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Quinine has been among the best known alkaloids for over
300 years, thanks to its antimalarial activity. In the last two
decades, Cinchona alkaloids have emerged as powerful
chiral auxiliaries, resulting in some well known landmark de-
velopments in asymmetric synthesis, but more recently these
alkaloids themselves have been shown to undergo some re-
markable transformations and skeletal shifts that are rapidly
widening perspectives in the chemistry of Cinchona bases,
embracing both basic and applied science. The alkaloids en-
ter into a series of fundamental transformations that have

1. Introduction

The Cinchona alkaloids quinine, quinidine and the so-
called cinch bases cinchonidine and cinchonine are pro-
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given rise to the industrial manufacture of a host of new en-
antiopure materials showing promise for asymmetric syn-
theses and combinatorial chemistry. Stereochemical divers-
ity, well developed conformational minima not encountered
in conventional organic substrates, hydrophilic pockets and
stereoelectronics contribute subtle mechanistic features and
structural complexity.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

duced on a commercial scale (approx. 700 t/year). They are
extracted from the bark of the Cinchona tree, which is culti-
vated above 1400 m in equatorial climatic zones (Figure 1).
Although three total syntheses of quinine have been
achieved recently,[1] extraction remains the method of
choice for commercial use. Over 30 alkaloids have been
characterized in Cinchona bark, four of them � quinine (1a-
OH), quinidine (2a-OH), cinchonidine (1b-OH) and cin-
chonine (2b-OH) (Figure 1) � accounting for over 50% of
the alkaloid content. These alkaloids are all made up of a
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Figure 1. The four most common Cinchona alkaloids; pseudo-enantiomerism; the optical rotation was measured mainly in EtOH at
various concentrations (except for cinchonine 2b-OH, which was measured in aq. HCl)

quinoline joined to a substituted chiral 1-azabicy-
clo[2.2.2]octane moiety through stereogenic carbon C9.
Natural companions of the Cinchona alkaloids are always
the 10,11-dihydro derivatives, in the ranges of 15�20%
(cinchonine and quinidine) or 10�15% (cinchonidine and
quinine). The components are separated by crystallization.

Cinchona alkaloids are widely used in the pharmaceutical
and chemical industries. Quinine is a traditional antima-
larial drug, while quinidine is prescribed for irregular heart
beat therapy. A further major application of quinine is in
soft drinks and tonic water.[2] As cinchonine and cinchoni-
dine and their salts crystallize well, separation of racemates
with the aid of their diastereomeric salts is a major and
robust application.[3] Quinine and cinchonidine are used in,
for example, the large-scale classical separation of racemic
naproxene, of which only the (�)-(S) enantiomer is phar-
macologically active as an anti-inflammatory drug. The
pairs 1a-OH and 2a-OH (and 1b-OH and 2b-OH) are often
termed pseudo-enantiomeric, because they are ‘‘almost
enantiomeric pairs’’ as can be seen by a simple gedanken-
experiment (Figure 1).[4]

While the 6�-R � OMe substituent is remote from the
C9�C8 region, cinch bases (6�-R � H) show some special
properties. Apart from the obvious absence of fluorescence,
which makes them ‘‘invisible’’ to UV detection (at 366 nm)
on chromatography, ‘‘onium salts of cinch bases (e.g. pro-
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tonated species) show marked differences from those of
quinine and quinidine salts with respect to solubility, crys-
tallizability (enhanced), HPLC and chromatography behav-
iour. Cinch bases are also prone to undergo the ‘‘second
Cinchona rearrangement’’.

There are only a few general reactions of Cinchona alka-
loids, among which the quinotoxine cleavage goes back to
Pasteur (Scheme 1).[5] On treatment with strong acid, both
the quinine/quinidine pair and the cinchonidine/cinchonine
pair are cleaved to give quinicine (quinotoxine) 3 and cin-
chonicine 4 (cinchotoxine), respectively. Three stereocentres
are lost and functionalized piperidines are formed. It is
often stated that quinine (and quinidine) contain four stere-
ocentres. In fact, the bridgehead nitrogen is an important
fifth stereocentre, storing chirality information that can be
transmitted directly to a complexed metal (Ni, Os, Ir; see
below), thus maximizing stereoinduction (proximity rule).
The Pasteur cleavage amounts to internal oxidation (at C9)
and reduction (at C8).

Thanks to quinicine (3) and cinchonicine (4), Pasteur
achieved the first separation of racemic tartaric acid, using
diastereomeric salts. This resolution is considered a mile-
stone in organic chemistry. Later on, the tartaric acids
themselves became primary chiral standards. Meroquinene
ester (7) is a 3,4-disubstituted piperidine formed from quini-
none (cinchoninone) and base in the presence of 3O2: a key
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Scheme 1. The quinotoxine cleavage (L. Pasteur, 1853)

Scheme 2. Oxidative cleavage of quininone and synthesis of mero-
quinene ester (W. E. Doering, 1946)
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intermediate in this reaction is an activated bridgehead lac-
tam, which is opened by KOBut; three stereocentres are lost
and only two survive in the course of this transformation
(Scheme 2).[6]

It has been suggested that Cinchona bases, while most
valuable chiral auxiliaries (e.g., the AD reaction[7] and
asymmetric phase-transfer reactions[8]), ‘‘... are very unlikely
to find application as (chiral) building blocks’’.[9] The recent
developments here outlined should change this view.

2. Quincorine and Quincoridine: Synthesis and
Basic Transformations � Nucleophilic
Substitution at Carbon Atom C9

Quinine and quinidine have been transformed into quin-
corine (QCI) and quincoridine (QCD), respectively. These
two bicyclic 1,2-amino alcohols, which can be regarded as
truncated alkaloids, each contain four chiral centres includ-
ing the 1S-configured bridgehead nitrogen. Like quinine
and quinidine, they are available in enantiomerically pure
forms, and like their parent precursors, they are ‘‘pseudo-
enantiomeric’’: Replacement of the vinyl groups in QCI and
QCD by hydrogen leaves only carbon C2 as a stereocentre.
Our route to QCI and QCD is outlined in Scheme 3.[10] 6�-
Methoxyquinoline is formed from both quinine and quini-
dine.

