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Abstract: Crystallographic analysis revealed that pyridine—palladium complexation is a good geometric
match to the m-phenylene ethynylene (mPE) repeat unit and thus could serve as a reversible linking group
to join oligomer segments together. A series of pyridine-terminated mPE oligomers were then synthesized
and found to coordinate with palladium dichloride to give complexes effectively twice the length of the free
oligomers. A quantitative analysis of these coordination equilibria by isothermal calorimetry found the ability
of the pyridine end-group to form a coordination complex corresponded with their ability to fold. Oligomers
that were able to form complexes of sufficient length to fold showed positive cooperativity based on
experimental determination of their association constants with a palladium ion. We suggest that the additional
free energy of complexation for the folded oligomers is analogous to chelation by multidentate ligands, but
here the “multidentate ligand” is held together by supramolecular rather than covalent bonds.

Introduction

Previous studies aftphenylene ethynylenenPE) oligomers

have established that these chain molecules adopt a helica

conformation in solution stabilized by multiple intrachain
aromatic stacking interactiods® One of the reasons we and
other$~11 are interested in these artificial folding molecules or
foldamerd?~17 is their potential for use as supramolecular
catalysts® and to this end we have begun incorporating
functional groups into the interior cavity of thePE helix1®
Our recent demonstration of high alkylation rates in the interior
of mPE oligomers confirms that substrate binding in the helix
cavity enhances reactivity through a proximity effé&#! This
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277, 1793-1796.
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Soc.1999 121, 3114-3121.
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11836-11837.
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2003 29, 8365-8374.
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2025.
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(10) Hou, J. L.; Shao, X. B.; Chen, G. J.; Zhou, Y. X,; Li, Z.J.Am. Chem.
So0c.2004 126, 12386-12384.
(11) Inouye, M.; Waki, M.; Abe, AJ. Am. Chem. So@004 126, 2022-2027.
(12) Gellman, S. HAcc. Chem. Re<998 31, 173-180.
(13) Nowick, J. SAcc. Chem. Red.999 32, 287—296.
(14) Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T.; Moore, J.Chem. Re.
2001, 101, 3893-4011.
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(16) Patch J. A.; Barron, A. ECurr. Opin. Chem. Biol2002 6, 872—877.

(17) Sanford, A. R Yamato, K.; Yang, X.; Yaun, L.; Han, Y.; Gong,Eur.
J. Biochem2004 271, 1416-1425.

(18) Sanders, J. K. MChem. Eur. J1998 4 (8), 1378-1383.

(19) Goto, H.; Heemstra, J. M.; Hill, D. J.; Moore, J. 1@rg. Lett. 2004 6,
659-662.
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result also suggests that integration of a catalytic moiety into
the structure of aPE oligomer may impart desirable properties,
Isuch as substrate specificity since the cavity can bind molecules
of different size and shape with varying association con-
stantst122.23 |n addition, the inherently chiral environment
provided by the helical structud® could prove useful for
asymmetric transformations. Integration of a transition metal
within the cavity of amPE oligomer is one approach that we
are currently pursuing to develop supramolecular catalysts. The
focus of this report is to describe metal coordinating function-
alities that are compatible with the folded state mPE
oligomers.

An earlier investigation omPE molecules in which segments
were joined through dynamic covalent bonds demonstrated that
under equilibrium conditions shortenPE chains are driven to
form longer chains capable of adopting a stable helical
conformatior?®26|t seemed reasonable that two oligomers with
coordinating end-groups could be joined with an appropriate
metal to form a complex that was effectively twice the length
of the individual strands. This approach is attractive since longer
mPE oligomers chains are accessible in fewer synthetic steps
and disassembly of the complex might be integrated into the
catalytic cycle to facilitate turnover (i.e., by reducing product
inhibition).

