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Abstract: Chiral groups attached to the end of quinoline-derived oligoamide foldamers give rise to chiral
helical induction in solution. Using various chiral groups, diastereomeric excesses ranging from 9% to 83%
could be measured by NMR and circular dichroism. Despite these relatively weak values and the fact that
diastereomeric helices coexist and interconvert in solution, the right-handed or left-handed helical sense
favored by the terminal chiral group could be determined unambiguously using X-ray crystallography.
Assignment of chiral induction was performed in an original way using the strong tendency of racemates
to cocrystallize, and taking advantage of slow helix inversion rates, which allowed one to establish that the
stereomers observed in the crystals do correspond to the major stereomers in solution. The sense of chiral
helical induction was rationalized on the basis of sterics. Upon assigning an R® or S° chirality to the
stereogenic center using a nomenclature where the four substituents are ranked according to decreasing
sizes, it is observed that R® chirality always favors left-handed helicity and S° chirality favors right-handed
helicity (P). X-ray structures shed some light on the role of sterics in the mechanism of chiral induction.
The preferred conformation at the stereocenter is apparently one where the bulkiest group should
preferentially point away from the helix, the second largest group should be aligned with the helix backbone,
and the smallest should point to the helix.

Introduction when the crystal structure of myoglobih2A resolution was
. . o _ published! In fact, the first helix for which a correct assignment
Throughout the history of chemistry, assigning absolute chiral ;¢ handedness was proposed was probably the B-DNA double
configurations has proven to be a difficult endeavor, lined with iy in 1953, After the work of Bijvoet on anomalous scattering,
adventurous hypotheses and controversies. This is true o \yaq possible to determine absolute configurations using
chirality at defined stereocenters, and it also applies to helical X-ray5 The absolute configuration gf-o-deoxyribofuranose
chirality: determining the absolute right- or left-handed screw ;<" knowfi and the B helix could be built according to

sense of a molecular helix is rarely straightforward. The first yittraction patterns only with a right-handed sense of helicity.
helix for which this question arose is the peptidehelix The correctness of the handedness is implicit in Crick’s and
proposed in 1951 by Pauliffg? It was noted that for a given  \yatson’s papet’

: L ; extensively used to assign helix handedness. Examples include
do not have the same orientation in the right- and left-handed y 9 P

. . . .~ a number of helicenésthe racemates of which spontaneously
d|e:ste”reor;]1ers. t'rl']he draW|tng Ioft_the hel_lx propc;se_d by F_’(?uhng resolve into crystals of helices of opposite handedness or, more
actually shows the correct relative assignmen (n_lno acias recently, some constrain@epeptides. However, there are many
in a left-handed helix), but it is simply based on arbitrary choices

Qf both the helical handedness and the am'f“? acids Con_flgura' (4) Kendrew, J. C.; Dickerson, R. E.; Strandberg, B. E.; Hart, R. G.; Davies,
tion. The structure was long debafdolt no definite conclusion D. R.; Philips, D. C.; Shore, V. QNature 196Q 185, 422-427.

about its handedness could be drawn for a decade, until 1961, () Bivoet, J. M.; Peerdeman, A. F.; van Bommel, ANRture 1951, 168
(6) Furberg, SActa Chem. Scand.952 6, 634—640.

(7) Crick, F. C. H.; Watson, J. DNature 1953 171, 737—738.

l'“St'tUt Europen de Chimie et Biologie. (8) Groen, M. B.; Wynberg, HJ. Am. Chem. Sod971, 93, 2968-2974.
Lab_orat0|re d? Pharmacoch_lmle. i Lightner, D. A.; Hefelfinger, D. T.; Powers, T. W.; Frank, G. W.; Trueblood,
8 Institut de Chimie de la Matie Condense de Bordeaux. K. N. Nature (London), Phys. Sci971, 232, 124. Bestmann, H. J.; Both,
(1) Pauling, L.; Corey, R. B.; Branson, H. Rroc. Natl. Acad. Sci. U.S.A. W. Angew. Chem., Int. Ed. Engll972 11, 296. Lightner, D. A,
1951, 37, 205-211. Hefelfinger, D. T.; Powers, T. W.; Frank, G. W.; Trueblood, K.NAm.
(2) Dunitz, J. D.Angew. Chem., Int. EQR001, 40, 4167-4173. Chem. Socl972 94, 3492-3497. Tribout, J.; Martin, R. H.; Doyle, M.;
(3) Eisenberg, DProc. Natl. Acad. Sci. U.S.2003 100, 1120711210. Wynberg, H.Tetrahedron Lett1972 2839-2842.

10.1021/ja0527828 CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 12943—12951 = 12943
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cases where crystals suitable for crystallographic analysis havelatter species is experimentally unseen and virtually absent. It
not been obtained. NMR sometimes allows one to define the is actually remarkable that just a few chiral centers in a helical
helical sense of a helix in solution as, for example, in several chair?324 or that chiral centers quite remote from the helical

families of more flexibleS-peptided® and related structurés.

