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Abstract: The structure, stability, and reactivity of proton-bound diastereomeric [MeHeA]™ complexes
between some amino acid derivatives (A) and several chiral tetra-amide macrocycles (M) have been
investigated in the gas phase by ESI-FT-ICR and ESI-ITMS-CID mass spectrometry. The displacement of
the A guest from the diastereomeric [MeHesA]" complexes by reaction with the 2-aminobutane enantiomers
(B) exhibits a distinct enantioselectivity with regards to the leaving amino acid A and, to a minor extent, to
the amine reactant B. The emerging selectivity picture, discussed in the light of molecular mechanics
calculations, provides compelling evidence that the most stable conformers of the selected chiral tetra-
amide macrocycles M may acquire in the gas phase a different conformation by induced fit on complexation
with some representative amino acid derivatives A. This leads to the coexistence in the gas phase of
stable diastereomeric [MeHeA]" eq—eq and ax—ax structures, in proportions depending on the configuration
of A and M and characterized by different stability and reactivity toward the 2-aminobutane enantiomers.
The enantioselectivity of the gas-phase A-to-B displacement in the diastereomeric [MeHsA]" complexes
essentially reflects the free energy gap between the homo- and heterochiral [MeHesA]" complexes, except
when the tetra-amidic host presents an additional macrocycle generated by a decamethylene chain. In
this case, the measured enantioselectivity mostly reflects the stability difference between the relevant
diastereomeric transition structures.

Introduction dextrins® and calixarene$Macrocyclic amides form another

Shape-specific noncovalent attractive and repulsive interac- 9"0UP of synthetic receptors that have been given considerable
tions constitute the basis for information transfer between attention. Interest in this category of macrocyclic hosts comes
molecules in living systems as well as in synthetic supramo- oM the amphiphilic properties of their amido groups in dipolar
lecular structures. Despite ever more accurate descriptions ofo" H-bonding interactions, the carbonyl acting as a dipole donor

biological systems and a dramatically increasing diversity of @nd @ H-bond acceptor and the-N as a dipole acceptor and
synthetic host/guest complexes, a systematic and generaf H-bond donor_. In_deed,_a number of recent _publlcanons haV(_a
understanding of the underlying intermolecular forces is still Presented convincing evidence that, depending on the experi-
in its infancy. Organic chemistry makes possible the targeted MeNtal conditions, macrocyclic amides can bind cations or
construction of infinitely variable macrocyclic compounds with 2nions? In general, it is thought that the complexation process
multiple centers interacting in complementary wayheir will be energetically more favorable if the preferred conforma-

remarkable selectivity toward a variety of neutral and ionic (4) Lehn, J.-M.Acc. Chem. Re<.978 11, 49.

guests illustrates the principle of molecular recognition and is (5) (a) Cui, C.;kCho, S. J.; Kim, S. Phys.hChem. A998 102, 1119. (b) Lee,
. i . W. Y.; Park, C. H.; Kim, S.J. Am. Chem. S0od.993 115 1184.
the basis of many app_l'cat'OﬁS' . . . (6) Szejtli, J.; Osa, TComprehensie Supramolecular Chemistrgyclodex-
Perhaps the most widely known and extensively investigated tErllnes; Atwgo]g, al. b'KDa\lléegsé J\./EI. Ig., MacNicol, D. D.; fte, F., Eds.;
sevier: Oxford, U.K., ;' Vol. 3.
macrocydes are crown eth&&ryptandé starands, CyCIO' (7) (@) Mandolini, L.; Ungaro, RCalixarenes in ActionImperial College
Press: London, U.K., 2000. (b) Perrin, M.; Oehler. Qalixarenes, a

(1) (a) Lehn, J.-M.Supramolecular Chemistry/CH: Weinheim, Germany, Versatile Class of Macrocyclic Compound4cens, J., Bamer, V., Eds.;
1995. (b) Schneider, H.-J.; Yatsimirsky, Rrinciples and Methods in Kluwer Academic Publishers: Dordrecht, The Netherlands, 1991.
Supramolecular ChemistryWiley: Chichester, U.K., 2000. (c) Steed, J. (8) (a) Kim, H. Y.; Calabrese, J.; McEwen, @. Am. Chem. S0d.996 118
W.; Atwood, H. L. Supramolecular Chemistriley: Chichester, U.K., 1545. (b) Kim, K. S.; Cui, C.; Cho, Sl. Phys. Chem. B99§ 102 461.
2000. (d) Dietrich, B.; Viout, P.; Lehn, J.-MMacrocyclic Chemistry (c) Malinowska, E.; Wrblewski, W.; Ostaszewski, R.; Jurczak,Rbl. J.
VCH: Weinheim, Germany, 1993. Chem.200Q 74, 701. (d) Chmielewski, M.; Jurczak, Jetrahedron Lett.

(2) (a) Schneider, H. Angew. Chem., Int. Ed. Endl991, 30, 1417. (b) Seel, 2004 45, 6007. (e) Szczepaka, A.; Sataski, P.; Jurczak, Jletrahedron
C.; Vogtle, F. Angew. Chem., Int. Ed. Engl992 31, 528. (c) lzatt, R. 2003 4775. (f) Hossain, Md. A.; Llinares, J. M.; Powell, D.; Bowman-
M.; Pawlak, K.; Bradshow, J. S.; Bruening, R. Chem. Re. 1991, 91, James, Klnorg. Chem2001, 40, 2936. (g) Hossain, Md. A.; Kang, S. O.;
1721. Powell, D.; Bowman-James, Knorg. Chem2003 42, 1397. (h) Suh, S.

(3) (a) Pedersen, C. J. Am. Chem. S0d.967, 89, 2495. (b) Pedersen, C. J. B.; Cui, C.; Son, H. S.; U., J. S.; Won, Y.; Kim, K. 8. Phys. Chem. B
Angew. Chem., Int. Ed. Endl988 27, 1021. (c) Glendening, E. D.; Feller, 2002 106, 2061. (i) Chmielewski, M.; Szumna, A.; JurczakTétrahedron
D.; Thompson, M. AJ. Am. Chem. Sod994 116 10657. (d) Glendening, Lett. 2004 45, 8699. (j) Chmielewski, M.; Jurczak, Chem—Eur. J 2005
E. D.; Feller, D.J. Am. Chem. S0d.996 118 6052. 11, 6080.
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Chart 1.2

R-1 (X=H)
S1 (X=H)
S-10 (X=D)
G
H:N HZNjJ\GZ H:N H:N
00CH; OOC_H; oy 00CH;
phgOtt ala®Et  (G'=G2=H) phe {Y=0H:G=H) naphOEt
valPBt  (G1=G2=CH,} phettiz  (Y=NH,,G=H)
leudEt (G'=H:G2=i-C,H,)  phe%tt (Y=OC,H,:G=H)
n-valoEt (G1=H:G2=C,H,) fpheEt (Y=0C,H,.G=F)
ser’Et  (G1=H:G2=0H) mpheEt (Y=0C,H; G=0CHj)

throgt  (G'=CH,;G?=0H)

a*Configurational descriptors for chiral macrocyclés 3 are abbreviated in the text as eitlreor s, meaning the configuration at the four stereogenic
carbons are eithédRRRR or SSSS

tion of the macrocycle in the free state resembles closely the surprisingly is the observation of a single structure for the
conformation it will adopt upon interaction with the ionic guest. heterochiral - leHes-phe®Et]+ complex, whereas its homochiral
Thus, an important research endeavor is the study of the[r-1leHe r-phe®E]* congener displays a reaction kinetics con-
conformational equilibria of macrocyclic amide receptors and sistent with the coexistence of two stablBHer-phe®F!] g
their sensitivity to the noncovalent interactions with potential and [LeHer-phe®&!] ¢, structures. No clear-cut explanation for
guests such a spectacular configurational effect is presently available.
We were recently engaged in a preliminary mass spectro-  This intriguing kinetic picture prompted us to widen the
metric (MS) study of the chiral recognition of some representa- investigation to the macrocyclic tetra-amides®, r-3, ands-3
tive amino acid derivatives (A), i.e., phenylalanine amide and to a larger set of amino acidic guests (Chart 1). The purposes
(pheNt2), phenylalanine ethyl esteplfe®®!), and naphthyla-  of this research is to: (i) verify the effects of the functional
lanine ethyl esterrfaph®!) (Chart 1), by several specifically  groups of the guest A on the enantioselectivity of the gas-phase
designed macrocyclic tetra-amides (M), ilel, s-1, andr-2, reaction 1; (ii) elucidate the structural features of the diaster-
in the gas phase where interference from the solvent and theeomeric [MHeA]™ complexes; (iii) explain the origin of the
counterion is safely excludéd.The enantioselectivity of the  spectacular configurational effect on the reactivity of isomeric
selected M hosts was checked by introducing into a Fourier forms of [MeHeA]™ (A = phePEt andnaph®®); and (iv) shed
transform ion cyclotron resonance mass spectrometer (FT-ICR-some light on the dynamics and the mechanism of reaction 1.
MS), equipped with an electrospray ionization source (ESI), the
proton-bonded two-body complexes {MA]* and by measur-

ing the rate of the displacement reaction 1 where B is either  All of the experiments concerning the gas-phase thermody-