In contrast to traditional coordination complexes that are only
stabilized by metatligand interactions, anPE coordination

(21) Heemstra, J. M.; Moore, J. M. Org. Chem2004 69, 9234-9237.
(22) Prince, R. B.; Barnes, S. A.; Moore, J. 5. Am. Chem. So200Q 122
2758-2762.
(23) Tanatani, T.; Hughes, T. S.; Moore, JA&igew. Chem., Int. EQ002 41
(2), 325-328.
(24) Prince, R. B.; Brunsveld, L.; Meijer, E. W.; Moore, J./Agew. Chem.,
Int. Ed. 200Q 39, 228-230.
5)
6)

Oh, K.; Jeong, K. S.; Moore, J. Slature2001, 414, 889-893.
Oh, K.; Jeong, K. S.; Moore, J. $. Org. Chem2003 68, 8397—8403.
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Figure 1. Metal coordination and oligomemligomer contacts through a highly compatible linkage share some of the same reductions in translational
degrees of freedom upon formation of a folded coordination complex. This figure illustrates the concept of folding-based supramolecular chelation

complex of sufficient length to fold would gain stability from
both metat-ligand and interstrand oligomepligomer interac-
tions. If both of these interactions are compatible, then they

backbone as detailed in the subsequent section. Following this
lead, pyridine-terminated oligomefs-5 were synthesized to

should share some of the same entropy costs due to their

common loss of translational degrees of freedom. Thus, forma-
tion of the folded complex should incur a smaller entropic cost

than would otherwise be realized if these events were uncoupled.

In this way, positive cooperativity is realized, which within the
context of metatligand coordination is analogous to a chelating
effect?”28Conventional chelating ligands have coordinating sites
connected through covalent bonds; however, when folded and
assembled, the two individuahPE monodentate ligands are
noncovalently connected through multiple oligometigomer

contacts and thus behave as a supramolecular bidentate complex

(Figure 1). We note that there have been reports of artificial
DNA molecules containing metal coordinating base pairs, and
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determine how chain length affects the ability of the oligomer

these might also be considered to display a supramolecularto form a coordination complex. The influence of folding on

chelating effect based on foldir#§3°

the palladium-oligomer complexes was studied by UV absorp-

Pyridine end-groups were investigated since complexation to tion spectroscopy,'H NMR spectroscopy, and isothermal

a metal at an NM—N angle of ca. 180would provide a good
match to themPE backbone geometry. Similar pyridine-

calorimetry. The systematic studies described below demonstrate

that coordination of pyridine-terminatedPE oligomers with a

connected supramolecular coordination complexes have beerpalladium ion can be modulated by the propensity of the

described in the literatur@;3? although it was the report of
Lee et aB*that gave particular inspiration to us for this linkage.
A palladium(ll) metal ion provides stable coordination com-
plexes in solution and is a good geometric match tortiE

(27) Searle, M. S.; Westwell, M. S.; Williams, D. H. Chem. Soc., Perkin.
Trans. 21995 141-151.

(28) Williams, D. H.; Calederone, C. T.; O'Brien, D. P.; Zerella, Ghem.
Commun2002 1266-1267.

(29) Meggers, E.; Holland, P. L.; Tolman, W. B.; Romesberg, F. E.; Schultz,
P. G.J. Am. Chem. So200Q 122 10714-10715.

(30) Brotschi, C.; Haerli, A.; Leumann, C. JAngew. Chem., Int. EQR001
40, 3012-3014.

(31) Sun,D.; S., T. F.; Reed, C. A;; Chaker, L.; Boyd, P. D.JVAm. Chem.
S0c.2002 126, 6604-6612.

(32) Linder, E.; Zong, R.; Eichele, K.; Weisser, U.; Stete, M.Eur. J. Inorg.
Chem.2003 705-712.

(33) Orita, A.; Nakano, T.; An, D. L.; Tanikawa, K.; Wakamatsu, K.; Otera, J.
J. Am. Chem. So2004 126, 10389-10396.