backboné often allow one screw sense to prevail. One may

When full assignment of NMR spectra and solution structure anticipate that, in a given molecular helix, a weak chiral
resolution is not possible either, helical handedness may beinduction and the interconversion and coexistence of both
proposed on the basis of circular dichroism (CD) spectra and/ diastereomeric forms in solution should make handedness
or molecular mechanics calculations. This is the case in many assignment even more challenging. Here, we report our success

helical polymeric structures or in oligomers for which NMR
spectra cannot be interpreted as, for exampighenylene
ethynylene oligomer¥ poly(isocyanates) aliphatic poly-
(isocyanides}# aromatic poly(isocyanides},poly(silylenes)®
and poly(acetyleneg).Hypotheses were also made concerning
the helical sense of poly(triphenylmethyl methacrylate) from

at unambiguously assigning the handedness of helical quinoline-
derived oligoamide foldamers bearing a single chiral terminal
group, which brings about a weak chiral induction (diastereo-
meric excess, de< 85%) and allows both helical forms to
coexist and interconvert. To the best of our knowledge,
handedness assignment under such conditions had not yet been

its properties as a stationary phase in chiral chromatographicreported. The method that we have used relies on an original

separation$® Recently, the helical sense bfalkylated poly-

crystallographic study of the racemate rather than the single

(p-benzamide)s was assigned on the basis of an exciton modeknantiomers. We think that this approach bears some generality

analysis of the absorption and CD spedéfta.

Despite many improvements, circular dichroism and molec-
ular mechanics calculations rarely provide unambiguous data.

The results obtained should be handled with great €¥aaed

most assignments based on these methods are tentative. A
interesting example of a revised assignment is that of peptide
nucleic acid (PNA) double helices. When these compounds are

functionalized with chiral residues, for example, a single

terminal chiral amino acid, they exist preferentially as a single
diastereomeric form. The assignment of helical handedness

initially proposed! for these double helices from CD studies

and theoretical calculations was later proven to be wrong by

further CD studied?
A common feature of the molecular helices for which

diastereomer:a-helices ofL-amino acids are, in principle, at
equilibrium between their right- and left-handed forms, but this

(9) Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.; Gellman,
S. H. J. Am. Chem. Soc1999 121, 6206-6212. Appella, D. H.;
Christianson, L. A.; Klein, D. A.; Richards, M. R.; Powell, D. R.; Gellman,
S. H.J. Am. Chem. S0d.999 121, 7574-7581.

(10) Seebach, D.; Overhand, M.;"Kule, F. N. M.; Martinoni, B.; Oberer, L;
Hommel, U.; Widmer, HHely. Chim. Actal996 79, 913-941. Seebach,
D.; Ciceri, P. E.; Overhand, M.; Jaun, B.; Rigo, D.; Oberer, L.; Hommel,
U.; Amstutz, R.; Widmer HHely. Chim. Actal996 79, 2043-2066.

(11) Semetey, V.; Rognan, D.; Hemmerlin, C.; Graff, R.; Briand, J.-P.; Marraud,
M.; Guichard, G Angew. Chem., Int. E@002 41, 1893-1895. Violette,
A.; Averlant-Petit, M.-C.; Semetey, V.; Hemmerlin, C.; Casimir, R.; Graff,
R.; Marraud, M.; Briand, J.-P.; Rognan, D.; Guichard,JGAm. Chem.
So0c.2005 127, 2156-2164.

(12) Stone, M. T.; Fox, J. M.; Moore, J. 8rg. Lett.2004 6, 3317-3320.

(13) Lifson, S.; Felder, C. E.; Green, M. Macromoleculed992 25, 4142
4148,

(14) Van Beijnen, A. J. M.; Nolte, R. J. M.; Drenth, W.; Hezemans, A. M. F.
Tetrahedron1976 32, 2017-2019. Van Beijnen, A. J. M.; Nolte, R. J.
M.; Naaktgeboren, A. J.; Zwikker, J. W.; Drenth, W.; Hezemans, A. M. F.
Macromoleculed983 16, 1679-1689. Cornelissen, J. J. L. M.; Sommer-
dijk, N. A. J. M.; Nolte, R. J. MMacromol. Chem. Phy2002 203 1625

1630.

(15) Takei, F.; Hayashi, H.; Onitsuka, K.; Kobayashi, N.; Takahastingew.
Chem., Int. Ed2001, 40, 4092-4094.

(16) Fujiki, M.; Koe, J. R.; Motonaga, M.; Nakashima, H.; Terao, K.; Teramoto,
A. J. Am. Chem. So@001, 123 6253-6261.

(17) Maeda, K.; Morino, K.; Yashima, El. Polym. Sci., Polym. Chem. Ed.
2003 41, 3625-3631.

(18) Okamoto, Y.; Okamoto, I.; Yuki, HChem. Lett1981, 835-838.

(19) Tanatani, A.; Yokoyama, A.; Azumaya, |.; Takakura, Y.; Mitsui, C.; Shiro,
M.; Uchiyama, M.; Muranaka, A.; Kobayashi, N.; Yokozawa, JI.Am.
Chem. Soc2005 127, 8553-8561.

(20) Glattli, A.; Daura, X.; Seebach, D.; van Gunsteren, WJ.FAm. Chem.
So0c.2002 124, 12972-12978.

(21) Wittung, P.; Nielsen, P. E.; Buchardt, O.; Egholm, M.; Norden\Bture
1994 368 561-563.

(22) Sforza, S.; Haaima, G.; Marchelli, R.; Nielsen, PHar. J. Org. Chem.
1999 197-204.
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and might be useful in a number of cases.

