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Review Article
When Did Louis Pasteur Present His Memoir on the

Discovery of Molecular Chirality to the Acad�emie Des Sciences?
Analysis of a Discrepancy

JOSEPH GAL*

Division of Clinical Pharmacology and Toxicology, University of Colorado School of Medicine, Denver, Colorado

Dedicated to the 160th Anniversary of Louis Pasteur’s Discovery

ABSTRACT Louis Pasteur presented his historic memoir on the discovery of molec-
ular chirality to the Académie des sciences in Paris on May 22nd, 1848. The literature,
however, nearly completely ignores this date, widely claiming instead May 15th, 1848,
which first surfaced in 1922 in Pasteur’s collected works edited by his grandson Louis
Pasteur Vallery-Radot. On May 21st, 1848, i.e., one day before Pasteur’s presentation in
Paris, his mother died in Arbois, eastern France. Informed at an unknown point in time
that she was ‘‘very ill,’’ Pasteur left for Arbois only after his presentation. Biographies of
Pasteur by his son-in-law René Vallery-Radot or the grandson, and Pasteur’s collected
correspondence edited by the grandson are incomprehensibly laconic or silent about
the historic presentation. While no definite conclusions are possible, the evidence
strongly suggests a deliberate alteration of the record by the biographer relatives, pre-
sumably for fear of adverse public judgment of Pasteur for a real or perceived insensitiv-
ity to a grave family medical emergency. Such fear would have been in accord with their
hagiographic portrayal of Pasteur, and the findings raise questions concerning the
extent of their zeal in protecting his ‘‘demigod’’ image. Universal recognition of the true
date of Pasteur’s announcement of molecular chirality is long overdue. Chirality
20:1072–1084, 2008. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

Louis Pasteur (1822–1895), a chemist by training, discov-
ered molecular chirality in 1848, and thereby made a funda-
mentally important contribution to chemistry and several
other fields, e.g., crystallography, biochemistry, pharmacol-
ogy, clinical therapeutics, etc. He presented his revolutionary
discovery to the Académie des sciences (Academy of Sciences,
Académie henceforth) in Paris in May of the same year, but
the correct date of his presentation has been nearly com-
pletely ignored and instead an incorrect date has widely per-
sisted in the literature to the present day. In this report the
circumstances, causes and implications of the emergence
and widespread acceptance of the wrong date are analyzed.

THE DISCOVERY OF MOLECULAR CHIRALITY
Background

Optical rotation was discovered by the French physicist
François Arago (1786–1853) when he found, in 1811, that
crystalline quartz slices rotated the plane of ‘‘plane-polar-
ized’’ (i.e., circularly polarized) light.1 Subsequently, Jean-
Baptiste Biot (1774–1862) found,1 beginning in 1815, that

some substances rotate polarized light in the noncrystal-
line state, e.g., in the liquid or gas phase or in solution,
and by the mid-1840s a variety of compounds, all natural
products (e.g., tartaric acid, oil of turpentine, camphor, qui-
nine, morphine, brucine, various sugars, albumin, etc.),
were known to rotate polarized light in the noncrystalline
state.2 Biot understood that optical rotation by substances
in the noncrystalline state required that some aspect of
the structure of the molecules themselves was responsible
for the rotation, and he referred3 to such compounds as
‘‘substances moléculairement actives’’ (molecularly active
substances; translations are by the present author unless
otherwise indicated), but an explanation of the phenom-
enon was not available. It was Louis Pasteur who made
the connection between optical rotation and molecular
structure when he discovered molecular chirality.4
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Pasteur Discovers Molecular Chirality

Pasteur obtained his doctorate from the University of
Paris in August 1847 with two theses, one in chemistry5

and another in physics.6 At the time of his discovery of
molecular chirality, in the spring of 1848, he was an assist-
ant to Antoine-Jêrome Balard (1802–1876), a professor of
chemistry at the École normale supérieure, a prestigious
university-level institution in Paris.7 In a letter to his friend
Charles Chappuis dated January 20th, 1848, Pasteur men-
tioned that he had undertaken new studies and hoped to
present the results to the Académie sometime later that
year.8 These were the studies of the tartrate crystals that
led to the discovery of molecular chirality.9

Pasteur’s key finding was that the sodium ammonium
salt of paratartaric acid (racemic tartaric acid or (6)-tar-
taric acid by today’s nomenclature) crystallized under the
conditions of his experiments as a conglomerate, i.e., as a
mechanical mixture of two crystal types. One of the crystal
types contained one of the enantiomers, while the other
enclosed only molecules of the other enantiomer. He was
led to this finding by his recognition—based on careful ob-
servation that identified opposing hemihedral facets on
the two crystal types—that the two crystal types were chi-
ral and enantiomorphous, meaning that they resembled
each other as the right and left hands, i.e., as a ‘‘handed’’
object and its nonsuperposable mirror image. Pasteur
manually separated the two types of crystals and showed
that in solution the two tartrate salts (dissolved separately)
had equal optical rotation in absolute value (within experi-
mental error) but opposite in direction, and the same was
true for the crystal hemihedrism and optical rotation in so-
lution of the corresponding tartaric acids liberated from
the salts.10 As Kauffman and Myers pointed out, the
experiments required considerable laboratory skills and
powers of observation.11

Pasteur’s key experiments were carried out in the
spring12 of 1848, and he read his memoir on the discovery
at a session of the Académie in May, 1848. The memoir
was published in the proceedings of the Académie, the
Comptes rendus des séances de l’Académie des sciences
(Comptes rendus hereafter) with the following title: ‘‘Mem-
oir on the relation that may exist between crystal form and
chemical composition and on the cause of rotatory polar-
ization.’’4

Pasteur understood that the cause of optical rotation in
the noncrystalline state was the inherent chirality of the
molecules of dextro- and levo-tartaric acids, and he
expressed this crucial point in his historic memoir to the
Académie in the following manner: ‘‘Is it not evident by
now that the property of certain molecules of rotating the
plane of polarization has as its cause, or at least is linked
in a most intimate manner to, the dissymmetry of these
molecules?’’4 By dissymmetry, Pasteur meant chirality.13

Pasteur’s discovery was received by the Parisian scien-
tific establishment with a great deal of interest. For exam-
ple, Biot insisted on verifying the discovery by having Pas-
teur repeat the experiment in his presence and using
reagents provided by Biot,14 and in October, 1848, a com-
mission appointed by the Académie and consisting of

distinguished scientists—including Biot and the celebrated
chemist Jean-Baptiste Dumas (1800–1884)—produced a
highly favorable report on Pasteur’s chirality work.15 Pasteur
had indeed caught the attention of the scientific establish-
ment, and was appointed professeur suppléant (substituting
or acting professor) in chemistry at the University of Stras-
bourg in late 1848, followed a few years later by appointment
as professeur titulaire (tenured professor).16

Pasteur’s discovery, i.e., that some molecules are chiral,
was the first clear experimental indication of the impor-
tance of the three-dimensional nature of molecules, and is
rightly considered the beginning of stereochemistry.17 His
discovery of molecular chirality is all the more remarkable,
as it was made at a time when little was known about
chemical structure and atomic bonding. For example, the
quadrivalency of carbon was first proposed18 only in 1858,
and the earliest speculations on the tetrahedral nature of
saturated carbon only appeared in the 1860s.19 Despite
this highly limited state of understanding of molecular
structure at the time, Pasteur strongly suspected that mo-
lecular chirality would be shown to have important implica-
tions for chemistry and biology,20,21 and his intuition in
this regard has been amply confirmed. He even proposed
that a tetrahedral or a helical arrangement of the atoms
within the molecules could be the source of molecular
chirality.22 As we know today, he was correct with both
suggestions. By the early part of the 20th century, Pas-
teur’s discovery of molecular chirality was recognized as
fundamentally important for the development of stereo-
chemistry.23

DISCREPANCY IN THE DATE OF PASTEUR’S
PRESENTATION TO THE ACAD �EMIE

Pasteur’s memoir to the Académie on the discovery of
molecular chirality published in the Comptes rendus4 was
reprinted in Volume 1 of Œuvres de Pasteur (Pasteur’s col-
lected works, Œuvres hereafter) published in 1922, i.e., 74
yr after Pasteur’s presentation and 27 yr after his death.24

The Œuvres were collected and edited by Pasteur’s grand-
son, Louis Pasteur Vallery-Radot (1886–1970, LPVR hence-
forth, see Fig. 1), who devoted a great deal of effort to the
preservation and dissemination of the record of Pasteur’s
life and scientific work. An editorial footnote accompany-
ing the reprinted memoir in the Œuvres gives the correct
reference (source, year, volume, and pages) to the original
memoir in the Comptes rendus, and indicates that the pre-
sentation of the memoir took place at the May 15th, 1848,
session of the Académie25 (see Fig. 2). However, an exami-
nation of the volume of the Comptes rendus containing Pas-
teur’s memoir4 reveals unequivocally that Pasteur in fact
presented the memoir during the session of Monday, May
22nd, 1848, i.e., 1 wk later than the date given in the
Œuvres. 25

Determination of the date of the session of any presenta-
tion before the Académie is trivially simple. The presenta-
tions and other material from each session of the Aca-
démie were collected in an individual issue (called Compte
rendu des séances de l’Académie des science, Compte rendu,
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in the singular, henceforth), and the issues were collected
in the various volumes of the journal (Comptes rendus, in
the plural), each issue appearing as an individual subdivi-
sion in a given volume. The first page of each issue clearly
indicates the date of the session. Thus, we see in Figure
3(a) ‘‘SÉANCE DU LUNDI 22 MAI 1848,’’ i.e, ‘‘Session of
Monday, May 22nd, 1848.’’ In addition, at the bottom of
the page we see ‘‘C. R., 1848, 1er Semestre, (T. XXVI, No

21)’’. ‘‘C. R.’’ stands for Comptes rendus, ‘‘1er Semestre’’ for
1st semester, ‘‘T. XXVI’’ for Volume XXVI (T. ¼ tome, i.e.,
volume), ‘‘No 21’’ is the issue number, i.e., the number of
the individual Compte rendu within the volume. The image
in Figure 3(a) is the first page of the issue for the session
at which Pasteur presented his memoir (the page number
was not printed on the first page of the issues; for the
page shown in Figure 3(a) the page number is 529).
Therefore, the date can be readily determined for any pre-
sentation by simply turning to the first page of the issue in
which the presentation appears. Pasteur’s memoir began
on page 535 (Fig. 3b), and turning back to page 529 in the
same issue we find (Fig. 3a) the date of the presentation,
‘‘22 Mai 1848.’’ Moreover, there are two other pieces of in-
formation in the memoir that formally link it to the date of
the session (May 22nd) and rule out May 15th as the ses-
sion of the presentation. Thus, each issue (i.e., each
Compte rendu) is identified with an issue number (‘‘No’’)
which was given at the bottom of the first page of the
issue, together with the other information listed above. As
mentioned earlier and seen on Figure 3(a), the issue num-
ber for the May 22nd, 1848, session at which Pasteur pre-
sented his memoir was 21, shown as ‘‘No 21’’ at the bottom
of the first page of the issue. The issue number also
appeared, sporadically, on a few additional pages of every
issue. Thus, ‘‘No 21’’ did appear (together with the year,
volume, etc.) on page 537 of Pasteur’s memoir (Fig. 3c).

For comparison, Figure 3(d) shows the first page of the
issue for the May 15th, 1848, session, i.e., that of the
wrong date. The issue number, ‘‘No 20,’’ appears at the
bottom. Secondly, and obviously, the page numbers of
Pasteur’s memoir (535–538) also rule out the May 15th
session, inasmuch as the last page of the Compte rendu for
that session is 528. All of the above, then, readily, unequiv-
ocally, and clearly links Pasteur’s memoir with the May
22nd, 1848, session of the Académie. All in all, therefore, it
is clear that Pasteur’s memoir was presented during the
May 22nd session and not on May 15th as claimed in the
Œuvres.

The first appearance of the erroneous date, May 15th,
seems to have been in Volume 1 of the Œuvres in 1922,25

and a search of the literature failed to identify an earlier
instance. However, since its first appearance the incorrect
date has spread widely, at the expense of the correct date,
which is nearly completely absent from the literature. In
fact, efforts to locate references to the correct date identi-
fied only two independent sources: Jacques Nicolle’s 1953
volume on Pasteur contains the correct date26 (in several
subsequent works on Pasteur Nicolle repeated the correct
date), and Mislow has it in a recent article.27 The correct

Fig. 1. Louis Pasteur Vallery-Radot. (Reprinted from the page on Louis
Pasteur Vallery-Radot on the official website of the Académie Française
(http://academie-francaise.fr/immortels/index.html).

Fig. 2. First page of Pasteur’s memoir on the discovery of molecular
chirality in Volume 1 of the Œuvres (p 61). Note ‘‘séance du 15 Mai 1848’’
(i.e., session of May 15th, 1848) in the footnote. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]
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Fig. 3. (a) The first page of the Compte rendu for the session of May 22nd, 1848, of the Académie. (b) The first page of Pasteur’s memoir on the dis-
covery of molecular chirality, from the Compte rendu of (a). (c) Page 537 from Pasteur’s memoir showing the issue number, 21, in the footnote. (d) The
first page of the Compte rendu of the session of May 15th, 1848, of the Académie. Note the issue number, 20, in the footnote. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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date also appears in the Encyclopedia Britannica, but the
article was authored by Nicolle.28 Finally, McManus29 and
Buckingham30 also provide the correct date in their recent
respective volumes but both cite Nicolle as their source.

The scarcity of the correct date in the public record is in
sharp contrast to the abundance of May 15th, 1848, the
incorrect date, in the literature. Since its first appearance
in the Œuvres in 1922, it has appeared regularly in a vari-
ety of publications (many of them important analyses of
Pasteur’s life or work), e.g., Lowry’s milestone volume31

on optical rotation and chirality which appeared more than
70 yr ago, 13 yr after Volume 1 of the Œuvres; an in-depth
critique (which appeared 20 yr ago) by Geison and Secord
of Pasteur’s own account of his discovery of molecular
chirality32; a detailed review and seminal analysis of Pas-
teur’s discovery by Mauskopf from 197633; the 1994 biog-
raphy34 of Pasteur by Maurice Vallery Radot (MVR);
Debré’s 1994 biography of Pasteur (Debré is also mis-
taken in claiming that Pasteur’s memoir was presented by
Balard)35; Geison’s 1995 volume36 on Pasteur’s ethics in
science; an article by Kauffman et al.,37 and other publica-
tions.38–40 In addition, several websites give May 15th,
1848, as the date of the presentation, including, surpris-
ingly, the website of the Pasteur Institute in Paris.41

Admittedly, it has not been possible in this survey
to examine every publication or document in the massive
literature on Pasteur, but the relative proportions found
clearly indicate the scarcity of the correct date in compari-
son to the abundance of the erroneous date.

THE EVENTS OF THE EPISODE:
WHAT DO WE KNOW?

As discussed earlier, Pasteur read his memoir to the
Académie in Paris on Monday, May 22nd, 1848. His
parents lived in the small town of Arbois, in the départe-
ment (administrative district) of Jura, in the Franche-
Comté region of eastern France. On Sunday, May 21st,
1848—i.e., one day before Pasteur presented his memoir
to the Académie in Paris—his mother, Jeanne Étiennette
Pasteur (née Roqui, 1793–1848, see Fig. 4), died in
Arbois.42–44 In view of the one-day separation between the
death of Pasteur’s mother in Arbois and his presentation
at the Académie in Paris, the mysterious appearance of the
incorrect date for the presentation inevitably attracts the
attention.

On May 27th Pasteur wrote to Dumas from Arbois: ‘‘I
have just returned to my family, called by a letter informing
me that my mother was very ill. By the time I arrived she
had died.’’ [my emphasis]. This letter appears45 in the Cor-
respondance de Pasteur (Pasteur’s published correspon-
dence, Correspondance hereafter), which was also col-
lected and edited by Pasteur’s grandson. On the same
day, May 27th, 1848, Pasteur also wrote46 to Paul-François
Dubois, director of the École normale: ‘‘By the time I
arrived my mother had died. She succumbed in a few
hours to an attack of apoplexy.’’ On the following day, May
28th, Pasteur, still in Arbois, wrote to Chappuis in a similar
vein, indicating that his mother had died within a few

hours.47 In these letters no date or time is given for the
mother’s death, nor are the dates of Pasteur’s departure
from Paris and arrival in Arbois provided.

MVR, grand-nephew of Pasteur’s son-in-law René Val-
lery-Radot (1853–1933, RVR henceforth, see Fig. 5), writes
in his 1994 biography of Pasteur that his mother died sud-
denly while preparing to attend mass on Sunday, May
21st, 1848, but he does not identify the source of this infor-
mation nor does he provide any additional details on the
events.48

We do not know when Pasteur received the letter alert-
ing him to his mother’s illness, and no information appears
to have been published on the method by which the letter
was transported from Arbois to him in Paris. Pasteur used
the word lettre (i.e., letter) to refer to the communication
which informed him of his mother’s illness.45 According to
the Musée de la Poste (the museum of the French postal
services in Paris), it was only in 1851 that electric tele-
graph service became available to the public in France49

(in 1853, Pasteur marveled at the newly available telegraph
system and used it to send a message—he used the term
dépêche télégraphique, i.e., telegram—to Biot).50

As for letters sent via the postal service, according to
the Musée de la poste a letter sent from Arbois in 1848
would have taken at least 3 days to reach Paris (personal
communication obtained at the museum in May 2006).
Thus, a letter mailed from Arbois by post a few hours

Fig. 4. Pasteur’s mother, Jeanne-Étiennette Pasteur; pastel by Louis
Pasteur, 1836. (Reprinted from ‘‘IMAGES DE LA VIE ET DE LŒUVRE
DE PASTEUR,’’ by L. Pasteur Vallery-Radot, Flammarion, 1956).
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before the death of Pasteur’s mother on May 21st would
have reached him well after his presentation at the Aca-
démie on the 22nd.

It is also possible, however, that the letter was carried
from Arbois to Pasteur in Paris by a courier. In 1848 there
was no rail link to Arbois (see Fig. 6), and even today,
there is no railway service to Arbois. The map in Figure 6
shows the service as it existed in 1850, and it is not certain
that every railway line on the map was also functioning in
1848; thus, the map is a best-case scenario of the service
that may have been available 2 yr earlier. The nearest train
stops to Arbois with service to Paris were in Tonnerre and
Nevers (see Fig. 6). Thus, a courier would have had to
take a diligence (stagecoach) from Arbois at least to one of
these towns and then take a train from there to Paris. In
1848 (the year of the events in question) it took ‘‘une jour-
née,’’ i.e., at the minimum the daylight hours of a day, to
travel by train from Paris to Le Havre,51 a distance roughly
equal to the train trajectory from Nevers to Paris. As for
the time it would have taken a stagecoach to travel from
Arbois to Nevers or Tonnerre (if indeed there was such a
service), it is difficult to estimate it, but it is instructive
that Pasteur’s father indicated in 1845 that it took 3 h to
travel from Arbois to Dijon (a town considerably closer to
Arbois than are Tonnerre and Nevers, see Fig. 6).52 Since

there was no train service between Arbois and Dijon at the
time, Pasteur’s father was presumably referring to travel
by stagecoach or to a combination of stagecoach to Chalon
and from there by train to Dijon (see Fig. 6). Taking into
account the likely limitations of stagecoach and train
schedules, connections, delays, etc., it does not appear at
all certain that a courier leaving Arbois Sunday morning,
at the earliest, would have been able to reach Pasteur with
the letter before the presentation at the Académie in Paris
the following day. It is also instructive in this regard that
in 1844 Pasteur complained53 to Chappuis that it had taken
him 3 days to travel from Paris to Arbois. While Pasteur
indicated that on that occasion the service was particularly
slow, and it took place 4 yr earlier than the events in ques-
tion, the three-day trip nevertheless gives an indication of
the time-scale of travel between Paris and Arbois in the
mid-1840s. Thus, overall, delivery of the letter to Pasteur
in Paris before the presentation appears to have been
unlikely, but, technically, without more definitive informa-
tion, it cannot be ruled out with certainty.

Two points need to be emphasized here. (1) If it is true
that Pasteur’s mother fell ill on Sunday, the 21st of May
and died within a few hours, and if he did receive the let-
ter informing him of her illness before the presentation at
the Académie on the 22nd and had immediately departed
for Arbois, he would not have arrived in time to see his
mother alive. (2) Given the short time frame between his
mother’s death on the 21st and his presentation at the Aca-
démie on the 22nd, if Pasteur did leave for Arbois before
his presentation, he could not have returned to Paris in
time to appear before the Académie on the 22nd. It is
therefore an inescapable conclusion that Pasteur must
have left for Arbois after his presentation at the Académie
on May 22nd, even if he received the letter before his pre-
sentation. This conclusion is in accord with his statement
in the above-cited45 letter of May 27th from Arbois that
‘‘I have just returned to my family ....’’

TREATMENT OF THE EPISODE IN THE
LITERATURE ON PASTEUR

The Works of René Vallery-Radot

Pasteur’s first biographer was his son-in law, RVR
(LPVR’s father). His first biography54 of Pasteur appeared
(anonymously) in 1883, while Pasteur was still alive, and is
known to have been produced under Pasteur’s control.55,56

The biography focused on Pasteur’s scientific work, with
few personal details of his adult life mentioned. Pasteur’s
presentation of his discovery of molecular chirality to the
Académie is not mentioned in this biography, while many
other of Pasteur’s presentations to the Académie are men-
tioned by date and discussed. A few examples: his presen-
tation in 1857 of lactic fermentation57; the presentation of
April 30th, 1877, on anthrax58; the presentation of Febru-
ary 28th, 1881, on the anthrax vaccine,59 etc. It is simply
incomprehensible that Pasteur’s presentation of his first
major discovery, molecular chirality, before the Académie
was not even mentioned in RVR’s scientific biography of
Pasteur. This was the discovery that catapulted the

Fig. 5. René Vallery-Radot. (Reprinted from ‘‘IMAGES DE LA VIE ET
DE LŒUVRE DE PASTEUR,’’ by L. Pasteur Vallery-Radot, Flammarion,
1956).
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unknown 25-yr-old new doctor of science from obscurity to
the forefront of French science, brought him recognition
and admiration from the French scientific establishment,15

and launched his stellar career.
Pasteur died in 1895, and in 1900 RVR published La Vie

de Pasteur (The Life of Pasteur), a celebrated biography
which went through numerous subsequent editions. In
this work RVR mentions60 the death of Pasteur’s mother
but does not give a date, and quotes from Pasteur’s May
28th letter47 to Chappuis (see above). Moreover, while
RVR outlines the main events of the discovery of molecu-
lar chirality, Pasteur’s presentation of the discovery to the
Académie is not mentioned.61 This treatment by RVR of
two major events in Pasteur’s life in the detailed and then-
definitive biography of Pasteur is, again, difficult to com-

prehend. The absence of a reference to the presentation of
molecular chirality to the Académie is particularly unex-
pected, since the great importance of the discovery was
well-known to RVR in 1900, more than 50 yr after it was
made, and the omission from La Vie de Pasteur of its
announcement by Pasteur to the Académie is all the more
puzzling, since as in the earlier biography by RVR (see
above), the author mentions by date and discusses many
other of Pasteur’s presentations to the Académie. A few
examples: the presentation of March 20th, 1848,62 which
took place 2 mo before that on molecular chirality and
dealt with a study of dimorphism, an investigation whose
significance can only be described, at best, as minor when
compared with the discovery of molecular chirality; the
presentation of September 30th, 185063; the presentation

Fig. 6. Map of the railway network in France in 1850. Arbois is located at the tip of the arrow, added by the present author. (Reprinted from ‘‘GÉO-
GRAPHIE DES CHEMINS DE FER FRANÇAIS’’, by Henri Lartilleux, Chaix, 1962).
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of May 30th, 1881, on rabies64; etc. To summarize, the pre-
sentation by Pasteur of the discovery of molecular chirality
to the Académie is conspicuously and inexplicably absent
from RVR’s biographies of Pasteur. Moreover, no informa-
tion is provided by RVR on the circumstances of the death
of Pasteur’s mother or on Pasteur’s trip to Arbois in con-
junction with her death.

The Works of LPVR

The Œuvres. The editorial inclusion of the incorrect
date, May 15, 1848, in the Œuvres for Pasteur’s presenta-
tion to the Académie25 is puzzling because the date of the
session for any presentation appearing in the Comptes
rendus is immediately obvious upon examining the article
in the particular volume it appears in, as discussed earlier.
LPVR was a distinguished professor of medicine, a noted
medical researcher, accomplished writer, and member of
the Académie de Médecine (Academy of Medicine) and the
prestigious Académie française (French Academy [of let-
ters]).65,66 It is difficult indeed to understand that he could
have failed to extract the correct date from the Comptes
rendus. The Œuvres were published during the period of
1922–1939. The final volume, 7, dated 1939, contains a
detailed chronological table of Pasteur’s work, an exten-
sive index, and other material. In the chronological table,
Pasteur’s presentation to the Académie of the discovery of
molecular chirality is still shown67 to have taken place on
May 15th 1848. Thus, after its first appearance in Volume
1 in 1922, the error was repeated 17 yr later in Volume 7.

It is also relevant here that Jacques Nicolle’s 1953 vol-
ume on Pasteur gives the correct date of Pasteur’s pre-
sentation,26 as mentioned above. Jacques Nicolle (1901–
1971)68 was a French physicist, director of the Laboratory
of Biochemistry of Isomers of the École pratique des
hautes études, Paris. His father, Maurice Nicolle69 (1862–
1932), was a collaborator of Pasteur, and his uncle,
Charles Nicolle (1866–1936), also a disciple of Pasteur,
was a Nobel laureate (1928) bacteriologist.70 In his auto-
biography (published in 1966), LPVR describes his admi-
ration for and close friendship with Charles Nicolle,71 and
also indicates that he knew Maurice Nicolle.72 In light of
the above and considering LPVR’s exhaustive work on
Pasteur, it would be difficult to believe that LPVR was not
aware of Jacques Nicolle’s publications on Pasteur, and
the true date of the presentation therein. LPVR does not
mention Jacques Nicolle (who was his contemporary) in
his autobiography.

The Correspondance. Aside from the above-cited let-
ters by Pasteur from Arbois concerning his mother’s death
no other information on her illness or death or on his
return to Arbois in connection with these events is found
in the letters included in the Correspondance. The letter
Pasteur refers to which informed him of his mother’s ill-
ness does not appear in the Correspondance.

It is also troubling that in the Correspondance we find no
letter by or to Pasteur about his momentous announce-
ment to the Académie of the discovery of molecular chiral-
ity. This lack is most puzzling in view of the presence in
the Correspondance of many letters referring to other

presentations by Pasteur to the Académie. For example, in
a letter73 to Chappuis dated May 5, 1848, Pasteur
expressed satisfaction over the favorable reception (‘‘très
bien accueilli’’) of the memoir on dimorphism (see above)
which he had read to the Académie ca. 2 mo before the
presentation of the memoir on molecular chirality. Another
example is that of the presentation of January 3rd, 1853,74

etc.

