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Abstract: A general and nonempirical approach to determine the absolute configuration (AC) of 2-substituted
chiral carboxylic acids by circular dichroism (CD) spectroscopy has been developed. In this protocol, the
chiral acids are converted to the corresponding biphenyl amides, in which a flexible biphenyl probe gives
rise to a Cotton effect at 250 nm (A band) in the CD spectrum, the sign of which is related to the acid AC.
Two different mechanisms of transfer of chirality from the acid stereogenic center to the biphenyl moiety
are operative in amides derived from 2-alkyl- and 2-aryl-substituted acids, respectively. For both classes
of compounds, a model has been defined which allows one to predict, for a given acid AC, the preferred
twist of the biphenyl moiety and thus the sign of the A band in the CD spectrum, related to the biphenyl
torsion. Interestingly, while in alkyl-substituted substrates the preferred biphenyl twist is determined only
by steric interactions, in the aryl-substituted ones the structure of the prevalent conformer and thus the
biphenyl twist are dictated by arene—arene edge-to-face stabilizing interactions. Following this protocol,
the AC of a 2-substituted chiral acid can be established simply by preparing its biphenyl amides, recording
the CD spectrum, and looking at the sign of the A band. From the sign of such a band, the torsion of the
biphenyl can be deduced and then the acid AC. Substrates having different structures and functionalities
have been investigated, always obtaining reliable AC assignments by this simple protocol.

Introduction chiroptical properties has allowed the prediction of vibrational
OIcircular dichroism (VCDJ and ECD spectra, as well as of
optical rotation (OR9 of chiral compounds, leading to straight-
forward assignments of AC. The exciton chirality approach
requires the presence on the molecule of two or more chro-

methods$ of chemical correlation and X-ray analysis, which are mophores dissymmetrically disposed and the knowledge of their
very time-consuming and often not of general applicability, P Y y disp Knowledg
spatial arrangement, thus requiring the determination of the more

many other approaches based on spectroscopic techniques hav%’

. . . stable conformations. On the other hand, the computational
now been introduced. In particular, protocols based on chirop- . . . .
. . . ) . approaches require averaging of the calculated specific chirop-
tical spectroscopies allow a safe and reliable configurational

. . . . tical property over the exact conformer distribution. Therefore,
assignment of molecules in solution. Among them a major role

has been occupied by electronic circular dichroism (ECD) and,

In the past few years, many new solutions have been propose
to the fundamental problem of the assignment of the molecular
absolute configuration (AC). In addition to the established
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in all these spectroscopic approaches, knowledge of the mo-mination of nonchromophoric and conformationally mobile
lecular conformation (or even the conformer distribution) is a threo aliphatic diols® Alkyl- and aryl-substituted diols were
fundamental prerequisite. As a consequence, heavy problemgransformed into the corresponding biphenyl dioxolanes, thus
are encountered in treating molecules displaying high confor- obtaining a couple of diastereoisomers having respectiRely
mational mobility. In this case, the analysis is very difficult and andM twist of the biphenyl moiety. The low rotational barrier
time-consuming, and some uncertainties concerning the AC (14 kcal/mol) of the biphenyl in these compounds allowed, at
determination can arise. These approaches are therefore oftemoom temperature, a thermodynamic equilibrium between the
not suitable to treat open-chain and monofunctional molecules, diastereoisomersTherefore, the most stable of them was also
such alcohols, amines, and carboxylic acids, which display a the major one. The mechanism of transfer of chirality from the
high flexibility and, possessing low ORs and weak ECD spectra, chiral diol to the biphenyl was clarified, thus establishing a direct
render more uncertain the calculation of the chiroptical proper- relationship between the diol AC and the preferred biphenyl
ties or the application of the exciton chirality model. torsion and, in turn, the sign of the A band in the CD spectrum.
The problem of the application of ECD spectroscopy to AC In this way, the problems coming from both the molecular
determination of flexible molecules was recently addressed in flexibility and the absence of chromophores in the chiral
several studies carried out by our group and solved, in the casebifunctional substrate were solved.
of bifunctional compounds like acyclic diols, by transforming ~ We present herein the application of such a “flexible biphenyl
these substrates into cyclic, conformationally defined derivatives. probe” approach to the AC assignment of 2-substituted car-
Following this approach, bis-chromophoric 1,2-diarylethane- boxylic acids. These compounds constitute a very difficult and
1,2-diols were converted into their conformationally fixed 2,2- challenging task, being conformationally mobile and nonchro-
dimethyl-1,3-dioxolane&while 1-arylethane-1,2-diols, having mophoric and possessing a single functional group, i.e., a
only one chromophoric group, were transformed into the corre- structural feature which does not allow the molecular flexibility
sponding 4-biphenylboronates, thus at the same time blockingto be restricted by a simple cyclization as in the diol case.
their conformation and adding the required second chro- Moreover, compounds belonging to this class are of high interest

mophore’ More recently, we demonstrated that flexible bridged
biphenyls can constitute unique tools for AC determination of
conformationally mobile compoundsn these biphenyl deriva-
tives, a free interconversion between thandM twists occurs

at room temperature and, upon derivatization of this moiety with
a chiral compound, one twist can be preferred over the Stter.
Therefore, the flexible biphenyl moiety can act as a chirality

in organic and medicinal chemistry as natural prodifts,
agrochemicals® drugs!’ synthetic precursors, resolving agents,
and chiral auxiliaries for asymmetric synthe%id?®

The NMR Mosher approach has been extensively used for
AC assignment of chiral carboxylic aciés.This method
requires the derivatization of the enantiopure acid with both
enantiomers of a suitable chiral auxiliary that is able to induce

probe once a correlation has been established between its torsiotarge anisotropy effectd. By recording the'H NMR spectra

and the AC of the chiral inducét.Most importantly, the twist

of the biphenyl can be easily determined from the CD spectrum,

simply by looking at the sign of the Cotton effect related to the
so-called A band of the biphenyl chromophéten fact, a
biphenyl P torsion is allied to a negative Cotton effect at 250
nm due to the A band, while av torsion of the biphenyl gives
rise to a positive A band at 250 nthl4In our studies, a flexible
biphenyl probe was successfully employed for the AC deter-
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of both the diastereomeric derivatives and measuring the
chemical shift differenceAd) for any proton in both com-
pounds, it is possible to determine the relative configuration of
the acid with respect to that of the chiral derivatizing agent.
Although this protocol appears quite easy and direct, it is based
on empirical grounds and requires the presence of well-defined
and assignable NMR signals in the acid derivatives, as well as
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Scheme 1. Synthesis of Biphenyl Amides 2a—m