Previously, we have shown the ability of oligoamides of
8-amino-2-quinolinecarboxlic acid to fold into helices stabilized
by extensive intramolecular aromatic stacking and by intramo-
lecular hydrogen bonds between amide protons and adjacent
quinoline nitrogend®2” These helical structures have been
characterized in the solid state and in solution and have been
shown to be remarkably stable in nonpolar and polar solvents
over a wide range of temperature, for example, at 1I20n
DMSO. We have demonstrated the possibility to desiggse
helices from these scaffolds, that is to say, helices bearing both
aright-handed and a left-handed segni&kite have also shown
that a terminal chiral phenethylamino group slightly biases the

handedness has been assigned unambiguously, mostly by x_ra)(?quilibrium between the right-handed and the left-handed helix

crystallography, is that they exist predominantly as a single

and gives rise to chiral induction in soluti8hBoth intramo-
lecular and intermolecular chiral inductions have been reported
in related oligomerd® However, in none of these cases was
the helical sense unambiguously assigned. As shown in the
following, a study of octameric strands-8 and of tetrameric
strand 9 (Chart 1) combining NMR spectroscopy, circular
dichroism, and X-ray crystallography has allowed us to assign
the handedness of chiral induction in these oligomers and to
shed some light on its mechanism, in particular, on the role of
steric effects.

(23) Inai, Y.; Komori, H.; Takasu, A.; Hirabayashi, Biomacromolecule2003

4,122-128. Inai, Y.; Tagawa, K.; Takasu, A.; Hirabayashi, T.; Oshikawa,

T.; Yamashita, MJ. Am. Chem. SoQ00Q 122 11731+11732. Inai, Y.;

Ishida, Y.; Tagawa, K.; Takasu, A.; Hirabayashi, J.Am. Chem. Soc.

2002 124, 2466-2473.

Green, M. M.; Park, J.-W.; Sato, T.; Teramoto, A.; Lifson, S.; Selinger, R.

L. B.; Selinger, J. VAngew. Chem., Int. EA.999 38, 3138-3154.

Royo, S.; De Borggraeve, W. M.; Peggion, C.; Formaggio, F.; Crisma,

M.; Jimenez, A. |.; Cativiela, C.; Toniolo, C1. Am. Chem. SoQ005

127, 2036-2037. van Gorp, J. J.; Vekemans, J. A. J. M.; Meijer, E. W.

Chem. Commur2004 60—-61. Prince, R. B.; Moore, J. S.; Brunsveld, L.;

Meijer, E. W.Chem.-Eur. J2001, 7, 4150-4154. Koslov, I. A.; Orgel, L.

E.; Nielsen, P. EAngew. Chem., Int. EQ00Q 39, 4292-4295.

Jiang, H.; Lger, J.-M.; Huc, 1.J. Am. Chem. So2003 125 3448-3449.

Jiang, H.; Lger, J.-M.; Dolain, C.; Guionneau, P.; Huc,Tletrahedron

2003 59, 8365-8374. Dolain, C.; Griard, A.; Laguerre, M.; Jiang, H.;

Maurizot, V.; Huc, I.Chem.-Eur. J.published online Aug. 1, 2005 http://

dx.doi.org/10.1002/chem.200500395.

(27) Huc, I.Eur. J. Org. Chem2004 17—29.

(28) Maurizot, V.; Dolain, C.; Leydet, Y.; lger, J.-M.; Guionneau, P.; Huc, I.

J. Am. Chem. So2004 126, 10049-10052.

)
)

(24
(25

- =

(26

=

(29) Jiang, H.; Dolain, C.; Lger, J.-M.; Gornitzka, H.; Huc, J. Am. Chem.

Soc.2004 126, 1034-1035.

(30) Maurizot, V.; Dolain, C.; Huc, IEur. J. Org. Chem2005 1293-1301.
Masu, H.; Sakai, M.; Kishikawa, K.; Yamamoto, M.; Yamaguchi, K.;
Kohmoto, S.J. Org. Chem2005 70, 1423-1431. Nishimura, T.; Madea,
K.; Yashima, E.Chirality 2004 16, S12-S22.
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Chart 1. Structures of Compounds 1—-92

e L0 A
MeO,C HoNOC HsC

6:n=8 7:n=8 8:n=8 9:n=4 11.8 11.4 11.0 3 (ppm)
2 Note that8 is the racemate df. Figure 2. Parts of 400 MHZ'H NMR spectra in CDG of compounds
1-8 showing the signals of the seven intramolecularly hydrogen-bonded
amide protons at equilibrium at 2%. In each case, seven signals belong
to the major stereomer(s), and seven signals belong to the minor stereomer-

(s).

the right- and the left-handed conformers is shifted more or less
according to the nature of the chiral group. The CD spectra of
chiral octamerdl—5 all feature bands with the same negative
of positive sign for any given wavelength, showing that the
dominant handedness is the same in all five cases. The CD
spectrum of octameb shows bands with an inverted sign,
suggesting a handedness opposite to that-65. Bands of
opposite signs that might be interpreted as exciton couplets can
be observed at between 230 and 280 nm and between 320 and
420 nm. The sign of these couplets would point to M helicity
for 1-5 and P helicity for6. Assignment of helical handedness
from the sign of CD bands on the basis of a complete exciton
Results and Discussion model analysis recently proved to be successfuN@ailkylated
poly(p-benzamide)s but was not attempted Hére.

The extent of chiral induction in chiral octamets-6 and
also in racemic octamers and 8 was evaluated byH NMR

250 300 350 400 450
A (nm)

Figure 1. CD spectra of 1 mM solutions of chiral octamérs6 in CHCl
at 25°C at equilibrium.