(34) Kim, H. J.; Zin, W. C.; Lee, MJ. Am. Chem. SoQ004 126, 7009—
7014.

resulting complex to adopt a folded conformation.
Results and Discussion

Analysis of the Pyridine—Palladium(ll) —Pyridine Coor-
dination Group. To evaluate how well the coordination
geometry of the pyridinepalladium complex matches thaPE
backbone, pyridine end-group 3-trimethylsilylethynylpyridine
6°°was used as a model compound. Acetonitrile was chosen as

_SiMes
N 74

7

N

(35) Rawat, D. S.; Benites, P. J.; Incarvito, C. D.; Rheingold, A. L.; Zaleski, J.
M. Inorg. Chem.2001, 40, 1846-1857.
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Figure 2. (a) Molecular structure of the palladium complex@®fTwo benzene solvates are omitted for clarity. Thermal ellipsoids are drawn at the 35%
probability level. (b) Average length between aromatic carbons of 283 diphenylacetylene structures found in the Cambridge Structural Database.

a solvent for these studies, as the helical conformatiamRiE
oligomers is stable and well understood in this solVé&ince
silver(l) coordinates with two pyridines at a bond angle of°.80

model compound was first examined with 0.5 equiv of silver

triflate in acetonitrileds by 'H NMR spectroscopy. However, ]
as might be expected, the silver complex was completely 1------N;
dissociated due to the coordinative character of acetonitrile that 'i' | /
is in competition with the pyridine groups. Palladium(ll) was '""?“
then examined with the expectation that placement of pyridine B l
ligands with atrans relationship in a square planar geometry %
would also give the desired bond angle of 188 'H NMR [@
spectrum of6 at a concentration of 2.8 mM in acetonitriti-

with 0.5 equiv oftrans-dichlorobis(acetonitrile)palladium in- /L/O
dicated the formation of a complex in solution. New aromatic

resonances downfield of those from uncomplex@dvere
observed. Information about the geometry of this coordination Figure 3. lllustration of palladium-nitrogen bond length and the dihedral
complex was then established by X-ray crystallographic analysis. 2"9!¢ between the plane of the pyridine rings and the mégend
. L . coordination plane. Note that pyridine rings are not necessarily coplanar as

A palladium complex of was prepared by mixing a solution  jmpjied by the illustration.
of 3-trimethylsilylethynylpyridine 6 and trans-dichlorobis-
(acetonitrile)palladium in acetonitrile, and upon removal of relation between the length of the palladittimitrogen bond and
solvent a yellow-orange microcrystalline solid was obtained. the position of the chloride ligands as determined by the dihedral
Crystals were then grown by slow diffusion of hexane into a angle,0, between the average plane of the pyridine rings and
solution of the complex in benzene. The resulting orange needle-the metat-ligand square coordinate plane (Figure*BY.hese
shaped crystals were suitable for X-ray diffraction. Two benzene data suggest that the chloride ligands can probably rotate to an
molecules crystallized with the complex, and the crystals were angle that would accommodate stacking interactions. The data
found to rapidly degrade in the absence of solvent. The further suggested that there is likely a limit to the dihedral angle
molecular structure of the complex showed that the two pyridine since no such complexes were found tbr< 45°. However,
rings were coplanar with the trimethylsilylethynyl groups the observed range should provide sufficient conformational
directed away from each other in a transoid conformation flexibility to allow incorporation of the coordination linker into
(Figure 2a). With a distance of 4.032 A between the pyridine folded oligomers without disruption of stacking. On the basis
nitrogens, the coordination complex was a good match to a of the knowledge that was gained by analysis of the pyridine
phenylene ethylene repeat unit. This nitrogen-to-nitrogen dis- end-group, we then proceeded to synthesize pyridine-terminated
tance was very close to the average distance of 44956022 mPE oligomersl—5.
A between the two ipso carbons of 283 diphenylacetylene  Synthesis.The synthesis of pyridine-terminatedPE oligo-
structures obtained through a search of the Cambridge Structuraimers 1-5 began from 3-ethynylpyridine7,%®> which was
Database (Figure 2. selectively coupled with 2-[2-(2-methoxyethoxy)ethoxy] ethyl