Scheme 3. Invention and innovation in natural product chemistry:
quincorine and quincoridine from Cinchona alkaloids (H. M. R.
Hoffmann, 1996)

Experiments with LiAlD4 and other evidence suggest a
fascinating sequence of elementary steps and reactivity, em-
bracing transient carbanionic, radical ion, radical and elec-
trophilic intermediates (Scheme 4).

LiAlD4 and added secondary alcohol are thus believed
to furnish an alkoxy aluminium deuteride, which docks
onto the secondary hydroxy group of the alkaloid (2a-OH
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Scheme 4. En route to quincoridine (QCD); proposed mechanism
of the formation of QCD from quinidine

� i). Intramolecular attack by deuteride ion at C4� gener-
ates an azaallyl anion (i � ii), which undergoes one-elec-
tron oxidation to afford an intermediate azaallylic radical
(ii � iii). Homolysis of this radical affords neutral, deuter-
ated 6-methoxyquinoline and aluminium-complexed ketyl
radical iv. A second one-electron oxidation is assumed to
generate the electrophilic aldehyde (iv � vi). Alternatively,
but considered less likely, azaallylic radical iii might un-
dergo one-electron oxidation to provide the azaallylic cation
v, which would then have to experience a heterolytic frag-
mentation to give aldehyde vi and 6�-methoxyquinoline. Al-
dehyde vi undergoes diastereoselective deuteration through
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an ionic reaction (vi � vii). Intramolecular complexation of
aluminium by the bridgehead nitrogen is thought to restrict
rotation of the formyl group. After Boc-protection, deuter-
ated diastereomer (9R)-10 is isolated in excess, consistently
with nucleophilic attack from the more accessible side.

Thus, in addition to the classical degradation of the Cin-
chona bases, there is scope for new reactivity and new selec-
tivity involving radical, radical ion-SET and ionic chemistry
with sequential oxidation and also hydrogenation steps, all
in a single flask! The transformation takes place under mild
conditions with high functional group selectivity; protecting
and activating groups are not necessary. The process has
been carried out on a 100-kg scale in a 5000-L vessel (see a
in Figure 2). A potentially dangerous reaction is started and
sustained by controlled access of oxygen (Scheme 4).

Figure 2. a) Manufacture of QCI and QCD on industrial scales,
b) bottles of QCI, QCD, and 6�-methoxyquinoline prepared for
shipment (both photographs were taken at Buchler GmbH’s pro-
duction site in Braunschweig)
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The other product (see b in Figure 2) is 6�-methoxy-

quinoline, obtained in high purity as almost colourless crys-
tals, with only a slight yellow tinge. Previously this heteroar-
omatic material was available commercially only as a brown
mass. Derivatives with substituents at C2 and C4 have been
prepared by nucleophilic addition to the pyridine nucleus
(Figure 3).

Figure 3. 6�-Methoxyquinoline and some derivatives

Oxidation At C9 and Oxidative Vinylic Side Chain Cleav-
age: Oxidation allows modification of the QCI and QCD
side arms at C9, selectively affording C9-esters 12a and 13a
(Scheme 5).[11] Furthermore, the desired products can be
isolated in epimerically pure form (and also enantiopure).
To our surprise, KMnO4-mediated oxidation results in
selective cleavage of the vinylic side chains of quincorine 8
and quincoridine 9. The unprotected primary C9 alcohol
function and the configuration at C5 are preserved. 1,6-
Dicarboxylic esters 12c and 13c, which are potential linkers,
were formed only as side products in variable yields
(10�20%). The vinylic side chains of the natural products
quinine and quinidine have also been cleaved oxidatively
by Jones reagent[12] or by KMnO4.[13] Because of their low
molecular weights, their compact and rigid structures and
their chemodifferentiated side arms, amino acid esters 12a,

Scheme 5. Selective oxidation of the side arms of QCI and QCD;
reagents and conditions: a) 1. KMnO4 (2 equiv.), H2SO4, H2O, 0
°C � room temp., 2. MeOH, cat. HCl, room temp., 3 d; b) 1.
Jones reagent (3.6 equiv.), acetone, 0 °C � reflux, 3 d, 2. MeOH,
cat. HCl, room temp., 3 d
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13a, 12b and 13b are versatile chiral building blocks and
novel acid-soluble spacers.

Nucleophilic Substitution at C9: Introduction of a nucle-
ophile at C9 may look simple, but often requires optimiz-
ation. S, P and also Se have been introduced using their
highly nucleophilic monoanions (Scheme 6).[14]

Scheme 6. SN2 displacements in C9-activated QCI and QCD; re-
agents and conditions: a) R � H: PPh3, DEAD, HN3, THF, 0 °C
� reflux, 2.5 h; R � Ar: 1. MsCl, Et3N, DCM; 2. phosphide, THF,
reflux; b) 1. MsCl, Et3N, DCM; 2. phosphide, THF, reflux; c) 1.
MsCl, Et3N, DCM; 2. NaSAr, THF, reflux; d) 1. MsCl, Et3N,
DCM; 2. KSePh, THF, reflux; e) nBu4NF (1  soln. in THF)

Preparation of the iodomethyl derivative 12-I, which en-
ters into the ‘‘first Cinchona rearrangement’’ (see below),
proceeds from the derived mesylate by treatment with LiI
(approx. 3 equiv.) in refluxing dioxane (Scheme 7).[15] The
N�C8�C9�O backbone conformation allowing free access
to C9 from the rear is usually only a minor rotamer, and
SN2 displacements may be sluggish. Bidentate interaction
with excess Li� in solvent dioxane (but not in THF), how-
ever, is believed to change the rotameric equilibrium and to
‘‘open up’’ C9 to backside attack. The situation appears to
parallel that in some carbohydrates, in which SN2 displace-
ments on 1,2-alkoxy halides can also be recalcitrant.[14,15]

Fluorides 12-F and 13-F and corresponding amines have
been prepared by standard methods.[14,16] Interestingly, flu-
orine derivative 12-F is highly volatile and has a character-
istic odour. The Staudinger procedure with triphenylphos-
phane and trifluoroacetic acid provided 1,2-diamines di-
rectly from the corresponding azides. A variant (PPh3, 3-

Scheme 7. Synthesis of iodomethyl derivative 12-I; Li�-promoted
chelation facilitates SN2 displacement



H. M. R. Hoffmann, J. FrackenpohlMICROREVIEW
ClC6H4CO2H) afforded a related m-chlorobenzamide that
is less water-soluble and readily isolable.[14]

