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The isoelectronic replacement of the α-carbon of enamines
by nitrogen leads to the corresponding hydrazones, and thus,
they can be termed “aza-enamines”. Hence, aldehyde N,N-
dialkylhydrazones enable analogous electrophilic substitu-
tions at the imine carbon that corresponds to the β-carbon of
enamines. In addition, after hydrolysis of the product hydra-
zones to the parent ketones or aldehydes, these reactions
constitute an umpolung of the classical carbonyl reactivity
and overall a nucleophilic acylation or formylation. This re-
view covers the aza-enamine chemistry from its very begin-
ning in the late 1960s up to this year. In the first part, reac-
tions of aromatic, aliphatic, and heterocyclic aldehyde N,N-
dialkylhydrazones with highly reactive substrates such as the
Vilsmeier and Mannich reagents, sulfonyl isocyanates, per-
fluoroacetic anhydride, and inorganic electrophiles such as
halogens and phosphorus tribromide are described. The hy-

1. Introduction

The methods for the reversible umpolung of the natural
reactivity of functional groups, developed over the last four
decades proved to be a significant enrichment in synthetic
organic chemistry.[1–3] The problem � although early recog-
nized[4] � was investigated much later and owes the start
of its vigorous research to Corey and Seebach in the mid
1960s.[5]

Seebach subdivided the methods of the nucleophilic acyl-
ation into three categories (Figure 1):[6,7] unprotected acyl
or acyl-analogous derivatives 1, vinyl ether type protected
acyl anions 2, and acetal-type protected compounds 3.
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drazones of α,β-unsaturated aldehydes react as vinylogous
aza-enamines at the terminal carbon providing unsaturated
aldehydes. As electron-rich dienes and dienophiles, they also
form Diels–Alder adducts and thus interesting N-heterocy-
cles. The second part covers carbon–carbon bond formations
of the sterically less-demanding formaldehyde N,N-dialk-
ylhydrazones with synthetically very useful electrophiles
such as various Michael acceptors and carbonyl compounds.
Formaldehyde SAMP-hydrazone and related derivatives
generally give excellent asymmetric inductions. Finally, first
organocatalytic versions of the aza-enamine chemistry are
presented. In summary, the rich chemistry of aldehyde N,N-
dialkylhydrazones as neutral acyl anion, formyl anion, and
cyanide equivalents is demonstrated.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Most of the many different nucleophilic acylating reagents
are derived from type 3.

Figure 1. Basic equivalents 1–3 of acyl anion synthon 4.

Aldehyde hydrazones are an additional category of com-
pounds that undergo nucleophilic acylations. The oldest
and most known of them are aldehyde monophenylhydraz-
ones 5 (R1 = Ph). They can attack electrophilic substrates
after deprotonation to ambident anion 6 not only with the
azomethine nitrogen atom, but under suitable conditions
also with the azomethine carbon atom. The best known ex-
amples in this field are their reactions with diazonium ions,
leading to formazanes 7 (Scheme 1).[8a] They proceed con-
trary to the natural polarity of the azomethine functionality
and can thus be regarded as nucleophilic acylations of di-
azonium ions by aldehyde phenylhydrazones. Many exam-
ples of such reactions have been described forming not only
carbon–heteroatom[8] but also carbon–carbon bonds.[9,10]
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Scheme 1. Nucleophilic acylation with aldehyde phenylhydrazones
to afford formazanes 7 and with Baldwin’s sterically hindered alde-
hyde hydrazones to afford alkylated hydrazones 8 and 9 following
hydrolysis. N-formylation of benzaldehyde phenylhydrazones 5 to
10.
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Baldwin extended the scope of this application decisively
by the exchange of the phenyl residue for sterically de-
manding substituents, such as R1 = tert-butyl, trityl, and
diphenyl-4-pyridylmethyl in 5, which block the reactivity of
the hydrazone nitrogen atoms.[10] Sterically hindered alde-
hyde hydrazone anions 6 react under mild conditions ambi-
doselectively with weak electrophiles such as alkyl halides
and aldehydes or ketones to alkanone and hydroxyalkanone
hydrazones 9 and 8, which can be hydrolyzed to the parent
ketones.[10a,10b]

Besides reactions via anions 6, N-monosubstituted hy-
drazones 5 also react under neutral conditions in thermal
ene-[10c,10d,9a] or other[9d,9f] type pathways. Common to all
of them is the secondary amino group with the NH func-
tional group that can lead to side reactions.[9,10,11,12]

In contrast to hydrazones 5, aldehyde N,N-dialkylhydraz-
ones bear a tertiary amino group and they are also capable
of nucleophilic acylations. They turned out to be a third
type of acyl anion equivalence in the series of the aldehyde
hydrazones. This latter type of umpolung chemistry will be
fully covered in this review.
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2. The Aza-Enamine Concept

A glance at the formulas shows that both enamines 11
and aldehyde hydrazones 13 are constructed similarly. The
basic skeleton consists of a double bond bearing an amino
group. They only differ by the isoelectronic exchange of the
enamino α-carbon atom for the azomethine nitrogen in the
hydrazones (Scheme 2).[13,14]

Scheme 2. Comparison of the structures and reactions of enamines
and aldehyde N,N-dialkylhydrazones.

The most important property of enamines is their ability
to undergo electrophilic substitutions at the β-carbon atom
to afford compounds of type 12.[15] They owe this property
to the conjugative interaction between the C=C bond and
the amino lone pair in the sense of mesomeric structure
11�. The mostly used and most effective electron-donating
groups are the pyrrolidino, piperidino, and morpholino
moieties.[15] It turned out that analogous reactions also take
place with aldehyde hydrazones containing such tertiary
electron-donating amino groups instead of the secondary
amino ligands NHR[1] in 5.[13,16] Aldehyde N,N-dialkylhy-
drazones 13,[16,17] especially those with pyrrolidine as the
amino group, react with electrophiles to compounds 14 at
the azomethine carbon, which corresponds to the enamino
β-carbon and thus can indeed be regarded as “aza-en-
amines”.[13,14] Despite the higher electronegativity of the
imine nitrogen relative to the α-carbon of enamines, these
hydrazones have proved to be important reagents for umpo-
lung, which are in contrast to basic anionic types 1, 2, 3,
and 6 neutral equivalents of the acyl anion d1-synthon 4.

3. Formylations of Aldehyde N,N-Dialkyl-
hydrazones with the Vilsmeier Reagent

The Vilsmeier reagent is an often employed well-suited
electrophilic formylation reagent.[18] Whereas benzaldehyde
monophenylhydrazone 5 provided N-formyl product 10[12]

(Scheme 1), benzaldehyde N,N-dialkylhydrazones 15a–j
with the pyrrolidino, the dimethylamino, and the dicyclo-
hexylamino functionalities as the amino moiety were � ac-
cording to the aza-enamine concept and in analogy to en-
amines[18,19] � attacked at the azomethine carbon, leading
via triaza-pentadienium salts 16 and after hydrolysis to 2-
phenylglyoxal hydrazones 17a–j[13,20,21] (Scheme 3).
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Scheme 3. Vilsmeier formylation at the azomethine carbon of benz-
aldehyde- and pyrazolecarbaldehyde N,N-dialkylhydrazones to 17
and hydrazone shift to 18.

A few pyrazole-4-carbaldehyde dimethylhydrazones were
also examined and yielded 2-pyrazolylglyoxal 2-dimethylhy-
drazones 17k. No formylation at the vinylogous 5-position
was detected.[22] In contrast, the pyrrolidino, piperidino,
and morpholino hydrazones of the furan-2-carbaldehyde
and of the aliphatic aldehydes did not furnish isolable com-
pounds in the Vilsmeier reaction.[16,20] The benzaldehyde
morpholino and piperidino hydrazones formed the corre-
sponding phenylglyoxal hydrazones only in small amounts
(1–25%). Their reactions were not worked up, but the com-
pounds were isolated and determined as phenylglyoxal
bis(4-nitrophenylhydrazones).[20] A few 3-phenyl-1,4,5-tri-
aza-1,3-pentadienium salts 16 could be isolated as defined
perchlorates.[20,21,23] Under acidic conditions, a hydrazine-
transfer takes place from the 2-position in phenylglyoxal 2-
hydrazones 17 to the 1-position to give rise to 2-phenylgly-
oxal 1-hydrazones 18a–j.[20,21] Severin obtained compounds
16–18 in a different way and published their preparative
significances.[24] The conversion of the hydrazones into the
parent aldehydes by ozonolytic cleavage is well known.[25]

Compounds 17 and 18 described here were not hydrolyzed.

4. Reactions with Sulfonyl Isocyanates

Sulfonyl isocyanates[26] are highly enough electrophilic
compounds to react with aza-enamines. However, the amid-
ation of benzaldehyde N,N-dialkylhydrazones 19 can pro-
ceed in two different directions depending on the NAlk2
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amino ligands and the substituents in the aromatic part.
The attack takes place either according to mesomeric struc-
ture A at the azomethine carbon atom to deliver glyoxylic
acid sulfonamido hydrazones 20[14,21,23,27] or according to
reactivity B at the azomethine nitrogen atom, which leads
via an intermediate 1,4-dipolar cycloaddition to 1,3,5-triaz-
inane-2,4-diones 21[27,28] as outlined in Scheme 4 (see also
ref.[29]). At first, phenyl-, 4-tolyl-, and methylsulfonyl isocy-
anates were employed as electrophiles. The reactions were
performed at room temperature or in boiling benzene or
CCl4 and completed in 1–2 h.[14,27] In order to find out
more precisely the direction of the reaction, a trial series
was carried out under standardized conditions with 4-tosyl
isocyanate 22 as the electrophile and benzaldehyde hydraz-
ones 19a–e with substituents R = OMe, H, and NO2 in the
4-position.[28,30] The results listed in Scheme 4 show that the
reactions proceeded remarkably selectively. It is evident that
compounds 21 were formed from hydrazones 19 with R =
OMe or H and morpholine, piperidine, or dimethylamine
as the amino components. In all other cases, compounds 20
were formed.

Thus, in anisaldehyde hydrazones 19 (R = OMe) the
methoxy group as an electron-donating substituent delocal-
izes the formal positive charge at the azomethine carbon of
B and favors the imine-like reactivity. The donor potentials
of the morpholino, piperidino, and dimethylamino residues
are not sufficient to overcome the opposite influence of the
methoxy group. That is why the electrophilic attack takes
place at the azomethine nitrogen atom to yield 21�a–c.
However, the pyrrolidino and dicyclohexylamino substitu-
ents as strong electron donors lead to umpolung and there-
fore to attack at carbon to form 20�d,e.

Umpolung is a little more favored in the case of benzal-
dehyde hydrazones 19 (R = H). Here the influence of the
methoxy susbstituent lacks to give 21"a,b and 20"d,e,
respectively, as well as a mixture of 20"c and 21��c. The
strong electron-acceptor substituent R = NO2 in hydraz-
ones 19 increases the contribution of dipolar structure A
and so favors umpolung, that is, the aza-enamine reactivity
gives compounds 20���a–e (Scheme 4). The degree of the n–
π interaction in dependence of the substituents NAlk2 and
R corresponding to canonical structures A and B parallels
with the 1H,[30] 13C,[13,28] and 15N[31] NMR shifts of the
azomethine function and the λmax values[23,30] of the hydraz-
ones 19.