An additional feature of the molecular structure was the 3-bromo-5-iodobenzoa&under Sonogashira conditions (Scheme
chloride ligands that were directed above and below the plane1).3 The resulting compoun@ was then coupled with trim-
of the pyridine rings. It is conceivable that these ligands might ethylsilylacetylene to providé&. All longer lengths of pyridine-
interfere with aromatic stacking in the folded conformation. A terminated oligomers were then derived frdmRemoval of
Cambridge Structural Database search identified tréhs the trimethylsilyl group was accomplished by treatment with
dichlorobis(pyridine)palladium complexes and found no cor- tetrabutylammonium fluoride to afford ethynylene-terminated
10 (Scheme 2§° The alkynyl group ofLO was then coupled to
(36) HilD. J.; Moore, J. SProc. Natl. Acad. Sci. U.S.42002 99, 5053- iodo-terminated dimet2, tetramerl3, and octamel4 to give

(37) ConQuest 1.7 software used for searching the Cambridge Structural Data
Base conducted between October 2004 and January 2005: Bruno, I. J.;(38) Sonogashira, K.; Tohada, Y.; Hagihara, Tetrahedron Lett1975 16,
Cole, J. C.; Edgington, P. R.; Kessler, M.; Macrae, C. F.; McCabe, P.; 4467—-4470.

Pearson, J.; Taylor, RActa Crystallogr.2002 B2058 2389-2397. (39) Cai, C.; Vassela, AHelv. Chim. Actal995 78, 732-757.

5930 J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005



Supramolecular Chelation Based on Folding

ARTICLES

Scheme 1. Monomer 1 Synthesis?

P CO,Tg
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N
9

Tg =-(CH2CH,0)3CH3

aReagents and conditions: (a)#aba), Cul, PPh, NEt;, 70—80 °C.
(b) trimethylsilylacetylene, Rddba}, Cul, PPh, NEt;, 78—80 °C.

pyridine-terminated trimer2, pentamer3, and nonamers,
respectively. A portion of trimeR was treated with tetrabuty-
lammonium fluoride to provide ethynyl-terminated trimtL
Trimer 11 was coupled with iodo-terminated tetrani&to yield
pyridine-terminated heptamér

Palladium complexes were obtained by addition of 0.5 equiv
of trans-dichlorobis(acetonitrile)palladium in acetonitrile to a
solution of the pyridine-terminated oligomer in acetonitrile.
Upon removal of solvent, the shorter oligomérs3 showed a
visible physical change from a sticky oil to a pale white wax,
which suggested formation of a higher molecular weight
coordination complex. Oligomesand>5 did not exhibit much

in acetonitrile and thus was unable to fold. This behavior is
consistent with the?H NMR spectroscopic study mentioned
above for trimethylsilylethynylpyridiné.

UV absorption spectra of palladium compl8xwvere taken
over a range of concentrations in acetonitrile (Figure 5). As the
two components were diluted, a peak centered at 303 nm grew
until the spectra resembl@dalone. An isosbestic point is evident
at 308 nm indicating a two-state equilibrium presumably be-
tween the folded and unfolded forms 8f Dilution probably
destabilizes the helical conformation by disassociating the 2:1
oligomer-to-metal complex to give a mixture of the free oligo-
mer and the 1:1 oligomer-to-metal complex. Both components
of this mixture are too short to assume a folded conformation
and therefore would account for the peak centered at 303 nm.

Strong evidence that the metal ion is linking two separate
mPE chains to form a folded structure in solution was obtained
by comparing different lengths of pyridine-terminated oligomers.
Previous studies found thetPE oligomers composed of eight
repeat units or less are not capable of foldidgThe 2:1
palladium complexes of pentam&rheptame#, and nonamer
5 are composed of 12, 16, and 20 aromatic units including the
terminal pyridine groups, respectively, and therefore should be
capable of folding. UV spectra of palladium complexedeb
confirmed this hypothesis, as only the spectrd ahd2 had a
strong absorption peak centered at 303 nm (Figure 6). This chain

physical change upon complexation; however, these compoundd€ngth dependent spectroscopic signature sugdestsform
were a waxy substance prior to addition of the metal. These 2:1 oligomer-to-metal complexes in solution that are effectively

complexes were then studied by UV spectroscopy to probe theirtwice the length of the free oligomer and have the ability to

ability to fold.