® L,
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Chart 1

their detailed conformational analysis. CD spectroscopy has been
employed for AC assignment of carboxylic acids much less
extensively than for other class of compounds. In fact, although
the n—x* transition of the carboxyl chromophore has been used
for direct AC assignmerg it gives rise to weak banésthat

are not diagnostic. The in situ formation of metal complexes
has been employed for the empirical assignment of AC of ) o ) )
chelatinga-hydroxy acids andw-amino acid€? while reliable probe must display a limited numbgr of accessible conformgtlpns
nonempirical approaches have been instead based on the excito"d Must have a structure that is able to ensure an efficient
coupling phenomenahin the latter casay-hydroxy ora-amino transfer qf ch|ra_I|ty from the st_ereogenlc center of the acid to
acids were derivatized with offeor two?® chromophoric  the atropisomeric biphenyl moiety.

moieties, and the AC was directly determined from the sign of The amide derivatization looked to us particularly suitable
the typical couplet feature appearing in the CD spectrum. In t0 guarantee an efficient chirality transfer from the acid stereo-
the case of monofunctional acid, which cannot be derivatized, 9ehic center to the biphenyl probe and to ensure an easy and
Berova, Nakanishi, and co-work&femployed the “porphyrin safe understanding of the transfer mechanism, essential condition
tweezers” approach, where the chiral acid, linked to a suitable for performing a reliable spectrum/structure correlation. Ac-
carrier, induces dissymmetry in a porphyrin bis-chromophore cordingly, the biphenyl amide, in which the chiral acidd
proach, using a different carrier, was described by Borhan et 3 (Scheme 1), were chosen as suitable “biphenyl derivatives”
al28 The relative steric size of the substituents on the chiral ©f the chiral acids. In these derivatives, the stereogenic center
center induces either a clockwise or an anticlockwise disposition Of the acid could induce a preferential torsion of the biphenyl
of the porphyrin moieties, so that a couplet feature results in Moiety, detectable by the sign of the A band in the CD spectrum,
the CD Spectrum, Correspond|ng to the |ntense Soret bandand once a reliable COI’I’e|ati0n betWeen the aCid AC and the
(400-450 nm), from which the sign of the AC of the acid can biphenyl torsion is independently established, the former could
be deduced. All these approaches display some limitations, beingP€ determined by just looking at the CD spectrum.

often suitable only for bifunctionat-hydroxy oro-amino acids Several peculiar structural features make these derivatives
or requiring a complex conformational analysis. Therefore, the particularly promising for our analysis. First of all, the presence
discovery of a simple, reliable, and general approach for the of the amide bond guarantees an increased rigidity to the
assignment of AC to carboxylic acids is still an important target. molecule, due to the high rotational energy around theNC

As previously discussed, the AC assignment of carboxylic acids bond?® Therefore, in amideg, the two benzyl carbons of the

by CD displays some obstacles: these molecules have highbiphenyl, the nitrogen, the carbonyl, and thearbon () lie
conformational mobility and, often, CD signals of low intensity, 0n the same plane (Chart 1) and the only degrees of freedom
which makes the spectral interpretation more difficult. As we of the molecule are the flipping around the -A&r biphenyl

have shown in the case of aliphatic acyclic UV-transparent®iols bond and the rotation around the<@—C," bond linking the
(vide supra), such problems can be, in principle, faced by the carbonyl to the stereogenic center. The amide chromophore is
use of a flexible biphenyl system as a probe of the molecular also transparent in the wavelength range of the biphenyl
chirality. For carboxylic acids, a completely different type of absorption, preventing any interference and spectral overlap
derivatization of the biphenyl moiety, with respect to the diol between the two chromophores. Finally, an additional and
case, has to be developed and a new, suitable probe has to bémportant structural feature is th@, symmetry of amines,

designed. In fact, the derivative of the acid with the biphenyl Which makes equivalent the two possiBl@ndZ conformational
isomers of amid@. Literature dat&®3%and VT-NMR studie%

(22) Cymerman C. J.; Pereira, W. E. J.; Halpern, B.; Westley, Jétahedron
1971, 27, 1173. Barth, G.; Voelter, W.; Mosher, H. S.; Bunnenberg, E.;
Djerassi, C.J. Am. Chem. Sod97Q 92, 875. Wenzel, S.; Buss, \.
Phys. Org. Chem1992 5, 748.

(23) Andersson, L.; Kenne, ICarbohydr. Res2003 338, 85.

(24) snatzke, G.; Wagner, U.; Wolff, H. Petrahedronl981, 37, 349. Frelek,

J.; Geiger, M.; Voelter, WTetrahedron: Asymmet}999 10, 863. Frelek,
J. Polish J. Chem1999 73, 229. Frelek J.; Klimek, A.; Ruskowska, P.
Curr. Org. Chem2003 7, 1081.

(25) Skowronek, P.; Gawronski, Jetrahedron: Asymmetr$999 10, 4585.

(26) Hartl, M.; Humpf, H.-U.Tetrahedron: Asymmetr00Q 11, 1741. Hao,

K.; Gimple, O.; Schreier, P.; Humpf, H.-U. Org. Chem1998 63, 322.
Richman, B. H.; Matile, S.; Nakanishi, K.; Berova, Retrahedron1998
54, 5041.

(27) (a) Proni, G.; Pescitelli, G.; Huang, X.; Quraishi, N. Q.; Nakanishi, K.;
Berova, N.Chem. Commur2002 1590. (b) Proni, G.; Pescitelli, G.; Huang,
X.; Nakanishi, K.; Berova, NJ. Am. Chem. SoQ003 125, 12914.

(28) Yang, Q.; Olmsted, C.; Borhan, Bxrg. Lett.2002 4, 3423.

indicated a low inversioR/M barrier in three-membered bridged
biphenyls; therefore, we expected that, also in amigdesa
comparable energetic barrier for the torsion of the-Ar bond

will occur. This implies that, at room temperature, there can be
a thermodynamic equilibrium between the two atropisomeric
diastereoisomers and their ratio is thus determined only by their
relative thermodynamic stability.