The following conclusions can be drawn from the results
reported so far: The pyrrolidino group d is a very efficient
electron donor in aza-enamine chemistry, which is in con-
trast to the morpholino (a) and the piperidino (b) ligands
(compare also Chapter 3); the causes for these differences
have been already discussed.[32] Scheibe attributes the con-
jugative interaction to the state of hybridization of the ni-
trogen atom of the amino group, which depends on the val-
ence angles at the nitrogen atom.[33] Because of ring strain,
these can be spread only insufficiently in the six-membered
rings, a fact that leads to less overlap. In contrast, hydraz-
ones with open noncyclic amino groups proved to be very
reactive aza-enamines. These compounds can spread their
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Scheme 4. Attack of sulfonyl isocyanates on the azomethine func-
tionality of benzaldehyde N,N-dialkylhydrazones. Top: substitution
and addition with 4-tolylsulfonyl isocyanate 22 to 20 and 21,
respectively, under standard conditions and hydrolysis of 20"d to
23; bottom: substitution at the azomethine carbon with chlorosul-
fonyl isocyanate to 24.

nitrogen valence angles without hindrance, which thereby
achieves good interaction with the azomethine double
bond. This applies not only to the N,N-dicyclohexylhydraz-
ones but also to the dimethylhydrazones demonstrated by
compounds 17e–g in Scheme 3 and by many subsequent ex-
amples. However, the more effective electron donor is the
dicyclohexylamino group as the comparison of 20�e and
21�c shows in Scheme 4. The reason may be the sterically
demanding bulkiness of the cyclohexyl[12] group and also of
the diisopropyl substituents (see subsequent chapters).
These could bring about a decrease of the s character of
the p(π) orbital and a shielding of the azomethine carbon
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from the competitive reactivity of the azomethine nitrogen
atom in Baldwin’s sense; thus, the reaction is directed along
the desired carbon acylation pathway.

In contrast, the azomethine carbon is also sterically hin-
dered by its aromatic and aliphatic substituents. Therefore,
the formaldehyde hydrazones are the most versatile nucleo-
philic acylation reagents of the series of the aza-enamines
(see in detail subsequent chapters). These facts are depicted
once more in Figure 2.

Figure 2. Steric and electronic factors that influence the nucleophi-
licity of the azomethine carbon of aldehyde N,N-dialkylhydrazones.

Also, the substituents in the aromatic moiety influence
the electronic behavior according to structures A and B
(Scheme 4). However, the main basis for the umpolung of
the reactivity is the special intrinsic property of the hydraz-
one structure element. Here, two centers of the same affin-
ity are directly linked; thus, the natural polarity is re-
versed.[1]

Scheme 4 also outlines the reaction of 19 with strongly
reactive chlorosulfonyl isocyanate to afford 24[14,34] and also
the hydrolysis of 20��d to parent ketone 23.[14] Noteworthy
is that aliphatic aldehyde hydrazones 25 were also attacked
at the azomethine carbon to afford 26 and not at the imine
nitrogen atom, the NH group, or the α-position, which
could be a consequence of a possible tautomeric ene-
hydrazine[16] (Scheme 5).

Scheme 5. Reaction of N,N-tetramethylene hydrazones of aliphatic
aldehydes and of furan-2-carbaldehyde with sulfonyl isocyanates.

The reaction of furan-2-carbaldehyde N,N-tetramethyl-
ene hydrazone 27 with sulfonyl isocyanates also proceeded;
however, it was not substituted at the azomethine carbon
but at the vinylogous 5-position affording 28[16] (Scheme 5).
Thus, it turns out to be a vinylogous aza-enamine (see
Chapter 8). With the less reactive phenyl or benzoyl isocy-
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anates neither the benzaldehyde hydrazones nor the satu-
rated aliphatic aldehyde hydrazones delivered compounds
carboxylated at the azomethine carbon in contrast to the
carboxylation at the β-carbon of the enamines.[15] This can
be explained by the stronger electronegativity of the azo-
methine nitrogen, which reduces n–π overlap. Thus, aza-en-
amines can be compared with enol ethers in their reactiv-
ity.[14,35]

5. Aminomethylations with the Mannich Reagent

Gafarov and Konovalova[36] carried out the aminometh-
ylation of formaldehyde N,N-dialkylhydrazones 29 by the
classic method with ammonium salts and formaldehyde in
aqueous solution. The salts of the dialkylamines gave the
N,N-dialkylhydrazones of dialkylamino acetaldehydes 30,
whereas those of the monoalkylamines gave bis(dimethyl)-
hydrazones 31 (Scheme 6). The hydrazones of higher ali-
phatic aldehydes 32 did not provide isolable compounds in
aqueous solution. However, with Böhme reagent 33[37] in
anhydrous DMF, 1-piperidinoalkan-2-one hydrazones 34
were formed.[16] Whereas the Böhme reagent was too mild
in the reaction with the benzaldehyde N,N-tetramethylene
hydrazones, both furan-2-carbaldehyde and thiophene-2-
carbaldehyde N,N-tetramethylene hydrazones 35 provided
36 in good to very good yields.[16] Despite a few attempts,
the reaction of benzaldehyde N,N-dimethylhydrazones with
the Viehe reagent[18] failed.[38] Alkylations occurred pre-

Scheme 6. Aminomethylation of aliphatic and heterocyclic alde-
hyde N,N-dialkylhydrazones.



R. Brehme, D. Enders, R. Fernandez, J. M. LassalettaMICROREVIEW
dominantly at the amino nitrogen atom, which is a third
nucleophilic center of the hydrazones[39–41](see also 92 and
93 in Scheme 17).

6. Reactions with Trifluoroacetic Anhydride
(TFAA)

6.1. Acylations of Benzaldehyde and Heterocyclic Aldehyde
Dialkylhydrazones

Hojo and colleagues treated benzaldehyde N,N-dialk-
ylhydrazones 37 with strongly electrophilic trifluoroacetic
anhydride to form trifluoromethyl-1,2-diketone hydrazones
38 (Scheme 7).[42] These acylations also proceeded without
catalysts and were only partly promoted by added tertiary
bases. Whereas the reaction of benzaldehyde dimethylhy-
drazones 37a with TFAA furnished compounds 38a in high
yields, 38b,c were only obtained in 61 and 0% yield, respec-
tively. The yields increased again with diisopropylhydraz-
ones 38d,e. This may again be a result of the steric demand
of the bulky diisopropyl groups, as was discussed for the
reaction between sulfonyl isocyanates and the aza-enamines
with the sterically demanding dicyclohexyl ligands at the
amino group (Chapter 4).

Scheme 7. Reaction of benzaldehyde N,N-dimethyl and benzalde-
hyde diisopropylhydrazones with trifluoroacetic anhydride.

Electrophilic attack at the azomethine nitrogen atom was
probably responsible for the poor yield of 38b and for the
failure to obtain 38c; this supposition was proved by the
fact that 40b,c were detected by 1H NMR spectroscopy and
indirectly by their instability towards water: both 40b,c
could not be isolated; they hydrolyzed during workup to
starting hydrazones 37, so that 37b provided a mixture of
38b and 37b as final product and 37c a mixture of 37c and
the parent 4-(dimethylamino)benzaldehyde. Compounds 38
and 39 are attractive substrates for fluorine-containing
heterocycles.[43] The reaction of TFAA with nicotinaldehyde
dimethylhydrazone 41 gave 42 as the sole product acetylated
at the azomethine carbon (Scheme 8), whereas the reaction
of furancarbaldehyde hydrazone 43 proceeded at the 5-posi-
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tion to afford a mixture of 44 and 45 in 68 and 5% yield,
respectively. In order to obtain 45 as the sole product, an
eightfold excess of TFAA was necessary.[42]

Scheme 8. Trifluoroacetylation of the dimethylhydrazones of the
pyridine- and furancarbaldehydes.

6.2. Trifluoroacylation of Saturated Aliphatic Aldehyde
Dialkylhydrazones

Both acetaldehyde and propionaldehyde dimethylhydraz-
one 46a,b showed remarkable resistance towards TFAA un-
der mild conditions and did not allow substitution at the
azomethine carbon to afford 47 at room temperature
(Scheme 9). Steric hindrance by the alkyl substituents at the
azomethine carbon was supposed to be responsible[44] (see
also Chapter 7).

Scheme 9. Reaction of TFAA with acetaldehyde and propionalde-
hyde dialkylhydrazones.

When 46a,b were treated at 80 °C in a sealed tube, unex-
pected N-acetyl enamines 48a,b were obtained in good
yields as a consequence of the enhydrazine character of 46,
but no 47 was formed. The bulky diisopropyl groups at the
terminal nitrogen atom suppressed the undesirable N-at-
tack. So, acetaldehyde-, propionaldehyde-, and phenylacet-
aldehyde diisopropylhydrazones 49 were readily converted
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into corresponding hydrazones 50, acylated at the carbon
atom. Formaldehyde dimethylhydrazone 51 (NAlk2 =
NMe2), which is not able to form a tautomeric enhydrazine,
was acylated predominantly at the azomethine carbon atom
to give 52, although undesirable adduct 53 was simulta-
neously formed. Best yields resulted under higher dilution
at – 40 °C (Scheme 10).

Scheme 10. Trifluoroacylation of formaldehyde N,N-dialkylhydraz-
ones bearing methyl or bulky substituents at the amino nitrogen
atom.

As expected, by using the bulky N,N-diisopropylamino
group, or the N-tert-butyl-N-methyl and N-phenyl-N-meth-
ylamino substituents, undesirable N-attack was inhibited to
yield C-acylated compounds 54a–c as the sole products.
Hojo and colleagues also examined the bis(trifluoroacetyl-
ation) of formaldehyde hydrazones.

The diisopropylhydrazone derivative afforded 55
(Scheme 11), whereas the dimethylhydrazone derivative af-
forded a mixture of mono and diacetylated formaldehyde
hydrazones and heterocyclic compounds.[44]

Scheme 11. Bis(trifluoroacylation) of formaldehyde N,N-diisopro-
pylhydrazone.

6.3. Trifluoroacylation of Unsaturated Aldehyde
Hydrazones

α,β-Unsaturated aldehyde hydrazones react, depending
on their substituents, either at the azomethine carbon atom
or at the vinylogous position. Thus, trifluoroacylation of
acrolein and methacrolein hydrazones 56 occurred preferen-
tially at the terminal 3-position to afford 57 (Scheme 12).[44]

Compounds 57c,b owe their high yields to the protecting
effect of the bulky isopropyl substituents and the methyl
group in 2-position, respectively. This protection from N-
acylation is absent in acrylaldehyde hydrazone 56a; there-
fore, adduct 58 also forms alongside 57a.

In contrast, the diisopropylhydrazone of cinnamaldehyde
59b was not attacked at the terminal position, and the di-
isopropylhydrazone of crotonaldehyde 59a only gave 61 in
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Scheme 12. Trifluoroacylation of α,β-unsaturated aldehyde hydraz-
ones.

19% yield. Both the phenyl and methyl substituents pro-
vided steric hindrance to conjugative attack at the terminal
olefinic carbons; hence, the reactions at the azomethine car-
bon atom to give 60a,b was favored.

7. Reactions of Formaldehyde Dialkylhydrazones
with Some Other Acylating Reagents

Formaldehyde hydrazones also react with milder acylat-
ing agents such as 62a–i[44] (Scheme 13). Thus, the reactions
of formaldehyde dimethylhydrazone with trichloroacetyl
chloride, ethyl chloroglyoxylate, and phenylglyoxylyl chlo-
ride afforded acylated compounds 63a–c and those of form-
aldehyde diisopropylhydrazone gave 63d–f. The reactions of
the diisopropylhydrazones additionally proceeded with ace-

Scheme 13. Reaction of formaldehyde dialkylhydrazones with
weaker acylation reagents.
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tyl-, pivaloyl-, and benzoyl chloride to form 63g–i. The re-
action of formaldehyde hydrazone (2 equiv.) with oxalyl di-
chloride delivered compound 65.