UV Absorption Spectroscopy.It has been established that
the denatured and folded statesw?E oligomers have distinct
UV absorption spectrd?’ A peak centered at 303 nm is present
in the denatured conformation, while this feature is greatly
attenuated whemPE oligomers adopt a folded structure. UV

adopt a folded conformation. An NMR study of the pyridine-
terminated oligomers was then undertaken to gain an under-
standing of the molecular species involved in the equilibria of
these complexes.

NMR Spectroscopy. Further evidence for the folding of
metal coordination complexes was obtained througH AMR

absorption spectroscopy was thus used to determine if folding spectroscopic titration of monomer and pentame with

is induced by metatligand coordination, consistent with the

palladium.'H NMR spectra of both pyridine-terminated oligo-

expectation advanced in Figure 1. Indeed the UV spectrum of mers1 and 3 were collected at a concentration of 1 mM in

palladium complex3 in acetonitrile had a much smaller peak

acetonitrileds with varying equivalents ofrans-dichlorobis-

at 303 nm than the free oligomer (Figure 4). This is consistent (acetonitrile)palladium. For both and 3, the concentration of

with two pentameric oligomers linked by a palladium center free oligomer (resonances highlighted yellow in Figure 7) was
that have adopted a folded conformation. In contrast, the UV observed to decrease upon addition of palladium. For monomer
spectrum of a complex prepared fr@&and 0.5 equiv of silver 1 this decrease in the free oligomer corresponded to the
triflate closely resembled the spectrum of the free oligomer, appearance of a new set of resonances just downfield ofifree
suggesting thaB did not coordinate strongly to the silver ion  that were assigned to the 2:1 complex as this species reached a

Scheme 2. Synthesis of Pyridine-Terminated MPE Oligomer Series?

'

CO,Tg CO,Tg CO,Tg
+ b
F X I N = N
| N H SiMes | N SiMeg
N/ n n N/ n

10,n=1(81%) 12,n=2 1,n=1

11, n = 3 (52%) 13,n=4 2,n=3(71%)

14,n=8 3,n=5(72%)

4,n =7 (76%)

Tg = -(CH,CH,0)3CH3 5,n =9 (58%)

aReagents and conditions: (a) TBAF, THF (b).Rlbay, Cul, PPh, NEt;, CHsCN, 78-80 °C.
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Figure 4. UV spectra of a 10«M solution of 3 without any metal, a
palladium complex oB, and a silver complex a3 in acetonitrile at room
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Wavelength (nm)

Figure 6. UV spectra of palladium complexes—5 at ca. 80uM in
acetonitrile at room temperature. The molar extinction coefficient was

temperature (see key inset). The molar extinction coefficient was calculated calculated on the basis of the concentration of oligomer.

on the basis of the concentration &f

1.5

— 1.05uM
— 1.76 uM
2.93 uM
— 4.88 uM
—— 8.09 uM
13.4 uM
22.4 nM
37.3 pM
— 63.2uM

increasing
concentration

-
(=]
I

e (10°M' em™)
o
o

0.0 . . — .
250 275 300 325 350 375

400
Wavelength (nm)
Figure 5. UV spectra of palladium compleXat various concentrations in

acetonitrile obtained at room temperature. The indicated concentration
corresponds t@.