Results and Discussion

(R)-(=)- (Br) and §)-(+)-2-butylamine (B). namics and kinetics of the selectedqMbA]* complexes have
. . been carried out by using two complementary mass spectro-
[MeHeA] ™ + B — [MeHeB] " + A 1) metric techniques. Indications about the nature of proton bonding

) ) o ) in the ESI-formed diastereomeric pMeA]™ complexes have
~ According to the relevant reaction kinetics, a single structure peen derived from their collision-induced decomposition (CID)
is attributed to the diastereomeric fMeA]" (M/A = r-1/ performed in a ion-trap mass spectrométet® With the same
phe™2 andr-2/phe®) complexes. In contrast, both the hetero- jqrment, information on the relative stability of diastereomeric
[r-1eHes-naph®E]* and the homochiral sfleHes-naphC&*
adducts behave as a combination of two stable, non-intercon-(11) cooks, R. G.; Kruger, T. LJ. Am. Chem. Sod.977, 99, 1279.

verting isomeric forms, one (henceforth marked with taet ~ (12) MeLuckey, S. A; Cameron, D.; Cooks, R. & Am. Chem. Sod981
subscript) much more reactive toward B than the other (13) Cooks, R. G.; Patrick, J. S.; Kotiaho, T.; McLuckey, SMass Spectrom.
; ; Rev. 1994 13, 287.
(henceforth marked with theslow subscript). Even more (14) Cooks, R. G.. Koskinen, J. T.. Thomas, P.JOMass Spectromi.999 34,
85.
(9) Parra, R. D.; Yoo, B.; Welmhoff, MJ. Phys. Chem. 2006 110, 4487. (15) Armentrout, P. BJ. Am. Soc. Mass Spectro@00Q 11, 371.
(10) Filippi, A.; Gasparrini, F.; Pierini, M.; Speranza, M.; Villani, G. Am. (16) Dang, T. T.; Pedersen, S. F.; Leary, J.JA.Am. Soc. Mass Spectrom.

Chem. Soc2005 127, 11912. 1994 5, 452.
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Table 1. Enantioselectivity Factors R from CID of Diastereoisomeric [(M),eHeA]" Adducts

Enantioselectivity FactoR

host Guest A
(M) a|aOEl va|OE& |eu0El n_va|OE| SerOEl thrOEl pthEl pheOEl fpheOE( mpheOEl naphOEl
r-1 1.93+0.04 2.87+-0.03 3.13:0.06 5.00+£0.01 3.00+0.06 2.34+0.05 2.35+0.05 4.52+0.09 3.07£0.06 3.29+ 0.07 10.00t 0.09

r-2 0.80+£0.02 1.18+0.02 1.14+-0.02 1.10+£0.02 1.03+£0.02 1.19+0.02 1.00+0.02 1.81+0.04 1.60+0.03 1.48+0.03 2.43+0.05
r-3 1.37+£0.03 1.98+0.04 1.614+0.03 3.40+0.07 1.19+£0.02 1.83+0.04 1.56+0.03 2.07-0.04 2.22+0.04 2.14+0.04 1.514+0.03

[MeHeA]™ was obtained through CID of the corresponding not produce any effect on the selectivity. With aromatic A
[MsHeA] ™ aggregate$’1° The kinetic enantioselectivity of  guests, the enantioselectivity facRrmeasured with M= r-1,
the exchange reaction 1 was determined by using an ESI-FT-appears to strongly increase with the size ofth®ystems (cfr.
ICR mass spectrometer. The enantioselectivity factors were A = pheP® and A = naph©®t) and with the chain flexibility
obtained by comparing the rate constants of eq 1 when using(cfr. A = phg®®t and A= phe®&!). These factors play only a
the [MeHeA] * diastereoisomers with a given 2-butylamine (e.g., minor role with M = r-2 andr-3. The presence of para-

Bs) or, alternatively, by using a given [ieA]* diasterecisomer  supstituent on the aromatic ring of A does not modify ap-
with the 2-butylamine enantiomers. In the next sections, these preciably the enantioselectivity (cfr. # phe®Et, fphe©Et, and
results will be summarized and integrated with those coming mphe©Et). The relative stability of diastereomeric piAeA] *
from dedicated molecular modeling and docking studies. complexes can be evaluated from the experimeRfaktors of

Gas-Phase Stability of Diastereomeric [MHeA]* Com- Table 1 in terms of the following equatiolsAGcp = (AG
plexes.Information about the relative stability of the homochiral

and heterochiral [WHeA] ™ complexes has been derived from
CID of the corresponding three-body [(MMeA]™ adducts.
Their CID patterns are characterized by the exclusive formation
of the relevant [MHeA] " and [(M)eH] " fragments in propor-
tions which depend on the relative basicity of the M/A and M/M - . .
adducts, the configuration of both the guest A and the host M, Gas-Phase_ Reactivity of Diastereomeric [MHsA] " Com-

and the collision energies. At equal collision energies (see pIexes.A‘_s pomteql_out above, the factgrs of Table 1 reflec_t
Experimental Section), the relative stability of the homochiral (€ relative stability of the heterochiral vs the homochiral
and heterochiral [WHeA] * complexes from CID of the relevant  [MeHeAl™ fragments, and therefore, they express the thermo-
[(M) 2sHeA] + adducts provides an expression of the enantiose- dynam!c enantioselectivity of the chiral @] hc_>sts toward _
lectivity factor R of [MeH]* toward A (the subscriptbetero/ the chiral A guests, measured at the undefined “effective

homorefer to the relative configuration of the guest and the témperatureTer. Now, we are aimed at verifying whether the
host in the complexedy—19 thermodynamic stability of [WHeA]" is the only factor

controlling its reactivity toward the amine B (eq 1). In other

hetero

— AGromocip = RTett In R, at the “effective temperaturéTe,
which is an empirical parameter identified as the temperature
of a canonical ensemble of clusters for which fragmentation
would yield the same branching ratios as observed experimen-
tally.2°

[MeHeA] words, to what extent the relative stability of the diastereomeric
W [MeHeA]™ complexes controls their enantioselectivity toward
— 2 homo (2) B
[MeHeA] " Table 2 reports the ESI-FT-ICR kinetic parameters of the
[(M) 2.|_|]+ hetero exchange reaction 1, measured in present and prédistuslies.
The kinetics were carried out by monitoring the appearance of
Table 1 reports the enantioselectivity factd®sfor the the exchanged product feB]* and the decay of the reactant
[MeHeA]™ complexes formed by combining all theM hosts [MeHeA] * as a function of time. If | is the intensity of complex

and most of the A guests shown in Chart 1. Stereochemical [MeHeA] " at the delay time andlo is the sum of the intensities
preference is always in favor of the homochiral association (- of [MeHeA]t and [MeHeB] ", monoexponential Il o) vst plots

> 1), with the only exception ddla®t with host2. TheR values were obtained for all the systems with ¥ r-1 and A= phe
dramatically depend on the functional groups of both M and and pheM"2, and with M= r-2 and A = phe, phe""2, and

A. In general, they increase in the following M order2 < phePEt, The good linearity of their decay curves (corr. coeff.
r-3 < r-1, thus suggesting that the substituents bound to the > 0.986, see Supporting Information) confirms the view that
stereogenic carbons of M play a major role. Another significant the [MeHeA]™ complexes are thermally equilibrated when

effect is attached to the decamethylene chain3jnwhich reacting with B. The pseudo-first-order rate constakit®f
somewhat lowers its enantioselectivity relative to thatlof reaction 1 were obtained from the slopes of the relevart In(
Comparison of th& factors of the complexes with A ala®®, lo) vs t linear plots. The corresponding second-order rate

val®Ft, leu®®, andn-val9F!, as guests, reveals an increase in constants are calculated from the ratio between the slope of
enantioselectivity with the size of the aliphatic group of A. The  the first-order plots and the B concentratidn= k'/[B]). Their
presence of the OH functionality in A sef°® andthr °=' does  yalues, compared with the relevant collision rate constaa)s (
estimated according to Su’s trajectory calculation me#fod,
provides directly the efficiency of the reaction (eff k/kc).

