is mechanistic
ambiguity, as well as those few instances where the reactions clearly proceed via a
Mannich mechanism, (1, 2) have been included in the chapter since it is difficult to know
where to draw the line on coverage.

A comprehensive discussion of each structural type of imino dienophile covers the
literature up to the middle of 2004. A general overview of mechanistic, regiochemical, and
stereochemical considerations is also presented. However, specific relevant exo/endo
issues, remote diastereoselectivity and the use of chiral auxiliaries are discussed under
each particular imine type. Separate sections have also been included that describe
intramolecular reactions, as well as more recent advances in enantioselective
cycloadditions involving chiral catalysts.

ImDA cycloadditions can be either thermal or acid-catalyzed, and a wide array of
structurally diverse imino dienophiles can be utilized. Many of the imino dienophiles



discussed are highly reactive and/or hydrolytically labile; therefore, they have often been
formed in situ. Thus, the nature of the reactive dienophile species is not always clear,
being often dependent upon specific reaction conditions. In general, it is assumed that
Lewis or Brgnsted acid catalyzed cycloadditions proceed via an iminium ion species
rather than a neutral imine. In addition, at times one can only surmise as to the reacting
geometry of the imine. Where appropriate, a brief discussion of methods used for imine
generation is included.

Electron-deficient imines, such as N-sulfonyl-, N-acyl-, and C-acylimines, are the most
reactive dienophiles, forming cycloadducts with a wide variety of 1,3-dienes. Unactivated
(N,C-alkyl/aryl-substituted) and electron-rich (heteroatom-substituted) imino dienophiles
can also undergo ImDA reactions with highly reactive electron-rich dienes or under Lewis
or protic acid catalysis. A number of detailed reviews on the topic of ImDA reactions have
been published over the last twenty-five years. (3-8)



2. Mechanism, Including General Regiochemical and

Stereochemical Considerations

A number of mechanistic and theoretical studies of IMDA reactions have
appeared in the literature. (9-16) However, for the purposes of this mechanistic
overview, ImDA reactions have been classified into three broad categories:
thermal reactions of unactivated neutral imines, Lewis acid catalyzed reactions,
and Brgnsted acid catalyzed cycloadditions, each of which is considered
separately.

Initially, theoretical calculations were conducted on reactions of simple
formaldimine systems with unactivated dienes (Eq. 1), (9, 10) for which
comparable experimental data were lacking. Recently, however, more
complex systems, such as those depicted in Egs. 2, 6, 8 and 9, also have been
considered. (11, 15, 16) From all the computational and experimental evidence
available to date, a number of conclusions can be made with respect to the
mechanism of the IMDA cycloaddition. In particular, it has been established
that the IMDA reaction can proceed in either a concerted or stepwise manner,
depending on the nature of the reactants and the reaction conditions. It should
be noted, however, that there are a number of reports in which experimental
results contradict theoretical predictions. These examples are discussed below.

The reaction of 1,3-butadiene and formaldimine (Eq. 1) has been modeled in
detail by alytytio molecular orbital calculations. (9, 10, 12) At all levels of
theory (HF 1G*, RHF/6-31G*, MP2/6-31G*, and B3LYP/6-31G*), it was
found that the reaction proceeds in a concerted but asynchronous manner; at
lower levels of theory, a more synchronous transition state was suggested. Of
the two possible diastereomeric reaction channels, the exo-lone pair transition
state 1 was calculated to be 4.3-5.5 kcal mol™ more stable than the endo
orientation in 2.
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The exo-lone pair effect also applies to the more highly substituted
N-methyl-formaldimine, (9, 10) and to a certain extent to more complex
systems, (11, 15) but as the number of substituents on the imine and the
stereoelectronic demands increase, the effect is significantly perturbed. (11)
This exo-lone pair preference is thought to arise from electrostatic repulsions
between the lone pair on nitrogen and the butadiene p system when the lone
pair is endo. Surprisingly, the newly forming N1 - C6 bond (exo 1.930 A; endo
1.982 A) was calculated to be shorter than the C2 - C3 bond (exo 2.356 A;
endo 2.266 A) in both the exo and endo transition states. This fact appears
contradictory from the perspective of frontier molecular orbital (FMO) theory,
but has also been found to hold for pyridine-substituted imine 3 (Eqg. 2), (15) as
well as imines that bear carbonyl groups. (11) Furthermore, a shorter N1 - C6
bond would suggest that the direction of electron donation is from the imine to
the butadiene, which is somewhat surprising. According to FMO theory, ImDA
reactions are predicted to occur through a HOMOgiene - LUMOienophile
controlled cycloaddition, (17) and thus, the partial C2 - C3 bond should be
more fully formed than the N1 -C6 bond because the carbon of the imine has
the larger LUMO coefficient. Apparently dienophile HOMO/diene LUMO
interactions are also important in these transition structures. It has also been
suggested that the forming bond lengths of the IMDA reaction of formaldimine
in Eqg. 1 are not as expected because of the presence of unfavorable steric
interactions between the two hydrogens on C2 and C3 in transition state 1,
which aris cause the system twists in the transition state in order to
minimize | pair- p system repulsion. (12)

(2)

Semiempirical (PM3), as well as ab initio (HF/6-31G* and B3LYP/6-31G*)
calculations, conducted on the thermal reaction between pyridine-substituted
imine 3 and cyclopentadiene (Eg. 2) also found that the reaction proceeds in
an asynchronous, concerted manner through a cyclic transition state. (15) The
large activation energy value (45 kcal mol™) predicted for the reaction would
indicate that experimentally this reaction should not take place. As yet there is
no literature evidence to suggest that such a reaction has ever been attempted.



It has been calculated that Lewis acid coordination to the imine nitrogen lowers
the activation energy of the ImDA cycloaddition (ca. 2.5 kcal mol™,
MP2/6-31G*) by lowering the dienophile LUMO energy. Although there is a
preference for the coordinating species to occupy the exo position, it is
somewhat less than the lone-pair preference in uncomplexed imine systems
(ca. 3.6 kcal mol™). (9, 10) In Lewis acid coordinated systems, the partially
formed N1 - C6 bond (exo 2.310 A; endo 2.319 A) is calculated to be longer
than the forming C2 -C3 bond (exo 2.002 A; endo 2.025 A), and the reaction
therefore is asynchronous in nature. In these reactions, the Lewis acid catalyst
is strongly coordinated to the nitrogen atom of the imine or cycloaddition
product. As a consequence, product complexation can deactivate or inhibit the
catalyst, and therefore, stoichiometric amounts of the catalyst are often
required in order to achieve complete conversion.

Upon Brgnsted acid protonation of the nitrogen of formaldimine, the imine
carbon atom in cation 4 becomes highly electrophilic. The result of this
protonation is that the mechanism for the corresponding ImDA reaction with
1,3-butadiene, which is considered to be concerted for neutral unactivated
imines or Lewis acid catalyzed ImDA reactions, is calculated to shift to a
stepwise process that involves a tandem Mannich-Michael type reaction (Eq.
3). As depicted, the N1 - C6 and C2 - C3 forming bond lengths calculated for
transition state 5 are 3.058 and 1.919 A, respectively. (10) From the planar
geometry about C5 and C6 it can be concluded that the N1 -C6 bond is
essentially unformed. The structures of the possible intermediates resemble
allylic catio uch as 6, with the C2 -C3 bond lengthened from 1.602 to
1.773 A asE(Sasult of hyperconjugation with the allylic system. This reaction is
expected to be highly exothermic (=32 kcal mol™). Solvated systems for both
the corresponding Lewis and Brgnsted acid catalyzed reactions were also
modeled computationally and showed little difference in comparison to the
respective gas-phase reaction models.
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NMR kinetic studies conducted on the ImDA reaction of the
N,N-dimethylmethyleneammonium ion (7) under aprotic conditions with a
number of different 1,3-dienes (Eq. 4) also indicate that this reaction proceeds



by a stepwise mechanism via allyl cation 8, and thereby support the results
obtained from ab initio calculations. (13)
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On the other hand, experimental kinetic studies of the ImDA reaction of the
iminium cation 7 and cyclopentadiene ruled out a stepwise mechanism. These
studies concluded that the transition state for the pericyclic process is 6.5 kcal
mol™ lower in energy than that calculated for the transition state in the
stepwise process. (13) The preference for a concerted pathway in this
example was believed to be a consequence of the s-cis-fused diene system.
More recently, density functional theory calculations carried out for the same
reaction using the B3LYP/6-31G* basis set have contradicted the conclusions
of the experimental kinetic findings. (12) The computations also rule out the
formation of diradical species in this reaction. Furthermore, analysis of the
geometry of the transition state indicate a highly asynchronous and polar
reaction in which the carbon atom of the iminium salt 7 undergoes nucleophilic
attack by cyclopentadiene giving an acyclic carbocation intermediate like 9 (Eq.
5). These calculations indicate that the N1 - C6 bond is essentially unformed in
the transition state (3.135 A), that the C2 - C3 bond has taken on sp*-sp®
character, e the C6 carbon remains sp? hybridized, in agreement with a C4
-C5-C6 amc cation structure.
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Similarly, cycloaddition of the C-pyridine-substituted diprotonated iminium salt
10 and cyclopentadiene (Eqg. 6) in strong acid media was calculated to proceed
by a stepwise process through either of the two intermediates corresponding to
11 or 12 in which the imine nitrogen in the acyclic intermediate is sp°
hybridized. (15, 16) The exo transition structure 12 was predicted to be only
0.4 kcal mol™ more favorable than the endo transition state, a preference
which is significantly diminished in comparison to the totally unprotonated
species (3.2 kcal mol™, Eq. 2). Protonation of the imine nitrogen atom reduces



the unfavorable interactions between the N1 lone pair and the p system of the
diene, thereby lowering the exo selectivity for the protonated process.
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It is well established that electron-withdrawing carbonyl and sulfonyl
substituents activate imines toward ImDA reactions. Ab initio calculations at
the HF/3-21G* and MP2/6-31G* levels of theory, and FMO theoretical analysis
of thermal ImDA reactions that involve electron-deficient imines, closely
parallel obed experimental reactivities. (11) Dienophiles become
increasinglymore reactive as the number of electronegative substituents
increases because each substituent lowers the LUMO dienophile energy, and
in turn the enthalpy of activation. Protonation of the imino dienophile has a
similar effect, also stabilizing the transition states. (15) Calculations indicate
that C-acyl imines should be more reactive than N-acyl imines, which in turn
should be more reactive than the corresponding sulfonyl counterparts. (11)
This difference in reactivity between imines that bear acyl and sulfonyl
substituents can be rationalized on the basis that unlike acyl substituents,
sulfonyl groups do not participate in secondary orbital overlap interactions.

In summary, theoretical calculations for IMDA reactions of unactivated neutral
imines and Lewis acid catalyzed reactions indicate that both proceed through a
concerted but asynchronous mechanism. (9-12, 15) On the other hand, itis
clear from computational studies and the limited experimental mechanistic
evidence available that Brgnsted acid catalyzed ImDA reactions proceed in a
stepwise manner via intermediates such as 6 in Eq. 3. (10, 12, 13, 16)

Mechanistic and theoretical studies have established that IMDA reactions,



whether thermal or acid-catalyzed, have significant dipolar character in the
transition state. Thus, the regiochemical outcome for imino dienophile
cyclizations with unsymmetrical dienes can often be qualitatively predicted by
invoking the simple mechanistic model shown in Eq. 7. Of the four possible
dipolar forms 13-16, intermediates 13 and 14 lead to regioisomeric
tetrahydropyridine 17, whereas intermediates 15 and 16 give the alternate
isomer 18. From the available data, structures 14 and 16 are only applicable in
thermal cycloadditions in which the X and Y groups on the imino dienophile
carbon are electron-withdrawing, and thereby have good carbanion-stabilizing
properties. (4) In all other thermal, as well as acid-catalyzed reactions, only the
relative stabilities of intermediates 13 and 15 need be considered.
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ImDA reactions often show excellent stereoselectivity, but ambiguities can
arise because the nitrogen atom in both the reactant imine and ImDA adduct
undergoes lone pair inversion. (18) In many instances, when an acyclic imine
is used, the dienophile apparently prefers to adopt an E geometry in order to
minimize unfavorable steric interactions. (19) However, one cannot be certain
whether the actual reacting dienophile has the E or Z geometry because imine
isomerization is reasonably facile. Thus, application of the Alder rule of endo
addition becomes difficult, if not impossible, and as a result, stereochemical



issues usually require analysis on a case by case basis. Of course, these
problems do not arise when the imine geometry has been fixed as Z by virtue
of ring constraints.

Theoretical calculations (11) and experimental data (18, 20-30) indicate that
carbonyl functions preferentially adopt an endo orientation in the transition
state. In contrast, both computational (11) and experimental (31-39) evidence
suggests that sulfonyl substituents generally prefer to be exo disposed. When
both carbonyl and sulfonyl functionalities are present, stereochemical
selectivities appear to be reversed. For example, cycloaddition of imine 19 with
cyclopentadiene gives exclusively product 21 (Eq. 8). (40)
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These reSLthghlight the limitations of applying a molecular orbital
interpretation to all IMDA reactions, since from a molecular orbital analysis, the
reaction would be expected to proceed through transition state 20, which
combines both an endo C-carbonyl and an exo sulfonyl moiety. However, the
observed stereocontrol leading exclusively to cycloadduct 21 can be
rationalized, if one considers the reaction to be reversible and the outcome to
be governed by thermodynamic considerations. In general, N-sulfonyl imines
are thermodynamically more stable than their carbonyl-substituted
counterparts. Thus, the overall transition state energy of the reaction for the
former dienophile is lower. This fact supports the hypothesis that reactions
involving N-sulfonylimines have greater potential for thermodynamic
reversibility. (11) Theoretical calculations conducted for thermal IMDA
cycloadditions of dienophiles in which both C- and N-carbonyl functions are
present indicate that C-carbonyls should show a preference for endo
disposition. (11) However, experimental evidence shows that this hypothesis is
incorrect, and that, in fact, the major products are usually the exo C-acyl
cycloadducts. (41-44)



Although a plethora of studies have been conducted into the mechanism of the
ImDA reaction, extensive studies concerning the diastereoselectivity and
enantioselectivity of reactions involving chiral auxiliaries are lacking. Recently,
semiempirical (PM3) calculations were conducted on the reaction between the
protonated chiral imine 22 and cyclopentadiene (Eq. 9). (15) The reaction
proceeds in a stepwise fashion, whereby the first step involves nucleophilic
attack at the electron-deficient carbon atom of the iminium salt 22 by the
electron-rich cyclopentadiene; the subsequent step involves ring closure. Of
the four possible cycloadducts, the major product was predicted to be 23,
which would arise from exo addition to the Si-face of the dienophile. Indeed,
the theoretical calculations generally agree with the observed experimental
results, as 23 and 24 are produced in an 87:13 ratio in the reaction. (45) The
exo selectivity is presumably because of steric interactions along the endo
approach between the pyridinium cation and the cyclopentadiene, while the
facial selectivity results from minimization of steric hindrance between the
bulky chiral substituent of the imine and the cyclopentadiene.
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Finally, a number of reactions of electron-rich oxygenated dienes with various
imines under Lewis acid catalysis provide adducts that may arise by a
stepwise Mannich-Michael process, rather than via an actual concerted

[4 + 2]-cycloaddition mechanism. Thus, in the example shown in Eq. 9a there
is reasonable mechanistic evidence based partly on isolation of acyclic
by-products that vinylogous amide 26 is in fact formed via the initial Mannich
intermediate 25, which then undergoes a subsequent Michael-type cyclization
to afford the observed product. (46) Situations such as this have generally
been noted in the appropriate tables.
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3. Scope and Limitations

3.1. Intermolecular Cycloadditions

3.1.1.1. Acyclic N-Acylimines and N-Cyanoimines

The earliest examples of [4 + 2]-cycloadditions of N-acylimines involve
transient intermediates generated from the corresponding bis-carbamates in
the presence of a catalytic amount of boron trifluoride etherate (Eq. 10). (47)
Subsequent *H NMR investigations indicate that for substituted
bis-carbamates a protonated (E)-N-acyliminium dienophile is probably the
reactive species. (31) A number of symmetrical cyclic and acyclic dienes have
been utilized for these cycloadditions, affording the expected
1,2,5,6-tetrahydropyridine adducts in variable yields. (47-50)
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Reactions of C-unsubstituted, (47, 51) C-substituted, (24, 30, 41, 47, 52-57) or
C-disubstituted (58-60) N-acylimines or iminium ions with unsymmetrical
dienes generally proceed with high regioselectivity, giving products in better
than 9:1 ragoy. For example, imine 27 adds to isoprene giving a mixture of
regioisome[iﬂadducts. (47) Formation of the major product can be rationalized
on the basis of the mechanistic model illustrated in Eq. 7 via the dipolar forms
13 and 15 (see Mechanism section).
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Similarly, C-phosphonate dienophile 28 reacts with Danishefsky's diene (29) to
exclusively afford one adduct of dihydropyridinone 30. (57) Triacylimino
dienophiles also usually show good regioselectivity (Eq. 11). (41, 59, 60)
However, predicting the regiochemistry of addition with these triacylated
dienophiles is not straightforward, as it can be envisaged that all four dipolar
forms 13-16 are of similar energy.



PhOC, OMe l__;-;x“,(TUI’h

M , s I
I. THE, =78" to1t, 13 b
I8 ¥ % = ”A\/hlm], | @1
PO, citric acid, HyO 1)
ra "'\-‘_‘ &
a ™SOT 0
28 29 30

[ 3]

o AC0Me
MeOC.. _ = 1.THF, 100°, 14 h N )
"I’L‘- " £ - CO-Me (16%) (11)
2. TEA, MeOH, i, 3h O

MeOLC™ "COsMe  TMSO & CO:Me

The stereoselectivity of a large number of thermal or BF;-OEt;-catalyzed ImMDA
reactions of cyclohexadienes and cyclopentadienes with C-substituted
N-acylimines has been investigated (Eq. 12). Both C-alkyl and C-aryl
substituted N-acylimines give predominantly the exo product in about a 4:1 or
higher ratio, except when R? is a -branched or is highly substituted. (18, 22, 23,
25-27, 29, 31, 61) In the latter situations, the reaction generally affords a 1:1
mixture of cycloadducts, or provides the endo product in excess. (18, 20, 21,
23, 28, 31) This result can be rationalized by assuming the existence of a
concerted reaction pathway that involves an (E)-N-acyliminium ion (31) in
which the N-acyl group prefers to be endo to the diene owing to secondary
orbital interactions. (11) However, when the C-substituent on the imine is bulky,
steric considerations come into play. Interaction of the dienophile substituent
with the bri@a of the cyclic diene has a destabilizing effect in a transition state
in which the N-acyl group is endo. Thus, a reversal of stereochemistry is
observed. Interestingly, thermal or AICI;-catalyzed cycloaddition of
N-(2,2,2-trichloroethylidene)acetamide 31 with cyclopentadiene does not
follow this trend, giving instead exclusively the exo product in moderate yields.
(20, 21) On the other hand, reaction of benzylidenecarbamic acid phenyl ester
32 with 1,3-cyclohexadiene affords the exo adduct in only 38% diastereomer
excess. (32)
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The relative endo-directing ability of an N-acyl group has been found to be
stronger than that displayed by a competing C-acyl substituent in imines that
bear both N-and C-acyl moieties. Therefore, Lewis acid catalyzed
cycloadditions of such dienophiles with 1,3-cyclohexadienes typically give exo
isomers as the major product (Eq. 13). (23, 29, 62) Analogous ImMDA
cyclizations of such dienophiles with cyclopentadiene under thermal conditions
are reported to give rise to the exo adducts exclusively. (41-43) Interestingly,
these experimental results directly contradict predictions based on theoretical
calculations (see Mechanism section).
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When allowed to react with C-aryl substituted imines, medium-ring cyclic
dienes such as 1,3-cycloheptadiene or dialkylated 1,3-cyclohexadiene 33 also
give the corresponding ImDA products, but with no or considerably lower
diastereoselectivity. (28, 61)
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Cycloaddition of N-acyliminium ion 34 with the tricyclic tetraene 35 is found to
proceed primarily from the face opposite the tetrahydrofuran ring, as would be
expected on the basis of steric effects. (63)
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Several dehydroglycyl peptides such as imine 36 have been prepared through
the corresponding a -chloroglycyl derivatives. These dienophiles react with
cyclopentadiene, and constitute the only examples to date of cycloadditions of
chiral N-acylimines. (44) The reaction of imine 36 with cyclopentadiene
proceeds with high stereoselectivity, giving the expected exo cycloadduct in
80% diastefeg@mer excess. The 3S configuration of the major product was
determined by X-ray crystallographic analysis of the dioxopiperazine derivative.
The observed 3S stereochemistry can be rationalized by assuming that the
N-acylimino ester adopts the E configuration, and that the diene approaches
endo to the N-acyl group from the less hindered a -face, opposite to the
sterically demanding alkyl group. Endo addition to the E N-acylimine from the
sterically more hindered 8 -face would result in formation of the minor
diastereomer.
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Treatment of N-benzylidene methyl carbamate 37 with the 1-aryl-3-alkyldiene
38 in toluene at low temperature employing BF;-OEt; as catalyst affords
exclusively cycloadduct 39 in 95% yield. The two phenyl substituents are trans
disposed in the product, as is expected on the basis of a transition state with
the carboxylic ester substituent endo to the diene. (30)
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Only a few N-cyanoimine Diels-Alder reactions have been reported to date,
probably because of the tendency of these imines to polymerize.
Tricyanoimine 40 reacts with 2,3-dimethyl-1,3-butadiene and cyclopentadiene
in benzene at room temperature, giving the corresponding cycloadducts 41
and 42, respectively, in moderate yields (Eq. 14). (64, 65) Treatment of
C-acyldicyanoimine 43, which is prepared in situ by thermal decomposition of
methyl 3,3-diazido-2-cyanoacrylate, with 2,3-dimethylbutadiene also gives
tetrahydropyridine 44 cleanly as a crystalline solid, whereas reaction with
cyclopenta e affords an inseparable mixture of the endo and exo bicyclic
adducts 457ard 46. (65)
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3.1.1.2. Cyclic N-Acylimines

Although a number of structurally diverse cyclic N-acylimino dienophiles have
been utilized in ImDA reactions, the most common systems are
dehydrohydantoins 48. Two methods have been developed for the in situ
generation of such species: thermal or acid-promoted elimination of methanol
from a -methoxyhydantoin 47, (66-70) and N-chlorination—dehydrochlorination
of a mono-substituted hydantoin 49. (71)
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There is no ambiguity about the reacting configuration of these cyclic
N-acylimines. Cycloadditions of dehydrohydantoins with unsymmetrical dienes
proceed both regio- and stereoselectively via a transition state in which the two
carbonyl groups are clearly endo to the diene (Eq. 15). (66) The observed
regiochemistry of the cycloadducts is again consistent with dipolar forms 13
and 15 in Eqg. 7. Of note is the fact that regioselective addition does not occur
when isoprene is used as the diene; instead, a 60:40 mixture of regioisomers
50 and 51 is isolated. (66, 71)
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A regiochemical study that was conducted using several trisubstituted dienes
with dehydrohydantoin 52, derived thermally from methoxy compound 47,
indicates that as the R substituent becomes more electron-donating, the ratio
of regioisomers changes in accord with the qualitative mechanistic model
proposed in Eq. 7. (69) These cycloadducts also tend to epimerize readily at
C4 during chromatographic purification.
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2,5-Diaza-2,4-cyclopentadienone (53), generated from an insoluble
polymerbound precursor, undergoes cycloaddition with the polymer-bound
ester 54 of 2-furoic acid giving cycloadduct 55, which on hydrolysis affords the
bicyclic adduct 56, albeit in poor yield. (72)
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Reaction of dehydropyrrolidinone 57 under acidic conditions with a number of
cyclic and acyclic 1,3-dienes gives exclusively endo products such as that
shown in Eqg. 16. However, a 1:1 mixture of stereoisomers 58 and 59 is
obtained when imine 57 and 2-methyl-1,3-pentadiene are stirred with formic
acid at room temperature for 5 hours. This result suggests that steric repulsion
between the C3 methyl group of the diene and a methylene group of the imine,
as depicted in Figure 1, competes with the electronic preference for endo
products, and results in a lack of stereoselectivity.
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Figure 1. Endo transition state showing the steric repulsion between C3 methyl of the diene

5

58 (70563 1:1 59

and the methe of the cyclic iminium ion.

Interestingly, titanium tetrachloride catalyzed ImDA reactions of N-Boc iminium
ion 60 with Danishefsky's diene has been shown to provide either the 5 3
-isomer 61 or 5 a -isomer 62, simply by changing the order of addition of
reagents. (73) Addition of the diene to a mixture of the Lewis acid and the
iminium ion precursor gives exclusively tetracycle 61, whereas addition of the
Lewis acid to a mixture of the diene and the iminium ion precursor affords
adduct 62. It was suggested that the former pathway proceeds via initial
cleavage of the Boc group forming a Lewis acid complexed imine, whereas the
latter reaction proceeds via a metal complexed N-acyliminium ion species.
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Both benzoxazinones and benzothiazinones have been found to be highly
reactive imino dienophiles, which afford the expected endo
[4 + 2]-cycloadducts in good to excellent yields (Eq. 17). (74, 75)
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Azacyanoquinones such as 64, which can be generated in situ by thermolysis
of the corresponding 2,3-diazido-1,4-benzoquinone 63, undergo
cycloadditions with both cyclic and acyclic dienes giving adducts such as 65
and 66, respectively. (76) Configurations of these products have not been
determined, but the reactions proceed about ten times faster than the
analogous cycloadditions of dehydrohydantoins.
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Azetinone 68, which is postulated to be the reactive intermediate generated
when 4-acetoxyazetidinone 67 is heated at reflux in acetonitrile with zinc
chloride, has been trapped successfully with a series of siloxydienes. (77-79)
The cycloadducts always arise from endo addition of the acylimine to the diene.
Surprisingly, mixtures of diastereomers in undisclosed yield are isolated when
pure Z diene 69 is employed, even though one would expect that the reaction
should provide only the 5 a product 70. This outcome is rationalized on the
basis that the diene is undergoing Z/E isomerization under the Lewis acidic
reaction conditions.
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3.1.1.3. Acyclic C-Acylimines

[4 + 2]-Cycloadditions of various acyclic C-acylimines with 1,3-dienes under
thermal conditions, or using acid catalysis, proceed with complete
regioselectivity giving single adducts in good yields. A number of examples of
this process are depicted below. (19, 53, 80, 81) Although the observed
regiochemistry can be rationalized on the basis of the mechanistic model
shown in Eq. 7, via the dipolar forms 13 and 15, the adducts obtained when



electron-rich Danishefsky-type dienes are utilized may arise by a stepwise
Mannich-Michael process rather than by concerted cycloaddition.
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In one report the presence of a small amount of a second regioisomer 72 is
noted in three similar cycloaddition reactions of dienophile 71 (Eg. 18). (82)
However, in an almost identical reaction that is conducted in the absence of a

Lewis acid fajalyst at room temperature in dimethylformamide using either (S)-
or (R)-71 aSThe dienophile, a mixture of regioisomers is not observed. (81,
83-85)
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Each of the reactions of acyclic dienes 1,3-pentadiene,
3-methyl-1,3-pentadiene, and (E,E)-hexa-2,4-diene with the imine 73 derived
from benzhydrylamine and ethyl glyoxylate affords a single adduct. These



products presumably arise via attack of an E imine on the diene via a transition
state with the acyl group endo.
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On the other hand, simple acyclic N-substituted C-acylimines undergo ImDA
reactions with cyclic dienes to almost always give the exo acyl cycloadducts as
the major products. The ratio of exo to endo products, however, varies
significantly. For example, both benzylimino acetic acid (74) and the benzyl
ester derivative 75 react with cyclopentadiene, giving the adducts in an
identical 1.4:1 exo to endo ratio (Eqg. 19). (86, 87) On the other hand, in the
presence of CuCl or the aluminum dichloride alkoxide of menthol as catalyst,
N-p-nitrop I- and N-p-chlorophenyl-substituted imines 76 and 77 afford
solely the eX0 product, albeit in undisclosed or poor yields (Eg. 20). (19)
Similarly, in the reaction of benzylimine ketone 78 and cyclopentadiene under
aqueous acidic conditions a 10:1 mixture of exo/endo cycloadducts is isolated
(Eq. 21). (86)
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In contrast to the results just discussed, some reactions utilizing aqueous

Diels-Alder methodology involving an imine unsubstituted on nitrogen and
cyclopentadiene afford the endo cycloadduct as the major, or only product
isolated (Eq. 22). (86, 88)
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Numerous examples in which a chiral auxiliary has been tethered to either, or
both, ends of a C-acylimine can be found in the literature. The IMDA reactions
with such irpirjes are usually regioselective, and often give excellent
diastereoselectivities. Such ImDA reactions have synthetic utility in the
preparation of enantiomerically pure compounds because, in principle, it is
possible to separate the diastereomers produced in the cycloaddition and then
to remove the chiral auxiliary. For example, (I-phenylethylimino)acetic acid
ethyl ester (71) or the methyl ester analog 79 react with several acyclic dienes
in the presence of a Lewis acid catalyst affording a mixture of diastereomeric
adducts. Diastereoselectivities could be increased by decreasing the reaction
temperature, albeit sometimes at the expense of the product yield. (82, 89)
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Reactions of chiral C-acylimines with cyclic dienes in which the chiral moiety is
connected, either directly to the imine nitrogen atom or to the acyl moiety, often
give rise to high diastereoselectivities. (83, 84, 90-99) For example, imine 80
derived from (S)-I-phenylethylamine and ethyl glyoxylate undergo reaction with
cyclopentadiene in the presence of boron trifluoride etherate to afford a
mixture of four diastereomers with an exo/endo ratio of >98:2; the selectivity
between the two exo isomers is also high (90:10). (91)
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With sterically encumbered auxiliaries such as the isoborneol—dicyclohexyl
sulfonamide derivative shown in Eq. 23, only the exo diastereomers are
isolated. (92, 98) A similar preference for exo addition is observed with
spiro[2.4]hepta-1,3-diene (Eq. 24). (91) The pattern that emerges in the above
reactions of N- a -phenethylamine-derived imines is that R chiral auxiliaries
preferentially promote Si face attack, whereas those with an S absolute
configuration give predominantly products from Re face attack.
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Finally, some investigations with imine substrates bearing two chiral auxiliaries
have been reported. The use of glyoxylate ester imines with pantolactone or
borneol as the chiral auxiliary on oxygen and either a (S)- or (R)-l-phenylethyl
moiety on nitrogen leads to modest but unspecified diastereoselectivity in
reactions with 2,3-dimethylbutadiene (Eg. 25). (100)
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Similarly, reactions involving various cyclic and acyclic dienes with imines
bearing the N-(S)-I-phenylethyl and 8-phenylmenthyl ester auxiliaries in
trifluoroethanol as solvent also give modest, if somewhat higher,
diastereoselectivities (Eqg. 26). (100) However, when the diastereomeric imine
derived from (R)-I-phenethylamine is employed, only single diastereomeric
ImDA adducts in about 50% yield and >95% de are isolated with both cyclic
and acyclic dienes (Eq. 27). As expected, the major products isolated from



reaction with cyclic dienes are the exo adducts derived from Si face attack of
the imine, whereas in the acyclic diene examples all cycloadditions proceed
through a C-acyl endo transition state.
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3.1.1.4. CyQ C-Acylimines

