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Abstract: A protocol to determine the absolute configuration of a-chiral carboxylic acids based on a modified
circular dichroic (CD) exciton chirality method has been developed. The protocol relies on a host—guest
complexation mechanism: the chiral substrates are derivatized to give bifunctional amide conjugates
(“guests”) that form complexes with a dimeric magnesium porphyrin host, Mg-T (T stands for “tweezer”)
that acts as a “receptor”. The two porphyrins in the complex adopt a preferred helicity dictated by the
substituents at the chiral center in accordance with their steric sizes (assigned on the basis of conformational
energy A-values) and, consequently, with the absolute configuration of the substrates under investigation.
This chiroptical method, verified with a variety of chiral substrates, has been demonstrated to be reliable
and generally applicable, including natural products with complex structures. Molecular modeling, NMR,
and FTIR experiments of selected host—guest complexes revealed the mode of ligation of the substrates
to the magnesium porphyrin species and led to clarification of the structure of the complex. When oxygen
functionalities were directly attached to the chiral center, the signs of the CD couplets were opposite to
those predicted on the basis of steric size. NMR and molecular modeling experiments indicated that this
apparent inconsistency was due to conformational characteristics of the guest molecules. The stereochemical
analysis is shown to be a sensitive technique, not only for the determination of absolute configurations of
substrates but also for elucidation of their solution conformations.

Introduction chromophores oriented in a dissymmetric manner. In the case
of chiral carboxylic acids, the exciton coupled CD method can
be readily applied too-hydroxy acids having two sites of
derivatizatiod and to carboxylic acids that carry an additional
chromophore within the molecufeHowever, in cases where
the substrate has no site other than the carboxyl group for
derivatization, application of the exciton chirality protocol is
not straightforward. Although the 210 nm-mr* transition of
the carboxyl chromophore has been used in the past for
configurational assignments, the absorption bands are®aeak
hardly diagnostic unless they are coupled to an aromatic
chromophoré.

The NMR Mosher method and its modified versions have
been the most widely employed approach for configurational

A survey of the recent chemical literature reveals an explosion
of interest in determining molecular chirality. This is because
an understanding of stereochemistry is crucial for clarifying
molecular interactions, especially liganceceptor interactions.

In fact, stereochemical issues are involved in practically all

aspects of biological and biomedical activity. The stereochemical
assignment of chiral compounds is an important and challenging
task. Since many of the substrates that exhibit biological

activities are only available in limited amounts, the development
of microscale methods for the determination of stereochemical
assignment is crucial.

In the following, we describe a circular dichroism (CD)
protocol that allows the absolute configuration of chiral car-
boxylic aCIdS_ to be determined at the mlcro_scale level'_ The (1) Berova, N.; Nakanishi, K. I€ircular Dichroism, Principles and Applica-
methodology is based on a hegjuest complexatlon mechanism tions 2nd ed.; Berova, N., Nakanishi, K., Woody, R. W., Eds.; Wiley-
between a magnesium porphyrin dimer acting as host and an (,) Yo Ne Yol a0etippssrses T L

easily accessible derivative of the carboxylic acid acting as guest. 54, 5041-5064.
(3) Hartl, M.; Humpf, H.-U.Tetrahedron: Asymmeti300Q 11, 1741-1747.

Although CD spectroscopy, particularly the exciton chirality Skowronek, P.; Gawronski, Tetrahedron: Asymmetr999 10, 4585-
methodl can be app“ed to Several Classes Of molecules a 4590. Di Bari, L.; Mannucci, S.; Pescitelli, G'Salvadorimtirality 2002
4, 1-7.

requirement of this technique is the presence of two or more (4) Andersson, L.; Kenne, LCarbohydr. Res2003 338 85-93.

(5) Klyne, W.; Scopes P. M. IFfundamentals Aspects and Recenv&lep-
ments in Optical Rotatory Dispersion and Circular Dichrois@iardelli,
F., Salvadori, P., Eds.; Heiden: London, 1973. Cymerman Craig, J.; Pereira,

T Present address: Dipartimento di Chimica e Chimica Industriale,

Universitadi Pisa, Italy, 56126. o W. E. J.; Halpern, B.; Westley, J. Wetrahedron1971, 27, 1173-1184.
* Present address: Chemistry Department, University of Toledo, Toledo, Barth, G.; Voelter, W.; Mosher, H. S.; Bunnenberg, E.; Djerassl. @m.
Ohio 43606. Chem. Socl197Q 92, 875-886.
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Figure 1. Formation of the 1:1 complex between Bry-propylamide conjugate and tweezer molecite T and schematic representation of the possible
conformations adopted by the complex and the subsequent intraporphyrin helicity in accordance to the substituent’s relative steric size.

assignments ofa-chiral carboxylic acid§® This protocol
requires derivatization of the substrate with both enantiomers stereochemistry of the guest molecule. Exciton coupling of
of an auxiliary reagerft.'H NMR of the two diastereomeric
derivatives are compared, and the shielding effect valtié8S
for the protons neighboring the chiral center are measured. Theto CD couplets, the sign of which correlates with the absolute
scope of Mosher-like methods has been extended further by anconfiguration of the substrates. A double nitrogen/zinc coordina-
approach described by Rigu€rdut in general, the required
amount of sample is restrictive since milligram quantities of described cas€§ 14
the substrate are needed. Moreover, in some caseddfe
are small, and extensive conformational analysis may be requiredof carboxylic acids’ configuration based on derivatization of
to interpret the results.
The development of a general protocol that easily allows to a Zn-porphyrin host tweezetn-T (Figure 1)!8 The first
stereochemical determination @fchiral carboxylic acids is of
great interest since many members of this class exhibit importantplex occurs between the primary amino group and the Zn ion

biological activities? In the past few years, a microscale protocol

arrangement, with the intraporphyrin twist controlled by the
porphyrin Soret transition$;1whose effective polarization is
directed along the 5,15 and £5 directions (Figure 13%17leads
tion is responsible for the binding in all of these previously
We have recently presented a protocol for the determination
the substrates aN-y-aminopropyl amides and complexation
ligation responsible for the formation of the hegjuest com-

in porphyrin P-1 (Figure 1), in a manner similar to that in

to determine the absolute configuration of diamines, amino previous case¥,141°the second nucleophilic site that ligates
acids, and amino alcohols has been develdpatbre recently,
the method has also been extended to monofunctional substratesriginates from the substrate carboxylic group, which was
such as primary and secondary amifié3 and secondary

monoalcohol&814that are devoid of further derivatization sites.

the Zn in porphyrin P-2 is the amide oxygen. This carbonyl

converted to the amide functionality. The carbonyl group of
this amide and the amino group of the aminopropyl moiety

This microscale method is based on a host/guest complexationtogether (see Figure 1) serve as the two ligating points to the
mechanism in which the chiral substrate, linked to an achiral Zn-T. Besides being more straightforward, this procedure has
trifunctional molecule to yield a suitable bisfunctional derivative the merit of simplifying the chemical handling for the syntheses
(the conjugate), is complexed to a dimeric Zn-porphyrin of the conjugate moleculés:® A similar chiroptical protocol
molecule Zn-T to form a macrocyclic hostguest complex  to answer the same stereochemical question has recently been
(Figure 1); therein, the bis-porphyrin host is forced into a chiral proposed by Yang et &°.

In agreement with the previously described trétid?19the
relative steric sizé of the substituents at chiral centers give
rise to stereodifferentiation in the complex. As depicted in Figure
1, in the most favored conformation | adopted by the complex

(6) Seco, J. M.; Quinoa, E.; Riguera, Retrahedron: Asymmetrg001, 12,
2915-2925.

(7) Ferreiro, M. J.; Latypov, S. K.; Quinoa, E.; Riguera, R.Org. Chem.
200Q 65, 2658-2666.