(17) For a recent review, see: Speranza,Ad. Phys. Org. ChenR004 39,
147.

(18) Yao, Z.; Wan, T. S. M.; Kwong, K.; Che, ©€hem. Commuri999 20,
2119

(19) Tao,'W. A.; Zhang, D.; Wang, F.; Thomas, P.; Cooks, RAGal. Chem. (20) Laskin, J.; Futrell, J. HJ. Phys. Chem200Q 104, 8829.
1999 71, 4427. (21) Su, T.J. Chem. Phys1988 88, 4102 5355.
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Table 2. Exchange Rate Constants (x10711 cm?® Molecule™! s71)

Br= (R)-(-)- CsHoNH, Bs = (S)-(+)- CsHoNH,
host (M) guest (A) k2 o° k2 pP £b
1 ehne 597t 15009 086£003 oy 0 (058) 096£002 {21 00
- - H
1 Shhews 204507 (0.38) 0835003 411 (040) 0874003 ggutoos
- - Et
T she T Jopros(oas  128E018  iiof(oR  0k002  niog
- - Et
o e M oeiosits 0195002 5051 05 (0.09) 014001 75y 007
1P SpheEt fast 26.2+ 1.4 (0.23) 23.0t 1.9 (0.20) 0.88+ 0.12
1.00:+ 0.08 1.47+0.35
10 r-pheCEt 26.3+ 0.7 (0.23) 15.6-+ 1.9(0.14) 0.59:+ 0.09'
1P S-pheEl slow  4.44+0.27 (0.039) 2.72 0.15 (0.024) 0.62: 0.06
0.17+0.01 0.18+ 0.03
1P r-pheEt 26.3% 0.7 (0.23) 15.6-+ 1.9(0.14) 0.59+ 0.09'
s1 snaphOEt  fast 1.22+ 0.04 (0.010) 1.25 0.07 (0.011) 0.98 0.09
0.046- 0.004 0.050- 0.009
r-1 snaphOEt  fast 26.3+ 1.3 (0.22) 25.0+ 2.5 (0.21) 1.05+ 0.18
sl snaph%Et  slow  0.064= 0.003 (0.0005) 0.058 0.007 (0.0005) 116 0.18
r1 snaphCEt  slow 1.23+ 0.09 (0.010) 0.052+ 0.07 1.20+ 0.06(0.010) 0.048+0.09 1.02+ 0.04
. BB e SATEN  omeons  JEES
- - H
5 Chhaws Mot LOS£006 iy 1905 0.93£006 G561 00
- - Et
S hhee 2074 03 (0.2 0655002 3013 (0.27) 0624005 gGutoos
s3 snaphOEt  fast 23.9+ 4.3 (0.19) 24.9¢ 0.6(0.21) 0.96+ 0.05
115+ 0.28 0.72+ 0.06
r-3 snaphOEt  fast 20.8+ 1.1 (0.18) 34.7+ 2.0 (0.29) 0.60+ 0.07
s3 snaph%Et  slow  0.042+ 0.003 (0.0004) 0.05% 0.003 (0.0004) 0.83 0.14
r-3 snaph%®  slow 1.32+ 0.12 (0.012) 0.032:+ 0.005 1.15+ 0.09(0.010) 0.044+£0.005 1154 0.19

ak x 10~ cm? molecule® s71; the values in parentheses represent the reaction efficiency expressed as the ratio between the measured rate constants and
the corresponding collision constak, calculated using the trajectory calculation method (Su, T.; Chesnavitch, WChem. Phys1982,76, 5183).P
p=knomdKnetero(referred to the configuration of M and Aj;= kr/ks (referred to the configuration of BY.Reference 10¢ £ = kg/kr (referred to the configuration
of B).

Like the above-mentioned systems, the heterochirhdiles- suggest the presence of two persistent isomeric structures with
phePE]™ complex follows a monoexponential kinetics when largely different reactivity toward B (see Supporting Informa-
reacting with the B enantiomers (corr. coeff.x 0.994, see tion).

Supporting Information). Contrariwise, its homochireflpHer- An estimate of the relative abundance of the isomeric forms,
pheC&]* analogue follows a biexponential kinetics under the responsible for the above biexponential kinetics, can be derived
same experimental conditions. As pointed out in related stud- from the deconvolution of the corresponding [MHAlecay
ies22this kinetic behavior conforms to the coexistence of tWo ¢y rve. Accordingly, the time dependence of the more reactive
stable isomeric structures forr-leHer-phe®=]*, one less  igomer [MHeA] *1asican be inferred from the overall [leA] +
reactive (f-1eHsr-phe°™]sou) and the other more reactive{[  gecay after subtracting the first-order decay of the less reactive
LeHer-pheCE] ). In contrast, the monoexponential kinetics, isomer [MeHeA] *sion The Y-intercepts of the first-order decay
exhibited by the heterochiraf-{LleHes-phe®E ™ complex, is of [MHA] *sow and [MHA]*1s provide an estimate of the
attributed to the occurrence of a single structure or, alternatively, aative abundance of the [MHA] isomers (Table 3). As
of several stable isomers, but with comparable reactivity toward expected, the same WAeA] *tas/[M eHeA] 410w ~ 0.6 distribu-
B. The same rationale applies to the monoexponential kinetics ;o is observed for the homochirat- LeHer-pheQ&t]+
observed for the guest exchange reactions in thHles/r- [5-1PsHesphePEt] *complexes. With the diastereomerioifies-
phe2]™ and [-2¢HeA] ™ complexes. naph©&]+ and BeHesnaphCEt]+ complexes, the [WHeA] *ras/
We sought a definitive check of the spectacular configura- [MeHeA] +4, distribution is more unbalanced in favor of the
tional effect observed withr{lsHepheo=]* by replacing the (M eHeA]*o,component ((MHeA] *as{[M sHoA] * 5oy 0.1:-0.5).
r-.l hPSt with its hexadeutgrated enantiorse®. The reaction Kinetic Enantioselectivity. Table 2 reports the enantiose-
kinetics of the corresponding-{L2sHephe™]" are extremely lectivity of reaction 1 involving some representativesfA]

riae(s)sEthng rr?elciu;e, las ex&ecr':ed;( thﬁ :ﬁtfﬁﬁbﬁ'*xg . complexes. The reaction enantioselectivity is expressed by the
P I" comple b Spays a EO+ OEXpONENUAlKINGUCs, WNEIEAS  — 1 omdkneteroratio, when referred to the configuration of the
the homochiral§-1PsHes-phe®Fl]+ one exhibits a biexponential
. . A guest and the M host, or by tie= kr/ks one, when referred
decay plot. A different picture comes from the decay of the h fi . £ 1h . > lue indi
diastereomericlpHesnaphP®]+ and BeHes-naphP=]*+ com- to the con |g_urat|0n 0 the amine B. A > 1 value in |cates_
that the amine B displaces the guest from the homochiral

plexes by reaction with the enantiomers of B. Both diastereo- .
meric adducts show in fact biexponential decay curves, which complex faster that the guest from the heterochiral complex
’ diastereomeric [MHeAp]*t and [MeHeA ]™ complexes. The

opposite is true whep < 1. A p = 1 value corresponds to
(22) (a) Lebrilla, C. BAcc. Chem. Re001, 34, 653. (b) Wu, L.; Cooks, R. PP ) P P .p .
G. Anal. Chem2003 75, 678. (c) Gal, J. F.; Stone, M.: Lebrilla, C. Bit. equal displacement rates. Analogously, a 1 value indicates

J. Mass Spectron2003 222, 259. (d) Ahn, S.; Ramirez, J.; Grigorean, i i I['MA +
G.; Lebrilla, C. B.J. Am. Soc. Mass Spectrog@01, 12, 278. (e) Grigorean, that the dISplacemem of the A guest from a givers ]

G.; Lebrilla, C. B.Anal. Chem2001, 73, 1684. diastereomer is faster with tmeamine (&) than with thes-one

and

J. AM. CHEM. SOC. = VOL. 130, NO. 2, 2008 525



ARTICLES

Gasparrini et al.