A relatively small number of examples of cyclic C-acylimines participating in
ImDA reactions have been reported. For instance, 2-phenylindolo-3-one (81) is
found to react sluggishly with acyclic dienes in the absence of a catalyst;
alternatively, in the presence of AICl; extensive formation of by-products is
observed. However, using p-toluenesulfonic acid in benzene at room
temperature single regioisomeric ImDA cycloadducts are obtained in moderate
to good yield. (101, 102) The only exception arises when isoprene is utilized as
the diene; here an inseparable mixture of regioisomers 82 and 83 is isolated.
(101-103) Interestingly, the reactions of imine 81 with (E,E)- or
(E,2)-hexa-2,4-diene proceed stereospecifically, giving the corresponding
adducts 84 and 85, respectively, although the relative stereochemistry has not
been established. [4 + 2]-Cycloadditions of the more reactive
2-ethoxycarbonylindol-3-one with unsymmetrical dienes are less
regioselective.
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2,5-Aryl-substituted 1,3,4-oxadiazin-6-ones 86, (104)
(5S)-5-phenyl-3,4-dehydromorpholin-2-one (87), (105) as well as
3-azacyclopentadienone (88) (72) and

3,4-diaza- iphenylcyclopentadienone (89), (72, 106-108) have also been
reported to tmdergo ImDA reactions to afford cycloadducts in varying yields.
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3.1.1.5. N-Sulfonylimines and N-Phosphorylimines

In early work, N-tosylimines were generated in situ for use in ImDA reactions
from non-enolizable aldehydes such as chloral by reaction with
N-sulfinyl-p-toluenesulfonamide in the presence of a Lewis acid. (109)
Similarly, glyoxylate-derived N-sulfonylimines were prepared in the same
fashion. (31, 32, 37) It was discovered later that N-sulfonylimines could also be
obtained by the thermal reaction of glyoxylate esters with
p-toluenesulfonylisocyanate (Eq. 28). (35) Subsequently,
N-sulfinylsulfonamide-based methodology was extended to the in situ
generation of N-tosylimines from a variety of enolizable aldehydes such as
propionaldﬂde (Eqg. 29). (33) It is presumed that imine formation involves
initial [2 + Z]-Cycloaddition of the N-sulfinyl compound with the aldehyde
affording intermediate 90, which upon elimination of sulfur dioxide (or carbon
dioxide in isocyanate reactions) provides a Lewis acid coordinated reactive
species 91. N-Sulfonylimines have also been generated from
N-p-tosylsulfilimines of napththol[1,8-de]dithiane in the presence of BF;-OEt;
(Eqg. 30) (34), as well as by bromination of glycinates with subsequent
base-mediated dehydrobromination (Eq. 31). (110, 111)
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Cycloaddition reactions of N-sulfonylimines and unsymmetrical dienes typically

afford single regioisomers; a number of representative examples of this

process armmwn in Egs. 32-35. These results can be nicely rationalized on

the basis o
T“‘N OTMS
IL + Bz

PhO-S.
Ty
| +

PO{OEL
TSSO

e dipolar mechanistic model in Eq. 7. (35, 57, 59, 112)

1. toluene, 110°, 4 h F\@:ﬁ (85%)
2. HCI, THF. rt, 30 min X Seor,

oluene, 707, 24 h N -1
- | (77%)
COMe

Ovie
1. THF, =78 torl, 13 h

2, ¢itric acid, HyO

_SOPh
N =
. /j/i;\ (36% )
15

PO(OEL),

(32)

(33)

(34)



H'I“‘ESH,H N,Sf.}gljh

g THE. 100°, 13 h | ] i
s + i — CO.Me (63%) (35)
MeO,C” “COMe  TBSO TBSOY COMe

Curiously, the thermal cycloaddition of N-sulfonylimine 92 with
1-vinyl-6-methoxy-3,4-dihydronaphthalene (93) gives rise to a 3:1 mixture of
regioisomeric adducts 94 and 95 in almost quantitative yield. (37) The major
adduct 94 is in accord with predictions based on the dipolar mechanistic model.
Alternatively, steric hindrance arising between the C5 allylic methylene group
of the diene and the ester function may account for formation of the minor
adduct 95.
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In general, [4 + 2]-cycloadditions of N-sulfonylimines and acyclic dienes show
only modest stereoselectivity, as illustrated by the examples presented in Egs.
36-38. (33-35, 113) However, E diene ether 97 reacts with ethyl (N-tosylimino)
acetate (96), affording a single stereoisomeric ImDA adduct 98, which is
assigned the 2,6-cis configuration. (114) Similarly, in the presence of zinc
chloride, the ImDA reaction of a 4:1 mixture of Z/E isomers of
[1-(2-methoxyvinyl)propenyloxy]trimethylsilane (99) with dienophile 96 affords
a 22:1 mixture of enones 100 and 101. It should be noted that the yields and
ratios of cycloadducts 100 and 101 are highly dependent on the specific
reaction conditions employed. For example, the thermal condensation of diene
99 with imine 96 (toluene, room temperature, 3 hours) affords a 4.7:1 mixture
of 100:101 in 51% yield; alternatively, if AlCls is used as the catalyst (toluene,
—78°, 3 hours), a 53% yield of a 7:1 mixture of 100:101 is obtained. Although
the major cis product 100 may arise from addition of the Z diene via a transition
state in which the acyl group of the imine is endo, and the minor trans enone
101 could be derived from the E diene via an endo transition state, it is
possible that the observed mixtures are not the kinetic distributions, but the
result of enone or diene isomerization. Indeed, in acid-catalyzed



isomerizations, both the pure major (100) and minor (101) enone ester isomers
provide the same 4:1 equilibrium mixture of 101:100.
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Interestingly, only one regio- and stereoisomer 105 is obtained when
7-methoxy-4-vinyl-1,2-dihydronaphthalene (103) and trichloromethyl



N-sulfonylimine 102 are stirred in benzene at room temperature for 16 hours,
but a 1.5:1 mixture of stereoisomers 105 and 106 is obtained when the
reaction is conducted using the 4-(1-methoxyvinyl) derivate 104. (36, 38)
Similarly, the thermal cycloadditions of siloxydienes 108 and 109 with
N-benzylidene benzenesulfonamide (107) proceed stereoselectively, affording
cycloadducts 110 and 111, respectively, in moderate yields. (115)
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Thermal Inﬂ reactions of disubstituted C-phosphonate or C-acyl
N-sulfonylimines with cyclopentadiene or cyclohexadiene afford exclusively
exo-bicyclic adducts (Egs. 39 and 40). (35, 57, 110, 116-118) When
siloxycyclohexadienes 112 are utilized, both the exo ketones 113 and 115, and
endo ketones 114 and 116 are isolated, with the exo products predominating
(Eqg. 41). With the TBS ether, the major exo adduct is the unhydrolyzed silyl
enol ether 117; the corresponding endo isomer 118 is also observed.
(119-122)
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Lewis acid catalyzed [4 + 2]-cycloadditions of 1,3-cyclohexadiene with
unbranched C-alkyl- or C-aryl-substituted N-sulfonylimines proceed with
modest stereoselectivity usually yielding the exo adducts as the major
products (Egs. 42 and 43). (31, 32)
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The chiral allylic ether dienes 121 and 122 have been combined with
(toluene-4-sulfonylimino)acetic acid methyl ester (119) and
(toluene-4-sulfonylimino)acetic acid n-butyl ester (120). These reactions
represent the only examples to date of N-sulfonylimines undergoing ImDA
reactions with dienes bearing chiral centers. (39, 123) In each example, the
reaction gives a single regio- and diastereoisomer in good yield. The
stereochemical outcome can be rationalized by the E dienophile, with the
C-acyl substituent endo, adding to the Si face of the double bond with the
adjacent chiral center.

RO.C - G
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Ty neat ’
OBn “OBn
119 K = Me 121 (74%)
120 & =n-Bu (H35)
RO,C
\TI\!I +
“Ts
119 R = Me (675%)

120 B = n-Bu
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There are Qmples of asymmetric ImDA reactions in which the imine bears a
chiral auxiliary, but there is only one reported example in which the chiral
auxiliary is on the imine nitrogen. All other cycloadditions involve
C-carboxylate-substituted auxiliaries.

Camphorsulfonamide-derived imine 123 reacts with Danishefsky's diene, both
in the presence and absence of Lewis acids, and in a number of different
solvents, giving mixtures of diastereomeric adducts 124 and 125, (111, 124)
which result from the cycloaddition proceeding through two possible
diastereomeric exo transition states. Diastereoselectivities are only moderate,
and varying the polarity of the reaction solvent has little effect. However,
slightly better diastereoselectivities are achieved in carbon tetrachloride
(124:125, 67:33) than in acetonitrile, ether, or dichloromethane (124:125,
58:42, 60:40, and 54:46, respectively). Of the Lewis acids screened, titanium
tetraisopropoxide (25 mol %) gives rise to the highest diastereomer excess
observed (124:125, 70:30), but with only 25% conversion after 6 hours,
although yields of the ImDA adducts actually decrease as the amount of
catalyst is increased. Boron, zinc, and other titanium-based Lewis acids afford



cycloadducts in diastereomer excesses comparable to those obtained under
thermal conditions. Interestingly, diethylaluminum chloride shows a modest
reversal in selectivity, giving a diastereomeric mixture of 41:59 (124:125).

0,0 Twm w“ J\,U
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CO,F OMe E lU ( l“ [
123 124 125

Reaction of (—)-menthyl, (-)-bornyl, and (-)-8-phenylmenthyl C-carboxylate
N-tosylimines (126-128) with cyclopentadiene gives the corresponding exo
Diels-Alder adducts in excellent yields, but with poor diastereoselectivities (129,
56:44; 130, 53:47; 131, 60:40). (110)

T8> : N s CO-R
N CeHe. 1) AT I)k 2
I o (f\f = fﬂ\ﬁc{;;l{ + ,JEA_PI/\H

COR — o e
126 R = (- )Fmenthyl 129 56:44
127 R = (—)-barnyl 130 53:47
128 R = (—)-8-phenylmenthyl 131 60:40

Synthetically more useful diastereoselectivities are obtained for the
cycloaddition of chiral N-sulfonylimines 132 and 133 with cyclopentadiene.
Ethyl (S)-lactate 132 and (R)-pantolactone 133-derived glyoxylate imino esters
afford, after optimization of reaction conditions, 12:88 and 85:15 mixtures of
diastereomeric adducts, respectively, in 50—-60% vyield. (125) The
stereochemical outcome for the ethyl (S)-lactate example is rationalized by the
transition state depicted in Fig. 2, in which the Lewis acid complexed imine
adopts an s-trans conformation and the imine double bond is attacked from the
Si face so that steric interactions between the diene and dienophile are
minimized.
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Figure 2. Proposed transition state depicting the approach of the diene to the Lewis acid-imine
complex from the sterically less hindered Si-face
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Of the four sible diastereomers, [4 + 2]-cycloaddition of cyclopentadiene
with N—gIyo@yl—(ZR)—borname—lO,2—su|tam heterodienophile 134 gives rise
only to the (6R)-135 and (6S)-136 cycloadducts. (126) The exact diastereomer
ratios of the two products are dependent on the specific reaction conditions
used, and with appropriate choice of conditions the diastereoselectivity of the
reaction can be reversed. For example, under high pressure at ambient
temperature, and in the presence of a weak Lewis acid (2 mol% Eu(fod)s), a
25:75 mixture of diastereomers 135 and 136 is formed in moderate yield (64%).
Alternatively, at low temperatures (—78°) and at atmospheric pressure with
titanium tetrachloride (50 mol%) as catalyst, the same products are obtained in
an 80:20 ratio, albeit in poorer overall yield (38%).
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There are only a few reported examples of cyclic N-sulfonylimines participating
in ImDA reactions. In each one, Danishefsky's diene reacts thermally with
either 3-methyl- (137) or 3-chloro-1,2-benzisothiazole-1, 1-dioxide (138) to
yield dihydropyridones 139 and 140, respectively; the latter is obtained after
HCI elimination. (127, 128) The related imines 3-methoxy- and
3-phenylthio-1,2-benzisothiazole do not react with Danishefsky's diene,
possibly because of the deactivation of the imine by the electron-donating
3-alkoxy or 3-thio substituents.

g toluene, 110°, 42 h
£ ' 3
OMe

137 H
o
+ — 1
-
A f‘mms
“:E;\ff“ toluene, rt, 2 h
N B
133 ¢l

To date there is only a single report of the use of N-phosphorylimines in
DieIs—AIderesses. (129) It was found that aryl-substituted
N-phosphorylimines 141 react with Danishefsky's diene in the presence of a
catalytic amount of cupric triflate, followed by exposure to trifluoroacetic acid,
affording vinylogous amides 142. However, it is unclear if these reactions
proceed by initial Mannich addition followed by Michael cyclization to produce
enone 142 during the subsequent treatment with acid as shown in Eqg. 9, or by
a concerted Diels-Alder mechanism.

0 OMe 1. 10% CufOTH) 5, fig 0
| . I
_p-OEL CH;Cly, n kg e
M CEL + = ————————— I‘.ﬂ:}/ [ {—1-|'-ﬁjr.rf ]
I -~ 2. TFA, CH,Cl;
Ar TMS0 Ar 0
141 142

Ar = 2-furyl, Ph, I-naphthyl,
4-MeOCeHy, 4-MeCgHy

3.1.1.6. Unactivated Alkyl/Arylimines Including Iminium Salts



In early work, N,C-alkyl/arylimino dienophiles were used in the form of their
dialkylmethyleneammonium salts for ImDA reactions with simple dienes such
as 2,3-dimethylbutadiene and isoprene because neutral imines tend to be
unreactive as dienophiles. (130, 131) However, it was later demonstrated (132)
that alkyl/arylimines react with electron-rich oxygenated dienes in the presence
of ZnCly, giving ImDA cycloadducts under mild conditions. Another important
discovery entailed the preparation of [4 + 2]-cycloaddition adducts from simple
unactivated imines and non-functionalized dienes under mildly acidic aqueous
conditions. (133) Subsequently, several Lewis acids such as TiCl,, (134)
lanthanide triflates, (135) In(OTf)s, (136) BiCls and Bi(OTf)s, (137) Nafion®-H,
(138) Smly, (139) and montmorillonite K-10 (140) were shown to promote
various cycloaddition reactions of alkyl/arylimines. As a result of these
advances, alkyl/arylimino Diels-Alder reactions have become the most widely
utilized type of cycloadditions during the past two decades.

Reactions of simple alkyl- or aryl-substituted imines and iminium ions with
unsymmetrical dienes have generally been found to proceed with high
regioselectivity, in many instances leading to only one regioisomeric product.
For example, N-benzylmethyleneamine, generated in situ from the
corresponding amine and formaldehyde, reacts with isoprene in the presence
of hydrochloric acid under aqueous reaction conditions to afford only one
regioisomeric adduct 143. (133) Formation of this product can be rationalized
on the basis of the mechanistic model in Eq. 7 via the dipolar forms 13 and 15.

BaNH, + HCL H+0), HCHO
3596 h

Bn.Fr.H
n

_-Bn
.-/E\j (59%)
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CH,

Irrespective of the nature of the substituents (alkyl or aryl), imines react with
electron-rich dienes such as Danishefsky's diene, affording exclusively one
regioisomeric dihydropyridinone adduct 144. (141)
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144
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Vinylketenes, generated either by photochemical Wolff rearrangement of
a'-silyl- a "-diazo- a , B -unsaturated ketones or by 4 p-electrocyclic ring



opening of 2-silylcyclobutenones, react regioselectively with N-silylimines
affording a single dihydropyridinone. (142)
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MS. [ES< 2" 1.CHCN.81°  TEs ,
L i =, CONH(84%)

Ph Ph

Vinylallenes with an electron-donating substituent such as an alkyl group
attached to Cl also participate in IMDA reactions with alkyl/arylimines under
mild conditions. (143) Thus, in the presence of a Lewis acid catalyst vinyl
allene 145 reacts with an alkyl/arylimine, affording only one regio- and
stereoisomeric octahydroquinoline 146 in good yield. This product arises via a
transition state having the C-aryl substituent of the imine endo to the diene.
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nx:\_ . BF=OFEL (0T
|.L =~ CHsCls, 1t
Ph
145

Imines beam; alkyl/aryl substituents also react with dienes possessing
electron-withdrawing groups, probably via an inverse electron demand ImDA
process. When N-benzyl-p-methoxybenzylideneamine is heated with the
quinodimethane diene 147, generated thermally in situ from the corresponding
benzocyclobutene derivative, isoquinoline derivative 148 is obtained as the
only regioisomeric product in moderate yield. (144) The formation of this
product can again be rationalized on the basis of the mechanistic model in Eq.
7 via the dipolar forms 13 and 15.

LY MeO: _
[ N 150-160° 1 h
‘-‘_H —_— . a
Me()

OMe CN
147

N-Methylbenzylideneamine adds to 1,3-di(phenylsulfonyl)-1,3-butadiene, an



electron-deficient diene, in a regioselective manner, affording
tetrahydropyridine 149 as the only product in excellent yield. (145, 146)
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The exo/endo stereoselectivity of thermal, Lewis or Brgnsted acid catalyzed
ImDA reactions of dienes with alkyl/aryl-substituted imines depends on several
factors such as temperature, the nature of the Lewis acid catalyst, the
substituents on both the imine nitrogen and the carbon, and on the diene
employed. Various Lewis acid catalyzed Diels-Alder reactions of cyclic dienes
with alkyl/aryl-substituted imines have been reported. In the majority of these
reactions the formation of the exo product is favored over the endo isomer,
albeit only to a small extent. For example, the reaction of
N-benzylbenzylideneamine with cyclopentadiene in the presence of La(OTf)3
leads to the exo cycloadduct as the major product, but in only 60%
diastereomer excess (Eq. 44). (147)

-H (44)
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However, in some examples the formation of the endo isomer is favored over
the exo isomer. For instance, when imine 150 adds to cyclohexenone in the
presence of InCls, the exo isomer is obtained in 44% diastereomer excess (Eq.
45). (148) On the other hand, when imine 151 is subjected to the Diels-Alder
reaction conditions, the endo isomer is obtained as the major product, albeit
again with very low diastereoselectivity.
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151 R! = RY = 4-CICH, (745 ) 47:53



Acyclic dienes, on the other hand, often participate in IMDA reactions to form
cycloadducts with good exo/endo selectivities. When
N-benzylpropylideneamine is combined with the 2-siloxy-1,3-butadiene 152 in
the presence of TMSOTT, two diastereomeric products are obtained in an
89:11 ratio with the exo isomer as the major product. (149, 150)

I*h I'h Ph

B TMSOTS
N . . 1LTMson B WP
/l\ 2. TBAF
S 3
TBS() (8] St 9]
152 (495 89:11

When N-methylbenzylideneamine reacts with bis(phenylsulfonyl)-substituted
diene 153, the intermediate endo cycloadduct 154 is formed, which rapidly
undergoes a formal 1,3-hydrogen shift affording tetrahydropyridine 155 in 80%
yield. (151)

MQ“N 5 PhOsS._~2 CH,(Cl, Phi, 5 | N.Mu Phi3,8 N.Mu
IL —— -
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Addition of vinylallenes to imines employing Lewis acids as catalysts is highly
diastereoselective, leading to the formation of only the endo isomer in
moderate yields. (143) For example, vinylallene 156 adds to
N-benzylbenzylideneamine, affording the endo adduct 157 in 54% vyield. A
small amount of the triene 158 is also formed because of a competing ene
reaction.
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The use of chiral imines derived from amino acids in cycloadditions with cyclic
dienes enhances the diastereoselectivity of the reaction. (152, 153) When
formaldiminium ions 159 react with cyclopentadiene, the cycloadducts are
obtained with good diastereoselectivities with 160 as the major product and
161 as the minor. Similar cycloadditions with acyclic dienes, however, proceed
with only moderate diastereoselectivities.
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The observed stereoselectivity with dienophile 159 is explained by invoking an
interaction between the oxygen atom of the ester carbonyl group and the
electrophilic imine carbon. Secondary orbital interactions between the carbonyl
group and diene, and the steric hindrance of the R group favors attack from the
Re face in an exo transition state leading to the observed adduct 160 (Fig. 3).
The minor diastereomer 161 is formed via the endo transition state shown.
Figure 3. Transition states proposed to account for the formation of diastereisomeric adducts
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As mentioned previously, the stereoselectivity of ImDA reactions of
alkyl/arylimines depends on a variety of factors. By manipulating these
variables, it is possible to tilt the exo/endo ratio in favor of one isomer. Some
extreme examples demonstrate the possibility of obtaining only the exo adduct
under one particular set of conditions and the endo adduct under a different set
of conditions.

When silyloxydiene 162 is exposed to N-phenylbenzylideneamine in the



presence of AlCl; at —40° for 15 minutes, cycloadducts 163 and 164 are
obtained, where the exo product 163 (cis relation between the new
stereocenters) is favored (exo/endo = 87/13). (154) However, when the
reaction is conducted at room temperature and the mixture is stirred for 2
hours, the endo cycloadduct 164 predominates (exo/endo = 2/98). This
thermodynamic control of the cycloaddition leading to the more stable endo
adduct is presumably a result of a retro-ImDA reaction that can occur at room
temperature. (155)
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Similarly, N-phenyl-p-methoxybenzylideneamine adds to silyloxydiene 165 in
the presence of AICI; at 20°, affording predominantly the endo cycloadduct
167 (thermodynamic control). (156) Surprisingly, when the Lewis acid is
changed from AICI; (1 equiv) to TBSOTT (0.1 equiv), the exo isomer 166 (i.e.,
the “kinetic” product) is obtained as the major adduct. When the exo adduct is
resubjected to the ImDA reaction conditions, it is readily converted into the
endo isomer in the presence of AICl3, whereas only 30% conversion is
observed ie presence of TBSOTf or TMSOTTf. Furthermore, TMSOTTf does
not afford tN& same selectivity as TBSOTTf (166/167 = 70/30). Thus, the exo
stereocontrol appears to be attributable to the nature of the Lewis acid
employed and the structure of the Lewis acid-imine complex.
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The ImDA reactions of vinylketenes bearing silyl substituents are not only
highly regioselective but also exhibit high endo/exo selectivity. Thus, when
vinylketene 170 is treated with N-silylimine 168 at room temperature, the endo
isomer 171 is obtained in >98% diastereomer excess. (142) However, when
the silyl moiety on the imine nitrogen is replaced by a methyl group (e.g., 169),
the exo adduct 172 becomes the major product, albeit with only moderate
diastereoselectivity.
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168 R =TMS 170 B1, 1.5h 171 R'=H (79-83% ) =09:1 172
169 B = Me 120°,42h R'=Me(71%) 1:3

Treatment of diene 174, possessing an electron-donating nitrogen substituent,
with N-silyl- or N-aryl-substituted benzylideneamines 173 in the presence of
ZnCl, affords a drastic difference in the product diastereoselectivity that could
be directly linked to the nature of the substituent on the imine nitrogen. (157)
When R* = TMS, the cycloaddition proceeds diastereoselectively to afford the
endo adduct 175 as the major product, whereas with R* = PMP (p-MeOCgH.)
the exo adduct 176 is obtained predominantly. This observation suggests that
the reversal of stereoselectivity arises from a difference in approach of the
imines to t ienophile during the cycloaddition process (Fig. 4). With
N-silylimineS; the addition proceeds via an endo transition state to afford
adduct 176. However, N-arylimines approach the diene via an exo transition
state in such a way that the aromatic substituent on the imine nitrogen has
maximum overlap with the diene p -electron system, affording 176.
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~u MY tort, 111 R .R?
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R'  RrI 175:176 175+176
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PMP PMP <595 (91%)

Figure 4. Transition states proposed to rationalize the observed endo and exo selectivity for
N-silyl- and N-aryl-substituted imines, respectively.
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The diastereoselectivity of ImDA reactions of silyl vinylketenes is not only
affected by the nature of the substituent on the imine nitrogen, but also by the
nature of substituents on the diene component. (142) Vinylketene 179

(R = R? = Me) bearing acyclic alkyl substituents undergoes an ImDA reaction
with N-silylimine 178, affording exclusively the endo cycloadduct 180. However,
vinylketene 179 (R', R = — (CH,), — ), possessing a cyclohexyl ring,
yields exclusively the exo adduct 177, because of lower steric hindrance in the
exo approach to the diene.
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Asymmetric alkyl/arylimino Diels-Alder reactions have been explored using
either imines bearing auxiliaries derived from chiral amines, or imines
prepared from chiral aldehydes or ketones. Usually the inducing
stereocenter(s) of imines, derived from chiral aldehydes or ketones, remains
an integral part of the product that is not easily removed. Exceptions include
imines having chiral arene-chromium, olefiniron complex fragments. (158) In
most of the reactions involving chiral amines, the inducing stereocenter can be
removed under mild conditions after the cycloaddition.

One of the first examples of an asymmetric cycloaddition of an unactivated
imine (159) includes cyclohexylidene-protected imine 181, prepared from
L-threonine. Reaction of 181 with
(1,3-dimethoxybuta-1,3-dienyloxy)trimethylsilane (Brassard's diene) in the
presence of a Lewis acid such as Et,AlICI affords a single stereoisomer of



lactam 182 in 82% yield. The syn configuration of cycloadduct 182 is proposed
to derive from a chelation-controlled addition process.
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In order to investigate the effects of the substituents and Lewis acids on the
diastereoselectivity of this type of cycloaddition, a series of a -alkoxy imines
183 was prepared and their reactions with Brassard's diene was studied. (160)
With SnCla, the chelation-controlled diastereomers syn-184 are obtained in low
yields for all three substrates, with a higher syn selectivity being observed
when the steric bulk of the side chain is increased. With Et,AICI as the catalyst,
both the imine substrates 183 bearing either a small substituent (R = n-CsH;)
or a large substituent (R = t-Bu) lead to a high degree of chelation-controlled
products, whereas with the dienophile containing a medium-sized side chain
(R =i-Pr), only poor diastereoselectivity is observed. Furthermore, as the
amount of Et,AICI is increased from less than one equivalent to two
equivalents, syn selectivity is also increased. Based on this result and the fact
that the medium-sized substrate 183 (R = i-Pr) gives only low
diastereosivity, it is concluded that when Et,AICI is the catalyst, a more
complicated&xplanation than either a chelation- or nonchelation-controlled
mechanism is required.

Hn-‘\; OTMS
| B+ | ™ ~OMe Lewis acid, CH,Cl,
78" ton
P
OB M)
Lo " OBn " OBn
183 B = n-CsH,y,., i-Pr, --Bu SnCly (10-205%) syn-184 anti-184
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The ImDA reaction of chiral a -silyloxy aldimine 185 with activated 2-siloxy-
1,3-diene 186 affords only two diastereomers, ketopiperidines syn-187 and
anti-187. (150, 161) The diastereoselectivity here is dependent on the Lewis
acid, solvent, and temperature. When the reaction is performed in hexane with
Zn(OTf), as the catalyst, ketopiperidine syn-187 is obtained as the major



product. However, with TiCl, as the catalyst and isobutyronitrile as the solvent,
ketopiperidine anti-187 is obtained as the major product. These results can be
rationalized using the chelation model shown in Fig. 5. Although Zn(OTf), can
in principle participate in chelation, it is insoluble in hexane, and thus a
non-chelation model is proposed to explain the anti-stereoselectivity with this
catalyst.
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Figure 5. Chelation and non-chelation models proposed to account for the opposite
stereoinduction in the presence of Zn(OTf), and TiCl,
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Recently, an asymmetric reaction of imine 188, derived from
(R)-2,3-di-O-benzylglyceraldehyde and benzylamine, with Danishefsky's diene
has been reported. (162-164) Among the various Lewis acids tested, Znl,
proved best, affording syn-189 in 88% yield and 90% diastereomer excess.
Surprisingly, irrespective of the chelating ability of the Lewis acid, the same
syn diastereomer is obtained as the major product with both Znl, and Et,AICI.
To explain these results, a chelation model (for Znl;) and a non-chelation
model (for Et,AICI and BF3) similar to that in Fig. 5 is proposed.
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ImDA reactions of imines derived from 4-oxoazetidine-2-carboxaldehydes
have been investigated with the intention of using a chiral B -lactam moiety to
obtain stereochemical induction. (165) Addition of imines 190 to Danishefsky's
diene in the presence of a Lewis acid affords the cycloadducts 191 with
moderate selectivities. Further experimentation using Znl, as the catalyst
shows that the diastereoselectivity depends to some extent on the nature of
the substituent on the imine-nitrogen (R®), while substituents on the B -lactam
ring (R and R?) have little or no effect.
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Interestingly, when imine 192 is treated with simple alkyl-substituted dienes
such as 2,3-dimethylbutadiene, the products obtained correspond to the
participation of N-arylimines 193 as azadienes rather than as
heterodieniles.
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Recently, tricarbonylchromium complexes have been introduced as novel
chiral auxiliaries for alkyl/arylimino Diels-Alder reactions. (158, 166-169) When
metal-complexed chiral ortho-substituted benzaldehyde imines, e.g., 194, are
treated with Danishefsky's diene in the presence of 1.2 equivalents of a Lewis
acid, only a single diastereomer such as 195 is usually obtained. The major
diastereomer presumably forms by the approach of a diene on an E imine from
the side opposite the large tricarbonylchromium group. Furthermore, placing a



methoxy group in the ortho position of the aryl ring seems to lower the
selectivity slightly. (158) Extending the distance between the arene-chromium
group and imine by a methylene or ethenyl group significantly lowers the
stereoselectivity. (166)
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Use of imines derived from chiral amino alcohols as the dienophiles for
asymmetric ImDA reactions have also been explored. This type of chiral
auxiliary was chosen because of its ability to form metal chelates. (170) The
imines 196 combine with Danishefsky's diene and these reactions show some
distinctive and instructive trends.
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The size of the group R* directly influences the stereoselectivity in these
cycloadditions. As the bulk of R* is increased, the diastereoselectivity is
enhanced. In contrast, the substituent R® on the imine carbon has little
influence on the process, although no reaction occurs when R® is a bulky
tert-butyl group. Imines that can form a cyclic chelate give similar
diastereoselectivities for the ImDA adduct 197 as those that did not have a
second chelating site. Furthermore, the imines with a more Lewis basic second
chelating group (R? = CO,Me, OH) give higher diastereoselectivities than
imines with a less Lewis basic site (R*> = OTMS). To account for the
stereoselectivity, the chelate model is invoked for chelating substrates; for



those substrates that can only form monodentate coordination to the Lewis
acid (Fig. 6) a modified Felkin-Anh model is applied.