Isothermal Calorimetry. Isothermal calorimetry is a power-
ful tool that allows direct measurement of the heats of reaction.
Considering that the pyridine end-groups on oligoniers have
nearly identical local steric and electronic characteristics,
thermodynamic differences between them should correlate with
their ability to fold. Solutions ofl—5 were prepared at 0.10
mM in acetonitrile and titrated with a 0.68 mM solutiontains
dichlorobis(acetonitrile)palladium in acetonitrile (Figure 8).
After subtracting the heat of dilution, the data were fit to a
sequential binding model in which the association constants are
defined by the number of oligomers bound to a single metal
center. The number of binding sites was set equal to two, and
the binding affinities K1, K2) and binding enthalpieg\H;, AH,)
for coordination of the first and second oligomer to the metal
were obtained from this analysis. From these values the free
energy and entropy of the individual steps were calculated. The
thermodynamic parameters obtained were found to correspond
with the ability of 1—5 to form complexes capable of folding

maximum concentration at 0.50 equiv of palladium (resonances (Table 1).

highlighted blue in Figure 7). Pentamé& had a greatly
broadened signal at 0.50 equiv of palladium, consistent with
1H NMR spectra of helically foldednPE oligomers observed

in previous studie$ At higher concentrations of palladium with

1 and3 a new set of peaks were found just upfield of the 2:1

complex, and these were assigned to the 1:1 complex (reso-
nances highlighted red in Figure 7). Relatively sharp resonance

peaks for this species in thel NMR spectra of3 support this

assignment since the 1:1 complex consists of only a pentamer

and thus is to short to fold.

Qualitatively, the difference between the two oligomers is
striking. For monomed, all three species are simultaneously
observable at 0.50 equiv of palladium, while for pentar®er

Kl

M + L ==ML
K2

ML +L==ML,

The overall free energy for the complexation of pyridine-ter-
minated oligomerd—5 with palladium became more negative
with increasing chain length, which is anticipated since longer
oligomers will have greater contact between coordinated chains
(Figure 9). The free energy of complexation was approximately
linearly dependent on chain length with the exception of mono-
mer 1. Deviation ofl from linearity might be explained by con-
sidering that complexes df and 2 are not able to fold and
therefore no additional energy is gained through interchain con-

neither the free oligomer nor the 1:1 complex is observed under tacts, in contrast to longer oligomers. The slightly greater overall
these conditions. At 3.0 equiv of palladium, ca. 84% of free energy of could arise from nonspecific interchain contacts
monomerl exists as the 1:1 complex, while under these same petween coordinated oligomers not available to complexes of
conditions less than a third of pentanwas presentas a 1:1 1. Analyses of the entropic and enthalpic contribution to the over-
complex. The behavior o8 is strongly indicative of positive  all free energy provide no further insight since the divergence
cooperativity. Stabilization of the 2:1 complex f8relative to between values fot and2 remains within the range of error.

1 must be provided by chairchain contacts present in the There were, however, significant differences in the enthalpy
folded helical conformation. To gain a more quantitative and entropy trends for oligomeB-5. We suggest that these
understanding of the energetics that influence these equilibria, differences can be understood by considering the oligomer's
isothermal calorimetry was employed. ability to form coordination complexes capable of folding. It is

5932 J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005
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monomer -1 pentamer - 3
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M PAClL(CHaCN),
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Figure 7. H NMR spectra of 1 mM monomet and pentameB8 with varying equiv of PAG{CH3;CN), in CDsCN at 19.6°C. Resonances colored as
follows: free ligand (yellow), 2:1 complex (blue), and 1:1 complex (red). Peaks are normalized to a mesitylene internal standard.
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E
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29.0 1 % -10 .
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0 100 200 300 400 500 0.00 0.50 1.00 1.50
Time (min) molar equiv of PdCI;(CH;CN),

Figure 8. Typical isothermal calorimetry titration curves dfwith PdCh(CH3sCN), (right) and integrated profile with fit (left).