Quantification of Chiral Induction. Chiral induction in
octamersl—6, which were prepared from commercial enan-

tiomerically pure amines (ee 99%), was demonstrated by g troscopy (Figure 2). For an oligomer bearing, for example,
circular dichroism spectroscopy (CD). In contrast with the silent | 5 asymmetric center, equilibrium takes place between two

CD spectra of helical oligomers bearing no chiral groups, or of jisstereomersR-P andR-M. At 25 °C. the diastereomeric P
those prepared as racematesy), the spectra of chiral octamers g \ pelices of chiral octamers invert slowly on the NMR
1-6 feature bands of variable intensities in the absorption region ;na scale and two sets of signals are obseP¥ahe for the

of the quinoline rings between 250 and 450 nm (Figure 1). In ainr giastereomer, and the other for the minor diastereomer.
each of these compounds, the chiral group interacts differently £ o 2 cemic compound, two independent equilibria take place

with neighboring quinoline rings in the right-handed (P) or left- v aen two pairs of diastereomeRsP andR-M, andS-P and
handed (M) helical conformers, leading to different stabilities g\ However. the overall spectrum of &Sracemic mixture
of the P and M helices in solution, and thus to chiral induction. i ijentical to that of a singlR or Senantiomer. Integration of

CD spectra show that the extent of chiral induction of helix the major and minor species allowed one to calculate the
handedness varies with the nature of the chiral group introduced ji;stereomeric excesses reported in Table 1. These de values
at the end of the strand. The CD intensity at 385 nm reaches a, ¢ consistent with those calculated from CD intensities at 385
maximum with chiral octame8 (Ae = —113 L mo"t cm™), 1 (Taple 1). Indeed, chiral induction is again found to be the
which bears aR-(+)-1-(1-naphthyl)ethylamino group. It is strongest with arR-(+)-1-(1-naphthyl)ethylamino group i8
slightly lower for octamerd, 2, 4, and6 (Ae - _9,7' _9?’ (de = 83%), and the weakest with anphenylalanine methyl
—82, and+40 L mol™* cm™, respectively). Chiral induction  ggter group in chiral octamér(de= 9%). Some discrepancies

of helix handedness appears to be the least efficient with ap o een the de values estimated from NMR and CD spectra
terminalL-phenylalanine methyl ester, as in octarbeiAe =

—15 L mol* cm™1). The equilibrium that takes place between (31) This exchange is fast on the NMR time scale af@Sor tetramer9.

J. AM. CHEM. SOC. = VOL. 127, NO. 37, 2005 12945
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Table 1. Proportions of the Two Diastereomers for Octamers 1—7
and Calculated Diastereomeric Excess (de) on the Basis of NMR
and CD Data?

oligomer proportions de (NMR?) (%) de (CDY) (%)
1 10:1 82 82 (ref)
2 10:3 54 78
3 10:0.9 83 95
4 10:3.3 50 70
5 12:10 9 13
6 10:5 33 33
7 10:5 33

aFor de values calculated from CD spectra, the de measured by NMR
for 1 was used as a referendeError ranges for de values measured from
integration of NMR signals are estimated to ©&2%. ¢ Error ranges for s
de values calculated from CD intensities relative to that afe estimated 1 I8
to be <1%. '

LN B LR DL L

11.4 11.0 3 (ppm)

Figure 3. Parts of 400 MHZH NMR spectra of compoun8 in CDCl;
may be attributed to incertitude in NMR signal integration, Showing the resonances of the seven intramolecularly hydrogen-bonded
. . . o amide protons (a) of diastereomebHust after separation; (b) at equilibrium

especially when S'Q”a's _overlap, and_also to possible deVIatlonsat 25°C; and (c) of diastereomer Mjust after separation. The assignment
from an assumed linear increase/af with the de, for example, of the M and P helices is described in the text.
if a chromophore at the chiral moiety contributes to the CD

signal at this wavelength.

As expected, NMR spectra of octamérand8 are identical. 1001
Results obtained with octamé&rare almost the same as for —
octamer 6, which suggests that phenylglycine amide and é 501
phenylglycine methyl ester groups interact in the same way with 5 4l
neighboring quinoline rings in the right-handed or left-handed 5
helix. For compound, the same de values were measured in & -50

others solvents such as DMSfgand tolueneds, showing that
neither helix stability nor chiral induction is affected by the
polarity of the environment. The diastereomeric excess was . . . . .
found to vary almost negligibly with temperature betwe€e30 250 300 350 400 450
and 80°C. A (nm)
On the basis of NMR measurements, the half-life of helix Figure 4. CD spectra of both diastereomersRnd M5 in CDCls: at 0

inversion of chiral octamet at 25°C was previously calculated ~ °C Just after their separation (solid lines), and at"25 respectively, 30,

. o9 . . - . 60, and 90 min after chromatographic separation f& Bad 120 and 180
at 154# 13 min=* We hypothesized that this helix |n_verS|on min after chromatographic separation forMedashed lines). Equilibrium
rate might be slow enough to allow a chromatographic separa- (bold line) is reached after approximately 1 day.
tion of the diastereomers. Indeed, for the phenylalanine deriva-
tive 5, the two diastereomers possess (surprisingly) different two diastereomeric helices prefer instead to cocrystallize despite
retention coefficients and appear as distinct spots on TLC. Thethe fact that the initial solution is enriched in one of the
preparative chromatographic separation of the two diastereomerscomponents. Thus, chiral induction as observed in solution is
SP andSM of 5 could be achieved on silica gel afG. NMR eventually canceled in the solid state. This was initially shown
spectra were recorded just after separation for both diastereomeréor octamer1,?® and was repeated for octametsand 6 (see
and allow one to attribute all of the signals of the diastereomeric below). In each case, the asymmetric unit contains one right-
mixture to one or the other diastereomer (Figure 3). After the handed and one left-handed helical diastereomer both with an
temperature was raised to 28, each diastereomer progres- R stereocenter. It came as a surprise because examples of
sively interconverts into the other one and equilibrium is reached cocrystals of diastereomers are Pa@nd have even more rarely
after approximately 1 day in both cases. The CD spectra follow been observed in the context of chiral induction. A related
the same trend. Intense signals can be measured for eactPhenomena was reported for isotactic pdButmethyl-1-
diastereomer just after their separation. The intensity of eachhexene), the crystals of which apparently contain an equal
CD band then decreases, and, in one case, the sign of the bandsumber of right- and left-handed helices even though one
eventually inverts, to reach the same equilibrium value after handedness is favored in solutithEnantiomeric helices, as
approximately 1 day (Figure 4). other mixtures of enantiomefétend to crystallize as racemates

