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Herein a review on the methods for the formation and reaction of
acyl hydrazides will be given. There is particular focus on the
synthesis of acyl hydrazides from aldehyde precursors with
examination of the various approaches (e.g. metal-based
(rhodium, copper) and non-metal-based (aerobically- and
photoorganocatalytically-initiated)) that have been used to
achieve this. Finally, strategies to utilise acyl hydrazides for the
formation of an array of useful entities will be detailed.

Acyl hydrazides (Figure 1, otherwise referred to as ‘hydrazine
imides’) represent synthetically versatile scaffolds that have
been successfully exploited for the construction of various
useful moieties such as thioesters, esters, amides' and
ketones,2 as well as building blocks for the creation of
bioactive molecules such as hydroxamic acids® and macrocylic
enamides.” They have been prepared from many methods
through the years with a substantial increase in the number of
reported methodologies in the past decade. Whilst there are
some exceptions,5 the majority of acyl hydrazides are prepared
from reaction of an aldehyde and an azodicarboxylate, which
will be the focus of the initial part of this review. The latter
part of the review will detail how these acyl hydrazide motifs
have been used in organic synthesis.

André Shamsabadi® and Vijay Chudasama*®

organic chemistry,ﬁ_14 and it has been used to good effect in

the synthesis of acyl hydrazides. Aldehydes are abundant,
readily available entities that possess an innate and distinctive
C-H bond, which makes them good candidates to participate in
C-H activation reactions. Whilst a large number of C-H
activation strategies, including those based on aldehydes,
focus on pathways leading to C-C bond formation, C-N bond
formation via this route is also an important category of
reaction in organic synthesis. The formation of the acyl
hydrazide functionality from aldehydes and azodicarboxylates
via aldehydic C-H bond activation represents one such
example in which a C-N bond is formed in a process known as
hydroacylation (Scheme 1). The good efficiency of the reaction
can be attributed to the strongly electron-deficient nature of
the N-N double bond of azodicarboxylates; the low energy
LUMO serve as an excellent radical/ionic-based15 nucleophile
acceptor.
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Figure 1 The general structure of an acyl hydrazide.
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Scheme 1 Hydroacylation of azodicarboxylate 3 with aldehyde 2 to
form azodicarboxylate 1.

Classical route to acyl hydrazides from aldehydes

The activation of C-H bonds is a popular and important area of
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The reviewing of the formation of acyl hydrazides via
hydroacylation will be separated into two sections: metal-
catalysed and non-metal catalysed processes.

Metal-catalysed

Rhodium

The first metal-mediated aldehydic C-H activation reaction
employing an azodicarboxylate as an electrophile was
published by Lee and Otte in 2004." The groups initially had
the intention to screen many transition metal catalysts in an
attempt to promote a reaction between n-hexanal 2a and
diisopropyl azodicarboxylate (DIAD) 3a (ratio of 1:1) to make
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acyl hydrazide 1aa. However, in an initial control reaction, the
reaction between n-hexanal and DIAD in THF, in the absence of
catalyst, at 25 °C was examined. They obtained an
approximate 1:1 ratio of acyl hydrazide 1aa and THF-adduct 4
(where C-H activation occurred at the ethereal a-position) with
complete consumption of the azodicarboxylate after 3 days
(Scheme 2).
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Scheme 2 The hydroacylation reaction between n-hexanal 2a and
DIAD 3a to form hydroacylation product 1aa and THF-adduct 4.

Logically, in an attempt to eliminate formation of the THF-
adduct, the reaction was carried in the absence of solvent. In
this case, whilst the desired acyl hydrazide product was now
formed exclusively the rate of reaction was very slow;
complete conversion was only observed after 14 days. In an
attempt to find a catalyst that would improve the rate whilst
retaining the selectivity for acyl hydrazide 1aa, a wide variety
of metal catalysts were screened in THF at 10 mol%.
[Rh(OAC),], was found to show the best catalytic activity with
complete consumption of the azodicarboxylate observed after
15 minutes, however, it did provide a ca. 1:1 ratio of the acyl
hydrazide 1aa and THF-adduct 4. The remainder of the
screened catalysts, which included a wide variety of Pd, Ru and
Rh species and Lewis acids, failed to show any significant
activity above the background level (i.e. no catalyst) with the
exception of [RuCl,(CgHg),], which was still ca. 20% less
efficient than [Rh(OAc),],.

A solvent screen with [Rh(OAc),], as catalyst was then
carried out to discover a reaction medium that would suppress
the formation of the undesirable solvent-adduct by-product
and promote formation of desired acyl hydrazide 1aa.
Reactions carried out in hexane and toluene resulted in very
slow reaction rates whilst use of other ethereal-based solvents
such as Et,0 and 1,4-dioxane resulted in the formation of their
respective solvent-adducts compounds —albeit to a slightly
smaller degree when compared to THF. Dichloromethane
(DCM) proved to be especially detrimental to the reaction with
no reaction observed at all, even after several days. Reaction
in ethyl acetate (EtOAc), however, provided exclusively the
acyl hydrazide product. Furthermore, [Rh(OAc),], loadings as
low as 1.5-2.0 mol% were tolerated before reaction yield was
significantly affected in a negative manner. Under the
optimised conditions (1.5-2.0 mol% of [Rh(OAc),],, 1.0 M,
EtOAc, 25 °C), acyl hydrazide 1aa was obtained in 84% yield.
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Scheme 3 Reaction was performed with 1.5-2.0 mol% [Rh(OAc),], with
a 1:1 ratio of aldehyde to azodicarboxylate in EtOAc (1.0 M) at 25 °C.

With conditions for the rhodium-catalysed procedure
optimised (Scheme 3), the scope of the reaction with respect
to aldehyde tolerance was next explored. Generally, the
reaction appeared to perform quicker with smaller aldehydes
(97% vyield in 12 h when utilising propionaldehyde) with an
increase in the number of carbon atoms roughly correlating
with a slower rate of reaction being cited. Aldehydes with
unsaturation at terminal or internal positions proceeded in
slightly lower yields due to competing ene-type reaction
pathways. With the exception of crotonaldehyde 2b
(Scheme 4, 84% vyield of acyl hydrazide 1ba), reactions
featuring a,B-unsaturation or aromatic aldehydes were rather
inefficient, with poor yields and long reaction times being
observed; the presence of electron-donating groups (EDGs) on
the aromatic moiety was particularly detrimental.
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Scheme 4 Reaction was performed with 1.5-2.0 mol% [Rh(OAc),], with
? 1:1 rﬁtio of crotonaldehyde 2b to DIAD 3a in EtOAc (1.0 M) at 25 °C
or 24 h.

A radical mechanism was postulated for the addition of
aldehyde to azodicarboxylate in the absence of catalyst and
this was supported by the inhibition of the reaction in the
presence  of  known radical scavenger, butylated
hydroxytoluene (BHT). However, no mechanism was proposed
for activation or for the formation of the product. Reaction
with a catalyst loading of 10 mol% [Rh(OAc),], was found to
proceed up to 5 mol% of BHT but with complete inhibition at
10 mol%. This led the authors to conclude that the rhodium-
catalysed reaction may proceed via radical mechanism and
that the role of rhodium catalyst was not completely clear at
the time.

Copper

This journal is © The Royal Society of Chemistry 20xx



With a view to improve on the poor vyields obtained for
hydroacylation of azodicarboxylates with aromatic aldehydes
when using [Rh(OAc)z]Z,16 Peng et al. explored the use of an
alternative metal; cheap and environmentally benign copper.17
A reaction using 2 equivalents of benzaldehyde to DIAD was
used as a model for optimisation, where various copper
species at 20 mol% were trialled; copper (ll)
monohydrate proved to be the leading candidate.

acetate

Table 1 Effect of solvent on the copper (Il) acetate monohydrate-
mediated hydroacylation of DIAD 3a using benzaldehyde 2c.

0
. N//N\COZiPr Cu(OAc),.H,0
H Lo
CO,Pr solvent, RT, 48 h
2c 3a
(e}
H
ITI/ ~Cco,Pr
CO,Pr
1ca
Entry Solvent Yield/%
1 EtOAc 98
2 MeCN 90
3 MeOH 72
4 THF 60
5 CH,Cl, 52

Reaction conditions: DIAD (0.5 mmol), benzaldehyde (1 mmol),
Cu(OACc),-H,0 (20 mol%), solvent (5 mL), RT, 48 h.