QCI reacts spontaneously with dichloromethane, the nu-
cleophilic bridgehead nitrogen being quaternized, appar-
ently with some assistance from the hydroxymethyl group,
which enters into hydrogen bonding to the leaving group
(Scheme 8).[17]

Scheme 8. Spontaneous quaternization of QCI in dichloromethane

In contrast, diamine 12-NH2 can be stored in CH2Cl2.
Neda et al. have shown that, on contact with CO2 (from
the air) or with CO2 in ether, 12-NH2 reacts spontaneously
to form the primary ammonium carbamate salt 14 (2:1 ad-
duct) as a colourless, crystalline solid. The neat salt is quite
stable. When it is heated above 120 °C in vacuo, CO2 is
removed and pure 1,2-diamine 12-NH2 can be recovered. In
this simple fashion, even traces of QCI can be removed
from 12-NH2 without recourse to HPLC, distillation or
other traditional separation and purification techniques
(Scheme 9).[18] Conversely, the chemical fixation of CO2 by
12-NH2 can be used for gravimetric analysis.

Scheme 9. Ammonium carbamate 14; a stable crystalline carba-
mate salt from 1,2-diamine 12-NH2 (I. Neda, 2003)
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Further applications of QCD- and QCI-derived bidentate
ligands are beginning to emerge. Although hydrosilylations
with QCI- and QCD-derived phosphane ligands afford only
low ees (up to 54%), the asymmetric Kumada-Corriu coup-
ling with 2H-QCIphos (12-PPh2) proceeds in up to 85% ee
(Scheme 10).[19] Interestingly, QCD-derived phosphane li-
gands afforded higher enantioselectivities in the hydrosilyl-
ation, whereas QCI-derived ligands proved to be more suit-
able for Ni-catalysed cross-coupling.

Scheme 10. Asymmetric catalysis with QCI- and QCD-derived
phosphane ligands (M. Lemaire, 2001); reagents and conditions: a)
Ph2SiH2, QCI/QCD-ligand, [RhCl(COD)]2, toluene, 72 h, �10 °C;
b) NiCl2, QCI/QCD-ligands 12-PPh2 or 13-PPh2, vinyl bromide,
Et2O, 12 h.

Recently, a collection of transition metals and QCI- and
QCD-diamine ligands have been evaluated in the catalytic
asymmetric transfer hydrogenation of aromatic ketones, a
benchmark reaction in asymmetric catalysis. In the course
of a catalyst screening, it was found that complexes of QCI-
and QCD-diamines 12-NH2 and 13-NH2 with oxophilic
[IrCl(COD)2] were the most active catalysts, capable of re-
ducing a broad range of aromatic ketones with excellent
levels of conversion and good enantioselectivities (up to
95% ee) (Scheme 11).[20] Either pseudo-enantiomeric diam-
ine ligand was effective, providing ready access to either en-
antiomeric secondary alcohol. These are the best selectivit-
ies so far reported for QCI- or QCD-derived ligands in an
asymmetric transformation. Their low molecular weights
(Mw � 168) and their commercial availability, in both



Recent Advances in Cinchona Alkaloid Chemistry MICROREVIEW
pseudo-enantiomeric forms, suggest that these ligands with
N-chiral bridgehead nitrogens will find further practical use
in asymmetric syntheses. The Arvidsson procedure[20]

complements other variants of the transfer hydrogenation
of prochiral ketones by 2-propanol (MPV or
Meerwein�Ponndorf�Verley reduction).[21]

Scheme 11. Catalytic asymmetric transfer hydrogenation with QCI-
and QCD-derived diamine ligands (P. I. Arvidsson, 2003); reagents
and conditions: a) QCI/QCD-ligands 12-NH2 or 13-NH2,
[IrCl(COD)]2, iPrOH, iPrOK, 10 h

3. Cinchona-Alkynes and Their Derivatives.
Basic Transformations and Transition
Metal-Mediated Reactions

We have recently converted the ethenyl group of the Cin-
chona alkaloid into an ethynyl group by a bromination-
double dehydrobromination sequence.[22,23] Simple 10,11-
didehydro QCD and 10,11-didehydro QCI are also access-
ible by this reliable two-step procedure. Thus, QCI (which
solidifies at room temperature when pure) forms alkyne 15
with a change in chirality descriptor at C5. QCI-derived
alkyne 15 crystallizes readily and also sublimes on warming,
forming beautiful, colourless needles, reaching from wall to
wall of the reaction vessel.[23]

Thanks to the terminal alkyne function, a wide range of
Pd-catalysed sp2-sp cross-coupling reactions involving vi-
nylic, aromatic and heteroaromatic centres are feasible.[22]

Sonogashira coupling with aniline derivatives and sub-
sequent cyclization affords conjugate indole-Cinchona alka-
loids (18c).[24] Furthermore, cobalt-catalysed cycloadditions
such as the Pauson�Khand reaction proceed with high
yields and moderate diastereoselectivities (Scheme 12). Ter-
minal alkyne 15 is easily transformed into its iodinated ana-
logue 18d,[23] which can be hydrogenated to afford a vinyl
iodide, a further versatile building block for cross-coupling
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reactions. Oxidation of alkyne 15 and subsequent conver-
sion of the intermediate aldehyde into an alkyne function
would provide a short route to diterminal diyne 18e. The
alkyne derived from QCD should be accessible in anal-
ogous fashion. Additionally, reactions of sensitive aldehydes
(e.g., 8a) with aryllithium reagents at low temperatures al-
low the reconstitution of Cinchona alkaloids,[25] including
analogues.[26] At the time of writing, no diterminal alkynes
derived from QCI (18e) and QCD have yet been prepared
� time for a change!