(8) Nagai, Y.; Kusumi, TTetrahedron Lett1995 36, 1853-1856. Kusumi,

©

—~

T.; Yabuuchi, T.; Ooi, T Chirality 1997, 9, 550-555. Tyrrell, E.; Tsang,
M. W. H.; Skinner, G. A.; Fawcett, Jetrahedronl996 52, 9841-9852.
Fukushi, Y.; Shigematsu, K.; Mizutani, J.; Tahara,Tetrahedron Lett.
1996 37, 4737-4740. Ferreiro, M. J.; Latypov, S. K.; Quinoa, E.; Riguera,
R. Tetrahedron: Asymmetr{997 8, 1015-1018.

Terauchi, T.; Asai, N.; Yonaga, M.; Kume, T.; Akaike, A.; Sugimoto, H.
Tetrahedron Lett2002 43, 3625-3628. Loiodice, F.; Longo, A.; Bianco,
P.; Tortorella, V.Tetrahedron: Asymmetr3995 6, 1001-1011. Ferorelli,
S.; Franchini, C.; Loiodice, F.; Perrone, M. G.; Scilimati, A.; Sinicropi,
M. S.; Tortorella, P.Tetrahedron: Asymmetr§001, 12, 12853-12862.
Wehn, P. M.; Du Bois, JJ. Am. Chem. SoQ002 124, 12950-12951.
Yokoya, M.; Masubuchi, K.; Kitajima, M.; Takayama, H.; Aimi, N.
Heterocycle2003 59, 521-526. van Klink, J. W.; Barlow, A. J.; Perry,
N. B.; Weavers, R. TTetrahedron Lett1999 40, 1409-1412. Zidorn,

C.; Sturm, S.; Dawson, J. W.; van Klink, J. W.; Stuppner, H.; Perry, N. B.

Phytochemistry2002 59, 293—-304.

(10) Huang, X.; Rickman, B. H.; Borhan, B.; Berova, N.; NakanishiJKAm.

Chem. Soc1998 120, 6185-6186.

(11) Huang, X.; Fujioka, N.; Pescitelli, G.; Koehn, F. E.; Williamson, R. T.;

Nakanishi, K.; Berova, NJ. Am. Chem. SoQ002 124, 10326-10335.

(12) Huang, X.; Borhan, B.; Rickman, B. H.; Nakanishi, K.; BerovaQRem-—

Eur. J.200Q 6, 216-224.

(13) Kurtan, T.; Nesnas, N.; Li, Y.-Q.; Huang, X.; Nakanishi, K.; BerovaJN.

(14) Kurtan, T.; Nesnas, N.; Li, Y.-Q.; Koehn, F. E.; Nakanishi, K.; Berova, N.

Am. Chem. So@001, 123 5962-5973.
J. Am. Chem. So@001, 123 5974-5982.

shown, the large group L lies outside of the complex core, and
this leads to porphyrin moieties adopting a preferential positive
twist resulting in a positive CD exciton couplétl”

Intense CD couplets with the expected signs were observed
for substrates carrying aryl or alkyl substituettdiowever,
additional data in Table 1, measured with the same procedure
as that in ref 18, show that if N, O, or halogens are present at
the chiral center, inconsistent results are obtained. Electronic

(15) Huang, X.; Nakanishi, K.; Berova, KChirality 200Q 12, 237—255.

(16) Pescitelli, G.; Gabriel, S.; Wang, Y.; Fleischhauer, J.; Woody, R. W.;
Berova, N.J. Am. Chem. So2003 125, 7613-7628.

(17) Matile, S.; Berova, N.; Nakanishi, K.; Fleischhauer, J.; Woody, RJW.
Am. Chem. Sod996 118 5198-5206.

(18) Proni, G.; Pescitelli, G.; Huang, X.; Quraishi, N. Q.; Nakanishi, K.; Berova,
N. Chem. Commur2002 1590-1591.

(19) Huang, X.; Borhan, B. H.; Berova, N.; Nakanishi,XIndian Chem. Soc.
1998 75, 725-728.

(20) Yang, Q.; Olmsted, C.; Borhan, Brg. Lett.2002 4, 3423-3426.

(21) Eliel, E. L.; Wilen, S. HStereochemistry of Organic Compounéiley:

New York, 1994. Winstein, S.; Holness, N.JJ.Am. Chem. Sod955 77,

5562-5578.
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Table 1. Structures and Schematic Representation of Carboxylic ing either nitroge?f27 or oxygen donord’-30 In particular, it
Acids 1—7 and Observed CD Data of Their Conjugates C-1 to C-7 ; _ : - o .

with Propanediamine, in Methylcyclohexane (MCH) and Hexane IS W_e” known that m_agnesmm IS more O)S(Pphl!lc than zm_c and
after Complexation with the Zn-Porphyrin Tweezer, Zn-T; 4 and Ae easily complexes with carbonyl groufs3! which would in
Represent, Respectively, the Wavelength and the Amplitude of the principle allow for a stronger interaction of Mg-based tweezers

Signal, while Acp Indicates the Amplitude of the CD Couplet with guests carrying a ligating amide moi@f?73233 This

Chiral CD Couplet gy ent e Aco possibility ?s supported by a recent report of Boroka\_/ and Inoue
substrate  predicted where a bis(Mg-porphyrin) was employed for the direct deter-
mination of the absolute configuration of a series of monoal-
Me L L) MeH  gm i e hol@3 based Mg ligation233In th t stud
HS  Hy % 421 nm +78 cohols®based on oxygenMg ligation**="In the present study,
COOH COR H Hex  428nm -38  _gq we describe the application of a dimeric Mg-porphyrin tweezer
1 positive 419 nm + 82 Mg-T (instead of the previously useth-T) as an improved
N L host molecule for absolute stereochemical determinations of
HZ Hoy @ ) wmen  41mm-35 oo : _ _ " .
TN-cocH; &or  H 423 nm +63 o-chiral carboxylic acids, derivatized aN-y-aminopropyl
COOH positive amides. The complexation, occurring through the ligation of
2 Ry 431 m - 38 the two Mg centers by the amide (oxygen donor) and the
H\F'\fesr H$M @ MCH  4oonm +25 primary amine (nitrogen donor) groups, proceeds as a stereo-
COOH COR H_ Hex 12? nm ;%14 - 55 controlli_ng process _vvhich leads to hetgyest c_omplexes with
3 positive porphyrin helicity dictated by the configuration at theste-
L OV M@ McH  432nm +300 57 reogenic center of the carboxylic substrates.
F =L
CoOH  COR ne:aﬂve Hex  4oimm 292 +4s8 Results and Discussion
* e 430 + 36 Synthesis, U\-vis, anq CD Spect_ra of the Complex
MeO\F‘_C.’;% Sﬁg_«n_ @ MCH 5 nm _o3  +9° Mg-T/C-.lO. The magne§|um porphyrin twelezM.g-T Was.
CoOH COR S Hex 321 nm 3»4201 +61 synthesized by the coupling of 1.,5-pentaned|ol with 1 equiv of
5 negative 5-(p-carboxyphenyl)-10,15,20-triphenyl porphyr&and sub-
sequently reacting produ& with an additional equivalent of
e ey M@ MCH 310m +183  +249 8, followed by metal insertion with Mglin CHCl, (see Scheme
Toon COR H Hex ig? m .-,,635? 145 1). The synthggls qf Mg?porphyrln tweezbtg-T does not
negative present any difficulties with respect to the Zn analogue. The
6 extinction coefficient of compountlig-T is 910 000 M1 cm™?
H.,E/\=o H L@ MCH  430nm +16 420 in CH,Cl, and 650000 M! cm! in methylcyclohexane
Goow  Con BT e BmrE e e
7 positive The complex betweeMg-T (host molecule) and bidentate

conjugateC-10 (C stands for “conjugate”) (guest molecule),
prepared from the monoprotected achiral carrier moletule
factors are most likely responsible for conformational differences anq the chiral carboxylic acids[-10 (Scheme 2), was chosen
that overcome the steric control of the substituents in deter- 55 3 model. Formation of the complex can be monitored by
mining the sign of the CD couplet. A modification of the Yy —vis spectroscopy. A UVvis titration of Mg-T with
protocol was clearly necessary in order to broaden its scope t0gjfferent amounts oC-10 resulted in a bathocromic shift of

