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Abstract: Due to their numerous reactivity modes, α-aminonitriles represent versatile and
valuable building blocks in organic total synthesis. Since their discovery by Adolph Strecker in
1850, this compound class has seen a wide dissemination in synthetic applications from
laboratory to million-ton industrial scale and was extensively used in the syntheses of various
classes of natural products. As these compounds provide a multitude of reactivity options, we feel
that a broad overview of their multiple reaction modes may reveal less familiar opportunities for
successful total synthesis planning. This personal account article will thus focus on α-
aminonitriles used as key intermediates in selected natural product synthesis sequences which
have been reported in the two decades since Enders’ and Shilvock’s seminal review. Natural α-
aminonitriles will also briefly be treated.
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1. Introduction

Since the first description of a condensation between amines,
carbonyl compounds and hydrocyanic acid in 1850 by Adolph
Strecker,[1] the chemistry of α-aminonitriles has been subject to
a multitude of research and review articles as this compound
class provides a number of unique synthetic opportunities.[2]

Numerous methods for their synthesis have been developed
during the past decades, involving classical Strecker
chemistry,[3] metal-catalyzed[4] and metal-free syntheses,[5]

electrochemical approaches,[6] as well as various photochemical
pathways.[7] Besides the use of light as an ecologically ideal
source of energy for chemical synthesis, a variety of other
procedures involving non-toxic reagents like ferro-/ferricya-
nides, thiocyanates and α-amino acids as cyanide sources, have
been developed.[8] In addition, attempts were made to release
cyanide only upon mechanochemical, photochemical or
thermal activation.[9] Moreover, numerous asymmetric ap-
proaches to chiral non-racemic α-aminonitriles and α-amino
acids have been reported.[1,2c,d,3a,d,10] The arrangement of the
amine and the nitrile functionality in α-aminonitriles entails
different modes of reactivity, an overview of which is shown in
Figure 1. Rather obvious is the hydrolysis of the nitrile group
to afford either α-amino acids or α-amino amides first
described by Strecker himself. Furthermore, α-aminonitriles
can be considered as ”cyanide-protected” or masked iminium
ions, which can be either reacted with various carbon- or
heteroatom nucleophiles or converted back into their parent

carbonyl compounds upon decyanation (e. g. induced by Ag+

or Cu2+) and hydrolysis.[2a,3b,11] Complementary, α-amino-
nitriles are also capable of polarity inversion (Umpolung)
through α-deprotonation. Depending on the work-up, their
conjugate anions can react as α-amino carbanion or as acyl
anion equivalents.[2b,12] α-Aminonitriles are also easily con-
verted into nitrile-stabilized ammonium ylides, which undergo
various types of rearrangements as outlined in a review by
Opatz in 2014.[2f] Removal of the cyano group through
substitution by hydride in an elimination/addition sequence
affords simple amines. This topic has recently been reviewed
by Mattalia and will therefore not be discussed in detail
here.[13] Additionally, the full reduction of the nitrile moiety
leads to 1,2-diamines while classical amine and nitrile
chemistry can be performed as well.[14] Their attractive,
multifaceted reactivity therefore renders α-aminonitriles highly
useful and versatile building blocks in the synthesis of
nitrogen-containing heterocycles, drugs[2e,3d,10b,13a,14] and natural
products as will be demonstrated in various case reports.

2. Selected Examples of Routes to α-Aminonitriles

Among the numerous approaches developed for the synthesis
of α-aminonitriles during the past decades, a selection of
procedures from the Opatz group may illustrate the use of
photochemical pathways as well as the usage of non-toxic
cyanide sources (see Scheme 1).

Originating from work on alternative energy sources in
chemistry, different photocatalytic protocols to permit visible
and even infrared light induced C� H bond activation have
been developed. Together with the Tremel lab, the Opatz
group reported the first oxidative photocyanation of tertiary
amines with both visible and near-infrared light using TiO2-
nanoparticles functionalized with a self-developed sensitizer
providing a strong electronic coupling to the semiconductor.[7c]

Another example is recent work with the Heinze lab using
their chromium(III) sensitizer [Cr(ddpd)2]3+ which again
permits the transformation of tertiary amines to
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aminonitriles.[7g] In the latter case, the use of the abundant
chromium instead of the common ruthenium- or iridium-
based sensitizers provides an ecological and economical benefit.
Photoorganocatalytic protocols were developed[7b,d] as well as
an inexpensive and simple flow reactor using sunlight.[15]

In the search for non-toxic cyanide sources, it was found
that ferro- and ferricyanides, known to release cyanide at
elevated temperatures, can be directly employed in a Strecker-
reaction, furnishing aminonitriles in a one-pot, biphasic green
solvent system.[9b] Moreover, a catalytic procedure for the
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Figure 1.Modes of reactivity of α-aminonitriles.
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conversion of biomass-derived α-amino acids to HCN has
been developed.[8c] This and further examples of non-toxic
cyanide sources were summarized in a 2019 review article.[8b]

3. α-Aminonitriles as Key Intermediates in Natural
Product Syntheses

3.1. Reactions as Masked Iminium Equivalents

α-Aminonitriles can be regarded as masked iminium equiv-
alents as they easily undergo retro-Strecker reactions (HCN
elimination) upon decyanation with either Brønsted- or soft
Lewis acids such as copper- or silver salts.[16] This iminium ion
reactivity was employed in numerous syntheses of natural
products, some selected examples of which will be described in
the following section.

3.1.1. Various Nucleophiles

In 2002, the Fukuyama group reported the enantioselective
total synthesis of ecteinascidin 743,[17] a complex trimeric
tetrahydroisoquinoline (THIQ) alkaloid, which is known for
its potent in-vitro and in-vivo antitumor activity against a
variety of cancers and cancer cell lines and was isolated from
the caribbean tunicate Ecteinascidia turbinate in 1969.[17–18] In
2007, this compound received marketing authorization of the

EU for the treatment of advanced soft-tissue sarcomas.[19] Its
first total synthesis was reported by the Corey group in 1996;
however, the α-aminonitrile approach by Fukuyama presented
herein is more efficient (see Scheme 2).[17,20] The highly
functionalized (R)-arylglycinol starting material 12 could be
obtained in seven steps starting from a chiral iminolactone
template 10. As a second starting material, phenylalanine
derivative 15 was synthesized via previously reported bromide
14[21] in 13 steps starting from commercially available 3-
methylcatechol (13). With these two building blocks in hand,
the next step was the transformation into dipeptide 16 by
heating 12 and 15 in MeOH together with p-methoxyphenyl-
isocyanide and acetaldehyde. An Ugi four-component reaction
afforded diketopiperazine 17, which was subjected to a four-
step sequence involving mesylation, Boc-protection, regioselec-
tive reduction of one of the the ring carbonyls using NaBH4

and dehydration of the resulting hemiaminal. Intramolecular
Heck reaction proceeded under mild conditions to yield
tricycle 19. Oxidation with dimethyldioxirane and immediate
treatment with camphorsulfonic acid (CSA) after switching the
protecting groups afforded methoxy alcohol 20 in five steps.
This was converted to oxazolidine 21 in five further steps
involving acidic reduction, silylation, several protecting group
operations and partial reduction of the lactam carbonyl using
Red-Al. Ring opening of 21 with trimethylsilyl cyanide
(TMSCN) afforded aminonitrile 22 as a single diastereomer.
Due to its potential reactivity and lability, side reactions might

Scheme 1. Selected preparation methods of aminonitriles by the Opatz group.
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have been expected as soon as the aminonitrile moiety was
introduced. However, multiple transformations like oxidation,
hydrogenolysis and allylation were tolerated well. This
showcases the potential of this compound class which provides
synthetic options as well as a sufficient stability when carefully
taken into consideration during synthesis planning. After
isolation of compound 23 with the correct oxidation state at
C-4, attention was focused on preparation of the ten-
membered thioether ring 24. Completion of the total synthesis
was performed through construction of the missing THIQ
moiety by deprotection and biomimetic transamination reac-
tion as well as subsequent Pictet-Spengler reaction to furnish
ecteinascidin 770 (26). Being a natural product itself, the latter
shows potent cytotoxic and antitubercular activities.[22] The
aminonitrile moiety was ultimately converted through the

iminium ion to the labile hemiaminal by decyanation with
AgNO3 to give ecteinascidin 743 (27). Enamine formation is
prohibited by Bredt’s rule in this case.[17]

Yohimbinoid alkaloids represent popular targets for total
syntheses. In 2013, Sarpong and co-workers developed a new
approach towards this compound class which resulted in the
first total synthesis of venenatine (35) and alstovenine (37) by
applying α-aminonitrile intermediates to effectively control the
stereochemistry at C-3 in a Pictet-Spengler cyclization
(Scheme 3).[23] This work was built on Woodward’s pioneering
synthesis of reserpine (38) in 1958, which led to the undesired
epimer, and the ingenious solution of Stork, who used an
aminonitrile to regiospecifically produce an iminium ion to
solve the reserpine C-3 problem.[24] As starting materials, the
readily available diene 28 and enone ester 29 were employed.

Scheme 2. Total synthesis of ecteinascidin 743 (27) by Fukuyama et al..
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After a sequence of Diels-Alder reaction, hydrogenation, silyl
ether cleavage, sulfonation of the resulting primary alcohol and
subsequent α-hydroxylation, oxidative cleavage and treatment
with potassium cyanide, the desired aminonitriles 30a–c could
be obtained as single diastereomers. Extensive optimization
studies of the following Pictet-Spengler cyclization revealed
that the nucleophilicity of the indole moiety played a
significant role in the inherent diastereoselectivity. Further-
more, the use of an exogenous nucleophile like sodium iodide
led to a complete reversal of the diastereoselectivity. The exact
mechanism of this thermal Pictet-Spengler cyclization and the
role of the iodide additive however remained unclear. The
authors assumed that a rapid exchange of the cyanide to the
iodide could produce a reactive iodo species which would
block the α-face and lead to the α-diastereomer instead. With
C-3 epimers 31b and 32b in hand, the total synthesis was
completed by removal of the allyl ester through deallylation/

decarboxylation and debenzylation to furnish venenatine (35)
and alstovenine (37).

Another example for aminonitriles as masked iminium ions
in natural product synthesis was reported by the Movassaghi
group in 2016 (Scheme 4). They published the hitherto
shortest biomimetic enantioselective total synthesis of (� )-
communesin F based on a late-stage heterodimerization and
aminal exchange.[25] (� )-Communesin F is a member of the
highly complex communesin alkaloids, which were first
isolated in 1993 from a marine Penicillium fungus.[26] To date,
various interesting solutions towards these special molecules
have been reported including approaches from Ma, Weinreb
and Stoltz.[27] However, Movassaghi’s approach reflects the
latest insights concerning the biogenesis of these structures.[28]

Gram quantities of starting material 39 were synthesized via a
three step sequence involving mild reduction followed by
subsequent decarboxylation and Rh-catalyzed C� H amination
starting from a readily available bromo-substituted cyclotrypt-

Scheme 3. Total synthesis of venenatine (35) and alstovenine (37) by the Sarpong group.
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amine derivative.[25] To access tricyclic aminonitrile 40, the
group developed two different approaches involving an oxy-
amination route or a sulfinimine allylation sequence. The first
approach provided flexibility for a late-stage introduction of
various substituents at N-8 and established the C-3a config-
uration but led to an oxazolidine substructure which was
difficult to elucidate. Instead, the second approach yielded C-
8a aminonitrile which served as an ideal latent iminium source
for late-stage hemiaminal formation while retaining the
required stability for further transformation.[25] After extensive
optimization, stereoselective C3a-C3a’ bond formation was
achieved through complex fragment assembly based on the
formation of diazene 42 from sulfamate 39 and tricylic
aminonitrile 40 in two steps via dissolution of the two
fragments in THF/DMAP, followed by chemoselective oxida-
tion of sulfamide 41 using N-chloro-N-methylbenzamide in
conjunction with PS-BEMP (polystyrene-bound 2-tert-butyli-
mino-2-diethylamino-1,3-dimethylperhydro-1,3,2-
diazaphosphorine).[25] The remarkable diastereoselectivity at C-
3a is assumed to be due to a rapid radical combination in
conjunction with an additional stereoinduction enforced
through the C-8a aminonitrile moiety. After selective removal
of the N1 and N1’ amine protecting groups of heterodimer 43
with Sc(OTf)3 while preserving the sensitive C-8a nitrile
moiety, final-stage biomimetic aminal reorganization could be
achieved at the C8a’-aminal with the electron withdrawing

N8’-sulfonamide being the respective leaving group. This
allowed for a selective opening of the cyclotryptamine
substructure. The resulting iminium intermediate 45 could
then be rapidly trapped by the N1 amine to undergo N1-C8a’
and N8’-C8a bond formation, only forming the desired
heptacycle 46. After two additional steps, (� )-communesin F
(48) was obtained.