A summary of the results presented so far indicates that
the substituents at the amino groups are not entirely re-
sponsible for steric influences. Steric hindrance is also
caused by substituents at the azomethine carbon atom.[44]

Therefore, the reaction of formaldehyde hydrazones lacking
substituents proceeds smoothly with milder electrophiles,
too, and thus, they rank among the most reactive aza-en-
amines. This fact is also confirmed by the reactions demon-
strated in Scheme 14. They only take place with formalde-
hyde hydrazones.

Scheme 14. Reactions of formaldehyde dialkylhydrazones 51 with
(a) hydroxamic acid halides 66 to form hydroxyimino hydrazones
67;[45] (b) 1,1�-thiocarbonyl bis(triazole) 68 to form the dimethylhy-
drazones of thioglyoxalyl-1,2,4-triazole 69, but no reaction takes
place with 1,1�-thiocarbonylbis(imidazole); the reaction of acetal-
dehyde N,N-dimethylhydrazone with 68 does not proceed;[46] (c)
chloral 70 to form 2-hydroxy-3,3,3-trichloro-1-propanone hydraz-
ones 71;[47] (d) methyl acrylate 72 to form methyl 1-(dimeth-
ylamino)azetidin-3-carboxylate 73,[48a] but see ref.;[48b] however, the
reaction with acrylonitrile 2-dimethylamino propenonitrile results
in [2+3] dipolar cycloaddition with urotropine as a byproduct; (e)
phthalazine 74 to form addition product 75;[49] (f) itself to form
head-to-head dimer glyoxal bis(hydrazone) 76; here, 51 acts as both
a nucleophile and an electrophile.[50]

For further reactions of formaldehyde dialkylhydrazones,
especially in asymmetric syntheses, see Chapters 11–13.
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Nucleophilic formylation with immobilized formalde-
hyde tetramethylene hydrazone was also investigated.[51a,51b]

This technique of polymer-assisted solution-phase (PASP)
syntheses has advantages over the conventional applications
in liquid phase such as the ease of separation of the sup-
ported species from a reaction mixture by filtration and
washing, the opportunity to use an excess amount of the
reagent to force the reaction to completion without causing
workup problems, and the adaptability to continuous-flow
processes.[51c] Solution synthesized (3R)-1-(tritylamino)-3-
pyrrolidinol was anchored to the Merrifield methylpolysty-
rene resin through an ether bridge to afford 77, which was
thus immobilized. Compound 77 was then deprotected to
afford 78, which was then treated with formaldehyde to af-
ford 79 (Scheme 15). On the basis of the results of Lassa-
letta and Fernandez working in the liquid phase,[52] Fmoc-
phenylalaninal 80 was used as an electrophilic substrate that
gave a mixture of desired α-hydroxyaldehyde hydrazone 81
and byproduct 82 was formed by aldehyde exchange. Com-
pound 83 protected at the OH group by TBS chloride was
finally cleaved by oxidation to 84 whose structure was con-
firmed after purification by preparative HPLC by 1H and
13C NMR spectroscopy.

Scheme 15. Nucleophilic formylation of Fmoc-phenylalaninal 80
by polymer-supported formaldehyde N,N-tetramethylene hydraz-
one 79 to afford α-hydroxyaldehyde 84 [probably anti product
(2S,3S)].

Now the focus is directed on further nucleophilic acyla-
tions through the hydrazone linker strategy, such as an ex-
pansion to any α-aminoaldehydes or also an acceleration
of these reactions by catalysts.[51a] Also remarkable is the
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phenylation with mild picryl chloride. However, to date, this
reaction has only been performed with the vinylogous aza-
enamine furan-2-carbaldehyde dimethylhydrazone[53] and
not with the formaldehyde hydrazone itself (Scheme 16).

Scheme 16. Reaction of picryl chloride with furan-2-carbaldehyde
dimethylhydrazone.

The pronounced tendency of the hydrazones of five-
membered heterocycles for nucleophilic attack of electro-
philic substrates at the 5-position may be due to the fact
that this ω-position, unlike the azomethine position, is free
of sterically hindered substituents, which is in analogy to
the free formaldehyde hydrazone.

8. Nucleophilic Additions of Vinylogous Aza-
Enamines to Activated Double Bonds

Vinylogous aza-enamines are N,N-dialkylhydrazones of
unsaturated aldehydes. To them belong the noncyclic hydraz-
ones of acrylaldehyde-type derivatives as well as the alde-
hyde hydrazones of the five-membered heterocycles. Bond

Scheme 17. Formation of benzoins from furan-2-carbaldehyde and N-methylpyrrole-2-carbaldehyde dimethylhydrazones and phenylgly-
oxal hydrate.
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formation occurs preferentially at the ω-position according
to canonical structures 27� and 56� to afford unsaturated
aldehydes after hydrolysis. Besides the nucleophilic substitu-
tion reactions presented in 36, 44, 57, 61, 85, and in subse-
quent examples, nucleophilic additions to activated double
bonds are also known. A first example already demon-
strated is the addition of furan-2-carbaldehyde hydrazone
27 to the C=N bond of sulfonyl isocyanate, which affords
28 (Scheme 5). Benzoins 89 were formed smoothly by reac-
tion of hydrazones 87 with less-reactive phenylglyoxal hy-
drate 88 at room temperature (Scheme 17). Such a reaction
was found to be impossible with unsubstituted heterocy-
cles.[54]

Less-stable α-benzoins 89 isomerize to β-benzoins 90;
some benzil 91 was formed by atmospheric oxygen. To re-
generate the parent carbonyl functionality, both α- and β-
benzoins were methylated, and hydrazonium iodides 92 and
93 were hydrolyzed to aldehydes 94 and 95.

Also described are the addition reactions of 96 to
Michael acceptors such as azodicarboxylate 97 to afford
98.[55] The addition of 96 to acetylenedicarboxylate 99 and
to tetracyanoethylene 102 to afford 100[56] and 101,[57]

respectively, have also been documented, but the latter reac-
tion may possibly proceed by an addition–elimination
mechanism (Scheme 18).

This course is remarkable, because both furan-2-carbal-
dehyde dimethylhydrazone 96 (X = O) as a good diene ex-
emplified by the synthesis of 103[58] and the three electron-
deficient substrates as dienophiles are well-known partners
in the Diels–Alder reaction.[59] To his surprise, Potts found
that 43 acts similarly towards 1,4-benzo- and 1,4-naphtho-
quinone 104 as well as towards quinoline-5,8-dione and iso-
quinoline-5,8-dione 105. Instead of the expected oxidized
Diels–Alder cycloaddition product 106, Michael adducts
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Scheme 18. Nucleophilic formylations by the addition of 2-carbal-
dehyde dimethylhydrazones of five-membered heterocycles to
Michael electrophiles, and the Diels–Alder addition of furan-2-
carbaldehyde dimethylhydrazone to maleinanhydride and malein-
imide, respectively.

107 were obtained without a catalyst in the presence of at-
mospheric air[58b] (Scheme 19). When 43 was treated with
1,4-naphthoquinone in the presence of a catalyst under an
inert atmosphere and at low temperature naphthoquinole
108 was isolated, because oxidation to quinone was avo-
ided. Compound 107 was hydrolyzed with aqueous HCl,
which led to aldehyde 109. It should be pointed out that
formaldehyde dimethylhydrazone 51 undergoes Michael ad-
dition to conjugated enones under mild conditions, as dis-
covered by Fernandez, Lassaletta et al.[60] but towards
naphthoquinone 104 it is inert at room temperature and
at 80 °C[61] (Scheme 19), which is in contrast to furan-2-
carbaldehyde dimethylhydrazone 43.

Only activated naphthoquinone 111 bearing two dif-
ferent electron-withdrawing groups on the same carbon
atom allows the formaldehyde hydrazone to undergo
Michael addition to form 112[61b] (see also refs.[62a,62b,48b]).
These facts suggest that furancarbaldehyde hydrazones �
perhaps as a consequence of a free 5-position that is steri-
cally not hindered by a substituent � might react in the
same way or even better as an acyl anion equivalent than
the corresponding formaldehyde hydrazones in comparable
reactions.

Noncyclic vinylogous aza-enamines can also be added to
Michael acceptors. Although dialkylhydrazones of unsatu-
rated aldehydes are used very often as 1-amino-1-aza-1,3-
dienes in the Diels–Alder reaction (see Chapter 10), they
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Scheme 19. Michael addition of the dimethylhydrazones of fu-
rancarbaldehyde 43 and formaldehyde 51 to quinones: comparison
of their reactivities.

can in certain cases also act as vinylogous acyl anion equiv-
alents to give linear noncyclic Michael adducts with elec-
tron-deficient dienophiles. Thus, the reactions of acyloxy-
methylidene–malonodinitriles 113 with cyclopentadiene, cy-
clohexadienes, and anthracenes led to the Diels–Alder
products, for example, 114,[63a] but the reactions with acryl-
aldehyde hydrazones 115 gave Michael adducts 116 with a
terminal formyl group after hydrolysis[63b] (Scheme 20). In
addition, tricyclic ketone 117 did not provide expected
[4+2] cycloadduct 118 with methacrylaldehyde hydrazone,
but rather the unusual 1,4-addition product, probably be-
cause of the enhanced stability of indoline 119.[64] Finally,
Batty and Langlois found that 2-alkenyl-4H-1,3,4-oxadiaz-
ines 120, by the authors also understood as vinylogous aza-
enamines, do not react as 1-aza-1,3-dienes to afford cyclic
products, but they do react with polar dienophiles to give
linear addition products 121 and 122.[65] With these exam-
ples the possibilities of the vinylogous aza-enamines to react
as acyl anion equivalents with Michael electrophiles are cer-
tainly not exhausted yet.
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Scheme 20. Vinylogous aza-enamines reacting as acyl anion equiva-
lents with electron-deficient dienophiles to give linear Michael-ad-
dition products.

9. Carbon–Heteroatom Bond Formations

Koldobskii and Lunin brominated formaldehyde dimeth-
ylhydrazone (51a) to stable dibromo derivative 123 that was
treated with vinylmagnesium bromide to afford 124[66]

(Scheme 21). Whereas crotonaldehyde (125) adds bromine
at the 2,3-positions to afford after treatment with base 2-
bromobut-2-enal (126), crotonaldehyde N,N-dimethylhy-
drazone (127) reacts as a vinylogous aza-enamine at the 3-
position to give 3-bromobut-2-enal dimethylhydrazone
(129), which was hydrolyzed to 3-bromobut-2-enal (130).[67]
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Scheme 21. Bromination of 51a and subsequent reaction with vi-
nylmagnesium bromide. Reaction of crotonaldehyde dimethylhy-
drazone (127) with halogens and other electrophiles.

Here the umpolung caused by the electron-releasing
amino component is clearly demonstrated. Severin and co-
workers assume 128 to be the intermediate. Analogous
products resulted by using Cl2, N-chlorosuccinimide, and
I2. In the same fashion, phenyl- and 2-nitrophenylsulfenyl
chloride (PhSCl), phenylsulfinyl chloride (PhSOCl), and ni-
tryl tetrafluoroborate (O2N+ BF4

–) attacked the crotonalde-
hyde dimethylhydrazone at the same 3-position to afford
131. Compound 132 was obtained by hydrolysis.