Scheme 12. Synthesis and transformations of QCI-alkyne 15; re-
agents and conditions: a) 1. Br2, CCl4, 0 °C, 2 h; 2. Et3N, CHCl3,
room temp., 14 h; b) KOH, aliquat 336, THF, reflux, 7 h; c)
[(Ph3P)2PdCl2], CuI, I2, Et3N, THF, 16 h; d) (Ph3P)2PdCl2, CuI,
aryl or vinyl halide, Et3N, THF, 16 h; e) 1. TFAA (6 equiv.), Et3N
(3 equiv.), THF, �78 °C � 0 °C, 1 h; 2. imidazole (2.6 equiv.), LiCl
(1.2 equiv.), Pd(OAc)2 (5 mol %), DMF, 6 h, 35%; with 40 mol %
of Pd(OAc)2 the yield increases to 57%; f) 1. Co2(CO)8, CH2Cl2,
room temp., 90 min; 2. NMO, alkene, CH2Cl2/THF (1:1), room
temp., 5 h; g) I2, morpholine, toluene, 70 °C, 5 h; h) p-TsNHNH2,
NaOAc, THF, H2O, 65 °C, 4 h
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Although enediyne 19 is not part of a strained ring it

undergoes a cycloaromatization at moderately elevated tem-
peratures (60�70 °C) in CHCl3 (86%) (Scheme 13).[22,27]

Scheme 13. Bergman cyclization of QCI-derived enediyne 19

The Ethynyl Group is Anything But a Spectator Substitu-
ent: All alkyne-alkaloids prepared, including 10,11-dide-
hydro-QCI and 10,11-didehydro-QCD, were found to be
crystalline and more polar than the parent ethenyl (vinyl)
alkaloids on chromatography.[23�24,28] Increased polarity/
basicity is consistent with the observation that Os-mediated
AD reactions proceed significantly more slowly with alkyne
ligands.[29] The efficiency of alkyne-Cinchona alkaloids in
AD reactions has been evaluated both with standard sub-
strates and with challenging targets such as homoallylic al-
cohols and bryostatin C-ring lactol segments. In the case of
substituted C-ring lactols, higher selectivity (although a
lower rate) was observed with novel alkyne AD-ligands,
thus overcoming selectivity problems inherent in the use of
commercial AD-mixes.

A priori, the 1-azabicyclo[2.2.2]octane helix may be
twisted clockwise or counterclockwise and may also adopt
a higher energy C3v conformation in which the three ethano
bridges are fully eclipsed. Interaction of the nitrogen lone
pair with the three anti-periplanar σ bonds would be ex-
pected to be maximized in the C3v conformer (Scheme 14),
which contains two fused boat (rather than twist) azacy-
clohexanes. The conformational energy (or A value) of the
‘‘slim’’ �C�CH group is considerably less (1.71�
2.18 kJ·mol�1) than that of the sterically more demanding
�CH�CH2 (6.23�7.00 kJ·mol�1) and �CH2�CH3

(7.49 kJ·mol�1) groups.[30] As a result, 1,3-syn repulsion at
C3 and C5 will be less in the alkyne bicyclics than in the
ethyl and ethenyl analogues.

From a variety of X-ray crystal studies (e.g., didehydro-
QCI/-QCD and didehydroquinidine) it has been established
that alkyne-quinuclidines are consistently less twisted than
their vinyl and ethyl analogues. Overall torsion angles (i.e.,
the sums of the three torsion angles) vary from 26° to 49°,
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in comparison with up to 65° for ethyl and 60° for ethenyl
derivatives, respectively (Figure 4).

Scheme 14. Quinuclidines as simple helices; helicity of 1-azabicy-
clo[2.2.2]octane

Figure 4. X-ray crystal structure of alkynes derived from Cinchona
alkaloids; torsion angles defining twist-sense: cf. Scheme 14

Fine-tuning of nitrogen polarity (and basicity), which
may be important for catalysis and perhaps pharmacologi-
cal activity, is thus possible.[31] Furthermore, alkyne deriva-
tives of Cinchona alkaloids are able to form interesting
supramolecular arrays in the crystalline state (Figure 5).

The X-ray diffraction pattern of the quinine-derived
bromoalkyne shown in Figure 5 reveals a highly organized
supramolecular structure consisting of three polymeric
chains orientated in the same direction. Each chain is held
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Figure 5. Supramolecular array of 11-bromo-didehydroquinidine in
the crystal state; unusual donor-acceptor interactions and morpho-
logical triple helix; crystallographic data CCDC-246626 can
be obtained from the Cambridge Crystallographic Data Centre,
deposit@ccdc.com.ac.uk

together by short contacts (2.82 Å) between the nucleo-
philic amino nitrogen of one bromoethyne azabicycle and
the electrophilic acetylenic bromine of another, and so on.
The three strands follow left-handed helices, which are
coiled around the same central C3 axis being a helical or
screw axis. The resulting triple helix has a narrow central
channel. Unlike other quinine molecules that we have stud-
ied, the individual azabicyclic moiety of this quinine deriva-
tive traces out a right-handed helix rather than left-
handed one.

4. Cage Helicity and Further Consequences.
Nucleophilic Attack on Quinuclidin-3-ones

1-Azabicyclo[2.2.2]octane represents a simple helix,
which can, a priori, be right-handed or left-handed
(Scheme 14).

Unlike Cinchona alkaloids with ethyl or ethenyl side
chains, in which pseudo-enantiomerism is often reflected by
twist sense, the corresponding alkyne derivatives are pre-
dominantly twisted clockwise. Furthermore, both QCI-al-
kyne and QCD-alkyne form right-handed helices. However,
a strong counterclockwise twist is enforced in a suitably
bridged oxaza-twistane (Scheme 15) that has been used as
an asymmetric catalyst in Baylis�Hillman reactions
(Scheme 16, a).
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Scheme 15. Twist-sense of quinidine-derived oxaza-twistanes

The use of semi-rigid chiral aminophenol 24-OH as a
catalyst in reactions between aldehydes and activated acry-
lates, affording ee values of over 90%, can be seen as a
major step forward in the asymmetric Baylis�Hillman reac-
tion.[32] A series of hydroxylated amines derived from Cin-
chona alkaloids has been surveyed, with only oxaza-twis-
tane 24-OH, in which the phenolic hydroxy group functions
as a proton donor within the transition state aggregate, pro-
ving to be a suitable ligand.[33] The same twistane catalyst
has recently been used for the catalytic asymmetric pro-
tonation of fluoro-enolic species derived from β-keto es-
ters.[34] Like QCI- and QCD-based ligands, oxaza-twistanes
are easily prepared in a few steps from readily available
starting materials.[35] The active catalyst 24-OH is obtained
from isoquinidine in fair yield through acid-mediated cycli-
zation. Nonetheless, even apparently simple transform-
ations have to be monitored carefully: homo-twistane 22
was initially obtained as highly polar side-product in the
course of the hydrobromination of quinidine.[36]

Grob fragmentation of precursor 21a has been sup-
pressed in favour of twistane and homotwistane formation
by masking of the nitrogen lone pair (with Ag� or H�).
Under SN1-like conditions and at elevated temperatures,
Cinchona-derived γ-amino bromides (e.g., 21a and its quin-
ine analogue 21b) undergo Grob fragmentation with intra-
molecular capture of the intermediate iminium ions by the
C9-OH group to give oxazabicyclo[4.3.0]nonanes
(Scheme 16, b).[37] Fragmentation is also a potential side
reaction in the double dehydrobromination of 10,11-di-
bromo-1-azabicycles (cf. Scheme 12, 8 � 15). Formation of
the desired alkyne 15 is facilitated by the generation of the
intermediate vinylic bromide under mild conditions and
then by use of strong base (Aliquat 336, anhydrous KOH)
to enforce the second, more difficult, dehydrobromination.

