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Abstract: The threading behavior of a zinc analogue of a previously reported processive manganese
porphyrin catalyst onto a series of polymers of different lengths is reported. It is demonstrated that the
speed of the threading process is determined by the opening of the cavity of the toroidal porphyrin host,
which can be tuned with the help of axial ligands that coordinate to the metal center in the porphyrin.

Introduction

Processive enzymes such as DNA polymerase Il and
A-exonuclease are beautiful examples of molecular nanotech-
nology in nature. These enzymes are highly successful in
performing their tasks because they work in a pseudorotaxane
topology, in which the enzyme threads on the DNA strand and
slides along the chain while performing numerous rounds of
catalysis before the complex dissociateBhese biocatalysts
have served as a source of inspiration for the development of
the first synthetic processive catalytic rotaxarsy constructing
a cavity-containing porphyrin macrocycte,-1 (Figure 1a) c)
which after insertion of a manganese cent®fn{l) was
threaded onto a polybutadiene polymer, it was possible to mimic
the catalytic action of the natural systems. It was shown that
the macrocyclic catalyst can move along this polymer thread
while, in the presence of an oxygen donor, catalyzing the
conversion of the polymer double bonds into the corresponding
epoxide functions (Figure 1c). The “outside” of the porphyrin
catalyst is blocked by a bulky axial ligand, allowing the Figure 1. (a) MacrocyclesH,-1 andZn-1; (b) crystal structure oH»-1
conversion of the substrate to take place preferentiaiB00b) (including a CHC} solvent molecule); (c) schematic representation of the
within the cavity?* In more recent work, the threading and catalytic action of the processive catalyst.
dethreading process &f,-1 on polymers of different lengths
was investigate@$ Kinetic and thermodynamic studies revealed
that the barrier that has to be overcome is of entropic origin
and most likely related to the stretching and unfolding of the
polymer chain. After finding the end of the polymer chain, the
macrocycle has to move along the chain over a certain critica
length before the threading process can continue. As a conse-

quence, the rate- IImItIng step is dependent on the polymer (6) Although not related to processive catalysis, several authors have studied
the threading and dethreading, and the interaction between macrocycles

length. This proposed mechanism is similar to the nucleation
model described by Muthukumar for the translocation of a
polymer through a holé Further conclusions from the kinetic
data suggested that the aforementioned processive enzyme
| mimic Mn-1 most likely operates by randomly sliding along
the polymer thread while performing its catalytic function. Here
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a) introduction of a zinc ion into the macrocyclic host leads to a
much slower threading rate for each of the three polytetrahy-
OMNO_C,%/\/\O)/ drofuran polymers studied (Table 1). Our first impression was
\ 7/ N\ .1 that this remarkable difference was caused by coordination of
2PF° 2:n =34 the zinc ion to the oxygen atoms in the polymer chains, since
i;::g it is well-known that this metal center, when present in a
porphyrin, prefers to bind a fifth ligand. In this way, the
b) movement of the porphyrin macrocycle will slow down, and
the average time to reach the viologen trap will increase because
N of the “stickiness” of the metal center to the multiple oxygen
+ o atoms of the polymer chain. However, when th&*, -values

for the threading oH,-1 and Zn-1 where plotted versus the
polymer length (Figure 3b), similar slopes were obtained (76
+ 21 J moft nm for Hy-1 and 644 17 J mot! nm~? for
Figure 2. (a) Structure of polymer8—4; (b) schematic representation of Zn-1), which indicates that the energy penalty for the macro-
the threading of host on polymers2—4. cycle to move along the polymer thread is apparently the same
for both macrocycles. The above-mentioned zinc-oxygen bind-

we describe studies on the threading behavioZof1,® an ing can therefore not be the major reason for the slower

analogue oMn-1, which has been designed to give more insight threading ofZn-1.

in the initial steps of the threading process and the role of the To obtain more insight in the threading behavior we
cavity in the motion along the thread. More specifically, we determined the thermodynamic parameters of the process by
show that the initial binding of the catalyst to the polymer chain Ccarrying out a series of threading experimentsZof-1 on

can be controlled by the addition of ligands that axially Polymer2 at different temperatures. From the Eyring plots,
coordinate to the porphyrin metal. Coordination on the outside values ofAH*,, = 24 + 4 kJ mol* andAS’o, = =93+ 10 J

of Zn-1 facilitates threading, whereas coordination on the inside K~* mol~?, were calculated. When these numbers are compared

of the cavity inhibits the threading process. to the values measured fét>-1 and2 (AH*;, = 20 kJ mof?
. . andAS,, = —88 J KX mol™),% it can be concluded that, within
Results and Discussion experimental error, the enthalpy and the entropy values of the
We recently succeeded in solving the X-ray structurkl gfl movement along the chain are identical. We may conclude