a larger variet'y of supstrates. Rather thanl adjusting the carrieryhe absorption maximum of the tweezer molecule from 419 to
molecule as in previous cas¥s;® we decided to keep the 422 nm (Figure 2a,b). A decrease in the bandwidth of the Soret
convenient substrate derivatization unchanged and instead toyang is also induced by the complexation, due to diminished
search for more suitable dimeric metalloporphyrin hosts. The conformational flexibility of the complex compared to the free
utility of porphyrins as powerful CD reporter groups, exempli- tweezef® The association constar, for Mg-host/guest
fied by numerous studiés;*"??stems not only from the intense  complex Mg-T/C-10 was determined to be 1.18 106 M1

and narrow Soret absorption band in the 4850 nm region through a nonlinear fitting of the absorbances at 422 nm based
(¢ = 450000) but also from their ease of metalation and on a 1:1 stoichiometry; this value is more than twice the
derivatization. In this respect, Zn-tetraphenyl porphyrins remain

by far the most investigated. The coordination properties of (26) Kadish, K. M.; Shiue, L. RInorg. Chem.1982 21, 1112-1115. Storm,

magnesium have been explored less in the context of molecular & B %Oo”c’"ligéé-s'g-¢2’g§_)”_a‘2”5%2R- R.. Martz, M.; Weintraub, B. Am.
recognition?3-2 despite the ease of formation of axial adducts (27) Chapados, C.; Girard, D.; Ringuet, Kan. J. Chem1988 66, 273-278.
; ; : in(28) Sanchez, E. R.; Gessel, M. C.; Groy, T. L.; Caudle, MJ.TAm. Chem.
between magnesium porphyrins and various substrates contain Soc.2003 124 19331940,
(29) Abraham, R. J.; Rowan, A. E.; Smith, N. W.; Smith, K. M.Chem. Soc.,
)
)

(22) Oancea, S.; Formaggio, F.; Campestrini, S.; Broxterman, Q. B.; Kaptein, Perkin Trans. 21993 1047-1059.

B.; Toniolo, C.Biopolymers (Biospectroscop2P03 72, 105-115. Takei, (30) Ganesh, K. N.; Sanders, J. K. M.; Waterton, JJCChem. Soc., Perkin
F.; Hayashi, H.; Onitsuka, K.; Kobayashi, N.; Takahashi®&gew. Chem., Trans. 11982 1617-1624.
Int. Ed. 2001, 40, 4092-4094. Redl, F. X.; Lutz, M.; Daub, Lhem— (31) The Cambridge Structural Database (Allen, FAldta Crystallogr.2002
Eur. J. 2001, 7, 5350-5358. B58 380-388) contains 75 entries relative to Mg complexes with carbonyl
(23) Lintuluoto, J. M.; Borovkov, V. V.; Inoue, YJ. Am. Chem. SoQ002 or carboxyl ligands; in all cases, the carbonyl oxygen is the donor atom.
124, 13676-13677. (32) Leicknam, J. P.; Anitoff, O. E.; Gallice, M. J.; Henry, M.; Tayeb, A. E. K.
(24) Peschke, M.; Blades, A. T.; Kebarle, P.Am. Chem. SoQ00Q 122 J. Chim. Phys1981, 78, 588-596. McKee, V.; Rodley, G. Anorg. Chim.
10440-10449. Acta 1988 151, 233-236.
(25) Chadwick, S.; Englich, U.; Ruhlandt-Senge, Idorg. Chem.1999 38, (33) Leicknam, J. P.; Anitoff, O. E.; Gallice, M. J.; Henry, M.; Rutledge, D.;
6289-6293. Tayeb, A. E. K.J. Chim. Phys1982 79, 171-180.
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Figure 2. (a) Schematic representation of complg-T/C-10 between Mg-porphyrin tweezéfg-T and conjugatec-10 (for clarity, two mesephenyl
rings have been omitted). (b) Absorbance changes of the Mg-porphyrin in the tvidgZErSoret band upon addition of conjugael0.

Scheme 1. Synthesis of the Mg-Porphyrin Tweezer, Mg-T

1) NaOH 2M, THF
reflux, 100%

2) HO">""0H

EDC, DMAP, CH,Cl,
80 %

COOCH,4
8 TPP-COOCH,4

Scheme 2. Synthesis of the Conjugate Molecule C-10 Derived by

Substrate 10
o o)
X “OH X ONTTONH,
i Me H Me H

H

Lh!
1) HZN/\/\H/BOC
EDC, DMAP, CH.Cl,, 80%

2) deprotection (TFA 10%
in CH,Cly)

10 Bifunctional Amide Conjugate C-10

previously reported value for the analog@ms T/C-10 complex

o o/\/\/\OH

1) 1 eq. of TPP-COOH,
EDC, DMAP, CH,Cly, 80 % O m O O
2) Mgy, CHyCly, 100%
0o
wor
00

with Mg-T, the amplitude of the CD signal remains unaltered
up to 190 equiv of guest, again emphasizing the strong
coordination stability of magnesium toward amide-based con-
jugates. The observed CD arises because the chiral conjugate
C-10, upon ligation to the achiral porphyrin dimeric molecule
Mg-T, induces a marked stereodifferentiation between the
porphyrin chromophores. Two possible complexes may form,
having a quasi enantiomeric interporphyrinic arrangement
(Figure 4). In the most stable arrangement, the methyl group

(4.65x 10° M~1).18]tis also noteworthy that the 1:1 speciesis (medium sized group, M, according to the conformational
stable up to 190 equiv of guest; only beyond this point is a energies or A-value3)is clamped between the two porphyrins,
slight red shift in the absorption maximum observed (data not while the phenyl group (large sized group, L) tends to point
shown), suggesting, as previously reported, the appearance iraway from the intraporphyrin core. In this preferred conforma-
solution of a new species, possibly with a 2:1 (conjugate to tion, the two porphyrins adopt a positive twist for compound

tweezer) stoichiometr{t12 These observations are in full
agreement with the favored binding of conjugates sudb-a¢
to Mg-porphyrin tweezerg-T in contrast toZn-T.

(9-10 (Figure 4), thus leading to the positive CD couplet in
the Soret region. It follows that the CD sign is entirely dictated
by the relative orientation of M and L groups at the chiral center,

The host-guest binding is even more conspicuous in the CD namely, the absolute configuration of the chiral substrate.
spectra (Figure 3a). While the achiral tweezer molecule has no IR Spectra of the Complex Mg-T/C-10 and Mode of
CD, an intense positive CD couplet appears in the Soret regionLigation. To obtain a 1:1 complex and to achieve high degrees
after addition of 1.5 equiv of guest; the amplitude of this signal of stereoselection leading to intense CD couplets, a two-point
reaches a maximum at 60 equiv of guest and is maintainedrecognition is necessary. The first ligation between the guest
through 190 equiv. A Job plot was obtained from CD spectra conjugateC-10and the hoskg-T presumably occurs between

by mixing different molar fractions of Mg-porphyrin tweezers
Mg-T and conjugateC-10, while maintaining a fixed sum of
their concentrations (Figure 3b); the stoichiometry of the binding
was confirmed to be 1:1. Previous studies witik T host/guest
complexes similarly determined that the 1:1 macrocyclic
complex is the only solution species contributing to the CD
signal, whose stability range is limited up to 40 equiv of the
added guesti—1 In the present case of the complex formed

the primary amino group and Mg on porphyrin P-1 (Figure 2a);
nitrogen axial ligands are in fact known to bind more tightly
than carbonyls to magnesium-porphyrfdsSubsequently, the
amide oxygen represents the only other possible nucleophilic
site of ligation to the Mg center in porphyrin P-2. lonic adducts
between carbonyls and Mg ions are easily forrfedt when

an amide group is bound to Mg, the coordination always occurs
at the oxygen functionality rather than at the nitrogé#f.34

