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Current chemical description of AA formation

• Neutral, mildly reducing, or slightly oxidising atmosphere

• Quite different from Miller’s highly reducing prebiotic atmosphere

• Atmosphere 4 billion year ago - volcanic outgassing:

• Hydrogen and helium leave the atmosphere

• Ammonia and methane are unstable under UV-light

• Predominant: H2O, CO2, N2

• Trace: CO, CH4, H2, SO2, O2 (decomposition of water, CO2)


• Electrical discharge, temperature 60℃-90℃
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therefore, their formation under prebiotic conditions is the
most basic, literally “vital” reaction in the long chain of
processes until the first emergence of life. In former times, a
reducing atmosphere on the prebiotic earth was assumed and
thus the pioneering prebiotic chemistry experiments of Miller
and Urey were performed with a reducing gas mixture
comprising methane, hydrogen, ammonia, and water, and
demonstrated the formation of several amino acids and other
organic compounds under the influence of electric dis-
charges.[1] Miller himself and other researchers repeated the
experiments using various types of energy input and atmos-
pheric compositions,[8–16] but none of them was able to find
amino acids within their products when using nonreducing
gases.[8,17,18]

According to newer geochemical research the secondary
atmosphere on the earth, around 4 billion years ago, was
mainly formed by volcanic outgassing, after hydrogen and
helium had escaped the earth's weak gravitational field. As
ammonia and methane were too unstable under the UV
irradiation of the sun,[3,19] this atmosphere should mainly have
consisted of water, carbon dioxide, nitrogen,[3,4] and much
smaller amounts of carbon monoxide, methane, hydrogen,
sulfur dioxide,[20–22] and even some oxygen[19,23–25] that could
have formed through decomposition of water and carbon
dioxide. Ammonia was continuously formed (e.g. by synthesis
from the elements) and would have been partially decom-
posed by UV irradiation in the gas phase and owing to its
good solubility in water, also dissolved in the oceans, where it
could further react with other compounds.[8]

In our experiments (over liquid water) a simulated
prebiotic atmosphere of carbon dioxide, nitrogen, and water
was subjected to electric discharges. The “atmosphere” in the
reactor (Figure 1) was formed from the continuously supplied

gases CO2 and N2, and water evaporating from the liquid
phase at the temperature of 80 8C. The use of gas wash bottles
filled with ultrapure water on both sides ensured a closed
system, a cooler on the efflux side kept all but very volatile
compounds inside the reaction system. The electric discharges
of approximately 60 kV and 30 mA took place at a rate of 20
per second between the electrode in the gas phase and the
water surface. Video pictures of the discharges showed

multiple sparks and a strong luminescence in the surrounding
area indicating ionization of the gases.

After two weeks the copper electrode showed some signs
of oxidation to CuO on its surface, demonstrating the
formation of oxygen during the reaction. By this time, the
liquid had turned green, which indicated that oxidation of the
copper metal of the electrode beneath the water had also
occurred. The color suggested the formation of CuII ions and a
partial complexation of these ions by ligands other than
water. The liquid was removed, concentrated, and analyzed
for dissolved products by reversed-phase HPLC with amino-
specific precolumn derivatization.[26] In this first identification
run the products of the reaction were compared to pure
glycine and alanine standards, which are the simplest and
most easily formed amino acids. The presence of these
products could be confirmed with two different gradient
methods (Figure 2a and b). Several yet unidentified peaks in

the chromatograms lead to the conclusion that besides glycine
and alanine, significant amounts of other, as yet unidentified,
substances are being produced. Furthermore we assume the
intermediate production of ammonia in the course of our
experiments, that would then have participated in the follow-
up reactions leading to the above-mentioned products.

Figure 1. Experimental design to simulate electrical discharges in a
prebiotic atmosphere consisting of nitrogen, carbon dioxide, and water
vapor, above liquid water.

Figure 2. a) Chromatogram of the sample compared with the
standards using gradient 1 and FLD detection. b) Chromatogram of
the sample compared with the standards using gradient 2 and FLD
detection S=FLD signal, tR= retention time.
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Proline

• Only secondary proteinogenic amino acid

• Pyrrolidine ring is part of the backbone

• Exceptional conformational rigidity 

• Hydrogen bond acceptor in peptides

• Good AA for tight turns

• Polyproline helix with hydroxyproline
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Most enzymatic transformations have a synthetic counterpart.
Often though, the mechanisms by which natural and synthetic
catalysts operate differ markedly. The catalytic asymmetric aldol
reaction as a fundamental C-C bond forming reaction in
chemistry and biology is an interesting case in this respect.
Chemically, this reaction is dominated by approaches that utilize
preformed enolate equivalents in combination with a chiral
catalyst.1 Typically, a metal is involved in the reaction mechanism.1d
Most enzymes, however, use a fundamentally different strategy
and catalyze the direct aldolization of two unmodified carbonyl
compounds. Class I aldolases utilize an enamine based mecha-
nism,2 while Class II aldolases mediate this process by using a
zinc cofactor.3 The development of aldolase antibodies that use
an enamine mechanism and accept hydrophobic organic substrates
has demonstrated the potential inherent in amine-catalyzed
asymmetric aldol reactions.4 Recently, the first small-molecule
asymmetric class II aldolase mimics have been described in the
form of zinc, lanthanum, and barium complexes.5,6 However,
amine-based asymmetric class I aldolase mimics have not been
described in the literature.7 Here we report our finding that the
amino acid proline is an effective asymmetric catalyst for the
direct aldol reaction between unmodified acetone and a variety
of aldehydes.
Recently we developed broad scope aldolase antibodies that

show very high enantioselectivities, have enzymatic rate accelera-
tions, and use the enamine mechanism of class I aldolases.4 During