Mühlstädt and Weber treated both cinnamaldehyde and
crotonaldehyde tetramethylene hydrazone 133 with disulfur
dichloride and obtained 3-imino-3H-1,2-dithioles 135. They
supposed an addition–elimination mechanism via interme-
diate thiosulfenyl chloride 134 in accordance with the aza-
enamine character of the hydrazones[68] (Scheme 22). In the
opinion of the authors, the unexpected formation of 5-aryl-
3-methyl-1,3,4-thiadiazole-2(3H)-thiones 137 from dimeth-
ylhydrazones of aromatic aldehydes 136 and sulfur dichlo-
ride or disulfur dichloride also proceeded by electrophilic
attack at the azomethine carbon atom as the first step.[69]

From benzaldehyde-N,N-tetramethylene hydrazones 138a–e
and sulfur dichloride, novel pyrrolo[2,1-b]-1,3,4-thiadi-
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azoles 140a–d were formed with 141b,e and 142b,c as side
products. In the presence of triethylamine (2 equiv.), 2:1 in-
sertion product 143 was obtained from 138b. Compound
139 is not isolable and may be an intermediate in the forma-
tion of 140 and 143. The reaction between benzaldehyde
hydrazones 144 and 4-nitrophenylsulfenyl chloride 145
yielded mixtures consisting of 146 and 147. The authors
concluded from the experimental facts as well as from theo-
retical considerations and 1H NMR spectroscopic data that
the initial attack occurred at the azomethine nitrogen atom
to form 146 in contradiction to the aza-enamine concept.

Scheme 22. Reactions of aldehyde N,N-dialkylhydrazones with sul-
fur dichloride and disulfur dichloride (top) and with 4-nitrophen-
ylsulfenyl chloride (bottom).
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Rearrangement to C-sulfenyl diazenium salt 147 allows
subsequent HCl elimination to afford 148.[70]

Tolmachev and colleagues phosphorylated crotonalde-
hyde dimethylhydrazone (127) (Scheme 23). In this case,
too, attack with PBr3 took place at the carbon 3-position
and led first to hydrazonoyldibromophosphane 149, which
was stable only in solution. Ethanol and dimethylamine or
diethylamine, respectively, as additives yielded stable 4-
(N,N-dimethylhydrazono)but-2-en-2-yl[diethoxy or bis(dial-
kylamino)]phosphanes 150.[71]

Scheme 23. Carbon–phosphorus bond formation with crotonalde-
hyde and formaldehyde dimethylhydrazones.

Formaldehyde dimethylhydrazone 51a was substituted at
the azomethine carbon in the same fashion to furnish 153.
In contrast to the crotonaldehyde hydrazone, 51a was at-
tacked also by the less reactive diphenyl chlorophosphane
to afford 154, which thus proves its higher nucleophilic po-
tential. Tolmachev and coworkers pointed out that hydraz-
ones 150, 153, and 154 (Scheme 23) are the first representa-
tives having a PIII atom at an azomethine carbon atom or
at a carbon atom vinylogous to it. These compounds can
be converted with air, sulfur or phenylazide into oxide 151,
into thiones 152, 155, and 156, or into hydrazonomethyl-
phosphonimidic acid bis(amide) 157, which are all examples
containing a pentavalent phosphorus atom. The authors
also posphorylated furan- and thiophene-2-carbaldehyde
N,N-dimethylhydrazones 158 with phosphorus tribro-
mide[72] (Scheme 24). In this case, the aldehyde hydrazono
group also directed the electrophile at the vinylogous 5-po-
sition to form 159. Depending on the molar ratios, two or
all three bromine atoms can be substituted to afford 162
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and 163. The authors emphasized that the unsubstituted
furan and thiophene five-membered ring heterocycles do
not react with PBr3 under analogous conditions. In most
cases the hydrazones were hydrolyzed to parent aldehydes
165 and 161.[72] However, this way via the trimethylhydraz-
onium iodides (see Scheme 17) could only be performed
with compounds 164 and 160, which contain a pentavalent
phosphorus atom, otherwise the phosphorus(III) center
would be methylated.

Scheme 24. Reactions of the furan- and thiophene-2-carbaldehyde
dimethylhydrazones with phosphorus tribromide and subsequent
reactions.

When the 5-position is occupied in compounds such as
166, electrophilic attack occurs at the vinylogous 3-position
of the heterocyclic nucleus to afford 167 and 168[73a]

(Scheme 25). By subsequent reactions, compounds 169,
170, and 171 were formed. In 164, all three heterocyclic
nuclei are phosphorylated to provide 172.

The reactions of N-methylpyrrol-2-carbaldehyde dimeth-
ylhydrazones with phosphorus tribromide and the subse-
quent reactions proceed in similar manner.[74] For phos-
phorylation at the 4-position of the 5-(diethylamino)fu-
rancarbaldehyde dimethylhydrazone see ref.[73]

Most of the phosphorylated compounds and subsequent
products presented in Schemes 23, 24, and 25 are stable so-
lid substances with defined fluid points. Several of them are
even distillable. Finally, anthracene-9-carbaldehyde N,N-di-
methylhydrazone was also phosphorylated and yielded, af-
ter treatment with morpholine and sulfur, 10-dimorpholi-
dothiophosphoryl derivative 173 (Figure 3).[75]
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Scheme 25. PBr3 attack at the 3-position of furan-2-carbaldehyde
hydrazone containing a blocked 5-position.

Figure 3. Anthracene-9-carbaldehyde N,N-dimethylhydrazone
phosphorylated at the 10-position.

10. Aza-Enamines as Electron-Rich Dienes and
Dienophiles in the Diels–Alder Reaction

In the previous chapters, the aza-enamines were pre-
sented as acyl anion equivalents that were capable of form-
ing linear noncyclic products, but these compounds are also
valuable substrates in the Diels–Alder reaction as both elec-
tron-rich dienes and electron-rich dienophiles. Before con-
cluding this part of our review, this interesting variant must
be mentioned briefly. However, it does not concern a revers-
ible umpolung, but an irreversible one. Whereas methacryl-
aldehyde 174 reacts as an electron-deficient dienophile with
electron-rich dienes such as cyclopentadiene to afford
175,[76] Ghosez revealed that the aldehyde in the form of
dimethylhydrazone 115 acts as an electron-rich 1-amino-1-
aza-1,3-diene and furnishes Diels–Alder cycloadducts with
electron-deficient dienophiles. Thus, the reaction of meth-
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acrylaldehyde N,N-dimethylhylhydrazone 115 proceeded
smoothly with naphthoquinone and maleic anhydride to af-
ford 176 and 177[77] (Scheme 26).

Scheme 26. Diels–Alder addition of electron-rich aza-enamine
methacrylaldehyde N,N-dimethylhydrazone as diene to electron-de-
ficient maleic anhydride and naphthoquinone.

This synthetic principle has frequently been applied. The
dimethylhydrazones of crotonaldehyde,[78] acrylaldehyde, as
well as 2-fluoroacrylaldehyde were examined and led espe-
cially with quinones as dienophiles to interesting fused
polycyclic aza-heterocycles.[79] Fillion and coworkers gave a
good survey of this field.[80] Ghosez also presented asym-
metric Diels–Alder reactions with chiral 1-amino-1-azadi-
enes using SAMP-hydrazones.[81]

A significant difference does not exist in the properties
of the aza-enamines used either for the Diels–Alder reac-
tions or for the nucleophilic acylations: in both cases the
system profits from the electron density caused by the elec-
tron-donor effect of the dialkylamine ligand. In both cases
the hydrazones react with electron-deficient species. The
only difference is that the electron-density is formally local-
ized at the azomethine carbon atom or at a vinylogous posi-
tion in the case of the nucleophilic acylation and delocal-
ized over the π-electron system in the case of the Diels–
Alder additions. The examples presented are Diels–Alder
additions with normal electron demand in the sense of the
Alder rule. This rule states that in many cases electron-do-
nating ligands in the diene and electron-withdrawing li-
gands in the dienophile accelerate the reaction.[82] However,
the aza-enamines can react not only as electron-rich dienes
but also in reactions with inverse electron demand as elec-
tron-rich dienophiles. Thus, both electron-rich formalde-
hyde[84c,84d] and benzaldehyde hydrazones[84b,83] 15 undergo
[4+2] addition with acceptor-substituted tetrazine 178,
which leads to nitrogen gas evolution and to triazine deriva-
tives 179 and 180[83] (Scheme 27; see also Scheme 14, point
e). Whereas with crotonaldehyde dimethylhydrazone 181 (R
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= Me) the C=C bond in the 2,3-position is incorporated
into the heterocyclic ring to yield 182, cinnamaldehyde hy-
drazone 181 (R = Ph) provided a mixture of 183 and 184.
Thus, both the 2,3-double bond and the azomethine double
bond can be involved in the heterocyclic ring.[84a]

Scheme 27. Electron-rich aza-enamines as dienophiles in Diels–Al-
der reactions with inverse electron demand.

11. Formaldehyde N,N-Dialkylhydrazones as
Formyl Anion and Cyanide Equivalents:
Applications in Conjugate Additions

Formaldehyde N,N-dialkylhydrazones 51 constitute a
case of particular importance in the context of their use as
umpolung (d1) reagents for two main reasons: (1) the aza-
enamine reactivity seems to be particularly affected by ste-
ric factors, and therefore, there is an enhanced nucleophilic-
ity in formaldehyde derivatives that enables the reactions
with a much broader variety of electrophiles, (2) relative to
other acyl anion equivalents, there are fewer alternatives for
the nucleophilic formylation reaction, particularly in the
field of asymmetric synthesis.

In addition to the information collected in the chapters
presented so far, it was during early investigations in the
cycloaddition reactions of monosubstituted hydrazones 185
with nitroalkenes 186 that we first recognized the particular
behavior of formaldehyde derivatives.[85] In these reactions,
the regioselectivity is assumed to be controlled by the first
nucleophilic attack. In general, the attack by the NH group
to the electron-deficient β-carbon of the nitroalkene re-
sulted in the regioselective formation of pyrazoles 187, pre-
sumably through hydrazonium–nitronate intermediates A
(Scheme 28). In sharp contrast, we found that reaction of
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formaldehyde phenylhydrazone 188 unexpectedly led to re-
gioisomeric pyrazole product 189. Assuming a stepwise
(asynchronous) cycloaddition pathway, this result suggested
that the initial attack takes place at the azomethine carbon
atom, which leads to the final product via diazenium–ni-
tronate intermediates B. Thus, this was not only one more
example of the aza-enamine reactivity of hydrazones, but it
also provided an indication of a much higher nucleophilic
reactivity that exceeds even that of the NH group. Stimu-
lated by these unexpected results, we decided to explore the
synthetic potential of these compounds as d1 synthons.

Scheme 28. Regioselective cycloaddition of hydrazones and nitroal-
kenes.

11.1. Michael Addition to Nitroalkenes

In order to avoid competitive reactivity at nitrogen, N,N-
dialkyl-substituted formaldehyde hydrazones 51 were cho-
sen as the reagents in further studies. With these com-
pounds, reactions at this center would expectedly lead to
reversible formation of hydrazonium adducts. On the basis
of the above-mentioned observations, their reactivity to-
ward conjugated nitroalkenes 199 was investigated first.
These readily available compounds exhibit extraordinary
electrophilic reactivity (among the strongest neutral π-elec-
trophiles known) that has been extensively exploited in
Michael-addition reactions of many different nucleo-
philes,[86] whereas the rich chemistry of the nitro group has
enabled the synthesis of an impressive array of compounds.
Noteworthy, however, is that the nucleophilic formylation
has never been reported.

Simplest formaldehyde N,N-dimethylhydrazone 51a and
several simple aliphatic and aromatic nitroalkenes 186 were
used in the first studies. The results fully confirmed the ex-
pected reactivity, as desired β-nitrohydrazone adducts 191
were obtained in excellent yields.[87] The reaction is thought
to proceed via diazenium intermediates 190, which are
acidic compounds that are known to readily regenerate the
hydrazone moiety as depicted[88] (Scheme 29). Interestingly,
the addition reaction takes place spontaneously at room
temperature in the absence of any catalyst or promoter; a
fact that reflects the nucleophilicity of the neutral reagent.