After settling on the catalyst, the influence of the reaction
medium was next explored. Although no discernible pattern
between solvent properties (e.g. polarity, viscosity) and
reaction efficiency were identified, solvent was shown to
heavily influence the reaction (Table 1). Despite the lack of a
trend within the individual series, as with the work by Lee and
Otte,'® the best yield was observed with ethyl acetate being
employed as solvent and dichloromethane was once again
shown to be amongst the worst performing solvents (Table 1).

With respect to catalyst loading, whilst amounts above 20
mol% did not improve yield, the rate of reaction rate was
slightly faster (36 h compared to 48 h). Interestingly, although
catalyst loadings below 20 mol% led to suboptimal reaction
yields, the yields were still very high (84% yield at 10 mol%)
and, perhaps as expected, the absence of catalyst resulted in a
highly inefficient reaction.

Finally, lowering the ratio of benzaldehyde to DIAD was
explored: from 2:1 to 1.2:1. Interestingly, whilst lowering the
equivalence of benzaldehyde resulted in a decrease in yield, at
the 1.2:1 cut-off in their study a high yield of 82% was still
observed. It is slightly disappointing that the reaction was not
trialled with a 1:1 ratio of starting materials to make a fair
comparison with the article by Lee and Otte,™® and that all
subsequent exemplification took place with an excess of
aldehyde (2 equivalents) as the aldehyde component is
generally perceived as the more valuable entity of the two
starting materials.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 5 Reaction was performed with 20 mol% Cu(OAc), with a 2:1
ratio of aldehyde to DIAD 3a in EtOAc (5 mL) at room temperature

The optimised conditions (Scheme 5) did provide good to
excellent yields on application of both aromatic and aliphatic
aldehydes (60—99%). There also seemed to be no reduction in
yield when employing larger aldehydes as was the case when
using the rhodium acetate catalyst.16 The use of copper (Il)
acetate monohydrate as the coupling catalyst17 generally
provided superior yields when compared to applying rhodium
() acetate,'® especially in the utilisation of electron-rich
aromatic  aldehydes. For example, application of
4-methoxybenzaldehyde provided a higher reaction yield of its
corresponding acyl hydrazide (86% compared to 46%) and a
marked improvement in the use of
4-dimethylaminobenzaldehyde (60% compared to 26%) was
also observed. Heterocyclic aldehydes were also tolerated and
gave good to excellent yields of hydroacylation product, thus
broadening the scope of the original reaction discovery further
(Scheme 6). Interestingly, unlike the work by Lee and Otte,™
no competing ene-type reactions observed on
application of copper (e.g. for reaction with an aromatic

were

aldehyde possessing a para-dimethylamino group). However,
these conclusions should all be caveated by the fact that a vast
excess of aldehyde was used and thus that if such an excess of
aldehyde was used in the presence of [Rh(OAc),], similar
yields/conclusions may have been observed/drawn.

; \M . ,T‘//N\Cozipr Cu(OAc), (20 mol%)
S H CO,Pr EtOAc (5 mL), RT, 16-72 h
2d 3a
1T
N .
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Scheme 6 Reaction was performed with 20 mol% Cu(OAc), with a 2:1
ratio of aldehyde 2d to DIAD 3a in EtOAc (5 mL) at room temperature.

Nothing definitive was determined about the mechanism
of the transformation using copper but a radical mechanism
via a chain reaction process was proposed. The radical
mechanism hypothesis was supported by observation of
complete inhibition of reaction when it was carried out with 4
mol% of hydroquinone, a radical scavenger.

Copper oxide nanoparticles

In 2012, Mandal et al. reported the use of copper (ll) oxide
nanoparticles as effective catalysts in the hydroacylation
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reaction of aldehydes and azodicarboxylates.18 The group
aimed to improve on the issues with past coupling methods
such as long reaction times and poor to no reusability of the
active catalyst. The reactions used by Mandal et al. marked the
first time a heterogeneous catalyst was effectively used to
achieve hydroacylation via azodicarboxylate functionalisation.
Initially, a solvent screen with silica-supported copper (Il) oxide
nanoparticles was conducted in a few common organic
solvents with 1.2 equivalents of aldehyde to azodicarboxylate.
The screening process showed that acetonitrile was the
optimal reaction solvent, providing the highest yield at 60 °C
(Table 2). Slightly puzzlingly, however, ethyl acetate was not
trialled in the solvent screen despite it being the best solvent
in the aforementioned metal-catalysed coupling reactions."®"

Table 2 Effect of solvent on the copper (ll) oxide nanoparticle-
catalysed hydroacylation of DIAD 3a using benzaldehyde 2c.

(0]
N ) CuO-np/SiO
+ N7 >cojpr P2
H [
CO,'Pr solvent, 60 °C
2c 3a
(0]
N
ITJ/ ~CO,Pr
CO,Pr
1ca
Entry Solvent Yield/%
1 MeCN 88
2 MeOH 73
3 1,4-dioxane 69
4 THF 62
5 Toluene 56

Reaction conditions: DIAD (1 mmol), benzaldehyde (1.2 mmol), CuO-
np/Si0, (10 mol%), solvent (5 mL), 60 °C, 24 h.

Under the optimal solvent and temperature conditions, a
few other potential reaction catalysts were trialled including
the use of copper (ll) oxide nanoparticles without silica
support (Table 3). It was shown that the silica support network
resulted in a more efficient reaction and that, under the
conditions studied, silica-supported copper (ll) oxide
nanoparticles provided superior yields to the copper (Il)
acetate previously utilised by Peng et al,” as well as to
trichlorides of ruthenium and rhodium. Finally, it was shown
that lowering the catalyst loadings led to a reduction in
reaction efficiency and that a 10 mol% loading was necessary
for good yield to be achieved.

Table 3 Effect of catalyst species on the hydroacylation of DIAD 2c
using benzaldehyde 3a.
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(0]
N ) CuO-np/SiO
+ N7 cojpr P
H L
CO,'Pr solvent, 60 °C
2c 3a
(0]
N
l\‘l/ ~Co,Pr
CO,Pr
1ca
Entry Catalyst Yield/%
1 CuO-np/SiO, 88
2 Cu(OAc), 73
3 CuO-np 69
4 RuCl3 62
5 RhCl3 56
6 Without catalyst No Reaction

Reaction conditions: DIAD (1 mmol), benzaldehyde (1.2 mmol), CuO-
np/SiO, (10 mol%) , MeCN (5 mL), 60 °C, 24 h.

With optimised conditions in hand, reactions with various
aldehydes were trialled and it was observed that aromatic
aldehydes provided comparable vyields (60—-95%) of their
corresponding acyl hydrazides when compared to the
methodology developed by Peng et al. (i.e. copper (ll) acetate
catalysis).17 Electron-rich aromatic aldehydes proved to be
better reaction partners than electron-deficient aromatic
aldehydes (e.g. use of 4-methoxybenzaldehyde achieved an
86% vyield of its resultant acyl hydrazide in 24 h whilst
4-nitrobenzaldehyde afforded a 67% vyield in 96 h). Reaction
with aliphatic aldehydes provided excellent vyields of
hydroacylation products (90—-93%) in relatively short reaction
times (15-18 h) and, consistent with previous studies,*®"
proved to be more efficient than reaction with aromatic
aldehydes.

When compared to the copper (ll) acetate monohydrate
catalyst utilised by Peng et al,"” the use of copper (Il) oxide
nanoparticles appears to be an attractive alternative due to
requiring a lower equivalence of aldehyde and a lower catalyst
loading. Furthermore, the silica-supported CuO catalyst is
easily recovered by filtration and can be recycled. Mandal et
al. showed that even after the fifth cycle of catalysing the
optimised reaction of benzaldehyde with DIAD, the change in
yield was minimal (83% from 85%)."® On average, the use of
supported copper (ll) oxide nanoparticles also allowed shorter
reaction times. However, the copper (ll) acetate monohydrate
process described by Peng et al. operates at room
temperature (Table 4); this temperature factor may be critical
when employing aldehydes that are prone to facile
decarbonylation, polymerisation or are volatile.

Table 4 Comparison of the reactions utilising copper (ll) acetate
monohydrate and copper (Il) oxide nanoparticles as catalysts for the
hydroacylation of azodicarboxylate.