Table 1. Thermodynamic Parameters for 1—5 Binding to PdCI>(CH3CN), in Acetonitrile at 20 °C

1 2 3 4 5
AG”° (kcal mol?) —13.2+0.1 —13.5+0.1 —14.3+0.1 —15.2+0.1 —15.94+0.1
AH?° (kcal molt) —15.0+0.3 —14.94+05 —25.44+0.8 —30.8+ 1.4 —23.8+£0.4
TAS® (kcal molt) —1.8+0.3 —1.44+05 —11.14+0.8 —15.7+ 1.4 —8.0+0.4

useful to frame the analysis of the thermodynamic data with pyridine rings coordinated to palladium in the folded conforma-
the knowledge that there are six repeat units in a single turn of tion. However, the entropy cost dfdid not completely offset
folded helicalmPE olgiomers as was previously established the enthalpic gain, leading to a drop in free energy. The trend
through a spin-labeling studyThere is an increase in overall in overall free energy of complexation continues for nonamer
enthalpy of complexation of pentam@ithat can be explained 5. However,5 is long enough to fold prior to complexation
by formation of ca. six new aromati@romatic contacts upon  with palladium. Thus, nonames has a lower enthalpy of
coordination of two oligomers to a single palladium metal center complexation than heptamé as it only gains ca. six new
(Figure 10). The enthalpic gain f8ris largely offset by a higher ~ aromatic-aromatic contacts when the ends of the folded helices
cost in entropy that probably arises from restricted rotation of meet upon coordination to palladium. Nonetheless, non&mer
eight single bonds between the ethynyl and phenylene units andhas a greater overall free energy due to a smaller change in
the pyridine rings coordinated to palladium of the folded entropy. The smaller entropic cost is also consistent with a
complex. This entropic cost results in a smaller overall gain in folded conformation ob prior to coordination with palladium
free energy. The behavior of pentandand longer oligomers  since most of the entropic cost of complexation is assumed by
4 and5 is consistent with entropyenthalpy compensatiofi. 42 the uncoordinated ligands. Therefore folding of the coordination
The enthalpy of complexation was even greater for heptamer complex restricts the rotation of only two additional single bonds
4, consistent with the formation of ca. eight new aromatic  between the ethynyl and phenylene units along with the pyridine
aromatic contacts upon formation of a coordination complex. rings coordinated to palladium.

This increase in enthalpy is offset by a greater entropic cost Further insight was gained by examining individual thermo-
that might be attributed to the restricted rotation of thirteen single dynamic parameters for complexation of the first and second
bonds between the ethynyl and phenylene units as well as theoligomers to the palladium ion. Association constants of the
metal with the first oligomerk;) and with the second oligomer

(40) Searle, M. S.; Williams, D. HI. Am. Chem. So&992 114, 10696-10697.

(41) Dunitz. J. D Chem. Biol 1995 2, 709-712. (K2) vary with their ability to form folded complexes. For oligo-
(42) Hunter, C. A.; Tomas, SChem. Biol.2003 10, 1023-1032. mers1 and2, which are unable to form folded complexés,
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Figure 9. Thermodynamic parameters for bindinglof5 with PdCL(CH3CN), obtained by fitting calorimetric data to a sequential binding model. Overall
thermodynamic value of complexation (left) and individual values for the first and second oligomer complexations (right) are plotted. (a)dyreé ener
complexation and individual association constdfitgsolid line) andK, (dotted line) displayed as a function of chain length. (b) Total enthalpy of complexation
AH° and individual enthalpieAH;° (solid line) andAH,° (dotted line) displayed as a function of chain length. (c) Total entropy of complexBA&hand
individual entropiesTAS;° (solid line) andTAS,® (dotted line) displayed as a function of chain length. Oligomer length defined as the number of aromatic
rings per oligomer.