the course of these studies, we found that one of our aldolase
catalytic antibodies (Aldolase Antibody 38C2, Aldrich) is an
efficient catalyst for enantiogroup-differentiating aldol cyclode-
hydrations of 2,6-heptanediones to give cyclohexenones, including
the Wieland-Miescher ketone.8,9 These intramolecular reactions
are also catalyzed by proline (Hajos-Eder-Sauer-Wiechert
reaction)10 and it has been postulated that they proceed via an
enamine mechanism.11 However, the proline-catalyzed direct
intermolecular asymmetric aldol reaction has not been described.
Further, there are no asymmetric small-molecule aldol catalysts
that use an enamine mechanism.7 Based on our own results and
Shibasaki’s work on lanthanum-based small-molecule aldol
catalysts,4,6 we realized the great potential of catalysts for the
direct asymmetric aldol reaction.
We initially studied the reaction of acetone with 4-nitroben-

zaldehyde. Reacting proline (30 mol %) in DMSO/acetone (4:1)
with 4-nitrobenzaldehyde at room temperature for 4 h furnished
aldol product (R)-1 in 68% yield and 76% ee (eq 1). This result

is quite remarkable since it is known that proline can undergo a
variety of reactions with aldehydes. For example, aliphatic
aldehydes react with proline to give either the oxazolidinone and/
or various other compounds, including products of self-aldoliza-
tion.12 Aromatic aldehydes (including 4-nitrobenzaldehyde) can
condense with proline to form azomethine ylides that undergo
further 1,3-dipolar cycloaddition reaction.13 The high concentration
of acetone we use in the reaction mixture suppresses these side
reactions. The only significant side product is the R,!-unsaturated
ketone, formed by aldol (or Mannich-type) condensation. After
screening several solvents,14 we found anhydrous DMSO at room
temperature to be the most suitable condition regarding reaction
times and enantioselectivity. We also compared a variety of
different commercially available amino acid derivatives under
standard conditions with 30-40 mol % of catalyst (Table 1).
Interestingly, primary amino acids and acyclic secondary amino
acids failed to give significant amounts of the desired product
(entries 1 and 2). While 2-azetidinecarboxylic acid showed some
catalysis (entry 3), both pipecolic acid (entry 5) and 2-pyrrolidine
carboxamide (entry 6) were uneffective. Clearly both the pyrro-
lidine ring and the carboxylate are essential for efficient catalysis
to occur. On the other hand, none of the commercially available
proline derivatives (entries 7-9) showed significantly improved
enantioselectivity compared to proline itself. Synthesis of other
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(14) Solvent (ee): CH3CN (56%), acetone (67%), THF (60%), DMF (76%),

DMF/H2O [10:1] (35%), DMSO (76%).
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Proline-Catalyzed Direct Asymmetric Aldol
Reactions

Benjamin List,* Richard A. Lerner, and Carlos F. Barbas III

The Skaggs Institute for Chemical Biology
and the Department of Molecular Biology

The Scripps Research Institute
10550 North Torrey Pines Road, La Jolla, California 92037

ReceiVed December 7, 1999

Most enzymatic transformations have a synthetic counterpart.
Often though, the mechanisms by which natural and synthetic
catalysts operate differ markedly. The catalytic asymmetric aldol
reaction as a fundamental C-C bond forming reaction in
chemistry and biology is an interesting case in this respect.
Chemically, this reaction is dominated by approaches that utilize
preformed enolate equivalents in combination with a chiral
catalyst.1 Typically, a metal is involved in the reaction mechanism.1d
Most enzymes, however, use a fundamentally different strategy
and catalyze the direct aldolization of two unmodified carbonyl
compounds. Class I aldolases utilize an enamine based mecha-
nism,2 while Class II aldolases mediate this process by using a
zinc cofactor.3 The development of aldolase antibodies that use
an enamine mechanism and accept hydrophobic organic substrates
has demonstrated the potential inherent in amine-catalyzed
asymmetric aldol reactions.4 Recently, the first small-molecule
asymmetric class II aldolase mimics have been described in the
form of zinc, lanthanum, and barium complexes.5,6 However,
amine-based asymmetric class I aldolase mimics have not been
described in the literature.7 Here we report our finding that the
amino acid proline is an effective asymmetric catalyst for the
direct aldol reaction between unmodified acetone and a variety
of aldehydes.
Recently we developed broad scope aldolase antibodies that

show very high enantioselectivities, have enzymatic rate accelera-
tions, and use the enamine mechanism of class I aldolases.4 During

the course of these studies, we found that one of our aldolase
catalytic antibodies (Aldolase Antibody 38C2, Aldrich) is an
efficient catalyst for enantiogroup-differentiating aldol cyclode-
hydrations of 2,6-heptanediones to give cyclohexenones, including
the Wieland-Miescher ketone.8,9 These intramolecular reactions
are also catalyzed by proline (Hajos-Eder-Sauer-Wiechert
reaction)10 and it has been postulated that they proceed via an
enamine mechanism.11 However, the proline-catalyzed direct
intermolecular asymmetric aldol reaction has not been described.
Further, there are no asymmetric small-molecule aldol catalysts
that use an enamine mechanism.7 Based on our own results and
Shibasaki’s work on lanthanum-based small-molecule aldol
catalysts,4,6 we realized the great potential of catalysts for the
direct asymmetric aldol reaction.
We initially studied the reaction of acetone with 4-nitroben-

zaldehyde. Reacting proline (30 mol %) in DMSO/acetone (4:1)
with 4-nitrobenzaldehyde at room temperature for 4 h furnished
aldol product (R)-1 in 68% yield and 76% ee (eq 1). This result