(29) A rotational barrier for the amide-€N bond of 17.6 kcal mol* is reported
in the literature: Hoye, T. R.; Renner, M. K. Org. Chem.1996 61,

2056.
(30) (a) Sutherland, I. O.; Ramsay, M. V. Tetrahedron1965 21, 3401. (b)

Carter, R. E.; Dahlgvist, K.-I.; Berntsson, ©rg. Magn. Resonl977, 9,
44,
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Chart 2 Table 1. Main UV and CD Spectral Features of Amides 2a—m (c
o ~ 1073 M in THF)
Rs R, & amide UV (e X 1079) CD 2 (A¢)
R1>\COOH COOH 2a  250(19), 208(40) 246(2.7), 204(6.2)
2b  248(35), 215(82) 246(6.3), 215(2.4)
1a Ry=Me, R, =Br, Ry=H 1c 2c  249(15.9), 211(40.8), 201(43) 248(4.11), 222(6), 210¢5.3)
1b R;=Me, R, =H, R =Et 2d  249(21), 205(55.5), 210(52.7) 24613.9), 218 {-11.6), 205(17)

2e  250(16.3), 205(44.7) 246(8.7), 218(-10), 206(11)
2f  251(10), 213(28.4), 205(34)  2495.5), 217(-4.5), 204(8)
2g 250(18.5), 211(52), 206(61.6) 24823), 218(-11.4), 209(15)

1d Rq=CgH1p, R2=OH, Ry =H
1e Ry=Me, Ry =OH, Ry = H

1f Ry =Me, R, = NHBOC, Ry = H 2h  249(14), 207(48) 248(14.2), 217¢-4.6), 204(23)
19 Rq=i-Pr, Ry =NHBOC, Ry =H 2i  250(18.4), 211(50.4), 202(61) 250(18.4), 216(3.8), 2(BM)
1h Ry =Me, Ry=H,R3=Ph 2] 249(20.3), 205(59) 246(30), 220(14), 263(8)
1i Ry=Me, Ry =4--Bu-CgHy, R3=H 2k 249(11.6), 203(47) 249(4.6), 216(8.7), 26®)
1k Ry=Ph, R,=NHBOC,R;=H 2l 250(17), 210(44), 203(47.7)  249(2.0), 22(), 213(6),
1j R1 = Ph, R2 = CF3, R3 = OMe 206(74)
11 Ry=Ph, R,=OH,Rs;=H 2m  250(15.4), 202(53) 248(14.5), 218¢-10), 205(12)
1m R;=Bn, R;=0H,R3=H
) ) Chart 3
Results and Discussion o
: : . R~ 0 :
Synthesis, Absorption, and CD Spectra of Biphenyl A_\N 05 RL Rw

Amides 2a—m. The series of amide@a—m was prepared R/ "\\Rﬁll

(Scheme 1) from the optically active carboxylic acls—m e - Nie

(Chart 2), of known AC. To test the approach on a wide range ° \

of substrates, aliphatic acyclic acidka(), cyclic acids (¢, < Rs <Ry <R_

aryl-substituted acids like the aryl propionic onéb,) andthe ¢ he stereocenter located on the carboxylic acid moiety and
Mosher acid {j), a-amino acids If,g,k), anda-hydroxy acids  ,,5 that an efficient central-to-axial chirality transfer occurs.
(1d.el,m) were chosen. The formation of amidew/as carried  gjnce the sign of the A band Cotton effect tells us the preferred
out by reacting, under nitrogen atmosphere, the biphenylaminegnse of twist, if we understand the mechanism which governs
3 (0.31 mmol) with the carboxylic acidsa—m (0.25 mmol) in - yhe process of chirality transfer, we can determine the AC of
the presence of the condensing age(8-dimethylaminopro- e sterengenic center of the carboxylic acid just by looking at
pyl)-N'-ethylcarbodiimide (EDCG} (0.41 mmol) and 44,N- the sign of that band in the CD spectrum.
dimethylamino)pyridine (0.25 mmol) in anhydrous dichlo-  y1achanism of the Central-to-Axial Chirality Transfer. To
romethane. After being stirred overnight at room temperature, ,nqerstand the mechanism by which the presence of the chiral
the solution was treated with saturated NaHGDWd brine.  center on the acid moiety induces a preferential torsion of the
Chemically pure amide@a—m were obtained by chromato-  p;,henyi system, and thus the correspondence between the acid
graphic purification of the crude reaction product in-8D% AC and such torsion, it is necessary to know the most stable
yield. This procedure allowed biphenyl amides to be synthesized .qtormation of the biphenyl amide. As reported in the
in good yields, not only from aliphatic and aryl carboxylic acids  |roquction, in tertiary amides the two substituents on the
but also fromN-butoxycarbonyl (BOC)-protectagtamino acids  hiyogen, the nitrogen itself, the carbonyl, and the carado

and unprotected-hydroxy acids. the carbonyl lie on the same plane (Chart 1); therefore, in amides

The absorption and CD spectra of amid2a—m were 2, the only degrees of freedom are tR&V torsion and the
recorded in THF between 320 and 200 nm, and the main spectralstation around the single bond connecting the stereogenic center

features are collected in Table 1. As expected, all the amidesig the carbonyl carbon atom. The preferred orientation of the
studied showed in the CD spectrum a clear (positive or negative) s pstituents on the stereogenic carbon can be derived from
Cotton effect, corresponding to the A band of the biphenyl jiterature data. In fact, crystal analydesnd computational
chromophore at about 250 nthThis means that the biphenyl gy died# point out that, in tertiary amides having three substit-
moiety assumes a preferential torsion induced by the chirality yents of different size (& small, Ry, medium, and R large)

- on the carbom to the carbonyl, the smallest groug Risually
(31) Sheeham, J. C.; Cruickshank, P. A.; Boshort, GJ.LOrg. Chem1961,

26, 2525. Sheeham, J. C.; Prestan, J.; Cruickshank, B. Am. Chem. a hydrogen) is anti with respect to the carbonyl moiety and