In 2014, Stephenson used the diversity of α-aminonitrile
chemistry in the syntheses of (� )-pseudotabersonine (53),
(� )-pseudovincadifformine (54) and (+)-coronaridine (51)
(see Scheme 5).[29] Therein, commercially available (+)-cathar-
anthine (49) was fragmented through photoredox catalysis in a
formal retro-Mannich reaction in the presence of TMSCN to
yield α-aminonitrile 50. While previous attempts to preserve
catharanthine’s chirality failed,[30] due to rapid racemization
upon chemical conversion, this protocol completed the task by
using a flow reactor with a residence time of only 2 minutes in
96% yield. When α-aminonitrile 50 was refluxed with one
equivalent of TFA in degassed toluene, (� )-pseudotabersonine
(53) was obtained in 90% yield in a Pictet-Spengler reaction
with a 2 :1 enantiomeric ratio. The latter could be increased to
20 :1 by lowering the temperature to 60 °C, unfortunately at
the expense of the overall yield. When 50 was hydrogenated
with H2 over Pd/C and subsequently subjected to the
rearrangement conditions applied before, (+)-coronaridine
(51) was obtained in 48% yield over two steps. Hydrogenation

Scheme 4. Total synthesis of (� )-communesin F (48) by Movassaghi et al..
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of aminonitrile 50 over palladium followed by workup with
NaCNBH3 provided a tertiary amine 52 in 98% yield with a
12 : 1 diastereomeric ratio, favouring the desired β-epimer.
When the latter was converted under oxidative photoredox
conditions in flow using diethyl 2-bromo-2-methylmalonate as
the terminal oxidant, (� )-pseudovinca-difformine (54) was
obtained in 58% yield.

In Barker’s synthesis[31] of Delphinium and Aconitum
alkaloid analogues, α-cyanoaminoacrylates were reacted with
2-silyloxy-1,4-butadienes in a TiCl4-catalyzed one-pot Diels-
Alder/Mannich reaction to produce bicyclic intermediate 59.
Yields and reaction times were found to depend on the
concentration of the TiCl4 solution, on the diene equivalents
and on the order of reagent addition. The resulting products
can be further transformed into 6-alkoxy-3-azabicyclo[3.3.1]
nonanes, which are the common core structure in the natural
products of interest. This approach relies on a report by Yang
et al.[32] which describes the TiCl4-induced iminium ion
cyclizations of α-cyanoamines. For the synthesis of meth-
yllycaconitine analogue 62, the required α-aminonitrile 58 was
synthesized from ethyl 2-(bromomethyl)acrylate (55) and 2-
benzylamino-acetonitrile (56) using standard procedures
(Scheme 6). After diastereoselective ketone-reduction and
subsequent methylation using standard procedures, the respec-
tive ester was reduced with lithium aluminium hydride to
afford the corresponding alcohol. Coupling with acid 60 gave
the respective maleimide 61, which was then hydrogenated to
produce methyllycaconitine analogue 62.

As described before, aminonitriles can be obtained through
photochemical protocols. The Opatz group reported a highly
active catalyst system for the metal-free visible light aerial
photocyanation of tertiary aliphatic amines in 2016. This
system was applied in the syntheses of the alkaloid (�)-crispine
A and both enantiomers of tetraponerines (� )-T7 and (� )-T8

(Scheme 7).[7b] The synthesis of (�)-crispine A, a THIQ
alkaloid that was isolated from Carduus crispus, a curly
plumeless thistle,[7b,33] commenced with commercially available
homoveratrylamine (64), which was converted to the corre-
sponding pyrrolidine 65 in two steps. Photocyanation afforded
α-aminonitrile 66 in 78% yield. In-situ generation of iminium
ion 67 with AgBF4 and subsequent cyclization in hot trifluoro-
acetic acid (TFA) afforded (�)-crispine A (68) with an overall
yield of 70%.[7b] Tetraponerines 74 and 75 are tricyclic
alkaloids with an aminal structure isolated from the poison of
Tetraponera (Pseudomyrmecinae) ants.[34] The synthesis started
with the organocatalytic enantioselective preparation of key
intermediate 70 in four steps from piperidine 69. Reductive
amination of 70 yielded amine 71, which was converted to a
mixture of the desired targets in a one-pot procedure via
chemoselective photocyanation, iminium ion generation and
N-deprotection. Separation via flash chromatography afforded
(� )-T7 (74) in 32% and (� )-T8 (75) in 13% yield.

Furthermore, this protocol[7b] was used in the postfunction-
alization of natural products as demonstrated in the synthesis
of nicotine derivative 78 through photochemically generated
5-cyanonicotine (77). This precursor was then subjected to a
so-called Bruylants reaction with n-pentylmagnesium bromide,
providing the formal product of a C� H alkylation (see
Scheme 8). The Bruylants reaction will be discussed in the
following section.

3.1.2. Bruylants Reaction

The reaction of an α-aminonitrile with a Grignard reagent to
obtain an α-substituted amine in a formal cyanide displace-
ment, is known as the Bruylants reaction.[35] Syntheses of
aliphatic amines in this fashion are common, but reactions
with aryl Grignard reagents[36] to yield tertiary aryl amines or

Scheme 5. Total syntheses of (+)-coronaridine (51), (� )-pseudotabersonine (53) and (� )-pseudovincadifformine (54) reported by Stephenson.
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vinylic Grignard reagents to furnish allylic amines have also
been reported.[37] The Bruylants reaction proceeds through
initial elimination of cyanide to give an iminium ion which is

trapped through rapid addition of the C-nucleophile
(Grignard reagent or organozinc reagent).[37–38] Various total
syntheses of natural products using the Bruylants reaction have

Scheme 6. Total synthesis of methyllycaconitine analogue 62 by Barker et al..

Scheme 7. Total synthesis of (�)-crispine A (68) and tetraponerines (� )-T7 (74) and (� )-T8 (75) by the Opatz group.
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been reported in the literature, the enantioselective total
syntheses of the indolizidine alkaloids 167B, 209D, (� )-205 A
and (� )-235B by Polniaszek and Belmont in 1990 and 1991
being prominent historic examples.[39]

Enders and co-workers reported the first enantioselective
synthesis of dendrobatid alkaloids (� )-209I and (� )-223 J in
2000, which can be isolated from the skin of members of the
Dendrobatidae frog family such as the poison dart frog.[40] The
sequence started from n-pentanal and included an asymmetric
alkylation using Enders’ (R)-1-amino-2-(methoxymethyl)-pyr-
rolidine (RAMP) auxiliary to furnish aminonitrile 81
(Scheme 9). This precursor was subjected to Bruylants
conditions using n-propyl and n-butylmagnesium bromide to
furnish alkaloids (� )-209I (82) and (� )-223 J (83) in 91%
(96.3% de) and 87% (96.0% de) yield.

The Couty group reported a 15-step total synthesis towards
clavepictines A and B (see Scheme 10), which were first
isolated from the tunicate Clavelina picta in 1991 and show
potent cytotoxic effects.[41] They relied on a variant of
Husson’s CN(R,S)-methodology[42] and started with an inter-
mediate from the synthesis of (� )-desoxoprosopinine[43] which
can be easily prepared from (R)-phenylglycinol (84) as a chiral
auxiliary. After various transformations including treatment
with TFA to induce intramolecular condensation, aminonitrile
87 was obtained. Reductive decyanation with Zn(BH4)2/
AgBF4, opening of the cyclic N,O-acetal with meth-
ylmagnesium bromide, hydrogenolysis using Pearlman’s cata-
lyst followed by a sequence of alkylation-cyanomethylation,
and intramolecular alkylation furnished bicyclic aminonitrile
89 as a single stereoisomer. This could serve as a precursor for
diverse clavepictine analogues as it only had to be subjected to
a Bruylants reaction with the corresponding Grignard reagent.

Scheme 8. Application of aminonitriles for late-stage modification to afford
nicotine derivative 78 by the Opatz group.

Scheme 9. Bruylants reaction affording alkaloids (� )-209I (82) and (� )-
223 J (83) by Enders.

Scheme 10. Total synthesis of clavepictines A (90) and B (91) reported by the Couty group.
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Hyacinthacines are also accessible through aminonitrile
chemistry, which was demonstrated in 2013 by Delair and co-
workers, who reported the total synthesis of hyacinthacines B1

and B2 (Scheme 11).[44] In view of their polyhydroxylated
pyrrolizidine structure, they can be considered as imino sugars
which are currently among the most extensively studied
glycosidase inhibitors for drug development.[45] Hyacinthacines
were first isolated in 1999 by Asano from bulbs of the Spanish
squill Scilla campanulata and show strong biological activities
as selective inhibitors of β-glucosidase and β-galactosidase.[44,46]
The synthesis of (+)-hyacinthacine B1 started from the
commercial chiral auxiliary (S)-stericol® (92) which was
converted into 93 in 18 steps. Suitable selection of cis-hydroxyl
protecting groups and reductive cyanation to the correspond-
ing aminonitrile 94 were extensively studied. In the next step,
a Bruylants reaction with dimethylphenylsilymethylmagnesium
chloride was performed to yield 95. Acetal cleavage with TFA
followed by challenging Tamao-Fleming oxidation, due to
potential amino group oxidation, afforded (+)-hyacinthacine
B1 (96). For the total synthesis of (+)-hyacinthacine B2 (99),
lithiation of 94 with LDA followed by alkylation with BOMCl
gave corresponding aminonitrile 97 in high diastereomeric
purity. Reduction with NaBH4, subsequent double deprotec-
tion through hydrogenolysis in acidic medium and deprotona-
tion with basic ion exchange resin furnished (+)-hyacinthacine
B2 (99).

3.2. Deprotonated α-Aminonitriles and their Use as α-
Carbanion and Acyl-Anion Equivalents

Pioneering examples of reactions of deprotonated α-amino-
nitriles were reported by Boekelheide and Popp[47] who
described alkylations and addition reactions of deprotonated
Reissert compounds in the 1950s. Hauser, Taylor and
Ledford[48] then described the α-alkylation of potassium salts of
N,N-dialkylated α-arylaminonitriles and the subsequent base-
induced elimination of HCN from their respective substitution
products to form enamines. The latter could be either reduced
to tertiary amines or hydrolyzed to form ketones. These works
established deprotonated α-aminonitriles as readily available
and inexpensive acyl anion equivalents along with the O-
protected cyanohydrins[12b,49] and the 1,3-dithianes.[50] For a
comprehensive overview on the chemistry of deprotonated α-
aminonitriles, the reader may be referred to a 2009 review of
Opatz.[2b]

3.2.1. α-Carbanion Equivalents

Opatz et al. established a general protocol for the quantitative,
non-destructive α-deprotonation of Strecker products derived
from aromatic or α,β-unsaturated aldehydes and primary
amines or even ammonia. Using this protocol, the readily
available 6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline-1-car-

Scheme 11. Total synthesis of hyacinthacines B1 (96) and B2 (99) by Delair et al.

P e r s o n a l A c c o u n t TH E CH EM I C A L R E CORD

Chem. Rec. 2020, 20, 989–1016 © 2020 The Authors. Published by The Chemical Society of Japan &Wiley-VCH Verlag GmbH & Co. KGaA Wiley Online Library 999



bonitrile (101) could be employed as an α-aminocarbanion
equivalent in a number of alkaloid syntheses (see Scheme 12).
Compound 101 proved to be very stable against retro-Strecker
reaction upon deprotonation with KHMDS and subsequent
α-alkylation with an electrophilic reagent in THF at � 78 °C.
Cyanide elimination in the alkylated product occurred
spontaneously, yielding the corresponding 3,4-dihydroisoqui-
nolines 103. The latter could be subjected to an asymmetric
transfer hydrogenation with Noyori’s catalyst without prior
work-up to give highly enantioenriched products 104.[51] As
the tetrahydroisoquinoline scaffold is a recurring motif in a

wide range of natural products, the THIQ alkaloids (+)-O,O-
dimethylcoclaurine (105), (+)-salsolidine (106) and (� )-
norlaudanosine (107) were directly accessible and N-meth-
ylated THIQ alkaloids 114–116, tetrahydroprotoberberines
117 and 118 and bisbenzylisoquinolines 109 and 120 were
available after a few further transformations.