Assignment of Chiral Induction. Our efforts to assign the _ —

handedness of the major and minor diastereomeric helices for®? iﬂf%ggn\@?gm JFf",?d'uZYg','{aFﬂ‘E,i;nEm‘f‘“ﬁ,.gj &22@,%2%@@311&

-100 4

each chiral 0|igomer1—6 are primar”y based on x_ray 365-376. Alcock, N. W.; Hulmes, D. I.; Brown, J. M. Chem. Soc., Chem.
. . . Commun.1995 395-397. Ung, Van A.; Bardwell, D. A,; Jeffery, J. C.;

crystallography. Our initial hope was to crystallize the major P Maher, J. P.; McCleverty, J. A.; Ward, M. D.; Williamson, Worg. Chem

or M diastereomeric form of an enantiomerically pure oligomer. 1996 35, 5290-5299. Yu, Q.; Baroni, T. E.; Liable-Sands, L.; Rheingold,

. . . . . A. L.; Borovik, A. S. Tetrahedron Lett1998 39, 6831-6834.
Using a mixture as biased as possible in favor of one handednesgs3s) Bassi, I. W.; Bonsignori, O.; Lorenzi, G. P.; Pino, P.; Corradini, P.; Temussi,
i i fi P. A.J. Polym. Sci., Polym. Phys. E&971, 9, 193-208.
and, _a_ssu_mlng that both dIaStereom_erS shOUId have SImIIar(34) About 90-95% of racemic solutions produce racemic crystals, and at most
solubility, it was expected that the major diastereomer should 5-10% spontaneously resolve in crystals containing exclusively one or

P ity lirmi ; ; e the other enantiomer (conglomerate). See: Jacques, J.; Collet, A.; Wilen,
reach |t§_so_lubll!ty_llm|t and crystallize _fII’St, eventually shifting S. H.Enantiomers, Racemates and Resoluti@nd ed.; Krieger Publishing
the equilibrium in its favor. However, it was observed that the Co.: Malabar, FL, 1994.

12946 J. AM. CHEM. SOC. = VOL. 127, NO. 37, 2005
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instead of forming conglomerates. This trend is followed by S chirality
the P and M enantiomeric conformers of helical aromatic induces a
oligoamides not bearing any asymmetric centers, which all Egm'ha“dec'
crystallize in centrosymmetric space grodps’-3539n the case 4/

of 1, 2, and6, the two diastereomeric helices behave as pseudo-
enantiomers even though they are diastereomers. It seems that
in the process of forming a pseudoracemic crystal, helical
chirality “weighs” more than the stereogenic center.

The cocrystallization of two interconverting helical diaster-

eomers appears even more remarkable when one considers the

energetic parameters involved. In the casé,dhe proportions R chirality /'
between the major and the minor helices in solution at@5 |e;’t’_°r']:f§,‘°;3
amount to 10:1 reflecting an energy difference of 5.7 kJ/mol. helix

On the other hand, the half-life of helix inversion of 154 min
reflects an energy barrier of interconversion at’250f about

18 kJ/mol. That the 10:1 solution mixture is completely shifted
to a 1:1 mixture in the solid state requires that crystal growth
be slower than helix handedness inversion. Indeed, cocrystals
of diastereomers of, 2, or 6 always grow over several days.
Attempts to accelerate crystallization led to precipitates.

As discussed below, a positive aspect of these results is that
they show, at once, the structure of both the major and the minor
diastereomeric helices. However, as for Pauling‘belix,1—3
it is not at all obvious to decide which is which. Occasionally,
we have obtained crystals that indeed contained only the major nduces &
diastereomer, as could be established upon redissolving them left-handed
and measuring the NMR spectréfhHowever, none of these helix
was close to be suitable for a single crystal X-ray diffraction Figure 5. Crystal structures of octamérand tetrame®. The entire unit
analysis, and their aspect was more related to a crystaline el 75 Shoun. Incuded ouene solvnt molectls oy e chains,
powder. We finally could lift these difficulties precisely by using
the strong tendency of racemates to cocrystallize that had beenjdes10.1137 The tendency of peptide racemates to crystallize
problematic withl, 2, and6. has actually been widely used in the past to quantify racem-