Soc.1965 87, 2492. ) ) almost eclipsed by the nitrogen atom, describing a dihedral angle
(32) It can be noticed that th&e values of the A band in Table 1 can differ —C—C.—R< in th h h .
substantially in intensity. We believe that this behaviour originates from O—C—Cq—Rs in the range 15616C°. The two other substit-

the different diastereomeric ratios of the amides in solution. Infact, a better yents are on opposite sides of the amide plane, with the smallest
induction and thus a larger ratio are expected when the size differences '

between the M and L substituents on the stereogenic center are larger. ThisOf the two (Ru) closer to the carbonyl than the largest R
effect is clearly visible comparing the cases of amigdeand2g, coming imi i

from different N-BOC-protected amino acids. In these examples, the A (Chart 3)' Avery similar Con.formatlonal arrange_ment has been
band of the methyl-substituted ami@éis about one-fourth as intense as ~ also demonstrated for chiral secondary amides by NMR
that in 2g, having a larger isopropyl substituent. A reviewer argued that, g i 7b

in the case of aryl-substituted carboxylic acids, the CD intensity of the A spectroscop%}_ and CompUtatlon_é'

band of the biphenyl chromophore could also be due to a contribution from  On the basis of the conformational parameter reported above
the exciton coupling of the A transition dipole moment with those of the ; ; i i it

allowed transitions of the aryl moiety. We agree with this analysis; however, for tertiary amides, and assuming the dISpOSItlon of the
in our cases such contributions should be almost negligible, being inversely
proportional (see ref 2f, p 85) to the distance, on the wavelength scale, of (33) Siodlak, D.; Broda, M. A.; Rzeszotarska, B.; Koziol, A. E.; Dybal#dta

the position of the interacting transitions, i.e., the A band of the biphenyl Biochim. Polon2001, 48, 1179. Siodlak, D.; Broda, M. A.; Rzeszotarska,
group (250 nm) and the allowed transition of the benzene chromophore B.; Dybala, I.; Koziol, A. E.; Dybala, 1J. Pept. Sci2002 9, 64.
(180-190 nm). (34) Seco, J. M.; QUima, E.; Riguera, RJ. Org. Chem1999 64, 4669.
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parameter® reported in the literaturé:3” Let us consider the
case of §-2-bromopropionic acidl@), the structurally simplest
derivative. Of the two substituents on the chiral center, the
bromine, having am parameter of 0.480.67 kcal/mol, is the
smallest one (R) while the methyl, havind\ = 1.74 kcal/mol,
corresponds to R Applying the model in Figure 3, it follows
that in 1a a clockwise rotation leads from RMe) to Ry (Br);
therefore, & torsion will be induced in the biphenyl moiety of
its amide 2a and a negative A band is expected in its CD
spectrum. This prediction is completely fulfilled (Table 2) by
the experimental spectral feature2afreported in Table 1 and
Figure 4. Its absorption spectrum shows the A band at 250 nm
(e &~ 19 000) and a more intense absorption at 208 ars: (

40 000), allied to the C band of the biphenyl chromopH8ié.

is known that the position of the A band is very sensitive to
the torsion angleé® of the biphenyl, and Suzuli calculated

M Torsion P Torsion that, for a wavelength of 250 nm, this torsion angle is about
minor major 44—47°. In the CD spectrum, an intense signal at 204 mya (
Figure 2. Schematic representation of the conformational equilibrium in = 6-2) is observed, followed by a W_eakmgatve.Cotton effect
biphenyl amide<. at 246 nm \e = —2.7), corresponding to the biphenyl A band,

clearly confirming the expected bipher®ltorsion. This result
substituents on the stereogenic center depicted in Chart 3shows that the sign of the A band in the CD spectrum of the
(corresponding to a given AC), the two possible diastereoisomershiphenyl amide is really dictated by the relative disposition of
of the amide<, having eithelP or M torsion of the biphenyl, the substituents on the chiral center of the starting acid, i.e., by
can be represented as in Figure la. In these structures, thehe acid AC. In cases when the relative size of the substituents
smallest substituent (usually the hydrogen) is anti with respect on the chiral center cannot be unambiguously established by
to the carbonyl and directed “in between” the two benzylic only the stericA parameters because they are missing or too
protons, while the “medium” and “large” substituents are on similar, the prevalent torsion of the biphenyl probe can be
both sides of the carbonyl, with the former closer to treQ@ independently and reliably predicted by simple computational
Looking at these structures along the amide plane, the “pseudo-analyses. In fact, in the present approach, the chiral substrate is
Newman” representation will result as reported in Figure 1b covalently bonded to the probe of chirality and a small and
where, for clarity, the biphenyl system is omitted. Taking into conformationally restricted derivative is obtained. Therefore, a
account also the biphenyl moiety, the representations in Figurecomputational approach to the conformational analysis is
2 can be instead depicted. From Figure 2 it can be clearly seenmuch simpler and more reliable than approaches based on
that, for this AC, in the diastereoisomer havikgtorsion the very complex systems where the substrate/probe connection is
largest group Ris located in a more sterically hindered area, due to noncovalent interactions. To independently test the
owing to the presence one of the biphenyl rings, while the reliability of the previous configurational assignment, a molec-
medium-size group Ris in a less hindered region. The opposite ular mechanics conformational analysis was performe@an
holds for theP diastereoisomer, where the,;Rjroup is closer A Monte Carlo conformational search was carried out by
to the biphenyl aromatic ring and thg Rroup lies in a less MMFF94 molecular mechanics force field via the program
crowded area. Therefore, for this AC, tRediastereoisomer,  Spartan 028 The obtained lowest energy conformer displayed

giving rise to less steric interactions, will be more stable than aP biphenyl twist, with a biphenyl dihedral angle of 44&nd
the M one. an G=C—C,—H dihedral angle of 148% A second conforma-

tion, having anM biphenyl twist and a similar 8C—C,—H
gdihedral angle of 1355 was ca. 0.5 kcal/mol higher in energy,
and no other conformation was found within a window of 2
kcal/mol. This result completely agreed with the torsion found
experimentally, thus confirming the complementarity of the
computational approach with the predictions provided by the
simpler analysis based on tiieparameters.