is quite remarkable since it is known that proline can undergo a
variety of reactions with aldehydes. For example, aliphatic
aldehydes react with proline to give either the oxazolidinone and/
or various other compounds, including products of self-aldoliza-
tion.12 Aromatic aldehydes (including 4-nitrobenzaldehyde) can
condense with proline to form azomethine ylides that undergo
further 1,3-dipolar cycloaddition reaction.13 The high concentration
of acetone we use in the reaction mixture suppresses these side
reactions. The only significant side product is the R,!-unsaturated
ketone, formed by aldol (or Mannich-type) condensation. After
screening several solvents,14 we found anhydrous DMSO at room
temperature to be the most suitable condition regarding reaction
times and enantioselectivity. We also compared a variety of
different commercially available amino acid derivatives under
standard conditions with 30-40 mol % of catalyst (Table 1).
Interestingly, primary amino acids and acyclic secondary amino
acids failed to give significant amounts of the desired product
(entries 1 and 2). While 2-azetidinecarboxylic acid showed some
catalysis (entry 3), both pipecolic acid (entry 5) and 2-pyrrolidine
carboxamide (entry 6) were uneffective. Clearly both the pyrro-
lidine ring and the carboxylate are essential for efficient catalysis
to occur. On the other hand, none of the commercially available
proline derivatives (entries 7-9) showed significantly improved
enantioselectivity compared to proline itself. Synthesis of other

(1) Reviews: (a) Nelson, S. G. Tetrahedron: Asymmetry 1998, 9, 357-
389. (b) Gröger, H.; Vogl, E. M.; Shibasaki, M. Chem. Eur. J. 1998, 4, 1137.
(c) Bach, T. Angew. Chem., Int. Ed. Engl. 1994, 33, 417. (d) A notable
exception is Denmark’s chiral Lewis base-catalyzed Mukayama-type aldol
reaction: Denmark, S. E.; Stavenger, R. A.; Wong, K.-T. J. Org. Chem. 1998,
63, 918-919.
(2) (a) March, J. J.; Lebherz, H. G. TIBS 1992, 17, 110. (b) Rutter, W. J.

Fed. Proc. Am. Soc. Exp. Biol. 1964, 23, 1248. (c) Lai, C. Y.; Nakai, N.;
Chang, D. Science 1974, 183, 1204. (d) Morris, A. J.; Tolan, D. R.;
Biochemistry 1994, 33, 12291.
(3) Fessner, W.-D.; Schneider, A.; Held, H.; Sinerius, G.; Walter, C.; Hixon,

M.; Schloss, J. D. Angew. Chem., Int. Ed. Engl. 1996, 35, 2219-2221.
Phosphoenolpyruvate aldolases use a preformed enolate, phosphoenolpyruvate,
to accomplish aldol addition reactions. For studies of this and other aldolase
enzymes in organic synthesis see: Gijsen, H. J. M.; Qiao, L.; Fitz, W.; Wong,
C.-H. Chem. ReV. 1996, 96, 443-473.
(4) (a) Wagner, J.; Lerner, R. A.; Barbas, C. F., III Science 1995, 270,

1797. (b) Barbas, C. F., III; Heine, A.; Zhong, G.; Hoffmann, T.; Gramatikova,
S.; Björnestedt, R.; List, B.; Anderson, J.; Stura, E. A.; Wilson, E. A.; Lerner,
R. A. Science 1997, 278, 2085-2092. (c) Hoffmann, T.; Zhong, G.; List, B.;
Shabat, D.; Anderson, J.; Gramatikova, S.; Lerner, R. A.; Barbas, C. F., III J.
Am. Chem. Soc. 1998, 120, 2768-2779. (d) List, B.; Shabat, D.; Barbas, C.
F., III; Lerner, R. A. Chem. Eur. J. 1998, 881-885. (e) Zhong, G.; Shabat,
D.; List, B.; Anderson, J.; Sinha, S. C.; Lerner. R. A.; Barbas, C. F., III Angew.
Chem., Int. Ed. 1998, 37, 2481-2484. (f) Zhong, G.; Lerner. R. A.; Barbas,
C. F., III Angew. Chem., Int. Ed. 1999, 38, 3738-3741. (g) Sinha, S. C.;
Sun, J.; Miller, G.; Barbas, C. F., III; Lerner, R. A. Org. Lett. 1999, 1, 1623-
1626. (h) Turner, J. M.; Bui, T.; Lerner, R. A.; Barbas, C. F., III; List, B.
Manuscript submitted for publication.
(5) (a) Nakagawa, M.; Nakao, H.; Watanabe, K.-I. Chem. Lett. 1985, 391-

394. (b) Yamada, Y.; Watanabe, K.-I.; Yasuda, H. Utsunomiya Daigaku
Kyoikugakubu Kiyo, Dai-2-bu 1989, 39, 25-31.
(6) (a) Yamada, Y. M. A.; Yoshikawa, N.; Sasai, H.; Shibasaki, M. Angew.

Chem., Int. Ed. Engl. 1997, 36, 1871. (b) Yamada, Y. M. A.; Shibasaki, M.
Tetrahedron Lett. 1998, 39, 5561. (c) Yoshikawa, N.; Yamada, Y. M. A.;
Das, J.; Sasai, H.; Shibasaki, M. J. Am. Chem. Soc. 1999, 121, 4168-4178.

(7) For aldol and retro aldol reactions that are catalyzed by achiral primary
amines, see: (a) Pollack, R. M.; Ritterstein, S. J. Am. Chem. Soc. 1972, 94,
5064-5069. (b) Koshechkina, L. P.; Mel’nichenko, I. V. Ukr. Khim. Zh. 1974,
40, 172-174.
(8) Zhong, G.; Hoffmann, T.; Lerner, R. A.; Danishefsky, S.; Barbas, C.