3-Quinuclidinone and derived 3-quinuclidinols represent
fundamental pharmacophoric leads and are of longstand-
ing interest in medicinal chemistry in the continued quest
for selective high-affinity ligands for neuronal receptors.[38]

Substituted chiral quinuclidin-3-ones have been prepared by
oxidative degradation of the vinyl side chains of QCI and
QCD, carried out by (i) double bond shift, and (ii)
dihydroxylation and subsequent 1,2-diol cleavage
(Scheme 17).[39] The transformation of QCI and QCD into
their corresponding keto analogues has been optimized and
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Scheme 16. a) Synthesis and application of quinidine-derived oxaza-twistanes in the asymmetric Baylis�Hillman coupling; b) Grob
fragmentation of bromo-dihydroquinine 21b; reagents and conditions: a) HBr (62%), 3 d, room temp., b) KOH (25%), NaHCO3; c) 1.
AgBF4, THF, 0 °C � room temp., 4 h; 2. Et3N, KI, MeOH; d) NaH, THF, 0 °C � room temp., 2 d; e) 1. KBr, H3PO4, 3 d, 100 °C; 2.
KOH (25%), NaHCO3; f) DMF, �55 °C; g) NaHCO3, aq. EtOH, reflux, 11 h; h) (CO2H)2, aq. EtOH, reflux, 80 min; i) acetone, room
temp., 8 weeks

Scheme 17. Synthesis of QCI- and QCD-derived ketones; reagents and conditions: a) HBr (62%), 3 d, room temp.; b) DBU, DMF, 110
°C; c) R3SiCl, Et3N, DMAP, CH2Cl2, 0 °C � room temp., 10 h; d) K2CO3, K3[Fe(CN)6], OsO4, tBuOH/H2O (1:1), 6 h, room temp.; e)
NaIO4, tBuOH/H2O (1:1), 6 h, room temp.; f) TBAF, THF, 0 °C � room temp., 12 h.

carried out on a multigram scale in 30�35% overall yield,
modelled on the earlier route to rubanone.[36] Shifting of
the olefinic double bonds of the parent Cinchona alkaloids
has recently attracted further interest, isomerization by
treatment with rhodium on alumina having been re-
ported.[40]

Because of their low-molecular weights (mw � 155) and
their compact bicyclic structures, the diastereomeric quinu-

 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 4293�43124302

clidin-5-ones 28 and 29 are both attractive homochiral
building blocks for asymmetric synthesis, pharmacology
and combinatorial chemistry. Substrate control of stereo-
chemistry in the reactions of ketones 28 and 29 with nucleo-
philes is a challenge greater than substrate control with the
sterically more demanding parent Cinchona alkaloids. Non-
etheless, face selectivity has been established, and nucleo-
philic attack has been directed preferentially toward the
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supposedly more hindered endo-π-face of the carbonyl
group, mainly giving the functionalized quinuclidinols anti-
30 and anti-31 with natural configuration at C5 in dia-
stereomeric excesses of up to 97% (Scheme 18).[39]

Scheme 18. Synthesis of substituted 2-(hydroxymethyl)quinuclidin-
5-ols; masochistic nucleophilic attack on quinuclidinone helix

π-Face selectivity, especially in the QCD series, is unpre-
cedented and strongly depends on the size of the remote O-
protecting group: it is highest with bulky O-protecting
groups, involving 1,7-stereoinduction (the bulk of the trityl
group is evident from the fact that the dimeric hexaphenyle-
thane does not exist). The origin of π-facial selectivity is
believed to be due to helicity and torsional strain rather
than electronic in nature. The X-ray crystal structure of 2-
(bromomethyl)quinuclidin-5-one 29-Br shows that its aza-
bicyclic helix is twisted clockwise (Scheme 19).[41]

Thus, the ‘‘masochistic nucleophilic attack’’ from the
sterically more demanding face is favoured, affording quin-
uclidinols with natural configuration at C5. The right-
handed helicity is conserved during preferred nucleophilic
addition from the endo face: the fully eclipsed high-energy
C3v-like conformation is bypassed en route to the major
products anti-30, anti-31 and anti-32. The stereochemical
assignments at C5 have been confirmed by NOE experi-
ments and by X-ray analyses of anti-32 and syn-32.

Similarly, addition of vinylmagnesium bromide to the C3
carbonyl group of the quinidine-based rubanone directly
provides the known major quinidine metabolite.[42] Again,
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Scheme 19. Investigation of the origins of face selectivity (see also
Figure 4): right-handed helicity

a surprising diastereoselectivity of up to 7:1 in favour of
attack from the sterically more hindered π-face was ob-
served (Scheme 18).[42] Similarly, the quinidine-derived ke-
tone also traces out a right-handed helix.

5. Unusual Steric Course of Solvolysis of
C9-Activated Alkaloids. Access to C9
epi-Configured Stereoisomers

Mapping the Hydrophilic Domain Through Aqueous Hy-
drolysis: Solvolytic displacements at saturated carbon are
among the best known and most widely investigated reac-
tions in organic chemistry. It is generally accepted that the
steric course of solvolysis ranges from complete inversion
of configuration to substantial and even complete racemiz-
ation, depending on the stability and lifetime of any ion-
pair and carbocation intermediates. In the past, hydro-
carbons with tosyloxy leaving groups have usually been in-
vestigated in solvolyses. Substrates with a neighbouring
basic amino function, as in Cinchona alkaloids, give rise to
novel reactivity. The well defined conformations of Cin-
chona alkaloids and the presence or absence of the remote
6�-methoxy group also have to be considered (see ‘‘Second
Cage Expansion’’ below).