J. AM. CHEM. SOC. = VOL. 125, NO. 42, 2003 12917
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Figure 3. (a) CD changes of the Mg-porphyrin in the tweekég-T Soret band upon addition of conjuga®e10. (b) Job plot of the complex between
Mg-porphyrin host tweeze¥lg-T and conjugateC-10 relative to CD couplet amplitudes. Total concentration isu80in MCH. The maximum observed
for the 0.5 molar fraction indicates a 1:1 stoichiometry.
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&0 1666 cm™
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Figure 4. Schematic representation of the possible conformations adopted F R C-1 Vo

by the complexMg-T/C-10 and the subsequent intraporphyrin helicity in / AN

accordance to the substituent’s relative steric 3ize. 40 1714 and 1695 cm™
Tweezer Mg-T

We have previously demonstrated that the binding between T T T T T T T T T T T host-guest ratio
conjugates such a€-10 and Zn-porphyrin tweezeZn-T 100 [ 0.2:1
involves a ligation between the carbonyl oxygen and one Zn- ;
porphyrin moiety: Similarly, analysis of FT-IR spectra (Figure 75
5) of the host-guest complexMg-T/C-10 measured in Ch

Cl, shows that in the present case &@G—Mg binding also

occurs. It was expected that after complexation the frequency %t
for the amide carbonyl €0 stretching (amide | band) would
decreasé® In the free conjugate, the amide | band occurs at asf
1666 cntl. The ester carbonyl €0 stretching for the free )
tweezer is observed at 1714 ch{Figure 5a). The 1695 cm ]228 ;} ::}:g E
band, which disappears upon addition of the guest, is probably / ==------1662 6:1 ratio (b)
due to coordination of the ester carbonyl of the aliphatic bridge 1750 1700 1650 1600 1550

of Mg-T to the Mg centers. The IR of the complex at increasing viem™

concentrations of the gue§t shows the amide | band shlft§ to Figure 5. () FTIR spectra of Mg-tweezer moleciig-T (host, dotted
1659-1662 cn’, depending on the host/guest molar ratio jine) and conjugate molecuf-10 (guest, solid line) in CbCl,. (b) FTIR
(Figure 5b). The band at 1660 ciobserved with a 2:1 excess  spectra of the complexes formed Mg-T and C-10 at different host

of the host (in which most of the guest is bound) may be guest molar ratios (shown on the right) in &E.

interpreted as the real value of the amide | band in the complex;

the frequency shift of-6 cn! (1666 to 1660 cmb) upon conjugate, even in the presence of a 6:1 excess of the conjugate;
complexation supports the view that Mg ligation occurs at the however, as expected, the band has shifted back to higher
carbonyl oxygen. Probably due to the large bandwidth, this band frequencies. Molecular modeling and NMR experiments further
is not split into the two contributions from the free and bound substantiate the above structural depiction.

: . . Molecular Modeling of Complex Mg-T/C-10. The Merck

(34) Ghoi, H.-d. aIE‘?géyEéii_ C"'éh'zar‘ggoé 4?3',; Lee, LK. Kim, .-G, Inclusion Molecular Force Field (MMFFs¥ implemented in MacroModel

(35) Tamiaki, H.; Kiyomori, A.; Maruyama, KBull. Chem. Soc. Jpri1994

67, 2478-2486. Rao, C. P.; Rao, A. M.; Rao, C. N.Rorg. Chem1984 (36) Halgren, T. AJ. Comput. Cheml996 17, 490-519. Halgren, T. AJ.
23, 2080-2085. Comput. Chem1996 17, 520-552.
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C,—H bond in the lowest energy structure is thus gauche to
the C—N bond.

Modeling of theMg-T/C-10 complex (Figure 7a) required a
thorough sampling of the conformational space. This was
accomplished following a previously developed procedi®
through Monte Carlo (MC) simulatior’§.A preliminary MC
simulation was run without adding any restraint for the amide
bonding. In all structures corresponding to energy minima within
10 kJ/mol, the ligation between the conjugate and the Mg ion
on P-2 always occurs through the carbonyl oxygen, in agreement
with the IR results. A refined MC calculation, obtained after
adding the restraints for the amide bonding as described above,
affords additional information on the complex structure. Figure
7c,d shows the lowest energy structure found for the complex
Mg-T/C-10.

The predicted sign of the intraporphyrin twist is positive, in
1 agreement with the observed CD; this is true, as well, for the
] large majority of calculated structures within 10 kJ/mol. This
result parallels our recent finding concerning host/guest com-
plexes between secondary amine conjugates and the Zn-
porphyrin tweezet! In the current case also, the MMFFs/MC
procedure may be used to predict the sign of the intraporphyrin
twist for host/guest complexes betwelly-T and conjugates
o ‘ ‘ . . . o such asC-10, that is, conjugates with alkyl/aryl substituents at

180 120 60 0 50 120 180 the stereogenic center. This may be useful where the L/M

d (Me-Ca-C-N) / deg assignment is ambiguous and A-values are not avaifdble.

Figure 6. (a) Lowest-energy structure (calculated with MMFFs in CEJClI .T-he conformation of the-amlde moiety in the complex is
for compoundC-10a, N-methyl analogue of conjuga@-10. (b) Torsional similar to that of the free conjugate. Among the set of calculated
MMFFs energy scan foE-10a, relative to CH—Co—C(=0)—N dihedral minima, the dvecacn dihedral spans values fromr140° to
(dMe—Ca—C—N). +180 (Figure 7b). That is, the £&H bond at the stereogenic
center is almost syn to the amide—-@l bond, and the methyl
group is almost syn to the=€0, while the phenyl substituent
lies almost perpendicular to the amide plane.

The medium-sized methyl group (green in Figure 7c,d) is
pointing toward P-2 and rests between the two porphyrins, while
the large-sized phenyl group (cyan in Figure 7c,d) lies distal to
both porphyrins and points upward (toward 15 anttheezer
phenyls), that is, away from the intraporphyrin pocket.

Thus, molecular modeling supports the intuitive structural
picture of the hostguest arrangement responsible for the
molecular stereodifferentiation.

NMR Studies of Complex Mg-T/C-10. The *H NMR
spectrum of complexg-T/C-10 in CDCl; at 298 K (Figure
8, bottom) shows one main set of signals, which were assigned
by means of TOCSY, DEPT-HSQC, and ROESY experiments.
A titration of the hostMg-T with increasing amounts of guest
C-10 reveals that on passing from 0.6 to 1.2 equiv of the
conjugate, the guest signals are not substantially altered, while
those of the porphyrin host are both shifted and broadened (see
Figure ESI1, Supporting Information). After addition of 1.8
equiv of conjugate, the Mg-porphyrin complex becomes satu-
rated with the conjugate, and the porphyrin resonances sharpen
and do not change significantly upon further addition of
conjugate. This trend is in accord with a 1:1 stoichiometric ratio,
as determined in the CD Job plot.

The spectrum in Figure 8 was recorded using 1.2 equiv of
conjugate. With reference to the free guest (Figure 8, top), all
protons resonate at higher fields as a consequence of the strong

E / kJmof”

7.18" had been shown to be an efficient force field for modeling
the host-guest complexes between bifunctional conjugates
and Zn-porphyrin tweeze$:'® The complex with the guest
moleculeC-10 was chosen as a model for the MMFFs calcu-
lations of complexes involving the Mg-porphyrin tweeiég-
T. Since the MM framework treats the donor/metal interaction
as merely electrostatic, the geometry around the coordinative
bond is dictated mainly by steric factors. As a consequence,
the C=0O—Mg moiety is predicted by MMFFs to be almost
linear; however, its actual shape is angular due to orbital
factors? Thus, it was necessary to add to the native force field
two parameters relative to the-/g distance and €0—Mg
angle. The respective values of 2.1 A and l4@re chosen as
the average values for the structures of Mg-carbonyl complexes
found in the Cambridge Structural Datab&se.