Figure 6. Chelate and non-chelate models proposed to account for the different
stereoselectivities exhibited by substrates with or without a second chelating group
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The use of imines with a chiral carbohydrate template have been investigated
as dienophiles in diastereoselective ImMDA cycloadditions. (171-175) The
reaction of galactosyl-derived imines 199 with 2,3-dimethyl-1,3-butadiene or
isoprene in the presence of ZnCl, as the catalyst proceeds in good yields, but
affords mixtures of three diastereomeric products (one from the a -anomer)
with moderate selectivities. (171)
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However, excellent selectivities are achieved by reaction of imine 199 with
Danishefsky's diene, affording dehydropiperidinone derivatives 200 in high
yield and diastereoselectivity. The reaction of imine 199 with isoprene is
believed to be a concerted IMDA process, whereas reaction with
Danishefsky's diene most likely proceeds by a stepwise Mannich/Michael-type
process as the corresponding uncyclized Mannich products can be isolated if
the reaction is quenched with aqueous NH,4CI solution. (173) It was proposed
that the diene approaches the sterically less shielded Si-face of the
galactosylimine-Lewis acid complex as outlined in Fig 7. (171, 173)
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Figure 7. ZnCl,-imine 199 complex showing attack at the sterically less hindered Si-face
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Asymmetric ImDA reactions of chiral imines 201 derived from a -amino acid
esters with activated dienes leading to cycloadducts 202 have been studied
extensively. Excellent diastereoselectivities are obtained when valine and
isoleucine esters are employed as the auxiliaries. Isolation of a Mannich
addition product (26% yield) after aqueous workup of the reactions of imines
201 with Danishefsky's diene again suggests that the reaction probably
proceeds v stepwise Mannich/Michael sequence. Irrespective of the use of
either chela##dg Lewis acids ( ZnCl, and TiCls), or nonchelating Lewis acids

( BF3 and Et,AICI), the same major stereoisomeric adduct 202 is obtained.
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The stereochemical outcome of the reaction with non-chelating Lewis acids
can be rationalized by assuming a modified Felkin-Anh type of transition state
A (Fig. 8), in which the Lewis acid coordinates to the nitrogen atom of the imine,
and where the — CCO2R substituent is oriented perpendicular to the imine.



To account for the lack of reversal of the stereochemical outcome by changing
from a non-chelating to a chelating Lewis acid, it is suggested that an
equilibrium exists between the cis and trans imine in the presence of ZnCly,
and that the cis imine probably reacts faster. This explanation is based on the
observation of different *"H NMR chemical shifts of the aldimine proton and the
amino acid a -H with and without the presence of one equivalent of ZnCl,. The
existence of the chelated intermediate B using one equivalent of ZnCl; is
supported by the observation that the sense of asymmetric induction is
reversed by using two equivalents of ZnCl,. This result can be rationalized by
the coordination of one equivalent of ZnCl; to the imine nitrogen atom and the
second equivalent of ZnCl; to the ester carbonyl oxygen as shown in C.

Figure 8. Models for coordination of imine 201 to chelating and non-chelating Lewis acids
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The effect of double asymmetric induction with imines derived from either
enantiomer of N- a -methylbenzylamine and O,O-dibenzyl-protected
glyceralde has been studied. (163) When imine 203 is treated with
Danishefslﬁediene in the presence of Znl,, only one stereoisomeric product is
detected. Imine 204, on the other hand, affords a mixture of cycloadducts with
low selectivity. The diastereoselectivities of these processes reflect the net
directing effect of both stereogenic units present in the starting imines 203 and
204 (i.e., 1,2-induction from the group at C2, plus or minus 1,3-induction from
the N- a -methylbenzyl moiety).
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Diene 206 bearing a chiral pyrrolidine auxiliary undergoes ZnCl,-catalyzed
cyclodditions with N-silylimines 205 to afford the piperidones 207 in moderate
to good yields and with good to excellent enantioselectivities. (176-179) The
hydroxyl substituent R? seems to have more influence on the enantioselectivity
of the cycloadditions than would be expected, given that it is relatively distant
from the reacting atoms and that rotation can occur about the C — O bond.
The effect of R? according to the enantiomer excesses found for compounds
207 is as follows: TMS > Me > MOM > TBS.
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3.1.1.7. Azirines

A number of reports have appeared over the last three decades that describe
the involve t of azirines in hetero Diels-Alder processes. (180) The large
majority of Hyése reactions utilize the neutral azirines in cycloadditions with
various dienes under thermal conditions, although several recent examples
exist of Lewis acid promoted reactions. As a result of ring strain, azirines
generally tend to be more reactive in ImDA cycloadditions than acyclic and
larger ring analogs. Azirines bearing a variety of alkyl-, aryl-, and
acyl-substituent groups can be effective partners in such reactions. These
reactions are usually both regio- and stereoselective.

The early work on azirine Diels-Alder reactions involved thermal cycloadditions
of a number of reactive cyclopentadienones with alkyl- and aryl-substituted
azirines ultimately affording azepine derivatives. (181-185) For example,
azirine 208, produced in situ by thermolysis of the corresponding vinyl azide,
reacts with cyclopentadienone 209 in toluene at reflux to form a transient

[4 + 2]-cycloadduct 210 (Eq. 46). The stereochemistry of the initial adduct 210
was suggested to be endo, although this supposition was not proven. This
intermediate then loses carbon monoxide, eventually yielding azepine 211.
(182-185) Cycloadditions of an unsymmetrical cyclopentadienone with some
substituted azirines reveal low regioselectivity, resulting in the production of



mixtures of isomeric azepines. Similar types of azirines, such as 212, also
react thermally with 1,3-diphenylisobenzofuran, affording isolable Diels-Alder
adducts like 213, shown to have the exo stereochemistry (Eq. 47). (186, 187)
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Thermal cycloaddition reactions of simple unactivated alkyl- and
aryl-substituted azirines with acyclic 1,3-dienes have not been reported.
However, this type of cycloaddition can be effected with both cyclic and acyclic
dienes if a Lewis acid catalyst is employed. Thus, 2-phenylazirine reacts regio-
and stereoselectively with Danishefsky's diene using a variety of catalysts
affording a@ct 214 in moderate yields. (188, 189) Similarly, this azirine adds
to 2-trimethylsiloxy-1,3-cyclohexadiene both thermally and under Lewis acid
catalysis affording adduct 215. (189) In both of these examples, the azirine
ring is endo in the transition state.
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In general, azirines activated with an acyl group at C2 react thermally with a
variety of cyclic and acyclic 1,3-dienes, affording Diels-Alder adducts as shown
in Egs. 48-50. (190, 191) The regioselectivity in these examples is the same as
is seen with simple acyclic C-acylimines. Interestingly, these reactions also
tend to be highly stereoselective, but with the three-membered ring of the
azirine, rather than the C-acyl group, being endo to the diene in the transition
state. The reasons for this preference are not clear, but may arise at least
partly from the calculated preference for an exo nitrogen lone pair in InDA
reactions. (9, 10) On the other hand, in similar reactions of these azirines with
furans, the adducts with the acyl group endo are the exclusive products (Eq.
51). (192) There is some evidence, however, that these furan Diels-Alder
reactions are reversible, and that the initially formed exo acyl isomers are
converted into the more stable endo products. In addition, this type of
reversibility may account for the observed stereochemical results in the type of
isobenzofuran reactions shown above in Eq. 47.
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C-Phosphoryl-activated azirines have recently been used as heterodienophiles.
(193) Thus, thermal cycloaddition of azirine 216 with Danishefsky's diene is
regio- and stereoselective, giving a single product 217. As is usually observed
for C-acyl substituted azirines, the products of these reactions are derived from
the three-membered ring being endo in the transition state.
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Two recent reports describe diastereoselective ImMDA reactions of a C-acyl
azirine wherein a sugar-derived chiral auxiliary is attached to the 1,3-diene.
(194, 195) Thus, diene 219 reacts thermally with azirine ester 218, affording a
single cycloadduct assigned stereostructure 220. It is suggested that this
product arigeq via endo attack of the azirine ester on the preferred diene
conformer (Fig. 9).

CYAC
Ac). _AdAe
M
. heptane, heat, 1 h OAC
<LL " : i cplane, nea {I] 0 C
CO-Bu-r
2 M
. . T
TMSO) TMSO COsBu-r
219 2200 (s84%)

Figure 9. Transition state showing the attack of the azirine ester 218 on the diene 219
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Several attempts to effect diastereoselective IMDA reactions of C-acyl azirines
bearing chiral auxiliaries have been reported in recent years. These
approaches have had varying degrees of success. For example, azirine ester
221 bearing the isobornyl sulfonamide chiral auxiliary reacts thermally with
dienes to afford cycloadducts, at best with only modest levels of
diastereoselectivity. (196, 197) Thus, addition of dienophile 221 to
1-methoxybutadiene leads to a 2:1 diastereomeric mixture of adducts 222 and
223, although it is not established which isomer is the major product. Similarly,
the thermal cycloaddition of azirine amide 224 with cyclopentadiene shows no
diastereoselectivity at all. (191)
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However, much more promising results have recently been obtained in ImDA
reactions with some other azirine derivatives using Lewis acid catalysis. (198,
199) When azirine 225 attached to a phenylmenthol auxiliary is used as the
dienophile, no diastereoselectivity is observed in the thermal cycloaddition with
[-methoxybutadiene, and adducts 226 and 227 are obtained in equal amounts
(Eqg. 52). However, if a Lewis acid is used to promote the reaction, the rate of
cycloaddition is significantly increased and synthetically useful levels of
diastereoselectivity are obtained in favor of adduct 226. Magnesium bromide in
particular is an effective catalyst with this system. One can rationalize
formation of adduct 226 as the major product by assuming endo attack by the
diene on the least congested face of the chiral azirine in the stacked parallel
conformation shown in Fig. 10. Similar results are obtained with some other
cyclic and acyclic dienes.
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Figure 10. Transition state depicting the attack of the diene from the less congested face of
the chiral azirine 225-Lewis acid complex

Another dienophile that has been investigated is acyl azirine 228 containing
Oppolzer's chiral sultam auxiliary. Only moderate levels of diastereoselectivity
are observed; curiously, there is little selectivity difference between thermal
reactions and those promoted by Lewis acids (Eq. 53). (198) The configuration
of the major isomer is not specified.
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3.1.1.8. Oxime Derivatives

Oximes have not been widely utilized as dienophiles in IMDA reactions. In
general, it appears that activation is needed for this functional type to
participate in cycloadditions. However, there are brief reports that describe the
reactions of some simple alkyl-substituted O-silyl oximes such as 229 with
cyclopentadiene and furan to give ImDA adducts (Eq. 54). (200, 201)
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Extensive investigation on the thermal cycloadditions of various types of
substituted oximino malonate and malononitrile derivatives 230 with
cyclopentadiene have appeared. Imino Diels-Alder adducts such as 231 are
obtained (Eqg. 55). (202, 203) In general, it was found that as the substituent R
on oxygen is changed, oxime reactivity decreases in the order:

Ts > Ms > COCgH4NO,-p > COPh. Similarly, as the carbon substituents on
oxime 230 (RllRZ) are varied, the Diels-Alder reactivity decreases in the order:
CN p COR > CONH;. It was also found that R'/R? carbonyl substituents are
better endo directors than is a cyano group, although exo/endo equilibration in
the products complicates this issue.
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A few examples of cycloadditions of one of the most reactive oximino
dienophile, 232, with some acyclic dienes have also been reported. (204) Thus,
unsymmetrical diene 233 reacts regioselectively with dienophile 232, affording
adduct 234 in good yield. One can rationalize this selectivity by considering the
dipolar transition states 14 and 16 in Eqg. 7. With isoprene, the regioselectivity
of addition to 232 is low, affording a mixture of isomeric adducts 235 and 236.
These reactions are not general, and some dienes such as butadiene and
1,4-diphenylbutadiene do not react with 232. However, electron-rich
oxygenated dienes such as 237 do react with oxime 232 regioselectively at low
temperature affording adducts 238. (205)
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Although oximino malonate systems 230 where R' = R? = CO;R are totally
unreactive with cyclopentadiene under thermal conditions, it was subsequently
discovered that this type of oximino compound will act as a dienophile either
when lithium perchlorate is used as a catalyst or under high pressure. (206,
207) For example, cycloaddition of acyloxime 239 can be effected producing
adduct 240 in moderate vyields.
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These studies were extended to the Meldrum's acid derived oximino
compound 241, which is found to have greater reactivity as a dienophile
towards cyclopentadiene than the corresponding acyclic systems. However, in
order to effect reactions with acyclic dienes high pressure is required (Eq. 56).
(208) No investigations with unsymmetrical dienes are included.
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In an extension of this work, simply replacing the acetoxy group of 241 with a
tosyloxy function increases the ImDA reactivity of the oximino compound
significantly. (209, 210) Tosyloxy compound 242 is found to react
regioselectively with a wide array of dienes. Cycloadditions with 242 can be
effected thermally in benzene at reflux affording moderate yields of products.
The regioselectivity in these examples is the opposite of that observed with
simpler imines. However, with two equivalents of dimethylaluminum chloride
as catalyst, cycloaddition occurs in high yields under very mild conditions (Eq.
57). Other catalysts such as TiCls, ZnCl,, AICI3, and protic acids are less
effective. It is suggested that the reactive species in these cycloadditions is the
ionic aluminum complex shown in Fig. 11.
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Figure 11. Proposed structure of the reactive species in the cycloadditions of compound 242
in the presence of Me,AICl

3.1.1.9. Electron-Rich (C-Heteroatom-Substituted) Imines

Research on the applications of electron-rich imines as dienophiles in
cycloaddition reactions with the aim of synthesizing nitrogen heterocycles has
been reported. (211) Imino chlorides such as 243 are used in these studies.
These unstable intermediates are generated in situ by reacting an amide (211)
or an oximg=&£12) with POCl;. Aromatic dienes such as isosafrole (244a) and
methyl isodugenol (244b) condense with imino chlorides 243 at high
temperature, affording ImDA cycloadducts 245.
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Due to the polymerization of the dienes under the strongly acidic conditions
used to generate the imino chlorides in situ, the yields of these reactions are
not always reproducible. The nature of the imine substituent R* significantly
affects the reactivity of imino chlorides. For example, condensation between
dienophile 243 (R! = p-NO,CgH,) and 244a is difficult to effect whereas 243



(R! = p-MeOCgH,4) successfully condenses with 244a, affording the
cycloadduct 245. (213) Imino hydrosulfates 246, generated in situ from the
corresponding nitriles and sulfuric acid, also react with aromatic dienes 244a/b
to give ImMDA adducts 247. (214) Here, too, the yields are unfavorably affected
due to polymerization of the diene components under the reaction conditions.
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Fluoroimines 248, when combined with dienes 249 at low temperatures, lead
to the formation of ImDA adducts 250 after warming to 0° or higher. (215)
Alternative nitrogen-substituted imines such as 251 can undergo cycloaddition
reactions with highly electron-deficient dienes 252, affording dihydropyridine
derivatives 253. (146) Introduction of a substituent at C4 of diene 252
drastically reduces the rate of the reaction, and thus a longer reaction time is
required [7 days for 252 (R = Ph) compared to 12 hours for 252 (R = H)].
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3.1.1.10. Miscellaneous Imines
3.1.1.10.1. Isocyanates and Isothiocyanates



Very few examples of [4 + 2]-cycloadditions of 1,3-dienes with isocyanates
have been reported that appear to proceed via concerted Diels-Alder-like
mechanisms. In a single example, the electron-rich diene 254 reacts with
p-tolyl isocyanate affording adduct 255. (216)
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Thiophenyl-substituted dienes, generated by thermal extrusion of SO, from
various 3-sulfolenes 256, react with arylsulfonyl isocyanates at 110-130°,
affording adducts 257. (217, 218)
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Only a single report of some simple cycloadditions with a few
N-acylisothiocyanates has appeared to date. (219) These reactions appear to
take several months at room temperature to go to completion and therefore
are of little practical value.

3.1.1.10.2. Ketenimines and 2-Azaallenes

Only a single report exists of cycloadditions of ketene immonium salt 258 with
a few simple dienes. (220) Cyclic dienes react with 258 to give adducts such
as 259 in good yields. With acyclic dienes, however, [2 + 2]-cycloadducts are
the primary products. An exception is 2,3-dimethylbutadiene, which prefers to
exist in the s-cis conformation, and therefore gives a moderate yield of adduct
260.
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There is one publication describing azaallenium salts reacting in InDA
reactions. (221) For example, salt 261 reacts with isoprene affording

[4 + 2]-cycloadducts 262 and 263 in moderate yield in a 7.5:1 ratio. Only one
regioisomeric series of compounds is formed in this process. An ene product
derived from azaallenium salt 261 and isoprene is also isolated in low yield.
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3.2. IntramE}cular Cycloadditions

Many of thetypes of imines which have been used in intermolecular
Diels-Alder reactions have been applied to intramolecular cycloadditions.
However, much of this work is fragmentary and systematic studies of
intramolecular imino [4 + 2]-cycloaddition reactions are lacking. The most
widely utilized type of dienophiles in these processes have been N-acylimines
and simple alkylimines. Only a few scattered applications of other types of
imines have been reported.

3.2.1.1. N-Acylimines

Several examples of intramolecular reactions of N-acylimines have appeared
over the past thirty years. Since N-acylimines are usually unstable, these
dienophiles are commonly generated in situ, most often by thermolysis of
N-acetoxymethyl amides like 264. (222, 223) Thus, heating substrate 264
through a column of glass helices at 370-390° leads to the transient
N-acylimine 265, which cyclizes in good yield affording tricycle 266.
Gas-phase pyrolysis has been used to convert benzocyclobutene 267 via
N-acylimine quinodimethane 268 into the Diels-Alder adduct 269. (224)
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So-called type 2 Diels-Alder reactions of N-acylimines have been described as
methods to construct a variety of bridgehead olefins. (225, 226) For example,
thermolysis of diene substrate 270 leads to the strained bridged heterocycle
271 in modest yield. However, superior yields of products can be obtained if
the tether length is increased by one or two carbons. Increasing the tether by
three carbons above that in acylamine 270 leads to a sharp reduction in the
yield of cycloadduct.
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In some instances, remote stereochemistry can be controlled in intramolecular
N-acylimine cycloadditions. (227, 228) Heating substrate 272 in
o-dichlorobenzene affords a single stereoisomeric quinolizidone adduct 274 in
high yield. This cyclization apparently proceeds via a transition state as shown
in structure 273 where the acyl group is in a preferred endo position and the
benzyloxymethyl group is pseudoequatorial. However, in some related
cycloadditions leading to indolizidone ring systems, the stereoselectivity drops
significantly with respect to the remote allylic center. (229, 230)
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Some interesting stereochemical features have been observed in a study of
the intramolecular IMDA cycloadditions of a few N,C-diacylimines. (229, 231)
Thermolysis of substrate 275 produced a single stereoisomeric adduct 277 in
good yield. It was suggested that the intermediate diacylimine 276 cyclizes via
a transition state in which the N-acyl group, rather than the C-acyl moiety,
occupies an endo position with the remote alkyl substituent in a
pseudo-equatorial position, leading to the observed relative stereochemistry.
An imine with the E geometry is most likely the reacting species here, although
one cannot rule out intervention of the Z isomer. Similar results are obtained in
closely related intramolecular cycloadditions that produce 6,5-fused systems.
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3.2.1.2. C-Cyanoimines

Rather surprisingly, there appear to be no examples in the literature of
intramolecular Diels-Alder reactions of simple C-acylimines despite the fact
that intermolecular reactions of this type of dienophile have been widely used.
However, the use of C-cyanoimines in intramolecular [4 + 2]-cycloadditions
has been reported. (232) For example, exposure of triflamide 278 to cesium
carbonate leads to a 80:20 E/Z mixture of isolable C-cyanoimines 279, which
upon heating in toluene at 120° affords a single Diels-Alder adduct 280 in good
yield. Interestingly, in most of the reported reactions both geometric imine
isomers lead to the same stereoisomeric product, formed via a transition state
having the N-alkyl chain endo to the diene.
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3.2.1.3. N-Sulfonylimines

To date only a single example of an intramolecular Diels-Alder reaction of an
N-sulfonylimine has been reported. (33) Aldehyde diene 281 is treated with
N-sulfinyl-p-toluenesulfonamide in the presence of boron trifluoride etherate to
generate N-sulfonylimine 282, presumably as a Lewis acid complex, which
undergoes cycloaddition in situ to afford the cis-fused bicyclic sulfonamide
283.
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3.2.1.4. Unactivated Alkylimines

Intermolecmcycloadditions of simple alkyliminium dienophiles in water have
been exten to intramolecular reactions, which have been used in alkaloid
total synthesis. (233) For example, slow addition of diene aldehyde 284 to an
agueous solution of methylamine hydrochloride leads to formation of the
bridged Diels-Alder adduct 285 in good yield. (234) Similarly, exposure of
diene amine 286 to formaldehyde under aqueous conditions leads to
cycloadduct 287 in high yield. (133)

0 . : L
= 29 HCLH0,EIOH  Me~ | s
N MeNH;CL, 70°, 39 h ;

284 285

HC1, Haty, 50°
o NHy TR NT O (95%)
HCHO, 48 h I
.
286 287



Although these Diels-Alder reactions are stereospecific with respect to the
diene geometry, modest endo/exo and remote stereoselectivity has often been
observed. Treatment of enantiomerically pure aldehyde 288 with ammonium
chloride under aqueous conditions leads to a 2.2:1 mixture of diastereomeric
adducts 290 and 292. (235) It is suggested that this process involves an
iminium ion intermediate that cyclizes via transition state conformation 289
affording 290 as the major product. Transition state 291 would afford the minor
cycloadduct 292. The latter conformation is presumably destabilized by an
eclipsing interaction between H, and Hy,.
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A comparison study probed the effects of agueous reactions versus those
promoted by other polar media such lithium perchlorate/ether. (236) Using
endocyclic imine substrates like 293, it was found that the aqueous Diels-Alder
reaction of the corresponding TFA salt affords adduct 294 in high yield. On the
other hand, if the reaction is run in 5 M lithium perchlorate/diethyl ether, tricycle
294 is formed in poor yield. Similar results are obtained with related systems.
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A recent report has described examples of intramolecular ImDA reactions that



utilize a vinylallene moiety as the diene component. (237) Cyclization of the
N-benzylimine derived from aldehyde 295 at room temperature affords a single
stereoisomeric tricycle 296 in good yield. With some related substrates
subjected to BF3-Et,O catalysis at —78°, the yields of adducts vary depending
on the tether length and the nature of the substituent on the allene.
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3.2.1.5. Oxime Derivatives

In an early example of a thermal intramolecular Diels-Alder reaction of an
oxime methyl ether with a quinodimethane diene, heating benzocyclobutene
substrate 297 affords a mixture of epimeric Diels-Alder adducts 298 and 299 in
unspecified ratio and yield. (238)
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In a more recent study involving intramolecular cycloadditions of O-acyloxime
derivatives, readily prepared dicyano or cyano ester substrates 300 are found
to cyclize on heating in toluene at reflux or under high pressure at room
temperature, affording cycloadducts 301. (239) Interesting stereoselectivity is
observed with cyano ester substrate 302, which leads exclusively to
Diels-Alder product 304. This cyclization presumably occurs via transition state
303 where the cyano group is endo, a result in contrast to the intermolecular
reactions with cyclopentadiene studied earlier where it was found that the ester
moiety prefers the endo orientation. (202, 203)
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3.3. Cycloadditions Using Asymmetric Catalysis

Although a great deal of progress has been made over the past decade in
enantioselective hetero Diels-Alder reactions of various carbonyl compounds
using chiral Lewis acid catalysts, the analogous enantioselective ImDA
methodology remained unavailable until quite recently. (7, 240) This fact may
be the result of some common problems associated with the use of imines as
substrates atalytic enantioselective reactions, such as: 1) The nitrogen
atom of imines tends to be more Lewis basic than the oxygen atom of carbonyl
compounds. As a result, the coordination of the imine, or the product, to the
chiral Lewis acid catalyst is stronger than for a carbonyl compound, leading to
deactivation or inhibition of the catalyst. Therefore, stoichiometric amounts of
chiral Lewis acids are often needed to achieve conversion and high
asymmetric induction. 2) The readily interconvertible E/Z configurations of
imines allow several possible metal-complexed structures to exist in solution. 3)
The imine double bond has a relatively low reactivity and poor electrophilicity.
4) There is a tendency toward deprotonation of the a -acidic proton of
enolizable imines to form enamines. Thus, only very recently have reports
appeared concerning catalytic enantioselective Diels-Alder reactions of imines.

Chiral boron(lll) reagents have been shown to catalyze the ImDA reactions of
aldimines with oxygen-substituted highly electron-rich dienes. (241) When
imines 305 are treated with Danishefsky-type dienes 306 in the presence of
stoichiometric amounts of chiral boron (Ill) reagent 307, ImDA adducts 308 are
obtained in good yields with up to 90% enantiomer excess. Addition of 4A



molecular sieves to these reactions was found to be necessary for optimal
yields.
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Investigations on the effect of the nature of the Lewis acid on the
diastereoselectivity of ImDA reactions of chiral imines derived from (S)- a
-methylbenzylamine and benzaldehyde with Danishefsky's diene reveal that
B(OPh); can catalyze these reactions effectively. The effect of chiral Lewis
acids such as 307 on the diastereoselectivities of this ImDA reaction for double
asymmetric induction has been explored. (242, 243) When imines 309, derived
from (S)- a -methylbenzylamine, are treated with Danishefsky's diene 306a,
the reactiote increases in the presence of (R)-307 and nearly complete
diastereoserectivity is observed (matched case). On the other hand, in the
presence of (S)-307, the same diastereomer is formed, albeit in both lower
yield and diastereoselectivity (mismatched case).
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In a more recent investigation, the use of another chiral boron catalyst, the
Bronsted acid-assisted Lewis acid 311, for the ImDA reactions was studied.
(244) In the presence of stoichiometric amounts of 311, adduct 310a (R* = Ph)
is obtained in 64% yield with 99% de.
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Although chiral catalysts are successfully used for diastereoselective
asymmetric ImDA reactions, (242, 243, 245, 246) there are only a few
accounts of their use in enantioselective reactions prior to 1998. Moreover, the
early reported diastereoselective and enantioselective ImDA reactions require
stoichiometric amounts of the chiral catalyst.

The first catalytic enantioselective ImMDA reactions using imines 312 and
Danishefsky-type dienes 306, promoted by a chiral zirconium (IV) complex 313,
was reported in 1998. (247)
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Catalyst 313 is prepared from Zr(OBu-t)4, (R)-Br-BINOL, and a heterocyclic
ligand such as 1-methylimidazole, in a ratio of 1:2:2-3. The reaction between
imine 312 and Danishefsky-type dienes is strongly influenced by both the
choice of ligands and of solvents. The best result (93% yield and 93%
enantiomer excess) is obtained from the reaction of 312 (R* = 1-naphthyl) and
diene 306b in toluene with 1-methylimidazole as the ligand in the presence of
10 mol % of catalyst 313. In general, good enantioselectivities are achieved for



imines derived from ortho-substituted benzaldehydes. Furthermore, a free
ortho-hydroxy group on the N-aryl group is necessary to achieve a high level of
enantioselectivity. The absolute configuration of the products is found to be S
using catalyst 313 derived from the (R)-Br-BINOL ligand.

Further investigations to examine the catalyst-substrate interaction and to
improve selectivities led to the preparation of the chiral Zr (IV) complex 315.
(248) ImDA reaction of imine 312 (R! = 2-MeCgH,4) with Danishefsky's diene
306a catalyzed by 315 (20 mol %) gives the corresponding piperidinone
derivative in a slightly lower yield of 66% than with catalyst 313, but with a
similarly high enantiomer excess of 84%. The cycloaddition is affected by the
solvent, the reaction temperature, and the type of molecular sieves used. The
best results are obtained when the reaction is carried out in benzene at room
temperature and in the presence of 3A molecular sieves [(93% yield and 91%
enantiomer excess for 314 (Rl = 2-MeCgH,, R? = H)J.
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Surprisingly, the absolute configuration of the product is found to be R,
opposite to the configuration obtained with catalyst 313. A mechanistic model
involving a chelated imine as shown in 316 is proposed to account for the
observed enantioselectivity. The two bulky tert-butoxy groups are expected to
occupy the axial positions. One of the 3,3'-phenyl groups would then
effectively shield one face of the imine, and consequently the diene attacks
from the Re face on the opposite side of the imine.
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Optimizations with respect to the substituents on the meta- and para-positions
of the 3,3"-phenyl rings, on the 6,6'-positions, and for the ligands on zirconium
of the catalyst using solid- and liquid-phase methods led to new catalyst 317.
(249) When imine 312 (R' = 2-MeCgH,) is reacted with Danishefsky's diene
306a under the optimized conditions, 2 mol % of catalyst 317 is sufficient to
produce the cycloadduct 314 (R = 2-MeC¢H., R? = H) in 94% enantiomer
excess, albeit in only 68% yield. However, at 1 mol % of the catalyst, the
enantiomer excess drops to 83%. When attached to a solid support, catalyst



317 (20 mol %) affords adduct 314 (R' = 2-MeCgHa, R? = H) in 87% yield and
80% enantiomer excess.

Recently, silver (I)-catalyzed enantioselective ImDA reactions of Danishefsky's
diene 306a with aryl imines 318 were introduced affording cycloaddition
products 320 in >77% yield and >88% enantiomer excess. (250) These
reactions are effected at 4° in the presence of 1 mol % of the catalyst
derived from 319.

- OMe Ovie 1, 319 (1 mol %), Me().
@ AgOAc (1 mol %), i-PrOH
R b - N
L 1 /C 2. aq. HCL, THF //J\)\
Ay ITMSO 0y o
38 Joa 320
Ar = Ph, 4-Mejs=sH,. 4-CIC:H,, (B6-98%) HB-95% ee
E-Hr(.'ﬁHm{};N(Tﬁl-{q. 4-(NCgH,.
I-naphthyl, 2-naphthyl, 2-furyl
o
0
PPh; OMe
39

The ortho-methoxy group in the N-arylimine substrates is necessary to obtain
high enantioselectivity. In the absence of 2-PrOH, the yields as well as
enantioselectivities are lowered. Furthermore, changing the
para-methoxyphenyl substituent on ligand 319 decreases the turnover and
enantioselectivity of the cycloaddition reaction.

Catalytic enantioselective cycloaddition reactions of electron-deficient imines,
especially of N-tosyl a -imino ester 321, with the Danishefsky-type dienes 306a
and 306c¢ in the presence of the copper(l) complexes of chiral BINAP



derivatives 323, have been described. (251, 252) ImDA reaction of imine 321
with diene 306¢ catalyzed by BINAP derivative 323b (1 mol %) affords the
endo diastereomer of the ImMDA adduct 322 in 70% vyield, with up to 90%
diastereomer excess and 98% enantiomer excess.
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Metal complexes of several chiral phosphine-substituted oxazoline ligands (Fig.
12) have also been used for the cycloaddition reaction of N-tosyl a -imino ester
321 with Danishefsky's diene 306a and afford the cycloadduct 322 in high
yields (up to 97%) and with up to 86% enantiomer excess.