Other works by LPVR. In addition to the Œuvres and
the Correspondance, LPVR produced several other volumes
about Pasteur, including a short biography in which he
gives the date of the death of Pasteur’s mother and writes
that ‘‘she died suddenly.’’ He then adds that ‘‘Pasteur’s
grief was hardly lessened by the satisfaction with which
he had, a few days before, presented at the Academy of Sci-
ences’’ his memoir on molecular dissymmetry75 [my em-
phasis]. Thus, here too, LPVR places the presentation
before the death of Pasteur’s mother on May 21st; how-
ever, here he gives no date for the presentation.

In addition to placing the presentation before May 21st,
LPVR treats Pasteur’s historic announcement very differ-
ently from his handling of other presentations by Pasteur
to the Académie, several of which are given by date in the
biography.76–78 Moreover, on October 26, 1868, shortly af-
ter Pasteur suffered a stroke, Dumas read a note by Pas-
teur to the Académie, and this too is mentioned79 by date
in the biography by LPVR. The contrast is striking and it
is, again, difficult to comprehend why Pasteur’s historic
announcement to the Académie of his first major discovery
is almost entirely ignored by LPVR.

LPVR died in 1970, and a search of the literature failed
to identify a correction by him of the erroneous date.

Works by Other Authors

Since his death more than a century ago, Pasteur’s life
and work has been the subject of numerous other publica-
tions. In recent years, several authors have studied exten-
sive portions of the considerable documentary record of
Pasteur’s life and work. Geison, for example, examined a
large number of archival sources and documents (pub-
lished and unpublished) in France and elsewhere for his
volume, and the French writers Debré and MVR also drew
on large portions of the documentary record in the prepa-
ration of their biographies. Nevertheless, all three authors
cite the wrong date for Pasteur’s presentation to the
Académie.34–36

For the purposes of this article, in addition to the
sources cited earlier, many other publications80–94 on Pasteur
were examined but none of these mention a specific date
for the presentation in May 1848. Moreover, no discussion
of the discrepancy in the date of the presentation or any
correction of the erroneous date has been found in the lit-
erature. However, in one of their articles, Kauffman and
Myers state95 that Pasteur’s presentation took place on
May 15th, 1848, and the memoir published a week later,
i.e., on the 22nd. There is, however, no basis for their
claim: the Comptes rendus clearly and unequivocally indi-
cates the session in which a memoir was presented, as dis-
cussed above. To further illustrate, on the 12th of August,
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1858, Pasteur wrote96 to the members of the Commission
on the Experimental Physiology Prize of the Académie:
‘‘I had the honor to present to the Académie during its ses-
sion of March 29th, 1858, some results of a study of the
fermentation of tartaric acid and its isomers.’’ The issue of
the Comptes rendus for the session of March 29th, 1858, in
fact contains Pasteur’s memoir on the fermentation of tar-
taric acid.97 In summary, then, the claim by Kauffman and
Myers that Pasteur presented his memoir on May 15th,
1848, and that the memoir was then published a week
later, on May 22nd, 1848, is contradicted by the evidence.

The Events in the Literature: Conclusions

As we have seen above, overall, the literature is of little
help in our attempt to determine the details and implica-
tions of the relevant events of May 1848. Little information
is available on the circumstances of the death of Pasteur’s
mother, and most publications that give a date for Pas-
teur’s presentation cite the wrong date. Moreover, the con-
flict in the dates is not discussed in the literature. Of con-
siderable significance is the unmistakably terse treatment
of the events of the episode in the works of RVR and
LPVR. It is indeed difficult to comprehend that Pasteur’s
prestigious appearance, at age 25, before the Académie to
present his first major discovery should be nearly com-
pletely ignored by his biographer relatives in their works,
which otherwise can only be described as hagiographic
portrayals of the public scientist and the private man.

THE HAGIOGRAPHY

Pasteur worked on chirality for ca. 10 yr,98 and by the
late 1850s had moved on to microbiology, followed later
by his celebrated work on infectious diseases. As is well-
known, his work in these fields was revolutionary and of
great benefit to human health and the practice of medi-
cine, veterinary medicine, agriculture, etc. His discoveries
reveal a scientist with superior scientific intuition, an
exceptional observer, and an outstanding experimentalist.

However, these qualities and achievements of Pasteur
do not suffice in the reconstruction of the totality of the
individual. Pasteur was, to be sure, one of the most accom-
plished scientists the world has known, but he was also a
complex individual with both admirable qualities and
human failings.99–102 Moreover, it is now recognized that a
great deal of the published writings on Pasteur’s life and
work engaged in hagiography and often presented a less-
than-accurate image of the scientist and the man, an image
closer to a demigod than to a human being with complex-
ities and imperfections.99,102–105

The hagiographic distortion of Pasteur began in his own
lifetime, with his first biography, by RVR,54 and continued
soon after his death with RVR’s La Vie de Pasteur. More-
over, La Vie de Pasteur considerably influenced103 a great
deal of the subsequent works on Pasteur. In this regard, a
reading of LPVR’s biography106 of Pasteur clearly shows
that LPVR relied heavily on his father’s La Vie de Pasteur,
and continued the hagiographic portrayal of Pasteur. The
hagiographic image of Pasteur has persisted in the litera-
ture for much of the 20th century, and its deconstruction

began only relatively recently, but a more accurate depic-
tion of Pasteur and his place in 19th century science, cul-
ture, society, and politics remains to be published.102

THE ESSENTIAL QUESTIONS

Overall, then, we are left with a striking paucity of facts
concerning this important episode in Pasteur’s life. The
available information is limited to a puzzling, terse, and
incomplete recounting of the events in the biographies by
RVR and LPVR, the absence of the presentation at the Aca-
démie in the Correspondance, and a bizarre incorrect date
in the Œuvres. In light of the pervasive hagiographic
approach to Pasteur by his biographer relatives, this state
of affairs prompts the following questions: was the true
date of the presentation deliberately altered in the Œuvres
and did the two family biographers manipulate and hide
the facts surrounding the events in their works on Pas-
teur? That is, was Pasteur’s famous presentation in Paris
one day after his mother’s death in Arbois viewed by
LPVR and RVR as potentially intolerably damaging to their
faultless image of the national hero, regardless of the pre-
cise reasons for his absence from Arbois at the time of her
death? According to this hypothesis, it is also logical to
assume that in addition to altering the date of Pasteur’s
presentation, minimizing the discussion of the events
would have seemed necessary to RVR and LPVR to avoid
potentially causing the emergence of some inconvenient
details. This, then, would explain the laconic or silent treat-
ment of Pasteur’s first great discovery and his mother’s
death by the two biographers.

Another question of interest is whether Pasteur—if he
received the letter alerting him to his mother’s illness
before the presentation at the Académie—decided to delay
his departure to Arbois until after the presentation. Such a
decision would presumably have been influenced by sev-
eral factors, e.g., the exact contents of the letter, the pre-
cise time of its receipt, and by train and stagecoach sched-
ules, etc. As we have seen, it is not very likely that Pasteur
received notification of his mother’s illness before his
appearance at the Académie, but technically it cannot be
ruled out. As we have also seen, however, given the lim-
ited amount of time available and the travel conditions in
the 1840s, in any case, Pasteur could not have arrived in
time to see his mother alive. Furthermore, it is also clear
that he left for Arbois only after his presentation at the
Académie.

The silence about Pasteur’s presentation of May, 1848,
in the 1883 biography by RVR is also relevant in this con-
text, inasmuch as it is clear that the biography was written
under close supervision by Pasteur (see earlier), raising
the question of Pasteur’s role in the affair.

In considering these matters, we must also bear in mind
Pasteur’s renowned unrelenting work habits,107,108 ambi-
tion,109 and pursuit of glory,110 which are known to have
interfered, at times drastically, with his family life. A por-
tion of a letter Pasteur’s wife Marie (née Laurent, 1826–
1910, see Fig. 7) wrote to her daughter Marie-Louise and
son-in-law RVR on her (Marie’s) 35th wedding anniversary
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is illustrative in this context: ‘‘Your father, always very
busy, speaks little to me, sleeps little, and gets up at dawn;
in a word, he continues the life I started with him 35 yr
ago today.’’111

Also relevant in this context is the death of Cécile, one
of the Pasteurs’ four daughters. In May, 1866, at age 12,
she is stricken with typhoid fever in Chambéry. Pasteur is
in Alès, engaged in studies on diseases of silkworms, stud-
ies which he had been asked to undertake by Dumas, and
which were eventually credited with saving the French
silk industry. Despite the alarming news about Cécile, Pas-
teur remains in Alès. His wife Marie writes him pressing
letters urging him to join her at Cécile’s bedside, and he
finally leaves for Chambéry. He finds his daughter feeling
somewhat better and remains with her only 3 days, return-
ing thereafter to Alès, apparently not trusting his collabo-
rators’ work in his absence. Cécile dies on May 23rd with-
out having seen her father again.112 Jeanne, another of
Pasteur’s daughters, died at age 9 in Arbois 7 yr earlier, in
September, 1859, also of typhoid fever; Pasteur arrived
from Paris too late to see her alive.113 Debré, a biographer
of Pasteur highly sympathetic to his subject, writes that af-
ter the death of his father in 1865 Pasteur often sought to
justify himself in reaction to his own feelings of remorse
about putting his passion for science ahead of love for his
family.114

Given all of the above, then, it does not appear unrea-
sonable to suggest that RVR and LPVR may have been ap-
prehensive of a potentially negative judgment that would
be created by Pasteur’s absence from Arbois on the day of
his mother’s death, when that absence is coupled with
his appearance before the Académie in Paris on the follow-
ing day. Does this mean that they did falsify the record?
We can only conjecture, but the evidence, in its totality,
is strongly suggestive of an affirmative answer to the
question.

CONCLUSIONS

RVR’s and LPVR’s hagiographic treatment of Pasteur’s
life and work is a matter of public record, and an inexplica-
bly terse or silent treatment of the events of May, 1848, is
also unmistakable in their works on Pasteur. Nonetheless,
definite answers to the questions raised above cannot be
given in the absence of additional, specific, information.
Yet the available evidence strongly suggests an alteration
and manipulation of the record, presumably for fear of an
adverse public judgment of Pasteur for a real or perceived
insensitivity at a time of a grave family medical emer-
gency. Such concerns for Pasteur’s reputation would have
been expected from RVR and LPVR, who were the early
creators and fervent protectors of the hagiographic image
of Pasteur as a ‘‘demigod.’’ Thus, the findings of this arti-
cle raise new questions concerning the state of mind of
Pasteur’s closest biographers and the extent and limit of
their zeal in protecting the exalted image they constructed
of him.

Why has the discrepancy in the date of Pasteur’s his-
toric presentation escaped attention until now? A part of
the answer is undoubtedly the paucity of information on
the facts of the case. In addition, one wonders whether a
century of hagiography on Pasteur has dampened interest
in potentially unfavorable information about the ‘‘lay saint.’’
As for the continuing recurrence of the erroneous date in
the literature today, the explanation may lie in the consid-
erably greater worldwide availability of the Œuvres than
the 1848 issues of the Comptes rendus (personal communi-
cation from Clark Driese of Denison Memorial Library,
University of Colorado Health Sciences Center).

In chronicling the history of science, it is obviously
essential to be accurate about the chronology. Some, how-
ever, may think that a (‘‘small’’) 1-wk error perpetuated in
the literature concerning the date of the announcement of
one of the most important discoveries in science matters
little. This author (probably as many others) believes, on
the other hand, that accuracy in science, including in
accounts of its history, is of paramount importance. If we
cannot get a simple date right, how much confidence can
we have in getting the concepts right? Moreover, research-
ing the origins and causes of errors in historical accounts
and correcting them is essential not only for historical ac-
curacy, but also because such investigations can produce
additional insights into the history of science, scientists,
and their chroniclers. In this case, for example, tracking
down the conflict in the dates has revealed that Pasteur’s
closest biographers most likely falsified the date and dis-

Fig. 7. Marie Pasteur, 8 yr after marrying Pasteur. (Reprinted from
‘‘IMAGES DE LA VIE ET DE LŒUVRE DE PASTEUR,’’ by L. Pasteur
Vallery-Radot, Flammarion, 1956).
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torted their accounts of his work to protect his hagio-
graphic image. Surely, these findings are significant and
helpful for an understanding of the biographers’ state of
mind, their great zeal to protect his image, and for inter-
preting their writings.

Finally, a last observation: regardless of the reasons for
the original appearance of May 15th in the Œuvres and
irrespective of the explanation for the continuing accep-
tance of the wrong date in the literature, there is no doubt
that by now—160 yr after the historic presentation and 86
yr after the emergence of the erroneous date—universal
recognition of May 22nd, 1848, as the correct date of Pas-
teur’s announcement of his discovery of molecular chiral-
ity is long overdue.
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44. Debré P. Louis Pasteur. Paris: Flammarion; 1994. p 530.
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l’École normale supérieure. In: Pasteur Vallery-Radot L, editor. Cor-
respondance de Pasteur I. Lettres de jeunesse. L’étape de la crystal-
lographie. 1840–1857. Paris: Flammarion; 1940. p 173.
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ABSTRACT A pair of enantiomerically pure quaternary ammonium salts with a chiral
side chain, methyl-(R)-(1-methylpropyl)di(n-propyl)ammonium iodide 1 and methyl-(S)-
(1-methylpropyl)di(n-propyl)ammonium iodide 2, and the related racemate, methyl-(rac)-
(1-methylpropyl)di(n-propyl)ammonium iodide 3, were synthesized through a reductive
alkylation procedure, starting from enantiomerically pure and, also, racemic forms of
(rac)-(1-methylpropyl)amine. A spectroscopic chiroptical signature in solution was pro-
vided by the Raman optical activity spectra of compounds 1 and 2. The crystallographic
structures of 1, 2, and 3 were examined by single crystal X-ray diffraction. 1 crystallizes
in the tetragonal space group P43212 (no. 96), a 5 b 5 12.826 (2) Å, c 5 17.730 (2) Å, V 5
2916.9 (5) Å3, Z5 8, Flack coefficient 0.04 (2). 2 crystallizes in the tetragonal space group
P41212 (no. 92), a 5 b 5 12.842 (1) Å, c 5 17.749 (2) Å, V 5 2927.0 (5) Å3, Z 5 8, Flack
coefficient 0.05 (2). The crystal structures and space groups for 1 and 2 are enantio-
morphs and the crystallographic investigation confirmed the absolute configuration of the
stereocenter in both compounds. 3 crystallizes in the monoclinic space group P21/n(no.
14), a 5 8.178 (1) Å, b 5 14.309 (2) Å, c 5 12.328 (2) Å, b 5 96.811 (6)o, V 5 1432.4 (2)
Å3, Z5 4. Chirality 20:1085–1091, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: chirality; ammonium salts; absolute configuration; Raman optical activity;
X-ray diffraction

INTRODUCTION

Ammonium cations are a widely studied class of organic
cations. During the last 10 years, there has been much in-
terest in chiral ammonium cations that can behave either
as asymmetric ionic liquids or phase transfer agents.1,2

The ability of tetraalkylammonium salts with four different
alkyl chains to form mesophases has also been studied.3

Our interest in such cations is part of a general strategy
to synthesize optically active hybrid molecular magnets.4

The ultimate goal of this approach is to measure magneto-
chiral dichroism5–8 in a ferromagnetically ordered mate-
rial. We have focused our attention on the crystallization
of optically active oxalate-based magnets of general for-
mula A1[M(II)M0(III)(C2O4)3]

2. Because of the rapid rac-
emization of tris(oxalato)metalate(III) in solution, we
chose to develop enantioselective templated-assembly of
these compounds starting from resolved template cations.4

By using resolved bis(bipyridine)phenylpyridineruthen-
ium(II) monocations, we obtained enantiomerically pure
three-dimensional bimetallic anionic networks.9–11 Starting
from resolved chiral ferrocenic ammonium cation, we
were able to characterize optically active two dimensional

bimetallic anionic networks.10,11 The compounds were
obtained as powders because the chiral moiety of the am-
monium is lost by hydrolysis during the crystallization pro-
cess.11 We intend to extend our study by investigating the
ability of other resolved and (configurationally) stable am-
monium salts to act as templates in the formation of opti-
cally active systems.

Crystallographic data for the structures of 3, 1, and 2, respectively
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data (CCDC 666586, 666587, and 666588, respectively).
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We report here the result of the first step we took in
this investigation, namely the synthesis, the Raman and
Raman optical activity (ROA) studies, as well as the crys-
tallographic analysis of the cationic ammonium precursors.
These are quaternary ammonium cations with a chiral
alkyl side chain, methyl-(R)-(1-methylpropyl)di(n-propyl)-
ammonium iodide 1 and methyl-(S)-(1-methylpropyl)di-
(n-propyl)ammonium iodide 2. For comparison, the
related racemate, methyl-(rac)-(1-methylpropyl)di(n-pro-
pyl)ammonium iodide 3 is also reported.

MATERIALS AND METHODS

All the chemicals used for the present study were pur-
chased from commercial sources and used without any
further purification. Elemental analyses were carried out
at the SIARE-UPMC Paris (France) for C, H, and N. The
infra red (IR) spectra were recorded in KBr pellets with a
Bio-Rad IRFT spectrophotometer in the 4000–200 cm21

range. 1H NMR spectra were recorded on a Bruker AC
300 spectrometer.

Synthesis

N(CH3)(n-C3H7)2((R)-sec-C4H9)I(1). Compound 1
was synthesized starting from the primary (R)-(1-methyl-
propyl)amine, by adapting a three-step procedure already
reported in the literature,3 as follows.

Synthesis of the secondary amine NH(n-C3H7)((R)-sec-
C4H9). A methanolic solution (5 ml) of propanal (1.6 ml,
22 mmol) was added dropwise to an ice-cooled solution of
(R)-(1-methylpropyl)amine (2 ml, 20 mmol) in methanol
(5 ml). After half an hour of stirring at room temperature,
the resulting (R)-(1-methylpropyl)-n-propylimine was
reduced with sodium borohydride (0.85 g, 22 mmol),
which was added, in small portions, to the ice-cooled solu-
tion. The resulting mixture was stirred for 2 h at room
temperature, to give (R)-(1-methylpropyl)(n-propyl)amine.
The pH of the solution was set to 14 by adding 20 ml of
1 mol l21 NaOH aqueous solution. The secondary amine
was extracted with diethyl ether and purified by distillation
(yield 70%).

1H NMR (300 MHz, CDCl3, TMS): d/ppm 5 2.51 (m, 3
H), 1.45 (m, 3 H), 1.24 (m, 1 H), 0.98 (d, 2J(H–H) 5 6.4
Hz, 3 H), 0.90 (t, 2J(H–H) 5 7.5 Hz, 3 H), 0.87 (t, 2J(H–H)
5 7.5 Hz, 3 H).

Synthesis of the tertiary amine N(n-C3H7)2((R)-sec-
C4H9). A methanolic solution (2.5 ml) of propanal (1.1
ml, 15.3 mmol) was added dropwise to an ice-cooled solu-
tion of (R)-(1-methylpropyl)(n-propyl)amine (1.59 g,
14 mmol) dissolved in a mixture of methanol (2.5 ml) and
dichloromethane (5 ml). After half an hour of stirring at
room temperature, sodium triacetoxyborohydride (3.53 g,
16.6 mmol) was added, in small portions, to the ice-cooled
solution. After 15 min, three extra portions of propanal
(each 0.04 ml, 0.04 equiv.) and NaBH(OAc)3 (each
0.16 mg, 0.05 equiv.) were alternatively added over a total
period of 1 h. The resulting mixture was stirred for 3 h at
room temperature, to give (R)-(1-methylpropyl)di(n-pro-
pyl)amine. The pH of this solution was set to 14 by adding
36 ml of 1 mol l21 NaOH aqueous solution. The tertiary

amine was extracted with diethyl ether and purified by dis-
tillation (yield 60.5%).

1H NMR (300 MHz, CDCl3, TMS): d/ppm 5 2.54 (m, 1
H), 2.28 (m, 4 H), 1.38 (m, 5 H), 1.19 (m, 1 H), 0.87 (3t 1
1d, 12 H).

Synthesis of the quaternary ammonium salt N(CH3)
(n-C3H7)2((R)-sec-C4H9)I. The resulting tertiary amine
(1.33 g, 8.5 mmol) was quaternized using iodomethane
(0.7 ml, 11 mmol) in toluene (20 ml) at 808C over a period
of 10 h. Methyl-(R)-(1-methylpropyl)di(n-propyl)ammo-
nium iodide was isolated as a white crystalline powder
(yield 76%).

1H NMR (300 MHz, CDCl3, TMS): d/ppm 5 3.56 (m, 1
H), 3.43 (m, 4 H), 3.20 (s, 3 H), 2.07 (m, 1 H), 1.82 (m, 4
H), 1.60 (m, 1 H), 1.46 (d, 3 H), 1.07 (m, 9 H).

Selected IR bands (KBr): m 5 3008 (s), 2971 (vs), 2938
(s), 2976 (s), 1473 (s), 1394 (m), 1375 (w), 1330 (w), 1187
(w), 1120 (w), 1097 (m), 1036 (w), 990 (w), 980 (w), 949
(m), 935 (m), 884 (w), 844 (w), 753 (s).

Elemental analysis calcd (%) for C11H26NI: C 44.00%, H
8.66%, N 4.66%; found: C 42.3%, H 8.57%, N 4.62%.

Single crystals of 1 were obtained by slow diffusion of
diethyl ether in a dichloromethane (1.5 ml) solution of
methyl-(R)-(1-methylpropyl)di(n-propyl)ammonium iodide
(50 mg).

The same synthetic procedures were applied in the
cases of the other two compounds N(CH3)(n-C3H7)2((S)-
sec-C4H9)I (2) and N(CH3)(n-C3H7)2((rac)-sec-C4H9)I (3).

Raman Optical Activity

The Raman and ROA spectra were measured in back-
scattering in the University of Glasgow using a ChiralRA-
MAN instrument manufactured by BioTools, and
described previously.12 The ROA spectra are presented as
scattered circular polarization intensity differences IR 2 IL
and the parent Raman spectra as scattered circular polar-
ization intensity sums IR 1 IL, where IR and IL are the
Raman-scattered intensities with right- and left-circular
polarization, respectively. The solutions were studied at
concentrations �250 mg/ml at ambient temperature
(�208C) in methanol. They were filtered through 0.22 lm
Millipore filters into quartz microfluorescence cells, which
were centrifuged gently prior to mounting in the ROA
instrument. Residual visible fluorescence from traces of
impurities, which can give large backgrounds in Raman
spectra, was quenched by leaving the sample to equili-
brate in the laser beam for a few hours before acquiring
ROA data. Experimental conditions: laser wavelength 532
nm; laser power at the sample �200 mW; spectral resolu-
tion �10 cm21; acquisition time �10 h.

Single Crystal X-Ray Diffraction

A single crystal of each compound was selected,
mounted onto a glass fiber, and transferred in a cold nitro-
gen gas stream at 250 K. Intensity data were collected
with a Bruker-Nonius Kappa-CCD with graphite-mono-
chromated Mo–Ka radiation. Unit-cell parameters determi-
nation, data collection strategy and integration were car-
ried out with the Nonius EVAL-14 suite of programs.13

Multi-scan absorption correction was applied.14 The struc-
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tures were solved by direct methods using the SHELXS-
86, the SHELXS-97 or the SIR-92 programs.15–17 All were
refined anisotropically by full-matrix least-squares meth-
ods using the SHELX-97 software package.17 For 3, the
occupancy factor of C(10) and C(10b) has been refined
leading to 0.69:0.31 ratio. It was then fixed to 2:1.

RESULTS AND DISCUSSION

Two reductive alkylation reactions performed starting
from the enantiomerically pure or the racemic forms of
sec-butylamine, followed by a reaction of quaternization,
lead to three iodide salts of quaternary ammonium cations
with a chiral side chain: N(CH3)(n-C3H7)2((R)-sec-C4H9)I
1, N(CH3)(n-C3H7)2((S)-sec-C4H9)I 2 and N(CH3)(n-
C3H7)2((rac)-sec-C4H9)I 3. The reductive alkylation reac-
tions can be performed with various aldehydes.3,18 On the
contrary, the quaternization failed when other iodoalkanes
are used because the bulky trialkylamine favors elimina-
tion reactions. Nevertheless, this synthetic strategy
appears as a general one to obtain a wide variety of enan-
tiomerically pure ammonium salts of both configurations.
This last feature contrasts with the strategy that uses com-
pounds from the ‘‘chiral pool’’ as starting materials.1 Such
species can be used for studying the influence of con-
trolled chirality on the formation of mesophases3 as well
as organic reactions using asymmetric ionic liquids1 or
asymmetric phase transfer reagents.2 In the latter cases,
working with either enantiomer of the ammonium cation
allows to obtain either enantiomer of the target compound.

The IR spectra of compounds 1, 2, and 3 are basically
identical. The group of four, strong to very strong, bands
located between 2976 and 3008 cm21 are due to the C��H
stretching vibrations of the alkyl branches. Another band
of strong intensity, situated at around 1460 cm21, is
assigned to the C��H bending vibrations.

The chemical shifts in the 1H NMR spectra of com-
pounds 1, 2, and 3 are identical and consistent with the
formation of the ammonium salts. For instance, the 1H
NMR spectrum of 1 shows eight groups of protons. The
signals assigned to the protons belonging to the methyl
groups are a singlet located at 3.20 ppm (CH3��N), a dou-
blet at 1.46 ppm (CH3��CH��; 2J(H��H) 5 6.4 Hz), and
two triplets centered at 1.07 ppm (three CH3��CH2��
groups). The multiplet signals arising from the protons of
the b-methylene groups of the two propyl branches are sit-
uated at 1.82 ppm, the ones from the a-methylene groups
are at 3.43 ppm, and the two diastereotopic protons
belonging to the methylene group from the sec-butyl chain
appear at 1.60 and 2.07 ppm. The multiplet signal due to
the proton linked to the carbon stereocenter is located at
3.56 ppm.

It is important to achieve the characterization of the
enantiomeric purity and configurational stability of the
products in solution. As they are aliphatic ammonium
salts, the electronic spectroscopy for such species is domi-
nated by r��r* transitions that take place at relatively
large energies. Consequently, the natural circular dichro-
ism in the 185–800 nm region, which is the most common
technique for analyzing optically active compounds in solu-

tion, is not suitable in this case. To get a spectroscopic sig-
nature of the absolute configuration of our compounds in
solution, we used a vibrational spectroscopy, namely ROA.
This technique has been shown to be a powerful method
for determining the absolute configuration of aliphatic
alkanes.19 Figure 1 shows the Raman, where the contribu-
tion of the solvent (methanol) was subtracted, and ROA
spectra of compounds 1 and 2. Because 1 and 2 are enan-
tiomers, their ROA spectra are of opposite sign and
approximately equal magnitude, as expected. A quantita-
tive analysis of the ROA spectra is beyond the scope of
this article, and in any event is not required here because
the absolute configuration of the stereocenter is known a
priori. A qualitative analysis of the ROA spectra20 of com-
pounds 1 and 2 focuses on vibrational coordinates of
groups attached to the asymmetric carbon atom C(8) (cf.
Fig. 2) because these are expected to generate the largest
ROA signals. We expect groups attached to the nitrogen
atom to make only minor contributions to the ROA, but
that they will all contribute significantly to the parent
Raman spectrum.