F., III J. Am. Chem. Soc. 1997, 119, 8131.
(9) List, B.; Lerner, R. A.; Barbas, C. F., III Org. Lett. 1999, 1, 59-62.
(10) (a) Hajos, Z. G.; Parrish, D. R. J. Org. Chem. 1974, 39, 1615. (b)

Eder, U.; Sauer, G.; Wiechert, R. Angew. Chem., Int. Ed. Engl. 1971, 10,
496. (c) Agami, C.; Platzer, N.; Sevestre, H. Bull. Soc. Chim. Fr. 1987, 2,
358-360.
(11) (a) Agami, C.; Puchot, C.; Sevestre, H. Tetrahedron Lett. 1986, 27,

1501-1504. (b) Agami, C. Bull. Soc. Chim. Fr. 1988, 3, 499-507.
(12) (a) Seebach, D.; Boes, M.; Naef, R.; Schweizer, W. B. J. Am. Chem.

Soc. 1983, 105, 5390-5398. (b) Orsini, F.; Pelizzoni, F.; Forte, M.; Sisti,
M.; Bombieri, G.; Benetollo, F. J. Heterocycl. Chem. 1989, 26, 837-841.
(13) (a) Rizzi, G. P. J. Org. Chem. 1970, 35, 2069. (b) Orsini, F.; Pelizzoni,

F.; Forte, M.; Destro, R.; Gariboldi, P. Tetrahedron 1988, 44, 519-541.
(14) Solvent (ee): CH3CN (56%), acetone (67%), THF (60%), DMF (76%),

DMF/H2O [10:1] (35%), DMSO (76%).
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How to make a  
pyrrolidine ring?

A possible mechanism
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1,5-HAT transfer
1. H2SO4
2. 140ºC

• Hofmann-Löffler-Freytag reaction

106. A. W. Hofmann: Ueber die Einwirkung des Broms in 
alkalisoher Losung auf die Amine. 
[Aus dem Bed. Univ.-Laborat. No. DXVII.] 

(Vorgetragen vom Verfasser.) 

Gelegentlich einiger Arbeiten Giber das Verhalten der Amide zu 
alkalischer Bromlosung , welche der Gesellschaft vor etwa Jahresfrist 
mitgetheilt wurden, sind auch analoge Versuche mit den Aminen zur 
Ausfuhrung gekommen, iiber deren Ergebnisse bereits einige An- 
deutungen gegeben worden sind '). 

Diese Versuche sind im Laufe des zum Schlusse gelangenden 
Wintersemesters wieder aufgenommen worden, und ich habe inich auch 
bei dieser Cntersuchung wie bei der iiber die Amide der thatkraftigen 
und sachkundigen Mitwirkung des Hrn. Dr. F r a n z  M y l i u s  zu er- 
freuen gehabt, dem ich wieder zu besonderem Dank verpflichtet bin. 

Diese Untersuchung, welche sich in fast unliebsamer Weise ausge- 
dehnt hat, ist indessen weit davon entfernt, zu einem Abschlusse ge- 
kommen zu sein. Immerhin scheint es schon heute angezeigt, einige 
der gewonnenen Erfahrungen zu veroffentlichen , indem ich mir yor- 
behalte, was hier in diirftigen Umrisseu geboten wird, spater in aus- 
Ehrlicherer Form darzulegen. 

Versetzt man die salzsaure Losung eines primiiren Monamius der 
aliphatischen Reihe mit alkalischer Bromlosung (am besten 1 Mol. 
primares Monamin, 2 Mol. Brom und entsprechende Menge von Alkali), 
so entstehen nionoalkylirte Bromstickstoffe, welche 2 At. Brom ent- 
halten. Die Reaction wurde zunachst in der Methyl- und Aethyl- 
reihe eingehender studirt, nnd die Verbindungen 

CH3NBr2 und CsHgNBr2 
genauer untersucht. Aber auch die Amine der Propyl- und Butylreihe, 
zwei zur Verfugung stehende Amylamine, das Sextylamin und das  
Octylamin, sind auf ihr Verhalten gegen Brom und Alkali gepriift 
worden; alle haben analoge Abkiimmlinge geliefert. 

L%st man eine alkalische Bromlosung auf ein secundares Amin 
der aliphatischen Reihe einwirken (1 Mol. Brom auf 1 Mol. secundiires 
Amin), so wird, wenn das secundiire Amin zwei Alkylgruppen ent- 
halt, unter Abspaltung von Alkylenbromid, daa primare Alkylamin 
gebildet. Wird aber ein secundares Amin, in welchem ein zwei- 
werthiger Atomcomplex an die Stelle von zwei Wasserstoffatomen des 
Ammoniaks getreten ist, mit Brom behandelt, so entstent ein alkyle- 

') H o f m a n n ,  diese Bcrichte XIV, 2725 nnd XV, 767. 

b) A b s p a l t u n g  v o n  W a s s e r  m i t t e l s  P h o s p h o r -  
s a u r e a n h y d r i d .  

4 g Alkin wurden tropfenweisc in einem Rundk6lbchen mit 20 g Phos- 
phorpentoxyd innig gemischt; dies? Mischung dann ganz allniahlich auf 135 O 

durcli 3 Stunden erhitzt. Nacli dem Erkalten 1ial)en wir in Wasser gelijst, mit Ka- 
tronlauge stark alkalisiert, die Basen mit Fi'asserdampf nbdestilliert und aus dem 
Destillat genau wie unter a) die Basen mittels der Pikrato getrennt. Buch 
hier ergab sich, daB neben grdl3eren Mengen von Piperolidin nur  geringe 
Mengen der ungesattigten Base entstanden waren. 

502. Karl Loffler und Curt  Freytag: 
m e r  eine neue Bildungsweise von It'-alkylierten Pyrrolidinen. 

[Aus den1 Chemisclien Institut der Unirersitst Breslau ] 
(Eingegangen am 12. August 1909.) 