Reaction .
Conditions Cu(OAc),'H,0 CuO-np/SiO,
Solvent EtOAC MeCN
Temperature
/o RT 60

This journal is © The Royal Society of Chemistry 20xx
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Alc.iehyde 5 12
equivalence
Zinc

Following from the work with copper (lI) acetate
monohydrate,”” Qin et al. studied the use of an alternative
metal catalyst (i.e. Zinc, also inexpensive and environmentally
benign) in an attempt to further improve efficiency when using
aromatic aldehydes in the hydroacylation of
azodicarboxylates.19 Taking inspiration from contemporary
reactions that employ zinc acetate as a catalyst, e.g. the
hydrosilylation of aldehydes,20 Qin et al. set about trialling zinc
(I1) acetate dihydrate as a catalyst for hydroacylation. With the
primary target of improving the yields and reaction times
when utilising aromatic aldehydes, the reaction of
benzaldehyde and DIAD (2:1 ratio) was chosen as the model
reaction to screen solvents, catalyst loading and aldehyde
equivalency. The reaction efficiency was found to be highly
dependent on solvent (Table 5) with acetonitrile proving to be
the optimal organic solvent. Interestingly, in this case, ethyl
acetate, which previously outperformed acetonitrile when
using a rhodium or copper acetate catalyst, had a limiting
effect on yield.le’17

Table 5 Effect of solvent on the zinc (ll) acetate dihydrate-catalysed
hydroacylation of DIAD 3a using benzaldehyde 2c.

COMMUNICATION

when operating even slightly below optimal conditions was
sharp, unlike when using copper (ll) acetate monohydrate.17

With optimised conditions determined, the scope of the
reaction was explored. Disappointingly, the reaction times and
yields, in all circumstances, were poorer for both aromatic and
aliphatic when compared to analogous reactions catalysed by
Cu(OAc),-H,0. Nonetheless, it can be concluded that zinc ()
acetate dihydrate is an alternative to copper (ll) acetate
monohydrate, albeit with no clearly discernible advantages at
this stage.

Tungsten

In 2013, a group led by Ryu and Fagnoni showed that the
hydroacylation of azodicarboxylates by aldehydes can be
achieved under irradiation using tetrabutylammonium
decatungstate (TBADT) as the active catalyst.21 The reaction
was initially used to activate C-H bonds in cycloalkyl or
heterocyclic substrates, where an acyl radical intermediate
could be formed through the use of carbon monoxide under
high pressure. However, the reaction conditions were also
later found to be applicable to direct aldehydic C-H bond
activation (Scheme 7), a far more efficient process to
carbonylating alkyl intermediates.

o
_N_ .
w o+ N7 cogPr
CO,Pr
2c 3a
o
Zn(0Ac), .2H,0 (20 mol%) H
N~ ~Co,Pr
solvent, RT, 48 h [
CO,Pr
1ca
Entry Solvent Yield/%
1 MeCN 80
2 1,4-dioxane 61
3 DMF 56
4 EtOAC 54
5 DCM 52
6 MeOH 51
7 THF 42
8 EtOH 38

Reaction conditions: DIAD (0.5 mmol), benzaldehyde (1
Zn(OAc),-2H,0 (20 mol%), solvent (3 mL), RT, 48 h.

mmol),

TBADT (2 mol%)

_N .
. N7 ~COo,Pr

it

R H CO,Pr hv, MeCN,
2 3a SolarBox (Xe lamp, 500 W/m?)
TBADT = ["BugN]4[W (O3]
(6]
N
R’ ITI/ ~Co,Pr
CO,Pr

1xa

Scheme 7 The hydroacylation reaction performed under irradiation
between aldehyde and DIAD 3a utilising TBADT as an active catalyst.

Similar to the circumstance when using copper (Il) acetate
monohydrate as the catalyst, the use of catalyst loadings
greater than 20 mol% did not result in an improvement in yield
and lowering the loading below this resulted in a decrease in
efficiency. Reaction yield also decreased when operating with
aldehyde equivalency of below 2 (1.5:1 and 1.2:1 resulted in
54% and 30% yield respectively). However, the drop off in yield

This journal is © The Royal Society of Chemistry 20xx

It should be noted that due to the use of irradiation in the
reaction protocol, ethereal solvents (owing to the formation of
solvent-adduct side products) and unsaturated aldehydes
(owing to activating hetero-Diels—Alder pathways) were
considered unsuitable for this process. Two different
irradiation sources were utilised by the authors: a 300 W Xe
lamp and a SolarBox (Xe lamp, 500 W/mz). These methods
were utilised interchangeably throughout the study with the
SolarBox generally providing higher yields (Table 6, Scheme 8).

Table 6 Effect of irradiation conditions on the decatungstate-mediated
hydroacylation of DIAD 3a using heptaldehyde 2e.

J. Name., 2013, 00, 1-3 | 5
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\(\%k . ,\‘l//N ~co,Pr TBADT (2 mol%)
: H co,Pr hv, MeCN, 2 h
2e 3a
o
H
M NN ~Co,Pr
5 Cogpr
1ea
Entry Reaction conditions Yield/%
SolarBox (Xe lamp, 500 W/m?), TBADT (2 76
mol%)
2 300 W Xe lamp, TBADT (2 mol%) 64
3 300 W Xe lamp, without catalyst 4

Reaction conditions: DIAD (0.5 mmol), heptaldehyde (1-1.2 mmol),
TBADT (2 mol%), MeCN (5 mL), hv, 2 h.

Journal Name

screened, with CoCOj; providing the highest yield when used in
conjunction with TFA as the Lewis acid additive (Table 7). Here,
similarly to the work reported by Mandal et al.,®®
1.2 equivalents of aldehyde relative to azodicarboxylate was
used.

Table 7 Effect of Lewis acid species on the cooperative Lewis- and
Brgnsted-acid facilitated hydroacylation of DEAD 3b using 4-
methoxybenzaldehyde 2g.

o)
_N : TBADT (2 mol%
o+ N7 ~Cco,Pr ( )
cozipr hyv, MeCN, 2 h
2f 3a
0
H
N7 SCo,Pr
CO,iPr

1fa, 76% Y98%

Scheme 8 ° Reaction was performed with 2 mol% TBADT with a 1:1
ratio of cyclohexanecarboxaldehyde 2f to DIAD 3a in MeCN (5 mL) at
room temperature for 20 h. ° Reaction was performed with 2 mol%
TBADT with a 1:1.2 ratio of cyclohexanecarboxaldehyde 2f to DIAD 3a
in MeCN (5 mL) at room temperature for 2 h.

(0]
/N ~N
H o+ N7 TCO.Et
CO,Et
MeO
29 3b
(@]
Lewis acid (20 mol%) /H\
N7 TCOE
TFA (5 mol%)
CO,Et
CH,Cl,, RT, 12 h MeO 2
1gb
Entry Lewis acid Yield/%
1 CoCO; 91
2 Co(OAc), 74
3 CoCl, 56
4 Co(acac), 26

Reaction conditions: DEAD (0.2 mmol), 4-methoxybenzaldehyde (0.24
mmol), Lewis acid (20 mol%), TFA (5 mol%), MeCN (0.2 mL), 12 h.

The methodology has a number of desirable characteristics
such as employment of the aldehyde (which is generally seen
as the more valuable reaction precursor) as the limiting
reagent as well as boasting the fastest reaction rate via a
metal-mediated pathway (2 h). Although, moderate to good
yields were achieved for both aliphatic and aromatic aldehydes
(ca. 60-70%), these were generally lower than those achieved
in the aforementioned metal-mediated processes.”’18 Other
limitations were also present, such as not being able to utilise
unsaturated aldehydes and/or aldehyde that are susceptible to
decarbonylation (e.g. phenylactaldehyde). Despite the
limitations associated with the methodology, in 2015, a group
led by Ravelli and Protti in collaboration with Fagnoni showed
that the photoreaction can be used in a continuous-flow
process, which could serve as a very effective tool for large-
scale production of acyl hydrazide compounds.22

Cobalt

In 2014, Xu et al. reported the co-administration of a Lewis
acidic cobalt species and a Brgnsted acid to achieve
hydroacylation of azodicarboxylates.23 Having identified the
reaction of 4-methoxybenzaldehyde 2g with azodicarboxylate
as a particular problem reaction with previous methods,****
the reaction utilising this aldehyde and diethyl
azodicarboxylate (DEAD) 3b was used as the model for
optimisation studies. Initially, various cobalt salts were

6 | J. Name., 2012, 00, 1-3

In further optimisation studies, use of various solvents
revealed that the reaction was not compatible with ethereal-
based reaction mediums with complex mixtures being
obtained when employing THF or Et,O (Table 8). Again rather
surprisingly, EtOAc was not trialled even though it was
previously shown to be an optimal solvent in rhodium and
copper acetate catalysed reactions.”®"” In terms of catalyst
loading, there was no reduction in yield upon decreasing the
catalyst loading from 20 mol% to 10 mol%, however, further
reductions compromised reaction yield greatly.

