
stereochimica	  _2	  

note	  sugli	  argomen2	  tra3a2	  nel	  cap.	  5	  del	  
Bruice	  e	  nel	  cap.	  14	  del	  Clayden	  II	  ed.	  



alcune	  definizioni	  

•  una	  stru3ura	  dotata	  di	  piano	  di	  simmetria	  è	  achirale	  e	  
si	  sovrappone	  alla	  propria	   immagine	  speculare,	  quindi	  
non	  può	  esistere	  in	  forme	  enan2omere	  

•  una	  stru3ura	  priva	  di	  piani	  di	  simmetria	  è	  chirale	  e	  non	  
sovrapponibile	  alla	  propria	  immagine	  speculare,	  quindi	  
può	  esistere	  in	  due	  forme	  enan2omere	  

•  gli	   enan2omeri	   sono	   stru3ure	   non	   iden2che,	   l’una	  
l’immagine	  speculare	  dell’altra	  

•  un	  atomo	  di	  carbonio	  recante	  qua3ro	  gruppi	  differen2	  
individua	   un	   centro	   asimmetrico	   (centro	   chirale,	  
stereocentro,	  centro	  stereogenico)	  



•  una	  miscela	   racemica	   con2ene	   due	   enan2omeri	  
nella	  stessa	  proporzione	  (se	  i	  materiali	  di	  partenza	  
sono	  achirali	  e	  i	  prodoK	  chirali,	  essi	  si	  formeranno	  
in	  miscela	  racemica	  dei	  due	  enan2omeri	  

•  i	  campioni	  di	  compos2	  chirali	  cos2tui2	  da	  un	  unico	  
enan2omero	  si	  dicono	  enan,omericamente	  puri	  

•  molte	   molecole	   chirali	   sono	   presen2	   in	   natura	  
so3o	  forma	  di	  un	  unico	  enan2omero	  

•  per	   descrivere	   la	   configurazione	   del	   centro	   di	  
asimmetria	  ci	  si	  può	  servire	  dei	  simboli	  R	  e	  S	  



•  due	   enan2omeri	   non	   presentano	   differenze	   di	  
ordine	   chimico	   e	   hanno	   iden2che	   proprietà	  
fisiche,	   ad	   eccezione	   del	   fa3o	   che	   ruotano	   in	  
senso	   opposto	   la	   luce	   polarizzata	   linearmente	  
(una	   miscela	   racemica	   	   non	   ruota	   la	   luce	  
polarizzata	  linearmente)	  

•  gli	   enan2omeri	   si	   possono	   classificare	   (+)	   e	   (-‐)	  
per	   l’aKtudine	   a	   ruotare	   il	   piano	   della	   luce	  
l inearmente	   polar izzata	   verso	   destra	  
(destrogiro)	   o	   verso	   sinistra	   (levogiro)	   a	  
prescindere	  dalla	  configurazione	  effeKva	  R	  o	  S	  



•  la	   rotazione	   della	   luce	   polarizzata	   non	   dipende	  
dalla	  natura	  R	  o	  S	  del	  centro	  asimmetrico	  

•  i	   contrassegni	   (+)	   e	   (-‐)	   erano	   più	   u2li	   prima	  
dell’avvento	  della	  cristallografia	  ai	  raggi	  X	  quando	  
non	   si	   conosceva	   l’effeKva	   configurazione	   delle	  
molecole	  

•  gli	  enan2omeri	  si	  possono	  classificare	  D	  o	  L	  Prima	  
dell’avvento	   della	   cristallografia	   ai	   raggi	   X	   si	  
determinava	   la	   configurazione	   rela,va	   dei	  
compos2	   organici	   contenen2	   centri	   asimmetrici.	  
Fu	   scelta	   la	   gliceraldeide	   come	   standard	   a	   cui	  
paragonare	  la	  configurazione	  degli	  altri	  compos2	  



Assegnazioni D e L 
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•  Fino	   al	   1951	   non	   si	   conosceva	   la	   configurazione	  
assoluta	   della	   gliceraldeide	   che	   venne	   pertanto	  
assunta	  in	  modo	  arbitrario	  

•  qualunque	   composto	   enan2omericamente	   puro	  
in	   grado	   di	   essere	   correlato	   (dopo	   una	   serie	   di	  
degradazioni	  e/o	  trasformazioni	  chimiche)	  con	  la	  
D-‐(+)-‐gliceraldeide	   veniva	   classificato	   D,	  
altrimen2	  L.	  



Convenzione di Fischer-Rosanoff 
• Prima del 1951, solo le configurazioni relative

potevano essere conosciute.
• Gli zuccheri e gli ammino acidi con la stessa 

configurazione relativa della (+)-gliceraldeide furono 
chiamati D e quelli con la stessa configurazione 
relativa della (–)-gliceraldeide furono chiamati L (con
assegnazione arbitraria).