An NMR investigation was also undertaken on anmideto
experimentally define its preferred conformation. ThHeNMR
spectrum of2a at room temperature shows a doublet at 1.92
ppm and a quartet at 4.80 ppm that have been assigned to the
Me and CH (Ha) of the acid residue (Figure 5a, Me omitted),
respectively, whereas the four methylenic hydrogens, due to

From this analysis it follows that, for a 2-substituted chiral
acid having the substituents disposed as in Chart 3, where
clockwise rotation leads from Ro Ry, the P diastereoisomer
of its biphenyl amide will prevail (Figure 3). Of course, the
reverse will happen for carboxylic acids of opposite AC, where
an anticlockwise rotation leads from Ro Ry. As reported in
the Introduction, & torsion of the biphenyl chromophore gives
rise to a negative A band (at 250 nm) in the CD specttéii.
Therefore, we can expect that, for an acid having the AC given
in Chart 3, a negative A band will appear in the CD spectrum
of the corresponding biphenyl amide.

The series of biphenyl amideza—m constitutes a good
benchmark to test the reliability and generality of this spectrum/
structure correlation. Our analysis can start from amitiese, g g
derived from 2-alkyl-substituted acids, where the substituents New York, 1994,

37) For recent studies on steric parameters, see: Boiadjiev, S. E.; Lightner, D.
)

Winstein, S.; Holness, N. J. Am. Chem. Sod.955 77, 5562.

5
6) Eliel, E. L.; Wilen, S. HStereochemistry of Organic Compountiéiley:

differ onl_y in respect _to their size. To apply the present quel, A 3. Am. Chem. S0@00Q 122 11328.
the relative group size can be evaluated from the steric A (38) Spartan 02 Wavefunction, Inc.: Irvine, CA, 2002.
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Hoocj' . - @:} P Torsion —— negative A band
]

Figure 3. Mnemonic scheme relating the AC of 2-alkyl-substituted acids and the sign of the A band in the CD spectrum of their biphenyl amides.

Table 2. Structures and Schematic Representation of Carboxylic 60 5
Acids la—g and Torsion? of Their Amides 2
. . predicted  experimental
chiral acid torsion oreion 50 L
. o 40
H Br S @ M (P) (P) L
COOH COOH s 30 0
(SH-1a A
TN £x10%, Ae
H_ JEt S L@ M P) (P)
COOH COOH s 10 I
(S)-1b
fo) 0 -5
o " N 200 220 240 260 280 300 320
hQ s M®L (M) M) Alnm —>
COOH COOH S Figure 4. UV and CD spectra (THF) of amid2a.
(R-1c

(P)

_{I
()
I
w
I/I_
)
U) >
<
3

COOH COOH
(S)1d
Ho S L o
COOH CooH
(S)>-1e S
Me
b s L 7N { 8 1.92}
“=NH-BOC Sy L@"" P) P)
COOH COOH (b)
. S
(S)-1f CDLClL
\_ /7 N\ Hb+Hc
Ho o st L M He
“=NH-BOC @ ) (P) . l
COOH COOH S N - (a)
(S)-1g
ppm 7.5 6.5 5.5 4.5

d :Tor_siog bpreCdliDcted frtom mPtehmonic.din Figure 3 and experimentally Figure 5. (a) Full'H NMR spectrum (600 MHz, CECl,) of 2a (Me signal
etermine spectrum of the amide. : :

! y pecird ! at 1.92 ppm omitted). (b) NOE effects observed upon exciting the &H
1.92 ppm. (c) NOE effects observed upon irradiating the Ha at 4.8 ppm.
some overlap, show three doublefs= 13 Hz) at 4.72, 4.58,
and 4.19 ppm in the ratios 1:1:2. The two sharp signals at 4.58 ¢ signals in the ratio 3:5 at 7.447.50 and 7.537.64 ppm,

and 4.19 ppm can be tentatively assigned to_the protons (Hc)preventing any individual hydrogen assignm@tOE experi-

of the benzylic methylene on the,Gside, while the broad  nents at room temperature have been also carried out to get
doublets at 4.72 and 4.19 ppm have been assigned to the 1es§ther information on the preferred conformation. Irradiation
shielded hydrogens (Hb) belonging to the methylene onthe CO ¢ the Me at 1.92 ppm (Figure 5b) has shown a large

side The eight aromatic hydrogens overlapped in two groups ennancement of the vicinal Ha, whereas no NOE enhancements

have been observed on the biphenyl unit. Conversely, irradiation
(39) The separations observed between the doublets have been tentatively, i i
rationalized in terms of the differently experienced anisotropic effect of of the Ha at 4.80 pPpm (Figure 5c) enhances the Me signal and
the CO. Indeed, in both pairs of doublets the less shielded ones are
attributable to the equatorial-like hydrogens that are nearly coplanar to the (40) The'H NMR spectrum (300 MHz, &l4) of 2a shows that, upon increasing
CO deshielding cone, whereas the more shielded doublets are assigned to the temperature, the four doublets of the benzylic hydrogens broaden and

