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ABSTRACT
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Inspired by allostery in nature, we synthesized cavitand 1 and investigated regulation of its conformational dynamics. Quantitative 1H NMR
studies have revealed that the rate of the conformational isomerization of 1 can be modulated using the external addition of acid. As 1
maintains its vase-like conformation in an acidic environment, ample opportunities for controlling the kinetics of molecular recognition, and

thus reactivity, in this and related receptors have arisen.

The conformational dynamics of biological molecules is of by Cram et al. that resorcin[4]arene-based cavitands akin to
prime importance in regulating their molecular recognition 1 assume either vase or kite conformations, for which the
and activity! Mechanisms have been proposednd they equilibrium can be set by varying the external conditiéns.
include propagating conformational changes in addition to Additionally, Diederich and others have shown that the vase/
stochastic modulation of the binding site entry. As adapted kite thermodynamic equilibrium can be perturbed if the four
to supramolecular chemistry, this concept will allow the pyrazine-based units are to interact with an external source
preparation of receptors capable of controlling the kinetics of acid or a transition metal catich.
of molecular encapsulation and reactivity in an unnatural
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Figure 1. Chemical structures of cavitaridand model compound
2. Energy minimized (AMBER) enantiomeric fornlg and 1, of
C, symmetricall as vase-like conformers.

Cavitandl was designed to contain four identical pyrazine-
based “flaps”, with each flap having a benzene unit func-
tionalized with an acetamide and a methoxy group (Figure

1). The acetamides were predisposed to act as donors (bu\tN
may also be acceptors!) and the methoxy groups as acceptors

of hydrogen bonding, so thdt can develop a vase-like
geometry with a seam dhtramolecularhydrogen bonds
along its upper rint¢ As the vase structure is maintained
via hydrogen bonding, the pyrazine units were foreseen to
act as basic sites to, upon reacting with an external acid,
promote change in the conformational dynamicsl of

The preparation ofl and model compound® and 3
(Figure 3) is described in the Supporting Information. The
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Figure 2. IH NMR spectra (500 MHz) ofl (1.50 mM) in dry
CDCl; recorded at (a) 328 K, (b) 300 K, and (c) 258 K.

IH NMR spectrum ofl at 300 K (Figure 2b) showed a set
of broad signals, indicating the existence of either ill-defined
intermolecular aggregates or conformational isomers ex-
changing at intermediate rates on ¢ NMR time scale.
Diffusion NMR spectroscopy (HR-DOSY) in combination
with vapor pressure osmometry (VPO) measurements dis-
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Figure 3. (a) N—H stretching region of the infrared spectra for
5.4 mM CHCE solution of1 (red line) and 11.2 mM CHGkolution
of 2 (blue line). (b) Chemical structure of model cavita®d

counted the possibility ointermolecularaggregation. The
observed diffusion coefficients of remained almost a
constant value of (3= 2) x 106 cn? s for concentrations

of 0.7—6.9 mM of1 in CDCL.° The VPO measurements,
3.0—-8.9 mM CDC} solutions ofl, showed that the observed
molecular weight,°°s= 1210+ 120) is about 50% lower
than the value calculated for the monometigvl,, = 2339).
The discrepancy is significant; however, additional experi-
ments with model compounds were consistent in showing
nonideal behavior of this class of moleculégheH NMR
spectrum ofl at 328 K revealed a set of well-defined
resonances corresponding to a molecule with avefage
symmetry (Figure 2a). At 258 K, however, each resonance
as clearly split into two signals with equal intensities, so
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that the'H NMR spectrum ofl corresponded to a molecule ||

with averageC, symmetry (Figure 2c). Clearly, dynamic
conformational changes occurredliras the temperature of
its CDCk solution was varied* With the help of 2D ROESY
and EXSY NMR spectroscopic methods, we assigned all of
the signals in théH NMR spectrum ofl, as shown in Fig-
ure 2. The resonance for the methine prdtyis positioned

at 5.6 ppm and shifted insignificantly with temperature
(ASIAT = 1.4 x 1078 ppm/K), indicating the dominance of
the vase conformer at all temperatuf&¥ith this information Figure 4. *H NMR chemical shifts for the methinid, proton in
in hand, we contemplated that the geometry of the low- 1(a, 2.84 mM) and3 (, 1.20 mM) in dry CDC} as a function of
temperature€, symmetricall incorporates two aromatic flaps ~ molar equivalents of (a) DMS@, and (b) trifluoroacetic acid
which can interact in pairs to form hydrogen bonds via (TFA). incrementally added to their solutions.