Table 8 Effect of solvent on the cooperative Lewis- and Brgnsted-acid
fzacilitated hydroacylation of DEAD 3b using 4-methoxybenzaldehyde
g.

0]
NS
o+ N7 TCOfEt
CO,Et
MeO
29 3b
(0]
Lewis acid (20 mol%) H
ITI/ “CO,Et
TFA (5 mol%)
solvent, RT, 12 h MeO COEt
1gb
Entry Solvent Yield/%
1 CH,Cl, 91
2 MeCN 88
3 THF Complex mixture
4 Et,0 Complex mixture
5 MeOH <5

Reaction conditions: DEAD (0.2 mmol), 4-methoxybenzaldehyde (0.24
mmol), CoCOs (20 mol%), TFA (5 mol%), solvent (0.2 mL), RT, 12 h.

This journal is © The Royal Society of Chemistry 20xx
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Finally, and perhaps as expected, employment of a
Brgnsted acid was found to be necessary in order to achieve
good to yield. The reaction of

4-methoxybenzaldehyde and DEAD was also shown to be

excellent

highly inefficient in the presence of no or small amounts of
TFA; 1 mol% and 0 mol% both afforded <10% of acylhydrazide
1gb.

With optimised conditions in hand, a broad range of
aldehydes were trialled under the
Aliphatic aldehydes of varying degrees of branching and chain

reaction conditions.

length gave excellent yields of 94-96% across the seven
trialled aldehydes. The reaction methodology seemed to be
limited by steric hindrance factors as opposed to electronic
when employing aromatic aldehydes. ortho-substituted
aromatic aldehydes gave lower vyields (77-80%) when
compared to meta- or para- substituted aromatic aldehydes
(92-94%) regardless of the electron donating or withdrawing
ability of the substituents. The reaction was however less
tolerant of unsaturation in the aldehyde moiety with only a
52% yield achieved with cinnamaldehyde.

Mechanistic studies were also carried out with radical
scavenger  2,2,6,6-tetramethylpiperidin-1-yl)oxy  (TEMPO).
Using either a catalytic or stoichiometric amount of TEMPO
resulted in the complete suppression of the formation of the
desired product. To probe this further, electron paramagnetic
resonance (EPR) experiments were performed on a mixture of
cobalt (ll) carbonate, 2-methylbutyraldehyde, DEAD and TFA.
Where a strong signal was observed, Xu proposed that this
was due to the presence of a nitrogen-centred radical. No
signal was detected with the omission of either CoCO; or TFA.
A radical mechanism was thus proposed (Scheme 9). The
cobalt species was thought to facilitate the formation of an
acyl radical 5 from the initial aldehyde 2 prior to addition of
the acyl radical to the azodicarboxylate 3b to form a
nitrogen-centred radical 6xb —this was proposed to be the
radical species observed by EPR. This radical species was then
thought to abstract a hydrogen atom from another molecule
of aldehyde to give the acyl hydrazide product 1xb and
regenerate the acyl radical 5.

_N
ITJ ~ CO,Et
CO,Et

3b
O

o) Co(ll) o .
- M Jk LN
. R N CO,Et
R" TH R? \
CO,Et
2 5 6xb
i il
1 - ~
R ITJ CO,Et R H
CO,Et
1xb 2
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Scheme 9 Suggested chain radical mechanism for the formation of acyl
hydrazide 1xb utilising a cobalt catalyst.

Cobalt-impregnated magnetite

Pérez and Ramdn investigated the use of a cobalt catalyst
immobilised on a magnetite surface for i
azodicarboxylate hydroacylation.25 The methodology marked
the second time that a heterogeneous catalyst was used to
catalyse the reaction of aldehydes and azodicarboxylates, i.e.
following on from the work by Mandal et al'®

Initially, it was in fact an iridium catalyst impregnated on
magnetite that was selected to catalyse a reaction between
benzaldehyde and DIAD (1.2 equivalents of aldehyde to
azodicarboxylate were employed), which served as a model
reaction for scrutinising reaction conditions. It was shown that
reaction yield increased with increasing reaction temperature
up to 60 °C; further increase in temperature led to a sharp
decrease in reaction efficiency (Table 9). The optimal
temperature of 60°C is analogous to that used for the
methodology utilising CuO nanoparticles as the heterogeneous
catalyst.18

use n

Table 9 Effect of temperature on the iridium-mediated hydroacylation
of DIAD 3a using benzaldehyde 2c.

o}
. N//N ~co,Pr IrO, Fe30,4 (0.13 mol%)
H |
CO,'Pr MeCN (1mL)
2c 3a
o}
N
N~ ~Co,Pr
CO,'Pr
1ca
Entry Temperature/°C Yield/%
1 25 2
2 40 18
3 50 32
4 60 65
5 70 15
6 100 9

Reaction conditions: DIAD (1 mmol), benzaldehyde (1.2 mmol),
IrO,-Fes04 (0.13 mol%), MeCN (1 mL), 72 h.

When screening solvents (Table 10), it was observed that
the greatest yield of acyl hydrazide 1ca was achieved when
using trichloroethylene as the reaction medium (80%); this
also provided the descried product in the quickest reaction
time (24 h). It should also be noted, however, that the reaction
seemed to proceed well in water (70%).

Table 10 Effect of solvent on the iridium-mediated hydroacylation of
DIAD 3a using benzaldehyde 2c.
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. N//N\COZiPr Ir0, Fe;0, (0.13 mol%)
H I
CO,Pr solvent (1mL), 60 °C
2c 3a
(0]
H
N CO,Pr
CO,Pr
1ca
Entry Solvent Yield/%
1 Trichloroethylene’ 80
2 Water 70
3 DCE 69
4 MeCN 65
5 Toluene 30
6 CCly 25
7 CHCl3 24
8 CI3CCH3 12
9 THF 7
10 No solvent 54

Reaction conditions: DIAD (1 mmol),_benzaldehyde (1.2 mmol),
IrOﬁFe304 (0.13 mol%), solvent (1 mL), 72 h. ® Reaction completed in
24 h.

Finally, an extensive number of metal oxides and loading
levels were trialled as the active catalyst. High yields were
achieved when using either CoO or NiO (60-90%), with the
highest yield being observed with 1.42 mol% of CoO
impregnated on magnetite. An additional experiment
conducted under an argon atmosphere led to a slight increase
in reaction yield (93% against 90%). As anticipated, reaction
without the use of a catalyst gave a poor vyield of acyl
hydrazide 1ca (42%).

Exploring the scope, the reaction was observed to proceed
exceptionally well with most aliphatic aldehydes. Reaction
yields were however compromised when using tertiary or
a,B-unsaturated aliphatic aldehydes (74-75%). The reaction
also worked excellently with halo-substituted aromatic
aldehydes (87-95%) but the introduction of EDGs on the aryl
group resulted in lower yields.

Non-metal catalysed
Aerobic activated

In 2009, the use of room temperature ionic liquids (RTILs) to
achieve the reaction of an aldehyde and an azodicarboxylate
via hydroacylation was proposed by a group led by Ni and
Headley.24 Not only was this seen as an alternative to using
metal catalysts, which can be expensive and toxic, but also as a
potential solution for the suboptimal yields achieved through
the use of aromatic aldehydes in most metal-mediated
hydroacylation processes due to the
conditions. In addition, RTILs are easily recyclable and
therefore can be seen as a more sustainable alternative.

In this procedure, the reaction of propionaldehyde and
DIAD was selected as the model reaction for optimisation
studies. RTILs with 1-butyl-3-methylimidazolium ([BMIM] 7) as

milder reaction
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the cationic moiety were explored (Figure 2). When trialling
various anionic moieties, bis(trifluoromethanesulfonyl)imide),
[NTf,]” exhibited the highest reaction efficiency (90% vyield
in 23 h); compared to using BF, or PFg anions (Table 16).

2
AN
3

AN@NT\/\

Figure 2 The chemical structure of the 1-butyl-3-methylimidazolium
([BMIM]) cation.