This reaction sequence was later proven to be useful for the
enantioselective synthesis of (� )-dihydrocodeine (133) and the
formal synthesis of morphinan alkaloids by the same group,
which was the most efficient asymmetric approach to
morphinan alkaloids reported so far.[52] A xylochemical version

Scheme 12. Overview of accessible natural products from 101 developed by Opatz et al.
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of this total synthesis was also developed, which exclusively
uses wood-derived starting materials instead of the usual
petrochemistry-derived building blocks.[53]

Later, this general route was combined with anodic C� C
aryl coupling to provide a biomimetic access to the natural
product (� )-thebaine (137)[54] and the semisynthetic opioid
(� )-oxycodone (see Scheme 13).[55] As starting materials for
these syntheses, bromides 126 and 125 were prepared from
methyl gallate 123. Aminonitriles 122 and 101, available from
homoveratrylamine (64) and 2-(3-methoxyphenyl)ethylamine
(121) in three steps, were alkylated according to the
established protocol with bromides 124 and 125 to yield the
(� )-(S)-norlaudanosine derivatives 126 and 127. (� )-Dihy-
drocodeine (133) was accessible following the Beyerman
strategy:[56] After alkoxycarbonylation and Birch reduction of
126 to 128, Grewe cyclization resulted in the morphinan
skeleton of 129 carrying two new stereogenic centers with
defined geometry. After bromination of the enolizable ketone,
the ether bridge of 130 was closed. Partial bromination of C-1
at this stage was undone by Pd-catalyzed detriflylation/
dehalogenation. Final reduction of the carbonyl group in 132
afforded (� )-dihydrocodeine (133) in 31% overall yield and
95% ee over 12 linear steps.

On the route leading to thebaine, regio- and diastereose-
lective anodic aryl-aryl coupling established the morphinan
ring system of 135, which was debenzylated and deacetylated

employing a transfer hydrogenation with 1,4-cyclohexadiene.
The superfluous hydroxy group was removed through Pd-
catalyzed transfer hydrogenation of the corresponding triflate
136. Deacetylation, selective 1,2-reduction of the carbonyl
group under Luche conditions and E-ring closure through
SN2’-substitution with N,N-dimethylformamide dineopentyl
acetal[57] yielded (� )-thebaine (137) in 93% ee. Through
variation of the final steps and inclusion of a [4+2]
cycloaddition of photogenerated singlet oxygen, the opioid
drug (� )-oxycodone is accessible.

In 2016, Opatz et al. reported the first racemic total
synthesis of (�)-tubocurine (150) and (�)-curine (149)
starting from vanillin (141) (see Scheme 14.).[58] The latter was
transformed into both required precursors 140 and 142 in six
and seven steps. Alkylation of 140 with bromide 144
according to the established protocol and subsequent debenzy-
lation yielded benzylisoquinoline 146. Coupling of phenyl-
acetic acid derivative 139 and phenylethylamine 140 gave the
cyclization precursor, which was further converted into 145 by
sodium borohydride reduction and subsequent N-formylation.
The final ring closing strategy for the target molecules was
build on two subsequent Ullmann couplings of the benzyliso-
quinoline subunits 145 and 146. Debenzylation of the
coupling products yielded (�)-tubocurine (150) and (�)-
curine (149) after 15 linear steps. As tubocurine can be
converted to the arrow poison tubocurarine, the present

Scheme 13. Enantioselective total syntheses of (� )-dihydrocodeine (133) and (� )-thebaine (137) by Opatz et al..
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approach represents the first formal total synthesis of this
famous alkaloid.

In a xylochemical approach towards ilicifoline B
(Scheme 15), the Opatz group converted ferulic acid (151),
available from various types of biomass, into the well-known
α-aminonitrile 101 after a six-step protocol involving a Curtius
rearrangement of 152 to form 153.[53] Veratrole (154), a
pyrolysis product of wood, was subjected to double
bromomethylation with formaldehyde and HBr to produce
dibromide 155.

Compounds 101 and 155 were converted into the berber-
ine alkaloid pseudopalmatine (156) in a cascade involving
spirocyclization, α-deprotonation, Stevens rearrangement, de-
hydrocyanation, and oxidation. Aerial oxidation in alkaline
solution produced lactam 157, which was subsequently
dimerized with PIFA/BF3 ·Et2O to yield ilicifoline B (158).

Lepadiformine A was first isolated by Biard et al. from the
ascidian Clavelina lepadiformis in 1994 (see Scheme 16). The
synthetic challenge arising from the fused tricyclic structure of
the lepadiformine alkaloids and their potential antiarrhythmic

properties[59] has inspired several groups[60] to perform synthetic
studies on these intriguing natural products. Rychnovsky’s
strategy[61] for the synthesis of lepadiformines A, B, and C
(167) envisioned a route where all three rings were introduced
in quick succession from similar acyclic dibromides, which
were stereoselectively synthesized beforehand. Synthesis of the
α-aminonitrile 162 proceeded through TBS-protection of 3-
amino-1-propanol (161), cyanomethylation and N-Boc-pro-
tection. The obtained aminonitrile 162 was reacted with
dibromide 160 in a one-pot double nitrile anion alkylation.
Desilylation of cyclic aminonitrile 163 was followed by O-
phosphorylation to give cyclization precursor 164. Spirocycli-
zation to 165 proceeded by diastereoselective ring closure after
reductive decyanation with Freeman’s reagent (lithium di-tert-
butylbiphenylide, LiDBB) through the α-lithiated amine.
Third and final ring closure proceeded via SN2-reaction of N-
deprotected mesylate 166. Lepadiformine C (167) was
obtained in 9% overall yield over 18 linear steps. The optical
rotation of the hydrochloric salt of the obtained product had
the opposite sign compared to the hydrochloric salt of the

Scheme 14. Total synthesis of (�)-tubocurine (150) and (�)-curine (149) reported by the Opatz group.
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natural product, which indicates that the enantiomer of natural
lepadiformine C had been synthesized. This disproved the
previous assumption that lepadiformine A, B and C were all of
the same stereochemistry. A later synthesis of both
enantiomers[62] provided further confirmation that lepadifor-
mine C indeed has an enantiomeric core to its congeners,
lepadiformines A and B, suggesting that the producing
organism is capable of enantiodivergent biosynthesis.

Hurvois and co-workers reported a racemic total synthesis
of (�)-pumiliotoxin C (177) in 15 steps from commercially
available starting materials in 2005 (Scheme 17).[63] Pumilio-
toxin C is the most abundant representative of the decahy-
droquinoline alkaloid class in natural sources, which was first
isolated in 1969 from the skin extracts of the Panamanian frog
Dendrobates pumilio.[64] The α-aminonitrile intermediates,
required for C� C bond formation adjacent to the nitrogen
atom, were prepared electrochemically. Initiating the synthesis
with 4-piperidone ethylene ketal, α-aminonitrile 170 was
obtained in two steps via Caubère coupling followed by anodic
cyanation. A sequence of deprotonation and alkylation
furnished a bifunctional aminonitrile which was further trans-
formed into protected nitrile 171. Mild reduction of the
terminal nitrile group using DIBAL� H, and exposure of the
resulting aldehyde to acidic conditions, afforded enone 172.
Conjugate addition of a lithium dimethylcuprate was applied
to introduce the C-5 methyl group and furnished octahydro-
quinoline 174 with excellent diastereoselectivity (de �99%) in
91% yield. Removal of the undesired carbonyl moiety at C-4

Scheme 15. Total synthesis of ilicifoline B (158) by Opatz et al..

Scheme 16. Total synthesis of lepadiformine C (167) by Rychnovsky.
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through Shapiro reaction and reduction of the resulting alkene
afforded decahydroquinoline 175 which was again converted
to the corresponding aminonitrile 176 via highly regioselective
anodic cyanation. Deprotonation of 176 using LDA, alkyla-
tion with propyl bromide, reduction of the aminonitrile
moiety under retention of the C-2 configuration followed by
N-dearylation under Birch conditions afforded (�)-pumilio-
toxin C (177) in an overall yield of 5%.

3.2.2. Acyl-Anion Equivalents

The utility of α-(dimethylamino)propionitrile (98) in natural
product synthesis was demonstrated - among others – in an
attempt to synthesize the 1-epi-aglycon of cripowellins A and
B by Enders et al. in 2005 (see Scheme 18).[65] These
amaryllidaceae alkaloids bearing an exceptional [5.3.2]-bicyclic
core structure were isolated by researchers of the Bayer
company in 1997[66] from bulbs and roots of the lily Crinum
powellii. One retrosynthetic analysis suggested a keto acid as
one of two building blocks for an intramolecular Buchwald-
Hartwig arylation precursor to close the ten-membered ring.
Even though this specific route eventually did not lead to the
desired target compound, it is a good example for how α-
aminonitriles might can replace 1,3-dithianes in natural
product synthesis as acyl anion equivalents, as both routes
were tested in parallel. The authors demonstrated that their
reaction sequence was considerably shortened whilst the overall
yield of ketone 184 was increased when α-(dimethylamino)-
propionitrile (180) was employed. This is due to the fact that
methylation to afford 183 was no longer required and
hydrolysis was possible in-situ.

The centrolobines are a group of diarylheptanoids bearing
a 2,6-disubstituted tetrahydropyran ring (see Scheme 19).
After these compounds raised interest in multiple fields of
medicinal chemistry,[67] they became subject to several total
synthetic attempts.[68] (+)-Centrolobine (192) was first de-
scribed in 1970 from the tree Centrolobium tomentosum by the

Scheme 17. Total synthesis of (�)-pumiliotoxin C (177) reported by Hurvois et al.

Scheme 18. Comparison of aminonitrile 180 and dithiane 181 approach by
Enders to afford the aglycon of cripowellins A and B.
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brazilian group around Gottlieb.[67a] Aidhen and Sudarshan
presented a versatile and enantioselective synthetic route for
(+)-centrolobine (192) that differed from the previous ones by
making use of acyl anion chemistry.[69] In their total
synthesis,[70] an α-aryl-4-morpholin-4-yl-acetonitrile 185 was
alkylated in DMF, using sodium hydride as a base, with
bromide 186 derived from d-mannitol. After hydrolysis of
crude 187 using CuSO4 ·5H2O in aqueous methanol at 60 °C,
aryl ketone 188 was obtained in 75% yield. In the following
step, the latter was reduced to a diastereomeric mixture of
benzylic alcohols which underwent stereoconvergent intra-
molecular cyclization upon treatment with p-TsOH to give the
cis-2,6-disubstituted tetrahydropyran 189. After Appel bromi-

nation, a benzyl protected α-aryl-4-morpholin-4-yl-acetonitrile
190 was used to incorporate the second aryl residue to give
191. Debenzylation and decarbonylation closed the synthesis
of (+)-centrolobine (192).

Tarchonanthuslactone (199) was isolated by Bohlmann[71]

in 1979 from the leaves of Tarchonanthus trilobus and was
reported to lower plasma glucose levels in diabetic rats.[72]

Therefore, it became the target of several total synthesis
attempts.[73] In the synthesis of Enders et al. (Scheme 20),[74] α-
(dimethylamino)propionitrile (180) proved to be a reliable
acetyl anion equivalent after deprotonation with LDA and
subsequent introduction of previously synthesized iodide 194.
In this case, hydrolysis even occurred during column

Scheme 19. Total synthesis of (+)-centrolobine (192) by Aidhen and Sudarshan.

Scheme 20. Enders’ total synthesis of tarchonanthuslactone (199).
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chromatography of the crude alkylated α-aminonitrile product
on silica to give the desired alkylation product 195 in 83%
yield without the usually required work-up with aqueous
AgNO3 or CuSO4. The product thus obtained was syn-
selectively reduced to an alcohol 197 using l-Selectride® and
directly esterified with acid 196 under Steglich conditions.
Treatment with pyridinium chlorochromate regenerated the α,
β-unsaturated δ-lactone moiety of 198. Final desilylation gave
the target compound tarchonanthuslactone (199) in a respect-
able 21% overall yield after twelve linear steps.