the axial-like hydrogens that are almost perpendicular to the CO deshielding then coalesce in the range-780 °C to give at+118°C two sharp doublets
cone. The different signal broadness can be reasonably attributed to a (J = 13.5 Hz) at 4.00 and 4.44 ppm that partially overlap the CHa signal.
different mobility between the two methylenic bridges that experience a By simulating the line shape changes with the temperature, the exchange
rather different steric hindrance. Further support for this hypothesis comes constant was obtained, and then a rotational barrier of 16.95 kcal'mol
from the observed sharpening of all the doublets when the temperature is for the C—N bond was calculated, thus confirming the hindered rotation
lowered to—90 °C. around this bond at room temperature.
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the sharp doublets at 4.58 and 4.19 ppm, while smaller effects 60 25
are detected on the broad doublet at 4.72 ppm, and only a weak . J"\ L
enhancement is observed on the aromatiat¥.60 ppm. These 50 1f |
results suggest that iRa the Ha points toward the closer 1
methylene bridge and the phenyl group, whereas the methyl 40 \ D I
and Br point away from the biphenyl moiety, in full agreement 1
with the amide conformation depicted in Figures 1 and 2. The 30
torsional barrier for2a was also measured b{#C NMR 5 ] L 5
experiments at variable temperature, monitoring the line shape® * 1920 {
changes of the two NC}kignals at 46.6 and 48.9 ppthThe .
two signals broaden below30 °C and decoalesce at65 °C 10 | uv =15
to give two sharp lines at90 °C, from which a diastereomeric ] / r
P/M ratio 80:20 can be measured. The exchange constant was 0 — T T -25
obtained from the line shape simulation, allowing us to calculate 200 220 240 260 280 300 320
a biphenyl torsional barrier of 10.15 kcal mél This result i/inm — >
also confirms the occurrence of a free diastereomeric equilibrium rigre 5. UV and CD spectra (THF) of amidzh.
at room temperature, as assumed on the basis of literature data.
The foregoing analysis was then extended to the alkyl-
substituted carboxylic acidsb—e of known AC (Table 2). The
simplest acid of this group isS-2-methylbutanoic acidip),
devoid of any functional group. This acid looked particularly
interesting to test the sensitivity of our method with respect to
small steric differences of the substituents on the chiral center.
In fact, the methyl and ethyl groups on the stereogenic center
of 1b have almost the same size, with= 1.74 kcal/mol for
the methyl andA = 1.79 kcal/mol for ethyl. The CD spectrum
of amide2b, coming from1b, showed a clear negative A band
(Ae = —6.3), due to & torsion of the biphenyl (Tables 1 and
2), as predicted by our model in Figure 3. This result points
out that the biphenyl moiety of such amides is a very sensitive
probe of the relative dimensions of the substituents on the acid
stereogenic center and that the present method can be considere,ggure 7. Crystal structure ofR,P-2h; torsion angle C2C7—
sensitive and reliable also when the substituents present minimal="42 g ' '
steric differences. The case of the cyclic ad®tlc, where Ry ) o
and R belong to a ring, provides further support to our analysis. corresponding to the A band in its CD spectrum. On the
Here the oxygen is smaller than methylene moiety, and the contrary, the CD spectrum @h shqws a clear negative Cotton
model depicted in Figure 3 leads us to predict a prevaiing ~ effect (Ae = —14.2) at 248 nm (Figure 6), due to a prevalent
torsion and thus a positive A band, in agreement with the Ptors_lon. This result_ clea_rly shows that, in aml_des from 2-ary_|-
experimental observation. The present method proved reliableSubstituted carboxylic acids, a change occurs in the mechanism
also in the case of more complex and functionalized acids, like Of the chirality transfer, and the presence of an aryl moiety on
the a-hydroxy acids §-lactic acid (e) and §-hexahydroman- the stergogenlg center reverses the relative stability ofvthe
delic acid (d). In these compounds the hydroxy group andP twisted diastereoisomers. '
corresponds to a medium-size substituent, and application of 1€ crystal structure of amidzh (Figure 7) confirms thé
the model predicts R torsion of the biphenyl probe and hence tWist of the biphenyl moiety revealed in solution by the CD
a negative A band, as found experimentally (Table 2). The SPectrum, with a biphenyl dihedral angle of 42.8maller than
application of this method to the aliphath-BOC-protected the one usually observed in three-membergd brldgeq biphen-
a-amino acidslf g is very interesting. In fact, according to the ~ Y!S:**° The hydrogen on the acid stereogenic center is almost
tabulatedA parameter8® both the isopropyl and the methyl I anti posmon_wnh respect to the amide carbonyl, giving with
groups have a larger size than thel—BOC moiety. Taking t_he latter a dihedral angle of ca. T40as reported in the
into account such steric relationship in both cases, from the literature?®and the same hydrogen is close to one of the benzyl
analysis of the CD spectrum of the corresponding biphenyl methylenes, confirming the conformation assumed |n.F|gL.|re 1.
amides, the AC of the starting amino acid was correctly assigned M0st importantly, the crystal structure Bh reveals that in this
(Table 2). compound the phenyl ring, despite being the largest substituent,
We then extended the above analysis to 2-aryl-substituted is npt chated in Fhe less hindered area, as in the alkyl-sul_)stit_uted
carboxylic acids, treating firsR)-2-phenylpropionic acidi), _derlvatlve_s, but is closer to one of the biphenyl rings, orienting
the structurally simplest compound of this class. Following the 1tS “face” in correspondence to the “edge” of the latter.
model depicted in Figure 3, avl biphenyl torsion is expected Confirmation of the conformational preference 2t was

to be preferred in its amid2h and thus a positive Cotton effect, ndependently obtained by a DFT ab initio computational
analysis. Initially, a Monte Carlo conformational search was

C8-C13

(41) (a) Casarini, D.; Coluccini, C.; Lunazzi, L.; Mazzanti, A.Org. Chem ; ; B ;
2005 70, 5098, (b) Casarini, D': Lunazzi, L - Mazzanti, &.0Org. Chem c_arrled out using the MMFF94 molecular mechanics force field
1998 63, 4754. via the Spartan 02 softwaf@As in the case ofa, two lowest
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very similar compountt and analogously interpreted as due to
an edge-to-face arrangement of two aromatic moieties, an effect
well known in inter- and intramolecular interactions of aromatic
system& and ascribed to stabilizing electrostatie-sr interac-
tions of the aromatic moieti8. NOE experiments at room
temperature supply further support for the preferred conforma-
tion of 2h in solution. CH irradiation at 1.38 ppm (Figure 8c)
has large effects only on the Ha at 3.69 ppm and orottieo-
phenyl hydrogens at 7.13 ppm. Conversely, irradiation of the
(d Ha (Figure 8b) generate large enhancements on the neighboring
CHs; and on theortho-phenyl hydrogens, whereas moderate
L effects are also observed on the sharp doublets at 4.09 and 3.77
s

o-Ph Ha

'\:IZB ppm belonging to a benzylic CGHFinally, irradiation of H at

x5

6.10 ppm (Figure 8d) shows some negative NOE (saturation
(c) transfer) at 7.26 ppm and positive effects on t¢intho-phenyl
hydrogens at 7.13 ppm, on the, lt 6.90 ppm, and on the
oPh doublets at 4.09 and 4.83 ppm, both attributable to the equatorial
{8H3.369} hydrogens of different methylene bridges. The NOE effects
x1 N L ®) observed between the phenyl moiety on the stereogenic center
and the benzyl and Haryl protons of the biphenyl system
e Jha further confirm that the aryl moieties @h are close to each
H3 Hb other and thus that this compound assumes a very similar
A A @ conformation both in the solid state and in solution. The
biphenyl torsional barrier oRh was obtained by*C NMR
spectra at low temperature, monitoring the changes in the line