When using racemic compoun@snd9, which both bear a  ization in peptide coupling reactions as in the Young®festd
(£)-phenethylamino group, crystals grown upon diffusion of the Anderson tesf
n-hexane into a toluene solution were analyzed by X-ray  The crystal structures @&and9 show that one configuration
diffraction and show, in both cases, that only one pair of of the stereogenic center is always associated with the same
enantiomers cocrystallize as a true racemate (Figure 5, Tablehandedness of the helix. However, to unambiguously assign the
2). Both structures belong to the centrosymmetric space grouphandedness of the major and minor diastereomers in solution,
P-1. As expected, each unit cell thus contains one right-handedit remained to determine whether the pair of enantionseRs
and one left-handed helix. At the chiral center, the terminal R-M observed in the solid state corresponds to the major or to
phenyl group points away from the helix, the methyl group is the minor species in solution. This was achieved by measuring
aligned with the helical backbone, and the proton points toward NMR spectra of freshly dissolved crystalsg&ttaking advantage
the helix. Most importantly, in these crystalS,asymmetric of the low helix inversion rate®. As shown in Figure 6, the
centers are always associated with right-handed helicityRand NMR spectrum of freshly dissolved crystals of racemic octamer
asymmetric centers are associated with left-handed helicity. 8 at —30 °C shows essentially one set of signals belonging to

Racemic crystals 08 and9 could be obtained much more the racemic mixture o&P andR-M helices, thus reflecting the
easily than crystals of—6 containing exclusively a right- ora  composition of the crystal. Only trace amounts of the other
left-handed helix from a homochiral oligomer. We think that racemic pair can be detected. After the temperature was raised
these results bear some general value, and attempts to crystalliz& 25°C, the chemical shift values allow one to unambiguously
racemates of helices might be useful in cases where homochiralgssign these signals to the major diastereomer observed in

S chirality
induces a
right-handed

helices do not crystallize as for numerous heligapep- solution (Figure 6b). A second set of signals progressively builds
up, corresponding to the other pair of enantiomi#B, andS-M,
(35) Berl, V.; Huc, I.; Khoury, R. G.; Krische, M. J.; Lehn, J.-Mature200Q and equilibrium is reached after 1 day (Figure 6¢). An NMR
407, 720-723. Berl, V.; Huc, I.; Khoury, R. G.; Lehn, J.-MChem.-Eur. HHY i o
3.2001. 7, 2810-2830. Berl, V. Huc, 1. Khoury, R. G- Lehn. J -Xthem.- spectrum of thg_eqwllbrlum .solutlon at30 °C allows one to
Eur. J.2001, 7, 2798-2809. Huc, |.; Maurizot, V.; Gornitzka, H.; lger, check that equilibrium shift is not due to temperature change
J.-M. Chem. CommurR002 578-579. (Figure 6d).

(36) Hamuro, Y.; Geib, S. J.; Hamilton, A. 0. Am. Chem. S0d.997 119
10587-10593. Hamuro, Y.; Geib, S. J.; Hamilton, A. D. Am. Chem.
So0c.1996 118, 7529—7541 Gong B.; Zeng, H.; Zhu J.; Yuan, L.; Han, (37) Seebach, D.; Beck, A. K.; Bierbaum, D.Qhem. Biodiersity 2004 1,

Y.; Cheng, S.; Furukawa, M.; Parra, R. D.; Kovalevsky, A Y. MI||S J. 1111-1239.

L.; Skrzypczak -Jankun, E.; Martmowc S Smith, R. D;; Zheng C.; (38) Williams, M. W.; Young, G. TJ. Chem. Socl963 881—889.
Szyperski, T.; Zeng, X. Proc. Natl. Acad. Sci. U.S./XOOZ 99, 11583~ (39) Anderson, G. W.; Callahan, F. M. Am. Chem. Sod 958 80, 2902—
11588. 2903.
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Table 2. Crystallographic Data for 2, 6, 8, and 9

2

6

8

9

solvent/precipitant

formula
(asymmetric unit)

dimensions (mm)

toluene/hexane
(C120H127N17018)2
(H20)4
0.1& 0.15x 0.20

toluene/hexane
(C121H121N17020)2
(C7Hs)2
0.15x 0.15x 0.20

toluene/hexane
C120H121N17018
(C7Hg)2—(CeH14)
0.25x 0.20x 0.15

toluene/hexane
Ce4HssN9O10
(C7Hg)o.5-(CsH1g)os
0.45x 0.45x 0.40

aspect yellow prisms yellow prisms yellow prisms yellow prisms
cryst. syst. triclinic triclinic triclinic triclinic
space group P1 P1 P-1 P-1

z 1 1 2 2

unit cell params.

a(A) 17.353(1) 17.126(1) 17.8823(8) 13.271(1)
b (A) 18.956(1) 19.100(1) 17.9987(8) 14.131(1)
c(A) 19.884(1) 20.095(1) 21.8143(9) 20.652(1)
o (deg) 99.42 74.62 86.313(3) 90.15(1)
p (deg) 100.11(1) 78.47(1) 69.151(3) 104.04(1)
y (deg) 93.68 84.68 74.408(3) 117.10(1)
temp (K) 133(2) 133(2) 153(2) 296(2)
volume (&%) 6323.2(6) 6204.4(6) 6316.1(5) 3315.9(4)
Fw (g molt) 4262.85 4450.96 2359.78 1209.40
p(gcnr3) 1.117 1.191 1.241 1.211
radiation Cu Kx Cu Ka Cu Ko Mo Ka

1A 1.54178 1.54178 1.54178 0.71073

6 measured 11.12 0 < 57.56 11.13< 0 =< 56.12 6.52< 0 < 72.11 2.94< 0 < 24.98
refl. mesured 30941 56 001 21837 20134
refl. unique 18 089 25876 21837 11531
GOF 1.251 1.252 1.029 1.034

Ry (I > 20(1)) 0.1398 0.1484 0.1132 0.0837
WR; (all data) 0.3802 0.4119 0.4161 0.2883

(b)

11.8 1.4 11.0

Figure 6. Parts of 400 MHZH NMR spectra of racemic compour&in
CDClz showing the signals of the seven intramolecularly hydrogen-bonded
amide protons (a) at-30 °C just after dissolving crystals grown from
toluene, (b) aftel h at 25°C, (c) at equilibrium at 28C after 3 days, and

(d) at equilibrium at—30 °C.