3.3. Hydrolysis

As described before, the Strecker reaction is the earliest
multicomponent reaction discovered. The α-amino acid
alanine was the first synthesized in this way, even before its
isolation from nature.[1] The reaction mechanism involves the
formation of an α-aminonitrile, the nitrile moiety of which
can be hydrolyzed to either furnish α-amino amides or α-
amino acids depending on the conditions applied.[3d,75]

Asymmetric Strecker reactions were extensively investigated
during the last decades.[2c,d] Hydrolyses of α-aminonitriles were
applied for instance in the route to (� )-antirhine[76] in 1986,
the major alkaloid of Antirhea putaminosa[77] or in the total
synthesis of the marine bis(indole)alkaloid (�)-dragmacidin in
1994.[78]

An example for the Strecker reaction applied in natural
product syntheses is the total synthesis of the selective and

potent 20S proteasome inhibitor (+)-lactacystin (208), which
was first isolated from Streptomyces sp. in 1991.[79] The
Shibasaki group reported a catalytic asymmetric total synthesis
of (+)-lactacystin in 2006 (see Scheme 21) via catalytic
enantioselective Strecker reaction of ketoimines using a
gadolinium-based catalyst system.[80] Its three chiral centers on
a γ-lactam core render this natural product an attractive target
for stereoselective total synthesis. In this protocol, the
quaternary C-5 center was constructed in an early stage of the
sequence. Starting from commercially available isovaleralde-
hyde, ring closing metathesis, oxime formation and phosphi-
noylimine formation yielded ketoimine 200, which was subject
to extensive optimization studies for the enantioselective
Strecker reaction to furnish amidonitrile 202. The latter was
further converted to the corresponding amino acid derivative
203 in three steps before being subjected to ozonolysis,
oxidation, lactam formation and stereoselective reduction,
affording 204 enantio- and diastereoselectively. A four-step
sequence involving chemoselective protecting group opera-
tions, selenenylation, elimination and silyl conjugate addition
followed by Tamao oxidation afforded precursor 205, which
was oxidized by mCPBA to furnish Donohoe’s intermediate
206. This could be converted to (+)-lactacystin by removal of
the Boc protecting group, hydrolysis of the ethyl ester under
basic conditions and lactone formation with BOPCl, as well as
treatment with N-acetyl-l-cysteine in the last step.

Ohfune and co-workers described the stereoselective total
syntheses of manzacidines A and C (see Scheme 22) in

Scheme 21. Total synthesis of (+)-lactacystin (208) by the Shibasaki group.
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2000.[81] Those bromotetrahydropyrimidine alkaloids were first
isolated from an Okinawan marine sponge Hymeniacidon sp. in
1991.[82] They possess a unique ester-linked bromopyrrolecar-
boxylic acid moiety as well as a 3,4,5,6-tetrahydropyrimidine
ring and were found to be pharmacologically active as α-
adrenoceptor blockers, antagonists of serotonergic receptors as
well as actomyosin ATPase activators, which they share with
other marine bromopyrrole alkaloids.[81–82] The synthesis
started from readily available (2S)-allylglycinol (209) via
chemoselective removal of the Boc group followed by
conversion to the corresponding aminonitriles 211a+b.

Further transformations involved oxidation with ozone to
imino ketone 212, which, after hydrolysis of the nitrile group,
esterification and reduction, furnished diol 213. Oxidation
and treatment with TFA and methyl orthoformate gave
tetrahydropyrimidine 214, which was esterified with 215 to
afford manzacidine A (216) in 14 steps and an overall yield of
14%. Manzacidine C (220) was obtained starting from
aminonitrile 211b in 15 steps with an overall yield of 3.5%.

A rapid total synthesis via a Strecker/Houben-Hoesch
sequence to (�)-trigonoliimine A has been described by the
group of Hao in 2013 (see Scheme 23).[83] (�)-Trigonoliimine

Scheme 22. Total syntheses of manzacidines A (216) and C (220) by Ohfune et al..
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A was isolated in 2010 from the extracts of the leaves of
Trigonostemon lii and shows modest anti-HIV-1 activity.[84]

Therefore, it was target of a series of total syntheses including
the groups of Tambar, Movassaghi, and others.[85] Ketones
221a+b were subjected to Strecker conditions in what turned
out to be the most challenging step of this synthesis protocol,
as Strecker reactions applied to ketones and aliphatic amines,
in contrast to its application to aldehydes, often require the use
of preformed imines[86] or high pressure[87] conditions. Un-
stable aminonitriles 223a+b were subjected to Houben-
Hoesch-type cyclization affording seven-membered ring ke-
tones 224a+b. Treatment with hydrazine in ethanol afforded
(�)-trigonoliimine A (225b) in 85% yield.

As a general approach to α-quaternary amino acids, the
Opatz group reported an auxiliary-controlled enantioselective
synthesis using a sequence of alkylation of deprotonated α-
aminonitriles and their subsequent hydrolysis in 2015 (see
Scheme 24).[88] For controlling the stereoselectivity of the
alkylation step, the group used Weinges’ auxiliary which had
already been applied successfully in the diastereoselective
crystallization of Strecker products by Weinges and co-workers
and was prepared on an industrial scale en route to the
antibiotic chloramphenicol from acetone, nitromethane and
formaldehyde and subsequent optical resolution. Reaction of
its hydrochloride with an aromatic aldehyde and potassium
cyanide afforded the aminonitriles 226a+b as single diaster-
eomers after crystallization. Subsequent deprotonation and
alkylation furnished α-quaternary aminonitriles 227 in high
diastereoselectivity, which were then subjected to acidic
hydrolysis and oxidative removal of the auxiliary. The products

228 were obtained in high optical purity without the need of
intermediary purification.

Even peptide natural products like leucinostatin A, isolated
from Penicilium lilacinum in 1973,[89] can be stereoselectively
synthesized using aminonitrile chemistry. Shibasaki, Watanabe
and co-workers reported a synthesis protocol involving a
sequence of catalytic asymmetric nitroaldol reaction, diaster-
eoselective thioamide aldol- and Strecker-type reaction as well
as catalytic asymmetric alcoholysis in 2017 (see Scheme 25)
The first task was the preparation of the 2-amino-6-hydroxy-
4-methyl-8-oxodecanoic acid (AHMOD) segment (236) start-
ing from 3-methylglutaric anhydride (229) involving catalytic
asymmetric methanolysis[90] to afford half ester 230. The
carboxylic moiety was converted to a formyl group[90b] which
was subjected to Wittig-type olefination furnishing trisubsti-
tuted olefin 231. Transformation into imine 232 provided the
starting material for a diastereoselective Strecker-type reaction
to furnish aminonitrile 234. Acidic hydrolysis, double
protection of the nitrogen atoms and subsequent ozonolysis
afforded 235 in four steps. 236 could be obtained in a three-
step sequence involving catalytic asymmetric direct thioamide-
aldol reaction, subsequent hydrolysis and conversion to the
carboxylic acid. After solid-phase synthesis of peptide 237,
threo-β-hydroxyleucine (HyLeu) segment (238), synthesized
from 2-nitroethanol through enantioselective nitroaldol reac-
tion (not shown), and AHMOD segment (236) could be
attached via standard peptide-coupling procedures, furnishing
leucinostatin A (239) in four additional steps. After compar-
ison with the reported NMR-data, the group concluded that
the correct structure of leucinostatin A is the epimer of the
previously reported structure[91] with R-configuration at the
secondary alcohol moiety of the AHMOD segment.

Scheme 23. Total synthesis of (�)-trigonoliimine (225b) by the Hao group.

Scheme 24. Total synthesis of α-quaternary amino acids 158 developed by
the Opatz group.
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3.4. Reduction of the Nitrile Moiety

The reduction of nitriles is one of the most economical routes
available to produce primary amines. In total syntheses of
natural products, the application of α-aminonitriles is a
convenient method to selectively transform the available amine
function first and after subsequent reduction of the nitrile
function, producing a 1,2-diamine with a second amino group
for further modification. The main challenge here is to
overcome the reductive decyanation as a competing side
reaction,[14b,92] which is the reason why catalytic hydrogenation
of α-aminonitriles over Pd, Rh or Ni under high hydrogen
pressure or the use of lithium aluminium hydride often proved
insufficient in this context. Instead, low pressure hydro-
genations of N-unsubstituted α-aminonitriles in alcoholic HCl
over PtO2

[14a] is often the method of choice.
By providing the first total synthesis of both dysibetaine

enantiomers (see Scheme 26), Snider and Gu[93] were able to
elucidate the stereochemistry of naturally occurring (S,S)-
dysibetaine (246) through comparison of the optical rotation
of the natural product with that of the synthetic material. This

natural product had been isolated by Sakai and co-workers
from the marine sponge Dysidea herbacea.[94] The synthetic
route leading to the (S,S)-configured product started with
condensation of ethyl amino(cyano)acetate (240) and (S)-
glycidic acid 241 under the action of N,N’-dicyclohexylcarbo-
diimide (DCC) to yield glycidamide 242. Intramolecular
alkylation of 242 gave a hardly separable mixture of isomers,
which were protected with TBDMSOTf to allow chromato-
graphic separation of 243 and its undesired diastereomer.
Hydrogenation of 243 over PtO2 in ethanol containing 3–
4 equiv. of conc. HCl allowed clean desilylation and nitrile
reduction, affording a quantitative yield of hydroxy amine
hydrochloride 244. Reductive methylation with aqueous
formaldehyde and Pd/C under 3.4 bar of H2 gave an
ammonium salt, which was neutralized and subsequently
quaternized with excess MeI to afford 95% of trimeth-
ylammonium iodide 245. Hydrolysis with Dowex 550 A resin
in the hydroxide form in MeOH at elevated temperature
provided 97% of pure (R,R)-dysibetaine (246).

In the 25-step racemic synthesis of dragmacidin E (258),[95]

completed by Feldmann and Ngernmeesri[96] in 2011, a

Scheme 25. Total synthesis of leucinostatin A (239) and stereochemical revision by Shibasaki and Watanabe.
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Witkop cyclization[97] of indole 248 was the first key step to
produce an indole-spanning eight-membered ring 249, which
underwent Dieckmann cyclization[98] to yield ketone-bridged
strained product 250 (see Scheme 27). The latter was hydro-
lyzed to give tricycle 251 as a diastereomeric mixture, which
later converged to the same product. The ketone unit could be
further transformed into α-aminonitrile 252 in a Strecker-like
sequence yielding a 5 :1 ratio of diastereomers in favour of the
desired isomer. After chromatographic separation, the free
amine of 252 was protected as its methyl carbamate to prevent
retro-Strecker reaction. The nitrile was then reduced under
Satoh-conditions[99] using a NaBH4/CoCl2 system and sub-
sequent LiOH-mediated cyclization furnished spiro-2-imidazo-
lone (253). For installation of the pyrazinone ring, the benzylic
6 position was oxidized by DDQ to yield a ketone, which was
transformed to a mixture of azides using standard procedures.
Azide reduction to the primary amine enabled coupling with
acid chloride 255. Pyrazinone formation was achieved through
a two-step protocol applied to 256 involving cyclocondensa-
tion after deprotection of the primary amine at C-5. The
obtained dihydropyrazinone product was oxidized with DDQ
to deliver the stable pyrazinone-containing product 257. The
synthesis of 258 was completed by O-methylation and
subsequent conversion with ammonia of the spiroimidazo-
lone’s urea unit into a guanidine-type structure and debenzyla-
tion under Stoltz’s[100] conditions.

3.5. Rearrangements of α-aminonitriles

Starting from α-aminonitriles, nitrile-stabilized ammonium
ylides are readily accessible by quaternization of the amine
center and subsequent α-deprotonation. Compounds of this
family are known to undergo [1,2]-Stevens[101] or [2,3]-
Sommelet-Hauser[102] rearrangements, which proved to be
useful in the construction of complex molecules. The Opatz
group reviewed applications of these processes in 2014[2f] and
applied a [1,2]-Stevens rearrangement in the one-pot synthesis
of protoberberine alkaloids, which are characterized by the
5,6-dihydroisoquinolino[3,2-a]-isoquinolinium skeleton
(Scheme 28).[103] After double N-alkylation of readily accessible
1,2,3,4-tetrahydroisoquinoline-1-carbonitrile (101), the result-
ing ammonium ylides 155 readily underwent a Stevens
rearrangement/decyanation/aromatization cascade when re-
fluxed in 1,4-dioxane with excess of Hünig’s base under air,
giving the naturally occurring protoberberines pseudoepiber-
berine (156) and pseudopalmatine (261) in 44% and 54%
yield, respectively.

As this personal account article only covers selected
examples of aminonitriles in natural product total synthesis,
there are still multiple interesting synthesis approaches not
discussed in this respect, like for example the total synthesis of
amiclenomycin by Marquet in 2002,[104] the approach to (� )-
5,6,11-trideoxytetrodotoxin by the Shinada group in 2006,[105]

the synthesis sequence furnishing quinolizidine 217 A by
Danheiser[106] and others.[107] For a deeper insight into the
topic, the reader may be referred to these references.