β-Nitrohydrazones 191 obtained as products are interest-
ing bifunctional compounds, which can be considered as
masked 1,3-dicarbonyl compounds, as both the nitro group
and the hydrazone moiety can be transformed into carbonyl
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Scheme 29. Reaction of formaldehyde N,N-dimethylhydrazone 51a
with nitroalkenes 186.

groups by means of the Nef reaction and hydrazone cleav-
age, respectively.[25a] The synthetic equivalence of reagent
51a with a “formyl anion” was demonstrated after removal
of the hydrazone moiety by ozonolytic cleavage of the C=N
bond of adducts 191, which afforded corresponding β-nitro-
aldehydes 192 in good yields (Scheme 30).

Scheme 30. Synthesis of β-nitroaldehydes 192 and β-nitronitriles
193.

Additionally, the oxidative transformation of the hydra-
zone moiety of 191 into β-nitronitriles 193 was also ac-
complished cleanly by applying the method previously de-
veloped for simple N,N-dimethylhydrazones.[89,96] The
method uses commercially available magnesium monop-
eroxyphthalate hexahydrate (MMPP·6H2O) as the oxidant
and proceeded under very mild conditions (MeOH, 0 °C)
to afford nearly quantitative yields of products 193. The
proposed mechanism consists of the N-oxidation of the
amino nitrogen atom followed by an aza-Cope-type elimi-
nation, supported by the detection of N,N-dimethylhydrox-
ylamine 194 in the reaction mixtures.

This is also a valuable result that demonstrates the syn-
thetic equivalence of reagent 51a with the cyanide anion
and, in this particular case, provides an indirect method for
the conjugate cyanation of nitroalkenes. Therefore, the neu-
tral and soft character of the nucleophile is the key for the
cyanation reaction of nitroalkenes that was not previously
performed in a direct fashion, probably due to the easy po-
lymerization of these substrates under more basic condi-
tions. This formylation and cyanation method was also ex-
tended to some carbohydrate-derived nitroalkenes for the
synthesis of branched-chain sugars.[90,91]

Once the conditions for the new acylation and cyanation
of nitroalkenes were established, we decided to study the
asymmetric version of the key addition reaction. To this
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aim, commercially available (S)-1-amino-2-methoxymeth-
ylpyrrolidine (SAMP) was chosen as the chiral auxiliary.
The corresponding formaldehyde hydrazone, (S)-51b, was
readily prepared by reaction with paraformaldehyde[92] and
used as the reagent in the reaction with a series of prochiral
nitroalkenes 186. We were glad to observe that the reaction
took place as for the achiral reagent to afford exclusively
the expected (E) configured α-substituted β-nitroaldehyde
SAMP-hydrazones (S,S)-195 in excellent yields
(Scheme 31).[91,92b,93] High diastereoselectivities (de
90�98%) were achieved for aliphatic substrates by carrying
out the addition reaction at low temperatures without af-
fecting the yields (90–95%). The reaction at such low tem-
peratures indicates a higher reactivity of 51b relative to that
of achiral reagent 51a, a structural effect that can be ex-
plained, as in related enamines with the more efficient n�π
conjugation associated with the pyrrolidine ring.[94]

Scheme 31. Asymmetric synthesis of β-nitroaldehydes 192 and β-
nitronitriles 193.

β-Nitro-SAMP-hydrazones (S,S)-195 were transformed
into corresponding β-nitroaldehydes (S)-192 by ozonolytic
cleavage of the hydrazone moiety, in full analogy with the
N,N-dimethyl derivatives, and the auxiliary can be recycled
through a well-known procedure.[95] Additionally, the
method developed for the cleavage of N,N-dimethylhydraz-
ones 191 by MMPP proved to be also suitable for the
cleavage of SAMP-hydrazones 195,[91,92b,89b] which afforded
optically enriched nitriles (S)-193 in excellent yields
(Scheme 31). Thanks to the mild conditions required, both
transformations were found to proceed without racemiza-
tion, in spite of the sensibility of the stereogenic centers
of the products. Therefore, formaldehyde SAMP-hydrazone
51b proved to be not only a neutral, chiral formyl anion
equivalent, but a chiral cyanide anion equivalent as well.

The high degree of diastereoselectivity originated by the
remote chiral center in the auxiliary is difficult to under-
stand unless a closed, chair-like transition state stabilized by
attractive electrostatic interaction of the developing charges
Nδ+/NO2

δ– is assumed. The diastereomeric transition state
that minimizes steric CH2OMe/NO2 interactions is consis-
tent with the absolute configuration observed for the prod-
ucts (Figure 4).
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Figure 4. Stereochemical model for the reaction of 51b and 186.

11.2. Conjugate Addition to α,β-Unsaturated Ketones

In terms of synthetic value, α,β-unsaturated ketones 196
are among the most attractive targets for the nucleophilic
formylation procedure via formaldehyde N,N-dialkylhydraz-
ones 51. In fact, 1,4-dicarbonyl products are not easy to
obtain by alternative methods, in particular in enantiomer-
ically enriched form.

We started again by studying the reactivity of the sim-
plest, achiral formaldehyde N,N-dimethylhydrazone 51a as
a model for the “racemic version” of this reaction.[60a] In
contrast to the related addition to the more electrophilic
nitroalkenes, the reactivity was not high enough for the un-
catalyzed additions to enones 196. In contrast, the acti-
vation of the latter by means of Lewis acids proved to be a
difficult task, as most of the reagents commonly used for
this purpose led to the irreversible formation of hydrazone–
Lewis acid complexes, as occurs with many other nitrogen-
containing compounds. This problem was solved by using
bulky trialkylsilyl [TBS or dimethyl(1,1,2-trimethylpropyl)-
silyl (TDS)] triflates in diethyl ether as promoters.[97] Thus,
the 1,4-addition of 51a to silyl precomplexed enones gave
rise to the formation of the desired adducts trapped as their
corresponding silyl enol ethers 197 (Scheme 32).

Scheme 32. Addition of 51a to trialkylsilyl-precomplexed enones
196.

The oxophilic character and the great steric hindrance of
the silicon acidic center make the complexation of the small
carbonyl oxygen of ketone 196 much easier than that of the
more-hindered nitrogen atoms of 51a. Interestingly, pri-
mary 1,4-adducts 198 were stable enough for chromato-
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graphic purification. Moreover, corresponding deprotected
adducts 199 could also be obtained alternatively in a “one-
pot” operation by simply quenching the reaction mixtures
with tetrabutylammonium fluoride (TBAF), so that further
use of the rich chemistry of silyl enol ethers can be envis-
aged.[98] The absence of 1,2-adducts 200, which are usually
formed as byproducts in this type of reaction, can be ex-
plained as a consequence of the neutral and extremely soft
character of the nucleophile on the one hand, and the great
steric hindrance around the silyl-activated carbonyl group
on the other hand. Thus, the contribution to the observed
regioselectivity constitutes a second reason for the choice
of such sterically demanding promoters.

Having established the optimal conditions for the ad-
dition reaction in the racemic series, studies were directed
toward an asymmetric version of the reaction.[60b] To this
end, SAMP hydrazone 51b was chosen again as the reagent.
The reactions with a variety of prochiral enones 196 acti-
vated by TDSOTf gave rise, in full analogy to the foregoing
reaction, to corresponding silyl enol ethers 201 or to free 4-
oxohydrazones 202, depending on the quenching conditions
(Scheme 33).

Scheme 33. Asymmetric Michael addition of 51b to conjugated en-
ones 196.

Again, the higher reactivity exhibited by SAMP-derived
formaldehyde hydrazone 51b with respect to that of acyclic
dimethylhydrazone 51a allows very fast reactions at tem-
peratures as low as –78 °C. Consequently, the diastereo-
selectivity of the reaction, which during preliminary experi-
ments proved to be strongly dependent on the temperature,
could be improved to excellent levels.
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Thus, the reaction proved to be highly selective
(85�98% de) for different kinds of substrates, including
five- (196a–c) and six-membered (196d) cyclic enones, as
well as aryl (196e) and alkyl-substituted (196f) acyclic en-
ones. The addition to β,β-disubstituted substrates (196c and
196d) led to products 201c,d and 202c,d containing all-car-
bon, quaternary stereogenic centers (bearing four dif-
ferently functionalized alkyl chains) in good yields and with
excellent diastereomeric excesses. This result is particularly
interesting, as such centers are commonly encountered in a
variety of natural products, and the range of methodologies
for their stereoselective generation is one of the most re-
stricted in organic synthesis.[99]

The attack of 51b occurs always at the same face of the
enone, regardless of its structure and of the geometry of the
C=C bond. A compact, cyclic, chair-like geometry for the
transition state was proposed (Figure 5). According to this
model, the steric repulsion between the CH2OMe group in
the pyrrolidine ring and both the highly demanding TDS+-
complexed oxygen atom and the R1 substituent should re-
sult in an energy much higher for II than for I, which is
in agreement with the absolute configuration and the high
induction observed.[100]

Figure 5. Stereochemical model.

The transformation of the hydrazone functionality of ad-
ducts 199 or 202 afforded a series of bifunctional building
blocks of synthetic interest. Ozonolytic cleavage and/or
HCl-mediated hydrolysis of the hydrazones in a two-phase
system afforded 4-oxoaldehydes in excellent yields, proving
again the synthetic equivalence of reagents 51a,b with the
formyl anion (Scheme 34). In addition, Jones oxidation of
the crude compounds was also carried out to yield 4-oxoac-
ids 204. The oxidative cleavage by MMPP·6H2O proved
again to be an efficient transformation, which afforded 4-
oxonitriles 205 in excellent yields. Additionally, dithioketals
206 were also obtained in high yields and without racemiza-
tion from corresponding compounds 202. These BF3·Et2O-
promoted hydrazone to dithioketal transformations are ex-
amples of a more general study,[101] whose main interest
arises from the fact that the chemistry of dithioketals (carb-
anion chemistry, desulfuration, etc.) is complementary to
that of hydrazones themselves, and also to that of the de-
protected products (aldehydes and nitriles, i.e. electrophiles)
usually obtained from them. When adducts 202 were used
as starting materials, these transformations were found to
proceed without racemization of labile stereogenic centers.
Finally, a selective, racemization-free cleavage of the hydraz-
one moiety of silyl enol ethers 201 to afford nitriles 207



R. Brehme, D. Enders, R. Fernandez, J. M. LassalettaMICROREVIEW
(Scheme 34) was satisfactorily accomplished by means of
m-CPBA in the presence of a small amount of suspended
solid NaHCO3, which was necessary to prevent partial
cleavage of the silyl enol ether moiety.[102]

Scheme 34. Synthesis of bifunctional derivatives 203–207.