acetamide groups, thereby leaving all of the methoxy units
free and uncomplexed {4 in Figure 1)!? In this way, two
amide protons irl stay hydrogen bonded, and two remain

of 1 did not affect the vase/kite conformational balance; that

free. This mode of intramolecular association superseded ourlS: the equilibrium remained heavily weighted toward the
originally anticipated and, at least on paper, reasonable mode’aS€ conformer (Figure 4b). On the contrary, addition of TFA

of interaction with the full occupancy of all hydrogen (© @ CDCh solution of3 (Figure 4b) affected its vasel/kite
bonding sites. In théH NMR spectrum ofl (Figure 1c), ng”bnum, fayormg the kite conformérThe resu]ts of the.
two N—H singlets were positioned at 6.77 and 4.34 ppm, fitration experiments corroborated our contention that in-
and according to the proposed structure would correspond!famolecular hydrogen bonding is indeed presertt, iaven

to a pair of hydrogen bonded and free-N protons, when this cavitand is dissolved in CDlontaining a great
respectively. Inspection of a CPK molecular modelGf excess of TFA3 This noncovalent interaction reinforced the

symmetricall revealed that the “free” NH protons are in vase conformer, which proved to be (a) highly receptive to

fact positioned above the neighboring benzene rings and ardhe presence of a strong hydrpgen bond gcceptor solvent
possibly involved in the polar interactions (N—H-+-x) (DMSO0), and (b) thermodynamically stable in the presence

(Figure 1). These NH protons are thus each in the shielding ©f & great excess of TFA.

zone of the neighboring benzene, which rationalizes their >ince 1 retained the vase-like structure in an acidic
high-field resonance at 4.34 ppm. environment, we investigated the effect that acid would have

The results of infrared spectroscopic analysi& pfovided on its conformational dynamic€:, symmetricall is inher-

" . X : ently chiral and exists as a pair of enantiomdrsand 1,
additional support for it&C, symmetrical geometry (Figure . . .
. (Figure 1). The molecule flutters between two enantiomeric
3a). The FT-IR spectrum df revealed two concentration

independent N—H stretching vibrations at 3435 and 3398 forms, as the hydrogen bondmg pattern oscnlat.es f.rom the

) clockwise to the counterclockwise arrangement; this inter-
cm™L. The model compoung, however, revealed a concen- . .

L A ) conversion leads to the exchange'dfNMR signals of the
tration independent NH band at 3436 cnt; this vibration . S . . .

X . proton nuclei experiencing different chemical environméhts.
can be ascribed to the free-¥, due to the low propensity . .
) -~ . Dynamic NMR methods, 2D EXSY or the classic total band-

of 2 for intermolecular association. Accordingly, the 3435

e L vibrational band inl, observed at a nearly identical shape a.naIyS|s, provide quantitative data about the kinetics
X . ) of chemical exchange proces3é3he resonance for the,
frequency, is consistent with the free—. The low

wavenumber peak at 3398 cinwould thus be congruent proton in1was, a.t a high tempgrature, observgq asa singlet
with the hydrogen bonded N—H groups. at 8.11 ppm (Figure 2a). This proton, residing in two

) - chemically different environments ih, and 1,, exchanged
An incremental addition of a strong hydrogen bond