(Figure 1b), which allowed us to determine the diameter of its therefore that the mechanism of this motion is the same for
cavity, being 8 A. A hole of these dimensions is perfectly suited both compounds and thain-1 has no additional interactions

to accommodate a po|ymer such as po|ytetrahydrofuran as anth the thread. The difference of 6 kJ méin AG¢on between
thread (which has a diameter of 4.7 A). In the current study we Hz-1 andZn-1 (Figure 3b) is apparently related to the initial
have employed three polytetrahydrofuran derivatives of different threading process, which is most likely the blocking of the cavity
lengths 2—4),5 which are selectively blocked at one end by a 0Of Zn-1 by a molecule that has to be removed before the
bulky stopper group (Figure 2a). Directly linked to the blocking threading can start. Since all the threading experiments were

group, the polymers contain a viologen function (dialkyl- carried out in a mixture of chloroform and acetonitrile (1:1,
4,4-bipyridinium ion), which is known to have a high binding ~ V/V), the latter solvent may bind to the zinc ipyeferentially
affinity for the cavity of 1 (K, = 106 — 107 M™1)3 on the inside of the macrocycle, acting as a competitive species

Consequently, the porphyrin-containing macrocycle has to for the accommodation of other guests in the cavity. If this is
completely traverse the polymer chain to reach the viologen the case, the dimensions of the cavity are reduced to such an
binding site, which traps the macrocycle (Figure 2b). The extentthat it becomes difficult for the polymer chain to thread
complexation of1 to the viologen trap is monitored by through the hole ofZn-1. To investigate if such a ligand
fluorometric techniques, that is, the porphyrin emission is coordination is indeed a factor that influences the threading rate,
quenched by the viologen once it is accommodated inside thewe performed several experiments in the presence of axial
cavity of 1. In the case oH,-1, the threading processes as ligands that bind with a higher affinity to the zinc porphyrin
followed by fluorescence quenching initially followed second- than the acetonitrile molecule. From previous work, it was
order kinetics, as plots of H[>-1] versus time gave straight known that a 4ert-butylpyridine (tbpy) ligand binds t@n-1

lines. From the slope of these lindg, (rate constant for the  on the outside of the cavity (Figure 4a). Since this binding to
threading process) andG¥,, (the difference in free energy the outside will release the coordinated acetonitrile molecule
between the ground state of the uncomplexed components androm the inside of the macrocycle, the cavity is opened and
the transition state) were obtained.

The fluorescence curves obtained for the threading processes(9) A solution ofZn-1 in CHC; was titrated with increasing amounts of GH

. . . CN and the process was followed by UVis spectroscopy. A similar
of Zn-1 onto polymers2—4 are shown in Figure 3a. Analysis titration was carried out with zinc(ll) tefrakis (2-methoxyphenyl) porphyrin

of the data showed that these threading processes also follow  and CHCN. From a comparison of the data it was concluded that the
acetonitrile molecule binds significantly stronger Zm-1 than to the

second-order kinetics, and when the calculdkgevalues are reference compound, suggesting strong complexation of acetonitrile inside
- it i i the cavity.
ComparEd to those found foMz-1, it is evident that the (10) Using larger amounts of tbpy might significantly affect the polarity of the
system, causing a change in the affinity of the viologen moiety for the
(7) Muthukumar, M.Phys. Re. Lett. 2001, 86, 3188-3191. cavity of 1. A blanc experiment usingi,-1 under the applied conditions,
(8) Elemans, J.; Claase, M. B.; Aarts, P. P. M.; Rowan, A. E.; Schenning, A.; however, did not reveal any notable effect on the threading rate constant
Nolte, R. J. M.J. Org. Chem.1999 64, 7009-7016. (Kor)-
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Figure 3. (a) Normalized fluorescence intensity Ofi-1 vs time measured after the addition of 1 equiv of polynierd to the solution of this host Zn-1]
= [2—4] ~ 0.7 uM, CHCIz/MeCN (1/1, vIv)). (b)AG¥or-values forH,-1 (#) and forZn-1 (a) plotted vs the length o2—4.