Table 3. Percent Distribution of eq—eq and ax—ax Conformations for phe NH2, phe ©Ft, and naph ©Et Guests in [MeHsA]™ Complexes

[MeHeA* s, [MeHeA* g [MeHeA]* st [MeHeA]* g0y AAH°(fast-slow)?
host (M) guest (A) [MeHeA]* experimental experimental calculated (config.) calculated (config.) (kcal mol™Y)

1 phePEt homochiral 37+2 6342 17 (ax—ax) 83 eqg—eg 0.9
heterochiral 100 3 €eq-eg 97 (ax—ax) 2.0

1P pheCEt homochiral 35+ 8 65+ 8 17 @ax—ax) 83 (eqg—eg 0.9
heterochiral 100 3 €eq—eg 97 (ax—ax) 2.0

1 pheVH2 homochiral 100 27 ax—ax) 73 €qg—eQ 0.6
heterochiral 100 32 €g—€eQ 68 (ax—ax) 0.4

1 naphCEt homochiral 12+ 3 88+ 3 13 eg—eq 87 (@x—ax) 1.1
heterochiral 29+ 4 71+ 4 21 eg—eq 79 (ax—ax) 0.8

2 phePEt homochiral 100 100 ég—eq)
heterochiral 100 100 ég—eq)

3 naphCEt homochiral 13+2 8742 48 eq—eq) 52 (@x—ax) 0.0
heterochiral 34+ 2 66+ 2 8 (eq—eq 92 (ax—ax) 15

aDerived from the MM calculated [MHeA] Trastand [MeHeA] *j0w relative abundances (columns 6 and AXH®(fast-slow = AH°ast — AH 0w = —RT

IN([M eHeA] *tas{[M eHeA] *5i0u), T = 298 K.

Table 4. Experimental and Calculated Enantioselectivities for Selected Host—Guest Combinations

AAGHer-cR? AAGep? AAG®y* AAHy®
[MeHeA]* (kcal mol—1) (kcal mol~t) (kcal mol~t) (kcal mol~t)
[r-leHephePE]+ 1.05 0.89 0.91 0.83
[r-1eHepheVH2]+ 0.10 0.45 0.21 —0.25
[r-1eHenaptPE] 1.77 1.36 0.93 1.29
[r-2eHephePE]+ 0.27 0.35 0.54 0.09
[r-3eHenaptPE]*+ 2.04 0.24 0.20 0.03
rmdeHCR/ thd 0.92 0.95
rmsdcip; i 0.24 0.35

A AAG e7-1cR = AGPhomo — AG*hetero= —RTIn p (Table 2),T = 298 K.? AAGcip = (AGhetero — AGhomdcip = RTeft IN R (Tert = 298 K). ¢ AAX®1 =
(AXhetero — AX°homgtn (X = G, H), calculated afl = 298 K. 9 rmsd= root-mean-square deviation.

(Bs). Again, the opposite is true whéh< 1. A § = 1 value
corresponds to equal displacement rates.

From the measured kinetic enantioselectivity factpref
Table 2, it is possible to derive thAAG"rr—cr difference

between heterochirasflPeHer-phe®E]* complex and a given
B enantiomer (eff= 0.23 (Bg); 0.14 (Bs)) must be compared
with that betweenrf1lsHesphe®E] ™ and the opposite enanti-
omer of B (eff= 0.23 (Bs); 0.18 (Bg)). Similarly, the reaction

between the activation barriers for the displacement reaction 1 efficiencies of the homochirasf1PeHespheP!] T, (eff = 0.23

involving the homochiral and the heterochiral{iNbA] ™ clusters
(AAG#er-1cR = AG%romo — AGPhetero = —RT In p). These

(BR); 0.20 (Bs)) and [-1PeHes-pheF] * o, structure (eff= 0.04
(Br); 0.02 (Bs)) closely correspond to those of their undeuterated

guantities have been reported in Table 4 together with the [r-1leHer-phe®E!] T(,s; and - LleHer-pheC&t] T4, analogues (eff

AAGcip = (AGhetero—AGhomgcio = RTert IN Rvalues, calculated
from the CID results of Table 1, by taking 298 K as the
“effective temperatureTe.

The kinetic results of Table 2 confirm the view that the

= 0.22 (Bg); 0.24 (Br), and eff = 0.03 (Bs); 0.04 (Br),
respectively). The coincidence of these efficiency values, while
reassuring about the accuracy and reproducibility of the
experimental ESI-FT-ICR results, indicates no significant QCX

efficiency of the gas-phase reaction 1 may depend on the (X = H,D) kinetic isotope effects involved in their reaction 1.

structure and the configuration of M, A, and B. ThelpHeA] ™

(A = phe and pheN"2) complexes exhibit a small enantiose-
lectivity as regard to both the A (0.8 p < 1.0) and the B
configuration (0.8< § < 1.4). Replacing-1 with r-2 as host
does not modify the picture appreciably (6% < 1.4 and 1.0

< £ < 1.4). In contrast, a more pronounced enantioselectivity,
referred to the A configuration, is observed in the reaction with
[r-2eHepheE ™ (p 0.6), whereas no effect of the B
configuration is detected (08 & < 1.0). As pointed out before,
the decay curve of the heterochiralfeHes-phe®&]* complex

=

Both the more and less reactive isomers of the diastereomeric
[1eHes-naphCE™ complexes display the same exceptional
enantioselectivity, referred to the A configuratign=€ 0.050),
and a negligible selectivity toward the B enantiomers (1.8
< 1.1). A somewhat different picture is observed by replacing
1 with 3 as hosts. Here, the efficiency of reaction 1 involving
the diastereomeric3gHes-naph©&] e Structures are almost
identical to that measured for the heterochiratl{Hes-
NaphC&!] et and [-1PeHer-pheF! T, ones (eff~ 0.2—0.3).

The reaction enantioselectivity of theSsHes-naphC&  ag

reflects the occurrence of a single stable structure with a reactionstructures, relative to the A configuration (0.%20 < 1.15), is

efficiency of 0.18 (B&) and 0.23 (B)). It is interesting to note
that the reaction efficiency of the more reactive isomeric
structure of the homochiral{leHer-phe®®]*complex (eff=
0.24 (Br); 0.22 (Bs)) is comparable to that of the single isomeric
structure evidenced for the heterochimallpHesphe®E!] " one.
The heterochirald-1PeHer-pheE] ™ complex shows the same

reaction efficiency (eff= 0.23 (Bg); 0.14 (Bs)) of its undeu-
terated f-1eHesphePH] ™ analogue (eff= 0.18 (Br); 0.23 (B)).

It should be considered that the efficiency of the reaction
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significantly lower than that measured with thé@eHles-
naphC&] ¢, homologues 4 = 0.050). A reversed order is
observed for the less reactive §Mes-naphC&]*g, (M = 1,
3) structures. In fact, 0.032< p < 0.044 for PBeHes-
naphC®] tge,, Whereasp = 0.050 for [LeHes-naphC& ] ¢on.
Similarly to [1eHes-naphC&!] *t,srand [LeHes-naphC&!] g, both
[3eHesnaphCE ]t and BeHes-naphO&t] T4, exhibit a limited
selectivity toward the B enantiomers (06 & < 1.1). The
reduced enantioselectivity of th@sHes-naph®&!] T, structures
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R-1
{5

Figure 1. Relevant minimum energy structures of thé, r-2, andr-3 hosts found by conformational search.

(p = 1.15 £ 0.28 (Br); 0.72 £ 0.06 (Bs)) parallels the (egs 3-5) and are collected in Table 4.

moderating effects of the decamethylene chain3ion the

enantioselectivity factoR measured by ESI-MSCID experi- AH’gs= > H’risx B (3)
ments. Furthermore, the presence of the hydrocarbon chain has i=

no dramatic effects on the reaction efficiency, except for the

[s-1eHes-naph©E ]t (eff = 0.01) and §-3eHes-naphC&!] fia AS'wris= ~ 2 P Inp) )
(eff = 0.20) pair. =
Molecular Modeling. Experimental results have clearly AG°gis= AH’gis— TAS g (5)

highlighted the ability of the tetra-amide macrocyclic hdsts3

to act as very effective selectors for the enantiomers of amino (AD = number of adducts constituting the complex ensemble;
acid derivatives. Structural variations on both hosts and guestsp= Boltzmann population of thi€ adduct inside the considered
have sizable effects on enantioselectivity. To gain a better ensemble).