When rationalising why the different anions would play a
significant role in the reaction, Ni and Headley proposed that the
larger [NTf,]” anion would result in a larger cation/anion separation
allowing for a more effective interaction between the negative
charge of the carbonyl oxygen and the cationic portion of the ionic
liquid. This interaction was suggested to assist in activation of the
C-H bond in aldehydes. To investigate this statement further, a
reaction was carried out using [BMIM][(C,F5sSO,),N] as solvent. This
ionic liquid has a similar molecular structure to [BMIM][NTf,] but
the anion is slightly larger in size and therefore a greater
cation/anion separation was expected. As a consequence, the
reaction would be expected to proceed more efficiently and, fitting
with hypothesis, this is what was observed (Table 11).

Table 11 Effect of ionic liquid species on the hydroacylation of DIAD 3a
using propionaldehyde 2h.

O
(e} _N_ ) H
+ N7 ~co,pr RTIL \)k Noaq
\)k | — N7 “CO,Pr
H CO,'Pr [
CO,Pr
2h 3a 1ha
Entr Solvent Reaction Yield/%
y time/h °
1 [BMIM][NTF,] 23 90
2 [BMIM][BF,] 124 40
3 [BMIM][PFs] 124 <10
4 [BMIM][(C2FsSO,),N] 18 92

Reaction conditions: DIAD (0.5 mmol), propionaldehyde (1 mmol),
ionic liquid (0.5 mL), RT.

Further investigations were also carried out to determine if
the acidity of the proton at the C-2 position of [BMIM] aided in
the stabilisation of a key intermediate to assist C-H activation
of the aldehyde in their proposed pathway. To investigate this
claim, an alternative ionic liquid which was identical in
structural composition with the exception of a methyl group
replacing the H atom at the C-2 position, was utilised as the
reaction medium. Employing this ionic liquid resulted in the
reaction proceeding in a comparable manner, indicating that
the C-2 proton of the imidazolium cation does not influence
the reaction rate or yield to any substantial degree.

In terms of optimisation, systematically decreasing the
equivalence of aldehyde to azodicarboxylate resulted in longer
reaction times and lower reaction yields when going below a
ratio of 1.5:1 (Table 12). It was also found that increasing the
reaction temperature to 40 °C greatly improved reaction rate

This journal is © The Royal Society of Chemistry 20xx
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(reaction completed in 3 h compared to 23 h) with a
concomitant slight improvement in reaction yield.

Table 12 Effect of aldehyde quantity on the hydroacylation of DIAD 3a
using propionaldehyde 2h.

(@]
N . H
o} . N7\Scoger IBMIMINTA, \)k N
\)k . - N7 SCco,Pr
H CO,Pr |
CO,Pr
2h 3a 1ha
Aldehyde equivalence Reaction Yield/%
Entry time/h
1 2 23 90
2 1.5 32 92
3 1 96 70

Reaction conditions: DEAD (0.5 mmol), propionaldehyde, ionic liquid
(0.5 mL), RT.

When probing the scope of the hydroacylation reaction
using [BMIM][NTf,] as the medium under the optimised
conditions, it was found that different substituents on aliphatic
aldehydes greatly influenced reaction times and yields.
Saturated aldehydes with either linear or branched
substituents afforded the desired hydroacylation products in
fast reaction times and in excellent yields (~¥99%). In terms of
aliphatic aldehydes, it was only the presence of a phenyl group
at the y-position that resulted in a notable lower reaction yield
(88%) and a slower rate of reaction (48 h). Following a
discovery by Chudasama et al.,26 it was shown that this is likely
due to a competing intramolecular 1,5-H-atom abstraction
pathway (Scheme 10). Yields were heavily compromised when
utilising unsaturated aldehydes with olefin functionality at
either an internal or terminal position (40-43% in 48 h). The
reason for this was the signification formation of a
bisazodicarboxylate due to competing ene-type reactions; the
same problem observed by Lee’s group when using a rhodium
acetate catalyst.16 Employment of aromatic aldehydes led to
much longer reaction times (>120 h). Aromatic aldehydes
bearing H or Cl atoms were well tolerated but those with
strong EWGs or EDGs (e.g. methoxy and nitro groups)
performed very poorly in the reaction conditions (<10% vyield
in 168 h).

COMMUNICATION

0 0, o DIAD
—_— ‘ —_—
Ph H Ph
2i 5i
o)
/\)& . 1,5 H-migration
Ph l\‘l CO,/Pr
CO,Pr
6ia
o]
/,\)L H DIAD
Ph rTr ~Co,Pr J—
CO,'Pr
8
Ph O
iPro,c” \r‘u N~ ~Cco,Pr
CO,/Pr CO,Pr

9

Scheme 10 Suggested alternative intramolecular H-atom abstraction
pathway to account for the lower yields using aldehyde 2i.

This journal is © The Royal Society of Chemistry 20xx

In contrast to previous research in the area, the authors
tested the tolerance of different azodicarboxylates.
Azodicarboxylates displaying differing ester groups (aliphatic
and aromatic) were trialled. Interestingly, the azodicarboxylate
substrate behaved in a similar way to how the aldehyde
substrate did with aliphatic substituents (e.g. isopropyl, ethyl)
resulting in efficient reactions in a relatively fast manner and
aromatic substituents (benzoyl) generally leading to poorer
yields with slower rates.

A radical mechanism was assumed by Ni and Headley, and
following research provided by Chudasama et al. (vide infra),27
it is likely to be initiated via aerobic activation of the aldehyde
following exposure of the starting materials to air (Scheme 11).
Caddick and co-workers proposed that an intermediate acyl
radical 5 is generated through interaction of aldehyde 2 with
dioxygen. In the absence of an alternative pathway, the acyl
radical will further react with dioxygen and additional
instances of aldehyde 2 to form its corresponding carboxylic
acid 13 in the aldehyde auto-oxidation process. The presence
of the azodicarboxylate 3, however, provides a radical trapping
reagent which results in the formation of a nitrogen-centred
radical species 6. This species can react with another instance
of starting aldehyde to initiate a chain process and form acyl
hydrazide 1 (Scheme 12), i.e. in an analogous manner to that
proposed by Xu et al?

J. Name., 2013, 00, 1-3 | 9
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Scheme 11 Aldehyde auto-oxidation process.
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Scheme 12 Aerobically initiated radical reaction

between aldehyde 2 and azodicarboxylate 3.

hydroacylation

In 2010, Ni and Headley28 demonstrated that the
hydroacylation of azodicarboxylate by aldehyde could be
carried out applying water in place of an RTIL as the reaction
solvent. The use of water as the reaction solvent is extremely
beneficial from a green chemistry standpoint and the absence
of a catalyst provides numerous benefits as common issues
such as cost, purification and homogeneity can be avoided.
With the organic substrates being immiscible in water, the
reaction is said to happen ‘on water’, although this was only
proposed at a later date.” Similarly to their previous
experiments utilising the ionic liquid, the reaction between 2
equivalents of propionaldehyde 2h to DIAD 3a was used as a
model to probe for whether water was the best solvent; this
was observed to be the case.

When exploring the scope of the reaction, yields were
generally comparable to those achieved using ionic liquid as
the reaction medium,24 but this protocol had the additional
benefits of taking place at room temperature and using water
as the solvent (beneficial in terms of cost, safety,
environment), albeit at the slight compromise of having
slightly longer reaction times. With optimised conditions in
hand, excellent yields were achieved with aliphatic aldehydes
(92-98% utilising saturated aldehydes) whilst only moderate
yields were achieved with aromatic aldehydes (59-80%). The

10 | J. Name., 2012, 00, 1-3

reaction also tolerated EWGs and EDGs on the aromatic ring to
much a greater extent compared to using ionic liquids as the
solvent. Again, unsaturation in the aldehyde motif led to
formation of ene-type by-products, thus heavily compromising
the effectiveness of the reaction.

Later in 2010, Chudasama et al.
thorough set of experiments of achieving the hydroacylation

conducted a more

reaction ‘on water’ (Scheme 13) but with the goal of utilising
the aldehyde as the Ilimiting reagent; an important
characteristic of a reaction to be adapted for use with valuable
aldehydes. It was research conducted by the group that
suggested that the hydroacylation reaction in the absence of
any apparent catalyst is likely to occur through trapping of an
acyl radical intermediate generated by the aldehyde auto-
oxidation process.26

N H,0 (0.5 mL), 21 °C, 24-96 h
+ r\‘l/ CO,R?