is greater tharK,, as would be expected due to thens greatly in enthalpy and entropy with chain length and follows
influence of the first pyridine end-group that lowers the asso- a trend similar to the overall complexation described above.
C|at|on_c.0243étan_t of the second pyridine end-group relative to  \onamers requires further explanation since the enthalpies
acetonitrile”® Oligomers3—5, which are of sufficient length to and entropies for the first and second complexations are nearly

z)crtmalflo ldfgatceorr?hp;zxe_?h O;/ergzmeagzt'm;iﬂge :;?K; ;0 identical within experimental error. One might reasonably expect
ualy g 1 1NuS We sugg POSItV p- complexation of the second oligomer to be greater than the first

erativity exhibited by the longer oligomers is analogous to a L " - g o
chelating effect*#> The enthalpic and entropic contributions as it gains additional oligomeroligomer contacts upon joining
together the ends of the folded helices. However, this is not

to complexation of the first oligomer with the metal ion show istent with the dat q theref t that th
relatively small variation with chain length, consistent with ex- consistent with theé data, and we therefore suggest that the
interchain contributions to the free energy of complexation are

clusive formation of a new metabligomer coordination inter- ) > . ) f i
action. In contrast, complexation of the second oligomer varies Present prior to coordination with the palladium ion possibly
in an aggregated state of the folded oligomer. Evidence for

(43) Spessard, G. O.; Miessler, G. L. Organometallic Reactiddsyanometallic aggregation ofmPE oligomers has been found in previous

Chemistry Prentice Hall: Upper Saddle River, NJ, 1997; pp 114045. incd6 i i i
(44) Spike, C. G.; Parry, R. WI. Am. Chem. S0d953 75, 3770-3772. studies® This aggregated state might be thermodynamically
(45) Adamson, A. W.J."Am. Chem. Sod.954 76, 1578-1579. equivalent to the supramolecular bidentate proposed in Figure
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Figure 10. Simplified model of the thermodynamics of complexation that includes enthalpic and entropic contributions as they vary with chain length. Note
that oligomers composed of eight repeat units are not capable of folding, although they appear to gain some nonspecific contacts, and als@tiotte that ro
of end-groups is not restricted upon assumption of a folded conformation.

1 in which the oligomeroligomer interactions are gained prior  cavity. This will likely require modification of the oligomer’s

to coordination. For such a case the enthalpy and entropy of coordinating groups to obtain a catalytically active complex that
the individual equilibria are primarily due to the coordination is compatible with the folded conformation of thi®E oligomer.

of the pyridine end-groups with palladium and should therefore The understanding gained through this study will help to achieve
be nearly equivalent. this objective.

Despite the fact that the overall free energy for complexation
of pyridine-terminated oligomers—5 displays a nearly linear
dependence on chain length, the individual equilibria can be
most simply explained by considering the degree to which the
free oligomer, 1:1 complex, and 2:1 complex are folded. This
is reasonable since the coordinating pyridine end-groups on
oligomers1—5 have nearly identical local steric and electronic
characteristics; therefore, thermodynamic differences between

them can be attributed to their ability to fold. We suggest that by the National Science Foundation under grant no. 0345254
the additional free energy of complexation for the folded and the U.S. Department of Energy, Division of Materials
oligomers is gnalogoug to chglation by multidentate ligands, but Sciences, under award no. DEFGOZ-élER45439, through the
here the “multidentate ligand" is held together by supramolecular Frederick Seitz Materials Research Laboratory at the University
rather than covalent bonds. of lllinois at Urbana-Champaign. The Materials Chemistry
Laboratory at the University of lllinois was supported in part
by grant no. NSF CHE 95-03145 from the National Science
Foundation.
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Conclusions

A series of pyridine-terminatechPE oligomers was synthe-
sized and found to coordinate wittans-palladium dichloride,
giving complexes effectively twice the length of the free  Supporting Information Available: Experiment procedures
oligomer. Those oligomers that were able to fold upon oOf the synthesis of compounds-5 and their precursors, plot
coordination with palladium displayed positive cooperativity. showing correlation of parameters for pyridingalladium
This study lays the foundation for further investigations of complexes obtained through search of the Cambridge Structural
transition metal complexes that are capable of catalyzing Database, raw and integrated ITC data with fit, and crystal-
reactions at room temperature in acetonitrile within the helical lographic data in CIF format. This material is available free of
charge via the Internet at http:/pubs.acs.org.
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