understanding of the factors determining the enantioselectivity ~The geometry of the most stable proton-bound two-body
of chiral hosts1—3 toward the enantiomeric guests, we have complexes has been re-optimized at the B3LYP/6-31G* level
performed an in-depth theoretical investigation based on mo- of theory (see Supporting Information). Their inspection gave
lecular modeling calculations. Owing to the quite large size, useful information as regards to the protonation site and the
flexibility, and complexity of the isolated hosts and their adducts, relative disposition/orientation of the components in each
a reasonably complete and homogeneous sampling of thesupramolecular adduct. In addition, the relative basicity of the
potential energy hypersurfaces related to the conformationalhost and the guest molecule within their supramolecular
variability of the single species and to the intermoleculartost complexes were studied by quanto-mechanic calculations.
guest interactions can only be obtained using computationally Calculated Structure and Energetics of the Tetramidic
non-demanding methods. Our approach uses molecular me-Hosts M. All the structures, obtained by the MM2* conforma-
chanic models, that are computationally light and provide an tional searches af1, r-2, andr-3 within an energy window of
excellent account of conformational energy differences for 4.5 kcal mot?, have been considered in the analysis. The
organic compounds. First, preliminary exhaustive conforma- calculated geometries ofl, r-2, andr-3 can be conveniently
tional searches and relevant analyses have been carried out onlustered in ensembles of three types, according to the disposi-
structures of macrocycles M r-1, r-2, andr-3 and guests A tions assumed in each conformer by the alkyl or phenyl
= pheP®, pheNt2, and naph®® by means of molecular  fragments on two contiguous stereogenic carbons of the host,
mechanics using the MM2*force field (see Experimental denoted as C* in Chart 1. These geometries are classified as:
Section). The more stable conformers of each species within aequatoriat-equatorial ég—eq), axia-axial (ax—ax), and axiat-
suitable energy window have been selected as the representativequatorial é&x—eg) (Figure 1). Note that the cyclohexyl ring in
ensemble of their structure and employed to perform molecular r-2 locks the position of the alkyl fragments on C* and only
docking simulations of [MHeA] tadducts, with guests in both  the eq—eqdisposition is possible. In both1 andr-3, theeq—

R andS configuration (-1 with r/s-phe®Ft, r/s-pheN"2 andr/s- eq dispositions are energetically favored, with Boltzmann
naphO&t; r-2 with r/s-phe®Et; r-3 with r/s-naphC&). In turn, populations (BP) amounting to 98.40% and 99.95%, respec-
each type of proton-bound two-body complex is represented tively. In all eq—eqgeometries, the macrocyclic host presents
by an ensemble of adducts, again selected within an ap-a C2-symmetric folded structure with a concave side and a
propriately wide energy window, that describes geometry and convex one (Figure 2). Alternate and diverging CO and NH
stability of the complex as average properties. Standard groups are located on the outer margins of the concave surface,
structural enthalpy, entropy, and free energy chand&Sttero F1, whereas the same, but now converging functionalities are
and AX°home With X = H, S or G) for each complexation placed on the central folding of the convex side, F2. Such
process, and the corresponding differential terms betweenmolecular framework, reminding the structure of a saddle roof,
diastereomeric complexeAAX°y = (AX%hetero — AX°homth) is stabilized by two strong H-bonds between two facing amide
have been derived by the statistical treatment of energetic datamoieties. For the three hosts, an additional distinction regards
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Approach eg—eq two ax—ax and oneax—eq), two for r-2 (openeg—eq

CO and NH
£ to F2 and closeceg—eq) and three for-3 (openeg—eq and closed

converging

groups l eg—eqgand oneax—ax).
\ \ \ Calculated Structure and Energetics of the Guest Mol-
ecules A.Molecular structures of the guegtbe®Ft, pheNH2,
- g andnaphCEt have been modeled by starting the conformational
search from their protonated forms at the amino groups. During
B the docking simulation, the protonated amino group of each
: guest acts as a probe for the basic sites present in the
\ / macrocyclic host. Conformers of each guest species for the
CO and NH docking experiments were selected withi 3 kcal mott energy
Aypteadt “1""!5“;8 vyindow among the large ensemb!es obtained py the cpnforma-
s gronp tional searches. To adequately simulate the high flexibility of
the guests, such minimal ensembles were built according to the

Figure 2. C2-symmetric saddle-roof structure of the selectddr-2, and - A . .
r-3 hosts. Substituents on the stereogenic carbons are omitted for clarity. g(_aomet_nc criterion to Warrant an exhaustive sampling of the
wider dihedral angles diversity of all the rotatable bonds. The

the relevanteq—eq conformer ensembles. On the basis of the Number of geometries considered in each cluster were 9 for
extent of their surface folding, it is possible to distinguish open Phe°® (corresponding to 100% of BP), 5 fahe"2 (corre-
and closed geometries (Figure 3) in which the angle formed by sponding to 100% of BP) and 6 foaph® (corresponding to
the two isophthalic rings is either larger or smaller than°100  71% of BP).
respectively. In the open structures, H-bonds are seen between Relative Basicity of the Host and the Guest in the
C=0 and N-H groups located on the F2 side, whereas in the [MeHeA]™ Complexes.In all the [MeHeA]* systems investi-
closed structures these interactions are located on the F1 sidegated, [MH]" is invariably the predominant, if not the exclusive
In bothr-1 andr-2, the openeg—eq conformation results CID fragment observed. These findings indicate that all the
strongly favored over the closed one, while the reverse is true selected macrocyclic tetramidés 3 of Chart 1 are significantly
in 3. This is certainly due to the decamethylene chain that more basic than all the listed A guests. However, this basicity
connects the isophthalic rings and forces them in a nearly order is valid for M and Ain their isolated gaseous state
parallel disposition (Figure 1). Instead, within the less populated whereas no indication about the proton location in theHWA] ™
ax—eq and ax—ax geometries ofr-1 (1.6% of BP) andr-3 complexes may be derived by the experimental data. Protonation
(~0.1% of BP) and also in the quasi-planar geometrie? (off sites in the [MHeA]* complexes have been therefore investi-
negligible BP; Figure 1), the two isophthalic rings assume a gated by considering the adduct structures coming from the
wide-open disposition with the angle between the rings close docking simulations both as such and after their further
to 150 in ax—ax conformers, and practically 18 the other optimization by ab initio DFT-calculations, at the B3LYP/6-
cases (Figure 3). Also in these structures, however, the four 31G* level of theory (some of them have been re-optimized at
amidic fragments are complementarily arranged and establishthe B3LYP/6-31#G** level of theory without any appreciable
a couple of intramolecular H-bonds. Inspection of bethand structural differences). In particular, optimizations were carried
r-2 molecular models clearly suggests that, in tlegjreqand out: (i) directly on the more stable simulated complexes
ax—ax geometries, the F1 and F2 surfaces may easily inter- [r-1eHer-phe®E!]* and - 1eHesphePE ]+ having the host with
change by inversion of the macrocycle through rotation around different conformationsgg—eg, ax—ax, and ax—eg and in

the aryl-CO bonds. which H' is bound to the amino group of the guest; (ii) on the
Docking experiments were then performed on highly repre- same complexes previously modified by transferring the H
sentative conformers of the hosts molecules: sixfar(three from the protonated amino group of the guest to the opposite

wide open quasi-planar -
geometry geometry

Figure 3. Models of ther-1, r-2, andr-3 macrocycles showing their different folding patterns. Substituents on the stereogenic carbons are omitted for
clarity.
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carbonyl oxygen of the host. All the B3LYP/6-31G*-optimized
structures are reported as Supporting Information (Figure S1).
Inspection of these structures reveals that, irrespective of the
input protonation site of the complex (whether on the most basic
CO group2 of M or on the amino group of A), after DFT
optimization the proton is invariably found on the amino group
of A. This suggests that thghe®Et molecule, which is less basic
than M in the isolated statbecomes more basic than M when
“solvated” by the polar emironment of the hosiThe energetic
cost for the proton transfer from M to the amino group of A'in
[MeHeA] ™ is largely counterbalanced by the extra-stabilization
of the protonated A due to the establishment of multipte H
bondings between its Nfi group and the amido carbonyls of
M. Obviously, when these Hinteractions are weakened in the
CID excited [MsHeA]*, such an extra-stabilization is largely
removed and the proton moves to M because of the reduced
basicity of the A guest.