A. W. H o f m a n n ' )  erhielt durch Einwirkung Y O U  Brom in alka- 
lischer Liisung auf Coniin ein Brnniconiin, welches das Brom in der 
Imidgruppe substituiert enthalt. Durch Einwirkung von konzentrierter 
Schwefelsaure bei 160' stellte e r  daraus unter Abspaltung von Brom- 
wasserstoff ein Conicein dar, welches tertiar und gesattigt war. E r  
hielt die Base fur a-Conicein. L e l l n i a n n  stellte fest, dafi diese Base 
nicht mit a-Conicein identisch ist, und nannte sie zur Unterscheidung 
von den iibrigen Coniceinen &-Conicein. Gleichzeitig sprach er die 
Verrnutung aus, da8 den1 &-Conicein folgende Formel zukommen diirfte: 

CHt . CHz . CH. CHa 
CHz . CHa . N - CH? >CH2. 

Die Richtigkeit dieser Anschauung wurde von L o f f l e r  und 
K a i  m ') bewiesen. Beim Erwarmen von a-Piperidylpropionsaure auf 
2000 erhielten sie das Lactim dieser SHure, welches durch Reduktion 
mit Natrium und Alkohol in das DPiperolidina uberging, dem dieselbe 
Zusammensetzung und Konstitution zukommt, wie sie von L e l l n i a n  n 
fur das 8-Coniciin vermutet wurde und in obiger Formel zum Ausdruck 
gelangt. Die Eigenschaften dieser Base stimmten uberein mit einem aus 
inaktiveni Coniin nach der H o f m a n n s c h e n  hlethode gewonnenem in- 
aktiven &Conicein. Dadurch war bewiesen, daB das am Stickstoff 
bromierte Coniin beim Erhitzen mit konzentrierter Schwefelsaure Broni- 
wasserstoff unter SchlieBung eines Pyrrolidinringes abspaltet. 

I) A. M'. Hofmann,  diese Bericlite 18, 9, 105 [IS%]. 
2) Lijffler und Kairn, diesc Bcrichte 42, 91 [1909]. 



3431 

Das Q u e c k s i l b e r s a l z  bildet flimmernde Krystallc, die bei 213-214O 

Die Substanz liefert als tertiire Base durch Addition von Jutlathy1 ein 
J o d a t h y l a t .  dns sehr zerfliel?Jich ist. Es wurde mit Chlorsilber in  das  Chlor- 
athylat iibergefcihrt; bcim Zufiigen von Platinchlorid schied sich dann das 
P l a t i n s a l z  in  Form derber Krystalle, die bei 240-2410 schmolzen. 

schmelzen. 

0.1762 g Slibt.: O.OS3S q Pt. 
[C5H11 N ( C ' 2  H5) C1]2PtClr. 6er. P t  30.62. Gef. Pt 30.53. 

Die waurige Liisuug Jes Chlor i i thy la t s  scheidet mit Goldchlorid einen 
eigelben, flockigen Niederschlag aus, der sich beim Kochen nicht gerade sehr 
leicht liist; beim Erkalton erhalt man das Goldsa lz  als federformig ver- 
wachsene Nadeln, die bei 268O schmelzen. 

0.1444 g Sbst.: 0.0626 g Au.  
[C5HI1 N(CzHg)C1]AuCls. Ber. h u  43.50. Gef. Au 43.36. 

603. Karl Laffler und Samy Kober: 
Uber die Bildung des i-Nicotins aus N-Methyl-;l-pyridyl-butyl- 

amin (Dihydrometanicotin). 
[Aus dcm Chemischen Institut der Universitat Breslau.] 

(Eingegangen am 12. August 1909.) 

I n  vorliegender Arbeit sollte die in der vorangehenden Arbeit 
mit Erfolg durcbgefuhrte Reaktion zur Bildung von Pyrrolidinderivaten 
auf das D i h y d r o m e t a n i c o t i n  angewendet werden, wobei man d a m  
im Sinne folgender Gleichung N i c o t i n  e r n w t e n  konnte: 

c1-r- C H ~  CHs-CHa 
I I 

'-CHz CHn _ _  f"-kH cH2 + H B r  . 
1 I 'N' 
\/ 

N CH3 'j' Br "CHI 

I ler  Versuch lehrte, daB auch in der Tat  aus  dem a m  St icks tof f  
b r o m i e r t  e n  A'-M e t h  y I - b - p y  r i  d y 1 b u t y l - a m  i n  beim Erbitzen mit 
kouzentrierter Schwefelsaure Nicotin gebildet wird. Der rorliegende Fall 
unterscheidet sich von den fruber untersuchten dadurch, dal3 der 
Wasserstoff nicht einer Methylgruppe, sondern einer CHz-Gruppe ent- 
zogen wurde. Demnach erscheint diese Rfethode zur  Herstellung 
N-alkylierter Pyrrolidine allgemein durchfuhrbar zu sein. 

Enantioselective Synthesis of Nicotine via an Iodine-Mediated
Hofmann−Lo ̈ffler Reaction
Estefanía Del Castillo† and Kilian Muñiz*,†,‡

†Institute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of Science and Technology, Av. Països Catalans 16,
43007 Tarragona, Spain
‡ICREA, Pg. Lluís Companys 23, 08010 Barcelona, Spain

*S Supporting Information

ABSTRACT: An iodine-mediated Hofmann−Löffler reaction has been developed that enables the first enantioselective
synthesis of nicotine based on this synthetic methodology. The effect of the free pyridine core on the involved electrophilic
iodine reagents was explored in detail. The final synthesis proceeds under moderate reaction conditions that tolerate the free
pyridine core. The same synthetic sequence is also applicable to a number of derivatives with higher substituted pyridine cores,
including bipyridine derivatives.