Figure 12. Sures of chiral phosphine-substituted oxazoline ligands tested for the

cycloaddition Teactions of imine 321 and Danishefsky's diene 306a
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Notably, the copper (I) complex of chiral BINAP derivative 323b is also
capable of catalyzing the ImMDA reaction of N-tosyl a -imino ester 321 with
unactivated dienes. Cyclic dienes such as cyclopentadiene and



1,3-cyclohexadiene react with imine 321 in the presence of 323b, affording
cycloadduct exo-324a in 85% yield and 83% enantiomer excess, whereas
ex0-324b is obtained in only 52% vyield, but with up to 95% enantiomer excess.
The endo isomers 325a and 325b are minor products.
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In order to obtain more mechanistic information and to broaden the synthetic
scope of the reaction, different ethyl glyoxylate derived imines 326 were
treated with Danishefsky's diene 306a in the presence of BINAP 323b-CuClO,4
complex, leading to the cycloadducts 327 in moderate to good yields and
enantioselectivities. The isolation of a Mannich-type product in some of the
reactions indicates that these reactions may in fact proceed via the
Mannich-Michael pathway.
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Surprisingly, the ImDA reactions of imines 321 and 326d with Danishefsky's
diene catalyzed by the BINAP-323b- CuClO4 complex gives with imine 321 the
S enantiomer and with imine 326d the R enantiomer. These results have been
proposed to result from differences in the binding modes of these imines to the
catalyst. The N-tosyl group of imine 321 can participate in the coordination to
the chiral Lewis acid, but the N-p-methoxyphenyl substituent of imine 326d
cannot.

It has also been demonstrated using different combinations of chiral ligands
(BINAP, a bisoxazoline ligand, and 1,2-diphenylethylenediamine) and Lewis
acids [Yb(OTf)s, Cu(OTf)2, Mglz, and FeCls] that the ImDA adduct 329 can be



obtained enantioselectively from imine 328 and Danishefsky's diene 306a. (80)
The highest enantiomer excess of 97% was claimed to result from using a
combination of (1S, 2S)-1,2-diphenylethylenediamine and Mgl as the catalyst
in acetonitrile. However, a later corrigendum (253) indicated that these results
could not be reproduced and rather enantiomer excesses in the range 0-55%
are obtained depending upon reaction conditions.
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The enantioselective IMDA reaction of imine 330 derived from
p-methoxyaniline and ethyl glyoxylate with Danishefsky's diene in the
presence of different metal-BINOL complexes has been investigated. A
diethylzinc-(S)-BINOL complex gives the best yield and enantioselectivity but
only when used in a stoichiometric amount. The enantioselectivity and yield of
cycloadduct 331 is severely affected by changes in solvent, temperature,
catalyst loading, and reaction time. Surprisingly, the enantioselectivity declines
with reaction time and decrease in reaction temperature.
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The use of chiral copper complexes of phosphinosulfenyl ferrocenes, such as
332, as catalysts for enantioselective formal ImDA reactions of some
C-aryl-N-sulfonylimines 333 has been reported. (2) Although IMDA-type
cycloadducts are obtained in this process, the reaction clearly proceeds via the
formation of an initial Mannich product that subsequently cyclizes on exposure
to TFA through an intramolecular conjugate addition process. In general, good
yields and high enantioselectivities are obtained in this reaction except for the
C-arylimine bearing a para-N,N-dimethylamino group, where the cycloadduct
is obtained in only 39% vyield. In general, these reactions are conducted at
room temperature, but in a few examples it was found that lowering the
temperature to —20° increases the enantioselectivity.
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4. Applications to Synthesis

Both inter- and intramolecular ImDA reactions have been employed in a
number of alkaloid total syntheses over the past twenty-five years. (233, 254)
In an early example of the use of an intermolecular cyclic N-acylimine
Diels-Alder reaction in complex molecule synthesis, a thermal cycloaddition of
trisubstituted diene 334 with the imine derived in situ from a
-methoxyhydantoin 335 affords a 1:3 mixture of adducts 336 and 337 in
moderate yield. (70, 255) Inexplicably, the IMDA reaction does not go to
completion, but the overall yield of products can be increased by recycling
diene 334. The major cycloadduct 337 is then utilized to construct the C/D ring
system of the fungal metabolite streptonigrin.
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In a more recent alkaloid synthesis involving an intermolecular ImDA reaction,
enantiomerically pure cyclic alkylimine 338 reacts with Danishefsky's diene in
the presence of ytterbium triflate catalyst to give exo adduct 339 in good yield.
(256, 257) This adduct is converted in a few subsequent steps into the
Securinega alkaloid phyllanthine.
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Several different types of indolizidine alkaloids have been synthesized utilizing
intramolecular ImDA reactions of N-acylimines. For example, cyclization of the
N-acylimine diene 341 derived in situ by simultaneous thermal extrusion of
SO, and acetic acid from 3-sulfolene methylol acetate substrate 340 produces
a 5:4 stereoisomeric mixture of bicyclic adducts 342 in good yield. (223, 258)
This mixture could then be converted into the Elaeocarpus alkaloid
elaeokanine A.

TWS()
oloene

HN,

s, CHDAC  370-390°

342 (685 (+=)-elacokanine A

In another indolizidine alkaloid synthesis, substrate 343 cyclizes thermally
producing a 1:1.8 mixture of Diels-Alder adducts 344 and 345. (230) Minor
product 344 is transformed in a few steps into the neurotoxic fungal metabolite
slaframine. The major cycloadduct 345 could also be converted into the
alkaloid via an epimerization sequence.

TRSO) 0 TRSO, THSO, Al
H ——\,: H
HN.. 3.CLC ; :
o CH0Ac L2ClCsta | NTY — N
S 180, 4 h I =
COsMe COsMe COMe NH,

343 344 (339%) 345 (579%) (+=)-slaframine



Intramolecular ImMDA methodology has been extended to synthesis of some
quinolizidine alkaloids. (227, 228) For example, thermolysis of Diels-Alder
precursor 346 in o-dichlorobenzene affords lactam 347 in 66% yield. This
compound is then reduced, affording the quinolizidine alkaloid cryptopleurine.
In subsequent related work, it was found that amine 348 reacts with
formaldehyde under aqueous conditions at 180° to directly produce racemic
cryptopleurine in good yield. (259)

OMe

:\"IU(: O “'&.‘.'{. )
~ 1,2-Cl,CeHg
0 210°
|
O NH
Mel) r MeO)

AL
346 347

(665 )

LiAlH,

3%
OMe \ Sk

MeO
HCI, HaC), EdH, 1807

I (Bd50)
HCH(L 10 h ’
(- f

Medd

[+/—}-cryplopleuring

An elegant synthetic approach to the indole alkaloid (+/—)-eburnamonine via an
intramolecular Diels-Alder reaction of an endocyclic alkyl-substituted imine
with a 3-vinyl indole has been reported. (260, 261) Thus, imine substrate 349
cyclizes if exposed to acids such as TFA or CSA in hot benzene, affording
pentacycle 350 along with varying amounts of eburnamonine in good overall
yield. The initial adduct 350 is isomerized to eburnamonine in high yield using
sulfuric acid in hot ethanol. Interestingly, if imine 349 is treated with a lithium
salt in benzene at reflux, high yields of adduct 350 are produced
uncontaminated with eburnamonine.
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A clever example of the use of an intramolecular Diels-Alder reaction of an
oxime derivative in a total synthesis of lysergic acid was reported several years
ago. (262) Heating substrate 351 at 200° in trichlorobenzene promotes a
retro-Diels-Alder reaction affording diene 352, which then undergoes a

[4 + 2]-cycloaddition with the methyl oxime to afford a 3:2 mixture of
cycloadducts 353 and 354. These compounds are then converted into racemic
lysergic acid by a short sequence of steps.

i B M)
© Me(C
COMe 0l = N
| 1.2 d-trichlorobenzene ==
200°, 50 o
| ]
RN N
L H _
351 3s2
MeO,C AOe Me();C SOMe HO,C
+ —
N
H H
353 (675%:) 3:2 354 (+/—)Hysergic acid

A one-pot synthesis of 2-carboxyl-substituted pyridines utilizing Diels-Alder
reactions of tosyloxy compound 355 has been devised. (209, 210) For
example, [4 + 2]-cycloaddition of dienophile 355 with 2,4-dimethylbutadiene
yields a single regioisomeric adduct 356, which without purification is treated
with sodium methoxide and N-chlorosuccinimide, affording pyridine 357 in
good overall yield.
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Intramolecular oximino Diels-Alder methodology has recently been used to
generate various substituted pyridine derivatives. (239) Thermal cycloaddition
of diene acyloxime 358 in refluxing toluene leads to cycloadduct 359, which
upon treatment with cesium carbonate in DMF aromatizes, affording pyridine
ester acid 360.
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5. Comparison with Other Methods

A number of other procedures have been used to construct
1,2,5,6-tetrahydropyridines of the type one obtains via ImMDA reactions. This
general area has recently been reviewed; (263, 264) therefore, only a brief
account of the most widely utilized alternative synthetic methods is presented
here.

A classical synthesis of 1,2,5,6-tetrahydropyridine systems, which has been
used for decades, involves the partial reduction of pyridinium salts. (265) An
example of this process is shown in Eq. 58. A problem that can arise with this
methodology is the formation of regioisomeric reduction products depending
on the substitution pattern of the pyridinium salt.

| Me Me
m(”‘ NaBH,, MeOH ﬁmm"‘ "

" | : - (56%) 58
NG SN reflux, 4 h N (58)
| |
Me Me

In related chemistry, a short enantioselective route to 2-substituted and
2,6-disubstituted 1,2,5,6-tetrahydropyridines has been described starting from
chiral pyridinium salt 361. (266) Addition of a Grignard reagent to 361 leads to
intermediaﬂ&, which is reduced stereoselectively, affording
1,2,5,6-tetranydropyridines 363 and 364. Addition of a second Grignard
reagent to amino acetal 362 affords a 2,6-disubstituted product.

_’.‘"
m : e = i
Ty~ 1. MeMgCl, THF, 0° NaBH, P

N N t 7N

N
+ r - I
H"f\ 2.H;0 0 '
- OH OH
Ph | Ph Ph Ph
OH L
361 362 363 (45%) 90:10 364

A nice modification of the Ireland-Claisen rearrangement has been developed
for stereoselective construction of tetrahydropyridines. (267) Thus, an amino
lactone like 365 can be converted into silylketene acetal 366, which
subsequently rearranges affording the cis-2,6-disubstituted
1,2,5,6-tetrahydropyridine 367.
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With the advent of stable, well-behaved transition metal catalysts, ring-closing
olefin metathesis has recently become a popular method for constructing
nitrogen heterocycles such as 1,2,5,6-tetrahydropyridines. (268, 269) For
example, ring-closing metathesis of diene 368 using Grubb's ruthenium
catalyst affords bicyclic tetrahydropyridine 369 in good yield. (270)
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Another method that has been used for stereoselective construction of
1,2,5,6-tetrahydropyridines involves an aza-[2,3]-Wittig rearrangement of a
vinylaziridine. An example of this transformation is shown in Eq. 59. (271)
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An interesting approach to tetrahydropyridines has been devised that involves
an internal cyclization of allylsilane nitrones. (272) Thus, exposure of a nitrone



substrate such as 370 to trimethylsilyl triflate probably generates intermediates
371 and 372, leading to a 1:1 mixture of cis- and
trans-N-hydroxy-1,2,5,6-tetrahydropyridines 373 and 374 in high overall yield.
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Iminium ion vinylsilane cyclizations have been extensively utilized as a route to
1,2,5,6-tetrahydropyridines. The mechanism of this transformation has also
been examined in detail. (273) An example of the process is shown in Eq. 60.

f\ CeH,5CHO, CSA ﬁ\
P, R SRR e (68%) (60)

NH MeCN, 82° N CsHia
Ph Ph

Iminium ion allylsilane chemistry has also been used to prepare
1,2,5,6-tetrahydropyridines. (274) The cyclization shown in Eq. 61 is highly
stereoselective, leading to the cis-2,6-disubstituted system.

:‘ICHH:N.'
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Finally, efficient methodology has been developed for synthesizing
dihydropyridones of the type that can be obtained via ImDA cycloadditions of
highly oxygenated Danishefsky-type dienes. (275) Thus, treatment of readily
available 4-methoxypyridine with an acylating agent, followed by a Grignard



reagent, affords a 6-substituted 2,3-dihydro-4-pyridone derivative. An example
of this transformation is presented in Eq. 62. (276)
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6. Experimental Conditions

The diversity of the imino Diels-Alder cycloadditions described in this chapter
makes it difficult to generalize regarding reaction conditions. As noted above,
some of these reactions can be effected under various thermal conditions. In
addition, other processes are promoted by either protic or Lewis acids. A wide
range of solvents has also been used in these cycloadditions depending on the
particular substrates.

Reactions with N-acylimines are generally performed in benzene at reflux in
the presence of a Lewis or protic acid, such as boron trifluoride etherate,
trifluoroacetic acid, or naphthalenesulfonic acid. In some cases, these
reactions can also be performed thermally depending on the reactivity of the
imine and the diene.

Most commonly, reactions of C-acylimines are carried out with TFA and boron
trifluoride etherate in dichloromethane, although other acids and solvents have
been used.

Reactions of N-sulfonylimines are most often performed under thermal
conditions, usually in benzene at reflux. These cycloadditions have also
occurred at high pressure. Acidic conditions have also been used, most often
with boron trifluoride in dichloromethane at —20°.

A wide varigty of conditions have been utilized for the cycloadditions of alkyl or
arylimines,mast often involving an acid catalyst. A widely used procedure
forms the imine in situ. An amine hydrochloride is combined with an aldehyde
and the diene in water at room temperature. A large number of Lewis acids
have been utilized in solvents such as THF or dichloromethane, and the
reactions usually take place at or below room temperature. Cycloadditions of
alkylimines have also been performed under thermal conditions, but
temperatures depend upon the reactivity of the substrates.



7. Experimental Procedures
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7.1.1.1. endo and exo Methyl
2-Benzyloxycarbonyl-2-azabicyclo[2.2.2]oct-5-ene-3-carboxylate
(BF3s-Catalyzed Acyclic N-Acylimine Diels-Alder Reaction) (62)

BF3-Et,O (4 mL, 0.032 mol) was added to a stirred solution of methyl
N-benzyloxycarbonyl-2-methoxyglycinate (20.24 g, 0.08 mol) in dry benzene
(60 mL) under nitrogen. The mixture was heated to reflux, and
cyclohexa-1,3-diene (8 mL, 0.085 mol) in dry benzene (16 mL) was added
dropwise over 3 minutes. The mixture was heated under reflux for 1.5 hours,
then cooled and poured into saturated aqueous NaHCO3 (100 mL). The
organic layer was washed with saturated aqueous NaHCO;3; (100 mL), dried

( MgSO0.), and concentrated to give a yellow oil. The oil was chromatographed
on a silica gel column (600 g). Elution with petroleum ether (bp 40-60°)-Et,O
(2:1) gave the exo adduct as an oil (8.5 g, 28%); IR ( CHCls) 1750, 1695 cm™;
'H NMR (ds-toluene, 100°) & 7.16 (m, 5H), 6.17 (m, 2H), 5.15, 4.95 (ABq,

J = 13 Hz, , 4.84 (m, 1H), 3.94 (dd, J = 3, 8 Hz, 1H), 3.44 (s, 3H), 2.68 (m,
1H), 2.55—(@ (m, 4H); MS m/z: M* 301 (5), 242 (95), 195 (40), 170 (100), 150
(29), 107 (100). Anal. Calcd for C17H19NO4: C, 67.8; H, 6.3; N, 4.6. Found: C,
68.3; H, 6.6; N, 4.45.

Further elution with the same solvent gave the endo adduct (2.1 g, 7%) as a
solid, mp 73.5-75.5°%; IR ( CHCl3) 1760, 1690 cm™*; *H NMR (dg-toluene, 100°)
6 7.2 (m, 5H), 6.16 (ddd, J = 8, 7, 1 Hz, 1H), 5.93 (ddd, J = 8, 6, 2 Hz, 1H), 5.2,
5.0 (ABq, J = 13 Hz, 2H), 4.84 (m, 1H), 4.21 (d, J = 2.5 Hz, 1H), 3.37 (s, 3H),
2.83 (m, 1H), 1.8-1.0 (m, 4H); MS m/z: M* 301 (6), 242 (83), 170 (100), 107
(17). Anal. Calcd for C17H19NO4: C, 67.8; H, 6.3; N, 4.6. Found: C, 68.1; H, 6.5;
N, 4.45.
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7.1.1.2. Ethyl
(2S/R)-1-[(R)-1-Phenylethyl]-4,5-dimethyl-1,2,3,6-tetrahydropyridine-2-carbox
ylate (C-Acylimine Diels-Alder Reaction with a Chiral Auxiliary) (83)
(R)-1-Phenylethylamine (10.0 g, 82.6 mmol) and freshly prepared ethyl
glyoxylate (8.43 g, 82.6 mmol) were dissolved in dry toluene (30 mL), and the
water was removed using a Dean-Stark apparatus by heating the mixture at
reflux for 20 minutes. Removal of the solvent under reduced pressure gave the
chiral imine as an orange oil (16.93 g, 100%). A portion of this imine (3.75 g,
18.3 mmol) was dissolved in DMF (12 mL), and then TFA (2.1 g, 18.3 mmol),
2,3-dimethylbutadiene (3.0 g, 36.6 mmol), and water (10 mL) were added. The
mixture was stirred at room temperature for 24 hours under argon, and the
solvent was then removed under reduced pressure. A solution of the residue in
CHCI3 (20 mL) was washed with aqueous NaHCO3 and brine, dried ( K.COs),
and evaporated under reduced pressure. The resulting residue was purified by
flash chromatography (hexane-EtOAc, 98:2), giving the title compound (3.6 g,
69%) as a 84:16 mixture of diastereomers. Crystallization as the hydrochloride
salt from EtOAc-hexane gave the pure major (6S)-product as white crystals,

mp 162-164°; [215' —7-5°(c 1.00, MeOH); IR (thin film) 3060, 3020, 2980, 2910,

1730 cm™; *H NMR (300 MHz, CDCls) 8 1.25 (t, J = 7.0 Hz, 3H), 1.32 (d,

J = 6.8 Hz, 3H), 1.43 (s, 3H), 1.62 (s, 3H), 2.29-2.59 (m, 2H), 2.75-3.17 (ABq,
J =16.4 Hz, 2H), 3.94-4.04 (m, 1H), 3.99 (q, J = 7.0 Hz, 1H), 7.17-7.38 (m,
5H); *C NMR (75.5 MHz) & 14.4 (q), 16.3 (q), 18.4 (q), 21.0 (q), 34.8 (1), 52.2
(t), 55.1 (d)-59.8 (1), 61.8 (d), 121.4 (s), 124.4 (s), 126.7 (d), 127.2 (d), 128.3
(d), 146.1 (BLI173.6 (s); HRMS (m/z): calcd for C1gH25NO2, 287.1860; found,
287.1860.
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7.1.1.3. Ethyl

1-[(1R)-Camphor-10-ylsulfonyl]-4-oxo-1,2,3,4-tetrahydropyridine-2(RS)-carbox
ylate (N-Sulfonylimine Diels-Alder Reaction with a Chiral Auxiliary) (124)

To a solution of ethyl 2-bromo-N-[(1R)-camphor-10-ylsulfonyl]glycinate

(320 mg, 0.81 mmol) in CCl, (20 mL) under an argon atmosphere at room
temperature was added Et;N (115 p L, 0.83 mmol) followed by
1-methoxy-3-trimethylsilyloxybuta-1,3-diene (400 p L, 1.85 mmol). The



reaction mixture was stirred at room temperature for 12 hours and then
concentrated. HCI-THF (1:19, 20 mL) was added and the mixture was stirred
at room temperature for 1 hour. The mixture was diluted with water (20 mL)
and the organic layer was dried and evaporated. Purification by silica gel
chromatography (EtOAc—hexane, 2:1) of the crude oil gave a 35:65
diastereomeric mixture of the title compounds (178 mg, 58%) as a pale brown
oil which was not separated. IR (neat) 2967, 1746, 1674, 1601 cm™; UV (EtOH)
280 nm (€ 10,923); H NMR (400 MHz; CDCI3) © 0.9 (s, 3H), 1.10 (s, 1.8H,
major diastereomer), 1.11 (s, 1.2H, minor diastereomer), 1.28 (t, 3H), 1.50 (m,
1H), 1.72 (ddd, J = 4.7, 9.3, 14.0 Hz, 0.4H, minor diastereomer), 1.85 (ddd,
J=4.7,9.3,14.0 Hz, 0.6H, major diastereomer), 1.96 (asymmetric d,

J = 6.0 Hz, 0.4H, minor diastereomer), 2.00 (asymmetric d, J = 6.0 Hz, 0.6H,
major diastereomer), 2.09 (m, 1H), 2.16 (t, J = 4.5 Hz, 1H), 2.39 (m, 2H), 3.06
(m, 2H), 3.50 (ABq, J = 15 Hz, sep. 277.0 Hz, 0.8H, minor diastereomer), 3.55
(ABq, J = 14.9 Hz, sep. 160.0 Hz, 1.2H, major diastereomer), 4.24 (m, 2H),
5.17 (m, 1H), 5.39 (dd, J = 1.1 and 8.4 Hz, 0.4H, minor diastereomer), 5.43 (d,
J = 8.4 Hz, 0.6H, major diastereomer), 7.61 (dd, J = 1.5, 8.4 Hz, 0.4H, minor
diastereomer), 7.72 (dd, J = 1.5, 8.4 Hz, 0.6H, major diastereomer); *C NMR
(100 MHz, CDClI3) & major diastereomer: 14.0 (CHs), 19.2 (2 CH3), 25.4 (CHy),
27.0 (CHy), 38.4 (CHy), 42.5 (CHy), 42.7 (CH), 48.3 (C), 51.4 (CHy), 57.0 (CH),
58.6 (C), 62.8 (CHy), 107.7 (CH), 142.9 (CH), 169.0 (C), 189.5 (C), 214.1 (C);
minor diastereomer: 14.0 (CHs), 19.7 (2 CHs), 25.4 (CHy), 26.9 (CHy), 38.4
(CHy), 42.4 (CHy), 42.8 (CH), 48.3 (C), 51.4 (CHy), 57.0 (CH), 58.5 (C), 62.7
(CHy), 107.5 (CH), 142.7 (CH), 168.8 (C), 189.6 (C), 214.0 (C); MS-FAB (m/z):
384 (M+ + H), 215 (M+ +H- C8H10N03), 170 (M+ + 2H — C19H12S03, base
peak). Anaf=§alcd for C13H25NO6S: C, 56.38; H, 6.57; N, 3.65. Found: C, 56.1;
H, 6.5; N, 3-6-

.-'T ]

i CyHg -
-JNl + '|II |'l|.'l r—-— ‘{Iﬁ-i&‘“N"-l& fﬂ-iq]

Bu(,C ii_,__;:.f(_".{:lg[{u

7.1.1.4. Butyl
2-(p-Tolylsulfonyl)-2-azabicyclo[2.2.1]hept-5-ene-ex0-3-carboxylate (Thermal
N-Sulfonylimine Diels-Alder Reaction) (277)

To an ice-cooled solution of butyl (p-tolylsulfonylimino)acetate (22.2 g,

78.4 mmol) in dry benzene (36 mL) was added freshly distilled and dried

( CaCly) cyclopentadiene (5.18 g, 78.5 mmol). When the exothermic reaction
began to subside, the reaction mixture was kept at room temperature for 12
hours and was then concentrated in vacuo. The oily residue was taken up in
Et,O (50 mL) and washed with 5% NaHCOj; solution, dried ( MgSQO,), and the
solvent was removed under reduced pressure. The residue, which solidified



upon standing, was crystallized from Et,O-hexane (1:5), yielding 23.0 g (84%)
of butyl 2-(p-tolylsulfonyl)-2-azabicyclo[2.2.1]hept-5-ene-exo-3-carboxylate as
a colorless solid, mp 53-55°; IR (nujol) 1740, 1600 cm™*; Anal. Calcd for
C18H23NO4S: C, 61.88; H, 6.64; N, 4.01. Found: C, 61.97; H, 6.59; N, 3.83. [1H
NMR data was reported for the methyl ester, but not for the title compound.
Methyl carboxylate analog: *H NMR ( CDCls) 8 0.93 (t, J =5 Hz, 3H), 2.5 (s,
3H), 3.33 (m, 1H), 3.53 (s, 1H), 4.13 (t, J = 6 Hz, 2H), 6.23 (m, 2H), 7.56 (m,
4H)].
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7.1.1.5. N,2-Diphenyl-2,3,5,6,7,8-hexahydro-1H-quinolin-4-one
(ZnCl,-Catalyzed Diels-Alder Reaction of an Unactivated Imine) (278)

To 1-trimethylsilyloxy-2-[1-(trimethylsilyloxy)ethylidenyl]-1-cyclohexene

(380 mg, 1.34 mmol) were added at room temperature N-benzylideneaniline
(136 mg, 0.75 mmol) and a catalytic amount of ZnCl, in THF (2 mL). After
being stirred for 20 hours, the reaction mixture was diluted with EtOAc (40 mL)
and washed with H,O (20 mL). The organic layer was dried ( MgSO,) and
concentrated in vacuo. The residue was purified by silica gel flash column
chromatography (30% EtOAc-hexanes), affording 215 mg of the title ketone
[93%, R:0.38150% EtOAc/hexanes)] as a white solid, mp 160-162°
(CH2Cla/hekates); IR (neat) 1630, 1560, 1280 cm™; *H NMR ( CDCls) 5 1.63
(m, 4H), 2.07 (m, 2H), 2.37 (m, 2H), 2.84 (dd, J = 16.4, 7.1 Hz, 1H), 3.12 (dd,
J =16.4, 6.1 Hz, 1H), 4.91 (t, J = 6.6 Hz, 1H), 7.03 (m, 2H), 7.21 (m, 8H); **C
NMR ( CDCl3) 8 21.7 (CHy), 22.1 (CHy), 22.7 (CH_y), 30.0 (CHy), 43.3 (CHy),
65.4 (CH), 110.0 (C), 126.7 (CH), 127.1 (2 CH), 127.5 (CH), 127.6 (2 CH),
128.5 (2 CH), 129.0 (2 CH), 139.9 (C), 144.1 (C), 158.4 (C), 189.9 (C); EIMS
(70 eV) m/z: M + 1 304 (14), M* 303 (44), 226 (15), 77 (100). Anal. Calcd for
C,1H2:NO: C, 83.13; H, 6.98; N, 4.62. Found: C, 83.04; H, 7.13; N, 4.73.

BaNH,sHCI N
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7.1.1.6. N-Benzyl-2-azanorbornene (Aqueous Immonium Diels-Alder Reaction)
(279)



A 100-mL round-bottomed flask equipped with a Teflon-coated magnetic
stirring bar was charged with 24 mL of deionized H,O and 8.6 g (60.0 mmol) of
benzylamine hydrochloride. To the above homogeneous solution was added
6.3 mL (84 mmol) of 37% aqueous formaldehyde solution followed by 9.9 mL
(220 mmol) of freshly prepared cyclopentadiene. The flask was stoppered
tightly and stirred vigorously at ambient temperature. After 4 hours, the
reaction mixture was poured into 50 mL of H,O and washed with 1:1
Et,O-hexane. The aqueous phase was made basic by the addition of 4.0 g of
solid KOH and extracted with Et,O. The combined Et,O extracts were dried
over anhydrous MgSO,. The solvent was removed under reduced pressure to
afford 11.2 g (100%) of N-benzyl-2-azanorbornene as a pale yellow oil.
Distillation of the crude product at 80—85° (0.05 mm) through a short-path
apparatus provided 10.1-10.2 g (91-92%) of pure product as a colorless oil.
'H NMR (300 MHz, CDCl3) 5 1.42 (dm, J = 8 Hz, 1H), 1.52 (dd, J = 2, 8.5 Hz,
1H), 1.64 (dm, J = 8 Hz, 1H), 2.94 (br s, 1H), 3.18 (dd, J = 3, 8.5 Hz, 2H), 3.34,
3.58 (ABq, J = 13 Hz, 2H), 3.83 (m, 1H), 6.09 (dd, J = 2, 6 Hz, 1H), 6.38 (ddd,
J=2,3,6Hz, 1H), 7.2-7.4 (m, 5H). Anal. Calcd for C;3H;sN: C, 84.28; H, 8.16;
N, 7.56. Found: C, 84.68; H, 8.36; N, 7.59.
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7.1.1.7. Benzyl
2-Methoxy-4-trimethylsilyloxy-1-azabicyclo[4.1.0]hept-3-ene-6-carboxylate
(Lewis Acid Catalyzed Azirine Cycloaddition) (189)

To a solution of azirinecarboxylic acid benzyl ester (28 mg, 0.16 mmol) in Et,O
(6 mL) at —20° was added YbCl; (11 mg, 0.04 mmol) and after 5 minutes
Danishefsky's diene (27 mg, 0.16 mmol) in Et,O (1 mL). The reaction
temperature was maintained at —20°. After 3 hours at this temperature TLC
indicated the absence of the starting materials. The reaction mixture was
washed with saturated aqueous NaHCOg, dried ( MgSO.), and evaporated.
Dissolution of the crude product in CH>Cl, (1 mL) and filtration through a
Pasteur pipette filled with alumina (pentane-EtOAc, 2:1), followed by
evaporation provided the title compound as an orange oil (35 mg, 65%). R¢
0.82 (pentane:EtOAc, 2:1); IR (neat) 2107, 1737, 1456, 1255, 1191 cm™; 'H
NMR (400 MHz, CDCls3) 6 7.50-7.25 (m, 5H), 5.28 (d, J = 10.6 Hz, 1H), 5.18 (d,
J =10.6 Hz, 1H), 5.01 (br s, 1H), 4.59 (br s, 1H), 3.67 (s, 3H), 2.86 (d,

J =18.1 Hz, 1H), 2.61 (d, J = 18.1 Hz, 1H), 2.17 (s, 1H), 2.12 (s, 1H), 0.20 (s,
9H); *C NMR (100 MHz, CDCls) 5 172.5, 148.7, 136.4, 128.9, 128.8, 99.9,



88.4, 67.3, 39.1, 29.3, 27.3, 0.0; CIMS m/z: 348 (100); HRMS (m/z): calcd for
C1sH25sNO4Si, 348.1631; found, 348.1634.