Structure and Energetics of the [MeHeA]™ Complexes.
Supramolecular generation of some of thesHA] ™ adducts
studied in the present work was simulated by multiconforma-
tional molecular docking procedures, characterized by high-grid
sampling levels of both the host approaching surface and the
guest geometrical orientatiéfh.We modeled the following
diastereomeric pairs of complexes: IbHes/r-phe®E] ™, [r-1eHes/
r-pheNH2]*, [r-1leHes/r-naphC&*, [r-2eHes/r-phe®®] ", and
[r-3eHes/r-naphC&t+, with a number of adducts of each species
generated in the first step of the docking procedure equal to

763 776, 424 320, 509 184, 254 592, and 254 592, reSpeCtively-[r-loH-r-pheOEt]Jr ow(@nd -1°.
Inspection of the more stable complexes shows that, irrespectivethe less stablaxiow
of the type and configuration of host and guest species, a pa'[ternpheo.;t]JrfaSt (and [-1°

of strong H-bonds is established between the two molecular
units at the center of the macrocycle convex side. In particular
the protonated amino group of the guest is alwayshdnded

to the converging €0 groups present on the F2 surface. By
contrast, all the adducts formed with the guest approaching the
host from the concave surface are computed about 17 kcal mol
higher in energy. Interestingly enough, only #ge-eqandax—

ax conformations of the macrocycles are found in the ensembles
of the more stable adducts aimd proportions different from
those of the uncomplexed haodis particular, host-1, that in

the free form is calculated to assume almost exclusively the
eg—eqconformation (Eq—eqBP] > 98%), acquires a predomi-
nant ax—ax geometry by induced fit on complexation with
sphePEt, spheNH2, andr/s-naphC&t guests (68% [ax—ax BP]
<97%; Table 3). Among the minoritgg—eq conformations,

the more stable ones show open geometries. Similarly,ri®st
that is almost exclusivelgg—eqin the free stategg—eqBP ~
100%), is calculated to assume a predomirzasrtax geometry

by induced fit on complexation witk-naph®&t ([eq—eq BP]

~ 8%) and, to a lesser extent, on complexation with the
r-naph©&t ([eq—eq BP] ~ 48%). Even in this case, the more
stable among the minorigg—eqconformations adopt only open
geometries. In contrast, hos®2 undergoes only a population
change of its owreg—eqgeometry by induced fit on complex-
ation with ther/s-phe®Et guest enantiomers: after addition of
the guest, a significant fraction of the adducts generated starting

(23) Bagno, AJ. Phys. Org. Chen00Q 13, 574.

(24) (a) Alcaro, S.; Gasparrini, F.; Incani, O.; Mecucci, S.; Misiti, D.; Pierini,
M. and Villani, C. J. Comput. Chem200Q 21, 515. (b) Alcaro, S.;
Gasparrini, F.; Incani, O.; Caglioti, L.; Pierini, M.; Villani, Q. Comput.
Chem.2007, 28, 1119.;

with the host in the minority closed conformation shows this
latter in the open form.

For the homochiralrf 1eHer-phe®®* and -1PsHesphePE] -
complexes, MM calculations point to theig—eqstructures as
0.9 kcal mot! more stable than the correspondamrg-ax ones
(AAH®(fast-siowy in Table 3). The order is reversed in the
heterochiral - 1eHes-phe”E] ™ and g-1PsHer-pheE] *complexes,
whoseeg—eq forms are 2.0 kcal mol less stable than the
relevantax—ax structures. For bothr{1leHes/r-naph®&]* dia-
stereomers, thex—ax form is more stable than theg—eq
congener by 1.1 kcal mo}, in the case of the homochiral
complex, and by 0.8 kcal mol, in the case of the heterochiral
one. The same stability order is calculated for the heterochiral
[r-3eHes-naphCE]*+ complex AAH® tast-siow = 1.5 kcal mot?),
while the egq—eq and ax—ax structures of its homochiral
congener are almost degenerate (Table 3).

The relative abundances, estimated for the more- and less-
stable couple of isomers of each complex, are compared in Table
3 with those derived from the experimental kinetic curves. At
first glance, the agreement between the two sets of data may
appear only partial and qualitative. However, a deeper inspection
of Table 3 may remove most of the apparent discrepancies
among the reported figures. The occurrence of two stable
isomeric forms for the homochiralr-[LeHer-phe®]* (and
[s-1PsHesphePE] ™) complex accounts for its biexponential
decay with B. On the grounds of their relative stability, the most
stable eq—eq structure is associated with the less reactive
oHesphePE!] T4,) complex and
ax structure to the more reactive-LeHer-
eHes-pheEl] T(,) one. In contrast, the
pronounced stability gap (2.0 kcal mé) between theax—ax
and eq—eq forms of the heterochiralr{lsHesphe®E]* (and
[s-1PeHer-phe®Et] ™) complex justifies the large predominance
of a single stableax—ax isomer, which is responsible of the
observed monoexponential decay with B. An analogous rationale
can be advanced for the biexponential decay registered for the
diastereomericr]s-1leHes-naph®&* complexes. Indeed, both
diastereomeric complexes show a stalbe—ax structure,
associated with the less reactivésfleHes-naph©&t] ¢, com-
plexes, accompanied by a less stabte-eq form, associated
with the more reactiver[s-leHes-naphC&!] s isomers. The
same stability order is observed with the heterochir&eHes-
naphC&]+ complex, whereas thax—ax and eq—eq forms of
the homochiral §-3sHes-naph®&| ™ one are almost degenerate.
At variance with the heterochirat-fleHesphe”E]™ and -1PsHer-
phePE " complexes, the apparent monoexponential decay of
the diastereomerig {1eHer/s-pheN"2]™ pair when reacting with
B is not ascribed to the large predominance of a single isomer,
but rather to the limited stability difference between treeir
ax and eg—eq forms (0.4-0.6 kcal mot?; Table 3). If the
reactivity of the diastereomeric-fleHer/s-pheNH2]* pair toward
B is mainly determined by their thermodynamic stabilityde
infra), their ax—ax and egq—eqisomeric forms should display
similar reaction 1 rate constants and, therefore, exhibit an
apparent monoexponential decay. The same conclusion would
be reached for the almost degenerate-ax andeg—eqforms
of the homochiral§-3eHes-naph®&] ™ complex, if their reactiv-
ity toward B were mainly determined by their thermodynamic
stability. However, the observation of a biexponential kinetics
for the reaction of the homochiradBeHes-naph©&+ complex
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Approach of the Amine B to the [MeHeA]™ Complexes.
As already mentioned, analysis of theand £ factors arising
F0.9 8 from the kinetic experiments involving the proton-bound
complexes between the structurally related hosts M and 3

1.24

2.1 e EEE— 2.1 [r/s-3sHesnaphCEt]+ complexes (Table 2), express the kinetic

1 &l [1eHes-naph®&]* s enantioselectivity of these systems in the guest exchange reaction
[r-1eHephe®El]* = with B since essentially reflecting the stability difference of the

157 (s-1%HepheEY* L15 ; relevant diastereomeric transition structures.

0.94

o

(&Gheiem - AGf.'mrm )CIL) (kcal m0|-1}
AH

0.6 oet+ OB o .
[3eHes-naphCE] 1 2 and the guest-naphC®t indicates that the decamethylene chain
0.34 of0:3 I in 3 does not influence appreciably the efficiency of the A-to-B
0.0- oloo 2 glisplaceme_nt, except with _the hompchimM-Hosnap_hOEt]+fast
[r-2eHspheOEY* isomer. This latter exception provides a further evidence of the
-0.3 —_— 0.3 thermodynamic vs kinetic factors controlling the reactivity of
03 00 03 06 09 12 15 18 21 the homochiral §-leHes-naphC®®]™ and [s-3sHes-naphC&]*

= N = -1 . ..
(4G homo - AG” htero ) (keal mol”) complexes, respectively, whereas the reactivity of the hetero-

Figure 4. Full red line describes the relationship between the experimental chiral [r-l-H-SJnaphOE‘]+ and [-3~Hos-naphOE‘]+ complexes

activation barriers of the slow reaction of several two-bodysHIVA] * . . . .
complexes with amine B (obtained from the relevanalues from Table are invariably governed by thermodynamic factors. According

1; AAG* = AG¥homo- AGhetero= —RTIn p) and the MM computed relative  to conformational analysis, both hostsand 3 in their eq—eq

Z”tha'p‘;ei‘; ththef Sllart;e [“T“'A]:j Comg'exeﬁ L(&A||-|°m :h(AH;hetero - and ax—ax conformations, are characterized byaddle roof
H°homotn). The full blue line describes the relationship between the . : .

experimentalAAG* = AGHomo — AGHen= —RT In p values and the shapg tha}t dlffgrent|ates the two sides of the macrocycle.

relative stability of the same [MHeA]*+ complexes, calculated ki = Docking simulations show that all the guests add to the host on

298 K from theR values of Table 14AGcip = (AGhetero— AGhomgcip = the convex surface. Note that, f8r this is the only possible

RTer In R). If the effective temperaturé is taken equal to 457 K (broken i i
blue line), both the slopes of tHeAG? vs AAH= and theAAG? vs AAGe approach because the decamethylene chain hinders the approach
from the concave side.