Within the general quest to streamline amination
chemistry, the direct conversion of C−H bonds into

C−N bonds has encountered paramount interest from the
synthetic community.1,2 The Hofmann−Löffler reaction
represents a unique radical-based methodology to form
nitrogenated saturated heterocycles such as pyrrolidines from
the corresponding acyclic N-halogenated precursors.3−5 For
the cases of nonsymmetrical heterocycles, retrosynthetic
analysis of a given target compound provides two alternative
C−N bond disconnections. Nicotine is a natural alkaloid
occurring naturally in the leaves of the tobacco plant and, to a
lesser extent, from other members of the nightshade plant
family. Nicotine (1) has excitatory or debilitating effects on
ganglia of the vegetative nervous system. Its pathophysiological
importance is largely related to causes deriving from smoking
excesses.6

Using the concept of C−H amination, the example of a
nicotine synthesis in 1909 represents the early proof of
principle in natural product synthesis for the venerable
Hofmann−Löffler reaction.7 Löffler and Kober disclosed
their synthesis of nicotine within an intramolecular C−H
amination reaction at the benzylic methylene group α to
pyridine (Figure 1). Already in their pioneering report, the
authors mentioned the alternative retrosynthetic approach of
C−N bond formation at the primary C−H position. While this
approach requires the C−H functionalization at a less
favorable methyl position, it carries the advantage of an
enantioselective approach since it departs from a precursor
with an established stereogenic center. Apparently lacking the
synthetic access to the required starting material,7 this
approach remained unrealized. We decided to explore such
an enantioselective synthesis of nicotine8 using iodine-based
Hofmann−Löffler variants. This underlying concept is based

on the superior reactivity of N−I bonds at the outset of the C−
H functionalization. Although of immediate synthetic logic at
first sight, the anticipated C−H amination is of great challenge.
Obviously, prior to NH iodination as the initial step of the
transformation, the electrophilic iodine reagent should be
prone to competitive pyridine coordination, which could be
inhibitory. Such a behavior has been widely documented, and
Barluenga’s reagent [Py2I]BF4 provides major testimony to this
end.9,10 For iodine(III) reagents as terminal oxidants, the same
coordination has been observed.11

Under the typical conditions of iodine-promoted Hofmann−
Löffler reactions, the formation of N−I species such as A or B
can be expected to inhibit the catalytic reaction or at least to
slow it down significantly. Since the catalytic reaction variant

Received: December 7, 2018
Published: January 23, 2019

Figure 1. Retrosynthetic C−N bond disconnection for the pyrrolidine
core of nicotine (X = Br, I) and iodine−pyridine interactions.
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Role of substituents in the Hofmann–Löffler–
Freytag reaction. A quantum-chemical case
study on nicotine synthesis†‡

Sofia Shkunnikova,a Hendrik Zipse b and Davor Šakić *a

The Hofmann–Löffler–Freytag (HLF) reaction can be successfully used to synthesize saturated hetero-

cyclic nitrogen-containing nature-derived pharmaceuticals such as nicotine and its derivatives. In this

study the rate-determining hydrogen atom transfer (HAT) step in nicotine synthesis has been analyzed

using quantum chemical methods. Through quantification of substituent effects in the HAT step of the

reaction on both nitrogen and carbon atoms, optimized synthetic strategies are outlined for the racemic

as well as the stereoselective synthesis of nicotine. This latter process can be achieved using common

nitrogen protecting groups, such as Ac, TFAc, and Boc. The said protecting groups show superior nitrogen

radical activation as compared to the commonly used Tosyl group. Computational results indicate that

the 1,5-HAT step is in this case likely to work even for the reaction with primary unactivated carbon

centers.

Introduction
The functionalization of unactivated C–H bonds is a challenge
in synthetic chemistry that is actively being addressed by a large
number of current studies.1 Among the reactions in the
“toolbox of C–H functionalization”2 and “radical migration
strategies”3 is the Hofmann–Löffler–Freytag (HLF) reaction,4

which combines remote C(sp3)–H bond activation at otherwise
unfunctionalized positions with C–N bond formation in a syn-
thetically attractive fashion. It was originally discovered in syn-
thetic studies of novel N-haloamines, which upon treatment
with hot acid led to a five-membered heterocyclic ring closure.
The procedure was subsequently used by Löffler and Freytag5 in
the synthesis of different N-heterocycles, but a full mechanistic
understanding was only developed much later through the work
of Wawzonek6 and Corey.7 The synthesis of nicotine ((S)-3-(1-
methyl-2-pyrrolidinyl)pyridine) reported in 1909 by Kober and
Löffler5b using the HLF procedure starts from 3-(4-(methyl-
amino)butyl)pyridine (A) (Fig. 1a), which was first transformed
into its N-bromo derivative (B). This latter compound then
served as percursor for N-centered radical C, whose formation is

followed by 1,5-hydrogen atom transfer (HAT) and trapping of
the resulting C-centered radical D through bromine abstraction
from the next precursor molecule. Base-induced cyclization
then gives a racemic mixture of nicotine (rac-F). Unfortunately,
the stereoselective synthesis from (S)-3-(1-methylaminobutyl)
pyridine ((S)-G) was unsuccessful in 1909 (Fig. 1b), possibly due
to the instability of the resulting primary C-centered radical
obtained after the 1,5-HAT step.