Normal modes of vibration involving various deforma-
tions of the methyl group linked to the asymmetric carbon
atom C(8), together with those from the methylene frag-
ment and the C(8)��H group probably dominate the ROA
spectrum. One clear assignment is the 1451/1485 cm21

ROA couplet which originates in the C(8)-methyl antisym-
metric deformations, the degeneracy of which is lifted by
the chiral environment (no splitting is seen in the parent
Raman spectrum; but it is revealed by the ROA couplet).
The non-degenerate methyl symmetric deformation might
be involved in the 1402 cm21 ROA band. There might also
be some involvement of CH2 deformations in both. Also
C(8)��H deformations might be involved in the �1285–
1331 cm21 ROA bands. C(8)-methyl rocking motions prob-
ably contribute to the �1110–1174 cm21 and the �880–
995 cm21 ROA bands, with significant mixing with
C(8)��C and C(8)��N1 stretches.

From �565 cm21 and below, the modes will be compli-
cated mixtures of various skeletal deformations, together
with methyl torsions at the lower wavenumber end.
Although contributions from conformers associated with
rotations around the C(8)��N1 bond and N1-propyl
groups probably complicate the parent Raman spectra, it is
possible they do not complicate the ROA so much, again
because groups attached to N1 probably contribute little
to the ROA.

Summarized crystallographic data and selected bond
distances and angles for compounds 1, 2, and 3 are col-
lected in Tables 1 and 2. The molecular structures of 1, 2,
and 3 are shown in Figure 2, along with the atom number-
ing scheme. The two enantiomers, 1 and 2, crystallize in
two enantiomorphous tetragonal space groups, P43212 (no.
96) and P41212 (no. 92), respectively. The crystal structure
of compound 3 is achiral in the centrosymmetric mono-
clinic space group P21/n (no. 14). In 1 and 2, the absolute
configuration of the stereocenter was confirmed by the
determination of the Flack coefficients.21 They are equal
to 0.04(2) for compound 1, and 0.05(2) for 2. Compound
3 crystallizes in a space group containing symmetry opera-
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tions of the second kind (rotoinversions and glide reflec-
tions) forcing the presence of an equal number of (R) and
(S) molecules in the structure: a racemate is formed. The
C(10) carbon atom is disordered over two positions, the
occupancy factor being 2:1. Hence, it can be bonded to
C(9) and C(11) carbon atoms. As a consequence, the two
configurations of the carbon stereocenter can be present
at the same molecular position.

Following the Wallach’s rule,22–24 the density of the
enantiomerically pure compounds 1 and 2 is lower by
1.93% than that of the racemate 3.

At the molecular level, we restrict ourselves to the
description of the structure of 1. Within experimental
errors, the distances and angles in 2 are identical to those
of 1 whereas only minor differences are observed between
1 and 3 (Table 2). The bond angles around the nitrogen
atom are consistent with a tetrahedral environment (Table
2). The slightly higher values for the angles C(8)��

Fig. 2. Ortep view (30% probability) along with the atoms numbering scheme of the molecular crystal structures of quaternary ammonium cations in
N(CH3)(n-C3H7)2((R)-sec-C4H9)I 1 (right) and its enantiomer N(CH3)(n-C3H7)2((S)-sec-C4H9)I 2 (left) (a) and N(CH3)(n-C3H7)2((rac)-sec-C4H9)I 3 (b). In
the latter case, the C(10) atom is the most probable position whereas C(10b) is the less probable one (see text). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]

Fig. 1. The Raman (methanol subtracted, baseline corrected) and
ROA (baseline corrected) spectra of 1 (black) and 2 (gray/red) in metha-
nol. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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N(1)��C(2) and C(8)��N(1)��C(5) formed by the
N��C(sec-butyl) and the two N��C(propyl) bonds
[110.27(15)8 and 111.31(16)8)] are likely to be related to
the larger steric hindrance between these groups when
compared with the smaller methyl group. The two propyl
branches have a staggered conformation. The sec-butyl
chain has a gauche conformation, stabilizing the whole mol-
ecule by limiting the steric repulsion between the two alkyl
groups of the sec-butyl branch and the -NMePr2 fragment.
The bond angles around the carbon stereocenter (in the
range 106.9–112.18) deviate slightly from the typical sp3

hybridization angle (109.38) to optimize the steric repulsion
between the four different substituents. The values of the

bond lengths vary in a normal regime corresponding to sim-
ple C��C (1.51–1.54 Å) and C��N (1.51–1.55 Å) bonds.

The quaternary ammonium cations in 1 are related
through a 43 axis (Fig. 3a). At the supramolecular level,
the 43 axis generates a right-handed helix along the c axis
(see Fig. 3). Because of the 2 axis, the ammonium cations
form a second right-handed helix interwoven with the for-
mer one (Fig. 3b). In the case of 2, the ammonium ions
are related through a 41 axis, leading to two interwoven
left-handed helices along the c axis. Within the helix gen-
erated by the ammonium cations, the iodide anions are
placed in a distorted zig-zag manner, the shortest I � � � I
distance being 7.859(1) Å and the largest 14.797(1) Å. The
shortest distance between the equivalent iodide ions
‘‘belonging’’ to neighbouring helices is 7.955(1) Å. The
I � � �N distance is equal to 4.897(2) Å, stabilizing the supra-
molecular arrangement through electrostatic interactions.
In the racemic crystal 3, the 21 axis generates supramolec-
ular helices of the quaternary ammoniums (see Fig. 4).
The glide plane generates a second supramolecular helix
(see Fig. 4). Because of the location of the C(10) carbon
atom mentioned above, a first family of helices is mainly
composed (in a 2:1 ratio) of cations of the same configura-
tion. In the family of helices generated by the glide plane,
the proportion is reversed. Because X-ray diffraction is not
sensitive to short-range order, it is not possible to figure
out whether the helices are formed by long sequences of
(R) molecules followed by long sequences of (S) mole-
cules or by a rapid alternation between the (R) and (S)
molecules. The iodine ions are positioned alternatively
between the ammonium cations of the same helix, the dis-
tance between them being 7.244(2) Å. The shortest dis-
tance between the iodide ions ‘‘belonging’’ to helices of
opposed chirality is 8.362(4) Å. The shortest distances
N � � � I fall in the range 4.72–4.82 Å.

TABLE 1. Crystallographic data for compounds 1, 2, and 3

1 2 3

Formula C11H26NI C11H26NI C11H26NI
Formula weight 299.23 299.23 299.23
Crystal system Tetragonal Tetragonal Monoclinic
Space group P 43 21 2 P 41 21 2 P 21/n
Temperature (K) 250 (2) 250 (2) 250 (2)
Unit cell dimensions
a (Å) 12.826 (2) 12.842 (1) 8.178 (1)
b (Å) 12.826 (2) 12.842 (1) 14.309 (2)
c (Å) 17.730 (2) 17.749 (2) 12.328 (2)
b (o) 96.811(6)

V (Å3) 2916.9 (5) 2927.0 (5) 1432.5 (2)
Z 8 8 4
Dcalc(g cm23) 1.363 1.358 1.387
l (mm21) 2.165 2.157 2.204
F(000) 1216 1216 608
ymin–ymax (8) 3.38–30.00 2.52–30.01 2.84–30.08
Flack coefficient 0.04 (2) 0.05 (2) –
Reflexions collected/uniques 22448/4252, Rint 5 0.0422 19051/4268, Rint 5 0.0512 27582/4179, Rint 5 0.0538
Data/restraints/parameters 4252/0/124 4268/0/125 4179/1/132
Goodness-of-fit on F2 1.016 1.006 1.014
Final R1, wR

2 [I > 2r (I)] 0.0275, 0.0502 0.0321, 0.0540 0.0359, 0.0740
R1, wR2 (all data) 0.0578, 0.0573 0.0804, 0.0640 0.0827, 0.0866

TABLE 2. Selected bond distances (Å) and angles (8)
for compounds 1, 2, and 3

1 2 3

N(1)��C(1) 1.509 (3) 1.510 (3) 1.510 (4)
N(1)��C(2) 1.522 (3) 1.517 (3) 1.519 (4)
N(1)��C(5) 1.533 (3) 1.529 (3) 1.522 (4)
N(1)��C(8) 1.550 (3) 1.554 (3) 1.549 (4)
C(2)��C(3) 1.521 (3) 1.527 (4) 1.510 (5)
C(3)��C(4) 1.511 (4) 1.511 (4) 1.525 (5)
C(5)��C(6) 1.526 (3) 1.526 (4) 1.498 (5)
C(6)��C(7) 1.539 (3) 1.543 (4) 1.479 (6)
C(8)��C(11) 1.529 (3) 1.533 (4) 1.519 (5)
C(8)��C(9) 1.535 (3) 1.533 (4) 1.512 (5)
C(9)��C(10) 1.532 (3) 1.539 (4) 1.486 (6)
C(1)��N(1)��C(2) 110.07 (17) 110.0 (2) 108.7 (2)
C(1)��N(1)��C(5) 108.50 (18) 108.4 (2) 109.7 (3)
C(2)��N(1)��C(5) 108.43 (18) 108.5 (2) 108.7 (2)
C(1)��N(1)��C(8) 108.25 (18) 108.1 (2) 108.9 (2)
C(2)��N(1)��C(8) 110.27 (15) 110.37 (19) 111.0 (3)
C(5)��N(1)��C(8) 111.31 (16) 111.4 (2) 109.8 (2)
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The comparison between the structures of the enantio-
merically pure compounds 1 and 2 and the racemate 3
shows that the handedness of the supramolecular helices
in 1 and 2 is indeed entirely determined by the configura-
tion of the carbon stereocenter, whereas no control can be
exerted in the case of 3.

Concluding Remarks

We have described the synthesis of the two enantiomers
of methyl(1-methylpropyl)di(n-propyl)ammonium iodide
starting from the resolved (1-methylpropyl)amine in a
three-step procedure with an overall yield of 32%. The syn-
thetic procedure we report can be extended to chiral
ammoniums with longer alkyl chains that can be used as
asymmetric ionic liquids or phase transfer agents. In con-
trast with the quaternary ammoniums obtained from the
‘‘chiral pool’’,1 this strategy allows either enantiomer of the
ammonium cation to be synthesized. Thus, it is possible to
study the influence of the configuration of the stereocenter
both on the chiroptical spectroscopic measurements, as
exemplified here by ROA, as well as on the helical crystal
packing of the molecular ions, as shown by single crystal
X-ray diffraction.

The next step in our general approach of the template
enantioselective self-assembly of hybrid 2D and 3D oxa-

Fig. 3. Packing diagram for crystal 1 illustrating the interwoven helical arrangement of the quaternary ammonium cations at the supramolecular
level: (a) along the c axis and (b) along the a axis. In (b), for clarity, the iodide ions are not shown and only the first carbon atom of the propyl chains is
shown; moreover, the asymmetric carbon atom is colored in black for one helix and in white in the second one (see text). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

Fig. 4. Packing diagram for crystal 3 along the a axis. The configura-
tion of the carbon stereocenters is determined by setting the C(10) atom
at its most probable position (see text). [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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late-based networks4 will be to test the ability of the
resolved methyl(1-methylpropyl)di(n-propyl)ammonium
cations to build optically active bimetallic honeycomb
layers.

LITERATURE CITED

1. Ding J, Armstrong DW. Chiral ionic crystals: synthesis and applica-
tions. Chirality 2005;17:281–292.

2. Ooi T, Maruoka K. Recent advances in asymmetric phase-transfer ca-
talysis. Angew Chem Int Ed 2007;46:4222–4266.
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ABSTRACT Seven chiral arylglycerol ethers 2-R-C6H4-O-CH2CH(OH)CH2OH (R 5
H, Me, Et, Allyl, n-Pr, i-Pr, tert-Bu) were synthesized in racemic and scalemic form. The
IR spectra, melting points, and enthalpies of fusion for racemic and scalemic samples of
every species were measured, the entropies of enantiomers mixing in the liquid state
and Gibbs free energies of a racemic compound formation were derived and binary
phase diagrams were reconstructed for the whole family. Solid racemic compounds
stabilities were ranked for the four substances. Spontaneous resolution was established
for the registered chiral drug mephenesin and its ethyl analogue. Metastable anomalous
conglomerate, forming crystals having three independent R* and one independent S*
molecules in the unit cell, is formed during solution crystallization of tert-butyl derivative;
metastable phase transforms slowly into traditional racemic conglomerate. Chirality
20:1092–1103, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: spontaneous resolution; anomalous conglomerate; thermochemistry;
X-ray diffraction; preferential crystallization; mephenesin

INTRODUCTION

Louis Pasteur’s observation of spontaneous resolution of
the tartaric acid particular salt followed by triage separa-
tion of its enantiomers, in his great 1848 experiment1, laid
the groundwork for the modern science of stereochemis-
try. Up to now the nature of spontaneous resolution
remains something of an enigma, and according to Lluı�sa
Perez-Garcia and David Amabilino ‘‘the understanding and
prediction of spontaneous resolution . . . remains one of
the true challenges for science in the 21st century’’.2 Not
only has an unquenchable thirst for knowledge made
spontaneous resolution so attractive, the practical reasons
are every bit as important as the abstract ones. Based on
this phenomenon, direct methods for production of single
enantiomers, as for instance resolution by entrainment,3,4

refer to natural limits of resolution effectiveness because
of no need of chiral auxiliaries and specialized equipment.

There are different ways to study spontaneous resolu-
tion, tracking the little chemical structure variations
accompanying the crystallization in the series of closely
related chiral compounds is one possibility. The members
of such a series must be selected in such a way that every
compound would have minimal but regular distinctions
from each other. In addition, it would be desirable to have
not only qualitative categories like the ‘‘conglomerate’’ or
‘‘racemic compound’’ for characterization of crystalline
type, but to introduce a quantitative measure allowing us
to rank the observed properties. For this measure one can
use the Gibbs free energy changes, DG0, accompanied by
the reaction of the racemic compound formation from the

enantiopure components, and the values of entropy of mix-
ing of enantiomers in the liquid state, DSm

1 . The Gibbs free
energy of formation is always negative for a racemic com-
pound, if it can exist, while for a racemic conglomerate
this value must be (but not always is) close to zero. So
obtained the entropy of mixing has no clear interpretation,
but for ideal conglomerate this value must be equal to
Rln2 or 5.75 J K21 mol21. Both of these thermodynamic
characteristics could not be measured directly, but could
be calculated on the basis of the chiral substances melting
point temperatures and fusion enthalpies T f and DH f.3,5

The method of choice for experimental T f and DH f deter-
mination is differential scanning calorimetry (DSC).6

As regards the choice of the chemical objects, our
recent interests deal with the terminal aryl glycerol ethers
ArO��CH2CH(OH)CH2��OH. The reasons must be
pointed out. Firstly, the glycerol ethers and esters are
rather common in the family of lipids. Lipids (fats, plasma-
logenes, membrane forming glycerolipids, and the like)
form the third class, after proteins and carbohydrates, of
‘‘life molecules,’’ hence a spontaneous resolution among
the lipid-like compounds could be related to the problem
of origin of life homochirality.7 Secondly, many physiologi-
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cally active substances, including registered drugs like
fungicide chlorphenesin,8 expectorant guaifenesin,8 mus-
cle relaxant mephenesin,8 belong to the series of aryl glyc-
erol ethers, possibly because of their similarity to lipids.
Thirdly, the terminal aryl glycerol ethers by simplest
chemical manipulations could be transformed to another
drugs, in particular to b-adrenoblockers of vast ArO��CH2-

CH(OH)CH2��NHR family.9,10 Last, fourthly, it is rela-
tively easy to prepare both racemic and scalemic samples
of the aryl glycerol ethers needed for experiments.

Recently, we have studied the crystallization peculiar-
ities in the series of ortho-halogen and ortho-alkoxyphenyl
glycerol ethers.11,12 The present study is carried out to
examine the chirality-driven crystallization of a series of
ortho-substituted phenyl glycerol ethers, where the sub-
stituent is the hydrogen atom or a hydrocarbon moiety.
The availability of both enantiomers of 3-chloropropane-
1,2-diol 2 by Jacobsen kinetic hydrolytic resolution of a ra-
cemic epichlorohydrin13 makes it possible to obtain all the
series of glycerol ethers 1a–g through the use of a single
process (Scheme 1).

The purposes of this work are to study the melting of
the substituted phenyl glycerol ethers as enantiomers, as
racemates, and in some cases as mixtures of intermediate
compositions by means of DSC; to evaluate stabilities of ra-
cemic compounds under experiment; to compare the crys-
tallization peculiarities with the substitution pattern; and to
investigate the abilities of conglomerate forming com-
pounds to be resolved by entrainment procedure.

MATERIALS AND METHODS
General

The NMR spectra (600 MHz for 1H and 150.864 MHz
for 13C) were recorded on a Bruker Avance-600 spectrome-
ter in CDCl3 with TMS or the signals of the solvent as the
internal standard. The IR spectra of the polycrystalline
samples of rac- and scal-compounds under investigations
in KBr pellets were recorded on a Bruker IFS-66v Fourier-
transform spectrometer.

The X-ray single crystal experiments were carried out
on Bruker AXS Smart Apex II and Kappa Apex II diffrac-
tometers. Powder X-ray diffraction (PXRD) data were col-
lected on a Bruker D8 Advance diffractometer equipped
with an Vantec linear PSD, using graphite monochromated
Cu Ka (k 1.54184 Å) radiations, (40 kV, 40 mA).

Optical rotations were measured on a Perkin-Elmer
model 341 polarimeter. Throughout the paper the value of

specific rotation is given in deg mL g21 dm21, and the
concentration of solutions c appears in g (100 ml)21.

Enantiomeric purity was checked by HPLC analysis per-
formed on a Shimadzu LC-20AD system controller, and
UV monitor 275 nm was used as a detector. The column
used, from Daicel, Inc., was Chiralcel AD-RH (0.46 cm 3
15 cm).

All thermal measurements were performed on a Perkin-
Elmer Diamond DSC model in aluminum pans using a
heating rate of 10 K min21. Mass of the samples amounted
to �2.5 mg. Temperature scale and heat flux were
calibrated against the data for indium, phenol, and
naphthalene.

Racemic epichlorohydrin (99%) and 3-(2-methylphen-
oxy)-propane-1,2-diol (98%) were purchased from Alfa
Aesar1; 3-chloropropane-1,2-diol (991%), phenol (991%),
o-cresol (991%), 2-ethylphenol (99%) were purchased from
Acros Organics1; 2-propylphenol (97%), 2-isopropylphenol
(98%), 2-tert-butylphenol (99%), and 2-allylphenol (98%),
were purchased from Lancaster; methyl-tert-butyl ether
(MTBE, 99.5%) was obtained from Fisher Scientific.

Preparation of 3-Aryloxypropane-1,2-diols

Racemic and enantiopure diols 1a–g were synthesized
by analogy with a published procedure14 from correspond-
ing phenol 3a–g and racemic or scalemic 3-chloropropane-
1,2-diols, rac-2 and scal-2, respectively. (2)-(R)-2 {[a]D

20

26.4 (c 5, H2O)} and (1)-(S)-2 {[a]D
20 16.1 (c 4.8, H2O)}

were prepared through Jacobsen kinetic hydrolytic resolu-
tion of rac-epichlorohydrin without modifications.13

General procedure. To the solution of corresponding
phenol 3a–g (10 mmol) in ethanol (6 ml) a solution of
NaOH (0.5 g, 12.5 mmol) in water (2 ml) was added and
the resulting mixture was stirred and heated under reflux
for 30 min. Then a solution of 3-chloropropane-1,2-diol 2
(1.3 g, 12 mmol) in ethanol (1 ml) was added, and the mix-
ture was further stirred and heated at reflux for 3 h. After
cooling, the mixture was concentrated under reduced
pressure followed by addition of water (6 ml) and extrac-
tion with CH2Cl2 (3 3 20 ml). The combined organic
layers were dried over anhydrous Na2SO4 and the solvent
was removed. The crude diols 1a–g were usually purified
by recrystallization from hexane; (S)-aryloxypropanediols
were obtained from (1)-(S)-2, and (R)-aryloxypropane-
diols were obtained from (2)-(R)-2.

rac-3-Phenoxypropane-1,2-diol, rac-1a. Yield: 1.3 g
(80%), mp 58–598C (Ref. 11: mp 56–608C). An analytical
sample was obtained by slow crystallization of crude rac-1a
from a hexane-ether (1:1) mixture. 1H NMR, d: 2.55 (br.s,
2H, 2 OH), 3.75 (dd, J 5 11.7, 5.5 Hz, 1H, 1CH2O), 3.84
(dd, J 5 11.7, 3.8 Hz, 1H, 1CH2O), 3.99–4.04 (m, 2H,
CH2O), 4.08–4.15 (m, 1H, CHO), 6.91 (dd, J 5 8.4, 1.0 Hz,
2 H, C2;6

Ar H), 6.98 (t, J 5 7.4 Hz, 1H, C4
Ar H), 7.29 (td, J 5

7.4, 1.4 Hz, 2H, C3;5
Ar H). 13C NMR, d: 63.83 (CH2OH), 69.28

(CH), 70.57 (CH2O), 114.71 (C3;5
Ar ), 121.48 (C4

Ar), 129.70
(C2;6

Ar ), 158.55 (C1
Ar).

Scheme 1. Synthesis of the chiral ortho-substituted phenyl glycerol
ethers 1a-g.
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(R )-3-Phenoxypropane-1,2-diol, (R )-1a. Yield: 1.2
g (71%), mp 68–698C (Ref. 15: mp 62.5–64.58C); [a]D

20 –
10.1 (c 1, EtOH), [a]D

20 29.7 (c 1.0, MeOH) {Ref. 15: [a]D
20

29.5 (c 0.5, MeOH), 98.9% ee}, [a]D
20 14.2 (c 1, hexane/

EtOH, 4:1), [a]D
20 1 2.0 (c 1, MTBE); 99.6% ee [HPLC;

column temperature 298C; eluent: water/isopropanol 5
3.75/1; flow rate 1.0 ml/min; tR(major) 5 7.4 min]; tR
(minor) 5 9.6 min]. NMR spectra were identical with
spectra of rac-1a.

(S)-3-(2-Methylphenoxy)-propane-1,2-diol, (S)-
1b. Yield: 1.4 g (77%), mp 90–918C (Ref. 16: mp 91–
928C); [a]D

20 219.3 (c 1.2, hexane/i-PrOH, 4:1) {Ref. 17:
[a]D

20 219.3 (c 0.9, hexane/i-PrOH, 4:1)}, [a]D
20 212.8

(c 1.1, MTBE); 99.8% ee [HPLC; column temperature
408C; eluent: water/isopropanol 5 3/1; flow rate 1.0 ml/
min; tR(major) 5 8.3 min]. 1H NMR (600 MHz) d 5 2.20
(br.s, 1H, OH), 2.23 (s, 3H, CH3), 2.70 (br.s, 1H, OH), 3.78
(dd, J 5 11.8, 6.1 Hz, 1H, 1CH2), 3.85 (dd, J 5 11.8, 3.7
Hz, 1H, 1CH2O), 4.04–4.07 (m, 2H, CH2O), 4.11–4.14 (m,
1H, CH), 6.82 (d, J5 7.9 Hz, 1H, C6

Ar H), 6.88 (t, J5 7.4 Hz,
1H, C4

Ar H), 7.13–7.15 (m, 2H, C3;5
Ar H).

(R)-3-(2-Methylphenoxy)-propane-1,2-diol, (R)-1b.
Yield: 1.4 g (77%), mp 90–918C; [a]D

20 119.3 (c 1.2, hex-
ane/i-PrOH, 4:1) {Ref. 17: [a]D

20 119.8 (c 0.9, hexane/i-
PrOH, 4:1)}, [a]D

20 112.8 (c 1.1, MTBE); 99.9% ee [HPLC;
column temperature 408C; eluent: water/isopropanol 5 3/
1; flow rate 1.0 ml/min; tR(major) 5 7.1 min].

rac-3-(2-Ethylphenoxy)-propane-1,2-diol, rac-1c.
Yield: 1.5 g (76%), mp 51–538C (Ref. 18: mp 56–578C). 1H
NMR, d: 1.23 (t, J 5 7.6 Hz, 3H, CH3), 2.67 (2H, J 5 7.6
Hz, CH2CH3), 3.30 (br.s, 1H, OH), 3.53 (br.s, 1H, OH),
3.78 (dd, J 5 11.5, 6.3 Hz, 1H, 1CH2O), 3.87 (dd, J 5 11.5,
3.7 Hz, 1H, 1CH2O), 4.01–4.05 (m, 2H, CH2O), 4.03–4.07
(m, 1H, CH), 6.76 (d, J 5 8.4 Hz, 1H, C6

Ar H), 6.85 (t,
J 5 7.3 Hz, 1H, C4

Ar H), 7.06–7.09 (m, 2H, C3;5
Ar H). 13C

NMR, d: 14.20 (CH3), 23.22 (CH2CH3), 63.93 (CH2OH),
69.03 (CH), 70.71 (CH2O), 111.41 (C6

Ar), 121.18 (C4
Ar),

126.90 (C5
Ar), 129.09 (C3

Ar), 132.66 (C2
Ar), 156.14 (C1

Ar).

(S)-3-(2-Ethylphenoxy)-propane-1,2-diol, (S)-1c.
Yield: 1.3 g (68%), mp 68–708C; [a]D

20 214.5 (c 1, hexane/
EtOH, 4:1); [a]D

20 212.3 (c 1.0, MTBE); 99.9% ee [HPLC;
column temperature 298C; eluent: water/isopropanol 5 3/
1; flow rate 1.0 ml/min; tR(major) 5 18.1 min]. NMR spec-
tra were identical with spectra of rac-1c.

(R)-3-(2-Ethylphenoxy)-propane-1,2-diol, (R)-1c.
Yield: 1.4 g (72%), mp 68–708C; [a]D

20 111.9 (c 1.0,
MTBE); 99.3% ee [HPLC; column temperature 298C; elu-
ent: water/isopropanol 5 3/1; flow rate 1.0 ml/min; tR
(major) 5 15.6 min].

rac-3-(2-Allylphenoxy)-propane-1,2-diol, rac-1d.
Yield: 1.6 g (75%),mp 41–438C (hexane) (Ref. 9: mp 43–448C).