• Grazie alla cristallografia a raggi X, ora si conoscono
le configurazioni assolute della (+)- e della (–)-
gliceraldeide: D è (R) e L è (S).

• Non c’è relazione con il segno della rotazione.•  i simboli D e L si adoperano ormai soltanto per 
certe molecole naturali ben conosciute, il cui 
impiego è consacrato dalla tradizione: L-
amminoacidi, D-zuccheri 



Assegnazioni D e L 
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NB	  la	  nomenclatura	  R/S,	  +/-‐,	  D/L	  deriva	  da	  
osservazioni	   differen2.	   Il	   fa3o	   che	   una	  
molecola	  abbia	  la	  configurazione	  es.	  R,	  non	  
fornisce	  indicazioni	  circa	  l’aKvità	  oKca	   	  (+	  
o	  -‐)	  o	  la	  sua	  classificazione	  D/L.	  Non	  si	  ten2	  
di	  classificare	  una	  molecola	  (+)	  o	  (-‐)	  oppure	  
D/L	   sulla	   base	   della	   stru3ura.	   Allo	   stesso	  
modo	   non	   si	   ten2	   di	   prevedere	   se	   la	  
molecola	   avrà	   rotazione	   (+)	   o	   (-‐)	  
osservandone	  la	  stru3ura.	  



•  i	  diastereoisomeri	  sono	  stereoisomeri	  non	  
enan2omeri	  

Clayden,	  II	  ed	  



•  i	  distereoisomeri	  possono	  avere	  o	  meno	  
cara3ere	  chirale	  

ques,	  diastereoisomeri	  sono	  chirali	  

Clayden,	  II	  ed	  



Clayden,	  II	  ed	  



Clayden,	  II	  ed	  

tenersi	  per	  mano	   darsi	  la	  mano	  



•  per	   passare	   da	   un	   enan2omero	   all’altro	   si	  
invertono	  entrambi	  i	  centri	  asimmetrici	  

•  per	  passare	  da	  un	  diastereoisomero	  all’altro	  si	  
inverte	  uno	  solo	  dei	  centri	  asimmetrici	  

Efedrina	   e	   pseudoefedrina	   simulano	   l’effe3o	   dell’ormone	   adrenalina.	  
Sono	   stereoisomeri	   chiaramente	   non	   speculari.	   Per	   passare	   alla	  
pseudoefedrina	  si	  è	  inver2ta	  la	  configurazione	  di	  un	  centro	  asimmetrico	  
dell’efedrina	  	  	  



l’adrenalina	   è	   un	   composto	  
chirale.	   In	   natura	   si	   presenta	  
come	   singolo	   enan2omero.	   Non	  
può	  dare	   luogo	  a	  distereoisomeri	  
in	  quanto	  possiede	  un	  solo	  centro	  
asimmetrico	  

i	   due	   enan2omeri	   riporta2	   sopra	   sono	   di	   origine	  
n a t u r a l e	   e	   v e n g o n o	   p r o d oK	   i n	   f o r m a	  
enan2omericamente	  pura	  (sono	  singoli	  enan2omeri	  di	  
singoli	  diastereoisomeri)	  



i	  compos2	  che	  contengono	  centri	  asimmetrici	  e	  
risultano	   tu3avia	   achirali	   si	   definiscono	  
compos2	   meso.	   Essi	   possiedono	   un	   piano	   di	  
simmetria	  con	  stereochimica	  R	  da	  una	  parte	  e	  S	  
dall’altra	  

Clayden,	  II	  ed	  



la	  separazione	  di	  due	  enan,omeri	  
si	  dice	  risoluzione	  

si	   o3engono	   due	   prodoK	   diastereoisomerici:	  
ciascuno	  di	  essi	  sarà	  enan2omericamente	  puro	  

agente	  risolvente	  



•  la	   risoluzione	  nei	  due	  enan2omeri	  dell’alcol	   di	   partenza	   si	  
può	  eseguire	  a	  pa3o	  di	  adoperare	  un	  componente	  (agente	  
risolvente)	   che	   sia	  già	  di	  per	   sé	  enan2omericamente	  puro	  
(spesso	   gli	   agen2	   risolven2	   sono	   di	   origine	   naturale	  
disponibili	  in	  forma	  enan2omericamente	  pura).	  