JOTs 1T

5
9]

N :
0O 0 oy Me s AICTH(2 equiv) | N :
* - 0 90%)
= CH:Cly, =787, 4 h
0.0

X 4 n"i

7.1.1.8. 3,3,9-Trimethyl-1.5-dioxo-7-(tosyloxy)-7-aza-2,4-dioxaspiro[5.5]undec
-9-ene (Me,AICI-Catalyzed Oximino Diels-Alder Reaction) (209, 210)

A 50-mL, three-necked, round-bottomed flask equipped with an argon inlet
adapter, glass stopper, and rubber septum was charged with a solution of
5-(tosyloxyimino)-2,2-dimethyl-1,3-dioxane-4,6-dione (0.327 g, 1.00 mmol)
and isoprene (0.204 g, 3.00 mmol) in 14 mL of dichloromethane. The solution
was cooled at —78° while Me,AIClI solution (1.0 M in hexane, 2.0 mL, 2.0 mmol)
was added dropwise via syringe over 4 minutes. The resulting orange solution
was stirred for 4 hours at —78°, giving a yellow solution that was quenched by
addition of 3 mL of saturated sodium potassium tartrate solution. The resulting
mixture was allowed to warm to 0°, 15 mL of CH,Cl, and 15 mL of water were
added, and the aqueous phase was separated and extracted with three 20-mL
portions of CH>Cl,. The combined organic phases were washed with 30 mL of
saturated aqueous NaCl solution, dried over MgSO., and concentrated to
provide an prange oil. Column chromatography of this material on silica gel
(1% methaket CH,Cl,) provided 0.354 g (90%) of the title compound as a
white foam; IR ( CHCI3) 3020, 1780, 1750, 1385, 1300 cm™; *H NMR

(300 MHz, CDCls) & 1.67 (s, 3H), 1.69 (s, 3H), 1.88 (s, 3H), 2.48 (s, 3H), 2.72
(brdd, J=1.2, 3.3 Hz, 2H), 3.93 (s, 2H), 5.33 (br dd, J = 1.2, 3.6 Hz, 1H), 7.36
(d, J = 8.7 Hz, 2H), 7.81 (d, J = 8.4 Hz, 2H); *3C NMR (75 MHz, CDCls) 5 20.3,
21.7,28.5, 29.3, 32.8, 57.4, 66.3, 106.2, 113.9, 129.2, 129.55, 129.62, 131.2,
145.9, 164.0.

SPhH SPh
=2 TsNCO, wluwene, hydroguinone (cat.) (:
Se? 110°,45h

N
{}_:- .I..‘:"

(51%)

0

7.1.1.9. 1-[(4-Methylphenyl)sulfonyl]-4-(phenylthio)-3,6-dihydro-2-pyridinone
(Diels-Alder Reaction of a 2-Thiosubstituted 1,3-Diene with an Arylsulfonyl
Isocyanate) (218)



A mixture of 3-thiophenyl-3-sulfolene (226 mg, 1 mmol), p-toluenesulfonyl
isocyanate (985 mg, 5 mmol), and a catalytic amount of hydroquinone (10 mg,
0.1 mmol) was heated under N2 in toluene (4 mL) at 110° for 4.5 hours. The
solvent was removed under vacuum and to the reaction mixture was added
5% aqueous NaOH solution (50 mL). The mixture was extracted with CH,ClI,,
and the organic solution was dried ( Na;SO,) and evaporated. The crude
product was purified by silica gel column chromatography (hexane-EtOAc,
8:1-4:1) to afford the title compound as a white solid (185 mg, 51%), mp
66—68°; IR (film) 3058, 2922, 1691, 1595, 1474, 1461, 1440, 1386, 1356, 1293,
1257, 1187, 1167, 1146, 1088, 853, 705, 690 cm™; *H NMR (300 MHz, CDCls)
0 2.41 (s, 3H), 3.02 (d, J = 3.4 Hz, 2H), 4.50 (dd, J = 7.3, 3.4 Hz. 2H), 5.80 (br
s, 1H), 7.29-7.37 (m, 7H), 7.92 (d, J = 8.2 Hz, 2 H); *C NMR (75 MHz, CDCl5)
0 21.5, 37.8, 47.5, 118.8, 128.6, 128.8, 129.1, 129.3, 129.4, 130.4, 133.1,
135.5, 145.1, 166.1; EIMS m/z: M* 359 (15), 295 (28), 250 (36), 205 (17), 204
(94), 187 (13), 186 (93), 176 (18), 161 (34), 155 (36), 149 (11), 147 (24), 135
(15), 110 (12), 109 (34), 94 (10), 91 (100), 77 (10), 67 (11), 65 (34), 39 (13);
EI-HRMS (m/z): calcd for C,5H17NO3S,, 359.0650; found, 359.0650.

(B {}3n
= 1.2-C1,04H,

| N 180
(il

AcO )

(935

7.1.1.10. (1DyQaR*)—1—(Benzy|oxymethy|)—2,3,6,7—tetrahydro—1H—quinolizin—4(9
aH)-one (Intramolecular Thermal N-Acylimino Cycloaddition) (227)
(E)-(4-(Benzyloxymethyl)octa-5,7-dienamido)methyl acetate (102 mg,

0.31 mmol) was dissolved in o-dichlorobenzene (25 mL), and the solution was
heated at reflux under nitrogen for 2 hours. The solvent was removed by
vacuum distillation, and the residue was purified on silica gel (5 g,
EtOAc-hexanes, 1:1) to give the title compound as an oil (78 mg, 93%). IR

( CHCIs3) 3005, 2940, 2880, 1955, 1880, 1820, 1630, 1470, 1420, 1370, 1280,
1240-1200, 1120, 1100, 700-660 cm™; *H NMR (360 MHz, CDCl3) &
7.38-7.29 (5H), 5.85 (m, 1H), 5.75 (m, 1H), 480 (m, 1H), 4.52 (d, J = 3 Hz, 2H),
3.93 (m, 1H), 3.56 (d, J = 5 Hz, 2H) 2.64-1.65 (m, 8H); MS m/z: M* 271 (14.3),
180 (100), 150 (14.6), 108 (0.1), 91 (85.9), 82 (37.8); HRMS (m/z): calcd for
C17H21NO3, 271.1573; found, 271.1576.
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xylenes, 215°, 2 h |
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7.1.1.11. 10-Carbomethoxy-2-o0x0-1-azabicylo[5.3.1]Jundec-7-ene (Type 2
N-Acylimine Diels-Alder Reaction) (226)

A solution of methyl (6-methyleneoct-7-enamido) (acetyloxy)acetate (100 mg,
353 p mol) in xylenes (35 mL) was degassed by successive
freeze-pump-thaw cycles using a medium-vacuum oil diffusion pump and the
mixture was heated in a sealed tube at 215° for 2 hours. The crude product
mixture was loaded directly onto a silica gel column and the column was
washed with three volumes of hexane prior to elution with Et,O, affording

60 mg (76%) of the title compound as a colorless crystalline solid. IR (KBr)
3038, 2965, 2936, 2898, 2853, 1747, 1645, 1406, 1364, 1307, 1244, 1208,
1166, 1150, 1056, 1021, 801, 793, 733 cm™; *H NMR (500 MHz, C¢D¢) 8 5.37
(ddd,J=9.1, 7.7, 1.7 Hz, 1H), 5.10 (ddd, J = 9.3, 4.6, 2.3 Hz, 1H), 3.41 (ddd,
J=15.3, 1.6, 1.6 Hz, 1H) 3.29 (s, 3H), 3.03 (ddd, J = 15.4, 3.3, 1.6 Hz, 1H)
2.48 (dd, J =13.3, 9.3 Hz, 1H), 2.39 (ddd, J = 16.1, 8.9, 7.2 Hz) and 2.15
(dddddd, J =16.0, 7.9, 4.8, 3.1, 1.6, 0.6 Hz, 4H), 1.95 (m, 2H), 1.66 (ddd,

J =148, 11.9, 6.2 Hz, 1H), 1.51 (m, 1H), 1.43 (dddd, J = 14.8, 7.6,5.9, 1.7 Hz,
1H), 1.13 (dddd, J = 14.5, 11.7, 11.7, 6.3 Hz, 1H), 1.05 (ddd, J = 14.6, 10.9,
10.9 Hz, 1H); *C NMR (125 MHz, C¢D¢) 5 177.4, 173.1, 145.1, 122.4, 52.0,
51.5, 42.8, 37.9, 33.4, 27.7, 26.7, 24.0; EIMS (m/z): calcd for C;,H17NO3,
223.1208; found, 223.1208.

,-f"'“xl AT
s ( HCL, HA0), EtCH I/\N]-I
| e | g F
T NH4CL 757, 48 h

H

(34%)

7.1.1.12. (2S,4aR,5R,8aS)-5-Methyl-2-propyl-1,2,4a,5,6,7,8,8a-octahydroquin
oline and
(2R,4aS,5R,8aS)-5-Methyl-2-propyl-1,2,4a,5,6,7,8,8a-octahydroquinoline
(Aqueous Intramolecular Immonium Diels-Alder Reaction) (235)

To a solution of 254 mg (1.31 mmol) of (R,6E,8E)-5-methyldodeca-6,8-dienal
in 100 mL of EtOH was added 100 mL of saturated aqueous ammonium
chloride solution. The reaction mixture was heated at 75°. After 48 hours, the
mixture was cooled to room temperature and diluted with 160 mL of water. The
mixture was washed with hexane, basified with solid KOH, and extracted with
Et,O. The organic extracts were concentrated under reduced pressure to

50 mL and washed with water. The organic layer was dried over anhydrous



Na,S0, and concentrated in vacuo, leaving 195 mg of crude product. *H NMR
( CDCIs) analysis of the crude product indicated a 2.2:1 ratio of Diels-Alder
adducts. The isomeric octahydroquinolines were separated by flash
chromatography on 60 g of silica gel. Elution with 2% MeOH- CHCI; provided
87 mg (34%) of the major octahydroquinoline isomer [Rr 0.49 ( CHCls:

CH3OH :concentrated NH,OH , 85:15:1)]; octahydroguinoline- HCI: lelf’ +37.3°

(c 2.92, MeOH); IR (hydrochloride, CCl,) 3030, 2960, 2930, 2870, 2860, 2810,
2730, 2690, 2520, 1615, 1605, 1585, 1455, 1450, 1375, 1330, 1295, 1290,
1235, 1165, 1135, 1100, 710 cm™; *H NMR (free amine, CDCls) & 5.87 (d,

J =10.4 Hz, 1H), 5.68 (dt, J = 10.4, 3.2 Hz, 1H), 3.33-3.24 (m, 1H), 2.37 (ddd,
J=11.9, 9.4, 3.6 Hz, 1H), 2.33-2.20 (m, 1H), 1.80-1.65 (m, 3H), 1.51-0.90 (m,
15H); *H NMR (hydrochloride, CDCls) 8 6.04-5.78 (m, 3H), 5.67 (dt, J = 10.4,
3.1 Hz, 1H), 3.56-3.48 (m, 1H), 2.54 (ddd, J = 12.5, 9.4, 3.3 Hz, 1H), 1.95 (br
d, J=7.2 Hz, 1H), 1.80-1.00 (m, 10H), 0.96 (d, J = 6.5 Hz, 3H), 0.92 (t,

J = 7.2 Hz, 3H); HRMS (m/z): calcd for C13H23N, 193.1830; found, 193.1816.

Similarly, 42 mg (17%) of the minor octahydroquinoline was isolated: R 0.43;

[l =7.5°(c 0.80, MeOH); IR (hydrochloride, CCls) 3030, 2970, 2940, 2880,

2800, 2790-2200, 1585, 1460, 1390, 1330, 1280, 1130, 1110, 970, 825,

710 cm™; *H NMR ( CDCls3) 8 5.79-5.69 (m, 1H), 3.67-3.56 (m, 1H), 3.28 (ddd,
J=8.6,4.4,4.4 Hz, 1H), 2.51 (br s, 1H), 1.86-1.08 (m, 12H), 1.02 (d,

J=7.2 Hz, 3H), 0.95 (t, J = 7.2 Hz, 3H); HRMS (m/z): calcd for C13H23N,
193.1830; found, 193.1836.

HO OH
OMe  (RFBr-BINOL, N-methylimidazole, @
N : 3 i
| + 2__ LriOBu-r14 [
/l\ oluene, —45° 35 h
TMEO)
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(B30 B2 ep

7.1.1.13. (S)-1-(2-Hydroxyphenyl)-2-o-tolyl-2,3-dihydropyridin-4(1H)-one
(Catalytic Asymmetric Diels-Alder Reaction of an N-Arylimine) (247)
6,6¢-Dibromo-1,1¢-bi-2-naphthol (0.088 mmol) in toluene (0.5 mL) and
N-methylimidazole (0.12 mmol) in toluene (0.25 mL) were added to Zr(OBu-t)4
(0.04 mmol) in toluene (0.25 mL) at room temperature. The mixture was stirred
for 1 hour at the same temperature, and then cooled to —45°. Solutions of
(E)-N-2-methylbenzylidene-1-(2-hydroxyphenyl) amine (0.4 mmol) and
Danishefsky's diene (0.6 mmol) in toluene (0.75 mL each) were added



successively. The mixture was stirred for 35 hours at the same temperature,
and saturated aqueous NaHCO3z was added. The aqueous layer was extracted
with CH>Cl,, and the crude adduct was treated with THF-1 N HCI (20:1) at 0°
for 30 minutes. After a usual work-up, the crude product was purified by
chromatography on silica gel, giving the title compound (0.073 mmol, 83%). *H
NMR ( CDCls) 6 2.10 (s, 3H), 2.68 (dd, J = 7.6, 16.6 Hz, 1H), 3.06 (dd, J = 7.6,
16.6 Hz, 1H), 5.15 (d, J = 7.5 Hz, 1H), 5.52 (t, J = 7.5 Hz, 1H), 6.57 (t,

J = 7.0 Hz, 1H), 6.76-7.00 (m, 6H), 7.38-7.43 (m, 2H), 9.57 (br s, 1H); *C
NMR ( CDCl3) 6 19.0, 42.7, 58.6, 98.2, 117.1, 119.6, 126.1, 126.2, 126.6,
127.7, 128.3, 130.9, 131.5, 134.8, 136.6, 151.8, 156.8, 192.0; HRMS (m/z):
calcd for C1gH17NO2, 279.1259; found, 279.1271. The enantiomer excess was
determined to be 82% after methylation (Mel, K;COs/acetone) by HPLC
analysis on a chiral column.
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7.1.1.14. N-Tosyl-4-oxo-1,2,3,4-tetrahydropyridine-2-carboxylic Acid Ethyl
Ester (Catalytic Asymmetric Diels-Alder Reaction of an N-Sulfonylimine) (252)
CuClO44 N (13 mg, 0.04 mmol) and
(S)-4-tert-bb#yl-2-[2-(diphenylphosphanyl)-phenyl]-4,5-dihydrooxazole (30 mg,
0.044 mmol) were added under N, to a flame-dried Schlenk tube. The mixture
was dried for 1 hour under vacuum and freshly distilled anhydrous THF

(1.5 mL) was added with a syringe under N, and the light yellow solution was
stirred for 0.5 hour. Ethyl 2-(4-methylphenylsulfonamido) acetate (104 mg,
0.4 mmol) was added at room temperature and the mixture was stirred for 3-5
minutes. The solution was cooled to —78° and Danishefsky's diene (1.1-2.0
equiv) was added. The reaction mixture was stirred at that temperature for 20
hours. The reaction was quenched by addition of TFA (0.1 mL) in CH,CI,

(10 mL) at —78° and the mixture was stirred at room temperature for 20
minutes. Evaporation of the solvent gave the crude product, which was purified
by flash chromatography (30% EtOAc in pentane) as a light yellow oil (12 mg,
82%). The enantiomer excess was found to be 87% by HPLC using a
Chiralpak AD column (2-PrOH-hexane, 15:85, 0.5 mL/min). Crystallization of
the product from 2-PrOH-hexane gave colorless crystals with an enantiomer
excess of >98.5%: mp 70-71°; lal5 —96.0°¢ 0.50, CHCI3); "H NMR & 7.75 (d,
J=8.2Hz, 2H), 7.72 (d, J = 9.4 Hz, 1H), 7.37 (d, J = 8.2 Hz, 2H), 5.37 (d,

J = 9.4 Hz, 1H), 4.99-4.95 (m, 1H), 4.11-3.95 (m, 2H), 2.83-2.71 (m, 2H),



2.45 (s, 3H), 1.15 (t, J = 7.1 Hz, 3H); *C NMR & 189.1, 167.9, 145.4, 142.5,
134.9, 130.2, 127.4,107.7, 62.4, 56.2, 38.1, 21.7, 13.9; HRMS (m/2):
[M + Na]" calcd for C15H17NOsS, 346.0725; found, 346.0741.
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7.1.1.15. (2R)-2,3-Dihydro-N-(S)- a -methylbenzyl-2-phenyl-4-pyridone
(Catalytic Double Asymmetric Imino Diels-Alder Reaction) (243)

To a suspension of powdered 4 A molecular sieves (1.0 g) in CH,Cl, (10 mL)
were added R-BINOL (0.35 mmol) and B(OPh)3 (101 mg, 0.35 mmol) at room
temperature under argon. After being stirred for 1 hour, the mixture was cooled
to 0° and then a solution of (S)-N-benzylidene-1-phenylethanamine (73 mg,
0.35 mmol) in CH,Cl, (1 mL) was added. After being stirred for 10 minutes at
the same temperature, the mixture was cooled to —78°, and a solution of
Danishefsky's diene (0.084 mL, 0.42 mmol) in CH.CIl, (1 mL) was added
dropwise, followed by stirring at the same temperature for several hours. The
solution was washed with water and saturated aqueous NaHCOg3, and then
dried over MgSO4. Evaporation of the solvent and purification of the residue by
column chrmatograpy on silica gel gave a 99:1 mixture of dihydropyridones in

a combined yield of 61%. Major isomer: mp 76°; (@' =181.7°(c 1.7, CHCly); IR

(neat) 1650 cm™; *H NMR ( CDCl3) & 1.46 (d, J = 7.0 Hz, 3H), 2.63-2.88 (m,
2H), 4.43 (q, J = 7.0 Hz, 1H), 4.70 (dd, J = 6.6, 8.8 Hz, 1H), 5.04 (d, J = 6.0 Hz,
1H), 7.06 (d, J = 6.0 Hz, 1H), 7.23-7.55 (m, 10H); MS-FAB (m/z): 278 (M* + 1).
Anal. Calcd for C1gH1gNO: C, 82.28; H, 6.90; N, 5.05. Found: C, 81.98; H, 7.11;
N, 4.98.



8. Tabular Survey

The tables contain a comprehensive list of imino Diels-Alder reactions until
mid-2004. The examples are arranged by imine type following the organization
of the Scope and Limitations section. The imines are organized in order of
increasing carbon number of the reactive imine, rather than the precursor.
Conditions for the generation of the imine and the structure of its precursor are
generally not included.

Reactions of each imine are generally arranged by increasing carbon number
of the diene. Again, only the reactive diene species is shown in the tables;
footnotes indicate if the diene is formed in situ.

The yields for the reactions are given in parentheses, followed by a ratio of
products if applicable. A dash (—) indicates that no conditions or yields were
provided. Some details about conditions, stereochemistry of the products, and
the identity of side products are often included in the footnotes.

The following abbreviations are used in the tables:

Ac acetyl

atm atmosphere(s)

B. A.  Brgnsted acid

BHT 2,6-di-tert-butyl-4-methylphenol

Bn D benzyl

Boc tert-butoxycarbonyl

Cbz benzyloxycarbonyl

Cp cyclopentadienyl

CSA camphorsulfonic acid

d.e. diastereomer excess

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DIBALH diisobutylaluminum hydride

DME 1,2-dimethoxyethane

DMF  dimethylformamide

DMSO dimethyl sulfoxide

ee enantiomer excess

eq equivalents

fod 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octanedionate
HMPT hexamethylphosphorous triamide



kbar kilobar

L. A Lewis acid

MS molecular sieves

MOM  methoxymethyl

P polymeric support

PBS phosphate-buffered saline
Piv trimethylacetyl (pivaloyl)
sc supercritical

SDS sodium dodecyl sulfate
TBAF tetrabutylammonium fluoride
TBS tert-butyldimethylsilyl
Temp temperature

TES triethylsilyl

Tf triluoromethanesulfonyl
TFA trifluoroacetic acid

THF tetrahydrofuran

TIPS  triisopropylsilyl

TMEDA N,N,N’,N'-tetramethyl-1,2-ethylenediamine
TMS  trimethylsilyl

Tr triphenylmethyl

Ts p-toluenesulfonyl

))) D sonication

Chart 1. Asymmetric Catalysts Used in Table 12
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Table 2. Cycloadditions of Cyclic N-Acylimines
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The Passerini Reaction

Luca Banfi, University of Genoa, Genoa, Italy
Renata Riva, University of Genoa, Genoa, Italy

1. Introduction

Isocyanides are a very special class of organic compounds which may behave
as acyl anion equivalents. However, with very few exceptions, (1-6)
isocyanides do not react with carbonyl compounds in the absence of an acid.
In this chapter, we consider all reactions involving the interaction of a carbonyl
compound or an acetal with an isocyanide and an acid, processes that
frequently but not invariably result in the incorporation of the acid residue in the
final product.

In the “classic” Passerini reaction, discovered in 1921 by Mario Passerini (7) in
Florence, Italy, the acid is always a carboxylic acid and the products are a
-acyloxy amides (Eq. 1).
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A more recent variation, which is often referred to as the Passerini reaction as
well, employs a variety of mineral (H") or Lewis acids (LA) to afford a -hydroxy
amides (Eqg. 2). These compounds may also be formed in the presence of
carboxylic acids such as formic acid or trifluoroacetic acid.
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Interactions of isocyanides with carbonyl compounds and some protic or Lewis
acids can also lead to a large variety of products other than a -hydroxy amides,
including several heterocyclic systems. The type of compounds that can be
obtained by these “Passerini-type” reactions will be discussed later.



Acetals can also react with isocyanides in the presence of Lewis acids. The
usual products are a-alkoxy amides (Eq. 3).
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The “classic” Passerini reaction is one of the oldest multicomponent reactions
and is the first based on isocyanides to be discovered. This methodology is
experiencing a growing interest in recent years, because of the usefulness of
multicomponent reactions in combinatorial synthesis. While it is still probably
the best method for producing a -acyloxy amides in a highly convergent
manner, its synthetic scope has been increased recently by employing
bifunctional substrates, which are able to undergo secondary reactions. In this
way, a larger variety of products can be synthesized and complex biologically
active substances can be accessed quickly. In addition, the variation leading
toa-hydroxy amides often represents the method of choice for the formation of
these types of compounds. Finally, modifications that form products different
froma-acyloxy amides ora-hydroxy amides, especially those leading to
heterocyclic systems, may find useful applications in synthesis.

Early results in this field were reviewed by Passerini. (8) More recently, several
reviews of isocyanide-based multicomponent reactions, including the Passerini
reaction, h appeared. (9-17) A closely related reaction is the Ugi
four-component condensation. (11) In addition to the three components of the
classic Passerini reaction, a primary amine is also involved. The Ugi
condensation is believed to proceed through the formation of an imine, which
then undergoes a three-component reaction with the isocyanide and the
carboxylic acid to afford a 3 -acylamino amide (Eq. 4). This reaction is not
covered in this chapter.
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2. Mechanism

Although several different mechanisms have been proposed, (7, 18-22) the
one most generally accepted for the classical Passerini reaction was proposed
by Ugi (Eq. 5). (9, 23) According to this mechanism, the final product arises
from a rearrangement of the intermediate 1.
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There is some experimental evidence for the involvement of 1 as intermediate.
In the specific example of Eq. 6, (9) compound 2, corresponding to 1 in Eq. 5,
could be isolated owing to its cyclic nature, which prevents the facile O ® O
migration of the acyl group.
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It is not clear whether the acyl migration is the rate-limiting step or, as it has
been proposed for the related Ugi condensation, (11) a fast process.
Formation of 1 is most likely irreversible, as suggested by the high asymmetric
induction achieved with bulky chiral isocyanides. (24)

There is more uncertainty on how intermediate 1 is formed. One possibility
involves the simultaneous reaction of an isocyanide with a carbonyl compound
and a carboxylic acid giving intermediate 1. In this hypothesis, the reaction
proceeds through a relatively non-polar, cyclic transition state 3. This can be
either 5--membered or 7-membered, depending on which carboxylate oxygen
participates. Eq. 7 depicts both transition states. This mechanism is in
agreement with the fact that the reaction rate depends on all three components
(18) and that the reaction is faster in non-polar solvents. (25)
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Since the simultaneous union of three molecules is a very rare process in
organic chemistry, an alternative possibility is shown in Eq. 8. Three separate
steps are involved: protonation of the carbonyl, nucleophilic attack of the
isocyanide onto the protonated carbonyl giving nitrilium ion 4, and final
reaction of the latter with the carboxylate to afford intermediate 1. This
three-step mechanism would, however, proceed through a charged transition
state, which is not consistent with the higher rate of the reaction in non-polar
solvents.
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A third, more appealing, possibility is the two-step mechanism shown in Eq. 9,
(11) which involves the reaction of the isocyanide with a loosely bound adduct
5, formed by reaction of the carboxylic acid with the carbonyl compound. This
adduct may also be seen as a tight ion pair resulting from protonation of the
carbonyl by the carboxylic acid. In this scenario, the rate-limiting step would
entail the union of two species (the isocyanide and the adduct formed by the
protonated carbonyl and the carboxylate) giving transition states 3.
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Isocyanides are known to react with carboxylic acids giving formamides and
anhydrides, probably by the mechanism shown in Eg. 10. (26) In the presence
of a carbonyl compound, however, a -acyloxy amides are the major products.
Anhydride formation as a side reaction becomes significant only when the
carbonyl compound is a bulky ketone, suggesting that the reaction of the
isocyanide with the protonated carbonyl compound, as compared with
protonation of the isocyanide, is preferred. The reasons for this preference are
not very clear at present, but stabilization of the transition state by
simultaneous reaction with the two components of the adduct 5, according to
the mechanism of Eq. 9, is a conceivable explanation.
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Isocyanides also react with carbonyl compounds when an acidic species other
than a carboxylic acid is employed. These condensations can be considered
variations of the Passerini reaction and are covered in this chapter. As
discussed in detail in the “Scope and Limitations” section, the type of products
formed depends mainly on the nature of the acidic species. For example, use
of strong mineral acids, pyridinium salts, or Lewis acids such as titanium (1V)
chloride results in the formation of a -hydroxy amides. Their formation can be
rationalized by a general mechanism similar to that of the first part of the
classical Passerini reaction (Eq. 11). In this case, however, the nucleophile (A7)
that attacks the isocyanide carbon is different, and intermediate 6 is simply
hydrolyzed during work-up. In the case of titanium (IV) chloride this
mechanism was deduced by a thorough study, which excluded the
intermediacy of organotitanium species. (27)
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The mechanism shown in Eq. 11 is quite general and can also rationalize the
formation of products other than a -hydroxy amides. For example, when the
acid species is HN3 (Eg. 12) an intermediate analogous to 6 is formed, but it
undergoes a cyclization process giving a tetrazole. (23)
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When a good nucleophile is already present in the structure of the carbonyl
component, it can react intramolecularly and outcompete A™ to afford special
products. (28) When the Lewis acid, such as BF3, cannot release a nucleophile
A", the only available nucleophile is another molecule of isocyanide, and
iminooxeta are formed (Eq. 13). (29, 30) The fate of these intermediates
will be discussed later.
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3. Scope and Limitations

3.1. Classical Passerini Reaction

3.1.1.1. Functional Group Compatibility

The classic Passerini reaction takes place under mild conditions in a slightly
acidic medium and thus tolerates a variety of different functional groups. As
shown in the Tabular Survey, esters, nitriles, amides, urethanes, imides, 3
-lactams, sulfonamides, sulfoxides, sulfones, enamines, alkyl and aryl
chlorides, acetals, epoxides, phosphonates, azides, aromatic nitro groups,
N-nitroguanidines, and azo groups are all compatible with this reaction.
Primary aliphatic nitro compounds are known to react with isocyanides giving
nitrile oxides and are probably incompatible with the Passerini reaction. (31, 32)

There are no examples of the Passerini reaction involving substrates
containing a primary amine. This functional group appears to be incompatible,
probably because substrates containing this functionality typically undergo the
related Ugi condensation (Eq. 4). (11) There may be competition between
these two reactions, with the Passerini condensation favored in non-polar
solvents and in the absence of a catalyst. For example, Eq. 14 shows a
reaction where the Passerini product was isolated during an attempted double
Ugi reaction involving lysine. (33)
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However, normally unprotected a -amino acids cannot be used as an acid
component for the Passerini reaction, since they prefer to react with carbonyl
compounds and isocyanides according to the Ugi
Five-Center-Four-Component Reaction (U-5C-4CR) (Eq. 15). (33, 34)
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When two equivalents of the isocyanide and the carbonyl compound are
reacted with one equivalent of anthranilic acid in the presence of HN3, both
Passerini and Ugi reactions can take place in one pot, giving a complex
product derived from the union of six molecules (Eq. 16). (33)
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Secondary amines also participate in Ugi condensations (33, 35) and could
react with iftgrmediate 1 as well (Eq. 5), making them incompatible with the
Passerini reaction.

Tertiary amines are not able to undergo the Ugi reaction, and would be
expected not to interfere. However, the failure to condense
2-(morpholinoethyl)isonitrile with benzaldehyde and acetic acid has been
reported recently. (36) The buffering effect of the strongly basic amine may
explain this result, since the Passerini reaction may be performed on weakly
basic pyridinecarboxy aldehydes. (37, 38) Isocyanides containing an enamine
group can also be used. (39-41)

Examples with hydroxy-containing substrates are rare, possibly reflecting
interference by the extra hydroxy group during the intramolecular acyl transfer
step. However, appropriately positioned phenols are tolerated in both the
carboxylic acid (3, 42, 43) and in the aldehyde component. (44) An example is
shown in Eq. 17. (43)
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3.1.1.2. Carbonyl Compounds

Both aromatic and aliphatic aldehydes are usually good substrates for
Passerini reactions. Protected a -amino, (45-51) a -alkoxy, (40) a -oxo
aldehydes, (43, 44, 52-55) and 3 -oxo aldehydes (56) may also be used. In the
latter two examples, the aldehyde reacts selectively over the keto functionality,
as shown in Eg. 17. In addition, there are examples of the Passerini reaction
utilizing sugar-derived aldehydes, in both monosaccharides (57, 58) and
polysaccharides. (59) An interesting example involves the use of three
sugar-derived components to afford a complex pseudo-oligosaccharide, as
shown in Eq. 18. (58)
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Formaldehyde as a reactant represents a special example. In the classical
Passerini reaction formaldehyde has been used successfully in the anhydrous,
monomeric form (Eq. 19). (60) On the other hand, in the variations that employ
HN3 (23) or H2SO4 (61) as acidic components, an aqueous solution can be
employed (see p. 22).
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With ketones, the reaction is generally slower. The bulkiness of the carbonyl
substrate, especially when combined with a bulky isocyanide, may completely
prevent the desired reaction. (3, 62, 63) The use of high pressure has been
shown to dramatically increase the yield in reactions involving bulky reactants
such as methyl isopropyl ketone and tert-butyl isocyanide (Eq. 20). (63)
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B -Oxo esters, (64) a -oxo nitriles, (65) and a -diketones (3, 63, 66, 67) are also
useful substrates; in the latter reactions, only one of the carbonyl groups
undergoes the condensation.

a, B -Unsaturated ketones and aldehydes, such as benzalacetone,
cholestenone, and crotonaldehyde, are not reactive enough to undergo the
Passerini condensation. (62)

Perhaloger@d aldehydes and ketones show high reactivity in the classical
Passerini reaction (6) and can even react with isocyanides in the absence of
the carboxylic component. This behavior will be discussed later.