11.3. Conjugate Addition to α,β-Unsaturated Lactones

The strategy developed above for the conjugate addition
of formaldehyde SAMP-hydrazone 51b to conjugated en-
ones has also been applied to α,β-unsaturated lactones
208a,b[103] A Lewis acid proved to be necessary to activate
the substrates towards the attack of reagent 51b. As ob-
served previously in the enone case,[60a,60b,104] only the use
of trialkylsilyl triflates (SiR3 = TBS or TMS) as promoters
led to the formation of desired Michael adducts (S,R)-
209a,b (Scheme 35). The lactone ring size had a marked ef-
fect on the reactivity, and hence, it was not possible to es-
tablish a general method for both types of lactones. In the
case of 5-hydro-2H-furan-2-one (208a), addition of the rea-
gent to a solution of the precomplexed lactone in THF at
–78 °C afforded desired product 209a in poor yield (20%)
but in excellent diastereoisomeric excess (de �95%). In the
case of 2-pentenolide (208b), addition of the TBSOTf pro-
moter to a cooled (–78 °C) mixture of reagent 51b and the
substrate in CH2Cl2 afforded adduct 209b in moderate yield
(54%) and good diastereomeric excess (de 80%). Com-
pound 209b was used in a subsequent deprotonation/α-al-
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kylation step. LDA at –78 °C in the presence of HMPA af-
forded better results than other bases tested (TMPLi,
tBuLi). The alkylation of the aza-enolate formed under
these conditions afforded trans α-substituted lactone hydraz-
ones 210 in variable yields (44–90%) and with satisfactory
diastereomeric excesses (de 80�98%) (Scheme 35). Inter-
estingly, the use of potassium diisopropylamide (KDA) had
a marked effect on the trans/cis ratio of the alkylated prod-
ucts in all cases, which even led to the formation of the cis
isomer as the major product in the methylation reaction
(RX = MeI).

Scheme 35. Asymmetric synthesis of β-formyl-δ-lactones and furo-
furan lactones.

Again, ensuing deprotection by ozone afforded a series
of α-alkyl β-formyl δ-lactones 211 in acceptable yields (50–
70%) and high diastereo- and enantiomeric excesses (de
�98%, ee 80–95%). These are useful building blocks, as
illustrated by their behavior upon hydrolytic cleavage.[103b]

Acidic hydrolysis with 5  HCl in a two-phase system
rapidly initiated a domino reaction that afforded furofuran
lactone derivatives 212 in excellent yields (87–98%) and
with high stereoisomeric purities (de �98%, ee 80–98%).
The reaction cascade involves cleavage of the hydrazone
moiety, opening of the lactone ring, and formation of the
furofuran lactone system through the corresponding hemi-
acetal intermediate.[105] These furo[2,3-b]furan lactones 212
are particularly interesting substructures present at various
levels of oxidation in a number of insect antifeedant clerod-
anes,[106] such as clerodin [I, R = H and caryoptin (I, R =
OAc) or mycotoxins like aflatoxin B1 (II) (Figure 6)].
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Figure 6. Furofuran motif in biologically active compounds.

11.4. Conjugate Addition to Alkylidenemalonates

The method developed for the addition of reagents 51 to
α,β-unsaturated enones or lactones could not be extended
to the formylation of simple enoates, an unfortunate fact
that is attributed to the combination of the limited reactiv-
ity of the neutral nucleophile and the lower electrophilic
character of enoates. Considering the synthetic interest for
this particular reaction, alternative enoate surrogates with
a higher electrophilic reactivity were investigated.

Alkylidenemalonates 213 appear as suitable candidates
in this context, and they present with a series of interesting
characteristics: (1) they are easily available through Knoev-
enagel condensation of malonates and different carbonyl
compounds, (2) for the most common type of malonates,
the presence of two identical carboxyl groups at the same
olefinic carbon eliminates the Z/E isomerism, which consti-
tutes a synthetic problem in other classes of substrates, (3)
the enhanced electrophilic reactivity provided by the gemi-
nal carboxylate functions allows the addition reactions to
be carried out with poorer nucleophiles and/or under

Scheme 36. Lewis acid catalyzed reactions and side reactions of 51b with alkylidenemalonates 213.
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milder conditions with respect to other Michael acceptors,
and (4) the presence of two geminal carbonyl groups pro-
vides chelating ability to these substrates, which is an essen-
tial tool for the control of the stereochemistry in metal-
promoted or -catalyzed additions. These characteristics
have stimulated extensive use of these compounds as enoate
surrogates for the addition of a variety of nucleophiles, but
only a few reports have been written on their acylation reac-
tions,[107] none of them dealing with asymmetric acylation
or formylation reactions. The precedent of the addition of
51b to nitroalkenes,[91,92b,93] which exhibit similar levels of
reactivity,[108] suggested that the addition of reagents 51 to
alkylidenemalonates 213 should also be possible under un-
catalyzed conditions or, at least, under mild conditions
compatible with the hydrazone moiety.

Disappointingly, however, 51b did not react with di-
methyl alkylidenemalonates 213 under a variety of uncata-
lyzed conditions. Again, it was necessary to activate sub-
strates 213 by means of a Lewis acid as the catalyst or pro-
moter.[48b,62b] Taking into account the chelating ability of
51b, the reaction was expected to proceed after achieving an
equilibrium between metal-hydrazone 51b·MLn and metal-
malonate 213·MLn complexes (Scheme 36).

The selection of a suitable catalyst, however, presented
some difficulties because some common Lewis acids, such
as ZnCl2, AlCl3, Ti(OiPr)4, or trialkylsilyl triflates, either in
catalytic or stoichiometric amounts, afforded desired hydra-
zono dicarboxylates 214 in low yields, due to the formation
of variable amounts of glyoxal bis(hydrazone) 215 as an un-
desired byproduct. The formation of this product can be
explained after formation of complex 51b·MLn by nucleo-
philic attack of a second molecule of the free reagent, fol-
lowed by air oxidation of the α-hydrazinohydrazone inter-
mediate.[109] In the case of aromatic substrate 213 (R = Ph),
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benzaldehyde SAMP-hydrazone 216 was also isolated as a
byproduct, even in dry media. Its formation can be ex-
plained by [2+2] cycloaddition[110] of the hydrazone to the
activated alkylidenemalonate followed by retro-cycload-
dition to the observed byproduct, along with dimethyl
methylidenemalonate, which is unstable against polymeriza-
tion.

Fortunately, it was found that catalytic amounts of MgI2

or MgBr2 in CH2Cl2 as solvent minimized the side reactions
mentioned above and led to the almost exclusive formation
of adducts 214. The observed diastereoselectivities, how-
ever, were disappointing in all cases. In light of these results,
formaldehyde hydrazones 51c–j were synthesized and used
in a second screening performed to analyze the effect of the
modified auxiliaries in the stereochemical outcome of the
conjugate addition (Scheme 37).

Scheme 37. Asymmetric addition of hydrazones 51b to alkylidene-
malonates 213.

In order to keep the reactivity of the reagent as high as
possible, the pyrrolidine ring was maintained as a common
characteristic in these reagents, as we had previously no-
ticed that this structural motif confers a high nucleophilicity
to the aza-enamine system. From this screening, pyrrolidine
51e emerged as the most convenient reagent. In the presence
of a stoichiometric amount of MgI2, compounds 214e were
obtained in excellent yields (70–98%) and variable stereose-
lectivities (dr 58:42 to 95:5). A high reactivity was found for
both aliphatic and aromatic substrates, though the opti-
mized experimental conditions were different for the two
groups of substrates. For example, optimal reaction tem-
peratures of –78 and 0 °C were applied to the addition to
aliphatic and aromatic substrates, respectively. Better induc-
tions (de 78–90%) were observed in the aromatic series,
even when the higher reaction temperature (0 °C) was ap-
plied to achieve high yields of adducts. Moreover, the re-
solving properties of the selected diphenylmethoxymethyl
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pyrrolidine auxiliary allowed easy chromatographic separa-
tion for many of the diastereomeric mixtures obtained, and
this behavior proved to be uniform for the aromatic adducts
investigated. In this way, good yields (77–93%) of optically
pure (de �98%) adducts 214e were obtained in a single re-
action step.

Regeneration of the formyl group to obtain aldehydes
217 was accomplished by ozonolytic cleavage of the hydraz-
one C=N bond in moderate yields (55–74%, Scheme 38).
Unfortunately, even aliphatic aldehydes racemized partially
during the chromatographic purification, and therefore, al-
ternative methods for the removal of the auxiliary were in-
vestigated. Fortunately, it was found again that the direct
dithioketalization of the hydrazone moiety was a suitable
reaction to this aim. Thus, treatment of adducts 214e with
ethanedithiol in the presence of an excess amount of
BF3·OEt2 (2.5–5 equiv.) as the promoter afforded desired
dithioketals 218. These are versatile intermediates, which
can also be transformed into other useful derivatives by
making use of the chemistry of the dithioketal moiety. As
an illustrative example, ultrasound-assisted Ra-Ni-mediated
desulfuration of 218 (R = Et and 2-naphthyl) was effected
to afford known malonates 219 (R = Et[111] and 2-naph-
thyl[112]) in 75 and 71% yield, respectively. As the overall
result, hydrazone 51e was used as a chiral reagent for the
asymmetric nucleophilic methylation of alkylidenemalon-
ates with the racemization-free direct dithioketalation as the
key step in this process. Other useful compounds can also
be obtained upon typical transformations of the malonate
terminus. For instance, optically pure adducts 218 readily
undergo decarboxylation under Krapcho conditions[113]

(NaCl, wet DMSO, 150 °C) to afford succinic semialdehyde
derivatives 220 in moderate-to-good yields (63–81%).

Scheme 38. Asymmetric synthesis of derivatives 217–220.
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11.5. Addition to Activated Cyclic Alkenes

Continuing our studies, we decided to investigate reac-
tions with cyclic alkenes bearing two electron-withdrawing
groups on the same olefinic carbon. They should a priori
show similar reactivity as alkylidenemalonates. The tested
substrates include α-alkylidene-β-ketonitriles (221, 222),[114]

2-methoxycarbonyl-cyclopent-2-enone (223),[115] five- and
six-membered α-alkylidene-β-diketones (224, 225),[116] com-
mercially available 3-acetylcumarine (226), and 3-ethoxy-
carbonylcumarine (227). These compounds were chosen as
substrates taking into account that some of the expected
addition products are precursors of natural carbocyclic
compounds with important biological activity. Particularly
interesting are cyclopentenone derivatives, as the resulting
adducts possess substructures present in a large number of
natural products of interest[117] including jasmonoids, and
prostaglandins, and cyclopentenoid antibiotics, such as
methylenomycin A,[118] methylenomycin B, xanthocy-
din,[119] cyclosarkomycin,[120] and sarkomycin.[121] Ad-
ditionally, compounds 221–227 have the practical advan-
tage of a stable C=C configuration, which simplifies their
synthesis and avoid considering eventual E/Z isomerization
(Scheme 39).

Scheme 39. Addition of reagents 51 to cyclic alkenes 221–227 acti-
vated by two electron-withdrawing groups.

Pyrrolidine-derived formaldehyde hydrazone 51k (R =
H)[91] showed a much higher reactivity than 51a and when
treated with compounds 221, 222, 223, and 224 the reaction
proceeded spontaneously to afford corresponding adducts
228–230k and 233k in moderate-to-good yields (50–
85%).[62a] Only the less reactive ethoxycarbonylcumarine
227 required external activation (MgI2) to afford adduct
234k in 80% yield as a 17:1 trans/cis mixture of isomers.
The products were isolated as trans/cis mixtures, obtained
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in variable ratios ranging from 3:1 in six-membered keto-
nitrile 228k to �99:1 for the less-reactive cumarine deriva-
tive 233k.