3 (ppm)

Thus, ™M NMR spectra definitely confirm that the species

In these structures, the right- and left-handed helices are related
by a pseudo-center of inversion, and they differ only by the
position of two substituents at the asymmetric carborl &md

2, the hydrogen and the methyl group are either pointing toward
or away from the helix in the right- and left-handed forms, and
the phenyl and cyclohexyl residues are always found aligned
with the helical backbone, stacked face-to-face with the second
quinoline ring of the sequence. In the case&pthe hydrogen

is always found pointing toward the helix and the phenyl and
methyl ester groups are either aligned with the helical backbone
or pointing away from it.

In each of these three structures, both helices can be assigned
to the major and minor diastereomer observed in solution on
the basis of the combined X-ray, NMR, and CD data collected
with compound. However, even with this assignment at hand,
it is not simple to explain why Mt M-2, and P6 are more
abundant in solution than B-P-2, and M6, respectively. Given
the size of the various substituents at the stereogenic centers in
1-7, we suspected that steric hindrance between the terminal
residues and the helix might play a role. One might for example
point to the fact that the chiral carbon bf-4, for which chiral

observed in the solid state are indeed the major diastereomerdnduction of helix handedness is the strongest, bears one proton,

in solution. For octamet, which bears arR phenethylamino
group, left-handed helicity is thus favored. By comparison of
the sign of the CD bands of octamgrand of octamer2—6

one methyl, and a group much larger than a methyl group
(phenyl, cyclohexyl, or naphthyl). When chiral induction is weak
(as in5—7), the chiral carbon bears one proton and two residues,

(Figure 1), assignment of the screw sense favored by thethe sizes of which do not differ too much (ester/amide and
stereogenic center for each chiral compound can be deducedphenyl, or ester and benzyl).

For 1-5, M helicity is favored, while P helicity is favored for
6.

Role of Steric Effects.Chiral induction of helix handedness
in 1-7 is highly variable in amplitude, and the favored

The effect of sterics can be rationalized using a nomenclature
different from theR/S notation to describe the stereochemistry
of the asymmetric carbon ii—6. If one defines aR/S
nomenclature where the four substituents are not ranked

handedness does not simply relate to the absolute configurationaccording to the Cahnlngold—Prelog rules but according to
of the asymmetric center. As mentioned above, crystal structuresdecreasing sizes (helix naphthyl> phenyl> benzyl> ester

of 1,292, and6 could be obtained where both the major and the

> methyl > hydrogen), the configuration &° for 1-5 andS$

minor diastereomers have cocrystallized (Figure 7, Table 2). for 6. Using this description, a left-handed helix is favored when
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1: major
methyl points
inward in Ief(—

methyl points
outward in right-
handed helix

1 : minor

2 : major

methyl points
inward in left-
handed helix

Figure 8. Parts of the crystal structures of racemic tetra®¢rop) and

chiral octamerl (bottom), showing different packing modes at the
stereogenic center. 18, the phenyl groups are involved in edge-to-face
aromatic stacking with a toluene molecule (the toluene occupies statistically
two possible positions, which gives it the aspect gf-gylene molecule
with two “half-methyl” groups). In1, the phenyl groups are stacked face-

methyl points
outward in right-
handed helix

2 : minor

6 : major
proton points
inward in right-
handed helix

proton points
inward in left-
handed helix

6 : minor

Figure 7. Crystal structures of chiral octametg® 2, and6 (asymmetric
units) showing both right- and left-handed diastereomers. Included toluene

to-face on the second quinoline ring in the helix sequence, and the first
quinoline rings of different helices also stack face-to-face; no specific
interactions with included toluene molecules are observed.

on the helix, while in the latter it points away from it. This
difference might originate in packing arrangements in the crystal
and from interactions with included solvent molecules as shown
in Figure 8. The conformations in the crystal are not necessarily
representative of the conformations in solution. The crystal
structures nevertheless reveal that the stereogenic centers may
be involved in a variety of conformations.

From the various conformations observed in the solid state,
it can be proposed that each of the three substituents (besides
the helix itself) of the chiral carbons it+—6 can be in any of
three positions: pointing toward the helix, or away from it, or
aligned with the helical backbone. Considering a helix bearing
for instance arfr® asymmetric center (see above for a definition
of R®), each diastereomé®-P (minor) andrR>-M (major) may
undergo an equilibrium between three different conformers, M1,
M2, M3, generated by 12Qotations of the chiral group about

solvent molecules, isobutyl side chains, and hydrogens have been omltted,[he HN-C* bond (Scheme 1). In these conformers, the

for clarity.

the configuration i$* and a right-handed helix is favored when
the configuration isS. This model applies even if the size
difference is weak as iB and6. It is also consistent with a
larger chiral induction ir8 than in4 (1-naphthyl> 2-naphthyl).

substituent on the chiral carbon that is aligned with the helical
backbone is in an eclipsed conformation with the amide proton,
so as to minimize steric hindrance with the amide carbonyl.
Steric hindrance is also expected to prevent the bulkiest
substituent from pointing toward the helix, which should not