3.1.1.3. Isocyanides

Simple, unfunctionalized isocyanides react well in the Passerini reaction. They
are usually prepared and purified prior to the condensation, one exception
being the in situ preparation of methyl isocyanide through photochemical
degradation of methyl isothiocyanate. (68) Methyl isocyanide can also be
prepared prior to use. (69, 70)

In recent years, polyfunctionalized, non-commercially available isocyanides
have seen more use, particularly those derived from a -amino esters. Apart
from the commercially available a -isocyano acetates, a variety of a
-substituted (40, 47, 48) or a, a -disubstituted isocyano acetates (71-74) have
been prepared and successfully employed. With the latter reagents, the
Passerini products have been obtained only with aliphatic aldehydes; ketones
and aromatic aldehydes are not reactive enough. (73)



a -Substituted- a -isocyano amides (corresponding to dipeptides) have also
been prepared in enantiomerically pure form and employed in the Passerini
reaction. (45, 49) Other examples of polyfunctionalized isocyanides include
sugar-derived, (50, 51, 57) porphyrin-derived, (75) and
phosphonylmethyl-derived compounds (used both in classical (40, 76) and in
Lewis acid catalyzed Passerini reactions (27, 77, 78)). Finally, isocyanides
containing a boronic ester have also been employed in the Lewis acid
catalyzed Passerini condensation. (79)

On the other hand, isocyano-1,3,5-triazines are inert in the classical Passerini
reaction. (80) However, they do react in the BFs-catalyzed variation (see p. 28).

Isocyanides are usually prepared by dehydration of the corresponding
formamides. An alternative method involves functionalization of a simpler
isocyanide. In this manner, a large number of different substrates may be
accessed in a convergent fashion. This approach is particularly interesting in
light of diversity-oriented synthesis because it increases the number of
different starting materials from 3 to 4. This strategy, known as “reagent
explosion,” can take advantage of the relative acidity of the a -hydrogen atoms
in a -isocyanoacetates. As shown in Eg. 21, the reaction of methyl
isocyanoacetate with a secondary amine and the acetal of
1-(diethoxymethyl)imidazole, in the presence of camphorsulfonic acid (CSA),
affords functionalized isocyanides 7, which may be employed in subsequent
Passerini reactions. (39) This strategy has been utilized for preparing a library
of 4,620 difErnt adducts in solution.
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Unsaturated isocyanides of general formula 7, in addition to other types of a
-alkylydene isocyano acetates, have also been transformed through the
Passerini reaction into a library of azinomycin analogs. (41) The alkylation of a
-lithio methyl isocyanide is another method to obtain diverse isocyanides from
a single precursor. (81, 82)

A variety of a -isocyano acetamides may be prepared from a -isocyano acetic



esters by reaction with amines under acidic catalysis. However, when the a
-isocyano acetic esters are monosubstituted at the a -position and are optically
active, this methodology leads to racemization. (78)

3.1.1.4. Carboxylic Acids

While good results are typically achieved with a variety of aliphatic or aromatic
acids, lower yields have been observed with bulky carboxylic acids, for
example, in the Passerini reaction involving menthoxyacetic acid with ketones.
(83) A significant decrease in yield with increased branching is observed in the
reaction of cyclohexyl isocyanide with acetone and valeric, isovaleric, and
pivalic acids. (63) This problem can be overcome in part by carrying out the
reaction at —20° (18) or at high pressure. (63)

With formic acid, the formation of the a -hydroxy amide as the main product
along with the normal Passerini adduct has been observed from the
sugar-derived isocyanide 8 (Eq. 22). (50) In another example, a lower yield
(compared to that observed with acetic acid) of the usual Passerini adduct was
reported, although the by-products were not identified. (84)
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The formation of a -hydroxy amides as by-products is also observed when
N-Boc- a -amino acids are employed as carboxylic acid components in
reactions with protected a -amino aldehydes. (45) In the example shown in Eq.
23, the desired Passerini adduct 9 is contaminated with the corresponding
hydroxy amide 10. Interestingly, the ratio of the two products does not seem to
depend on the dryness of the reaction medium or on the reaction time. The
reasons for this behavior are not clear and surely deserve a more thorough
examination. A possible hypothesis is that intermediate 1 (Eqg. 5) undergoes
deacylation promoted by an external nucleophile (e.g., another molecule of the
carboxylic acid giving an anhydride) or by an internal nucleophile (e.g., the
NHBoc group). There may be a relationship between the extent of this side
reaction and the acid strength of the carboxylic acid, since both formic acid and
N-Boc- a -amino acids are more acidic than normal aliphatic and aromatic
acids.
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However, other acids with electron-withdrawing groups, such as a-cyanoacetic
acid, (52) sulfonylacetic acids, (54) chloroacetic acid, (60, 71) trichloroacetic
acid, (74) azidoacetic acid, (60) fluoroacetylaminoacetic acid, (76) and
phosphonylacetic acids, (44) give high yields in the Passerini reaction. a , 3
-Unsaturated acids (66) and alk-2-ynoic acids (85) also work well in this
reaction.

As noted earlier, unprotected a -amino acids are typically poor substrates in
this reaction, since they preferentially undergo the Ugi 5C-4CR reaction. (86)
However, aspartic and glutamic acids are exceptions, since each bears an
additional carboxylic acid moiety. In the presence of two equivalents of an
aldehyde and an isocyanide, both the Ugi 5C-4CR and the Passerini reactions
occur, giving rise to adducts 11 and 12, respectively, in a single step (Egs. 24,
25). The high chemoselectivity of these reactions is worth noting; the Passerini
condensation occurs exclusively at the carboxylic acid of the side chain.
Interestingly, with glutamic acid, adduct 12 is quantitatively converted in situ
into the coﬁponding piperazinedione 13.
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3.1.1.5. Intramolecular Reactions

An intramolecular variant of the Passerini reaction requires that two of the
three reacting functionalities be present in the same molecule. Of the three
possible combinations, the one that has been most studied involves
bifunctional substrates containing both the carbonyl and carboxylic acid
functionalities, which leads to lactones.

For example, salicylaldehydes react with isocyanides to afford
isobenzofugamones such as 14 (Eq. 26). (81, 87) In an analogous manner,
levulinic acEJurnishes y -lactones (Eq. 27). (88) The orthoamide 17 is
obtained in excellent yield and with high stereoselectivity starting from oxo acid
15, most likely through cyclization of the 7-membered lactone 16 (Eg. 28). (89)
Finally, an 8-membered lactone is also obtained through an intramolecular
Passerini reaction. (90) Although these are the only examples found in the
literature, it is conceivable that other lactones of different ring sizes might be
obtained by choosing the appropriate oxo acid.
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The Passerini reaction of carboxymethylcellulose or hyaluronic acid 18 with an
isocyanide and glutaraldehyde is a method for generating cross-links in the
polymer (Eg. 29). (59) After the first intermolecular reaction with one of the two
carbonyl groups, a second intramolecular reaction involves the polysaccharide
carboxy group and the second carbonyl of glutaraldehyde.
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Cross-links can also be obtained using partially oxidized (91) pullulane and
scleroglucan, which contain both carboxy and aldehyde groups. (59) Ester
bridges obtained by this procedure are partially labile and, therefore,
cross-linking using the related Ugi condensation seems more promising. (92)



The only example in the literature of the intramolecular condensation of an
isocyano acid with a ketone was discussed earlier (Eqg. 6). In that reaction, the
intermediate oxazolinone does not isomerize into the a -acyloxy amide. It
would be interesting to explore the behavior of other isocyano acids where the
two functional groups are more distant. However, because isocyanides are
known to react with carboxylic acids, increasing the distance may lead to
unstable species.

Although there are no reported examples of the Passerini reaction involving an
isocyano aldehyde or an isocyano ketone, the reaction of isocyano ketone 19
with a carboxylic acid was attempted, but it did not provide the expected
Passerini adduct 20 (Eq. 30). (93) The two main products, 21 and 22, appear
to arise from an intermolecular reaction of the isocyanide with the carboxylic
acid and are analogous to the products obtained by reacting phenylacetic acid
with methyl isocyanoacetate in the absence of any carbonyl compound (Eg.
31). (93) It should be noted that formamides and anhydrides are the usual
products of the reaction of isocyanides with carboxylic acids, and that
compound 21 is the product of cyclization-dehydration of an acyclic formamide.
The fact that the intermolecular reaction of the isocyanide with the acid is
favored over intramolecular attack at the carbonyl may reflect a geometric
constraint that prevents the approach of the isocyanide carbon to the carbonyl.
Increasing the distance between the two functional groups may remove this
constraint, and it is conceivable that an intramolecular Passerini reaction of an
isocyano ketone or isocyano aldehyde is possible provided that the ring in the
transition state is sufficiently large.
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3.1.1.6. Passerini Reactions Followed by Secondary Transformations

The scope of these reactions can be broadened by incorporating one or more
functional groups within the reacting substrates to allow secondary
transformations to take place after the initial condensation. This secondary
transformation may occur spontaneously (domino reaction) or by the
subsequent exposure to additional reactants. This sequence of reactions may
be performed in one pot or following the isolation of the Passerini adducts.
Thus, a short, convergent access to a large variety of products can be
achieved.

For example, when the condensation is carried out starting from arylglyoxals,
the resulting a -acyloxy ketones 23 are cyclized with ammonium formate to
afford oxazoles 24 in moderate overall yields (Eg. 32). (43, 53)
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Employing uboxylic acids bearing electron-withdrawing groups (E) at the a
-position provides adducts that can undergo Knoevenagel-type reactions
giving substituted 2(5H)-furanones (butenolides) 25 (Eq. 33). This strategy has
been successfully applied using a -cyanoacetic acid, (52) a -sulfonyl acetic
acids, (54) and a -(2-nitrophenyl)acetic acid. (55) The presence of the
electron-withdrawing group makes compounds 25 quite acidic and, therefore,
the base employed for the Knoevenagel cyclization (triethylamine or piperidine)
must be used in stoichiometric amounts. Butenolides 26 are isolated after
acidification and may be converted into 5-methoxy-furans 27 by treatment with
diazomethane (for E = CN or ArSOy). (52, 54)
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For E = 0- O2NCesHg, reduction of the nitro group followed by transacylation
affords 2-oxoindole derivatives 28 in excellent yields (Eq. 34). (55)
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Similar compounds have been obtained in a one-pot sequence through a
tandem Passerini/Horner-Wadsworth-Emmons reaction. The 3-position of the
butenolide is either unsubstituted or substituted with an aryl group (Eq. 35). (44)
Unsubstituted phosphono acids (R* = H) tend to give better yields (52-87%)

than aryl substituted ones (R = Ar; 13-47%).
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When a related reaction is attempted starting from  -oxo aldehydes, the
elimination products 29 are formed instead (Eg. 36). (56)
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2(5H)-Furanones may also be obtained via a Knoevenagel cyclization, utilizing
other types of dicarbonyl compounds (e.g. diacetyl) and unactivated carboxylic
acids. Eq. 37 shows an example where cyclization is mediated by cesium
fluoride and benzyltriethylammonium chloride. (66) In this process ester
hydrolysis is a significant side reaction, thus limiting the scope.
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The Passerini products from a -halo ketones may be further transformed by
subsequent intramolecular displacement processes. Treating the
condensation products from a -chloro ketones with cesium fluoride and
benzyltriethylammonium chloride produces 3 -lactams (Eq. 38), (94) whereas
treatment with potassium hydroxide gives epoxides. This second
transformation is less useful for diversity-oriented synthesis, since one of the
three initial Passerini components (the acid) is lost. Starting froma, a
‘-dichloroacetone, both substitution pathways can be performed in sequence,
affording 1-oxa-5-azaspiro[2,3]hexan-4-ones (Eqg. 39). (95)
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Larger rings are obtained when the halogen is more distant to the carbonyl
involved in the Passerini reaction. With a -bromoketone 30, a five-membered
ring is formed on treatment with cesium fluoride (Eq. 40). (67)
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Ester hydrolysis following a classic Passerini condensation may be used to
prepare a -hydroxy amides. This approach is complementary to the direct
methods that will be described later. (47) This method involves the loss of the
carboxylic component, which is a disadvantage from the point of view of
atom-economy and/or diversity-oriented synthesis. In contrast,
deprotection-transacylation reactions allow the retention of the diversity
element inherent in the original condensation. A representative example
involving the Passerini adducts 31 is shown in Eq. 41. This protocol leads to
good overall yields starting from either tert-butoxycarbonyl (Boc)-protected (45,
46, 49) or fluorenylmethyloxycarbonyl (Fmoc)-protected (48, 96) amino
aldehydes. In both examples, the deprotection/transacylation protocol can be
carried out in one pot, affording the rearranged a -hydroxy- 8 -acylamino



amides 32, which have been used as peptidomimetics and transition state

analog (TSA) protease inhibitors. Moreover, they can be easily oxidized to the

even more interesting a -oxo- 3 -acylamino amide scaffolds.

0 i 1. CF;COuH P
| Bt n”“"‘a-" e RY NHR?
R H RENC J __2.EN (P = Boc)
i R3CO,H R\H}(“““' & m“ﬂ/ NH O (41)
" HN., O EGNH (P=Fmoe) ()
P= Boc, Fmoe 31 (30-100¢) 32 (T7-100% )

This two-step methodology has been applied to combinatorial solution-phase
synthesis (for P = Boc), using solid-phase scavengers to remove excess

reagents or side products. In this way, a library of 9,600 compounds has been

prepared. (97) Finally, this reaction sequence is applicable to sol
syntheses (later in the text). (96, 98)

id-phase

When R3®CO,H is a protected a -amino acid, the two N-protecting groups can

be either orthogonal (48, 49) or identical. (45) An example of the

arrangement is shown in Eq. 42. Application of the deprotection/transacylation

latter

protocol to the Passerini adduct 33 affords 8 -acylamino amide 34, endowed
with a free amino group, which can be further acylated in order to introduce a
fourth diversity element. In this way a four-unit peptidomimetic can be
assembled nly two discrete steps (the conversion of 33 into 35 is

accomplish&d' in a one-pot fashion). (45)
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Another interesting secondary reaction that can be applied to a Passerini
adduct is the intramolecular Diels-Alder reaction (IMDA), leading to complex
polycyclic structures. In order to exploit this methodology, the condensation
must be carried out with one component containing a diene and another
containing a dienophile. In the related Ugi reaction, this strategy has been
applied to various dienophiles, (99-101) but there is only a single application
reported thus far for the Passerini reaction that employs 2-furaldehyde and a
variety of acetylenic acids as substrates (Eq. 43). (85) This sequence of
reactions could not be performed in one pot, since the thermal Diels-Alder
reaction, while successful with the corresponding Ugi adducts, is not feasible
in this case. However, the Lewis acid (Me,AICl)-catalyzed IMDA affords the
desired oxabicyclic derivatives 36 in good yields, except when R* is hydrogen.
The overall yields of the two steps range from moderate to good, and the
diastereoselectivity in the IMDA step is high. Only one diastereoisomer was
isolated.
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Ring-closing metathesis (RCM) has also been applied to appropriate products
of the Passerini reaction giving complex, natural product-like macrocycles.
(102) The example shown in Eq. 44 is particularly interesting, since it
illustrates the sequential application of two secondary transformations, namely
the already mentioned oxazole synthesis and the RCM.
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3.2. Passerini-Type Reactions that Form Products Other Than a -Acyloxy
Amides

The reaction between an aldehyde or a ketone with an isocyanide in the
presence of a protic (either mineral or organic) or Lewis acid can afford several
different products including a -hydroxyamides, a -oxo- 3 , y -unsaturated
amides, pyrrolo[1,2-a]quinoxaline derivatives, diimino thioanhydrides,
2,3-bis(alkylimino) oxetanes, indoles, indolenines, tetrazoles, cyclic imines, or
enamines. The formation of these products, which is strongly influenced by the
structure of the reactants and by the reaction conditions, is discussed in the
following sections. Isocyanides do not usually react with carbonyl compounds
in the abseEr of an acid species; the few exceptions are presented below.

3.2.1.1. Reactions without Acid

Only some perhalogenated aldehydes and ketones react with isocyanides
without the need of an acid catalyst. This, of course, gives rise to different
types of products. Under anhydrous conditions, imino dioxolanes 37 are
formed (Eq. 45). (5, 6)

-F3 (45)
CF;

37 (T5-900%)

The formation of these products is reasonable on the basis of the mechanism
shown in Eq. 46, involving attack of the isocyanide carbon on the carbonyl.
The resulting ionic intermediates 38 can only react with another ketone



molecule, affording the imino dioxolanes 37. The high reactivity of the ketone
allows reaction with the isocyanide even in the absence of acid catalysis.

FiC._-CF; .
£ = / P! FG CF
UL -+ o e o=t
e, pCENR — = FiC f e oD
Fil \\f-l':- /,-' F ':- S 4 I';L—‘—]}.\( (46)
= N, FsC N
i N 37

The reaction can take a different course when an additional oxo functionality is
present in the trifluoro ketone, as in the case of hexafluoroacetylacetone. (103)
In this reaction the stoichiometry is 1 : 1 and the isolated product is the
pyrrolin-2-one 40, possibly arising from rearrangement of the dihydrofuran 39.
A possible mechanism for the formation of 39 is shown in Eq. 47. This
intermediate may also arise from conjugate addition of the isocyanide to the
mono-enol form of the starting diketone.
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In contrast, when the perhalogenated carbonyl compound is used in its hydrate
form, the carbonyl hydrate can play the role of acid Y-A in the general
mechanism shown in Eqg. 11 to promote the normal reaction pathway. Thus,
hydrates of some perhalogenated aldehydes and ketones have been reported
to react (in Et,O or in water) with isocyanides in the absence of any acid
species to give a -hydroxyamides. (1-3, 104) An example is shown in Eq. 48.
(1) The same behavior is observed with hexafluoroacetylacetone when the
reaction is carried out in water (Eq. 49). (104) The a -hydroxy amide can also
be formed by hydrolytic opening of imino dihydrofuran 39.

OH BaNC OH
i VY MHEnN (36%) (48)
OH Ei:0), 11 Cl:C

0



()
OH O : -
M +  tBuNC H,0 i I_Hl'l"'\,' CF; 49
F3C CFs Hug Cr; 6 (49)

(8305

The reaction of trichloroacetaldehyde hydrate with isodiazomethane, which
has an isocyanide-like structure, is noteworthy (Eqg. 50). Reaction of the amine
with the first equivalent of chloral is followed by a Passerini-type condensation
with a second equivalent giving the observed a -hydroxy hydrazide. (105)
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3.2.1.2. Reactions with Protic Acids

3.2.1.2.1. Mineral Acids

Aqueous hydrochloric, (19, 20, 106-109) hydrobromic, (110) sulfuric, (20, 61,
111-114) nitric, (20) and phosphoric (20) acids can be used in the Passerini
reaction to afford a -hydroxy amides 41 (Eqg. 51). The formation of these
products cﬂ)e explained most likely by the intervention of intermediate 6
(see Eqg. 11); as previously described in the Mechanism section. However, a
detrimental side reaction involving solvolysis of the isocyanide may occur
under these conditions. (20)
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The best yields (up to 89%) and the higher reaction rates are obtained using a
stoichiometric amount of acid, (20) whereas catalytic amounts of the acid give
lower yields (30-40% at 0° and up to 60% at 35°). A representative example is
shown in Eqg. 52. (20) The reaction can accommodate simple aldehydes (19,
20, 106, 111, 112) or ketones (19, 20, 106-109, 111-114) which are typically
employed as solvents in the reaction. For this reason, the scope of the reaction
is restricted to carbonyl compounds with low molecular weights. In contrast,



the Passerini reaction in the presence of hydrochloric acid is less
accommodating when a stoichiometric amount of the carbonyl compound is
used. Many unidentified products are obtained after a rapid exothermic
reaction. (84)
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Paraformaldehyde reacts with various isocyanides in the presence of dilute
sulfuric acid, affording the corresponding a-hydroxy amides in quite good
yields. (10) Moreover, aqueous formaldehyde (61) or glyoxal (61) reacts with a
-trisubstituted isocyanides to give the corresponding a -hydroxy amides in
moderate yields (Eq. 53). This result is in contrast to the classical Passerini
reaction, which requires anhydrous monomeric aldehydes in order to give the
desired a -acyloxy acetamides. (60) However, the reaction can be performed
with stoichiometric amounts of the desired aldehyde.
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3.2.1.2.2. Trifluoroacetic Acid-Pyridine and Trimethylammonium Hydrochloride
The use of a large excess of carbonyl compound may be avoided by promoting
the reaction with a mixture of trifluoroacetic acid and pyridine. (115-117)
Typical conditions involve the use of 2 equivalents of trifluoroacetic acid and 4
equivalents of pyridine. The use of trifluoroacetic acid was first reported in the
reaction with 2-picolinaldehyde and tert-butyl isocyanide to give a -hydroxy
amide 42 (Eqg. 54). (115) In this case, the aldehyde bearing a pyridine nucleus
behaves as a pyridine equivalent. The same reaction performed in the
presence of hydrochloric acid (20) gives a complex mixture, in which only 43,
arising from the condensation with an additional molecule of aldehyde, could
be identified. (115)
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Trifluoroacetic acid-pyridine promoted reactions do not afford a
-trifluoroacetoxy amides, but rather the corresponding a -hydroxy amides. The
reaction using 3,4-dichlorobenzaldehyde gives the best results with an
equimolecular amount of trifluoroacetic acid and pyridine, whereas the yield
suffers when trifluoroacetic acid alone or a mineral acid is used. (115) The rate
has been reported to be influenced by the order of addition of the reagents.
(115) The yields range from moderate to good when aromatic or aliphatic
aldehydes or aliphatic cyclic or acyclic ketones and tert-butyl isocyanide are
used. The reaction does not work with aromatic ketones. (115)

A possible explanation for a -hydroxy amide formation is that the intermediate
a —trifluoroﬁamides are hydrolyzed during the work-up (Eg. 55). (116)
Although trifMoroacetates of secondary alcohols are reasonably stable under
acidic conditions, (118) neighboring group assistance by the amide carbonyl
may facilitate the cleavage via intermediate 44.
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An alternative possibility is that pyridine acts as a nucleophile, instead of



trifluoroacetate, adding onto the isocyanide carbon to form intermediate 45,
which is easily hydrolyzed on work-up. Pyridine is used in excess (116, 117) or
in equimolar amounts. (115) This hypothesis is corroborated by the fact that
preformed trimethylammonium hydrochloride catalyzes the Passerini reaction
between isobutyraldehyde and cyclohexyl isocyanide, affording the
corresponding a -hydroxy amide. (84)

The same reaction can be applied to N-protected optically active a -amino
aldehydes, utilizing different achiral or chiral isocyanides, (116, 117) giving the
corresponding a -hydroxy amides in moderate to high yield. One of the most
stereochemically complex examples of this series is shown in Eq. 56. (116)

| Ph OH
py ™~ CHO Sl CF1CO4H - pyridine '
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+ ! 5=
i . Hn() "‘H-Cl- 1 ~ T3 ‘\.)\.T
LI n \ﬂ/\\.(. CHyCly. 11, 12-72 h ChzHN O ﬂ (56)
0
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The salts of other tertiary amines can also be used; tertiary alkyl amines give
inferior results, whereas 2,6-lutidine, 2,4,6-collidine, 2,6-di-tert-butylpyridine
(pKa in the range 5.2—7.4) are optimal. In the reaction between
(S)-2-N-Boc-3-phenylpropanal and tert-butyl isocyanide, replacement of
pyridine with 2,4,6-collidine increases the yield from 24 to 78%. (116)

3.2.1.2.3. Jgsylic Acid

Salicylic acid typically affords the expected a -acyloxy amides. (3) However,
when the carbonyl compounds are 2-(arylaminothiocarbonyl)cyclohexanones,
1,3,4,5,6,7-hexahydrobenzo[c]thiophenes 46 are obtained in good yields using
stoichiometric amounts of salicylic acid (Eq. 57). (28) Other acids, such as
catalytic p-toluenesulfonic acid or stoichiometric benzoic acid, give only fair to
moderate yields. A variety of aromatic and aliphatic isocyanides can be used.
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46 (65-83%)
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The formation of compounds of this type can be explained by nucleophilic



trapping of the isocyanide-derived carbocation by the thioamide sulfur,
followed by dehydration.

3.2.1.2.4. Sulfonic Acids

A single example exists in which a stoichiometric amount of a sulfonic acid is
used in a Passerini condensation involving acetone and
2,4-bis(dimethylamino)-6-isocyano-1,3,5-triazine, giving the corresponding a
-hydroxyamide in moderate yield. (80)

3.2.1.2.5. m-Chloroperbenzoic Acid

The reaction between aliphatic aldehydes and two equivalents of tert-butyl
isocyanide catalyzed by m-chloroperbenzoic acid does not give the usual
Passerini-type products. Instead, 2,3-bis[alkylimino]Joxetanes of the general
formula 47 are isolated (Eq. 58). (119) The use of catalytic BF3 gives the same
types of products (see p. 28). (22, 29, 120) These reaction conditions are
claimed to be unsuitable for aromatic aldehydes or for ketones, although no
explanation for this behavior was provided. (119)

9] ~ Method a {RI= H): m-CPBA, CCly. 1. 24 h

J_, + RINC - ;
RI” “R2 Methad b: BF;eELO, PE/EGO, 07 RN : (58)
0 R

47 (a: 58-945% 0 b: 40-96%%)

3.2.1.2.6. Hydrazoic Acid, Aluminum Azide, and Trimethylsilyl Azide

As previou@noted (Eq. 12), hydrazoic acid can behave as the acidic
component in the Passerini reaction to afford tetrazole derivatives 48 (Eq. 59).
The formation of these compounds can be rationalized by the standard
mechanism of attack of protonated carbonyl ion on the isocyanide, followed by
imidoyl azide formation and cyclization through N — N bond formation. (23)

HN3. CHCI; or CqHg, t, 4-56 d

(only for R? = H) Rk 3
0 ; oF H) N-N R\\'—\'
A+ ®NC " RN N T
R R Al(N3)y, CHCl and/or THF, e H N (59)
o R
{HI‘_\_I: r, 2-14 d 48 49

HMN4: 36-95%
ANy GE-U6%

Aliphatic aldehydes react smoothly, but aromatic aldehydes and ketones give
the corresponding tetrazoles in very low yields because of the competitive



formation of unsubstituted tetrazoles 49, which arises from the reaction
between the isocyanide and hydrazoic acid. Hydrazoic acid may be
successfully replaced by aluminum azide in this reaction. This reagent does
not react with isocyanides in the absence of carbonyl compounds; therefore,
substituted tetrazoles 48 are obtained in good yields with aliphatic and
aromatic aldehydes and ketones. Under some conditions, a catalytic amount
of BF3 may accelerate the condensation. (23)

Other derivatives of hydrazoic acid can also be used for the synthesis of
tetrazoles. The best yields have been achieved with trimethylstannyl azide or
trimethylsilyl azide. (121) The latter is the reagent of choice because it is not
explosive (as is hydrazoic acid) and is less toxic than the tin reagent. This
method has been applied to a series of N-Boc protected a -amino aldehydes
(Eqg. 60). (122) Trimethylsilyl ethers 51 that may be formed (up to 40%) as
by-products can be easily hydrolyzed to alcohols 50 by fluoride treatment.
Tetrazoles 50 are converted into cis-constrained norstatine analogs after
deprotection of the amine and acylation with polymer-bound tetrafluorophenol
esters or sulfonates.
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R! R
S0 (28-88%) 51
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Replacing hydrazoic acid with hydrogen cyanide, thioacetic acid,
monophenylphosphoric acid, or picric acid results in a complete lack of
reaction. (23)

3.2.1.2.7. Thiocarboxylic Acids

Thiocarboxylic acids react with methyl
3-(N,N-dimethyl-amino)-2-isocyanoacrylate 52 and aldehydes in the presence
of a catalytic amount of BF3-OEt; to afford 2-(l-acyloxyalkyl)thiazoles 53 (Eq.
61). The yields are low to moderate. The reaction does not take place without
BF3, which is the best among a series of Lewis acids tested. The mechanism
probably entails a standard Passerini reaction in which the thiocarboxylic acid
plays the role of the carboxylic acid, followed by cyclization and elimination of
dimethylamine. (123)
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3.2.1.3. Reactions with Lewis Acids

3.2.1.3.1. Titanium Tetrachloride

The modified Passerini reaction in the presence of TiCl, is an excellent method
for obtaining a -hydroxy amides. The first proposed mechanism, involving the
insertion of the isocyanide carbon into the Ti —Cl bond giving intermediate 54
(Eqg. 62) (70) followed by reaction with the carbonyl moiety, was later ruled out.
(27, 124, 125) The currently accepted mechanism, supported by X-ray data,
involves the formation of hexacoordinated titanium complexes instead of
organometallic adducts.

NR! ot 2P proysis. REDP

ANy s1s
TiCl, + R'ND—--— clTi—{ —H——- ﬂ\f‘“' R~y VR (62)
cl )

54 41 0

The outcome of the reaction can, therefore, be rationalized by the mechanism
shown in Eq. 63, with the intervention of several titanium complexes. On
work-up, intermediate 55 is hydrolyzed giving a-hydroxy amide 41. By
choosing an appropriate isocyanide bearing an organic fragment that can act
as a tridentate ligand, it is possible to fill all the empty coordination sites on
titanium. In this fashion, the crystalline compound 56, which is a specific
example of the putative intermediate 55, was isolated and characterized by
X-ray analysis.
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This reaction can be applied to a large variety of carbonyl compounds:
aliphatic (70, 78, 126) or aromatic (27, 70, 78, 125, 126) aldehydes, acyclic (70,
126) and cyclic (70, 78, 126) ketones, aromatic ketones, (27, 70, 78, 125, 126)
fluorinated ketones, (127, 128) and even diketones; in the latter only one
carbonyl group reacts. (27, 125) Diverse isocyanide types that react under
these conditions range from simple aliphatic (acyclic (70, 126) or cyclic (127))
or aromatic (78, 128) isocyanides to isocyano acetates, (27, 78, 125) isocyano
acetamides, (78) isocyano phosphonates, (27, 78, 125) and isocyano methyl
boronates. (79) In some examples, optically active isocyanides derived from
chiral a -amino acids are used. (78)

With simpl cyanides (for example methyl isocyanide) the yields are
excellent e when readily enolizable ketones, such as acetone or
acetophenone, are used. (70, 126) On the other hand, the very low yields
obtained with tert-butyl methyl ketone (70) and adamantanone (70) reflect the
steric sensitivity of the reaction.