Table 1. Measured kon (M~1 s71) and AG%n (kJ mol~1) Values for
the Threading Processes Involving Macrocycles H,-1 and Zn-1 and a) b)
Polymers 2—4 at 296K2

Zn-1+thpy  Zn-1+py  Zn-l+py
H-1 Zn-1 (50% bound)  (50% bound)  (99% bound)

p0|ymer kUH A GiUH ,Q)" A G*UI'I kUH A GtOﬂ kUH A G*Oﬂ kOﬂ A Gtﬂﬂ

2 36000 47 2300 53 4690 52 700 56 34 64
3 19000 48 1400 54 2560 53 560 57 21 65
4 12000 49 980 55 1990 54 325 58 12 66

aEstimated error oon = 30%.

Table 2. Calculated K, (M~1) for the Binding of H,-1 and Zn-1 to
Polymers 2—4 at 296K2

Zn-1 + thpy Zn-1+py Zn-1+py Figure 4. (a) Schematic representation of the complexation of tbpy to the
polymer H-1 Zn-1 (50% bound)  (50% bound)  (99% bound) “outside” of Zn-1; (b) schematic representation of the cavityZof-1 filled
with py.

2 28x 107 27x10° 1.49x 10" 9.72x 10° 1.72x 1P
3 29x107 28x10° 7.10x 10°F 1.23x 10° 1.72x 10F o ) _ _
4 3.0x 107 2.8x10° 950x 10° 1.15x 10° 2.60x 1C° or absence of axial ligands are compiled, illustrating the clear

difference in time required for the toroidal host to reach the
viologen trap at the blocked end of the polymer. From the plots
ready to thread. Because of the rather low association constan©f the AG*,-values versus the polymer lengths, the differences
betweenZn-1 and tbpy K, = 250 M%), ~6300 equiv of the in the energy barriers for the various threading processes are
ligand were used in the threading experiments to ensure anvisible (Figure 5b). The lines that can be drawn through the
approximate 50% binding to the porphy#hUpon the addition data points have similar slopes, indicating similar sliding
of each of the polymer&—4 to Zn-1 in the presence of tbpy in ~ energies for the threading processes. Once equilibrium is
a CHCN/CHCE solution (1:1, viv), a faster quenching of achieved, it is possible to estimate the binding constants of
porphyrin fluorescence was observed (Table 1), indicating that 1 with polymers2—4 under the different conditions studied.
the rate of the threading @n-1 is indeed related to the release  Table 2 shows that the affinity of macrocycles-1 andZn-1

of an axially binding solvent molecule (acetonitrile) from the for the viologen moiety changes depending on the experimental
cavity. To obtain additional evidence for this hypothesis, the conditions. After zinc insertion, there is a decrease in the
cavity of Zn-1 was intentionally blocked by the addition of association constant owing to the abovementioned solvent
pyridine (py) to the host (Figure 4b). As a result of stabilizing competition. A similar effect is observed when py is present,
71— stacking interactions and a cavity effect, this smaller axial although it should be noted that after removal of the axial ligands
ligand binds very stronglyithin the cavity ofZn-1 (K, = 1.1 upon threading on the polymer, they will probably bind to
x 10° M~1in CDCl),8 and at low concentrations-(L0~6 M) the zinc ion on the outside of the cavity. An increased value of
only a few equivalents are needed to achieve a nearly quantita-Ka is obtained in the presence of tbpy, since this ligand
tive binding. In a first experiment, a calculated amount of €liminates the solvent competition and in addition causes a
pyridine was added so that on average 50% of the cavities of positive allosteric effect orZn-1, enhancing the binding for
Zn-1 were occupied, and upon the addition of each of the Vviologens as we showed previoushThe measured values are
polymers this indeed resulted into a much slower threading ratein close accordance to the ones previously obtained for the
(Figure 5a). Upon the addition of more equivalents of py to the complexation of 1,tdimethyl-4,4-bipyridinium ion in the
system (so that-99% of the cavities were occupied), tkg- cavity of Zn-1.11

values dropped dramatically, and a nearly complete blocking
of the threading process was achieved (Table 1). In Figure 5a’(11) Thordarson, P.; Coumans, R. G. E.; Elemans, J.; Thomassen, P. J.; Visser,

. X i J.; Rowan, A. E.; Nolte, R. J. MAngew. Chem., Int. EQ004 43, 4755~
all threading experiments @n-1 on polymer2 in the presence 4759.

aEstimated error ok, = 50%.
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Figure 5. (a) Normalized fluorescence intensity ldb-1 and ofZn-1 in the absence and presence of different ligands measured vs time after the addition
of 1 equiv of polymer2 ((M-1] = [2] ~ 0.7 uM~1, CHCkL/MeCN (1/1, v/v)). (0)AG*orvalues for the threading dfi-1 () andZn-1 in the absence of
ligand (a) and in the presence of tbpy)(or py © for 50% bound;® for 99% bound) plotted vs the length @f-4.