More recent synthetic efforts have led to the development of
various reaction conditions for a successful HLF reaction
without the use of the highly acidic and forcing conditions
employed in the original procedure.8 Renewed interest in
stereoselective nicotine synthesis in the broader scope of
streamlined amination reactions was rekindled by Del Castillo
and Muñiz.9 A stereoselective nicotine synthesis was success-
fully developed, first for a substituted system. The N-centered
radical was in this case destabilized and thus activated towards
HAT reactions using a tosyl protecting group (Fig. 1c).10

Additional activation of the primary δ-C-atom was achieved by
addition of a radical-stabilizing methoxy substituent. After ring
closure, the tosyl protecting group was removed under acidic
conditions, followed by reductive removal of the methoxy sub-
stituent. In the final step, the N-methyl group was added to the
pyrrolidine ring under Eschweiler–Clarke conditions. Quantum
chemical calculations can be used to get insight into the
optimal reaction conditions for obtaining the desired synthetic
products with good yield and fewer synthetic steps.11 The para-
meters involved in the rate-determining intramolecular HAT
step are the stability of the starting N-centered radicals,12 the

†Dedicated to the memory of Kilian Muñiz.
‡Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0ob02187c

aUniversity of Zagreb, Faculty of Pharmacy and Biochemistry, Ante Kovačića 1,
10000 Zagreb, Croatia. E-mail: davor.sakic@pharma.unizg.hr; Tel: +3851 4818 305
bDepartment of Chemistry, LMU München, Butenandtstrasse 5-13, D-81377
München, Germany

This journal is © The Royal Society of Chemistry 2020 Org. Biomol. Chem.
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Abstract: The stability of N-centered radicals and
radical cations of potential relevance in C–H amida-
tion reactions has been quantified using highly accu-
rate theoretical methods. Combination with available
C–H bond energies for substrate fragments allows
for the prediction of reaction enthalpies in 1,5-hydro-
gen atom transfer (HAT) steps frequently encoun-
tered in reactions such as the Hofmann–Lçffler–
Freytag (HLF) reaction. Protonation of N-radicals is
found to be essential in classical HLF reactions for
thermochemically feasible HAT steps. The stability
of neutral N-radicals depends strongly on the type of
N-substituent. Among the electron-withdrawing sub-

stituents, the trifluoroacetyl (TFA) group is the least
and the toluenesulfonyl (tosyl) group the most stabi-
lizing. This implies that TFA-aminyl radicals have
the broadest and tosyl-aminyl radicals the smallest
window of synthetic applicability. In how far the in-
tramolecular C–H amidation reactions compete with
hydrogen abstraction from common organic solvents
can be judged based on a comparison of reaction
thermodynamics.

Keywords: amination; C–H activation; radical stabil-
ity; remote functionalization

Introduction

The search for metal-free C–H bond amidation reac-
tions has recently led to a resurgence in studies of
what may broadly be seen as variants of the Hof-
mann–Lçffler–Freytag (HLF) reaction.[1–4] Starting
from secondary amine substrates these reactions are
believed to involve formation of N-haloamines as
direct precursors of the respective N-centered radi-
cals, generation of which is promoted by photochemi-
cal or thermal activation. As illustrated in Scheme 1

for the example of N-bromo-2-propylpiperidine (1),
the strongly acidic reaction conditions used in the
classical HLF reaction lead, through thermal or pho-
tochemical activation, from bromoaminium ion 2 to
transient amine radical cation 3. Kinetically preferred
1,5-hydrogen atom transfer (1,5-HAT) then leads to
formation of C-centered radical 4, whose halogen
atom abstraction from the (protonated) N-haloamine
substrate 1 closes the radical chain and generates the
haloalkylamine product 5. The final cyclization to 5-
membered ring pyrrolidine 6 then follows a classic
SN2 mechanism and often requires basic reaction con-
ditions. That a similar sequence can be developed
under neutral conditions has been demonstrated by
Corey et al. for the example shown in Scheme 2.[5a]

Building on earlier work by Barton et al. on lactone
syntheses,[5b] trifluoroacetamide 7 is in this case first
transformed quantitatively to bromoamide 8.

Photochemical activation of this precursor is in this
case believed to generate amidyl radical 9, followed
by a 1,5-HAT step to generate substrate radical 10.
The radical chain is again completed by bromine ab-
straction from (neutral) precursor 8 to yield bromide
11. Base-induced cyclization then yields the final pro-
line derivative 12. More recently variants of the HLF
reaction integrate precursor synthesis, (photochemi-

Scheme 1. Essential mechanistic steps in the classical HLF
reaction of bromopiperidine 1 under acidic conditions.

Adv. Synth. Catal. 2016, 358, 3983 – 3991 ⌫ 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3983
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properties and the fact that this reaction works with all amino
acids investigated so far, the SIPF reaction appears to be the
most universal and most plausible scenario for the very first
step of chemical peptide formation on the primordial Earth.

Mechanism and properties of the SIPF reaction

The active complex which enables peptide formation via SIPF
reaction consists of one central divalent copper ion, a chloride
ligand, two amino acids and two axial water molecules at
Jahn–Teller elongated distances.35 One of the amino acids is
bound to the copper ion end-on via its carboxy group, the
other is bound in a chelating way via carboxy and amino
groups. The importance of the chloride ligand lies in providing
suitable steric and electronic preconditions for peptide
formation and preventing the second amino acid from also
chelating the copper centre which would result in a too stable
and thus, unreactive complex. Fig. 1 shows a geometry
optimized SIPF complex with a glycine and a diglycine ligand.
The high NaCl concentration present in the SIPF-reaction
ensures the presence of this chloride ligand.