straight lines coincide and are close to unit (slep®.921). This means,
by one side, that MM computations correctly estimate the relative stability In principle, the B amine may approach either the concave

of the selected [WHeA] ™ complexes and, by the other side, that the stability ; + ;
gap of the diastereomeric fieA] - reactants (excepBfHesnaphP=] ") or the convex sides of th@{HeA] * complexes to give the most

is mainly responsible of the enantioselectivityactors of Table 1. All the stable [leHeB]* p.rOdUCt with B located on the convex side of
points refer to reactions withfB except that of§-1PeHephe®Et]* with Bs. the host. In the first case, the host must undergo a macrocycle

inversion to put B on the new convex side and release A (a
backsidedisplacement). In the second case, B approaches the
complex from the same side where A is locatedr@mtside
displacement), and therefore, the release of the guest A does
occur without any significant conformational changes of the

with B strongly suggests that this hypothesis might be not
acceptable in this caseide infra).
The experimental and calculated enantioselectivity factors for

hosts1—3, listed in Table 4, are graphically summarized in X
Figure 4. A reasonable linear correlation (red line in Figure 4; oSt Clearly, the presence of the decamethylene chal in

r2 = 0.961; slope= 0.921:y-intercept= —0.205) does exist prevents anybacksidedisplacement in favor of thé&ontside
between th’eﬁAH%h _ (Al"|°hetero— AHhomd and AAGH = one. That the same frontside approach takes place also with
AG*nomo— AGHneterofor all the [MeHeA] + adducts investigated, the .other [M.H-A]Jr strucFures is suggested by performing a
except [/s-3eHesnaphCE(]*. The linear relationship suggests dedicated docking experiment. The global minimum structure

that the kinetic enantioselectivity, measured in the FT-ICR Of the [-1sHer-phe®=]™ complex has been employed in a
experiments at 298 K, is essentially an expression of the stability 9°Cking experiment with amine @8 to form the protonated

i _ _ Et + i
gap between the corresponding diastereomerioH#] " trimer [r 1.Hor_pheO -BR_] . The results confirm that the
reactants. This conclusion is further supported by the linear approach of i is energetically more favorable on the convex

correlation betweenAGcip = (AGhetero— AGhomdcin = RTef side by about 3 kcal mot. Here, the R places its amine group

In R (taken aTer = 298 K) andAAG* = AG¥omo — AGnetero just above the couple of converging=© fragments on the F2
(blue solid line in Figure 4;% = 0.971; slope= 0.601; surface of the host, in a favorable disposition to realize the guest

exchange after receiving a proton from the facingsNigroup

y-intercept= +0.290). Indeed, ifT¢; is taken as equal to 457 i . -
of the protonated aminoacid (Figure 5).

K, the AAG” vs AAG¢p linear correlation becomes parallel to

that of theAAG* vs AAHy, one, though shifted upside by ca. In this frame, the largely different efficiency observed in the
0.65 kcal mot* (blue broken line in Figure 4). The pronounced —€xchange reaction 1 on the homochiralefvhaph©®]ast (M
deviation of the f/s-3eHes-naphCEt]+ systems from the relation- = s-1 (eff = 0.01) ands-3 (eff = 0.20)) isomers can be attributed

ships of Figure 4 implies that the enantioselectivity, measured to the effects of the decamethylene chain in the opgneq

in the FT-ICR experiments at 298K, reflects not only their conformation ofs-3 which may favor the disruption of intramo-
stability difference, but also the effects of the decamethylene lecular H-bond interactions between the alternate converging
chain of ther-3 host on the relative stability of the diastereo- CO and NH functionalities placed on the convex F2 face of the
meric transition structures of eq 1. This conclusion is consistent host in favor of intermolecular interactions with the B amine
with the observation of a biexponential kinetics for the reaction approaching the same face.

of B with the homochiral§-3sHes-naph®&t]* complex, despite The Chiral Recognition Model. The formation of the
the degeneracy of trex—axandeg—eqgforms of the homochiral selected [MHeA] ™ complexes is mainly driven by the establish-
[s-3eHes-naphOEt]+ complex. It is concluded that thefactors, ment of a pattern of three strong H-bonds between the

arising from the FT-ICR experiments with the diastereomeric protonated amino group of the guest A and the couple of
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[R-1-H+R-phe®®]*

[R-1+HeR-phe® R-B]*

[R-1-H+R-B]*

Figure 5. Simulation by docking experiments of tigphe®Ft displacement from ther{leHer-phe®&t]* complex by B&. The most stable structure of the
protonated trimerrf LeHer-phePEteBg] *, obtained by docking procedure, is depicted in the center (LP is the lone-pak)of B

[R-3eHe R-naph™ "

Figure 6. Structures of global minima of the [#ler-phe®E] ™ and [MeHer-
naph®&]+ complexes having the host ég—eqconformation showing the

additional H-bond between the carbonyl oxygen of the guest and one amide

N—H of the host.

converging G=O functionalities placed on the F2 surface of

OET,

[R-1eHe §-phe " ]" |R-1eHe R-naph™']*

Figure 7. Structures of global minima of thax—ax [r-1eHesphe®Et]*

and [r-leHer-naph®&]* complexes showing additional attractive edge-to-
face and face-to-face interactions between the aromatic moiety of the guest
and one isophthalic ring of the host.

thalic rings of the host. The magnitude of these interactions
depends on the nature and the configuration of the guest and is
somewhat tempered by repulsive interactions, as demonstrated
by the significant increase of the distance between the centroids
of the opposite phenyl rings of the host when pie®Et guests
(8.80 A with r-phe®Et and 8.97 A withsphe®E!) are replaced

the host M. The guest is placed above the center of the hostby the largemaph©Et ones (9.50 A withr-naphCEt and 9.45 A
convex side and establishes further weaker interactions with thewith s-naph©&t). This may account in part for the significant

peripheral zones of the host. In the—eq structures, an
additional H-bond is observed between the carbonyl oxygen of
the guest and one amideNH of the host (Figure 6). In the
ax—ax structures with aromatic guests, additional attractive
edge-to-face and face-to-face interactions operate between th
aromatic moiety of the guest and one isophthalic ring of the
host (Figure 7). The extent to which the side-chain groups of
the guest either favor or hinder complexation with a given host,
depends on the stereochemistry of the guest, and on the siz
and structure of the side chain itself. This is evident if we
consider the very different discrimination ability of hdstoward

the enantiomers ophe®&t and naph®&t. We inspected eight
geometries of the minimum-energy complexé&lpHeR/S-
phe®E]*+ and f-1eHer/s-naph®&]* obtained by docking experi-

MM-calculated stability difference between the JeHer-na-
phCE* and - 1leHes-naphC& ™ ax—ax structuresEr — Es =
—1.02 kcal mot?, Figure 8a), which significantly reduces and
even inverts between tha-JeHer-phe®E]™ and [-1leHes-
heCE]+ ones Er — Es = 0.34 kcal mot?, Figure 8a). Figure
8b reveals that, also with the hosteg—eq conformation, the
enantiomers ohaphC&t place their aromatic ring above one
ésophthalic ring of the host with stabilizing face-to-face (
enantiomer) or edge-to-face-¢énantiomer) orientation€g —

Es = —1.32 kcal mot?, Figure 8b). In contrast, the most stable
eq—eq [r-1eHer-pheCEt+ structure shows the phenyl ring of
the r-phe®Et guest placed just above two adjacent equatorial
phenyl rings of the host, thus in a position suitable for intense

ments. Four of these are the more stable ones having the hosgdge-to-face attractive interactions. Similar interactions are much

in ax—ax conformation (Figure 8a) and the other four are the
more stable with the host iagq—eq conformation (Figure 8b).
Figure 8a clearly shows that all the guests interact with host
in ax—ax conformation in a similar way, placing their aromatic

moiety in a face-to-face arrangement above one of the isoph-

weaker in theeg—eq [r-1eHes-phePE] ™ structure because of
the removed position of the guest aromatic rifg — Es =
—2.00 kcal mot?, Figure 8b). Edge-to-face attractive interac-
tions are weak in the most stabdx—ax [r-1leHes-phe®&]*
structure as well. This accounts for the stability difference
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(a)

R-1 in ax-ax configuration
——9.45A—

QT

[2-1eHe 5-naph™']" |R-1eHe R-naph™'|" |R-1eHe §-phe ™ ]" [R-1eHe R-phe™]"

(keal/mol) Es=1.02 Ex=0.00 Es=0.56 Ex=0.90

(b)

R-1 in eg-eq configuration

Okl

[R-1eHe §-naph™]" [R-1eHe R-naph™'|" [#-1eHe 5-phe "] [R-1eHe R-phe

OET |+

(keal/mol) Es=2.13 Ez=0.81 Es=2.00 Ex=0.00

Figure 8. Structure and relative stability of the calculated most stablisiflephe®E]* and [-1eHenaph©&t]* diastereomeric complexes having the host
either in theax—ax (a) or in theeg—eq (b) conformation employed to analyze the different selectivity showed bylnmstard the enantiomers qhePEt
and naph©Et

between the most stablEg—eq and ax—ax [r-1eHephePEt]+ nation abilities compared tg—eqdocked hos®. The reduced
structures g2 — Eg*—a = —0.56 kcal mof?, Figure 8a,b). stability gap between the diastereomeric complexes 8vithes