Clayden,	  II	  ed	  



si	  procede	  alla	  separazione	  dei	  sali	  diastereoisomerici	  per	  
cristallizzazione	  frazionata	  

agisce	  come	  
an,nfiammatorio	  
solo	  l’enan,omero	  S	  
del	  naprossene	  

risoluzione	  basata	  sull’impiego	  di	  sali	  diastereoisomerici	  

Clayden,	  II	  ed	  



è	  una	  tecnica	  che	  viene	  usata	  quando	  i	  compos2	  da	  risolvere	  
non	  possiedono	  gruppi	  funzionali	  idonei	  a	  ricavare	  deriva2	  ai	  
fini	  della	  risoluzione	  vista	  in	  precedenza	  

risoluzione	  basata	  su	  cromatografia	  impiegando	  una	  fase	  
stazionaria	  chirale	  

fase	  stazionaria	  a	  base	  di	  biossido	  di	  
silicio	  funzionalizzata	  con	  un	  
composto	  enan2omericamente	  puro	  

Clayden,	  II	  ed	  



gli	  enan2omeri	  si	  comportano	  nello	  stesso	  modo	  ecce?o	  
che	  in	  un	  contesto	  chirale	  

Clayden,	  II	  ed	  



compos,	  chirali	  privi	  di	  centri	  asimmetrici	  
(compos,	  intrinsecamente	  chirali)	  



composto	  “spiro”	  

i	   tre	   compos2	   hanno	   in	   comune	   un	   elemento	   di	   simmetria	  
compa2bile	   con	   la	   chiralità:	   un	   asse	   di	   rotazione	   binario	   C2.	  
(corrispondente	   alla	   rotazione	   di	   180°	   della	   molecola	   che	  
fornisce	  esa3amente	  la	  medesima	  stru3ura)	  



•  un	  piano	  di	  simmetria	  non	  è	  compa,bile	  con	  la	  chiralità	  
•  un	  asse	  C2	  di	  simmetria	  è	  compa,bile	  con	  la	  chiralità	  
•  un	  centro	  di	  simmetria	  non	  è	  compa,bile	  con	  la	  chiralità	  

PIANO	  



•  il	  diastereoisomero	  sin	  non	  ha	  piani	  di	  simmetria	  ma	  
un	  asse	  C2	  compa,bile	  con	  la	  chiralità	  

ASSE	  



il	   distereoisomero	   an'	   non	   ha	   nè	   piano	   di	  
simmetria	   né	   asse	   binario.	   Esso	   ha	   un	   centro	   di	  
simmetria.	   Ciò	   significa	   che	   se	   si	   procede	   in	  
qualsiasi	  direzione	  a	  par2re	  dal	  centro	  di	  simmetria	  
e	   si	   incontra,	  ad	  esempio,	   il	   gruppo	  R,	   tale	  gruppo	  
viene	   incontrato	  procedendo	   in	  direzione	  opposta.	  
Ciò	   vale	   anche	   per	   la	   freccia	   marrone.	   L’isomero	  
an'	   è	   sovrapponibile	   alla	   propria	   immagine	  
speculare	  per	  cui	  risulta	  achirale	  
	  
	  
	  
	  
	  
	  



Life	  cannot	  originate	  in	  a	  racemic	  mixture	  of	  molecules	  	  

50 David B. Cline

Table 1.

1. DNA: Self-replication would not work with heterochiral systems (50%L and 50%D).
2. Errors in DNA Replication: Without a pure chiral structure, the error rate in replication

would be unacceptable to long-lived systems (higher animal forms, trees, etc.).
3. In a prebiotic medium: Homochirality must have been either

(A) Established in a very short time on earth ( ! 100 Myr), or,
(B) Existed in ISM organic materials near the solar system

handedness of DNA and RNA. The main problem is the extremely small
symmetry-breaking effects for the WNC (!E/kBT ! 10" 17). However there are
plausible non-linear mechanisms that could have amplified this small, symmetry-
breaking phase transition up to the full symmetry-breaking level observed in life
forms. There is, nevertheless, a long-standing controversy as to whether these
non-linear effects are actually large enough to have determined the selection of
the handedness of life.1,2

Figure 1 shows examples of the homochirality of amino acids and sugars that
exist or do not exist in nature.

There are several physical mechanisms that have been proposed to ‘cause’ this
homochirality. Table 2 lists these processes.1

These proposed asymmetry processes follow decades of the study of weak
interactions on earth and the discovery of parity violation in 1957 and the
discovery of the W/7 bosons in 1983. Table 3 gives a list of these key discoveries
and the time line. Many have speculated that these physical weak interaction
processes somehow lead to the homochirality or chiral symmetry breaking in

Figure 1. (a) Examples of molecules that are isomers, some of which exist
in nature and some that do not.