As a preliminary step, we modeled the structure of the
isolated guesC-10 by MMFFs in CHCE, since it is relevant
to understand the conformational changes induced by the
complexation. To simplify the calculation, the truncatse
methyl amide C-10a analogue ofC-10 (Figure 6a) was
analyzed. In the favored conformation©f10a, the G, methyl
is eclipsed by the €0 bond and the kEC—Co—C(=0)—N
dihedral angledwecacn, representing the main degree of
conformational freedom is 18QFigure 6a). Rotation around
this value is possible without a significant increase in the steric
energy, as shown by the flat energy well (Figure 6b). The

(37) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R.; Lipton, M.;
Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. &.Comput. Chem. (38) Chang, G.; Guida, W. C.; Still, W. @. Am. Chem. Sod989 111, 4379
199Q 11, 440-467. 4386.
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Occurrence %

conjugate C-10 + host Mg-T
Observed (+)-porphyrin helicity, Aqcp = + 333

30 - 1
I PhoH H
9 N
20 O
10 |
0 .I.-I..I..‘II.II..I.<I..I..I..II
-180 -120 -60 0 &0 120 180
d (Me-Ca-C-N) /deg
P-1
(d)

Figure 7. (a) ComplexMg-T/C-10. (b) Distribution of values of EC—Co—C(=0)—N dihedral iMe—Ca—C—N) for the MC/MMFFs calculated structures
of Mg-T/C-10 within 10 kJ/mol of the lowest-energy structure. (c) Front and (d) side view of the lowest-energy calculated struktgr&/af-10. Cyan-
blue, L group; green, M group; curved arrows, coordinative guest-to-host bonds.

ring current of the two porphyrin®.As already observet,14
the largest ring current shift86 = dcomp — dconj are shown by
the protons of the propanediamine moiety, all of which are
shifted upfield by about-5.2 ppm. Such large shifts may only

the chiral center lies at thé position of the carrier molecule,
thus leading to smaller ring current shifts for the protons of the
chiral moiety.

As previously noted}-14the different magnitudes of the ring

be justified by a double ligation which sandwiches the conjugate ¢yrrent shifts for the nuclei attached to the chiral centers may
between the two porphyrins, so that the guest protons experiencée taken as indicative of their relative steric bulk. Table 2 reveals

the ring current effect of both porphyrid&The protons of the
chiral acid moiety are also shifted upfield to a very large extent
(Figure 8, framed labels in the middle, and Table 2). Interest-
ingly, the ring current shifts observed for the protons of the
chiral moieties in complexddg-T/C-10andMg-T/C-4 (Table

2), up to—3.3 — —4.5 ppm for the H, are by far the largest
observed for bis-porphyrin tweezer compleXk%! This phe-
nomenon can be attributed to two causes. First, thetostst
bonding is favored by the high stability of the Mg complexes.
Second, the proximity of the chiral center to the carbonyl
bonding site places the whole acidic moiety well inside the
intraporphyrin pocket, where the ring current effect is stronger.
For all the conjugates studied in this work, the chiral center
lies 5 with respect to the complexing oxygen; in contrast, with
conjugates of chiral amines and alcohols previously repdtt&d,

(39) Abraham, R. J.; Bedford, G. R.; McNeillie, D.; Wright, Brg. Magn.
Reson198Q 14, 418-425. Abraham, R. J.; Medforth, C.Nlagn. Reson.
Chem.199Q 28, 343—-347. Abraham, R. J.; Marsden,Tletrahedrornl992
48, 7489-7504.
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that the more negative the observed shift, the smaller the steric
size: forC-10, the small group (i) hasAé = —3.31 ppm, the
medium group (Ch) hasAd = —3.18 ppm, while the large
group protons (phenyl) haved = —2.52 ppm as the maximum,
with an average of-1.40 ppm. This demonstrates that while
the small and medium groups lie in the middle of the
intraporphyrin pocket, the large group is pointing away due to
steric factors; in fact, this arrangement is confirmed by the
modeling results previously discussed. THitsNMR chemical
shifts lend themselves as additional indicators of the steric size
scale of the substituents at the chiral center; they may be
employed in predicting the expected sign of the intraporphyrin
twist (and, therefore, of the diagnostic CD couplet) in those
cases where conformational energies (A-values) are not available
or would lead to ambiguous assignméhROESY experiments
clarify the structure of thélg-T/C-10 complex. In particular,

the selective excitation of the methyl group-at.66 ppm gave
observable NOEs with most of the bis-porphyrin tweezer peaks
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Figure 8. 'H NMR spectrum in CDGJ (500 MHz, 298 K) of complexg-T/C-10 (guest-to-host ratio 1.2 equiv) labeled with relevant chemical shifis,
(ppm). Labels in the structures at the top are the chemical shifsof the free conjugat€-10. Framed numbers in the middle are the ring current shifts
Ad = dcomp — dconj UPON complexation.

Table 2. Ring Current Shifts A0 = Ocomp — Oconj UPON ) and S/H (smallest or hydrogen) groups leads to a positive exciton
Complexation of Relevant H NMR Chemical Shifts ¢ (ppm) in

CDCls (500 MHz, 298 K) for Complexes Mg-T/C-10 and couplet, a_nd vice versa. The relgtive stgric size of the substituents
Mg-T/C-42 (L/M assignment), when not immediately apparent, may be
inferred from their conformational energies or A-values (kcal/
Mg-T/C-10 mg-T/C-4® mol).2% In further ambiguous situations, NMR and/or modeling
proton AS proton AS procedures described above may be used.
Ha -3.31 s Ho —4.53 s For all substrates investigated (Table 3) devoid of further
CH, 318 M OCH, 126 oxygen substituents at the (_:hiral _center (see below),_ this
prediction of the preferred chiral twist made on the basis of
Ho | -252 Ho| — ~-28 A-values is in agreement with the observed sign of the CD
Hm -066 -120 L Hm ~-09 =-14 L couplet. This demonstrates that the current protocol may be
Hp -0.41 Hp =~-05 safely used for assigning absolute configurationsxathiral

carboxylic acids.

35, M, and L indicate the relative steric sizes of groups assigned on the  In the case of carboxylic acids carrying alkyl/aryl substituents,
basis of A-values! © See Figure 14a. the differentiation in theMg-T induced by the steric size of
in the 7.5-8.8 ppm region (see Figure ESI2). These intermo- the substituents usually generates intense CD signals. The
lecular NOEs have the same order of magnitude as thecouplet amplitudes decrease when the steric sizes of the
intramolecular ones (with fHat 0.23 ppm and phenyl ortho  substituents at the chiral center become comparable (as in
protons at4.77 ppm)’ WhiCh, in accord with ring current shifts substrate4 3 and22), nonetheleSS, itis nOteWOfthy that the small
and modeling results, suggests a very compact structure for thisdifference in the steric size between a methyl and ethyl group
complex. in 13 (respectively, A= 7.28 and 7.49 kJ/mdl is sufficient

Systematic Application to Carboxylic Acids. To test the to obtain an appreciable stereodifferentiation. The amplitudes
scope and applicability of the current approach, the conjugatesof the CD couplets increase from substra@eto substrated?2,
of several representative chiral carboxylic acids of known 15 and16. Even though the substituted aromatic rings (L groups
configuration were prepared, and the CDs of their complexes for the mentioned substrates) are pointing away from the
with Mg-T were measured (Table 3). In all cases studied, the intraporphyrin cavity so that thejp-substituents should only
CDh spec[ra were measured in methy]cydohexane (MCH)' Weakly influence the chiral recognition, it is clear that, in
hexane, benzene, toluene, and,CH, with MCH and benzene ~ comparison to the parent compouh@ a significant increase
giving the most intense spectra. Generally, the sign of CD in the CD amplitudes is observed when the phenyl ring is
couplets remains the same in all solvents. The CD data in MCH replaced by a naphthyl rindlg) or by bulkier substituents as
and benzene are presented in Table 3. As the optimal amountn 15 and16.
for the CD analysis, 40 equiv of the guest molecule were used. The presence in the substrate of additional carbonyl moieties

The sign of the CD couplet in the Soret region is correlated not directly attached to the chiral cent&6(17, 20, 22, and2)
with the absolute stereochemistry in the following manner. In does not seem to interfere with the binding mode, and the
the Newman projection of the stereogenic center with the observed CD couplets are in agreement with prediction.
carboxylic acid in the rear (see Table 3), a clockwise arrange- Moreover, in contrast to the case when the Zn tweezer acts as
ment of the L (large or bulkiest), M (medium or less bulky), the host molecule (see Table 1), electronic factors due to the
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Table 3. Structures and Schematic Representation of Carboxylic Acids 1—3, 10, and 12—22 and Observed CD Data of Their Conjugates in
Methylcyclohexane (MCH) and Benzene (Ben) after Complexation with the Mg-Porphyrin Tweezer, Mg-T; 1 and Ae Represent,
Respectively, the Wavelength and the Amplitude of the Signal, while Acp Indicates the Amplitude of the CD Couplet

