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Can Multivalency Be Expressed Kinetically? The Answer Is Yes
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The preparation of supermolecules by way of strict self-assembly
has attracted considerable interest, particularly in the bottom-up
constructioh of molecular machines and devices. Paraquat deriva-
tives have been usédn the preparation of interpenetrating
complexes (pseudorotaxanes) and the derived mechanically inter-
locked compounds, catenanes, and rotaxanes. Multivalent interac-
tions? incorporating both statistical and chelate contributions, are
very important in nature and have been explored in the noncovalent
synthesi$ of various elaborate supermolecules by aisd others.
Inspired by the multivalency concepiye report here the strict self-
assembly of a triply threaded two-component superbund|el3n2jf
[PFs]s, which can be us€dn building (Figure 1) photo- and redox-
active molecular devices. It transpires that a trifurcated trisbipyri-
dinium salt fl][PFe]e and a tritopic triscrown ethe? form the
thermodynamically stable 3irtp2][PF¢]e by way of a metastable
doubly threaded complex 2ird-p2][PF¢]s obtained fleetingly from
a singly threaded intermediate species HnZ][PFe]e.

The trifurcated trisbipyridinium saltlj[PFg]s was synthesized
(Supporting Information) in four steps from 1,3,5-tgdbrmyl-

Figure 1. Schematic representation of the stepwise self-assembly of the
two-component triply threaded supramolecular bundle 3D2|[PFe]s by

way of a doubly threaded 2irtp2][PFg]¢ intermediate, starting from the
trifurcated trisbipyridinium saltT][PFe]s and the triscrown ethe.

phenyl)benzen&while the synthesis of the tritopic crown etHer H._lH. Iwa Hyia, I T T i J:M"
has been describggreviously. On the basis of molecular modeling 1 | i |

and our previous studies on and knowledge of related systems, L A e | {
3in-[1D2][PFe]s should be stabilized by (ix—m stacking inter- He H; Hg Frr"- J_—"‘e
actiond! between the triphenylene core of the tritopic crown ether J-JT_ IE | M ”l M jL
2 and the benzenoid core of][PFgle, (i) 7—x stacking inter- b) = {

Heia  HJH,

T’ Ti TB,L—HI "bﬂrﬂ ,[Hk ,J:HI FL“:I_ HpIH, J: Me
e I

actions! between the catechol rings 2and the bipyridinium units

in [1][PF¢ls, and (i) [C—H---O] interaction¥? between thex-bi-
pyridinium protons in {][PFe]s and some of the oxygen atoms in
the polyether loops 02.

When equimolar amounts (5 mM) df|[PFe]s and2 were mixed i T I
in CD;COCD;, the 'H NMR spectrum (253 K), recorded im- l | MM
mediately (Figure 2b) after mixing, displayed a complex array of q) : i
well-defined resonances. The absence of any resonances corre 100 o0 80 a0 24 234

sponding to either freel][PFqs (Figure 2a) or2 (Figure 2d) is o o > partialtH NMR spectra (500 MHz, CEEOCDs, 5.0 mM each,
suggestive of a strong interaction between the two components.253 k) of (a) [J[PFds (b) an equimolar mixture of1J[PFg]s and 2
Closer inspection of théH NMR spectrum (Figure 2b) of the  immediately after the mixing, (c) an equimolar mixture &ffPFe]s and2
mixture reveals that all of the signals can be divided rather easily 235 h after the mixing, and (d) triscrown etrr

into two sets with approximately 2:1 ratios in their intensities,

suggesting the formation of either a doubly or singly threaded [PFs]s and H, in 2, suggest that the two central aromatic cores

supermolecule with averagé&t symmetry. The significant down-
field shift of the doublet observed at10.0, corresponding timur
a-bipyridinium protons in I][PFele is presumably a result of the
formation of [G,—H-:-Q] interaction? with the crown ether oxygen
atoms in2 and in accordance with the threadingwb bipyridinium
arms throughwo crown ethers as represented by 2IP][PFele
in Figure 1. With the aid ofH—!H COSY and TROESY 2D NMR

reside in this 1:1 complex withim—z stacking distance of each
other, thus stabilizing the superbundle. The singlet for the methyl
protons (Me) in théH NMR spectrum of I][PFg]s Separates (Figure
2b) into two broad singlets with relative intensities of 2:1 which
correspond, respectively, tawwo complexed an@neuncomplexed
arms of 2in-L>2][PFele.