Gli	  amminoacidi	  delle	  proteine	  sono	  L;	  gli	  zuccheri	  
del	  DNA	  sono	  D	  (omochiralità).	  
ipotesi	  1:	  	  omochiralità	  come	  conseguenza	  
dell’evoluzione	  
ipotesi	  2:	  omochiralità	  come	  conseguenza	  di	  
asimmetria	  di	  origine	  cosmica	  (comete	  e/o	  
meteori2;	  sono	  state	  rinvenute	  tracce	  di	  cer2	  
amminoacidi	  arricchi2	  nell’enan2omero	  L	  in	  
campioni	  di	  meteori2)	  
	  
l’origine	  dell’omochiralità	  sul	  nostro	  pianeta,	  
secondo	  l’ipotesi	  2,	  sarebbe	  prebio2ca	  e	  di	  origine	  
cosmica	  (non	  tanto	  il	  risultato	  di	  una	  
concatenazione	  favorevole	  di	  even2	  evolu2vi	  ma	  la	  
conseguenza	  di	  un	  meccanismo	  fisico	  di	  2po	  
determinis2co)	  

natura	  e	  chiralità	  
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1. Introduction

The ESA Rosetta mission,[1] successfully launched in
March 2004, has now completed its 10 year journey to comet
67P/Churyumov-Gerasimenko (67P/C-G). Contrary to its

predecessor missions Giotto and Vega
to comet 1P/Halley,[2] Deep-Space 1 to
comet 19P/Borrelly,[3] Stardust to com-
et 81P/Wild 2,[4] and Deep Impact to
comet 9P/Tempel 1,[5] Rosetta is the
first space mission designed and con-
structed to follow a cometary nucleus
through perihelion passage and to
deposit a landing unit on the cometary

nucleus. The Philae lander detached from the Rosetta space-
craft on November 12, 2014 and soft-landed on the surface of
the cometary nucleus, the morphology and chemical compo-
sition of which is largely unknown. Philae contains the
“Cometary Sampling and Composition” (COSAC) instru-
ment, which is equipped with a chirality module for the in situ
identification, separation, and quantification of organic
molecules, including enantiomers, expected to be present in
cometary ices. The planned analyses will provide essential
information on the formation of the solar system and possibly
on the origin of molecular asymmetry in biological systems.[6]

Nature!s selectivity in the discrimination between left and
right enantiomers has fascinated scientists since Louis Pas-
teur!s first investigations on chiral molecules. The origin of
this distinctive and essential feature of homochirality, how-
ever, remains elusive. A multitude of hypotheses and spec-
ulations have been put forward during the last few decades.
One possible scenario involves the photochirogenesis of small
enantiomeric excesses (ee) in extraterrestrial matter, followed

Life, as it is known to us, uses exclusively l-amino acid and d-sugar
enantiomers for the molecular architecture of proteins and nucleic
acids. This Minireview explores current models of the original
symmetry-breaking influence that led to the exogenic delivery to Earth
of prebiotic molecules with a slight enantiomeric excess. We provide
a short overview of enantiomeric enhancements detected in bodies of
extraterrestrial origin, such as meteorites, and interstellar ices simu-
lated in the laboratory. Data are interpreted from different points of
view, namely, photochirogenesis, parity violation in the weak nuclear
interaction, and enantioenrichment through phase transitions. Photo-
chemically induced enantiomeric imbalances are discussed more
specifically in the topical context of the “chirality module” on board
the cometary Rosetta spacecraft of the ESA. This device will perform
the first enantioselective in situ analyses of samples taken from
a cometary nucleus.
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Rose3a	  è	  la	  prima	  missione	  spaziale	  su	  una	  cometa	  durante	  il	  passaggio	  al	  perielio	  e	  che	  
ha	  depositato	  una	  unità	  mobile	  sulla	  superficie	  della	  cometa	  stessa	  (Philae	  Lander).	  



Table 1 and Figure 2).[24] Pizzarello et al.[24a] interpreted the
high enrichment of isovaline in the l form as a result of its
distinct synthetic pathway. It is generally thought that amino
acids in meteorites are formed through Strecker cyanohydrin
synthesis from aldehydes and ketones. In this case, the
enantiomeric enhancement of isovaline was proposed to be
derived from its aldehyde precursor. Later, Glavin and
Dworkin[24b] demonstrated a direct relationship between the

degree of aqueous alteration and
the amplification of meteoritic l-
isovaline. Although the indigenous-
ness of the ee values of a-dialkylat-
ed amino acids leaves no doubt, the
question of the origin of this enan-
tiomeric enrichment remains open.

3. Chirality Investigations in
Simulated Comets

Taking into consideration the
evolutionary relationship between
meteorites and IDPs with their icy
mantles,[35] one would expect to find
similar molecular and chiral signa-
tures (e.g. amino acids and their

ee values) within comets. So far, however, only small volatile
molecules have been detected with confidence in cometary
atmospheres. The failure to detect such signatures can be
explained by the insufficient sensitivity of telescopes for the
analysis of refractory compounds or the absence of liquid
water essential for prebiotic chemical processing.[36] The
achiral amino acid glycine was identified in a sample of the
comet Wild 2.[37] For better insight into the molecular and
stereochemical composition of pristine cometary matter and
thus an understanding of the original symmetry-breaking
influence, laboratory interstellar-simulation experiments and
the in situ analysis of cometary ices are necessary.