(S)-3-(2-Allylphenoxy)-propane-1,2-diol, (S)-1d.
Yield: 1.4 g (70%), mp 57–588 (hexane); [a]D

20 22.7 (c 0.6,
EtOH); [a]D

20 27.2 (c 1.0, MTBE); {Ref. 9: mp 47–498C;
[a]D

20 22.1 (c 2.8, EtOH)}; 99.9% ee [HPLC; column tem-
perature 298C; eluent: water/isopropanol 5 3/1; flow rate

0.6 ml/min; tR (minor) 5 28.2 min, tR(major) 5 33.4 min].
1H NMR d: 2.63 (broad s, 1H, OH), 3.03 (broad s, 1H,
OH), 3.34–3.42 (m, 2H, ��CH2��CH¼¼), 3.73 (dd, J 5 11.5,
5.5 Hz, 1H, CH2O), 3.81 (dd, J 5 11.4, 3.3 Hz, 1H, CH2O),
4.01–4.08 (m, 2H, CH2O), 4.11–4.19 (m, 1H, CH), 4.98–
5.05 (m, ¼¼CH2), 5.92–6.02 (m, 1H, ¼¼CH), 6.82 (d, J 5
8.1 Hz, 1H, C6

Ar H), 6.92 (t, J 5 7.3 Hz, 1H, C4
Ar H), 7.12–

7.19 (m, 2H, C3;5
Ar H). 13C NMR d: 34.58 (CH2��CH¼¼),

63.87 (OCH2), 69.38 (OCH2), 70.78 (CH), 111.82 (C6
Ar),

115.30 (CH¼¼CH2), 121.27 (C4
Ar), 127.54 (C5

Ar), 130.20
(C3

Ar), 137.27 (CH¼¼CH2), 128.73 (C2
Ar), 156.34 (C1

Ar).

rac-3-(2-Propylphenoxy)-propane-1,2-diol, rac-1e.
Yield: 1.6 g (76%), mp 52.5–53.58C (hexane); (Ref. 19: mp
52–538C). 1H NMR, d: 0.97 (t, 3H, CH3, J 5 7.3 Hz), 1.61–
1.65 (m, 2H, CH2CH3), 2.61 (t, J 5 7.3 Hz, 2H, CH2CH2),
2.80 (br.s, 2H, OH), 3.69 (dd, J 5 11.5, 5.8 Hz, 1H, CH2O),
3.78 (dd, J 5 11.5, 3.7 Hz, 1H, CH2O), 3.95–3.98 (m, 2H,
CH2O), 4.03–4.07 (m, 1H, CH), 6.73 (d, J 5 7.8 Hz, 1H,
C6
Ar H), 6.83 (dd, J 5 6.8, 7.3 Hz, 1H, C4

Ar H), 7.04–7.07 (m,
2H, C3;5

Ar H). 13C NMR, d: 14.07 (CH3), 23.07 (CH2), 32.24
(OCH2), 63.90 (CH2O), 69.07 (CH2O), 70.71 (CH), 111.46
(C6

Ar), 121.04 (C4
Ar), 126.94 (C5

Ar), 130.06 (C3
Ar), 131.08

(C2
Ar), 156.22 (C1

Ar).

(R)-3-(2-Propylphenoxy)-propane-1,2-diol, (R)-1e.
Yield: 1.5 g (71%), mp 67–698C (hexane); [a]D

20 114.9 (c 1,
hexane/ EtOH, 4:1); [a]D

20 5 111.9 (c 1.0, MTBE); 99.9%
ee [HPLC; column temperature 288C; eluent: water/iso-
propanol 5 3/1; flow rate 1.0 ml/min; tR(major) 5 28.9
min, tR(minor) 5 33.2 min]. NMR spectra were identical
with spectra of rac-1e.

rac-3-(2-Isopropylphenoxy)-propane-1,2-diol, rac-1f.
Yield: 1.8 g (88%), mp 80–818C (hexane). 1H NMR, d: 1.16
(d, 6H, CH3, J 5 6.8 Hz), 2.20 (br. s, 2H, OH), 3.20–3.25
(m, 1H, CH), 3.71 (dd, J 5 11.5, 5.6 Hz, 1H, CH2O), 3.80
(dd, J 5 11.5, 3.7 Hz, 1H, CH2O), 3.98–4.01 (m, 2H,
CH2OH), 4.05–4.09 (m, 1H, CH), 6.77 (d, J 5 8.1 Hz, 1H,
C6
Ar H), 6.89 (t, J 5 7.3 Hz, 1H, C4

Ar H), 7.08 (t, J 5 7.3 Hz,
1H, C5

Ar H), 7.15 (d, J 5 7.3 Hz, 1H, C3
Ar H). 13C NMR, d:

22.70 (CH3), 26.87 (CH), 63.89 (OCH2), 69.29 (CH2O),
70.64 (CH), 111.54 (C6

Ar), 121.37 (C4
Ar), 126.20 (C5

Ar),
126.68 (C3

Ar), 137.00 (C2
Ar), 155.47 (C1

Ar).

(R)-3-(2-Isopropylphenoxy)-propane-1,2-diol, (R)-
1f. Yield: 1.6 g (76%), mp 71–728C (petroleum); [a]D

20

113.7 (c 1, hexane/i-PrOH, 4:1); [a]D
20 110.7 (c 1.0,

MTBE) {Ref. 14: [a]D
20 114.1 (c 1, hexane/i-PrOH, 4:1)};

99.0% ee [HPLC; column temperature 21.58C; eluent:
water/isopropanol 5 3.75/1; flow rate 0.8 ml/min; tR(ma-
jor) 5 67.2 min, tR(minor) 5 86.1 min]. NMR spectra were
identical with spectra of rac-1f.

rac-3-(2-tert-Butylphenoxy)-propane-1,2-diol, rac-
1g. Yield: 1.4 g, 63%, mp 68–718C (hexane/benzene).
(Ref. 20: mp 568C). 1H NMR, d: 1.41 (s, 9H, CH3), 2.35
(br.s, 2H, OH), 3.82 (dd, J 5 11.5, 6.0 Hz, 1H, CH2O), 3.92
(dd, J 5 11.5, 3.7 Hz, 1H, CH2O), 4.07–4.12 (m, 2H,
OCH2), 4.21–4.24 (m, 1H, CH), 6.91 (d, J 5 7.8 Hz, 1H,
C6
Ar H), 6.95 (dd, J 5 7.3, 7.8 Hz, 1H, C4

Ar H), 7.20 (t, J 5
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7.3 Hz, 1H, C5
Ar H), 7.32 (d, J 5 7.8 Hz, 1H, C3

Ar H). 13C
NMR, d: 30.16 (CH3), 34.93 (CMe3), 64.12 (OCH2), 69.15
(CH2O), 70.95 (CH), 112.42 (C6

Ar), 121.10 (C4
Ar), 126.97

(C5
Ar), 127.28 (C3

Ar), 138.24(C
2
Ar), 157.34 (C1

Ar).

(S)-3-(2-tert-Butylphenoxy)-propane-1,2-diol, (S)-
1g. Yield: 1.5 g (67%), [a]D

20 210.5 (c 1, hexane/EtOH,
4:1); [a]D

20 29.5 (c 1.0, MTBE). 99.3% ee [HPLC; column
temperature 218C; eluent: water/isopropanol 5 3/1; flow
rate 0.8 ml/min, tR(major) 5 50.5 min]. NMR spectra
were identical with spectra of rac-1g.

(R)-3-(2-tert-Butylphenoxy)-propane-1,2-diol, (R)-
1g. mp 94–958C (hexane); [a]D

20 110.5 (c 1, hexane/
EtOH, 4:1); [a]D

20 19.5 (c 1.0, MTBE). 99.7% ee [HPLC;
column temperature 218C; eluent: water/isopropanol 5 3/
1; flow rate 0.8 ml/min, tR (major) 5 46.3 min].

Resolution of Racemic 3-(2-Methylphenoxy)-propane-
1,2-diol (Mephenesin, rac-1b) by Preferential

Crystallization (Entrainment)

Racemic mephenesin rac-1b (9.0 g) and (R)-1b (1.0 g)
was dissolved in 500 ml of water at 53–558C. The solution
was cooled to 288C and seeded with finely pulverized (R)-
1b (25 mg). After stirring the mixture for 95 min at 258C
6 0.58C, precipitated (R)-1b was collected by filtration
(1.82 g after drying; 97% ee) (Table 1, run 1). The extra
portion of rac-1b (1.80 g) was then dissolved in the mother
liquor at 558C; the resulting solution was cooled to 288C.
After the addition of (S)-1b (25 mg) as seed crystals to the
solution, and stirring the mixture for 80 min at 258C 6
0.58C, (S)-1b (1.66 g after drying; 95% ee) was collected by
filtration (run 2). Further resolution was carried out at
258C 6 0.58C by adding amended amounts of rac-1b to the
filtrate in a manner similar to that described above. The
detailed conditions are given in Table 1. A high degree of
enantiomeric purity of collected diols can be achieved by
simple recrystallization. For example, a portion of (R)-1b
(1.62 g, 95% ee) was dissolved in the boiling hexane (64
ml). After cooling the solution to 228C, the crystallized
(R)-1b was collected by filtration (yield 1.24 g; 99.5% ee).

Resolution of Racemic 3-(2-Ethylphenoxy)-propane-
1,2-diol (rac-1c) by Preferential Crystallization

Racemic diol rac-1c (1.0 g) and (S)-1c (0.1 g) was dis-
solved in 115 ml of water at 53–558C. The solution was
cooled to 258C and seeded with finely pulverized (S)-1c
(2.5 mg). After stirring the mixture for 70 min at 208C 6
0.58C, precipitated (S)-1c was collected by filtration (0.20
g after drying; 90% ee). The extra portion of rac-1c (0.2 g)
was then dissolved in the mother liquor at 558C; the result-
ing solution was cooled to 258C. After the addition of (R)-
1c (2.5 mg) as seed crystals to the solution, and stirring
the mixture for 80 min at 208C 6 0.58C, (R)-1c (0.18 g af-
ter drying; 89% ee) was collected by filtration.

X-ray Diffraction Experiments for 3-(2-tert-
Butylphenoxy)-propane-1,2-diols, 1g

The X-ray diffraction data for crystals of compounds rac-
1g and (S)-1g were collected on a Bruker AXS Smart
Apex II and Kappa Apex II [(S)-1g] diffractometers in the
x and j-scan modes, using graphite monochromated Mo
Ka k 0.71073 Å (rac-1g) and Cu Ka k 1.54184 Å [(S)-1g]
radiations. Data were corrected for the absorption effect
using SADABS program.21 The structures were solved by
direct method and refined by the full matrix least-squares
using SHELXTL22 and WinGX23 programs. All nonhydro-
gen atoms were refined anisotropically. The positions of
hydrogen atoms were located from the Fourier electron
density synthesis and were included in the refinement in
the isotropic riding model approximation. Illustrations
were made using PLATON.24

Crystallographic data (excluding structure factors) for
the structures reported in this article have been deposited
in the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC 691121 for rac-1g, and
691122 for (S)-1g. Copies of the data can be obtained free
of charge upon application to the CCDC (12 Union Road,
Cambridge CB2 1EZ U.K. Fax: (internat.) 144-1223/336-
033; E-mail: deposit@ccdc.cam.ac.uk).

Room-temperature powder X-ray diffraction data were
collected in the Bragg–Brentano mode with a flat-plate

TABLE 1. Resolution by entrainment of rac-mephenesin 1b (500 cm3 H2O, 25 mg crystal seeds on every run,
crystallization temperature 258C 6 0.58C)

Run
Added amount
of (R,S)-1b, (g)

Operation amount of
(R)- and (S)-1ba, (g)

Resolution
time (min)

(R)- and (S)-1b obtained

(R)-1b (S)-1b Yield (g) ee (%)b YE (g)c

1 9.0d 5.50 4.50 95 (R) 1.82 97.0 1.77
2 1.80 4.63 5.37 80 (S) 1.66 95.4 1.60
3 1.64 5.41 4.59 75 (R) 1.50 98.5 1.47
4 1.48 4.68 5.32 80 (S) 1.55 92.7 1.48
5 1.53 5.39 4.61 75 (R) 1.62 95.0 1.56
6 1.60 4.63 5.37 85 (S) 1.54 97.0 1.50

aThe operation amounts in even runs 2–6 were calculated based on the results in odd runs 1–5, respectively.
bee: enantiomeric excess (HPLC).
cYE: Yield of enantiomer; YE (g) 5 [Yield (g) 3 ee (%)]/100 2 0.025 (seed weight).
dAdditional amount of (R)-1b 1.0 g.
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sample. The sample was lightly ground and loaded into
a standard sample holder, which was kept spinning
(30 rpm) throughout the data collection. Patterns were
recorded in the 2y range between 38 and 508, in 0.0088
steps, with a step time of 2 sec. Five powder patterns were
collected and summed for each sample.

Crystallographic Data for ( S)-3-(2-tert-Butylphenoxy)-
propane-1,2-diol, ( S)-1g

The single crystal picked out from the crop of the afore-
mentioned scal-1g with a specific rotation value of [a]D

20

29.5 (c 1.0, MTBE) was used for single crystal experi-
ment. Formula C13H20O3, colorless prism of dimensions
0.35 3 0.24 3 0.14 mm3, formula weight 224.29 g mol21,
monoclinic, a 5 26.5455(8), b5 6.9990(3), c5 16.6275(6)
Å, b 5 124.359(2)8, V 5 2550.23(16) Å3, T 5 293 K, space
group C 2 (No. 5), Z 8, l(Cu-Ka) 6.57 cm21, F(000) 5 976,
dcalc 5 1.168 g cm23, 4917 reflections measured, 2106
unique (Rint 5 0.0673), 1961 observed with Fo > 4r (Fo),
378 parameters. The final R1(F2) was 0.0480 (>2rI) and
wR2(all data) 5 0.1291. Goodness-of-fit on F2 was 1.025,
largest diff. peak and hole are 0.203 and 20.194 e�Å3. The
final value 20.10(3) of Flack enantiopole parameter25,26

proved the expected S absolute configuration.
The finely pulverized portion from the same bulk sam-

ple was used for PXRD experiments.

Crystallographic Data for rac-3-(2-tert-Butylphenoxy)-
propane-1,2-diol, rac-1g

The single crystal picked out from the crop of freshly
crystallized rac-1g was used for determination of crystal
and molecular structure of primary racemate. The eutectic
character of the crop and the metastability of this crystal
modification (see text) are the important reasons preclud-
ing the high quality crystal growth. Nevertheless the
experiment with this crystal enables us to evaluate some
important features of primary racemate structure. Formula
C13H20O3, colorless prism of dimensions 0.70 3 0.46 3
0.12 mm3, formula weight 224.29 g mol21, triclinic, a 5
6.6876(11), b 5 14.659(2), c 5 14.648(2) Å, a 5 70.083(2)8,
b 5 76.777(2)8, g 5 76.785(2)8, V 5 1296.3(4) Å3, T 5
293 K, space group P 1 (No. 1), Z 4, l(Mo Ka) 0.80 cm21,
dcalc 5 1.149 g cm23, F(000) 5 488, 10,227 reflections
measured, 9387 unique (Rint 50.0173), 3565 observed
with Fo > 4r (Fo), 556 parameters. The final R1(F2) was
0.0900 (>2rI) and wR2 (all data) 5 0.2970. Goodness-of-fit
on F2 was 0.927, largest diff. peak and hole are 0.343 and
20.223 e�Å3.

The finely pulverized portion from the same bulk sam-
ple was used for PXRD experiments.

RESULTS AND DISCUSSION
IR Spectroscopy Investigations of the Racemic and

Scalemic Samples of the Compounds 1a–g

For initial evaluation of the crystallization type of our
compounds, we compared the IR spectra of the racemic

Fig. 1. IR spectra of the crystalline samples 1a–g. Red curves—race-
mates, blue curves—scalemates, black curves are differential curves (see
text). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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and highly enantiomerically enriched crystalline samples
of 1a–g in KBr pellets, since the IR spectra of an optically
active and the racemic form should be identical for the
normal conglomerate formative compounds. To substanti-
ate this comparison, the spectra were subjected to a proce-
dure of normalization and baseline correction. For this
purpose, coefficients that minimize the difference ln(As) –
[a0 1 a1m 1 ln(Ar)a2], where ln(As) and ln(Ar) are the
extinctions (transmission logarithms) of the scalemic and
racemic samples, respectively; m is the IR radiation fre-
quency corresponding to A, and an are the desired regres-
sion coefficients, were selected by the least-squares
method. It was reasonable to introduce the regression
terms a1m to correct the spectral differences caused by the
nonspecific (not related to particular absorption bands)
interaction of IR radiation with matter (probably, by radia-
tion scatter on heterogeneities of the sample). It should be
noted that the use of polynomials of higher powers (quad-
ratic and cubic) for the generation of differential spectra
does not improve the statistical parameters characterizing
regression. The ratio between the mean-square deviation
of the differential curves and the averaged mean-square
deviation of spectral curves for the racemate and scale-
mate, that is, the ratio of error to variation (%), was used
as a quantitative characteristic for differential curves, and
this namely quantities are cited in Figure 1.

Figure 1 shows good coincidence between the pairs of
spectra for compounds 1b and 1c under visual compari-
son; the same is almost true for the allyl and normal propyl
derivatives 1d,e, whereas the spectra of racemic and enan-
tiopure crystalline samples for unsubstituted compound
1a, isopropyl, and tert-butyl substituted phenyl glycerol
ethers 1f,g, differ noticeably. A similar pattern can be
observed for the differential curves: for compounds 1b
and 1c, and to a certain extent for compounds 1d,e, differ-
ences between the spectra of the racemate and enantioen-
riched sample are about the same level as instrumental
background. At the same time they are rather substantial
for compounds 1a,f,g. Thus, IR-test is consistent with the
conglomerate nature of mephenesin 1b; and the great
probability exists that normal racemic conglomerate is
also formed by ethyl derivative 1c. The question of crystal-

line type for other investigated compounds needs further
consideration.

Thermochemical Investigations and Phase
Behavior of the Compounds 1a–f

The results obtained for the temperature (T f) and the
enthalpy of fusion (DH f ) of the pure enantiomers (low
index A) and the pure racemates (low index R) of aryl
glycerol ethers 1a–f are presented in Table 2.

In the idealized case, to construct the liquidus of the bi-
nary melting phase diagram in the region of a pure compo-
nent fusion, it is enough to have data on the fusion temper-
ature and enthalpy of fusion for an enantiomerically pure
sample. In this case the liquidus line is described by
Schröder-Van Laar equation, which is usually used in the
simplified form3

ln x ¼ DH f
A

R

1

T f
A

� 1

T f

 !
ð1Þ

where x is the mole fraction of one of the enantiomers in
the mixture (the mole fraction of another enantiomer is x0

5 1 – x); R is the universal gas constant (R 5 8.3170 J K21

mol21). The liquidus lines of the phase diagrams for the
compounds 1a–f, which were calculated by eq. 1 using ex-
perimental data for enantiomerically pure diols, are pre-
sented in Figure 2 (blue lines). The same figures show
the experimentally obtained liquidus points drawn by
circles. For samples of diols with an intermediate enantio-
meric composition, the experimental DSC thermograms
contain additional peaks with the almost constant tempera-
ture T f

eu which corresponds to the melting point of the
eutectics. These experimental characteristics are put on
the plot as solid circles too. It is significant that for the
compounds 1b and 1c experimental liquidus points,
including points for racemates, practically fall on the
Schröder-Van Laar curves.

The experimental data for racemates, T f
R and DH f

R, allow
to construct another type of a theoretical curve describing
liquidus line for congruent melting of binary molecular
compounds.

TABLE 2. DSC measured melting point (T f ) and enthalpy of fusion (DH f ) of racemic (low index R) and enantiopure
(low index A) compounds 1a–f and calculated thermodynamic characteristics for these substances, calculated and

measured eutectic (low index eu) fusion temperature and eutectic enantiomeric composition (xÐmole fraction
of a predominant enantiomer)

Comp.
T f
A

(8C)
T f
R

(8C)
DHf

A
(KJ mol21)

DHf
R

(KJ mol21)
T f
eu,

calc. (8C)
T f
eu,

exp. (8C) xeu

DSm1
(J K21 mol21)

DG0

(J mol21)

1a 68.3 58.5 31.8 28.0 56.5a 56.3 0.68 2.59 2994
1b 91.0 70.6 34.4 32.2 70.1b 70.6 0.50 5.42 251
1c 68.9 50.9 35.0 34.8 50.7b 50.9 0.50 5.68 221
1d 58.0 41.7 28.8 27.8 41.3a 41.7 0.58 4.44 2389
1e 67.3 53.3 31.9 29.5 52.6a 53.0 0.60 3.89 2561
1f 71.8 80.5 30.6 31.5 67.5a 67.7 0.87 22.22 22765

aCalculated as intersection for Schröder-Van Laar and Prigogine-Defay curves branches.
bCalculated as intersection for two Schröder-Van Laar curves branches.
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In this case, the liquidus line obeys the Prigogine–Defay
equation, which is usually used in the simplified form3

ln 4xð1� xÞ ¼ 2DH f
R

R

1

T f
R

� 1

T f

 !
ð2Þ

The liquidus lines of the phase diagrams for the com-
pounds 1a–f, which were calculated by eq. 2 using experi-
mental data for racemic diols, are presented in Figure 2 by
red lines.

From Figure 2 it will be obvious that the end of fusion
temperatures (colored circles position) for compounds 1a,
d–f are accurately and completely described by combination
of theoretical curves of both types. Hence, complete melting
phase diagrams could be reproduced by solid liquidus lines
fragments with the addition of probable solidus lines (black
straight lines which are drawn parallel to the x-axis).

Inspecting the forms of so-built phase diagrams one can
suppose that the methyl and ethyl substituted phenyl glyc-
erol ethers 1b,c crystallize as racemic conglomerates,
whereas the unsubstituted phenyl glycerol ether 1a and
its allyl and propyl derivatives 1d–f forms solid racemic
compounds. There are other points in favor of this distri-
bution of the crystallization types, we mean the calculated
values of entropy of mixing for the liquid enantiomeric
compounds, DSm

1 , and the free energy of formation of race-
mic compounds in the solid state, DG0.

Based on a thermodynamic cycle involving the solid and
liquid phases of the enantiomers and racemic species, for-
mulas for the DG0 and DSm

1 calculations were proposed by
Grant and coworkers.5

DG0
T f
R
¼�ðT f

R �T f
AÞDH f

A

T f
A

�T f
RR ln2 ðif T f

R �T f
A < 0Þ ð3aÞ

DG0
T f
A
¼�ðT f

R �T f
AÞDH f

R

T f
R

�T f
AR ln2 ðif T f

R �T f
A > 0Þ ð3bÞ

DSm
l ¼ DH f

R

T f
R

�DH f
A

T f
A

�DH f
R �DH f

A

T f
R �T f

A

ln
T f
R

T f
A

ð4Þ

The values of DSm
1 and DG0 calculated by the formulas

(3) and (4) are presented in Table 2. The entropy of mix-
ing for enantiomers 1b and 1c in the liquid state is equal
to 5.42 and 5.67 J K21 mol21, which is slightly less but
close to the value of 5.75 J K21 mol21 (Rln2) for an ideal
conglomerate. The near zero value for DG0 also points on
the same feature of chiral 1b and 1c.3,5 The relatively
high negative value for DG0 for unsubstituted and isopro-
pyl derivatives 1a and 1f is a good diagnostic for a stable
racemic compounds formation in the crystalline state.5

The intermediate DSm
1 and especially DG0 values for diols

1d and 1e exclude a conglomerate formation, and are
compatible with the assumption of (rather unstable) race-
mic compound formation.

Further information about the compounds under investi-
gation could be picked up by inspection of the binary phase
diagram characteristics. The case at hand is the composition
of the eutectic. The last is the special point on the binary (or

Fig. 2. Experimental (circles) points and calculated (solid lines frag-
ments) binary melting phase diagrams for compounds 1a–f. [Color figure
can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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ternary) phase diagram where the three phases, liquid (melt
or solution) and two solid (either two individual enantiomers
or enantiomer and racemic compound) exist in equilibrium.
If the enantiomeric excess of the eutectic point (eeeu) is
exactly equal to zero, we are dealing with a conglomerate
forming compound. For this compound the direct resolution
approaches could be realized and enantiomeric composition
of any scalemic (nonracemic) sample could be enriched to
any desirable degree by fraction crystallization. If the eutec-
tic ee lies between 0 and 1 (0 < eeeu < 100%), we are deal-
ing most likely with a racemic compound forming sub-
stance. For this system, the standard direct resolution is
impossible, but if the ee of the starting sample is lower than
eeeu, the predominant enantiomer can be enriched in the liq-
uid phase (mother liquor) to the eutectic ee extent, whereas
the precipitate will tend to be racemate. If the solution of the
starting material has an ee higher than the eeeu, a pure pre-
dominant enantiomer or mixtures of enantiomers with an ee
higher than the eutectic ee can be crystallized out. Equilib-
rium crystallization of the sample with ee 5 eeeu could not
change its enantiomeric composition in either the precipitate
or in the filtrate form.

The eutectic compositions for the glycerol ethers 1a–f
are presented in Table 1. From this it follows that the sam-
ple could be enantioenriched by crystallization provided
that an enantiomeric excess of it is about or more than
74% (1f), 36% (1a), and 20% (1e). For the allyl derivative
1d the ee � 6% is sufficient for enantioenrichment, and at
last for methyl and ethyl derivatives a sample could be ra-
cemic for the purpose; in other words, the compounds 1b
and 1c could be potentially resolvable by direct methods.
We have particularly inspected this possibility.

Resolution of Racemic 3-(2-Methylphenoxy)-propane-
1,2-diol (Mephenesin, rac-1b) and 3-(2-ethylphenoxy)-
propane-1,2-diol (rac-1c) by Entrainment Procedure

The entrainment effect, that is the preferential crystalliza-
tion of an enantioenriched crop induced by seeding with
enantiopure crystals of the oversaturated solution of a con-
glomerate forming (almost) racemic chiral compound, was
first discovered by Pasteur’s student Gernez.27,28 Racemates
resolution by entrainment4 is a gratifying labor since success
allows one to obtain easily both enantiomers without resort-
ing to any enantiopure auxiliaries. But even in the case of
conglomerate forming substances it is not always easy to
use the benefits of a spontaneous resolution. Coquerel and
coworkers4,29 are of the opinion that almost half of conglom-
erate forming compounds would demonstrate poor entrain-
ment characteristics.

Discovering two new conglomerates in the family
of aryl glycerol ethers we decided to examine their
abilities for preferential resolution. This task was all the
more interesting since rac-3-(2-methylphenoxy)-propane-1,
2-diol, rac-1b is a well-known skeletal muscle relaxant, me-
phenesin.8 We used water for the resolution as the most
cheap and ‘‘green’’ solvent, and by analogy with our own
successful effective entrainment procedure for another chi-
ral drug, guaifenesin.10

In the case of ethyl derivative 1c we have just demon-
strated entrainment effect. As shown earlier, two runs

(one cycle) are sufficient to obtain from 1.2 g racemate
(R)- and (S)-1c samples of about 0.2 g each. The quality of
both specimens are good enough, and making sure that
the compound 1c is quite capable of preferential crystalli-
zation we made no attempts to improve sample enantio-
purity and to optimize experimental conditions for the
resolution.

For monitoring the entrainment abilities of mephenesin
1b during seed-induced crystallization of oversaturated
slightly nonracemic water solutions we have used mother
liquor enantiomeric composition. Unfortunately, the opti-
cal rotation of water mephenesin solutions is too low to
use polarimetry for these purposes. So we made use of chi-
ral liquid chromatography for monitoring this process.
During the course of crystallization we have collected the
aliquots (10 ll) of mother liquor at regular intervals. The
aliquots were mixed with 1 ml of PriOH, and portions of
20 ll of the solutions were analyzed with the Chiralcel AD-
RH column. All investigated solutions of mephenesin of
different initial concentrations but of equal starting enantio-
meric enrichment behave uniformly in the main features.
During the crystallization process primary enantiomeric
excess of solute (�9%) decreased to zero, changed sign, and
mounted to initial absolute value (even exceeded this value
for high initial concentrations). The mother liquor enantio-
meric composition (and the composition of deposited crys-
tals as well) then asymptotically tended to racemic. Varying
initial concentration, temperature gap, and crystallization
time we have adopted the conditions for the satisfactory re-
solution of racemic mephenesin. An example of successful
resolution of near racemic 1b is illustrated in Table 1.