Interestingly, the!H NMR spectrum of the equimolar mixture

spectroscopic experiments (Supporting Information), it was possible of [1][PFg]s and 2 changed very gradually with time, until after

to assign most of the resonances in Figure 2b to a 1:1 complex235 h, the initial set of resonances with relative intensity ratios of
with averagedCs symmetry, i.e., a doubly threaded superbundle, 2:1 were replaced (Figure 2c) with a new set of resonances. On
which is kinetically stabl® on the NMR timescale. Furthermore, the basis ofH—'H COSY and TROESY 2D NMR spectroscopic
the upfield shifts of the aromatic core proton signalg,it[1]- evidence (Supporting Information), we have assigned the new set
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Table 1. Kinetic and Thermodynamic Parameters for the
Conversion of 2in- [122][PFe]s to 3in-[122][PFe]s

ke ko K AG* AGP
47£01 14+0.1 34401 20.9+0.3 21.5+£0.3 —0.60+0.01

AGlﬂh‘”sPaCEb

a Ins?tx 100 b In kcal mol?.

of resonances to a single 1:1 complex with avera@gdymmetry,
i.e., 3in-[LO2][PFele. The resonances of the central aromatic core
protons, namely klin [1][PFg]s and H, in 2, showed significant
upfield shifts, compared to the corresponding resonances of the
free components (Figure 2a,d), indicating intimater stacking-1!
of the central aromatic cores. The previously enantiotopic @CH
protons in2 (Figure 2a) become diastereotopic in 3iBR][PFg]s
(Figure 2c) when all three bipyridinium units became threaded
through the crown ether moieties. Furthermore, the resonances for
the six equialent a-bipyridinium He protons in 3in-1>2][PFele
(Figure 2c) are dramatically shifted, as compared to the signals
for these same protons irl][PFe]s (Figure 2a) as a result of
[Co—H-+-O] interactions'? The single resonance for the Me protons
in 3in-[122][PFe]e (Figure 2¢) also confirms the binding of all three
bipyridinium units.

The change in théH NMR spectrum of an equimolar mixture
of [1][PFe]s and 2, each 5.5 mM, at 253 K with time (235 h) was
monitored (Supporting Information) By NMR spectroscopy. The
concentration of the initially formed 2irtp2][PFe]s decreases,
while the concentration of 3intp2][PF¢le increases. When the
concentration of the initially formed 2irtp2][PF¢]s was plotted
versus time and the data points were fitted (Supporting Information)
to the model for a reversible first-order rate reaction, good
agreement was fourld.This finding supports the evidence for the
presence of two species, i.e., 2iE2][PFe]e and 3in-[LO2][PFg]s,
in admixture and slowly equilibrating. The calculated rate constants
for the forward k;) and backward k) reactions and the corre-
sponding free energieAG;* and AG,*) are presented in Table 1.
The high energy barrier (20.9 kcal mé) for the formation of 3in-
[1D2][PFg]s suggests that the initial rapid formation of 2it=2]-
[PE]e is followed by a much slower binding step, during which
time the third and uncomplexed bipyridinium arm is appropriately
positioned such that the final threading process can take place. The
singly threaded complex 1irtp2][PFe]s is most certainly being
formed along the way. Presumably, however, the relatively short
lifetime of this 1:1 complex does not allow us to detect it by
conventional NMR spectroscopy.

In conclusion, we have discovered that the strict self-assétbly
of a two-component triply threaded superbundle 3ip2][PFe]e
from its components in solution is very much a two-step proéess,
with the first one being kinetically and the second one thermo-
dynamically controlled. This observation begs the important ques-
tion: are there instancEsn nature where multivalency is expressed
as a kinetically controlled process, prior to an equilibrium state
being reached and, if so, what are the biological consequences, if
any?
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Supporting Information Available: Experimental details for the
synthesis of [J[PFe]s, *H—'H COSY, TROESY 2D NMR spectra of
2in-[102][PFg]s and 3in-fLO2][PFe], and rate constant measurements
(PDF). This material is available free of charge via the Internet at
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