Chiral CD Couplet Chiral CD Couplet
substrate predicted Solvent A Ae Acp substrate oredicted Solvent A Ae Acp
LM 430 nm + 185
Ph L MCH +333
H.S H.S 421 nm - 148 ML 430nm -130
~=Me =M @ 4350m + 212 Mot (@ MCH 5{nm +84 214
COOH cor H Ben oo it s +400 s
positive nm ) COR S Bon 433nm -107 oo
10 “COOH negative 424 nm + 61
OMe 19
LM 430 nm +197
8 H _;LM @ MCH 425 nm -174 *371
OMe
oS COR H " Ben 330M +221 441 o L LM yon 481nm+110 55
~=Me positive Y Hj;—M @ 422nm -93
COOH CoR H Ben goqnm + 195 363
12 COOH positive
E L LM 20
t
Hitove  Hemy © ) wmon  429nm +47 o
\(I:'(')OH EH 5 420 nm - 34
positive L Lo MY mon §30nm +2%5 415
13 HZ H\F_M ®
Ph L Lo M\ oy 430nm +136 | ong COOH CorR H Ben jognm +287 . 458
Hs L H\F—M @ 421 nm - 117 21 positive
H 433 nm + 228
COOH COR soutive Ben 4oanm +228 4429
‘4 o B
LM 430 nm +318 433 nm +10
d\< H\,-illM @ McH  430nm +318 679 Ben faanm +19 o3
H 433 nm + 280
H=we COR osiive D" 424nm -277 *57 22
COOH
15
0, 0 w e b b mon GBI e
c L LM\ oy 481nm +192 .00 ~N—=cl ~=M
G rpw P e Coon fon K7 e BIME oo
N H 433 nm + 296 positive
Hiamte COR positve " 424nm - 246 +542 1
COOH
16 Yy wot hg') Mew ZRImis ees
COOH e HE . u ¥
LY 433 nm + 268 Soor O com H Ben Zpapm 173 *+199
H\\,. " 0 Ben 423nm-o73 +54 > positive
o positive
17
o e Ho& L®M MCH 332mm 57 +140
430 nm - 107 ~=Br =M
Ké@\ MKL M L MCH 455 nm + g6 ~193 COOH CcorR H Ben 4330M +10 .
S Chod My ®/ 433 nm - 127 positive 422nm -5
HOOC H S Ben 404nm +114 241 3
negative
18

presence of electron-rich substituents at the chiral center, forities. Note that, while the method employing Zn-porphyrin
example, heteroatoms such as Cl and Br, &hdrotected tweezerZn-T reported earliéf remains valid for carboxylic
substituents, in compounds-3 in Table 3, do not affect the  acids devoid ofi-heteroatoms, the Mg-porphyrin tweeidg-T
result. Chiral carboxylic acids with multiple stereogenic centers method is applicable to a wider range of compounds and also
(17, 19, 21, 22) also showed CD signals in agreement with the leads to increased CD intensities.
L/M steric size rule. Compounds with Oxygen Substituent at the Stereogenic
The described host/guest complexation protocol has also beerCenter. The presence of oxygen functionalities directly attached
tested with substrates having multiple nucleophilic sites and/or to the chiral center (hydroxyl, ether or ester groups) led to

complex natural products structures, for examg,15, 16, unexpected CD results summarized in Table 4. In all cases
17, 18, 19, and22 (Figure 9). Some of these substrates present investigated, the observed sign of the CD was consistently
only subtle differences in the substituent steric Sizé22) or a opposite to that predicted on the basis of steric size (oxygen

quaternary chiral cented ). In all cases, the steric size rule groups always have smaller A-values than alkyl and aryl
holds true (Table 3 and Figure 9). In summary, the wide variety groups)* Thus, the current procedure remains valid and
of compounds employed for testing the protocol fully demon- applicable to oxygen-substituted substrates, in which case the
strate the versatility and applicability of this method, regardless sign of the CD couplet isppositeto that predicted on the basis

of the presence of multiple stereogenic centers and functional-of the substituent steric size.
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-120 Table 4. Structures and Schematic Representation of Carboxylic
Acids 4—7 and 23—28 and Observed CD Data of Their
90 4 Conjugates in Methylcyclohexane (MCH) and Benzene (Ben) after
Complexation with the Mg-Porphyrin Tweezer, Mg-T; 1 and Ae
60 Represent, Respectively, the Wavelength and the Amplitude of the
Signal, while Acp Indicates the Amplitude of the CD Couplet
Acp=-214
30 4 “
CONH(CH3)3NHz Chiral CD Couplet
A substrate predicted Solvent Ao de Acp
€ E
ML 431 nm +210
-30 n2r n @ MOH  422nm 190 +400
\g(;OH ER H Ben 4340M +290  ogg
-60 - f negative 424nm 295 *
4 M__L 431 nm +19
-90 Meo_ CF3 M MCH 45ipm Yo +32
N=Ph S 433nm +11
-120 A COOH  cor S ] Ben o5nm 44 +25
5 negative
-150 A
M M L 430 nm +106 1
CONH(CHp)sNH, Agp =- 193 w2 ) N @ MCH 451 nm 82 +188
-180 T T T T T COR H B 433 nm +231 449
COOH . eN  424nm 218 *
390 410 430 450 6 negative
Wavelength (nm
. on o oyt ') wen BT, e
Figure 9. CD Spectra of the complex&4g-T/C-18, Mg-T/C-19, andMg- H3=0 ~N—M @ 433 3
T/C-22, formed between the propyl-amide conjugates of substfiaek, COOH COR H Ben o4 gg 37 73
and22 and Mg-porphyrin tweezeMg-T in methylcyclohexaneicp denotes 7 positive
the amplitude of the CD exciton couplet. OH
L__S
430 nm +269
0] R M\.iL-s Y omeH G000 B 487
1 ' M 433 nm +307
RS‘\ ;? R ch*&% y COR negative BeN 454 nm -o77 + 584
N 2
1
23
Hro, OR oH Mo ML\ oy 40mmed2 o
HoS Ho® 421om 25t
= Tt 433 nm +122
COOH cor H Ben 4ounm fiFS 4219
R =H or Me negati nm -9
24 gative
R1= H; Ro,R3 = alkyl or aryl ocome " Mts
H EaPh HGE 433 nm +70
-~ =L ? Ben 454 nm -61 +131
16— S : e — COOH COR ]
I I B «-methoxy amides ] 25 negaiive
14 = M - hydroxy amides T
- yaroxy LM 430 nm -24
3 I 1 H B\/ H ':\LM @ MCH 421 nm +22 -46
o 12f ) ] o M Ben 4337m 17 oo
8 4 COOH positive 424nm +20
s | | ] 26
-I‘-nl F : 4
u— 8- — LM 430 nm -91
° I ] " \/ H\iM @ MCH  451nm +49 140
i a0OCOMe )
a s6f . e COR H Ben 433n0m 83 )
£ i - 1 COOH positive 424 nm +49
3
Zz 4r I y .
L 1 M L 430 nm +141
2+ J . @ MCH 451 nm 125 +266
F 433 211
[ P IR B e I...I..I‘..... Ht' Ben 4232mf193 +404
180  -120 -60 0 60 120 180 negative

d (RO-Ca-C-N) / deg

Figure 10. (Top) Preferential conformation far-hydroxy ando-alkoxy . . . o
primary and secondary amides. (Bottom) Distribution of values ofRO ~ Primary and secondary amides, revealed that in 90% of cases
Ca—C(=0)—N dihedral lRO—Co—C—N) for the structures afi-hydroxy the value of the ©-C,—C(=O)—N dihedral flococn) is between

anda-methoxy amides found in the Cambridge Structural Database. —50° and +50°, consistent with an effective hydrogen bond
(Figure 10). The same has also been proven in solution, by NMR

A conceivable source of this di_fference is the presence of and other methods for a number @fmethoxy andx-acyloxy
the oxygen substituent in the conjugate molecule. It is in fact ;a0

well-established that-hydroxy anda-alkoxy primary and
secondary amides preferentially adopt a molecular conformation (40) Latypov, S. K.; Seco, J. M.; Quinoa, E.; Riguera, R.Org. Chem.