Methanolysis of O-tosylated quinine 1a-OTs may appear
to be hopelessly complex (Scheme 20), and C9-func-
tionalized Cinchona alkaloids were ignored completely even
during the 1960s heyday of solvolytic work and controversy.

A change of leaving group (from 1a-OTs to 1a-OMs)
gave a substrate that could be handled more easily and dis-
solved readily in water in the presence of tartaric acid (1
equivalent), which serves as proton donor and asymmetric
catalyst. On heating to 100 °C, completely inverted 9-epi-
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Scheme 20. Methanolysis of O-tosylated quinine 1a-OTs; reagents
and conditions: a) C6H5CO2Na (2 equiv.), MeOH, reflux, 12 h

quinine epi-1a-OH was obtained as the only product in a
spot-to-spot reaction and in good yield (Scheme 21, a).[43]

Similarly, the 9-epi-quinine mesylate epi-1a-OMs was
subjected to aqueous hydrolysis in the presence of tartaric
acid at ca. 100 °C. In this case 9-epi-quinine epi-1a-OH was
again formed, but with complete retention of configuration!
In an analogous sequence, pseudo-enantiomeric quinidine
2a-OH was converted into its mesylate and hydrolysed, fur-
nishing 9-epi-quinidine epi-2a-OH with complete inversion
of configuration. Hydrolysis of O-mesylated epi-quinidine
epi-2a-OMs proceeded with complete retention of configu-
ration. The results from the quinidine series (Scheme 21, b)
support the quinine work (Scheme 21, a). A change in the
leaving group made no difference: both C9-epi-bromides
and C9-epi-mesylates gave the alcohol with retention of con-
figuration, and quinine and quinidine, the products of in-
version, were not formed. Put another way, 9-epi-quinine
epi-1a-OH is formed both from 9-nat and from 9-epi precur-
sors 1a-OMs and epi-1a-OMs. Similarly, 9-epi-quinidine
epi-2a-OH arises from both 9-nat and 9-epi-precursors 2a-
OMs and epi-2a-OMs.

We have suggested that this surprising finding is due to
conformational control and to molecular recognition of sol-
vent water through hydrogen bonding in the presence of
tartaric acid. C9-epi-Quinine is believed to adopt a confor-
mation containing a hydrophilic pocket with the leaving
group and the (protonated) bridgehead nitrogen. This
pocket is open to retentive solvolysis (Scheme 21, c).[43] The
bonding motif in the epi series is reminiscent of the postu-
lated chelation of 12-OMs by excess Li� (Scheme 6). For
the C9-nat-configured alkaloids, on the other hand, the
leaving group X and the protonated amino nitrogen are on
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Scheme 21. Hydrolysis with complete inversion and complete reten-
tion of configuration (tartaric acid present); a) activated quinine;
b) activated quinidine; c) in the rotamer shown in Scheme 21 (part
c) the bulky 1-azabicyclo[2.2.2]octane moiety faces the single H(C9)
hydrogen; reagents and conditions: a) PPh3, CBr4, toluene, 20 °C,
12 h; b) MsCl, Et3N, THF, reflux, 4 h; c) tartaric acid, H2O, ca.
100 °C, 0.5 h

opposite faces (Scheme 31), and inversion of configuration
is strongly favoured. We have applied the inversion
procedure to prepare all four epi-configured Cinchona
alkaloids: epi-quinine (epi-1a-OH), epi-quinidine
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(epi-2a-OH), epi-cinchonidine (epi-1b-OH) andepi-cinchonine
(epi-2b-OH).

6. ‘‘First Cinchona Rearrangement’’

The silver benzoate-assisted reaction of 9-epi-quinine
with bromide as leaving group (epi-1a-Br) in methanol fur-
nishes a cage-expanded 1-azabicyclo[3.2.2]nonane with the
methoxy group α to the bridgehead nitrogen. This re-
arrangement is stereoelectronically favourable, involving a
shift of the (non-protonated) nitrogen lone pair, a nucleo-
philic shift of carbon C7 to C9, and stereocontrolled exter-
nal capture of a strained, non-planar bridgehead iminium
ion by the nucleophile. In the observed Braje products, the
quinolyl and methoxy groups adopt a quasi trans-2,3-di-
equatorial orientation. In the analogous sequence, quini-
dine, with the C9-epi-configured chlorine leaving group,
provides the pseudo-enantiomeric[4] α-methoxyamine
(Scheme 22).[44] All five chirality centres in the starting ma-
terials epi-1a-Br and epi-2a-Cl are neatly transposed into
the stereocentres of the cage-expanded product.

Scheme 22. ‘‘First Cinchona cage expansion’’ of 9-epi-configured
bromoquinine epi-1a-Br and 9-epi-configured chloroquinidine epi-
2a-Cl mediated by silver ion
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More recently, the ‘‘first Cinchona cage expansion’’ has
also been accomplished for quincorine and quincoridine
(Scheme 23).[15] There are substantial barriers to flipping of
the tight 3-carbon bridges, with the limits of the Bredt rule
being tested. The rearrangement proceeds stereoselectively
under mild SN1-like conditions and tolerates additional
functionality such as carbonyl and ester groups, as well as
terminal alkynes. Evidence of the stereochemical outcome
was provided by NOE experiments and X-ray analysis.[45]

Scheme 23. First Cinchona cage expansion of quincorine and quin-
coridine; distinct bridgehead iminium ions 35� and 36� and their
stereospecific capture by nucleophiles
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In the presence of nucleophiles, Lewis acid-mediated cleav-
age of α-amino ethers 35-OMe and 36-OMe affords a vari-
ety of enantiopure substituted 1-azabicyclo[3.2.2]nonanes,
which are formed in SN1-like reactions and with complete
stereocontrol. There is no leakage into pseudo-enantiomeric
36-Nu en route to product 35-Nu or vice versa. The carboc-
ation is pyramidalized with imperfect orbital overlap,[46]

and model calculations suggest that the carbenium carbon
is above the trigonal plane by ca. 36°. A variety of Lewis
acids and nucleophiles were screened for the preparation of
35-Nu and 36-Nu. At first, simple alkylation, vinylation and
ethynylation proved difficult. Use of Me3SiCN provides
new Strecker-type α-aminonitriles, whereas new β-amino
acid esters can be prepared directly by two-carbon homol-
ogation with silylated ketene acetal (Nu � Me2C�CO2-

SiR3) and BF3·OEt2 as Lewis acid and TTMPP [tris(trime-
thoxyphenyl)phosphane] as co-catalyst.[15b] Dead-end com-
plexation of the bridgehead amino nitrogen by the Lewis
acid and a narrow trajectory of nucleophilic attack of the
iminium ion probably impede some of the desired displace-
ments. Diterminal enynes 35-C�CH and 36-C�CH are po-
tential chiral spacers in supramolecular chemistry, pos-
sessing well defined geometries, whereas hydroxy esters and
novel amino acids should be of use in combinatorial chem-
istry. The corresponding diynes, which are of interest for
cyclooligomerization,[47] have not yet been prepared (cf. 36a
from QCD and also diyne 18e from QCI in Scheme 12).