4. α-Aminonitriles as Natural Products

In addition to their considerable versatility in total synthesis,
α-aminonitrile motifs themselves were identified to be part of
highly complex bioactive natural products. Probably the most
famous example is saframycin A, a member of the THIQ
alkaloid family, which possesses a potent antiproliferative
activity against various cancer cell lines as well as activity
against gram-positive bacteria.[108] It was first isolated in 1977
from a streptothricin-producing strain of Streptomyces
lavendulae.[109] Myers and co-workers reported an enantioselec-
tive total synthesis of saframycin antibiotics in 1999 using
chiral α-amino aldehydes, which were protected at the
aldehyde oxidation level through an α-aminonitrile-based “C-
protecting group” .[110] This example shows that besides their
potential reactivity, aminonitriles can also serve as useful
protecting groups in long synthesis sequences. In 2018,
Oikawa, Oguri and co-workers reported an impressive chemo-
enzymatic divergent total synthesis of saframycin A (262) and
other THIQ derivatives with a pentacyclic scaffold such as
(� )-jorunnamycin A (263) through merging chemical and in-

Scheme 26. Total synthesis of (S,S)-dysibetaine 246.
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vitro biological synthesis (Figure 2), two disciplines with
complementary strengths and weaknesses that have only rarely
been combined in natural product synthesis so far.[111] With
this new strategy involving enzyme-catalyzed construction of
the skeleton, the group gained rapid access (only one single
day of reaction time) to such pentacyclic scaffolds needed,
without the necessity to isolate and purify every intermediate
as compared to chemical multistep approaches.

In 2007, the Garner group[112] reported the total synthesis
of cyanocycline A[113] through a set of stereocomplementary
metal-catalyzed multicomponent reactions involving azome-

Scheme 27. Total synthesis of dragmacidin E (258) developed by Feldmann and Ngernmeesri.

Figure 2. Structures of saframycin A (262) and (� )-jorunnamycin A (263).
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thine ylide cycloaddition, termed [C+NC+CC] couplings,
which were developed previously in their laboratory (see
Scheme 29).[114] They started their synthesis with a five step
sequence to aldehyde 266 which was subjected to the key [C+

NC+CC] coupling reaction with Oppolzer’s L-glycylsultam
to afford pyrrolidine precursor 268 in 74% yield. Further
transformations including Pd-catalyzed hydrogenolysis, pro-
tecting group operations, Pictet-Spengler cyclization and
Swern oxidation furnished cyanocycline A (270) in 22 linear
steps.

After various total syntheses of (� )-renieramycin G from
the groups of Liu, Magnus and others,[115] Zhu and co-workers
developed the first total synthesis of (� )-renieramycins M and
G as well as (� )-jorumycin using aziridines.[116] After the
synthesis of precursor 271 from commercially available 2,6-
dimethoxytoluene through a series of transformations involv-

ing Knochel’s methodology,[117] protecting group operations,
Pictet-Spengler reaction and Grignard reaction, the group was
able to synthesize (� )-jorunnamycin A (272) in four addi-
tional steps. This compound could be converted to (� )-
renieramycin M (273) through acylation using modified
Yamaguchi-conditions with angelic acid. Similar acylation
with acetic anhydride afforded (� )-jorumycin (274) in two
more steps. Hydrolysis, amide bond formation, hydrogenolysis
and selective acylation furnished (� )-renieramycin G (275) in
five additional steps (Scheme 30). After the development of a
series of asymmetric total syntheses of members of the
renieramycin family,[118] a stereoselective total synthesis of (� )-
renieramycin T was reported by Williams and co-workers in
2016.[119] The key step of this sequence was a Pictet-Spengler
cyclization of a bromo-substituted carbinolamine to overcome
the regioselectivity problem of the Pictet-Spengler cyclization.

5. Conclusion

During the past two decades, numerous applications of α-
aminonitriles in natural product syntheses have been described.
Due to their unique reactivity modes and broad applicability,
α-aminonitriles continued to defend their role as versatile
synthetic tools to yield structurally highly different and in part
also very complex products. While exclusively focusing on α-

Scheme 28. Total synthesis to pseudopalmatine (156) and pseudoepiberber-
ine (261) by the Opatz group.

Scheme 29. Schematic route to cyanocycline A (270) by Garner et al..
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aminonitriles in syntheses of natural products in the present
article, it should become clear that this particular subset of the
synthetic chemistry landscape is just the tip of the iceberg and
further significant potential lies in syntheses of drugs or
performance chemicals using aminonitrile chemistry. α-Ami-
nonitriles are suspected to be intermediates in various
biochemical pathways and it is also an important task to
develop new, short and especially eco-friendly methods for
their preparation which can be applied even in late-stage
synthetic approaches.

To conclude this short journey through applications of α-
aminonitriles, we propose this extraordinary class of com-
pounds to be considered as a standard tool in retrosynthetic
analyses of natural products.

Acknowledgements

We are gratefully to M. Sc. Luca Großmann for designing the
cover artwork. Open access funding enabled and organized by
Projekt DEAL.

References
[1] a) A. Strecker, Justus Liebigs Ann. Chem. 1850, 75, 27–45;

b) A. Strecker, Justus Liebigs Ann. Chem. 1854, 91, 349–351.
[2] a) D. Enders, J. P. Shilvock, Chem. Soc. Rev. 2000, 29, 359–

373; b) T. Opatz, Synthesis 2009, 12, 1941–1959; c) C.

Nájera, J. M. Sansano, Chem. Rev. 2007, 107, 4584–4671;
d) J. Wang, X. Liu, X. Feng, Chem. Rev. 2011, 111, 6947–
6983; e) N. Otto, T. Opatz, Chem. Eur. J. 2014, 20, 13064–
13077; f) G. Lahm, J. C. O. Pacheco, T. Opatz, Synthesis
2014, 46, 2413–2421; g) Kouznetsov, C. E. P. Galvis,
Tetrahedron 2018, 74, 773–810.

[3] a) K. Katsuhiro, Y. Hideyuki, M. Shiro, Chem. Lett. 1976, 5,
417–418; b) R. M. Williams, J. A. Hendrix, Chem. Rev. 1992,
92, 889–917; c) R. O. Duthaler, Tetrahedron, 1994, 50,
1539–1650; d) H. Gröger, Chem. Rev. 2003, 103, 2795–
2828; e) M. Seki, M. Hatsuda, S.-i. Yoshida, Tetrahedron Lett.
2004, 45, 6579–6581.

[4] a) H. Shen, L. Hu, Q. Liu, M. I. Hussain, J. Pan, M. Huang,
Y. Xiong, Chem. Commun. 2016, 52, 2776–2779; b) W. Han,
A. R. Ofial, Chem. Commun. 2009, 5024–5026; c) Y. Zhang,
H. Peng, M. Zhang, Y. Cheng, C. Zhu, Chem. Commun.
2011, 47, 2354–2356; d) Y. Ping, Q. Ding, Y. Peng, ACS
Catal. 2016, 6, 5989–6005; e) M. Rueping, J. Zoller, D. C.
Fabry, K. Poscharny, R. M. Koenigs, T. E. Weirich, J. Mayer,
Chem. Eur. J. 2012, 18, 3478–3481; f) S. Singhal, S. L. Jain,
B. Sain, Chem. Commun. 2009, 2371–2372.

[5] a) J. M. Allen, T. H. Lambert, J. Am. Chem. Soc. 2011, 133,
1260–1262; b) L. Liu, Z. Wang, X. Fu, C.-H. Yan, Org. Lett.
2012, 14, 5692–5695; c) V. V. Zhdankin, C. J. Kuehl, A. P.
Krasutsky, J. T. Bolz, B. Mismash, J. K. Woodward, A. J.
Simonsen, Tetrahedron Lett. 1995, 36, 7975–7978.

[6] a) F. Louafi, J. Moreau, S. Shahane, S. Golhen, T. Roisnel, S.
Sinbandhit, J.-P. Hurvois, J. Org. Chem. 2011, 76, 9720–
9732; b) N. Girard, J.-P. Hurvois, Tetrahedron Lett. 2007, 48,
4097–4099; c) F. Louafi, J.-P. Hurvois, A. Chibani, T.
Roisnel, J. Org. Chem. 2010, 75, 5721–5724; d) V. H. Vu, C.
Bouvry, T. Roisnel, S. Golhen, J. P. Hurvois, Eur. J. Org.

Scheme 30. Total synthesis of (� )-jorunnamycin 272, (� )-jorumycin 274 and (� )-renieramycins M 273 and G 275 by Zhu and co-workers.

P e r s o n a l A c c o u n t TH E CH EM I C A L R E CORD

Chem. Rec. 2020, 20, 989–1016 © 2020 The Authors. Published by The Chemical Society of Japan &Wiley-VCH Verlag GmbH & Co. KGaA Wiley Online Library 1013

https://doi.org/10.1002/jlac.18500750103
https://doi.org/10.1002/jlac.18540910309
https://doi.org/10.1039/a908290e
https://doi.org/10.1039/a908290e
https://doi.org/10.1021/cr050580o
https://doi.org/10.1021/cr200057t
https://doi.org/10.1021/cr200057t
https://doi.org/10.1002/chem.201403956
https://doi.org/10.1002/chem.201403956
https://doi.org/10.1021/cr00013a007
https://doi.org/10.1021/cr00013a007
https://doi.org/10.1016/j.tetlet.2004.07.034
https://doi.org/10.1016/j.tetlet.2004.07.034
https://doi.org/10.1039/C5CC10346K
https://doi.org/10.1039/b910548d
https://doi.org/10.1039/C0CC03844J
https://doi.org/10.1039/C0CC03844J
https://doi.org/10.1021/acscatal.6b01632
https://doi.org/10.1021/acscatal.6b01632
https://doi.org/10.1002/chem.201103242
https://doi.org/10.1039/b820402k
https://doi.org/10.1021/ja109617y
https://doi.org/10.1021/ja109617y
https://doi.org/10.1021/ol302708r
https://doi.org/10.1021/ol302708r
https://doi.org/10.1016/0040-4039(95)01720-3
https://doi.org/10.1021/jo2017982
https://doi.org/10.1021/jo2017982
https://doi.org/10.1016/j.tetlet.2007.04.010
https://doi.org/10.1016/j.tetlet.2007.04.010
https://doi.org/10.1021/jo100714y
https://doi.org/10.1002/ejoc.201801604


Chem. 2019, 1215–1224; e) S. Andreades, E. Zahnow, J. Am.
Chem. Soc. 1969, 91, 4181–4190.

[7] a) D. B. Ushakov, K. Gilmore, D. Kopetzki, D. T. McQuade,
P. H. Seeberger, Angew. Chem. Int. Ed. 2014, 53, 557–561;
b) J. C. Orejarena Pacheco, A. Lipp, A. M. Nauth, F. Acke, J.-
P. Dietz, T. Opatz, Chem. Eur. J. 2016, 22, 5409–5415;
c) A. M. Nauth, E. Schechtel, R. Dören, W. Tremel, T.
Opatz, J. Am. Chem. Soc. 2018, 140, 14169–14177; d) A. M.
Nauth, J. C. Orejarena Pacheco, S. Pusch, T. Opatz, Eur. J.
Org. Chem. 2017, 6966–6974; e) Y. Pan, S. Wang, C. W.
Kee, E. Dubuisson, Y. Yang, K. P. Loh, C.-H. Tan, Green
Chem. 2011, 13, 3341–3344; f) D. P. Hari, B. König, Org.
Lett. 2011, 13, 3852–3855; g) S. Otto, A. M. Nauth, E.
Ermilov, N. Scholz, A. Friedrich, U. Resch-Genger, S.
Lochbrunner, T. Opatz, K. Heinze, ChemPhotoChem 2017, 1,
344–349; h) S. Kamijo, T. Hoshikawa, M. Inoue, Org. Lett.
2011, 13, 5928–5931.

[8] a) A. M. Nauth, N. Otto, T. Opatz, Adv. Synth. Catal. 2015,
357, 3424–3428; b) A. M. Nauth, T. Opatz, Org. Biomol.
Chem. 2019, 17, 11–23; c) A. M. Nauth, T. Konrad, Z.
Papadopulu, N. Vierengel, B. Lipp, T. Opatz, Green Chem.
2018, 20, 4217–4223.