; H — H i 1995 60, 1538-1545. Trost, B. M.; Bunt, R. C.; Pulley, S. R. Org.
aIIowmg ",]tramOIecmar OH N hydrOgen bondmg. In this Chem.1994 59, 4202-4205. Hamersak, Z.; Selestrin, A.; Lesac, A.;
conformation, the €—OR bond is anti to the amide=€0 and Sunjic, V. Tetrahedron: Asymmetr§998 9, 1891-1897. Gawronski,

~ H H H J.; Gawronska, K.; Skowronek, P.; Rychlewska, U.; Warzajtis, B.;
syn to the =N bond (Flgl‘!re 10)' A search in the Camb”dge Rychlewski, J.; Hoffmann, M.; Szarecka, Aletrahedron1997 53,
Structural Databasg, relative to a-hydroxy ando-methoxy 6113-6144.
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Figure 11. Structure of conjugat€-4 derived by substratéand preferred
conformation of the same molecule.
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Figure 12. Variation of the!H NMR chemical shiftdn—n (ppm) for the
amide proton of conjugate€-4 and C-10 (500 MHz, in CDC}) as a
function of temperature. Temperature coefficieAtYAT are estimated as
the slopes of the least-squares linear fits.

E / kdmol"

We demonstrated that conjugdfe4, taken as a model for
all compounds in Table 4, similarly prefers to adopt an
arrangement characterized by an intramolecular H-bond between
the amide N-H and a-OMe groups (Figure 11). This was d (MeO-Ca-C-N) / deg
supported by measur?ments of the temperatur_e coefficient OfFigure 13. (a) Lowest-energy structure (calculated with MMFFs in C§ICI
M NMR chemical shifts of the secondary amide protbhs.  for compoundC-4a, N-methyl analogue of conjugate-4. (b) Torsional
Mobile N—H protons are strongly sensitive to temperature MMFFs energy scan fo€-4 relative to MeG-Ca—C(=O)—N dihedral
changes, but those involved in intramolecular H-bonds are less(@MeO—Ca—C—N).
sensitive. The variation afyy as a function of temperature may

be quantif(;ed throg/%h the valu¢|e otfhtme?NH/ ATf(;;’}:fﬁCiem Figure 13a as the favored, lowest energy conformation. It has
(expressed as ppb/deg), namely, the slope ofofeversus — , yoq ¢ —c(=0)—N dihedral ofdveoacn = —30°, allowing

.tte.mperature 1]unct|on,:/v2|(zrf: |ts§§ua/IIAyTI|ne¢lar. I? prottﬁm '\LMBR’ for the intramolecular H-bond. A second minimum, with
/e L lar Hbond: valles lowe; OMe0ccn = +180°, has a much higher energy-{6 kJ/mol)
ppb/deg IS indicative ot an Intramolecular 1-bond, Values IoWer ,,q g separated from the former by a barrier of 18 kJ/mol
than this signify a stronger and shorter H-bdhdVe have (Figure 13b)

measured the chemical shiff; of amide protons for conjugates Some cases of host/guest complexes with a Zn-porphyrin

C-4 andC-10 (taken as model compounds) at various temper- tweezer have been already reported where an unexpected

atures between 268 and 308 K (Figure 12). The average values f . . . :
A t | pref f th te, dictated by intra-
for ons in this range are 6.2 ppm fa2-10 and 7.2 ppm for conformational preference of the conjugate, dictated by intra

C-4. Thes T function i v I in both _molecular hydrogen bonding, has led to observed CD couplets
h ~. 1he tNr': velrsus ufnt(r:1 'Oms (Iaxact y linear Irl]' 0 F’fsgi} with signs opposite to those predict&dn the present case, it
sg\tl)\{;\alli;allye :Srr?ge:stci)mat(;ﬁ s 0 /Z?’Sc-jgfl;iizgﬁtsm:raer SIZt Meris similarly conceivable that the guest conformation, governed
) NH ) by the int lecular hyd bonding, f th hyri
0.05 ppb/deg forC-10 and 3.7+ 0.02 ppb/deg forC-4; the y the Inframolecuiar hydrogen bonding, orces the porphyrin

. ; dimer to adopt an orientation leading to the opposite helicit
latter value is well below the 4.6 ppb/deg threshold, consistent P g PP y

ith a st int lecular H-bond inatin theneth than the one expected from the steric size.
with a strong inframolecular H-bond occurring in trenetnoxy By applying the MMFFs/MC procedure described above to
amide conjugate, which is likely to be retained in its host/guest

the complexMg-T/C-4 (Figure 14a), we obtained a set of
complex as well.

Th f . lecular hvd bond in th minimum energy structures where the guest intramolecular
e presence of an intramolecular hydrogen bond in the ., oo 4o e0ind in 95% of cases45 < dyeocucn < 0°)

on-rr:jetlhoxy amide con{uglatt_e was _also colnﬁrmed by rr]nolecular (Figure 14b); the lowest energy structure is depicted in Figure

mo he :ng. NllMFFS cfa cu arlons (in hCHQ on C-4a, rt] eN- . 14c,d. An experimental proof was, however, hampered by the

methyl analogue ofC-4, led to the structure shown in complicated NMR spectrum of host/guest complex; in particular,

(41) Baxter, N. J.; Willamson, M. PJ. Biomol. NMR1997 9, 359-360. n€ Signal for the amide NH proton could not be identified in
Cierpicki, T.; Otlewski, J.J. Biomol. NMR2001, 21, 249-261. the'™H NMR of the Mg-T/C-4 complex.

-180 -120 -60 0 60 120 180
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Figure 14. (a) ComplexMg-T/C-4. (b) Distribution of values of Me©Co—C(=O)—N dihedral (MeO—Ca—C—N) for the MC/MMFFs calculated
structures oMg-T/C-4 within 10 kJ/mol of the lowest-energy structure. (c) Front and (d) side view of the lowest-energy calculated strudtgf€/6f4.
Cyan-blue, L group; green, M group; curved arrows, coordinative guest-to-host bonds; dark-green hashed bond, intramolecular guest hydrogen bond.

It is indisputable that this conformational preference makes Chart 1
a marked difference between substrates devoid of oxygen Aryl Alkyl Amides ~ Methoxy (Hydroxy)
substituentsi—3, 10, and12—22, Table 3) and those containing Alkyl Amides
an oxygen substituent at the stereogenic cedte7 (@and23— o) o}
28, Table 4). In the compounds devoid of oxygen substituents, I Il H
as discussed above, the stereodifferentiation is mainly dictated @Q
by the steric difference between the M and L groups (see Chart H | | OMe
1, left). This is in contrast to compounds where the medium N ~,NH ~
group M is a hydroxyl, alkoxyl, or acyloxy group (all com- NH, N e
pounds in Table 4 excefi and 23). Since M is involved in P{Q‘% P-/1—®\F,‘_2
intramolecular hydrogen bonding, it lies approximately in the
amide plane and cannot be responsible for the stereodifferen-
tiation, which instead will be dictated by the steric difference

between the other two groups L and S (Chart 1, right). This

interpretation is supported by the comparison of ring current small absolute magnitude &f found for the methoxy protons
shifts for the guest protons dflg-T/C-4 and Mg-T/C-10 also matches our MMFFs calculated structures for comigigx
complexes (Table 2; for the NMR dflg-T/C-4 see Figure T/C-4 (Figure 14c,d): in the guest conformation locked by the