Table 3. Number Averaged Molecular Weight (M,), Degree of Table 4. Excitation and Emission Wavelengths Used in the
Polymerization (DPy), Polymer Length (L,) and Polydispersity Different Threading Experiments Involving Macrocycles Hz-1 and
Index (PDI) of Polymer Appended Viologens 2—4 Zn-1 and Polymers 2—4 at 296K
polymer M, (g mol~%) DP, L, (nm) PDI Zn-1 + thpy Zn-1+py Zn-1+py
2 3140 34 21 1.03 H,-1 Zn-1 (50% bound) (50% bound) (99% bound)
3 5030 60 37 1.03 AexdNM 421 427 429 428 428
4 7040 88 54 1.03 Aen/NM 643 607 609 608 610

) reaction becomes 2A- C. The integrated rate law for this reaction is
Conclusion [A] 71 = kut. By now plotting [l] X versus time, a linear plot is obtained
with the slope equal td&., which is obtained via the least-squares
method.

Determination of K,. Sinceko, is known, it can be now used to
also calculatek, by fitting the kinetic data t&

In conclusion, we have obtained useful insight in the threading
of a toroidal host on a polymer chain and its movement toward
a viologen trap. Although the process is clearly dependent on
the polymer length, there is now substantial evidence that the
rate of threading oZn-1 and therefore also of our processive cl— 1 —explon(p — a)t) 1
catalyst can be controlled by coordination of axial ligands. In [C1=p 14 o) @)
contrast to the catalytic system, which interacts with the p explor(P — Q)Y
polymer, the “cost of movement”, 70 J mélnm™1, is the same 1 b = [Cleqandq = [A] JB]/[Cles Where
for both metal and metal-free toroids. The described approach
offers a novel method to study polymer mechanics, and current [Cl..= 1([A] +[Bl, + 1
studies are directed at larger and more functional polymer = ¢4 2\ -° ° K,

threads. 1\2
\/([A] o + [B]o + ?3) - 4([A] o[B] o)

Experimental Section

Polymer appended viologei?s-4 were synthesized according to a Acknowledgment. The Dutch National Research School for
previously reported proceduteThe properties of the polymers are  Combination Catalysis (NRSC-C) and the Council for the
summarized in Table 3. Chemical Sciences of The Netherlands Organization for Sci-

Fluorescence experiments were performed on a Perkin-Elmer LS50B entific Research (CWNWO) are acknowledged for financial
luminescent spectrometer equipped with a thermostatted cuvette holder.sypport to J.A.A.W.E. (Veni grant), A.E.R. (Vidi grant) and
The excitation and emission slits were both set to 10 nm. All the R j\.N. (Top grant).
experiments were done in a CHGIeCN (1:1, v/v) solvent mixture.

The threading kinetics were measured using a time-drive application ~ Supporting Information Available: Crystallographic data of
of the spectrometer software. Table 4 shows the wavelength at which H,-1. This material is available free of charge via the Internet
each sample was excited and the emission wavelength that was recordedt http://pubs.acs.org.
versus time.

Typically, to a weighed solution of0.7 uM of 1, 1 equiv of2—4 JA0687141
Eﬁztﬁ:&?: fr;)m av61(())/4M ShIOCk solution) was added anéj mixed. After (12) See (a) Koppelman, S. J.; vanHoeij, M.; Vink, T.; Lankhof, H.; Schiphorst,
g time ¢-10 s) the measurement was started. M. E.; Damas, C.; Vlot, A. J.; Wise, R.; Bouma, B. N.; Sixma, Blaod
Determination of kon. The data were analyzed by assuming that é9€|96 8,7,\/22982]2;’?00d (IE) A'\}Isakélwa(,j l\l/]lc,-; Qsh%onkP._R.; Boallaprdlr(]l_, IE.:
- f f . . alzani, V.; belonradsky, . andolti, . |.; KocClan, ., FProdi, L.;
the first part pf the curve is a s_lmple sec_ond-order reactiont B Raymo, F. M.: Stoddart, J. F.- Venturi, M. Am. Chem. S0d997 119
C. All experiments were carried out with [AF [B], therefore the 302-310.
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