Bearing in mind the good stereocontrol observed in the
addition of bulky hydrazone 51e to alkylidenemalona-
tes,[48b,62b] the asymmetric version of the precedent addition
was carried out by using this reagent in most cases. Thus,
the addition of hydrazone 51e to alkenes 222, 224, and 225
in the presence of MgI2 as the catalyst afforded only the
two trans diastereoisomers 229e, 231e, and 232e (dr 2:1 to
5:1) in good yields (71–80%) (Figure 7). Only alkene 221
afforded a mixture of the four possible diastereomers of
228e. In the case of 223, more-hindered hydrazone 51e did
not improve the diastereoisomeric ratio obtained by the
simplest one 51b. Less-reactive cumarine derivatives 226
and 227 required the employment of formaldehyde SAMP
hydrazone 51b, which led in both cases to trans adducts
233b and 234b in a 1.3:1 diastereoisomeric ratio (dr �99:1
after column chromatography). Polymerization of cumarine
226 in the presence of MgI2 did not allow its use as a pro-
moter. Fortunately, the reaction with hydrazone 51b pro-
ceeded spontaneously at room temperature (84% yield) and
2-ethoxycarbonylcumarine 227, which is less reactive than
keto ester 226, gave the desired adduct in 75% yield.

Figure 7. Adducts 228–234.

Ozonolytic cleavage of adducts 228–234 led to corre-
sponding aldehydes 235–241 in pure form, according to 1H
NMR spectroscopic analysis of the crude reaction mixtures.
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The aldehydes, however, are highly sensitive and any at-
tempt to purify these compounds by column chromatog-
raphy by using either silica gel or florisil led to extensive
decomposition. Nevertheless, the crude aldehydes could be
used in further reactions. For instance, 228e, in spite of its
tendency to undergo β-elimination of hydrogen cyanide,
was successfully transformed into acetal 242 through the
corresponding aldehyde and isolated after protection in a
52% yield over two steps (Scheme 40). Alternative transfor-
mations have also been used to remove the chiral auxiliary.
For instance, direct dithioacetalation of adduct 234b was
achieved by reaction with ethanedithiol in the presence of
an excess amount of BF3·Et2O (2.5 equiv.) to afford desired
dithioacetal 243 in 66% yield. Finally, adduct 230b was
transformed into corresponding nitrile 244 in 54% yield by
treatment with MMPP. This compound is an interesting
precursor of the cyclopentenoid antibiotic sarkomycin.[122]

Scheme 40. Representative transformations.

12. Nucleophilic Addition of Formaldehyde N,N-
Dialkylhydrazones to Carbonyl Compounds

The addition of carbon nucleophiles to the carbonyl
group of aldehydes and ketones constitutes one of the key-
stones of modern organic synthesis. Therefore, studies on
the synthetic utility of formaldehyde N,N-dialkylhydrazones
51 as d1 synthons were completed by analyzing their (asym-
metric) addition to a variety of carbonyl compounds, and
the transformation of the resulting α-hydroxy N,N-dialk-
ylhydrazones into several bifunctional compounds.
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In addition to the antecedents mentioned in the pre-
cedent chapters for the aza-enamine reactivity of higher hy-
drazones, Katayama et al.[123] reported in 1993 that Lewis
acids catalyze the cyclization of hydrazones 245 to pyrazole
products 246 (Scheme 41). In some cases, intermediate
alcohols I could be isolated, which indicates that the reac-
tion proceeds by intramolecular nucleophilic addition of the
azomethine carbon atom to the neighbor carbonyl group.
Though the reaction was reported to fail in an intermo-
lecular fashion, the lack of success was most probably asso-
ciated to the limited nucleophilicity of aromatic hydrazones.
Trusting again the difference of reactivities exhibited by
formaldehyde derivatives 51, we decided to explore their ad-
dition to carbonyl compounds.

Scheme 41. An early precedent for the intramolecular addition of
the hydrazone azomethine carbon to carbonyl groups.

12.1. Addition to Simple Aldehydes

An initial set of experiments carried out with simple ali-
phatic and aromatic aldehydes 247 revealed that, as in the
case of most α,β-unsaturated carbonyl compounds, there is
no spontaneous addition of reagents 51 to the carbonyl
group in the absence of catalysts or promoters. The acti-
vation by Lewis acids proved not to be a trivial solution,
not only because of the formation of strong complexes with
the hydrazone nitrogen atoms, but also for the undesired
side reactions catalyzed by them. Thus, an unexpected com-
peting hydrazo transfer reaction (to 248) and/or a dimeriza-
tion of the reagent (to 249, as in the case of alkylidenema-
lonates) was observed, depending on the Lewis acid used
(Scheme 42).[47b] The formation of products 248 has been
classically explained by assuming the catalytic effect of trace
amounts of water present in the medium, which hydrolyze
the C=N bond of the hydrazone and allow the subsequent
condensation of the liberated hydrazine with the aldehyde.
However, experimental conditions as the rigorous exclusion
of water, as well as theoretical ab initio MO calculations,[124]

suggest an alternative mechanism consisting of successive
[2+2] and retro-[2+2] cycloadditions. Thus, only small
amounts of desired adducts 250 were detected under most
conditions.

Fortunately, desired products 250 could be isolated in
reasonable yields (52–81%) by using ZnCl2 or Et2AlCl as
suitable promoters and 1-methyleneaminopyrrolidine (51k)
as the reagent (Scheme 43). Noteworthy, when p-nitrobenz-
aldehyde (247, R = p-C6H4NO2) was treated with 51k in
the absence of any promoter, the corresponding 1,2-adduct
was obtained, albeit in lower yield (33%) than that ob-
tained for the ZnCl2-promoted reaction (81%). This last re-
sult prompted us to investigate the uncatalyzed addition of
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Scheme 42. Reactions and side reactions between formaldehyde
N,N-dialkylhydrazones 51 and aldehydes 247.

reagents 51 to more reactive aromatic or aliphatic aldehydes
intrinsically activated by the inductive –I effects of electro-
negative heteroatoms.

Scheme 43. Substrate-dependent spontaneous or Lewis acid pro-
moted addition of 51k to aldehydes 247.

The inductive effect of a single alkoxy group in the α-
position to the carbonyl group was found to increase the
reactivity of these substrates up to the level needed for the
spontaneous addition. In the initial experiments, the reac-
tion of α-monoalkoxy (R = BnOCH2, TBSOCH2) and α,α-
dialkoxy [R = (MeO)2CH] aldehydes, as well as chloral (R
= CCl3) and fluoral (R = CF3) also with 51k in the absence
of promoters also proceeded to afford corresponding α-hy-
droxy hydrazones 250 in good-to-excellent yields. In gene-
ral, reasonable reaction rates were observed for all sub-
strates at room temperature, which led through clean reac-
tions to the desired adducts. Interestingly, the commercial
forms of dimethoxyacetaldehyde (60% in H2O), chloral
(monohydrate), and fluoral (ethyl hemiacetal) could be used
without any previous treatment.

The development of an asymmetric version of these un-
catalyzed additions was studied with limited success.
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Though all available chiral hydrazones 51 showed excellent
reactivities, the diastereoselectivities were disappointing in
all cases. Once again, however, the (2S)-(1,1-diphenyl-1-
methoxymethyl) auxiliary of 51e operated as a resolving
agent that made easy chromatographic separation of dia-
stereomeric adducts (R)-250e and (S)-250e possible
(Scheme 44).

Scheme 44. Addition of 51e to reactive aldehydes 247.

12.2. Homologation of Carbohydrates and α-Amino Acid
Derivatives

Carbohydrate-derived aldehydes constitute a particular
group of carbonyl compounds that, generally bearing pro-
tected hydroxy groups at the α-position, should be able to
undergo the uncatalyzed reaction with hydrazones 51. This
is an interesting reaction because of the mild conditions re-
quired (an aspect of special value when handling polyfunc-
tional substrates such as carbohydrates) and for the interest
of the expected products. Therefore, we were pleased to see
that the addition of 51 to sugar-derived aldehydes 251 and
252 proceeded smoothly in dichloromethane at room tem-
perature to afford corresponding α-hydroxyhydrazones 253
and 254 (Scheme 45).[52,125]

Scheme 45. Diastereoselective addition of hydrazones 51 to carbo-
hydrate-derived aldehydes 251 and 252.

As for simple aldehydes, hydrazone 51k gave better re-
sults than the simplest dimethyl analogue 51a, which af-
forded products mixed with hydrazono transfer byproducts
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255 and 256, even in the absence of acids. The high dia-
stereoselection for the addition of 51k makes the use of chi-
ral reagents 51b or 51b’ superfluous unless an additional
diastereoselective reaction on the chiral hydrazone is envis-
aged. Double induction experiments also revealed that the
influence of the stereogenic α-center in substrate 251 or 252
is stronger than that of 51b or 51b�, and therefore, the prod-
ucts with the opposite configuration at the newly created
center cannot be prepared directly.

Lower asymmetric induction was observed for the ad-
dition of 51k to 2,3-O-isopropylidene--glyceraldehyde
(257). Corresponding adduct 258 was obtained in 70% yield
as a 79:21 mixture of (2S,3R) and (2R,3R) diastereomers,
which could be easily separated by flash chromatography
(Scheme 46).

Starting from adducts 253 and 254, direct oxidative
cleavage by MMPP under the usual conditions afforded
corresponding unprotected cyanohydrins 259 and 260 in
good yields (Scheme 47). Additionally, the protection of the
newly created hydroxy group as benzyl ethers afforded com-
pounds 261 and 262, which were efficiently transformed
into a variety of derivatives, including α-benzyloxy alde-
hydes 263 and 264 (either by ozonolysis or HCl-mediated
hydrolysis), monoprotected diols 265 and 266 (by acid hy-
drolysis and subsequent “one-pot” reduction with NaBH4),
and benzyl-protected cyanohydrins 267 and 268 (by oxidat-
ive cleavage promoted by MMPP). Starting from 258, the
same transformations were applied to the synthesis of cya-
nohydrin 269, aldehyde 271, and protected cyanohydrin

Scheme 47. Synthesis of carbohydrate derivatives.
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Scheme 46. Asymmetric addition of 51k to 2,3-O-isopropylidene-
-glyceraldehyde 257.

272. Hence, the addition of 51k to aldehydo sugars consti-
tutes a valuable alternative to the few existing methods for
their selective homologation.

In order to explore the desirable extension of this meth-
odology to α-amino aldehydes 273, the addition of 51k to
N-Boc--phenylalaninal (R = Bn) and N-Boc--leucinal (R
= iBu) was also investigated (Scheme 48). Considering the
lower electronegativity of the nitrogen atom, the N-Boc pro-
tecting group was chosen as the first option in order to
procure a reasonable inductive effect (higher aldehyde reac-
tivity), while still maintaining a relatively low steric hin-
drance with respect to other common derivatives, such as
α-dibenzylamino aldehydes. The 1,2-addition of 51k to 273
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Scheme 48. Addition of 51k to α-amino aldehydes 273 and synthesis of derivatives 276–279 therefrom.

proceeded smoothly to afford expected adducts 274 in good
yields and moderate-to-good anti selectivities, along with
small amounts (8 and 6%, respectively) of hydrazono trans-
fer byproducts 275 (Scheme 48). Both the major (2S,3S)
and minor (2R,3S) diastereomers of 274 could easily be sep-
arated by flash chromatography to get pure compounds.

A variety of densely functionalized derivatives can be
synthesized from adducts 274 upon manipulation of their
hydrazono terminus. Again MMPP was successfully used
for the racemization-free oxidative cleavage of the hydraz-
one moiety of major isomers (S,S)-274 to afford corre-
sponding β-amino cyanohydrins 276. In addition to the ad-
vantages mentioned above for the choice of N-Boc protect-
ing groups, a supplementary benefit for this protection
comes now into view: the low nucleophilic carbamate nitro-
gen of 274 easily survives the oxidative conditions needed
for the synthesis of these cyanohydrins. Standard ben-
zylation of compounds (S,S)-274 yielded derivatives 277,
which were transformed into protected β-amino-α-hydroxy
aldehydes 278 and β-amino-O-benzyl cyanohydrins 279 by
applying the usual hydrazone cleavage procedures.