Even QCI- and QCD-derived 2-iodomethyl ketones af-
ford ring-expanded 1-azabicyclo[3.2.2]nonan-6-ones 37 and
38, respectively, although in a more sluggish reaction. Sur-
prisingly, given the high stereoselectivity exhibited by the
other silver triflate-mediated cage expansions, partial epi-
merization was observed upon treatment of iodo ketones
with AgOTf (37 � 80:20 and 38 � 68:32). Silver benzoate-
promoted rearrangement of iodo ketones, however, gave ep-
imerically pure ketones 37 and 38 (Scheme 24).

Scheme 24. Ring expansion of 2-iodomethylquinuclidin-5-ones: a
further molecular diversity connector; reagents and conditions: a)
AgOTf (1.1 equiv.), MeOH, 50 °C; b) AgOBz (1.1 equiv.), MeOH,
50 °C

The ‘‘first Cinchona rearrangement’’ is also feasible with-
out Ag�, provided that stringent stereochemical and exper-
imental conditions are fulfilled. In the preferred confor-
mation of epi-1a-OMs, the C9-OMs leaving group and the
migrating C7�C8 σ-bond are antiperiplanar (Schemes 21
and 25).
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Scheme 25. C9-epi configured quinidine mesylate: the conformer is
set up for the ‘‘first Cinchona rearrangement’’ (see also
Scheme 21, c)

Under optimized conditions with NaOBz as a buffer (for
the liberated methanesulfonic acid), α-amino ether 33-OMe
was formed in 81% yield (Scheme 26), whereas pseudo-en-
antiomeric[4] α-amino ether 34-OMe could be obtained in
84% yield.

Scheme 26. First Cinchona cage-expansion of epi-configured O-me-
sylated quinine epi-1a-OMs and quinidine epi-2a-OMs; prep-
aration of α-amino ethers 33-OMe and 34-OMe; reagents and con-
ditions: a) NaOBz (2 equiv.), MeOH, reflux, 2 h

7. ‘‘Second Cinchona Rearrangement’’

As shown in Scheme 20, methanolysis of O-tosylated
quinine (1a-OTs) afforded a host of products that had to be
carefully chromatographed and individually identified after
separation. In fact, it would have been tempting to consign
the reaction mixture to the dustbin at this stage of the inves-
tigation (Scheme 20). However, the cinch bases (6�-R � H)
cinchonidine 1b-OH and cinchonine 2b-OH behave differ-
ently. Especially in trifluoroethanol as solvent, the C9 mesy-
lates of cinch bases undergo cage expansion to give the
Röper products 39-OBz and 40-OBz, β-functionalized am-
ines that arise side-by-side with the products of stereoreten-
tive, cage-conserving solvolysis (Scheme 27).

Alternatively, the cage-expanded alcohols 39-OH (3R
configuration) and 40-OH (3S configuration) have been
prepared in simple complementary fashion from the mesyl-
ates in pure water. The hydrolysis of the mesylates can be
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Scheme 27. ‘‘Second Cinchona rearrangement’’; effect of a change
to O-mesylated cinch base (6�-R � H) and trifluoroethanol as sol-
vent

viewed as green chemistry, since methanesulfonic acid is in-
expensive, biodegradable and toxicologically harmless. Oxi-
dation provides the corresponding amino ketones 41 and
42, which each have a relatively acidic α-proton and are
equilibrated spontaneously below room temperature: enol-
ization is a rational pathway and is also consistent with deu-
terium uptake at C2 when the ketones are dissolved in
MeOD (Scheme 28).[48] The pseudo-enantiomeric[4] barrier
between cage-expanded 1,2-amino alcohols 39-OH and 40-
OH can thus easily be broken after oxidation to ketones.
The synthesis of the deceptively simple 1-azabicy-
clo[3.2.2]nonan-3-one (A) was recently put forward as an
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InnoCentive challenge at US$ 70 000.[49] The offer was
withdrawn while our work was being considered for publi-
cation.

Scheme 28. Preparation of bicyclic amino ketones 41 and 42; oxi-
dation breaks the pseudo-enantiomeric barrier

We have formulated the ‘‘second Cage Expansion’’ as
proceeding via the nitrogen-bridged cation viii (Scheme 27)
as an intermediate. Note that this is not a conventional
tetrahedral ammonium ion. The two-electron, three-centre
9-Cinchona cation has a nonclassical character because four
ligands around the bridging nitrogen are constrained in one
hemisphere. The nitrogen lone pair is in the second imagin-
ary hemisphere and represents a fifth valence (the bulky Q’
moiety points away from the azabicyclic core and towards
the observer). The delocalized 9-Cinchona cation viii
(Scheme 27) can be compared with delocalized nonclassical
2-norbornyl cation ix,[50] in which bridging of pentacoordi-
nate carbon is constrained by the nortricyclic scaffold. Cat-
ion viii accounts for reversibility of the cage-expansion and
retention of configuration (� double inversion) on nucleo-
philic attack of carbon C9 (Scheme 27, box).

In general, cinch bases (6�-R � H) are more prone to
bridging (cf. viii) than quinine and quinidine (6�-R � OMe),
in which the methoxy donor facilitates electron delocaliz-
ation and reduces electron demand at C9 (Scheme 29). The
migrating aptitude of the bridgehead nitrogen also depends

Scheme 29. Quinine/quinidine (6�-R � OMe) versus cinch bases
(6�-R � H); oxonium resonance disfavours C�N bridging in
planar 6�-methoxy-stabilized 9-Cinchona cation
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on conformation, solvent ionizing power and pH (non-pro-
tonated bridgehead nitrogen).