R “H CO,R?
2 3
o)
N
R’ ITI/ ~CO,R?
CO,R?

1

Scheme 13 Reaction was performed ‘on water’ with a 1:1.2 ratio of
aldehyde to azodicarboxylate at 21 °C.

The reaction of aldehydes with DIAD and DEAD using air for
activation and water as solvent was achieved in moderate to
excellent vyields (55-91%) but with aliphatic aldehydes
displaying a large substrate scope (e.g. ester, epoxide, acetal
and alkynyl functionalities). Benzaldehyde and
4-flurorbenzaldehyde achieved respectable vyields (75-79%),
however, electron donating groups were not so well tolerated;
the introduction of a methoxy group at the para-position
resulted in 44% yield. Most significantly, however, reaction
rates and to some extent yields were correlated to the rate at
which aldehydes auto-oxidised in air rather than to the
structure of the aldehyde, which provided better
understanding.

The substrate scope explored also included the trialling of
enantiopure aldehydes in the reaction conditions, which was
thought to be highly significant and to tie into the popular of
using organocatalysis to make enantiopure aldehydes.go‘31
Aldehydes bearing a-enantioenriched chiral centres were
treated with DIAD and this resulted in acyl hydrazides with
essentially complete retention of stereochemistry (98—99%
ree); this
enantiomeric excess of an aldehyde in the field hydroacylation
(Scheme 14). The rationale for this behaviour was attributed to
the intermediate acyl radicals being o-type radicals and the

marked the first example of retention of

reaction conditions not allowing acid- or base-promoted
racemisation to take place.

This journal is © The Royal Society of Chemistry 20xx
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) N H,0 (0.5 mL
+ N7 COoPr 20 0.5 mb)
H CO,Pr RT, 24-96 h
2j 3a
o

N
r\‘r ~Co,Pr
CO,Pr

1ja, 88%, 98% ee

Scheme 14 Reaction was performed ‘on water’ with a 1:1.2 ratio of
aldehyde 2j to DIAD 3a at 21 °C.

Pyridine catalysed

In 2014, Muthusubramanian and co-workers reported a
pyridine-based metal-free methodology to achieve the
hydroacylation of azodicarboxylates with aldehydes with
drastically reduced reaction times.?” An initial reaction utilising
1.2 equivalents of benzaldehyde to DIAD in DMF, under reflux
conditions, using a pyridine catalyst achieved a good vyield of
acyl hydrazide (65%) with the main limitation in yield being
due to suboptimal conversion. To improve conversion, the
reaction was repeated under microwave irradiation at 140 °C.
To their delight the reaction was now complete in an improved
yield (85%) and within only 5 minutes.

Table 13 Effect of catalyst species on the microwave irradiated, base-
mediated hydroacylation of DIAD 3a using benzaldehyde 2c.

COMMUNICATION

(e}
. N//N ~co,pr MW, pyridine (10 mol%)
H I
CO,'Pr solvent, 10 min
2c 3a
(6]
H
'Tl CO,'Pr
CO,Pr
1ca
Entry Solvent Yield/%
1 DMF 85
2 Water 60
3 MeOH 53
4 Toluene 27
5 1,4-dioxane 23
6 THF 20
7 DCE Trace

Reaction conditions: DIAD (1 mmol), benzaldehyde (1.2 mmol),
pyridine (0.1 mmol), solvent (1 mL), microwave irradiation, 10 min.

o
Nucali
yo+ N7 TCOPr
CO,Pr
2c 3a
(e}
microwave irradiation (MW) H
N~ ~Co,Pr
catalyst, DMF (1mL) I
CO,Pr
1ca
Entry Catalyst Yield/%

1 Pyridine 85
2 Isoquinoline 71
3 Quinoline 63
4 Diethylamine Trace
5 DABCO Trace
6 Triethylamine 25
7 Piperidine Trace
8 - 25

Reaction conditions: DIAD (1 mmol), benzaldehyde (1.2 mmol),
catalyst (0.1 mmol), DMF (1 mL), microwave irradiation, 10 min.

Under the optimised conditions, hydroacylation of DIAD
with a wide range of aromatic aldehydes in only 10 minutes
resulted in good yield to excellent yields (76—89%). However, it
should be noted that the exemplification was limited to a small
number of alkyl- and halo- substituted aromatic moieties. The
only aliphatic aldehyde trialled was propionaldehyde, which
resulted in a 76% yield of the corresponding acyl hydrazide. It
was also somewhat disappointing that no unsaturated
aldehydes were trialled as this had proven to be a particular
limitation in previous azodicarboxylate hydroacylation
reactions.'®***®

A mechanism based on a zwitterionic intermediate 15
following nucleophilic attack of pyridine 14 onto the
azodicarboxylate functionality was tentatively proposed
(Scheme 15). The anion on the zwitterionic intermediate 16
was thought to react with an aldehyde to form an unstable
4-membered ring species 17 that collapsed to form the acyl

hydrazide product 1xa.

Encouraged by their preliminary experiments, the authors
trialled various nitrogen based catalysts for the hydroacylation
of DIAD by benzaldehyde (Table 13). However, an
improvement yield was not observed, and the use of different
reaction solvents also failed to improve yield beyond that
achieved in DMF (Table 14). Notably, however, moderate
yields were achieved when using water as solvent.

Table 14 Effect of solvent species on the microwave irradiated,
pyridine-mediated hydroacylation of DIAD 3a using benzaldehyde 2c.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 15 Tentative mechanism for the formation of acyl hydrazide
1xa via a pyridine-catalysed reaction.

Journal Name

N .
N“ ~CO,Pr photoorganocatalyst (10 mol%)

+
|
\M)LH CO,'Pr
5 2 x 15W household bulbs,

Pet. Ether (40-60 °C), RT, 2 h

2e 3a
(o}
N
r\‘r ~Co,Pr
°  co,Pr
1ea
Photoorganocatalyst: o
o) o) o) o

PN PN PN N

Ph” “CF;  Ph” “COEt  Et” “CO,H

18, 52% 19, 100% 20, 26% 21, 41%

0] (0]

[
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25, 53%

Scheme 16 Reaction was performed under light irradiation (2 x 15 W
household lamps) with 10 mol% of photoorganocatalyst and a 1.5:1
ratio of heptaldehyde 2e to DIAD 3a in Pet. Ether (40-60 °C, 0.5 mL) at
room temperature for 2 h.

¢} o (¢}

PN M PN

Ph COH  Ph Me Ph Ph

22, 100% 23, 25% 24, 28%

Photooragnocatalytic

In 2014, Kokotos et al. proposed a new method of achieving
the hydroacylation of azodicarboxylates with aldehydes in a
short reaction time by using activated ketones as
photoorganocatalysts. At this point, only the work by Ryu and
Fagnoni21 had achieved the hydroacylation process in a
photocatalytic fashion through the use of
tetrabutylammonium decatungstate, where the employment
of an expensive Xe lamp (300 W) resulted in an issue with
reaction scope (methodology incompatible with unsaturated
substrates or ethereal solvents).

The methodology applied by Kokotos et al., in contrast,
involved using 1.5 equivalents of aldehyde to azodicarboxylate
whilst employing ordinary household lamps (2 x 15 W). A
model reaction of 1.5 equivalents of heptaldehyde with
respect to DIAD was used for reaction optimisation, initially in
terms of the photoorganocatalyst being employed (Scheme
16). To their delight, employment of photoorganocatalysts
phenylglyoxylic acid 22 and ethyl phenylglyoxylate 19 resulted
in a quantitative yield of acyl hydrazide 1lea. It was also
observed that a decrease in the activation of the ketone, e.g.
substitution of the phenyl group in phenylglyoxic acid for an
ethyl group, resulted in a significant decrease in reaction
efficiency (26% compared to 100%).

With the ideal photoinitiator (phenylglyoxylic acid 22)
determined, the reaction was scrutinised with respect to
solvent. Petroleum ether (40—60 °C) provided the best results
with near quantitative formation of acyl hydrazide 1ea (Table
15 being achieved; it should also be noted that an excellent
yield was recorded ‘on water’ and good yields were obtained
across the series of solvents generally.

Table 15 Effect of solvent Sﬁecies on the photoorganocatalytic
hydroacylation of DIAD 3a using heptaldehyde 2e.