, its positions slowly on thelH NMR time scale at low
acceptor DMSO-glto a CDC} solution of 1 promoted & temperature, which resulted in the appearance of two distinct

complete vase to kite conformational change (Figure 4a), aSginglets at 8.32 and 7.77 ppm (Figure 2c). From the
indicated by the methink, resonance shift, 5.6 to 3.3 ppm. temperature dependence I8f's resonance line shape, we
Cavitand3 incorporates nitro instead of acetamide groups, .giculated the apparent first-order rate constagifor the
and itis incapable of hydrogen bonding (Figure 3nostly 1./1, interconversiort® Subsequently, we titrated a CRCI
assumed a vase conformation in CRGhethine protor) solution of 1 with TFA, and upon each increment of the
= 4.50 ppm/ which proved to be rather insensitive to the added acid, variable temperatutd NMR spectra were

presence of DMS@ (Figure 4a). Interestingly, incremental  4cquired and the kinetic parameters evaluated. Outstandingly,
addition of trifluoroacetic acid (TFA) to a CDg&bolution the apparent rate constakiy, for the 1/1, interconversion

(11) Hindered rotation about the (OYM bond in the acetamide group (13) In principle, TFA may compete for hydrogen bondsl. NMR
of 1, in the examined range of temperatures, was discounted by the factchemical shifts for NH protons idap (0 = 6.77 and 4.34 ppm; 253 K,
that the conformational isomerism was not observed in parallel experiments CDCls) changed, but not dramatically, upon addition of TFA= 6.43
with the model compoun@. and 4.45 ppm; 253 K, CDg). Rather low affinity of TFA for amides id
(12) Preliminary computational studies (MM, PM3) have suggested other is thus evident.
plausible C; symmetrical conformations. The proposed geometry is in (14) (a) Jesson, J. P.; Meakin, Rcc. Chem. Redl973,6, 269—275.
agreement with the available experimental results. (b) Perrin, C. L.; Dwyer, T. JChem. Rev1990,90, 935—967.
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was discovered to be highly affected by the presence of ||| NN

exogenous acid (Figure 5yhe more acidic the solution of 1,516 1 Activation Parameters fok.y, Interconversion in

_ CDCls, with and without Trifluoroacetic Acid (TFA)

TFA AH? AS* AG*

: (molar equiv) (kcal/mol)* (cal/molK)* (kcal/mol)®
:: i';ﬂﬂ | 0 17+1 9+1 13.3 £ 0.2
a0k _§ 600 | | 0.3 14+1 2.6 £0.1 13.6 £ 0.2
P L 1 N— 1.0 17 + 2 11+1 14.8 +0.2
‘% 8 0 510152025 3.0 23 £ 2 30 £3 14.8 + 0.2
=il TRAroolar equiv) 7.0 20 + 2 18 +3 15.0 + 0.2
E 2 17.0 22+ 2 26 £3 15.0 £ 0.2

S % W m m a aCalculated from an Eyring plot of log{,yT) versus 1/T, over the

TFA (molar equiv) temperature range of 258—328 KCalculated directly from the Eyring

equation usingkapp at 300 K.

Figure 5. Apparent first-order rate constantg,, for the lup
interconversion in CDGlas a function of trifluoroacetic acid (TFA)

at 318 K @), 308 K (a), 300 K (@), and 288 K ¥, inset). In summary, we discovered that the conformational

dynamics of our newly designed cavitahdan, in principle,

1in CDCls, the slower the obseed interconversion of the e operated at multiple levels using an exogenous source of
enantiomersThis allosteric effect, expressed by an acid, is acid. To obtain more insight into the mechanism of 1he
more pronounced at higher than at lower temperatures. TEAINterconversion, we are currently utilizing computational
is a strong acid (pK= —0.25) that is known to protonate chemistry approaches to understand the dynamics in this
pyrazine nitrogen atoms Ka = 0.36)° of cavitands analo- ~ System. The allosteric regulation of the kinetics of molecular
gous to18 On the basis of that, it is reasonable to assume recognition in1 and similar receptors is also under experi-
that the [1---TFA] interaction played a role in augmenting Mental investigation in our laboratory.

the activation energy barrier for thg/1, interconversion. )
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