However, some discrepancies also show that sterics are not thde possible without bringing significant perturbations to the

only effects involved. For example, one might have expected
larger chiral inductions ir?2 and 4 than in1 (cyclohexyl and
2-naphthyl> phenyl), but the reverse is observed.
Conformational Behavior at the Stereogenic CenterTo
understand how sterics and other effects might operate, we
examined more carefully the possible conformations at the chiral
center in each helix. Fot,?® 2, and 6, the crystal structures
shown in Figure 7 display two possible conformations at the
chiral center. Moreover, the conformations of the phenethyl-
amino group in the right-handed and the left-handed helices of
1 (Figure 7) differ from its conformation in the crystals 8f
and9 (Figure 5). In the former, the phenyl group lies stacked

helix. Indeed, in no case conformers such as M1 and P1 (Scheme
1) were observed in the solid state, and it seems reasonable to
assume that these two conformers are not significant in solution.
When the second largest group is larger than a methyl group,
as for methyl este6, it may be assumed that this group may
not point toward the helix as well; conformers M2 and P3 are
also highly disfavored by steric hindrance. Thus, the two
conformers in the crystal structure 6f corresponding to M3

and P2° are probably the only conformers present in solution
for this compound. The conformer that is favored among these

(40) In fact, it is their/its mirror image(s) becauéears ars chiral group,
whereas Scheme 1 illustrates the case oR&aohiral group.
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Scheme 1. Schematic Structures and Newman Projections of Three Left-Handed Conformers (M1, M2, M3) and Three Right-Handed
Conformers (P1, P2, P3) of a Helix Bearing a R Chiral Center?

Left-handed diastereoisomer (R°-M) Right-handed diastereoisomer (R*-P)
major minor

-% fl fl

aM1, M2, and M3 (respectively, P1, P2, and P3) are interconverted by rb2&tions about the HNC* bond. M2 and P2, M1 and P3, and M3 and P1
are interconverted by helix handedness inversion. The substituents of the chiral group are represented by balls of different sizes {fhadiufarge=
L), according to their bulkiness. The largest substituent points to the helix in M1 and P1, is aligned with the helical backbone in M2 and P2, amdypoints a
from the helix in M3 and P3.

two then determines the preferred handedness of the helix. Inhelical induction in solution. Chiral induction was first dem-
the case 0B, it is remarkable that the preferred conformer is onstrated by circular dichroism spectroscopy and was quantified
the one where the large substituent (phenyl) points away from using NMR spectroscopy. Despite the fact that the observed
the helix and the medium size substituent (methyl ester) is chiral inductions are relatively weak and that diastereomeric
aligned with the helical backbone (equivalent to )3 This helices coexist and interconvert in solution, the right-handed
apparently supports the idea that steric repulsion between theor |eft-handed helical sense favored by the terminal chiral group
large phenyl group and the helix overcomes favorable face-to- cquld be determined unambiguously using X-ray crystal-
face aromatic stacking between the phenyl group and the helixjography. Assignment of chiral induction was performed in an
as observed in the minor diastereomer (Figure 7). original way using the strong tendency of racemates to cocrys-
When the second I-argest group is a methyl, conformations tallize, and taking advantage of slow helix inversion rates, which
such as M2, where this group protrudes toward the helix, have 41owed one to establish that the stereomers observed in the

?eenfobsen/ed in t:le crystal struc(';ureaamdfz (Flgureh7). In ! crystals do correspond to the major stereomers in solution. We
act, for compoundl, M2, P2, and M3 conformers have a think that these results bear some general value, and attempts

Eeﬁg 0 dbnserve?l 'nt;hi sghcti Sr:ats anb ontlr)]/ P:’; ﬁ?g rgomhenhfkl:xto crystallize racemates of helices might be useful in cases where
? u;tiois[SMZS—i— MES] (f:v?)red)an [yPZi—eP3?(3nfa(\e/ors§) ®homochiral helices do not crystallize. The sense of chiral helical
hop ' induction was rationalized on the basis of sterics. Upon assigning

Assuming that steric effects rule the conformation at the NRE or S chirality to the ster i nter usin nomen
stereocenter, the bulkiest group should preferentially point awaya or > chirality fo the stereogenic center using a nome
clature where the four substituents are ranked according to

from the helix, the second largest group should be aligned with . : - .
the helix backbone, and the smallest should point to the helix. d€Creasing sizes, itis observed tRaasymmetric centers always

Thus, in1 and2, conformer M3 should be more stable than P2 favor left-handed helicity (M) an& asymmetric centers favor
and P3. However, conformer M2 should be less stable than p2right-handed helicity (P). X-ray structures shed some light on
and P3. The most stable conformer does have the pr(_:.fenreothe role of sterics in the mechanism of chiral induction. The
handedness, and this may be enough to drive the equilibriumPreferred conformation at the stereocenter is apparently one
in its favor. However, given the relatively small effects reported Where the bulkiest group should preferentially point away from
in Table 1, this preliminary analysis needs to be refined by a the helix, the second largest group should be aligned with the
more quantitative approach, using ab initio calculation or helix backbone, and the smallest should point to the helix.

molecular dynamics, so as to estimate the contributions of However, some discrepancies also show that sterics are not the
factors other than sterics. only effects involved. It will be interesting to refine this
preliminary qualitative analysis by a more quantitative approach,
using ab initio calculation or molecular dynamics, so as to
We have shown that chiral groups attached to the end of incorporate others factors than sterics. Future developments also
quinoline-derived oligoamide foldamers give rise to chiral include the use of chiral elements other than simple stereogenic

Conclusion
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centers to induce helical chirality in quinoline-derived oligo- Supporting Information Available: Crystallographic data in
amide foldamers, as, for example, various types of helical CIF format, and characterization of compoun2s9. This
peptides. material is available free of charge via the Internet at
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