(&) Full H NMR (600 MHz, €1/CaD4) of 2h (M shape of the Chisignal at 48.08 ppm. At-51 °C, the signal
Figure 8. (a) Fu spectrum z, 6Ds6) O e ; ; ;
signal at 1.38 ppm omitted). (b) NOE effects observed in the region showed a maximum broadening of 45 Hz, from which a

3.5-7.5 ppm upon irradiating Ha at 3.69 ppm. (c) NOE effects observed torsional barrier of 11.20 kcal mol was calculated? Upon
upon irradiating Me at 1.38. (d) Enhancements observed upon irradiating decreasing the temperature+®0 °C, all the peaks sharpened

Ha

7.0 6.0 5.0 4.0 ppm

Ha at €.10 ppm. again to give two groups of signals, indicating a 95:5 diaster-
. . . eomeric ratio.
energy conformers were obtained, displaying respectRelyd It is very important to note that also in thEel NMR spectra

M biphenyl twist. Both conformers were .then reoptimized at f g the 2-aryl-substituted amid@b—I, the same upfield shift
the B3LYP/6-31G* DFT level by Gaussian 63The most  f the H, and H, protons is observed, suggesting for all these
stable conformer was shown to be tewisted one, with the  compounds the same prevalent conformatiogigfwhere the

M diastereoisomer being 0.83 kcal/mol higher in energy. The 51y mojety on the stereogenic center is located close to one of
most stable conformer afforded by this computational analysis he piphenyl rings. In these compounds, the stabilizingr

not only displayed the same biphenyl torsion found in the crystal 5omaic interaction then prevails on the steric repulsion, and

structure, but was almost superimposable with the latter, gch a new interaction reverses the relative stability ofthe
showing the same arylaryl edge-to-face arrangement and the  anq p twisted diasterecisomers. This result affords a rough

same G=C—C,—H torsional angle. quantitative estimate of the edge-to-face stabilizing interactions
A careful NMR analysis o2h has been carried out in order  \yhich agrees with the value of 2 kcal/mol reported in the

to further investigate whether the prevailing conformation in |jiterature4sh Between the two possible diastereomeric structures
solution, where CD spectra are recorded, resembles the oneyf sych amides, as depicted in Figure 9, only the one having an
detected in the solid statétt NMR spectra of all the alkyl- 1 torsion allows such an arylaryl interaction, and therefore
substituted biphenyl amid@a—g show signals of the aromatic  the M diastereoisomer will be now the most stable one. As a
protons in the 7.27.6 ppm range (see Figure 5a), while inthe  consequence, in the case of the 2-aryl-substituted carboxylic
IH NMR spectrum of the 2-phenyl-substituted amae(Figure _

8a), the K and H, aryl protons of one of the biphenyl rings are  (32) For Sedent exampies of molecular recoontion based on edge-to-face

strongly upfield-shifted. giving respectively a triplet at 6.10 ppm interactions, see: Superchi, S.; Donnoli, M. I.; Proni, G.; Spada, G. P;
d a doublet at 6.90 #ASuch hift effect b lained Rosini, C.J. Org. Chem1999 64, 4762. Poisson, A. P.; Hunter, C. A.
and a aoublet at 6.90 ppm.ouch a shitt erfect can be explaine Chem. Soc., Chem. Commu996 1723. Cloninger, M. J.; Whitlock, H.

just by assuming a spatial arrangement like the one in the crystal \é/heJm%%aCG%er&l?%% 63, 6253. Ercolani, G.; Mencarelli, Rl. Org.
structure, where the phenyl on the stereogenic center is almos{ys) (a) Hunter, C. AAngew. Chem., Int. Ed. Engl993 32, 1585. (b) Hunter,

i i i i i C. A. Chem. Soc. Re 1994 101. (c) Hunter, C. A.; Saunders, J. K. Bl
prthogonal vylth rgspect to one of the blphgnyl rings, directing A, Chenm. So900 112, 5595, (4) Cozsl. - Siegel. 3. Bure Appl.
its anisotropic shield toward thestand H, biphenyl protons. Chem.1995 67, 683. (e) Shetty, A. S.; Zhang, J.; Moore, J.JS.Am.

i H ;i Chem. Soc1996 118 1019. (f) Garta Marfnez, A.; O%o Barcina, J.; de
The same shift effect has been reported in the literature for a Froent Corezo. A Gz Rivas, RJ. am Ghem. Sod.oo8 126 673,

(g) Cozzi, F.; Annunziata, R.; Benaglia, M.; Cinquini, M.; Raimondi, L.;

(42) Gaussian 03Gaussian, Inc.: Pittsburgh, PA, 2003. Baldridge, K. K.; Siegel, J. rg. Biomol. Chem2003 1, 157. (h) Tsuzuki,
(43) The!H NMR spectrum of2h has been recorded in,Cl;—CgHg in order S.; Honda, K.; Uchimaru, T.; Mikami, M.; Tanabe, B. Am. Chem. Soc.
to remove the overlap of two of the four NGHydrogens with the CH 2001, 124, 104.
at 3.98 ppm occurring in CDglIn CDCk, the H; and H, signals are (47) (a) Sandstm, J.Dynamic NMR Spectroscopiicademic Press: New York,
displayed at 6.23 and 7.10 ppm, respectively. Signalsoamtl H, have 1982; p 84. (b) Casarini, D.; Grilli, S.; Lunazzi, L.; Mazzanti, A.Org.
been assigned by 2D NMR experiments. Chem 2004 69, 345.
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Table 3. Structures and Schematic Representation of Carboxylic
Acids 1h—m and Torsion@ of Their Amides 2