[9] a) C. Bolm, R. Mocci, C. Schumacher, M. Turberg, F.
Puccetti, J. G. Hernández, Angew. Chem. Int. Ed. 2018, 57,
2423–2426; b) C. Grundke, T. Opatz, Green Chem. 2019, 21,
2362–2366; c) B. Yi, N. Yan, N. Yi, Y. Xie, X. Wen, C.-T.
Au, D. Lan, RSC Adv. 2019, 9, 29721–29725.

[10] a) K. Weinges, G. Graab, D. Nagel, B. Stemmle, Chem. Ber.
1971, 104, 3594–3606; b) P. Rommelmann, T. Betke, H.
Gröger, Org. Process Res. Dev. 2017, 21, 1521–1527.

[11] D. Enders, F. Pierre, New J. Chem. 1999, 23, 261–262.
[12] a) G. Stork, L. Maldonado, J. Am. Chem. Soc. 1971, 93,

5286–5287; b) K. Deuchert, U. Hertenstein, S. Hünig, Syn-
thesis 1973, 1973, 777–779.

[13] a) T. Opatz, D. Ferenc, Org. Lett. 2006, 8, 4473–4475; b) J.-
M. Mattalia, C. Marchi-Delapierre, H. Hazimeh, M. Chanon,
Arkivoc 2006, 4, 90–118.

[14] a) I. Schaefer, T. Opatz, Synthesis 2011, 2011, 1691–1704;
b) J. C. Lorenz, C. A. Busacca, X. Feng, N. Grinberg, N.
Haddad, J. Johnson, S. Kapadia, H. Lee, A. Saha, M.
Sarvestani, J. Org. Chem. 2010, 75, 1155–1161; c) Y.-L. Liu,
J. Zhou, Chem. Commun. 2013, 49, 4421–4423.

[15] A. M. Nauth, A. Lipp, B. Lipp, T. Opatz, Eur. J. Org. Chem.
2017, 2099–2103.

[16] L. Guerrier, J. Royer, D. S. Grierson, H. P. Husson, J. Am.
Chem. Soc. 1983, 105, 7754–7755.

[17] A. Endo, A. Yanagisawa, M. Abe, S. Tohma, T. Kan, T.
Fukuyama, J. Am. Chem. Soc. 2002, 124, 6552–6554.

[18] a) M. M. Sigel, Marine Technol. Soc. 1970, 281–284; b) K. L.
Rinehart, T. G. Holt, N. L. Fregeau, J. G. Stroh, P. A. Keifer,
F. Sun, L. H. Li, D. G. Martin, J. Org. Chem. 1990, 55,
4512–4515; c) A. E. Wright, D. A. Forleo, G. P. Gunawarda-
na, S. P. Gunasekera, F. E. Koehn, O. J. McConnell, J. Org.
Chem. 1990, 55, 4508–4512; d) J. Chen, X. Chen, M. Bois-
Choussy, J. Zhu, J. Am. Chem. Soc. 2006, 128, 87–89.

[19] C. Cuevas, A. Francesch, Nat. Prod. Rep. 2009, 26, 322–337.

[20] E. J. Corey, D. Y. Gin, R. S. Kania, J. Am. Chem. Soc. 1996,
118, 9202–9203.

[21] A. Endo, T. Kann, T. Fukuyama, Synlett 1999, 1999, 1103–
1105.

[22] K. Suwanborirux, K. Charupant, S. Amnuoypol, S. Pumman-
gura, A. Kubo, N. Saito, J. Nat. Prod. 2002, 65, 935–937.

[23] T. P. Lebold, J. L. Wood, J. Deitch, M. W. Lodewyk, D. J.
Tantillo, R. Sarpong, Nat. Chem. 2013, 5, 126–131.

[24] a) R. B. Woodward, F. E. Bader, H. Bickel, A. J. Frey, R. W.
Kierstead, Tetrahedron, 1958, 2, 1–57; b) G. Stork, Pure Appl.
Chem. 1989, 61, 439; c) G. Stork, P. C. Tang, M. Casey, B.
Goodman, M. Toyota, J. Am. Chem. Soc. 2005, 127, 16255–
16262.

[25] S. P. Lathrop, M. Pompeo, W.-T. T. Chang, M. Movassaghi,
J. Am. Chem. Soc. 2016, 138, 7763–7769.

[26] a) A. Numata, C. Takahashi, Y. Ito, T. Takada, K. Kawai, Y.
Usami, E. Matsumura, M. Imachi, T. Ito, T. Hasegawa,
Tetrahedron Lett. 1993, 34, 2355–2358; b) R. Jadulco, R. A.
Edrada, R. Ebel, A. Berg, K. Schaumann, V. Wray, K. Steube,
P. Proksch, J. Nat. Prod. 2004, 67, 78–81; c) J. Yang, H. Wu,
L. Shen, Y. Qin, J. Am. Chem. Soc. 2007, 129, 13794–13795.

[27] a) Z. Zuo, D. Ma, Angew. Chem. Int. Ed. 2011, 50, 12008–
12011; b) J. H. Seo, G. D. Artman, S. M. Weinreb, J. Org.
Chem. 2006, 71, 8891–8900; c) P. Liu, J. H. Seo, S. M.
Weinreb, Angew. Chem. Int. Ed. 2010, 49, 2000–2003; d) S.-
J. Han, F. Vogt, S. Krishnan, J. A. May, M. Gatti, S. C. Virgil,
B. M. Stoltz, Org. Lett. 2014, 16, 3316–3319; e) S.-J. Han, F.
Vogt, J. A. May, S. Krishnan, M. Gatti, S. C. Virgil, B. M.
Stoltz, J. Org. Chem. 2015, 80, 528–547.

[28] H.-C. Lin, T. C. McMahon, A. Patel, M. Corsello, A. Simon,
W. Xu, M. Zhao, K. N. Houk, N. K. Garg, Y. Tang, J. Am.
Chem. Soc. 2016, 138, 4002–4005.

[29] J. W. Beatty, C. R. J. Stephenson, J. Am. Chem. Soc. 2014,
136, 10270–10273.

[30] R. T. Brown, J. S. Hill, G. F. Smith, K. S. J. Stapleford,
Tetrahedron, 1971, 27, 5217–5228.

[31] K. J. Goodall, M. A. Brimble, D. Barker, Tetrahedron 2012,
68, 5759–5778.

[32] T.-K. Yang, S.-M. Hung, D.-S. Lee, A.-W. Hong, C.-C.
Cheng, Tetrahedron Lett. 1989, 30, 4973–4976.

[33] a) Q. Zhang, G. Tu, Y. Zhao, T. Cheng, Tetrahedron, 2002,
58, 6795–6798; b) F. M. Schell, A. M. Smith, Tetrahedron
Lett. 1983, 24, 1883–1884; c) K. Orito, T. Matsuzaki, H.
Suginome, R. Rodrigo, Heterocycles 1988, 27, 2403–2412.

[34] a) J. C. Braekman, D. Daloze, J. M. Pasteeis, P. v Hecke, J. P.
Declercq, V. Sinnwell, W. Francke, Z. Naturforsch. C 1987,
42, 627–630; b) W. Kem, K. Wildeboer, S. LeFrancois, Cell.
Mol. Neurobiol. 2004, 24, 535–551.

[35] a) P. Bruylants, Bull. Soc. Chim. Belg. 1924, 33, 467–478;
b) P. Bruylants, L. Mathds, Bull. Soc. Chim. Belg. 1926, 35,
139.

[36] M. Prashad, Y. Liu, D. Har, O. Repič, T. J. Blacklock,
Tetrahedron Lett. 2005, 46, 5455–5458.

[37] C. Agami, F. Couty, G. Evano, Org. Lett. 2000, 2, 2085–
2088.

[38] a) V. Beaufort-Droal, E. Pereira, V. Théry, D. J. Aitken,
Tetrahedron 2006, 62, 11948–11954; b) L. Bernardi, B. F.

P e r s o n a l A c c o u n t TH E CH EM I C A L R E CORD

Chem. Rec. 2020, 20, 989–1016 © 2020 The Authors. Published by The Chemical Society of Japan &Wiley-VCH Verlag GmbH & Co. KGaA Wiley Online Library 1014

https://doi.org/10.1002/ejoc.201801604
https://doi.org/10.1021/ja01043a028
https://doi.org/10.1021/ja01043a028
https://doi.org/10.1002/anie.201307778
https://doi.org/10.1002/chem.201504845
https://doi.org/10.1021/jacs.8b07539
https://doi.org/10.1002/ejoc.201701320
https://doi.org/10.1002/ejoc.201701320
https://doi.org/10.1039/c1gc15865a
https://doi.org/10.1039/c1gc15865a
https://doi.org/10.1021/ol201376v
https://doi.org/10.1021/ol201376v
https://doi.org/10.1002/cptc.201700077
https://doi.org/10.1002/cptc.201700077
https://doi.org/10.1021/ol202659e
https://doi.org/10.1021/ol202659e
https://doi.org/10.1002/adsc.201500698
https://doi.org/10.1002/adsc.201500698
https://doi.org/10.1039/C8OB02140F
https://doi.org/10.1039/C8OB02140F
https://doi.org/10.1039/C8GC01730A
https://doi.org/10.1039/C8GC01730A
https://doi.org/10.1002/anie.201713109
https://doi.org/10.1002/anie.201713109
https://doi.org/10.1039/C9GC00720B
https://doi.org/10.1039/C9GC00720B
https://doi.org/10.1039/C9RA06120G
https://doi.org/10.1002/cber.19711041125
https://doi.org/10.1002/cber.19711041125
https://doi.org/10.1021/acs.oprd.7b00169
https://doi.org/10.1039/a809770d
https://doi.org/10.1021/ja00749a069
https://doi.org/10.1021/ja00749a069
https://doi.org/10.1021/ol061617+
https://doi.org/10.1021/jo9022809
https://doi.org/10.1039/C2CC36665G
https://doi.org/10.1002/ejoc.201601394
https://doi.org/10.1002/ejoc.201601394
https://doi.org/10.1021/ja00364a053
https://doi.org/10.1021/ja00364a053
https://doi.org/10.1021/ja026216d
https://doi.org/10.1021/jo00302a007
https://doi.org/10.1021/jo00302a007
https://doi.org/10.1021/jo00302a006
https://doi.org/10.1021/jo00302a006
https://doi.org/10.1021/ja0571794
https://doi.org/10.1039/b808331m
https://doi.org/10.1021/ja962480t
https://doi.org/10.1021/ja962480t
https://doi.org/10.1021/np010485k
https://doi.org/10.1038/nchem.1528
https://doi.org/10.1021/ja055744x
https://doi.org/10.1021/ja055744x
https://doi.org/10.1021/jacs.6b04072
https://doi.org/10.1016/S0040-4039(00)77612-X
https://doi.org/10.1021/np030271y
https://doi.org/10.1021/ja075705g
https://doi.org/10.1002/anie.201106205
https://doi.org/10.1002/anie.201106205
https://doi.org/10.1021/jo061660a
https://doi.org/10.1021/jo061660a
https://doi.org/10.1002/anie.200906818
https://doi.org/10.1021/ol5013263
https://doi.org/10.1021/jo502534g
https://doi.org/10.1021/jacs.6b01413
https://doi.org/10.1021/jacs.6b01413
https://doi.org/10.1021/ja506170g
https://doi.org/10.1021/ja506170g
https://doi.org/10.1016/j.tet.2012.05.037
https://doi.org/10.1016/j.tet.2012.05.037
https://doi.org/10.1016/S0040-4039(01)80557-8
https://doi.org/10.1016/S0040-4039(00)81796-7
https://doi.org/10.1016/S0040-4039(00)81796-7
https://doi.org/10.3987/COM-88-4647
https://doi.org/10.1016/j.tetlet.2005.06.066
https://doi.org/10.1021/ol0059908
https://doi.org/10.1021/ol0059908
https://doi.org/10.1016/j.tet.2006.09.087


Bonini, E. Capito, G. Dessole, M. Fochi, M. Comes-
Franchini, A. Ricci, Synlett 2003, 2003, 1778–1782; c) E.
Le Gall, C. Gosmini, M. Troupel, Tetrahedron Lett. 2006, 47,
455–458.

[39] a) R. P. Polniaszek, S. E. Belmont, J. Org. Chem. 1990, 55,
4688–4693; b) R. P. Polniaszek, S. E. Belmont, J. Org. Chem.
1991, 56, 4868–4874.