In the course of peptide formation the coordinated unproto-
nated amino group binds to the electrophilic carbon atom of
the carboxylic group of the end-on bound amino acid. The
built peptide is more weakly coordinated to the copper ion
than amino acids and preferably released into solution and
subsequently replaced by new amino acids to form a new SIPF
complex (Fig. 2). The SIPF reaction also works with end-on
coordinated peptides to provide higher peptides, only the
chelating species has to be an amino acid and will become
the carboxylic end of the elongated peptide. Oligopeptides up
to at least hexaglycine have been detected after only a few
reaction days.29

Matching some specific properties of the SIPF reaction and
modern life, a number of similarities can be observed. First, it
prefers the naturally occurring a-amino acids over their b- and
g-analogues,36 which can be explained by the more favorable
five-membered ring of an a-amino acid chelating the copper
ion, compared to the less stable six- and seven-membered rings
formed by b- and g-amino acids.
Furthermore, the SIPF reaction works with all amino acids

investigated so far, but the yields of formed peptides vary.
When binary mixtures of amino acids A and B are used,
different amounts of A–B and B–A peptides are obtained,
depending on the activity of the reaction centers influenced by
the amino acid’s side chains on the one hand, and the varying
coordination abilities of the Cu(II) ion and the different
properties of the highly saline solution on the other hand.
Hence, peptides with specific amino acid sequences are formed
via SIPF-reaction which are by no means statistically distrib-
uted, but rather follow a precise chemical framework set by the
reaction conditions and reaction partners.1,37 An astonishing
coincidence beyond any statistical probability was discovered
when comparing preferably formed A–B and B–A linkages of
the SIPF-reaction with the most frequently occurring amino
acid pairings in membrane proteins of archaea and prokaryotes,
which are among the most primitive and oldest organisms still
being found on Earth,1,37 indicating a kind of ‘‘fingerprint’’ of

Fig. 1 Geometry optimized (Hartree–Fock level with double zeta

basis set for Cu(II), triple zeta basis set for other atoms and polarizable

continuum model for solvation effects) SIPF complex with one

chelating glycine ligand, one end-on coordinated diglycine, one chloride

ligand and two axial water molecules at elongated Jahn Teller distances.

Fig. 2 Reaction mechanism for peptide formation of glycine monomers via the salt induced peptides formation reaction.
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Chemical evolution from simple inorganic compounds to chiral peptidesw
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Numerous experiments performed in the past 50 years have strongly changed ideas of how life

could have emerged on the primitive Earth. This review deals with the synthesis of biomolecule

precursors under the conditions prevailing on the primordial Earth, and describes possible

scenarios for their combination and elongation to form peptides and proteins. Furthermore it

proposes different answers to one of the big secrets of nature: why DNA-coded biohomochiral life

emerged using amino acids in their L-form?

Primordial Earth scenario

The primordial Earth was formed about 4.6 billion years ago by
accretion of material surrounding the sun. About 700 million
years later, at the end of the heavy meteoritic bombardment the
primarily very hot and molten Earth cooled down to tempera-
tures around the boiling point of water. The presence of liquid
water seems to be the most important condition for chemical
evolution to have started and, therefore, the most basic pre-
condition for life to develop on Earth. Enormous thunder-
storms formed hot primordial oceans, lakes and lagoons with
numerous salts and a variety of small organic compounds
dissolved in them. The base for their formation were reactions
of atmospheric gases with different energy inputs like UV
irradiation or thermal energy in the form of volcanic heat and
lightning. The atmospheric gases were mainly supplied by
volcanic outgassing, thus containing carbon dioxide, nitrogen
as well as traces of sulfur dioxide. Furthermore, small amounts
of oxygen were formed by decomposition of water and carbon
dioxide by UV irradiation and lightning.

Previous papers1 have already shown that in such a scenario
RNA/DNA is not a suitable starting point due to the very
limited stability in a primordial ocean and for information-
theoretical reasons.2 On the other hand peptides have shown
to be able to carry and transport information, to replicate
from their constituents and to be stable under the harsh
conditions of the primordial ocean.

Synthesis of amino acids

Most experiments related to prebiotic amino acid formation
were performed after the early 1950’s, when Miller3 showed

that amino acids, along with a variety of other small organic
molecules, can easily be formed by exposing a reducing gas
mixture (H2, CH4, NH3, water vapor) to electric discharges.
Geochemical data of up to 3.8 billion year old rocks and even
older zirconium crystals demonstrate that the primary,
reducing atmosphere containing mainly hydrogen had escaped
rather fast into open space because of the relatively weak
gravitation field of the Earth. Other components of this
atmosphere, namely ammonia and methane would quickly
be decomposed under the influence of UV irradiation.4,5

Within the past fifty years a variety of amino acid formation
experiments with different kinds of energy inputs and gas
mixtures were performed in a reducing atmosphere, but in
2004 the possibility of formation of several amino acids in a
completely neutral atmosphere consisting only of nitrogen,
carbon dioxide and water vapor was demonstrated6 with
advanced analytical methods. This neutral atmosphere repre-
sents the so-called secondary atmosphere and is proposed by
modern geochemistry. It was formed by volcanic outgassing of
the Earth’s mantle and small amounts of sulfur dioxide and
hydrogen sulfide could have been present as well. Some recent
publications have suggested that even sulfur-containing amino
acids can be produced in Miller-type experiments.7 A
summary of amino acid synthesis experiments performed is
listed in Table 1.
Further proposed amino acid sources are meteorites,

especially of carbonaceous chondrite type. These well investi-
gated meteorites usually contain a large number of non-
proteinogenic as well as proteinogenic amino acids and several
classes of other organic substances.8,9 Assuming that amino
acid concentration in carbonaceous chondrites is 60 ppm and
that 3% of all meteorites are of this type, up to 6! 1011 tons of
amino acids could have reached the Earth after it had suffi-
ciently cooled down to enable chemical evolution.10

Hydrothermal vent environments at the ocean floor in a few
thousand meters depth represent another possible provider of
amino acids.11,12 Under high pressure and high temperature
conditions, amino acid precursor molecules as well as amino

a Institute of Analytical Chemistry and Radiochemistry,
University of Innsbruck, Innrain 80-82, 6020 Innsbruck, Austria.
E-mail: Thomas.Jakschitz@uibk.ac.at; Fax: +43 512 507 2714;
Tel: +43 512 507 57343

b Institute of General, Inorganic and Theoretical Chemistry, Division
of Theoretical Chemistry, Innrain 80-82, 6020 Innsbruck, Austria

w Part of the prebiotic chemistry themed issue.
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