3.1. Organic Molecules in Simulated Cometary Ices

Knowledge on cometary ices has been obtained by remote
observations of comets and by the identification of volatile
and refractory components adsorbed on interstellar dust. The
results have led to the development of experimental methods
that enable the production of both refractory materials and
frozen volatiles with chemical, structural, and morphological
characteristics that are assumed to reproduce those observed
and/or expected in comets.[38] According to the comet core–
mantle grain model developed by Greenberg,[39] small mol-
ecules condense from the gas phase on the cold surface of
interstellar dust grains, thereby forming an icy mantle. During
the deposition, the grain and mantle are subjected to energy
in the form of UV photons and cosmic-ray particles. This
processing is assumed to result in the formation of free
radicals and creates a highly conducive environment for the
transformation of ice-trapped radicals and molecules into
prebiotically relevant organic compounds, such as amino
acids, nucleobases, and sugars[40] (Figure 3). Further aggrega-
tion of interstellar dust particles results in the formation of
larger bodies, such as comets.

Such processes are generally simulated in the laboratory
by the deposition of a gaseous mixture of key interstellar
species under high vacuum on a cold surface and irradiation
with UV light or charged particles. The organic residue
formed in such experiments provides valuable information on

Table 1: Detected ee values of amino acids in carbonaceous meteorites.

Amino acid l-ee (%) Meteorite[a]

isovaline !1.0 to +18.5[24] EET, LEW, LON, MN, MY, OR, QUE
norvaline !0.7 to +3.7[24b] EET, LON, MN, OR, QUE
a-methylnorvaline 2.8, 1.4[33] MN, MY
valine !0.4 to +43.6[24b, 34] EET, LEW, LON, MN, MY, OR, QUE
a-methylvaline 2.8, 1.0[33] MN, MY
a-methylnorleucine 4.4, 1.8[33] MN, MY
isoleucine 3.6 to 50[23] EET, GRA LAP, ME, MIL, PCA, QUE
allo-isoleucine !60 to !2.2[23] EET, GRA LAP, ME, MIL, PCA, QUE
a-amino-a-methylheptanoic acid 7.0[25] MN
a-amino-a,b-dimethylpentanoic acid 1.4 to 5.2[25] MN, MY
allo-a-amino-a,b-dimethylpentanoic acid 2.2 to 10.4[25] MN, MY
a-methylglutamic acid 2 to 3[23] MN

[a] EET: EET 92042; GRA: GRA 95229; LAP: LAP 02342; LEW: LEW 90500; LON: LON 94102; MN:
Murchison; MY: Murray; OR: Orgueil; ME: MET 00426; MIL: MIL 07525; PCA: PCA 91082; QUE:
QUE 99177.

Figure 2. Sections of a two-dimensional enantioselective GC ! GC-
TOFMS gas chromatogram showing a) racemic d- and l-norvaline
enantiomers ((!0.04"0.39) %eel) and b) enantiomerically enriched d-
and l-isovaline enantiomers ((4.61"0.83) %eel) identified in a sample
of the Murchison meteorite. SIM at 144 amu; for analytical conditions,
see Ref. [12].
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(enan2omeri)	  	  che	  si	  pensa	  siano	  presen2	  nel	  ghiaccio	  cometario..	  
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high enrichment of isovaline in the l form as a result of its
distinct synthetic pathway. It is generally thought that amino
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degree of aqueous alteration and
the amplification of meteoritic l-
isovaline. Although the indigenous-
ness of the ee values of a-dialkylat-
ed amino acids leaves no doubt, the
question of the origin of this enan-
tiomeric enrichment remains open.
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thus an understanding of the original symmetry-breaking
influence, laboratory interstellar-simulation experiments and
the in situ analysis of cometary ices are necessary.

3.1. Organic Molecules in Simulated Cometary Ices

Knowledge on cometary ices has been obtained by remote
observations of comets and by the identification of volatile
and refractory components adsorbed on interstellar dust. The
results have led to the development of experimental methods
that enable the production of both refractory materials and
frozen volatiles with chemical, structural, and morphological
characteristics that are assumed to reproduce those observed
and/or expected in comets.[38] According to the comet core–
mantle grain model developed by Greenberg,[39] small mol-
ecules condense from the gas phase on the cold surface of
interstellar dust grains, thereby forming an icy mantle. During
the deposition, the grain and mantle are subjected to energy
in the form of UV photons and cosmic-ray particles. This
processing is assumed to result in the formation of free
radicals and creates a highly conducive environment for the
transformation of ice-trapped radicals and molecules into
prebiotically relevant organic compounds, such as amino
acids, nucleobases, and sugars[40] (Figure 3). Further aggrega-
tion of interstellar dust particles results in the formation of
larger bodies, such as comets.