Low yields of a -hydroxy amides are obtained with tertiary or benzylic
isocyanides. (78) The main products are cyanohydrins, presumably resulting
from N-dealkylation of intermediates such as 57, facilitated by the stability of
the resulting carbocation (Eq. 64)
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Another exception is represented by the reaction of cinnamaldehyde with
methyl isocyanide: the corresponding a -hydroxy aldehyde is isolated in only
36% vyield, owing to the competing Michael addition of the isocyanide. (70)
This is not unexpected, since it is known that a , B -unsaturated compounds
may undergo 1,4-addition with isocyanides. (119, 129-133) The final products
depend upon the nature of both the isocyanide and the Lewis acid (Eg. 65).
For example, when aryl or methyl isocyanides are used with diethylaluminum
chloride, unsaturated N-substituted imino dihydrofurans 58, readily convertible
into the corresponding lactones, are obtained in good yields, provided that the
a, B -unsaturated ketone can assume a s-cis conformation. (132) However,
with tert-butyl isocyanide and titanium tetrachloride, the main product is always
the hydrocyanation derivative 59. (133) In both examples, the isocyanide
attacks the B -carbon, but the subsequent course of the reaction is different. In
the first instance, the oxygen atom of the intermediate enolate completes the
addition by intramolecular attack on the isocyanide carbon atom. In the second
example, the N-tert-butylimidoyl cation intermediate rapidly loses a tert-butyl
cation, giving the titanium enolate of the 3 -cyano ketone 59.
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With the exceptions noted above, the yields range from moderate to excellent.
For reasons that are not apparent, yields appear to be lower when more highly
functionalized isocyanides are used. (78) Furthermore, the conditions of the
TiCls-mediated reaction are compatible with a variety of functional groups such
as aromatic and heterocyclic rings, ethers, esters, amines, amides, halides,
phosphonates, and boronates.

An additional example is represented by the reaction involving acetals, silyl
enol ethers, and isocyanides to afford, at low temperatures and in one pot, y
-alkoxy- a -hydroxy amides through a domino aldol condensation-Passerini
reaction (Eq. 66). (134) The more nucleophilic character of the silyl enol ethers
relative to the isocyanide makes the aldol condensation faster. Thus, a 8
-alkoxy aldehyde is formed initially, which, after being activated by titanium
tetrachloride, reacts with the isocyanide in the same fashion as just described.



Only silyl enol ethers derived from aldehydes react in this fashion; those
derived from ketones do not react even at room temperature.

OR? R H OR? O — R OH
R . |’ ;[ r———— NHBu-(66)
Of= i T R RY i W RRY O

3.2.1.3.2. Boron Trifluoride and Aluminum Trichloride

Although BF3 has been widely used as a Lewis acid, either in stoichiometric or
catalytic amounts, the reaction between isocyanides and carbonyl compounds
gives a -hydroxy amides 41 as the main products in only a few examples.
Among these, the reaction between cyclohexanone and an isocyano triazine
(80) and the reaction between paraformaldehyde and
isocyanooctaethylporphyrin are worth mentioning. (75) The difference between
TiCl, and BF3; may be explained by the absence of an accessible nucleophile
(CI" in the case of TiCly) in the latter case.

When BF3; and one (111, 112) or two (113, 135) molar equivalents of
isocyanide are used in the reaction with carbonyl compounds, (111, 135) the
corresponding a -hydroxy amides are typically formed only in small amounts.
Under these conditions, a -oxo- 8 , y -unsaturated amides, (111, 112)
2,3-bis(alkylimino)oxetanes, (29) indolenines, (113) or indoles (135) are
usually the min products.

The nature of the products obtained in the BF;-mediated Passerini reaction is
strongly dependent upon the quantity of Lewis acid used and on the work-up
conditions. As noted earlier (Eg. 58), when a catalytic amount of BF; is added
to the reaction medium and a neutral or slightly basic work-up is performed,
the products are 2,3-bis(alkylimino)oxetanes, such as 60 (Eq. 67). (22, 29, 120)
Two equivalents of isocyanide are required in order for the reaction to go to
completion. In one specific example employing acetaldehyde, the
1,4-dioxepane 61, derived from participation of three isocyanide and two
aldehyde molecules, was isolated as a by-product. (22, 120)

3 7 NC[-.H“'r' ()
{l) + n l + r'{-"ilHHQ = NCgH
)\ll = e-CeHyN= — /k (67)
¥

0 c-CeHpp
6l (23%) 61 (5%)



The formation of these compounds can be explained as a variation of the
standard Passerini mechanism in which the second equivalent of isocyanide is
the only nucleophile able to react with the carbon atom of the initially
incorporated isocyanide molecule (see Eq. 13). Several aldehydes or ketones,
including chlorinated examples were successfully employed, with yields
ranging from 40% to 93%. (29) Formaldehyde must be used in the anhydrous
monomeric form. (29) Diverse isocyanides can be used, the optimal results
being obtained from a -substituted derivatives. (29) The best is tert-butyl
isocyanide, since it is the most resistant to polymerization. (30, 136) The
diimino oxetanes can be transformed into other compounds through reactions
involving aqueous or gaseous hydrochloric acid (Eg. 68). (22, 137)
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These transformations involve ring opening of the protonated oxetane to afford
an a -N-alkylimino amide, which is readily hydrolyzed during aqueous work-up.
When R" = methyl, this opening reaction presumably involves a carbocation
intermediate, whereas for R* = H an Sy2 nucleophilic substitution at the sp3
oxetane carbon is more likely. When aqueous HCl is used, the carbocation is
trapped by water and 8 -hydroxy- a -oxo amides such as 62 are formed. (22)
When R* = H and chloroform saturated with gaseous hydrogen chloride is
used at low temperature, the oxetane oxygen is displaced by the chloride
anion to provide B -chloro- a -oxo amides 63. (137) On the other hand, when
R* = methyl, and a slow continuous addition of hydrogen chloride is carried out
at higher temperatures, the higher stability of the intermediate carbocation and
the lower concentration of the chloride nucleophile favors an elimination
process giving B, y -unsaturated a -oxo amides 64. (137)



From carboxylic acids and oxetanes derived from aldehydes, a -acylamino- 3
-hydroxy acrylamides 65 are obtained via an O—N acyl migration (Eq. 69).
(137) When a - or 3 -halo carboxylic acids are used, the enol intermediate 65
cyclizes through alkylation of the enol by the alkyl halide giving 3 - ory
-lactams in moderate yield. (138)
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The diiminooxetanes are quite stable up to 200°. However, if
2,3-bis(secondary alkylimino)oxetanes are heated at 200°, they undergo a
thermal rearrangement leading to 3-imidazolin-5-ones 66 (Eg. 70). On the
other hand, 2,3-bis(tertiary-alkylimino)oxetanes are stable under these
conditions, but when heated to 300°, they rearrange to afford cyclobutanone
derivatives In both of these thermal rearrangements, several byproducts
are also formed. (139)
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The condensation of tert-butyl isocyanide with various acyclic (112) or cyclic
(111) ketones using stoichiometric instead of catalytic amounts of BF;-OEt,
affords a -oxo- 3 , y -unsaturated amides 69, albeit in low yields (Eq. 71).



These compounds are presumably derived from the ring opening of oxetanes
68, followed by hydrolysis of the resulting a -alkylimino- 8 , y -unsaturated
amides, as previously described in Eq. 68.

, NBu-t ,
R L BFeELD R! L B
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When two equivalents of an aryl isocyanide are employed, the intermediate
oxetanes 70 lead to indolenine derivatives 71 (Eq. 72). (30, 113, 114, 140, 141)
The reaction proceeds via a different rearrangement. However, the use of
phenyl isocyanides with, at most, one additional substituent on the aromatic
ring results in poor yields with respect to acyclic ketones and only moderate
yields for cyclic derivatives. (113, 140, 141) In particular, phenolic isocyanides
are unsuitable for the preparation of indolenines 71, giving only the a -hydroxy
amide, albeit in low yield. Free amino groups must be protected because they
can act as Lewis bases binding to BFs. (113)
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On the other hand, better results are reported with both acyclic and cyclic
sterically unhindered ketones in reactions with a -naphthyl isocyanide.
Although the second cyclization giving the final product could, in principle,
involve either C-2 or C-8 (naphthalene ring numbering), the reaction is
regioselective for C-2 attack (Eq. 73). (30, 114, 141)
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When o,0 -disubstituted aromatic isocyanides are used, the normal formation
of indolenines is prevented. Only a -N-aryl- 3 , y -unsaturated amides such as
72 (the imines of a -oxo amides 69) are isolated (Eq. 74). (141) Evidently, the

imine is stabilized against hydrolysis by the bulkiness of the aryl residue.
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When aromatic ketones are reacted with tert-butyl isocyanide and
stoichiometric amounts of BF3, 2-aminoacyl indoles 73 are the major products
(Eqg. 75). (135, 142) When the aromatic ketone contains an acetoxy substituent
it is usually cleaved to the corresponding phenol. (135) There is only one
example of an aliphatic ketone, 1-acetyl-cyclohexene, that gives the same
reaction; however, the yield of isolated indole is very low. (30) Other a, 8
-unsaturated ketones usually react with isocyanides and Lewis acids by
1,4-additions, as described previously. (132, 133)
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The formation of the indolenines 71 and indoles 73 can be rationalized by the
mechanisms shown in Egs. 76 and 77, involving BFs-mediated opening of the
oxetane ring to afford a carbocation, whose fate depends on the structure of
the starting material. When the starting ketone is aromatic, the cyclization
depicted in Eq. 76 affords indoles. (30) On the other hand, when the ketone is
aliphatic and the isocyanide is aromatic, the Friedel-Crafts alkylation shown in
Eq. 77 occurs, leading to 3-H-indolenines. When no aryl groups are present in
any of the substrates, elimination leads to 8, y -unsaturated- a -oxo amides.
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When the isocyanide or the carbonyl compound contains nucleophilic moieties
that can attack the isocyanide carbon, the condensation does not lead to
diimino oxetanes and only one equivalent of isocyanide is consumed. The use
of substrates containing a pyrrole ring presents such an example. The reaction
of 1-(2-iso ophenyl)pyrroles with different aldehydes or ketones (cyclic,
acyclic, aromatic, aliphatic) gives 4-(1-hydroxyalkyl)pyrrolo[1,2-a]quinoxalines
74 in moderate to excellent yields (Eq. 78). (143, 144) The best results are
obtained when catalytic amounts of BF; are added in two portions at 20-minute
intervals. Titanium tetrachloride, tin tetrachloride, zinc chloride, and aluminum
chloride are unsatisfactory for this condensation. When the same reaction is
performed without any added carbonyl compound, pyrrolo[1,2-a]Jquinoxalines
are isolated in nearly quantitative yield. A similar reaction can be performed
using electrophiles other than a carbonyl compound, such as epoxides and
acetals. The reaction of the latter, discussed in a forthcoming section,
furnishes compounds 75 (Eq. 78). (144)
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Starting from 2-(1-pyrrolyl)benzaldehyde, a -addition of the carbonyl and the
pyrrole onto the isocyanide leads to pyrrolo[1,2-a]quinolin-5-ols 76 (Eq. 79).
These adducts are fairly unstable; therefore, they should be isolated as the

acetates 77. (145)
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An allenic moiety is also nucleophilic enough to attack the isocyanide carbon.
Thus, the reaction of tert-butyl isocyanide with 8 -allenic aldehydes or ketones
in the presence of catalytic aluminum trichloride affords five-membered cyclic
compounds 78 and 79 (Eg. 80). (146) When R® = H, the enamino ketone
tautomer 78 predominates.
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3.2.1.3.3. Other Lewis Acids

In the one example of the use of phosphorus oxychloride as the acid
component in the Passerini reaction, (141) the a -hydroxy amide is obtained in
very low yield together with small amounts of a B , y -unsaturated- a -oxo
amide (the product typically formed in the presence of BFs).

The combination of catalytic zinc (Il) trifluoromethanesulfonate and
stoichiometric trimethylsilyl chloride is able to promote the Passerini reaction
only in a few specific examples. The efficiency and the outcome of the reaction
depend on the nature of the isocyanide. The initial steps are presumed to be
silylation of the carbonyl compound followed by nucleophilic attack of the
isocyanide to afford nitrilium ion 80 (Eqg. 81). The addition of a second
molecule of isocyanide can then form another nitrilium ion 81.
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These steps are similar to those involved in the previously described
BFs-catalyzed Passerini reaction, but here cyclization of 81 to a diimino
oxetane is not possible since the oxygen atom is silylated. Only when the
isocyanide structure allows a suitable alternative transformation of 80 or 81
into a more stable species does the reaction occur. For example, when
tert-butyl isocyanide is used, nitrilium ion 81 undergoes a dealkylation reaction,
giving imino nitriles 82 (Eq. 81). (147) If the initial substrate is an aldehyde, the
imino nitriles 82 are further converted, via tautomerization and hydrolytic
work-up, into a-cyano enamines 83, which are useful intermediates for the
synthesis of 4-cyano-oxazoles. Starting with ketones, the final products are 82,
which resist desilylation during work-up. In contrast, with other simple
isonitriles, such as cyclohexyl isocyanide, no reaction takes place. (36)
Interestingly, although dealkylation could in principle occur at the level of
nitrilium ion 80 to afford a cyanohydrin, no such type of product is detected.
Moreover, in contrast with other Lewis acid mediated condensations of
tert-butyl isocyanide (see Eq. 67), 1,2-addition predominates over 1,4-addition



(147) with a , B -unsaturated aldehydes.

Zinc triflate and trimethylsilyl chloride are also able to promote the Passerini
condensation when the isocyanide bears a donor group, such as the
morpholine in derivative 84, that can attack the intermediate nitrilium ions (Eg.
82). Lone pair donation by the morpholine nitrogen converts 85 into a more
stable cation, which affords a -hydroxy amides in moderate to good yields after
hydrolytic work-up. (36)
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A similar neighboring effect is observed with ethyl isocyanoacetate (Eg. 83).
The carbonyl oxygen may either trap nitrilium ion 86, derived from a 1:1 adduct
between the carbonyl component and the isocyanide, or a nitrilium ion similar
to 81 (Eq. 81), representing a 2:1 isocyanide/carbonyl adduct. In the first
scenario, tzl_e_alinal products are the 5-ethoxyoxazoles 87, whereas in the
second, 1,4=0xazinones 88 are formed. With aldehydes, the first pathway
predominates. With cyclohexanone, oxazole 87 is accompanied by oxazinone
88. By using three equivalents of isocyanide, 88 becomes the main product
and is isolated in 45% yield. (36)

(¥TMS OTMS
. R o - RLj
. R2 2 0
TMS | } : R .
0 1 OF1 | 3
1 msa, R N A \,}—m.l
RITTR? - Zn(OTh), 87 (47-64%)
+ = |l —
N-ethvl- TN
P : -
CN” TCOsE - OTMS 83
=5 morpholine kL‘H;h[ BRCESS Rl 7 RLIWMS. (83)
86 RNC R = l i R? }u’\
N 1
NT OO0 OR N"07 TOE
EtOC ELO,C

88 (45%)



Recently, this method was extended using a -isocyano acetamides, yielding
5-amino-oxazoles as the main products. (36a)

3.3. Passerini Reactions between Acetals, Isocyanides, and Various Acid
Species Affording a -Alkoxy Amides or Other Products

Acetals can replace carbonyl compounds in the Passerini reaction. The typical
products are a -alkoxy amides, but under specific conditions other types of
compounds may be obtained.

3.3.1.1. Reactions with Protic Acids

3.3.1.1.1. Trifluoroacetic Acid

The Passerini reaction between veratraldehyde dimethyl acetal and three
isocyanides in the presence of trifluoroacetic acid furnishes the corresponding
a -alkoxy amides in high yields (Eqg. 84), whereas the reaction of the
corresponding aldehyde does not work. (148)
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3.3.1.2. Reactions with Lewis Acids

3.3.1.2.1. Titanium Tetrachloride and Diethylaluminum Chloride

The reaction between acetals and isocyanides in the presence of
stoichiometric amounts of TiCl, affords different products depending on the
structural features of the organic reagents and the amount of isocyanide
employed.

For example, various acetals derived from aliphatic and aromatic aldehydes
react with an equimolar amount of cyclohexyl isocyanide in the presence of
titanium tetrachloride, at temperatures ranging from —70° to —30°, giving the
corresponding a -alkoxy amides 90 in 66—-90% yield (Eq. 85). (149) Similar
results are obtained using an aryl isocyanide. Ketals, however, produce the
products in much lower yield. An a -alkoxyimidoyl chloride species is most
likely the intermediate obtained after the nucleophilic attack of the isocyanide
onto the a -alkoxy carbenium ion formed between the starting acetal and TiCl,.
When the same reaction is performed with tert-butyl isocyanide or 3
-(trimethylsilyl)ethyl isocyanide and the temperature is allowed to reach 20°,



the products formed are O-alkyl cyanohydrins 91. The intermediate nitrilium
ion 89 loses a stabilized carbocation. (150)
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If two equivalents of tert-butyl isocyanide are used and the temperature is
allowed to reach room temperature, different products are obtained from
aldehyde-derived (either aromatic or aliphatic) acetals (Eg. 86). In this case,
the second molecule of isocyanide attacks the imidoyl cation species, giving
intermediate 92, which on loss of tert-butyl cation affords a new class of
compounds, namely the 3 -alkoxy- a -cyano enamines 93, along with variable
amounts of the normal a -alkoxy amide products 94 and a -chloro ethers 95
(derived from the Lewis acid mediated replacement of one alkoxy group of the
acetal by a chlorine atom). (151)
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The reaction of acetals with tert-butyl isocyanide can also be performed using
a stoichiometric amount of diethylaluminum chloride as the Lewis acid. (134)
This feature allows for the use of either an acetal or a ketal. Presumably, the
reaction follows the same pathway as the TiCl;-mediated transformation;
however, a -imino nitriles 96 are isolated instead (Eq. 87). It should be noted
that when R? = H, the enamines 93 are the tautomers of 96. Treatment of 96



(R? = H) with a protic acid leads to enamines 93. Apparently, diethylaluminum
chloride is unable to promote this tautomerization. On the contrary, TiCls is
able to promote this transformation (probably because of the presence of
some HCI), and only enamines 93 are isolated.
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Finally, there is a single example in which an a -chloro ether is subjected to
nucleophilic displacement by a variety of different nucleophiles including
cyclohexyl isocyanide in the presence of titanium chloride. This compound
shows a reactivity similar to that observed with acetals, and a -alkoxy amides
are produced in good yields. (152)

Additionally, O-alkylated-N-carbomethoxy hemiaminals, when treated with
phenyl isocyanide and TiCl,, afford the corresponding secondary o
-N-carbomethoxyamides. This transformation is more closely related to the Ugi
reaction rather than the Passerini condensation. (153, 154)

3.3.1.2.2. Boron Trifluoride

Following the protocol discussed previously (Eq. 78),

4-(1-alkox l)pyrrolo[1,2-a]quinoxalines 75 can be obtained by reaction of
acetals with=#(2-isocyanophenyl)pyrroles in the presence of catalytic amounts
of BFs. (144) These reactions are slower with respect to the analogous
carbonyl compounds, but the yields are usually good, except when
acetaldehyde or bromoacetaldehyde dimethyl acetals are used.

3.4. Stereochemical Aspects

3.4.1.1. Racemization Issues

There are two main stereochemical aspects of the Passerini reaction: the
potential racemization of preexisting stereocenters, and the stereoselectivity in
the formation of the new stereogenic center.

With respect to the first point, the mild, nearly neutral conditions of the reaction
are expected to avoid racemization processes in most cases. For example,
non-racemic protected a -amino aldehydes were demonstrated to be
configurationally stable in the classical Passerini reaction (45-51) as well as in
the pyridinium trifluoroacetate- (116) or TiCl, (78)-mediated reactions.
However, other a -chiral aldehydes may not be configurationally stable under
Passerini conditions. For example, it has been shown that aldehydes having



an a -alkyl substituent undergo racemization during the related Ugi
condensation. (155)

The use of enantiomerically pure a -substituted isocyano acetates or isocyano
acetamides may pose racemization problems, although there is experimental
evidence that demonstrates that the use of both esters (47, 48, 78) and amides
(45) occurs without loss of stereochemical integrity (Eq. 88). Care should be
taken during the preparation of chiral a-isocyano esters from the
corresponding formamides: whereas the use of diphosgene or triphosgene
under controlled temperatures (especially with N-methylmorpholine as the
base) seems to afford products endowed with high optical purity, (48, 78,
156-159) the combination of other dehydrating agents and bases, such as
phosphorus oxychloride and diisopropylamine, leads to various degrees of
racemization. (160-162) Racemization during formamide dehydration is less
problematic with a -isocyano amides. (163-165)
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Several rer indicate that chiral, non-racemic carboxylic acids do not
racemize during the Passerini condensation. (18, 45, 46, 48, 49, 83, 166-168)

3.4.1.2. Diastereoselective Passerini Reactions

The Passerini condensation of unsymmetrically substituted ketones or
aldehydes generates a new stereogenic center. When at least one of the three
components is chiral, two different diastereoisomers are formed. Most often,
the diastereoselectivity of the Passerini reaction, whether employing carboxylic
acids or other acid species, is moderate, ranging from1:1to 4 : 1. This
relatively low diastereoselectivity is somewhat surprising for the reactions
involving aldehydes with an a-stereogenic center (see Tables 3 and 7), which
often proceed with high stereoselectivity in other types of nucleophilic
additions. The low steric requirement of the isocyano group may account for
the low stereoselection, which is a significant limitation of the Passerini
reaction. However, there are a few notable exceptions to this general behavior.
One of them is the intramolecular reaction of keto acid 15 (Eq. 28), (89) which
possesses an a -stereogenic center and affords only one of the two possible
diastereoisomeric products.



Another variation that has shown significant promise in the development of a
stereoselective Passerini reaction involves the use of a camphor-derived
auxiliary (Eq. 89). (24) Chiral camphor-derived isocyanide 97 gives high
asymmetric induction in reactions with some aliphatic aldehydes. (24) The
chiral auxiliary may then be removed following the condensation reaction.
(169)
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The galacturonic acid derivative 98 is another excellent chiral inducer for the
classic Passerini reaction (Eq. 90). (168) However, the diastereoselectivity is
not always high. For example, by using o-tolyl isocyanide it decreases to
56:44.
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The pyridinium trifluoroacetate mediated Passerini reaction of chiral racemic
cyclic ketone 99 with tert-butyl isocyanide is reported to be highly
stereoselective, affording a single isomer (Eq. 91). (115)
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These four examples suggest that high induction may be obtained in suitable
sterically constrained systems.

The reaction of acetaldehyde diethyl acetal, trimethyl 1-propenyloxysilane, and
tert-butyl isocyanide in the presence of TiCls (following the general reaction
scheme depicted in Eq. 66), which affords a y -alkoxy-  -hydroxyamide with
three stereocenters, generates predominantly one of the four possible
diastereoisomers. (134)

It should be stressed that this general lack of stereoselectivity is not always a
problem. In several applications, a -hydroxy amides are prepared only as
intermediates for the synthesis of a -oxo amide enzyme inhibitors, in which the
secondary hydroxy function is oxidized to give the corresponding ketone, thus
losing the stereochemical information generated in the Passerini condensation.
(116, 117)

3.4.1.3. Asymmetric Catalytic Passerini Reactions

The Lewis ged mediated Passerini reactions seem well suited for the
developmek#bdf a chiral catalyst. However, preliminary attempts that used
chiral alkoxy titanates gave unsatisfactory results, affording a -hydroxy amides
with no enantioselection at all. (78) Moreover, a problem associated with the
use of a chiral Lewis acid is the poor catalytic turnovers that necessitate the
use of stoichiometric quantities of the chiral mediator. These problems have
been solved by using stoichiometric amounts of a mild achiral Lewis acid
(tetrachlorosilane) together with catalytic amounts of a chiral Lewis base
activator, such as phosphoramide 100 (Eq. 92). (170)
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Depending on the work-up conditions, either the methyl esters 101 or the a
-hydroxy amides 102 can be isolated. Using tert-butyl isocyanide and aromatic
aldehydes the enantiomeric excesses are consistently high, whereas with
aliphatic aldehydes they are lower and greatly depend on the steric bulk. A
decrease of selectivity is also observed on using less encumbered isonitriles.
Therefore, jorjthe preparation of methyl esters 101, tert-butyl isocyanide is the
reagent of ice.

Development of a chiral catalyst for the classical Passerini reaction is even
more difficult since the Lewis acid usually replaces the carboxylic acid as the
third component, leading to a-hydroxy amides or to other kinds of products, as
described above. Nevertheless, after a thorough screening of combinations of
Lewis acids/chiral ligands, the couple formed by diol 103 and Ti(OPr-i)s was
found to afford moderate yields and enantiomeric excesses with a series of
substrates (Eqg. 93). (171) It should be noted that a stoichiometric quantity of
the chiral inducer was needed in this screening experiment. This study
represents the first example of an asymmetric classical Passerini among three
achiral components and opens the way to further improvements.
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3.5. Solid-Phase Synthesis

At present, the solid-phase Passerini reaction has been reported using only
supported carboxylic acids or isocyanides. Compound 104, a glycine bound to
a resin through a photocleavable carbamate, reacts with a variety of
isocyanides and aldehydes to afford adducts that are converted into the
corresponding acetamides by photochemical cleavage in the presence of
Ac,0 (Eqg. 94). (12) The yields are not always good. Difficult conversions
include aromatic aldehydes (especially B-naphthaldehyde) in combination with
allyl or butyl isocyanides.
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B -Isocyano propionates, such as 105 or 106, linked to aminomethyl
polystyrene resin through acid (96) or photochemically (98) cleavable linkers,
react well with N-(Fmoc)-phenylalaninal or N-(Boc)-phenylalaninal,
respectively, and phenylacetic acid (Eg. 95 and 96). After a
deprotection/transacylation step, the adducts are removed from the resin. The
overall yields of the final a -hydroxy- 3 -acylamino amides are comparable to
those obtained in the solution phase, indicating that the combinatorial



synthesis of libraries of this class of compounds is feasible. Using the
acid-cleavable linker and three different solid-supported isocyanides (also

derived from a-aminoacids), a mini-library of 12 adducts has been synthesized.
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Isocyanides supported through a Wang linker, such as 107, have also been

used for the synthesis of a -hydroxy amides through the pyridinium

trifluoroacetate-mediated Passerini reaction. Eq. 97 shows the application of
this methodology to the synthesis of the enzyme inhibitor poststatin (108).

(162)

(96)
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Isocyanide 109, supported through a Rink linker, reacts with Fmoc-protected a
-amino aldehydes affording the a -hydroxy amides, such as 110, in excellent
yield (Eq. 98). (162) After Fmoc deprotection, acylation of the resulting amine,
and oxidation, the linker is cleaved affording the primary amide 111. This is a
convenient method for the preparation of primary a -oxo amides, which are not
directly accessible through the Passerini reaction.
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4. Applications to Synthesis

The Passerini reaction has been demonstrated to be the most convergent
approach to depsipeptides, an important family of antitumor agents
characterized by a peptide structure incorporating an ester or a lactone
functionality. (60) Chloroacetic acid, azidoacetic acid, or glycine derivatives are
treated with simple aldehydes and tert-butyl isocyanoacetate giving, after
suitable functional group manipulation, depsipeptide precursors, such as 112
(Eqg. 99). After tert-butyl ester cleavage, the resulting depsipeptides have been
used for further Passerini reactions, allowing the preparation of
pentadepsipeptides, such as 113 (Eg. 100). (60)
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In a synthetic approach toward analogs of the azinomycins 116, the a-acyloxy
amide moiety is assembled using a Passerini reaction starting from epoxy
aldehyde 114. In order to obtain the acyl enamine present in the natural
compounds, two alternative routes were followed. The first makes use of a
-phosphono isocyano acetate (115) in order to provide a functionality able to
undergo subsequent Horner-Wadsworth-Emmons reactions (Eq. 101). (40)
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Alternatively, an isocyano acetate already containing the double bond is used
(Eqg. 102). (40, 41) Of particular interest are the examples involving
functionalized isocyanides containing the aziridine nucleus, such as 117. With
these aziridinyl isocyanides, the addition of pyridine is essential to obtain the
desired products. However, under these conditions, the geometry of the
starting alkene is not fully conserved.
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The above-mentioned synthetic applications are characterized by the fact that
the acyl group is retained in the exact position where it was introduced during
the Passerini reaction. On the other hand, in the concise synthesis of the prolyl
endopeptidase inhibitor eurystatin A (122) shown in Eq. 103, (48) the acyl
group is again retained, but shifted to another position. The condensation of
three amino acid derived components, an Fmoc-protected alaninal, a leucine-
derived isocyanide, and a protected ornithine, allow the one-pot preparation of
methyl and benzyl esters 118 and 119. Removal of the Fmoc group under mild
basic conditions causes an in situ O- to N-acyl migration to afford a -hydroxy
amides 120 and 121, bearing the entire acyclic skeleton of eurystatin. A
sequence of deprotection steps, macrocyclization, and final oxidation of the
secondary alcohol give the target compound in good overall yield. The



negligible diastereoselection in the Passerini step is unimportant because the
stereogenic center created is eventually lost during the final oxidation.
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An earlier preparation of eurystatin A (122) also takes advantage of the
Passerini ron in a key step (Eq. 104). (47) This synthesis is, however, less
efficient in 1&TTns of atom economy, since the acyl group (benzoyl) is not
retained, but is removed soon after the Passerini reaction. The third amino
acid fragment (ornithine) is joined only in a later step.
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An interesting intramolecular Passerini reaction was used for a convergent
racemic synthesis of hydrastine (126), a phthalidyl isoquinoline alkaloid (Eq.
105). (81) The key step exploits opianic acid (124) as a bifunctional synthon,
which reacts with isocyanide 123 to afford lactone 125. The resulting amide

group is then employed for the cyclization under Bischler-Napieralski

conditions giving, after catalytic reduction of the intermediate iminium salt and
reductive N-methylation, the final target 126 as an approximately equimolar

diastereomﬂ: mixture.
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Whereas the isocyanide typically acts in the Passerini reaction as an
equivalent of the [CONHR] acyl anion, in an approach to amphimedine (129)
and related marine alkaloids, (37) methyl isocyanide is employed as an
equivalent of a carbalkoxy group (Eq. 106). Conversion of the N-methyl amide
127 into the methyl ester 128 is carried out through an unusual sequence
involving N-nitrosation followed by rearrangement. Finally, deacetylation
affords intermediate 128, which could not be converted into amphimedine
(129). In this application, neither the acyl group from the carboxylic component
nor the NHMe group from the isocyanide component is retained in the target.
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Another example where the a -acyloxy amide moiety introduced by a Passerini
reaction is not retained is represented by the synthesis of a series of
2—pyridy|etlﬂolamines 132, endowed with 3 -adrenergic agonist properties
and structurally related to the well-known bronchodilator salbutamol (Eq. 107).
(38) For this synthesis, the isocyanide is employed as an aminomethyl anion
equivalent. Thus, after the Passerini reaction, the products 130 are
deacetylated and submitted to reductive treatment with borane to provide
secondary amines 131.
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A family of ten a -keto amide inhibitors of factor Xa, a trypsin-like serine
protease involved in blood coagulation, was prepared by taking advantage of
the pyridinium trifluoroacetate-mediated Passerini reaction. (117) Eq. 108
shows a representative example. Several a -amino aldehydes are reacted with
tert-butyl isocyanide under these conditions (also on a 70-g scale). With all of
these aldehydes, the resulting tert-butyl amide is not maintained, but cleaved
in order to couple the resulting acid with a suitable amine. On the other hand,
the amino group arising from the starting amino aldehyde is coupled with an
arginine derivative. Final oxidation of the secondary alcohol furnishes the
desired a -keto amide targets as single stereoisomers. The overall sequence is,
therefore, demonstrated to be stereoconservative.
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In an attempted synthetic approach to benzylisoquinoline alkaloids, such as
papaverine (135), the Passerini reaction between isocyanide 133 and
veratraldehyde dimethyl acetal in the presence of trifluoroacetic acid was
investigated (Eqg. 109). (148) This represents one of the very few synthetic



applications of the Passerini reaction of acetals. Interestingly, the related
reactions with the corresponding aldehyde failed. Removal of the sulfonyl
group, followed by Bischler-Napieralski cyclization, affords the
dihydroisoquinoline 134. Unfortunately, the final elimination to give papaverine

(135) failed.
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5. Comparison with Other Methods

The synthesis of secondary a -acyloxy amides through the Passerini reaction
iS unique, since there are no other ways to assemble this type of compound in
a single synthetic step. Additionally, the synthesis of secondary a -hydroxy
amides by the use of protic or Lewis acids is probably the most direct and
general route to these substances. All of the alternative preparations of these
two classes of compounds require at least two synthetic steps. From the point
of view of briefness, therefore, both types of Passerini condensations (the
“classic” and the one leading to a -hydroxy amides) are superior to other
methods for most target molecules.