The ‘‘second Cage Expansion’’ is open to many varia-
tions and has been carried out in the presence of added
nucleophiles under SN1-like conditions. With added thio-
cyanate ion, cage expansion is especially efficient
(Scheme 30, a; see ref.[52]). With added azide ion
(Scheme 30, b), a cascade reaction occurs, being terminated
by 1,3-dipolar cycloaddition to give triazoles (45 and 46),
which are of general interest as antifungals. The reversibility
of the rearrangement has been clearly demonstrated
(Scheme 30, a�b).[51] As an example, the cage-expanded
1,5-diazatricyclo[4.4.1.03,8]undecane derivative 46 is formed
from 43-OMs under SN1-like conditions. Equally, isomeric
mesylate 44-OMs, which contains a quasi-equatorial and
stereoelectronically favourable mesyloxy leaving group,
forms both the tricyclic 46, through cage conservation and
also homo-twistane 45, through cage-contraction. Thus,
route A and route B are remarkably convergent with respect
to their product spectra. The skeletons and stereochemistry
of both 43-OMs and 44-OMs are linked by the second Cin-

Scheme 30. Cascade reactions of 43-OMs and 44-OMs with azide
ion under strongly ionizing conditions
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chona rearrangement and an N-bridged cation such as viii
(Scheme 27). Termination by trans-annular 1,3-dipolar
cycloaddition is, of course, not feasible in the pseudo-en-
antiomeric cinchonidine (quinine) series. In this case the
C9-azide moiety and the ethynyl (vinyl) acceptor are remote
from each other.

A general cage expansion and solvolysis scheme together
with a set of general guidelines for both Cinchona re-
arrangements has recently been put forward and is in excel-
lent agreement with the experimental evidence so far ac-
cumulated by us (Scheme 31).[52]

As yet, the 1-azabicyclo[3.2.2]nonane scaffold has been
encountered in nature only rarely: in, for example, trono-
harine 47, vincathicine 48 and communesin B 49
(Scheme 32). Tronoharine 47, obtained from the stem bark
extract of the Malayan plant Tabernaemontana corymbosa
and structurally assigned in 1999, represents a previously
unencountered indole alkaloid bearing a hexacyclic carbon
skeleton.[53] Vincathicine 48, related to dimeric vinca alka-
loids such as the cytostatic vinblastine and vincristine, was
structurally elucidated by a Lilly group in 1976.[54] The
communesins A�C, exhibiting cytotoxic activity, were iso-
lated from the mycelium of strains of Penicillium sp. in the
marine alga Enteromorphia intestinalis[55] or the sponge Ax-
inella verrucosa.[56]

Communesin B 49 has a rigid heptacyclic framework,
and only one synthetic approach toward its skeleton has
been published.[57] The isolation and identification of ‘‘no-
mofungin’’ has been retracted recently.[58] The challenge
of 1-azabicyclo[3.2.2]nonane scaffolds as synthetic targets,
their biosynthesis and the intrinsic interest of polycyclic
natural products as a source of new drug leads are obvi-
ous.

8. Conclusion

During the last seven years or so, Cinchona alkaloids
have come of age. New enantiopure materials include the
Cinchona alkyne family and also quincorine and quincorid-
ine, which have given rise to novel classes of ligands (‘‘the
smaller the better’’) for catalytic asymmetric syntheses. In
this context, pseudo-enantiomerism and azabicyclic helicity
have served as a handrail for exploration of structure, reac-
tivity, remote stereoinduction and mechanism. Cinchona al-
kaloids have been induced to undergo some baffling molec-
ular reorganisations and solvolytic displacements. The
preparation and availability of all four C9 epi-configured
substrates from quinine, quinidine, cinchonidine and cin-
chonine have helped us to elucidate the various pathways.
In depicting the molecules three-dimensionally we are re-
minded of the wrappings of Christo, the more familiar as-
pects of the molecular architecture, including the bulky
quinoline moiety, being hidden and decisive stereoelectronic
and other features being brought out from another perspec-
tive, such as in the projection formulae of Scheme 31. The
‘‘first and second Cinchona cage expansions’’ afford a range
of functionalized 1-azabicyclo[3.2.2]nonanes with full trans-
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Scheme 31. General Cinchona alkaloid cage expansion and solvolysis scheme
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Scheme 32. Natural products with 1-azabicyclo[3.2.2]nonane nu-
cleus, 47�49

position of all five chiral centres and with multiple diversity
connectors for combinatorial studies. These fundamental
and innovative transformations and the cascade of ensuing
products are expected to stimulate Cinchona alkaloid chem-
istry for years to come.

9. Notes Added on Revision

After the above had been written, Kündig et al. reported
a highly stereoselective desymmetrization of a chromium
meso-diol complex 50 through low-temperature acylation
with the two quincorine- and quincoridine-derived di-
amines 51 and 52 as chiral catalysts (Scheme 33).[59] Either
planar chromium complex is thus readily accessible with
high enantioselectivity.

Furthermore, the reaction mediated by QCI and QCD
derivatives stops after a first acyl transfer and no dibenzoyl
complex is formed, whereas other diamine catalysts also af-
forded unstable dibenzoate complexes.

The synthesis and structures of PdII and PtII complexes
of quincorine and quincoridine derivatives have also been
studied.[60]

X-ray crystal structure analysis was performed on single
crystals of QCI and QCD as their salts with tartaric and p-
toluenesulfonate anions.[61] A comparison of the confor-
mational features of QCI, QCD and the parent Cinchona
alkaloids in the crystalline state shows that the molecular
geometry of QCI and QCD is similar to that of epi-alka-
loids rather than to that of quinine and quinidine.
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Scheme 33. Desymmetrization of a meso-dihydronaphthalenediol
complex through asymmetric acylation; reagents and conditions: a)
NaBH4, CeCl3·7H2O, MeOH, 0 °C, 5 min, 82%; b) BzCl (1.5
equiv.), Et3N (1.0 equiv.), 4-Å molecular sieves, CH2Cl2, diamine
catalysts 51 and 52

New chiral P,N-bidentate amino phosphoramidites have
been prepared by one-step phosphorylation of QCI and
QCD. These novel ligands proved to be effective in Pd-cata-
lysed asymmetric allylic substitution.[62]
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