Such processes are generally simulated in the laboratory
by the deposition of a gaseous mixture of key interstellar
species under high vacuum on a cold surface and irradiation
with UV light or charged particles. The organic residue
formed in such experiments provides valuable information on

Table 1: Detected ee values of amino acids in carbonaceous meteorites.

Amino acid l-ee (%) Meteorite[a]

isovaline !1.0 to +18.5[24] EET, LEW, LON, MN, MY, OR, QUE
norvaline !0.7 to +3.7[24b] EET, LON, MN, OR, QUE
a-methylnorvaline 2.8, 1.4[33] MN, MY
valine !0.4 to +43.6[24b, 34] EET, LEW, LON, MN, MY, OR, QUE
a-methylvaline 2.8, 1.0[33] MN, MY
a-methylnorleucine 4.4, 1.8[33] MN, MY
isoleucine 3.6 to 50[23] EET, GRA LAP, ME, MIL, PCA, QUE
allo-isoleucine !60 to !2.2[23] EET, GRA LAP, ME, MIL, PCA, QUE
a-amino-a-methylheptanoic acid 7.0[25] MN
a-amino-a,b-dimethylpentanoic acid 1.4 to 5.2[25] MN, MY
allo-a-amino-a,b-dimethylpentanoic acid 2.2 to 10.4[25] MN, MY
a-methylglutamic acid 2 to 3[23] MN

[a] EET: EET 92042; GRA: GRA 95229; LAP: LAP 02342; LEW: LEW 90500; LON: LON 94102; MN:
Murchison; MY: Murray; OR: Orgueil; ME: MET 00426; MIL: MIL 07525; PCA: PCA 91082; QUE:
QUE 99177.

Figure 2. Sections of a two-dimensional enantioselective GC ! GC-
TOFMS gas chromatogram showing a) racemic d- and l-norvaline
enantiomers ((!0.04"0.39) %eel) and b) enantiomerically enriched d-
and l-isovaline enantiomers ((4.61"0.83) %eel) identified in a sample
of the Murchison meteorite. SIM at 144 amu; for analytical conditions,
see Ref. [12].

Molecular Chirality
Angewandte

Chemie

1405Angew. Chem. Int. Ed. 2015, 54, 1402 – 1412 ! 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org



omochiralità	  e	  origine	  della	  asimmetria	  
molecolare	  nei	  sistemi	  biologici	  

•  Fotochirogenesi	  di	  un	   lieve	  e.e.	  nella	  materia	  
extraterrestre,	   seguito	   dal	   trasporto	   di	  
molecole	   organiche	   sul la	   Terra	   con	  
conseguente	   amplificazione	   della	   asimmetria	  
verso	   uno	   stato	   omochirale	   (analisi	   delle	  
meteori5,	   simulazioni	   in	   laboratorio,	   analisi	  
della	  materia	  cometaria	  –	  COSAC)	  



the possible composition of the cometary nucleus: informa-
tion that is inaccessible by remote observations.

A remarkable diversity of organic compounds has been
synthesized within interstellar-ice analogues by both UV and
charged-particle irradiation.[41] Bernstein et al.[42] detected
glycine, alanine, and serine as products after acid hydrolysis of
a residue originating from a 20:2:1:1 H2O/CH3OH/NH3/
CH3CN gas mixture. Independently, MuÇoz Caro et al.[43]

identified 16 amino acids in the hydrolyzed and derivatized
organic residue obtained by UV irradiation of H2O/CH3OH/
NH3/CO/CO2 (2:1:1:1:1). MuÇoz Caro et al. used 13C-labeled
precursors to exclude contamination as a possible source of
organic molecules. Further experiments of Meinert et al.[44]

provided an up-to-date list of 26 amino acids, including
proteinogenic and nonproteinogenic amino acids, diamino
acids, and N-(2-aminoethyl)glycine. All amino acids were
detected as racemates, as no chiral influence was introduced
into the system. The analysis of a nonhydrolyzed residue by
Briggs et al.[45] resulted in the detection of only glycine, the
simplest amino acid (see also Ref. [46]). It was therefore
proposed that the products of the photochemical reactions are
incorporated into some macromolecular structure, and then
released upon acid hydrolysis. Apart from amino acids,
different mixtures of simulated interstellar ices produced
purine and pyrimidine compounds, urea, and polyols, along
with other prebiotic molecular structures.[47]

The majority of the detected compounds were identified
in meteorites as well. Thus, a logical question arises: “Do
pristine cometary chiral molecules, like the further-altered
meteoritic molecules, exhibit any enantiomeric preference?”
To answer this question, we introduce in Sections 3.2 and 4.1
a set of experiments in which prebiotic chiral molecules and/
or their precursors have been subjected to truly chiral entities,
such as CPL.