[40] D. Enders, C. Thiebes, Synlett 2000, 2000, 1745–1748.
[41] a) M. F. Raub, J. H. Cardellina, M. I. Choudhary, C. Z. Ni, J.

Clardy, M. C. Alley, J. Am. Chem. Soc. 1991, 113, 3178–
3180; b) C. Agami, F. Couty, G. Evano, F. Darro, R. Kiss,
Eur. J. Org. Chem. 2003, 2062–2070.

[42] H.-P. Husson, J. Royer, Chem. Soc. Rev. 1999, 28, 383–394.
[43] C. Agami, F. Couty, H. Lam, H. Mathieu, Tetrahedron 1998,

54, 8783–8796.
[44] P. V. Reddy, J. Smith, A. Kamath, H. l n Jamet, A. l Veyron,

P. Koos, C. Philouze, A. E. Greene, P. Delair, J. Org. Chem.
2013, 78, 4840–4849.

[45] H. Yoda, Curr. Org. Chem. 2002, 6, 223–243.
[46] N. Asano, H. Kuroi, K. Ikeda, H. Kizu, Y. Kameda, A. Kato,

I. Adachi, A. A. Watson, R. J. Nash, G. W. J. Fleet, Tetrahe-
dron: Asymmetry 2000, 11, 1–8.

[47] a) V. Boekelheide, J. Weinstock, J. Am. Chem. Soc. 1952, 74,
660–663; b) V. Boekelheide, C. Ainsworth, J. Am. Chem. Soc.
1950, 72, 2134–2137; c) F. Popp, in Advances in Heterocyclic
Chemistry, Vol. 9, Elsevier, 1968, pp. 1–25.

[48] a) C. R. Hauser, H. M. Taylor, T. G. Ledford, J. Am. Chem.
Soc. 1960, 82, 1786–1789; b) C. R. Hauser, G. F. Morris, J.
Org. Chem. 1961, 26, 4740–4741; c) H. M. Taylor, C. R.
Hauser, J. Am. Chem. Soc. 1960, 82, 1960–1965.

[49] S. Hünig, G. Wehner, Synthesis 1975, 180–182.
[50] E. J. Corey, D. Seebach, Angew. Chem. Int. Ed. 1965, 4,

1075–1077.
[51] F. Werner, N. Blank, T. Opatz, Eur. J. Org. Chem. 2007,

3911–3915.
[52] M. Geffe, T. Opatz, Org. Lett. 2014, 16, 5282–5285.
[53] D. Stubba, G. Lahm, M. Geffe, J. W. Runyon, A. J.

Arduengo III, T. Opatz, Angew. Chem. Int. Ed. 2015, 54,
14187–14189.

[54] A. Lipp, D. Ferenc, C. Gütz, M. Geffe, N. Vierengel, D.
Schollmeyer, H. J. Schäfer, S. R. Waldvogel, T. Opatz, Angew.
Chem. Int. Ed. 2018, 57, 11055–11059.

[55] A. Lipp, M. Selt, D. Ferenc, D. Schollmeyer, S. R. Waldvogel,
T. Opatz, Org. Lett. 2019, 21, 1828–1831.

[56] H. C. Beyerman, J. van Berkel, T. S. Lie, L. Maat, J. C. M.
Wessels, H. H. Bosman, E. Buurman, E. J. M. Bijsterveld,
H. J. M. Sinnige, Recl. Trav. Chim. Pays-Bas 1978, 97, 127–
130.

[57] P. R. Blakemore, J. D. White, Chem. Commun. 2002, 1159–
1168.

[58] N. Otto, D. Ferenc, T. Opatz, J. Org. Chem. 2017, 82, 1205–
1217.

[59] M. Jugé, N. Grimaud, J.-F. Biard, M.-P. Sauviat, M. Nabil, J.-
F. Verbist, J.-Y. Petit, Toxicon 2001, 39, 1231–1237.

[60] a) H. Abe, S. Aoyagi, C. Kibayashi, J. Am. Chem. Soc. 2000,
122, 4583–4592; b) S. M. Weinreb, Chem. Rev. 2006, 106,

2531–2549; c) J. J. Caldwell, D. Craig, Angew. Chem. Int. Ed.
2007, 46, 2631–2634.

[61] M. A. Perry, M. D. Morin, B. W. Slafer, S. D. Rychnovsky, J.
Org. Chem. 2012, 77, 3390–3400.

[62] K. Nishikawa, K. Yamauchi, S. Kikuchi, S. Ezaki, T. Koyama,
H. Nokubo, K. Matsumura, T. Kodama, M. Kumagai, Y.
Morimoto, Chem. Eur. J. 2017, 23, 9535–9545.

[63] N. Girard, J.-P. Hurvois, C. Moinet, L. Toupet, Eur. J. Org.
Chem. 2005, 2269–2280.

[64] J. W. Daly, T. Tokuyama, G. Habermehl, I. L. Karle, B.
Witkop, Liebigs Ann. Chem. 1969, 729, 198–204.

[65] D. Enders, A. Lenzen, M. Backes, C. Janeck, K. Catlin, M.-I.
Lannou, J. Runsink, G. Raabe, J. Org. Chem. 2005, 70,
10538–10551.

[66] R. Velten, C. Erdelen, M. Gehling, A. Göhrt, D. Gondol, J.
Lenz, O. Lockhoff, U. Wachendorff, D. Wendisch, Tetrahe-
dron Lett. 1998, 39, 1737–1740.

[67] a) A. Aragão Craveiro, A. da Costa Prado, O. R. Gottlieb,
P. C. Welerson de Albuquerque, Phytochemistry 1970, 9,
1869–1875; b) L. Jurd, R. Wong, Aust. J. Chem. 1984, 37,
1127–1133; c) C. A. C. Araujo, L. V. Alegrio, L. L. Leon,
Phytochemistry 1998, 49, 751–754.

[68] a) S. Marumoto, J. J. Jaber, J. P. Vitale, S. D. Rychnovsky,
Org. Lett. 2002, 4, 3919–3922; b) F. Colobert, R. D. Mazery,
G. Solladié, M. C. Carreño, Org. Lett. 2002, 4, 1723–1725;
c) P. A. Evans, J. Cui, S. J. Gharpure, Org. Lett. 2003, 5,
3883–3885.

[69] K. Sudarshan, I. S. Aidhen, Eur. J. Org. Chem. 2013, 2298–
2302.

[70] S. Dyke, E. Tiley, A. White, D. Gale, Tetrahedron, 1975, 31,
1219–1222.

[71] F. Bohlmann, A. Suwita, Phytochemistry 1979, 18, 677–678.
[72] a) F.-L. Hsu, Y.-C. Chen, J.-T. Cheng, Planta Med. 2000, 66,

228–230.
[73] a) G. Solladié, L. Gressot-Kempf, Tetrahedron: Asymmetry

1996, 7, 2371–2379; b) M. V. R. Reddy, A. J. Yucel, P. V.
Ramachandran, J. Org. Chem. 2001, 66, 2512–2514; c) T.
Nakata, H. Noriaki, I. Katsumi, O. Takeshi, Tetrahedron Lett.
1987, 28, 5661–5664.

[74] D. Enders, D. Steinbusch, Eur. J. Org. Chem. 2003, 4450–
4454.

[75] R. E. Moser, C. N. Matthews, Experientia 1968, 24, 658–659.
[76] T. Suzuki, E. Sato, K. Unno, T. Kametani, Chem. Pharm.

Bull. 1986, 34, 3135–3141.
[77] S. Takano, M. Takahashi, K. Ogasawara, J. Am. Chem. Soc.

1980, 102, 4282–4283.
[78] B. Jiang, J. M. Smallheer, C. Amaral-Ly, M. A. Wuonola, J.

Org. Chem. 1994, 59, 6823–6827.
[79] S. Omura, T. Fujimoto, K. Otoguro, K. Matsuzaki, R.

Moriguchi, H. Tanaka, Y. Sasaki, J. Antibiot. 1991, 44, 113–
116.

[80] N. Fukuda, K. Sasaki, T. Sastry, M. Kanai, M. Shibasaki, J.
Org. Chem. 2006, 71, 1220–1225.

[81] K. Namba, T. Shinada, T. Teramoto, Y. Ohfune, J. Am.
Chem. Soc. 2000, 122, 10708–10709.

[82] J. Kobayashi, F. Kanda, M. Ishibashi, H. Shigemori, J. Org.
Chem. 1991, 56, 4574–4576.

P e r s o n a l A c c o u n t TH E CH EM I C A L R E CORD

Chem. Rec. 2020, 20, 989–1016 © 2020 The Authors. Published by The Chemical Society of Japan &Wiley-VCH Verlag GmbH & Co. KGaA Wiley Online Library 1015

https://doi.org/10.1016/j.tetlet.2005.11.070
https://doi.org/10.1016/j.tetlet.2005.11.070
https://doi.org/10.1021/jo00302a038
https://doi.org/10.1021/jo00302a038
https://doi.org/10.1021/jo00016a013
https://doi.org/10.1021/jo00016a013
https://doi.org/10.1021/ja00008a060
https://doi.org/10.1021/ja00008a060
https://doi.org/10.1002/ejoc.200300057
https://doi.org/10.1039/a900153k
https://doi.org/10.1016/S0040-4020(98)00508-0
https://doi.org/10.1016/S0040-4020(98)00508-0
https://doi.org/10.1021/jo400386f
https://doi.org/10.1021/jo400386f
https://doi.org/10.1016/S0957-4166(99)00508-X
https://doi.org/10.1016/S0957-4166(99)00508-X
https://doi.org/10.1021/ja01123a023
https://doi.org/10.1021/ja01123a023
https://doi.org/10.1021/ja01161a075
https://doi.org/10.1021/ja01161a075
https://doi.org/10.1021/ja01492a059
https://doi.org/10.1021/ja01492a059
https://doi.org/10.1021/jo01069a546
https://doi.org/10.1021/jo01069a546
https://doi.org/10.1021/ja01493a031
https://doi.org/10.1002/anie.196510752
https://doi.org/10.1002/anie.196510752
https://doi.org/10.1002/ejoc.200700261
https://doi.org/10.1002/ejoc.200700261
https://doi.org/10.1021/ol5023849
https://doi.org/10.1002/anie.201508500
https://doi.org/10.1002/anie.201508500
https://doi.org/10.1002/anie.201803887
https://doi.org/10.1002/anie.201803887
https://doi.org/10.1021/acs.orglett.9b00419
https://doi.org/10.1039/b111551k
https://doi.org/10.1039/b111551k
https://doi.org/10.1021/acs.joc.6b02647
https://doi.org/10.1021/acs.joc.6b02647
https://doi.org/10.1016/S0041-0101(01)00079-4
https://doi.org/10.1021/ja9939284
https://doi.org/10.1021/ja9939284
https://doi.org/10.1021/cr050069v
https://doi.org/10.1021/cr050069v
https://doi.org/10.1002/anie.200604670
https://doi.org/10.1002/anie.200604670
https://doi.org/10.1021/jo300161x
https://doi.org/10.1021/jo300161x
https://doi.org/10.1002/chem.201701475
https://doi.org/10.1002/ejoc.200400846
https://doi.org/10.1002/ejoc.200400846
https://doi.org/10.1002/jlac.19697290124
https://doi.org/10.1021/jo0518093
https://doi.org/10.1021/jo0518093
https://doi.org/10.1016/S0040-4039(98)00057-4
https://doi.org/10.1016/S0040-4039(98)00057-4
https://doi.org/10.1016/S0031-9422(00)85606-X
https://doi.org/10.1016/S0031-9422(00)85606-X
https://doi.org/10.1071/CH9841127
https://doi.org/10.1071/CH9841127
https://doi.org/10.1016/S0031-9422(97)00976-X
https://doi.org/10.1021/ol026751i
https://doi.org/10.1021/ol025778z
https://doi.org/10.1021/ol035438t
https://doi.org/10.1021/ol035438t
https://doi.org/10.1002/ejoc.201300097
https://doi.org/10.1002/ejoc.201300097
https://doi.org/10.1016/S0031-9422(00)84293-4
https://doi.org/10.1055/s-2000-8561
https://doi.org/10.1055/s-2000-8561
https://doi.org/10.1016/0957-4166(96)00292-3
https://doi.org/10.1016/0957-4166(96)00292-3
https://doi.org/10.1021/jo005763j
https://doi.org/10.1016/S0040-4039(00)96807-2
https://doi.org/10.1016/S0040-4039(00)96807-2
https://doi.org/10.1002/ejoc.200300412
https://doi.org/10.1002/ejoc.200300412
https://doi.org/10.1007/BF02138294
https://doi.org/10.1248/cpb.34.3135
https://doi.org/10.1248/cpb.34.3135
https://doi.org/10.1021/ja00532a061
https://doi.org/10.1021/ja00532a061
https://doi.org/10.1021/jo00101a051
https://doi.org/10.1021/jo00101a051
https://doi.org/10.7164/antibiotics.44.113
https://doi.org/10.7164/antibiotics.44.113
https://doi.org/10.1021/jo0524223
https://doi.org/10.1021/jo0524223
https://doi.org/10.1021/ja002556s
https://doi.org/10.1021/ja002556s
https://doi.org/10.1021/jo00014a052
https://doi.org/10.1021/jo00014a052


[83] B. Zhao, X.-Y. Hao, J.-X. Zhang, S. Liu, X.-J. Hao, Org. Lett.
2013, 15, 528–530.