chiral acid predicted  experimental

torsion torsion
H@ s\t M%;L ) ®)
HOOC COOH s
(R)-1h
P Torsion g\( s L L/_\
minor Ho o el \®/ M (M) (M)
Figure 9. Schematic representation of the conformational equilibrium in COOH
2-aryl-substituted biphenyl amid&s (gi:)iH S
acids, a new mechanism of central-to-axial chirality transfer © N
occurs, and the model in Figure 10 can now allow to us predict HyCO_ s '-M L M ™) ™)
the prevalent biphenyl torsion. —CF3 COOH @
According to the model in Figure 10, if, in the 2-aryl- HOO; i S
substituted acid, a clockwise pathway is needed to go from the (R
aryl substituent to the medium-size one, thenNhrsion will
prevail in its biphenyl amide, and a positive A band is expected R s L L/_\‘M ™) ™)
in its CD spectrum. Such a correlation can thus allow us to \‘;NH-BOC M @
determine the AC of 2-aryl-substituted carboxylic acids by COOH COOH s
analysis of the CD spectrum of their biphenylamides (Table  (S-1k
3). The reliability of such a model has been tested on the
2-arylpropionic acid §-ibuprofen (Li). The CD spectrum a2i N
(Table 1), the amide fronii, is almost a mirror image of the AN S\[:."M "@M (M) (M)
one of2h, derived from R)-1h, a compound that is structurally HOOC COOH S
and spectroscopically similar but of opposite AC. In the CD (S
spectrum of2i, an intense positive Cotton effeck{ = 18.4),
allied to anM torsion of the biphenyl chromophore, is observed, 7N
as expected following the model in Figure 10. To test the H Zon s ,\LM L@’V‘ (P) )
reliability of such an approach when applied to acids with a pooc COOH
guaternary stereogenic center, we studied a@jidgerived from (S)-1m S

Mosher acid R)-1j. According to theA sterical parameter, in
1j the smallest substituent is the methoxy group, the medium-  atorsion predicted from mnemonic in Figure 10 and experimentally
size one is the G and the largest one is the phenyl ring. determined by CD spectrum of the amide.
Therefore, arM torsion and a positive A band are expected. In
this case, not only does the CD spectrum clearly show the A the case of$)-3-phenyllactic acidXm), which presents a benzyl
band with the correct positive sigil\é = 30.0, Table 1) but moiety on the stereogenic center. Also in this case, useful
the band is quite intense, demonstrating an high diastereomerignformation on the conformation of amicim can be deduced
ratio in favor of theM atropisomer and thus an efficient from its IH NMR spectrum. In this spectrum the biphenyl
diastereomeric induction in the biphenyl system. As in the case protons are not shifted upfield like in the aryl-substituted systems
of the alkyl systems, we then checked the reliability of such but, on the contrary, their signals are all between 7.2 and 7.6
an approach witha-hydroxy ando-amino acids. The CD  ppm, like in the alkyl-substituted compounds. Therefore, we
spectrum of amide2k, derived from §-N-BOC-phenylgly- can say that in amid2m there is not an attractive interaction
cine (Lk), shows a positive Cotton effeché = 4.6) at ca. 250 between the phenyl of the benzyl moiety and the biphenyl and
nm (Table 1), in agreement with our model for 2-aryl-substi- that such an amide will assume a conformation similar to the
tuted acids. Even in the CD spectrum of amile obtained one of the alkyl-substituted derivatives. In this case the “alkyl”
from (9-mandelic acid 1l), notwithstanding the presence of a model in Figure 3 can then be applied, leading to a prefd?red
free hydroxy group on the stereogenic carbon, the positive torsion for this substrate and to a negative CD band at 250 nm.
sign of the A bandAe = 2.0) agrees with the model in Figure The CD spectrum o2m clearly shows the Cotton effects due
10. to the twisted biphenyl chromophore, with no signals attributable
Finally, to test if 2-benzyl-substituted acids follow the rule to the benzyl chromophore. As expected from the model in
of either the alkyl- or aryl-substituted systems, we examined Figure 3, an intenseAe = —14.5) negative band is visible at

ﬂ|
o
HOOC g - ) = M Torsion —> positive A band

S
Figure 10. Mnemonic scheme relating AC of 2-aryl-substituted acids and sign of the A band in the CD spectrum of their biphenyl amides.
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250 nm, confirming the “alkyl” conformational behavior of such the acid AC can be established taking into account only the
compounds (Table 3). size of the substituent on the stereogenic center, as derived from
the value of the sterié parameter. When this value is unknown
or when there is ambiguity about the relative size of the sub-
In this work, we have developed a new nonempirical stituents, then a simple molecular mechanics conformational
approach, based on CD spectroscopy, for the assignment of ACanalysis can allow a reliable spectrum/structure correlation. A
to 2-substituted chiral carboxylic acids in solution. In this variety of substrates, with different structures and multiple
approach, the chiral acids are converted to the correspondingfunctionalities, have been investigated; in particular, the present
biphenyl amides, whose flexible biphenyl moiety acts as a approach displayed its full validity with alkyl- and aryl-
“probe” of the acid chirality, giving rise in the CD spectrum to  substituted acids, witke-hydroxy acids andv-amino acids.
Cotton effects related to the acid AC. The mechanism of transfer  pyring this investigation, it also has been shown experimen-
of chirality from the acid stereogenic center to the biphenyl ta|ly that 7—s arene-arene interactions can overcome steric
moiety has been analyzed in detail, defining two different jnteractions, even stabilizing the most sterically crowded con-
mechanisms operative in amides derived from 2-alkyl- and formers. This important result is of general interest, providing
2-aryl-substituted acids, respectively. Therefore, for both classesfurther insight toward the understanding of these interactions,
of compounds, it has been possible to define a model which which affect many other areas of science, such as catalysis,

allows us to predict, for a given acid AC, the preferred twist of materials chemistry, supramolecular chemistry, and biochem-
the biphenyl moiety and thus the sign of the A band at 250 nm jstry.

in the CD spectrum, related to the biphenyl torsion. Following

the protocol described herein, to establish the AC of a  Acknowledgment. We thank Universitadegli Studi della
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biphenyl amide2, to record the amide CD spectrum, and to
look at the sign of the A band (at 250 nm). From the sign of .
such a band,gthe torsion of the( biphenyl gan be deducgd andexper!mental procedures.for compounﬁa—m; VT-NMR
thus the acid AC. The main advantages of the present approachEXpenments for2a anql 2h; ab.sorpt|on' and CD. spectra for
are the reliability and simplicity of the AC assignment. In fact, compoun_de—g and2i—m. Th.|s material is available free of
in most cases, no conformational analysis is needed, and thecharge via the Internet at hittp://pubs.acs.org.
correlation between the CD spectrum of the biphenylamide and JA058552A

Conclusion
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