The aptitude of thel and 3 hosts to assume thax—ax not seem to play any appreciable role on the large kinetic
conformation by complexation enhances their enantiodiscrimi- enantioselectivity, measured for the same complexes in reaction
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1, because the presence of the decamethylene chain probablyBruker Spectrospin) and a resonance cell (“infinity cell”) situated
influence dramatically the relative stability of the corresponding between the poles of a superconducting magnet (4.7 T). Stock solutions

transition structures. of the macrocyclic tetra-amides M r-1, s-1°, r-2, r-3, ands-3 (1 x
_ 1075 M) in CH3OH, containing an equimolar amount of the appropriate
Conclusions amino acid derivative AK = r/s-phe, r/s-phe°®, ands-naph©&), were

electrosprayed through a heated capillary (280 into the external
source of the FT-ICR mass spectrometer. The resulting ions were
transferred into the resonance cell by a system of potentials and lenses

The present MS and computational study provides compelling
evidence that the most stable conformers of the selected chiral
tetr{i-amlde macrocyc'les M 1__3 may alchIre in the ga_s pha§e and quenched by collisions with methane pulsed into the cell through
a different conformation by induced fit on complexation with 5 magnetic valve. Abundant signals, corresponding to the natural
some I’epl’esentatlve amino aC|d del‘lvatlves A Th|S |eadS to theisotopomers of the proton_bound Comp|ex.l-mA]+, were monitored
coexistence in the gas phase of stable diastereomestdd] ™ and isolated by broad-band ejection of the accompanying ions. The
eg—eqgandax—ax structures, in proportions depending on the [MeHeA]" family was then allowed to react with the chiral amine B
configuration of A and M and characterized by different stability present in the cell at a fixed pressure whose value ranges from 6.0
and reactivity toward the 2-aminobutane enantiomers. 10® to 2.9 x 1077 mbar depending upon its reactivity. Accurate

The gas-phase reaction of the diastereomerieHdA] " measurement of the B pressure in the resonance cell necessitates the
complexes with the enantiomers of 2-aminobutane B obeys ;Jhse cr’]f an 'OI” gauge "¥?}°SE Se”i{'t""tyf E dgpgncitgnt on the ”aﬁj,re of
either a monoexponential or a biexponential kinetics, depending € chemical Species. The correction of fhe lonizalion gauge reading 1S

L o achieved by first determining the rate constant of the reaction between
upon the number and the reactivity of coexistieg—eq and

h ial Kinetics indi h the CH;* radical cation and CHin the FT-ICR instrument at a given
ax—ax structures. The monoexponential kinetics indicate the nominal methane pressure and then by comparing the obtained result

occurrence of a single [MHeA]™ structure (as with the  \iththe average value of reported rate constants for this process (1.13
heterochiral [-1eHes-phe®&]* and [s-1°sHer-phe®=]* com- x 107° cm? molecule® s71).25 Subsequently, the correction factor
plexes) or, alternatively, of several stablesfA] " regioiso- needed for amine B may be estimated with the method based on an
mers with comparable reactivity (as with the diastereomeric indicated linear dependence of the response of the ionization gauge
[r-1eHer-pheNH2]* pair). In contrast, the biexponential kinetics, ~ with the polarizability of the base in questiéh.

observed with the other complexes investigated, are ascribed Computational Details. Molecular mechanics calculations and
to the coexistence of two stable fMeA] + isomeric forms with docking simulationsn vacuoof the bimolecular adducts between the
largely different reactivity toward B. chiral macrocycles-1, r-2 andr-3 and the protonated aminoacidic

. . . i I 2 Ol
The gas-phase reaction 1 between the selected diastereomerifi®vatives phe®®, phe'™®, and naph®®, as well as between the
[MoH-A]* complexes and the B enantiomers exhibits an r-1eHer-phe®&] ™ complex and the-2-aminobutane B were achieved

. - . in three steps:
enantioselectivity which strongly depends on the structure and . . .
h f . fAand M. b h FB.Iti ified (i) conformational search of host and guest molecules was carried
the configuration o . an_ ’ Ut_ not on t _at orb. t_'s verine out by Batchmin and Macromodel version 4.5 (Columbia University,
that the measured kinetic enantioselectivity essentially reflects \vy ysing the following options: MM2* Force Field, Montecarlo

the free energy gap between the homo- and heterochiralsiochastic algorithm with 3000 generated structures, minimization by
[MeHeA]™ complexes, except when the tetra-amidic host PR conjugate gradient. All the rotatable bonds were explored. The
presents the intramolecular decamethylene chain. In this casepbtained geometries were analyzed by the home made computer
the measured enantioselectivity mostly reflects the stability program C.A.T2*to exclude twin molecules and to make clusters based
difference between the eq 1 diastereomeric transition structureson energetic and geometric criteria;

(ii) rigid docking was performed on each couple of host and guest
molecules using the MolInE program. The hegtiest approach options

Mass Spectrometric ExperimentsMass spectra were obtained on set were: 52 directions of translation and 272 relative orientations of
a LCQ-Deca XP Plus ion-trap mass spectrometer fitted with an guest to host for each couple of hesfuest conformations;
electrospray ionization (ESI) source and a syringe pump. Operating (i) the ensemble of adducts obtained in the second step was

Experimental Section

conditions of the ESI source are as follows: spray voltage- 5.0 submitted to selection by using either energetic and geometric criteria.
kV; sheath gas= 15 AU (Arbitrary Units); capillary voltage= + 27 The geometry of the so achieved complexes was optimized by full
V; capillary temperature= 210°C; tube lens offset= 50 V. Methanolic relaxing their structure using the Batchmin program with the following
solutions are infused via a syringe pump at a flow rate ed_Anin. options set: MM2* Force Field, PR conjugate gradient minimization.
ESI of solutions of the macrocyclic tetra-amidess-1, r-2, andr-3 All the conformer ensembles were analyzed by C.A.T. program to

(1 x 107° M), containing an equimolar amount of the appropriate amino exclude twin molecules, make energetic clusters and perform calcula-
acid derivative A (Chart 1), leads to the formation of appreciable tions of both Boltzmann populations and thermodynamic quantities
amounts of the corresponding pMeA]* and [(M)sHeA]* complexes. related to the simulated complexes.

After individual isolation by broad-band ejection of the accompanying Ab initio DFT calculations on ther{leHer-phe®&]™ and [r-1eHes-

ions, the isolated ions are then subjected to a supplementary ac signaphe®®]* complexes were carried out using the Gaussian 03 suite of
to resonantly excite them and cause fragmentation by collisions with program&’ installed on dual processor Opteron workstations. The
He gas (CID). lon excitation time for CID is 30 ms with the amplitude calculations were carried out at the B3LYP/6-32&evel of theory.

of the excitation AC kept the same for the measurements of two At the same level of theory, frequency calculations were performed
enantiomeric guests with the same host. Optimized instrumental valuesfor all the optimized structures to ascertain their minimum or transition
of relative collision energy of 1215% give exclusively the fragment
ions of interest (relative collision energy values rangel00% (25) Ikezoe, Y., Matsuoka, S., Takebe, M., Viggiano, A.@as-Phase lon-
corresponding to-85 V resonant excitation potential). Spectra acquired Molecule Reaction Rate Constant through 19%@@ruzen Company, Ltd.:

. . . Tokyo, 1987.
in the centroid mode are the average of about 100 scans, each consistinges) Barimess, J. E.; Georgiadis, R. Macuum1983 33, 149.

of three averaged microscans. (27) (a) Becke, A. DJ. Chem. Phys1993 98, 1372, 5648. (b) Lee, C.; Yang,

" . . W.; Parr, R. GPhys. Re. B 1988 37, 785.
Kinetic experiments were performed at room temperature in an (28) Frisch, M. J.; et alGaussian O3revision C.02; Gaussian,Inc.: Wallingford,

APEX 47e FT-ICR mass spectrometer equipped with an ESI source CT, 2004.
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state nature. Thax—ax andeg—eq conformers of [-1eHer-phe&]* the Consiglio Nazionale delle Ricerche (CNR). MS and AF
have been reoptimized at the B3LYP/6-31G** level of theory. No express their gratitude to F. Angelelli for technical assistance.
appreciable structural differences have been observed relative to those Supporting Information Available: Synthesis of macrocycle
calculated at the B3LYP/6-31G* level of theory. 3. Most stable B3LYP/6-31G*-optimized structures of -
eq ax—ax, and ax—eq conformers of the diastereomeric
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