[84] C.-J. Tan, Y.-T. Di, Y.-H. Wang, Y. Zhang, Y.-K. Si, Q.
Zhang, S. Gao, X.-J. Hu, X. Fang, S.-F. Li, X.-J. Hao, Org.
Lett. 2010, 12, 2370–2373.

[85] a) S. Han, M. Movassaghi, J. Am. Chem. Soc. 2011, 133,
10768–10771; b) X. Qi, H. Bao, U. K. Tambar, J. Am. Chem.
Soc. 2011, 133, 10050–10053; c) S. Liu, X.-J. Hao, Tetrahe-
dron Lett. 2011, 52, 5640–5642.

[86] a) R. Warmuth, T. E. Munsch, R. A. Stalker, B. Li, A. Beatty,
Tetrahedron, 2001, 57, 6383–6397; b) K. Surendra, N. S.
Krishnaveni, A. Mahesh, K. R. Rao, J. Org. Chem. 2006, 71,
2532–2534.

[87] a) G. Jenner, R. Ben Salem, J. C. Kim, K. Matsumoto,
Tetrahedron Lett. 2003, 44, 447–449; b) K. Kumamoto, H.
Iida, H. Hamana, Heterocycles 2005, 66, 675–681.

[88] I. Netz, M. Kucukdisli, T. Opatz, J. Org. Chem. 2015, 80,
6864–6869.

[89] T. Arai, Y. Mikami, K. Fukushima, T. Utsumi, K. Yazawa, J.
Antibiot. 1973, 26, 157–161.

[90] a) P. Gopinath, T. Watanabe, M. Shibasaki, Org. Lett. 2012,
14, 1358–1361; b) B.-C. Hong, F.-L. Chen, S.-H. Chen, J.-
H. Liao, G.-H. Lee, Org. Lett. 2005, 7, 557–560.

[91] S. Cerrini, D. Lamba, A. Scatturin, C. Rossi, G. Ughetto,
Biopolymers 1989, 28, 409–420.

[92] R. Badru, B. Singh, RSC Adv. 2014, 4, 38978–38985.
[93] B. B. Snider, Y. Gu, Org. Lett. 2001, 3, 1761–1763.
[94] R. Sakai, C. Oiwa, K. Takaishi, H. Kamiya, M. Tagawa,

Tetrahedron Lett. 1999, 40, 6941–6944.
[95] R. J. Capon, F. Rooney, L. M. Murray, E. Collins, A. T. R.

Sim, J. A. P. Rostas, M. S. Butler, A. R. Carroll, J. Nat. Prod.
1998, 61, 660–662.

[96] K. S. Feldman, P. Ngernmeesri, Org. Lett. 2011, 13, 5704–
5707.

[97] O. Yonemitsu, P. Cerutti, B. Witkop, J. Am. Chem. Soc. 1966,
88, 3941–3945.

[98] a) W. Dieckmann, Ber. Dtsch. Chem. Ges. 1894, 27, 102–103;
b) W. Dieckmann, Liebigs Ann. Chem. 1901, 317, 27–109;
c) N. J. Leonard, C. W. Schimelpfenig, J. Org. Chem. 1958,
23, 1708–1710.

[99] T. Satoh, S. Suzuki, Y. Suzuki, Y. Miyaji, Z. Imai, Tetrahedron
Lett. 1969, 10, 4555–4558.

[100] N. K. Garg, R. Sarpong, B. M. Stoltz, J. Am. Chem. Soc. 2002,
124, 13179–13184.

[101] a) M. Valpuesta, M. Ariza, A. Díaz, R. Suau, Eur. J. Org.
Chem. 2010, 4393–4401; b) J. M. Paton, P. L. Pauson, T. S.
Stevens, J. Chem. Soc. C 1969, 2130–2131; c) E. Vedejs,
G. R. Martinez, J. Am. Chem. Soc. 1979, 101, 6452–6454;
d) Y. Maeda, Y. Sato, J. Chem. Soc. Perkin Trans. 1 1997,
1491–1494.

[102] a) L. N. Mander, J. V. Turner, J. Org. Chem. 1973, 38, 2915–
2916; b) G. Buchi, H. Wuest, J. Am. Chem. Soc. 1974, 96,
7573–7574; c) L. N. Mander, J. V. Turner, B. Twitchin,
Tetrahedron Lett. 1981, 22, 3017–3020.

[103] G. Lahm, J.-G. Deichmann, A. L. Rauen, T. Opatz, J. Org.
Chem. 2015, 80, 2010–2016.

[104] S. Mann, S. Carillon, O. Breyne, A. Marquet, Chem. Eur. J.
2002, 8, 439–450.

[105] T. Umezawa, T. Hayashi, H. Sakai, H. Teramoto, T.
Yoshikawa, M. Izumida, Y. Tamatani, T. Hirose, Y. Ohfune,
T. Shinada, Org. Lett. 2006, 8, 4971–4974.

[106] K. M. Maloney, R. L. Danheiser, Org. Lett. 2005, 7, 3115–
3118.

[107] a) T. Kanemitsu, Y. Yamashita, K. Nagata, T. Itoh, Synlett
2006, 2006, 1595–1597; b) E. Reimann, C. Ettmayr, Mon-
atsh. Chem. 2004, 135, 1143–1155; c) E. Reimann, C.
Ettmayr, Monatsh. Chem. 2004, 135, 1289–1295.

[108] a) T. Arai, K. Takahashi, S. Nakahara, A. Kubo, Experientia
1980, 36, 1025–1027; b) K. Ishiguro, S. Sakiyama, K.
Takahashi, T. Arai, Biochemistry 1978, 17, 2545–2550.

[109] K. Takahashi, A. Kubo, J. Antibiot. 1977, 30, 1015–1018.
[110] A. G. Myers, D. W. Kung, B. Zhong, M. Movassaghi, S.

Kwon, J. Am. Chem. Soc. 1999, 121, 8401–8402.
[111] R. Tanifuji, K. Koketsu, M. Takakura, R. Asano, A. Minami,

H. Oikawa, H. Oguri, J. Am. Chem. Soc. 2018, 140, 10705–
10709.

[112] H. Ü. Kaniskan, P. Garner, J. Am. Chem. Soc. 2007, 129,
15460–15461.

[113] T. Hayashi, T. Noto, Y. Nawata, H. Okazaki, M. Sawada, K.
Ando, J. Antibiot. 1982, 35, 771–777.

[114] a) P. Garner, H. Ü. Kaniskan, J. Hu, W. J. Youngs, M.
Panzner, Org. Lett. 2006, 8, 3647–3650; b) P. Garner, J. Hu,
C. G. Parker, W. J. Youngs, D. Medvetz, Tetrahedron Lett.
2007, 48, 3867–3870.

[115] a) X. W. Liao, W. Liu, W. F. Dong, B. H. Guan, S. Z. Chen,
Z. Z. Liu, Tetrahedron 2009, 65, 5709–5715; b) P. Magnus,
K. S. Matthews, J. Am. Chem. Soc. 2005, 127, 12476–12477.

[116] Y.-C. Wu, J. Zhu, Org. Lett. 2009, 11, 5558–5561.
[117] F. M. Piller, A. Metzger, M. A. Schade, B. A. Haag, A.

Gavryushin, P. Knochel, Chem. Eur. J. 2009, 15, 7192–7202.
[118] J. W. Lane, Y. Chen, R. M. Williams, J. Am. Chem. Soc. 2005,

127, 12684–12690.
[119] M. Yokoya, R. Toyoshima, T. Suzuki, V. H. Le, R. M.

Williams, N. Saito, J. Org. Chem. 2016, 81, 4039–4047.

Manuscript received: May 30, 2020
Revised manuscript received: July 2, 2020
Version of record online: July 24, 2020

P e r s o n a l A c c o u n t TH E CH EM I C A L R E CORD

Chem. Rec. 2020, 20, 989–1016 © 2020 The Authors. Published by The Chemical Society of Japan &Wiley-VCH Verlag GmbH & Co. KGaA Wiley Online Library 1016

https://doi.org/10.1021/ol303344d
https://doi.org/10.1021/ol303344d
https://doi.org/10.1021/ol100715x
https://doi.org/10.1021/ol100715x
https://doi.org/10.1021/ja204597k
https://doi.org/10.1021/ja204597k
https://doi.org/10.1021/ja203960b
https://doi.org/10.1021/ja203960b
https://doi.org/10.1016/j.tetlet.2011.08.087
https://doi.org/10.1016/j.tetlet.2011.08.087
https://doi.org/10.1021/jo052510n
https://doi.org/10.1021/jo052510n
https://doi.org/10.1016/S0040-4039(02)02598-4
https://doi.org/10.1021/acs.joc.5b00868
https://doi.org/10.1021/acs.joc.5b00868
https://doi.org/10.7164/antibiotics.26.157
https://doi.org/10.7164/antibiotics.26.157
https://doi.org/10.1021/ol3002078
https://doi.org/10.1021/ol3002078
https://doi.org/10.1021/ol047730m
https://doi.org/10.1002/bip.360280138
https://doi.org/10.1039/C4RA08048C
https://doi.org/10.1021/ol015954o
https://doi.org/10.1016/S0040-4039(99)01356-8
https://doi.org/10.1021/np970483t
https://doi.org/10.1021/np970483t
https://doi.org/10.1021/ol202535f
https://doi.org/10.1021/ol202535f
https://doi.org/10.1021/ja00969a010
https://doi.org/10.1021/ja00969a010
https://doi.org/10.1002/cber.18940270126
https://doi.org/10.1021/jo01105a034
https://doi.org/10.1021/jo01105a034
https://doi.org/10.1016/S0040-4039(01)88749-9
https://doi.org/10.1016/S0040-4039(01)88749-9
https://doi.org/10.1021/ja027822b
https://doi.org/10.1021/ja027822b
https://doi.org/10.1039/j39690002130
https://doi.org/10.1021/ja00515a061
https://doi.org/10.1039/a608492c
https://doi.org/10.1039/a608492c
https://doi.org/10.1021/jo00956a044
https://doi.org/10.1021/jo00956a044
https://doi.org/10.1021/ja00831a042
https://doi.org/10.1021/ja00831a042
https://doi.org/10.1016/S0040-4039(01)81816-5
https://doi.org/10.1021/jo502842s
https://doi.org/10.1021/jo502842s
https://doi.org/10.1002/1521-3765(20020118)8:2%3C439::AID-CHEM439%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3765(20020118)8:2%3C439::AID-CHEM439%3E3.0.CO;2-5
https://doi.org/10.1021/ol062098d
https://doi.org/10.1021/ol051185n
https://doi.org/10.1021/ol051185n
https://doi.org/10.1007/s00706-004-0204-8
https://doi.org/10.1007/BF01965946
https://doi.org/10.1007/BF01965946
https://doi.org/10.1021/bi00606a014
https://doi.org/10.7164/antibiotics.30.1015
https://doi.org/10.1021/ja9911824
https://doi.org/10.1021/jacs.8b07161
https://doi.org/10.1021/jacs.8b07161
https://doi.org/10.1021/ja077853c
https://doi.org/10.1021/ja077853c
https://doi.org/10.7164/antibiotics.35.771
https://doi.org/10.1021/ol061113b
https://doi.org/10.1016/j.tetlet.2007.03.145
https://doi.org/10.1016/j.tetlet.2007.03.145
https://doi.org/10.1016/j.tet.2009.05.025
https://doi.org/10.1021/ja0535817
https://doi.org/10.1021/ol9024919
https://doi.org/10.1002/chem.200900575
https://doi.org/10.1021/ja0535918
https://doi.org/10.1021/ja0535918
https://doi.org/10.1021/acs.joc.6b00327