Over the course of the resolution a supersaturated solu-
tion of rac-1b, including a small excess of (R)-1b, was pre-
pared by heating, and then cooling to 258C. A small
amount of seed crystals of (R)-1b was added and the
stirred solution was allowed to crystallize for about 85 min.
The weight of (R)-1b obtained after filtration was more
than the common weight of the initial excess of the (R)-
enantiomer and seed added. rac-1b was added to the
mother liquor in order that the overall quantity of 1b in
the solution could be recovered. The mixture was heated
until the solid was completely dissolved and then cooled
to 258C. After the solution had been seeded with (S)-1b
and stirred for about 85 min, precipitated (S)-1b was col-
lected in a similar manner. The cycle was repeated several
times.

As evident from Table 1, three cycles (six runs) of
entrainment resolution using ordinary laboratory equip-
ment and no resolving agents are sufficient enough to
obtain from �17 g of rac-1b (R)- and (S)-1b samples of
about 5 g each. The quality of each nonracemic specimen
is good enough, and single recrystallization is sufficient to
obtain (R)- and (S)-1b diols with enantiomeric excess
higher than 99%.

Crystallization Features of 3-(2-tert-Butylphenoxy)-
propane-1,2-diol 1g

Both racemic (Fig. 3, curve 1, Fig. 4, curve 1) and enan-
tiopure (Fig. 4, curve 5) polycrystalline samples of 3-(2-
tert-butylphenoxy)-propane-1,2-diol 1g obtained by crystal-
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lization from the solutions of corresponding composition
are melted reproducibly giving the single narrow DSC
traces with good linear fronts. This fact provides a way of
estimating the temperature and the enthalpy of fusion for
the pure enantiomer and the pure racemate of tert-butyl
derivative 1g as T f

A 5 94.58, DH f
A 5 32.2 KJ mol21, T f

R

5 67.98C, DH f
R 5 19.3 KJ mol21. The first pair of the ex-

perimental characteristics allows reconstructing Schröder-
Van Laar branches of the phase diagram and estimating
(as the position of their intersection) the fusion tempera-
ture of hypothetical conglomerate, T f

congl. 5 72.28C. This
value is sufficiently above the experimental one for race-
mate. In the control experiment the racemic sample pre-
pared by mixing of (almost) equal amounts of the pure
enantiomer crystals has begun melting at near theoretical
temperature T f

congl (Fig. 3, curve 3). After several weeks
aging of the sample of ‘‘primary racemate’’ (obtained by
direct crystallization from a racemate solution) at an ambi-
ent temperature, its DSC melting trace splits, and a higher
melting component could be observed (Fig. 3, curve 2),
while no changes were detected in the melting of pure
enantiomer samples of the same age.

The anomalous behavior of the ‘‘primary racemate’’ sets
one thinking about additional metastable crystal forms in
the system under investigation.30 The shapes of the DSC
traces for intermediate enantiomeric purity samples pre-
pared by drying the solutions of proper composition (Fig.
4) provide support for this conclusion.

Thermograms for the mixtures of intermediate composi-
tions (Fig. 4, curves 2–3) show simultaneous presence of
three melting peaks. The low temperature one is identical
by appearance and position to the melting of ‘‘primary
racemate.’’ The peak is traceable in a wide range of com-
positions; the peak characteristic temperature is therewith
kept constant. This suggests that no individual compound
but some eutectic mixture melting is the thermoinitiated
process behind the low temperature peak appearance.
This eutectic is not coincident with the above studied tra-
ditional racemic conglomerate formed by enantiopure

crystals, and is formed by some other metastable (with
respect to a homochiral) solid phase(s).

It can be inferred that all the facts under discussion are
understood by reference to so-called anomalous race-
mate3,31 formation during the (solution) crystallization of
the racemic or the intermediate composition samples of
1g. According to Jacques et al.,3 anomalous racemate is an
addition molecular compound in which crystals contain
two enantiomers with a stoichiometry differing from the
usual 1:1 ratio. We have anticipated that the above dis-
cussed ‘‘primary racemate’’ of tert-butylphenyl glycerol
ether 1g is in fact the racemic conglomerate formed by
enantiomeric crystals of such anomalous racemate. To all
appearance, despite the fact of less thermodynamic stability,
the formation of this crystal modification is kinetically favor-
able. Therefore, during the racemate crystallization from a
solution only the ‘‘anomalous conglomerate’’ (this is a more
accurate expression for this case and the other examples of
the sort than ‘‘anomalous racemate’’) precipitates.

If a solution contains an excess of one of enantiomers,
the precipitate, alongside with anomalous conglomerate,
contains individual enantiomer crystals. The presence of
this phase manifests itself by appearance of the third high
temperature peak on the DSC traces (Fig. 4). However,
the possibility of the stable enantiopure solid phase gener-
ation from the metastable phase(s) immediately in the
course of thermoscanning must not be ruled out. For the
high enantiomeric purity samples (x > 0.8) the anomalous
racemate melting peak virtually goes to level (Fig. 4, curve
4). Evidently in this case two crystal phases present in the
sample, namely, one enantiomorph of the anomalous race-
mate and a pure enantiomer.

Bearing all these facts in mind we embarked on a series
of control experiments using X-ray diffraction approaches.
First of all we have established the molecular and crystal
structure of scal-1g crystallized from an enantiopure (by
HPLC) sample of the tert-butylphenyl glycerol ether by

Fig. 3. DSC traces for the racemic samples of 3-(2-tert-butylphenoxy)-
propane-1,2-diol 1g; 1—‘‘primary racemate’’ obtained by solution crystalli-
zation of racemic 1g; 2—the same sample after several weeks aging; 3—
artificial recemate obtained by mixing of approximately equal amounts of
(R)- and (S)-1g.

Fig. 4. DSC traces for the varying composition samples of 3-(2-tert-
butylphenoxy)-propane-1,2-diol 1g; x 5 0.6 (1); x 5 0.7 (2); x 5 0.8 (3);
x 5 0.9 (4); x 5 1.0, pure enantiomer (5). Here x—mole fraction of a pre-
dominant enantiomer.
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single crystal X-ray analysis. Leaving out the details, we
will point to Figure 5 where the independent part (two
molecules) of the unit cell of scal-1g is depicted. The pow-
der X-ray diffractogram has been simultaneously obtained
from the bulk sample of the scal-1g (Fig. 7d); the experi-
mental PXRD pattern has coincided completely with the
theoretical one (Fig. 7c).

When a single crystal picked up from the bulk sample
of ‘‘primary racemate’’ was examined by X-ray diffraction
analysis two possibilities for interpretation of the experi-
mental diffraction pattern were aroused. The automatically
offered one fitted with achiral space group Iba2 (No. 45)
with a sufficiently disordered position of all OH groups
and low refinements parameters. The disorder could be
diminished by lowering the crystal symmetry as far as P1
space group. In this case the unit cell consists of four inde-
pendent molecules with the first three of them having an

opposite configuration than the fourth one has. There are
no crystallographic reasons to decide between these two
possibilities. We have yielded to chiral P1 group based on
the foregoing thermodynamic arguments. The case of
achiral group presumes the existence of an individual race-
mic compound in the solid primary racemate and conse-
quently the lowering of a fusion temperature of the sample
after the enantiopure component was added owing to new
eutectic formation. This is not the case as it was estab-
lished in the experiments (see Fig. 4). On the contrary the
case of noncentrosymmetrical P1 group presumes the
crystallization of the rac-1g primary racemate as a mixture
of enantiomorphous crystals having triple excess of one or
another enantiomer. This mixture constitutes a eutectic by
itself, and owing to this fact has a possibility to keep a con-
stant melting temperature with the advent of additional
component.

Figure 6 demonstrates an independent part of the P1
unit cell for the crystal picked up from the primary race-
mate bulk sample. The calculated PXRD pattern for this
cell as well as for an experimental one for the freshly crys-

Fig. 7. Powder X-ray diffractograms for compound 1g: (a) calculated
from single crystal X-ray data based upon P1 unit cell parameters of pri-
mary racemate; (b) experimental pattern of freshly crystallized primary
racemate; (c) calculated from single crystal X-ray data for enantiopure
crystal; (d) experimental pattern for bulk enantiopure sample; (e) experi-
mental pattern of bulk racemic sample after 2 months of aging.

Fig. 6. ORTEP drawing of the independent part of the unit cell for rac-
1g crystal. Displacement ellipsoids are drawn at the 30% probability level;
H atoms are represented by circles of arbitrary size.

Fig. 5. ORTEP drawing of the independent part of the unit cell for (S)-
1g crystal. Displacement ellipsoids are drawn at the 50% probability level;
H atoms are represented by circles of arbitrary size.
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tallized bulk sample of rac-1g are reproduced in Figure 7
(a and b correspondingly); both patterns are coincident
with one another. Figure 7e demonstrates the PXRD pat-
tern for the same rac-1g bulk sample after �2 months of
aging under ambient temperature. It will readily be seen
that this curve coincides almost completely with the above
discussed curve (Fig. 7d) for the enantiopure sample. And
this is direct evidence of solid phase change from metasta-
ble primary crystals (anomalous conglomerate) to stable
normal conglomerate formed by enantiopure components.

CONCLUSIONS

The seven aryl glycerol ethers 1a–g studied in this
work have very close chemical structure and differ only in
the uniformly positioned (ortho phenoxyl position) far
removed from the chiral centers substituents. All the sub-
stituents, hydrogen atom, alkyl, or allyl groups, are alike
in polarity, are not capable of strong hydrogen bond forma-
tion, and are distinguishable mainly in size and conforma-
tional properties. Nevertheless these seemingly second-
order distinctions were found to be sufficient for consider-
able changes in the crystallization characteristics of the
different racemic members of the family.

Thus, three racemates out of the series of seven, H-, n-
Pr-, and i-Pr-derivatives 1a,e,f, crystallize as typical race-
mic compounds if not identical in thermodynamic charac-
teristics. Allyl derivative 1d forms rather unstable racemic
compound. It is not improbable that the change of crystal-
lization conditions will change the crystallization type in
this case. Two substances 1b and 1c turn out to be typical
conglomerates. The property of their spontaneous resolu-
tion could be used as the basis for an effective production
of these compounds in a single enantiomer form. This is
particularly of importance because one of these sub-
stances, 1b, is the registered drug mephenesin.

Finally, the series is closed by the tert-butyl derivative
1g, a racemate of which manifests rare if not unique types
of spontaneous resolution. It seems reasonable to say that
the metastable form, resulting during solution crystalliza-
tion, and the stable form, to which metastable one trans-
forms as times goes by, both are the eutectic mixtures of
scalemic crystals. Metastable eutectic, i.e. the conglomer-
ate of enantiomorphous crystals enriched with one or
another enantiomer, arising as a result of spontaneous re-
solution of the anomalous racemate, turns into the eutectic
of enantiopure crystals.

Thus, in this work the queer character of a spontaneous
resolution has been demonstrated once again, the number
of known conglomerate forming substances has been
enlarged, and the uncommon variant of spontaneous reso-
lution of metastable anomalous racemate has been found
out.
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Vibrational Circular Dichroism and IR Spectral Analysis as a Test
of Theoretical Conformational Modeling for a Cyclic Hexapeptide
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ABSTRACT A model cyclohexapeptide, cyclo-(Phe-DPro-Gly-Arg-Gly-Asp) was synthe-
sized and its IR and VCD spectra were used as a test of density functional theory (DFT)
level predictions of spectral intensities for a peptide with a nonrepeating but partially con-
stricted conformation. Peptide structure and flexibility was estimated by molecular dynam-
ics (MD) simulations and the spectra were simulated using full quantum mechanical
(QM) approaches for the complete peptide and for simplified models with truncated side
chains. After simulated annealing, the backbone conformation of the ring structure is rela-
tively stable, consisting of a normal b-turn and a tight loop (no H-bond) which does not
vary over short trajectories. Only in quite long MD runs at high temperatures do other
conformations appear. MD simulations were carried out for the cyclic peptide in water and
in TFE, which match experimental solvents, as well as with and without protonation of the
Asp carboxyl group. DFT spectral simulations were made using the annealed structure
and were extended to include basis set variation, to determine an optimal computational
approach, and solvent simulation with a polarized continuum model (PCM). Stepwise full
DFT simulation of spectra was done for various sequences with the same backbone geom-
etry but based on (1) solely Gly residues, (2) Ala substitution except Gly and Pro, and (3)
complete sequences with side chains. Additionally, a selection of structures was used to
compute IR and VCD spectra with the optimal method to determine structural variation
effects. The side chains, especially the Asp��COOH and Arg��NH2 transitions, had an
impact on the computed amide frequencies, IR intensities and VCD pattern. Since experi-
mentally these groups would have little chirality, due to conformational variation, they do
not impact the observed VCD spectra. Correcting for frequency shifts, the Ala model for
the cyclopeptide gives the clearest representation of the amide VCD. The experimental
sign pattern for the amide I’ band in D2O and also the sharper, more intense amide I VCD
band in TFE was seen to some degree in one conformer with Type II0 turns, but the data
favor a mix of structures. Chirality 20:1104–1119, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: peptide conformational spectral interpretation; infrared absorption;
vibrational circular dichroism; density functional theory; molecular
dynamics; solvent effects

INTRODUCTION

Vibrational spectroscopy has a long history in the con-
formational analyses of peptide structures.1 Originally em-
pirical correlations of IR amide I and II frequency positions
were first used to discriminate helical and sheet-like pep-
tides, then extended to protein studies, after which Raman
analyses of amide I and III frequencies were applied to
proteins. More recently the chiroptical variants of both
were utilized to distinguish protein conformations and to
deconvolve components of mixed structures as found in
globular proteins.2–6 Of the structural types, a-helices
and b-sheets yield the more characteristic vibrational
transitions, since they are repeating structures of some
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uniformity in amide conformation, resulting in excitonic
bands of higher intensity and characteristic chirality. This
has led to a number of useful analyses and, for peptides,
to some exceptionally detailed spectral assignments,
recently enhanced by use of isotopic labeling to create
localized transitions.7–18 A key element of peptide confor-
mational studies is use of chiroptical techniques such as
circular dichroism (CD) and more recently vibrational CD
(VCD) and Raman optical activity (ROA), the latter of
which can have useful sensitivity to isotopic variants.4–
6,14,19–21 Here chirality is not used to determine absolute
configuration, which is, of course, known from the syn-
thetic method used (e.g. employing L-amino acids), but is
useful to determine oligomer conformation which can be
uniform (as in helices or sheets) or highly variable, lack-
ing repeating character, particularly in /, w torsions. Con-
formational chirality is most strongly evident for the amide
properties which would otherwise be locally achiral with-
out interresidue coupling in the oligomer.

A major conformational contribution to globular protein
structure comes from the various turn structures by which
a strand can reverse itself in space and make the protein
or peptide more compact. By its very nature these are not
repetitive and thus do not give a uniform contribution to
the spectrum nor create extended exciton coupled modes.
Spectral characterization of turns has been a long term
goal in conformational analyses, with most attention on
tight b-turns that reverse the strand direction and form a
H-bond from position i (C¼¼O) to i 1 3 (N��H).22–27 Creat-
ing viable experimental models of stable turn peptides is
challenging as well. If a turn is part of a linear peptide
chain there will be considerable local conformational fluc-
tuation unless some other construct constrains it, thereby
creating a large energy barrier to transformation. One
method to constrain a turn is formation of a hairpin, a topic
that has prompted extensive studies involving both pep-
tide design and spectral analyses.26,28–42 For a turn-
focused study, hairpins have the disadvantage that most of
the residues in the peptide are not in the turn (yet contrib-
ute to spectral overlap, thereby obscuring the turn contri-
bution), and those in the termini (which are open and
frayed) often have considerable fluctuation.

Another option for turn modeling is to form small cyclic
peptides, where the turn is constrained by the rest of the
peptide or by another linker acting as a bridge.24,25,43,44

One approach to this would be to make disulfide linked
sequences,45–50 and another has been to use mim-
etics.24,51–55 A cyclic peptide is also constrained, and can
form b-turns or other structures, depending on sequence
and ring size. While large cyclic peptides can form a
closed hairpin with designed turns, the problem of sorting
out spectral responses arises when many of the residues
have conformations other than that of the targeted
turn.36,56,57 Cyclic pentapeptides tend to form g-turns with
b-turns, somewhat mixing up the picture.58 On the other
hand cyclic hexapeptides can form more symmetrical
structures with one cross-strand H-bond plus two b-turns
or loops which may or may not close to form additional
cross-strand H-bonds.25,59–62 Many of these have
been characterized and offer an opportunity to determine

characteristic turn spectral behavior in a constrained envi-
ronment and with minimal interference from ‘‘extra’’
residues.

One of the best ways for the detailed interpretation of
peptide vibrational spectra is via density functional theory
(DFT)-based computations. For large molecular systems
these pose a difficulty since such computations become
too large and added approximations must be made. We
have had great success modeling spectra for regular struc-
tures by focusing on local interactions.9,13,17,32,40,63,64 How-
ever in a cyclic or turn structure, the local interactions can
be separated in a sequence due to cross-strand interac-
tions. This has required us to develop methods of transfer-
ring properties obtained with computations for smaller
molecules onto larger ones to obtain force field (FF),
atomic polar and axial tensor (APT and AAT) values to
determine IR and VCD frequencies and intensities.40,65,66

An extension of this method has proven to be useful for
simulation of the Raman and ROA spectra as well.67,68 On
the other hand, with current computational capabilities, a
cyclic hexapeptide is small enough that we can do a com-
plete FF, APT, and AAT computation, even including side
chains. It is also an appropriate structure for extended MD
trajectory calculations to explore conformational variations
that can occur at different temperatures. Because of the
cyclic constraints, these still result in a limited ensemble
of conformations, which in turn can provide the basis for
ab initio computations of their spectral properties.

Thus, to pursue such tests of peptide conformation—
spectroscopic property correlation, we have chosen a
cyclic peptide, c(FpGRGD), where p 5 DPro, whose
sequence suggests (based on previous NMR results) that
stable Type II0 turn geometries will be formed.62 We have
explored the conformational space of this peptide with MD
calculations at various temperatures and with different sol-
vents and states of ionization (pH). We have simulated the
spectra at the full DFT level for several model structures
using both an all atom approach and a ‘‘stripped’’ structure
where residues other than Pro and Gly (i.e. R,D,F) are
substituted with Ala. This has allowed us to look at the
effects of the fluctuation in the trajectory on the spectral
results. These we then compared with experimental spec-
tra of compounds we have synthesized. Use of such a lim-
ited size model system of restricted conformation has
made possible the combination of MD and QM
approaches without resorting to the transfer methods we
have employed for larger peptides.

EXPERIMENTAL AND THEORETICAL METHODS
Peptide Synthesis

The c(FpGRGD) peptide was synthesized on an ABI
Pioneer Peptide Synthesizer according to the manufac-
turer’s protocols for the synthesis of backbone cyclized
peptides. These protocols take advantage of three-dimen-
sional orthogonal protection schemes69 based on base-la-
bile Fmoc, acid-labile (TFA) side-chain group, and allyl
(Al) groups, which are piperidine and TFA-stable and
removed with Pd(0) catalysts. This scheme for on-resin
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synthesis of backbone amide and side-chain amide
cyclized peptides was first systematically described by Ba-
rany and coworkers.70 In this case, side-chain anchoring is
desired to allow for on-resin backbone cyclization. For this
sequence, anchoring is most conveniently offered through
the side-chain of Asp, i.e., Fmoc-Asp(OH)-OAl is attached
to an Wang-type linker (PAC-PEG-PS; commercially avail-
able from ABI) to provide the starting point for this synthe-
sis. Coupling of the remaining residues utilized four equiv-
alents each of Fmoc-protected amino acid (e.g., Fmoc-
Arg(Pbf)-OH), TBTU, and HOBt (final concentration of
each 5 0.25 M) dissolved in 0.5 M DIEA in DMF for 1 h.
On-resin cyclization was accomplished by first removing
the final Fmoc-group from the Phe-residue and then cleav-
ing the allyl ester of the C-terminal Asp with a two-fold
excess of (Ph3P)4Pd in a solution containing 5% acetic acid
and 2.5% N-methylmorpholine in CHCl3. The allyl cleavage
solution is recycled for 2 h and then the resin is washed
with a solution of 5% DIEA and 0.5% sodium diethyldithio-
carbamate in DMF to remove trace metal ions. The back-
bone amide bond formation between the amino group of
Phe and carboxyl of Asp was accomplished with a four-fold
excess of PyAOP dissolved in 0.5 M DIEA in DMF.
PyAOP is utilized here to prevent guanidylation of the
amino group which can occur with amidine-based coupling
agents like TBTU and HATU.71

Experimental Spectroscopy

IR spectra were measured with a Digilab FTS-60A FTIR
spectrometer (Varian, Randolf, MA) and VCD with a dis-
persive instrument developed at UIC and described exten-
sively in the literature.72 Samples were prepared by
dissolving the cyclic peptide in D2O with 0.1 M DCl and
lyophilizing (twice) to eliminate TFA and redissolving
(�45 mg/ml in D2O, pH 5 2). Alternatively, samples
were dissolved without exchange in TFE or DMSO-d6
(�46 mg/ml) or with exchange in TFE-OD. The solutions
were placed in cells composed of two CaF2 windows sepa-
rated by a Teflon spacer (50 or 100 lm), which were
clamped in a brass ring and placed in a temperature-con-
trolled holder of our own design.

Comparative ATR-IR spectra of dried peptide films de-
posited from H2O and from D2O were measured to encom-
pass a wider spectral region. Samples were originally pre-
pared at pH 5 �2.6 or �7.0 (to obtain spectra with contri-
butions of either protonated and deprotonated Asp
sidechains) by dissolving lyophilized peptide in H2O or
D2O, then 7.5 ll was deposited onto the ATR crystal sur-
face, and dried under N2 flow. IR spectra were obtained at
room temperature using a Pike Miracle ATR (3 bounce,
ZnSe) and the internal DTGS detector by averaging 128
scans. Conversion to absorbance was done by referencing
to an empty ATR cell.

For comparison, fluorescence and CD spectra (in the
UV region) were obtained with a J-Y Fluoromax 3 and a
JASCO J-815 dichrometer, respectively. Temperature
for CD measurements was varied by flow from a Neslab
RT-7 bath through a sample holder under instrument
control.

Molecular Dynamics Conformational Studies

We initially performed test MD computations on a proto-
nated variant of the cyclic peptide (i.e. with the
Asp��COOH and Arg��NHC(NH2)2

1 side chains) as well
as on the zwitterionic form (with Asp ��CO2

2 and
NHC(NH2)2

1). The protonated form is relevant to many of
our experimental conditions and thus is analyzed in detail.
The Amber 8.0, Gromacs (www.gromacs.org/) and Tinker
programs were used for MD simulations.73 General con-
formational behavior was explored with the Amber9974

and OPLS-AA force fields in large solvent boxes (32 Å
with Amber 8.0, zwitterion in H2O and DMSO, 40 Å with
Gromacs for the protonated form in H2O), where several
MD runs of 10–60 nsec were performed. The common
TIP3P water75 and OPLS-AA TFE force field were used
with a particle-mesh Ewald (PME) summation.

Simulated annealing was run with Tinker software using
an Amber 99 force field (from 1000 to 300 K) for the proto-
nated form and was followed by running short MD trajec-
tories at 300 K with the same FF. From these trajectories,
10 MD configurations were selected for ab initio computa-
tion, by sampling every 100 psec from a 1 ns trajectory,
run at 300 K, NpT ensemble, with 1 fsec time steps.
MD computations were realized on various Linux-based
computers.

Ab Initio Vibrational Spectral Computations

Selected conformations from the MD trajectories above
were used for DFT determinations of vibrational spectro-
scopic properties, calculated with the Gaussian 03 software
package.76 Some conformers were fully optimized, but for
most of them a constrained normal mode optimization
method77,78 was used to retain the MD conformation by
fixing coordinates for modes less than 300 cm21. In this
way, the higher-frequency modes, presumably important
for the spectra, could be relaxed while having a minimal
impact on the MD determined conformation (primarily de-
pendent on low frequency torsional modes, Figure 1). For
optimized structures the force fields (FF), atomic polar
and axial tensors (AAT, APT) were calculated. In most
cases the BPW91/6-31G** functional and basis set was
used with the COSMO solvent correction (exceptions will
be noted). Some of the DFT computations were simplified
by reducing the R (Arg), D (Asp), and F (Phe) side chains
to ��CH3, i.e. substituting with Ala, but retaining G (Gly)
and P (Pro) residues, which enabled DFT exploration of
amide spectral features, which are of prime interest to the
IR and VCD, for more conformations with alternate struc-
tures. Also some tests were done on a fully Gly substituted
sequence (cGly6) whose conformation was constrained to
one set of MD determined /, w values. Additionally, com-
putations to determine optimal methods were performed
on the cGly6 model peptide in vacuum with the B3LYP/6-
31G** to test the impact of using a hybrid functional and
with BPW91/6-31111G** to test the effect of a basis set
containing diffuse functions. While DFT calculations for
cyclic model peptides without side chains could be calcu-
lated on a Linux cluster with 32-bit/2GB nodes, computa-
tions on hexapeptides with full side chain representations
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were run on 64-bit PCs with up to 16 GB RAM. Simulated
spectra of both protonated and deuterated peptides were
generated with these DFT-level parameters using our own
supplementary programs.

RESULTS
Experimental Spectral Data

ECD (electronic circular dichroism in the UV range)
spectra were measured for the peptide in H2O and TFE at
neutral and acidic pH. The spectra (shown in Fig. 2) have
a negative broad feature with a minimum at �202 nm
which while not characteristic of any standard model pep-
tide secondary structure, presumably reflects the turn ge-
ometry modified by the Phe-DPro-Gly linkage. The pattern
is roughly similar to that seen by Vass et al.25 in their
study of similar cyclic peptides, in which it was recognized
that although the CD resembled that of a disordered struc-
ture, that could not be correct (since it is cyclic). They
also noted this CD is not typical of known b-turns and

thus might be more complex due to conformational aver-
aging. This suggestion is further supported by the CD
bands we have reported for the NG4 and DPG4 peptides
(Ac-VNGK-NH2, disordered, and Ac-DPNGK-NH2, Type I0

turn, respectively) being of the opposite sign.38 There is
little effect of acidic pH on the spectra, but the TFE data
did have an extra negative band at �193 nm. Similarly, the
fluorescence of this cyclic peptide with either 250 or 280
nm excitation, while different, is similar in both solvents,
but in TFE is much broader, suggesting some quenching
mechanism (data not shown).