However, there may be reasons that make the alternative methods
comparable or even preferred in some cases. Some drawbacks of the
Passerini reaction are the incompatibility of certain carbonyl compounds as
well as the difficulty in preparing certain isocyanides (not to mention the
notorious stench of compounds containing this functionality). However, the
most important limitations of the Passerini reaction are related to
stereochemical issues, since there are no current methods to make the
process enantioselective. In addition, when one of the substrates is chiral and
enantiomerically pure, Passerini reactions tend to be only moderately
stereoselective.

Among the many possible methods of synthesizing a -acyloxy amides and a
-hydroxy amges, those involving a limited number of steps or presenting clear
advantage m a stereochemical point of view have been selected for
comparison with the Passerini reaction.

a -Acyloxy amides may be prepared by the Ag,O -mediated reaction of
carboxylic acids with a -halo amides (typically a -bromo amides) (Eq. 110).
(172-175) These compounds may, in turn, be obtained by the reaction of a
-halo carboxylic acid halides with a primary amine. (174)
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This method is convergent and rather concise: it joins in two steps a haloacyl
halide, an amine, and a carboxylic acid. However, this procedure, which
requires more steps than the corresponding Passerini reaction, has no
advantages from a stereochemical point of view, and may be preferred only
when the required amines are more easily available than the corresponding
isocyanides. An alternative method for preparing secondary a -bromo amides
is the Ritter reaction of a -bromo nitriles. This reaction, however, requires
harsh reaction conditions and is limited to amides N-substituted with tertiary
groups. (110)

One route to a -acyloxy amides is based on the rearrangement of O-acyl
hydroxamates (Eq. 111). (176) This methodology is also highly convergent,
since O-acylhydroxamates are prepared in two steps from three different
components (two acyl chlorides and an N-substituted hydroxylamine). The
overall sequence (3 steps) is rather concise, but still longer than the Passerini
condensation. This rearrangement seems limited to hydroxamates having a 3,
y -double bond or an a -aryl substituent, making it complementary to the
Passerini reaction. Products such as 136 cannot be obtained by the latter
process, owing to the reported unreactivity of a , § -unsaturated aldehydes
under classical Passerini conditions, (62) and to the complex reaction that
takes place under Lewis acid catalysis. Another advantage of this strategy is
the use of O-methylhydroxylamine instead of the highly volatile methyl
isocyanide men the desired products are N-methyl amides.
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Apart from these two methodologies, a -acyloxy amides are commonly
prepared through acylation ofa-hydroxy amides. (177) The two most direct
methods to preparea-hydroxy amides (other than the Passerini reaction) are
thea-oxidation of amide enolates (178-182) and the condensation of carbonyl



compounds with carbamoyl-metal species. (183-185) In both instances,
however, these methods work well only for tertiary amides, whereas the
products of the Passerini reaction are secondary amides. There is only one
report concerning thea-oxidation of a secondary amide; however, the yields
are low and the method has a limited scope. (186)

a-Hydroxy amides can also be prepared by the reduction ofa-oxo amides. This
method may be particularly useful from a stereochemical point of view, since
asymmetric reduction ofa-oxoamides in the presence of chiral catalysts is
known. (187-192) The problem is the preparation ofa-oxo amides. Obviously,
they can be obtained from (racemic) a-hydroxy amides through oxidation.

A useful alternative is to react an a-oxo ester with a primary amine in the
presence of MeszAl. (188, 193) The most general way to prepare a-oxo esters
involves reaction of an organometallic compound with a dialkyl oxalate (194) or
with a cyano formate such as 137. (195) The overall three-step sequence is
shown in Eqg. 112. The only advantage over the Passerini reaction lies in the
asymmetric reduction step.
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Thus far, tI‘Qoutes that have been used most frequently for the preparation
ofa-hydroxy amides begin witha-hydroxy acids ora-hydroxy esters.

From the acids, amide formation has been carried out in several ways. The
most useful procedures are those that do not require previous hydroxyl
protection. Coupling may be achieved with N,N¢-dicyclohexylcarbodiimide
(DCC)/N-hydroxybenzotriazole (HOBT), (196) DCC/N-hydroxysuccinimide
(HOSU), (197) N-(dimethylaminopropyl)-N¢-ethylcarbodiimide (EDCI)/HOBt,
(198-203) carbonyldiimidazole (CDI), (204) or
benzotriazolyloxy-tris(dimethylamino)phosphonium hexafluorophosphate
(BOP). (205, 206) A method that seems well suited for bulk synthesis involves
simple heating of the sodium carboxylate with the hydrochloride of a primary
amine (Eq. 113). (207) Although protection-deprotection of the hydroxyl is
expected to lengthen the synthetic route, an efficient one-pot procedure has
been reported. (208)
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a-Hydroxy amides can also be prepared froma-hydroxy esters. Traditional
methods involve simple heating of the latter with a primary amine. (187,
209-213) Milder methods to achieve this transformation employ aluminum
amides obtained by treatment of a primary amine with MesAl (193) or with
LiAlH4, (214) or take advantage of enzymatic catalysis. (215)

The synthesis ofa-hydroxy amides froma-hydroxy acids ora-hydroxy esters
has advantages over the use of the Passerini reaction, particularly when the
starting materials are readily available in enantiomerically pure form. For
example, a variety ofa-hydroxy acids can be obtained from the pool of chiral
compounds, and can be obtained in enantiomerically pure form by the
nitrosation of a-amino acids. (216) There are also several efficient asymmetric
methods for the preparation ofa-hydroxy esters. In addition to chemical (217,
218) or enzymatic (219) asymmetric reduction ofa-oxo esters, they can be
synthesized by oxidation of chiral N-acyl oxazolidinones, (220) asymmetric
substitution of a chirala-halo ester, (221) or hydrolysis of
1,1,1-trichloro-2-alkanols, which are produced in high enantiomeric excess by
asymmetric reduction of the corresponding ketones. (222)

As stated pg/iously, the direct homologation of aldehydes or ketones
toa-hydroxy amides by means of amidoyl anion equivalents different from
isocyanides is possible only when the final targets are tertiary amides. It is
possible, however, to homologate carbonyl compounds toa-hydroxy acids and
then transform them intoa-hydroxy amides using the various coupling
methodologies already cited above. This strategy has been frequently used
beginning with protecteda-amino aldehydes and continuing in two main ways.
The first route (Eq. 114) involves the synthesis of a cyanohydrin, (201-203,
205, 223) which may be synthesized by traditional methods (using NaCN/ HCI
or NaCN on the bisulfite adduct, or NaCN/Ac20 or acetone cyanohydrin), or by
the addition of trimethylsilyl cyanide, (224, 225) tributyltin cyanide, (226) or
diethylaluminum cyanide. (223) Generally, hydrolysis of the nitrile brings about
the removal of the amine protecting group, which then needs to be
reintroduced before transformation into the secondary amide 138. Therefore,
the overall number of steps from the protecteda-amino aldehydes to 138 is
either three or four.
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The second route, which is accomplished in three synthetic steps, makes use
of tris(alkylthio)methane as the acyl anion equivalent (Eq. 115). (200, 227-229)
After condensation, the orthothioformate is converted into the carboxylic acid
by means of mercury(ll) compounds.
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Both methodologies appear to be less efficient for the generation of
compounds such as 138 than the previously described Passerini routes.

The route described in Eg. 114 may be more synthetically attractive only if a
diastereoselective preparation of amides 138 is desired. While the Passerini
condensations involving protecteda-amino aldehydes are generally poorly
Stereosele, better diastereoselectivities, although not dramatically high,
are sometimes achieved in the conversion of the same carbonyl substrates
into cyanohydrins. (223)

Another route toa-hydroxy amides is via nucleophilic opening ofa, B -epoxy
amides, which are, in turn, prepared by the coupling of 2,3-epoxy acids with
primary amines or by the oxidation ofa, 3 -unsaturated amides (Eq. 116).
Unfortunately, there is no example of the reductive opening of secondarya,
-epoxyamides, nor of their opening by carbon nucleophiles. Therefore, this
methodology is limited to the synthesis of B -heteroatom substituteda-hydroxy
amides, such has  -alkoxy, (230) alkylthio, (231) or halo (230) derivatives.
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The most interesting products from a synthetic point of view are those resulting
from epoxide opening with nitrogen nucleophiles. This opening may be
performed either with primary or secondary amines (232-235) or with
magnesium azide (Eq. 117). (236-240)
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The overall synthesis ofa-hydroxy- 8 -amino amides from unsaturated amides
through the magnesium azide route requires only three steps. Therefore, it
compares well with the homologations ofa-amino aldehydes described in Egs.
114, 115 and it is only slightly longer than the pyridinium
trifluoroacetate-mediated Passerini reaction. Moreover, the diastereoselectivity
is very high since it is controlled by the configuration of the starting double
bond. On the other hand, the main drawback of this method is the fact that the
generation of optically active compounds by this strategy is not as easy as in
the syntheses starting from protecteda-amino aldehydes, which take
advantage of the large number of available enantiomerically purea-amino
acids (the precursors ofa-amino aldehydes). While there are presently no
direct methods for the asymmetric epoxidation of unsaturated amides, a, 3
-epoxy amides can be generated from optically activea, 3 -epoxy acids, which
are, in turn, enantioselectively synthesized via asymmetric epoxidation of
allylic alcohols, (231, 236) nucleophilic asymmetric epoxidation, (241)
asymmetric dihydroxylation, (242) or asymmetric Darzens reactions. (243)



Finally, an interesting new methodology to preparea-hydroxy amides involves
the hydrogenolytic cleavage of 3-benzyloxy-4-aryl-2-azetidinones 139 (Eq.
118). (244, 245) The method is highly convergent and concise, since the
azetidinones 139 are assembled in one step by the Staudinger condensation
of activated benzyloxyacetic acid derivatives (e.g., the acyl chloride) with
imines. However, it is limited to azetidinones having an aryl or heteroaryl group
at position 4. For the generation ofa-hydroxy- 8 -arylpropionamides, such as
140, this method may be an attractive alternative to the Passerini reaction,
since it starts from aromatic aldehydes, which are more readily available than
the arylacetaldehydes needed for the synthesis of 140 through the Passerini
condensation.
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6. Experimental Conditions

The classical Passerini reaction is reported to proceed faster in a low polarity
medium. Therefore, it is typically carried out in solvents such as
dichloromethane, ethyl acetate, diethyl ether, or tetrahydrofuran. When the
carbonyl component is volatile and cheap (e.g., acetone), it may be employed
in excess as the solvent. Only in a limited number of reports has the use of
more polar solvents, such as dimethylformamide or dimethyl sulfoxide, been
described. (39) Alcoholic solvents, such as methanol or ethanol, are not well
suited for this reaction. (246) Recently, however, a remarkable rate
acceleration has been reported for some Passerini reactions carried out in
water, compared with dichloromethane. (246) This acceleration does not seem
to be related to the polarity of the solvent, but to the cohesive energy density or
hydrophobic effects instead. This method is probably limited to substrates that
are at least partially soluble in water. The Passerini reaction is also accelerated
by high pressure. (63)

The classical Passerini reaction is typically carried out at room temperature,
with reaction times varying from a few hours to several days (in the case of
ketones). There are only two reports of the use of Lewis acids as additives. (50,
171)

The Passerini-type reactions mediated by protic or Lewis acids are faster and,
especially with strong Lewis acids, are often carried out at 0° or even lower
temperaturm Dichloromethane is the solvent of choice for these reactions.



7. Experimental Procedures
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7.1.1.1. [2-(Benzyloxycarbonylaminoacetoxy)-3-methylbutanoylamino]acetic
Acid tert-Butyl Ester (Classic Passerini Reaction) (60)

A solution of tert-butyl isocyanoacetate (1.46 mL, 10 mmol) and
isobutyraldehyde (913 pL, 10 mmol) in AcOEt (15 mL) was treated dropwise at
10-20° with N-(benzyloxycarbonyl) glycine (2.09 g, 10 mmol). The mixture
was left at 20° until disappearance of the isocyanide and then evaporated to
dryness. The residue was taken up in CH,Cl,, washed with saturated NaHCO3
solution, dried, and evaporated to dryness. Crystallization from toluene gave
the pure product (3.38 g, 80%), mp 68-70°. Anal. Calcd for C,;H3oN.O7: C,
59.70; H, 7.16; N, 6.63. Found: C, 59.20; H, 7.27; N, 6.60.
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7.1.1.2. 1-[(1,7,7-Trimethylbicyclo[2.2.1]hept-2-ylidenemethyl)carbamoyl]prop
yl Acetate (Classic Passerini Reaction of a Chiral Isocyanide) (24)

A solution of propanal (289 pL, 4.00 mmol), acetic acid (227 y L, 4.00 mmol),
and 2-iso-cyanomethylene-1,7,7-trimethylbicyclo[2.2.1]heptane (400 mg,
2.28 mmol) in THF (15 mL) was stirred for 40 hours at room temperature. After
removal of the solvent, the residue was taken up in Et,O, washed with water
and brine, and dried over Na,SO4. Evaporation afforded the title product
(630 mg, 94%) as a yellow, sticky solid. The diastereomeric excess,
determined by GC-MS, was 93%. '"H NMR( CDCls) (in the NMR spectrum
some peaks appeared doubled because of the presence of rotamers: the
average ppm value is indicated) 6 8.03 (broad s, 1H, NH), 6.48 (m, 1H, C =



CH), 5.23 (m, 1H, CH—0), 2.44 (broad d, J = 15.5 Hz, 1H, CH,C = C), 2.17
(s, 3H, CHsC = 0), 1.91 (m, 2H, CH>), 1.88 (d, J = 15.5 Hz, CH.C = C),
1.84-1.71 (m, 2H, CH —CH,C = C, CHy), 1.65 (m, 1H, CH>), 1.47 (m, 1H,
CHy), 1.26 (s, 3H, CHs), 1.21 (m, 1H, CH>), 0.93 (m, 3H, CH>CHj3), 0.87 (s, 3H,
CHs), 0.84 (s, 3H, CHs). *C NMR( CDCls) 5 169.1, 165.9 (C = 0), 132.0 (C
= CH), 112.6 (C =CH), 74.7 (CH — 0), 51.4, 48.9 (quaternary C), 44.5
(CH), 35.7, 35.1, 27.8, 25.0 (CHy), 20.8, 19.9, 18.3, 14.7, 8.8 (CH3). EIMS

(70 eV) m/z M* 293 (10), 165 (14), 148 (16), 133 (12), 122 (15), 105 (21), 101
(19), 43 (100).
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7.1.1.3. Coprmound 143 (Classic Passerini Reaction of a Protected a-Amino
Aldehyde)

A solution of isonitrile 141 (DCBn = 2,6-dichlorobenzyl) (590 mg, 1.15 mmol),
N-(allyloxycarbonyl)-L-proline (298.0 mg, 1.50 mmol), and protected
L-argininal 142 (382.2 mg, 1.26 mmol) in anhydrous CH,Cl;, (4.6 mL) was
stirred at room temperature for 16 hours. The solvent was slowly removed in
vacuo and the resultant thick residue was stirred for 1 day. Standard extractive
work-up in EtOAc gave a crude product that was purified by silica gel
chromatography ( CH,Cl,/2-PrOH 98:2) to afford compound 143 as an
amorphous, colorless solid (59%). The diastereoisomeric ratio (1.6:1) was
determined by reverse-phase HPLC [C18, (H.O + 0.1% CFsCO2H )/ CH3CN
95:5 to 25:75]; *H NMR( CD30OD ) & 7.44 (m, 2H), 7.35 (m, 1H), 7.16-7.29 (m,
3H), 7.03-7.14 (m, 4H), 6.95 (m, 2H), 5.85 + 5.97 (minor + major, m, 1H),
5.25 + 5.27 (2s, 2H), 5.16-5.37 (m, 2H), 5.03 + 5.11 (minor + major, m, 1H,
CHOC = 0),4.57-4.76 (m, 2H), 4.50 (m, 2H), 4.40 (m, 1H), 3.88 + 4.01 (2m,
1H), 3.68 + 3.72 (major + minor, s, 3H), 3.39-3.59 (m, 2H), 3.02-3.25 (m, 4H),
2.95 (m, 1H), 2.70-2.89 (m, 1H), 2.30 (m, 1H), 1.90-2.12 (m, 3H), 1.49-1.70
(m, 2H), 1.40 + 1.45 (2s, 9H), 1.32-1.47 (m, 2H). MS: [MH]" 1013.19.
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7.1.1.4. 2-Benzoyloxy-N-tert-butyl-3-chloro-2-methylpropionamide (Classic
Passerini Reaction of a Ketone) (94)

Chloroacetone (796 pL, 10 mmol) was added dropwise to an ice-cooled
mixture of benzoic acid (1.22 g, 10 mmol) and tert-butyl isocyanide (1.13 mL,
10 mmol). The mixture was stirred for 15 hours at room temperature.
Trituration from petroleum ether afforded the acyloxy amide (2.92 g, 98%), mp
76°; IR (Nujol) 1674, 1715, 3400 cm™; *H NMR( CDCl3) & 7.90 (m, 2H), 7.50
(m, 3H), 6.25 (broad s, 1H, NH), 4.34, 4.20 (AB syst., J = 12 Hz, 2H, CHCI),
1.82 (s, 3H, CH3), 1.42 (s, 9H, (CH3)3C).
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7.1.1.5. 2-Hydroxy-N-(1,1,3,3-tetramethylbutyl)acetamide (Mineral Acid
Mediated Passerini Reaction) (61)

A solution of concentrated H,SO4 (3.5 mL, 66 mmol) in H,O (25 mL) was
added drogmipe into an ice-cooled, stirred mixture of 1,1,3,3-tetramethylbutyl
isocyanide ¥6296 g, 50 mmol) and 35% aqueous formaldehyde (20 mL,

252 mmol). After being stirred for 4 hours at room temperature, the mixture
was extracted with Et,O and the organic extracts were washed with saturated
agueous NaHCOg3, and dried ( MgSO,). Evaporation of the solvent followed by
fractional distillation at 123° (0.01 Torr) afforded the pure a -hydroxy amide
(5.1 g, 55%); *H NMR( CDCl3) & 6.77 (s, 1H, NH), 4.93 (t, 1H, OH), 3.93 (d,

J =4.7 Hz, 2H, CH,0OH), 1.77 (s, 2H, CHy), 1.48 (s, 6H, CHs), 1.05 (s, 9H,
CHy).
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7.1.1.6. N-tert-Butyl-2-(3,4-dichlorophenyl)-2-hydroxyacetamide (Passerini
Reaction Mediated by Trifluoroacetic Acid-Pyridine) (115)

A mixture of purified 3,4-dichlorobenzaldehyde (8.75 g, 50 mmol), tert-butyl
isocyanide (2.08 g, 35 mmol), and pyridine (3.96 g, 50 mmol) in CH,Cl, (25 mL)
was cooled to —5° under N, and treated dropwise with stirring, at —5° to +5°,
with CF3;CO;H (2.90 g, 25 mmol). The mixture was warmed to room
temperature for 1 hour and then treated (with ice cooling in order to maintain
the temperature between 20° and 30°) with additional CF3CO,H (2.90 g). The
mixture was stirred for 2 hours at room temperature and then treated for 2
hours at room temperature with a solution of NaHSO; (15 g) in H,O (100 mL).
Filtration gave the bisulfite adduct of the starting aldehyde (mp 164-165°)

(9.0 g, 32.2 mmol). The CHCI; layer of the filtrate was dried ( Na,SO4) and
concentrated, giving the crude product. Crystallization from chlorobutane gave
the pure a-hydroxy amide, mp 116-117° (2.90 g, 30%, 60% based on
recovered NaHSO3; adduct); IH NMR (CDCl3) 6 7.42 (d, J = 1.0 Hz, 1H), 7.35
(d, J=7.0 Hz, 1H), 7.13 (dd, J = 1, 7 Hz, 1H), 4.82 (d, J = 4.0 Hz, 1H, OH),
4.72 (d,J =4.0 Hz, 1H, CH — OH), 1.28 (s, 9H).
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7.1.1.7. [3-(9-Fluorenylmethoxycarbonyl)amino-2-hydroxybutanoylamino]aceti
¢ Acid Allyl ggter (Passerini Reaction Mediated by Trifluoroacetic Acid-Pyridine)
(116)

Trifluoroacetic acid (770 uL, 10.0 mmol) was added dropwise to a cooled
solution (-10°) of freshly prepared N-(9-fluorenylmethoxycarbonyl)-L-alaninal
(2.477 g, 5.00 mmol), allyl a -isocyanoacetate (845 mg, 6.75 mmol), and
pyridine (1.62 mL, 20.0 mmol) in CH,Cl, (5 mL), while maintaining the
temperature below 0°. After 1 hour at 0°, the bath was removed and the
reaction mixture was stirred at room temperature for 72 hours. After
concentration, the resulting slurry was taken up in AcOEt and washed
successively with three portions each of 1 N HCI, saturated NaHCOs solution,
and brine. The organic layer was dried over Na,SOg, filtered, and concentrated.
The crude product was purified by flash column chromatography on silica gel,
giving the a -hydroxy amide (1.82 g, 83%).
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7.1.1.8. 1-(1-Cyclohexyl-1H-tetrazol-5-yl)-2-methylpropan-1-ol (HNs-Mediated
Passerini Reaction) (23)

A 7.3% solution of HNz in CHCI3 (40 mL, 68 mmol) was treated under
ice-cooling with freshly distilled isobutyraldehyde (4.33 g, 60 mmol) and
dropwise with cyclohexyl isocyanide (5.45 g, 50 mmol). The mixture was
stirred at 20° for 3 days. The resulting colorless crystals were collected and
crystallized from cyclohexane, giving pure tetrazole, mp 97-99° (9.54 g, 85%).
Anal. Calcd for C11H20N4O : C, 58.90; H, 8.99; N, 24.98. Found: C, 58.88; H,
8.85; N, 25.16.
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7.1.1.9. N-(2-Hydroxypentanoyl)glycine Ethyl Ester ( TiCl,-Mediated Passerini
Reaction) (78)

To a solution of ethyl a -isocyanoacetate (546 pL, 5.0 mmol) in CH,Cl, (25 mL)
was added a 2 M solution of TiCl, in CH2Cl; (2.75 mL, 5.5 mmol) at 0° under
argon. The color of the clear solution changed from yellow to dark brown. After
a few minutes a pale yellow precipitate was formed. About 60 minutes later the
mixture was treated with butyraldehyde (0.45 mL, 5.0 mmol), whereby the
precipitate gisappeared within a few minutes. The clear solution was stirred
until TLC s ed the disappearance of starting material, then it was
hydrolyzed, and 20 minutes later the two layers were separated. The aqueous
layer was extracted twice with CH,Cl,, and the combined organic layers were
washed with saturated NaHCO3 solution, water, brine, water, and finally dried
over Na;SO4. Removal of the solvent afforded the crude product, which was
purified by crystallization (Et,O/n-hexane) giving the a -hydroxy amide as white
crystals, mp 84.4-85.5° (0.95 g, 96%); IR ( KBr) 3295, 3245, 1749, 1737, 1639,
1625, 1542 cm™; *H NMR ( CDCl3) & 7.11 (broad s, 1H, NH), 4.21 (q,

J =7.3 Hz, 2H, OCH,), 4.18 (dd, J = 3.8, 7.9 Hz, 1H, CH —O0O), 3.97-4.13 (m,
2H, NCHy), 3.04 (broad s, 1H, OH), 1.40-1.87 (m, 4H, CH>CH>), 1.29 (t,

J = 7.3 Hz, 3H, CH3CH0), 0.95 (t, J = 7.3 Hz, 3H, CH3CHC). Anal. Calcd for
CoH17NO4: C, 53.19; H, 8.43; N, 6.89. Found: C, 52.98; H, 8.43; N, 6.75.

MBu-r

_ cat. BFyeEn0O
YT 4 e _ \><u>cNB
O PE/Et, (), rt Cl - u-r




7.1.1.10. 2,3-bis(tert-Butylimino)-4-(chloromethyl)-4-methyloxetane (Passerini
Reaction Mediated by CatalyticAmounts of BFs3) (29)

A solution of BF3z-Et,O (1.0 mL, 10.8 mmol) in EtO (40 mL) was added slowly
dropwise during 40 minutes to an ice-cooled solution of chloroacetone (18.4 g,
200 mmol) and tert-butyl isocyanide (33.2 g, 400 mmol) in petroleum ether
(40 mL). During the addition the temperature was not allowed to rise above 12°.
After being stirred for 4 hours at room temperature, the mixture was treated
with saturated NaHCO3 solution (400 mL) and extracted with CH,Cl,. The
organic phase was dried ( Na;SO,) and evaporated. The residue was distilled
(bp 60—65° at 0.06 Torr), giving the diimino oxetane as colorless crystals mp
48-50° (47.5 g, 92%). Anal. Calcd for C,3H23CIN,O : Cl, 13.70; N, 10.83.
Found: CI, 14.10; N, 10.90.

= rdi/
oD Y e )
0 CHaClq, 1F N

7.1.1.11. 4-(1-Hydroxypropyl)pyrrolo[1,2-a]quinoxaline ( BFs-Mediated
Passerini Reaction of 1-(2-Isocyanophenyl)pyrroles) (144)

To a magnetically stirred solution of 1-(2-isocyanophenyl)pyrrole (170 mg,
1.00 mmol) and propanal (58 mg, 1.00 mmol) in dry CH2Cl, (20 mL) was
added BF3-Et;0 (14 mg, 0.10 mmol) at 0° under argon. After 20 minutes, more
BF3-Et,0 ( g, 0.10 mmol) was added to the reaction mixture and stirring
was conti for an additional 20 minutes. After addition of a saturated
NaHCOj3; solution and extraction with CH,Cl,, the organic extracts were dried
( Nap;S0O,), evaporated to dryness, and chromatographed to afford the
pyrrolo-quinoxaline (200 mg, 89%); R; 0.68 (n-hexane/AcOEt 1:1); IR (neat)
3395, 3158, 1613, 1365, 756 cm™; 'H NMR ( CDCls) & 7.90-8.00 (m, 2H),
7.87 (dd, J=1.6, 8.4 Hz, 1H), 7.40-7.60 (m, 2H), 6.85-6.90 (m, 2H),
5.00-5.10 (m, 1H), 4.82 (d, J = 6.3 Hz, 1H), 2.10-2.20 (m, 1H), 1.75-1.90 (m,
1H), 1.03 (t, J =7.4 Hz, 3H); HRMS (m/z): calcd for C14H14N2O : 226.1107;
found, 226.1124.



8. Tabular Survey

We have attempted to cover the literature thoroughly through the end of 2003.
When protective groups were present (including esters), they have not been
considered in the carbon count.

Tables 1-2 and 7-9 have been ordered according to isocyanides.

Tables 3-5 refer to classic Passerini reactions that can lead to
diastereoisomeric mixtures. They are ordered according to the chiral
component. When two or three chiral components are employed, the reaction
is listed only in the Table related to the first occurring chiral compound. When a
chiral isocyanide or carboxylic acid was used, but no new stereogenic centers
were generated (reactions involving formaldehyde or symmetric ketones), the
reactions are listed in Tables 1 and 2. In nearly all cases, the relative
configuration of the major diastereoisomer was not determined. When it was
established, the structure of the major isomer is depicted.

Table 6 refers to intramolecular Passerini reactions and has been ordered
according to the bifunctional component.

Table 10 refers to enantioselective Passerini reactions and has been ordered
according to the chiral catalyst.

A dash (—mjicates that no yield is given in the reference.
The following abbreviations have been used in the tables:

All allyl

Alloc allyloxycarbonyl

Bn  benzyl

Bz  benzoyl

dr diastereoisomeric ratio
DCBn 2,6-dichlorobenzyl

Fmoc 9-fluorenylmethoxycarbonyl
MPa mega pascal

NEM N-ethylmorpholine

P pressure

PE  petroleum ether

Pht  phthaloyl

Pmc 2,2,5,7,8-pentamethylchroman-6-sulfonyl



py pyridine
TMS trimethyisilyl

Ts p-toluenesulfonyl
Tr triphenylmethyl

Table 1. a-Acyloxy Amides from Achiral Isocyanides, Aldehydes, and
Carboxylic Acids
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Table 2. a-Acyloxy Amides from Achiral Isocyanides, Ketones, and
Carboxylic Acids
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Table 3. a-Acyloxy Amides from Chiral Carbonyl Compounds,
Isocyanides, and Carboxylic Acids
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Table 4. a-Acyloxy Amides from Prochiral Carbonyl Compounds, Chiral
Isocyanides, and Carboxylic Acids
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Table 5. a-Acyloxy Amides from Prochiral Carbonyl Compounds,
Achiral Isocyanides, and Chiral Carboxylic Acids
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Table 6. a-Acyloxy Amides or Other Products from Intramolecular
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