12 | J. Name., 2012, 00, 1-3

\MJL + N7 CogPr
s H CO,Pr
2e 3a
o)
)k (10 mol%)
Ph™” >CO,H
0

H
2 MN/N\CO Pr
2 x 15 W household bulbs, 2

solvent, RT, 2 h 5 CO,Pr
1ea
Entry Solvent Yield/%
1 Pet. Ether (40-60 °C) 99
2 Water 92
3 CH,Cl, 82
4 Hexane 78
5 MeCN 76

Reaction conditions: DIAD (1 mmol), heptaldehyde (1.5 mmol), (0.1
mmcci)l), solvent (0.5 mL), phenylglyoxylic acid (10 mol%), RT, 2 h, light
irradiation.

This journal is © The Royal Society of Chemistry 20xx
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Using petroleum ether (40-60 °C) as the reaction solvent,
conditions of employing equimolar quantities of aldehyde and
azodicarboxylate led to a decrease in yield (76% compared to
>99%). Application of 1.5 equivalents of the azodicarboxylate
gave an excellent yield of acyl hydrazide 1lea (96%). Although
this yield is slightly lower when compared to using 1.5
equivalents of aldehyde (>99%), it does suggest that the
reaction could potentially be used for efficient hydroacylation
with aldehyde employed as limiting reagent.

Examining the scope of the reaction showed it to work very
efficiently with aliphatic aldehydes (67-99%) excluding those
displaying a,B-unsaturation (52—69%), which also required a
much longer reaction time (24-48 h). Aromatic aldehydes, as
observed with many other methods, were generally less well
tolerated under the conditions. A notable exception is where
benzaldehyde was used —here an exceptional yield of its
corresponding acyl hydrazide (99%) was obtained.

Utilising acyl hydrazides

The acyl hydrazide moiety displays a number of interesting
chemical properties (Figure 3, e.g. acidic proton, relatively
weak N-N bond, acyl group, carbamate functionality, often a
stable crystalline solid), which can be exploited to achieve
transformation into important and desirable chemical
functionalities; these will discussed in turn.
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Scheme 17 Reaction conditions (step 1): azodlcarboxylate (1 eq.),
aldehyde (1 eq.), [Rh(OAc),], (2 mol %), RT, 24 h. Reaction conditions
(step 2): Acyl hydrazide (1 eq.) was isolated and dissolved in DMF (2
mL), Cs,COs (1.2 eq.), allyl bromide (2 eq.), RT, 2 h.
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Figure 3 Structural and chemical characteristics of acyl hydrazides.
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Scheme 18 Reaction conditions: diene 26la in CH,Cl, (0.002M), Grubbs
second generation catalyst (5 mol% in 1mL CH,Cl,), nitrogen
atmosphere, reflux, 2 h.

Functionalisation at N-H bond

In 2004, Kim and Lee* employed a rhodium acetate catalyst to
form acyl hydrazides and then either allylated or alkylated at
the acidic N-H site by using a-bromoallyl or a-bromoacetate
derivatives as electrophiles under basic conditions (Scheme
17). The group then took advantage of the stereodynamics of
the substituted acyl hydriazide (restricted N-N bond rotation
with CO-N-N-CO dihedral angle of approximately 90°) to
achieve a ring-closing metathesis by employment of Grubbs’
second generation catalyst (Scheme 18). Following a number
of further steps, in the total synthesis of macrocycle 30, the
relatively weak N-N bond is broken through the use of
ammoniacal sodium metal (Scheme 19). The specific
properties of the acyl hydrazide motif were vital to achieve
desired goal in this research.

N\ Na/NH,

- =

THF, -78 °C

Q
N
H

0]

30, 85%

Scheme 19 Reaction conditions: bicycle 29 (0.39 mmol), THF (1.5mL),
NHs3 (10mL), Na metal, -78 °C, 2.5 h.

Very early research into the reactivity of acyl hydrazides by
Kalinin and co-workers® also showed that a silicon group can
be added to the acidic site. Here, 1.5 equivalents of
bis(trimethylsilyl)acetamide (BSA) was used as the silylating
agent to achieve an 85% yield of the silylated acyl hydrazide 32
(Scheme 20). The authors noted that hydrazine derivatives
featuring a trimethylsilyl group on the nitrogen can act as
convenient models in the study of conformational transitions
in hydrazines.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 20 Reaction conditions: acyl hydrazide 3mc (0.10 mol), CH,Cl,
(5 mL), BSA 31 (0.15 mol), 6080 °C, 8 h.

Acyl hydrazides as acyl donors

Another branch of chemical transformations that have been
carried out with acyl hydrazides is the effective nucleophilic
substitution at the acyl site. As of now, these transformations
have been successfully used in the formation of various
valuable chemical entities, e.g. asymmetric ketones,2 esters,1
thioesters,1 amides,1 and hydroxamic acids.*®

a. Synthesis of diaryl and aryl alkyl ketones

The primary issue with using Grignard reagents in the synthesis
of ketones from acyl equivalents is the potential for over-
addition due to the formed ketone product being highly
susceptible to nucleophilic attack.* Historically, this has led to
the use of Weinreb amides 33 and Grignard/organolithium
reagents in the synthesis of ketones as they result in the
formation of a stable tetrahedral metal complex 35
(Scheme 21) that prevents the opportunity of over-addition
occuring.35 The metal complex collapses upon work up to
afford the ketone product.36 In lieu of this reaction, a group led
by Caddick and Chudasama’ investigated the reaction between
acyl hydrazides and Grignard reagents, where multiple sites on
the acyl hydrazide functionality were thought to facilitate
potential complexation of a tetrahedral intermediate. The
potential
alternatives originates from the simple one-step formation of
acyl hydrazides from aldehydes; Weinreb amides are generally
accessed via a cumbersome, and sometimes harsh, multi-step
synthesis from aldehydes.35

significance of the reaction beyond being an

o) ; 0-IM]
lk 2 R OMe
- N/OMe +OR-M > g2 N
Me Me
33 34 35

Scheme 21 Formation of metal complex 35 upon treatment of
Weinreb amide 33 with organometallic reagent 34.

To their delight, the formation of ketones from aryl acyl
hydrazides proved effective with the utilisation of either 2.5
equivalents of an aliphatic Grignard reagent at -78 °C, or 2.5
equivalents of an aromatic Grignard reagent (this required
warming up to 0 °C from -78 °C owing to the decreased
nucleophilicity of the reagent). Good to excellent yields of 68—
92% were achieved upon addition of Grignard reagents to aryl
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acyl hydrazides displaying various functionalities. In the
exceptional cases where the use of an aliphatic Grignard
reagent gave inefficient reaction, i.e. when employing acyl
hydrazides displaying nitro, cyano, ortho-fluoro or ortho-
methyl functionalities, aromatic Grignard reagents performed
very well due to their tuned down reactivity (Scheme 22).

o]
lk /H\ : MgBr ﬂ,
R’ zoziprCO2IPr * ph” THE, 1 h
1xa 34a
Phiﬁw‘] work up 0
o N/N\COZiPr - lk
36 37,70-92%

Scheme 21 Reaction conditions: acyl hydrazide 1xa (0.5 mmol),
phenylmagnesium bromide (1.25 mmol), THF (10 mL), -78 to 0 °C, 1 h.

b. Synthesis of esters, thioesters and amides

In a similar vein, although without need for the
aforementioned complexation intermediate, the Chudasama
group later achieved the formation of esters, thioesters and
amides from aldehydes via an acyl hydrazide reaction
intermediate that was formed in situ." The acyl hydrazide was
formed via aerobic activation of a stoichiometric amount of
aldehyde and reaction with 1.2 equivalents of DIAD. After 24 h,
the formed acyl hydrazide was reacted with 1.1 equivalents of
an alcohol (Scheme 23), a thiol (Scheme 24) or an amine
(Scheme 25). This resulted in the formation of an ester, a
thioester or an amide respectively. The use of base (Cs,CO3)
was necessary for the formation of esters and thioesters only;
it was redundant in the formation of amides. The one-pot
nature of the procedure and the use of aldehyde as limiting
reagent are focal points in the methodology, especially as
aldehydes are often oxidised to other functionalities such as
esters, thioesters or amides under far harsher conditions and
tend to require multiple steps with numerous isolations and

purifications.

o i) DIAD 3a (1.2 eq.) o
L o wr
RY "H ii) R20H 38 (1.1 eq.) R 7O
2 Cs,CO3 39, 52-76%

Scheme 23 Reaction conditions: i) DIAD (0.6 mmol), aldehyde (0.5
mmol), DMF (0.5 mL), 21 °C, 24 h; ii) alcohol (0.55 mmol), Cs,COs (0.50
mmol), 16 h.

o i) DIAD 3a (1.2 eq.) o
lk lk R2
1 1 -
RY H i) R2SH 40 (1.1 eq.) R 'S
2 Cs,C0;4 41, 58-72%

Scheme 24 Reaction conditions: i) DIAD (0.6 mmol), aldehyde (0.5
mmol), DMF (0.5 mL), 21 °C, 24 h; ii) thiol (0.55 mmol), Cs,COs3 (0.50
mmol), 16 h.
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0 i) DIAD 3a (1.2 eq.) k R2
; R N7
R H i) RZR3NH 42 (1.1 eq.) k3
2 43, 60-71%

Scheme 25 Reaction conditions: i; DIAD EO.G mmol), aldehyde (0.5
mmol), DMF (0.5 mL), 21 °C, 24 h; ii) amine (0.55 mmol), 16 h.