IR and VCD spectra were measured for the cyclic pep-
tide in D2O, TFE-OH, TFE-OD and DMSO, at different pH
values, and ATR-IR spectra were measured on dried films
taken from H2O and D2O solutions at high and low pH, to
obtain both protonated and H/D exchanged samples and
to observe the effects of protonation of the Asp side chain.
Because of its small size and nonregular geometry, the
Phe-DPro linkage, and the Asp and Arg side chains, this
cyclic peptide gives rise to several partially resolved bands
in the amide I region that may (at some level) be associ-
ated with local modes. The positions and relative inten-
sities of these are sensitive to pH, and the TFE results to
H/D exchange. The solution phase IR spectra are broader
in D2O than in the organic solvents, but accounting for the
linewidth differences, the D2O and TFE data are consist-
ent, but are shifted in frequency with D2O being lower
(Table 1 and Fig. 3, where the D2O and TFE results are
compared). The DMSO and TFE-OD data are not shown.

Again allowing for frequency shift and line broadening,
and correcting for some variation in baseline, the VCD spec-
tra of all three solution phase samples have the same funda-
mental coupled oscillator-like (alternating sign sequence)
VCD pattern. Within the amide I profile, a dominant strong
couplet appears, which is correlated to the higher wavenum-
ber absorption component. The bandshape is negative then
positive with decreasing frequency (at 1671 and 1647 cm21,
respectively, in D2O, while in TFE the corresponding nega-
tive band has two components at 1692 and 1680 cm21 and
the positive band is at 1651 cm21). Typically a weaker nega-

TABLE 1. Comparison of observed amide I frequencies and intensities for c(FpGRGD) in D2O and TFE

D2O TFE

IR VCD IR VCD

Frequency
(cm21)

Intensity
(A)

Frequency
(cm21)

Intensity
(1025 DA)

Frequency
(cm21)

Intensity
(A)

Frequency
(cm21)

Intensity
(1025 DA)

1710a 0.09 1701 0.1 1725a 0.08
1671 21.1 1692 21.9

1648 0.40 1647 1.8 1674a 0.78 1680 22.0
1651 3.5

1622 0.38 1622 20.4 1634a 0.56 1632 (–)c

1587 0.16 1601 8.4 1631 1.0
1530b 0.22 1523b 2.5

aMostly due to Asp��COOH.
bAmide II band in TFE��OH.
cNegative band between two positives.

Fig. 1. Definition of the c(FpGRGD) cyclic hexapeptide torsion angles
and numbering scheme.
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tive and positive VCD are seen to the low wavenumber side
of the amide I, with the negative component corresponding
to the prominent lower wavenumber absorption band (Table
1 and Fig. 3, right side).

The ATR-IR for low pH samples (see Fig. 4) has an am-
ide I band with a maximum at �1625 cm21 and a shoulder
at �1650 cm21, which are altered in relative intensity from
the solution phase data. They also show a broad amide II
band at �1525 cm21 that shifts to �1450 cm21 on H/D
exchange. A presumed amide III band occurs at �1280
cm21 but is quite dispersed and obscured by overlap with
side-chain modes (as evident from comparison of H2O and
D2O spectra, see inserts in Fig. 4). At neutral pH, the
Asp��COO2 band gives a broad band from 1530–
1580 cm21 and at low pH the Asp��COOH is at �1710 cm21.

MD-Derived Geometry

The torsional angles for the definition of the cyclic pep-
tide conformation are defined in Figure 1. For VCD and
IR, the backbone conformation is most relevant and will
be the focus of the discussion in this article. While side
chain conformational fluctuations were also analyzed, they
are most relevant for Raman spectral studies, which will

be discussed separately with relevant experimental data
and Raman simulations.

An overall equilibrium between conformations could
only be sampled with MD using relatively long time simu-
lations. Important conformational transitions such as the
flipping motion of the DPro-Gly turn between Type I0 and
II0 turns could only be observed, even for 100 nsec runs,
with higher temperatures and certain force fields. In par-
ticular, Amber99 showed no transitions from conforma-
tions started having a Type I0 turn, but OPLS led to con-
formers with Type II0-like turns at long times. Only by use
of high temperature simulations could such transitions be
revealed in the MD trajectories. In Figure 5a, the time de-
pendent conformational fluctuations showing such a transi-
tion are illustrated in terms of changes in the radius of
gyration (Rg) and dihedral angles sampled during a trajec-
tory obtained at 450 K. While the Rg does not vary drasti-
cally, as would be expected for a cyclic molecule, the Pro
dihedral angles, /2, w2, have a sharp transition in w2 from
�08 to � 21308 and back during the 14 nsec trajectory
(Fig. 5b). This is consistent with a change from approxi-
mately Type I0 to II0 for the Pro-Gly turn. More or less con-
certed with that change is a flip of the Gly5 /5 from 1108

Fig. 3. Experimentally obtained IR (left) and VCD (right) spectra of the c(FpGRGD) hexapeptide in (top) D2O (pH 5 2) and (bottom) TFE.

Fig. 2. ECD spectra of the c(FpGRGD) hexapeptide in H2O at low (dotted line) and neutral pH (black solid line) and in TFE (green line) at room
temperature (left) and in H2O (acidic pH) from 5 to 858C (right), where violet/blue (more intense) are the low temperatures and orange/red the hot.
[Color figure can be viewed in the online issues, which is available at www.interscience.wiley.com.]
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to 21408, but the w5 value is more variable, indicating that
this turn has a less well-defined conformation (Fig. 5c).

Figure 6 shows the corresponding distributions of dihe-
dral angles derived from the same trajectory for each resi-
due, F1,p2,G3,R4,G5,D6 in the order Figures 6a–6f,
respectively. Overall, the observed conformational fluctua-

tions suggest that this cyclic peptide has stable mixed
structures most often composed of two turns and a (very
short) anti-parallel b-strand structure. The two turns are
achieved in the DPro2-Gly3 sequence (numbering as in
Fig. 1), with the dihedral angles corresponding to the
DPro2 and the Gly3 residues being close to values
expected for tight b-turn Type I0 (/2�60, w2�30, /3�90
and w3�08) or Type II0 (/2�60, w2�2120, /3�280 and
w3�08) values. The other turn, composed of the Gly5-Asp6
residues, is quite distorted from these ideal values, but
may also have two dominant conformational populations.
However, they are not b-turns, in that three N��H groups
(F1,D6,G5) tend to point in toward the center of the turn,
rather than forming a H-bond with a C¼¼O. Two residues,
Phe1 and Arg4, form an elemental anti-parallel sheet struc-
ture, but as seen in Figure 5d, both cross-strand H-bonds
are infrequently formed, presumably due to the distortion
at the second, non-b-like turn (Gly5-Asp6). In particular,
the dihedral angles of the Phe1 residue are consistent
with an anti-parallel b-strand structure (Fig. 6a), but the
Arg4 has a broader distribution in w.

The MD-derived structures described above are consist-
ent with the results of our simulated annealing calculations
(see below) which also converged on a cyclic structure
with a Type I0 turn and a distorted, non-H-bonded turn at
the Gly-Asp end. The MD results show a definite disper-
sion in the structures the ring can achieve, but also imply
substantial barriers between them. The question remains
if the structures can be discriminated or the equilibrium
studied spectroscopically. This is a challenge for the QM
spectral simulations.

Fig. 5. Time-dependent equilibrium conformational fluctuation. MD trajectory carried out at 450 K with a total simulation time 14 nsec illustrating
changes in the: (a) radius of gyration (Rg) of the entire peptide; (b) dihedral angles (/2 5 black, upper, single value trace, w2 5 red) of the DPro residue
in the DPro-Gly turn; (c) dihedral angles (/5 5 black, mostly upper trace, w2 5 red) of the Gly5 residue in the Gly-Asp turn; and (d) number of H-bonds
among the backbone amide groups. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Fig. 4. ATR-IR spectra for films of the c(FpGRGD) peptide deposited
from H2O (top, solid line) or D2O at pH 2.6 (middle, dashed) or 7.0
(bottom, short dash). Inserts show expanded amide III regions.
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Simulated Annealing

The conformational distributions evident in the MD
runs described above indicate typical structures to select
for further study. The equilibrium obtained for the peptide
backbone geometry conformation by simulated annealing
with the Amber99 force field was conserved at 300 K, but
the side-chain conformations varied widely. The torsion
angles (defined in Fig. 1) of the main cyclic peptide chain
for a 1 nsec MD trajectory subsequent to the annealing
had rms deviations within 9–178 of the average values as
summarized in Table 2. Not surprisingly, the Gly residue
moved most (Ds�158) while the flexibilities of the other
residues were smaller, Ds�10–138; the most rigid being

the proline residue. The peptide backbone flexibility
appears to be moderated by the side chain characteristics.
The cyclic peptide thus again resembles two Type I0 b-
turns, one induced by the Pro-Gly, while the charged
amino acids partially stabilize the structure by formation of
intramolecular hydrogen bond bridges.

The MD trajectories were influenced by the starting ge-
ometry and the computational scheme, presumably due to
the constraints of the ring, which can lock the peptide into
a local minimum for a considerable time at low tempera-
tures. High temperature simulations show that rapid tran-
sitions between Type II0 and I0 turns are possible (see Fig.
5b) if one uses a cutoff for long range interaction correc-

Fig. 6. Relative distribution of dihedral angles of each residue in the same 450 K trajectory as Figure 5. Values indicate fraction of population distri-
bution in a degree. The black line is for /, and the red line is for w. Residues are: (a) Phe1, / �270 to 2150, (b) DPro2, / �80, (c) Gly3, / �2120,
(d) Arg4, / �2100 to 2130, (e) Gly5, / �120 and 2120, (f) Asp6, / �280 and 2150. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

TABLE 2. Average torsional angles and their dispersion obtained from simulated annealing

Backbone F P G R G D

Torsiona /1 w1 /2 w2 /3 w3 /4 w4 /5 w5 /6 w6

<s> 2141 157 62 16 74 20 2134 10 168 256 2136 221
<Ds> 9 9 10 11 15 15 13 12 12 17 13 14
Sidechain F R D
Torsion v1-1 v1-2 v4-1 v4-2 v4-3 v4-4 v6-1 v6-2
<s> 297 98 68 2175 268 2179 262 284
<Ds> 12 14 9 22 9 45 13 17

a<s>, average torsional value; <Ds>, root mean square deviation.
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tions. Simulated annealing can overcome these relatively
large barriers to conformational transition, making the
resulting structures a reasonable representation for the so-
lution structure. Since we have chosen to employ DPro-Gly
to stabilize one turn, it is not surprising that the structures
differ from previously determined cyclic hexapeptide
NMR results. The force fields chosen for our simulations
probably also contribute to the deviation.

Quantum Mechanical Spectral Modeling

For spectral modeling we randomly selected 10 MD
peptide geometries (A1-10) from a 1 nsec Tinker/Amber
simulation of the positively charged form. These struc-
tures all had an approximate Type I0 turn at the DPro-Gly
residues plus the distorted tight loop characteristic of the
highly annealed sample. Graphical representations of a
typical version of the Type I0 containing structure (A-se-
ries) are shown in Figure 7, with and without side chains.
To give some idea of the consistency of the ring backbone
conformation and the variation of the sidechains, we plot-
ted an overlapped version of these 10 structures in Figure
8a. These structures were partially DFT optimized at the
BPW91/6-31G** level with a COSMO representation of

the solvent and with constraints along normal coordinates
for modes <300 cm21.77,78 Final torsion angles for this set
are given in Table 3 (columns labeled A1–A10).

The alternate turn conformation did not occur during
this short MD run, thus to provide a comparison, four
Type II0 conformers (B-series) were constructed from an
MD simulation of the zwitterionic state (structures B1–B4
in Table 3). Use of the MD structures with restricted
COSMO optimization resulted in more separation of the
cross-strand parts of the B-type ring, so that while the
N��H and C¼¼O remained directed at each other; the dis-
tances became too large for H-bonding. Thus the solvent
corrected QM structure and the MD in solution structures
are related in having weaker (longer) cross-strand H-
bonds. If these B structures were instead fully optimized
in vacuum without constraint, the H-bonds were formed,
i.e. the ring tightened up on itself, and systematic changes
in /, w angles are clear. For the A structures, such a con-
traction is not seen, and the vacuum structures and /, w
angles are similar to the COSMO structures, which may
be due to the unusual loop formed at the Gly5-Asp6 seg-
ment which cannot form an H-bond. Two examples of full
minimization in vacuum are indicated as B-1vac and A-4vac
in Table 3. As is clear from Table 3, the variation in the /,
w angles for the respective Type II0 and I0 conformations is
not large among these selected conformations and we
thus expect their spectra to be relatively consistent for the
amide modes. Surprisingly, in Figure 8, the overlaid A
structures show more variation at the DPro-Gly Type I0

turn end than the other end, while the B structures are
more closely overlapped on both ends. This is not evident
in the Table 3 comparison and probably indicates a cou-
pling of different motions to relax the molecules, which
could be symptomatic of convergence to a multiple mini-
mum. However the change between Type I0 and II0 turns,
i.e. between the A and B series, is substantial and affects
all of the torsion angles, indicating that change is global.
The question remains as to its impact on spectra.

Fig. 7. Geometry of the full c(FpGRGD) peptide in a Type I0 turn form
(a, left), its ‘‘alanine’’ (b, middle) and ‘‘all-glycine’’ (c, right) analogues
taken for the spectra computations (based on the A-4 conformer of Table
2). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Fig. 8. For the c(FpGRGD) peptide, overlap of (a-left) 10 structures derived from a 1 nsec MD trajectory after simulated annealing (A1-10, Table 3)
which maintain a Type I0 turn at the DPro-Gly linkage and (b-right) four structures (B1-4) which have a Type II0 turn on both ends (DPro-Gly and Gly-
Asp) and potential (but long) anti-parallel cross-strand H-bonds. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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Peptide Vibrational Modes

The amide mode frequencies are sensitive to the basis
set and functional approximation used. In order to evaluate
the impact of this variance, and to determine an appropri-
ate level for pursuing our various cyclic peptide computa-
tions, we arbitrarily chose a single structure and did a
number of test computations varying the approximations
used. For the model in Figure 7c, where all residues are
substituted by Gly, but the /, w torsional angles of A-4 in
Table 3 were maintained, IR and VCD were computed at
the B3LYP/6-31G**, BPW91/6-31G** and BPW91/6-
31111G** levels, all with the COSMO solvent correction,
and are compared in Figure 9. The relative IR intensities
and VCD band shapes of the main amide bands are con-
served for all levels of theory used, but their frequencies
show a steady decrease for this variation of DFT methods,
which is most distinct for the amide I, as expected. There
are differences in the hybrid (B3LYP) functional results
including a band at �1350 cm21, but there are few IR or
VCD data for comparison with these predictions especially
since the side chains will dominate this region for real sys-

tems. Such considerations can be important for the Raman
interpretations, which will be considered separately.

The most important characteristic, the amide I-II gap is
also reduced by changing from the hybrid functional
(B3LYP, where the gap is �220 cm21) to BPW91, and
even further by use of the diffuse orbitals (6-3111G**)
bringing the average amide I–II separation down to
�140 cm21 in (Fig. 9c), which approaches the experimen-
tal value of �100 cm21. (It should be noted that, without
inclusion of explicit solvent, we would not expect to
achieve the experimental amide I-II separation value in our
DFT-based simulations.17,21,79) The B3LYP functional con-
tains the Hartree-Fock exchange term and is computation-
ally somewhat slower than BPW91, which thus costs more
time and offers no advantage (actually poses a disadvant-
age) for these amide centered modes of prime considera-
tion in peptide IR and VCD spectra. Although the results
are better, computations with the basis set containing the
diffuse functions (11) are much slower than with 6-
31G**, which can become prohibitive for realizing calcula-
tions with larger peptides. For example, with the cGly6

TABLE 3. Torsion angles of c(FpGRGD) MD conformations selected for ab initio computations

Type II0 turns Type I0 turns
Vacuum

s B-1 B-2 B-3 B-4 A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8 A-9 A-10 A-4vac B-1vac

/1 2153 2137 2145 –154 2126 2148 2143 2139 2133 2141 2146 2144 2143 2146 2132 2113
w1 130 132 159 125 165 132 163 156 170 156 160 160 153 169 152 101
/2 73 81 71 79 57 63 56 52 74 47 46 65 62 73 53 65
w2 2142 2143 2151 –139 25 28 19 23 15 12 30 11 9 16 24 2107
/3 293 286 285 284 59 60 66 70 69 92 39 66 92 78 72 2109
w3 210 222 223 219 13 39 39 35 16 18 60 33 37 14 33 20
/4 2143 2148 2146 –150 2124 2153 2145 2145 2138 2141 2143 2138 2168 2143 2144 2148
w4 120 121 118 156 9 20 13 7 3 20 26 10 3 210 10 118
/5 92 103 109 82 178 173 160 2170 164 161 171 168 2179 2177 2174 70
w5 2134 2144 2146 –135 271 273 261 258 223 251 227 267 276 247 255 2129
/6 2111 295 291 –114 2132 2151 2127 2132 2153 2143 2146 2126 2132 2130 2137 2101
w6 16 212 212 12 227 6 232 222 244 215 229 228 215 235 225 13

Fig. 9. Absorption (left) and VCD (right) spectra of the glycine analogue of the c(FpGRGD) peptide, cGly6, simulated for the A-4 conformation at the
B3LYP/COSMO/6-31G**(a,a0), BPW91/COSMO/6-31G** (b,b0), and BPW91/COSMO/6-31111G** (c,c0) levels.
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peptide, addition of diffuse functions expanded the basis
set by �50% and the time for the frequency calculation
increased fivefold on our computers. Since the relative dis-
persion and intensity patterns found with 6-3111G** level
computations are preserved in both the IR and VCD spec-
tra with the smaller basis set, we consider the BPW91/6-
31G** method to be an acceptable compromise that allows
us to compute larger peptide systems and qualitatively
estimate the impact of factors, such as structure, flexibility
and molecular environment. Detailed mixing of local
modes does vary somewhat yielding small differences in
quantitative mode intensities, but a consistent qualitative
pattern is maintained, which results in very similar overall
IR and VCD amide I and II bandshapes. Since the general
basis set dependent patterns are established, we can incor-
porate reasonable corrections for known frequency error
systematics (diagonal FF elements), if it is desired to bet-
ter align predictions with the experimentally observed dis-
persion. Furthermore, since it is established that the solva-
tion effects are the main error in these computed frequen-
cies, the virtue of basis set expansion without solvent
correction is debatable.68,79–81

Since the BPW91/COSMO/6-31G** calculational level
is seen to be most efficient for the targeted amide modes,
a series of computations were then directed at modeling
the impact of the side chains on the spectral shapes. We
compared the DFT computed spectra of the whole peptide
(including side chains) with that of its Ala analogue,
c(ApGAGA),where side chains, except for Pro and Gly,
were replaced by ��CH3, and finally with the simplified
cGly6 analogue (as illustrated in Figure 7). The A-4 confor-
mation was again arbitrarily selected for these tests. We
chose a specific conformer, because, while the angles in
Table 1 represent the average geometry well, they cannot
yield a realistic geometry since the angles were averaged
independently. IR and VCD spectra computed for the
three cyclic peptide analogues (Figs. 7a–7c) are thus plot-
ted in Figures 10a–10c. Using the cGly6 spectra (Figs. 10c
and 10c0) as a reference, we can assess the impact of the
side chain perturbations on the amide I, II, and III vibra-
tions. Since the Gly CH2 group scissor motion overlaps

the amide II in this DFT-derived FF (vacuum), the mole-
cule was modified to be pseudo chiral by changing the
mass of the appropriate H to 2, i.e. H/D exchange yielding
the L-d1-Gly variant, thereby modifying the scissor mode
into a Ca��H (and Ca��D) wag that would be normally
present in these residues. The impact of this correction
was relatively small, as can be seen by comparing Figures
9b and 9b0 with Figures 10c and 10c0.

For cGly6, the amide I mode spectrum has the least dis-
persion for the three structures used in this comparison,
and less than seen experimentally, having a computed maxi-
mum at 1662 cm21 and shoulder at 1680 cm21. Incorporat-
ing the D-Pro residue and substituting Ala for the other
three non Gly residues (Fig. 7b) leads to splitting of the am-
ide I band and development of a distinct low frequency com-
ponent (computed at �1632 cm21) due to the Phe1-Pro2 ter-
tiary amide.38 The amide I modes in the Ala-based peptide
are relatively uncoupled, each assignable to a specific amide
from G5 on the high frequency side to p2 then
A6(D),G3,and A4(R) overlapped to A1(F), resulting in a dis-
persion perhaps slightly larger than seen experimentally.
The amide II band also showed an increase in dispersion for
the Ala model (Fig. 10b), which may correlate to its mixing
with Ala��CH3 modes and the Pro��CH2 modes that are
actually calculated as partially interspersed with the lowest
amide II components. Amide III modes are also affected by
the side chains and couple with the methyl motion as well
as the Ca��H deformation. These frequencies are dispersed
between 1205–1274 cm21 in this model while the Ca��H
bands are mostly higher, but their IR intensities are so low
as to make the spectrum in this region non-descript, just a
series of poorly resolved features spread over 100 cm21.

Finally, by incorporating realistic side chains (Fig. 10a)
into the computation, distinct new modes are seen corre-
sponding to the added functional groups. However, the
amide I vibrations actually become less dispersed, and the
amide I modes become more mixed, each assignable to 2
or more local amides. While the C¼¼O stretching vibration
of the Asp��COOH group is computed at 1756 cm21, the
highest amide I component is again dominantly G5 with
p21R4 modes forming the next feature and F1 1 D6 the

Fig. 10. Comparison of absorption (left) and VCD (right) spectra simulated for the full c(FpGRGD) peptide (a,a0) and its Ala-like, c(ApGAGA), (b,b0)
and glycine, cGly6, (c,c0) derivatives at the BPW91/COSMO/6-31G** level. See Figure 7 for the respective geometries. For (c,c0) the glycine CH2 were
Ca H/D exchanged to form L-d1Gly. These results can be compared to the experimental IR and VCD data in Figure 3.
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main peak. The Arg4 side chain vibrations are computed
at �1646–52 cm21, forming the low frequency shoulder on
the amide I in Figure 10a, and these effectively push up
the (Phe1-DPro2) amide frequencies. The amide II mode
for the peptide with sidechains in (Fig. 10a) appears more
dispersed but with the same intensity pattern as for the
simplified models (Figs. 10b and 10c), even though it is
highly overlapped with Phe and other ��CH2 based
modes. Those side chain modes often have less dipole
strength, so their impact on the IR is smaller making the
observed pattern reflect the intensity dominance of the
amide modes. Only highly dipolar side chains like Asp
and Arg contribute to the IR at a level that is significant
for single residues. However, the C��N stretch mode of
the F1-p2 amide is computed at �1420 cm21 with rela-
tively high dipole strength in most simulations. As noted
above for the cGly6, the amide III region does have most
of its IR intensity from overlapping side chain modes,
since it has only very weak amide vibrations. The com-
puted full c(FpGRGD) spectrum has strong Asp side chain
C��O��H bending (1253 cm21) and C��O stretching
(1310 cm21) IR transitions in this region.

The VCD spectra (Figs. 10a0–10c0) differ more between
the various side chain representations. However, some
common patterns can be recognized, such as the domi-
nant amide I negative couplet, distorted to a (1,1,2) pat-
tern from high to low frequency for these A-type conform-
ers. The lower negative band is stretched out due to the
Phe1-Pro2 amide shift down in frequency for the Ala
model (Fig. 10b0) and is further distorted by addition of
the Arg4 overlap in the full side chain calculations (Fig.
10a0). The main difference in the amide I is that the over-
all positive couplet VCD which clearly dominates the
spectra for the Gly and Ala models is obscured in the full
calculation, where it apparently loses a negative compo-
nent due to band overlap. In VCD simulations the chiral
contributions of Arg4, Asp6, and Phe1 will be computa-
tionally overestimated, since in solution their side chains
will sample many conformations, but these calculations
necessarily select out just one of them. This plus the fact

that they are also calculated to lie high in wavenumber
(in both relative and absolute senses) means they inter-
fere in the computational analysis of the amide I VCD
spectrum. While the overall amide VCD pattern can still
be determined from the full peptide calculations it does
not adequately resemble the experimental one for the
amide I.

The amide II VCD has more variation with the side
chain approximation used, perhaps because amide II
motion can be coupled to the methyl C-H bending modes,
but remains net positive, while the amide III region has
many broadly dispersed bands but is net negative. Either
of these might agree with the experiment, but the data are
too broad and weak to be certain. Dependence of the IR
and VCD spectra on the side chains is often ignored, nor-
mally replacing them with methyls or hydrogens for QM
spectral simulation.12,38,82,83 Such an approach works well
for homopeptides or for periodic peptide structures, such
as sheets or helices, where the perturbations are uniform,
thus leading to an overall shift of the spectrum maintaining
relative relationships. Variable side chains can cause diffi-
culty in modeling irregular cyclopeptide spectra,40,66 but
with careful assignment, their impact can be taken into
account, since they mainly shift the amide frequencies, or
serve to disperse the amide character among nearby
modes, rather than change its nature or chirality.

Solvent Correction Model Comparison

After having assessed the role of the side chains we
compared models for the effect of the solvent on the vibra-
tional spectra. Fundamentally in all cases where we com-
pare the same molecules with and without COSMO cor-
rection for solvent effects, the COSMO amide I results are
shifted down in frequency and the dispersion is com-
pressed as compared to vacuum (contrast Figs. 11a and
11b). That added dispersion (�150 cm21) in vacuum is
accompanied by (at least partial) reversion to localized os-
cillator modes, which includes decoupling the Arg side
chain modes from the amide I when the side chains are
represented. (For the B-1 conformer, Arg modes are com-

Fig. 11. Left—predicted IR spectra of the c(FpGRGD) B-1 conformer calculated with BPW91/6-31G* (a) in vacuum, (b) with COSMO, and (c) the
full c(FpGRGD) peptide N-deuterated as compared to (d) for c(ApGAGA), Ala side chains only, in vacuum. Note that (a) and (d), the results in vacuum
are in general alignment, if the absence of the Arg and Asp side chain contributions in c(ApGAGA) are taken into consideration. Right—the correspond-
ing calculated VCD spectra, with (a0–d0) same conditions as on the left.
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puted at �1655 cm21 and 1695 cm21 partially interspersed
with the amide modes in vacuum but are lower in fre-
quency and less dispersed using COSMO correction. In A-
4, the relationship is different in detail but qualitatively the
same, COSMO being lower than in vacuum, but there
resulting in Arg side chain vibrations overlapping amide
modes in both cases.) A similar decoupling, at least par-
tially, of the amide I modes occurs on H/D exchange of
the amide to yield the amide I0 modes, as can be seen in
Figures 11b and 11c. While the dispersion does not
change very much on N-deuteration, the Arg side chain
modes shift down by �50 cm21, and the amide pattern
clarifies. This is commonly the situation that would be
seen in peptides dissolved in D2O.