3.2. Enantiomeric Enhancements in Simulated Cometary Ices

The interaction of matter with UV-CPL has been
proposed as one of the possible sources of biomolecular
asymmetry (see Section 4). This notion implies a scenario in
which the first symmetry-breaking event occurred when the

giant molecular cloud from which our solar system formed
was exposed to asymmetric CPL of a given helicity.[48] This
hypothesis was tested by systematically simulating interstellar
ices by irradiation with right- and left-handed UV-CPL.

The first attempts to perform absolute asymmetric syn-
thesis from an ice mixture of H2O, CH3OH, and NH3 by
irradiation with CPL at a wavelength of l = 167 nm resulted
in a small ee value of 1 %, which lay within the limits of
detection of the instruments and methods.[49] Further im-
provement of the experimental procedure by changing the
CPL wavelength to l = 187 nm and using multidimensional
gas chromatography for advanced analysis yielded in
eel values of up to !1.34%.[50] In recent investigations by
Modica et al. ,[51] statistically relevant ee values were induced
in five enantiomeric pairs of amino acids, with a maximum
value of !2.54% eel for 2-aminobutyric acid. The sign of the
induced ee values depends on the helicity as well as the energy
of the CPL and was identical for all five amino acids at l =
121 nm for each given helicity. Similar ee values to those
induced photochemically in laboratory ices can be expected
for cometary amino acids.

These studies, however, do not provide information on the
mechanism for the asymmetric formation of amino acids. It
remains difficult to distinguish between the two relevant
mechanisms of absolute asymmetric photosynthesis and
absolute asymmetric photolysis.

4. Stereochemical Mechanisms for Enantiomeric
Enrichment

Many theories exist to explain the original instance of
enantiomeric enrichment. These theories can be broadly
classified according to Jacques Monod!s famous phrase into
“chance and necessity” or alternately “probabilistic versus
deterministic”.[52] The “chance” school hypothesizes that
homochirality arose from a random symmetry-breaking event
and assumes an equal probability of generating a world with
an opposite handedness. The supporters of the “necessity”
model assume a selection process between enantiomers and
a unique definitive solution to the origin of biological
asymmetry. In this section, we group the main theories for
the generation of an enantiomeric excess according to the
nature of the chiral influence involved.

4.1. Enantiomeric Enhancement Induced by Asymmetric
Photochemistry

Among photochemical effects, only circularly polarized
light and a static magnetic field collinear with a light beam are
truly chiral systems and thus can potentially produce an
enantiomeric enhancement within initially racemic mix-
tures.[53] Both of these mechanisms were proposed to be
responsible for the symmetry breaking in biomolecules.[48,54]

With CPL, the electric-field vector E and the magnetic-
field vector B remain constant in magnitude but proceed in
the form of left or right helices around the axis of the direction
of propagation. Therefore, CPL can distinguish between two

Figure 3. Development phases of interstellar dust particles: a) Silicate
grains accrete ice layers from volatile molecules present in the
surrounding gas phase (H2O, CO2, CO, CH3OH, and NH3). b) During
the growth process, the icy mantle is irradiated with UV photons,
which create radicals and initiate photochemical reactions. c) The
radical-induced reactions produce a complex network of organic
molecules, including amino acids. Adapted from reference [28a].
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chance	  and	  necessity	  

•  chance:	   l’omochiralità	   viene	   originata	   da	   una	  
serie	   di	   even2	   casuali	   che	   rompono	   la	  
simmetria	   generando	   un	   mondo	   in	   cui	   ci	   sia	  
eguale	  probabilità	  destro	  e	  sinistro.	  

	  
•  necessity:	   omochiralità	   viene	   generata	  
a3raverso	   un	   processo	   di	   selezione	   tra	   gli	  
enan2omeri.	  



enantiomers owing to the difference in absorption of left-
handed and right-handed CPL, an effect that is wavelength-
dependent and known as circular dichroism (CD). This
chiroptical property leads to the preferential destruction of
one of the enantiomers, as demonstrated in numerous experi-
ments.[55] A detailed mechanistic understanding of the photo-
chemical nature of the mirror-symmetry-breaking event upon
CPL irradiation is provided in the literature[28, 56] and illus-
trated in Figure 4.