A similar one-pot approach was utilised by Papadopoulos
and Kokotos™ in the formation of hydroxamic acids where the
in situ generation of the acyl hydrazide functionality allowed a
nucleophilic addition-elimination step of hydroxylamine at the
acyl position. The method of choice for the formation of the
acyl hydrazide was the author’s previously described
photoorganocatalytic process utilising phenylglyoxylic acid 22
as photoinitiator (Scheme 26).37 The group also demonstrated
the effectiveness of the reaction in the final step of the total
synthesis of the drug vorinostat 44n, where a 47%
transformational yield was achieved upon application of a
valuable aldehyde 2n (Scheme 27).

COMMUNICATION

c. Synthesis of oxadiazolones

Finally, acyl hydrazides have been used in the formation of
heterocyclic species, 3-alkyl-5-aryl-1,3,4-oxadiazol-2(3H)-ones
45 (Figure 4),5 which display potentially desirable biological
properties such as maxi-K channel activaters®® and MAO
inhibitors.® In the synthesis of the 1,3,4-oxadiazol-2-one ring,
the acyl hydrazide functionality 1 was synthesised from a
carboxylic acid precursor 13 and a Mitsunobu reagent 46
(prepared by the reaction of triphenylphosphine with
azodicarboxylate) under reflux conditions (Scheme 28). The
acyl hydrazide was transformed into the heterocycle 45 under
the action of high temperature following evaporation of the
solvent (CH,Cl,) at atmospheric pressure.

DIAD 3a
0
Ph)SW/OH 22,10 mol%
e} O
R1 H 2 x 15 W household bulbs, Pet. Ether, RT
2
Q o)
H NH,OH.HCI
R N7 ~co,Pr Ak OH
I EtsN, CH,Cly, RT, 20 h R N
CO,'Pr H
1xa 44

Scheme 26 Reaction conditions éstep 1): DIAD (0.50 mmol), aldehyde
(0 75 mmol), phenylglyoxylic acid (0.05 mmol), Pet. Ether (40-60 °C,

, light irradiation, 90 min to 48 h. Reaction conditions (step 2
hy roxylamine hydrochlorlde (1.50 mmol), triethylamine (1.50 mmol),
CH;CI;{ 4 mL), RT, 2

[¢]
R2 3
\NJ<2
| O 1
NQ(
4
5
R1
45, R" = Aryl, R? = Alkyl

Figure 4 The chemical structure of the 3-alkyl-5-aryl-1,3,4-oxadiazol-
2(3H)-one heterocycle.

i
o ¢OPr CH,Cly, reflux, 1 h
+ @ _N_ _CO,Pr
R NoH PhsP” TN
Ar
13 46
o) o]
H 180-190 °C o
RN co,R? /4
| 2 neat, 2-48 h RN, N-p2
CO,R? N
1 45, R = Aryl, R? = Alky!

Scheme 28 Proposed mechanisms for the formation of oxadiazolones.

(0] (0]
PhHNwH

2n

i) DIAD 3a
Ph OH 22, 10 mol%
(¢]
2 x 15 W household bulbs, Pet. Ether, RT

ii) NH,OH.HCI, EtsN, CH,Cl,, RT, 20 h

(0] (o}

PhHNw

44n, 47%

Scheme 27 Reaction conditions: i) DIAD (0.50 mmolz, aldehyde (0.75
mmol), phenylglyoxylic acid (0.05 mmol), Pet. Ether (40-60 °C, 1 mL),
light irradiation, 90 min to 48 h; ii) hydroxylamine hydrochloride (1.50
mmol), triethylamine (1.50 mmol), CH,Cl, (4 mL), RT, 20 h.

N/OH
H
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The reaction can tolerate variation of the alkyl group at the
3-position by changing the azodicarboxylate used to make the
Mitsunobu reagent 46, and to the aryl moiety at the 5-position
via selection of a specific carboxylic acid. Interestingly, a clear
relating the size of the alkyl group on the
azodicarboxylate and the efficiency of the cyclisation was

trend

observed. In an optimisation study utilising 1.2 equivalents of
the Mitsunobu reagent relative to carboxylic acid (Scheme 29),
primary alkyl azodicarboxylates (dimethyl azodicarboxylate
(DMAD), DEAD or dibenzyl azodicarboxylate, (DBAD)) provided
superior yields of the corresponding oxadiazolone product
(52-66%) when compared to utilising Mitsunobu reagents
exhibiting a secondary (isopropyl group in DIAD) or tertiary
(tert-butyl group in di-t-butyl azodicarboxylate (D'BAD)) alkyl
group (0-10%).

The authors then carried out tests to determine whether
the cyclisation step was occurring thermally and/or as a
consequence of components in the reaction mixture. It was
found that heating of purified acyl hydrazide intermediate 1cb
with or without solvent did not result in the formation of the
heterocyclic product. Perhaps as expected, heating the acyl
hydrazide with 1 equivalent of the Mitsunobu reagent for 5 h
did however afford the desired product (54% vyield).
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Interestingly, utilisation of a catalytic quantity of the
Mitsunobu reagent (0.05 eq.) still achieved a similar result over
19 h (49%). They therefore assumed that the presence of the
Mitsunobu reagent or perhaps its by-products
(triphenylphosphine oxide or dialkyl 1,2-
hydrazinedicarboxylate) where important in facilitating the
cyclisation step. Further experiments were then carried out
where heating the acyl hydrazide 1cb in the presence of 1
equivalent of triphenylphosphine oxide for 5 h afforded only
an 11% yield of the heterocycle, whereas subjecting the acyl
hydrazide to heat in the presence of 0.2 equivalents of dialkyl
1,2-hydrazinedicarboxylate for 24 h did not lead to any
formation of the desired product. The authors then decided to
test the hypothesis that the cyclisation mechanism s
facilitated by heating acyl hydrazide in the presence of base
(Scheme 29). It was found that the addition of either sodium
ethoxide (EtONa), sodium hydride (NaH) or DBU achieved
comparable yields of the desired product (42—64% when
utilised in a catalytic amount over 2 h) when compared to the
one-pot formation of oxadiazolones (Scheme 28).

(0] o (o] o
~ - ~ o) o
Bt Y Et “Et
h\ﬂ(/\N\N/H Base Ph\H/N\NQ R (‘N\
- - . )
e X )
0“Co - Base-H 0“0 - OEt oO~—~C
\ ] IS
Et Et
1cb 47 49

N@
Ph\(/ “NH -~ Ph_ NO
o

_ —~
. (slow) 0«0 co, o

49 50 51

Scheme 29 Proposed mechanisms for the formation of oxadiazolones.

Conclusions

Acyl hydrazides are proving to be increasingly effective and
versatile entities that have been exploited for conversion into
various desirable functionalities. The efficient formation of acyl
hydrazides is therefore becoming an important consideration,
with (as described) many distinct methods for their
preparation being furnished in recent years. More or less each
and every methodology, be it metal-mediated or aerobically-
initiated, has shown it has a role to play depending on what
the scientist requires from their synthesis (e.g. it may be short
reaction time, limited to use of certain solvents, require
photochemical activation, need heterogeneous catalysis, etc).
These methods are not only providing new ways of making
acyl hydrazides but are also leading to novel methods in which
they can be exploited, e.g. one-pot conversions that take
advantage of the reactivity of acyl hydrazides in situ.
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