To visualize these solvent effects, we changed our focus
structure from that of the previous figures and plotted in
Figure 11 the computed IR and VCD spectra for the B-1
conformer for c(FpGRGD) with all side chains included in
(a) in vacuom and with COSMO, both (b) protonated and
(c) N-deuterated and below that plotted (d) the computed
spectra for the all Ala, c(ApGAGA), version (but again in
vacuum) for the same ring geometry. With these computa-
tions for the B-ring geometry (two Type II0 turns), we can
see some regularity. The highest mode is again the
Asp��COOH, followed by the amide I modes whose high-
est component is the Pro amide, followed by mixtures of
the D6, G5, and R4 amides with increasing intensity to the
maximum intensity amide mode which is centered on the
G3 amide, and finally a weaker F1 amide is shifted down
in frequency (due to the Phe-DPro tertiary amide bond).
Overlapping the F1 amide I are the Arg side chain modes
which shift further down on deuteration and (partly) in
vacuum, as noted above. Amide II modes in the B struc-
tures are more tightly clustered than for the A series
resulting in more intensity for the overlapped cluster. This
is particularly evident in the in vacuom representation,
where amide II modes are often predicted to have anoma-
lously high intensity without solvent correction.21 To lower
frequency is a distinct intense F1-p2 C��N stretch, pre-
dicted at �1420 cm21.

This shift to a representation of the B conformers, in
contrast to Figures 9 and 10, was chosen to show the dif-
ferences in spectra for the two forms which is especially
evident in the VCD. Here the dominant pattern seen is a
positive amide I couplet, with negative VCD for the lower
intensity, higher frequency p2 mode and positive for the
intense G3 mode. The other modes also contribute, and
with increased mixing tend to have opposing signs, result-
ing in added couplet (or oscillating) bands, but maintaining
a positive couplet overall pattern. The Ala representation for
the B-1 conformer in fact results in an alternating sign pat-
tern for the amide I modes (Fig. 11d0) that is in qualitative
agreement with the experimental pattern seen in D2O. This
underlying oscillation has a tendency to result in two high
frequency negative components being apparent in the VCD,
much as seen in TFE experimentally, when the computed
dispersion is contracted in the COSMO version for the full
peptide. Another facet of this B-series conformation is that
the Asp��COOH mode is less separated from the amide I
than for the A series, but this characteristic is quite depend-

ent on method. Clustering of the amide II modes seems to
result in a negative couplet pattern with the lower frequency
negative component being dominant, and quite intense,
which does not fit the experimental pattern. The amide II
mode is likely to be affected by H-bonding to the solvent,
which will vary considerably for different residues. The F1-
p2 C��N stretch is also predicted to be negative in this con-
formation.

DISCUSSION

This study of a model cyclic peptide demonstrates the
chirality that develops for a sequence with an averaged set
of constrained conformations, as measured with VCD. The
VCD spectra of amide I bands have no local character and
result from the coupling of locally achiral groups in a chi-
ral conformation. The constraint persists through confor-
mational averaging due to the relative weighting of favored
structures. Thus the important issue for interpretation of
spectra in terms of conformation is proper modeling of
this coupling. Here we showed that the peptide can be
adequately represented by its backbone if one keeps in
mind the necessary corrections that will be imposed by
the side chains, such as spectral overlap and shifting of
the base frequencies. This is most easily done if Gly and
Pro residues, which are the most distinct vibrational var-
iants, are kept as explicit components of the structure and
if other residues are represented as L-Ala, with the proper
chirality.

There are certainly solvent effects on the spectra, as can
be seen by comparing our IR and VCD data for the cyclic
peptide in TFE and water (even more so in DMSO, data
not shown). However, the results are qualitatively consist-
ent. This fits the MD results which show that the amide
backbone does not change much unless one uses a very
high temperature trajectory. The qualitative sign pattern of
the VCD transitions is preserved in both spectra. The com-
puted patterns for the B-series in vacuom and with
COSMO mostly reflect the observed amide I spectra and
actually are somewhat better predicted with the COSMO
on the full c(FpGRGD) peptide than the minimal (Ala-
based) side-chain simulation. But the qualitative agree-
ment for the amide I is apparent in both levels of computa-
tion, while that for the amide II is not. The qualitative suc-
cess of the Ala prediction arises because the side chains
do not contribute much to the amide I VCD pattern, but
they do shift the frequencies, much as solvation does, and
in this case they distort the low frequency side (due to
Arg mode overlap). Use of VCD predicted for just a single
structure means that this shift arises from a perturbation
due to a fixed, arbitrary stereochemical relationship,
whereas the sidechains in solution are highly flexible. Sub-
stituting Ala in the prediction means such effects, while
ignored, are also effectively averaged. None-the-less the
frequency impact remains and one must be aware of it to
compensate in the analysis. As we have established, solva-
tion effects can be compensated in VCD analyses by know-
ing the general effects and either shifting the mode fre-
quencies or just compensating for them in analysis of the
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spectra. The same should be true of flexible side-chain
effects. If those effects are tracked by simulation resulting
in establishment of behavior patterns, the simpler calcula-
tions can lead one to a useful conformational interpreta-
tion. The Arg effect is also minimized by N��D substitu-
tion which shifts those modes down in wavenumber and
reduces overlap with the amide I modes.

Comparison with Experiment

All the spectra we calculated have a dispersed amide I
mode typically exhibiting two main overlapped features
whose components to lower energy are generally more
intense, which reflects the ATR spectral patterns (see Fig.
4) but does not fit the solution results (Fig. 3) as well. The
computed spectra of both the A and B series have this pat-
tern, but computationally the A pattern is more dependent
on Arg modes being mixed with the amide I. In the A se-
ries case, the overall pattern could be seen as two over-
lapped bands. For the c(FpGRGD) peptide in vacuum or
when deuterated, as well as for the Ala version, the origi-
nal pattern persists despite the increased dispersion and
the shift of the Arg modes.

In the experimental spectra, the amide II modes are
weak and broad at best, which is consistent with the A-se-
ries IR absorbance but not predicted by the B-series pat-
tern. Even with COSMO the amide I–II separation is too

large. In our experience, only use of explicit solvent repre-
sentation in the DFT and a larger basis set including dif-
fuse functions (as suggested above with our Gly6 compara-
tive calculations in Fig. 9) can overcome this defi-
ciency.21,66,79 Lower frequency bands do not discriminate
between the two structural models, due to low IR intensity;
consequently, the IR is seen to be conformationally inde-
terminant. There are variations in the different conforma-
tions found in the MD trajectory, so choosing just one (as
done in the above examples using just B-1 or A-4 conform-
ers) biases the result. Averaging over the trajectory should
help even out the specific deviations, but this requires
computing spectra for individual structural variants. A
comparison of the experimental data and the computed av-
erage for the selected A and B-forms noted in Table 3 are
shown in Figure 12.

VCD does show a distinct difference between the con-
formers. The B-series has a dominant amide I positive cou-
plet, although when these four spectra are averaged, an
anomalously high intensity positive VCD band appears on
the low frequency side of the amide I mode. The match of
specific modes is far from perfect, and the lower frequency
components of the amide I are underrepresented, but the
overall sign pattern seen experimentally suggests that the
B-conformers must make a major contribution to the con-
formational mix, and this would in turn indicate that Type

Fig. 12. Comparison of the average IR (left) and VCD (right) spectra for the (a) A1-10 Type I0 series and (b) B1-4 Type II0 series of computed spectra
with the respective experimental spectra in (c) D2O and (d) TFE OH.
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II0 turns are important in this cyclic peptide structure. The
apparent mis-match in the amide II region noted above for
the B-1 conformer is improved by averaging over the four
B conformers, making that mode also supportive of this
structural assignment. Clearly the only way to find agree-
ment between experiment and theory here is to average
computed spectra for many structures. Since our selection
of them from the MD trajectory is intrinsically arbitrary,
definitive structural analysis is premature, but qualitative
conformational determination seems possible. Slight varia-
tion (full minimization) of the modeling of the A structures
revealed that the VCD pattern is very sensitive to minor
geometry variations within one class of the b-turns. Partic-
ularly, the increased flexibility of the peptide chain in the
vicinity of the glycine residues, observed also for other
model oligopeptides,26 can have a significant impact on
the resultant spectral shape.

Going beyond the amide modes, the Asp��COOH mode
is experimentally seen as a shoulder on the high fre-
quency side of the amide I, more like the B-series predic-
tions, and the Arg bands are low frequency shoulders (in
D2O, but perhaps higher in organic solvents). Without the
COSMO correction, the predicted Asp band would be
even more unrealistically high in frequency. The VCD cor-
responding to this band is very weak and functionally inde-
terminate in sign. The Arg modes are more difficult to sort
out, but apparently are just below the amide I in D2O and
have little VCD contribution. The sum of these observa-
tions is that the Ala model offers a representation better
suited to assigning the amide modes than do the full side-
chain calculations, but that the COSMO corrections
remain helpful. This assumption must be used with care.
Clearly for peptides containing Arg, there is an upward
shift of the F1-p2 frequency, so the Arg has an impact on
the amide I, serving to reduce its dispersion. Further, for
sorting out these modes, it is very useful to have calcu-
lated the spectra at different levels of approximation. By

this we mean with varying contributions from the side
chains. For a single DFT calculation, the side chain contri-
butions could be shifted by isotopic substitution, which
while somewhat difficult (or at least expensive) to realize
experimentally, is straightforward to simulate computation-
ally by just changing the masses and reusing the original
FF.

We have further attempted to use the empirical correc-
tions for solvent effects that we have previously reported
to further correct the spectra for solvent effects (not
shown).81,84,85 Unfortunately, although the corrections did
improve the frequencies of the amide I modes, they did
not lead to an improved interpretation of the data.

Effect of Molecular Flexibility

Finally, we explore the effect of the conformational flexi-
bility of the peptide on the spectra. This effect, perhaps
surprisingly, appears smaller than that of the solvent, at
least in the adopted models. For example, for the 10 A-con-
formations selected during the MD run, amide I frequen-
cies oscillate (�615 cm21) around average values and the
arginine side chain vibration exhibits slightly bigger sensi-
tivity to the conformations. This of course is consistent
with the small changes in backbone geometry (see /, w
values in Table 2), whose impact on amide I frequencies
can be seen in Figure 13. There similar normal modes are
tracked in different conformers with the aid of the S-vector
overlaps, PAIBJ

¼ jPk¼1:::NAT ; a¼1:3 S
I ;A
ka S

J ;B
ka j, where SI ;A

ka , is
the S-matrix vector for mode I, atom k and coordinate a in
conformation A.66 The overlaps achieve maximum values
(5 1) for identical modes. Occasional change of the transi-
tion ordering suggests that the averaging could change
the signs of VCD features, which does occur for close
lying modes as can be seen in the variations of central fre-
quencies for the 10 conformers, and even sometimes for
further separated ones, see conformers A-7 and A-9 as
shown in Figure 13. Similar plots could be made for the B-
conformers, but they are much more similar and conse-
quently do not offer such exchanges in ordering.
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A complete set of NMR chemical shifts and spin-spin coupling con-
stants for L-alanyl-L-alanine zwitterion and analysis of its conforma-
tional behavior. J Am Chem Soc 2005;127:17079–17089.
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64. Huang R, Setnička V, Etienne MA, Kim J, Kubelka J, Hammer RP,
Keiderling TA. Cross-strand coupling of a b-hairpin peptide stabilized
with an Aib-Gly turn using isotope-edited IR spectroscopy. J Am
Chem Soc 2007;129:13592–13603.
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ABSTRACT Six active 4-aryl-5-nitro-pentan-2-ones were synthesized enantioselec-
tively from the corresponding 5-aryl-butenones by asymmetric Michael addition of nitro-
methane using an imidazolidine-type enantioselective organocatalyst. The ee ratio of the
products were between 67 and 100%, determined by HPLC with Chiracel OD. Molecular
and crystal structure of 3,4-methylenedioxy-phenyl-5-nitro-pentan-2-one has been studied
by single crystal X-ray diffraction. Chirality 20:1120–1126, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: organocatalyst; Michael addition; enantioselectivity; crystal structure;
enantiomer excess

INTRODUCTION

The asymmetric conjugate addition is one of the most
powerful bond-forming reactions to construct enantioen-
riched, highly functionalized carbon skeletons for total
synthesis of natural and biological active compounds (for
recent reviews see Refs. 1–6). Its importance is evident by
considering that a Michael addition can represent the ini-
tiating step of more complex inter- and intramolecular tan-
dem processes. The utility of this reaction is due, in part,
to the broad spectrum of nucleophilic donors and electro-
philic acceptors that can be employed in the transforma-
tion (see Refs. 7–12 for general reviews).

Nitroalkanes are particularly valuable source of stabilized
carbanions, as the strongly electron withdrawing nature of
the nitro group (pKa MeNO2 < 10) facilitates generation of
the nitronate anion under mild conditions13 and are suitable
nucleophilic donors in Michael addition. Additionally, the
nitro group is versatile functional group that can be con-
verted to ketone (Nef reaction), reduced to amine, etc.14

Although the g-nitro-ketones which are the products of the
conjugate addition of nitroalkanes to enones easily can be
synthesized alternatively by the Michael addition of ketones
to the corresponding nitroolefins, generally, the first route
is preferable because of the better stability of enones than
nitro olefins specially for large-scale synthesis.

In the last two decades, a variety of catalyst systems
have been developed for the asymmetric conjugate addi-
tion of nitroalkanes and in particular nitromethane to chal-
cones. These include chiral crown ethers,15–20 chiral Lewis
acids,21 phase transfer catalyst derived from cinchona alka-
loids,22–24 and cinchona alkaloid-derived thiourea cata-
lysts,25 and aluminum-salen complex.26

These methods, however, have good stereoselectivity ei-
ther only in case of chalcones, or for other enones needed
complicate bidentate catalysts (sometimes with metal-com-

plexes) which mostly can be synthesized on lengthy, mul-
tistep routes.

Simple metal-free organocatalysts27–31 having chiral pyr-
rolidine or imidazolidine skeleton, easily made from such
common L-amino acids as L-proline or L-phenylalanine,
developed in the last years by several groups,32–38 seem to
be the most successful enantioselective catalysts for a
range of reactions. Proline (1) has been first used as its
rubidium salt in the addition of nitroalkanes to enones
with moderate to good enantioselectivities (41–84%).39–42

The use of proline with amine additives for addition to
enones was investigated by Hanessian and Pham43 than
Ley and coworkers improved the method using tetrazole
derivatives of proline, in every case with piperazin deriva-
tives as base additives, reaching 72–89% ee.44–49

Macmillan and coworkers have introduced the chiral imi-
dazolidinone type catalyst 2 and 3 (Scheme 1), readily avail-
able from L-phenylalanine, methylamine, and acetone or
pivalaldehyde, respectively,50–55 but these catalysts have not
been used in conjugate addition of nitroalkanes to enones.

Jørgensen and coworkers developed the simple chiral
imidazolidine catalyst 4 (Scheme 1), which without any
additives gave 34–86% enantioselectivities for conjugate
addition of nitroalkanes to simple enones, for example, in
case of nitrometane and benzylidene acetone the ee was

*Correspondence to: Gábor Szántó, Department of Organic Chemistry
and Technology, Budapest University of Technology and Economics,
1521 Budapest, PO Box 91, Hungary. E-mail: gszanto@mail.bme.hu

Contract grant sponsor: Hungarian Research Foundation; Contract grant
number: T 034772.
Contract grant sponsor: National Office for Research and Technology;
Contract grant number: MU-00338/2003

Received for publication 27 November 2007; Accepted 22 February 2008
DOI: 10.1002/chir.20567
Published online 27 May 2008 in Wiley InterScience
(www.interscience.wiley.com).

CHIRALITY 20:1120–1126 (2008)

VVC 2008 Wiley-Liss, Inc.



73%.56 Their catalyst gave good enantioselectivities in
other type Michael reactions, too, for example, they devel-
oped a method for the synthesis of the anticoagulant war-
farin and analogues.57–60

In our ongoing studies directing toward the synthesis of
phenantridine alkaloids and their analogues we extended
the application of the Jørgensen catalyst 4 for the enantio-
selective Michael addition of nitromethane to hydroxy,
alkoxy, and methylenedioxy substituted benzylidene ace-
tones 5a–f and have reached in every case similar or bet-
ter enantioselectivites than can be reached with the unsub-
stituted enone.56 The synthesized six active 4-aryl-5-nitro-
pentan-2-ones 6a–f are suitable intermediates for our
alkaloid synthesis (Scheme 2).

4-Aryl-5-nitro-pentan-2-ones as chiral compounds can be
synthesized by Michael addition either from the prochiral
4-arylbutenones and nitromethane or from the prochiral b-
nitrostyrenes and acetone. Both reactions are known for a
long time using unsubstituted61–69 or substituted61–71 phe-
nyl derivatives. Although it is obvious that both reactions
can be performed enantioselectively; they were not de-
scribed in the literature until recently.

The alternative way of preparation of the R-enantiomer of
this compound (6a) from nitrostyrene and acetone26,44–49,72

with bidentate or mixture catalysts was reported recently.
The R-enantiomer of 4-(4-methoxyphenyl)-5-nitro-pentan-2-
one was also synthesized,26,72 anyhow none of other sub-
stituted active nitropentanones were prepared and pub-
lished until now.

EXPERIMENTAL
General Procedures

Melting points were determined using a Büchi 510 appa-
ratus and are uncorrected. The optical rotation was meas-
ured with the help of a Perkin-Elmer 241 polarimeter at
208C. NMR spectra were obtained in CDCl3 on a Brucker
DRX-500 instrument. Mass spectra were obtained on a
Varian MAT312 instrument. Column chromatography was
carried out using 70–230 mesh silica gel (Merck). The ee
values were determined by HPLC (detector: JASCO UV-
1575, pump: PU-1580).

Preparation of Starting Compounds 5a–f

Aryl-butenones 5a–f73–79 were synthesized from the cor-
responding aromatic aldehydes and acetone in diluted
NaOH solution,80 and were purified by distillation in
reduced pressure or in some cases by crystallization from
methanol.

General Method for Preparation of Michael Adducts 6a–f

The corresponding aryl-butenone (10.5 mmol) was dis-
solved in nitromethane (20 ml, 369.3 mmol) and catalyst 4
(2.1 mmol) was added to the solution. Then, the reaction
mixture was stirred for 168 h in room temperature. The
solvent was evaporated and the product was isolated by
FC on silica gel using ether-pentane (1:1) as eluant.

Scheme 1. The metal-free organocatalysts 1–4.

Scheme 2. The enantioselective synthesis of the 4-aryl-5-nitropentan-2-ones.
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4-(3-Methoxyphenyl)-5-nitro-pentane-2-one (6a)

Yield: 68%; ½a�20D : 21.28 (c 5 1, CHCl3), 74% ee. The
enantiomer excess was determined by HPLC analysis with
Chiralcel OD (Daicel Chemical Industries); eluent: hex-
ane:isopropanol 5 8:2; flow rate: 1 ml/min; detection: UV
286 nm; temperature: 208C. Oil. 1H NMR (500 MHz,
CDCl3): d 2.05 (s, 3H, 1-CH3), 2.83 (d, 2H, 3-CH2), 3.72 (s,
3H, OCH3); 3.91 (kv, 1H, 4-CH), 4.50-4.62 (m, 2H, 5-CH2),
6.67–6.74 (m, 3H, Ar-CH), 7.17 (t, 1H, Ar-CH); 13C-NMR
(75 MHz, CDCl3): d 30.6, 39.3, 46.3, 55.4, 79.6, 113.1,
113.8, 119.7, 130.3, 140.6, 160.2, 205.5; HRMS calcd for
C12H15NO4 (M

1) 237.1001, found 237.1004.

4-(3,4-Dimethoxyphenyl)-5-nitro-pentane-2-one (6b)

Yield: 49%; ½a�20D : 21.28 (c 5 1, CHCl3), 82% ee. The
enantiomer excess was determined by HPLC analysis with
Chiralcel OD (Daicel Chemical Industries); eluent: hex-
ane:isopropanol 5 8:2; flow rate: 1 ml/min; detection: UV
286 nm; temperature: 58C, mp. 76–788C, Reichert and Pose-
mann gave 90–918C (from methanol) for the pure racemic
6b.70,71 1H NMR (500 MHz, CDCl3): d 2.05 (s, 3H, 1-CH3),
2.82 (d, 2H, 3-CH2), 3.78 (s, 3H, OCH3), 3.80 (s, 3H,
OCH3), 3.88 (kv, 1H, 4-CH), 4.51–4.59 (m, 2H, 5-CH2),
6.65-6.75 (m, 3H, Ar-CH); 13C NMR (75 MHz, CDCl3): d
30.6, 39.0, 46.5, 56.1, 56.2, 79.9, 111.1, 111.7, 119.4, 131.5,
148.8, 149.4, 205.7; HRMS calcd for C13H17NO5 (M1)
267.1107, found 267.1113.

4-(3,4,5-Trimethoxyphenyl)-5-nitro-pentane-2-one (6c)

Yield: 72%; ½a�20D : 21.38 (c 5 1, CHCl3), 80% ee. The
enantiomer excess was determined by HPLC analysis with
Chiralcel OD (Daicel Chemical Industries); eluent: hex-
ane:isopropanol 5 8:2; flow rate: 1 ml/min; detection: UV
210 nm; temperature: 208C, mp. 70–728C. 1H-NMR (500
MHz, CDCl3): d 2.07 (s, 3H, 1-CH3), 2.82 (d, 2H, 3-CH2),
3.74 (s, 3H, OCH3), 3.77 (s, 6H, 2xOCH3), 3.87 (kv, 1H, 4-
CH), 4.50–4.63 (m, 2H, 5-CH2), 6.34 (s, 2H, Ar-CH); 13C
NMR (75 MHz, CDCl3): d 30.6, 39.5, 46.5, 56.4, 61.0, 79.6,
104.7, 134.7, 137.8, 153.7, 205.5; HRMS calcd for
C14H19NO6 (M

1) 297.1212, found 297.1206.

4-(3,4-Methylenedioxy-phenyl)-5-nitro-
pentane-2-one (6d)

Yield: 52%; ½a�20D : 22.18 (c 5 1, CHCl3), 100% ee. The
enantiomer excess was determined by HPLC analysis with
Chiralcel OD (Daicel Chemical Industries); eluent: hex-
ane:isopropanol 5 8:2; flow rate: 1 ml/min; detection: UV
286 nm; temperature: 58C, mp. 100–1028C, Walker gave
96.5–98.58C (from methanol) for the pure racemic 6d.61–69
1H NMR (500 MHz, CDCl3): d 2.05 (s, 3H, 1-CH3), 2.79 (d,
2H, 3-CH2), 3.85 (kv, 1H, 4-CH), 4.43–4.60 (m, 2H, 5-CH2),
5.87 (s, 2H, O��CH2��O), 6.59–6.69 (m, 3H, Ar-CH); 13C
NMR (75 MHz, CDCl3): d 30.6, 39.1, 46.5, 79.9, 101.5,
107.9, 108.9, 120.9, 132.7, 147.4, 148.4, 205.5; HRMS calcd
for C12H13NO5 (M

1) 251.0794, found 251.0801.

4-(4-Hidroxy-3-methoxyphenyl)-5-nitro-
pentane-2-one (6e)

Yield: 55%; ½a�20D : 20.58 (c 5 1, CHCl3), 67% ee. The
enantiomer excess was determined by HPLC analysis with
Chiralpak AD (Daicel Chemical Industries); eluent: hex-
ane:isopropanol 5 9:1; flow rate: 1 ml/min; detection: UV
224 nm; temperature: 58C, mp. 66–688C. 1H NMR
(500 MHz, CDCl3): d 2.13 (s, 3H, 1-CH3), 2.89 (d, 2H, 3-
CH2), 3.89 (s, 3H, OCH3), 3.94 (kv, 1H, 4-CH), 4.53–4.69
(m, 2H, 5-CH2), 5.59 (s, 1H, OH), 6.69-6.88 (m, 3H, Ar-
CH); 13C NMR (75 MHz, CDCl3): d 30.7, 39.1, 46.6, 56.2,
80.0, 110.7, 115.0, 119.8, 130.9, 145.5, 146.9, 205.7; HRMS
calcd for C12H15NO5 (M

1) 253.0950, found 253.0955.

4-(4-Benzyloxy-3-methoxyphenyl)-5-nitro-
pentane-2-one (6f)

Yield: 55%; ½a�20D : 11.58 (c 5 1, CHCl3), 71% ee. The
enantiomer excess was determined by HPLC analysis with
Chiralcel OD (Daicel Chemical Industries); eluent: hex-
ane:isopropanol 5 8:2; flow rate: 1 ml/min; detection: UV
210 nm; temperature: 308C, 91–938C. 1H-NMR (500 MHz,
CDCl3): d 2.03 (s, 3H, 1-CH3), 2.79 (d, 2H, 3-CH2), 3.80 (s,
3H, OCH3), 3.85 (kv, 1H, 4-CH), 4.45-4.60 (m, 2H, 5-CH2),
5.03 (s, 2H, O��CH2��Ph), 6.58-6.76 (m, 3H, Ar-CH),
7.18–7.35 (m, 5H, Ar-CH); 13C-NMR (75 MHz, CDCl3): d
30.5, 38.8, 46.4, 56.2, 71.1, 79.7, 111.6, 114.3, 119.2, 127.3,
127.9, 128.6, 131.9, 137.0, 147.9, 150.0, 205.5; HRMS calcd
for C19H21NO5 (M

1) 343.1420, found 343.1427.

Single Crystal X-Ray Diffraction

The crystals of 3,4-methylenedioxy-phenyl-5-nitro-pen-
tan-2-one are colorless platelets. The size of the crystal
selected for single crystal X-ray diffraction measurement is
0.40 3 0.35 3 0.10 mm. Formula is C12H13NO5, formula
weight is 251.23, F(000) 5 528. It crystallizes in the ortho-
rhombic crystal system, space group P212121. The cell
dimensions are a 5 5.6021(11) Å, b 5 7.7172(13) Å, c 5
27.479(6) Å, a 5 b 5 g 5 908, V 5 1188.0(4)A3, Z 5 4,
Dx 5 1.405 mgm23. A crystal was mounted on a loop in
oil. The diffraction measurement was performed at T 5
101(1) K. Intensity data were collected on a Rigaku R-Axis
Rapid diffractometer (graphite monochromator; Mo-Ka
radiation, k 5 0.71073 Å) in the range 3.0 � y � 27.48.
Cell parameters were determined by least-squares of the
setting angles of all collected reflections. A total of 45124
reflections were collected of which 2704 were unique
[R(int) 5 0.094, R(r) 5 0.0409]; 2576 reflections were
>2r(I ). Completeness to 2y 5 0.998. An empirical absorp-
tion correction was applied to the data, l 5 0.111 mm21,
the minimum and maximum transmission factors were
0.9571 and 0.9890. The structure was solved by direct
methods with SHELXS97.81 Neutral atomic scattering fac-
tors and anomalous scattering factors are taken from Inter-
national Tables for X-ray Crystallography.82 Anisotropic
full-matrix least-squares refinement with SHELXL9783,84

on F 2 for all nonhydrogen atoms yielded R1 5 0.0344 and
wR2 5 0.0891 for 2576 [I > 2r(I)], R1 5 0.0364 and wR2
5 0.0906 for all (2704) intensity data (goodness-of-fit 5
1.032; the maximum and mean shift/esd 0.000 and 0.000).
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The Flack x parameter87 is 20.7(9), what is poorly reliable
because of the lack of atoms with substantial anomalous
scattering.