It is hypothesized that extraterrestrial organic material,
prior to its delivery to Earth by IDPs, meteorites, and/or
comets, has been exposed to interstellar UV-CPL and thus
become enriched in one of the enantiomeric forms; its
symmetry has been broken. Autocatalytic processes could
have amplified small ee values to produce a state close to
homochirality. The detection of circularly polarized electro-
magnetic radiation in the infrared wavelength domain from
several star-forming regions[48d, 57] provided additional support
for this proposed scenario. Calculations show that ultraviolet
CPL capable of inducing enantiomeric enhancement is also
present[58] but cannot be observed owing to the high degree of
dust obscuration of UV light in such environments.

An oriented beam of unpolarized light passing through
a static magnetic field is another example of a truly chiral
influence. Similarly to the CPL model, enantiomers absorb

the radiation traveling parallel or antiparallel to the applied
magnetic field to different extents. This effect is referred to as
magnetochiral dichroism (MD). It was demonstrated to
induce very small ee values (10!5 %) in specific chiral
ferromagnetic molecules.[59] The ubiquity of magnetic fields
and unpolarized light in the cosmos led Barron[54] to propose
this effect as a candidate for the abiotic generation of an
enantiomeric excess. However, given the fact that MD
depends upon very high magnetic fields of up to 15 T and
results in such small asymmetry, it is now thought by
adherents of this assumption that meteoritic enantiomeric
enhancement has been caused either by UV-CPL generated
from a directed magnetic field (Faraday effect) or by direct
asymmetrical magnetooptical effects distinct from Faraday
rotation.[60]

Both chiral influences cause enantiomeric enhancement
in either the l or the d form, depending on the local nebular
region, but not when averaged over the entire cosmos. Given
the data from astronomical observations[48d,57] and the most
recent experiments,[49, 50, 55] we can conclude that the origin of
biomolecular asymmetry is probably a consequence of photo-
chemical effects based on CPL.

4.2. Enantiomeric Enhancement upon Crystallization, Phase
Transition, and Viedma Ripening

Chiral-symmetry breaking upon spontaneous crystalliza-
tion has long been known for sodium chlorate solution.[61]

Achiral sodium and chlorate ions are known to crystallize as
two separate chiral solid phases in the form of a racemic
mixture,[62] but under specific stirring conditions, the sodium
chlorate can precipitate randomly as a single chiral phase.
Later, this phenomenon was determined to be a result of
secondary nucleation enhanced by agitation under far-from-
equilibrium conditions.[63]

In 2005, a new mechanism of symmetry breaking was
demonstrated for sodium chlorate. A single chiral solid state
was formed under “near-equilibrium” conditions, under
which no new crystals nucleate. This phenomenon is known
as “Viedma ripening”.[64] Extension of this approach to
proteinogenic amino acids under prebiotically plausible
conditions resulted in a solid-phase enantiomeric enrichment
of up to 99% for aspartic acid.[64b] l-Aspartic acid was thus
proposed to be an ancestor of left-handed molecules.[65] The
choice of aspartic acid was by no means a coincidence, as it is
one of two proteinogenic amino acids that meets all necessary
requirements for “Viedma ripening”, that is, 1) the formation
of conglomerate crystals and 2) fast racemization of the
enantiomers in solution.

These restrictions leave little room for chiral-symmetry
breaking in the other 17 chiral proteinogenic amino acids, and
especially in meteoritic a-dialkylated analogues, which are
resistant against racemization. The sublimation protocol
recently introduced by Viedma et al.[66] reveals both the
conversion of a racemic compound into a racemic conglom-
erate and subsequent enantioenrichment; it might open new
horizons for the enantiomeric purification of previously
overlooked amino acids.

Figure 4. Photolytic induction of enantiomeric enrichment in racemic
alanine. Interaction with CPL of sufficient energy imparts a slight bias
for the less photoabsorbent enantiomer as the more photoabsorbent
enantiomer undergoes faster photolysis. The degree and sign of the
induced asymmetry depend on the helicity of the CPL, the energy of
the driving electromagnetic radiation, the photolysis rate, and the ratio
between the differential extinction (De) and the extinction coefficient
(e) of the enantiomers. This ratio is also known as anisotropy, g =De/
e, which itself depends on the wavelength of the incident CPL.
Anisotropy spectra include crucial information about enantioselective
photolysis. These data enable the selection of a CPL wavelength for
induction of greater enantiomeric enrichment, prediction of the sign of
the induced enantiomeric enrichment, and the calculation of expected
ee values.
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Luce	  circolarmente	  polarizzata	  
(fotochimica	  asimmetrica)	  	  

una	   possibile	   ipotesi	   prevede	   che	   materia	  
organica	   extraterrestre,	   prima	   di	   arrivare	   sulla	  
Terra	   so?o	   forma	   di	   polvere	   interstellare,	  
meteorite	  e/o	  cometa,	  sia	  stata	  esposta	  alla	  luce	  
polarizzata	   circolarmente	   arricchendosi	   in	   uno	  
degli	  enan,omeri	   philae	  