For both α-alkoxy and α-amino aldehydes, erythro-con-
figured compounds were isolated as major or sole products.
The anti selectivities observed for the 1,2-addition to the
aldehyde are in agreement with the nonchelated Felkin–
Anh model for nucleophilic addition to chiral carbonyl
compounds.[126] It should be mentioned here that erythro-
α-amino-β-hydroxy acids are important components of sev-
eral biologically active compounds.[127,128]

12.3. Addition to Trifluoromethyl Ketones

In view of the observed effect of electronegative atoms
on the reactivity of aldehydes, we decided to investigate the
behavior of trifluoromethyl ketones in this context. It was
predicted that the strong activation by three fluorine atoms
in the α-position should balance the lower reactivity toward
related nucleophiles usually observed for ketones than for
aldehydes. Accordingly, hydrazones 51 were treated with
several kinds (aliphatic, aromatic, and heteroaromatic) of
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trifluoromethyl ketones 280. The 1,2-addition took place
smoothly in all cases, again in a spontaneous manner
(Scheme 49).

Scheme 49. Addition of hydrazones 51 to trifluoromethyl ketones
280.

As for aldehydes, the addition of 51k occurred faster and
in better yields than that of 51a and afforded corresponding
pyrrolidine-derived α-trifluoromethyl-α-hydroxyhydrazones
281k in good-to-excellent yields.[129] The development of a
reasonable enantioselective version of this reaction pre-
sented some more difficulties. SAMP-formaldehyde hydraz-
one 51b afforded high yields of adducts 281b, but the de
values were disappointing and the mixtures could not be
separated easily. The screening with modified, sterically
more demanding reagents 51c–e,i,j indicated a direct corre-
lation between the size of the residues at the 2�-position
of the pyrrolidine ring and the observed selectivity for the
addition; the best asymmetric inductions were achieved for
51d and 51e, which have bigger (quaternary) substituents at
this position. As in many precedent cases, crystalline 51e
proved to be the reagent of choice once again due to its
resolving properties. By using this hydrazone, all dia-
stereomeric mixtures could be easily separated by flash
chromatography, which thus allowed the isolation of both
diastereomers (S,S)- and (R,S)-281e in enantiomerically
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Scheme 50. Synthesis of α-trifluoromethyl functionalized carbinols 283, 284, and 286.

pure forms. Though the de values were not very high, the
overall result for these additions can be considered as satis-
factory, as the combination of excellent yields (82–92%)
and moderate ee values (51–81%), together with the easy
chromatographic separations, resulted in moderate-to-good
yields (42–75%) of the pure (de �98%) major (S,S)-281e
diastereomers in a single step.

The newly created hydroxy group of adducts 281k was
protected by benzylation under standard conditions (NaH,
BnBr, DMF), and products 282 were then transformed into
α-benzyloxy-α-trifluoromethyl aldehydes 283 by ozonolysis
and into benzyl-protected α-trifluoromethyl cyanohydrins
284 by MMPP oxidative cleavage (Scheme 50). Alterna-
tively, adducts 281k were methylated to 285 and trans-
formed into the corresponding α-methoxy-α-trifluoro-
methyl carboxylic acids 286 by successive ozonolysis and in
situ oxidation (NaClO2, tBuOH, isobutene) of the crude α-
methoxy aldehydes. The same reactions were applied for the
transformation of (S,S)-281e into benzyl [(S,S)-282e] or
methyl [(S,S)-285e] ethers, and for the synthesis of enantio-
pure pure α-benzyloxy-α-trifluoromethyl aldehydes (S)-283
and α-methoxy-α-trifluoromethyl carboxylic acids (S)-286.
As a limitation in this case, the MMPP-mediated transfor-
mation into nitriles was ineffective from (S,S)-282e, presum-
ably due to the presence of the bulky methoxydiphenylme-
thyl group, which hinders the required oxidation of the
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neighbor amino nitrogen atom. Enantiopure trifluoro-
methylated compounds such as (S)-283 and (S)-286 are
valuable building blocks, some of them with direct applica-
tions. For example, (S)-286 (R = Ph) is a well-known chiral
derivatizing reagent for the determination of the absolute
configuration of alcohols and amines,[130] whereas (S)-286
(R = Me) has been used as a derivatizing reagent for GC
separation of enantiomeric amino acids.[131] In addition,
enantiomerically pure, long-chain trifluoromethylated com-
pounds of this type possess promising structures as precur-
sors of liquid crystals.

13. Catalytic Activation of Electrophiles for the
Enantioselective Addition of Formaldehyde N,N-
Dialkylhydrazones

Within the last decade, the synthetic possibilities of hy-
drazones 51 in asymmetric synthesis have been associated
with the efficiency of SAMP and related proline-derived
auxiliaries. The difficult compatibility of these reagents with
Lewis acids has probably delayed the arrival of metal-cata-
lyzed enantioselective reactions, whereas the activation by
milder species as organocatalysts appears a priori to be par-
ticularly appropriate for the characteristics of these reac-
tions. In this chapter, very recent reports employing achiral
reagents 51 in the field of asymmetric catalysis are covered.
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13.1. Catalytic Activation by Lewis Acids

As mentioned, the activation of electrophilic substrates
by Lewis acids (in particular in catalytic amounts) is
troublesome due to the deactivation by the nitrogenated
reagent and/or the competence of undesired side reac-
tions.[62b,47b] Moreover, the addition of hydrazones 51 to
acyclic enoates could not be accomplished under the condi-
tions developed for enones[60] or α,β-unsaturated lac-
tones[103] probably due to the lower reactivity of these sub-
strates. Therefore, an effort was made to develop an efficient
catalytic system for this particular reaction. After several
screenings performed to identify an adequate enoate surro-
gate, Lewis acid, and chiral ligand, it was found that α-
hydroxy enones 287 can be efficiently activated by the
Zn(OTf)2/tBuBOX catalyst (Scheme 51) to afford products
288 in high yields and moderate-to-good enantioselectivi-
ties.[132] Oxidative cleavage of these products by
MMPP·6H2O readily afforded nitriles 289. Further oxi-
dation by periodic acid led to cyano acids 290 in good over-
all yields. These compounds are direct precursors of γ-
amino butyric acids (GABAs), which are relevant bioactive
compounds. In particular, the formal synthesis of pregaba-
lin 291, an anticonvulsant drug used for treatment of neuro-
pathic pain, can be accomplished from 290 (R = iBu) ac-
cording to a known procedure.[133]

Scheme 51. Catalytic asymmetric addition of 51k to α-hydroxyen-
ones 287.

13.2. Activation by Brønsted Acids or H-Bonding
Organocatalysts

Recently, the first enantioselective Brønsted acid cata-
lyzed addition of 1-methyleneaminopyrrolidine 51k to N-
Boc imines 292 was achieved in the presence of chiral BI-
NOL-derived catalysts (Scheme 52). By using 3,3�-bis(me-
thanol)-2,2�-binaphthol catalysts (BIMBOLs, 293) in this
asymmetric imino-ene-type reaction, desired adducts 294
were obtained in moderate-to-good yields and enantiomeric
excesses.[134] No reaction was observed in the absence of
catalysts, whereas BINOL itself showed little catalytic ac-
tivity. It was observed that the additional hydroxy groups
in the BIMBOL catalysts were required to increase the acid-
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ity of the catalytic system. Additionally, the diaryl function-
alities in the 3,3�-positions were also found to be essential
to the effectiveness of the catalyst.

Scheme 52. Organocatalytic addition of 51k to N-Boc imines 292.

The mild oxidation of product 294 (Ar = Ph) by using
MMPP·6H2O gave corresponding nitrile adducts 295
cleanly, in good yield without any observable racemization.
This provides an alternative route to enantiomerically en-
riched Strecker adducts without having to resort to the use
of highly toxic HCN.

Better results were obtained in the same reaction by
using phosphoric acids derived from binaphthols as cata-
lysts. A survey of hydrazones 51, imine protecting groups,
solvents, and catalyst structure was performed to reach fi-
nally products 294 with good yields and enantiomeric ex-
cesses up to 91% by using 51k, N-Boc-protected aldimines
292, and 3,3�-bis(phenanthryl)-H8-BINOL 296 in CHCl3
(Scheme 53).[135]

Scheme 53. Enantioselective Brønsted acid catalyzed addition of
51k to imines 292.

Hydrogen-bonding organocatalysts were also considered
as an alternative strategy to the approach described above
for the catalytic activation of enoate surrogates. By using in
this case β,γ-unsaturated α-keto esters 297 as enoate surro-
gates, it was found that the addition of 51k was strongly
accelerated by catalytic amounts of thioureas. The best re-
sults in terms of selectivity were achieved by employing
(1S,2R)-aminoindan-2-ol-derived thiourea 298,[136] which
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led to adducts 299 in good yields and enantioselectivities
(Scheme 54).[137] These compounds are versatile 1,4-dicar-
bonyl compounds that can be transformed into nitriles 300
by MMPP·6H2O. Additionally, ozonolytic cleavage of 299
(R = Me) afforded an unstable intermediate that was fur-
ther oxidized by a HCO2H/H2O2 mixture and treated with
SOCl2/MeOH to obtain succinate 301 resulting from deoxi-
dative decarboxylation.

Scheme 54. Enantioselective catalytic addition of 51k to β,γ-unsat-
urated α-keto esters 297.

In addition, thioureas were also used as H-bonding or-
ganocatalysts to accelerate the addition of formaldehyde
N,N-dimethylhydrazone (51a) to nitroalkenes. Thus,
whereas the uncatalyzed addition of 51a to β-nitrostyrene
proceeded to yield the expected adduct with incomplete
conversion (�50%) after 18 h, the use of thiourea 302
(20 mol-%) as the catalyst resulted in full conversion of ni-
trostyrene (186, R = Ph), which led to the isolation of 303
in 90% yield after the same reaction time (Scheme 55).[138]

The use of chiral thioureas for the enantioselective acti-
vation of nitroalkenes 186, as well as of other electrophilic
substrates is a current object of study in our laboratories.

Scheme 55. Thiourea-catalyzed addition of 51a to nitrostyrene 186.
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Conclusions

The field of the aza-enamine chemistry, started nearly
four decades ago, has emerged as a powerful tool for the
umpolung of classical carbonyl reactivity. Aldehyde N,N-
dialkylhydrazones constitute an important class of acyl, for-
myl, and cyanide anion equivalents. The most interesting
features of the title compounds lies in their neutral charac-
ter, which makes them compatible with many functional
groups, and their efficiency in the transformations that re-
lease masked carbonyl functionalities or the cyano group.
A second aspect that contributed to the successful applica-
tion of the aldehyde hydrazones is the availability of dif-
ferent proline-derived chiral auxiliaries, which can easily be
incorporated for the development of asymmetric syntheses
of a variety of densely functionalized compounds, usually
in enantiomerically pure form. Additionally, it should be
mentioned that the primary products obtained in the ad-
dition reactions retain the (chiral) hydrazone moiety. Thus,
they can be used a second time for (stereoselective) C–C
bond forming processes such as the well-established SAMP/
RAMP methodology,[139] the addition of organometallic
reagents[140] and nucleophilic free radicals,[141] and [2+2] cy-
cloadditions with alkoxy or amino ketenes.[142]

Finally, the neutral character of the reagent appears to
be particularly well suited for the development of new cata-
lytic, enantioselective reactions where Brønsted acids or H-
bonding catalysts can be used for the activation of the sub-
strates. Therefore, we are convinced that many more appli-
cations based on the combination of such organocatalysts
and formaldehyde hydrazones will appear in the near fu-
ture.
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