Number of parameters 5 164. The maximum and mini-
mum residual electron density in the final difference map
was 0.274 and 20.207 e A23. The weighting scheme
applied was

w ¼ 1= r2ðF2
0 Þ þ ð0:0472PÞ2 þ 0:2884P

h i
;

where P ¼ ðFo
2 þ 2Fc

2Þ=3

Hydrogen atomic positions were located in difference
maps. Hydrogen atoms were included in structure factor
calculations but they were not refined. The isotropic dis-
placement parameters of the hydrogen atoms were
approximated from the U(eq) value of the atom they were
bonded.

Crystallographic data (excluding structure factors) for
the above crystal structure have been deposited with the
Cambridge Crystallographic Data Centre as supplemen-
tary publication number CCDC 642785

RESULTS AND DISCUSSION

The synthesis of six new active 4-aryl-5-nitro-pentan-2-
ones (6a–f) is reported by asymmetric Michael addition of

nitromethane to the appropriate 4-aryl-butenones 5a–f
using Jørgensen’s enantioselective organocatalyst 4. The
organocatalyst was carefully chosen based on the reported
high enantioselectivity achieved with the unsubstituted
phenyl-nitropentanone.

Organocatalyst 4 proved to be highly effective in our
experiments: synthesis of all substituted phenyl-nitropenta-
nones 6a–f gave similar or better ee-ratio than the unsub-
stituted reactant.

The yield of the syntheses, enantiomer excess, optical
rotation and melting point of the substituted phenyl-nitro-
pentanones (6a–f) synthesized by asymmetric Michael
addition of nitromethane to 4-aryl-but-3-en-2-ones 5a–f are
listed in Table 1. Considering the ee ratio of the products
with increasing number of methoxy substituents higher
enantioselectivity can be observed. Practically enantiopure
product was obtained in case of the 3,4-methylenedioxy
substituted derivative (6d). Presence of the free phenolic
hydroxy or benzyloxy groups yielded lower ee ratio.

The asymmetric Michael addition reactions were car-
ried out in nitromethane as solvent at ambient temperature
using 20 mol % of catalyst 4. The reaction time was 168 h
in each case. After evaporation of the nitromethane in
reduced pressure, the crude reaction mixture was purified

TABLE 1. The yield, optical properties and melting point of the substituted phenyl-nitropentanones (6a–f) synthesized by
asymmetric Michael addition of nitromethane to 4-aryl-but-3-en-2-ones 5a–f

Compound R1 R2 R3 Yielda (%) eeb (%) Optical rotationc Mp (8C)

6a CH3O H H 68 74 21.28 – (oil)
6b CH3O CH3O H 49 82 21.28 76–78
6c CH3O CH3O CH3O 72 80 21.38 70–72
6d ��OCH2O�� H 52 100 22.18 100–102
6e CH3O OH H 55 67 20.58 66–68
6f CH3O PhCH2O H 55 71 11.58 91–93

aYields were determined after isolated by FC on silica gel.
bEnantiomer excess were determined with chiral HPLC on Chiracel OD.
cConditions: 208C, solvent: CHCl3, c 5 1.

Fig. 1. The molecular structure85 of 6d. The displacement parameters
are shown on 50% probability level. The chiral center is C10. Heteroatoms
are shaded. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

Fig. 2. The packing arrangement86 in the crystal of 6d. Hydrogen
atoms are omitted for clarity. (a), View from the crystallographic axis a
(b), View from the crystallographic axis b. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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by FC on silica gel. The residue was used directly for ee
determination by HPLC on Chiracel OD. The products
crystallized slowly in most cases. It was used for determi-
nation of optical rotation and melting point, and for analyti-
cal measurements, NMR and MS spectroscopy. Synthesis
of 6d resulted in practically enantiopure product.

Single crystal X-ray diffraction measurement was per-
formed with 3,4-methylenedioxy-phenyl-5-nitro-pentan-2-
one 6d. There is one molecule in the asymmetric unit of
the crystal structure (see Fig. 1).

6d crystallizes in the orthorhombic chiral space group
P212121 (No. 19). The quality of the crystal was good, the
measurement was performed at low temperature (101 K),
the structure is ordered, it was possible to locate all hydro-
gen atoms in the difference Fourier maps, and to refine
the structure to R 5 0.0344 for I > 2r. The molecules are
arranged by alternating layers of the constituents (see Fig.
2), the ring and the alkyl substituent moieties, respec-
tively, along the crystallographic axis c, in the crystallo-
graphic ab plane.

There are no strong intermolecular interactions in the
crystal structure owing to the lack of donors, although sev-
eral potential acceptors are present. There are three weak
C��H. . .O type intermolecular interactions among the mol-
ecules (Table 2). One intramolecular weak C��H. . .O
hydrogen bond contributes to the stability of the molecu-
lar conformation, its graph set descriptor87 is S6. There
are no attractive p. . .p interactions, but two C��H. . .p
interactions are found to the aromatic ring: C6-H6. . .p
(2.63 Å, 3.3592(17) Å, 1348) and C9-H9B. . .p (2.81 Å,
3.4993(18) Å, 1278). The unit cell contains no residual
solvent accessible void. The determined (S) absolute con-
figuration88 by single crystal X-ray diffraction is hardly
reliable because of the lack of strong anomalous scatter-
ing centers.

CONCLUSION

The imidazolidine-type enantioselective organocatalyst
4 was utilized for synthesizing six new active 4-aryl-5-nitro-
pentan-2-ones. According to the results, the catalyst
proved to be very effective: the ee ratios of the products
were between 67 and 100%. Single crystal X-ray diffraction
was applied to determine the molecular and crystal struc-
ture having weak CH. . .p interactions only.

In summary, the application of the catalyst 4 can be
highly utilized towards the synthesis of phenantridine
alkaloids.
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15. Bakó P, Bajor Z, Td́oke L. Synthesis of novel chiral crown ethers
derived from D-glucose and their application to an enantioselective
Michael reaction. J Chem Soc Perkin Trans 1999;1:3651–3655.
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19. Bakó T, Bakó P, Keglevich G, Báthori N, Czugler M, Tatai J, Novák
T, Parlagh G, To†ke L. Enantioselective Michael addition of 2-nitropro-
pane to chalcone analogues catalyzed by chiral azacrown ethers based
on alpha-D-glucose and D-mannitol. Tetrahedron Asymmetry 2003;14:
1917–1923.
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Molecular Dynamics Study on the Conformational Flexibility and
Energetics in Aqueous Solution of Methylated b-Cyclodextrins
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ABSTRACT All possible methylated b-cyclodextrins (CDs) with C7-symmetry have
been studied by molecular dynamics simulations, in gas phase and in water solution.
Energetic and structural information were obtained from the trajectory analysis. CD
flexibility increases with degree of methylation, very likely due to the concomitant
reduction of the intramolecular hydrogen bonds. Solvation-free energy was computed
for each of the studied CDs using the MM/GBSA method. An analysis of radial distribu-
tion functions was used to determine distribution of solvent molecules around the O2,
O3, and O6. The number of solvent molecules around these oxygens decreases with an
increase in the degree of methylation. The DS contribution from solvent thus becomes
more positive when the degree of methylation increases and, consequently, the overall
DG in water diminishes. Chirality 20:1127–1133, 2008. VVC 2008 Wiley-Liss, Inc.

KEY WORDS: cyclodextrins; molecular dynamics; molecular modeling; solvent effects

INTRODUCTION

Cyclodextrins (CDs) are macrocycles formed by five of
more a-D-glucopyranose units, linked by a-(1?4)-glucosy-
dic bonds (see Fig. 1a). Native CDs (a-, b-, and g-CDs)
have a doughnut-like shape, with a nonpolar internal cavity
and a polar external wall (Fig. 1b). CDs are frequently
used as carriers of nonpolar organic substances in polar
solvents (mainly water).1–6 CDs are also commonly used
as stationary phases for chiral column chromatography,
thanks to their capacity of including organic molecules.

The solubility of CDs in water depends on their size
(the solubility of b-CD is 10 times smaller than that of a-
and g-CD) and on their substitution.7–10 Differences in sol-
ubility reflects on concomitant differences in flexibility of
the macrorings in solution. Interestingly, the preparation
of derivatives improves solubility. Each residue of a-D-glu-
copyranose has three hydroxyl groups capable of being
methylated (see Fig. 1a). There are synthetic procedures
to selectively introduce a methyl group at each hydroxyl
group (O2, O3, or O6). In this work, our attention is cen-
tered on studying the differences in conformational flexi-
bility for the methylated b-CDs in solution. All eight possi-
ble methylated b-CDs studied in this work have been or
can be synthesized.11,12

For the sake of simplicity, each b-CD will be named by a
series of three letters representing the functional group at
positions 2, 3, and 6, respectively. A hydroxyl will be repre-
sented by an H, and a methylated hydroxyl by an M. As an
example, the native b-CD will be termed HHH, the per-
methylated b-CD will be MMM, the monomethylated at O6
will be HHM, the dimethylated at O2 and O3 will be MMH,
and so on. It is experimentally known that the solubility of
the methylated b-CDs generally increases with the degree
of methylation. However, the solubility of the permethylated

b-CD, MMM (the heptakis(2,3,6-tri-O-methyl)-b-cyclodex-
trin) is smaller than that for the dimethylated b-CD, MHM
(heptakis(2,6-di-O-methyl)-b-cyclodextrin). Nevertheless,
MMM is still more soluble than HHH.13–16

EXPERIMENTAL
Atomic Charge Generation

The eight possible methylated b-CDs require the prepa-
ration of eight glucosidic residues. Eight different methyl-
ated glucoses (using the O1 and the O4 methylated to sim-
ulate the chemical environment of the fragment in a real
CD) were manually built using the MacroModel pro-
gram,17 and were fully minimized with the AMBER* force
field (AMBER* is the MacroModel version of the AMBER
force field).18,19

A conformational analysis was performed for each of the
methylated glucoses to obtain the most representative set
of conformations. A Metropolis MonteCarlo method was
used, and the rotated bonds were C2��O2, C3��O3,
C5��C6, and C6��O6. A total of 1000 structures were gen-
erated for each of the glucoses. The most representative
set of conformations (formed by as many conformers as
necessary to cover more than 80% of the population) were
considered. The total number of conformers, the total pop-
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ulation covered, the number of conformers in the most
representative set, and the population of each of those con-
formers, are detailed in Table 1. In all cases, the energy
difference between the most stable and the last considered
conformer is about 3 kJ/mol (0.72 kcal/mol), except for
HHH, MHH and MHM, where the difference is about 5–6
kJ/mol (1.19–1.43 kcal/mol). Interestingly, although the
number of different conformers is always very similar, the
number of conformers considered is two to three times
larger than for the other glucoses when O6 is methylated.

The geometry of each of the computed conformers was
fully optimized through the Gaussian-98 program (in spite
of having a newer version of the Gaussian program, this
was the version used, as certain modules of the Amber pro-
gram only recognize output from the 92, 94, and 98 Gaus-
sian versions),20 using the STO-3G basis set; electrostatic
potential was computed using the 6-31G* basis set with the
Merz–Singh–Kollman population analysis (pop 5 mk).21,22

All conformers of the representative set for each glucose in
Table 5 were used to compute a final set of atomic charges
for each glucose residue, using the RESP module.23

Computational Details

The AMBER 7.024 suite of programs was used with the
parm99 parameter set.25 The use of other more specific pa-
rameter sets for carbohydrates, as for example GLY-
CAM,26 was not necessary for our purposes due to the fact
of that the anomeric carbons in CD’s remain in a rigid con-
figuration and cannot epimerize. Additionally, water was
the chosen solvent, under the TIP3P model.27,28 Each CD
was immersed in a solvent box with buffer distances of
10.0 Å between the walls of the box and the closest atoms
of the solute. Each studied CD was first fully minimized,
and the system was then gradually heated from 1 to 298 K
over 30 ps, and equilibrated for 70 ps at 298 K, both at con-
stant volume. This procedure was followed by another
equilibration for 100 ps at constant pressure. During this
process, the density was kept constant around 1.0 g/ml in
all cases. Productive runs were then performed using a
time step of 1 fs and a length of 900 ps. Periodic boundary
conditions were applied in the molecular dynamics simula-
tions with solvent. A cutoff of 8 Å was set for evaluating
the nonbonding interactions and 0.00001 Ewald conver-

gence tolerance for the inclusion of long-range electro-
static contributions. The SHAKE algorithm was used to fix
the bonds involving hydrogens.

MM/GBSA Analysis

The MM/GBSA method was used to compute the DG
of a process taking place in solution.29–32 The equation
used for evaluating the energy balance is

DG ¼ EGAS þ DGSOL � TDS ð1Þ
where EGAS is the total energy of the system in the gas
phase, and this is obtained from the MD simulation. The
DGSOL term describes the free energy involved in the pro-
cess of placing the molecule from gas phase to solution,
and is computed as

DGSOL ¼ DGGB þ DGSA ð2Þ
where DGGB refers to the electrostatic component of solva-
tion, while DGSA is the nonelectrostatic contribution,
termed cavitation energy.33

Finally, the entropic term, TDS, estimates the entropy of
the system.

The modules MM-PBSA and NMODE from AMBER 7
package were used to compute the energies given in this
analysis.

Fig. 1. Schematic representation of a CD. (a) Numbering of the atoms
of the glucoside unit and positions for methyl group substitutions; (b)
shape. [Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

TABLE 1. For each glucose studied, we provide the
number of different conformers generated, the number
of conformers forming the most representative set,

the population covered by this set, and the population
for each conformer within the set

Glucose
(different
conformers)

Conformers
considered
(population
covered)

Population of each
considered

conformer (%)

HHH (64) 4 (87%) 50, 14, 14, and 9
MHH (57) 4 (85%) 54, 16, 9, and 6
HMH (42) 3 (84%) 49, 20, and 15
HHM (58) 9 (81%) 21, 15, 10, 8, 6, 6, 5, 5, and 4
MMH (49) 3 (83%) 40, 30, and 13
MHM (58) 10 (81%) 23, 17, 10, 7, 6, 5, 4, 4, 3, and 2
HMM (39) 8 (86%) 20, 15, 15, 10, 7, 7, 6, and 6
MMM (44) 8 (86%) 19, 15, 14, 11, 9, 6, 6, and 6

Fig. 2. Variation of total energies in solution (Etotal in kcal/mol) versus
simulation time (ps). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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RESULTS AND DISCUSSION
Molecular Dynamics Simulation

All the possible b-CDs with C7-symmetry were built
using the glucose residues derived as described in the Ex-
perimental section. The CDs were fully minimized with
the parm99 Amber force field, and were subjected to MD
runs in both gas phase and water solution (see computa-
tional details). The computational results indicate that the
total energy (Etotal) does not vary substantially over the
simulation time either in the gas phase or in aqueous solu-
tion, indicating absence of large conformational variations.
Very likely, only movements related to rotations about the
C��O and the C5��C6 bonds are produced. Figure 2
shows the energy variations throughout the simulation
time for all the studied CDs in water.

Energy Contributions

An energy analysis of the studied CDs was performed
using the MM/PBSA methodology.34–38 Table 2 details

the difference between the substrate energy in water and
in gas phase. As it could be expected, all the studied CDs
have lower steric energies in the gas phase than in water
(except for the MMM). This difference in the strain inher-
ent for the molecules decreases with the degree of methyl-
ation, indicating that the structure of the CD in water is
increasingly similar to the gas-phase geometry.

Average Structures in Water Solution

The methylated CDs are more flexible in water solution
than are the native CDs. Certain experiments demonstrate
the complete rotation of some of the glucoses around the
glycosidic linkages.39–41 The average structure of the
HHH is highly symmetric, with all glucoses in syn relative
orientation. In contrast, as the degree of methylation
increases the macrorings become more flexible, and con-
secutive glucoses adopt kink conformations, in agreement
with published theoretical and experimental (NMR and X-
ray) studies.42 Obviously, the present simulations are not
long enough in order to arrive at symmetrical average geo-
metries also for the methylated derivatives. The average
structure of each studied CD in water solution was com-
puted (see Fig. 3).

Dihedral Angle Analysis

A more precise description of the conformational behav-
ior of the studied CDs was obtained by analyzing the time-
dependence of the O5-C1. . .C4-C5 dihedral angle (see Fig.
4), which indicates the relative position of two gluco-
ses.43,44 The analysis was carried out on 900 structures
taken from the trajectory (one structure per picosecond).
Three sets of values were used to define relative conforma-
tion: (i) 260 < w < 60 (syn), (ii) 2120 < w � 260 or 60 �

TABLE 2. Difference between the energy of each studied
CD in aqueous solution and in the gas phase (DE, kcal/mol)

DEELE DEVDW DEINT DE

HHH 31.4 1.1 26.8 25.7
MHH 41.4 28.9 0.6 33.0
HMH 26.7 22.2 0.6 25.1
HHM 9.6 20.7 20.5 8.4
MMH 19.8 3.4 22.4 20.8
MHM 7.7 1.8 25.5 4.0
HMM 2.6 0.3 3.3 6.2
MMM 4.5 1.1 27.4 21.8

Fig. 3. Average structures in aqueous solution. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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w < 120 (kink), and (iii) 120 � w � 2120 (anti). Table 3
contains the number of glucoses in each conformation
observed throughout the trajectory for all the CDs studied.
It can be observed that all the studied CDs have a majority
of glucoses in syn conformation, and almost one glucose in
kink conformation. Although very similar in value, the

number of kink glucoses seems to be related to the O2
methylation. In contrast, the number of glucoses in anti
conformation is clearly related to the O6 methylation.

Hydrogen Bond Analysis

An analysis of the inter- and intramolecular hydrogen
bonds was performed using the ptraj Amber module. This
module renders a percentage of occupation for the hydro-
gen bond analyzed throughout the whole trajectory. The
sums of all the occupational percentages for all inter- and
intramolecular hydrogen bonds per glucose were used as
a measure of facility of hydrogen bond formation. Figure 5
shows the results for all the studied CDs. With increasing
the degree of methylation decreases the probability for the
formation of hydrogen bonds. When results are compared
within CDs with the same degree of methylation, then the
smallest number of intermolecular hydrogen bonds pres-
ent the CDs with O6 methylated. The two degrees of free-
dom per residue for intramolecular rotations related to
hydrogen bonding involving ��CH2��O6H groups render
more possibilities for intramolecular hydrogen bonding
than rotations of the C(2) and C(3) hydroxyl groups.

The HMH is the methylated CD with the largest capabil-
ity of intramolecular hydrogen bond formation. This result
was not expected, as the chain of intramolecular hydrogen
bonds45–47 between the O2 and O3 hydroxyls is disrupted
by the methylation of one of those two oxygens. HMH has
however a smaller percentage of intermolecular hydrogen
bonds thus the O2- and the O3-methylated forms have
almost the same total populations of hydrogen bonds.
Alternatively, this observation manifests for still not con-
vergent simulation. CDs with a degree of methylation per
glucose of two have very similar behavior, MHM and
HMM having slightly larger occupational percentages.

Solvation-Free Energy

The solvation-free energies were computed using the
MM/GBSA methodology (see below ‘‘MM/GBSA analy-
sis’’ section). Two contributions are estimated (see Table
4)—one from the electrostatic polarization interaction with
the solvent and the other from the solvent accessible sur-

Fig. 4. (a) Schematic representation of the O5��C1. . .C4��C5 dihedral
angle; (b) Normalized probability for each value of the O5��C1. . .C4��C5 di-
hedral angle in the case of HMM as an example. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

TABLE 3. Number of glucoses in each conformation
observed throughout the MD trajectory

in all the CDs studied

Number of glucoses in each conformation

syn kink anti

HHH 6.1 0.9 0.0
MHH 5.7 1.3 0.0
HMH 6.3 0.7 0.0
HHM 5.6 0.7 0.7
MMH 5.9 1.1 0.0
MHM 5.9 1.1 0.0
HMM 4.7 0.9 1.4
MMM 5.6 1.4 0.0

Fig. 5. Graphical representation of the sum of percentages for hydro-
gen bond occupancies per glucose unit. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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face. DGSOL increases with the degree of CD methylation
(see Fig. 6). The free energy of each CD in aqueous solu-
tion was ascertained and the results for each CD are
detailed in Table 3 and Figure 6, which show that DG
increases with the degree of methylation.

Qualitative Evaluation of Entropy

Because of the size of the studied molecules, it is very
difficult to adequately estimate the entropy of the solvation
process through calculations of the vibrational frequencies
of substrate and solvent as a whole. However, a qualitative
estimation of its importance has been carried out by com-
puting the radial distribution function (rdf) of the solvent
molecules around the substrates, and consequently infor-
mation about the solvation coordination spheres was
obtained. The rdf between three types of oxygens (O2,
O3, and O6) of the substrate and the solvent were com-
puted, termed gO2, gO3, and gO6, respectively (the rdf
were computed up to 30 Å, and were analyzed at intervals
of 0.1 Å).

Figure 7 outlines graphical representation of all rdf
curves. Figure 7a details three maxima at radii 2.0, 3.25,
and 4.65 Å, corresponding to the first, the second and the

third solvation shells around O2, respectively. For HHH
and HHM the solvent is highly ordered in the second sol-
vation shell, but for the CDs with O2 methylated (MHH,
MMH, MHM and MMM) the solvent is more ordered in
the third solvation shell. To summarize, the CDs with
methylated O2, show similar behavior; while the first and
the second solvation shells favor the solvation-free energy,
the third shell disfavors it. Figure 7b shows the rdf curves
for the distribution of solvent molecules around O3.
Clearly, the behavior of CDs with methylated O3 are differ-
ent from the other CDs. Qualitatively, HHH, MHH, HHM,
and MHM have rdf functions that are very similar for the
second solvation spheres, presenting more ordered sol-
vent than HMH, MMH, HMM, and MMM. CDs with
methylated O3 behave similarly in the third solvation shell
where the solvent is more ordered. In summary, the solva-
tion-free energy of CDs with methylated O3 is favored by
water disorder in the first and in the second shells. Two
different trends are expressed by the rdf curves of the sol-
vent around O6 (Fig. 7c): that for the HHH, MHH, HMH,
and MHH, and that for HHM, MHM, HMM, and MMM
(the latter have methylated O6).

The order of solvent molecules in the first and second
solvation shells is higher for HHH, MHH, HMH, and
MMH, and is very similar in the third shell in all CDs.
Thus, solvation of CDs without methylated O6 is entropi-
cally disfavored. Table 5 presents a summary of the
degree of solvent disorder around O2, O3, and O6 oxy-
gens for the studied CDs. The number of water molecules
in the first solvation shell around O6 is always significantly
larger than that around O2 and O3, as a direct conse-
quence of being more accessible.

The results show that four classes of CDs exist, depend-
ing on the total number of solvent molecules around the
substrate: (i) HHH, (ii) MHH, HMH, and HHM, (iii) MMH,
MHM, and HMM, and (iv) MMM. The MMM is the CD
whose solvation is most entropically favored, as the solvent
is more disordered, and in contrast, solvent is highly or-
dered for HHH. Consequently, as the degree of methylation
increases, the solvation is entropically more favored.

TABLE 4. Solvation-free energy components, DGSA and
DGGB (kcal/mol), for each of the studied CDs and energy
terms (kcal/mol), EGAS and TDS, used to obtain the free

energy (DG) estimates

CD

Energy terms

DGSA DGGB EGAS TDS

HHH 7.7 280.3 259.8 128.7
MHH 8.7 273.7 262.1 142.2
HMH 8.2 256.8 293.0 141.4
HHM 8.2 234.7 263.1 142.4
MMH 8.9 246.2 278.5 154.2
MHM 9.2 227.0 282.4 155.4
HMM 8.7 220.7 279.9 154.9
MMM 9.3 220.1 293.2 167.4

Fig. 6. Graphical representation of (a) DGSOL and (b) DG. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

1131MD SIMULATIONS OF METHYLATED �-CYCLODEXTRINS

Chirality DOI 10.1002/chir



CONCLUSIONS

The flexibility of the methylated CDs increases with the
degree of methylation, because of reduction in the number
of intramolecular hydrogen bonds produced by methyla-
tion. The solvation energy of the methylated CDs
increases with the degree of CD methylation and depends
on the entropy of the solvation process. Studies of the rdfs
for solvent molecules around selected CD oxygens indi-
cate the importance of water molecules order for the solva-
tion-free energy. The number of water molecules around
the substrates diminishes with the degree of methylation,
increasing disorder in the system.
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Book Review

A Practical Guide to Magnetic Circular Dichroism Spec-
troscopy, by W. R. Mason. 240 pp. John Wiley & Sons Inc.
2007. ISBN: 978-0-470-06978-3.

Circular dichroism (CD) spectroscopy is one of the
most important techniques for studying chiral molecules.
What is much less widely appreciated, however, is that
solutions of achiral molecules can also exhibit CD effects
when a magnetic field is applied parallel to the axis of
light-propagation. This technique is referred to as mag-
netic circular dichroism (MCD) spectroscopy. CD and
MCD analyses provide complementary information, since
the physical origin of the two techniques is quite differ-
ent. Although the MCD technique was first developed in
the 1930s, to date, very few textbooks have been pub-
lished which are readily accessible for experimentalists.
W. R. Mason’s, ‘‘A Practical Guide to Magnetic Circular
Dichroism Spectroscopy’’, should help to fill this niche,
since it helps the reader to visualize the spectroscopic
effects that are accessible through MCD measurements.

This book consists of 9 chapters. Chapter 1 gives a
brief introduction into MCD effects and the history of the
MCD technique. Chapter 2 describes polarized light in
the context of electromagnetic wave equations. Chapter 3
deals with the definition and properties of the MCD
terms (symbolized by A, B, and C) and the parameters
that describe them and enables the reader to follow the
derivation of the complex formulae used to express these
MCD terms. Chapter 4 presents a practical guide to
MCD spectral measurements, which should prove useful
for those who actually plan to measure MCD spectra.
The various approaches used to analyze of MCD spectra
are described in Chapter 5, including the application of
the MCD technique to spin-orbit coupling and vibronic
transitions.

The following two chapters contain a number of case
studies, which illustrate key points concerning the infor-

mation that can be derived from MCD spectral data,
which should greatly assist to derive key information
about the nature of the optically accessible electronic
states and the frontier molecular orbitals. The author
describes many different experimental systems, including
both inorganic and organic molecules. Chapter 6 focuses
on systems with diamagnetic ground states, which exhibit
A and B terms, while Chapter 7 describes paramagnetic
systems dominated by temperature-dependent C terms.

Chapter 8 presents a brief description of the use of
MCD spectroscopy to analyze vibrations and rotation-
vibrations in the IR and near-IR regions (MVCD), and
also explores MCD applications in the X-ray region
(XMCD). Several experimental spectra are described to
provide examples of the different types of applications.
Chapter 9 introduces magnetic linear dichroism (MLD)
spectroscopy, which is a magneto-optical technique that
is closely related to the MCD technique, which in some
situations can provide additional information.

Overall, this book provides an excellent practical guide
for using MCD spectroscopy. The author successfully
highlights the important features of chiroptical properties
that are associated with the presence of a strong mag-
netic field. Since MCD spectra can be measured in
much the same way as CD spectra, simply by inserting a
magnet into the sample compartments of commercially
available CD spectrometers, this book is highly recom-
mended not only for those scientists who plan to actively
study MCD spectroscopy in the near future, but also for
scientists who wish to develop a deeper and more com-
plete understanding of the field of optical spectroscopy.
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