ESI3). While the L group (phenyl) protons have similad intramolecular H-bond, the methoxy points outward, thus falling
values, that of the S (§) group is smaller by ca. 1 ppm (larger in a region of relatively weak porphyrin ring current effect.
absolute value), while that of the M group (Ogkh C-4) is These sizable discrepancies lead to a consistent structural

larger (by ca. 2 ppm) itMg-T/C-4 than in Mg-T/C-10. The difference between the two complexes.
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The apparent sign reversal observed for compounds in Tablemolecule as supported by NMR and molecular modeling. The
4, with respect to the usual behavior, may therefore be justified Mg-tweezer has been shown to be sensitive not only to absolute
as the effect of conformational factors. Notably, in most of the configurations of the substrates but also to their specific
minima calculated by the MMFFs/MC procedure for the oxygen- conformations in solution.
containing complexMg-T/C-4, the stereogenic center and, in
particular, the large phenyl group (cyan in Figure 14c-d) are Experimental Section

pointing downward, that is, toward 3/phenyls, while the General Procedure for Conjugate Preparation.To a solution of
opposite is true for the compleig-T/C-10. A similar carboxylic acid (15zmol) and carrierll (18.5 umol) in anhydrous
conformational difference has been noted previously for host/ CH,CI, (2 mL), EDC (25umol) and DMAP (15umol) were added at
guest complexes between the Zn-porphyrin tweezer and secondroom temperature. The mixture was stirred at room temperature over-
ary amine derivatives: conjugates of secondary amines with night. The crude reaction mixture was diluted with £H (5 mL)
N-isopropy! andN-cyclohexyl groups led to modeled structures and washed with aqueous NaHE(G% solution) and aqueous NaCl
with the chiral moiety directed preferentially toward Ghenyls ~ (Saturated, brine) and the organic layer was dried ovesSNa

and to observed CD couplets of signs opposite to those of (anhydrous). Upder reduced pressure, the solvent was removgd and
correspondingN-methyl and N-ethyl compounda! In the the crude material was chromatographediCIbﬂ_\/leOH 97_.5/2.5).Th|s

. Boc-protected conjugate was subsequently dissolved FCGKIL mL)
present case, the presence of an intramolecular H-bond for

. and TFA (0.2 mL) at room temperature. After stirring overnight, the
o-oxygenated conjugates seems to force the whole complexqtion was evaporated under reduced pressure and dried further with

toward the conformation depicted in Figure 14c,d. This con- 3 yacuum pump to give the analytically pure conjugate as a TFA salt.
formation is different from that of complexes of substrates  General Procedure for Host/Guest Complexes Preparation and
devoid of a-oxygen substituents, as shown in Figure 7€,d.  for CD Measurement of the Complexesin a typical experiment, a 1
Although, in the lowest energy structure calculated for the uM tweezerZn-T or Mg-T solution was prepared by the addition of
complexMg-T/C-4 (Figure 14c,d), the predicted positive sign a 10uL aliquot of tweezerZn-T or Mg-T (0.1 mM in anhydrous

of the intraporphyrin twist corroborates the observed CD couplet, €H:Cl2) to 1 mL of CHCl.. The exact concentration of the diluted
alarge number of calculated structures within 10 kJ/mol predict tWeezerZn-T or Mg-T solution was determined by Utis from the

a negative twist; this result is in contrast to thaiig-T/C-10 knowne value of the Soret band in GBI, (¢ = 890 000 and 910 000
where a large majority of calculated structures within 10 kJ/ L mol* cm *, respectively, forzn-T and Mg-T). The free amine

. L . solution of the conjugate was prepared by adding 0.5 mL of MeOH
mol ihows a porphyrin helicity in agreement with the observed __ 4 <Jiiq NaCO; (10 mg) to the previously prepared TFA salt of the
CD4

conjugate. The solvent was evaporated under a stream of argon followed
by placement under high vacuum for 20 min. Anhydrous,Clklwas
added to yield the free amine solution of the conjugate (3.35 mM). An
The work presented in this paper has led to a new approacha”quot of 12uL of the latter solution (40 equiv) was added to the

for determining the absolute configurations @fchiral car- prepared pprphyrin tweezer solution to afford thq hos_t/guest complex.
boxylic acids. The protocol depends on a host/guest complex-The UV—vis and CD spectra were measured in different solvents
ation mechanism between a newly synthesized Mg-porphyrin (QT'ZCIZ' MCH, h‘.axane‘ benzene, and toluene), with MCH and benzene
tweezer and\N-y-aminopropyl amide derivatives of the chiral gving the most intense CD spectra. In the Buls spectra, thg red

. shift of the tweezer Soret band indicated that the complexation took
Supstrates. Formatlon. of 1:1 'Complexes has been provgn by aplace. The sign of the CD couplet was consistent in all the solvents
variety of spectroscopic techniques (BVis, CD, NMR), while tested.
the mode of binding has been clarified by FTIR experiments
and molecular mechanics calculations. A wide variety of Computational Details
substrates has been investigated, including biologically relevant Molecular modeling calculations were executed with the Macro-

C(.)mpou.nds with Seve'ral Sterquenl'cl centers' and Compqund%odel 7.1 package (Schdinger, Inc., Portland, OR) including Maestro
with various and multiple functionalities possibly competing 3 5 45 GUI on a Dell Precision 330 workstation.

for the ligation of the Mg-porphyrin. In all cases, the sign of Al molecular mechanics calculations were run using the MMFFs
the CD couplet in the Soret region is consistent with the (MMFF94s) in vacuo or in CHGI(GB/SA solvation model), with
prediction based on the relative steric size of the substituentsdefault parameters and convergence criteria, except for the maximum
at the stereogenic centers. The exception is the class- of  number of minimization steps, which was set to 50 000.

oxygen compounds, which consistently exhibit CD couplets Monte Carlo conformational searches were run with default param-
with signs opposite to prediction. This discrepancy has been eters and convergence criteria, sampling all the structures within 10

attributed to an intramolecular hydrogen bonding in the guest kJ/mol over 1000 fully optimized steps; a typical calculation requires
approximately 810 h. All possible torsional angles were varied during

(42) The different arrangement could not be proved by ROESY experiments each step, except for. the porphyrin ring dihedrals. and the-porphyrin-
(Figure ESI2). No diagnostic intramolecular NOE is apparent for the guest 10,15,20 phenyl torsions. Mg ions were placed in the middle of
protons ofMig-T/C-4. Intense intermolecular NOEs were observed between in i ; _ ; ; ;
o-OCH; and most porphyrin protons overlapping in the 7849 region pprphyrln rings, with a-1 charge assgned to one pair of opposite
for Mg-T/C-4, similarly to what was observed when exciting the{@jroup nitrogen atoms; no bonds or other restraints were used. Guest molecules
in Mg-T/C-10. were docked manually to the host. In a preliminary set of calculations,

43) This difference is possibly related to the structural difference between : - . .
“3) ComNexeMg_T,C_foand,\),’g_-r,c_4_ The MMFFs/MC procedure seems N0 restraints were used, except for a primary amineMy distance

to predict accurately the sign of intraporphyrin twist only in those cases check set to 2.2 0.5 A to prevent host/guest dissociation. In the final

where the chiral moiety is pointing upward (toward 13/p&enyls; see set of calculations, three constraints were added to the native MMFFs,
Figure 7c,d) in the complex, which is the most common case. In the

anomalous cases where the chiral moiety is pointing downward (toward With default force constants: -€Mg distance, 2.1A; €0—Mg angle,
5/5 phenyls; see Figure 14c,d), the conformational situation is very 14(Q; N—C—0O—Mg dihedral, planar.

Cg:%ggig‘fgjztggdnﬁ'rfiﬁ?;ev\%ﬁfgt?gzl f(',s%e/pm%r}Ct'ﬁrse;q‘f)lg_p%irzmcgﬁgg?en All the structures resulting from the above calculations with energies

quence, a clear-cut prediction of the intraporphyrin twist is not possible. within 10 kJ/mol were considered, usually around 30 single or multiple

Conclusion
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structures over 1000 steps. The minima were collected in occurrence  Supporting Information Available: Materials and general
graphs as shown in Figure 7b and 14b. Figures 7c,d and 14c,d refer toprocedures; Figures ESIEH NMR spectrum in CDG of
the lowest energy structure found. complex Mg-T/C-10 in the tetraphenylporphyrin resonance
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